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Although increased disease severity driven by intensive farming practices is
problematic in food production, the role of evolutionary change in disease
is not well understood in these environments. Experiments on parasite evol-
ution are traditionally conducted using laboratory models, often unrelated to
economically important systems. We compared how the virulence, growth
and competitive ability of a globally important fish pathogen, Flavobacterium
columnare, change under intensive aquaculture. We characterized bacterial
isolates from disease outbreaks at fish farms during 2003-2010, and compared
F. columnare populations in inlet water and outlet water of a fish farm during the
2010 outbreak. Our data suggest that the farming environment may select for
bacterial strains that have high virulence at both long and short time scales,
and it seems that these strains have also evolved increased ability for interfer-
ence competition. Our results are consistent with the suggestion that selection
pressures at fish farms can cause rapid changes in pathogen populations,
which are likely to have long-lasting evolutionary effects on pathogen virulence.
A better understanding of these evolutionary effects will be vital in prevention
and control of disease outbreaks to secure food production.

1. Background

Food production creates environments where the ecology, epidemiology and evol-
ution of disease differ from nature. Increased host density and decreased host
diversity can reduce the costs of pathogen transmission, and, according to the pre-
dictions of virulence evolution theory, highly virulent strains may emergence as a
consequence [1,2]. Indeed, intensive farming environments are considered evol-
utionary hotspots, where the enhanced transmission and frequency of infections
could promote virulence evolution in pathogen populations [3-7]. This can be
especially important for environmentally transmitted opportunistic pathogens,
which often have the ability to survive and replicate outside hosts. These opportu-
nistic pathogens do not suffer from the transmission—virulence trade-off that is
characteristic of obligate pathogens, which are dependent on host survival
during transmission, thus significantly altering pathogen virulence [8].

It is common that hosts in nature are co-infected by several pathogen strains.
The within-host competitive interactions have been traditionally linked to viru-
lence via faster growth of more virulent parasite strains, which is expected to
influence dynamics of disease epidemics [1,2,9-14]. However, bacterial inter-
actions towards each other are mainly negative [15]. Competition over limited
resources can promote selective interference competition mechanisms targeted
to exclude competitors through the release of toxins [16,17], and lead to decreased
virulence during bacterial infection [18,19]. It is thus likely that the interactions
between coexisting pathogen strains influence the development and persistence
of disease epidemics, and the population dynamics of pathogens.

Although these abovementioned theories and laboratory studies have
provided insight on pathogen evolution, very little is known about how anthropo-
genic changes, like intensive farming, influence virulence evolution [20-22]. Such
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Table 1. Flavobacterium columnare strains isolated in 20032010 and used in this study. Genetic group is based on MLSA analysis, which corresponds with the  [JJEIi}

ARISA genotyping used with strains in table 2 [25].

isolation source bacterial strain

fish farm A, Central Finland B431 2003
B067 2007
B185 2008
ﬁsh fa‘rm B Central Fi‘nland‘ ‘ H2 B 2003
B429 2003
B430 2003
B425 2007
BaS 2009
B259 2009
B2 2010
B366 2010
nature (Iake) » B405 o >2010
nature (river) B407 2010
ﬁsh fa‘rm C Northern ‘FinIa‘n‘d o B428 B 2006
B426 2006
B420 2009
B421 2009

empirical evidence is not only crucial for testing the theoretical
predictions, but also for understanding disease ecology and
evolution. More than anything, we need data outside of the lab-
oratory from the economically relevant systems [21].
Information on the diseases threatening crop, livestock and
aquaculture production is essential for securing world food pro-
duction. Here, we study how selection in intensive aquaculture
influences the virulence and the competitive ability, at both
long and short time scales, in the globally significant fish patho-
gen Flavobacterium columnare (Bacteroidetes) [23,24]. First, we
explore temporal changes in virulence and competitive ability
using F. columnare strains isolated from disease outbreaks in
2003-2010. Second, we study locally occurring selection by
comparing bacterial isolates originating from inlet water and
outlet water of a fish farm during one outbreak season in
summer 2010. We observe that intensive aquaculture seems to
select for increased F. columnare virulence, as well as ability for
interference competition, at both short and long time scales.
This indicates that the more virulent strains have higher fitness
under intensive farming conditions, and demonstrates that the
intensive farming environments can be used as model systems
to understand disease dynamics and evolution of virulence.

2. Material and methods

(a) Experimental set-up

In this study, we used two different sets of F. columnare strains to
study evolution of bacterial virulence and competitive ability on
both at temporal and spatial scale. In the first set, we used strains
isolated during 2003-2010. In the second set, we compared the
characteristics of bacteria isolated in 2010 from the inlet and
the outlet water of a fish farm. In both study settings, we studied
the bacterial growth rate, the bacterial virulence in zebra fish and
the ability of the bacteria to inhibit the growth of other strains,
and analysed if these traits changed in time and place. In

year of isolation

fish species/water sample

genetic group

A
y
G
N
H
E

grayling Thymallus thymallus
trout Salmo trutta
rearing tank water
* rainbow trout ‘0nc‘orh‘ynchus my‘kiss‘
pikeperch Zander lucioperca
pikeperch Z. lucioperca
rainbow trout 0. mykiss
rearing tank water
rearing tank water
 whitefish Coregonus lavaretus
outlet water of a fish farm
 Lake Jyviisjanvi

river upstream of fish farm B
» Atléntic sélmoh Sdlmb salar
Atlantic salmon S. salar C
Atlantic salmon S. salar ‘ G
Atlantic salmon S. salar C

addition, the data from 2003 to 2010 were used to analyse the
bacterial competition in finite resources in liquid culture, and
the growth of the inlet water and outlet water strains were
compared in two different resource concentrations.

(b) Bacterial strains, their isolation and genetic
characterization

The bacteria were isolated originally from three different fish
farms in Central and Northern Finland during columnaris disease
epidemics and from the environment in 2003-2010 (table 1) using
standard culture methods on Shieh medium [26,27] or AO-agar
[28]. Isolates for the dataset were randomly chosen from a large
collection of uncharacterized bacterial strains without any a priori
information on their competitive ability or virulence, except for
strains H2, B067, B185, B245, B405 and B407, which have been
used (separately) in our previous studies [29-31].

The bacterial strains from inlet water upstream of a fish farm
[30] and from downstream and outlet water of the same farm
were collected in summer 2010 (table 2). Both locations (inlet
water and outlet water) were sampled on 8 and 21 June, on 5, 12,
19 and 26 July, and on 2, 16 and 30 August in 2010 (electronic sup-
plementary material, table S1). Nine bacterial isolates were
randomly selected from both locations for further analyses. After
isolation, the bacteria were maintained frozen in —80°C with
10% glycerol and 10% fetal calf serum. For the analyses, the bac-
terial strains were grown in Shieh medium at room temperature
(RT, approx. 24°C) under constant shaking (110r.p.m.) for
24-48 h and enriched overnight.

The strains collected in 2003—-2010 and the inlet water strains
were genetically characterized in an earlier study using multilo-
cus sequence analysis (MLSA) [25] and automated ribosomal
intergenic spacer analysis (ARISA) [30]. The MLSA method pro-
duces genetic clustering comparable with the ARISA method
[25], and the two methods can be used interchangeably. The
outlet water strains and one inlet water strain (B355) were geno-
typed in this study using ARISA, as described earlier [30,32] (see
the electronic supplementary material for more details). The
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Table 2. flavobacterium columnare strains used in this study. The strains were isolated from nature, from river upstream of a fish farm (inlet water) in Central  [JJEJ}
Finland (farm B in table 1) and from the outlet water or from the river immediately downstream of the outlet water tube of the same farm in summer 2010.

Genetic grouping is based on automated ribosomal intergenic spacer analysis (ARISA). %
<
isolate inlet water outlet water genetic group time of isolation (2010) references gf
B395 % G 21t June 1301 2
B39 X A Nsthne  [30) =
B397 X° C 21t June [30] E
B398 X° A Nstne R ) 3
B400 X° A 19th July 30] -
B404 X C ndAugst  B0] R
535 X - ol ey
B406 X C T6th August [30] o
B407 Xo< G 16th August 30] &
B339 X C 5th July this study N
B340 X C Sth July ~ this study g
B350 X E nd August this study =2
B351 Xt E 2nd August this study
B366 X « and August this study
B370 X° E 16th August this study
B4 X E 16t August this study
B375 X° E 16th August this study
B379 X E 30th August  this study
*River, biofilm.

PRiver, free water.
‘400 m upstream of the water intake.
d0utlet water of the farm.

possible presence of plasmids in the strains was studied from
3.8ml of overnight-grown turbid cultures using a QIAprep
Spin Miniprep kit (Qiagen) following the manufacturer’s instruc-
tions. Flavobacterium sp. strain B330 harbouring a natural plasmid
was used as a positive control. DNA was run in 0.8% agarose gel
and visualized under UV light to detect the presence/absence
of plasmids.

(c) Interference competition assays

The inhibitory activity of F. columnare strains was studied both
in time (17 strains isolated in 2003-2010) and space (nine inlet
water strains versus nine outlet water strains). Within each set of
strains, inhibition was tested reciprocally using a double layer
method and the assays were replicated three (strains from 2003
to 2010) or four (inlet versus outlet water strains from 2010)
times. The optical density (OD, at 570 nm) of the bacterial cultures
was measured with spectrophotometer and adjusted between
0.250 and 0.290. Three hundred microlitres of fresh overnight-
grown ‘recipient’ bacterial culture was mixed with 3 ml of soft
Shieh agar (0.7%) tempered to 47°C and poured on Shieh agar
plates. Aliquot of the bacterial culture was centrifuged at 17 000g
for 3 min in RT. Five microlitres of the supernatant of the ‘donor’
cultures were spotted on the surface of the top agar. Following
an incubation of 48 h at RT, the plates were checked to see whether
the “donor’ strain had caused a growth inhibition of the underly-
ing ‘recipient” bacterial lawn. The inhibition was ranked as 0, no
inhibition; 1, inhibition.

The interaction between F. columnare strains B067 and B185
was further characterized with filtered supernatant (0.2 um PES
filter, VWR) and by cross-streaking on agar plates in 10 replicates.
In the first experiment, turbid overnight-grown liquid culture and

filtered supernatant of strain B185 were cross-streaked with B067
by using 1 pl loop. In the second experiment, 300 pl of turbid
liquid culture of B067 was mixed with Shieh soft agar and
plated, and 10 ul of B185 culture and filtered supernatant was
applied on the soft agar. Growth inhibition was monitored after
48 h incubation.

(d) Bacterial growth measurements
A temperature-controlled spectrophotometer (Bioscreen C,
Growth Curves Ltd, Helsinki, Finland) was used to monitor
the growth of the bacterial strains. Before the growth measure-
ments of the both study sets, the optical densities of the fresh
overnight-grown bacterial cultures were adjusted to 0.10-0.20
in A570 to minimize the differences in the initial turbidity
between strains. Forty microlitres of each bacterial strain was
inoculated onto 400 pl of sterile Shieh culture media on a BioSc-
reen Honeycomb plate (100-well plate, Oy Growth Curves Ab
Ltd) in five replicates per strain, both in normal and diluted
medium. The growth data were measured at 25°C for 96 h at
5 min intervals (absorbance at 420—-580 nm, wide band option).
The growth parameters were calculated from the raw data by
utilizing MATLAB script written by T.K. in which the maximal
growth rate is found from log,-transformed data by fitting
linear regressions on 25 time-point sliding windows. The highest
linear (log transformation linearizes the exponential growth)
slope found in sliding windows equals the maximal growth.
The yield is found as a maximal average OD over 25 time-
point sliding windows in the raw data. The area under curve
(AUC) sums the OD data over the entire measurement period
to indicate the cumulative amount of biomass attained during
the time.
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(e) Bacterial competition in liquid culture

We also studied competition in liquid culture (in finite resources)
using the strains isolated in 2003—-2010. Cultures and measure-
ments were done similarly as above with the single strains, but
with 1:1 mixture of bacterial strain pairs (compared with indi-
vidual bacterial strain bacteria diluted 1:1 with dH,O) and OD
at 600 nm was measured every 5min for 95h. The AUC, a
measure that describes the cumulating amount of biomass a
given strain and strain—strain combinations can produce within
a given time, gave roughly the same results as the yield. From
the obtained AUC, we calculated interaction indexes for the
bacterial strains as

interaction index

_ growth (strain 1 and 2 together)
~ growth (strain 1 alone) + growth (strain 2 alone)

For the data analysis, the interaction index was arcsin-transformed
(see data analysis below).

(f) Virulence in zebra fish

To measure the virulence of the studied bacterial strains,
unsexed, adult, disease-free zebra fish were obtained from core
facilities (COFA) and research services of Tampere (Tampere
University, Finland). The zebra fish response to F. columnare
infection is qualitatively similar to the common host of the
pathogen in aquaculture, rainbow trout [33]. The OD of the over-
night-grown bacterial culture (570 nm) was measured and the
corresponding bacterial density in colony forming units (cfu)
was calculated according to our previously fitted standard
curve. The infection method and bacterial dose used were
optimized in preliminary experiments.

The bacterial exposure with nine inlet water strains and nine
outlet water strains was done using 14 replicate fish per strain. In
addition, 14 control fish received sterile growth medium and
served as a negative control group. In total, 266 individual zebra
fish were used in the experiment. Five millilitres of sterile Shieh
culture medium mixed with bacterial culture (pure culture
medium in the negative control) was pipetted directly into each
aquarium to reach the infective dose of 1 x 10* colony forming
units (cfu) ml~! in the water throughout the experiment, as a con-
tinuous exposure. The fish were then monitored for 11 d for disease
symptoms and morbidity. For the first 3 days, during the most
acute phase of the disease, the fish were monitored every hour
and when the progression of the epidemic ceased the monitoring
points were decreased accordingly, including at least two checks
per day.

The virulence of strains isolated in 2003-2010 was tested simi-
larly but with small modifications. Infection with each bacterial
strain (11 strains of the dataset) was done to 10 replicate fish.
In addition, 10 fish in the negative control group were exposed
to sterile culture medium, thus the total number of individual
fish in this experiment was 120. In this experiment, the bacteria
were mixed in 550 pl of Shieh medium and pipetted into aquaria
to reach a dose of 2.5 x 10° cfuml™'. The fish were monitored
every hour for 40 hours.

During the experiments the fish were held in individual
750 ml plastic aquaria with 500 ml of ground water (average
t =24.7°C). Morbid fish that had lost their natural swimming
buoyancy and did not respond to external stimuli were con-
sidered dead and removed from the experiment. All the
remaining healthy fish at the end of the experiment were eutha-
nized by cutting the spinal cord under terminal aenaesthesia
with MS-222 (Sigma). All fish were weighted and a bacterial
culture sample was taken from the gills on Shieh agar sup-
plemented with tobramycin [26] to ensure the cause of death to
be columnaris disease.

(g) Data-analyses

The inhibition data of inlet water and outlet water strains were
analysed using generalized linear mixed models implemented
in function glm, in R. Inhibition data were modelled with quasi-
Poisson distribution, explaining pooled replicates (within each
reciprocal combination, considered as separate combination)
with four-levels fixed factor representing all combinations of recei-
ver and donor being an inlet or outlet strains (without correction
for multiple comparisons). The inhibition data of strains isolated
in 2003-2010 were analysed with a similar method to that from
averaged data, but using year of isolation of donor and recipient
strains as continuous covariates (both rank-transformed). The
replicates were pooled due to problems in mixed model fitting of
random effects of strain combination that prevented accurate esti-
mates of 2003—-2010 data. The results obtained from mixed models,
in both datasets, give equivalent biological interpretation of the
data that is presented here.

In competition in liquid culture there are no producer or
receiver strains that could be distinguished, and we could only
test the effects of average isolation year and difference of the iso-
lation years on the interaction index, in addition to the strain
combination identity. The growth traits of all bacterial isolates,
and the competition indices for time series 2003-2010, were
analysed with mixed models in SPSS.

Virulence of bacterial strains in both of the datasets (time
series and the inlet versus outlet water strains) was first analysed
by Kaplan—Meier survival analysis (log-rank Mantel cox). The
fish alive at the end of experiments were treated as censored
data. In addition to the log-rank analysis, we also used average
longevity as a measure of virulence with strains isolated in
2003-2010. However, in the dataset of the inlet and outlet
water strains only 10% of the fish infected with the inlet water
strains (and 40% infected with the outlet water strains) entered
a moribund state during the experiment, precluding the use of
the fish longevity as a surrogate of virulence. Therefore, for the
inlet and outlet water strains, we used the log-rank Mantel cox
survival analysis, and also arcsin-square-transformed mortality
percentage as a measure of virulence. The mortality percen-
tages of fish were tested with t-tests allowing for the unequal
variances [34].

3. Results

(a) Temporal evolution in Flavobacterium columnare
strains isolated in 2003—2010

Inhibitory toxin production, competitive ability and virulence
were significantly associated with the time of isolation in
strains from different fish farms and environmental locations
(2003-2010). The isolation year had a significant effect on
bacterial virulence (log-rank Mantel cox, x> =55.338, d.f. =3,
p < 0.001). The more recently isolated bacteria were signifi-
cantly more virulent (average longevity of the infected
fish) than the ones isolated earlier (b= —1.716, p =0.014;
figure 1a). In line with the virulence, the more recently
isolated strains were more likely to inhibit the earlier isolates
(b=0.004, p=0.0181). The sensitivity of the bacteria to
the interference by the other strains was independent of the
isolation time (year (rank-transformed) of isolation
of the inhibited isolate b = 0.002, p = 0.2975; see electronic sup-
plementary material, table S2a for original data). The year of
isolation did not have an effect on the bacterial growth par-
ameters (maximum growth rate, yield or AUC), whereas
the strain identity did (electronic supplementary material,
table S3).
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Figure 1. Virulence of Flavobacterium columnare in experimentally infected zebra fish (Danio rerio). (a) The mean longevity (+s.e., open squares, left axis) and
survival percentage (filled circles, right axis) of the infected zebra fish (n = 10, in each bacterial exposure) after exposure to bacterial strains isolated in 2003 —2010.
(b) Survival percentage of zebra fish (n = 14 in each bacterial exposure) after exposure to bacterial strains isolated from inlet water (B355—B407) and outlet water
(B399—B397) of a fish farm (filled circles for individual strains, open circles for mean survival + s.e.).

To elaborate the benefits of interference in resource compe-
tition, we studied the intensity of competition between the
isolates in co-culture, where the competition on finite resources
is expected to lead to lower production of biomass if the com-
peting strains use the same resource. The competition was
more intense (indicated by lower interaction index) between
strains that on average had been isolated recently than
between the strains that were isolated earlier (table 3 and
figure 2). The difference in the isolation times of the competing
strains did not significantly affect the interaction index
(table 3).

The cross-streaking experiments of the strains B185 and
B067 indicated that toxin production in F. columnare could be
contact-dependent. When cross-streaked on agar-plate, in

nine out of ten replicates clear inhibitory zones (similar to
Dienes lines) [35,36] were observed (electronic supplementary
material, figure S1), but only when supernatant containing bac-
terial cells was used. Sterile filtered supernatant did not cause
any inhibition in any of the experiments.

(b) Local, short-time-scale evolution

The farming environment was observed to have a significant
impact on the population structure of the bacterial populations
occurring in the inlet and outlet water. The bacterial population
from the outlet water of the fish farm was genetically more
homogeneous than the population from the inlet water
upstream of the farm (table 2). Some of the genotypes in the
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Table 3. Effects of the average year of isolation and the difference of the isolation years on growth inhibition (i.e. interference, studied on agar plates) and  [J}
competition (interaction studied in liquid medium) in pairs of Flavobacterium columnare isolates, collected during disease epidemics in 2003 —2010.

parameter estimate
inhibition
: average y‘eari cemie o
difference in years of isolation —0.0001
interaction inde¢ |
average year of isolation —0.0255
difference in years of isolation ‘ 0.0024

0002 2078 0039

0.002 0.764 0.446
0.009 104.707 —2.759 0.007
0.007 103.641 0.355 0.724

%Strain combination: 0.0215, s.e.: 0.0036, Wald Z: 5.911, p < 0.001, residual: 0.008, s.e.: 0.001, Wald Z: 6.959, p < 0.001.

1.25 o]
o
5 1.00 8 =
£ e 8
= 8 & 5
£ 0.75 = < 5
& - =
8 8 g
2 S
"~ 050~ 8 g g
8
0.25

T T T T
2004 2006 2008 2010
average year of isolation

Figure 2. Changes in (arcsin-transformed) interaction index of the competing
pairs of Flavobacterium columnare strains on limited resources in relation to
the mean isolation time of the pair of isolates. Lower index indicates higher
competition. Circle indicates the mean of the two replicates of the tested
F. columnare strain pairs.

inlet water were not detected in outlet water, indicating that the
fish farming environment may select for specific genotypes.
Place of isolation (inlet or outlet water of a fish farm) had a
significant effect on bacterial virulence (log-rank Mantel cox,
X°=33471,df =2, p < 0.001). Mean percentage of mortality
in fish infected with the outlet water isolates was 32.5%, and
10.3% with the inlet water strains (f = 3.155, p = 0.006, on
arcsin-square transformed proportion of the dead fish;
figure 1b). No background mortality in the fish exposed to
sterile growth medium (negative control group) was observed.
When the outlet water isolates acted as donors in an inhi-
bition test against the inlet water isolates, the risk of
inhibition (0.225) seemed to be higher (z = —2.154, p = 0.033)
than when the outlet water strains were let to inhibit other
outlet water strains (0.167). Other types of inhibition pairs pro-
duced intermediate inhibition risks and did not statistically
differ from the other pairs (table 4; electronic supplementary
material, table S2b). Since level of significance (p = 0.033) of
the only significant pairwise comparison is not dramatically
different from 0.05, there is a possibility that significance is
overstated without corrections for multiple testing, leading to
acceptance error (type I error). However, several papers
suggest that multiple corrections could very easily lead to rejec-
tion errors (type II), especially with small datasets, as here [37].

Table 4. Pairwise comparisons of risk of inhibition (interference competition)
by inlet water and outlet water strains in different combinations of donors
and receivers (each reciprocal combination considered as separate
combination). |, inlet water strains isolated from upstream of a fish farm;
0, strains isolated from outlet water or downstream of the farm.

donor 0,
receiver |

donor 0,
receiver 0

donor |,
receiver 0

donor |, 7= 1.084, 7 =0.098, 7= —1.086,
receiver | p = 0.2790 p = 0.922 p =0.278

donor 0 R TR bz:“—0.986,m” - _2154 .
receiver | p=10325 p=10.033

donor |, - z7=1.183,
receiver 0 p=10238

Hence, as we have not adopted corrections the obtained result
should be considered tentative.

To examine the effects of resource concentrations on bac-
terial growth we studied the growth of the inlet and the
outlet water bacterial strains in two resource concentrations:
in the standard growth medium and in the diluted (0.5x)
medium. In yield and AUC, the outlet water strains (yield:
0.853, s.e.: 0.052; AUC: 647.6, s.e.: 40.98) excelled over the
inlet water strains (yield: 0.668, s.e.: 0.052; AUC: 486.6, s.e.:
40.98), but the growth rates of the two groups were comparable
(inlet water: 0.216, s.e.: 0.012; outlet water: 0.199, s.e.: 0.012;
table 5; electronic supplementary material, figure S2). Interest-
ingly, though, the growth of the outlet water strains was more
sensitive to the differences in resource concentrations (low
resource: 0.176, s.e.: 0.013; high resource: 0.222, s.e.: 0.013;
table 5) than the growth of the inlet water strains (low resource:
0.208, s.e.: 0.013; high resource: 0.225, s.e.: 0.013).

Fifteen bacterial strains (including strains from both data-
sets) were screened for the presence of plasmids, but none
were observed (electronic supplementary material, figure S3).

4. Discussion

Since the mid-1990s F. columnare outbreak frequency, severity
of symptoms and disease-related mortality have significantly
increased in aquaculture, and the evolution of virulence has
been suggested as an explanation [23]. Our study finds
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Table 5. Results of the mixed model analysis exploring the growth
differences between the inlet water and the outlet water isolates (location)
of F. columnare measured in high and low resource concentrations. The
model also contains a random effect of the strain identity to control for
the non-independency of observations arising from repeated growth
measurements.

F df1,df2  p-value
maximal growth rate (change in 0D h™)
location 0.968 116.054 0.34
resource concentration 27.113 1163.047 <<0.001
location x resource 5.826 1163.047 0.017
concentration
strain identity Wald Z: 2477 0.013
yield
location ' 6372 115.989 0023
resource concentration 173.173 1163.002 <<0.001
location x resource 0.004 1163.002 0.947
concentration
strain identity Wald Z: 2.729 0.006
AuC
location 7.724 115.989 0.013
resource concentration 136.565 1163.002 <<0.001
location x resource 1.302 1163.002 0.255
concentration
strain identity Wald Z: 2.722 0.006

that the bacterial strains isolated most recently, during the
period of more difficult disease outbreaks, are more virulent
and have a higher competitive ability than the strains isolated
earlier. In addition, our findings about the F. columnare popu-
lations from the inlet and outlet water of a fish farm are
congruent with the suggestion of selection of more virulent
strains in aquaculture. The strains isolated from outlet water
were more virulent and able to produce higher maximum
population sizes than the inlet water strains, indicating that
the bacteria with the best ability to exploit fish populations
benefit the most in the intensive aquaculture conditions.

Opportunistic lifestyle and ability to persist outside a host
opens less stringent trajectories for virulence evolution, in
contrast with the obligate pathogens restricted by the trans-
mission—virulence trade-off [8], but factors that increase or
limit virulence evolution in opportunistic pathogens are still
poorly understood. F. columnare can be considered an opportu-
nist, as it is known to survive long periods outside the host and
transmit efficiently from dead hosts [38-40]. A weak trade-off
between virulence and other fitness traits, like transmission,
provided by the outside-host survival could thus promote the
evolution of high virulence in F. columnare. Moreover, in aqua-
culture, new susceptible fish populations are introduced at the
farm annually, creating conditions similar to serial passage,
which further decreases the costs of virulence [9].

In addition to the factors related to host abundance, the
bacterial communities in aquaculture are (in contrast to com-
munities in nature) shaped by increased concentrations of
nutrients, and chemical and antibiotic treatments within the
rearing units. Eutrophication of the aquatic environment

increases parasitic and bacterial diseases via direct and indirect

effects in the food web [41,42]. While the role of eutrophication
on F. columnare epidemics is still unclear, the increased nutrient
concentrations may support the outside-host growth of this
pathogen, giving the more virulent strains a greater advantage
(electronic supplementary material, figure S2; see also [43]). On
the other hand, the use of chemotherapy can relax the competi-
tive interactions between bacteria by eliminating sensitive
species. This may lead to more frequent or virulent outbreaks
of opportunistic diseases if the use of antibiotics increases the
intensity of the within-species competition [44] or selects for
faster transmission rate [45]. The increasing amount of anti-
biotics used in food production [46] may thus affect microbial
communities beyond the traditionally expected environmental
effects [47—-49]. Therefore, to secure the global food production
it is vital to understand the factors that select for virulent
pathogen strains.

On top of intensive farming practices per se, other ecological
and evolutionary factors also underpin the evolution of
more virulent and competitive bacteria at long time scales.
A general increasing trend in disease diversity and outbreak
frequency has been observed during recent decades, but the
reasons for this are still largely unknown [50]. One contributing
factor is the warming climate, which causes changes in disease
ecology, outbreak dynamics and seasonality [51-53]. Owing to
global warming, the longer outbreak period for columnaris dis-
ease [23] increases bacterium—host and bacterium-bacterium
interactions, allowing greater opportunities for evolution of
both virulence and competitive ability.

Strain—strain interactions can have a significant role in bac-
terial disease dynamics via competition in both within-host
and outside-host environments [54-58], and the surrounding
microbial community has been shown to have significant
effects on the evolution of interference [59,60]. However, how
interference competition is associated with intensive farming
is not properly understood. Our data suggest that the most
recently isolated bacteria seem to have the highest capacity
for interference competition and, on average, the competition
between the most recently isolated strains is the most intense.
Although the strains isolated from the inlet water were able
to inhibit each other and the outlet water strains, significant
difference in inhibition was observed only when the outlet
water isolates acted as inhibitors. The strains isolated from
outlet water seemed to be able to inhibit the growth of the
inlet water strains but tolerated well the toxins produced by
other outlet water strains, probably due to more homogeneous
population structure resulting in less competitive interactions
[61]. While these results are in accordance with the general
expectations of the evolution of interference competition in
mixed populations [54,57], whether these interactions are
relevant during disease outbreaks is unknown, and type I
error in the interpretation of the results is possible. Never-
theless, different bacterial population structure was observed
in these two locations even during the same sampling dates
that are directly comparable (table 2). These results suggest
that the competition pressures differ within and outside the
farming environment, and that the interference, as well as
toxin tolerance, could be beneficial for the virulent strains in
the farming environment where invasions by multiple strains
are frequent.

Although this study does not aim to characterize the
mechanism of growth inhibition, bacteriocins have been
reported previously in F. columnare [62]. Our data, however,
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indicate that the toxin production in F. columnare may require
a direct contact between bacterial cells (see electronic sup-
plementary material figure S1), but more studies are needed
to identify the cell-cell interactions in this species in detail.

Previous experimental studies have often demonstrated a
direct trade-off between toxin production and both growth
rate and virulence. Virulence of co-infection with a toxin-
producing and a toxin-sensitive bacterial strain leads to a
decrease in the total virulence of infection [18,19,63]. In contrast
with traditional assumptions, our data show no evidence of
costs in toxin production for growth (growth rate, population
size) or virulence in F. columnare. Although the competitive
ability and virulence increased in time, the bacteria isolated
in 2003-2010 did not differ in their growth features. Similarly,
the growth rate of the virulent bacteria isolated from the outlet
water did not exceed the growth rate of the less competitive
and low-virulence inlet water strains. However, the outlet
water population reached higher population sizes regardless
of the nutrient conditions. It seems that in this study system
the same factors selecting for increased virulence might simul-
taneously also select for increased competitive ability. It
remains unknown whether virulence and competitive ability
are genetically linked, and whether their benefits are traded
off with other life-history traits.

To conclude, in accordance with the theoretical predictions
[1,7-9,21], our data are consistent with the hypothesis that
intensive farming conditions (high host densities, increased
transmission opportunities, co-infections, possibility for serial
passage, availability of nutrients, use of chemotherapy) can
select for pathogen strains with the ability to produce large
population sizes with high virulence that have high competi-
tive ability under short time scales. This indicates a genetic
difference in populations of high- and low-virulence bacterial
strains resulting in selection for strains with an increased ability
to exploit the fish host as a nutrient source. To reveal the
possibility of horizontal gene transfer by conjugation as a
mechanism for increased virulence, we assayed the presence
of plasmids in the F. columnare bacterial strains, but, similarly
to previous studies [29], none were found. Therefore, other
possible genetic mechanisms causing the changes in virulence
(transduction, chromosomal transformation, mutations) [64]
remain to be solved, and will require whole-genome sequen-
cing of several strains. Also, the recent achievements in
genetic manipulation techniques [65,66] and genome sequen-
cing [67] are likely to provide detailed insight into the
mechanisms behind F. columnare pathogenicity.
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