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Microbial diversity in intensively
farmed lake sediment
contaminated by heavy metals
and identification of microbial taxa
bioindicators of environmental
quality

Maria Custodio®™, Ciro Espinoza?, Richard Pefialoza?, Tessy Peralta-Ortiz?,
Héctor Sanchez-Suarez?, Alberto Ordinola-Zapata? & Enedia Vieyra-Pefia?

The cumulative effects of anthropogenic stress on freshwater ecosystems are becoming increasingly
evident and worrisome. In lake sediments contaminated by heavy metals, the composition and
structure of microbial communities can change and affect nutrient transformation and biogeochemical
cycling of sediments. In this study, bacterial and archaeal communities of lake sediments under

fish pressure contaminated with heavy metals were investigated by the Illumina MiSeq platform.
Despite the similar content of most of the heavy metals in the lagoon sediments, we found that

their microbial communities were different in diversity and composition. This difference would be
determined by the resilience or tolerance of the microbial communities to the heavy metal enrichment
gradient. Thirty-two different phyla and 66 different microbial classes were identified in sediment
from the three lagoons studied. The highest percentages of contribution in the differentiation of
microbial communities were presented by the classes Alphaproteobacteria (19.08%), Cyanophyceae
(14.96%), Betaproteobacteria (9.01%) y Actinobacteria (7.55%). The bacteria that predominated in
sediments with high levels of Cd and As were Deltaproteobacteria, Actinobacteria, Coriobacteriia,
Nitrososphaeria and Acidobacteria (Pomacocha), Alphaproteobacteria, Chitinophagia, Nitrospira and
Clostridia (Tipicocha) and Betaproteobacteria (Tranca Grande). Finally, the results allow us to expand
the current knowledge of microbial diversity in lake sediments contaminated with heavy metals and to
identify bioindicators taxa of environmental quality that can be used in the monitoring and control of
heavy metal contamination.

Lake environments are fragile ecosystems that have been experiencing strong anthropogenic pressure and limited
natural pressure. Anthropogenic stressors such as intensification of water use, overexploitation of hydrobiological
resources, nutrient inputs, hydrological stress, dumping of agricultural, urban and industrial waste, in addition
to natural stressors, are generating negative effects on these ecosystems'?. Contamination of aquatic ecosystems
by heavy metals, such as Cd, Pb, Hg and Ni, is a widespread concern due to their toxicity, persistence, non-
degradability and tendency to accumulate in their various compartments®~°. In sediments, microbiota play a
fundamental role in the biogeochemical transformations of nutrients and contaminants, and mediate the uptake,
accumulation, release and transfer of heavy metals®~.

Heavy metals in sediments under favorable conditions can be released to the water column'® and influ-
ence microbial abundance and diversity'!. Microbial communities are strongly related to their surrounding
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Heavy metal | Descriptive statistics | Pomacocha Tipicocha Tranca Grande ucc
A Range 294 | - 3.78 6.44 | - 7.56 448 | - 490 |15
s
Mean +SD 327 | £ 0.45 695 | £ 0.57 462 | £ 0.24
Range 017 | - 0172 | 0.17 |- 0.19 017 |- 0.19
Cd 0.098
Mean +SD 017 | £ 0.002 | 0.18 | + 0.01 0.18 | £ 0.01
Range 439 | - 6.45 7.30 | - 9.81 9.69 | - 11.87
Cu 25
Mean +SD 537 | £ 1.04 843 | £ 127 | 1083 | £ 1.10
c Range 3.02 | - 3.44 420 |- 4.60 326 | - 3.68 a5
T
Mean +SD 325 | % 0.21 441 | £ 0.20 345 | £ 0.21
Range 6.21 |- 7.40 6.67 | - 7.03 6.30 | - 7.13
Pb 20
Mean +SD 6.87 | £ 0.61 6.88 | £ 0.19 6.66 | * 0.42
7 Range 28.82 |- |31.34 |3514 |- |37.02 |3554 |- |37.21 -
n
Mean +SD 3024 | £ 129 |36.14 | + 095 |36.30 |+ 0.84
Range 154 | - 1.81 1.97 |- 2.21 1.65 | — 1.71
Co 10
Mean +SD 1.67 | £ 0.14 212 | % 0.13 168 | 0.03
Ni Range 497 | - 5.42 9.46 | — 11.08 |10.62 |- 11.61 2
i
Mean +SD 516 | + 023 |1034 | = 082 |11.16 | + 0.50
v Range 18.24 | - 19.03 2697 |- [30.05 [2940 |- |3243 0
Mean +SD 18.75 | + 0.44 |28.13 | + 1.68 |31.03 |+ 1.53
Range 0.14 | - 0.15 016 |- 0.18 0.15 |- 0.17
Sb 0.2
Mean +SD 015 | + 0.01 017 | £ 0.01 016 | £ 0.01

Table 1. Descriptive statistics of heavy metals in lake sediment and mean values of heavy metals in the upper
continental crust (mg kg™).

environments and are sensitive to environmental changes caused by anthropogenic factors'>-'%. Microbial com-
munities may undergo significant changes in structure and function due to heavy metal contamination'® and
influence the ecological functions of aquatic ecosystems. Bacteria and archaea, as the most abundant sedimentary
organisms, play key roles in nutrient recycling, the breakdown of chemical compounds and water quality'®!”.
They can also produce anionic polymers capable of complexing metals. Understanding the cumulative effects of
heavy metal pollution on the composition and structure of microbial communities and function helps to find
ways to reduce and remediate the damage of heavy metal pollution in aquatic systems'.

Culture-independent molecular methods currently used to study environmental microbiota include gene
analysis, functional gene inventory and direct sequencing of DNA recovered from environmental samples'*2.
Metagenomic analysis methods have proven to be useful in sediment microbial ecology studies*"*. In addition,
they are of great importance for elucidating the composition of microbial communities because they provide
simultaneous insight into the phylogenetic composition and metabolic capabilities of uncultivated populations®.
Gene fragments from individual sequencing reads and small assembled segments can be annotated and assigned
to approximate phylogenetic garbage cans based on known reference genomes*.

Several studies document that freshwater sediments have received less attention compared to sediments
from marine environments®. Others report that the composition of sediment microbial communities can be
influenced by physicochemical factors such as temperature, stream flow, pH and nutrients®. It is recognized
that microbial communities co-vary with the high concentrations of nutrients and metals in sediments?”. How-
ever, information on microbial diversity in sediments from ponds used in intensive fish farming with different
trophic status and metal content is scarce. Therefore, the assessment of microbial community composition can
lead to a better understanding of intensively farmed aquatic ecosystems and be a useful tool for environmental
monitoring and control. In this regard, and considering that lake environments under fish farming pressure need
to be monitored not only at the trophic state and metal content level but also at the microbial diversity level due
to the fundamental role of microorganisms in nutrient cycling, structure and function of the ecosystem. The
objective of this study was to investigate microbial diversity in lake sediment contaminated by heavy metals using
metagenomics and to identify microbial taxa that are bioindicators of environmental quality.

Results

Status of lake sediment contamination by heavy metals. Table 1 shows the descriptive statistics for
heavy metals in lake sediment and mean values for the upper continental crust (UCC)?. The decreasing order
of the mean concentrations of heavy metals in sediment was: Zn >V >Ni>Cu>Pb>As>Cr>Co>Cd>Sb. The
highest mean concentration of Zn (36.30+0.84 mg kg™*), V (31.03+1.53 mg kg™ '), Ni (11.16+0.50 mg kg™),
Cu (10.83+1.10 mg kg™"), Cr (3.45+0.21 mg kg™) and Cd (0.18+0.0. 011 mg kg™') was recorded in Tranca
Grande lagoon and As (6.95+0.57 mg kg™!), Pb (6.88+0.19 mg kg™!), Co (2.12+0.13 mg kg™') and Sb
(0.17+0.01 mgkg™") in Tipicocha lagoon. The lowest concentrations of heavy metals were recorded in the Poma-
cocha lagoon. The Kruskal-Wallis (KW) test revealed that the concentrations of As, Cu, Ni and V in sediment
from the three lagoons differed significantly (p <0.05) compared to the concentrations of Cd, Cr, Pb, Co and Sb
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Figure 1. Comparison of the concentration of heavy metals in lake sediment according to the Kruskal-Wallis
test (A). Heavy metal contamination factor (B).

Individuals Dominance_D | Margalef Chao-1 Simpson_1-D | Shannon_H
Lagoon Mean (SD) Mean (SD) Mean (SD) | Mean (SD) | Mean (SD) Mean (SD)
Pomacocha 105,941 (1210) | 0.11 (0.002) 5.21(0.05) |62.83(2.02) | 0.89(0.002) 2.64(0.01)
Tipicocha 112,995 (5016) | 0.09 (0.002) 5.16 (0.10) | 61.00 (1.00) | 0.91 (0.002) 2.85 (0.02)
Tranca Grande 107,958 (2571) | 0.11 (0.004) 5.12(0.06) |61.17(0.29) | 0.89 (0.004) 2.61 (0.04)

Table 2. Diversity index mean of bacterial communities according to class by lagoon.

which showed no significant differences (p >0.05) (Fig. 1A). The present results were similar to the geochemical
composition of bottom sediments from other lakes under similar fish pressure?” and to the UCC values, except
for the concentration of As and Cd which were twice these values (1.5 and 0.098 mg kg™, respectively). The
increase in As and Cd concentrations could be related to the fish farming activity carried out in floating cages.

Figure 1B shows the contamination factor (CF) values for heavy metals in lake sediment. In Pomacocha,
Tipicocha and Tranca Grande lagoons, the CF values of 80% of the heavy metals qualified as low contamina-
tion factor (CF < 1) and 20% as moderate (Cd, CF = 1-3) and considerable contamination factor (As, CF=3-6).
The increasing order of the range of moderate contamination of the lagoons (CF) by As was: Pomacocha
(1.96-2.52) < Tranca Grande (2.99-3.27) < Tipicocha (4.29-5.04) and by Cd was: Pomacocha (1.70-1.75) < Tranca
Grande (1.74-1.92) < Tipicocha (1.77-1.91) (Table S1).

Microbial composition, diversity, and similarity profiles. A total of 32 phyla and 66 different classes
of microorganisms were determined in sediment from three intensively farmed ponds. The most abundant
phyla (>1% of all sequences in all samples) were Proteobacteria (46.5-54.44%), followed by Cyanobacteria
(8.40-18.64%), Actinobacteria (2.79-13. 30%), Bacteroidetes (8.68-10.31%), Firmicutes (3.96-6.24%), Acido-
bacteria (0.84-2.69%), Euryarchaeota (2.14-2.33), Chloroflexi (1.85-2.43%), and Ignavibacteriae (1.16-1.54%)
(Table S2).

The similarity percentage procedure (SIMPER) analysis at the class level showed that the highest percentages
of contribution in the differentiation of microbial communities were presented by the classes Alphaproteobac-
teria (19.08%), Cyanophyceae (14.96%), Betaproteobacteria (9.01%) and Actinobacteria (7.55%). Other classes
with important contribution (> 1%) to the sedimentary microbial communities in high Andean lagoons were:
Deltaproteobacteria (6.04%), Coriobacteriia (5.02%), Flavobacteriia (4.66%), Chitinophagia (4.04%), Clostridia
(4.05%), Nitrospira (3.71%), Acidobacteria (2.84%), Methanomicrobia (2.28%), Gemmatimonadetes (1.88%),
Gammaproteobacteria (1.78%), Dehalococcoidia (1.25%), Erysipelotrichia (1.13%) and Bacteroidia (1.02%)
(Table S3). Members of the Archaea domain were also found in the lake sediments, with Euryarchaeota being
the predominant phylum with an relative abundance ranging from 2.14 to 2.33%.

The number of microbial classes was similar in the three lagoons and was around 65 classes per lagoon
(Table 2). The highest number of individuals was recorded in Tipicocha lagoon (112,995 +5016) followed by
Tranca Grande (107,958 +2571) and Pomacocha (105,941 +1210). The Margalef and Chao-1 indices represent
microbial richness and the Shannon and Simpson indices reflect microbial diversity. Margalef index revealed that
Tipicocha is the lagoon with the lowest microbial richness. Chao-1 index has similar behavior as the Margalef
index, with the value of the expected classes being higher in the Pomacocha lagoon, with 62.83 £2.02. While in
the other two lagoons the microbial richness showed values around 60, indicating that Pomacocha is slightly
more diverse, which could be due to the process of resilience due to the cessation of fish farming. The value of
Simpson’s index was similar in the three lagoons, varying from 0.89 +£0.004 in Tranca Grande to 0.91 £0.002
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Figure 2. Heatmap showing the cluster (Bray Curtis distance) between sectors and based operational
taxonomic units (OTU), transformed in fourth root. The color code indicates abundance, ranging from blue
(low abundance) to red (high abundance).

in Tipicocha. Shannon index values in decreasing order were: 2.85+0.02 (Tipicocha) >2.64 +£0.01 (Pomaco-
cha) >2.61+0.04 (Tranca Grande).

The dendrogram based on the similarity of Euclidean distances at the class level showed that the sediment
microbial communities of Pomacocha (Po), Tipicocha (Ti) and Tranca Grande (Tr) lagoons were divided into
four groups (Fig. 2). The results obtained from the initial distance matrix showed that the distances of the first
and second groups were significantly greater than the distances of the third and fourth groups with Euclidean
distances (ED) close to 18. The first and second groups differed with values of 9, similarly the third and fourth
groups (Fig. S1).

Based on abundance, the first group included the classes Methanomicrobia, Clostridia, Acidobacteria, Actino-
bacteria and Flavobacteria. The second and most frequent group consisted of Gammaproteobacteria, Betaproteo-
bacteria, Deltaproteobacteria, Cyanophyaceae and Alphaproteobacteria. These microbial classes were the most
representative and the ones that generated the greatest dissimilarity between the frequencies of classes found in
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Figure 3. Linear discriminant analysis (LDA) effect size analysis (LefSe) at the operative taxonomic unit (OTU)
level to compare microbiome profiles in sediments between lagoons.

the lagoons. Anaerolineae, Bacteroidia, Ignavibacteria, Bacilli, Gemmatimonadetes, Erysipelotrichia, Chitin-
ophagia, Coriobacteriia, Methylacidiphilae, Ardenticatenia, Mollicutes, Cytophagia, Verrumicrobiate, Deino-
cocci, Thermoplasmata, Negativicutes, Thermodesulfobacteria, Spirochaetia, Thermoleophilia, Acidimicrobia,
Methanobacteria, Saprospriria and Nitrospira. The fourth group consisted of classes that are not representative
and present uniform distribution in the sediment microbial communities of the three ponds. The result of the
clustering also indicated that the first two microbial groups reveal that the microbial communities from the most
dominant to the rarest were selected for their habitats.

Microbial profiles of lake sediments with statistical differences. The LefSe analysis was performed
at the class level to examine the differences in the distribution of microbial classes according to the three lagoons
evaluated. The discriminating and sediment-enriched microbial classes that presented a LDA value higher than
4.0 in Pomacocha lagoon corresponded to Deltaproteobacteria, Actinobacteria, Coriobacteriia, Nitrosospha-
eria and sediment Acidobacteria. In Tipicocha lagoon, Alphaproteobacteria, Chitinophagia, Nitrospira and
Clostridia were predominant. In the Tranca Grande lagoon, the class that significantly enriched the sediment
was Betaproteobacteria (Fig. 3).

The heavy metal contamination factor revealed that bacteria are prevalent in sediments with high levels
of Cd and As. In this study, we suggest that Cd in sediments was probably derived from natural (lithogenesis,
geological processes and natural weathering of rocks and minerals) and anthropogenic (fish farming, runoff
from agricultural and mining areas, mainly) sources. Therefore, in lagoons with high Cd concentrations and fish
farming pressure, these microbial classes were the most common, revealing their capacity to tolerate and adapt
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Figure 4. Redundancy analysis of the correlations between sediment heavy metal content (red lines) and
microbial class distribution (blue arrow) across the study lagoons.

to contamination by this heavy metal. While the persistence of As denotes that it is an element that increases due
to intensive fish farming activity. The microbial classes discriminated for Tipicocha lagoon would be the pre-
dominant ones in areas with high As levels. However, as the concentration of this element in particular tends to
decrease, it favors the reaction and adaptability of the microbial classes discriminated in the Pomacocha lagoon.

Effects of heavy metals on microbial communities.  The forward stepwise forced RDA analysis with a
total variance of 0.23 (Table S4), under an adjustment between biological and abiotic matrices, determined that
As has a contribution to the explained distribution of both matrices of 50.1% of the total adjusted 91.61%. The
difference in microbial classes between Tipicocha and Tranca Grande ponds was the response to the effect of V
with a 39% contribution to the total explained distribution significantly (p <0.05). These results reveal that these
two elements were the most important factors that shaped the microbial community. The classes Alphaproteo-
bacteria, Chitinophagia and Methanomicrobia were positively correlated with As, being in the Tipicocha lagoon
a transcendental element explained by anthropogenic activities as a source of As in the lagoon. As, Sb, Cr and
Co also showed positive associations to a lesser degree with the classes Oligoflexia, Ardenticatenia, Caldilineae,
Methanomicrobia, Chloroflexia, Aquificae, Fimbriimonadia, Gemmatimonadetes, Sphingobacteriia, Acidimi-
crobiia and Nitrospira. On the other hand, V was positively and significantly correlated with the Saprospiria
class. While the classes Bacteroidia Nitrososphaeria, Methanobacteria, Deltaproteobacteria and Coriobacteriia
tended to be better expressed in environments with low concentrations of all the elements studied (Fig. 4).

Discussion

Microbial communities play a fundamental role in the function of aquatic ecosystems. The present study pro-
vides information on microbial diversity in sediment contaminated by heavy metals from intensively farmed
fish ponds. As well as, information on microbial taxa bioindicators of environmental quality of potential use
in pollution monitoring and control. Most of the heavy metal concentrations did not exceed the UCC values,
except for Cd and As which doubled the UCC concentrations. The CF values of the heavy metals studied reveal
that Cu, Cr, Pb, Co, Ni, V and Sb contamination is low in the Pomacocha, Tipicocha and Tranca Grande lagoons.
Cd contamination is moderate in the three lagoons and As contamination is considerable, except in Pomacocha
where contamination is moderate. These results reveal pressure from fish farming activity, input of pollutants
through tributaries running through areas with mining influence and runoff from agricultural areas**-*. In addi-
tion, they agree with other studies reporting that fish farming and environmental conditions around fish cages
influence the sedimentation of these elements***. Heavy metal concentrations in the sediments of the studied
lagoons are similar to those of other lagoons investigated in Peru>*¢, but lower than those reported in aquatic
ecosystems receiving high pollution loads'®*.
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Analysis of microbial communities in lake sediments revealed that Proteobacteria are the most abundant and
diverse phylum that play an important role in degradation and metabolism in lake sediments®. Other important
phyla typical of freshwater ecosystems observed in this study are Cyanobacteria, Actinobacteria, Bacteroidetes,
Firmicutes, Acidobacteria, Euryarchaeota, and Chloroflexi. This observation is in agreement with studies in
similar environments in other regions that report the phyla Proteobacteria, Actinobacteria, Cyanobacteria,
Bacteroidetes and Verrucomicrobia as the most abundant®-*!. Proteobacteria (Alpha-, Beta- and Gammaproteo-
bacteria) and Actinobacteria predominated in the sediment of the Pomacocha and Tranca Grande lagoons, which
are in a mesotrophic state. Cyanobacteria is a phylum that performs photosynthesis, play a key role in nutrient
cycling and are probably responsible for eutrophication processes in water bodies*. In this study, we found that
Cyanobacteria predominate in sediments of the Tipicocha lagoon, which is in a mesotrophic-eutrophic state, a
trophic state reported in previous studies® This observation agrees with the study of Shen et al.**, who found large
differences in the taxonomic structures of microbial communities in eutrophic, mesotrophic and oligotrophic
aquatic environments. The Bacteroidetes and Verrucomicrobia found in the sediment of the studied lagoons
have been widely reported in studies of aquatic environments contaminated by heavy metals*.

The results obtained for microbial diversity indices in lake sediments were lower than those reported in other
studies using the same method of analysis*. This difference would be determined by multiple stressors such as
heavy metal contamination of sediments in the studied ponds under fish pressure. It has been reported that there
is a negative correlation between richness and heavy metals in inland lake sediments*®. Other studies using the
fingerprinting method reveal that the response of microbial communities to heavy metal contamination may
vary according to the magnitude-dependent toxic effect*. Chemical contaminants can favor the proliferation
of microbial consortia of more tolerant species that replace non-tolerant ones, increasing diversity. The use of
different methods to determine richness may lead to different results, as they are limited to determine only the
richness of dominant species.

The main contributions in community differentiation were made by the classes Alphaproteobacteria, Cyano-
phyceae, Betaproteobacteria, Actinobacteria and Deltaproteobacteria. These findings are similar to other studies
that report these classes as the predominant classes in sediments of freshwater environments*’. However, it dif-
fers with some studies regarding Alphaproteobacteria which report that they are generally not very abundant in
freshwater environments*>*’. Betaproteobacteria are diverse and commonly inhabit continental environments
worldwide, where they are numerically dominant™. However, their abundance is determined by the depth of the
water body, pH and nutrients®'. Several studies have reported that nutrient sources are potential drivers of micro-
bial community composition. Increased nutrient loading may favor select groups of bacteria that have the ability
to rapidly consume these available resources or selectively eliminate certain bacteria from the community>>.
The reduction or absence of essential microorganisms in the nitrogen cycle will affect the nitrogen cycle chain
and the transformation and removal of nitrogenous elements during bioremediation of eutrophic waters®.
Other studies have shown that heavy metal contamination affects the abundance, composition and structure of
microbial communities and disrupts replication processes by destroying microbial DNA>*?¢. The abundance of
heavy metal susceptible microbes decreases as those resistant to these metal contaminants adapt and proliferate
under chemical stress®.

Redundancy analysis revealed that As and V were the most important factors shaping microbial commu-
nities in lake sediments with intensive fish farming activity. The classes Alphaproteobacteria, Chitinophagia
and Methanomicrobia observed in this study showed the greatest contribution to the structure of microbial
communities in As-contaminated lagoons. This metalloid acts as a gene biotransforming agent that results in
emergence and proliferation of resistance to this metalloid*’, where organisms that are already tolerant become
more competitive and thus more numerous. These three microbial classes can be used as bioindicators of As
contamination. Oligoflexia, Ardenticatenia, Caldilineae, Methanomicrobia, Chloroflexia, Aquificae, Fimbrii-
monadia, Gemmatimonadetes, Sphingobacteriia, Acidimicrobiia and Nitrospira can be used to identify aquatic
environments contaminated by Sb, Cr and Co, and Saprospiria from aquatic environments contaminated by V.

Conclusions

This study is the first investigation of microbial diversity in lake sediment using metagenomic analysis in the
Central Andes of Peru. Analysis of 16S rRNA gene amplicon sequences revealed that heavy metal contamination
in sediment from intensively used fish lagoons modulates the composition and structure of microbial communi-
ties. SIMPER analysis showed Alphaproteobacteria, Betaproteobacteria and Actinobacteria as the classes with
the highest percentage contributions to the differentiation of microbial communities. Diversity indices indicated
that lagoons with lower anthropogenic pressure have higher microbial diversity, as is the case of Pomacocha
lagoon. The dendrogram based on the similarity of Euclidean distances showed microbial communities from
the most dominant to the rarest. The results presented here are the first direct comparison of microbial profiles
of lake sediment with intensive fish farming and heavy metal effects in central Peru. The heavy metal contami-
nation factor revealed that bacteria are prevalent in sediments with high levels of Cd and As. The RDA analysis
determined that As and V were the influential factors in the composition of microbial communities. Finally, the
results obtained allow us to expand the current knowledge of the composition of microbial communities in sedi-
ments of similar environments under fish pressure contaminated with heavy metals and to identify bioindicator
taxa of environmental quality that can be used in the monitoring and control of heavy metal contamination.

Methods

Study area. The lagoons considered in the study are located on the eastern slope of the upper Perene river
basin in the Central Andes of Peru, between latitudes: 11° 43" 455-12° 08" 19S and longitudes: 75° 13’ 40W-75°
38’ 01W, at an altitude ranging from 4310 to 4330 masl. The study area was defined using ArcMap version 10.8
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Figure 5. Location map of the study area in the Mantaro river watershed, Peru.

software® (Fig. 5). The climate presents two contrasting periods, a dry period from May to September and a
rainy period from October to April. Annual precipitation varies between 80 and 110 mm and the temperature
ranges between — 2 and 16 °C*®. The area and depth of the lagoons vary from 90 to 164 ha and from 9 to 25 m,
respectively. Water temperature varies between 9.3 and 16.6 °C and turbidity between 7.3 and 10.18 NTU. Two
lagoons are dominated by sandy sediment and the other by clayey sediment. These lagoons have been used for
intensive culture of Oncorhiynchus mykiss (rainbow trout) in large floating cages since the 1990s. The cages are
constructed of eucalyptus wood or Guayaquil cane, nylon mesh and aluminum cylinders for volumes ranging
from 56 m’ (for fry and juveniles) to 87.5 m® (grow-out). Two of the three lagoons are in a mesotrophic state and
one in a mesotrophic-eutrophic state?.

Lake sediment sampling. Surface sediment samples (0-10 cm depth) were collected from three lagoons
with intensive culture of Oncorhynchus mykiss in November 2019. In each lagoon, nine sampling stations were
established covering the northern, central and southern part. At each sampling station, four sites were selected
for sediment sampling. Sediment samples from each lagoon were collected using a stainless steel auger-type
device. Samples from each station were mixed to obtain two 250 g composite samples. Sediment samples were
packed in sterile airtight plastic bags and transported on ice to the laboratories for analysis. Sediment samples
destined for microbial metagenomic analysis were stored at — 80 °C and for heavy metal analysis at 4 °C.
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Heavy metal determination, quality control and assurance. Heavy metals were extracted accord-
ing to the standard method of environmental quality validated by INACAL of Peru (acronym of the National
Institute of Quality in Spanish), using a mixture of HE, HNOj; and concentrated HCIO, (5:2:1). The reading was
performed with an inductively coupled plasma mass spectrometer (ICP-MS, PerkinElmer NexION 1000). Qual-
ity control was performed by applying standard laboratory measurements and quality control methods includ-
ing replication, the use of standards for each metal investigated and determination of instrument precision®. The
determination of heavy metals was performed in triplicate, the blank experiments followed the same procedure
applied for the samples.

Evaluation of the heavy metal contamination status. The contamination factor (CF) evaluates the heavy metal
contamination status of the sediment®. The CF for each metallic element were calculated using the Eq. (1)

C,, sample

CF (1)

" Cp background
where ‘C,,, sample’ is the concentration of heavy metals in the sediment sample and ‘C,, background’ is the mean
concentration of heavy metal present in the upper continental plate?.

DNA extraction, PCR amplification of 16S rRNA genes, and sequencing. DNA extraction was
performed from 0.5 g sample using the PrestoTM Soil DNA Extraction Kit, in accordance with the manufactur-
er’s instructions and standard protocols. DNA concentration and quality were determined using a NanodropTM
ONe quantification spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA) obtaining ranges from
0.3 to 88.5 ng/pl®. PCR amplification was performed using the Gene One and GE Healthcare Life Sciences kits
by mixing 1 ul of the 16S rRNA F universal primer, 1 pl of the 16S rRNA R universal primer, 22 pl of the PCR
mix (containing premix buffer, MgCl2, dNTPs and taqPolymerase) and 1 ul DNA sample obtaining a total reac-
tion volume of 25 pl. Primers 27 F (5-AGAGTTGATCCTGGCTCAG-3') and 1392R (5-GGTACCTTGTAC
GACTT-3') were used and amplified for a product of about 1365 bp. Bacterial sequencing of the 16S rRNA
amplicon was performed using the standard next-generation Illumina MiSeq. The construction of the library
was carried out commercially (ADMERA HEALTH LLC, USA).

Bioinformatic analysis of sequence readings. The FASTQ files generated by the program FASTQC
v0.11.9 were processed to know the length of the readings, the quality of the bases and the percentage of nucleo-
tide bases, as we showed in a preliminary study in lake sediment bacterial communities®*. Subsequently, quality
filtering and removal of regions of the primer and adapters present in the readings was performed using the
Trimmomatic v0.39 program® with minimum trimming values of Q30 and trimming of readings below 30 bp.
All individual reads were greater than 150,000 per isolate with a read length of 251 nucleotides and a quality
value of each sequenced base greater than 30. The taxonomic analysis was performed using the program®, based
on the database minikraken_20171019_4GB. This program also handles multiple scripts for circular representa-
tion. Finally, operational taxonomic units were identified and abundances calculated®®.

Statistical analysis. The KW test was used as a non-parametric method to compare heavy metal concen-
trations in sediment between the evaluated ponds. Tests were performed using R software. A probability of 0.05
or less is considered significant in testing the null hypothesis that there are no differences in concentrations
and other calculated values®. The contribution of each species to the average Bray-Curtis dissimilarity among
all groups was calculated using the SIMPER®. The heat map was generated using R4.0.5%° with the package
pheatmap and clusters were performed according to the Bray-Curtis similarity analysis (data were square root
transformed and fully linked to reduce the significance of extreme values) using the PAST program. Redun-
dancy analysis (RDA) was used to investigate the relationships between sediment element concentrations and
the distribution of OTU evaluated according to class in Canoco’. Linear discriminant analysis (LDA) effect size
analysis (LEfSe) was performed using the Galaxy package to identify whether any individual taxa are discrimina-
tory for the three gaps’'.

Nucleotide sequence access numbers. The 16S rRNA gene sequences reported in this study were sent
to the GenBank database with the access number PRJNA657251 (https://www.ncbi.nlm.nih.gov/sra/PRJNA
657251).

Received: 10 July 2021; Accepted: 7 December 2021
Published online: 07 January 2022

References

1. Vareda, J. P, Valente, A. J. M. & Duraées, L. Assessment of heavy metal pollution from anthropogenic activities and remediation
strategies: A review. J. Environ. Manage. 246, 101-118 (2019).

2. Chanamé, E, Custodio, M., Poma-Chavez, C. & Huamdn, A. Nutrient concentrations and trophic state of three Andean lakes from
Junin, Peru. Rev. Ambient Agua 15, 1-9 (2020).

3. Bhardwaj, R., Gupta, A. & Garg, ]. K. Evaluation of heavy metal contamination using environmetrics and indexing approach for
River Yamuna, Delhi stretch, India. Water Sci. 31, 52-66 (2017).

4. Custodio, M. et al. Human risk from exposure to heavy metals and arsenic in water from rivers with mining influence in the Central
Andes of Peru. Water (Switzerland) 12, 1-20 (2020).

Scientific Reports |

(2022) 12:80 | https://doi.org/10.1038/s41598-021-03949-7 nature portfolio


https://www.ncbi.nlm.nih.gov/sra/PRJNA657251
https://www.ncbi.nlm.nih.gov/sra/PRJNA657251

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

. Arisekar, U, Jeya, R., Shalini, R. & Jeyasekaran, G. Human health risk assessment of heavy metals in aquatic sediments and fresh-

water fish caught from Thamirabarani River, the Western Ghats of South Tamil Nadu. Mar. Pollut. Bull. 159, 111496 (2020).

. Chabukdhara, M. & Nema, A. K. Assessment of heavy metal contamination in Hindon River sediments: A chemometric and

geochemical approach. Chemosphere 87, 945-953 (2012).

. Chai, L. et al. Heavy metals and metalloids in the surface sediments of the Xiangjiang River, Hunan, China: Distribution, contami-

nation, and ecological risk assessment. Environ. Sci. Pollut. Res. 24, 874-885 (2017).

. Liu, T. T. & Yang, H. Comparative analysis of the total and active bacterial communities in the surface sediment of Lake Taihu.

FEMS Microbiol. Ecol. 96, 1-11 (2020).

. Custodio, M. et al. Evaluation of surface sediment quality in rivers with fish farming potential (Peru) using indicators of contami-

nation, accumulation and ecological risk of heavy metals and arsenic. J. Ecol. Eng. 22, 78-87 (2021).

Zhang, Z. et al. Assessment of heavy metal contamination, distribution and source identification in the sediments from the Zijiang
River, China. Sci. Total Environ. 645, 235-243 (2018).

Sojka, M., Jaskula, J. & Siepak, M. Heavy metals in bottom sediments of reservoirs in the lowland area of western Poland: Con-
centrations, distribution, sources and ecological risk. Water (Switzerland) 11, 1-20 (2018).

Xu, Z., Te, S. H., Xu, C.,, He, Y. & Gin, K. Y. H. Variations of bacterial community composition and functions in an estuary reservoir
during spring and summer alternation. Toxins (Basel) 10, 1-22 (2018).

Xiao, F. et al. The impact of anthropogenic disturbance on bacterioplankton communities during the construction of Donghu
Tunnel (Wuhan, China). Microb. Ecol. 77, 277-287 (2019).

Wang, B. et al. Bacterial community responses to tourism development in the Xixi National Wetland Park, China. Sci. Total Environ.
720, 137570 (2020).

Deng, W. et al. Heavy metals, antibiotics and nutrients affect the bacterial community and resistance genes in chicken manure
composting and fertilized soil. J. Environ. Manage. 257, 109980 (2020).

Gubelit, Y. et al. Nutrient and metal pollution of the eastern Gulf of Finland coastline: Sediments, macroalgae, microbiota. Sci.
Total Environ. 550, 806-819 (2016).

Wang, J. et al. Contribution of heavy metal in driving microbial distribution in a eutrophic river. Sci. Total Environ. 712, 136295
(2020).

Liao, H. et al. Profiling microbial communities in a watershed undergoing intensive anthropogenic activities. Sci. Total Environ.
647, 1137-1147 (2019).

Liu, J. et al. Spatiotemporal dynamics of the archaeal community in coastal sediments: Assembly process and co-occurrence
relationship. ISME J. 14, 1463-1478 (2020).

Liao, H., Yen, J. Y., Guan, Y, Ke, D. & Liu, C. Differential responses of stream water and bed sediment microbial communities to
watershed degradation. Environ. Int. 134, 105198 (2020).

Song, H,, Li, Z., Du, B., Wang, G. & Ding, Y. Bacterial communities in sediments of the shallow Lake Dongping in China. J. Appl.
Microbiol. 112, 79-89 (2012).

Ligi, T. et al. Characterization of bacterial communities in soil and sediment of a created riverine wetland complex using high-
throughput 16S rRNA amplicon sequencing. Ecol. Eng. 72, 56-66 (2014).

Wilmes, P. et al. Natural acidophilic biofilm communities reflect distinct organismal and functional organization. ISME J. 3,
266-270 (2009).

Mavromatis, K. et al. Use of simulated data sets to evaluate the fidelity of metagenomic processing methods. Nat. Methods. 4,
495-500 (2007).

Yuan, X., Zhang, L., Li, ., Wang, C. & Ji, ]. Sediment properties and heavy metal pollution assessment in the river, estuary and lake
environments of a fluvial plain, China. CATENA 119, 52-60 (2014).

Lin, Q, Liu, E., Zhang, E., Li, K. & Shen, J. Spatial distribution, contamination and ecological risk assessment of heavy metals in
surface sediments of Erhai Lake, a large eutrophic plateau lake in southwest China. CATENA 145, 193-203 (2016).

Guo, T. et al. Distribution of arsenic and its biotransformation genes in sediments from the East China Sea. Environ. Pollut. 253,
949-958 (2019).

Taylor, S. R. & Mclennan, S. M. The geochemical the continental evolution crust. Rev. Miner. Geochem. 33, 241-265 (1995).
Lastauskiené, E. et al. The impact of intensive fish farming on pond sediment microbiome and antibiotic resistance gene composi-
tion. Front. Vet. Sci. 8, 1-12 (2021).

Ragab, S., Sikaily, A. E., Nemr, A. E. & Sea, R. Concentrations and sources of pesticides and PCBs in surficial sediments of the Red
Sea coast, Egypt. Egypt. J. Aquat. Res. 42, 365-374 (2016).

Kavita, V. & Pandey, ]. Heavy metal accumulation in surface sediments of the Ganga River (India): Speciation, fractionation,
toxicity, and risk assessment. Environ. Monit. Assess. 191, 20 (2019).

Haghnazar, H. et al. Potentially toxic elements contamination in surface sediment and indigenous aquatic macrophytes of the
Bahmanshir River, Iran: Appraisal of phytoremediation capability. Chemosphere 285, 131446 (2021).

Perera, P. C. T., Sundarabarathy, T. V., Sivananthawerl, T., Kodithuwakku, S. P. & Edirisinghe, U. Arsenic and cadmium contamina-
tion in water, sediments and fish is a consequence of paddy cultivation: Evidence of river pollution in Sri Lanka. Achiev. Life Sci.
10, 144-160 (2016).

Kalantzi, L, Rico, A., Mylona, K., Pergantis, S. A. & Tsapakis, M. Fish farming, metals and antibiotics in the eastern Mediterranean
Sea: Is there a threat to sediment wildlife?. Sci. Total Environ. 764, 142843 (2021).

Monroy, M., Maceda-Veiga, A. & de Sostoa, A. Metal concentration in water, sediment and four fish species from Lake Titicaca
reveals a large-scale environmental concern. Sci. Total Environ. 487, 233-244 (2014).

Rodbell, D. T., Delman, E., Abbott, M., Besonen, M. & Tapia, P. The heavy metal contamination of Lake Junin National Reserve,
Peru: An unintended consequence of the juxtaposition of hydroelectricity and mining. GSA Today 24, 4-10 (2014).

Ni, C. et al. High concentrations of bioavailable heavy metals impact freshwater sediment microbial communities. Ann. Microbiol.
66, 1003-1012 (2016).

Huang, W. et al. Comparison among the microbial communities in the lake, lake wetland, and estuary sediments of a plain river
network. Microbiologyopen https://doi.org/10.1002/mbo3.644 (2018).

Abia, A. L. K., Alisoltani, A., Keshri, ]. & Ubomba-Jaswa, E. Metagenomic analysis of the bacterial communities and their functional
profiles in water and sediments of the Apies River, South Africa, as a function of land use. Sci. Total Environ. 616-617, 326-334
(2018).

Guo, X. et al. Characteristics of microbial community indicate anthropogenic impact on the sediments along the Yangtze Estuary
and its coastal area, China. Sci. Total Environ. 648, 306-314 (2019).

Betiku, O. C. et al. Evaluation of microbial diversity of three recreational water bodies using 16S rRNA metagenomic approach.
Sci. Total Environ. 771, 144773 (2021).

Zhang, T. et al. Suspended particles phoD alkaline phosphatase gene diversity in large shallow eutrophic Lake Taihu. Sci. Total
Environ. 728, 138615 (2020).

Shen, M. et al. Trophic status is associated with community structure and metabolic potential of planktonic microbiota in Plateau
Lakes. Front. Microbiol. 10, 1-15 (2019).

Quero, G. M., Cassin, D., Botter, M., Perini, L. & Luna, G. M. Patterns of benthic bacterial diversity in coastal areas contaminated
by heavy metals, polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs). Front. Microbiol. 6, 1-15 (2015).

Scientific Reports |

(2022) 12:80

https://doi.org/10.1038/s41598-021-03949-7 nature portfolio


https://doi.org/10.1002/mbo3.644

www.nature.com/scientificreports/

45. Wang, Y. et al. Comparison of the levels of bacterial diversity in freshwater, intertidal wetland, and marine sediments by using
millions of illumina tags. Appl. Environ. Microbiol. 78, 8264-8271 (2012).

46. Long, Y. et al. The response of microbial community structure and sediment properties to anthropogenic activities in Caohai
wetland sediments. Ecotoxicol. Environ. Saf. 211, 111936 (2021).

47. Yao, X., Zhang, J., Tian, L. & Guo, J. The effect of heavy metal contamination on the bacterial community structure at Jiaozhou
Bay, China. Braz. J. Microbiol. 48, 71-78 (2017).

48. Hur, M. & Park, S. J. Identification of microbial profiles in heavy-metal-contaminated soil from full-length 16s rRNA reads
sequenced by a pacbio system. Microorganisms 7, 25 (2019).

49. Zhuang, M., Sanganyado, E., Li, P. & Liu, W. Distribution of microbial communities in metal-contaminated nearshore sediment
from Eastern Guangdong, China. Environ. Pollut. 250, 482-492 (2019).

50. Gu, Y. et al. Degradation shaped bacterial and archaeal communities with predictable taxa and their association patterns in Zoige
wetland at Tibet plateau. Sci. Rep. 8, 1-11 (2018).

51. Newton, R. ], Jones, S. E., Eiler, A., McMahon, K. D. & Bertilsson, S. A guide to the natural history of freshwater lake bacteria.
Microbiol. Mol. Biol. Rev. 75, 25 (2011).

52. Hu, A. et al. Strong impact of anthropogenic contamination on the co-occurrence patterns of a riverine microbial community.
Environ. Microbiol. 19, 4993-5009 (2017).

53. Ren, Z. et al. Taxonomic and functional differences between microbial communities in Qinghai Lake and its input streams. Front.
Microbiol. 8, 1-14 (2017).

54. Yin, X. et al. Cadmium isotope constraints on heavy metal sources in a riverine system impacted by multiple anthropogenic activi-
ties. Sci. Total Environ. 750, 141233 (2021).

55. Yan, C. et al. Integrating high-throughput sequencing and metagenome analysis to reveal the characteristic and resistance mecha-
nism of microbial community in metal contaminated sediments. Sci. Total Environ. 707, 136116 (2020).

56. Coclet, C. et al. Trace metal contamination impacts predicted functions more than structure of marine prokaryotic biofilm com-
munities in an anthropized coastal area. Front. Microbiol. 12, 1-16 (2021).

57. EsriInc. ArcMap 10.8. Esri Inc. (2020). https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview.

58. Avalos, G. et al. Climate Change in the Mantaro River Basin (MINEN, 2013).

59. APHA. Standard methods for the examination of water and wastewater. Stand. Methods 541, 25 (2012).

60. Singh, H., Pandey, R., Singh, S. K. & Shukla, D. N. Assessment of heavy metal contamination in the sediment of the River Ghaghara,
a major tributary of the River Ganga in Northern India. Appl. Water Sci. 7, 4133-4149 (2017).

61. El-Amier, Y. A, Elnaggar, A. A. & El-Alfy, M. Evaluation and mapping spatial distribution of bottom sediment heavy metal con-
tamination in Burullus Lake, Egypt. Egypt. J. Basic Appl. Sci. https://doi.org/10.1016/j.ejbas.2016.09.005 (2016).

62. Miller, D. N,, Bryant, J. E., Madsen, E. L. & Ghiorse, W. C. Evaluation and optimization of DNA extraction and purification pro-
cedures for soil and sediment samples. Appl. Environ. Microbiol. 65, 4715-4724 (1999).

63. Custodio, M. et al. Metagenomic data on the composition of bacterial communities in lake environment sediments for fish farming
by next generation Illumina sequencing. Data Br. 32, 106228 (2020).

64. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics 30, 2114-2120
(2014).

65. Wood, D. E. & Salzberg, S. L. Kraken: Ultrafast metagenomic sequence classification using exact alignments. Genome Biol. 15, 25
(2014).

66. Edgar, R. C. UPARSE: Highly accurate OTU sequences from microbial amplicon reads. Nat. Methods 10, 996-998 (2013).

67. Gan, Y. et al. Multiple factors impact the contents of heavy metals in vegetables in high natural background area of China. Chem-
osphere 184, 1388-1395 (2017).

68. Diallo, M. D. et al. Polymerase chain reaction denaturing gradient gel electrophoresis analysis of the N2-fixing bacterial diversity
in soil under Acacia tortilis ssp. raddiana and Balanites aegyptiaca in the dryland part of Senegal. Environ. Microbiol. 6, 400-415
(2004).

69. R Core Team. R: A language and environment for statistical computing. R Foundation for Statistical Computing, Vienna (2020).
https://www.R-project.org/.

70. Li, C. et al. Effects of heavy metals on microbial communities in sediments and establishment of bioindicators based on microbial
taxa and function for environmental monitoring and management. Sci. Total Environ. 749, 141555 (2020).

71. Murtaza, N. et al. Analysis of the effects of dietary pattern on the oral microbiome of elite endurance athletes. Nutrients 11, 1-12
(2019).

Acknowledgements
This work was funded by CONCYTEC-FONDECYT under the call E041-01 [contract number
76-2018- FONDECYT-BM-IADT-MU].

Author contributions

M.C. and C.E. conceptualized the study. M.C., T.P.O, H.S.S., A.O.Z and E.V.P. performed the laboratory analysis,
M.C. and R.P. performed the data analysis and wrote the first draft of the manuscript. All the authors contributed
to the final draft of the manuscript and approved it for submission.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-021-03949-7.

Correspondence and requests for materials should be addressed to M.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:80 | https://doi.org/10.1038/s41598-021-03949-7 nature portfolio


https://www.esri.com/en-us/arcgis/products/arcgis-pro/overview
https://doi.org/10.1016/j.ejbas.2016.09.005
https://www.R-project.org/
https://doi.org/10.1038/s41598-021-03949-7
https://doi.org/10.1038/s41598-021-03949-7
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

Scientific Reports | (2022) 12:80 | https://doi.org/10.1038/s41598-021-03949-7 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Microbial diversity in intensively farmed lake sediment contaminated by heavy metals and identification of microbial taxa bioindicators of environmental quality
	Results
	Status of lake sediment contamination by heavy metals. 
	Microbial composition, diversity, and similarity profiles. 
	Microbial profiles of lake sediments with statistical differences. 
	Effects of heavy metals on microbial communities. 

	Discussion
	Conclusions
	Methods
	Study area. 
	Lake sediment sampling. 
	Heavy metal determination, quality control and assurance. 
	DNA extraction, PCR amplification of 16S rRNA genes, and sequencing. 
	Bioinformatic analysis of sequence readings. 
	Statistical analysis. 
	Nucleotide sequence access numbers. 

	References
	Acknowledgements


