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Abstract

Most animals establish long-term symbiotic associations with bacteria that are critical for
normal host physiology. The symbiosis that forms between the Hawaiian squid Euprymna
scolopes and the bioluminescent bacterium Vibrio fischeri serves as an important model
system for investigating the molecular mechanisms that promote animal-bacterial symbio-
ses. E. scolopes hatch from their eggs uncolonized, which has led to the development of
squid-colonization assays that are based on introducing culture-grown V. fischericells to
freshly hatched juvenile squid. Recent studies have revealed that strains often exhibit large
differences in how they establish symbiosis. Therefore, we sought to develop a simplified
and reproducible protocol that permits researchers to determine appropriate inoculum levels
and provides a platform to standardize the assay across different laboratories. In our proto-
col, we adapt a method commonly used for evaluating the infectivity of pathogens to quantify
the symbiotic capacity of V. fischeri strains. The resulting metric, the symbiotic dose-50
(SDs), estimates the inoculum level that is necessary for a specific V. fischeri strain to
establish a light-emitting symbiosis. Relative to other protocols, our method requires 2-5-
fold fewer animals. Furthermore, the power analysis presented here suggests that the proto-
col can detect up to a 3-fold change in the SD5, between different strains.

Introduction

Animal-bacterial symbioses are ubiquitous in nature, with many bacterial symbionts contrib-
uting to the physiology, development, and even behavior of the animal host [1-3]. The mutual-
istic symbiosis established between the Hawaiian bobtail squid, Euprymna scolopes, and the
marine bacterium, Vibrio fischeri, has served as an important model for the study of animal-
bacterial symbioses [4]. Populations of V. fischeri are housed within a symbiotic organ (light
organ), where they receive host-derived nutrients and energy sources in exchange for produc-
ing bioluminescence that permits the host to engage in an anti-predatory behavior called
counterillumination [5-8]. The symbiosis is initially established in juvenile squid, which hatch
with their light organs uncolonized (apo-symbiotic) and acquire V. fischeri symbionts from

PLOS ONE | https://doi.org/10.1371/journal.pone.0287519  July 13, 2023 1/7


https://orcid.org/0000-0002-5016-1641
https://doi.org/10.1371/journal.pone.0287519
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0287519&domain=pdf&date_stamp=2023-07-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0287519&domain=pdf&date_stamp=2023-07-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0287519&domain=pdf&date_stamp=2023-07-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0287519&domain=pdf&date_stamp=2023-07-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0287519&domain=pdf&date_stamp=2023-07-13
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0287519&domain=pdf&date_stamp=2023-07-13
https://doi.org/10.1371/journal.pone.0287519
https://doi.org/10.1371/journal.pone.0287519
https://doi.org/10.1371/journal.pone.0287519
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Calculation of symbiotic dose-50 for vibrio fischeri strains

Funding: This work was supported by the National
Institute of General Medical Sciences Grant R0O1
GM129133 (to T.I.M.). The funder did not and will
not have a role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.

Competing interests: The authors have declared
that no competing interests exist.

the marine reservoir [9]. The abundance of V. fischeri has been reported to range from ~1
CFU/mL (seawater) to >100 CFU/mL (sediment) [10], although the distribution of individual
strains remains unclear. Within as little as 8 hours after being exposed to V. fischeri, E. scolopes
juveniles will begin emitting bioluminescence [11]. The ability to culture and genetically mod-
ify V. fischeri [12] and the ease with which E. scolopes juveniles can be generated in a lab setting
[13] have led to the development of simple squid-colonization assays that have elucidated the
molecular underpinnings of symbiosis establishment [14].

Previous studies have shown that the inoculum conditions, e.g., strain type, concentration
of cells within the inoculum, and its duration, have a significant impact on whether hatchlings
establish symbiosis [11, 15]. Therefore, knowledge of how the inoculum concentration affects
the ability of a strain to establish symbiosis has the potential to reveal biological insight and
inform subsequent studies. For instance, if one strain can establish symbiosis using an inocu-
lum at a lower abundance than another strain, then performing the colonization assay with
each strain at a low abundance may lead to the false conclusion that only one strain is capable
of symbiosis. Consequently, efforts to develop simple assays to evaluate the extent to which a
strain can establish symbiosis will provide the ability to justify the inoculum levels used in sub-
sequent studies. Furthermore, because research involving cephalopods frequently falls under
the auspices of institutional animal care and use committees (IACUC), these efforts can also
help reduce the number of animals used in a project, which is one of the 3Rs principles for
conducting ethical and humane scientific studies involving animals [16, 17].

The goal of the protocol described here is to report a metric that quantifies the ability of a
strain of V. fischeri to establish symbiosis with juvenile squid, i.e., its symbiotic capacity. For
pathogens, one common approach is to determine the infectious dose-50 (IDsp), which
describes the amount of cultured pathogen that is necessary to infect half of the animals within
a group. Because of the difficulty in precisely generating the inoculum that achieves this out-
come, this metric is typically calculated by using multiple animal groups exposed to different
concentrations of the infectious agent that together span the dynamic range of infection. In
fact, previous studies of the E. scolopes-V. fischeri symbiosis have used this approach to evaluate
different strains of V. fischeri [11, 18], but they used large numbers of animals.

A well-established method to circumvent the need for large sample sizes is that of Reed-
Muench [19], which leverages the outcomes of animals across different inoculums to artifi-
cially inflate sample size in a manner that yields an IDs. In this protocol, we apply the Reed-
Muench method to quantify the symbiotic capacity of a V. fischeri strain through the calcula-
tion of the symbiotic dose-50 (SDs), which corresponds to the inoculum concentration of V.
fischeri that leads to symbiosis in half of a population of E. scolopes juveniles. Because experi-
mentation with other animal-microbe symbioses also involves exposing the host to culture-
grown cells [20, 21], we anticipate that the general approach described here to be broadly
applicable to many other model systems.

This approach results in a SDs, value using 42 juvenile squid (including the apo-symbiotic
group), which is 2-5-fold fewer animals used to similarly assess a strain in previous reports
[11, 18] (estimated as 90 and 240, respectively). In addition to lowering the number of animals
used, this approach enables the assay to be performed more frequently using the animals pro-
duced by a mariculture facility. In a mariculture facility maintained in a 12-h light/12-h dark
cycle, the juvenile squid hatch primarily during the light-to-dark transition [22], which deter-
mines the number of hatchlings available for experimentation on a given day. For instance, the
daily juvenile squid production levels of an animal cohort were recently reported [13], with
hatchlings produced over 80 days. Because there were 61 days for which at least 42 hatchlings
were produced, the experiment described above could be performed 61 times. In contrast, the
experiments involving either 90 or 240 animals could only be performed 48 times and 1 time,
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respectively, because there were fewer days that the mariculture produced the appropriate
number of hatchlings. Therefore, the approach described here also increases the utility of a
given mariculture facility for evaluating the symbiotic capacity of V. fischeri strains, which
enables researchers to perform more experiments and to determine whether the results are
reproducible.

Materials and methods

The protocol described in this peer-reviewed article is published on protocols.io (https://dx.
doi.org/10.17504/protocols.io.yxmvm2155g3p/v2).

ES114 is a wild-type strain of V. fischeri [23]. Juvenile E. scolopes squid were generated by a
mariculture facility as previously described [13].

Statistical analyses were determined either through Excel (see S1 and S2 Datasets) or Prism
v. 9.5.1 (GraphPad Software, LLC). To identify the effect size corresponding to a specific
power, the Goal Seek option of Excel was used.

Expected results

Implementation of this protocol to determine the symbiotic capacity of a strain depends on
using a range of inoculums over which the percentage of juvenile squid establishing symbiosis
changes. Each group consists of seven hatchlings, which is one more than that initially
reported by Reed and Muench [19], to account for a low but non-zero rate of animals that
must be triaged due to poor health. For strains that have not been previously evaluated by this
method, we suggest using 10-fold dilutions that range from 10'-10* CFU/mL to obtain an esti-
mate for the SD5, value. We also note that the inoculum duration used here (3.5 h) is com-
monly used by us and others to study ES114 because it is sufficiently long for cells to form the
aggregates that promote host colonization [24, 25]. The duration does represent a variable that
can be changed, but the resulting SDs, values would likely be affected. Using a 3.5-h inoculum
duration, we find that inoculums spanning 270-22,000 CFU/mL in 3-fold increments are suf-
ficient to capture the dynamic range for assessing the symbiotic capacity of ES114 (Fig 1A).

This protocol requires each animal to first be scored for bioluminescence as the marker for
symbiosis establishment. Bioluminescence arises in response to intracellular signaling that
occurs both within and between the V. fischeri populations that assemble within the light
organ [26, 27]. Consequently, the extent of bioluminescence emitted by an animal can vary
based on cellular abundance, number of populations, and the ability of the strain to engage in
intracellular signaling. However, the large effect size between symbiotic and non-symbiotic
animals (Cohen’s d = 8.85 for ES114, see S1 Dataset) enables us to generally use the 99.9"™ per-
centile of the apo-symbiotic control group as the cutoff for bioluminescence. These scores per-
mit the classification of each animal as symbiotic or non-symbiotic, which are tabulated in a
group according to each inoculum level (Table 1).

Application of the Reed & Muench method [19] results in columns of adjusted data that
artificially inflates the sample size associated with each group (Fig 1B, 1C; Table 1), which
enables a more precise estimation of the SDs for a strain without the need to increase the sam-
ple size of each group. We use the term adjusted symbiotic (non-symbiotic) animals in a man-
ner analogous to the total dead (alive) nomenclature used by Reed & Muench [19]. For each
inoculum, the corresponding adjusted symbiotic animal tally assumes that any animal that
established symbiosis at lower inoculums would have also established symbiosis at the higher
inoculum. Similarly, the adjusted non-symbiotic animal counts assume that animals that are
non-symbiotic at high inoculums would also fail to establish symbiosis at lower inoculums.
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Fig 1. Expected results. A) Example squid-colonization assay showing the bioluminescence of animals at 20 h p.i. following a 3.5-h
inoculation phase with the indicated amount of strain ES114. Each point represents an individual squid (N = 7 per group), and each bar
represents the group median. Dotted line indicates the 99.9™ percentile of the apo-symbiotic group (white symbols) used to score symbiotic
(green) and non-symbiotic (magenta) squid. B) Graph of symbiotic and non-symbiotic animal counts listed in Table 1 form the experiment
shown in A, with X-axis scaled to log base 3. Points indicate actual counts, and shaded areas highlight the counts following adjustments
associated with the protocol. C) Graph of adjusted percent symbiotic animals from Table 1, with X-axis scaled to log base 3. Points indicate
the inoculums used to calculate the SDso, which is represented as a star. D) Values of SDs, for ES114 from separate trials of the protocol. Each
point represents an independent trial (N = 9 trials), and bars represent geometric mean + 95% confidence intervals.

https://doi.org/10.1371/journal.pone.0287519.g001

Table 1. Counts of symbiotic and non-symbiotic animals shown in Fig 1A.

Inoculum Concentration
(CFU/mL)?*

22,000
7,400
2,500
820
270

*Dilution factor was 3.

Sum of symbiotic animals from inoculum concentrations < inoculum concentration of row.

“Sum of non-symbiotic animals from inoculum concentrations > inoculum concentration of row.

Symbiotic Non-symbiotic Adjusted Symbiotic
Animals Animals Animals®

6 1 19

7 0 13

3 4 6

3 4 3

0 7 0

dPercentage of symbiotic animals determined from adjusted values within row.

https://doi.org/10.1371/journal.pone.0287519.t001

Adjusted Non-symbiotic
Animals®

1
1
5
9
16

Adjusted Percent Symbiotic
Animals*

95
93
55
25
0
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Using this approach, the SD5, was determined to be 2,077 CFU/mL from the corresponding
dataset using equations:

SD50 — 10(log DF*+log c) (1)
50% — a

= - 2

Xx=— (2)

where a = closest adjusted percent symbiotic below 50% (Table 1, 25%), b = closest adjusted
percent symbiotic above 50% (Table 1, 55%), ¢ = inoculum concentration of highest adjusted
percent symbiotic below 50% (Table 1, 820 CFU/mL), and DF = dilution factor (3 for dataset
shown in Table 1).

To test the approach for reproducibility, we performed eight additional experimental trials,
which led to nine total calculations for the SDs, of ES114 (see S2 Dataset). From these values,
we conclude that the symbiotic capacity of ES114 is represented by an SDs of 1,684 CFU/mL
with 95% confidence intervals of 1,047 and 2,709 CFU/mL (Fig 1D). This SDs, is comparable
to the ~1,250 CFU/mL IDs, reported in one study [18] and approximately 6 times higher than
another study that used natural seawater [11], which highlights that investigating how various
components of seawater impact the SDs, of a strain may identify environmental factors that
affect symbiosis establishment. In practice, performing the experiment three times provides
80% power to detect a 2.7-fold change in the SDs (2-tailed Z-test, o = 0.05, see S2 Dataset).

Supporting information

S1 File. Step-by-step protocol.
(PDF)

$1 Dataset. Luminescence measurements of squid in experiment shown in Fig 1A.
(XLSX)

S2 Dataset. SD5, values for ES114 shown in Fig 1D and corresponding power analysis.
(XLSX)

Acknowledgments

We thank Dr. Derek J. Fisher (Southern Illinois University) and members of the Miyashiro lab
for helpful discussions regarding the protocol described here.

Ethics declarations

Collection, care, and research of all laboratory animals was completed under the program’s
Institutional Animal Care and Use Committee (IACUC). IACUC protocol
#PROT0O202101789.

Author Contributions

Conceptualization: Aidan R. Donnelly, Elizabeth J. Giacobe, Andrew G. Cecere, Tim 1.
Miyashiro.

Data curation: Aidan R. Donnelly, Elizabeth J. Giacobe, Rachel A. Cook, Gareth M. Francis,
Grace K. Buddle, Christina L. Beaubrun.

Formal analysis: Aidan R. Donnelly, Elizabeth ]. Giacobe, Tim I. Miyashiro.

Funding acquisition: Tim I. Miyashiro.

PLOS ONE | https://doi.org/10.1371/journal.pone.0287519  July 13, 2023 5/7


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287519.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287519.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0287519.s003
https://doi.org/10.1371/journal.pone.0287519

PLOS ONE

Calculation of symbiotic dose-50 for vibrio fischeri strains

Investigation: Aidan R. Donnelly, Elizabeth J. Giacobe, Tim I. Miyashiro.

Methodology: Aidan R. Donnelly, Elizabeth J. Giacobe, Andrew G. Cecere, Tim 1. Miyashiro.
Project administration: Tim I. Miyashiro.

Resources: Tim I. Miyashiro.

Supervision: Andrew G. Cecere, Tim I. Miyashiro.

Validation: Aidan R. Donnelly, Elizabeth J. Giacobe, Tim I. Miyashiro.

Visualization: Tim I. Miyashiro.

Writing - original draft: Aidan R. Donnelly, Elizabeth J. Giacobe, Tim I. Miyashiro.

Writing - review & editing: Aidan R. Donnelly, Elizabeth J. Giacobe, Andrew G. Cecere, Tim
I. Miyashiro.

References

1. Luan JB, Chen W, Hasegawa DK, Simmons AM, Wintermantel WM, Ling KS, et al. Metabolic Coevolu-
tion in the Bacterial Symbiosis of Whiteflies and Related Plant Sap-Feeding Insects. Genome Biol Evol.
2015; 7(9):2635—47. https://doi.org/10.1093/gbe/evv170 PMID: 26377567; PubMed Central PMCID:
PMC4607527.

2. ZhengH, Perreau J, Powell JE, Han B, Zhang Z, Kwong WK, et al. Division of labor in honey bee gut
microbiota for plant polysaccharide digestion. Proceedings of the National Academy of Sciences of the
United States of America. 2019; 116(51):25909—-16. https://doi.org/10.1073/pnas.1916224116 PMID:
31776248; PubMed Central PMCID: PMC6926048.

3. Shropshire JD, Bordenstein SR. Speciation by Symbiosis: the Microbiome and Behavior. mBio. 2016; 7
(2):e01785. Epub 20160331. https://doi.org/10.1128/mBio.01785-15 PMID: 27034284; PubMed Cen-
tral PMCID: PMC4817261.

4. Visick KL, Stabb EV, Ruby EG. A lasting symbiosis: how Vibrio fischerifinds a squid partner and per-
sists within its natural host. Nature reviews Microbiology. 2021; 19(10):654—65. https://doi.org/10.1038/
541579-021-00557-0 PMID: 34089008; PubMed Central PMCID: PMC8529645.

5. Graf J, Ruby EG. Host-derived amino acids support the proliferation of symbiotic bacteria. Proceedings
of the National Academy of Sciences of the United States of America. 1998; 95(4):1818-22. https://doi.
org/10.1073/pnas.95.4.1818 PMID: 9465100; PubMed Central PMCID: PMC19196.

6. Wasilko NP, Larios-Valencia J, Steingard CH, Nunez BM, Verma SC, Miyashiro T. Sulfur availability for
Vibrio fischeri growth during symbiosis establishment depends on biogeography within the squid light
organ. Molecular microbiology. 2019; 111(3):621-36. https://doi.org/10.1111/mmi.14177 PMID:
30506600; PubMed Central PMCID: PMC6417962.

7. Schwartzman JA, Koch E, Heath-Heckman EA, Zhou L, Kremer N, McFall-Ngai MJ, et al. The chemistry
of negotiation: rhythmic, glycan-driven acidification in a symbiotic conversation. Proceedings of the
National Academy of Sciences of the United States of America. 2015; 112(2):566—71. https://doi.org/
10.1073/pnas.1418580112 PMID: 25550509; PubMed Central PMCID: PMC4299225.

8. Jones BW, Nishiguchi MK. Counterillumination in the Hawaiian bobtail squid, Euprymna scolopes Berry
(Mollusca:Cephalopoda). Mar Biol. 2004; 144:1151-5.

9. LeeKH, Ruby EG. Competition between Vibrio fischeri strains during initiation and maintenance of a
light organ symbiosis. Journal of bacteriology. 1994; 176(7):1985-91. WOS:A1994ND18300023.

10. LeeKH, Ruby EG. Effect of the squid host on the abundance and distribution of symbiotic Vibrio fischeri
in nature. Applied and environmental microbiology. 1994; 60(5):1565-71. https://doi.org/10.1128/aem.
60.5.1565-1571.1994 PMID: 16349257; PubMed Central PMCID: PMC201518.

11. McCann J, Stabb EV, Millikan DS, Ruby EG. Population dynamics of Vibrio fischeri during infection of
Euprymna scolopes. Applied and environmental microbiology. 2003; 69(10):5928-34. https://doi.org/
10.1128/AEM.69.10.5928-5934.2003 PMID: 14532046; PubMed Central PMCID: PMC201191.

12. Visick KL, Hodge-Hanson KM, Tischler AH, Bennett AK, Mastrodomenico V. Tools for Rapid Genetic
Engineering of Vibrio fischeri. Applied and environmental microbiology. 2018; 84(14). https://doi.org/10.
1128/AEM.00850-18 PMID: 29776924; PubMed Central PMCID: PMC6029082.

PLOS ONE | https://doi.org/10.1371/journal.pone.0287519  July 13, 2023 6/7


https://doi.org/10.1093/gbe/evv170
http://www.ncbi.nlm.nih.gov/pubmed/26377567
https://doi.org/10.1073/pnas.1916224116
http://www.ncbi.nlm.nih.gov/pubmed/31776248
https://doi.org/10.1128/mBio.01785-15
http://www.ncbi.nlm.nih.gov/pubmed/27034284
https://doi.org/10.1038/s41579-021-00557-0
https://doi.org/10.1038/s41579-021-00557-0
http://www.ncbi.nlm.nih.gov/pubmed/34089008
https://doi.org/10.1073/pnas.95.4.1818
https://doi.org/10.1073/pnas.95.4.1818
http://www.ncbi.nlm.nih.gov/pubmed/9465100
https://doi.org/10.1111/mmi.14177
http://www.ncbi.nlm.nih.gov/pubmed/30506600
https://doi.org/10.1073/pnas.1418580112
https://doi.org/10.1073/pnas.1418580112
http://www.ncbi.nlm.nih.gov/pubmed/25550509
https://doi.org/10.1128/aem.60.5.1565-1571.1994
https://doi.org/10.1128/aem.60.5.1565-1571.1994
http://www.ncbi.nlm.nih.gov/pubmed/16349257
https://doi.org/10.1128/AEM.69.10.5928-5934.2003
https://doi.org/10.1128/AEM.69.10.5928-5934.2003
http://www.ncbi.nlm.nih.gov/pubmed/14532046
https://doi.org/10.1128/AEM.00850-18
https://doi.org/10.1128/AEM.00850-18
http://www.ncbi.nlm.nih.gov/pubmed/29776924
https://doi.org/10.1371/journal.pone.0287519

PLOS ONE

Calculation of symbiotic dose-50 for vibrio fischeri strains

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Cecere AG, Miyashiro TI. Impact of transit time on the reproductive capacity of Euprymna scolopes as a
laboratory animal. Lab Anim Res. 2022; 38(1):25. https://doi.org/10.1186/s42826-022-00135-2 PMID:
35908064; PubMed Central PMCID: PMC9338615.

Naughton LM, Mandel MJ. Colonization of Euprymna scolopes squid by Vibrio fischeri. J Vis Exp. 2012;
(61):e3758. Epub 20120301. https://doi.org/10.3791/3758 PMID: 22414870; PubMed Central PMCID:
PMC3399469.

Bongrand C, Ruby EG. Achieving a multi-strain symbiosis: strain behavior and infection dynamics. The
ISME journal. 2019; 13(3):698-706. https://doi.org/10.1038/s41396-018-0305-8 PMID: 30353039;
PubMed Central PMCID: PMC6461934.

Fiorito G, Affuso A, Basil J, Cole A, de Girolamo P, D’Angelo L, et al. Guidelines for the Care and Wel-
fare of Cephalopods in Research -A consensus based on an initiative by CephRes, FELASA and the
Boyd Group. Lab Anim. 2015; 49(2 Suppl):1-90. https://doi.org/10.1177/0023677215580006 PMID:
26354955.

Russell WMS, Burch RL. The Principles of Humane Experimental Technique. London: Methuen and
Co. Ltd.; 1959.

Wang Y, Dufour YS, Carlson HK, Donohue TJ, Marletta MA, Ruby EG. H-NOX-mediated nitric oxide
sensing modulates symbiotic colonization by Vibrio fischeri. Proceedings of the National Academy of
Sciences of the United States of America. 2010; 107(18):8375-80. Epub 20100419. https://doi.org/10.
1073/pnas.1003571107 PMID: 20404170; PubMed Central PMCID: PMC2889544.

Reed LJ, Muench H. A Simple Method of Estimating Fifty Per Cent Endpoints. The American Journal of
Hygiene. 1938; 27(3):493-7.

Kikuchi Y, Fukatsu T. Live imaging of symbiosis: spatiotemporal infection dynamics of a GFP-labelled
Burkholderia symbiont in the bean bug Riptortus pedestris. Molecular ecology. 2014; 23(6):1445-56.
Epub 20131031. https://doi.org/10.1111/mec.12479 PMID: 24103110; PubMed Central PMCID:
PMC4238818.

Grossman AS, Mauer TJ, Forest KT, Goodrich-Blair H. A Widespread Bacterial Secretion System with
Diverse Substrates. mBio. 2021; 12(4):e0195621. Epub 20210817. https://doi.org/10.1128/mBio.
01956-21 PMID: 34399622; PubMed Central PMCID: PMC8406197.

McFall-Ngai MJ, Ruby EG. Sepiolids and Vibrios: When First They Meet. BioScience. 1998; 48(4):257—
65.

Mandel MJ, Stabb EV, Ruby EG. Comparative genomics-based investigation of resequencing targets
in Vibrio fischeri. focus on point miscalls and artefactual expansions. BMC genomics. 2008; 9:138.
https://doi.org/10.1186/1471-2164-9-138 PMID: 18366731; PubMed Central PMCID: PMC2330054.

Surrett ED, Guckes KR, Cousins S, Ruskoski TB, Cecere AG, Ludvik DA, et al. Two enhancer binding
proteins activate sigma(54)-dependent transcription of a quorum regulatory RNA in a bacterial symbi-
ont. Elife. 2023; 12. Epub 20230505. https://doi.org/10.7554/eLife.78544 PMID: 37145113; PubMed
Central PMCID: PMC10162802.

Ludvik DA, Bultman KM, Mandel MJ. Hybrid Histidine Kinase BinK Represses Vibrio fischeriBiofilm Sig-
naling at Multiple Developmental Stages. Journal of bacteriology. 2021; 203(15):€0015521. https://doi.
org/10.1128/JB.00155-21 PMID: 34031036; PubMed Central PMCID: PMC8407347.

Miyashiro T, Ruby EG. Shedding light on bioluminescence regulation in Vibrio fischeri. Molecular micro-
biology. 2012; 84(5):795-806. https://doi.org/10.1111/j.1365-2958.2012.08065.x PMID: 22500943;
PubMed Central PMCID: PMC3359415.

Yount TA, Murtha AN, Cecere AG, Miyashiro TI. Quorum Sensing Facilitates Interpopulation Signaling
by Vibrio fischeriwithin the Light Organ of Euprymna scolopes. Isr J Chem. 2022:€202200061. https://
doi.org/10.1002/ijch.202200061.

PLOS ONE | https://doi.org/10.1371/journal.pone.0287519  July 13, 2023 7/7


https://doi.org/10.1186/s42826-022-00135-2
http://www.ncbi.nlm.nih.gov/pubmed/35908064
https://doi.org/10.3791/3758
http://www.ncbi.nlm.nih.gov/pubmed/22414870
https://doi.org/10.1038/s41396-018-0305-8
http://www.ncbi.nlm.nih.gov/pubmed/30353039
https://doi.org/10.1177/0023677215580006
http://www.ncbi.nlm.nih.gov/pubmed/26354955
https://doi.org/10.1073/pnas.1003571107
https://doi.org/10.1073/pnas.1003571107
http://www.ncbi.nlm.nih.gov/pubmed/20404170
https://doi.org/10.1111/mec.12479
http://www.ncbi.nlm.nih.gov/pubmed/24103110
https://doi.org/10.1128/mBio.01956-21
https://doi.org/10.1128/mBio.01956-21
http://www.ncbi.nlm.nih.gov/pubmed/34399622
https://doi.org/10.1186/1471-2164-9-138
http://www.ncbi.nlm.nih.gov/pubmed/18366731
https://doi.org/10.7554/eLife.78544
http://www.ncbi.nlm.nih.gov/pubmed/37145113
https://doi.org/10.1128/JB.00155-21
https://doi.org/10.1128/JB.00155-21
http://www.ncbi.nlm.nih.gov/pubmed/34031036
https://doi.org/10.1111/j.1365-2958.2012.08065.x
http://www.ncbi.nlm.nih.gov/pubmed/22500943
https://doi.org/10.1002/ijch.202200061
https://doi.org/10.1002/ijch.202200061
https://doi.org/10.1371/journal.pone.0287519

