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enuw CAROTENOIDS
in the FUNGI
MUCORALES

Special Referenee to Choanephoraceae

By C. W. Hessermine, Head, ARS Culture Collection, Fermentation Laboratory,
Northern Utilization Resenrehr and Development Division, Agricultural Re-
senrch Bervice !

INTRODUCTION

Mycological aspects of the fungi Mucorales and Choanephoraceac
are emphasized in this review. Most of the chemical aspects of
carotene and the theories of the metabolic pathways in is for-
mution were intentionally omitted. Beoks about the chemistry of
carotencids have been written by Goodwin (44)% and by Karrer and
Jueker (79).  Their terminology is used throughout this review.

One characteristic of many of the Mucorales is the yellow or orange
pigments within the fungus mycelium, especinily the substrate myce-
lium. Aside from these two colors, pigments in the order are restrict-
ed to blackish ones with but few exceptions. In & few species the
vellow color has been identified as carotenoid in nature, of which the
major proportion is g~carotene. This material, in addition to its ap-
parent importance to the organisms, especially in sexual reproduction,
has certain practical implications.  Isler (78), Bunnell (21), and Bau-
ernfeind (8} and theircoworkerstouchion the use of carotenoids in foods.
Colors are desired in some foods for better consumer acceptlability,
Since the fat-soluble earotenoids are yellow, orange, and ved, they are
excellent for this purpose.

One method of incorporating the S-carotene in [at-base foods Is
to micropulverize it and to suspend it in edible fat.  [n this form 1t
could be used in such foods as murgurine, butier, shortening, process
cheese, egg yolk products (both frozen und dried), and balcery prod-
ucts. It might be used i other foods where color is desirible such as
m macaront, semoling, brended lood products like fish sticks, French
dressings, whipped crewmn and toppings, and popcorn ail,  Reeently
Bunnell and others {27) showed thut g-carotene may be prepared in

! The Northern Regional Resenrch Laboratory ut Peorin, HL, is headguartors

for the Northern Utilization Hesearch and Development Divisicn.
® Ttalic numbers in parentheses refer to Literature Cited, p. 23.
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a stable, dry, beadlet form for coloring water-base foods. In this form
1t could be used in such foods as citrus beverages, primary cheese, egg
yolks (frozen and dried), eggnog, ice cream, dry cake mix, puddings,
and gelatin desserts.

A second method of adding pigmentation to foods would be to in-
troduce added carotenoids in a crude form into animal feeds to give
riore color to poultry, eggs, and beef. Another important considera-
tion is the fact that g-carotene when ingested by many animals, in-
cluding man, is converted into vitamin A,

At present two sources of carotenoids are available—natural and
synthiietic. They occur in natural materials, such as g-carotene in
dairy products, Iycopene in tomatoes, and zeaxanthin in yellow corn.
Commercially, large amounts of alfalla are used as & source of natural
carotenoids.  Beta-carotene is being produced in large quantities by
chemical synthesis, It might be possible to utilize & third souree—fun-
gi——especially of the order Mucorales, either as 2 crude fermentation
prodact for feeds or as a pure compound by extraction of the §-caro-
tene from the myeelium,

CAROTENE IN MUCORALES

Tn 1860, Zopl (#11, p. 148 stated that a vellow fat material, prob-
ably lipochrome, was present in the sporangiophores, sporangia, and
spores of Pilobelus and Afucor. He stated that none of it had been
isolated and its exact nature was not known. Two years later, Zopf
(112} studied the yellow and orange-red materials of the Mucorales
it Pilobolus, especially P. kleinti.  He illustrated the distribution of
pigments in the mycelium and described their solvent extraction. By
spretrographic means he showed also that absorption bands occurred
at 484-469 and 452-435. By this and chemical means he concluded
that the pigments were carotenes.  The same materials were found
in P. cedipus and P. erystallinus. The carotenes wore preseni in the
sporangiospores and were also associnted with the fatty material in
the zyzosporves. In Zopf’s opinion the cavoienes were reserve foods
simgce they and the fatty material disappeared with the germinntion
of spores. ol (87} nceepled the sume ides, although others, such
as Palmor (92), believed that more hikely the earotenoids were only
associnied with food reserves. Van Wissclingh (270) showed that
carotene was present in Mueor flarus.

A study of carotenes in Mucorales has recenlly been underfaken
primazrily in the species Aucor hiemalis and Phycomyeces blakesiceanus
and even more recently nt our Inborntory on membars of the Chon-
nephoracene.  Batlier reviews on the occurrence of carolene in
Mucorales ave by Schopfer (703} and Goodwin (48, 44).




CAROTENOQIDS IN THE FUNGI MUCORALES 3

Chodat and Schopfer (29) proved that the yellow pigment in Mucor
hiemalis was a earotene.  Schopfer (702) showed that 8-carotene was
present in  Phycomyces blakesleeanus and determined that either
asparagine or glycine could boe used as a source of nitrogen for growing
the fungus for producing carotene. Sclopfer and Jung (108) further
found that the g-carotene in this organism had vitamin A activity
in feeding oxperiments. Castle {25) also reported the prescnee of
a-carotene in Phycomyces. Biinning (J8-20) reported carstenc
in the sporangiophores of Pilobolus kleinii, In a study of Phycomyces,
Karrer and Krause-Voith {80) reported both 8-carotene and a-earotene
present in the mycclium. Bernhard and Albreeht (9) studied lipids
of Phycomyces blakesleeanus and reported pigments—possibly §-
carotene, a-carotenc, and lycopene,

Schopfer and Grob (104) and Grob, Schopfer, and Poretti (69, 70),
studying Phycomyees blakeslecanus and Muecor hiemalis, found that a
medium having lactate as a sole source of carbon permitted only
slight growth and no carotene formation. When acetate was added,
growth and carotene formation were stimulated. TLater, Schopfor and
Grob (105) demonstrated that a medium composcd of sodiun acetate
and ammonium nitrate supported growth of this fungus and allowed
sbundnnt formation of carotene.  When aceiate was the sole source of
carbon, it acted as a precursor of carotene.  This finding was  con-
firmed by Friend, Goodwin, and Griffiths (36, 87), who stated that uny
member of the tricarboxylic acid ¢ycle added to & medium eontaining
glicose and ammoniuin nitrate stimulated growth equally well,
but that varying degrees of -carotene production were due to varia-
tions in the final pH walues of the medium.  The addition of g-ionenc
stimulated carotenogenesis from 200 to 300 pereent in an acetate
medium.  The addition of g-ionone had earlier been shown by Mac-
kinney and others (87} to stimulate g-carotene production. The Swiss
workers (68, 71) had shown that labeled €y was present in CH; and
COOH groups and that these cark~n ntoms were incorporated equally
into the f-carotene molecule, Further mnformation on the carbon
from acetate is given by Grob and Biitler {58, 59). Reichel and Wallis
(95) have shown that 2. blakesieeanus formed S-carotene from a vari-
ety of zeids, including ameng others citrie, suceinie, and pyruvie,
and carlier (94) discussed the metabolic pathway in the formation
of B-carotene in P. blakeslecanus,

Tn 1951, Goodwin and his associates initinted n serics of studies on
carotenogenesis using 2. biakesieeanus. The selection of this organ-
ism to study carotenogenesis was hased on the following reasons: (1)
The fungus is nonphotosynthetic. (2) It is ensily cultivated on a
simple aqueous medium with vitamin B; as the only micronutrient
required. (3) It produces rather lurge amounts of B-cavotene.
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In the first detailed work, Garton and others (38, 39) showed that
in this organism B-carotene was the predominant pigment although
a-carctene also occurred. No xanthophylls or lycopene were found.
Schopfer's medium was used ; it contained: glucose, 10 percent; L-as-
paragine, 0.2 percent; KTLPO,, 0.15 percent; MgSC,-7H,0, 0.05 per-
cent; and thiamin, 25 ug.  Schopfer’s medium gave maximum growth,
and lipid production cecurred in 5 to 6 days, but maximum carotene
production did not oceur until 7 to 9 days after inoculation. The
ctirotene contend began to diminish by the 14th to 16th day. When
grown in the dark, the fungus contained only about half as much -
carotene as when grown in she light. These investigators also found
that the — strain produced $wice as much S-carotene as did the -+
sbraim.

Goodwin and Lijinsky {50) showed that the L-valine or I-leucine,
when used alone or with glyeine or L-asparagine, stimulated caroten-
ogenesis sometunes ns much as four times. The minor polyenc
components of P, blakesleeanus were also studied by Goodwin (41, 42).
Besides o and g-carotene the following materials were found: phyto-
fluene, 2.0 percent; y-carotene, 0.85 percent; {-earotene, 5.35 percent;
neurosporens, 0.8 percent; and lycopene, 0.6 percent. The percent-
ages represent the total polycnes present. Several other materials
were present that were not positively identified.  When diphenylamine
(1/40,000) was added to cultures, it almost completely inhibited
production of the most unsaturated carotenes {a-, 8-, y-carotenes and
iycopene) while stimulating production of the more saturated com-
penents, phytofluene, {-carotene, neurosporene, and possibly phytoene.

The nitrogen metebolism of P. blakeslecanus was further studied by
Goodwin and Willmer (58) and Goodwin, Lijinsky, and Williner (513,
who showed that carotene wns made only after the mycelial mat was
fully formed. TFurthermore, well-formed mnts of mycelium dis-
similating glucose could synthesize relatively more carotene in the
absence of nssimilable nitrogen than in its presence.

The eflects of possible carotene precursors on growth, lipogenesis,
and carotenogenesis were studied by Gooedwin, Lijinsky, and Willmer
(52) and by Glover, Geodwin, and Lijinsky (40}, but no substance
tested mave enhanced carotene production.  Friend and Goodwin (35)
showed that in F. blakesleeanus temperature did not affect the types
of carotene produced in the range from 5° to 30° C. The optimum
temperature for carotenc production was 25° C\

Goodwin (42} showed that diphenylumine inhibited the synthesis
of the leust sulurated polyenes in P. blakesleeanus with an increased
synthesis of the most saturated polyenes, such as phytofiuene.
Additional study of this aspect was reported by Goodwin and others
(47} and Goodwin, Jamikorn, and Williner (49), who showed that in
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this mold the saturuted polyenes were produced much more rapidly
than g-carotene. Thus, such materials as phytofluene reached their
maximum in 3 to 4 days while g-carotene reached its maximum in 5
to 7 days of incubation. The increase of phytofluene and the decrease
in g-carotene were directly proportional to amounts of diphenylamine
added. Whan mycelial pads of the mold were transferred to non-
diphenylamine medium containing large amounts of phytofluene,
they did not convert phytofluene into g-carotene.

Recently, Varma and others (109) studied the effect of starvation
and of diphenylamire addition on the preduction of various earoten-
oids in P. blakeslecanus. In 1952 the California group (87) began
studying S-carotene in the same organism. They demonstrated that
the addition of g-ionone to cultures of P. blokesleeanus at the rate
of 2 pl per 20 ml. of medium, added at 72 hours, incrzased the S-caro-
tenc from 91.2 to 218 ug per gram of dry mycelium. However, add-
ing B-ionone resulted in depressed culture development.

CH, CH,

Later work by Mackinney and others (84) showed that methyl-
heptenone brought about a reduction in g-carotene formationin this
organism, a marked inerease in phytofluene, and the appearance of
¢{-carotene.  Mackinney and others (88) postulated that the g-ionone,
or a large portien of it, is incorporated into the carotene molecule.
According to Chichester and others (26), when S-iononc was added to
P. blakesleeanus cultures grown in the dark, yiclds of 678 ug per gram
were obtained while those in light produced 869 ug per gran.  How-
ever, S-iononc was more cffective in stimulating carotene formation
than was light.  Furthermore, these authors demonstrated that when
labeled sugar wus incorporated into the medium, the organism pref-
erentinlly used nonsugar carbon for the carotene molecule.  Chichester
and others (27) showed that hoth asparagine- and leucine-containing
culture medin with g-ionone gave high yiclds of B-carotenc. Using
labeled glycine, Mackinney and others (86) stated that there appeared
te be incorporation of labeled € into g-carotenc from glycine. Mix-
tures of g-ionone and methylheplenone act independently on caroten-
oid production in P. dakesleeanus according to Mackinney and others
(853,

Nakayama and others (91) proved that methyviheptenone acted on
P. blakeslesanus as a powerful stimulent for phytoene production.
Thus the asparagine control medium gave 314 pg of phytoene while the




6 TECHXNICAL BUGLLETIN 1245, U.8. DEPT. OF AGRICULTURE

asparagine medium and methyiheptenone gave a yield of 2180 ug.
Chichester and others (28) reported that carotene produced on a glu-
cose-glycine medium had 38 of its C atoms derived from glucose and
the remaining 2 from the methyl carbon of glycine.

Grob, Bein, and Schopfer (57} found that P. blakesleeanus, when
grown on & medium containing 0.2 percent ammonium lactate to |
percent sodium acetate us sole N and € sources, gave the usual
amounts of fat, sterols, and carotenoid pigments. Grob and Von
Beust (1) have shown that three non-arotenoid pigments are present
in Mucor hiemalis. Grob and others (67) showed that pantothenic
acid, pantothine, and phosphorylated pantothine increased caroteno-
gencsis in M. Alemalis. The role of pyruvic acid in the biosynthesis
of carotene was studied by Grob and others (66). Grob, and Grob
and Butler have published a series of papers on the metaholic path-
way of carotene formation in 3. Alemalis (54, 63, 53-66).

The effect of antibiotics on carotene formation in Phycomyces
blakesleeanus has been reported by Goodwin and Grifliths (45).
Streptomycin inhibited carotenogenesis when the organisn was grown
under normal conditions in light. The reduction in carotene with
any amount of streptomycin was never more than 60 percent. The
same year Schopfer and others (106) confirmed this work. Chloro-
mycetin also inhibited carotenogenesis, but tetronic acid and penicil-
lin did not inhibit carotenogenesis in P. blakesiecanus (107}. Brucker
(17) compnred phenol and carotene formation in P. blakeslecanus.

Later, Goodwin, Griffiths, and Modi (48) reported that high con-
centrations of streptomyein did not inhibit growth of P. blakesteeanus
in u glicose-usparagine medium but that it did inhibit carotenogen-
esis. When asparagine was replaced by an ammonium salt, inhibi-
tion did not occur. When g-ionone was used to stimulate carotene
production, the addition of streptomycin also inhibited carotene
produrction. These authors nlso found that chloramphenicol, peni-
cillic acid, and terrestric acid inhibited carotenogenesis to o greater
extent than they inhibited growth.

Recently, using Aucor hiemalis, Grob (56} has shown that meva-
lonic ncid at levels of 0.5, 1.0, and 2.0 mg per 23 cc. of nutrient
solution increased carotene formation. Furthermore, mevalonic acid
was incorporated into the S-carotene molecule.  About the same time
Braithwaite and Goodwin (15) showed that mevalonie acid (8:4-
dihydroxy-g-methylvaleric acid) was as efficient as leucine in diluting
out labeled acetate incorporated in B-carotenc from Phycomyces
blakeslceanus. TUsing the same organism and currot slices, these
anthors (16} have shown that mevalonic acid was incorporated in the
g-carotene molecule.  Ritter (97) reported the presence of a yellow
pigment in Aucor adventitius which he believed was a carotengid,
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Moénch (89) proved that this pigment in 3. adveniitius was indeed a
carotenoid.

Reichel and Wallis (98) reported that, when + and — strains of
Phycomyees were mated under the conditions used by Barnett, Lilly,
and Krause (7), no increase in g-carotene was encountered.

S0 far as is known, no one has attempted to increase carotene in
any of the Mucorales by means of induced mutations,  Blukeslee (£2)
obtained both stable and unstable natural mutanis of Afucor gene-
rensis, and he reported that Burgeff obtained mutants of Phycomyees
but cited no reference. Bonner and others (74) showed with ulirn-
violet-induced mutanis that the amounts of f-carotene produced
could be markedly altered in another group of micro-organisms.
Of the seven mutants of Rhodotorula rubra two had lost all ability to
form B-carotene, two remained approximately the same ns their
parents, and three had increased in their ability to form S-carotenc as
much ns threefold over that of the original sirain.  Tn studying caro-
tene in Phycomycees and the associnted polyencs, Goodwin and Griffiths
(45, 48) deemed it desirable to study these compounds in morpho-
logical mutanis of P. blakesieeanus and, in a second species, 7. nifens.
All cultures studied produced the saime pelyenes in the same relative
amounts. Carotene synthesis was similar in all — strains; whereas
the + strains produced only about one-half as much as the — strains,
except for one strain, which gave yiclds equal to that of the — strains.

FUNCTION OF CAROTENE IN SEXUALITY OF
MUCOFEALES

In the order Mucorales two conditions exist for saxual reproduction.
In some species, cultures started from a single asexual spore will
always result in cultures that produce asexual spores and, in addition,
form sexuul spores (sygospores). These species are designated as
homothallic, Tn the majority of specios, cach will be made up of two
forms and only two forms that must be brought tegether under
appropriate conditions in order to form zygospores. Such species ave
suic to be hetorothallic.

The two forms were discovered in 1904 by Blakeslee (10}, who desig-
nated them as 4+ or —.  He designated (he sirnins that grew less lux-
uriantly as -— and the more luxuriant growing strains as --.  In 1929,
Satina and Blnkeslee (89} stated that the female strains were -+ andl
the male strains were —.  Blakeslee (/1) noted that when 4+ and —
strains of dillerent species in the Mucorales wrere placed together, an
imperfeet sexunl reaction took place,  In this phenomenen zygospores
are not matured, for the imperfect roaction usually slops at the
progumetangial stage, or may oven progress to fusion ol gametoes.

PSLGGY 31 —2
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This behavier in heterothallic strains made it possible for Blakeslee
(18) to assign corresponding 4+ and — signs to strnins of other spocies.
Tt also led him to the conclusion that there must be something funda-
mental and comnwon te ull racos of 4 strains and likewise for all —
strains of members of the Mucorales. In other words, all — strains
of Mucorales must have one or more chomicals in cormmon which are
characteristic of that mating type.  Although a number of conditions
werc investizgaled, no definite compound or chemical reaction was
found to be characteristic of cither 4+ or — strains.

Burgeft (22) demonstrated that sex hormones were present in the
Mucorales, and recently Plempel (93) and Burgeft and Plenipel (29)
published further work on the hormones of Mucer and Phycomyces.
For a general discussion of the physiology of reproduction, sce Hawker
72).

Lendner {82) believed that the yellow pigment was always regulatly
stored in larger amounts in the progametangia of + strains than in the
progametangia of — strains. Satinn and Blakeslee (98) agreed after
a study of numerous mating pairs in tho Muecoraceas, They belicved
that the more pigmented strains (4 reactors) were female and the —
reactors were male.  With our best S-cavotene-producing sirains the
=+ strain shows more pigment than the — strain. The same con-
clusion was held by Chodat and Schopfer (29) as s result of an intensive
investigation of Mueor hiemalis.

Schopfer (100, 101) stated that the composition of the medium and
the light affected carotene formution. He illuslrated how the curotenc
weas conrentrated in ol droplets in the myeelium and even noted that
erystals of carotenc were seen in hyphae of AL, hemalis. e found
that the 4 strain always had more earotene and a more rapid rate of
absorption of nutrients from the medium.

In diseussing the function of g-carotene in sexuality of the Mucorn-
ceac, Burnott (24) stated that the evidence for a relationship between
carotence and sexual reproduction was poor. The elsims of the re-
lntionship between carotene and sexual reproduction are based on two
facts: (1) Carotenes are found in gametangia during the sexual
process. (2} Different amour's of earotenc are found in the mating
strains. Burnett states that the second claim was proved false as
long ago as 1929 when Ling-Young ($3) showed that in strains of
M. hiemalis which had high, intermediate, and low carotenc contents,
carotene content varied independently of the mating type to which the
strain belonged. The obscrvations of others, nccording to Burnett,
were made on studies of too few strains.  Burnett studied the [unction
of carotenes with respect to number 1 above. Ffe showed that the
number of gametangia formed were about the same whea asparagine,
glycine, or ammonnium acetate was incorporated into the medium,
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elthough with ammonium acetate S-carotene was reduced to a low
level. However, only about half as many mature zygospores were
formed as were formed with the other two compounds. The second
oxperiment involved buffered media in which the number of eame-
tangia remained constant but carotence production was only half ns
great. Diphenylamine was used in a third experiment with the
following results:

Gametangin  Zygotes  ug B-Carotenc

produced matured {Goodwin)
Diphenylamine (1:30,000) 284 197 23
Absent 282 182 626

One criticism of Burnelt’s work is that the ruthor used date from
Goodwin’s experiments on carotene and compared it with progame-
tangia and mature zygospores he obtained. The analysis for g-caro-
tene sheuld have been repeated with the same material.

CAROTENE IN THE FAMILY
CHOANEPHORACEAE

Tnterestingly, Cunningham in 1893 observed the enhanced forma-
tion of yellow pigment in Choanephora simsoni. TPigment in Choa-
nephoraceae was not investigated, aside from casual veference to it,
until studies were made by Barnett and Lilly.  Sinee their publica-
tions bear on production of ineculum for the g-carotenc fermentation,
their investigations on Chognephora cucurbitarum are briefly reviewed,

Barnett and Lilly (4) showed that the production of conidia in €.
cucurditarum was influenced by nutrients, by temperature, by light,
und by seration. A temperature of 31° C, preveated conidia pro-
duction but permitted sporangia formation. Good aeration was
espectally important for the formation of conidia. Tn a second study
Lhey () reported that the accumulation of CO: in a closed vessel
prevented sporulation. At a temperature of 25° . or higher, a
relutive humidity near 100 percent enhanced sporangia production
while lower relative humidities of 50 percent favored conidis forma-
tion, In a third paper () they described the conditions uffecting
the formation of zygospores in this species.  Zygospores were formed
from 13° to 37° C. and were not affected by light.  Furthermore,
zvgospores would form in atmosphieres containing as much as 14
percent of carbon dioxide, Starvation of myeelium brought about
zygospore formation and this might occur from a pll 4.5 to 8.5.
They concluded that the production of earotene weas stimulated in
eithor culture by hormone-like substances originating from the myee-
lium of the opposite sex.
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In the same year Barnett, Lilly, and Krause (7) studied zygospore
formation in liquid media. They reported that C. cucurbilarum pro-
duced zygospores in liquid media and identified the yeliow pigment in
this species as g-carotene. They showed that when 4 and — strains
were mixed in liguid media, 15 to 20 times as much S-carotene was
formed per gram of myceliuin as was formed by either mating type
grown alone. When -+ and — strains were grown on opposite sides
of a cellophane membrane, both strains usually increased pigment
formatlion. This increase in color indicated that s stimulating sub-
stance diffused through the membrane in both directions. They
[urther concluded; “It seems probable that some relationship exists
between the production of carotene and sexual reproduction in O
cucurbitarum.” In contrast, Feichel and Wallis (96) reported that
when + and - strains of Phycomyces were mated under the conditions
used by Barnett, Lilly, and Krause, no enhanced g-carotene yields
cculd be obtained.

Occurrence and History of the Choanephoraceae

Since the question arises as to where members of the Choanephor-
aceae are isolated, it is appropriate here to discuss the records of their
isolalion [rom nature. Other Mucorales known to [orm carotene
are cach more or less ccologically restricted. Afucor hiemalis is
most often lound in forest soil; Pilobolus is strictly coprophilous.
The oceurrence ol Phycomyees has recently been reviewed in detail
by Benjamin and Hesseltine (7/9).  Cultures of Mucor kiemalis and
Phycomasces speeies are available in many culture collections.  How-
ever, members of the Choanephorscene, especially mating types,
are not as readily available, probably because of the greater difficulty
in obtaining material containing the organisms for isolation and in
mainlaining vigorous pure cultures.

The genus Choanephora was first described by Currey in 1873 (132)
from fructifications on flowers of ITibiscus rosaesinensis furnished him
by D. D. Cunningham from Caleutta, Indin. Currey described it first
ns Qunninghamia but later changed the generic name to (sanephora
since the name Cunninghemic had already been used for a conifer.
Cunningham (130) reported in detail on this speeies, C. infundibulifera,
which he found growing in Tlbiscus and Zinnia flowers. He recog-
nized the zygosporic stage as & sexual ong, described it in detail, and
correctly placed it in the Mucorales. Tlc gave the following tabular
statement of the forms of reprodietive hodies:

I. Bexual reproduction .. .. ... ... ... ..... GYEOSPOres

IT. Asexual fruelittention ... .- .. .. ... ... Conidia, sporangial
spores, chlamydospores
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In a second paper, Cunningham (137) described a second species,
0. simsont, including the zygosporic stage. Here he stated in con-
nection with zygospores:

The colour of the contents of the conjugating processes varies from different
shades of yellow to strong reddish, and not unfrequently, at 2 time when the con-
tents of one process have already been completely nceumulated terminglly and
separated by the formation of a partition, those of the other are present through-
cut its entire course and continucus with those of the parent mycelial filament.

Thus at this early date the sccumulation of carotene during sexual
reproduction in Choanephoraceac was observed although the material
was not identified. This species was found on leaves of Ipomoea rubro-
caerulea and Zinnia elegans at Caleuita, India.

Thaxter (178) named the species Choanephora cucurbitarum and re-
corded ifs occurrence on squash in Massachusetts and on Hibiseus
and a wild malvaceous plant in Florida. Berkeley (120} reported
this second species from putrid squashes sent to him from South Car-
olina by Ravenal. Thaxter (Z78) further reported that Morgan col-
lected it in Obio and that a specimen exists on squeshes from North
Carolina in the Curtis Herbarium at Harvard, MsHer (158) recorded
the same species under another name on Hibiscus from Brazil, Peck
(163, 164) listed the same species on squashes from New York under
the name Rhopalomyces cucurbitarum, as did Clinton (128) on squash
from Connccticut. Rick (168) reported C. infundibulifera from Bra-
zil.  Bydow, Sydow, and Butler (175, 176) saw material of Choane-
phora {rom India.

Thaxter (179) deseribed the genus Blakeslea und the type specics,
B. trispore. He noted that the mycelium when first cultivated had
protoplasm with fat globules and was bright orange-yellow, but upon
continuous cultivation on potato agar this color gradually faded to »
light yellow. He found this organism ss a contaminant with Botrytis
from a larvae from cowpeas collected in Fiorida. Aceording to Thax-
ber, it probably was growing on the cowpeas.

Saito and Naganishi (768) found what they considered to be a new
species of Cunninghamelle, C. mandshurica, from air over Manchuriy,
but this has been shown to be Choanephora manshurica.

Woll (187) reported C. cucwrbitarum [rom squash, flowers of cacun-
ber, Hibiscus syriacus, H. coccineus, okra, and cotton. He also
described the zygosporic stege of this species. Furthermore, ho
showed that certain insects transmit the disense from one flower Lo
another and that infection in squashes oceurs lhrough the fower
end. This species was found by Dastur (138, 7139) on chillics (Cap-
sicum sp.} in India and by Wolf and Lehman (188) on cowpeas in
North Caroling.
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Gandrup (744) and Ultee (181) studied Blakeslea trispore on
freshly picked tobacco leaves in Sumatra. Palm and Jochems (162)
reported C. cucurbitarum from Amaranthus blitum and A. spinosus.
Burger (122) found a serious blossom blight of dahlias caused by
Choanephore sp. in the Gainesville, Fla., area. In 1925, Choanephora
persicarie was described by Eddy (24f) on decaying peaches in the
New York market. This species has never been reported again and
was especially interesting because only sporangia were produced.
The same year Couch (129) described still another new species from
the flowers of Hibiscus syriaeus in North Carolina and noted that it
failed to grow on squashes. A Choanephora sp. was the causal agent
of leaf rot of ground nut (Arachis) in Batavia, according to Van Hall
(162). Jochers (148) reported . infundibulifere on hibiscus Bowers
in the Dutch East Indies. Choanephora sp. was discovered at Buiten-
zorg, Java, as a secondary invader of plants of Locknera rosea, which
were infected with a species of Phytophthora according to Schwarz
(169).

Weber and Wolf (786) reported that their Blakeslea frispore cul-
tures from cucumber leaves were orange or yellow at the surface of
the medin on 2-percent potato dextrose agar. When their cultures
were grown on 3-percent potato dextrose agar, the orange color was
mueh intensified. They described the zygosporic stage of the genus.
They also Teport that another strain (123} was isolated from a culture
of fungus sclerotin by the senior author. According to Jochems
(149), Blakeslea trispore commonly occurred in Java and Sumatra
on faded leaves of tobacco, which had been attacked by the great
green tobacco bug (Nezara viridis), und hence the fungus was con-
sidered a weak parasite. He also found it in drying sheds on new
tobacco leaves. In addition, he found it on Physelis engulata,
Ipomoea batatas, and probably other plants.

Dade (154) reported that C. cucurbifarum occurred on papaw leaves,
cacao husks, and withered blossoms of Hibiscus and Zephyranthes
collected in the Gold Coast region of Africa. Blakesice and others
(121) stated that C. cucurbitarum is commonly found on withered
flowers of pumpkin and squash from gardens near Cold Spring Harber,
N.Y. Stevens (I73) found €. infundibulifera on petals of Hibiscus in
British New Guiana. Wallace (184) recorded a Choanephora sp. on
sorghum from Tanganyikn. Three species of Choanephore (C.
cucurbitarum on leaves, stems, and flowers of Capsicum spp.; C.
stmsont on Ipomoea rubro-caerulea, and on flowers of Zinnia elegans;
and C. infundibulifera on flowers of Hibiscus rosae-sinensis and on
inflorescence ol Tabernaemontana coronaria) were reported by Butler
and Bisby {124, p. §) in their moncgraph of [ungi in India. C. cucur-




CAROTENQIDS IN THE FUNGI MUCORALES 13

bitarum occurred as & blossom blight of peppers in Florids according
to Weber (185).

Tai (177) apparently found the same organism in China, although
he called it €. manshurica, growing on the flowers and pods of Dolichros
lablad. Miyake and Tto (165) reported a disease of squashes caused
by what appeared to be Choanephora, although they ealled it Choane-
phoroidea sucurbitae and stated it was an Qomycete. Asuyama (116)
also reported the same fungus in Japan as causing a solt rot of squash.
Deighton (140) Tound Choanephora sp. attacking flowers of (votalaria
refuse and causing a die-back at the seat of infection.  In Malaya the
lower leaves of cassava were attucked during wet weather by €. cucur-
bitarum nccording to Thompson (180), und Su (174) reported the saine
Tungus on chilli in Burma.

Singh (170) isolated » strain of Choanephora sp. from Punjab soil,
which he stated had not been previously reported from soil. Christen-
barry (126) found C. cucurbitarum on old flowers of Hibiscus sp., Cucu-
mis sp., Gossypium sp., and Capsicum sp. and on the flowers and young
fruit of Cueurbita pepo and Solanum melongena var. esculentum. Tt was
the first report of this lungus on eggplant.

Lefebvre and Weimer (152) found C. cucurbitarum growing on cow-
peas in Georgin and stated that it is » saprophyte on the leaves of
various grasses in Georgia and Florida. Sinha (I77) reported this
species and Blakeslen trispore {rom Colocasie antiguorwm and C. cucur-
bitarum (172) as causing & web rot of chillies, Christenberry (727)
wsolated B. trispora from flies and on lenves of Liriodendron tulipifera
and C. eucurbitarum on eggplunt flowers and fruit in North Carolina.
Choanephora cucurbitarum was stated to produce a necrosis of the
cotyledons of murrow scedlings at Antibes (118). Karling (150)
mentioned & Chounephora sp. collected in Brazil, which had been
attacked by a chrytrid. Vestal (783) noted that low {emperatures
and humidities from June to September at Allahabad, India, in 1945
reduced leaf-spot fungi while some saprophytic fungi, such as . cucur-
bitarum, became abundant everywhere. Liu (158) studying the fungi
assoclated with soybean seeds in China isoluted Choanephora sp.

Barnett and Lilly (17) veported that one of their cultures of €. eu-
curbilarum was isolated from squashes in West Virginin. Roger (167)
recorded the occurrence of C. infundidulifera on the fowers of Hi-
biscus esculenta.  During periods of high humidity a blossom blight of
dahlias caused by (' tnfundibulifera occurred in Indin according to
Juin and Nema {7147). Norton (16{) reported ' cucurbilarum on
squash in Texas. 1antas and Robeiro (/87) encountered (' cucurbi-
tarum in Brazil, and later Dantas (185) reported the oceurrence of (.
conjuncte. on [ading flowers of Hibiscus rosae-sinensis in Brazil and
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noted that both conidia and sporangia were produced in abundance on
oatmenl agar. For a more detailed account of the hosts of ('
cucurbitarum and of C. infundibulifera, especially in South America,
see Dantas (136).

Hesseltine (745} monographed the family Choanephoraceze and
included only the genera Blakeslea and Choanephora, excluding other
genera such as Cunninghamelle, which had been included by Zycha
(189) in the amily. This same paper reported the occurrence of C.
cueurbitarum on Cucurbile pepo in Wisconsin and on €. marime in New
York. In 1953, Ellis {142) noted the occurrence of C. cucurbitarum
on summer squash in North Carolina, The following year Ara and
Mahmud (115) reported the same fungus on Zanomie tndica in India
where it occurred as & blossom blight.

Naganishi and Kawakami (138, 160) reported the isolation of
Blakesiea trispora [rom the air from Japan. In addition they de-
seribed & new species, B. circinans, from pasture soil in Japan (189).
I still avother paper {157) they reported that Choanephora cucur-
bitarum and O infundidulifera were isolated in Japan from faded
flowers of dablia, cosmos, squash, cucumber, canna, and morning
rlory; but it is not clear which species occurred on which host.

The most intensive attempt to isolate strains of €. cucurbilarum was
made by Poitras (165). He obtained this species from soil samples
from Jliinois, Mexico, Central America, and the Island of Ponupe.
Chevaugeon {125) reported the occurrence of (' cucurbitarum in the
basin of the Cavally River (Ivory Coast) Africa. Baudin (718} also
reported Choanephora from the Ivory Couast. Hesseltine and Ben-
jamin (146) studied . eircinans strains from seil samptles from Trin-
idad, and from an isolate from & textile sample from Lhe Canal Zone,
They also studied a strain of €. conjuncta from soil in Georgia, and a
strain coliceted from air in Venczuela. Agnihothrudu (114) reported
isolating (. cuecurbitarum from the rhizosphere of the pigeon pea
(Cajenus cajan). Recently Miller and others (£54) reported finding
C. conjuncta in cultivated soil and in lorest soil in a study of soil fungi
of Georgia, In a study of fungi associated with flowers and fruit of
pickling cucumbers, Etchells and others (143) reported isolating four
strains of €' cucurbitarum. Recent taxonomic accounts of the family
have been published by Hesseltine (J45), Dantas (136), Poitras
(165}, and Hesscltine and Benjamin {(146).

Life Cycle

To understand carotene fermentation one musé know something
about the organisms involved. The family Choancphoracene is
considered to contain two gencra, Choanephora and Blakeslea (74); in
each, spores, whether eonidia or spornngiospores, germinate to form
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germ tubes that develop inte much branched mycelium. The
branched mycelia grow rapidly in and on the surlace of nutrient agar.
Within 2 or 3 days the surfuce of the agar is covered.  About 48 hours
alter spore germination, conidiophores or sporangiophores arise and
become branched at their apexes. These short branches, in turn,
branch a second time and form small vesicles which then bear either
conidia or sporangioles over their suwefaces. In the genus Blakeslea
the vesicles bear sporangioles which contain relatively few sporangio-
spores within a hyaline membrane. In Choanephore the spores are
borne singly as conidin. This difference In spore formation is the
generie characteristic that distinguishes the two genera.

Both conidia and sporangiospores from the sporangioles are purple
ot brown and are often characterized by minute markings in the form
of longitudinal striations. At first the fruiting heads ol either conidia
or sporangieles are white, then they become rather brown, and finally
nearly black.  These (ructifications typically are formed next to the
eder of the culture disl, probibly because the nutrients are exhausted
or beeause of better acration there.  About the sume time the fruiting
structures are produced, thin, slightly yellowish, acriul myeclium is
formed which later may almost completely obscure the Truiting heads.
Fruiting is characteristically restricted to the first 3 or 4 davs of
growth.  Alycelium, both acrial and substrate, is coarse and without
seplations.  The substrate myeelium is generally filled with droplets
of vellow material.

In uddition to the conidiophores or sporangiophores hearing only
sporangioles, u second methad of asexual reproduction involves true
sporangia.  These muy be formed in variable numbers depending on
the species, the lemperature, or nuirienl comditions.  The sporangio-
phores, which likewise arise usually from the substrate myeelium, are
hyaline but sometimes hecome slightly pignented above.  In all cases
the sporangium is borne in a nodding or circinale fushion. The
sporangial wall is charactertzed by being relatively resistant but, when
mature, by splitting infe equal halves.  This characteristic is almost
diagnostic of the family.  Inside the sporangium are numerous spo-
ringicspores and a typically pizmented eolumelln, which has a nmore
or less distinet collar attached at its base.  ‘The sporangiospores from
sporangin are olten pigmented and in all but one species have long,
siiff, hyaline appendages in tufls at both ends and semetimes even
al a third loeation.  In addition io these (vpes ol asexual spores,
hiyphae in the substrute may round up into iregular cells roported. as
chlimydespores.

As the culture hecomes older it Lakes on o more yvellow appenrnee.
This is particularly trae of Blakestea trispora. When held at room
temperature the cultures remain viable for considerable periods of
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time. However, cultures placed in g relrigerator show erratic survival.
Lyophilized spores keep very well, provided that stocks are lyophil-
ized within a few days after the fruiting hends have become darl in
color.

Sexunal reproduction is practically identical in all species of the
family. All species that have been studied are heterothallic, that is,
the sexes are separate. To induce the sexunl stage, 8 + and — strain
are placed a short distance from each other on nutrient agar and the
colonies are allowed to come into contaet with cach other. As the
colonics come into contact, the first noticeable gross effect is the in-
crensed intensity of yellow color on the reverse side of the colonics
where they meet. As the culture becomes older, this color becomes &
deeper yeliow to yellow orunge. With the maturation of zygospores
the yellow-orange color either disappears or is masked, and in its
place appears a dark zone caused by the hundreds of mature zygo-
spores.

The development of zygospores, when sludied microscopically,
begins as a coiling of filaments {rom each of the opposite mating
strains. The twisted and irregularly ceiled hyphae eventually di-
verge and form swollen progametangia that resemble a pair of tongs
or o how. Each progametangium forms a septum that delimits o
gametangium which comes into contact with its mate; the wall be-
tween the gametangin breaks down and mixing of the cytoplasm
results. Thus, the fused gametangin become the zygospore, which
now enlurges and assumes a more or less globose shape. The thick
wall ol the zygospore is minutely striate, but it never becomes rough-
ened with long projections as is seen in the zygospores of many other
genera of Mucornles. The wall becomes a deep brown. At first the
zygospore contents show numerous oil droplets; these later coalesce
inte one, central, oil droplet which is yellow-orange.

The zygospores ure always formed either on the surface of the agar
or in the medium just helow the surface. The yellow-orange oil
droplets are numerous and concentrated in the progametangia, game-
tungin, and the hyphac immediately adjacent to the aren where
zygospores are being formed. YWhen most zygospores have reached
maturity, the adjacent hyphae and gametangia become nlmost empty
and Jose the Inrge sccumulations of yellow-orange droplets.  Cutter
(783) described the nuclear behavior in B trispora.  According to
him, zygospores germinale after 3 months to form an extensive,
stbmerged, vegetative mycelium.  Kishore {157} studied the con-
ditions affecling zygospore formation.

One interesting characteristie of the Tamily Choanephoraceace,
also common to other Mucorales, is Lhe coenoeytic condition of Lhe
mycclium {n condition in which many nuclei are present in the
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cytoplasm without cell walls), Even the gametangia contain many
nuclei in their cells. It is important to remember that all asexual
spores contain more than one nueleus. Whether it is possible to
induce mutations giving larger vields of g-carotenc is not at all certain.
Presumably, each spore would contain various nuelet with numerous
sets of the same chromosomes. An entirely different situation is
found in many successfully mutated industrial organisms, in which
the conidia possess but one nucleus with one set of chromosomes.

Members of the Choanephoraceae growing in nature cause & wet
rot of flowers or voung fruit. T'ndoubtedly the conidia produced
on these parts are carried by inscets lrom one plant to another. The
infection does not appear to be of any economic importance, for usually
only the blossoms are attacked. Tn some cases the mycelium ap-
parently enters the Fruit through the blossom end and causes Lhe
fruit to turn vellow. then blnck and soft. However, no {urther
invasion of the host plant ocecurs.

Carotene in Choanephoraceae

My first acquaintance with members of the Choancphoraceae
began in 1946 (78) with a study of Choanephora cucurbilarum occurring
on pumpkin in Wisconsin and of a strain of Blakesiea trispora obtsined
from the Baarn Collection. Since it is my custom to study all
Mucorales on a synthetic medinm containing glucose and asparagine
(= medium known now to eshance carotene formation}, the cultures
were studied growing on it. The yellow pigment was pronounced,
especinlly in the B. trispora strain. The taxonomy of the known
members of Lhe lamily was then developed as far as possible.

Thus matiers stood nntil 1955, when what appeared to be a nearly
ponsporulating cutture of Choanephora was received from the Quarter-
master Corps Uollection. [t appeaved to be different from all other
strains seen, 50 it was preserved in the ARS Culture Collection for
possible Tuture study as o new species.  Somnetime later we received
a eatalogue from one of the Japanese cutture collections which hsted
a species called Blakestea circinans. We wrote for the culture,
inquiring whether the name had been published. In due time we
roceived a reply slating that the organism had in Taet been deseribed
in 1955 and that the species was based on a single steain. When
the culture arrived, we were interested o find that it appesred
identical with the culture from Punama which came Lo us from the
Quartermaster Corps Collection.  Both slrains produced only spo-
rangie.  Since all other forms of Blakesiea and (hoanephora, except
one, possessed a sccond menns of asexual reproduction, we were
doubtiul if cither strain was typical of the organism in nature.  Fur-
thermore, when these cultures were mated nothing happened. We,
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therelore, again dropped our work on these forms beeause it appeared
we had too little material with which to draw any conclusions.

In the meantime, we had assembled a number of cultures in the
family, at lenst one of which we had not seen before, namely . con-
guncta Couch.  The validity of this species had been questioned by
Poiiras (165). From two soil sumples collected in Trinidad, we ob-
served an abundance of sporangin of a Choanephora which, when
isolated, appeared identicul with the materinl of B. eireinans and
furthermore sporulated very poorly in culture. On the same soil
solation plates. numerous zygospores occurred that were typieal of
Choanephoraceae.  After we selected and paired & number of single
sporungial isolutes, — und <+ slrains were seeured and these were
found to mate with the Panumn and Japanese strains. Tt seemed,
therefore, highly desirable o report the occurrence of this species
since we had zygospores, and to place it in Choangphora where
another species, . persicarie Eddy, had already been described with
only sporangia.

At the same time, we had aceumulated » number of strains (hut
could not he delermined as to known specics because of their poor
sporvlation. Hence nuwmerous mating  experiments  between (%
circinans (Blakestea cireinans), B. frispore, and . cucurbitarum wore
made in order to jdentify our strains corvectly (77).  When a member
of one species was mated with a strain of the opposite mating (vpe of
a different species, the typical vellow zone appeared on the reverse
side of the plate, but it failed (o appear if the strains were of the same
mating rexction.  Furthermore, the yellow zone persisted if the strains
were of different speeies: whereas, if they were of the same species, (he
vellow zone usually disappeared as zygospores matured.  In imperfect
reaclions none or only a few abnormal zygoespores were formed.
Naganishi und Kawnlkami (90) had reported on the morphology of
the sexual organs in imperfect reactions hetween species of the Chonne-
phoraceae.  We concluded that if one had Mmating tpes in one species
m the family Choanephoracene, the maling reaction of any species
in either genera could be determined by the increase or lack of inerease
in yellow pigmentation on the reverse side of mated colonies i their
point of union.

About this lime we became interested in a reporl that zyuospores
could be produced in liquid medis in shake culfures. This obsorva-
tion may be of some significance in the evolution of the Mucorales,
since one of the postulated ancestors is the Saprolegniales or wuter
molds whose sexual spore, oospore, is feund in uqueous medin.  Ac-
cordingly, we used mating types of & number of wenera of Mucorales,
arowing the combined mating types in synthetic lguid medium and
potute dextrose broth. The lafter medium with agar is especially




CAROTENOIDS IN THE FUNGI MUCORALES 19

suitable for zygospore formation. In most ol these experiments we
obtained negative results, but we readily confirmed Barnett, Lilly,
and Krause’s report (7} regarding Choanephora cuewrbitarum and
showed in the two other species of Choanephora and the one species ol
Blakeslea that zvgospores were formed readily on potatoe dextrose
nedin in shaken flasks. However, no zygospores could be [ound even
though good vegetative growth resulted on the synthetic medium
composed of glucose, asparagine, salts, and thiamine.

The appearance of shaken cultures grown in the synthetic medium
alter 72 hours af 28° C. on a rotary shaker was very striking (73).
The mycelium from the flasks in which the -+ and — strains had been
inoculated appeared as large, yellow-orange-pigmented balls resem-
bling canned vellow peaches. The actuul amount of myeelium lrom
the Aasks where + and — strains had been grown was approximaltely
the same as when either strain was grown by itsell. The single
strnin cultures lacked pigmentation, Dr. R. F. Anderson and asso-
ciates at our laboratory ran -carotene analysis on the material from
this and other experiments and showed that the mated cultures
contained pigment composed of about 80 percent g-carotene according
to the A.OAC. method. In all four species, Blakesica trispora,
Choanephora circinens, (. conjuncte, and . cueurbitarum, the yicld
of B-carotene in mated fermentations was at least double that

oblrined with a single strain grown rlone. Interestingly, the B. fri-
spora strains NRRL 2457(—) and NRRL 2456(-) cach gave higher
vields of B-carvotenc than the mating types of any other species.
Typical results are shown lor (. circinans on the synthetic medium.

Dry weight B-Carotenc
Slrain: ¢.300 mi. Tolal pgm piHt g
NRRL 354604 0 82 2 25
NRRL2348(—). oo . 69 : af)
NRRL 2316 ¥ 2548 . TD : 340

As noled, when strains of opposite mating types from different spe-
vies or species (rom different genera are mated, the yellow color ap-
pears at the juncture of the colonies. When such strains are mated
in shake cultures on synthetic media, typical results such ns the fol-
lowing are obtained:

Dry weight g-Cuarolene
Strain: 7.4300 mi. Fotal ugm pgmlg.
B, trispore (=) 0.58 | a0 135
C. conjuncta (4 .71 18 25
3. trispore (=X C. conjuncle (). L7 212 290

Thus the same enhaneed production of g-carolence ean be obtained
in interspecific crosses as well as in inteaspecific crosses.  Although




2(}) TECHNICAL BULLETIN 1245, U.8. DEPT. OF AGRICULTURE

yields formed were not high as compared with yields of S-carotenc
from Phycomyces of 2,500 to 3,500 pgm/g. reported by Nakayama
and others (91), it still looked promising to study this enhanced
carotene produckion with various conditions and media. In this
work, reported by Anderson and others (2, 3), pieces of mycelium
were taken from the stock cultures to start inoculum on a glucose-
asparagine agar (fig. 1), Each strain was grown separately. After
the inoculum slants had been grown for 5 to 6 days at 28° C., the

|

NRRL 2456 (+) Stocks on potato dextrese agor
NRRL 2457 {-)

Glucose asparogine
5-6 duys
28°C.

Hydrolyzed corn and casein
100 mi
48 hours at 28°C.

l j

Blendor 5 mi Blendor 5 m! inoculum

\/

NRRL 2456 x 2457  VYegetable cil (2 percent cottonsesd
2 percent soybean)

0.12 percent nonionic detergent

B-ionone (sterile filterad)
added 2 days ofter

Steamed 10-15 minutes inoculation

Solids removed, !ilterpd and dried at 50-55°C.

Figurs 1.—0Outline of method used for inoculating flasks for the production of
f-carotene,
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entire mycelium was seraped off into & 500-ml. Erlenmeyer flask
containing 100 ml. of the basal medium composed of:

Grams per

Cora (acid hydrolyze Y oo eiaeeas
Casein {acid hydrolyzed)

Corn steep liquor

Potassium phosphate monohasic

Mltigrams
per lifer
Thiamine hydrochloride. .. . L. o i .- L0
pH adjusied to 6.2 with sodium hydroxide.

The corn was hydrolyzed by autoclaving n 15-percent slurry in 0.2
N sulfuric acid at 121° C. for 90 minutes. The inoculum usually grew
as large masses of mycelium which was macerated in & Waring Blen-
dor.* TFive ml. of this material {rom each mating type was then used
to inoculate 100 ml. of fermentation medium. The basal fermenta-
tion medium as described contained the following additional adjuncts:
4 percent vegetable oil {2 percent cottonseed and 2 percent soybean),
0.1 percent g-ionone, and 0.12 percent nonionic detergent.  The func-
tion of the detergent is to emulsily the oil, thus making it more avail-
able to the mold mycelium. The g-lonone was Seitz filtered, sterilized,
and added after 2 days of fermentation. Following 6 days of fer-
mentation, flasks were steamed for 10 to 15 minutes to prevent cnzymes
from breaking down the carotene. The solids were removed by
filtration and were dried at 50° to 55° C. in a vacuum oven. The
analytical methods employed wore those described by Anderson and
associates (2,3). When the mated cultures were grown on the basal
medium, a fourfold or fivefold increase in fotal yield of carotenc was
obtained. From preliminary work, B. frispore appeared to be the
best culture. The addilion of vegetable oils incressed the yield two-
fold. When g-lonone, representing a part of the f-carotene molecule,
was added to the basal medium a fivefold increase resulted. When
all three adjuncts—vegetable oil, detergent, and g-ionone were added,
a sixfold io seveniold Increase over the basal medium was obtained.
When other substances, such as 2-4 dinitrophenol, lipoic acid, chloro-
form, yeast-extract, liver-extract, and potalo-extract were added, no
increase in S-carotene occurred. Inlerspecific matings within the
four species gave enhanced carotene production, bul resulls are no
better than with B. frispura NRRL 2456 (2457,

On analysis, 75 percenl of the totnl pigment was frans-g-carotene.
When biologically assayed in rats, the dried solids showed the 8-caro-

3 Mention of produets does not imply endorscment or recommendution by the
Department of Agrieulture over other products of a similur nnture nol mentioned.
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tene was available as a precursor of vitamin A. Analysis of the dried
solids gave the following:

Persent
A OIS T . o e mm e —————— 30-6.2
ASh L e e——————— 3.0-3.2
Bt e e 52,2 -53. 0
Fiber . . e 32-35.5
Total nitrogen . oo 5. 16 5. 35

Essentinl amino acids were:
Taysine e 2.5
Methionine o ceooa. 1

In the fermentation no zygospores were formed and pigment oc-
curred through the mycelial growth., Anderson et al. siate that the
formation of zygospores is not necessary for the increased amounts of
carotene observed.

Further papers in the series from our laboratory (30,82) were con-
cerned with the effect of various grains on the production of f-carotene
by mated strains of Blakeslea trispora. The grains and soybean pro-
ducts were hydrolyzed and incorporated into the fermentation me-
dium a$ the rate of 7.5 percent. B. trispora does not appear to hydro-
Iyze starch. Acid-hydrolyzed, hexane-extracted, soybhean oil meal
gave the highest yields of g-carotene, ss well as the highest amounts
of dry solids. This material was better than ground whole soya,
which suggested thnt the process of extraction favernbly alters the
menl.  Of the various treated soybean meals, the hexane-extracted
soybean oil meal was best.  Furthermore, there was little difference
In concentration between 3 to 10 percent, although there is consider-
able variation in growth as measured by dry weight of solids. Use
of hexane-extracted soybean oil meal with other mesals or griins re-
sulted in no increase in yiclds. Best yields were obtained from
soybean oil menl alone.

A study of the cffeets of carbohydrates on the fermentation using
5 percent carbohyvdrate and 0.2 pereent acid-hydrolyzed casein was
made. This study showed that dextrin and sucrose gave the highest
vields. When these cearbohydrates were added to soybean eil meal,
no material change occurred. Analysis of the pigments showed 95
percent was frans-g-carotene. The remuining Iraction contained
seven pigments. Study of the time course of the fermentation showed
that the pH did not fall below 3.9 and that maximum carotene pro-
duction occurred at 5 or 6 days, When the - and — strains were
mated 3 days prior to inoculation, the increase in f-carotenc was not
significant. The niycelium in these fermentations showed distorted
growth with large irregular swellings with the pigment uniformly dis-
persed.  Tn some, a red crystalline preeipitate that resembled carotene
was seen in the mycelium.
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Since vegetable oils enhanced production of g-carotene in B. tri-
spora, additional work was done on the effect of fats and oils on the
fermentation (31,35). Each lat was ndded at the rate of 40 ml, per
liter of media. Of the 19 oiis tested, all but one greatly stimulated
growth and B-carotene production. Growth, as measured by dry
weight, was grentest with peanut oil, but the most S-carotenc was
formed with white grease.  Oils and lats that contain large amounts ol
oleic and linoleic acids, such as cottonseed and soybean otlsorwhiteand
brown grease, produce thelargest g-carotene yields. When whitegrease
was used, dry weight increased with increase in amounts of grease to 8
percent, but maximum S-carotene per gram of dried solids wus found at
4 pereent.  Fulty acids were not as effective in stimulating g-carotene
formation as neutral oils and fats,  Analysis of dried mycelium from
these experimentis did not indiente any shift in the carotene pig-
n.ents. Thus, irens-g-carotene constituted about 95 percent.

The third ingredient that stimuluted pB-carotene [lormation
wos fS-ionone. (arotene synthesis increased with greater concen-
tentions of g-ionone, but the dry weight of the fermentations beenme
progressively less. To obtain maximum stimulation, the B-ionone
had to be added on the seccond day. If it were added at the start of
the fermentation, a 1-day Ing in growth initiation oeccurred. The
cffect was no different when a-ionone was used.

The use of a detergent, {Triton X~100) had two effects: (1) it emul-

sified the fat, making it more available to the mold, and {2) it brought
about a dispersed growth of myecelin, & condition necessary for high
vields of carotene. Other surfuce detergents were tried, but the best
results were obtained with Tritons 45 through 100.

Patents covering the process of making g-carotene by combining
4+ and — strains of the Choaneplioracene have recently been issued
(1,84,76).
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