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A mutant of Neurospora crassa able to grow on liquid minimal glycerol
medium without evidence of conidiation and with high cell yields has been
isolated and shown to be allelic to ff-1. The glycerol-specific induction of
glycerokinase and glycerol-3-phosphate dehydrogenase was similar in both
wild-type and mutant cells, although higher specific activities as well as higher
glycerokinase cross-reacting material levels were found in fully induced mutant
cells. After growth in minimal glycerol medium there is a significant reduction in
wild-type cells of the activities of both pyruvate dehydrogenase and dihydrolipoyl
transacetylase. This evidence indicates a relationship between the conditional
acetate requirement by wild-type cells grown on glycerol medium and the levels
of the pyruvate dehydrogenase complex.

An inducible cytosolic glycerokinase (adeno-
sine 5'-triphosphate:glycerol phosphotransfer-
ase, EC 2.7.1.30) (3, 5, 16) and mitochondrial
glycerol-3-phosphate (G3P) dehydrogenase (L-
G3P:(acceptor) oxidoreductase, EC 1.1.2.1) (3,
4) have been demonstrated in Neurospora
crassa grown on glycerol as a sole carbon source
and are present in sufficient levels to enable
Neurospora wild-type strains to grow on solidi-
fied minimal medium at rates comparable to
those measured with fermentable carbon
sources (21). In liquid medium, however, only a
limited amount of mycelial growth occurs be-
fore hyphal propagation ceases and is replaced
with extensive conidial proliferation (3), a fea-
ture which has hampered utilization of glycerol
as an alternative carbon source for certain
studies with this organism. Although the coni-
diation of wild-type strains can be prevented by
the growth of cells in a minimal medium
containing both glycerol and acetate, the use of
such media limits the ability to isolate and
study mutants which are specifically defective
with regard to their growth on glycerol as a sole
carbon source. This paper describes the isola-
tion and biochemical characterization of a mu-
tant of N. crassa which is altered in its conidial
morphology and has the ability to utilize glyc-
erol as a sole carbon source with high efficiency.

MATERIALS AND METHODS
Neurospora strains. The strains of N. crassa

employed in this study were obtained from the Fungal
Genetics Stock Center (FGSC), Arcata, Calif. The
wild-type strain was St. Lawrence strain 74-OR23-1A
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(74A). The following mutant strains were used in
either genetic or biochemical analysis of glycerol
utilization: aconidial (fluffy-fl), arg-5, arg-13, al-2,
un-5, and "alcoy" [T(I, II) al-1; T(IV, V) cot-1; (TIII,
VI) ylo-1] (17). An uncharacterized morphological
mutant was isolated from Emerson wild type (FGSC
352) and termed B14. The female sterile (ff-1) strain
2318 was obtained from the FGSC. A glp-1 mutant
defective in glycerol utilization, allele 234, was gener-
ously provided by H. G. K0lmark (15).
The mutant strain examined in this investigation

was obtained as a spontaneous mutant from a culture
of 74A grown in a medium containing 1% Tween 80
and 100 mM glycerol and has been backcrossed to 74a
four times, without loss of the mutant character. It is
designated in this paper as strain 744. In view of the
proposal by Perkins and Barratt (Neurospora News-
letter 20:38, 1973) the gene symbol glp will be used to
designate mutants altered in their ability to use
glycerol. Since two previous mutants have been de-
scribed as defective in glycerol utilization (15;
Nilheden et al., Genetics 74:s196, 1973; P. Denor
and J. B. Courtright, Abstr. Annu. Meet. Am. Soc.
Microbiol., 1975, H92, p. 111), the glycerol utilization
mutant genes studied in this paper are designated
gly-3- for defective conidial production on glycerol
media.
Growth of cells. Throughout this investigation,

cells were grown in appropriately supplemented min-
eral salts medium of Vogel-Bonner (26), containing
either 40 mM acetate, 100 mM glucose, or 100 mM
glycerol as the sole carbon source. Amino acids were
separately autoclaved and added at a final concentra-
tion of 50 to 100 gg/ml. Genetic crosses were per-
formed on cornmeal agar with glucose (Difco). Cell
growth was measured as previously described (3).
Enzyme assays. Acetyl-coenzyme A (CoA) synthe-

tase (acetate:CoA ligase [adenosine 5'-monophos-
phate], EC 6.2.1.1) (8), isocitrate lyase (L.-isocitrate
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glyoxylate-lyase, EC 4.1.3.1) (6), and nicotinamide
adenine dinucleotide (phosphate) glycohydrolase
(NADase, EC 3.2.2.6) (9) were assayed according to
published procedures. Dihydroxyacetone phosphate
reductase (L-glycerol-3-phosphate:NAD oxidoreduc-
tase, EC 1.1.1.8) was determined by measuring dihy-
droxyacetone phosphate-dependent oxidation of re-
duced NAD (NADH) in an assay containing 100 Mmol
of tris(hydroxymethyl)aminomethane-hydrochloride
(pH 7.4), 0.1 Amol of NADH, and 1.0 umol of
dihydroxyacetone phosphate. The rate of NADH
oxidation due to NADH oxidase(s) was monitored for
3 min prior to the addition of dihydroxyacetone
phosphate. Glycerokinase and G3P were assayed as
previously described (3). The pyruvate dehydrogenase
complex (PDC) (pyruvate:lipoate oxidoreductase [ac-
ceptor acetylating], EC 1.2.4.1, plus acetyl-CoA:dihy-
drolipoate S-acetyltransferase, EC 2.3.1.12, plus
NADH:lipoamide oxidoreductase, EC 1.6.4.3) was
assayed by the procedure of Harding et al. (7).
Dihydrolipoyl transacetylase (acetyl-CoA:dihy-
drolipoate S-acetyltransferase, EC 2.3.1.12) activity
was measured in a reaction mixture containing 100
imol of tris(hydroxymethyl)aminomethane-hydro-
chloride (pH 7.0), 10 lsmol of acetyl phosphate, 0.2
Amol of CoA, 15 umol of dihydrolipoamide, synthe-
sized from lipoamide (19), and 0.65 U of phospho-
transacetylase(acetyl-CoA:orthophosphate acetyl-
transferase, EC 2.3.1.8) in which S-acetyl-dihydrolipo-
amide was determined following the procedure of
Reed and Willms (20).
The units of all assays are expressed in terms of

nanomoles of substrate consumed or product formed
per minute. Specific activity is expressed as units per
milligram of protein, where protein concentration was
determined with the Folin-Ciocalteau reagent using
crystalline bovine serum albumin as a standard (12).

Preparation of extracts. For the assay of glycero-
kinase And G3P dehydrogenase in cell extracts, my-
celia were ground in mortar and pestle as previously
described (3).

For the assay of pyruvate dehydrogenase and lipoyl
transacetylase, extracts were prepared by the method
of Harding et al. (1, 7) or, alternatively, by ammo-
niurn sulfate fractionation of crude extracts (27), in
which the precipitate was resuspended and dialyzed
against 50 volumes of 20 mM potassium phosphate,
0.1 mM thiamine phosphate, and 2 mM beta-mercap-
toethanol, final pH 6.8.

Preparation of antibody. Anti-glycerokinase anti-
bodies were prepared by injection of partially purified
glycerokinase into rabbits as previously described (4).

Chemicals and reagents. Biochemical reagents
were obtained from Sigma Chemical Co.; sucrose was
enzyme grade (Schwarz/Mann). All other chemicals
were of the highest grade commercially available.

RESULTS AND DISCUSSION
Properties of glycerol-utilizing strains. In

previous studies, it has been shown that wild-
type strains of Neurospora grown on minimal
glycerol media in the absence of acetate or
long-chain fatty acid supplementation undergo
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FIG. 1. Appearance of mycelia of wild type and
glp-3- grown in minimal glycerol medium. Cells were
grown in minimal glycerol medium for 24 h at 30 C
and were then examined by direct microscopic obser-
vation. Cell concentration was approximately 0.6
mg/ml for both 74A (A) and glp-3- (B). Bar, 50 ,gm.

extensive coindiation, and only limited mycelial
yields are obtained (Fig. 1). However, a sponta-
neous mutant isolated in this laboratory (glp-
3-) and a female sterile derivative obtained
from the FGSC both exhibited the ability to
utilize glycerol readily as a carbon source as
compared to either wild type or the mi-
croconidial strain peachm (Table 1). This lim-
ited growth was specific for glycerol, since no
major differences in cell yield were noted for
wild-type cells grown on either acetate, glucose,
lactose, or xylose as sole carbon sources.

In addition to the increased mycelial yield on
minimal glycerol medium, both strains 744 and
2318 differed significantly from wild-type
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Neurospora in their morphology in that clumps
of conidia were present on the surface of mini-
mal sucrose slants and on the sides of the tubes
(Fig. 2). This difference in conidial morphology
was not altered by any additions to the media
tested to date, including Casamino Acids
(Difco), yeast extract, peptone, or nutrient
broth, and was also not dependent on the

TABLE 1. Cell yields on different carbon sourcesa

Carbon sourcec
Strainb

Acetate Glucose Glycerol

fluffy 38.0 178.0 67.4
glp-3 (744) 37.2 218.5 216.0
glp-3 (2318) 29.0 210.0 169.2
peachtm 34.0 205.0 5.0
74A 31.0 278.0 30.1

aCell yields are given in milligrams (dry weight)
per 50 ml of minimal medium. Mycelia were har-
vested after 48 h of growth at 32 C.

bAll strains were inoculated into 50 ml of minimal
medium at a concentration of approximately 10'
conidia/ml, with the exception of fluffy, in which a
mycelial mass of approximately 0.1 mg was added
directly.

cCarbon sources were added to the mineral salts
medium to the following final concentrations: acetate,
40 mM; glucose, 100 mM; glycerol, 100 mM.

I
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FIG. 2. Morphological differences in glp-3- and

wild-type strains. Cultures ofglp-3- (A) and wild type
(B) were grown on minimal sucrose slants for 1 week.

carbon source used. These combined features of
abundant conidial production on sucrose slants,
as well as the high growth rates (Table 2) and
yields on minimal glycerol medium, have
proved to be useful in the isolation of glycerol-
nonutilizing mutants of Neurospora (Denor and
Courtright, Abstr. Annu. Meet. Am. Soc. Mi-
crobiol., 1975, H92, p. 111).

In carrying out the genetic analysis with
mutant strain 744, it was soon discovered that,
although this strain was isolated on the basis of
its glycerol utilization, it was also female sterile
under all conditions employed. Conversely, the
female-sterile strain 2318, which was isolated on
the basis of its female sterility (24), was able to
utilize glycerol with high efficiency. The fact
that among more than 500 ascospore progeny no

recombinants have been obtained that are

glp-3- but not female sterile indicates that, if
these genes are not allelic, then they must be
separated by less than 0.2 centimorgan. How-
ever, glycerol utilization associated with the
female-sterile strains studied here is not a defin-
ing feature, since the other female-sterile
strains isolated by Mylyk (13) have been ob-
tained and found to give growth yields on mini-
mal glycerol comparable to strain 74A. Further-
more, glycerol utilization is not a necessary

condition for protoperithecium development,
since glp- strains (Nilheden et al., Genetics
74:s196, 1973; Courtright and Denor, Abstr.
Annu. Meet. Am. Soc. Microbiol., 1975, H92, p.

111) are able to form protoperithecia. These
mutants in N. crassa are clearly different from
the polyol-defective mutants of N. tetrasperma,

TABLE 2. Mass doubling times of wild-type and glp-3
strains on different carbon sources

Mass doubling time (h)b
Carbon sourcea

74A glp-3

Acetate 3.2 3.1
Acetate + glycerol 3.8 2.3
Glucose 2.0 2.8
Glycerol 7.9c 4.7

a Carbon sources were used at the same concentra-
tions as those given in Table 1.
'Mean mass doubling times were calculated from

the time-dependent increases in mycelial dry mass.
For all experiments, cells were grown on minimal
medium at 32 C at cell concentrations of not less than
0.1 mg/ml. Samples of 50 ml were taken at 1-h
intervals over a period of not less than 8 h.

cCalculations of mass doubling time for 74A on
glycerol were based on growth rates in acetate plus
glycerol medium, where the cell concentration was
greater than 0.7 mg/ml.
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which are female sterile and are unable to grow
on glycerol, mannitol, and sorbitol (H. Howe, M.
Viswanath-Reddy, and S. Bennett, Genetics
77:232, 1974).

Genetic localization of the gene controlling
glycerol utilization. To determine the genetic
basis of these morphological strains, which are
able to utilize glycerol, strain 744 was crossed to
the triply translocated "alcoy" strain (17). Ran-
dom ascospores were collected, and 58 of 60
al- 1 progeny possessed the features of the
parental 744 strain, thereby demonstrating that
this gene was located on either chromosome I or
II. Appropriate crosses to arg-13 al-2 un-5 (I)
and to arg-5 fl (II) determined that the mutant
character was linked to chromosome II. Further
analysis of the progeny derived from the cross
glp(744) x arg-5 fl (Table 3) indicated approxi-
mately 20% recombination with arg-5 and 30%
with fluffy. As based on these data and the low
frequency of arg- glp- f- recombinants, the
location of the mutant gene is placed on chro-
mosome II between arg-5 and fl, about 20 map
units from arg-5.

Since this map position was almost identical
with that previously assigned for the female-
sterile feature of strain 2318 (24), it seemed
likely that these two mutants represented inde-
pendently derived alleles of the glp-3 locus. To
establish possible allelism of the mutant char-
acter in strain 744 with that in strain 2318,
heterokaryons were formed with the genetic
composition (inlU glp[744] + his- hlp-
glp [2318]). The resulting heterokaryon grew at
35 C without supplementation, possessed the
morphology of both parents, and remained

TABLE 3. Linkage ofglp-3 to chromosome II markers

% Recoinbination5 ofNo. of progeny glp-3 alleles with

glp-3- glp-3+ arg fl

arg+ fl+ 78 8 2.9 2.9
arg-fl- 6 74 2.1 2.1
arg+ fl- 27 3c 1.1 9.8
arg- fl+ 39 41 14.1 14.8

a Strain arg-5 fl- (glp-3+), as the protoperithecial
parent, was crossed with arg-5+ fl+ (glp-3-). Asco-
spores were heat shocked, isolated to individual tubes,
and tested for the respective markers by addition of
arginine. examination of morphological characters,
and/or growth on glycerol.

'Percentage of recombination was calculated as the
percentage of glp-3 nonparental combinations per
total recovered progeny.

cThe reason for the low recovery of this progeny
class is not understood.

female sterile in attempted crosses. As based on
these observations and the similarity in en-
zymatic characteristics (see below), it is con-
cluded that these features of 744 and 2318
represent independently derived mutations in
the glp-3 gene.
Enzyme activities in glycerol-utilizing

strains. In previous studies it was found that
Neurospora exhibits a form of conditional ace-
tate auxotrophy during growth on minimal
glycerol medium, which presumably is due to
insufficient amounts of acetyl CoA or a related
metabolite(s) rather than to an absence of the
enzymes necessary for glycerol dissimilation (3).
Since wild-type Neurospora apparently decar-
boxylates a significant fraction of pyruvate to
acetaldehyde with resulting ethanol formation
during growth on minimal media (2, 23), the
possibility existed that strain 744 might synthe-
size constitutive amounts of one or more en-
zymes of the glyoxylate cycle, thereby enabling
mutant cells to utilize endogenously generated
acetate (18). However,a comparison of two key
enzymes of the glyoxylate cycle, acetate CoA
synthetase and isocitrate lyase, did not reveal
constitutive amounts of either enzyme in glu-
cose-grown cells.

Despite the measurable ethanol formation
during growth in glucose media (2, 18), wild-
type Neurospora possesses a mitochondrial pyr-
uvate dehydrogenase complex (7) and therefore
must also carry out the oxidative decarboxyla-
tion of pyruvate to acetyl CoA. To determine if
the activity of the PDC was altered in cells
during growth in glycerol medium, wild-type
and mutant cell extracts were prepared, and the
PDC as well as dihydrolipoyl transacetylase
activities were measured in both ammonium
sulfate and mitochondrial fractions (Table 4).
Although the specific activities for the PDC and
dihydrolipoyl transacetylase were reduced in
strains 744 and 2318 after growth in glycerol,
these activities were several-fold greater than
those measured in cells of similarly grown 74A.
This reduction in PDC specific activity was only
found in cells grown on glycerol as the sole
carbon source, since similar reductions were not
detected in wild-type cells grown in media
containing acetate plus glycerol (Table 4). Fur-
thermore, these low levels of PDC activity are
not due to a specific regulation through phos-
phorylation (10, 11, 27) of the complex, since
attempts to activate the residual PDC activity
in extracts from glycerol-grown wild-type cells,
either by dialysis or by activation through
incubation with Mg2" (27), were unsuccessful.
Thus, it would appear that the extremely low
specific activity found in glycerol-grown wild-

J. BACTERIOL.
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TABLE 4. Specific activities of the PDC and lipoyl
transacetylase in cells grown on different carbon

sources

Cell Sp act'
Strain Carbon source frac-

tion' PDC LTA

74A Acetate AS 10.4 31.5
M 2.7 89.3

Acetate + glycerol AS 14.7 _C
M 2.8 33.2

Glucose AS 47.8 45.8
M 21.4 12.9

Glycerol AS 1.5 3.7
M 1.1 3.2

744 Acetate AS 2.2 40.4
Glucose AS 32.0 53.9

M 57.3 113.0
Glycerol AS 18.8 23.1

M 10.4 20.3
2318 Acetate AS 1.8 40.8

Glucose AS 59.0
Glycerol AS 7.3 49.9

aEnzymatic activities were determined in either
the dialyzed ammonium sulfate fraction (AS) or in a

48,000 x g supernatant of fractionated mitochondria
(M) prepared as previously described (11).

'Specific activity for PDC or lipoyl transacetylase
(LTA) was determined as described in Materials and
Methods.

c Not determined.

type cells is the result of a decreased synthesis
of the PDC.
The absence of conidiogenesis during growth

on glycerol in mutant strains 744 and 2318
suggested that NADase (NAD glycohydrolase),
an enzyme conidiation-defective mutants (22,
25, 28; M. Hochberg and M. Sargent, Neuro-
spora Newsletter 20:21, 1973), would be simi-
larly absent in the mutant strains during growth
on glycerol. Although synthesis of NADase can
readily be demonstrated in wild-type cells
transferred to minimal glycerol, there was no

measurable synthesis of this enzyme in mutant
strain 744 during the first 10 h of growth in
glycerol medium. This absence is not due to a
defect in NADase itself, since measurable en-
zyme is present after 24 h of incubation and
since the structural gene for this enzyme, nada
(14), is not linked to glp-3.

Effect of the glp-3 mutation on glyceroki-
nase and G3P dehydrogenase. In earlier ex-
periments we have shown that the synthesis of
both glycerokinase and G3P dehydrogenase is
effected by glycerol during growth on minimal
acetate medium (3). However, when strain 744
was grown in minimal glycerol, it was found
that both specific activities were more than
twofold greater than those measured in the

TABLE 5. Enzyme activities in wild-type and
conidiation-defective mutants

Sp act"

Strain Carbon (nmol/min/mg)source
G3PDH SDH GK

fluffy Acetate 68 414 0.3
Glycerol 858 326 39.8

744 Acetate 56 491 1.2
Glycerol 609 405 46.9

B14 Glycerol 603 245 84.7
74A Acetate 48 356 0.4

Glycerol 372 195 21.6

a Specific activities were determined as described
(3). Glycerokinase (GK) was measured in the cytosol
fraction, whereas glycerol-3-phosphate dehydrogenase
(G3PDH) and succinate dehydrogenase (SDH) were
measured in mitochondrial suspensions.

wild-type 74A but were not a unique feature of
this strain, since similarly high activities were
also found in cell extracts of two other mutant
strains which fail to conidiate on glycerol me-
dium (Table 5). The glycerokinase activities in
these strains were accompanied by a corre-
sponding increase in glycerokinase cross-react-
ing material, as evidenced by the fact that the
same amount of anti-glycerokinase antibody (4)
was required for neutralization of 80% of the
glycerokinase activity. Since similar increases
in the induced levels of both glycerokinase and
G3P dehydrogenase occurred in these other
morphological variants of Neurospora, it is
concluded that the degree of induction is a
function of the ability of a given strain to grow
on glycerol without conidiation rather than a
specific genetic factor required for the enhance-
ment of glycerokinase synthesis.
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