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Abstract Parasite-mediated selection may initiate or

enhance differentiation between host populations that are

exposed to different parasite infections. Variation in

infection among populationsmay result from differences

in host ecology (thereby exposure to certain parasites)

and/or intrinsic immunological traits. Species of cichlid

fish, evenwhen recently diverged, often differ in parasite

infection, but the contributions of intrinsic and extrinsic

causes areunknown.Here,wecompare infectionpatterns

between two closely related host species from Lake

Victoria (genusPundamilia), usingwild-caught andfirst-

generation laboratory-reared fish, as well as laboratory-

reared hybrids. Three of the commonest ectoparasite

species observed in the wild were also present in the

laboratory populations. However, the infection differ-

ences between the host species as observed in the wild

were notmaintained in laboratory conditions. In addition,

hybrids did not differ in infection from either parental

species. These findings suggest that the observed species

differences in infection in the wild might be mainly

driven by ecology-related effects (i.e. differential expo-

sure), rather than by intrinsic species differences in

immunological traits. Thus, while there is scope for

parasite-mediated selection in Pundamilia in the wild, it

has apparently not yet generated divergent evolutionary

responses and may not enhance assortative mating

among closely related species.
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Introduction

Parasites constitute a major source of ecological

selection, as they impose fitness costs on their hosts

(e.g. reduced growth, reproduction and survival,

Agnew et al., 2000; Lafferty & Kuris, 2009; Segar

et al., 2018), initiating coevolutionary dynamics of

adaptation and counter-adaptation (Decaestecker

et al., 2007). When different host populations encoun-

ter different parasites, they may engage in divergent

co-evolutionary arms races. This may lead to host

genetic divergence and eventually reproductive isola-

tion (Hamilton & Zuk, 1982; Landry et al., 2001; Nosil

et al., 2005; Maan et al., 2008; Eizaguirre et al., 2011),

or it may strengthen differentiation once a certain level

of reproductive isolation is already established

through other mechanisms (Haldane, 1949; Price

et al., 1986; Karvonen & Seehausen, 2012).

Heterogeneity in infection among populations or

closely related species has been observed in a wide

range of animal taxa (e.g. bivalves Coustau et al.,

1991; fish Thomas et al., 1995; MacColl, 2009;

crustaceans Galipaud et al., 2017; reptiles Carbayo

et al., 2018; mammals Boundenga et al., 2018). When

host species differ in ecology (e.g. diet, habitat), they

may be exposed to different parasites and adapt to

these specific parasite threats by evolving resistance

(which prevents or reduces infection) or tolerance

(which reduces the fitness cost imposed by infection).

Thus, variation among hosts in infection patterns is the

result of host ecology, immune response and the

interactions between them (Wolinska & King, 2009).

The relative importance of such intrinsic and extrinsic

factors in determining parasite infection patterns is

often unknown. Controlled laboratory conditions offer

the opportunity to experimentally standardize extrin-

sic factors, i.e. parasite exposure, to investigate the

contribution of host intrinsic immunological proper-

ties to variation in infection.

Cichlid fish of the African Great Lakes form a well-

studied example of adaptive radiation (Kornfield &

Smith, 2000; Kocher, 2004; Seehausen, 2006). A large

number of species has rapidly diverged through niche

partitioning (Turner, 2007) resulting in a large diver-

sity of macro-habitat, micro-habitat and trophic spe-

cializations (Sturmbauer & Meyer, 1992; Bouton

et al., 1997; Genner et al., 1999). In several African

cichlid lineages, species differences in ecology are

associated with differences in the community compo-

sition of the parasites infecting them (Hablützel et al.,

2017; Hayward et al., 2017; Karvonen et al., 2018),

suggesting that variation in exposure contributes to

variation in infection. Variation in immune response

may have evolved as well: among closely related and

sympatric cichlid species of Lake Malawi, differenti-

ation in parasite community composition is correlated

with differentiation at the MHC locus (Major Histo-

compatibility Complex, coding for proteins that

recognize pathogens) (Blais et al., 2007).

Here, we investigate species differentiation in

immune defense in two closely related Lake Victoria

cichlids. To do so, we analysed the ectoparasite fauna

of Pundamilia sp. ‘pundamilia-like’ and Pundamilia

sp. ‘nyererei-like’, two weakly differentiated Punda-

milia species from Lake Victoria, comparing wild-

caught fish with the first-generation offspring of the

same populations raised in standardized laboratory

conditions. In nature, these two species are sympatric

but differ in their average depth distribution and diet.

Previous studies in this species pair, as well as in

closely related populations inhabiting other locations

in Lake Victoria, revealed that they differ in parasite

infection (Maan et al., 2008; Karvonen et al., 2018;

Gobbin et al. in prep.). They mate assortatively,

mediated by species-specific female preferences for

male coloration (blue vs. red; Seehausen & van

Alphen, 1998. In one population, females were shown

to also express preferences for more brightly coloured

males (Maan et al., 2004) and such males had lower

parasite loads (Maan et al., 2006), suggesting that

there could be sexual selection for parasite resistance.

If species differences in infection are the result of

genetically based differences in immune defence, then

we expect to see the same differences in populations

kept in standardized laboratory conditions, with

uniform parasite exposure. If, on the other hand,

species differences in infection are driven by hetero-

geneity in parasite exposure, then we expect such

differences to disappear in laboratory conditions. We

assessed infection patterns in Pundamilia sp. ‘punda-

milia-like’ and Pundamilia sp. ‘nyererei-like’, as well

as (in the laboratory) interspecific F1 hybrids. If
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parasite-mediated selection contributes to host repro-

ductive isolation through selection against hybrids,

then hybrids should have reduced resistance and will

be more heavily infected than parental species. If, on

the other hand, heterozygote advantage confers

enhanced resistance, hybrids will be less infected

and parasite-mediated selection could even hamper

host divergence.

Materials and methods

Fish collection

Data on parasite infection, fish body size and water

depth of wild-caught fish were retrieved from our

previous field study (Gobbin et al. in prep.; Tables 1

and S1) based on a sample of male Pundamilia sp.

‘pundamilia-like’ (n = 39) and P. sp. ‘nyererei-like’

(n = 37; from now on referred to as P. pun and P. nye,

respectively) collected in 2010 and in 2014 at Python

Island in the Mwanza Gulf of Lake Victoria (2.6237�
S, 32.8567� E). Similar sympatric pairs co-occur at

several rocky islands in the southeastern part of the

lake (Meier et al., 2017a, 2018). Among islands,

sympatric pairs vary in the level of reproductive

isolation and in the extent of differentiation in

ecological traits, such as water depth and diet (See-

hausen, 1996; Seehausen et al., 2008; Meier et al.,

2017b; van Rijssel et al., 2018; Wright et al., 2019). At

Makobe Island, where these two sympatric species are

strongly differentiated, they differ in their parasite

abundances, in a way that is consistent with species

differences in diet and microhabitat: P. pun harbour

more intestinal nematodes and P. nye more gill

copepods (Maan et al., 2008; Karvonen et al., 2018;

Gobbin et al. in prep.). Less pronounced differences in

parasite infection were found in populations inhabit-

ing Kissenda and Python Islands (Gobbin et al. in

prep.).

Live fish were collected in August 2010 and in

October 2014 at the same location and brought to the

aquarium facility of the Eawag Center for Ecology,

Evolution and Biogeochemistry in Kastanienbaum

(Switzerland), and moved to the University of Gronin-

gen (Netherlands) in September 2011 and in Novem-

ber 2014, respectively. The introduction of wild-

Table 1 Ectoparasite infection (% prevalence, abundance mean and range) of Pundamilia from Python Island, sampled in the wild

and bred in the laboratory

Host N

fish

L. monodi E. lamellifer Glochidia

% Median Mean (Min–

max)

% Median Mean (Min–

max)

% Median Mean (Min–

max)

Lab

P. sp.
‘pundamilia-

like’

30 70.0 4.0 5.13 (0–28) 10.0 0.0 0.10 (0–1) 10.0 0.0 4.40 (0–130)

Natural light 14 71.4 5.5 7.36 (0–28) 14.3 0.0 0.14 (0–1) 0.0 0.0 0.00 (0–0)

Unnatural light 15 66.7 2.0 3.33 (0–12) 6.7 0.0 0.07 (0–1) 20.0 0.0 8.80 (0–130)

P. sp. ‘nyererei-
like’

31 51.6 2.0 4.09 (0–26) 12.9 0.0 0.23 (0–2) 6.5 0.0 1.61 (0–30)

Natural light 11 54.5 2.0 5.27 (0–26) 18.2 0.0 0.27 (0–2) 0.0 0.0 0.00 (0–0)

Unnatural light 18 50.0 1.0 3.72 (0–17) 11.1 0.0 0.22 (0–2) 11.1 0.0 2.78 (0–30)

P. sp. ‘hybrid’ 26 61.5 1.5 3.50 (0–14) 15.4 0.0 0.27 (0–2) 3.8 0.0 0.12 (0–3)

Wild

P. sp.
‘pundamilia-

like’

39 33.3 0.0 0.64 (0–4) 20.5 0.0 0.23 (0–2) 38.5 1.0 3.10 (0–15)

P. sp. ‘nyererei-
like’

37 59.4 1.0 1.41 (0–11) 40.5 0.0 0.43 (0–2) 62.2 1.0 1.19 (0–6)

Infection parameters of laboratory-bred fish are also reported according to the light treatment in which they were housed (natural or

unnatural, except 3 fish housed in standard aquarium lighting)
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caught fish in the aquaria coincidentally introduced

some of their parasites as well.

First-generation laboratory-bred crosses (hybrid and

non-hybrid) were created opportunistically, with 21

dams and 16 sires from the wild. Hybridization occurs

with low frequency at Python Islands (Seehausen et al.,

2008) and can be realised in the laboratory by housing

females with heterospecific males. Thirty-eight F1

crosses (mother x father: 14 P. nye 9 P. nye; 12 P. pun

9 P. pun; 3 P. nye9 P. pun; 9 P. pun9 P. nye) resulted

in a test population of 87 males from 38 families (30 P.

pun, 31 P. nye, 26 hybrids; Table S2). Since our

laboratory-bred individuals are produced from wild

parents, we assume that the genetic diversity in the

laboratory-bred population is not lower than in the wild.

For the wild fish we only included males, because

females are difficult to identify reliably in the field due

to their cryptic coloration. Therefore to avoid con-

founding species differences with sex differences

(Maan et al., 2006) and to allow comparison we also

included only males for the laboratory-reared fish.

Fish were maintained in recirculation aquariums

(25 ± 1�C, 12L: 12D) and fed twice a day with a

mixture of commercial cichlid flakes and pellets and

defrosted frozen food (artemia, krill, spirulina, black

and red mosquito larvae). The aquaria were divided

into three light treatments, with separate circulation

filters, used for studies on visual adaptation. In the

wild, the two species are adapted to different visual

environments, differing in opsin gene sequence and

expression level (Carleton et al., 2005; Seehausen

et al., 2008; Wright et al., 2019). In the laboratory,

visual conditions were created with halogen light

bulbs and coloured filters to mimic the natural light

environments of both species at Python Island (de-

tailed description in Maan et al., 2017; Wright et al.,

2017). The ‘shallow light treatment’ simulated the

broad-spectrum light conditions of the shallow water

habitat (0–5 m) of P. pun; the ‘deep light treatment’

simulated the red-shifted light spectrum of the deep-

water habitat (5–10 m) of P. nye. The resulting

mismatch between the species’ visual adaptations

and the visual environment was previously shown to

affect survival: fish survived better under light condi-

tions mimicking their natural habitat (Maan et al.,

2017). Here, we explore whether this coincides with

lower parasite loads. About half of the host individuals

were reared and maintained in each condition. For the

two non-hybrid groups, this implies that half of

individuals were housed under experimental light

mimicking their natural light environment (‘natural

light’ 14 P. pun, 11 P. nye), while the other half were

reared and maintained under experimental light mim-

icking the light condition of heterospecifics (‘unnat-

ural light’ 15 P. pun, 18 P. nye; Table S1).

Parasite screening

To assess ectoparasite infection in laboratory-bred

fish, we used individuals that naturally died (retrieved

quickly after death to minimize the possibility that

parasites would leave the host) or that were sacrificed

for other experiments. Most fish (n = 66) were

preserved in 100% ethanol, while some were frozen

(n = 21). Fish were measured (SL standard length, BD

body depth, to the nearest 0.1 mm) and weighed (to

the nearest 0.1 g; Table S1). Gill arches were removed

from the right side of each fish and then examined for

ectoparasite infection under a dissecting stereoscope.

All ectoparasites were identified following Paperna

(1996) and counted. Analyses were conducted sepa-

rately for prevalence (percentage of individuals

infected of total examined host population) and

abundance (mean number of parasites per individual

of the examined host population) of each parasite

taxon (Table 1). In addition to parasite counts, we also

assessed the proportion of parasitic copepods carrying

egg clutches, as a proxy of copepod reproductive

activity, which may indicate how well the parasites

thrive on a given host species (Paperna, 1996).

Data analysis

To investigate differences in ectoparasite community

composition between host groups we performed one-

way analysis of similarities based on the zero-adjusted

Bray–Curtis distances of parasite abundance data

(ANOSIM, 9999 permutations, PAST 3.18, Hammer

et al., 2001). To compare infection abundance and

prevalence of each ectoparasite taxon separately, we

performed generalized linear models using the lmer

function in lme4 package (Bates et al., 2015) in R (R

Core Team, 2019), using binomial distribution for the

former and Poisson distribution for the latter. Since

overdispersion was detected in parasite abundance

models, we corrected the standard errors using a

quasipoisson model (Zuur et al., 2009). Additional

details are given below.
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Species differences in infection

We investigated differences in ectoparasite commu-

nity composition and in infection levels between

groups, in the wild and in the laboratory, as indicated

above. Fixed effects included host species, wild/lab

status, fish length (SL; to account for species differ-

ences in size, as P. pun is larger than P. nye and

laboratory-bred fish tend to be larger than wild ones,

Fig. S1) and all possible interactions between them, as

well as the year of fish collection and circumstances of

death (naturally died or sacrificed). We determined the

significance of fixed effects by likelihood ratio tests

(LRT) to select the Minimum Adequate Model

(MAM) via the drop1 function in the stats package.

Least square means was used to compare infection

between host species in the wild and in the laboratory

(lsmeans in the emmeans package, Lenth, 2019).

Infection levels in hybrids

A potential hybrid (dis)advantage in parasite infection

was investigated by comparing infections (parasite

community composition, prevalence and abundance)

of laboratory-bred interspecific F1 hybrids with F1

laboratory-bred P. pun and P. nye, as indicated above.

Fixed effects included host group (P. pun, P. nye,

hybrids), fish individual age, fish length (SL) and

circumstances of death (naturally died or sacrificed),

as well as the following interactions: between host

group and all other variables, between age and SL,

between age and circumstances of death, between

circumstances of death and SL, between host group,

circumstances of death and SL. Random effects

included filter system and family to account for

separate water circulating systems and for shared

parentage among fish, respectively. We selected the

MAM and used least square means for comparisons, as

above.

Effect of light treatments on infection

We investigated whether parasite infection differed

between individuals reared andmaintained in different

light treatments (shallow vs. deep and natural vs.

unnatural), as indicated above. First, we assessed a

possible overall effect of the light treatment (shallow

vs. deep, irrespective of the host species’ natural

conditions). Second, we assessed a possible effect of

light-matching conditions (natural vs. unnatural).

Fixed effects included host species (P. pun, P. nye,

hybrids), fish individual age, length (SL), circum-

stances of death (naturally died or sacrificed), light

condition (shallow vs. deep and natural vs. unnatural).

The following interactions were also included:

between host species and all other variables, between

light treatment and all other variables, between

circumstances of death and all other variables,

between age and SL, between host species, SL and

light treatment as well as between host species, SL and

circumstances of death. Random effects included

family to account for shared parentage among fish.

We selected the MAM as mentioned above, then we

tested the MAM against a model including the light

treatment parameter (shallow vs. deep and natural vs.

unnatural visual environment).

Reproductive activity of copepods

Using generalized linear models (glm function in the

stats package), we compared the proportion of cope-

pods carrying egg clutches between infected individ-

uals of wild-caught and laboratory-bred hosts of both

parental species. Fixed effects included host species,

wild/lab status, their interaction, and fish individual

length. We determined the significance of fixed effects

by LRT and we used least square means as post hoc to

obtain parameter estimates.

The same procedure was applied to test for

variation in reproductive activity of copepods among

infected laboratory-bred host groups (P. pun, P. nye,

interspecific hybrids). Fixed effects included host

species and fish individual length.

Results

Four ectoparasite taxa were observed in the labora-

tory: Lamproglena monodi Capart, 1944, an uniden-

tified Lamproglena species (Copepoda: Cyclopoida),

Ergasilus lamellifer Fryer, 1961 (Copepoda: Poe-

cilostomatoida) and glochidia mussel larvae (Bi-

valvia: Unionoidea). These were also observed in

Pundamilia sampled from the wild, except the

unidentified Lamproglena (which was observed in

only one laboratory-bred hybrid individual, and

excluded from statistical analysis). The monogenean

Cichlidogyrus spp. Paperna, 1960, which is abundant
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Table 2 Variation in infection among Pundamilia sampled at

Python Island (wild) and their laboratory-bred counterparts

(lab). (a) Differences in ectoparasite community composition,

based on zero-adjusted Bray–Curtis distances (ANOSIM, 9999

permutations). Upper diagonal reports P values (Benjamini–

Hochberg corrected), lower diagonal ANOSIM R values

(significant differences in boldscript). (b) Variation in preva-

lence and abundance of individual ectoparasite taxa. The

Minimum Adequate Model (MAM) was established by step-

wise removal of non-significant variables (not shown). The

effect of host species and wild/lab status combined was also

assessed separately in a reduced model including these

parameters (shown in italics). (c) post hoc comparison (least

square means) between the two host species in the lab and in

the wild. SL fish standard length, wildlab wild-caught or

laboratory-bred fish, circ death circumstances of death

(a) Lab Wild

P. sp. ‘pundamilia-like’ P. sp. ‘nyererei-like’ P. sp. ‘pundamilia-like’ P. sp. ‘nyererei-like’

Lab P. sp. ‘pundamilia-like’ 0.316 \ 0.001 \ 0.001

P. sp. ‘nyererei-like’ 0.001 \ 0.001 \ 0.001

Wild P. sp. ‘pundamilia-like’ 0.240 0.209 0.006

P. sp. ‘nyererei-like’ 0.256 0.163 0.078

(b) Prevalence Abundance

Fixed factor Chisq df P Fixed factor Chisq df P

L. monodi Species 5.87 1 0.015* Wildlab 4.22 1 \ 0.001***

SL 10.05 1 0.002** SL 9.27 1 0.002**

Circ death 8.91 1 0.003** Circ death 21.69 1 \ 0.001***

Species:wildlab 19.53 2 \ 0.001*** Species:wildlab 8.33 2 0.016*

Species:SL 1.56 1 0.033*

Species:wildlab 10.42 3 0.015* Species:wildlab 38.06 3 \ 0.001***

Species:wildlab:SL 14.41 4 0.006** Species:wildlab:SL 11.36 4 0.023*

E. lamellifer Species 8.23 1 0.004** Species 8.60 1 0.003**

Wildlab 8.54 1 0.003** wildlab 6.24 1 0.012*

SL 6.33 1 0.012* SL 6.31 1 0.012*

Circ death 4.01 1 0.045* circ death 5.4508 1 0.01956*

Species:wildlab 11.87 3 0.008** species:wildlab 7.95 3 0.047*

Species:wildlab:SL 12.29 4 0.015* species:wildlab:SL 7.66 4 0.105

Glochidia SL 4.74 1 0.030* Wildlab 5.63 1 0.018*

Year 74.33 1 \ 0.001*** Year 5.43 1 0.020*

Circ death 10.20 1 0.001**

Species:wildlab 10.48 2 0.005**

Species:SL 9.15 2 0.010*

Wildlab:SL 4.05 1 0.044*

Species:wildlab:SL 6.73 1 0.009**

Species:wildlab 42.25 3 \ 0.001*** Species:wildlab 2.77 3 0.429

Species:wildlab:SL 10.06 4 0.039* Species:wildlab:SL 8.90 4 0.064

(c) Prevalence Abundance

Estimate z P Estimate z P

L. monodi Wild: P\N - 2.90 - 3.81 \ 0.001*** Wild: P\N - 1.49 - 2.71 0.007**

Lab: N vs. P 1.06 1.42 0.156 Lab: N vs. P - 0.05 - 0.17 0.863

P: wild\ lab - 2.41 - 3.42 0.001*** P: wild\ lab - 2.18 - 5.02 \ 0.001***

N: wild vs. lab 1.54 1.90 0.057t N: wild\ lab - 0.74 - 1.96 0.050*

E. lamellifer Wild: P\N - 2.29 - 2.84 0.005** Wild: P\N - 1.53 - 2.61 0.009**

Lab: P vs. N - 0.80 - 0.83 0.405 Lab: P vs. N - 1.07 - 1.45 0.148
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in wild Lake Victoria cichlids including Pundamilia

spp., was absent from our aquarium facility. Infection

levels are reported in Table 1.

Both copepods can infect a relatively wide range of

cichlid species (Scholz et al., 2018) and have a fully

limnetic direct life cycle with several planktonic non-

parasitic stages (Paperna, 1996). Only adult females of

E. lamellifer are parasites of fish (mainly cichlids),

whereas both of the final development stage, and adult

females of L. monodi are parasites of African cichlids.

The mollusc may belong to Unioniformes, which

infect the gills of cichlids at larval stages, displaying

different degrees of host specificity (Wächtler et al.,

2001; Haag & Warren, 2003), while juveniles and

adults are free-living.

We did not observe overall differences in variance

between laboratory-bred and wild populations

(Table S3). Overall, infection abundance of L. monodi

was higher in laboratory conditions (pooling P. pun and

P. nye, and excluding hybrids) than in the wild (mean

abundance ± SE laboratory 4.61 ± 0.79 vs. wild

1.01 ± 0.19; Table 2b), whereas prevalence did not

differ (60.9%vs. 46.4%). On the contrary,E. lamellifer

wasmore prevalent andmore abundant in thewild than

in the laboratory (prevalence 30.3% vs. 11.5%; abun-

dance 0.34 ± 0.06 vs. 0.16 ± 0.06). Glochidia were

more prevalent in the wild (60.5% vs. 8.2%) but had

similar abundances in wild and laboratory conditions

(abundance 2.17 ± 0.38 vs. 2.98 ± 2.19). The range

of intensities of glochidia infection (i.e. number of

parasites in infected individuals of the examined host

population) was narrower in the wild than in the

laboratory (1–15 ± 0.54 vs. 1–130 ± 24.06).

Species differences in infection

In the wild-caught fish, the ectoparasite community

composition differed between Pundamilia species: P.

nye had more L. monodi and E. lamellifer (P\ 0.01)

and tended to have higher prevalence of glochidia

(P = 0.053). In the laboratory populations, there was

no difference in ectoparasite community composition

between the two species (Fig. 1, Table 2a). We then

tested species differences in infection for each

ectoparasite taxon separately. After accounting for

the differences in infection between wild and labora-

tory conditions (see above), we found that the two

species differed in infection in the wild but not in

laboratory conditions (Fig. 2, Table 2c). The differ-

ence between laboratory and field was significant for

the species differences in infection with both copepods

(i.e. significant interaction between species and wild/

lab status for copepod prevalence and abundance,

Table 2b, c). The species differences in prevalence

and abundance of E. lamellifer and glochidia did not

significantly differ between wild and laboratory-

reared fish. Post hoc analysis showed that in the wild,

P. pun and P. nye differed in infection with L. monodi

and of E. lamellifer. Both prevalence and abundance,

of both copepods, were significantly higher in P. nye

than in P. pun (prevalence L. monodi 59.46% vs.

33.33%; prevalence E. lamellifer 40.54% vs. 20.51%;

mean abundance L. monodi 1.41 vs. 0.64; mean

abundance E. lamellifer 0.43 vs. 0.23). In the lab, the

two species did not differ in prevalence nor in

abundance of any ectoparasite (Fig. 2, Table 2).

Prevalence and abundance of glochidia did not differ

Table 2 continued

(c) Prevalence Abundance

Estimate z P Estimate z P

P: wild vs.

lab

0.84 1.08 0.279 P: wild vs.

lab

0.75 1.16 0.245

N:

wild[ lab

2.33 2.81 0.005** N: wild[ lab 1.20 2.17 0.030*

Glochidia Wild: P\N - 1.44 - 1.93 0.053t Wild: P vs. N - 0.11 - 0.06 0.949

Lab: P vs. N - 0.60 - 0.58 0.560 Lab: P vs. N 15.90 0.47 0.642

P: wild vs. lab 0.06 0.06 0.952 P: wild[ lab - 4.43 - 2.15 0.032*

N: wild vs. lab 0.90 0.81 0.420 N: wild vs.

lab

11.58 0.34 0.735
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between the species, in either field or laboratory (in the

wild, glochidia tended to be more prevalent in P. nye

than in P. pun, P = 0.053). The loss of the species

difference in infection of L. monodi in laboratory

conditions was largely due to an increased infection in

laboratory-bred P. pun individuals in comparison to

their wild-caught counterparts. For E. lamellifer, it

was largely due to a decreased infection in laboratory-

bred P. nye in comparison to their wild-caught

counterparts.

Overall (pooling P. pun and P. nye from the wild

and from the lab), the prevalence and abundance of L.

monodi (but not of E. lamellifer and of glochidia)

increased with fish length (Table 2b). However, wild-

caught P. nye had more copepods than expected based

on their size, while in laboratory conditions, this

disproportionate infection level disappeared.

Infection levels in hybrids

The ectoparasite community composition did not

significantly differ between laboratory-bred parental

species and their hybrids (R2 = - 0.011, P = 0.704;

Table 3a). The average dissimilarity of the ectopara-

site community was as large between hybrids and each

parental species (average dissimilarity hybrids vs. P.

pun 49.76; hybrids vs. P. nye 48.62) as it was between

the two parental species (P. pun vs. P. nye 51.57).

When testing each ectoparasite taxon separately,

infection prevalence nor abundance differed between

hybrids and either parental species (Fig. 2, Table 3b).

Variation in prevalence (but not abundance) of L.

monodi in laboratory-bred fish was associated with

fish length: larger individuals were more often

infected (LRT1 = 15.38, P\ 0.001). Variation in

abundance (but not prevalence) of the other two

parasites, E. lamellifer and glochidia, were not asso-

ciated with any of the assessed variables (host group,

fish individual length, age; Table 3b).

We had expected higher infection levels in fish that

died naturally (as they might be in poor health)

compared to sacrificed fish, but we did not observe

this. Laboratory fish that were sacrificed had a higher

prevalence and abundance of L. monodi than those that

died naturally. This cannot be explained by fish age or

size. The effect of fish age on prevalence of E.

lamellifer differed between circumstances of death:

sacrificed fish were more likely to be infected when

they were older, while prevalence and age were not

associated in naturally died fish.

Light treatments and infection

The ectoparasite community composition did not

differ between the two light treatments (deep vs.

shallow light regimes, R1 = - 0.018, P = 0.757). It

also did not differ between light-matching conditions

(natural vs. unnatural light; pooling both species:

R1 = 0.007, P = 0.309; for each species separately: P.

pun R1 = 0.019, P = 0.227; P. nye R1 = - 0.041,

P = 0.747, Table S5a).

When considering individual ectoparasite taxa,

there were no overall differences between deep and

shallow light treatments in infection prevalence or

abundance (Table S4). However, fish reared and

maintained under natural light conditions (pooling

both host species) had lower prevalence of glochidia

than fish housed in unnatural light conditions (Fig. 3,

Table S5b). The infection prevalence and abundance

of the other ectoparasites did not differ between fish in

natural and unnatural light conditions. When looking

Fig. 1 Ectoparasite community composition of wild and

laboratory-bred Pundamilia. sp. ‘pundamilia-like’ (P. pun wild,

P. pun lab) and P. sp. ‘nyererei-like’ (P. nye wild, P. nye lab).

Charts include the three ectoparasite taxa that were present in

both wild-caught and laboratory-bred fish (Lamproglena
monodi, Ergasilus lamellifer and glochidia (mollusc larvae)).

Species differences were significant in the wild (P. sp.

‘pundamilia-like’ had more L. monodi, P. sp.’nyererei-like’

had more E. lamellifer), but not in the laboratory
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at the two host species separately, we found no

significant differences in the prevalence or abundance

between natural and unnatural light (Table S5b).

Pundamilia sp. ‘pundamilia-like’ tended to have a

higher prevalence of glochidia when housed in the

unnatural light condition (Table S5c).

Reproductive activity of copepods

Of 316 individuals of L. monodi (wild and laboratory

combined, hybrids excluded), 73.7% carried egg

clutches. The proportion of L. monodi carrying egg

clutches did not differ in any of the comparisons made

(between host species, between wild and laboratory

conditions, between hybrids and parentals; Table S6a,

b, Fig. S2). Of 26 individuals of E. lamellifer, 51.8%

carried egg clutches. The proportion of E. lamellifer

carrying egg clutches did not differ between host

species, nor between hybrids and parentals. It did

differ between wild and laboratory conditions, as none

of the few representatives of E. lamellifer in the

laboratory (17 in total) had egg clutches. The abun-

dance of conspecifics was not correlated with the

proportion of egg-carrying individuals. In the field, L.

monodi and E. lamelliferwere more likely to carry egg

clutches in larger fish (Table S6a).

Discussion

Comparison of the ectoparasite infection patterns

between wild-caught hosts and their laboratory-bred

counterparts with uniform exposure, revealed infec-

tion divergence between P. pun and P. nye in the wild,

but not in laboratory conditions. This indicates that the

contribution of ecology-related factors (exposure) to

infection variation might be larger than that of

intrinsic factors related to parasite defence (i.e.

genetically based variation in susceptibility). Com-

parison of ectoparasite prevalence, abundance and

community composition between F1 hybrids and the

two parental species in the laboratory showed no

infection differences, contrary to the hypothesis that

parasite-mediated selection promotes assortative mat-

ing in this species pair.

Species differences in infection

In our previous studies, we found that populations of

Pundamilia with intermediate differentiation, inhab-

iting Kissenda and Python Islands, showed some

infection divergence (Gobbin et al. in prep.). In the

wild, P. nye are more frequently infected, and in

higher numbers, with L. monodi and E. lamellifer than

P. pun (Maan et al., 2008; Karvonen et al., 2018;

Gobbin et al., 2020). Here, we report that these

differences were absent in fish raised in the laboratory,

where the expression of species-specific depth and diet

Fig. 2 Ectoparasite abundance (boxes) and prevalence (dia-

monds) of wild and first-generation laboratory-bred Pundamilia.
sp. ‘pundamilia-like’ (P. pun wild, P. pun lab) and P. sp.

‘nyererei-like’ (P. nye wild, P. nye lab) as well as their first-

generation laboratory-bred hybrids (hybrid lab). a L. monodi,
b E. lamellifer, c glochidia. Numbers of infected fish individuals

per species (upper row) and total sample size per species (lower

row) are reported. Asterisks indicate significance level for

abundance (a) and prevalence (p). Copepod infection levels

differed between the two host species in the wild, but not in

laboratory conditions. Glochidia infection did not differ

between species in either wild-caught or laboratory-bred

populations (in the wild, P. pun tended to have a higher

prevalence of glochidia than P. nye, P = 0.053). Infection levels

of hybrids did not differ from those of parental species, for any

of the parasites. Black symbols are outliers
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Table 3 Differences in infection between F1 laboratory-bred

P. sp. ‘pundamilia-like’, P. sp. ‘nyererei-like’ and their F1

hybrids (hybrid) (a) Differences in ectoparasite community

composition, based on zero-adjusted Bray–Curtis distances

(ANOSIM, 9999 permutations). Upper diagonal reports P val-

ues (Benjamini–Hochberg corrected), lower diagonal R-values.

(b) Variation in prevalence and abundance of individual

ectoparasite taxa. The Minimum Adequate Model (MAM)

was established by stepwise removal of non-significant vari-

ables (not shown). (c) post hoc comparison (least square

means) between the two host species in the lab and in the wild.

SL fish standard length, circ death circumstances of death

(a) P. sp. ‘pundamilia-like’ P. sp. ‘nyererei-like’ P. sp. ‘hybrid’

P. sp. ‘pundamilia-like’ 0.320 0.687

P. sp. ‘nyererei-like’ 0.001 0.888

P. sp. ‘hybrid’ - 0.015 - 0.023

(b) Prevalence Abundance

Fixed effect Chisq df P Fixed effect Chisq df P

L. monodi SL 15.38 1 \ 0.001*** Age 12.63 1 \ 0.001***

Circ death 6.49 1 0.011* Circ death 14.48 1 \ 0.001***

E. lamellifer Age:circdeath 6.73 2 0.035* 1

Glochidia 1 1

(c) Comparison Prevalence Abundance

Estimate t P Estimate t P

L. monodi P. pun vs. P. nye 0.08 0.59 0.828 1.26 0.83 0.690

P. pun vs. hybrid - 0.04 - 0.28 0.957 1.94 1.13 0.508

P. nye vs. hybrid - 0.13 - 0.86 0.671 0.68 0.41 0.910

E. lamellifer P. pun vs. P. nye 0.00 - 0.03 1.000 - 0.13 - 0.95 0.618

P. pun vs. hybrid 0.00 0.00 1.000 - 0.08 - 0.52 0.861

P. nye vs. hybrid 0.00 0.02 1.000 0.05 0.34 0.938

Glochidia P. pun vs. P. nye - 0.03 0.39 0.921 2.73 0.68 0.780

P. pun vs. hybrid 0.01 0.10 0.995 4.26 0.95 0.616

P. nye vs. hybrid 0.04 0.46 0.891 1.53 0.35 0.934

Fig. 3 Ectoparasite abundance (boxes) and prevalence (dia-

monds) of laboratory-bred Pundamilia sp. ‘pundamilia-like’ (P.

pun), P. sp. ‘nyererei-like’ (P. nye) raised in natural or unnatural
light conditions. a L. monodi, b E. lamellifer, c glochidia.

Numbers of infected individuals per species (upper row) and

total sample size per species (lower row) are reported. Asterisks

indicate significance level for abundance (a) and prevalence (p).

Infection levels did not differ between natural and unnatural

light conditions (except for glochidia, that was more prevalent in

the unnatural light conditions: statistical trend in P. pun,

significant when pooling both host species). Black symbols

are outliers
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preferences is impossible due to uniform housing

conditions. This suggests that species differences in

infection in wild Pundamilia might be primarily

driven by differences in ecology-related traits, rather

than by intrinsic differences in immunity or suscep-

tibility. A large contribution of ecological factors to

parasite infection has previously been documented in

threespine stickleback of Canadian lakes, where

individual foraging differences resulted in variation

in infection in the wild (Stutz et al., 2014). The lack of

consistency in species differences in infection

between wild-caught and laboratory-bred hosts was

also observed in threespine stickleback of Scottish

lakes, in which the expression of immune genes of

wild fish differed from that of laboratory-reared

counterparts (Robertson et al., 2016).

While parasites might represent a major diversify-

ing selective force in species divergence in nature, our

findings are inconsistent with a role of parasite-

mediated selection in the divergence of P. pun and P.

nye at Python Island. Possibly, the divergence of these

species is so recent, that species differences in

ectoparasite-related immunity have not yet evolved.

Python was colonized by P. pundamilia only a few

thousand years ago, later followed by P. nyererei with

which it admixed (Meier et al., 2017b, 2018). This

hybrid population later speciated into a sympatric

species pair of blue and red Pundamilia that resemble

the original species currently occurring at Makobe

Island, 31 km north of Python.

Infection differences between host species may

become apparent only at a certain level of exposure.

For E. lamellifer and glochidia, which had lower

prevalence and abundance in the laboratory than in the

field, this could contribute to the loss of species

differences in infection in the laboratory. For L.

monodi however, which is the ectoparasite that differs

most strongly between P. pun and P. nye in the wild,

prevalence and abundance were comparable between

laboratory and field.

Not all macroparasites observed in the wild were

also present in the laboratory populations: intestinal

nematodes and gill monogeneans were absent in the

aquaria. Thus, laboratory fish experience only a

fraction of the parasite threat of that in nature, which

may influence how fish respond to infection. For

example, in some wild populations of Pundamilia,

nematodes contribute significantly to the species

differences in infection profile between blue and red

fish (Maan et al., 2008; Karvonen et al., 2018; Gobbin

et al. in prep.). If this is due to genetic differences in

susceptibility and if nematode infection levels influ-

ence an individual’s response to other parasites, this

may affect the species difference in ectoparasite

infection as well. Since nematodes are absent in the

laboratory, this effect cannot occur in the lab, implying

that we cannot rule out genetically based species

differences in susceptibility based on the findings

presented here.

Parasites are generally expected to adapt to locally

abundant host populations (especially parasite species

with high host specificity; Lively, 1989; Lively &

Dybdahl, 2000; Lajeunesse & Forbes, 2002). In the

laboratory, this process could have caused a weaken-

ing of possible differences in infection between host

species over time. It would also lead to a general

increase of the infection rate with time. We do indeed

observe an increase in infection rate, but no weakening

of species differences over time (Fig. S3), suggesting

that the observed similarity in infection among host

species cannot be explained by parasites that have

adapted to the laboratory conditions and host

availability.

Hybrid equality rather than hybrid disadvantage

In laboratory conditions, hybrids did not differ from

either parental species in ectoparasite infection preva-

lence, abundance, community composition nor in the

proportion of copepods carrying egg clutches. This

suggests that parasites do not promote reproductive

isolation between P. pun and P. nye, contrary to a

parasite-mediated diversification scenario. Our results

are in line with previous research on the same study

system: no intrinsic fitness reduction was observed in

Pundamilia hybrids originating from Python-Island

parents, for multiple traits (fecundity, fertility, sex

ratio, growth rate, van der Sluijs et al., 2008; and

survival, Maan et al., 2017). Yet, hybrids are rarely

observed in the wild (Seehausen et al., 2008). This

indicates some selection against hybrids, as supported

by mate choice studies: non-hybrid females prefer to

mate with conspecific males and avoid both

heterospecific and hybrid males (Seehausen & van

Alphen, 1998; Stelkens et al., 2008; Selz et al., 2014).

The absence of parasite-mediated hybrid disadvan-

tage, as observed in the present study, suggests that

parasites do not contribute to species-assortative
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mating, and hence additional drivers should be

involved. In particular, species-assortative mating

might be promoted by divergent selection on visual

system properties (Seehausen et al., 2008; Maan et al.,

2017).

To fully understand the potential for parasite-

mediated selection against hybrids of Pundamilia,

future research should include additional generations

of hybrids and backcrosses, as these may differ in

heritable parasite resistance. For example, F1 hybrids

of European house mouse were found to be more

resistant than parental species (Moulia et al., 1996),

whereas hybrid backcrosses were more susceptible

(Moulia et al., 1991). In African cichlids, male

attractiveness and survival are lower in F2 hybrids

compared to F1 hybrids (Svensson et al., 2011;

Stelkens et al., 2015).

Although these findings suggest that parasites do

not promote assortative mating inPundamilia, it might

be that in the wild selection on parasite resistance is

different from the aquarium environment. Indeed,

hybrid fitness in sticklebacks differ between labora-

tory and field conditions (Hatfield & Schluter, 1999),

which suggests that the hybrid disadvantage observed

in some species in the field may result from ecological

components, including a diverse parasite community,

rather than from intrinsic species traits (e.g. genetic

incompatibilities).

Infection and light (mis)match in laboratory-bred

Pundamilia

Parasite infection did not differ between light treat-

ments (deep vs. shallow), nor between natural and

unnatural light conditions—except perhaps for glo-

chidia, the second most abundant ectoparasite in our

aquarium facility. Glochidia were more prevalent (but

not more abundant) in fish housed in unnatural light

conditions. This is in line with the earlier observation

that Pundamilia have lower survival when reared in

unnatural visual conditions, compared to conspecifics

reared in their natural light environment (Maan et al.,

2017). Unnatural light conditions can be stressful to

fish (Migaud et al., 2007), increase aggression (Car-

valho et al., 2013) and decrease foraging performance

(Rick et al., 2012). This could influence the probability

of infection. However, infection parameters for the

other two parasites did not differ between light

conditions, making it unlikely that parasites contribute

substantially to the differential mortality observed by

Maan et al. (2017). This is consistent with the lower

parasite abundance in naturally died fish compared to

the sacrificed ones. We do not know how to interpret

the difference in infection abundance between natu-

rally died and sacrificed fish, but it is very unlikely that

parasites have left the host because we only considered

freshly died individuals. Since fish that had naturally

died were older, we can speculate that they have

survived for a long time because they are in good

physical condition and therefore they have a low

parasite load.

Reproductive activity of copepods

Both copepod species maintained viable populations

in our laboratory, as they were present in the fish for at

least 8 years after being introduced from the wild.

Copepod reproductive activity (measured as the

proportion of individuals carrying egg clutches) did

not differ between the two host species in the wild, nor

between laboratory-bred populations (P. pun, P. nye,

interspecific hybrids). This suggests that differences in

host ecology have little effect on the reproductive

activity of copepods. In the laboratory, we observed

reproductive activity only in L. monodi, while repre-

sentatives of E. lamellifer were never observed

carrying egg clutches. Possibly, the low abundance

of E. lamellifer (0–2 individuals per host) decreases

mating opportunities. In addition, specific aspects of

E. lamellifer life history may reduce the chance of

detecting individuals carrying egg clutches (i.e. short

egg incubation time, fewer reproductive phases per

year, periods without ovigerous females; Paperna &

Zwerner, 1976). Alternatively, egg clutches might

occasionally detach from the body (but we do not

observe that during manipulation). Lamproglena

monodi was more abundant (up to 28 individuals per

host) and showed equal reproductive activity across

host species and laboratory populations. This may

indicate that this is a generalist parasite, in line with its

presence in many other cichlid species (Abdel-Gaber

et al., 2017; Karvonen et al., 2018; Scholz et al., 2018;

Gobbin et al., 2020).
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Conclusion

Infection differences between P. pun and P. nye were

observed in the wild but not in laboratory conditions

with uniform parasite exposure. This suggests that

ecological-related traits affecting parasite exposure—

rather than intrinsic differences in immunity or

susceptibility—might explain the species differences

in infection in the wild. Consistent with this, labora-

tory-bred hybrids did not differ in infection from either

parental species. Together, these findings suggest that

P. pun and P. nye may not differ in genetically based

parasite resistance, despite the opportunity for para-

site-mediated divergent selection in nature.

Funding

Compliance with ethical standards

Conflict of interest The authors declare that they have no

conflict of interest.

Open Access This article is licensed under a Creative

Commons Attribution 4.0 International License, which

permits use, sharing, adaptation, distribution and reproduction

in any medium or format, as long as you give appropriate credit

to the original author(s) and the source, provide a link to the

Creative Commons licence, and indicate if changes were made.

The images or other third party material in this article are

included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is

not included in the article’s Creative Commons licence and your

intended use is not permitted by statutory regulation or exceeds

the permitted use, you will need to obtain permission directly

from the copyright holder. To view a copy of this licence, visit

http://creativecommons.org/licenses/by/4.0/.

References

Abdel-Gaber, R., N. El Deeb, S. Maher & R. Kamel, 2017.

Diversity and host distribution of the external gill parasite

Lamproglena monodi (Copepoda: Lernaeidae) among

Tilapia species in Egypt: light and scanning electron

microscopic studies. Egyptian Journal of Experimental

Biology 13: 23–30.

Agnew, P., J. C. Koella & Y. Michalakis, 2000. Host life history

responses to parasitism. Microbes and Infection 2:

891–896.

Bates, D., M. Maechler, B. Bolker & S. Walker, 2015. Fitting

linear mixed-effects models using lme4. Journal of Statis-
tical Software 67: 1–48.

Blais, J., C. Rico, C. V. Oosterhout, J. Cable, G. F. Turner & L.

Bernatchez, 2007. MHC adaptive divergence between

closely related and sympatric African cichlids. PLoS ONE

2: e734.

Boundenga, L., C.Moussadji, I. M.Mombo, B. Ngoubangoye, J.

B. Lekana-Douki & J.-P. Hugot, 2018. Diversity and

prevalence of gastrointestinal parasites in two wild Galago

species in Gabon. Infection, Genetics and Evolution 63:

249–256.

Bouton, N., O. Seehausen & J. J. M. van Alphen, 1997. Resource

partitioning among rock-dwelling haplochromines (Pisces:

Cichlidae) from Lake Victoria. Ecology of Freshwater Fish

6: 225–240.

Carbayo, J., J. Martin & E. Civantos, 2018. Habitat type influ-

ences parasite load in Algerian Psammodromus lizards

(Psammodromus algirus). Canadian Journal of Zoology

97: 172–180.

Carleton, K. L., J. W. L. Parry, J. K. Bowmaker, D. M. Hunt &

O. Seehausen, 2005. Colour vision and speciation in Lake

Victoria cichlids of the genus Pundamilia. Molecular

Ecology 14: 4341–4353.

Carvalho, T. B., F. Z. Mendonça, R. S. Costa-Ferreira & E.
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