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Bacterial growth dynamics in a rhythmic symbiosis

ABSTRACT The symbiotic relationship between the bioluminescent bacterium Vibrio fischeri 
and the bobtail squid Euprymna scolopes serves as a valuable system to investigate bacterial 
growth and peptidoglycan (PG) synthesis within animal tissues. To better understand the 
growth dynamics of V. fischeri in the crypts of the light-emitting organ of its juvenile host, we 
showed that, after the daily dawn-triggered expulsion of most of the population, the remain-
ing symbionts rapidly proliferate for ∼6 h. At that point the population enters a period of 
extremely slow growth that continues throughout the night until the next dawn. Further, we 
found that PG synthesis by the symbionts decreases as they enter the slow-growing stage. 
Surprisingly, in contrast to the most mature crypts (i.e., Crypt 1) of juvenile animals, most of 
the symbiont cells in the least mature crypts (i.e., Crypt 3) were not expelled and, instead, 
remained in the slow-growing state throughout the day, with almost no cell division. Consis-
tent with this observation, the expression of the gene encoding the PG-remodeling enzyme, 
L,D-transpeptidase (LdtA), was greatest during the slowly growing stage of Crypt 1 but, in 
contrast, remained continuously high in Crypt 3. Finally, deletion of the ldtA gene resulted in 
a symbiont that grew and survived normally in culture, but was increasingly defective in com-
peting against its parent strain in the crypts. This result suggests that remodeling of the PG 
to generate additional 3–3 linkages contributes to the bacterium’s fitness in the symbiosis, 
possibly in response to stresses encountered during the very slow-growing stage.
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SIGNIFICANCE STATEMENT

• We focus on patterns of a specific bacterial symbiont’s peptidoglycan (PG)-synthesis activity, a criti-
cal process supporting bacterial growth and survival from the perspectives of both developmental 
time (i.e., over different stages of tissue colonization) and spatial locations (i.e., between different 
tissue-colonization sites).

• The discovery that PG-synthesis activity varies across different stages and locations during a benefi-
cial infection provides insights into how both mutualistic and pathogenic bacteria must adapt to, 
and survive long-term within, the diverse host tissue conditions.

• This knowledge will improve our grasp of bacterial persistence strategies and their roles in animal-
microbe interactions.
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INTRODUCTION
Vibrio fischeri, a marine luminescent bacterium, engages in a spe-
cies-specific symbiotic relationship with the nocturnally active squid, 
Euprymna scolopes, inhabiting a unique light-emitting organ that 
aids the squid in a camouflaging behavior known as counterillumi-
nation (Nyholm and McFall-Ngai, 2021; Visick et al., 2021). The two 
halves of this specialized organ each house three separate growth 
chambers referred to as Crypts 1, 2, and 3 (Figure 1A), which arise 
embryologically in that order, and range at hatching from the most 
(Crypt 1) to the least (Crypt 3) developed (Nyholm and McFall-Ngai, 
2021). Immediately after the juvenile squid emerges from its egg, 
symbiont recruitment begins; briefly, V. fischeri cells in the surround-
ing seawater aggregate outside of the organ (Figure 1A), migrate 
through surface pores into the interior crypts where they proliferate 
and induce luminescence (Visick et  al., 2000; Koch et  al. 2014; 
Moriano-Gutierrez et al., 2019). Each morning thereafter, 95% of the 
total symbiont population is expelled into the surrounding seawater 
(McFall-Ngai and Ruby, 1991); the remaining symbiont cells prolifer-
ate during the day, repopulating the crypts to restore their full bio-
luminescence capability by dusk (Nyholm and McFall-Ngai, 2021; 
Visick et al., 2021). Crypts 1 and 2 are larger and more developed 
than Crypt 3, which has a different tissue environment and venting 
behavior (Essock-Burns et al., 2020, 2023). For example, the imma-
ture Crypt 3 does not begin to exhibit the typical daily cycle of ex-
pulsion and regrowth of its symbiont population until 72 h or more 
after hatching and colonization (Essock-Burns et al., 2020). In addi-
tion, recent data have shown that the bacteria in Crypt 3 are better 
able to withstand environmental disturbance, and can serve as a 
reservoir for recolonization. Taken together, these and other charac-
teristics suggest that the symbionts in Crypt 3 experience a distinct 
microenvironment and growth dynamics compared with Crypts 1 
and 2 (Dunn et al., 2006; Stoudenmire et al., 2018; Guckes et al., 
2019; Essock-Burns et al., 2023).

While bacterial growth, often focusing on the exponential 
phase, has been extensively studied in culture media, the prolifera-
tion of bacteria under more natural environmental conditions, such 
as within a host’s tissues, remains less well understood. This knowl-
edge gap is particularly relevant for bacteria like V. fischeri that 
must undergo a habitat transition between the ambient environ-
ment and the host (Bennett et al., 2020; Meyer et al., 2022). Recent 
studies have collectively underscored the complexity of bacterial 
growth dynamics within the light organ, highlighting variations in 
the symbionts’ proliferation rates and environmental adaptions that 
diverge significantly from those observed in standard culture media 
(Dunn et al., 2006; Stoudenmire et al. 2018; Guckes et al. 2019). 
In the light-organ crypts, V. fischeri faces biochemical challenges 
such as antimicrobial peptides, oxidative/nitrosative bursts, acidic 
pH, and nutritional limitations (Graf et  al., 1994; Bosco-Drayon 
et al., 2012; Mandel et al., 2012). The symbionts also encounter 
host peptidoglycan-recognition proteins (PGRPs) that act either as 
degradative amidases or signal transduction receptors responding 
to the presence of environmental bacteria (Bosco-Drayon et  al., 
2012). In the squid-vibrio symbiosis, we are just beginning to learn 
how V. fischeri navigates the host’s recognition of its peptidoglycan 
(PG) by these immune receptors (Troll et al., 2009, 2010). Changes 
in PG structure have been reported in several bacterial pathogens 
grown under laboratory conditions, and those modifications have 
been linked to immune evasion; i.e., in the absence of such modi-
fications, pathogenicity is often attenuated (Hernández et al., 2022; 
Boamah et al., 2023). Much less is known about PG biosynthesis by 
beneficial bacteria, and how this process might promote a stable 
symbiosis.

PG synthesis is crucial for bacterial elongation and envelope in-
tegrity, forming an interconnected meshwork that surrounds the 
cell, protecting it from changes in osmotic pressure and other envi-
ronmental stresses (Typas et al., 2012; Egan et al., 2020). However, 
our understanding of PG synthesis and remodeling remains limited 
in beneficial bacteria as they reside long-term within animal tissues. 
PG structure consists of glycan strands crosslinked by short peptide 
chains that together form an interconnected meshwork surrounding 
the cell membrane and providing rigidity to its shape (Typas et al., 
2012; Egan et al., 2020). In most bacteria, the sugar backbone is 
made of alternating N-acetylmuramic acid (MurNAc) and N-acetyl-
glucosamine (GlcNAc) residues connected by β-1,4-glycosidic link-
ages (Typas et al., 2012; Egan et al., 2020). Each MurNAc residue is 
attached to a pentapeptide chain, or stem peptide, which consist of 
(in order): L-alanine (L-Ala), D-glutamic acid (D-Glu), meso-diami-
nopimelic acid (meso-DAP), and a di-D-alanine (D-Ala-D-Ala; 
Vollmer and Bertsche, 2008; Vollmer et al., 2008; Morè et al., 2019). 
The stem peptide forms three to four crosslinks between glycan 
strands, in which the amino group at the 3rd position of one peptide 
acts as an acyl acceptor, and covalently binds the carboxyl group at 
the 4th position of another peptide (Garde et al., 2021). Synthesis of 
this meshwork is catalyzed by penicillin-binding proteins (PBPs), 
which polymerize the glycan strands and crosslink the peptide side 
chains (Sauvage et al., 2008). The PBPs are divided into two broad 
classes: Class A PBPs have both glycosyltransferase (GTase) and 
D,D-transpeptidase (TPase) activities, while Class B PBPs have only 
D,D-TPase activity (Sauvage et al., 2008). Both activities are required 
for bacterial growth, during which there is a balance between new 
PG synthesis, and remodeling of existing PG (Typas et  al., 2012; 
Egan et al., 2020). In contrast, PG remodeling is important for bacte-
rial cell wall integrity (Morè et al., 2019; Shaku et al., 2020; Garde 
et al., 2021). Some PG stem peptides are rapidly trimmed by D,D-
carboxypeptidases to tetrapeptides (Peters et al., 2016). While such 
tetrapeptides do not serve as substrates for PBPs, they can function 
as donors in reactions catalyzed by L,D-transpeptidases (LDTs), 
which produce 3–3 crosslinks between adjacent peptides (Shaku 
et al., 2020; Garde et al., 2021). The physiological role of LDTs is 
poorly understood; however, when persistently infecting fibroblasts 
in a nongrowing state, Salmonella enterica serovar Typhimurium in-
creases the percentage of its cell-wall 3–3 crosslinking, which has 
led to the suggestion that host cues associated with a reduction in 
the bacterium’s growth rate may stimulate LDT activity (Morè et al., 
2019; García-del Portillo, 2020).

We used synthetic fluorescent HCC-amino-D-alanine (HADA) 
and the dipeptide probe alkyne-D-alanine-D-alanine (EDADA) to 
study V. fischeri PG synthesis activity both in culture medium and 
within the light-organ crypts. For instance, HADA is incorporated 
into PG through the activities of PBPs and LDTs, thereby providing a 
way to track PG-transpeptidation activity (Kuru et  al., 2012; Hsu 
et al., 2019). In contrast, we used EDADA to label more specifically 
at sites of new PG insertion only (Liechti et al., 2014). In the cyto-
plasm, the ATP-dependent ligase MurF catalyzes the incorporation 
of D-Ala-D-Ala dipeptide into the UDP-N-acetylmuramic-acid-tri-
peptide to ultimately provide the precursor of new PG synthesis 
(Liechti et al., 2014). The EDADA dipeptide mimics the D-Ala-D-Ala 
dipeptide in the reaction catalyzed by MurF and, thus, becomes in-
corporated into new PG in the place of D-Ala-D-Ala (Liechti et al., 
2014).

Here, we present evidence that PG biosynthesis by V. fischeri 
varies between the exponential and stationary phases of liquid cell 
culture, as well as within different crypts during the light-organ 
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symbiont’s daily cycle of expulsion/regrowth. As predicted, in cul-
ture there was an upregulation in expression of an LDT (LdtA) only 
during the stationary phase, and in Crypt 1 only during the very 
slow-growth stage; however, LdtA was continuously upregulated in 
Crypt 3. These findings (i) offer important insights into how patterns 
of bacterial growth may differ depending on their tissue location, 
and (ii) have implications for our understanding how these differ-
ences influence the stability of longterm symbiotic relationships.

RESULTS
V. fischeri growth dynamics in the symbiosis show 
similarities to those in culture
With the exception of research focused on quorum-signaling and 
sporulation (Azimi et al., 2020; Khanna et al., 2020), our knowledge 
about bacterial growth dynamics during late-exponential and 
stationary phases is limited when compared with that of exponen-
tially growing cells (Lupp and Ruby, 2005; Studer et  al., 2008; 

FIGURE 1: Initial colonization and the subsequent daily cycle of the V. fischeri symbiont populations. (A) Cartoon 
depicting the interior and exterior of the bilobed light organ of E. scolopes. Planktonic V. fischeri cells enter one of three 
pores on the external surface of both sides of the organ. Each pore leads to an independent epithelium-lined region 
(Crypt 1, 2, or 3) in which the symbionts grow and induce bioluminescence. In the cartoon, the crypts can be 
distinguished from the more distil antechamber regions by their darker color. (B) The number of colony-forming units 
(CFUs) in the light organ reflects the dawn-cued expulsion of most of the symbionts, followed by a rapid regrowth phase 
and a transition into a slow-growth, slow-growing phase (indicated by the bottom gradient bar). The black circles (and 
red lines) represent the mean CFUs (and the standard deviation; SD); N = 30 light organs from three individual clutches 
for each of 11 sampling points. Each clutch was treated as an independent experimental trial. A Shapiro-Wilk test was 
used to confirm that the data distribution adhered to a normal distribution. In addition, a one-way ANOVA was used to 
show no significant differences between the clutches for the data shown in Supplemental Figure S1B. A paired t test on 
log-transformed values of CFU/light organ measured between 1 hpd and 3 hpd demonstrated a statistically significant 
decrease, with a p value of 1.3 × 10-13. Subsequent analysis of the CFU/light organ during the period between 3 and 6 
hpd, applying a linear regression on log-transformed data, indicated a growth rate corresponding to a doubling time of 
1.9 h, with an R2 = 0.81, underscoring the model’s efficacy in capturing the temporal dynamics of growth. (C) MFA 
diagrams indicating the number of copies of each gene along the length of the large (red) and small (blue) chromosomes 
of V. fischeri at three different ODs during an LBS-culture growth curve. The enrichment in the relative number of copies 
of genes located at the chromosomal origin (apex) decreases as the growth rate slows. (C’) MFA data obtained from 
symbionts removed at 2, 6, 10, and 14 h post dawn (hpd). While the limited number of symbiont cells that could be 
collected from the juvenile light organs limited the precision of these measurements, the MFA patterns indicate that the 
population has a reduced growth rate at 10 and 14 hpd relative to that during regrowth (i.e., at 2 hpd).
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Silva et al., 2021; Lynch et al., 2022). This information gap is particu-
larly great when considering the growth of bacteria in animal tissues.

To determine the pattern of growth of V. fischeri within the juvenile 
light organ, we measured the number of CFUs present across a 24-h 
cycle beginning with the dawn expulsion event (Figures 1B; Supple-
mental Figure S1B). Earlier studies with adult E. scolopes had indi-
cated that the expulsion of symbionts from the organ was largely 
completed within minutes of the dawn cue (Graf and Ruby, 1998): 
however, we found that in newly hatched juvenile squid the venting 
process was more gradual, decreasing the symbiont population ∼10-
fold over the first 3 h post dawn (hpd; t test, p <1.3 × 10–13). After 
another 3–4 h, the number of CFUs had increased back to the typical 
∼105 level, with an apparent doubling time of ∼1.9 h (R2 = 0.81). 
Intriguingly, during the following 18 h, a period we term the very 
slow-growth phase, the CFUs showed only a minimal increase 
(∼1 doubling), suggesting a severe reduction in the symbiont’s meta-
bolic activity. However, this slow-growth phase extended into and 
throughout the night (Figure 1B), the period when the symbiont’s bio-
luminescence output is typically at its highest (Ruby and Asato, 1993; 
Boettcher et al., 1996), thus indicating the maintenance of a signifi-
cant catabolic activity without a concomitant growth in biomass.

Because the number of CFUs is a measure of a bacterial popula-
tion’s net proliferation (i.e., a high proliferation rate can be masked 
by a concurrent loss in viability), we asked whether there was evi-
dence that the intrinsic growth rate of the symbionts is actually re-
duced during the night. Specifically, we used a molecular approach 
to estimate the index of replication (iRep) using marker-frequency 
analysis as an indication of the symbiont’s average instantaneous 
rate of growth (Skovgaard et al., 2011; Brown et al., 2016; Val et al., 
2016; Higgins et al., 2022). Briefly, when the bacteria are growing 
rapidly (e.g., exponential phase), the ratio of the number of gene 
copies at the genome’s origin to that at the terminus is three to four; 
in contrast, at a slow growth rate (e.g., stationary phase), that ratio is 
closer to one (Figure 1C). When symbionts were collected directly 
from the light organ at different times of day and immediately ana-
lyzed, the apparent growth rate during the very slow-growth period 
was reduced by a factor of at least two relative to their maximum 
(Figure 1C’), consistent with the reduction in growth rate beginning 
∼ 6 h after dawn as indicated by the CFU levels (Figure 1B).

Cell division activities change during the growth 
of V. fischeri
Cell division is central to bacterial growth dynamics, yet standard 
measures like OD and CFU fall short in capturing these intricate 
processes (Roller et al., 2023). To bridge this gap, we investigated 
these two processes in V. fischeri at different stages of population 
growth, first in cell culture, and then during symbiosis, using fluores-
cent indicators of the cell-division machinery.

We first localized the divisome in cultured V. fischeri cells using an 
mCherry fusion protein linked to the cell-division marker ZapA, a criti-
cal component of this process. Inspection of growing cells by fluores-
cence microscopy indicated that the divisome was present at the 
midline of predivision cells, and at the pole of each daughter cell, as 
reported for Vibrio cholerae (Galli et al., 2017). This localization was 
evident in demographs constructed from analyses of rapidly growing 
cells (i.e., OD 0.5) (Figure 2A). However, as the bacterial culture in-
creased in OD above 1.0, both the intensity of the ZapA-mCherry 
marker and its confinement to the midline diminished significantly 
(Supplemental Figure S2), consistent with a reduced activity of the 
cell-division machinery as the cells exited the exponential phase.

To explore the relationship between cell division and bacterial 
PG transpeptidation activity, we introduced a PG-specific fluores-

cent D-amino acid (HADA) precursor for cell wall crosslinking to the 
bacterial culture for 5 min (∼ 10% of the exponential doubling time). 
The resulting HADA signal colocalized with the ZapA-mCherry 
marker (Figure 2B), which indicated that there is a concentration of 
PG-synthesizing transpeptidases at the site of septum formation 
and cell division in rapidly growing cells.

Variations in HADA labeling suggest changes in PG 
transpeptidation activity throughout bacterial growth
Given the variability between growth phases, and the weakening of 
the ZapA-mCherry signal during stationary phase, we investigated 
whether HADA incorporation changes as the growth rate slows. 
When cultures of V. fischeri cells were incubated with HADA, at an 
OD of 2.0 or higher, the labeling pattern was no longer concen-
trated at the midline; instead, most cells began to show a more 
random pattern of labeling throughout the cell (Figures 3A; Supple-
mental Figure S3). To better ascertain the location of new PG inser-
tion throughout growth, bacterial cultures at different ODs were 
briefly labeled with EDADA (Liechti et al., 2014), which specifically 
marks sites of new PG synthesis (Supplemental Figure S4). While the 
overall extent of labeling slowed as cells approached stationary 
phase, the appearance of new PG continued to be confined to the 
midcell, irrespective of the stage of growth.

HADA labeling during exponential growth appears to primarily 
reflect new PG synthesis, likely facilitated by PBPs (Liechti et  al., 
2014; Hsu et al., 2019). However, as the cells approach stationary 
phase, HADA incorporation suggested a shift to more complex ac-
tivities, with labeling patterns dispersing beginning at an OD of ∼2 
(Supplemental Figure S3), This shift accompanies a >fivefold decline 
between OD 0.5 and 6 (Figure 3B), suggesting a gradual reduction 
in HADA assimilation into PG networks after OD 0.5. This finding 
also reflects a decrease in PG transpeptidation activity as bacteria 
transition into the stationary phase, coincident with a decreasing cell 
volume (Figure 3C) and a reduction in cell-division machinery, sug-
gesting that while PG transpeptidation is active during the early ex-
ponential phase, it diminishes as cells progress into the stationary 
phase, coinciding with the slowing of cell division.

To further examine the dynamics of HADA incorporation, we 
conducted a saturation labeling followed by a no-label chase. Spe-
cifically, V. fischeri cells were labeled with HADA for a period equiva-
lent to two doubling times, washed, and then transferred to label-
free medium to measure any loss of fluorescent signal as they 
continued to grow (Figures 4; Supplemental Figure S4). During the 
early exponential phase (OD 0.5), the greatest loss of fluorescent 
signal may potentially be due to the insertion of new PG during 
elongation and/or to a uniform level of turnover of the labeled PG 
by hydrolysis. In contrast, during stationary phase (OD 4.0), the bac-
teria displayed a minimal level of growth, leading to a decrease in 
fluorescent intensity throughout the entire cell. Both the short-term 
HADA labeling (Figure 3A) and the loss of fluorescent intensity at 
the midcell during this experiment support the hypothesis that 
HADA incorporation diminishes as the cell progresses into the sta-
tionary phase or a stage of very slow division. This conclusion is 
further evidenced by the pattern of ZapA-mCherry labeling, sug-
gesting that PG-transpeptidase activity by symbionts becomes 
more varied and complex when they are in the slow-growth phase.

The pattern of PG synthesis within host tissue mirrors that 
occurring in culture
We next sought to determine the patterns of PG synthesis when 
symbionts colonize the light-organ crypts. To examine growth in the 
symbiotic environment, we first focused on the largest and most 
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mature pair of crypts (Crypt 1; Figure 1A). Colonized squid were 
briefly incubated with HADA for 1 h, and then fixed before fluores-
cence imaging of the light organ. We analyzed time points that 
represented the three daily stages of the symbiosis: the regrowth 
phase (2–6 h post dawn; hpd), the transition phase (6–9 hpd), and 
the slow-growth phase (9–24 hpd; Figure 1B). During the regrowth 
phase (4 hpd), we observed midcell labeling of the bacteria, while 
in the slow-growth phase (10 hpd), the labeling pattern of the sym-
bionts was random around the cell wall (Figure 5A). Not surpris-
ingly, during the transition phase there was a mixed pattern, with 

some cells showing midcell labeling and others showing random 
labeling (Supplemental Figure S6A). Based on HADA incorporation 
in culture, we concluded that during the regrowth phase, cells are 
rapidly dividing, while during the slow-growth phase, they divide 
only once or twice in 12 h. Moreover, we found that the amount of 
HADA associated with the cell wall decreased once the symbiont 
had left the growth phase (Figure 5B). This decrease in cell-associ-
ated fluorescence beginning at 6 hpd supports the conclusion 
based on CFUs (Figure 1B) that cell growth/division slows signifi-
cantly after that point.

FIGURE 2: Activity of the V. fischeri cell division machinery decreases as the cells transition into stationary phase. 
(A) Representative phase micrographs showing the midcell position of the cell-division protein ZapA (ZapA-mCherry; 
red). Quantitative analyses of the ZapA-mCherry fluorescence localization, shown as demographs, at two OD values of a 
wild-type V. fischeri strain ES114 culture. The demograph is used to illustrate the fluorescence profiles of the population 
using a randomly chosen set of cells, where single-cell fluorescence profiles are sorted by cell length and stacked to 
generate the graph. The middle of the cells is indicated by a white dashed line. Scale bar = 2 µm. (B) ZapA-mCherry 
colocalizes with sites of new PG synthesis; Left, representative images of V. fischeri ZapA-mCherry cells at OD 0.5 that 
were briefly labeled with 1 mM HADA (cyan). Scale bar = 2 µm; Right, the fluorescence signal of HADA (cyan) and 
ZapA-mCherry (red) in each individual cell was quantitatively analyzed and their colocalization demonstrated in a 
demograph.
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The microbiogeography of host tissues affects the dynamics 
of PG synthesis
During the embryological development of E. scolopes, the sequen-
tial formation of light-organ crypts results at hatching in the pres-
ence of three sets of crypts of different sizes (Montgomery and 
McFall-Ngai, 1993) and levels of maturity (Essock-Burns et al., 2020, 

2023). Notably, for the first few days posthatch, the least mature 
Crypt 3 does not vent its symbiont population as Crypts 1 and 2 do 
(Essock-Burns et al., 2023). This delay suggests that the symbionts in 
Crypt 3 do not experience the diurnal reduction in population den-
sity that is characteristic of the more mature crypts. Thus, using a 
HADA-labeling approach, we asked whether there was evidence of 

FIGURE 3: HADA-labeling patterns vary at different culture densities in V. fischeri. (A) Short-term HADA labeling of 
strain ES114. Left, representative phase micrographs of cells from cultures at two OD values that were fluorescently 
labeled with 0.5 mM HADA (cyan). Scale bar = 2 μm. Right, demographs quantifying the cellular location of HADA 
labeling in V. fischeri cells from the culture imaged on the left. The middle of the cells is indicated by a white dashed 
line. (B) Quantification of the average fluorescence intensity in cells that were pulse-labeled with HADA at different OD 
values. The fluorescence intensity at each OD was distinguished using distinct colors in the scatter plot, with each dot 
representing an individual cell. The red circle represents the mean fluorescence intensity at each OD, while the red line 
represents ± one SD; N = 80 for all points. The blue line shows the fitted curve. (C) Size (approximated by cross-
sectional area) of V. fischeri cells from a culture at different OD values; the red circle indicates the mean and the red line 
indicates ± one SD; N = 80 for all points. The blue line shows the fitted curve.
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a daily cycle alternating between rapid growth and very slow prolif-
eration by the symbionts within Crypt 3. Images were captured at 
two time-points: 4 and 10 h postdawn (Figure 1B). Even at 4 hpd, 
most of the symbionts in Crypt 3 did not display midcell labeling, 
with the exception of a few that were nearest the crypt epithelium 
(Figures 5A’; Supplemental Figure S6B) where the bacteria and host 
are most likely to give/receive signals or nutrients. Moreover, at both 
time points, those few cells displayed a significantly greater fluores-
cence intensity compared with symbionts that were further from the 
host epithelium, a microbiogeographic pattern of labeling that was 
not observed among the symbionts in Crypt 1 (Figure 5C). Taken 
together, these findings demonstrate that symbionts in Crypt 3 ex-
hibit different patterns of PG synthesis and therefore, at least from 
the standpoint of PG synthesis, may inhabit a more heterogeneous 
environment than their counterparts in Crypt 1.

The temporal expression pattern of LDTs reflects tissue 
maturity
Using NanoString analysis, a direct, molecular barcoding method 
that quantifies the abundance of RNA transcripts accurately and ef-
ficiently without amplification (Levy et al., 2018), we found elevated 
ldtA transcript levels in the light-organ symbionts during the slow-
growth phase (i.e., 0400, 1600, and 2200 h) compared with the re-
growth phase (i.e., 1000 h; Figure 6B). To better understand the 
timing and location of ldtA expression and, by extension, the onset 
of cell-wall modification, we visualized the presence of V. fischeri 
ldtA mRNA using hybridization chain-reaction fluorescence in situ 
labeling (HCR). This method allowed us to compare the expression 
levels of ldtA in bacteria: (i) during exponential and stationary 
phases in culture medium, as well as during the regrowth and slow-
growth stages in the light organ, and (ii) within different crypt envi-
ronments (i.e., Crypt 1 and Crypt 3). We found that, while ldtA 

mRNA was not detected in cultured cells during exponential phase, 
it was broadly expressed during stationary phase (Supplemental 
Figure S7A). No ldtA mRNA was observed in the ΔldtA strain (Sup-
plemental Figure S7B), supporting the specificity of the HCR probes.

As predicted, HCR imaging did not detect ldtA mRNA in the 
bacteria within Crypt 1 during the daily regrowth phase (4 hpd) of 
the symbiosis; however, its expression became evident once the 
population had entered the slow-growth stage (10 hpd; Figure 6A). 
In contrast, Crypt 3 symbionts showed robust ldtA expression 
throughout the diurnal cycle. This differential expression suggests 
unique PG synthesis dynamics depending on the development 
state of the host tissue. Specifically, after their initial colonization 
event, symbionts in the less mature Crypt 3 appear to primarily un-
dergo PG remodeling, while those in Crypt 1 engage in this process 
only during the slow-growth stage that occurs as part of the diurnal 
cycle. Because Crypts 1 and 3 contain 84 and 2%, respectively, of 
the juvenile light organ’s symbionts (Montgomery and McFall-Ngai, 
1993), it is not surprising that the level of ldtA transcript detected by 
NanoString analysis reflected the images of Crypt 1: lowest during 
the postdawn regrowth period, and increasing as the population 
entered the slow-growth stage (Figure 6B). As expected, in juvenile 
squid colonized with a ΔldtA mutant, no ldtA mRNA signal was ob-
served using HCR (Supplemental Figure S8).

Carriage of ldtA provides a competitive advantage 
during symbiosis
Given the rhythmic expression of ldtA by Crypt 1 symbionts, we 
investigated whether carriage of this gene might play a role in 
successful persistence in the association. The ΔldtA mutant grew 
as well as its wild-type parent in culture medium (Supplemental 
Figure S9A). Furthermore, during the initial 4 d of colonization, 
the mutant showed a similar level of persistence within the light 
organ as its wild-type parent (Supplemental Figure S9B). These 
data suggested that LdtA was not essential for normal growth or 
colonization. However, when competing in a coinoculation with its 
parent, the ΔldtA strain demonstrated a marked decrease in com-
petitive persistence after 48 h (Figure 7A), with the parent strain 
surpassing ΔldtA by as much as a factor of 10 at 96 h. Neverthe-
less, over the first 4 d of the symbiosis the luminescence per CFU 
in the colonized squid remained stable (Figure 7B), suggesting 
that together the wild-type and mutant strains continued to be 
both metabolically active and capable of maintaining a high level 
of luminescence.

DISCUSSION
Many studies have examined how beneficial bacteria initially 
colonize host tissue. However, there is a much more limited under-
standing of the mechanisms employed by these symbionts for their 
subsequent proliferation and maintenance (Koch et  al., 2014; 
Bergkessel and Delavaine, 2021). In this report, we posit that during 
the periods of slow or no growth that often characterize the persis-
tence of such associations, symbiotic bacteria change the nature of 
their PG synthesis activities, and that these changes are important 
for their long-term survival. To test this hypothesis, we described 
and compared the patterns of PG synthesis of V. fischeri growing in 
laboratory culture to those of V. fischeri cells inhabiting the light 
organ of its sepiolid squid host, and asked whether those activities 
underlie a successful symbiosis. To understand the mechanisms 
driving the daily PG dynamics in the symbiosis, we used two fluores-
cently labeled noncanonical D-amino acids (HADA and EDADA) in 
an effort to determine whether PG synthesis varies between rapid- 
and slow-growth phases. Our findings revealed that the pattern of 

FIGURE 4: Time-lapse analysis of individual V. fischeri cells taken from 
an LBS culture at two ODs. The cells were uniformly labeled with 1 
mM HADA (cyan), followed by washing, transferring to glass slides, 
and mounting on pads saturated with LBS containing 1.5% agarose, 
without additional HADA label. Imaging of the cells was performed at 
3-min intervals for a period of 33 min.
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HADA labeling undergoes a change as cells transition into very 
slow-growth, and this change correlates with ZapA-mCherry local-
ization. Concurrently, EDADA labeling indicated that the insertion 
of new PG remains relatively constant throughout the growth cycle. 

Together, these observations indicate a distinct difference in PG syn-
thesis between rapid and slow phases of growth.

During our analyses of V. fischeri in lab culture we observed that, 
despite the graphical indications of an apparent balanced growth 

FIGURE 5: The dynamics of PG synthesis by V. fischeri symbionts at two times during the light organ’s daily cycle. 
(A, A’) Fluorescence microscopy images of symbiont-colonized crypts at two times after the dawn light cue (hpd = hours 
post dawn). Samples were treated at the indicated times with HADA (cyan) for 1 h to localize its incorporation into PG. 
Cell nuclei were counterstained using TO-PRO-3 (red). Insets provide a higher magnification of the bacterial cells 
indicated by arrows (a-h); white arrows point to bacteria adjacent to host cells, while yellow arrows indicate bacteria 
distant from host cells. (B) Analysis of per-cell fluorescence intensity of V. fischeri symbionts within Crypt 1, derived from 
images in panel (A) and Supplemental Figure S5. Data were collected at five different times in the diel cycle. (C) Analysis 
of per-cell fluorescence intensity of V. fischeri symbionts within Crypts 1 or 3 at two time points, as a function of their 
proximity to host cells lining the crypts. Data collection was limited to time points when the crypts were fully colonized 
(Crypt 1 was excluded from consideration at 4 hpd because it was not recolonized by this time). Each point denotes an 
individual biological replicate. TO-PRO-3 staining was used to segment bacterial cell nuclei, with the stain’s brightness 
adjusted to exclusively highlight the host cells. The black lines indicate the mean and the SD. Statistical significance was 
assessed using Mann-Whitney U tests, where **** denotes P < 0.0001, and “ns” indicates not significantly different.
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between ODs of 0.5 to 4.0 (Supplemental Figure S1), the pattern of 
PG synthesis changes markedly even though the culture is growing 
exponentially. Specifically, while cell division and new PG insertion 
are initially synchronized, as evidenced by the colocalization of 
ZapA and HADA (Figure 2B), when culture growth progresses be-
yond an OD of 2.0, a marked decline in the initiation of cell division 
occurs, coincident with a dispersal of ZapA and a reduced HADA 
labeling at the midcell (Supplemental Figures S2 and S3). These 
findings underline the limitations of relying on CFU or OD measure-

ments to infer that a complex process like cell division or PG synthe-
sis is proceeding unchanged. In fact, our results lead us to conclude 
that in culture a truly balanced period of growth and cell division in 
V. fischeri is briefer than predicted and, consistent with what has re-
cently been reported in Escherichia coli (Sezonov et al., 2007; Roller 
et al., 2023), does not actually encompass what is typically consid-
ered the characteristics of an exponential phase.

Natural environments often expose bacteria to conditions 
that produce a reduced growth rate, typically marked by nutrient 

FIGURE 6: Expression of V. fischeri ldtA in the light organ, depending on time and crypt. (A) Transcripts of ldtA (gold) 
were localized in juvenile light-organ crypts using HCR of GFP-labeled V. fischeri (green). Expression of ldtA by V. fischeri 
within Crypts 1 or 3, was determined at either 4 or 10 h post dawn (hpd). Nuclei of the crypt epithelia were stained with 
TO-PRO-3 (red). (B) The relative number of ldtA transcripts in the entire symbiont population (normalized to total 
mRNA) over a daily cycle of expulsion and regrowth, as measured by NanoString nCounter analysis.
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deficiencies and suboptimal pH or other biochemical stresses 
(Bergkessel et al., 2016; Stapels et al., 2018; Yin et al., 2019; Wheatley 
et al., 2020). Our data indicate that, during very slow growth or sta-
tionary phase, V. fischeri upregulates ldtA, which encodes a PG-mod-
ifying LDTs (Figures 6; Supplemental Figure S6A). Two of the LDTs of 
E. coli (YcbB and YnhG) produce 3–3 crosslinks in the PG, remodeling 

the cell wall and making it more stress resistant (Alvarez et al., 2021). 
In contrast, Vibrio cholerae encodes only one enzyme (LdtA) that is 
responsible for 3–3 crosslinking (Alvarez et al., 2021). The LdtA of 
V. fischeri (designated VF_1157) has 87% amino-acid sequence simi-
larity to the V. cholerae ortholog; however, whether it provides the 
only 3–3 crosslinking activity to V. fischeri as well is unknown.

LdtA expression by V. fischeri, both in cell culture and in the light 
organ, is increased during periods of slow growth. Similarly, when in 
the phagosome, S. typhimurium upregulates a specific PBP that is 
effective solely in an acidic environment, thereby promoting bacte-
rial division and survival within that stressful host compartment 
(Castanheira et al., 2017). Surprisingly, Reed et al. (2015) managed 
to eliminate most genes encoding transglycosylase- or transpepti-
dase-domain enzymes in Staphylococcus aureus. While this exten-
sive deletion of PG machinery did not produce a growth phenotype 
in culture, in host infection studies the mutant displayed an increased 
antibiotic susceptibility and decreased virulence. Such findings hint 
at the possibility that reliance on results of cells grown under labora-
tory conditions might obscure enzyme activities or PG-structural 
variations that are most relevant in natural growth settings like host 
tissues. We postulate that the activity of V. fischeri LdtA in slow-
growing symbionts could be crucial for maintaining cellular stability 
under certain host-tissue conditions, as reported for bacteria as di-
verse as E. coli and Mycobacterium tuberculosis (Pisabarro et  al., 
1985; Squeglia et al., 2018; Gokulan and Varughese, 2019; Papado-
poulos et al., 2021). Such a diminished cell stability could explain the 
colonization defect of a ΔldtA mutant (Figure 7A). Another possible 
reason for the symbiosis defect in the absence of LdtA relates to the 
role of this V. cholerae enzyme in recycling free PG tetrapeptide 
monomer (termed TCT) that would otherwise accumulate in the 
periplasm (Alvarez et al., 2021). Because this molecule is a potent 
inducer of developmental events in the juvenile squid (Koropatnick 
et  al., 2004), colonization by a mutant that releases an increased 
level of TCT signal might imbalance the communication between 
the partners (Adin et al., 2009). To test these hypotheses, more com-
prehensive PG structural studies are needed that focus on the effect 
of different growth rates on the expression and products of PG syn-
thesis and modifying enzymes, and on the resultant PG structures 
they create in symbionts (Alvarez et al., 2021).

As cells transition from rapid growth, in either culture or within 
host tissue, V. fischeri encounters environmental challenges that 
could elicit changes in PG-synthesis activities. During the daily cycle 
of symbiosis (Figure 1B), factors such as nutrient limitation, toxin 
accumulation, or space constraints may periodically become influ-
ential (Schwartzman and Ruby, 2016). Because the pattern of fluo-
rescent labeling changes with the level of bacterial occupation in 
the crypts, we asked what role spatial constraints within the crypts 
might play in modulating symbiont PG synthesis. Prior research has 
shown that, compared with its wild-type parent, a nutritional auxo-
troph of V. fischeri, ΔlysA, can colonize only ∼10% of the available 
crypt space within the light organ due to a lysine limitation (Aschtgen 
et al., 2016; Essock-Burns et al., 2020). Nevertheless, this mutant 
exhibited both a similar cellular distribution of PG labeling and a 
pattern of decreasing fluorescence per cell over time as wild type 
(Figure 5B), even though the mutant population had not fully occu-
pied the major crypt and still had space in which to expand (Supple-
mental Figure S10). These results suggest that a symbiont’s growth 
isn’t limited by either the availability of crypt space or by a condition 
(like acidification or oxygen limitation) that is directly related to pop-
ulation size; instead, growth limitation may be determined simply by 
the amount of nutrients that the host tissues of each crypt provide 
(Graf and Ruby, 1998).

FIGURE 7: Competitive colonization dynamics in E. scolopes 
between V. fischeri wild-type and ΔldtA mutant strains. Hatchling 
squid were exposed to a concentration of 4 × 10³ CFU/mL a 1:1 
mixture of either: (i) the ΔldtA mutant tagged with an RFP-encoding 
plasmid (pVSV208), and unmarked wild-type V. fischeri (solid circles); 
or, (ii) the unmarked ΔldtA mutant, and wild type tagged with the 
RFP-encoding plasmid (open circles). Postinoculation, the squid were 
rinsed daily in fresh V. fischeri-free seawater, and the persistence of 
their symbiosis assessed by determining their luminescence. (A) RCI 
was determined as described in the Materials and Methods. Each 
point reflects the RCI obtained from a single juvenile. (B) Relative 
luminescence units (RLU) per CFU were used to quantify the 
bioluminescence from squid light organs colonized by the mixed 
population of wild-type and ΔldtA strains. Each data point 
corresponds to an individual squid. Error bars signify ± the SD.
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Another intriguing observation from this study was the distinct 
behavior of the symbionts in Crypt 3 when compared with the bac-
teria in the more mature Crypt 1; specifically, while in Crypt 1 ldtA is 
only highly expressed at night, it is expressed in Crypt 3 during both 
the morning and night (Figure 6), a result that is consistent with the 
apparent absence of growth of the majority of symbionts in Crypt 3 
throughout the day (Essock-Burns et al., 2023). This difference in 
expression over the day/night cycle also underscores how the in-
duction of functionally specific PG enzymes may be different in dis-
tinct tissue compartments. A recent report found that V. fischeri cells 
colonizing Crypt 3 exhibit resilience against external factors like an-
tibiotic intervention, potentially due to its more metabolically-inac-
tive symbiont population (Essock-Burns et al., 2020, 2023), a conclu-
sion that aligns with the pattern of ldtA expression. These data point 
to a distinct, and likely more stressful, microenvironment in Crypt 3 
that reflects the presence of diverse bacterial-host interactions 
within the different crypts (Essock-Burns et al., 2023). Alternatively, 
the developmental dynamics within Crypt 3 tissues may inhibit bac-
terial expulsion, thereby maintaining the crypt inhabitants in a pro-
longed stationary phase–a state known to confer cross-resistance to 
multiple stresses. Future research will aim to: (i) further elucidate 
these microbiogeographical differences and their implications for 
host development and symbiont persistence, and (ii) experimentally 
alter the expulsion cycle in Crypt 3 to determine its effects on sym-
biont growth dynamics. The colonization dynamics within the light 
organ suggest parallels with the mammalian microbiome, wherein 
the developmental state of gut tissues plays a pivotal role in shaping 
their associated microbiota (Stewart et al., 2018). Similarly, the per-
sistence of microbiome colonization in the gut, along with the peri-
odicity in transcriptional activities currently being revealed (Daas 
and de Roos, 2021; Goh et al., 2021; Frazier and Leone, 2022) sug-
gests that successfully managing the growth of their microbial part-
ners over time is a common theme in phylogenetically diverse 
animals.

MATERIALS AND METHODS
Bacterial strains and growth conditions
Strains and plasmids used in this study are summarized in Table S1. 
E. coli was grown in lysogeny broth (LB) at 37°C (Bertani, 1951); 
V. fischeri was grown in LB-salt (LBS) medium at 28°C (Bennett et al., 
2020). Overnight cultures were inoculated with single colonies from 
freshly streaked -80°C stocks. Liquid cultures were shaken at 225 
rpm. When appropriate, antibiotics were added to overnight cul-
tures at the following concentrations: kanamycin (Km), 50 µg/ml; 
chloramphenicol (Cm), 5 µg/ml (for V. fischeri) or 25 µg/ml (for 
E. coli). Experimental cultures of V. fischeri were grown in seawater-
tryptone (SWT) medium at 28°C (Boettcher and Ruby, 1990).

To monitor bacterial growth, the optical density (OD) of cell sus-
pensions was determined spectrophotometrically at 600 nm. At an 
OD above 1.0, the cell suspension was diluted 10-fold before taking 
a measurement. Colony counts were performed by serial 10-fold 
dilutions in LBS, after adjustment of the concentration based on 
OD. Aliquots of 50 µl of each sample were plated onto LBS agar, 
and incubated for 18 h.

Plasmid and mutant construction
Primers used to construct the deletion and expression vectors in this 
study are listed in Supplemental Table S1. In-frame deletion of 
genes in the V. fischeri genome was performed as previously 
described (Bennett et  al., 2020). Counterselection to remove the 
target gene and pSMV3 was performed on LB-sucrose (per liter: 
2.5 g NaCl, 10 g Bacto-Tryptone, 5 g yeast extract, 100 g sucrose) 

for 2 d at room temperature. The pSMV3-derived plasmids were 
integrated into the bacterial chromosome by single-homologous 
recombination at the zapA locus. Gene replacement was achieved 
by double-homologous recombination using the counter-selectable 
sacB marker. Proper chromosomal integration or gene replacement 
was verified by colony PCR and sequencing.

Colonization assay
V. fischeri strains were grown at 28°C overnight in LBS medium sup-
plemented with either Cm or Kn depending on whether they were 
carrying a resistance marker (Supplemental Table S1). The overnight 
cultures were diluted 100-fold in SWT broth, and grown until mid-
exponential phase at 28°C. Cultures were diluted to a final concen-
tration aimed at providing an inoculum of ∼5,000 CFU/ml in 100 ml 
of 0.2-µm pore-size filtered-sterilized ocean water (FSOW), into 
which newly hatched juvenile E. scolopes squid were placed. After a 
12-h exposure to the inoculum, each squid was transferred to a vial 
containing 5-ml FSOW, and incubated overnight in a room with a 
12-h/12-h day/night cycle. After 36 h post inoculation (hpi), the 
squid were killed and frozen at -80°C in 700 µl of FSOW for 1 h to 
eliminate surface contaminants before being thawed and individu-
ally homogenized. Dilutions of the homogenate were spread on LBS 
agar medium, and the number of CFU/light organ was calculated.

To determine the dynamics underlying the daily expulsion and 
regrowth of the symbiont population, three replicate experiments 
were conducted. Each of the three groups of 110 juvenile animals 
originated from a separate clutch of eggs laid by a different adult 
female, on three different days. We treated data from each clutch as 
an independent experiment. In each of these three replicates, at 11 
time points during the day, 10 animals were analyzed. This ap-
proach tests the reproducibility of the results. In addition, the data 
from the three replicates were combined to provide a higher degree 
of rigor (i.e., 30 animals per time point over 11 timepoints) in the 
display. These approaches were adopted to ensure that the vari-
ability among clutches could be embraced in our analysis, thereby 
enhancing the ecological relevance of our findings.

Squid competitive colonization assay
V. fischeri strains (wild-type and ΔldtA) were cultured overnight in liq-
uid LBS at 28°C, then diluted 1:100 in SWT broth, and grown until 
they reached an OD of ∼ 0.6. The two strains were then mixed at a 1:1 
cell ratio. The mixed culture was used to inoculate E. scolopes hatch-
lings, achieving a total concentration of ∼ 103 CFU/ml. At 16 hpi, 
each individual squid was rinsed and relocated to a vial containing 5 
ml FSOW. The water in the vial was exchanged every 24 h. Squid 
colonization was monitored by measuring the luminescence of the 
animals once a day using a TD 20/20 luminometer (Turner Designs, 
Sunnyvale, CA). At 24-h intervals a portion of the colonized squid 
were killed and stored at –80°C. These squid were subsequently ho-
mogenized, and dilutions plated on LBS agar. The relative competi-
tive index (RCI) of the strains was determined as previously described 
(Bennett et al., 2020). Briefly, the RCI is defined as: log10[(mutant CFU 
per ml in organ/wild-type CFU per ml in organ)/(mutant CFU per ml 
in the inoculum/wild-type CFU per ml in the inoculum)].

Light microscopy and fluorescence imaging
Unless stated otherwise, imaging for all experiments was conducted 
using a Zeiss LSM 980 confocal microscope with a Plan Apochromat 
1.4 NA 100X oil objective. Stock solutions of two PG labels: (i) fluo-
rescent HADA and (ii) the dipeptide probe EDADA were prepared 
at a concentration of 100 mM in DMSO, and stored at -20°C. HADA 
and EDADA short-pulse labeling and pulse-chase timelapse were 
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performed as previously described (Liechti et al., 2016; Hsu et al., 
2017; Radkov et al., 2018; Hsu et al., 2019). For label-incorporation 
experiments, stocks were diluted to a final concentration of 1 mM in 
0.3 ml of bacterial cultures. For short-pulse labeling, cultures were 
incubated at 28°C for 5 min. Cells were fixed by adding 0.7 ml of 
ice-cold ethanol, and incubated on ice for 1 h. Post-fixation, cells 
were pelleted by centrifugation (10,000 g for 1 min), washed with 1X 
marine phosphate-buffered saline (mPBS; Essock-Burns et al., 2023), 
and resuspended in 1X mPBS for imaging. For fluorescence imag-
ing, samples were prepared on 24 × 50 mm coverslips using a 1.5% 
SeaKem LE Agarose pad in mPBS. The coverslip–pad assemblies 
were positioned on a custom slide holder with the pad facing up for 
inverted microscopy. Click chemistry utilized a clickable Alexa Fluor 
488 and a Click-iT Cell Reaction Buffer kit (Invitrogen), followed by 
three washes in 1X mPBS before imaging. Pulse-chase experiments 
involved incubating bacterial cells with 1 mM HADA for two dou-
bling times, washing, and imaging on agarose pads. Pseudo pulse-
chase experiments were conducted after incubating the bacterial 
cultures with 1 mM HADA for two doubling times, washing and in-
cubating in fresh LBS medium. Cultures were then sampled every 8 
min, fixed with 70% ethanol, and imaging on agarose pads.

To conduct short-pulse labeling of symbionts in juvenile E. scol-
opes squid, individual animals maintained for different time intervals 
ranging from 38 to 50 h posthatching were placed in FSOW contain-
ing 1 mM HADA for 1 h, fixed in 4% paraformaldehyde (PFA) in 1 × 
mPBS for 24 h. Tissue dissection, followed by TO-PRO-3 staining, 
was performed to label the nuclei of the crypt tissue. Samples were 
mounted in Vectashield (Vector Laboratories, Burlingame, CA) for 
imaging with a Zeiss LSM 800 confocal microscope.

Image analyses
Cell-length data were obtained using FIJI (Fiji Is Just ImageJ). 
Briefly, phase micrographs were imported into FIJI and cell lengths 
were manually traced using the “Freehand line” tool. Cell lengths 
were determined from the manual trace using the “Measure” func-
tion, calibrated to the µm/pixel scale of the original micrograph. The 
average fluorescence intensity per cell and cell area were measured 
using MicrobeJ (Ducret et al., 2016).

Fluorescence intensity is defined as the average gray value mea-
sured on the channel used to detect the particle. All statistical analy-
ses and data visualization were prepared using Prism (Field, 2002). 
To generate demographs and kymographs, fluorescence-intensity 
profiles were measured with ImageJ 1.47v (http://imagej.nih.gov/ij). 
The data were then processed in R version 3.5.0 using the Cell Pro-
files script (http://github.com/ta-cameron/Cell-Profiles) for demo-
graphs, as previously described (Cameron et al., 2014). Additionally, 
MicrobeJ was also applied to generate the kymographs (Ducret 
et al., 2016).

Marker frequency analysis (MFA)
Whole-genome sequencing reads were mapped to the V. fischeri 
ES114 chromosomes I and II (NCBI GenBank CP000020.2 and 
CP000021.2, respectively) with Bowtie2 v2.4.5 (Langmead and Salz-
berg, 2012), separately, with default parameters. SAMtools v1.16.1 
(Danecek et  al., 2021) and BEDtools v2.40.0 (Quinlan and Hall, 
2010) were used to report the read depth per base for each chromo-
some, and for every sample. Sliding-window averages of single-
base coverages were obtained with the function “rollapply” from 
the R package “zoo” v1.8.11 (Zeileis and Grothendieck, 2005), with 
1 kb-wide windows spaced 1 kb apart. Windows were removed if 
they had an internal SD that exceeded the median SD of all win-
dows plus/minus 3X the difference between the median and the 

third quartile of all windows in the chromosome. For subsequent 
analyses and visualization, chromosome positions were adjusted 
(see Supplemental Material for details). After plotting the scatter of 
the window averages over chromosome position, two regression 
lines were calculated so that their y-intercepts were equal, while 
their x-intercepts and slopes had equal absolute values but oppo-
site signs. The copy number at any given window on a chromosome 
was estimated by dividing the average coverage at that window by 
the ter coverage of the chromosome. Ori and ter copy numbers 
were estimated this way using averages of the windows that in-
cluded positions 0 and 1, respectively.

mRNA visualization by HCR
Hybridization chain-reaction fluorescence in situ hybridization (HCR) 
(https://doi.org/10.1038/nbt.1692) was performed on light organs 
dissected from squid colonized with either wild-type or ΔldtA V. 
fischeri strains carrying a gfp-labeled plasmid as previously de-
scribed (6). Briefly, juvenile squid were fixed in 4% PFA in mPBS at 
either 4 h after dawn or 4 h after dusk. HCR probes [version 3.0 
chemistry (https://doi.org/10.1242/dev.165753)] were designed to 
V. fischeri ldtA mRNA, and provided by Molecular Technologies 
(www.moleculartechnologies.org). 20 probes targeting ldtA mRNA 
were amplified with Alexa Fluor 488-labeled hairpins. Light organs 
were counterstained overnight with TO-PRO-3 and mounted on 
slides with Vectashield (Vector Laboratories, Burlingame, CA). Imag-
ing was performed on an inverted Zeiss LSM 800 laser scanning 
confocal microscope at the Caltech Biological Imaging Facility. The 
resulting images were analyzed using FIJI (ImageJ).

HCR was also conducted on V. fischeri wild-type and ΔldtA strains 
carrying an rfp-labeled plasmid, obtained from bacterial cell cultures 
during both the exponential phase (OD 0.5) and stationary phase 
(OD 4.0). In brief, the V. fischeri cells were fixed in a solution of 4% 
PFA in mPBS, and treated with 1 mg lysozyme per ml in 10 mM Tris-
HCl (pH 7.6), with shaking at 37°C for 1 h. 20 probes targeting ldtA 
mRNA were amplified using Alexa Fluor 488-labeled hairpins. The 
sample was then resuspended in 5 ×  SSC-Tween (1 × SSC consisting 
of 0.15 M NaCl and 0.015 M sodium citrate, 0.1% Tween 20). Sub-
sequently, 1 µl of labeled cells was spotted onto a coverslip and 
covered with a pad composed of 1% agarose in mPBS.
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