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Genetic deletions that terminate within the cluster of genes needed for biotin
biosynthesis in Escherichia coli have been isolated and mapped by transduc-
tion with phages lambda and P1. These deletions order the point mutations in
each of the five genes. Mutations causing biotin dependence were incorporated
into Xpbio transducing phages. New bio- mutations were induced by exposure
of Xpbio particles to ultraviolet light. Tests of complementation between such
bio- pbio particles and bio- mutant cells divide the bio- mutations into five
cistrons: bioA, bioB, bioF, bioC, and bioD. Certain bioA and bioF mutations
exhibit intragenic complementation, suggesting that these genes determine
enzymes composed of identical subunits.

Biotin, the coenzyme for many adenosine
triphosphate-dependent carboxylases and
transcarboxylases (12), is synthesized from pi-
melyl-coenzyme A (CoA), its first known spe-
cific precursor (5, 22, 28). Three intermediates
in biotin synthesis have been identified, 7-
keto-8-aminopelargonic acid (KAP), diamino-
pelargonic acid (DAP), and dethiobiotin; and
three of the biosynthetic enzymes have been
demonstrated. The syntheses of biotin and the
known biosynthetic enzymes are repressed by
biotin (13, 19, 28). Biotin-dependent mutants
of Escherichia coli were classified into four
groups (4). Group C mutants are blocked prior
to KAP synthesis, group A mutants are
blocked prior to DAP synthesis, group D mu-
tants are blocked prior to dethiobiotin syn-
thesis, group B mutants cannot transform de-
thiobiotin into biotin (4, 20, 22). A recent
study (21) suggested that these mutants de-
fined seven closely linked genes at 17 min on
the E. coli map (31). An additional genetic
locus at 65 min on the E. coli map (24, 31) is
inferred from the Bio- phenotype of certain
deletion mutants, whose biochemical block
seems to be prior to KAP synthesis (22).
In this report we describe complementation

tests using Xpbio phages carrying various mu-
tations in the bio gene cluster, which define
five genes. Two genes, bioA and bioF, exhibit
intragenic complementation. We also report
the isolation of deletion mutations that enter
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of Minnesota, Minneapolis, Minn. 55455.

the bio gene cluster from either the bioA or the
bioD end.

MATERIALS AND METHODS
Bacteria. Strains are listed in Table 1. Deletion

mutations were isolated in either strain CA2441 or
AM3100. Strain CR514 was used to select thermore-
sistant deletions broken in the bio cluster. CR514, a
chID deletion strain lysogenic for XcIts867 xis, was
constructed by D. Court. Biotin-requiring mutants of
E. coli (4) were isolated by nitrosoguanidine muta-
genesis or kindly supplied by Alice Campbell. New
bio- mutations were mapped by Xdbio transduction
(P. Cleary, thesis, Univ. of Rochester, 1971). Except
for bioE124, bioF110, bioG301 and bioA309, which
were obtained from M. Eisenberg's laboratory, all
bio mutations used in complementation studies were
put in a common genetic background by transferring
the biotin locus into SA291 (by P1 transduction with
selection for Gal+). Those bio mutants isolated
during this study are not included in Table 1.

Phages. Amber mutants of phage X (2) were from
our collection. XcIts857 Nam7 nin5, the strain used
to select ?pbio phages, was constructed by D. Court
(thesis, Univ. of Rochester, 1970). Plkc was obtained
from Naomi Franklin.
Lambda lysates were prepared from single plaques

on strain SA291, which carries a deletion of the bio
cluster, and assayed on SA291 or C600. All P1 ly-
sates were pregrown on a bio- deletion strain. Galac-
tose-transducing variants Xgal+, XgalA, XgalE, XgalF,
and XgalG were kindly supplied by S. Adhya (25).
The pbioA0 lysate was constructed from Xpbio2l (15)

Media. Synthetic broth, synthetic agar (SA), tryp-
tone broth (TB), tryptone agar (TA), and eosin
methylene blue agar containing galactose (EMBG)
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TABLE 1. Bacterial strains

Strain Genotype | reference

AB2492
AB2463
AM3100
BrlO5
BrllO
Brl 15
Brll6
Brl24
Brl26
Br3Ol
Br309
C173
C246
C268
C280-C282
C600

CA2441

CR514

QR93
QR94
R865

R871
R872
R873
R874
R875
R876
R877
R878
R879
SA291
W602

recA13
recA13 sup
str-r his
bioB105
bioF1lO
bioG115
bioD116
bioE124
bioA126
bioG301
bioA309
str-r his- A224
str-r his- A246
str-r his- A268
str-r his - A280- A282
thr leu thi - lac

tonA-r supE
HfrHlac(amber)

trp(amber) thi
str-r his-recA114

A(chlD-pgl)
(XcIts857 xisl)

A(gal-chlA)
A(gal-chlA) recA-
galK2 galT1
(Ximm 434)

bioB2
bioF3
bioA4
bioF12
bioB17
bioC18
bioD19
bioC23
bioA24
str-r his- A(gal-chlA)
bioAO leu-thi-gal-

str-r

M. Feiss
M. Feiss
S. Adhya
B. Rolfe (21)
B. Rolfe (21)
B. Rolfe (21)
B. Rolfe (21).
B. Rolfe (21)
B. Rolfe (21)
B. Rolfe (21)
B. Rolfe (21)
This report
This report
This report
This report
(2)

S. Adhya

D. Court

S. Adhya
S. Adhya
Our collection

(4)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
(4)
S. Adhya
(4)

have been described elsewhere (3). The following
supplements were sterilized separately and added
when appropriate: 1.5 mg of thiamine, 1.5 mg of nic-
otinic acid, 0.1 mg of D-biotin, 4.0 g of sugar, 20 mg
of amino acid, 60 mg of 2,3,5-triphenyl-2H-tetrazo-
lium chloride per liter.

Chlorate agar (25.5 g of Difco antibiotic medium
no. 2, 50 mg of 2,3,5-triphenyltetrazolium chloride,
2 g of sugar, and 2 g of KClIO per liter) was used to
select chlorate-resistant mutants of E. coli. Nitrate
agar (1) was used to test nitrate reductase. Routine
dilutions of phage and bacteria were made in 0.01 M

MgSO4 .

Avidin solutions were prepared by dissolving 100
units of avidin (Nutritional Biochemicals) in 100 ml
of distilled water. After thorough mixing, the undis-
solved residue was removed by filtration and the
supernatant fluid was sterilized by membrane filtra-
tion (Millipore Corp.).

Biotin production by Apbio plaques was tested on

low biotin synthetic agar containing a growth-lim-
iting concentration of biotin (10 ng/liter).

Chlorate-resistant mutants. Chlorate-resistant
deletion mutants of strain CA2441 were selected as
previously reported (1). All other deletions were iso-
lated in the same manner except that the chlorate
agar described above was used as the selective me-
dium. This medium allowed detection of chlorate-
resistant colonies which had simultaneously become
deficient in galactose utilization. Colonies arising on
chlorate plates were tested for biotin independence
by replica plating onto SA plates with and without
biotin. To prevent cross-feeding it was necessary to
print only those plates with fewer than 100 colonies.
To facilitate isolation of gal- uvrB+ deletions, chlo-
rate plates were exposed to 400 ergs of ultraviolet
light (UV) per mm2 before incubation.

Bacterial genes. To test UV sensitivity, a 10-fold
dilution of a log-phase culture was spotted on TA
and exposed to 400 ergs of UV/mm2. Mutants that
were uvrB- exhibited no growth on subsequent over-
night incubation, but uvrB+ strains grew con-
fluently. Nutritional mutations were scored by repli-
cating master plates onto appropriately supple-
mented synthetic agar. The Gal phenotype was de-
termined by streaking on EMBG. Previously pub-
lished methods were used to test for attX (7), chlA
and chlD (1), aroG (33), and pgl (31).
P1 transduction of bio mutants. A Plkc lysate

which had been grown on the bio- point mutant in
question was tested for ability to transduce a Bio-
deletion to Bio+. All crosses were first done by spot
tests in which 108 cells were infected with 5 x 108
P1 particles in a total volume of 0.25 ml. After 20
min of adsorption 0.05 ml of the mixture and 0.05
unit of avidin were spotted together on SA plates.
Presence of bio+ recombinants was scored after 2
and 5 days of incubation. Appropriate control
crosses were also performed. The Bio+ character of
the recombinants was verified by restreaking on
minimal media. All negative or questionable crosses
were repeated by a more sensitive method. P1 parti-
cles (109 to 2 x 109) were adsorbed to 108 cells as
before, and then the entire contents plus 0.1 unit of
avidin were overlayed on SA pour plates.
The end points of bio- deletions were mapped by

crossing strains with Xpbio- transducing phages
carrying known bio- mutations. A Apbio- lysate
(1010 plaque-forming units [PFU]/ml) was mixed 1: 1
with a X+ lysate (1010 PFU/ml), and various dilu-
tions of the mixture were tested for ability to trans-
duce the bio- deletions to bio+.

Construction of Xpbio3100 and Xpbio phages
containing bio- mutations. Strain AM3100 and
bio- mutants derived from it were lysogenized with
XNam7 cIts857 nin5 by spotting a high-titer lysate of
this phage on a bacterial lawn and restreaking from
the area of lysis to obtain pure lysogenic cultures.
Low-yielding lysogens were those whose colonies
produced isolated plaques when replicated onto
AM3100 indicator plates and confluent lysis on R865
indicator plates. High-yielding lysogens produced
confluent lysis on both indicators (D. Court, thesis,
Univ. of Rochester, 1970).

VOL. 112, 1972 831



CLEARY AND CAMPBELL

Plaque-forming bio- transducing phages were ob-
tained from thermoinduced cultures of the bio- low-
yielding lysogens. TB cultures (2 x 108 cells/ml)
were induced at 43 C for 20 min and then incubated
at 37 C for 3 hr before the lysate was harvested. The
lysates were plated on a strain carrying the 224 dele-
tion (Fig. 1) on SA low biotin plates. Plaques with
heavy growth around the perimeter contained Xpbio-
phages which had incorporated the entire bio cluster.
These were purified by replating on SA291 indicator
plates. High-titer lysates were made by infection of
SA291. Throughout this paper the terms bio+ and
bio- plaques will refer to plaques which were or were

not, respectively, surrounded by a zone of heavy bac-
terial growth indicating that the phage could cause

biotin production in the bio- bacteria on which it
was growing.
An alternate procedure was followed to pick up

bioD mutations in Xpbio phages. Plaques were

stabbed into strains C541 (bioC541) and C224 (A224)
overlayed on low biotin plates. Those able to feed
the C541 and unable to feed C224 were purified and
lysates were made. To insure that the XpbioD-
phage carried the entire bio cluster, lysates were

spotted on C224, and bio+ spontaneous revertants
were detected around the periphery of the spot after
1 week of incubation.
Mutagenesis of Xpbio3lOO. A lysate of Xpbio3lOO

A218

A 291

A 207

A 261

A263

A 221

A224

A 246

A247

A 264

A 254

A 249

A 268

(which transduces the entire bio cluster) was muta-
genized with UV by the method of Tomizawa et al.
(32). Appropriate samples of the irradiated lysate
were adsorbed to approximately 4 x 107 cells of
C246 (which carries deletion 246, Fig. 1). The C246
cells had previously been washed once, resuspended
in 0.01 M MgSO4 at three times the original concen-

tration, starved for 30 min by vigorous shaking at 37
C, and irradiated. Then an unwashed culture of
strain SA291 (which carried a deletion of the entire
bio cluster) was mixed with the infected culture. The
mixture was plated on low biotin SA pour plates and
incubated for 36 hr. The parent phage, Xpbio3lOO,
fed the cells around the perimeter of the plaque, and
the bio- mutant phage did not.
To isolate bioA- mutants specifically, strains

C246 and SA291 were replaced by strain C268
(which carries A268, Fig. 1).

RESULTS

Deletion mapping. The bio cluster lies be-
tween two genes, chlD and chlA (Fig. 1), mu-

tational inactivation of which renders cells re-

sistant to chlorate. Mutations to chlorate re-

sistance include deletions that terminate
within the bio cluster.

FIG. 1. Deletion map of the bio gene cluster. Deletions A218, A207, A221 were isolated in strain CA2441.
All other deletions were isolated in strain AM3100. Termini within the bio cluster were determined by P1
transduction. Mutation numbers are listed across the top of the figure. The dark solid lines represent deleted
segments. Dashed lines indicate the regions, presence or absence of which cannot be or were not determined.
Order of genes other than bio is taken from a previous deletion analysis (1, 31). Deletion A263 recombined
with all bioF mutants but is known from complementation analysis to have deleted a portion of bioF (data
not shown). The right terminus of A264 is tentative, because the sensitive P1 cross between it and the bioF
mutants has not been done. The precise location of bioD19 is also uncertain (see text).
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Specific isolation of chlD deletions was fa-
cilitated by testing only Gal-ChlR colonies
derived from a Gal+Chl R host. Tests of UV
sensitivity indicated that most Gal-ChlR mu-
tants bore deletions extending from chlA
through gal. To eliminate these, in some ex-
periments we irradiated the selection plates
with UV. The surviving Chl R colonies were
then replicated onto synthetic agar with and
without biotin to reveal deletions that entered
the bio cluster.
P1 transduction between deletion mutants

and various bio- point mutants generates the
map shown in Fig. 1. A given bio- mutation is
located within the region covered by a deletion
if no Bio+ transductants arise from the cross
(P1 [bio-] x bio- deletion).

Thirty-two deletions entering the bio cluster
from the chlA side were isolated. Twenty-
eight of these deletions (sixteen of which were
obtained in an experiment where no precau-
tions were taken to assure independence) were
like A207 (Fig. 1). They had lost the entire bio
cluster and terminated between attX and pgl.
Four mutants (A261, A263, A221, and A224)
had lost all sites of the bioD gene for which we
have genetic markers, yet retained all bioA
and bioB markers. All four could utilize de-
thiobiotin in place of biotin, which requires an
active bioB gene (4, 19, 22).
Among the ChlRGal- mutants tested, only

six carried deletions that terminated within
the bio cluster. Deletion A268 eliminated part
of the bioA gene but did not interfere with
growth on dethiobiotin. The other five dele-
tions dissected the bio cluster at different
points (Fig. 1). All five strains had lost part of
the bioB gene and therefore did not respond to
dethiobiotin. Deletion of the region between
bioA and bioB (as in A249) severely inhibited
the activity of all genes to the right of bioB
(data to be published separately).
The order of the bio mutations determined

by this analysis agreed with that based on
transduction by Xdbio phages that penetrate
the bio cluster to different extents (P. Cleary,
thesis, Univ. of Rochester, 1971; 4). The one
exception was the order of bioD19 relative to
other bioD mutations. We consider the posi-
tion of bioDl9 within the bioD gene to be un-
determined.

Deletion end points within the gal operon
were detected by transduction with Xdgal+
(carrying entire gal operon), XdgalE (carrying
the operator region and galE), XdgalF (carrying
galE and part of gal7), and XdgalG (carrying
galE, galT, and part of galK). Only A246 and
A247 terminated between the end points of

XdgalE and XdgalG.
Specific isolation of deletions ending in

bioA. Only one (A268) of the deletions shown
in Fig. 1 terminated within the bioA gene.
Since bioA mutants could not be ordered by
Xdbio transduction, more such deletions were
needed. To increase the number of deletions
that could be screened, we needed a double
selection that allowed survival only of dele-
tions and not of point mutants. A lamdba pro-
phage, defective in excision functions, pro-
vided this double selection.
A thermoinducible lambda prophage kills its

host at high temperatures even if it cannot
excise itself from the host chromosome. Either
of two lambda-controlled functions suffices to
kill. One of these is determined by a gene to
the left of the cI gene. Derepression of genes
controlling deoxyribonucleic acid (DNA) repli-
cation, which lie to the right of cI, also kills
(17, 26). Therefore, a cell carrying as prophage
Xxis-cIts857, which is defective in excision (10)
and forms a thermolabile repressor, can sur-
vive incubation at 43 C only when a double
mutation or a deletion has inactivated the rel-
evant prophage genes.

CR514, a lysogen of Xxis-cIts857, yielded on
induction only 104 PFU/ml, and 90% of these
were Xpgal or Xpbio phages. Cells surviving
induction were found at a frequency of approx-
imately 10- 6. To select deletions that entered
the bioA gene but did not affect bioB, samples
of CR514 were spread on SA plates containing
dethiobiotin and nicotinic acid. Only bio+ cells
and bio- cells able to utilize dethiobiotin can
grow on these plates. Three out of 350 sur-
viving colonies could not grow on nonsupple-
mented medium. Two strains, C280 and C281,
required just biotin; one, C282, required nico-
tinic acid as well.
The parent strain CR514 already bears a

deletion of the region chlD-pgl (S. Adhya,
unpublished data). Strains C280 and C281
were both gal+, and none of the markers,
Nam7+, Nam53+, or immX, could be rescued
from them by phage infection. As determined
by the method of Gottesman and Yarmolinsky
(7), neither strain C280 nor C281 was lysogen-
izable by X. Therefore their deletions termi-
nate between attX and gat. Strain C282 was
nic- and gal-, indicating that its deletion ex-
tends into the nicA locus.
The right end points of A280, A281 and

A282 were determined by transduction with
the Xpbio- lysates constructed from known
bio- bacterial mutants or isolated by UV mu-
tagenesis (see Materials and Methods). None
of the Xpbio- phages could lysogenize wild-
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type E. coli. Therefore XA helper phage was
included in these transduction tests.
The bioA mutations were divided into four

groups by A281, A280, A282, and A268 (Fig. 2).
Construction and characterization of

Xbio- transducing particles. For complemen-
tation and mapping studies, we wanted a
Xpbio carrying the entire bio cluster. As
starting material, XNam7 cIts857 nin5 had the
following desirable characteristics (D. Court,
thesis, Univ. of Rochester, 1970). (i) Being
defective in excision, induced single lysogens
yielded 10-s PFU/bacterium, of which 80 to
95% were transducing phages. (ii) The nin
mutation permits deletion of phage genes
through gene N without loss of plaque-forming
ability. This allows incorporation of larger
segments of bacterial DNA without exceeding
the maximum amount of DNA that can be
accommodated in the phage head. (iii) The
nin5 mutation is a deletion and therefore al-
lows incorporation of a larger segment of for-
eign DNA.

Low-yielding lysogens of AM3100 strains
with various bio- mutations were isolated, pu-
rified, and induced. Phage particles able to
make bio+ plaques when plated on C173 must
carry the entire biotin cluster. C173, when in-
fected with such a Xpbio mutated in any gene
other than bioD, could synthesize biotin,
feeding uninfected cells around the plaque. No
Xpbio made bio+ plaques on its strain of or-

igin. This procedure was not feasible for bioD
mutants, because C173 lacks bioD function.
Xpbio phages carrying bioD116, bioD565, and
bioD546 were isolated by stabbing plaques
from TA plates into C173 and C541 (which
carries the mutation bioC541). Transducing
particles that made bio- plaques on C173 and
bio+ plaques on C541 were selected.

In order to incorporate bio genes, the Xpbio
must have lost genes from the left arm of the
prophage chromosome (11). All of our Xpbio
lysates failed to form plaques on AB2492 (rec-
su-) or AB2464 (rec-su+), suggesting that the
red and y genes that allow growth on recA
strains (15) had been replaced.

Mutagenesis of Xpbio+3100 as a means of
obtaining Xpbio- transducing particles.
Xpbio3100 was derived from a bio+ lysogen of
XNam7 cIts857 nin5. It carried the entire bio
cluster and produced biotin when grown on
SA291 (A291). We isolated new mutations in
the bio genes carried by Xpbio3lOO.
A Xpbio31OO lysate and the bacteria to which

it was adsorbed were irradiated with UV (32).
The host used was C246, which carries a dele-
tion of the bio cluster but has an intact uvrB
gene. The UV dose given to C246 increased
phage survival 20-fold (to 10- 5). Phage ad-
sorbed to irradiated C246 were plated onto
SA291 for scoring. In two experiments, a total
of 37/4,220, or 0.9%, of the plaques were bio-.

This method allowed isolation of mutants in

0
3109nicA aroGI gal IchID pgl attX

bioA
524l 511

525 126 3ll2
3116 3108 3118

bio B
2

17 3124
558 3111
562 3105 bioFl bioClbioD[uvrBlchlD_. _ , _ _ r~II II11 IIIIX

A254 - - - - -

A249-

A281 - - - - in. - - - - - -

A280 - - -- U - -

A 268-27 - - I__ _ _ _

FIG. 2. Deletion map of the bioA gene. Cells carrying deletions A254, A249 and A268 were isolated as chlo-
rate-resistant mutants. The bioA and bioB genes are expanded to clarify the illustration, with Xpbio phages
carrying the bio- mutations listed along the top of the figure. Dark solid lines represent deleted segments.
Broken lines indicate regions whose presence or absence was not determined. The location of bioAO relative
to deletion A282 has not been determined. Transduction of A281 by Xpbiol26 gave variable results; we tenta-
tively conclude that bioA126 is absent from A281.
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any prescribed gene. To obtain bioA mutants,
specifically, strain C268, which carries a par-

tial deletion of bioA, replaced both C246 and
SA291 as adsorbing and plating bacteria. C268
complemented Xpbio particles with mutations
in all genes except bioA (data not given).
The bio markers in Apbio phages were

mapped by spotting the lysates on bacterial
strains bearing deletions that enter the bio
cluster (Fig. 2).

Xpbio- complementation of bio- cells. All
Xpbio- transducing particles, whether their
bio- mutation came from a known bio- bacte-
rium or was isolated directly in Xpbio3100,
were tested for ability to complement various
bacterial bio- mutants. If a pbio- phage, when
spotted on a bio- bacterium, could supply the
functions which were defective in that bacte-
rium, then biotin was produced, feeding the A-

resistant cells within the plaque as well as the
cells around the perimeter of the plaque.

Results of such tests (Table 2) divide the
bio- mutations into five complementation
groups. With the exception of group C mu-

tants, these groups corresponded exactly to
previous assignments based on feeding be-
havior (P. Cleary, thesis, Univ. of Rochester,
1971; 4). Mutants classified as group C by
feeding tests represented two complementa-
tion groups, bioF and bioC.
Some mutant pairs which did not comple-

ment each other could generate bio+ recombi-
nants by either P1 transduction or Apbio-
transduction. On extended incubation (5 days),
negative spots often gave rise to isolated areas

of feeding at the periphery of the plaque and
isolated A-resistant colonies in the center of
the plaque. This presumably resulted from
recombinants generated within the plaque.

TABLE 2. Complementation between Xpbio and
bio- cellsa

Mutation Mutation carried by Xpbio
carried
by bio- bioA24 bioB562 bioF12 bioC541 bioD116
cells° (10) (4) (3) (3) (2)

bioA24 (5)
bioB562 (4) +
bioF12 (3) + +
bioC541 (3) + + +
bioDI9 (5) + + + +
bioE124 (1) + - + +

aSee Table 3 for description of test and meaning
of symbols.
'Numbers in parentheses are numbers of different

mutations in the same gene that give identical com-

plementation results.

bioC and bioF genes. Group C mutants are
blocked early in the biosynthetic pathway (4,
22) and fall into two complementation groups,
bioF and bioC. Both types of mutants comple-
mented mutants in bioA, bioB, and bioD
(Table 3).
Based on the transduction frequency of

strains Br301 (bioG301) and BrllO (bioF110)
with Xdgalibio34 (which contained a UV-in-
duced bio- mutation), B. Rolfe subdivided
bioF into two units, G and F (21). We observed
no complementation between bioFllO and
bioG301 or between them and our bioF mu-
tants. We observed one case of unidirectional
complementation between bioF mutants. One
mutant, XpbioFl2, complemented bioF3 bac-
teria, but the reciprocal test did not result in
biotin synthesis. A possible explanation for
this asymmetry will be discussed later.
bioA gene. The 15 bioA mutations studied

included some isolated by nitrosoguanidine
mutagenesis of E. coli (4) and those obtained
by UV reactivation of Apbio3100. When both
the bacterial strain and the Xpbio- phage
bearing the same mutation were available, the
reciprocal tests were done. However, those
bio- mutations available only in Xpbio3100
could not be tested against themselves or each
other.
A series of presumptive bioA mutants, iso-

lated as unable to complement strain C268 (in
which part of bioA is deleted), were numbered

TABLE 3. Complementation between XpbioF or
XpbioC and bio - cellsa

Mutation Mutation carried by Xpbio-
carried by
bio- cells bioF12 bioF3 bioGI15a bioC18 bioC23 bioC541

bioF12 _ w + + +
bioF3 + - - N + +
bioG115' - _ + + +
bioFI1O - _ _ N N +
bioG301' _ _ N N +
bioC18 + + + _ _ _
bioC23 + + + - - -
bioC541 + + + _ _ _
bioA24 + + + + + +
bioB562 + + + + + +
bioD116 + + + + + +

a Apbio- lysates (2 x 108 PFU per drop) were
spotted on synthetic agar overlay plates containing
cells of the indicated genotype. Plates were scored
after 2 days of incubation at 37 C.

±+, Feeding of cells around the perimeter of the
plaque; w+, just visible feeding; -, no feeding; N,
not tested.

c These are mutations designated bioG by Rolfe
(21). Our results place them in the bioF gene (see
text).
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bio3108 through bio3130. That these Xpbio-
mutants are indeed defective in bioA function
was verified by complementation tests (Table
4). Except for XpbioA3117, the Xpbio3lOO ly-
sates could not complement known bioA mu-

tants, but complemented bioB, bioF, bioC,
and bioD mutants. XpbioA3117 weakly com-

plemented the deletion SA291 (Fig. 1), indi-
cating that bioA3117 is leaky. Another excep-

tion, Xpbio3123, will be discussed later.
The bioA mutants fell into three comple-

mentation groups: two groups complemented
each other, but neither complemented the
third group. This pattern is typical of intra-
genic complementation.

Strain C126 (which bears the bioA126 muta-
tion) displayed a unique complementation pat-
tern, being unable to supply either bioA or

bioB function. XpbioB562 and XpbioBl7
weakly complemented C126, but no comple-
mentation was detected in reciprocal tests.
However, XpbioA126 complemented strains
carrying the bioB2 and bioB105 mutations. We
do not understand the nature of the bioA126
mutation.
bioD gene. Mutations in the bioD gene all

mapped at the right end of the bio gene cluster
and blocked formation of the enzyme that
converts DAP into dethiobiotin (4, 13, 22).
Five bioD mutants tested behaved as one

complementation unit. They did not comple-
ment each other but complemented mutations
in all other genes (Table 5).
Two independent isolates of XpbioDI16

complemented the highly polar mutation
bioB558 weakly in one case and undetectably
in the other (Table 5). The basis of this differ-
ence was not studied further.
bioB gene. All bioB mutations blocked con-

version of dethiobiotin to biotin and lay be-
tween bioA and bioF on the genetic map (4; P.
Cleary, thesis, Univ. of Rochester, 1971). Com-
plementation studies on these mutants were of
special interest because we do not know
whether insertion of the sulfur atom and clo-
sure of the thiophene ring require more than
one enzymatic step specific to the biotin
pathway.

All eight mutants tested appeared to repre-
sent one cistron, although interpretation was

complicated by the weak response exhibited by
some pairs (Table 6). bioB562, bioB2, and
bioB105 complemented mutants in all other
genes. The bioB2 mutant showed some activity
by itself and some intragenic complementa-
tion. The bioB558, bioB17, bioB3124, bio-
B3111, and bioB3105 mutants did not comple-
ment any bioB mutants, but complementation
with bioF, bioC, or bioD was absent or re-

duced. All these mutants complemented
bioA24. This apparent polarity was confirmed
by another type of experiment.
Complementation between two mutations,

both residing in Xpbio particles. A second
method was developed for studying comple-
mentation among bio- mutants. Two Xpbio-
lysates were mixed together and spotted on

low biotin from plates seeded with QR93 (bio-
deletion, rec+) and QR94 (bio- deletion, rec-).
If the two bio- genomes complemented each
other, then biotin was synthesized, feeding the
background cells and the plaque.

Representative results from three experi-
ments done in rec- bacteria are illustrated in
Table 7. The results agree with those obtained
from the "Xpbio- versus cell" tests.

In absence of recombination, the polarity of
the bioB558 mutation was more evident, as

TABLE 4. Complementation between XpbioA and bio- ceilsa

Mutation Mutation carried by Apbio
carried
by bio- bio bio bio bio bio bio bio bio bio bio bio bio bio bio bio bio
cells A3130 A3113 A3109 A24 A525 A571 A3118 A3112 A3121 A3108 A3116 A126 AO A511 A3117 B562

bioA24 - - - - - - - -- - - - - - + W+ +

bioA525 -_ | _ | _ | _ | _ | - - + +I
bioA571 - _ _ _ _ _ _ _ _ __-- +_ +
bioA3O9 - . . . . . . --... . . +
bioA126 - _ _ _ _ _ _ _ _ _ _ _- - W+ W+

bioAO w+ + w+ wI + i- - - - - - - - - wI +
bioA511 + + + + + + - - - - - - - - + +

bioB558 + + . + + + + + + + + - W+ W+ + -

bioB562 + + + + + + + + + + + - + + + -

bioF12 + + + + + + + + + + + + N + + +
bioC541 + + + + + + + + + + + + N + + +
bioDl16 + + + + + + + + + + + + N + + +

a See Table 3 for description of test and meaning of symbols.
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TABLE 5. Complementation between ApbioD and
bio- cellsa

Mutation carried Mutation carried by Apbio
by bio- cells bioDl16b bioDI16b bioD565

bioD116 - - -

bioDI9 - - -

bioD543 - - -

bioD546 - - -

bioD565 - - -

bioA24 + + +
bioB558 w w+
bioB562 + + +
bioF15 + + +
bioC541 + + +

a See Table 3 for description of test and meaning
of symbols.
'Two bioD16 phages were isolated independ-

ently.

TABLE 6. Complementation between ApbioB and
bio- cellsa

Mutation Mutation carried by Apbio
carried - __
by bio- bio bio bio bio bio bio bio
cells B2 B562 B17 B558 B3124 B3105 B3111

bioB2 w-

bioB562 w+ - - - - - -
bioB105 - - - - - - -
bioBl7 w+ _ _ - N N N
bioB558 _ _ _ _ _ _ _
bioA126 + w+ w+ - - _ _
bioA24 + + + + + + +
bioFl15 + + w+ w+ + w+ w+

bioC541 + + w+ w+ _ _ _
bioDl9 + + w+ w w+

a See Table 3 for description of tests and meaning
of symbols.

many weak responses observed previously
(Table 6) disappeared. The weak complemen-
tation between XpbioB558 and XpbioDl16
might indicate leakiness of the bioD116 muta-
tion or decreased polarity of bio558 on the
bioD gene. XpbioB17 still weakly comple-
mented mutations in genes to its right and is
therefore less polar than bioB558.

DISCUSSION
Biotin is synthesized from pimelyl-CoA via

at least four enzymatic reactions (4, 5, 22, 28).
Of these enzymes, the KAP condensing en-
zyme (28), transaminase (M. Eisenberg, per-
sonal communication), and dethiobiotin syn-

thetase (13, 18) have been demonstrated in
cell-free extracts. Genetic analyses have re-
vealed that mutations of the main biotin
cluster define four feeding classes (21) and
seven possible cistrons (21). To study this
cluster further, we have isolated deletion mu-

tants.
As in other systems (3, 27, 30), deletions in

the gal-bio region have nonrandom end points.
A large fraction of our chlA deletions termi-
nate in or near the lambda attachment site. A
"hot spot" was also found between gal and bio
for similar deletions of Klebsiella aerogenes.
Deletion mapping. Deletions terminating

within the bio cluster (Fig. 1 and 2) divide our
bio- mutations into 13 groups and dissect the
cluster within or between every bio gene.
Terminal deletions removing part of the first

structural gene of the histidine, tryptophan, or

lactose operons are extremely polar on the re-

sidual genes of these operons (6, 9, 16). This
effect was not observed in the biotin gene
cluster. Deletions A268 and A224, which re-

move a portion of the bioA and bioD gene,

TABLE 7. Complementation between Apbio- phages carrying different mutationsa

Mutation Mutation carried by Apbio-(I)
carried by
crpbioebII) bioA24 bioAO bio558 bioB17 bioB562 bioF3 bioFl15 bioF12 bioC18 bioD116

bioA24
bioAO + -
bioB558 + + -

bioBl7 + ± - -
bioB562 + + - - -
bioF3 + + - w + -
bioFll15 + ± - w + + - -
bioF12 + + - w + + + _ -
bioC18 + + - w+ + + + +
bioDl16 + + w + w+ + + + + +

a Two Xpbio lysates (2 x 10i PFU per drop) were spotted together on synthetic agar overlay plates seeded
with QR94 bacteria. Plates were incubated for 2 days at 37 C.

'Symbols as in Table 3.
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respectively, do not prevent expression of the
bioB gene. This suggests that the biotin cluster
does not constitute a single operon. In fact,
studies on dethiobiotin synthetase levels in
deletion and polar mutants (Cleary, Campbell,
and Chang, Proc. Nat. Acad. Sci. U.S.A., in
press) indicate, in agreement with the conclu-
sion of Guha et al. (8), that the four genes bioB,
bioF, bioC, and bioD are transcribed rightward
from an internal promoter located between
bioA and bioB.
Complementation analysis. The develop-

ment of a reliable complementation test serves
two purposes. (i) It allows us to group the bio-
point mutants into cistrons (genes); (ii) it sup-
plies a qualitative index of gene activity.
The existence of at least five closely linked

genes in the biotin cluster is confirmed by two
kinds of complementation tests. Our collection
contains fifteen bioA mutants, seven bioB
mutants, three bioF mutants, three bioC mu-
tants, and five bioD mutants.
Two genes, bioA and bioF, exhibit intragenic

complementation. Seven of the 16 bioA mu-
tants shown in Table 1 fail to complement any
other nine mutants, two (bioAO, bioA511) com-
tions are scattered throughout the gene. Of the
other nine mutants, two bioAO, bioA511) com-
plement the other seven, but not each other.
The distribution of these mutations along the
genetic map does not correlate in any simple
way with their complementation behavior. The
bioAO and bioA511 mutations lie at opposite
ends of the genetic map, and complementing
and noncomplementing mutants are inter-
spersed. This indicates that bioA comprises a
single gene.

Intragenic complementation can result from
interaction between heterologous monomers in
an enzyme normally composed of identical
subunits. The enzymes determined by bioA
and bioF could have such a structure.
Mutants defective in bioB function cannot

utilize dethiobiotin in place of biotin (18, 20,
22). Five out of eight bioB mutants examined
are also deficient in bioF, bioC, and bioD func-
tion. The precise location of these five muta-
tions is unknown. They all lie between bioA
and bioF. Some lie within the deletion A249,
whereas others map outside of it. One of these
mutants, bioB558, can further mutate to a
state where dethiobiotin can be utilized but
the strain is still bio- (P. Cleary, thesis, Univ.
of Rochester, 1971). These partial revertants
are not completely understood. All five polar
mutations were nonsense mutations (Cleary,
Campbell and Chang, Proc. Nat. Acad. Sci.
U.S.A., in press).

Mutants in cross-feeding group C (4, 22; P.
Cleary, thesis) are divisible into two comple-
mentation groups, bioF and bioC (reference 21
and this paper). Star et al. (28) found that bioC
mutants have the enzyme KAP synthetase,
which is absent in bioF mutants. Mutants in
bioC are presumably blocked before synthesis
of pimelyl-CoA, the substrate for KAP syn-
thetase (22).

Rolfe (21) classified bioF mutants into two
groups, G and F. Even though two G mutants
and one F mutant from his collection were
used in our studies, our results do not indicate
the existence of a separate bioG gene. Dif-
ferent methods were employed in the two
studies.

Rolfe found that Xdgal bio34, carrying a
UV-induced "G" mutation, could transduce
bioC and some bioF mutants, yet transduced
other mutants (classified as G mutants) at
only a low frequency (21). He could not, how-
ever, test other mutants in F and G groups
against each other. His G and F mutations
were located in adjacent but non-overlapping
segments of the genetic map.
Our tests reveal unidirectional complemen-

tation between XpbioFl2, which lies in the F
region, and bioF3, which lies in the G region.
However, neither XpbioFl2 nor XpbioF3 com-
plements biol15, bio301 (both G mutants) or
biollO (an F mutant) (Table 3). We conclude
that the observed complementation is intra-
genic.
The unidirectional complementation be-

tween bioF3 and bioF12 (Table 3) indicates an
effect of gene dosage, understandable if KAP
synthetase consists of more than two subunits.
Negative complementation by bioF3 is un-
likely because XpbioF3 forms bio+ plaques on
wild-type hosts and on hosts carrying muta-
tions in other bio genes. A more plausible hy-
pothesis is that a multimer containing mainly
bioF12 subunits is active, but one containing
mainly bioF3 units is not. A pure bioF12 mul-
timer must of course be inactive; otherwise the
mutant would not have a Bio- phenotype.
The five bioD mutants complement all bioA,

bioB, bioF, and bioC mutants (except the
polar bioB mutants) and fail to complement
each other. The bioD gene determines the en-
zyme dethiobiotin synthetase (13). This en-
zyme, which has been purified 200-fold, fixes
CO2 into the ureido ring of biotin (14).
The mutant bioE124 excretes no intermedi-

ates, is fed only by biotin or by bio+ cells, and
does not revert spontaneously (21; P. Cleary,
thesis, Univ. of Rochester, 1971). Our comple-
mentation data (Table 2) indicate that this
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mutant forms reduced amounts of the bioB
and bioC gene products. Also, the specific ac-

tivity of KAP synthetase (the bioF gene prod-
uct) in a bioE124 strain is only one-fifth that
in wild-type E. coli (28). These pleiotropic ef-
fects suggest that bioE124 is either a polar
mutation in the bioB gene or a double muta-
tion, one of whose components is polar on

other genes of the operon. We do not think
that the unique properties of this mutant jus-
tify the inference (21, 31) that a "bioE" gene
lies between bioB and bioF.
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