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“In science it often happens that scientists say, 'You know that's a
really good argument; my position is mistaken,” and then they
would actually change their minds (...) I cannot recall the last

time something like that happened in politics or religion.”
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Summary

Summary

The Phylum Bathyarchaeota is currently one of the most studied uncultured archaeal
phyla. Bathyarchaeota are phylogenetically diverse, globally ubiquitous and especially
abundant in marine subsurface sediments. Despite their global significance, their ecologi-
cal role is still unknown due to the lack of cultivated representatives and the paucity of
available sequenced genomes. Besides, current distribution patterns provide few clues
about their metabolic capabilities and physiological requirements.

The current work tackled the problem by combining different phylogenetic and mo-
lecular techniques to shed light on the main environmental drivers that affect the distribu-
tion patterns of Bathyarchaeota at a global and regional scale. Our results showed that the
phylum Bathyarchaeota went across various saline-freshwater transitions during its evolu-
tion that caused diversification events that resulted in subgroups specifically adapted to
marine and saline habitats. Besides, our approach provided a robust ecological framework
in which Bathyarchaeota appear as a core generalist group in the sediment realm, sharing
their key role with other uncultured archaeal lineages such as the Thermoplasmata. At a
regional scale, a molecular survey carried out in different stratified lakes of the Banyoles
Karstic System provided evidences that Bathyarchaeota are a common component of ar-
chaeal assemblages thriving in both euxinic water compartments and sediments. Multi-
variate analyses identified sulfide and dissolved organic carbon as main environmental
variables that explain the distribution of Bathyarchaeota subgroups between the plank-
tonic and sedimentary habitats. In the latter, Bathyarchaeota were particularly prevalent in
biofilms developed on leaf litter settled in sediments of Lake Ciso, that provided a natural
enrichment where to better characterize their habitat segregation, phylogenetic diversity
and membrane lipid composition. The application of complementary molecular tools such
as massive sequencing of 16S rRNA gene and lipidomics revealed that biofilms were al-
most solely composed of subgroup Bathyarchaeota-6 and possessed a characteristic, and
hitherto unknown, profile of isomeric isoprenoid tetraether lipids GDGT-1, -2 and -3.

Altogether, our study recognised Bathyarchaeota as key players in marine and fresh-
water sediments at both global and regional scales. We also identified the main envi-
ronmental drivers behind their group diversification and current subgroup segregation,
and stablished the co-occurrence and putative synergy between members of the Phylum
Bathyarchaeota and the class Thermoplasmata. Besides, our work provides new molecular
tools to better address ecological studies focused on the Bathyarchaeota and make an im-
portant step forward to finally find a specific lipid biomarker for this widespread and di-
verse archaeal lineage.
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Resum
Resum

El Filum Bathyarchaeota és un dels llinatges d’arqueus no cultivats més estudiat degut a
la seva diversitat filogeneética i ubiqiiitat, especialment en sediments marins on sén
particularment abundants. Tot i aixi, la manca de representants cultivats i els pocs
genomes seqilenciats del que es disposa limita el coneixement sobre el seu paper en
I'ecosistema, els factors ambientals que afecten la seva distribucio, les seves capacitats
metaboliques i requeriments fisiologics.

El treball que aqui es presenta combina tecniques moleculars i filogenetiques per
coneixer quins factors ambientals son els que afecten la distribuci6 dels Bathyarchaeota a
escala global i regional. Els resultats mostren que el Filum Bathyarchaeota ha patit, al llarg
de I'evolucio, diverses transicions entre ambients salins i d’aigua dol¢a que han resultat en
una diversificacié i adaptacié dels diferents subgrups a cadascun d’aquests ambients. Les
aproximacions moleculars que hem desenvolupat defineixen un marc ecologic robust en el
que Bathyarchaeota apareix com a un grup central, generalista en termes de recursos i que
desenvolupa, juntament amb altres llinatges d’arqueus no cultivats com ara els
Thermoplasmata, un paper clau en els sediments. A escala regional, hem aplicat un analisi
molecular en diversos llacs estratificats del Sistema Carstic de Banyoles que ha permes
determinar que els Bathyarchaeota son membres estables de la comunitat d’arqueus en
ambients euxinics tant de la columna d’aigua com del sediment. Les analisi multivariants
han identificat que el sulfhidric i el carboni organic dissolt son les principals variables
ambientals que expliquen la segregacié dels subgrups de batiarqueus entre ninxols
planktonics i sedimentaris. Concretament en ambients bentonics, els Bathyarchaeota s6n
particularment abundants en biofilms desenvolupats sobre fulles en descomposicid
acumulades al sediment del llac Ciso, representant un vertader “enriquiment natural”
d’aquests arqueus. Estudis de lipidomica i seqiienciacié massiva del gen del 16S rRNA han
mostrat que en aquests biofilms la comunitat d’arqueus esta composada gairebé en la seva
totalitat per Bathyarchaeota del subgrup-6 i mostren un perfil d’isomers dels lipids
isoprenoides de membrana (GDGT-1, -2 i -3) tnic i fins ara desconegut.

En conjunt, el nostre estudi identifica als Bathyarchaeota com a grup clau en sediments
marins i lacustres tant a escala global com regional. També¢ identifica els principals factors
ambientals que han afectat la seva diversificacié durant I'evolucié aixi com en la segregacid
que actualment mostren en ambients lacustres. També es presenten evidéncies de la co-
ocurréncia freqiient entre membres del filum Bathyarchaeota i la classe Thermoplasmata
en sediments, fet que suggereix una possible relacio6 sintrdfica entre aquests dos llinatges.
El treball aporta, a més, eines moleculars que permetran estudiar els Bathyarchaeota amb
més detall i avengos clau per la identificacié de biomarcadors lipidics especifics per aquest
grup d’arqueus tan ubic i divers.
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Resumen

El Filum Bathyarchaeota es uno de los linajes de Archaea no cultivadas mas estudiados
debido a su diversidad filogenética y ubicuidad, especialmente en sedimentos marinos
donde son particularmente abundantes. Sin embargo, el bajo nimero de genomas secuen-
ciados asi como la falta de representantes cultivados limita el conocimiento sobre su papel
en el ecosistema, los factores que afectan a su distribucion, sus capacidades metabdlicas y
requerimientos fisioldgicos.

Este trabajo combina técnicas moleculares y filogenéticas para identificar los factores
ambientales que controlan sus patrones de distribucion a escala global y regional. Los re-
sultados muestran que el Filum Bathyarchaeota sufrid, a lo largo de la evolucion, varias
transiciones entre ambientes marinos y de agua dulce que resulté en una diversificacion y
adaptacion de los distintos subgrupos a cada uno de estos ambientes. Las aproximaciones
moleculares desarrolladas definen un marco ecolégico robusto en el que Bathyarchaeota
aparece como un grupo central, generalista en términos de recursos y que desarrolla un
papel clave en los sedimentos junto con otros linajes de archaea cémo las Thermoplasma-
ta. A escala regional hemos realizado un analisis molecular en diversos lagos estratificados
del Sistema Carstico de Banyoles que ha permitido determinar que las Bathyarchaeota son
miembros estables de la comunidad de archaea de ambientes euxinicos, tanto en columna
de agua como en el sedimento. Mediante analisis multivariante se identificé el sulthidrico
y el carbono organico disuelto como las variables ambientales que mejor explican la segre-
gacion de los diferentes subgrupos entre el plancton y el sedimento. Concretamente en los
ambientes bentdnicos, las Bathyarchaeota son particularmente abundantes en biofilms
desarrollados sobre hojarasca en descomposicion acumulada en el sedimento de la laguna
del Ciso, constituyendo un verdadero “enriquecimiento natural” de estas archaea. Analisis
de lipidomica y de secuenciacién masiva del gen 16S rRNA han mostrado que en estos
biofilms la comunidad de archaea esta dominada practicamente en su totalidad por Bath-
yarchaeota del subgrupo-6 y mostrando un perfil de isoémeros de lipidos isoprenoides de
membrana (GDGT-1, -2 y -3) unico y hasta ahora desconocido.

En conjunto, nuestro estudio identifica las Bathyarchaeota como un grupo clave en los
sedimentos marinos y lacustres tanto a escala global como regional. También identifica los
principales factores ambientales que han afectado su diversificacién durante la evolucion
asi como la segregacion que actualmente muestran en ambientes lacustres. También se
presentan evidencias de la co-ocurrencia y posible relacion sintréfica entre los miembros
del filum Bathyarchaeota y la clase Thermoplasmata. El trabajo aporta, ademas, herra-
mientas moleculares que facilitaran el estudio de las Bathyarchaeota con mads detalle y
avances clave para identificar un biomarcador lipidico especifico para este grupo de archa-
ea tan diverso y ubicuo.
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Introduction |
1.1. Domain Archaea

‘Advances in molecular phylogenetics, macromolecular sequencing techniques, and
emerging genomic technologies, (...), are changing the playing field dramatically for
microbial biologists’

(DeLong and Pace, 2001)

1.1.1. From Woese to Woesearchaeota

Our view of the phylogenetic diversity and ecological distribution of Archaea (Woese
and Fox, 1977) has suffered drastic changes in the last decades (Pace, 1997). The large ma-
jority of these prokaryotes remain uncultured and our knowledge relies on cultivation-
independent techniques based on conserved marker genes (Rinke et al., 2013). The use of
the 16S rRNA gene as biomarker for their occurrence and abundance has expanded our
view of the distribution and ecology of Archaea. Sequences affiliated to Domain Archaea
have been retrieved from the most disparate environments (soils (Bintrim et al., 1997;
Walsh et al., 2005; Bates et al., 2011; Tripathi et al., 2013), terrestrial hot springs (Barns et
al., 1996), marine environments (DeLong, 1992; Fuhrman et al., 1992; Massana et al.,
1997; Karner et al., 2001), marine hydrothermal vents (Teske et al., 2002), deep subsurface
(Biddle et al., 2006, 2008; Teske and Serensen, 2008), freshwater ecosystems (Stein et al.,
2002; Llirds et al., 2008; 2010; 2011; Lin et al., 2012; Yergeau et al., 2012; Berdjeb et al.,
2013; Bricheux et al., 2013; Silveira et al., 2013; Vila-Costa et al., 2013), volcanic ash layers
(Inagaki et al., 2006) among others) thus enlarging its phylogenetic tree (Figure 1.1A) and
establishing the ubiquity of the Archaea on a global scale (DeLong and Pace 2001, Schleper
et al., 2005; Chaban et al., 2006; Auguet and Casamayor, 2008; Lliros et al., 2008; Teske
and Serensen, 2008; Casamayor and Borrego, 2009; Auguet et al., 2010). Recently, advan-
ces in genomic reconstruction from metagenomic sequence data have yielded valuable
insights into the metabolic capabilities and ecological roles of many novel lineages (Hal-
lam et al., 2004; Konneke et al., 2005; Elkins et al., 2008; Walker et al., 2010; Lloyd et al.,
2013; He et al.,, 2016; Vanwonterghem et al., 2016). Moreover, methodological and com-
putational advances in molecular techniques at single cell level have accelerated the identi-
fication and genomic characterization of high-rank archaeal lineages. More new phyla or
candidate phyla have been described in the last 6 years than in the past 30 years. (Woese et
al., 1990; Barns et al., 1994; Huber et al., 2002; Brochier-Armanet et al., 2008; Baker et al.,
2010; Nunoura et al., 2010; Narasingarao et al., 2012; Rinke et al., 2013; Kozubal et al.,
2013; Meng et al., 2014; Spang et al., 2015; Castelle et al., 2015; Seitz et al., 2016; Baker et
al., 2016).
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Figure 1.1. Archaeal phylogenetic tree based on (A) 16S rRNA gene sequences alignment (extracted from
Woese, 1987) and (B) and archaeal genomic tree based on the alignment of 15 concatenated ribosomal
proteins (extracted from Castelle et al., 2015).
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1.1.2. The current archaeal tree

Our view of the phylogeny and diversity of Archaea is rapidly evolving. The most re-
cent and comprehensive phylogenomic-based assessment of the domain Archaea (Rinke et
al., 2013) proposed three superphyla encompassing different archaeal phyla, namely:
superphyla TACK and DPANN, and the phylum Euryarchaeota. Table 1.1 summarizes all
new phyla according to Castelle et al 2015 (Figure 1.1B). As more genomes and improved
phylogenetic inference methods will be applied, the currently proposed lineages de-
lineations and their evolutionary relationships will be re-evaluated (Rinke et al., 2013)

1.1.2.1 Phylum Euryarchaeota

Phylum Euryarchaeota was first described as one of the two main lineages of the do-
main Archaea (Woese et al., 1990). Initially, all methanogenic archaea affiliated to the Eu-
ryarchaeota and were classified into seven orders: Methanobacteriales, Methanococcales,
Methanomicrobiales, Methanosarcinales, Methanocellales, Methanopyrales and Metha-
nomasiliicoccales. Phylum Euryarchaeota also comprises halophiles (Halobacteriales), sul-
fate-reducing species (Archaeoglobales), and two orders that include (hyper)thermophiles,
the Thermoplasmatales (also comprising mesophilic lineages) and the Thermococcales.

1.1.2.2. Superphylum TACK

Superphylum TACK (Guy and Ettema, 2011) included the Thaumarchaeota, the Ai-
garchaeota, the Crenarchaeota and the Korarchaeota. New lineages were later also in-
cluded within TACK, namely, the Phylum Bathyarchaeota and the Phylum Geoarchaeota
(Castelle et al., 2015).

Phyla Crenarchaeota and Korarchaeota branched together. The Crenarchaeota was in-
itially described from cultured representatives as a group encompassing (hy-
per)thermophilic and thermoacidophilic representatives, mainly related with the sulfur
cycle (Woese et al., 1990). Phylum Korarchaeota was postulated on the basis of envi-
ronmental 16S rRNA gene surveys and phylogenies from enrichments of the hyper-
thermophilic Candidatus ‘Korarchaeum cryptophilum’ (Barns et al., 1996; Elkins et al.,
2008). The Phylum Thaumarchaeota was proposed after sequencing the genome of Can-
didatus ‘Cenarchaeum symbiosum’, a symbiont of the marine sponge Axinella Mexicana
(Preston et al., 1996), and demonstrated that mesophilic archaea were widespread in tem-
perate environments (Brochier-Armanet et al, 2008). Thaumarchaeota comprises all
known ammonia-oxidizing Archaea (AOA). The discovery of Thaumarchaeota has resul-
ted in major contributions to our understanding of global C and N cycling in the open
ocean (Ingalls et al., 2006; Kozubal et al., 2013). Interestingly, Thaumarchaeota possess a
specific and unique membrane lipid, the crenarchaeol, which is consistent with the segre-
gation of the phylum in the archaeal phylogenetic tree (Schouten et al., 2013; Pester et al,
2011). Phylum Aigarchaeota arises from the former lineage Hot Water Crenarchaeotic
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Group I (HWCGI) (Nunoura et al., 2005). Metagenomic analyses allowed the almost com-
plete genome sequence of the uncultivated Ca. Caldiarchaeum subterraneum (Nunoura et
al., 2010). Most recently, Phylum Geoarchaeota was described from 16S rRNA gene se-
quences retrieved from thermophilic habitats (Kozubal et al., 2013). Finally, the formerly
known Miscellaneous Crenarchaeotic Group (MCG) was proposed as the new Phylum
Bathyarchaeota after phylogenetic reconstructions that placed members of this group in a
deep branching position together with the Thaumarchaeota and the Aigarchaeota (Meng
et al., 2014). A detailed description of the origin and characteristics of the Bathyarchaeota
is provided in Section 1.2 of this introductory chapter.

After the comprehensive work of Rinke et al (2013) and Castelle et al (2015), several
new candidate phyla have been described. Thorarchaeota and Lokiarchaeota (formerly
Deep Sea Archaeal Group (DSAG)/Marine Benthic Group B (MBG-B)) are two new pro-
posed phyla described from sequences retrieved from marine and estuarine sediments,
respectively (Spang et al., 2015; Seitz et al., 2016). They both branch deeply within the
TACK superphylum and provide insights into the ancestral relationships between the ar-
chaea and the eukaryotes. The separation between the Euryarchaeota and the "TACK'
group represents the primary split among the known archaeal species. Petitjean et al.
(2014) proposed to call this new superphylum Proteoarchaeota, as a reference to the Greek
god of the sea Proteus, able to display many different forms.

1.1.2.3. Superphylum DPANN

The DPANN superphylum initially encompassed Phyla Diapherotrites (Rinke et al.,
2013), Parvarchaeota (Baker et al., 2010), Aenigmarchaeota (Rinke et al., 2013), Nanoha-
loarchaeota (Narasingarao et al., 2012), and the Nanoarchaeota (Waters et al., 2003; Podar
et al., 2013). Later, Castelle et al. (2015) included Phyla Micrarchaeota (formerly Archaeal
Richmond Mine acidophilic nanoorganisms group 2 (ARMAN-2, Baker et al., 2006)),
Pacearchaeota and Woesearchaeota (both included in the formerly known Deep Hydro-
thermal Vent Euryarchaeotal Group 6 (DHVE-6) (Takai and Horikoshi, 1999)). Originally,
most of these new phyla classified within the Euryarchaeota (Table 1.1). The precise posi-
tion of superphylum DPANN into the archaeal tree is still a matter of debate in the spe-
cialized literature (Petitjean et al., 2014; Williams and Embley et al., 2014). For instance,
Petitjean et al., (2014) described an archaeal phylogenetic tree in which members of the
DPANN (Nanoarchaeota, Parvarchaeota and Nanohaloarchaeota) were classes included
into the Phylum Euryarchaeota. In the current work, we have used the classification pro-
posed by Rinke et al. (2013) and further refined by Castelle et al. (2015). According to
these authors, the DPANN superphylum is a monophyletic clade in which the small cell
and genomic size are unifying features (Rinke et al., 2013). Notwithstanding this, DPANN
superphylum represents an intriguing collection of phyla with disparate physiological re-
quirements and environmental distribution (Youssef et al., 2014), ranging from strict
symbiotic and thermophilic species within the Nanoarchaeota (Waters et al., 2003; Podar
et al., 2013), to the acidophilic candidate phylum Parvarchaeota (formerly ARMAN-4 and
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ARMANS-5 (Baker et al., 2006)) and to the non-extremophilic candidate phyla Aenigmar-
chaeota (Rinke et al., 2013) and Diapherotrites (formerly known as pMC2A384 (Takai and
Horikoshi, 1999)). However, many other characteristics seem to be common to all mem-
bers of this phylum, probably as a consequence of their streamlined, reduced-size ge-
nomes. For instance, they may not have the ability to synthesize the glycerol-1-phosphate
(G1P) backbone of archaeal lipids and so they rely on host cells or cell debris for the syn-
thesis of their lipids (Villanueva et al., 2016).
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1.2. Phylum Bathyarchaeota

(Miscellaneous Crenarchaeotic Group)

“At present, no other deep subsurface archaeal lineage has such a diversified habitat
range (...) and the high intragroup phylogenetic depth of the MCG Archaea (...).”
(Teske and Serensen, 2008)

1.2.1. From “Miscellaneous” to Bathyarchaeota

The Phylum Bathyarchaeota is one of the most interesting uncultured archaeal lineages
considering its ubiquity, abundance, phylogenetic diversity and apparent metabolic versa-
tility. Members of the Phylum Bathyarchaeota were described for the first time as a mono-
phyletic clade by DeLong (1998) on the first comprehensive study of the non-
extremophilic archaea. DeLong described the Group I of the Phylum Crenarchaeota con-
taining all the marine and terrestrial non-thermophilic archaeal 16S rRNA sequences. De-
Long divided this Group I into three subclusters, I.1 (currently the Phylum
Thaumarchaeota), 1.2 (currently the subgroup 15 within the Bathyarchaeota) and 1.3 (cur-
rently the Phylum Bathyarchaeota). Later on, those groups were refined and relabelled as
L1 (formerly C1), 1.2 (formerly C3) and 1.3 (formerly C2) (DeLong and Pace, 2001) Con-
currently, similar sequences of the group C2 were found in deep terrestrial subsurface in
South African goldmines clustering with other sequences from diverse terrestrial habitats,
and thus the group was labelled as ‘Terrestrial Miscellaneous Crenarchaeotic Group’
(TMCQG) (Takai et al., 2001). Later on, groups C2 and the TMCG were classified into a
single lineage, finally named Miscellaneous Crenarchaeotic Group (Inagaki et al., 2003).
Recently, this group was proposed as a new Phylum “Bathyarchaeota” from the greek
“bathys” meaning “deep” as reminder of its deep branching within the archaeal tree (Meng
et al.,, 2014). The Phylum Bathyarchaeota was described as a sister lineage of the Phylum
Aigarchaeota and phylogenetically close to the Phylum Thaumarchaeota (Nunoura et al.,
2011, Rinke et al., 2014).

Sequences of the Phylum Bathyarchaeota have similarities as low as 76% between the
most distant members (Fry et al., 2008; Kubo et al., 2012). This large intragroup phylogen-
etic diversity compelled researchers to identify smaller, phylogenetically coherent sub-
groups and to identify potential biogeographical trends and ecological constraints to
understand their distribution.

1.2.2. Sorting out the “miscellany”

So far, three different studies tried to sort out the Bathyarchaeota lineage into smaller
and more manageable subgroups. Serensen and Teske (2006), tried to discern which ar-
chaeal groups from marine sediments were active and to establish which groups domi-
nated the active community on different subsurface layers. They realized that the MCG
dominated many different layers, indicating a flexible ecophysiology of the group and di-
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vided them into subclusters (MCG-1 to MCG-4), linking them to specific habitats that
could be used as indicator for putative metabolisms. Later, Jiang et al. (2011), established
that members of the Bathyarchaeota dominated the community of estuarine sediments of
the Pearl River Estuary and classified bathyarchaeotal sequences into seven subgroups (A,
B, C, D, E, F and G) increasing the coverage of the previous classification (Figure 1.2). In
2012, Kubo and co-workers developed the most complete classification identifying 18
phylogenetic subgroups (from MCG-1 to MCG-17 with a later subdivision of MCG-5 into
MCG-5a and MCG-5b). This new classification expanded the previous one by Jiang and
coworkers and included several new clusters that were not originally included within the
Bathyarchaeota. For instance, the previously group named pMARA-4 (Nercessian et al.,
2005) was renamed as MCG-16, the group C3 described by Inagaki et al. (2006) was re-
named as MCG-15, and the MBG-C was relabelled as MCG-8 (Figure 1.2). This classifica-
tion was later expanded to 21 subgroups (See Chapter 1).
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1.2.3. Distribution, crossing borders.

The difficulty to categorize the wide habitat range of members of the Bathyarchaeota
was reflected on the label ‘miscellaneous’ from its former name (the Miscellaneous
Crenarchaeotic Group). Indeed, the Bathyarchaeota have a cosmopolitan distribution in
natural ecosystems and appears to have no well-defined boundaries in terms of salinity,
temperature or trophic status. They are particularly abundant and widespread in marine
environments, from the oligotrophic deep subsurface sediments (Biddle et al., 2006, 2008;
Teske, 2006; Fry et al., 2008; Durbin and Teske 2012; Kubo et al., 2012; Lloyd et al., 2013;
Lazar et al., 2014; Evans et al., 2015; He et al., 2016) to the organic rich surficial marine
sediments (Vetriani et al., 1999). They are occurring in basement fluids of buried sedi-
ments (Jungbluth et al., 2012), cold seep sediments populated by tubeworms (Lazar et al.,
2010) or the buried coral fossils (Hoshino et al., 2011). Members of the Bathyarchaeota
tolerate a wide range of salinities since they have been identified in hypersaline sediments
(Lazar et al., 2011), brackish lakes (Hershberger et al., 1996), estuarine sediments (Jiang et
al., 2011; Kubo et al., 2012; Meng et al., 2014), freshwater lakes (Jiang et al., 2008; Llirds et
al., 2008, 2011, 2014; Buckles and Villanueva et al, 2013; Fillol et al., 2015; Fan and Xing,
2016), stream sediments (Porat et al., 2010) and groundwater (Chen et al., 2009). Regard-
ing their temperature tolerance, they have been identified in samples from marine hydro-
thermal vents (Serensen et al., 2004) and terrestrial hot springs (Barns et al., 1996; Teske et
al., 2002; Wembheuer et al., 2013) but also from the Artic permafrost (Shcherbakova et al.,
2016). They also have been identified in terrestrial environments as deep-subsurface
paleosols (Chandler et al., 1998), forest soils (Tupinamba et al., 2016) and the deep terres-
trial subsurface (Takai et al., 2001). The Bathyarchaeota are also present in other envi-
ronments such as mud volcanoes (Oni et al., 2015) and salt marsh sediments (Seyler et al.,
2014). Sequences affiliated to the Bathyarchaeota have consistently been retrieved from oil
contaminated soils (Kasai et al., 2005), landfill leachates (Huang et al., 2003), anaerobic
wastewater reactors (Collins et al., 2005; Kuroda et al., 2015), human-perturbed water
bodies (Hu et al., 2016), termite guts (Friederich et al., 2001), the surface of sugar beet
plants (Shi et al., 2015) and fermented sea-food (Roh et al., 2010).

1.2.4. Putative metabolisms

Our understanding of the metabolic capabilities and potential biogeochemical roles of
the Phylum Bathyarchaeota is still limited. The vast phylogenetic diversity and the wide-
spread distribution suggest a wide metabolic versatility, but the lack of cultured represen-
tatives and the paucity of sequenced genomes still impede a better understanding of their
metabolic versatility and ecological roles (He et al., 2016).

Firsts approaches on the metabolism of the Phylum Bathyarchaeota derived from sub-
surface marine sediments where members of the Phylum Bathyarchaeota were dominant
(Biddle et al., 2006; Webster et al., 2006). Results on isotope labelling revealed that these
archaea were able to feed on buried organic carbon (Biddle et al., 2006), and hence, they
were identified as heterotrophic. These results were later supported by results obtained
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from estuarine sediments (Kubo et al., 2012). The lack of correlation between their abun-
dance and any geochemical gradient indicated that they might obtain carbon and energy
from substrates that vary little along sediment depth and between habitats. Accordingly,
potential metabolisms included the fermentative degradation of different types of organic
matter buried into sediments were chronic energy stress is the common situation. Thus,
the Bathyarchaeota were likely to access substrates that are physically or chemically recal-
citrant (Biddle et al., 2006; Lipp et al., 2008; Takano et al., 2010; Webster et al., 2010; Lliros
et al., 2011; Kubo et al., 2012). Same conclusions were reached after Stable Isotope Probing
(SIP) experiments using salt march sediment samples (Seyler et al., 2014). Results sug-
gested that members of the subgroups Bathyarchaeota-8 and Bathyarchaeota-6 were able
to assimilate a wide variety of organic substrates, including recalcitrant biopolymers (Sey-
ler et al., 2014). Moreover, Meng et al. (2014) sequenced one fosmid related with the
Bathyarchaeota-8 encoding genes involved in protocatechuate degradation, a key step on
the catabolism of aromatic compounds of the {3-ketoadipate pathway (Stanier and Orn-
ston, 1973).

Despite evidences for the heterotrophy of the Bathyarchaeota, their widespread distri-
bution linked to the great phylogenetic diversity (21 subgroups, Fillol et al., 2016) sug-
gested a great versatility in their physiological capabilities. Indeed, recent metagenomic
surveys revealed distinct carbon substrate preferences and ecological niches among
bathyarchaeotal subgroups (Lazar et al., 2014). The genomic information of one member
of the subgroup Bathyarchaeota-6 suggested their ability of degrading extracellular plant-
derived mono- and polysaccharides (Lazar et al., 2016). Recently, shotgun metagenomics
have revealed that members of the subgroup Bathyarchaeota-16 may carry out acetogen-
esis, degrading complex organic carbon and producing acetate (He et al., 2016). In con-
trast, Bathyarchaeota-15 seems to bypass those substrates and focus on diagenetically
processed low-molecular-weight carbon substrates and proteins (Lazar et al., 2016). Simi-
lar results were obtained by single-cell genome sequencing of one member of the Bathyar-
chaeota-15 from a marine sediment, where authors found genomic evidences for
exogenous protein degradation (Lloyd et al., 2013). Finally, a study based on genome-
centric metagenomics applied on water samples from coal-bed methane wells revealed the
potential capacity to carry out methylotrophic methanogenesis using a wide range of
methylated compounds (Evans et al., 2015).
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1.3. Archaeal membrane lipids.
Where biogeochemistry meets microbial ecology.

‘The pathways for the biosynthesis of the lipid components are those shared by most
microorganisms and demonstrate a close relationship; however, an independent line of de-
scent is indicated by the formation of the isopranyl glycerol ether lipids’

(Tornabene et al., 1980)

Microbial ecologists have been relying on genetic biomarkers for the study of microbial
communities in the environment, mainly by the amplification of the 16S rRNA gene se-
quences. However, in environmental sciences, membrane lipids are valuable biomarkers
that can provide information on the composition of ancient and/or modern prokaryotic
ecosystems. Even though 16S rRNA-based molecular techniques enable description of a
natural community on a higher phylogenetic resolution, the potential biases associated to
the PCR-dependent techniques may result in unreliable results about microbial diversity.
On the other hand, lipid-based techniques provide complementary information about in
situ communities because they are directly measured and provide information on the rela-
tive importance of distinct prokaryotic groups (Sturt et al.,, 2004; Schouten et al., 2013;
Buckles and Villanueva et al., 2013).

1.3.1. Specific archaeal membrane lipids, the Glycerol Dialkyl Glycerol Tetraethers
(GDGT)

The composition of membrane lipids is one of the most remarkable traits distinguish-
ing the three domains of life, Archaea, Bacteria, and Eukarya (Woese and Fox, 1977; Vil-
lanueva et al., 2016). Figure 3 compiles the main characteristics distinguishing archaeal
lipids from those typically found in Bacteria and Eukarya. Briefly, archaeal isoprenoid hy-
drocarbon chains are covalently linked forming a bipolar lipid monolayer instead of the
polar bilayer composed of linear fatty acid chains in Bacteria and Eukarya. In Archaea, the
isoprenoid hydrocarbon chains are linked to the glycerol moiety by ether linkages instead
of the esther-linkages as it occurs in Bacteria and Eukarya. Finally, they differ in the ste-
reochemistry of glycerol phosphate backbones, Archaea have sn-glycerol-1-phosphate as
opposed of the glycerol-3-phosphate backbones from Bacteria and Eukarya (Figure 1.3).
Besides, isoprenoid hydrocarbon chains may contain cyclopentyl and cyclohexyl moieties
(Figure 1.4).

After cell death, intact polar GDGT's rapidly lose their polar head groups via enzymatic
hydrolysis (Harvey et al., 1986; White et al., 1979). Thus, the presence of Intact Polar Li-
pids (IPL) can be indicative of living (or recently living) cells whereas the core lipids (CL),
which have great stability and are able to persist for long periods of time, may indicate the
occurrence of a given taxa in the past (Hopmans et al., 2000; Sturt et al., 2004).
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Figure 1.3. Membrane lipids from (A) Bacteria and Eukarya and (B) Archaea.

1.3.2. Lipids as biomarkers for archaeal diversity

In microbial ecology, composition of GDGTs has traditionally been used to identify the
main carbon assimilation pathway through calculation of stable isotopic ratios (Biddle et
al., 2006) and also have been applied as a complementary tool for tracking the presence of
certain archaeal groups (Leininger et al.,, 2006; Wuchter et al.,, 2006; Buckles and Vil-
lanueva et al., 2013). The use of GDGTs as specific biomarkers for archaeal lineages is
however, limited. Most data on archaeal GDGTSs derives from enrichments or pure cul-
tures but the paucity in the number of archaeal isolates hinders a comprehensive under-
standing of the true diversity and occurrence of GDGTSs across the Archaea (Schouten et
al., 2013). Moreover, the apparent low diversity of GDGTSs (Figure 1.4) compared with the
large phylogeny of the domain Archaea makes difficult to infer direct link between a given
membrane lipid and its archaeal source. So, although isoprenoid GDGTs are specific for
Archaea only a few are specific for classes within the Archaea. Although indirect and not
conclusive, some inferences can be draw by linking data from genetic analysis and lipid
analysis (Sturt et al., 2004; Buckles and Villanueva et al., 2013) and by metagenomic analy-
sis that provide complete or near-complete genome sequencing and provides clues on the
kind of membrane lipids they may be producing (Villanueva et al., 2016).
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Figure 1.4. Structures of isoprenoid GDGTs containing different cyclopenthane moieties. Ex-
tracted from Schouten et al., 2013.

In this regard, a study focused on the identification of genes encoding for enzymes in-
volved in membrane lipid biosynthesis in archaeal genomes revealed that members of the
Superphylum DPANN, some groups within the Phylum Euryarchaeota and the Phylum
Lokiarchaeota (Superphylum TACK) do not have the ability to synthesize their own
GDGTs (Villanueva et al., 2016). On the other hand, cell membranes of members of the
class Halobacteria (Phylum Euryarchaeota) are composed by archaeol-based lipids instead
of GDGTs (Rossel et al., 2011). According to these results, GDGTs can be related with the
Superphylum TACK (being the Phylum Lokiarchaeota the exception to this rule) and with
non-halophilic Euryarchaeota. Within the cultivated euryarchaeons available to date,
GDGT-0 is the most common GDGT. Using carbon isotopic analysis, GDGT-0 has spe-
cifically been related to methanogens since its backbone is depleted in C (Pancost et al.,
2000; Schouten et al., 2001). GDGT-O0 is also common on cultivated (hyper-)thermophilic
crenarchaeota. In clear contrast, GDGTSs containing 1-4 cyclopentane moieties are wide-
spread in cultured Crenarchaeota and Thaumarchaeota but nearly absent in Euryar-
chaeota being the thermophilic members of the order Thermoplasmatales the unique
euryarchaeons possessing this type of GDGTs. The occurrence of GDGT-0 and GDGTs
with 1-4 cyclopentane moieties in cultivated Archaea suggests that they might be also
common in uncultivated representatives (e.g. mesophilic Archaea). A recent study linking
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GDGT membrane lipid distributions with gene abundances of ammonia-oxidizing Thau-
marchaeota and uncultured crenarchaeotal groups pointed to an origin of GDGT-0 from
uncultured members of the Superphylum TACK (Buckles and Villanueva et al., 2013). In
contrast, GDGTs with more than four cyclopentane moieties (GDGTs 5-8) have not been
identified in temperate environments yet but only in high-temperature habitats suggesting
that they are restricted to hyperthermophilic archaea (Ward et al., 1985; Pearson et al.,
2004, 2008; Schouten et al., 2007b; Zhang et al 2006, 2008; Kaul ef al., 2011b; Burgess et al.,
2012). Finally, crenarchaeol, which contain one cyclohexyl moiety and four cyclopentyl
moieties (Figure 1.4), is specific for ammonia-oxidising archaea (i.e. Thaumarchaeota)
(Sinninghe Damsté et al., 2002b) and it has been extensively used as a tracer for the pres-
ence and abundance of archaeal nitrifiers in both terrestrial and aquatic habitats (Lein-
inger et al., 2006; Wuchter et al., 2006b; Pitcher et al., 2011b).
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2.0bjectives and outline of the Thesis
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Obyjectives and Outline

This PhD Thesis is focused on the study of the uncultured archaeal Phylum
Bathyarchaeota. We aim to examine their ecological significance within archaeal
communities and to assess the main environmental parameters driving their distribution.
To address these issues we stablished three main objectives:

1. To assess the ecological preferences of subgroups of the Phylum Bathyarchaeota at a
global scale.

2. To design new molecular tools for the identification and quantification of members
of the Phylum Bathyarchaeota.

2.1. Genomic biomarkers: to design a new primer pair for the identification and
quantification of members of the Phylum Bathyarchaeota (QPCR).

2.2 Lipidic biomarkers: to identify specific isoprenoidal membrane lipid of the
Phylum Bathyarchaeota.

3. To assess the abundance and diversity of the Phylum Bathyarchaeota in freshwater
environments.

To assess the ecological preferences of bathyarchaeotal subgroups we developed a glo-
bal study of the phylum Bathyarchaeota using publicly available archaeal 16S rRNA gene
sequences from globally distributed studies (Chapter 1). We examined the ecological sig-
nificance of the Phylum Bathyarchaeota within archaeal communities in both freshwater
and marine sediments and investigated the hypothesis of a relationship between diversifi-
cation and habitat during the evolution of the lineage and the transition between marine
and freshwater sediments. In addition, we used network analysis in an attempt to unveil
potential syntrophic and/or mutualistic interactions in which Phylum Bathyarchaeota
would be involved and, by association, in the potential metabolisms they might harbor
(Objective 1).

From the global study, we detected a powerful bias on the published studies in-
volving the Phylum Bathyarchaeota towards the saline environment. To overcome this
limitation we developed a study at a local scale at the Banyoles Karstic System (Chapter 2).
Here we studied the composition of archaeal communities and the abundance and di-
versity of Phylum Bathyarchaeota by massive parallel sequencing and quantitative PCR
(qPCR) (Objective 3) using a newly designed primer set that provides deep phylogenetic
resolution of the Phylum Bathyarchaeota (Objective 2.1).

Finally, in Chapter 3 we compared the archaeal community composition of dif-
ferent niches at the sediment surface of a karstic lake (Lake Cis6) using gene-based (i.e.
16S rRNA gene) and lipid-based (i.e. isoprenoid IPL-GDGT) surveys with the aim of de-
termining niche preferences of the Bathyarchaeota as well as their potential lipid biomark-
ers (Objectives 2.2 and 3).
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3.Results and discussion
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Chapter 1

Insights in the ecology and evolutionary history of the
Miscellaneous Crenarchaeotic Group lineage

25



Distribution and ecological role of Bathyarchaeota

26



Published version cannot be used

Mireia Fillol, Jean-Christophe Auguet, Emilio O Casamayor, and Carles M Borrego

Fillol, M., Auguet, Jean-Christophe, Casamayor, Emilio O. and Borrego, Carles. “Insights in
the ecology and evolutionary history of the Miscellaneous Crenarchaeotic Group lineage”.
The ISME Journal. Vol. 10, 3, (2016): 665-677

ISME J. 2016 Mar; 10(3): 665—677.

Received 5 March 2015; Revised 26 June 2015; Accepted 1 July 2015
Advance online publication 18 August 2015

http://www.nature.com/ismej/journal/v10/n3/full/ismej2015143a.html?foxtrotcallback=true

http://dx.doi.org/10.1038/isme|.2015.143

Copyright © 2015, Rights Managed by Nature Publishing Group

ABSTRACT

Members of the archaeal Miscellaneous Crenarchaeotic Group (MCG) are among the most
successful microorganisms on the planet. During its evolutionary diversification, this very
diverse group has managed to cross the saline—freshwater boundary, one of the most
important evolutionary barriers structuring microbial communities. However, the current
understanding on the ecological significance of MCG in freshwater habitats is scarce and the
evolutionary relationships between freshwater and saline MCG remains poorly known. Here,
we carried out molecular phylogenies using publicly available 16S rRNA gene sequences
from various geographic locations to investigate the distribution of MCG in freshwater and
saline sediments and to evaluate the implications of saline—freshwater transitions during the
diversification events. Our approach provided a robust ecological framework in which MCG
archaea appeared as a core generalist group in the sediment realm. However, the analysis
of the complex intragroup phylogeny of the 21 subgroups currently forming the MCG lineage
revealed that distinct evolutionary MCG subgroups have arisen in marine and freshwater
sediments suggesting the occurrence of adaptive evolution specific to each habitat. The
ancestral state reconstruction analysis indicated that this segregation was mainly due to the
occurrence of a few saline—freshwater transition events during the MCG diversification. In
addition, a network analysis showed that both saline and freshwater MCG recurrently co-
occur with archaea of the class Thermoplasmata in sediment ecosystems, suggesting a
potentially relevant trophic connection between the two clades.
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ABSTRACT

The Miscellaneous Crenarchaeotic Group (MCG) is an archaeal lineage whose
members are widespread and abundant in marine sediments. MCG archaea have
also been consistently found in stratified euxinic lakes. In this work, we have studied
archaeal communities in three karstic lakes to reveal potential habitat segregation of
MCG subgroups between planktonic and sediment compartments. In the studied
lakes, archaeal assemblages were strikingly similar to those of the marine
subsurface with predominance of uncultured Halobacteria in the plankton and
Thermoplasmata and MCG in anoxic, organic-rich sediments. Multivariate analyses
identified sulphide and dissolved organic carbon as predictor variables of archaeal
community composition. Quantification of MCG using a newly designed gPCR primer
pair that improves coverage for MCG subgroups prevalent in the studied lakes
revealed conspicuous populations in both the plankton and the sediment. Subgroups
MCG-5a and -5b appear as planktonic specialists thriving in euxinic bottom waters,
while subgroup MCG-6 emerges as a generalist group able to cope with varying
reducing conditions. Besides, comparison of DNA- and cDNA-based pyrotag libraries
revealed that rare subgroups in DNA libraries, i.e. MCG-15, were prevalent in cDNA-
based datasets, suggesting that euxinic, organic-rich sediments of karstic lakes
provide optimal niches for the activity of some specialized MCG subgroups.

KEYWORDS
anoxic sediments, euxinia, karstic lakes, Miscellaneous Crenarchaeotic Group,
sulphidic redoxclines, uncultured archaea
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Summary

Bathyarchaeota (also known as Miscellaneous Crenarchaeotic Group, MCQG) is cur-
rently one of the most studied uncultured archaeal lineages due to its ubiquity and phylo-
genetic diversity. Here, we investigated the distribution of Bathyarchaeota in different
niches (i.e. bottom water, surface sediment, biofilm from leaf litter, and biofilm from plant
debris) in the bottom of an anoxic karstic lake receiving a high contribution of terrestrial
organic matter depositions by combining 16S rRNA gene amplicon sequencing and ar-
chaeal lipid composition analysis by high performance liquid chromatography tandem
mass spectrometry. We found a clear dominance (85% of total archaeal reads) of Bathyar-
chaeota group-6 in biofilms growing on leaf litter and a positive co-occurrence of this
group with isomeric forms of the archaeal lipids tetraether glycerol dibiphytanyl glycerol
tetraether (GDGT) with one and two cyclopentane moieties (GDGT-1 and GDGT-2),
which points to these membrane lipids as potential biomarkers of this Bathyarchaeota
group. The preference of the Bathyarchaeota-6 for benthic growth on the surface of de-
composing leaves agrees well with available genomic data that indicates that this group has
the potential capacity to degrade recalcitrant organic matter.
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4.1. Phylogenetic diversity

The Phylum Bathyarchaeota has been described as one of the most phylogenetically
diverse lineages of archaea (Teske and Sorensen, 2008; Kubo et al., 2012; Fillol et al., 2016,
among others). In the first comprehensive study of 16S rRNA gene sequences from
Bathyarchaeota (Kubo et al., 2012), the minimum sequence identity between the most
distant sequences was close to 76%, which is similar to the range used to define
prokaryotic phyla (between 76.4% to 80.4%, according to Yarza et al., 2010). Such large
phylogenetic diversity hinders the proper design of new molecular tools targeting the 16S
rRNA gene for the whole Phylum (see Chapter 2). Despite the primer pair designed in the
course of this work has a better coverage than that already available (Kubo et al., 2012), it
would be of great interest to design molecular tools (e.g. qPCR primers or FISH probes)
that specifically target the different subgroups within the bathyarchaea. However, the
intragroup classification of the Bathyarchaeota is still not well resolved and large
discrepancies still exist among phylogenies inferred by different authors that pose major
constraints to the design of subgroup-specific primers of probes. One of those
discrepancies appears when trying to define the taxonomical category of each subgroup.
Based uniquely on the percentage of identity of 16S rRNA gene sequences, the minimum
cutoff of sequence similarity for 16S rRNA gene ranges from 85.2% to 90.2% to define
Families (Yarza et al., 2010). Assuming this cutoff, some subgroups (e.g. Bathy-1, -3, -5b, -
6, -8, -9 and -16) would be considered as true families (see Table 4.1). Other subgroups
showed lower sequence similarity and, accordingly, they would be classified as Orders or
Classes (e.g. Bathy-13, -15 and -17) whereas some others (e.g. Bathy-5a) might be
considered as Genus (94.9+0.4% of sequence identity, Yarza et al., 2010). As illustrated in
Table 4.1, some subgroups (Bathy-2, -4, -7, -10, -11, -12 and -14) are currently on the
boundary between different taxonomical categories and their classification would differ
according to the phylogenetic inference used. More problematic are those differences that
modify the subgroup composition. For instance, our analysis splitted Bathy-5b into 5b and
5bb (see Figure 3 in Chapter 1) when two of the Bathy-5b reference sequences branched
separately from the rest. The phylogenetic tree published by Lazar and co-workers (2014)
is even more ambiguous since subgroups Bathy-7/Bathy-17 and Bathy-5/Bathy-8 grouped
together and authors proposed their clustering into single subgroups (i.e. Bathy-7/17 and
Bathy-5/8). Information regarding these ‘new’ subgroups is scarce in the specialized
literature but, in our opinion, this combined clustering is probably an artifact derived
from the use of sequences from a single source (i.e. White Oak River (WOR) estuary
(North Carolina, USA)). According to our phylogenetical analysis, not only subgroups
Bathy-7 and Bathy-17 but also Bathy-5 and Bathy-8 are distantly related (see Figure 3 in
Chapter 1). Moreover, they probably evolved separately during the early-stages of the
Bathyarchaeota diversification. While Subgroups Bathy-17 and Bathy-8 are true specialists
from saline environments, Bathy-7 and Bathy-5 (including Bathy-5a, -5b and -5bb) seem
to be adapted to freshwater (see Figure 6 in Chapter 1). Accordingly, the grouping of
Bathy-5 and Bathy-8 into a single subgroup is surprising considering that the former has
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been identified as an indicator lineage for saline environments and the latter for
freshwater environments (see Figure 5 in Chapter 1, Fillol et al., 2016). This apparent
contradiction is probably a consequence of the use of phylogenetic inferences based
exclusively on the 16S rRNA gene. New approaches to resolve evolutionary relationships
among microbial lineages currently rely on genome-based phylogenetic analysis using
concatenated alignments of multiple universally distributed single copy marker genes
(Rinke et al., 2013). To resolve the problems exposed above and to properly delineate the
intragroup phylogeny of the Bathyarchaeota it is then mandatory to use genome-centric
approaches instead of focusing in a single gene (i.e. 16S rRNA).
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Table 4.1. Minimum intragroup similarity of bathyarchaeotal subgroups based on the %
similarity of the 16S rRNA gene.

minimum intragroup similarity (%)

Subgroup Kuboetal (2012)  Fillol etal (2015) | 2xonomiclevel

1 88 89 FY/F¢

2 94 89 G/F

3 89 91 F/F

4 91 94 F/G

5a 94 93 G/G
5b 91 91 F/F
5bb n.c. n.c. n.d.

6 90 89 F/F

7 92 96 F/G

8 87 88 F/F

9 87 88 F/F

10 84 91 O-C/F
11 87 93 F/G

12 92 96 F/G

13 85 85 0-C/0-C
14 84 91 O-C/F
15 82 83 0-C/0-C
16 87 92 F/F

17 84 82 0-C/0-C
18 n.c. n.c. n.d.

19 n.c. n.c. n.d.

20 n.c. n.c. n.d.
18% n.c. n.c. n.d.
19% n.c. n.c. n.d.
5/8 n.c. n.c. n.d.
7/17 n.c. n.c. n.d.
All 76 n.d. n.d.

* Taxonomic level considering the minimum similarity according to Yarza et al., 2010.

O-C = Order-Class; F = Family; G = Genus.

based on 16S rRNA gene sequence similarities published in Kubo et al., 2012

based on 16S rRNA gene sequence similarities published in Fillol et al., 2015

n.d.: no data available.

n.c. subgroups not considered.

*: Subgroups described by Fillol and co-workers (2016) are not the same than subgroups -18 and -
19 described by Lazar et al. (2014).
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Actually, the need of a refined intragroup classification for the Bathyarchaeota goes
beyond the mere phylogenetic framework and extends into physiology and ecology. Once
confirmed their habitat diversification the next step is to unveil which are the main
environmental factors that drive their habitat distribution. At this moment, the
physicochemical conditions and the availability of energy and carbon sources in the
habitats where Bathyarchaeota usually thrive are very diverse thus creating confusion
about their physiological requirements and ecological constraints. In their pioneering
study, Kubo and co-workers (2012) did not find any biogeographical trend for the habitat
preferences of the distinct Bathyarchaeota subgroups and they merely described that all
subgroups encompass sequences from disparate environments (e.g. soil, freshwater and
marine sediments). The global analysis carried out in the present work (Chapter 1)
unveiled clear niche preferences for the different subgroups, specially in relation to
salinity. In our opinion, this work is a first step forward to a better comprehension of the
main environmental drivers that affect the distribution of the different Bathyarchaeota
subgroups.

4.2. Ecological role

The paucity of available sequenced genomes for members of the Bathyarchaeota
currently impedes a comprehensive understanding of their metabolic capabilities and,
consequently, of their ecological roles (He et al., 2016). At this point, there are only twelve
partial or near-complete published genomes from which 8 classify into 5 described
subgroups and the remaining four are still unclassified (Table 4.2). The available genomic
data suggest that most Bathyarchaeota are anaerobic heterotrophs that preferentially fed
on carbohydrates and proteins (Lloyd et al. 2013; Meng et al., 2014; Lazar et al., 2016; He
et al., 2016) (Table 4.2). For instance, genome fragments obtained by techniques such as
single-cell sequencing or short-read genome assembly provide evidences that members of
the subgroup Bathyarchaeota-6 possess genes related to the degradation of plant-derived
mono- and polysaccharides (Lazar et al., 2016). In turn, genes related to the degradation of
lignin-derived aromatic compounds have been identified in genome fragments from
Bathyarchaeota-8 (Meng et al, 2014). In contrast, genomes from Bathyarchaeota-15
encode the enzymatic equipment necessary for the degradation of persistent components
of microbial cell walls (i.e. peptidoglycan) (Lloyd et al., 2013).
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General discussion

Considering that plant-derived aromatic compounds and peptidoglycan are among the
most persistent sedimentary detrital matter in marine sediments, which comprise the larg-
est organic carbon sink on Earth (Hedges et al., 1995), and assuming that Bathyarchaeota
are widespread and abundant in the marine subsurface (Lloyd et al., 2013), their impact on
mineralization of buried organic carbon is probably greater than expected (Biddle et al.,
2006; Lloyd et al., 2013; Seyler et al., 2014; He et al., 2016). This hypothesis agrees with the
identification of Bathyarchaeota as ‘keystone species’ in the sedimentary realm as revealed
from network analysis (see Chapter 1). In fact, their potential role as versatile degraders in
sediments may stimulate the growth of other microbial groups by providing labile organic
compounds to fuel heterotrophic metabolisms such as acetoclastic methanogenesis (He et
al., 2016). Interestingly, other uncultured archaea from sediments may also share this role
as key stones species in sediment archaeal communities. Our network analysis identified a
high number of interconnections between OTUs affiliated to Phylum Bathyarchaeota and
class Thermoplasmata. These ‘in silico’ results agree with results obtained in Chapter 2
where OTUs affiliated to both lineages co-occur together in sediments from karstic lakes.
Besides, recent survey carried out in 21 inland water bodies in the Iberian Peninsula also
indicate that the co-distribution of Bathyarchaeota and Thermoplasmata are the rule ra-
ther than the exception (Compte et al., submited). Despite co-occurrence is not directly an
indicator of synergistic relationships and could be an artefact caused by a niche overlap
(Barberan et al., 2012), the recurrent association between Bathyarchaeota and Thermo-
plasmata is compelling and points towards a potential syntrophy between both groups.
According to the putative metabolisms associated to both lineages (Lloyd et al., 2013),
members of the Bathyarchaeota and Thermoplasmata seem to perform similar ecological
functions. For instance, members of the Marine Benthic Group D (class Thermoplasmata)
may be involved in the degradation of detrital proteins both in marine and inland sedi-
ments (Lloyd et al., 2013) similarly to some bathyarchaeons. In clear contrast, members of
the Methanomassiliicoccales (lino et al., 2013) are true methylotrophic methanogens ob-
taining energy and carbon from methanol and methylated amines (Paul et al., 2012; Dridi
et al., 2012; lino et al., 2013; Borrel et al., 2014) and, therefore, could be synergistically
related to Bathyarchaeota by consuming C;-compounds derived from the degradation of
complex organic matter. On the other hand, analysis of near-completed genomes of mem-
bers of the Bathyarchaeota revealed the presence of divergent homologs of the genes ne-
cessary to perform methylotrophic methanogenesis from a wide range of methylated
compounds (Evans et al., 2015). Thus, archaea from both lineages seem to possess not
only the ability to degrade complex organic matter but also to carry out methanogenesis
from simple organic compounds, which makes synthrophy a reasonable hypothesis for
their interaction. Besides, recent metagenomic approaches found genes involved in het-
erotrophic acetate production in members of the Bathyarchaeota-16 (He et al., 2016) and
also in the reductive acetyl-CoA pathway (the autotrophic direction for the Wood- Ljung-
dahl pathway (Wood, 1991)) in four nearly-completed genomes of Bathyarchaeota-1, -6, -
7/17 and -15) inferring that these archaea are organoheterotrophic and/or autotrophic
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acetogens (Lazar et al., 2016). The occurrence of acetogenic and methanogenic bathyar-
chaeons, two of the most ancient biochemical reactions (He et al., 2016), expands the
range of metabolisms within this phylum and raises interesting questions regarding their
contribution to global carbon cycle, global warming and the evolution of early life. Finally,
we may also highlight that most sequenced genomes available so far were originally ob-
tained from marine samples (10 out of 12 genomes were obtained from marine or estua-
rine sediments and the remaining 2 from an anoxic aquifer) thus pointing to a clear bias
towards marine environments. This ‘marine bias’ is probably a consequence of a preferen-
tial strategy towards sampling marine sediments (Philips et al., 2009) due to the higher
impact that marine microbes may have on global geochemical cycles (Fry et al. 2008) in
comparison to the presumed lower influence of microbiota from inland sediments (Figure
4.1).

Figure 4.1. Global distribution of the available archaeal 16S rRNA gene sequence libraries from the
GenBank NCBI-nr database (before January 2014) and the salinity (see dot color legend) associated
to the environment at the sampling point.

In this regard, is it plausible to assume a similar role on C cycle for lacustrine bathyar-
chaeons? For instance, can we assume that members of Bathy-6 and Bathy-15 in Lake
Cisé (Chapters 2 and 3) are metabolically similar to their marine and estuarine counter-
parts? Unfortunately, these questions can only be answered if genomes from these fresh-
water relatives could be sequenced and/or members of these groups can be isolated in pure
cultures and properly characterized. Combination of genome-based approaches using
state-of-the-art molecular techniques and cultivation-based methodologies is then manda-
tory to get a deeper insight on the ecophysiology of the Phylum Bathyarchaeota.
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4.3. Cultivation in the -omics era

Microbial ecologists mostly agree that cultivation techniques are inadequate for
describing naturally occurring microbial assemblages (DeLong and Pace, 2001) but they
are useful to properly interpret molecular data into their ecological context (Rothschild,
2006; Nichols, 2007). Cultivation-independent approaches have facilitated not only the
exploration of the unculturable majority of microorganisms (Pace, 1997; Morales and
Holben, 2011) but also have permitted the precise delineation of their evolutionary
relationships. One limitation of gene-based approaches is they reliance on the existence of
curated sequence databases to compare against (Abulencia et al., 2006). The proper
interpretation of environmental molecular data largely depends on the information (i.e.
genes, transcripts, proteins) obtained from pure cultures grown under different treatment
conditions. Even for microbial species from which their complete genomes are sequenced,
around 40% of encoded proteins remain functionally unassigned (Nichols et al., 2007).
Taking into account the rapid development of sequences technologies, the number of
assembled genomes of uncultured microbes will probably multiply in the near future thus
providing scaffolds to compare against. Despite these advances, the role that a gene is
playing and how the environmental conditions modulate its expression can not be directly
inferred from its nucleotide sequence. Besides, interactions between microbial cells or
populations are difficult, if not impossible, to infer from genomic data although their
pivotal role in ecosystem functioning. Most of the studies centred on the analysis of
bathyarchaeotal genomes highlight the necessity to put extra efforts in trying to enrich and
isolate any member of the Bathyarchaeota. Up to date, however, no members of this
lineage have been brought into culture. In a recent study, Gagen an coworkers tried to
enrich members of the Bathyarchaeota using sediments from the Oak River Estuary,
where they accounted for the 100% of the archaeal community (Gagen et al., 2013).
Authors amended estuarine sediments with a large variety of organic substrates (e.g
acetate, glucose, amino acids, methanol, protocatechuate, pyruvate, glycerol and TCA
cycle intermediates) and also used dissolved organic matter from the source sediment and
different gas mixtures (H,:CO,, N»:CO,, and aerobic conditions). Despite they observed a
1-log increment in gene copies of bathyarchaeotal 16S rRNA after three weeks of
incubation, any of the assayed substrates yielded significant differences when compared to
control conditions. These negative results were at the same time accompanied by a
reduction in the abundance of Bathyarchaeota in subsequent subcultures, thus supporting
the idea that unknown compounds from the original sediment or accompanying microbes
were critical for their growth and survival. Even though authors proved that growth of
Bathyarchaeota was possible and amenable under laboratory conditions, the adverse
results clearly demonstrated that more innovative strategies should be implemented to
overcome their low culturability.

Enrichment and isolation were not primary issues of the current PhD workplan but
results obtained in Chapter 3 encouraged us to use leaf litter from Lake Cis6 as starting
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material to enrich Bathyarchaeota. Our experimental design was aimed to detect “C
incorporation into archaeal membrane lipids considering that Bathyarchaeota were
prevalent in the biofilms growing in the surface of degraded leaves (=80-90% of total
archaeal reads). Biofilms were incubated for two weeks in filtered lake water supplemented
with “C-labeled acetate, aminoacids from algal origin and 4-OH-benzoate to assess if
Bathyarchaeota were able to incorporate any of the labeled substrates into their membrane
lipids. Unfortunately, we did not detect C incorporation into archaeal GDGTs mainly
because extracts did not reach the detection limit of the system (GC-MS (Agilent 6800 GC
coupled to a ThermoFisher Delta V isotope ratio monitoring mass spectrometer). Future
enrichments would probably need longer incubation time and a higher concentration of
the labeled substrates to ensure the minimum concentration of the analyte to allow its
proper quantification. Despite these drawbacks, we obtained encouraging results
regarding the putative lipid composition of Bathyarchaeota by identifying new isomers of
the GDGT that may be related with members of the Bathyarchaeota-6 (see Chapter 3 for
details). The biofilm under study is, however, a very promising material to use in future
experiments using either stable isotope probing, metagenomics, single cell genomics or
NanoSIMS (Nanoscale Secondary Ion Mass Spectometry) procedures. Alternatively,
artificial substrates such as aluminum or PVC could be alternatives to natural biofilms
since they are easy to handle and process under controlled conditions (Zhang et al., 2016).
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I. Bathyarchaeota is a core generalist lineage in sediments. Their members are widespread
and abundant in both marine and freshwater sediments and they can tolerate a large
spectrum of environmental conditions and use a broad range of resources. Thus, the
Phylum Bathyarchaeota can be considered an indicator lineage for sedimentary habitats.

II. The evolutionary history of the Bathyarchaeota shows few environmental transition
events (that is, switch from a freshwater ancestor to a saline descendant and vice versa),
which influenced the phylogenetic diversification of distinct subgroups. Salinity explains
most of the phylogenetic variation within the phylum and thus distinct evolutionary
subgroups occurred in marine and freshwater sediments.

II1. Bathyarchaeota subgroups -1 and -8 are indicator lineages for marine sediments
whereas subgroups —11 and -5b are indicator lineages for freshwater sediments.

IV. Bathyarchaeota systematically co-occurred often with members of the class
Thermoplasmata suggesting a putative syntrophic interaction between these uncultured
archaea. Both groups might be considered ‘keystone species” in the sediment realm by
performing major biogeochemical processes such as the degradation of recalcitrant
organic matter.

V. Archaeal communities in stratified karstic lakes are mainly composed of uncultured
groups within the classes Halobacteria and Thermoplasmata and phylum Bathyarchaeota,
sharing striking similarities with those inhabiting the marine subsurface.

VI. The distribution and diversity of archaeal communities in stratified karstic lakes are
mainly driven by the concentration of sulphide and dissolved organic carbon. This
observation agrees with the putative heterotrophic metabolism assumed for most of the
identified archaeal groups.

VII. Bathyarchaeota subgroups -5a and -5b are adapted to the planktonic habitat,
especially in euxinic water layers where inorganic and organic reduced compounds
accumulate. In turn, subgroup 6 appears to be a generalist subgroup, adapted to both the
planktonic and the sediment habitat and able to thrive in a wide range of sulfidic
conditions.

VIII. Bathyarchaeota subgroup-6 dominates archaeal communities in biofilms growing
on the surface of plant debris in the anoxic, sulfide-rich sediment of the karstic Lake Ciso.

IX. Lipidomic analysis revealed a singular and hitherto unknown isomeric GDGT profile
in euxinic niches from Lake Cis6 (plankton, sediment and biofilms). Besides, isomers of
isoprenoid tetraether lipids GDGT-1, -2 and -3 showed strong correlation with
Bathyarchaeota subgroup-6, thus suggesting that these isomeric forms might be a specific
lipid biomarker for this lineage.

X. Biofilms grown on leaf litter settled in Lake Cisé sediment are ‘natural enrichments’ of
Bathyarchaeota subgroup-6. Thus, they may be regarded as useful samples to address
experimentation aimed to answer questions regarding substrate preferences, growth
requirements and cultivability of lacustrine Bathyarchaeota.
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SUPPLEMENTARY FIGURE S1
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Figure S1: Cumulative degree distribution of the archaeal sediment network. The
connectivity distribution is adjusted to a power law distribution expressed as P(k)
~ k™, where P is the number of nodes with k degrees, k is connectivity/degrees and
o 1S a constant.
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Figure S2. Box-plots of alpha-diversity indicators calculated from archaeal SSU rRNA

pyrotag sample libraries. Samples were grouped according to habitat (planktonic vs.

sediment) and library (DNA vs. cDNA) for a better comparison. Alpha-diversity indica-
tors were calculated in QIIME v10.8 (see Supporting Information).
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Figure S3. PCoA ordination of samples according to unweighted (A) and weighted (B)
UniFrac distance matrices. Analysis was performed in QIIME v10.8 (see Supporting
Information). Basin C-Ill (triangles), Lake Ciso (circles), Lake Vilar (squares). Plankto-
nic and sediment samples are indicated by open and filled symbols, respectively.
Sample labels indicate sampling depth.
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A

Figure S4. Neighbour-Joining (NJ) phylogenetic tree based on MCG SSU rRNA gene sequences
showing the affiliation of clones obtained from gPCR amplicons using (A) new primer pair
MCG-242dF/MCG-678R and (B) primer pair MCG-528F/MCG-732R (Kubo et al., 2012). Repre-
sentative sequences for each MCG subgroup are used as phylogenetic anchors and labelled
according to subgroup numbering (Kubo et al., 2012). Uncoloured leaves indicate unassigned
sequences. NJ tree was constructed in ARB (Ludwig et al., 2004) and edited in the Interactive
Tree of Life (iTOL) tool (Letunic and Bork, 2011). C: Lake Cis6; V: Lake Vilar; NS: North Sea.
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Supplementary Table S1. Alignment of the designed forward primer sequence against a
representative sequence of each of the described MCG subgroups. The degenerate forward primer
contains two degeneracies (D: A, G or T) at the second and ninth positions (highlighted in red).

MCG MCG-242F sequence (5°-3’)

Subgroup* T D A CCGGT D C GG G C ¢cC G T G
MCG-1 GA - - - - - - ANG - - - - - : : : .
MCG-2 A A

MCG-3 A A

MCG-4 A A e : A

MCG-5a A AIT

MCG-5b AlG AITIG

MCG-6 AIGIT AG - - - : C

MCG-7 A A

MCG-8 A A

MCG-9 A A

MCG-10 A A

MCG-11 A A

MCG-12 A A

MCG-13 A AIT

MCG-14 AlG AT - - AICIG
MCG-15 G - e : AlG
MCG-16 AlG A - - - - TIC : CIT
MCG-17 A A s c : C

* Subgroup classification according to Kubo et al. (2012)

References:

Kubo K, Lloyd KG, Biddle J, Amann R, Teske A, Knittel K & Biddle JF (2012) Archaea of the
Miscellaneous Crenarchaeotal Group are abundant, diverse and widespread in marine
sediments. ISME J 6: 1949-1965.

137



Distribution and ecological role of Bathyarchaeota

Supplementary Table S2. Primers and conditions used for gPCR analyses.

Primer Sequence (5’-3) Target Reference Gradient’ R? Efficiency (%)
Univ.
1048F  GTGSTGCAYGGYTGTCGTCA Bacteria 3’ at 95°C . i
Uni [1] 15” at 95°C 0.99%/0.99 99°/102
1194R  ACGTCRTCCMCACCTTCCTC niv. 60" at 60°C
Bacteria
806F ATTAGATACCCSBGTAGTCC Univ. [2] ’ 0
Archaea 3’ at 95°C \ \
Univ 20 at 95°C 0.99%/0.99 98° /98
915R  AGGAATTGGCGGGGGAGCAC : [3] 60 at 60°C
Archaea
242dF TDACCGGTDCGGGCCGTG MCG This study 3’ at 95°C
15" at95°C  0.99°/0.99" 81%/ 99"
678R CACCGTCGGGCGCGTTCT MCG This study 60" at 68°C

" The program consists in 35 cycles of amplification.

% planktonic samples; P sediment samples

References

[1] Maeda H, Fujimoto C, Haruki Y & Maeda T (2003) Quantitative real-time PCR using TagMan
and SYBR Green for Actinobacillus actinomycetemcomitans, Porphyromonas gingivalis,
Prevotella intermedia, tetQ gene and total bacteria. FEMS Immunol Med Microbiol 39: 81—

86.

[2] Takai K & Horikoshi K (2000) Rapid Detection and Quantification of Members of the Archaeal
Community by Quantitative PCR Using Fluorogenic Probes. Appl Environ Microbiol 66:

5066-5072.

[3] Stahl DA and Amann R (1991) Development and application of nucleic acid probes, p. 205—
248. In: Stackebrandt E and Goodfellow M (Eds.), Nucleic acid techniques in bacterial
systematics. John Wiley & 553 Sons Ltd., Chichester, United Kingdom
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Supplementary Table S3. Nutrient concentrations measured at selected depths of the water
column of the three studied lakes at the day of sampling. TP: Total phosphorous; DOC:
Dissolved Organic Carbon; DIC: Dissolved Inorganic Carbon. LoQ: Limit of Quantification*;
n.a. not available.

Depth NO3~ NO,~ NH,* H,S S0.* TP DOC DIC
(m) (mgL™) (mgL™ (mgL™) (mgL™) (mgL™) (mgL?) (mgL™) (mgL™)
Basin C-1II
2 <LoQ <LoQ 0.452 <LoQ 191.04 0.013 2.997 19.18
8 0.034 <LoQ 0.538 <LoQ 188.16 0.065 3.377 n.a.
17 0.091 <LoQ 0.663 <LoQ 185.28 0.016 1.696 n.a.
19.75 0.054 <LoQ 0.932 0.001 204.2 0.013 1.768 n.a.
20.25 <LoQ <LoQ 1.010 0.004 217.1 0.018 4.210 n.a.
21 <LoQ <LoQ 1.450 5.064 315.0 0.014 2.008 n.a.
22.5 <LoQ <LoQ 2.383 12.47 414.6 0.032 6.490 46.5
Lake Vilar
2 n.a. n.a. <LoQ <LoQ 158.9 0.050 4.760 35.50
4.75 0.031 <LoQ 0.357 0.020 154.0 0.100 4.710 n.a.
5 <LoQ <LoQ 0.586 0.051 157.8 0.070 4.410 n.a.
5.25 <LoQ <LoQ 0.337 1.637 146.9 0.080 4.610 n.a.
6 <LoQ <LoQ 3.612 17.17 242.7 0.070 4.350 n.a.
8 <LoQ <LoQ 9.995 23.48 395.3 0.740 2.230 n.a.
9.15 <LoQ <LoQ 11.15 28.81 3834 0.730 2.360 97.01
Lake Ciso6
2 <LoQ <LoQ 1.336 0.010 306.3 0.100 5.424 n.a.
4 <LoQ 0.054 6.533 38.39 303.0 0.490 2.711 n.a.
6 <LoQ 0.054 9.842 54.00 287.3 0.820 3.106 113.9

TLimits of quantification for cation and anion ionic chromatography: NH4+ = 0.010 mg N-NH, L™; NO3™ =
0.002 mg N-NOs L™; NO,” = 0.003 mg N-NO, L™; S0,#'= 0.017 mg S-S0, L™; for spectrophotometry:
PO,*= 0.003 mg P-PO4 L™%; for catalytic oxidation (DOC/DIC) = 0.05 mg C L™
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Supplementary Table S4. Nutrient concentrations measured at different layers of sediment
corers collected in lakes Cisé and Vilar at the day of sampling. DOC: Dissolved Organic Carbon;
DIC: Dissolved Inorganic Carbon. LoQ: Limit of Quantification’; n.a. not available.

Depth NOs3~ NO,  NH4 S04~ PO~ DOC DIC
cm  (mgLh (mgL™ (mgL™) (mgL™) (mgL™h (mgLh (mgL™
Lake Vilar
0 <LoQ 0.142 14.02 233.1 0.064 29.00 128.0
1 <LoQ <LoQ 23.16 87.86 0.016 54.50 165.7
2 <LoQ <LoQ 27.13 36.87 0.261 121.2 197.1
3 <LoQ <LoQ 30.53 20.90 0.189 113.1 199.7
4 <LoQ <LoQ 32.80 19.50 0.775 108.0 183.4
5 <LoQ <LoQ 33.61 20.06 1.051 121.5 197.5
6 <LoQ <LoQ 36.68 20.13 0.953 108.9 217.8
7 <LoQ <LoQ 37.53 54.93 0.814 155.5 203.1
8 <LoQ  <LoQ  40.77 46.37 0.700 124.8 205.0
9 <LoQ 0213 3196 82.94 0.670 90.26 176.9
10 <LoQ <LoQ 23.32 75.85 0.039 53.11 170.5
11 <LoQ  <LoQ  32.28 13.07 0.621 96.65 202.9
12 <LoQ <LoQ 36.95 1.153 1.345 96.75 215.2
13 <LoQ <LoQ 49.36 1.285 0.928 123.7 225.6
14 <LoQ <LoQ 58.80 0.818 1.637 90.11 242.6
15 0.078 <LoQ 61.19 1.870 2.601 102.0 243.5
Lake Cis6
0 <LoQ <LoQ 1.671 2749 0.218 70.12 53.61
1 <LoQ <LoQ 1.933 286.6 0.136 102.0 51.10
2 <LoQ <LoQ 2.162 273.2 0.043 878.5 50.89
3 0.076 <LoQ 2.365 272.0 0.054 296.1 49.72
4 <LoQ <LoQ 2.053 267.4 0.049 170.3 53.32
5 0085  <LoQ  2.054 263.2 0.039 138.2 55.78
6 <LoQ  <LoQ  1.790 260.3 0.050 111.9 53.67
7 <LoQ <LoQ 1.835 254.6 0.057 86.40 54.54
8 <LoQ <LoQ 1.593 244.9 0.043 70.30 55.90
9 <LoQ  <LoQ  1.488 239.6 0.050 165.4 55.89
10 <LoQ  <LoQ  1.390 2456 0.044 66.30 50.37
11 <LoQ <LoQ 1.453 242.7 0.024 75.15 51.64
12 0.405 <LoQ 1.558 241.7 0.060 121.7 55.30
13 0.192 <LoQ 1.991 233.0 0.008 145.1 46.64

"Limits of quantification for cation and anion ionic chromatography: NH4+ = 0.010 mg N-NH, L™; NOg™ =
0.002 mg N-NO; L™ NO; = 0.003 mg N-NO, L™; SO,%= 0.017 mg S-SO, L™; for spectrophotometry:
PO,*= 0.003 mg P-PO4 L™%; for catalytic oxidation (DOC/DIC) = 0.05 mg C L™,
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Supplementary Table S5. R statistic and p-values obtained after analyses of similarity

(ANOSIM) carried out by comparing the composition of archaeal communities (at
different taxonomic levels) between samples grouped according to different factors,

namely: Habitat (Planktonic vs. Benthic), System (basin C-111, Lake Vilar, Lake Cis0),
Library (DNA vs. cDNA). The number of permutations was 9,999 using a significance
level of 5% for the statistic. Significative values are shown in bold type. Analysis was done

in PRIMER-6 statistical package (PRIMER-E, Plymouth Marine Laboratory, UK).

Taxonomic level Factor R p-value
Archaeal classes Habitat 0.558 0.0002
System 0.016 0.3980
Library 0.267 0.0390
MCG subgroups Habitat 0.181 0.0530
System 0.204 0.0460
Library 0.408 0.0070
Halobacteria clades Habitat 0.008 0.3530
System -0.131 0.9120
Library 0.366 0.0140
Thermoplasmata clades Habitat 0.451 0.0009
System -0.044 0.5850
Library 0.090 0.2090
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Supplementary Table S6. Average relative abundance and contribution percentage of each

archaeal taxon to Bray-Curtis dissimilarity (SIMPER analysis) between sample groups. Only
significant comparisons are shown (see Table S3). SIMPER was run in PRIMER 6 statistical

package with the PERMANOVA+ add-on (PRIMER-E, Plymouth Marine Laboratory, UK).
Cumulative contribution cutoff was set to 80%.

Avrg. abund.  Avrg. abund. . Cum.
Comparison Taxa® in 1% group in 2" group Cor(';mb. Contrib.

(%) (%) ) ")

Archaeal classes
Halobacteria 441 3.24 28.9 28.9
Plankton vs. Methanococci _ 4.77 8.76 13.6 42.4
Sediment Methanobacteria 3.88 3.61 13.5 55.9
(avrg. diss.= 39.5) Thermoplasmata 16.2 28.1 19.7 68.6
MCG 16.0 29.0 17.8 79.6
MBG-B 3.31 1.42 9.50 88.5
Halobacteria 24.2 4,53 20.9 20.9
Methanococci 5.06 3.48 16.4 37.3
DNA vs. cDNA  Methanobacteria 3.88 2.22 15.5 52.8
(avrg. diss.= 37.9)  Thermoplasmata 23.0 18.3 12.8 65.6
MCG 19.6 30.4 12.0 77.6
MBG-B 3.24 0.38 8.59 86.2

MCG subgroups
MCG-6 43.7 8.76 21.0 21.0
Vilar vs. C-111 MCG-5a 0.83 24.3 20.8 41.8
(avrg. diss.= 51.6) MCG-5b 6.10 34.9 19.6 61.4
MCG-15 9.80 4,75 14.6 76.0
MCG-11 9.00 6.55 10.6 86.2
MCG-6 64.4 8.76 24.1 24.1
Cisé vs. C-llI MCG-5b 0.91 34.9 23.2 47.3
(avrg. diss.= 65.0) MCG-5a 0.08 24.3 20.9 68.2
MCG-15 11.0 4,75 11.9 80.1
MCG-15 9.80 11.0 21.3 21.3
Vilar vs. Cisé MCG-11 9.00 1.99 20.7 42.0
(avrg. diss.= 42.0) MCG-6 43.7 62.4 20.3 62.3
MCG-5b 6.10 0.91 15.3 77.6
MCG-11 0.94 0.20 6.96 84.5
MCG-15 2.62 52.4 30.8 30.8
MCG-6 48.7 22.2 19.3 50.1
(g'r\'g_A dvii's.C:D% MCG-5b 9.48 0.58 140 642
MCG-11 571 1.45 13.8 77.9
MCG-5a 3.46 0.02 9.11 87.0
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Avrg. abund.  Avrg. abund. - Cum.
Comparison Taxa® in1%group  in 2" group Cogtrlb. Contrib.
*%) *) ®) )
Halobacteria clades
DHVEG-6 42.5 18.0 31.6 31.6
DSEG 6.05 219 23.3 55.0
DNAVS. cONA e 31.8 38.6 190 740
(avrg. diss.= 25.5) Other
. 8.29 6.35 135 87.5
Halobacteria
Thermoplasmata clades
ASC21 9.12 57.3 23.9 23.9
MBG-D and
DHVEG-1 50.0 9.86 21.8 45.7
SAGMEG 5.29 0.29 8.69 54.4
PRIKION VS AMOS-1A-4113 8.18 4.04 809 625
(avrg. diss.= 50.1) 8;;/:56-2 3.46 0.09 7.43 69.9
Thermoplasmata 3.10 0.55 5.14 75.1
Marine Group-I1II 0.30 1.00 4.48 79.6
ANTO 06-05 0.19 1.12 4.29 83.9
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Supplementary Table S7. Results of the distance-based multivariate linear model (DistLM,
McArdle & Anderson, 2001) on the relative composition (square root transformation of relative
abundances at class level) of archaeal communities and environmental variables (log transformed
and standardized). Variables included in the model were ammonia, sulphate, sulfide, dissolved
inorganic carbon (DIC) and dissolved organic carbon (DOC) concentrations. The proportion of
variance explained by environmental variables in stepwise sequential tests (9,999 permutations)
using the AlCc selection criterion (Aikake, 2006) is showed first. Only sulfide and DOC
concentrations resulted in significant probabilities, explaining ~ 56% of total variance. Prop. =
Proportion of variance explained by each single variable, Cumul. P. = Cumulative proportion of
variance explained by multiple variables; res. def: residual degrees of freedom.

Sequential tests for stepwise model

Variable AlICc  SS (trace) Pseudo-F p-value Cumul.P. res. df.

+Sulfide 7454  2393.2 6.240 0.001 0.384 10
+DOC 7434  1055.1 3.415 0.033 0.554 9

Best solution

AlCc R*> RSS N° Var.  Selections
74.345 0554 2780.4 2 Sulfide, DOC

Percentage of variation explained by individual axes

% explained variation % explained variation
out of fitted model out of total variation
Axis Individual Cumulative Individual Cumulative
1 75.16 75.16 41.61 4191
2 24.84 100 13.75 55.36

References

Akaike H (1978) A new look at the Bayes procedure. Biometrika, 65: 53-59.

McArdle BH & Anderson MJ (2001) Fitting multivariate models to community data: a comment on
distance-based redundancy analysis. Ecology, 82: 290-297.
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Supplementary Table S8. Quantification of Bacteria, Archaea and MCG by gPCR
along depth in the two sediment corers collected from lakes Vilar and Cis6. Sediment
layers analyzed by pyrosequencing are indicated by grey shading. gPCR conditions
and primers used are compiled in Table S8.

16S rRNA gene copies (g sediment)™

Sediment layer Bacteria Archaea MCG
Lake Vilar
0-2cm 3.04 x10%° 8.24 x10° 1.80 x10°
2-3cm 3.75 x10%° 11.1 x10% 2.34 x108
3-4cm 2.20 x10%° 7.37 x10° 2.24 x10®
4-5cm 5.34 x10%° 1.86 x10%° 4.80 x10°
5-6 cm 3.91 x10% 1.56 x10%° 3.90 x108
6-7 cm 5.28 x10%° 2.13 x10%° 4.10 x10°
7-8 cm 4.65 x10%° 1.98 x10%° 4.03 x10°
8-9cm 7.57 x10%° 3.21 x10%° 5.38 x10°
9-10 cm 3.10 x10%° 1.13 x10% 2.94 x10®
10-11 cm 5.76 x10%° 1.99 x10%° 4.02 x10°
11-12 cm 6.43 x10%° 2.42 x10%° 4.74 x10°
12-13 cm 8.92 x10% 2.95 x10% 5.21 x108
13-14 cm 5.40 x10%° 1.71 x10%° 3.79 x10°
14-15 cm 4.83 x10% 1.72 x10%° 4.36 x10°
15-16 cm 1.58 x10%° 6.50 x10° 3.66 x10°
Lake Cis6
0-1cm 1.18 x10%° 2.77 x10° 1.06 x10°
1-2 cm 1.81 x10% 3.71 x10° 1.60 x10°
2-3cm 7.21 x10° 1.38 x10° 6.18 x107
3-4cm 9.55 x10° 3.37 x10° 1.20 x10®
4-5cm 9.62 x10° 1.64 x10° 9.87 x107
5-6 cm 6.93 x10° 1.55 x10° 8.25 x10’
6-7 cm 6.58 x10° 1.49 x10° 7.76 x107
7-8cm 5.11 x10° 1.38 x10° 6.93 x107
8-9 cm 6.86 x10° 1.66 x10° 8.51 x10”
9-10 cm 1.47 x10%° 4.72 x10° 1.67 x10®
10-11 cm 1.18 x10% 2.70 x10° 1.37 x10®
11-12 cm 9.23 x10° 1.60 x10° 8.99 x10’
12-13 cm 9.53 x10° 2.95 x10° 1.44 x108

ANNEX
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Supplementary Information
DNA extraction and high-throughput sequencing

DNA from all type of samples was extracted using FastDNA™ Spin Kit for Soil (MP
Biomedicals, Irvine, CA) following manufacturer instructions. The concentration of DNA
extracts was measured using QUBIT2.0 Fluorometer (Invitrogen Molecular probes Inc.,
Oslo, Norway). DNA extracts were analyzed through tag-encoded FLX-Titanium
amplicon pyrosequencing at the Research and Testing Laboratory (Lubbock, TX, USA).
Briefly, genomic DNA from planktonic, biofilm and sedimentary communities was used
as a template in PCR reactions using archaeal primers PARCH340f (Qvreas et al., 1997)
and ARCH958R (DeLong, 1992) targeting the V3-V5 hyper-variable regions of the
archaeal 16S rRNA gene complemented with 454-adapters and sample-specific barcodes.
Raw sequence dataset was pre-processed at RTL facilities to reduce noise and sequencing
artifacts as previously described (Dowd et al., 2008). Demultiplexing, quality filtration,
sample barcodes, sequence quality assessments, chimera detection and downstream
phylogenetic analyses were conducted in QIIME (Caporaso et al., 2010). Taxonomy was
assigned to each OTU (cutoff 97%) based on blast and the SILVA database (Altschul et al.,
1990; Quast et al., 2013). Pyrosequencing data of this study have been deposited in the
NCBI database under accession number PRJNA350216.

Lipid analyses

For the analysis of biofilm samples (BLL and BPD), freeze-dried material was cut into
small pieces and homogenized using a mortar and a pestle. The same procedure was
carried out with filters from bottom water samples (BW). Freeze-dried surface sediment
(SS) was homogenized using a glass mortar and pestle. Lipids from sediment, biofilms and
filters were extracted by a modified Bligh-Dyer extraction method (Pitcher et al., 2009).
Briefly, lipids were extracted from sediments, leaves and filters ultrasonically three times
in a mixture of methanol (MeOH):dichloromethane (DCM):phosphate buffer (2:1:0.8,
v/v/v) and the supernatant was carefully removed following each extraction after
centrifugation for 2 min at 3,000 rpm. The solvent ratio was then adjusted to 1:1:0.9
(MeOH:DCM:phosphate buffer, v/v/v) by addition of DCM and phosphate buffer to
initiate phase separation. Polar fraction was removed and aqueous fraction was washed
three times with DCM. DCM fractions were combined and rotary evaporated to near-
dryness and passed through pre-extracted cotton wool and collected into a pre-weighed
vial. Fifty per cent of the Bligh Dyer extract was separated into core lipid (CL) and intact
polar lipid (IPL) GDGT fractions by silica gel column separation. CL fraction was eluted
with five column volumes of hexane:ethyl acetate (1:1, v:v) and IPL fraction was eluted
with five column volumes of MeOH. Fractions were collected into pre-weighed vials. An
aliquot (10%) of the IPL fraction was split to determine the carry-over of CL-GDGT into
the IPL fraction by measuring directly via high-performance liquid chromatography-
atmospheric pressure chemical ionization/mass spectrometry (HPLC-APCI/MS). The
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other 90% was acid hydrolysed under refluxing in 1.5N HCI/MeOH for 2 h, to cleave the
polar head groups from IPLs to obtain IPL-derived CL-GDGTs. After reflux extracts were
cooled down and pH adjusted to 4-5 by adding 2N KOH/MeOH (1:1, v/v), followed by
addition of water and extraction of the aqueous phase with DCM, three times. Remaining
water in the IPL-derived CL-GDGT was removed through anhydrous NA,SO, columns
and the extract was dried under nitrogen. GDGTSs contained in the IPLs were quantified
after hydrolysis of the IPL fraction and will be referred to as IPL-derived GDGTs. Frac-
tions were analysed by a high performance liquid chromatography (HPLC)- mass spec-
trometry (MS) method with improved chromatographic separation as described by Hop-
mans et al. (2016). Selected ion monitoring (SIM) detection of [M+H]"* ions of GDGTs
was used, in combination with HP Chemstation software, for the quantification of
GDGTs. A standard mixture of crenarchaeol:Css GDGT was run regularly to check for
differences in ionisation efficiencies, which were compensated for if present.
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ANNEX

Supplementary Figures and Tables

Figure S1. Physicochemical profile of the water column of Lake Cis6 at the day of sampling
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Figure S2. Picture of the samples from Lake Cisé: sediment (1), bottom water (2), plant debris
(3.A) and leaf litter (3.B).
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Figure S4. Isoprenoid glycerol dialkyl tetraether (GDGT) structures and their mass-to-charge (m/z)
ratios
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ANNEX

Supplementary Table S1. Abundance of IPL-derived GDGT's (nanograms per liter or per
gram of dry weight) in bottom water (BW), sediment surface (SS), biofilm from plant de-
bris (BPD) and biofilm from leaf litter (BLL) from Lake Cisé6. £ = sum. nd = not detected.

GDGT BLL BPD BW SS
0 402.0 837.4 606.7 713.0
1d 0.00 0.00 0.00 0.00
1c 0.00 5.41 0.00 0.52
1b 3.80 6.66 4.83 6.70
la 180.5 283.1 193.3 249.9
1 9.18 0.00 3.44 10.6
2e 6.95 12.6 7.47 5.46
2d 3.04 5.20 2.37 0.00
2c 52.9 92.0 19.2 27.8
2b 58.2 0.00 28.1 22.7
2a 5.88 66.9 4.11 9.84
2 12.3 6.76 4.74 11.2
3f 1.40 0.00 0.00 0.39
3e 5.33 6.06 0.00 0.60
3d 3.55 0.00 1.56 1.30
3c 0.59 0.00 0.76 0.79
3b 3.42 2.10 1.60 4.08
3a 2.88 0.00 0.56 1.11
3 2.43 0.00 1.66 4.45
4c 0.00 0.00 0.00 0.00
4b 0.00 0.00 0.30 0.80
4a 0.00 0.00 0.22 0.58
4 2.33 0.00 1.80 437
cren-b 0.00 0.00 0.00 0.00
cren 447 9.73 22.4 67.2
cren-a 1.60 0.00 0.59 1.15
cren’ 7.38 1.54 5.14 11.7
average 8104 1335.5 9109  1156.4
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[Microorganisms] may not build cities or have

interesting social lives, but they will be here
when the Sun explodes. This is their planet, and
we are on it only because they allow us to be.

Bill Bryson
A short story of nearly everything

Mireia Fillol i Homs | Doctoral Thesis | 2017
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