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Resumo

RIBEIRO, Giulia Magri. O impacto das condições ambientais na diversidade
taxonômica e funcional de amebas tecadas. 2023. 352 f. Dissertação (Doutorado em
Zoologia) – Instituto de Biociências, Universidade de São Paulo, São Paulo, 2023.

Os eucariontes microbianos, incluindo os chamados protistas, desempenham um papel
crucial na manutenção dos ecossistemas globais. A qualidade dos ambientes é essencial na
definição das comunidades de organismos que os ocupam e é influenciada por fatores como
temperatura, salinidade, pH, ńıveis de oxigênio e a comunidade de organismos já presentes.
Os organismos podem impactar positivamente o meio ambiente por meio de processos
como decomposição, ciclagem de nutrientes e criação de habitat, enquanto a destruição e a
poluição do habitat têm efeitos adversos. As atividades humanas aumentaram a frequência
e a intensidade dos estressores ambientais, exacerbando seus efeitos. As amebas tecadas,
particularmente do grupo Arcellinida, exibem vários graus de tolerância ao estresse e
podem servir como bioindicadores. Este estudo visa compreender as respostas a ńıvel de
comunidade e individual desses organismos a dois estresses espećıficos: contaminação por
arsênico e eutrofização/baixo teor de oxigênio. Este estudo combinou a caracterização fun-
cional por meio de perfis de expressão gênica e compreensão mecanicista e evolutiva usando
bioinformática. Demonstramos a expressão constitutiva dos metabolismos de resistência em
Arcella uspiensis e sua capacidade de se ajustar a condições estressantes. Através de árvores
filogenéticas, demonstramos também as múltiplas rotas de aquisição de genes de resistência
ambiental. Além disso, desenvolvemos um pequeno estudo estratégias de metabarcoding
para explorar adaptação e resistência ambiental no ńıvel da comunidade. Ampliamos o
banco de dados de marcadores COI e conduzimos um estudo de metabarcoding, obtendo in-
formações sobre a diversidade, biogeografia e potencial de Arcellinida como bioindicadores.
Isto porque, identificamos que as propriedades f́ısico-qúımicas dos ambientes amostrados
foram importantes determinantes da composição da comunidade de Arcellinida. Além disso,
iniciamos o desenvolvimento de técnicas aplicadas, como PCR quantitativo em tempo
real (qPCR) dos genes de resistência usando Arcella uspiensis como organismo modelo.
A diversidade de estratégias entre as diferentes linhagens na adaptação às condições de
arsênico e baixo teor de oxigênio, com variações nos mecanismos de resistência, é crucial
para a compreensão das adaptações espećıficas e suas consequências, particularmente para
microrganismos eucarióticos. Concluimos que Arcella uspiensis possui um arcabouço básico
de resistência constitutivamente expresso refletindo em sua capacidade de se adaptar a
condições estressantes e aumentar as chances de sobrevivência. Também reconhecemos a
necessidade de desenvolver o genoma e utilizar Arcella uspiensis como organismo modelo
para futuras pesquisas.

Palavras-chaves: Arcellinida, Bioindicadores, Contaminação por arsênio, Baixo oxigênio,
Metabarcoding, Perfil de expressão gênica, Árvores filogenéticas, Metabolismos de re-
sistência.



Abstract

RIBEIRO, Giulia Magri. The impact of environmental conditions on taxonomic
and functional diversity of testate amoebae. 2023. 352 p. Dissertation (PhD of
Zoology) – Biosciences Institute, University of Sao Paulo, Sao Paulo, 2023.

Microbial eukaryotes, including so-called protists, are crucial in maintaining global ecosys-
tems. The quality of environments is essential in defining the communities of organisms
that occupy them. Factors like temperature, salinity, pH, oxygen levels, and the community
of organisms present influence the environment’s quality. Organisms can positively impact
the environment through decomposition, nutrient cycling, and habitat creation, while
habitat destruction and pollution have adverse effects. Human activities have increased
the frequency and intensity of environmental stressors, exacerbating their effects. Testate
amoebae, particularly from the Arcellinida group, exhibit varying degrees of stress tolerance
and may serve as bioindicators that reflect environmental conditions and the effectiveness
of environmental actions. This study investigated the effects of multiple anthropogenic
environmental stresses on testate amoebae. We aimed to understand these organisms’
community and individual responses to two specific stresses: arsenic contamination and
eutrophication/low oxygen. We combined community characterization using metabar-
coding, functional characterization through gene expression profiling, and mechanistic
and evolutionary understanding using bioinformatics. We demonstrated the constitutive
expression of resistance metabolisms in Arcella uspiensis and its ability to adjust to
stressful conditions. We also demonstrate the multiple acquisition routes of environmental
resistance genes through phylogenetic trees. In addition, we discussed the application of
metabarcoding strategies to explore ecological adaptation and resilience at the community
level. We expanded the COI marker database and conducted a small metabarcoding
study, obtaining information on the diversity, biogeography, and potential of Arcellinida as
bioindicators. We discovered that the sampled environments’ physicochemical properties
are important determinants of the composition of the Arcellinida community. Also, we
started the development of applied techniques such as quantitative real-time PCR (qPCR)
of resistance genes using Arcella uspiensis as a model organism. The diversity of strategies
among different lineages in adapting to arsenic and low oxygen conditions, with variations
in resistance mechanisms, is crucial for understanding specific adaptations and their conse-
quences, particularly for eukaryotic microorganisms. We concluded that Arcella uspiensis
has a constitutively expressed basic resistance framework reflecting its ability to adapt to
stressful conditions and increase the chances of survival. We also recognize the need to
develop the genome and use Arcella uspiensis as a model organism for future research.

Keywords: Arcellinida, Bioindicators, Arsenic contamination, Low oxygen, Metabarcoding,
Gene expression profiling, Phylogenetic trees, Resistance metabolisms



Lista de figuras

Figura 1 – Model organisms distribution . . . . . . . . . . . . . . . . . . . . . . . 38

Figura 2 – Phylogenetic representations are positioning Arcellinida in the eukaryo-

tic diversity. (a) Eukaryotic phylogeny based in the new tree of eukaryo-

tes(BURKI et al., 2020). Different colors indicate major lineages of

eukaryotes. Groups of testate amoebae found in the different lineages

are named between parentheses. Arcellinida belongs to the Amoebozoa

group indicated by the gray box. (b) Arcellinida phylogeny based in

a phylogenomic reconstruction (LAHR et al., 2019) and SSUrDNA
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Miguéns. (c-i) Examples of testate amoebae species. (c) Euglypha sp.,

testate amoeba of the Rhizaria group. (d) Arcella sp. a Sphaerothecina.

(e) Zivkovicia sp. a Longithecina. (f) Centropyxis sp. an Excentrostoma.

(g) Netzelia sp. a Sphaerothecina. (h) Nebela sp. a Hyalospheniformes.

(i) Hyalosphenia elegans a Hyalospheniformes . . . . . . . . . . . . . . 42

Figura 3 – Examples of variations in the Arcellinid community due to environmental

conditions. The size of the shell represents dominance in the community.

Under oligotrophic conditions, we should find higher richness and less

abundance. However, in other conditions, the surviving species dominate

the community. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

Figura 4 – Examples of sources of (a) natural and (b) anthropic sources of arsenic

contamination in the environment. In natural environments, arsenic is

present in low concentrations. Anthropic action can increase arsenic

concentration and change its forms and oxidative state through pollution. 47



Figura 5 – Oxygen levels and arsenic speciation. The graph shows the relationship

between oxygen levels on Earth and the prevalence of each form of

arsenic. The horizontal and vertical axes represent geological time (in

Gy) and oxygen levels (% atmosphere), respectively. The blue curve

represents the Earth’s oxygen level over time. The stars represent the

emergence of some of the eukaryotic lineages. Note that several strains

arose under conditions with lower oxygen levels. The exact curve of

arsenic speciation over time has yet to be discovered. However, at lower

oxygen levels, there is still a tendency to form reduced arsenic species. 48

Figura 6 – Examples of forms and conversions of arsenic in the environment. Arse-

nic can be organic or inorganic-forming compounds. Also, it is possible

to find it in your reduced or oxidized state. The environment directly

affects that, for example, through oxygen levels in the atmosphere,

where an oxidative atmosphere would make oxidate forms of arsenic

more prevalent. Additionally, the metabolism of the organisms in the en-

vironment substantially alters the prevalent forms of arsenic compounds

in the environment. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

Figura 7 – Main enzymes in arsenic metabolism. Arsenic compounds are indicated,

and their toxicity is colored red. Enzymes’ names are beside the arrows.

Enzymes that evolved before GOE are in bold. Arsenic accesses the

cell through membrane channels, for example, phosphate channels in

orange. Inorganic oxidized arsenic (arsenate) can be reduced to arsenite

through arsenate reductase enzymes (ArsC, ACR2). Inorganic arsenite

can be extruded through membrane transporters (ACR3, ArsB, MRPs).

Alternatively, arsenite can be stored in vacuoles through transporters

(Ycf1, ABCC). Finally, arsenite can be methylated through methyl-

transferases (ArsM) to organic, less toxic forms and forms that do not

accumulate in the cell. ArsH can make the oxidation of organic methyl

arsenite to less toxic forms. . . . . . . . . . . . . . . . . . . . . . . . . 51



Figura 8 – Main species of testate amoebae found in previous studies for each level

in an arsenic contamination gradient. Dc - Difflugia curvicaulis ; Dpp -

Difflugia proteiriformis proteiriformis ; Dpc - Difflugia proteiriformis

claviformis ; Dgg - Difflugia glans glans ; Ct - Cucurbitella tricuspis ; Av

- Arcella vulgaris ; Doo - Difflugia oblonga oblonga; Cad - Centropyxis

acuelata discoides ; Ls - Lesquereusia spiralis ; Caa - Centropyxis acuelata

acuelata; Cca - Centropyxis constricta acuelata; De - Cylindrifflugia

elegans ; Ccs - Centropyxis constricta spinosa; Ccc - Centropyxis cons-

tricta constricta. The images of the testate amoebae were taken from the

works in which they were described in the arsenic gradients, to visualize

what they classified in this species (NASSER et al., 2016; PATTERSON

et al., 2019) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

Figura 9 – Representation of a eutrophic lake environment. During the day, pho-

tosynthetic activity generates high levels of oxygen that accumulate.

After a nutrient input, algae take advantage of this excess and over-

reproduce in an algal bloom (green region). However, during the night,

with respiration and decomposition, some regions can become hypoxic

(purple regions). Usually, hypoxic regions form in the interface between

sediment and water, a region with a greater density of organisms. . . . 53

Figura 10 – Scheme representing essential reactions of low oxygen energy metabolism

common in eukaryotes. The enzymes represented here are not necessa-

rily present in all organisms. Enzyme names: (1) pyruvate:ferredoxin

oxidoreductase (PFO); (2) FeFe-hydrogenase; (3) acetyl-CoA synthetase

(ACS); (4) pyruvate dehydrogenase (PDH); (5) Acetate-CoA ligase

(ACS); (6) acetate:succinate CoA transferase (ASCT); (7) succinyl-CoA

synthetase (SCS); (8) Aldehyde dehydrogenase (ALDH); (9) Alcohol

dehydrogenase (ADH). We also represented the other components of

the TCA cycle and electron transport chain from aerobic mitochon-

dria. Exclusively anaerobic enzymes are colored in red, and anaerobic

processes of cofactors recovery are colored in gray. . . . . . . . . . . . . 55



Figura 11 – Methodological approaches that were applied in this thesis. (i) Metabar-

coding: Describe the arcellinid communities in the conditions of interest

- Appendix A; (ii) Transcriptomics: Functional characterization using

mRNA sequencing and gene expression analysis - Chapters 4 and 6; (iii)

Bioinformatics: Obtaining available data in public databases to answer

evolutionary questions - Chapters 3 and 5. . . . . . . . . . . . . . . . . 57

Figura 12 – Arcellinida phylogenetic reconstructions of SSUrRNA (left) and COI

(right) markers. (continue next page) . . . . . . . . . . . . . . . . . . . 76

Figura 13 – Pictures of the new Arcellinid specimens with COI sequences added to

the database. (a) Unidentified Glutinoconcha F24. (b) Argynnia sp. (c)

Unidentified Glutinoconcha M8 (d) Difflugia nodosa (e) Lagenodifflugia

vas (f) Centropyxis blatta. Magnification 400X. Scale bars are 100 um. 84

Figura 14 – Sphaerothecina subtrees and evidences of the new species in the group

Arcella uspiensis (a) COI subtree of Sphaerothecina taxa with Lon-

githecina as external group. (b) SSU subtree of Sphaerothecina with

Longithecina as external group. (c) Optical microscopy of apertural and

lateral view of Arcella uspiensis (d) Electron microscopy of aboral and

oral views of Arcella uspiensis. (e) Morphometrical measuraments taken

from Arcella uspiensis. . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Figura 15 – Morphometric measurements from Arcella uspiensis type in comparison

with previously described Arcella intermedia morphotypes. For Arcella,

we took pictures from the lateral and apertural view, and measured

the diameter and height of the test (td and th), also the diameter

and height of the appearture (ad and ah). The original description

measurements provided by Deflandre of A. hemisphaerica intermedia

(1928) are in average smaller than the species here (diameter 48-68

µ m). a. Arcella current cultive; b. Arcella intermedia laevis cultive

(Porf́ırio-Sousa et al., 2017); Arcella intermedia cultive (Porf́ırio-Sousa

et al., 2017); Arcella intermedia natural P1 (Porf́ırio-Sousa et al., 2017);

Arcella intermedia natural P2 (Porf́ırio-Sousa et al., 2017); Arcella

intermedia P1 (Tsyganov and Mazei, 2006); Arcella intermedia P2

(Tsyganov and Mazei, 2006); Arcella intermedia P3 (Tsyganov and

Mazei, 2006) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88



Figura 16 – Excentrostoma subtrees and evidences of the new species in the group

Centropyxis blatta (a) COI subtree of Excentrostoma taxa with Other

Arcellinida sequences as external group. (b) SSU subtree of Excentros-

toma with Hyalospheniformes and Cylindrothecina as external group. (c)

Optical microscopy of apertural and lateral view of Centropyxis blatta

(d) Electron microscopy of apertural and lateral views of Centropyxis

blatta. (e) Morphometrical measuraments taken from Centropyxis blatta. 90

Figura 17 – Morphometric measurements from Centropyxis blatta type in compari-

son with previously described Centropyxis morphotypes (Lahr et al.,

2008). For Centropyxis, we took pictures from ventral and side view,

and we measured the apertural diameter (ad), test height (th), test

breadth (tb), test length (tl), spine length (sl). a. Centropyxis blatta;

b. Centropyxis - All taxa (Lahr et al., 2008); c. Centropyxis aculeata

(Lahr et al., 2008); d. Centropyxis discoides (Lahr et al., 2008) . . . . . 91

Figura 18 – Phryganellina + Volnustoma + Organoconcha subtrees and evidences

of the new species in the group Heleopera steppica (a) COI subtree of

Phryganellina + Volnustoma + Organoconcha taxa with Other Amoe-

bozoa sequences as external group. (b) SSU subtree of Phryganellina +

Volnustoma + Organoconcha with Other Amoebozoa as external group.

(c) Optical microscopy of Heleopera steppica specimens (d) Electron

microscopy of lateral view of Heleopera steppica. (e) Morphometrical

measuraments taken from Heleopera steppica. . . . . . . . . . . . . . . 94

Figura 19 – Cylindrothecina subtrees and evidences of the new species in the group

Cylindrifflugia periurbana (a) COI subtree of Cylindrothecina taxa

with Excentrostoma sequences as external group. (b) SSU subtree of

Cylindrothecina with Excentrostoma as external group. (c) Optical

microscopy of lateral view of Cylindrifflugia periurbana (d) Electron

microscopy of lateral views of Cylindrifflugia periurbana. (e) Morpho-

metrical measuraments taken from Cylindrifflugia periurbana. . . . . . 96



Figura 20 – A generalized hypothetical arsenic metabolism in eukaryotes. This hy-

pothetical eukaryote contains the main arsenic resistance pathways that

may be present in eukaryotes. We indicated the main processes related

to arsenic resistance by the letters (i) extrusion; (ii) methylation; (iii)

reduction of arsenate; (iv) oxidation of methyl arsenite; (v) hijacking in

vacuoles. The proteins indicated with an asterisk (*) are non-specific,

but they act on arsenic metabolism in eukaryotes. Arsenate uptake

occurs mainly through phosphate transporters (PT); Arsenite uptake

occurs mainly through aquaglyceroporins (AQP); (i) Arsenite extrusion

have specific and non-specific proteins involved - Arsenic resistance

protein (ACR3), Arsenical pump membrane protein (ArsB), and metal

resistance proteins (MRPs); (ii) Arsenite methyltransferases (ArsM)

are responsible for arsenite methylation to organo-arsenicals (MMAs

and DMAs) and gas forms (TMAs). Distinct ArsM homologs have

different by-products formed; (iii) arsenate reduction process have a

mainly bacterial/archaeal (ArsC2) and exclusively eukaryotic (ACR2)

homologs involved. Also, other non-specific proteins may perform arse-

nate reduction processes. (1) Despite exists two ArsC homologs, only

the ArsC2 homologs (described in (CHEN et al., 2020)) are present in

eukaryotes; (iV) ArsH is responsible for the organo-arsenical reduction

in bacteria and some eukaryotes; (v) Finally, many eukaryotic groups

sequester the arsenite from the cell, transporting it to vacuoles through

non-specific proteins YCF 1 - metal resistance protein YCF1; ABCs

- ABC transporters. The pathways marked in gray are the necessary

factors for the reactions and their by-products. We indicated the toxi-

city level of arsenic compounds in red. Description of arsenic resistance

homologs is in Table 3. . . . . . . . . . . . . . . . . . . . . . . . . . . . 101



Figura 21 – Distribution of the main arsenic resistance homologs in species of the

major eukaryotic taxa. The figure illustrates the presence and absence

of the defined arsenic metabolism homologs for a subsample of 115

eukaryotic species. The names of the homologs are indicated at the top.

In addition, species are grouped by classification in major eukaryotic

lineages (BURKI et al., 2020). Unfilled and gray sectors represent

absence in the genomes or transcriptomes, respectively. Colors represent

functions in the arsenic detoxification pathway (purple – ATPase in

arsenite transport; green – methylation; red – arsenite transport; blue –

arsenate reductase; yellow – methyl-arsenite reduction). It is still unclear

whether all ArsA and ACR2 homologs have functions related to arsenic

resistance. Thus, homologs of ArsA and ACR2 with arsenic resistance

described function or that have a related ontology are marked with an

asterisk (*). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

Figura 22 – Phylogenetic reconstruction of Arsenical pump ATPase ArsA/GET3

(ARSA) and external groups of the P-loop NTPase superfamily (IPR027417).

(continue next page) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

Figura 23 – Phylogenetic reconstruction of Arsenate reductase 2 (ACR2). (continue

next page) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117

Figura 24 – Phylogenetic reconstruction of Arsenate reductase, glutathione/glutaredoxin

type (ARSC2). (continue next page) . . . . . . . . . . . . . . . . . . . 119

Figura 25 – Phylogenetic reconstruction of Arsenite methyltransferase (ARSM).

(continue next page) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

Figura 26 – . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127

Figura 27 – Phylogenetic reconstruction of Arsenical resistance protein (ACR3).

(continue next page) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129

Figura 28 – Phylogenetic reconstruction of Arsenate resistance ArsH (ARSH). (con-

tinue next page) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131

Figura 29 – Representation of eukaryotic phylogeny with an inference of the possible

origin/acquisition of arsenic resistance homologs. . . . . . . . . . . . . 135

Figura 30 – Schematic representation of the different strategies related to arsenic

resistance. (continue next page) . . . . . . . . . . . . . . . . . . . . . . 139

Figura 31 – Reference eukaryotic species tree (continue next page) . . . . . . . . . 142



Figura 32 – Distribution of the main arsenic resistance functions in major eukaryotic

taxa. (continue next page) . . . . . . . . . . . . . . . . . . . . . . . . . 144

Figura 33 – Arcella uspiensis growth in different arsenic concentrations. a) Growth

curves in different arsenic concentrations. The green line represents

normal (control) growth. Arsenic concentrations of around ten ppm

impacted growth but did not cease it. Concentrations higher than

50 ppm killed the cultures. Higher concentrations can maintain the

temporary survival of the cells but without any growth. . . . . . . . . . 164

Figura 34 – Differential expression results in the two groups’ categorization. We

first attempted to divide Arcella uspiensis gene expression results into

two categories only, with arsenic (12 replicates) and without arsenic (6

replicates). We got 577 differentially expressed contigs, 87 upregulated

in the condition with arsenic, and 490 in control. We only considered

differentially expressed genes with log2-fold changes. Darker color re-

presents low expressed and brighter color represent highly expressed

isoforms. The names of the conditions are indicated at the bottom of

the figure and the sample name represents the replicates. We clustered

samples at the columns between replicates and lines by the differentially

expressed isoforms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166

Figura 35 – Differential expression results in the three groups categorization. We

divided Arcella uspiensis gene expression results in the three different

concentrations of arsenic, 50 ppm (6 replicates), ten ppm (6 replicates),

and 0 ppm (6 replicates). We got 2308 differentially expressed contigs.

The ten ppm condition was much more similar to the control than the

50 ppm condition, with 210 differentially expressed genes between 10

ppm and 0 ppm and 540 differentially expressed between 50 ppm and

ten ppm. We only considered differentially expressed genes with log2-

fold changes. Darker color represents low expressed and brighter color

represent highly expressed isoforms. The names of the conditions are

indicated at the bottom of the figure and the sample name represents

the replicates. We clustered samples at the columns between replicates

and lines by the differentially expressed isoforms. . . . . . . . . . . . . 167



Figura 36 – GhostKOala annotation of each of the conditions. a) 0 ppm; b) 10 ppm;

c) 50 ppm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

Figura 37 – Top ten gene ontology terms expressed in Arcella uspiensis growth in

0 ppm (noars), ten ppm, and 50 ppm arsenic concentrations. a) top

ten cellular process occurrences of gene ontology terms in 0, 10, and 50

ppm arsenic; b) top ten cell components; c) top ten cell functions. . . . 169

Figura 38 – GhostKOala annotation of upregulated genes compared between pairs

of conditions. (a-b) 0 ppm in relation to 10 ppm, a- 0 ppm upregulated,

b- 10 ppm upregulated; (c-d) 0 ppm in relation to 50 ppm, c- 0 ppm

upregulated, d- 50 ppm upregulated. (e-f) 10 ppm in relation to 50 ppm,

e- 10 ppm upregulated, f- 50 ppm upregulated. . . . . . . . . . . . . . 171

Figura 39 – Top 10 gene ontology annotation of upregulated genes comparing 0 ppm

against 50 ppm. a) Cell process 0 ppm upregulated b) Cell component

0 ppm upregulated; c) Cell function 0 ppm upregulated d) Cell process

50 ppm upregulated. e) Cell component 50 ppm upregulated f) Cell

function 50 ppm upregulated. . . . . . . . . . . . . . . . . . . . . . . . 172

Figura 40 – Top 10 gene ontology annotation of UP regulated genes comparing

0 ppm against 10 ppm. a) Cell process 0 ppm upregulated b) Cell

component 0 ppm upregulated; c) Cell function 0 ppm upregulated d)

Cell process 10 ppm upregulated. . . . . . . . . . . . . . . . . . . . . . 173

Figura 41 – Top 10 gene ontology annotation of UP regulated genes comparing

10 ppm against 50 ppm. a) Cell process 10 ppm upregulated b) Cell

component 10 ppm upregulated; c) Cell function 10 ppm upregulated

d) Cell process 50 ppm upregulated. e) Cell function 50 ppm upregulated.174

Figura 42 – Heatmap of expression of 6 isoforms related to evidence of oxidative

stress reactions in Arcella uspiensis submitted to an arsenic gradient.

Blue color represents low expressed, and red color represents highly

expressed isoforms. The names of the conditions are indicated at the

bottom of the figure and the sample name represents the replicates. The

isoforms’ names and enzyme codes are on the figure’s left side. . . . . . 176



Figura 43 – Phylogenetic reconstruction of Arsenite methyltransferase (ARSM).

The alignment has 42 taxa and 328 amino acids. The tree used the

substitution model LG + I + G4. Branch-length is indicated at the

left edge. Numbers at the clades nodes represent percent of ultra-fast

bootstrap support (UFBoot) calculated with 1000 runs. The colors

of terminal labels indicate the domain or great group of the sequence:

Dark yellow - Bacteria, Dark-blue - Amoebozoa, Red - Metamonada and

Discoba, Green - Archaeplastida, Light-yellow - SAR, Brown - Other

eukaryotes. The Trinity sequence codes represent the contigs obtained

in the Arcella uspiensis transcriptomes of the experiment. . . . . . . . 177

Figura 44 – Heatmap of expression of 30 isoforms related to specific arsenic resis-

tance in Arcella uspiensis submitted to an arsenic gradient. Blue color

represents low expressed, and red color represents highly expressed

isoforms. The names of the conditions are indicated at the bottom of

the figure, and the sample name represents the replicates. The isoforms’

names and enzyme codes are on the figure’s left side. . . . . . . . . . . 178

Figura 45 – Heatmap of expression of 28 isoforms related to protein folding in

Arcella uspiensis submitted to an arsenic gradient. Blue color represents

low expressed, and red color represents highly expressed isoforms. The

names of the conditions are indicated at the bottom of the figure, and

the sample name represents the replicates. The isoforms’ names and

enzyme codes are on the figure’s left side. . . . . . . . . . . . . . . . . 180

Figura 46 – Heatmap of expression of 18 isoforms related to the ubiquitin-proteasome

system in Arcella uspiensis submitted to an arsenic gradient. Blue color

represents low expressed, and red color represents highly expressed

isoforms. The names of the conditions are indicated at the bottom of

the figure, and the sample name represents the replicates. The isoforms’

names and enzyme codes are on the figure’s left side. . . . . . . . . . . 181



Figura 47 – Heatmap of expression of 34 isoforms related to sense and signaling

system in Arcella uspiensis submitted to an arsenic gradient. Blue color

represents low expressed, and red color represents highly expressed

isoforms. The names of the conditions are indicated at the bottom of

the figure, and the sample name represents the replicates. The isoforms’

names and enzyme codes are on the figure’s left side. . . . . . . . . . . 182

Figura 48 – Heatmap of expression of 20 isoforms related to the cell cycle in Arcella

uspiensis submitted to an arsenic gradient. Blue color represents low

expressed, and red color represents highly expressed isoforms. The

names of the conditions are indicated at the bottom of the figure, and

the sample name represents the replicates. The isoforms’ names and

enzyme codes are on the figure’s left side. . . . . . . . . . . . . . . . . 184

Figura 49 – Heatmap of expression of 101 isoforms related to meiosis isoforms in

Arcella uspiensis submitted to an arsenic gradient. Blue color represents

low expressed, and red color represents highly expressed isoforms. The

names of the conditions are indicated at the bottom of the figure, and

the sample name represents the replicates. The isoforms’ names and

enzyme codes are on the figure’s left side. . . . . . . . . . . . . . . . . 185

Figura 50 – Heatmap of expression of 22 isoforms related to the endocytosis in

Arcella uspiensis submitted to an arsenic gradient. Blue color represents

low expressed, and red color represents highly expressed isoforms. The

names of the conditions are indicated at the bottom of the figure, and

the sample name represents the replicates. The isoforms’ names and

enzyme codes are on the figure’s left side. . . . . . . . . . . . . . . . . 187

Figura 51 – Heatmap of expression of 12 isoforms related to the carbohydrate

metabolism in Arcella uspiensis submitted to an arsenic gradient. Blue

color represents low expressed, and red color represents highly expressed

isoforms. The names of the conditions are indicated at the bottom of

the figure, and the sample name represents the replicates. The isoforms’

names and enzyme codes are on the figure’s left side. . . . . . . . . . . 188



Figura 52 – Heatmap of expression of 12 isoforms related to the aminoacid me-

tabolism in Arcella uspiensis submitted to an arsenic gradient. Blue

color represents low expressed, and red color represents highly expressed

isoforms. The names of the conditions are indicated at the bottom of

the figure, and the sample name represents the replicates. The isoforms’

names and enzyme codes are on the figure’s left side. . . . . . . . . . . 189

Figura 53 – Phylogenetic reconstruction of Arsenical pump ATPase ArsA/GET3

(ARSA) for the Amoebozoa group. The alignment has 85 taxa and

320 amino acids. The tree used the substitution model LG+F+I+G4.

Branch-length is indicated at the left edge. Numbers at the clades

nodes represent the percent ultra-fast bootstrap support (UFBoot)

calculated with 1000 runs. The Trinity sequence codes represent the

contigs obtained in the Arcella uspiensis transcriptomes of the experiment.191

Figura 54 – Phylogenetic reconstruction of the Arsenical pump membrane protein

(ARSB). The alignment has 41 taxa and 277 amino acids. The tree

used the substitution model LG + I + G4. Branch-length is indicated

at the left edge. Numbers at the clades nodes represent the percent of

ultra-fast bootstrap support (UFBoot) calculated with 1000 runs. The

terminal labels’ colors indicate the sequence’s domain or great group:

Dark yellow - Bacteria, Gray - Archaea, Dark-blue - Amoebozoa, Brown

- Other eukaryotes. The Trinity sequence codes represent the contigs

obtained in the Arcella uspiensis transcriptomes of the experiment. . . 192

Figura 55 – Result curves of quantitative real-time PCR of arsenite methyltransfe-

rase (ArsM) gene. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 193

Figura 56 – Phylogeny of environmental DNA amplification of ArsM gene. The align-

ment has 54 taxa and 431 amino acids. The tree used the substitution

model K2P+G4. Branch-length is indicated at the left edge. Numbers

at the clades nodes represent the percent of ultra-fast bootstrap sup-

port (UFBoot) calculated with 1000 runs. The colors of terminal labels

represent Green - Arcellinida and Red - Environmental OTUs. . . . . . 193



Figura 57 – Schematic figure of arsenic resistance in A.uspiensis. Arsenic resistance

genes are constitutively expressed: arsenite methyltransferase (ARSM),

Arsenical pump membrane protein (ARSB), and Arsenical pump ATPase

ArsA/GET3 (ARSA). Oxidative stress in A.uspiensis was indicated by

increased expression of genes with oxidoreductase activity, downregula-

tion of glutathione peroxidase, and upregulation of protein folding and

transport activities. Heat-shock proteins, O-GlcNAc transferase, cytos-

keletal components, and Actin-related protein 2/3 complex subunits 4

and 3 are upregulated in 50 ppm conditions, suggesting that arsenic

disrupts protein formation. Still, Arcella is trying to control bad pro-

tein accumulation. Signaling pathways are upregulated in A.uspiensis,

with calcineurin A upregulated, RAS signaling pathways downregulated,

phosphatidylinositol 5-phosphate 4-kinase type-2 gamma upregulated,

phospholipase D1/2 upregulated, and glycolysis proteins downregulated.

We found indications of cell cycle arrest, upregulation of regulators, and

Apoptosis/autophagy triggering. We found Endocytosis components

downregulated in 50 ppm condition, and the only membrane transporter

we found upregulated was CNNM4. Figure created with ⟨BioRender.com⟩.202

Figura 58 – Distribution of genes encoding aerobic and anaerobic metabolism pathways.

Anaerobic-associated pathways present in Arcellinids are highlighted in

red (PFO, ASCT1B, ACS-ADP, and [FeFe]-H2ase). The presence of a

gene was based on HMMER searches on Arcellinida data available in

NCBI. Colored pies indicate proteins present on transcriptomic data.

Blank pies indicate that the gene was not found in the transcriptomes.

Enzyme names are abbreviated. The colors of the species names indicate

the lineage division, as in Lahr et al., 2019, that they belong to. Blue

bars in BUSCO analysis indicate the completeness of the transcriptomes

on the right side of the figure, expressed by the percentage of BUSCO

genes in the transcriptome. . . . . . . . . . . . . . . . . . . . . . . . . 211



Figura 59 – Effective number of codons (ENC) versus GC content in 4-fold de-

generate sites for genes characteristic of anaerobic metabolism. Gray

symbols represent BUSCO genes ENC-GC content of the Arcellinida

species considered in this analysis (Arcella uspiensis, Centropyxis blatta,

Cryptodifflugia operculata, Difflugia compressa, Heleopera sphagni, Hya-

losphenia papilio, Pyxidicula operculata). Colored symbols are the genes

of interest; the legend is in the right corner of the figure. The expected

curve of ENC-GC is represented by the black line. Most Arcellinida

species are restricted to an area of low ENC and highly biased GC

contents. In exception of A uspiensis which has a broader distribution. 212

Figura 60 – Phylogenetic reconstruction of Acetate:succinate CoA-transferase (ASCT1A)

and external groups of the P-loop NTPase superfamily (IPR027417). All

of the homologs found contain the domain organization indicated in the

right corner of the figure, two domains of CoA transferases (pfam01144)

corresponding to the alpha (AtoD) and beta (PcaJ scoB) subunits of

Acyl CoA:acetate3 ketoacid CoA transferase. . . . . . . . . . . . . . . 214

Figura 61 – Phylogenetic reconstruction of Acetate:succinate CoA-transferase (ASCT1B)

and external groups of the P-loop NTPase superfamily (IPR027417).

All of the homologs found contain the domain organization indicated in

the right corner of the figure, characterized by a C-terminal Acetyl-CoA

hydrolase/transferase domain (pfam13336). . . . . . . . . . . . . . . . 215

Figura 62 – Phylogenetic reconstruction of Acetate:succinate CoA-transferase (ASCT1C)

and external groups of the P-loop NTPase superfamily (IPR027417).

All of the homologs found contain the domain organization indicated in

the right corner of the figure, characterized by a C-terminal Acetyl-CoA

hydrolase/transferase domain (pfam13336). . . . . . . . . . . . . . . . 216



Figura 63 – Phylogenetic reconstruction of Acetyl-coA synthetase (ACSS2 - ADP

form). The most common domain organization consists of CoA binding 2

(PF13380), Succ CoA lig (PF13607) and Ligase CoA 2 (PF19045).

However, new domains were acquired (Acetyltransferase 1 PF00583),

and others were modified or lost. Maximum likelihood tree generated

by IQTREE, with 192 taxa and 565 sites. Bootstrap support (BV)

was calculated for each branch. Only BV values greater than 50% are

shown. Black circles substituted branches with 100%. Arcellinida species

are shaded gray. Terminals are colored by domain: Eukaryotes (green);

Bacteria(yellow); Archaea(dark blue). . . . . . . . . . . . . . . . . . . . 218

Figura 64 – Phylogenetic reconstruction of pyruvate:ferrodoxin oxidoreductase (PFO).

The most common domain organization consists of POR N (PF01855),

EKR (smart00890), and a TPP binding module (purple, cl01629).

However, new domains were acquired (Flavodoxin 1 PF00258, FAD

(PF00667)), others were modified or lost. Maximum likelihood tree

generated by IQTREE; with 137 taxa and 905 sites. Bootstrap support

(BV) was calculated for each branch. Only BV values greater than 50%

are shown. Black circles substituted branches with 100%. Arcellinida

species are shaded gray. Terminals are colored by domain: Eukaryotes

(green); Bacteria(yellow); Archaea(dark blue). . . . . . . . . . . . . . . 220

Figura 65 – Phylogenetic reconstruction of Iron only hydrogenase (Fe hyd). The most

common domain organization consists of Fer2 4 (PF13510), Fe hyd lg C

(PF02906), and Fe hyd SSU (PF02256). However, new domains were ac-

quired (Flavodoxin 1 PF00258, FAD (PF00667), Pkinase Tyr (PF07714),

RasGEF N (PF00618) and RasGEF (PF00617)), others were modified

or lost. Maximum likelihood tree generated by IQTREE; with 192 taxa

and 286 sites. Bootstrap support (BV) was calculated for each branch.

Only BV values greater than 50% are shown. Black circles substituted

branches with 100%. Arcellinida species are shaded gray. Terminals are

colored by domain: Eukaryotes (green); Bacteria(yellow); Archaea(dark

blue). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222



Figura 66 – Maximum likelihood tree of cytochrome c oxidase(CIV). The tree was

calculated with 206 taxa and 466 sites. Bootstrap support (BV) were

calculated for each branch. Only BV values greater than 50% are shown.

Branches with 100% were substituted by black circles. Arcellinida species

are highlighted by the black box. . . . . . . . . . . . . . . . . . . . . . 239

Figura 67 – Maximum likelihood tree of pyruvate dehydrogenase(PDH). The tree

was calculated with 183 taxa and 325 sites. Bootstrap support (BV)

were calculated for each branch. Only BV values greater than 50% are

shown. Branches with 100% were substituted by black circles. Arcellinida

species are highlighted by the black box. . . . . . . . . . . . . . . . . . 240

Figura 68 – Energetic metabolism in normoxia. The reactions of glycolysis are com-

posed of two main steps - a first investment step uses energy to break

glucose into two three carbons molecules of fructose 1,6 bisphosphate.

Some of the glycolysis reactions are irreversible, others go both ways.

The enzymes of the first step are (1) Hexokinase (irreversible), (2)

Phosphoglucose isomerase, (3) Phosphofructokinase 1 (irreversible).

The second step of glycolysis is the energy generation step: (4) Aldolase,

(5) Glyceraldehyde 3-phosphate dehydrogenase, (6) Phosphoglycerate

kinase, (7) Phosphoglycerate mutase, (8) Enolase, (9) Pyruvate kinase

(irreversible). For the irreversible points of glycolysis, some of the enzy-

mes are exclusive for gluconeogenesis: (10) Glucose 6-phosphatase, (11)

fructose 1,6-bisphosphatase, (12) phosphoenolpyruvate synthase, (13)

pyruvate carboxykinase. Figure created with ⟨BioRender.com⟩. . . . . . 245

Figura 69 – TCA in normoxia. (1) Pyruvate dehydrogenase, (2) Aconitase, (3)

Isocitrate dehydrogenase, (4) alpha-ketoglutarate dehydrogenase, (5)

Succinyl-CoA synthetase, (6) Succinate dehydrogenase, (7) Fumarase,

(8) Malate dehydrogenase, (9) Citrate synthase. Figure created with

⟨BioRender.com⟩. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 246



Figura 70 – Arcella uspiensis growth under different oxygen concentrations. a)

Growth curves in different dissolved oxygen (DO) concentrations. DO

under 6 ppm are colored in red and are considered low, and DO above 6

ppm are colored in blue and were considered high. b) Arcella uspiensis

growing in high DO (above 6). c) A. uspiensis growing in low DO (under

6). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 251

Figura 71 – Differential expression results between low oxygen and control condi-

tions of Arcella uspiensis. Heatmap of the 799 differentially expressed

isoforms between the two oxygen tensions. We only considered differen-

tially expressed genes with log2-fold changes. Darker color represents

low expressed and brighter color represent highly expressed isoforms.

The names of the conditions are signaled as low oxygen (lowOx) and

normoxia (NormOx) and the replicate number is signaled from rep1-6.

We clustered samples at the columns between replicates and lines by

the differentially expressed isoforms. . . . . . . . . . . . . . . . . . . . 254

Figura 72 – Data Distribution of Arcella uspiensis annotations in (a) low oxygen;

(b) control conditions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 255

Figura 73 – Distribution of the top 10 GO functions upregulated between the treat-

ments. (a-b) Biological process, a- upregulated low oxygen, b- upregula-

ted normoxia; (c-d) Cellular component, c- upregulated low oxygen, d-

upregulated normoxia; (e-f) Cellular function, e- upregulated low oxy-

gen, f- upregulated normoxia. Only represented GO terms that appeared

ten or more times in the low-oxygen dataset. . . . . . . . . . . . . . . . 257

Figura 74 – Heatmap of expression of 10 isoforms related to evidence of the harmful

effects of low oxygen in Arcella uspiensis. Blue color represents low

expressed, and red color represents highly expressed isoforms. The names

of the conditions are signaled as low oxygen (lowOx) and normoxia

(NormOx) and the replicate number is signaled from rep1-6. We clustered

samples at the columns between replicates. The names and enzyme

codes of the isoforms are on the left side of the figure. . . . . . . . . . . 258



Figura 75 – Heatmap of expression of 20 isoforms related to isoforms of the glycolytic

pathway. Blue color represents low expressed and red color represents

highly expressed isoforms. The names of the conditions are signaled as

low oxygen (lowOx) and normoxia (NormOx) and the replicate number

is signaled from rep1-6. The isoforms’ names and enzyme codes are on

the figure’s left side. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 259

Figura 76 – Heatmap of expression of 45 isoforms related to isoforms of the glu-

coneogenesis pathway. Blue color represents low expressed, and red

color represents highly expressed isoforms. The names of the conditions

are signaled as low oxygen (lowOx) and normoxia (NormOx), and the

replicate number is signaled from rep1-6. The isoforms’ names and

enzyme codes are on the figure’s left side. . . . . . . . . . . . . . . . . 260

Figura 77 – Heatmap of expression of 10 isoforms related to regulation on TCA cycle

activity. Blue color represents low expressed, and red color represents

highly expressed isoforms. The names of the conditions are signaled as

low oxygen (lowOx) and normoxia (NormOx), and the replicate number

is signaled from rep1-6. The isoforms’ names and enzyme codes are on

the figure’s left side. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261

Figura 78 – Heatmap of expression of 18 isoforms related to low oxygen pyruvate

metabolism genes, energy generation, and cofactor recovery. Blue color

represents low expressed, and red color represents highly expressed

isoforms. The names of the conditions are signaled as low oxygen

(lowOx) and normoxia (NormOx), and the replicate number is signaled

from rep1-6. The isoforms’ names and enzyme codes are on the figure’s

left side. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262

Figura 79 – Heatmap of expression of 25 isoforms related to Oxygen sensing, trans-

port, storage isoforms. Blue color represents low expressed, and red

color represents highly expressed isoforms. The names of the conditions

are signaled as low oxygen (lowOx) and normoxia (NormOx), and the

replicate number is signaled from rep1-6. The isoforms’ names and

enzyme codes are on the figure’s left side. . . . . . . . . . . . . . . . . 264



Figura 80 – Phylogenetic reconstruction of Hemerythrin. The most common do-

main organization consists of a Hemerythrin-like superfamily domain

(IPR035938). Maximum likelihood tree generated by IQTREE, with

133 taxa and 119 sites. Bootstrap support (BV) was calculated for each

branch. Arcellinida species are shaded gray. Terminals are colored by

domain: Eukaryotes (green) . . . . . . . . . . . . . . . . . . . . . . . . 265

Figura 81 – Energetic metabolism in low oxygen. The reactions of glycolysis are

composed of two main steps - a first investment step uses energy to break

glucose into two-three carbons molecules of fructose 1,6 bisphosphate.

Some of the glycolysis reactions are irreversible; others go both ways.

The enzymes of the first step are: (1) Hexokinase (irreversible), (2)

Phosphoglucose isomerase, (3) Phosphofructokinase 1 (irreversible).

The second step of glycolysis is the energy generation step: (4) Aldolase,

(5) Glyceraldehyde 3-phosphate dehydrogenase, (6) Phosphoglycerate

kinase, (7) Phosphoglycerate mutase, (8) Enolase, (9) Pyruvate kinase

(irreversible). For the irreversible points of glycolysis, some of the enzy-

mes are exclusive for gluconeogenesis: (10) Glucose 6-phosphatase, (11)

fructose 1,6-bisphosphatase, (12) phosphoenolpyruvate synthase, (13)

pyruvate carboxykinase. Figure created with ⟨BioRender.com⟩. . . . . . 270

Figura 82 – TCA low oxygen. (1) Pyruvate dehydrogenase, (2) Aconitase, (3) Isoci-

trate dehydrogenase, (4) alpha-ketoglutarate dehydrogenase, (5) Succinyl-

CoA synthetase, (6) Succinate dehydrogenase, (7) Fumarase, (8) Ma-

late dehydrogenase, (9) Citrate synthase, (10) Pyruvate carboxylase,

(11) NAD Malic enzyme (ME), (12) NAD-specific glutamate dehydro-

genase (NAD-GDH), (13) Alanine dehydrogenase 2 (AlaDH2), (14)

pyruvate : ferredoxin oxidoreductase (PFO), (15) Acetate:succinate

CoA-transferase (ASCT), (16) acetyl-CoA synthetase (ACS). Figure

created with ⟨BioRender.com⟩. . . . . . . . . . . . . . . . . . . . . . . 274



Figura 83 – Schematic figure of low oxygen metabolism in A.uspiensis. Numbers

of non-regulated genes are in black, upregulated genes are represented

in red, and downregulated genes in blue. (1) Hexokinase (irreversible),

(2) Phosphoglucose isomerase, (3) Phosphofructokinase 1 (irreversible).

The second step of glycolysis is the energy generation step: (4) Aldolase,

(5) Glyceraldehyde 3-phosphate dehydrogenase, (6) Phosphoglycerate

kinase, (7) Phosphoglycerate mutase, (8) Enolase, (9) Pyruvate ki-

nase (irreversible). For the irreversible points of glycolysis, some of the

enzymes are exclusive for gluconeogenesis: (10) Glucose 6-phosphatase,

(11) fructose 1,6-bisphosphatase, (12) phosphoenolpyruvate synthase,

(13) pyruvate carboxykinase, (14) pyruvate dehydrogenase, (15) isoci-

trate dehydrogenase, (16) Acetate:succinate CoA-transferase (ASCT),

(17) acetyl-CoA synthetase (ACS), (18) pyruvate carboxylase, (19)

NAD Malic enzyme (ME), (20) Alanine dehydrogenase 2 (AlaDH2),

(21) NAD-specific glutamate dehydrogenase (NAD-GDH), (22) alcohol-

dehydrogenase, (23) Mitochondrial uncoupling protein 2, (24) hemeryth-

rin, (25) Nitrate reductase [NADPH], (26) Iron transport multicopper

oxidase FET3, (27) NADPH oxidase 3, (28) Serine/threonine-protein

kinase ste20, (29) 1,25-dihydroxyvitamin D(3) 24-hydroxylase, (30)

Serine/threonine-protein kinase PAK 1, (31) MOXD1 homolog 2, (32)

NADPH–cytochrome P450 reductase, (33) Cytochrome P450, (34) Mo-

nocarboxylate transporter 12, (35) calmodulin-dependent protein kinase

type 1. Figure created with ⟨BioRender.com⟩. . . . . . . . . . . . . . . 278

Figura 84 – Resistance scheme Arcella uspiensis. We included key genes of resistance

metabolism from both arsenic and low-oxygen stress. Our results indi-

cate that even under optimal conditions those resistance metabolisms

are constitutively expressed. Under stress, other mechanisms emerge re-

gulated, however, they are mostly related to the response to the harmful

effects of the stressor, the creation of the environment in which specific

pathways can work and trying to maintain reserves . . . . . . . . . . . 287



Figura 85 – Sampling points of the metabarcoding experiment. We sampled central

parks inside the urban part of Madrid city (red indicated points in the

yellow area). We also sampled a few points outside the city as control

(blue points). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 327

Figura 86 – Sampling points of the metabarcoding experiment. (a) Tropical gree-

nhouse Royal botanical garden of Madrid; (b) Royal botanical garden

tank; (c) Retiro’s park lake; (d) Tank 1 Quinta de la Fuente del Berro;

(e) Tank 2 Quinta de la Fuente del Berro; (f) Parla’s park lake. . . . . 330

Figura 87 – Sampling points of the metabarcoding experiment. (a) Jardines de

Diońısio tank; (b) Valdebernardo park tank; (c) Vicalvaro park tank;

(d) Jardin de las rosas in Parque oeste; (e) Parque oeste tank; (f)

Mojonavalle cascade. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

Figura 88 – Sampling points of the metabarcoding experiment. (a) Quinta de los

Molinos tank 1; (b) Quinta de los Molinos Tank 2; (c) Parque Enrique

Tierno Galvan lake; (d) Camorchos lake 1; (e) Alpedrete lake 1; (f)

Alpedrete lake 2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 332

Figura 89 – Box plots of the physical-chemical parameters split between urban and

peri-urban areas . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 334

Figura 90 – COI phylogeny with the ASVs in red. . . . . . . . . . . . . . . . . . . . 336

Figura 91 – Box plots of the number of reads divided by sample type (fresh-water,

moss, mud) and location in or outside Madrid. . . . . . . . . . . . . . . 337

Figura 92 – Abundances of Arcellinids groups between fresh-water and moss samples.340
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1 Introduction

Microbial eukaryotes play a crucial role in the maintenance of global ecosystems.

Most of the eukaryotic diversity is microbial. Previously, all microbial diversity was included

in a single group called protists, which are nowadays spread in many evolutionary lineages

(Figure 2) (BURKI et al., 2020). This diverse group of organisms includes algae, amoebae,

ciliates, and flagellates life forms. These organisms have different ecological preferences and

significantly impact various environmental processes. For example, photosynthetic protists

spread out at least in five great lineages (Stramenopiles in SAR, Haptista, Cryptista,

Archaeplastida, and Discoba). Photosynthetic protists are responsible for a significant

portion of global primary production (BENOISTON et al., 2017; FIELD et al., 1998).

Many microbial eukaryotes, such as slime molds, are essential to nutrient cycling and

decomposition. Slime molds are also a name given to several unrelated microbial eukaryotes,

but most are in the Myxogastria, Amoebozoa group (BROWN; SPIEGEL; SILBERMAN,

2009; BALDAUF; DOOLITTLE, 1997; FIORE-DONNO et al., 2010). Because of their

morphology and function in decomposition, they were previously classified as Fungi, but

we know they are more related to amoebae. They are essential in breaking down dead

organic material and recycling nutrients, contributing to environmental nutrient cycling.

Other critical ecological functions that microbial eukaryotes act on are in parasitic and

symbiotic interspecific relations. One example of parasitic protists is Plasmodium, the

causative agent of malaria. Plasmodium is a member of Apicomplexa in the SAR group

(Figure 2). Malaria is a widespread and significant global health problem, particularly in

tropical and subtropical regions (ORGANIZATION et al., 2008; COWMAN et al., 2016).

Finally, an actual example of symbiotic protists is zooxanthellae, which form a symbiotic

relationship with corals, necessary for their survival through nutrients and energy providing.

Disruption of the balance in the zooxanthellae algae and the coral relationship leads to

a phenomenon known as coral bleaching and eventual death of the coral (MULLER-

PARKER; D’ELIA; COOK, 2015; FOURNIER, 2013). In summary, microbial eukaryotes

contribute significantly to maintaining global ecosystems through their involvement in

primary production, food web dynamics, nutrient cycling, decomposition, and symbiotic

and parasitic relationships. Their ecological functions are integral to the overall health,

stability, and functioning of terrestrial and aquatic ecosystems.
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1.1 Microbial diversity and model organisms

We always use living beings for our studies and experiments. For example, Mendel’s

laws use peas as a study model, and we have been model organisms for studies of human

health and anatomy (IRION; NÜSSLEIN-VOLHARD, 2022). The term model organism

was formalized late, in 1990, in the context of the genome project (DIETRICH; ANKENY;

CHEN, 2014). For the funding agencies such as the National Institute of General Medical

Sciences (NIH), an interesting ”model”are ”research organisms useful to understand funda-

mental aspects of biology, which are common to all organisms, including humansª (⟨https:

//www.nigms.nih.gov/education/fact-sheets/Pages/using-research-organisms.aspx⟩). The

human genome project was a gigantic initiative that required a lot of licenses, financing,

and standardization of protocols (COLLINS; MCKUSICK, 2001). In that way, a model

organism was defined as a ”Non-human species used to understand a biological pheno-

menon”, which consists of using a simpler and more treatable organism to facilitate the

experiments. Nowadays, the diversity of model organisms is much more restricted (Figure

1). At the begging of this tradition of using ”models”to study, the diversity of organisms

used was wider. For example, Lavoisier, in 1770, used guinea pigs to study metabolism

and discovered the generation of heat through respiration (KAIYALA; RAMSAY, 2011).

He built a system that placed the guinea pig wrapped in ice, and according to the melting

rate of the ice, he was able to estimate how much heat was emitted by the animal and its

metabolism rate.

1.2 Distribution of model organisms in the diversity of eukaryotes.

The classification of eukaryotes has undergone significant revisions, rendering the

traditional five kingdoms taught in schools outdated. Presently, the diversity of eukaryotes

is categorized into major lineages that extend beyond the commonly recognized animals,

plants, and fungi, constituting only a fraction of this diversity (BURKI et al., 2020).

Animals and fungi are now grouped within the Opisthokonta lineage, encompassing

various single-celled lineages. Similarly, plants are classified within the Archaeplastida

lineage alongside an extensive array of algae encompassing green, red, and cyano varieties.

Notably, the remaining lineages depicted in Figure 1 primarily comprise ancient protists,

representing a multitude of organisms that were previously not accorded distinct lineages.
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These lineages have evolved independently, resulting in a diverse array of organisms with

significant evolutionary distinctions.

Figura 1 – Model organisms distribution

Source: Hashimi H (2019) A parasite’s take on the evolutionary cell biology of MICOS.
PLoS Pathog, 15(12): e1008166. https://doi.org/10.1371/journal.ppat.1008166

An evident concern arises regarding the bias towards model organisms, which predo-

minantly focus on plant and animal lineages, disregarding the vast diversity within protists

(Figure 1). The utilization of protist models is mostly limited to cases involving parasites

responsible for human diseases, where their study becomes imperative. Nevertheless, a

notable exception exists within the Amoebozoa group, specifically in the case of Dictyos-

telium discoideum. Despite being a unicellular amoeba, it is a valuable model organism

for investigating multicellularity in protists (ANNESLEY; FISHER, 2009). Dictyostelium

discoideum undergoes a well-characterized life cycle that includes both unicellular and

multicellular stages. When deprived of food, these organisms exhibit a remarkable behavior

wherein they gather, aggregate, and transition into a multicellular form, actively searching

for nourishment. They exhibit slug-like locomotion, resembling the movement of organisms

in the environment as they seek food. They can also form fruiting bodies akin to fungi,

dispersing a portion of their cells to more favorable locations with abundant food resour-

ces. Overall, the unique characteristics and experimental advantages of Dictyostelium
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discoideum make it a powerful model organism for addressing fundamental biological

questions, including cellular differentiation, aggregation, multicellular development, and

morphogenesis.

Establishing a list of relevant organisms for scientific studies involves careful

consideration and selection based on specific research objectives and requirements. However,

this selection process often results in a disregard for the remaining biodiversity. This neglect

of non-model organisms raises questions regarding the significance of investing efforts

and resources in studying them. For instance, investigating non-model organisms can

provide valuable insights into various biological phenomena, such as regeneration, which

may not be effectively understood by studying human or animal tissues alone. While

human and animal tissues exhibit regenerative capabilities, they may not possess the

optimal mechanisms for efficient regeneration. Conversely, certain non-model organisms,

like the ciliate Stentor, exhibit rapid and robust regenerative abilities, making them ideal

models for studying regeneration (MARSHALL, 2021). Consequently, redirecting attention

towards non-model organisms can offer unique opportunities for enhanced understanding

and exploration of scientific questions.

1.3 Environmental Impact and Biodiversity

The quality of the environment is multifactorial and directly impacts the local

biodiversity. Public health agencies define environment as the combination of physical,

chemical, and biological factors that interact with the organism, affecting your development

and survival (ORGANIZATION et al., 2020). Natural physical-chemical factors such as

temperature, salinity, pH, and oxygen, interacting with biological factors such as the

community of organisms already present in the environment, determine the characteristics

of this specific environment and which type of organism it allows to shelter. Organisms can

positively or negatively modify the environment. For example, organisms can positively

impact the environment through decomposition, and nutrient cycling, such as Fungi and

Myxogatria (CROWTHER; BODDY; JONES, 2012). Also, habitat creation, such as

bromeliads, creates wetland environments for various species (LADINO et al., 2019). Other

modifications of the environment have adverse effects on other organisms, such as habitat

destruction and pollution. It is essential to recognize that the impact of organisms on the
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environment can be complex and context-dependent. Understanding these interactions and

their potential consequences is crucial for managing ecosystems, conserving biodiversity,

and promoting the survival of multiple lineages.

Stress caused by environmental conditions has always existed, but anthropic activity

increased stressful events’ frequency and exacerbated its effects (CRUTZEN; STOERMER,

2021; STEFFEN et al., 2007). In contemporary times, extending our discussions beyond

natural stressors and addressing the broader concept of environmental impact has become

imperative. Impacting the environment means any positive or negative alteration caused

by anthropic activity. A few of the impactful actions of humanity are pollution, global

warming, overconsumption of natural resources, and excessive human occupation of natural

space. Although awareness of environmental impact is growing, combating humanity’s

negative actions still needs to be more effective. For example, the latest United Nations

environmental report pointed out that we are not accomplishing the goals for sustainable

development (SACHS et al., 2022). The established goal in the Paris Agreement was

limiting global warming to a maximum of 2 degrees Celsius. We will not accomplish that

goal in the current scenario because we expect to reach up to 3 degrees of average warming

by 2100. These reports show us that the world is heading toward environmental calamity.

Moreover, one of the biggest problems in the anthropic impact is that before humanity

starts to feel these impacts, all the rest of the biodiversity will already be feeling them.

1.4 Testate amoebae as models for studies of environmental impact

Testate amoebae are a group of amoeboid protists that construct and inhabit a

protective shell or test. Testate amoebae are a polyphyletic group of organisms with different

evolutionary histories, present in at least three major lineages of eukaryotes (Rhizaria,

Stramenopiles, and Amoebozoa) (Figure 2) (KOSAKYAN et al., 2016). This work focuses

on testate amoebae belonging to Amoebozoa, the Arcellinida. The traditionally most

important character for Arcellinida taxonomy was the morphology of the shell. Arcellinida

species vary in the form of the shell, as round, hemispherical, with spines or vase-shaped.

Arcellinida shells also vary in size in a range of around 20 to 700 micrometers, accounting

for gigantic species such as Difflugia gigantea (MEISTERFELD, 2002; MAZEI; WARREN,

2017; CHARDEZ, 1967). After the advance of molecular biology, morphology is no longer
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enough to identify all species. After sequencing, we observed several examples of phenotypic

plasticity, cryptic diversity, and convergence in Arcellinida (PORFÍRIO-SOUSA; RIBEIRO;

LAHR, 2017; GONZÁLEZ-MIGUÉNS et al., 2022b; MULOT et al., 2017). Currently, the

Arcellinida identification process needs to combine morphology and molecular biology.

Using a phylogenomic approach, Lahr and collaborators subdivided Arcellinida into eight

lineages (Sphaerothecina, Longithecina, Excentrostoma, Hyalospheniformes, Volnustoma,

Organoconcha, and Phryganellina) (Figure 2) (LAHR et al., 2019). The knowledge and

availability of data for the Arcellinida group are still very limited. We need to increase our

databases and better integrate general biology, molecular biology, and ecology knowledge

for this group.



42

Figura 2 – Phylogenetic representations are positioning Arcellinida in the eukaryotic
diversity. (a) Eukaryotic phylogeny based in the new tree of eukaryotes(BURKI
et al., 2020). Different colors indicate major lineages of eukaryotes. Groups of
testate amoebae found in the different lineages are named between parentheses.
Arcellinida belongs to the Amoebozoa group indicated by the gray box. (b)
Arcellinida phylogeny based in a phylogenomic reconstruction (LAHR et al.,
2019) and SSUrDNA reconstruction (GONZÁLEZ-MIGUÉNS et al., 2022b).
The different colors indicate Arcellinida lineages, defined by Lahr et al. and
Gonzalez-Miguéns. (c-i) Examples of testate amoebae species. (c) Euglypha
sp., testate amoeba of the Rhizaria group. (d) Arcella sp. a Sphaerothecina. (e)
Zivkovicia sp. a Longithecina. (f) Centropyxis sp. an Excentrostoma. (g) Netzelia
sp. a Sphaerothecina. (h) Nebela sp. a Hyalospheniformes. (i) Hyalosphenia
elegans a Hyalospheniformes

a.

In a world where environmental impacts are increasingly evident, arcellinids are in-

creasingly important in ecological and evolutionary studies. Arcellinida species are benthic

protists with variable stress tolerance degrees being useful bioindicators. We commonly

find arcellinids in freshwater lakes, mosses, and sphagnum terrestrial environments (MEIS-

TERFELD, 2002; SMITH; BOBROV; LARA, 2009). Arcellinida species usually have

narrow ecological preferences (MARCISZ et al., 2020). Despite this, some species are very
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tolerant to stress conditions (ROE; PATTERSON; SWINDLES, 2010). We find Arcellinida

species in highly impacted environments, such as road salt contamination, heavy metal

pollution, and eutrophic (ROE; PATTERSON; SWINDLES, 2010; ROE; PATTERSON,

2014; PATTERSON et al., 2019; DANIEL; LOPES, 2006; REGALADO et al., 2018; JU et

al., 2014; KOSAKYAN; LARA, 2019; SILVA et al., 2013; ORTIZ et al., 2009; CZAPLUK;

RUTKOWSKI; RYBAK, 2018). Thus, we predict that in an environment with optimal

conditions for the group, we should find a high richness of Arcellinids, with high evenness

in the abundances (Figure 3). However, only a few lineages survive in more stressful

environments, such as eutrophic environments, contaminated by heavy metals, hypoxic,

and with variable salinities. The most resistant lineages of arcellinids are from the genus

Arcella, and Centropyxis (ROE; PATTERSON; SWINDLES, 2010; ROE; PATTERSON,

2014; PATTERSON et al., 2019; DANIEL; LOPES, 2006; REGALADO et al., 2018; JU et

al., 2014; KOSAKYAN; LARA, 2019; SILVA et al., 2013; ORTIZ et al., 2009; CZAPLUK;

RUTKOWSKI; RYBAK, 2018). In that way, in stressful environments, we should find low

evenness, with some species being dominant in the testate amoebae community. What

makes some species of Arcellinid more resistant than others is still a mystery. However,

Arcellinids are currently used as bioindicators and in monitoring freshwater environments

(ARRIEIRA et al., 2015; ATASIEI et al., 2022; NASSER et al., 2020; ROE; PATTERSON;

SWINDLES, 2010). Their main advantages as a study model are that they are easy to

find and have low-cost work. An essential characteristic of bioindicator species is that

they have apparent differences in resistance and respond quickly to environmental changes.

Thus, using Arcellinids in bioindication can inform public and management policies, for

example, the quality of the environment and the effectiveness of environmental actions,

allowing to plan and re-plan actions quickly and efficiently.
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Figura 3 – Examples of variations in the Arcellinid community due to environmental
conditions. The size of the shell represents dominance in the community. Under
oligotrophic conditions, we should find higher richness and less abundance.
However, in other conditions, the surviving species dominate the community.

1.5 Molecular biology and testate amoebae ecology

Molecular biology allowed us to advance a lot in the knowledge of biodiversity and its

characteristics. Currently, high-throughput sequencing technologies are the revolution that

allows the exploration of neglected groups of organisms at the community and individual

levels. Arcellinids are single-cell organisms, many species do not grow in cultures, and

many species are not that abundant in the environment. In that way, many kinds of studies,

for example, genetic and functional studies, are more complicated to develop with this

group. One negative implication was that we lacked a lot of knowledge of basic biology and

the evolution of this group. Omics technologies opened new possibilities for discovery for

Arcellinida. For the community level, metabarcoding permits the sequencing of markers

directly from environmental DNA samples, revealing hidden diversity and characterizing

the local communities (LINDEQUE et al., 2013; GONZáLEZ-MIGUéNS et al., 2023). For

individual-level studies, transcriptomics, and in some cases genomics, permits exploration

through comparative analysis of species characteristics, such as trait evolution, ecology, and

physiology (LIU et al., 2017; ZOU; ZHANG; GONG, 2020; FENG et al., 2022; RIBEIRO;

LAHR, 2022). Single-cell omics were a revolution for microbial eukaryotes studies because

they allow us to discover new unculturable diversity and distinguish species in groups with

little data produced (SIERACKI et al., 2019; BLAXTER et al., 2022; SEYFFERTH et al.,

2021; LIU et al., 2017). For example, there is still no Arcellinid genome available. Thus, we
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have already answered evolutionary and ecological questions by exploring transcriptomes

independent of a reference genome. For example, without a genome, we already started to

untangle the systematics of the group, describing resistance metabolisms, reproduction,

and life cycle (RIBEIRO; LAHR, 2022; LAHR et al., 2019; HOFSTATTER; LAHR, 2019;

RIBEIRO et al., 2020). In summary, we should keep investing in sequencing genomes and

transcriptomes of microbial eukaryotes, as there is still a lot of undiscovered diversity in

these groups and many ecological, physiological, and evolutionary unanswered questions.

1.6 Progress in the study of Arcellinida using Arcella uspiensis as model.

Arcella uspiensis is an Arcellinida species for which we can establish stable cultures

and from whom we already developed a lot of basic biology and protocols knowledge until

now. In our first paper using this model organisms in 2017, we discovered that two different

morphotypes of Arcella were the same genetic unity (PORFÍRIO-SOUSA; RIBEIRO;

LAHR, 2017). We also observed that the shape of the shell changed when they were put in

cultures. Unifying those two discoveries, we claimed that Arcella has phenotypic plasticity

according to the environment they are living. In our next paper of 2018, we described

the culture and growth cultures protocol developed with Arcella uspiensis (RIBEIRO

et al., 2019). This protocol has a lot of relevance because it is replicable, and we could

use it for ecological experiments. In this thesis, in Chapters 3 and 5, we performed low

oxygen and arsenic transcriptomic experiments. Using RNA-seq, we could leap forward

in our knowledge of Arcellinida and Arcella uspiensis. In our 2019 paper, we clarify the

systematics and taxonomy of Arcellinids using a phylogenomic approach (LAHR et al.,

2019). We have already applied this classification to trace gene and pathways evolution in

Arcellinids, as in Chapters 2, 3, and 5. In our paper of 2020, we built the first reference

transcriptome for Arcellinids, using 36 Arcella uspiensis transcriptomes produced in the

laboratory (RIBEIRO et al., 2020). We annotated and described the main metabolic

pathways of the group. We often use this reference to map our new Arcella uspiensis

transcriptomes as the ones produced in Chapters 4 and 6. We also use them to fish marker

genes for phylogenetic purposes, such as the SSU and COI genes, in Chapter 2. Other works

from the laboratory described the shell formation process and meiosis using Arcellinida

and Arcella uspiensis as models (HOFSTATTER et al., 2016). In this way, before my
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Ph.D., we already made significant advances in understanding the basic biology of Arcella

uspiensis and developed a lot of protocols with the group.

In this dissertation, we were interested in resistance metabolisms in

Arcellinida. From the ecological investigation, we knew that Arcellinida

has a variable resistance capacity between species (ROE; PATTERSON;

SWINDLES, 2010; NASSER et al., 2014). Also, from my previous works

from the master’s degree (RIBEIRO et al., 2020), we knew that a few

Arcellinida species might have pathway characteristics of more resistant

lineages. In that way, we explored two issues related to environmental

impacts and their effect on Arcellinids. We used transcriptomics techniques

to study the gene expression of our ”model”organism, Arcella uspiensis,

subjected to conditions of arsenic contamination and low oxygen.

1.6.1 Arsenic lakes: why we should care

Arsenic in water bodies can be from a natural or anthropogenic source. Arsenic

is a ubiquitous metalloid in the environment that always had an essential role in life

history. The environment contains low concentrations of inorganic and organic arsenic-

containing compounds from volcanism, forest fires, weathering of arsenic-rich minerals,

and melting ice caps (Figure 4) (MORIN; CALAS, 2006). However, anthropic actions, such

as mining activities and pesticide use, have the potential to modify the predominant form

in the environment (Figure 4) (MORIN; CALAS, 2006). It is also characterized as endless

contamination because even with water flow and sediment accumulation, the contaminant

keeps returning to the water column (NIKOLAIDIS et al., 2004; PALMER et al., 2019).

The reason for that is that arsenic has a sensitive reducing nature. Changes in the redox

conditions caused by eutrophication and climate changes can mobilize arsenic to the water

column (SENN; HEMOND, 2004; HASEGAWA et al., 2009; GALLOWAY et al., 2018). In

Brazil, the legally admitted threshold for arsenic in water is 10 µg/L (CARVALHO et al.,

2017). However, sites contaminated by mining activity can contain values that reach 90

times this threshold. Still, only the total arsenic concentration is usually measured, while

the different types of speciation vary in toxicity.
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Figura 4 – Examples of sources of (a) natural and (b) anthropic sources of arsenic con-
tamination in the environment. In natural environments, arsenic is present in
low concentrations. Anthropic action can increase arsenic concentration and
change its forms and oxidative state through pollution.

The history of arsenic compounds accompanied the history of Earth, and organisms’

metabolic adaptations could tell this history (Figure 5) (CHEN et al., 2020). The level of

toxicity of arsenic is variable, according to its form and oxidation state (Figure 6). Inorganic

arsenic is always more toxic than organic. Also, oxidized arsenic is always less toxic than

the reduced forms (BARRA et al., 2000). However, the prevalent form of this arsenic

changed throughout Earth’s history. More toxic reduced arsenic was prevalent before the

atmosphere’s great oxidation event (GOE). However, the GOE makes less toxic oxidized

forms more prevalent (Figure 6). The change in forms and oxidative state of arsenic left a

clear signal in the biodiversity (CHEN et al., 2020). After the GOE, organisms had to
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adapt their arsenic resistance pathways to deal with the oxidized form of arsenic. Although

oxidized forms are less toxic, the organisms did not have the enzymes to metabolize

them. In that way, arsenic resistance metabolisms amplified after the GOE (CHEN et

al., 2020). The oxidized forms should still be more prevalent (Figure 6). Determining

the type of arsenic speciation is a difficult and expensive procedure. Inorganic forms (3+

and 5+) are 100 times more toxic than organic forms, and inorganic arsenic 3+ is 60

times more toxic than inorganic arsenic 5+ (BARRA et al., 2000). Speciatiate arsenic

relies on chromatography and electrophoresis for shape separation and spectrometry for

quantification (RUKH et al., 2015). Thus, the characterization of bioindicator species would

be most practical to show evidence of the presence of arsenic when diagnosing water quality.

Within Arcellinida, there seem to be species in a gradient between the highly resistant to

the least resistant (PATTERSON et al., 2019). Next-generation sequencing techniques favor

the environmental ecology of testate amoebae because their morphological identification

remains controversial, and the procedures are laborious, involving ”manual”cell counting.

Figura 5 – Oxygen levels and arsenic speciation. The graph shows the relationship between
oxygen levels on Earth and the prevalence of each form of arsenic. The horizontal
and vertical axes represent geological time (in Gy) and oxygen levels (%
atmosphere), respectively. The blue curve represents the Earth’s oxygen level
over time. The stars represent the emergence of some of the eukaryotic lineages.
Note that several strains arose under conditions with lower oxygen levels. The
exact curve of arsenic speciation over time has yet to be discovered. However,
at lower oxygen levels, there is still a tendency to form reduced arsenic species.
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Figura 6 – Examples of forms and conversions of arsenic in the environment. Arsenic can
be organic or inorganic-forming compounds. Also, it is possible to find it in your
reduced or oxidized state. The environment directly affects that, for example,
through oxygen levels in the atmosphere, where an oxidative atmosphere would
make oxidate forms of arsenic more prevalent. Additionally, the metabolism of
the organisms in the environment substantially alters the prevalent forms of
arsenic compounds in the environment.

Arsenic has several toxicity factors for living organisms, such as reactive oxygen

species formation, protein folding, and many other changes in gene expression, mutagenesis,

and carcinogenesis (DING et al., 2009; JACOBSON et al., 2012; FLORA, 2011; HALTER

et al., 2015). Because the atmosphere used to be reductive, arsenic resistance pathways

developed first to metabolize and extrude the reduced forms and later to transform the

oxidized forms into the reduced ones (Figure 7). Arsenic resistance pathways are ancient

and did not change much along evolution (CHEN et al., 2020). However, the studied

lineages are still very limited. Up to now, the studies of arsenic resistance pathways are for

the bacterial domain and eukaryotes of economic interest (BHATTACHARJEE; ROSEN,

2007; SILVER; PHUNG, 2005; FEKIH et al., 2018). In bacteria and eukaryotes, arsenic

cannot freely access the cell, passing through common membrane transporters (phosphate

transporters) (ROSEN, 1990). Unprocessed arsenic compounds accumulate in the cell and

generate the toxicity effects mentioned previously. The most ancient strategies for reduced

inorganic arsenic are methylation to less toxic forms followed by extrusion (CHEN et al.,
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2020). Arsenite methyltransferases (ArsM) methylate inorganic arsenite, generating less

harmful forms of arsenic, many of which do not accumulate through elimination in the form

of gas (THOMAS et al., 2007; QIN et al., 2006). Arsenite transporters (Acr3 and ArsB)

make the extrusion of arsenite, which expends energy for this function (ROSEN, 1990;

GHOSH; SHEN; ROSEN, 1999). Before the GOE, methylation and extrusion of reduced

forms were the most common resistance metabolisms. After GOE, as the oxidized form of

arsenic became prevalent, arsenite reductases diversified and expanded (CHEN et al., 2020).

Arsenate reductases are the class of enzymes that transforms oxidized inorganic arsenic

(arsenate) into its reduced form (arsenite) (WU; SONG; BEITZ, 2010; MESSENS; SILVER,

2006). After transformation into the reduced form (arsenite), arsenite transporters extrude

it. An additional pathway option, widely used in plants, is to sequester arsenite in vacuoles,

reducing its effect on the cell environment (ZHANG; MARTINOIA; LEE, 2018; ZHAO et

al., 2009). The strategy adopted is variable between lineages. Furthermore, the homology

between many of these genes was still very uncertain for eukaryotes. Thus, understanding

the ecological context, the homology of genes, and the evolution of these lineages would

inform a better understanding of the metabolic evolution of these resistance pathways.
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Figura 7 – Main enzymes in arsenic metabolism. Arsenic compounds are indicated, and
their toxicity is colored red. Enzymes’ names are beside the arrows. Enzy-
mes that evolved before GOE are in bold. Arsenic accesses the cell through
membrane channels, for example, phosphate channels in orange. Inorganic
oxidized arsenic (arsenate) can be reduced to arsenite through arsenate re-
ductase enzymes (ArsC, ACR2). Inorganic arsenite can be extruded through
membrane transporters (ACR3, ArsB, MRPs). Alternatively, arsenite can be
stored in vacuoles through transporters (Ycf1, ABCC). Finally, arsenite can
be methylated through methyltransferases (ArsM) to organic, less toxic forms
and forms that do not accumulate in the cell. ArsH can make the oxidation of
organic methyl arsenite to less toxic forms.

For Arcellinids, we expect arsenic contamination to affect the amoebae and their

prey (bacteria). Thus, one hypothesis about the pressure generated by arsenic in the

amoebae community is that on top of the toxicity of arsenic to the amoebae, the shrinkage

of bacterial diversity may also cooperate in excluding amoebae species more susceptible

to stress due to nutritional deficiency (PATTERSON et al., 2019). At the community

level, the works of Nasser and Patterson already inform us about the different degrees of

resistance among Arcellinids (NASSER et al., 2016; PATTERSON et al., 2019) (Figure

8). Most Difflugia species are characterized by low resistance. Moreover, other species,

such as Centropyxis, would be the most resistant to this arsenic. However, these ecological

studies are still focused on morphology and need molecular confirmation, for example,

genetic barcoding, which can more precisely characterize these communities. Also, the

physiological mechanisms involved in arcellinids’ resistance to arsenic are still a mystery.
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Figura 8 – Main species of testate amoebae found in previous studies for each level in
an arsenic contamination gradient. Dc - Difflugia curvicaulis; Dpp - Difflu-
gia proteiriformis proteiriformis ; Dpc - Difflugia proteiriformis claviformis ;
Dgg - Difflugia glans glans ; Ct - Cucurbitella tricuspis ; Av - Arcella vulgaris ;
Doo - Difflugia oblonga oblonga; Cad - Centropyxis acuelata discoides; Ls -
Lesquereusia spiralis ; Caa - Centropyxis acuelata acuelata; Cca - Centropyxis
constricta acuelata; De - Cylindrifflugia elegans ; Ccs - Centropyxis constricta
spinosa; Ccc - Centropyxis constricta constricta. The images of the testate
amoebae were taken from the works in which they were described in the arsenic
gradients, to visualize what they classified in this species (NASSER et al., 2016;
PATTERSON et al., 2019)

1.7 Eutrophication and low-oxygen

Eutrophication is a frequent condition developed in aquatic environments, charac-

terized by exacerbated algae and bacterial reproduction due to nutrient excess (KHAN;

ANSARI, 2005). The leading causes of eutrophication are anthropic, such as pollution,

inappropriate waste disposal, and fertilizers. One of the significant consequences of eu-

trophication is a wide variation in the availability of oxygen in the medium. During the

day, algae photosynthesis releases oxygen into the environment, increasing availability.

However, during the night, the high rates of decomposition, mainly related to the death

of algae added to the respiration of all organisms, can significantly reduce the oxygen

available in the environment and generate hypoxic regions (TYLER; BRADY; TARGETT,
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2009). These large fluctuations in oxygen are a stressor for communities, eliminating some

of the less resilient species (ALEXANDER; VONLANTHEN; SEEHAUSEN, 2017; KHAN;

ANSARI, 2005; HALE; CICCHETTI; DEACUTIS, 2016). In this work, we investigated

the effect of eutrophication using lakes of urban and natural parks in Madrid. Urban

lakes, although they represent a natural environment in the middle of large cities, are

usually already environments with a tremendous anthropic effect. As they are located in

the middle of big cities, they suffer from garbage disposal, contamination, the inclusion of

animals by man, and eutrophication. Thus, investigating the effects of human occupation

on urban parks landscapes represents an excellent opportunity to compare altered and

pristine environments.

Figura 9 – Representation of a eutrophic lake environment. During the day, photosynthetic
activity generates high levels of oxygen that accumulate. After a nutrient input,
algae take advantage of this excess and over-reproduce in an algal bloom (green
region). However, during the night, with respiration and decomposition, some
regions can become hypoxic (purple regions). Usually, hypoxic regions form in
the interface between sediment and water, a region with a greater density of
organisms.

Many organisms can survive temporarily or live permanently in low oxygen conditi-

ons. Algae, for example, can maintain themselves during nocturnal periods of low oxygen

(CATALANOTTI et al., 2013). Like algae, many other organisms can survive hypoxic

conditions. Related mechanisms consist of metabolic regulations, mostly on energetic
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metabolism (HWANG et al., 2020; ANTÓNIO et al., 2016; VIA et al., 1994). The fueling

of the energetic metabolism depends mainly on glycolysis, a common pathway to all

living organisms that converts glucose into pyruvate (RIGOULET et al., 2020; YELLEN,

2018). In this conversion process, the organism invests 2 ATP (energy-rich adenosine

triphosphate) and generates 4 ATP, generating a final balance of 2 extra ATP. Compared

to aerobic metabolism, it is a light output, where after going through the Krebs cycle and

the phosphorylative chain, on average, aerobic respiring organisms generate 30-32 ATP.

Current evidence points out that the glycolytic pathway might not sustain an organism on

its own (YELLEN, 2018). More nutrients, cofactors, and organic composts would be needed

to continue glycolysis. Thus, organisms in low oxygen conditions have developed solutions

to recover cofactors and substrates or generate additional energy yield. For example, the

fermentation pathways that make the recovery of cofactors more efficient, such as alcohol,

aldehyde, and lactate fermentation pathways (RIGOULET et al., 2020). Also, additional

shuttles, malate–aspartate shuttle (MAS), recover pyruvate, the primary substrate for the

fermentations (YELLEN, 2018). The use of parts of the TCA cycle, maintaining partial

functioning of OXPHOS (ZHENG, 2012). All of that would make viable survival based on

glycolysis. Another pathway, most common in obligatory or facultative anaerobes, uses

the conversion of acetyl-CoA to acetate to generate energy (STAIRS; LEGER; ROGER,

2015; MÜLLER et al., 2012). Some lineages of algae, such as Chlamydomonas for example,

have this metabolic flexibility, using the aerobic and photosynthetic pathways during the

day. They activate the anaerobic metabolism at night, with glycolysis and ASCT acting

(CATALANOTTI et al., 2013). There are several other regulations and adaptations to

low oxygen, and the solutions found by the organisms are also variable. However, we

believe the diversity of strategies among lineages must be closely related to their degree of

resistance. How this variation occurs, and its consequences is still a new and developing

area, especially for eukaryotic microorganisms.
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Figura 10 – Scheme representing essential reactions of low oxygen energy metabolism
common in eukaryotes. The enzymes represented here are not necessarily pre-
sent in all organisms. Enzyme names: (1) pyruvate:ferredoxin oxidoreductase
(PFO); (2) FeFe-hydrogenase; (3) acetyl-CoA synthetase (ACS); (4) pyruvate
dehydrogenase (PDH); (5) Acetate-CoA ligase (ACS); (6) acetate:succinate
CoA transferase (ASCT); (7) succinyl-CoA synthetase (SCS); (8) Aldehyde
dehydrogenase (ALDH); (9) Alcohol dehydrogenase (ADH). We also repre-
sented the other components of the TCA cycle and electron transport chain
from aerobic mitochondria. Exclusively anaerobic enzymes are colored in red,
and anaerobic processes of cofactors recovery are colored in gray.

1.8 Question, hypothesis, objectives

Considering the above, we analyze the effect of multiple anthropogenic environ-

mental stresses on testate amoebae in this work. We studied the evolutionary history

of stress responses in Arcellinids and individual responses through gene expression. We

evaluated two different pressures, arsenic contamination and eutrophication/low oxygen.

Our overall research objective is to understand who lives in these conditions and how

they live. To work on this issue, we: (i) characterized the specific pathways related to the

resistance pathway using bioinformatics; then (ii) we untangled the mechanistic through

gene expression profiles using Arcella uspiensis as a model organism, grown under the

investigated stress.
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Dissertation statement: Ecological studies have shown that Arcellinida

are present in environments with low oxygen levels and contaminated by

arsenic. Their survival under these pressures must be related to metabolic

adaptations. Arsenic resistance is mostly related to specific pathways of

detoxification and extrusion. Fermentative pathways are fundamental for

survival in low-oxygen environments, and these resistance pathways are

related to maintaining the environmental community.

1.9 Hypothesis

(i) The molecular evolution of arsenic metabolic genes will elucidate the history of

the adaption of testate amoeba to arsenic.

(ii) Highly tolerant testate amoeba lineages have specific biochemical pathways and

gene expression profiles related to resistance.

(iii) Species that build stable populations in eutrophic lakes use fermentative meta-

bolism to tolerate oxygen fluctuations.

(iv) Tolerant species up-regulate fermentative pathways in microcosms under low

oxygen pressure.

1.10 Objectives

(i) Characterize molecular evolution of known arsenic resistance genes;

(ii) Characterize the molecular mechanism related to resistance;

(iii) Quantify gene expression in microcosms with different oxygenation levels;
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(iv) Characterize expression patterns changes and the relevance of fermentative

metabolism in the tolerance of arcellinids to low oxygen conditions.

1.11 Methods

Figura 11 – Methodological approaches that were applied in this thesis. (i) Metabarcoding:
Describe the arcellinid communities in the conditions of interest - Appendix A;
(ii) Transcriptomics: Functional characterization using mRNA sequencing and
gene expression analysis - Chapters 4 and 6; (iii) Bioinformatics: Obtaining
available data in public databases to answer evolutionary questions - Chapters
3 and 5.

1.11.1 Database expansion and species descriptions

The manuscript corresponding to the Chapter 2 of the thesis is complete and

was submitted to the European Journal of Protistology. We decided to produce this

initial manuscript because we need more precision in Arcellinida identification in our

applied works. Previously, we named the ”model”organisms used in our experiments with

raw designations based on original species descriptions. However, although we always

included the location where we took the cells, this caused a problem in the replicability

of the experiments. The reason is that another investigator can take a cryptic species

of the organism we used as a ”model”and obtain different results because of lineage-

specific differences. Currently, we have a practical and less subjective way to identify the

amoebae, which is cytochrome oxidase (COI) barcoding. In that way, before publishing

the next manuscripts of the project using our ”model”species, we wanted to use barcoding,

in conjunction with morphology and morphometry, to describe Arcella uspiensis, the
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species we currently use as ”model,”and other Arcellinida species that we had in the

laboratory. Also, we used this manuscript to expand the COI database we use in Arcellinida

identification adding transcriptomic data fished bioinformatically. For this expansion, we

used public transcriptome data available at NCBI, data present in our laboratory database,

and the production of new sequences through PCR and Sanger sequencing. We carried out

this parallel analysis because although COI is the marker with more sequences available

for arcellinids, the group’s biodiversity is still underrepresented (GONZáLEZ-MIGUéNS

et al., 2023). We applied this expanded database to identify taxonomic unities (OTUs) in

the environmental study we presented in Appendix A.

1.11.2 Molecular evolution of resistance metabolism pathways

Previous studies have elucidated the mechanisms of resistance employed by orga-

nisms under low oxygen and arsenical stress conditions. The selection of relevant genes in

this study was based on comprehensive reviews of the literature by Stairs et al. (2015)

and Chen et al. (2020) (STAIRS; LEGER; ROGER, 2015; CHEN et al., 2020). A bioinfor-

matical methodology, as described by Hofstatter et al. (2016), was employed to identify

these genes from public databases and transcriptomes of Arcellinida (HOFSTATTER et

al., 2016). Subsequently, gene trees were constructed to propose a hypothesis regarding the

evolutionary relationships of these genes, as detailed in Chapters 3 and 5 of this document.

1.11.3 Functional characterization through transcriptomics

Previous ecological studies found Arcellinids species present under low oxygen

and arsenic environmental pressures (ROE; PATTERSON; SWINDLES, 2010; ROE;

PATTERSON, 2014; PATTERSON et al., 2019; DANIEL; LOPES, 2006; REGALADO et

al., 2018; JU et al., 2014; KOSAKYAN; LARA, 2019; SILVA et al., 2013; ORTIZ et al.,

2009; CZAPLUK; RUTKOWSKI; RYBAK, 2018). Also, through comparative analyses, we

determined that Arcellinids had genes of resistance to arsenic and low oxygen (Chapters 4

and 6). In this second work front, we made laboratory-controlled experiments. We used

Arcella uspiensis in the experiments, a species that we always use as a ”model”in the

laboratory. We chose Arcella uspiensis because this is the species that we have been able
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to keep in cultivation since 2013, and we have the most information about basic biology,

such as growth curves and metabolism (RIBEIRO et al., 2020; RIBEIRO et al., 2019;

HOFSTATTER; LAHR, 2019; PORFÍRIO-SOUSA; RIBEIRO; LAHR, 2017). We also

have a reference transcriptome built for the group, which we can use to map the produced

transcriptome data (RIBEIRO et al., 2020). Thus, this experiment consisted of growing

Arcella uspiensis cultures in controlled environments on both arsenic and low oxygen

conditions. We followed the SMARTseq2 methodology for producing transcriptomes

(PICELLI et al., 2014). In this methodology, we isolate one or a few cells from the

culture, isolate the messenger RNA by bead selection, transform it into cDNA by reverse

transcription, prepare the libraries, and sequence them by Illumina. The entire methodology

for producing these transcriptomes and analyses is described in more detail in Chapters 4

and 6, where we show the results obtained in these experiments.

1.11.4 Characterization of the community in the environment through Metabarcoding

The rationale behind the metabarcoding technique is that each organism has unique

portions of its DNA sequence that can identify them at the species level. In the work

included in Appendix A, we compared the arcellinid community between urban lakes

(within Madrid) and lakes outside the city, with less anthropic interference. We will describe

the sampling points in more detail in Appendix A, where we describe the results of this

experiment. With this sample, we performed DNA extractions and amplification of the

cytochrome oxidase (COI) marker, currently the most used marker in testate amoebae

identification (GONZáLEZ-MIGUéNS et al., 2023). We sequenced through the Novaseq

platform.

1.12 Document structure

This thesis is organized into chapters containing an introduction (Chapter 1), the

main manuscripts produced (Chapters 2, 3, 4, 5, and 6), a final discussion (Chapter 7),

and an extra metabarcoding experiment still under analysis (Appendix A). In chapters 3

and 5, the manuscripts in which we characterize the presence and absence of resistance

pathways in eukaryotes and arcellinids through Bioinformatics are published or submitted
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to Molecular Phylogenetics and Evolution. In chapters 4 and 6, we described the gene

expression results and will still prepare these chapters for publication. Finally, we still

need to finish the analysis of Appendix A data, and we want to prepare the discussion

chapter 7 to publish as an opinion article.
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7.2 Final conclusion

Model organisms are useful because we put a lot of effort into building a basis of

basic knowledge for this organism. After that, you can apply this knowledge to a wider

range of organisms. Arcella uspiensis has great potential as a model organism in Arcellinida.

We have already built up a lot of basic knowledge about this group (RIBEIRO et al., 2019;

RIBEIRO et al., 2020; RIBEIRO; LAHR, 2022; PORFÍRIO-SOUSA; RIBEIRO; LAHR,

2017; LAHR et al., 2019; GONZáLEZ-MIGUéNS et al., 2023; GONZÁLEZ-MIGUÉNS et

al., 2022b; GONZÁLEZ-MIGUÉNS et al., 2022a; HOFSTATTER et al., 2016). In this

thesis, we developed two transcriptomic experiments in stressful conditions (low-oxygen

and arsenic-contaminated). Also, we performed bioinformatic studies fishing genes of

interest and building inferences about resistance evolution. In applied science, we started

to develop primers for qPCR of resistance genes (Chapters 4 and 6). Also, we amplified

COI database for Arcellinids and performed a metabarcoding study in Madrid.
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BABCOCK, G. T. How oxygen is activated and reduced in respiration. Proceedings of the
National Academy of Sciences, National Acad Sciences, v. 96, n. 23, p. 12971–12973, 1999.
Citado na página 281.

BABKO, R. et al. Oxygen gradients and structure of the ciliate assemblages in floodplain
lake. Water, MDPI, v. 12, n. 8, p. 2084, 2020. Citado na página 267.

BAESSOLO, L. First records and community pattern of arcellinida inhabiting a pristine
and remote island from southeastern pacific, chile. Acta Protozoologica, Uniwersytet
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e 134.

BOTTINO, N. et al. The effects of arsenate and arsenite on the growth and morphology
of the marine unicellular algae tetraselmis chui (chlorophyta) and hymenomonas carterae
(chrysophyta). Journal of Experimental Marine Biology and Ecology, Elsevier, v. 33, n. 2,
p. 153–168, 1978. Citado na página 195.

BOXMA, B. et al. An anaerobic mitochondrion that produces hydrogen. Nature, Nature
Publishing Group, v. 434, n. 7029, p. 74, 2005. Citado 2 vezes nas páginas 227 e 273.
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vezes nas páginas 226 e 276.

DING, W. et al. Inhibition of poly (adp-ribose) polymerase-1 by arsenite interferes with
repair of oxidative dna damage. Journal of Biological Chemistry, ASBMB, v. 284, n. 11, p.
6809–6817, 2009. Citado 3 vezes nas páginas 49, 159 e 281.
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GARCÍA-SALGADO, S. et al. Arsenosugar phospholipids and arsenic hydrocarbons in
two species of brown macroalgae. Environmental Chemistry, CSIRO, v. 9, n. 1, p. 63–66,
2012. Citado na página 137.

GAWRYLUK, R. M. et al. The earliest stages of mitochondrial adaptation to low oxygen
revealed in a novel rhizarian. Current Biology, Elsevier, v. 26, n. 20, p. 2729–2738, 2016.
Citado 3 vezes nas páginas 205, 213 e 226.
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KATOH, K.; STANDLEY, D. M. Mafft multiple sequence alignment software version 7:
improvements in performance and usability. Molecular biology and evolution, Society
for Molecular Biology and Evolution, v. 30, n. 4, p. 772–780, 2013. Citado 2 vezes nas
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LEGER, M. M. et al. Novel hydrogenosomes in the microaerophilic jakobid stygiella
incarcerata. Molecular biology and evolution, Oxford University Press, v. 33, n. 9, p.
2318–2336, 2016. Citado 3 vezes nas páginas 205, 224 e 283.
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vezes nas páginas 206 e 247.

MADONI, P. Protozoa in wastewater treatment processes: a minireview. Italian Journal
of Zoology, Taylor & Francis, v. 78, n. 1, p. 3–11, 2011. Citado na página 206.

MAHESWARI, S.; MURUGESAN, A. Remediation of arsenic in soil by aspergillus
nidulans isolated from an arsenic-contaminated site. Environmental technology, Taylor &
Francis, v. 30, n. 9, p. 921–926, 2009. Citado na página 138.

MALEK, M.; YAMPOLSKY, L. C. Severe hypoxia alters metabolism in daphnia by
inducing gluconeogenesis. 2022. Citado na página 270.

MALYCH, R. et al. The response of naegleria gruberi to oxidative stress. Metallomics,
Oxford Academic, v. 14, n. 3, 2022. Citado na página 268.

MANNI, M. et al. Busco update: novel and streamlined workflows along with broader and
deeper phylogenetic coverage for scoring of eukaryotic, prokaryotic, and viral genomes.
Molecular biology and evolution, Oxford University Press, v. 38, n. 10, p. 4647–4654, 2021.
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8938, 2016. ISSN 0027-8424. Dispońıvel em: ⟨http://www.pnas.org/content/113/32/8933⟩.
Citado na página 243.

REIS, V.; DUARTE, A. C. Occurrence, distribution, and significance of arsenic speciation.
In: Comprehensive Analytical Chemistry. [S.l.]: Elsevier, 2019. v. 85, p. 1–14. Citado na
página 158.

RIBEIRO, G. M.; LAHR, D. J. A comparative study indicates vertical inheritance and
horizontal gene transfer of arsenic resistance-related genes in eukaryotes. Molecular
Phylogenetics and Evolution, Elsevier, v. 173, p. 107479, 2022. Citado 10 vezes nas
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ROTTEROVÁ, J. et al. Genomics of new ciliate lineages provides insight into the
evolution of obligate anaerobiosis. Current Biology, Elsevier, v. 30, n. 11, p. 2037–2050,
2020. Citado na página 243.

RUGGIERO, A. et al. High diversity of testate amoebae (amoebozoa, arcellinida) detected
by hts analyses in a new england fen using newly designed taxon-specific primers. Journal
of Eukaryotic Microbiology, Wiley Online Library, v. 67, n. 4, p. 450–462, 2020. Citado
na página 81.

RUKH, S. et al. An overview of arsenic extraction and speciation techniques in soil and
water. Amer. Chem. Sci. J, v. 6, p. 1–15, 2015. Citado na página 48.

RUSSELL, B. et al. The directiveness of organic activities. The directiveness of organic
activities., CambridgeUniversity Press, 1944. Citado na página 275.

SABIR, S. et al. Role of cadmium and arsenic as endocrine disruptors in the metabolism of
carbohydrates: inserting the association into perspectives. Biomedicine & pharmacotherapy,
Elsevier, v. 114, p. 108802, 2019. Citado na página 198.

SACHS, J. et al. Sustainable development report 2022. [S.l.]: Cambridge University Press,
2022. Citado na página 40.

SAGA, Y.; OKADA, H.; YANAGISAWA, K. Macrocyst development in dictyostelium
discoideum. ii. mating-type-specific cell fusion and acquisition of fusion-competence.
Journal of Cell Science, Company of Biologists The Company of Biologists, Bidder
Building, 140 Cowley . . . , v. 60, n. 1, p. 157–168, 1983. Citado 2 vezes nas páginas 200
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316

SILVER, S.; PHUNG, L. T. Genes and enzymes involved in bacterial oxidation and
reduction of inorganic arsenic. Appl. Environ. Microbiol., Am Soc Microbiol, v. 71, n. 2, p.
599–608, 2005. Citado 3 vezes nas páginas 49, 100 e 159.
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