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Foreword

An increased awareness that rice fields must be considered in totality as an ecosys-
tem, rather than considering only one or two target populations of insects or patho-
gens, has led to growing interest in the application of ecological concepts to pest
management. There is now explicit recognition that pest populations can be kept be-
low damaging levels if the fine balance that exists among the biotic components in
these human-managed agricultural systems can be maintained or enhanced. It was
from this perspective that IRRI embarked upon a research project on the use of
biodiversity for sustainable pest management. The goal was to reduce pestsand dis-
eases by manipulating or augmenting the habitat, microbial, and genetic diversity
present in the rice ecosystem. Here, habitat diversity refers to the rice and nonrice
cropsin thelandscape of ricefields, microbial diversity refersto the microbesassoci-
ated with the rice crop, and genetic diversity refersto the rice crop only.

This research was conducted in collaboration with national agricultural research
system partnersin Yunnan Province and the Y angtze Delta in China; Chiang Mai,
Thailand; the Mekong Delta, Vietnam; and I1ocos Norte, Philippines. During thethree
yearsof the project (1997-2000), researchersdevel oped toolsfor analyzing biodiversity,
accumulated baseline information on the nature and extent of biodiversity pertinent
to pest management, and field-tested biodiversity enhancement or deployment ap-
proachesto pest management. These research outputs were presented in the impact
symposium held in Kunming, Yunnan, China, on 21-23 August 2000, together with
the insights solicited from other scientists working on the same subject.

This book compilesthe research resultsand insights presented during the sympo-
sium. It underscores IRRI’s commitment to developing pest management strategies
that are environment- and farmer-friendly, and that fully integrate indigenous bio-
logical resources such as diverse plant germplasm, natural enemies of insects, and
beneficial microbes.

IRRI is grateful to the Asian Development Bank for financial support for this
work.

RONALD P. CANTRELL
Director Generd
International Rice Research Institute






Preface

Biodiversity may be another buzzword, but, in both theory and practice, it has
relevance in addressing many problems of contemporary agriculture. Biodiversity
alowstheformation of functional groups, at thegenotypic or specieslevel, that drive
key ecosystem processes. And a key process we are particularly concerned with in
agroecosystems is pest regulation. In stable agroecosystems, differential interaction
among functional groups of organisms imposes checks and balances so that poten-
tially damaging species usualy never become abundant enough to become actual
pests. But in an agroecosystemthat haslost much of its biodiversity becauseof inten-
sification, imbalance among functional groups creates instability, which makes the
system vulnerableto pest and disease outbreaks.

Intensivericecultivation hasled to substantial increasesin yield, but at the cost
of losing much biodiversity and, consequently, vulnerability to outbreaks of pestsand
diseases. It also led to widespread use of pesticide when plant resistanceis unavail-
able or inadequate to contain pests, thus taking a heavy toll on the environment. To
sustain high productivity, the challenge before us is to devel op approaches that will
contain pest populations without damaging the resource base and without compro-
mising the yield levelsalready attained. The approach we have taken isto look back
a biodiversity to develop schemes by which biodiversity can be preserved, intro-
duced, or used to enhance natural pest regulation in intensive rice production sys-
tems.

This ADB-funded project, Exploiting Biodiversity for Sustainable Rice Pest
Management (1997-2000), was implemented at five sites: Yunnan Province, Ching;
Y angtze Delta, China; Mekong Delta, Vietnam: Chiang Mai, Thailand; and Ilocos
Norte, Philippines. We called these sites “lighthouses’ to symbolize our intent to
generate knowledge at these sites and then radiateit afterward as far as possible. To
systematize operations and providefocus, important pest problemswereidentified &
these sites, and work concentrated on the aspect of biodiversity—habitat diversity,
microbial diversity, or genetic diversty—mogt relevant to the control of the target
pest problem.

The chapters in this book describe part of the work undertaken and were pre-
sented in a symposium held in Yunnan, China, 21-23 August 2000. The book also
features chapters from several internationally known experts who were invited to
share their insights on certain topics. The chapters are grouped into four sections—
habitat diversity, microbial diversity, genetic diversity, and technology diffusion—
corresponding to the four main topicsof the symposium.



Although it may sound easy, exploiting biodiversity for rice pest management
posesan enormous challenge. The number and complexity of interactingcomponents
of the rice ecosystem make the identification of the components or processesvital to
pest management a daunting task. With insect pests, for example, the task requires
intensivesampling of arthropod communitiesto determinerelative abundancein space
and time on various habitats that make up the rice ecosystem, and then field experi-
mentationtofollow up on theclues provided by sampling results. Once these compo-
nentsare identified, preserving or manipulating them is even harder.

Thecomplexity of how biodiversity operatesin pest management isfurther illus-
trated in one of the chapters on microbial diversity. Although most of the work has
focused on enumerating and screening microorganisms with biocontrol properties
associated with the rice plant, interestingly, this chapter posited that crop genetic
diversity and habitat diversity affect the diversity of microorganismsinhabiting plant
surfaces. This is significant in the sense that a more diverse phylloplane population
reduces the likelihood that pathogenic microorganisms could gain a foothold and
cause disease.

The implementable outputs reported in this proceedings vary in stages of devel-
opment. The most advanced, which can be considered a maturetechnology, isgenetic
diversification by interplanting susceptible glutinous varieties with resistant hybrid
indicaricetocontrol rice blast. This has passed the transition from experimental plots
to awidespread farmers' practice. Such rapid progress may be attributed to the con-
siderable amount of knowledgethat has already accumulated from similar work with
other cereal pathosystemsin Europeand the United States. One paper presented dealt
with experiences with and the theoretical underpinningsof disease control by genetic
diversification.

Chapters in the habitat diversity section describe how certain mixesof arice and
nonrice habitat favor the proliferation of beneficial insectsthat can control the popu-
lation of insect pests. Caution must be taken, however, in extrapolating these results
into other environmentsas thedynamicsof arthropod interrel ationshipsis till scarcely
understood and may differ substantially from field to field, season to season, and
country to country. Nevertheless, these results deserve serious consideration in fur-
ther investigating or devel oping habitat management approachesto pest control.

Thechapterson technology diffusion compl etethefrom-concept-to-practice story
of applying biodiversity in pest management. The role of farmers in knowledge dis-
semination was given prominence. The mixture planting approach for the control of
rice blast in Yunnan represents a classic case of knowledge evolution and diffusion
from farmers to scientists and then back to the farmers. Scientists built on farmers
indigenous knowledge to develop the experimental approach. Once the approach
proved to be effective, it was quickly disseminated. Knowledgediffuses rapidly and
effectively asfarmers share knowledge with other farmers.

We hope that this book will serve asan important resourcefor researchers, prac-
titioners, and advocates of sustainable pest management. We acknowledge the in-
valuable contributions of our colleagues from the lighthouse sites, other participants
at the symposium, and our invited speakers. We a so thank Ms. Santi Culalafor ably



handling the organi zational aspectsof the symposium and Mr. George Reyesfor put-
ting the manuscriptsin order. We conclude by quoting from one of our speakers, who,
when referring to this project, said, “...scientists, farmers, extension workers,
policymakers, and funding agencies got together for acommon goal. No one group
could havedoneit alone. Therefore, | conclude that this projectis not just ascientific
achievement. It hasmadeadifferencein thelivesof thosewho havelessinlife. In my
own pedestrian mind, this represents the triumph of the human spirit.”
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Approaches to a relevant understanding

of biodiversity for tropicalirrigatedrice
pest management

M. Way and G. Javier, Jr.

“We must grasp the essence of the thing,
thisisthe only reliable and scientific method of analysis’
— Mao Tsetung (1930)

The known biodiversity of tropical irrigated rice from the genetic to field com-
munity level is greater than that of any other arable crop or wild plant. At the
genetic level, there have been outstanding successes in exploiting biodiversity
in rice plant resistance to pests and in prospects through genetic engineer-
ing. Although these advances have largely been applied to nondiverse mo-
nocultures of particular cultivars, relatively few practical advances have been
made in using genetic biodiversity as part of an integrated pest management
approach, such as manipulating the patterns of rice cropping to counter re-
sistance-breaking strains of pests.

At the rice crop community and ecosystem levels, it is recognized that, for insect
pests in particular, an extraordinary biodiverse complex of natural enemies can be
crucially important in biological control of key pests. Yet, there is a priority need to
define which particular natural enemies are really important, how they can be pre-
served, and how their role can be enhanced. In this context, there has been much
emphasis on sampling arthropod communities in space and time on rice, associated
crops, and other habitats including the noncrop bunds of rice fields that comprise the
rice agroecosystem. Now, the key question is, What does this mean for pest manage-
ment and, ultimately, how might such knowledge be exploited by farmers?

It is suggested that a further time-consuming generalized accumulation of
biodiversity data islikely to be unrewarding until presently available information is
first examined for integrated pest management (IPM) clues that should then be ex-
perimentally tested. These should then point to more sampling, which can then focus
on key species in particular crop conditions. Examples are given of sampling data
that must contain important clues, and of one experimental approach for testing the
role of bunds as a source of early arriving natural enemies regarded as essential for
biological control of some important insect pestsof tropical irrigated rice.

Biodiversity embraces the entire variety and range of variation of living things
and its magnitude and cause are one of the key problems of science as a whole



(Hawksworth and Ritchie 1993). In the context of pest (by pests, we mean harmful
animals, diseases, and insects) management, there are three major considerations:
(Dthat relevant pest management componentsof biodiversity are not only preserved
but could also be manipulated to enhance natural pest management, integrated where
necessary with artificial controls such that the latter are complementary in action; (2)
that biodiversity components of I1PM are acceptable to farmersas safe, cost-effective,
and sustainable (Castillo and Oai et al, this volume, Way and van Emden 2000); and
(3) that pest management practi ces based on manipulating biodiversity do not unduly
harm components of biodiversity that are considered to be environmentally impor-
tant.

In termsof rice pest management, theemphasis must be on functional biodiversity
involving pest-controlling biodiversity components as part of an IPM approach. This
raisesthe key question of how to “grasp the essence” by undertaking the right kinds
of relevant research and development work and is therefore the challenge for the
project "' Exploiting Biodiversity for Sustainable Pest Management" funded by the
Asian Development Bank (ADB).

Table 1 briefly outlines the levels of biodiversity relevant to pest management of
rice. At the genetic level, there are continuing and outstanding practical successesin
mani pulating the unique diversity that exists within rice species, which may now be
revolutionized by genetic modificationtechnol ogies. Successes have arisen primarily
from straightforward releases of new cultivars but also from the manipulation of di-
versity, especially in disease management, such as through varieta diversification
(e.g., Koizumi,Mundt, and Zhu Y ouyong, this volume, Y ouyong et al 2000),for which
there are important future opportunities (Borromeo et al, this volume) and economic
advantages for farmers (Castillo and Revillaet a, this volume).

Table 1. Levels of biodiversity relevant to rice pest management.

1. Genetic diversity
Within rice cultivars (e.g., tolerance of pests)

Within strains of a particular pest or beneficial natural enemy (e.g., in the pest's virulence to
rice or natural enemy resistance to pesticides)

2. Crop community diversity of rice and other crops in localized groups of fields

In groups of rice monoculture fields with associated pest/natural enemy species (e.g., involv-
ing cultivar mixtures of rice within, and also between, fields based on diversity in space
and time)

Same as above for polycultures of rice with other crops

3. Agroecosystem diversity

This includes components 1 + 2 above and also other noncrop habitats within the area or
region, which is conceptually large enough to "explain” the long-term natural regulation of
pests and therefore the causes of pest incidence. However, the part of the ecosystem
relevant to control of some weeds may be little larger than a single field, but for some
migratory pests may be huge (e.g., parts of China plus Japan for brown planthopper).

4 Way and Javier



At the level of the community and agroecosystem, the complexity of trophic in-
teractions that can affect insect pest management and the ability of insects to exercise
choice create enormous difficulties in understanding and using biodiversity.
Thisin part explains the limited progress exemplified by only one study on varietal
rotation to preserve resistance (Samaet d 1991) and unverified models suggesting
that crop mosaics may not be useful (Tabashnik 1994) but that within-crop mixes
could be beneficial (Bennett et a 2001).

Although it is well recognized that a complex of natural enemies is critically
important in the control of insect pests of tropical irrigated rice (Way and Heong
1994), little has been done to examine how such complexes can best be used. High-
lightsof relevant work include the pioneer research of Kenmore (Kenmoreet al 1984),
the demonstration of the vital importance of a complex of early arriving arthropod
predators (Heonget d 1991), the potential of nonpest sources of food for attracting
and retaining predators (Settle et al 1996), the important role of spiders (Sigsgaard et
al 1999), and the potential significance of some noncrop habitats within the rice eco-
system (Liu Guangjieet d and Yu Xiaoping, this volume).

The most forbidding challenge is that, at the ecosystem level and even within one
rice field, there seem to be intractable difficulties in determining the dynamics of
relevant biodiversity linkages for diseases (Youyong et a 2000) as well as insects.
Moreover, understanding so far has given only a glimpse of those links that may be
functionally important in pest management. There is also the challenge of how
relevant elements can be manipulated to enhance insect pest management. This is
especially daunting for tropical irrigated rice, which faunistically isuniquely biodiverse
compared with dryland annual crops. This chapter therefore aims to indicate some
progress on rice insect pests, leading up to, and including, the current ADB project.

Magnitude of the insect pest problem at the community and ecosystem levels

The challenge istwofold:
1. Within tropical irrigated rice crops, there can be >9,000 trophic links
among >645 mainly arthropod taxa (Cohen et al 1994).
2. The dynamics of interrelationships must differ from field to field, season to
season, and country to country.
So, in what waysis it humanly feasible to understand better what is needed and to
use this knowledge to improve farmer-acceptable practices? The following two dif-
ferent but necessarily interlinked approaches have been adopted.

Accumulation and analysis of basic sampling data

This general approach based on intensive sampling is like that adopted by environ-
mentalists interested in biodiversity for itsown sake in that it seeks to determine the
species and their relative abundances in particular systems. The crucial difference,
however, is that the sampling must be designed with clear pest management objec-
tives. Current work is represented by studies on arthropod communities in rice and
associated crops at “lighthouse” sites of the ADB project (e.g., Marcos et a, this

Approaches to a relevant understanding of biodiversity. .. 5



volume) and by other impending research in Southeast Asia (M. Thomas, 2000,
persona communication). Anticipated outcomes include

1. More detailed information on the makeup of pest and beneficial populations
in particular systems that could provide better clues to species that may be
especially important for IPM in rice systemsin different countriesand climatic
conditions, such as natural enemies. As such, this approach could providein-
formation for critical experimental approaches on the value of particular spe-
ciesor groups of speciesin pest management. Present examples include sam-
pling data on biodiversity along transects in [locos Norte in the Philippines
involving thedistribution in time and space of different taxain ricefieldsand
associated crops (Marcoset al, thisvolume) (Table 2). These dataindicate how
different crops and noncrops might act as reservoirsfor each other's pestsand
natural enemies, but they still require much more analysis and more focused
research, namely on the spatial and temporal distribution of potentially key
speciesof natural enemiesand hostsor prey that providealternative sources of
food at timeswhen riceis unavailableor unattractive. Such work could be vital
in providing clues for relevant experimental work.

2. More detailed information on food webs aiming to satisfy the objectives of
those who consider that food webs should provide a basisfor improved pest
management (e.g., Cohen et al 1993). Examples of recent research include
generalizedfood web differencesin different ecosystems (Schoenly et d 1996)
and differences in food web structure between unsprayed and insecticide-
sprayedfields (Cohenet a 1994), thoughthefact that food websare simplified
by insecticidal destruction of some natural enemies and pestsisimplicit from
much previousfield evidence (e.g., Kenmoreet a 1984). Cohen et a (1994)
showed for asingle crop in a single season that it was possible to expose the
seemingly moreimportant food web el ements, but there has been nofollow-up
academically or, most importantly, in linking the approach to improving pest
management (Way and van Emden 2000).

The experimental approach
Crucially, the experimental approach has been the basis for virtually al advancesin
scientific knowledge, both fundamental and applied (Wiggles worth 1955). It involves

Table 2. Arthropod taxa and abundances of herbivores and natural enemies in different habi-
tats along a transect at Badoc, Philippines (L.B. Flor, personal communication).

Rice Rice bund  Rice fallow Garlic Onion Maize Mungbean

Herbivores
No. of taxa 28 19 19 7 3 3 11
Total no. 3,705 215 326 23 5 3 98
Natural enemies
No. of taxa 125 79 62 30 9 8 33
Total no. 3,363 927 897 178 12 20 252

6  Way and Javier



experiments to test hypotheses based on existing information, perhaps from simple
observations or from quantitative sampling such asin Table 2. In the context of ap-
plied biodiversity, it can be envisaged as a step-by-step approach toward optimal use
for pest management in rice and other crops. This is exemplified by the work on
varietal diversification for rice disease management and for insects. Recent ADB-
funded work at IRRI isnow used as an example where the starting point is the knowl-
edge that early arriving natural enemies seem to be vitally important (Heong et a
1991). Critical questions include: Where are they coming from, how can their role be
suitably maintained and enhanced to improve pest management, and can new prac-
tices be made farmer-feasible (Ooi et al ,this volume)?Table 3 shows that some natu-
ral enemies can arrive within two to three days after transplanting as shown by direct
visual examination, earlier than indicated previously by suction trapping (Way and Heong
1994). The bunds around arice field are by far the closest possible source, particularly
for the wingless predatory spiders. This prompted an experimental examination of the
contribution of bunds.

Bund fauna. Y ear-long records of the flora and fauna were kept for several irrigated
rice fields where replicated lengths of bunds were treated differently. In one set of
experiments, vegetation was cut periodically, left uncut, or herbicide-treated to remove
virtually al vegetation cover. One example shows the effects of such treatments on the
flora (Table 4), which in general are similar to those of Marcos et a (this volume). In
other experiments, a herbicide + insecticide treatment was included to remove both
plants and resident arthropods (Table 5). All the results agreed in confirming that the
vegetated bunds supported many herbivore species, though few were rice pests. Brown
planthopper (BPH) and some leafhoppers as well asafew adult rice stem borers were
sometimes recorded as adults. However, the herbicide and insecticide treatments dra-

Table 3. First arrivals in newly transplanted rice.

Days after transplanting

Suction-trapped  Visual

Pest Homoptera 15 (6-27) =3
Natural enemies Heteroptera 15 (6-21) 2-3
Mature spiders, 13 (6-21) 3

spiderlings, and others

Table 4. Plant species per 10-m lengths of bunds treated with herbicide,
with vegetation periodically cut, and with vegetation left uncut throughout
the crop season.

Treatment Mean no. of species % cover
Herbicide 5.0 (68%)" 1.6
Cut vegetation 20 (41%) 84
Uncut vegetation 4 (43%) 95

%) = % dicotyledons.

Way Approaches to a relevant understanding of biodiversity ... 7



Table 5. Total numbers of arthropod species and mean numbers per 0.4-m? suctioned sample
from bunds treated with herbicide + insecticide, herbicide only, and untreated.

Predators
Herbivores Spiders Total predators

Treatment

Total Mean no. Total Mean no. Total Mean no.

spp.  of individuals spp.  of individuals  spp. of individuals
Herbicide + insecticide 0 0] 1 1 4 1.7
Herbicide only 0 0 1 1 2 1.3
Untreated 28 28 5 42 18 60

matically affected the numbersof suction-sampled predators, particularly spiders, though
the results do not show that, in fact, some spiders occurred in soil cracks of bunds
treated only with herbicide.

Effect of bund treatment on biological control of BPH in therice crop. Replicated
12 x 12-m plots were set up adjacent to differently treated bunds in an experiment
involving five 60 x 24-m fields. The plots with herbicide + insecticide-treated bunds
were surrounded by a 1-m-high transparent plastic fencepainted with an outside band
of grease. Thiscombination prevented access by crawling arthropods except from the
adjoining 12-m length of bund, although it still permitted colonization by flying in-
sects and wind-blown spiderlings. In each plot, groups of five “control” hills infested
with BPH nymphs were caged to excludeall other insects.

Initial experiments showed good evidence that bunds can be an important source
of biological control agents. For example, after 5d, 72% of BPH survived on one set
of rice plants and 18% on another both with herbicide + insecticide-treated bunds,
6.1% survived where herbicide only was applied to the bunds, and 5.5% where bunds
were untreated. An indication of the relative natural enemy pressures was given by
the mean number of spiders per five hills—7 immature spiders, 22 immature spiders,
43 adults and immatures, and 41 adults and immatures, respectively. This indicated
the importance of bunds as sources of adult spiders, which quickly reached the in-
fested rice plants where bunds had not been insecticide-treated, whereas, in contrast,
only windborne immatures reached plots whereall predators in bunds had been killed
by the insecticide. However, this result was not borne out by an example of another
set of experiments on arelatively late-sown crop. Here (Fig 1), exposed BPH popu-
lations initially remained similar in al treatmentsalthough increasingly there was an
indication that the fewest BPH were killed in plots with the herbicide + insecticide-
treated bunds. Such differences were mostly insignificant statistically and would also
be unimportant in terms of crop damage. They contrasted strikingly with the pro-
tected controls where BPH populations increased to hopper-burn levels (Fig. 1). All
the predator-exposed treatments confirmed past evidence of outstanding biological
control by natural enemies. Thisis illustrated by the development of spider (Fig. 2)
and Cyrtorhinus lividipennis (Fig. 3) populations. In particular, windborne spiderlings,
but not adults, quickly reached the previously insecticide- “sterilized” plots by air
from outside the field as did adult C. lividipennis and some other winged predators.
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Fig. 1. Effect of bund treatment on changes in initial populations of
100 brown planthopper (BPH) nymphs per five irrigated rice hills.
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Fig. 2. Effect of bund treatment on numbers of spiders arriving and
developing on irrigated rice initially infested with 100 brown planthopper
nymphs per five hills.

With current evidence, we conclude that several factors determine theimportance
of bunds as key sources of natural enemies, in particular the sowing date of the crop.
Thus, bunds may be especially important for the early sown crop, whereas, for later
sown crops, other earlier sown crops can be the richest source of natural enemies. In
thiscontext, single-season rainfed and irrigated crops may depend crucially on bunds
assources of natural enemies (seeMarcoset al, this volume). Furthermore, the role of
bunds as sources of natural enemies of pests other than hopper species, including

Approaches to a relevant understanding of biodiversity. .. 9
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Fig. 3. Effect of bund treatment on numbers of Cyrtorhinus lividipennis
arriving and developing on irrigated rice initially infested with 100 brown
planthopper nymphs per five hills.

leaffoldersand stem borers, remainsto beexamined in moredetail (see Yu Xiaoping,
this volume). At this stage of understanding, it would be dangerous to underestimate
the value of appropriately managed bundsand, in particular, to consider introducing
technologies based on removing bunds to increasefield size.

Discussion

That biodiversity is of paramount importance in pest management of tropical irri-
gated rice is evident from the outstanding success in exploiting the unique genetic
biodiversity of rice species, and, potentially, genes from nonrice species. However,
much remains to be done to use such diversity as a necessary part of the integrated
pest management approach (Way and Heong 1994). The successful strip cropping of
different ricecultivarsin Yunnan highlightsthe valueof approachesthat involve mix-
tures of cultivars within fields as well as opportunities for patterning them between
fields in space and time. These approaches for disease management are also poten-
tialy significant for insect pest control.

Much work on tropical irrigated rice has indicated the value of natura enemy
biodiversity at thecommunity and ecosystem|level sfor insect pest management. Those
concerned have been faced with some virtually intractable problems of complexity
such that we still know relatively little about what particular componentsreally mat-
ter—knowledgethat is essential in termsof improved pest management, particularly in
relation to future changes, such as larger ricefieldsinvolving less bunds, more nonrice
cropsin rice bowls, destruction of noncrop habitats, and climaticchange. Publications,
not necessarily focused on pest management, provide some clues to mechanisms
involved (Crawley 1997, Poliset a 1989, Price 1983, Sunderland et d 1997). In par-
ticular, Southwood (1977) used asynoptic modd that can provideclueson therelative

10  Way and Javier



importance of various pest management strategies, and Poliset d (1989) also high-
lighted the potential significanceof interspecies predation, which can be a factor in
predator survival when nonpredator prey are scarce. Thesignificanceand opportunities
for using environmenta diversity have been discussedfrequently, amost exclusivelyin
relation to dryland crops (e.g., LaSalle 1999, Perrin 1980, Polaszek et al 1999, Way

1977). However, dl thiswork provideslittle morethan cluesfor irrigated rice, particu-
larly since it mostly highlights conditionsin dryland single-season arable crops where
lack of continuity tends to dislocate natural enemy—pest interactions (Way 1977),
unlikethe continuity of two to threecrops per year of much tropical irrigated rice (Way
and Heong 1994).

Thereare other important distinctions, for example, between cereal ssuch as wheat
and rice. The major insect pests and their transmitted diseases of whegt in its exotic
Western European habitats are indigenous wild grassland species (Way 1988) growing
in hedgerows (theecological equivalents of bunds)and in other wild areasand fields. In
contrast, the major insect pestsof tropical irrigated rice are monophagous or amost all
monophagousfor rice. So, except for afew polyphagousoutbreak pests, such aslocusts
and armyworms, wild and other nonrice cultivated areas can be regarded primarily as
beneficial sourcesof natural enemiesrather than sourcesaf pests. The basisfor manipu-
lating biodiversity against tropical irrigated rice pests must therefore be regarded very
differently from that of single-season dryland crops, including dryland tropical rice,
which has serioudly damaging polyphagous pests (Litsingeret al 1987).

The emphasis on a sophisticated knowledge of the ecosystem as a basisfor IPM
(e.g., Kogan 1998) needs to be questioned in termsof valueas well asof practicality.
Already an enormous amount of data have been collected on the arthropod fauna of
irrigated rice and of associated crops and wild plant systems. These data still need
examining, not asan academic exercisein biodiversity or for exercising sophisticated
methodol ogies, such as Schoenly et d (1998), but rather in terms of new components
that could add to our ideas on species and cropping situations that could be experi-
mentally examined for improved pest management. So, thequestion needsto be asked,
Isthe continued accumulation of raw biodiversity data <till desirable?Surely the pri-
ority now isfor the already accumul ated data to be examined in much more detail for
potentially important new clues, such as which insect pest and natural enemy taxaare
common in fields and wild habitats that can provide linking sources to rice crops in
space and time? This could lead to experimental testing, and then to much more fo-
cused sampling and other methods of field examination of particular taxa rather than
continued unguestioning collection of everything by the ubiquitous suction sampler.

Table 6 lists the range of experimental testing at all levels of biodiversity from
genetic to ecosystem. There are already clear and successful precedentsfor manipu-
lating biodiversity of rice monocultures, notably at the genetic level (Table 1, part 1).
However, Table 1 parts 2 and 3 present much greater experimental difficulties, in
particular the latter, such as resolving disagreements on the valueof diversity in time
associated with synchronous versus asynchronous planting. In the humid tropics, the
overlapping asynchronous irrigated rice crops favor movement of insect natura
enemiesdirectly from rice crop to rice crop; hence, asynchrony seems to be crucially
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Table 6. Experimental testing of relevant components of biodiversity in rice-cropping systems.

1. Rice crops
e Conventional comparisons of cultivars
e Comparison of cultivar mixtures within fields
e Comparisons of cultivar mixtures between fields in space and time
o Studies of synchronous vs asynchronous planting
. Roles of other arable crop fields grown in the rice system
. Roles of flora, fauna, and size of rice field bunds
. Roles of scattered patches of mixed cultivated and wild herbs and trees within a rice habitat
and also adjoining it

AWN

important in biological control of insect pests (Way and Heong 1994). But is this
applicableto single-seasonirrigated and rainfed rice and to pathogens? Experimental
comparison of asynchrony versus synchrony is a formidable task, but empirical
evidence (Way and Heong 1994),most significantly that of Sawada et a (1992),
highlights the value of asynchrony, though this is questioned for insect-transmitted
tungro disease, for which the critical epidemiological research is lacking (Way and
Heong 1994).

It seemslikely (Way and Heong 1994) that relatively few of the very biodiverse
natural enemies that are associated with tropical irrigated rice are of real importance
in biological control. Thisconcept issupported by empirical and theoretical evidence
that simple ecosystems can be stable and, hence, that much of the species complexity
of tropical irrigated rice systems may be irrelevant to IPM (e.g., May 1975, Pimm
1984, Way and Heong 1994). There istherefore an urgent need to experimentally test
(e.g., Cohen et a 1994) this and other hypotheses that could make manipulation of
biodiversity very much simpler and farmer-friendly. This seems the only practical
approach to the use of biodiversity for insect pest management and no doubt for other
pests (seeYouyong et a 2000).

In conclusion, based on the mass of present sampling data, we must surely use
more imagination to define more relevant questions and then design feasible experi-
mentsfor answering them. Thisrequiresthought—"a painful process’ (Wigglesworth
1955)!
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Role of Saccharosydne procerus on
Zizaniacaducifloraas an alternate host

for Anagrus nilaparvatae, the egg
parasitoid of the brown planthopper
Nilaparvata lugens, which attacks
temperate rice

Yu Xiaoping

Inthe Yangtze River Delta, Saccharosydne procerus (Delphacidae: Homoptera)
on the vegetable Zizania caduciflora L. is a major alternate host of the egg

parasitoid Anagrus nilaparvatae (Mymaridae: Heteroptera), which is an im-

portant biocontrol agent of planthoppers on single-season japonica rice. A.
nilaparvatae and related Anagrus species can overwinter in S. procerus eggs
in Zizania fields during the rice off-season. In April, Anagrus spp. disperse to
and build up on hopper hosts on newly transplanted rice fields. Most move-

ments of Anagrus spp. were found between Zizania fields and rice during the

early rice season, especially in June. In a free-choice test, A. nilaparvatae
oviposited in and emerged from both S. procerus and the brown planthopper

(BPH) Nilaparvata lugens eggs although it preferred BPH. Although parasit-

ism of S. procerus by A. nilaparvatae was more than 15%, S. procerus could
not complete its lifespan on rice, indicating no damage by this hopper to rice.

This chapter shows that proper deployment of rice and Zizania fields will

enhance the efficiency of the egg parasitoid A. nilaparvatae against both
planthoppers in rice and S. procerus in Zizania fields. Habitat manipulation

based on this research could be incorporated into integrated pest manage-
ment in the temperate rice ecosystem.

Zizania caduciflora L. (Gramineae) is afavorite vegetable crop for the residents of

the Yangtze River Deltain China. It istraditionally planted together with rice or sur-
rounding rice fields (Ding and Yang 1982). A planthopper, Saccharosydne procerus
(Matsumura) (Del phacidae: Homoptera), severely damages Zizania when its popul a-
tionisvery high (Zhang 1983, Ding and Y ang 1982). However,theeggsof S. procerus
serve as an aternate host of the egg parasitoid Anagrus nilaparvatae, which is an
important biocontrol agent of therice brown planthopper Nilaparvata lugens(Yuet a

1999). In this temperate japonica single-season rice ecosystem, the parasitism of A.

nilaparvatae on brown planthopper is usualy low and fluctuates sharply throughout
the year because of the frequent disturbance of farmers practices such as spraying

15



and harvesting. Additionally, the population growth of A. nilaparvatae and other rel-
evant Anagrus spp. isinterrupted in winter becausericeisabsent (Louand Zhu 1980).
The role of some delphacids serving as alternate hosts in grassy areas surrounding

ricefieldswasstudied recently (Yuet a 1995, Yu and Heong 19974). Samplingshowed
that the parasitismof brown planthopper by A. nilaparvatae was notably higher where
rice fields were surrounded by Zizania crops (Yu et a 1999). Laboratory and field

work was therefore done to examine links between A. nilaparvatae in riceand neigh-

boring Zizania as arefugefor this parasitoid. S. procerus was reported to be a pest of

rice (Zhang 1983), so effectsof S procerus on rice werea so studied.

Materials and methods

Adultsof N. lugensand S. proceruswerecollected fromjaponica riceand Zizania fields
and reared in the laboratory on therice variety TN1 and on Zizania,respectively. They
laid eggs that were parasitized by A. nilaparvatae. A. nilaparvatae emerged from rice
and Zizania plant leavesthat contained the parasitizedeggsof N. lugensand S. procerus.

Ten S procerusof different instarswereintroduced into mylar cages containing a
rice plant or Zizania leaf in culture solution. All treatments were replicated 12times
and set up at temperature of 25 + 1 °C. Hopper survival was recorded every 6 h.

In another test, at 25+ 1 °C, a newly hatched nymph of S procerus was intro-
duced into each of 120test cages, each with a fresh Zizania leaf. The development
and mortality of the nymphs were observed and recorded daily until al the hoppers
were dead. Female and male adults were mated to produce the F, progeny. The ex-
periment was repeated for the F;, and F, generations.

The development and survival of A. nilaparvatae were determined using20 pot-
ted rice plants bearing hopper eggs, placed separately in both rice and Zizania fields
for trapping egg parasitoids. After 2 d, the potted plants were brought back to the lab
and put in black cloth-covered mylar cagestopped by glassvialsfor collectingemerging
adult parasitoids.

Zizanialeaves werecollected monthly from fieldsfor dissecting and counting the
parasitized eggs of S. procerus.

Wooden plates (50 cm?) covered on each side with yellow sticky paper (5 partsof
caster oil:4 of colophony: 1of glycerol) (Yuet d 1999) were used for monitoringegg
parasitoid dispersal in April and July 1997. Twenty sticky plates were placed verti-
caly in bunds between rice and Zizania fields, one side facing the Zizania and the
other facing thericefield. The sticky plates were angled northwest/southeast to avoid
direct effects of prevailing wind. The sticky papers were replaced every 6 h and the
trapped Anagrus spp. wereidentified and counted.

For preferencetests, A. nilaparvatae wereobtainedfrom N lugensand S. procerus
collected in riceand Zizania fields. A pair of A. nilaparvataewas released onto each
test cage, in which variousegg ratiosof N. lugensand S. proceruswereset up on rice
and Zizania plants. One hundred pairs of parasitoids were replicated in each treat-
ment and all were kept at 25+ 1 °C and a 12-h day. The A. nilaparvatae adults were
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removed 24 h later. The unparasitized and parasitized eggs were counted by dissect-
ing therice and Zizania plants after 4 d at high humidity.

The times for 50% mortalities (LT50) of S procerus on rice and Zizania plants
were assessed using Quant 3.0 probit analysis software.

Deviationsof the parasitoid numbersfrom random choiceof their prey were mea-
sured using a; , the vector with theith component (Chesson 1983).Since A. nilaparvatae
isasolitary egg parasitoid, the estimate for preference when food is depleted isim-
portant, and was given by

Ln(n,—r/n)
o = B v M LR |

Ln (ny, - ry/ny,)

where n, is the number of itemsof typei present at the beginning of aforaging bout
and r; isthe number of items of food typei in the consumer’s diet (Manly 1974). The
chi-square (c¢2) was used to test the differences of values from a fixed ratio. Such
values of a range from 0 to 1 with 0.5 representing no preference.

Results

No S. procerusof any instar could completeitslifecycleon rice. The LT50 of nymphs
on ricewaslittlelonger than that of adults, lasting 1-3 d, and was significantly shorter
thanthe LT50of S proceruson Zizania (3-20d) (Table 1). It seemsthat the 1st-instar
nymph was more adaptabl e than other stages.

The nymphal longevity of S procerus on Zizaniawas not significantly different
over threegenerations (Table2). About 55% of the nymphsbecameadultsin dl three
generations.

Saccharosydne proceruslaid on Zizania plantsan average of 200-400 and some-
times up to 1,000 eggs. Field surveys showed that parasitism of A. nilaparvatae on

Table 1. The LT50s of various stages of S. procerus reared on the rice variety TN1
and on Zizania caduciflora.

Host plant Insect stage Time-survival correlation LT50 (d)

Rice 1st instar Y =9.9948 - 1.2175x 2B
2nd-3rd instar Y =7.7969 - 0.8113x 1.31
4th-5th instar Y =9.2601 - 1.1231x 1.85
Male adult Y =6.2186 — 0.7635x 1.74
Female adult Y =5.7971 - 0.5740x 1.72

Zizania 1st instar Y =7.1137 - 0.7168x 19.08
2nd-3rd instar Y =11.5904 - 3.0580x 8.63
4th-5th instar ¥ = 7.5025 - 1.3996x 5.98
Male adult Y =8.4829 - 1.3889x 12.28
Female adult Y =7.0924 - 1.6616x 3.52
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S. procerus fluctuated in sampling locations and seasons from 0 to 75%. In June-
October, there was around 30% parasitism, which declined sharply to 2—5% in

November-January, probably because Zizania fruit harvesting and the cold weather
decreased parasitoid activity (Table 3). With the large fecundity of S. procerusand
high parasitism, a large population of Anagrus spp. developed in Zizania fields dur-
ing and between the rice seasons.

The pot-plant-trap data (Fig. 1) in Zizania and neighboring rice fields showed
that, from mid-June to early August, more Anagrus spp. were attracted into Zizania
fieldsthan intoricefieldsand field bunds. In early seasonrice, the number of Anagrus
in rice fields neighboring Zizania was 2.26 times that in rice fields that were rela
tively isolated from Zizania plants, which suggests that Zizania plants are a major
source of Anagrus spp. in fields after the winter season when rice is absent. In late-
season rice, however, the population of Anagrus spp. in both rice and Zizania fields
was low, probably due to heavy spraying of insecticides.

The sticky trap catches from bunds between habitats showed that, in April, the
number of Anagrus spp. on the side facing Zizania fields was significantly higher
than that on thesidefacing ricefields; most Anagrus spp. were trapped between 0800

Table 2. Duration of nymphal stages of S. procerus on Zizania caduciflora.

Developmental period (d)

Instar

1st generation 2nd generation 3rd generation
1st 3.11+052 3.48+0.76 2.98+0.48
2nd 2.19+0.59 2.67+0.51 2.84+0.48
3rd 2.76+0.55 3.12+0.66 3.13+0.53
4th 221043 3.24+0.59 3.49+0.61
5th 4.30+0.67 4.40+0.76 4.18+ 0.55
Nymphal period 15.57+ 4.20 16.90+ 1.92 16.60+ 5.05

Table 3. Seasonal variation in the percentage parasitism by A. nilaparvatae
of S. procerus eggs in Zizania fields.

Sampling date No. of eggs Mean % parasitism?® Range
inspected

15 Jun 5,622 31.46+17.55a 13.24-62.66
15 Jul 4,670 27.11+11.34 a 5.33-57.21
15 Aug 2,161 30.03+16.23 a 5.10-75.69
15 Sep 4,310 27.84 + 1461 a 10.65-52.85
15 Oct 4,540 29.52 +14.45 a 5.16-55.33
15 Nov 3,514 536+ 430b 1.20-23.29
15 Dec 3,449 215+ 271b 0- 17.20
15 Jan 4,289 445+ 3.33b 0- 2253
15 Feb 4,294 3.35+ 1.75b 0- 8.05
15 Mar 4,899 400+ 3.88b 0- 13.15
15 Apr 829 23.16+ 9.13a 3.52-75.86

9n a column, means followed by the same letter are not significantly different at the 5%
level based on Duncan’s multiple range test.
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and 1400, suggesting the greatest activity and emergence of this parasitoid. In June,
however, the traps facing rice trapped more Anagrus spp. than on the side facing
Zizaniafields. Thetrend of parasitoidactivity in June wassimilar to that in April (Fig.
2). This shows that there was more Anagrus dispersal from Zizania fields to newly
transplanted rice fields in April but the reverse occurred in June when parasitized
planthoppers were abundant in ricefields.

Manly’'s preferenceindices of A. nilaparvatae from both rice and Zizania (Table
4) showed a significantly stronger preferencefor BPH eggs on rice than S. procerus
eggson Zizaniaplants (ag = 0.74**, C.2> Co %) Meanwhile, A. nilaparvatae trapped
from Zizania fields appeared significantly to prefer BPH eggs to S. procerus eggs
(ag = 0.70**, CZ> Cq01). There was no significant density-dependent influence in
the preferencetests of thisegg parasitoid.

Discussion

Anagrus spp. are considered to be an important biocontrol agent for suppressing rice
planthoppersin most Asian countries (Chandra 1980, Dyck and Thomas 1979). In-
secticide spraying, harvesting, and plowing, however, cause a severe fluctuation of
the parasitoid population because of the scarcity of host eggs at critical times. The
gramineous grasses supporting related homopteransin surrounding field bunds that
serveas refugeareasfor egg parasitoi dswerestudied recently (Yu et al 1999); but, for
sanitary purposes, the farmers usually remove and burn the wild vegetation on field
bunds. Thiscaused usto examinetheroleof other plants, especially gramineouscrops,
for conserving natural enemies when thereare disadvantageousconditionsfor natura

No. of Anagrus spp. per pot
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; \ A Zizania field

35
30
25

® Rice field adjacent to Zizania

Rice harvest

20 \

Rice harvest

.

15
10 |
5_

0
16/6 30/6 14/7 28/7 11,8 25/8 8/9 22/9 6/10 20/10 3/11
J L J

Early season Late season
Trapping time (day/month)

Fig. 1. Pot-plant trap catches of Anagrus spp. in rice fields with and without
adjacent Zizania fields during rice seasons.
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Fig. 2. Movement of the egg parasitoid Anagrus nilaparvatae and
other Anagrus spp. between rice and Zizania habitats based on
two-sided yellow sticky trap catches. (A) Numbers trapped in April;
(B) numbers trapped in June. The vertical line on each column is
the standard error.

Table 4. Choice of A. nilaparvatae for N. lugens and S. procerus eggs as
shown by preference indices based on chi-square tests for the hypothesis
of no preference.

Preference indices From N. lugens From S. procerus
eggs in rice field eggs in Zizania field

n* 51 56

o 0.74+0.31 0.70+0.30

% 16.09 > ¥4, 14.76 > Y40,

Degree of freedom = 1, y,,,” = 6.63

“n = mean number per preference test; a = preference indices of A. nilaparvatae for
N. lugens and S. procerus eggs.
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enemies within the rice field. Sugarcane, maize, and particularly Zizania caduciflora
are planted in a mosaic pattern with rice fields in the Yangtze delta, which is the
largest rice-producing area in China. This study showed that S. procerus, a major
insect pest of Zizania, is a bridge host of A. nilaparvatae between different rice sea-
sons and rice fields. Rice planthoppers such as N lugens and Sogatella furcifera
Horvath (Delphacidae:Homoptera) cannot overwinter in most of the temperate area
and usually emigrate to the southern rice area (Kisimoto 1979). Egg parasitoids A.
nilaparvatae and other Anagrus spp. have to overwinter in nonrice hoppers, for in-
stance, as pupae in S. procerus eggs on Zizania leavesin the Y angtze delta area (Yu,
unpublished data). The results from sticky traps indicate that, in April, there is dis-
persal of Anagrus spp. from Zizania to neighboring rice fields. In June, however,
there is a frequent exchange of Anagrus spp. between habitats where abundant egg
parasitoids exist. It seems that Anagrus spp. emerging on Zizania after winter syn-
chronized with rice transplanting and promoted populations of Anagrus spp. in rice
fields.

Preference testsrevealed that Anagrus nilaparvataeemergingfrom both S procerus
and N. lugens eggs prefer parasitizing N. lugenseggs rather than S. procerus. Perhaps
the white wax filament cover on eggs of S procerus adversely influences searching
and ovipositing by the parasitoid. However, afemale A. nilaparvatae can parasitize
15-20 S procerus eggs within 24 h when given no choice.

It isimportant to study the dispersal capacity of A. nilaparvatae and other Anagrus
spp. between habitats in their search for new hosts and refuge areas. In this context, A.
flavelous, the dominant egg parasitoid of N. lugens in Laguna, Philippines, can move
>30min 1wk from agrassy areato ricefields (Yu et al 1995, Yu and Heong 1997b).
Anagrus epos can disperse more than 4 km from an overwintering refuge (wild Ru-
bus) into commercial vineyards (Doutt and Nakata 1965, 1973). The effects of such
dispersal among habitats should be studied further.

Apart from benefits, the possible harmful effects of rice pests aswell asthe roleof
natural enemiesfrom Zizaniafields should be examined further in relation to Zizania
habitat manipulation asatool for riceintegrated pest management. As regards pests,
S procerus was once reported to be a pest of rice (Zhang 1983); however, this study
has shown that S procerus cannot complete its life cycle on rice plants. Some stem
borers related to Scirpophaga incertulas, Chilo suppressalis, and Sesamia inferens,
which are major pests of rice, attack Zizania, but preliminary data show that thereare
biological differences in stem borerson rice and Zizania (Yu et al 2001). Konno and
Tanaka (1996) also mention that stem borers from rice and Zizania latifersare dis-
similar.
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Relationships between pestsand

natural enemiesin rainfed rice and

associated crop and wild habitats

In llocos Norte, Philippines

TF. Marcos, LB. Flor, AR. Velilla, K.G. Schoenly, J.O. Manalo, O.M. Ofilas, P.S. Teng,

JR. Ulep, M.B. Tinguil, TW. Mew, AB. Estoy, LG. Cocson, and S.R. Obien

Pest and natural enemy abundances in rice and nonrice habitats along
transects at Batac and Badoc were monitored to characterize herbivore and
natural enemy assemblages in rice and surrounding nonrice habitats during
different cropping seasons. The data were analyzed to determine arthropod
associations, population shifts, and habitat compatibilities with rice. A bund
management study was then made to validate characterization results and
design a strategy whereby natural enemy action can be conserved and
enhancedto reduce pest abundance.

The characterization study yielded a total of 119 arthropod families with
363 confirmed taxa. At Batac, 120 herbivoreand 158 natural enemytaxa were
identified, whereas Badoc had 113 herbivore and 159 natural enemy taxa.
Cicadellids were the predominant herbivoresin both rice and nonrice habitats.
Spiders, formicids, and coccinellids were the dominant predators and
Mymaridae, especially Mymar taprobanicum, and the trichogrammatid Oligosita
sp. were the dominant parasitoids. Natural enemies had the most taxa in most
habitats. The measurement of habitat compatibility generally showed bunds
and fallow similar to those of rice in terms of herbivore and natural enemy
assemblages.

Insect pests and natural enemies were more abundant and had more
taxa in rice paddies with weeds on bunds than in paddies without bund weeds.
They were also more abundant in bunds than in paddies. Natural enemies
were most abundant in bunds with only broadleaf weeds. Among the 36
species of weeds monitored in bunds, seven—Alysicarpus vaginalis,
Sphaeranthus africanus, Vernonia cinerea, Ipomoea triloba, Heliotropium
indicum, Digitaria sanguinalis, and Ischaemum rugosum—were associated
with insect pests, whereas all species except A. vaginalis harbored natural
enemies. Where the bund weeds Panicum repens, Cynodon dactylon,
Dichanthium aristatum, and Commelina diffusa were infected with sheath
blight, the adjoining edges of rice paddies were sometimes also infected.
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The results indicate that some other crops, notably cowpea, are espe-
cially important reservoirs of natural enemies of rainfedrice pests during the
nonrice season. So, appropriate crop manipulation might be feasible for en-
hancingthe role of insect natural enemies in integrated pest management of
rice. Similarly, it is evident that bund manipulation, particularly the enhance-
ment of broadleaf weeds, can provide vital sources of insect natural enemies
as well as prevent the spread of rice sheath blight from grassy hosts on
bunds.

Much attention has been given to pest management in tropical rice becauseof serious
damage by particular pestsexacerbated by the complexitiesof crop lossescaused by
pest damage to the crop. Thus, increasing riceyieldsrequiresdevelopment  of sustain-
able pest management practices (Teng 1996). The dominant pest control strategiesin
tropical rice over the past 30 years have been the use of resistant varieties and espe-
cially chemical insecticides. Most research related to arthropods in tropical rice has
been directed toward only afew  pest species without examining the bioticlinkagesto
the rest of the system (Settle et d 1996). The findings of Kenmoreet a (1984) sug-
gested that integrated pest management (1PM) strategies in tropical rice should inte-
grate biological control, host-plant resistance, and cultural practicesto keep pests at
low densities, with insecticides applied as a last resort. One of the main challenges
facing agroecologists today is identifying the types of heterogeneity (at either the
field or regional level) that will yield desirable agricultural results (e.g., pest regula-
tion) given the unique environment and entomofaunaof each area. Thischallenge can
be met only by further analyzing the relationships between vegetation diversification
and the population dynamics of associated damaging and beneficial species (Altieri
1994).

Arthropods in the rice ecosystem vary widely depending on the distribution of
rice and other crops and wild habitats. The dynamics of pestsand natural enemiesin
the areaisinfluenced by how the crop is managed but, despite this complexity, rela
tively few manageablecomponentsof natural diversity are probably the key to insect
pest managementinirrigated ricein the tropics (Way and Heong 1994). Some studies
have suggested that the size and composition of nonrice habitatsadjacent to ricefields
may have positiveeffectson natural enemiesin ricefields (Stapley 1975, Bentur and
Kalode 1985, as cited by Xiaoping et d 1995). Whether or not the nonrice habitatsin
the rice ecosystem are beneficial sources of rice pests (Hibino and Cabunagan 1986,
Way and Heong 1994), they need to be explored for their preservation and possible
manipulation to favor natural control of rice pests. These studies aimed to character-
ize assemblages of herbivores and natural enemies in rice and surrounding nonrice
habitatsover different cropping seasonsin order to determinetheir associ ations, popu-
lation shifts, and habitat compatibilities with rice. Thisincluded a bund management
study to validate the characterization results and to provide a basis for strategies
whereby natural enemies are conserved to reduce insect pest and disease incidence.
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Methodology

Characterization of arthropods
Sampling points. Two transects were established, one in the municipality of Batac
and the other in Badoc, [locos Norte. [locos Norte is situated in the northwestern part
of Luzon island between 17°48 and 18°29'N latitude and 120°25" and 120°58E
longitude. These sites were selected on the basis of their differences in cropping
sequence during the wet and dry seasons. Each transect comprised 40 sampling points
50 mapart along agradient of diversecropping patternsand practices and vegetation.
The 3.6-km Badoc transect spanned four barangays, Paltit, Pasuc, Mabusag Sur, and
Mabusag Norte, whereasthe 3.6-km Batac transect crossed two barangays, Magnuang
and Tabug. There were 38 farmer cooperators at each site.

Sampling and arthropod identification. Arthropods in each sampling point were

collected using a blower-vac suction sampling machine covering an area of 1,590
cm? (Carifio et d 1979, Arida and Heong 1992). Monthly sampling was done for 17
months, from August 1997 to December 1998. Arthropods were collected for 2-3

min depending on the age of the crop. Collected specimens were sorted, identified,
and counted in the laboratory. Specimens were identified to family level and the com-
mon ones to genera or species. Dr. A.T. Barrion, of the International Rice Research
Institute, verified taxonomic identities.

Data analysis. Arthropod abundances were lumped to the same taxonomic and
functional groups and habitat zones between sampling dates and seasons following
the standardized taxonomic list describing their respectivefunctions, using the LUMP
program developed by Schoenly and Zhang (1999a). This was done for al the
arthropods collected in the habitats along the transect sites. The differences in taxo-
nomic composition of lumped herbivores, natural enemies, and detritivores werethen
analyzed using the statistical sofware program SPPDISS, with Clarke's R-test
(Schoenly and Zhang 1999b). This compares between-community and within-
community dissimilarities for al n(n - 1)/2 pairwise dissimilarities between n sites
and computes the average rank of the between-community (rb) and within-commu-
nity (rw) pairs having atest statistic of

4 (rb- rw)
n(n-1)

R=

If R= 1, the two communities are taxonomically different and, if R approaches0
(R~0), the two communities are taxonomically similar.

Bund management for pest control

Three sets of farmers' ricefieldsin each of three barangays, Mabusag East, Mabusag
West, and Paltit, municipality of Badoc, Ilocos Norte Province, were identified for a
bund management study as a follow-up to the transect characterization study. Three
treatments were made at each site: (1) rice paddy with weeds on bunds (RWWB), (2)
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rice paddy without weeds on bunds (RWOWB), and (3) rice paddy without grasses
on bunds (RWOGB). Sampling wasal so carried out on bundsand thefollowing treat-
ments were considered: (4) bund with weeds (BWW), (5) bund without weeds
(BWOW), and (6) bund without grasses (BWOG). The bundsfor treatments without
grasses were sprayed with fluazif op-P-butyl (Onecide) herbicide, whereas those with-
out weedswere sprayed with glyphosate (Roundup). Onecidekillsonly grasseswhile
Roundup killsall kinds of weeds. Both treatments were sprayed twiceto prevent the
growth of unnecessary weeds and maintain the treatments throughout the cropping
season. The weed species found along the bundsin all the treatments were recorded
before the set-up of the experiment and in every sampling period. Numbersof insect
pestsand natural enemiesand incidenceof diseasesweremonitoredin alternate weeks
starting 2 wk after transplanting until crop maturity. A blower-vac sampler was used
as indicated above.

Insect pests and natural enemies associated with weed species on bunds were
collected from individual plantsthat wereenclosed in plastic bagsand then cut off at
the base.

Results

Arthropod fauna in rice and nonrice habitats

Collected samplesfrom riceand nonrice habitatsal ong thetransects(Batac and Badoc)
yielded 119 arthropod families with 363 confirmed taxa. Table 1 lists the different
habitats sampled along the transects. The 17-month arthropod collection yielded
22,025, 5,971, 7,786, 403, 70,201, 805, 26, 85, 34, and 38 individualsin rice, bund,
falow, garlic, onion, maize, mungbean, tomato, bell pepper, tobacco, and cowpes,
respectively, totaling 37,444 individuals at the two transect sites (Table2). In Badoc,
the abundance of arthropods in decreasing order in the habitats was ranked as rice >
bund >fallow > mungbean > garlic >onion, whereas, in Batac, arthropod abundance
in rank was as follows: rice > fallow > bund > mungbean > maize > bell pepper >
garlic > cowpea>tobacco >tomato. Generally, more herbivoresand natural enemies
were found in Badoc than in Batac and more arthropod catches were made in rice,
bunds, and fallow (Tables2 and 3). More arthropods were caught in the rice season
presumably because the sampling points during this wet season (WS) were mostly in
the predominant rice paddies and associated bunds, which had abundant weed spe-
ciesat the7 sampling pointsin Badocand || in Batac (Table 1).

Herbivore taxa. Abundancesof herbivoresin the habitatsalong the transect were
dominated by the Cicadellidae, especially Nephotettix spp. Nephotettix malayanus, N.
virescens, and N. nigropictus were collected in rice, bund, fallow, and mungbeanand a
few on maize, garlic, onion, and bell pepper (Tables1 and 2). Other abundant herbi-
vores collected in rice and nonrice habitats were the del phacids (mostly Nilaparvata
and Sogatella spp.) and aphids. Aphids were found in rice, bund, fallow, maize, cow-
pea, bell pepper, mungbean, and garlic.
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Theproportion of herbivores varied from 15% to more than 44% of the total arthro-
pod populations in the different habitatsin Badoc and from 18% to 55%in Batac (Table
2). Overall, the total herbivore taxa ranged from 30.2% to 42.5% in Badoc and from
22.2%1054.5% in Batac (Table 3). Other herbivores found in other nonrice habitats
were delphacids, aphids, and Chrysomelidae.

Natural enemy taxa. In Badoc, the total number of taxaof natural enemiesinrice
is 132, constituting 52.6% of all arthropod taxa collected from rice. Bunds had 85
(51.83%) natural enemy taxa; 62 (42.5%), 30 (47.6%), 9 (34.6%), 8 (50%), and 34
(45.3%) natural enemy taxawerecaught in fallow, garlic, onion, maize, and mungbean,
respectively (Table 3). Similarly, the total number of natural enemy taxa collected in
Batac in the different habitats along the transect was generally greater than the herbi-
vore and detritivore compositions. Natural enemies in Badoc ranged from 24.4% to
55.6% in rice and nonrice crops along the transect, whereas, in Batac, they ranged
from 14% to 46.2%. This conforms with Schoenly et a (1998), who showed that in
typical irrigated rice in the Philippines natural enemies had the most taxain both the
canopy and floodwater, followed by herbivoresand detritivores. Natural enemieswere
more abundant in the habitats than the herbivores, except in rice, the bunds in Batac,
and onionsin Badoc, which were slightly lower in number (Table?2). Thetotal natural
enemy taxain rice was 46.5%, in bunds 44.4%, in fallow 40.0%, in garlic 46.0%, in
maize 41.0%, in mungbean 35.7%, in tomato 44.4%, in bell pepper 43.8%, and in
tobacco 18.2%. The dominant predators in nonrice habitats were spiders, formicids
(mostly Tapinoma sp. and Solenopsis sp.), coccinellids (mostly Micraspis sp.),
Metioche sp., Anaxipha sp., and Conocephalussp. In the Badoc transect, they consti-
tuted 25.2%, 92.5%, 74.1%, 72.5%, 100%, 70%, and 72.7% of the total natural en-
emies collected in rice, bund, fallow, garlic, onion, maize, and mungbean, respec-
tively. In the Batac transect, the dominant predators comprised 44.0%, 73.0%, 51.9%,
57.1%, 84.1%, 93.8%, 8.3%, 60.0%, 27.3%, and 100% in rice, bund, fallow, garlic,
maize, mungbean, tomato, bell pepper, tobacco, and cowpea, respectively (Table 4).
At both transect sites, spiders were in all habitats except in Batac, where no spiders
were caught in tomato and cowpea (Table 1). The spider population was dominated
by Tetragnatha, Pardosa, and Oxyopes species, especially in riceand bunds. Formicids
and spiders occurred in bunds throughout the sampling duration. Micraspis sp. oc-
curred at the maximum tillering stage of the rice crop until harvest time and was on
bunds and mungbean during the nonrice season from December to February.

No formicids were collected from tobacco in Batac. There were few sampling
pointsin tobacco, cowpea, and tomato (Table 1), which might explain why they were
not observed/collected at sampling. Overall, the characterization study along the
transect showed more natural enemiesin most habitats.

Compatibility of herbivore and natural enemy

taxonomic composition in rice and nonrice habitats

Theseasonal measurements of compatibility of the herbivore and natural enemy taxo-
nomic compositionsin riceand different nonrice habitats using Clarke' s R-test method
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Table 1. Monthly sampling of crops, fallows, and bunds and occurrence of commonest herbivores and natu-
ral enemies in the Batac and Badoc transects.

T

ansect
Crop/habitat

1997
Aug” Sep Oct MNov Dec Jan Feb Mar Apr
Badoc
Rice 33*/4 33*/sfm  31*/smc 2*sc 3*s 5%s 4%¥sm 3* 3
Bund T */1 7 */sfm 7 */mc 7 *sfc 7 *sf 7 *sf 7 *sf 7*f 7 sf
Onion 2+ 3*/ 3f - - - -
Fallow - - - 16*sfc 15*sfc 15*sf 19%*sf 20%f 21 *sf
Garlic 12 *g 12 *s 11*/s - - -
Mungbean - - - - 2 10*/sf  9*saf 9% /sf
Maize - - - - - - - 1 -
Batac
Rice 21*/f 26%/afm 26 * fasfmc - - - - - -
Bund 11*/f 11 */asfm 11 */asfmec 11 *sf 11 *sf 11%sF 11*sft 11%/4 11%sf
Fallow 8B* 3 * fasf 1s 25s 14 *sf 14 % 11 *sf  13*/f 25%*sf
Bell pepper = = 2 3 3s 3 3*f <y -
Maize - - - 1 1fs 1 *f 1f 5 ¥f 1 *fs
Mungbean ~ - - - 4fs 5 *fs 4 *f 2% 4
Tomato - - - - 27 2 2% 2% —
Tobacco - 1 2 2%g G 1*
Garlic - - - - 5 *fs 5*fs 1 *fs - -
Cowpea - - - - - - 1f 1%/ -
~ = not planted with the crop during the month. * = Nephotettix spp., / = delphacids, a = aphids, s = spiders, f =

formicids, m = mymarids, ¢ = Micraspis sp.

are shownin Table 5. In the Badoc transect, results during the 1997-98 WS and 1997-
98 dry season (DS) croppings were similar. The herbivore and natural enemy
taxonomic compositionsin the bunds showed similarity with rice, which implies that
the bund is not compatible with rice as herbivores found in rice are also found along
the bunds, which may serve as sources of insect pests. However, the bunds harbored
natural enemies similar to those of rice, implying that they are associated with each
other. Garlic showed aweak association of herbivores and natural enemiesduringthe
1998 DS. The Batac transect shared a similar composition of herbivores and natural
enemies. Bell pepper appeared to be compatible with rice during the 1998 DS crop-
ping with dissimilarity in herbivore taxonomic composition and similarity with rice
during the 1997-98 WS and DS croppings (Table 5).

In comparing the differences in the herbivore and natural enemy taxonomic com-
positions of rice and fallow before and after the rice season using Clarke's R-test
method (Tables 6 and 7), the herbivore compositions at fallow sites showed dissimi-
larity with rice at the Batac and Badoc transect sites. In the 1998 WSrice vs 1998 DS
fallow in Batac, however, results showed similarity in taxonomic composition. For
the natural enemiesin the fallow period before the 1998 rice-cropping (July-October
1998) season compared with the 1998 WS rice cropping, the herbivore and natural
enemy taxonomic compositionswere highly significantly different (Table 8).
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No. of sampling points

1998
May Jun Jul Aug Sep Oct Nov Dec
- - 17 */s 32 * /sfme 33*/sfmec 31 */sfmc 3% /smc 13 * /smec
7 *sf 7 *sf 7*/sf 7 */sfme 7 */sfm 7 * /sfme 7 * /sfme 7 */sfm
- - - - = - 1s 1sf
25 *sf 31 *sfc 14 * /sf 1 *sf - 2 * /sfm 27 */sfme 15 * /scfm
- - - - - - 2s 3*sm
8% /sf if 1/ - - - -
1*f 1* fasf - - - 1s
- - 7*/sf 9 * sasfc 17 * fasfc 20 * yasfmec 9 * fasme 3%*/smc
11 *sf 11 *sfc 11 */asfm 11 */asf 11 * fasfmc 11 * fasfm 11 *asfmec 11 * /sfmc
27 *sf 27 */sfmc  1B*/asfm 20*/asfmc 12 */asfc 7 * /sfmc 17 * /asfmc 2 * /sfme
_ ) - 2/s 2 =
a Sl 2fscm 4 * ffscm - - - -
- - 1 2

1% ) - : : -

Bund management experiment

Insect pests. Insect pests in both paddies and bunds were most abundant in rice pad-
dies with weeds on bunds, whereas they were least abundant in paddies without weeds
on bunds except at Paltit (Fig. 1, Table 9). The same trend was observed in bunds. It
was noted, however, that insect pests were more abundant in bunds than in paddies,
as observed at the three locations. The number of taxa followed the same trend (Fig.
2). In contrast, however, more taxa were found in paddies than on bunds. This shows
that more species of insect pests were infesting the rice crops than the weeds on
bunds. Although there were fewer natural enemy species on bunds, they were more
abundant.

Natural enemies. Natural enemies were also monitored in both paddies and bunds
(Fig. 1, Table 9). Aswith insect pests, paddies with weeds on bunds had the most abun-
dant natural enemies and they were least abundant in paddies without weeds on bunds.
Thiswas observedin Mabusag East and Paltit. Among the bunds, however, those with-
out grasses had the most abundant natural enemies, which shows that natural enemies
were closely associated with broadleaf weeds. The number of taxa wasagain highest in
paddies with weeds on bunds, followed by paddies without grasses on bunds. They
were least in paddies without weeds on bunds. Generally, however, more taxa
werein paddies than on bunds, notably insect pests because of their association with
rice.
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Table 2. Total numbers of arthropods in rice and nonrice habitats along Batac and Badoc transect sites, llocos Norte. August 1997 to Decemher 1998.

Habitata
Site Arthropods
Rice Bund Fallow Garlic Onion Maize Mungbean Tomato Bell pepper Tobacco Cowpea

Badoc Herbivores 4,863 (35.0) 539 (23.8) 712 (32.7) 49 (15.2) 28 (40.0) 9 (25.0) 263 (44.7) - - - -
Natural enemies 3,394 (24.4) 963 (42.5) 897 (41.2) 178 (55.1) 16 (22.9) 20 (55.6) 253 (43.0) - - - -
Detritivores 5,645 (40.6) 762 (33.7) 568 (26.1) 96 (29.7) 26 (37.1) 7 (19.4) 73 (12.4) - - - -
Total 13,902 2,264 2177 323 70 36 589

Batac Herbivores 1,509 (18.6) 1.295 (34.9) 2,523 (45.0) 16 (20.0) - 61 (37.0) 68 (31.5) 7 (26.9) 31 (36.5) 13 (38.2) 21 (5.3)
Natural enemies 1,192 (14.6) 1,279 (34.5) 1.213 (21.6) 35 (43.8) - 69 (41.8) 96 (44.4) 12 (46.2) 30(35.3) 11 (32.4) 8(21.2)
Detritivores 5,422 (66.8) 1,133 (30.6) 1,873 (33.4) 29 (36.3) - 35 (21.2) 52 (24.1) 7 (26.9) 24 (28.2) 10 (29.4) 9 (23.7)
Total 8,123 3,707 5,609 80 165 216 26 85 34 38

Total 22,025 5,971 7.786 403 70 201 805 26 85 34 38

Grand total 37.444

s~ = no crops planted in these transects. In parentheses are the percentage compositions of the total arthropods in each grouping.

Table 3. Total humbers of taxa found in rice and nonrice habitats along Badoc and Batac transects.?

Site Arthropods Rice Bund Fallow Garlic Onion Maize Mungbean Tomato Bell pepper Tobacco Cowpea

Badoc Herbivores 90 (35.9) 62 (37.8) 62 (42.5) 19 (30.2) 9 (34.6) 6 (37.5) 30 (40.0) - - - -
Natural enemies 132 (52.6) 85 (51.8) 62 (42.5) 30 (47.6) 9 (34.6) 8 (50.0) 34 (45.3) - - - -
Detritivores 29 (11.6) 17 (10.4) 22 (15.1) 14 (22.2) 8 (30.8) 2 (12.5) 11 (14.7) - - - -

Batac Herbivores 73 (33.6) 63 (36.8) 62 (37.4) 6 (25.0) - 16 (41.0) 12 (42.9) 2 (22.2) 12 (37.5) 6 (54.5) 6 (50.0)
Natural enemies 101 (46.5) 76 (44.4) 73 (44.0) 11 (45.8) - 16 (41.0) 10 (35.7) 4 (44.4) 14 (43.8) 2 (18.2) 1 (8.3)
Detritivores 43 (19.8) 32 (18.7) 31 (18.7) 7 (29.2) - 7 (18.0) 6 (21.4) 3 (33.3) 6 (18.8) 3 (27.3) 5 (41.7)

2- = no crop planted along these transects. In parentheses are the percentage compositions of the total taxa collected in each grouping.



Table 4. Percentages of dominant predators and parasitoids in rice and
nonrice habitats in the transects.

Percentages
Habitat
Predators Parasitoids
Batac
Rice 44.0 10.2
Bund 73.0 5.8
Fallow 51.9 6.6
Garlic 57.1 0.0
Maize 84.1 4.4
Mungbean 93.8 0.0
Tomato 8.3 0.0
Tobacco 27.3 0.0
Bell pepper 60.0 3.3
Cowpea 100.0 0.0
Badoc
Rice 25.2 16.2
Bund 925 5.7
Fallow 74.1 5.1
Garlic 72.5 6.6
Onion 100.0 0.0
Maize 70.0 15.0
Mungbean 72.7 5.9

Table 5. Measurement of compatibility of rice and nonrice habitats by season in terms of the
taxonomic composition of herbivores and natural enemies using Clarke’s R-test at the Badoc
transect site.

Herbivores Natural enemies
Season
Observed R P Rank Observed R P Rank

1997 wet season (Aug-Oct)

Rice vs bund 0.1452 0.01007 0.0559 0.9431
1998 wet season (Jul-Oct)

Rice vs bund 0.1348 0.0789 0.1610  0.0390°
1998 dry season (Nov-Dec)

Rice vs bund 0.2273 0.1279 3 0.0649 0.2547 1

Rice vs fallow 0.3470 0.0130 2 0.5520 0.0020 3

Rice vs garlic 0.5000 0.2517 1 0.5000  0.2697 2

“Different at the 5% level of significance.

Insect pests and natural enemies associated with weeds in bunds. Among the 36
weed species monitored in the bunds, only seven had insect pests (Table 10). The
insect pests wereCicadellidae, Aphididae, and Chrysomelidae. Cicadellidae werefound
on Alysicarpus vaginalis, Sphaeranthus africanus, and Vernonia cinerea; Aphididae
on S africanus and Ipomoea triloba; and Chrysomelidae on Heliotropium indicum,
Digitaria sanguinalis, and Ischaemum rugosum. Only two grass species had insect
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Table 6. Measurement of compatibility of rice and nonrice habitats by season in terms of the
taxonomic composition of herbivores and natural enemies using Clarke's R-test at the Batac
transect site.

Herbivores Natural enemies
Season
Observed R P Rank Observed R P Rank

1997 wet season (Aug-Oct)

Rice vs bund 0.3353 0.0020° 0.0457 0.8402
1998 wet season (Jul-Oct)

Rice vs bund 0.0137 0.4975 2 0.0913 0.9051 1 equal

Rice vs fallow 0.0673 0.2208 1 0.1465 0.1429 2 comp
1998 dry season (Nov-Dec)

Rice vs bund 0.0867 0.2008 3 0.0272 0.3127 2

Rice vs fallow 0.1751 0.9890 2 0.0030 0.3846 1

Rice vs bell pepper 0.7500 0.0629 1 0.1667 0.2717 3

Different at the 5% level of significance.

Table 7. Differences in the herbivore and natural enemy taxonomic compo-
sitions of rice and fallow before and after the rice season using Clarke's
R-test in the Badoc transect.

Herbivores Natural enemies

Season
Observed R P Observed R P

Aug-Oct 1997 rice
Vs 0.3501  0.00107 0.0413  0.9001
Nov 1997-Jan 1998 fallow

Feb-May 1998 fallow
VS 0.6857  0.0010° 0.7584 0.0010
Jul-Oct 1998 rice

Jun 1998 fallow
VS 0.8158 0.0010 0.7584 0.0010
Jul-Oct 1998 rice

Jul-Oct 1998 rice
Vs 0.4516  0.0010¢ 0.1877 0.0130
Nov-Dec 1998 fallow

Different at the 5% level of significance.

pests, notably Chrysomelidae. No insect pests were observed in sedges. The
Cicadellidae and Chrysomelidae are insect pests of rice.

All the weed speciesexcept A. vaginalisharbored natural enemies. The ones most
commonly encountered weretheformicids, spiders, and coccinellids. Formicidswere
the most commonly encountered and were recorded in 30 species of weeds, followed
by spidersin 14 species. Coccinellidswere found only on Sda rhombifolia, I. rugosum,
and Fimbristylis littoralis. Since only the shoot system of weeds was sampled, no
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Table 8. Differences in herbivore and natural enemy taxonomic composi-
tions of rice and fallow before and after the rice season using Clarke's
R-test in the Batac transect.

Herbivores Matural enemies
Season
Observed R P Observed R P

Aug-Oct 1997 rice
Vs 0.6671 0.00017 0.0806 0.0849
Nov 1997-Jan 1998 fallow

Apr-Jun 1998 fallow
Vs 0.4698 0.0010¢ 0.7168 0.0010
Jul-Oct 1998 rice

Jul-Oct 1998 rice
Vs
Nov-Dec 1998 fallow 0.0703 0.1508 0.1217 0.0629

IDifferent at the 5% level of significance.

species associated with the root system were recorded and those on the soil surface
were not included as they were recorded in the suction samples from bunds in the
transect study.

Disease incidence. At dl locations, only the paddies with weeds on bunds were
infected with rice sheath blight disease (caused by Rhizoctonia solani), which was
observed near the bunds where weeds were infected. Weeds on bunds that were
infected were Panicum repens, Cynodon dactylon, Dicanthium aristatum, and
Commelina diffusa. Only those rice plants near the bunds were infected. In the transect
characterization study, 14 species of weedsalong bunds, fallow, and in paddy rice and
dry-season crops were infected with sheath blight (Marcos et a 2000). These in-
cluded thefour species referred to above. Such weeds have been listed as hosts of rice
sheath blight (Dath 1990).

Discussion

Nonrice habitats as sources of pests and natural enemies

Insect pests. Nephotettix spp. that are vectors of rice tungro virus diseases were re-
corded, particularly on bunds and fallow during the nonrice seasons. Nephotettix
virescens is known to transmit tungro virus disease in rice (Hibino and Cabunagan
1986). Outbreaks of tungro virusin the Philippinesin recent years suggest outbreaks
of green leafhopper (GLH) Nephotettix virescens (Dyck and Hsieh 1972). Nephotettix
spp. were observed to occur at the early stage of the rice season. Elsewhere, GLH
often dominated in fields planted with rice (Heong et a 1991) with Nephotettix spp.,
especially N. virescens, accounting for more than 70% of the total leafhoppers. The
same is true with the planthoppers (Delphacidae) in rice, where outbreaks have oc-
curred in several places, especially in Asia, damaging many hectares of rice fields.

Relationships between pests and natural enemies ... 33



Abundance

50

Pests

40

30

20 -

10 -

Osww FJ RWWB
3 swow [ rRwoOwB
[l swoG [l RWOGB

120

100

80 -

60

40

20

0

Mabusag West

Natural enemies

Mabusag East Paltit

Fig. 1. Insect herbivore and natural enemy abundance on rice paddies and
bunds In three locations of llocos Norte, 2000 dry season. BWW = bunds
with weeds, BWOW = bunds without weeds, BWOG = bunds without grass,
RWWB = rice paddy with weeds on bunds, RWOWB = rice paddy without
weeds on bunds, RWOGB = rice paddy without grass on bunds.

Table 9. Total abundance of herbivores and natural enemies on rice
paddy and bunds at selected sites of Badoc, llocos Norte, 2000 dry
season.

Insect pests Natural enemies

Treatment?
Total Mean + SE Total Mean + SE

BWW 98 32.67 £12.34 140 46.67 £ 19.60
BWOW 23 7.67 £ 5.03 62 20.67 + 12.10
BWOG 41 13.67 £ 10.02 214 11433253745
RWWB 53 1767 + 9.64 195 65.00 £ 15.52
RWOWB 19 6.33+ 8.39 87 29.00 + 15.39
RWOGB 28 9.33+ 5.69 170 56.67 £ 10.02

“BWW = bunds with weeds. BWOW = bunds without weeds, BWOG = bunds
without grass. RWWB = rice paddy with weeds on bunds. RWOWB = rice paddy
without weeds on bund, RWOGB = rice paddy without grass on bunds.
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Fig. 2. Total number of arthropod taxa on rice paddies and bunds in three
locations, December 1999 to March 2000 dry season. BWW = bunds
with weeds, BWOW = bunds without weeds, BWOG = bunds without grass,
RWWB = rice paddy with weeds on bunds, RWOWB = rice paddy without
weeds on bunds, RWOGB = rice paddy without grass on bunds.

Several studies on the ecology, occurrence, and control of planthoppers have been
conducted (Kenmore 1980, Kisimoto 1981, Kenmoreet al 1984). Thepest’s presence
in nonrice habitats could possibly be an important factor in the transmission of virus
diseases that the insect can transmit.

The occurrence of arice pest in nonrice crops bordering rice fields can serve as
good refuges of these pests, thus sustaining the insect's occurrencein thefield, espe-
cially during the nonrice season. Cicadellids occur throughout the year in bunds and
they were observed to invade rice paddies as early as July, the start of the planting
season in the llocos area. Several species of weeds present in areas adjacent to crops
may also serve as alternative hosts for crop pests (Van Emden 1965).

Natural enemies. It isrecognized that natural enemies areimportant in preventing
pest build-up (Heinrichs 1994), so nonrice habitats could be a vital reservoir and
source of appropriate natural enemies. For example, mungbean is used asarelay crop

Relationships between pests and natural enemies ... 35



Table 10. Herbivores and natural enemies associated with weeds on bunds at selected sites of
Badoc, llocos Norte, 2000 dry season.

Herbivores and Weeds Rice insect pest/ Host of rice
natural enemies natural enemy? sheath blight
Herbivores

Cicadellidae Alysicarpus vaginalis + -

Sphaeranthus africanus -
Vernonia cinerea -

Aphididae Sphaeranthus africanus - -
Ipomoea triloba _
Chrysomelidae Heliotropium indicum + -

Digitaria sanguinalis -
Ischaemum rugosum

Natural enemies

Formicidae Ipomoea congesta + +
Lippia nodiflora +
Elephantophus spicatus -
Sphaeranthus africanus -
Ipomoea triloba ==
Phyllanthus amarus -
Cucumis melo -
Heliotropium indicum -
Vernonia cinerea -
Portulaca oleraceae =
Cardiospermum halicacabum +
Chromolaena odorata =
Sida rhombifolia -
Synedrella nodiflora
Panicum repens
Dicanthium aristatum
Imperata cylindrica
Eleusine indica
Leersia hexandra
Brachiaria mutica
Digitaria sanguinalis
Pennisetum clandestinum
Cyperus rotundus

Tapinoma sp. Commelina diffusa +
Alternanthera sessiles =
Alternanthera tenella -
Elephantophus spicatus =
Portulaca oleraceae
Sphenochloa zeylanica
Cardiospermum halicacabum
Synedrella nodiflora
Cynodon dactyion
Dicanthium aristatum
Eleusine indica
Ischaemum rugosum
Echinochloa colona
Pennisetum clandestinum

Trichogrammatidae Lippia nodiflora + -

A+ + 4+ | o+ 4+ + + +

continued on next page
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Table 10 continued.

Herbivores and Weeds Rice insect pest/ Host of rice
natural enemies natural enemy? sheath blight
Salticidae Ipomoea congesta - “
Heliotropium indicum =
Theridiidae Ipomoea aquatica - =

Ipomoea congesta

Sphaeranthus africanus

Veernonia cinerea -

Chromolaena odorata -

Digitaria sanguinalis -
Clubionidae Eclipta alba -

Heliotropium indicum -

Sphenochloa zeylanica =
Thomisidae Eclipta alba -

Vernonia cinerea

Sphenochloa zeylanica

Cardiospermum halicacabum +
Ischaemum rugosum +
Araneidae Phyllanthus amarus + -
Oxyopes Phyllanthus amarus + =
Ischaemum rugosum -
Tetragnatha Heliotropium indicum + -
Imperata cylindrica +
Brachiaria mutica -
Pardosa Vernonia cinerea + -
Gnaphosidae Imperata cylindrica - +
Coccinellidae Ischaemum rugosum - -
Micraspis sp. Sida rhombifolia -
Fimbristylis littoralis =
2+ = is a rice insect pest/natural enemy and host of rice sheath blight. — = not a rice insect pest/natural enemy

and host of rice sheath blight.

with ricein the Philippines and both pests and natural enemiesof rice wereassociated
with the crop (Litsinger et a 1988). Spiders, which were abundant on many nonrice
crops, are recognized asimportant for biological control (Hassell 1978, Murdoch et
a 1985) and some species were abundant in rice. They also occurred commonly in
bunds and fallows during the nonrice season. It is especially important that they ar-
rive very early on rice (Way and Heong 1994) from the bundsand al so as wind-blown
juveniles from other habitats. Many suggestions have been made on how spiders can
be better managed as biological control agents, either by enhancing their habitats or
by reducing their enemy habitats (Riechert and Lockley 1984, Riechert and Bishop
1990, Cohen et a 1994).

Theformicidswere found abundantly in the different habitats along the transect.
Way et a (1998) showed that the bunds around tropical irrigated rice fields usually
support an abundant and sometimes very diverse ant community with nesting popula-
tions limited to the dryland bunds when fields are flooded. Many ants may prey on
insectsin ricefields, both on the canopy and during fallows. Solenopsis geminata can
be a“keystone” species with major impact as a predator of other arthropods. The
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parasites/parasitoids found mostly in the different rice and nonrice habitats in the
transects that are dominant in number are the hymenopterans, mymarids (mostly
Anagrussp. and Mymar taprohanicum), trichogrammatids,and scelionids. They ranged
from 5% to 16% of thetotal dominant natural enemies collected in thetransects(Table
4). Mymarid wasps are the most abundant parasitoid collected on rice, bunds, and
fallow and they haveeven occurred in mungbean, maize, and garlic. An analysismade
by Schoenly et d (1998) showed that this wasp gave the best fit to al tested surrogate
taxain irrigated ricefields.

Theearly occurrence of planktonfeedersand detritivores, together with abundant
populationsof generalist predators, has been observed (Heong et al 1991, Schoenly et
a 19943, 1998) and experimental studies support the finding that predators actually
feed on the detritivores and plankton feeders (Settle et al 1996). It is possible that
early arriving natural enemies prey on detritivores when pest abundances are low,
then switch to pests after the detritivore population declines (Schoenly et al 19944).
The tropical rice agroecosystem has complexes of natural enemy species (predators,
parasites, parasitoids, and detritivores) that live in the plant canopy, on the water
surface, in the floodwater, and on or in the waterlogged soil. Thus, biological control
in this agroecosystem involves many species, spans multiple trophic levels, and acts
along spatiotemporal gradients (Heong et d 1991, 1992, Cohen et al 1994, Schoenly
et d 1994b,1998).

Herbivore and natural enemy association

The results show that rice and nonrice habitats at the transect sites have similarity in
termsof the herbivoreand natural enemy compositions. The variability in the nonrice
habitat’s compatibility with that of rice may depend on the time of sampling asinflu-
enced by the growth stage of thecrop in both habitats being compared, seasonal abun-
dance of arthropods, and the farmers' cultural practices employed on their farms.
Movements of natural enemies will determine whether interplanted vegetation will
act asasource of the natural enemy and will determine the spatial extent of enhance-
ment. Clearly, the movement behavior of natural enemies has a strong influence on
their response to agroecosystem diversification (Corbett 1998). With the results ob-
tained, the natural enemy compositionsin adiversified cropping pattern are generally
more than the herbivores and several of them are associated with each other. It is
important to take into consideration the underlying ecological mechanisms of their
compositionsin adiversified field. The nonrice habitats, particularly the narrow veg-
etation-covered bunds surrounding each field, seem especially important as a source
of natural enemies, particularly early arriving species such as spiders, and are an im-
portant source of some predators such as Cyrtorhinus lividipennisand Gryllidae that
can seasonally concentrate on rice (Way and Heong 1994). Crop diversification may
increase generalist enemy effectiveness by increasing alternate food or prey avail-
ability (Sheehan 1986). Several researchers have shown that vegetation in adjacent
areas can providethe alternative food and habitat essential to perpetuate certain natu-
ral enemies of pestsin crop fields. Several other studies indicate that the abundance
and diversity of entomophagousinsectswithin afield are closely related to the nature
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of thesurrounding vegetation (Altieri 1994). Conservation of natural enemiesthrough
habitat managementin rice has not received much emphasi s although the limited data
and many empirical observations point to its potential (Bottrell 1992). The observed
changes in pest and natural enemy populations must also be accounted for to fully
understand the effects of agricultural diversification before proper management can
be employed.

Weeds are important hosts of insect pests and pathogensin agroecosystems. Van
Emden (1965) cites 442 referencesrel ating to weeds as reservoirsof pests. Morethan
70familiesof arthropodsaffecting crops werereported as being primarily weed-asso-
ciated (Bendixenand Horn 1981). However, certain weedsare important components
of agroecosystemsbecausethey positively affect the biology and dynamicsof benefi-
cia insects. They offer many important requisitesfor natural enemies such asalterna-
tive prey/hosts, pollen, or nectar as well as microhabitats that are not available in
weed-free monocultures. Herbivore-natural enemy interactions occurring in a crop
system can be influenced by the presence of herbivores on associated weed plants
(Altieri and Letourneau 1982).

According to Wainhouse and Coaker (1981), weedy plants near crop fields can
providethe requisitesfor pest outbreaks, whereas certain grasses can act as hostsfor
cereal pests (Burn 1987). Dambach (1948) concluded that the more closely border
vegetation is related botanically, the greater is the danger of its serving as a potential
source of infestation by injuriousinsects. Thus, less crop-pest risk isinvolved in the
use of woody border vegetation in areas where the crops are grain, vegetables, and
forage plants. But, again, several studies documented the importance of adjoining
wild vegetation in providing aternate food and habitat to natural enemies that move
into nearby crops (Van Emden 1965, Wainhouseand Coaker 1981, Altieri and Schmidt
1986). For instance, shelter belts and hedgerowsfrequently provide refugesfor benefi-
cia parasites and predators that can invade crops and pastures to help control insect
pestsand thereby reducethe need for pesticides(Altieri et d 1987, Paoletti et d 1989).

Conclusions

Our results show that natural enemy compositions in a rice-based cropping system
diversified in timeand spaceare generally more complex than the herbivoresand al so
moreabundant. So, it seems that many nonrice habitatsmust beimportant for carryover
of natural enemiesthat are significantin rice pest management. These include vegeta-
tion-covered bunds surrounding each field, which seem especially important asasource
of natural enemies, particularly early arriving species such as spiders and some other
predators. Our work on bund manipulation shows that encouraging broadleaf plants
benefits natural enemies of rice pestswhile minimizing the role of grasses as hosts of
rice insect pests, and aso sheath blight disease. Moreover, it is evident that crop di-
versification increases generalist natural enemies, which may be very important for
control of rice pests (Sheehan 1986). Such results suggest the need for more work on
habitat manipulation in rice-based cropping systems (Bottrell 1992). In particular,
detailed work is needed on crop patterning, especially wherericeisgrown in only one
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season asin llocos Norte such that survival of natural enemiesin adequate numbers
depends on intervening nonrice habitats.
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Managing insect pests of temperate

japonica rice by conserving natural
enemies through habitat diversity and

reducing insecticide use

Liu Guangjie, Lu Zhongxian, Tang Jian, Shen Junhui, Jiang Yaonan, Zheng Xiusong,
Yang Baojun, Chen Jianming, and Xu Hongxin

Population changes of major insect pests, natural enemies, and detritivores
in rice habitats were monitored at monthly intervals in insecticide-free and
insecticide-treated habitats for an entire rice season. Based on our present
studies with temperate japonica rice, the followingconclusions could be drawn:
1. Soybean neighboring paddy fields is a beneficial habitat for con-
serving natural enemies of insect pests of rice without sharingthe
insect pest species with the rice habitat.
2. Planting planthopper-resistant rice varieties without early sprays of
insecticide could effectively and efficiently suppress pest populations.
3. Decreasing numbers of insecticide sprays in an entire rice season is
possible and acceptable though this needs to be examined further by
more detailed work.

The conservation and use of natural enemies of insect pestsfor sustainablecrop man-
agement have long been practiced on some crops. Many studies on how to conserve
the natural enemiesof insect pestsof rice have been conducted in tropical and temper-
aterice-growing areas (Cohen et d 1994, Wu et al 1994, Guo et a 1995). The use of
resistant varieties with reduced insecticide sprays can play an important role in con-
serving natural enemies (Feng et d 1999).

Varietal resistance has been widely used as one of the major control measuresin
integrated pest management (IPM) for rice in Asia. For instance, IR36 and 1R64,
resistant to the brown planthopper Nilaparvata lugens, are successful examples in
tropical areas (Cohen et d 1997). In China, numerous cultivars with resistanceto N.
lugens and the whitebacked planthopper Sogatella furcifera have been released since
1980 (Liu 1998).The resistant Xiang-Zao-Xian 3 has been planted on 0.7 million
hectaresin Hunan Province (Wei et d 1988).

Although insecticidesare considered as alast resort to keep populationsof insect
pests bel ow economic thresholds, many rice farmers largely rely on routine spraying
of insecticideseven if they do not know when thisis necessary. Outbreaks of insect
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pests have then occurred after insecticides were overused. For example, in 1991, an
outbreak of rice planthoppers occurred in many provinces, even as far north as
Tangshan, Hebel (Feng et d 1992). Numerous reports demonstrated that spraying
insecticidescould cause a serious decrease in natural enemies and consequently lead
to the outbreak of N.lugens(Wanget ad 1994, Gu et d 1997).

Hangzhou islocated in the east coast region of central Chinawherejaponicarice
is the major type. N. lugens, S furcifera, and the striped stem borer Chilo supressalis
are the important insect pests, and spraying insecticidesis one of the major manage-
ment measures. Farmers may spray 5-8 times per rice season, though recently the use
of economical and environment-friendly management techniques has attracted more
attention. Therefore, we evaluated the effects of different neighboring crop habitats
on the population changes of natural enemies in paddy fields, and the effect of a
reduction in insecticide use on population changes of insect pests and their natural
enemiesin order to identify beneficial habitatsand the possibility of reducing insecti-
cide use without significantly affecting yields.

Materials and methods

Theexperimental sitewaslocated in thevillageof Xintang (30°27.37'N, 120°19.90'E),
Y uhang, Zhejiang, China (approximately 45 km from Hangzhou City). The experi-
ments were conducted during June and November 1999. Flooding occurred during
the season, which consequently was prolonged for 7-10 d compared with average
years.

The two experiments occupied approximately 3,000 m?. In one on effectsof habi-
tat diversity and varietal resistance, no insecticideswere applied and there were three
pairs of habitat combinations: (1) rice-cotton, (2) rice-vegetables, and (3) rice-soy-
bean. Cotton and rice have a similar growth duration, but soybean matured a month
earlier. We monocultured the Chinese vegetable Zao-Shu no. 5 (Brassica campestris
subsp. TerimensisOlsson) in a honrice habitat. Each nonrice habitat and paddy field
had 4 and 5 random sampling points, respectively. Plant speciesand vegetation cover-
age were sampled with an“H” pin frame using 50 pins per sampling site. Arthropods
were sampled using a motorized blower-vac machinefor 2-3 min in an enclosure of
0.25 m?. Vegetation and arthropods were sampled on the 20th of every month. Rice
yields were obtained from three samples per field. Three rice varieties were used:
Chujiang 11 and Xiushui 47 (moderate resistance to brown planthopper) and
Chunjiang 15(resistant). All three are agronomically similar and have similar matu-
ration times.

In the second experiment, on insecticide treatment, buprofezin and
“ Shachongshuang” were mixed and sprayed once or three times at 1.5 kg ha® for
buprofezin (25%) and 3.0 kg ha*for Shachongshuang (18%). Untreated plotsserved
as controls. Arthropods were sampled on the same day and in the same way as men-
tioned above at three sampling points per treatment. Averagerice yieldsfor each treat-
ment were obtained from three samplesin the areaof 400-640 m? for each treatment.
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A total of 81 arthropods were identified in rice and nonrice habitats though only
30 magjor arthropods were categorized into three groups: (1) insect pests: Cicadellid
sp., Delphacidae (immature), Aphididae, N. lugens, S. furcifera, and Nephotettix
virescens; (2) natural enemies: Lycosidae (immature), Diapriidae, Braconidae,
Phoridae, Tetragnathidae, Itoplectis naranyae, Ummeliata insecticeps, Coleosoma
octomaculata, Tetragnatha japonica, Gnathonarium dentatum, Cyrtorhinus
lividipennis, Pirata subpiraticus, and Erigone prominens; and (3) detritivores. Psy-
chodidae, Chironomidae, Sciaridae, Ceratopogonidae, Chironomidae, Empidae,
Tomoceridae, Anthomyzidae, Ephydridae, and Entomobryidae.

Arthropod counts and yield data were analyzed by analysis of variance with
STATGRAPHICS. Means were analyzed by the test of least significant difference
(LSD). Dissimilarity of natura enemies and insect pests between habitats or treat-
ments was analyzed using software devel oped by Schoenly and Zhang (1999).

Results

Effect of habitat diversity and varietal resistance

on natural enemy conservation

During the rice season, the foliage cover in paddy fields increased to >75%before
harvesting (Fig. 1). There wasrelatively low diversity. In contrast, in the cotton, veg-
etable, and soybean habitats, there was more diversity and more variation in vegeta-
tion coverage.

In the insecticide-free habitats, the populations of insect pestsincreased in July,
reaching about 48 individuals per 0.25 m? (Fig. 2). N. virescens and aphids were
major pestsin the growing and milking stages, respectively, wherecultivars resistant
to brown planthopper were used. The populationsof their natural enemies followed
theinsect pests and reached a peak of 56 individuals per 0.25 m2. The populationsof
detritivores declined as the natural enemies increased and the populations of insect
pestsin the paddy fiel dsdeclined as riceripened. On the other hand, the number of the
natural enemies Ummeliata insecticeps and Pirata subpiraticus increased after har-
vesting along with an increase in the detritivores Entomobryidae and Tomoceridae.
Nonrice habitatswith more than 50% of foliage coverage provided similar shelter for
arthropods.

Based on dissimilarity analyses of arthropod community structuresin the paddy
fields and their corresponding neighboring crop habitats, the habitat pair soybean-
rice (Chunjiang 15) had a significantly higher dissimilarity in herbivore species and
higher similarity in natural enemies (Table 1) than did the other crop combinations,
particularly cotton-rice.

Among the tested rice varieties, there wasa significantly high similarity in herbi-
voresand lesssimilarity in natural enemies (Table 1).

Chunjiang 11, Xiushui 47, and Chunjiang 15 yielded 4.7, 4.3, and 5.9 t ha’, re-
spectively.
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Fig. 1. Changes in vegetation coverage in insecticide-free habi-
tats, Yuhang, Yangtze Delta, China, 1999.
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Fig. 2. Changes in mean numbers of different insect groups on unsprayed rice during the crop-
ping season. Upper row = mean numbers of pests, natural enemies (NE), and other species on
different rice cuitivars and associated crops. Lower row = mean numbers of different insect
groups on unsprayed control Cj11 rice compared with rice sprayed once or three times with

insecticides.
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Table 1. The similarity analysis of arthropod herbivore and natural enemy community structures
in insecticide-free and insecticide-treated pairs of crops, Yuhang, Yangtze Delta, 1999,

Herbivores Natural enemies

Crop pairs R Dissimi- Habitat pairs R Similarity
value larity rank value rank

Insecticide-free habitat pairs

Soybean-rice, Cj15 0.009 1 Soybean-rice, Cj15 0.039 1
Rice, Cj11-bund 0.011 2 Vegetables-rice, Xs47 0.026 2
Vegetables-rice, Xs47 0.015 3 Rice, Cjl1-rice, Xs47 0.014 3
Rice, Cj11-rice, Xs47 0.016 4 Rice, Cj11-bund 0.013 4
Rice, Cj11-rice, Cj15 0.022 5 Rice, Cj11-rice, Cj15 0.011 5
Cotton-bund 0.026 6 Cotton-rice, Cj11 0.005 6
Cotton-rice, Cj11 0.030 7 Cotton-bund 0.004 7
Insecticide-treated habitat pairs
Cj11 spray 3-control” 0.008 5 Spray 1-control 0.013 1
Cj11 spray 1-control® 0.012 2 Spray 3—control 0.012 2

4Cj11 = Chunjiang 11; Xs47 = Xiushui 47; Cj15 = Chunjiang 15. "Spray 1 and spray 3 = rice was sprayed with
insecticides 1 and 3 times, respectively.

Table 2. Insect pest incidence and rice yields in insecticide-treated and untreated paddy fields
in Yuhang, Yangtze Delta, China, 1999.

Pest damage

Yield
Treatment N. virescens Leaf rolling by Rice yield” increase
(no. m~#) C. medinalis (%) (that') compared with
controls
July August  August September
Spray 3 25.3 1.3 21 1.6 6.39b 23.94
Unsprayed control 13.3 153.3 8.0 19.6 4.86 a
Spray 1 8.0 2.6 0.9 13.7 5.24 ab 14.07
Unsprayed control 5.3 32.0 5.8 16.3 4.48 a

“Means followed by the same lowercase letters are not significantly different at the 95% level.

Effect of the reduction in insecticide use on natural enemy conservation
The major insect pestsof rice N. virescensand Cnaphal ocrocismedinaliswere moni-
tored before and/or after insecticide sprays. Table 2 shows that the population of N
virescensand the percentage of leaf rolling caused by C. medinalisdeclined remark-
ably after spraying compared with the unsprayed control. At the same time, spraying
insecticides also decreased the populations of natural enemies and detritivores (Fig.
2). The more the insecticide sprays, the more serious the negative effect on the ben-
eficial insects. However, it is concluded that spraying the rice crop three timesin a
single season is sufficient to suppress the insect pests and give yields as good as the
six sprays of insecticide applied by ricefarmers.

According to the similarity analysis of insect community structures in rice habi-
tats treated with insecticides, the rice habitat treated with the selected insecticides
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three times showed less similarity in herbivores and better similarity in natural en-
emies than the controls (Table 1).

Discussion

The use of natural control measures is demonstrably one of the most effective and
efficient toolsin sustainable pest management of irrigated rice in the tropics. Habitat
diversity, especially species diversity, could be helpful in conserving and enhancing
the natural enemies of insect pestsof rice (Heong et al 1991). Our study demonstrated
that, in the temperate rice-growing area, the soybean habitat neighboring a paddy
field was beneficial in conserving natural enemies yet was not a source of insect
pests. We found that, in conserving arthropods, vegetation coverage seems moreim-
portant than plant species diversity. The dissimilarity analysis of major insect pests
and their natural enemies among rice varieties indicates that similar habitats share
similar arthropod species.

The minimum use of insecticidesin the temperaterice ecosystem could be vitaly
important for conserving natural enemies (Hu et d 1996) as indicated by heavy and
continuous use of insecticides, which can create outbreaks and resurgencesof insect
pests (Heinrichs and Mochida 1984, Gu et d 1997) associated with negative effects
on natural enemies(Cuonget d 1997, Chen et al 1999, Tanakaet al 2000). The present
study showsthat it is not hecessary to spray insecticides within 50-60 d after sowing
of rice and that, compared with rice farmers' six insecticide sprays during the crop
season, three sprays gave similar riceyields.

In summary, the conclusions drawn from thisstudy on temperatejaponicarice are
that

1. Crops, notably soybean neighboring paddy fields, can be beneficial for con-

serving natural enemies of insect pestsof rice without sharing the pest species.

2. Planting planthopper-resi stant rice varietieswithout early spraysof insecticide

favors early buildup of natural enemies, which can contribute to effective and
efficient suppression of pest populations.

3. Reducing the numbers of insecticide sprays during the rice season is possible

and acceptable.

We plan to conduct further experiments in a well-selected village of Zhejiang to
implement al the available techniques, particularly emphasizing the importance of
habitat diversity for the conservation of natural enemies of rice insect pests.
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Habitat diversity: an approach
to the preservation of natural enemies
of tropical irrigated rice insect pests

LP. Lan, NPD. Huyen, NH. Quang,and NV. Minh

The relationships between components of rice and nonrice habitats were
examined in relation to rice pest management based on ecology and biologi-
cal control. The diversity of flora and fauna was therefore investigated on a
10-km transect alongthe Kinh Xang canal in Chau Thanh District (TienGiang
Province) in the Mekong Delta, Vietnam. The crops included rice monocul-
tures and nonrice multicultures of two to three crops per year from Septem-
ber 1997 to December 1998.

Overall species components of the nonrice habitats were more diverse,
but the developmentof the arthropod population was more stable in the rice
habitats than in other individual crops. There were about 253 species in the
rice field and 283 in the nonrice habitat. Many species of arthropods exist
concurrently in two habitats. Similarity indices changed with the rice growth
stage, from <.5 at the tillering stage to 3.5 at the ripening stage.

Homoptera Auchenorrhycha contributed a large componentto the total
of arthropods collected in rice and nonrice habitats. Cicadellidae were less
abundant than Delphacidae and there were large populations of spiders and
other predators in both rice and nonrice habitats.

The floral diversity of nonrice habitats around rice fields is consideredto
be important in biological control of rice pests.

The population development of some species in rice fields seems to be related to
nonrice habitatsadjacent to ricefields (Chiu 1979) and their rel ationshipshave been
discussed (Tang et d 1996, Xiaopinget d 1996). The biodiversity of faunaand flora
is important in integrated pest management of rice (Way and Heong 1994). Besides
other arable crops, crop production by farmers comprises other nearby vegetation
including fruit tree gardens and noncultivated areas. This can greatly increase the
diversity of vegetationand arthropods.

This study was conducted to understand the arthropod fauna in rice fields and
nonrice habitats, particularly to search for available nonrice habitatsthat support and
are sourcesof natural enemiesaf rice insect pests.
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Materials and methods

The study site was located in Long Dinh Village, Chau Thanh District, Tien Giang
Province, and was an approximately 10-km transect line along each side of the Kinh
Xang canal. Ten sampling sites (P1-P10) about 1 km apart were selected along the
transect. At each sampling site, 20 samples were taken in different rice and nonrice
habitats on each side of the canal.

A modified suction cleaner was used to collect al the arthropodswithin sampling
areas 40 cm in diameter. A total of 160samples were collected monthly in different
habitats. The collected arthropods were identified and species verified by Dr. A.T.
Barrion of the International Rice Research Ingtitute.

Weed coverage in nonrice habitats was estimated by point sampling. Data were
analyzed using ecological software developed by Schoenly and Zhang (1999).

Results

Characterization of the site

Habitat diversity. The relative areasof crop habitats showed that rice occupied about
80-90% at the P4-P10 sites (Table 1). The proportion of rice was about 18-45% at
sites P1-P3 where there was rice with vegetables, fruit tree gardens, flowers, and
noncultivated areas. There was an increasein rice areafrom north-south to east-west
along thecanal. Duringthe year, farmerscultivated different crops, especially at the P1,
P2, and P3sites (Fig. 1.), whereas the cropping pattern was more consistent at the Pr-
P10 sites.

Faunal diversity.A total of 304 species were collected in 34 different habitats,
including rice. They weregrouped into (1) natural enemies with 82 speciesof parasi-
toids and 95 species of predators (which included 41 species of spiders); (2) herbi-
vores, 90 species; (3) detritivores, 19 species; and (4) tourists and omnivores, 18
species. Theoverall speciesrichnessof the nonrice habitatsseemed dightly higher than
that of the rice habitats. Many of the same species were collected in both rice and
nonrice habitats (Table 2). The speciesrichness ranged from 2 to 20 per 0.1-m? sam-
pling unit.

Floral diversity. Seventy-seven plant species were recorded along the transect in-
cluding 17 grasses, 25 species belonging to other families, and 30 crop species. Grass
weeds such as Panicum repens, Echinochloa sp., Cynodon dactylon, and Brachiaria
Sp. werecommon in some nonrice habitats. with C. dactylon predominant on levees but
B. mutica and Leersia hexandra in other noncultivated areas (Table3).

Table 1. The percentages of rice habitat along the transect in 1997-98.

Site
Time
P1 P2 P3 P4 PT P8 P9 P10
March 1998 440 428 181 915 99.3 99.3 979 86.9
July 1998 619 123 279 996 99.7 996 99.3 80.8
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Fig. 1. The changing cropping pattern along the transect line, Long Dinh village,
Chau Thanh District, Tien Giang Province. P1 to P9 are sampling sites: P1, P2, P3
= three crops per year mixed with upland crop; P4, P7, P8: three to four rice crops
per year; P9, P10 = two rice crops per year, flooded in September to November.

Table 2. Species richness of arthropods in rice and nonrice habitats adjacent to
the rice fields of the transect, September 1997 to December 1998, Tien Giang.

Functional groups Rice Nonrice Overlap taxa Total
Parasitoids 71 76 65 82
Predators® 76 (34) 90 (40) 71(33) 95 (41)
Herbivores 75 83 68 90
Detritivores 16 16 13 19
Tourists, omnivores 15 18 15 18
Total 253 283 232 304

2Spiders are in parentheses.

Key pests and natural enemies

Among the 253 species in rice habitats, 10 were abundant, notably Homoptera, in-
cluding brown planthopper Nilaparvata lugens (Fig. 2), especialy in March, July,
September, and October. Symptomsof hopper burn were recorded in September, when
rice plants were at the flowering to milky stage.

In the natural enemy group, Cyrtorhinuslividipennis, Microvelia d. douglasi, and
the spiders Pirata subpiraticus, Dischiriognatha sp., Tetragnatha sp., Coelosomasp.,
and Atypena formosana were dominant. The populations of C. lividipennisand M. d.
douglasi seem to show the same trend as the total population. The lycosid P.
subpiraticus was the commonest spider.
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Table 3. Relative abundance (%) of vegetation encountered in some main nonrice habitats, Tien
Giang Province. The calculation of relative abundance is based on weed coverage aboveground
of a given habitat by using the pointing method. Superscript numbers are ranks of relative
abundance values.

Habitat
Vegetation Open Polianthes Fruit  Bunds Vegetables Coconut Banana
area garden
Ruella tuberosa 4.37 - - - - - 17
Alternanthera sessilis - 0.3 1.912 1.58 0.6%® 6.55 1.7
Ageratum conyzoides - - 0.1% Q.79 - 719 -
Commelina communis 0.4 0.3% 5.4° 0. 717 - 3.1° -
Cyperus rotundus - - 0.6 (.78 - - -
Jussiaea erecta - - - 0.3% - 6.95 0.4
AXOnopus compressus 1.0t - - 0.8% - 4.47 7.2°
Brachiaria distachya - - - 0.8% 0.7% - -
Brachiaria mutica 26.5' 0.9¢ 0.5 13.5° 0.724 14.6° 8.54
Cynodon dactylon 6.5% - 3.3 37.5% . 7h 2.58 4,310
Digitaria sp. - - 0.5 1.4° 2.0 0.420 -
Echinochloa colona - - - 0.228 0.3* - 1.316
Echinochloa crus-galli 0.6%? 1.84 6.4° 0.71# 0.6%7 0.81¢ 3.41
Leersia hexandra 20.0? - 2510 0.9 - - 9.87
Leptochloa chinensis 1.29 - 2.41 1.67 1.84 - 0.9
Oryza sativa L. 3.58 4.4% 4.67 9.74 3.79 3.18 4.3
Panicum repens 16.5° 0.6° 0.6%? 4.3° 0.9%0 2,50 6.87
Panicum sp. - - 1.138 1.410 - - -
Ground touches 13.5¢ 10.0? 29.4 15.92 343 11.73 2211
Total of weed species 1.5 9 32 32 32 23 20
in habitat

Relationship between habitat diversity and selected pests

Inall groups, only two species weresignificantly positively correlated with all canopy
taxa: the brown planthopper (BPH) and thetetragnathid Dischiriognatha sp. Theveliid
M. d. douglasi and mirid C. lividipennis numbers did not linear-fit the data. However,
the numbers of veliids, thelycosid P. subpiraticus, and the mymarid Anagrus sp. were
positively correlated with the numbers of BPH. Total spiders best fitted the numbers
of BPH, but the correlation was not significant at P>0.05 (Table4).

There was no correlation between the habitat diversity index (H) and the abun-
dance of each feeding group (Fig. 3) based on the data of each sampling time at each
site. Pooled data were also not significantly different (Fig. 4). However, by using the
population trends of all taxain relation to habitat diversity, we found that, instead of
the changing of habitat diversity (location), the component of each feeding group did
not change so much, but they changed over time; this may depend on rice plant stage
and farmers’ practices (Figs. 5 and 6). For al sampling sites, there was correlation
only between entomobyiids (detritivores) and habitat diversity (Table5). In general, the
arthropod population did not change in time and space according to habitat (Fig. 7).
This could be due to the diverse vegetation attracting more species of arthropods (Fig.
8). However, the development of their populations may depend on factors such as
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Fig. 2. Population dynamics of the dominant taxa in rice fields along the
transect from September 1997 to December 1999, Long Dinh, Tien Giang.

Table 4. Correlations between numbers of commonest natural enemy species with total arthro-
pod species and with numbers of brown planthopper.

All taxa Nilaparvata lugens
Dominant species R Probability of the R Probability of the

linear regression linear regression
Nilaparvata lugens 0.583 <0.001 - -
Sogatella furcifera 0.224 0.063 - -
Nisia atrovenosa 0.105 0.221 - -
Recilia dorsalis 0.040 0.222 - -
Thrips sp. 0.041 0.453 - -
Microvelia d. douglasi 0.214 0.071 <0.001 0.943
Cyrtorhinus lividipennis 0.214 0.071 0.117 0.194
Dischiriognatha sp. 0.805 <0.001 0.319 0.022
Coelosoma sp. 0.342 -2 0.273 0.038
Atypena formosana 0.162 0.121 0.097 0.239
Tetragnatha sp. 0.229 0.060 0.040 0.455
Pirata subpiraticus 0.010 0.707 <0.001 0.950
Total of spiders 0.587 <0.001 0.328 0.020
Anagrus sp. 0.282 0.034 0.743 <0.001
Oligosita sp. 0.099 0.236 0.195 0.086

“No data.
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Fig. 4. Correlations within sampling sites between the habitat
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functional groups. The tabulated significance at P <0.05is 0.707
at df = 6.

natural biological control, the habitat diversity of thelocation, and others. High popu-
lations of BPH were recorded only at the P8-P10 sites.

Nonrice habitats with high biological control potential

There was little difference between the overall abundances of total taxa based on
Clark’s test for evaluating compatibility between the 33 nonrice habitatsand therice
habitat in terms of the similarity of herbivoresand natural enemies (Tables6 and 7).
The habitat of levees with grass weeds, noncultivated areas, fruit gardens, coconut
gardens, and banana had natural enemy components similar to those of the rice habi-
tat. The high similarities of herbivoresindicated a movement and shift of arthropods
between adjacent habitats.

Approach to managing weeds on levees

At the P9-P10 sites, wherethe rice habitat occupied about 80-90% of the land area,
farmers usually applied herbicide to control grass weeds such as Brachiaria mutica
on levees. We suggested that they cut the grass instead of spraying herbicide. The
testing was replicated in three adjacent rice fields with no insecticide spraying in
September 1999. A plastic barrier was used to separate the rice and levees into two
sides. Pitfall traps and sticky traps were used to collect the arthropods that moved
from one side to the other.

Most of the arthropods collected by pitfall traps were ants, spiders, and some
carabids. Except in controls, more spiders were collected by pitfall traps on levees
than on rice, but the differences were not significant between treatments. Lycosids
were the major spider component on both sides of the plastic barrier. The data also
suggest that disturbing thegrass on levees could force predatorsto moveto ricefields
(Fig. 9). Cutting of grass instead of using herbicides should maintain and provide
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TJable 5. Correlation in space between the commonest arthropod species and
habitat diversity.

Dominant taxa R Intercept a Probability
Nilaparvata lugens 0.123 14.3 -3.9 0.394
Sogatella furcifera 0.149 0.1 0.2 0.345
Recilia dorsalis 0.328 0.1 0.2 0.138
Nisia atrovenosa 0.201 0.9 -0.3 0.265
Pirata subpiraticus 0.610 0.9 -0.3 0.022
Tetragnatha sp. 0.351 0.8 -0.3 0.121
Atypena formosana 0.033 0.6 -0.05 0.664
Cyrtorhinus lividipennis 0.017 1.9 -0.22 0.754
Entomobryidae 0.644 -9.6 14.7 0.0186
Sminthuricidae 0.040 4.8 -0.6 0.633
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Fig. 7. Plotting diagram of the abundance of all arthropods and di-
versity of habitats in time and space.
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Table 6. Compatibility of nonrice habitats with rice in terms of totals of herbivore and natural enemy species.

Natural enemy species

Numbers

Habitat of samples No.of  Total % similarity

taxa numbers with riceRank?
Rice 1.147 146 14,173
Bund with grass weeds 545 119 3.661 81.5 1
Bund with potato 9 17 50 1:146 18
Bamboo 16 27 149 18.5 14
Banana 44 57 400 39.0 5
Coconut 95 81 560 555 3
Eucalyptus 44 63 456 43.1 4
Mixed fruit trees 38 31 140 21.2 12
Orchard 32 46 162 31.5 9
Chiku fruit 64 57 371 39.0 6
Jujube fruit 36 38 141 26.0 10
Open land 96 95 1.100 65.1 2
Allium 3 31 122 21.2 13
Brassica chinensis 28 35 110 23.9 11
Capsicum annuum 10 25 92 15751 16
Brassica juncea 5 23 38 15.7 17
Raphanus sativus 18 15 32 10.3 19
Polianthes tuberosa 68 51 227 34.9 8

No. of
taxa

73
61
14

Total
abundance

21.234
3,591
51

31
200
375
450
56
293
320
112

% similarity
with rice

83.6
19:2
15.0
46.6
58.9
41.0
31.5
39.7
45.2
43.8
60.2
233
36.9
20.5
19.2
15.0
36.9

Herbivore species

Rank?

33
18
16
30
31

Sum of
rank

34
36
30
35
34
31
34
35
35
38

“Rank (1 = best. 33 = worst). Based on 3 nonrice habitats.
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Fig. 8. Correlation in time series between vegetation richness and all
herbivore taxa collected by suction sampling.

Table 7. Rank of habitats supporting natural enemies of rice pests®.

Natural enemies Sum
Habitat (abundance) Pvalue Rank” Herbivores Pvalue Rank® of rank
Bunds with grass weeds 0.413 0.001 5 0.283 0.587 13 18
Bunds with sweet potato 0.251 0.100 2 0.374 0.002 12 15
Open land 0.501 0.002 T 0.409 0.001 10 17
Flowers—Polianthes sp. 0.511 0.001 9 0.592 0.001 4 13
Mixed fruit trees 0.409 0.001 4 0.508 0.001 9 13
Orchards 0.512 0.001 10 0.586 0.001 6 16
Chiku fruit 0.510 0.001 8 0.589 0.001 5 13
Jujube fruit 0.513 0.001 11 0.593 0.001 3 14
Bamboo 0.513 0.001 11 0.594 0.001 2 13
Banana 0.512 0.001 10 0.593 0.001 3 13
Coconut 0.511 0.001 9 0.593 0.001 3 12
Eucalyptus 0.514 0.001 12 0.571 0.001 7 19
Allium 0.513 0.001 11 0.592 0.001 4 15
Vegetables® 0.705 0.001 13 0.753 0.001 1 14
Cucurbitaceae? 0.135 0.055 1 0.274 0.007 14 15
Tomato, chili, mungbean 0.447 0.001 6 0.537 0.001 8 14
Mentha plants® 0.291 0.003 3 0.408 0.001 11 14

The observed R by using Clarke’s R test in measuring the compatibility of rice and nonrice habitats. “The rank
of R value, lowest is the best. “Pak-choi, Chinese mustard, cutting lettuce, Raphanus sativus. “Cucumber,
benicasa. “Coleus aromaticus, Corandium sativum, Limnophila oromatica, Mentha arvensis, Perilla frutescens,
Petroselium sativum.

shelter for the spiders. Rice yields were not significantly different; they ranged from
3to4t ha’ (Fig. 10).

Conclusions and suggestions

e Theagricultural habitat changed along the 10-kmtransect with rice predomi-
nating (approximately 95%) for about 65 km and rice (35%) with other crops
in the remaining 35 km.
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Fig. 10. Rice yields as affected by control method for grass weeds on
levees.

e A total of 304 arthropod species were identified: 82 parasitoids, 95 predators,
90 herbivores, and 37 others.

e The species richness of arthropods in fruit garden levees and noncultivated
areas was greater than in the rice habitat. Arthropods tended to decrease from
multiple-cropped areas to rice monocropping. However, the development of
their populationswas not strongly linked to change in habitat diversity.

e Nonrice habitats adjacent to the rice field could be a vital source of rice pest
natural enemies, but thiscould change over time depending on farmers’ man-
agement practices. The habitats of coconut, fruit tree gardens, noncultivated
areas, and levees with grass weeds seem to be the best as sources of natural
enemies of rice pests.
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The role of microbial immigration
In disease management by
enhancement ofplant diversity

S. Lindow

The process of immigration of microbes to plants will be discussed in the
context of establishing inoculum of plant pathogenic bacteria on plants. Bac-
teria of all types move freely from one plant to another and inoculum of a
plant pathogen frequently originates in distal plants. Subsequent multiplica-
tion of bacterial cells on leaf surfaces can establish a large epiphytic popula-
tion size that is required before infection can occur. The use of plant variety
mixtures ensures that the initial immigrants to a plant are a diversity of mi-
croorganisms, only a small proportion of which might be pathogenic to that
plant. This reduces the likelihood that the initial immigrants to a leaf are
compatible pathogens and therefore reduces the probability that such patho-
gens can establish a population large enough to cause disease. The local
plant composition can therefore strongly influence the composition of micro-
bial communities on a plant.

Plant disease management by the use of variety mixturesand spatial deployment of
different crop species and varietieson a regional basis has proven to be an effective
control method. Unfortunately, the biological basis for the reduced disease in such
biologically diverse cropping systemsisstill under debate. The purposeof thisreview
isto address what is known about the role of the processesof emigration and immi-
gration of microorganismsin the development of microbial communities on plants.
Much of the review will focuson plant-associated bacteria. Such an analysisis perti-
nent to the issue of disease management in several ways. Important plant pathogenic
bacteria such as Xanthomonas oryzae pv. oryzae, the causal agent of bacterial blight
of rice, occur as epiphyteson the surface of plantsbeforeinfectionoccurs. In fact, the
likelihood of disease caused by such plant pathogenic bacteria has been shown to be
proportional to the epiphytic population size on a plant (Hirano and Upper 1983,
1990). Thus, plantscan often tolerate substantial populationsof potential plant patho-
genic bacteriaon their leaves without risk of disease. Likewise, factorsthat influence
thesizeof bacterial populationson plantsareimportant determinantsof disease. Plants
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do not always support large populationsof microorganisms, particularly plant patho-
gens. It isthus important to understand the processes that dictate the large seasonal
variationsin population sizesof particular microbial speciesthat are usually seenon
plants. Although many plant pathogenic bacteria have the potential to multiply rap-
idly on plant surfaces (Hirano et a 1995, Hirano and Upper 1989), the process by
which plants becomeinoculated by such bacteriawill play an important rolein deter-
mining the eventual composition of bacteriaon a plant. The process of immigration
of microbesto plantswill thus be discussed in some detail so that a better apprecia-
tion of this phenomenon in establishing inoculum of plant pathogenic bacteria on
plants can be gained. | hope to make it clear that bacteriaof al types move freely
from one plant to another and that inoculum of a plant pathogen frequently originates
indistal plants. Theloca plant composition can thereforestrongly influencethe com-
position of microbial communitieson a plant.

Emigration of microbes from plants

Cells of epiphytic bacteria have been demonstrated to be removed from plantsin at
least two different ways. The most attention has been placed on rain as a vector by
which cells are removed from leaves. Rain can wash off a substantial proportion of
the cells from aleaf (up to 50%) (Constantinidou et a 1990, Haas and Rotem 1976,
Lindemann and Upper 1985, Upper and Hirano 1991). Although a large fraction of
epiphytic bacterial cells can be washed from leaves during heavy rain, this loss is
small relativeto the magnitudeof variation in populationsize normally seen on leaves
a agiven time. For example, the populationsize of a given bacterial species such as
Pseudomonas syringae can vary by as much as 1 million-foldon acollection of leaves
from a single plant population (Hirano et d 1995, Hirano and Upper 1989). While
rain can wash some of the cellsfrom leaves, alarge variation in bacterial population
sizes (although a little smaller overall) will remain among these leaves (Hirano et d
1995). In addition, thereductionin bacterial population that occurs during somerain
events (Ercolani et al 1974) is sometimes small compared with the magnitude of
increases that occur following rain (Hirano et al 1995). The relatively small reduc-
tionsin bacterial populationsduring rain may bedue in part to the relativeefficiency
with which bacterial cells attach to plants. Although epiphytes are relatively easy to
dislodge from leaves by washingor sonication (O’ Brien and Lindow 1989), suggest-
ing that they are not irreversibly attached to plant surfaces, cells in agueous suspen-
sions often attach to leaves within a few seconds (Romantschuk 1992). Although
many epiphytes may be dislodged during rain, many may regattach to other leaves
before they are lost from the plant canopy. Some of the bacteria that are dislodged
from plantsduring rain becomeincorporated into small dropletsof water that can be
dispersed away from the plant on which they were generated (Venetteand Kennedy
1975, Venette 1982). Some of these aerosol droplets can be recaptured by adjacent
plants by impaction and sedimentation, thereby minimizing theloss of bacteriafrom
the phylloplaneduring rain (Lindemannand Upper 1985, Lindemannet a 1982, Up-
per and Hirano 1991, Venette 1982).
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It has recently been appreciated that epiphytic bacterialeave the surface of plants
in substantial numbersin dry aerosol particles. A net upward flux of bacteriahas been
noted above plant canopies, especially during midday, when plantsare dry and winds
are at their maximum velocity (Lighthart and Shaffer 1995, Lindemann and Upper
1985, Lindemannet d 1982, Mclnneset a 1988, Upper and Hirano 1991). In fact, the
upward flux of bacteria from dry plantsis much greater than that from either wet
plants or from bare soil (Lindemann and Upper 1985, Lindemann et a 1982, Upper
and Hirano 1991). A net daily introduction to the atmosphere of about

5 x10P patricles bearing viable bacteria per m? of canopy of plants having large
epiphytic bacterial population sizes (ca. 10fcdls an? of leaf) has been observed
(Lindemann et al 1982). If one assumes aleaf areaindex of 5.0 for the bean canopies
under which such fluxes were estimated, and assumes that the entire soil surface was
covered by plants, then the tota epiphytic bacterial population in the canopy is about

5X10% cells m2 Thus, the lossof about 5x10° cellsm™ representsan emigration
of only about 0.0001% of thetotal epiphytic populationeach day (assumingthat aero-
sol particles harbored one viablecell). Even if the number of viablecells per aerosol
particle were as high as 10 (based on the average size of the particles that contained
viablebacteria[ Lindemannand Upper 1985, Lindemannet d 1982, Upper and Hirano
1991]) the fraction of the epiphytic bacteria that would be lost as aerosol particles
would still be very small. Thus, although an impressive number of bacteriacan be
rel eased from a plant canopy having a high epiphytic bacterial population during dry
conditions, emigration away from a plant appears to contribute little to the reduction
in epiphytic bacterial populations on a plant. Other modes of remova of bacteria
from plant surfaces, such as by insect vectoring or physical removal by abrasion of
adjacent leaves, are probably inconsequential, but have not been quantified.

Immigration of microbes to plants

Immigration of bacteriato aleaf iscoupled strongly to their emigration from another
leaf since most epiphytes have leaves as their primary habitat. Thus, for bacteriato
immigrate to a leaf, they must first emigrate from another plant having epiphytic
bacterial populations. Although, as discussed above, emigration of bacteriafrom a
plant has been shown to beacommon phenomenon, it isalso probably small in mag-
nitude compared with the population sizes that are often observed on plants.

Mechanisms of immigration

Immigration to a leaf can occur via several modes of transportation. First, many
bacteriacan betransportedtoaleaf viarain splash. Although quantitatively important
in releasing bacteriafrom plants, rain deposits alarge percentage of the bacteriare-
leased from plants onto the soil (Constantinidou et d 1990, Ercolani et d 1974,
Lindemann and Upper 1985, Lindemann et a 1982, Upper and Hirano 1991). None-
theless, substantial lateral movement of bacteriacan occur during rain (Venette 1982).
For example, deposition of a P. syringae strain increased more than 5,000-fold during
rain compared with deposition during dry conditions (Lindemann and Upper 1985).
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The retentionof immigrant bacteriain rainwater during arainstorm (asopposed to the
number washed from leaves) has not been estimated, however. In generd, it is be-

lieved that there is a net decrease in bacteria on leaves during a rain event. More
bacteria are removed from a plant with an established epiphytic microflorathan are
deposited from adjacent plants (Hirano et d 1995, Upper and Hirano 1991). Second,

several phytopathogenic bacteria can be transferred from infected plants to healthy
plants by insect vectors. Although some bacterial pathogens are disseminated due to
intimate associations of the pathogen with the insect vector (Harrison et d 1980,

Venette 1982), bacteriaare most often transmitted via insects that are contaminated
during their foraging or nectar-collecting activities (Harrison et a 1980). This latter
phenomenonis most well studied in the case of the vectoring of Enwinia amylovora
from cankers or infected flowers of pear and apple trees to newly opened flowers
whereinfectioncan occur (Harrison et al 1980). Although such transmission has been

demonstrated, the number of cells that are transferred is unknown, but probably very

small. Third, plant pathogenic bacteria might be disseminated with infected leaves
that becomeairborne. Since bacteriacan survivefor long periodsof timeon dead and/

or dry infected leaves (Henisand Bashan 1986, Leben 1981),it islikely that, as |eaf

fragments are dispersed in the wind, cells of phytopathogenscould be transferred to
healthy leaves (Venette 1982). Again, the prevaence of such a phenomenon and the
number of bacteriathat might potentially be transferred to new leaves by this process
are unknown. Fourth, many bacteria plant pathogens produce exopolysaccharides.

Thisslimecan bequitesubstantial in thecaseof certain pathogenssuch asE. amylovora.

These slimes can producestrands that are as much as 10 cm long in infected tissues
and it has been speculated that these strands could fragment as they dry and disperse
assmall particlesto other plants (Eden-Green and Billing 1972). Fifth, aerosols can

be produced under both wet and dry conditions. As noted above, wind blowing over

dry foliageisasource of substantial numbersaof aerosol particles. The number of dry

aerosol particles containing bacteriaincreased in proportion to wind speed and thus
exhibited adiurna periodicity, being highest a midday (Lindemann and Upper 1985).
The production of dry aerosol particlesis proportional to the source strength of the
plants over which the wind has blown (Lindemann and Upper 1985, Lindemann et d

1982, Upper and Hirano 1991). The deposition of dry aerosol particles has been rather
well studied. On average, about 10° particlescontaining viable bacteria were deposited
in an areathe size of a bean leaf (ca. 100 cm?) each day (Hiranoet d 1995, Lindemann
and Upper 1985, Upper and Hirano 1991, Lindow, unpublished). Small water droplets
containing bacterial cells can also be generated by raindrops hitting healthy foliage
containing epiphytic bacterial populations or infected leaves. Although many aerosol

droplets are scrubbed from the air by other raindrops, some can disperse beyond the
immediatesiteof releaseand potentially can bedepositedontoother plants (Hiranoet d

1995, Lindemann and Upper 1985, Upper and Hirano 1991). The release of such wet

aerosol particlesisapparently lessfrequent than thereleaseof dry aerosol particles. The
contribution of immigrant wet aerosol particlesto the size of epiphytic populationshas
not been well studied, but is probably less than that of dry particles.
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Significance of immigration

Immigration issignificantfor populations of epiphytic bacteriain at least two different
ways: (1) immigrant cellsare a sourceof inoculum of bacteriathat subsequently multi-
ply on leavesand (2) immigrant cellscontributedirectly to the population size of leaves
on plantson which little growth is possible.

Theroleof immigrant cellsasinoculum of plant pathogensthat subsequently prolif-
erate on plants has been examined closely. A popular model of the microbiology of
leaves is based on the “idand biogeography” theory (Andrews et al 1987). In this
model, the population structure of living beingson anisland is strongly influenced by
the nature and size of immigrantsto theislands that are isolated from each other and
areinitially void of colonists (Andrewset al 1987). Many leavesemergefrom budsor
seeds with few if any bacterial colonists (Andersen et d 1991, Beattie and Lindow
1994, Hirano et d 1991, 1995, Hirano and Upper 1989, Jacques et al 1995, Lindow
1982,1983,1985,1987, Lindow et d 1978a,Lindow and Panopoul 0s 1988, Mew and
Kennedy 1982). Such leaves usually have resources that can support the growth of
bacteriainocul ated onto them (Andersenet al 1991, Beattieand Lindow 1994, L indow
1982, 1983, 1985, 1987, Lindow et d 1978b. 1983, Lindow and Panopoul os 1988,
Mew et d 1984). Such leaves thus have similaritiesto isolated islands in their initial
lack of colonists. Therelatively low population size of newly emerged tissuesis thus
often apparently due to alack of inoculum of appropriate epiphytic bacterial strains.
Adjacent leavesoften harbor quantitatively and qualitatively different resident micro-
flora(Hiranoet d 1982, 1995). Similarly, thediversity of bacteriaon agivenleaf may
be either very high or very limited (Hirano et a 1995). Therefore, the colonization of
leaves may be a rather stochastic processinvolving the repeated (but limited) intro-
duction of genotypes of bacteria capable of colonization of leaves. Occurrence of a
particular species (such as a plant pathogen) on a particular leaf will be dependent on
its successful immigration (at least once) from another source. This has led to the
interest in identifying “ collateral hosts,” plants that can support epiphytic growth of
the pathogen but not lesion development, which can serve as a source of immigrant
inoculum of plant pathogenic bacteria (Hirano and Upper 1983, 1990, V enette 1982).
Such alternate hosts may be very important in the epidemiology of plant pathogensin
enabling the pathogen to survive epiphytically for extended periods, even in the ab-
sence of susceptible hosts (Beattieand Lindow 1995, Henisand Bashan 1986, Hirano
and Upper 1983, 1990, Venette 1982).

Conceptually, the effect of immigrant bacterial cellsin determining the composi-
tion of populationson alesf is influenced by the number of bacterial cells aready
present on the leaf. As the number of established bacterial cellsincreases, the contri-
bution of an immigrant cell to the relative population size of the leaf will decrease.
Similarly, each new immigrant to aleaf would contribute progressively lessand less
to the number of genotypes on aleaf. If it is assumed that each strain on a ledf is
similar in competitiveness (probably a poor assumption) and the population sizes of
each strain each increase rapidly and at the same rate, then it is clear that the first
immigrants to a leaf will (at least initially) be well represented in the phylloplane
population. Obvious differences in competition, changes in physical environment,
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changesin host resources, and other perturbationswill cause the proportion of differ-
ent strains on a leaf to change with time, that is, succession will occur. Therefore,
immigrationto uncolonized leavesis very important in providinginoculumto exploit
that habitat. |mmigrationto morecolonized plantsislessimportant quantitatively, but
may be particularly important in contributing inoculum of strains that might exploit
unfilled nicheson lesf surfaces or of strains that are superior competitors or phyto-
pathogenic.

Although immigration has been recognized as contributing qualitatively to the
compositionof phylloplanebacterial populations, there has been littleappreciation of
its contribution to the size of these populations. Some communities, including those
of some fungal epiphytes, respond directly to enhancementsin recruitment or immi-
gration; by definition, these communitiesare said to be immigration-limited (Kinkel
1991, Kinkel et d 1989). For example, Kinkel et al (1989)found that Aureobasidium
pullulans population sizes on apple leavesin thefield to which large numbersof this
species had been inocul ated were significantly larger than population sizes on leaves
that had not been inocul ated, even after substantial apparent growth of thisspecieson
the leaves. This direct response in population size to an increase in the numbers of
immigrants indicated that A. pullulans is immigration-limited (Kinkel et a 1989).
Similarly, Jacqueset al (1995)found that popul ationsizescould beincreased by up to
100-fold when theexposure of emerging leavesto air wasincreased, particularly later
in the growing season when the abundant epiphytic bacterial populationsthat existed
on adjacent plantscould apparently serve as a source of immigrant inoculum. Unfor-
tunately, few other studies have addressed this immigration of fungal or bacterial
specieson leaves.

Immigration may be relatively moreimportant in determining populationsize on
some plant species than on others. A wide range of bacterial population sizes occurs
on plants, even after leaves have been inoculated with epiphytic strains and allowed
to incubate under moist conditions conducive to growth for long periods of time
(O'Brien and Lindow 1989, Kinkel et d 1995, Lindow et d 1978b, Lindow 1982,
1985). Although maximum population sizesfor some plantssuch as bean and cucum-
ber exceed 10 cells cm?, some plant species, such as citrus species and conifers,
support less than 10° cells cm? (O'Brien and 1989, Lindow et a 1978b,
Lindow 1982, 1985). The rate of deposition of bacteriain landscapesthat include an
abundance of plants having high epiphytic bacterial populations has been estimated
to be about 10° cells 100 cm? d? (Hirano et al 1995, Lindemann and Upper 1985,
Upper and Hirano 1991, Lindow and Andersen 1996). This rate of deposition would
yield acumulativeimmigrant population of about 10* cells per month on an average-
sized leaf (such asa bean leaf). If we assumethat most leavesin nature are subject to
immigration of about 10* total cells per month, then immigrant cells could account
for asubstantial fraction of the bacterial populationobserved on plantshavingarela
tively low populationsize but only avery small proportionon plantssuch as bean and
cucumber having relatively high population sizes. For example, navel orange leaves
in California seldom harbor more than about 10° cdls (Lindow 1982). Since these
leavesare long-lived and have been shown to be exposed to an average of about 10°
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immigrant cells per month (Lindow and Andersen 1996), most of the cells on their
leaves may be attributable to immigration. Further support for such a conjecture is
obtained from examining the growth of genetically marked bacterial strainson citrus
leavesafter inoculation. Littlegrowth of common epiphytic bacteriasuch as Pseudomo-
nas syringae, Erwinia herbicola, and P.fluorescens was observed (Lindow and
Andersen 1996). Thus, many plant species having small epiphytic bacterial popula-
tion sizes may not support the epiphytic growth of bacteria. Instead, such plant spe-
cies may simply harbor “casual” occupants (immigrants) that did not arise by growth
on the plants. As shown by Jacques et a (1995), immigration may be important in
determining the epiphytic population size on emerging leaves of plant species that
harbor large populationson their mature leaves.

Implications of the role of immigration and other processes

in determining bacterial populations on leaves

The epiphytic bacterial populations on many plant species may be expected to be
immigration-limited. Such immigration limitation has already been demonstrated for
several crop plants such as almond, maize, bean, potato, navel orange, tomato, pear,
and broadleaf endive (Andersen et d 1991, Beattieand Lindow 1994, Jacques et d
1995, Lindow 1982, 1983, 1985, 1987, Lindow et d 1978a,1983, Lindow and
Panopoul 0s 1988). Some of these plant species have relatively large carrying capaci-
ties, suggesting that immigrationlimitation will not belimited to those plantsin which
little epiphytic growth occurs. Immigration limitation may be most prominent early
in the development of an epiphytic microflora, before many of the resources that the
plant providesare depleted. For example, newly opened flowers of trees such as pear
apparently possess nutrient resourcescapable of supporting the development of large
(> 10° cells flower™) populations. Frequently, such populationsare not achieved for
many days or weeks unless flowers are inoculated with a suitable bacterial strain
(Andersenet d 1991, Lindow 1982,1983, Lindow, unpublished).

Knowing whether epiphytic bacterial populations are immigration- or growth-
limited will haveimportantimplicationsfor thestrategy of management of these popu-
lations. For example, the populations of bacteriaon plants that do not support much
bacterial growth or the young leaves of flowers of many plants may be expected to be
immigration-limited. The manipulation of immigrantinoculum may alter theepiphytic
microfloraon a plant. Growing of crop plants in areas distant from the presence of
bacterial pathogenson crop or noncrop plants has been recognized as a way to limit
their presenceon the crop (Venette1982). In a classic example of this phenomenon,
brown spot disease of bean has been shown to be associated with proximity to vetch,
a nonhost plant that harbors P. syringae (Ercolani et al 1974). Likewise, epiphytic
populations of P. syringaeand brown spot disease were lower on beans planted in
regions where other beans were absent than in a bean-growing region (Lindemann et
a 1984). Quantitative effects of nearby sources of immigrant bacteria on epiphytic
populations on crop plants have also been observed. For instance, total culturable
bacteria and ice nucleation-active (Ice*) bacteria were more numerous on navel or-
ange trees grown near plants having high epiphytic bacterial populations (Lindow
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and Andersen 1996). Many cover crop plant species grown under pear treesin Cali-

fornia had much higher epiphytic bacterial populationsthan pear, especialy early in

the spring when pear flowers and leaves were just emerging from buds (Lindow,
unpublished). The population sizes of both total culturable bacteriaand Ice™ bacteria
were higher on treesgrown above such cover crop plant species than on trees grown

above bare soil (Lindow, unpublished). Furthermore, the population sizes of bacteria
on pear were highly correlated with the populationsizes of bacteriaon different plant

species grown under the trees (Lindow, unpublished). Thus, an appreciation of the
contribution of immigrant bacteriato epiphytic bacterial populationsizescan be used

to devise management strategies that minimize the devel opment of large populations
of deleterious bacteriaon plants. Studies of processesdetermining populationsizesof

epiphytes can thus contribute directly to improving control procedures.

Although there have been no direct studies of the microbial immigration pro-
cesses that occur in variety mixturesor mixed plantingsof crops such asrice, it is not
hard to speculate how the processof leaf colonization would differ in such situations
from that of plantsin large monocultures based on the examples of immigration-
mediated plant colonization noted above. Although appropriate genotypes of plant
pathogenic bacteriasuch as X. oryzae would likely bein highest abundance on plants
susceptible to that genotype, such genotypes would probably also colonize the sur-
face of incompatible hostsif they were dispersed to such hosts. Likewise, if incom-
patiblegenotypesof the pathogen wereamong theinitial immigrantsto new leavesof
a plant (along with nonpathogenic bacteria from distal plant sources), they would
have maximum potential to exploit the resourcesthat that leaf had to offer. If they are
able to rapidly and fully exploit the new leaf surface as a habitat, the initial colonists
could effectively preclude the growth of subsequent immigrants by a processof pre-
emptive competitive exclusion. Thus, reducing the likelihood that the initial immi-
grantsto aleaf are compatible pathogensreducesthe probability that such pathogens
can establish alargeenough population size to cause disease. The useof plant variety
mixturesthusensures that the initial immigrantsto a plant are adiversity of different
microorganisms, only asmall proportion of which might be pathogenic to that plant.
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Sheath blight management
with antagonistic bacteria
Inthe Mekong Delta

PV. Du, NTP. Lan, PV. Kim, PH. Oanh, NV. Chau, and HV. Chien

Asurvey of sheath blight (ShB) disease and antagonistic bacteria on nonrice
plants, soils, and rice seeds was conducted for one year starting in August
1997 at a “lighthouse”site in Tien Giang Province. Seventy-two isolates of
sheath blight showed 5 morphotypes of colony appearance and 4 anastomo-
sis groups that belongto AG 1 with 11 isolates, AG 2-2 with 2 isolates, and
AG 4-HG-1with 1 isolate. Another 50 isolates did not show any type of anas-
tomosis with AG tester isolates; therefore, these isolates were temporarily
grouped as AG-UNK. Pathogenicity testing determined that all sheath blight
isolates found on 32 weed species can infect rice. The main source of sheath
blight inoculum is water contaminated with sclerotia; myceliumin rice plant
debris can also act as a primary source. The possibility of employing antago-
nistic bacteria to control sheath blight was studied. Approximately 1,000
strains of beneficial bacteria were isolated from seeds and other rice compo-
nents; 10 of these possessed high levels of antagonistic properties and
enhancementof plantgrowth. The selected strains significantlyreduced sheath
blight development and spread in both greenhouse and field conditions. Four
strains, NF49, NF52, TG17, and TG19, were particularly active. Amixture of
two strains in a ratio of 1:1 gave significantly better control of the disease
than each of the strains used individually. Under conditions of high disease
pressure, however, an antagonistic formulation amended with Validacin 5SP
(validamycin) at 25% of the recommended rate has been shown to increase
the efficacy of biological control of Rhizoctonia solani in natural conditions.
To maintain an effective density of biological control agents (BCA)on the rice
plant surface, bacterial suspension should not be applied before the maxi-
mum tillering stage because the ShB pathogen rarely works at that time
under flooded paddy soil conditions. To enhance BCA in the rice field, weed
management should be linked with water management and crop residue
management to limit incoming inoculum sources. Demonstrations of BCA
application for the suppression of sheath blightdisease inrice farmers’ fields
have been conducted and will be continued. The optimization of fermentation
and suitable formulations with low production costs need to be assessed to
scale up the technology.

77



Sheath blight disease caused by Rhizoctonia solani isa major ricediseasein intensive
rice production systems in Vietnam. In Vietnam, China, Japan, and Korea, disease
control haslargely depended on fungicides. Research on aternative disease manage-
ment, especially in Vietnam, is meager. Since 1995, we have conducted preliminary
research on the population fluctuation of microbesfrom the rhizosphere, rhizoplane,
surface of leaves, stems, and seed of different rice varieties. Wefound that the paddy
rice system in the Mekong Deltaisrich in antagonistic bacteria. Many of them havea
broad spectrum to suppress the development of more than one disease in vitro. How-
ever, biological control agents (BCA) are living thingsand should not be treated as
chemical fungicides. We should recognize their ecology status and relation to other
organisms, including microorganismsand host plants. To be effective, biocontrol de-
pends not only on suitable biocontrol organisms but also on methods and strategies
for introducing and maintaining the organism in the crop. A decentralized BCA pro-
duction system should be established using “indigenous strains for solving a local
problem with the resourcesavailablelocally” (Mew et d 1998). To improve biologi-
cal control and the effectivenessof BCA/PGPB (plant growth-promoting bacteria), it
is necessary to find out the optimal conditions for BCA/PGPB function, particularly
in the intensiveirrigated rice system, together with the limited sources of incoming
disease inoculum. Therefore, to preparefor BCA application, suppression of sheath
blight disease needs to be donein rice farmers’ fields. Our study aimed at using mi-
crobial biodiversity for a better understanding of the following: the pathosystem of
disease spread, water and crop residue management, the effect of BCA on reducing
sheath blight foci over timein farmers' ricefields, and BCA and fungicidesamended
with lower recommended rates. Finally, the optimization of fermentation and suitable
formulationsof BCA need further study.

Materials and methods

Diversity of the sheath blight pathogen (Rhizoctonia solani)

Diversity of the sheath blight pathogen was studied in two different cropping zones
for two to threerice crops a the Tien Giang “lighthouse” site because of floodwater
during the wet season and an area of rice interplanted with upland crops. Sheath
blight disease was severein rice and weeds. In the 10-km primary transect described
in Figure 1, sampling points were determined at each primary P transect; however,
under each sampling point, two other sublevels of the transect were also determined
as secondary transect Q and tertiary transect Z. At each transect Z, there were five
subsampling points across five different crop establishments, that is, the rice field,
bund, orchard garden, vegetables, and backyard area. Diseased samples were col-
lected at five transects (Z,-Zs) twicea month including sclerotiafrom soils, diseased
weeds, and diseased rice plants. Sampling started on 8 September 1997. Diseased
samples were isolated in the laboratory. Anastomosis grouping was tested using AG
testersaf 14 isolatesfrom Japan to determine groupings among isol ates. Pathogenic-
ity testing of all isolates was done using leaf-stem cuttings of the rice plant at the
booting and heading stagesand artificial inoculation with sclerotia was conducted in
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Fig. 1. Descriptive analysis of transect at lighthouse site, Tien Giang Province,

Mekong Delta.

petri dishesto determinecross-infectionfrom different nonrice plant species. Assess-
ment was made at 24, 48, and 72 h after inoculation (Premalatha1978).

Sources of initial inoculum for rice sheath blight

inirrigatedrice in the Mekong Delta

Toclarify whether theinitial inoculum camefrom sheath blight infection in ricefields
or from other sources, we examined the percentage of infected plants in an experi-
mentd field generated with different sourcesof inoculumof R solani such as sclero-
tia, mycelium in the diseased rice straws, infected weeds, and water contaminated
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with sclerotia from infected nonrice plants and plant debris. For the check plots, the
water supply was filtered to prevent contamination of floating sclerotia and myce-
lium in plant debris. Results were collected from the field experiment, which was
repeated twice.

Population of BCA in the rice field

Antagonistic bacteria were isolated from samples collected at the lighthouse site.
Samples of plants (weedsand rice) and soil were collected at P sampling pointsfrom
September 1997 to August 1998 on the eighth day of the month. Bacterial antagonists
wereisolated in thelaboratory, 5 g of samples (plant, soil, seed) were soaked in 50 mL
of 1.2% MgSO,, thefiltrate was shaken for 20 min, and aserial dilution of filtrate was

prepared in 10°, 102, 104, and 10° dilutions. An amount of 0.1 mL of each filtrate
was plated onto nutrient agar (NA) or King’s B medium (KMB). Fluorescent colonies

were detected by examining KMB plates under ultraviolet light after 14, 28,and 48 h
at 28-31 °C. About 10-30% of the colonies differentiated by shape and color were
selected. Single colonies were stored in Y GCA (yeast glucose chalk agar) slants. An-
tagonism tests were conducted for each bacterial strain to find out their ability to
inhibit mycelial growth of Rhizoctonia solani. The estimated percentage of antago-
nistic colonies of each group (total number of bacteria on each plate, antagonistic
bacteria per plate, % antagonistic bacteria for each sample) was cal cul ated.

Antagonistic bacterial strains. Four strains of antagonistic bacteria, TG17 and
TG19 (Can Tho University laboratory) and NF52 and NF49 (Cuu Long Delta Rice
Research Institute laboratory), were used as biocontrol agents for sheath blight of
rice. These strains were selected from among 1,000 strains of antagonistic bacteria,
which were isolated from seeds and other components of the rice ecosystem and
showed strong antibiosis. The strains were grown on nutrient agar medium contain-
ing 5 g peptone, 3 g beef extract, 5 g NaC1, and 159 bacto agar per liter for 24 h at
room temperature. The concentration of bacterial suspension was adjusted to log 8
cfu mL™L Bacterial suspensions (10°cfu mL™1) were sprayed with a mixture consist-
ing of these strains used individually when sheath blight lesions were visible in the
field. The spray was applied three times per crop to test its ability to suppress rice
sheath blight fungus in greenhouse and field conditions. To enhance the effective
control, Validacin 5SP (validamycin) was added to the bacterial suspension. Each
experiment was repeated two times.

The pathogen. Rhizoctonia solani belonging to anastomosisgroup AG 1- 1A iso-
lated from infected rice fields in the Mekong Delta was used in the study as a source
of pathogen inoculum. For in vitro tests, sclerotia that were harvested from potato
dextrose agar (PDA) medium were used as a primary source of inoculum, whereas
myceliain the rice hull and rice grain medium were used for greenhouse and field tests.

Suppression of rice sheath blight by using

a combination of antagonistic bacteria and fungicide

Rice cultivar OM 2031 was planted in the greenhouse (1 x 1-m? plot) and in the field
(50-mzplot) to evaluate the biocontrol agents. Rice plants at the maximum tillering
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stage were sprayed with 48-h-old cell suspensions of antagonistic bacteriaalone and
combined with chemical fungicide (Validacin 5SP) at 1/2, 1/4, 1/6, and 1/8 of the
recommended rate 2 d before and after artificia inoculation with the sheath blight
pathogen. The percentage of infected hills at different distances from the focus (or
sheath blight expansion) from an initial inoculum source was recorded at 7 d after
inoculation and a 7-d intervals until harvesting. A control was also maintained in
threereplications.

The effectiveness index (El) was calculated on the basis of percentage of in-
fected hills (P) as

F)Control -P
El (%) =
F)Control

The El value can range from 0 (no effect) to 100 (total effectiveness).

Long-term effect of BCA in greenhouse and field conditions

To assess the biocontrol suppression of sheath blight by using antagonistic bacteriain
combination with fungicide in the field for a long-term effect, antagonistic bacteria
and fungicide used to control rice sheath blight were evaluated for durability under
greenhouse and field conditions. In the first crop, the plants were inoculated with
inoculum of R. solani a the maximum tillering stage. Bacterial suspensions were
applied at 1 and 2 wk after inoculation for every rice crop. After each crop, diseased
rice straw and plant debris were buried in the plots to maintain inoculum. In the
greenhouse as well as in field conditions, plots were completely protected from in-
coming sheath blight inoculum. Disease suppression was observed over time to com-
pare with the inoculated control but without application of BCA.

Long-term demonstrations of BCA by rice farmers

Rice farmers will be trained how to use BCA to manage sheath blight in their fields.
Natura infection of sheath blight in 10fields with high severity was selected in two
different districts: 5 fieldsin Cai Lay and 5 othersin Tan Phuoc. Each field is 1,000
m?2. The field is divided into 10 plots with 100 mz for each plot. BCA or BCA in
combination with fungicide (Validacin) was sprayed 2-3 times at 5-7-d intervals.
The two controls were (1) no spray of BCA and fungicide and (2) two sprays of
Validacin. BCA wereapplied for thefirst timeat 40 d after seeding at avolumeof 600
L hai of bacterial suspension with a concentration of 10s bacterid cells mL-1. In-
fected tillers were assessed in 80 fixed hills of each plot. The demonstration isto be
continued over seasonsfor at least 2 y, starting in April 1999.
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Results and discussion

Diversity of sheath blight pathogen

(Rhizoctonia solani) at the lighthouse site

Morethan 100 diseased samples of soil and plants were collected from the Tien Giang
lighthouse site and 72 isolates of Rhizoctonia solani were obtained. Based on the
cultural appearance of these isolates, 5 morphotypes were found, in which 4
morphotypes had only a single isolate. For the rest of the isolates, mycelial growth
was normal on PDA. This type was dominant among the 72 isolates. For growth rate
and sclerotia production, two isolates, 1,3 and |;, had mycelial growth slower than
that of the others, 8 isolatesformed sclerotia 48 h after incubation, and 3 isolates (1,
lg, and |;) produced sclerotiain 78 h, 84 h, and 240 h, respectively. For the rest of the
isolates, sclerotia were formed in 54 to 72 h (Tables 1 and 2).

From anastomosis grouping, four types were observed on PDA culture: (1) when
mycelial growth overlapped, and hyphal tip contact occurred between isolates, the
mycelial zone was found to produce a sclerotia belt or aerial mycelial growth, (2) to
form a“killing zone,” (3) to lose capacity to anastomose or not develop further, and
(4) to anastomose with each other in all combinations. Twenty-two isolates were
grouped into three AG groups: AG 1 with 11isolates, AG 2-2 between isolates with
two isolates, and AG 4-HG-1 with oneisolate. Fifty isolates did not show any type of
anastomosis with AG tester isolates; therefore, these were temporarily grouped as
AG-UNK. Some isolates had an anastomosis group with AG 1 and AG-UNK distrib-
uted in all sampling pointsof the transect (Table 3). Three types of hyphal anastomo-
sis were found: (1) cytoplasmic fusion (S reaction), (2) semicytoplasmic fusion (K
reaction), and (3) noncytoplasmic fusion. Most of the isolates contained four to eight

Table 1. Morphology of colony of Rhizoctonia solani isolates collected from two different crop-
ping areas of the lighthouse site.

Type 1 Type 2 Type 3 Type 4 Type 5
Cropping area
No. 19 % No. | % No. | % No. | % No. | %
Rice-based 24  33.3 1 1.4 1 1.4 0 0.0 i i 1.4
Rice-rice 44 611 0 0.0 0 0.0 1 1.4 0 0.0
Total 68 94.4 1 1.4 1 1.4 1 1.4 1 1.4
No. | = number of isolates.

Table 2. Time lapse for sclerotia forming of different groups of Rhizoctonia solani isolates col-
lected from two different cropping areas of the lighthouse site.

Time lapse for sclerotia forming (h)

Cropping

area Group 1 Group 2 Group 3 Group 4 Group 5 Group 6
48 h 54-60h 61-69h 72 h 78-84 h 240 h

Rice-based 4 13 5 2 2 1

Rice-rice 4 22 11 8 0 0

Total 8 35 16 10 2 1
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Table 3. Anastomosis grouping of sheath blight isolates collected in the cropping
area of the transect.

Cropping area

AG group Rice-based Rice-rice
No. I# % No. | %

AG 1-1A 4 18.2 7 31.8
AG 1-1B 2 9.1 2 9.1
AG 1-1C 0 0.0 4 18.2
AG 2-21V 1 4.5 1 4.5
AG 4-HG-1 0 0.0 1 4.5
Unknown (AG-UNK) 20 40.0 30 60.0
“No. | = number of isolates.

nuclel in the mycelium cell belonging to Rhizoctonin solani. Pathogenicity testing
indicated that almost al R solani isolatescollected from 32 nonrice plant speciesand
in soil were also pathogenicto rice except isolate |, isolated from Allium tuberosum.
Although cross-infection took place with al isolates, most of the isolates established
infection 48 h after inoculation. These plants with sheath blight disease might be
alternate hoststhat served as a source of inoculumfor rice. In areas with a rice-based
cropping system, sheath blight isolates expressed morediversity relative to rice-rice
croppings in terms of colony types, duration of sclerotia forming, and virulence to
rice (Table3).

BCA populationin the rice fields

Enumeration of antagonistic bacteriaagainst R solani wascarried out at the transect
of the lighthouse site for one year from September 1997 to August 1998 (Fig. 2).
Isolation was done in al samplings of rice plants, nonrice plants, and soil. Results
from the antagonism test indicated that the BCA population wasvery highin therice
field. More than 1,000 isolates were found; however, most of the isolates showed a
weak antagonistic effect based on the dual-culture test (Fig. 2). Some isolates that
showed a strong inhibition against the pathogen (R solani) were selected for further
experiments such as TG17, TG19, NF49, and NF52. Theisolate TG 19 belongsto the
genus Pseudomonas; isolates TG17, NF49, and NF52 belong to the genus Bacillus.
During the isolation at the transect, when the peak of flooding in the wet season
occurred in November, the population of BCA wasvery low in plantsaswell asin the
soil. After flooding, BCA reestablished and a higher population was found in July,
August, and September (Fig. 2). The BCA population was not significantly different
from that of plant surfaces, or rice soils, or both at the sampling sites. Fluctuation of
BCA in the system was most affected by high and low tidesof the Mekong River. The
intensi ve rice-croppingsystem supports more sheath blight spread. Although theBCA
population was high, efficiency of sheath blight reduction was not observed. Un-
known parametersneed to be identified for efficient deployment of these bioagentsin
the rice ecosystem.
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Fig. 2. Variation in average BCA population over 12 months in plant and soil samples
collected at site.

Sources of initial inoculum for rice sheath blight

inirrigated rice in the Mekong Delta

In the Mekong Delta, rice cultivation with small-scale landhol ding and intensivecul-
turd management is a key feature. Rice fields are surrounded by many canals as the
main source of water supply tothefield. In many canals, however, weed (Monochoria

spp., Eichhornia crassipes, Brachiaria sp.) growth occurs throughout the year and
these weeds are infected by the sheath blight pathogen. Moreover, farmers are not
advised to clean up these weeds during the cropping season. In paddy fields, farmers
manage rice straw after harvest in many ways. This needs to be considered seriously
for managing rice sheath blight disease. In areas wherecommon practicesinvolve no
or minimumtillage, rice straw is burned right after harvest in the same field. The
quick burning of rice straw can remove mycelia but not sclerotiain the soil, or rice
straw is used for mushroom cultivation and soon afterward it becomes organic ma
nure for orchard gardens and vegetables. Some farmers bury rice straw in their fields
during tillage operations. Experimentswere thereforeconducted to simulate common
practicesto determine where the main sources of sheath blight inoculum are and to
takeinto consideration weed and water management, tillage practices, and crop resi-
due management. From these experiments, our data indicated that sclerotia floating
on the water surface are a main source of primary inoculum. Mycelium on the dis-
eased rice straw, however, may also act as a primary inoculum depending on the
situation. Diseased weeds, especialy water hyacinth, were not considered as an ini-
tial inoculum but they may cause contamination of the water supply to thericefield
(Fig. 3). A clear understandingof the specificity and mode of action of antagonistsas
well as the epidemiology of the pathogen can lead to improved biocontrol.
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Fig. 3. Percentage of diseased hills in plots with different sources of
R. solani inoculum in the Mekong Delta. AUDPC = area under disease
progress curve.

Suppression of rice sheath blight using a combination
of antagonistic bacteria and fungicide in long-term experimental plots
The results presented here provideevidence that antagonistic bacteriathat originated
from seeds and other components of the rice ecosystem were more effectivein reduc-
ing infection of R. solani. Both strains demonstrated asimilar capacity. A concentra-
tionof 10° cfu mL™ 1 of theantagonist was the most effectivein inhibiting infection of
R. solani. When applied together to the plant surface, the combination of isolate NF52
and isolate NF49 resulted in better di seasesuppressioncompared with thesinglestrains
in both the greenhouse and field trials (Fig. 4). Under conditionsof high disease pres-
sure, however, a BCA aone was not adequate to suppress disease development or to
enable theintroduction of enough bacterial cellsto alow the expression of their ben-
eficial activitiesin natural conditions. Supplementation of bacterial suspensionswith
25% of the recommended rate of Validacin 5SP further enhanced the suppressive
effects. The El was greater than 50%, particularly in preventing disease expansion
from the focus under flooded paddy soil conditions (Fig. 5).

These strains reduced the number of plantswith sheath blight symptoms, leading
to adecreasing formation of sclerotiacompared with the nontreated control (Fig. 6).
From acontrol microplot, thedataindicated |ower sheath blight incidencein asecond
crop relativeto afirst crop if the plots continued to receive BCA strain NF52 + 1/4
Validacin. This is also one of the promising aspects of the long-term use of BCA in
field conditions (Fig. 7). The study also obtained more detailed information on the
interactions among host plants, pathogens, and isolated beneficial organismsfor re-
ducing sheath blight of ricein field conditions. We also found that a bacterial suspen-
sion should not be applied before the maximum tillering stage because the sheath
blight pathogen rarely attacks the host plant at that time, especially under flooded
paddy soil conditions. A stronger effect of applying BCA was found in low planting
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Fig. 4. Effects of different treatments of antagonistic bacteria on the
suppression of sheath blight in the long-term field experiment, second
crop. AUDPC = area under disease progress curve of sheath blight inci-
dence over time.
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Fig. 5. Influence of Validacin 55P amendments on biocontrol of sheath
blight by antagonistic bacteria (isolate NF52) in field conditions.

density relativeto high planting density (Figs. 8 and 9). The indirect effect of therice
plant canopy leads to an increase in sheath blight spread (Du 1995). This should also
be considered in enhancing theeffect of BCA activities. In Jiangsu, China, BCA strain
916 (Bacillussubtilis) was introduced with a high inoculum density a the maximum
tillering stage when sheath blight lesions were visiblein thefield. The disease control
value ranged from 70% to 80% (Mew et al 1998). In Thailand, a downward trend of
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Fig. 6. Effects of BCA application on sclerotial formation of R.
solani.
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Fig. 7. Reduction in sheath blight severity (%) in second crop at plots
inoculated and treated with Validacin (1/4 dose), isolate NF52 +
Validacin, and a combination. AUDPC = area under disease progress
curve of sheath blight incidence over time.
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Fig. 8. Interaction effect between time of inoculation of sheath blight at different rice growth
stages and planting density of 80 kg (A) and 100 kg (B) seed ha* on sheath blight severity.
DBS = days before sowing, DAS = days after sowing.
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Fig. 9. Effect of BCA application against sheath blight of rice at two
different planting densities.

sheath blight foci from 77% in thefirst crop to 20% in thefifth crop cycle was noted,
whereas sheath blight incidencein neighboring fields remained very high. These re-
searchersbelieve that “loca productswith alocal strainfor local use” may beamode

to scale up the biological control technology for rice disease management (Mew et d
1998).

Demonstration of the long-term effect of BCA by rice farmers

Theeffect of BCA used by ricefarmers was measured in three subsequent cropsfrom
the early season 1999, wet season 1999, and dry season 1999-2000 in two different
digtricts, Cai Lay and Tan Phuoc. In the wet season 1999, significant differencesin
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diseased hillsand yield in treatments treated with BCA + 1/2 commercia dose of
Validacin were observed among demo-plots heavily infected by rice sheath blight
earlier. No differences were observed, however, in the early wet season and third dry
season, athough BCA were applied two to three times with 5- to 7-d intervals per
crop (Fig. 10). Theareaisflooded every year. Incoming inoculum from outsidefields,
for example, wascarried by water contaminated with the sclerotiafrom weeds (water
hyacinth). This is one of the potential meansfor sheath blight spread from the source
in the wet season. Results from 10 rice farmers' fields showed that the area where
BCA were applied needs to be expanded and continued for some more time. The
provincial authority of Tien Giang approved support for the continuation of farmers
applying BCA to manage sheath blight disease. We will organize a group of farmers
to use BCA for the long term and establish farmers' training a the Regional Plant
Protection Department, Long Dinh, while we try to produce BCA at alower cost.

Prospects for adoption by rice farmers

Sheath blight disease of rice is becoming more severe every year under the intensive
irrigated rice ecosystem of the Mekong Delta. However, losses in the rice crop are
caused not only by disease but also by other pests. A lot of pesticides had been used,
but these could not explain yield variation (Du et d 1997). The overuse of pesticides
was problematic for the environment and health. The use of biodiversity for sustain-
able disease management offers new optionsand it can be a potentially valuablecom-
ponent in integrated pest management. Antagoni stic bacteriaare abundant in theflooded
paddy field system. The proportion of strong antagonism is very low, so this may be
one reason for spread of the pathogen. Antagonistic bacteria can be effectively ap-
plied to manage sheath blight disease in rice when used at the right formulation and

% of diseased hills

25
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Validacin dacin

Fig. 10. Effect of BCA in a combination with 1/2 commercial dose of
Validacin in rice farmers’ fields in Cai Lay District. AB = antagonistic
bacteria.
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applied at the right epidemiological stage of the disease. To be effective, biocontrol
depends not only on suitable biocontrol organisms but also on methodsand strategies
for introducing and maintaining the organism in the crop. To enhance BCA in rice
fields, weed management together with water management and residue management
need to be linked to limit the source of inoculum.

Biocontrol can present an attractive new technology for pest management. How-
ever, the optimization of fermentation and formulation processes remains a constant
goal in order to keep the cost low and produce a stable formulation that would make
the product profitable.
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Biological control agents against
majorpathogensofricein the Yangtze
Deltaarea of China

Xie Guanlin, Yu Xuefang, and Ren Xiaoping

Biocontrol agents (BCA) of bacteria from rice of three cultural patterns (direct
row seeding, direct broadcast seeding, and transplanting) were evaluated,
detected, and identified in the Yangtze Delta area of China during 1997-
2000. Some 8,993 nonpathogenicbacterialisolates were isolated from1,050
samples of leaf sheath and grain of rice collected at six different growth
stages and tested for antagonistic effects against major pathogens of rice.
The number against Rhizoctonia solani was the highest. Seed yielded the
lowest number among the three parts of the rice plant. The population of
BCA decreasedwith rice plant maturity in the three cultural patterns. Ahigher
fluctuation of the BCA population was noted in some stages in each cultural
pattern. The higher number of BCA detected was closely related to the sever-
ity of rice sheath blight in the field. Some promising BCA were found in field
evaluations against sheath blight and bakanae disease of rice. Seven genera
of 17 species or types were involved in antagonistic activity against the six
major pathogens of rice.

Ricecultivation has more than 6,000 yearsof history in theYangtze Deltaarea, which
isnow oneof the mgjor basesof rice productionin China(You 1979). Since thisarea
islocated in the coastal area of the country, recent economic development has signi-
fied great changes in cultural practicesfor rice. New cultural patterns such as direct
row seeding and direct broadcast seeding have emerged athough transplanting of
rice has been practicedfor several thousand years. In some counties, direct row seed-
ing has covered morethan 80% of thetotal rice cultivated area. Varietiesresistant to
blast and bacterial blight were widely distributed there. The most important diseases
in the past wereseldom found in recent years. However, sheath blight of rice caused by
Rhizoctonia solani AG 1is more severe than before because of the higher density of
rice plantsin the culturd patternsin which microclimateis morefavorablefor the dis-
ease to develop. Yidd loss from sheath blight in the area is about 20-40% every year,
which isthreatening rice production.
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Jinggangmycin, a fungicide used in this area for more than 20 years, is the only
chemical fungicide for control of rice sheath blight. The rate of Jinggangmycin has
increased from 1.5 to 4.5 kg ha® now. The frequency of fungicide spraying also in-
creased from 2 to 34 times. Because the traditional transplanting of rice was re-
placed by direct row seeding and direct broadcast seeding,farmerssprayed the chemical
once aweek after thetillering stagein some villages. This has resulted in resistanceof
R. solani to thechemical (Chenet a 2000). The pathogen’ s resistanceto thechemical
was also observed in other countries (Baby and Manibhushanrao 1993, Sarker et d
1992). Moreover, because of environmental pollutionand health hazardsfrom chemi-
cal control, biological control has become more and more valuable in plant disease
management in the area. Many studies have been made in screening and evaluating
biological control agents(BCA) against R. solani (thecausal organism of sheath blight
of rice) in rice-growing countries using transplanting (Mew and Rosales 1986, Devi
e d 1989, Gnhanamanickmanand Mew 1992, Mew et d 1994, Xie et d 1999). No
informationisavailablefor the BCA in the new cultural patternsin theY angtze Delta
area. Thediversity of the naturally occurring BCA isnot known. Aswe cannot rely on
asingle control tactic, an understanding of these BCA in relation to the cultural pat-
ternsof rice productionin the areais essential.

BCA diversity against R. solani in different cultural patterns

We isolated 8,993 bacterial isolates from the three cultural patterns and compared
their antagonistic bacteria. Direct broadcast seeding supported the highest number of
antagonistic bacteriaagainst R. solani, followed by transplanting. The tota number
of antagonistic bacteriain thefirst pattern issignificantly different from that of direct
row seeding (Table 1). The number among the nonfluorescent antagonistic bacteria
was nhaot significantly different among thethreecultura patterns. The major difference
in broadcast seeding from the other two practicesisthe high percentageof fluorescent
antagonistic bacteria. The higher number of antagonistic bacteriawas closely related

Table 1. Comparison of antagonistic bacteria against Rhizoctonia solani from three different
cultural patterns.

Cultural pattern”
Item

DRS DBS Transplanting
Total number of bacterial isolates tested 2,866 2436 3,992
Number of fluorescent bacteria tested 334 244 478
Total number of antagonists obtained 158 217 298
% antagonists of total 5.51 b* 10.16 a 7.46 ab
Number of fluorescent antagonists 52 74 106
% f-antagonists to total f-bacteria‘ 15.56 b 30.32 a 22.18 ab
Number of nonfluorescent antagonists 106 143 196
% n-f-antagonists to total n-f-bacteria 4,19 ns 7.56 ns 5.57 ns
'DRS =direct row seeding, DBS = direct broadcast seeding. “In a row, treatment means followed by a common letter
are not significantly different by LSD at P<0.05 level. “f = fluorescent, n-f = nonfluorescent.
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to the severity of rice sheath blight in the field, which was most severe in broadcast
seeding after the tillering stage because of high canopy density. This could be ex-
plained by several reports on biological control of the disease (Mew and Rosales
1986, Lin et d 1992, Chen et d 2000).

Biologica control agents against R. solani appear to occur widely in rice fields.
They wereisolated from the rhizosphere, phyllosphere, rice seeds, soil, paddy water,
and even on the sclerotia (Mew and Rosales 1986, Devi et ad 1989, Chen and Mew
1998). BCA could be detected from healthy and infected plants. More werefound on
sclerotiacollected in flooded ricefields than in dryland ricefields. However, al BCA
associ ated with rice werefrom the transplanting practice. We a so compared the BCAs
on different parts of the rice plant from thethreedifferent cultural patterns. The high-
est number of BCA was obtained from the sheath of the rice plant in al cultural
patterns(Fig. 1). Thedensity of BCA in a unit of fresh sheath was significantly higher
than that in fresh leaf and grain. The lowest number of BCA was from grain. The
cultural patternsdid not significantly affect BCAson the same part of therice plant in
the study. This indicated that the rice sheath harbors a larger number of BCA than
other parts of the rice plant. The conditions of the leaf sheath are more stable than
those of the leaf surface at the tillering stage since the sheaths are shaded by |eaves.
These conditions are favorable for bacteriaas well as BCA to reside and develop on
the leaf sheath, whereas BCA on the leaf and grain of rice are easily disturbed by
rainfall, wind, ultraviolet light, and water stress (Wilsonand Pusey 1985). The popu-
lation of BCA on these partsof the rice plant islower than that on the leaf sheath as
the niche of microbial establishment. The conditions on the leaf and grain fluctuate
more frequently than on the leaf sheath.

Population of BCA (105 cfu g-1)
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Plant parts

Fig. 1. Distribution of BCA population against Rhizoctonia solani
on different parts of rice plants in three cultural patterns.
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Bacterial populations against R. solani
at different growth stages of the rice plant

Published data indicated that the frequency distribution of BCA in an ecosystem
is affected by the cropping system, seasonality, genotypes, plant nutrition, and mois-
ture conditions (Xie 1996, Latour et d 1996). No information is available, however,
on the distribution of BCA against R. solani at different growth stages with the new
cultural patterns. Our data showed a trend that the population of BCA decreased as
the rice plant matured in the three cultural patterns (Fig. 2). Nevertheless, the BCA
population fluctuated according to the stage of crop growth in each cultural pattern.
In direct row seeding, the BCA population was maintained at about 10° cfu g™ at the
seedling and tillering stage. It reached the maximum at the booting stage, then gradu-
aly declined. The population of BCA under direct broadcast seeding increased from
the seedling to tillering stage. The popul ation then decreased rapidly. In transplanted
rice, the BCA population was5 x 10°cfu g at the seedling stage. The population
then decreased after transplanting. It increased markedly, however, from thetillering
to booting stage. The BCA population climaxed at the booting stage in direct row seed-
ing and transplantingand at thetillering stagein direct broadcast seeding. The highest
level of BCA isolation coincided with the severity of rice sheath blight in thefields.
The more severe the disease, the higher the BCA population detected/i solated in most
cases. Indirect broadcast seeding, disease severity washigher at the maximumtillering
stage because of the higher density of rice plants. The pesk of the BCA population
and disease severity was earlier than in the other two cultural patterns.

Population of BCA (10° cfu g-1)

25
® Direct row seeding
m Direct broadcast seeding
20 A Transplanting
15
10
5 |
0 1 L 1 | 1

Seedling Tillering Booting  Filling  Milk ripe  Dough
Growth stage

Fig. 2. Distribution of BCA population against Rhizoctonia solani
at different growth stages of rice in three cultural patterns.
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Functions of BCA against some rice pathogens

We tested other characteristicsof the BCA in addition to their antagonisticeffect. Six
fluorescent and two nonfluorescent bacteria isolates antagonistic to R. solani were
selected for further evaluation on sclerotial germination, leaf segment infection, and
the promoting effect of seedling vigor. Seven of the eight antagonistic isolates pro-
moted the growth of seedling rootscompared with thecontrol (Table?2). Six isolates
inhibited 40-60% of sclerotia germination. All eight isolates showed a protection
effect when the isolatesweresprayed onto the leaf segments beforeinoculation of the
fungal pathogen. The fluorescent bacteriaexhibited both inhibition of the pathogen
and growth promotion of seedling roots. The data revealed that the bacteria antago-
nistic to R. solani in vitro do not necessarily correspond to their ability in growth
promotion and inhibition of sclerotia germination. An antagonistic bacterium may
not exhibit growth-promoting effects.

The eight bacterial isolates were aso evaluated for their biocontrol effect in the
field against R. solani and Gibberdlafujikuroi, thecausa organismof sheath blight
and bakanaeof rice. Thecontrol efficiency oneday beforetheinoculationof R. solani
is better in some cases than that with inoculation and spraying of BCA at the same
time. Three of theeight antagonistsagainst R. solani in vitroa so demonstrated effec-
tive control of the diseasein thefield (Table3). Fiveisolatesinduced alarger inhibi-
tion zone against R. solani in vitro but their ability to reduce the lesion length in the
field wasinsignificant when compared with the control. BC1145 and BC196-2 were
effective against both fungal pathogens. BC178-1 did not suppress sheath blight de-
velopment but considerably reduced bakanae disease.

Burr et al (1978) and Kloepper et a (1980) reported that plant growth-promoting
rhizobacteria(PGPR) enhanced theyield of potato and other crops. The PGPR were
fluorescent strains of Pseudomonas fluorencesand P. putida. We also obtained a
large amount of thesefluorescent strains from rice. Many of them were antagonistic
to one or more pathogensof rice and some had an effect similar to that of PGPR since
they significantly promoted seedling root growth. However, the growth-promoting

Table 2. Functions of some biological control agents (BCA) against R. solani in vitro.

Code number?  Inhibition zone Inhibition on Promoting root Infection of rice leaf
of BCA of BCA sclerotial germination length of segments after

(%) seedling (mm) BCA inoculation (%)
BC34-2 11.3b 70.8 be 108.6 ¢ 70.0d
BC178-1 13.0 ab 62.5 ab 128.7 b 70.0d
BC179-2 11.3b 66.7 ab 122.1 bc 10.0 a
BC180-3 13.7 ab 41.7 a 1525 a 70.0d
BC196-2 13.3 ab 50.0 ab 1529 a 20.0 ab
BC2378 10.1¢ 62.5 ab 101.8¢c 500¢c
BC2619 12.2b 70.8 be 82.1d 400¢
BC1145 15.1a 50.0 ab 102.2¢c 20.0 ab
Check 0.0d 958¢c 86.1d 100.0 e

“BC2619 and BC1145 are nonfluorescent and the other six are fluorescent bacteria. In each column, means
followed by a common letter are not significantly different at P = 0.05 by Duncan’s multiple range test.
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Table 3. Field evaluation of some biological control agents against R. solani and Gibberella
fujikuroi, the causal organism of sheath blight and bakanae of rice.

Code of BCA Time for treatment” Sheath blight Bakanae-" infected
lesion length (cm) seedlings (%)

BC34-2 IBS-1 15.7 ab 15.3 ab
IBS-0 16.1 ab

BC178-1 1BS-1 15.5 ab 83¢c
IBS-0 16.4 ab

BC179-2 IBS-1 7.1cd 15.0 ab
IBS-0 7.6 cd

BC180-3 IBS-1 17.3 a 17.3 a
IBS-0 18.3 a

BC196-2 IBS-1 82c 5.0d
IBS-0 9.7¢c

BC2378 IBS-1 14.3 b 15.3 ab
1BS-0 16.7 a

BC2619 IBS-1 16.5 ab 146 b
IBS-0 17.0a

BC1145 1BS-1 50d 80c¢
I1BS-0 87¢c

CK IBS-1 19.8 a 18.3 a
IBS-0 17.8 a

IBS-1 means inoculation one day before spraying of BCA, ISB-0 means inoculation and spraying of BCA on the same
day. In one replication, 100 rice plants were measured. In each column, means followed by a common letter are not
significantly different at P = 0.05 by Duncan’s muitiple range test. "Nature-infected seeds were used.

effect diminished after theseedling stage. Many bicticand abiotic factorsin the paddy
field affect the colonization, multiplication, and development of BCA.

Bacterial species having antagonists against major pathogens of rice

Six hundred and seventy-three out of 8,993 bacterial isolatesfrom rice plantsin the
threecultural patternswere antagonisticto one or more major pathogensof rice. These
target pathogensare R. solani, Sarocladiumoryzae, G. fujikuroi, Acidovorax avenae
subsp. avenae, Xanthomonasoryzae pv. oryzcola,and X. oryzae pv. oryzae,thecausa
organisms of sheath blight, sheath rot, bakanae, bacterial brown stripe, bacterial leaf
streak, and bacterial leaf blight of rice, respectively. Rosales et d (1993, 1995) re-
ported that membersof at |east four distinct genera(Bacillus, Pseudomonas, Erwinia,
and Serratia) were responsiblefor antagonisticactivity against somericefungal patho-
gens (R. solani and G. fujikuroi).Xie (1996) found that, out of more than 4,000 bac-
teriaisolated from rice seed, at least 12bacterial speciesof 5 generawereinvolvedin
antagonistic activity against 2 fungi and 3 bacterial pathogensof rice in the Philip-
pines. In the Y angtze Deltaarea of China, 17 species or morphotypesof 7 genera had
an antagonistic effect against 1 or more of the 6 major pathogens of rice (Table 4).
Eleven species were nonfluorescent and 4 werefluorescent. In each of the 17 species
or types, there were antagonists against R solani. Strains from the nonfluorescent
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Table 4. Bacterial species from rice plants having antagonists against the six major pathogens
of rice” in the Yangtze Delta area of China.

No. Biolog identity Gram Biolog 1 2 3 i 5 6
stain  similarity
01 Acinetobacter baumannii - 0.61-0.82 + - > = i i
genospecies 2
02 Acinetobacter calcoaceticus -  0.60-0.91 + + - + " -
genospecies 13

03 Alcaligenes faecalis subsp. aecalis - 0.63-0.73 + - - + - -
04 Bacillus brevis + 0.53-068 + = + = - -
05 B. megaterium + 0.50-0.66 + - + Z B
06 B. pumilus + 0.57-0.65 + + - - _
07 B. subtilis + 0.65-0.75 +  + + + _
08 Burkholderia cepacia - 0.64-0.92 + + + + - +
09 Enterobacter cloacae A -  0.53-0.7% + - + + - -
10 En. Gergoviae - 0.50-0.76 + = = e H

11 Stenotrophomonas maltophilia - 0.70-0.88 + + + + + =
12 Pseudomonas aeruginosa (F) -  0.70-0.88 + + + + + +
13 P fluorescens C (F) -  0.60-092 + + + + o +
14 P. fluorescens G (F) -  0.70-0.82 + + 4 + & 4
15 P fulva (F) - 0.50-0.72 + + + + + -
16 P. putida Al (F) - 0.66-0.96 + + + + + +
17 P. putida B1 (F) - 0.56-0.86 + * + + i +

‘At least 10 bacterial isolates in a species were tested for each target pathogen. 1 = R. solani, 2 = Sarocladium
oryzae, 3 = Gibberella fujikuroi, 4 = A. avenae subsp. avenae, 5 = Xanthomonas oryzae pv. oryzicola, 6 = X. oryzae
pv. oryzae. (F) = fluorescent.

species Bacillus subtilis, Burkholderia cepacia, and Stenotrophomonas maltophilia
were not only antagonistic to the threefungal pathogensand A. avenae subsp. avenae
but were also effectiveagainst one of the pathogensof Xanthomonas. No strains from
the other eight nonfluorescent species were antagonistic to the pathogens of
Xanthomonas. The strainsfrom thefour speciesof Bacillus were antagonistic to two
to three fungal pathogens. This revealed that the number of nonfluorescent strains
antagonistic to thethreebacterial pathogenswaslow. However, more strainsfrom the
six species or types of fluorescent bacteria were antagonistic to amost al of the six
pathogens. This indicates that the fluorescent bacteria have a wider range in antago-
nism, whereas the nonfluorescent bacteria exhibited a relatively narrower range or
were specific to certain pathogens.

The generaof Pseudomonas and Bacillus werethe most important group of bac-
teriaassociated with rice. Some 65% of thetotal bacterial speciesthat are antagonists
belong to these two genera and about 35% belong to the other five genera tested.
Antagonistic bacteriafrom therice plant are quite diverse. Our data have shown that
the rice plant has a huge reservoir of biological control agents. We identified 17 non-
pathogenic bacterial species or types having strains antagonistic to one or more rice
pathogensisolated from the Y angtze Delta area of China. Theidentity of these bacte-
ria isolatesfrom therice plant is still unknown.
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Populations of rice sheath blight
Inthellocos Norterice based
ecosystem

J.0. Manalo, TW. Mew, PS. Teng, AR. Velilla, and E.S. Borromeo

Atotal of 378 isolates from plants and soil were collected in Batac and Badoc, llocos
Norte, Philippines. Comparisons between the two populations based on pathogenicity,
anastomosis, and DNA banding pattern were made. Major differences in the isolates
were evident in all the tests performed, indicating that the soil and plant populations
are separate strains. Plant isolates were virulent to IR64 rice and 88.4% of these
were vegetatively compatible with the AG lisolate. Soil isolates, however, were generally
nonpathogenic and did not anastomose with the AG 1 from rice. Molecular
characterization confirmed that the soil isolates were a different strain, although
morphological features closely resembled those of the Rhizoctonia spp.

Characterizationtests of the isolates suggest that the predominating Rhizoctonia-
like isolate in the llocos Norte soil is not damagingto the rice crop. Primary sources
of infection were believed to be the weeds along the bunds and maize that was grown
in sequence with rice. Cluster analyses indicated that the isolates from plants were
homogeneous throughout the sites regardless of the host sources, but grouping
tendencies can be observed as the isolates move closer to each other along the
transect.

Spread of the disease in the field is apparently within the canopy through plant-
to-plant contact. Identification of important weed species was included in this study.

Rice sheath blight diseaseis caused by a soilbornepathogen, Rhizoctonia solani Kuhn
(Thanatephorus cucumeris Donk.). It is one of the major diseases inflicting heavy
lossesin ricein most Asian countries. and one of the two niost seriousfungal diseases
worldwide(Cuet d 1996). Its wide occurrenceis brought about by intensive methods
of rice cultivation involving the use of short-culmed, high-tillering, high-yielding
varietiesand high inputs of nitrogen fertilizer. These favor the development of the
disease by promoting a more dense environment with high relative humidity. The
causal fungusisableto survivein thesoil and overwinter in theform of sclerotiaor as
mycelia in infected rice materialsleft in the field from the previouscrop. In the ab-
sence of rice, the sclerotia usually remain in the soil. The sclerotiaand infected crop
residues are the known primary sources of infection in the field (Premalatha Dath
1990, Castilla 1998, Rosales 1985). Many studies have positively correlated the sig-
nificant increase in sclerotial population in the soil with disease severity on infected
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plants. Disease severity is often associated with increasing viability and sclerotial
size (Naiki and Ui 1977, Damicone et d 1993). In some cases, however, sclerotial
bodieswere not successfully recovered from thefield wheresheath blightis known to
occur. These were believed to be colonized by bacteriaor fungi that are antagonistic
to the fungus (Mew et al 1980). The sheath blight pathogen may also survive in rice
stubbles after the cropping season. Infected stubbles are left in the field and eventu-
aly buried into thesoil. The pathogen remainsviablein rice straw for varying periods
depending on the soil moisture condition (Mew et d 1980, Premalatha Dath 1990).
Because of the persistent nature of the pathogen, this study aims to characterize
the populations of Rhizoctonia in different host sources and plant debris by pheno-
typic and molecular methods and assess their differences according to their distribu-
tionin thellocosNorterice-based cropping system. Thisisimportant becauseit alows
us to determine the primary sources of inoculum and why it efficiently spread the
infectionin the field, and propose appropriate methodsfor managing the disease.

Methodology

Sheath blight isolates were collected from infected plantsand plant debris along the
transects in Batac and Badoc, Ilocos Norte, Philippines. The disease was monitored
for 17 monthly sampling periods. Tissues of infected plant samples were plated in
PDA medium. Myceliaemanating from the tissue wereisolated and purified in agar
dlants. Similar growthsfrom soil samples werecollected using the method of Boosalis
and Scharen (1959). Soil was seived through the mesh and the remaining soil par-
ticlesand plant debris were collected. These were placed in sterile agar medium and
observed for mycdlia growth.

A 3-d-old culture was used to inoculate 4-wk-old IR64 plants. A sclerotium is
inserted insidetheleaf sheath, bound with strips of gauzecloth, and retained for 3dto
hold some moisture. In the absence of an infective sclerotium, the isolate is added
with sorghum seeds into the culture medium and the sorghum seed is inserted in the
leaf sheath in lieu of the sclerotium. The inoculated plantsare observed for infection
4 d after inoculation.

Anastomosisisthefusion of hyphae between closely related strains of Rhizocto-
niasolani. A ricesheath blight causing astrain of Rhizoctonia belongsto anastomosis
group 1 (AG 1) (Agoshi 1987). Each isolate from a nonrice host was placed a the
same time on a clean glass dlide with an isolate from rice. The glass dlide was incu-
bated insideamoist chamber for at least 24 h or until such timethat the hypha growth
of one isolate touched the other. The dlide was viewed under the microscope and
observed for hypha fusion.

Pathogenicand nonpathogeni cisolatesweregrown separately in sterilericestraw
medium. After 5 d, equal amounts of the cultures were added to the soil and mixed
thoroughly. Soil sampling was done at least 1 wk after the inoculation. Recovery of
isolates from the soil samples was done by baiting with mungbean seeds.

A mini-scale preparation of DNA using the CTAB/NaC1 protocol for blast has
been usad to extract the sheath blight DNA. At least 50 mg of ground lyophilized
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myceliawas placed in a 1.5-mL eppendorf tube. The myceliawere suspended in 500
mL extraction buffer and vortexed until evenly suspended. Fifty mL of 10% SDS was
added to the mixtureand gently shakenfor 1 hat 37 °C. Then 75 mL of 5M NaCl was
added and followed by 65 mL CTAB/NaCl. The mixture was placed in awater bath at
65 °C for 10-20 min. Chloroform:isoamyl (24:1) was added in equa volume (700
mL) and the solution was shaken vigoroudly and spun at 10,000 rpm for 12min. The
aqueous, viscous supernatant was transferred to a fresh tube, added with 450 mL cold
2-propanol to precipitate the nucleic acid, and mixed. Again the solution was centri-
fuged at 10,000 rpm for 12 min. The supernatant was removed and the pellet was
rinsed with 70% ETOH. The pellet was then alowed to dry before adding 40 mL
IXTE.

Following the REP-PCR protocol using the ERIC primer, a 23-mL reaction mix-
ture was prepared for each sample tube:

Reagent Volume (mL) per tube
Filtered, autoclaved, HPL C-grade water 11.05
Gitschier buffer 5.00

BSA (bovineserum albumin) 0.20

DM SO (dimethylsulfoxide) 2.50

DNTPs 1.25

Primer ERIC 1R 1.00

Primer ERIC 2 1.00

Taq polymerase 1.00

Totd 23 mL

Cluster analyses were done using PC-ORD.

Results

Morethan 300 total isolates were collected from infected plantsand soil in 17 mo of
sampling along the Batac and Badoc transectsin Ilocos Norte. Twenty-eight of these
were from rice, 68 from weeds, 1 from maize, and 281 from plant debris. Infected
weeds were usualy found along the bunds. A cultural characteristic of theseisolates
is associated with extensive mycelial growth with varying intensity of brown color.
Thesoil isolates, however, differed becausethese were not producingthetypica scle-
rotia, although a microscopic view of these isolates showed that these had a hyphal
growth and multinucleatesimilar to those of the plant isolates.

All plant isolates formed sheath blight infection on IR64, whereas only four of
the soil isolates gave this type of symptom. About 30 of the soil isolates were less
aggressiveon rice and al the others were not able to infect at dl (Fig. 1).

The sheath blight-forming plant isolatesgenerally belonged to AG 1 and 88% of
the test isolates anastomosed with the rice isolate. Table 1 shows the reactionsaof the

Populations of rice sheath blight in the llocos Norte . .. 103



Lesion (cm)

12

10 Rice
8 |

6 |

4 k-

2 L

0

12

10 | Weeds

o N B O Q@

12
10 |

o N OB O

DAl

Fig. 1. Graphs showing lesion length (cm) of isolates from various
sources. DAl = days after inoculation.

weed and maizeisolates. Completefusion of the vegetative hyphawasevident among
these compatible isolates. Anastomosis among related Rhizoctoria isolates is com-

monly associated with the transfer of cytoplasmic contents and hyphal constriction of
thefusing cells. Selected soil isolatesdid not anastomose with the rice sheath blight,
including the ones that gave positive infection on rice.

A dual-culturetest was conducted to determine the probable interaction between
the pathogenic and nonpathogenic soil isolates. These were mixed into the soil and
allowed to incubate for some time. Recovery of isolate is shown in Table 2.
Virulent isolate is significantly suppressed with the presence of the nonvirulent one.
Recovery of the pathogenic form is very low in dual culture compared with when it is
grown alone.
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Table 1. Hyphal interaction of weed and maize isolates with an AG 1
rice sheath blight.

Isolate Reaction® Isolate Reaction Isolate Reaction
Ci - w23 - w48 -
w1 + w24 - w49 +
w2 + W25 - W50 +
W3 - W26 - w51 +
W4 + w27 + w52 +
W5 - w28 + W53 4
W6 + W29 -+ W54 “
W7 - W30 + W55 +
wa + w31 + W56 -
W9 + W32 + W57 +
W10 + W33 + W58 +
w11 - W34 + W60 -
wi2 + W35 + W61 +
wi3 + W38 + W62 +
wi4 + W39 + W63 -
W15 - w40 + W64 +
w16 + w41l + W65 +
w17 + w42 + W66 +
wis + w43 + WB7 +
w19 + w44 + wes +
W20 + w45 + W69 +
w21 - W46 - W70 +
w22 + w47 + W71 +
4+ = positive, - = negative.

Table 2. Recovery of isolates from a dual-culture test using
the baiting technique on mungbean seeds.

Treatment

R12
$136
S$136 + S1

5136 + S201

S1
R12 + S1

R12 + S201

S201

% infection®

100.0 a

100.0 a
45.0b
475b
35.0 be
32.5 bc
37.5bc
10.0¢

“Means with the same letter are not significantly different at the
0.05 level according to Duncan’'s multiple range test, based on
transformed arsin data.

DNA fingerprinting of plantsand soil isolates was conducted by PCR using the
ERIC primer. The DNA banding pattern was run in PC-ORD and the cluster dendro-
gram is shown in Figures 2-4. Cluster analysis of the isolates in Badoc showed no
clear grouping of the isolates in the transects, but isolatesin closer transect points
sometimes tended to go together regardlessof their host source. The sameistruefor
the Batac transect. There is apparently a close association or similarities between
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isolates as they move closer in the transect. Although the observation is not always
true for all the isolates, some tendencies can be observed.

Moreover, when theisolates in two transects were compared in acluster analysis
(Fig. 2), some isolates a one site joined with another at the other site. Some isolates
in Batac show similarities with those present in Badoc. Host species of theseisolates
also have wide variation. In one group in the cluster (Fig. 3), similar isolates could
havecomefrom riceand different weed speciessuch as | schaemum rugosum, |mperata
cylindrica, Brachiariamustachia, Paspalidium flavidum, Cynodon dactylon, Distachia
aristatum, and Saccharum spontaneum. This confirms the wide host rangeof therice
sheath blight pathogen.

Discussion

More than 300 isolates were collected from infected hosts and plant debris under
different field conditions al ong the Batac and Badoc transects. These wereidentified
based primarily on morphological and cultural characteristics on PDA medium. A
pathogenicity test of the sheath blight isolates from various hosts (rice, weeds, and
maize) showed that thereis cross-infection on |R64. However, the soil isolatesgave a
varying degree of disease severity. Only four of the total population gave the desired
symptom; some were |less aggressive but most of them were not pathogenic to rice.
Contrary to many studies showing that the main sources of sheath blight infection
were the soil and plant debris, this study showed otherwise. A low number of soil
isolates were infective to rice. This number is not significant considering the total
sampling distance of 7 km for the two sites, and that the sampling procedure was
followed three timesover different field conditions: fallow, planting, and fallow after
harvest.

Resultsof theanastomosis test indicated that the weed isolates were vegetatively
compatible with the rice isolate and belonged to the AG 1 group of R solani. Soil
isolates, however, did not show the same reaction, including those that formed infec-
tion. This confirms that the soil population does not belong to the pathogenic strain
and that their dominating presence in rice soil does not pose any threat to the staple
crop. Moreover, a profile of the DNA fingerprints indicated that the plant and soil
populations were separate groups of fungi. Although the morphological features of
the soil isolates have a very close resemblance to the pathogenic fungi, major differ-
encesexist between thesoil isolatesand thosecollected from sheath blight in termsof
their morphology, pathogenicity, and AT-DNA restriction fragment length polymor-
phism. Even if soil isolates were reported to infect young rice plants, thereisasdlight
difference in visible symptoms from those of plant isolates (Bannizaet d 1999).

Presence of the Rhizoctonia-likefungi is common in plant debris, not only in
Ilocos Norte soil. These fungi werealso found frequently in soil debrisof tall Festuca
p. Recovery of this saprophytic fungus appeared more often than the target species,
R. solani (Martin et al 1983). Apparently, the survival of the pathogenicfungi in soil
debris is overcome by the Rhizoctonia-like saprophytic fungi. This is supported by
the results of thisstudy. Preliminary resultsindicated that the nonpathogenic isolate
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was morecompetitive than the pathogenicone. Thissuggeststhat, even if theinfected
crop residueswereinitially viable, thelow recovery of the virulent isolatefrom plant
debrisindicates that the group of plant isolates possessesa lower fitnessfor survival
in the soil than the soil isolates. Plant isolates may just be part of thesoil population or
some plant isolates temporarily spread into the soil without establishing themselves
in large quantities (Bannizaet ad 1999).

The number of sclerotia under tropical conditionsiscomparatively lower than in
temperateor subtropical climates. If such isthe casefor the llocos Norte rice ecosys-
tem, any attempt to alter the sheath blight population structure by soil incorporation
of antagonistic microorganisms, soil solarization, or other cultural or chemical prac-
tices would not seem appropriate for controlling the disease. Considering the poor
establishing capacity of plant isolatesin rice soil despite the presenceof sheath blight
infection in predominating vegetation in Ilocos Norte, perhaps the number of infec-
tion unitsin the soil isof minor importancefor theinitial development of the disease.
Instead, the spread of infection within the canopy seems to be more important in
sheath blight epidemiology.

This study found that populationsof sheath blight from rice, weeds, and maize
weresignificantly homogeneousthroughout the transects at two sampling sites. This
isbased on their pathogenicity,anastomosis, and DNA banding pattern. Cultural prac-
tices in llocos such as crop sequencing, cropping pattern, and crop rotation, which
vary in different sampling points, would unlikely be important in this case. Sheath
blight infection is present in the weeds along the bunds and this ensures propagation
of the pathogen even in the absence of rice. During the wet season, and incidentally
asothetimefor planting by farmers. thedisease rapidly spread to adjacent young rice
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plants. Thisstudy enumeratestheimportant weed speciesfor the pathogen: Dicanthium
aristatum, Imperata cylindrica, Saccharumspontaneum, Cynodon dactylon, Cyperus
rotundus, |pomoea congesta, Commelina diffusa, Chrysopogonaciculatus, Panicum
repens, Eleusine indica, Paspalidium flavidum, Brachiaria distachya, Leersia
hexandra, and |schaemum rugosum. Dominant at both siteswere D. aristatumand .
cylindrica. Alternate hosts of the pathogen cover the major weeds in rice fields and
removal of these weedsseemsinappropriate because most of these serve asa refuge
for many natural enemiesagainst theinsect pests of rice (Flor et al 2000). Effective
control ismorelikely tobeachieved by preventing plant-to-plant spread of thefungus
through bacterization of seeds, fungicide treatments, or the devel opment of resistant
varieties (Bannizaet al 1999).
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Bacterial antoganist against
Rhizoctoniasolani AG1

Inirrigatedrice ecosystems

Wanzhong Tan and TW. Mew

Bacterial antagonists against the rice sheath blight pathogen, Rhizoctonia
solani AG 1, were estimated in irrigated rice ecosystems and their potential
for disease management was evaluated. Bacterial isolations were done us-
ing an improved method of trapping bacteria from the washings of plant tis-
sues, paddy soil, and weeds in and around the field. Total and antagonist
populations varied with source of isolation and collection sites. A majority of
the 4,785 bacterial isolates obtained were isolated from rice plant tissues
with the leaf blades and sheath harboring a higher proportion. Eighty-seven
percent (4,159 isolates) of these bacteria were neutral to the pathogen,
12.8% (613 isolates) showed antagonism, and only 0.27% appeared to pro-
mote pathogen growth. Ninety percent of the antagonists exhibited strong
inhibition to the fungal pathogen either by inhibiting the germination of patho-
gen sclerotia or by inhibiting the size of the colonies in agar media. Similarly,
these antagonists also affected germination and seedling growth of the rice
plant to various degrees. A total of 9 1isolates demonstrated strong inhibi-
tion to the pathogen but promoted rice seed germination and seedling vigor.

Evaluation of the effectiveness of these antagonists for sheath blight
management revealed that population density, pathogen inoculum level (dis-
ease pressure), and crop management practices such as time of application
of antagonists or spray of fungicides are factors that influence the efficacy of
the antagonists. The data also suggest that the value of antagonist applica-
tion for sustainable sheath blight management may lie more in its potential
to reduce inoculum efficiency, resulting in a decrease in infection foci and
limited disease spread.
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Vulnerability of the modem agricultural ecosystem to pests and diseases has been
attributed to the erosion of biodiversity, which can disturb the naturally occurring
biological control mechanisms. Biodiversity maintainsthe balance of different habi-
tats and organisms. A tropical rice field offers a biologically diverse and dynamic
environment for microbia populations to flourish. Microbial diversity refers to the
diverse microorganisms associated with the rice plant, paddy soil, and water. Rice
ecosystems support abundant microorganisms, which may have either a positive or
negative impact on rice cultivation. Those that have a negative effect on rice produc-
tion are the pathogens. And those that potentially may be related to a positive effect
on rice growth may have the ability to suppress a broad range of other microorgan-
isms that cause rice diseases. Among those microorganisms that have a beneficial
effect on crop production are the biological control agents (BCA).

Many typesof BCA are associated with agricultural systems. Bacteriaand fungi
are dominant among the BCA.. In the literature, reports of BCA in relation to plant
disease management or control are humerous. Most of the reports deal with indi-
vidual bacterial or fungal strainsisolated from either related or unrelated ecosystems.
These reports evaluate the potential for biological control on a target pathogen and
crop disease. Eventually, the objective was to formulate a commercial product to
scale up the application. Relatively little effort has been made to assess components
of the microbial diversity within an ecosystem to understand the relationship to pest
management in general and disease control in particular. In recent years, we have
attempted to understand the microbial community within the rice ecosystems (target-
ing irrigated rice) and assess the functions of the different componentsin relation to
disease management. In rice seed, for instance, Cottyn et d (2001) indicated that the
predominant bacteriaassociated with rice seed were Enter obacteiaceae (25%), Bacil-
lus spp. (22%), and Pseudomonas spp. (14%). Other bacteria regularly isolated were
Xanthomonas spp., Cellulomonasflavigena, and Clavihacter michiganense. Four
percent of the total number of isolated strains exhibited in vitro antifungal activity.
Besides the bacteria, about 120 identified species of fungi were also associated with
rice seed.

In the current project funded by the Asian Development Bank (ADB), our main
objectives are to estimate and eval uate bacterial antagonists in irrigated rice ecosys-
tems. The target rice pathogen is Rhizoctonia solani AG 1, which causes sheath blight
of rice. Rhizoctonia sheath blight is an important disease in intensiverice production
systems. It has caused significant yield losses over large areas with high inputs and
under favorable production situations. The management tactics for control of this
disease are limited. Chemical control, although effective, is limited to farmersin a
few countries in Asia. Mogt rice farmers in Asia have not applied any control mea-
sures to minimizethedamage caused by sheath blight. As part of the natural resources
within the rice ecosystems, naturally occurring biological control agents, especially
the bacterial antagonists, should be tapped for potential disease management in gen-
erd and sheath blight in particular.
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Methods of trapping bacterial antagonists against R. solani

Thereisacommunity of bacteriaon therice plant in the irrigated rice ecosystem. The
functional bacteriaantagonistic to R solani AG 1 may consist of only asmall fraction
of thetotal. It isunlikely that we could estimate the total number of the bacterial cells
and the species associated with ariceecosystem. To achieve the project objective, itis
vital to find a way to isolate and estimate the functional group that is antagonistic to
R. solani AG 1. Itistherefore essential to devisea method to estimate or isolate these
bacterial antagonists. We tested a trapping method using sclerotia asa possible method
to bait alarge part of the bacteria that would be antagonistic to R. solani AG 1 and
suppress sheath blight development.

The method was based on the hypothesis that existing functional antagonists in
situ would colonize the sclerotia of the pathogen present in the system. Two methods
were used in aseriesof experiments to test this hypothesis. Plant samples were washed
in an appropriate solution with the assumption that most of the bacteria would be
washed off from the plant surface. The antagonists were then isolated from the plant
washings using two approaches. The first was to isolate antagonistic bacteria from
sclerotia soaking in the plant washes and then plate them directly on agar media such
as potato dextrose agar (PDA). The second approach was, after soaking the sclerotia
in the plant washes, to wash them in sterile distilled water and make a serial dilution
with the water and plate on PDA to isolate antagonistic bacteria. In both methods, a
dual-culture test of the bacteria and the fungal pathogen was followed to screen out
the antagonists. By doing so, we might have reduced significantly the total number of
culturable bacteriacarried by the plant washing and we might have isolated only the
functional group of antagonists.

Using these two methods of sclerotia-baiting techniques, when the sclerotia were
soaked in plant washings, most of the sclerotia (87-100%) were colonized by bacteria
(Fig. 1). The germination and growth of the soaked sclerotia (62%) were inhibited to
various degrees and afew of the sclerotia failed to germinate. The results indicated
that the sclerotia were colonized easily by the antagonistic bacteria from the plant
washings.

Theefficiency of the two methods to obtain antagonistic bacteriaagainst R. solani
AG 1 was also similar in the experiments (Tables 1 and 2). Compared with the con-
ventional method, that is, serial dilution plating of the plant washings directly on agar

media, only a very few antagonistic bacteria (0—4isolates per sample) were obtained,

or lessthan 10% of theisolated bacteria on average. The efficiency of the new meth-
odsfor isolating antagonistic bacteria was thusimproved by plating the sclerotia soaked
in the plant washings. More antagonistic bacteria were obtained (8.4 isolates per
sample) and the overall efficiency was 54.9% and 39.4%, respectively, in the two
experiments. However, theisolation efficiency wassignificantly improved when plating
the sclerotia directly on PDA after soaking them in plant tissue washings. Theisola-
tion efficiency was 84.6% and 87.2% of the total bacterial isolates in the two experi-
ments. Thiswasfollowed by isolation made by plating the suspension of the sclerotia
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Fig. 1. Effects of plant tissue washing treatment on sclerotia of
R. solani in two experiments (A and B).

being soaked in the plant tissue washings. Asthedual-culture test isatest of mycelial
growth, there is no indication that only those bacteria antagonistic to sclerotia germi-
nation were obtained. The methods are therefore efficient for isolating bacteria an-
tagonistic to R. solani AG 1.

Population diversity and function of bacterial antagonists

Our purpose was to gain understanding of the population diversity of bacterial an-
tagonists against the sheath blight pathogen. Experiments were carried out to com-
pare total culturable bacteria from a rice plant and those that were antagonists to R
solani AG 1. We used a varietal demonstration plot at the IRRI experiment station as
the site for sampling rice plants (leaves, stems, roots, spikes), plants of different vari-
eties, healthy as well asdiseased tissues, weedsof the sampling site, and also plants
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Table 1. Number of bacterial isolates recovered with the different isolation techniques (experi-

ment I).
Original tissue Soaked-sclerotia Soaked sclerotia

Sample washing washing plated directly
number

Total Inhibitory Inhibit- Total Inhibitory Inhibit-  Total Inhibitory Inhibit-

ory (%) ory (%) ory (%)

| 28 4 14.3 23 11 47.8 14 12 85.7
1 19 1 5.3 15 8 53.3 10 9 90.0
I 31 3 9.8 21 14 66.7 15 11 73.3
v 25 2 8.0 22 6 27.3 13 12 92.3
Total 103 10 9.7 81 39 54.9 52 44 84.6
Mean 25.3 25 17.8 9.8 13.0 11.0

Table 2. Number of bacterial isolates recovered with the different isolation techniques
(experiment II).

Original tissue Soaked-sclerotia Soaked sclerotia

Sample washing washing plated directly
number

Total Inhibitory Inhibit- Total Inhibitory Inhibit- Total Inhibitory Inhibit-

ory (%) ory (%) ory (%)

| 22 3 13.6 18 6 333 7 7 100.0
1l 16 0 0 17 7 41.2 9 8 88.9
1 18 1 5.6 15 5 33.3 10 7 70.0
\Y 26 2 Tl 21 10 47.6 13 12 92.3
Total 82 6 7.5 71 28 39.4 39 34 87.2
Mean 20.0 1.5 17.8 7.0 9.8 8.5

treated and untreated with fungicides. Based on these sampl es, bacteriawere isol ated
using the method of sclerotia plating from tissue washings. Functionsof the bacteria
were tested for antagonism against R. solani AG 1 on PDA plates, and their effect on
rice seed germination.

Thefollowing plantsand plant parts were used to sample and isolate the bacteria:

1. Rice varieties. Four rice varietiesgrown in the varietal demonstration plot at
the IRRI farm were taken at the anthesis stage. The samples were replicated
threetimes, that is, three samples per sampling of each variety at the anthesis
stage. Only the leaves (leaf sheath and leaf blades) were processed for bacte-
ria isolation.

2. Endophytic and epiphytic bacteria of rice leaves. Five samples were taken at
thetillering stagefrom var. PBSRc-52 grown from different fields at the IRRI
farm. The leaves (leaf sheath and leaf blades) of each sample were cut into
small pieces (2—3 cm). For epiphytic bacteria, the leaf tissues were placed in
phosphate buffer saline (PBS, pH 7.3) and washed by aeration for 6 h. The
aliquot was diluted for bacterial isolation. To isolate endophytic bacteria, the
leaf tissue was surfaced-sterilized with 95% ethanol for 1 min and then trans-
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ferred to 25% sodium hypochloride for 5 min followed by washing the lesf
segments in sterile distilled water afew times. The lesf tissueswere then mac-
erated with a sterile mortar and pestle. The macerated tissues were suspended
in 100mL PBSfor serial dilution and isolation.

3. Sampling plant parts. Samples were taken from var. IR72 grown in the
screenhouse. Three samples (10—15 tillers per sample) of the plant were taken

a the anthesis stage. For each sample, the plants were divided into the stem,
leaf blades, leaf sheath, and rootsto isolate the bacteria
4. Sampling a transect site of the ricefield from rice to nonrice habitat of the
IRRI farm. A transect site was mapped along Fili Drive East on the IRRI ex-
perimental farm. Samples were taken from 5 sites along the transect at about
150m between each site. The sampl esincluded therice plant, weeds, and paddy
soil. Thericecropswereof different varietiesin thefieldsand different growth
stages at the time of sampling.
a. Site 1-ricevariety unknown, anthesis stage
b. Site 2—variety unknown, crop had been harvested, ratoon seedlings were
sampled
c. Site 3—variety PSBRc-52, tillering stage
d. Site4-variety IR64, ripening stage
e. Site 5-PSBRc-18, ripening stage
The soil samples were taken at each site and all possible plant tissues were re-
moved. The samples were air-dried on filter paper. The rice leaves and weed plants
werecut into 1—2-cm piecesfor bacterial isolation.

A total of 4,785 bacterial isolates were obtained from different parts of the rice
plant, paddy soils, and weeds grown in and around the fields. Using the dual-culture
test, the bacteriacould be classified into three broad groups: the antagonists, which
composed 613 isolatesor 12.8% of the total; 4,159 isolatesor 86.9% apparently neu-
tral to the fungal pathogen; and 13 isolates or 0.27%, which appeared to promote
growth of the pathogen (Fig. 2).

There are significant differences in antagonistic bacteria present in the different
partsof therice plant grown in irrigated conditions of thetropics. Among the parts of
therice plant, leaf bladesand sheaths appear to harbor a higher total bacterial popula-
tion and more antagonists than other parts (Fig. 3A). Antagonistic bacteriaappear to
be present on al partsof the rice plant. However, the number of bacterial antagonists
was about 10—20% of the total culturable bacteria. Like the total population, lesf

blades and sheaths also harbored the largest number of antagonistic bacteria com-
pared with other plant parts.

The plant samples were taken from the four rice varieties a the anthesis stage.
All four rice varieties harbored different numbers of bacteria and antagonists (Fig.
3B). IR40 and IR72 appeared to have a larger bacterial population than PBSRc-52
and PBSRc-18. The difference was significant. Bacterial antagonists were also iso-
lated from al four varieties, with more from PBSRc-18 (av 11 isolates per sample)
than PBSRc-52 (av 5.7 isolates per sample).
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Fig. 2. Functional groups of bacteria isolated
from rice systems based on dual-culture tests
on potato dextrose agar plates. Only 13 iso-
lates exhibited promotive effects of the to-
tal of 4,785 isolates; hence, the 0% reflected
in the chart.

It appearsthat the number of bacteriadetected from healthy and diseased tissues
was different, as well as the morphotypes. The number of antagonists from the two

typesof legf tissuewasalso different (Fig. 3C). The bacterial population from tissues
with sheath blight lesionswas6 times (6.6 X 1010cfu ¢%) more than that from healthy

tissues (1.1 ~ 10°cfu g%). The number of antagonists was significantly higher on
diseased tissues (12 per sample) than on healthy tissues (9 per sample).

Most of the bacteriawereepiphytic; however, one population clearly appeared to
be endophytic based on the method used to eliminate the epiphytic population (Fig.
3D). Among the antagonists, the number of morphotypesfrom the endophytic popu-
lation was less (5 per sample) than that from the epiphytic population.

Bacteriaand antagonists were isolated from rice plants, grasses, and soil at all
sampling sites along the selected transect. There was a significant difference in the
population of total bacteria and the antagonists between the sources and the sites
(Table3). Rice seemsto harbor the highest number of total bacteria, antagonists, and
morphotypes, whereas the soil has the lowest. The proportion of antagonistsin the
total bacterial population in cfu g of the sample was quite constant at all sampling
sites. On average, the rice plant was a rich habitat of antagonists (22.3%), and the
poorest wasthe soil (7.5%) and the grass weeds (17.5%). The difference among sites
aong the transect was also obvious. Site 5 had 41 morphotypesand the other sites
had about 24—29 types.
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Fig. 3. Populations of bacteria and antagonists against R. solani AG 1 on rice plants. (A) On
different plant parts, (B) on different varieties, (C) on healthy and lesion tissues, (D) on surface
and inside of leaves.

Diversity of antagonistic bacteria in irrigated rice ecoystems

In relationship to R. solani AG 1

From al the experimentsindicated above, atotal of 4.785 bacterial isolates, with 613
isol atesexhibiting antagonismagainst R. solani, wereobtained from rice plants, paddy
soils, and weedsin therice fieldsand nonrice habitat adjacent to thericefields. These
antagonists were shown to have a different relationship to R. solani AG1 and they
also exerted a different effect on rice seed germination and growth of young rice
seedlings (Table4).

Most of the bacteria (87%) associated with the irrigated rice ecosystem appear to
bc neutral to R. solani AG 1 These bacteriadid not show any observable effects on
pathogen growth on PDA. About 613 or 13% of the bacteria suppressed mycelial
growth or colony development of the pathogen on PDA plates. They could be further
distinguished into two subgroups. One subgroup composed those isolatesthat exhib-
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Table 3. Transect analysis of bacterial and antagonist populations.”

Bacterial population Number of
Sample site  Bearer (x10%cfugt) antagonist
morphotypes
Total” Antagonists
P1 Rice 7.7156 1.1573 9
Grass 1.5630 0.2735 11
Soil 0.6492 0.0487 5
P2 Rice 5.5828 0.9770 14
Grass 1.2492 0.2186 9
Soil 0.7068 0.0530 6
P3 Rice 5.7068 0.9987 12
Grass 1.1776 0.2061 8
Soil 0.5068 0.0380 7
P4 Rice 4.3240 0.7567 8
Grass 1.0972 0.1920 7
Soil 0.3068 0.0230 9
P5 Rice 3.5762 0.6258 18
Grass 0.6492 0.1136 15
Soil 0.3560 0.0267 9
Mean Rice 4.2397 0.9031 12.2
Grass 1.1452 0.2004 10.0
Soil 0.5052 0.0379 7.6

“The transect was located along Pili Drive East, IRR| experiment farm, Los
Banos, Laguna, Philippines. The distance between sampling sites was about
150 m. Pigment production medium was used for plating bacteria and main-
taining isolates in slants; potato dextrose agar was used for the inhibition
test. "Each number is the mean of 3 replicating plates.

Table 4. Antagonist grouping based on their effects on the growth
of young rice seedlings.

Group® Number of isclates %
S+R+ 49 11.2
S+RO a7 10.8
S+R- 0 0

SOR+ 36 8.2
SORO 180 41.2
SOR- 20 4.6
S-R+ 7 1.6
S-RO 30 6.9
S-R- 68 15.6
Total 437 100.0

%S and R refer to shoots and roots; +, 0, and - refer to growth-enhanced,
not affected, and suppressed, respectively. S+R+ means both shoot and
root growth are enhanced.

ited strong inhibition to thefungal pathogen. Theinhibition zone may vary in size but
is clearly measurable on the agar plates. More than 90% of the 613 fal into this
subgroup. The other subgroup composed the fast-growing bacteria that prevented
colony development of thefungal pathogen. Although there were very few yet, some
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bacterial isolates tended to promote the growth of the fungal pathogen on PDA. It
appears that the bacteriainduced fast and prosperous mycelial growth and thus made
thefungal pathogen form very large colonies with a thick mycelial mat.

The proportion of each group or subgroup variesaccording to the sources of their
isolation. For instance, in thetransect analysis, about 21% and 17% of the antagonists
were isolated from rice plants and weeds, respectively, whereas only 7% were iso-
lated from the paddy soils. Likewise, the proportion also varies by plant part as well
as between seasons and perhaps among crop management practices. Thisis very evi-
dent from the experiments (Table5) that showed the effect of fungicide application in
relation to the detection of antagonists. The results indicated that untreated plants
yielded a significantly higher number of bacteria antagonists than the plants treated
with validamycin, an effective fungicide for sheath blight control. Interactionsoccur
among antagonists. When Bacillus subtilis B-916 was applied to the rice crop, other
antagonist popul ations appeared to be lower than that of the untreated crop.

In relation to the germination of R solani AG 1 sclerotia, the antagonists may be
categorized into several groups: thosethat inhibited sclerotiagermination completely,
partialy, or weakly. About 72 isolates (11 %) could inhibit sclerotiagermination com-
pletely. Although in some casesafew sclerotia might eventually be able to germinate,
the mycelial mat appeared to be very weak and thin. A large number of antagonistic
isolates inhibited more than 50% of sclerotia germination. Although 50% or more of
the isolatesin this group may be able to germinate, the growth and vigor of the myce-
liafrom the germinated sclerotia were again weak and thin. The third group of an-
tagonists would not inhibit the germination of the tested sclerotia but the size of the
colonies decreased significantly (Fig. 4).

Thesuppression of fungal colony development by all the antagoni sts was quanti-
tative and the reductionin colony size of the pathogen differed from isolateto isolate.

Proportion (%)
60

50
40 -
30 F
20 -
ol L I L
| 1] i IV

Antagonists

Fig. 4. Distribution of 613 antagonists based on their effect
on R. solani sclerotium germination. I: 0 to 20% sclerotia
germinated; 11: 21% to 60%; I1I: 61% to 90%; IV: 91% to 100%.
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In relationship to rice seed germination

Considering the function of the antagonistic bacteria for rice seed germination, an
early report indicated that a mgjority of the bacteria showed no effect, whereas the
antagoni stsweredemonstrated to be neutral, growth-promoting, or del eterious(Rosales
and Mew 1997). After careful analysisof the 613 antagonists, however, their effects
on seed germination based on enhancement or suppression of shoots (hypocotyl),
roots(radicle), or both of germinated seed, we di stinguished nine possibletypes. Table
4 presentsthe details. Briefly, 65 isolates (10%) promoted seed germination, 60 iso-
lates (10%) suppressed germination, and 264 isolates (43%) had no effect on seed
germination, that is, no significant effect on shoot and root growth. However, 60 iso-
lates (10%) promoted shoot growth but were neutral to root growth, 49 isolates (8%)
improved root growth but had no effect on shoot growth, and 27 isolates (4.4%) re-
duced root growth without affecting shoot development. Only a very few isolates
(190) suppressed root growth but promoted shoot growth.

Based on antagonism and seed germination tests, 91 antagonists demonstrated
both strong inhibition of thefungal pathogen and a so promoted seed germinationand
seedling vigor. These isolates may offer a high potential for deployment in the field
for rice production and disease control.

Functions of antagonists for sheath blight management

For antagoniststo befunctional in disease management, it is necessary to consider the
efficacy of the population density of the applied antagonist and the inoculum density
of the pathogen in actual rice productionsituations. Results obtained from the ADB-
funded project indicated that there was a close relation between the efficacy of the
antagonist and the inoculum concentration of the pathogen. Even if the antagonist is
applied at a higher density, the effect on disease control may not be achieved if the
disease pressure measured by the amount of inoculum at the infection site is also
high. In such a case, other crop management practices may be more important for
reducing disease pressure, such as aone-timefungicide application at areduced dose
to minimizethe activity of pathogen pressure.

In thisstudy, theexperiments were designed to look at theimmediate effect of the
antagonists. Asaresult, theeffectivenessof antagonistswas demonstrated at different
times of application after inoculation of the fungal pathogens. The results seem to
indicatethat, in the context of the sheath blight epidemic process, the antagonistsare
moreeffectivein reducinginoculum efficiency for secondary spread than in reducing
sheath blight severity after the pathogen hasestablished in the plant tissues. The data
also suggest that the value of antagonist application in sustainable sheath blight man-
agement may lie more in its potential to reduce disease foci instead of achieving an
immediateeffect with a one-time application of the antagonist to control the disease
in a single crop season. Hence, the application of an antagonist for disease control
should take into account the epidemic parametersof the target disease and for along-
term instead of short-term effect as shown with most fungicides (T.W. Mew, unpub-
lished data). Therefore, the antagonist should not be treated like a fungicide.
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Rice ecosystems are rich in microbial resources. Some of the microbescould be
captured for disease management as well as crop management. However, the popul a-
tion of total bacteria and antagonistic bacteriain the irrigated rice ecosystems was
affected by crop management practices. Vaidamycin, a common fungicide used to
control sheath blight of rice, reduced the total population of bacteria as well as the
antagonistssignificantly (Table5). Some of the antagonistsalso influenced the popu-
lation of other bacteriain the system. For instance, Bacillus subtilis strain B-916 also
reduced the total bacterial and antagonistic bacteria population on the rice plants,
whereas Pseudomonas resinovorans strain P9918 apparently had no effect on these
bacteria

Thefunction of antagonistsapplied into the canopy or through seed bacterization
eventually established in the canopy exposes the target site to antagonist sprays, thus
alowing a higher probability of lesion-antagonist contact. In direct-seeded rice, the
dense leaves could trap more of the applied antagonists, thus making antagonist-le-
sion contact less possible. Introduced antagonists could thus reduce inoculum effi-
ciency for secondary spread of infection from plant to plant or leaf to leaf. Therefore,
thefunction of antagonistsisto restrict focal point expansion in the processof sheath
blight development (Savary et d 1995). As most of the antagonists, except those
endophytes under the present study, are al saprophytes by nature, they would un-
likely function to reduce sheath blight severity measured by lesion length or relative
lesion height once R. solani invades the plant tissues. The potential of antagonists
thus seems to be related to limiting disease spread.

Pathogen inoculum and antagonist density

All antagonist strains reduced sheath blight severity significantly compared with the
check, but a dight difference in their biocontrol activity was detectable. Evidently,

Table 5. Effects of fungicide and antagonist application on total bacteria and antagonistic
bacteria.”

Measurement Treatment | I 1] Mean SE

Total bacteria Validamycin 0.8479 1.0342 1.0021 0.9614c¢ 0.0575

(10*cfug?) B-916 1.8562 2.3153 2.1058 2.0924b 0.1327
P9918 2.8561 2.5647 2.6231 2.6813a 0.0890

Check 2.2511 3.0127 2.6056 2.6231a 0.2200

Antagonist Validamycin 0.1536 0.2341 0.0895 0.1591b 0.0418
bacteria B-916 0.2274 0.2138 0.2804  0.2405b 0.0203
(10%°cfug?) P9918 0.3951 0.5012 0.4749 0.5571a 0.0319
Check 0.4467 0.5128 0.4280 0.5625a 0.0257

Number of Validamycin 3 3 2 2.6667c 0.3333
antagonist B-916 4 3 6 4,3333bc 0.8819
morphotypes P9918 5 7 6 6.0000 ab 0.5773
Check 8 6 6 6.6667 a 0.6667

'Data were collected from greenhouse experiment. Pigment production medium was used for plating
bacteria and potato dextrose agar was used for inhibition test. Numbers followed by the same letter
were not significantly different based on the Student multiple range test (SMRT) at 5%.
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the larger the inoculum size of the pathogen, the less effective are the antagonists
applied at manageabledensity to the crop (Table6). Disease severity decreased with
an increasein antagonist density. Analysisof variancewith the !esion areadata dem-
onstrated very significant differencesin disease severity between density of the an-
tagonists (P<0.001) and the inoculum of the pathogen. For all three antagonists,
applications with lower densities (10°-10°cfu mL™) did not influence lesion area
significantly and produced almost no control of disease development compared with
the check (P>0.05). When rice |eaves were sprayed with 10° cfu mL? of B-916, le-
sion areadeclined markedly (P<0.05) and so disease severity (area under the disease
progresscurve, AUDPC) decreased by 30.4%. The other three densities (10”-10° cfu
mL-1) significantly lowered disease lesion areaand the AUDPCs decreased by 52.5-
77.3% compared with the check; however, analysisfailed to show constant signifi-
cant differences among the three densities of antagonists (Table 7).

Theapplicationtimeof theantagonistisequally important for achieving biocontrol
of rice disease. Four antagonistic strains of different species (Bacillussubtilis strain
B-916. Pseudomonas fluorescens strain 7-14, P. resinovorans strain 9409, and P.
malculicola strain 10353) were tested for sheath blight control. Each antagonist was
sprayed 2, 1, and O d beforeand 1 and 2 d after inoculation and one treatment was
sprayed when lesions were visible on the leaves. Different antagonists and time of
antagonist application resulted in greater and different effects on sheath blight con-
trol. With B-916 and 94009, the control was most effective when sprayed 1 d after
inoculationand lesseffectivein other treatments. For 7- 14, spraying 1 d beforeinocu-
lation was the most effective, but no significant control was observed in the D-2 and
D+L treatments. Strain 10353 had the best control effect when sprayed immediately
following inoculation, but was less effective in other treatments. The linear function
was the best (P<0.05) for simulating the temporal dynamicsof sheath blight devel op-
ment with the most effective time application. This indicated that antagonists could
control sheath blight by atering the disease development pattern when they were
applied a theright time (Table8).

Discussion

The lowland rice ecosystem represents an environment rich in plant-associated mi-
croorganisms. Microbial communities varied significantly among crop species and
agroecosystems.Maclnoy and Kloepper (1995) obtained 34 generaof bacteriain 1,029
isolatesfrom the roots and stems of cotton and sweet corn, and they postulated that
thesetwo crops might have more diversecommunitiesthan other plants. Germidaand
Theoret (1997) found that the rhizoplane communities of canola and wheat grown at
the same site differed significantly. In our study, we found that the differences in
bacterial and antagonist populationson plant leaves were highly significant among
rice varieties. The numbers of bacteriaand antagonistsrecoveredfrom IR40and IR72
were about 2.5 times those from PBSRc-52 plants. This result indicatesthat bacterial
and antagonist popul ationsand diversity are associated with crop genotypes.
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Table 6. Effect of sclerotium size of R. solani on rice sheath blight development.®

Sclerotium Mean lesion area (cm?) recorded at day after inoculation
BCA size (mm)
3 4 5 6 7 8 9 AUDPC
B-916 2t5 0.0829a 0.2108a 0.7046 a 1.2930a 2.203a 3.287a 4.242a 9.861
2.0 0.0229b 0.0771b 0.2838b 0.7180b 1.473b 2.298b 3.160b 6.441
1.5 0.0133c¢c 0.0571b 04775 0.4570c¢ 0.967 ¢ 1.596¢ 2.216¢ 4.369
1.0 0.0028c¢ 0.0104c¢ 0.0838d 0.1680d 0.496d 0.882d 1.373d 2.328
7-14 2.5 0.1533a 0.3846a 0.7854 a 1.579a 2.200a 3.564a 4.371a 10.770
2.0 0.0621b 0.2192b 0.4642b 0.772b 1.281b 2.275b 3.163b 6.624
1.5 0.0475b 0.1342¢ 0.2829¢ 0.520¢ 0.883¢ 1512 ¢ 2.075c¢ 4.393
1.0 0.0096¢ 0.0588d 0.1367d 0.277d 0.486d 0.845d 1.285d 2.383
9409 2.5 0.1350a 0.2704 a 0.6583a 1.307 a 2.087a 2.833a 3.493a 8.970
2.0 0.0563b 0.1263b 0.3625b 0.811b 1.341b 1.789b 2.272b 5.544
1.5 0.0350¢ 0.0888c¢ 0.2533¢c 0.471c 0.858¢ 1.286¢ 1.654c¢ 3.802
1.0 0.0058d 0.0330d 0.0800d 0.238d 0.458d 0.814d 1.2124d 2.232
Check 2.5 0.1956 a 0.3467 a 1.2080a 2.360a 3.664 a 4.854a 5.356 a 15.210
2.0 0.0878b 0.2378b 0.4911b 1.560b 1.991b 2.727b 3.586b 8.844
15 0.0711c 0.1444c 0.3233c¢c 0.820c¢ 1.374c 1.803¢ 221G 75213
1.0 0.0089d 0.0700d 0.1956d 0.500d 0.993d 1.510d 1.806d 5.079

2Each number of disease lesion area is a pooled mean of the eight antagonist density treatments. Means followed by the same letter within the same column are
not significantly different (P<0.05) based on Duncan's multiple range test. AUDPC = area under the disease progress curve.
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Table 7. Effect of application density of antagonists on sheath blight development.?

Lesionarea (mm?) recorded at different day after inoculation

BCA cfumL! - -
3 4 5 6 7 8 9 AUDPC
Check 0.1325a 0.1575a 0.4800 a 0.9118a 2.1375a 2.7468a 3.6293a 8.3145
10° 0.0775a 0.1658a 0.4468a 0.9608 a 1.7768a 2.5168a 3.3693a 7.5904
10* 0.1175a 0.1383a 0.4658a 0.8008 a 1.8683a 2.5150a 3.3968a 7.5454
10° 0.0850a 0.1558a 0.4925a 0.8533ab 1.7175a 2.4568a 3.0458b 7.2413
B-916 10¢ 0.0475b 0.0675b 0.3133b 0.7558b 1.0318b 2.0718b 2.7808b 6.1544
10’ 0.0025¢ 0.0225¢ 0.1293c¢ 0.5725b 0.8168b 1.5143c¢ 2.2883¢c 4.2008
108 Oc Oc 0.0508¢ 0.2633¢ 0.5418¢ 1.5075¢ 1.8500cd 3.2885
10° Oc 0.0033c¢ 0.0433c¢ 0.1575¢ 0.3993¢ 0.6468d 1.5200d 2.0102
10® 0.0868 ab 0.2693 ab 0.5910a 1.0975a 1.5143a 2.2008a 2.9508 a 7.1918
10* 0.1018a 0.3318a 0.5868a 1.0693a 1.4258a 2.4443a 2.9408a 7.3793
10° 0.0950a 0.2533b 0.5108 ab 0.9333ab 1.3668 ab 2.5275a 3.1543a 7.2163
7-14 10¢ 0.0700 ab 0.2008b 0.3988b 0.6768b 1.1608 bc 1.8200b 2.7378b 6.1621
107 0.0408b 0.1033¢ 0.2050¢ 0.4383c 0.8543¢ 1.5918bc 2.1150¢ 4.1705
108 0.0325b 0.1075¢ 0.2493c¢c 0.4893bc 0.9683¢ 1.8950b 2.6250b 5.0382
10° 0.0125b 0.0775¢ 0.1708¢ 0.3983¢ 0.7343c¢c 1.3708¢ 2.0057¢ 3.7608
103 0.07504a 0.1750a 0.5183a 1.1208a 1.6083a 2.5150a 2.9918a 7.4721
10t 0.1175a 0.2258a 0.5543a 1.0193a 1.7500a 2.0351a 2.8250a 7.0558
10° 0.0850a 0.1983a 0.4853a 0.8058b 1.5283a 1.7825b 2.5615b 6.1235
9409 108 0.0475b 0.1000b 0.1732b 0.4333b 0.7616Db 1.0175¢ 1.5200¢ 3.2694
107 0.0025¢ 0.0535b 0.1350b 0.3225¢ 0.7025b 0.9825¢ 1.3150¢ 2.8548
108 Oc 0.0450b 0.1465b 0.2293¢ 0.4983¢ 0.9375¢ 1.5093¢ 2.6113
10° Oc 0.0308b 0.1025b 0.2450¢ 0.4793¢ 0.9358¢ 1.3900¢ 2.4884

aEach number of disease lesion area is a pooled mean of the four R. solani density treatments. Means followed by the same letters are not significantly dif ferent
{P<0.05) based on Duncan’s multiple range test compared with the check treatment. AUDPC = area under the disease progress curve.
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Table 8. Simulation models of lesion expansion dynamics obtained for treatments with different antagonists at the most effective time.?

BCA Treatment Function Simulated model R? S, Significance
B-916 D+1 Linear x =-0.1332 + 0.0544 t 0.9169 0.0299 P<0.01
Logistic logit (x) = 5.0431 - 0.5923 t 0.8826 0.3944 P<0.05
Gompertz gompit (x) = 1.8992 - 0.2312 t 0.8984 0.1428 P<0.05
9409 D+1 Linear x =-0.1588 + 0.0626 t 0.9745 0.0185 P<0.001
Logistic logit (x) = 5.0540 - 0.6874 t 0.8783 0.4673 P<0.05
Gompertz gompit (x) = 2.0281 - 0.2677 t 0.9304 0.1250 P<0.01
7-14 D-1 Linear x =-0.2893 + 0.1046 t 0.9347 0.0505 P<0.001
Logistic logit (x) = 8.0637 - 0.9574 t 0.8367 0.7724 P<0.05
Gompertz gompit (x) = 2.4735 - 0.3969 t 0.9003 0.2410 P<0.05
10353 D-0 Linear x =-0.0972 + 0.0487 t 0.9653 0.0170 P<0.001
Logistic logit (x) = 4.3692 - 0.4872 t 0.8749 0.3365 P<0.05
Gompertz gompit (x) = 1.6782 -~ 0.1966 t 0.9025 0.1054 P<0.05
CK Linear x =-0.2606 + 0.1251 t 0.8942 0.0792 P<0.05
Logistic logit (x) = 4.3300 - 0.7205 t 0.9694 0.2336 P<0.01
Gompertz gompit (x) = 2.0963 - 0.4134 t 0.9733 0.1250 P<0.001

°x in the models refers to sheath blight severity (%) at time t, logit (x) = in [(1 - x)/x]. gomit (x) = In/In(x). Level of significance of r: P34 45 = 0.878. P34, = 0.959.



Within a cropping system, the pathogen should be more closely related to its
antagonists than to other microbes coexisting in the ecosystem. Chen et al (1999)
reported that many more bacterial antagonistsagainst rice sheath blight could be iso-
lated from sclerotiaof the pathogen and the diseased tissue than from the other tissues
of rice plants. Mew et d (1993) described similar results. In our study, the popula-
tionsof total bacteriaand antagonistson plant tissues with sheath blight lesions were
about 6 to 10 those on healthy sheath tissuesand there were significantly moreantago-
nist morphotypes on the diseased tissues. These resultsindicate that the sheath blight
pathogen could be very closely correlated with its antagonistsin their rice habitats.

There was a significant difference between the populations of epiphytic and en-
dophytic bacteria/antagonists. The endophytic bacterial antagonist popul ationswere
only about 5% of the epiphytic populations. Taxonomicidentification of the bacterial
isolates was not performed in our project but initial distinction of the antagonists
based on morphological characters of the colonies on pigment production medium
(PPM) plates and dlants was similar. The study of Germida and Theoret (1997) on
canola revealed that the interior bacterial populations were a subset of the exterior
community. However, more information on accurate identificationsof theisolatesis
obviously needed to establish the relationship.

Thetransect analysisshowed that both neutral bacteriaand pathogen antagonists
were present on rice plantsand weeds and in the paddy soil. Significant differences
existed in total bacterial populationsand the antagonists among rice, grass, and soil,
and also among sampling sites along the transect. Overeas and Torsvik (1998) com-
pared the microbial diversity and community in two different agricultural soils and
elucidated significant differences in both total and culturable bacterial populations
between the organic and sandy soil. Germidaand Theoret (1997), however, failed to
show any differencein bacterial diversity among canola samplesfrom different sam-
pling sites. With our study, therefore, the difference in total bacteria/antagonistson
rice crops might have resulted from variationsin rice varieties or growth stages; the
differencein weeds was probably morerelated to different weed species. The antago-
nist populationsin the paddy soilsfrom different sites were also significantly differ-
ent and this was probably correlated with the soil fertility and rice varieties a these
sites.

The functions of bacteria can be described in various ways according to their
relationships with different organisms coexisting in the same niche. In our study,
threefunctional groups were described with special referenceto their relation to the
sheath blight pathogen. In crop disease biocontrol, most effort hasfocused on antago-
nistswith inhibition to the target pathogen, thosethat are highly competitive with the
pathogen due to fast growth rate. As a result, research has neglected strong competi-
tion for nutrient and space. Theliterature has no information concerning bacteriawith
a pathogen growth-promoting effect. Pathogen-promoting bacteria might be related
to thefast buildup of disease inoculumand thus contribute to the synergistic devel op-
ment of disease epidemicson field crop plants.

Effects of antagonists on the pathogen and plant growth through sclerotia and
seed germination suggested that antagoni stic bacteriaassociated with the rice ecosys-
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tem were rather diverse on the pathogen and on rice plants. Four major categoriescan
be distinguished. Many isolatesof thefirst type wereless effectivein inhibiting scle-
rotium germination or the subsequent mycelial growth of the pathogen, and of no
influence on rice seed germination and seedling development. Normally, these iso-
lates should be excluded from thelist of antagonistic isolatesto be further examined.
The second group had someisolatesthat were very effectivein suppressing the patho-
gen but wereal so del eteriousto rice plant development. Similarly, thistypeof isolate
would not be considered for further selection tests. The third type of isolate was able
to promote plant seedling growth but was wesk in suppressing the pathogen. The
fourth group, the rest of the isolates, could suppress pathogen development very ef-
fectively and slow promotion of or have no effect on seed germination and seedling
growth. This fourth group of antagonists could be the ideal candidatesfor field tests
and application in a screening program for sheath blight management.

Pesticides used in crop production affected thetotal aswell asantagonistic bacte-
rial population. On wheat and barley crops, mancozeb reduced nontarget fungal popu-
lations significantly and prevented recolonization by some of these fungi for more
than 24 d after spraying, but triademefon had only a minor effect on the fungal com-
munity (Southwell et d 1999). Some sheath blight management strategies were also
examined for their effects on bacterial and antagonist populationsin our study. Our
results showed that the validamycin fungicide reduced the populationsof both bacte-
ria and antagonists on rice plantssignificantly. When the two biocontrol agents were
sprayed, Bacillus subtilis strain B-916also reduced bacterial and antagonist popula-
tions markedly on rice plants, but Pseudomonas resinovorans strain P9918 had no
apparent effect. We might hypothesize here that the differencesin populationsof bac-
teriaand antagonists among the four rice varieties, described and discussed earlier in
thischapter, could be correlated with disease resistance and someother traitsof these
varieties. The effect of management strategies on microbial and antagonist popula-
tions and diversity would be an important issue in sustainable crop disease manage-
ment. The results discussed here could have some implications in this respect, but
more detailed investigations are necessary to further address the relationships be-
tween microbial/antagonist diversity and disease management.
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Varietal diversification
and disease management

C. Mundt

One of several strategies to extend the longevity of host-plant resistance is
to grow mixtures of plants that possess different race-specific resistance
genes. After many years of discussion, the diversity approachis beginningto
be applied in commercial agriculture. The efficacy of mixtures for disease
control is affected by spatial scale, with mixtures performing better in com-
mercial production than in small-scale experimental plots. Limited field ob-
servations have not detected rapid selection for pathogenraces with multiple
virulence genes in host mixtures, though mixtures should be managed to
avoid such an occurrence. Identification of useful variety combinations with
functional diversity requires knowledge of both host and pathogen popula-
tions, as well as significant field testing. Diversityof crops, diversity of people,
and diversity of lighthouse approaches are all needed, at different spatial
scales, to contribute to the sustainability of disease management through
host diversity.

The useof host-plant resistanceis one of the most desirable disease control methods,
asitisof low cost to crop producersand very sound environmentaly. Unfortunately,
the single-generesistancesthat can be manipulated most easily in breeding programs
are often specificto particular racesof a pathogen and, therefore, the use of resistance
in pure stands can sometimes result in rapid selection for new, virulent races of the
pathogen, nullifying the effectivenessof the resistance (Browning et al 1969, Wolfe
and Schwarzbach 1978, Kiyosawa 1989, Bonman et al 1992). Thissometimesephem-
erd nature of disease resistanceis especially serious given that many years are re-
quired to produce a new variety of a crop, and that a limited supply of resistance
genesis availablefor usein agriculture.

One of several strategies to extend the longevity of host-plant resistanceis to
grow mixturesof plantsthat possessdifferent race-specificresistancegenes (Brown-
ing and Frey 1969, Mundt and Browning 1985, Wolfe 1985). Multiline varieties
(mixturesof linesbred to be phenotypically uniform for important agronomic traits)
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and variety mixtures (mixtures of cultivated varieties with no attempt to breed for
phenotypic uniformity) have been shown to reduce disease, increase yields, and im-
prove yield stability (Browning and Frey 1969, Mundt and Browning 1985, Wolfe
1985). Most mixtureresearch has been with biotrophic pathogensthat cause polycy-
clic, foliar diseases of smal grains (Browning and Frey 1969, Mundt and Browning
1985, Wolfe 1985). However, more recent data (summarized in Garrett and Mundt
1999) suggest that mixturescan sometimes be useful with larger plants such as pota-
toes and trees, against nonspecific pathogens, and even for monocyclic, soilborne
pathogens.

Several mechanisms have been postulated to explain the reduction in severity of
disease caused by polycyclic, foliar pathogensin host mixtures (Wolfe 1985, Garrett
and Mundt 1999). There seems to be agreement, however, that increased distance
between plants of the same genotype, which dilutes pathogen inoculum during dis-
persal,islikely the most important mechanism (Wolfe 1985). L eonard (1969) derived
equations to predict ratesof pathogen increase in mixtures as compared with mono-
cultures in simple model systems consisting of a single pathogen genotype and two
host genotypes, with one host being susceptible and the other being resistant to that
pathogen genotype. He concluded that the apparent infectionrate will be proportional
to thelogarithm of the proportionof susceptible plantsin amixture, and thisrelation-
ship has been confirmedexperimentally for several polycyclic,foliar diseasesof small
grains (Leonard 1969, Burdon and Chilvers 1977, Luthraand Rao 1979ab, Elliot et
a 1980, Koizumi and Kato 1987). In commercial agriculture, host and pathogen popu-
lations will usually be more complex, but such simple mixtures providean excellent
moded for testing whether host diversity affects epidemic development for a given
host/pathogen system (Garrett and Mundt 1999). Other mechanisms could play an
important role, such as induced resistance (Chin and Wolfe 1984b, Calonnec et a
1996) or changes in microenvironment (Zhu et a 2000).

After many yearsof discussion, the diversity approachis beginning to be applied
in commercial agriculture. Multiline varietieshave been used to control rust diseases
of coffee(Ruizand Zapata 1990),0ats (Browningand Frey 1981),and wheat (Borlaug
1981, Allan et d 1983). Currently, more emphasisis being given to the use of variety
mixtures(Wolfe1985). A pproximately 300,000 haof barley (Hordeumwvulgare) vari-
ety mixtures were grown in the former East Germany to control powdery mildew
(caused by Erysiphe graminis) (Wolfe 1992). Wheat variety mixtures are gaining
popularity in the Pacific Northwest of the United States, for several reasons, and are
increasing in popularity each year (Mundt 1994). In fall 1998, 10% of the soft white
winter wheat areaof Oregon was sown to variety mixtures, for atotal of 32,000 ha of
mixtures (Korn 1998). In the state of Washington, 12.7% of the soft white winter
wheat area was sown to variety mixturesin fall 1998, for a tota of 96,000 ha of
mixtures. In addition, 62,000 ha of club wheat were sown to the multiline variety
Rely, which represents 76% of the Washington club wheat area (http://
www.nass.usda.gov/walannual 98/wheat98.htm). More recently, wheat variety mix-
tures have been investigated in Kansas, with very positive grower reaction (Kessler
1997). In the 1998-99 winter wheat season, 6.1% of the Kansaswhesat crop was sown
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to variety mixtures, for atotal of 227,000 ha (Bill Bockus, Kansas State University,
persona communication). Variety and species mixtures are also gaining significant
popularity in several European countries (Wolfe 1997).

Mixtures and spatial scale of deployment

Theefficacy of mixturesfor disease control isaffected by spatial scale, with mixtures
performing better in commercia production than in small-scale experimental plots
(Wolfe 1985). For example, the proportion of the barley areasown to variety mixtures
in the former East Germany gradually increased from 0 in 1980 to 92% by 1990.
Correspondingly, mildew severity gradually declined from 50% in 1980 to 10% in
1990 (Wolfe1992). Similar, but lessextensive, observationshave been madefor whesat
stripe rust in Oregon, USA (Mundt 1994). More recently, rice (Oryzasativa) variety
mixtures weretested experimentally on 812 and 3,342 hain Y unnan Province, China,
in 1998 and 1999, respectively. Mixtures reduced the severity of blast (caused by
Magnaporthe grisea) on susceptible sticky rice varieties by an impressive 94%
compared with monocultures of the same varieties, and increased crop productivity
substantialy (Zhu et a 2000).

The discrepancy between mixture performance in experimental plots versus
commercia production has severa explanations. Firgt, mixturesseem to be much more
sengtiveto theeffectsof interplot interferencethan are many other types of experimental
treatments (Wolfe 1985, Mundt 1994, Garrett and Mundt 1999). Second, artificia in-
oculationat unnaturally high levelscan reduce mixture performance(Wolfe1985, Garrett
and Mundt 1999). Third, as discussed below, mixture performanceat larger spatial scales
may improve relativeto monoculturesfor pathogensthat are dispersed in turbulent air.

Minogueand Fry (1983) and van den Bosch et al (1988a) devel oped mathemati-
cal theories of epidemic spread, which, due to assumptions and model construction,
always predict a constant velocity (v, md?) of epidemic increasein time and space,
that is, v= r/b, where r is the temporal rate of disease increase and b is a measure of
the steepness of the pathogen's dispersal gradient in space. This theory would imply
that differencesin rate of epidemic velocity between variety mixturesand monocul-
tures would be constant with time and distance. Through consideration of previous
theoretical models (van den Bosch 1988a,b)and field studies with wheat stripe rust,
van den Bosch et d (1990) concluded that, “In an ideal mixture of susceptible and
resistant plants, theradia velocity of focusexpansion increaseslinearly with theloga-
rithm of the proportion of susceptible plants.” Thislogarithmic relationship was con-
firmed in a subsequent study with bean rust, caused by Uromyces appendiculatus
(Assefaet a 1995). What is not clear from the work of van den Bosch et a (1990) and
Assefaet a (1995), however, is whether velocities were constant with distance from
the source. This in fact, would be very difficult to determine for these two mixture
studies, as the plot sizes used allowed epidemic development to be followed for a
maximum of only 1.65 m (van den Bosch et a 1990) and 2 m (Assefaet d 1995).
Further, several experimental artifacts can cause one to incorrectly conclude that epi-
demic velocity is linear with time and distance (Mundt, unpublished).
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In contrast, Ferrandino (1993) presented an analysis that questions the assump-
tion of a constant velocity of epidemic increase. He noted that a traveling wave
of constant velocity should be expected only if the tail of the dispersal distribution
follows an exponential function. Because of the physicsof turbulent air movement,
an exponential functionisexpected only if thereisinsignificant dispersal of inoculum
out of thecanopy in thevertical direction (Aylor 1987, Ferrandino 1993),which would

resultin aconstant rateof reductionin sporedeposit per unit of distance, that is, dy/dx
=—b, where y= inoculum concentration, x is distance from the source of inoculum,

and b is the steepness of the gradient. However, if spores do escape the canopy, the

probability of doing so will increase with distancefrom the point of production(Aylor
1987, Ferrandino 1993). This would then result in a dispersal gradient that is steep
near the source and becomesincreasingly flattened with distance, asis the case with
the “power law,” that is, dy/dx =—b/x, and an epidemic velocity that increasesin time
and space, that is, v=rx/b. A “first principles’ model of spore dispersa applied to

data sets from six different rust epidemics on three different crops indicated that the
velocities of epidemics were predicted to increase with distance from the initial

inoculum source (Ferrandino 1983). This would suggest that the rate of epidemic
velocity between mixturesand monocultureswould be greater at alargespatial scale
than at asmall spatial scale (Mundt, unpublished).

Theory suggeststhat variety mixturesbecomelesseffectivefor disease control as
plantsof the same variety become more aggregated (Mundt and Leonard 1986),such
as random mixturesof plants versus row mixtures versus interfield diversification.
However, this also depends on the degree of aggregation of the pathogen population,
with less effect of aggregation for focal patternsthan for uniform patternsof initial
inoculum (Mundt and Leonard 1986, Mundt et d 1986). Further, even for uniform
patterns of inoculum and high host aggregation, diversification may increase with
total sizeof the host population under consideration (Mundt and Brophy 1988, Mundt
et d 1996).

Mixtures and pathogen evolution

A concern with the use of mixturesis that they may select for complex races able to
overcome multiple host-resistance genes. Limited field observationshave not detected
rapid selection for complex racesin mixed populations(Segal et d 1980, Mundt and
Browning 1985, Wolfe 1985). Unfortunately, neither mathematical (Leonard and
Czochor 1980, Marshall 1989, Lannou and Mundt 1996, 1997) nor empirical (Chin
and Wolfe 19844, DiLeone and Mundt 1994, Huang et d 1994, Kolmer 1995) ap-
proacheshave provided adefinitiveanswer to thisquestion. Most model sof pathogen
complexity have assumed that there will be acost of virulenceto counter directional
selection toward increased pathogen complexity (e.g., Marshall 1989), though the
consistent presenceof such acost isdoubtful for agricultural systems(Parlevliet 1979).
Other mechanismsof selection against pathogen complexity may beoperative (Mundt
and Browning 1985, Chin and Wolfe 1984a,Lannou and Mundt 1996, 1997),though
their importanceis not yet clear. Regardless of the mechanismsinvolved in influenc-
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ing selection for pathogen complexity in mixtures, variety mixtures should be man-
aged to prevent or slow the evolution of such complexity (Wolfe 1985).

Implementation considerations

Varietiesgrown in mixtures must becompatiblein height, duration, and quality. There
are many potential ways to ensure such compatibility (Wolfe 1985, Mundt 1994, Zhu
et al 2000), depending on the specific farming situation. For example, rows
of glutinous and nonglutinous rice could be alternated in Yunnan Province, China,
because the crop is hand-harvested (Zhu et d 2000). For mechanized production of
wheat and barley, varieties with similar agronomic and quality characteristics have
successfully been mixed and harvested together (Wolfe1985, Mundt 1994). Thequality
of mixed grain can be maintained in mixtures, even for demanding markets such as
the malt industry (Wolfe 1985).

Effort isrequired to implementasuccessful varietal diversification program. Iden-
tification of useful variety combinations with functional diversity (Schmidt 1978,
Mundt and Browning 1985) requires knowledge of both the host and pathogen popu-
lations, as well as significant field testing. Implementation of varietal diversity will
benefit from a balance of basic and applied research; understanding the underlying
mechanisms by which variety mixturesfunction will increase the chances of identify-
ing favorable variety combinations, whereasapplied research will provideopportuni-
ties to identify further basic research questions. Successful mixtures must not only
control disease but also provide high yieldsand favorable crop quality. Thus, interac-
tion of pathologists, breeders, and agronomistsis critical. The importance of involv-
ing farmers and extension personnel is crucial to ensure that a practical approach is
chosen, and this cannot be overemphasized.

The “lighthouse” concept has been a key factor in the Asian Devel opment Bank-
funded project on“Exploiting Biodiversity for Sustainable Pest Management.”
It isimportant to note that the lighthouse concept, like the concept of diversification
itself, appliesat different spatial scales. Ultimately, implementation requires farmer-
to-farmer transfer of knowledge, and early adopters of diversity providealighthouse
for neighboringfarmers. At the other extreme, reporting of theimpactsof diversity in
theinternational scientific literature providesthe potential to transfer concepts across
continents and cropping systems. Lighthouse activities at intermediate scales are
relevant to knowledge transfer regionally and nationally. Diversity of crops, diversity
of people, and diversity of lighthouse approaches are al needed, at different spatial
scales, to contribute to the sustainability of crop production.
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Rice blast control
withmultilinesin Japan

S. Koizumi

The current situation of rice blast control with multilines and its studies in
Japan are summarized for durable and effective control of the disease. From
15 different recurrent rice cultivars, near-isogenic lines with different genes
with complete resistance to blast have been developed or are being devel-
oped to control the disease in Japan. One group of these, the Sasanishiki
multilines, has been registered and cultivated in northern Japan. Mecha-
nisms of blast reduction in multilines are also discussed. A reduction in
susceptible plants, the barrier effect of resistant plants, and induced resis-
tance are considered to contribute to blast reduction in multilines and culti-
var mixtures. The effectiveness of the Sasanishiki multilines for blast control
and the changesin blast races in them were investigated. Results indicated
that an increase in the number of components and proportion of resistant
components is necessary for effective blast control with multilines. Since
available genes with complete resistance to blast are limited in Japan,
multilines with high levels of partial resistance are required.

Becauseof conduciveenvironmental conditionsduring the rice-growing season, blast
caused by Pyricularia grisea (telemorph Magnaporthegrisea) (Rossman et a 1990)
is the most destructive disease (0.5-5.6% annual yield losses) in Japan (Koizumi
1998).To control thedisease, many rice cultivarswith compl eteresistance have been
developed. However, their resistance has broken down within several years after their
release becauseof theincreasein new blast racesvirulent to theresistance (Kiyosawa
1974, Y amanakaand Y amaguchi 1987). To prevent this breakdown in resistance, the
use of multilines proposed by Jensen (1952) and Borlaug (1959) was suggested, and
areduction in blast development in mixturesaof rice cultivarsand near-isogenic lines
with different complete resistance has been reported (Koizumi 1983, 1994, Shindo
and Horino 1989, Koizumi and Fuji 1994, Koizumi et al 1996, Nakgjimaet al 1996a).
Sasanishiki multilines were the first registered rice multilines to control blast
under the conditionsin Japan and they werereleased in 1995 (Matsunaga 1996). The
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multilines have been effectivefor blast control athough their composition haschanged.
In thischapter, the current situation of blast control with multilinesand its studies in
Japan will be discussed.

Development of multilines

Table 1 shows the near-isogenic lines (NILs) being used to control rice blast with
multilinesin Japan. Among 15 genes with complete resistance to blast identified in
rice cultivars in Japan (Kiyosawa 1997, Hayashi et d 1998), 13genes (Pik-s, Pik-p,
Pik-h, Pia, Pii, Pik, Pik-m, Piz, Piz-t,Pita, Pita-2, Pib, and Pit) were used to develop
NILs to compose multilines (Table 1). Genes with partia resistance to blast are not
yet employed to develop NILssince they have not been completely analyzed.

Sasanishiki multilines, named Sasanishiki BL, were thefirst registered multilines
to control rice blast in Japan (Matsunaga 1996) and they were released in 1995. A
leading rice cultivar, Sasanishiki, was used as the recurrent parent to develop the
multilines. Sasanishiki holds a gene, Pia, with complete resistance to blast, but the
level of partial resistance to the disease is low. Nine NILs were developed from the
recurrent parent Sasanishiki by five to eight backcrosses at the Miyagi Prefectural
FurukawaAgricultural Experimental Station. One (Pik-sline) of the nine NILslacks
genes with complete resistance effective against almost al Japanese strains of rice
blast fungus, and each of theother NILs has adifferent gene with compl ete resistance
(Pii, Pik, Pik-m, Piz, Pita, Pita-2, Pizt, and Pib) to blast in addition to the Pia gene
derived from the recurrent parent, although the Pia genein the Pita-2, Piz-t, and Pib
lineshas not been confirmed yet since we do not have the blast fungus strains to check
it in them. Seven NILs, except for the Pik-sline, are currently registered. Three lines,
Pik, Pik-m, and Piz, of theseven werefirst mixed in a proportionof 4:3:3 and used as
amultilinein 1995, and the mixed proportion was changed to 3:3:4 in 1996. Begin-
ning in 1997, the Piz-t line was added to the three. Now, the Pik, Pik-m, Piz, and Piz-
t linesare mixed in a proportionof 1:1:4:4 and cultivated as a multiline (M atsunaga
1996). The multilines have been effective for blast control and fungicide is applied
only one time for panicle blast control, whereas fungicides are commonly applied
four to five timesto ordinary rice cultivars. The multilines were cultivated on 5,453
hectaresin Miyagi Prefecture of northern Japan in 1997 and their cultivated area is
now about 1,400 ha

NILsof Nipponbareand Toyonishiki are already developed; however, they are

not yet cultivated as multilinesin farmers’ fields, although their mixtureswere proved
to reduce blast devel opment (Shindoand Horino 1989, K oizumi and Fuji 1994). Other
NILs are now being developed and most of their recurrent parents are leading rice
cultivars whose levels of partial resistance to blast are low, although they have the
good eating quality requested by consumers (Table 1).

Mechanisms for reducing rice blast in multilines

A reduction in the number of susceptible plants. the barrier effect of resistant plants,
and induced resistance by incompatible blast races are considered to contribute to
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Table 1. Near-isogenic lines used to control rice blast with multilines in Japan.

Recurrent
parent

Sasanishiki
Hitomebore
Manamusume
Nipponbare
Hokkai 241
Toyonishiki
Koshihikari
Hinohikari
Maihime
Hanaechizen
Etsunan 157
Mineasahi
Chubu 64
Kinuhikari
Akitakomachi

“Near-isogenic lines that are being developed.

Complete
resistance genotype
of recurrent parent

Pia

Pii

Pii
Pik-s/Pia

Pia
Pik-s
Pia, Pii
Pia
Piz
Pia
Pia, Pii
Pii

Pii
Pia, Pii

Resistance genes introduced into NILs

Pik-s, Pii, Pik, Pik-m, Piz, Pizt, Pita. Pita-2, Pib
Pik, Pik-m, Piz, Piz-t, Pib, Pita, Pita-2

Pik. Pik-m, Piz-t, Pib, Pita

Pii, Pik, Piz, Piz-t, Pita-2, Pib

Piz, Pib, Pita-2, Piz-t, Pit

Pii, Pik, Pita, Pita-2, Piz-t

Pia, Pii, Pik, Pik-p, Pik-m, Piz, Piz-t, Pita, Pita-2, Pib
Pik-m, Pita, Pita-2

Pii, Pik-h, Pik-m, Piz, Pita, Pita-2, Piz-t, Pib

Pik, Piz-t, Pita, Pita-2, Pib

Pii, Piz, Piz-t, Pita-2

Pik, Pik-m, Piz. Piz-t, Pib, Pita, Pita-2

Pik, Pik-m, Piz, Piz-t, Pib, Pita, Pita-2

Piz-t, Pib, Piz, Pita-2

Pik, Pik-m. Piz, Piz-t, Pita, Pita-2, Pib, Pit

Breeding place

Miyagi Pref.

Miyagi Pref.

Miyagi Pref.

Natl. Agric. Res. Cent.
Hokkaido Natl. Agric. Exp. Stn.
Tohoku Natl. Agric. Exp. Stn.
Niigata, Toyama, and Fukui Pref.
Miyazaki Pref.

Aomori Pref.

Fukui Pref.

Fukui Pref.

Aichi Pref.

Aichi Pref.

Hokuriku Natl. Agric. Exp. Stn.
Akita Pref.

Year released
(deveioped)

1995

(1984)
(1981)
(1988)



reducing rice blast in multilinesand cultivar mixtures (Koizumi 1983, Nakgjimaet a
1996h). Stabilizing selection of the pathogen population (van der Plank 1963) isalso
supposed to cause areduction in rice blast in multilines. However, it is not yet clear
whether the stabilizing selection operates in multilinesor not.

Reduction in susceptibleplants

I'n multilines, areduction in susceptible plantsdecreases the multiplicationfoci of the
pathogen and reducesdisease devel opment (Chinand Wolfe 1984, Mundt 1994). This
mechanism operates in multilines and cultivar mixturesto control rice blast also.

In mixturesof susceptible rice cultivar Toyonishiki and its resistant NIL, an increase
in the resistant NIL decreased leaf blast severity (Shindo and Horino 1989; Fig. 1).

Moreover, in upland nursery experiments, theequation r, = r + ¢ log, m, proposed by
Leonard (1969), where r,,is the apparent infection rate (r) in mixturesof susceptible
and resistant rice cultivars, r is the single planting of susceptible plants, m is the

proportionof susceptible plantsin the mixtures, and cisaconstant, was applicableto

leaf blast (Fig. 2; Koizumi and Kato 1987, Koizumi 1994).

Barrier effect of resistant plants

In multilinesand cultivar mixtures, resistant plants block sporedispersal of thecausal
fungus among susceptible plants. Figure 3 showsthat theresistant plantsinterrupt the
horizontal spread of leaf blast from the inoculum source in the mixtures of resistant
and susceptible rice cultivars (Koizumi 1994).

The resistant plantsalso obstruct the vertical spread of leaf blast in rice canopies
of the mixturesof resistant and susceptible plants (Fig. 4; Koizumi et d 1999). Since
leaf blast lesionsin the upper layer of rice canopies are important inoculum sources
for panicle blast, the obstruction to the vertical spread of leaf blast reduces panicle
blast severity in multilines (Ashizawaet d 2000).

Leaf blast severity of Toyonishiki

100
W 1987
80 + 01986
A 1985
60 -
40
20
oL & O |
1:0 1:1 1:3 1:7 1:15

Toyonishiki (S):Piz-t line (R)

Fig. 1. Reduction in leaf blast severity in mixtures of rice cv. Toyonishiki (sus-
ceptible) and its near-isogenic Piz-t line (resistant) (Shindo and Horino 1989).
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Fig. 2. Relationship between infection rates of rice leaf blast
and proportion of susceptible plants in mixtures of suscep-
tible and resistant plants in the upland nursery experiment in
1981. Mixtures consisted of rice cultivars Norin 29 or
Nipponbare for susceptible plants and Toride 1 for resistant
plants.
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Fig. 3. Gradients of number of acute-type rice leaf blast lesions per
hill on susceptible plants from the inoculum source in mixtures of
susceptible (S) and resistant (R) plants and pure stands of suscep-
tible plants in the paddy field experiment in 1981. Mixtures con-
sisted of rice cultivars Norin 29 or Nipponbare for susceptible plants
and Fukunishiki for resistant plants. For the inoculum source, dis-
eased rice seedlings were transplanted in the center of each plot.
Disease severity was evaluated on 20 August. Solid symbols repre-
sent the values of Norin 29 and open symbols denote those of
Nipponbare.
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Fig. 4. Vertical distributions of leaf blast lesions within rice cano-
pies in mixture of susceptible rice cultivar Sasanishiki (S) and
its resistant near-isogenic Piz-t line (R) and a pure stand of S in
a paddy field trial in 1998. The number of acute-type lesions that
occurred naturally was recorded on 15 July.

Induced resistance

Preinocul ationwith incompatiblestrains of blast fungus causesinduced resistancein
rice plantsand it reduces the severity of leaf and panicle blast by compatible blast
fungus strains (Iwano 1987, Ashizawaet d 1999). Nakgima et a (1996b) believe
that the induced resistanceoperatesto depressleaf blast in the Sasanishiki multilines
since the disease severity in the multilineswith the inoculum sourcesinocul ated with
compatible and incompatible blast strains was less than that in those having inocu-
lum sources from compatible blast strains (Fig. 5).

The induced resistance works only on the leaves preinocul ated with incompat-
ible strains for leaf blast (lwano 1987), however, and a reduction in panicle blast
occurs when paniclesare preinoculated with a high-concentration spore suspension
of incompatiblestrains (Ashizawaet a 1999).

The presence of diseased plants caused by incompatible strains is necessary in
multilineswhen the induced resistance operatesin them. Japanese farmers expect a
high reduction in rice blast severity for multilines. The contribution of the induced
resistanceto rice blast in multilinesis considered to be lessimportant than that of the
reduction in susceptible plants and the barrier effect of resistant plants.

Effectiveness of multilines for rice blast control

Blast reductionin rice cultivar mixtures and multilines
Mundt (1994) summarized data on blast reduction in rice cultivar mixtures. | fol-
lowed his paper and summarized dataon blast reductionin rice cultivar mixturesand
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Fig. 5. Reduction in leaf blast severity by induced resistance
in Sasanishiki multilines. (Adapted from Nakajima et al
1996b.)

multilines, which were reported in Japan and were not summarized by him (Table2).
AsMundt (1994) did, datafrom ricecultivar mixturesand multilinesof equal propor-
tions of components were only used for the calculation of blast reduction in them.
Mean percentagesof leaf blast reduction and yield increase were similar to those of
his summarization. However, the mean percentageof the reductionin panicleblast of
my summarization wassmaller than that of Mundt’s. Most of thetrialsthat | summa-
rized were conducted using small plots under natural heavy blast epidemics. These
conditions might affect the results.

Large effects of interplot interference on panicle blast development, which re-
quire high levels of inoculum reduction to decrease panicle blast, are supposed to
causelesseffectivenessof cultivar mixturesin controlling panicleblast (Mundt 1994).
In addition to the causes, the following factors may affect the lower effectiveness of
panicle blast control in multilines and cultivar mixtures. Incompatible blast fungus
races can induce panicle blast lesions on resistant rice cultivars and NILs (Table3;
Y amanakaand Y amaguchi 1989, Ohbaet d 1999). It is supposed that levels of auto-
infection are higher for panicle blast than for leaf blast and those of the barrier effect
are lower for panicle blast than for leaf blast (Fig. 6).

Multilineswith 10components (mixturesof equal proportion of Sasanishiki and
its nine NILs) showed more stable and higher effectivenessin controlling blast than
multilines containing 2, 3, and 4 components. In al our mixturetrials from 1993 to
1996 using the Sasanishiki multilines, there were statistically significant negative
correlations (P<0.01) between rough rice yields and percentages of diseased spike-
letswith panicleblast (Koizumi and Tani 1996).
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Table 2. Blast reduction and yield increase relative to mean of component pure stands for rice
cultivar mixtures and multilines in Japan.

Number of Kind Mixing Reduction (%) Yietd
Author(s) components of method® — increase
in mixture components* Leaf Panicle (%)
blast blast
Shindo (1977) 3 Cv Intra 85 86 16.5
3 Cv Intra 72 65 2.8
Tokairin et al (1982) 2 Cv Intra 75 53 -
3 Cv Intra -40 52 -
3 Cv Intra 75 34 -
3 Cv Intra 90 53 -
3 Cv Extra 20 14 -
3 Cv Extra 81 -15 -
3 Cv Extra 93 19 -
Yokoo and Saito (1982) 2 Cv Extra - 13 3.3
2 Cv Extra - 25 155
Nakajima et al (1989) 2 NIL Intra 89 77 -
Ise (1990) 2 NIL Intra - 1.5 12.4
Koizumi and Fuji (1994) 2 NIL Intra 39 15 20.6
2 NIL Intra 50 19 3.4
2 NIL Intra 48 18 9.3
2 NIL Intra 55 24 18.6
2 NIL Intra 67 -3 Blalgk
2 NIL Intra 2 51 4.5
Koizumi et al (1996) 2 NIL Intra 15 -15 20.6
2 NIL Intra 38 36 10.7
2 NIL Intra 11 -23 -2.9
10 NIL Intra 59 46 13.5
2 NIL Intra 63 39 18.5
2 NIL Intra 76 24 14.4
2 NIL Intra 28 4 9.3
4 NIL Intra 28 6 71
Koizumi and Tani (1997)¢ 2 NIL Intra 35 21 28.1
2 NIL Intra -51 -3 -11.4
2 NIL Intra 40 9 13.2
2 NIL Intra 30 21 15.5
4 NIL Intra 33 -44 6.3
10 NIL Intra 63 16 14.1
Hayashi and Tani (1998)c 2 NIL Intra 89 48 2355
2 NIL Intra 58 68 10.4
2 NiL Intra 94 39 2:3
2 NIL Intra 93 27 -4.2
4 NIL Intra - 37 2.0
10 NiL Intra 97 a7 8.8
Hayashi and Tani (1999) 2 NIL Intra 50 -6 -6.7
2 NIL Intra 50 39 2.9
10 NIL Intra 75 53 0.2
Mean 2 48 24 9.7
3 60 39 9.7
4 31 0 591
10 74 41 9.2
Total 52 26 9.2

“Cv = rice cultivars. NIL = near-isogenic lines. %Intra = near-isogenic lines and cultivars mixed within
hills. extra = mixtures composed of genetically uniform hills. ‘Unpublished.
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Table 3. Avirulent races of Pyricularia grisea isolated from panicle blast
lesions of Sasanishiki near-isogenic lines and panicle blast severity on
them in the field trial.

Isolated Diseased
Near-isogenic line avirulent races (%)  spikelets (%)
Fita line (pure stand) 89 55
Piz line (pure stand) 45 12
Pik line mixed with Pii line 13 6
Pi-k line mixed with Sasanishiki 19 5
Diseased leaf area (%) Diseased spikelets (%)
20 100
Leaf blast Panicle blast
Pure stand 80 | .-0
15 - o.. P
e 60 -
10
40
5| ) )
d Single hill 20
0] "’.///:.’—|’. 0 L 1 1 1
15 20 25 30 35 15 20 25 30 35 40
Days from 1 July Days from 1 August

Fig. 6. Blast development in a pure stand of Sasanishiki and on a single hill of Sasanishiki in
pure stands of its resistant near-isogenic lines. A single hill of Sasanishiki was transplanted in
the center of each plot of the pure stands of Sasanishiki and its resistant near-isogenic lines.

Comparing blast control between multilines and fungicide treatment

To compare the effectiveness of multilinesfor rice blast control with that of fungicide
treatment, we also conducted mixture trials under natural heavy blast epidemics.
Sasanishiki and its near-isogenic Piz-t linewere used for the mixturetrials. Sasanishiki
was susceptibleto all of the racesof Pyricularia grisea distributed in our tria fields
and the Piz-t line was resistant (immune) to all of them (Table 4). Sasanishiki was
mixed with the Pizt line in proportions of 1:1 and 1:3and blast severity in the mix-
tures was compared with that in pure stands of Sasanishiki treated and untreated with
fungicides. The mixtures of an equal proportion of Sasanishiki and its nine NILS
(TML, total mixturelines) were also used in these trials (Table 5).

The mixtures of the Piz-t line with Sasanishiki inhibited leaf blast, and leaf blast
severity in the mixturesincluding 50% and 75% Piz-t lines was approximately equal
to that in the fungicide-treated Sasanishiki pure stand. However, panicle blast sever-
ity in the mixture of the 50% Piz-t line was greater than that in the fungicide-treated
pure stand, although the severity in the mixture with the 75% Piz-t line was statisti-
cally equal to that in the chemical-applied pure stand (Table 5). TML also reduced
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Table 4. Near-isogenic lines developed from rice cultivar Sasanishiki
and their reactions to main races of Pyricularia grisea in field trial.

Genotype with Japanese race?’
Near-isogenic line complete
resistance 007 037 077 107

Tohoku 1 (Pik-s line) Pik-s S s S S
Tohoku 2 (Pii line) Pii Pia S S S S
Tohoku 3 (Pik line) Fik Pia R S S R
Tohoku 4 (Pik-m line) Pik-m Pia R S S R
Tohoku 5 (Piz line) Piz Pia R R S R
Tohoku 6 (Pita line) Pita Pia R R R S
Tohoku 7 (Pita-2 line)  Pita-2* R R R R
Tohoku 8 (Piz-t line) Piz-t* R R R R
Tohoku 9 (Pib line) Pib* R R R R
Sasanishiki Pia S S S S

R = resistant, S = susceptible. *Pia unknown.

Table 5. Blast severity (RADPC?) in mixtures of rice cultivar Sasanishiki and its near-isogenic
lines, and in pure stands of Sasanishiki treated and untreated with fungicides.

Sasanishiki:Piz-t line Sasanishiki
Blast Trial TML®
14 1:3 Fungicide- Nontreated
treated®
Leaf 1994 0.6¢ Q.5 4.2
1995-1 L 0.5 0.6 1.7 1 51 s
1995-2 1.5 0.8 0.5 6.9
1996-1 Q.5 0.2 0.3 0.1 1.9
1996-2 1.3 0.7 0.3 6.2
Panicle 1994 152 8.6 51.3
1995-1 34.2 15.5 29.1 16.2 84.2
19952 17.7 12.5 4.0 49.0
1996-1 27.2 129 i7.1 13.0 69.3
1996-2 246 25.6 20.5 81.0

7Relative area under the disease progress curve (Bonman et al 1989). "Mixture of equal proportion of
Sasanishiki and its nine near-isogenic lines. “Probenazole granule (24 g ai 100 m ) was submerged for
leaf blast control and tricyclazole suspension concentrate (x 1,000, 3 g ai 100 m?) was sprayed twice
for panicle blast control, respectively. “Underlined RADPC values in the mixtures are not significantly
different from that in pure stand of Sasanishiki treated with fungicides in each trial.

blast development. Leaf blast severity in TML was equal to that in the fungicide-
treated Sasanishiki pure stand, although panicle blast severity in TML was greater
than that in the chemical-applied pure stand (Table 5). The most predominant Japa-
nese race of rice blast fungus in TML was 007, which can attack three components
(Sasanishiki, and Pik-s and Pii lines) of TML (Table 4).

Theseresultsindicate that NILswith 75% resistance are required in the Sasanishiki
multilines to reduce blast severity to the level of fungicide treatments. The level of
partial resistance to blast in the Sasanishiki multilinesislow. If multilines haveahigh
level of partial resistanceto blast, the percentageof resistant NILsin them may change.
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Fig. 7. Effect of mixing pattern in the Sasanishiki multilines
on panicle blast development. Two components of the mix-
tures were uniformly mixed in equal proportions in UMT and
they were planted in alternate rows in ART. RADPC = relative
area under the disease progress curve; Sasa = Sasanishiki, i
= Pii line, k = Pik line, Z-t = Piz-t line. RADPC = 100 value in
pure stand of Sasanishiki was 167.

Mixing pattern

The effect of mixing pattern of NILs in multilines on rice blast reduction was aso
studied using Sasanishiki and its NILs. In one treatment (ART), two components of
the mixtureswere planted in alternate rows; in another treatment (UMT), two compo-
nents were uniformly mixed in equal proportionswithin hillsand planted. The effec-
tivenessof ART for panicle blast control waslower than that of UMT (Fig. 7), although
differencesin leaf blast reduction between ART and UMT were not clarified.

Change in blast races in multilines

We examined the change in blast racesin the Sasanishiki multilinesand pure stands
of their components from 1993 to 1995 using Japanese differential rice cultivars
(Yamadaet al 1976). The examination was conducted in field trialsusing small plots
under natural heavy blast epidemics.

Figure 8 shows a part of the results. Japanese race 007 was constantly predomi-
nant in the pure stands of Sasanishiki, Pik-s and Pii lines, and TML from 1993 to
1995, although some kinds of isolated races were greater from TML than from the
pure stands of Sasanishiki and Pik-sand Pii lines. Race007 is virulent to Sasanishiki
and Pik-sand Pii lines (Tablebs).

On the other hand, at the second cropping of the mixture of Pii and Pik lines,
blast races 037 and 077, which can attack both of the NILs (Table 5), predominated.
Races 037 and 077 were also predominant in the mixture of equal proportionof Pik,
Pik-m, Piz, and Piz-t linesfrom 1995 to 1996. Race077 has virulenceagainst three of
thefour NILsand race 037 can attack two of them (Tableb). The “super race” capable
of attackingdl componentsof TML was nhot isolated from every examined plot (Fig. 8).
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Fig. 8. Change in Japanese races of Pyricularia grisea isolated from a pure stand of a
near-isogenic line (NIL) of sasanishiki and mixtures of its NILs. Pii/k mixture = mixture
of equal properties of Pii and pik lines; TML= mixture of equal proportion of Sasanishiki
and its nine NILs.

Change in blast races in the Sasanishiki multilines was also followed from 1995
t0 1998infarmers' fieldsof Miyagi Prefecture of northern Japan, where the multilines
were released (Ohbaet d 1999, Tsuji et a 1999). In 1996, two years after the release
of themultilines, blast race077, which can attack all threecomponents of the multilines,
was isolated from panicle blast lesionsin the multilines (Tables 5,and 6). Afterwards,
their composition changed and the Piz-t line was introduced into the multilinesfrom
1997. In 1998, however, blast race 407 with virulenceto the Piz-t linewasisolated in
afield and there were no components with complete resistancein the multilines to all
of the blast races distributed in Miyagi Prefecture (Table 6). Owing to the low distri-
bution rates of blast races virulent to the multilines, unfavorable weather conditions
for blast development, and a fungicide application for panicle blast control, there has
been little damage from blast in the multilines.

Analysis of rice blast reduction in multilines using simulation models

We used DISBL, acomputer model, to simulate thedispersal and deposition of spores
of Pyricularia grisea in and over the rice canopy (Koizumi and Kato 1991) and ana-
lyzed deposition of the spores within a rice canopy of a mixture of Sasanishiki and its
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Table 6. Races of Pyricularia griseaisolated from panicleblastlesions in the Sasanishikimultiline2
cultivatedin farmers' fields.

Isolated Japanese races

No. o
Year places 007 037¢® 047 407 003, 007, 007, 033, 037, 003, 007,
examined 007 013 037 037 047 o007, 037,
037 077
1995 20 4¢ 7 2 1 4 2
1996 23 7 4 1 6 il 3 1
1997 3 2 1
1998 23 18 1 1 1 1 1

“Composition of the Sasanishiki multilines; Pik line:Pik-m line:Piz line = 4:3:3 (1995): Pik line:Pik-m
line:Piz line = 3:3:4 (1996); Pik line:Pik-m line:Piz line:Piz-t line = 1:1:4:4 (1997, 1998). Underlined
races were virulent to a part of the components of the Sasanishiki multilines. ‘Mumber of places where
respective blast races were isolated.

resistant NIL, which were uniformly distributed within hills. The calculated results
suggested that the deposition rate of the spores on the susceptible leaves was higher
than that on the resistant leaves (Koizumi et al 1999).

We are now modifying BLASTL, a systems analytical model for leaf blast epi-
demics (Hashimoto et a 1984), tosimulate leaf blast development in multilines. Simu-
lations with the modified BLASTL may give useffective methods of rice blast control
with multilines.

Conclusions

Our field trials using the Sasanishiki multilinesindicated that an increase in the num-
ber of components and proportion of resistant components is necessary for effective
rice blast control (Koizumi and Fuji 1994, Koizumi and Tani 1996). However, avail-
able genes with complete resistance are limited for rice blast control with multilines
in Japan, although 15 genes with completeresistanceto blast wereidentified (Kiyosawa
1997, Hayashi et a 1998). Multilines with high levels of partia resistance to blast
(especially panicleblast) should be urgently devel oped for effective blast control with
rice multilines for a long period, although it is difficult to combine high levels of
partial resistance to blast and good eating quality, which is a required and important
characteristic in Japanese rice cultivars.
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Current status and prospect
of mixtureplanting for control
of rice blast in Yunnan

Zhu Youyong, Chen Hairu, Fan Jinghua, Wang Yunyue, Li Yan, Chen Jianbing,
Li Zuoshen, Zhou Jinyu, Fan Jin Xiang, Yang Shisheng, Maguang Liang, Hu Lingping,
C.C. Mundt, E Borromeo, Hei Leung, and TW. Mew

Under the project funded by the Asian Development Bank on “Exploiting

Biodiversity for Sustainable Pest Management,” scientists from the Philip-
pines-based International Rice Research Institute (IRRI)and the Yunnan Agri-
cultural University began a farmer participatory project to control blast by
diversifying varieties in farmers’ fields.

Large-scalefield tests for two consecutive years showed that the highly
susceptible glutinous rice varieties (Huangkenuo and Zinuo) suffered less
disease when interplanted with the generally resistant indica hybrid varieties
(Xianyou 63 or Xianyou 22). The field design was a repeating pattern of one
row of glutinous rice interplanted with four or six rows of indica rice. Helped
by a vigorous extension campaign, farmers in Yunnan rapidly adopted the
scheme, with area planted to the mixture now covering 42,500 hectares.
This rapid adoption can be attributed to strong support from technicians and
leaders of counties, relevance to the needs (problems) of farmers in the
area, simplicity and effectiveness of the technology, and improvementin the
yield and income of farmers. Plans are now in place to implement the tech-
nology in other provinces of China, and to widenthe options for varieties that
can be used for diversification.

Y unnan Provinceis located in Southwest China, from 20° to 29° N latitude and from
97° to 196°E longitude. It has an areaof about 383,000 km?. Theelevation is highest
a 2,700 min Lin Lang County and lowest a 76 m in Hekon County. The Yunnan
plateau has many plains. These plainsare the main placesfor agriculture, especialy
for rice production. There are 1,442 plains, most of which are small (about 1 km?);
only 47 plainsare large, each with morethan 100km?.

Blast is the main disease of rice in Yunnan. The wet, cool climate of Yunnan
Provinceishighly favorablefor the development of rice blast epidemics. Throughout
the history of rice cultivation in thisarea, blast outbreaks have caused serious |osses.
Crop losses from blast accounted for 91%, 96.6%, and 98.6% of total disease |osses
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in 1974, 1978, and 1990, respectively.Generally, the average loss per year for a 21-y
period (1971 to 1992) was 57.8% of total disease |osses.

Because of the incorporation of resistance genes, rice blast is no longer a serious
problem for the widely grown hybrid indicarice. However, it remainsa serious prob-
lem for glutinous rice (32% losses), japonica rice (5-12% losses), and upland rice
(losses could reach 100%). Farmers growing susceptible varieties use fungicide to
control blast, making as many as 3-8 spray applications per season.

It is now widely recognized that increasing the intraspecific genetic diversity
of crop populations providesan ecological approach for suppression of epidemics.
Deployment of multilinesor mixturesof varieties has been successfully used to man-
age seriousdiseasesof some cereals such asstripe rust of wheat and powdery mildew
of barley on a commercial scale. Based on this knowledge, and drawing from the
experiencesof our own farmers, we experimented with a diversification approach to
control rice blast. In this chapter, we will describe the resultsof mixture experiments,
the current status of mixture planting by farmers, and the prospectsfor mixture plant-
ing in other provincesof China.

Beginning and early results of diversification project

Under the project funded by the Asian Development Bank on “ Exploiting Biodiversity
for Sustainable Pest Management,” a collaborative project was established between
the Yunnan Agricultural University and IRRI to explore diversification strategies for
controlling rice blast.

When we started this project in 1997, severa diversification approaches were
considered, including seed mixturesand plantingdifferent varietiesin adjacent fields.
Farmers, however, did not like the idea of seed mixtures. We eventually set up an
interfield diversification experiment in Bao Xiu, Shiping County. which was similar
to that donein 1980-84.Each farmer’s field of about 0.067 ha was considered as one
plot. Wetook 35 rows of adjacent plotsand planted a different variety in each plot.
The resultswere not very good. Disease was severe in plots where susceptible variet-
ies were planted.

At about the same time, a similar experiment was conducted in Zhang Gui Zhai,
aso in Shiping County; however, the farmers modified the design. Drawing on their
own experience, diversification wasdone within their fields. Rowsof the susceptible
glutinous variety were planted between every four rows of the relatively resistant
indicarice in a repeating pattern throughout the field. The results were remarkable.
The mixture of a glutinous variety (Huangkenuo or Zinuo) with an indica hybrid
variety (Shianyou 63 or Shianyou 22) significantly reduced the incidenceand sever-
ity of rice blast disease. Apparently, farmers in this area had been interplanting sus-
ceptible glutinous rice among the relatively resistant indicarice to escape from seri-
ous blast disease. This practicestarted in about 1983, although on alimited scale, and
the pattern of interplanting is somewhat random or irregular.
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Large-scale field trials

In 1998, mixtures of varieties were planted in a 812-ha area consisting of al rice
fieldsin five townships (Baxing, Baoxiu, Songchun, Maohe, and Y afanzi) of Shiping
County, Yunnan Province. Four different mixtures of aglutinousand a hybrid variety
were planted within thisarea. Rice fields were managed by farmers, using agronomic
practices standard for the area. For mixtures, the same row spacing of hybrid rice was
used as in monoculture, but one row of glutinous rice was added between each group
of four rowsof hybrid ricein an “addition” approach (Fig. 1).

To monitor disease. survey plots were established at 15 sites, three in each of the
five townships participating in the diversification program. All plots were treated in
the same manner as the surrounding mixed variety plantings, including fungicide
application. Row spacings were those commonly used by rice farmers in Y unnan
Province (Fig. 1).At each of the 15survey sites, afield was divided into three plots.
One plot was planted to the mixture that local farmerswere most commonly growing,
whereas the remaining two plots were monocultures corresponding to the glutinous
and hybrid variety that were included in that mixture. Plots ranged from 100to 450
m?2 each depending on field size. No fungicides were applied to control leaf blast in
the survey plots. However, a one-time spray for neck blast was made for the rest of
the demonstration plots. Survey plots were assessed for the severity of blast symp-
toms, expressed as the percentage of panicle branches that were necrotic.

The mixture planting area was expanded to 3,342 haof rice fieldsin 1999. This
area consisted of all rice fields in 10 townships that spanned Jianshui and Shiping

Fig. 1. Rows of a glutinous rice variety interplanted among rows of a hybrid indica variety in a
repeating pattern of one row of glutinous rice for every four rows of hybrid rice.
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counties, with five participating townships per county. Procedures were identical to
the 1998 experiment, except that no foliar fungicideapplications were madefor either
leaf or panicleblast. In addition, somefarmerschose to plant mixturesinaratioof 1:6
glutinous:hybridrather than 1:4. There were 15 survey sites per county (threein each
of the five townships).

Results

Mixture planting had a substantial impact on rice blast severity (Fig. 2) and yield

(Fig. 3). In the 1998 planting in Shiping, panicle blast severity on the susceptible
glutinous varieties was 94% to 99% less severe when the varieties were grown in

mixturesthan when grown in monoculture(Fig. 2A). Panicle blast on the moreresis-
tant hybrid varieties was 1% to 25% less severe in mixed plots than in monoculture
(Fig. 2B), even though hybrids were planted at the same density in both mixtureand

monoculture survey plots (Fig. 1). Results from 1999 were similar to those of the
1998 season for panicle blast severity on the susceptible varieties (Fig. 2A), showing
that the impact of diversification was very robust among mixturesand between sea-

sons and counties. In contrast, the effects of crop diversification on blast severity of

the hybrid varietieswerelarger in 1999 than in 1998, with panicleblast severity aver-
aging 59% less in mixed populations than in monoculture (Fig. 2B). By the second

year of the project, no foliar fungicides were needed for blast control in the diversi-

fied area. Though elimination of foliar sprays may not be possible in al seasons,

varietal diversification can clearly result in a very substantial reductionin fungicideuse.

Mixture interplanting of hybrid and glutinous varieties not only reduced the pro-

duction loss caused by rice blast but also increased total rice yield per hectare com-

pared with monoculture fields (Fig. 3). The average yield of mixture planting of

Xianyou 63 with Huangkenuo was825.8 kg morethan that of purecroppingof Xianyou

63. The average yield of mixture planting of Xianyou 63 and Zinuo was 833.9 kg
more than that of pure cropping of Xianyou 63. The average yields of mixture plant-
ing of Xianyou 22 with Huangkenuo and Xianyou 22 with Zinuo were 916.8 kg and

852.5 kg more than the pure cropping of Xianyou 22, respectively.

Current status

The Yunnan diversification program has resulted in great interest by farmers and a
commitment from government official sto hel p expand the practice. At the start of the
2000 cropping season, the interplanting scheme was implemented in 42,500 hectares
in 40 countiesin Yunnan (Fig 4).

The rapid adoption of the mixture planting techniquecan be attributed to a vigor-
ous and systematic knowledge dissemination scheme. At the county level, the first
step wasto hold a meeting with county government officersincluding the vice mayor
in charge of agriculture, the chief of the county science and technology commission,
and the chiefs of plant protection and agrotechnology stations. Once support is re-
ceived from the officers, the next step is to conduct a workshop with the technicians
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Fig. 2. Panicle blast severity (mean percentage of panicle branches that
were necrotic due to infection by Magnaporthe grisea) of (A) susceptible
glutinous rice varieties and (B) resistant hybrid rice varieties when grown
in mixed culture and in monoculture. Each open column indicates blast
severity for a variety grown in monoculture control plots and the adjacent
black column indicates blast severity of the same variety when grown in
mixed culture plots in the same field. Error bars indicate one SEM. Values
of n indicate the number of plot means that contribute to individual bars for
each of the four combinations of susceptible and resistant varieties. All
differences between pairs of monoculture and mixture bars are significant
at P<0.01 based on a one-tailed t-test unless indicated by 0.05 (significant
at P<0.05), 0.10 (significant at P<0.10), or ns (not significant at P = 0.10).
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in agricultural technology and county plant protection offices. These trained techni-
cians then organizethrough village officerssmall group discussionsamong farmers.
During planting time, the more skilled farmers took the lead to demonstrateto other
farmers, with the agrotechniciansas the supervisors. In 2000 alone, we have held 53
regular training coursesfor about 400 agricultural techni ciansfrom various plant pro-
tection stations of Yunnan Province and other provinces. More than 7,000 farmers
have been subsequently trained in echo seminarsand field demonstrations.

Other extension methods include video clips provided to the local cable televi-
sion network. These are usually shown during commercial breaks of popular televi-
sion programs.

Prospects and future plans

Expansion to other provinces in China

The area covered by mixture planting is expected to expand beyond Y unnan Prov-
ince. China's Ministry of Scienceand Technologyisvery keen toextend thegermplasm
diversification approach for blast control to other provincesin China because this
project serveswell the purposecf the Chinese Central Government’ s Poverty Allevia-
tion Program for the southwest and northwest. An agreement on mixture planting
demonstrations has been signed with nine other provincesof China: Sichuan, Chong-
ging, Hunan, Hubei, Jiangxi, Guangdong, Shanxi, Jiangshu, and Zhejiang (Fig. 5).

Testing new varieties suitable for mixtures

Astheareacovered by the mixtureplanting schemeexpands, it becomes necessary to
introduceadditional diversity into the system to preclude pathogen adaptation, which
might lead to diseaseoutbreaksin thefuture. We screened 208 varietiesfor functional
diversity using both field data and molecular data generated in our laboratory using
resistance-gene anal og—polymerase chain reaction tools. Twenty new rice varieties,
including high-quality rice, have been included for a new mixtureinterplantingtrial.
We have started evaluating the agronomic performanceof 11 high-quality aromatic
rice varietiesfor possibleinclusion in the mixed planting. All these 11 varietiesare
rarely planted now becausethey are highly susceptibleto blast.

We are also evaluating various mixture combinations of japonica by japonica
varieties. Because of the substantially larger area planted to japonica varietiesthan
glutinous varieties, devel oping an effectivediversification schemefor japonicavari-
etiesisexpected to have a greater impact than the current successin mixtureplanting
of indicaby glutinousvarieties.

Understandingthe mechanism of disease control in mixtures

The team has also set up a few important experiments in the field to find out why
some varieties are effective in mixtures and others are not, and aso the potential
mechanism of blast control using interplanting, such as microclimaticchanges, spore
dispersal, and induced resistance. Understanding this mechanism will enable us to
predict the sustainability of the system.
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in 2000.

Conclusions

Among the knowledge that can be derived from the implementation of this project,
three important lessons stand out. First, our resultssupport the view that crop diversi-
fication can provide highly effective disease suppression when practiced on a large
gpatial scale. Second, our results demonstrate that collective efforts from groups of
scientists, institutions,and farmersare vita to the devel opment and dissemination of
an effective diversification technology. Finally, wide adoption of a diversification
technology depends on simplicity, effectiveness, and ability to bring about obvious
economic benefitsto farmers.
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Biodiversity of blast pathogens
and implicationsfor blast management

P. Smitamana, P. Gypmantasiri, W. Phumsathit, S. Panyafoo, C. Boonchitsirikul,
and A Na Lampang

Rice blast, caused by Pyriculariagrisea Sacc., is so diverse that it makes
control of the disease difficult. Researchon the host range, biodiversity, and
interaction of various rice genes with resistance to this fungus was carried
out in ChiangMai, Thailand. Leptochloa chinensis and Panicum repens were
found to be potential hosts and served as sources of inoculum. Results from
the DNA fingerprinting of the 90 blast isolates selected from 597 isolates
obtained from rice, weeds (Brachiaria mutica, Digitaria sanguinalis, Eleusine
indica, Penniseturn polystachyon, Panicumrepens), and barley confirmed
that certain weed isolates were classified in the same group as those from
rice. Moreover, some were 90% similar to rice isolates. Although the barley
isolates were totally different from those of rice, they were 75% similar to P.
repensisolates and 70% similar to E. indicaand D. sanguinalis isolates. The
barley isolates, however, could infect rice under glasshouse conditions; there-
fore, growing susceptible rice varieties after or near barley should be avoided.
Testing 23 selected blast isolates against a set of IRRI'snear-isogenic lines
containing 16 resistance genes showed that Pita, Pik-p, and Pita-2 were
resistant to the tested isolates, thus indicating their possible use in rice
breeding programs.

Rice blagt is identified as a key pest and is known to occur in every region of the
world where rice is grown. It is especialy serious in humid rice—producing areas.
Althoughit is principally a foliage disease, the symptoms are also found on the leaf
sheath, joint of the culm, rachis, and even the glumes. Severe foliage infection de-
tected in the seedling stage as well asin the posttransplanting stage leads to the total
destruction of theleaf. However, infection of the culms causes more damage than leaf
infections. Moreover, neck blast infection could cause halffilled or totally chaffed
panicles, which lead to low rice yield. The frequent introduction of new resistant rice
cultivarsis used asone control measure, but rice blast still occursin chronic epidemic
cycles. The absence of durable blast resistancein thefield has been attributed to high
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levels of virulenceforms of polymorphism in pathogen populations. Thailand was
also affected by the outbreak of blast disease, which caused significant damageto rice
production throughout these years, especiadly in the Chiang Ma Vdley, one of the
major rice production areas wherethetemperatureand relative humidity werefavorable
for the outbreak and development of pathogens. The most severe neck blast epidemics
occurred in north and northeastern Thailand in 1992 with 90% of the damage reported
in the north. Among thelosses in thisarea, yield lossin Chiang Ma was 16%, causing
amonetaly lossof approximately US$12.45 million.

Therice blast fungus, Pyriculariagrisea (Cooke) Sacc. (syn. P. oryzae Cavara), or
the perfect telemorph Magnaporthe grisea (Hebert) Barr., an important pathogenof rice
in most rice—growing countries, is a heterothallic ascomycetethat is primarily haploid
and reproducesasexually in nature. Furthermore, this pathogen is noted for expressing
a large number of virulence forms or genotypes, especially in tropical areas where
conditionsfavor itsoutbreak and devel opment, such asin the Philippines. Ou (1980)
has reported 250 pathotypes among the field isolates. Besidesrice, this fungus can
infect more than 50 species of grass (Ou 1985), many of which are important weeds
found in ricefields. It is possible that the grass weeds harbor different pathogenic
lineages that may or may not parasitize the local rice varieties but produce enough
conidiato bedisseminated by air currentstoinfect cropsin other localities. It isthere-
fore necessary to investigate the genetic variability in populationsof the blast patho-
gen to understand the host coevolution. In addition, information on the interaction of
the resistance genes and different blast isolates will benefit breeding programs for
rice blast resistance. Information obtained is expected to improve sustainable rice
blast management.

Materials and methods

Pyricularia spp. from rice and weed samples were isolated using the single—spore
isolation method and cultured on prune agar. The mycelium stock cultures were kept
in slant culturefor further investigation.

DNA extractionfor all Pyricularia isolates was carried out foll owing the method-
ology used by Leeand Taylor (1990) , after which the polymerasechain reaction (PCR)-
based method (IRRI protocol) was used for fingerprinting. The Gel Compar || Soft-
ware (Applied Maths) was used to calculate and construct the dendrogram.

A set of 34 resistance genes obtained from IRRI (IRBL set) was tested with 9
selected isolates. Twenty—one—day—old seedlings wereinoculated with spore suspen-
sion of these isolates at a concentration of approximately 50,000 spores cc?. Seed-
lings were kept under moist and cool conditions for 7 d, after which the seedlings
were assessed for leaf blast reaction using IRRI's SES guidelines (IRRI 1996).
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Results and discussion

Blast pathogens were isolated from rice and weed hosts and collected on the slant
agar. To prevent the loss of virulence, the pathogens were preserved on filter paper
discs. A total of 597 blast isolates were preserved as listed in Table 1.

Biodiversity of blast pathogens

Blast pathogens, 342 isolates (isolated from rice varieties), and weed hostsat differ-
ent locations could be separated into 50 groups using the Gl Compar 11 Software
(Applied Maths) at 60% similarity. The genetic variation calculation based on Ne

and Li (1979) was very high and most of the pathogensisolated from the same kind of

host could be placed in different lineages, as listed below and in Figure 1. However,
the pathogens isolated from rice and weeds were identified as the same groups in

certain lineagegroups: 5 (DS, El, NSPT, HR), 6 (RD23, BM), 22 (El RD6), 38 (HR,

RD6, RD10, RD23, NSPT, BM, PP, PR), 40 (RD6, RD10, BM, PR), 43 (B1-6, RD6,
UN),and 44 (M, El). Theonly riceisolatescould be groupedin thelineagegroups 13,

19, 28, 34, 35, 36, 37, 42, 43, 45, 46, 47, and 48. The weed isolates were grouped in

thefollowing lineages: 1 (DS, BM), 2 (DS), 4 (PP), 7 (DS), 8 (BM, EI), 9 (BM), 10
(BM, DS),11 (DS, El), 12 (PP), 14 (PP), 15 (DS), 16 (PP), 17 (PP), 18(DS), 20 (PP),
21 (El), 23 (El), 24 (PP, El), 25 (BM), 26 (BM), 27 (BM), 29 (EI), 30 (PR), 39 (PR),
41 (BM, PP, PR), and 49 (UN). Thesimilaritiesof the pathogenswere scattered from

within the same or different locations. Remarkably, the weed isolates could also be
grouped by host.

Table 1. Sources of Pyricularia spp. collected in the laboratory.

Hosts No. of isolates

Rice cultivars

KDML 57
Lom Karn (LK) 6
Mong Rice 1 (M1, upland rice) 4
Mong Rice 2 (M2, upland rice) 7
NSPT 25
RD 6 95
RD 10 45
Highland paddy rice # 28 (HR) 2
Barley 50
Upland rice, Chiang Dao 3
Weeds
Brachiaria mutica (BM) 62
Pennisetum polystachyon 41
Panicum repens (PR) 46
Digitaria sanguinalis (DS) 31
Eleusine indica (El) 30
Leptochloa chinensis (LC) 15
Unknown 10
Indicator boxes (RD 23) 68
Total 597
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Fig. 1. Some results from phylogenic analysis of 90 isolates from rice, weeds, and
barley.
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Similarity groups of blast pathogens isolated from barley, rice, and weed hosts
could be ligted asfollows:

31
32.
33.

35.
36.
37.
38.

SUIE IS o

=
SEBow~o

DSHD 08 and BMCMU 02
DSCT 04

BRLP03-13 (leaf blast and flag lesf blast)

PPCD 02

EIHD 13, 14, 16,17, 19, 20, 21, NSCT, 06, DSWJ 01, 02, DSCT 02, HRCD
02

IBMW 34 (RD 23), BMMW 01

DSMW 07, 08

BMHD 20, EICT 01

BMCMU 01

BMHD 19,DSMW 01-05

DSCD 01-04, EICD 01-03, 05, DSHD 01, 04, DSCT 01

. PPFG 04-07,09- 11,18
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24,
25.
26.
27.
28.
29.
30.

M2IN 07

PPFG01-03

DSMW 06

PPCD 04, 06-08

PPMW 05

DSIN 01, 04-05

MIIN 02-03

PPIN 04

EICT 02

EIHD 05, 07-08, 12, 15, 18, 06,CT06

EIHD 01-03

PPCD 09, PPMW 04, EICT 03

BMHD 04, 12

BMHD 06, 07

BMMW 27

M2IN 01, 03

EIMW 01, 03

PRMW 04, 06*,09*, 10*, PRCT 02, 07, PRMR 01, PRCD 02-04, PRHD
02, 12-16.20 *another subgroup

BRLP 01, 02 (leaf blast)

BRLP 15-16, 18, 20, 23, 24 (flag leaf blast), 27% similar to group 31
BRLP 17 (flagleaf blast), 22% similar to groups 32 and 31

34 OMW 03, 04BI-8 KDMR 01

B1-1-3, LKMT 01-03

06MR 07-10, 12

B1-9

HRWJ 01-02, 10FG 01, 03, 05-09, 11, IBMW 9, 10, 12, 13, 16, 17, 18, 19,
20, 21, 23, 24, 27, 28, 30,31, 33, B1-5, NSMW 01, 04-07, 10, NSCT 03—
05, 07-12, BMMW 21, 28, 06HD 01-04, 07-12, 06 MT 01-06, PPCD 03,
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PRCT 05, 10CD 03, 07-10, 06CT 01-02, 04, 05, 10, 11, 06CD01, 03, 04,
07, 08, 10,11, 17, 18, 06MW 02, 03, 07, 08,10, 11-13, 16, 24, 25, 27, 28,
29-34,06MR 01-03

39. PRCT 06

40. 10MW 08, BMMW 05, 06, 11-13, 15, 18, 24, 25,PRHD 05, 07

41. PPMW 12, BMHD 03, 23, BMMW 22, PRCT 08

42. 0BMW 17-19, 15, 2023 (another subgroup),06HD 13-15, 06CD 16, M1IN
01, 06MT08-10, IBFG 01, 02, 04, 06, 07,11, IBCD 07, 15, 16

43. B1-6,06CT 07,08, UNFG 01, 03

44. M2IN 05, M1IN 02, 04, EIHD 06, 09, 10

45. 10FG 10, 12-14 10MW 01, 06, M2IN 04

46. 1BCD 01, 02,11, 14, 18, IBFG10, 12, 14, IBMT 07, IBMW15

47. 10CD 01, 02, 04, 05

48. 1BCD 04, 05, 09

49. UNHD 01

50. BRLP22 (flag lesf blast)

Notes:

06 =RD 6 10=RD 10

B1-1 = Srisaket, Kantararak B1-2 =Surin, Lumduan

B1-3 = Burirum, Satuk B1-4 = Nopangkai, Ratanavapi
B1-5 = Srisaket, Rasisda B1-6 = Roi-et, Suwannapum
B 1-7 = Roi-et, Suwannapum B 1-8 = Roi—&t, Suwannapum
BM = Brachiaria mutica BR =barley

DS = Digitaria sanguinalis El = Eleusine indica

IB = indicator box PP = Pennisetum polystachyon
PR = Panicum repens KD = KDML

Similarity of blast pathogens isolated from rice and barley hosts

At 60% similarity, the rice and barley isolatescould be grouped into 25 groups. The
barley isolatesobtained from Lam Pang Provincecould be classified intofive groups
(1, 2, 3, 8, and 10), which were totaly different from the other rice isolates. The
highland riceisolates(M2IN, Mong rice, Inthanon, group 4, 5, 22, 24, 25) were very

similar if the number of bandswashigher; however, themigration of bandswasdightly
different. This could possibly be caused by some errorsduring the experiments. The
largest group was group 19, which consisted of isolates from various districtsof the
Chiang Mal Vdley: Chiang Dao (CD, 20 isolates), Mae Wang (MW, 38 isol ates), Mae
Tang (MT, 10 isolates), Jom Thong (CT, 13isolates), Mae Rim (MR, 3), Wa Chan

(WT,2), Fang (FG, 7 isolates),and B1-5 (Srisaket, Rasisalai, 1 isolate). |solatesfrom

Srisaket, Kantararak (B1-1), Surin, Lumduan (B1-2), Burirum, and Satuk (B1-3),
the northeast isolates, were remarkably similar to the Lom Khan isolates from Mae
Tang, group 15. Roi—et (B 1-6), Suwannapum District, was similar to theJom Thong
isolatesin group 21.

174  Smitamanaet al



The similarity of rice and barley isolates could be listed asfollows:

BRLP 15-16, 18, 20, 23-24 (flag lesf blast)

BRLP17 (flag leaf blast)

BRLP22 (flag leaf blast)

M2INQ, 03

M2INO7

06CT06

HRCDO02, IBMW34

BRLP03-13 (leaf blast and flag lesf blast)

NSCTO06

BRLP01-02

IBCD01-02, 11, 14, 18, IBFG10, 12, 14, IBMT07, IBMWI5

10CD01, 4-05, 10FG02

IBCD04-05, 09

10MWO03-04, B1-8, KDMR01

B1-1-3, LKMTO01-03

06MR07-10, 12

B1-9

10MW08

10CD03, 06, 07, 08, 09, 1006CD 01, 03, 04, 05, 07, 10-14, 17, 18 06MW

02, 03, 07, 08, 10, 12, 13, 16, 24-34, 06MT 01-06, IBMW 10, 12, 13, 16-

21, 23,24, 27, 28, 30, 31, 33, IBMT 01, 03, 04, 06, IBCD 06, 17, NSCT 03—

05,07, 09-12, 10FG 01, 03, 05-09, NSMW 01, 04-07, 10, 06HD 01, 03,

04, 07-12, 06CT 01, 02, 04, 05, 10, 11, 06MR 01-03, B1-5 HRWJO01, 02

20. 06MW 15, 17-23, 06HD 13-15, 06CD 16, M1IN 01, 06MT 08-10, IBFG
01, 02, 04, 06, 07, 11, IBCD 07,15, 16

21. B1-6, 06CT 07-09

22. M1IN 04, M2IN 05

23. 10FG 10, 12, 13, 10MW 01, 06

24. M2IN 04

25. M1N 02.03

N R~WNE

e S G T g Iy
CENHORONEDB©

Reaction of selected blast isolates to resistance genes

Thirty—two resistancegenes. Three of theseresistancegenes (Pia— 1, Pik—p, and Pita—
2) provided adequate germinated seedlingsfor al nineisolatestested and the resistant
reaction “R” was observed in dl cases (Table 2). For the other 29 genes, some
nongerminated seeds caused missing datain some cases (Table 3). Germinated seeds
with resistancegenes provided aresistantreaction in most cases. Four resistancegenes,
Pita (C105TTP2L9),Pis-h (Shin2), pi—1 (C101LAC),and Pi-5(t) (RIL249(Moro.)),
were compatible with some isolates, thus resulting in the “S’ reaction. Severa short
brown streaks had joined together, causing drying leavesin somecases; therefore, the
“S’ reaction was given in such cases.
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Table 2. Reaction of nine blast isolates from rice and weed hosts to three resistance genes from IRRI.

Entry no.  Designation/

Cross Gene Donor/seed Isolate?
combination source
M11INO3 PRHD16 M21NO4 O06MR12 M1NO4 UNHDO1  PPINO4 EICDO1 BMMW22
IRBL2 IRBLa-C Pia-1 C039 R? R R R R R R R R
IRBL7 IRBLKp-K60 Pik-p K60 R R R R R R R R R
IUF, 37 IR24/C101PKT Pita-2  IUF, 48-3 R R R R R R R R R
//6*IR24

‘R = resistant.



Table 3. Reaction of nine blast isolates from rice and weed hosts to 29 resistance genes from IRRI.

Designation/ Donor/seed Isolate
Entry no.  cross combination Gene source

M11INO3 PRHD16 M21NO4 O06MR12 MINO4 UNHDO1l PPINO4 EICDO1 BMMW2

IRBL 1 IRBLa-A Pia Aishi Asahi - - - - R - - R R
3 IRBLI-FS Pi-1 Fujisaka 5 - R - R R R R - R
4 IRBLksSF5 Pik-s Fujisaka 5 S - - R R - R - -
(5 IRBLks-S Pik-s Shin 2 R R R - R R R R
6 IRBLk-ka Pik-s Kanto 51 R R - - R - R -
9 IRBLz-Fu Piz(?)  Fukunishiki R R - = R - - -
10 IRBL25-CA Piz-5 C101A51 R - - - R R R - -
11 IRBLzt-T Piz-t Toridel R = - - - R R - R
12 IRBLta-K1 Pita K1 - - - - - - - = R
13 IRBLta-CT2 Pita C105TTP2L9 Si - - = - St = S1 St
14 IRBLb-B Pib BL1 - - - - R - R
15 IRBLt-K59 Pita K59 - - = = - - = - R
16 IRBLsh-S Pis-h Shin2 R - S - - - - - -
17 IRBLsh-B Pis-h BL1 R R - - R o R -
18 IRBL1-CL Pi-1 C101LAC R R S R - R R R R
19 IRBL3 CP4 Pi-3 C104PKT R R R R - R - R -
20 IRBLS-M Pi-5(t)  RIL249 (Moro.) St S R R R S! - R S
21 IRBL7-M Pi-7(t)  RIL29 (Moro.) R R R R R R ~ R R
22 IRBLO-W Pi-9(t)  WHD-IS-75-1-127 - R - R - R - R -
23 IRBL12-M Pi-12(t) RIL1O (Moro.) R = - - - R - - -

IUFg 1 IR24 /Fujisaka5//6*IR24  Pii IUF, 21 R R R R - R - R R
10 IR24 /Kusabue//6*IR24 Pik 10-3 R R R R - R - R =

IUF; 22 IR24/PI NO.4//6*IR24 Pita-2 IUF, 26-2 R R R R R R - R R
28 IR24/C101LAC//6*IR24  Pi-1 39-2 R R R R R R ~ R R
43 IR24/C104PKT//6*IR24  Pi-3 54-13 R R R R R R - R R
52 IR24/C101A51//6*IR24  Piz-5 87-8 R R R R R R = R R
61 IR24/RIL249//6*IR24 Pi-5(t)  98-6 R R R R - R - R R
70 IR24/RIL29//6*IR24 Pi-7(t) 1194 R R R - - R - - R
79 IR24/WHD-IS-75-1- Pi9(t)  111-2 R R R R R R - R R

127//6*IR24
‘R =resistant, S = susceptible. ~ = no germination, S?! indicates only a small black spot on the infected leaf. S! = scale 1 (short streak) joined together to form scale 9,

causing dried ileaf for most leaves.



Sixteen resistance genes. Theinoculation test against another set of ricelinescon-
taining 16 resistance genes having more fertile seeds was also carried out following
the same procedures mentioned above. Some lines contained the same gene but dif-
fered from thosein thefirst set in termsof donors. Four distinct i sol ates were selected
for thistest.

Mosgt of the genes wereincompatible with the isolates tested, resultingin the “R”
reaction including Pik—p and Pita—2, also reported to give a resistant reaction in the
first set. This indicated a potential use for these two genes in the blast resistance
breeding program (Table 4).

Conclusions

The biodiversity of blast pathogensin the Chiang Mai Valey was quite diverse, a-
though there was a high similarity of the pathogensfrom the same locationsor hosts.
The pathogensobtained from barley were quite different from the riceand weed hosts;
they were also specific to the same group, such as leaf blast and flag leaf blast. Iso-
lates from the northeast showed similarity to the local rice variety Lom Khan and
most of the Mae Wang isolates as well as Wat Chan groups. Some similarity of the
weed isolates and rice isolates was found, especially in the highland rice varieties.
Considering the isolates obtained from the indicator boxesin which RD 6 was used,
the isolates from Chiang Dao, Fang, Mae Tang, and Mae Wang were grouped in the
same group.

Table 4. Reaction of four selected blast isolates from rice and weed hosts to 16 resistance
genes from IRRIL.

Isolate?
Entry no. Donor Gene
10CDO5 KDMRO 1LKMTO1 06CTOS8
1 C101LAC Pi-1 R R R® R
2 C104LAC Pi-1(tys R R g R
3 C103TTP Pi-1(t) R R R R
4 C101A51 Piz-5 R R S R
5 C104PKT Pi-3 R R se R
6 C101PKT Pi-4a(t) R S R R
7 C102PKT Pi-gajt) R R R R
8 C101TTP Pi-4a(t)re R R R R
9 C105TTP-4-L23 Pi-4v(t) R R R R
10 Cc039 Pia R R R R
11 Fo8-7 Pik-m R R R R
12 F124-1 Pita R R R R
13 F128-1 Pita-2 R R R R
14 F145-2 Pib R R R R
15 F129-1 Pik-p R R R R
16 F80-1 Pik R R R R

“R* = gcale 1 was predominant but covered 30% of the total area; S® = scale 1 with 1-2 lesions of scale
5,
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The resistance genes involved would be useful for breeding purposesand were
the same as previoudly reported: Pia—1, Pik-p, and Pita-2. The other genes, Pita,
Pis-h, Pi-1,and Pi-5(t), showed some resistanceto certain isolates and some of the
susceptible reaction noted was the short brown streaks that merged to form large
lesions. This could depend on the favorable environment for disease devel opmentin
the tested periods.
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Genetic diverstity of the rice blast

pathogen andrice varieties and

sustainablecontrol of thedisease

In Jiangsu, China

Yiun Zhou, Yongsjian Fan, Fan Lu, Zonghua Wang, E. Borromeo, Hei Leung,

Shu-hua Wu, Da-fu Yan, Jia-lu Hua, Zhao-bang Cheng, Wen-hui Zhang, Jian-an Ji,

Zhi-yi Chen, Yong-fengLiu, and Yi-ren Chen

Based on reactions on 7 Chinese rice differential varieties, 7 race groups
and 11 races of Magnaporthe griseawere detected from rice in Jiangsu Prov-
ince located in the Yangize Delta of East China in 1997-99. Race group ZG
has always been dominant since 1993. Most of the tested isolates of M.
grisea can overcome resistance of Pik-s, Pita-2, Pit, and Pita genes. DNA
fingerprints of M. grisea by reppolymerase chain reaction (PCR) showedthat
all tested samples from Jiangsu could be amplified by 6-17 bands and 23
bands were scoredin cluster analysis. Adendrogramdemonstratedthat tested
isolates could roughly be classed in 6-7 similarity genetic groups (lineages)

at a 55% similarity level by cluster analysis of M. grisea DNA fingerprints.

Resistance gene Piz-t demonstrated resistance to all seven typical Chinese

races and was very significant for rice production in Jiangsu. Resistance-

gene analog (RGA)-PCR analysis of 59 varieties from Jiangsu (65-90 bands
scored) showed abundant polymorphism. A mixture-variety-planting experi-
ment with five varieties with a markedly different genetic background and
different resistance demonstrated different rules of regulating blast disease.
Control effects varied among different variety groups and the maximum
reached 46-97% compared with susceptible variety Suyunuo. Eleven races
included in 6 race groups were identified from Wujiang in 1980-94. Data on
the resistance reaction of rice differential varieties in Wujiang show that race
variation is almost identical to that of artificial inoculation. Serious suscepti-
bility of Tetep from 1989 to 1991 is relative to race group ZA. Xiushui 04 and
others with gene Pita-2 or Pik-m easily lost resistance after cultivation for 1-4
years. Variety 93-31and others with the Piz-2 gene present maintained their
resistance. The recent use of resistant varieties in Wujiang is also a cause
for the low occurrence of rice blast.

Rice blast disease (caused by Magnaporthe grisea) has long been recognized as one
of the most damaging diseasesof thericecrop. Resistanceto blast iseasily lostin 3to
5 years because M. grisea popul ationsare composed of complex pathotypes (physi-
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ological racesor race groups) (ACCRPPRO 1980, Ou 1980, Vaent 1990). DNA fin-
gerprinting research based on repeated DNA sequences and random amplified poly-
morphic DNA revealed that a complex genetic backgroundexists in M. grisea popu-
lations (Hamer et a 1989, Vaent and Chumley 1991, Levy et ad 1991, 1993,
Xiaet d 1993, Huff et al 1994). M. grisea populations are composed of different
genetic lineages in which each includes isolates with higher-level genetic similarity.
Some research showed that M. grisea genetic lineages are related to pathotypeswith
different cultivar specificity (Hamer et a 1989, Zhu et d 1994). Repetitive element-
based polymerase chain reaction (rep-PCR) obtains fingerprints by amplifying se-
guences between randomly dispersed copies of the element in the plant pathogen
genome. The technique is simpler than restriction fragment length polymorphism
(RFLP) and has been used in genetic studies of many pathogenic bacteriaand fungi
(VeraCruz et al 1996, Shen et a 1996, George et d 1997). The rep-PCR technique
using the Pot2 gene sequence (Kachroo et d 1994) iswidely used in genetic similar-
ity studiesof M. grisea (Georgeet al 1998, Fan et d 1998, Wu et a 1999). Sequence
comparisons among cloned resistance genesreved structural similaritiesof host-crop
varieties (Bent et d 1994, Dixon et d 1996). Although the overall sequence homol-
ogy among the genesis low and not sufficient to be detected by cross hybridization
using RFLP, the conserved motifsin the genes offer opportunitiesfor PCR amplifica-
tion and theisolation of similar sequencesin other plant species (Kanazin et al 1996,
Leister et al 1996). Based on conserved motifsof disease resistancegenes, PCR prim-
ers have been developed as resistance-gene analog (RGA) markers to characterize
genetic diversity in crop species (Chenet a 1998). In thischapter, rep-PCR and RGA-
PCR were used, respectively, to study the genetic diversity of M. grisea and host rice
varieties.

A new direction in plant protection research isto exploit biodiversity for sustain-
ablecrop pest management. The conservationand manipulationof biodiversity within
and around crop fields can be used to develop sustainable, low-pollution, and envi-
ronmentally compatible crop protection technology for wide dissemination. In this
study, through research on genetic diversity analysis of M. grisea isolates and rice
varieties, rice varieties with different resistance-gene types will be employed in a
rational arrangement and in the mixture-variety-planting method according to thedis-
tribution of M. grisea pathotypes(e.g., physiol ogical racesor geneticlineages) (Mundt
1994). Different pathotypes of the blast pathogen will be maintained in equilibrium
with no dominant pathotype.

Materials and methods

Around 120 samplesper year werecollectedfrom Wujiang, Yixin, Tongzhou, Gaoyou,
and Ganyu counties of Jiangsu Provincefrom 1997 to 1999. M. grisea isolates tested
were isolated from the samples by monoconidial isolation. All rice varieties were
collected from rice breeding institutions in Jiangsu.

Riceseedlings at the 3-leaf stage wereartificially inoculated by spraying suspen-
sion with 10° sporesof M. griseaisolates. Detailsfor the method of sporulation, in-
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oculation, and scoring of disease werebasedon Sun et a (1989)and Zhou et al (1999).
Reactionsof rice varietiesto M. grisea isolateswerescored for identification of blast
race groups (ACCRPRPO 1980) and for identification of resistance-gene types of
ricevarieties(Lu et al 1999).Seven Chinesericedifferential varieties(Tetep, Zhenglong
13, Sifeng 43, Dongnong 363, Guandong 51, Hejiang 18, and Lijianghegu) were used
to classify race groups. Thirteen mono-resistance-genedifferential varieties (Shin 2,
Aichi-Asahi, Fujisakab, Kusabue, Tsuyuanke, Fukunishiki, K1, Pi-4, Toridel, K-60,
BLI, K59, and K3) from Japan or differentials of rice near-isogenic lines (NILS)
(CO39and LTH NILs) from IRRI (Chen and Ling 1995) were used for pathogenicity
of isolatesand resistance-gene-type markersof tested rice varieties.

Methods of DNA extraction from M. grisea and rice were based on Georgeet d
(1998) and Murray et d (1980).

DNA of M. griseaand rice varietieswas amplified by using rep-PCR (Georgeet
a 1998) and RGA-PCR (Chen et d 1998), respectively. Two primers (Pot2-1 5'
CGGAAGCCCTAAAGCTGTTT3 and Pot2-25 CCCTCATTCGTCACACGTTC
3) wereappliedfor rep-PCR. Primer pairs XLRR for/rev,SI/AS3, and Pto kin 1/kin2
were used in RGA-PCR for analysis of rice variety resistance genes.

Ten to 12 mL of M. grisen DNA product amplified by rep-PCR was electropho-
resed in agel containing 0.5% agaroseand 0.75% Synergel ™ and in 0.5x TBE buffer
for 779 ha 120V (George et d 1998). After the PCR product was stained by EB,
fingerprint results were read and recorded under ultraviolet light. FivemL of product
amplified by RGA-PCR was runin 0.5x TBE buffer by high-resolution denatured
PAGE for 225 hat ~1,400V & 50 °C.The gel was silver-stained and results were
recorded by a photo-scanner (Chen et d 1998). All solutionsfor DNA extraction and
electrophoresis were made as in Sambrook et al (1989). To determine the genetic
relationshipsamong isolatesor rice varieties, the presence or absence of bands was
converted into binary data (1 for presenceand Ofor absence of each band). Similarity
matrices were calculated with Dice's coefficient and the SIMQUAL program of
NTSY S-pcverson 1.7. Cluster analysis was done within the SAHN program by us-
ing the UPGMA method. Some results were analyzed by soft Gel Compar version
4.2.

Fiverice varietieswith very different genetic backgroundson the basis of RGA-
PCR analysisand different resistanceto rice blast were selected for the MV P experi-
ment. Six mixture-planting combinations were randomly arranged in the MV P tria
with four replicationsfor each treatment and a buffer interval of susceptible variety
Suyunuo. Leaf blast was scored four times and neck blast one time. Yidd was mea-
sured according to five grade scales.

Results

Pathogenicity and genetic lineages of M. grisea from rice in Jiangsu

Pathogenicity of M. griseaisolates from rice in Jiangsu. One hundred to 115 isolates
of M. grisea were isolated from five rice regions of Jiangsu each year in 1997-99.
Based on the reactionson 7 Chinese rice varieties, 7 race groups and 9 races were
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Table 1. Resistance of 13 mono-gene varieties to tested isolates from Jiangsu in 1997 and
1998.

Gene type of mono-resistance-gene varieties

No. of
Year isolates Pik-s Pia Pii Pik Pik-m Piz Pita Pita-2 Pizt Pikp Pib Pit Pik-h
tested

Frequency of compatible reactions (%)

1997 107 90 54 10.3 16.8 20.6 20.6 66.5 69.2 1.9 11.2 11.2 66.4 12.2
1998 109 93 19 6.4 138 184 09 56 725 0.0 11 0.0 13.8 1.8

obtained in 1997, 6racegroups and || racesin 1998, and 6 race groups and 9 races
in 1999. Since 1993, race group ZG was always dominant but race group ZA was
barely present. Results of pathogenic analysis with mono-resistance-gene varieties
are shown in Table 1. Most of the 107 isolates of M. grisea from rice in 1997 can
overcome the Pik-s, Pita-2, Pit, and Pita resistance genes. There isa low infection
rate in the varietieswith Piz-t, Pii, Pib, Pik-p, and Pik-h genes. Most of the 109iso-
lates in 1998 can overcome Pik-s, Pita-2, and Pita resistance genes. There isalow
infection rate in the varietieswith Pii, Piz-t, Pib, and Pik-h genes.

Population structure and lineage analysis of M. grisea from five rice-planting
regions in Jiangsu using rep-PCR analysis. DNA fingerprints of M. grisea by rep-
PCR showed 6-17 bands. A dendrogram demonstrated differentiation of all isolates
collected in 1996-98from Jiangsu. All isolatescould roughly be classed in 6-7 simi-
larity genetic groups (lineages) at a 55% similarity level. Different fingerprint pat-
ternsexist in the isolates from the same rice cultivation region and are distributed in
2-4 lineages. The isolates collected from major cultivated varieties belong to similar
lineages. DNA fingerprints showed that most of the isolates (more than 85%) from
Jiangsu Province contained afront band (around mw =440) that barely existed in the
isolatesfrom other provincesof China. Isolatesfrom the same lesions are similar.

Resistance and genetic diversity of rice varieties in Jiangsu

Resistance of major cultivated rice varieties in Jiangsu. The resistanceto M. grisea of
17 cultivated varieties and 21 candidate varieties in Jiangsu was investigated. Five
varieties have high resistance to M. grisea in the field, seven have moderate resis-
tance, three have moderatesusceptibility, and two have high susceptibility in themain
cultivated varieties; 13have high resistance, five have moderate resistance, and three
have moderate susceptibility in candidate varieties. Using 13 mono-resistance-gene
varieties as a control, 21 tested varieties from Jiangsu could be divided into 6 gene
types. Seven of 21 varietiescarrying resistance-genePiz-t demonstrated resistanceto
all 7 typical Chinese races. Analysisof 28 varietiesfrom Jiangsu with inoculation of
6 typical isolates of the Philippines showed that (1) reaction to Philippine isolates
varieshighly between varietiesand single plantsof varietiesand (2) varieties suscep-
tible and resistant to blast of Jiangsu displayed similar reactions to typical isolates
from the Philippines (e.g., Suyunuo, Shanyou 63).
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Resistance-geneanalysi sof rice varietiesin Jiangsu by RGA-PCR. Genomic DNA
samplesof 59 rice varietiesfrom Jiangsu including al varieties used in the mixture-
variety-planting experiment and 6 C039 NI L swere amplified by RGA-PCR with
primer pairs XLRR for/rev,S 1/AS3, and Pto kin 1/kin2. High-resol ution el ectrophoresis
analysis showed abundant polymorphism in the 59 varieties from Jiangsu (65-90
bands scored) (Fig. 1) and poor polymorphism in the NILs. Variety clusters formed
by RGA analysisclosely corresponded to pedigree and their affinity to japonica, in-
dica, and hybrid varieties. RGA-PCR analysisof four varietiesand one buffer variety
of the mixture-variety-planting experiment in 1999 at Wujiang, Jiangsu, showed a
high degree of variation in five varieties for polymorphism and the genetic back-
ground of the varietieswas distant among them.

Plot experiment of mixture-variety-planting for control of rice blast disease
Five varieties with different genetic backgroundsand different resistances were se-
lected for MV P in Wujiang, Jiangsu, in 1999 and 2000. Four scorings for leaf blast
showed that 95-22 and Zhendao 2 have higher resi stancethan Taihujing 2 and Zhendao
6. Severity of blast disease among the susceptible varieties increased in the early
stage and declined in the | ate stage. This demonstrated different waysto regulate blast
disease in the MVP. The control effect in the MVPwas about 10-37% more than the
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Fig. 1. Polymorphism of fingerprint patterns for rice varieties from Jiangsu by RGA-PCR.

Genetic diversity of the rice blast pathogen... 185



mean of two varietiescompared with mono-variety-planting, 8-46% more than that
of one of two varietiescompared with mono-variety-planting, and 46-97% morethan
that of susceptible variety Suyunuo. Severity of blast diseasein the treatmentswith
two susceptible varietiesincreased in the early stage and declined clearly in the late
stage, but the degree of severity of blast disease in the treatments with one resistant
variety and one susceptible variety barely increased in the early stage. This demon-
strated that the MV P with different resistant varieties could effectively control the
spread of blast in susceptible varieties. Yield analysis showed a similar trend in the
control effect of rice blast.

Analysis for race variation of M. grisea, its relationship

with rice varieties, and the use of resistant varieties for

sustainable control of the disease in Wujiang

Thetypes, appearance frequency, and variation of M. grisearacesfromrice in differ-

ent yearsinWujiang. On the basisof reactionson 7 Chinesericedifferentia varieties,
11 racesincludedin 6 racegroups wereidentified from 133 monoconidia M. grisea
isolatesin Wujiang in 1980-94: ZA g, ZA4g, ZAsy, ZBy;, ZByy, ZD,, ZD3, ZE,, ZE;,
ZF;,and ZG;. Figure 2 showed that the appearancefrequency of ZG, is highest with
46.5%, followed by race group ZE with 18.1%, ZD with 15.1%, ZF with 12.0%, ZA
with 7.7%, and ZB with 0.6%. The appearancefrequency of the races varied mark-
edly with different years. ZG, and ZF; were only isolated in 1980-82, ZE and ZD

were dominant in theisolatesin 1983-88, ZA appeared in 1989-92 and was superior
in 1990, ZD and ZE showed dominance in 1991and 1992, and ZA disappeared and
ZG recovered as a dominant race group since 1993.

Loss of rice variety resistance and use of resistant rice varieties. Data on the
resistance reaction of rice varietiesin a diseased garden (Table 2) shows that race
variation is almost identical to that of artificia inoculation. Lijianghegu has always
been susceptible since 1980 for the presence of race group ZG. Guandong 51 and
Dongnong 363 became susceptible because of the presenceof ZE and ZD. The seri-
ous susceptibility of Tetep from 1989 to 1991 is relativeto ZA. Xiushui 04, Xiushui
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Fig. 2. Variation trend of M. grisea races in Wujiang, Jiangsu, China.
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Table 2. Resistance reaction of rice varieties in a diseased garden in different years in Wujiang.

Resistance reaction of rice varieties?
Variety
1980 1981 1982 19831984 1985 19861987 1988 1989 1990 199119921993 1994 1995 1996 1997 1998 1999

Indicator varieties

Tetep - - - - - - - - - + + + + + - - - - Ye Y/
Zhenglong 13 - - - - - - - - - - + + + + + + + + y/ y/
Sifeng 43 - - - - - - - - - - + + + + + + + + 7 v
Dongnong 363 - - - - - - + - - + + + + + + + + + 7 Y/
Guandong 51 - - - - - + + + + + + + + + + + + + 7 /
Hejiang 18 + + + + + + + + + + + + + + + + + + / 7/
Lijianghegu + + + + + + + + + + + + + + + + + + /i Y/
Variety change

Xiushui 48 7. / R R S S S / kA /S A / / / / / /4
Xiushui 06 / 7 / / R S S S / % / / / / / / / / A /
Xiushui 04 / / / / / R R R R S, S S / / /. / / /. /. %
8524 / /e / / / n Rl 1S S S [/ / / // / h / 4
Bing 620 7 / / !/ / % 4o A 4 R S 17 / / / / / /
88-122 / 7 / / / Y/ / / /4 / R S § S A 7 / % % Y/
91-17 / / / /- / L A4 /7 R R R R / / /
93-31 / /! / / / / / /) / / / / / / / /% R R R R
Wuyujing 5 / / /A h / /A /A - / 7/ /l / R R R S
9522 / / /. /B / VI m g A/ /A / / / R R R
9325 vk / / A & / 4L 7 L /A / / / /A / R R
2+ = infected. — = resistant. R = resistant. S = susceptible. / = not planted.



Table 3. Loss of resistance of major rice varieties and replacement for control of blast in Wujiang.

Year released Proportion Diseased Rate of

Variety to year variety of planted area (ha) infected Severity’ Isolated race Gene
resistance lost  area (%) panicles type
(%)
Xiushui 48  1982-84 42.7 (1984) 6,000 26.5 11.8 B;, E; G Pita-2
Zhejing 66 1984-86 7.8 (1986) 6,000 32.2 17.8 D,
8006 1984-86 4.0 (1986) 6,000 58.9 34.6 D EsE;
Xianghu 47 1984-86 3.8 (1986) 6,000 61.0 38.4 D,
Xiushui 04 1985-89  73.2(1988) 9,133 99.2 55.0 Ao, A Ay, Pita2
Bi:» Dl' Da-
E;; By G
8524 1988-89 26.6 (1989) 1,333 98.4 65.0 A Aol Ay
Dv E:;' Gl
88122 199092  92.7 (1992) 17,067 88.1 53.3 A Dy, Dy, Pikm
E,. G,
Bing 91-17 1993- 75.8 (1994) 0 0 0 No Piz-t
Wuyujing 5 1995-99 4.3 (1998) 400 34.7 19.2 No Piz-t
93-31 1996- 89.1 (1996) 0 0 0 No Piz-t
9522 1996- 89.7 (1999) 0 0 0 No Piz-t
93-25 1998 3.0 (1998) 0 0 0 No Piz-t

‘Disease index on a scale of 0-100.

48,88122, and others with gene Pita-2 or Pik-m lost resistanceafter cultivationfor 1—
4 years. Varieties 97-17, 93-31, 9522, and Wuyujing 5 planted at present maintain
resistance. Table 3 shows the use of resistant varietiesand resistancelossin Wujiang.
The use of resistant varieties is also a cause for the rare occurrence of rice blast in
Wujiang.

Discussion

Jiangsu Province is located in the Yangtze Delta of East China. About 3 million
haof riceare cultivated there. Rice blast isalways an important disease. Since 1980,
pathogenicity of the blast pathogen has been monitored. Results show that races of

pathogenicity exist in diverse forms. Cluster analysis of DNA fingerprints demon-
strates that abundant genetic diversity, including 6-7 lineagesin 55% similarity, ex-
istsin the M. grisea population structure from rice in Jiangsu too (Wu et d 1999).

Lineagesof M. grisea are very relative to the varietiesfrom which pathogen samples

are collected. The variation of lineages varies slowly with years (Wu et d 1999).
Abundant resistancediversity and genetic diversity exist in rice varietiesfrom Jiangsu
(Wanget d 1999). Riceblast isadisease that follows the gene-for-geneconcept (Flor
1971, Vadent 1990, de Wit 1992, Silué et d 1992). The pathogenicity of the M. grisea
structure varieswith cultivated rice varieties(Lu et d 1999, Y an et al 1999). A varieta
diversification program carried out in Jiangsu Province for the past 15 years has ap-
parently reduced the occurrence of the disease. The use of genetic diversity for the
sustainable control of blast includesthe replacement of resistant varieties, rotation of

resistant and susceptible varieties, rational arrangement of different resistance-gene
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typical varieties, and mixture-variety-planting with very different genetic backgrounds.
These measures have been employed widely in Jiangsu and have given farmers huge
benefits. The MV Pexperiment shows that the use of genetic diversity is beneficial to
not only the sustainable control of blast but also to yield increases. Understanding the
genetic diversity of M. grisea and cultivated rice varieties has important significance
for the sustai nable management of rice blast disease in Jiangsu.
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Prospects of a marker-aided
varietal diversification strategy
for diseasecontrol

E. Borromeo, Wang Zhonghua, Zhu Yijiun, Yunyue Wang, Zhu Youyong,
and Hei Leung

Polymerase chain reaction (PCR) primers corresponding to the conserved
motifs of prototype resistance genes were used to characterize germplasm
in traditional and current commercial varieties that are candidates for vari-
etal diversification. The predictive value of PCR markers on the phenotypic
expression of disease resistance among germplasm was evaluated. Our re-
sults showed that, although the markers were useful in grouping genetically
related germplasm and varieties, they are not sufficiently predictive of spe-
cific resistance phenotypes. Based on analyses of segregating populations
from other controlled crosses, we conclude that specific sequences corre-
sponding to candidate resistance or defense genes have better potential for
predicting functionality.

The study of Zhu Youyonget d (this volume) has demonstrated that intrafield vari-

etal diversification can be an effectivetool for controlling riceblast. The combination

of the highly susceptible glutinousrice and the relatively resistant hybrid indicarice,

planted in a repeating pattern of 1 row of glutinousricefor every 4-6 rowsof indica
rice, has been particularly effectivein reducing blast in the susceptible variety. How-

ever, resultsof mixed planting experimentsinvol ving resistant and susceptible japonica
rice have not shown significant disease reduction, suggesting that functional differ-

ences, in either disease resistance or other agronomic traits, are important factors in

determining the effect on disease reduction.

One approach for identifying the appropriate combination of genotypeswould be
to evaluate experimentally the effect of disease control and yield gain in different
combinations in the field. Although this could be guided by historical agronomic
data, determining theright genotypesand combinations by screening and field testing
is a daunting task, particularly if the number of varieties to be evaluated is large.
Although a variety of genetic and molecular markers are available in ricefor usein
diversity studies, and in marker-aided breeding, no study applies markers to deter-
mine diversification.

193



Molecular markers can be used to aid this processin two ways depending on the
nature of these markers. First, anonymous markers can be used to assess the related-
nessof thetest materials. Second, markersthat are associated with a putativefunction
can be used to predict performance in a particular trait. We reason that it may be
possibleto use molecular markersto predict which combination will be effective and
to increase the efficiency in selecting candidate varietiesfor diversification. We fur-
ther hypothesize that functional diversity in resistance genes possessed by the variet-
iesin amixtureisthedetermining factor in mixtureeffectivenessto control thespread
of thedisease. Following thisline of thinking, we focuson the molecular markersthat
are most likely related to resistance genes.

Disease resistance genes

We can broadly group genesinvolved in host resistanceinto two categories. First are
the major resistancegenes (R) that arecommonly used for disease control; thesegenes
areinvolved in pathogen recognition, which triggers downstream signal transduction
pathways. Cloning and molecular analyses of R genes have revealed that most R
genes share similar structural motifs: the nucleotide-binding site (NBS), leucine-rich
repeats (LRR), and kinases (Song et al 1995, Dixon et d 1996, Yu et a 1996). Such
sequence similarity suggests that many plants adopt a similar, though not identical,
structure-functional scheme in defending against invading pathogens. For disease
control, sequence conservation has offered opportunities to develop markersthat are
indicative of function (Leister et a 1996). Conserved DNA primers can be designed
toamplify sequencesby polymerasechain reaction (PCR) that correspond to thecon-
served motifs of resistance genes. These amplified sequences are called resistance-
gene analogs or RGA. Resolving the amplification productsin a polyacrylamide gel
would reveal polymorphic RGA fingerprints. RGA markers have been used to char-
acterize germplasm and breeding lines in barley, wheat, and rice (Chen et al 1998).
This strategy is becoming more powerful with the increasing amount of sequence
information available in public databases. It is now possible to inspect the entire ge-
nome of an organism to identify sequences that have NBS-L RR motifs. For example,
it is now known that the Arabidopsisgenome has 168 NBS-L RR sequences. A larger
number of such sequences have been found in rice, although not al these sequences
are necessarily functional resistance genes.

The second category of host resistance genes includes those that are downstream
from theinitial recognition. These are genes that control the intermediate stepsin the
signal transduction pathways and genes that encode products that directly restrict
pathogen growth. These are generally considered as defense response genes that
mediate resistance to invasion and function collectively to restrict pathogen growth.
Thus, it is generally assumed that these genes are related to quantitative resistance.
However, thereisincreasing evidence that some major genes can al so function quan-
titatively in conferring resistance to pathogens (Li et d 1999).

In this study, we used PCR primers corresponding to the conserved motifs
of prototype resistance genes to characterize germplasm in traditional and current
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commercia varieties that are candidates for varietal diversification. We evaluated
whether the PCR markers have predictive value on the phenotypic expression of the
germplasm with respect to disease resistance. Our resultsshowed that the markersare
useful in grouping genetically related germplasm and varieties. However, they are not
sufficiently predictiveon specific resistance phenotypes. Based on analysesof segre-
gating popul ationsfrom other controlled crosses, we conclude that specific sequences
corresponding to candidate resistance or defense genes are more useful in predicting
functionality.

Experimental approach to relate RGA polymorphism
and diversity in blast resistance

Blast epidemics used to be of common occurrence in Jiangsu Province. But, for the
past 15years, starting when farmers in the province grew diverse rice varietiesin
different districts, blast epidemics have rarely occurred. We hypothesized that this
could be attributed to the diversity of rice varieties planted in the area. To test the
hypothesis, wecharacterized thelevel of diversity presentin thewidely grown variet-
ies using molecular markers. We then tested the level of association between molecu-
lar and functional diversity in disease resistance.

Wecollected 36 elite varietiesextensively cultivated in differentdistrictsof Jiangsu.
Historical production data and agronomic characters are shown in Table 1. To evalu-
ate the spectrum of resistance, these varieties wereinoculated with seven Philippine
isolates (PO6-6, IK81-3, IK81-25, CBN9219-25, IMB840160, C9240-1, VV850196)
that were commonly used to differentiate many blast resistance genes among rice
germplasm in thetropics.

Three primer pairs (XLRRfor/XLRRrev, SI/AS3, and Ptokin 1/Ptokin2) corre-
sponding to each of the three conserved motifs (LRR, NBS, and kinase domains)
were used in thisstudy (Table2). Wedetermined in earlier studies with 41 rice variet-
ies from Yunnan Province (unpublished data) that three to four primer pairs were
sufficient to reveal the genetic relationshipsamong rice varieties.

The proceduresfor PCR amplification, electrophoresis, and silver staining were
adopted from Chen et d (1998). PCR solution consisted of 50 mM KCL, 20 mM Tris-
HCI, 5 mM MgC1l,, 0.2 mM of each dNTP, 60 ng of each primer, 20 ng of template
DNA, and approximately 2.5 units of Taq polymerase for each 25 mL of reaction.
Amplification was performed using 40 cyclesof 1 minat 94 °C, 1 min at 45 °C, and
2min a 72 °C. Final extension of 72 °C followed for 7 min.

PCR productswere resolved in 4% polyacrylamidegelsin 1X TBE buffer. Elec-
trophoresis was carried out using a sequi-gen nucleic acid sequencing cell (Biorad,
USA) for 2 h a 8 watts. Bands were detected by a silver sequence DNA staining
system (Promega, USA) with a 1-kb ladder asa DNA marker.

To infer the genetic relatedness among varieties, dendrograms based on a poly-
morphic banding pattern were constructed using the numerical taxonomy system
(NTSY S-pc, version 1.80, Rohif 1993) and Gelcompar software (Applied Maths).
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Table 1. Historical data and agronomic characteristics of varieties used in Jiangsu Province, 1983-97.

Variety Type? Pedigree Year Area Region planted® Yield Plant Growth Field
released planted® (t ha-t) height (cm)  period (d)  resistance?
Shanyou 63 I-H Zhenshan 97A/Minghui 63 1985 9,776.7  AYH, LXH, NHR, HS 7.5 115-120 142 R
Shanyou 559 I-H
Teyou 559 I-H Longtefu A/Hui 559 1996 50 AYH, LXH, NHR, HS 8.3 110 R
Zhenxian 232 | Xiangzaoxian No.3/IR54 1996 3.3  AYH, LXH, NHR, HS 8.3 110-115 147 R
Siyou 422 JH Sidao No. 8A/422 1993 6.7 TH,HS 10.5 105 155-160 MR
Liuyou No. 6 J-H
Jiuyou 138 JH 9201A/N138 1996 11312 - 8.3 105-110 145-150 MS
Xiushui 04 J Ce21///Funong 709// 1987 733.3  Southeastern TH 7.5 105 162 R
Funong 709/Dan209
Xiushui 122 J
Huaidao No. 2 J 3017/Shennong 1033 1992 3.3 NHR 755} 90-95 136 S
Huaidao No. 3 J 02427 /Sidao No. 8 1996 10 NHR 8.3 95 145 MR
Sidao No. 9 J Sidao No. 8/Zhongdan No. 3 1993 166.7 NHR 7.5 85 141-147 MR
Sidao No. 10 J Suxiejing /Yanjing No. 2 1996 10 LXH 8.3 95 150 R
Yandao No. 4 I 3021/665 1995 3.3 AYH, LXH. NHR. HS 8.3 115 140 R
Yandao No. 5 | Teqing/4011 Nuo 1997 - AYH, LXH. NHR, HS 8.3 110 141 R
Zhendao No. 2 J Guihuanuo mutant 1992 100 TH, HS. South AYH 715 95 150 MS
Zhendao No. 3 J 7030/Chengte232//Xiushui 04 1995 =3 TH 8.3 95 160-165 S
Zhendao No. 4 J Xinguang/Nanjing 11 1997 3.3 LXH 8.3 85-90 150 S
Zhendao 88 J Yueguang/Wuxiangjing No. 1 1997 240 NHR 8.3 95 145 R
Yangdao No. 2 | BG902 1985 521.4  AYH, LXH, NHR, HS 75 110 145-149 R
Yangdao No. 4 | Yangdao No.2/7101 1990 127.5  AYH, NHR, HS, LXH 7.5 120 140 R
Yangdao No. 6 [ 665/3021 1997 3.3  AYH, LXH, NHR, HS 11.3 115 145 R
(Co60 radiation mutant)
Yanjing No. 4 J-H 20229/Shennong 1071 1993 203.3 LXH 7.5 95-100 150 MS
Yanjing No. 5 J Yanjing No. 2/Suxiejing 1997 66.7 LXH 8.3 80-85 148 MR
Wuyujing No. 2 J Zhongdan No. 1/79-51// 1989 1,455.3  TH, HS, South AYH 8.3 95-100 155 MR
Zhongdan No. 1/Yangjing No. 1
Wuyujing No. 3 J Zhongdan No. 1/79-51// 1992 2,440.7  LX, South AYH, HS 8.3 94 150 MR
Zhongdan No. 1/Yangjing No. 1
Yangjing 186 ) Yang 201 /Huangjinging 1996 33.3 LXH,HS 8.3 100 145 S
Yangjing 201 J Nanjing 11/Nanjing 32 1989 80 LXH 75 107 140-145 S

continued on next page



Table 1 continued.

Variety Type? Pedigree Year Area Region planted¢ Yield Plant Growth Field
released planted® (t ha?) height (cm)  period (d)  resistance’

Taihujing No. 2 ] Taihunuo/Xiushui 04 1994 33.3 South TH MR

Yangfunuo No. 1 | IR29 radiation mutant 1990 16.7  AYH, LXH, NHR, HS 7.5 a7 130-135 R

Yangfunuo No. 4 | IR1529-681-3-2 1995 3.3  AYH, LXH. NHR. HS 8.3 102 139 R

Yangfuxian No. 2 | IR1529-68-3-2 radiation mutant 1991 6.7  AYH. LXH. NHR. HS 7.5 110 143 R

Ce 48 J

Tong 109 i Suyinjing No. 1 66.7  South AYH MR

93-25 J Wuyujing No. 2/Wuxiangjing 200 TH. HS, South AYH MR-MS

No. 1//Xiushui 04///122
9522 | Jia 48/9121//Bing 815 6.7  TH. HS, South AYH R

* = indica. J = japonica. H = hybrid. *in thousand ha. ‘LXH = Lixiahe rice region. NHR = northern Huaihe River rice region. HS = hill rice region, TH = Taihu rice region. AYH = along Yangtze River and
Huanghai Sea rice region. ‘R = resistant. S = susceptible. MR = moderately resistant. MS = moderately susceptible.



Table 2. PCR primers used to characterize rice varieties from Jiangsu Province.

Corresponding

Primer Sequence (5-37) conserved Reference

motifs®
XLRR for CCG TTG GAC AGG AAG GAG LRR Chen et al (1998)
XLRR rev CCC ATA GAC CGG ACT GTT
s1 GGT GGG GTT GGG AAG ACA ACG LRR and NBS Leister et al (1996)
AS3 IAG IGC IAG IGG IAG ICC
Pto kinl GCA TTG GAA CAA GGT GAA Kinase Chen et al (1998)
Pto kin2 AGG GGG ACC ACC ACG TAG
NLRR invl TGC TAC GTT CTC CGG G LRR Chen et al (1998)
MNLRR inv2 TGA GGC CGT GAA AAA TAT
“Codes for mixed bases: | = isonine, R = A/G. Degenerate primers were designed with isonine, or more

than one residue at the third codon position in order to fit the consensus amino acid sequence. "LRR =
leucine-rich repeats, NBS = nucleotide-binding site.

Genetic differentiation shown by RGA markers

Abundant RGA polymorphism wasobserved among the varietiestested. Varietd clus-
ters formed by RGA markersclosely corresponded to pedigree and their affinity to
japonica, indica, or hybrid rice (Fig.1). Varietieswithin the same cluster had asimilar
spectrum of resistanceto the blast isolatestested.

Some varietiesshowed heterogeneousRGA fingerprintsamong individual plants.
Theseindividual plantsalso showed a rangeof disease reaction from susceptibility to
resistance. To confirm the observed within-variety variation, singleplants (5-15 plants
in two separate experiments) from nine varieties showing both a homogeneous and
heterogeneousdisease reaction were examined further for disease reaction and RGA
polymorphism. The result consistently showed that varietieswith extensive variation
in disease reaction also showed marked polymorphismin RGA markers. In contrast,
varietieswith uniform disease reaction showed no RGA polymorphism (Fig. 2).

The results suggest that polymorphismin RGA markersis correlated with func-
tional polymorphismin the varietieswe sampled from Jiangsu Province. Y &, attempts
to genetically relate specific RGA polymorphism with the phenotypic segregation in
resistance have not been successful. In one such genetic test, the polymorphic RGA
marker did not co-segregate with resistancein the F, progeny. It is possible that many
other resistance genes are present in the variety and that the RGA profile does not
capture the molecular variation related to disease resistance. Thus, although diversity
in disease resistanceand molecular markersexists in commercial varieties, pinpoint-
ing the precise relationship between specific genes and function may require addi-
tiona genetic markersand diagnostic pathogen strains to discern specific resistance
genes.
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P06-6 IK8-25 CBN9219-25 JMB840160 (C9240-1 V850196

Wuyujing No. 2 ] s SR R-MR-S
Taihujing No.2 J R S-MS-MR R R R R
Yangjing No. 186 1 S S-MS S-MRR MS-MR-R R-MR R-MR
Yangjing 201 4 S S:MS-MR-R S S S:MS-R S‘MRR
Yanjing No. 5 J R MS-MR R-MR-S R R R
Yanjing No. 4 JHR SMSMRR R R R R
YangfunuoNo.1 ! S S:MS-MR R-MS R R R
YangfunuoNo.4 ! S S-MS-MR R-MR-MS R R R
Yangfuxian 2 ! S S:MS:MR-R S R-MS R S‘MR-R
Wuyujing No.3 J RMRMS RS R-MR-S R-MR-S RMRMS-S R
Zhendao 88 J R MS-MS-MRR R R-MR-S R-MR R
Yangdao No. 2 1 s SMSMRR  SMSR RS RS RMR-S
Yangdao No. 6 1S S R-MS.S RMRMSS RMR SMRR
Yandao No. 4 IS S-MS-MR R R-MS-S R R
Yandao No. 5 ]l S-MS-MR-S S-MSMRR S-MRS‘MR-R R R R-MR-S
93-25 J SMRR R R R R R
9522 J R R R R R R
Tong 109 J R S R R R R
Cedas8 J R S:MS:MR-R R R R R
Shanyou 559 'H R-S S:MS:MR-R R-MR-MS R R R-S
Teyou 559 'H R-MR-S S:MS-MR-R R-MS-S R R R
Zhenxian 232 1S R S S-MS R R
Shanyou 63 IH R R R R-MR RMR-MSS R
C039 1 S S S S S S
C101A51 I R S R S R R
C101LAC I R R R R S R
C104PKT I R S R S S S
C101PKT I s R S S R R
C1057TP 1 S R S R R R
Siyou 422 JHR S-MS-MR-R S-MS-R R-MR-MS-S RMR R
Jiuyou 138 JHR R S RMRMSS R R
Liuyou No. 6 JHS-MS:MR-R S-MSMR-R S-MRR RMRMSS R R
Xiushui 04 ) R R R R R R

| HuaidaoNo.3 1 R RMR R R R R
Sidao No. 9 J R R-MR R R R-MR R
Huaidao No. 2 ) R R-MR R R R R
Xiushui 122 J RMR R R R R R
Sidao No. 10 ) R R-MR-MS R R-MS-S R-MR-MS R
Zhendao No. 2 ) SMR MS-MR S‘MR MS-S R R
Zhendao No.4 ) SR R R R R
ZhendaoNo.3 J S R R SR R R
Yangdao No. 4 (-} S‘MS-R S R-MR-S R RMR

Fig. 1. A Gelcompar-generated dendrogram of 36 rice varieties from Jiangsu, China, and six CO39 near-isogenic lines based on three resistance-gene
analog primer combinations and the corresponding blast resistance. | = indica, J = japonica, H = hybrid, R = resistant, MR = moderately resistant, S =
susceptible, MS = moderately susceptible.



Variation in blast resistance within lines

Isolates

Variety POG-6 IK81-3 IK81-25

E a a. Shanyou63 RS RMRMSS RMRMSS
[E b b.Teyou559  RMRS  RMRMSS MRMSS

¢ c¢.Zhenxian 232 S R R
d d. Liuyou No. 6 R-MR-M5-S R-MR-MS R-MR-MS

e e. Xiushui 122 R-MR-S R R
f f. Huaidao No. 2 R R R
g g.SidaoNo.9 R R R
h h. Yangjing 186 S SMS-MR S
i i.Zhendao No. 3 R-MR-S R R

LI L T 11 v 11
0.37 0.52 0.68 0.84 1.00
Coefficient

Fig. 2. RGA clustering of five single plants within lines and their corresponding blast resis-
tance variation. R = resistant, MR = moderately resistant, S = susceptible, MS = moderately
susceptible.

Predictive value of RGA markers for varietal deployment

Although an exact relationship between RGA polymorphism and disease resistance
was hot established, the overall correlation between genomic variation and diversity
in resistance suggests that RGA markers could be used as predictors of functional
diversity. If RGA polymorphism reflects function, varieties with similar RGA pro-
fileswould belesslikely to provide complementary function. It followsthat varieties
with dissimilar RGA profiles would be more effective in reducing disease by provid-
ing complementary function in disease resistance. We set out to test whether RGA
fingerprint unrelatedness of varietiesisrelated to performance of the varietal combi-
nations used in diversification experiments.

Working with varieties used in the Y unnan diversification experiments, wefound
that the glutinous varieties Huangkenuo and Zhinuo are distantly related to the hybrid
indica varieties Shanyou 63 and Shanyou 22, compared with the japonica varieties,
which wereclosely related (Fig. 3). The mixtures of glutinous with hybrid rice variet-
ies were effective in controlling blast, whereas the japonica mixtures were ineffec-
tive. The ineffectiveness of japonica mixtures may be due to the genetic relatedness
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i Shanyou 63

e Shanyou 22

Zinuo
Huangkenuo

| Hexi 41

Chujing 12

— 8126
T T T T 1

0.45 0.56 0.67 0.79 0.90
Coefficient

Fig. 3. Dendrogram constructed using RGA profiles generated with the
PCR primer pairs XLRRfor/XLRRrev, Pto kinl/Pto kin2, and S1/AS3
for varieties used in interplanting trials in Yunnan. Variety 8126 is a
sister line of Luxuan 1, the japonica variety used in interplanting experi-
ments, which is genetically similar to Hexi 41 and Chujing 12.

of the component varieties as revealed by RGA markers. The preliminary data sug-
gest that RGA markers may be useful for designing varietal combinations that will be
effectiveagainst blast. However, the causal relationshipcannot bewell established by
these observations alone. Further comparison between markers and combinations of
effective and ineffective varieties is needed to validate the predictive value of RGA
markers.

Prospects of improving functional prediction
using candidate resistance genes

For many years, neutral markers have been used to characterize germplasm and vari-
eties. Although neutral markers are useful in showing genetic differentiation, they
generally do not reflect functionality. Our results indicate that, as with neutral mark-
ers, RGA markersare useful in differentiating groups of varieties. However, they are
not ideal predictorsof phenotypes. A main limitation of PCR-based RGA markersis
that many small amplified fragments are not related to disease resistance. For in-
stance, many LRR sequences in the genome are involved in protein-protein interac-
tion but not defense response. Thus, considerable noiseis present in the RGA profile.
On the other hand, sequences with contiguous NBS and L RR motifsare morelikely
to beinvolved in disease resistance. We therefore expect that the predictive value on
phenotypes will increase by using sequences with both NBS and LRR motifsin de-
veloping aDNA profile of the germplasm.

In separate studies, we have used a set of candidate genes including NBS-LRR
seguences and defense response—related sequences to characterize backcross breed-
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ing lines and recombinant inbred lines. The resultsindicate that candidate gene pro-
files of recombinants from a breeding or mating population are associated with the
quantitative expression of the phenotypes (Jianli Wu, Liu Bin, and H. Leung, unpub-
lished data). For example, using 30 candidate genes to characterize a recombinant
inbred population that segregates in quantitative blast resistance, we observed aclus-
tering of high-performing (resistant) lines with similar candidate gene profiles. In
contrast, the useof random restrictionfragment length polymorphismor microsatellite
markersdid not reveal any functional relationship with the DNA profiles.

Thus, by using aset of candidate genes that can more precisely reflect function, it
is possible to determine the functional complementarity of varietiesto be used in a
diversification strategy. This approach will be used in molecular characterization of
resistant varietiesin deploying diversification schemes in the future.

Conclusions

We have attempted to use RGA markersto infer function in germplasm and varieties
with historical recordson phenotypic performance. PCR-based markers were chosen
because of their simplicity in application. However, these markers are limited be-
cause some of the amplified fragments are not related to disease resistance. To im-
prove the utility of molecular markers in inferring function, full sequences corre-
sponding to putativedisease resistance genes are needed. We will usethese sequences
to characterize candidate varietiesfor diversification. Further, we will reexaminethe
varietial combinationsthat are effectiveand ineffectivein diversificationexperiments.
Resultsfrom these experiments should give us the meansto design varietal combina-
tionsand validatethe predictive power of the markersby testing the varietal combina-
tionsin thefield. If candidate gene markerscan indeed predict function, thisconcept
could be of great general utility for implementing diversification strategies on a vari-
ety of agronomic traits.
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Farmer scientistsin IPM:
a case of technology diffusion

PAC. Ooi, Warsiyah, Nanang Budiyanto, and Nguyen Van Son

In the past decade, farmer education through an integrated pest manage-
ment (IPM)field school approach has been recognized as an effective way
to help farmers better understand the complex agroecosystemthey have to
workin. Animportant aspect of sustainingthe knowledge gained inthe field
school is to encourage farmers to continue doing research. Such follow-up
activities of the FAO Programme for Community IPM in Asia have resulted in
many cases of farmers making informed decisions on matters relating to
pestmanagementintheirvillages. Three case studies are discussedto highlight
the role of farmer scientists in facilitating technology diffusion. The first
case study refers to farmer studies in Dalat, Vietnam, that led to an under-
standingof the selective action of themicrobial insecticide Bacillusthuringiensis
in managing the diamondback moth. Withthe information from experiments
and pilot studies, farmers were able to contemplate organizing village-wide
activities to conserve the population of Diadegma semiclausum, a key lar-
val parasitoid of Plutella xylostella. This is only possible with the support of
the local government and IPM trainers. The second case study concerns rat
managementin Kalensari village, Indramayu District, West Java, Indonesia,
where farmers were able to mobilize local residents to reduce the rat popu-
lation by catchingthe rats at night and feedingthemto ducks. Reducingrat
populations to very low levels before the planting season resulted in very
low rat populations and hence less damageto the crop. The third case study
provides an example of farmers working with IPM trainers in setting up a
farmerlearningfacilityin SlemanDistrict of Yogyakarta, Indonesia. Ricefarmers
experimented with growing vegetables and enhanced their understanding
of soil and microbials to manage insects and plant pathogens togetherwith
evaluating new cultivation practices. Thesethree case studies reflected the
strategy of the FAO Programme in promoting science and farmers. It has
resulted in farmers who are more confidentin solvingfield problems. These
farmer scientists also share their knowledge with other farmers in the spirit
of technology diffusion.



Theintegrated pest management (1PM)farmer field school (FFS) isthe primary learn-
ing approach devel oped and used by the Indonesian National IPM Programme (Dilts
and Pontius 2000). The rice IPM field school is a season-long learning experience.
The adjacent rice field is the classroom for participants. Farmers learn to carry out
experiments to understand biological concepts, leading to a better understanding of
the agroecosystem. Lessons learned from implementation of FFS in more than 12
countriesin South and Southeast Asia by the Food and Agriculture Organization (FAO)
of the United Nations confirmed that farmers are capable of understanding scientific
concepts associated with |PM. Farmer field schools provided an entry point for farm-
ers to learn science.

Because the FFS is an entry point, it is important that, after the FFS, there be
follow-up activities to sustain farmer curiosity about the agroecosystem (Ooi 1998).
Hence, “science and farmers’ are an important activity of the FAO Programme for
Community IPM in Asia. Case studies of farmer field research are available to dem-
onstrate that farmer scientists come into creation when given the opportunity to ex-
periment and be creative (Ooi et d 1999). As important as understanding scientific
concepts and generating knowledge, community |PM also encourages the sharing of
knowledgethrough farmer-organized activities that will reach more Asian ricefarm-
ers (Matteson 2000). Some farmers are farmer trainers skilled in helping other farm-
ers understand science in FFS. Some farmers prefer to organize meetings, seminars,
or workshopsto share experiences and knowledge. Whatever the approach, commu-
nity 1PM activities highlight technology diffusion via farmer empowerment. Three
case studies are presented in this chapter to demonstrate this.

Case study 1. diamondback moth management in Dalat

The diamondback moth, Plutella xylostella (L.) (Lepidoptera: Y ponomeutidag), is the
most important pest of crucifersin tropical areas. In the highlands of Dalat, Vietnam,
farmersgrow crucifersyear-round and spray insecticides as many as 24 times per sea-
son. Besides the large number of sprays, farmers often resort to mixturesof three or
more different chemicalsat concentrationsfar exceeding therecommended rates. This
exacerbated the problem of insecticide resistance in P. xylostella,which was first
reported in 1950from Indonesia(Ankersmit 1953). Excessive use of chemical insec-
ticideson cruciferswas reported from the highlandsof Malaysia(Ooi and Sudderuddin
1978, Sudderuddin and Kok 1978) and the Philippines (Poelking 1992).

In responseto the desperate measures used to control the diamondback moth, the
Plant Protection Department of the Ministry of Agricultureand Rural Development,
Vietnam, embarked on an ecol ogical approach involving theimportation of effective
parasitoidsto manage the pest population. CAB International was contracted to intro-
duce parasitoidsof the diamondback moth and the FAO Intercountry Programme on
Vegetable IPM supported FFS for vegetablefarmers in the country. Both Diadegma
semiclausum (Hellen) (Hymenoptera: |chneumonidae) and Diadromus collaris
(Gravenhorst) (Hymenoptera: | chneumonidae) were imported from Malaysiaand re-
leased in Dalat in 1997 (Lim 1997). A rearing facility was set up in Daat and large
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numbers of both parasitoids were successfully produced. Despite regular rel eases,
both parasitoidsfailed to establish because farmers continued spraying chemical in-
secticides on crucifers (Ooi 1999).

In late 1999, discussions with farmers from a vegetable IPM ecological group in
Commune 7 suggested that farmers had some ideas about how parasitoids kept pest
populations in check and their regular sprays prevented parasitoids, particularly
D. semiclausum, from exerting control. Similar results were reported from the Philip-
pines (Poelking 1992), Indonesia (Sastrosiswojo and Sastrodihardjo 1986), and
Malaysia(Ooi 1992). However, interventions with the microbial insecticide Bacillus
thuringiensis (Bt) rather than very toxic chemical insecticides have helped to con-
serve the ichneumonid parasitoidsin Malaysia (Ooi 1992).

During discussions with trainersand farmersin Dalat, it was reported that Bt was
ineffective, asit did not kill the diamondback moth (DBM) immediately. Further dis-
cussionssuggested that farmers based their decisionson achemical insecticide model.
As part of afollow-up activity to encourage farmers to generate knowledge, the Na-
tional IPM Programmein collaboration with a scientist from the FAOProgrammefor
Community IPM facilitated studies to understand the mode of action of Bt.

Farmers had tofirst learn the correct method of handling fragile caterpillars. After
farmers learned how to collect DBM caterpillars without harming them, they pro-
ceeded to bioassay five different commercial Bt formulations that were available in
Dalat. Each treatment had three replicates. In each replicate, 10 young caterpillars
weredropped onto leaf discs kept separately in small plastic cups.

In Commune 7, IPM trainers facilitated the study with DBM. Initially, farmers
evaluated thestudy using a bioassay method for chemical insecticides. Based on a24-
h evaluation, they concluded that Bt was not effective (Table 1).

When farmers in the vegetable IPM ecological group used a scoring system
that involved an understanding of how Bt works, they came to adifferent conclusion
(Table 2). In the second method of evaluation, farmers were asked to score for (1)
damage to the leaf discs, (2) amount of frass produced, and (3) state of the larvaein
the cup. To visualize the results obtained, a simplified statistic resembling the con-
ventional F-test at P<0.05 with three replicates was used. Farmers drew horizontal
lines linking the minimum and maximum score for each treatment. The result based
on this scoring system encouraged farmers to discuss the effects of Bt. Many were
convinced that Bt was effective and they had the option of selecting what they found
to be the most effective commercial Bt product. They wereable to relateto theaction

Table 1. Results of a study of five commercially available microbial insecticides (Bt) against
diamondback moth using a conventional method of counting the number of dead caterpillars at
6 h and 24 h after feeding with cabbage leaves treated with recommended dosages of Bt as
shown on the label.

Treatment Water Xentari Delfin Biobit Aztron V-Bt

Replicate no. 1. 2 3 1 2 3 12 3 1 2 3 12 3 1 2 3
At6 h 0 0 O 000 O0O0O0 00 0 000 0 00
At 24 h 1 1 0 000 210 01 0 000 1 0 0
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of the endotoxin in producing stomach paralysisresulting in low production of frass.
They noticed that caterpillars that fed on treated leaves did not eat much. Table 3
suggests that Biobit was effective. Xentari often showed good effects at 24 h after
treatment but overlap with the water treatment suggested that there may not be a
convincing difference.

This experiment was repeated in Commune 3 with similar results. Farmersin
Commune 3 aso carried out astudy to evaluate theeffectsof different concentrations
of acommonly availableinsecticideon DBM. They found that, 48 h after treating the
DBM caterpillars with a commonly used insecticide at ten times the recommended
rate, the caterpillars did not die. These results helped explain the concept of insecti-
cide resistance. Farmers concluded that, although chemical insecticideswere ineffec-
tiveagainst DBM, they killed parasitoids. Hence, the Commune 3 vegetable IPM eco-
logica group decided not to use chemical insecticidesand relied on Bt instead. This
resulted in lower populationsof DBM and often farmersdid not apply Bt subsequently.

The vegetable|PM ecological groupsin communes 3and 7 aso redized that, for
effective management of DBM, the entire community of farmers had to know about

Table 2. Results of a study of five commercially available Bt products against diamondback
moth using a scoring system? that measures the effect of Bt on the caterpillars tested.

Treatment Water Xentari Delfin Biobit Aztron V-Bt
Replicate no. 1 2 3 12 3 1 2 3 1 2 3 12 3 1 2 3
Leaf damage 3. 3 2 2:1. 12 2223 22 2 22 2 3 2 3
Frass production 1 3 2 21 1 22 3 22 2 2 2 2 3 2 3
State of larvae 3 3 2 2. 22 20232 11 1 22 3 3 3 3
Total score 7 9 6 6 4 4 6 6 8 5 b 5 6 6 7 9 7 9
“Scoring system:
Leaf damage ‘ Lclaw ‘ Sozme Sevaere
; None Some Much
Frass production 9 ‘ gh ‘ 3
State of larvae Dead Moribund Active
1 2 _ 3

Table 3. Visualizing results of the Bt study using data from Table 2 with a simplified statistic
adapted from van den Berg (personal communication 2000).

Treatment/score 4 5 6 7 8 9

Water
Xentari
Delfin
Biobit
Aztron
V-Bt
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theresultsof their studies. With the support of theLam Dong Plant Protection Subde-

partment (PPSD), they organized meetings and field days with other farmers and
commune leaders. One such meeting was held on 31 May 2000 in Commune 3 and
attended by officials of the PPSD, Department of Agriculture, research institutions,
universities, and the farmers’ union around Dalat together with farmers from other
communes. Farmersfrom Commune 3 organized thefield day and farmersfrom both

communes 3 and 7 presented their findings. A field visit was made to a farmer who
sprayed his2-mo-old crop threetimeswith Bt. Therewasevidenceof D. semiclausum
activities in the field and, as a result, many farmers better appreciated the role of

parasitoidsin managing DBM.

Case study 2: rat management in Indramayu, Indonesia

The farmer action research group in the village of Kalensari was set up in 1995. By
1996, the farmers had a good idea about how the rice white stem borer, Scirpophaga
innotata (Walker) (Lepidoptera: Pyralidage), invaded ricefields in thefirst season fol -
lowing an extended drought (Warsiyah et d 1999). They were able to share their
knowledgefirst with other farmers in the village and then with farmers elsewherein
the district. Indeed, their achievements included obstructing the scheme to provide
farmerswith insecticidesto control thewhite stem borer. Thedistrict officer agreed to
an dternative plan whereby farmers monitored the flight of mothsthat emerged from
diapause. Farmerswereencouraged to prepareseedbeds after the peak of moth flights
and this avoided serious pest damage.

After thisinitial success with managing white stem borers, farmers in the group
continued with field research to better understand the rice ecosystem, meeting regu-
larly to discuss issues related to their fields. One of the issues discussed was that of
ricefield rats. Thefarmers learned that ducks could feed on fresh rat mest if trainedto
do so. Inthevillageof Kalensari, many farmersrear ducks (about 50 ducks per farmer)
to supplement their income. Hence, the group decided to investigate the possibility of
using rats as food for ducks. An outcome of thisinvestigation is that farmers go out
a night during the dry season when no crop isin the field. By hunting rats before
the season starts, farmersactually reducetherisk of rat damageto their crops. In some
cases, farmers purchase live rats caught in other villages. As a result, the population
of ricefield ratswasreduced to avery low level in Kalensari and neighboring villages
too. The lower rat population meant less rat damage during the rice season. When
asked about the strategy to control rats by feeding them to ducks, Pak Warsiyah
remarked that, since the natural enemiesof rats have been reduced by farming activi-
ties, it was necessary tofind waysto kill the ratswithout forcing farmersto hunt them.
Rats provided good protein food to ducks, particularly during drought. Moreover,
ducksfed with rat meat tend to be healthier and produce more eggs, resultingin more
incomefor farmers.
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Case study 3: farmers’ learning capacity

In July 1999, the IPM Farmer Trainers Association of West Sleman, Y ogyakarta,
Central Java, discussed the possibility of establishing a “school” to encourage farmers,
particularly those who have graduated from the IPM farmer field school (FFS),to con-
tinue to do research. This“school” was caled the farmers' learning facility (FLF).
In the following month, a plan was presented to the local government to set up this
FLF.

The village government of Margoluwih provided a piece of land (6,000 m?)to
enablefarmersto carry out research. This meant that the IPM FFSalumni in Y ogyakarta
had a place to meet, share experiences, and devel op enterprises based on direct field
studies. The FLF was placed under the management of the IPM Farmer TrainersAs
sociation of West Sleman. Farmersfrom seven subdistricts wereinvited to join in the
activities of the FLF. By March 2000, 29 IPM farmers from five adjoining subdis-
tricts participatedin thefacility.

The research farm was converted from rice to grow other crops in line with the
desire to expand knowledge and opportunity so that farmers in the program could
realize their potential. The farm was organized into several blocks for experiments
with different vegetablecrops. Initially, the rice farmersfaced many problemswhen
they cultivated crops such as tomato, shallots, chillies, crucifers, brinjals (eggplant),
etc., for the first time. However, their desire to avoid the use of chemical poisonsas
far as possible allowed them to explore and experiment with alternative methods of
agriculture.

A follow-upactivity of the FL F wasto carry out studies to better understand soils
and how they affect crop growth. These studieswere not taught at the FFS. Therefore,
it was important that farmers had the opportunity to continue to experiment and ex-
pand their knowledge (Nanang Budiyanto 2000).

To avoid the use of chemical pesticides to control insect pestsand plant patho-
gens, farmersturned to the local government—operated plant protection laboratory for
microbial s. Experienceswith using the microbial ssuggested that farmersdid not fully
understand the nature of the microbialsnor did they appreciate how they work. At this
stage, farmersat the FL F moved to the next phase: preparinga protocol to ensure that
they better understand the microbials they want to use by discovering more about
how they work and understanding symptoms, etc.

TheFLF has asits objectivesthe processof |earningfrom natureand encouraging
cooperation among farmers to achieve the following aims:

e Developfarmers framework of thinking—to be more critical, analytical, and

systematic;

e Encourage traditional agriculture-based ingtitutions to support rurd agricul-

tural development;

e Build afarmer organization based on farmer leadershipand mutua cooperation;

e |Initiate a network of farmers to develop a mutual working relationship be-

tween farmers and other agencies; and

e Enhancefarmers capacity for advocacy.
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On 9-11 July 2000, the IPM Farmer Trainers Association of West Sleman orga-
nized a national symposium of IPM farmer trainers (including former IPM trainers
who returned to their original government job of pest monitoring following termina-
tion of aWorld Bank-funded project). About 150 of theformer IPM trainers(govern-
ment employees) and 50 IPM farmer trainersfrom 11 provinces attended the event.
Besides discussing the change in the role of government IPM trainers, the meeting
recognized the wisdom of devel oping farmer-based programsat village, district, and
provincia levels. This case provided an example of how farmers play an important
role in sustaining the diffusion of scienceand technology.

Conclusions

Thethree case studies were sel ected to reflect recent attempts by groupsof farmersin
both Vietnam and Indonesiato organizethemsel vesso that the knowledgethey gener-
ated could be shared with other farmers and institutions involved in rurd devel op-
ment. The FA O Programmefor Community IPM in Asia maintainsthat farmerscan
empower themselvesthrough knowledgegenerationand thisisclearly shown in two
groups of farmers involved in diamondback moth management in Dalat. Based on
their discoveries, thesefarmers were abl e to synthesize the different aspects of DBM
management and they concluded that, unless other farmers stopped using chemica
pesticides, the parasitoid D. semiclausumwould not be able to keep DBM popula-
tionsin check. Farmers in Commune 3 were pleasantly surprised when they recov-
ered Cotesia glomeratus(L.) (Hymenoptera: Braconidae) from Pierissp. (Lepidoptera:
Pieridae) from fields kept free of chemical insecticides C. glomeratus wasimported
in 1991 from Florida(USA) by the University of Dalat and was assumed not to have
established itsdlf.

The experience of organizing an area-wide campaign to manage the rice white
stem borer in thedistrict of Indramayu encouraged farmersfrom thevillageof Kaensari
to continue looking for answers to their field problems. When they discovered that
rats could be fed to ducks, farmers realized that this approach could be used to man-
age rat populationsas well as promote a profitable home industry. As farmers in
Kaensari were proud to acknowledge, a more sustai nable method of rat management
is when catching rats becomes profitableand reducescrop losses. Rat control cam-
paignsforced upon farmers by outsidersare often regjected.

The need to continuefield studiesor research after FFS, as well asthe necessity to
share or diffuse the information generated, is also reflected in the setting up of a
farmer learning facility in Sleman. Even in itsearly stage, the FLF has shown that it
can bring together farmerswho would liketo learn more about cultivatingcropsother
than rice. Farmersin the group were able to learn about healthy soil and explore the
useof biological control agents. The FLF provided an opportunity for farmers, train-
ers, and researchersto work together to synthesize from a large pool of information
some useful activitiesthat would benefit farmers.

Technology diffusion by farmersbased on knowledge they generated by working
together with trainersand researchersas equa partnersis proving to be a more sus-
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tainableway to modernizeagriculture. Astheconcept of scienceand farmersexpands
to al the FAOIPM participating countries, more innovative and creative ways to
learn science will emergefor the benefit of thefarming communities. The Programme
will continue to encourage seminars by farmersfor thisis'agood means of system-
atizing local knowledge and of spreading IPM experiences throughout local farmer
networks" (Dilts 1999).
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Adoption of mixture planting
for biodiversity in China: its impact on
pest management and farmers’ income

I.M. Reuvilla, Jinxiang Fan, Youyong Zhu, Zuoshen Li, TW. Mew, and M. Hossain

This chapter presents an overview of the technology adoption and diffusion
of mixture planting in Yunnan Province, promoted by a China-IRRI collabora-
tive research project, and assesses its impact on pest management and
farmers’ income. One hundred four farmer-adopters of mixture planting in
four villages and 30 nonadopters from three villages of Shiping and Jianshui
counties, Hong He Prefecture, were personally interviewed from 12to 28
July 2000 to generate information on household characteristics, farm man-
agement practices, input use, yield, costs, and income. Data were then ana-
lyzed using “before and after” and “with and without” project comparisons to
determine the impact of mixture planting.

The rapid adoption of mixture planting can be attributed to a vigorous
and systematic scheme implemented by the Yunnan Plateau lighthouse team
in collaboration with the local extension agency. Results show that farms
under mixture planting have a lower incidence of blast disease and farmer-
adopters on average spend only $10.50 ha™ for pesticides compared with
nonadopters’ pesticide cost of $42.92 ha in 1999. Farmer-adopters had
higher yields in 1999 than in 1996. In comparison with the yield on
nonadopters' farms, glutinous rice yield is 84% higher on mixture farms. The
yield of hybrid rice was almost the same with 20% less land that was reallo-
cated to plant one row of glutinous rice in between four rows of hybrid rice.
Overall, the yield was 7% higher and gross return was 14% more since the
price of glutinous rice, because of its higher quality, was twice that of hybrid
rice. The net gain in farm-operator surplus was estimated at 25%.

Farmers’ perceptions of the impact of mixture planting in generaltend to
support the quantitative analyses done for this study.

Modern rice production in Asia has more than doubled since the Green Revolution
began in the 1960s (Pingali et al 1997). Nearly 80% of this increase in production
came from theincreasein yield caused by the spread of improved modem rice variet-
ies. Because the modem varietiesare highly profitable compared with the traditional
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landraces, their introduction has led to an erosion of cultivar diversity with a large
proportionof rice area beingallocated to afew varieties(Smale 2000). The increased
intensity of cropping that followed the development of irrigation has increased pest
pressure, leading to farmers using harmful agrochemicalsto control pests (Kenmore
1980, Rola and Pingali 1993). Although the modem varieties developed later incor-
porated host-plant resistance against major insectsand diseases, farmers il depend
on chemical control for pest management (Fischer and Cordova 1998, Rola and
Widawsky 1998, Heong et d 1995).

Pest scientists have been trying to devel op environmentally sustainable methods
of pest management using natural biological control such as habitat diversity and
pest-predator rel ationships(Way and Heong 1994, Y asutmatsu 1967, Idam and Heong
1998, Yu et al 1996). Research has been conducted in devel oped countries to under-
stand the mechanism of pest control with mixed planting of varieties (Wolfe 1985,
1997, Mundt 1994, Mundt et d 1996, Zhu et d 2000 and this volume). This project
aimed to apply the scientific knowledge on mixed planting of rice to control the en-
demic blast disease by growing popular glutinousrice varietiesin Chinathrough adap-
tive research and farmer participatory experiments.

Chinese farmers had indigenous knowledge of using mixed planting of varieties
for control of diseases. Scientists have built on thefarmers' indigenousknowledgeto
develop the proper ratio of mixtures between traditional glutinous rice and modem
hybrid rice and crop management techniquesfor optimum control of pests and maxi-
mized yields, using resources provided by theAsian Development Bank (ADB)-funded
project on “Exploiting Biodiversity for Sustainable Pest Management,” in partner-
ship with scientists from the International Rice Research Ingtitute (IRRI) and ad-
vanced research ingtitutions. Some of the resources are used to train farmers in the
modern methods of mixture planting to facilitate dissemination of knowledge about
the technology and its transfer to farmers' fields.

This study wasinitiated to eval uate the impact of the project in termsof the adop-
tion of the technology and its effect on the use of pesticidesand farmers' income. Its
objectivesare

1. To present a historical perspectiveof how the technology of mixture planting

diffused in Y unnan Province,

2. To assess the impact of mixture planting on pest management and farmers

income, and

3. Toestimate the rate of return to investment in the project.

Methodology

One hundred four farmer-adoptersand 30 nonadoptersfrom seven villagesin Shiping
and Jianshui counties, Hong He Prefecture, were randomly selected and personally
interviewed from 12 to 28 July 2000. These two counties represent the areas where
the technology of mixture planting wasfirst introduced in 1997.

Twenty-six householdseach from four villagesin Shiping and Jianshui were ran-
domly selected asfarmer-adopters. To haveacontrol groupfor comparison, 10 house-
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holds each from three villages in the two counties were also selected at random to
represent the nonadopters.

A pretested questionnaire was used to generate information on farmers' demo-
graphic characteristics, landholding, access to information, aspects of the decision-
making processin relation to varietal choice, yield, farm management practices, input
use, and income.

Adopters wereasked detailed questions about their farming situation or practices
before and after the adoption of mixture planting. The “before” situation refers to
1996, the year before the farmer participatory experiment started. The “&fter” situa-
tion refersto the 1999 rice-cropping season. Similarly, data from the 1999 cropping
season were obtained from nonadopters.

Datafrom 1996 and 1999 were compared to assesstheimpact of mixture planting
on inputs, labor use, yield, costs, and income of adopters. Likewise, the performance
of the nonadopters was analyzed in comparison with that of the adopters.

Results and discussion

Background to the project and the technology

In early 1996, the Entomology and Plant Pathology Division of IRRI submitted to the
Asian Development Bank (ADB) a project proposal on using biodiversity for sustain-
able pest management. While waiting for the Bank’s approval, opportunities were
explored to involve scientists from devel oping member countries (DMCs) of ADB
using a “lighthouse” concept in which sites were selected for their potential to dem-
onstrate impact. Fivelighthousesites representingdifferent ecosystemsin four DMCs
wereidentified: the Mekong Deltain Vietham, Chiang Mai Vdley in Thailand, [locos
Norte in the Philippines, and the Y angtze Deltaand Y unnan Plateau, both in China.

The IRRI researchteam visited Yunnan Agricultural University (YAU)in 1996 to
check whether YAU would be interested in working on blast as the target pest prob-
lem. In 1997, Drs. T.W. Mew and P.S. Teng, IRRI team |eaders, madeasecond visit to
confirm YAU's participation in the ADB-funded project “ Exploiting Biodiversity for
Sustainable Pest Management.” Professor Zhu Y ouyong, who had just returned from
his postdoctoral stint in Australia, was designated as theteam leader of thelighthouse
site because, among the YAU staff, he had the longest experience in working with rice
blast.

When the project officially began in April 1997, Dr. Chris Mundt, IRRI visiting
scientist, first suggested mixing seeds as a varietal diversification technique. Farm-
ers, however, did not liketheidea. An experiment that wasamost similar to what was
donein 1980-84 by YAU wasset up in Bao Xiu, Shiping County. Each farmer’s field
of about 0.067 hawasconsidered asone plot. The team took 3 rowsand 5 columns of
adjacent plots and planted different varieties in each plot. The result was not very
good and disease was severe in plotswhere susceptbl e varieties were planted.

At about the same time, another varietal diversification experiment within farm-
ers fields was conducted in Zhang gui zhai, aso in Shiping County. The farmers,
however, modified the experiment by interplanting one row of glutinousrice for
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every four rowsof indicarice. The result was quite remarkable. The mixtureof gluti-
nous variety Huangkenuoor Zinuo with hybrid indicarice Shanyou 63 or Shanyou 22
significantly reduced the incidence and severity of rice blast disease.

Littlewas known about this practiceaf interplanting, which has been followed by
afew farmersin limited areas of Shiping County since 1983, athough there was no
clear pattern.

After the success in Zhang gui zhai, more demonstration areas were set up and
more and more farmers got involved. Farmers in Hong He Prefecture readily ac-
cepted the technology. They find the technol ogy to be simple and easy to apply, aside
from the perceived benefits of obtaining higher yield because of less pest pressure,
growing high-quality rice. and increasesin their income.

The technology spread so fast that, after the project was launched in 1997, the
area under mixture planting continued to expand. From the original 667 ha planted to
mixturesin Shiping County in 1997. the area grew to about 1,333 hain Shiping and
Jianshui countiesin 1998.

Factors contributing to technology adoption and diffusion

In July 1999, afield day-cum-workshop was organized to share the results of inter-
planting glutinous rice with hybrid indicarice for blast management. A video clip of
the varietal diversification project, which was produced by the Central ChinaTelevi-
sion Network, was shown to more than 150 people who attended the meeting. This
helped enhance the enthusiasm of the participants to adopt mixture planting in their
respectiveareas and draw attention of the senior local government officialsregarding
the potentia of the technology, which was instrumental in mobilizing local support
for fast diffusion of the technology.

During the meeting, both the local prefecture and county government leaders
strongly expressed their interest in the project. The Director of the Agricultural Bu-
reau of Hong He Prefecture proposed that the mixture planting project beincludedin
the Bureau' s priority project for year 2000 and urged all 13 counties under the prefec-
tureto target 13,333 ha of rice areato be planted to mixtures.

In September 1999, an agricultural task forcewas organized to prepare theground-
work to implement mixture planting in the different counties. The counties then in-
volved township leadersin implementing the project. The plant protection stations at
the county level weretasked to spearhead implementation of the technology in their
respective areas of responsibility. Some counties even alocated funds and |etters of
agreement between the upper and lower government units were signed to ensure a
clear understanding of responsibilitiesamong the different unitsinvolved.

Becauseof the commitment and systematic coordination of thoseinvolved in the
project at different levels of leadership. and the financial support provided by the
Asian Development Bank through IRRI and through the Key Phytopathol ogy L abo-
ratory of YAU, the project implementation activities went smoothly.

By mid-May 2000, theentire Hong He Prefecturecompleted interplanting of 16,667
haof hybrid and glutinousrice, which was 3,333 ha more than in the original plan.

220 Revillaet al



The training process

At the county level, the first step was to hold a meeting with county government
officers including the vice mayor in charge of agriculture, the chief of the county
science and technology commission, and the chief of plant protection and
agrotechnol ogy stations. Once support was received from the officers, the next step
was to conduct a workshop with techniciansin agricultural technology and county
plant protection officers. These trained technicians then organized, through village
officers, smal groupdiscussionsamongfarmers. During plantingtime, themoreskilled
farmersin the village took the lead to demonstrate to other farmers the procedureof
interplantingglutinousand hybrid rice, with theagrotechniciansas supervisors. In 2000
alone, 286 training courseswereorganized in 13counties of Hong He Prefecture, with
25,362 farmer-participants (Table 1). The totd number of farmers using mixturesin-
creased from 20,327 in 1998 to 446,000 in 2000 (Table2). IRRI provided additional
funds to the research team to support theintensive training program. The Chinese gov-
ernment has pledged to providefinancial support to continue the training till 2003.

Farm household profile

The average household size wasfour and the average number of children per couple
was 1.76 (Table3). This indicatesthat the Chinese policy of one child per family is
not effectively followed in rurd areas. Farming is done by relatively less educated
people. Most of thefarm managers have had formal schooling only up to the primary

Table 1. Number of farmers trained on mixture planting by county from
1998 to 2000, Yunnan Province, China.

County Year Trainings Farmers
conducted (no.) trained (no.)
Shiping 1998 15 593
Jianshui 1998 2 89
Total 17 682
Shiping 1999 32 1,800
Jianshui 1999 22 1,490
Total 54 3,290
Luxi 2000 11 870
Mile 2000 24 2,145
Kaiyuan 2000 29 2,538
Muzhi 2000 20 1,757
Gejiu 2000 28 2,286
Jianshui 2000 60 6,609
Shiping 2000 54 5,053
Yuanyang 2000 10 694
Honghe 2000 13 980
Luchong 2000 9 782
Jinping 2000 10 621
Pingbeng 2000 13 783
Hekou 2000 5 244
Total 286 25,362
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Table 2. Number of farmers using mixture planting and area planted to
mixtures, Yunnan Province, China, 2000.

County Year Farmers using Area planted to
mixture planting (no.) mixtures (ha)
Shiping 1998 19,975 799
Jianshui 1998 352 13
Total 20,327 812
Shiping 1999 54,300 2,006
Jianshui 1999 48,000 1,336
Total 102,300 3,342
Luxi 2000 22,000 667
Mile 2000 38,000 1,333
Kaiyuan 2000 39,000 1,667
Muzhi 2000 35,000 1,333
Gejiu 2000 47,000 1,533
Jianshui 2000 80,000 3,333
Shiping 2000 84,000 3,333
Yuanyang 2000 17,000 667
Honghe 2000 17,000 667
Luchong 2000 21,000 667
Jinping 2000 23,000 667
Pingbeng 2000 19,000 667
Hekou 2000 4,000 133
Total 446,000 16,667

Table 3. Distribution of households by number of members and by num-
ber of children, Yunnan Province, China, 2000.

No. of Percent No. of Percent of
members of households children households
0 0 6.8
1 1 24.8
2 3.8 2 57.9
3 15.9 3 7.5
4 57.6 4 2.3
5 15.9 5 0.8
6 6.1
7 0.8

leve (Table4).Theyounger generation, however, is better educated, indicating progress
made over time in human capital formation. In some farm households, more than
20% of the third children are high school graduates. Whether this more educated
younger generation will remain in farming will depend on the productivity of labor
and income from farming compared with aternative occupations.

The average per capitaincome was estimated at US$207 for the adopter house-
holds and $204 for the nonadopter households. Rice farming accountsfor 30% of the
household income. The World Bank definesas poor those househol dswith a per capita
income of less than $1 per day. More than 50% of the farm households' per capita
income is about $187.50 per annum, or only half a dollar per day (Table5). Thus,

222 Revilla et al



Table 4. Distribution (%) of household members by educational attainment, Yunnan Province,
China, 2000.

Educational attainment Head Spouse 1st child 2nd child 3rd-5th child
No schooling 7.5 13.1 8.9 12.2

Elementary (did not finish) 9.8 12.3 171 15.6

Elementary (finished) 54.1 46.9 28.5 34.4 47.1
High school (did not finish) 13.5 8.5 20.3 15.6 11.8
High school graduate 12.8 16.2 17.9 13.3 235
Vocational 2:3 2.3 4.9 5.6 5.9
College (did not finish) 2.3 0.8 2.2 5.9
College graduate 1.6 1.1 5.9

Table 5. Annual per capita income and share of rice income by type of farmer,
Yunnan Province, China, 2000.

Per capita % of adopters % of nonadopters Share of income
income (US$) reporting reporting from rice farming (%)
< 187 56 52 39
188-375 35 38 22
376-750 9 10 16
Average income 207 204

although the basic objective of the project is environmental protection by reducing
farmers’ dependenceon harmful agrochemicals, the project is well targeted to make
an impact on poverty alleviation. Since the project areais among the extremely pov-
erty strickenareasin China, an increasein productivity and incomefrom the adoption
of the technology will make a direct contribution to poverty alleviation.

Land-use pattern

The predominant crop is rice with amost al area planted to rice during the winter
season. Land is mostly left fallow after rice is harvested until the next season. The
other occupationsare livestock raising and various nonfarm activities.

The average farm size is 0.23 ha and the area planted to rice is about 0.16 ha.
Farm size is about the samefor the adoptersand nonadopters(Table6). The govern-
ment provides each adult household member with 0.067 ha of land, so the land is
fairly equally distributed among rural households.

The averagearea planted to glutinousricefor adopters(0.03 ha) isthreetimesthe
size of the nonadopters area (0.01 ha), whereas the area planted to hybrid rice is
dlightly smaller for the adopters (0.13 ha) than for the nonadopters(0.15 ha).

Prior knowledge on mixture farming

Three percent of the farmers already knew about mixture farming as early as 1993
(Table 7). According to them, some farmers in Shiping County first observed that
interplanting maize with sorghum within the same field reduced the incidencedf in-
sect pests and diseases. In the early 1980s, some farmersin the village tried to inter-
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Table 6. Farm size, area under rice, and area planted to glutinous and
hybrid rice by type of farmer, Yunnan Province, China, 2000.

Item Adopters (ha) Nonadopters (ha)
Farm size 0.23 0.22
Area planted to rice 0.16 0.16
Glutinous 0.03 0.01
Hybrid 0.13 0.15
Average farm size 0.23 ha
Average area under rice 0.16 ha

Table 7. Year when farmers learned about mixture planting and actual year of adoption, Yunnan
Province, China, 2000.

Year when Source of information? (%) Year when
learned about Percent adopted Percent
mixture planting  of farmers PPS DA Co-farmer/  mixture planting of farmers
relatives
Before 1996 2.9 33.3 33.3 333 Before 1996 2.9
1997 26.9 10.7 82.1 7.1 1997 10.6
1998 70.2 5.5 93.2 1.4 1998 86.5

“PPS = Plant Protection Station, DA = Department of Agriculture.

plant hybrid indica rice with glutinous rice and the results were positive. The effect
was marginal, however, because of random planting and hence the practice did not
spread. About 70% of the surveyed farmersfirst learned about the technology in 1998
when YAU, with support from the Department of Agriculture, conducted farmers’
training on mixture planting.

Therate of adoption increased fast among the samplefarmers, from 11% in 1997
to 88% in 1999. That farmers like the technology is indicated by the rapid diffusion
rate.

Varieties planted

Table 8 lists the major varieties grown by the adopters. Four different varieties of
glutinous rice were distinctly named by adopters. Before 1997, Huangkenuo (75%)
and Zigu (15%) werethe most popular glutinous rice varietiesgrown. Two years after
the adoption of mixture planting, the number of adopters using Huangkenuo increased
to 82%, followed by Zigu at 14%. Farmers may have realized that Huangkenuo can
yield more than Zigu when interplanted with hybrid rice.

For hybrid rice, more than 40% of the adopters planted Shanyou 63in 1996 and
about 6.3% reported using Siyou 63. In 1999, the distribution of adoptersusing Shanyou
63 and Siyou 63 was about the same.

Among nonadopters, Huangkenuo and Shanyou 63 are, respectively, the most
popular variety of glutinous and hybrid rice grown (Table 9).
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Table 8. Distribution of adopters by name of variety planted and by year, Yunnan Province,

China, 2000.
Percent reporting Percent reporting

Glutinous rice Hybrid rice

1996 1999 1996 1999
Ai'jiaonuo 5 =3 Ganyou 63 0.5 0.5
Baikenuo - 1 Guicao 1.0 -
Huangkenuo 75 82 Shanyou 63 42.3 20.2
Qitougu 5 2 Siyou 22 — 0.5
Zigu 15 14 Siyou 63 6.3 28.9

Table 9. Distribution of nonadopters by name of variety planted, Yunnan Province, China, 2000.

Glutinous rice Percent of Hybrid rice Percent of
farmers reporting farmers reporting
Duiduino 16.7 Feyou 63 3.3
Zajiano 16.7 Shanyou 63 63.3
Huangkenuo 66.7 Teiyou 63 3.3
Yunganl4 3.3
Ganyou 63 33
Siyou 63 16.7
Siyou 22 3.3
Others 3.3

Sources of seeds

Table 10 lists the different sources of seed for glutinous and hybrid rice. From the
data, it can be gleaned that the government has devel oped an infrastructurefor hybrid
seed productionand distribution. Seeds of hybrid ricefor both farm typescomefrom
the Department of Agriculture.However, farmersdepend on alocal network of farmer-
to-farmer exchange of seedsfor the traditional glutinousrice becauseof the absence
of formal ingtitutionsfor the production and distribution of seedsfor the traditiona
varieties.

A mgjority of the adoptersare more than satisfied with the performanceof their
chosen varieties, whether glutinousor hybrid rice(Table11). Among the nonadopters,
theratingsof glutinousriceareequaly distributed from being excellent to just good.
It was even rated poor by 13% of the farmerswithin that group. Hybrid ricelikewise
israted either very good (42%) or good (48%).

Criteriafor varietal choice

Farmers have different criteria for their choice of certain varietiesand we ranked
thesecriteriain termsof the three most important ones (Table 12). Among adopters,
the number one criterion for their choice of glutinousriceis its good eating quality.
The sticky glutinousriceisasocial symbol for the ordinary Chinesefarmers. Sticky
rice confections are served during Chinese festivals to symbolize closeness among
members of the Chinese family. Practicaly every festival or family occasioniis cel-
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Table 10. Distribution of farmers by source of variety, Yunnan Province,

China, 2000.
Adopters?® Nonadopters
Source of variety
GR HR GR HR
Department of Agriculture 8 97 17 a7
Own produce/previous harvest : i 1
Other farmers 75 2 83 3

"GR = glutinous rice, HR = hybrid rice.

Table 11. Distribution of farmers according to the results of varietal
use, Yunnan Province, China, 2000.

Adopters® Nonadopters

Result of usage
GR HR GR HR
Excellent 17 8 29 10
Very good 78 77 29 42
Good 4 14 29 48
Poor 0 1 13 0

4GR = glutinous rice, HR = hybrid rice.

Table 12. Ranking of reasons for varietal use, adopters, Yunnan Province, China, 2000.

Glutinous rice Hybrid rice

Reason for use

1st 2nd 3rd 1st 2nd 3rd
High yield 23 - - 99 - -
Good eating quality 66 9 - 3 14 -
High grain recovery 1. 2 - 1 6 -
Insect resistance - 6 - - - =
Disease resistance - - - - 29 5
Submergence resistance - - - - 1 6
Low fertilizer requirement - - 5 - 2 14
Marketable - 7 1 = - =
High price = 10 1 = - -
Lodging resistance 8 2 4 1 - 1

ebrated by serving specialty dishes made from glutinous rice. Asidefrom the eating
quality of glutinous rice, farmers choose to grow it because it commands a higher
pricein the market, has a low fertilizer requirement, and is resistant to lodging. The
latter may have been the result of interplantingglutinousrice with hybrid rice.

On the other hand, farmers' first major considerationin the choiceof hybrid rice
isthe potential high yield of the variety. Diseaseresi stancerankssecond, followed by
low fertilizer requirement.

The same ranking of reasonsis observed among nonadopters (Table 13).
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Effect of mixture planting on yield

Table 14 presents the average yields of glutinous and hybrid rice. The glutinous rice
yield of adopters was 34% higher in 1999 than in 1996, averaging 2 t ha®. Thisyield
is about 84% higher than the average yield obtained by nonadoptersin 1999. The
differences in glutinous rice yields between years and between adopters and
nonadopters are statistically significant.

On average, theyield of hybrid ricefor adoptersin 1999 was amost the same as
in 1996, although some land has been shifted to glutinousriceto accommodate mixed
planting. The yield for nonadopter farms where the entire plot was planted with hy-
brid rice was 8.6 t ha*, only 2% higher than that for the adopter farms. The average
yield when both varieties are taken into account was about 7% higher for the adopter
farms than for the nonadopters.

Mean level of input use

Table 15 reportsthe mean level of input usein both physical quantitiesand costs. The
magjor differencesin input use by adopters and nonadopters were in seeds, pesticides,
and labor used for transplanting and harvesting. The seed rate was about 10% more
for nonadopters because of the higher seed rates used for hybrid rice. There was no
differencein the use of chemical fertilizers.

Mixture planting has obviously affected the level of pesticide useof the adopters.
Because of less incidence of blast, adopters' pesticide expense decreases by 44%
when they interplant aglutinous variety that is highly susceptibleto blast with hybrid
rice. The average number of sprays wasonly onefor the adopters versusthreefor the
nonadopters. The nonadopters spent $42.92 ha' on fungicides compared with only

Table 13. Ranking of reasons for varietal use, nonadopters, Yunnan Province, China, 2000.

Glutinous rice Hybrid rice

Reason for use

1st 2nd 3rd 1st 2nd 3rd
High yield 2 - 29 - .
Good eating guality 3 2 - - 16 -
Disease resistance - - - - 12 3
Low fertilizer requirement - - - - 10
Marketable 1 2 - - - -

Table 14. Mean yield of glutinous and hybrid rice by type of farmer,
Yunnan Province, China, 2000.

Adopters Nonadopters
Rice yield (t hat) 1999
1996 1999
Glutinous rice? 1.5 2.0 1.1
Hybrid rice 8.4 8.4 8.6

“Differences between yields of adopters in 1996 and 1999 and between yields
of adopters and nonadopters for glutinous rice are highly significant at the 1%
level of probability.
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Table 15. Mean level of input use per hectare by type of farmer, Yunnan Province,

China, 2000.
Adopters Nonadopters
Inputs 1999
1996 1999
Seed
Quantity (kg)
Glutinous rice 5.4 4.4 3.2
Hybrid rice 35.0 32.0 37.1
Cost (US%)
Glutinous rice 0.08 0.07 0.28
Hybrid rice 4.60 3.99 4.66
Fertilizer
Quantity (kg) 1,433 1,433 1,475
Cost ($) 11.18 11.18 12.03
Pesticides
Cost ($) 18.58 10.50 42.92
No. of sprays 2 1 3
Labor (man-days)
Seedbed preparation 8.85 9.15 23.85
Land preparation 13.80 14.10 23.70
Transplanting 62.70 70.20 59.70
Fertilizer application 6.60 6.60 16.05
Pesticide application 3.60 2.85 20.25
Weeding 3.05 13.35 16.05
Harvesting 71.10 85.20 78.60

$10.50 ha for the adopters, indicating a net savingsof $32.42 ha* from adoption of
the technology. The reduction in the number of sprays aso brought about additional
health benefitssince farmers became less exposed to toxic pesticides.

For most farm labor operations, the nonadopters’ labor use was always higher
than that of the adoptersin both years except for labor for harvesting. As expected,
labor usefor seedbed preparation, transplanting, and harvesting was higher in 1999
than in 1996 among adopters. Labor for pesticide application, however, was 0.75
man-days lower for adoptersin 1999. The additional labor cost for mixed planting
wasdue to separate transplanting and harvesting of the glutinousrice, which matures
about 2 weeks later than hybrid rice.

Costs and returns analysis

To assess the impact of mixture plantingon farmers’ income, the costs and returns of
farm production were estimated (Table 16). Because of increased yields from gluti-
nous rice, which commands a higher price in the market, the gross value of produc-
tion realized by the adopters is much higher than that of the nonadopters. Adopters
gained an additional $143.98 ha* compared with the 1996 level.

Contrary toexpectationsthat mixture planting requires more seeds, adoptersspent
$9.75 ha lessfor seedsin 1999. This may be due to more efficient use of seeds by
farmers when they follow the straight row planting of both glutinousand hybrid rice.
Again, adopters’ seed expense is $10.32 ha lower than that of the nonadopters.
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Table 16. Per hectare costs and returns analysis by type of farmer and by year,
Yunnan Province, China, 2000.

Adopters ($ ha?) Nonadopters
Item 1999
1996 1999

Gross value of production 2,153.85 2,297.83 2,016.66
Price kgt of

Glutinous rice 0.50 0.36 0.38

Hybrid rice 0.17 0.19 0.19
Costs of production 692.96 674.62 713.92
Seeds

Glutinous rice 1.48 1.09 1.89

Hybrid rice 69.06 59.70 69.22
Fertilizer 167.70 167.70 180.52
Pesticides 18.58 10.50 42.92
Hired labor 436.14 435.75 419.36
Net returns above cash costs 1,460.62 1,623.21 1,302.73

Therewasa soasubstantial reductionof $8.08 ha* in pesticidecostsamong adopters
in 1999. Nonadoptersspent $32.42 ha® moreon pesticidesthan did adopters.

Although additional labor costs are incurred for both transplanting and harvest-
ing, the savingsfrom pesticidesand seedsand higher price of glutinousriceare more
than enough to compensatefor the increased |abor costs. Thus, we see from Table 16
that the net returnsabove cash costs obtained by adoptersare$162 ha' higher than in
1996, and $320 more than those of nonadoptersin 1999.

Impact perceived by farmers

Table 17showstheimpact of mixture planting based on farmers' perceptions. A ma-
jority of the farmers thought that there was a significant increase in labor use for
seedbed preparation (63%) and harvesting (75%) asaresult of adopting mixture plant-
ing. Farmersal so perceivedthat this technology required more seeds (54%) but lower
pesticide costs (87%) becauseof lessincidenceof blast disease (90%).

Now that farmersare able to plant morerice varieties (86%), genetic diversity is
aso improved. However, despite the ecol ogical soundnessof reduced pesticideuse,
farmers do not seem to associate it with improvementsin soil and water quality as
well as reduced mortality of fish and other aquatic productsin thericefields.

Most of the farmers (94%) perceived that mixture planting resulted in higher
yields. Asyield improved, there was an adequate supply of rice (81%) for home con-
sumption. Most of the farmers (97%) reported that the adoption of mixture planting
improved incomeand quality of life.

Economic impact of the project

As noted from theabovefindings, thistechnology adoption had thefollowingeffects:
1. Reduced pesticide use.
2. Increased yield from elimination of crop lossesfrom pestsand lodging.
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Table 17. Farmers' perceptions (%) of the impact of adoption of mixture planting,
Yunnan Province, China, 2000.

Impact indicator Increase Decrease No change
Labor use
Land preparation 6 94
Seedbed and transplanting 63 37
Crop care 6 3 91
Harvesting 75 1 24
Input use
Seeds 54 5 41
Fertilizer 1 99
Pesticides 1 87 12
Pest problems
Insects 2 5 93
Diseases 4 90 6
Weeds 2 98
Others 1 99
No. of varieties planted 86 14
Soil guality 1 99
Water guality 2 1 97
Other aquatic products mortality 100
Yield 94 6
Rice adequacy 81 19
Income 97 i 2
Quality of life 98 1 1

3. Increased production costson account of higher labor use in planting and har-
vesting.

Cost savings from reductionin pest pressure

The most direct benefit from mixture planting isthe reduction in pest pressure, that is,
blast disease, which impliessomesavingsin the use of pesticidesand labor for spray-
ing pesticides. Theaverage number of sprayswasthreefor the nonadopterscompared
with only one for the adopters, which would have a positive effect on health. It has
been documented that several diseases are caused by exposureto harmful chemicals
during spraying (Rolaand Pingali 1993).

Because of the reduced incidence and severity of blast disease, adopters spent
only $10.50 ha' for pesticides compared with nonadopters’ expenditureof $42 ha™.
Thereisalsoasubstantial savingsin theamount of labor used for spraying pesticides.
Comparing the costs incurred by both adoptersand nonadoptersfor pesticides and
labor, we estimate that the gains from adopting this technology are about $72 ha
(Table 18).

Yield gains from reductionin losses

Nearly 25-40% of theyield of monocropped glutinousriceis usualy lost dueto blast
disease (Zhu 2000 and this volume). The crop a so suffersfrom lodging when thereis
strong wind because of wesk stemsand taller plants. The method of interplantingone
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row of glutinousrice with four to six rowsof hybrid riceasaform of varietal diversi-
fication helps control blast disease and lodging of the glutinousrice plants. In Table
19, we see that, for nonadopters, only 6% of the area is planted to glutinous rice
compared with 19% for adopters.

On mixturefarms, theyield of glutinousricehasincreased by 82%. Thisfigureis
much higher than the 25-40% yield lossfrom blast. However, theyield of hybrid rice
has decreased by about 2%. The combined yield of glutinous and hybrid rice was
10.4t ha' for adopters versus9.7 t ha' for nonadopters. Thus, theoverall yield gain
from adopting the technology was about 7.2%.

The gain in gross revenueis even higher at 14% since glutinous rice fetches a
price almost doublethat of hybrid rice becauseof higher grain quality and the use of
glutinousriceon socia occasions. Thegain in gross vaue of productionfrom adopt-
ing the technology is estimated at $281 ha', almost four times higher than the cost
savingsin pesticides.

Additional labor costs

Thistechnology is not costless, as shown in the previousanalysisand based on farm-
ers perceptions. Substantial additional costs are incurred, particularly in two farm
operations. One is for transplanting labor because adopters have to transplant twice.
Another is for harvesting becausefarmers have to harvest the glutinous and hybrid
rice separately. The mixture-planting technology requires additional labor of 17.1 d
ha'and the imputed cost of the additional labor is about $39 ha.

Table 18. Cost savings from reduction in pest pressure, Yunnan Province, China,

2000.

Item Adopters Nonadopters
Number of sprays 1 3

Cost of pesticides ($ hat) 10.5 42.92
Labor for pesticide application (d ha™) 2.85 20.25
Imputed cost of labor ($ ha?) 6.49 46.10
Total cost ($ hat) 16.99 89.02
Financial benefit ($ ha?1) 72.03

Table 19. Yield gains from reduction in losses from blast disease and lodging of
plants, Yunnan Province, China, 2000.

Item Adopters Nonadopters  Percent
difference
Percent of rice area under glutinous rice 18.8 6.2 203.2
Rice yield (t ha) 10.4 9.7 7.2
Glutinous rice 2.0 1.1 -54.5
Hybrid rice 8.4 8.6 -2.3
Gross revenue ($ ha?) 2,298 2,017 13.9
Financial gain ($ ha) 281
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Benefits to farmers from technology adoption

Net income to farmers, after subtracting the additional |abor costs of transplanting
and harvesting from the value of the two benefits mentioned above, is $320 ha' and
thisisabout 14% of the gross revenuesfrom rice cultivation (Table20).

Farmers’ loss of income from reduction in prices of glutinous rice

There is also some expected reduction in farmer-adopters’ income because, as more
glutinous rice is produced, the market price goes down. This will be a cost to the
farmers. On the other hand, consumersstand to benefit from lower pricesof glutinous
rice.

Note that, with the increased production of glutinous rice, the price has gone
down from $487 t™*in 1996 to $346 t™in 1999 for the adopters (Table21). This will
be a major constraint later to the large-scaleadoption of the technology asthegainis
eroded due to lower prices.

Assuming that, in thelong run, the price of glutinous rice would decrease to the
level of that of hybrid rice, the minimum net gain would till be $142 t. In thefol-
lowing analysis, thisconservativeestimatewill be used instead of theestimated present
net benefits of $308 ha to estimate the rate of return to the project assuming there
will be a pricereductionfor glutinousrice in the long run.

The rate of adoption of the technology

The rate of technology adoption must also be considered in order to estimate the
future time stream of benefits. In 1998, mixture-planting technology was adopted in
only six counties; by 2000, it had spread to 40 counties (Table22). Large-scaletrain-
ing of farmers is one of the technology transfer methods implemented to ensure a

Table 20. Benefits to farmers from adopting mixture planting, Yunnan
Province, China, 2000.

Net benefits Values
To farmers ($ hat) 320

As % of gross revenue 13.9
As % of family income 25.4

Table 21. Farmers’ loss of income from reduction in prices of glutinous rice, Yunnan
Province, China, 2000.

Change in rice prices (US$ t1)

Iltem Adopters Nonadopters
1999
1996 1999
Glutinous rice 487 346 366
Hybrid rice 163 184 183
Minimum gains ($ t) 142
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Table 22. Rate of adoption of mixture planting from 1998 to 2000 and target area
coverage for 2003, Yunnan Province, China.

Item 1998 1999 2000
No. of counties 6 10 40
No. of farmers (000) 144 252 927
No. of farmers trained 682 3,280 25,362
Percent of farmer-adopters 14.1 40.6 48.1
Area covered (ha) 812 3,342 16,667
Percent of area covered 15.4 36.3 39.4
Target for 2003 200,000 ha

Total rice area in Yunnan Province 800,000 ha

Rice area under hybrid rice 300,000 ha

faster rate of technology diffusion. The technology spread from a mere 812 ha under
mixtureplantingin 1998to 16,667 hain 2000. About 40% of Y unnan Provinceis now
planted to mixtures.

A critical factor that contributed to the fast rate of adoption was the use of local
county officials and technicians as trainers. They worked with the farmers closely
and actively to demonstrate the technology and this helped encourage more farmers
to participate. We thereforeneed to account for the cost of extension when calculating
the rate of return.

The target area for expansion in 2003 is about 200,000 ha. With this kind of ex-
tension in Y unnan Province, it is possibleto achievethistarget, which is about 25% of
the area under rice in Yunnan Province. However, we perceive that the downward
trend in the price of glutinous rice may constrain the diffusion of the technology at
this scale unless the provincial government is able to find an export market for the
surplus produce. To be on the conservativeside, we assumethat at full development
the technology will spread to 100,000 ha by 2003 and will remain &t that level till
2007, when the technology may become obsol ete.

Estimated cost of the project
Table 23 presentsthe total estimated cost of the mixture-planting project in Yunnan
from 1997 to 2003. Investmentscome from three sources: IRRI, the Chinese govern-
ment, and thelocal Chinesepartners. IRRI substantially increased itslevel of support
to the Yunnan lighthouse site in 1999 when the project started to make an impact.
From $137,000 in 1997, YAU received an additional $83,000 in 1999. Similarly,
YAU received increasedfunding support from the Chinesegovernment to expand the
area under mixture planting.

Assuming that IRRI will provide$220,000 each year if a 3-year second phase of
the project is approved by ADB, the total investment will be $357,000 in 2002 and
$146,000 in 2003. These investmentsare critical for extending the technology.
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Table 23. Estimated cost (US$000) of the mixture-planting project, 1997-2003.

Investment Imputed cost Chinese
Year from IRRI# of Chinese government Total
partners’ time contribution
1997 136.6 14.6 - 151.2
1998 136.6 14.6 36.6 187.8
1999 220.0 14.6 91.5 326.1
2000 220.0 14.6 732 307.8
2001 220.0 14.6 122.0 356.6
2002 220.0 14.6 122.0 356.6
2003 146.3 146.3

AIncludes funds from ADB.

Table 24. Benefit-cost ratio of the mixture-planting project,
1997-2007.

Benefit-cost ratio
Discount rate (%)

1997-2000 1997-2007
15 2.7 22.0
50 2.0 8.7
100 1.3 7.8

Benefit-cost ratio of the project

Thefarmerswho aready adopted the technology will continueto reap the benefitsfor
many years to come until new pest problems make the technology obsolete. We as-
sume 2007 as the terminal year for the continuation of the benefits.

The investment in the project has aready been recovered in just the three years
since the project began in 1997 (Table24). At a 15% discount rate, the benefit-cost
ratiois 2.7 for the period 1997-2000. If wetake thefull time stream of benefitsfrom
1997 to 2007, the project gives a benefit-cost ratio of 22. Even at a 100% discount
rate, the benefit-cost ratio will still remain high at 7.8, which means that the actual
rate of return on investment is higher than 100%. The internal rate of return from
investment in theproject (the Chinacomponent) is estimated at 160%.

Conclusions

Mixture planting has brought several environmental and economic benefits to the
farmersin Yunnan Province. The simpletechniqueof interplanting theglutinousrice
that is highly susceptibleto blast with hybrid indicarice has reduced theincidence of
blast in Yunnan Province. Farmers have reduced their pesticide use and are now able
togrow thehigh-valueglutinousrice. Yieldsof glutinousrice havea so increased and
this has brought about higher net income for the farmers. Farmers who are aready
adopting the technology will continue to reap the benefitsfor many years until new
pest problemsarise.
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A synthesis of two knowledge-based
approachesto pest management

G.T. Castillo

| am agreat believer in integrated pest management (IPM) and farmer field schools
(FFS), perhaps even when faith in them is not always justified. This fascination with
IPM comes from my exposure to the Green Revolution, including the euphoria and
criticisms that followed its supposed benefits and unanticipated consequences. To
illustrate what 1 mean, in the early 1970s, the Philippine Rice Production Program
prescribed calendar spraying at specified doses and intervals. Pesticide application
was uniform in al regions. The total target area and the total value of insecticides
required were estimated and the pesticide companies divided the business among
themselves. Rice production loans required pesticides. The messageof pesticide use
was so powerful that farmers could not sleep if they did not spray. Pesticide wastheir
security blanket. They did not know the difference between good insects and bad
insects. The only good insect was a dead insect. Research orientation at that time
favored pesticide management rather than pest management.

So, in 1980, when IRRS began a pioneer field-based project on IPM, my interest
in IPM intensified. Perhapsthis was also thefirst time IRRI had a noneconomist socia
scientist. | spent practicaly al my timein villages learning about farmer knowledge,
practices, and behavior vis-&-vis pest management. Since then, | have always thought
that, because IPM is sufficiently complex and properly avant-garde, if farmers could
participatein thefurther devel opment and internationalizationof theconcept, they could
learn almost anythingfor the 21t century.

By its very nature, IPM immerses the farmer, researcher, extension worker,
and policymaker in a new world of discourse requiring new content of messages,
higher levels of understanding, and different ways of defining and solving problems
and learning together. It also means going beyond prescriptionsto decisions. For the
farmer, “seeing is believing” will no longer suffice. Some, if not most, of what is
involved in IPM is not going to be directly visible to the naked eye and will not
aways be immediately experienced. Seeing and thinking not only in the abstract but
also in thefuture must be learned. The pedagogy of thislearning process hasscarcely
begun to be unraveled.
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We know, however, that we need to make significant additions to the old adage
“to seeisto believe.” such as

Todoisto believe,
to use isto believe,
to know isto believe,
to understandis to believe, but
to adapt is to succeed for adaptation localizes the application
of ecological principlesand the practicesof technology.

The disease and/or pest resistance imbedded in the rice seed is not seen by the
observer. It is afact that must be made known. The dynamics of plant growth, the
significanceof varietal characteristics, thelifecycle of insects, thesymptomsof plant
diseases, plant-water and nutrient-pest connections, etc., are as much conceptual as
empirical. In IPM, we movefrom technology diffusion to concept understanding, from
the adoption of new rice varietiesto farmers learning about science, and from indi-
vidual decisionsto social learning and collective action.

Let me reiterate. Although “to see is to believe” is not sufficient, | think it is
necessary. Doing, using, knowing, understanding, and adapting are mutually reinforcive
but seeing must be there. The intangibles must trandlate into tangibles that can be
eaten, traded, stored, or even given away in the processof livingone's life.

Thechapter by Peter Ooi and others, “Farmer Scientistsin IPM: A Caseof Technol-
ogy Diffusion,” illustrates the sciencelearning and technology diffusion connection.

1. Without farmer understanding of what parasitoids do, continued spraying
prevented parasitoidsfrom performing their function. Learning about the ac-
tionsaf Bacillusthuringiensisand theconcept of insecticideresistanceissome-
thing farmers in the past never had an opportunity to do because they were
given prescriptions. It was assumed that they would never understand such
complexities.

2. Thestory of the white stem borer and preparation of the seedbed after theflight of
the mothsindicatesthat farmers needed to understand the life cycle of the insect.
Thislifecycleisnot atechnology. It isinformation derived from a body of knowl-
edge. The resultsfrom the applicationof thisknowledgeare very visible.

3. Ratstofeed ducks seemsto have been awin-win scenariofor duck-raisingrice
farmers. Hopefully, nobody will try to produce more ratsto feed more ducks.
But thisis probably beyond ecology.

4. | noticed that FA Ohas added “community” to IPM so it is now the FAO
Programme for Community IPM in Asiaand thereis an increased emphasison
sharing resultsof studiesgeneratedin FFSwith the wholecom unity. Thewhole
community is probably a bit exaggerated but sharing with othersin the commu-
nity is a definite phenomenon. Agnes Rolas study in the Philippines has defi-
nitely documented this phenomenon (“ Economicsof |PM-FFS Knowledge Dif-
fusion in Rice-Farming Communities: A Case Study in lloilo, Philippines,” 30
June 2000).
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She concludes:

“Our results show that IPM FFS knowledge is diffused. The 72 FFS graduates
randomly selected from the study barangaysaltogether diffused the knowledgeto 32
co-farmersin adirect way. This is about 44% direct diffusion.... Given the cost of
training one farmer in the FFS (P1,051 to P1,103) and the potentia returns currently
measured by theinsecticidecost savingsof the FFS graduates, one can concludethat
FFS is a feasible investment, not only in the short term but also in the long run.
Benefitscould potentially accruefrom the diffusion, from theintergenerationeffects,
and from the social costs saved.”

Thefarmers' learning facility isan attempt to institutionalize continuousscience
learning among farmers. Thisisa very forward-lookingideathat will enablefarmers
to riseabove the agricultural challengesthat await them. Thereisonly one caution at
this point. If farmersareto continue being excited about sciencelearning, thefacilita-
tors and managersof the learning facility must learn more and faster in anticipation
of farmer needs and interests. Farmersget bored easily when taught the same lessons
over and over. A study of FFS in India showed that farmers, whether trained or
untrained, had higher knowledge scores than extension workers, whether trained or
untrained. We must do better than this. Such alearningfacility putsagreat demand on
the research community. There must be a continuousflow of useful and challenging
thingsto learn and a variety of situationsto apply them to. Are we up to that?

The project “Exploiting Biodiversity for Sustainable Pest Management” is also
knowledge-based like the IPM case but it is different in some ways. Although it is
based on ecological principles, biodiversity for sustainable pest management, its pro-
motion and trandationinto farmers' fieldsis “mixture planting,” which is very simple
and very visible, although thereis much sciencebehind thissimple scheme. Whereel se
can you find three rowsaf hybrid rice interplanted with one row of glutinousriceto be
harvestedat different times?The project did not push new varieties. The messagewasto
mix them. But what to mix and how to mix them did not come automatically. The
farmers had to experiment with different combinations based on commonly grown
varieties. Adoption wasdramatic, impact immediately evident, and “ seeingis believ-
ing” worked wonders. But, most of al, rice blast incidence decreased and yield loss
declined. The mix of varietieswas based on farmer preferencebecause glutinousrice
commands a premium price and has sociocultural value. In a way, the mixture of
varietieswas the new technology. It is not a plant breeding product.

It has been argued before that, if the technology fits, is adopted, diffused, and
makesadifferencein farmers’ income, in environmental quality, and in productivity,
why do we need to invest in aschool, even afarmers’ field school? Did farmerslearn
theecol ogical principlesbehind thesuccessof mixtureplanting?What about the other
less visiblecomponentsof the biodiversity project such as the application of micro-
bia biocontrol agentsfor sheath blight, the proliferationof natural enemiesof insect
pests through planting compatible crops, and the nonapplication of pesticideduring
the early stages of crop growth?
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My nai've view is that, precisely because “seeing is believing” is so operative in
this case, the atmosphere for science learning from knowing and understanding is
probably at its best. How do we build this into the project implementation so that the
science is not left behind when the technology takes off?

Although there was no FFS, there was the classic case of scientist-policymaker-
farmer collaboration in pushing the technology from concept to actua practice.

The specificsof the diversification scheme were defined based on farmers' prac-
ticesand inputs. Highly motivated farmersand membersof the provincia and county
plant protection stations then participated in the implementation of the project in
farmers' fields. Initial successes generated from the demonstration plotssoon encour-
aged more farmers to follow the diversification scheme. Over a period of less than
three years, yield increased, rice adequacy for consumption increased, income
increased, and the quality of life improved.

Impact must be seen, felt, and acknowledged by farmers, not just by scientists.
Even when positive gains are computed by economists but farmers do not feel those
gains, we probably have not made a noticeableand felt difference. For thisreason the
chapter by Revillaand othersincluded an analysisof farmers' perceptionsof theim-
pact of mixture plantingin addition to actual economic calculations. As one Filipino
rice farmer remarked upon being told that using IPM has given him a net profit of
P768, “But | don't haveit in my pocket. It isonly in your notebook.”

Although mixture planting is based on an ecological concept, it was perceived by
farmersasa useful technology adopted in afantastic scaling-up process, which means
“bringing more benefitsto more peoplequickly” in an ecologically sound way. How-
ever, farmers have not yet seen its impact on soil and water quality and livestock
mortdity. This should follow.

Thechaptersby Ooi et al and Revillaet d understandably underscored what farmers
learned and what changes in farmer practices have occurred, but there is no mention
of what scientistslearnedin the processand what changesin their science have taken
place (if any) as a consequence of their involvement in these two approaches. They
made a difference to farmers. Did they aso make a difference to scientists? In the
caseof policymakersin China, theimpact seems to be obvious. How dramatic do the
results have to be to win their support? What will the Y unnan team do for an encore
after the scaling-up of the mixture planting strategy? Are other ecological principles
waiting to be tested at lighthouse sites?

What isthe possibility of bringing the concept behind the Y unnan experienceinto
the curriculum of FFS?

In summary, let me make the following observations:

1. The scientists played an activerole in the research translation process, unlike
the usual argument that defines their role as ending at the point where the
research report is produced or the publication comes out. Vay often they say
that research useis thejob of extension. This translation of technical research
resultsinto farmer participatory learning cannot just be passed on to somebody
ese. Inthehedthfield, they cal thisintervention research, otherscall it action

240 Castillo



research, but itisstill regarded as research although it involvesfarmers, exten-
sion workers, and policymakers.

2. Farmer participation came early in this project and in a very significant way in
mixturedemonstrationsin farmers’ fields.

3. There was alarge-scale social mobilization of other actors.

4. Training efforts on-farm were massive. This should be studied further in terms
of the content, method, and impact on farmer knowledge, skills, yield perfor-
mance, and ability to influenceothers. What was taught and what was|earned?
Because biodiversity is a very knowledge-intensiveconcept, training plays a
crucial role. How much of the science can be distilled so that farmers can be
taught?

5. Dr. Zhu and his colleagues were on the ground, they were not in their ivory
towers viewing the entire processfrom above. For this| salute them. Thisisa
casein which modem science meetslocal knowledge. How can we make things
happen in the Philippines, in Thailand, and in Vietnam?

Being involved with field realitiesand practicalitiesenables us to learn not only

with our minds but also with our hearts.

Science is a powerful force for the public good when practiced to serve a human
purpose. In the project “ Exploiting Biodiversity for Sustainable Pest Management,”
scientists, farmers, extension workers, policymakers, and funding agencies got to-
gether for acommon goal. No one group could have done it alone. Therefore, | con-
clude that this project is not just a scientific achievement. It has made adifferencein
thelivesof thosewho havelessin life. In my own pedestrian mind, thisrepresentsthe
triumph of the human spirit.

Notes

Author’saddress: International Rice Research Institute, DAPO Box 7777, Metro Manila,
Philippines.

Citation: Mew TW, Borromeo E, Hardy B, editors. 2001. Exploiting biodiversity for sustain-
able pest management. Proceedings of the Impact Symposium on Exploiting Biodiversity
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ippines): International Rice Research Institute. 241 p.
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