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Abstract

We tested whether and how the maternal environment (i.e. host species exploited by a mother), rearing conditions (i.e. host
species exploited by her offspring) or both (i.e. matches and mismatches in host species exploited by a mother and her offspring)
affect reproductive performance in the offspring. We experimentally manipulated maternal and rearing environments in two
generalist fleas (Xenopsylla conformis and Xenopsylla ramesis) implementing a factorial cross-rearing design. Mothers exploited
either the principal host (PH) or auxiliary hosts that were either closely (CAH) or distantly related (DAH) to the PH. After six
generations of infesting a given host species, we cross-reared fleas within and between host species. These fleas reproduced and
we measured their reproductive performance both quantitatively (i.e. egg number) and qualitatively (i.e. egg size, development
time, body size of the next generation). We found that identity of the host a flea was reared on (=actual host) had the strongest
effect on its performance. Individuals reared on the PH performed considerably better than those reared on either auxiliary host.
Moreover, fleas reared on a CAH performed better than those reared on a DAH. Actual host identity also had a stronger effect on
reproductive performance in X. ramesis than in X. conformis. Nevertheless, there was no difference in performance between
match and mismatch maternal and actual host identities. We conclude that rearing environment has the strongest effect on fitness
in generalist parasites. Moreover, phylogenetic distance between an auxiliary host and the PH determines the level of suitability
of the former.
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The effect of the maternal environment on offspring perfor-
mance is well-known (Rossiter 1991; Mousseau and Fox
1998; Lindstrdom 1999; Lummaa and Clutton-Brock 2002).
For example, maternal nutrition, as defined by leaf chemistry
of host plants, significantly influenced reproductive potential
and growth rate of the offspring in the polyphagous gypsy
moth, Lymantria dispar (Rossiter et al. 1988). In another ex-
ample, abiotic conditions, such as climate or soil characteris-
tics, in the maternal environment of the maritime pine tree,
Pinus pinaster, significantly affected success and timing of
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seed germination (Cendan et al. 2013). Obviously, the level
of suitability of the maternal environment determines, to a
great extent, the amount of resources that a mother could
allocate to her offspring and is thus further translated into
offspring fitness. Indeed, few would deny, that if a mother
lives in a favourable environment and produce offspring that
live in the same favourable conditions, these offspring will
likely perform well (Marshall and Uller 2007). If a mother
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lives in an unfavourable environment and her progeny live in
unfavourable conditions as well, this progeny will likely per-
form poorly (but see Herman et al. 2012), although a mother
facing resource limitations may invest more in offspring qual-
ity by sacrificing their numbers (Parker and Begon 1986).
Whether maternal and offspring environments are favourable
or unfavourable, the performance of mothers and the offspring
will likely match in matching environments. However, mis-
matches often occur between the offspring and maternal envi-
ronments in nature as these environments might be separated
in time and space (Bernardo 1996).

A mismatch between maternal and offspring environments
could lead to alternative outcomes in terms of offspring per-
formance and, ultimately, fitness (e.g. Giordano et al. 2014).
In a mismatch scenario when a mother lives in a favourable
environment and her offspring in unfavourable conditions, the
offspring, nevertheless, could perform well if the mother’s
good condition is carried over to them in terms of, for exam-
ple, the amount of resources provided by the mother that
would allow the offspring to cope with an unfavourable envi-
ronment. In this scenario, offspring performance would there-
fore mainly be determined by the maternal environment. If,
however, maternal provisioning is not sufficient enough to
compensate for unfavourable conditions, offspring will per-
form poorly and their performance will mainly be determined
by their own conditions. In an opposite scenario when a moth-
er lives in an unfavourable environment but the offspring, for
some reason, are reared under favourable conditions, they,
nevertheless, could perform either poorly because of their
low quality carried over from the mother or well because they
would have enough resources from their own environment to
compensate for poor maternal provisioning by, for example, a
period of rapid growth within the favourable environment
(reviewed in Metcalfe and Monaghan 2001; Ali et al. 2003).
Therefore, either the maternal or the rearing environment will
have a major effect on offspring performance. These scenarios
suggest that the relative effects of maternal versus rearing
environments on offspring performance and fitness may differ
depending on the direction of mismatches between these
environments.

Parasites represent a convenient model for studying the
effects of matches and mismatches between maternal and rear-
ing environments on reproductive performance of the off-
spring. This is because (i) the main resource-providing envi-
ronment of a parasite is its host and (ii) the availability, quality
and pattern of acquisition of these resources vary among hosts
belonging to different species (Combes 2001). As a result,
abundance of even a highly host-opportunistic parasite varies
among host species being highest in its principal host and
lower in auxiliary hosts (Dogiel et al. 1961; Dogiel 1964).
This variation in abundance reflects variation in reproductive
performance of a parasite (Khokhlova et al. 2012a), so that the
principal host is the most favourable environment for a given

@ Springer

parasite, whereas the environment represented by auxiliary
hosts is much less beneficial. Furthermore, if the principal host
and the auxiliary hosts of a parasite co-occur in the same
habitat, the parasite offspring could encounter either the same
host species as the mother or a different one. Both matches
and mismatches between maternal and rearing environments
often occur (e.g. Krasnov et al. 1997, 1999). In particular, the
offspring of a parasite exploiting the principal host could en-
counter either the principal or an auxiliary host and vice versa.
Elucidating the relative effects of the maternal and rearing
environments in terms of host species on parasite performance
will give insight into the mechanisms behind successful host
switching and its role in parasite evolution. This could also
assist in predicting changes in distribution of parasite-borne
diseases under climate change and anthropogenic environ-
mental transformation (Clark et al. 2018).

Here, we asked whether matches and mismatches in the
identity of a host species exploited by a mother and her off-
spring affect reproductive performance of the latter. For our
purposes, reproductive performance was measured via quan-
tity (egg number) and quality (egg size, development time,
body size) of the next generation. To answer this question,
we experimentally manipulated maternal and rearing environ-
ments (i.e. host species identity) in two fleas, Xenopsylla
conformis and Xenopsylla ramesis, implementing a factorial
cross-rearing design. Fleas are obligatory haematophagous
ectoparasites, exploiting mainly small- and medium-sized
mammals, which alternate periods of staying on the host with
time spent in the host’s burrow/nest. Females oviposit on a
host’s body or in the burrow/nest but pre-imaginal develop-
ment takes place mainly off-host (reviewed in Krasnov 2008).
Fleas are unequally distributed among host species and their
abundance and prevalence vary strongly in dependence of
host identity (Marshall 1981), suggesting that host identity is
a key aspect of flea survival and successful reproduction.

Both flea species used in this study are host generalists that
commonly parasitize multiple rodent species in the Negev
Desert. However, these species attain the highest prevalence
and abundance on their principal host, considered here as
favourable environment, Meriones crassus (Krasnov et al.
1997, 1999). Their auxiliary hosts (Gerbillus nanus and
Acomys russatus for X. conformis; Gerbillus dasyurus and
A. russatus for X. ramesis), considered here as unfavourable
environments, occur in the same habitats as the principal host.
Two of these hosts, G. nanus and G. dasyurus, are from the
same subfamily (Gerbillinae) as the principal host, whereas
A. russatus is from another subfamily (Deomyinae). Both flea
species have often been recorded on an auxiliary host closely
related to the principal host but very rarely on a distantly
related auxiliary host (Krasnov et al. 1997, 1999). Earlier,
Khokhlova et al. (2012a) showed that flea fitness is strongly
affected by host identity with highest fitness in the principal
host and lower fitness in auxiliary hosts. Furthermore,
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Khokhlova et al. (2012a) demonstrated that phylogenetic re-
latedness of an auxiliary host to the principal host reflected its
degree of suitability from a flea’s perspective; thus, when fleas
fed on auxiliary hosts their reproductive performance de-
creased as phylogenetic distance between the auxiliary host
and the principal host increased. In other words, an auxiliary
host closely related to the principal host can be considered as a
moderately unfavourable environment for a flea, whereas an
auxiliary host phylogenetically distant from the principal host
can be considered as a highly unfavourable environment.

We refer to the maternal host as the host exploited by a
mother and to the actual host as the host that her offspring
were forced to feed (=reared) on. We predicted that fleas pro-
duced by mothers exploiting the principal host and reared on
the principal host would have the highest performance. We
further predicted that, in case of both maternal and actual
auxiliary hosts, reproductive performance will be lower in
an auxiliary host phylogenetically distant to the principal host.
In mismatched maternal and actual hosts, alternative out-
comes indicating relative strength of the effect of either ma-
ternal or rearing environment are expected. High performance
of fleas born from mothers fed on the principal host but reared
on an auxiliary host will suggest a stronger effect of the ma-
ternal environment, whereas their poor performance will indi-
cate the main role of rearing environment. In the inverse host
scenario, higher performance of offspring implies an effect of
rearing environment, whereas their poor performance will ad-
vocate the effect of the maternal environment. We also pre-
dicted that a decrease in offspring quality will not be accom-
panied with an increase in their numbers and vice versa be-
cause recent studies with these species demonstrated that no
trade-off existed between offspring quantity and quality as
measured by egg number and size, respectively (Kiefer et al.
2016; van der Mescht et al. 2017).

Materials and methods
Study animals

We used rodents (M. crassus, G. dasyurus, G. nanus and
A. russatus) and fleas (X. conformis and X. ramesis) from our
laboratory colonies. Details on origin and maintenance of the
colonies are published elsewhere (Khokhlova et al. 2012b;
Krasnov et al. 2001a; Krasnov et al. 2001b). In brief, fleas in
the colonies were reared on M. crassus kept individually in
plastic cages (60 x 50 x40 cm at 25+1 °C and 12: 12 D: L)
each containing a nest box above a mesh floor (5 x 5 mm) with
a mixture of sand and flea larvae nutrient medium (94% dry
bovine blood, 5% millet flour, 1% ground faeces of the respec-
tive host species) underneath (3—5 mm). Rodents were fed mil-
let seed ad libitum and given fresh alfalfa as a water source.
Every 2 weeks, all cage substrate was collected, placed into

plastic boxes and kept at 25 °C and 90% relative humidity in
an incubator (FOC225E, Velp Scientifica srl, Milano, Italy)
where fleas developed. New rodents were then infested with
newly emerged fleas. This study was conducted under permits
from Ben-Gurion University Committee for the Ethical Care
and Use of Animals in Experiments (IL-24-05-2017). All ex-
perimental procedures met the legal requirements of the State of
Israel (Animal welfare law for the prevention of cruelty to an-
imals (experiments on animals) of the State of Israel 1994).

Experimental design and measurements

The experimental design is outlined in Table 1. We established
three lines of each flea species from randomly selected newly
emerged fleas by assigning them to (i) a principal host (PH)-
line maintained on M. crassus, (ii) closely related auxiliary
host (CAH)-line maintained on an auxiliary host phylogenet-
ically close to M. crassus (i.e. G. nanus for X. conformis and
G. dasyurus for X. ramesis) or (iii) distantly related auxiliary
host (DAH)-line maintained on an auxiliary host phylogenet-
ically distant from M. crassus (i.e. A. russatus).

Prior to experiments, we maintained these lines for six
generations and one generation lasts approximately 32 days.
Initially, 100 male and 100 female fleas taken from a respec-
tive colony were released into plastic cages with two to three
male rodents of a respective species. After 14 days, we col-
lected substrate material from each cage into an individual
plastic box and kept the box at an air temperature of 25 °C
and 90% relative humidity in an incubator. Both flea species
generally start laying eggs 2 days after being released into a
host cage (unpublished data). Minimal duration of develop-
ment from egg to a new imago is 24 days with the peak of
imago emergence occurring at day 30-35 (Krasnov et al.
2001a; Khokhlova et al. 2010). We collected fleas from an
incubated box on day 32 to guarantee that all fleas that
emerged belonged to the same generation. Parents of each
subsequent generation consisted of 100 male and 100 female

Table 1 The experimental design applied in the experiments

Line  Treatment Maternal host ~ Actual host Match/
mismatch

PH PH-PH PH PH Match
PH-CAH PH CAH Mismatch
PH-DAH PH DAH Mismatch

CAH CAH-CAH CAH CAH Match
CAH-PH CAH PH Mismatch

DAH DAH-DAH DAH DAH Match
DAH-PH DAH PH Mismatch

PH the principal host, CAH an auxiliary host closely related to the prin-
cipal host, DAH an auxiliary host phylogenetically distant from the prin-
cipal host
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newly emerged imagoes that were randomly selected from the
previous generation and placed on the same host species as the
previous generation. Although newly emerged fleas collected
from a box could differ in their absolute age, they were of the
same physiological age because they had never fed prior to
experimental manipulations (Krasnov 2008). The procedures
described above were repeated for six generations. The sixth
generation was considered as the parental generation for the
experimental trials.

Experiments were carried out on the offspring of the paren-
tal generations (i.e. F1). We randomly selected 100 male and
100 female newly emerged F1 imagoes of each species from
each line and released them into cages with two to three indi-
viduals of the principal or an auxiliary host species as de-
scribed above. Rodents were 6- to 8-month-old, sexually
naive males that have never been exposed to fleas prior to
the experiments. The experiments with each flea species
consisted of seven treatments (Table 1). In three treatments,
maternal and offspring hosts matched. In other words, F1 fleas
from each line were allowed to feed and reproduce (=reared)
on the same host as their mothers did, namely (i) F1 fleas from
the PH-line were reared on the principal host (PH-PH treat-
ment), (ii) F1 from the CAH-line were reared on an auxiliary
host closely related to the principal host (CAH-CAH
treatment) and (iii) F1 fleas from the DAH-line were reared
on an auxiliary host phylogenetically distant from the princi-
pal host (DAH-DAH treatment). The remaining four treat-
ments involved cross-rearing in which the maternal and off-
spring hosts mismatched as follows. F1 fleas from each line
were reared on a different host than their mothers did, namely
(i) F1 fleas from the PH-line were reared on a closely related
auxiliary host (PH-CAH treatment), (ii) F1 fleas from the PH-
line reared on a distant auxiliary host (PH-DAH treatment),
(ii1) and (iv) F1 from the CAH-line and the DAH-line were
reared on the principal host (CAH-PH treatment and DAH-PH
treatment, respectively).

After three uninterrupted days in a host’s cage, F1 fleas were
collected both from the cage substrate and rodents’ bodies. The
latter was done by examining a rodent over a white plastic tray
and brushing its hair with soft, custom-made forceps. We select-
ed 70 engorged females from each treatment and randomly dis-
tributed them among seven Petri dishes (40-mm diameter; 10
females per dish). Petri dishes with fleas were then placed in an
incubator (see above specifications) at 25 °C and 90% relative
humidity. After 48 h, we checked Petri dishes for newly laid eggs
and counted them under a light microscope at x 40 magnifica-
tion. We measured the maximal length and width of each egg on-
screen to the nearest 0.01 mm using a digital microscope camera
(Moticam 2000) and Motic Images Plus 3.0 ML software
(Motic, Speed Fair Cp., Ltd., Causeway Bay, Hong Kong) which
was calibrated using a stage micrometre.

Eggs produced by each group of fleas in a Petri dish were
checked daily starting on day 24, the minimum time of pre-
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imaginal development (Krasnov et al. 2001a; Khokhlova et al.
2010) until 14 days after the last imagoes emerged. We re-
corded the day on which each F2 adult emerged, total number
of new adults produced by each group of F1 fleas and identi-
fied the sex of each new imago by examining its genitalia
under a light microscope. We measured the maximal length
of'its left and right hind femurs to the nearest 0.01 mm with a
digital microscope camera (see above specifications).

We calculated the mean number of eggs produced per F1
female as well as three variables describing quality of F2 fleas,
namely (a) egg size, (b) duration of pre-imaginal development
from egg to adult and (c) body size of a newly emerged adult.
Mean number of eggs produced per female was calculated by
dividing the total number of eggs by the total number of fe-
males per group of fleas. The size of an egg was estimated via
its volume and calculated, following Berrigan (1991), as V=
1/6m x W? x L, where V is the egg volume (=size), W is the
maximal egg width and L is the maximal egg length. The
duration of pre-imaginal development was calculated as the
number of days from oviposition to emergence of a new ima-
go. We used the average of the maximal length of the left and
right hind femurs as a proxy of body size. High positive cor-
relation between body size and femur length has been demon-
strated earlier for both flea species (Krasnov et al. 2003a;
Khokhlova et al. 2010).

Data analyses

We analysed the effects of maternal environment (i.e. identity
of the maternal host species), offspring environment (i.e. iden-
tity of the actual host species) and match/mismatch in mater-
nal and offspring environments (i.e. interaction between the
identity of the maternal and actual hosts) on the response
variables separately for each: (i) flea species and (ii) combi-
nation involving the principal host and either a closely or
distantly related auxiliary host (hereafter referred to as a treat-
ment group). We plotted empirical quantiles of each depen-
dent variable against theoretical quantiles of a comparison
distribution in R v3.3.2 (R Development Core Team 2017)
using the “qqp” function implemented in the “car” package
(Fox and Weisberg 2011). Based on the best-fit distribution of
each dependent variable, we either applied log-
transformations (i.e. for egg number and pre-imaginal devel-
opment rate) or left data untransformed (i.e. for egg size and
new imago size).

To test for the effect of maternal environment, offspring
environment and match/mismatch in maternal and offspring
environments on reproductive performance we used either
general linear models (for egg number) or linear mixed-
effects models (for egg size, development rate and new imago
size) implemented in the “lme4” package (Bates et al. 2015)
in R. To account for variation between replicates, we included
ID number of a group of females as a random effect in each
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Table 2 Best-fit models of the effects of the identities of the maternal
host species (MH), actual host species (AH) and their interaction
(MH*AH) on egg number and size (EN and ES, respectively), develop-
ment rate of male and females offspring (MD and FD, respectively), and
femur length of male and female offspring (MS and FS, respectively) in
Xenopsylla conformis. A principal host (PH)y—Meriones crassus, a close-
ly related auxiliary host (CAH)—Gerbillus nanus and a distantly related

auxiliary host (DAH)—Acomys russatus. General linear models were
used for egg number and linear mixed-effects models for egg size, devel-
opment rate and new imago size. Group ID number was included as a
random effect in each linear mixed-effects model to account for variation
between replicates. Reference level for the fixed effect of the MH, the AH
and MH*AH was PH, PH and PH-PH, respectively. "*—non-significant;
*p<0.05; **p <0.01; **¥*p < 0.001

Treatment group® Best-fit model AlCc AAICC® w (AICc)®

PH and CAH EN=0.25MH* — 0.96 AH*** 19.7 2.99 0.60
ES =0.45MH"™ - 0.93AH* + 0.98MH*AH" 1801.1 2.02 0.30
FS=0.36%%%* -914.5 4.87 0.92
FD =3.40%%%* —338.8 5.67 0.94
MS =0.01MH"™ + 0.03 AH*** —880.9 1.86 0.70
MD =3.53%** —403.3 16.11 1

PH and DAH EN =0.40MH* — 2.14AH*** 20.1 3.34 0.64
ES =17.80%** 1258.8 1.76 0.34
FS =0.0IMH™ + 0.05AH*** —658.5 0.93 0.60
FD =3.37#%%* —-2159 0.39 0.46
MS =0.01MH"™ + 0.04 AH>* —542.0 2.54 0.76
MD =3.53%%* —188.4 11.07 1

Refer to Table 1 for all the treatments involving the PH and either a CAH or DAH

® Difference in AICc between the best and second best model
¢ Akaike weight of the best model

linear mixed-effects model. Data on development rate and
imago size in fleas were analysed separately for each sex
because these variables differ substantially between males
and females (see Krasnov et al. 2001a; van der Mescht et al.
2017 for development rate and Krasnov et al. 2003a for body
size). We initially constructed a model with all possible terms
for each response variable and for each flea species. Then, we
selected the best model based on the Akaike Information
Criteria corrected for sample size (AICc) using the
“model.sel” function implemented in the R package
“MuMIn” (Barton 2016). We first evaluated the difference
between the AICc of the best and the second best model
(AAICc). If this value was greater than or equal to 2, we
accepted the former as the best model. However, if this value
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was less than 2, we assessed the Akaike weights [w (AICc)] of
these two models to confirm the best model (Wagenmakers
and Farrell 2004). Finally, we tested whether the difference
between each factor in the best model and a baseline (intercept
for a best model with factors and 0 for an intercept-only best
model) is significantly different using the “summary” func-
tion implemented in the “lme4” package in R.

Results

In X conformis, the best-fit model of the relationship between
the number of eggs and host species included the identity of
the maternal and actual host species as explanatory variables

——

PH CAH
Maternal host

Fig. 1 Effect of the species identity of the maternal host on egg number
(mean =+ SE) in Xenopsylla conformis involving the principal host (PH)
and a a closely related auxiliary host (CAH) or b a distantly related

PH DAH
Maternal host

auxiliary host (DAH). Maternal host species is indicated by the colour
of the bars (black bars: PH; white bars: CAH; grey bars: DAH)
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Fig. 2 Effect of the species a b
identity of the actual host on egg 228 228
number (mean + SE) in g 24 g 24
Xenopsylla conformis involving ';C) 20 g 20
the principal host (PH) and a a s o
closely related auxiliary host 3 3
(CAH), or b a distantly related ug 12 — % 12
auxiliary host (DAH) and in 5 08 = 5 08
Xenopsylla ramesis involving the €04 €04
principal host (PH)and caclosely 2 (o 2 00 il
related auxiliary host (CAH), or d PH CAH PH DAH
distantly related auxiliary host Actual host Actual host
(DAH). Actual host species is in-
dicated by the colour of the bars ¢
(black bars: PH; white bars: CAH; @ 28
grey bars: DAH) g 0
520
Z 1.6 —
812
> 08
g 04
Z 00 Ii
PH CAH DAH

Actual host

but not their interaction (Table 2). As for maternal hosts, more
eggs were produced by fleas born from mothers that fed on
any auxiliary host than those from mothers fed on the PH
(Fig. 1a, b; Table S1 of Electronic Supplementary Material).
In contrast, more eggs were laid by fleas actually reared on the
PH as compared to any auxiliary host (Fig. 2a, b; Table S1).
The best-fit model for the effect of host species on the size
of eggs produced by X. conformis exploiting the PH and a
CAH included the maternal host, the actual host and their
interaction (Table 2). However, the identity of the actual host
species was the only explanatory variable that had a signifi-
cant effect. Fleas reared on the PH laid significantly larger
eggs than those reared on a CAH (Fig. 3a; Table S1).
Neither the species of the maternal or the actual host or
their interaction had an effect on development rate of either
male or female F2 offspring according to the best-fit models of
the effect of feeding on the PH and a CAH or a DAH
(Table 2). The best-fit model for the effect of host species
identity on the size of the offspring produced by fleas fed on
the PH and a CAH included the maternal and actual hosts as

Actual host

explanatory variables for males. The size of male offspring
was significantly affected by the species identity of the actual
host. Larger males were produced by fleas reared on a CAH
than by those reared on the PH (Fig. 4a; Table S1). The best-fit
model for the effect of host species identity on the size of male
and female offspring, when fleas fed on the PH and a DAH,
included the actual and maternal hosts but not their interaction
(Table 2). Moreover, the size of offspring of both sexes was
only significantly affected by the species identity of the actual
host. Thus, imagoes were larger when reared on a DAH com-
pared to those on the PH (Fig. 4b, c; Table S1).

In X. ramesis, the best-fit model of the relationship
between the number of eggs produced and host species
identity included the maternal and actual host species
(Table 3). However, actual host species identity was the
only variable that had a significant effect on egg number.
Females reared on the PH laid significantly more eggs
than those reared on either auxiliary host (Fig. 2c, d;
Table S2). Both the maternal and actual host species
identities were included in the best-fit model of the effect

Fig. 3 Effect of the species a) b)
identity of the actual host on egg 1854 1854
size (mean volume =+ SE)
involving the principal host (PH: ' &
black bars) and a closely related E 1e0] E 1801
auxiliary host (CAH: white bars) g g
. . 5 5
in a Xenopsylla conformis and b ] T E T
Xenopsylla ramesis g 1751 1 @ 751 T
i i
17.01 17.01
CAH CAH

Actual host
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Fig. 4 Effect of the species a) b)
identity of the actual host on 0.341 0.341
length of the hind femur (mean + 0334 ~0.331 —
SE) of new male imagoes in g 0351 E 0.321 =
Xenopsylla conformis involving = < 0311
the principal host (PH: black bars) 5031 + ) 0301
and a a closely related auxiliary 2 0.301 2 0291
host (CAH: white bar) or b a £ 0297 g 0284
. oge () (0}
distantly related auxiliary host W 284 w7
(DAH: grey bar) and ¢ new 0271 026
feI.nal.e imagoes involving the PH AR PH DAH
principal host (PH: black bar) and Actual host Actual host
a distantly related auxiliary host
(DAH: grey bar) ©)
0.42
0414
€ 0.40 o
E 039 =
£ 0.381
€ 0.371
< 0.361
2 0351
D 0.341
0.33
0.321
PH DAH
Actual host
of host species on egg size when fleas fed on the PH and  Discussion

a CAH (Table 3). Female fleas laid significantly larger
eggs when reared on the PH than on a CAH (Fig. 3b;
Table S2). Significantly larger eggs were laid by females
whose mothers fed on a CAH than those from mothers
fed on the PH (Table S2).

Table 3  Best-fit models of the effects of the identities of the maternal
host species (MH) and actual host species (AH) on egg number and size
(EN and ES, respectively), development rate of male and females off-
spring (MD and FD, respectively), and femur length of male and female
offspring (MS and FS, respectively) in Xenopsylla ramesis. A principal
host (PH)—Meriones crassus, a closely related auxiliary host (CAH)—
Gerbillus dasyurus and a distantly related auxiliary host (DAH)—

Our results indicate that maternal and rearing environments
independently affected reproductive performance in
X. conformis and X. ramesis; however, the rearing environ-
ment had the strongest effect. Fleas reared on the PH

Acomys russatus. General linear models were used for egg number and
linear mixed-effects models for egg size, development rate and new ima-
go size. Group ID number was included as a random effect in each linear
mixed-effects model to account for variation between replicates.
Reference level for the fixed effect of the MH, the AH and MH*AH
was PH, PH and PH-PH, respectively. "—non-significant; *p < 0.05;
*#p < 0.01; ***p < 0.001

Treatment group® Best-fit model AlCc AAICC® w (AICc)®

PH and CAH EN=-0.001MH™ — 0.38 AH*** 35 2.54 0.53
ES=0.70MH** —0.71AH** 2143.9 1.69 0.43
FS=0.35%%* —1227.4 13.46 1
FD =3.37%%%* —366.9 8.79 0.97
MS =0.29%** —1089.7 13.15 1
MD = 3.52%%* —415.1 8.09 0.98

PH and DAH EN=0.10MH** — 2.23 AH*** 17.0 231 0.51
ES = 18#** 1099.2 1.81 0.41
FS=0.35%** —740.5 9.11 0.99
FD =3.36%** —206.6 0.05 0.43
MS = 0.28%** -673.8 9.92 0.99
MD = 3.53%%%* —278.7 9.70 0.99

#Refer to Table 1 for all the treatments involving the PH and either a CAH or DAH

® Difference in AICc between the best and second best model
¢ Akaike weight of the best model
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performed considerably better than those reared on an auxil-
iary host. Moreover, as we predicted, the phylogenetic relat-
edness of an auxiliary host to the PH reflected the degree of its
suitability so that when fleas fed on an auxiliary host their
reproductive performance decreased with an increase in phy-
logenetic distance between this host and the PH. The effect of
rearing environment was also stronger in X. ramesis than in
X. conformis. Nevertheless, we found no interaction between
the maternal and rearing environments. Thus, in contrast to
what we predicted, there was no difference in performance
between matched and mismatched environments.

The stronger effect of rearing than maternal environment on
reproductive performance could be related to physiological
mechanisms that affect offspring fitness during particular stages
of development in holometabolous insects. Adult female fleas
can directly invest in their offspring via the number of eggs,
egg size and egg provisioning (Marshall 1981; Krasnov 2008).
However, once the eggs hatch and larvae emerge, their nutritional
status is determined by the larval diet (Silverman and Appel
1994). Larvae of the majority of flea species feed on organic
debris in the burrow/nest of the host; therefore, maternal control
over the larval environment, or any post-hatching components of
offspring fitness, is very limited (Krasnov 2008). Nevertheless,
some female fleas can indirectly invest in their offspring by
voiding their gut contents and excreting faecal pellets around
the clutch which larvae can feed on when they hatch
(Silverman and Appel 1994). Once new imagoes emerge, their
fitness is mainly determined by their first blood meal as initiation
of feeding may trigger important processes that affect blood di-
gestion rates (Filimonova 1986; Fielden et al. 2001, 2004). For
example, alkaline phosphatase and acid phosphatase were main-
ly distributed in the midgut, nerve nuclei, testes, ejaculatory
ducts, oviducts and spermathecal glands, while adenosine
triphosphatase was distributed in all tissues of newly emerged
Monopsyllus anisus and Leptopsylla segnis prior to the first
blood meal (Xun and Qi 2004). After digesting the first blood
meal, concentration of all three enzymes increased only in the
midgut. Our results suggest that the actual host on which newly
emerged imagoes take their first blood meal strongly affect their
fitness, whereas the effect of maternal environment is likely buff-
ered by the larval environment.

From an ecological standpoint, the response of newly
emerged imagoes to heterogeneous environments could be key
as the same host species might not always return to the burrow/
nest. Therefore, environmental heterogeneity, from a parasite’s
perspective, consists of spatiotemporal variation in co-occurring
host species. In the majority of fleas, newly emerged individuals
are found in the host burrow/nest and as such interspecific trans-
fer is possible when host species other than the maternal host
enter the shelter (reviewed in Krasnov 2008). For example, the
maternal host could abandon its burrow/nest, which can then be
occupied by a different host species. Alternatively, other host
species might occasionally visit the nest/burrow of the maternal
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host. In both these scenarios, newly emerged imagoes could be
forced to feed on a host species other than the maternal host.
Each host species represents environmental conditions of differ-
ing quality as determined by the availability, quality and pattern
of resource acquisition (Combes 2001). As mentioned above, the
PH represents the most favourable conditions overall (Krasnov
et al. 2004a; Khokhlova et al. 2012a). This explains why the
offspring reared on the PH performed better than those reared
on either auxiliary host. Nevertheless, decreasing phylogenetic
distance between an auxiliary host and the PH is generally asso-
ciated with increasing ecological, physiological and/or immuno-
logical similarity (Krasnov et al. 2004a; Khokhlova et al. 2012a).
This would explain why an auxiliary host closely related to the
PH represents a moderately unfavourable environment, whereas
an auxiliary host phylogenetically distant to the PH represents the
most unfavourable environment to a flea.

A parasite’s preference for a particular host is related to the
quality of resources gained from this host (Combes 2001).
However, the host develops immunological defences against
a specific parasite which could inhibit a parasite’s feeding
(Fielden et al. 1992; Walker et al. 2003) so that the parasite
itself had to develop adaptations to suppress or evade the
defences of the PH during their common evolutionary history
(Singh and Girschick 2003; Maizels et al. 2004). These adap-
tations can be costly and adaptations to a given host and its
defences can reduce the ability of a parasite to exploit other
hosts (Maller et al. 2005). Therefore, traits targeted at a spe-
cific host are expected to lose their adaptive value if this host is
not encountered or exploited for an extended period (Poulin
2007). Offspring reared on the PH in our study performed the
best regardless of the maternal host being either the principal
(matched environment) or an auxiliary (mismatched environ-
ment) host maintained for six generations. Therefore, our re-
sults suggest that flea traits targeting the PH did not lose their
adaptive value after six generations of not exploiting this host.

The higher performance of both flea species reared under
the most favourable conditions could facilitate host switching
and/or widening of host spectra that would then lead to ex-
pansion of their geographic ranges. This ability of host gener-
alists to overcome poor maternal provisioning (i.e. mother
raised on an auxiliary host) by exploiting a rich resource (i.e.
the PH) might form the functional basis for evolutionary
events such as ecological fitting (Janzen 1985; Brooks et al.
2006) and co-evolutionary alternation (Nuismer and
Thompson 2006). In particular, the process of ecological
fitting, whereby a parasite specialises on a particular resource
(e.g. blood) that is widespread among multiple host species
rather than its representation (i.e. a given host species), allows
a parasite to exploit novel hosts (Brooks et al. 2006). Co-
evolutionary alternation is the process whereby a parasite
evolves with multiple hosts in its native habitat (Nuismer
and Thompson 2006). Our results suggest that generalist par-
asites could persist in sub-optimal hosts for extended periods
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and could thus colonise novel hosts through a “stepping-
stone” process (see Araujo et al. 2015).

Furthermore, we found differences between flea species in
the effect of rearing environment on reproductive performance,
such as when fleas fed on the PH and a CAH, which are likely
associated with differences in host selection strategies.
Although both flea species have the ability to perceive qualita-
tive differences (e.g. between host variation in the absolute
amount of blood obtained during a single blood meal) between
host species, X. conformis also perceives quantitative differ-
ences (e.g. absolute amount of blood available for a flea imago)
between hosts (Krasnov et al. 2003b). Therefore, X. conformis
quantitatively perceives M. crassus as a superior host over the
closely related host species G. dasyurus. This could then ex-
plain the stronger effect of rearing environment on performance
in X. conformis than in X. ramesis (Krasnov et al. 2004b).

In conclusion, we demonstrate that rearing environment
has the strongest effect on fitness in generalist parasites.
Furthermore, the PH represent the best rearing conditions for
a parasite and the level of suitability of an auxiliary host in-
creases with an increase in phylogenetic relatedness to the PH.
Surprisingly, we found no difference in flea fitness between
matched and mismatched maternal and rearing environments.
Thus, more studies are needed to observe how these effects
might change over evolutionary time by increasing the num-
ber of generations fleas are maintained on a particular mater-
nal host species.
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