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Resumen

Los sistemas costeros son de vital importancia para el desarrollo humano y los procesos eco-

sistémicos. En estas regiones se desarrolla aproximadamente la mitad de la productividad pri-

maria del planeta, representando así un sistema fundamental para ciclos biogeoquímicos de la

tierra y una región muy relevante en términos de servicios ecosistémicos. Sin embargo, estas

regiones se encuentran bajo constante presión debido a variaciones ambientales naturales o bien

de origen antropogénico. Las perturbaciones de origen humano, entre ellas la polución química,

someten a los organismos a constantes desafíos para su fisiología y para su contexto ecológico.

En este contexto, la fracción fotosintética de los microorganismos planctónicos juegan un rol

muy relevante en la estructuración, funciones y procesos biogeoquímicos de los sistemas cos-

teros. En este grupo funcional, los organismos de menor tamaño han ganado interés debido

a su alta diversidad y su gran relevancia ecológica. Así, mediante percepción remota y ob-

servaciones en terreno, sumado a aproximaciones de laboratorio al nivel de comunidades y de

poblaciones, se evaluó el efecto del Cobre como un relevante agente contaminante para el medio

ambiente, en la ecología del plancton eucarionte de menor tamaño. Los resultados obtenidos in-

dican que el cobre actúa homogenizando la diversidad biológica en comunidades de picoeucari-

ontes, mediante un desacople entre las fluctuaciones abióticas y las respuestas en el componente

biótico de ambientes costeros. Estas comunidades expuestas a polución por cobre mostraron

una respuesta consistente, con una aproximación de secuenciación masiva, donde el clado de

Mamiellophyceae mostró una dinámica temporal de abundancias relativas diferencial. Final-

mente, poniendo a prueba la hipótesis del desbalance nutricional inducido por cobre, se moni-

toreo los niveles de proteínas relacionadas con la homeostasis de iones y transporte relacionado

con el metabolismo del nitrógeno en el organismo modelo Ostreococcus tauri obteniendo una

respuesta concentración dependiente. En resumen, estos datos sugieren una regulación cruzada

entre el metabolismo del nitrógeno y la homeostasis del cobre, con potenciales efectos en la

ecología del plancton.



Abstract

Coastal environments are of special importance for human development and ecosystem pro-

cesses. In these regions roughly half of total primary production take place, representing an

important system for earth biogeochemistry and a fundamental region to ecosystem services.

However, these regions are constantly subjects to pressure due to environmental variability of

both natural or anthropogenic origin, where human-made disturbances and chemical pollution

lead to constant challenges for organisms physiology and ecological processes. The photosyn-

thetic fraction of the planktonic microorganisms plays a key role in environmental functioning

and biogeochemical processes. Within this functional group, small size organisms are getting in-

creasing interest related to their unknown diversity and ecological relevance. Here, with remote

and infield observations and highly replicated laboratory experiments at community and popu-

lation levels, we evaluated the effects of copper, as a relevant environmental model pollutant,

over the ecology of small eukaryotic plankton. The obtained results indicate that copper act as

a homogenizing force to biological diversity among picoeukaryote communities, by decoupling

biotic aspects of the abiotic seasonal fluctuations in coastal communities, that leads to a partic-

ular microbial community structure. Moreover, picoeukaryote communities exposed to copper

pollution, under lab conditions, showed a consistent response though next generation sequenc-

ing (NGS) approach, and Mamiellophyceae related taxa showed a differential temporal respond

in terms of relative abundance dynamics. Finally to test functional mechanistic hypothesis re-

lated to nutritional imbalance, response at protein level in the model organism Ostreoccocus

tauri was tested, ion homeostasis and nitrogen cycling related transport systems were respon-

sive in concentration-dependent manner. Overall, the data suggest a crossed regulation effect

with metal homeostasis and nitrogen metabolism with potential ecological and biogeochemical

effects.
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Chapter 1

Theoretical framework

1.1 Pico-phytoplankton as model group in disturbance ecol-

ogy

Coastal environments are of special importance for earth ecosystems and human development.

In these regions, roughly half of global primary production takes place, representing a funda-

mental system for earth biogeochemistry, and ecosystem services. In the case of the Humboldt

Current System (Humboldt-CS), Southern Pacific Ocean, the Chilean and Peruvian shores are

highly influenced by ocean to land winds, that produce cool and nutrient rich deep waters move

to surface layers, phenomena known as upwelling. These features, complemented by a strong

seasonal patterns (Blanco et al., 2001; Carr et al., 2002), are traduced in local heterogeneity that

is usually related to highly productive systems and low predictive power of oceanographic and

climatic conditions (Thiel et al., 2007; Daneri et al., 2000).

Coastal environments are essential for human development since the first human settlements

(Martinez et al., 2007; Barbier et al., 2011), by providing the so called ecosystem services, that

are activities provided by the environment, that are related to culture, recreation, economic and

productive processes (Costanza et al., 1997; Worm et al., 2006). However, human activities

have an impact on the environment in several ways, some of them resulting in negative effects

11
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on ecosystems. A fraction of these effects are due to byproducts of different anthropogenic

activities, principally associated with agrochemical use, land use modification and mining ac-

tivities (Halpern et al., 2007; Halpern et al., 2009; Paytan et al., 2009; Nogales et al., 2011).

Generally, environmental impact is resulted by waste deposition in coastal waters that reach the

coast by industrial wastewaters or aerosol transport (Duce et al., 1991; Paerl, 1997; Paytan et

al., 2009; Jordi et al., 2012). Over time, this have produced an imbalance to natural trace metals

proportions and availability, which could lead to unknown impacts on biogeochemical cycling,

ecosystem functioning, community structure, population dynamics and physiology of organisms

that inhabit those regions (James E. Cloern, 2001; Paytan et al., 2009; Shade et al., 2012; Jordi

et al., 2012; Mackey et al., 2012; Jacquot & Moffet 2015). In the context of those impacts, trace

metals highlights as relevant pollution sources, mainly by been considered persistent pollutants

and for their potential toxic effects within the biosphere.

Primary production in coastal systems, like within Humboldt-CS’s, are mainly driven by

photosynthetic microorganisms that inhabit the water column, known as phytoplankton (Field

et al., 1998; Falkowski et al., 2004; Worden et al., 2015). Even though phytoplankton represent

less than 1% of the global photosynthetic biomass (Bryant et al., 2003), they play a key role

in ocean biogeochemistry, being active players in redox reactions and elemental cycles that are

fundamental to ecosystem functioning (Morel & Prince, 2003; Morel, 2008). Both in natural

environments and controlled conditions, these microorganisms had shown differential grown

dynamics related to nutritional requirements and environmental context (Sunda and Huntsman,

2000; Sunda, 2012). Among the environmental feature that influences phytoplankton, physical

features like photo-active radiation (PAR) and superficial sea temperature (SST) have shown to

be critical (Sunagawa et al., 2015). Also, chemical features like nutrient availability have shown

to be relevant parameters in phytoplankton growth and population dynamics. Macro-nutrients

like Carbon, Phosphorous and Nitrogen are known as relevant since stoichiometric observations

(Redfield, 1934), and also the so call micro-nutrients, usually in trace concentrations, like iron

(Fe), copper(Cu), cadmium (Cd), molybdenum (Mo), among others (de Baar, 1994; W. Sunda,

2012; Twining et al., 2011).
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Under the current global change scenario, a series of variations in terms of trace metal dis-

tribution and bio-availability is predicted. Future changes will lead to fluctuations in metal

distributions in oceanic systems and could alter the proportions in chemical species in the water

column, modifying biological availability and exposure rates to those metals (Shi et al., 2010;

Millero et al., 2011; Hoffmann et al., 2012). This is the case of copper (Cu), a highly rele-

vant biologically active trace metal which has been related to different functional processes, like

iron (Fe) uptake (Peers et al., 2005) and Nitrogen cycling (Jacquot et al., 2013). However, this

metal shows a dual behavior: in low concentrations is used as a nutrient that eventually can

limit phytoplankton growth (Semeniuk et al., 2015), but at high concentrations produce strong

toxic effects in cells (Sunda & Huntsmann 1995; Moffet et al., 1997; Pinto et al., 2003; Morel

F., 2008). Experimental data, in global change context scenarios, suggest that free Cu could

increase in one order of magnitude, leading to toxic effects to water column biota (Millero et al.,

2011; Gledhill et al., 2015; Avendaño et al., 2016).

Trace metals exposition could produce different effects in phytoplanktonic groups, which a

common toxic effect haven shown to be the production of reactive oxygen species (ROS) (Pinto

et al., 2003). The generation of those ROS lead to effects at different scales like lipid peroxida-

tion, genotoxicity by breakdown of double helix in DNA molecules, electron transport interfer-

ence in electron transport chain complexes, and protein inactivation (reviewed in Harrison et al.,

2007). Further, trace metal availability could affect macro-nutrient assimilation, by interference

with molecules that are related to these molecular pathways and coordinate metal ions in their

structure. Also, nutrient availability and nutritional state of planktonic cells modify the intra-

cellular trace metal content, especially to zinc (Zn) and Fe (Maldonado et al., 2000; Wang et

al., 2001; Glass et al., 2009; Li et al., 2013). Trace metals nutritional unbalance could influence

phytoplankton community structure due to disturbances in the functional features of these organ-

isms (Shade et al., 2012; Malone et al., 1996). Moreover, those functional changes could lead to

ecosystemic scale disturbance like in primary production and nutrient cycling (Breitburg et al.,

1999; Laursen et al., 2002; Le Jeune et al., 2006; Dinsdale et al., 2008; Henríquez-Castillo et

al., 2015). Usually, from an eco-toxicology perspective, nutritional unbalances and metabolism
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effects showed effects over biomass and pigment composition changes that have been described

as a potential disturbance’s indicators in planktonic communities (Paerl et al., 2006; Reed et al.,

2007; Allison et al., 2008; Strickland et al., 2009).

Recently, small microbial eukaryotes inhabiting in the water column (cells with less than

3 µm in relative diameter) have gained interest due to their unknown and comparatively high

diversity in natural environments, and biological novelty of inter-domain relationships (Finkel

et al., 2010; de Vargas et al., 2015). Moreover, in global change scenarios proposed for 100

years ahead, it is predicted that these group of organisms could be benefited against bigger

cells, because global changes in ocean conditions will be more favorable to organisms with

higher nutrient uptake efficiency (Doney et al., 2012; Li et al., 2009; Daufresne et al., 2009;

Schaum et al., 2013). These predicted changes in functional features might lead to different

ecosystem capabilities in terms of elemental cycles and community stability states, interpreted

as community configuration with populations that oscillates near an equilibrium point (Holling,

1973; Beisner et al., 2003; Shade et al., 2012).

Studies targeting microbial eukaryotes in natural environments had described them as di-

versity rich and with complex patterns in heterotrophic and phototrophic functional groups.

Pico-heterotrophic eukaryotes, presumably parasitic for their small size, have been highlighted

as relevant for food web structure and energy transport in different ecologically relevant groups

(Massana et al., 2004; Ramon Massana, 2015; Zouari et al., 2018). Small size picophytoeukary-

otes (PPEs), by their side, have been described as a persistent group through all seasons within

a year in coastal environments with cosmopolitan distribution (Buitenhuis et al., 2012; Tragain

et al., 2018). In the case of Humboldt-CS, data showed the autotrophic fraction as a persistent

group through seasonal changes (Collado-Fabbri et al., 2011). However, functional characteri-

zation of these organisms has been challenging due to differential behavior in natural environ-

ments where several groups showed not only one functional representative but also mixotrophic

lifestyles (Stoecker, 1998; Worden et al., 2015).

Moreover, PPEs have shown a high relevance in ecological systems and Chlorophytes re-

lated taxa highlight as relevant organisms in the environment (Not et al., 2012; Tragain et al.,
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2018). From an ecological perspective, Chlorophytes -especially the Mamiellophyceae class-

have shown a particular pattern of dominance in coastal systems. In surface waters, these or-

ganisms have shown high abundances in comparison with other planktonic groups and showed

a significant contribution to primary production (Massana et al., 2015; Y. Rii et al., 2016;

Hernandez-Ruiz et al., 2018). Also, PPEs have shown to be responsive to seasonal fluctua-

tions in physic-chemical parameters (Wu et al., 2017; Zouari et al., 2018; Lambert et al., 2018;

Giner et al., 2018), and also some blooming capabilities with single species dominance (Not

et al., 2004; Collado-Fabbri et al., 2011). In coastal systems, this type of organisms dominate

the photosynthetic fraction on the water column in terms of abundance by, at least, one of the

three main genera described to date: Ostreococcus, Micromonas and Bathycoccus (Vaulot et al.,

2008). Recently, Ostrococcus spp. have been proposed as a model PPE organisms, mostly due to

its ecological relevance as one of the major components of PPE, with similar blooming capacity

as the bacterial component in the same size fraction (Chretien-Dinet et al., 1995; O’Kelly et al.,

2003; Countwat et al., 2006; Vaulot et al., 2008; Collado-Fabbri et al., 2011). Also, this organ-

ism has gain relevance in molecular biology to study the evolutionary path in the green lineage,

since the Mamiellales clade represents a basal group within Chlorophytes (Courties et al., 1998;

Derelle et al., 2002; Voulot et al., 2008). Also, Ostreococcus is considered the smallest free

living eukaryote known to date, with the smallest genome (Derelle et al., 2006; Palenik et al.,

2007). Moreover, these organisms have been proposed as model organisms to study metal home-

ostasis (Jancek et al., 2008; Morrisey et al., 2012; Lelandais et al., 2016; Henriquez-Castillo et

al., 2018) and nitrogen metabolism in the green algae lineage (Le Bihan et al., 2011).

Due to the presence of bays with different pollution levels in the latitudinal gradient, the

Chilean coastal system represents a unique opportunity to evaluate the effects of increased levels

of trace metals over biological entities, from a multi-perspective approach. An example of this

is the Chañaral Bay, which has been exposed chronically to industrial mining waste with a high

concentration of metal residuals, principally (but not exclusively) Cu. This region has been

studied before with special emphasis in macroorganisms, and it has been possible to determine

an important decrease in biodiversity and differential community structures in the intertidal zone
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(J.C. Castilla, 1983; J. Correa et al., 1999; Medina et al., 2007; Lee & Correa, 2007, Moran

et al., 2008). In the case of microorganisms, there are data related to microbial groups that

are significantly influenced in their abundance by bioavailable Cu concentrations. With this

background, it has been possible to determine that Cu is the main pollutant in the area and

could influence microbial communities in terms of composition and abundances for planktonic

organisms and communities associated to particles or surfaces (Andrade et al., 2006; De la

Iglesia et al., 2012; Henríquez-Castillo et al., 2015).

Finally, with the framework exposed here, it is precisely to consider PPEs as a model group

that represents a high potential for environmental analysis in a disturbance ecology context. In

the present work, multiple approaches are proposed to understand the effect of environmental

disturbances on PPEs ecology and physiology. Field observations and characterization plus

community level experiments lead this work to a better description and understanding of the

effect of metal increases in natural environments, with an ecological perspective. Furthermore,

cellular models allowed to explore more mechanistic insights into field observations leading to

the development of new hypothesis and interpretation of phenomena observed.
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1.2 Hypothesis

"Disturbances by trace metals in coastal systems, especially copper, will produce stable alterna-

tive communities of photosynthetic picoeukaryotes, by altering the abundance of specific taxa

by direct effects on nutrient metabolism."

1.2.1 General Objective

"Determine trace metals effects over picoeukaryotes community stability, identifying responsive

groups to Copper and the effect over nutrient metabolism."

1.2.2 Specific Objectives

1.- To describe the effect of physical-chemical features of water column over picoeukaryotic

microbial communities exposed to Copper enrichment’s in natural environments in a disturbance

ecology framework.

2.- To identify susceptible picoeukaryotic groups over simulated Copper depositions events in

microbial communities context.

3.- To evaluate potential functional disturbances over picoeukaryote cellular model physiology

under Copper challenges and explore micro and macro nutrients functional interactions.
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2.1 Abstract

Coastal systems are highly productive marine regions that host a large number of human activ-

ities. Unfortunately, since the industrial revolution, levels of trace metals in these regions have

increased. Microorganisms use trace metals as micronutrients for key metabolic processes, but in

excess, may result in deleterious effects mainly mediated by oxidative stress. In coastal systems,

picoeukaryotes represent a diverse and abundant group of microorganisms with widespread dis-

tribution and fundamental roles in biogeochemical cycling. In this study, we combined different

approaches to explore the seasonal variability of picoeukaryotes in a polluted coastal area af-

fected by chronic trace metal disposure at the south-eastern Pacific Ocean. Through remote and

field measurements to monitor environmental conditions, analytical techniques to explore the

chemical features of the water column, and 18S rRNA gene sequencing for taxonomical profil-

ing, we determined metal chronic exposure effect on the temporal variability of picoeukaryote

communities. Our results revealed the presence of a stable, homogeneous, and constant commu-

nity, despite the physicochemical seasonal variations, with a high abundance of Bacillariophyta

but low abundance of Mamiellophyceae, two common coastal groups. These results suggest that

chronic trace metal contamination reduces the temporal heterogeneity of coastal picoeukaryote

communities, with a decoupling between abiotic and biotic patterns.
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2.2 Introduction

Coastal regions are highly valuable for both global primary productivity and ecosystem ser-

vices (Antoine et al., 1996; Paytan et al., 2009). However, intensive land use by humans places

high pressure on coastal ecosystem functions (Cloern et al., 2016). The concentration of trace

metals in coastal environments has increased due to anthropogenic activities, including the use

of antifouling paints of ships, fertilizers for agriculture, and intensive mining (Kennish, 2002;

Nogales et al., 2011). Trace metals deposited in coastal areas often interact with other chem-

icals present in seawater and are then transported through ocean currents (Duce et al., 1991;

Paerl, 1997; Paytan et al., 2009; Jordi et al., 2012) spreading to surrounding areas. Some

coastal regions have endured chronic disturbance due to increases in trace metal concentra-

tions. While chronic disturbances induce large variations in the abundance and composition of

macro-organism communities, the effect and magnitude of these impacts on microbial commu-

nities are still poorly understood. Trace metals alter the structure and function of the bacterial

communities that inhabit these regions, leading to changes in primary productivity (Morán et

al., 2008; Nogales et al., 2011).

Trace metals are persistent pollutants and receive specific attention due to their high disper-

sal capacity and toxic effects that can change the structure of microbial food webs (Sunda and

Huntsman, 1995; Sunda and Huntsman, 1998; Nogales et al., 2010). Elevated concentrations

of trace metals in seawater decrease the abundance of different microbial groups, such as the

cyanobacteria Synechococcus and the Prasinophyceae Prasinoderma and Pyramimonas (Debe-

lius et al., 2009; Debelius et al., 2010; Henríquez-Castillo et al., 2015). Furthermore, changes in

the structure of bacterial communities have also been reported (Henríquez-Castillo et al., 2015;

Coclet et al., 2017).

Picoeukaryotes (PE) (eukaryotes < 3 µm in cell diameter) are a highly diverse planktonic

group, extremely important in open oceans (Shi et al., 2009) and also predominant in coastal

zones (Collado-Fabbri et al., 2011; Tragin and Vaulot et al., 2018). They have gained relevance

due to their widespread distribution (Masana et al., 2004; Countway Caron 2006; Vaulot et al.,
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2008; de Vargas et al., 2015), and critical impact on the carbon cycle and global geochemistry

(Joint et al., 1986; Li et al., 1994; Marañón et al., 2003; Worden et al., 2004; Buitenhuis et

al., 2012). In most oceanic areas, PE community is dominated by Dinophyceae or Bacillar-

iophyta (de Vargas et al., 2015; Tragin and Vaulot, 2018). Otherwise, coastal systems exhibit

a high presence of Chlorophytes from the order Mamiellales and, in certain circumstances, a

single Mamiellales specie can outnumber in some environments (Not et al., 2004; Countway

Caron 2006; Shi et al., 2009; Collado-Fabbri et al., 2011; Balzano et al., 2012; Ribeiro et al.,

2018). PE stably respond to long-term environmental fluctuations, and exhibit seasonal varia-

tions that indicate strong coupling between abiotic conditions and the PE community composi-

tion (Acevedo-Trejos et al., 2014; Hernández-Ruiz et al., 2018; Giner et al., 2018; Lambert et

al., 2019). However, the responses of this highly diverse group to anthropogenic environmental

variations are unclear, and our understanding of such responses in environments with a high

concentration of trace metals needs to be improved.

In the south-eastern Pacific coast, several bays have been contaminated for the past decades

with trace metals from mining activities (Medina et al., 2005). These bays are adjacent to the

undisturbed bays within the same region that exhibit similar oceanographic conditions (Correa

et al., 1999; Henríquez-Castillo et al., 2015). Therefore, this is an excellent site for assessing the

impact of chronic trace metal pollution, as comparison between bays over time allows a robust

analysis of the variation of specific microbial groups, such as the PE.

Our study aims to determine if chronic exposure to trace metals affects both the photosyn-

thetic and the heterotrophic components of the PE communities, and how this effect influence

the seasonal variability of these communities. We hypothesized that chronic exposure to trace

metals will influence the seasonal variability of the coastal PE community structure, and we

predict that, in chronically polluted coastal regions, the seasonal influence on the composition

and structure of PE will be low, however, in less contaminated sites, the seasonal changes will

exceed the effects of the disturbance.



CHAPTER 2. IN FIELD APPROACH 22

2.3 Material and Methods

2.3.1 Sampling

Sampling campaigns were conducted between January 2011 and March 2014 (N = 11) in two

adjacent bays located 5 km apart in the Chañaral area of the northern coast of Chile (Fig. S1).

Playa Blanca (26◦ 13´27" S, 70◦ 40´2" W) is a coastal site with low copper concentrations

(LCS), while Playa La Lancha (26◦ 10´58,20"S, 70◦ 39´45,70" W) has high copper concentra-

tions (HCS) (Henríquez-Castillo et al., 2015). During each sampling campaign, seawater sam-

ples were collected at a depth of 5 m using 5-L Niskin bottles. The seawater samples were then

filtered on land through 20 µm, 3 µm, and 0.2 µm pore-size polycarbonate filters (Millipore,

Darmstadt, Germany) using an acid-washed polypropylene tube filtration system.

Samples for determining the heavy metal (copper [Cu], iron [Fe], zinc [Zn], molybdenum

[Mo], Cobalt [Co], Cadmium [Cd], Lead [Pb]) and macronutrient (phosphorus [P], nitrogen

[N], and silicic acid [SiO−
4 4]) concentrations were collected with 1-L metal-free Kemmerer

bottles (maximum depth of 1 m). The physicochemical parameters of seawater were measured

in-situ using a conductivity, temperature, depth, and oxygen (CTDO) profiler (SBE19, Seabird

electronics, Bellevue, WA, USA).

2.3.2 Satellite Data Analysis

To determine the seasonal variations of environmental parameters in the Chañaral area, level-

three AquaMODIS monthly data with a pixel resolution of 4 km were analysed (available on-

line at https://oceancolor.gsfc.nasa.gov/). The data files were pre-processed using the

SeaDas software (https://seadas.gsfc.nasa.gov/) and six NASA products were merged

into a one single file: chlorophyll-a (Chl-a), photoactive radiation (PAR), superficial sea tem-

perature (SST), particulate organic carbon (POC), particulate inorganic carbon (PIC), and the

diffuse attenuation coefficient at 490 nm (Kd490). After merging, the region of interest was se-

lected and processed to minimize the number of pixels without data, eliminate land pixels, and

https://oceancolor.gsfc.nasa.gov/
https://seadas.gsfc.nasa.gov/
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identify regional mesoscale processes. This produced a rectangular region of 13×19 pixels (in

x, y coordinates). In total, 492 photographs were analysed, corresponding to the six products at

level three between January 2010 and October 2016 (82 months). Mean monthly data were used

to analyse the seasonal effects using Seasonal-Trend Decomposition Procedure Based on Loess

(Cleveland et al., 1990). Additive (xt = Trend + Seasonal + Random) or multiplicative models

(xt = Trend × Seasonal × Random) were selected by minimizing the sum of the squares of the

autocorrelation factors for each satellite time series (the complete original time series data and

three-component decompositions are available in Fig. S2).

2.3.3 Chemical Determinations

The macronutrient and total Chl-a concentrations were measured following standard methods

(Hansen & Grasshoff, 1983). The total dissolved divalent metals (Cu, Fe, Zn, Mo, Co, Cd,

and Pb) were determined by inductively coupled plasma mass spectrometry (ICP-MS; Thermo

Fisher Scientific, Waltham, MA, USA). All easily electro-reducible Cu species (labile copper)

were measured by square-wave anodic stripping voltammetry (ASV) using a Metrohm 797 VA

computrace system (Herisau, Switzerland), as described by Andrade et al. (2006).

2.3.4 Molecular Analysis

The total DNA was directly extracted from the 0.2-µm filters following the phenol:chloroform

protocol described by Fuhrman et al. (1988). The integrity and concentration were determined

by 1% agarose gel electrophoresis and a Qubit 2.0 fluorometer (Life Technologies, Carlsbad,

CA, USA), respectively. These parameters were used as a quality index for further analysis. To

determine the taxonomic composition of the PE present at each sampling site, 18S rRNA gene

sequencing was conducted at the Center for Genomics and Bioinformatics, University Mayor,

Chile. The hypervariable region V9 of the 18S rRNA gene was amplified using the 1391f and

EukBr primer pair (Amaral-Zettler et al., 2009). The PCR reactions were conducted in a 35-L

solution of a Taq buffer with a final concentration of 1×, 2 nM of MgCl2, 0.3 nM of dNTPs, 0.3
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of M each primer, 2.5 units of GoTaq Flexi DNA Polymerase (Promega, Madison, WI. USA),

and 1-5 ng of template DNA. The amplification conditions were as follows: 3 min of initial

denaturation at 94 ◦C, 28 cycles at 94 ◦C for 30 s, 60 ◦C for 1 min, and 72 ◦C for 1.5 min,

followed by a final extension of 72 ◦C for 10 min. For each DNA sample, triplicate amplicons

were generated and pooled for further sequencing. The combined amplicons were quantified

by conducting a standard qPCR assay using an Illumina Library Quant Kit (KAPA Biosystems,

Wilmington, MA USA) following the manufacturer instructions, and then equimolarly pooled

and sequenced using an Illumina Miseq following the protocol described by Caporaso et al.

(2011). The qPCR-quantified amplicon pool was sequenced in 300 cycles (Illumina Miseq kit,

San Diego, CA USA). The raw sequence data were deposited in SRA under BioProject number

00000.

2.3.5 Sequence Data Handling and Statistical Analysis

The sequence assembly, filtering, and operational taxonomic unit (OTU) determination were

conducted according to Caporaso et al. (2010). Quality filters were used to determine that the

minimum and maximum lengths of the reads were within 100-120 bp, and OTUs were picked

following the UCLUST method (Edgar, 2010); the sequences were clustered with threshold

values of 97%. The sequences were only aligned against the selected eukaryotic sequences con-

tained in Silva seed v. 123 (Pruesse et al., 2007), and the taxonomy of the OTUs was assigned

against the Protist Ribosomal Reference (PR2) v. 4.5_gb203 database (Guillou et al., 2013). An

OTU table was generated without considering the reads assigned to Metazoans and unassigned

reads, which represented 25% of the dataset. All downstream analyses were conducted in R

v. 3.2.1 using the Vegan v. 2.4-1 package. The samples were standardized by trimming the

OTU table at an abundance value of 0.03%, and rarefaction analysis was conducted using the

vegan package (Oksanen et al., 2008). After rarefaction normalization, all OTUs without reads

were discarded from the OTU tables. Clustering analysis was conducted using the Clustsig

v. 1.1 package in R (https://CRAN.R-project.org/package=clustsig), and SIMPROF

https://CRAN.R-project.org/package=clustsig
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analysis was conducted to test the stochasticity of the grouping patterns. The analyses were

conducted following the complete linkage clustering method and by using Bray-Curtis to com-

pute the distances between samples. The algorithm was run using num.simulated=1000 and

num.expected=1000 arguments. Ordination analysis was conducted with the vegan package us-

ing the assigned data at different taxonomic levels. Venn Diagrams were produced using the

Venn Diagram package v. 1.6.17 for the different sampling sites (HCS and LCS), and seasons

(Summer and Winter).
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2.4 Results

2.4.1 Environmental characterization

Satellite data were used to describe the environmental conditions of the coast in the Chañaral

area within the south-eastern Pacific upwelling system. Physical parameters, such as PAR and

SST, oscillated seasonally, while Chl-a, PIC, and POC exhibited no clear patterns, but slightly

increased during the summer (Fig. 2.1A). The Chl-a concentration and Kd490 were strongly

correlated at a regional scale (Pearson coefficient: r= 0.98; P<0.05). Principal component anal-

ysis (PCA) showed that these parameters accounted for 79.4% of the variance (Fig. 2.1B). At a

local scale, most parameters exhibited a consistent seasonal pattern in which they increased dur-

ing summer, excluding POC, which exhibited a noisy and almost constant pattern. Furthermore,

the eigenvectors related to SST and PAR exhibited an almost perpendicular relationship with the

biological variables Chl-a and Kd490, and the PIC related to POC. Overall, the physicochemi-

cal and biological variables measured using satellite data exhibited a clear seasonal pattern, and

cycles of twelve months occurred consistently throughout the study period (Fig. 2.1B).

The trace metal concentrations in seawater significantly differed between the HCS and LCS

samples (Fig. 2.1C), and the total dissolved and biologically available Cu (Cu_ASV) were

variables that differed most significantly between sites. Other trace metals, such as Fe, Mo,

and Zn, also contributed significantly to site differentiation. However, there were no significant

variations in the macronutrient (nitrate, phosphate, and silicic acid) concentrations between sites

(Table S1).

2.4.2 Biological Characterization

Following the pre-processing and filtering steps, 36,387 reads per sample (N=11) in well-defined

rarefaction curves were obtained, with 1,516 OTUs in the dataset (Fig. S3). The PE commu-

nity present in the area was dominated by Bacillariophyta (46.5 ± 8%, mean ± SEM), Mamiel-

lophyceae (30.7 ± 6.2%), Prymnesiophyceae (26.2 ± 3.8%), Syndiniales (25.8 ± 1.8%), Marine
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stramenopiles -MAST- (22.1 ± 3%), Dinophyceae (20.7 ± 2.7%), Spirotrichea (19.3 ± 4.7%),

Basidiomycota (18 ± 4.4%), Chrysophyceae (16.4 ± 4.6%), and Dinophyta (16.1 ± 5.5%) (Fig.

2.2A). The cluster analysis conducted based on the Bray-Curtis coefficient exhibited no clear

seasonal patterns. Samples from the same month were grouped, regardless of the sampling site

(Fig. 2.2B). When the abundances were decomposed into the top 10 OTUs of the total dataset,

per site, and per season, autotrophic organisms were predominant in the Chañaral area. Bacil-

lariophyceae and Mamiellophyceae were the predominant classes and exhibited similar abun-

dances through time. Moreover, in the LCS samples collected during winter, there was a single

dominating OTU assigned as Thalassiosira (51.3% ± 22.4 of the total abundance) (Fig. 2.2C).

Within the Mamiellophyceae class, the dominant OTU was assigned as Micromonas. Dinoflag-

ellates were the predominant heterotrophic taxa over time. Despite this dominance pattern, the

diversity and evenness exhibited no significant differences between seasons and sampling sites

(Shannon max entropy index and Pielou’s evenness index, data not shown).

The OTUs that were constantly represented spatiotemporally were analysed further, and it

was revealed that the core PE community in the Chañaral area was composed of 807 OTUs that

represented 53.2% of all the OTUs in the dataset and 98.7% of the total reads, with a clear pre-

dominance of autotrophic OTUs assigned to Bacillariophyta (OTU1-Thalassiosira and OTU2-

Chaetoceros, Fig. 2.3A and 2.3B). The variable community was represented by 709 OTUs,

corresponding to 46.7% of the OTUs and 1.3% of the total reads. This variable community

was mainly composed of heterotrophic or mixotrophic taxa, particularly the Syndiniales order

and Dinophyceae class (Fig. 4C). Significant changes in the relative abundances of 6.13% of

the OTUs in the dataset were detected between seasons and/or sites (93 low-abundance OTUs).

Among those, only 10 OTUs significantly differed between sites (Table S2).

The trace metals concentration strongly influenced the distribution of samples, according to

the analysis of the interactions between the OTU abundances and in-situ environmental param-

eters, which explained 41% of the total variance (Fig. 2.4). The concentrations of Zn, Cu, and

Cu_ASV had the highest contributions to the observed variance. The effects of Cu and CU_ASV

on the samples collected in summer were more profound, regardless of the sampling area.
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2.5 Discussion

Despite the limitations of using remote sensing in nearshore environments, the predicted sea-

sonal pattern proposed for this area is consistent with the in-situ reports and modelling ap-

proaches available for the northern part of the Humboldt-CS, indicating that remote-sensing data

can be used for the long-term monitoring of coastal environments (Penven et al., 2005; Thiel et

al., 2007). Moreover, the patterns described here are consistent with seasonal descriptions of

marine systems, such as temperature fluctuations and interactions with biological components,

including the Chl-a concentration. Thus, seasonal geophysical variations influence the biologi-

cal features of these environments (Vargas et al., 2007; Echevin et al., 2008; Calvo-Díaz et al.,

2008). However, the concentrations of trace metals differed consistently between sites, regard-

less of the season. This indicates that the trace metals were not transported by the coastal north-

ward circulation of the Humboldt-CS to the adjacent bays. The geomorphology of the enclosed

bays and sedimentation rate may prevent the transport of metals to nearby unpolluted areas. The

reported heavy metal concentrations, particularly those of the different Cu forms, are within the

range of previously reported values for the study area (Andrade et al., 2006; Henríquez-Castillo

et al., 2015). Therefore, this chronic disturbance is temporally stable.

The PE community structure patterns in the global ocean highlight the dominance of the

heterotrophic component of microbial assemblages, in terms of their abundance and diversity.

The contributions of the presumably parasitic MALV I-II and Dynophyceae to this functional

group are important, as they are widespread in oceanic waters and coastal environments and

their ecological relevance is increasing (Masana et al., 2004; Worden, 2006; Masana et al.,

2015; Song et al., 2017; Hernández-Ruiz et al., 2018; Zouari et al., 2018). In contrast, the PE

composition of the chronically disturbed area studied here shows that the most sequences were

concentrated in autotrophic taxa. However, a large portion of the detected OTUs was associated

with heterotrophic taxa, which is in concordance with previous studies conducted in Humboldt-

CS (Parris et al., 2014; Vargas et al., 2007).

Our results show that the PPEs in the Chañaral area is dominated by Bacilliarophyta, and
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the contributions of the Mamiellophyceae class are lower. This is in contrast to the trends ob-

served in other Humbolt-CS sites, where Mamiellophyceae taxa are predominant in the PPE,

and coastal waters worldwide (Collado-Fabbri et al., 2011; Balzano et al., 2012; Cabello et al.,

2016; Tragin and Vaulot, 2018; Wu et al., 2017; Ribeiro et al., 2018). Furthermore, the compo-

sition of the community in the Chañaral area was stable over time, exhibiting little variation both

between seasons and sites. This suggests that the composition of the PE assembly is decoupled

from seasonal environmental forcing, which is likely due to the pressure exerted by the chronic

copper exposure faced by the PE assembly that exceeds the pressure exerted by seasonal factors.

However, it is imperative to evaluate the alternative hypothesis to elucidate the actual area af-

fected by pollution and the potential changes in ecosystem structures and functioning at global

and local scales. Under the current scenario of global development and the growth of the human

population and economy, the change rate in coastal systems will increase (Cloern et al., 2016).

This highlights the importance of understanding how anthropogenic pressures alter the structure

and functioning of the microbial communities that inhabit coastal environments. In this study,

by combining remote sensing, and chemical and biological in-situ characterization through pro-

filing the taxonomic structure PE communities, we demonstrated that chronic Cu disturbance

in a coastal area resulted in particular community patterns that differ to those in previous re-

ports (Masana et al., 2015; Cabello et al., 2016; Wu et al., 2017; Hernández-Ruiz et al., 2018).

Moreover, these effects exert a pressure that can uncouple the community features from abiotic

seasonal variations, such as the abundance and composition of PE assembles. Furthermore, the

effect of trace metal pollution on the PE composition extended beyond the area where the met-

als were effectively detectable, suggesting that the area of influence of metal pollution could

exceed the area within which the trace metal concentrations in the water column were higher.

The spatiotemporal homogeneity of the PE community composition and structure suggest that

these communities were decoupled from natural oscillations in environmental conditions.

From the perspective of multiple alternative states in community ecology (Holling, 1973;

Scheffer and Carpenter, 2003), our results suggest that the studied PE communities exhibit a

new and different stable state, where seasonal changes in the environmental conditions have im-
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perceivably effects on the community structure (Shade et al., 2012). This type of chronic effect

should be studied in more detail and, if accurate, should be considered in predictive models

of coastal edge usage. The decrease in the natural heterogeneity of communities renders them

prone to large declines in abundance and diversity following catastrophic events, and local and

regional extinctions tend to be equally high. That is, chronic contamination has shifted the com-

munity from its initial state to an alternative state, which has decreased the community’s spatial

heterogeneity, and the effects of natural variations in environmental conditions are surpassed by

those of the chronic disturbance. Under the current scenario of global changes and the growth of

the human population and economy, the change rate in coastal systems will increase (Cloern et

al., 2016). This highlights the importance of understanding how anthropogenic pressures alter

the structure and functioning of the microbial communities that inhabit coastal environments.
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3.1 Abstract

Today’s ocean shows a clear footprint of human activities, with some of them causing a pro-

found effect on ecosystem structures and functioning. Copper residuals have emerged as a

highly concerning pollutant due to its toxic effects and an increase in its availability, by antho-

pogenic origin disposals and global change future scenarios. Because different human activities

related to coastal line like differential land usage and waste transport, coastal environments are

a region with high susceptibility to chemical pollutants. Further, the effect of coastal copper

pollution on eukaryotic microbial communities, a critical coastal component for global carbon

cycle, environmental services, and human activities, are still not well understood. Microcosms

experiments appear as a suitable tool to test eukaryotic microbial community dynamics with tox-

icant challenges, providing data for the development of theoretical frameworks that will allow

constructing predictive models based on identifying microbial sentinels. Our results showed

taxa-dependent responses to copper pollution in a model coastal photosynthetic picoeukary-

otic community and differential dynamic responds patters related to copper inputs. Moreover,

ecological relevant Mamiellophyceae taxa showed significant differential effects in two highly

relevant genera: Ostreoccocus highly sensitive and Micromonas resistant to copper challenges

at community level.



CHAPTER 3. MICROCOSMOS APPROACH 37

3.2 Introduction

Today, no area of the world’s ocean can be pointed out as free of human influence, and an-

thropogenic pressures on marine ecosystems have been shown to be increasing in magnitude.

Pollutant addition due to waste transport and disposal as byproduct of anthropogenic inland ac-

tivities, is a major concern in modern oceans, with coastal regions showing the highest impact

indices of pollution (Halpern et a., 2009; Halpern et al., 2015). In some coastal areas, histor-

ical industrial activities have had recurrent waste disposal events leading to major concerns in

environmental and human safety due to the toxic nature of the mixtures released into the en-

vironment (Correa et al., 1999; Kennish, 2002; de Souza Machado et al., 2016). Among the

most common mining wastes, copper (Cu) stands out because of its ambivalence regarding the

biology of the organisms. The role of copper as part of protein structure, electron transfer re-

actions, enzymatic reactions and other key biological functions is opposed to its toxic effects

that influence fundamental processes, like photosynthesis, nutrient uptake and cellular growth

(Peers & Price. 2006; Biwas et al., 2013; Lelong et al., 2013; Pillai et al., 2014). Moreover,

it can lead to changes in higher organization levels, like communities and ecosystems, by di-

versity and specie richness loss (Le Jeune et al., 2006; Le Jeune et al., 2007; De la Iglesia et

al., 2012; Henriquez-Castillo et al., 2015). Additionally, according to current ocean models,

free copper ion in the sea water could increase by a factor of up to ∼2 by 2100 (Millero et al.,

2011 Hoffmann et al., 2012),increasing concerns by its toxic effects (Kenneth H. Coale, 1991;

Debelius et al., 2009). The importance of understanding how different coastal taxa responds to

copper disturbances emerges in perspective of the globally distributed impact of this pollutant

in a changing ocean.

One essential group of organisms inhabiting coastal oceans are eukaryotic phytoplankton,

a group known to fulfill fundamental ecological roles in aquatic food webs, biogeochemical

cycles, and Earth’s climate system (Azam & Worden, 2004; Lima-mendez et al., 2015; Worden

et al., 2015). Eukaryotic phytoplanktonic assemblages have shown copper-mediated changes in

abundance and community structure, making them a good biological indicator for environmental
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disturbances (Le Jeune et al., 2006; Paytan et al., 2009; Henriquez-Castillo et al., 2015). Inside

this group, photosynthetic picoeukaryotes (PPEs, cells with 3 - 0.2 µm diameter) have been

found to possess a high and unexplored diversity (Worden et al., 2006; Vaulot et al., 2008; de

vargas et al., 2015), a meaningful contribution to coastal biomass and trophic carbon transport

(Jardillier et al., 2010ñ Rii et al., 2016), and a high contribution to primary production, up to

∼73% in coastal waters (Worden et al., 2004; Orsi et al., 2018). Besides, PPEs have shown

to be a particularly responsive group to copper pollution (Coclet et al., 2017), making them a

suitable study group for this type of environmental disturbances. The advent of high throughput

sequencing made recently possible to recognize taxa that shape PPEs assemblages (Amaral-

Zettler et al., 2009), highlighting the relevance of the Mamiellophyceae class in term of relative

abundances in coastal and surface waters of the modern ocean, with the genus Ostreococcus,

Micromonas and Bathycoccus as the most abundant members of this taxa (Guillou et al., 2004;

Tragin & Vaulot, 2018).

Community level studies can lead to valuable and more realistic insights than single organ-

ism or population level studies when it comes to understanding the effects of anthropogenic

pollution over environments (Clemets & Rohr, 2009; Cravo-Laureau et al., 2017). Microcosm

approaches represent a suitable tool to study and analysis the ecological changes on microbial

communities produced by fluctuations in physicochemical parameters in fluid environments, al-

lowing to test hypothesis in ecological context (Escaravage et al., 1996; le B. Williams & Egge,

1998; de le Broise & Palenik, 2007). However, the sampling and the microcosms approach

itself represent a mayor force of change that should be controlled statistically. Thus, the de-

sign of well-replicated experiments is critical to enable a statistical differentiation of this effect

from the one of interest (Petersen et al., 1997; Berg et al., 1999). Moreover, to test effect over

assemblage composition in relation to environmental disturbance, a previous description of the

previous states are needed to quantify the effect (Shade et al., 2012; Tett et al., 2013). Also, the

identification of the assemblage components (taxa) that change or do not change after copper

disturbance could become a cornerstone for the construction of prediction models regarding how

ecosystem processes will be affected (Worden et al., 2015), and the selection of suitable cellular
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models to test for more physiological responses.

In this work, the changes generated in PPEs assemblies against acute exposure to copper

were analyzed to understand how this pollutant modify coastal PPEs community structure. By

the use of a highly replicated experiment, flow cytometry and next generation sequencing (NGS)

analysis of 18S rRNA gene, variation of the PPEs community was follow through time. Besides

an evident decrease of cellular abundance associated with copper exposure, our data indicate a

differential response of coastal PPEs. Mamiellophyceae related taxa being dominant in early

tested samples, in terms of two mayor genera detected Ostrococcus and Micromonas showed a

differential temporal response pattern in fluctuation of relative abundance respect total commu-

nity assemble.
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3.3 Materials and Methods

3.3.1 Sample collection and microcosm experiment

Surface seawater was sampled from the southern limit of the Coastal Marine Research Station,

ECIM, Pontificia Universidad Católica de Chile (33o 30’7.00” S 71o 37’ 56.62” O) on August

2017. 115 L of 200 µm pre-filtered seawater were collected in six, previously acid-washed (10%

v/v HCl) and rinsed with Mili-Q water, 20 L bottles. Immediately after sampling, the 115 L liters

of seawater were first homogenized and then, separated into 100 3L polycarbonate transparent

bottles, previously acid-washed (10% v/v HCl) and rinsed with Mili-Q water. Each 3L bottle was

filled with 1.15 L of collected seawater (experimental units). From the 100 experimental units,

50 were randomly assigned to copper incubated condition, to which copper chloride solution

was added in order to achieve the 25 µ/g/L final concentration. The 50 remaining experimental

units correspond to the control condition, which were incubated without the addition of any

compound. The bottles were incubated under a 12:12 photoperiod in cold room at 18◦C.

3.3.2 Flow cytometry cell abundance measurements

In order to estimate the variations in photosynthetic picoeukaryote cellular abundances in re-

sponse to copper disturbance, 1.35 mL were sampled into cryovials from three randomly chosen

experimental units for each conditions at 4, 20, 44 and 68 hours after Cu amendment. These sam-

ples were fixed with 1% paraformaldehyde/0.5% glutaraldehyde solution in borate buffer,pH 8.4

adjusted, immediately freezed in liquid nitrogen and later stored at -40 oC until analysis. The

samples were analyzed using an Influx flow cytometer (Instituto Milenio de Oceanografía, Uni-

versidad de Concepción, Concepción, Chile). Samples were run for 5 minutes at a flow rate of

25 µL/min and through a combination of 457 nm and 532 nm lasers with a 692/40 nm filter.

Picophytoeukaryote cell count was done based on the cell optical properties, using the FlowJo

software (Tree Star, Ashland, OR, USA).
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3.3.3 DNA extraction and molecular analysis

At 4, 20 , 44 and 68 hours from the start of the incubation, 10 experimental units per con-

dition were in serie filtered through 20 (nylon), 3 (polycarbonate) and 0.2 µm (polyethersul-

fone) pore size filter, in order to collect the picoeukaryote cells. Filters were stored in 2.0

mL Eppendorf tubes at -20 oC until DNA extraction. Tubes containing 0.2 µm filters were

filled with lysis buffer (20% p/v sucrose, 1 mM EDTA and 10 mM Tris-HCl, pH 8.3). Subse-

quently, DNA extraction was made following the Phenol:Chloroform Fuhrman et al., 1988 mod-

ified protocol. DNA integrity was evaluated by 1% agarose gel electrophoresis and DNA was

quantified using Qubit R©2.0 Fluorometer (Thermo Fisher Scientific). Picoeukaryote extracted

DNA was sent to the Center for Comparative Genomics and Evolutionary Bioinformatics (Dal-

housie University, Halifax, Nova Scotia, Canada) for V4 region of 18S rRNA gene (400 bp)

amplification and sequencing. Amplicons were generated following the Comeau et al., 2011

protocol, using the primer set E572F (5’-CYGCGGTAATTCCAGCTC-3’) and E1009R (5’-

AYGGTATCTRATCRTCTTYG-3’) with Illumina adapters. Sequencing was performed on an

Illumina MiSeq platform, using a 2 x 300 bp paired-end configuration.

3.3.4 Sequence data processing and analysis

Sequences were provided by the Center for Comparative Genomics and Evolutionary Bioinfor-

matics in fastq format, with primers and adapters previously removed. Subsequent sequence

processing was done with Mothur v.1.40.5 (Scholss et al., 2009). Reads were selected between

400 bp and 450 bp sequence length, containing no ambiguous bases and with as maximum of 8

homopolymers. Also, all singletons were removed. The remaining reads were aligned to SILVA

seed (release 128) eukaryote subset and then the alignment was proceeded by trimming and gap

removal. After the removal of chimeras, datasets were pre-clustered and Operational Taxonomic

Units (OTUs) were built at 97% similarity with taxonomy assigned against the PR2 database

(Guillou et al., 2013). Further processing, was made in R environment v.3.4.1 (http://www.R-

project.org/) and consist in Rarefaction analysis (Fig. S1) and raw abundances per sample (Fig.

http://www.R-project.org/
http://www.R-project.org/
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S2), which conclude in the use of raw data after abundance filter evaluation at 0.005% . Final

processing consisted in removal of OTUs classified as Metazoa, Eukaryota_unclassified, Dino-

phyta, Opisthokonta_unclassified and Fungi. For the analysis of the photosynthetic compo-

nent, a subset database was selected with Chlorophyta, Haptophyta, Cryptophyta, Ochrophyta,

Rhodophyta, and Stremenopiles_unclassified classified OTUs only.

3.3.5 Statistical analyses

All statistical analyses were performed using the R v.3.4.1 software (http://www.R-project.org/).

Ordination analysis was run directly over abundance matrices using vegan package as well as

distance computed metrics. Data management were made in R environment and Primer 6 soft-

ware (Primer-E, Plymouth, UK). To identify dynamic changes over community structure Analy-

sis of similarities (ANOSIM) was performed between samples belonging to different conditions

and OTUs presenting statistically significant differences between Control and Copper incubated

conditions, in at least one measured time were selected for population dynamics analysis. This

resulted in 68 OTUs (equivalent to 93.211 reads), which represented a 27.27% of the total pho-

tosynthetic OTUs and 10.16% of the total OTUs within the data set. Then, these were grouped

in 33 taxonomic categories according to level 7 PR2 database. Also, SIMPROF analysis was

made to find relationships among samples and taxa obtained by molecular approaches. These

techniques were complemented with analysis of variance (ANOVA) as appropriate in order to

identify significantly treatment effect in abundance changes and dynamic patterns. Finally, vi-

sualization was made in R environment with ggplot, gplot and base R packages.

http://www.R-project.org/
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3.4 Results

3.4.1 Copper effect over cellular abundances and groups dominance

Effect of acute copper exposure over PPEs cell abundance showed that mean cell counts of Con-

trol condition showed a constant trend in which cellular abundance were increasing throughout

the evaluated time window. On the other hand, cell numbers in Copper incubated condition

decreased drastically after 48 hrs of exposure to copper (Fig. 1, Upper). Even more when a

clear effect of copper over cell abundance was observed, interaction between experimental con-

dition and time was showed a significantly effect over PPEs cell abundance (P<0.05). Also, a

decreasing signal in 692nm laser channel were observed as well as a more diffuse pattern in

forward scatter channel in comparison with Control condition over evaluated time window (Fig.

1, Bottom).

Moreover, to understand how changes in observed cell abundances are reflected in PPEs

taxonomic distribution, the reads associated with photosynthetic OTUs were considered and se-

lection resulted in 93,211 reads that were classified in 250 OTUs (74.4% and 37.37% of total

reads and OTUs in the dataset, respectively). In terms of taxa proportions within samples, in

early measured replicates composition (4 hours of exposition) at class taxonomic level between

Conditions was Mamiellophyceae (60.97±8.37% for Control and 50.10±8.26% for Copper

incubated), Prymnesiophyceae (20.80±6.26% for Control and 50.10±8.26% for Copper in-

cubated), Cryptophyceae (5.61±1.37% for Control and 6.44±1.87% for Copper incubated)

and Bacillariophyta (2.76±1.51% for Control and 7.54±3.33% for Copper incubated) domi-

nated both disturbed and undisturbed systems (Fig. 2A).

Overtime incubation produce that Control condition remain with no differences for at least

44 hours. By contrast, Copper incubated condition shown a gradual relative decrease in Mamiel-

lophyceae relative abundances, and an increase in Prymnesiophyceae groups (Fig. 2A). Domi-

nance patterns of taxa ranked and classify by Class taxonomic level in final time evaluated were

in Control condition as Prasino-Clade-VII (37.67±17.41%), Trebouxiophyceae (23.23±4.78%),
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Mamiellophyceae (15.82±14.95%) and Prymnesiophyceae (11.41±9.42%); otherwise, for

Copper incubated as Prymnesiophycea (51.95±0.54%), Mamiellophyceae (14.29±5.40%),

Trebouxiophycea (7.70±6.95%) and Bacillariophyta (7.44±6.07%)(Fig. 2A).

3.4.2 Copper exposure over PPEs structure and temporal dynamics.

Effects of copper over PPEs community structure were analyze through Bray-Curtis based

NDMS analysis which showed a clear differential responses pattern over Control and Copper

incubated condition (Fig. 2B). Replicates tended to remain closer in initial time evaluated for

both experimental conditions. Control and Copper incubated treatment differentiation occurred

from 4 hours of incubation on wards, followed by an dispersion increase among experimental

units. Samples variation was clearly guided by on going time and treatment. Overtime differen-

tiation result into two defined groups. (ANOSIM; R = 0.862, P<0.05 for Time effect and R =

0.529, P<0.05 for Condition effect).

Further analysis was carried out to examining response patterns at OTU level. Clustering

analysis based on Bray-Curtis dissimilarity revealing that assemblages differentiate for Con-

trol over Copper incubated condition, and final times with differential grouping patterns for

each treatment was observed. Within Control and Copper incubated conditions all replicates

showed a similar pattern of relative abundance and OTUs dominance (Fig. 3A). Moreover, Os-

treococcus dominance in Control condition was observed over Mamiellophyceae and other pho-

toautotrophic related OTUs. Nevertheless, Copper incubated condition a different dominance

pattern was observed, where Micromonas related OTUs domain photoautotrophic fraction, even

more, Ostreococcus related OTUs showed a decrease in abundance over all copper treated sam-

ples. Additionally, Bathycoccus and Phaeocystis related OTUs showed a distinguishable dy-

namic effect in copper treated samples (Fig. 3A), in which a relative increase of abundance was

observed. Further, at 68 hours of incubation a differential response pattern was also observed, in

which at the end of the experiment Prasino-Clade-VII-B-1 and Phaeocystis related OTUs dom-

inate Control and Copper incubated conditions respectively, showing a clear deleterious effect
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over Chlorophytes related taxa.

In terms of taxa grouping pattern, a clear differentiation among taxa was observed, in which

relatively dominant taxa are distinguishable from low abundant taxa. For high relative abun-

dance taxa, which account 89.81% of total relative abundance, only Bathycoccus and Phaeocys-

tis showed a similar behaviour for experimental conditions over time, where other taxa showed

an specific response pattern. This was also observed over less abundant taxa with a less clear

grouping pattern.

Each of the above mentioned responsive and dominant taxa behavior through time was

graphed for Control and Copper incubated conditions (Fig.3B). Most of the high abundance

taxas evaluated showed an initial relative abundance comparable between experimental condi-

tions. Differential dynamic behavior was observed in comparison among conditions for all top

6 PPE grouped taxa, with the exception of Micromonas and Chrysochromulina that showed a

similar dynamic patter with initial difference conserved through time. Also, a higher decreasing

rate in relative abundances was observed as caused by copper treatment for Ostreococcus, Bathy-

coccus and Pyramimonas. A rapid increase in abundance was observed only for Minutocellus,

which showed a rapid response before 20 hours of exposure. Finally, a late maximal response

group was identify, composed by Phaeocystis and Prasino-Clade-VII-B-1 that showed an op-

posite response dynamic pattern, where for Phaeocystis related OTUs a consistent decreasing

pattern was observed until 68 hours of incubation in which a favorable effect of copper treat-

ment was observed. As opposed, Prasino-Clade-VII-B-1 related OTUs, a consistent increased

in relative abundances until 68 hours of exposure in which deleterious copper effect and a clear

increase under control condition was observed.
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3.5 Discussion

The study of photosynthetic picoeukaryote assemblage responses to copper disturbances has

gained importance during the last decade (Stauber et al., 2005; Henriquez-Castillo et al., 2015;

Coclet et al., 2017), due to the constant concern about chemical changes (here copper) over

modern marine ecosystems and further potential changes of trace metal availability forced by

anthropogenic activities and changing patterns in global system (Millero et al., 2011; Hoffmann

et al., 2012). This microcosms study show a new insight, with high resolution, on the response

of the specific components that shape PPEs community composition in coastal sea water.

Measurements of PPEs cell abundances showed significantly differences between Control

and Copper incubated conditions through the interaction among time and treatments, suggest-

ing that there was indeed an effect of copper over PPEs cell abundance. The effect observed

in cellular abundances was a clear decrease due to copper exposition that increase overtime, as

found before in previous works (Henriquez-Castillo et al., 2015; Coclet et al., 2017). Decreas-

ing cellular abundances, in this experimental set up, suggest that if in natural environments an

important decrease in cellular abundance and biomass is not observed, a population turnover

and residential times of water masses that transport cells through currents became relevant as

resilience mechanism to stabilized microbial communities. Moreover, taken into account that

the copper concentration applied to the Copper incubated experimental units (25 µ/gL) has been

actually measured in contaminated coastal systems (Andrade et al., 2006), the decrease in cell

abundances as a consequence of copper pollution could result in a modification of elemental

cycles with unknown effects over ecosystems and eventual risk for services delivered by coastal

ecosystems.

The stable assemble composition until 44 hours of incubation in Control condition was con-

sistent with stable trend in cell abundances. Although there was a change in Control composi-

tion during the first 44 hours was in lower magnitude than occurring changes in composition for

Copper incubated assemblages. Hence, it was also possible to differentiate between changes in

composition mediated by copper. The last confirming microcosms approach as a valid experi-
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mental setup to test disturbance hypothesis over microbial ecology.

The initial dominance of Mamiellophyceae classified OTUs within the microcosms was con-

cordant with what has been previously described in coastal PPEs assemblages (Collado-Fabbri et

al., 2011; Lambert et al., 2018). This dominance pattern remained unaltered in Control condition

for at least 44 hours of incubation. However, a drastic change in composition was registered over

68 hours of incubation, which consisted in a radical decrease of Mamiellophyceae and increase

of Prasino-Clade-VII and Trebouxiophyceae related OTUs. Prasino-Clade-VII has been found

to be the dominant group of green algae in oligotrophic oceanic waters (Dos Santos et al., 2017).

This pattern could be associated with a competitive advantage of this group of PPEs, given by

possible nutrient depletion related to long term incubation in a microcosm experiment. Hence,

microcosms approach to ecotoxicology should consider effects over controlled time windows.

Furthermore, a reorganization of the assemblage structure was observed. The rapid response

and following gradual decrease of Mamiellophyceae in Copper incubated condition indicated

susceptibility to copper inputs. The sensitivity of green algae, in particular of Prasinophytes,

had already been demonstrated (Henriquez-Castillo et al.„ 2015), but different responses within

this clade had not been explored in details. Our results suggests that copper disturbances could

alter ecological patterns favoring organisms that are usually not dominant in this size fraction.

Thus, this observation could be related to physiological factors in planktonic cells like nutrition

and chemical species availability in water column and/or biological interactions like competi-

tive advantages (alternative strategies) over specific functional groups that were present in the

assemblage and modified when exposed to copper. A suitable hypothesis over copper increasing

availability is that Prymnesiophytes result favored in natural environments leading to functional

changes in ecosystems due to these organisms influences over carbon cycle in blooming season

(Liu et al., 2015).

A drastic effect over Mamiellophyceae members was measured in the time window eval-

uated over the experimental setup, that shown a drastic dominance shift between Ostreococ-

cus and Micromonas before 44hours of incubation. Especially, a rapid Ostreococcus decrease

in relative abundance and a temporal dominance of Micromonas until 68 hours of incubation
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which showed a general Chlorophytes decrease in relation with Haptophytes. The underlying

factors that explain this pattern between these closely related taxa are unknown. Nevertheless,

copper concentration dependent growth inhibition and potential coupling between Cu and Fe

metabolisms have been proposed for Ostreococcus (Henriquez-Castillo et al., 2018). Further-

more, physiological and ecological distinctions between these two assemblage-dominant taxa

like distribution along the water column, biogeography and motility (Tragin & Vauot, 2018)

could have both an influence on their differential response.

Copper is still considered to be fundamental for economic and social development in modern

societies. However, the management of wastes that contain copper are still problematic and

closely related to coastal environments and the effects on marine biodiversity and productivity

are still not well understood. This microcosms study reveals a rapid re-shaping, as a product of

an artificial copper disturbance, in natural PPEs assemblage by altering the dominance patterns

of key components. The identification of responsive components at genus level could lead to the

eco-physiological mechanistic interpretations of field observations. Thus, allowing to generate

predictive models in natural environments and identification of natural sentinels as key indicators

for disturbance ecology.
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between trace metal and nitrogen in the

model marine Chlorophyte Ostreococcus

tauri

1]Benjamín Glasner 3]Jean-Claude Lozano 3]Valérie Vergé 2]Nicole Trefault 3]Francois-Yves

Bouget 1,*]Rodrigo De la Iglesia

[1]Department of Molecular Genetics and Microbiology, Faculty of Biological Sciences,

Pontificia Universidad Católica de Chile, Santiago, Chile [2]GEMA Center for Genomics, Ecol-

ogy and Environment, Faculty of Sciences, Universidad Mayor, Santiago, Chile [3]Sorbonne

Universités, UPMC Univ Paris 06 & Centre National pour la Recherche Scientifique, UMR

7621, Laboratoire d’Océanographie Microbienne, Observatoire Océanologique, Banyuls-sur-

Mer, France [*]rdelaiglesia@bio.puc.cl

52



CHAPTER 4. CELLULAR MODEL APPROACH 53

4.1 Abstract

Planktonic cells in the modern ocean are susceptible to changes in their chemical environment.

Fluctuation in micro- and macro-nutrient exposure highly influence plankton growth. Thus,

trace metal availability might lead to differential nutritional states in plankton cells, interacting

as well with macro-nutrients requirements. Nitrogen metabolism represents an essential part of

planktonic phototrophic eukaryotes molecular machinery and physiology. A large number of

proteins related to these molecular pathways contain metal ions in their structure, making this

process susceptible to ion homeostasis and availability. Here, with molecular tools approach, we

test copper and iron interaction over nitrogen metabolism and ion homeostasis transmembrane

transport proteins. Using engineered Ostreococcus tauri strains, a model organism of small

size phytoplankton, we test the protein production under different copper and iron growing con-

ditions. Our results on copper induction over nitrogen transport protein suggest that copper

exposure increase nitrogen nutritional requirements, by a relative increase in nitrate transport

protein production. Moreover, copper and iron interaction were observed in a synergistic way,

increasing protein production signal. Overall, our results suggest that copper and iron interact

over nitrogen metabolism in green phototrophic eukaryotes, representing a potential mechanistic

response to copper toxicity in natural environments.
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4.2 Introduction

The modern ocean is susceptible to changes in different aspects. One of them is fluctuations of

chemical species in the water column due to natural sources or anthropogenic origins (Halpern

et al., 2009). It is in this context where planktonic cells play a key role in ecosystem structure

and functioning, representing half of the total primary production of ocean systems (Azam et

al., 1983; Falkowski et al., 1998), and one of the key responsive groups to environmental pollu-

tion (Karl E. Havens, 1994; Islam et al., 2004). Within the phototrophic fraction, the small size

eukaryotic plankton (i.e. photosynthetic picoeukaryotes, PPEs) highlights due to it have been

described as persistent overall season through the year, playing functional roles in elemental cy-

cles especially in carbon fluxes (Calvo-Diaz et al., 2008; Collado-Fabbri et al., 2010; Jardillier

et al., 2010). Moreover, this group has shown high taxonomic diversity and ecological relevance

(de vargas et al., 2015). In recent years Ostreococcus spp. has been proposed as model organ-

isms for Chlorophytes within this size fraction, because favorable growing conditions in culture

media, easy genetic manipulation and ecological relevance being dominant in this size fractions,

even in comparison to phototrophic bacteria, representing an opportunity to explore cellular

mechanisms based from infield observations (Six et al., 2005; Lozano et al., 2014; Lelandais et

al., 2016).

PPEs nutritional requirements are connected with macro and micro-nutrients availability in

natural environments. The elemental composition of planktonic cells is related to environmental

conditions, cellular functions, and plasticity (William Sunda, 2012; Guo et al., 2012). From

macro-nutrients, nitrogen chemical species represent a vital substrate for growth and develop-

ment in algae and highlight as an important nutritional source that can shape biological com-

munities, modulate microbial metabolism and limited algal growth in natural systems (Morel &

Price, 2003; Schoffman et al., 2016; Guo et al., 2012; Twining et al., 2015). Moreover, with ni-

trogen cycle perspective, several key elements of molecular machinery that had evolved related

to acquire and processing of nitrogen sources it has been described as proteins that coordinate

metal ions in their structure, representing then a cornerstone in microbial metabolism (Glass &
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Orphan, 2012; Blaby-Haas & Merchant, 2012; Sanz-Lueque et al., 2015). Moreover, this struc-

tural feature represents an interconnection among cellular components and processes. Further,

macro-nutrients requirements have shown significant influences in structuring microbial com-

munities, mostly due to dual effects as nutrients at low concentrations but as toxicant at greater

amounts (Stauber & Florence, 1987; Twining et al., 2011).

A key step in nitrogen and trace metal acquisition in photosynthetic eukaryotes nutrition are

membrane transporters, that move passively or actively solutes into the cell. These membrane

transporters represent the first layer of regulation in cellular content and stoichiometry (Blaby-

Haas & Merchant, 2012; Guo et al., 2012). Several nitrogenous forms are present in the water

column in natural environments, being nitrate an important nitrogen source in the global ocean,

especially for the PPEs subgroup (Fouilland et al., 2004), that have a preference for nitrogenous

small solutes (Morado & Capone, 2018). Nitrate, in their assimilation process, requires an

enzymatic reaction that produces reduced species as nitrite, which then could be assimilated into

the central metabolism in a process dependent on Molybdenum. This makes ion homeostasis

an important factor regulating nitrogen metabolism and productivity in PPEs (Fouilland et al.,

2004). Then, ion homeostasis represents a vital process that regulate inner equilibrium in cells.

In this context, Iron (Fe) and Copper (Cu) are of especial interest as micro-nutrients due to

their relation to biological processes. Both ions play key roles in cellular metabolism, related to

nutrients acquisition and homeostasis (Peers & Price, 2006; Schoffman et al., 2016). Further, it

has been shown that those elements interact in cellular context modulating metabolism and cell

growth, especially in Fe limited environments (Peers et al., 2005; Biwas et al., 2013; Semeniuk

et al., 2015). Metal ions could interact in biological process context limiting transport, influence

availability or ion displacement (Haferburg & Kothe, 2007; Lemire et al., 2013). These interac-

tions result in changes in organism physiology with unexplored ecological nor biogeochemical

effects.

The aim of this work was to test the effects of Fe and Cu availability on key transmembrane

transporters that participate in nitrogen metabolism and ion homeostasis in the ecologically rel-

evant PPE marine model, Ostreococcus tauri. We evaluate the potential effects of Cu and Fe
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though engineered strains, using fusion proteins as indicators of protein production through flu-

orescence, in different growth conditions. The hypothesis leading this work was that Cu toxic

effects interact with Fe availability and modulate nitrogen metabolism related transporters at

protein level. We predict that Cu induced transport proteins in a Fe availability regulated man-

ner, and at high concentrations this effect would be disrupted due to Cu toxic effects.
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4.3 Materials and Methods

4.3.1 Strains and Culture Condition

Ostreococcus tauri strain RCC745 (Clade C) was grown in plastic flasks or 96 well plates

(white colored), under constant light at an intensity of 20 µmol quanta cm−2sec−1. Cells were

grown in Keller-based Artificial Sea Water ASW (WERNER BioAgents) medium. This modi-

fied Keller medium contained was modify as follows: 24.55 gL−1 NaCl, 0.75 gL−1 KCl, 4.07

gL−1 MgCl2x6H2O, 1.47 gL−1 CaCl2x2H2O, 6.04 gL−1 MgSO4x7H2O, 0.21 gL−1 NaHCO3,

0.138 gL−1 NaH2PO4 and 0.75 gL−1 NaNO3. Cell counting was performed by flow cytometry

(Acurri C6, BD Biosciences, NJ, USA) and cells were fixed in 0.25 % glutaraldehyde for 10

min before measuring.

4.3.2 Gene selection and Informatic approach

Selection of Cu early responsive transmembrane annotated genes from Ostrococcus turi were se-

lected based on the work of Hernandez-Castillo et al., 2015 and KEEG annotation. Three genes

were picked up from early responsive patterns to Cu challenge, and engineered strains were

made as described in Lozano et al., 2014 to produce translational reporters as described else-

where and consisting in using modified version of vector known as pOtLuc (Millar et al., 1992;

Strayer et al., 2000; Corellou et al., 2009) containing multi-restriction recognition site followed

by luc gen upstream, also containing kan selective cassette with H4 gene promoter. Annota-

tions were corroborated and compared with previous KEGG (htt ps : //www.genome. jp/kegg/)

and pfam (htt ps : //p f am.x f am.org/) annotations. Also, annotations computed and inte-

grated within Inter-pro (htt ps : //www.ebi.ac.uk/interpro/beta/) web service and PANTHER

(htt p : //pantherdb.org/) server were used to establish protein identity.
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4.3.3 Cu and natural water assays

Cells were refreshed in ASW with a EDTA free trace metal cocktail, as described in Botebol

et al., 2015. Cell cultures at exponential growth phase were transferred into 96 white colored

well plate at 1 million cells per mL of cell density, in a final volume of 200 mL of Cu free

culture media. Then, Luciferin was added in a ratio of 15 µL of stock solution (1µM final

concentration) per 3 mL of culture. Overnight incubation take place and Cu Sulfate was added at

1µM, 5µM, 7.5µM, 15µM, 20µM prior to measurement. For Fe-Cu interactions, culture media

with different amounts of Fe Citrate were made previous to the assay. Growing concentrations

were as follows: 1µM, 2µM, 4µM, 8µM, 16µM. Independent experimental units (n=3) were

place in independent plates to be read in a Berthold microplate luminometer LB 960. Natural

water assay was performed with the same methodology, however, Ostrococcus tauri in culture

strains were first diluted and then mixed with pre-filtered natural sea water in order to have same

cell densities per well.
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4.4 Results

4.4.1 Cu response pattern

Under laboratory conditions, cells were exposed to growing concentrations of CuSO4. Engi-

neered strain with Nitrate (NO−1
3 ) transporter (OT_ostta10g00950) indicator responded quick,

and in a concentration dependent pattern (Fig.1A). Concentrations greater than 10 µM showed a

pick signal close to 2 hours after Cu exposure, followed by a continuous decrease of the signal.

However, lower concentrations showed a continuous increase of the signal, reaching maximal re-

sponse after 9 hours of Cu exposure. Engineered strain with the P-ATPase substrate transporter

(OT_ostta05g03500) indicator, showed rapid responses with a maximum signal related to 7.5

µM Cu, at around an hour after Cu exposure (Fig.1B). After that, all conditions showed strong

inhibition of the signal, in a time dependent manner. Also, Molybdate transporter showed an

activation to Cu inputs, but at low signal (less than 50% in signal responses respected to control

condition, Fig.1C). However, consistent temporal pattern was observed and all concentrations

tested increased signal over a consistent time window of around 9 hours.

In the case of the test with naturally polluted seawater, all the engineered strains tested here

shown a decrease in the signal during the first hour of the experiment. After that, a consis-

tent increase in the fluorescent signal was observed, in a concentration dependent manner, fol-

lowed by a stationary state and an increased signal reaching values greater than 200% respected

to control condition (Fig.1 D-F). This pattern was clear for engineered strain with (NO−1
3 )

transporter (OT_ostta10g00950, Fig.1 D) and engineered strain with Molybdenum transporter

(OT_ostta10g00960, Fig.1 F). For the engineered strain with P-ATPase (OT_ostta05g03500,

Fig.1 E) before 3 hours of exposure a noisy signal was observed. However, exposure to 175/25

proportion of natural water showed a maximal responded signal compared to other engineered

strains tested here at around 6 hours. Other protein specific patterns were detected under this

experimental conditions. The nitrate transporter response was faster that other proteins reaching

pick signal at around 5 hours of exposure and maximal intensity was observed in Molybdate
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transporter at 6.4 hours of exposure reaching 260% of signal respect to control condition.

4.4.2 Fe and Cu interaction with Nitrate transporter.

Cu assay in Ostreococcus tauri engineered strain with (NO−1
3 ) transporter (OT_ostta10g00950)

was performed under increasing Fe concentration in culture media. A consistent response was

observed in relation with control condition (Fig.2 A-J). Maximum rate of signal increase was

observed in first 30 min of exposure and pick signal was observed around 2 hours after the be-

ginning of the assay (Fig2. A-E). In increasing conditions of Fe in culture media, Cu induction

of protein production showed an overall growing signal pattern, which reach maximum values

at 16µM Fe without modifying general response (Fig.2 A-E). Nevertheless, maximal Cu con-

centration used (20µM Cu) showed a saturation behavior at concentrations greater than 1µM

Fe, resulting in less signal than lower Cu concentration (15µM Cu condition). Further, when Fe

was tested in Cu fixed conditions Fig2. F-J), a low intensity induction was observed, that reach

its pick at 10µM Cu with 8µM Fe at 4 hours of exposure (Fig2. H). At low Cu concentrations in

media, the signal remain lower than 50% of induction respect to control condition (Fig2. F-G).

Moreover, at high Cu exposure (15µM Cu and 20µM Cu, Fig.2 I-J) a common pattern of in-

duction was observed before 2 hours of exposure and comparable to 10µM Cu, but an opposite

behavior was observed in following time window and concentrations dependent inhibition after

two hours of measurement was observed.
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4.5 Discussion

From a cellular metabolism perspective, the results presented here showed how micro-nutrients

and macro-nutrients interact in cellular plasticity and adaptation in a culture media context.

First, protein responses to Cu, in all the strains tested, were fast and clear with a clear induc-

tion after 3 hours of Cu exposure. This pattern suggests that organisms of this size fraction are

resilient to changes in their chemical environment and are prepared to respond with molecular

tools to fluctuations in their surrounded chemical environment. In the case of the nitrate trans-

porter, a consistent increase of the signal was observed for all concentrations, until 7.5µM Cu

ions. This result suggests that Cu might increase nitrogen source requirements for planktonic

algae. Moreover, previous data suggest that metal interactions with nitrogen related enzymes,

pigment profiles and energy metabolisms occur in green linage in terms of cellular physiology

and functional performance (Botebol et al., 2015; Lelandais et al., 2016; Scheiber et al., 2019).

The other proteins tested here showed a more diffuse pattern, but a clear response, suggesting

that potential other controls and regulated mechanisms are involved. From ion homeostasis per-

spective, Molybdate transporter and P-ATPase induction patterns suggest that planktonic cells

are prepared to deal with ionic changes in media and in emulated natural conditions responses

do not require heavy production of more proteins suggesting an energy-efficient mechanism.

In natural water assays, a biphasic response pattern was observed, suggesting that in natural

seawater multiple inductors could be presented, making the sensors reacts in a different way

when compared to artificial seawater. In that sense, the availability of those inductors could

be affecting in a different way the cellular physiology. As well as in the previous assay, the

response of the strains to the different molecules present in the seawater was fast, even less than

hours of exposure. If the observed induction is considered just by one single chemical species, it

suggests that multiple complexion states play a key role in algae metabolisms. This highlighting

the importance of chemical environments and biological context for algal cells were production

of complex molecules and posterior release to surrounded media could influence metabolisms

and nutritional requirements of adjacent cells in natural environments (Bruland et al., 1991;
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Gonzalez-Davila, 1995; Stauber et al., 2005). Exposure with water from heavy Cu-loaded place

showed the greater signal suggesting that complex mixtures are present with biological activity

and lead to changes in nutritional requirements of plankton cells in natural environments.

In the Fe-Cu interaction assay, a synergistic effect was observed suggesting that those ions

influence cellular metabolism and homeostasis play a key role in macro-nutrient acquisition

(William G. Sunda, 2012). An increase of signal was observed especially in Cu inductions

assays followed by a heavy decrease in signal, suggesting that potential toxic effects in natural

environments might be incremented under potential Fe depositions. This effect could be relevant

in contexts of coastal management and potential Fe fertilization attempts and must be evaluated

carefully (Sunda, & Huntsman, 1995; Timmermans et al., 1998; Lelong et al., 2013). Now, in

Fe induction assay, a low magnitude induction was observed suggesting that cells were adapted

to Fe availability variations not so for Cu assay showing a more narrow range of variation.

However, a maximum induction was observed at 10µM of Cu sulfate in culture media suggesting

that cells are adapted to a limited amount of Cu exposition. Moreover, highest ion concentrations

tested here showed that potential Fe-Cu competition might occur. This observation is based on

the greater concentration in Cu tested here (20µM) was inhibited en relation to 15µM in Cu

assays, and same pattern was observed in Fe induction assays.

The patterns discussed became even more relevant in the present time, where chemical

changes in modern ocean are observed at global scale (Foster & Charlesworth, 1996; Paytan

et al., 2009; Nogales et al., 2011; Zeng et al., 2015). Chemical pollution and coastal environ-

ment usage represent a novel input of trace metals directly in the environments at no clear rates.

This might result in unknown effects over microbial local ecology with unknown effects in bio-

geochemical cycles and food webs. In future global scenarios for global change prediction, Cu

availability is expected to increase and Fe availability might decrease potentially leading to more

restricted growth conditions for planktonic cells and with eventual toxic effect by Cu availabil-

ity (Millero et al., 2011; Bijma et al., 2013). These effects might result in unknown ecological

impacts on microbial communities and ecosystem functions.
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Chapter 5

General Discussion

As from the data generated by this thesis work, community ecology with emphasis on envi-

ronmental patterns was evaluated, leading to a better understanding of disturbances on natural

environments, from a microbial ecology perspective. With community ecology outlook, field

data showed a particular temporal behavior of picoeukaryotic communities under trace metals

disturbances, with special focus on Copper ions in the dissolved fraction. Commonly in sci-

entific literature, microbial planktonic communities are described as hetero/mixotrophic domi-

nated and highly sensitive to physical and chemical environmental fluctuations (de Vargas et al.,

2015; Connell et al., 2017; Martin-Platero et al., 2018). Nevertheless, in the Chañaral area, a

reference site to study environmental disturbances, a diffuse pattern was described in which (i)

seasonal fluctuations in community ensembles were non-clear or nonexistent and (ii) functional

and taxonomic dominance patterns were disturbed in comparison with previous studies docu-

mented to date (Alexandra Z. Worden, 2006; Rii et al., 2016), shifting heterotrophic dominance

to autotrophic dominance. Furthermore, within the autotrophic fraction, the commonly coastal

dominance of Mamiellophyceae was changed to Bacilliarophyta related taxa. This observa-

tion leads to the main conclusion in which trace metals, specifically Copper, can act as active

picoeukaryotic communities shaper and disrupt community sensitivity to physic-chemical fea-

tures.

Field observations represent an invaluable information source over how natural environment
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and ecological systems develop and work overtime. However, in-field approximations to mi-

crobial ecology have methodological and theoretical limitations. From a disturbance ecology

point of view, and taking statistical designs into account, address real effects over environmental

fluctuations in a temporal framework require in-detail description of previous stable or transient

states (B. E. Beisner et al., 2003; Shade et al., 2012). The last is in order to produce quantifiable

interpretations over the phenomena and with a proper sampling design quantify effect sizes. In

real scenarios, rely on previous data is not always possible due to lack of data or methodological

feasibility. This problem leads to comparisons in which the lack of previous states avoids the

possibility to generate solid predictive models over natural environments. Nevertheless, those

comparisons and descriptions could generate over time a solid framework from which develop

null models and interpretations from direct observations (Karsenti et al., 2011).

Due to the above mention limitations, an alternative approach became necessary and eco-

logical experimentation emerge as a tool to test specific questions. Thus, to test Cu effects

over picoeukaryote populations and community, a non-disturbed microbial assemblage was used

with a microcosms approach, under laboratory conditions. This approximation to environmen-

tal disturbances allows us to identify and quantify Cu effects over non-disturbed populations in

a microbial community context, as a simulation of copper artificial depositions. Ecologically

relevant groups were identified as susceptible and responsive to copper inputs. In scientific lit-

erature, it is well accepted that Mamiellophyceae related taxa, with at least one of main three

species (Ostreococcus, Micromonas and Bathycoccus), largely dominate water column envi-

ronments in coastal regions in the eukaryotic small size fraction (Not et al., 2004; Lambert

et al., 2018). Humboldt-CS’s coast is not and exception and Ostreococcus related taxa have

been proposed as dominant in non-disturbed, microbial assemblage in the microcosms approach

(Collado-Fabbri et al., 2011). Fast responses were observed, in which Ostreococcus related taxa

relative abundances diminish significantly after four hours of Cu exposure, suggesting that Cu

inputs in natural environments generate immediate effects over microbial populations, shifting

in unknown ways the functional properties and features of natural ecosystems. Moreover, a

taxa dependent differential temporal behavior was observed, suggesting that further analyses
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are required to understand the specific responses of key taxa, within microbial ensembles, with

ecological significance in disturbance ecology context. In spite of the fact that this approach

allows identifying key responsive pattern in a consistent way, methodological limitations pre-

vent to develop quantitative models which can be applied and tested in other environmental

conditions. Temporal resolution related to real-time responses, multiple initial states related

to identification of common responsive patterns over water column picoeukaryotic communi-

ties and multiple environmental parameterizations were identified as main limitations related

to predictive model generation in wide scenarios. However, and despite these limitations, gen-

eral responsive pattern was clear and consistent overall sampling design. Ostreococcus relative

abundances strong decrease indicate that this model organism could represent an opportunity to

test mechanistic hypothesis related to disturbance ecology.

Ostreococcus had been propose as model organism to study metal metabolism in marine pi-

coeukaryotic plankton (Palenik et al., 2007; Lozano et al., 2014; Lelandais et al., 2016; Botebol

et al., 2017; Scheiber et al., 2019) as part of green lineage (Chlorophyta). Moreover, with the

Cu susceptibility observed in community context, this model organisms highlight as a suitable

model to study Cu disturbances in an ecologically relevant context associated with coastal en-

vironments. In this line, dynamical copper responses in Ostreococcus physiological responses

could lead to interpretations of how environmental disturbances affect microbial communities,

ecosystemic functions and eventually may lead to bioengineering interventions to environmen-

tal disasters. Multi-nutrient interactions and their impacts on cellular physiology are canonical

common-knowledge in scientific literature (William G. Sunda, 1989; Morel et al., 1991; William

G. Sunda, 2012; Twining et al, 2015), but in unicellular Chlorophytes, and especially in marine

models, little is known in-details about physiological responses in copper metabolism (Guo

et al., 2012; Scheiber et al., 2019). Interactions among metal’s cellular management and ni-

trogenous sources have been proposed, and membrane transporters response has been explored

(Derelle et al., 2006; Blaby-Haas Merchant, 2012; Blaby-Haas Merchant, 2017). The data pre-

sented here suggest a rapid response to ion homeostasis and a hypothetical increasing require-

ment of nitrogen sources in a synergistic manner with iron availability under copper challenges.
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However, the cellular approach in spite of generating in-details data with a mechanistic per-

spective has associated limitations and challenges as well. Generalize from cellular processes

and physiological features to an environmental system, and assume comparable properties from

model cellular organisms to a broad range of organisms without taking to account an evolution-

ary perspective, have been consider the principal challenges in this approximation and one of

the main modern ecological questions (Sutherland et al., 2013; Boyd et al., 2018). Eventually,

cyclical processes are required to generate consistent models that take into account data from

cellular processes to ecosystem features (Worden et al., 2015). In an iterative processes, cellular

data can be used to assess and explore environmental variability and identify common trends

and particularities directly from the environment.

The understanding of environmental phenomena has become an imperative in our time,

mostly by changing perspectives about the relevance of ecological and physical processes next

to the growing human footprint in natural systems (Crain et al., 2008; Halpern et al., 2009;

Halpern et al., 2015), but also due to emerging of new technologies that allows to explore natural

environments with new approaches. Trace metals disturbances, by its side, have been explored

extensible in the literature from a bacterio-centric point of view and little is known from cellu-

lar nor ecological responses of eukaryotic microbes (Harrison et al., 2007 Dupont et al., 2011).

Moreover, from an environmental perspective, unclear consequences are known for local de-

posits that generally consider the ocean dilution factor as gravitating without considering local

variability and understanding the details of environmental local processes (Michael J. Kennish,

2002; Pinto et al., 2003). Thus, such features related to local variability and processes should

be included in management and environmental policy frameworks in order to evaluate future

scenarios with higher accuracy and precision.
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