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ABSTRACT: The present study assessed the histological changes in the epidermis of Poecilia
reticulata induced by the combined effects of an ectoparasite Gyrodactylus turnbulli and differing
concentrations of waterborne zinc (Zn). Infected guppies were exposed to 0, 15, 30, 60, or 120 µg
Zn l−1 and monitored over 3 wk during the exponential increase in parasite numbers on the fish.
The fish epidermis responded within 3 d to G. turnbulli infection with a rapid increase in epidermal thickness and a modest increase in number, but not size or composition, of mucous cells. In
contrast, in the presence of combined waterborne Zn and infection, mucous cell numbers declined
rapidly. As the parasite numbers increased, the epidermis remained thicker than normal, and the
number and size of mucous cells decreased. The addition of Zn led to a dramatic thickening of the
epidermis during the exponential growth of the parasite population. Mucous cell numbers
remained depressed. Temporal changes in mucous cell size were Zn concentration dependent. At
60 µg Zn l−1, cells returned to normal size as infection progressed, whereas they remained
extremely small at 120 µg Zn l−1. Changes in mucin composition previously reported in response
to Zn alone were subdued in the presence of the parasite except at 60 µg Zn l−1, where all cells
contained only acidic mucins. Together these results demonstrate that, on exposure to both Zn and
G. turnbulli infection, the epidermal response is initially a protective response to both stressors,
and then mainly driven by the increased parasite burden.
KEY WORDS: Waterborne zinc · Poecilia reticulata · Gyrodactylids · Epidermal histology ·
Mucous cells · Mucins
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INTRODUCTION
Gyrodactylids are important monogenean ectopathogens in aquaculture, fisheries, and hobbyist
markets, affecting species in many families of marine
and freshwater teleost fishes. These small epidermal
browsers cause mechanical disruption of the epithe*Email: cris_ghe@yahoo.com

lium while feeding and moving over the skin, fins,
and gills (Kearn 1998, Cone 1999). They are viviparous, and introduction of a single parasite onto the
skin of the host results in exponential growth of parasite numbers that continues until the damage
induced by infection kills the fish or until the host
response leads to a decline in parasite numbers. The
© Inter-Research and Environment Canada 2012 ·
www.int-res.com
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infection dynamics on an individual host are highly
variable depending on the intensity of the host
response to parasite assault (Scott & Robinson 1984,
Scott 1985, Richards & Chubb 1996, 1998) and on
environmental conditions including exposure to
pollutants such as waterborne zinc (Zn) that reduces
the rate of parasite population growth on isolated
guppies (Gheorghiu et al. 2007).
The epidermis is a metabolically active tissue that
responds to Gyrodactylus infection with increased
mucus secretion (Lester & Adams 1974, Scott &
Anderson 1984) and thickening of the epithelium,
evidenced as an increase in the number of epidermal
cell layers (Appleby et al. 1997) and hyperplasia of
epidermal cells (Wells & Cone 1990). Gyrodactylidinfected trout and salmon have reduced mucous cell
density (Wells & Cone 1990, Sterud et al. 1998), but
the opposite is seen in gyrodactylid-infected flounder
(Barker et al. 2002). Parasites preferentially move
away from microenvironments with high densities of
mucous cells (Buchmann & Bresciani 1998), perhaps
because their survival and reproduction are dependent not only on parasite chemoattractants and host
anti-parasitic factors but also on the composition of
mucus (Buchmann 1999, Buchmann & Lindenstrøm
2002). Mucus also plays an important role in protecting fish skin against waterborne heavy metals such
as Zn. Zn was chosen because (1) it is an essential
microelement (Watanabe et al. 1997) present in
every cell and involved in the structure or function of
more than 300 enzymes and proteins (Vallee &
Falchuk 1993, Cousins 1998); (2) at elevated concentrations, it becomes an important toxicant (Widianarko et al. 2000, 2001); (3) it is one of the most common aquatic pollutants (Bowen et al. 2006), affecting
both fish (Atchison et al. 1987, Bowen et al. 2006) and
parasites (Sures 2002, Morley et al. 2003a,b, Thielen
et al. 2004) in many ways; and (4) the reported toxic
concentrations for fish and parasites are within the
same order of magnitude, whereas other heavy metals are much more toxic for the fish than for aquatic
stages of parasites (Cross et al. 2001, Canadian
Council of Ministers of the Environment 2005,
Pietrock & Goater 2005).
Fish respond to waterborne Zn by increased release of mucus which contains acidic mucins that
bind and precipitate Zn, thus regulating its absorption by preventing it from reaching the uptake surfaces (Handy et al. 1989, Shephard 1994). We have
recently characterized the epidermal response of
guppy fry to waterborne Zn at sublethal concentrations ranging from 15 to 120 µg Zn l−1 (Gheorghiu et
al. 2009). Mucous cell numbers declined by about

50% in fish exposed to these concentrations of Zn,
and much of the fish surface was covered with mucus
at 3 d post exposure to Zn. Mucus production, numbers, and size of mucous cells, as well as epidermal
thickness fluctuated, especially over the first 18 d in a
concentration-dependent manner. Shortly after Zn
exposure, epidermal thickness increased at lower Zn
concentrations but decreased at higher Zn concentrations.
Of particular interest was the observed concentration-dependent shift in mucin composition within the
mucous cells. Precursor mucous cells normally contain only neutral mucins (Sinha & Chakravorty 1982).
As these cells mature, some neutral mucopolysaccharides are transformed into acidic mucopolysaccharides and new acid mucopolysaccharides are synthesized. Once the cells are mature, they contain a
complex mixture of acidic and neutral polysaccharides (Sinha & Chakravorty 1982). Acidic mucins
have antibacterial properties (Kamisago et al. 1996,
Hirmo et al. 1998), and trap Zn, thus preventing its
passage across the host epidermis (Handy et al. 1989,
Shephard 1994). We observed a rapid and sustained
shift to acidic mucins within 3 d of exposure of guppies to 15 or 60 µg Zn l−1, but a much more delayed
shift at 120 µg Zn l−1 (Gheorghiu et al. 2009).
In the present study, we recorded the temporal
changes in the epidermis of guppies Poecilia reticulata induced by infection with Gyrodactylus turnbulli
combined with waterborne Zn in order to characterize the skin response to infection and to determine
whether this response was altered by concurrent
exposure to different concentrations of waterborne
Zn. We hypothesized that the previously reported
impairment in growth of G. turnbulli populations on
guppies simultaneously exposed to waterborne Zn
(Gheorghiu et al. 2007) was linked to altered epidermal responses. We also hypothesized that the epidermal response to infection would be more evident during the late exponential growth phase of infection,
when parasite numbers were highest, than shortly
after infection. Finally, we hypothesized that the evidence of acclimation of the epidermal tissue observed in response to Zn alone (Gheorghiu et al.
2009) would also be observed in response to the combined stresses of Zn and infection. Guppies are useful test animals in aquatic experiments because they
are easy to maintain and breed under laboratory conditions and they are able to survive at very high concentrations of Zn (Widianarko et al. 2000, 2001). Also,
G. turnbulli burdens can be repeatedly monitored
over time on individual hosts, as the parasites only
live on the skin and fins.
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MATERIALS AND METHODS
The experiments were performed on guppy fry of
0.5 to 1.0 cm standard body length, bred in our laboratory from a strain of feeder guppies purchased from a
local pet store, and naïve to Gyrodactylus turnbulli.
The experimental fry were maintained in individual
rectangular plastic containers in 200 ml waterborne Zn
solution at 25°C with 16 h light:8 h dark cycle and were
fed on a Nutrafin Max Complete Flake diet once a day.
The strain of G. turnbulli was initially isolated from infected guppies from a local supplier, identified according to Harris et al. (1999), and maintained by weekly
addition of naïve fish into infected stock populations.
All procedures were approved by a McGill University
Animal Care Committee, in accordance with guidelines of the Canadian Council on Animal Care (2005)
in place at the time the research was conducted.
The range of concentrations of Zn selected was
based on the maximal admissible limit for aquatic life
(30 µg l−1 Zn) according to the Canadian Council of
Ministers of the Environment (2005). Solutions were
prepared according to the method described by Gheorghiu et al. (2006) by adding 0 (as control), or 15, 30,
60, or 120 µg l−1 Zn to artificial freshwater that contained 8 µg Zn l−1. To maintain relatively constant Zn
concentrations throughout the experiments, Zn solutions were replaced every 2 d (Gheorghiu et al.
2006). For convenience, results will be presented
according to the concentration of Zn added to the
artificial freshwater.
Guppies were experimentally infected with 3 parasites transferred on a scale or piece of fin from an
infected donor onto the caudal peduncle of a naïve
recipient, as previously described (Scott 1982, Gheorghiu et al. 2006). Infections were performed using a
stereomicroscope with cold light while fish were
anaesthetized for a maximum of 5 min in 50 ml of
0.02% tricaine methanesulfonate (Finquel MS-222,
Argent Chemical Laboratories) buffered to a neutral
pH with NaHCO2. After the experimental infection,
fry were placed individually in plastic containers
with 200 ml of the respective Zn solution, and infections were monitored daily.
In designing this experiment, it was necessary to
control for the number of parasites per fish, as Gyrodactylus turnbulli reproduce directly on their host
and there is high variability in parasite population dynamics on isolated hosts (Scott & Anderson 1984).
Thus, the epidermal response was recorded prior to
infection and at 4 phases following infection. Given
the high variability in parasite numbers at any
specific time post infection, we controlled for infection
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intensity rather than days of exposure to Zn on the assumption that the type and magnitude of the host response was more directly related to parasite intensity
than days post infection. Four infection phases were
selected: the lag period (less than 6 parasites per fish),
early exponential growth (approximately 20 parasites
per fish), mid-exponential growth (approximately
50 parasites per fish), and late exponential growth
(approximately 100 parasites per fish). In order to
characterize the epidermal response to the parasite
alone and in combination with waterborne Zn, the 4
phases of infection were used as points of reference.
For each fish, we recorded the day post infection
when the parasite numbers reached each of the 4
phases of infection. Thus, for each Zn concentration,
we were able to calculate the mean and SE day when
fish were at each phase of infection. This allowed us
not only to compare epidermal responses across Zn
concentrations, but also to make comparisons with
our previous study where responses to Zn alone were
reported (Gheorghiu et al. 2009). Histological analysis
of 3 fish per Zn concentration was conducted prior to
infection and at each of the 4 phases of infection according to procedures described in Gheorghiu et al.
(2009). Briefly, fry were killed in MS-222, fixed in
Bouin’s solution, and then stored in 70% ethanol.
Paraffin cross-sections (5 µm) of the caudal peduncle
were cut and stained using either hematoxylin and
eosin (H&E) for overall structure, or combined periodic acid-Schiff with Alcian Blue 2% (PAB) to differentiate between neutral polysaccharides and acidic
mucopolysaccharides contained in the mucous cell
(Tibbetts 1997). We recorded epidermal thickness,
number of epidermal cell layers, and number of mature mucous cells, their size, location, and mucin
composition from 4 lateral fields of view, each of
0.24 mm2, chosen randomly in each of 3 serial crosssections of the caudal peduncle of each fish.
The temporal effect of combined waterborne Zn
exposure and Gyrodactylus turnbulli infection on the
guppy epidermis was assessed using χ2 for categorical variables (mucin composition, mucous cell location) and 2-way ANOVA using PROC GLM to compare the time course of parasite population growth.
Continuous histological variables were analyzed by
2-way ANOVA using PROC MIXED with a nested
model that controlled for degrees of freedom and
post-hoc contrasts across time/phase of infection
within each Zn concentration using the LSMEANS
option. The mean and SE are reported. Analyses
were performed using SAS ver. 9.1 software. The
level of significance was established at p < 0.05; statistics are reported only for significant effects.
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Effect of Zn concentration on parasite
population dynamics

Epidermal thickness and cell layers
Concurrent gyrodactilid infection and Zn exposure significantly affected the guppy epidermis, as
revealed by 2-way ANOVA (Table 1). Compared
to the control (Fig. 2A), infection alone induced
almost a 50% increase in the thickness of the epidermis within 3 d, which was then maintained at
the same level throughout exponential growth of
the parasite population (Figs. 2B & 3A). In infected
fish concurrently exposed to Zn (Fig. 3B−E), a
thickening of the epidermis was also observed at
the beginning of the exponential growth phase
when parasite numbers were approximately 20
(Days 9−10) (Fig. 3B−E). The epidermis continued
to thicken in those fish exposed to 15 µg Zn l−1,
reaching more than twice the initial thickness, and
50% more than fish not exposed to Zn with similar
numbers of parasites (Figs. 2C & 3B). In marked
contrast, in fish exposed to 30 µg Zn l−1 (Fig. 3C),
epidermal thickness declined to baseline levels as
exponential growth of the parasite population continued. At higher Zn concentrations, as the number
of parasites continued to increase, the thickness
declined and then increased again (Fig. 3D,E). The
number of cell layers mirrored this pattern
indicating hyperplasia of epithelial cells (data not
shown).

Mucous cell response
Infection induced a modest increase in mucous
cell numbers (Fig. 4A) but a decrease in cell size
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Two-way ANOVA revealed significant effects of
Zn (F4, 84 = 9.30, p < 0.0001), Time (F5, 84 = 1387.85,
p < 0.0001) and their interaction (F18, 84 = 2.59, p <
0.0001) on parasite population growth. Fish kept in
0 and 15 µg Zn l−1 displayed classical parasite population dynamics, with a short lag period followed
by a gradual exponential growth (Fig. 1A,B). When
infected fish were exposed to 30 to 120 µg Zn l−1
(Fig. 1C−E), exponential growth was delayed, with
fish only reaching 100 parasites after approximately
18 d, compared to 11 d in those kept in 0 and
15 µg Zn l−1.
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Fig. 1. Number of Gyrodactylus turnbulli on Poecillia reticulata and associated average time post-infection at the 5
phases of infection: pre-exposure; lag period (< 6 parasites
per fish); early exponential growth phase (approximately
20 parasites per fish); mid-exponential growth phase (approximately 50 parasites per fish); and late exponential
growth phase (approximately 100 parasites per fish). Isolated guppies were maintained in water containing (A) 0,
(B) 15, (C) 30, (D) 60, or (E) 120 µg Zn l−1. Two-way ANOVA,
main effects: Zn, p < 0.0001; Time, p < 0.0001; Zn × Time, p <
0.0001). Error bars: SE
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Table 1. Two-way ANOVA and chi-squared analysis of Zn concentration and gyrodactilid infection on histological parameters
of the guppy epidermis
Parameter
Zn
Skin thickness
Epithelial cell layers
Mucous cell number
Mucous cell size
Mucous cell location
Mucous cell type

F4,16.7 = 3.57 (p = 0.00279)
F4,14.3 = 16.24 (p < 0.0001)
F4,18.4 = 4.52 (p = 0.0102)
F4, 25.1 = 9.12 (p < 0.0001)

Fig. 2. Histological images of epidermis of Poecillia reticulata
(periodic acid-Schiff [PAB] staining; 425×) in response to Gyrodactylus turnbulli and Zn. (A) Epidermis of control fish, uninfected and unexposed to Zn. ET: thickness of epidermis;
EC: epithelial cells; MC (m): mucous cells with a mixture of
neutral and acidic mucins; S: scale. (B) Moderate thickening
of the epidermis in fish infected with G. turnbulli, on Day 3
post-infection. (C) Extreme thickening of the epidermis in
fish exposed to 15 µg Zn l−1 and infected with 100 G. turnbulli

Effects
Infection
F4, 588 = 34.77 (p < 0.0001)
F4, 513 = 19.64 (p < 0.0001)
F4, 547 = 24.42 (p < 0.0001)
F4, 468 = 21.92 (p < 0.0001)
χ²32 = 265.78 (p < 0.0001)
χ²44 = 809.03 (p < 0.0001)

Zn × Infection
F12, 806 = 13.49 (p < 0.0001)
F12, 805 = 11.21 (p < 0.0001)
F12, 777 = 4.77 (p < 0.0001)
F12,1103 = 5.17 (p < 0.0001)

(Fig. 4F) during the lag phase of infection, after
which both mucous cell numbers and size declined
significantly and remained low throughout the exponential growth of the parasite population. In contrast, exposure of infected fish to Zn induced a
rapid and dramatic drop in both the number
(Fig. 4B−E) and size (Fig. 4F−J) of mucous cells
during the 3 d lag phase. As with infected fish not
exposed to Zn, mucous cell numbers remained
depressed throughout the period of infection
(Fig. 4B−E). Notably, very few mucous cells were
observed when parasite numbers reached 100 at
60 µg Zn l−1 (Fig. 4D; Day 19), but these few cells
were of normal size (Fig. 4I; Day 19). In contrast,
mucous cells remained very small in fish kept at
120 µg Zn l−1 (Fig. 4J).
Prior to exposure to infection or Zn, 98% of mature
mucous cells were located on the external surface of
the epidermis (Table 2), and more than 60% of
mature mucous cells continued to be found on the
external surface as infection progressed. The notable
exception was fish exposed to 15 µg Zn l−1, where
only 8% of mature mucous cells were on the external
surface of the skin (Table 2).
Infection alone exerted a modest effect on the
composition of mucins, and only during the midexponential growth phase when cells containing
only acidic or only neutral mucins were observed
(Fig. 5A). A similar pattern of mucin composition
over time was observed in infected fish exposed to
15, 30, and 120 µg Zn l−1 (Fig. 5B,C,E), although
the shift to more acidic or neutral mucins emerged
earlier in infected fish exposed to 15 µg Zn l−1
(Fig. 5B), and 100% of mucous cells contained
neutral mucins during the late exponential growth
phase in fish exposed to 30 µg Zn l−1 (Fig. 5C). A
very different pattern was seen in fish maintained
in 60 µg Zn l−1, where all mucous cells contained
only acidic mucins throughout the infection period
(Fig. 5D).
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Fig. 3. Temporal dynamics of epidermal thickness of Poecillia
reticulata in response to Gyrodactylus turnbulli and Zn. (A)
G. turnbulli; (B) G.turnbulli and 15 µg Zn l−1; (C) G. turnbulli
and 30 µg Zn l−1; (D) G. turnbulli and 60 µg Zn l−1; (E) G. turnbulli and 120 µg Zn l−1. See Table 1 for ANOVA results. Horizontal bars represent SE in the day when fish reach lag,
early, middle and late exponential growth phases of infection

The present study reports for the first time the temporal dynamics of the epidermal response of fish to
gyrodactylid parasites, and the impact of concurrent
waterborne zinc exposure. The initial response to the
combined stresses was dominated by the response to
Zn and perhaps a secondary suppressive effect of the
parasite. As the parasite burden was very low during
the first few days of Zn exposure, it is most likely that
Zn was initially the main stressor. The exposure to
both Zn and infection initially induced a rapid and
dramatic drop in mucous cell numbers and size and
only a moderate thickening of the epidermis, similar
to effects detected in response to Zn alone (Gheorghiu et al. 2009). Intriguingly, the delayed shift in
mucus composition observed in fish concurrently
exposed to both stressors might be attributed to the
secondary suppressive effect of the parasite. The
later responses were dominated by the infection, as
evidenced by sustained depression of mucous cell
numbers and absence of shift in mucin composition.
The dominant effect of infection during this period is
likely because parasite numbers were increasing
exponentially, whereas Zn concentration remained
stable.
Gyrodactylus turnbulli infection initially induced a
modest increase in mucous cell numbers with no shift
in mucin composition, in contrast to the rapid decrease and change in composition in response to Zn
alone (Gheorghiu et al. 2009). In addition, infection
induced a rapid but moderate thickening of the epidermis even though parasite numbers at this time
were very low. The initial response to combined Zn
and infection exposure appears to have been driven
mainly by Zn, especially at concentrations >15 µg
Zn l−1. Mucous cell numbers decreased, but epidermal thickness was only modestly affected. These are
all features of the immediate host response to Zn
(Gheorghiu et al. 2009). Given the low numbers of
parasites on the fish at this early stage of infection, it
was not surprising that Zn emerged as the more
dominant driver of the host response.
Despite the low parasite intensity shortly after infection, our data indicate that the presence of only a
few Gyrodactylus turnbulli dramatically decreased
both the size of the mucous cell and the proportion of
the mature mucous cells located on the surface of the
epidermis. As the parasite numbers increased, the
mucous cell size either fluctuated, but remained
lower (at 0, 15, 30, 120 µg Zn l−1) compared to the
control (no Zn, no infection) or, on the contrary,
started to increase to reach the normal size (at 60 µg
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Fig. 4. (A−E) Temporal dynamics of Poecillia reticulata mature mucous cell number and (F−J) mucous cell size (µm2) in response to Gyrodactylus turnbulli and Zn. (A,F) G. turnbulli; (B,G) G. turnbulli and 15 µg Zn l−1; (C,H) G. turnbulli and 30 µg
Zn l−1; (D,I) G. turnbulli and 60 µg Zn l−1; (E,J) G. turnbulli and 120 µg Zn l−1. See Table 1 for ANOVA results. Horizontal bars
represent SE in the day when fish reach lag, early, middle and late exponential growth phases of infection
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Table 2. Percentage (± SE) of mature mucous cells located on the external surface of the epidermis of Poecila reticlata exposed
concurrently to Gyrodactylus turnbulli infection and waterborne Zn during 5 phases: pre-exposure; lag period (< 6 parasites
per fish); early exponential growth phase (approximately 20 parasites per fish); mid-exponential growth phase (approximately
50 parasites per fish); and late exponential growth phase (approximately 100 parasites per fish). Note that the number of days
before fish reached each infection phase differed depending on Zn concentration (see Fig. 1)
Infection phase
Pre-exposure
Lag
Early exponential growth
Mid-exponential growth
Late exponential growth

1.2
1.0

0 µg Zn l−1

15 µg Zn l−1

98 ± 1
97 ± 2
63 ± 8
73 ± 7
78 ± 7

98 ± 1
100 ± 0
85 ± 5
40 ± 7
8±4

0.6
0.4
0.2

B

1.0
0.8
0.6

Mucous cell composition (proportion)

0.4
0.2
0.0
1.2
1.0

C

0.8
0.6
0.4
0.2
0.0
1.2
1.0

98 ± 1
97 ± 3
97 ± 3
76 ± 11
86 ± 10

60 µg Zn l−1

120 µg Zn l−1

98 ± 1
95 ± 3
64 ± 10
100 ± 0
80 ± 20

98 ± 1
100 ± 0
97 ± 2
100 ± 0
83 ± 6

Zn l−1). In addition, the presence of infection delayed
the shift in mucin composition induced by Zn alone in
fish exposed to 15, 30, and 120 µg Zn l−1. In the presence of Zn alone, the shift from mixed neutral and
acidic mucins to acidic mucins occurred on Day 3
(Gheorghiu et al. 2009), whereas when fish were also
infected, this shift occurred during the early exponential growth (EG) phase (Day 7−8). At 30 µg Zn l−1,
the addition of infection delayed the virtually complete shift to neutral mucins from Day 3 in the presence of Zn alone (Gheorghiu et al. 2009) to the late
exponential growth (LE) phase (Day 17). Furthermore, the shift from mixed mucins to acidic mucins in
fish exposed only to 120 µg Zn l−1 (Gheorghiu et al.
2009) never occurred in the presence of gyrodactylid
infection. In contrast, and even more intriguing, is
the observation that at 60 µg Zn l−1 there was a rapid
and sustained shift to acidic mucins both in the presence of Zn alone (Gheorghiu et al. 2009) and in the
presence of both stressors. This is quite remarkable.
The immediate response of mucus cells to a stress
initially is that the surface cells release mucous and
that the newly maturing cells differentiate to cells
producing either acidic mucins or neutral mucins
(McKim & Lien 2001). Within 3 d of exposure to as little as 15 µg Zn l−1, almost 100% of mucous cells contained one or the other mucin, indicating that the ini-
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Fig. 5. Frequency distribution of Poecillia reticulata mucous
cell composition in response to Gyrodactylus turnbulli and
Zn. (A) G. turnbulli; (B) G. turnbulli and 15 µg Zn l−1; (C)
G. turnbulli and 30 µg Zn l−1; (D) G. turnbulli and 60 µg Zn
l−1; (E) G. turnbulli and 120 µg Zn l−1. (χ2; p < 0.0001). Proportion of mucous cells with a mixture of neutral and acidic
mucins (striped bars); with acidic mucins (black bars); cells
containing neutral mucins (open bars). PR: pre-exposure;
L: lag period (< 6 parasites per fish); EG: early exponential
growth phase (approximately 20 parasites per fish); MG:
mid-exponential growth phase (approximately 50 parasites
per fish); LG: late exponential growth phase (approximately 100 parasites per fish)
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tial population of mucous cells has been sloughed off
and that new cells have reached the surface of the
epidermis. Yet, when a few gyrodactylids were
added, the mucous cells continued to contain a mixture of neutral and acidic mucins, indicating either
that the cells have not been sloughed off, or that a
differentiation process has not been initiated. Release of acidic mucins is believed to be a protective
mechanism against infection (Lester 1972) as well as
waterborne Zn (Handy et al. 1989, Shephard 1994),
suggesting that gyrodactylids may release a suppressive factor that promotes their initial establishment
and survival. Although other helminth parasites
induce immunosuppression in their fish hosts (Secombes & Chappell 1996), these initial skin responses
to gyrodactylids and to the combined effect of gyrodactylids and Zn have not been previously documented, and the possibility that gyrodactylids exert a
suppressive effect on mucus release or mucin formation warrants further investigation.
After a few days, Gyrodactylus turnbulli numbers
increased rapidly, reaching 100 parasites within
about 9 d in fish maintained in 0 µg Zn l−1. During the
exponential growth phase, infection alone induced a
significant reduction in mucous cell numbers. Both
thickening of the epidermis and low numbers of
mucous cells were maintained at the same level for
the whole exponential growth phase, with no evidence of the recurring fluctuations that we observed
in response to Zn alone (Gheorghiu et al. 2009). Similar epidermal responses have been reported in
response to a variety of species of Gyrodactylus, regardless of the host, the type of study (field or experimental), or the intensity of infection at the moment
of sampling (Wells & Cone 1990, Appleby et al. 1997,
Sterud et al. 1998). As epithelial browsers, gyrodactylids destroy both epithelial and mucous cells in the
epidermis (Wells & Cone 1990, Sterud et al. 1998). In
response, multipotent progenitor cells are more
likely to differentiate into epithelial cells at the expense of mucous cells, simply because epithelial cells
are the predominant cell type. Hyperplasia of epithelial cells will, in turn, cause thickening of the epidermis despite the loss of epidermal cells that are
sloughed off in response to parasites (Wells & Cone
1990). Unlike exposure to Zn alone (Gheorghiu et al.
2009), infection alone had only a modest impact on
mucin composition. Consistent with evidence that
more acidic mucins are produced in response to
gyrodactylids on sticklebacks (Lester 1972), we
found that approximately 20% of mucous cells contained only acidic mucins during mid- and late exponential growth phases of infection.
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When both stresses were combined, the late exponential phase was delayed until approximately Day
17 in fish exposed to 30, 60, or 120 µg l−1 Zn. This is
consistent with our previous data, showing that the
time to reach peak parasite numbers was delayed in
a Zn concentration-dependent manner (Gheorghiu
et al. 2006) and that both parasite lifespan and number of offspring per parasite were reduced at these
Zn concentrations (Gheorghiu et al. 2007).
We had hypothesized that the slower exponential
growth of Gyrodactylus turnbulli populations on guppies also exposed to waterborne Zn compared to
those exposed to infection alone (Gheorghiu et al.
2007) may have been linked to altered epidermal responses. Between Days 6 and 18, combined exposure
to Zn and gyrodactylid infection induced fluctuating
epidermal thickness at concentrations >15 µg Zn l−1, a
response characteristic of exposure to Zn alone (Gheorghiu et al. 2009). Epidermal thickening and associated hyperplasia has been reported as a general
adaptive response to a variety of stressors (Whitear
1986, Wells & Cone 1990, Iger et al. 1994, Sterud et al.
1998), and thickening and increase in number of cell
layers were observed in response to both infection
and to Zn. However, whereas infection alone induced
a stable increase of about 50% in epidermal thickness, Zn alone (Gheorghiu et al. 2009) and Zn combined with infection both induced dramatic fluctuations in epidermal thickness, especially at higher zinc
concentrations. Furthermore, the thickness of the epidermis never dropped below control values in fish exposed to the combination of stressors, which it did in
fish exposed to Zn alone (Gheorghiu et al. 2009).
Whereas we account for the fluctuating pattern of
epidermal thickness as a response to Zn, we suggest
that the sustained decrease in number of mucous
cells in fish exposed to both stresses was a response
to infection. Although mucous cell numbers declined
initially in response to Zn alone, mucous cell numbers fluctuated over time (Gheorghiu et al. 2009).
This indicates that the presence of increasing numbers of parasites leads to long-term reduction in
mucous cell numbers, a feature that may promote
persistence of the parasite. It would be of interest to
determine whether this same pattern is seen on fish
that are able to recover from infection.
Finally, we had hypothesized that the evidence of
acclimation of the epidermal tissue observed in
response to Zn alone (Gheorghiu et al. 2009) would
also be observed in response to the combined
stresses of Zn and infection. In fish exposed to Zn
alone for up to 30 d, fluctuations in epidermal variables had dampened by Day 18, suggesting that the
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fish may have become acclimated to the waterborne
Zn (Gheorghiu et al. 2009). The present study provides little evidence of acclimation of the epidermis.
This may be because of the continually escalating
stress to the fish as parasite numbers increased.
Alternatively, the duration of observations may have
been too short to detect acclimation.
Taken together, our present results showed that
the fish epidermis responded to both Zn exposure
and gyrodactylid infection, and that the responses
differed with concentration of Zn, duration of exposure, and intensity of infection. Initial responses were
most likely protective against both Zn toxicity
(through increased mucus production, with more
acidic composition) and infection (increased epidermal thickness and mucous cell number). As concentration of Zn and parasite numbers increased, the
epidermal responses indicated disturbed host response (dramatic decline in mucous cell numbers,
with mixed composition of mucins), which would
have been less effective against Zn toxicity and infection. Combined damage induced by both stressors
could account for the concentration-dependent elevation in mortality previously recorded in infected
guppies concurrently exposed to Zn (Gheorghiu et
al. 2006). Thus, as parasite numbers increased, the
parasite-induced damage to the epidermis most
likely facilitated entry of Zn into inner tissues.
In conclusion, these results indicate that when
exposed to both Zn and Gyrodactylus turnbulli infection, fish have an impaired epidermal response,
which on the one hand will not be able to limit or
clear the infection, and on the other hand will no
longer prevent the absorption of Zn into the body.
Moreover, when combining 2 stressors, due to unexpected and context-dependent interactive effects,
results are not necessarily linear (Marcogliese &
Pietrock 2011). This is particularly important in interpreting physiological and toxicological responses in
the field, when organisms are subjected to not only
pollutants but pathogens as well.
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