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1  |  INTRODUC TION

Global overuse of antibiotics has selected for the evolution and 
spread of antibiotic resistance in many bacterial species, posing a 
serious threat to human health and food production (World Health 
Organization, 2018). Resistance, evolving either by chromosomal 
mutation or via genetic exchange, can be a fitness benefit for bac-
teria in presence of antibiotics, but costly when antibiotics are ab-
sent (Alekshun & Levy, 2007; Andersson & Hughes, 2010; Melnyk 
et al., 2015). Costs, expressed in terms of reduced growth rate, 

competitive ability or virulence (Andersson & Hughes, 2010), can 
have important epidemiological and evolutionary consequences as 
antibiotic- sensitive strains may outcompete resistant ones in the ab-
sence of antibiotics (Hall, 2004; Melnyk et al., 2015). However, the 
presence of antibiotics can favour resistant strains by reducing or 
eliminating sensitive competitors, allowing persistence of the resis-
tant strains (de Roode et al., 2004; Wargo et al., 2007). As the antibi-
otic resistance problem continues to worsen, empirical evidence on 
the costs and benefits of antibiotic resistance in naturally realistic 
infection scenarios is needed.
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Abstract
Increasing antimicrobial resistance (AMR) poses a challenge for treatment of bacte-
rial diseases. In real life, bacterial infections are typically embedded within complex 
multispecies communities and influenced by the environment, which can shape costs 
and benefits of AMR. However, knowledge of such interactions and their implications 
for AMR in vivo is limited. To address this knowledge gap, we investigated fitness- 
related traits of a pathogenic bacterium (Flavobacterium columnare) in its fish host, 
capturing the effects of bacterial antibiotic resistance, coinfections between bacterial 
strains and metazoan parasites (fluke Diplostomum pseudospathaceum) and antibiotic 
exposure. We quantified real- time replication and virulence of sensitive and resistant 
bacteria and demonstrate that both bacteria can benefit from coinfection in terms of 
persistence and replication, depending on the coinfecting partner and antibiotic pres-
ence. We also show that antibiotics can benefit resistant bacteria by increasing bacte-
rial replication under coinfection with flukes. These results emphasize the importance 
of diverse, inter- kingdom coinfection interactions and antibiotic exposure in shaping 
costs and benefits of AMR, supporting their role as significant contributors to spread 
and long- term persistence of resistance.
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Pathogens and parasites are rarely encountered in single- species 
populations, but they are typically embedded within complex mul-
tispecies communities that include a range of intraspecific and in-
terspecific interactions across different pathogen/parasite genera 
and phyla, even kingdoms (Bottery, Matthews, et al., 2021; Bottery, 
Pitchford, et al., 2021; Johnson et al., 2015; Pedersen & Fenton, 2019; 
Rowan- Nash et al., 2019). Such interactions can have important im-
plications not only for virulence and transmission success but also 
for disease progression and treatment (Alizon et al., 2013; Bottery, 
Matthews, et al., 2021; de Roode et al., 2005; Hiltunen et al., 2017; 
Read & Taylor, 2001; Seppälä et al., 2012). There is growing recog-
nition that intraspecific and interspecific interactions can also alter 
evolutionary dynamics of antibiotic resistant strains and influence 
susceptibility of bacteria to antibiotics (Birger et al., 2015; Bottery, 
Matthews, et al., 2021; Bottery, Pitchford, et al., 2021; Briaud 
et al., 2019; Davies et al., 2019; Estrela & Brown, 2018; Klümper 
et al., 2019; Radlinski & Conlon, 2018; Sundberg & Karvonen, 2018), 
potentially driving the evolution of antibiotic resistance. This may 
be further shaped by abiotic factors such as presence of antibiotics, 
which may select for persistence and spread of resistance. These 
chemicals can also modify the interactions between different infec-
tions and, subsequently, the costs of antibiotic resistance (Andersson 
& Hughes, 2010; Sundberg & Karvonen, 2018). However, most of 
the studies on effects of bacterial interactions and presence of 
antibiotics on antimicrobial resistance (AMR) have explored these 
factors in isolation using bacterial cultures in vitro, therefore largely 
overlooking the importance of natural heterogeneities and in vivo 
processes on AMR infections. Thus, studies on costs and benefits of 
antibiotic resistance in naturally realistic conditions of coinfection 
and presence of antibiotics are needed.

To gain understanding of the conditions underlying costs of 
antibiotic resistance, it is essential to capture real- time estimates 
of key bacterial fitness- related traits: replication, competitive suc-
cess and virulence (Vaumourin et al., 2015). Here, we conducted 
in vivo experiments to estimate costs and benefits of antibiotic re-
sistance in pairwise coinfection combinations between antibiotic 
sensitive strains and resistant mutants of the pathogenic bacterium 
Flavobacterium columnare. We also studied how coinfection with 
the multicellular parasitic fluke Diplostomum pseudospathaceum in-
fluenced the fitness- related traits of the bacterium with different 
profiles of antibiotic resistance. The experiments were performed 
both in presence and absence of antibiotics to capture the inter-
actions between coinfection and antimicrobials. We used rainbow 
trout (Oncorhynchus mykiss) in the experiments, which is a common 
natural host for the bacterium and the fluke in aquaculture (Louhi 
et al., 2015). This makes the system ecologically and economically 
relevant for exploring the effects of diverse coinfection and anti-
biotic presence on the cost of antibiotic resistance. We found that 
the fitness- related traits of antibiotic resistant bacteria were sig-
nificantly influenced by coinfections and presence of antibiotics. 
Specific combinations facilitated co- existence of both resistant mu-
tants and sensitive strains and allowed persistence of the resistant 
bacteria even in absence of antibiotics. Our results exemplify the 

complexity inherent in determining the costs of antibiotic resistance 
in naturally occurring interactions.

2  |  MATERIAL S AND METHODS

2.1  |  Preparation of antibiotic resistant bacterial 
mutants

Two virulent strains of F. columnare were used as ancestral strains 
to generate antibiotic resistant mutants. The broad- spectrum ri-
fampicin was used as a model antibiotic because it effectively selects 
for resistance mutation in the rpoB gene of F. columnare. Previously 
frozen glycerol stocks of F. columnare strain B185 (hereafter strain A) 
and B245 (strain B) were revived from the stocks in 3 mL of modified 
Shieh medium (Song et al., 1988) on a shaker (200 rpm) at 25°C for 
24 h. The optical density (OD, at 570 nm) of the overnight bacterial 
cultures was measured with spectrophotometer and adjusted to an 
approximate value of 0.140 (~7.6 × 106 cells mL−1) using the Shieh me-
dium. This minimized differences in the initial density of the strains. 
Overnight cultures were inoculated into fresh Shieh medium (1:10) 
and incubated on a shaker (200 rpm) at 25°C for 24 h. The cells were 
collected by centrifugation (5000 g, 5 min, 4°C) and re- suspended 
in 100 mL of modified Shieh medium. Cells were subsequently 
spread on modified Shieh plates (100 μL plate−1) supplemented with 
150 μg mL−1 of rifampicin and incubated at room temperature to gen-
erate spontaneous resistant mutants (hereafter Ar and Br, in contrast 
to sensitive ancestral strains As and Bs). After 72 h incubation, sin-
gle colonies able to grow in 150 μg mL−1 rifampicin were inoculated 
in Shieh medium containing the same rifampicin concentration to 
confirm resistance of the strains. The stability of the mutation was 
confirmed by growing the resistant bacteria without rifampicin for 
5 days and rechecked for growth in liquid medium. The cultures were 
stored in 10% glycerol and 10% foetal calf serum at −80°C.

2.2  |  Experiment 1: Effect of antibiotic resistance 
on coinfection between bacterial strains

Real- time abundance and virulence of sensitive ancestral strains and 
their resistant mutants were assessed in vivo by administering the 
bacteria to fish hosts in single infection and coinfection combina-
tions. Naïve, uninfected juvenile rainbow trout (Oncorhynchus mykiss, 
average length ± SD = 39.2 ± 3.1 mm) were obtained from a hatchery 
farm in Central Finland and maintained in aerated groundwater with 
continuous water flow (17°C) for 2 weeks before the experiments. 
During the maintenance fish were fed daily with commercial fish 
food pellets. Prior to the exposures, the water temperature was 
raised slowly to 25°C (2°C every second day) to meet the optimum 
growth temperature of F. columnare (Ashrafi et al., 2018) and to allow 
fish acclimation to experimental conditions. A total of 560 fish were 
divided to 28 treatment groups of 20 fish each and placed individu-
ally in small aquaria with 500 mL of groundwater (Table S1; Figure 1). 
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    |  3ASHRAFI et al.

For single- strain infections, each fish was exposed either to the sen-
sitive strains (As, Bs) or resistant mutants (Ar, Br) using a full- dose 
(6 × 103 CFU mL−1; 4 × 20 fish) or a half- dose (3 × 103 CFU mL−1; 4 × 20 
fish) of bacteria. Fish were also co- exposed to the four bacterial 
strains in all possible pairwise combinations (3 × 103 CFU mL−1 of 
each strain; 6 × 20 fish) (Table S1; Figure 1). The set- up was also rep-
licated using 10 μg mL−1 rifampicin in the exposure water to explore 
the effect of the presence of antibiotics. Controls receiving pure cul-
ture medium, with or without antibiotics, were also included (2 × 15 
fish). Overall, the set- up totalled 610 fish.

The aquaria were randomly placed in a temperature- controlled 
room and the water temperature was maintained at 25°C through-
out the experiment. The fish were monitored for disease symptoms 
and morbidity for 24 h at 1- h intervals. The experiment was termi-
nated 25 h post- exposure, when all remaining fish were euthanized 
using terminal anaesthesia (MS- 222, Sigma). The fish surviving 
until the end of the experiment were also euthanized. All fish were 
measured for total length. To verify F. columnare infection from the 
diseased fish, bacterial cultivations from gills and skin of fish were 
spread on Shieh agar plates supplemented with tobramycin, which 

F I G U R E  1  Overview of experimental 
design. In the first phase, antibiotic 
resistant mutants (Ar, Br) were produced 
from ancestral strains (As, Bs) through 
serial passage and used in Experiment 1 
(As, Ar, Bs, Br) and Experiment 2 (Bs, Br). 
Treatment panels and cells indicate how 
many fish (rainbow trout, Oncorhynchus 
mykiss) were used in each treatment. 
In Experiment 1, treatments with two 
half- doses of the same bacterial strain 
or mutant correspond to full- dose single 
infections. In Experiment 2, Bs and Br 
correspond to bacterial full- doses, and 
“Diplo 50” and “Diplo 70” correspond 
to 50 and 70 cercariae of Diplostomum 
pseudospathaceum administered to 
each fish. After the exposures, bacterial 
abundance and fish survival (virulence of 
infection) were monitored repeatedly up 
to 25 h. Numbers of flukes successfully 
infecting the fish were also determined by 
dissecting the eye lenses.
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4  |    ASHRAFI et al.

inhibited growth of other bacteria (Decostere et al., 1997). Yellow 
colonies with the rhizoid morphology typical for F. columnare were 
considered as a confirmation of infection. Although the experiment 
was started with two virulent strains, a morphotype change was vi-
sually observed in the colonies of the sensitive strain As, which is 
why it turned out to be completely avirulent during the experiment 
(see also Zhang et al., 2014). Thus, virulence of As could not be com-
pared directly to its resistant mutant Ar, or to strain B, in the absence 
of antibiotics.

2.2.1  |  Quantification of bacteria in aquarium water

Bacterial abundance in aquaria water was estimated using qPCR 
and HRM assays. To quantify bacterial abundance (As, Bs, Ar, Br) in 
single and coinfection, five aquaria were selected at random from 
each treatment group at the beginning of the experiment and 100 μL 
water samples were taken from those aquaria at 1- h post- exposure 
and every 4 h after that (i.e. at 1, 5, 9, 13, 17, 21 and 25 h). Water 
samples were treated immediately after sampling with DNase I (final 
concentration 0.1 mg mL−1) at 37°C for 30 min to degrade extracel-
lular DNA. DNase was then inactivated by adding 0.2 mM EGTA 
(pH 8.0) and samples were heated at 95°C to break up the cells and 
to release bacterial DNA. Those DNA samples were then stored 
at −20°C until qPCR runs. Prior to qPCR runs, DNA samples were 
thawed and treated with RNase A (final concentration 10 μg mL−1) 
at 37°C for 30 min to remove RNA. DNA samples were analysed 
using one or two quantitative methods, depending on the infection 
treatment.

qPCR using CRISPR regions
A strain- specific qPCR assay based on differences in the bacterial 
CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) 
array was used to measure the abundance of A or B strains in single 
infections as well as in coinfections between different strains (ArBs, 
AsBr, AsBs and ArBr). Two sets of primers were used to quantify each 
strain down to a concentration of about 5000 cells mL−1 (Table S2). 
The qPCR assays were performed with 5 μL of DNA samples, 1 μL 
300 nM of forward and reverse primers targetting the CRISPR 
(Clustered Regularly Interspaced Short Palindromic Repeats) re-
gions, 3 μL of water and 10 μL of 2x SYBR Green Supermix (iQ SYBR 
Green Supermix, Bio- Rad) in a 20 μL reaction volume. All samples 
were amplified in triplicate. The PCR reaction started at 95°C for 
3 min for initial denaturation, followed by 40 cycles of 15 s at 95°C 
for denaturation, 60 s at 60°C for annealing/extension. A high- 
resolution melting analysis was performed immediately after ampli-
fication to check the quality of the amplified product by increasing 
the temperature from 55 to 95°C by steps of 0.5°C maintained for 5 s 
each. Each qPCR run was calibrated using a serial dilution of a stock 
of purified DNA of the target strain (A or B, depending on the run) 
for which the DNA concentration had been determined with a Qubit 
measurement. The serial dilutions comprised seven samples, and the 
expected final DNA quantities per well for the calibration samples 

were 2 × 106, 2 × 105, 2 × 104, 2 × 103, 200, 20 and 2 genome copies 
(GC) per well for strain A, and 1.5 × 106, 1.5 × 105, 1.5 × 104, 1.5 × 103, 
150, 15 and 1.5 GC/well for strain B. For each plate, Cq values were 
calculated using the software provided by the qPCR machine manu-
facturer (BioRad, CFX Manager Version 3.1.1517.0823). Within each 
plate, a linear model,

was parameterized for α and β using the known GC/well values (num-
ber of genome copies per well) and the measured Cq values for all cal-
ibration samples. The efficiency of the qPCR reactions was calculated 
as −1 + 10 (−1/(β *log(10))) and was comprised between 85% and 105% for 
all plates. For each experimental sample, an estimated number of GC in 
the sample volume used for qPCR was calculated by averaging the GC/
well values from the replicates on the log scale as

where Cq1
, Cq2

, and Cq3
 are the Cq values measured for the three repli-

cates of the experimental sample.

qPCR using HRM curves
After identifying diagnostic mutations in the rpoB gene by sequenc-
ing, a strain- specific high- resolution melting assay (HRM) based on 
the bacterial rpoB gene was developed to determine the proportions 
of sensitive ancestors and resistant mutants in same- genotype co-
infections (treatments AsAr and BsBr), based on single nucleotide 
differences in rpoB between each mutant and its corresponding 
ancestral strain. For each strain (A/B), the mutation underlying ri-
fampicin resistance was identified by sequencing eight overlap-
ping fragments encompassing the entire rpoB gene (Supplementary 
methods: “Sequencing rpoB gene”). Fragments were amplified 
using primers based on rpoB sequence of F. columnare ATCC 49512 
(Table S2). Sequence analysis revealed that resistant strains harbour 
mutations in the rpoB gene coding for the β- subunit of the DNA- 
dependent RNA polymerase (RNAP), which is a molecular target of 
rifampicin. The mutations were single nucleotide substitutions re-
sulting in amino acid change at codons 491 (C1472A [Ser491Tyr]) 
and 473 (A1418G [Gln473Arg]) and occurred in Ar and Br strains, 
respectively (numbering based on NCBI reference sequence: 
CP003222.2:2460570– 2464382 Flavobacterium columnare ATCC 
49512 complete genome). Based on homology modelling of the 
structure of the RNAP β- subunit from F. columnare ATCC 49512 
using the Phyre2 server (Kelley et al., 2015), those two mutations 
occur in amino acids located in the rifampicin binding pocket of the 
protein (comparison with PDB entry 5UAC; Molodtsov et al., 2017). 
Both the mutations observed in Ar and Br result in amino acids with 
larger side chains compared to the sensitive strains, which are likely 
to substantially affect the interaction between the protein and ri-
fampicin. Importantly, since nucleotide substitutions affect the ther-
mal stability of double- stranded DNA, HRM curves of the amplified 

Cq = � + � × log(GC∕well),

GC∕well = exp

(

1

3
×
∑3

i=1

(

1

�

(

Cqi − �
)

))

,
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    |  5ASHRAFI et al.

PCR products could be used to estimate the proportions of resistant 
and sensitive bacteria in water samples from single strain coinfec-
tions (BsBr and AsAr).

PCR amplification was performed in a total volume of 10 μL, con-
taining 5 μL of 2× Precision Melt Supermix (Bio- Rad Laboratories), 
1 μL primer mix (forward and reverse, 300 nM) and 4 μL 5 ng μL−1 of 
the DNA template. All samples were amplified in triplicate. The PCR 
reaction started at 95°C for 1 min for initial denaturation, followed 
by 40 cycles of 30 s at 95°C for denaturation, 30 s at 63°C for anneal-
ing and another 30 s at 72°C for extension. The PCR amplification 
was then followed by heteroduplex formation by heating at 95°C for 
30 s and subsequent cooling at 60°C for 1 min. The high- resolution 
melting analysis was performed immediately afterwards by increas-
ing the temperature from 65 to 95°C by steps of 0.2°C maintained 
for 10 s each. Within each plate and for a given strain (A or B), cal-
ibration samples prepared by mixing purified DNA from each gen-
otype (sensitive vs. resistant) in known proportions were run. The 
calibration proportions were 0, 5, 10, 20, 30, 40, 50, 60, 70, 80, 90 
and 100% of DNA from the sensitive genotype.

Three measurements were extracted from the normalized rela-
tive fluorescence (RF) denaturation curve from each HRM well: the 
RF value observed at a fixed temperature of 78.6°C, the tempera-
ture at which a fixed RF value of 50% was reached, and the melting 
temperature. A preliminary examination of the relationship between 
those measurements and the known proportions of sensitive ge-
nomes in calibration samples showed that those calibration curves 
were not monotonic (Figures S1 and S2). To reliably assess genome 
proportions in experimental samples, B- spline regression was used 
to fit a within- plate calibration curve for each measurement type 
(RF at 78.6°C, temperature at 50% RF, and melting temperature). B- 
splines of degree 3, with one interior knot at proportion = 0.5, were 
used (a B- spline thus being composed of five basis splines). Their 
coefficients posteriors were determined using a Bayesian approach 
and Hamiltonian Monte Carlo sampling as implemented in Stan 
(Carpenter et al., 2017). We used the rstan package, which provides 
an interface between R and the Stan program (Stan Development 
Team, 2020). The model for the observations Ri, Ti, Mi (respectively 
RF at 78.6°C, temperature at 50% RF, and melting temperature) for 
the calibration well i with true proportion of sensitive genomes πi 
was

where Bj,0⩽j⩽4 are the five basis spline functions comprising the B- 
spline. The priors used were 

Once posteriors for the calibration parameters were obtained, 
they were used to calculate a likelihood profile for the proportion 
of sensitive genomes in each experimental sample of the same HRM 
run, based on the three measurements (RF at 78.6°C, temperature 
at 50% RF and melting temperature) observed for each well of that 
sample's triplicate and on the same model as above. Assuming a uni-
form prior for sensitive genome proportions, the proportion poste-
rior was then directly deduced from the likelihood profile and the 
posterior mean was used as a point estimate of the proportion of 
sensitive genomes in that experimental sample in downstream anal-
yses. Our method accuracy was assessed by posterior checks where 
the proportions of sensitive genomes in calibration samples were 
estimated and compared with the known values (Figures S1 and S2).

2.2.2  |  Modelling of bacteria growth curves

Fitting bacterial growth curves
Once detailed counts per strain and genotype were available, bacte-
ria growth data for each of the 40 strain- treatment combinations (4 
single infections at full dose, 4 single infections at half- dose, 6 coin-
fections with 2 strains per coinfection, in the presence and absence 
of antibiotics (4 + 4 + 6 × 2) × 2 = 40) were fitted with an equation:

This equation was chosen because it provided a good empiri-
cal description of the growth data and had a small number of bi-
ologically interpretable parameters: α is the asymptotic value 
of log10(count(t)) when t → +∞, β is the count value at t = 0, and k 
is a measure of how fast the growth curve reaches its asymptote 
(higher k indicating faster growth). The parameters α, β and k were 
modelled as described below. Note that “trajectory” below means 
one of the 40 unique combinations of the experimental treatment 
(determined by (i) antibiotic absence/presence and (ii) identity and 
size of bacterial inoculums— and when modelling Experiment 2 in a 
similar way, (iii) Diplostomum dose), and the identity of the bacterial 
strain being counted. For example, the count of Ar bacteria in the 
treatment “coinfection ArAs without antibiotics” was modelled as 
one trajectory, and the count of As bacteria in the same treatment 
was modelled as another trajectory. The parameters α and k were 
estimated for each trajectory, and β was estimated for each inocu-
lum size of the counted strain. A random effect of aquarium identity 
(more precisely, aquarium- by- strain identity, that is for coinfections 
the effects of aquarium identity on each strain were independent) 
was added for all growth parameters (α, β and k).

The posterior distributions for each parameter were determined 
using a Bayesian hierarchical model fitted using the Hamiltonian 
Monte Carlo approach implemented in Stan (Carpenter et al., 2017) 

Ri
∼Normal

(

R̂i , �R

)

; R̂i =
∑4

j=0
�jBj

(

�i

)

,

Ti
∼Normal

(

T̂i , �T

)

; T̂i =
∑4

j=0
� jBj

(

�i

)

,

Mi
∼Normal

(

M̂i , �M

)

; M̂i =
∑4

j=0
� jBj

(

�i

)

,

(

�R, �T , �M
)

∼Normal(0, 20),

�0
∼Normal(0.25,0.5); �j,j⩾1

∼Normal(0, 1),

�0
∼Normal(78, 4); � j,j⩾1

∼Normal(0, 2),

�0
∼Normal(78, 4); � j,j⩾1

∼Normal(0, 2).

log10(count(t)) = � + (� − �). e−kt.
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and the rstan package (Stan Development Team, 2020). The hierar-
chical model was

where i with 1 ≤ i ≤ Naquaria- by- strain is the aquarium- by- strain index, t 
with t∈{1,5,9,13,17,21,25} is the sampling time expressed in hours, yi,t 
is the observed value of log10(count) for aquarium- strain i at timepoint 
t and StudentT(ν, ŷi,t, σres) is Student's t- distribution parameterized with 
degrees of freedom ν, location ŷi,t and scale σres. This response distri-
bution was chosen to provide some robustness to outliers, especially 
in the case of counts estimated from HRM- derived proportions. The 
coefficient values were

where i with 1 ≤ i ≤ Naquaria- by- strain is still the aquarium- by- strain index, 
tri with 1 ≤ tri ≤ Ntrajectories is the trajectory index for aquarium- strain i, 
α is a vector of length Ntrajectories containing the asymptotic counts for 
all trajectories, inoi is the inoculum size index for aquarium- strain i, β 
is a vector of length NinoculumSizes containing the starting counts for all 
inoculum sizes, k is a vector of length Ntrajectories containing the growth 
rates for each trajectory, and reα, reβ and rek are random effects of the 
aquarium- by- strain identity such that

The priors used for the analysis were

Comparison of bacterial abundance at 25 h
Once growth curves had been fitted for each strain- by- treatment 
combination, posterior distributions of each parameter were 
available, making it possible to derive the predicted posterior 
distributions of the bacterial abundance at any time point along 
the growth trajectories. The posterior distributions for bacterial 
abundance were calculated at the end of the experiments (t = 25 h), 
individually for each strain- by- treatment combination (Table S3). 
Bacterial abundances in two treatments were then compared by 
calculating the posterior of the ratio of the predicted abundances 
at t = 25 h. For example, to compare the abundance of strain Ar in 
single infection (y1) with the abundance of strain Ar in mixed infec-
tion with As (y2) in the absence of antibiotics, the 95% confidence 
interval of the posterior distribution of y1/y2 was compared with 
the reference value 1 to determine if y1 and y2 were significantly 
different.

2.2.3  |  Survival analysis

Due to the loss of virulence in As, full pairwise analysis among 
the strains on fish survival could not be conducted. Nevertheless, 
some comparisons of survival in terms of virulence/avirulence of 
the strains and presence/absence of antibiotics were highlighted. 
For this purpose, fish survival time was modelled using a Weibull 
distribution with the survreg function of the survival package in R 
(Therneau, 2021). The explanatory factors in the survival model 
were strain type (combinations of strains and inoculum sizes), an-
tibiotic treatment (without/with antibiotics) and their interactions. 
Fish length was used as a continuous covariate. To avoid fitting is-
sues related to the cases where no death was recorded (e.g. sensi-
tive strains in the presence of antibiotics), the antibiotic variable was 
centred and coded as −0.5/+0.5 instead of 0/1, so that the refer-
ence level for antibiotic was the average between the two antibiotic 
treatments. For comparison of survival between treatment pairs of 
interest, marginal means and the corresponding p- values with the 
reference value of zero were estimated using the emmeans package 
in R (Russell, 2019).

2.3  |  Experiment 2: Effect of antibiotic resistance 
on coinfection between bacteria and flukes

This experiment used the sensitive and resistant B strain (Bs, Br), 
revived and cultured as in Experiment 1. Infected Lymnaea stagna-
lis snails, intermediate hosts of D. pseudospathaceum fluke shed-
ding clonal larvae (cercariae), were collected from Lake Vuojärvi 
(62°24′54″ N, 25°56′14″ E) and stored individually in 1 L of water 
at 6°C. Before the experiment, eight infected snails were taken to 
room temperature and allowed to produce cercariae individually 
in 250 mL of lake water for 3 h. Cercarial suspensions were then 
combined and cercarial density was estimated from ten subsam-
ples of 1 mL.

ŷi,t = �i +
(

� i − �i
)

× exp
(

− kit
)

,

yi,t
∼ StudentT

(

�, ŷi,t , �res
)

,
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]
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[

i
]
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i
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]
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(
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)

,
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[

i
]
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(
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)

.

�
[
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]

∼Normal(� = 5, � = 6) with truncation to (0, 20),

k
[
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]

∼ Exponential(� = 1),

�
[

inoi
]

∼Normal(3, 1),

��
∼Normal(0,0.5),

�k
∼Normal(0,0.05),

��
∼Normal(0,0.5),
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∼Normal(0,0.1),

(� − 1) ∼ Exponential(� = 0.1).
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    |  7ASHRAFI et al.

Rainbow trout from the same lot as in Experiment 1 were ex-
posed individually to single bacterial strains (6 × 103 CFU mL−1; 
2 × 25 fish), single fluke cercariae using two doses (50 or 70 cer-
cariae/fish; 2 × 25 fish), or co- exposed simultaneously to both 
bacterial strains and flukes in four different combinations (4 × 25 
fish). All exposures were also replicated in the presence of antibi-
otics (10 μg mL−1), totalling to 16 different treatment groups and 
400 fish (Table S4; Figure 1). Bacterial treatments without flukes 
received lake water, and control groups of 30 fish receiving pure 
culture medium and/or lake water instead of bacteria or flukes, 
respectively, were also established. Exposures, subsequent moni-
toring of fish and the sampling for bacterial abundance were done 
as in the first experiment. The number of Diplostomum parasites 
were counted in the eye lenses of each infected fish at the time of 
death, except for aquaria/fish used for quantification of bacterial 
abundance.

2.3.1  |  Statistical analysis of Experiment 2

A Bayesian approach was used to fit bacterial growth curves for 
each treatment and to compare their estimated abundance at 25 h 
(Table S5) as described for Experiment 1. Analysis of fish survival 
also followed the same procedure as for Experiment 1, with strain 
treatment (sensitive/resistant), antibiotic treatment (without/with 
antibiotics), dose of Diplostomum cercariae (three levels, 0/50/70), 
and their two- way and three- way interactions as explanatory vari-
ables. Fish length was used as a covariate. The mean survival times 
were estimated for each treatment and compared across treatments 
using the emmeans package in R.

The number of parasites in the eyes of fish was modelled using 
a generalized linear model (negative binomial distribution with log 
link function). The explanatory variables were dose of Diplostomum 
(50/70), F. columnare strain (sensitive/resistant), the presence of 
antibiotics (yes/no), and their two- way and three- way interactions. 
Fish length was used as a covariate. Post- hoc comparisons between 
treatments of interest were performed using the lsmeans package in 
R (Lenth, 2016).

3  |  RESULTS

3.1  |  Experiment 1: Bacterial coinfections in fish 
host

In this experiment, rainbow trout were challenged with antibiotic 
sensitive strains (As and Bs) and resistant mutants (Ar and Br) of F. co-
lumnare in single and coinfection combinations, in presence and ab-
sence of antibiotics. Real- time bacterial abundance was measured 
in vivo using strain- specific qPCR and fish survival was determined 
over the course of the experiment. In the absence of antibiotics, 
the abundance of the sensitive strains and the resistant mutants 

increased over time in both single- infections and coinfection com-
binations (Figures 2 and 3). Overall abundances in coinfections 
were lower than the sum of strain abundances in single infections 
(Table 1), suggesting competitive interactions.

The resistant mutants occupied lower proportion of the bac-
terial population in all coinfection combinations with the sensitive 
strains, supporting the idea of cost of resistance as lower com-
petitive ability. However, the proportions of resistant mutants in 
the coinfections were different depending on whether they were 
competing with the sensitive strain from the same genotype (ArAs 
and BrBs) or from a different genotype (ArBs and BrAs). The final 
proportion of Ar was higher when it was coinfecting with Bs com-
pared to coinfection with As, and the proportion of Br during the 
first half of the experiment (up to 13 h) was higher when coinfect-
ing with As compared to coinfection with Bs (Figure 3; Table 2; 
Figure S3).

The presence of antibiotics changed these dynamics. Similar to 
single infections (Figure 2), abundances of the coinfecting sensitive 
strains were effectively reduced by antibiotics (Figure 3), allowing 
coinfecting resistant mutants to reach higher densities in all com-
binations (Figure 3; Table S6). Importantly, however, coinfection of 
sensitive strains with resistant mutants of the same genotype (i.e. 
ArAs and BrBs) resulted in most cases in persistence of the sensitive 
strains regardless of presence of antibiotics, allowing those strains 
to reach roughly 20– 60 times higher densities compared to their 
corresponding single infections (Figure 3, Table 3).

Survival patterns across different treatments were not analysed 
because of loss of virulence in As. However, it is worth noting that 
antibiotics decreased virulence in coinfection combinations be-
tween Bs and the resistant mutants (i.e. ArBs and BrBs), but increased 
it in the combination AsBr (Figure 3; Table S7).

3.2  |  Experiment 2: Bacteria and fluke co- 
infections in the fish host

In Experiment 2, rainbow trout were challenged with antibiotic sen-
sitive and resistant F. columnare (Bs and Br) in coinfection with cer-
cariae of the eukaryotic parasitic fluke D. pseudospathaceum. Like 
in Experiment 1, in vivo bacterial abundance and fish survival were 
determined. Here, the numbers of flukes infecting eyes of fish were 
also counted. Coinfection with flukes resulted in lower densities of 
Bs and Br in the absence of antibiotics, independently of the cercarial 
dose (Table 4; Figure 4; Figure S4). However, the presence of flukes 
and the resulting lower bacterial abundance did not change the vir-
ulence of infection (Table S8). Importantly, presence of antibiotics 
removed the negative effect of flukes on abundance of Br (Figure 4; 
Table 4) and increased the virulence of the Br- fluke coinfection com-
pared to Br single infection (Figure 4; Table S8). Coinfection also 
influenced the numbers of flukes in eyes of fish depending on the 
interactions between the bacterial resistance, cercarial dose and 
presence of antibiotics (Figure S5).
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8  |    ASHRAFI et al.

4  |  DISCUSSION

Challenges of tackling the growing AMR crisis require detailed 
understanding of the biotic and abiotic factors that influence 
fitness- related traits of AMR bacteria. This is critical also for the de-
velopment of management strategies against bacterial diseases. It 
is important to acknowledge that in nature hosts are typically co-
infected with more than one pathogen or parasite species and in-
teractions between the coinfecting partners can directly influence 
pathogen fitness and disease outcome (Balmer et al., 2009; Hoarau 
et al., 2020; Susi et al., 2015). Moreover, the external environment, 
such as the presence of antimicrobials, influences these interac-
tions (Birger et al., 2015; Bottery, Matthews, et al., 2021; Bottery, 
Pitchford, et al., 2021; Davies et al., 2019; Estrela & Brown, 2018; 

Klümper et al., 2019). Yet, there is a lack of empirical work combin-
ing the effects of coinfections and antimicrobials on fitness- related 
traits of AMR bacteria infecting their natural hosts in vivo.

Here, we investigated real- time fitness of a pathogenic bacte-
rium in its natural fish host, capturing the effects of bacterial an-
tibiotic resistance, multispecies coinfections and the presence of 
antibiotics. We found that the costs and benefits of AMR were influ-
enced by the composition of the coinfecting bacterial strains, as well 
as by the presence of antibiotics, in some cases allowing coexistence 
of resistant mutants and sensitive strains. Our results also demon-
strate that the antibiotic resistant mutants showed lower replication 
in coinfection with metazoan flukes, while this effect was removed 
by the presence of antibiotics, resulting in higher virulence of the 
coinfection. Overall, our results suggest that resistant and sensitive 

F I G U R E  2  Bacterial abundance and survival of host (rainbow trout) as a function of time in single bacterial infections (inoculum sizes 50 
or 100) of antibiotic sensitive strains (As, Bs) and resistant mutants (Ar, Br) of Flavobacterium columnare in Experiment 1. Bacterial growth 
curves indicate the estimated mean number of genome copies per mL of aquarium water (GC mL−1 ± 95% confidence interval) for each 
time point, calculated from five aquarium replicates. Proportion of fish surviving in each treatment at each time point is estimated from 20 
individuals.
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    |  9ASHRAFI et al.

bacteria can benefit from coinfection interactions that take place 
even across different kingdoms. This supports wider implications of 
the coinfecting community composition for persistence of resistant 
and sensitive bacterial populations.

Our observation that resistant mutants had lower replication 
and/or competitive ability in presence of sensitive strains sup-
ports the idea of fitness costs of resistance (Melnyk et al., 2015), 
which is commonly associated with bacterial resistance to the pres-
ent model antibiotic, rifampicin (Hughes & Brandis, 2013; Melnyk 
et al., 2015; Song et al., 2014), as well as with chromosomal anti-
biotic resistance mutations in general (Alekshun & Levy, 2007; 
Vogwill & MacLean, 2015). Although competitive dominance of 
sensitive strains in most cases resulted in elimination of resistant 
mutants in absence of antibiotics, our results demonstrate that the 
outcome can be influenced by the type of interaction. Resistant 

mutants were virtually eliminated by the sensitive strains in combi-
nations of the same genotype (ArAs and BrBs), but when in coinfec-
tion with the other genotype (ArBs and BrAs) they persisted along 
with the sensitive strain at higher proportions and/or for a longer 
time. Mechanistically, this result may be caused by dissimilarity 
of resource requirements in genetically different bacteria (Letten 
et al., 2021; Song et al., 2014; Wale et al., 2017), or by degree of 
immunity against bacteriocins produced by the coinfecting strains 
(Juturu & Wu, 2018). Regardless of the underlying mechanisms, 
the present results suggest that although competitive exclusion of 
resistant strains can occur, it may not be an inevitable outcome of 
competition in absence of antibiotics. These results add to earlier 
studies on mechanisms promoting persistence of antibiotic resistant 
and sensitive strains (Borrell et al., 2013; Comas et al., 2011; Estrela 
& Brown, 2018; Ramadhan & Hegedus, 2005).

F I G U R E  3  Bacterial abundance, strain proportions and survival of host (rainbow trout) as a function of time in coinfection combinations 
between antibiotic sensitive strains (As, Bs) and resistant mutants (Ar, Br) of Flavobacterium columnare in Experiment 1. Bacterial growth 
curves indicate the estimated mean number of genome copies per mL of aquarium water (GC mL−1 ± 95% confidence interval) for each 
time point, calculated from five aquarium replicates. Proportion of fish surviving in each treatment at each time point is estimated from 20 
individuals. Survival curves for coinfections are shown in black, with coloured lines added to show the survival curves previously observed 
for the corresponding single infections (inoculums 50; Figure 1).
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10  |    ASHRAFI et al.

Antibiotics inhibited the growth of sensitive strains. In particular, 
this pattern was evident in combinations between different geno-
types (ArBs and BrAs) and resulted in increased replication (competi-
tive release) in the resistant mutants. Implications of the clearance of 
the sensitive strains for the overall virulence of infection, however, 
depended on the strain identity (AsBr resulted in higher virulence and 
BsAr in lower virulence compared to corresponding coinfections in 
the absence of antibiotics), which may be because of virulence/avir-
ulence or growth differences of the strains. Importantly, our results 
suggest that antibiotic resistant mutants conferred protection for 
their ancestral sensitive strains (ArAs and BrBs) in the presence of an-
tibiotics. This protective effect is interesting since the chromosomal 
mutations underlying rifampicin resistance should not influence the 
sensitive strains, for example, through antibiotic- inactivating pub-
lic goods (Brook, 2004; Perlin et al., 2009) or mutualistic interac-
tions in cross- feeding communities (Adamowicz et al., 2018; Munita 
& Arias, 2016). Regardless of the detailed mechanisms, the result 
suggests that sensitive bacteria can survive in presence of antibi-
otics if facilitated by their coinfecting resistant counterparts. This 
is interesting also from an applied perspective as it suggests that 

co- occurring resistant strains in an epidemic could allow sensitive 
strains, at least partly, to escape antibiotics and grow in presence 
of treatments, thus potentially accelerating the epidemic. Such 

TA B L E  1  Ratios between the observed total bacterial 
abundance in coinfections and the expected total abundance of the 
coinfecting strains based on single infections at t = 25 h in absence 
of antibiotics in Experiment 1.

Observed total 
abundance of 
coinfection

Expected total 
abundance based 
on single infections

Observed/expected 
abundance ratio (mean  
and 95% CI)

ArAs Ar.50 + As.50 0.55 (0.42– 0.71)*

BrBs Br.50 + Bs.50 0.50 (0.39– 0.63)*

ArBr Ar.50 + Br.50 0.40 (0.29– 0.54)*

AsBr As.50 + Br.50 0.32 (0.23– 0.43)*

ArBs Ar.50 + Bs.50 0.23 (0.18– 0.28)*

AsBs As.50 + Bs.50 0.24 (0.20– 0.30)*

Note: The ratios below 1 (i.e. 95% credible intervals not including 1) 
indicate significantly lower bacterial abundance in coinfection (marked 
with asterisks). As and Bs, and Ar and Br, refer to antibiotic susceptible 
strains and resistant mutants, respectively.

TA B L E  2  Ratios between the abundance of the coinfecting 
resistant mutant (Ar, Br) and total bacterial abundance in 
coinfection with the sensitive strains (As, Bs) at t = 25 h in absence 
of antibiotics in Experiment 1.

Abundance of the resistant mutant in 
coinfection/Total abundance of coinfection

Ratio (mean  
and 95% CI)

Ar/ArAs 0.25 (0.19– 0.32)*

Ar/ArBs 0.41 (0.34– 0.49)*

Br/BrBs 0.11 (0.07– 0.16)*

Br/BrAs 0.11 (0.08– 0.14)*

Note: The ratios below 0.5 (i.e. 95% credible intervals not including 
0.5) indicate significantly lower abundance of the resistant mutant 
compared to the sensitive strain (marked with asterisks).

TA B L E  3  Ratios between abundance of the sensitive strains 
(As, Bs) or resistant mutants (Ar, Br) of F. columnare in coinfection 
and their abundance in single infection at t = 25 h in presence of 
antibiotics in Experiment 1.

Coinfection Single infection
Ratio (mean  
and 95% CI)

ArAs Ar.50 0.68 (0.45– 1.00)

ArAs As.50 22.83 (8.70– 49.05)*

BrBs Br.50 0.75 (0.49– 1.10)

BrBs Bs.50 60.15 (38.14– 91.07)*

ArBr Ar.50 0.57 (0.38– 0.83)*

ArBr Br.50 0.06 (0.04– 0.09)*

ArBs Ar.50 0.92 (0.61– 1.32)

ArBs Bs.50 1.00 (0.86– 1.16)

AsBs As.50 1.88 (1.62– 2.16)*

AsBs Bs.50 0.97 (0.83– 1.13)

AsBr As.50 1.75 (1.50– 2.01)*

AsBr Br.50 0.68 (0.44– 1.02)

Note: Strains or mutants counted in each coinfection combination are 
indicated in bold and correspond to those in single 50 dose infections. 
The ratios above or below 1 (i.e. 95% credible intervals not including 
1) indicate significantly higher or lower abundance of the strains or 
mutants in coinfection (marked with asterisks).

TA B L E  4  Ratios between abundance of the sensitive strain 
(Bs) or of the resistant mutant (Br) of F. columnare in coinfection 
with D. pseudospathaceum fluke (Diplo doses 50 or 70) and 
their abundance in single infection (bacterial dose 100 in all) or 
in coinfection with lower Diplo dose in absence or present of 
antibiotics in Experiment 2.

Coinfection
Single or 
coinfection

Ratio (mean  
and 95%CI)

Without antibiotics

Br|Diplo.50 Br 0.55 (0.42– 0.71)*

Br|Diplo.70 Br 0.52 (0.40– 0.66)*

Br|Diplo.70 Br|Diplo.50 0.95 (0.72– 1.21)

Bs|Diplo.50 Bs 0.77 (0.60– 0.98)*

Bs|Diplo.70 Bs 0.62 (0.48– 0.78)*

Bs|Diplo.70 Bs|Diplo.50 0.80 (0.63– 1.00)

With antibiotics

Br|Diplo.50 Br 0.89 (0.68– 1.15)

Br|Diplo.70 Br 0.90 (0.69– 1.16)

Br|Diplo.70 Br|Diplo.50 1.02 (0.77– 1.32)

Bs|Diplo.50 Bs 1.00 (0.84– 1.18)

Bs|Diplo.70 Bs 1.25 (1.05– 1.47)

Bs|Diplo.70 Bs|Diplo.50 1.25 (1.06– 1.47)

Note: The ratios below 1 (i.e. 95% credible intervals not including 1) 
indicate significantly lower abundance of the strains or mutants when in 
coinfection with flukes (marked with asterisks).

 1365294x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.17040 by U
niversity O

f Jyväskylä L
ibrary, W

iley O
nline L

ibrary on [12/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



    |  11ASHRAFI et al.

conditions could also facilitate emergence of new antibiotic- resistant 
mutants. Therefore, the combined implications of coinfection inter-
actions and antibiotics may be broader than previously anticipated.

The role of inter- kingdom interactions between pathogens and/
or parasites in determining fitness of antibiotic resistant bacteria 
remains poorly understood (Sundberg & Karvonen, 2018). Here, 
coinfection with the Diplostomum fluke resulted in significantly 
lower bacterial replication/population size in both resistant and 
sensitive bacteria, while the overall virulence of infection remained 
unaltered. Mechanistically, this may be related to direct or indi-
rect host- mediated interactions between the two infections (Louhi 
et al., 2015). Importantly, the negative effect of the fluke on the 
replication of the resistant bacteria was removed in presence of 
antibiotics, resulting in higher overall virulence in coinfection with 
the parasite. This result suggests that inter- kingdom parasite inter-
actions can have a major impact on fitness- related traits of anti-
biotic resistant bacteria in presence of antibiotics, providing rare 
evidence of such interaction in a parasite not targeted by an antibi-
otic treatment. Thus, antibiotics can benefit resistant bacteria not 
only by eliminating competing sensitive strains but also by increas-
ing their fitness under coinfection with other parasites. Since both 
inter- kingdom coinfections and antibiotics are commonly found in 
different types of environments (Cabello et al., 2013; Karvonen 
et al., 2019; Read & Taylor, 2001), these findings have broader im-
plications for disease epidemiology and AMR.

In conclusion, we show that interactions between related bacte-
rial strains, as well as inter- kingdom interactions between different 
parasite taxa, influence the fitness- related traits of sensitive and 

antibiotic resistant bacteria and thus have the potential to mod-
ify evolutionary trajectories of antibiotic resistance. Coinfection, 
allowing both resistant mutants and sensitive strains to persist in 
a hostile environment, highlights the fact that responses of multi-
species bacterial communities to antibiotic selection can go beyond 
their performance in isolation. Furthermore, the beneficial effect 
of antibiotics on replication of the resistant mutants, initially sup-
pressed by another parasite, emphasizes the importance of broad, 
community- wide interactions between different types of infec-
tions. These results are important as increasing use of antibiotics 
in medicine and food production selects for AMR and results in 
antibiotic leakage into the environment (Cabello et al., 2013; Klein 
et al., 2018). Antibiotic residues are particularly common in agricul-
ture and aquaculture (Berendsen et al., 2015; Jansen et al., 2017; 
Zhang et al., 2016), and bacteria carrying AMR genes are most 
common in proximity of food production (Wichmann et al., 2014). 
Because of the antibiotic leakage, residues are detected also in the 
environment, such as in lakes and rivers, in different concentrations 
(Kairigo et al., 2020; Kovalakova et al., 2020). Thus, it is clear that 
antibiotics and AMR influence bacterial dynamics in many different 
environments. Given this multidimensionality, our results suggest 
that understanding conditions underlying evolution and spread of 
antibiotic resistance in natural conditions may be more challenging 
than previously acknowledged.
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