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Abstract

Pigmented macrophage aggregates (MAs) are known to change under influence of various
factors, such as aging, season, starvation and/or pollution. In this study, changes in the pigment content
of the MAs in the spleen of Vardar chub (Squalius vardarensis, Karaman) (n=129) collected in spring and
autumn, from three rivers with different pollution impact was examined: Zletovska River (metals), Kriva
River (metals and municipal wastewater), Bregalnica River (municipal wastewater). Collected data
revealed increased relative volume and number of MAs containing hemosiderin under the influence of
metals, significant in autumn (p<0.05). In chub exposed to metals combined with municipal wastewater,
significant increase of lipochrome accumulation in MAs in autumn, melanin in MAs in fish captured in the
spring season, and number of splenic MAs containing combination of melanin and lipochrome was noted.
Volumes and number of MAs containing combination of hemosiderin and lipochrome increased in spleen
of fish captured in autumn from both Zletovska River and Kriva River, most likely due to the contribution of
hemosiderin and lipochrome, respectively. Values measured for the various pigments in splenic MAs in
fish captured from Bregalnica River, were overall closer to the values measured for fish captured from
Kriva River. Notably, melanin and lipochrome are more likely to be found in fish from waters influenced by
municipal wastewater (organic pollution) and haemosiderin in fish spleen from water influenced by mining
activity (heavy metals pollution).

Key words: lipochrome, melanin, hemosiderin, macrophage aggregates, heavy metals

Highlights:

e Impact of heavy metals on pigment accumulation in MAs in spleens of Vardar chub was
assessed.

e Season dependent changes in melanin accumulation was observed.

e Heavy metals exposure results in increased hemosiderin accumulation.
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Introduction

Rivers in R. North Macedonia are under increased pressure of pollution, and nearly all rivers in
the region are pollution impacted in various degrees, especially in the north-eastern region where heavy
metal input is present from local mining activity (Ramani et al., 2014). The negative effects of heavy
metals were already noted (Zelikoff, 1993; Vinodhini and Narayanan, 2009; Kennedy, 2011; Tchounwou,
Yedjou, Patlolla and Sutton, 2012), and therefore monitoring is advised to avoid and prevent ecosystem
degradation. Among aquatic organisms, fish are often used as bioindicators, because as the main
predators they can bioacumulate and bioconcentrate contaminants, such as metals, and reflect the
condition on several trophic levels (van der Oost, Beyer and Vermeulen, 2003; Oliveira Ribeiro, Vollaire,
Sanchez-Chardi and Roche, 2005; Maceda-Vaiga, Monroy and de Sostoa, 2012). Changes in the fish
health caused by pollution are most often noticed on organ and/or organism levels, which is unfavorable
(James, Sampath, Jothilakshmi, Vasudhevan and Thangarathinam, 2008; Price, 2013). The cells of the
immune system are a good candidate for the purpose of early warning signals, as they are one of the first
cells that respond to changes in the environment (Gil and Pla, 2001; Skouras, 2002). Spleen is part of the
immune system of fish, and functions as a filter of the blood, which is trapping and processing antigens.
This function is performed by specialized cells, macrophages, which after phagocytizing the debris,
migrate to form aggregates (Zapata, Chiba and Varas, 1996; Fournie, Summers, Courtney and Engle,
2001). As a product of processing the debris and the other particles, macrophages accumulate various
pigments (lipochrome, melanin, and hemosiderin) in their cytoplasm, which is why they are called
pigmented macrophage aggregates (Wolke, George and Blazer, 1985; Wolke, Murchelano, Dickstein and
George, 1985; Wolke, 1992; Agius and Roberts, 2003). Although many organs, such as liver and kidney,
can accumulate macrophage aggregates, spleen is considered to accumulate them more readily
(Kurtovi¢, Taskeredzi¢ and Taskeredzi¢, 2008; Russo, Yanong and Terrell, 2007). Also, the organ of MAs
accumulation depends on the fish species. Namely, some fish might not have MAs in liver or kidney, and
in most species, spleen is the main organ of accumulation of MAs (Agius, 1979; Blazer, Wolke, Brown
and Powell, 1987). The formation of different pigments has specific biochemical pathways, so it was
suggested that the pigment contents and/or their ratios can vary depending on the exposure to different
contaminants and can therefore be used as biomarkers (Wolke, George and Blazer, 1985). Lipochrome is
a result of oxidative polymerization of unsaturated fatty acids and proteins, and it can accumulate in the
cells normally with ageing, but is also associated with excessive tissue destruction (Terman and Brunk,
1998; Terman, Gustafsson and Brunk, 2007; Yin, 1996). Lipochrome appears as waxy-yellow pigment in
the spleen sections (Wolke, George and Blazer, 1985; Wolke et al., 1985; Wolke, 1992; Agius and
Roberts, 2003). Melanin is dark brown to black pigment; it is an endogenous polimer which results from
quinonic precursors and has the ability to neutralize free radicals, cations and other potential toxins
(Wolke, George and Blazer, 1985, Wolke et al., 1985; Zuasti, Jara, Ferrer and Solano, 1989; Wolke,
1992; Agius and Roberts, 2003). Melanin can also act as bactericide (Wolke, George and Blazer, 1985;
Wolke et al., 1985; Zuasti et al., 1989; Wolke, 1992; Agius and Roberts, 2003). Hemosiderin is a form of a
protein for iron storage (Agius, 1979), and it is increased when the tissue is saturated with ferritin (Agius
and Roberts, 2003). Because of its association to Fe3*, hemosiderin appears blue in the spleen sections
stained with Perls’ stain (Wolke, George and Blazer, 1985; Wolke et al., 1985; Wolke, 1992; Agius and
Roberts, 2003).

Although the changes in the size and area parameters of MAs, as well as in their number under
different conditions and in various organs were already noted (Wolke, George and Blazer, 1985; Meinelt,
Kruger, Pietrock, Osten and Steinberg, 1997; Manera, Serra, Isani and Carpené, 2000; Giari, Manera,
Simoni and Dezfuli, 2007; Mela et al., 2007; Suresh, 2009; Rebok, Jordanova and Tavciovska-Vasileva,
2011; Reddy, 2012; Barstet al. 2015; Jordanova et al. 2016; Jordanova et al., 2017), relatively few of the
published studies has addressed the changes in the pigment content (Agius, 1981; Wolke, George and
Blazer, 1985; Blazer, Wolke, Brown and Powell, 1987; Haaparanta, Valtonen, Hoffmann and Holmes,
1996; Patey, Couillard, Pierron, Beaudrimont and Couture, 2017). This is especially true when
investigation is conducted under the field conditions. Moreover, in a study of changes in macrophage
aggregates in different organs of perch (Perca fluviatilis) and roach (Rutilus rutilus) as an indicators of
pollution, inconclusive results in correlation to the exposure were reported (Haaparanta et al. 1996) in
contrast to the observed change in hemosiderin accumulation in eel from contaminated sites and the
difference in sensitivity in different species (Patey et al. 2017). Moreover, different patterns of pigment
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accumulation were seen in spleens of shorthorn sculpins (Dang et al. 2019). Namely, hemosiderin and
lipofuscin tended to be homogenously distributed in MAs, while melanin containing macrophages formed
clumps (Dang et al. 2019). In other study of the histopathology of the livers of Gymnotus inaequilabiatus
in relation to parasite infection, hemosiderin was the most abundant pigment in MAs of in this organ,
whereas distribution of lipochrome and melanin pigments was mild and variable (Dezfuli, Manera,
DePasquale, Pironi and Giari, 2017).

Therefore, the goal of this investigation was to determine if the pigment content in splenic MAs is
changing when chub are exposed to various contaminants in natural conditions, where various
interactions between environmental factors can occur.

Materials and methods
Study area and fish sampling

In this study, the pigment content of MAs from spleens of Vardar chub (n=129) captured from
three different localities, in two different seasons (spring and autumn 2012) was examined. The collection
of fish was a part of a project, therefore, detailed description of water chemistry at three localities at the
time of collection was previously reported by Ramani et al. (2014), whereas detailed description of the
fish collection and dissection, as well as determining the age, the morphometrics and condition of fish and
gills, liver, gonads and kidney was reported by Barisi¢ et al. (2015), Jordanova et al. (2016, 2017) and
Dragun et al. (2019). The collected data is presented here separately for both seasons and sexes (Table
1), and was used for supporting the interpretation and conclusions arisen from this work.

The first collection point was at the Zletovska River, which is burdened with heavy metals
(Ramani et al., 2014). In the water collected in the spring season high values for Cd (0,272 ugL"), Zn
(197,0 ugL") and Mn (351,9 ugL') were measured (Ramani et al., 2014), and for the autumn season
these values were manyfold higher (Cd 2,00 pgL™", Zn 1507 ugL', Mn 2527 ugL™). In autumn, Pb
concentration (0,748 pgL™") was also increased compared to spring (0,313 pgL™"), but these values were
within the proposed environmental quality standards (Ramani et al., 2014). The second collection point
was at the Kriva River, which has presence of both heavy metals and household wastewaters (Ramani et
al. 2014, Kapetanovi¢ et al. 2014). In this river only Cd concentrations in spring were above
recommended values (spring: Cd 0,270 ugL', Zn 22,07 pglL™', Mn 9,90 pgL-', Pb 1,95 pgL-' autumn: Cd
0,03 ugL", Zn 3,81 uglL-!, Mn 9,65 ugL™", Pb 0,42 ugL-"). Highest total coliforms count was detected in the
Kriva River in autumn (435170 MPN/100mL), compared to the Bregalnica River (15214 MPN/100mL) and
the Zletovska River (3864 MPN/100mL) (Ramani et al. 2014, Kapetanovic¢ et al. 2014). The third point of
collection was at the Bregalnica River and characterized by fecal and organic contamination (Spasovski,
2011; Ramani et al.,, 2014; Stipani€ev et al., 2017). Metal concentrations in both seasons in the
Bregalnica River were below recommended values (spring: Cd 0,032 pgL™', Zn 4,97 ugL-', Mn 13,27 pglL-
', Pb 0,69 pgL' autumn: Cd 0,02 pgL", Zn 6,14 pglL', Mn 9,65 ugL', Pb 0,42 ugL") (Ramani et al.
2014). Bioaccumulation of heavy metals in liver and gills was obvious, especially at the Zletovska River
(Cd, Pb, Cs, TI, Rb,)in both seasons (Dragun et al., 2019). At the Kriva River, higher bioaccumulation of
Cd andPb in livers and gills was observed only in the spring, which was consistent with
water contamination only in that period (Dragun et al., 2019). In the Bregalnica River,
increased bioaccumulation of V was observed, consistent with water contamination with agricultural runoff
(Dragun et al., 2019). Fish were collected by the method of electro-fishing, and were then transported to
the laboratory in oxygenated tanks.

Tissue collection and processing

Following the euthanization (Clove oil, Sigma), fish total length (in cm) and weight (g) were
measured, and values for Foulton’s CF were calculated. Spleens were removed, measured and
processed for paraffin sections. Spleen weight was used in determining the splenosomatic index for each
fish. Paraffin sections 5um from each fish, were cut on manual rotary microtome. Five sections were
chosen for analysis by systematic random sampling (SRS) method. Several stains were used for
confirmation of the pigments on sections from eight chub spleen: Masson-Fonatana, Schmorl’'s and
melanin bleaching confirmed the presence of melanin pigment, whereas Sudan black and Zeihl Neelsen
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were used for confirmation of lipochrome pigments. Perls’ stain was chosen as the best method that
allows the visualization of the three pigments (melanin; lipochrome; and hemosiderin) in MAs
simultaniously.

Stereology measurements

The relative volume (Vv), total volume (V) and number of MAs per mm? (MAs/mm?2) containing the
various combination of the pigments in the spleen of fish were measured manually, with classical
stereological method based on point counts (Freere and Weibel, 1967). Sections were analyzed by light
microscopy, at magnification of 400x, using an ocular with a grid of 180 points. Each point from the grid
that overlapped the pigmented macrophages was counted. Due to limited resources of our laboratory, it
was not suitable for separate and isolated measurement of each pigment we differentiated the MAs by
the combinations of the pigments they contained. Namely, we separately counted points that overlap MAs
that contained only melanin; only lipochrome; or just hemosiderin, as well as their combinations:
melanin+lipochrome; melanin+hemosiderin; lipochrome+hemosiderin; melanin+lipochrome+hemosiderin.
The types of pigments contained in the MAs were determined visually, according to their characteristic
colorization with Perls’ method. These differential counts were conducted on at least 50 fields per fish and
were chosen by SRS from 5 sections. The counts were used for calculating the relative volume of the
MAs containing different pigments and their combinations, by the following formula:

Vv (%) = [P(s) x 100] / P(r),

P(s) is the number of points overlapping with MAs, noted separately for each pigment combinations, P(r)
is the number of points overlapping with the parenchyma of the spleen. In addition total volume estimates
were included, as it provides a global estimate that is independent of organ volume changes (Matsche,
Blazer and Mazik, 2019), and was calculated by multiplying the relative volume counts with the organ
volume V(spleen):

V (cm3) = Vv x V(spleen),

The same grid with estimated area of 21,025 x10-® mm? was used for determination of the number of
MAs/mm?Z containing each pigment separately or their combinations, using the following formula:

MAs/mm? = No.of MAs/(AFx21,025 x10-3)

No. of MAs is the total count of MAs with different pigment contents in the grid frame (not counting the
overlaps on the left and down corner), and AF is the number of analyzed fields per individual fish.

Statistical analysis

Statistical analysis was conducted with Statistica 8.0 for Windows (Stat Soft) on logso-transformed
data, using two-way ANOVA to test the effect of season, sex, and locality, followed by post hoc Tukey
test. Results were considered significant at p < 0.05. Redundancy analysis (RDA) in the software
XLSTAT 2014 was conducted for reducing multidimensionality and to make connections between
pollutants and MAs observations. Data for metals concentrations at point and time of collection of fish,
previously reported by Ramani et al. (2014), and for fish condition, previously reported by Jordanova et al.
(2016), was used in the RDA analysis. MAs scores and fish condition were used as response variables,
and water pollutants, locality and season as explanatory variables.

Results

Visual inspection of slides showed that MAs in spleen of fish collected in both seasons from the
Bregalnica River contained mostly lipochrome and melanin pigments, with more compact aggregates
seen in fish spleen in autumn than in the spring season (Figure 1a, b). In the spring season, small MAs
containing predominantly melanin was noted in the spleen of the fish captured from the Kriva River

4

John Wiley & Sons

Page 4 of 18



Page 5 of 18

oONOULLDh WN =

\e]

Microscopy Research and Technique

(Figure 1c). In the fish from the Zletovska River, captured in the spring, melanin was often found in
combination with both hemosiderin and lipochrome (Figure 1e). Microscopic analysis of spleen of the fish
collected from the Zletovska River and the Kriva River in autumn revealed that MAs were hemosiderin
laden, accompanied with the accumulation of lipochrome and melanin in the fish from the Kriva River
(Figure 1d, f).

The results for the number and volume measurements for MAs with different pigment combinations
and the significant difference among groups are presented in Table 2. Graphical representation of the
relative amount of MAs with each pigment combination was also presented for juxtaposition (Figure 2).
Parameters of MAs (Vv, V and MAs/mm?) laden with different combinations of pigments indicated that
pigment content of MAs varied in different seasons, and was also dependent on the pollution exposure.
Namely, values of Vv, V, and MAs/mm? for MAs containing exclusively lipochrome were significantly
higher for the fish from the Kriva River collected in autumn, compared to the values measured for the fish
from the same locality in the spring season (Table 2, Figure 2). Also, this increase of the values of MAs
containing lipochrome measured in autumn for the fish from the Kriva River was accompanied with
significantly higher values of Vv and V of MAs containing hemosiderin+lipochrome and of MAs containing
hemosiderin+melanin+lipochrome, as well as the MAs/mm2 for MAs containing hemosiderin+lipochrome
(Table 2, Figure 2). Vv and V of MAs containing hemosiderin, and Vv of MAs containing
hemosiderin+lipochrome also showed significantly higher values in autumn season compared to the
spring season, in the fish from the Zletovska River (Table 2, Figure 2). On the other hand, values for
melanin laden MAs were higher in the fish caught in the spring season, especially in the fish captured
from the Kriva River. In those fish values of all parameters for MAs containing melanin, as well as of
MAs/mm? for MAs containing melanin+lipochrome were significantly higher in the spring, compared to
autumn (Table 2, Figure 2). In the fish from the Bregalnica River in the spring season, Vv of MAs
containing hemosiderin+lipochrome and MAs/mm2 for MAs containing
hemosiderin+melanin+lipochromewere higher compared to autumn (Table 2, Figure 2). It should be
noted, that although each pigment was not measured separately, the visual inspection showed that
contribution of lipochrome and melanin in analyzed combinations surpassed the contribution of
hemosiderin in the spleens of the fish collected in the Bregalnica River (Figure 1a, b), which was not the
case in MAs observed in the fish from the Zletovska River, that contained predominantly hemosiderin
(Figure 1e, f).

Differences among localities with different pollution impact were also observed. In autumn, in the
fish from the Kriva River and the Zletovska River, which were heavily metal polluted, increased
accumulation of hemosiderin was observed. Values of Vv and V of MAs containing
hemosiderin+lipochrome and MAs containing hemosiderin+melanin+lipochrome detected in the fish from
the Kriva River, Vv and MAs/mm? of MAs containing hemosiderin+lipochrome, as well as Vv, V, and
MAs/mm? of MAs containing hemosiderin detected in the fish from the Zletovska River were significantly
higher compared to the values of the corresponding parameters measured in the fish from the Bregalnica
River. Values of Vv and V of MAs containing hemosiderin were also significantly higher in the fish from
the Zletovska River compared to those measured in the fish from the Kriva River (Table 2, Figure 2). On
the other hand fish captured from the Kriva River in autumn, which was characterized by milder heavy
metal pollution (Ramani et al., 2014), had higher values of Vv and V of MAs containing lipochrome
compared to those measured for the fish from the Zletovska River. In the spring season, the highest
values of Vv and MAs/mm? for MAs containing lipochrome were measured in the fish from the Bregalnica
River compared for values measured in fish spleen from the Kriva River, and were accompanied by
significantly higher values, for all parameters for MAs containing hemosiderin+lipochrome. Similarly, Vv of
MAs containing hemosiderin+lipochrome and of MAs containing hemosiderin+melanin+lipochrome, as
well as MAs/mm? of MAs containing hemosiderin+lipochrome in the spleen of the fish from the Zletovska
River were significantly increased compared to the same parameters in the fish captured from the
KrivaRiver. This was not the case with V of MAs containing hemosiderintlipochrome, which was
significantly higher only in the fish from the Bregalnica River compared to both the fish from the Zletovska
and from the Kriva River. Melanin appeared to be more prominent in MAs in the fish from the Kriva River,
which was reflected in the significantly higher values for Vv, V, and MAs/mm? of MAs containing melanin,
as well as Vv and MAs/mm? of MAs containing melanin+lipochrome (Table 2).

From the RDA analysis, the following information was extracted. The first two factors accounted
for 74,80% of the total variance. Factor 1 accounted for 43,26% of the variation, and was associated with
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increased parameters of lipochrome, melanin and melanintlipochrome laden MAs. These were
influenced by presence of Pb in the spring period in the Kriva River (Table3; Figure 3). Parameters for
hemosiderin laden MAs were distributed along the F2 axis and accounted for 31,54% of the variation.
Also, negative correlation between SSI, Foulton’s CF and volumes and number of hemosiderin laden
MAs are explained by Cd, Zn, and Mn present in the Zletovska River. The fish from the Bregalnica River
in autumn are associated with lipochrome laden MAs accumulation and bigger spleens (Table 3; Figure
3).

Discussion

The difference in the activity of MAs in different seasons was emphasized through the
differences of the pigment accumulation within MAs. Although all pigments were present in the fish from
all three localities and in both seasons, melanin was more prominent in the fish from all three rivers
caught in the spring season and thus seems to be seasonally dependent. Melanin is a complex polymer
and has a protective role in neutralizing free radicals in situations when the enzyme-based system is less
active (Wolke, George and Blazer, 1985; Agius and Roberts, 2003), and appears in MAs of fish exposed
to lower temperatures (Agius and Agbede, 1984; Wolke, George and Blazer, 1985). Therefore, seasonal
differences in melanin accumulation are mostly attributed to differences in temperatures, starvation during
the winter period and/or breeding dependent changes in metabolism (Manera et al. 2000; Mizuno,
Misaka, Miyakoshi, Takeuchi and Kasahara, 2002; Jordanova, Rocha, Rebok and Rocha, 2011; Rebok,
Tavciovska-Vasileva and Jordanova, 2015). In this vain, it should be considered that spring sampling
follows after the long period of low winter temperatures and lower metabolic rates, whereas the autumn
sampling follows after several warm summer months with higher feeding and metabolic rates. Also, the
spring increase of melanin-laden MAs was the highest and significant in the fish from the Kriva River,
which were exposed to combination of organic contaminants and high concentrations of Cd (0.270 nugL™")
and Pb (1.85 pg L") in the water (Ramani et al. 2014), but accumulation of these metals in livers and gills
of chub was also evident (Dragun et al.,, 2019). Metals in the water are one of the oxidative stress
inducing agents (Sevcikova, Modra, Slaninova and Svobodova, 2011). Given the proposed function of
melanin as a neutralizer of free radicals at low temperatures, its increase in the fish exposed to metals
could be expected, especially considering that melanin accumulation in fish exposed to Cd was already
noted from other authors (Jasim, 2008; Reddy, 2012).For example, Cd disrupts the electron transport
chain in mitochondria, and creates superoxide radicals; it also displaces Cu and Fe, and interferes with
the function of antioxidant enzymes (Sevcikova et al., 2011).This can explain the lipochrome and melanin
accumulation. According to the RDA, Pb seems to be explanatory factor for melanin accumulation in the
fish from the Kriva River in spring (Figure 3). However, such prominent increase of melanin within MAs
was not observed in the fish from the heavily metal contaminated Zletovska River, but rather the
accumulation of hemosiderin laden MAs is associated with this locality. The increased accumulation of
hemosiderin and lower values for SSI and Foulton’s CF in the fish from the Zletovska River was indicative
the negative impact of the high concentrations of several metals, e.g. Cd (0.272 ugL"), Mn (351.9 ugL")
and Zn (197.0ugL™"), in that river (Ramani et al., 2014). The negative influence of metals on chub
condition in our investigation is illustrated on F2 axis in Figure 3. This effect of metals was also implied by
the observed severe damages in the gills of chub from the Zletovska and Kriva River (Barisi¢ et al., 2015).
Also, Zn and Mn in high concentrations may cause erythrocyte destruction (Tomova, Arnaudov and
Velcheva, 2008; Sharma and Langar, 2014) and hemoglobin reduction (Kori-Siakpere and Ubogu, 2008;
Sharma and Langar, 2014). It should be noted that Zn and Mn, did not show increased bioaccumulation
in livers and qills, despite the high water contamination at the Zletovska River, indicating internal
regulation of those elements (Dragun et al., 2019). On the other hand, Cd and Zn are shown to interact
and change each others’ absorption and distribution phases (El-Refaiy and Eissa, 2012). In addition,
hemosiderin accumulation could be attributed to parasite infections (Dezfuli, Dezfuli, Manera,
DePasquale, Pironi and Giari, 2017), but this seems unlikely in this case, as fish from Bregalnica and
Kriva River had more parasites than fish from Zletovska River (Jordanova et al., 2016). As we mentioned
previously, melanin was the most prominent pigment in spring season, but seems that the combinations
in which melanin appears with other pigments were different in fish exposed to different pollutants.
Namely, melanin is accompanied by lipochrome accumulation is associated with rivers in which organic
matter was present in the water (the Bregalnica River and the Kriva River), whereas if the fish which were
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exposed to high concentrations of heavy metals (the Zletovska River), melanin was accompanied by
accumulation of both lipochrome and hemosiderin. The accumulation of lipochrome can be considered as
a normal process of aging (in the form of lipofuscin), but also as a result of tissue destruction due to
oxidative stress (in the form of ceroid) (Yin, 1996; Terman and Brunk, 1998; Terman et al. 2007). Since
the fish in our sample were of similar age (Table 1), differences in the accumulation of this pigment had to
be a result of the destructive processes present in the fish from all three rivers. Taking this in
consideration, it appears that the complex interaction of contaminants of the Kriva River with both organic
and inorganic contaminants may be the reason of melanin and lipochrome increase in the Vardar chub
MAs. As mentioned previously, heavy metals are the most likely candidates for causing oxidative tissue
destruction, and although high concentrations of Cd were also detected in the Kriva River, the different
mechanisms of metal interactions with fish may be an explanation of the different pigment accumulation.
Thus, although the higher values registered for hemosiderin+lipochrome and
hemosiderin+lipochrome+melanin laden MAs in the fish from the Zletovska River cannot be directly
attributed to these processes, they may be offered as a credible explanation for pigment distribution
differences in MAs of the fish spleen from the Zletovska River and the Kriva River.

Conversely, in the splenic MAs in the fish captured during the autumn season, lipochrome was
a more dominant pigment, and it was accompanied by increased accumulation of hemosiderin in the fish
exposed to heavy metals, and of melanin when fish were exposed to organic matter. This was revealed
through hemosiderin accumulation in MAs in the fish from the Zletovska River which were exposed to
even higher concentrations of Cd, Mn, and Zn in the autumn compared to the spring season,
accompanied by reduced water level (Ramani et al. 2014). In fact, most of the parameters of MAs loaded
with combinations of pigments containing hemosiderin were increased in the fish from the Zletovska
River. In fish from the Kriva River, which were exposed to mild concentrations of heavy metals, but high
concentrations of fecal bacteria (Ramani et al. 2014), lipochrome was the most abundant pigment,
confirmed by the high values of MAs parameters. Significantly higher values were also detected for
hemosiderin+lipochrome and hemosiderin+lipochrome+melanin laden MAs in the fish from this river, but
with predominant accumulation of lipochrome in both combinations. Melanin was expected to be present
in the spleen of the fish from the Kriva River, due to its suggested bactericide function in the fish (Wolke,
George and Blazer, 1985). Presence of hemosiderin, on the other hand, could not been attributed to the
influence of heavy metals as in the fish from the Zletovska River. Namely, concentrations of heavy metals
in the water of the Kriva River in the autumn season were lower than in the spring season, and lower than
the recommended environmental quality standards (Ramani et al., 2014). Still, the increased hemosiderin
may be explained by the tendency of macrophages to retain iron as a protective mechanism from
pathogenic bacteria (Belosevic et al. 2009; Grayfer, Hodgkinson and Belosevic, 2014), or by the
excessive erythrocyte destruction due to infection (Agius and Roberts, 2003), which would be consistent
with the high fecal contamination of the Kriva River water (Ramani et al., 2014). Other influences should
not be ignored, such as the influence of parasites (Dezfuli, Dezfuli, Manera, DePasquale, Pironi and Giari,
2017), which were most prominent in the Kriva River (Jordanova et al. 2016).

Conclusions

Although all three pigments, melanin, lipochrome and hemosiderin, were present in MAs in
Vardar chub spleens, lipochrome was the most abundant pigment for this species, especially in the
autumn. Melanin accumulation was also seasonally dependant, with higher values observed in the spring,
which was especially evident in the case of complex river water contamination with both heavy metals
and organic matter. Both high metal pollution and fecal pollution of the river water were found to
contribute to the accumulation of hemosiderin in MAs, the first one most likely as a result of erythrocyte
destruction, and the second one probably as a result of iron retention due to bacterial and/or parasite
infections. In the latter, hemosiderin often appears in the combination with lipochrome and melanin.
However, it should be emphasized that MAs were considered to contain a combination of pigments, even
if one of the pigments dominated, while the others appeared in small amounts. Therefore, these results
should be viewed as a guide for further investigations, since to our knowledge the information about
pigment content of MAs in relation to type of pollutant are very scarce.This study provided important
information about the changes in the pigment content of MAs in the spleen of Vardar chub and can be
used as a basis and guideline for the further studies of the differences in pigment accumulation in
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different seasons and under different pollution pressures, advisably under controlled laboratory
conditions.
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Figure legends

Figure 1. Pigment content of MAs in fish spleen of chub collected from the Bregalnica River in the spring
(a) and autumn season (b), the Kriva River in the spring (c) and autumn season (d) and from the
Zletovska River in the spring (e) and autumn season (f). m-melanin, I-lipochrome, h-hemosiderin,
Bar=10um

Figure 2. Relative amounts of volumes and number of MAs with each pigment combination

Figure 3. Scatterplot representing factor scores from RDA (Factor 1: Factor 2) showing relationships
between contaminants (red circles), locations in different seasons (blue triangles), and MAs response and
chub condition (black squares) (a), and individual responses of fish collected in two seasons from the

Bregalnica River (BA-autumn; BS-spring), the Kriva River (KA-autumn; KS-spring), and the Zletovska
River (ZA-autumn; ZS-spring) (b)
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45 Figure 3. Scatterplot representing factor scores from RDA (Factor 1: Factor 2) showing relationships

46 between contaminants (red circles), locations in different seasons (blue triangles), and MAs response and

47 chub condition (black squares) (a), and individual responses of fish collected in two seasons from the

Bregalnica River (BA-autumn; BS-spring), the Kriva River (KA-autumn; KS-spring), and the Zletovska River
(ZA-autumn; ZS-spring) (b)

50 285x419mm (300 x 300 DPI)
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Table 1. Morphometric data for the examined Vardar chub: age, body weight (BW), Foulton’s condition factor (Foulton’s CF) and spleen weight (SW) of
Vardar chub from three differently contaminated rivers, combined for both sexes, and presented separately for each season (spring and autumn). Results are
presents as mean values, followed by coefficient of variation in brackets

age (years) BW (9) Foulton’s CF (%) SW (g) SSI (%)

spring autumn spring autumn spring autumn spring autumn spring autumn
Bregalnica River 3,45 (0,30) 3,83 (0,24) 77,06 (0,74) 85,41 (0,64) 1,15 (0,09) 1,05 (0,05) 0,08 (0,57) 0,12(0,60) 0,11(0,39) 0,14 (0,29)
Zletovska River 3,06 (0,24) 2,50 (0,34) 29,76 (0,64) 32,09 (1,26) 0,98 (0,08) 0,90 (0,07) 0,02 (0,62) 0,02 (0,97) 0,08 (0,20) 0,07 (0,79)
Kriva River 3,31(0,28) 3,75(0,28) 72,99 (0,66) 60,78 (0,28) 1,14 (0,07) 0,96 (0,06) 0,07 (0,46) 0,09 (0,26) 0,11(0,35) 0,15 (0,06)

John Wiley & Sons
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1
2

3 Table 2. Relative (Vv) and total volumes (V) of pigmented macrophages (MACs) and number of MACs per mm? with different pigment content in the spleen

4
5 of Vardar chub (age 2-5) from three differently contaminated rivers, combined for both sexes, and presented separately for each season (spring and

6 autumn). Results are presents as mean values, followed by coefficient of variation in brackets

-
/

a spring autumn

5 Vv MACs/mm?2 Vv MACs/mm?2

- BREGALNICA RIVER

"~ MACs-hemosiderin 0,02 (2,57) 0,001 (2,46) 1,25 (1,39) 0,01 (2,48)2 0,001 (2,80)® 0,80 (1,46)2
" MACs-lipochrome 0,66 (1,05)2 0,05 (1,12) 18,72  (0,70)2 0,77 (0,77)2 0,11 (1,42)*> 27,29 (0,48)
12 MACs-melanin 0,09 (1,62)2 0,01 (1,90)2 9,58 (1,78)2 0,06 (1,65) 0,01 (1,65) 6,58 (1,71)2
13 MACs-hemosiderin+melanin 0,03 (1,54) 0,002 (1,66) 1,83 (1,58) 0,01 (1,54) 0,001 (1,69) 0,68 (1,28)
14 MACs-hemosiderin+lipochrome 040 (1,10)%= 0,03 (1,192 12,02 (0,89)® 0,12  (1,20)® 0,01 (1,50)2 4,79 (0,58)2
15 MACs-melanin+lipochrome 0,76 (1,06) 2 0,06 (1,29) 56,29 (1,47)2 0,40 (1,56) 0,08 (2,76) 16,29 (1,04)
16 MACs-hemosiderin+melanin+lipochrome 0,80 (1,17)2 0,06 (1,20) 31,73 (0,94)A 0,27 (1,71)2 0,03 (1,88)2 15,35 (1,86)B
.. ZLETOVSKA RIVER

e MACs-hemosiderin 0,10 (2,11 0,002 (1,95)A 9,54 (2,15) 0,38 (1,54)% 0,008 (1,72)Bp 22,06 (1,50)°
7 MACs-lipochrome 0,50 (1,06)% 0,01 (1,47) 15,77 (0,69) 0,50 (1,35)® 0,01 (2,16)" 16,01 (0,97)
<V MACs-melanin 0,07 (1,94)2 0,001 (1,55)® 10,03 (2,81)2 0,07 (0,98) 0,001 (0,63) 5,88 (0,85)
<l MACs-hemosiderin+melanin 0,08 (2,62) 0,001 (2,46) 440 (2,48) 0,03 (1,47) 0,001 (1,47) 1,78 (1,40)
22 MACs-hemosiderin+lipochrome 0,29 (1,20) 0,01 (1,55)° 11,48 (1,37)° 1,26 (1,33)%° 0,03 (1,46)® 28,81 (1,01)
23 MACs-melanin+lipochrome 045 (1,12)2 0,01 (1,03) 26,69 (1,69)? 0,24 (1,10) 0,002 (1,22) 11,07 (1,15)
24 MACs-hemosiderin+melanin+lipochrome 1,28 (1,13)2 0,03 (1,30) 45,27 (0,93) 1,03 (1,25) 0,02 (1,11)2 22,81 (1,23)
~KRIVA RIVER

- MACs-hemosiderin 0,03 (1,37) 0,002 (1,67) 325 (1,32) 0,01 (1,70)@ 0,001 (1,92)2 1,39 (1,13)2
<’ MACs-lipochrome 0,14 (1,24)* 0,01 (1,08)4 12,49 (1,91 2,17 (1,03)%° 0,20 (1,16)® 26,15 (0,59)8
o MACs-melanin 0,25 (1,07 0,02 (0,91 27,23 (1,40)% 0,01 (1,20)® 0,001 (1,15)8 1,02 (1,24)8
2 MACs-hemosiderin+melanin 0,04 (2,84) 0,004 (3,37) 3,59 (2,80) 0,01 (1,32) 0,001 (1,30) 0,71 (0,95)
30 MACs-hemosiderin+lipochrome 0,03 (1,23)4° 0,002 (1,23)* 3,00 (1,37 0,69 (0,86)% 0,06 (0,92)B° 12,17 (0,58)Bab
31 MACs-melanin+lipochrome 1,29 (1,22)° 0,07 (1,08) 113,46 (1,27)% 1,24 (1,05) 0,11 (1,22) 12,97 (0,75)B
32 MACs-hemosiderin+melanin+lipochrome 0,59 (1,28)* 0,04 (1,38 42,98 (1,31) 1,69 (0,63)%° 0,14 (0,60)®® 24,63 (0,42)
33 tFor each value, different small letters represent significant differences between rivers within the same season (read vertically), and different

WM capital letters represent significant differences between seasons within the same locality (read horizontally), according to two-way ANOVA

36 followed by post-hoc Tukey test

37
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Table 3. Standardized canonical coefficient and squared cosines extracted with redundancy analysis
(RDA), the first showing the effect strength of each coefficient from the explanatory variables, and

the later the contributions of variables on factors.

Standardized canonical coefficients: F1 F2
Cd/puglL1 -0.7159 -0.5161
Mn / ug L-1 0.2772 -0.2548
Pb/pglL-1 3.3626 0.0246
Zn /g L-1 1.0061 -0.2473
Bregalnica River 0.5585 0.1052
Kriva River -1.1110 0.1426
Zletovska River 0.4612 -0.2483
autumn 0.4285 0.1406
spring -0.4285 -0.1406
Squared cosines (Response variables):

Vv -hemosiderin 0.0134 0.8039
V -hemosiderin 0.0046 0.4198
MAs -hemosiderin/mm? 0.0205 0.7429
Vv -lipochrome 0.8752 0.1102
V -lipochrome 0.5223 0.4174
MA:s -lipchrome/mm? 0.5889 0.1481
Vv -melanin 0.8759 0.0125
V -melanin 0.6297 0.2895
MAs -melanin/mm? 0.9307 0.0001
Vv -hemosiderin+melanin 0.1045 0.6460
V -hemosiderin+melanin 0.6810 0.0725
MAs -hemosiderin+melanin/mm? 0.2308 0.4495
Vv -hemosiderin+lipochrome 0.5690 0.1480
V -hemosiderin+lipochrome 0.6302 0.0676
MAs -hemosiderin+lipochrome/mm? 0.6812 0.1424
Vv -melanin+lipochrome 0.1617 0.1974
V -melanin+lipochrome 0.0001 0.8695
MAs —melanin+lipochrome/mm? 0.7758 0.0609
Vv -hemosiderin+melanin+lipochrome 0.2011 0.2668
V -hemosiderin+melanin+lipochrome 0.2989 0.2317
MAs -hemosiderin+melanin+lipochrome/mm? 0.0025 0.1517
Vv % 0.3130 0.0412
Vcm?3 0.2628 0.6076
MAs/mm? 0.5314 0.0607
Foulton's CF % 0.3287 0.4085
SSI % 0.0542 0.8967
Eigenvalues and percentages of inertia (RDA):

Eigenvalue 2.2063 1.6084
Constrained inertia (%) 43.2628 31.5384
Cumulative % 43.2628 74.8012
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