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ABSTRACT The symbiosis between Vibrio fischeri and the Hawaiian bobtail squid, 
Euprymna scolopes, is a tractable and well-studied model of bacteria-animal mutualism. 
Here, we developed a method to transiently colonize E. scolopes using D-alanine (D-ala) 
auxotrophy of the symbiont, controlling the persistence of viable infection by supplying 
or withholding D-ala. We generated alanine racemase (alr) mutants of V. fischeri that 
lack avenues for mutational suppression of auxotrophy or reversion to prototrophy. 
Surprisingly, an ∆alr mutant did not require D-ala to grow in a minimal medium, a 
phenomenon requiring metC, which encodes cystathionine β-lyase. Likewise, overex
pression of metC suppressed D-ala auxotrophy in a rich medium. To block potential 
mechanisms of suppression, we combined the ∆alr mutation with deletions of metC 
and/or bsrF, which encodes a broad-spectrum racemase and investigated the suppres
sion rates of four D-ala auxotrophic strains. We then focused on ∆alr ∆bsrF mutant MC13, 
which has a suppression rate of <10−9. When D-ala was removed from a growing culture 
of MC13, cells rounded and lysed within 40 minutes. Transient colonization of E. scolopes 
was achieved by inoculating squid in seawater containing MC13 and D-ala, and then 
transferring the squid into water lacking D-ala, which resulted in loss of viable symbionts 
within hours. Interestingly, the symbionts within crypt 3 persisted longer than those of 
crypt 1, suggesting a difference in bacterial growth rate in distinct crypt environments. 
Our study highlights a new approach for inducing transient colonization and provides 
insight into the biogeography of the E. scolopes light organ.

IMPORTANCE The importance of this study is multi-faceted, providing a valuable 
methodological tool and insight into the biology of the symbiosis between Vibrio fischeri 
and Euprymna scolopes. First, the study sheds light on the critical role of D-ala for 
bacterial growth, and the underpinnings of D-ala synthesis. Our observations that metC 
obviates the need for D-ala supplementation of an alr mutant in minimal medium and 
that MetC-dependent growth correlates with D-ala in peptidoglycan, corroborate and 
extend previous findings in Escherichia coli regarding a role of MetC in D-ala production. 
Second, our isolation of robust D-ala auxotrophs led us to a novel method for study
ing the squid-Vibrio symbiosis, allowing for transient colonization without the use of 
antibiotics, and revealed intriguing differences in symbiont growth parameters in distinct 
light organ crypts. This work and the methodology developed will contribute to our 
understanding of the persistence and dynamics of V. fischeri within its host.

KEYWORDS Photobacterium, Aliivibrio, D-alanine, D-amino acids, racemase

T he light organ symbiosis between Vibrio fischeri and the Hawaiian bobtail squid, 
Euprymna scolopes has been a useful model for understanding the initiation and 

persistence of beneficial bacterial infections (1–4). E. scolopes hatchlings are aposym
biotic, but rapidly acquire V. fischeri from their environment (5). V. fischeri symbionts 
live within a specialized bilobed light organ of E. scolopes, where they grow and are 
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bioluminescent (6–8). The host is thought to use the bioluminescence as a camouflaging 
counter-illumination behavior (9, 10). The animals are inactive during the day, and 
a large portion of the symbionts are vented from the light organ each dawn, thus 
increasing V. fischeri populations in the environment (11). The light organ is ventral to the 
ink sac, and is external, constantly in contact with the surrounding seawater (6, 7, 12). 
Each lobe of the hatchling light organ has a pair of ciliated epithelial appendages (CEAs) 
that serve to promote infection with V. fischeri (13). At the base of each pair of CEAs are 
three pores, each of which leads to a duct, antechamber, and epithelium-lined crypt. The 
three crypts are anatomically distinct, with crypt one maturing earliest, and crypt three 
the latest. Additionally, symbionts of crypt three appear to have slower growth rates, are 
less likely to be vented, and do not interact in the same ways with epithelial cells as do 
the bacteria in crypts one and two (14–18).

Studies that initiate and then terminate infections have been useful for understand
ing host-symbiont dynamics, and for determining whether host responses to infection 
are reversible. Transient colonization of E. scolopes by V. fischeri has previously been 
accomplished by curing infected animals with antibiotics. Chloramphenicol (Cm) was 
the first used to clear infection early in the symbiosis (19, 20). However, Cm alone 
proved insufficient for curing a fully established infection, which was achieved by using 
a combination of Cm and gentamicin (Gm) (21). These studies showed that some 
developmental programs within E. scolopes, including symbiont-induced regression of 
CEAs, can be irreversibly triggered by transient infection (19), while others, like the 
behavior of host macrophage-like cells, require persistent presence of V. fischeri (21).

While using antibiotics to cure infections has proven useful, there may be drawbacks. 
Antibiotics must diffuse into host tissues, potentially causing a concentration gradient 
and uneven exposure. Especially with high drug concentrations, host tissues themselves 
can be affected by antibiotics (22, 23) or the solvents they are delivered in. Although 
negative effects on the host have not yet been observed with the Cm and Gm most often 
used in V. fischeri-E. scolopes symbiosis, Cm and Gm have documented off-target effects 
on Eukaryotic cells (24, 25). Perhaps most importantly, broad-spectrum antibiotics, such 
as Cm and Gm may also have off-target effects on bacterial symbionts in other organs, 
such as the gut or accessory nidamental gland (ANG) (26–28). For example, treatment 
of E. scolopes eggs with Cm resulted in fungal infections, presumably by interfering with 
the bacterial communities transferred to eggs from the maternal ANG, underscoring the 
possibility of undesirable side effects (26).

An alternative and complementary approach to using antibiotics to generate 
transient infections is to colonize animals with bacterial mutants that require meta
bolic supplementation, and then subsequently remove the necessary supplement. For 
example, bacteria that are auxotrophic for D-ala, D-glutamate (D-glu), and meso-diami
nopimelic acid (DAP) colonized mice while being supplemented with these compounds 
but were cured from the host when these amino acids were no longer provided (29–32). 
These three amino acids are specific components of the bacterial peptidoglycan (PG) and 
are not typically found in animals, making it unlikely that hosts could support the growth 
of auxotrophic strains without external supplementation. However, some auxotrophs 
can give rise to suppressor mutants that have developed alternative pathways to PG 
biosynthesis, so mutation of multiple genes or pathways may be required to generate 
robust auxotrophy (29, 30). These studies led to the goal of developing D-ala auxotrophy 
of V. fischeri to accomplish transient colonization within the E. scolopes light organ.

Previously, we reported that an alr::mini-Tn5-em mutant was auxotrophic for D-ala 
and unable to colonize E. scolopes without D-ala supplementation (33). However, we 
recently discovered that, despite the lack of an encoded transposase gene, this mini-
transposon can precisely be deleted, reverting to the wild-type genotype at the insertion 
locus (34). We also discovered that rare mutations of bsrF, which encodes a broad-spec
trum racemase, could compensate for the lack of Alr (34). In this study, we sought 
to determine whether D-ala auxotrophic strains of V. fischeri could be generated that 
would not give rise to revertants or suppressors, whether such strains could be used to 
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transiently colonize E. scolopes, and if so, what could be learned about the symbiosis 
from such transient colonization.

RESULTS

To prevent reversion in the alr::mini-Tn5-em mutant by precise deletion of the transpo
son, we generated an ∆alr mutant (MC6), which is auxotrophic for D-ala in lysogeny broth 
salts (LBS) medium (Fig. 1). We were initially surprised to discover that the ∆alr mutant 
could grow in a defined minimal medium without D-ala supplementation (Fig. 2), but a 
hypothetical rationale for the finding was evident from previous studies in Escherichia 
coli (35), as well as our analyses of prototrophic suppressors of MC6, as described below.

To assess the stability of D-ala auxotrophy, we grew MC6 in LBS containing D-ala and 
then spread the culture to plates without D-ala. The cultures were plated in parallel to 
LBS with D-ala to determine the number of cells plated and the frequency of suppres
sion. After plating about 1010 cells, nine suppressors were generated, for a suppression 
rate of 9 × 10−10 (Table 1). Genome sequencing revealed that three of the suppressors had 
mutations in metG, which encodes the tRNA synthetase responsible for charging L-met 
tRNA, while the other six suppressors had mutations in spoT, which encodes (p)ppGpp 
synthetase.

Kang et al. (35) previously showed that upregulation of metC, which encodes 
cystathionine-β-lyase and contributes to L-methionine biosynthesis, restored prototro
phic growth to a D-ala auxotrophic alr dadX mutant in E. coli. We, therefore, considered 
the possibility that the suppressor mutations in metG and spoT mimic amino acid 
(methionine) starvation, and that such mutations lead to increased expression of MetC, 
and therefore prototrophy in the alr mutant.

Consistent with this model, we found that expression of metC from a multicopy 
plasmid in V. fischeri compensated for the loss of alr, enabling growth on unsupplemen
ted LBS (Fig. 3). Moreover, growth of the ∆alr strain in a defined minimal medium without 
D-ala is dependent on metC, although deletion of metC also creates L-met auxotrophy 
(Fig. 2). MetC of E. coli can racemize alanine as well as other amino acids, including 
serine and aminobutyrate (36). To test whether MetC in V. fischeri was restoring growth 
by producing D-ala that is incorporated into PG, we analyzed the amino acid content 
of PG isolated from the wild-type parent (ES114) and the D-ala auxotroph MC27 (∆alr 
∆metC ∆bsrF) expressing metC from a multicopy plasmid. Amino acid analysis of the PG 
(see Materials and Methods) indicated that both samples have an Ala:DAP:Glu ratio of 
2:1:1 that is typical in Gram-negative sacculi. Moreover, they have identical high-perform
ance liquid chromatography (HPLC) chromatograms (Fig. 4), and together these results 
suggest that MetC is providing D-ala for PG synthesis.

Much like over-expressing metC, removing the putative secretion signal of BsrF can 
compensate for the loss of Alr, obviating the need for D-ala supplementation in the 
LBS medium (34). Presumably, removing the signal sequence prevents BsrF secretion, 
trapping BsrF and its racemase activity in the cytoplasm, where Alr racemase activity is 
normally found. Therefore, to block known possible avenues of D-ala synthesis from 
L-ala (i.e., genes encoding proteins with alanine racemase activity), we deleted alr, 

TABLE 1 Selection of prototrophic suppressors of D-ala auxotrophy

D-alanine suppressor generation

Genotype CFU plated
LBS

CFU plated
LBS + D-ser

Total CFU 
plateda

Suppressors Suppressors per 
CFU

MC6 ∆alr 1010 –b 1010 9 9 × 10−10

MC13 ∆alr ∆bsrF 6 × 109 3 × 109 9 × 109 0 <1.1 × 10−10

MC24 ∆alr ∆metC 4.5 × 109 – 4.5 × 109 0 <2.2 × 10−10

MC27 ∆alr ∆metC
∆bsrF

1010 1010 2 × 1010 0 <5 × 10−10

aFor each strain, multiple independent cultures were plated, and the total CFU represents the sum of those 
multiple biological replicates.
b–, cells were not plated on LBS + D-ser.
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metC, and bsrF singly and in each possible combination (Tables 1 and 2). Similar to 
MC6, mutants MC13 (∆alr ∆bsrF), MC24 (∆alr ∆metC), and MC27 (∆alr ∆metC ∆bsrF), 
require exogenous D-ala to grow in LBS broth (Fig. 1). All D-ala auxotrophs, regardless 
of additional mutations beyond deletion of alr, required the same concentration of 
exogenous D-ala, 100 µg/mL, to restore growth in LBS (Fig. 1).

FIG 1 Generation and recovery of D-ala auxotrophy. Shown are the final OD600 readings for V. fischeri cultures grown in LBS. Cultures were grown for 24 hours 

before reading the final OD600. Error bars indicate the standard error of the mean (n = 4). Data from one representative experiment of at least three is shown.

FIG 2 The presence of metC in an alr mutant enables growth in Fischeri minimal medium (FMM) without 

D-ala supplementation. Strains were grown in minimal media alone, or with 50 µg/mL of D-ala and/or 

L-met. Strains were grown for 24 hours at 28°C shaking before reading the final OD600. Error bars indicate 

the standard error of the mean (n = 3). Data from one representative experiment of three is shown.
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To evaluate the possibility of D-ala prototrophy arising from secondary mutations in 
alr mutants during host colonization, we tested suppression rates in MC13, MC24, and 
MC27 as we had for MC6 above. For each of these double- or triple-mutant strains, after 
plating between 4.5 × 109 and 2 × 1010 cells, no prototrophic suppressor mutants were 
recovered (Table 1). D-serine has previously been found in place of D-ala in some PG 
(43), and we considered the possibility that if D-ser were present within the squid light 
organ but not in LBS, it could lead to a higher frequency of suppression in the symbiosis 
than we had observed in culture. However, after plating >109 cells of MC13 (∆alr ∆bsrF) 
and MC27 (∆alr ∆bsrF ∆metC) on LBS supplemented with D-ser, we also failed to isolate 
suppressors (Table 1). Taken together, our data indicate that for MC13, MC24, and MC27 
under the conditions tested, suppression of D-ala auxotrophy appears to occur at a 
frequency of <10−9. For reference, juvenile E. scolopes are colonized by approximately 105 

to 106 V. fischeri cells.
As illustrated above, deleting metC eliminates a potential avenue to D-ala prototro

phy, but it isn’t clear that the ∆metC allele is necessary from a practical standpoint, 
and the added need for L-met to support growth could complicate symbiotic studies 
(Fig. 2). Graf and Ruby showed that a methionine auxotroph of V. fischeri colonized the 
light organ at 23% of the population-level achieved by the parent strain at 45 hours 
post-inoculation (44), suggesting that the host can supply the symbiont with L-met, 
though perhaps in insufficient quantity to attain full colonization. Although it is possible 
that the provisioning of L-met is spatially or temporally uneven within host crypts, it 
seems likely that there is sufficient L-met available for initial colonists, and metC may not 
be highly expressed in this context. Given our observations of metC-dependent growth 
of an alr mutant in a minimal medium without D-ala supplementation (Fig. 2), and the 
fact that intact metC did not allow an alr mutant to initiate colonization of E. scolopes 
(45), initial symbiont growth in the light organ appears more like growth in LBS than 
in the defined minimal medium, at least in respect to D-ala metabolism. Given that the 
likelihood of MetC giving rise to growth without alr or exogenous D-ala in the host light 
organ was relatively low, we proceeded to examine MC13 (∆alr ∆bsrF) as a potential tool 
for initiating and then terminating squid-Vibrio symbiosis.

FIG 3 alr mutants can be rescued from D-ala auxotrophy by expression of metC. Shown are final OD600 

readings for V. fischeri cultures grown in unsupplemented LBS, or LBS supplemented with 200 µg/mL 

D-ala. Strains include MC6 (Δalr), MC24 (Δalr ΔmetC), and MC27 (ΔbsrF Δalr ΔmetC) alone, or carrying 

plasmid pMNC6 (metC). Cultures were grown for 24 hours before reading OD600. Error bars indicate the 

standard error of the mean (n = 4). Data from one representative experiment of at least three is shown.

Full-Length Text Applied and Environmental Microbiology

October 2024  Volume 90  Issue 10 10.1128/aem.01298-24 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.

as
m

.o
rg

/jo
ur

na
l/a

em
 o

n 
17

 D
ec

em
be

r 
20

24
 b

y 
12

8.
24

8.
13

0.
19

2.

https://doi.org/10.1128/aem.01298-24


We first tested the effect of removing D-ala from pre-grown MC13. The synthesis 
of PG is essential for maintaining structural integrity and cell morphology (46), and 
inhibition of PG integrity can result in cell lysis due to increased internal pressure, as 
is seen with the use of beta-lactam antibiotics (47). We used these observations as a 
starting point for investigating the response of D-ala auxotrophic V. fischeri to a loss of 
exogenous D-ala. Microscopic observations revealed that depriving MC13 of D-ala led to 
cells assuming a more rounded form before ultimately rupturing within 40 minutes after 
D-ala removal (Fig. 5). Such rapid cellular disruption and lethality resulting from D-ala 
deprivation suggested the potential utility of MC13 as a transient colonizer of E. scolopes.

We inoculated juvenile E. scolopes overnight with strain MC13, adding 50 µg/mL of 
D-ala into the filtered seawater (FSW). After overnight inoculation, colonized squid were 
placed into FSW without D-ala, and maintained for an additional 8 hours, to allow time 
for D-ala auxotrophic cells within the light organ to outgrow their PG and lyse, as we 
had observed in culture. The viability of the symbionts within the light organ crypts 
was evaluated by measuring both luminescence and CFUs (Fig. 6A and B). Initially, both 
crypts one and three were robustly colonized by MC13, but the removal of D-ala resulted 
in an absence of detectable symbionts after 24 hours. However, confocal microscopy 
revealed the persistence of intact MC13 cells in crypt three (Fig. 6C), even though they 
were not recoverable as CFU (Fig. 6B). Crypt one was largely uncolonized at this point, 
with the few remaining symbionts exhibiting morphological deviations from the normal 
bent-rod shape. Forty-eight hours after the removal of D-ala, crypt one continued to 
show declining levels of bacterial symbionts, while crypt three was still colonized by 
bent-rod-shaped cells (Fig. 6C). Finally at 72 hours post-D-ala removal, crypt three had 

FIG 4 MetC rescues D-ala auxotrophy by producing D-ala. (A) HPLC chromatograms of the wild-type parent (ES114; top) and a D-ala auxotroph overexpressing 

metC (bottom; MC27 + pMNC6). ES114 was grown in LBS, while MC27 carrying pMNC6 was grown in LBS-Cm. Peptidoglycan sacculi were purified and digested 

with Mutanolysin, and muropeptides separated by HPLC, detected by A 206 nm and further analyzed as described previously (37). (B) Identification of labeled 

peaks in Fig. 4A. * indicates a buffer component peak, while lettered peaks correspond to PG fragments.
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lost most of its symbiotic V. fischeri, and those remaining had assumed the spherical 
shape typical of dying cells.

DISCUSSION

PG structure is largely conserved across bacteria, due in large part to its structural 
stability and the D-amino acids that allow it to escape digestion by proteases (48). In 
most Gram-negative bacteria, the stem peptide consists of L-ala, D-glu, meso-DAP, and 
D-ala (49). In contrast, Gram-positive bacteria usually have L-lysine in the third position 
(43). Notably, the presence of D-ala at the fourth position of the PG peptide is universally 
conserved, emphasizing its pivotal role in bacterial cell wall synthesis, as evidenced by 
the present study.

Alanine racemases can produce the D-ala necessary for PG biosynthesis and are 
nearly ubiquitous in bacteria. In many species, the primary alanine racemase, often 
encoded by alr, is considered essential for bacterial growth (45, 50–55). However, some 
bacteria have a secondary source of D-ala as well, which can compensate for the loss 
of Alr activity (52, 56, 57). Deletion of these alanine racemase-encoding genes leads to 
D-ala auxotrophy. A study in E. coli found that D-ala auxotrophy of an alr dadX mutant 
could be suppressed by overexpression of metC, which encodes cystathionine-β-lyase 
(35), although the PG structure was not analyzed directly, and D-ala production and 
incorporation were only assumed. Later research of these genes verified that MetC has 
alanine racemase activity (36, 58). In our study of D-ala auxotrophy and suppression, we 
also sought to determine if the MetC of V. fischeri could play a similar role. We confirmed 
that in V. fischeri, MetC can compensate for D-ala auxotrophy in a defined medium (Fig. 
2), and artificial overexpression of MetC can have this effect in a rich medium (Fig. 3). As 
in E. coli, this suppression appears to be due to alanine racemase activity, as evidenced 
by the presence of D-ala in the PG of a D-ala auxotroph overexpressing metC, giving it 
wild-type PG structure (Fig. 4).

Previously, we identified BsrF, a broad-spectrum racemase that can compensate for 
the lack of Alr when relegated to the cytoplasmic space of V. fischeri (34). To elucidate any 
remaining potential avenues of D-ala production, we engineered four D-ala auxotrophs 
and attempted to isolate suppressor mutants of each. Our selection approach parallels 
previous attempts to evolve PG biosynthesis (34, 37, 59–61). Three such studies found 
that mDAP auxotrophy could be suppressed by the incorporation of lanthionine at the 
third position of the PG peptide (59–61). Two other studies found that the aspartate 

FIG 5 The D-Ala auxotrophic strain of V. fischeri requires D-Ala for the maintenance of its PG structure and cellular morphology. Displayed is a time-lapse 

montage depicting two MC13 cells (top, middle) undergoing morphological degradation and eventual rupture when placed on an agarose pad containing only 

LBS. Also shown is a time-lapse of a WT (ES114) cell under the same conditions. Images were sequentially acquired every 5 minutes over a 40-minute period.
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racemase RacD (37) and ∆SS-BsrF (34) could compensate for the loss of glutamate 
racemase activity by MurI. The latter two studies found suppressors to have wild-type 
PG structure, implicating the racemases as having glutamate racemase activity. Based on 
these previous studies, as well as the current work, it appears that D-glu and D-ala may 
be more difficult moieties to replace in PG than mDAP.

Previous studies have used PG-specific D-amino acid auxotrophs as transient 
colonizers of cell cultures (62) and mice (29, 30), and even as vaccines against bacterial 
pathogens (31, 63, 64). Currently, transient colonization of E. scolopes is accomplished by 
the use of antibiotics (19–21). Here, we employed the use of V. fischeri strains auxotrophic 
for a PG-specific D-amino acid instead.

Upon supplying D-ala in the seawater, the MC13 (Δalr ΔbsrF) D-ala auxotroph was 
able to colonize hatchling E. scolopes (Fig. 6). When D-ala is removed from growth 
medium, the auxotrophic bacteria rapidly begin to lose their normal cell morphology 
before finally lysing (Fig. 5), and similarly, removal of D-ala from the seawater results in 
transient colonization of the squid (Fig. 6). Understanding the dynamics of host-microbe 
interactions is especially crucial during the early, stress-susceptible stages of life, as 

FIG 6 Colonization of V. fischeri MC13 in the presence of D-Ala treatment. (A) Animal bioluminescence measured under both aposymbiotic and symbiotic 

conditions, observed when inoculated with wild type (WT; ES114) or MC13 strains (or no inoculum for aposymbiotic conditions) for 24 hours with 50 µg/mL 

D-ala treatment. Animal bioluminescence was also assessed 24 hours after D-ala removal. (B) Symbiont population levels (average CFU per light organ) 24 hours 

post-inoculation for both WT and MC13 strains treated with 50 µg/mL D-ala. Subsequently, the colonized squids were washed and transferred to FSW alone 

without the addition of D-ala, and symbiont population levels were measured 24 hours thereafter. (C) Representative confocal micrographs of crypts one (left) 

and three (right) of the light organ colonized for 24 hours by GFP-labeled MC13 strain (carrying pVSV102; refer to Materials and Methods) in FSW with 5 µg/mL 

D-ala, and visualized 24 hours post-removal of D-ala. Error bars in panels A and B represent standard error (n = 12).
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organisms enter the environment and acquire their microbiomes. The deployment 
of auxotrophic strains unveils a complementary methodology to specifically target 
the growth dynamics of one species without perturbing the equilibrium of an entire 
microbiome, including the microbial communities found in the adult E. scolopes gut 
and ANG. The different modes of action of treating with bacteriostatic antibiotics such 
as chloramphenicol or inducing lysis by depriving cells of D-ala may also have differ-
ent outcomes based on how the symbionts die and degrade, and accordingly, these 
approaches may be further viewed as complementary and corroborative. In sum, the 
approach described should prove useful for long-term studies of the effects of cleared 
colonization of the light organ.

Studies of transient bacterial infections can inform our understanding of host-
microbe dynamics, and specifically, this research can aid in understanding the intricacies 
of symbiont-induced host maturation. For example, this method provided additional 
information about the distinct biogeographies of the three crypt spaces within the E. 
scolopes light organ. Previous studies have shown that crypt three is the last to form 
and has distinct chemical and morphological differences from crypts one and two (14–
18). The present research underscores the differences of this crypt, as we observed the 
symbionts of crypt three to outlast those in crypt one after removal of D-ala from the 
seawater (Fig. 6). Although D-ala levels were not measured in the crypts over time, 
crypt-specific diffusion or exclusion of other small molecules (e.g., stains), has not been 
reported.

We speculate that symbionts within crypt three grow more slowly than those 
in the other crypts, allowing them to prolong their stores of D-ala longer than sym
bionts of crypts one and two. In support of this model, a recent study in V. fischeri 
utilized fluorescent D-ala derivatives that incorporate into growing PG, concluding that 
symbionts in crypt 3 have less growth reflected in new PG synthesis than those in crypt 
1 (65). Additionally, crypt three appears to be vented less often than the others (17), 
leaving a greater number of symbionts inside, regardless of growth rate.

Understanding the factors that contribute to this variability in crypt development 
and symbiont colonization could shed light on the selective pressures and adaptive 
strategies employed by both hosts and symbionts, and strengthen previous hypothe
ses that the less-mature crypt three acts as a sanctuary, potentially safeguarding the 
symbionts from stress, i.e., antibiotic treatment (17, 18), or nutrient limitation. The use of 
D-ala auxotrophs should be a useful tool for further investigating these dynamics in the 
model V. fischeri-E. scolopes symbiosis.

MATERIALS AND METHODS

Bacterial strains and culture conditions

The strains and plasmids used in this study are listed in Table 2. When added to LB 
medium (66) for selection of E. coli, Cm and kanamycin (Km) were used at concentrations 
of 20 and 40 µg/mL, respectively. For the selection of E. coli with Em, 150 µg/mL was 
added to the BHI medium (Difco, Sparks, MD). When added to LBS (67) for selection of V. 
fischeri, Cm, Em, and Km were used at concentrations of 2, 5, and 100 µg/mL, respec
tively. In LBS, D-ala was added at a final concentration of 400 µg/mL for auxotrophic 
strains unless otherwise indicated. Fischeri minimal medium (FMM) [1 mM Tris (pH 7.5), 
400 mM NaCl, 10 mM KCl, 50 mM MgSO4, 10 mM CaCl2, 2 µM FeSO4, 2 mM glycerol-3-
phosphate, 5 mM ribose, 20 mM NAG] was used to pre-grow cells for natural transforma
tion of V. fischeri. In FMM, D-ala was added at a final concentration of 100 µg/mL. Agar 
was added to a final concentration of 1.5% for solid media.

Molecular genetics and sequence analysis

The plasmids used in this study are listed in Table 2. Oligonucleotides used for PCR 
and cloning are listed in Table 3 and were synthesized by Integrated DNA Technologies 
(Coraville, IA). DNA ligase and restriction enzymes were purchased from New England 
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Biolabs (Beverly, MA). PCR for chromosomal deletion by transformation was conducted 
with KOD DNA polymerase (Millipore Sigma, Burlington, MA). PCR for plasmid cloning 
was conducted with Phusion DNA polymerase (New England Biolabs). Plasmids used 
for cloning were prepared with the ZymoPURE Plasmid Miniprep kit (Zymo Research, 
Irvine, CA). DNA was repurified after PCR and between cloning steps using the DNA 
Clean & Concentrator kit from Zymo Research. Plasmid inserts were Sanger sequenced 
at the University of Michigan Advanced Genomics core facility (Ann Arbor, MI). gDNA 
from V. fischeri strains was extracted using the Invitrogen PureLink Genomic DNA Mini 
Kit (Thermo Fisher Scientific, Inc.) and used as a template for PCR. For whole-genome 
sequencing, strains were grown overnight then pelleted, and sent to SeqCoast Genom
ics (Portsmouth, NH, USA) to perform DNA extraction, and strain-typing via Illumina 
sequencing. All sequences were analyzed via Geneious Prime with default settings, 
compared to V. fischeri wild-type strain ES114. Paired-end reads were mapped to 
the reference, then single-nucleotide polymorphisms were identified with a minimum 
variant frequency of 0.8.

Plasmid construction

Plasmids were maintained in E. coli DH5α, with the exception of pVSV105 and its 
derivatives which were maintained in DH5αλpir, and pEVS104 which was maintained 
in CC118λpir (40). When relevant, plasmids were conjugated into V. fischeri via triparental 
mating with helper plasmid pEVS104. Complementation plasmid pMNC6 was construc
ted by amplifying metC from ES114 with primers MNC7 and MNC8. This PCR product 

TABLE 2 Strains used in this studya

Strain Genotype Source

E. coli
  DH5α φ80dlacZΔM15 ∆(lacZYA-argF)U169 deoR supE44 hsdR17 recA1 endA1 gyrA96 thi-1 relA1 (38)
  DH5αλpir DH5α lysogenized with λpir (39)
  CC118λpir ∆(ara-leu) araD ∆lac74 galE galK phoA20 thi-1 rpsE rpsB argE(Am) recA λpir (40)
V. fischeri
  AKD100 ES114 with a mini-Tn7-Em (41)
  ES114 Wild-type isolates from E. scolopes (42)
  KL3 ∆bsrF (34)
  MC2 ΔmetC::FRT-EmR This study
  MC3 Δalr::FRT-EmR This study
  MC5 ΔmetC::FRT This study
  MC6 Δalr::FRT This study
  MC6S01 Δalr::FRT spoTC1370T This study
  MC6S02 Δalr::FRT spoTG1046T spoTG1049T This study
  MC6S03 Δalr::FRT spoTA1053C spoTA1058G This study
  MC6S04 Δalr::FRT metGA1159G This study
  MC6S05 Δalr::FRT spoTA1053C spoTA1058G This study
  MC6S06 Δalr::FRT metGC1148A This study
  MC6S07 Δalr::FRT spoTC818T This study
  MC6S08 Δalr::FRT spoTA1058G spoTAGC1051CAG This study
  MC6S09 Δalr::FRT metGC32A This study
  MC8 ΔbsrF ΔmetC::FRT-EmR This study
  MC12 ΔbsrF ΔmetC::FRT This study
  MC13 ΔbsrF Δalr::FRT (34)
  MC23 Δalr::FRT ΔmetC::FRT-EmR This study
  MC24 Δalr::FRT ΔmetC::FRT This study
  MC26 ΔbsrF Δalr::FRT ΔmetC::FRT-EmR This study
  MC27 ΔbsrF Δalr::FRT ΔmetC::FRT This study
aDrug resistance abbreviation used: em, erythromycin; cm, chloramphenicol, Km, kanamycin.
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was cloned into pCR-Blunt II TOPO (Thermo Fisher, Waltham, MA), yielding pMNC4. 
pMNC4 was then digested with NheI, and the metC-containing fragment was ligated into 
XbaI-cut pVSV105 (40), producing pMNC6.

Construction of mutant strains

For all mutant strains engineered in this study, chromosomal deletions in ES114 were 
created via overlap extension PCR (SOE-PCR), by generating mutant alleles, which were 
introduced by TfoX-mediated transformation (69). An Em-resistance cassette flanked 
by Frt-recombinase recognition sites was amplified with KOD DNA polymerase from 
plasmid pKV494 using primers Frt-F and Frt-R (68). Deletions of metC and alr were made 
by splicing fragments from upstream and downstream of the genes to the Em resistance 
cassette by SOE-PCR (68). Briefly, a ~500 bp fragment upstream of metC was amplified 
from ES114 using primers MNC39 and MNC40, and the ~500 bp region downstream of 
metC was amplified using primers MNC41 and MNC42. The ~500 bp region upstream 
of alr was amplified from ES114 using primers MNC51 and MNC52, and the ~500 bp 
region downstream of alr was amplified using primers MNC53 and MNC54. These pairs 
of flanking sequences were fused to the Em-Frt cassette by SOE-PCR, and the resulting 
deletion-allele fragments were then transformed into V. fischeri strains harboring the 
TfoX-overexpressing plasmid plosTfoX (69). Strains were then selected on LBS containing 
Em (and D-ala, for ∆alr strains). The Em cassette was removed from each mutant via flp 
recombinase expression on pKV496 to leave an FLP recognition-site scar, and finally, the 
FLP-expressing plasmid was cured (68). The ∆metC allele was then verified in resulting 

TABLE 3 Plasmids and primers used in this study

Plasmida Relevant characteristics Source

pCR-Blunt II-
TOPO

oriVColE1, kmR Thermo 
Fisher

pEVS104 Conjugative helper plasmid; oriVR6K oriTRP4 kmR (40)
pEVS118 oriVR6K oriTRP4, cmR (39)
pKAL4 bsrF from ES114 cloned into pCR-Blunt II-TOPO (34)
pKAL6 bsrF from ES114 cloned into pVSV105 (34)
pKV494 pJET + FRT-EmR (68)
pKV496 pEVS79-KnR + flp+ (68)
plostfoX tfoX+, CmR (69)
pMNC4 metC from ES114 cloned into pCR-Blunt II-TOPO This study
pMNC6 metC from ES114 cloned into pVSV105 This study
pMNC26 ΔSS-bsrF cloned from pKAL6 into pVSV105 (34)
pVSV102 KmR, gfp (15)

Primerb Sequence Source

Frt-F CCATACTTAGTGCGGCCGCCTA (68)
Frt-R CCATGGCCTTCTAGGCCTATCCC (68)
MNC7 CAT GCT AGC ACT AGT GAA TGG ATT CAT ATG This study
MNC8 CAT GCT AGC CGC CTT TAA TTT ATT GTT AAG This study
MNC39 GAT CTA AGA CAA AAA CTG CAA TAA GG This study
MNC40 taggcggccgcactaagtatgg CAT ATG AAT CCA TTC AAT AAA AAG This study
MNC41 ggataggcctagaaggccatgg TAACAATAAATTAAAGGCGATATT This study
MNC42 CATCAATCTGGATAAGACGAACGC This study
MNC51 GGGCTCGTATTTCTTCTACTATGGGC (34)
MNC52 taggcggccgcactaagtatggCATGATTCAGCCTTATTATTCATCA (34)
MNC53 ggataggcctagaaggccatggAATGAGAGTCTTCTTGAATTCATT (34)
MNC54 CTCTATACTCGAGACACCGCTATC (34)
aAlleles cloned in this study are from V. fischeri strain ES114. Replication origins (oriV) on each vector are listed as 
R6K and/or ColE1. Plasmids based on pES213 are stable in V. fischeri and do not require antibiotic selection for 
maintenance (15).
bAll oligonucleotides are shown in the 5’-to-3’ direction. Lowercase bases represent the tail sequences used for 
splicing fragments via SOE PCR.
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strains by PCR amplification with primers MNC39 and MNC41, and the ∆alr allele was 
verified with primers MNC51 and MNC54. Strain MC2 was generated by replacing metC 
in ES114 with the ∆metC-Em deletion fragment. Removal of the Em cassette generated 
strain MC5. Strain MC3 was generated by replacing alr in ES114 with the ∆alr-Em deletion 
fragment. Removal of the Em cassette generated strain MC6. Strain MC8 was generated 
from KL3 (34) by replacing metC with the ∆metC-Em deletion fragment. Removal of the 
Em cassette generated strain MC12. Strain MC23 was generated from MC6 by replacing 
metC with the ∆metC-Em deletion fragment. Removal of the Em cassette generated strain 
MC24. Strain MC26 was generated from MC13 (34) by replacing metC with the ∆metC-Em 
deletion fragment. Removal of the Em cassette generated strain MC27.

Selection of spontaneous suppressors of D-ala auxotrophy

D-ala auxotrophs (MC6, MC13, MC24, and MC27) were grown in LBS containing 
400 µg/mL D-ala to an OD600 of 1. Aliquots of 100 µL taken from multiple independent 
cultures were plated to LBS without D-ala. Cultures were dilution-plated in parallel on 
LBS with D-ala, to determine the number of CFU plated, thereby enabling calculation of 
mutation frequency. Plates were incubated at 28°C, and colonies were counted at 24 and 
48 hours post-inoculation. Suppressor colonies were streak-purified, then grown in LBS 
without D-ala supplementation, and stocked at −80°C in 20% glycerol.

Analysis of PG amino acid and muropeptide content

Cells were grown overnight in LBS (or LBS-Cm), chilled on ice for 10 minutes, and 
centrifuged at 4°C and 17,600 × g for 15 minutes. Pellets were resuspended in 10 mL 
water that had been chilled on ice, then dripped into 50 mL of boiling 4% SDS. The 
solution was boiled for 30 minutes with continuous stirring and allowed to cool to 
room temperature, at which point they were centrifuged at 120,000 × g for 60 minutes, 
resuspended in room temperature water, and washed three to four more times by 
centrifugation and resuspension as above. Before resuspension, the supernatant was 
assayed for SDS using methylene blue and chloroform (70) and washed repeatedly until 
no SDS was detected. When SDS was undetectable, the pellet was resuspended in 1 mL 
of water, then treated with 10 µg DNase I and 50 µg RNase A for 2 hours at 37°C. Samples 
were then treated with 100 µg of Trypsin, and CaCl2 was added to a final concentration 
of 10 mM. Samples were then incubated overnight at 37°C, and then centrifuged at 
15,880 × g for 10 minutes, after which pellets were resuspended in 1% SDS. The solution 
was incubated in a 95°C hot water bath for 20 minutes, diluted into warm water, and 
then centrifuged at 120,000 × g for 60 minutes at room temperature. The pellet was 
then washed with warm water and centrifuged as above, until SDS-free. Subsequent 
pellets were then resuspended in 12.5 mM NaPO4 (pH 5.5) and digested with 125 units 
of Mutanolysin at 37°C overnight. Insoluble material was removed by centrifugation at 
15,880 × g for 15 minutes. The muropeptide-containing supernatant was transferred 
to a new tube, lyophilized until dry, and stored at −20°C until analysis. The mixture of 
muropeptides was subjected to amino acid analysis in comparison to known standards 
(71) and HPLC muropeptide separation (72) as previously described.

Time-lapse microscopy of D-ala auxotrophic bacteria

Wild type and MC13 were initially cultured at 28°C in an LBS medium; MC13 was 
supplemented with 400 µg/mL of D-ala. Cultures were grown until the bacterial 
population reached an exponential phase, with OD600 between 0.4 and 0.8. Cells were 
harvested by centrifugation at 7,000 × g for 1 minute at room temperature, then 
resuspended in LBS without D-ala supplementation. A 1 µL aliquot of cells was carefully 
placed onto a pad containing 1.0% agarose in LBS and sealed with a coverslip. Time-
lapse images were captured at 5-minute intervals over a period of 2 hours, by an inverted 
Zeiss LSM 980 microscope equipped with a Plan Apochromat 1.4NA 100× oil Phase 3 
objective at the Caltech Biological Imaging Facility. The acquired time-lapse sequences 
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were subsequently processed and visualized in ImageJ, enabling the generation of a 
comprehensive image montage.

Squid colonization assay

V. fischeri ES114 was cultured overnight at 28°C in LBS medium, and D-ala auxotrophic 
strain MC13 carrying gfp-expressing plasmid pVSV102 was grown in LBS with 400 µg/mL 
of D-ala and 100 µg/mL km for plasmid retention. Overnight cultures were diluted 
100-fold into Seawater Tryptone liquid medium and allowed to grow until mid-exponen
tial phase at 28°C, then diluted to a final inoculum concentration of ~5,000 CFU/mL in 
100 mL of FSW. ES114 was inoculated into FSW alone, while MC13 was supplemented 
with 5 µg/mL D-ala. Newly hatched E. scolopes were introduced into these mixtures and 
allowed to colonize overnight under a 12/12 hour day-night cycle. Animals from different 
egg clutches were used to minimize the chance of an unusual clutch-specific (e.g., 
genetic) variation leading to anomalous results, and hatchlings from different clutches 
were evenly distributed across the treatments. After about 16 hours, the squid was 
transferred into individual vials with fresh FSW. ES114-inoculated squid were placed 
into FSW; half of the MC13-inoculated squid were transferred into FSW alone, while the 
other half were transferred into FSW supplemented with 5 µg/mL D-ala. At 24 hours 
post-inoculation, luminescence was measured using a TD 20/20 luminometer (Turner 
Designs, Sunnyvale, CA), after which the squid was either transferred to fresh FSW with 
D-ala as needed or frozen at −80°C in 700 µL of FSW until ready for use. Most squid were 
individually homogenized and then diluted in an LBS agar medium diluted in LBS broth 
and spread to LBS plates, and the number of CFU/mL was determined. Five squids from 
each treatment (D-ala or no D-ala) were fixed in 4% paraformaldehyde (PFA) solution in 
1× marine PBS (mPBS) for microscopy, as previously described (18).

Light microscopy and fluorescence imaging

PFA-fixed juvenile E. scolopes were dissected, treated with TO-PRO-3 Iodide (Thermo 
Fisher Scientific) to stain nuclei, and permeabilized overnight in 0.1% Triton X-100 in 
mPBS (mPBST). The squid wereas washed in mPBST for 15 minutes and then mounted in 
Vectashield (Vector Laboratories, Burlingame, CA) for imaging. Imaging was conducted 
using a Zeiss LSM 980 confocal microscope equipped with a Zeiss Plan Apochromat 
1.4NA 63× oil objective lens at the Caltech Biological Imaging Facility.
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