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plsB mutants of Escherichia coli are sn-glycerol 3-phosphate auxotrophs
which owe their requirement to a Km defect in sn-glycerol 3-phosphate
acyltransferase, the first enzyme in the phospholipid biosynthetic pathway. We
have located the plsB gene at minute 69 of the E. coli genetic map, far removed
from the gene defined by mutants with a temperature-sensitive sn-glycerol
3-phosphate acyltransferase. The plsB gene was cotransduced with the dctA
locus, and the transduction data indicated that the clockwise gene order is asd,
plsB, dctA, xyl. plsB- is recessive to plsB+ and all acyltransferase Km mutants
tested lie very close to the plsB locus. Effective supplementation ofplsB mutants
was shown not to require a defective glpD gene.

Isolation and characterization of mutants of
Escherichia coli defective in membrane synthe-
sis have inaugurated a series of investigations
into the structural and functional importance of
phospholipids in biological membranes (8). sn-
Glycerol-3-phosphate (G3P) is a precursor re-
quired for the synthesis of all the phospholipid
species found in E. coli (8). Two classes of
mutants requiring G3P (or glycerol) for growth
have been isolated (2).
The first class of G3P auxotroph, called gpsA

for glycerol phosphate synthesis, is defective in
the structural gene for the biosynthetic G3P
dehydrogenase (2, 5). This gene lies at minute
71 on the E. coli linkage map (5).
The second class of G3P auxotroph is not

defective in G3P synthesis but owed its G3P
requirement to defective utilization of G3P
caused by an alteration in G3P acyltransferase,
the first enzyme of phospholipid biosynthesis
(2, 15). These strains have a membranous G3P
acyltransferase activity with an apparent Km
for G3P that is 10-fold higher than that of the
wild-type strain (2). G3P acyltransferase mu-
tants with a temperature-sensitive (ts) enzyme
activity have been mapped at minute 13 of the
E. coli map (6). However, these two types of
G3P acyltransferase mutant differ markedly in
their behavior under nonpermissive conditions.
The ts mutants cease growth and mac-
romolecule synthesis abruptly when phospho-
lipid synthesis is halted by temperature shift.
In contrast, when phospholipid synthesis is
halted by starvation of a Km mutant for G3P

growth and macromolecule synthesis continued
for about one generation after starvation.
Therefore, two types of mutations affecting the
same enzyme activity have very different prop-
erties.
We undertook the present investigation to

further characterize the G3P acyltransferase Km
mutants and to attempt to reconcile the differ-
ences between the phenotypes of the ts and the
Km types of G3P acyltransferase mutants. We
show that the gene (plsB) defined by the G3P
acyltransferase mutants is located at minute 69
of the linkage map, a site far removed from the
gene (plsA) defined by the ts G3P acyltransfer-
ase mutants.

MATERIALS AND METHODS
Bacterial strains. The bacterial strains used were

all derivatives of E. coli K-12. The genotypes of these
strains are given in Table 1. Strain CY149 was derived
from strain CY148 by treatment with phage Avir. A
broth culture of strain CY148 at 108/ml was inocu-
lated with 5 x 108 Avir phage/ml and grown ovemight
at 37 C. The resulting culture of lambda-resistant
bacteria was streaked onto a maltose-supplemented
eosin-methylene blue plate. mal- colonies were then
tested for inability to grow on maltose as sole carbon
source.

Those malh colonies that were converted to mal+
upon mating with strain F141/JC1553 were considered
malA (rather than malB) mutants. Strain CY150 is a
recAl thy+ str- recombinant of a cross between Hfr
*KL16-99 and strain CY149. Inheritance of the recAl
allele was scored by sensitivity to ultraviolet light (200
ergs/mm2).
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TABLE 1. Bacterial strains

Strain Sex Genotypea Reference

8 HfrC glpD3, glpR2, phoA8, tonA22, rel-1 (A) 2
BB13 HfrC plsB13, other markers as in strain 8 2
BB26 HfrC plsB26, other markers as in strain 8 2
BB26-36 HfrC plsB26, mutation allowing supplementation with glycerol; 2

other markers as in strain 8
KL185 F- pyrD34, thi-1, his-68, trp-45, galK35, xyl-7, mtl-2, str-118, K. B. Low strain

malAl, X-
GN1908 F- pyrD34, thi-1, his-68, thyA25, galK35, xyl-7, mtl-2, glpD3, G. N. Godson (10),

glpR2, str-118, phoA8, glpk4, X- formerly called 1908
(ref. 6)

CY148 F- plsB13, glpD3, glpR2, thyA25, thi-1, galK35, his-68, Recombinant of cross
str-118, xyl+, mtl+ of BB13 with

GN1908
CY149 F- malA - derivative of CY148 See text
CY150 F- thy+, recAl derivative of CY149 See text
KL16-99 Hfr recAl, rel-1, thi-1, drm-3, A- K. B. Low strain
CY135 Hfr malA- derivative of BB13 See text
CY141 HfrC glpDll, glpR+, malA+ derivative of CY135 See text
CY142 HfrC malA+ derivative of CY135 See text
228 HfrC glpDll, glpR+, phoA8, tonA22, rel-1, (A) E. C. C. Lin strain (4)
CBT312 F- thi-1, dctA2, sdh-2 B. D. Sanwal (16)
KLF2/JC1553 F' F102 argG+/argG6, metB1, his-1, leu-6, recAl, mtl-2, xyl-7, K. B. Low strain

malAl, gal-6, lacYl or Z4, str-104, supE44, tonA2, tsx-l X-
KLF41/JC 1553 F' F141 argG+/(as above) K. B. Low strain
MAF1/JC 1533 F' F140 argG +/(as above) W. Maas strain
KLF11/JC1553 F' Flll metB+/(as above) K. B. Low strain
KL25, KL228 Hfrs See Low (17, 18) for genotypes K. B. Low strain
KL14, EC2, See Fig. 1 for origins of transfer
KL16

a The allele numbers are those of the coli Genetic Stock Center, Yale University. The genetic symbols are
those of Taylor and Trotter (26). All strain 8 derivatives are resistant to phage T2. All the malA - strains are
resistant to phage X.

Strains CY141 and CY142 were constructed start-
ing with strain BB13. Strain CY135, a malA AR
derivative of strain BB13, was transduced with a P1
phage stock grown on strain 228. The phage-bacteria
mixture was plated at 42 C on minimal maltose plates
supplemented with G3P. Of the maltose-positive
transductants, none were able to grow on G3P as
carbon source at 42 C, but 22 grew on this medium at
30 C. All mal+ transductants tested still required
supplementation with G3P for growth on glucose
minimal medium. Two transductants, strains CY141
and CY142, were selected for further study. Strain
CY141 is able to use G3P as carbon source at 30 C,
whereas strain CY142 is unable to grow on this
medium at any temperature tested.

Media. The media used for genetic mapping (5-7)
and for enzyme preparation (5) have been described
previously. Sodium rac-G3P was the G3P source. The
maltose-eosin-methylene blue medium is the EMBO
recipe of Gottesman and Yarmolinsky (11) plus 0.5%
maltose.
Enzyme assays. sn-G3P acyltransferase activity

was assayed as previously described (2) with palmityl-
coenzyme A as the acyl donor.

Genetic crosses. The procedures for conjugational
and transductional crosses were described previously

(5-8). Transductions in which dctA - was an un-
selected marker were usually selected on lactate as
carbon source and scored by comparison of their
growth on plates containing either lactate or malate
as carbon source.

RESULTS
The enzymatic defect is known for two classes

of G3P auxotrophs (2). The class dealt with in
this paper is called plsB (for phospholipid
synthesis). The plsB mutants owe their G3P
requirement to a defect in G3P acyltransfer-
ase, the first phospholipid biosynthetic enzyme.
The Km for G3P utilization by the mutant
acyltransferases is > 10-fold above the Km of the
wild-type enzyme (2). The other class of auxo-
troph (called gpsA) is due to a lesion in the
structural gene for the biosynthetic G3P dehy-
drogenase and was previously mapped (5).

Identity of the plsB phenotype and the
acyltransferase defect. Bell (2) had previously
shown that the G3P acyltransferase activity of a
class of G3P auxotrophs has a greatly increased
Km for G3P. It was shown that revertants to
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MUTANTS IN PHOSPHOLIPID SYNTHESIS

G3P prototrophy regain acyltransferase activity
with a normal Km for G3P (2). We have now
tested two plsB+ transductants and a plsB-
recombinant (strain CY148). As shown in Table
2, the plsB+ transductants have a normal Km
for G3P, whereas the plsB- recombinant has a
Km about 10-fold higher than the parental
strain. Therefore, the plsB locus and the acyl-
transferase defect act as a single genetic entity.
General mapping of plsB. The plsB- strains

were isolated in a male strain. Hence, to obtain
a pIsB- female derivative, strain BB13 was
mated with several multiply auxotrophic female
strains, and pIsB- was scored as an unselected
marker. The most frequent inheritance ofplsB-
occurred when various amino acid and pyrimi-
dine markers in the 60 to 80 minute region of the
genetic map were selected. These results sug-
gested that plsB was located in this region of the
genetic map. This was confirmed by mating
strain CY148, a xyl+ plsB- recombinant of a
mating between strains BB13 and GN1908, with
various Hfr donor strains (Table 3). Large
numbers of recombinants were formed only in
matings with Hfr strains KL228, EC2, and
KL14. Considering the origins of transfer of the
various Hfr strains tested (Fig. 1), plsB must lie
between the origins of Hfr strains KL228 and
EC2. Similar results were obtained using "F-
phenocopy" cultures of a str- derivative of
strain BB13. Approximately equal numbers of
plsB+ recombinants were formed when the Hfr
strain was counterselected by streptomycin or
by omission of nutrients required by the Hfr
strain. This finding suggested that plsB and
strA are not closely linked. Furthermore, since
the genes from bioH to asd can be deleted

TABLE 2. Properties of G3P acyltransferase prepara-
tions from various strains

Strain pLsB Km forphenotype G3P (AM)a

Strain 8 + 88
BB26-36 _ 1,000
BB26-36 Tl" + 90
BB26-36 T2c + 85
BB13 1,250
CY148d 950

aThe Km values were derived from Lineweaver-
Burk plots as previously described (2).

b pIsB+ dctA- transductant from cross 5 in Table 5.
c plsB+ transductant from cross 6 in Table 5.
d Strain CY148 was prepared by mating strain

GN1908 with strain BB13. Strain GN1908 was pre-
pared by mating strain KL190 with strain 8 (10).
Therefore, strain 8 seems an appropriate wild-type
strain for comparison with strain CY148.

TABLE 3. Localization of the plsB locus by conjugation

Hfr donor (plsB+ str- recombinants/ml)
Recipient

KL16 KL228 KL14 EC2 KL25

CY148 <10 5 x 106 5 x 105 2.3 x 10' <10
BB13 str-a <10 2 x 105 1.6 x 10' <10'

a An F- phenocopy culture was the recipient. The pheno-
copy culture was obtained by starvation of long-phase strain
BB13 str- cells in medium E without carbon source for 5 h at
37 C (21).

fl40 KL228 KL25 Fill
F141

FIG. 1. Genetic map of E. coli K-12. The distances
are drawn to approximate scale. Most of the data is
from Taylor and Trotter (26). The Hfr and F' data are
from Low (17). The data for the gpsA locus were
reported previously (5).

without engendering a G3P requirement (4, 24),
plsB could not be in this region. Therefore,
plsB was thought to be close to the mtl region of
the genetic map. It should be noted that inheri-
tance of plsB- as an unselected marker was
either very poor or nonexistent when xyl+, or
mtl+, or glpD+ recombinants were selected
(even though plsB is located within a few
minutes of these markers). However, in experi-
ments in which any of several amino acid or
nucleic acid base markers was the selected
marker, plsB+ was found as the unselected
marker at a normal frequency. Such effects are
not limited to plsB+, since selection of mtl+
(but not xyl+) recombinants in crosses of mtl-
gpsA+ strains yield no mtl+ gpsA- strains. We
have no explanation for this behavior.
Mapping with F' donor strains. Finer map-

ping of the pIsB locus was performed using
several F' donor strains (Fig. 1). Four deriva-
tives of strain JC1553, each carrying a different
F' factor, were mated with strains CY149 and
CY150. The donor strain was recA-, thus pre-
venting chromosome mobilization. Only trans-
fer of the F140 episome gave rise to plsB+
recombinants in matings with either strain
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CRONAN AND BELL

CY149 or with strain CY150, a recA - derivative
of strain CY149 (Table 4). Strains carrying
F141, Fill, and F102 did not donate plsB+ to
either recipient strain, although the donor cul-
tures were fully fertile. Therefore, the plsB+
locus lies between the termini of the chromo-
somal portions carried by F141 and F140 and
thus is located between minute 66 and 71 of the
genetic map (Fig. 1).

Similar numbers of plsB+ recombinants were
formed when F140/JC 1553 was mated with
either a recA + or a recA - recipient strain (Table
4). This result indicates that plsB- is recessive
to plsB+, a result consistent with the in vitro
data (2). It should be noted that crosses of F140
with malA pls B recipients resulted in forma-
tion of significantly more malA + recombinants
than plsB+ recombinants. We attribute this
finding to the known frequent occurrence of
variants of F140 from which parts of the F' have
been deleted (13, 17; B. Low, personal commu-
nication). This behavior precludes complemen-
tation analysis of plsB using this F'.
Transductional mapping. In order to local-

ize the plsB locus further, we tested for cotrans-
duction by phage P1 of plsB with other markers
in this chromosomal segment. We transduced
strains BB26-36 and BB13 to plsB+ with phage
stocks grown on strains mutant in the appropri-
ate genes and tested for the unselected marker.
plsB- was not used as an unselected marker
owing to its anomalous behavior as an un-
selected marker in conjugational crosses. As
shown in Table 5, <0.25% cotransduction was
observed with the xyl, mtl, glpD, malA, or asd
loci. However, cotransduction was observed
with the dctA (formerly called dct) locus (16).
Mutants in the dctA locus are isolated as being

TABLE 4. Mapping of plsB by F' transfer

Recombinants/ml
Episomea Recipient recA

pIsB+ malA+

F140 CY149 + 4.8 x 104 6.4 x 106

F140 CY150 6.0 x 104 5.2 x 106
F141 CY149 + <100 4.0 x 106
F141 CY150 <100 4.4 x 106
F1025 CY150 < 100
Filic CY150 < 100

a The episomes were all transferred from male
JC1553 derivatives. The donor strains were counter-
selected by omission of leucine, arginine, and methio-
nine from the selection medium.

b This culture transferred argG+ to strain KL141 (5)
(efficiency of about 0.1 per male cell).

cThis culture transferred metE+ to strain CY123
(5) at an efficiency of about 0.001 per male cell.

TABLE 5. Transductional mapping of the plsB locusa

plsB+ colo-
nies with Cotrans-
donor ductionCross no. Donor dor dutn

marker/total frequency
plsB+ colo- %
nies scored

1 KL185 xyl 0/405 <0.25
2 KL185 mtl- 0/405 <0.25
3 KL185 malA- 0/399 <0.25
4 KL185 g1pD+ 0/405 <0.25
5 U482 asd- 0/780 <0.13
6 CBT312 dctA- 44/312 14.1

a Strain BB26-36 was the recipient used in these
crosses. Crosses identical to 1-4 were also performed
with strain BB13. These crosses gave <0.39% cotrans-
duction for these markers with plsB.

resistant to 3-fluoromalate and hence defective
in transport of Co dicarboxylic acids (14, 16).
Kay and Kornberg (14) have mapped this locus
just counterclockwise of the xyl locus. Unfortu-
nately, dctA - strains are extremely unstable
(H. Kornberg and B. D. Sanwal, personal com-
munications) and thus cannot be used as a
selected marker in transducfional crosses. In
fact, dctA is a poor nonselected marker, since
plsB+ dctA - recombinants were often observed
to revert to dctA + upon prolonged incubation.
Three dctA strains were used in this work. P1
phage stocks propagated on strain CBT12 gave
about 14% cotransduction when used to form
plsB+ recombinants. Phage stocks from the two
other strains gave lower cotransduction frequen-
cies (1 to 3%), but these strains reverted to
dctA+ even more often than strain CBT12. The
instability of the dctA strains probably means
that the cotransduction frequencies observed
are an underestimation of the true frequency.
The finding that plsB is cotransduced with

dctA but not with xyl or mtl indicates that plsB
is located on the side of dctA distal to xyl.
However, plsB is not cotransduced with the asd
locus, thus indicating that the distance between
asd and dctA is not less than that given by
Taylor and Trotter (26). Therefore, the clock-
wise map order of asd, plsB, dctA, xyl, mtl is
indicated for this region of the linkage map. The
final results of the mapping experiments are
given in Fig. 1.
Recombination between plsB mutants. Bell

(2) isolated a number of independently derived
mutants with Km defects in the acyltransferase.
We have asked whether all these mutants are
located in the immediate vicinity of the plsB13
allele. No plsB+ str- recombinants are found in
crosses between various plsB strains and strain
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MUTANTS IN PHOSPHOLIPID SYNTHESIS

CY149 (Table 6). However, malA + recombi-
nants are formed at a normal frequency. This
result indicates that the plsB alleles present in
these strains are located very close to the plsB13
allele and thus are probably mutations within
the same genetic locus defined by pIsB13.

Strain K956 in Table 6 is the mutant isolated
by Kito et al. (15). This strain grows slowly
without G3P and normally in the presence of
G3P. This phenotype is believed to be due to a
Km defect in the acyltransferase (15, 22). Is this
strain a plsB mutant? The experiment in Table
6 gives equivocal results to this question. Strain
K956 gives no plsB+ recombinants when crossed
with strain CY149. This result was unexpected.
If strain K956 was defective only in the plsB
gene, then a number of small colonies (compa-
rable to the number of malA + recombinants)
should have been formed. These colonies should
have the "leaky" G3P requirement characteris-
tic of strain K956. No such colonies were found.
This finding suggests that strain K956 owes its
phenotype to at least two mutations. This
suggestion seems likely since Pizer and co-work-
ers (22) have already found that strain K956
differs from its parent in its rel gene phenotype
as well as in its requirement for G3P.
Functional independence of plsB- and

glpD-. The plsB- mutants studied were iso-
lated in a glpD- strain. This background was
chosen since glpD- strains accumulate abnor-
mally high intracellular pools of G3P (12). Since
the plsB mutants owe their requirement for G3P
to a Km defect in the acyltransferase, it was

TABLE 6. Recombination between pisB mutants

Recombinants with
Apparent CY149a

Strainb Km for
G3P (M)c plsB+ malA+

str- str-

BB13 1,250 <0.002 1.7
1A4 1,050 <0.002 1.1
BB26-36 1,000 <0.002 1.6
BB29 850 <0.002 2.1
BB30 900 <0.002 1.7
K956d 374e <0.002 1.3

a To be multiplied by 10".
b Those strains not listed in Table 1 have genotypes

identical to that of strain BB13 except for the plsB
allele. Strain 8, the wild-type p1sB+ parent, has a G3P
Km of 90,um.

c The Km values were determined from Lineweaver-
Burk plots as previously described (2).

dSince strain K956 has only a "leaky" requirement
for G3P (15, 22), about 106 small p1sB+ colonies were
expected; however, no such colonies were observed.

supposed that a glpD- lesion might be neces-
sary to allow effective supplementation of plsB
mutants with G3P by elevation of the intracel-
lular pool. Perhaps in a normal glpD+ strain
exogenous supplementation would not result in
a G3P pool sufficient to overcome the acyltrans-
ferase Km defect. This could explain the genetic
anomaly mentioned above. That is, when a
p1sB+ glpD+ Hfr strain is crossed with a glpD-
plsB- female strain, no glpD+ plsB- recombi-
nants are formed, although g1pD+ plsB+, plsB+
glpD-, and glpD- pIsB+ recombinants occur
frequently.

In order to test this hypothesis, we prepared
strains CY141 and CY142. Strain CY141 is
glpD- only at 42 C; at lower temperatures the
strain is glpD+. Strain CY142 is nearly isogenic
to strain CY141 but has a glpD lesion which is
unaffected by temperature. Both strains also
carry a lesion in the pIsB gene. Therefore, if the
pIsB- phenotype is viable only in a glpD-
background, strain CY141 should have a cold-
sensitive phenotype, compared to strain CY142.
However, strain CY141 is not cold sensitive.
This strain grows normally when it is glpD+
either in short term (Fig. 2) or prolonged (Table
7) experiments. Therefore, a lesion in the glpD
gene is not required for effective supplementa-
tion of pIsB- strains with G3P.

DISCUSSION
G3P acyltransferase catalyzes the first step of

phospholipid biosynthesis, the formation of
lysophosphatidic acid (19, 20, 22, 23, 25, 27).
This enzyme activity is located on the cyto-
plasmic (inner) membrane of the E. coli cell en-
velope (3, 29). Two lines of indirect evidence
indicate that phospholipid is required for G3P
acyltransferase activity. Treatment of cell en-

CY 141 (glp Dt)

.__ 400-

= too~'S 200

- o
- 30-I

CY 142 (gip D-)

_ _ q
50005000005~~~300000 100 00 000 200 0.0I0

u 50 100 10 200 250 wu0 o 50 100 150 200 250 NO
Minutes

FIG. 2. Growth of strains CY141 (left panel) and
CY142 (right panel) at various temperatures. The
strains were grown in the low phosphate (1 mM)
medium previously described (2) supplemented with
glucose (0.4%), rac-G3P (0.1%), and casein hydroly-
sate (1.0%) at 42 C. At the time indicated by the
arrow, a portion of each culture was shifted to a 35 C
water bath. The growth was followed with a Klett
colorimeter with a green filter. A reading of20 is equal
to about 108 cells/ml.
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TABLE 7. Growtha of strains CY141 and CY142

Carbon source I
G3P Strain

Glucose G3P supple- Incubation
ment temp (C) CY141 CY142

+ + 42 4+ 4+
+ 0 42 0 0

+ 42 0 0
+ + 37 4+ 4+
+ 0 37 0 0

+ 37 3+ 0
+ + 30 3+ 3+
+ 0 30 0 0

+ 30 2+ 0
+ + 25 2+ 2+
+ 25 + 0

aThese tests were performed on solid medium E
(28) plates supplemented with 0.4% glucose or 0.4%
G3P as carbon source plus or minus 0.05% G3P as
supplement. Strains CY141 and CY142 were inocu-
lated onto the same plate for each test. The number
of plus signs denotes colony size (4+ = ca. 4 mm in
diameter). The plates were incubated for 48 to 72 h
(depending on the culture condition) before scoring.

velopes with pure phospholipase C abolishes
G3P acyltransferase activity (19). Also, the ac-
tivity of the enzyme at various temperatures
can be altered by manipulation of the fatty acid
composition of the envelope phospholipids
(20). The in vitro specificity of the G3P acyl-
transferase is marked (23, 25, 27). Unsaturated
fatty acids are transferred to position 2 of the
G3P molecule, whereas palmitate is acylated
to position 1 (23, 25, 27). In accord with the in
vivo situation, this specificity is altered by a
change in incubation temperature (25). There-
fore, G3P acyltransferase is a very complex
enzyme activity, and the genetic analysis of
mutation affecting this activity could also be
complex.
Two classes of mutants defective in G3P

acyltransferase have been isolated. The plsB
mutants mapped in this paper have a 10-fold
elevated Km for G3P. The plsA mutants have a
ts defect in the acyltransferase activity (6, 23).
We have now mapped the plsB locus at minute
69 of the E. coli genetic map, whereas the plsA
mutants (6) were previously located at minute
13, one-third of the map distance removed from
plsB. Both types of mutants appear to be single
mutational lesions and are recessive to their
wild-type alleles. The demonstration that plsA
and plsB are separate genetic entities allows
several explanations for the different effects on
growth and macromolecule synthesis seen with
these two mutant types.

It is possible that the G3P acyltransferase is a
multienzyme complex or an enzyme composed
of nonidentical subunits. Therefore, the plsA
and plsB genes could code for separate parts of
the active enzyme. In such cases, the genes
coding the components are usually closely
linked, which plsA and plsB are not. However,
exceptions in which genes coding components of
a complex are not linked, such as in the
a-ketoglutaric dehydrogenase complex (1) of E.
coli, are known. If one of the gene products is
also involved in other metabolic processes this
could explain the differing phenotypes ob-
served under nonpermissive conditions.

Another possibility is that neither plsA or
plsB is a structural gene for an acyltransferase
component, but codes for another membrane
component which interacts with the acyltrans-
ferase. A separate membrane protein jux-
taposed to the acyltransferase could produce
either the plsA or the plsB phenotype or both.
Resolution of these hypotheses must await solu-
bilization and purification of the G3P acyltrans-
ferase from the cytoplasmic membrane. Unfor-
tunately, numerous attempts in several labora-
tories have not succeeded in this aim. We are
currently preparing plsA plsB double mutants
in order to study the interaction of these two
phenotypes in vivo and in vitro.
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