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Coinfection outcome in an opportunistic
pathogen depends on the inter-strain
interactions
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Abstract

Background: In nature, organisms are commonly coinfected by two or more parasite strains, which has been
shown to influence disease virulence. Yet, the effects of coinfections of environmental opportunistic pathogens on
disease outcome are still poorly known, although as host-generalists they are highly likely to participate in
coinfections. We asked whether coinfection with conspecific opportunistic strains leads to changes in virulence, and
if these changes are associated with bacterial growth or interference competition. We infected zebra fish
(Danio rerio) with three geographically and/or temporally distant environmental opportunist Flavobacterium
columnare strains in single and in coinfection. Growth of the strains was studied in single and in co-cultures in
liquid medium, and interference competition (growth-inhibiting ability) on agar.

Results: The individual strains differed in their virulence, growth and ability for interference competition. Number of
coinfecting strains significantly influenced the virulence of infection, with three-strain coinfection differing from the
two-strain and single infections. Differences in virulence seemed to associate with the identity of the coinfecting
bacterial strains, and their pairwise interactions. This indicates that benefits of competitive ability (production of
growth-inhibiting compounds) for virulence are highest when multiple strains co-occur, whereas the high virulence
in coinfection may be independent from in vitro bacterial growth.

Conclusions: Intraspecific competition can lead to plastic increase in virulence, likely caused by faster utilization of
host resources stimulated by the competitive interactions between the strains. However, disease outcome depends
both on the characteristics of individual strains and their interactions. Our results highlight the importance of strain
interactions in disease dynamics in environments where various pathogen genotypes co-occur.
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Background
While recent studies have demonstrated that a single
host is often infected by a multitude of pathogen strains
or species [1–11], empirical investigations of the effects
of coinfections on disease dynamics and virulence (i.e.,
damage caused to the host) are still limited (but see e.g.,
[11–13]), and their importance for many diseases is still
unknown [14]. Coinfections affect both pathogen transmis-
sion in a population and pathogen virulence, thus influen-
cing disease dynamics [15]. Coinfections can also influence
host immune responses [3, 4] and effectiveness of disease

control (see e.g., [16]). For these reasons, they are likely to
contribute to virulence evolution, although the understand-
ing on these evolutionary consequences is limited [15].
The disease outcome in a coinfected host results from

complex interactions between the host and the coinfecting
strains. Whether the inter-strain interactions are neutral,
cooperative or competitive, depends on the genetic related-
ness of the strains (see [17–19]). Closely related pathogens
are likely to cooperate and exploit their hosts economically
in order to maximize their transmission, while distantly
related pathogens are more likely to compete, leading to
increased virulence and decreased transmission due to
facilitated host death [19, 20]. High relatedness can lead to
low virulence if the cooperation of pathogens leads to
prudent host exploitation [20] or to high virulence if the
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cooperation leads to faster growth [21]. Similarly, low
relatedness may cause high virulence via increased growth
and resource use [17, 18] or reduced virulence, if the
competing pathogen strains produce toxins targeted to kill
the competitor [22]. In the latter case the pathogen strains
experience a cost, when the energy is allocated to toxin
production instead of growth or virulence.
There are three types of competition that coinfecting

pathogens may encounter: resource competition, interfer-
ence competition or apparent competition [4]. Resource
competition takes place when the coinfecting conspecific
strains have overlapping resource requirements. In other
words, the strain that processes nutrients more efficiently
might outgrow the competing strain in nutrient-limiting
conditions [23]. In interference competition the coinfect-
ing strain secretes molecules that harm its competitor,
e.g., bacteriocins [24, 25]. Bacteriocins have a narrow
activity range and thus interference competition is often
more prevalent between conspecific than distantly related
strains [26]. The third form of competition is so-called
apparent competition that results from indirect exclusion
of the coinfecting strains by host immune response
stimulated by growth of one strain that acts on both of
the competing strains [4, 14, 27].
Coinfections may be especially important for the ecology

and evolution of opportunistic pathogens that are often able
to persist in and transmit from the environment [28]. The
opportunists with a wide host range have a higher likelihood
to find potential hosts than host-specialists [28, 29]. They
are therefore more likely to be involved in coinfections.
Flavobacterium columnare (Bacteroidetes) is a globally im-
portant host generalist fish pathogen with an opportunistic
lifestyle and an ability to transmit environmentally [30–33].
The bacterium causes columnaris disease in cultured fresh-
water fish, with typical symptoms including gill necrosis
and skin erosion [34]. Genetically different F. columnare
strains with variable levels of virulence and growth rates are
known to co-occur at fish farms [31, 35]. Furthermore, the
virulent strains were found to have an increased ability for
interference competition, and it is likely that these strains
have a competitive advantage in the aquaculture environ-
ment [35]. However, a direct test of whether coinfections in-
fluence the virulence of F. columnare is missing. Here, we
study the effect of two- and three-strain coinfection on
virulence of F. columnare using zebra fish (Danio rerio) as a
model host. We ask whether the inter-strain interactions
are related to changes in virulence and growth through
competition.

Results
Virulence in zebra fish hosts
We found a significant interaction between bacterial dose
and strain identity on their effect on the host mortality risk
(p < 0.001, Fig. 1, Tables 1 and 2). The risk of infection of

the host increased along with the dose when the fish were
infected with strain A or strain B. In more detail, strain A
was the most virulent, while strain B expressed intermedi-
ate level of virulence. Strain C caused zero mortality in
zebra fish hosts independent of the used infection dose.
When we compared the single- and coinfection treat-

ments, we found that mortality of the fish differed sig-
nificantly between the treatment groups (Cox regression
Wald = 39.6, N = 118, df = 6, p < 0.001, Fig. 2, Table 3).
The number of strains influenced the virulence (Wald =
9.47, N = 118, df = 2, p < 0.01), with the average longevity
in the three-strain coinfections being 19.6 h (S.E.M. 1.6),
while the longevity was 59.8 h in the two-strain coinfec-
tions and 59.3 h in the single infections (S.E.M. 6.9 and
7.2, respectively). In pairwise comparisons (with log rank
Mantel-Cox with corrections for multiple testing), viru-
lence of the single and two-strain coinfections did not
statistically differ, but the other combinations did (single

Fig. 1 The estimated mortality risk per hour of zebra fish (Danio
rerio) infected with strain A (continuous line), strain B (dotted line) and
strain C (dashed line) of Flavobacterium columnare with doses of 1. 3
×105, 2 × 105 or 4 × 105 CFU ml−1

Table 1 The effect of bacterial dose and host species on the
mortality risk of the hosts in the virulence experiment(N.S. = not
significant)

Source Estimate Std. Error P-value

(Intercept)a −6.569 3.182−1 <0.001

Dose 1.042−5 1.073−6 <0.001

StrainB 4.039−1 4.536−1 N.S.

StrainC 1.599 4.614−1 <0.001

Dose: StrainB −2.998−6 1.526−6 <0.01

Dose: StrainC −1.042−5 1.640−6 <0.001
aIntercept includes the effects of strain A
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vs. three-strain coinfection: χ2 = 6.97, p < 0.05, two-strain
vs. three-strain coinfections: χ2 = 11.306, p < 0.05).
The coinfection treatments where strain A was in-

volved were the most virulent independent of the strains
included in coinfection, indicating that strain A may
have a dominant role in coinfections in this study
(Table 3). Respectively, when strain A was not involved
in the coinfection treatment, the treatment resulted in
very low virulence. The bacterial samples taken from the
gill tissue of the infected and moribund fish were posi-
tive for F. columnare, whereas the bacterial samples
taken from the gill tissue of the control fish were nega-
tive. The pure cultures made from the infection solu-
tions revealed that colonies formed by strains A and B
expressed the virulent rhizoid morphotype, but colonies
of strain C represented the rough type, which has been
linked with decreased virulence [36]. As the negative

control fish were not infected, they were not included in
the statistical analyses.

Interference competition on agar
Strains B and C were able to inhibit the growth of strain
A, and strain C was able to inhibit the growth of strain
B (Table 4). Strain A did not inhibit the other strains in
this study. When the strains were exposed to the sterile-
filtered supernatant, no signs of inhibition were ob-
served, indicating that growth inhibition in F. columnare
could be dependent on a cell-cell contact.

Growth in single-strain and co-cultures
First, in relation to the dose controls in the virulence ex-
periment, the individual strains were cultured in vitro in
three doses (33, 50 and 100%) to reveal the influence of the
original bacterial dose on bacterial replication. The bacterial
dose was found to have a significant effect on the
maximum growth rate of the strains (measured as the
maximum slope of the linearized growth curve) (F = 4.408,
df = 2, 58, p < 0.05), and on the time when maximum yield
(highest OD) was achieved (F = 22.528, df = 2, 58, p < 0.001
(Additional file 1: Figure S1). Bacterial strain included as a
random factor in the analyses did not significantly influence
any of the growth variables.
Secondly, to understand the increased virulence in the

three-strain coinfection, we studied the effect of co-culture

Fig. 2 Cumulative mortality of zebra fish (Danio rerio) as a function of time in the virulence experiment with single-strain and multiple-strain
infections: coinfection of strains a) A and B, b) A and C, c) B and C, and d) A, B and C. The treatment groups are presented in the legend

Table 2 The significance and test values of the bacterial dose
and strain on the mortality risk of zebra fish

Source Df Deviance Residual deviance P-value

Dose 1,151 52.217 162.940 <0.001

Strain 2,149 44.326 118.614 <0.001

Dose: Strain 2,147 42.340 76.274 <0.001

Significant P values are denoted in bold
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on bacterial growth. Single or co-culture did not have
overall significant effects on the bacterial growth parame-
ters (Additional file 2: Table S1). However, the pairwise
comparisons in the non-parametric ANOVA revealed some
significant differences between individual strains and co-
culture combinations (Table 5, Figs. 3, 4 and 5).

Discussion
Environmentally transmitted bacterial pathogens are
likely to cause both single and coinfections in their
hosts, which may lead to plastic changes in virulence,
but also to evolutionary change under long time scales.
Coinfections can lead to increased or decreased patho-
gen virulence, depending on the nature of the interac-
tions between the coinfecting bacterial strains [22]. We
examined how different strains of an opportunistic fish
pathogen, F. columnare, interact with each other in cul-
ture, and how coinfection with these strains affects the
disease virulence (measured as zebra fish mortality). We
found that virulence was significantly influenced by the
number of the coinfecting strains, infection with three
strains leading to higher fish mortality than infection
with one or two strains. Generally, increased virulence
can be related to the growth-stimulating mutualistic [37]
or competitive interactions between the coinfecting
strains [20]. However, we found no unambiguous evi-
dence of enhanced bacterial growth in co-culture in this
study, indicating that the higher virulence in three-strain
coinfection results from other factors. One possibility is
that the host immune system has difficulties to cope

with a heterogeneous pathogen inoculum compared to a
single-strain infection (see e.g., [38]).
Here, strain A had the highest virulence in single in-

fections. Similarly, the presence of strain A in coinfec-
tions resulted in highly virulent infections, indicating a
dominating effect by this strain during infection, even
with lower bacterial doses. Relative doses of the coinfect-
ing strains and relative virulence impact the outcome of
within-host competition [12, 13]. Based on our results,
the effect of dose on bacterial virulence in single infec-
tions increases exponentially in F. columnare, the lower
doses not being sufficient to cause mortality in zebra
fish. Thus, the single strains could not have been re-
sponsible for the high host mortality in the three-strain
coinfection treatment as their individual doses were only
one third of the total infection dose. The high virulence
in the three-strain coinfection treatments must therefore
result from other factors, such as a plastic response to
within-host competition (via gene expression), or factors
related to the host immune system.
The faster growth of the competing strains resulting in

increased pathogen replication (resource competition) and
the inability of the host immune system to handle the
heterogeneous simultaneous multiple infection are com-
monly associated with the increased virulence in coinfec-
tions [20]. However, we did not observe systematic
differences in bacterial in vitro growth rate between single
and co-cultures. Furthermore, the elevated virulence due
to immune response is often related to coinfection by dif-
ferent parasite species or types [39, 40]. Therefore, the
strain interactions most likely have a central role in the el-
evated virulence in the three-strain coinfection of zebra
fish in this study. Indeed, rapid evolution of plastic
changes in parasite virulence in response to coinfection
has been documented in bacteriophages [41], indicating
that the variability in the infection outcome arises from
the genetic interactions between the coinfecting partners.
Relatedness of the coinfecting strains has a fundamental

role in strain interactions and virulence of coinfection,
and interference competition (targeted to hamper the
growth of competing strains or species) is common in

Table 4 The inhibition profiles of Flavobacterium columnare
strains A, B and C

Donor Donor (sterile-filtered)

Recipient A B C A B C

A 2 2 0 0

B 0 1 0 0

C 0 0 0 0

The number inside the cell stands for the frequency of inhibition in three
independent experiments

Table 3 Pairwise differences in virulence of Flavobacterium columnare in single and in coinfections. (Pairwise Kaplan-Meier survival
analysis with log rank Mantel-Cox)

Treatment A B C A + B A + C B + C

χ2 Sig. χ2 Sig. χ2 Sig. χ2 Sig. χ2 Sig. χ2 Sig.

B 15.286 <0.001

C 33.464 <0.001 25.016 <0.001

A + B 7.179 .007 .621 .431 28.772 <0.001

A + C 9.479 .002 1.021 .312 28.877 <0.001 .007 .936

B + C 31.823 <0.001 21.675 <0.001 2.063 .151 26.103 <0.001 26.206 <0.001

A + B + C 6.551 .010 5.183 .023 38.611 <0.001 .930 .335 1.136 .287 38.611 <0.001

After correction for multiple testing, p-values below 0.0024 can be considered significant (denoted in bold)
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bacteria [24, 42–44]. Flavobacterium columnare is a gen-
etically homogeneous species [45], and according to the
MLSA analysis, the genotypes C and E used in this study
are closely related [46]. However, the genomic content
outside the housekeeping genes often differs substantially
between bacterial strains, suggesting genetic variability in
these strains isolated originally from different fish farms in
different years. This is important, because the production
of growth-inhibiting toxins and immunity against them
are genetically linked [47]. This is clearly seen as the cap-
acity of the bacterial strains in distinguishing between
“self” and “non-self” competitors in the inhibition assay.

Therefore, considering interference competition without
genome sequencing, MLSA grouping does not give a
complete picture on the genome-level relatedness of the
strains, and the exact level of relatedness between the
strains used in this study cannot be resolved without
whole genome sequencing.
In general, production of growth-inhibiting toxins is ex-

pected to be costly for the producer strain, and to be
traded off with growth [22, 48]. In some cases, release of
toxins may even require cell death, as in E. coli [49, 50].
Our earlier studies indicated that the growth inhibiting
toxin-production and tolerance may be linked with

Table 5 Statistically significant results of relevant pairwise comparisons of all single (strains A, B, C) and co-cultures (combinations
AB, AC, BC and ABC) in Kruskal-Wallis One-Way ANOVA

Maximum growth rate Yield Time to max yield

Culture pair Kruskal-Wallis p Kruskal-Wallis p Kruskal-Wallis p

A-B 33.857 <0.001 42.000 <0.001

B-C −39.143 <0.001

C-A 30.571 0.001 34.643 <0.001

B-BC −26.429 0.011

B-AB 34.000 <0.001

B-ABC 23.714 0.04

C-BC −36.786 <0.001

C-ABC −26.571 0.011
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Fig. 3 Scatterplot for maximum growth rate (with line denoting median) of Flavobacterium columnare in single and in co-culture. a) Strains A and
B and their co-culture, b), strains A and C, c) B and C, and d) A, B and C
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co-culture, b), strains A and C, c) B and C, and d) A, B and C
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Fig. 5 Scatterplot for time to reach maximal yield (with line denoting median) of Flavobacterium columnare in single and in co-culture. a) Strains
A and B and their 1:1 co-culture, b), strains A and C, c) B and C, and d) A, B and C
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increased virulence in F. columnare [35]. However, coin-
fections by genetically diverse strains producing these
toxins are predicted to reduce the population growth rate
and consequently the virulence of the infection [22]. Yet,
similarly to the previous study [35], we did not find any
indications that toxin production would be traded off with
growth in F. columnare. Interestingly, however, the viru-
lence of two-strain coinfection was directly linked with
virulence of the individual strains, resulting in lower
virulence in the two-strain coinfections than in the three-
strain coinfection. Moreover, the inhibitory compounds
produced by the less virulent strains C and B against the
highly virulent strain A could explain the reduced
virulence observed in these coinfections. However, it
seems that decreasing the relatedness of the coinfecting
partners (by increasing the number of strains) makes
interference competition most beneficial, resulting in
higher virulence of the three-strain coinfection as ob-
served here.
Our study demonstrates that pairwise interactions be-

tween coinfecting strains are important for disease viru-
lence. Similar findings have been observed in several
studies using different host-parasite systems, e.g., rodent
malaria parasite Plasmodium chabaudi [51], snail-
infecting schistosome Schistosoma mansoni [38], baculo-
viruses [52] and bacteria (see [48, 53, 54]). Therefore, per-
haps not surprisingly, the genetic interactions between the
coinfecting parasites may also extend across species [55],
challenging the reliability of epidemiological predictions
based on single infections. As the coinfections [56, 57]
and environmental pressures maintain the diversity of the
pathogen populations and induce rapid changes in patho-
gen traits [41], coinfections are among the main drivers
for variance in disease epidemiology and evolution.

Conclusions
Intraspecific competition can lead to increased virulence
but the virulence of coinfection depends on the interac-
tions of the strains involved in the coinfection. As the like-
lihood of coinfections by environmentally transmitted
opportunistic pathogens is high, the genetic composition
of the coinfecting population can lead to variable infection
outcomes. This can significantly impact the outcomes of

infections. Furthermore, in opportunists not restricted by
the transmission-virulence trade-off, coinfections may se-
lect for the most virulent pathogen strains.

Methods
Bacterial strains and culture conditions
We used three previously isolated F. columnare strains ob-
tained from two different fish farms in different years to
study the effect of coinfection on virulence of opportunistic
bacteria (Table 6). The bacteria were originally isolated
using standard culture methods on Shieh medium supple-
mented with tobramycin [58] and stored frozen in −80 °C
in a stock containing 10% glycerol and 10% fetal calf serum.
The strains A and C were genetically characterized in earl-
ier studies using multilocus sequence analysis (MLSA) [46]
and strain B using automated ribosomal intergenic spacer
analysis (ARISA) [35]. The genetic clustering produced by
MLSA method is shown to be comparable with the ARISA
method [46]. Before the experiments, the strains were
grown in modified Shieh medium [59] at 26 °C under con-
stant shaking (150 rpm) for 48 h and enriched (1:10) over-
night to an early log phase.

Virulence in zebra fish hosts
The virulence of the F. columnare strains was studied in
apparently disease-free zebra fish (average weight
0.384 g, standard deviation 0.114) that were obtained
from the Core Facilities (COFA) and research services of
Tampere (University of Tampere, Finland). Prior to the
experimental challenge, the zebra fish were maintained
in aerated borehole water in 250-liter aquaria at 25 °C
and fed once a day (1% of body weight) with commercial
feed (Special Diet Services).
The experimental set-up consisted of seven treatment

groups (all strains alone, and in two- and three-strain
combinations), six dose control groups of individual
strains (50% and 33. 3% of the single infection dose) and
a negative control group (see Additional file 3: Table S2).
The fish were individually challenged in 0.5 liter of aer-
ated borehole water using a previously optimized con-
tinuous infection method (see [60]).
The OD of the overnight-grown bacterial culture was

measured at 570 nm and the corresponding bacterial

Table 6 The strains used in the study

Bacterial strain Code Isolation source Year of isolation Fish farm Genetic group

B259 A Rearing tank water 2009 Fish farm A in Central Finland C

B350 B Fish farm outlet water 2010 Fish farm A in Central Finland E

B424 C Atlantic salmon, Salmo salar 2007 Fish farm B in Northern Finland C

Genetic grouping is based on ARISA genotyping (Kunttu et al. 2012, Sundberg et al. 2016). The fish farm A produces mainly rainbow trout (Onconrhynchus mykiss)
fingerlings for food production, and farm B salmonid fingerlings (salmon Salmo salar, trout Salmo trutta) for stocking purposes
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density in colony forming units (CFU) was calculated ac-
cording to our previously fitted standard curve (results
not shown). The infection method and bacterial dose used
were optimized in preliminary experiments. To infect the
fish, the volume of bacterial solution was adjusted to
600 μl of modified Shieh medium (Song et al. [59]) and
applied directly into the aquaria to reach a total infection
dose 4 × 105 CFU ml−1 in the water. This means that in
the coinfection treatments, the proportion of each strain
was either a 50% or 33. 3% of the total dose (i.e., 2 × 105

or 1. 3 ×105 CFU ml−1, respectively, with corresponding
control treatments with each strain, see Table 7). In each
of the seven treatment groups and in the dose control
groups, 17 replicate hosts were infected. In addition, 10
negative control fish per treatment were sham-exposed to
sterile Shieh medium. Thus, in total, 231 fish were used in
the experiment. After experimental infections, pure cul-
tures of the infection solutions were spread on Shieh agar
plates to confirm that the bacteria were expressing rhizoid
morphotype typical to virulent F. columnare (see [36]).
After bacterial infection, the aquaria were randomized

on the shelves in the experimental room to reduce the ef-
fect of possible temperature differences, and the fish were
monitored for disease symptoms and mortality for 5 days
at 1 h intervals, the first 48 h day and night. When the
disease-induced mortality ceased, the observation points
were decreased to four checks per day. The water
temperature was maintained at 25.7–25.9 °C throughout
the experiment. The fatally moribund fish, that did not
react to external stimuli, were removed from the experi-
ment, given terminal anesthesia using 0.01% MS-222
(Sigma, in ethanol buffered with sodium bicarbonate), and
decapitated to confirm death. The fish surviving until the
endpoint of the experiment (including the control fish)
were euthanized in the end of the experiment. Gill sam-
ples were taken from every fish and cultured on 1% Shieh
agar plates supplemented with tobramycin (1 μg ml−1).
The yellow colonies with a rhizoid morphology were con-
sidered as a sign of the columnaris disease.

Interference competition on agar
The interference competition between F. columnare strains
was studied reciprocally using a standard double layer

method, as described previously [35]. Three hundred mi-
croliters (300 μl) of fresh overnight-grown “recipient” bac-
terial culture were adjusted to OD of 0.29 (A570 with
VICTOR X Multilabel Plate Reader, Perkin-Elmer, USA),
mixed with three milliliters (3 ml) of soft Shieh agar (0.7%)
tempered to 47 °C, and poured on Shieh agar plates (1%).
One milliliter (1 ml) of the remaining bacterial culture was
centrifuged for 3 min at full speed (13 000 G) to separate
the bacterial cells from the culture solution. Five hundred
microliters (500 μl) of supernatant was taken into a new
Eppendorf tube to avoid bacteria dissolving from the pellet.
Ten microliters (10 μl) of this “donor” supernatant were
spotted on the surface of the agar containing the bacteria.
To evaluate whether growth-inhibiting molecules were se-
creted in the cell-free supernatant, one milliliter (1 ml) of
supernatant was sterile-filtered (0.2 μm PES filter, VWR)
and 10 microliters (10 μl) of the filtrate were spotted on the
agar plates. The plates were incubated for 48 h at room
temperature, after which they were checked for growth in-
hibition (clear zones with no bacterial growth) caused by
the “donor” strains and ranked as 0 = no inhibition, 1 = in-
hibition. Three independent replicates were done.

Growth in single-strain and co-cultures
For growth measurements the fresh overnight-grown bacter-
ial cultures were adjusted to OD of 0.15–0.20 in A570. Thirty
microliters (30 μl) of each bacterial strain or two- or three-
strain combinations was transferred onto a new BioScreen
plate (100-well-plate) and supplemented with three hundred
microliters (300 μl) of sterile Shieh culture media. The pro-
portion of one strain in two-strain co-culture was 15 μl and
10 μl in three-strain co-culture. To evaluate how the inocu-
lum size affects bacterial growth, half and third “doses” were
included in the experiment as controls, where a half (15 μl)
or two thirds (20 μl) of the bacterial inoculum was replaced
with sterile water. The measurements were done in seven
replicates per treatment in Shieh medium at 25 °C. The
growth data was recorded for 96 h at 5 min intervals (absorb-
ance at 420–580 nm, wide band option) using Bioscreen™
spectrophotometer (Growth Curves Ltd., Helsinki, Finland).
The growth parameters were calculated from raw data

by using a MATLAB script (created by Tarmo Ketola,
see [35]), where the maximal growth rate of the patho-
gen can be found from log2-transformed data by fitting
linear regressions on 20 time-point sliding windows. The
highest linear slope (the exponential growth is linearized
due to the log transformation) found in sliding windows
is equal to the maximal growth rate of the bacteria. The
yield was measured as a maximal average optical density
over 20 time point’s sliding window in the raw data.

Statistical analysis
Mortality data from the dose controls was analysed with
generalized linear model (GLMM) for binomial distribution

Table 7 Model selection based on Akaike information criteria
(AIC) of the effect of bacterial dose on virulence

Model AIC df P

Strain + Dose + Strain: Dose 410.50 6

Strain + Dose 448.86 4 <0.001

Dose 489.20 2 <0.001

+ describes the main effects and colon the interactions
The best fit model estimating mortality risk of the zebra fish within time is
underlined. P value indicates the significance of the term removed from the
higher model
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to evaluate the effect of dose on zebra fish mortality risk.
The mortality risk of host per hour was modelled as a func-
tion of dose (1. 3 ×105, 2 × 105 or 4 × 105 CFU ml−1, in-
cluded as a continuous covariate), and bacterial strain
(strain A, strain B and strain C). The independent variables
and their interaction were included in the model to find the
best model to explain fish mortality. The model was simpli-
fied based on Akaike information criteria using a backward
stepwise procedure (Table 7). The analysis was conducted
with the software R 2.15.2 and the glm function (R Devel-
opment Core Team 2011). When interpreting the effects of
the terms included in the model, a significance level of 0.05
or less was used.
To evaluate the influence of coinfection on F. columnare

virulence, host mortality data of the single-strain and
multiple-strain infections was analyzed with Cox regres-
sion using treatment and number of strains as categorical
covariates. To compare virulence of the individual treat-
ments, pairwise comparisons of the treatment groups and
number of infecting strains were conducted using non-
parametric Kaplan-Meier survival analysis with log rank
Mantel-Cox test. The significance level in the pairwise
tests was manually corrected (by dividing by number of
tests performed) for multiple testing, and p-values below
0.0024 were considered significant. The analyses were per-
formed with IBM SPSS Statistics version 22.0 (IBM).
The growth traits (maximum growth rate, yield, time to

maximum yield) of the bacterial populations in single- and
co-cultures (A, B, C, A+B, A+C, B +C and A+B+C) were
analyzed with mixed model with REML option in SPSS. Sin-
gle/co-culture was used as a fixed factor, and culture identity
(non-diluted individual cultures) was included as a random
factor. We also used Kruskal-Wallis oneway ANOVA with
multiple comparisons implemented in SPSS to determine the
pairwise differences in growth characteristics between bacter-
ial strains and co-cultures. Figures for growth parameter
comparisons were drawn according to [61].

Additional files

Additional file 1: Figure S1. Bacterial densities (mean ± S.E.M.) of dose
controls of strains A, B and C of Flavobacterium columnare in the growth
experiment. The average optical density of the cultures is on the Y-axis,
and culture time on the X-axis. (DOC 65 kb)

Additional file 2: Table S1. Effect of the treatment (single or coinfection)
on the growth parameters of Flavobacterium columnare. (DOC 29 kb)

Additional file 3: Table S2. The treatment and control groups in
Flavobacterium columnare infection experiment. (DOC 70 kb)

Acknowledgements
We would like to thank Dr. Heidi Kunttu, Dr. Elina Laanto and Dr. Päivi Rintamäki
for donating the bacterial strains used in this study, and Dr. Elina Laanto, MSc
Pilvi Ruotsalainen, MSc Marjut Paljakka, MSc Ville Hoikkala, Mrs. Irene Helkala and
Mr. Petri Papponen for technical assistance in laboratory. Dr. Janne Valkonen
and MSc Sebastiano de Bona gave invaluable advice for the statistics. Three
anonymous referees gave valuable comments on the MS.

Funding
This work was supported by the Finnish Centre of Excellence Program of the
Academy of Finland CoE in Biological Interactions 2012–2017 (#252411, J.M.),
by Academy of Finland grant #266879 (L.-R.S.), by Jane and Aatos Erkko
Foundation (L.-R.S.), and by Olvi foundation (H.K.).

Availability of data and material
The data used in this paper are publicly available in Dryad Digital
Repository: http://dx.doi.org/10.5061/dryad.32r30.

Authors’ contributions
All authors participated in designing the study. HK performed the experiments,
and HK and L-RS analysed the data. HK drafted the first manuscript that all authors
edited. All authors read and approved the final version of the manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval
The infection experiments were conducted according to the Finnish Act on the
Use of Animals for Experimental Purposes, under permission ESAVI-2010-05569/
Ym-23 granted to L-RS by the National Animal Experiment Board at the
Regional State Administrative Agency for Southern Finland.

Received: 10 October 2016 Accepted: 22 February 2017

References
1. Taylor L, Walliker D, Read A. Mixed-genotype infections of the rodent

malaria Plasmodium chabaudi are more infectious to mosquitoes than
single-genotype infections. Parasitology. 1997;115(02):121–32.

2. Lord CC, Barnard B, Day K, Hargrove JW, McNamara JJ, Paul RE, et al.
Aggregation and distribution of strains in microparasites. Philos Trans R Soc
Lond B Biol Sci. 1999;354:799–807.

3. Cox FE. Concomitant infections, parasites and immune responses.
Parasitology. 2001;122(Suppl):S23–38.

4. Read AF, Taylor LH. The ecology of genetically diverse infections. Science.
2001;292:1099–102.

5. Woolhouse MEJ, Webster JP, Domingo E, Charlesworth B, Levin BR.
Biological and biomedical implications of the co-evolution of pathogens
and their hosts. Nat Genet. 2002;32:569–77.

6. Hood ME. Dynamics of multiple infection and within-host competition by
the anther-smut pathogen. Am Nat. 2003;162:122–33.

7. Malpica JM, Sacristán S, Fraile A, García-Arenal F. Association and host
selectivity in multi-host pathogens. PLoS One. 2006;1:e41.

8. Rigaud T, Perrot-Minnot MJ, Brown MJF. Parasite and host assemblages:
embracing the reality will improve our knowledge of parasite transmission
and virulence. Proc R Soc B Biol Sci. 2010;277:3693–702.

9. Schmid-Hempel P. Evolutionary parasitology - The integrated study of
infections, immunology, ecology, and genetics. New York: Oxford University
Press; 2011.

10. Seppälä O, Karvonen A, Rellstab C, Louhi K-R, Jokela J. Reciprocal Interaction
Matrix Reveals Complex Genetic and Dose-Dependent Specificity among
Coinfecting Parasites. Am Nat. 2012;180:306–15.

11. Susi H, Barrès B, Vale PF, Laine A-L. Co-infection alters population dynamics
of infectious disease. Nat Commun. 2015;6:5975.

12. Karvonen A, Rellstab C, Louhi K-R, Jokela J. Synchronous attack is
advantageous: mixed genotype infections lead to higher infection success
in trematode parasites. Proc R Soc B Biol Sci. 2012;279:171–6.

13. Ben-Ami F, Routtu J. The expression and evolution of virulence in multiple
infections: the role of specificity, relative virulence and relative dose. BMC
Evol Biol. 2013;13:97.

14. Balmer O, Tanner M. Prevalence and implications of multiple-strain
infections. Lancet Infect Dis. 2011;11:868–78.

15. Alizon S, de Roode JC, Michalakis Y. Multiple infections and the evolution of
virulence. Ecol Lett. 2013;16:556–67.

16. Li XX, Zhou XN. Co-infection of tuberculosis and parasitic diseases in
humans: a systematic review. Parasit Vectors. 2013;6(1):79.

Kinnula et al. BMC Evolutionary Biology  (2017) 17:77 Page 9 of 10

dx.doi.org/10.1186/s12862-017-0922-2
dx.doi.org/10.1186/s12862-017-0922-2
dx.doi.org/10.1186/s12862-017-0922-2
http://dx.doi.org/10.5061/dryad.32r30


17. Hamilton WD. Altruism and Related Phenomena, Mainly in Social Insects.
Annual Review of Ecology and Systematics. 1972.

18. Bremermann HJ, Pickering J. A game-theoretical model of parasite
virulence. J Theor Biol Academic Press. 1983;100:411–26.

19. Frank SA. Models of parasite virulence. Q Rev Biol. 1996;71:37–78.
20. Buckling A, Brockhurst MA. Kin selection and the evolution of virulence.

Heredity. 2008;100:484–8.
21. Brown SP, Hochberg ME, Grenfell BT. Does multiple infection select for

raised virulence? Trends Microbiol. 2002;10:401–5.
22. Massey RC, Buckling A, Ffrench-Constant R. Interference competition and

parasite virulence. Proc R Soc B Biol Sci. 2004;271:785–8.
23. Rohmer L, Hocquet D, Miller SI. Are pathogenic bacteria just looking for food?

Metabolism and microbial pathogenesis. Trends Microbiol. 2011;19:341–8.
24. Chao L, Levin BR. Structured habitats and the evolution of anticompetitor

toxins in bacteria. Proc Natl Acad Sci U S A. 1981;78:6324–8.
25. Brown SP, West SA, Diggle SP, Griffin AS. Social evolution in micro-

organisms and a Trojan horse approach to medical intervention strategies.
Philos Trans R Soc B. 2009;364:3157–68.

26. Riley MA, Goldstone CM, Wertz JE, Gordon D. A phylogenetic approach to
assessing the targets of microbial warfare. J Evolution Biol. 2003;16:690–7.

27. Holt RD. Predation, apparent competition, and the structure of prey
communities. Theor Popul Biol. 1977;12:197–29.

28. Brown SP, Cornforth DM, Mideo N. Evolution of virulence in opportunistic
pathogens: generalism, plasticity, and control. Trends Microbiol. 2012;20:
336–42.

29. Leggett HC, Buckling A, Long GH, Boots M. Generalism and the evolution of
parasite virulence. Trends Ecol Evol. 2013;28(10):592–6.

30. Wagner BA, Wise DJ, Khoo LH, Terhune JS. The Epidemiology of Bacterial
Diseases in Food-Size Channel Catfish. J Aquat Anim Health. 2002;14:263–72.

31. Pulkkinen K, Suomalainen LR, Read AF, Ebert D, Rintamaki P, Valtonen ET.
Intensive fish farming and the evolution of pathogen virulence: the case of
columnaris disease in Finland. Proc R Soc B Biol Sci. 2010;277:593–600.

32. Kunttu HMT, Sundberg L-R, Pulkkinen K, Valtonen ET. Environment may be
the source of Flavobacterium columnare outbreaks at fish farms. Environ
Microbiol Rep. 2012;4:398–402.

33. Cai W, La Fuente DL, Arias CR. Biofilm Formation by the Fish Pathogen
Flavobacterium columnare: Development and Parameters Affecting Surface
Attachment. Appl Environ Microbiol. 2013;79:5633–42.

34. Declercq AM, Haesebrouck F, Van den Broeck W, Bossier P, Decostere A.
Columnaris disease in fish: a review with emphasis on bacterium-host
interactions. Vet Res. 2013;44:27.

35. Sundberg L-R, Ketola T, Laanto E, Kinnula H, Bamford JKH, Penttinen R, et al.
Intensive aquaculture selects for increased virulence and interference
competition in bacteria. Proc R Soc B Biol Sci. 2016;283:20153069.

36. Kunttu HMT, Jokinen EI, Valtonen ET, Sundberg L-R. Virulent and nonvirulent
Flavobacterium columnare colony morphologies: characterization of chondroitin
AC lyase activity and adhesion to polystyrene. J Appl Microbiol. 2011;111:1319–26.

37. West SA, Buckling A. Cooperation, virulence and siderophore production in
bacterial parasites. Proc R Soc B Biol Sci. 2003;270:37–44.

38. Davies CM, Fairbrother E, Webster JP. Mixed strain schistosome infections of
snails and the evolution of parasite virulence. Parasitology. 2002;124:31–8.

39. Fenton A, Lamb T, Graham AL. Optimality analysis of Th1/Th2 immune
responses during microparasite-macroparasite co-infection, with
epidemiological feedbacks. Parasitology. 2008;135:841–53.

40. Supali T, Verweij JJ, Wiria AE, Djuardi Y. Polyparasitism and its impact on the
immune system. Int J Parasitol. 2010;40:1171–6.

41. Leggett HC, Benmayor R, Hodgson DJ, Buckling A. Experimental evolution
of adaptive phenotypic plasticity in a parasite. Curr Biol. 2013;23:139–42.

42. Venezia RA, Matusiak PM, Robertson RG. Bactericidal factor produced by
Haemophilus influenzae b: partial purification of the factor and transfer of
its genetic determinant. Antimicrob Agents Chemother. 1977;11:735–42.

43. Riley MA, Gordon DM. The ecology and evolution of bacteriocins. J Ind
Microbiol Biotechnol. 1996;17:151–8.

44. Tsang P, Merritt J, Nguyen T, Shi W, Qi F. Identification of genes associated
with mutacin I production in Streptococcus mutans using random
insertional mutagenesis. Microbiology. 2005;151:3947–55.

45. Triyanto, Wakabayashi H. Genotypic diversity of strains of Flavobacterium
columnare from diseased fishes. Fish Pathology. 1999;34:65–71.

46. Ashrafi R, Pulkkinen K, Sundberg L-R, Pekkala N, Ketola T. A multilocus
sequence analysis scheme for characterization of Flavobacteriumcolumnare
isolates. BMC Microbiol. 2015;243:1–10.

47. Riley MA, Wertz JE. Bacteriocin diversity: ecological and evolutionary
perspectives. Biochimie. 2002;84:357–64.

48. Inglis RF, Gardner A, Cornelis P, Buckling A. Spite and virulence in the bacterium
Pseudomonas aeruginosa. Proc Natl Acad Sci U S A. 2009;106:5703–7.

49. Pugsley AP. Obligatory coupling of colicin release and lysis in mitomycin-
treated Col + Escherichia coli. J Gen Microbiol. 1983;129:1921–8.

50. Mader A, von Bronk B, Ewald B, Kesel S, Schnetz K, Frey E, et al. Amount of
colicin release in Escherichia coli is regulated by lysis gene expression of
the colicin E2 operon. PLoS One. 2015;10:e0119124.

51. Taylor LH, Mackinnon MJ, Read AF. Virulence of mixed-clone and single-
clone infections of the rodent malaria Plasmodium chabaudi. Evolution.
1998;1:583–91.

52. HODGSON DJ, Hitchman RB, Vanbergen AJ, Hails RS, Possee RD, Cory JS. Host
ecology determines the relative fitness of virus genotypes in mixed-genotype
nucleopolyhedrovirus infections. J Evolution Biol. 2004;17:1018–25.

53. Ben-Ami F, Mouton L, Ebert D. The Effects Of Multiple Infections On The
Expression And Evolution Of Virulence In A Daphnia‐Endoparasite System.
Evolution . 2008;62:1700–11.

54. Friman V-P, Buckling A. Effects of predation on real-time host-parasite
coevolutionary dynamics. Ecol Lett. 2012;16:39–46.

55. Louhi K-R, Sundberg L-R, Jokela J, Karvonen A. Interactions among bacterial
strains and fluke genotypes shape virulence of co-infection. Proc R Soc B.
2015;282(1821):20152097.

56. Bashey F, Young SK, Hawlena H, Lively CM. Spiteful interactions between
sympatric natural isolates of Xenorhabdus bovienii benefit kin and reduce
virulence. J Evolution Biol. 2012;25:431–7.

57. Seppälä O, Jokela J. Do Coinfections Maintain Genetic Variation in Parasites?
Trends Parasitol. 2016;32:930–8.

58. Decostere A, Haesebrouck F, Devriese L. Shieh medium supplemented with
tobramycin for selective isolation of Flavobacterium columnare (Flexibacter
columnaris) from diseased fish. J Clin Microbiol. 1997;35:322–4.

59. Song YL, Fryer JL, Rohovec JS. Comparison of six media for the cultivation
of Flexibacter columnaris. Fish Pathol. 1988;23:81–94.

60. Laanto E, Bamford JKH, Ravantti JJ, Sundberg L-R. The use of phage FCL-2
as an alternative to chemotherapy against columnaris disease in
aquaculture. Front Microbiol. 2015;6:829.

61. Weissgerber TL, Milic NM, Winham SJ, Garovic VD. Beyond Bar and Line
Graphs: Time for a New Data Presentation Paradigm. PLoS Biol. 2015;13(4):
e1002128.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Kinnula et al. BMC Evolutionary Biology  (2017) 17:77 Page 10 of 10


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Virulence in zebra fish hosts
	Interference competition on agar
	Growth in single-strain and co-cultures

	Discussion
	Conclusions
	Methods
	Bacterial strains and culture conditions
	Virulence in zebra fish hosts
	Interference competition on agar
	Growth in single-strain and co-cultures
	Statistical analysis

	Additional files
	Acknowledgements
	Funding
	Availability of data and material
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval
	References

