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Effect of multiple microsporidian infections and
temperature stress on the heat shock protein 70
(hsp70) response of the amphipod Gammarus
pulex
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Abstract

Background: Increasing temperatures can be a significant stressor for aquatic organisms. Amphipods are one of
the most abundant and functionally important groups of freshwater macroinvertebrates. Therefore, we conducted
a laboratory experiment with Gammarus pulex, naturally infected with microsporidians.

Methods: In each group, 42 gammarids were exposed to 15°C and 25°C for 24 h. Sex of gammarids was
determined and microsporidian infections were detected by specific PCR. To quantify stress levels of the
amphipods, the 70 kDa heat shock proteins (hsp70) were analyzed by western blot.

Results: More males than females were detected in the randomized population sample (ratio of females/males:
0.87). No mortality occurred at 15°C, while 42.9% of gammarids died at 25°C. Sequences of three microsporidians
(M1, M2, M3) were detected in this G. pulex population (99.7%-100% sequence identity to Microsporidium spp.
from GenBank). Previous studies showed that M3 is vertically transmitted, while M1 and M2 are presumably
horizontally transmitted. Prevalences, according to PCR, were 27.0%, 37.8% and 64.9% for Microsporidium sp. M1,
M2 and M3, respectively. Cumulative prevalence was 82.4%. Multiple infections with all three microsporidians in
single gammarids were detected with a prevalence of 8.1%, and bi-infections ranged between 12.2% and 25.7%.
In dead gammarids, comparatively low prevalences were noted for M1 (males and females: 11.1%) and M2
(females: 11.1%; males 0%), while prevalence of M3 was higher (females: 66.7%; males: 88.9%). No significant
effect of host sex on microsporidian infection was found.
Significant effects of temperature and bi-infection with Microsporidium spp. M2 +M3 on hsp70 response were
detected by analysis of the whole sample (15°C and 25°C group) and of M2 + M3 bi-infection and gammarid
weight when analyzing the 25°C group separately. None of the parameters had a significant effect on hsp70
levels in the 15°C group.

Conclusion: This study shows that some microsporidian infections in amphipods can cause an increase in stress
protein level, in addition to other stressors. Although more harmful effects of combined stressors can be expected,
experimental evidence suggests that such an increase might possibly have a protective effect for the host against
acute temperature stress.
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Background
Microsporidia are a group of highly reduced parasitic
fungi found in vertebrates and invertebrates [1-3]. Vari-
ous microsporidian species commonly infect inverte-
brates, and can severely impair host fitness, thereby
shaping host population size and dynamics [4-8]. Nu-
merous microsporidian species infect amphipods and
can compromise their populations either by high viru-
lence causing death of their hosts (e.g. genus Pleisto-
phora in gammarids, [9]), or cause a shift in host sex
ratio through feminization of the population, either by
male killing, or by turning males into functional females
[5,10-14]. On the other hand, vertically transmitted
microsporidians often do not seem to affect the host
populations when measuring mortality [5], but might
have effects on behavior [9] or juvenile growth [15,16].
Additionally, microsporidian parasites can influence the
response of their amphipod hosts to density dependent
factors like food limitation and crowding [15] or envir-
onmental contamination with heavy metals [17,18]. If
parasitized populations have to face additional stressors,
the impact on parasitized individuals might be different
compared to uninfected gammarids. Therefore, predic-
tion of stress related population changes is likely to be
dependent on infection levels.
Temperature changes, especially increasing tempera-

tures can cause gradual changes in macroinvertebrate
communities [19]. On an individual basis, a first re-
sponse to a temperature rise is an increase in heat shock
protein synthesis [20]. Heat shock proteins (hsps) allow
organisms to expand their tolerance to a wider range
of environmental stressors, for example by acting as
molecular chaperones, which bind to denatured and
unfolded proteins, prevent aggregation of non-native
proteins and repair damaged proteins [21,22]. Under
stressful conditions such as high temperature an overex-
pression of hsps occurs, by which the stress tolerance
can be enhanced [23]. To the best of our knowledge,
only a limited number of studies exist on the expression
of hsps following thermal stress in amphipods [20]. Ac-
cordingly, combined effects of temperature change and
microsporidian parasite infection on the stress level of
amphipods were not studied until now although recent
studies suggest profound effects of parasites on hsp-
levels in amphipods [24,25]. Thus, it was the aim of the
present study to assess effects of microsporidian infec-
tion in combination with temperature as an additional
stressor in a laboratory experiment with individuals from
a population of Gammarus pulex from the river Ruhr,
Germany, naturally infected with microsporidians. G.
pulex is a common and widely distributed freshwater
amphipod, common in European streams and lakes
where it is an important shredder of organic material
[26,27]. To date, only limited information is available on
microsporidian infections of this species [14,28], and no
data exists for microsporidian infections in amphipods
from the River Ruhr, North Rhine-Westphalia.
We tested the hypothesis that microsporidian parasites

modulate the effect of stressors on their host and ad-
dressed the question, if infected individuals are more
prone to be affected by extreme environmental condi-
tions. Parasites were detected and characterized by PCR
and stress levels were quantified by the response of the
70 kDa heat shock proteins (hsp70).

Methods
Temperature experiment
Amphipods were collected from the River Ruhr in July
2013. At this time the river water temperature was 14°C.
The species was identified morphologically as Gam-
marus pulex according to the key of Eggers and Martens
[29]. Immediately after transfer to the laboratory, single
animals were placed into wells of 6-well-plates, each
with 10 ml of natural stream water from the collection
site and were kept at 15°C with 12 h/12 h light dark cy-
cles for 24 h. Subsequently, the plates were separated
into two groups, each comprising 42 individuals. One
group was kept at 15°C and one transferred to 25°C for
an additional 24 h to induce a stress response to be able
to analyze the effect of microsporidian parasites under
these conditions. At the end of the experiment, dead
gammarids were counted and all animals were frozen in
liquid nitrogen and stored at −80°C for molecular and
biochemical analyses. The experiment was conducted in
compliance with national and institutional guidelines for
the care and use of animals.

Molecular identification of microsporidians
After thawing, sex of gammarids was determined ac-
cording to male genital papillae or female oostegites.
Animals were then weighed and homogenized with
micropestles in 0.1 M sodium phosphate buffer with
0.1 M KCl. During processing of the gammarids, care
was taken to avoid cross contamination between individ-
uals. Therefore, equipment was rinsed with a 2% sodium
hypochlorite solution to remove DNA-contamination. A
30 μl aliquot of the homogenate was used for DNA-
extraction, while the remainder was centrifuged at
14.000 × g for 15 min at 4°C. The supernatant was used
for quantification of total protein concentration and ana-
lysis of 70 kDa heat shock protein (hsp70) (see below).
For molecular detection of microsporidian infections

in gammarids, the primers V1 5′-CAC CAG GTT GAT
TCT GCC TGA C-3′ [30] and Micro_rev 5′-GAG TCA
AAT TAA GCC GCA CAA TCC AC-3′ [31], amplifying
a part of the small subunit ribosomal RNA gene
(ss rDNA) of microsporidians, were used. Samples were
prepared for PCR amplification by heating 2 μl sample
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in 20 μl dilution buffer and 0.5 μl DNA release additive
of the Phire Animal Tissue Direct PCR Kit (Thermo Sci-
entific) for 2 min at 98°C. The mix was centrifuged at
5000×g for 1 min and the supernatant was used for PCR.
To identify species of Microsporidia infecting the gam-

marids, PCR bands of 10 randomly selected samples
were gel purified with a JETQUICK PCR Product Purifi-
cation Spin Kit (Genomed) according to manufacturer’s
instructions, sequenced directly or cloned with the Zero
Blunt TOPO PCR Cloning Kit for Sequencing (Invitro-
gen). Plasmids were purified with peqGold plasmid
miniprep kit (peqlab) and 2 clones of each isolate were
sent for sequencing (GATC). Additionally, to obtain a
longer section of the rDNA (ss rDNA, the internal tran-
scribed spacer and a part of the large subunit rDNA
gene (ls rDNA)), the primers V1 and ls580 r 5′-GGT
CCG TGT TTC AAG ACG G-3′ [32] were used. All se-
quences were tested for matches in the GenBank by
blast-search (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
According to the sequences obtained, specific primers

for each of the three microsporidians species detected
were designed (see Table 1) to test the remaining posi-
tive samples without the need for sequencing. All PCR
reactions contained 10 μl of 2× Phire PCR Buffer,
0.5 μM of each primer, 0.4 μl Phire Hot Start II DNA
Polymerase and 1 μl DNA. Water was added to 20 μl.
PCR conditions were 98°C for 5 min, 35 cycles of 98°C
for 15 s, annealing at 58°C for 15 s, elongation at 72°C
for 30s (V1/ls580r) or 20s (all other primers) and a final
elongation at 72°C for 2 min. Annealing temperatures
for the diagnostic primers are shown in Table 1. PCR
bands were analyzed by conventional agarose gel electro-
phoresis. Specificity of diagnostic primers was assessed
by sequencing of three randomly selected PCR products
of each primer pair and comparison to the sequences
obtained with the primers V1/Micro_rev and ls580r.

Analysis of heat shock proteins
Levels of hsp70 were analyzed by the method described
in Frank et al. [25]. Briefly, total protein was measured
in the supernatant with a Pierce BCA Protein Assay Kit
(Thermo Scientific). The response of the 70 kDa heat
Table 1 Specific primers designed in the present study
to detect the three microsporidians found in G. pulex

Primer Sequence (5′ - 3′) Annealing
Temperature

Mspec1 F CAT CAA CTA ACT TTG GGA AAC TAA G 57°C

Mspec1 R TGG CCT CCC ACA CAT TCC GAG TG

Mspec2 F GGC GAT CTA ACC TCG GCA TCG GAT AAC C 64°C

Mspec2 R TGG CTT CCC ACC CAT TCC GAG C

Mspec 3 F CAG TAA TGT TGC GAT GAT TTG GTC 55°C

Mspec3 R CAG TAA ATA CTC CAC AGT ATC TTA C
shock proteins (hsp70) was assessed by discontinuous
SDS-Page and Western Blot using monoclonal anti
hsp70 antibodies (mouse anti hsp70, antibodies online)
and a horseradish peroxidase labeled second antibody
(goat-anti mouse, DAKO). Gammarids that died during
the experiment were excluded from this analysis. For de-
tection of hsp70, 20 μg of total protein were loaded on
the gel for each sample. To allow inter-gel comparability,
a reference sample (fish liver homogenate) was run on
all gels. The hsp70-bands were visualized by 4-chloro-1-
naphthol-staining, were scanned and quantified densito-
metrically with ImageJ [33]. All sample values were
divided by the value of the standard of the respective gel
and were expressed as relative hsp70 values.

Statistics
A possible effect of microsporidian infection (M1, M2,
M3 and interaction of all three) on host sex was ana-
lyzed by a general linear model (GLM) with the binomial
model family. Additionally, the effect of the factors
“temperature”, “host sex”, “infection with microsporidian
1”, “infection with microsporidian 2”, “infection with
microsporidian 3” and interaction of all three, as well as
“host weight” on the hsp70 level were analyzed by a lin-
ear model. Omission of the parameter “host sex” did not
reduce the quality of the model, and was removed dur-
ing model optimization. The analyses were conducted
with R v.3.0.1 [34] and graphs were created with Graph-
Pad Prism v5.0.

Results
Gammarids
The ratio of female to male Gammarus pulex in the
whole sample (15° and 25°C groups) was 0.87, but dif-
fered between the two temperature groups with a ratio
of 0.91 in the 15°C group and 0.71 in the 25°C group.
Sex ratio of both infected and uninfected individuals was
0.87, for the whole population sample (Table 2). No
intersex phenotypes (females showing male characteris-
tics) were detected during morphological examination.
No mortality occurred among the gammarids of the
15°C group while 42.9% (9 males and 9 females) of the
animals died after 24 h exposure to 25°C.

Microsporidian infection
Molecular analyses revealed the presence of three different
microsporidian ss rDNA sequence isolates of 1701 bp (M1
[GenBank: KF894401]), 1702 bp (M2 [GenBank: KF894402])
and 763 bp (M3 [GenBank: KF894403]). Amplification of
microsporidian M3 with the V1-ss580r primers did not
yield a PCR product of sufficient quality, therefore, only
the shorter V1/Micro_rev product was sequenced for
this species. Blast search and sequence comparison
showed 99.7% identity (3 nucleotides difference) of the

http://blast.ncbi.nlm.nih.gov/Blast.cgi


Table 2 Number and ratio of female and male G. pulex in the different treatments and among infected and uninfected
individuals

15°C 25°C Dead individuals 25°C Uninfected individuals Infected individuals Total

Female 20 10 9 7 32 39

Male 22 14 9 8 37 45

Ratio female/male 0.91 0.71 1 0.87 0.87 0.87
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microsporidian isolate M1 to the sequence of Microspori-
dium sp. 515 ([GenBank: FN434086]) and 99.9% identity
(1 nucleotide difference) of M2 to the sequence of Micro-
sporidium sp. 505 ([GenBank: FN434085]), both isolated
from Irish and French populations of Gammarus duebeni
celticus [31]. The sequence derived from microsporidian
M3 was 100% similar to a Microsporidium sp. defined by
accession no. [GenBank: AJ438964] (Microsporidium sp. I),
originally isolated from a UK population of G. pulex [14].
Prevalence of the microsporidians in gammarids re-

corded in the present study was high (M1: 27.0%, M2:
37.8% M3: 64.9%) and in total 82.4% of G. pulex were in-
fected with one or all three microsporidians in a single
host individual. Multiple infections (i.e. infections with
all three microsporidian species in one individual gam-
marid) were detected in the G. pulex population with a
prevalence of 8.1%. Bi-infections with M1 and M2 were
found in 12.2% of all gammarids, with M1 and M3 in
17.6% and infections with M2 and M3 were detected
with a prevalence of 25.7%. In general, the prevalence of
M3 was higher in males (74.3%) compared to females
(56.4%; see Figure 1), but no significant effect of infec-
tions on host sex was detected by GLM analysis for this
or the other two species. Surprisingly, no M2-infected
Figure 1 Prevalences of Microsporidium spp. M1, M2 and M3 from G.
and male 25°C-groups include dead individuals. Numbers above bars indic
male was found among the individuals that died during
the exposure to 25°C, and prevalence in females was
markedly lower compared to the whole sample (females:
11.1% vs. 35.9%; males: 0% vs. 40.0%). In the same group,
prevalence of M1 was equally low for both females and
males (11.1% vs. 25.6% in females/28.6% in males). In
contrast, M3 prevalence was higher in dead gammarids
when compared to the total prevalence (females: 66.7%
vs. 56.4%, males: 88.9% vs. 74.3%; see Figure 1). In the
same group, three individuals (16.7%) were completely
free of microsporidians.

Hsp70 analysis
Analysis by the linear model revealed a significant effect of
temperature treatment (p = 0.0058, adjusted R2 = 0.43), as
well as bi-infection with M2 +M3 (p = 0.0309) on hsp70
response. Figure 2 illustrates the significant effect of the
treatment and the hsp70-response depending on infection
status. When analyzing the 25°C data separately, the
same interaction of M2 +M3 on hsp70 level was found
(p = 0.0470, adjusted R2 = 0.55), together with a significant
effect of gammarid wet weight (p = 0.0228). Figure 3
shows the hsp70 response in gammarids, depending on in-
fection with microsporidians M2 and M3. No significant
pulex for males and females in all groups separately. The female
ate the corresponding number of individuals.



Figure 2 Relative hsp70-levels in G. pulex kept at 15°C and
25°C (uninfected, infected and all individuals). Boxes represent
25% percentiles, horizontal bar is the median and vertical bars give
the range from minimum to maximum values. Effect of temperature
on hsp70-level was significant according to analysis by LM (p = 0.0058,
adjusted R2 = 0.43). “Infected” means microsporidian infection with
Microsporidium sp. M1, M2 or M3 and any combination. Numbers
above bars indicate the corresponding number of individuals.

Figure 3 Relative hsp70-levels in G. pulex individuals infected
with Microsporidium sp. M2 and M3 kept at 15°C and 25°C.
Boxes represent 25% percentiles, horizontal bar is the median and
vertical bars give the range from minimum to maximum values.
M2 +M3 infected: individuals that are infected with both microsporidians
M2 and M3 (can be infected with M1 as well); M2 +M3 uninfected:
individuals that are not infected with microsporidian M2 and M3
together (can be uninfected, infected with M2 or M3 separately or
M1 in alone or in combination with one of the other 2 species).
Effect of infection with M2+M3 on hsp70-level was significant in
the 25°C group (p = 0.0470, adjusted R2 = 0.55) and in the whole
sample (15°C and 25°C; adjusted R2 = 0.43; p = 0.0309) according
to analysis by LM. Numbers above bars indicate the corresponding
number of individuals.
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effects for any of the parameters were detected when ana-
lyzing the 15°C group separately.
Smaller gammarids seem to exhibit a weaker hsp70 re-

sponse than larger ones when exposed to high tempera-
tures, albeit this effect is not very strong (Figure 4). Host
sex did not have a significant effect on the relative hsp70
level (Figure 5).
Discussion
Temperature can significantly affect the dynamics of
many parasite life cycles [35-37]. Also for microspori-
dians, the host-parasite interaction can be influenced by
temperature. E.g. Kelley et al. [38] found that low tem-
peratures impaired the feminizing effect of Nosema
granulosis on their amphipod host and the transmission
efficiency of the parasite. In the present study we report
the effect of an experimental temperature increase on
the stress response of Gammarus pulex, naturally in-
fected with three microsporidian species.
To our knowledge, no morphological descriptions are

available for any of the microsporidian species that were
detected in G. pulex in the present study. Therefore, all
three were placed in the catchall genus Microsporidium
until they can be grouped taxonomically. The high simi-
larity of the microsporidian partial ss rDNA sequences
from the present study compared to isolates of Terry
et al. [14] and Krebes et al. [31] indicates species iden-
tity, but this has to be substantiated by further analyses
of more variable genetic markers as well as morpho-
logical and life cycle traits.
Previous molecular phylogenetic analyses suggested that

M1 and M2 are closely related [31]. M3 was not used for
the analysis in the latter study, but in the phylogeny of
Terry et al. [14], M3 clustered in the same clade as M1/
M2. This clade contains a mix of various genera (e.g.
Endoreticulatus, Glugoides, Vittaforma, Cryptosporogenes)
and is closely related to the genus Nosema. To our know-
ledge, the present study provides the first record of the
microsporidians M1, M2 and M3 from Germany and
shows their wide geographic distribution.
Some microsporidian species are highly host specific

and seem to infect only a single gammarid species [39],
whilst others are rather unspecific and can be found in
different amphipod species [14]. The microsporidians M1
and M2, here detected in G. pulex, were both initially de-
scribed from freshwater populations of Gammarus due-
beni celticus [31] and are apparently not strictly host
specific. Moreover, the samples for the study of Krebes
et al. [31] were taken in Ireland, while a German popula-
tion of gammarids was analyzed in the present study, indi-
cating a wide geographic distribution of these parasites.
Microsporidium sp. M3 was first described from a Scottish
population of G. pulex [14] and might be more host



Figure 4 Correlation of gammarid wet weight and relative hsp70 level. a) 15°C group, b) 25°C group. Effect of gammarid weight was
significant after 25°C exposure in analysis by LM (adjusted R2 = 0.55, p = 0.0228).
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specific, as it was not described from other gammarid spe-
cies to date.
The prevalences of the microsporidians found in G.

pulex in the present study ranged between 27%-64.9%.
These prevalences are within the range reported for
other microsporidians in natural populations of other
amphipods, e.g. 46% (only females) for vertically trans-
mitted Nosema granulosis in G. duebeni [40], 37%-85%
prevalence of 2 microsporidians in females of G. pseudo-
limnaeus [41] or up to 27.1% in a Corophiid amphipod
[13]. Infections with several microsporidian species in
one individual amphipod are considered to be rare, and
might only occur if horizontal transmission is present to
some extent [42]. In our study, bi-and multiple infec-
tions were detected rather frequently with two or all
three microsporidians. This indicates that horizontal
transmission is the only or at least the predominant
mode of transmission for M1 and M2. Contrary to these
findings, Krebes et al. [31] did not detect bi-infections of
G. duebeni celticus with M1 and M2 (Microsporidium
Figure 5 Relative hsp70 level of G. pulex by sex and
temperature. Boxes represent 25% percentiles, horizontal bar
is the median and vertical bars give the range from minimum to
maximum values. Numbers above bars indicate the corresponding
number of individuals.
sp. 515 and 505 in their study) what might be due to the
use of universal primers for detection. The more abun-
dant DNA in the sample will be amplified preferentially,
and thereby infections of single host individuals with
more than one parasite species remain undetected.
The male biased sex ratio observed in the gammarid

population in the present study does not indicate the ef-
fect of a sex ratio distorting microsporidian, which
would cause an excess of females in the population. For
example, the sex ratio distorting microsporidian Nosema
granulosis can reduce the median proportion of males in
a G. duebeni population to less than 10% [11]. In Micro-
sporidium sp. M3, vertical transmission was verified pre-
viously by screening of gammarid embryos for infection
[14], but this parasite seems not to have a strong influ-
ence on the sex ratio of the host. The observed male
biased population in the present study might be ex-
plained by the operational sex ratio that was previously
found to be shifted towards males in gammarids [43,44].
Stress proteins like hsp70 are part of the repair mech-

anism that restores the functions of denatured proteins.
Low hsp70 content in the cells would mean a decreased
ability to repair denatured proteins under temperature
stress, and could therefore impair survival. Surprisingly,
small size of gammarids was not associated with higher
mortality, as the mean weight of all gammarids was
47.5 mg and the mean weight of the dead individuals
was 53.2 mg. The mortality at 25°C might not only be
ascribed to the temperature increase, but might have
been caused by decreasing oxygen concentrations in the
water at higher temperatures.
The low prevalences of the microsporidians M1 and

M2 in gammarids that died during exposure to high
temperatures might suggest a protective effect of infec-
tion with these microsporidians against temperature
stress. This finding seems to be in contrast to the high
stress level indicated by hsp70 levels in individuals bi-
infected with the microsporidians M2 and M3. One pos-
sible interpretation might be that microsporidian infections
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induced increased hsp70 levels that provided protection
against a sudden stressor, like the temperature rise in the
present study. Such direct or indirect positive fitness effects
of parasitic infections for their hosts have been described
in several cases [45]. Also for amphipods infected by
microsporidians, positive effects for the host were reported.
However, these effects were studied exclusively in verti-
cally transmitted microsporidians, and included impair-
ment of host fecundity [41], as well as reduction of
number and survival of the offspring [11,13,42]. On the
other hand the simultaneous occurrence of different
stressors may also lead to additive stress effects causing
exhaustion of the hsp70 response which might lead to
death of these organisms.
In contrast to our findings, infection of G. roeseli with

larvae of the acanthocephalan Polymorphus minutus re-
duced the hsp70 response in infected gammarids after
palladium exposure or heat shock [24]. Moreover, in
those gammarids that served as untreated controls, but
were infected with the acanthocephalan larvae, no hsp70
could be detected at all. Recently, Frank et al. [25]
showed that infection of G. fossarum with P. minutus re-
sulted in higher hsp70 levels than in uninfected conspe-
cifics, but following a 14 days cadmium exposure hsp70
levels in uninfected gammarids were four times higher
than in infected G. fossarum. Both studies therefore indi-
cate contrasting but significant effects of acanthoceph-
alan larvae on hsp70 levels, at least if two stressors
co-occur. With respect to microsporidians, Gismondi
et al. [17] described a decrease in reduced glutathione,
γ-glutamylcysteine ligase activity and metallothionein
content in cadmium exposed and infected G. roeseli
compared to gammarids which were not infected by
the vertically transmitted microsporidians Dictyocoela
muelleri and D. roeselum. Also, lipid and glycogen re-
serves were impaired by the combination of parasite in-
fection and metal-exposure. Without cadmium, no effect
of microsporidian infection on energy reserves and bio-
marker response was detected [17]. In the present study,
we also found an increased response of the stress marker
hsp70 to microsporidian infection. Interestingly, a sig-
nificant parasite effect resulted from interaction of two
microsporidian species, one a vertical transmitter, while
the other is presumed to be horizontally transmitted.
Usually, no severe pathogenic effects are expected
for the host infected by vertically transmitted micros-
poridians [5]. Even under stressful conditions (food
limitation and crowding) G. duebeni infected with the
vertically transmitted microsporidian N. granulosis, did
not suffer more compared to uninfected control individ-
uals [15]. However, only cases of single infections were
analyzed in these studies, while results of the present
study show for the first time that multiple infections
with different microsporidian species can have additive
effects. Especially cases of bi-infections with vertically or
horizontally transmitted microsporidians are of interest
for the understanding of parasite population dynamics
within a host population. Most horizontally transmitted
microsporidians rely on high virulence, due to massive
multiplication and spore formation causing host death,
while vertically transmitted species depend on host sur-
vival, to allow reproduction and thereby transfer of the
parasite to the next generation. The resulting conflict
can be resolved by avoidance or sabotage of virulence
[46], to allow both parasite species to coexist perman-
ently in one host population. Sabotage of the host ma-
nipulation strategy of an acanthocephalan by a vertically
transmitted microsporidian leading to decreased preda-
tion of the amphipod by the final host was reported by
Haine et al. [46]. On the biochemical level, the results of
Gismondi et al. [18] indicate a similar competitive effect
of an acanthocephalan larvae and a vertically transmitted
microsporidian, but only after cadmium exposure as
additional stressor. Such a mutual influence between
horizontally and vertically transmitted microsporidians
(e.g. M1/M2 and M3 in the present study) might explain
the coexistence of several microsporidian species in one
host population.

Conclusion
The present study provides first evidence for infection of
a Gammarus pulex population from the River Ruhr with
three species of microsporidians. Although the data has
to be interpreted carefully due to uncontrolled factors
in the naturally infected population (e.g. infection intensity
and stage of parasite development) and the rather
small sample size, the experimental data suggests that
temperature and the combined effect of two of those
microsporidians has an effect on the host stress level.
Additionally, microsporidian infections might have a pro-
tective effect against temperature stress in some cases, by
causing an elevated hsp70 level that is presumed to pro-
tect against temperature-mediated protein damage. How-
ever, if the added stress values reach a critical threshold
the hsp70 response might be exhausted leading to more
pathological effects than each stressor alone.
Further studies are planned to clarify the life cycle and

transmission mode of the species M1 and M2 and to
analyze the virulence of the microsporidians found in
G. pulex. Additionally, comparisons of survival and fit-
ness of single and multi-infected gammarids are required
to elucidate the mechanisms, how the three microspori-
dians detected in the present study overcome the con-
flicts of horizontally and vertically transmitted parasites
and manage to coexist in a single host population. These
studies will also help to clarify the significance of
possible protective effects of microsporidian infections
against environmental stressors.



Grabner et al. Parasites & Vectors 2014, 7:170 Page 8 of 9
http://www.parasitesandvectors.com/content/7/1/170
Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
DSG conducted field sampling, species identification, temperature
experiment, part of the laboratory work and data analysis. GS conducted
most of the molecular biology (PCR and hsp70 analysis). BS and DSG had a
substantial role in conception of the study, guidance of the practical work
and writing the manuscript. All authors read and approved the manuscript.

Acknowledgements
This study was conducted in context of the program for promotion of junior
scientists funded by the University of Duisburg-Essen.

Received: 7 January 2014 Accepted: 28 February 2014
Published: 7 April 2014

References
1. Capella-Gutiérrez S, Marcet-Houben M, Gabaldón T: Phylogenomics

supports microsporidia as the earliest diverging clade of sequenced
fungi. BMC Biol 2012, 10:47.

2. Smith JE: The ecology and evolution of microsporidian parasites.
Parasitology 2009, 136:1901–1914.

3. Williams BA, Hirt RP, Lucocq JM, Embley TM: A mitochondrial remnant in
the microsporidian Trachipleistophora hominis. Nature 2002, 418:865–869.

4. Decaestecker E, Declerck S, De Meester L, Ebert D: Ecological implications
of parasites in natural Daphnia populations. Oecologia 2005, 144:382–390.

5. Dunn A, Smith J: Microsporidian life cycles and diversity: the relationship
between virulence and transmission. Microbes Infect 2001, 3:381–388.

6. Kohler SL, Wiley MJ: Parasite-induced collapse of populations of a
dominant grazer in Michigan streams. Oikos 1992, 65:443–449.

7. Kohler SL, Hoiland WK: Population regulation in an aquatic insect: the
role of disease. Ecology 2001, 82:2294–2305.

8. Zbinden M, Haag CR, Ebert D: Experimental evolution of field populations
of Daphnia magna in response to parasite treatment. J Evol Biol 2008,
21:1068–1078.

9. MacNeil C, Dick JTA, Hatcher MJ, Dunn AM: Differential drift and parasitism in
invading and native Gammarus spp. (Crustacea: Amphipoda). Ecography
2003, 26:467–473.

10. Bandi C, Dunn A, Hurst G, Rigaud T: Inherited microorganisms, sex-specific
virulence and reproductive parasitism. Trends Parasitol 2001, 17:88–94.

11. Haine ER, Motreuil S, Rigaud T: Infection by a vertically-transmitted
microsporidian parasite is associated with a female-biased sex ratio
and survival advantage in the amphipod Gammarus roeseli. Parasitology
2007, 134(Pt 10):1363–1367.

12. Ironside JE, Smith JE, Hatcher MJ, Sharpe RG, Rollinson D, Dunna M: Two
species of feminizing microsporidian parasite coexist in populations of
Gammarus duebeni. J Evol Biol 2003, 16:467–473.

13. Mautner SI, Cook KA, Forbes MR, McCurdy DG, Dunn AM: Evidence for sex
ratio distortion by a new microsporidian parasite of a Corophiid
amphipod. Parasitology 2007, 134(Pt 11):1567–1573.

14. Terry RS, Smith JE, Sharpe RG, Rigaud T, Littlewood DTJ, Ironside JE,
Rollinson D, Bouchon D, MacNeil C, Dick JT, Dunn AM: Widespread vertical
transmission and associated host sex-ratio distortion within the
eukaryotic phylum Microspora. Proc Biol Sci 2004, 271:1783–1789.

15. Kelly A, Hatcher MJ, Dunn AM: The impact of a vertically transmitted
microsporidian, Nosema granulosis on the fitness of its Gammarus
duebeni host under stressful environmental conditions. Parasitology 2003,
126:119–124.

16. Terry RS, Smith JE, Dunn AM: Impact of a novel, feminising microsporidium
on its crustacean host. J Eukaryot Microbiol 1998, 45:497–501.

17. Gismondi E, Rigaud T, Beisel J-N, Cossu-Leguille C: Microsporidia parasites
disrupt the responses to cadmium exposure in a gammarid. Environ
Pollut 2012, 160:17–23.

18. Gismondi E, Rigaud T, Beisel J-N, Cossu-Leguille C: Effect of multiple
parasitic infections on the tolerance to pollutant contamination.
PLoS One 2012, 7:e41950.

19. Burgmer T, Hillebrand H, Pfenninger M: Effects of climate-driven
temperature changes on the diversity of freshwater macroinvertebrates.
Oecologia 2007, 151:93–103.
20. Shatilina ZM, Riss HW, Protopopova MV, Trippe M, Meyer EI, Pavlichenko VV,
Bedulina DS, Axenov-Gribanov DV: The role of the heat shock proteins
(HSP70 and sHSP) in the thermotolerance of freshwater amphipods from
contrasting habitats. J Therm Biol 2011, 36:142–149.

21. Werner I, Hinton DE: Spatial profiles of hsp70 proteins in Asian clam
(Potamocorbula amurensis) in northern San Francisco Bay may be linked
to natural rather than anthropogenic stressors. Mar Environ Res 1999,
50:379–384.

22. Tomanek L, Sanford E: Heat-shock protein 70 (Hsp70) as a biochemical
stress indicator: an experimental field test in two congeneric intertidal
gastropods (Genus: Tegula). Biol Bull 2003, 205:276–284.

23. Feder M, Hofmann GE: Heat-shock proteins, molecular chaperones, and
the stress response: evolutionary and ecological physiology. Ann Rev
Physiol 1999, 61:243–282.

24. Sures B, Radszuweit H: Pollution-induced heat shock protein expression in
the amphipod Gammarus roeseli is affected by larvae of Polymorphus
minutus (Acanthocephala). J Helminthol 2007, 81:191–197.

25. Frank SN, Godehardt S, Nachev M, Trubiroha A, Kloas W, Sures B: Influence
of the cestode Ligula intestinalis and the acanthocephalan Polymorphus
minutus on levels of heat shock proteins (HSP70) and metallothioneins
in their fish and crustacean intermediate hosts. Environ Pollut 2013,
180:173–179.

26. Navel S, Mermillod-Blondin F, Montuelle B, Chauvet E, Simon L, Piscart C,
Marmonier P: Interactions between fauna and sediment control the
breakdown of plant matter in river sediments. Freshwater Biol 2010,
55:753–766.

27. Piscart C, Mermillod-Blondin F, Maazouzi C, Merigoux S, Marmonier P:
Potential impact of invasive amphipods on leaf litter recycling in
aquatic ecosystems. Biol Invasions 2011, 13:2861–2868.

28. Bulnheim H-P: Microsporidian infections of amphipods with special refer-
ence to host-parasite relationships: a review. Mar Fish Rev 1975, 37:39–45.

29. Eggers TH, Martens A: A key to the freshwater Amphipoda (Crustacea) of
Germany. Lauterbornia 2001, 42:1–68.

30. Zhu X, Wittner M, Tanowitz HB, Kotler D, Cali A, Weiss LM: Small subunit
rRNA sequence of Enterocytozoon bieneusi and its potential diagnostic
role with use of the polymerase chain reaction. J Infect Dis 1993,
168:1570–1575.

31. Krebes L, Blank M, Frankowski J, Bastrop R: Molecular characterisation of
the Microsporidia of the amphipod Gammarus duebeni across its natural
range revealed hidden diversity, wide-ranging prevalence and potential
for co-evolution. Infect Genet Evol 2010, 10:1027–1038.

32. Weiss L, Zhu X, Cali A: Utility of microsporidian rRNA in diagnosis and
phylogeny: a review. Folia Parasitol (Praha) 1993, 41:81–90.

33. Abràmoff MD, Magalhães PJ, Ram SJ: Image processing with ImageJ.
Biophotonics Int 2004, 11:36–42.

34. R Core Team: R: A Language And Environment For Statistical Computing.
Vienna, Austria: R Foundation for Statistical Computing 2013. http://www.r-
project.org/.

35. Altizer S, Dobson A, Hosseini P, Hudson P, Pascual M, Rohani P: Seasonality
and the dynamics of infectious diseases. Ecol Lett 2006, 9:467–484.

36. Kennedy CR: The pathogenic helminth parasites of eels. J Fish Dis 2007,
30:319–334.

37. Bi Y, Yu W, Hu W, Lin H, Guo Y, Zhou X-N, Tong S: Impact of climate
variability on Plasmodium vivax and Plasmodium falciparum malaria
in Yunnan Province, China. Parasit Vectors 2013, 6:357.

38. Kelly A, Dunn A, Hatcher MJ: Incomplete feminisation by the
microsporidian sex ratio distorter, Nosema granulosis, and reduced
transmission and feminisation efficiency at low temperatures.
Int J Parasitol 2002, 32:825–831.

39. MacNeil C, Dick JTA, Hatcher MJ, Terry RS, Smith JE, Dunn AM: Parasite-
mediated predation between native and invasive amphipods. P Roy Soc
Lond B Bio 2002, 270:1309–1314.

40. Hatcher MJ, Hogg JC, Dunn AM: Local adaptation and enhanced virulence
of Nosema granulosis artificially introduced into novel populations of its
crustacean host, Gammarus duebeni. Int J Parasitol 2005, 35:265–274.

41. Ryan JA, Kohler SL: Virulence is context-dependent in a vertically transmitted
aquatic host-microparasite system. Int J Parasitol 2010, 40:1665–1673.

42. Haine ER, Brondani E, Hume KD, Perrot-Minnot M-J, Gaillard M, Rigaud T:
Coexistence of three microsporidia parasites in populations of the
freshwater amphipod Gammarus roeseli: evidence for vertical transmission
and positive effect on reproduction. Int J Parasitol 2004, 34:1137–1146.

http://www.r-project.org/
http://www.r-project.org/


Grabner et al. Parasites & Vectors 2014, 7:170 Page 9 of 9
http://www.parasitesandvectors.com/content/7/1/170
43. Elwood R, Gibson J, Neil S: The amorous Gammarus: size assortative
mating in G. pulex. Anim Behav 1987, 35:1–6.

44. Lemaître J-F, Rigaud T, Cornet S, Bollache L: Sperm depletion, male mating
behaviour and reproductive “time-out” in Gammarus pulex (Crustacea,
Amphipoda). Anim Behav 2009, 77:49–54.

45. Thomas F, Poulin R, Guégan JF, Michalakis Y, Renaud F: Are there pros as
well as cons to being parasitized? Parasitol Today 2000, 16:533–536.

46. Haine ER, Boucansaud K, Rigaud T: Conflict between parasites with
different transmission strategies infecting an amphipod host.
Proc Biol Sci 2005, 272:2505–2510.

doi:10.1186/1756-3305-7-170
Cite this article as: Grabner et al.: Effect of multiple microsporidian
infections and temperature stress on the heat shock protein 70 (hsp70)
response of the amphipod Gammarus pulex. Parasites & Vectors
2014 7:170.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Temperature experiment
	Molecular identification of microsporidians
	Analysis of heat shock proteins
	Statistics

	Results
	Gammarids
	Microsporidian infection
	Hsp70 analysis

	Discussion
	Conclusion
	Competing interests
	Authors’ contributions
	Acknowledgements
	References

