Environmental Microbiology (2021) 23(9), 5605-5620

Society for

applied microbiology

doi:10.1111/1462-2920.15717

Vibrio splendidus persister cells induced by host
coelomic fluids show a similar phenotype to
antibiotic-induced counterparts

Yanan Li,"”> Thomas K. Wood ©,® Weiwei Zhang -2

and Chenghua Li 124

'State Key Laboratory for Quality and Safety of Agro-
products, Ningbo University, Ningbo, 315211, China.
2Collaborative Innovation Center for Zhejiang Marine
High-efficiency and Healthy Aquaculture, Ningbo
University, Ningbo, 315211, China.

3Department of Chemical Engineering, Pennsylvania
State University, University Park, PA, 16802.
“Laboratory for Marine Fisheries Science and Food
Production Processes, Qingdao National Laboratory for
Marine Science and Technology, Qingdao, 266071,
China.

Summary

Persister cells are dormant variants of regular cells
that are multidrug tolerant and have heterogeneous
phenotypes; these cells are a potential threat to
hosts because they can escape the immune system
or antibiotic treatments and reconstitute infectious.
Skin ulcer syndrome (SUS) frequently occurs in the
sea cucumber (Apostichopus japonicus), and Vibrio
splendidus is one of the main bacterial pathogens of
SUS. This study found that the active cells of
V. splendidus became persister cells more readily in
the presence of A. japonicus coelomic fluids. We
showed that the A. japonicus coelomic fluids plus
antibiotics induce 100-fold more persister cells in
V. splendidus compared with antibiotics alone via
nine sets of experiments including assays for antibi-
otic resistance, metabolic activity, and single-cell
phenotypes. Furthermore, the coelomic fluids-
induced persister cells showed similar phenotypes
as the antibiotic-induced persister cells. Further
investigation showed that guanosine pen-
taphosphate/tetraphosphate (henceforth ppGpp) and
SOS response pathway involved in the formation of
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persister cells as determined using real-time RT-
PCR. In addition, single-cell observations showed
that, similar to the antibiotic-induced V. splendidus
persister cells, the coelomic fluids-induced persister
cells have five resuscitation phenotypes: no growth,
expansion, elongation, elongation and then division,
and elongation followed by death/disappearance. In
addition, dark foci formed in the majority of persister
cells for both the antibiotic-induced and coelomic
fluids-induced persister cells. Our results highlight
that the pathogen V. splendidus might escape from
the host immune system by entering the persister
state during the process of infection due to exposure
to coelomic fluids.

Introduction

Persister cells are a small subpopulation of dormant or
slowly growing phenotypic variants in a bacterial popula-
tion (Balaban, 2011; Zhang, 2014). Unlike antibiotic resis-
tance, which generally results from genetic mutations or
plasmid transfer, persister cells do not undergo genetic
change (Toprak et al., 2011). Persister cells cause a
major worldwide public health problem, because their
antibiotic tolerance, combined with their ability to reinitiate
growth after treatment, may result in therapy failure and
relapse of infection (Michiels et al., 2016). Persister cells
are thought to be ubiquitous among almost all bacterial
species, such as Escherichia coli (Goormaghtigh
et al., 2018), Mpycobacterium tuberculosis (Dhillon
et al, 2014), Pseudomonas aeruginosa (Long
et al., 2019), Staphylococcus aureus (Bui et al., 2017),
and Salmonella enterica serovar Typhimurium (Salmo-
nella Typhimurium) (Stapels et al., 2018). Persister cells
are reported to have distinct physiologies and phenotypic
characteristics, leading to different dormancy depths that
contribute to their resuscitation heterogeneity within bac-
terial populations (Kim et al., 2018; Pu et al., 2019;
Wilmaerts et al., 2019). Bacterial persister cells may arise
stochastically in unstressed bacterial cultures, but the
majority of persister cell formation is promoted by envi-
ronmental stress, social interaction (quorum sensing),
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biofilm microenvironments, and host—pathogen interac-
tion (Maisonneuve and Gerdes, 2014). Mechanistically,
the formation and resuscitation of persister cells depend
on protein level and ribosome activity (Kwan et al., 2013;
Wood et al., 2019; Song and Wood, 2020).

Vibrio splendidus is a gram-negative bacterium that is
ubiquitous in marine coastal and brackish environments
(Zhang and Li, 2021). It is an opportunistic pathogen
that causes severe vibriosis in a variety of marine ani-
mals (Torresi et al., 2011). The bacterium V. splendidus
has been associated with the mortality of oyster
(Crassostrea gigas) (Cao et al., 2018), scallop
(Argopecten purpuratus) (Gonzalez et al., 2017), turbot
(Scophthalmus maximus) (Thomson et al., 2005), and
other marine animals  worldwide. Importantly,
V. splendidus is the main pathogen that causes skin
ulcer syndrome (SUS) in sea cucumber (Apostichopus
japonicus) (Liu et al., 2010), which results in consider-
able economic losses to the aquaculture industry. Tem-
perature, nutrient limitation, light stress, biofilm, and
host stress are pressures endured by Vibrio spp. (Huq
et al., 2008; Vezzulli et al., 2009). Faced with these
challenges, Vibrio spp. exhibit a series of adaptive
responses that allow them to persist under unfavourable
environments (Vezzulli et al., 2009). For example, per-
sister, a subpopulations of Vibrio cholerae, forms upon
shedding to the aquatic environment (Silva-Valenzuela
et al., 2017), and Vibrio vulnificus and E. coli survive in
human serum in the form of persister cells (Ayrapetyan
et al., 2015a,b). Also, P. aeruginosa survives in serum
and can induce the expression of its antibiotic efflux
pump and OprD porin, enhancing its antibiotic resis-
tance during infection (Skurnik et al., 2013). Toxin/
antitoxin system (TA) of Salmonella is activated allowing
persister cell to survive vacuolar acidification and nutri-
ent deprivation of macrophages (Helaine et al., 2014).
When shielded from biofilms or inside host cells, per-
sister cells are also difficult to eradicate despite pro-
longed antibiotic treatment (Lewis, 2005; Helaine
et al., 2014; Wilmaerts et al., 2019).

The coelomic fluids of A. japonicus can resist the
invasion of pathogenic bacteria. Our previous study
showed that majority of cells of V. splendidus AJO1 can
be eliminated by coelomic fluids (Zhang et al., 2016a),
but whether the survivors are persister cells remains
unknown. In support of this, we observed a small sub-
population within V. splendidus bacterial population that
could survive when challenged with lethal antibiotic
treatments. Moreover, co-incubation of A. japonicus
coelomic fluids and V. splendidus cells increases the
antibiotic tolerance of V. splendidus. In this study, we
demonstrate that V. splendidus persister cells indeed
form after contact with coelomic fluids via nine sets of

experiments including antibiotic resistance, metabolic
activity, and single-cell phenotypes.

Results
Coelomic fluids induced the formation of persister cells

In time dependent antibiotic experiments, the biphasic
mode of killing indicated that persister cells were formed
in the bacterial population with 10x minimum inhibitory
concentration (MIC) ciprofloxacin, a gyrase inhibitor
(Sanders, 1988), and 10xMIC tetracycline, a translation
inhibitor (Lewis, 2005; Kwan et al., 2013; Cui et al., 2018)
(Supporting Information Fig. S1). After 12 h treatment
with  20x MIC of ciprofloxacin or tetracycline,
2.5 x 10° CFU-mI™" and 1.7 x 10? CFU-mI™" cells sur-
vived, respectively (Fig. 1A and B).

For comparison, we investigated the ability of coelomic
fluids to induce the formation of persister cells as a pre-
treatment. First, the toxicity of coelomic fluids was
assayed; V. splendidus AJO1 exponential-phase cells
were incubated in fresh 2216E medium, PBS, heat-
inactivated coelomic fluids (HCF), or coelomic fluids, and
incubated statically at 28°C. Most of the cells survived
coelomic fluids during the first hour (Fig. 1C); however,
after prolonged incubation (>1h), viable cell nhumbers
decreased in the presence of coelomic fluids (Fig. 1C),
whereas cell growth was observed in the negative control
as indicated by the increased CFU counts in 2216E
medium and heat-inactivated coelomic fluids (Fig. 1C).
Hence, coelomic fluids were toxic to V. splendidus. Fur-
thermore, stationary-phase cells (harvested at ODggq Of
1.0-1.6) could survive coelomic fluids better (Fig. 1D).

Critically, the percent of persister cells after the coelo-
mic fluids pretreatment was increased to 14% and 19%;
i.e., the portion of persister cells was 60-fold to 100-fold
higher compared with antibiotic-alone induced persister
cells (0.23% and 0.17%), respectively (Fig. 1E). These
results show that pre-treatment of V. splendidus with
coelomic fluids induces substantially more persister cells.

Coelomic fluids-induced dormant, bona fide
persister cells

Initially, dormancy was tested directly by observing single
persister cells on agar gel pads that lack nutrients (Kim
et al., 2018). Unlike exponential-phase cells, which
divided (12%) or elongated (4%), none of the antibiotic-
induced or coelomic fluids-induced persister cells divided
or elongated on 2216E agar nutrient-free gel pads in 24 h
(Supporting Information Fig. S2 and Table S2). These
results reveal that the antibiotic-induced and coelomic
fluids-induced persister cells are dormant.

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 23, 5605-5620
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Fig. 1. Antibiotic tolerance of A. japonicus coelomic fluids-induced persister cells. Exponential-phase cells of V. splendidus AJO1 exposed to anti-

biotics at 10x MIC and 20x MIC.

A. The 125 ug ml~" of ciprofloxacin and 250 pg mi~" of ciprofloxacin for 4, 8, and 12 h at 28°C.

B. The 250 pg ml~" of tetracycline and 500 pug mi~" of tetracycline for 4, 8, and 12 h at 28°C.

C. Exponential-phase cells of V. splendidus AJO1 were incubated in fresh 2216E medium, PBS, heat-inactivated coelomic fluids (HCF), or coelo-
mic fluids and grown statically at 28°C without shaking. Colony forming units (CFU) were determined at the indicated time points.

D. The 1 ml suspension of V. splendidus AJO1 at different ODggo wWas incubated for 1 h in coelomic fluids, and survival was measured.

E. Coelomic fluids pretreatment increased survival with antibiotics. Statistical significance was determined by Student’s t test, error bars represent

standard errors of three replicates, and *P value < 0.05.

To characterize the dormancy of the coelomic fluids-
induced persister cells, metabolic activity, cellular ATP,
ribosome content, and gene expression were examined.
We found that the metabolic activity (Fig. 2A and C), cel-
lular ATP level (Fig. 2E) and ribosome content (Fig. 2F)
all decreased significantly of the coelomic fluids-induced
persister cells compared to the exponential-phase cells.
The exponential-phase cells exhibited high metabolic
activity, while the coelomic fluid-induced persister cells
and antibiotic-induced persister cells had low metabolism
similar to the dead cell control (Fig. 2A and C). Only 6%
of ciprofloxacin treatment and 1.3% of tetracycline

treatment of the coelomic fluids-induced persister cells
appeared dead after Pl staining (Fig. 2B and D). As con-
trol, the dead fraction of exponential-phase cells was
0.19%, and the fraction of dead fraction in the
isopropanol-treated dead cell control was 98.9% (Fig. 2B
and D). For intracellular ATP levels, the concentration in
coelomic fluids-induced persister cells was similar to that
of the antibiotic-induced persister cells. For ribosome
content, the antibiotic-induced persister cells accumu-
lated a significantly lower level of ribosomes than the
exponential-phase cells, and the ribosome content of
the persister cells induced by coelomic fluids was also
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Fig. 2. Determination of the meta-
bolic level and gene expression of
persister cells. Metabolic activities of
exponential-phase cells, antibiotic-
induced persister cells, and coelo-
mic fluids-induced persister cells
were determined using BacLight
RedoxSensor Green (RSG) Vitality
kit and flow cytometry.

A and C. Metabolic activity of each
cell culture based on the RSG
signal.

B and D. Cell viability of each cul-
ture based on PI signal. Unstained
exponential-phase cells and dead
cells (70% isopropanol treatment
for 1 h) were used as controls.

E. Cellular ATP level of persister
cells. Cellular ATP levels of
exponential-phase cells, antibiotic-
induced persister cells, and coelo-
mic fluids-induced persister cells
were determined using an ATP
Content Assay Kkit.

F. Ribosome content in
exponential-phase cells, antibiotic-
induced persister cells, and coelo-
mic fluids-induced persister cells.
G. Gene expression in coelomic
fluids-induced persister cells (cip-
rofloxacin treatment) relative to
cells without coelomic fluids.

H. Gene expression in coelomic
fluids-induced persister cells (tet-
racycline treatment) relative to
cells without coelomic fluids. Sta-
tistical significance was deter-
mined by Student's t test, error
bars represent standard errors of
three replicates, and P
value < 0.05.
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decreased (Fig. 2F). Moreover, the mRNA transcripts of
SOS response and oxidative stress response-related recA,
lexA, and soxR genes were significantly upregulated in the
coelomic fluids-induced persister cells compared with
antibiotic-induced persister cells (Fig. 2G and H). However,
the expressions of ppGpp-related spoT and relA genes
were significantly downregulated in the coelomic fluids-
induced persister cells (Fig. 2G and H).

To confirm the survived coelomic fluids-induced cells
are persister cells, tolerance of the survived cells to multi-
ple classes of antibiotics was tested using a re-grown pop-
ulation from coelomic fluids-induced cells. Ciprofloxacin,
tetracycline, ceftriaxone, cefotaxime, ampicillin, and kana-
mycin were separately added to the persister cell suspen-
sion to determine whether the MIC changed. Critically, the
MICs for antibiotic-induced persister cells/coelomic fluids-
induced persister cells and re-grown population from per-
sister cell population did not change (Supporting
Information Tables S3 and S4). Single persister cells also
exhibited multidrug tolerance (Fig. 3A and B). The coelo-
mic fluids-induced persister cells and antibiotic-induced
persister cells had the same results (data not shown).

Finally, single persister cell resuscitation on agarose
gel pads containing a fresh carbon source was investi-
gated after ciprofloxacin treatment and tetracycline

a b c
A o000 00:00 00:00 )
- /
n\ =49 - j'x ’ S ’ ARk ~
e / ’ ot
(X 10 pm*° 10'pm
24:00 3 z 24:00 24:00
/
. NG 0% U -~
. % / (3N
]0 nm- 2 10 nm
Y= ——
a b c
B 00:00 00:00 00:00
10 pm 10 pm
24:00 24:00 24:00
10 pm 16 pm

10 pm

10 pm

10 pm

Persister cells induced by host coelomic fluids 5609

treatment, respectively. We found that the coelomic
fluids-induced persister cells resuscitate in a manner sim-
ilar to antibiotic-induced persister cells, in that both had
the same morphology of elongated and regular cells
(Supporting Information Fig. S3). Together, these findings
confirm that the coelomic fluids-induced persister cells
are bona fide persister cells.

Pathogenicity of persister cells and resuscitated
persister cells

The pathogenicity of coelomic fluids-induced persister
cells and resuscitated cells was assayed using seedlings.
Using exponential-phase cells as a control, the three
kinds of V. splendidus AJO1 cells showed distinctively dif-
ferent cumulative survival rates. The A. japonicus
infected with coelomic fluids-induced persister cells had
an obvious decrease in mortality compared with those
infected with the exponential-phase cells. The survival
rates were 90%, 55%, and 20% in A. japonicus seedlings
after the challenge with persister cells, exponential-phase
cells, and re-grown population from persister cell, respec-
tively. No mortality occurred in the negative control group
(Fig. 4A). The A. japonicus infected with exponential-
phase cells and the re-grown persister population
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Fig. 3. Multidrug tolerance of antibiotic-induced persister cells. Antibiotic-induced persister cells after ciprofloxacin selection (A) or tetracycline
selection of persister cells (B) on the 2216E gel pads with the following antibiotic for 24 h: (a) ciprofloxacin, (b) tetracycline, (c) ceftriaxone,
(d) cefotaxime, (e) ampicillin, and (f) kanamycin. Cell growth on agarose gel pads was visualized via light microscopy with time points indicated
in the upper left side for each panel. Scale bar indicates 10 pm. Three replicates were performed for each sample and a representative sample is

shown.
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A. The survival of A. japonicus after challenged with persister cells, re-grown persister cells, and exponential-phase cells. A. japonicus without

inoculation of bacterial cells was used as negative control.

B. Disease symptoms of A. japonicus after bacterial infection. (a) A. japonicus after challenged with exponential-phase cells. (b) A. japonicus
after challenged with re-grown population from persister cell population. (c) Healthy A. japonicus from negative control.

exhibited SUS and had skin rot and dissolved body wall
(Fig. 4Ba and Bb). No symptoms of SUS were observed
in the A. japonicus challenged with the persister cell
group and negative control group (Fig. 4Bc). Hence, we
found that persister cells had reduced pathogenicity com-
pared to exponential-phase bacteria, but the re-grown
population from the persister cells showed higher patho-
genicity than the exponential-phase cells. Consistent with
the higher virulence, the expression level of the vsm
gene, encoding a typical pathogenic virulence factor
(Le Roux et al., 2007; Binesse et al.,, 2008; Liu
et al., 2016; Zhang et al., 2016a), was also higher in re-
grown persister cells (Supporting Information Fig. S4).

Heterogeneity of single-cell resuscitation

To corroborate the phenotype of the coelomic fluids-
induced persister cells, we observed the resuscitation of
single cell on plates with 2216E and compared their mor-
phological phenotypes for exponential-phase cells,
antibiotic-induced persister cells, and coelomic fluids-
induced persister cells. Dead cells were excluded by PI
staining (Supporting Information Fig. S5).

For the exponential-phase cells, cell growth was seen
immediately for all cells (Fig. 5A). Cells began to grow in
1 h, and two to three cell divisions were clearly dis-
cerned. Microcolonies started to develop on the agarose
gel pad after 4 h. However, 1.18% of the single cells also
divided slowly, indicating that some slow-growing cells
arose randomly under natural culture conditions.

The morphological characteristics of persister cells were
initially slightly different from those of the exponential-phase
cells, and they produced small colonies (Fig. 5B and C).

The resuscitation of 56 single cells was tracked within 6 h
via microscopy, and cell division during resuscitation was
studied. Cell division was used as the standard to evaluate
the resuscitation degree. Different from exponential-phase
cells, antibiotic-induced persister cells or coelomic fluids-
induced persister cells showed a lag for the first division
(Fig. 5D). The single-cell resuscitation rate of antibiotic-
induced persister cells after ciprofloxacin treatment was very
low. Cell division was delayed, and cells began to wake up
after 1 h, and most were awakened slowly compared with
normal cells. The resuscitation of antibiotic-induced persister
cells from tetracycline treatment was delayed and began to
wake at 2 h, and the coelomic fluids-induced persister cells
began to wake at 1 h (Fig. 5D). Furthermore, the results
clearly show that once cell division occurred, cells recovered
immediately to active cells (Fig. 5E). These observations
indicated that persister cell resuscitation is heterogeneous
and not synchronized (Fig. 5F).

Five phenotypes were observed during single-cell wak-
ing (Fig. 6): no growth in 24 h (Fig. 6A), cell elongation
and then division (Fig. 6B), cell swelling (Fig. 6C), cell
elongation (Figs 6D and S6A), and cell elongation
followed by death/disappearance (Fig. 6E). Similar mor-
phological changes were also observed during coelomic
fluids-induced persister cells. Most of the persister cells
resuscitated by elongating or elongating followed by divi-
sion (Supporting Information Figs. S6A and S6B).

Intracellular dark foci in persister cells

Under a light microscope, dark foci were observed in the
majority of the persister cells. However, no dark foci were
observed in exponential-phase cells. These dark foci
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Fig. 5. Persister cells waking on aga-
rose gel pads.

A. Exponential-phase cells growing on
agarose gel pads. Almost all cells
grow immediately by cell division.

B. Antibiotic-induced persister cells
after ciprofloxacin selection waking on
agarose gel pad.

C. Antibiotic-induced persister cells
after tetracycline selection waking on
agarose gel pad. Cell growth on aga-
rose gel pads was visualized via light
microscopy with time points indicated
in the upper left side for each panel.
D. Time course of the number of per-
sister cells and exponential-phase cell
waking. We tracked the resuscitation
of 56 single-cells within 6 h by micro-
scope, and cell division was used as
the standard to evaluate the resuscita-
tion degree.

E. Specific growth rates of
exponential-phase cells, and revived
antibiotic-induced persister cells, and
coelomic fluids-induced persister cells.
F. Schematic diagram illustrating that
the persister cell dormancy depth reg-
ulates the persister cell waking and
growth. Scale bar indicates 10 pm.

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 23, 5605-5620



5612 Y. Li, T. K. Wood, W. Zhang and C. Li

Fig. 6. Phenotypic heterogeneity of persister cell waking.
A. Persister cells showing no growth (for up to 24 h).

B. Persister cells gradually elongating then dividing.

C. Persister cells gradually swelling.

D. Persister cells gradually elongating.

E. Persister cells elongating followed by death/disappearance. Cell growth on agarose gel pads was visualized via light microscopy with time
points indicated in the upper left side for each panel. Scale bar indicates 10 pm.

were often found in persister cells (ciprofloxacin treatment
or tetracycline treatment) and nutrient-depleted cells after
prolonged stationary phase incubation for approximately
3 days (Supporting Information Fig. S6Cand S6D). Dark
foci were mainly distributed at both ends of the cell poles.
Meanwhile, images of the dynamic changes of the dark
foci were obtained (Supporting Information Fig. S6C). To
test whether the dark foci can cause persister cell dor-
mancy, we attempted to decrease the formation of dark
foci by adding chloramphenicol (Fig. 7A) (Siibak

et al., 2009). Chloramphenicol-treated cells did not
show detectable signs of dark foci under bright-field
microscopy (Fig. 7B). Consistently, the ratio of per-
sister cells in chloramphenicol-treated cells was signifi-
cantly higher than that of the antibiotic-induced
persister cells after ciprofloxacin treatment (Fig. 7C),
confirming that suppression of dark foci can prevent
persistence effectively.

Transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) were used to explore the

© 2021 Society for Applied Microbiology and John Wiley & Sons Ltd., Environmental Microbiology, 23, 5605-5620
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Fig. 7. Formation of dark foci corre-
lated with bacterial dormancy.

A. Schematic diagram illustrating the
prevention cells from dormancy
through inhibition of aggresome for-
mation. Overnight cultured cells at
28°C were obtained and divided into
three tubes: one aliquot with 125 ug
mi~" ciprofloxacin, one aliquot simul-
taneously with 25 ug mi~' chloram-
phenicol and  125pg  ml™!
ciprofloxacin, the other aliquot with
25ug mi~"  chloramphenicol. The
three tubes were further cultured at
28°C for 4 h. A fraction of cells was
obtained at the indicated time point,
the chloramphenicol and ciprofloxacin
washed away, cell morphology was
observed under a bright-field micro-
scope, and dormant cell ratio was
analysed.

B. The overnight culture cells were
treated with or without chlorampheni-
col for 0, 4, and 8 h. Cell morphology
was observed under a bright-field
microscope.

C. Waking rate of persister cells with
or without chloramphenicol treatment
for 0, 4, and 8 h. Waking persister
cells are defined as cell resuscitation
within 24 h on fresh agarose under a
microscope. Statistical significance
was determined by Student’s ¢ test, *P
value < 0.05.
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Stationary

Persister cells

Fig. 8. TEM and SEM images of exponential-phase cells, stationary-phase cells, and persister cells. Blue arrows indicate cells with dense cytosol
and intact membranes, red arrows indicate cells in the intermediate stage of material loss, black arrows indicate cells with empty cytosol but
intact membranes, white arrows indicate cell membrane damage, and white dashed frame indicates that dark foci formed by cytoplasm aggrega-

tion, and scale bar of SEM indicates 5000 nm.

morphology between the exponential-phase cells and
persister cells. The images confirmed that exponential-
phase cells are rod shaped, spherical, and healthy with
dense cytosol and cell membrane integrity (Fig. 8). Criti-
cally, the majority of the stationary-phase cells are rod
shaped, but they also have empty cytosol occasionally
(Fig. 8). The results suggest that stationary-phase cells
undergo a morphological change as the bacteria pro-
gress into the persistent state. Meanwhile, we also
observed dark foci by the aggregation of cytoplasm in
TEM (Fig. 8) similar to the dark foci observed under the
light microscope (Supporting Information Fig. S6D).
Antibiotic-induced persister cells and coelomic fluids-
induced persister cells contained more spherical cells.
These kinds of persister cells are the dense cytosol and
empty cytosol types, both of which are injured cells with
damaged membranes (Figs 8 and S7).

Discussion

Whether the coelomic fluids-induced and antibiotic-
resistant cells are bona fide persister cells is an important
question in our study. In our experiments, we used sev-
eral experimental methods to characterize persister cells
(Kim et al., 2018), which have also been validated by
15 independent labs to date (Johnson and Levin, 2013;
Kwan et al., 2013; Grassi et al., 2017; Cui et al., 2018;
Jin et al., 2018; Narayanaswamy et al., 2018; Sulaiman
et al., 2018; Tkhilaishvili et al., 2018; Pu et al., 2019; Mar-
tins et al., 2020; Rowe et al., 2020; Sun et al., 2020; Yu
et al., 2020; Zhao et al., 2020; Zheng et al., 2020). These
methods are mainly based on the phenotypes of low met-
abolic activity, high gene expression of ppGpp-pathway
related genes, invariable MIC, multidrug tolerance, patho-
genicity of re-grown persister cells, and high phenotype
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heterogeneity. In the present study, our results demon-
strate the presence of antibiotic-induced persister cells in
a growing culture of V. splendidus AJO1. Additionally,
coelomic fluids of A. japonicus were shown to induce the
formation of persister cells, which are similar to
the antibiotic-induced persister cells. Therefore, coelomic
fluids-induced persister cells are bona fide persister cells.

The coelomic fluids of A. japonicus are a stress factor
that pathogens encounter during the bacterial infection
process. Coelomic fluids contain important components
of the humoral immune system, such as complement and
immune factors (Jiang et al., 2017; 2020). Our results
show that coelomic fluids limit the growth of
V. splendidus AJO1 (Figs 1C and 1D) and increase bac-
terial tolerance to antibiotics (Fig. 1F), both of which indi-
cate the formation of persister cells. Putrin$ et al. (2015)
reported that population heterogeneity allows persister
cells to survive the combination of antibiotics and human
serum. Previous reports indicated that human serum
induces formation of persister cells in V. vulnificus and
E. coli. Such findings are consistent with the observation
that antagonism occurs when cells are exposed to bacte-
ricidal and bacteriostatic antibiotics simultaneously
(Ayrapetyan et al., 2015a; Pont et al., 2020). Moreover,
bacteria can survive antibiotic treatments, and persister
cells are not eradicated by the immune system of coelo-
mic fluids. For example, P. aeruginosa can withstand
serum complement-mediated lysis by constructing a
group of small variants with some persister-like features
(phenotypic heterogeneity) (Pont et al., 2020).

Similar to E. coli persister cells (Kim et al., 2018), the
V. splendidus persister cells that resuscitated in the pres-
ence of nutrients were not synchronized and exhibited
five different resuscitation types through single-cell micro-
scopic examination (Fig. 6). Among waking types, cell
elongation then division is the most common. Bacterial
elongation after antibiotic removal following antibiotic
exposure has been demonstrated by many researchers
(Chung et al., 2009; Yao et al., 2012; Kim et al., 2018;
Maisonneuve et al., 2018). Cho et al. (2017) reported that
cell elongation during revival of persister cells is unique
to ciprofloxacin-treated persister cells; however, other
studies and our results show that cell elongation is not
restricted to the ciprofloxacin-treated persister cells. High
levels of ppGpp in tetracycline-, ampicillin-, and
rifampicin-induced persister cells are consistent with the
coelomic fluids-induced persister cells in our study (Kim
et al., 2018; Maisonneuve et al., 2018). Also, when per-
sister cells begin to divide, they grow with the same dou-
bling time as the exponential-phase cells (Fig. 5) in
agreement with Kim et al. (2018), who showed that once
division begins, the cell is fully recovered. Different times
were required for each single persister cell to begin divi-
sion, indicating the heterogeneity in persister cells

Persister cells induced by host coelomic fluids 5615

(Pu et al., 2019). This difference in metabolic level is
determined by the ribosome content; cells with high num-
bers of active ribosomes resuscitate and divide immedi-
ately (Kim et al., 2018; Wood et al., 2019; Song and
Wood, 2020). Also, non-resuscitated cells are found if the
observation time is restricted to 24 h, and these cells
may be viable but nonculturable cells (VBNCs)
(Pu et al., 2019).

The relationship between the persister cells and
VBNCs is disputed. Some researchers consider that
VBNCs are viable because the dormant cell shells have
intact membranes and are not permeated by the mem-
brane stain propodeum iodide (PI) (Dong et al., 2020). In
contrast, some researchers consider that persister cells
and VBNCs share many common features, so they con-
clude that viable fraction of the VBNC population and
persister cells describe the same dormant phenotype,
and the non-resuscitating fraction of VBNCs is dead cells
(Kim et al., 2018). In our present study, we observed five
phenotypes during persister single-cell waking, of which
there are cells that showed no growth after 24 h
(Fig. 6A), and resuscitation still did not occur when the
observation time increased, which is evidence for
the presence of dead cells (i.e., VBNCs), after antibiotic
treatment. In another experiment here, the persister cells
were observed by TEM, and there are a few cells show-
ing spheroid, hollow, empty cytosol and membrane-
enclosed vessels (Fig. 8). This is the second line of evi-
dence for the presence of dead cells (i.e., VBNCs) (Kim
et al., 2018; Wood et al., 2019; Song and Wood, 2021).
Thus, it can be concluded that the coelomic fluids of
A. japonicus induce the formation of both persister cells
and dead VBNCs, mainly based on the single-cell obser-
vation under microscopy.

We found that most persister cells and prolonged
stationary-phase cells had empty cytosol and dark foci.
The loss of cell content fits well with the fact that Salmo-
nella typhi persister cells shrink and become spherical
(Zeng et al., 2013). In a previous report, Pu et al. (2019)
found that dark foci comprise a wide collection of intracel-
lular protein aggregates. This structure is only formed in
no growing bacterial cells, and the structure depolymerize
to recruit multiple key proteins when the cell recovers to
growth. The dark foci are similar to the regrowth-delay
body described by Yu et al. (Yu et al., 2019). Our results
confirm that the suppression of dark foci can prevent cell
persistence effectively (Fig. 7). Hence, the dark foci can
be used as an indicator of dormancy in V. splendidus
AJO1 and can be seen as a marker of persister cells.

Persister cells have a role in the relapse and recalci-
trance of infections (Fisher et al., 2017). Their importance
may be deduced from the fact that persister cells in
P. aeruginosa, M. tuberculosis, S. aureus and S. typhi
play important roles in disease (Moéker et al., 2010;
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Fauvart et al., 2011; Dhillon et al., 2014; Bakkeren
et al., 2019; Yee et al., 2019). Also, Putrin$ et al. (2015)
reported that persister cells with phenotypic heterogene-
ity enabled uropathogenic E. coli to evade killing by anti-
biotics and serum complement. In addition, some of the
heat-labile factors in human serum, such as complement,
may induce persistence (Ayrapetyan et al., 2015b). In our
present study, in the presence of A. japonicus coelomic
fluids, the active cells of V. splendidus AJO1 enter into
the persister state and the cells survive the host immune
responses with low virulence to A. japonicus. The
immune factors in A. japonicus coelomic fluids may be
the factors that induce V. splendidus AJO1 persistence.
Together, these results indicate that persister cells may
play a role in the natural infection of the A. japonicus,
which needs to be studied in more detail.

In conclusion, persister cells exist in the cultured popu-
lation of V. splendidus AJO1, but they are induced
100-fold by A. japonicus coelomic fluids. The coelomic
fluids-induced persister cells behave the same as
antibiotic-induced persister cells in terms of multiple anti-
biotic tolerance and low metabolic activity. The resuscita-
tion of coelomic fluids-induced persister cells exhibits
high phenotypic heterogeneity, and five types are pre-
sent: no growth, expansion, elongation, elongation and
then division, and elongation followed by death/disap-
pearance. Moreover, dark foci are present in both the
coelomic fluids-induced persister cells and the antibiotic-
induced persister cells. The molecular mechanism
through which coelomic fluids induce persister cell forma-
tion and resuscitation will be elucidated in further studies.

Experimental procedures
Bacterial strains and culture conditions

Vibrio splendidus AJO1 used in this study was isolated
from a diseased sea cucumber (A. japonicus) from a Jin-
zhou hatchery. The bacterium was identified by 16S
rDNA sequence analysis, and its pathogenicity was
determined in our previous study (Zhang et al., 2016b).
The strain was cultured at 28°C in 2216E medium (5 g-I "
tryptone, 1 g:I=" yeast extract, and 0.01 g-I~' FePOQ, in fil-
tered natural seawater).

Minimum inhibitory concentration and antibiotic
tolerance

MICs were measured as described previously (Zhang
et al., 2019) with ciprofloxacin, tetracycline, ceftriaxone,
cefotaxime, ampicillin, and kanamycin. To assay antibi-
otic tolerance, V. splendidus AJO1 was inoculated into
2216E medium at a ratio of 1:100 and grown overnight.
Ciprofloxacin and tetracycline were added at 10x MIC

and 20x MIC, and the cultures were maintained at 28°C
with shaking to 12 h, then, 1 ml of the cell culture was
washed and diluted serially by phosphate buffer saline
(PBS), and 10 pul of samples were spotted onto 2216E
agar plates; colonies were counted after overnight incu-
bation at 28°C. Bacterial cultures that are not treated with
antibiotics were used as controls.

Antibiotic-induced persister cells

Antibiotic-induced persister cells were selected as
described by Li and Zhang (2007). Overnight cultures of
V. splendidus AJO1 were inoculated into 50 ml of 2216E
and cultured overnight. Thereafter, 10x MIC was chosen
to minimize the survival of potential spontaneous resis-
tant mutants: 125 pg-ml~" ciprofloxacin or 250 pg-ml~"
tetracycline was added separately to the cultures and
treated for 4 h at 28°C to eradicate the non-persister
cells. One millilitre of the cell culture was washed and
diluted serially by PBS, and 10 pl of samples were spot-
ted onto 2216E agar plates; colonies were counted after
overnight incubation at 28°C.

Coelomic fluids-induced persister cells

In brief, A. japonicus were dissected on ice using steril-
ized scissors, and coelomic fluids were filtered through a
200 Mesh Cell Cribble to remove large tissue debris. The
fluids were then centrifuged at 800g at 16°C for 10 min.
Exponential-phase cells of V. splendidus AJO1 were
washed twice with PBS and resuspended in 1 ml of the
coelomic fluids. These suspensions were incubated at
16°C for 1 h. Then, coelomic fluids were washed, and
antibiotic was added at a final concentration of 10x MIC.
Cultures were incubated at 28°C for another 4 h. Cells
were then washed three times to remove the antibiotic,
and the coelomic fluids-induced persister cells were
obtained.

Metabolic activity of persister cells

Metabolic activity was measured through a BacLight™
RedoxSensor™ Green Vitality kit (Thermo Fisher Scien-
tific, Waltham, MA, USA) following the manufacturer's
instructions. The metabolic activity of exponential-phase
cells and persister cells was measured by flow cytometry
(Beckman Coulter, USA) by pelleting cells and washing
twice with PBS. For the negative control (dead cells),
1ml of exponential-phase cells was centrifuged,
resuspended in 70% isopropanol, and incubated for 1 h
at room temperature. Propodeum iodide and redox sen-
sor stains were used with samples incubated at 28°C for
10 min with light protection. The fluorescence signal was
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analysed by flow cytometry using the FL1 (520 nm) and
FL3 (620 nm) channels.

Cellular ATP measurement

Cellular ATP was measured using an ATP Content Assay
kit (Solarbio, Beijing, China) following the manufacturer’s
instructions. Cells were collected at approximately
5 x 10° CFU-mI~' before the experiment. Cells were
subjected to ultrasonic disruption and centrifugation at
10 000g for 10 min at 4°C, and the supernatant was
added with 500 pl of chloroform and centrifuged at
10 000g for 3 min at 4°C. The supernatant was collected,
and cellular ATP was measured according to the kit's
instructions. The absorbance at 340 nm was measured
using a microplate reader.

Ribosome measurement

Ribosomes were measured through a Bacterial Ribo-
some Extraction kit (LMAI-BIO, Shanghai, China) follow-
ing the manufacturer’s instructions. Briefly, buffer A and
buffer B were added to 500 mg wet weight of each bacte-
rium and mixed well on ice for 30 min. Cells were
disrupted by a French press at 16 000 psi twice, then
treated with 5 U of DNase | (RNase-free) on ice for
10 min. The pellet was discarded, and supernatants were
collected by centrifugation at 1000g for 5 min followed by
centrifugation at 170 000g for 60 min, and 400 pl of buffer
C was added to the precipitate and centrifuged at
170 000g for 60 min. The ribosome pellets were
resuspended in PBS, and the RNA in ribosomes was
quantified at Aogo.

Single-cell resuscitation on agarose gel pads

Resuscitation of single persister cells was performed on
an agarose gel pads (Zhang et al., 2019). Three kinds of
solid agar, including 2216E medium without carbon
source, 2216E medium containing specific antibiotic, and
2216E medium containing carbon source, were prepared
using the sandwich method (Kim et al., 2018). Briefly,
1.5% of low-melting agarose was added to 2216E liquid
medium and melted by microwaving. Single-cell resusci-
tation was observed under a light microscope (ZEISS)
maintained at 28°C. Single-cell resuscitation in the pres-
ence of different antibiotics was performed using the aga-
rose gel pads containing each antibiotic of ciprofloxacin,
tetracycline, ceftriaxone, cefotaxime, ampicillin, and
kanamycin, and the concentration of antibiotic was
10x MIC.
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Quantitative real-time reverse transcriptase -PCR
analysis

Total RNA was isolated from exponential-phase cells and
persister cells using a Bacterial RNA Isolation kit
(Omega, Norcross, USA). The purity and quantity of the
total RNA were determined using a Nano Drop™ 2000
spectrophotometer (Thermo Fisher Scientific). cDNA was
synthesized using a Primescript™ 1st cDNA Synthesis
kit (Takara, Beijing, China). Qutantitative real-time
reverse transcriptase -PCR was performed in an ABI
7500 real-time detection system (Applied Biosystems)
using a SYBR ExScript RT-PCR kit (Takara, Beijing,
China). Amplifications were performed in a 20 pl of reac-
tion volume containing 8 pl of diluted cDNA, 1 pl of each
primer, and 10 pl of SYBR Green Mix (Takara). The reac-
tion mixture was incubated for 5 min at 95°C followed by
40 amplification cycles of 15 s at 95°C, 20 s at 60°C, and
20 s at 72°C. The 2=24CT method was used to analyse
the expression level of each gene. Primers used for
qutantitative real-time reverse transcriptase-PCR are
listed in the Supporting Information Table S1, and the
primers used for the reference control of 16S rDNA were
933F and 16SRTR1. Statistical analyses were performed
using the two-tailed Student’s t test.

Experimental infection

Healthy A. japonicus seedlings (weight 3.2 + 1.1 g, size
range 2.2-3.6 cm) was purchased from Hai Deli Sea
Products (Qingdao, China). They specimens were accli-
matized in 100 | tanks supplied with aerated, filtered sea
water maintained at 16°C and salinity of approximately
30 ppt. Seawater was changed daily during the acclima-
tion period of 5 days. Then, A. japonicus were randomly
divided into four tanks with each containing 20 individuals.
The first group was infected with V. splendidus AJO1 at a
final concentration of 1.0 x 10’ CFU-ml~'. The second
group was infected with antibiotic-induced persister cells
from ciprofloxacin treatment at the same concentration.
The third group was infected with re-grown population
from the antibiotic-induced persister cells at the same
concentration. The last group without bacterial inoculation
was used as the negative control. The tanks were
checked at approximately an interval of 24 h, and dead
A. japonicus were removed. A. japonicus seedlings with
skin ulceration and detached from the surface of tanks
was considered dead.

Transmission electron microscopy and scanning
electron microscopy imaging

For the TEM assays, one milliliter of exponential-phase
cells, stationary-phase cells, and persister cells were
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pelleted by centrifugation at 5000g for 5 min, washed
twice with PBS, and resuspended in 1 ml of 2.5% glutaric
dialdehyde. First, cells were fixed with 2.5% (v/v) glutaral-
dehyde in 0.1 M sodium cacodyl ate buffer. Pellets were
washed three times with 0.1 M sodium cacodyl ate
followed by secondary fixation with 1% osmium tetroxide.
Next, samples were washed three times with 0.1 M
sodium cacodyl ate and water followed by staining with
2% uranyl acetate. Samples were then dehydrated in a
graded series of ethanol (70%, 85%, 95%, and
3 x 100%), washed three times with acetone, embedded,
and polymerized at 65°C overnight. Ultrathin sections
70 nm in size were cut and stained in uranyl acetate
followed by lead citrate. Sample grids were examined
using a Hitachi H-7650 transmission electron microscope
at 200 kV.

For the SEM assays, one millliter of sample was
washed twice with PBS and fixed with 2.5% (v/v)
precooling glutaraldehyde at room temperature in a dark
place. Thereafter, samples were washed three times with
PBS, fixed with 1% OsQ, for 1 h and washed three times
in phosphate buffer. The specimens were dehydrated
with an increasing ethyl alcohol gradient of 15%, 30%,
50%, 70%, 80%, 90%, 95%, and 100% (v/v) with each
step. Finally, it was dried overnight and gilt in time. The
dehydrated sample was coated with platinum-palladium
and observed under a Hitachi Model SU8010FE scan-
ning electron microscope at 15 kV.
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