s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Acta Trop. Author manuscript; available in PMC 2021 February 02.

Published in final edited form as:
Acta Trop. 2019 October 01; 198: 105033. doi:10.1016/j.actatropica.2019.05.024.

Cadmium tolerance pathway in Anopheles gambiae senso
stricto

Martin K. Rono*&b.* Catherine N. Muturi”c, Richard Ochieng9, Ramadhan Mwakubabanya®,
Francis N. Wachira®, Joseph Mwangangi?, Sam Kinyanjui®Pf James Njunge?, Paul O.
Mireji&. 9"

aKEMRI Centre for Geographic Medicine Research, Coast, P.O. Box 230-80108, Kilifi, Kenya
bPwani University Bioscience Research Centre, Pwani University, P.O. Box 195, Kilifi, Kenya

‘Department of Biochemistry & Molecular Biology, Egerton University, P.O. Box 536-20115,
Egerton, Kenya

dinternational Centre of Insect Physiology and Ecology, P.O. Box 30772-00100, Nairobi, Kenya
eSouth Eastern Kenya University, P.O. Box 170-90200, Kitui, Kenya
Nuffield Department of Medicine, Oxford University

9Biotechnology Research Institute- Kenya Agricultural and LivestockResearch Organization, P.O.
Box 362-00902, Kikuyu, Kenya

# These authors contributed equally to this work.

Abstract

Cadmium is one of the widely used heavy metals (HM) in commercial and industrial products and
contributes to environmental contamination in an urban setting. In our previous studies, we
established that An. gambiae sensu stricto, a vector of malaria, had adapted to HM pollutants in
nature despite their proclivity for unpolluted aquatic habitats. We further demonstrated that heavy
metal tolerance adaptation process impacts a biological cost to the fitness of the mosquito and
potentially involves the induction of specific HM-responsive transcripts and proteins. Here we
interrogated differential proteomic profiles of the cadmium tolerant vs. naive strains of An.
gambiae to shed light on proteomic processes that underpinned biological cost to fitness. We
identified a total of 1067 larval proteins and observed significant down-regulation of proteins
involved in larval immune responses, energy metabolism, antioxidant enzymes, protein synthesis,
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and proton transport. Our results suggest that mosquitoes can adjust their biological program
through proteome changes to counter HM pollution. Since our study was done in controlled
laboratory settings, we acknowledge this may not wholly represent the conditions HM polluted
environments. Nevertheless, mosquitoes deploying this strategy have the potential of creating an
urban enclave for breeding and thrive and become agents of sporadic malaria epidemics.
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1 Introduction

Anopheline mosquitos are the only known vectors of malaria including the most-deadly
form caused by Plasmodium falciparum. Apart from malaria, some species of Angpheles
contribute to the transmission of other tropical diseases including; lymphatic filariasis,
canine heartworm and O’nyong’nyong fever (Cancrini et al., 2006; Nchoutpouen et al.,
2019). Their success in disease transmission is primarily due to the capacity for mosquitoes
to exploit different kinds of habitats created by humans, adaptive flexibility that has
permitted the mosquito to exploit different larval habitats and colonize a variety of micro
and macro environmental conditions throughout the Tropics (Lanzaro et al., 1998;
Budiansky, 2002; Roberts et al., 2002; Rozendaal, 1992). Urbanization of Sub-Saharan
Africa cities has favored adaptation of anopheline to various xenobiotics and expansion of
their niche to habitats polluted by HMs and organic matter contaminants (Awolola et al.,
2007; Djouaka et al., 2007; Mukhtar et al., 2003; Sattler et al., 2005; Sibomana, 2002; Mireji
et al., 2008). This is contrary to the long-held dogma that An. gambiae s./. exclusively thrive
in clean water devoid of pollutants, a common scenario in rural settings (Mireji et al.,
2010a). Behavioral plasticity and insecticide resistance have permitted mosquito to either
resist insecticides or circumvent them through avoidance. Therefore, limiting the
effectiveness of vector control tools such as long-lasting insecticide-treated nets (LLINS) or
indoor residual sprays (IRS), thus leading to residual malaria transmission (Rydzanicz et al.,
2009; Zhu et al., 2017). To combat malaria transmission especially in urban settings will
require novel approaches to be included in the malaria control toolbox (Rydzanicz et al.,
2009; Zhu et al., 2017). Understanding the biology of the vectors thriving in polluted urban
environments forms the first steps towards designing more effective tools to match the
changes in vector dynamics.

Previously, our work demonstrated through multigenerational chronic exposure of mosquito
larvae to copper, lead and cadmium, that the adaptation, particularly to HM pollutants
(Cancrini et al., 2006) is potentially accompanied by a biological cost that includes reduced
egg viability, larval and pupal survivorship, adult emergence, fecundity, instantaneous birth,
and reproductive rates, and increased population doubling times (Nchoutpouen et al., 2019).
Besides, it was subsequently established that the adaptation was potentially mediated by
alpha-tubulin and metallothionein (Lanzaro et al., 1998), a known HM responsive gene in
insects (Budiansky, 2002), and spectrum of uncharacterized mosquito proteins revealed by
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2D proteomic maps of differentially expressed peptides following the chronic exposures to
the heavy metals (Roberts et al., 2002).

To further our understanding of mechanisms underlying the HM tolerance (hence shed light
on the environmental adaptation of the mosquito to HMSs), a one dimensional (1D) gel
electrophoresis and high-throughput tandem mass spectrometry was performed to
characterize the proteome of cadmium tolerant mosquitos (Mireji et al., 2010a) and identify
molecular pathways functionally affected by the HM tolerance. Here we report that An.
gambiae subjected to cadmium over several generations exhibited changes at the proteome
level. The proteome changes further suggest the reduced capacity to detoxify reactive
oxygen species, protein synthesis, and down-regulation of some aspects of mosquito
immunity. These observations have identified a vital aspect of the mosquito physiological
that can be deployed for adaptation to HM pollution. This implies that An. gambiae can
adjust its biology and colonize HM polluted urban dwelling that provides sufficient access to
water for mosquito breeding and a potential source for sporadic disease transmission.

2 Materials and methods

2.1 Mosquito propagation and tolerance experiments

In this study, proteomic analysis on larval proteins from cadmium tolerant (Cd) and naive
(control) (Ctrl) An. gambiae larvae was performed. All experiments were done using three
biological replicates per group. Anopheles gambiae s. s. mosquitoes previously collected
from Mbita field station (00.025°S, 34.013’E), Homa Bay County, Kenya were used. The
mosquito colony were kept under environmental conditions (28 = 2 °C, 75-80% RH and LD
12: 12h photoperiod) at the International Centre of Insect Physiology and Ecology (ICIPE),
Nairobi, Kenya as previously described (Mireji et al., 2010b). Briefly, selection of cadmium
tolerance in larval stages of An. gambiae s. s. was done in triplicates through chronic
generational exposures to empirically determine Maximum Acceptable Toxicant
Concentration (MATCs) of cadmium to the mosquito. Eggs (1500 per replicate) and
subsequent emergent immature stages (larvae and pupae) were exposed to the metal solution
at 0.36 pg/L of cadmium. The larvae were reared in 1500 mL of metal solutions in
polypropylene cylindrical pans with a radius and height of 10.5 and 24.1 cm, respectively
(Mireji et al.,2010b). At the time of this work, the colony was in the 90 filial generational
selection for cadmium tolerance. We sourced and used cadmium chloride (CdCI2) 99.99%
pure from Fisher Scientific LLC (Fair Lawn, NJ, U.S.A).

2.2 Extraction of An. gambiae s.s larvae proteome

Mosquito proteins were extracted from triplicate biological samples (each 50 mosquito L3
larvae) recovered after Trizol extraction (ZYMO Research Corporation, Irvine, CA, USA)
according to the manufacturer’s instructions. Briefly, we performed RNA extraction step
using Direct-zol kit (ZYMO Research Corporation, Irvine, CA, USA) and subsequently
precipitated proteins from the flow through mixture by using 1 ml of isopropanol for every
750 uL sample incubating the solution for ten minutes at room temperature and centrifuging
the solution at 12,000 x gat 40C for ten minutes to recover the protein pellet. The recovered
pellet was washed three times in 0.3M guanidine hydrochloride in 100% ethanol with 20
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min incubation between each the washes and recovered the pellet after centrifugation at
12,000 x g for ten minutes. Pellet was then briefly air dried and re-suspended in the pellet in
100ul of SUBT buffer (4.5 M urea in 0.5% SDS, 25 mM Tris/HCI pH 7.5) (Bai and Laiho,
2012) supplemented with protease inhibitors after the final wash. The amount of recovered
proteins was estimated through Bradford assay (Bradford, 1976).

2.3 Liquid chromatography and tandem mass spectrometry of An. gambiae s.s larvae

proteome

LC-MS/MS analysis was performed following the methods and procedures of Njunge et al.
(2017). Briefly, equal amounts of the larval proteins were diluted in Laemmle sample buffer
(60 mM Tris-Cl pH 6.8, 2% SDS, 10% glycerol, 5%p-mercaptoethanol, 0.01% bromophenol
blue), boiled the resultant solution and separated the inherent protein on a 12% acrylamide
SDS PAGE gel (NUPAGE 4-12% Bis-Tris Gel, Life Technology) in triplicate fixed the gel in
methanol/acetic acid, stained the gel with colloidal Coomassie (Sigma-Aldrich
Laborchemikalien GmbH, Seelze, Germany) and destained the gel in methanol as previously
described (Njunge et al., 2017). Each gel lane was excised to six pieces, and destained the
gel pieces in 50 mM ammonium bicarbonate/50% CH3CN and digested the pieces by
trypsin (Pierce MS Grade, Thermo Fisher Scientific) overnight at 37°C. This was followed
by peptide extraction in 0.5% formic acid (FA)/50% CH3CN and drying in a SpeedVac
(Thermo Fisher Scientific). Peptides were later re-suspended in 20 pl of 0.5% FA just before
LC-MS/MS analysis. Peptides (5 pL) were loaded using a Dionex Ultimate 3000 nano-flow
ultra-high-pressure liquid chromatography system (Thermo Scientific) onto a 75 ym x 2 cm
C18 trap column (Thermo Scientific) and separated on a 75 pm x 25 cm C18 reverse-phase
analytical column (Thermo Scientific). Elution was carried out with mobile phase B (80%
acetonitrile with 0.1% formic acid) gradient (5-35%) over 120 min. Peptides were measured
using an Exactive Orbitrap mass spectrometer (Thermo Scientific) coupled to the
chromatography system via a nano-electrospray ion source (Thermo Scientific). The ms’1
settings were: Resolution, 70,000; AGC target, 3e6; scan range, 400-1800 /7/z, while the
ms’2 settings were: Resolution, 17,500; AGC, 5e4; isolation window, 1.6 m/z The top 15
most intense ions were selected for ms’2, which were subsequently excluded for the next 30
S.

The false discovery rate was set at (FDR = 0.01) 1% for both the peptide-spectrum match
level determined by the target-decoy approach and the protein FDR. The raw files were
processed in MaxQuant (Version 1.5.3.30, www.MaxQuant.org), and searched against a
combined database of Angpheles gambiae proteins (Agamp4; downloaded on 19th
November 2014 from Vectorbase) (Giraldo-Calderon et al., 2015; Megy et al., 2012) and a
contaminate database supplied by MaxQuant. The mass spectrometry proteomics data has
been deposited in the ProteomeXchange Consortium via the PRIDE (Deutsch et al., 2017,
Vizcaino et al., 2014) partner repository, with the dataset identifier PXD010707.

2.4 Differential protein abundance analysis

To identify differentially expressed proteins, we performed labelfree quantification (LFQ) of
proteins using MaxQuant software (Version 1.5.3.30, www.MaxQuant.org) according to the
manufacturer’s protocols. LFQ values were normalized for all replicates (Kaur et al., 2017;
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Cox and Mann, 2008), and used for analysis. The mean protein expression values per group
for each protein were obtained and used to determine differential protein abundance. The
changes in protein abundance were computed from the difference in log, values in
(replicate—-mean). Unpaired student #test was performed on the mean protein abundance
between the cadmium-tolerant and the control groups to identify proteins whose abundance
were significantly altered. Benjamini Hochberg (BH) correction was performed on the p-
values, proteins with adjusted pvalue p < 0.05 were considered significant for further
downstream analyses. Patterns of variation among samples were analyzed by Principal
Component Analysis (PCA). The global changes involving biological processes were
investigated using STRING database (Szklarczyk et al., 2011) to identify known protein-
protein interactions (PPIs) among the deferentially expressed peptides using orthologs of the
An. gambiaeproteins in Drosophila melanogaster.

3 Results

Our analysis identified 1067 larval proteins (FDR < 0.01) representing approximately 8% of
the predicted proteins in the An. gambiae genome. Among these, 745 proteins were common
to both groups while 322 were uniquely present in either the cadmium (31 proteins) or
control groups (291 proteins) (Fig. 1A). Principal Component Analysis (PCA) analysis on
the replicate samples distinguished the cadmium tolerant larvae from the rest (Fig. 1B). To
determine protein signature associated with Cd tolerance we performed differential protein
abundance analysis based on the LFQ values and revealed 63 proteins that were
differentially expressed (Fig. 1C).

3.1 Proteins suppressed by cadmium exposure in An. gambiae larvae

The down-regulated proteins by far were the largest group (n = 45). These were functionally
associated with glucose and carbohydrate metabolism, metal binding and immunity. The
most down-regulated was AGAP005163-PA a UDP-glucuronosyl/UDP-glucosyltransferase.
From the immune group were proteins from the Class Il-associated invariant chain peptide
(CLIP) family (AGAP000315-PA, AGAP004719-PA, AGAP009216-PA and AGAP010731-
PA, AGAP011783-PA), prophenoloxidase (AGAP010730-PA) and GNBP1 (AGAP004455-
PA). Other proteins down-regulated were cuticular proteins (CPLCP13, CPTC1), UDP-
galactose-4-epimerase, enzymes associated with redox pathway and free radical
detoxification (AGAP004378 and AGAP005749), a protein involved with proteolysis
(AGAPO004015-PA), a ribosomal protein associated with oogenesis (RS3A_ANOGA), a cell
growth regulator protein (AGAP006469-PA) and proton transport molecules (Tables 1 and
S1).

3.2 Proteins induced by cadmium exposure in An. gambiae larvae

We observed induction of nine proteins with catalytic activity in the cadmium tolerant strain
(Fig. 1C and Table 1). Three each of these proteins were functionally associated with the
redox (AGAP010404-PB, AGAP001325 and AGAP002170) and actin dynamics
(AGAP012056-PA). We also detected induction of two signaling molecules of the small
GTPase family (AGAP001902 and AGAP002219), and several hypothetical proteins
including two most abundant proteins (AGAP028204-PA and AGAP028068-PA). We
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similarly saw the induction of transcription factors, ribosomal proteins, enzyme from GST
family (AGAP010404-PB) and proteins that function in the degradation pathway (Table 1
and S1 table).

3.3 Functional enrichment and network analysis

On performing functional enrichment using KEGG pathways, we identified 14
downregulated pathways, among these were pathways linked to oxidative phosphorylation,
glycolysis, arginine and proline metabolism (Fig. 2). In addition, analysis based on protein
families (Pfam) identified the CLIP protease, proteasome sub unit A, insect cuticle proteins
downregulated (Table 2).

4 Discussions

Zinc, copper, and cadmium are common environmental contaminants in urban and industrial
settings. Zinc is required at trace levels for cellular and biological processes. However,
cadmium has no physiological role. Multigenerational chronic exposure of cadmium in
insects may be manifested in increased oxidative stress, blocking of signal transduction, and
tissue necrosis (Zervas et al., 2010). Here we investigated the effects of cadmium exposure
in mosquitoes as they expand their niche in the polluted urban environments in Kenya.
Previously we showed that cadmium tolerance leads to increase expression of alpha-tubulin
and metallothionein transcripts (Mireji et al., 2010b). We further identified over 30 proteins
that were differentially expressed due to the multi-generational chronic exposure to
cadmium (Mirejiet al., 2006). In our current work, we have expanded our understanding of
cadmium tolerance in the mosquito by using an unbiased and more sensitive approach by
combining the strength of 1D gel and a sensitive mass spectrometry analysis. We established
that 63 showed significant changes, most of which were suppressed. The biological
processes associated with these changes include immunity, signaling mechanism, oxidative
response, and energy metabolism. The most significant change was observed for
AGAP005163-PA, a UDP-glucuronosyl/UDP-glucosyltransferase that was consistently not
identified in HM-tolerant mosquitos. This was not surprising given that UDP-glucuronosyl
catalyzes the transfer of glucose from UDP-glucose to ecdysteroids and the vital role
ecdysteroids play in regulating insect growth and transitions between stages. Low levels of
ecdysteroids are linked to a disruption in mosquito development. HM-tolerance is known to
induce delays in pupation and reduced adult size. Thus, we associate AGAP005163-PA
abundance the fitness cost incurred for HM-adaptation. Molecules that regulate insect
development have previously shown great potential as novel targets for vector control using
system such as gene-drive to suppress vector populations. Based on our findings,
AGAP005163-PA provides a potential target that can be exploited for vector control.

Although there was general downregulation of oxidative phosphorylation pathway, we
observed significant upregulation enzymes from GST family. GSTs function by catalyzing
the conjugation of glutathione (GSH) (Xu et al., 2014) to various electrophilic compounds,
including reactive oxygen species (ROS). The induction of these molecules is in response to
oxidative stress due to the accumulation of ROS (Li et al., 2003). Deleterious effects of
oxidative stress are not only associated with tissue, DNA, and protein damage, but reports
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indicate this may include insecticide resistance mechanisms in mosquitos (Jones et al., 2012;
Oliver and Brooke, 2018; Ramirez and Gimenez, 2003). High levels of metabolic enzymes
such as GSTs and cytochrome oxidases are strongly associated with this phenotype (Oliver
and Brooke,2016). As insects become more accustomed to HM-polluted habitats, there is
excellent potential for increased risk of high-level insecticide resistance and increased odds
of disease transmission

The relationship between HM tolerance and mosquito immunity has not been well
established. In our analysis, we observed downregulation of several immune molecules in
exposed larvae. The importance of CLIPB9 and CLIPAS for the activation of pro-phenol
oxidase cascade and melanization of Plasmodium and bacteria has been demonstrated (An et
al., 2011; Schnitger et al., 2007). GNBP1 (AGAP004455-PA) plays a vital role by acting as
a pattern recognition receptor (PRR) with a broad repertoire for pathogen surveillance
(Dimopoulos, 2003; Whitten et al., 2004). PRR activate Toll and IMD pathways that induce
the expression of mosquito immunity genes. In the absence of effective immune
surveillance, HM-tolerant mosquitos may be more prone to bacterial pathogens frequently
found in aquatic habitats. Also, immune priming occurs at larval stages and shapes
antiplasmodial responses in adult stages (Moreno-Garcia et al., 2015). However, we note
that immune system development is a complex process and may be different in laboratory
settings as compared to a natural environment where other abiotic factors may come in to

play.

In conclusion, we performed proteomic analysis and identified specific proteins and
biological processes associated with An. gambiacadaptation to HM-tolerance. We note the
limitations of our study being a laboratory setting, while the difference between this
approach and field conditions have been demonstrated. Nevertheless, our data shows the
genetic capacity in mosquitoes to adapt to harsh conditions and thrive. These opportunistic
tendencies have been observed for both West and East African malaria mosquitos (Sattler et
al., 2005; Kudom, 2015), and also in mosquitoes from Culex and Aedes species (Mukhtar et
al., 2003) that can potentially become a source of disease transmission. Besides, Anopheles
arabiensis, an efficient vector of human malaria, is currently replacing Anopheles gambiae
s.s. as the dominant malaria vector in several regions in East Africa (Bayoh et al., 2010),
interestingly Oliver and Brooke (2016) has shown that An. arabiensis adult mosquito
emerging from larva exposed to heavy metals exhibit high levels of insecticide tolerance
(Oliver and Brooke, 2018). Also, An. arabiensis is an opportunistic feeder that derives blood
meals sources from a variety of vertebrate hosts and exhibits outdoor feeding and resting
(Killeen et al., 2016; Charlwood et al., 2018). This behavior factors, together with the
potential for HM selection for high insecticide tolerance, possess a significant threat and
potential breakdown on vector control strategies that target adult mosquitoes using
insecticides to control indoor resting and feeding mosquitoes.
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Fig. 1. The proteome of Anopheles gambiae larvae after multigenerational exposure to Cadmium
metal.

Larvae proteins in Cd and control groups were extracted in triplicates, analyzed by 1D gel
and tandem mass spectrometry. A) Venn plot shows the proportion of proteins found in both
groups and those unique to each. B) principal component analysis of the replicate samples
for Cd-tolerant vs. Control group C) Heatmap analysis of differentially expressed proteins.
Log2 value of protein expression in (replicatemean) for each protein was calculated and
2tailed student #test calculated in Cd-tolerant vs. Control. Protein with (BH corrected pvalue
< 0.01) were used for generating heatmap in R Bioconductor heatmap.2 package.
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Fig. 2. Functional enrichment of differentially regulated proteins.
Protein enrichment, according to functional groups, was done by STRING online database

using KEGG pathways. The x-axis shows biological pathways that were significantly altered
based on the-log10 FDR values plotted in the y-axis. Enrichment was only observed in
down-regulated proteins.
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Differentially expressed An. gambiae larval protein after multigenerational exposure with Cd.

Table 1

Protein_ID Gene.name  description 12fold  BH.corrected.Pvalue
AGAP005163-PA Glucosyl/glucuronosyl transferases <-7.9 234E-04
AGAP028204-PA hypothetical protein 2.56 4.69E-04
AGAP000315-PA  CLIPC6 Clip-domain serine protease -6.38  7.03E-04
AGAP004877-PB paramyosin <-7.8 9.37E-04
AGAP010174-PA oligosaccharyltransferase complex subuni 2.37 1.17E-03
AGAP000399-PA squid -1.24  1.41E-03
AGAPQ13112-PA mMRNA binding protein -05 1.64E-03
AGAP004514-PA nuclear GTP-binding protein <-7.7 1.87E-03
AGAP008499-PA Mitochondrial transcription factor A 1.74 2.11E-03
AGAP004395-PA nucleophosmin 3 <-7.6 2.34E-03
AGAP013365-PA hypothetical protein -0.88 2.58E-03
AGAP004895-PA carbonic anhydrase <-7.5 281E-03
AGAP003216-PA 26S proteasome regulatory subunit T2 <-7.4 3.05E-03
AGAP013036-PA hypothetical protein 1.58 3.28E-03
AGAP011802-PA  RpL39 60S ribosomal protein L39 -1.99 3.51E-03
AGAPQ12317-PA hypothetical protein -1.84 3.75E-03
AGAP007250-PA hypothetical protein -2.85 3.98E-03
AGAP028178-PA  CPLCP13 cuticular protein (putative) CPLCP13 -0.74 4.22E-03
AGAPQ007507-PA° mRpL48 Mitochondrial ribosomal protein L48 -7.35 4.45E-03
AGAP005129-PA 5-methylthioadenosine phosphorylase <-7.3 4.69E-03
AGAP011298-PA  RpL10a 60S ribosomal protein L10a -0.18 4.92E-03
AGAP004606-PA HYPK <-7.2 5.15E-03
AGAPQ004719-PA  CLIPC9 Clip-Domain Serine Protease <-7.1 5.39E-03
AGAP011457-PA ribose 5-phosphate isomerase A 1.82 5.62E-03
AGAP007393-PC protein disulfide isomerase family A, me -0.69 5.86E-03
AGAP010730-PA Prophenoloxidase activating factor -0.7 6.09E-03
AGAP012504-PA hypothetical protein 0.36 6.33E-03
AGAP004618-PA hypothetical protein <-7.0 6.56E-03
AGAPQ004015-PA  SP21408 prolylcarboxypeptidase <-7.1 6.79E-03
AGAP012407-PA protein disulfide-isomerase Al 2.09 7.03E-03
AGAPQ11476-PA hypothetical protein -27 7.26E-03
AGAP013347-PA hypothetical protein -0.74 7.50E-03
AGAP007060-PA hypothetical protein -332 7.73E-03
AGAP009216-PA Clip-domain serine protease -252 7.97E-03
AGAP007249-PB  Flightin Flightin -16 8.20E-03
AGAP010392-PA Calumenin -1.02 8.43E-03
AGAPQ11276-PA hypothetical protein -0.17 8.67E-03
AGAPQ11477-PA Eupolytin 1.02 8.90E-03
AGAP007666-PA Calcyphosin-like protein -121 9.14E-03
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Protein_ID Gene.name  description 12fold  BH.corrected.Pvalue
AGAP009652-PA NADH dehydrogenase (ubiquinone) 1 alpha -213 9.37E-03
AGAP010181-PA obelix -242 9.61E-03
AGAP004443-PB glycogen synthase kinase 3 beta <-7.2 9.84E-03
AGAP012990-PA  RpS23 40S ribosomal protein S23 0.22 1.01E-02
AGAP008440-PA urate oxidase -5.33 1.03E-02
AGAP010404-PB  GSTS1 glutathione S-transferase 1.54 1.05E-02
AGAP009863-PA Eukaryotic translation initiation factor 0.99 1.08E-02
AGAP010613-PA elongation factor 1-beta -116 1.12E-02
AGAP010100-PA  CPR84 cuticular protein 84 RR-2 family 1.06 1.15E-02
AGAP009271-PA  Prosbetal 20S proteasome subunit beta 1 -3 1.17E-02
AGAP012823-PA NADH dehydrogenase 1 alpha subcomplex su 1.8 1.19E-02
AGAP012056-PA cofilin 0.3 1.22E-02
AGAP006469-PA cell growth-regulating nucleolar protein -251 1.24E-02
AGAP013185-PA hypothetical protein 1.62 1.27E-02
AGAP010477-PB phosducin-like 3 -457 1.29E-02
AGAP005559-PA 26S proteasome regulatory subunit N10 0.04 1.31E-02
AGAP012425-PA hypothetical protein 1.91 1.34E-02
AGAPQ12837-PA  mRpL43 39S ribosomal protein L43 -1.67 1.36E-02
AGAP005696-PA  CPTC1 cuticular protein from two-cysteine fami -7.04 1.38E-02
AGAP007172-PB translation initiation factor 4E -243 141E-02
AGAP010731-PA  CLIPA8 Clip-Domain Serine Protease -1.15 1.43E-02
AGAP003360-PA dynein light chain roadblock-type <-7.3 145E-02
AGAP011098-PA beta-aspartyl-peptidase (threonine type) 2.15 1.48E-02
AGAP006117-PA hypothetical protein <-7.4 1.50E-02

Acta Trop. Author manuscript; available in PMC 2021 February 02.

Page 14



syduosnuelA Joyiny sispun4 DA @doing ¢

syduasnuel Joyiny sispund JINd adoin3 ¢

Rono et al.

Table 2

Page 15

Biological pathways dysregulated in Angpheles gambiae larvae after multigenerational exposure to Cd metal.

Pathway Pathway ID  Pathway description Observed gene count  False discovery rate  Regulation
Pfam PF00089 Trypsin 30 1.89E-03 down
Pfam PF00227 Proteasome subunit 7 1.89E-03 down
Pfam PF10584 Proteasome subunit A N-terminal signature 5 3.37E-03 down
Pfam PF12032 Regulatory CLIP domain of proteinases 7 7.71E-03 down
Pfam PF00379 Insect cuticle protein 20 1.44E-02 down
Pfam PF01105 emp24/gp25 L/p24 family/GOLD 4 2.78E-02 down
KEGG 190 Oxidative phosphorylation 21 2.00E-08 down
KEGG 1100 Metabolic pathways 58 3.32E-05 down
KEGG 910 Nitrogen metabolism 6 1.63E-04 down
KEGG 3050 Proteasome 9 7.43E-04 down
KEGG 1200 Carbon metabolism 12 1.72E-03 down
KEGG 10 Glycolysis / Gluconeogenesis 7 2.57E-03 down
KEGG 1120 Microbial metabolism in diverse environments 14 2.57E-03 down
KEGG 4145 Phagosome 9 2.57E-03 down
KEGG 1230 Biosynthesis of amino acids 9 2.77E-03 down
KEGG 3013 RNA transport 14 5.22E-03 down
KEGG 330 Arginine and proline metabolism 7 6.79E-03 down
KEGG 640 Propanoate metabolism 5 7.76E-03 down
KEGG 280 Valine, leucine and isoleucine degradation 6 1.43E-02 down
KEGG 270 Cysteine and methionine metabolism 5 1.45E-02 down
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