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ABSTRACT

Minimizing the use of antibiotics in the food production chain is essential for limiting the development and spread of antibiotic-
resistant bacteria. One alternative intervention strategy is the use of probiotic bacteria, and bacteria of the marine Roseobacter
clade are capable of antagonizing fish-pathogenic vibrios in fish larvae and live feed cultures for fish larvae. The antibacterial
compound tropodithietic acid (TDA), an antiporter that disrupts the proton motive force, is key in the antibacterial activity of
several roseobacters. Introducing probiotics on a larger scale requires understanding of any potential side effects of long-term
exposure of the pathogen to the probionts or any compounds they produce. Here we exposed the fish pathogen Vibrio anguilla-
rum to TDA for several hundred generations in an adaptive evolution experiment. No tolerance or resistance arose during the 90
days of exposure, and whole-genome sequencing of TDA-exposed lineages and clones revealed few mutational changes, com-
pared to lineages grown without TDA. Amino acid-changing mutations were found in two to six different genes per clone; how-
ever, no mutations appeared unique to the TDA-exposed lineages or clones. None of the virulence genes of V. anguillarum was
affected, and infectivity assays using fish cell lines indicated that the TDA-exposed lineages and clones were less invasive than the
wild-type strain. Thus, long-term TDA exposure does not appear to result in TDA resistance and the physiology of V. anguilla-
rum appears unaffected, supporting the application of TDA-producing roseobacters as probiotics in aquaculture.

IMPORTANCE

It is important to limit the use of antibiotics in our food production, to reduce the risk of bacteria developing antibiotic resis-
tance. We showed previously that marine bacteria of the Roseobacter clade can prevent or reduce bacterial diseases in fish larvae,
acting as probiotics. Roseobacters produce the antimicrobial compound tropodithietic acid (TDA), and we were concerned re-
garding whether long-term exposure to this compound could induce resistance or affect the disease-causing ability of the fish
pathogen. Therefore, we exposed the fish pathogen Vibrio anguillarum to increasing TDA concentrations over 3 months. We did
not see the development of any resistance to TDA, and subsequent infection assays revealed that none of the TDA-exposed clones
had increased virulence toward fish cells. Hence, this study supports the use of roseobacters as a non-risk-based disease control

measure in aquaculture.

Aquaculture has been one of the fastest growing protein-pro-
ducing sectors for decades, providing high-quality protein to
the growing world population (1); however, a key constraint in the
aquaculture industry is microbial infectious diseases. More than
50% of such diseases are caused by bacteria, of which members of
the Vibrio genus are some of the most prevalent (2, 3). The species
Vibrio anguillarum alone is known to infect more than 50 different
fish species (4). Antibiotics are used in the treatment of bacterial
infections in aquaculture, and they have also been used as prophy-
lactic measures, especially in smaller aquaculture facilities and in
developing countries (5, 6). However, increases in antibiotic re-
sistance and the associated health risks have led to a search for
alternative means of treatment (6). Vaccination of juvenile and
adult fish has reduced the use of antibiotics in the production of
several finfish (7); however, it is not possible to vaccinate fish
larvae, due to their immature immune systems, which makes
them particularly vulnerable to infectious diseases (8).

The use of probiotic bacteria as sustainable controls for patho-
genic bacteria in larviculture has been studied for several years
(9-11), and two genera from the Roseobacter clade, i.e., Phaeobac-
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ter and Ruegeria, are especially promising as probiotics for marine
larviculture (12-16). Phaeobacter and Ruegeria strains have re-
peatedly been isolated from aquaculture units and are harmless to
fish larvae and their live feed (12-16). The probiotic (antibacte-
rial) effects of Phaeobacter and Ruegeria are predominantly caused
by their production of the dual-sulfur tropone-derived com-
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pound tropodithietic acid (TDA) (16-19). TDA-producing Phae-
obacter and Ruegeria strains can prevent vibriosis in cod larvae
(16) and reduce mortality rates for turbot larvae (15) and Artemia
(20) challenged with V. anguillarum and V. harveyi, respectively.

TDA is a broad-spectrum antibacterial that is bactericidal and
inhibits the growth of several human and fish pathogens (16, 21—
23) but has very low toxicity in Caenorhabditis elegans and Artemia
(24). Recently, it was demonstrated that TDA is cytotoxic against
N2a cells and OLN-93 cells of the mammalian nervous system and
several cancer cell lines, respectively (25, 26). Since TDA has pro-
nounced antibacterial activity, the development of resistance to
TDA could be a concern, especially following long-term use. At-
tempts to select for TDA resistance and tolerance in pathogenic
bacteria have not been successful (22), suggesting that TDA resis-
tance does not arise easily, likely due to a highly conserved target
(or targets). Very recently, Wilson et al. demonstrated that cell
membranes and the proton motive force (PMF) were targets of
TDA, and TDA was suggested to function as an electroneutral
proton antiporter, facilitating a one-to-one exchange of H* for a
single charged metal ion and thus disrupting the transmembrane
proton gradient (ApH) (26). Also, genes conferring resistance to
TDA were found in Phaeobacter inhibens, and Escherichia coli be-
came resistant when harboring tdaR on a conjugative plasmid
(26).

While those recent studies clearly indicated that resistance to
TDA does not develop easily, e.g., by single point mutations, it is
not known how long-term exposure to TDA can affect target cells.
The long-term effects of other antibacterial compounds, such as
antimicrobial peptides (AMPs), have been studied using adaptive
laboratory evolution (ALE) experiments (27-31), and we chose
such an approach to evaluate the long-term exposure of vibrios to
TDA. Several studies have demonstrated that antibiotics can in-
duce mutations in exposed strains (32, 33) and affect gene expres-
sion and phenotypes in exposed bacteria, e.g., inducing biofilm
formation or the expression of virulence genes in pathogens (32).
Trimethoprim, which at high concentrations is lethal for Burk-
holderia thailandensis E264, functioned as a global activator of its
secondary metabolism, activating at least five biosynthetic gene
clusters when added at subinhibitory concentrations (34). In sev-
eral pathogenic bacteria, subinhibitory concentrations of antibi-
otics affect virulence genes and behavior (35-37); for example,
subinhibitory concentrations of nafcillin were found to increase
toxin production in Staphylococcus aureus, whereas clindamycin
and linezolid decreased toxin production (38). Infection of fish by
V. anguillarum depends on a series of virulence factors, including
chemotaxis, motility, adhesion, and siderophore and exotoxin
production (4); therefore, in the present study, we also deter-
mined whether long-term exposure of V. anguillarum to TDA
affected the infectivity of the bacteria, as measured in fish cell lines.

Therefore, we exposed the fish pathogen V. anguillarum
strain 90-11-286 to sublethal concentrations of TDA over the
course of 220 to 280 generations, in an adaptive laboratory
evolution experiment. Subsequently, we assessed phenotypes
(resistance and infectivity) as well as genetic changes (single-
nucleotide polymorphisms [SNPs]) and deletion-insertion
polymorphisms [DIPs]).

MATERIALS AND METHODS

Bacterial strains and culture conditions. All adaptive evolution experi-
ments were performed with Vibrio anguillarum strain 90-11-286 (39, 40),
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serotype O1, isolated from diseased rainbow trout (Oncorhynchus mykiss)
from a Danish fish farm. The strain was chosen due to its high level of
pathogenicity for cod, halibut, and turbot larvae (A. Renneseth, P.
D’Alvise, @. Tonnesen, G. Haugland, T. Grotkjar, K. Engell-Sorensen, L.
Norremark, @. Bergh, L. Gram, and H. I. Wergeland, unpublished data).
Strain 90-11-286 was grown in half-strength YTSS (2YTSS) (0.2% yeast
extract, 0.125% tryptone, 2% Sigma sea salts) broth (41). Streaking and
plating were performed on “2YTSS-agar plates at 25°C. Tropodithietic
acid (BioViotica, Dransfeld, Germany) was dissolved in dimethyl sulfox-
ide (DMSO) (1.5 mg/ml) by vortex-mixing for 10 s and kept at —80°C.
Daily working solutions were prepared from the TDA frozen stock solu-
tion by diluting the solution in sterile %2YTSS medium by vortex-mixing
for 10 s, sonicating the mixture with ultrasound twice for 30 s, and vortex-
mixing for 10 s. Stock cultures of the wild-type strain and isolates from the
TDA-exposed lineage were stored at —80°C in a mixture of 4% (wt/vol)
glycerol, 0.5% (wt/vol) glucose, 2% (wt/vol) skim milk powder, and 3%
(wt/vol) tryptone soy powder (42), whereas lineage populations were
stored at —80°C in 25% (wt/vol) glycerol.

Continuous-exposure experiment. Continuous exposure to TDA
was carried out in an adaptive evolution experimental setup, with the aim
of increasing TDA concentrations to induce resistance or tolerance.
Twenty microliters of a bacterial suspension of a single colony of V. an-
guillarum 90-11-286 was inoculated into 10 parallel 2-ml cultures. For 5
days, the lineages were diluted (1%) in fresh medium every 24 h. Seven of
the lineages were subsequently diluted in %2YTSS medium supplemented
with TDA, and the remaining three were unexposed control lineages
(DMSO was added instead of TDA solution). After five dilutions at a
constant TDA concentration (exposed lineages), the concentration was
increased. The starting concentration was 1/16 of the MIC, i.e., 0.8 pg
ml ™!, and this was increased to 1.75X MIC during the course of the
experiment. The concentration steps were 0.8 wg ml ™' (1/16X MIC), 3.1
pg ml™" (1/4X MIC), 6.25 pg ml™' (1/2X MIC), 12.5 pg ml~"' (1X
MIC), 15.6 g ml ™" (1.25X MIC), 18.75 pg ml ' (1.5X MIC), and 21.9
pg ml~! (1.75X MIC). Reinoculations were not performed for cultures
exposed to TDA concentrations above 1X MIC if growth was not ob-
served. In those cases, the reinoculations were postponed until turbidity
was observed. Aliquots of the 10 lineages were deposited at —80°C prior to
an increase in the TDA concentration. If a lineage failed to grow at an
increased TDA concentration, even after repeated reinoculations from its
last deposited stock, then it was terminated. The total numbers of passages
were 33 to 42 for the 10 lineages, which were equivalent to approximately
220 to 280 generations, assuming six to seven generations per passage. At
the end of the experiment, all lineages were plated to allow isolation of
individual clones from each lineage. Five colony isolates were randomly
selected from each lineage population at 1.5X MIC to 1.75X MIC and
were preserved as frozen stocks.

Determination of MICs. MICs were determined using the microdilu-
tion method (43). A 50 pg ml~' TDA stock solution in DMSO was pre-
pared and 1:2 serial dilutions were made, giving a final concentration
range of 25 to 0.4 g ml~" in the wells. A control DMSO dilution series
was prepared accordingly. MIC testing was performed with three biolog-
ical replicates. The bacteria (lineages or clones) were revived from frozen
cultures and grown overnight in %2YTSS medium at 20°C.

Stability of TDA tolerance. Cultures were revived from frozen stocks
in 12YTSS medium with 6.75 pg ml ! TDA (one-half the wild-type MIC)
at 20°C. The stability of the TDA tolerance was assessed by determining
the MICs of bacterial populations as described above but with increased
resolution. Four TDA-12YTSS working solutions were prepared, with 50
g ml~ !, 43.75 g ml~ !, 37.5 g ml™ !, and 31.25 g ml~ ! TDA, and 1:2
serial dilutions were made from the working solutions to give a final range
of 25 to 4.7 pwg ml ™" in the wells. The MIC assay results were read after 24
hand 72 h.

Whole-genome sequencing. Twenty-eight isolates from TDA-ex-
posed lineages (7 lineages and 21 clones) and 12 isolates from control
lineages (3 lineages and 9 clones) were subjected to whole-genome se-
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quencing. Genomic DNA was extracted from each using phenol-chloro-
form-isoamyl alcohol and then was precipitated with isopropanol. Sam-
ples were treated with RNase before quantification and quality analysis
using a 1% agarose gel, a NanoDrop spectrophotometer (Saveen Werner,
Sweden), and a Qubit 2.0 analyzer (Invitrogen, United Kingdom).

The genome of the ancestral wild-type V. anguillarum strain 90-11-
286 was sequenced using a combined sequencing approach with PacBio
and [llumina platforms, allowing the assembly of a fully closed high-qual-
ity genome. A SMRTbell template library was prepared according to the
instructions from Pacific Biosciences (Menlo Park, CA, USA), following
the procedure and checklist for 20-kb template preparation using the
BluePippin size selection system. Briefly, for preparation of 15-kb librar-
ies, 8 g of genomic DNA was sheared using g-Tubes from Covaris
(Woburn, MA, USA), according to the manufacturer’s instructions. DNA
was end repaired and ligated overnight to hairpin adapters by using com-
ponents from DNA/polymerase binding kit P6 (Pacific Biosciences). Re-
actions were carried out according to the manufacturer’s instructions.
BluePippin size selection to 7,000 kb was performed according to the
manufacturer’s instructions (Sage Science, Beverly, MA, USA). Condi-
tions for annealing of sequencing primers and binding of polymerase to
the purified SMRTbell template were assessed with the calculator in RS
Remote (Pacific Biosciences). SMRT sequencing was carried out with the
PacBio RS II system (Pacific Biosciences), taking one 240-min movie for
each SMRT cell. In total, two SMRT cells were run and a total of 56,839
reads, with a mean read length of 13,006 bp, were obtained. SMRT cell
data were assembled using the RS_HGAP_Assembly.3 protocol included
in SMRT Portal version 2.3.0, using default parameters. The assembly
revealed one circular chromosome. The validity of the assembly was
checked using the RS_Bridgemapper.1 protocol. Each of the replicons was
circularized independently, and artificial redundancies at the ends of the
contigs were removed; the chromosome was adjusted to dnaA as the first
gene. Subsequently, each genome was error corrected by mapping of Illu-
mina reads onto finished genomes using BWA software (44), with subse-
quent variant and consensus calling using CLC Genomics Workbench
7 (Qiagen, Aarhus, Denmark). A consensus concordance of QV60 could
be confirmed for the genome. Finally, annotation was generated using
Prokka 1.8 (45).

Five-hundred-base-pair insertion libraries were prepared for all 40
lineages and clones. These libraries were subjected to 100-bp paired-end
sequencing, using the Illumina HiSeq2000 platform, at Beijing Genomic
Institute. The 40 isolates were mapped onto the V. anguillarum 90-11-286
reference genome. Subsequently, single-nucleotide polymorphisms
(SNPs) and deletion-insertion polymorphisms (DIPs) with frequencies
above 70% in the reads were detected using CLC Genomic Workbench
8.0.2 (Qiagen).

Motility observations. Several isolates had mutations in the fliM gene,
which is important for flagellate motility in V. anguillarum. Therefore,
motility was assessed by microscopy (X1,000 magnification, using an
Olympus BX51 microscope) of broth cultures grown in %2YTSS medium
for 24 h at 25°C.

Fish cell line infection assay. The effects of the wild-type strain, eight
TDA-exposed isolates, and four control isolates on the fish cell line CHSE-
214 (catalogue no. 91041114; Sigma) (46) were assessed in three indepen-
dent cell infection assays. CHSE-214 cells were grown for 7 days at 20°C in
Leibovitz L-15 medium with glutamine (Sigma-Aldrich), with 10% heat-
inactivated (56°C for 30 min) fetal bovine serum (FBS) (Sigma-Aldrich)
and 1% antibiotic-antimycotic solution (Sigma-Aldrich), in a 75-cm?
flask until cells reached an 80% confluent cell layer. After removal of the
growth medium, the cells were washed with 5 ml Hanks’ balanced salt
solution (HBSS) (catalogue no. H4641; Sigma). HBSS was removed, and
the cells were trypsinized with 1 ml trypsin-EDTA (catalogue no. 59428C;
Sigma) and incubated for 10 min. Cells were dislodged and suspended in
2.5 ml fresh medium. Two hundred microliters of CHSE-214 cell suspen-
sion (containing 1,000 to 10,000 cells ml ') was transferred into each well
of a six-well test plate with 3 ml fresh medium. After 7 to 9 days of incu-
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bation, when a complete confluent cell layer had formed, the cells were
washed three times with fresh Hanks” balanced salt solution (HBSS) to
remove the antibiotic-antimycotic solution. TDA-exposed isolates were
grown for 24 h. Subsequently, the medium was removed, bacteria were
washed with HBSS, and a bacterial suspension at an optical density at 600
nm (ODy,,) of 1 was prepared. Three milliliters of a 10~* HBSS dilution
of the bacterial suspension was transferred into each of the wells, produc-
ing a bacterial cell density of approximately 3 X 10* CFU ml ™. After 24 h
of incubation at 20°C, the suspension was removed and the cells were
trypsinized with 1 ml trypsin-EDTA. After 10 min, 250 wl FBS was added
to inactivate the trypsin-EDTA, and the cells were dislodged. Cells were
then washed three times in phosphate-buffered saline (PBS) (400 X g for
1 min at 5°C), and the pellet was resuspended in 500 pl PBS. Cell numbers
were determined in a 100-pm Neubauer improved counting chamber
(Assistent) and live/dead stained using a Cellstain double staining kit (Sig-
ma-Aldrich), as described by the manufacturer. To assess CHSE-214 kill-
ing, microscopy of the live/dead-stained cells was performed at a magni-
fication of X100, using an Olympus BX51 fluorescence microscope. A
counting chamber was used to define the area. All infection trials were
performed in triplicate, assessing 70 to 400 cells per sample.

Statistics. One-way analysis of variance (ANOVA) tests (n = 3, df =
12, o = 0.05) were performed with the data obtained from each of the
three infection assays, to estimate the significance of any observed differ-
ences between the treated strains (TDA-exposed or control strains) and
the wild-type strain. Gaussian distributions were confirmed prior to the
tests, and the analyses were performed using GraphPad Prism 6.

Accession number(s). The complete genome of V. anguillarum strain
90-11-286 was deposited in NCBI GenBank under accession number
CP011460 for chromosome I and accession number CP011461 for chro-
mosome II. The whole-genome shotgun project was deposited in NCBI
SRA under accession number SRP072381.

RESULTS
Attempts to select for TDA-resistant V. anguillarum. The adap-
tive evolution process was started at a TDA concentration of 1/16
times the wild-type MIC, which was measured to be 12.5 g ml™ Y,
and lineages were slowly taken to higher concentrations. After 33
to 42 reinoculations, corresponding to 220 to 280 generations, the
maximum concentrations of TDA allowing growth were 1.5X
MIC to 1.75X MIC (18.8 to 21.9 wg ml™"); it was not possible,
despite repeated attempts, to grow the lineages at higher concen-
trations. Four of the seven TDA-exposed lineages (lineages 2, 3, 4,
and 5) reached 1.75X MIC, and three (lineages 1, 6, and 7)
reached 1.5X MIC (Fig. 1). The growth rates clearly decreased at
TDA concentrations higher than the wild-type MIC, and periods
of 2 to 3 days were required to reach visible turbidity, compared to
1 day at the MIC. Control lineages treated only with DMSO were
reinoculated 30 times, corresponding to approximately 210 gen-
erations. The MIC values of clones from the control lineages were
12.5 pg ml~" TDA, corresponding to the wild-type MIC.
Stability of TDA tolerance. To determine whether the slight
TDA tolerance of the lineages was stable and whether clonal vari-
ation occurred, the MICs of the lineages and individual clones
were determined. Twenty-four-hour MIC assays with TDA con-
centrations ranging from 2 times the wild-type MIC to 0.375 times
the wild-type MIC revealed that all clones showed the same MIC,
i.e., 12.5 pg ml™"', corresponding to the wild-type MIC. After an
additional 48 h, a total of 26 clones in addition to the wild-type
strain were able to grow at slightly higher concentrations than the
wild-type MIC (Table 1). The MIC was based on two separate
experiments, with three replicates per clone or lineage.
Whole-genome sequencing and SNP/DIP analyses. The
closed genome of wild-type V. anguillarum strain 90-11-286 con-
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FIG 1 Attempt to select for TDA-tolerant or TDA-resistant V. anguillarum
strains in an adaptive laboratory evolution experiment. Solid lines, individual
lineages, of which 3 of 7 reached 1.5 times the wild-type MIC (18.75 pg/ml)
and the rest reached 1.75 times the wild-type MIC (21.9 pg/ml). Dashed line,
wild-type MIC (12.5 pg/ml TDA).

sists of two chromosomes, of 3.0 Mbp and 1.3 Mbp, with a G+C
content of 44.4%, and it has 3,817 coding sequences (CDSs),
4,003 genes, 31 rRNAs, and 106 tRNAs. This genome served as
areference for mapping and identification of single-nucleotide
polymorphisms (SNPs) and deletion-insertion polymor-
phisms (DIPs) in the 40 genomes. All genomes had between
7.2 X 10° and 8.4 X 10° reads. The SNP and DIP analyses of the 40
genomes revealed that 11 different genes were affected by 15 dif-
ferent mutations with frequencies above 70% in the reads (Table
2). The 15 mutations included 11 SNPs and 4 DIPs. Each genome
had between two and eight amino acid-changing mutations, with
no distinct differences between TDA-exposed clones (0.007 to
0.033 mutations generation™') and DMSO-exposed (control)
clones (0.010 to 0.028 mutations generation™ ') being observed.
Clonal variations in mutations were seen within the populations
of control lineages C2 and C3 and the TDA-exposed lineage T7
but not in the other lineages. Six of the 15 different mutations were
found only in the genomes of TDA-exposed clones and lineages,
whereas two were found only in the control genomes (Table 3).
Three different mutations were found in the competence gene
comM, which encodes a magnesium chelatase-related protein. All
three comM mutations were found in genomes of 20 TDA-ex-
posed clones and lineages and six control clones and lineages. A
SNP in the kinE gene, encoding a two-component sensor histidine
kinase, was found in two TDA-exposed clones and eight control
clones and lineages. In lineage 1, a SNP was found in the dmIR
gene, which codes for a helix-turn-helix (HTH)-type transcrip-
tional regulator. In addition, a SNP was found in the transport
permease protein gene yadH. This mutation was present in lineage
2 and two clones from lineage 7. A SNP mutation was also found
in all isolates from lineage 5 in 90-11-286_01842, which encodes a
2-oxoglutarate/Fe(II)-dependent oxygenase. The isolates from
lineage 6 had a SNP in the ompD gene, which encodes an outer
membrane porin protein. Furthermore, a DIP resulting in a
frameshift in the ftsI gene, which is involved in cell division, was
found in two clones from control lineage 3. Finally, the fliM gene,
which encodes a flagellar motor switch protein and thus is impor-
tant for motility and potentially virulence, was affected. In the fliM
gene, three different SNPs were found, with all clones and lineages
harboring one of the three different SNPs.
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Effects of fliM gene mutations on motility. The fliM gene is
important for flagellate motility in V. anguillarum and potentially
its virulence. Three different SNP mutations were found in the
fliM gene and, since all lineages and clones harbored one of the
mutations, the motility of the lineages and clones was assessed via
phase-contrast microscopy. All clones and lineages were equally
motile and similar to the wild-type strain (data not shown).

Fish cell infection assays. Since antimicrobial compounds can
affect the virulence of pathogenic bacteria, the ability of 12 clones
(8 TDA-exposed clones and 4 control clones) to kill fish cells was
tested in CHSE-214 infection assays. The 12 clones were selected
to cover all seven lineages and the different mutational patterns.
None of the clones resulted in significantly higher mortality rates
for the fish cells than did the wild-type strain; in fact, most clones

TABLE 1 MICs of TDA after 24 h and 72 h for wild-type 90-11-286
strain and TDA-exposed (T) and DMSO-exposed (C) lineages and
clones

TDA MIC (pug/ml)
Clone After 24 h After 72 h
90-11-286 12.5 15.6
C1 10.9-12.5 12.5
Cl-1 12.5 15.6
Cl1-2 12.5 15.6
C1-3 12.5 15.6
C2 12.5 15.6
C2-1 12.5 15.6
C2-2 9.4-12.5 15.6
C2-3 12.5 15.6
C3 12.5 12.5
C3-1 12.5 12.5
C3-2 12.5 12.5-15.6
C3-3 12.5 12.5
T1 10.9-12.5 15.6
T1-1 10.9-12.5 15.6
T1-2 10.9-12.5 15.6
T1-3 10.9-12.5 15.6
T2 10.9-12.5 15.6
T2-1 10.9-12.5 15.6
T2-2 10.9-12.5 15.6
T2-3 10.9-12.5 15.6
T3 12.5 12.5
T3-1 12.5 12.5-15.6
T3-2 12.5 12.5
T3-3 12.5 12.5
T4 12.5 12.5-15.6
T4-1 12.5 12.5
T4-2 12.5 12.5
T4-3 12.5 12.5
T5 10.9-12.5 15.6
T5-1 12.5 15.6
T5-2 12.5 12.5
T5-3 12.5 12.5
T6 12.5 12.5
T6-1 12.5 12.5-15.6
T6-2 12.5 12.5
T6-3 10.9-12.5 15.6
T7 12.5 12.5
T7-1 12.5 15.6
T7-2 12.5 15.6
T7-3 12.5 15.6
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TABLE 2 Distribution of SNPs and DIPs in TDA-exposed lineages and clones of V. anguillarum®

Control 1
Gene name and

Control 2

Control 3 Lineage 1° Lineage 2°

type of mutation ~ Gene product

Cl C1-1 C1-2 C1-3 C2 C2-1 C2-2 C2-3 C3 C3-1 C3-2 C3-3

T1 T1-1 T1-2 T1-3 T2 T2-1 T2-2 T2-3

fliM, SNP1 Flagellar motor switch protein + + + + + +
fliM, SNP2 Flagellar motor switch protein
fliM, SNP3 Flagellar motor switch protein
—DIP Hypothetical protein + + + + + +
comM, SNP1 Mg chelatase activity X + + + +
comM, DIP1 Mg chelatase activity X + + + +
comM, DIP2 Mg chelatase activity X + + + +
kinE, SNP Two-component sensor histidine ~ + + + + + +
kinase

—, SNP1 Hypothetical protein
dmIR, SNP HTH-type transcriptional regulator
yadH, SNP Transport permease protein
90-11-286_01842, 2-Oxoglutarate/Fe(II)-dependent

SNP oxygenase
ompD, SNP Outer membrane porin protein
ftsI, DIP Cell division protein
—, SNP2 Hypothetical protein

+ o+

+ o+ o+ o+
+ + o+ o+ o+ + o+ o+

+ + + X + 4+ X 4+ + + 4+ X + 4+
+ + o+ o+ o+ o+ o+ o+ o+
+ + o+ + o+ o+ o+ o+ o+
+ + o+ o+ o+ o+ o+ o+ o+

+ o+
+ o+ o+ o+ o+ o+ o+ +

“ Nonsynonymous SNPs and DIPs with frequencies of occurrence above 70% in the sequencing reads are included. X, frequency between 70% and <80%; +, frequency between

80% and 100%.

b Lineage that reached 1.5 times the wild-type MIC in the TDA exposure experiment.
¢ Lineage that reached 1.75 times the wild-type MIC in the TDA exposure experiment.
4, hypothetical protein.

appeared less infectious than the nonexposed wild-type strain
(Fig. 2). The wild-type strain caused killing rates between 26% *
8% and 39% = 10%, based on three independent experiments
(Fig. 2). Four of the clones (C2-1, C1-1, T1-1, and T6-3) resulted
in the same mortality rates as the wild-type strain, killing 15% *+
6%, 51% * 9%, 20% = 9%, and 26% =* 5% of the fish cells,
respectively (P values of 0.106, 0.294, 0.086, and 0.268, respec-
tively). The remaining eight clones caused lower mortality rates.
Two clones, C2-2 and T5-1, killed 13% = 4% and 20% = 8% of
the fish cells, respectively; these findings were just below the sig-
nificance level of 0.05, with both exhibiting P values of 0.044. The
other six clones (C3-2, T2-2, T3-2, T4-3, T7-1, and T7-2) were
significantly less virulent than the wild-type strain (P values of
0.002, 0.003, 0.022, 0.029, 0.001, and 0.002, respectively) and
killed 4% = 2%, 3% = 6%, 17% = 1%, 18% = 4%, 3% * 1%, and
5% * 1% of the fish cells, respectively. Very few variations were
seen between TDA-exposed and DMSO-exposed (control)
clones, and TDA-exposed clones did not show higher mortality
rates than DMSO-exposed clones.

DISCUSSION

The successful application of TDA-producing roseobacters as
probiotics in aquaculture requires detailed knowledge about
the long-term effects of the roseobacters and TDA on the
pathogens and on the general microbiota. Here we focused on
TDA exposure and demonstrated that continuous exposure of
V. anguillarum to TDA did not have any impact on the devel-
opment of TDA resistance or tolerance. Furthermore, pro-
longed TDA exposure did not seem to increase the mutation
rates of exposed strains or the infectivity of the bacteria toward
CHSE-214 fish cell lines.

It has been known for some time that resistance to TDA does
not arise easily in target pathogens, and single-point mutations do
not seem to confer resistance (22). However, since the mechanism
of action was not known, assessing the risk of resistance was diffi-
cult. Wilson et al. recently demonstrated that TDA acts as a neutral
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antiporter, upsetting the proton motive force; also, TDA resis-
tance in P. inhibens could be genetically linked and proved to be
controlled by the tdaR genes (26), which conferred TDA resis-
tance in E. coli upon horizontal transfer. Tolerance and resistance
to TDA have also been found in environmental marine bacteria;
the majority (126 of 136 isolates) of non-TDA-producing bacteria
isolated along with a TDA-producing Pseudovibrio sp. displayed
tolerance to TDA (23). It is not known, however, whether this
finding is related to the tdaR genes and/or whether these genes can
be shared through horizontal gene transfer. In the present study,
we were not able to adapt V. anguillarum to increasing TDA con-
centrations. The slight increase in tolerance, corresponding to 1.5
to 1.75 times the wild-type MIC, was likely caused by the extended
incubation time (2 to 3 days) and disappeared when clones were
tested in 24-h MIC assays.

As mentioned, the proton motive force is the target of TDA
(26). This function is of course essential and highly conserved,
which likely explains why resistance or tolerance does not develop,
since mutational changes in the PMF apparatus would be lethal to
the bacteria. It could be speculated that multiple cooccurring mu-
tations could result in resistance, as has been shown for antimi-
crobial peptides (30, 31). It was assumed that resistance to AMPs
could not develop; however, several adaptive laboratory evolution
(ALE) experiments have demonstrated that long-term exposure
does indeed result in the evolution of resistant strains (27, 30).
Using this method, the MIC of the AMP pexiganan for Pseudomo-
nas fluorescens increased to 128 times the wild-type MIC after
approximately 700 generations (27), and the MICs of the synthetic
AMP analogues a-peptide/B-peptoid peptidomimetics against E.
coli increased to 16 to 32 times the wild-type MIC after approxi-
mately 500 generations (30). However, our ALE experiments did
not result in TDA-resistant strains, and the experiment was ter-
minated after two failed attempts to obtain growth in the presence
of increased TDA concentrations. The experiment covered ap-
proximately 230 generations per lineage. Several antimicrobial
compounds target the proton motive force, including food pre-
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TABLE 2 (Continued)

TDA Exposure of Vibrio anguillarum

Lineage 3¢ Lineage 4° Lineage 5¢

Lineage 6" Lineage 7%

T3 T3-1 T3-2 T3-3 T4 T4-1 T4-2 T4-3 T5 T5-1

T5-2 T5-3 T6 T6-1 T6-2 T6-3 T7 T7-1 T7-2 T7-3

+ +
+ + + + + + + +
+ + + + + + + + X +
+ + + + + +
+ + + + + +
+ + + + + +
+ + + X

+ +

+ + + +
+ + + + + +
+ + X X + + + + +
+ + + + + +
+ + + + + +
+ + + + + +
+ +
+ + + + + +
+ +
+ +
+ + + +
+ +

servatives such as sorbic acid and benzoic acid (47-49). These
weak acids, when nondissociated, diffuse across the cell mem-
brane and the cell envelope and, to maintain homeostasis and a
neutral intracellular pH, the bacteria use energy to pump out the
hydrogen ions, thus depleting the PMF (50, 51). The antimicro-
bial effects of both compounds are dependent on environmen-
tal factors, especially pH, and the compounds are primarily
effective under acidic conditions (52, 53). Similar to our obser-
vations with TDA, bacterial resistance to sorbic acid and ben-
zoic acid does not seem to evolve easily (54, 55). To the best of
our knowledge, mutational resistance to sorbic acid and ben-
zoic acid in bacteria has not been reported, although several
cases have been described for yeast (54, 55). However, adaptive
resistance to benzoic acid was observed in E. coli strain
O157:H7 after induction of the glutamate-dependent acid re-
sistance (GDAR) response at pH 2.0 (56). The GDAR response
decarboxylates glutamate, replacing the a-carboxyl group with
a proton, and reduces glutamate to +y-aminobutyric acid
(GABA), which is then exchanged for glutamate via the GadC

antiporter (57). The proposed model for TDA resistance in P.
inhibens relies on a GDAR-like system (26), and low pH com-
bined with high glutamate availability could potentially induce
a response in E. coli or other target bacteria, causing TDA tol-
erance. Furthermore, a similar response could possibly be
achieved by a mutation causing continuous expression of the
LuxR-like regulator GadE, the main regulator of GDAR (58,
59). Since access to glutamate would be a limiting factor, how-
ever, we consider it unlikely that TDA resistance would occur
via simple mutations or deletions. Even so, horizontal gene
transfer of TDA resistance genes could still be a risk.

The bacteriocin nisin is a cationic peptide that interferes with
the PMF by forming pores in the cytoplasmic membrane, causing
leakage of intracellular contents, loss of membrane potential, and
disruption of ApH (60, 61). Four to 5 days of exposure to sub-MIC
levels of nisin resulted in a 32-fold MIC increase for S. aureus
SH1000 subcultures; for one mutant, the increase was attributed
to two amino acid changes, in the purine operon repressor and a
putative sensor histidine kinase (61). However, when the muta-

TABLE 3 Mutational changes of SNPs and DIPs in TDA-exposed lineages and clones of V. anguillarum

No. of affected clones

Mutation Amino acid Amino acid

Gene name Gene product type position change Control Exposed
fliM Flagellar motor switch protein SNP 48 Gly to Arg 8 0
fliM Flagellar motor switch protein SNP 54 Glu to Asp 0 10
fliM Flagellar motor switch protein SNP 230 Asp to Glu 4 18
— Hypothetical protein DIP Frameshift 12 27
comM Mg chelatase activity SNP 1 Leu to Met 6 20
comM Mg chelatase activity DIP 2 Pro to frameshift 6 20
comM Mg chelatase activity DIP 306 Val to frameshift 6 20
kinE Two-component sensor histidine kinase SNP 66 Ile to Val 8 2
— Hypothetical protein SNP 3 15
dmlIR HTH-type transcriptional regulator SNP 228 Lys to Arg 0 4
yadH Transport permease protein SNP 157 Gly to Val 0 6
90-11-286_01842 2-Oxoglutarate/Fe(II)-dependent oxygenase SNP 32 Ala to Glu 0 4
ompD Outer membrane porin protein SNP 272 Leu to Val 0 4
fisI Cell division protein DIP 4 Asn to frameshift 2 0
— Hypothetical protein SNP 0 2

“ —, hypothetical protein.
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FIG 2 Killing of CHSE-214 fish cell lines by TDA-exposed V. anguillarum
clones representing different mutational patterns in three independent exper-
iments. All three experiments (A, B, and C) included the wild type and control.
Each bar represents independent triplicates, and error bars are the standard
deviation of the mean.

tions’ contributions to resistance were evaluated via allelic re-
placements, it was possible to reach only a 16-fold MIC increase,
indicating that one or more additional unknown mutations con-
tributed to the resistance (61). Thus, the development of resis-
tance to a PMF-interfering compound is known; however, here
modification of the membrane binding target is a potential resis-
tance mechanism.

Mutation rates in bacteria are influenced by several factors,
such as nutritional availability and environmental stress (62).
Several antibiotics have been reported to increase mutation
rates in exposed microorganisms (63—65), thus reducing the
time it takes for resistance, or other genetic changes, to occur.
Tetracycline increased Pseudomonas aeruginosa mutation rates
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10° times after 4 days of incubation on selective plates (66), and
ciprofloxacin and streptomycin increased the frequency of mu-
tations causing rifampin resistance in Streptococcus pneumoniae
(33). In the present study, no differences in mutation rates were
seen between TDA-exposed clones and control strains; there-
fore, an increase in the mutation rate, resulting in potentially
faster resistance development or changes in virulence genes,
does not seem to be a concern in the application of TDA-
producing probionts.

Antimicrobial compounds can affect the virulence of bacteria
after prolonged exposure to the compound. When different fish
pathogens were exposed to the antimicrobial peptide cecropin B,
V. anguillarum strain 775 displayed increased adhesion to CHSE-
214 fish cells and an increased mortality rate in challenged medaka
(Oryzias latipes) (67). Induction of virulence genes by antimicro-
bial compounds has also been reported for human pathogens such
as Listeria monocytogenes (37, 68) and Staphylococcus aureus (35,
38). In the present study, none of the TDA-exposed clones was
more infective toward CHSE-214 fish cells than were nonexposed
clones and the wild-type strain. In contrast, 8 of 12 clones, includ-
ing 6 TDA-exposed clones and 2 control clones, were significantly
less infective than the wild-type strain. Three different mutations
were found in the virulence-related flagellar motor switch protein
gene fliM. Since TDA affects the PMF and thereby motility (26),
the mutations in fliM are likely a result of TDA exposure. How-
ever, no changes in motility could be observed in the mutants, and
no clear patterns were seen for the mutations and the mortality
rates in the fish cell trials. Since no differences in motility were
observed and representatives from both the TDA-exposed and
DMSO-exposed lineages resulted in fewer dead fish cells than did
the wild type, we cannot conclude which of the factors (culturing
or TDA exposure) had the strongest influence on the decreased
infectivity. Somerville et al. (69) showed, for example, that the
activity of aconitase, affecting the synthesis of several virulence
factors and the expression of the global regulators RNA III and
sarA, decreased 38% after 6 weeks of in vitro serial passage of a S.
aureus strain isolated from a patient with toxic shock syndrome.
Thus, it seems unlikely that TDA increases virulence postexpo-
sure.

Our study addressed the possible mutational changes caused
by TDA; however, antimicrobials may also affect gene expression,
and antibiotics at subinhibitory concentrations can activate “si-
lent” gene clusters (34). Thus, studies addressing gene expression
in TDA-exposed pathogenic bacteria will be relevant in assess-
ments of risks and applications.

In conclusion, the present study demonstrates that prolonged
TDA exposure does not result in TDA-resistant or TDA-tolerant
strains. TDA exposure did not result in a changed mutational
pattern and did not enhance virulence, as measured in fish cell
lines. In fact, virulence appeared lower in TDA-exposed clones.
Thus, based on the present study, the use of TDA-producing ro-
seobacters would not likely pose risks of unwanted changes in the
pathogen.
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