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Abstract

This study evaluated the hepatic structural integrity of Prochilodus lineatus, collected in two rivers with distinct
environmental conditions in the Sorocaba River basin, SP, Brazil. The analysis focused on melanomacrophage centers
(MMCs), hepatic structures essential for the immune system, and the response of xenobiotics. The specimens were
captured in September 2023 in the Sorocaba River, characterized by high urbanization, and in the Ipanema River, more
preserved, with protected riparian forest, and inserted in a conservation unit. Subsequently, the fish livers were
subjected to histological procedures, followed by morphometric analysis of the MMCs using the Fiji/Image J software.
Differences were observed between the specimens of Prochilodus lineatus collected in the Sorocaba and Ipanema
rivers, evidencing an increase in the dimensions of the melanomacrophagous centers in the specimens from the
Sorocaba river (respectively 15598 + 3485.56 mm? and 563 + 72.84 mm), compared to the specimens analyzed in the
Ipanema river (4593.67 + 631.37 mm? and 281.47 + 24.55 mm), statistically proven, with p=0.0077 for area and
p=0.0033 for perimeter. The analysis of land use and occupation revealed differences between the two rivers studied,
showing that the Sorocaba River has a greater influence of urbanization (urbanized area — 87.5%) and less vegetation
cover (4.4%), while the Ipanema River has a higher percentage of vegetation (vegetation cover — 53.8%) and less
urbanized area (1.9%). Differences were observed between the specimens of Prochilodus lineatus from the Sorocaba
and Ipanema rivers, both for the area of the MMCs (t = 5.87; p =<0.001) and for the perimeter (t = 5.39; p =<0.001).
The GLM demonstrated that the increase in the dimensions of the MMCs occurs in the river where there is more
urbanized land (or the absence of forest formation). These findings corroborate previous studies that identify the
increase in MMCs as a biomarker of immunological stress due to exposure to pollutants. Although widely used as
biomarkers in ecotoxicology, the presence and response of MMCs can vary between species, requiring careful
application. This study emphasizes the relevance of biomonitoring in rivers. It highlights P. /ineatus as a sensitive and
efficient bioindicator of pollution, particularly in environments impacted by urbanization, such as the Sorocaba River.
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INTRODUCTION

The use of histopathology to investigate the
pollutant effects is a common practice, with some tissues
being particularly suitable for this purpose, such as the
investigation of the gills and liver, as they are sensitive to
xenobiotics (Rubio-Vargas et al., 2024). Histopathological
analyses function as indicators of aquatic pollution when
they are more effective than other isolated biochemical
parameters (Greenfield ef al., 2008; Kosti¢ et al., 2017).
Fish gills are frequently analyzed in ecotoxicological
studies due to their direct interface with the aquatic
environment. In both polluted rivers and controlled
experimental models, gill histopathology serves as a
biomarker for assessing the effects of
contaminants (Macirella & Brunelli, 2017; Marinovi¢ et
al., 2021).

Melanomacrophages (MMCs) are components of
phagocytic cells found in the spleen, liver, and kidneys of
fish. Although it is a nonspecific marker, their increase
may indicate that these specimens are exposed to stress, a
common alteration found in aquatic animals in the
presence of xenobiotics (Fasulo et al., 2010; Goessling &
Sadler, 2015; Simonato et al., 2016; Viana et al., 2021;
Popovic et al., 2023). Although studies with fish,
amphibians, and reptiles have been carried out using
MMCs for the last 50 years, there are still gaps in the
mechanisms of their physiological activity, and the
response is not unanimous in all fish species (Alesci ef al.,
2022; Bjergen & Koppang, 2024). The study of MMCs
can be expanded to different fish species and new forms
of environmental assessment. The relationship with
landscape assessment can expand and refine the use of
this biomarker. The approach using landscape ecology can
help in understanding how environmental changes can
affect fish species. Specifically, it indicates how land use
in the studied area is carried out through the analysis of
satellite images. Thus, the association of biomonitoring
with landscape characteristics is an emerging trend (Sagan
et al., 2020).

Prochilodus lineatus is a native and abundant
fish species in the Sorocaba and Ipanema rivers, located
in the center-southeast of the State of Sdo Paulo,
commonly found along the main channel of the river in
addition to the marginal lagoons, where they find
favorable conditions for their initial development. Despite
belonging to the same basin, these lagoons present
distinct environmental conditions, including use and
occupation (urbanization) that differ due to the
predominance of urbanization in the Sorocaba River and
forestry in the Ipanema River. It is a freshwater teleost
widely distributed in the neotropical region, recognized
for its life cycle that involves reproductive migrations
upstream. During spring and summer, with rising water
levels, these fish move to specific spawning areas,
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forming large aggregations that are often concentrated
downstream of waterfalls and dams (Godoy, 1975;
Lozano et al., 2019). The species is detritivorous, feeding
mainly on fine sediments from the bottom, rich in organic
particles and periphyton, which plays an essential role in
its diet (Castro and Vari, 2003).

Prochilodus lineatus is an iliophagous fish and
has been recognized as an efficient environmental
biomarker for several pollutants, including metals and
pesticides,  presenting  responses at  molecular,
biochemical, and cellular levels (Vieira et al., 2016;
Davico et al., 2018; Lunardelli et al., 2018; Santos et al.,
2018, 2020; Deit1 et al., 2021; Martinez et al., 2004).

There are different methods of investigating
biomarkers in aquatic biota, with the aim of evaluating
river and fish health. Ex situ and in situ studies have been
carried out with P. /ineatus (Camargo & Martinez, 2006;
Deit et al., 2021). However, no studies have correlated P,
lineatus MMCs’ histology with land use and occupation
(Vieira et al., 2016). Research with captured specimens of
this species has never been carried out, and is difficult to
perform because they travel long distances, are subject to
stress in different locations, in addition to the stress
generated by migration and reproduction.

Furthermore, landscape assessments related to
biomarkers are innovative and extremely relevant because
high rates of land use change are strongly related to
human activities (Ghisi et al.,, 2022). Biomarkers
landscape details and ecological aspects of the aquatic
environment can improve the consistency of results of
negative effects attributed to environmental pollution (Yu
et al., 2019; Ghisi et al., 2022).

In the present study, we assume that the Sorocaba
River is more disturbed due to urbanization than the better
preserved and less urbanized Ipanema River, and that
these conditions cause different levels of morphological
and morphometric biomarkers in P. linetus. To test our
hypothesis, these liver biomarkers were selected as
indicators of stress in specimens captured in both rivers.
We hypothesize that specimens from the river with greater
urban influence will present more pronounced
histopathological alterations than those from the river that
are more preserved in terms of land use, i.e., more
forested.

MATERIALS AND METHODS

Study Area

This study was conducted in the Sorocaba River
Basin, located in the southeastern-central region of Sdo
Paulo State, Brazil. This basin covers an area of 5.269
km? and includes 18 cities. The Sorocaba River,
approximately 230 km long and with approximate
coordinates of 23°28'11.29"S, 47°27'5.60"0, is the main
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left-bank tributary of the Tieté River, formed by the
Sorocamirim and Sorocabugu watercourses, and empties
into the town of Laranjal Paulista. In contrast, the
Ipanema River, whose coordinates are approximately
23°25'18.22"S, 47°35'47.75"0, has significant
environmental protection provided by the Ipanema
National Forest and its buffer zone (Figure 1). The
samples were obtained from a section of the Sorocaba
River and the Ipanema River, according to ethics
committees CEUA (no. 4721030821), SISBIO (no.
24151-1 and 85747-1), and SISGEN (no. ADAF4EF).

Sampling Procedure and Laboratory Analysis

Prochilodus  lineatus adult specimens were
collected in September 2023. Specimens of similar sizes
were considered, using six specimens from the Sorocaba
River (mean + SD: 584.5 + 515.1 g and 30.97 £ 8.09 cm)
and six specimens from the Ipanema River (mean + SD:
537.96 +320.69 g and 28.07 + 8.84 cm). Collections were
made using gillnets with mesh sizes ranging from 8, 10,
and 12 cm between opposite nodes and lengths of 2 to 10
meters. The species is considered Least Concern (LC) in
terms of conservation (ICMBio, 2023; IUCN, 2023).

The specimens were anesthetized and sacrificed
by sectioning the spinal cord, and then a longitudinal
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incision was made in the ventral portion of the animal.
The liver was removed and sent for macroscopic and
histological analyses, where it was fixed in 10% buffered
formalin for determination of MMCs. The livers were
processed in an automatic tissue processor OMA DM40,
being sectioned longitudinally and then dehydrated in a
graded ethanol series, cleared with xylene, and embedded
in paraffin. Paraffin blocks were serially sectioned at 5
um thickness on a microtome Leica RM 2125RT (Leica,
Germany), dewaxed and stained using a combination of
haematoxylin and eosin (HE). Histological sections were
evaluated by optical microscopy with a 40x objective, and
digitized images were acquired with an OPTICAM®
photomicroscope equipped with a 14.3 MP OPUHD
digital camera. For each animal, 5 of the largest MMCs
were visualized and manually outlined by tracing their
margins with the help of a computer mouse, and the area
and perimeter were measured in micrometers.

The analysis of land cover was conducted in two
specific stretches: Ipanema River, covering the Ipanema
National Forest to its mouth, and the Sorocaba River,
from the border between the cities of Votorantim and
Sorocaba to Parque das Aguas, in Sorocaba. The data for
these sections were extracted from the database of the
National Water and Sanitation Agency (ANA) and
subsequently processed and refined as needed.
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Figure 1. Map of land use and occupation along the studied stretches of the Ipanema River (orange point) and the Sorocaba River (yellow point),
highlighting the main classes: forest formation (dark green), silviculture (brown), flooded field, and marshy area (light blue), pasture (yellow), sugar
cane (pink), mosaic of uses (beige), urbanized areas (red), other non-vegetated areas (gray), bodies of water such as rivers and lakes (dark blue),
soybeans (purple) and other temporary crops (pink).

The area of influence of the analyzed sections
was defined as a 300-meter-wide strip from each
riverbank along the entire length of the river. Based on
this delimitation, the base map of land use and land cover

for the year 2022 was clipped using data from Collection
8.0 of the MapBiomas Project. The data processing was
carried out using the QGIS geoprocessing software,
version 3.36.2, where clipping and spatial organization
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operations were performed. Subsequently, to quantify the
area occupied by each land use and cover class within the
defined area of influence, the r.report tool - part of the
GRASS GIS module set - was employed. This tool
enabled the precise extraction of the area corresponding to
each physiognomy present in the analyzed image. Thus, it
was possible to obtain a detailed characterization of the
landscape surrounding the studied river sections.

Data analysis

Statistical analyses of the results were performed
using GraphPad Prism 9% software and R language scripts
(rreport). The data were subjected to the Shapiro-Wilk
normality test, followed by an unpaired Student’s t-test,
adopting a significance level of p<0.05 to determine
statistical significance. We used QGIS 3.36.2 software to
identify the percentage of use and occupancy of the
physiognomies present in the analyzed sections. To
investigate the interaction between land use and
occupancy with the area and perimeter of MMCs, a
generalized linear model (GLM) with Gamma error
distribution and log link function was applied.

Ludgero et. al.

RESULTS AND DISCUSSION

Differences were observed between the
specimens of Prochilodus lineatus collected in the
Sorocaba and Ipanema rivers, evidencing an increase in
the dimensions of the melanomacrophagous centers in the
specimens from the Sorocaba river (respectively 15598 +
3485.56 mm* and 563 + 72.84 mm), compared to the
specimens analyzed from the Ipanema river (4593.67 +
631.37 mm? and 281.47 + 24.55 mm) (Figure 2).
Statistically significant differences, with p=0.0077 for
area and p=0.0033 for perimeter (Student's t-test) between
the specimens from the rivers were verified (Figure 3).
The results presented herein are corroborated by the
findings of Camargo & Martinez (2007) with the same
species in an experiment carried out in an urban river.
Changes in melanomacrophagic centers have been
considered reliable (Fournier et al., 2001; Balamurugan et
al., 2012) and sensitive biomarkers for assessments of the
influence of environmental fish
(Balamurugan et al., 2012), as evidenced by Viana et al.
(2021), who compared MMCs in different species from 3
other locations.
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crograph of the liver of Prochilodus lineatus from the Sorocaba river showing a large center of melanomacrophages, with a
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predominance of vacuolated, weakly acidophilic population, with occasional melanic pigmentation (arrows). Hematoxylin-eosin, 40x. (B)
Photomicrograph of the liver of Prochilodus lineatus from the Ipanema river showing a discrete, poorly delimited melanomacrophage center, with
occasional melanin pigmentation (arrow). Hematoxylin-eosin, 40x. Scale bar=50pum.
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Figure 3. (A) Graph showing the mean area and standard deviation of the melanomacrophage centers present in the liver territory of Prochilodus
lineatus from the Sorocaba river and Ipanema river, respectively, with p=0.0077 (Student's t test). (B) Mean perimeter and standard deviation of the
melanomacrophage centers present in the liver territory of Prochilodus lineatus from the Sorocaba river and Ipanema river, respectively, with
p=0.0033 (Student's t test).
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The GLM demonstrated that the increase in the
dimensions of the MMCs occurs in the river where there
is more urbanized land (or lack of forest formation)
(Figure 4). The results demonstrated that the effectiveness
of the conservation of permanent preservation areas for
the environmental quality of rivers is of paramount
importance for maintaining fish health. Urbanization can
result in significant changes in water quality due to
increased surface runoff and the introduction of pollutants
(Walsh et al., 2005; Soinski et al., 2022a). These changes
can reduce the quality of aquatic habitats, negatively
impacting fish health, as can be evidenced by biomarkers.
Loss of riparian vegetation and increased sedimentation
are other factors that can contribute to river degradation
(Barrella et al., 2000).

According to Hartley ef al. (1996), MMC:s in fish
are critical elements of the immune system, including
responses to adverse environmental conditions such as
pollution, and their number, size, and/or pigment content
in fish, especially those exposed to environmental
contaminants, may become greatly altered (Elston et al.,
1997; Nowak & Kingsford, 2003). According to Steinel &
Bolnick (2017), MMCs are potentially practical
biomarkers of immune function in laboratory studies and
also in natural environments. Several studies evaluating
metals (Simonato, et al., 2021; Alesci, et al., 2022) and
agricultural pesticides (Marteja and Modina, 2021) were
carried out through in sifu or ex situ exposure, but studies
that use specimens collected in the river itself for
evaluation are rare, among them we can mention Neves et
al. (2018) who evaluated a species of detritivorous fish,
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whose feeding habits are the same as those of the species
in the present study. These authors concluded that
histological changes observed in fish from rivers with a
higher percentage of natural vegetation cover were
considered modest and indicated normal functioning of
the organ, corroborating the results obtained in the present
study.

As verified by Deit1 ef al. (2021), P. lineatus is an
abundant fish and plays an important role in the fish
community in rivers of the Upper Parana, and can be used
as a bioindicator, as it is a species sensitive to several
classes of contaminants. In addition to the use of this
species, in environmental
assessment and monitoring has been used as an efficient
tool, however this is not unanimous among the species, as
stated by Cardoso et al. (2018) and Passantino et al.
(2024), in their studies where in stressful conditions, the
specimens in question presented almost no MMCs. These

the wuse of biomarkers

authors emphasized that it is a peculiarity of each species,
which suggests that the use of this biomarker should be
judicious. Therefore, in the present study, some criteria
were adopted to minimize stress due to factors other than
the environmental one. Adult specimens that were not in
the reproductive phase were used, and as it is a migratory
species, the stretches of the rivers where they were
captured have similar environmental conditions.
Environmental variables must be carefully considered in
the analyses, and it is recommended that in situ studies
using MMCs be interpreted with caution (Steinel &
Bolnick, 2017).
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Figure 4. Interaction between land use and occupation with the area and perimeter of the MMCs.
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Table 1. Land use and occupation variables for each river studied, including the description of the physiognomy, the corresponding area, and the

relative percentage of each variable.

Physiognomy (Ipanema River) Area Corresponding percentage (%)

Other temporary crops 10.690 0.1309

Flooded field and marshy arca 73.977 0.9057

Forestry 147.955 1.8114

Urbanized area 153.739 1.8822

Soybean 238.436 2.9191

River, lake, and ocean 316.470 3.8744

Sugarcane 464.601 5.6879

Pasture 760.552 9.3111

Mosaic of uses 1.608,087 19.6871

Forest formation 4.393,708 53.7903

Total 8.168,215 100
Physiognomy (Sorocaba River) Area Corresponding percentage (%)
Pasture 822 0.014959073
Other non-vegetated areas 4107 0.074740769
Other temporary crops 16.431 0.299017669
River, lake, and ocean 32.049 0.583240051
Forest formation 241.541 4.395656191
Mosaic of uses 389.458 7.087506754
Urbanized area 4.810,585 87.54487949
Total 5.494,993 100

The analysis of land use and occupation revealed
differences between the two rivers studied, with potential
implications for local fish species, including Prochilodus
lineatus (Figure 1 and Table 1). The results showed that
the Sorocaba River has a greater influence of urbanization
(urbanized area — 87.5%) and less vegetation cover
(4.4%), and the Ipanema River has a higher percentage of
vegetation (vegetation cover — 53.8%) and a smaller
urbanized area (1.9%). The Ipanema River is protected by
a conservation unit, evidencing a mostly natural landscape
(Smith ef al., 2013, 2021). This situation indicates that it

is a river with superior environmental quality to the
Sorocaba River, presenting more preserved riparian
vegetation and less influence of urbanization, which is a
favorable condition for the target species of the study.

The Sorocaba River presents characteristics of
the urban river syndrome (Walsh et al., 2005), indicating
contamination by raw or low-efficiency treated sewage,
high nutrient concentrations, and silting (Soinski et al.,
2022a). According to Soinski ef al. (2022b), urbanization
directly affects rivers with numerous impacts, such as
sewage discharge, dams, and pipelines, which cause
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profound changes in their characteristics and also in their
ichthyofauna. According to Smith et al. (2019), the
Sorocaba River suffers from poorly executed and planned
dredging interventions that can also trigger severe stress
in Prochilodus lineatus, which uses the studied stretch for
reproduction.

The investigation presented in this manuscript
highlights the low frequency of histopathological
alterations in specimens collected in the most preserved
river with the highest percentage of vegetation, indicating
normal liver function, reinforcing the effectiveness of
preservation areas for environmental quality and,
consequently, for fish health. In addition, the results
highlight the need to expand studies and use biomarkers
to evaluate fish species in neotropical rivers and the
adoption of this methodology by environmental agencies
in monitoring programs (Ghisi et al., 2022). The use of
biomarkers in fish provides rapid and sensitive results on
the effects of a pollutant or other disturbances to which
they are subjected and can anticipate harmful ecological
effects (Neves et al., 2018; Ghisi et al., 2022), assisting
government agencies in decision-making.

CONCLUSION

In the present study, the data confirm the higher
histopathological index in the liver of P lineatus
specimens in the most urbanized river compared to the
less impacted river, with predominance of vegetation on
its banks. This demonstrates that the morphometric
characteristics and presence of MMCs in fish can be
sensitive indicators for assessing environmental quality.
The differences observed between specimens from the
compared rivers reinforce the role of preserved riparian
vegetation in maintaining them. Furthermore, these
findings support the importance of incorporating
histopathological markers into environmental
biomonitoring strategies in aquatic ecosystems.
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