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Abstract

Viands, D. R,, Barnes, D. K., and Heichel, G. H. 1981, Nitrogen
Fixation in Alfalta~-Responses to Bidirectional Selection for
Associated Characteristics, U.S. Department of Agriculture Technical
Bulletin 1843, 24 p.

Our objectives in this research were to determine responses {o plant
selection for characteristics associated with N,-fixation in alfalfa and to
develop a practical breeding program for N,-fixation improvement. Each
of two broad-based gene pools, MANC and MnPL, was divided into
subpopulations developed by conducting two cycies of bidirectional,
recurrent, phenotypic selection for nitrogenase activity {NA) per plant,
top dry weight, nodule mass, and fibrous root mass. We made additional
subpopulations by conducting one cycle of bidirectional selection for a
base index {A) that did not include NA and by conducting one cycle of
selection at two selection intensities for high levels of a base index (B)
that included NA. Plants for screening and for determining responses to
selection were grown in low-nitrate greenhouse sandbenches centaining
a mixture of Rhizobium atrains. We evaluated plants for the four
selection characteristics plus nodule number, secondary root number, N
concentration in plant tops, and total N in plant tops.

Ali characteristics except N concentration were changed
significantly by two cycies of selection for each characteristic in either
one or both gene pools. Two cycles of selection increased NA 58 percent
in the MnNC gene pool and 61 percent in the MnPL gene pool, Nodule
mass accounted for about 37 percent of the variation in NA. The other
characteristics accounted for about B percent after we accounted for
noduie mass. The remaining 57 percent of the variation in NA was
unexplained,

Based on the results obtained, we recommend improving Ny -fixation
in alfalfa by first selecting large plants with a large nodule mass and
then screening those plants for NA. Evidence for nonadditive genetic
effects for some characteristics suggests that the production of a hybrid
type of cultivar would be most useful. Significant variation among
‘Saranac’, ‘Agate’, and the experimental subpopulations suggested that
present cultivars differ in N,-fixation potentiat.

We conducted field experiments and used the mass 15 isoiope of N
as g tracer of N metabolism to determine the seeding-vear performance
of selected populations from the greenhouse investigations. Additional
objectives were to investigate the effects of stage of plant development,
and herbage versus whole piant sampling, on assessments of N,-fixation
in the field.

During the seeding year, two experimental populations averaged
about 43 percent of their N needs from symbiosis, compared with 36
percent tor the standard cultivar ‘Saranac’. The experimental popuiations
fixed an average of about 142 kg/ha of N during the growing season,
compared with 109 kgl/ha for *‘Saranac’. N,-fixation was least {4 to 20 kgtha)
in the first and fourth harvest intervals and greatest (38 {0 87 kgfha)
during the second or third harvest intervals.

tn contrast to greenhouse evaluations of NA, we observed
significant (p < 0.05) differences in rates of N,-fixation per plant in the
field between the two experimental populations, and between the ex-
perimental populations and ‘Saranac’, over the growing season. Dif-
ferences of 14 to 31 percent in average plant populations, however,
resuited in smaller differences in N,-fixation on a land area basis than
would be expected from individual plant performance. The rates of M-
fixation of field-grown plants mirrored growth rates, which varied with
the changing field environment and especiaily with onset of dormanagy.

Keywords: Medicago sativa L., Rhizobium meliloti Oang., recutrent
phenotypic selection, acetylene reduction assay, root morphology,
nonadditive genstic effects, base indexes, nitrogen-15, isotope dilution,
sampling methods, nitrogenase activity.
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Nitrogen Fixation
in Alfalfa

Responses to Bidirectional
Selection for Associated
Characteristics®

Bonald R. Viands, Donald K. Barnes, and Gary H. Haichel®

introduction and Literature
Review

N,-fixation in legumes is a
process whereby Rhizobium spp. in
associaticn with the legume host
plant reduce atmosphearic N; to a
form usable by the plant. Lequmas
have been used in crop rotations to
improve the soil N content and tilth
for subsequent grain crops. As N
fertilizers became more abundant
and less expensive, crop rotations
containing legumes began to
diminish in many parts of the United
States, The energy crisis, beginning
in 1973, promptad concern for the
future supply and cost of N fer-
tilizers made from fossil fuels. It
created increased interest in the
potential of Ny-fixation by iegumes
to substitute for N tertilizers.

Before 1976, most efforts to
improve the N,-fixation capacity of
legumes involved attempts to
discover improved strains of
Rhizobium spp. When Rhizabium
strains are apptied to soil inhabited
by indigenous strains, however,
plant performance is generalty not
improved compared to
noninoculated piants. Examples
inciude soybean (Glycine max (L)
Merrill), where neither yield nor
seed protein concentration was
afiected (73)* and alfalfa (Medicago
sativa L.}, where neither yield nor
forage protein concentration was
affected (2).

Host plants and the Rhizohjum
spp. have genetic control of the N,-
fixaticn process. Gontrof of host
plant has been demonstrated in
several legumes by observing
significant variation among cultivars
and of host plant X Rhizobium

" Joint contribution of the U.S, De-
partment of Agriculture, Agricultural
Research Service, and the Minnesota
Agricuttural Experimert Station, St.

Paui 55108, Paper No. 11358, [The
greenhouse investigations were part of a
thesis by the senicr author as a partial
requirement for the Ph.D. degree.)

* Assistant professor, Department of
Plant Breeding and Biomatry, Cornell
University, Ithaca, N.Y. 44853; research
geneticist and plant physiologist, USDA-
ARS, Department of Agronomy and Piant
Genetics, University of Minnesaota,

Sl. Paul 55108

! ltalic numbers in parentheses refer

to Literature Cited, page 17.

strain interactions for yield and for
N.-fixation (3, 7, 8, 10, 11, 16),
Inheritance studies have shown that
the host plant helps to condition
many steps in the N -fixation pro-
cess. In red clover, Trifolium pratense
L., genes influenced resistance to
infection by Rhaizobium, infection
time, and numbers of nodules (25,
26, 27). In soybeans, nonnodulation
was controlled by a single recessive
gene (37), and in alfalfa, non-
nodulation was controlled by two
recessive genes (32). Effectiveness,
or ineffactiveness, of nodules was
reported to be heritable in red
clover {28, 30); in alfalta (1, 32, 36); in
Lotus spp. (9); in subterranean
clover (T. subterraneum L) (17); in
soybeans (35); and in peas (Pisum
spp.) (719).

Based an observations that N,-
fixation was determined by the host
plant as well as by the Rhizobium
strain, suggestions were made
concerning the possibility of
breeding red clover for increased
levels of effectiveness (28). Further
reporis showed improved N,-fixation
and vield in red clover (27}, An in-
creased nodule volume was shown
in white clover (T. repens L.) during
two cycies of selection but not
during a third cycle (24), Other
suggestions were made for breeding
alfalfa for improved N,-fixation and
for selecting well-noduiated alialfa
plants (70, 20).

Heritable differences among
alfalfa genotypes were first
demonstrated for N,-fixation as
indicated by NA measured by the
acetylene reduction assay (34).
Recommendations were made that
breeding for improved N,-fixation be
conducted by screening plants first
for increased nodule mass and
fibrous roots and then for increased
MNA (34). NA per plant was increased
by 82 percent after one cycle of
selection for NA in a nonfail-
dormant, alfalfa popuiation (5). Two
of the recent studies (5, 34) reported
that high tep weight, high root
weight, and increased nodule mass
were associated with increased NA
per plant. However, the causes of
the associations were unclear.

Althaugh the available data
suggest that increasing the N,-

fixation capacity of alfalfa is
possible, we must understand
various interrelationships among
maorphaological, physiotogical, and
yield paramaters before large-scale
breeding programs are initiated. The
research reported in this publication
was designed to provide plant
breeders and physiolagists with
background information on breeding
for improved N.-fixdtion capacity.

Qur objectives were (1) to
determine responses to bidirec-
tional selection for the individual
traits of NA per plant, nodule mass,
top dry weight, and fibrous root
mass, and also for base indexes
censisting of NA and faur mor-
phological characteristics in two
alfalfa gene pools; (2) to examine
associations amaong NA and mor-
photogical characteristics; (3} to
determine the best morpholagical
characteristic, or combination of
characteristics, for seiection to
improve the genetic potential for
enhanced N,-fixation in alfalts; {(4) to
determine if breeding for charac-
teristics associated with N;-fixation
affected N concentration and total
N in plant tops; and (5) to compare
N.-fixation under field conditions of
two experimental populations from
the first cycle of the greenhouse
recurrent selection program with
that of a standard alfalfa cultivar.,
The scope of this research and the
large amount of critical data
prompted us to publish the results
in a single document rather than in
a series of papers.

Materials and Methods

Greenhouse Investigations

Plant Material —\We conducted
selection experiments with two
genetically broad-based alfalfa gene
pools. MnNC-4 was developed at St,
Paul, Minn., by intercrossing piants
resistant to bacteriai wilt {caused by
Corynebacterium insidiosum (Mc-
Culi) H.L. Jens ). Sixty ptanis each
were selected fram 'Agate’,
‘Atfantic’, ‘Dawson’, ‘lroquois’,
‘Kanza’, and MnP-8 followed by
three generations of intercrossing
without selection and by ane cycle
of selection for seed yield in (daho.

MnPL-6 is simiiar to *Vernal’ in




parentage. it was developed at St
Paul from plants selected on the
basis of vigor and general appear-
ance from a 3-year-old yield trial
{18). The selected plants were
transplanted to a spaced-plant
nursery at Rosemeunt, Minn., where
the less vigorcus and disease-
susceptible plants were eliminated
over a 2-year period. Open-pollinated
seed harvested from approximately
300 plants was the basic sead for
the MnPL population. The
population then was selected one
cycle for resistance to bacterial wilt,
one cycle for resistance o common
leafspot caused by Pseudopeziza
medicaginis (Lit.) Sacc., two cycies
for resistance to Phytophthora root
rot caused by Phytophthora
megasperma Drechs,, and ane cycle
for resistance to Fusarium wilt
caused by Fusarium oxysporum
Schlecht 1. sp. medicaginis (Weimer)
Snyd. & Hans. According to fail
dormancy evaluations in Minnesota,
MnNC-4 is less winter -hardy
{similar to ‘Ranger'} than MnPL-G,
which is very winter-hardy (similar
{o *Vernal’).

Plant Culture—All screening
and evaluation studies for mor-
phological traits and NA were
conducted in greenhouse sand
benches with low nitrate tevels (12
to 14 p/m). Before planting, each
greenhouse bench (3.7% X 1.97 %
0.15 m) was steamed, and then 360
g of 0-20-20 fertilizer, 450 g of lime,
and a trace amount of micro-
nutrients were incorporated
inte the sand. A mixture of five A.
melifoti Dang. straing contained in &
dry peat base fram the Nitragin
Gompany, Milwaukee, Wis., was
incorporated into the sand before
planting and also was applied as a
slurry onto the sand after planting.

A mixture of Rhizobium strains
was used rather than a singie
strain because we believed that it
more closely represented a field
situation (34). Seeds were planted in
5- x §5- x 13-cm ptastic sleeves
{two plants per sleeve and thinned
tc one plant 10 days after
emergence) to prevent roots of each
plant from entangling with those of
neighboring plants, Plants were
assayed at about midbloom stage of
the first regrowth {about 12 to 14
weeks after planting).

Experimenial Design—We
divided each gene poo! into sub-
populations, which were developad
by applying two cycles of recurrent
phenotypic selection for high and
low NA, high and low top dry

TABLE 1.—2-cycle scheme of bidirectional recurrent phenotypic
selection for 6 plant characteristics in the MnNC and MnPL alfalfa

gene pools
Gene pool Selaction
generation Selection intensity
MnNC MnPL  cycle {pat) Seiection scheme’
B 9 2 20 HT HN HF HA
| HB-B {1 pot]
5 8 1 14 HY HN HF HA HB-A HB-B{20pct)
s —
4 51 0 ORIGINAL GENE POOL
5 8 1 14 LIT LlN LlF LA LB-A
8 9 2 20 LT LN LF LA
'"H = selection for high levels.
L = selection for low levels.
T = topdryweight.
N = nodule mass score.
F = fibrous root mass Score.
A = nitrogenase activity per plant.

B-A — Base Index A comprised of top dry weight, nodule mass score, {ikrous root
mass score, and secondary root number score, each weighted as described in the text,

B-B {1 pct) = Base index B at the 1-percent intensity.

B-B {20 pct) = Base index B at the 20-percent selection intensity.

{Base Index B was comprised of nitrogenase activity and the characteristics in
Base tndex A, each weighted as described in the text)

weight, high and low nodule mass,
and high and tow fibrous root mass
(table 1). Two additional sub-
popuiations in each pool were
developed by applying one cycle of
selectton for high and low Base
index A and using the aquations:

HMANG)} =021 T+ .24 N+ 0.18 F +0.085
and ! (MnPL)=0.89 T+0.35N+0.48F +0.128
where | = base index value,

T =top dry welght,

N = nodule mass score,

F = flbrous root mass score, and
§ = secandary root number score.

Because improving NA was the
primary goal, we derived weights for
each independent variable by
computing mean coefficients of
regression over blocks, aiter fitting
regression equations of NA on all
independent variables listed in
these base index equations.

More than 800 plants of each
gene pool were screened, and
approximately 110 plants (14 pct)
were chosen for each subpopulation
in the first cycle of selection.
Because of sampling time, en-
vironmental effects in the sand
benches, ang possible diurnal
fluctuations in NA, plants for
screening were blocked and 5
plants were selected from each 36-
plant block. We used some plants
as parents for more than one
subpopulation in each pooi. When
intercrossing selections to produce

seed for the next generation,
racemes therefore were tagged to
designate the subpopulation to
which that seed belonged. Each
subpopulation was independent in
the second cycle of seiection.
Because of the size of the ex-
periment in the second cycle ot
selection, only about 250 plants
(seven 36-plant blocks) were
screened in each subpopulation. We
selected 7 plants (20 pct} per block
far a total of about 50 plants (table
1.

in addition to these breeding
subpopuiations, we divided each
gene pool into two subpopulations
designated HB-B (20 pct) and HB-B
(1 pct) after the first cycle of
selection {tabie 1). The HB-B (20 pcY)
subpopulation was developed by
selecting 20 percent (160) of
the plants, and the HB-B (1 pct)
subpopulation was developed by
selecting 1 percent (10 plants) for
high fevels of Base Index B, com-
prised of the same characteristics
as Base Index A plus NA values. For
Base Index B, top dry weight and
the root characteristics were
weighted 1.0, and NA was weighted
1.5 times that of the other
characteristics. Seed of the Syn. 1
generation of each subpopulation
was produced in the greenhouse,
and seed of the Syn. 2 generation
was increased in Prosser, Wash., as
part of the NC-83 Regiona! Seed




Production Project. Responses to
selection were evaluated in three
experimenis.

The MnNC experiment was
planted in February 1978 and in-
ciuded the originai MnNC gene pool
and piants from both cycles of
selection In the high and low
directions for sach characteristic
from the MnNGC pool. The ex-
periment was planted in a ran-
domized, compiete block design
with 70 blocks and 28 entries. Ten
of the 28 entries represented the
ariginai poo! so that each response
curve would have an independent
value for the original pool. For ease
of discussion, values for the original
pooi, presented in "Resulis and
Discussion,” are the means of these
10 entries, Each of the 28 entries
was represented by 1 plant per
biock.,

At midbloom stage of the first
regrowth (early May 1978), we
assayed each plant {or top dry
weight and for NA per plant by
using the acetyiene-ethylene
reduction assay {75, 341 The root
systems of each plant were scored
visually for nodule mass, noduie
number, {ibrous root mass, and
secondary root number. All scores
ranged from 1 {ieast) to 5 {most}. For
exampla, nadule numbers were
classified into approximately the
following numbers of nodules; 1 =
0 to 5 noduies, 2 = § to 30 nodules,
3 = 31 to 45 nodules, 4 = 4510 70
nodules, and 5 = more than 70
nodules. Secondary root scores
were classified as 1 = no secon-
daryroots, 2 = 1to3rools, 3 = 4
foBrools, 4 = 7 toBroots, and 5
= more than 8 roots.

The 70 blocks were combined
pairwise in the analysis of variance
for each characteristic, resulting in
35 replications. Computations for
the analyses of variance were done
on mean performance of the two
planis within each entry per
replication. Realized heritabilities
were computed for each selection
criterion, within each of the two
cycles of selection, and for both the
high and low diraection of selection.
Heritabliities were computed as the
ratio of selection gain to selection
differential (14).

In addition o these charac-
teristics, we analyzed plant tops of
each entry for N concentration by a
micro-Kjeldahl precedure. Crown
and root systems were not analyzed,
Because of the large number of
plants, we combined plant tops
from each entry over 7 blocks at a

time, which rzsulted in a total of 1G
replications. We also combined ali
entries representing the originai
gene pool; therefore, analyses of
variance for N concentration and
totai N in piant tops were computed
on 19 entries.

The MnPL experiment was
planied in June 1978 and was
evaluated in early Sepitember. The
numbers and types of entries and
the types of measurements were the
same as those in the MnNC ex-
periment, except that N analyses
were not made on the plant tops.

The MnNC-MnPL experiment
was planted in March 1978 and was
evaluated in late June to compare
the two gene pools. We evaluated
the two original gene pools, eight
subpopulations after two cycies of
selection for high levels of each
piant characteristic, seven Base
index B subpopulations, and two
cultivars {'Agate’ and ‘Saranac"). The
same characterisiics were evaluated
as in the individual gene poot
avaluations. The experiment was a
randomized, compiete biock design
with 19 entries and 34 blocks.
Analyses of variance (blogks paired
to total 17 replications) were
computed for NA and the mor-
phological characteristics. We
ptanted an additiona! bleck in this
experiment so that plant tops of
each entry couid be combined intc
seven replications of five blocks
gach for N analysis.

Field Investigations

We conducted our experiments
at the Rosemount Experiment
Station, University of Minnesota, 5t.
Paul, during 1977 1o assess under
field conditions the progress of
selection for morpheiogical and
physiclogical iralis associated with
Nj-fixation capacity. The isotope
dilution {iD) technigue that used the
mass 15 isotope of N as a tracer of
plant N metabolism {77, 22} was
used to measure Ny-fixation instead
of the acetylene reduction assay of
NA. The 1D technigue is preferred o
the acetylene reduction assay for
field experiments because it in-
tegrates N,-fixation over time,
variations In the physical en-
vironment, and heierogeneity of the
rhizosphere.

Soit Characteristics—Experi-
mental plots were located on Port
Byron silt loam, a fine-silty, mixed,
mesic Typic Hapludoh soil with a
record of altatfa culture and
incculum application during 1971-

75. The site was faliow throughout
1976 and was fertilized in Octlober
with b0 kgfha P and 560 kgiha K.
Soil pH averaged 6.5 in the upper 15
cm of the profile. On May 3, 1977,
immediately belore onset of ex-
periments, the soil averaged 3.7
percent organic matter, 12 p/m N as
nitrate, and 5 p/m N as ammonium
in the upper 15 cm of the profile.
Ammonium-N was uniform with
depth in the profiie to 80 o, while
pitrate-N increased from 30 p/m at
15- to 30-cm depth to 51 p/m at 30-
to 60-cm depth,

Plant Material —We conducted
two axperiments to assess the
progress of selection. In one, N,-
fixation of the two populations
{(MnNC-5, MnPL-8; table 1} that had
been devetoped by one cyacle of
recurrent selection at a 14-percent
selection intensity for improvement
{in the high direction) for traits
associated with N,-fixation was
compared with that of ‘Saranac’, &
standard cultivar. in the second, N,-
fixation of the HB-B (1 pct) and HB-
B (20 pet) subpopulations {Syn. i
generation) of MNNC-5 and MnPL-8
(table 1} was assessed to determine
whether intensity of selection for
traits associated with N,-fixation
affected performance in the field. In
the absence of an alfaifa tacking
nodules or having nodules inef-
fective for N,-tixation, ‘Rise' reed
canarygrass {Phalaris arundinacea
L.) was chosen as a perennial, non-
nitregen-fixing control species with
seasonat growth charactaristics
similar to those of alfalfa.

Experimental Design—Each
experimental plot was an un-
disturbed soil column 100 x 100 x
50 cm bounded on four sides by a
redwood frame to prevent lateral
dispersion of isotope and to allow
unesiricled water percolation and
root development. Belore estab-
lishing alfatfa in the plets, they
were sprayed uniformly with 350 mi
water containing 0.4 g/m? "N as
(*NH.), S0, with 42.4 atom percent
"N in 1.0 g iotal N. Contro! plots for
establishment with the non-
nitrogen-fixing reed canarygrass
were sprayed similarly with 6 gim?
total N from {"*NH,}, S0, with 7.1
atom percent *N. The N rate applied
was insufficient to affact alfalia
nodulation {76}. The isotope was
mixed inte the upper 13 em of the
profite immediately after application
and aflowed to equilibrate for 7 days
with periodic stirring befcre piant-
ing.
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We established experiments in
five replicates of a randomized
complete block design on May 10,
1977. All alfalfa entries were sown
at equal seeding rates. Because of
differences in establishment,
nopulation MnNC-b averaged 168
plants/m? population MnPL-8, 191
plantsim?; and the cultivar ‘Saranac’,
121 plants/im? at the first harvest.
The HB-B (20 pct) subpopulation of
MnNC-5 averaged 168 plants/im?®, and
the HB-B (1 pct) subpopulation
averaged 148 plants/im? at the first
harvest. For MnPL-8, the HB-B (20
pct) subpopulation averaged 191
plantsim?, and the HB-B (1 pct)
subpopulation averaged 182
plantsim?. Reed canarygrass plots
established by hand seeding had an
average stand density of 122/m* at
first harvest. Alfalfa established as
seed was inoculated before sowing
with commerical R. melfioti inocu-
lum from Nitragin.

Plant Samples—Alfalfa and
reed canarygrass were sampled
when alfalfa was at 1 to 5§ percent
flower on July 1, August 2, Sep-
tember 15, and again after
becoming dormant on October 20.
On each date, 10 plants were
chosen randomly and were dug
from the seeded alfalfa plots, and
were chosen from the seeded reed
canarygrass plots. Plants initially
were washed free of soil in the field
and subsequently were transported
to the laboratory for nodule removal,
rewashing, and rinsing. We clipped
herbage remaining after whole-plant
harvest on the first three dates to 4-
cm stubble height and retained a
subsample for a separate isctope
analysis of the herbage. Herbage
growth was Tnsufficient for sam-
pling at the fourth harvest. All whole
plant (a composite of root, crown,
and herbage) and herbage samples
were dried to constant mass and
ground to pass a 1-mm screen in a
Udy cyclene mill. Nodules were
excluded from all samples.

We determined total N con-
gcentration of ovendry plant samples
by Kjeldahi analysis with distilled
ammonium trapped in 0.1 N H;8C,,
followed by titration to an acid
endpoint with 0.1 NaGH. Kjeldahl
distillates were reduced 10 5 to 8 m!
per sample and were stored in
sealed shell vials until analysis for
N isoctope compesition by mass
spectrometry.

Calculating N.-Fixation—Sym-
biotic N,-fixation (SNF} was calcu-
lated as N fixed on a land area
or ptant basis {N;) or proportion of

total sample N derived from sym-
biosis (Ng). Using the 1D technigue
(17, 22, we calculated N, as 100-100
{(atom percent excess "N in legume
samplelatom percent excess-"*N in
noniegume sample). N fixed on a

1.40

1.20

TOP DRY WEIGHT {grams - plant™)

0.80

©.40

-

o,

0.co

0 1 2
A)

3.80

3.60

w
£
i=]

[l
[
o=

FIBROUS ROCT SCCRE
3
=]

I T

-

2.4D

Ci CYCLE OF SELECTION

jand area basis was N, = {N,} {total
N yieldim?). This method of
calculation agsumes that the grass
and the tegume iook up combined
forms of N in proportion to the
amounts available, and the

420k ’v'
-
”
e
-
,f
4.00p
I"
ey HN .
J"
s.ack -
d”
ul ”
mw R
-
8 300 e .
7]
w3
1]
< 340
=
11
5
7 220
Q
=z .
3.00p T
3
LSD g : .
3 l
N1 2
:r NG PL
0.00 L L A
’ o 1 2
B8] CYCLE OF SELECTION
200 .
180§
HA
160 B
1408
i T
L5kog 1
L3 l
L

120.—\ NC

ACETYLENE REDUCTION RATE {xmoles * plant*' nour'}

[+¥:1e]
080, e === "" =T HA
- i, LA
v 4of T
Uuu:':l L i
4] 1 2
o CYCLE OF SELECTION

FIGURE 1.—Responses 1o two cycles of recurrent phenotypic selection
for high ang low levels of (A} top dry weight, {B} nodule mass score, {C)
fibrous root mass score, and (D) nitrogenase activity per plant in the

MnNC and MnPL alfalfa gene pools.




discrimination between “N {the
more prevalent isotope) and N (the
isotope used as a {racer} during roct
and nodule uptake was in-
consequential.

Results and Discussion

Responses to Selection:
Greenhouse Investigations

Subpopulation Performance—
Both the MnNC and MnPL gene
pools showaed significant responses
to selection for each of the four
piant characteristics when they
were evaluated in the MnNC ex-
periment and the MnPL experiment
(fig. 1A-D}. Highly significant (P<
01} differences were observed
betwsen the high and tow sub-
popuiations deveioped for each
characteristic within each of the
gene pools. Comparisons between
the gene pools in figure 1 should
not be made because the ex-
periments were conducted at dif-
ferent times.

The MnNC pool! responded
linearly to two cycles of recurrent
phenotypic selection for high and
for low top dry weights {fig. 1A}.
After two cycles of selection, top
dry weightis in the poa! were altered
65 percent in the high direction and
27 percent in the low direction
compared o the original pool. The
MnPL poo! responded linearly to
selection for high top dry weights
with an increase of 50 percent (fig.
1A). Response in the low direction
was not significant.

Responses to selection for
nodule mass score were linear in
MnNC with a 0.7 scoring unit in-
crease after two cycles of saleciion
for high mass and a 0.3 decrease
after selection for low mass {fig.
1B). Responses to selection in
MnPL were a 0.6 unit increase for
itigh nodule mass and a 0.4 unit
decrease for low nodule mass {fig.
1B}

Responses to selection for
fiprous root score were linear and
very large, especially in the high
direction, in both pools {tig. 1C).
After two cycles of selection in
MnNC, alterations of fibrous root
score were an increase of 1.0
scoring unit in the high direction
and a 0.3 decrease in the low
direction. Responses o selection in
MnPL were a 0.8 unit increase for
high root score and a 0.7 unit
decrease for low root score.

Two oycles of seiection in the
MnNC pool for NA measured as
acetylene reduction rate resulied in

TABLE 2.—Responses to 1 cycle of bidirectional selection for Base
index A'in 2 aifalta gene pools®

Characlensics comonsing Base Index A

Acetylene
reducimpiate  Topdry Nodule Modwle  Fibrous  Secondary
Subpopulatian Salechon Base {wmoles C,H,! weaghi mass number taok Faot
PET geéne pool* cycle Index A planithn giplaniy  (scorev {scare’) {scorey] [score*
MrNC-5-HB-A 1 1.87 1,80 117 3.46 - 271 2.96 3.63
MoNC-4 8] 1.68 1.24 .B8 3.22 2.52 2.72 3.18
MnNC-5-LB-A 1 1.56 .83 .78 3.04 2.64 2.49 3.00
LSE,, a2 27 5 .24 .20 27 33
LSD,. 18 .36 19 31 .27 .36 A4
MnPL-8-HB-A 1 4.37 60 1.44 3.87 281 3.31 355
MnPLS 0 3.94 58 1.08 3.67 2.87 3.15 3.22
MnPL-8-LB-A 1 3.74 53 1.08 3.47 2.83 291 3.29
LSO, 25 A4 18 25 .25 .28 34
LSO, .38 .18 23 .33 .33 .38 45

' Base index A for each gene pool consistad of top dry weight, nodule mass store,
fibrous root score, and secondary root score, each weighted as described in the text.

! The MaNG experiment was evaluated §
evajuated in Sepiember 1978,

n May 1978, and the MnPL experiment was

? HB-A = subpopujation selected for high levels of Base Index A.
LB-A = subpopulation selected for low levels of Base lndex A,
* Root morphoioglical characteristics were scored {least amount} to 5 (most

amount).

a 86-percent increase in the high
direction and 31 percent decrease in
the low direction (fig. 1D). MnPL
responded significantiy to selection
cnly for low NA, resulting in a 38-
percent decrease (fig. 1D). Although
nansignificant, the response to
selection for high NA was 21 per-
cent above the original pool. The
low NA values of the HA and LA
subpopulations of MnPL appeared
to be due fo environmental stress.
In the MnPL experiment, some air
pollution injury was noted during
July and early August. Plants
recovered after harvest, but we had
to evaluate the regrowth when
temperatures inside the greenhouse
were 35° to 40°C. Reports have
shown that very warm conditions
will produce low NA values (23},
More typical values were ghserved
in the MaNC-MnPL experiment
{(June} when temperatures were 23°
to 28° {fig. 2A}. In that experiment,
the MnPL subpopulation selected
for high AR significantly was higher
for AR than the original population.

The MnNC pool responded
significantly to one cycie of
sefection for high Base index A with
changes of 11 percent and for low
Base Index A with changes of 7
percent compared {o the original
poel (table 2). MnPL responded
significantly only in the high
direction with an 11-percent in-
crease,

Response to selection for low

levels of each characteristic was
less than selection for high levels of
each characterislic in both gens
pools. Many of the selected plants
at the low end of the distribution in
each subpopulation grew siowly,
flowered iate, and had few flowers.
Therefore, progenies of the poorest
perfarmers were often in lower
frequencies than would have been
expected in the next cycle of
selection had alf selected plants
contributed equally to the in-
terpoliinations,

Differences in reafized her-
itabilities were observed among the
selected characteristics in MnNGC
{table 3}. The heritabilities were
similar in the first cycie of selection
tor high levele of all five charac-
teristics. Heritabilities were low
except in the second cycle of
selection for high-fibrous root mass
score. In the second cycle of
selection, the four characteristics
{excluding Base index A} ranked in
heritability from largest to smaliest;
fibrous root mass score, nodule
mass score, top dry weight, and NA,
Differences in heritabilities belween
characieristics were small, except
for high-fibrous root mass score,
The heritability of each charac-
teristic was greater in sub-
populations selected for increase in
the characteristic than in sub-
popuiations sefected for a decrease
in the characteristic.

All heritabilities in MnPL were
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FIGURE 2.—(A) Nitrogenase activity, (B) top dry weight, (C)
nodule number score, {D) fibrous root mass scors, and (E)
nodule mass score of the arigina!l (CO} MoNG and MnPL
alfalfa gene pools and subpopulations after two cycles (C2)
of recurrent phenotypic selectton for high levels of
nitrogenase activity per plant (HA), fibrous root mass score
{HF), top dry weight (HT), and nodule mass score (HN) in
each of the two gene poois (MnNC-MnPL experiment}.




TABLE 3.—Effect of 2 cycles of
bidirectional selectionior s
characteristics in the MnNC
and MnPL aifaita gene pools

Realized heritability

MPNG MnPL
Seiection Selection
cycle cycle!

Characteristic 1 2 1 2

High nitro-
genase
activity

Low nitro-
genase
activity .28

High top dry
weight 21

Low top dry
weight .06

High nodule
mass score .28

Low nodule
mass score 05

High fibrous
rool score 28 .27

Low fibrous
rool score 020 . .26

High Base
Index A .28 22 -

Low Base
Index A A7 — 12

' The MnNC experiment was
evaluated in May 1978, and the MnPL ex-
pertiment was evaiuated in September

1978,

0.25

low axcept for the second cycle of
selection for hig.i-nodule mass
score and for high-fibrous root mass
score (table 3}, In the second cycle
of selection, heritabilities were
ranked from largest to smallest:
fibrous root mass score, nodule
mass score, top dry weight, and NA.
This was the same ranking as in the
MnANC gene pocol. The pattern of
higher heritabilites for the high
selections, however, as compared to
the tow seleciions observed in
MnNC was not as apparent in the
MnPL gene pool. Heritabilities were
targer for high levels than for low
levels only in the first cycle of
selection for top dry weight, for
Base Index &, and in the second
cycle of selection for fibrous root
mass score,

The heritabilities in MnNC were
larger than those in MnPL in 13 of
16 comparisons (table 3). Dif-
ferences in heritabilities between
the pools, however, were small,
except for those inveolving NA and
the first cycle of selection for low-
fibrous root mass score, Those
ditterences could be due to either
genetic differences (genetic
mechanisms and gene frequencies)

between the gene pools or to en-
vironmentai differences in which
selection and evaluation were made,
in both gene pools, realized
heritabilities were larger in the
second cycle of selection for high-
fibrous root mass score than for any
other characteristic {table 3). These
high heritabilities reflected the large
responses to seiection for high-
tibrous root mass score and
suggested relatively simple geneatic
control tor this characteristic. The
higher heritabilities in the second

cycle compared to the first cycle of
selection for both nodule mass
score and fibrous root mass score
could have been due to scoring by
different persons. The persan
scoring the original pools from
which parenis were selected
generally scored higher for these
two characteristics than the person
scoring all other cycies of selection
and the final evaluation ex-
periments. The low heritabilities for
NA in the MnPL pool were reflective
of the small responses observed.

TABLE 4.—Effect of 2 cycles of bidirectional selection in the MaNC
aifaifa gene pools on 5 characteristics! '

Characteristlcs associated with N,-fixation

Acetylgne
reduction

Subpopula- Seleclion
tion per gene \rail and
pacl cycle

Topdry
weight
fafplanl)

rate (zmolas
CaHy
plankfhr)

Nodule
mass
{score'}

Module  Florous  Sgcondary
number roo! ool
{scare’}  {score’) (score’}

Top dry

weight?
MnNC-8-HT 1.45
MRNC-5-HT 1.18
MRNC-4 .88
MaNC-5-LT B2
MnNC-6-LT .64

LSD., .15
LSD ., g

Nodule
mass score!
MNNC-8-HN 1.25
MRNC-5-HN 1.14
MnNC-4 .88
MnNC-5-LN .98
MnNC-8-LN .89
LSD ,, A5
LSD,, 19

Fibrous root
mass score?

MnNC-8-HF

MnNC-5-HF

MnNC-4

MnkC-8LF

MnNC-6-LF

LSD s

LSD

Nitrogenase
activity
per plant®
MoNC-6-HaA 1.33
MnNG-5-HA ’ 1.14
MnNC-4 B8
MINC-5-LA .94
MnNGC-6-LA 80

LSD s .15
LSD o A9

1.94
1.55
1.24
118
75
27
.36

1.86
1.49
1.24
113
.96
27
.36

206
1.60
1.24
1.02
.85
.27
.36

3.84
3.56
3.22
3.29
2.83

24

31

3.91
3.61
3.22
3.16
2.90

.24

|

3.94
3.64
a.22
317
3.13

24

a1

2
2.78
2.52
2.56
2.26

.20

27

2.73
2.76
2.52
2.46
2.40

20
27

3.07
217
2.52
2.58
2.49

.20

27

3.07
2.84
272
2.83
2.51

27
236

3.29
2.B4
2.72
2.61
2,34

27

.36

.33
3.01
2.72
2.51
2.64

.27

.36

3.83
3.51
318
3.21
2.67

.33
A4

3.87
3.54
318
3.10
3.04

33
.44

' The MnNC experiment was evaluated in May 1978,
* Root morphological characteristics were scored 1 {least amount) to 5 {greatest

amount).
THT

LT

‘HN

LN

*HF

LF

1] HA

LA

i dwnny

subpopulation selected for high lavels of top dry weight.
subpopulation selected tor low ievels of top dry weight.
subpopulaticn selacted for high nodule mass.
subpopulation selected for low nodule mass.
subpapulation selected for high fibrous root mass.
subpopulation selacted for low fibrous root mass,
subpopuiation setected for high nitrogenase activity.
subpopulation selected far low nitrogenase activity.




In one study, a heritability of
0.78 was reported for NA in a non-
winter-hardy aifalfa population (5).
The heritabilities for NA in our
experiments were much lower, but
we computed our values with a
different procedure. Their com-
putation for heritability was
(progeny mean = original
population mean} + {selected
parentai mean + original population
mean). Our heritabilities were
computed as {progeny mean —
original population mean) +
(selected parental mean — original
population mean). In both studies

after two cycies of selection for low
nocule mass score. Top dry weights
were not affected by setection for
jow nodule mass score in either
gene pool.

Two cycles of selection for
high-fibrous root mass score
significantly increased all six
characteristics in both gene pools
(tables 4 and 5). Selection for low-
fibrous root mass score
significantly lowered NA in both
pools and nodule mass score and
nodule number score in MnPL.

Again, top dry weight responded
teast of all characteristics to
selection for fibrous roct mass
score in both pools. After the first
cycie of selection for low-fibrous
root mass score, {ep dry weight was
higher numerically, while levels of
all other characteristics were lower
than the original poois.

Two cycles of selection for
high NA significantly increased ali
the other characteristics in the
MnNC pool {table 4). Selection for
taw NA decreased the other

TABLE 5.—FEffect of 2 cycles of bidirectional selection in the MnPL
alfaifa gene pools on 5 characteristics'
Characteristics associalad with ¥-fixation

the originai population was tested
simultaneousty with the progenies.
Had they computed their heritability

by the method we used, they would Aoetylene
have obtained a vaiue of 0.25. This Subipopula- Selection Topd r:::f:(::s Nodule Nodule  Fibrous  Secosdar
is the same heritability we obtained Hon par trail aad W‘Big;l? C,{H,i Mass nurmber ol rama"I
for the high NA subpopulaticn in gene poo! cycle {ginlani) plantihr {score”  {score’]  (scorel {score’)
the MaNC gene pool {table 3). Top dry
Another ditference between their weight®
research and ours was that they MnPL-G-HT 2 163 0.64 3.83 2.81 316 3.74
evaluated Seed{ing growth. whereas MnPL-8-HT 1 1.38 .55 3.76 2.69 3.00 3.41
we evaluated the first regrowth after ~ M0PL6 0 1.09 58 367 287 315 3.22
the seedting growth. MnPL-B-LT i 114 51 3.71 2.76 3.04 3.43
Correlated Characteristics - rsngi_-g-LT 2 '32 ‘?2 3'22 2‘22 2'22 2'21
Dgyeiopmg sul_apopulat&ons by in- LSD: ‘93 48 3n 33 a8 e
dividual setection programs Nodule
provided us a unigue opportunity to mass SCore*
study the interrefationships among MnPL-9-HN 2 1.66 85 426 297 384 398
morphological and physmioglcai MnPL-B-HN 1 1.28 .78 3.91 2.86  3.16 3.51
characteristics associated with Ny MnPL-B ) 1.08 58 3.567 287 315 592
fixation. Two cycles of selection for MnPL-8-LN 1 1.23 82 3.88 3.00 3.28 3.33
top dry weight in the MaNC gene MAPL-8-LN 2 1.08 37 3.28 2.74 2.74 311
poot significantly altered NA, LSO o 18 .14 .25 .25 .28 .34
nodule mass score, nodule number LSD 23 .18 .33 .33 .38 45
score, and secondary root number Fibrous root
score (table 4}, The associated traits mass score®
responded in the same direction as MnPL-8-HF 2 1.38 .84 4.31 3.38 4,01 3.78
Fibrous root mass score was altered ~ MnPL-6 ¢ 1.09 -58 367 287 3.5 3.22
Signlf;Gantiy by SelECtion for high MnPL-8-LF k! 1.34 51 3.46 2.70 2.7% 3.24
. . MnPL-9-LF 2 113 A1 3.24 2,53 2.47 3.14
top dry weight but not by selection LSO 18 14 o5 o5 o8 a4
for low top dry weight. In the MnPL LSD . "o 18 5 e S8 45
gene pool {tabie 5}, selection for - Ni . ' ’ ' ‘ '
either high or low top dry weight did :t;ggﬁir:ase
not significantly change NA, nodule vt plagt“
number score, and fibrous root MnPL-9-HA 2 1.45 70 407 294 321 378
mass score. Nodule mass score and  MnPL-B-HA 1 1.40 B1 379 286 307 3.46
secondary root number score were MnPLS o 1,09 58 3.67 2.87 3.15 3.22
affected significantly after two MnFPL-8-LA 1 1.13 45 3.54 260 288 3.26
cycies of selection for high and low MaPL-9-LA 2 1.7 .36 321 2.66 2.56 2.85
top dry weights (table 5} LS50 es Rt 14 .25 .25 .28 34
Two cycies of selection for LSCw 23 .18 .33 .33 .38 .45

high nodule mass score
significantly increased ali charac-

' The MRPL experiment was evaluated in September 1978,
: Root morphological characteristics were scored 1 {least amount} to 5 greatest

teristics in both poois except amaount), i ) i
noduie number score in MnPL (table s HT = subpopulation seiected for high leveis of top dry weight.
5). Selection for jow noduie mass LT == subpopulation selected forJow levels of top dry weighl.
score significantly decreased NA < MN = subpoputation selected for high nodule mass.

f - . LN = subpopulation selected for low nodule mass.
and fibrous root mass score in both s HF = subpopulation selected for high fibrous root mass.
poots. Nodule number score and LF = subpopulation selected for low fibrous root mass.
secondary root number score were s HA = subpopulalion seiected for high nitrogenase activity.
lower numerically in both pools LA = subpoputation selected for low nitrogenase activity,




characteristics, but only secondary
root score decreased significantly.
In MnPL, two cycles of selection for
high NA significantly increased tap
dry weight, nodule mass score, and
secondary root number score {tabia
5). Selection for low NA in MnPL
significantly decreased nodufe mass
score, fibrous root mass score, and
secondary root number score. Top
dry weight did not decrease after
selection far low NA.

Responses to selection shown
in tabies 4 and 5 suggested that all
six characteristics were associated
positively with each other. These
associations were confirmed by the
positive correiation coefficients of
the characteristics in ail com-
binations when computed on in-
dividual plant data in the MaNC
experiment and in the MnPL ex-
periment (table 6). Researchers
reported positive correlations
among these same characteristics
but in different alfalfa populations
(&, 34). Partial correiation efficients
were computed to determine more
direct relationships among the
characteristics in MNnNC and MnPL.
The significant responses of
associated characteristics in tables
4 and & were usually a refiection of
higher partial correlations compared
to characteristics with uncorrelated
responses {table 6).

Improving N.-Fixation By
Selecting For Individual Mor-
pholegical Characteristics —Be-
cause the acetylene reductio. assay
for NA requires more labor and
equipment than determinations of
the other characteristics, selecting
for a correlated morphological
characteristic instead of NA would
be desirable when improving N,-
fixation. Data obtained from the
MnPNC-MnPL experiment (fig. 2)
were useful in evaluating the
possibility of substituting selection
for a morphological characteristic
for the acetyiene reduction assay of
NA, In this experiment, both gene
nools were evaluated simul-
taneously under nonlimiting
environmental conditions, Re-
sponses to selection for NA were
large in both pools. Contrary to the
low response to selection for high
NA when evaluated in the MnPL
experimant {fig. 1D}, response in the
same MnPL subpopuiation was 61
percent when evaluated in the
MnNC-MnPL experiment (fig. 2A].

The NA vaiues for sub-
populations after two cycles of
salection for high levels of NA,
fibrous root mass score, top dry

TABLE 6. Correlation coefficient' matrices of 6 characteristics

Module
Top dry mass
Characleristic weighl sCore
Simple Pariial Simple Partiat

Nodule Fibrous Secondary
number root rogt
seore sCoOre score
Simple-'Partial Simple Partiat Simpie Partiai

Computed on 1,949 individual plants in the MnNC experiment

Nitrogenase
activity
per plant
Top dry weight
Neodule mass
score
Nodule number
score
Fibrous root
scare

0.51 0.23

0.67 0.35
a7 .80

044 019 0.44
22 08 22

0.15 049 000
-.18 55 .38

.44 A5 49 .24 .48 14
44 23 26 02

36, A8

Computed on 1,942 individual plants in the MnPL experiment

Mitrogenase

activity

per plant 28 14 54 29
Top dry weight 41 .28
Nodule

mass score
Neodule

number score

. Fibrous

roat score

34 o1 50 8 24— 12
1 ~-02 6 -.22 47 .38

48 a2 .68 45 .49 .20
&1 42 2B 01

.40 A5

' Simple and partial correlation coefficients at the 0.01 significance level = = 0.06.

weight, or nodule mass score in
each gene pool are presented in
figure 2A. Consistent with the
MnNC experiment {table 4}, the
MnNG-MnPL experiment ({table 5)
showed that selection for each of
the characteristics increased NA
over the original population about
equally in the MnNC gene pool (fig.
2A). In the MnPL pool, selection for
each of the four characteristics
increased NA over the original
population. The selection for fibrous
root mass score and nodule mass
score, the characteristics most
highly correlated with NA (table §),
increased NA the most.

Top dry weights of sub-
popuiations within gene pools in
the MnNC-MnPL experiment were
sirniiar after two cycles of selection
for each of the fcur characteristics
(fig. 2B}). In both peols, the best
numerical, though nonsignificant,
improvement in top dry weight was
trom the selection for top weight, as
such, but it also resulted in the
lowest NA in MnPL {fig. 2A). The
MnNC subpopulations all had
higher top dry weights (not all
significantly) than those of MnPL
(fig. 2B}, but no significant dif-
ferences were shown in NA be-
tween the two gene pools after two
cycles of selection {fig. 2A). These
data and the results in tabies 4 to 6
indicated a substantial degree of
independence between top weights
and NA and demonstrated that

selection based on top weights
does not always improve NA,

The nodule number scores of
subpepulations within gene pools,
after two cycles of selection for
each of the four characteristics, are
presanted in figure 2C. In the MnNC
gene pool, selection both for high
fibrous root score and for NA in-
creased nodule number score. In
the MnPL gene pool, only selection
for high fibrous root score
significantly increased nodule
number scora, In both pools,
selection for the one or two
characteristics having the highest
partial correlations with nodule
number score increased nodule
number significantly (table 6}, All
other subpopulations were similar
to the originai populations. The
nodule mass scores of all selected
subpopulations for both gene pools
were greater significantly than the
original populations {tig. 2E).

The fibrous root scores of
subpepuiations, seiected for high
levels of NA, fibrous root score, and
nodule mass score, were greater
significantly than those of the
original populations in both gene
pools (fig. 2D). Selection for in-
creased top weight, which has a
negative partial correlation with
fibrous root score (table 8), did not
change the fibrous root score in
either the MnNC or MnPL
populations. Apparently, an increase
in fibrous root mass score provided



greater numbers of potential nodule
sites. Conversely, the selection for
factors directly involved with N,
fixation, such as NA and noduie
mass score, increased fibrous root
mass score.

Responses to selection did not
indicate the best substitute for
measuring NA. Coefficients of
determination were computed by
stepwise regressien analysis to
determine how much of the
variation from NA was attributable
to each of the morphological
characteristics. We computed the
coefficients of determination from
the MnRNC experiment and the MnPL
experiment because of the large
plant numbers and because of the
large variability from both the high
and low subpopulations compared
o the MnNC-MnPL experiment. in
both gene pocls, nodule mass score
accounted for much more of the
variation from NA than any other
characteristic {table 7). The
remaining characteristics accounted
for, at most, a total of 8 percent
additional variation after nodule
mass score was taken into account.
The partial correlations support the
regression analyses concerning the
degrees of relaticnship between NA
and the four associated charac-
teristics {tabie 6).

These results suggested that
nodule mass score would be the
best morphological characteristic in
a selection program to improve N-
fixation; however, 50 percent or
more of the variation from NA in the
two pools was unexplained by the
characteristics observed (table 7).
The NA of the nodules aiso would
be an important selection criterion
for improving N-fixation.

TABLE 7.—Variation in NA
associated with each of 5 mor-
phciogical characteristics in
ihe MnNC and MnPL alfalfa
gene pools'’

Percentage of
variation of NA
per gene pool

MnNG MnPL
Nodule mass score 42 kil
Nodule mass squared i 0
Module number score 3 0
Top dry weirii:t 3 1
Fibrous root score 1 2
Secongary root score 0 1
Proportion unexplained 50 85

* Computed by stepwise regression
in the MnNC experiment and the MnPL
experirment, respectively.

10

tmproving N.-Fixation By Mul-
tiple Characteristic Selection—

We conducted ane cycle of
selection for Base Index A {inciuded
all characteristics axcept MA) to
determine if multiple trait selection
would alter NA more than individual
trait selection. When evaluated in
the MnNC experiment and in the
MnPL expariment, the sub-
populations selected for high Base
Index A {not evaluated in the MnNG-
MnPL experiment) showed no ad-
vantage over one cycle of individual
trait selection in the high direction
in both pools (tables 2, 4 and 5). NA
was iower significantly after
selection for low Base Index A than
after one cycle of selaction for low
ievels of the other individual
characteristics in MnNC {tabtes 2, 4,
and 5). Selection for Base Index A
also affected most of the other
characteristics, but only top dry
weights and secondary root number
scores were altered significantiy in
the high direction in both pools.
Nodule mass score was changed
significantly in the high direction in
MnNG (iable 2}.

After one cycle of selection for
Base Index B, which incjuded NA
values, the HB-B (1 pctyand HB-B (20
pct} subpopulations in sach gene
poo! significantly were higher for
most characteristics than their
respective original poois (fig. 3A-E).
The HB-B {1 pct) subpopulatiens
were expected to be higher than the
HB-B (20 pct) subpopulations
because of the higher selection
intensities. We intended to evaluate
both the Syn. 1 and Syn. 2
generations of bath the HB-B (1 pct}
and HB-B (20 pct) subpopulations in
each gene pool. Unfortunateiy, we
had insufficient seed of the Syn. 1
generation of the MaNC HB-B (20
pct) subpopulation to test.

tn the Syn. 2 generation of the
MnNC subpopulations, HB-B {1 pct)
performed better than did HB-B (20
pct) for NA, fibrous root mass
score, and nodule mass score (fig.
3A, D, and E). In the MnPL gene
pool, HB-B (1 pat) performed similar
to HB-B (20 pet) in the Syn. 1
generation for all characteristics.
The Syn. 2 generation of HB-B (1
nct) had higher nedule mass score
than Syn. 2 of HB-B (20 pct),
however, because of a decrease in
nodule mass from the Syn. 1 to the
Syn. 2 generation of the latter {fig.
3E).

In 11 of 15 compariscns, the
levels of characteristics decreased
(not all significantly) in the Syn. 2

generation compared to the Syn. 1
generation (fig. 3A-E). We observed
significant decreases for top dry
weights in MnNC HB-B (20 pct) and
in MnPL HB-B {1pct) {fig. 38) and for
noduie mass score in MnPL HB-B
(20 pct) (fig. 3E). Because entries
were randomized within each block,
most of the differences between
entries should have been genetic.
Therefore, these significant
dacreases in parameter values and
those that were statistically non-
significant suggested that the
characteristics were influenced by
nonadditive genetic effects,
especially for top dry weight and

r- dule mass score.

The check cultivar ‘Saranac’
performed better than the cultivar
‘Agate’ for all the characteristics
{fig. 3). ‘Agate’ performed similarly
to the original gene pools for the
various characteristics while
‘Saranac’ performed similarly to the
subpopulations after one cycle ot
selection for Base Index B.

Percent And Total N Ot Plant
Tops—Selection in the MaNC ex-
periment did not appear to change
the N concentration in plant tops
{table 8). We observed a few
statistically significant differences,
but we do not believe that
biclogically these were significant
because in no case after two cycles
of selection were the differences
between the high and low
popuiations significant, We also did
not observe any significant dif-
ferences in N concentration in the
MnNC-MnPL experiment (table 3

Total N In plant tops of the
MnNC subpopulations was changad
ingthe same direction as was each
of the characteristics for which
selection was done {table 8).
Because littie variation for N
congentration existed among en-
tries, top dry weight was the
primary component that altered
total N. Changes in total N in the
MnNGC subpopulations were con-
sistent in both the MnNC ex-
periment and the MniNG-MnPL
experiment (tables 8 and 9).

After two cycles of selection
for high ievels of the four charac-
teristics in MnPL, we observed no
alterations for N concentration in
plant tops when evaluated in the
MnNC-MnPL experiment {table 9}.
Like the MnNC poal, the MnPL
subpopulations increased in total N
in plant tops because of increases
in top dry weights. Single-degree-of-
freedom comparisons indicated that
N concentration and total N in plant




tops were higher in the MaNC
subpopulations collectively than in
the MnPL subpopuiations coliec-
tively {table 9).

Plant tops of the HB-B {20
pct)y and HB-B (1 pcl) subpopu-
iations in both gene pools had

the Syn. 2 generation of HB-B {20
pct) in MaNG was not different
significantly from the original pogl
for total N in plant tops. The Syn. 2
generation of the subpopulations in
both pools had significantiy less
total N in plant tops than the Syn. 1

of ‘Saranac’ than for ‘Agate’ was
due to greater vield in ‘Saranac’
because N concenirations were
similar in both cultivars flable 10).

Responses to Selection: Field In-
vestigations

N.-Fixation in The Seeding
Year—N.-fixation of seeding year
stands of MnNC-5, MnPL-8, and

<l F
15D ,20.26 grom -ptant”]

about equal N concentration and
higher total N {han those of the
original gens pools {table 10). Only

generation because the Syn. 2
generation had lower vieids. The
higher vield of total N in plant tops
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TABLE 8.—Nitrogen in plant tops of originai MnNC alfalfa gene pool
and of subpopulations resulting from 2 cycles of bidirectionat
selection for 5 characteristics (MnNC experiment)

Selected characteristic

TABLE 10.—Nitrogen concentra-
tion and total N in plant tops of
original MnNC and MnPL
alfalfa gene pools and of sub-

Nodule  Fibrous populations re.suning from 1
Type of Selection Nitrogenase Topdry mass root mass  Base cycle of selection for Base
subpopulation cycle activity weight score score Index A Index B' (MnNC-MnPL
Percent experiment)
High 2 2.-8 2.75 2.711 295 — Subpopulation M concen-  TotalN
High 1 2.91 2.86 2.80 2.88 2.84 per gene paol tration {pct) (mg/plant)
Low 1 2.89 2.83 2.85 2.88 2.82 'LOO,} (origina 274 28.3
Low 2 2.74 2.84 2.88 2.79 _ MnNC-5 HB-8 (20 ) ’
'LSD e 0.17 pch) (Syn. 1) 2.58 415
.50, 0.23 MnNG-5 HB-B {20
pct) (Syn. 2) 2.65 33.8
Total N (mgiplani) MnNC-5 HB-B (1
High 2 384 39.6 33.7 328 — pet) {Syn. 2) 2.75 36.5
High 1 33.2 33.8 7 338 33,3 MnPL-6 {origina!
Criginal 0 26.0 26.0 26.0 26.0 26.0 pool} 258 1.4
Low 1 272 23,0 274 277 220 Mn-PL-8 HE-B (20
Low 2 21.7 18.8 252 22.4 — pet} (Syn. 1) 263 8.0
*LSD,, 4.9 MnPL-8 HB-B (20
S0 6.4 pct}{Syn. 2) 2.50 31.9
" LSD's may be used to compare any 2 N concentration values in the table. MnPL-8 HB-B (1 8
7 LSD's may be used to compare any 2 total N values in the table. Mﬁgﬁés}:'g:é)n 283 38.3
pct) (Syn. 2) 2.54 30.7
‘Saranac' measured either as N, or Agate” 2.82 245
A . Saranac 2.74 33.2
N, increased from the first to the LSD - -8
econd or third harvest and then s : :
s or | a g1 LSD.,, 29 10.3

declined to the fourth harvest (table
11}. On a seasonal basis, MnNC-5
and MnPL-8 significantly exceeded
the N, and N,, of ‘Saranac’, but
differences in N.-fixation between
MnNC-5 and MnPL-8 were not ap-
parent. Harvest by entry interactions
for N, were significant at the third
harvest. MnNC-5 and MnPL-8
averaged about 24 percent more N
from N, and 35 percent more N
fixed on an N, than ‘Saranac’. The

TABLE 9.—Nitrogen concentra-
tion and total N in plant tops of
the original MNNC and MnPL
alfalta gene pools and of sub-
poputations resulting from 2
selection cycles for high levels
of 4 characteristics (MnNC-
MnPL experiment)

N con-

' Base index B consisted of
nitrogenase activity per piant, top dry
welght, noduie mass score, fibrous root
score, and secondary root score, each
weighted as described in the text.

that some soybeans obtain 32 to 66
percent of their seasonal N needs
from N,, (4, 12, 27). White clover

(T. repens L.} and subterran-

ean clover (T, subterraneum L) de-

Subpopu- Selec- centra- JotalN  {hreg entries averaged about 41 rived more than 80 percent of
'a"%” gt ;’z‘;‘e {“2?} tggi) percent of their total N needs from their N budget from the atmosphere
geng po Y P P N., during the seeding year. (6, 33). On an N, the three alfalfa
MnNC-4 0 274 283 During the second or third entries in this study averaged about
:’j“ﬁgg:ﬂ? 3 g‘gg ﬁ'g harvest intervals, MnNC-5 derived 13.5 g/m? (135 kg/ha} of fixed N over
MENCZB-HN 2 275 427 nearly two-thirds of its total N from the growing season of the )
MNNG-6-HF 2 278 43.8 N,. In comparisan, reports show establishment year (table 11). This
Mean 2.78 40.3
MnPL-6 0 2.58 21.4 TABLE 11.—Nitrogen-fixation of 3 alfalfa cultivars measured by the
mzt‘g‘m g g-gg gg-z isotope dilution technique at Rosemount, Minn.
MnPL-9-HN 2 2:65 36:2 ‘SARANAC' MnNC-5-HB-A MnPL-B-HB-A
MnPL-9-HF 2 2.61 319 Harvest N, N,F N, N, N, N,
Mean 264 32,5 gim? Percer:. g/m? Percent gtm? Percen!
LSD.. 92 78 1 (7-1-77) 04%02 111+ 51 20+06 294= 82 13x03 256= €.
LSD.,, 29 10.3 2(8-2-77) 38+04 548+ 50 48+05 633x 7.1 5703 648> 32
= HA = iati lected T 3(9-14-77) 54+07 521+ 68 8704 668+ 31 47=x04 585x 52

. 'HA = subpopulation selected for 4{1017.77) 1305 2425100 15x02 188=117 8204 20.1x109

kigh leve! of nitrogenase activity per plant.
HT = subpopulations selected for Totai N,
high levels of top dry weight, E_ﬁ'ggr? I?l(
HN = subpopulations selected for

high fevels of nozufe mass. {pct} 10.8 35.5+10.7 7.0 446120 12.5 423113

HF = subpopulations selected for
high levels of fibrous root mass.
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' Symbiotic nitrogen fixation expressed on a Jand area basis.
1 proportion of nitrogen in the total plani derived from syrmbiosis.




rate of N -fixation is similar to tha:
measured for subterranean (33) an3
white clovers (6} by isotope
techniques but 30 {o 50 percent
more than most values measured on
Soybeans (4, 12, 27).

Comparisons Among Entries —
N.-fixation of field communities of
MnNC-5 and MnPL-8 diftered from
that of *‘Saranac' but not from one
another (table 11). Because of the
significant entry by harvest in-
teragtions and the 37-percent dif-
ference in plant popuiation among
the entries, we made further
comparisons for individual plants.

N.-fixation per plant varies with
N,, and with the tota! N viald of the
piant. Total N yield varies with the
average N concentration of the
piant and the total plant yield. Over
the four harvests, the total dry
matter yield of MnPL-8 was less
significantly than that of MnNC-5,
and, in turn, the yields of MnNG-5
and MnPL-B were less than that of
‘Saranac’. This was also the trend
observed In the greenhouse studies.
A significant entry by harvest in-
teraction was evident for total yleld
of the three entries (fig. 4). Herbage
yields of the three entries were
similar at the first two harvests, and
only at the third harvest was the
herbage vield of ‘Saranac’
significantly greater than that of
MnPL-8 or MANC.5 {data nat shown).
The similar herbage yieids of MANG-
5 and MnPL-8 are consistent with
earlier greenhouse resuits {fig. 2
and suggest that the differen~es in
dry matter yield shown in figure 4
were attributable to contrasting root
growth of the two eniries.

The N concentration in whole
plants of the three entries declined
significantly throughout the season
{fig. 5), but no differences were
found among entries in tissue N
concentration. Nevertheless, the
product of total dry matter yield and
N concentration gave the expected
significant difference in total N per
plant among the three entries.

Combining total dry matter
vield {fig. 4}, N concentration (fig. 5),
and N,, vaiues {table 11} for the
three entries allowed comparisons
among rates of growth (GR, 107 mg
dry weight/plant/day) and symbiotic
No-fixation {SNF, mg N/plantiday)
averaged over each of the four
seeding year harvests (figs, 6, 7,
and 8), For all entries, patterns of
GR and SNF were similar
throughout the season.

In the first harvest intervals, GR
and SNF were iow, but they in-

® Saranac
B MnNC-5-HB-A
A MnPI-8-HB-A

YIELD (g dry weight/plant)

O |

o 2

3

HARVEST

FIGURE 4.—Total dry matter vield per plant of three aifalfa populations
established from seed and harvested at four intervals in the seeding year.

Vatues are mean + SE.

creased several fold through the
second or third harvest. Because
the cnset of dormancy cccurred
more quickly in MnPL-8 than in
either MANC-5 or ‘Saranac', the
latter two entries continued to grow
and to fix N until later in the
season. For this reason, GR and
SNF were greater significantiy for
‘Saranac’ and MnNC-5 than for
MnPL-8 for all harvest intervals
except for the first and last,
Similarly, GR and SNF of MnNG-5
signifivantly exceeded that of
MnPL-8, except during the fourth
harvest interval,

M.-Fixation And Selection In-
tensity —The N,, calculated from
herbage or from whole plant
sampies of the HB-B {20 pet) and
HB-B {1 pct) subpopulations of
MnaNC-5 and MnPL-8 (table 12)
showed the same seasonal
progression as the alfalfa in other
experiments (table 11 (17)), N,-
fixation was low In the frst harvest

interval, greatest In the second or
third harvest interval, and least at
the fourth harvest. Differences in N.,
among harvests were significant,
but absence of selection intensily
by harvest interactions showed thal
the two subpopulations of each
entry had similar N,-fixation
characteristics. This conclusion was
reinforced by the observation that
intensity of selection had no
significant effect upen whole plant,
dry-matter yieids, herbage yields, or
herbage N concentration (data not
shown}, in contfarmity with the
results from the Syn. 1 generations
of MaNC and MnPL from
greenhouse experiments {fig. 3:
table 10), Yields of herbage, whole
plants, and the whole plant N
concentrations, however, varied
significantly with harvest,

Averaged over three harvests
{herbage and whale plant samples)
or four harvests {whole plant
sarmples only), a consisten? but
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FIGURE 5.—Total plani N concentration for three alfalfa populations
established from seed and harvested at four intervals in the seeding year.
Standard errors are too small to indicate with mean values,

generally statistically insignificant
tendency existed tor HB-B {1 pct)
subpopulations to have smaller N,
values than the HB-B (20 pct)
subpopulations for both entries. The
only exception was when herbage
samples of the HB-B (1 pc() sub-
population of MANG-5 averaged
significntly less N, than those of
the HB-B (20 pet) subpopulation,
which clearly was attvibutable to the
differential performance at the first
harvest (table 12). Imposing a higher
intensity of selection was of no
consequence, therefore, in im-
proving either N, or the associated
characters of yield and N con-
centration in field-grown ptants after
one cycle of recurrent setection,
Using Herbage To Measure
N, —Using herbage samples to
assess N,, would offer advantages
to using whole plants because of
ease of sampling and the non-
destruction of whole plants of
germplasm that may be in scarce
supply. The N, of herbage and
whoie ptant samples differed
significantly among harvests for the
MB-B (1 pct} and HB-B (20 pct)
subpopulations of each entry (table
12), and the tissue source by har-
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vest interaction was significant for
the HB-B {1 pct) subpopulation of
MnNC-5. This substantiates the view
that in some plant tissues, dif-
farential partitioning of isotope
within the plant may cause con-
trasting estimates cf N, made from

herbage or whole plant samples at a
singie growth stage (7). Com-
parisons of {issue sources over
harvests showed that N, was
greater significantly for herbage
samples than for whoie plant
samples of the HB-B {1 pct) sub-
poputation of MnPL-8 (table 12) but
not for any other selection intensity
and entry combination. These
results suggest that herbage
samples will give results of N, often
comparable to those of whole
piants when herbage N,, results are
averaged over several harvests.

Greenhouse versus Fieid
Performance —Although unselected
MnNC-4 and MnPL-& and the sub-
sequent cycles of these entries
selected for increased NA per plant
were similar in performance at each
stage of selection when tested in
the greenhouse (figs. 2A and 3A),
we found significant differences in
N,-fixation per plant between MPNC-
5 and MnPL-8 in the field {lig. B6).
The contrast between greenhouse
and field performance may have
occurred because the greenhouse
selections were grown under a long
phcotoperiod in a relatively narrow
range of temperatures and were
evaluated at one stage of growth.
The field-grown plants responded to
the continuously changing naturai
environment for 5 months and were
sampled on several occasions.

The differences in dormancy
between the entries clearly in-
fluenced the N,-fixation of field-
grown material {fig. 6), but not in
the same material when grown in a
noninductive environment in the

TABLE 12.— Nitrogen-fixation assessed from herbage and whole plant
samples of subpopulations resulting from 2 levels of selection

intensity in 2 altalta gene pools

Subpopuiation

MnNC-5 MnPL-8
Selection tissue sample tissue sample
intensity
Harvest pct} Herbage Plants Herbage Plants
N, from symbiosis (pct)
1 20 271 <= 7.1 204 + 82 21.3x 47 205 =% 6.2
1 117+ 48 2223+88 306=x 74 242 2.8
2 20 704 «69 63371 769=x 1.9 648 3.2
1 68.5 =+ 5.9 549 + 6.8 744+ 50 625132
3 20 66.8 = 8.3 66.8 + 3.1 666 + 63 574 x 52
1 644 = 8.3 6465+ 55 553 +149 5742 64
4 20 -— 18.8 + 56 — 201+ 60
1 — 196 + 5.8 — 18.1 = 5.2
Mean {3 harvests) 20 54.8 53.2 54.9 48.0
1 48.2 47.2 53.4 47.5
Mean (4 harvests) 20 — 44,6 — 40.7
1 — 413 —_ 40.8
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greenhouse (figs. 2 and 3). This
suggests caution in atiempts to
predict the field performance for N.-
fixation of alfalfas with varying
dormancy responses from
greenhouse tests under nonin-
ductive conditions. Although dif-
ferences in dormancy response may
be equally cvident in the Np-fixation
of crop communities (table 11} and
of individual plants (fig. 8), small
differences in piant populations in
crop communities may obscure
differences in Ny-fixation that are
apparent in Individual plants. Thus,
field evaluation of germplasm for
N.-fixation capability is an essential
component of a selection proegram
tor N-fixation.

Concluding Discussion

Greenhouse experiments with
the two diverse gene pools in-
dicated that progress was made by
breeding for NA and merphological
characteristics associated with Ny
fixation. The linearity of responses
over two cycles of selection
suggested that progress could
continue by further selection in
these pools.

Because NA and the observed
merphological characteristics were
correlated in ail combinations,
selection for one characteristic
generally affected all others. In the
MnPL gene pool, top dry weight
often did not respond like the other
characteristics within the same
subpopulation, Selection for large
top dry weights in MnPL did not
increase NA as much as selection
for the root morpholegicai
characteristics. Therefore, we
believe that seiection for top
weights alone will not result in the
best improvement in N,-fixation.

Selection for nodule mass
score greatly increased NA in both
gene pools. Because noduie mass
score was related more directly to NA
than were top dry weights or the
other root morphological charac-
teristics in both pools, we con-
cluded that nodule mass score
would be the most dependable
morphological characteristic for
selection to improve N -fixation.
Because little variation from NA was
expiained by the remaining rnor-
phological characteristics after
accounting for nodule mass, ad-
ditional selecticn for the remaining
characteristics would add very little
to improve N,-fixation. However,
initial seiection based on top
growth would save digging many
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of the ptants because top dry
weights are associated with N.-
fixation and because a major
breeding objective is to increase
forage yield.

Based on these results, we
recommend that large nurmbers of
plants should be screened initially
for large plants with large noduie
mass when breeding for improved
N,-fixation in alfalfa. We prefer to
use first regrowth {about 12-week-
old piants) for analysis rather than
seedling growth. The first regrowth
stage provides more unifarmity in
plant size, and it is not a function of
seedling vigor, which agrees with
previous recommendations (34).

Significant progress can be
made by selection for the mor-
phological characteristics alone.
RBecause those characteristics
account for only about 45
percent of the variation caused
by NA, we believe that plants
selected for morphological
characteristics should be screened
further faor NA to measure the ef-
fectiveness of nodules. Because
temperature and light quality both
are imporiant to N -fixation {23), we
have conciuded that the best period
for greenhouse NA evaluations in
Minnesota is from March to June.
Growth chamber facilities could
allow year-round evaluations.

Although total N in plant tops
was improved, no alterations in N
cancentration generally occurred in
plant tops in these experiments.
When the original MnNG poo! and
both the high- and low-MnNC
subpopulations were evaluated
{MaNG experiment), the correlation
coefficient {using means of com-
bined plants as described in
“Materials and Methods') between
N concentration and top dry
weight was — 0.18 (P <.05), When
the ariginal pools and anly the high
subpopulations after two cycles aof
selection were evaluated (MnNC-
MnPL experiment), the same type of
correlation was 0.10 {P<.05) in
MnNC and 0.16 {P<.05} in MnPL.
Others reported significant
correlations of 0.28 between N
concentration and yieid in nonfall
dormant alfalia populations selected
for nigh NA and 0.31 for low NA (5).
The high degree of independence
indicated by these low correlations
suggested the possibility of
selecting for yield and N,-fixation
followed by selecting for N con-
centration to improve forage quality.
Yield and N concentration both
were higher significantly in the

MnNC subpopulations collectively
than in the MnPL subpopulations in
the MnNC-MnPL experiment,

Decreases in levels of srme
characterisiics in the Syn. 2
generation in our selected sub-
populations suggested that these
characteristics had some nonad-
ditive genetic effects. Heterosis for
NA was observed in progenies of
some alfalfa single crosses and
inbreeding depression in 5,
progenies (34). If nonadditive
genetic effects are important, same
type of hybrid cultivars would be
advantageous to maximize the level
of Np-fixation. Further ex-
perimentation is needed to deter-
mine the inheritance for each of the
characteristics.

Differences abserved among
‘Agate’, 'Saranac’, and our selected
subpopulations for NA, top dry
weight, and the root morphological
characieristics associated with N,-
fixation suggested that alfalfa
cultivars now on the market may
differ in N,-fixation potential. When
iniliating a N.-fixation breeding
program, we fesl that evaluating
adapted varieties for NA would be
desirable before deciding on
parental germplasm sources.

Using the mass 15 isotope of N
as a tracer of N metabolism provides
new insights into N-fixation of
alfalfa and permits a better un-
derstanding of the seasonal pat-
terns of N,-fixation in field-grown
materials. Gomparisons of ield and
greenhouse performance for Ny
fixation illustrate some of the
strengths and some of the con-
straints of selecting for
physiclagical and morphological
characteristics associated with NA,
The isctope technique is a valuable
too! in a breeding program for N;-
fixation and for assessing how traits
investigated in controlied en-
vironments mediate N,-fixation in
the lield.
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