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Abstract 

Eutrophication of aquatic ecosystems is associated with an increased risk of pathogen infection via increased pathogen growth and 

host exposure via increased pathogen doses. Here , w e studied the effect of nutrients on the virulence of an opportunistic bacterial 
patho gen of fish, Flav obacterium columnar e , in c hallenge experiments with r ainbow trout fingerlings. We hypothesized that removing 
all nutrients by washing the bacteria would reduce virulence as compared to unwashed bacteria, but adding nutrients to the tank 
w ater would incr ease the virulence of the bacterium. Nutrient addition and increase in bacterial dose increased virulence for both 

unwashed and washed bacteria. For unwashed bacteria, the addition of nutrients reduced the survival probability of fish challenged 

with low bacterial doses more than for fish challenged with higher bacterial doses, suggesting acti v ation of bacterial virulence factors. 
Washing and centrifugation reduced viable bacterial counts, and the addition of washed bacteria alone did not lead to fish mortality. 
However, a small addition of nutrient medium, 0.05% of the total water volume, added separately to the fish container, restored the 
virulence of the washed bacteria. Our results show that human-induced eutrophication could trigger epidemics of aquatic pathogens 
at the limits of their survi v al and affect their ecology and e volution b y altering the dynamics between strains that differ in their growth 

c har acteristics. 

Ke yw ords: aquatic environment; bacterium; eutrophication; fish disease; Flavobacterium columnare ; nutrient 
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Introduction 

Eutrophication of aquatic ecosystems is one of the most serious 
envir onmental pr oblems, leading to man y negativ e effects suc h 

as algal blooms, oxygen depletion, fish kills, and loss of biodiver- 
sity (Smith and Schindler 2009 ). One of the main concerns associ- 
ated with anthropogenic nutrient enrichment is the increased risk 
of infection (McKenzie and Townsend 2007 , Johnson et al. 2010 ,
Aalto et al. 2015 ). Nutrient enrichment has been associated with 

increased infections in various aquatic organisms, such as fungal 
infections in corals (Voss and Richardson 2006 ), helminth infec- 
tions in amphibians (Johnson et al. 2007 ), and myxozoan infec- 
tions in fish (Bailey et al. 2018 , Lauringson et al. 2021 ). 

Many pathogens that cause disease epidemics in aquatic or- 
ganisms can survive and replicate in the aquatic environment 
without the host (Arias et al. 2012 , Sundberg et al. 2014 , Ben 

Hamed et al. 2018 , Zhang et al. 2020 ). In natural waters without 
nutrient or organic pollution, the nutrient le v els ar e usuall y low 

(Wetzel 2001 ), and numbers of microbial pathogens are so low that 
successful host invasions are unlikely. Many aquatic microbes are 
adapted to persist in low-nutrient water while retaining the ability 
to r epr oduce under nutrient r eplete conditions (Elser et al. 1995 ,
Cotner et al. 2010 ). 

The eutrophication of aquatic ecosystems or the accumu- 
lation of organic nutrients in the water can create conditions 
that favor disease outbreaks in aquatic organisms (Smith and 
Recei v ed 25 August 2023; revised 29 J an uar y 2024; accepted 31 J an uar y 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution License ( https://cr eati v ecommons.org/licenses/by/4.0/ ), whic
medium, provided the original work is properly cited.
chindler 2009 , Kinnula et al. 2017 ). Increased nutrients can pro-
ote pathogen growth and consequently increase the risk of in-

ection by increasing the infectious pathogen dose encountered 

y the host (Smith and Schindler 2009 , Wedekind et al. 2010 , Kin-
ula et al. 2017 ). Incr eased or ganic and inor ganic nutrient en-
ichment of the environment outside the host may affect the
r owth and c har acteristics of envir onmentall y gr owing oppor-
unistic pathogens, including their virulence (Brown et al. 2012 ).
urthermor e, if the r esources av ailable in the outside-host envi-
 onment ar e nutritionall y close to the host tissues, the pathogen
ould become pr eada pted for host exploitation (Brown et al. 2012 ,
 etola et al. 2016 ), possibl y via activ ation of virulence factors

Penttinen et al. 2016 , Kinnula et al. 2017 ). Understanding the ef-
ects of nutrient enrichment on the dynamics and evolution of
quatic pathogens, both in natural waters and in aquaculture, is
mportant for predicting and mitigating their impact on aquatic 
cosystems and food production. 

Flavobacterium columnare is an aquatic pathogen that infects a 
ide range of freshwater fish, including important aquaculture 

pecies such as channel catfish and salmonids (Declercq et al.
013 ). The pathogen attacks the gills, skin, and fins of fish, caus-
ng tissue damage and necrosis, that is ultimately fatal to the host.
nfection with highly virulent strains can kill the host before vis-
ble signs of disease appear. The pathogen can m ultipl y in liv e
nd dead host fish, and other organic decaying material in the
 is an Open Access article distributed under the terms of the Cr eati v e 
h permits unrestricted reuse, distribution, and reproduction in any 
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ater (Kunttu et al. 2009 , 2012 ). Flavobacterium columnare can be
solated from lake water (Kunttu et al. 2012 ), and has been shown
o survive in lake water and distilled water for long periods in the
aboratory (Arias et al. 2012 , Sundberg et al. 2014 ). In the natu-
 al envir onment, the bacterium is likel y to encounter mor e olig-
trophic conditions than in the aquaculture facilities, where wa-
er can contain high concentrations of nutrients from fish feed
nd excreta (Naylor et al. 1999 ). Increased nutrient concentrations
n the growth medium (Penttinen et al. 2016 ) or in tank water
Kinnula et al. 2017 ) have been shown to increase the virulence
f F. columnare in challenge tests with rainbow trout ( Oncorhynchus
 ykiss ) and zebr afish ( Danio rerio ). Or ganic nutrients in the water

f fish farms could ther efor e pr omote disease epidemics caused
y F. columnare on farms. 

Here, we studied the effect of nutrients in the environment out-
ide the host on the virulence of F. columnare in fish challenge
xperiments using five different doses of bacteria. We compared
he virulence of fresh, unwashed bacteria with bacteria that had
een centrifuged, washed, and diluted in distilled water to r emov e
rowth media. We then examined how the virulence of these
acteria responded to a small addition of growth media (0.05%),
d ded se par atel y to the fish tank. We hypothesized that removing
ll nutrients by washing would reduce virulence but adding nutri-
nts to the tank w ater w ould increase virulence of the bacterium
o rainbow trout fingerlings. We show that organic nutrients in
he water increase virulence, and especially so at low bacterial
oses, and in washed and possibly damaged bacterial cells. Our
esults suggest that environmental nutrient enrichment may be

ore important than previously thought in maintaining and ini-
iating disease epidemics in aquatic organisms. 

aterials and methods 

lavobacterium columnare strain B067 stored frozen in −80 ◦C with
0% fetal calf serum and 10% gl ycer ol was r esuspended in modi-
ed Shieh medium (Song et al. 1988 ), further modified by exclud-

ng yeast extract and replacing peptone with casamino acids, and
ultur ed ov ernight at r oom temper atur e . T he o v ernight cultur e
as subcultured for a further 18 h by adding 2 ml of the overnight

ulture into 20 ml of fresh medium. After combining all subcul-
ur es, bacterial cultur e was divided into fiv e 50 ml tubes. Four of
he tubes were centrifuged (3500 g , 4 ◦C, and 12 min), the liquid su-
ernatant was r emov ed, and the pellets wer e diluted bac k to 50 ml
f distilled sterile water. This pr ocedur e was repeated twice, after
hich the pellets from all four tubes were combined and diluted

n 21 ml of distilled sterile water. One remaining unwashed 50 ml
ube of the bacterial culture was used as such in the fish challenge
xperiments (see below). Both the washed and unwashed bacte-
ial solutions were diluted at 1:2, 1:5, 1:10, and 1:20 with distilled
terile water. Including the undiluted cultur es, ther e wer e 10 sep-
rate bacterial treatments in total to be used in fish challenges.
iable counts of undiluted solution and solutions diluted to 1:2
nd 1:20 were then determined from plate counts of serial dilu-
ions (10 0 –10 −7 ) on Shieh agar plates . T he viable counts for the
:5 and 1:10 dilutions were calculated based on counts from the
or e concentr ated cultur es assuming that the change in bacte-

ial numbers was proportional to the dilution of the liquid. 
The fish challenge experiments tested the effect of washing the

acteria, bacterial dose, and n utrient ad dition on bacterial viru-
ence. Rainbow tr out ( O. m ykiss ) fingerlings wer e obtained fr om
 fish farm using groundwater and were therefore disease-free.
he fish were maintained in the laboratory in aerated well water
ith a 12:12 L:D cycle at 17 ◦C and fed with commercial pellets.
rior to the experiment, the water temper atur e in the fish hold-
ng tanks was gr aduall y incr eased fr om 16.4 to 25.5 ◦C ov er 8 days
o acclimate the fish to higher temper atur e. Higher temper atur e
as used to ensure rapid onset of the disease to meet the hu-
ane endpoints of the experiment. Rainbow trout fingerlings (0.8
0.3 g) wer e individuall y tr ansferr ed to 500 ml plastic containers

lled with borehole water (25.5 ◦C) aerated immediately before the
xperiment. Fish wer e c hallenged using the continuous exposur e
ethod (Kinnula et al. 2015 ). Briefly, 500 μl of each bacterial dose

1:0, 1:2, 1:5, 1:10, and 1:20) of either washed or unwashed bacteria
as added to the containers, for a total of 10 treatments. A total of
0 additional treatments (each of the five doses for both washed
nd unwashed bacteria) r eceiv ed an addition of 500 μl of fresh
hieh medium. Specifically, the bacteria were not mixed with the
utrient medium prior to addition to the fish containers, but the
edium was added separ atel y after the addition of the bacteria

n the opposite side of the container. There was no aeration in
he containers, so bacteria and nutrients were mixed to the water
nly due to fish mo vements . After exposure , the fish containers
ere placed in random order on the shelves in a temperature-

ontr olled r oom at 25.5 ◦C. Eac h bacterial dose x nutrient treat-
ent (without or with nutrient addition) combination was repli-

ated ten times, except for the treatment with unwashed bacteria
nd nutrient addition with the lo w est dose, which had only nine
sh, resulting in 199 challenged fish. In addition, 30 fish received a
00 μl addition of unwashed Shieh medium, and 20 fish r eceiv ed
 500 μl addition of sterile water. A total of 249 fish were used in
he experiment. 

Fish were monitored hourly for signs of disease and those
howing signs of disease (moribund, unbalanced swimming, and
nr esponsiv e to external stim uli) wer e euthanized with Tricaine
esylate solution (MS-222, Sigma) and killed by decapitation with

cissors. Bacterial samples from fish gills were plated on Shieh
gar plates containing tobramycin (Decostere et al. 1997 ) to ver-
fy infection with F. columnare . Fish w eights w er e r ecorded . The
xperiment was terminated after 30 h, after which all surviv-
ng fish were killed with an overdose of MS-222. The experiment
 as conducted accor ding to the Finnish Act on the Use of Ani-
als for Experimental Purposes . T he license was granted by the
ational Animal Experiment Board at the Regional State Ad-
inistr ativ e Agency for Southern Finland (permission number

SAVI/10184/04.10.07/2014). 

a ta anal yses 

or fish challenges with the unwashed bacteria, the fish survival
as analyzed with Cox survival analysis, with nutrient addition as

ategorical, and bacterial dose (CFU ml −1 , log-transformed, with
ean standardized to zero) and fish weight as continuous vari-

bles. Model selection was based on the Akaike information crite-
ia starting from the full model including a three-way interaction
nd all 2-way interactions. The proportional hazards assumption
as c hec ked with Sc hoenfeld r esiduals test ( P > .05 for all tested

actors) (In and Lee 2019 ). For fish challenges with the washed bac-
eria, the lack of mortality in treatment without added nutrients
ed to problems with model convergence in cox-regression, hence
a plan–Meier log-r ank test was used for comparing the two nutri-
nt le v els. Statistical anal yses wer e performed using R-studio ver-
ion 2022.12.0.353 (RStudio Team 2020 ), with pac ka ge “surviv al”
Therneau 2023 ). 

Due to the statistical limitations in performing survival anal-
ses, mean fish longevity was further analyzed. For each bacte-
ial dose and nutrient treatment, one-tailed one-sample t -tests
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Figure 1. Ka plan–Meier surviv al pr obabilities for r ainbow tr out ( O. m ykiss ) fingerlings c hallenged with F. columnare . Fish wer e c hallenged with fiv e 
different doses (CFU ml −1 ) of (A) unwashed bacteria without nutrients, (B) unwashed bacteria with nutrient addition, (C) washed bacteria without 
nutrients, and (D) washed bacteria with nutrient addition. Note that the doses differ between unwashed and washed bacteria. 
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were used to test whether the mean survival time was less than 

the maxim um surviv al time in the experiment (30 h). Bonferroni- 
corr ection was a pplied to adjust the probability of increased risk 
of type I error associated to multiple testing. In addition, the per- 
centage of survived fish was calculated for each bacterial dose 
and nutrient treatment, but as most of these were either 0% 

or 100%, they were not statistically analyzed, but are shown for 
comparison. 

Results 

Based on plate counts of unwashed and washed bacteria, wash- 
ing resulted in ∼1000 times lo w er bacterial doses administered to 
fish. The doses at dilutions 1:0, 1:2, 1:5, 1:10, and 1:20 for the un- 
w ashed bacteria w ere 3.5 × 10 4 , 1.8 × 10 4 , 7.1 × 10 3 , 3.6 × 10 3 ,
and 1.8 × 10 3 CFU ml −1 , while those for the washed bacteria were 
4.2 × 10 1 , 2.1 × 10 1 , 8 × 10 0 , 4 × 10 0 , and 2 × 10 0 CFU ml −1 . Due to
this large difference in CFU ranges for the washed and unwashed 

bacteria, the data wer e anal yzed separ atel y for fish c hallenged 

with unwashed and washed bacteria. Of the 20 control fish with 

the addition of 500 μl of sterile water, one died at time point 19 h,
and of the 30 control fish with the addition of 500 μl of fresh Shieh 

growth medium, one died at time point 27 h. Howe v er, F. columnare 
was not r ecov er ed fr om the bacterial gill samples of these two fish.

The best model explaining fish survival in challenge experi- 
ment with unwashed bacteria included nutrient addition, bacte- 
rial dose, and their interaction. Fish weight had no effect on sur- 
viv al pr obability. Nutrient addition decr eased fish surviv al pr oba- 
ility (Exp(b):604.2; 95% CI: 78–4657; Wald: 6.146, P < .001). Sur-
iv al pr obability also decr eased with incr ease in bacterial dose
CFU) (Fig. 1A and B; Exp(b):93.4 for log-transformed values; 95%
I: 19–466; Wald: 5.530, P < .001). The interaction between nutrient
ddition and bacterial dose was statistically significant, indicating 
hat when nutrients were added, bacterial dose had less effect on
he surviv al pr obability (Fig. 1A and B; Exp(b):0.06; 95% CI: 0.01–
.27; Wald: −3.587, P < .001), i.e. also the fish challenged with low
acterial doses died. 

The addition of nutrients also reduced the survival probabil- 
ty of fish challenged with washed bacteria, (Fig. 1 C and D; log
ank χ2 = 30.5, df = 1, P < .001). When nutrients were not added
ith the washed bacteria, bacterial dose had no effect on fish sur-
ival (Fig. 1 C; log rank χ2 = 4, df = 4, P = .4), but when nutrients
ere ad ded, survi val probability decreased with increasing bacte-

ial dose (Fig. 1 D; log rank χ2 = 65.4, df = 4, P < .001). 
For fish challenged with unwashed bacteria the mean survival 

ime was not different from 30 h (maximum survival to the end
f the experiment) for the three lo w est bacterial doses (Fig. 2 A;
ne- sample t -tests, one-sided P > .05), i.e. all fish survived in these
reatments (Fig. 2 C). At the two highest bacterial doses, the mean
urvival time was statistically significantly less than 30 h (Fig. 2 A;
ose 3.5 × 10 4 CFU ml −1 , t = −15.5, df = 9, P < .001 and dose
.8 × 10 4 CFU ml −1 , t = −4.4, df = 9, P < .01), and fish survival
as less than 10% (Fig. 2 C). When nutrients were added with un-
ashed bacteria, the mean survival time was statistically signifi- 

antly less than 30 h for all bacterial doses (Fig. 2 A; dose 3.5 × 10 4 

FU ml −1 , t = −23.7, df = 9, P < .001; dose 1.8 × 10 4 CFU ml −1 , t =
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Figure 2. Survival times of individual fish and mean survival time ± SE (h) and survival percentage (%) of rainbow trout ( O. mykiss ) fingerlings 
challenged with F. columnare . Fish were challenged with five different doses (CFU ml −1 ) of (A), (C) unwashed F. columnare and (B), (D) washed F. columnare , 
both without (open symbols) or with nutrient addition (filled symbols). Note, that the x -axis scales (doses) are different for the unwashed (left panel) 
and the washed bacteria (right panel). 
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12.9, df = 9, P < .001; dose 7.1 × 10 3 CFU ml −1 t = −33, df = 9, P
 .001; 3.6 × 10 3 CFU ml −1 ; t = −14.6, df = 9, P < .001; 1.8 × 10 3 

FU ml −1 ; t = −5.5, df = 8, P < .01). None of the fish challenged
ith unwashed bacteria and added nutrients survived (Fig. 2 C).
utrient addition, thus decreased fish survival relatively more at

he three lo w est bacterial doses than at the two highest doses, as
t the three lo w est bacterial doses no mortality occurred without
d ded n utrients. 

The mean survival time of fish challenged with washed bacte-
ia did not differ from 30 h (maximum survival time to the end of
he experiment) for any of the five bacterial doses given (Fig 2 B;
ne-sample t -tests, one-sided P > .05). Mortality occurr ed onl y at
he highest dose (Fig. 2 D). For fish challenged with washed bac-
eria and n utrient ad dition, the mean survival time was not dif-
er ent fr om 30 h for the three lo w est bacterial doses (one-sample
 -tests, one-sided P > .05), but was statistically significantly lo w er
han 30 h for the two highest doses (dose 4.2 × 10 1 CFU ml −1 ,
 = −10.2, df = 9, P < .001 and dose 2.1 × 10 1 CFU ml −1 , t =
30, df = 9, P < .001). When nutrients were added to the washed
acteria, mortality occurred at all but the lo w est bacterial dose
Fig. 2 D). 

iscussion 

ere, w e sho w ed that a small addition of nutrient medium (0.05%
f water volume), added separ atel y to the fish container, r estor ed
he virulence to washed F. columnare bacteria, whereas without
 utrient ad dition the washed bacteria were unable to infect fish.

n addition, when challenged with unwashed bacteria, the addi-
ion of nutrients reduced fish survival probability and survival
ime r elativ el y mor e at the lo w est doses of F. columnare than at
he higher bacterial doses. In natural, unpolluted water environ-

ents, bacterial abundances are generally low (Wetzel 2001 ) and
athogens r epr esent onl y a fr action of the bacteria. Hence, the
oses of microbial pathogens encountered by the hosts in natural
 aters are lo w as compared to the pathogen doses r equir ed for

onfirmed infections under experimental conditions (Kinnula et
l. 2015 , Sundberg et al. 2016 ). The curr ent r esults suggest that
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when pathogenic bacteria are in poor condition or when their 
numbers are low in natural unpolluted water environment, pres- 
ence of organic nutrients in water may have a critical importance 
in restoring the virulence of the pathogenic bacteria. The results 
support pr e vious findings on the effect of human-induced envi- 
r onmental nutrient enric hment in maintaining and triggering dis- 
ease epidemics in aquatic organisms (Wedekind et al. 2010 , Kin- 
nula et al. 2017 , Pulkkinen et al. 2018 , Zhang et al. 2020 ). 

Our results from the challenges with the different doses of un- 
washed bacteria confirmed the findings of pr e vious studies on the 
dose-dependent infection probability of F. columnare (Kinnula et 
al. 2015 , 2017 ). Pr e vious studies hav e shown that addition of ex- 
tra nutrients in the growth medium or aquarium water increases 
the virulence of aquatic bacterial pathogens (Wedekind et al. 2010 ,
Penttinen et al. 2016 , Kinnula et al. 2017 ). Increased nutrient avail- 
ability is likely to increase bacterial replication and hence the 
pathogen dose contacted by the host, thereby increasing the like- 
lihood of infection. A pr e vious study demonstr ating incr eased vir- 
ulence associated with n utrient ad dition used 0.64%–1.28% nutri- 
ent addition with fresh, unwashed cultures that may also contain 

nutrients from the original growth medium (Kinnula et al. 2015 ).
In our experiment, the nutrient addition (0.05%) was an order of 
magnitude lo w er, and it w as ad ded se par atel y to the other side of 
the fish container, so that the added bacteria were not in direct 
contact with the nutrient broth when dispersing into the water 
in the container solely due to fish mo vements . T herefore , it is un- 
likely that the increased virulence due to nutrient addition in our 
experiment was ac hie v ed solel y via incr eased gr owth of the bac- 
teria. 

In current experiments, fish survival was relatively lo w er at 
the low doses than at the high doses of the unwashed bacteria 
when nutrients were added. The study by Kinnula et al. ( 2017 ) did 

not find an interaction between bacterial dose and nutrients but 
did find increased virulence in a low virulent strain in the high- 
est nutrient treatment. Our results support the suggestion that 
increased virulence in the presence of outside-host nutrients is 
ac hie v ed in part thr ough activ ation of virulence factors (Kinnula 
et al. 2015 , Penttinen et al. 2016 ). In F. columnare , increased nutrient 
le v els hav e been shown to activ ate the putativ e virulence factors 
c hondr oitinase (cslA) and collagenase (Penttinen et al. 2016 ). 

Based on plate counts, there was an extensive loss of cell vi- 
ability after washing, centrifugation, and subsequent dilution in 

distilled water in our experiment. Washing and subsequent cen- 
trifugation are standard laboratory procedures used to remove ex- 
ternal contaminants from cells under investigation (Peterson et 
al. 2012 ). High-speed centrifugation (15 000 × g ) is known to dam- 
a ge Gr am-negativ e bacterial cells due to the shear forces caused 

by cell collisions (Pembrey et al. 1999 , Peterson et al. 2012 ). On 

the other hand, the centrifugation speed in our experiment was 
below the le v el at whic h significant cell dama ge has been found 

(5000 × g ) and which is used as a reference method in experi- 
ments (Pembrey et al. 1999 ). It is possible that the long rod-like 
cell morphology (0.3–0.5 μm wide × 3–10 μm long) of F. columnare 
cells makes them mor e sensitiv e to damage during centrifugation 

than the coccoid cells or short rods previously tested (Pembrey et 
al. 1999 , Declercq et al. 2013 ). 

Dilution of bacterial cells to distilled water alone may not have 
been detrimental to F. columnare cells, as F. columnare can remain 

viable in distilled water for months (Arias et al. 2012 , Sundberg 
et al. 2014 ). Long-term survival in distilled water has been sug- 
gested to be based on the recycling of nutrients from dead and 

decaying cells (Kunttu et al. 2009 ), but cell division of starved cells 
under the microscope has not been demonstrated (Arias et al.
012 ). Flavobacterium columnare cells appear to remain culturable 
 v en under pr olonged starv ation (Arias et al. 2012 ), unlike some
ther aquatic pathogenic bacteria such as Aeromonas hydrophila 
Rahman et al. 2001 ), F. psychrophilum (Madetoja et al. 2003 ), or
rancisella noatunensis (Duodu and Colquhoun 2010 ), which enter a
onculturable but viable state. Instead, F. columnare cells undergo 
 change in cell morphology from the long rod shape to a coiled
esting form (Arias et al. 2012 ). Diversification of colony morphol-
gy detected during pr olonged starv ation also suggests that cell
or phology under goes c hanges during starv ation (Sundber g et al.

014 ). 
The loss of virulence in fish challenge experiments after wash-

ng and centrifugation was pr obabl y due to damage to cell surface
olecules, whic h ar e important virulence factors for F. columnare

Kunttu et al. 2021 ). The importance of surface molecules for vir-
lence in F. columnare has been demonstrated, for example, in ex-
erimental infections of F. columnare cells with pha ges, whic h led
o a change in colony morphotype with a concomitant loss of vir-
lence (Laanto et al. 2012 , Kunttu et al. 2021 ). Surface molecules
ffect bacterial properties such as adhesion, colony morphotype,
nd biofilm formation, all of which may contribute to fish epithe-
ial colonization and hence bacterial virulence (Decostere et al.
997 , Kunttu et al. 2011 , Oliv ar es-Fuster et al. 2011 , Lange et al.
017 ). In addition to surface molecules, bacterial virulence is af-
ected by proteins and polymeric substances (EPS) that bacteria 
xcrete outside the cells (Newton et al. 1997 , Laanto et al. 2014 ,
ange et al. 2017 , Zhang et al. 2017 , Mekasha and Linke 2021 ). The
PSs ar e excr eted via specialized secr etion systems, of which T9SS
as been associated with se v er al virulence factors in F. columnare

Kunttu et al. 2021 , Mekasha and Linke 2021 ), such as c hondr oitin
C l yase and metallopr oteases that degr ade connectiv e and m us-
le tissue (Newton et al. 1997 ). Centrifugation and washing may
av e r emov ed these substances or altered their expression, and
ence the virulence properties of the bacterial cells. 

Inter estingl y, the pr esence of fish and the potential nutrients in
sh excreta in the water alone were not sufficient to induce infec-
ion when the washed F. columnare cells were added to fish contain-
rs without added nutrients. Fish mucus can support the growth
f F. columnare (Shoemaker et al. 2018 ) and F. columnare biofilms
Lange et al. 2020 ) and increase the expression of some extracel-
ular pr oteins (Star oscik and Nelson 2008 , Almeida et al. 2019 ), all
f which could aid in the infection of fish hosts. In addition, the
utrients in fish excreta could support bacterial growth. 

According to the plate count, the doses of the unwashed bac-
eria wer e thr ee orders of magnitude higher than doses of the
ashed bacteria, but when nutrients were added, the survival 

imes of the fish challenged with the two highest doses (4 × 10 1 

nd 2 × 10 1 CFU ml −1 ) of the washed bacteria were not m uc h lo w er
20–25 h) than that of the unwashed bacteria (15–25 h), and none
f the fish survived. The plate count may have underestimated
he abundance of the washed cells because there was a longer
nterval between preparation of the washed solution and plating 
han betw een w ashing and challenge of the fish. Another possibil-
ty is that washed bacteria formed a ggr egates, r esulting in higher
oses added to fish containers than detected by plate counting.
ggregation of F. columnare cells has been detected after Ca 2 Cl 2 
ddition to TYES medium (Evenhuis et al. 2021 ) or after mucin
ddition to Shieh medium (Almeida et al. 2019 ), as well as in our
xperience after dilution of the Shieh nutrient medium. Ho w e v er,
he dilution series of washed bacteria with n utrient ad dition also
 ppear ed to function in a dose-dependent manner, based on re-
uction in mean host longevity and proportion of fish surviving
ith the increase in bacterial dose. 
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In conclusion, our results suggest that nutrients in the outside
ost environment of the bacteria may play a crucial role in main-
aining and initiating disease epidemics. In F. columnare , there is
 positive association with growth and virulence (Pulkkinen et al.
010 , 2018 , Kinnula et al. 2017 ), as well as a dose-dependent in-
rease in host infection risk (Kinnula et al. 2017 ), suggesting that
he virulent strains generally win in the competition for host in-
 asion. Her e , we ha v e shown that or ganic nutrients can r estor e
irulence to bacterial cells that are on the v er ge of losing viabil-
ty in water, and that nutrients increase virulence r elativ el y mor e
t the low bacterial doses than at the high doses. In the natural,
ess eutrophic waters, some pathogenic bacteria may persist in
ow numbers at the limits of their viability. Anthropogenic nutri-
nt enrichment of the environment could promote the growth of
hese slo w-gro wing pathogens to r eac h the doses r equir ed for host
nv asion and incr ease their contribution to epidemics, thus chang-
ng the dynamics between pathogen strains. Nutrient enrichment

ay ther efor e hav e a greater impact on the ecology and evolution
f pathogens in aquatic organisms than pr e viousl y thought, both
n natural waters and in aquaculture. 
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