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Bacterial morphology imparts physiological advantages to cells in different environments and, judging by the fidelity with which
shape is passed to daughter cells, is a tightly regulated characteristic. Surprisingly, only in the past 10 to 15 years has significant
headway been made in identifying the mechanisms by which cells create and maintain particular shapes. One reason for this is
that the relevant discoveries have relied heavily on the arduous, somewhat subjective process of manual microscopy. Here, we
show that flow cytometry, coupled with the sorting capability of fluorescence-activated cell sorting (FACS), can detect, quantify,
and enrich bacteria with morphological alterations. The light scattering properties of several highly aberrant morphological mu-
tants of Escherichia coli were characterized by flow cytometry. Cells from a region that overlapped the distribution of normal
rod-shaped cells were collected by FACS and reincubated. After 4 to 15 iterations of this enrichment process, suppressor mutants
were isolated that returned almost all the population to a near-normal shape. Suppressors were successfully isolated from strains
lacking three or four penicillin binding proteins (PBPs) but not from a mutant lacking a total of seven PBPs. The peptidoglycan
endopeptidase, AmpH, was identified as being important for the suppression process, as was a related endopeptidase, MepA. The
results validate the use of cell sorting as a means for studying bacterial morphology and identify at least one new class of enzymes
required for the suppression of cell shape defects.

Bacterial morphology is created by the collaborative processes
of cell elongation and division, which synthesize the pepti-

doglycan wall that provides mechanical strength and imparts to
each cell a defined shape (1, 2). Individual species usually exhibit
one primary shape, but bacteria as a whole display such a remark-
able diversity of shapes that it seems certain that no single mor-
phology is optimum for all environments or conditions (3, 4).
Instead, these varied morphologies help bacteria survive in differ-
ent situations by contributing to the efficiency with which cells
take up nutrients, divide, segregate their chromosomes, attach to
surfaces, disperse passively or by directed motility, avoid preda-
tion and immune responses, and differentiate (reviewed in refer-
ence 4). Cell shape also contributes to the virulence of the few
pathogens in which the question has been addressed (4–6), in-
cluding Escherichia coli (7), Helicobacter pylori (8, 9), Campylobac-
ter jejuni (10), and Listeria monocytogenes (11). This accumulating
evidence has fueled a growing consensus that morphology is not
simply a neutral characteristic but that it plays an important role
in bacterial ecology and pathogenesis.

Great headway has been made in describing the mechanisms
that create and maintain bacterial morphology (2, 12). In general,
these pathways affect either the cell division apparatus (the divi-
some) as nucleated by the FtsZ protein (13–15) or the cell elonga-
tion apparatus as directed by the MreB protein (1, 16, 17). In each
case, the resulting morphological effects are best explained by en-
visioning how the mutations alter the manner or timing of cell
wall synthesis. For example, mutations affecting some divisome
components alter the shape of the cell and cell pole (14), amino
acid replacements in MreB or related proteins alter overall shape
or cell diameter (18, 19), and deleting accessory peptidoglycan
modifying enzymes creates highly aberrant cells (1, 14, 20, 21).
Despite the growing list of mutations that affect cell shape, the

molecular events that generate these gross morphological altera-
tions are, for the most part, very poorly understood.

One such mystery that has recently yielded to experiment is the
mechanism by which bacteria can alter cell length during their
growth cycle. Cells of many species are larger (usually longer, but
sometimes also wider) when growing exponentially and become
shorter when they reach stationary phase (reviewed in reference
4). Also, individual cells may grow longer when in the presence of
certain preferred carbohydrates (22, 23). Researchers spent de-
cades speculating how growth rate and nutritional signals might
control cellular morphology (1, 22, 24), but only lately has the first
molecular explanation for these phenomena been described. In
Bacillus subtilis the presence of sufficient nutrients increases the
amount of UDP-glucose, which repositions the UgtP protein so
that it can inhibit assembly of the preseptal FtsZ ring (23, 24). This
delays the onset of division and explains why cells grown under
nutrient-rich conditions become longer than cells grown in nutri-
ent-poor medium. The length of E. coli is influenced by a similar
mechanism though the identity and function of the effector pro-
tein(s) have yet to be described (23, 25, 26). This conceptually
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simple method of regulating cell length came as a surprise, as were
the identities of the proteins involved. The fact that such a path-
way exists indicates that bacteria regulate cell shape at a finer level
than has been appreciated, and the unexpected nature of the
mechanism suggests that additional morphological control cir-
cuits await discovery.

Most proteins and pathways that affect bacterial shape have
been discovered accidently while studying something else. A more
intentional approach would be better for unearthing mutants that
affect shape, given the likely existence of unknown mechanisms
for morphological fine-tuning. However, despite what are often
dramatic alterations in shape, most known morphological mu-
tants grow at nearly normal rates and suffer few or no negative
consequences in laboratory culture. Mutants that deviate only
slightly from wild-type morphology have, as expected, growth
characteristics even more like their parents. These traits make it
difficult to detect, select, and study mutations that alter cell shape,
especially when the differences are minor or transient. Searching
for such mutants by manual (or even automated) microscopy, the
usual and most straightforward approach, is tedious, time-con-
suming, and fraught with subjective error. Thus, if we are to un-
derstand more about how bacteria create, maintain, and modify
their shapes, then we need improved tools to identify mutants
with modest morphological phenotypes.

One procedure that addresses the above shortcomings is fluo-
rescence-activated cell sorting (FACS). Its most common use in
bacteriology has been to determine if organisms are dead or alive,
to detect cells bearing specific antigens, or to sort for cells that
exhibit certain physiological traits (27–29). For example, FACS
has been used to select E. coli cells harboring cloned genes that
regulate the production of large amounts of specific peptides (30)
or to isolate rifampin-resistant mutants (31). However, FACS and
flow cytometry have been used only sparingly to detect morpho-
logical differences among bacteria. Exceptions are the use of flow
cytometry to measure cell elongation due to the inhibition of cell
division (7, 32), to distinguish between spiral and straight forms of
Campylobacter jejuni (33), and to investigate the relationship of
cell size and DNA replication (26, 34). FACS therefore remains an
underutilized but potentially powerful tool for measuring, sepa-
rating, and collecting individual cells based on differences in flu-
orescence or morphology.

Previously, we reported that flow cytometry could detect small
shape alterations among stained bacteria (35). Here, we demon-
strate that flow cytometry can detect morphological differences
among unstained live E. coli cells and also show that FACS can
capture subpopulations that differ in shape. As proof of principle,
we optimized FACS to identify and isolate mutants that suppress
the morphological defects of highly aberrant E. coli strains, thus
proving that the procedure is a valuable addition to the morphol-
ogist’s toolbox. In addition, the types of mutants isolated indicate
that there must be unexplored mechanisms that modify or regu-
late bacterial shape. Specifically, our current results indicate that
AmpH and MepA, poorly studied peptidoglycan endopeptidases,
play an integral morphological role, as do other enzymes of this
class.

MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial strains are listed in Table 1. The
parental strain was E. coli CS109 (W1485F� rpoS rph-1) (36). The shape
suppressor strains generated in this work were ALM10 and LCM1 (inde-

pendently derived from CS315-1K), LCM2 (derived from CS446-1K),
and LCM3 (derived from CS449-2K). Deletions marked with kanamycin
cassettes flanked by res sites were cured by using the plasmid RP4 ParA
resolvase (37). The presence of each deletion was confirmed by diagnostic
PCR. Deletions of ampH and mepA were introduced into strains by P1
transduction (40). Plasmid pLP8 was the vector for all plasmids con-
structed for this work (41) and contains the Plac-lacIq promoter and a
kanamycin resistance cassette. The ampH gene was cloned into the mul-
ticloning site of pLP8 to create plasmid pLCM1. Site-directed mutagenesis
of pLCM1 was employed to insert point mutations in the active site serine
of AmpH, thereby creating pMEL1 with an S-to-A change at position 87
encoded by ampH (ampHS87A) and pMEL2 (ampHS87G).

Media and growth conditions. Bacteria were incubated at 37°C in
Luria-Bertani (LB) agar plates or broth, M9 medium (ATCC medium
1281), or Trypticase soy (T-soy) broth (Difco). Before use, T-soy broth
was cleared by filtration through a 0.22-�m-pore-size filter (GP Express
Plus, Millipore, Billerica, MA). Prior to FACS analysis, cells were washed
three times in phosphate-buffered saline (PBS) (Sigma Chemical Co., St.
Louis, MO) that had been clarified by filtration, after which the cells were
resuspended in 1� PBS. Kanamycin (40 �g/ml final), chloramphenicol
(20 �g/ml), and ampicillin (100 �/ml) (Sigma) were added when appro-
priate. Aztreonam (5 �g/ml final) (Bristol Myers Squibb) was added to
inhibit cell division, forcing cells to grow as filaments so that minor shape

TABLE 1 Strains

Strain Genotype
Reference
or source

CS109 W1485F� rpoS rph-1 36
ALM10-1K CS315-1K, selected for cell shape suppression This work
ALM10 ALM10-1K with dacB::res This work
CS15-3 CS109 ampH::kan 37
CS315-1K CS109 dacA::res pbpG::res dacB::kan 37
CS315-1 CS109 dacA::res pbpG::res dacB::res 37
CS446-1K CS109 dacA::res pbpG::kan dacB::res dacC::res 37
CS448-3K CS109 dacA::res pbpG::kan dacB::res ampH::res 37
CS449-2K CS109 dacA::res pbpG::kan dacB::res ampC::res 37
CS456-1K CS109 dacA::res pbpG::res dacB::res mrcA::kan 38
CS534-1K CS109 dacA::res pbpG::res dacB::kan ampC::res

ampH::res
37

CS545-1K CS109 dacA::res pbpG::res dacB::res dacC::res
mrcA::kan

38

CS703-1K CS109 mrcA::Kan1-862 ampC::res459-2
dacC::res520-1 pbpG::res501-1
ampH::res480-2 dacA::res512-1
dacB::res516-2

38

EC100 F� mcrA �(mrr-hsdRMS-mcrBC)
�80dlacZ�M15 �lacX74 recA1 endA1
araD139 �(ara leu)7697 galU galK �� rpsL
nupG

Epicentre

LCM1-K CS315-1K cell shape suppressor This work
LCM1 LCM1-K dacB::res This work
LCM2-K CS446-1K cell shape suppressor This work
LCM2 LCM2-K pbpG::res This work
LCM3-K CS449-2K cell shape suppressor This work
LCM3 LCM3-K pbpG::res This work
LCM5-K ALM10 ampH::kan This work
LCM5 ALM10 ampH::res This work
LCM10 ALM10 mrcA/yrfE/yrfF::Res460-1 This work
LCM10-K ALM10 mrcA/yrfE/yrfF::Kan460-1 This work
MC1061

�mepA
araD139 �(ara leu)7697 �lacX74 galU galK

hsrR hsrM rpsL mepA::kan [hsr� hsm�]
39

MEL1 ALM10 mepA::kan This work
MEL2 ALM10 ampH::kan mepA::kan (from LCM5) This work
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defects could be accentuated for microscopic analysis. When required,
glucose (0.4%) was added to the medium to suppress gene expression
from plasmids.

FACS and flow cytometry. Because each FACS machine has different
capabilities (42), the settings for analysis and sorting must be determined
empirically. Here, cell sorting was performed by using a BD FACSAria
machine (Becton, Dickinson, Franklin Lakes, NJ). FACSDiva software
was used to analyze the results. Flow cytometry of cells without sorting
was performed on a BD FACSCalibur machine. The results were analyzed
with CELLQUEST software. The FACS machine was run for 5 min with
filtered distilled water to remove residual sodium azide before the sorting
and analytical parameters were set. The machine was sterilized with 10%
bleach for 5 min prior to and after each use, and bleach was removed by
running filtered distilled water through the machine for 5 to 10 min after-
wards.

FACS procedure for isolating E. coli suppressor strain ALM10. A
single colony of CS315-1K from an LB plate was inoculated into 5 ml of
filtered LB broth containing kanamycin (40 �g/ml) and incubated over-
night at 37°C. The overnight culture was diluted 1:100 into 30 ml of
filtered LB broth with kanamycin and incubated at 37°C until the culture
reached an optical density at 600 nm (OD600) of 0.35 to 0.40. Cells were
washed three times by centrifugation in filtered PBS and diluted into
filtered PBS to give a final concentration of �106 cells/ml; this solution
was used for FACS and flow cytometry. For determining shape parame-
ters, 20,000 to 50,000 cells were analyzed for each sample. The resulting
dot plot for the parental strain E. coli CS109 was used to define the sorting
gate that most closely represented the spread of normally shaped cells.
When normally shaped cells were enriched from mutants, 104 to 106 cells
were collected from within the gate, the cells were pelleted by centrifuga-
tion, the supernatant was removed, and the cells were resuspended in 5 ml
of filtered LB broth containing kanamycin. Kanamycin was included in
the growth medium to select for CS315-1K, so as to prevent contamina-
tion by the unmarked CS109 parent. Sorted cells were incubated over-
night at 37°C, diluted 1:100 into 30 ml of filtered LB broth, and incubated
at 37°C until the culture reached an OD600 of 0.35 to 0.40. Simultaneously,
an overnight culture of the strain being enriched but which had not passed
through FACS was diluted 1:100 into filtered LB broth containing kana-
mycin and incubated in the same way; this culture served as a control to be
sure that the FACS procedure and not simply prolonged growth was the
source of any suppressors. The enrichment protocol was repeated once
per day for 5 to 20 enrichment iterations. Each iteration began with the
culture that had been collected and incubated the previous day.

FACS procedure for isolating E. coli suppressor strains LCM1,
LCM2, and LCM3. Cells were incubated overnight at 37°C in 4 ml of LB
broth with appropriate antibiotics. The cultures were then diluted 1:100
into 4 ml of LB broth and incubated at 37°C until the OD600 reached 0.4 to
0.5. Cells (1 ml) were washed twice with filtered PBS and resuspended in 1
ml of filtered PBS. These suspensions were normalized to an OD600 of 0.4,
diluted 1:10 in PBS, and analyzed with a BD FACSCalibur machine or
sorted by using a BD FACSAria machine (University of Arkansas for Med-
ical Sciences [UAMS] Flow Cytometry Core Facility). Detection voltages
were adjusted until the background signal (generated by particles smaller
than bacterial cells) was minimized so that only bacterial cells were being
measured. Preliminary analysis of 20,000 cells was performed using the
BD FACSCalibur. Sorting parameters were defined by comparing the dot
plot of the CS109 population distribution with that of strains containing
PBP deletions. Cells with normal rod shapes were defined by gate P1
because this area represented �40 to 60% of cells in the wild-type popu-
lation but included only �10 to 17% of cells from the mutant popula-
tions. This difference formed the basis for enriching more normally
shaped cells from the mutant populations.

Cells from gate P1 were sorted into a conical tube until 106 cells were
collected. The cells were pelleted by centrifugation for 10 min at 26,000 �
g, resuspended in 3 ml of LB broth containing kanamycin (40 �g/ml), and
incubated overnight at 37°C. This culture was diluted 1:100 into 4 ml of

LB broth and incubated at 37°C until the OD600 reached 0.4 to 0.5. Cul-
tures were prepared for FACS and sorted as described above. This sequen-
tial process of sorting, incubation, and enrichment was continued until a
cell population was generated that exhibited a near-normal population
distribution as defined by that of the parent strain CS109. FACS results
were analyzed by using WinMIDI, version 2.9, software and FlowJo for
Windows, version 7.6.3.

Microscopy. Cells were visualized and photographed as described
previously (41). Briefly, cells in mid-exponential phase were immobilized
on microscopic slides covered with a thin layer of 1% agarose and viewed
by using a Zeiss Axio Imager.Z1 microscope fitted with a 100� EC Plan-
Neofluar oil immersion objective (numerical aperture, 1.3). Cells were
photographed with an Axiocam MRm or SenSys cold charge-coupled-
device (CCCD) camera. Cells were categorized as follows: (i) normal if
they deviated little or not at all from the uniform rod shape of wild-type
cells; (ii) abnormal if they displayed bends, kinks, bumps, or small bul-
bous protrusions; or (iii) branched if they had one or more elongated
protrusions that accounted for one-third or more of the total cell volume.

DNA purification and PCR. DNA was extracted by using a Qiagen
DNeasy Tissue Kit (Qiagen) and was stored at �20°C. DNA primers (Ta-
ble 2) were synthesized by MWG Biotech and used to determine the pres-
ence or absence of genes encoding penicillin binding proteins (PBPs) 4, 5,
6, 6b, or 7 (dacA, dacB, dacC, dacD, or pbpG, respectively) by diagnostic
PCR. PCR was performed by using a Failsafe PCR kit (EpiCentre) and a
2400 Gene Amp thermal cycler (Perkin-Elmer). Incubation temperatures
and duration were matched to individual melting points of each primer,
and the resulting products were analyzed by gel electrophoresis. PCR
products were purified from gel slices by using a Qiagen QIAquick Gel
Extraction Kit and were sequenced by the UAMS DNA Core Sequencing
facility.

Plasmid construction. Plasmid pLCM1 was created as follows. The
wild-type ampH gene was amplified using the primers ampH_EcoRI_FWD
and ampH_HindIII_REV (Table 2). The resulting PCR product and plasmid
pLP8 were digested with EcoRI and HindIII (New England BioLabs). The
fragments were purified by agarose gel extraction using a QIAquick gel
extraction kit and were ligated to one another by using New England
BioLabs Quick ligase. Ligation reaction products were transformed into
chemically competent EC100 cells, and transformants were selected on LB
agar plates containing kanamycin. The ampH gene in plasmids obtained

TABLE 2 Primers

Primer Sequence

dacA 5= GTAGTATGACGGCTCGATTCC
dacA 3= GCCGGGGTTTCTTTTTGACT
dacB 5= GCTTAGTATATGGGGACGGA
dacB 3= CACGGATGTCGTAGTTCA
dacC 5= GTGCGTTATTAATCACCA
dacC 3= TTTCGCGCCATCCGGTTA
dacD 5= CCAGTCTGCTGCAAAAGA
dacD 3= TCCGTAAAAAGAACAGCT
pbpG 5= CAGAGTATCGCCATCCGA
pbpG 3= GCGCGTGAACCACTATCT
ampH_HindIII_REV CAGAGAAGCTTTCAGGACGCGGGGATAACCA
ampH_EcoRI_FWD CTTCAGAATTCAGGAGGACACCACCGTTGAA

ACGTAGTCTGCT
ampH_ala_Fwd CGGTCGTGCGTATTGCTGCACTCACCAAGCT

AATGACC
ampH_ala_Rev GGTCATTAGCTTGGTGAGTGCAGCAATACGC

ACGACCG
ampH_gly_Fwd CGGTCGTGCGTATTGCTGGTCTCACCAAGCT

AATGACC
ampH_gly_Rev GGTCATTAGCTTGGTGAGACCAGCAATACGC

ACGACCG
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from selected transformants was sequenced to rule out the presence of
unwanted mutations.

Plasmids pMEL1 and pMEL2 were created by site-directed mutagen-
esis of pLCM1. Point mutations in the active site of ampH were con-
structed using a QuikChange Lightning Site-directed Mutagenesis kit
(Agilent Technologies). Primers were designed to replace the serine at
position 87 with either alanine or glycine (Table 2) (ampH_ala_Fwd,
ampH_ala_Rev, ampH_gly_Fwd, and ampH_gly_Rev). pLCM1 was am-
plified according to the manufacturer’s instructions for a 9-min extension
time. Following PCR amplification, plasmids were digested with DpnI for
1 h at 37°C and transformed into chemically competent EC100 cells, and
transformants were selected on LB agar plates containing kanamycin (40
�g/ml) and glucose (0.4%). The presence of point mutations was verified
by sequencing.

RESULTS
FACS protocol to isolate cell shape suppressors. Previously, we
established that flow cytometry could detect and quantify cell
shape differences between the rod-shaped cells of E. coli CS109
and the seriously deformed cells of E. coli CS315-1K, a mutant
lacking PBPs 4, 5, and 7 (35). However, those experiments were
performed with cells that had been stained with a fluorescent dye
and fixed before analysis. We wished to develop and apply a fluo-
rescence-activated cell sorting (FACS) procedure to sort and re-
cover unstained live cells to enrich bacterial mutants having al-
tered shapes.

We first confirmed that flow cytometry detected shape differ-
ences between the two E. coli strains described previously (35).
When E. coli CS109 and CS315-1K were grown in filtered LB broth
and analyzed in the absence of added fluorophore, the two popu-
lations could be distinguished from one another by examining the
distribution of forward scattered light (Fig. 1A; see also Fig. S1A in
the supplemental material). (Although side scatter is said to reflect
shape complexity [43], we found that this measure varied less than
forward scatter among E. coli strains, so the results presented here
consist only of forward scatter.) Cells of the parent strain CS109
clustered in a symmetrical peak on a three-dimensional graph
(data not shown) and produced a tight symmetrical peak on the
dot array of the two-dimensional scatter plot, with few cells falling
outside this range (Fig. 1A; see also Fig. S1A). In contrast, the
CS315-1K population was skewed to the right on the x axis (for-
ward-scattered light), indicating that the cells were aberrantly
shaped and possibly larger. Approximately 30% of CS315-1K cells
fell outside the curve defined by the CS109 parent population.
Also, a larger portion of the CS315-1K population displayed a
difference in side-scattered light (the y axis) (Fig. 1D and 1E; see
also Fig. S1A), presumably due to less uniform light scattering
from branched, curved, and aberrant cells. These flow cytometry
results correlated with our visual evaluation that 50 to 60% of
CS315-1K cells were abnormal or branched. The difference in the
two percentages of aberrantly shaped cells may be due to the ad-
dition of aztreonam to the samples we observed by microscopy, a
treatment that inhibits cell division and exaggerates otherwise mi-
nor deformities so that odd shapes can be observed more clearly.
When cells were counted without the addition of aztreonam, the
population of aberrantly shaped cells was between 30 and 40%
(data not shown), similar to the flow cytometry results. Micro-
scopically, the aberrant CS315-1K cells were longer and wider
than average and displayed one or more protrusions or branches
(Fig. 1B and C). In addition, many cells, while having nearly nor-
mal morphologies, were not perfectly symmetrical or uniform

though minor differences were sometimes hard to distinguish vi-
sually.

Conditions for analyzing and sorting bacterial cells by flow
cytometry and FACS were optimized by varying the growth me-
dium, temperature, and stage at which cells were harvested (see
Fig. S1 and S2 in the supplemental material). The optimum pro-
cedure is described in Materials and Methods. Briefly, the largest
shape differences among mutants were detected when cells were
incubated at 37°C in filtered LB broth until the culture reached
exponential phase and an OD600 of 0.35 to 0.40 (see Fig. S1).

Isolation of shape suppressor mutant ALM10. We surmised
that normally shaped cells might arise in a population of shape-
defective E. coli due to the accumulation of one or more suppres-
sor mutations. The nature of these mutations should help define

FIG 1 Flow cytometry reveals shape defects of CS315. (A) Histograms of
forward scatter for cells of CS109 (gray-filled peak) and CS315-1K (black line).
(B and C) Phase-contrast microscopy of cells from CS109 (B) and CS315-1K
(C) cultures that were forced to elongate in the presence of aztreonam to
accentuate shape defects. (D) Scatter plot of 50,000 CS109 cells. The gray box
(P1) delineates the region selected for sorting and contained �40% of the
population. (E) Scatter plot of CS315-1K. The gray box (P1) corresponds to
the selected population in panel D. Cells were collected from this gate to enrich
for mutants that had suppressed the shape defects of CS315-1K.
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the pathways that influence shape determination in rod-shaped
bacteria. Wild-type E. coli CS109 and mutant CS315-1K cells were
analyzed by FACS, and the shape distributions were superim-
posed. A FACS gate was drawn to encompass the CS109 plot area
that had a high density of cells but that was also most distinct from
the plot of CS315-1K (Fig. 2). Cells falling into this zone (gate)
should have normal or near-normal rod shapes. CS315-1K cells
were sorted by FACS, and 106 cells were collected from within this
“normal” gate and amplified by overnight growth. On each sub-
sequent day the culture was subjected to one additional round of
FACS, with enrichment of those cells falling into the normal gate.
Such sequential cultures were sorted and recovered until a new
subpopulation arose that displayed a shape distribution nearly
identical to that of wild-type E. coli CS109. Depending on how the
normal gate was selected (see below), this enrichment procedure
required 4 to 15 iterations. At each time point we treated a parallel
culture of CS315-1K similarly except that the cells were never
sorted by FACS. This served as a control to ensure that any
changes in the shape distribution were due to FACS enrichment
and did not arise as an artifact of repeated rounds of growth in
liquid culture.

After the first round of sorting and regrowth, the dot plot dis-
tribution of the first subpopulation of E. coli CS315-1K (referred
to as CS315-1K-1F, for 1 FACS sort) became less uniform, and the
histogram of the population shifted much further to the right (see
Fig. S3 in the supplemental material). Thus, the first generation of
sorted cells displayed a shape distribution that was more abnormal
than the original mutant from which it was derived. This was
counterintuitive because we expected the enrichment procedure
to produce cells that were shaped more like those of the CS109
parent. However, this phenomenon repeated itself for every mis-
shapen strain we sorted by FACS, indicating that it was a natural

consequence of the sorting process (see also Fig. S3 in the supple-
mental material). We cannot, as yet, explain this phenomenon.

In contrast to the effects observed after the first iteration, cell
populations subjected to further sorting steps became more ho-
mogeneous, and the histogram moved leftward, indicating that
the shapes of an increasing proportion of CS315-1K cells were
becoming more like those of the wild-type parent. This shape
change became most apparent after four or five enrichment cycles,
and it was at this point that the shape distribution began to appear
less aberrant than that of the original CS315-1K mutant (see Fig.
S3 in the supplemental material). However, at this point it was
difficult to verify the existence of a definitive shape change by
visual microscopic examination (data not shown).

After 15 rounds of FACS, the enriched population (CS315-1K-
15F) displayed a shape histogram that was very close to that of the
wild-type strain (Fig. 3; see also Fig. S3). Microscopically, the ma-
jority of the cells had normal rod shapes that were comparable to
those of CS109 cells (Fig. 3F). The uniformity of cell shapes in the
CS315-1K-15F population was most obvious when the cells were
filamented by the addition of aztreonam to accentuate small shape
deformities; very few cells were branched, bent, or kinked (Fig.
3F), as would be expected for cells that had regained a normal rod
shape. Although the CS315-1K-15F population still contained a
small minority of branched or misshapen cells, which were rare or
nonexistent in CS109, the process had enriched a subpopulation
of cells having one or more mutations that suppressed the aber-
rant shapes of CS315-1K.

FIG 2 Selection of the region to be used for sorting wild-type-shaped cells
from a population of CS315-1K. The dot plots of the parental strain CS109 (A)
and the PBP mutant CS315-1K (B) were compared. Side scatter was plotted on
the y axis, and forward scatter was plotted on the x axis. Each point represents
a single cell. A gate (black box) was drawn around a subpopulation in the lower
left quadrant on the dot plot of CS109. CS315-1K cells that fell into this area
were sorted and collected to enrich for normally shaped cells.

FIG 3 Enrichment of normally shaped cells from E. coli CS315-1K after 15
rounds of FACS sorting. (A to C) Histograms of forward light scatter CS109
(A), CS315-1K (B), and CS315-1K-15F (C). This was the population distribu-
tion after 15 rounds of enrichment sorting, and it was from this population
that E. coli ALM10 was isolated. (D to F) Phase-contrast microscopy of cells
treated with aztreonam (5 �g/ml) filaments the cells and accentuates any ab-
normalities: CS109 (D), CS315-1K (E), and CS315-1K-15F (F). The lack of
branching in panel F indicates that the sorted population was enriched for
normal rod-shaped cells.
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In tandem with the stages of FACS enrichment, a control
CS315-1K culture was subjected to the same sequence of proce-
dures but was not sorted. Surprisingly, when these tandem cul-
tures were analyzed by flow cytometry, not only did each popula-
tion not regain a wild-type morphology, but also with each
passage the cell shapes became progressively and dramatically
more irregular than those of the original CS315-1K strain (see Fig.
S4 in the supplemental material). This verified that the near-nor-
mal shapes of the sorted cell population had originated during
enrichment by FACS and did not arise simply because the more
normally shaped cells had overgrown the mutant strain during
continued incubation in liquid culture.

Even though in the majority, the population of putative sup-
pressor mutants was evidently still contaminated by at least a few
abnormally shaped cells. To isolate a pure culture of one suppres-
sor candidate, CS315-1K-15F cells were streaked for isolation, iso-
lated colonies were inoculated into filtered LB broth, and their
shape distributions were determined by flow cytometry. Micro-
scopic examination of the CS315-1K-15F population indicated
that about two-thirds of the cells were morphologically normal
rods, leading us to expect that a similar fraction of purified colo-
nies would produce FACS distributions nearly indistinguishable
from those of CS109. In fact, the shape distributions of about
two-thirds of the screened colonies were similar to those of CS109
(see Fig. S5 in the supplemental material), with some distributions
even more compact and uniform than those of CS109 (see, Fig. S5,
colony 1). A single colony of this type was chosen as a representa-
tive suppressor mutant and was renamed E. coli ALM10. The re-
maining third of the colonies yielded populations whose shape
distributions were virtually identical to those of the shape-defec-
tive mutant CS315-1K (see, Fig. S5, colony 2), indicating that the
enriched CS315-1K-15F population was not pure but still con-
tained some misshapen cells.

The putative shape suppressor E. coli ALM10 was inspected by
microscopy after growth in the presence of aztreonam to amplify
shape defects. ALM10 formed straight filaments of uniform diam-
eter like those formed by strain CS109. In contrast, the unsorted
parent, CS315-1K, formed filaments with irregular diameters and
branches (Fig. 3; see also Fig. S6 in the supplemental material).
The results confirmed that ALM10 cells had regained a morpho-
logically normal rod shape. The growth rate of ALM10 was more
similar to that of CS315 than to that of CS109 (see Fig. S7) though
none of these growth rates differed significantly from one another.
To ensure that ALM10 was not a contaminant, such as might
occur if the original parent CS109 had been reintroduced during
FACS enrichment, diagnostic PCR was performed, and we con-
firmed that ALM10 retained the three mutations (�dacB, �dacA,
and �pbpG) present in CS315-1K. Thus, the mutations responsi-
ble for the shape defects of CS315-1K were still present in ALM10,
indicating that the latter strain must carry one or more suppressor
mutations that can reverse the morphological effects caused by the
absence of PBPs 4, 5, and 7.

Isolation of shape suppressor mutants LCM1, LCM2, and
LCM3. The procedure described above required 15 consecutive
rounds of FACS before a population arose that was highly en-
riched for normally sized, rod-shaped cells. To isolate suppressors
in fewer enrichment steps, we maximized the selection of nor-
mally shaped cells and minimized contamination by aberrantly
shaped cells by using a more circumscribed collection gate. This
gate, P1, was located in the upper left portion of the dot plot

(Fig. 1D and E). As before, cells falling within the gate were en-
riched by sequential rounds of sorting and growth.

After the first sorting the population distribution shifted to the
right on the x axis, indicating that cell shape was more diverse in
this first subpopulation (Fig. 4B). However, during subsequent
sorts the histogram shifted rapidly leftward and became more like
that generated by wild-type cells (Fig. 4C to E). By using the re-
vised selection gate, only four rounds of FACS enrichment were
required to bring the population distribution of CS315-1K into
line with that of CS109 (Fig. 4; Table 3, compare experiment 2
with experiment 1), indicating that the population was dominated
by cells with more normal shapes. More than half of the colonies
isolated from this population produced cells whose shape distri-
butions were virtually identical to those of CS109 (Fig. 5A, C, and
E), while cells from the remaining colonies exhibited the abnor-
mal shape distribution of the CS315-1K parent (Fig. 5B and D).
Cells with CS109-like distributions had normal rod shapes upon
visual inspection (data not shown). Also, when putative suppres-
sor mutants were filamented in the presence of aztreonam, the
cells produced uniform filaments with no (or very few) branches
or protrusions, like those of similarly treated CS109 cells (Fig. 6B
and J). In contrast, cells from the nonsorted CS315-1K control
were highly abnormal and displayed extreme shape defects (data
not shown; see also Fig. S8 in the supplemental material). One
suppressor candidate was chosen for further analysis and desig-
nated E. coli LCM1. Using the more restrictive sorting gate, two

FIG 4 Enrichment of mutant LCM1, which suppresses abnormal cell shape
after four iterations of FACS. The histogram distribution of forward light
scatter from wild-type E. coli CS109 is represented on every graph (gray-filled
peak). The black line in each graph reflects the shape distribution of E. coli
CS315-1K at the start of the experiment (A) and after one (B), two (C), three
(D), and four (E) enrichments by FACS.
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additional enrichments were performed by starting with E. coli
CS446-1K (Fig. 6G and 7A) and CS449-2K (Fig. 6H and 7B). After
only four enrichment steps, CS446-1K produced the suppressor
mutant LCM2 (Fig. 6C and K and 7A; Table 3, experiment 5) and
enrichment from CS449-2K produced the suppressor LCM3 (Fig.
6D and L and 7B; Table 3, experiment 7). All three suppressor
strains (LCM1, LCM2, and LCM3) grew at essentially the same
rates as their parents (see Fig. S7A to C in the supplemental ma-
terial), and the generation times did not vary significantly from
the CS109 generation time (see Fig. S7D), indicating that changes
in growth rate were not responsible for shape suppression.

Thus, the revised procedure reduced the number of required
enrichment steps from 15 to 4 rounds of sorting for isolating can-
didate suppressor mutants and generated three additional inde-
pendent shape suppressor mutants.

Shape suppression is limited to certain PBP mutants. Shape
suppressor mutants were generated first from E. coli CS315-1K,
which lacks PBPs 4, 5, and 7. However, removing additional PBPs
from this strain produces mutants with greater numbers of mor-
phological abnormalities (37). We hypothesized that three scenar-
ios might occur if we attempted to enrich for shape suppressors by
starting with a mutant lacking additional PBPs. First, the same
suppressor mutation(s) might be isolated in each case (e.g., if the
suppressors bypassed the need for low-molecular-weight [LMW]
PBPs by creating an alternate mechanism for controlling cell
shape). Second, new mutations might be isolated (e.g., if the sup-
pressors created different bypass mechanisms). Third, by deleting
increasing numbers of PBPs, there might come a point at which no
further suppressor mutations could be isolated (e.g., if one or
more LMW PBPs was required for shape suppression).

To determine which of these scenarios might apply, we at-
tempted to use FACS to enrich shape suppressor mutants from E.
coli CS703-1K, which lacks seven PBPs (the high-molecular-
weight [HMW] PBP1A, the two D,D-carboxypeptidase PBPs 5 and
6, the three endopeptidase PBPs 4 and 7 and AmpH, and the class

C 	-lactamase AmpC). No near-normal suppressor mutants were
isolated from CS703-1K even after 15 consecutive rounds of FACS
enrichment (Fig. 7C; Table 3, experiments 11 and 12). In contrast,
as described above, suppressors were isolated from CS315-1K af-
ter only four rounds of enrichment. The results suggested that
CS703-1K was unable to compensate for the loss of one or more of
the four PBPs beyond those absent from CS315-1K. We also failed
to isolate suppressors from strains CS534-1K and CS545-1K,
which lacked five of these PBPs in different combinations (Table
3, experiments 9 and 10). Thus, one of four PBPs (PBP1A, PBP6,
AmpC, or AmpH) appeared to be involved in the shape suppres-
sion pathway. We therefore attempted to enrich suppressor mu-
tants from strains lacking one additional PBP in addition to the
PBPs absent from CS315-1K. In two cases, E. coli CS446-1K
(�PBP6) (Table 3, experiment 5) and CS449-2K (�AmpC) (Table
3, experiment 7) shape suppressors were isolated easily after five
rounds of sorting (Fig. 7A and B, respectively). Thus, neither PBP6
nor AmpC was involved in generating shape suppressors. In con-
trast, in each of two other strains, E. coli CS456-1K (�PBP1A)
(Table 3, experiment 6) and CS448-3K (�AmpH) (Table 3, exper-
iment 8), no suppressor mutants were isolated after four to six
rounds of FACS enrichment (Fig. 7D and E, respectively).

We noted that the shape distribution of cells derived from
CS456-1K (�PBP1A) shifted slightly toward the parental distribu-
tion after the final enrichment step (Fig. 7D). However, every
colony isolated from this enriched population was composed of
cells that were as aberrantly shaped as the starting PBP mutant
(n 
 15) (see Fig. S9 in the supplemental material for a represen-
tative example). Cells from strains lacking PBP1A are slightly
smaller than those of the wild-type E. coli (44; also S. Kannan and

FIG 5 Cell shape distributions of individual isolates after enrichment for
shape suppressor mutants from CS315-1K. These suppressor strains were sup-
pressor 311 (A), suppressor 312 (B), suppressor 315 (C), suppressor 316 (D),
and suppressor LCM1 (E). Overall, approximately half of the tested colonies
recovered normal rod cell shape (exemplified by the strains depicted in panels
A, C, and E). The S312 and S316 isolates remained abnormally shaped when
grown in isolation.

TABLE 3 Principle PBP mutants and the number of FACS iterations
required to isolate cell shape suppressors

Expt
no.a Strain PBPs deleted

No. of FACS
iterations

Suppressor
isolatedb

1 CS315 4, 5, 7 15 � (ALM10)
2 CS315 4, 5, 7 4 � (LCM1)
3 CS315 4, 5, 7 6 �
4 CS315 4, 5, 7 5 �
5 CS446 4, 5, 6, 7 4 � (LCM2)
6 CS448 4, 5, 7, AmpH 7 �
7 CS449 4, 5, 7, AmpC 4 � (LCM3)
8 CS456 1A, 4, 5, 7 6 �
9 CS534 4, 5, 7, AmpC,

AmpH
9 �

10 CS545 1A, 4, 5, 6, 7 9 �
11 CS703 1A, 4, 5, 6, 7, AmpC,

AmpH
4 �

12 CS703 1A, 4, 5, 6, 7, AmpC,
AmpH

15 �

a Each experiment is independent experiment. The least restrictive sorting gate was
used in experiment 1. All other experiments were performed with the more
circumscribed and more efficient sorting gates described in the text.
b �, shape suppressors were generated; �, shape suppressors were not generated. Strain
names for suppressor mutants discussed in the text are given in parentheses.
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K. D. Young, unpublished results), and this reduced cell size may
explain why cells with deformed shapes had light-scattering prop-
erties similar to those of wild-type E. coli. In any event, the results
support the contention that PBP1A and AmpH are active in the
shape-suppressing pathway.

D,D-Endopeptidase activity is important for suppressing cell
shape aberrations. The first candidate that might play a role in
shape suppression, PBP1A, is a bifunctional HMW PBP pepti-
doglycan polymerase and could perhaps alter bacterial morphol-
ogy during the normal course of cell elongation. However, when
we deleted mrcA, which encodes PBP1A, from ALM10 and the
other suppressor strains, there was little effect on cell shape other
than an �5% decrease in average cell width or length (data not
shown; see also Fig. S10 in the supplemental material). These data
are consistent with PBP1A being required during the generation
of shape suppressors but not in the shape suppression pathway
per se.

AmpH, the second candidate, is closely related to the well-
characterized 	-lactamase AmpC, and both proteins play some
role in the genesis or maintenance of bacterial cell shape (45).
When ampH was deleted from the suppressor strain ALM10, cells
of the resulting strain, LCM5-K, were slightly more aberrant as
measured by flow cytometry (see Fig. 9A; see also Fig. S10 in the
supplemental material), indicating that the loss of AmpH partially
reduced shape suppression in this strain. The morphological effect
was more obvious when cells were treated with aztreonam for one
mass doubling (Fig. 8), but the abnormalities were difficult to
confirm by microscopy alone because the number of abnormali-

ties was about the same in each strain (data not shown). The same
subtle increase in cell shape abnormalities was also observed when
ampH was deleted from the suppressor strains LCM1, LCM2, and
LCM3 (data not shown). Even though the morphological effects
of removing AmpH were fairly small, shape suppression was re-
stored in LCM5 by expressing ampH in trans (Fig. 8B and C; see
also Fig. S10C and D in the supplemental material). AmpH could
exert its morphological effect by playing either an enzymatic or
structural role. To distinguish between these alternatives, we re-
placed the conserved active-site serine and found that the inactive
protein no longer suppressed shape defects when expressed in
trans in LCM5 (Fig. 8D; see also Fig. S10E). This confirmed that
AmpH was required for full shape suppression and indicated that
the mechanism of suppression depended on the ability of AmpH
to act on peptidoglycan side chains, either as an endopeptidase or
D,D-carboxypeptidase.

AmpH is a dual-function D,D-carboxypeptidase/D,D-endopep-
tidase, with the endopeptidase activity predominating, and its ac-
tivity and substrate requirements are similar to those of the endo-
peptidases PBP4 and MepA (46). This suggested that shape
suppression might depend on the presence of at least one of these
endopeptidases. Of the four known peptidoglycan endopepti-
dases in E. coli (PBP4, PBP7, AmpH, and MepA), only MepA
remained in strain LCM5 (ALM10 ampH), and its shape distribu-
tion was slightly more aberrant than that of its suppressor parent,
ALM10 (in which both MepA and AmpH were active) (Fig. 8A),
implying that AmpH had some effect on cell shape. On the other
hand, the shape distribution of strain MEL1 (ALM10 mepA), in

FIG 6 Cell shape distribution and microscopy of cell shape suppressor mutants isolated after FACS enrichment. (A to D) The gray-filled peaks represent the
shape distribution of E. coli CS109 cells. The unfilled black line in each graph is the shape distribution of the following suppressor mutants: ALM10 (A), LCM1
(B), LCM2 (C), and LCM3 (D). (E to L) Phase-contrast microscopy of the following suppressor mutants (cell division was inhibited by adding 5 �g/ml
aztreonam, to enhance shape abnormalities): CS109 (E), CS315-1 (F), CS446-1 (G), CS449-2 (H), ALM10 (I), LCM1 (J), LCM2 (K), and LCM3 (L).
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which AmpH remained active, was approximately the same as that
of ALM10 and slightly less aberrant than that of LCM5, which
lacked AmpH (compare Fig. 9A and B). These findings were sup-
ported by microscopy: MEL1 (ALM10 mepA) exhibited �8% ab-
normally shaped cells, whereas ALM10 and LCM5 (ALM10
ampH) contained �13% imperfectly shaped cells (data not
shown). When both AmpH and MepA were removed from
ALM10, the resulting strain (MEL2) exhibited an increased level
of cell shape deformities, as measured by flow cytometry (Fig. 9C).
This result was also confirmed by microscopy, in that MEL2 (lack-
ing AmpH and MepA) exhibited �26% abnormally shaped cells
whereas only �7% of ALM10 cells were imperfectly rod shaped.
(For these purposes, an abnormally shaped cell was defined as one
having an abnormal division site, branched ends, bent ends, or a
curved or spiral shape, plus those that were abnormally long. Cells
with slightly pointed ends, lysed cells, or those with blebs were not
included.) Overproducing either AmpH or MepA in the original
aberrant parent, CS315-1, did not reduce the shape defects of this
strain, indicating that the strongest effects occurred in the sup-
pressor strain. The results suggested that the presence of either
AmpH or MepA could partially compensate for the loss of the
other but that the loss of both seriously reversed the shape sup-

pression pathway in strain ALM10. Overall, the results confirm
that AmpH plays a role in shape maintenance and suggests that the
D,D-endopeptidases in general are important contributors to cel-
lular morphology.

Finally, the mutations present in each suppressor strain are
under investigation and will be reported and characterized more
fully at a later date. However, by genomic and directed DNA se-
quencing, we do know that the suppressor mutations are not in or
near the ampH or mepA gene, nor are the mutations in or near any
other known PBP gene (data not shown). Thus, the suppression
mechanism does not involve changes in the promoter or coding
regions of the PBP genes.

DISCUSSION

Cell sorting by FACS is a potentially powerful tool for isolating
and characterizing mutants with novel morphological pheno-
types. This technology enabled us to isolate the first-ever suppres-
sor mutants from three aberrantly shaped E. coli strains lacking
different sets of peptidoglycan-modifying enzymes. Preliminary
characterization of these mutants led us to conclude that the en-
dopeptidase AmpH plays a role in at least one morphological sup-

FIG 7 Enrichment of mutants that suppress abnormal cell shape in strains lacking different combinations of PBPs. The upper graph in each column is the shape
distribution of the parental strain CS109 (gray-filled peak) and of the mutant to be sorted (black line), as determined by flow cytometry on the first day of the
experiment, prior to sorting. Distribution curves below the first graph in each column represent the shape distributions for each mutant as sorting progressed.
The number attached to each line denotes the number of times the mutant had been sorted before being analyzed by flow cytometry. In each column, the vertical
dotted line corresponds to the location of the distribution peak of the parent, CS109. The following mutants were sorted (PBPs deleted from each strain are in
parentheses): CS446-1K (PBPs 4, 5, 6, and 7) (A), CS449-2K (PBPs 4, 5, and 7 and AmpC) (B), CS703-1K (PBPs 1A, 4, 5, 6, and 7, AmpC, and AmpH) (C),
CS456-1K (PBPs 1A, 4, 5, and 7) (D), and CS448-3K (PBPs 4, 5, and 7 and AmpH) (E). During this experiment, the shape distribution of the CS109 wild-type
strain varied somewhat from the peak position shown on day 1 (which is the reason we run this control every time). Therefore, to illustrate the failure of CS448-3K
to return to normal shape, the CS109 distribution (gray-filled peak) is presented for the third and sixth sorts.
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pression pathway and that the loss of MepA undermines cell shape
in this suppressor as well.

Cell sorting as an enrichment strategy. The generation and
study of bacterial morphological variation have been hampered
somewhat by the technical bottleneck of manual microscopy.
Even so, new and intriguing morphological mutants have been
isolated by the sheer willpower of brute force visual screening (8,
9, 47), whereas others have been detected by culling through can-
didates collected after antibiotic selection, followed by semiauto-
mated microscopy and analysis (48, 49). The latter technique
could be adapted to search for morphological mutants, though as
currently practiced only 48 isolates are visualized per individual
microscope slide (49–51). In either case, whether by eye or en-
hanced by automation, screening by microscopy continues to be
relatively arduous and entails a significant time investment. On
the other hand, FACS can separate bacterial cells on the basis of
light scatter or fluorescence and can therefore screen hundreds of
thousands to millions of cells in less than an hour. Previously, we
showed that flow cytometry could detect slight shape alterations
in stained bacteria (35). Here, we employed the sorting capability
of FACS to detect morphological differences among live organ-
isms and to enrich for normally shaped cells from among a pop-
ulation of aberrantly shaped bacteria, illustrating the utility of this
approach.

As powerful as these tools may be, the following caveats and
warnings should be kept in mind when bacterial shape is analyzed
by flow cytometry or when cells are sorted via FACS. First, cell

sorting is an enrichment procedure and not an all-or-none selec-
tion process. Therefore, visualization by microscopy is still re-
quired to confirm the existence of appropriate mutants. Nonethe-
less, the technique increases the types of mutations that can be
isolated and reduces enormously the numbers of candidates to be
confirmed by microscopy. Second, what is being measured is light
scatter, which is only an indirect measure of morphology because
it is affected by cell length, width, gross shape, and possibly chem-
ical composition. For example, harvesting cells at different points
in the growth curve produced cells with different degrees of light
scatter. Most of these differences were due to changes in cell length
over the course of incubation, especially as the cells moved out of
lag phase or into stationary phase, but alterations in light scatter
also accompanied changes in optical density during the exponen-
tial phase as well. This means that experimental and reference
strains must be collected under similar growth conditions, ideally
on the same day from the same medium and at the same time.
Notwithstanding this caveat, such sensitivity to small shape fluc-
tuations is also an asset. Carefully employed, flow cytometry can
detect morphological effects that may be difficult or impossible to
identify by routine visualization, as we showed previously to be
true for minor shape changes accompanying the loss of PBP5 from
E. coli (35).

A third important consideration is the selection of the gate (the
sorting window) from which cells are collected by FACS. Our first
attempts to define a sorting gate for enriching normally shaped
cells resulted in the need for 15 rounds of sorting and reincubation
before a population arose in which about 50% of the cells had a
uniform rod-like morphology. However, revising the gate en-
riched suppressor mutants after as few as four iterations of sorting.
This undoubtedly has the added advantage of reducing the num-
ber of extraneous mutations that may arise. Also, the sorting gate
can be chosen to enrich for cells having other phenotypes. For
example, although we enriched wild-type-shaped cells from
among a pool of cells with abnormal morphologies, we also de-
fined selection gates to collect cells with shapes that were even
more aberrant than those in the starting population (unpublished
results). The addition of fluorescent probes may further expand
the sorting options.

Finally, as hard as we tried, we found that a single round of
sorting was not sufficient to produce a useful enrichment. A par-

FIG 9 Simultaneous removal of the AmpH and MepA endopeptidases in-
creases cell shape abnormalities. (A) Gray-filled histogram, ALM10 shape dis-
tribution; black curve, LCM5 (ALM10 �ampH) shape distribution. (B) MEL1
(ALM10 �mepA) shape distribution. (C) MEL2 (ALM10 �ampH �mepA)
shape distribution. In all panels, the vertical dashed line marks the peak of the
ALM10 cell shape distribution.

FIG 8 The absence of AmpH from the suppressor strain ALM10 increases
cell shape deformities. In each graph, the gray-filled curve represents the nor-
mal shape distribution of strain ALM10, and the black unfilled curve repre-
sents shape distribution of strain LCM5 (ALM10 �ampH) with or without
additional cloned genes. The vertical dashed line marks the peak of the ALM10
distribution in each graph. In panel B, ALM10 also contains the empty plasmid
vector pLP8. For each strain, cell division was inhibited by adding aztreonam
(5 �g/ml) for one mass doubling prior to flow cytometry to accentuate any
shape differences. Strains were as follows: ALM10 and LCM5 (A), LCM5 pLP8
(vector) (B), LCM5 pLCM1 (expressing wild type AmpH) (C), and LCM5
pMEL1 (expressing active-site mutant AmpHS87A) (D).
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ticularly curious observation was that after a single sort, the result-
ing population displayed cell shapes that were worse than the orig-
inal even though the cells were collected from a subpopulation
that were ostensibly more like wild-type rods. This phenomenon
occurred every time we selected cells (well over a dozen times), but
we still have no good theory to explain it.

Endopeptidase requirement for suppressing aberrant
shapes. Using the FACS-based enrichment strategy, we isolated
four mutants that suppressed abnormal cell shapes in three strains
lacking different combinations of low-molecular-weight PBPs.
The characterization of these suppressors will be reported else-
where. However, we did find that two peptidoglycan endopepti-
dases, AmpH and MepA, are involved in the mechanism of sup-
pressing shape abnormalities in at least one of these strains.
Removing AmpH from any of the four suppressor strains pro-
duced cells with increasingly abnormal shapes, and removing both
AmpH and MepA returned ALM10 to being almost as oddly
shaped as its original parent, CS315-1. In addition, we could not
isolate suppressor mutants if AmpH was removed from CS315-1,
implying that this protein was required to generate the suppres-
sion pathway in the first place. Tellingly, the enzymatic activity of
AmpH was required for suppression because modifying its active
site prevented complementation of the shape defects.

AmpH is primarily a peptidoglycan D,D-endopeptidase,
though it can also act as a D,D-carboxypeptidase (46). The fact that
MepA is also involved strongly implies that it is the endopeptidase
activity that helps suppress abnormal shapes in strain ALM10.
Consistent with this enzymatic activity, removing these two en-
zymes from ALM10 increased the number of cross-linked muro-
peptides in peptidoglycan, as well as the amount of pentapeptides
and anhydro-muropeptides (M. E. Laubacher and M. de Pedro,
unpublished results). Previous results lead us to hypothesize that
increasing amounts of pentapeptide were (somehow) responsible
for creating aberrantly shaped E. coli cells (14, 52), perhaps by
altering the geometry of the FtsZ ring so as to produce asymmetric
septation (20). The data presented here are consistent with that
interpretation because an increase in pentapeptides accompanied
the reappearance of shape defects when ampH and mepA were
deleted from strain ALM10. An alternate interpretation is that in
this suppressor strain, the endopeptidases must cleave certain
peptidoglycan cross-links to maintain a normal rod shape. In fact,
in the ampH mepA mutant, the number of cross-linked muropep-
tides increased, as would be expected. Also, the number of cross-
linked glycan chain ends increased, and the average glycan chain
length became shorter (Laubacher and de Pedro, unpublished).

Huang et al. predicted that a mechanism that breaks selected
bonds within the peptidoglycan can affect the geometric unifor-
mity of the cell wall (53), which suggests one way that D,D-endo-
peptidases might contribute to maintenance of cell shape. Exper-
imental support for such an endopeptidase-cell shape connection
comes from finding that similar D,D-endopeptidase/D,D-carboxy-
peptidase enzymes are required to create the normal helical shape
of H. pylori (8, 9, 54). If a similar mechanism is at work in the E. coli
suppressor mutants described here, then the combined endopep-
tidase activities of AmpH and MepA are evidently able to compen-
sate for the absence of PBPs 4 and 7, the other known endopepti-
dases. However, when PBPs 4 and 7 and AmpH are removed, then
MepA by itself must not be able to support the efficient generation
of suppressor mutants.

The role of PBP1A. Strains lacking PBP1A were unable to gen-

erate suppressor mutants, but deletion of the gene encoding
PBP1A from the ALM10 suppressor did not create a grossly mis-
shapen strain. If PBP1A had been required for continued opera-
tion of the suppression pathway, then these cells should have be-
come much more aberrant. That they did not suggests that PBP1A
might be required to generate the original suppressor mutation
but that the protein may not be needed to maintain cell shape once
the relevant mutation is in place. This suggests that generating a
new cell shape and maintaining that shape could require different
functions. The current results imply that AmpH is needed to gen-
erate and maintain a new cell shape but that PBP1A is important
only for generating the shape suppressor, though what the latter
function might be is unclear.

Summary. By experiment and in theory, anything that pro-
motes, inhibits, speeds up, delays, or reorients FtsZ polymeriza-
tion can regulate cell length or alter gross cell shape (1, 14, 20,
22–24). In addition, cell size or width can be changed by subtle
mutations in the machinery responsible for elongating bacterial
cells (47, 48). It is quite likely that bacterial morphology will be
affected or regulated by currently unknown, less conspicuous
mechanisms and routes. However, identifying these new mecha-
nisms will be complicated by the very nature of the phenotype,
which demands a heavy emphasis on visual screening. Here, we
show that flow cytometry and FACS sorting are underutilized but
powerful tools for measuring, separating, and collecting individ-
ual bacterial cells based on morphological differences. By pursu-
ing a similar approach, N. Salama and colleagues (Fred Hutchin-
son Cancer Research Center) have also sorted bacterial cells on the
basis of forward- and side-scattered light to enrich for H. pylori cell
shape mutants having different cell curvatures (N. Salama, per-
sonal communication). These observations confirm that the strat-
egy will be useful for asking morphological questions in multiple
organisms. In short, the ability of FACS to detect, quantify, and
enrich mutants that affect cell shape promises to become a valu-
able tool in identifying new types of morphological pathways and
effectors.
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