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ALTHOUGH many nutritional mutants have been isolated and utilized in

genetic investigations in Aspergillus nidulans, enzymological characteriza-
tions of only a few loci have been made (Dorn 1965; RoserTs 1964; FoLey, GILES
and RoBerts 1965; Roserts 1967; HTTER and DeEMoss 1967). The present
study of histidine mutants undertakes a systematic analysis of gene-enzyme rela-
tionships for an entire biosynthetic pathway in Aspergillus. Such extensive corre-
lations in eucaryotic organisms were first established in studies of histidine bio-
synthesis in Neurospora crassa (Aumep 1964) and in Saccharomyces cerevisiae
(Fink 1964). These studies and the present work have drawn heavily from the
biochemical techniques used to elucidate histidine biosynthesis in Salmonella
typhimirium by Ames and his colleagues (cf. AMEs and HArTMAN 1963; SmiTH
and AmEes 1965). The histidine pathway, as determined in Salmonella, is shown
in Figure 1.

Most of the loci for histidine enzymes in Neurospora and yeast are widely dis-
persed, in contrast to the linear contiguity of the loci of the well known histidine
operon of Salmonella (Ames and Harrman 1963). However, a biochemically
heterogeneous continuous genetic region, affecting three of the ten enzymatic
activities (reactions 2, 3. and 10 in Figure 1) was found in both these organ-
isms (AmmEeD, Case, and GiLes 1964; Fink 1966). Each group of mutants
defective for only one of the activities occupied a distinct part of the region. A
class of noncomplementing mutants defective for all three enzymatic functions
was restricted to the terminally located cyclohydrolase (reaction 3) cistron. An-
other mutant class defective for reactions 2 (pyrophosphohydrolase) and 10
(histidinol dehydrogenase), but demonstrating cyclohydrolase activity in comple-
mentation tests, mapped in the central region, among the pyrophosphohydrolase
mutants. This polarity in complementation responses and restricted distribution
of noncomplementing mutants led the authors to postulate a polycistronic messen-
ger (cf. MarTIn 1963) for this region, which was thus interpreted as a polarized
unit of genetic transcription, an operon according to the definition of Jacos and
Monop (1961). In yeast, the suppression of noncomplementing mutants by
general (super-) suppressors was interpreted as further evidence that these are
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Ficure 1.—The histidine pathway, as determined in Salmonella typhimurium (AMes and
HartMman, 1963; Smite and AmEs 1965). The encircled letters indicate the Salmonella genes
specifying the enzymes. Abbreviations: PRPP, 5-phosphoribosyl-1-pyrophosphate; PR-AMP and
PR-ATP, N-1-(5'phosphoribosyl)adenosine mono- and tri-phosphate; BBM, bound Bratton
Marshall compounds; and AIC-R-P, 5 amino-1-(5'phospho-ribosyl)-4-imidazolecarboxamide.

“polarity mutations” (cf. AmEs and Hartman 1963) in an operon (Fink 1966).

It is historically interesting that PonTECORVO (1950) in his early studies of
Aspergillus postulated clusters of functionally related genes, but that no cases of
clearly functionally distinct groupings were found (Rorper 1960; PoNTECORVO
1952). Although such clusters are now well known in bacteria (DEmMEREC 1964 ),
they have been clearly demonstrated in eucaryotic microorganisms only in the
above-cited studies of histidine biosynthesis in Neurospora and yeast and in
studies of aromatic synthesis in Neurospora (Gross and Fein 1960; Gires 1965;
Gires, Cask and ParTringe 1965) and the galactose pathway in yeast (DoucLas
and HawtaORNE 1966). It is important to determine if this type of organization
is widespread and can be observed in other organisms as well. The present study
renews the search for functionally related clusters in Aspergillus by examining
the histidine pathway and the distribution of the genetic loci specifying the
enzymes in this pathway.

MATERIALS AND METHODS

Strains: The strains in which the histidine mutants were induced were: A52— y, bif; Acrl;
ribo2, ve; A148— y, pabal; ve; and A160- bil; Acrl, wi; nic8; ve; which were derived from
crosses among translocation-free strains obtained from Dr. E. Kirer and cited by FoLEY et al.
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(1965); and L1- ¥, bi?; s3; obtained from Dr. E. Pees of the University of Leyden and originally
derived from Glasgow stocks (PEEs, personal communication). Allele symbols are those of Kirer
(1958) and Dorw~ (1967).

Media: The standard Aspergillus minimal medium (PoNTecorvo 1953) was used, with
Hutner’s trace elements solution (EversoLe 1956), as suggested by Dr. Karer, and with appro-
priate supplementation for nutritional requirements. For recovery of mutants and haploidization
products, 200 pg histidine per ml were added; for growth in genetic and biochemical studies,
the histidine supplementation was 40 pg per ml. The media also included 25 pg adenine per ml.

Incubation: Cultures were grown at 37°C.

Isolation of mutants: Ultraviolet-irradiated conidial suspensions were inoculated into liquid
histidineless media, and prototrophic mycelial growth was removed by filtration (Fries 1947;
WoopwaRrD, pE ZEEUW, and SkB 1954) or heat treatment (PErs and ELorepce 1964). The remain-
ing, ungerminated suspensions were plated on histidine-supplemented media and screened for
histidine auxotrophs by replication using damp velveteen (MacrinTosH and Prrrcuarp 1963)
or a closely spaced needle replicator (RoserTs 1959).

Complementation tests: Complementation tests were performed with heterocaryons synthe-
sized by incubating mixed conidial inoculations in drops of completely supplemented medium
on plates of histidine-supplemented minimal medium. Hyphal tips were transferred to pairs of
plates of minimal media with and without histidine. Second transfers of mycelia were made if
growth on the histidineless plate was not observed; conidia from complementing heterocaryons
were streaked on supplemented media lacking histidine to check for reversion to histidine inde-
pendence. Diploid complementation tests were used only in cases of weak growth of heterocaryon
transfers.

Mitotic haploidization procedure: The modification of the procedure of Fommes (1959)
described by FovLey et al. (1965) was used.

Meiotic analysis: The standard crossing procedure for Aspergillus (Ponrtecorvo 1953) was
followed, and random spore suspensions from individual hybrid perithecia were analyzed.

Growth of mutants and preparation of extracts for accumulation studies: Strains were grown
from loops of conidial inocula, in 3-liter Fernbach flasks containing 250 ml minimal medium
supplemented with 40 pg histidine per ml, for 2 weeks in stationary culture at 37°C. Both
mycelial extracts and culture medium filtrates were analyzed for accumulation of intermediates.
The mycelial growth was collected on a cheesecloth filter, rinsed, and squeezed dry, immersed
in 15 ml of 709 ethyl alcohol, and boiled or antoclaved for 3 minutes. An additional 15 ml of
alcohol was added; the mycelial particles were filtered off and discarded; the alcohol was
evaporated by lyophilization; and the final extract was made by collecting the residue in a few
drops of 959 ethyl alcohol.

Growth of mutants and preparation of extracts for enzymological studies: Heavy conidial
suspensions were inoculated into liquid supplemented minimal medium containing 40 pg histi-
dine/ml, and grown on shakers at 37°C for 24 hours. The mycelia were collected on cheesecloth
or sintered glass filters, rinsed with distilled water and 10-3 m Tris HCl buffer, pH 7.4, and
lyophilized or in some cases frozen and ground in a mortar embedded in dry ice. The lyophilized
mycelia were ground to a fine powder and stored in a desiccator at 4°C. Fifty or more milligrams
of powder were suspended in 2 ml of the Tris buffer and the suspension was contrifuged at
20,000 g for 20 minutes at 4°C. The supernatant was filtered through a 4 X 1 cm column of
Sephadex G-25 (Pharmacia, Uppsala, Sweden) to remove small molecules (Smita and AmEes
1964). Extracts were kept at 0°C. Protein determinations were made by the method of Lowry
(Lownry, RoseBroucH, Farr, and RanpaLL 1951).

Bound Bratton-Marshall accumulation tests: This assay for diazotizable aryl amines (Brarron
and MarsuaLL 1939) was run as described by Ames, Martin, and Garry (1961) on 0.35 ml
of the 2-week-old culture filtrate and on 0.1 ml of the mycelial extract before Sephadex filtration.

Imidazole accumulation tests: Ascending, Whatman No. 1 chromatograms of the alcohol
extracts run at 25°C in isopropanol: water:ammonia (70:20:10) were air-drigd and sprayed with
the Pauly reagent and sodium carbonate, as described by AMes and MrrcHeLL (1952). Neuro-
spora and yeast mutant extracts and L-histidinol were used for standards.
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Histininol dehydrogenase assays: The assay described by Amzs, HartmaN, and Jacos (1963,
and that of FInx (1966) were used.

PR-ATP pyrophosphorylase assay: The assay developed by AmEs et al. (1961) with slight
modifications by ArmEeDp (1964) was used.

PR-ATP pyrophosphohydrolase and PR-AMP cyclohydrolase assays: These assays, involving
enzymic complementation with Salmonella mutants, are described by AuMep et al. (1964).

RESULTS

Complementation and biochemical studies: Two hundred and fifty histidine
mutants were isolated. Complementation responses among 27 mutants indicated
nine complementation groups and a tenth class of mutants (Group X) which fail
to complement with three of these groups—I, VIII, and IX. The remainder of the
250 mutants were tested against Group I, VIII, IX, and X mutants only. Twenty-
three Group I mutants, one Group VIII mutant, one Group IX mutant, and 22
Group X mutants were obtained. The accumulation characteristics and the enzy-
matic activities of representatives of the mutant groups are presented in Table 1.
The pathway, as indicated by accumulation characteristics and enzyme assays,
is the same as that in Salmonella and the locus designations assigned to these
groups (Table 1) correspond to loci controlling corresponding steps in Salmonella.
The mutant groups characterized by the accumulation of bound Bratton-Marshall
compounds were not further differentiated and these mutant groups were arbi-
trarily assigned the A, H, and ¥ designations of steps 4, 5 and 6 in Salmonella.
No phosphatase (reaction 9) mutants were detected. As shown in Table 1, the
E mutant is defective for reaction 2 (pyrophosphohydrolase), the / mutant for
reaction 3 (cyclohydrolase), and the D mutants for reaction 10 (histidinol dehy-
drogenase) ; the mutants which fail to complement either E, I, or D mutants are
defective for all three reactions (2, 3 and 10). Observation of occasional spon-
taneous reversions of the multiply defective types indicated that these were not
deletions.

Genetic analysis: The analysis of haploid segregants from diploids between
histidine mutants and multiply marked strains is summarized in Table 2. Failure
1o recover a marker of the tester strain in combination with the histidine gent
indicates that the two genes are on the same linkage group. For example, in the
diploid between the strain AisG28; bi; Acrl, w2; nic8 and ForBEs’ master strain
D (McCurLy and Forsrs 1965) sufad20, v, ad20; Acrl; gall; pyro4; facA; s3;
nic8; ribo2, the histidine allele occurs in random combination with all genes
except w2 on Linkage Group II. The one recombinant can be ascribed to the
relatively rare, independent occurrence of mitotic crossing over between the
homologs. Similarly, these data indicate that AisA is on Linkage Group IV, AisF
on Linkage Group VII, hisB on Linkage Group I, and the &isC, AisD, and hisH
loci are on Linkage Group VIII.

Crosses among E, I, D, and multiply defective (E/D) mutants yielded fewer
than 5 X 10~ prototrophic recombinants, indicating that these four classes of
mutations occur within a single region on Chromosome VIIIL. The hisC and hisH
mutants recombined randomly with ZisD and with each other. Thirteen percent
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TABLE 2

Arrangement of markers relative to histidine genes after mitotic haploidization*

Linkage group

Mutant I I III v v VI VII VIII
hisG ‘parental’ 26 36 19 17 13 11 —+ 17
recombinant 11 1 16 20 13 17 — 21

hisA ‘parental’ 18 22 26 72 33 37 8 21
recombinant 35 3 44 0 39 35 11 39

hisH ‘parental’ 11 —f —f 17 9 14 13 29
recombinant 18 — —_ 12 17 15 15 0

hisF ‘parental’ 16 13 14 10 13 9 95 8
recombinant 7 10 9 13 10 14 0 15

hisB ‘parental’ 48 23 25 23 13 14 0§ 15
recombinant 0 25 8 24 21 20 14 24

hisC ‘parental’ 20 13 25 19 14 23 —t+ 38
recombinant 21 30 16 22 23 18 — 2

hisD ‘parental’ 49 31 21 51 31 46 14 84
recombinant 51 41 27 49 45 30 36 1

* Data were obtained from independent haploid segregants from diploids between histidine mutants and several differ-
ent multiply marked strains, primarily the master strains of Forses (McCurLLy and Forees 1965); for that reason
individual markers in each linkage group are not specified. Data in boldface type indicate linkage of the histidine locus
to a particular linkage group.

+ Diploid was homozygous for nic8.

1 Diploid was homozygous for Acr! and carried no Linkage Group III marker.

§ Insufficient supplementation of the recovery medium resulted in failure to recover histidineless and cholineless (Link-
age Group VII) mutants; however, recovery of 14 prototrophic recombinants indicated nonlinkage.

recombination was observed between AisC and ribo2 on Linkage Group VIIIL
Crosses involving histidine mutants and the ribo2 and cha markers on Linkage
Group VIII resulted in 399, recombination between AisH and cha, 51'% between
hisH and ribo2, 35%, between ribo2 and both hisD and AisE, and 409 recombi-
nation between cha and hisD. The location of the AisIED region 35 units from
ribo2, distant from cha, is consistent with a 129, recombination value between a
hisD mutant and arg3, observed by Dr. C. F. RoBerTs (personal commmunication).

DISCUSSION

The pathway for histidine biosynthesis is the same in Aspergillus as in Sal-
monella ty phimurium. However, the similarity of pathways is not paralleled by
a similarity in the function and distribution of the genes specifying the histidine-
synthesizing enzymes. In contrast to the single cluster of genes composing the
Salmonella histidine operon, the loci in Aspergillus are dispersed among different
chromosomes. In Aspergillus seven unlinked loci were found, one of which
includes mutants defective for different enzymatic activities. This region includes
E (pyrophosphohydrolase), I (cyclohydrolase), and D (dehydrogenase) mutants.

The similarities in the reaction sequence and the differences in the gene-
enzyme relationships are also found in Neurospora and in yeast (Fink 1964;
AramMEep 1964), whereas in Staphylococcus aureus, both the pathway and gene-
enzyme relationships appear to be essentially the same as in Salmonella (Kroos
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and ParTee 1965a,b). In the mycelial bacterium Streptomyces coelicolor, the
pathway is apparently also the same, with five genes located in a cluster and three
additional genes at separate sites (Russi, CAReRE, FraTELLO, and KHoUDOKOR-
MOFF 1966). These relationships are illustrated in Figure 2. Five apparently un-
linked groups of histidine-requiring mutants of Pseudomonas aeruginosa have
very recently been reported (Mee and Lee 1967).

A minor difference between the histidine pathway as observed in Neurospora
and yeast and that determined in Salmonella is the finding of only two mutant
classes corresponding to the F, A, and H loci of Salmonella. Either a tenth histi-
dine locus remains to be found (despite massive numbers of mutants isolated) or
only two enzymes are utilized for these reactions in Neurospora and yeast. In
Aspergillus, three groups of mutants at three distinct loci accumulated BBM com-
pounds and showed activity for the early and late steps in the sequence. One of
these loci (hisH) was represented by only one mutant in about 100 histidine-
requiring mutants examined. Further examination of these mutants is necessary
before exact correlations can be made for this segment of the pathway.

The similarities among the three fungi are as striking as the differences in the
orgamzation of the histidine genes between the bacterium Salmonella and the
fungi Neurospora, yeast, and Aspergillus. In the fungi, the histidine loci are
widely scattered, with the exception of the 3-cistron cluster which determines
three enzyme activities. The enzymes coded for by this complex (/ED) region in

Saimonella typhimurium ’ Staphylococcus aureus
(21 (3) (6) (4) (5) (7,9) (B) (10} (1} 2) (& (7,9 (8 (1)
S 1 U W A e i I | J Ll
Streptomyces coelicolor
{4,50r6) (4,50r6)
n (10) (8} (4,5,0r6) {20r3) (9
Neurospora crassa Saccharomyces cerevisioe Aspergillus nidulans
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(4) (3,2,10) (3,2,10) {8) {4,5,0r6)
L Ll -
®) (9) (5,6 ) (4,5 ) (4,5,0r6}
L Ll
(7) (T} {4,5,0r6)
. A - ol
(9) (n
—ud- —Ld
PR-PP () (2 (3 (4 (s,6) AIC-R-P 7) (8 (9) uoy
+  ~—»PR-ATP — PR-AMP —»8BMI —= BBMIL ——  + ~—=] AP —#HP —=Hnol —= Histidine
ATP 6P -

Ficure 2.—A comparison of the distribution of the histidine loci in six microorganisms. The
numbers indicate the steps in the pathway. Abbreviations are explained in Figure 1.
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Aspergillus are exactly those specified by the Neurospora (4ist-3) and yeast
(hi-4) clusters (ArMED 1964; FINk 1965). In Aspergillus, as in yeast and Neuro-
spora; an unusual class of pleiotropic mutations was found that yielded mutants
totally noncomplementing and lacking the three enzyme activities. Functional
independence of the /, E, and D activities is indicated by the existence of point
mutations which eliminate only one of the activities; functional integration is
indicated by the class of mutants lacking all three activities.

The fact that the I, E, and D activities are associated with complex regions in
these three ascomycetes suggests that the organization and function of the Asper-
gillus IED region may be analogous to that of the corresponding regions in
Neurospora and yeast. The existence of the large class of noncomplementing,
multiply defective mutants in the three organisms further suggests an analogous
situation. Isolation of more E and I mutants is required before it can be demon-
strated whether the 7, E, and D mutants define three distinct subdivisions within
this region, and whether the noncomplementing mutants also show a restricted
genetic localization. The results of studies with the larger arrays of histidine
mutants isolated in Neurospora and yeast would suggest that further mutant
isolations in Aspergillus might include an additional mutant class, in which two
of the three functions are impaired. These further studies, and studies on the
physical state of the gene products, will indicate whether this cluster of distinct
but related mutants may indeed be interpreted as a polarized unit of genetic
transcription in Aspergillus.

I would like to thank Dr. Norman H. GiLes for support, valuable discussions, and criticism
of the manuscript. I would also like to thank Drs. C. F. RoBerTs, G. R. FINk, and G. P. BErRLYN
for helpful contributions to this study.

SUMMARY

Nine classes of histidine-requiring mutants in Aspergillus nidulans have been
correlated with nine of the ten enzymatic steps in the histidine pathway as deter-
mined originally in Salmonella typhimurium. Genetic analysis has placed these
mutants at seven distinct positions, with one locus in each of the Linkage Groups
I, I, IV, and VII, two loci in VIII, and a complex region in Linkage Group VIII.
The complex region-includes mutants which are defective for the pyrophos-
phohydrolase, cyclohydrolase, or histidinol dehydrogenase reactions and multiply
defective mutants which lack all three of these reactions. These results are similar
to those obtained in previous studies with histidine mutants in Neurospora and
yeast.

LITERATURE CITED
AxmMeD, A, 1964 Regulation and gene-enzyme relationships in the biosynthesis of r-histidine
in Neurospora. Ph.D. thesis, Yale University, New Haven, Conn.
Anmep, A; M. E. Casg, and N. H. Gires, 1964 The nature of complementation among mutants
in the histidine-3 region of Neurospora crassa. Broskhaven Symp. Biol. 17: 53-65.

AmEs, B. N., and P. E. HartMan, 1963 The histidine operon. Cold Spring Harbor Symp. Quant.
Biol. 28: 349-356.



HISTIDINE MUTANTS IN ASPERGILLUS 569

Awmss, B. N., P. E. HartmaN, and F. Jacos, 1963  Chromosomal alterations affecting the regula-
tion of histidine biosynthetic enzymes in Salmonella. J. Mol. Biol. 7: 23-42.

AuEs, B. N, R. G. Martin, and B. J. Garry, 1961 The first step of histidine biosynthesis. J.
Biol. Chem. 236: 2019-2026.

Amzs, B. N, and H. K. Mircuerr, 1952 The paper chromatography of imidazoles. J. Am.
Chem. Soc. 74: 252-253.

Brarton, A. C., and E. K. MassaaLL, Jr., 1939 A new coupling component for sulfanilamide
determination. J. Biol. Chem. 128: 537-550.

DemMEeRec, M., 1964 Clustering of functionally related genes in Salmonella typhimurium. Proc.
Natl. Acad. Sci. U.S. 51: 1057-1059.

Dorx, G., 1965 Genetic analysis of the phosphatases in Aspergillus nidulans. Genet. Res. 6:
13-26. 1967 A revised linkage map of the eight linkage groups of Aspergillus
nidulans. Genetics 56: 619-631.

Doucras, H. C., and D. C. HawrnornE, 1966 Regulation of genes controlling synthesis of
the galactose pathway enzymes in yeast. Genetics 54: 911-916.

Eversore, R. A., 1956 Biochemical mutants of Chlamydomonas reinhardi. Am. J, Botany 43:
404407 .

Fink. G. R, 1964 Gene-enzyme relations in histidine biosynthesis in yeast. Science 146: 525-
527. 1965 Gene-enzyme relationships in histidine biosynthesis in yeast. Ph.D.
thesis, Yale University, New Haven, Conn. 1966 A cluster of genes controlling
three enzymes in histidine biosynthesis in Saccharomyces cerevisiae. Genetics 53: 445-459.

Forey, J.. N. H. Giugs, and C. F. Roperts, 1965 Complementation at the adenylosuccinase
locus in Aspergillus nidulans. Genetics 52: 1247-1263.

Fries, N., 1947 Experiments with different methods of isolating physiological mutations in
filamentous fungi. Nature 159: 199.

Gres, N. H., 1965 Symposium on structure and function of genes and chromosomes: A summa-
tion. Natl. Cancer Inst. Monograph 18: 341-354.

Gires, N. H., M, E. Casg, and C. W. H. Partripce, 1965 Evidence for an aromatic (arom)
operon in Neurospora crassa. (Abstr.) Genetics 52 : 444445,

Gross, S. R., and A. Frin, 1960 Linkage and function in Neurospora. Genetics 45: 885-904.

HorrER, R., and J. A. DEMoss, 1967 Enzyme analysis of the tryptophan pathway in Aspergillus
nidulans. Genetics 55: 241-247.

Jacos, F., and J. Monop, 1961 On the regulation of gene activity. Cold Spring Harbor Symp.
Quant. Biol. 26: 193-209.

KAirer, E., 1958 An 8-chromosome map of Aspergillus nidulans. Advan. Genet. 9: 105-145.

Kroos, W. E., and P. A. ParTeE, 1965a A biochemical characterization of histidine-dependent
mutants of Staphylococcus aureus. J. Gen. Microbiol, 39: 185-194. 1965b Trans-

duction analysis of the histidine region in Staphylococcus aureus. J. Gen. Microbiol. 39:
195-207.

Lowry, O., N. J. RoseBroucH, A. L. Farg, and R. J. Ranpart, 1951 Protein measurement with
the Folin phenol reagent. J. Biol. Chem. 193: 265-275.

MackinrtosH, N. E., and R. H. Pritcuarp, 1963 The production and replica plating of micro-
colonies of Aspergillus nidulans. Genst. Res. 4: 320-322.

Martin, R. G., 1963 The first enzyme in histidine biosynthesis: The nature of feedback
inhibition by histidine. J. Biol. Chem. 238: 257-268.

McCuLry, K. S., and E. Forses, 1965 The use of para-fluorophenylalanine with master strains
of Aspergillus nidulans for assigning genes to linkage groups. Genet. Res. 6: 352-359.



570 M. B. BERLYN

MEekg, B. J., and B. T. O. Leg, 1967 An analysis of histidine-requiring mutants in Pseudomonas
aeruginosa. Genetics 55: 709-722.

Pegs, E., and D. Ezorence, 1964 An improved method for selecting mutants. Aspergillus News
Letter 5: 7.

Ponrecorvo, G., 1950 New fields in the biochemical genetics of micro-organisms. Biochem.
Soc. Symp. 4: 40-50. 1952 Genetical analysis of cell organization. Symp. Soc.
Exptl. Biol. 6: 218-229. —— 1953 The genetics of Aspergillus nidulans. Advan. Genet.
5: 141-235.

Roserts, C. F., 1959 A replica plating technique for the isolation of nutritionally exacting
mutants of a filamentous fungus (Aspergillus nidulans). J. Gen. Microbiol. 20: 540-548,
1964 Gene-enzyme relationships of the galactose sequence in Aspergillus nidulans. (Abst.)
Genetics 50: 279. 1967 Complementation analysis of the tryptophan pathway in
Aspergillus nidulans. Genetics 55: 233-2309.

Roper, J. A., 1950 Search for linkage between genes determining a vitamin requirement.
Nature 166: 956-957.

Russt, S., A. Carerg, B. FrateLLo, and V. Kuoupokormorr, 1966 Caratterazione biochimica
dé alcuni mutani dé Streptomyces coelicolor richidenti istidina. Ann. Ist. Super. Sanitd 2:
506-522.

Smrre, D. W. E., and B. N. Ames, 1964 Intermediates in the early steps of histidine biosyn-
thesis. J. Biol. Chem. 239: 1848-1855. 1965 Phosphoribosyladenosine monophos-
phate, an intermediate in histidine biosynthesis. J. Biol. Chem. 240: 3056-3063.

Woopwarn, V. W., J. R. DEZeeuw, and A. M. Srs, 1954 The separation and isolation of
particular biochemical mutants of Neurospora by differential germination of conidia, fol-
lowed by filtration and selective plating. Proc. Natl. Acad. Sci. U.S. 40: 192-200.




