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Loss of Pod] in Agrobacterium tumefaciens Leads to Ectopic Polar
Growth, Branching, and Reduced Cell Division

James C. Anderson-Furgeson, John R. Zupan, Romain Grangeon, Patricia C. Zambryski
Department of Plant and Microbial Biology, University of California, Berkeley, California, USA

ABSTRACT

Agrobacterium tumefaciens is a rod-shaped Gram-negative bacterium that elongates by unipolar addition of new cell envelope
material. Approaching cell division, the growth pole transitions to a nongrowing old pole, and the division site creates new
growth poles in sibling cells. The A. tumefaciens homolog of the Caulobacter crescentus polar organizing protein PopZ localizes
specifically to growth poles. In contrast, the A. tumefaciens homolog of the C. crescentus polar organelle development protein
Pod] localizes to the old pole early in the cell cycle and accumulates at the growth pole as the cell cycle proceeds. FtsA and FtsZ
also localize to the growth pole for most of the cell cycle prior to Z-ring formation. To further characterize the function of polar
localizing proteins, we created a deletion of A. tumefaciens pod] (pod] ,,). Apod] ,, cells display ectopic growth poles (branching),
growth poles that fail to transition to an old pole, and elongated cells that fail to divide. In Apod] ,, cells, A. tumefaciens PopZ-
green fluorescent protein (PopZ,-GFP) persists at nontransitioning growth poles postdivision and also localizes to ectopic growth
poles, as expected for a growth-pole-specific factor. Even though GFP-PodJ ,, does not localize to the midcell in the wild type, deletion
of pod] ., impacts localization, stability, and function of Z-rings as assayed by localization of FtsA-GFP and FtsZ-GFP. Z-ring defects
are further evidenced by minicell production. Together, these data indicate that Pod] ,, is a critical factor for polar growth and that
Apod] ,, cells display a cell division phenotype, likely because the growth pole cannot transition to an old pole.

IMPORTANCE

How rod-shaped prokaryotes develop and maintain shape is complicated by the fact that at least two distinct species-specific
growth modes exist: uniform sidewall insertion of cell envelope material, characterized in model organisms such as Escherichia
coli, and unipolar growth, which occurs in several alphaproteobacteria, including Agrobacterium tumefaciens. Essential compo-
nents for unipolar growth are largely uncharacterized, and the mechanism constraining growth to one pole of a wild-type cell is
unknown. Here, we report that the deletion of a polar development gene, podJ ,,, results in cells exhibiting ectopic polar growth,
including multiple growth poles and aberrant localization of cell division and polar growth-associated proteins. These data sug-

gest that PodJ ,, is a critical factor in normal polar growth and impacts cell division in A. tumefaciens.

C ell wall synthesis generally occurs in two modes in well-stud-
ied Gram-negative rod-shaped bacteria such as Escherichia
coli. For division, cell wall peptidoglycan synthesis occurs at the
midcell, resulting in septation. A protein complex called the divi-
some is responsible for septal peptidoglycan synthesis. The tubu-
lin homolog FtsZ and the actin-like FtsA are essential for divisome
structure and function. In model rod-shaped bacteria, the local-
ization of these proteins at the midcell ensures equal division into
two daughter cells (1). Additionally, rod-shaped bacteria must
elongate prior to the subsequent division. This second mode of
cell wall synthesis involves uniform insertion of new peptidogly-
can throughout the length of the sidewall of the rod cell and is
accomplished by a protein complex called the elongase (2—4).
Members of the alphaproteobacterial order Rhizobiales, such
as Agrobacterium tumefaciens, undergo cell division at the midcell
and encode most of the known divisome components (5). How-
ever, these bacteria produce new peptidoglycan material for elon-
gation in a remarkably different manner involving a single pole of
the bacterial cell (6). Peptidoglycan synthesis at the growth pole
occurs by a mechanism that maintains rod shape and is similar to
the growth mode of Streptomyces and Mycobacterium species (7—
10). Once the Agrobacterium cell has elongated sufficiently, cell
wall synthesis machinery ceases activity at the growth pole and
begins activity at the division site (5, 11). New growth poles in
daughter cells arise at the poles created by division (11, 12). Fi-
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nally, these organisms lack homologs of most of the elongase com-
ponents, found in well-studied bacteria such as Escherichia coli or
Caulobacter crescentus (5).

Unipolar growth in A. tumefaciens necessitates the develop-
ment and maintenance of polar asymmetry by spatial and tempo-
ral regulation of the machinery involved in the creation of new cell
envelope material. Remarkably, A. tumefaciens cell division pro-
teins are possibly involved in polar growth, as hallmark cell divi-
sion proteins such as FtsA and FtsZ localize to the growth pole
during polar growth and subsequently localize to the midcell dur-
ing division (5, 12, 13). As the cell approaches division, elongation
at the growth pole stops and this pole transitions to an old pole (5,
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11, 12). Therefore, polar growth must be negatively regulated dur-
ing the switch to becoming an old pole.

To further understand A. tumefaciens polar growth and to
identify molecular players in pole identity, we are studying the
localization patterns of proteins known to play roles in polar de-
velopment in other alphaproteobacteria (14, 15). Though some
alphaproteobacteria, such as C. crescentus, do not grow through
unipolar growth, polar asymmetry and development are a noted
feature of their cell cycles. Several C. crescentus gene products are
asymmetrically localized in a cell-cycle-dependent fashion to af-
fect these developmental processes. One polar localizing protein,
C. crescentus PopZ (PopZc,), is required for development of the
flagellated pole into the stalked pole and for chromosome segre-
gation (14, 16-18). Another gene product, PodJCc, functions in
development of polar organelles such as pili, flagella, and the ad-
hesive holdfast (15) and is involved in the polar localization of cell
cycle regulators such as PleC (15, 19). In Sinorhizobium meliloti
(RM1021), which grows through unipolar elongation like A. tu-
mefaciens (11), deletion of S. meliloti (RM1021)-specific pod]1 al-
ters cell morphology, flagellar motility, cell envelope composition,
and localization of cell-cycle-regulating factors such as DivK (20).

Putative homologs of PodJ. and PopZ. were recently char-
acterized in A. tumefaciens (21). While A. tumefaciens PopZ
(PopZ,,) localizes exclusively to growing poles, green fluorescent
protein (GFP)-Pod] ,, localizes predominantly to the old pole and
accumulates at the growth pole late in the cell cycle as the growth
pole transitions into an old pole (21); thus, we suggested that
Pod]J ., may determine old pole identity in A. fumefaciens. To fur-
ther test the role of A. tumefaciens-specific Pod]J ., in orchestrating
polar development, we created an A. tumefaciens pod] (pod],,)
deletion. Indeed, deletion of this gene resulted in ectopic growth
poles and cell division defects that dramatically altered cell mor-
phology. Notably, PopZ,, localized to ectopic poles in the pod],,
deletion and the cell division proteins FtsA and FtsZ localized to
division sites that failed to septate. Together, these data suggest
that Pod] ,, is a critical factor in normal polar growth and that its
absence impacts cell division.

MATERIALS AND METHODS

Strains and cell growth conditions. Strains used in this study are listed in
Table S1 in the supplemental material. A. tumefaciens strain C58 contain-
ing pTiC58 (22) was transformed with the relevant plasmids and grown in
LB medium at 28°C. LB medium with low salt (LBLS medium) and pep-
tone-yeast extract (PYE) media were prepared as described previously
(20). For time-lapse experiments, overnight cultures were diluted to 10
cells/ml and grown for 4 to 5 h before imaging. Lactose-inducible expres-
sion was achieved by adding 2.5 mM IPTG (isopropyl-B-p-thiogalacto-
pyranoside) to cultures.

Flagellar motility assay. Flagellar motility assays were performed on
semisolid LB medium with 0.3% agar plates. Small colonies grown on
regular LB agar plates were picked with sterile thin P200 pipette tips. The
pipette tips were submerged into the semisolid agar and imaged after 2
days of incubation at 28°C.

Spot titer growth assay. Cells were grown overnight in LB at 28°C,
centrifuged, resuspended at 108 cells/ml in the different media, and then
grown for 4 to 5 h at 28°C. Cell suspensions were then diluted in a series of
10-fold dilutions in the same growth medium. Ten microliters of cell
suspension for each dilution was spotted on plates. Plates were incubated
for 2 days at 28°C and imaged.

Molecular cloning and strain construction. Standard molecular
cloning techniques were used to construct strains (23). The Apod] ,, strain
was constructed by transforming C58 with pJZ237, selecting for a single
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crossover into the genome by growing on carbenicillin, and then selecting
for a second recombination by growth on sucrose. pJZ237 (see Table S1 in
the supplemental material) is derived from a vector created by cloning the
Bacillus subtilis sacB gene conferring sucrose sensitivity (24) into a Sacl site
in the Stratagene pBluescript II SK vector, which cannot replicate in A.
tumefaciens. The deletion of pod] ,, was verified by PCR and sequencing.

Time-lapse microscopy. B04A microfluidic plates were used with the
CellASIC Onix microfluidic system. Plates were flushed with LB with
appropriate antibiotics and inducer for 30 min at 4 Ib/in”. Cells (100 .l at
3 X 10° cells/ml) were loaded into the microfluidics chamber from a
suspension at 3 X 10° cells/ml and perfused with LB with appropriate
antibiotics and inducer. Cells were imaged in a chamber with a ceiling
height of 0.7 pm for 3 to 4 h. Cells were then imaged on an Applied
Precision DeltaVision deconvolution fluorescence microscope. Images
were processed using Fiji software.

Fluorescence microscopy. Cells were grown in LB overnight, diluted
in LB with IPTG, and grown for 4 h. Slides with agarose pads (1% agarose
in phosphate-buffered saline [PBS], pH 7) were prepared. Cells were re-
suspended in FM4-64 for 5 min to stain cell membranes, applied to aga-
rose pads, covered with a coverslip, and imaged on the DeltaVision mi-
croscope.

Scanning electron microscopy (SEM). Cells were fixed in 2% glutar-
aldehyde in 0.1 M sodium cacodylate buffer, rinsed with sodium cacody-
late buffer, postfixed in 1% osmium tetroxide in sodium cacodylate buf-
fer, dehydrated to 100% ethanol, critical point dried, mounted on gold
stubs, and imaged using a Hitachi S-5000 scanning electron microscope.

Celllabeling. Approximately 9 X 108 cells were fixed in ice-cold meth-
anol for 10 min at —20°Cin 5 pg/ml FM4-64FX (Life Technologies). Two
to 3 pl of cells was pipetted onto poly-L-lysine-coated coverslips and air
dried. Coverslips were washed 3 times with PBS (pH 7), and 1 wg/ml
4',6-diamidino-2-phenylindole (DAPI) was added to cells to label nucleic
acids. Texas Red succinimidyl ester (TRSE) labeling was performed as
described previously (5).

RESULTS

We recently characterized the localization of A. tumefaciens wild-
type (WT) GFP-Pod],, and PopZ,-GFP. While PopZ,, remains a
growth-pole-specific marker throughout the cell cycle, GFP-
PodJ , localizes to the old pole and then also to the growth pole
during the later stages of polar elongation, potentially marking the
transition of the growth pole into an old pole just prior to cell
division (21). The localization patterns of GFP-Pod],, and
PopZ,-GFP as well as the cell division proteins FtsA-GFP and
FtsZ-GFP are summarized in Fig. S1 in the supplemental material.
To provide further insight into the requirement for the dynamic
localization of GFP-PodJ,,, we monitored cell cycle progression
and the localization of polar development proteins in a pod],,
deletion strain (Apod],,).

pod] 4, (Atu0499) is located in a genomic context more similar
to S. meliloti pod] (pod]s,,) in strain SM11 than C. crescentus pod]
(pod]c,) (Fig. 1), as might be expected for two members of the
Rhizobiales. Apod] ,, was created through allelic exchange result-
ing in a markerless deletion of the Atu0499 open reading frame
and the short hypothetical Atu0500 open reading frame that over-
laps the 5" end of Atu0499. Transcription of Atu0500, however,
was not detected in microarray data, indicating that it is not likely
expressed (25). Deletion of pod],, was verified by PCR amplifica-
tion of the Atu0499 locus and flanking regions from genomic
DNA and sequencing of the PCR product.

Deletion of pod],, results in major growth abnormalities.
Deletion of pod] ,, causes morphological aberrations compared to
WT A. tumefaciens. Apod] ,, cells stained with the membrane dye
FM4-64 (Fig. 2A and B) are elongated, often with multiple con-
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FIG 1 pod] genomic contexts in A. tumefaciens, S. meliloti, and C. crescentus. Atu numbers refer to A. tumefaciens strain C58 locus tags, Sm11_chr numbers refer
to S. meliloti strain SM11 locus tags, and CC_ numbers refer to C. crescentus CB15N locus tags. Open reading frames that are similarly shaded or patterned are
reciprocal best BLAST hits. Open reading frames that are white are not homologous to any other open reading frame shown. Breaks in S. meliloti and C. crescentus
open reading frames reflect open reading frames that extend beyond the area shown. The Apod] ,, strain was created using allelic exchange to remove both pod] ,,
and the small overlapping reading frame Atu0500 in the region between the arrows.

strictions. In WT cells, FM4-64 predominantly stains the old non-
growing poles (12), as summarized in Fig. S1 in the supplemental
material. Notably, many Apod],, cells are branched or swollen.
Bent cells and small spherical Apod] ,, cells are also observed. The
frequencies of morphological deviations from rod shape observed
in Apod] ,, cells compared to WT cells are summarized in Fig. 3. In
scanning electron microscopy (SEM) images of Apod] ,, cells, con-

00/

i

8 %\

FIG 2 Apod],, cells are elongated, branched, multiply constricted, and swol-
len and show ectopic polar growth. (A and B) FM4-64-labeled Apod],, cells.
Cells with morphological deviations from rod shape, such as cells with multi-
ple constrictions, branched cells, swollen cells, and bent cells, are indicated
with circles or ovals. (C and D) SEM images of Apod],, cells displaying devia-
tions from rod-shape morphology, including elongated cells, branched cells,
and cells with multiple constrictions. Arrowheads denote cell constrictions
(variations in cell width). Plus signs indicate branch tips. (E) Time-lapse im-
ages of Apod],, cells undergoing polar growth (white arrow) and a division
event (black arrow). White arrowheads denote cell constrictions. Bars, 3 pm.
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strictions are more numerous than in lower-resolution light mi-
crographs and cells with multiple branches are also better resolved
(Fig. 2C and D). A gallery of SEM images of Apod] ,, cells (see Fig.
S2 in the supplemental material) shows additional examples of
branched and multiply constricted cells as well as cells with ta-
pered poles.

We then used time-lapse light microscopy to follow the mor-
phological deviations from rod shape that occur during the
Apod],, cell cycle. Identification of growth poles in time-lapse
images of A. tumefaciens is based on cell morphology. In WT A.
tumefaciens, the parent cell compartment, with an old, nongrow-
ing pole at its end, is consistently wider than the new cell compart-
ment, with a growing pole at its end. As the cell approaches divi-
sion, the growth pole widens to attain the same width as the old,
nongrowing pole. The difference in widths between mother and
daughter cell compartments can be used to distinguish the grow-
ing daughter cell end of the cell from the nongrowing end (5, 11).

Identification of growth poles based on the width of cell com-
partments in time-lapse microscopy is also supported by pulse-
chase labeling of cell envelope material in Apod],, and WT strains
(see Fig. S3 in the supplemental material). Texas Red succinimidyl
ester (TRSE) labels outer membrane proteins in A. tumefaciens (5,
11). In a chase period after cell labeling, new unlabeled cell enve-

L

ApodJ,+ ApodJ, +

WT | 4pod),, | GEp.podd, |  Podd,,
A: Rod-shaped | 96% 60% 87% 93%
B: Multiple
constriction/ 4% 29% 7% 4%
bent
C: Branched/ 0% 8% 5% 2%
swollen
D: Minicell 0% 3% 1% 1%

FIG 3 Frequency of morphological abnormalities in Apod],, cells. Percent-
ages of WT cells (n = 283), Apod] ,, cells (n = 262), Apod],, cells expressing
GFP-Pod] ,, (n = 340), and Apod] ,, cells expressing Pod] ,, (n = 247) display-
ing different morphologies are shown below representative images. Bar, 3 um.
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FIG 4 Complementation of Apod],, with GFP-Pod] ,, restores cell morphol-
ogy and dynamic polar localization of GFP-Pod] ,,. In the early stages of the cell
cycle (0 to 20 min), GFP-Pod] ,, localizes as a large focus at the old pole (ar-
row). Arrowheads indicate the growth pole postdivision at 0 min and future
growth poles at 100 min. A small GFP-Pod],, focus develops at the postdivi-
sion growth pole at 40 min. Postdivision, GFP-Pod] 4, localizes as large foci at
old poles (100 min, arrows). For simplicity, arrows and arrowheads are shown
only in the first and last panels. Bar, 3 pm.

lope material is added to growing Apod] ,, cells (see Fig. S3A, 30 to
50 min, and B, 30 to 40 min) and WT cells (see Fig. S3C, 20 to 40
min). All unlabeled new poles are narrower than the labeled, non-
growing poles. Additionally, time-lapse videos clearly indicate po-
lar growth from the (narrower) pole identified as the growth pole
(see Videos S1 and S2 in the supplemental material).

Some Apod],, cells continue to grow from the pole opposite
the division site, which normally would be the old nongrowing
pole in WT cells (Fig. 2E; see also Video S3 and Fig. S3A, 30 to 50
min, cell on the right, and B, 30 to 40 min, cell on the right, all in
the supplemental material). In contrast, WT cells grow from poles
derived from a division event (see Fig. S3C, 20 to 40 min, and
schematic of WT growth in Fig. S1). Ectopic polar growth (Fig. 2E,
white arrow) continues for at least 80 min. This cell also develops
two constrictions (Fig. 2E, arrowheads) that normally indicate the
site(s) of septum formation; however, no septum formation was
observed in this Apod] ,, cell.

Though 60% of Apod],, cells appear morphologically normal
in static images (Fig. 3), time-lapse imaging suggests that many of
these cells develop altered morphologies during the course of one
or two cell cycles. Videos S1 and S2 in the supplemental material
show two examples of such cells that begin by apparently normal
polar growth and division but then give rise to sibling cells with
ectopic growth poles and defects in morphology. Thus, the devel-
opment of Apod] ., morphological phenotypes is a stochastic pro-
cess.

As Videos S1 and S2 in the supplemental material better doc-
ument the Apod],, phenotype, we next quantified the patterns of
growth during time-lapse imaging of 151 Apod],, cells and 148
WT cells during the cell cycle (see Table S2 in the supplemental
material). Division events produced two sibling cells displaying a
normal pattern of polar growth in 100% of WT cells and in only
53% of Apod],, cells. In Apod] ,, cells, 37% of cells produced one
cell with an ectopic growth pole, 3% gave rise to one normal-
growing cell and one nongrowing cell, and 7% gave rise to one
ectopic polar-growing cell and one nongrowing cell.

The growth rate of the Apod],, strain as measured by the opti-
cal density of a culture at 600 nm (ODy,) in liquid medium was
not different from that of the WT (see Fig. S4 in the supplemental
material). However, the mean CFU ml™" ODy,, ' was 1.24 X 10°
(n = 6) for the WT and only 1.09 X 10° (n = 6) for the ApodJ,,,
strain. A two-tailed ¢ test gave a P value of 0.0193, indicating a
significant difference in colony-forming abilities between the two
strains, potentially due to lower viability of larger or very short
Apod] ,, cells (see below). Alternatively, the longer and branched
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FIG 5 PopZ,,-GFP localizes to ectopic growth poles in Apod] ,, cells. (A) The
Apod] ,, cell on the top displays a PopZ,,-GFP focus (red) at a growing pole
(white arrow) that continues to grow postdivision. The black arrow indicates a
pole produced by division (60 min) that should normally be a growth pole, but
it does not grow and does not label with PopZ,,-GFP. In contrast, the lower
sibling cell grows from the site of division, as in the WT (arrowhead), and this
new growth pole does label with PopZ,,-GFP. (B) Apod],, cell displaying
splitting of the growth pole and producing two PopZ,,-GFP foci (arrows). (C)
Apod] ,, cell with PopZ,,-GFP focus at a growth pole emerging from a convex
point along the sidewall of the cell (arrow). Bars, 3 pm.

cells in Apod],, may increase their optical density (compared to
the WT) while yielding fewer CFU. Thus, in spite of morpholog-
ical abnormalities, the Apod],, strain is capable of growth and
division.

GFP-PodJ ,, expression partially complements, and PodJ,,
expression fully complements, Apod],, strain growth abnor-
malities. We tested whether limited expression of GFP-Pod] ,, or
unfused Pod]J,, under the control of a tightly regulated lac pro-
moter on a low-copy-number plasmid (26) could complement
Apod] ,,. A large fraction of Apod],, cells expressing GFP-Pod] 5,
or Pod]J,, (not fused to GFP) displayed normal rod-shaped mor-
phology (87% and 93%, respectively), compared to Apod],,
(60%) (Fig. 3). We also monitored 142 Apod],, cells expressing
Pod] ,, by time-lapse microscopy and found that 97% of the divi-
sion events were normal (see Table S2 in the supplemental mate-
rial). It is notable that Pod] ,, can still function when fused to GFP.
Figure 4 and Video S$4 in the supplemental material exemplify a
cell displaying one growing pole and one nongrowing pole (0 to 20
min). Then, from 20 to 40 min the cell divides, and from 60 to 100
min, the two daughter cells grow from the poles created by the cell
division event just as in the WT (11, 12). GFP-Pod],, localized
predominantly in larger foci at old poles and to smaller foci in new
poles just prior to division (as these poles transition to old poles)
as observed in the WT (21).

PopZ 4, localizes to ectopic poles in Apod] ,, cells. During WT
septation in A. tumefaciens, PopZ,,-GFP disappears from the
growth pole of the parent cell and is observed at the growth poles
of the sibling cells immediately after completion of cell division
(21) (see Fig. S1 in the supplemental material). However, in
Apod],, cells PopZ,,-GFP often does not leave the growth pole
either just before or after septation (Fig. 5A, t = 0 to t = 60 min,
white arrow; see also Video S5 in the supplemental material), and
this pole continues to grow ectopically (Fig. 5A, t = 80 to 100
min). We monitored 84 dividing Apod] ,, cells expressing PopZ .-
GFP and found that PopZ,,-GFP failed to relocalize from the
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growth pole after division in 35 (42%) of the dividing cells. In
contrast, in all 41 time-lapse videos of WT division events,
PopZ,-GFP relocalizes to the poles derived from the division site
in both sibling cells.

Table S2 in the supplemental material documents that often
only one of the two Apod],, sibling cells grows post-cell division.
We tested whether PopZ ,,-GFP localization can distinguish grow-
ing from nongrowing Apod] ,, sibling cells. Indeed, Fig. 5A shows
that PopZ,-GFP fluorescence appears at the site of division in the
lower sibling cell that exhibits polar growth. Notably, there is no
growth from the division site, and no PopZ,,-GFP fluorescence,
in the upper sibling cell, likely because PopZ did not leave the
growth pole.

PopZ,-GFP also localizes to multiple ectopic growth poles in
different Apod] 4, cells. In one cell (Fig. 5B; see also Video S6 in the
supplemental material), both the growing tip and the PopZ , ,-GFP
focus start to broaden at 20 min. Between 40 and 80 min, the
growth pole as well as the PopZ,,-GFP focus splits to form two
growth poles, each with a PopZ,,-GFP focus. In another cell,
PopZ,,-GFP localizes to the existing growth pole as well as the
ectopic growth pole emerging from a point along the sidewall of
the cell (Fig. 5C, 10 min to 40 min, arrow; also see Video S7 in the
supplemental material). These data together support our previous
findings that PopZ,, identifies the growth pole (21) and further
suggest that PopZ,, also identifies sites of ectopic growth either at
existing growth poles or de novo from a sidewall. Branched cells
(Fig. 2C and D; see also Fig. S2 in the supplemental material) may
reflect the underlying ectopic localization of PopZ,, to these sites.

The Apod] ,, strain is defective in the localization and func-
tion of cell division proteins. FtsA-GFP and FtsZ-GFP localize to
the growth pole in addition to the Z-ring in WT A. tumefaciens
(12). In the Apod],, strain, FtsA-GFP localization patterns are
more heterogeneous than those in WT cells. Aside from the uni-
polar, unipolar and midcell, and midcell localization patterns
(Fig. 6A to C) seen in the WT, in Apod] ,, cells FtsA-GFP displays
a bipolar pattern (Fig. 6F), polar plus peripheral foci (Fig. 6G),
polar cluster localization (Fig. 6H), a midcell plus bipolar pattern
(Fig. 6D), and multiple Z-ring localization (Fig. 6E). The percent-
age of Apod],, cells displaying some form of midcell FtsA-GFP
localization, ~42% (Fig. 6B to E), was higher than the percentage
of WT cells that had FtsA-GFP midcell localization, 22% (see Fig.
2C in reference 12). Additionally, the percentage of Apod],, cells
displaying WT polar FtsA-GFP (Fig. 6A) localization without
midcell localization, 36%, was significantly lower than the per-
centage of WT cells with only polar FtsA-GFP localization, 78%
(12).

The lengths of Apod] ,, cells displaying different types of FtsA-
GFP localization (Fig. 61) were compared to the median lengths of
WT cells displaying different FtsA-GFP localization patterns de-
termined previously (12) and are summarized in Table S3 in the
supplemental material. In all cases, whether Apod],, cells dis-
played the WT FtsA-GFP localizations (polar, polar plus midcell,
and midcell) or aberrant FtsA-GFP localization patterns specific
to Apod],,, the cell length distributions tended toward longer
Apod],, cells than WT cells.

Localization patterns of FtsZ-GFP in Apod],, cells also were
compared to previously published localization frequencies of
FtsZ-GFP during different stages of the cell cycle in WT cells (12).
The Apod] ,, strain displayed a higher percentage of cells with un-
contracted Z-rings (Fig. 7G) or contracted Z-rings (Fig. 7H) (51%
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FIG 6 FtsA-GFP localizes in polar foci, lateral foci, and rings in elongated
Apod] ,, cells. Apod] ,, cells expressing FtsA-GFP stained with FM4-64 display
FtsA-GFP patterns seen in WT cells: unipolar (A), unipolar and midcell (B),
and midcell (C) localizations. Apod] ,, cells also display localization patterns of
FtsA-GFP not observed in WT cells: bipolar and midcell (D), multiple rings
(E), bipolar (F), polar and lateral foci (G), and polar clusters (H). The percent-
ages of Apod] ,, cells (out of 234 cells total) showing these localization types are
shown under representative images, and the percentages of WT cells showing
these localization types are shown in parentheses and are from reference 12.
Bar, 3 pm. (I) Gaussian kernel density estimates of the distribution of cell
lengths of Apod] ,, cells with different FtsA-GFP localization patterns. Density
estimates were weighted by the proportion of cells displaying the different
localization types so that the height of the peaks corresponds to the proportion
of cells displaying each localization pattern. Colors of density curves corre-
spond to color outlines of representative images of each localization pattern in
panels A to H. Bar, 3 pm.

total) versus the WT (6% total) and lower percentages of cells with
unipolar (10%) or subpolar (9%) FtsZ-GFP localizations (19%
total) versus the WT (57% total) (Fig. 7). FtsZ-GFP localized in
multiple Z-rings in 1% of Apod] ,, cells (Fig. 7I). In the Apod],,
strain, FtsZ-GFP localizes in persistent Z-rings that do not result
in division and persist for at least 120 min (see Fig. S5, white
arrowhead, and Video S8 in the supplemental material); addition-
ally, this cell produces a second Z-ring between 120 min and 140
min. Finally, Z-ring placement can be abnormal; at 60 min, there
is a small focus at the top of the cell that becomes a Z-ring (see Fig.
S5, t = 60 to 100 min) that pinches off a very small spherical “cell”
at 120 min.

The multiple “rings” observed via FtsZ-GFP and FtsA-GFP
localization may contribute to the partial constriction phenotype
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Unipolar
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3% (15%)

Z-ring Z-ring
(contract)

20% (3%)

Multiple
Z-rings
1% (0%)

Peripheral
foci

8% (0%)

31% (3%)

FIG 7 FtsZ-GFP localization in Apod],, cells. FtsZ-GFP (green) localizes in
unipolar (A), bipolar (B), subpolar (C), unipolar and subpolar (D), polar
cluster (E), unipolar and Z-ring (F), Z-ring (G), contracting Z-ring (H), mul-
tiple-Z-ring (I), and multiple-sidewall-focus (J) patterns in Apod] ,, cells. Per-
centages of Apod] ,, cells (n = 252) and WT (12) cells (in parentheses) showing
different FtsZ-GFP localizations are shown beneath representative images. Lo-
calizations seen in notably higher percentages of WT cells than Apod],, cells
are highlighted by red rectangles, and localizations seen in notably higher
percentages of Apod] ,, cells than WT cells are highlighted by blue rectangles.
Bar, 3 pm.

in many Apod],, cells with multiple constrictions observed by
SEM (Fig. 2C and D; see also Fig. S2 in the supplemental material).
That some septal rings (indicated by FtsA- and FtsZ-GFP localiza-
tion) do not constrict indicates that Apod] ,, cells have a defect in
division.

The Apod],, strain displays a division and timing defect re-
sulting in anucleate minicells. Multiple Z-rings and division
events producing small cells in Apod],, cells suggest that the
Apod] ,, strain displays a division timing or placement defect. In-
deed, time-lapse images of Apod],, cells indicate that division
events sometimes produce small cells that do not undergo further
growth or division (Fig. 8A; see also Video S9 in the supplemental
material). DAPI staining in Apod] ,, cells was compared to that in
WT (Fig. 8B). Fewer than 1% of WT cells were shorter than 1 pum
and did not stain with DAPI. In contrast, 6% of Apod],, cells
were shorter than 1 pm, and none of these cells were stained
with DAPI. Thus, the very small Apod],, cells observed are
anucleate and cannot grow. The occurrence of anucleate
Apod] ,, cells may partially account for the decrease in CFU of
Apod] ,, in comparison to the WT.

Comparing Apod] ,, cells to S. meliloti Apod]1. Pod] was pre-
viously studied in a related member of the Rhizobiales, S. meliloti.
The S. meliloti Apod]1 strain also displayed morphological defects
such as the branching observed here. The Apod]1 strain also ex-
hibited a motility defect and different growth and morphology
phenotypes on different media (20). We observed that the Apod] ,,
strain also has a partial motility defect in comparison to the WT as
observed in a soft agar flagellar motility assay (see Fig. S6 in the
supplemental material). The Apod] ,, flagellar motility phenotype
may reflect that deviations from rod shape decrease the efficiency
of flagellar motility in the Apod],, strain. Or, flagellar subunit
transcription may be lower as shown for deletion of podJjI in S.
meliloti (20).

S. meliloti Apod] 1 was less viable when grown on LB plates with
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FIG 8 The Apod] ,, strain produces nongrowing and small anucleate cells. (

The arrow indicates a cell that does not grow or divide, and the arrowhead
indicates a spherical minicell. (B) FM4-64 and DAPI staining. Some small
Apod] ,, cells do not stain with DAPI (arrows). Bars, 3 wm.

low salt (LBLS) (20); however, growth in LBLS did not impact the
viability of the Apod],, strain (see Fig. S7 in the supplemental
material). Growth in PYE medium improved S. meliloti Apod]1
morphology and FtsZ-GFP localization phenotypes (20); how-
ever, growth in PYE did not impact the viability of the Apod],,
strain (see Fig. S7). A quantitative assessment of hundreds of cells
revealed that growth in PYE medium only partially comple-
mented the morphology phenotype of the Apod],, strain, reduc-
ing the frequency of cells with deviations from rod shape com-
pared with that for Apod],, cells grown in LB (see Table S4); no
quantitative studies were performed in the S. meliloti Apod]l
study. In contrast to S. meliloti Apod] 1, Apod] 4, cells grown in PYE
continue to display abnormal FtsZ-GFP localization, including
peripheral sidewall localization (see Fig. S8A to E) and multiple
ring localization (see Fig. S8F), in addition to normal polar and
midcell FtsZ-GFP localization (see Fig. S8G and H). WT cells
grown in PYE displayed WT FtsZ-GFP localizations (12), includ-
ing polar and midcell FtsZ-GFP localization (see Fig. S81 and J).
The differences between the phenotypes of the A. tumefaciens
Apod],, strain and the S. meliloti Apod]1 strain suggest that the
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details of Pod] activity may be different in these two organisms.
Muropeptide analysis indicates that 64% of peptide stems are
cross-linked in A. tumefaciens peptidoglycan compared to 43% of
peptide stems in S. meliloti peptidoglycan (11). The high degree of
peptidoglycan cross-linking in A. tumefaciens may account for the
insensitivity of Apod],, cells to low-salt media.

DISCUSSION

In WT A. tumefaciens, GFP-PodJ , continuously localizes to non-
growing old poles. Importantly, GFP-PodJ,, also localizes to
growth poles later in the cell cycle when such poles must begin to
transition into old poles just before cell division (21). Here, in the
absence of Pod] ,, growth poles fail to transition to old, nongrowth
poles and ectopic growth poles are initiated; these results support
the idea that Pod] , is a critical factor in normal polar growth in A.
tumefaciens. Further, the aberrant localization of FtsA- and FtsZ-
GFP in Apod],, cells suggests that Pod] , indirectly impacts both
the timing and site of Z-ring assembly. Z-ring function also is
altered in Apod] ,, cells, as Z-rings form but often do not result in
septation and production of daughter cells. The alterations from
WT morphology in Apod],, cells can be seen most readily in dy-
namic time-lapse videos, where initially morphologically normal-
looking cells grow and divide and then stochastically give rise to
cells with dramatic deviations from rod shape.

In the WT, a growth pole arises at the septal sites in siblings
following cell division. The growth pole is active for most of the
cell cycle, and then prior to cell division, it transitions to an old
pole (see Fig. S1 in the supplemental material). In Apod],, cells,
ectopic growth poles arise in three different contexts. First, some
growth poles fail to transition to old poles and, after cell division,
continue to elongate. Second, adjacent growth poles are formed
when a single growth pole splits into two growth poles; splitting of
the growth pole occurs simultaneously with broadening and split-
ting of the localization of new pole identity factor PopZ,,-GFP.
Third, some growth poles arise apparently de novo from the cell
sidewall.

How might PodJ,, function? The failure of growth poles to
transition and the initiation of ectopic growth poles in the absence
of Pod] , suggest that Pod] ,, (directly or indirectly) acts as a neg-
ative regulator of polar growth in A. tumefaciens. The constant
localization of GFP-PodJ 5, to nongrowing poles in the WT at first
glance supports this suggestion (21). Alternatively, Pod],, might
act positively to regulate unknown negative regulators of polar
growth. In C. crescentus, other developmental factors rely on
Pod]J. for proper localization (15, 19, 27). Late in the A. tumefa-
ciens cell cycle, GFP-PodJ 5, localizes to small foci at growth poles
(Fig. 4; see also Fig. S1 in the supplemental material) (21), perhaps
reflecting a need for a threshold level of PodJ,, to allow localiza-
tion of other factors to begin the growth pole-old pole transition
(discussed further below).

Development of branched morphologies in A. tumefaciens and
related organisms has been described previously (28-32). Now
that we know that A. tumefaciens grows by polar growth (5, 11,
12), we may better understand these earlier phenotypes. In rod-
shaped organisms such as E. coli, which elongate by uniform in-
sertion of new cell envelope material throughout the sidewall, mu-
tations that inhibit cell division cause filamentous morphologies
due to continued elongation without cell division (33-35). When
polar-growing members of the Rhizobiales are subject to muta-
tions inhibiting cell division, branching morphologies result in-
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stead (31, 36). As Pod] , is a polar localizing factor, we expected its
loss to alter polar growth. However, we also observed that defec-
tive cell division and abnormal branching occur in its absence,
phenotypes observed for treatments designed to affect cell divi-
sion in the Rhizobiales (31, 37). Given that polar growth and cell
division must be intimately connected, potentially the defects in
cell division and branching in Apod],, are secondary conse-
quences resulting from its primary defect in polar growth. An
equally plausible interpretation is that the cell division defect is the
primary phenotype of Apod],,.

The induction of ectopic polar growth in Apod] ,, indicates that
there are factors that actively promote or organize polar growth.
Indeed, PopZ,, localizes to the growth pole of young cells and
relocalizes to the growth poles of recently divided daughter cells
immediately after septation (21). In C. crescentus, PopZ, is ini-
tially localized to the stalked pole, where it anchors the chromo-
some. In response to chromosome replication, a second PopZ,
focus forms at the flagellar pole as part of the chromosome segre-
gation mechanism (16, 38). C. crescentus PopZc. continuously
localizes to old poles and temporarily to new poles as they transi-
tion to old poles (38, 39). In contrast, the localization of PopZ -
GFP exclusively to growth poles in the WT (21) and to all observed
types of ectopic growth poles in Apod],, cells supports the idea
that PopZ,, is a candidate polar-growth-promoting factor or
marks growth poles.

Besides localizing to the Z-ring as expected, A. tumefaciens
FtsA-GFP and FtsZ-GFP localize to the growth pole in the WT (5,
12, 13). That A. tumefaciens FtsZ may play additional roles in cell
growth is supported by studies in the related Rhizobiales member
S. meliloti, where overexpression of FtsZ-GFP caused significant
morphological deviations from rod shape (31). In the Apod],,
strain, FtsA-GFP localized in bipolar, subpolar, and peripheral
foci, as well as extra Z-rings, patterns not observed in the WT. In
the Apod],, strain, there were significantly fewer FtsA-GFP and
FtsZ-GFP foci at the growth poles, and the intensity of polar lo-
calization was weaker than that in the WT; thus, abnormalities in
polar growth due to the loss of one factor likely impact the local-
ization of other polar localizing factors such as FtsA and FtsZ. A
greater proportion of Apod],, cells than WT cells display Z-ring
FtsZ-GFP and FtsA-GFP localization. SEM of Apod],, cells re-
vealed that many cells displayed multiple shallow constrictions
and very few tight constrictions that would be expected for septa-
tion. Thus, Apod] ,, cells initiate Z-rings readily, but such rings are
defective or slowed in contraction and division.

We propose that the cause of the division defect in Apod] 4, cells
is the failure of PodJ 5, to direct the transition of the growth pole to
an old pole. This hypothesis is supported by our observation that
the new pole-localizing factor, PopZ,,, fails to leave the growth
pole in Apod],, cells. In the WT, PopZ,, leaves the growth pole
and reappears in both sibling cells at the postseptal sites (21). To
enable immediate and equal localization in the two siblings,
PopZ, likely arrives at the septum just prior to septation, possibly
playing a late cell cycle role in Z-ring function. Our earlier time-
lapse studies could not distinguish whether PopZ,, migrates or is
degraded and then resynthesized and targeted to new growth poles
(21). The results here suggest that PopZ,, migrates to the septum
in WT cells.

Alternatively, PodJ ., may have an indirect effect on cell divi-
sion via its potential requirement for the polar localization and
function of additional cell cycle regulators. In C. crescentus, PodJ -
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is part of a complex network of proteins, including PleC,, that
activates the master cell cycle regulator CtrA specifically in the
nascent swarmer cell compartment and newborn swarmer cell
(40). Indeed, in S. meliloti, PodJ1 is suggested to play a critical role
in PleCg,, signaling, and PleCg,, is essential for cell viability and
may play a role in cell division (20). By analogy, Pod] ,, may influ-
ence the localization or activity of components of the cell divi-
sion and development regulatory pathway, for example, PleC
(Atu0982) or DivK (Atul296) (41). Additionally, Pod],,is lon-
ger (1,248 amino acids [aa]) than PodJ . (974 aa) and may have
additional functions. Note that the two proteins are only 23%
identical but both contain a large cytoplasmic domain with
numerous coiled-coil regions that may mediate interactions
with other polar factors.

Polar development factors in the alphaproteobacteria can have
distinct roles in both polar development and proper cell division.
In C. crescentus, TipN is critical in positioning new-pole structures
such as flagella and exerts an influence on cell division by inter-
acting with ParA at the new pole during chromosome segregation
(42). Similarly, Pod] ,, may impact polar growth and cell division
independently.

Relatively little is known about the factors that regulate polar
growth, and many questions remain to be addressed (43). Regard-
ing PodJ,,, does it function as a negative or positive regulator of
polar growth? What factors keep Pod] ,, forever at old poles? How
is polar growth machinery disassembled at the growth pole? Does
Pod],, interact with PopZ,;? Does the arrival of Pod],, directly
signal the departure of PopZ,? Do A. tumefaciens homologs of cell
cycle regulators depend on Pod] ,, for polar localization and play a
role in the transition of a growth pole into an old pole? Under-
standing the regulation of cellular asymmetry that mediates uni-
polar growth in A. tumefaciens will likely uncover new paradigms
for bacterial morphogenesis.
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