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Annotation

Phylum Gemmatimonadota is a common group present in many natural environments.
Yet, this interesting bacterial group is rarely studied. Since its discovery 20 years ago,
only six cultured species have been described. Abundances of Gemmatimonadota in
various environments are usually low (< 1%), with the exception of soils, where they are
one of the more abundant phyla. Probably for this reason, at the onset of this work, most
of the knowledge about Gemmatimonadota came from studies of soil environments, while
information about their ecology in freshwater lakes was missing. An interesting discovery
relating to the unexplored diversity of Gemmatimonadota in freshwaters was the isolation
of the first phototrophic member of this group, Gemmatimonas phototrophica, which was
cultured from a shallow freshwater lake. To learn more about the ecology of
Gemmatimonadota in freshwaters, the main focus of this thesis was the analysis of their
distribution and diversity in several freshwater lakes, with emphasis on presence of
photoheterotrophic Gemmatimonadota. The potential ecological roles of this group,
metabolic capabilities and general genomic characteristics have also been addressed,
thereby allowing a broader scope comparison with Gemmatimonadota from other
environments such as soil, marine waters, or wastewaters.
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1. Introduction



1.1. Bacteria in the environment

Bacteria evolved approximately 3.5 billion years ago (Scott, 1984), and have since then
colonized most natural environments, from water, air, soil, rock surfaces, to more
extreme environments such as deep hydrothermal vents, glaciers, hot springs or
volcanos (Pace, 1997; Dunlap, 2001). Moreover, many species of bacteria live in
association with plants, animals, or other microorganisms. Bacteria have immense, for
most parts unknown genomic and metabolic diversity (Dunlap, 2001). Their
morphology also shows variations, with shapes ranging from rods, ovoids, spheres,
spirals, vibrios, and many other (Kysela et al., 2016). Bacterial size is usually around
one micrometer, with some exceptions, such as ubiquitous free-living marine bacterium
Pelagibacter ubique with length of 0.37-0.89 um (Rappé et al., 2002), or aquatic
bacterium Candidatus Actinomarina minuta with an average diameter of 0.29 pm (Ghai
et al., 2013). On the opposite side of spectrum examples include giant bacteria like
Thiomargarita namibiensis (750 pm) (Schulz et al., 1999) or a centimeter long and
visible by eye Thiomargarita magnifica (Volland et al., 2022). Furthermore, bacteria
represent large reservoirs of key elements, including carbon, nitrogen and phosphorous
(Whitman et al., 1998), and it was estimated that they account for 15% of all global
biomass, second only after the plants (Bar-On et al., 2018).

Bacterial community structure and population densities vary depending on the
environment they inhabit and are influenced by abiotic and biotic factors, such as
seasons, temperature, nutrients, pH, trophic status or relationship with other organisms
(Cole, 1982; Lombard et al., 2011; Hobbie and Hobbie, 2013; Nemergut et al., 2013;
Delgado-Baquerizo et al., 2017). In aquatic environments, their densities generally
range from 10*-10° cells ml" in the oceans (Whitman et al., 1998; Sogin et al., 2006),
and 10°-10° cells ml" in freshwater environments (Porter and Feig, 1980; Pedros-Alid
and Brock, 1982; Whitman et al., 1998; Chrost et al., 2009), but they can reach up to
108 cells ml™! in more nutrient-rich or eutrophic lakes (Jugnia et al., 1998; Porter et al.,
2004). The highest densities are usually found in different types of soils or sediments
where they can reach 10*-10'° cells per gram of soil or sediment (Torsvik et al., 1990;
Llobet-Brossa et al., 1998; Christensen et al., 1999; Musat et al., 2006; Raynaud and
Nunan, 2014).



1.2. Biogeochemical cycles

Bacteria use diverse metabolic strategies to obtain and conserve energy in order to
thrive under varying environmental conditions. Based on the source of carbon they need
for growth, bacteria are classified as heterotrophs, which need organic carbon, or
autotrophs that can use CO,. Energy for metabolism can be obtained from three sources.
The majority of bacteria oxidize various organic compounds and they are called
chemoorganotrophs. Chemoorganotrophs produce reduced inorganic molecules as
waste products of their metabolism, such as H,, H»S, or NH3, which are then oxidized
by chemolithotrophs (Madigan et al., 2010). Finally, phototrophic bacteria can use light
and convert it into chemical energy needed for their metabolism.

Biogeochemical cycles of all major biogenic elements, such as carbon, nitrogen,
phosphorus and sulfur are driven by bacteria (Falkowski et al., 2008). One of the most
fundamental processes on Earth crucial to carbon cycling is photosynthesis (Hohmann-
Marriott and Blankenship, 2011). Photoautotrophic bacteria (e.g. Cyanobacteria) and
other primary producers such as algae fix inorganic carbon and produce new biomass
(Falkowski et al., 1998). Part of the organic carbon fixed by photosynthetic organisms
is released as dissolved organic matter to the aquatic ecosystems and used by
heterotrophic bacteria to produce new biomass (secondary production) (Cole et al.,
1982) making it available to upper trophic levels via microbial loop (Azam et al., 1983;
Dodds and Whiles, 2020). The bacterial impact on energy flow and nutrient cycling in
aquatic environments is especially important due to their key role in global carbon
budget (Cole et al., 2007) through burial of organic carbon (Battin et al., 2009; Tranvik
et al., 2009), and as source of CO> from microbial respiration (Berggren et al., 2012;
Maberly et al., 2013).

Another important biogenic element is nitrogen (Vitousek et al., 2002), which is
required for the synthesis of proteins and nucleic acids. Nitrogen represents a limiting
nutrient in many ecosystems (LeBauer and Treseder, 2008). Despite the fact that
gaseous dinitrogen is the most abundant element in the atmosphere, it is inaccessible to
most organisms in this form. Only prokaryotic organisms called diazotrophs, which
possess enzyme nitrogenase, are able to reduce N, into ammonia (Howard and Rees,
1996; Dekas et al., 2009). Diazotrophs are widely distributed in the environment and
can be found in soils, oceans, lakes, sediments, and microbial mats, among many others
(Zehr et al., 2003; Montoya et al., 2004; Coyne et al., 2020; Pierella Karlusich et al.,
2021). Another important reaction is nitrification (Bristow et al., 2017). During this
process, ammonia is oxidized to nitrite by aerobic ammonia-oxidizing bacteria
belonging to several groups of Proteobacteria (French et al., 2012; Lehtovirta-Morley,



2018) as well as some Archaea species (Konneke et al., 2005; Lehtovirta-Morley,
2018). In the second step of nitrification, nitrite is oxidized to nitrate by nitrite-oxidizing
bacteria belonging to Proteobacteria (Teske et al., 1994), some Chloroflexota (Sorokin
et al., 2012) and the genus Nitrospira of the phylum Nitrospirae (Ehrich et al., 1995).
Both ammonia-oxidizers and nitrite-oxidizers are ubiquitous in soils, biofilms, lakes
and oceans (Kowalchuk and Stephen, 2001; Leininger et al., 2006; Wuchter et al., 2006;
Yool et al., 2007; Beman et al., 2008; Bristow et al., 2017). Ammonia oxidation occurs
also under anoxic conditions in the process called anammox (Bristow et al., 2017),
conducted by bacteria belonging to Planctomycetes (Strous et al., 1999). During that
process NO, and NH4" are converted into N, and water. In some environments, like
oceans, this process is considered to significantly contribute to the loss of bioavailable
nitrogen (Kuypers et al., 2005). Finally, nitrate can also be removed through
denitrification by denitrifying bacteria. During this process intermediate forms of
nitrogen like the greenhouse gas nitrous oxide, N»O, are also produced.

The study of bacterial dynamics, functions and roles in key processes, as well as their
ecology, composition and diversity, is an important topic which sheds light on how life
on Earth is sustained.

1.3. Culturing and classification of bacteria

In the earliest times of microbiological studies, the knowledge of microorganisms came
mostly from observations by light microscopy. A major breakthrough was the
establishment of pure culture work (Pace, 1997; Austin, 2017). This was facilitated by
the discovery of sterile solid agar media, which allowed simple and effective isolation
of pure bacterial strains (Madigan et al., 2010; Austin, 2017). Still, the identification
and classification of obtained organisms remained a major challenge, since
microbiologists had to rely only on physiological, morphological, and chemical
analyses to determine the phylogenetic relationship between the studied species.

The situation changed with the development of molecular methods. In 1965 Zuckerland
and Pauling described various molecules that could be used for molecular phylogeny,
calling them the “documents of evolutionary history” (Zuckerkandl and Pauling, 1965).
Later, genes encoding small subunit rRNA (16S or 18S rRNA) were established as a
common marker for identifying microbial species (Pace et al., 1986; Hugenholtz et al.,
1998). Using this approach, Carl Woese divided all known organisms into three basic
domains of life: Bacteria, Eukaryota and Archaea (Woese and Fox, 1977; Woese,
1987). Domains of Bacteria and Archaea are further divided into lower taxonomic ranks
of phyla, classes and orders (Hugenholtz, 2002). Based on 16S rRNA gene sequences

from cultured species Woese originally defined only 11 bacterial phyla: purple bacteria
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(now part of Proteobacteria), Cyanobacteria, gram-positive bacteria, chlamydiae,
planctomycetes and relatives, bacteroidetes-flavobacteria, green-sulfur bacteria,
spirochetes, green non-sulfur bacteria, deinococci and relatives, and Thermotoga
(Woese, 1987; Hugenholtz, 2002; Rappé and Giovannoni, 2003). Moreover, he also
showed that some bacteria with different morphological and metabolic characteristics,
such as Chloroflexota, which at that time consisted of four species with little phenotypic
similarities, belonged to the same phylum (Woese, 1987; Rappé and Giovannoni,
2003).

1.4. Unveiling microbial diversity

While culture work provided information about bacterial ultrastructure, metabolism,
and genomics, studying microbial diversity in nature using only culture-based
techniques represented a serious constraint. Microbiologists realized that the number of
cells determined in a natural environment by microscopy largely exceeded the colony
numbers obtained by agar plating. This phenomenon called “the great plate count
anomaly” (Jannasch and Jones, 1959; Staley, 1985) documents the fact that not every
microbe present in the environment can be cultured under standard laboratory
conditions (Staley, 1985; Torsvik et al., 1990; Pace, 1997; Rappé and Giovannoni,
2003; Austin, 2017). Indeed, classical cultivation reveals <1% of bacterial species
living in a particular environment (Amann et al., 1995) resulting in a serious

underestimation of microbial diversity and abundance (Hugenholtz et al., 1998).

The limitation of the culture-based studies was finally overcome by analyses of 16S
rRNA genes present in environmental DNA samples. This approach ultimately revealed
that the majority of the existing microorganisms remain uncultured (Giovannoni et al.,
1990; Rappé and Giovannoni, 2003), and led to the description of novel bacterial
groups, including high ranks such as phyla (Ludwig et al., 1997). One of the phyla
identified from environmental 16S rRNA gene sequences was Gemmatimonadota (Li
et al., 1999; Hugenholtz et al., 2001; Mummey and Stahl, 2003). Currently, there are
89 phyla in the SILVA database (Pruesse et al., 2007), and 148 phyla in the GTDB
database (Parks et al., 2021). Most of them are candidate phyla without cultured
representatives, recognized only from environmental sequences (Hug et al., 2016). Still,
this is only a small part of the microbial diversity. It was estimated that there may exist
more than 1000 bacterial phyla (Yarza et al 2014).
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Figure 1. The phylogenomic tree of all bacterial phyla present in the Genome
Taxonomy Database (GTDB) (Release RS95) visualized using AnnoTree (version 1.2)
(Mendler et al., 2019). Gemmatimonadota and six other phyla with members capable
of anoxygenic phototrophy are marked in different colors, and the type of reaction
center is indicated with a circle or a star (vight legend). The double asterisk (**) means
there is no corresponding taxonomy in GTDB for the genome, so a higher taxonomic
level is shown. The tree was modified from Mujaki¢ et al., 2022.

A weak point of 16S rRNA gene sequencing can be the problematic quantification of
observed organisms. This problem can be solved using fluorescence in situ
hybridization (FISH), where bacteria are labelled on different phylogenetic levels with
DNA or RNA oligonucleotide probes. This allows us to identify and enumerate them
by fluorescence microscopy and provides estimates of their abundance (Amann et al.,
1990, 2001; Moter and Gobel, 2000; Eickhorst and Tippkoétter, 2008). However, FISH
also has its technical limitations, especially when detecting small bacteria with low

ribosome content or those with low abundances in the environment (Amann and Fuchs,



2008). For that reason, the original FISH protocol was improved by the application of
probes labelled with enzyme horseradish peroxidase and subsequent catalyzed reported
deposition of fluorescently labelled tyramides (CARD or TSA-FISH) (Schonhuber et
al., 1997; Pernthaler et al., 2002; Amann and Fuchs, 2008; Kubota, 2013). The CARD-
FISH method produces a much stronger signal, which is easier to detect by fluorescence
microscopy. Both techniques have been successfully used in the description and
identification of bacterial communities in various environments, such as sediments
(Llobet-Brossa et al., 1998, 2002; Ishii et al., 2004), soil (Bertaux et al., 2007; Eickhorst
and Tippkotter, 2008), or wastewaters (Gieseke et al., 2003; Maixner et al., 2006).
Furthermore, in marine waters (Gl6ckner et al., 1999; Cottrell and Kirchman, 2000;
Pernthaler et al., 2002), these methods helped to quantify and describe the diversity of
the most abundant marine bacteria, SAR11 or Pelagibacter group (Herlemann et al.,
2014), and aided in the culturing process of its members (Rappé et al., 2002). In fresh
waters, these methods were used in the description of highly abundant Actinobacteria
(Sekar et al., 2003; Neuenschwander et al., 2018), Alphaproteobacteria (Salcher et al.,
2011, 2013; Neuenschwander et al., 2015), freshwater methylotrophic bacteria
(Salcher et al., 2015), Polynucleobacter (Wu and Hahn, 2006), freshwater
Chloroflexota (Mehrshad et al., 2018) and many others.

Culturing still has an important role in microbial ecology, however it is necessary to
combine it with cultivation-independent methods like 16S rRNA gene amplicons or
FISH and CARD-FISH when studying bacterial diversity. Furthermore, the
combination of these methods with the newly emergent field of metagenomics,
described in the next chapter, is becoming the new standard to describe uncultivated
species of bacteria (Konstantinidis et al., 2017).

1.5. Metagenomics — a new approach to studying uncultivated
bacteria

Despite of the significant progress in bacterial diversity achieved by the application of
16S RNA analyses, the taxonomic information does not provide information about the
actual metabolic potential of uncultured species. Answers to such questions can be
obtained through metagenomics, where bacterial communities are analyzed by
sequencing all DNA present in an environment of interest (Wooley et al., 2010).
Subsequently, by applying various computational tools, the environmental sequences
are assembled into contigs and finally reconstructed into genomes called metagenome-
assembled genomes (MAGs) present in that environment. Usage of shotgun
metagenomics enables us to study bacterial diversity and uncover its richness within
different environments, as well as their ecology and interactions, evolution, metabolic



pathways and functional diversity (Tringe et al., 2005; Hooper et al., 2008; Wooley et
al., 2010; Shah et al., 2011; Escobar-Zepeda et al., 2015; Oulas et al., 2015). With the
continuous advances in sequencing methods, an important contribution in genomics has
come from long-read single-molecule DNA sequencing technologies like Pacific
Biosciences (PacBio sequencing) and Oxford Nanopore Technologies, which can
produce continuous long sequences (Logsdon et al., 2020). However, the use of these
methods in metagenomics still has some challenges, such as DNA extraction for long
molecules, lower sequencing depth, higher costs and higher error rates (Frank et al.,
2016; Marx, 2023). On the other hand, as the short reads produced by Illumina
sequencing can often limit the assembly of long contigs, the combination of these two
methods is recommended for a successful reconstruction of bacterial genomes (Risse et
al., 2015; Frank et al., 2016; Wick et al., 2023).

Sampling
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metagenomic
sequencing
I ’ — ==
\_ 3 Binning ——— | Assembly — — — — — —
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o B — i e e o
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Figure 2. Simplified scheme of metagenomic workflow from sampling of a freshwater
lake to obtaining MAGs. The figure was created using BioRender.com

The first environmental metagenomics studies focused on environments that were
expected to have lower species diversity, such as acid mine drainage microbial biofilm
(Tyson et al., 2004) or Sargasso Sea (Venter et al., 2004). However, with advances in
high throughput sequencing methods and assembly software, it seems that there are no
environments that cannot be analyzed. Metagenomic data unveiled novel genetic
diversity with many draft or complete genomes of previously unknown groups of
bacteria (Hug et al., 2016a; Parks et al., 2017) and expanded our understanding of their
roles in biogeochemical processes (Hug et al., 2013, 2016b; Anantharaman et al., 2016).
At the same time, microbial communities can be taxonomically identified and their
metabolism can be analyzed (Hug et al., 2016b). Metagenomes are successfully used in
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the description of bacterial communities of soils (Crits-Christoph et al., 2018; Pessi et
al., 2022), wastewaters (Speth et al., 2016; Lawson et al., 2017; Chen et al., 2022),
microbial mats (Lee et al., 2018; Mendes Monteiro et al., 2019), deep sediments and
ground waters (Anantharaman et al., 2016; Hug et al., 2016b), marine waters (Rusch et
al., 2007; Sunagawa et al., 2015; Haro-Moreno et al., 2018) as well as more extreme
environments, like deepest ocean sediments and hydrothermal vents (Xie et al., 2011;
Meier et al., 2017; Chen et al., 2021), or soda lakes (Vavourakis et al., 2018, 2019; Zorz
etal., 2019). Metagenomic studies of freshwater environments are also numerous. They
allow us to describe the metabolic potential of microbial communities in lakes through
assemblies of new MAGs (Cabello-Yeves et al., 2017; He et al., 2017; Holland-Moritz
et al., 2018; Mehrshad et al., 2018; Ward et al., 2019) and to understand bacterial roles
in biogeochemical cycles (Ghai et al., 2014; Arora-Williams et al., 2018; Cabello-
Yeves et al., 2018, 2020; Linz et al., 2018; Tran et al., 2021; Smith et al., 2022).

The advancement of metagenomics continuously expands our knowledge of the
diversity and metabolic potential of bacteria in the natural environment. This also
includes the bacterial phylum that is the main topic of this thesis, Gemmatimonadota,
an interesting group with members capable of anoxygenic photosynthesis.

1.6. Anoxygenic Photosynthesis

The first phototrophic organisms lived under anaerobic conditions and did not produce
oxygen (Olson, 2006; Hohmann-Marriott and Blankenship, 2011). In contrast to
oxygenic Cyanobacteria, which use water as an electron donor and evolve oxygen,
anoxygenic phototrophs do not evolve oxygen as they use different reduced electron
donors such as hydrogen, sulfide, or ferrous ions (Hohmann-Marriott and Blankenship,
2011). Anoxygenic photosynthesis has scattered distribution across the Tree of Life and
is currently known in seven bacterial phyla: Proteobacteria, Acidobacteria,
Bacteroidota, Chloroflexota, Firmicutes, Eremiobacteriota, and Gemmatimonadota
(Bryant and Liu, 2013; Zeng et al., 2014; Cardona, 2015; Parks et al., 2018; Ward et
al., 2019). Anoxygenic phototrophs harvest light using different forms of
bacteriochlorophylls (BChl) and carotenoids organized in light-harvesting complexes
surrounding photosynthetic reaction centers (Yurkov and Csotonyi, 2009; Sener et al.,
2016). There are two basic types of the reaction centers (Hohmann-Marriott and
Blankenship, 2011). Type I reaction centers use ferredoxin as an electron acceptor and
are present in anaerobic anoxygenic phototrophic Firmicutes, Chlorobi, and
Acidobacteria (Cardona, 2016). In contrast, type II reaction centers use quinones as the
final electron acceptors and are present in both aerobic and anaerobic anoxygenic

phototrophic Proteobacteria, Chloroflexota, Eremiobacteriota and Gemmatimonadota



(Zeng et al., 2014; Ward et al., 2019).

Oxygenic Cyanobacteria appeared around 2.4 — 2.7 billion years ago and gradually
transformed life on Earth through the oxygenation of the atmosphere and oceans (Nisbet
and Fowler, 2003; Bekker et al., 2004; Holland, 2006; Lyons et al., 2014). This forced
anaerobic phototrophs to retreat to the remaining anoxic environments (Hohmann-
Marriott and Blankenship, 2011), where they express photosynthetic genes (Bauer et
al., 2009) and perform photosynthesis under anaerobic conditions. Other phototrophic
species partially or fully adapted to new aerobic conditions (Raymond and Segre, 2006).
For instance, aerobic anoxygenic phototrophic (AAP) bacteria harvest light energy
under fully oxic conditions but have lost any carbon fixation capacity. With the pressure
of new environmental conditions, some anoxygenic phototrophs transitioned to a
heterotrophic lifestyle and lost their photosynthesis genes. Proteobacteria, for example
(Woese, 1987; Nagashima and Nagashima, 2013) has a scattered distribution of
phototrophy inside the phylum (Swingley et al., 2009; Koblizek et al., 2013; Kopejtka
et al., 2017). The current diversity of phototrophic phyla in the Tree of Life is also
explained by events of horizontal gene transfer (HGT) of phototrophic genes, a
mechanism which is recorded in many groups of phototrophic bacteria (Igarashi et al.,
2001; Raymond et al., 2002; Nagashima and Nagashima, 2013; Zeng et al., 2014;
Brinkmann et al., 2018; Ward et al., 2019).

1.7. Aerobic anoxygenic phototrophic (AAP) bacteria

Aerobic anoxygenic phototrophic (AAP) bacteria are a functional group with members
across several bacteria phyla that are able to obtain energy from light through BChl a
containing type Il reaction centers. AAPs are facultative photoheterotrophs that require
a source of reduced organic carbon for growth, and light serves as an auxiliary source
of energy (Yurkov and Beatty, 1998; Koblizek, 2015; Piwosz et al., 2018). They use
cyclic photophosphorylation to generate a proton gradient that is used for ATP synthesis
(Overmann and Garcia-Pichel, 2013), which provides a metabolic advantage over pure
heterotrophs (Koblizek et al., 2005). To avoid the simultaneous presence of light and
oxygen during bacteriochlorophyll synthesis, regulatory mechanisms restrict the
expression of phototrophic genes and bacteriochlorophyll synthesis to dark periods
(Nishimura et al., 1996; Yurkov and Beatty, 1998; Koblizek et al., 2005; Fecskeova et
al., 2019). For protection from excessive light and oxygen, they contain a variety of
carotenoids, which also give them vivid colors and serve as additional light-harvesting
pigments (Yurkov and Csotonyi, 2009; Koblizek, 2015).

10



Figure 3. Pictures showing cultures and different colors of AAP bacteria. (a)
Gemmatimonas phototrophica, (b) Gemmatimonas groenlandica, (c) Roseobacter
litoralis, Roseococcus thiosulfatophilus, Erythrobacter longus and Sphingomonas sp.
AAP2. Picture is modified from (Koblizek, 2015, Zeng et al., 2021; Mujaki¢ et al., 2022)

AAP bacteria are diverse, highly abundant and important members of bacterial
communities in marine waters (Kolber et al., 2001; Hojerova et al., 2011; Koblizek,
2015) as well as freshwater environments (Man et al., 2008; Masin et al., 2012;
Cuperova et al., 2013; Ruiz-Gonzalez et al., 2013; Fauteux et al., 2015; Ferrera et al.,
2017; Kolarova et al., 2019). AAPs are characterized by on average larger cell size and
faster growth rates than heterotrophic bacteria (Koblizek et al., 2007; Ferrera et al.,
2011; Cepakova et al., 2016; Garcia-Chaves et al., 2016; Piwosz et al., 2020). However,
their bigger size makes them more vulnerable to protistan grazing, which indicates their
important role in the microbial food webs and aquatic carbon cycle (Koblizek et al.,
2007; Cepakova et al., 2016). Additionally, several studies showed that cultures of AAP
bacteria exposed to light are able to reduce respiration rate by 75 %, and that way
incorporate carbon more efficiently and increase their growth efficiency by 50 %
(Hauruseu and Koblizek, 2012; Piwosz et al., 2018; Koblizek et al., 2020). The
importance of AAP bacteria and their role in the carbon cycle was demonstrated also in
nature (Piwosz et al., 2022). The activity of AAP bacteria in a freshwater lake was
determined from microbial respiration and carbon compounds assimilation measured
in dark and infrared light. Bacterial respiration of the whole microbial community was
reduced by 15 % in infrared light, which selectively excites BChl a-containing
photosystems. Additionally, AAP bacteria increased assimilation of carbon sources like
glucose, pyruvate and leucine (Piwosz et al., 2022). As freshwater lakes, where AAP
bacteria are commonly present (Cepakova et al., 2016; Fecskeova et al., 2019; Kolarova
et al., 2019; Villena-Alemany et al., 2022), have an important role in the global carbon
cycle (Tranvik et al., 2009; Berggren et al., 2012; Maberly et al., 2013), it is essential
to take into account the potential impact that photoheterotrophy of AAP bacteria can
have on it.
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1.8. Gemmatimonadota

Gemmatimonadota is one of the bacterial phyla originally discovered using molecular
phylogenetic methods. It was first established as BD/KS-B group based on five 16S
rRNA gene sequences from various environments (Li et al., 1999; Hugenholtz et al.,
2001; Madrid et al., 2001; Mummey and Stahl, 2003). The first cultured representative
Gemmatimonas aurantiaca was isolated from the activated sludge of a wastewater
treatment plant and gave the phylum its name Gemmatimonadota (Zhang et al., 2003).
Later, three novel species were isolated from various soils, Gemmatirosa
kalamazoonesis and Roseisolibacter agrii from agricultural soil (DeBruyn et al., 2013;
Pascual et al.,, 2018) and Longimicrobium terrae from Mediterranean forest soil
(Pascual et al., 2016). Finally, two isolates came from freshwater environments,
Gemmatimonas phototrophica from a shallow freshwater lake (Zeng et al., 2015) and

Gemmatimonas groenlandica from a stream (Zeng et al., 2021).

With the discovery of the photoheterotrophic G. phototrophica, Gemmatimonadota was
recognized as one of the phyla containing anoxygenic phototrophic species (Zeng et al.,
2014). The unique and efficient photosynthetic complex of G. phototrophica, which
contains type Il reaction centers surrounded by two concentric rings of light-harvesting
antennae, was recently purified and characterized (Dachev et al., 2017; Qian et al.,
2022). Genes encoding for reaction center and BChl a biosynthesis are organized into
photosynthesis gene cluster (PGC) in all known phototrophic Gemmatimonadota,
(Zeng et al., 2014, 2021). This organization is common for Proteobacteria (Nagashima
and Nagashima, 2013), and since the PGC of Gemmatimonadota shows similar
organization and close phylogenetic relationship to that of Proteobacteria, it was
suggested they received it via HGT (Zeng et al., 2014). While HGT events in the same
bacterial phylum are common (Igarashi et al., 2001; Nagashima and Nagashima, 2013;
Brinkmann et al., 2018; Ward et al., 2018), this represents the first known example of
HGT of complete PGC between different bacterial phyla (Zeng et al., 2014; Cardona,
2016).
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Figure 4. Photosynthetic gene cluster of two photoheterotrophic cultures of
Gemmatimonadota (G. phototrophica and G. groenlandica) and different
photoheterotrophic Gammaproteobacteria (C. litoralis and R. gelatinosus) and
Alphaproteobacteria (R. sphaeroides and R. capsulatus). Different colors indicate
genes involved in bacteriochlorophyll biosynthesis (green), carotenoid biosynthesis
(orange), genes encoding the reaction centre (puf operon-red), puh operon
(pink/purple), other genes (brown and yellow), genes not involved in photosynthesis or
hypothetical (blue/grey).

BChl-containing Gemmatimonadota are facultative photoheterotrophs that cannot
assimilate inorganic carbon and need a source of organic substrate (Zeng et al., 2014,
2015). The ability to use light provides them with additional energy, enables them to
reduce respiration rate and increase the assimilation rate of organic compounds making
them more efficient in carbon utilization and increasing their growth rate (Koblizek et
al., 2020).

Gemmatimonadota are common in many natural environments (DeBruyn et al., 2011;
Huang et al., 2016; Zeng et al., 2016). Until recently, Gemmatimonadota were mostly
reported from soils, where they show higher abundancies then in other environments
(DeBruyn et al., 2011; Delgado-Baquerizo et al., 2018). They were found in freshwaters
(Morrison et al., 2017; Fecskeova et al., 2019), and often reported in freshwater
sediments (Song et al., 2012; Zhang et al., 2015; Huang et al., 2016) but until now there
have not been any studies that focused on the ecology, distribution and diversity of

Gemmatimonadota in freshwater lakes.
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2. Aims and objectives

The overarching aim of this work was to obtain more insights into the rarely studied
bacterial phylum Gemmatimonadota and to reveal their distribution, diversity and
potential ecological roles with the main focus on freshwater environments. Since some
of the cultured members were capable of anoxygenic photosynthesis, a special interest
of this study was also photoheterotrophy in this group.

One of the main ideas was to analyze the distribution of Gemmatimonadota in lakes
and answer the question of their limnic character, that is, if they are truly present in the
water column and not passively transferred to the lake from surrounding soil or
sediments. Additionally, we also wanted to see if more photoheterotrophic members of
Gemmatimonadota can be found in freshwater environments. To do so, we studied
several European freshwater lakes located in the Czech Republic (Cep lake, Rimov
Reservoir and Jiticka pond) and Switzerland (Lake Zurich, Lake Constance and Lake
Thun) and applied methods of amplicon sequencing, metagenomics and CARD-FISH.
Finally, we have also chosen to explore the potential ecological roles and metabolic
capabilities of Gemmatimonadota by using MAGs not only from freshwaters but also
from several other environments like soil, marine waters, wastewaters or sediments.
The objective of this part of the thesis was to obtain a global picture of the metabolic
patterns and genomic differences of Gemmatimonadota across multiple environments.
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3. Results
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Paper I

Common presence of phototrophic Gemmatimonadota in
temperate freshwater lakes

Mujaki¢, 1., Andrei, A-S., Shabarova, T., Fecskeova, L.L., Salcher, M.M.,
Piwosz, K., Ghai, R., Koblizek, M. (2021)
mSystems 6:¢01241-20
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3.1. Summary results derived from Paper No. 1

We explored metagenomic data from five freshwater lakes with different trophic status
that were collected over several years and seasons in order to answer the questions of
distribution and diversity of Gemmatimonadota. Specifically, we wanted to see if they are
truly limnic and not passively transferred to lakes via runoff water or by mixing of the
sediments and to identify the most common freshwater heterotrophic and
photoheterotrophic Gemmatimonadota.

Our results suggest that Gemmatimonadota in freshwater lakes represent only a small
fraction of bacterial communities since their relative abundances were mostly around 1%.
They were present at different depths of the lakes, both in epilimnion as well as
hypolimnion, and their distribution appeared to follow seasonal patterns influenced by
temperature and stratification of the lakes.

We reconstructed 45 freshwater Gemmatimonadota MAGs, almost half of which (19)
contained photosynthetic genes. Based on phylogeny, we clustered the phototrophic
Gemmatimonadota into three different groups. Group 1 (Pgl) probably represented novel
photoheterotrophic genera. Group 2 (Pg2) clustered with culture Gemmatimonas
phototrophica but was formed from MAGs, which, based on amino acid identity (AAI),
represented several different species. Finally, group 3 (Pg3) also represented different
species other than G. phototrophica but belonged to the same genus. The analysis also
showed that the photosynthesis gene cluster (PGC) from limnic Gemmatimonadota has
an identical or very similar organization as the PGC from G. phototrophica.

Since the majority of the Gemmatimonadota phylum consisted of uncultured
environmental sequences, we used 16S rRNA gene sequences from newly assembled
MAGs to define six new clusters and increase the taxonomic resolution of unclassified
Gemmatimonadota.

Comparison of relative abundance of phototrophic and non-phototrophic
Gemmatimonadota using fragment recruitment in metagenomes from Rimov Reservoir
showed the presence of phototrophic groups in the epilimnion and the highest contribution
of non-phototrophic MAGs in summer in the hypolimnion.

Finally, we designed a CARD-FISH probe and for the first time visualized
Gemmatimonadota cells from class Gemmatimonadetes in samples from the Rimov
reservoir. Small-sized free-living Gemmatimonadetes were mostly observed in the
hypolimnion, whereas in the epilimnion Gemmatimonadota cells were often found
associated with diatoms or cyanobacteria.

21



22



RESEARCH ARTICLE

)

Check for
updates

Az, | DSystems

Common Presence of Phototrophic Gemmatimonadota in

Temperate Freshwater Lakes

Izabela Mujaki¢, > ©2Adrian-Stefan Andrei,© (“Tanja Shabarova, Livia Kolesar Fecskeova,® ' Michaela M. Salcher,*

Kasia Piwosz,2* (“Rohit Ghai,c ' Michal Koblizeka*

aLaboratory of Anoxygenic Phototrophs, Centre Algatech, Institute of Microbiology of the Czech Academy of Sciences, Trebor, Czechia

®Department of Ecosystem Biology, Faculty of Science, University of South Bohemia, Ceské Budéjovice, Czechia

Department of Aquatic Microbial Ecology, Institute of Hydrobiology, Biology Centre of the Czech Academy of Sciences, Ceské Budéjovice, Czechia

ABSTRACT Members of the bacterial phylum Gemmatimonadota are ubiquitous in
most natural environments and represent one of the top 10 most abundant bacterial
phyla in soil. Sequences affiliated with Gemmatimonadota were also reported from
diverse aquatic habitats; however, it remains unknown whether they are native organ-
isms or represent bacteria passively transported from sediment or soil. To address this
question, we analyzed metagenomes constructed from five freshwater lakes in central
Europe. Based on the 16S rRNA gene frequency, Gemmatimonadota represented from
0.02 to 0.6% of all bacteria in the epilimnion and between 0.1 and 1% in the hypo-
limnion. These proportions were independently confirmed using catalyzed reporter
deposition-fluorescence in situ hybridization (CARD-FISH). Some cells in the epilimnion
were attached to diatoms (Fragilaria sp.) or cyanobacteria (Microcystis sp.), which sug-
gests a close association with phytoplankton. In addition, we reconstructed 45 meta-
genome-assembled genomes (MAGs) related to Gemmatimonadota. They represent
several novel lineages, which persist in the studied lakes during the seasons. Three lin-
eages contained photosynthesis gene clusters. One of these lineages was related to
Gemmatimonas phototrophica and represented the majority of Gemmatimonadota
retrieved from the lakes’ epilimnion. The other two lineages came from hypolimnion
and probably represented novel photoheterotrophic genera. None of these phototro-
phic MAGs contained genes for carbon fixation. Since most of the identified MAGs
were present during the whole year and cells associated with phytoplankton were
observed, we conclude that they represent truly limnic Gemmatimonadota distinct
from the previously described species isolated from soils or sediments.

IMPORTANCE Photoheterotrophic bacterial phyla such as Gemmatimonadota are key
components of many natural environments. Its first photoheterotrophic cultured mem-
ber, Gemmatimonas phototrophica, was isolated in 2014 from a shallow lake in the Gobi
Desert. It contains a unique type of photosynthetic complex encoded by a set of genes
which were likely received via horizontal transfer from Proteobacteria. We were intrigued
to discover how widespread this group is in the natural environment. In the presented
study, we analyzed 45 metagenome-assembled genomes (MAGs) that were obtained
from five freshwater lakes in Switzerland and Czechia. Interestingly, it was found that
phototrophic Gemmatimonadota are relatively common in euphotic zones of the studied
lakes, whereas heterotrophic Gemmatimonadota prevail in deeper waters. Moreover, our
analysis of the MAGs documented that these freshwater species contain almost the
same set of photosynthesis genes identified before in Gemmatimonas phototrophica
originating from the Gobi Desert.

KEYWORDS Gemmatimonadota, Gemmatimonadetes, anoxygenic phototrophs, aquatic
bacteria, MAGs, metagenome, photosynthesis gene cluster, freshwater ecology,
CARD-FISH
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Microorganisms conduct key biogeochemical processes involved in the main fluxes
of matter and energy on Earth. Most microbial diversity remains uncultured, and
only analyses of environmental DNA samples have made it possible to unravel existing
microbial diversity and to identify the main species involved (1). Indeed, out of 112
known bacterial phyla in the Genome Taxonomy Database (GTDB) (2), more than one
half are still recognized only from environmental sequences (3).

One of the phyla that was first identified using molecular phylogenetic methods
was Gemmatimonadota (also called Gemmatimonadetes [4]), which was originally
established as the so-called BD group based on five 165 rRNA gene sequences, which
originated from deep-sea sediments, soils, and reactor sludge (5, 6). Independently,
the group was also proposed as a candidate division KS-B based on three 16S rRNA
gene sequences retrieved from coastal sediment samples from French Guiana (7).

The first cultured strain T27 belonging to the BD/KS-B group was isolated from
a wastewater treatment plant in Japan. The isolate was named Gemmatimonas aur-
antiaca and established the new phylum Gemmatimonadota, along with its first
class Gemmatimonadetes and genus Gemmatimonas (8). Subsequently, three more
Gemmatimonadota genera (Gemmatirosa, Longimicrobium, and Roseisolibacter)
with type strains were described from various soil environments (9-11). Apart from
class Gemmatimonadetes, phylum Gemmatimonadota consists of four more class-
level groups which include class Longimicrobia, two terrestrial groups (BD2-11 and
S0134), and one marine benthic group (PAUC43f) (10, 12). The four cultured repre-
sentatives from the phyla were all chemo-organoheterotrophs that require oxygen
and grow under fully aerobic or semiaerobic conditions (8-11). An interesting met-
abolic potential and ecological role was reported for G. aurantiaca, as this species
has the ability to reduce the greenhouse gas N,O (13). However, with the discovery
of Gemmatimonas phototrophica, which contains photosynthetic reaction centers
(14, 15), Gemmatimonadota were added to several bacterial phyla containing
anoxygenic phototrophic species alongside Proteobacteria, Chlorobi (now included
as a class-level lineage in Bacteroidota [2]), Chloroflexota, Firmicutes (Bacillota),
Acidobacteriota, and the newly discovered phylum “Candidatus Eremiobacterota”
(WPS-2) (14, 16, 17). Anoxygenic phototrophs, such as G. phototrophica, are able to
support their metabolism by harvesting light using bacteriochlorophylls; however,
they require a supply of organic substrate for growth (18). Another characteristic
found in G. phototrophica is the organization of its photosynthesis genes into a
cluster called the photosynthesis gene cluster (PGC). Interestingly, the gene arrangement
in the PGC of G. phototrophica is very similar to the one found in Proteobacteria, so it has
been suggested that phototrophy in Gemmatimonadota originates from an ancient hori-
zontal gene transfer of the entire PGC from Proteobacteria (14). As yet, this is the only
known case of horizontal transfer of an entire set of photosynthesis genes between dis-
tant bacterial phyla (14, 19).

Information about the prevalence of Gemmatimonadota in different habitats is
continuously growing, although information about their ecology is scarce. Members
of this phylum were found in many natural environments (12, 20-22) and represent
the eighth most abundant phylum in soils, accounting for about 1 to 2% of bacteria
in soils worldwide (23). Their highest contributions are typically found in fertile agri-
cultural and forest soils (20) but are also present in more unique soil environments,
such as arid Antarctic Dry Valley soils (24, 25). It has been suggested that
Gemmatimonadota may be relatively more abundant in dry soils (26). On the other
hand, from the available data, it is known that they are also present in aquatic envi-
ronments, such as freshwater lakes (27), sediments (22, 28-30), and estuaries (31,
32). In addition, G. phototrophica was isolated from a freshwater lake in Inner
Mongolia (18). However, this organism does not grow in liquid culture and requires
microaerophilic conditions, which are more typical for sediment-dwelling species.
Thus, the data showing that Gemmatimonadota prefer dry environments does not
seem to be universal. There is probably a large ecological and functional diversity
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Phototrophic Gemmatimonadota in Lakes

TABLE 1 Basic characteristics of the lakes studied

fBSystems

Characteristic Rimov Reservoir Jiricka pond Lake Zurich Lake Constance Lake Thun
Country? cz cz CH CH CH

Latitude 48.50°N 48°36'N 47°18'N 47°32'N 46°41'N
Longitude 14.29°E 14°40'E 8°34'E 9°31'E 7°43'E
Altitude (m) 470 892 406 395 558

Area (km?) 2.10 0.035 88.66 536 483
Volume (m?) 34.5 x 10° 6.59 x 10° 33x10° 48 x 10° 6.5 x 10°
Avg depth (m) 16.5 1.8 49 90 136
Maximum depth (m) 43 4.5 136 251 217

Mean hydraulic residence time 77 days 9days 14yrs 5yrs 1.8yrs
Trophic status Mesoeutrophic Dystrophic Oligomesotrophic Oligomesotrophic Ultraoligotrophic
Mixing type Dimictic Polymictic Monomictic Monomictic Monomictic
Sampling 2015—2017 2016—2017 2010—2019 2018 2018

No. of samples® E=10,H=8 E=5 E=6,H=4 E=2,H=2 E=1,H=1

aCZ, Czechia; CH, Switzerland.

YE refers to epilimnion, and H refers to hypolimnion. The exact depths for each of the lakes are provided in Materials and Methods.

among the members of Gemmatimonadota. The question remains whether
Gemmatimonadota-related sequences identified in lakes originate from strictly
limnic species, or perhaps they are just a passive component that enters the lakes
along with runoff waters from surrounding soil.

Current progress in sequencing technologies and bioinformatics has circumvented
the necessity for cultivated representatives and allowed biological and ecological infer-
ences to be drawn by using genomic data recovered directly from microbial commun-
ities. Over the past few years, the usage of metagenome-assembled genomes (MAGs)
has allowed the description of many novel bacterial divisions and unearthed large radi-
ations in the prokaryotic tree of life (33). This approach has already led to the discovery
of new phototrophic organisms belonging to the yet uncultured candidate phylum
“Ca. Eremiobacterota” (16, 34). Also, two MAGs belonging to Gemmatimonadota were
recovered from Lake Baikal. One MAG was more similar to Gemmatirosa kalamazoonen-
sis found in soils and seemed more abundant at a depth of 5 m. The other MAG-
encoded rhodopsin gene and was closely related to the phototrophic species G. photo-
trophica and showed a higher abundance at 20 m (35).

Therefore, in order to address the question whether there are any truly limnic
Gemmatimonadota and to investigate their diversity, we analyzed metagenome data
from five freshwater lakes in Czechia and Switzerland. The lakes were chosen based on
their trophic status and included a representative mesoeutrophic Rimov Reservoir, a
dystrophic Jifickd pond, oligomesotrophic Lake Zurich and Lake Constance, and an
ultraoligotrophic Lake Thun (Table 1). The metagenome sequences were collected
over several years and seasons. The reconstructed MAGs were analyzed with the aim
to identify the most common freshwater and photoheterotrophic Gemmatimonadota
and to analyze their spatiotemporal variability. Using catalyzed reporter deposition-flu-
orescence in situ hybridization (CARD-FISH), cells of Gemmatimonadota were visualized
for the first time in their natural environment, and their association with other organ-
isms was observed.

RESULTS

Abundance of Gemmatimonadota. The presence of Gemmatimonadota in fresh-
water lakes was first assessed by using relative 16S rRNA abundances extracted from our
metagenomic data sets. In all studied lakes, Gemmatimonadota formed only a small part
of the bacterial community with relative abundances typically below 1%. The highest rela-
tive abundance was found in Rimov Reservoir, where Gemmatimonadota sequences were
present over the entire sampling period (2015 to 2017). Interestingly, their relative abun-
dance was higher in the hypolimnion (0.58% == 0.23%; n=28) than in the epilimnion
(0.24% *+ 0.21%; n=10), with the highest numbers (1.03%) in August 2016. A similar pat-
tern of higher contribution in the hypolimnion (0.44% =+ 0.27%; n=4) than in the
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epilimnion (0.28% = 0.25%; n = 6) was also observed in Lake Zurich, with the highest rela-
tive abundance occurring in spring (13 May 2013, 0.77%). The general pattern of higher
abundance in the hypolimnion was observed also in both Lake Constance and Lake Thun
and was recorded in summer with 0.81% and 0.58% relative abundance, respectively.
Finally, the lowest contribution of Gemmatimonadota was found in Jirickd pond, where
they represented less than 0.1% of the prokaryotic community, with a maximum of 0.09%
recorded in summer, in August 2017.

Statistical analysis using distance-based linear models (DistLM) showed that the
only environmental factor driving the Gemmatimonadota community in Rimov
Reservoir was water temperature, which explained 47% of the variability in the data
set (P = 0.0002, pseudo-F=13.303). A separate analysis of epilimnion and hypolimnion
samples showed that temperature was also important in epilimnion (P = 0.0079,
pseudo-F=5.7106, and 41.6% of the explained variability in data set) but not in
hypolimnion.

Metagenome-assembled genomes of Gemmatimonadetes and their distribution.
To explore the diversity of aquatic Gemmatimonadota, we performed genome-resolved
metagenomics analyses. The freshwater MAGs (n = 45) obtained in our study were ana-
lyzed together with those publicly available (n=226) in March 2019 (see Table S1 in
the supplemental material for a complete list). Most of the MAGs assembled by us
were obtained from Rimov Reservoir (n = 27), followed by Lake Zurich (n = 10), Lake
Constance (n = 5), Lake Thun (n = 2), and Jirickd pond (n = 1). Publicly available MAGs
originated from various environments: mostly from marine habitats (n = 36) and soils
(n = 37), followed by sediments of soda lakes (n = 38), permafrost (n = 23), and other
(n = 11). Only three MAGs from freshwater environments were available in the data-
base at the time of the study.

Phylogenomically, based on Genome Taxonomy Database (GTDB) taxonomy (39),
all MAGs recovered in this study clustered within class Gemmatimonadetes (Fig. 1).
Although they were all recovered from a freshwater environment, six of them were
more closely related to publicly available MAGs from environments like soils and sedi-
ments. MAGs CH-Jul18-bin44, ZH-3nov15-207, and TH-Jun18-bin75 clustered with
MAGs from soils, and CH-Jul18-bin76, CH-Jul18-bin112, and ZH-3nov15-212 clustered
with MAGs from sediments. Similarly, in 16S rRNA phylogeny (see Fig. S1 in the supple-
mental material), all freshwater MAGs with recovered 16S rRNA genes clustered within
class Gemmatimonadetes, with the exception of two previously mentioned MAGs (CH-
Jul18-bin112 and ZH-3nov15-212) that clustered within the BD2-11 terrestrial group
based on SILVA SSU v138 database taxonomy (12).

16S rRNA gene diversity. The 16S rRNA gene fragments from metagenomes were
classified taxonomically. As most of the Gemmatimonadota phylum consists of envi-
ronmental sequences that remain uncultured, many of the fragments could not be
classified. Therefore, in order to increase taxonomic resolution of unclassified
Gemmatimonadota, we have used 16S rRNA gene sequences from our MAGs (Fig. S1)
to define six new clusters (five from class Gemmatimonadetes and one from BD2-11
terrestrial group). In Rimov Reservoir, the Gemmatimonadota community was solely
composed of the class Gemmatimonadetes (Fig. 2). The genus Gemmatimonas was
present in all seasons and both depths, but it was more abundant in the epilimnion,
especially in summer (15-Aug-16). Epilimnion was dominated by the genus
Gemmatimonas and unclassified Gemmatimonadaceae, with the exception of three
samples (two in November and one in April) where other clusters were also present.
In contrast, hypolimnion samples contained several different clusters, including pho-
totrophic cluster PG1 that was one of the dominant clusters in every season.
Similarly, clusters GRI1 and GSR7 were predominantly present in the hypolimnion.
The presence of these three clusters in the epilimnion occurred only in November
and April, when the reservoir was mixed. In Jirickd pond, the Gemmatimonadota com-
munity was composed of three clusters from the class Gemmatimonadetes, i.e., genus
Gemmatimonas, cluster GSR7, and cluster PG1, the latter being mostly dominant in
summer. Additionally, the BD2-11 terrestrial group was also present in low
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proportions in summer. The highest taxonomic diversity within Gemmatimonadota
was observed in Swiss lakes, where three other class-level groups in addition to
Gemmatimonadetes were recovered, i.e., representatives of classes Longimicrobia,
BD2-11 and S0134, groups that were previously known only from terrestrial 16S rRNA
gene sequences (12). Here, genus Gemmatimonas was also predominantly present in
the epilimnion, whereas cluster GSR7 dominated the hypolimnion. In Lake Zurich, a
large contribution of class Longimicrobia was recorded in a spring sample (13-May-
13) in both the epilimnion and hypolimnion.

Photosynthesis genes in Gemmatimonadota. Further analyses of the assembled
genomes of Gemmatimonadota revealed that 19 out of 45 freshwater MAGs contained
phototrophic genes. In the phylogenetic tree, we could differentiate them into three
distinct phototrophic groups (Fig. 1). Phototrophic group 1 contained eight MAGs
from the hypolimnion of Rimov Reservoir and one from Jifickd pond. Phototrophic
group 2 was formed of nine MAGs (three from the epilimnion of Lake Zurich, five from
the epilimnion of Rimov Reservoir, and one from the hypolimnion of Rimov Reservoir).
Phototrophic group 2 also included the only cultured photoheterotrophic strain of the
phylum, G. phototrophica, as well as the only three MAGs from freshwater environ-
ments that were publicly available. Phototrophic group 3 contained two MAGs from
the hypolimnion of Rimov Reservoir. All these MAGs were recovered from different
time points (several years and different seasons).

Using representatives from each of these groups, we reconstructed the photosyn-
thetic gene cluster and compared its structure and organization with the PGC found in
G. phototrophica (14). For phototrophic groups 1 and 2, we reconstructed the entire
PGC. In the case of phototrophic group 3, the PGC was missing several genes due to
the incompleteness of the genomes (MAGs had completeness of 71.07. and 83.16%).
From our findings, it appears that limnic Gemmatimonadetes have the same or very
similar organization of phototrophic genes as G. phototrophica AP64 (Fig. 3 and
Table S4). A distinct trait of G. phototrophica is a fragmented PGC divided by a set of
hypothetical genes. The same split PGC was observed in three out of nine MAGs from
phototrophic group 2, but it was absent in phototrophic groups 1 and 3. Furthermore,
we observed the presence of the gene frhB (coenzyme F420-reducing hydrogenase,
beta subunit) in the operon bchP2G, in the PGC of all members of phototrophic group
1, at the position where all other phototrophic Gemmatimonadetes have bch2. A full
list of phototrophic genes for each MAG, as well as their distribution on contigs, is pro-
vided as Table S4.

As the presence of ribulose 1,5-bisphosphate carboxylase enzyme (RuBisCO) genes
was previously reported in some sediment Gemmatimonadota MAGs, we also searched
for them in our freshwater MAGs. We identified type IV RubisCO-like genes in eight
phototrophic freshwater MAGs from Rimov Reservoir (Fig. $3). Seven of these MAGs
belonged to phototrophic group 1 recovered from hypolimnion, and one to phototro-
phic group 2 recovered from the epilimnion of Rimov Reservoir.

Average amino acid identities and 16S rRNA and photosynthetic gene similarities
of photoheterotrophic Gemmatimonadetes. We calculated average amino acid identities
(AAI) between all the freshwater MAGs and the three genomes of cultured reference
strains (Gemmatimonas phototrophica, Gemmatimonas aurantiaca, and Gemmatirosa kala-
mazoonesis) (Fig. S4). Al MAGs of the phototrophic group 1 represent the same species,
with AAI values of 99 and 100%, that was recovered in both Rimov Reservoir and
Jiticka pond, multiple times through different years and seasons. When phototrophic

FIG 1 Legend (Continued)

different environments are shown by different colors (left legend). The numbers shown at collapsed branches (i.e, 11 and 52) indicate the
numbers of genomes (not shown) comprising the respective taxonomic categories. Genomes belonging to Fibrobacterota were used as an
outgroup to root the tree. The annotations Pg1 to Pg3 define groups of photoheterotrophic Gemmatimonadota. Order, class-level, and phylum
taxonomic labels are indicated through vertical delimiters (right part of the figure). The strength of support for internal nodes (assessed by
ultrafast bootstrapping) is shown through colored circles (left legend). Details on all genomes can be found in Table S1 in the supplemental

material.
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FIG 2 Relative abundance of Gemmatimonadota based on 16S rRNA gene fragments from metagenomes of five contrasting
freshwater environments. These five freshwater environments are as follows: Rimov Reservoir (a), Jitickd pond (b), and Lake
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FIG 3 Structure and composition of photosynthetic gene clusters of Gemmatimonas phototrophica (top) and phototrophic MAGs of Gemmatimonadota that
clustered into three photoheterotrophic groups. The names of the MAGs used to depict each photosynthetic group (photosynthetic group 1 [Pg1] to Pg3)
are shown at the right part of the figure. bch genes involved in bacteriochlorophyll biosynthesis (green), puf operon encoding the reaction center (red),
puh operon (pink/purple), carotenoid biosynthesis genes (orange), ppsR gene and B12 binding domain (brown), acsF (yellow), /haA (dark purple), genes not
involved in photosynthesis (blue), and hypothetical genes (gray) are indicated. A list of all genes is provided in Table S4.

group 1 was compared with phototrophic groups 2 and 3, AAI values were below
65%, suggesting that these groups represent different genera. Similarly, phototro-
phic group 1 showed AAl values below 65% (specifically 55 and 56%) compared with
cultured representatives. In phototrophic group 2, the three MAGs from Lake Zurich
represent the same species (AAl, 95 to 100%) recovered in different years, whereas
other MAGs from Rimov Reservoir in this group seem to belong to the same genus
but are all different species (AAl, 77 to 82%). Phototrophic group 3 consists of two
MAGs that represent the same species (AAl, 96 and 100%). Both phototrophic groups
2 and 3 (AAI, 66 to 68%) belong to the same genus as the cultured representatives G.
phototrophica and G. aurantiaca (AAl 66%) but are different from Gemmatirosa kala-
mazoonensis (AAl, 56%).

From the phototrophic MAGs (phototrophic group 1), one MAG from the hypolimn-
jon of Rimov Reservoir (RH-18aug17-102) contained a 16S rRNA gene, which showed
92.8% identity with G. phototrophica and 91.5% and 89.6% identity with G. aurantiaca
and Gemmatirosa kalamazoonensis, respectively (Fig. S1), and one MAG from Jirickd
pond (Jr-7aug17-35) showed 92.1% 16S rRNA gene sequence identity with G.
phototrophica.

To further analyze the differences among the identified phototrophic groups, we
compared the pufM and acsF gene sequence identities between them and type species
G. phototrophica. Both of these genes are markers for anoxygenic photoheterotrophic
bacteria (22, 40). For the pufM gene (encoding the M subunit of the bacterial photosyn-
thetic reaction center), phototrophic group 2 showed only 80 to 85% identity with G.
phototrophica. Much lower identities were found for hypolimnion groups 3 and 1 (77
to 80% and 72%, respectively). The acsF gene (aerobic oxidative cyclase gene) gave
similar results with only 71% identity between phototrophic group 1 and G. photo-
trophica. MAGs from phototrophic groups 2 and 3 had 79 to 89% and 78% identity of
the acsF gene of G. phototrophica, respectively.

Relative abundance of MAGs of phototrophic and nonphototrophic Gemma-
timonadota. In order to compare the relative abundance of phototrophic and nonpho-
totrophic Gemmatimonadota, we used 28 metagenomes from Rimov Reservoir from
which 27 MAGs were recovered for fragment recruitment (Fig. 4). Nonphotosynthetic
MAGs showed the highest contribution in the hypolimnion, especially in summer (15
August 2016); however, their abundance was not constant and changed over time.
Similarly, photosynthetic group 1 was also present mostly in the hypolimnion, and its

FIG 2 Legend (Continued)

Zurich, Lake Constance, and Lake Thun (c). The figure depicts the classification of 16S rRNA gene fragments (as unassembled
shotgun reads) retrieved from five freshwater data sets. The x axis shows the sampling dates, while the y axis indicates the
percentage of Gemmatimonadota within the prokaryotic communities. The sample collection time, following a four-season
breakdown, is indicated by the gray-scale-colored boxes arranged along the x axis.
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relative abundance varied during the season. The only occurrence of this group in the
epilimnion was in late autumn (9 November 2016), at times of deep mixing of the res-
ervoir (41). In contrast, photosynthetic groups 2 and 3 were present mostly in the epi-
limnion but remained at very low relative abundances in all seasons and at all depths.
CARD-FISH analyses. In order to visualize members of the class Gemmatimonadetes
and access more information on their distribution and potential associations within
freshwater environments, we designed the CARD-FISH probe Gemma_801 and applied
it to a set of samples obtained from Rimov Reservoir, comprising eight longitudinal
transects collected during summer 2015. The hybridized cells were also counted; how-
ever, since the probe in silico matches only 35% of all Gemmatimonadetes, the pre-
sented numbers, while corresponding with 16S rRNA gene abundance from metage-
nomes, reflect only the detected, and not total Gemmatimonadetes, implying that the
observed numbers can underestimate the absolute abundance of Gemmatimonadetes
in the environments studied. The lowest relative (mean =0.09%, minimum [min] = 0.00,
maximum [max]=0.19%) and absolute (mean=3.25x 103 cells ml~', min=0.00,
max=7.9 x 10° cells ml~") abundances were observed at the river station of the reser-
voir (Fig. S2). However, at stations 2 and 3 (stations following the “river station” in the
longitudinal transect), the contribution of hybridized planktonic cells had already
reached up to 1.0% (4.3 x 10 cells ml~") during a bloom of Fragilaria sp. at the end of
June. Besides free-living Gemmatimonadetes, we observed hybridized cells that
seemed to be attached to diatoms (Fig. 5a). On some Fragilaria sp. colonies, hybridized
Gemmatimonadetes contributed up to 22% of all bacterial cells detected on the diatom
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10pm

FIG 5 Overlay images of Gemmatimonadetes cells in Rimov Reservoir visualized by CARD-FISH
with probe Gemma_801. (a) Gemmatimonadetes associated with a Microcystis sp. colony. (b)
Gemmatimonadetes observed on a colony of Fragilaria sp. (c) Free-living Gemmatimonadetes
observed in the hypolimnion of Rimov Reservoir. The probe signal is displayed in green, DAPI
staining is displayed in blue, and autofluorescence of Cyanobacteria is displayed in red.

surface. In addition, Gemmatimonadetes seemed to be associated with cyanobacteria,
as higher densities were detected with agglomerations of Microcystis sp. colonies
(Fig. 5b and Fig. S5a). However, the highest numbers of hybridized cells were observed
in the hypolimnion (=10 m) of Rimov Reservoir (up to 4.43% and 2.75 x 10* cells mI~ "
respectively; Fig. 5¢, Fig. 6, and Fig. S5b). These cells displayed different shapes and
were smaller than those detected in the epilimnion.

DISCUSSION

In the presented work, we clearly demonstrated that Gemmatimonadota were per-
manently present in all of the studied lakes showing the ubiquitous nature of this phy-
lum in contrasting freshwater lakes ranging from ultraoligotrophic to mesoeutrophic.
The freshwater Gemmatimonadota community followed seasonal patterns with water
temperature as the main driving variable, especially in the epilimnion. This observation
further supports the idea that the studied Gemmatimonadota are truly limnic, since
abundances of passively transferred microorganisms correlate with water mass move-
ments rather than with temperature (42). The stratification of the lake also seemed to
have a significant effect on the Gemmatimonadota community, as clusters inhabiting
the epilimnion differed from those present in the hypolimnion, suggesting that they
can be metabolically diverse and be specialized in different ecological roles. While
Gemmatimonadota were relatively stable in the hypolimnion, their numbers in the epi-
limnion varied with higher numbers in late summer and autumn and lower numbers in
spring and early summer. The stratification effect was previously studied in Grand Lake
(OK, USA) where the Gemmatimonadota community was present in late summer in the
free-living fraction within the thermocline and hypolimnion. The highest abundance in
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FIG 6 Relative abundance of planktonic Gemmatimonadetes in the epi- and hypolimnion of Rimov
Reservoir obtained by CARD-FISH analyses with the probe Gemma_801. Epilimnion samples where
Fragilaria sp. and Microcystis sp. were observed are colored in green. The difference between the
epilimnion and hypolimnion is significant (Mann-Whitney U test, [P = <0.001]).

the hypolimnion at this time seemed to be associated with the sedimentation of or-
ganic matter, turbidity, and a lack of oxygen that developed in the thermocline and
hypolimnion (43). The Gemmatimonadota community in Grand Lake was mostly com-
posed of the genus Gemmatimonas, which is suggested to participate in the degrada-
tion of organic matter after an algal bloom lysis (44). In contrast, we observed that the
genus Gemmatimonas was present in both the epilimnion and hypolimnion, but it
appeared with higher abundances in the epilimnion, while the hypolimnion commu-
nity was dominated by other clusters, including phototrophic group 1. However, we
could also correlate the highest abundance of the genus Gemmatimonas in the epi-
limnion (15-Aug-16) with the highest abundance of the cyanobacterial community in
the same metagenome sample (41). The prokaryotic community of metagenomes
from Rimov Reservoir was analyzed previously (41) showing Actinobacteria as persis-
tently abundant in Rimov Reservoir through all seasons and in both the epilimnion
and hypolimnion. Other more abundant groups in the epilimnion and the hypo-
limnion were Alphaproteobacteria, Bacteroidetes, and Burkholderiales (previously
Betaproteobacteriales). Instead, while Cyanobacteria were abundant in the epilimn-
ion, they were recovered in smaller numbers, which the authors attribute to the
method of sampling where most of the filamentous Cyanobacteria are removed.
The clear difference between samples from the epilimnion and hypolimnion was
also observed using epifluorescence microscopy. The highest number of small-sized
hybridized cells was detected in the hypolimnion of Rimov Reservoir. In contrast, the
samples from the epilimnion contained many Gemmatimonadota cells attached or
associated with photosynthetic organisms: diatoms (Fragilaria sp.) or cyanobacteria
(Microcystis sp.) (Fig. 5a and b and Fig. 6). Since both phototrophic and heterotrophic
Gemmatimonadota require an organic source of carbon, they may benefit from the
input of organic carbon from algae and cyanobacteria, providing in exchange inor-
ganic nutrients acquired through mineralizing organic substances (45). Additionally,
cells from the epilimnion, where light is available, seemed to have a larger size. Some
previous studies showed that aerobic anoxygenic photoheterotrophic bacteria can
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often increase carbon assimilation in the presence of light, which allows them to have
larger cells (46, 47). Subsequently, the distribution of Gemmatimonadota in the epi-
limnion could be dependent upon the distribution and occurrence of diatoms like
Fragilaria sp. and cyanobacteria like Microcystis sp., as their blooms can influence and
alter bacterioplankton communities (45, 48). Likewise, this dependence is a plausible
explanation for the reason why photoheterotrophic members of this phylum are prov-
ing to be difficult to culture.

The presented 45 metagenome-assembled genomes of Gemmatimonadota in this
study represent the largest collection of freshwater metagenome-assembled genomes
(MAGs) of this phylum so far available. The obtained MAGs further confirmed the limnic
nature of Gemmatimonadota. With recovery of several MAGs that represent the same
species based on AAI (with 99 or 100% similarity), we show that Gemmatimonadota
MAGs are reassembled from metagenomes and recovered periodically from different
years as well as different seasons. This confirms the strong resilience of their microdiver-
sity in freshwater and cannot be taken as a random occurrence. Furthermore, 39 of the
obtained MAGs are different from soil species (Fig. 1; also see Fig. S1 and S4 in the sup-
plemental material) and form distinct phylogenetic groups (with AAI between 45 and
65%) with both photoheterotrophic and heterotrophic representatives (38). Six MAGs,
gained from the hypolimnion of deep lakes, three from Lake Constance (CH-Jul18-bin44,
CH-Jul18-bin76, and CH-Jul18-bin112), two from Lake Zurich (ZH-3nov15-207 and ZH-
3nov15-212), and one from Lake Thun (TH-Jun18-bin75), (Fig. 1 and Fig. S1) are more
closely related to genomes from soil and sediments. In the 16S rRNA phylogeny (Fig. S1),
two previously mentioned MAGs (CH-Jul18-bin112 and ZH-3nov15-212) clustered within
the BD2-11 terrestrial group based on SILVA SSU v138 database taxonomy (12). This is
consistent with 16S rRNA gene abundance in Swiss lakes where we could episodically
observe the occurrence of 16S rRNA sequences related with terrestrial groups, such as
Longimicrobia, BD2-11, and S0134 that has, as yet, been connected only with soil envi-
ronments (10). Environmental 16S rRNA gene sequences from freshwater have until now
been associated only with the class Gemmatimonadetes (10-12), and all other groups
were formed with soil and sediment representatives. While the six MAGs could represent
new freshwater members of the soil-connected groups, due to the close phylogenomic
similarity with soil representatives and not with other freshwater MAGs, it is more proba-
ble that they represent genomes recovered due to soil runoff. Nevertheless, the MAGs
present in these different phylogenetic groups were assembled from metagenomes
gained from different sampling times which shows Gemmatimonadota were recovered
repeatedly from freshwater environments. All this evidence shows that at least 39 of the
identified MAGs represent truly limnic and planktonic species that do not come from
soils. Furthermore, with the notable genomic diversity of limnic Gemmatimonadota,
we demonstrate the ecological relevance of this group, as different members are
clearly able to persist in the water column, occupying different ecological niches as
they occur both in the hypolimnion and in the epilimnion. Moreover, the distribution
of Gemmatimonadota in contrasting freshwater lakes showed they are adapted to dif-
ferent types of aquatic environments. The highest diversity in terms of different ge-
nus level groups or species of Gemmatimonadota, especially photoheterotrophic rep-
resentatives, was observed in Rimov Reservoir. Despite this, we cannot associate the
higher diversity to mesoeutrophic lakes, as the data set obtained from Rimov
Reservoir was substantially larger, allowing for an increased chance of recovering
higher diversity. A higher trophic status of any lake is connected with higher phyto-
plankton productivity; therefore, lakes and reservoirs often show variations of micro-
bial communities connected with phytoplankton productivity (49, 50). Specifically,
the connection of bacterial communities with changes in phytoplankton has already
been recorded in Rimov Reservoir (51). Furthermore, anoxygenic phototrophic bacte-
ria are often found in close association with algae (45, 52, 53), and since they seem to
follow seasonal phytoplankton blooms in freshwater lakes (45, 48), it is suggested
that they represent an important functional group in freshwater environments (54).

March/April 2021 Volume 6 Issue2 e01241-20

34

msystems.asm.org



Phototrophic Gemmatimonadota in Lakes

Phototrophic gene, phylogenomic, and AAl analyses have shown that phototro-
phy in the Gemmatimonadota spans multiple genera. The identified phototrophic
Gemmatimonadota represent three different groups but share the same set of photo-
trophic genes with G. phototrophica. All identified PGCs share a very similar gene inven-
tory (see Table S4 in the supplemental material) and organization (Fig. 3). It seems that
the convergent orientation (— <) of superoperons bchFNBHLM and crtFbchCXYZ-puf is
conserved among all the phototrophic Gemmatimonadota, in contrast to phototrophic
Proteobacteria, where orientation of these superoperons may be divergent, convergent,
or colinear (55). Moreover, the split of the PGC with inserted genes in the type strain G.
phototrophica AP64 (14) is also present in several MAGs from the epilimnion. Previously,
the PGC of G. phototrophica was compared with two PGCs reconstructed from the
Odense wastewater metagenome (OdenseWW) and the Aalborg wastewater meta-
genome 2 (AalborgWW-2) which did not contain the insert of several hypothetical
genes between two operons. The explanation proposed for the difference in having
a split PGC or not was that it could represent different evolutionary history of photo-
trophic Gemmatimonadota originating from different environments (21). Apart from
the split PGC present in some of the MAGs, we observed that members of phototro-
phic group 1 have coenzyme F420-reducing hydrogenase (frhB gene) instead of bac-
teriochlorophyll synthase 4.5-kDa chain (bch2), as part of the bchP2G operon.
Coenzyme F420-reducing hydrogenase enzyme seems to have an important role in
energy conservation and methanogenesis from CO, (56).

In support of the true photoheterotrophic nature of Gemmatimonadota, a previous
study conducted in Rimov Reservoir, found active expression of their pufM genes (a
common molecular marker gene for aerobic anoxygenic phototrophs) (27). Expression
of the photosynthetic apparatus of Gemmatimonadota showed that they are an active
part of bacterial community and do not just passively contain the phototrophic genes
(27).

Recently, several Gemmatimonadota MAGs that originate from sediments of a soda
lake were reported to contain both phototrophic genes and genes related to the large
subunit of ribulose 1,5-bisphosphate carboxylase/oxygenase enzyme (57), suggesting
that these soda lake MAGs represent the first photoautotrophic Gemmatimonadota
(58). In contrast, some of our freshwater Gemmatimonadota contain phototrophic
genes as well as type IV RuBisCO (Fig. S3), which is considered only a homologue of
RuBisCO, since it does not have any carboxylation activity (59, 60). Type IV RuBisCO
genes are present in many microorganisms, including both phototrophic and hetero-
trophic bacteria and Archaea and are thought to participate in some other metabolic
pathways different from the Calvin-Benson cycle (61, 62). Therefore, these freshwater
Gemmatimonadota MAGs are not photoautotrophs, rather have a photoheterotrophic
metabolism, typical for aerobic anoxygenic photoheterotrophic bacteria. These bacte-
ria do not fix inorganic carbon and need to rely on organic carbon produced by other
organisms, so the ability to harvest light is used to supply energy for their mostly orga-
noheterotrophic metabolism (40, 63, 64).

In conclusion, with MAGs from these contrasting freshwater lakes, we not only
reveal the existence of several new phototrophic species that differ phylogenetically
from the already cultured and characterized G. phototrophica but also show the consid-
erable diversity of both photoheterotrophic and heterotrophic Gemmatimonadota in
freshwater.

MATERIALS AND METHODS

Sampling for metag lysis. Samples from five European freshwater lakes representing a
large range of size, depth, and/or trophic status (Table 1) were used to obtain genomic information from
Gemmatimonadota. Samples were taken from the surface mixed-sun exposed layer known as the epi-
limnion and the deeper, colder layer where typically there is reduced turbulence and a smaller amount
of light is present. This deeper layer is called the hypolimnion. Rimov Reservoir is a mesoeutrophic, can-
yon-shaped dimictic water body that was built during 1970s by damming a 13.5-km-long section of the
River Mal3e (65). The sampling was performed between June 2015 and August 2017, above the deepest
point of the reservoir by using a Friedinger sampler. A volume of 20 liters of water was collected from
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both the epilimnion (0.5 m; n=10) and hypolimnion (30 m; n=8) and subjected to sequential peristaltic
filtration through a series of 20-, 5-, and 0.2-um-pore-size polycarbonate membrane filters (142 mm di-
ameter) (Sterlitech Corporation, USA). Characteristics of the water column, depth, temperature, oxygen
(GRYF XBQ4; Havlicktv Brod, Czechia) and chlorophyll a (FluoroProbe TS-16-12; bbe Moldaenke, Kiel,
Germany) were also measured. The sample collection and filtration steps were identical for the rest of
the lakes unless otherwise stated. Jificka pond is a dystrophic humic water body from which five epi-
limnion (0.5-m depth) water samples were collected between May 2016 and August 2017. Lake Zurich is
an oligomesotrophic, perialpine monomictic water body, from which nine water samples were collected
in a period between 2010 and 2018 from the epilimnion (5-m depth; n=5) and hypolimnion (80/120-m
depth; n=4) of the lake and processed as described above. Lake Thun is an ultraoligotrophic, alpine
water body. Two water samples were collected in June 2018 from 5-m and 180-m depth. Lake
Constance is a large oligomesotrophic, perialpine lake. Four samples, which were collected in July and
October 2018 from the epilimnion (5 m) and hypolimnion (200 m) were used for this study.

DNA extraction, seq ing, and bly. DNA was extracted from the 0.22-um filters (0.2- to 5-
wm fraction) using the ZR Soil Microbe DNA MiniPrep kit (Zymo Research, Irvine, CA, USA) in accordance
with the manufacturer’s instructions. The total quantity of DNA was estimated using the Qubit dsDNA
BR assay kit (Life Technologies, Foster City, CA, USA) on a Qubit 2.0 fluorometer (Life Technologies). DNA
integrity was assessed by agarose gel (2%) electrophoresis and SYBR green | staining. Shotgun sequenc-
ing was performed using the Novaseq 6000 sequencing platform (2 x 150 bp) (Novogene, Hong Kong,
China). Raw lllumina metagenomic reads were quality filtered in order to remove low-quality bases/
reads and adapter sequences using bbmap package (66, 67). Briefly, the paired-end (PE) reads were
interleaved by reformat.sh and quality trimmed by bbduk.sh (qtri = ritrimq = 18) (68). Subsequently,
bbduk.sh (68) was used for adapter trimming and identification/removal of possible PhiX and p-Fosil2
contamination (k =21 ref = vector file ordered cardinality). Additional checks (i.e., de novo adapter identi-
fication with bbmerge.sh [67]) were performed in order to ensure that the data sets met the quality
threshold necessary for assembly. The obtained quality-filtered data sets were then assembled inde-
pendently with MEGAHIT (v1.1.5) (69) using the k-mer sizes: 39, 49, 69, 89, 109, 129, 149, and default
parameters.

16S rRNA abund -based ic classification. The obtained quality-filtered data sets were
converted to FASTA format and randomly subsampled to 20 million reads by using reformat.sh (68).
These subsets (containing 20 million sequences each) were queried against the SILVA SSU database,
release 132 (70), in order to identify RNA-like sequences by using MMSeqs2 (71) and an E-value cutoff of
1e—3. The bona fide 16S rRNA gene sequences (as identified by SSU-ALIGN [72]) were further compared
by blastn, in nucleotide space (using as cutoff the E value 1e—5), against the SILVA SSU database
amended with 16S rRNA genes recovered from Gemmatimonadota MAGs (see below), and classified if
the sequence identity was =80% and the alignment length was =90 bp (sequences failing these thresh-
olds were not used for downstream analyses). The taxonomic affiliation of each identified 16S rRNA read
was inferred based on its best blastn hit. The relative abundances of Gemmatimonadota taxonomic cate-
gories were calculated as a percentage of total 16S rRNA reads.

The statistical relationships between environmental data (oxygen, temperature, and chlorophyll a)
(41) and Gemmatimonadota abundance in Rimov Reservoir was analyzed by distance-based linear mod-
els and nonmetric multidimensional scaling (nMDS) in the PERMANOVA+ add-on package of the
PRIMER? software (Primer Ltd., Lutton, UK). Abundance data were square root transformed, and analysis
was done using a stepwise selection procedure. The best model was selected based on statistical signifi-
cance (9,999 permutations), and the value of the Akaike’s information criterion (AICc) (73, 74). The same
analysis was also done separately for the epilimnion and the hypolimnion.

Recovery of bacterial genomes. Quality-filtered metagenomics data sets were mapped using
bbwrap.sh (75) (kfilter =31 subfilter = 15 maxindel = 80) against the assembled contigs (longer than 3 kb)
in a lake-dependent fashion. The resulting BAM files were used to generate contig abundance files with
jgi_summarize_bam_contig_depths (-percentldentity 97) (76). The contigs and their abundance files
were used for binning with MetaBAT2 (default settings) (76). Bin completeness, contamination, and
strain heterogeneity were estimated using CheckM (with default parameters) (77). Bins with estimated
completeness above 40% and contamination below 5% were denominated as metagenome-assembled
genomes (MAGs). MAGs were taxonomically classified with GTDB-Tk (2) using default settings.

Phylogenomics. MAGs belonging to Gemmatimonadota (n = 45), together with reference genomes
(n=226) recovered from public repositories (see Table S1 in the supplemental material) were annotated
using the TIGRFAMs database (78). A total of 121 conserved marker proteins (Table S2) were extracted
from the annotated Gemmatimonadota genomes. MAGs that had more than 40% markers present, to-
gether with reference genomes were used for phylogenetic reconstruction. Briefly, homologous proteins
were independently aligned with PRANK (default settings) (79), trimmed with BMGE (-t AA -g 0.5 -b 3 -m
BLOSUM30) (80), and concatenated. A maximum-likelihood phylogeny was constructed using IQ-TREE
(81) with the LG+F+R10 substitution model (chosen as the best-fitting model by ModelFinder [82]) and
1000 ultrafast bootstrap replicates. Genomes appertaining to Fibrobacterota were used as an outgroup
to root the tree.

The average amino acid identity (AAI) within coherent phylogenomic groups was determined by
performing whole-genome pairwise coding DNA sequence (CDS) comparison, using BLAST, as previ-
ously described (83). Taxonomic categories for the MAGs were defined using the suggested standards
(38).

The photosynthetic gene clusters within obtained phylogenomic groups were analyzed in Geneious
Prime 2019.2.3. For each group, MAGs with the most complete photosynthetic gene cluster were chosen
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as representatives. The alignment and identity matrix for nucleotide pufM and acsF gene sequences
from photoheterotrophic MAGs and G. photorophica was done with ClustalW 2.0.10 (84).

Phylogenetics. The 165 rRNA sequences present in the recovered MAGs were identified by SSU-
ALIGN (72). The ones with a length longer than 200 nucleotides (nt) were merged with a data set com-
prising Gemmatimonadota sequences recovered from SILVA SSU v138 database (reference NR 99; length,
1200 bp) (70). The sequences were aligned with PASTA v1.8.3 (85) and used to construct a maximum-
likelihood phylogeny with IQ-TREE v1.6.10 (-m GTR+F+R10; chosen as the best fitting model by
ModelFinder) (81, 82). Several sequences appertaining to Cyanobacteria and Fibrobacterota were used as
outgroup to root the tree.

Eighteen proteins belonging to the large subunit of the ribulose 1,5-bisphosphate carboxylase
enzyme (RuBisCO) were identified in the assembled MAGs (n = 106). These proteins, together with a data
set comprised of 146 RuBisCO (types | to Ill) and RuBisCO-like (type IV) proteins (86) were treated with
PREQUAL v1.02 (87) prior to alignment with PASTA v1.8.3 (85). The obtained alignment (854 aligned
positions) was used to construct a maximum-likelihood phylogeny with IQ-TREE v.1.6.10 and the
LG+F+R6 substitution model (chosen as the best-fitting model by ModelFinder) (81, 82).

Fragment recruitment. The obtained MAGs and the metagenomic data sets were used to compute
genome coverage per gigabase using RazerS 3 (using cutoffs of >95% identity and alignment lengths
of =50bp) (88). All rRNA sequences (55, 16S, and 23S) present in the MAGs were identified using
rrna_hmm (89) and were masked prior to comparisons with quality-filtered metagenomic sequences.
The quality-filtered data sets were used to compute abundance profiles for the Gemmatimonadota
MAGs. Raw data showing coverage per gigabase is shown in Table S3, and a heatmap (Fig. 4) was cre-
ated using http://heatmapper.ca.

Design of oligonucleotide probes. We designed a new oligonucleotide probe that targets a part of
the class Gemmatimonadetes (Fig. S1). Originally, the probe was designed as a Gemmatimonadetes-spe-
cific broad-range (degenerate) PCR primer. Gemmatimonadetes and non-Gemmatimonadetes 16S rRNA
gene sequences were retrieved from SSURef SILVA database (release 132 [70]), and aligned with the
MUSCLE60 algorithm in MEGA7 software (90). The primers were then designed manually to target con-
served regions specific for Gemmatimonadetes. The specificity of the primers was first tested in silico
with the SILVA database (70) and then with PCR using DNA from Gemmatimonas phototrophica which
was used as a positive control. Optimized PCR conditions were as follows: initial denaturation at 98°C for
3min; 26 cycles with 1 cycle consisting of 98°C for 10 s, 60°C for 20 s, and 72°C for 20 s; and final elonga-
tion for 3 min. Primers were additionally tested with several other bacterial strains, which served as neg-
ative controls and showed no amplification. Finally, the primers were used on an environmental sample
where their specificity was confirmed with Illumina amplicon sequencing. Briefly, three different primer
sets were applied to an environmental sample collected at station DAM of Rimov Reservoir. After
lllumina sequencing, read quality was evaluated using FastQC v0.11.7 (Babraham Bioinformatics,
Cambridge, UK). Primer sequences were trimmed using cutadapt v1.16 (91) and subsequently analyzed
in the R/Bioconductor environment using the dada2 v1.6 package (37). Taxonomic assignment was per-
formed using the SILVA 132 database (70). On the basis of these results, we opted to use the reverse
primer (5" TCG CTC CCC CAR RSA CCT AGT 3’) as a CARD-FISH-probe Gemma_801. As the probe-binding
site was located within a hairpin loop and the accessibility of the binding site was low (92), we designed
two 18-bp-long helpers to open the loop and facilitate hybridization (93): Gemma_801 H1 (5'-GCG CCG
GCA YYC GAG GGG-3') and Gemma_801 H2 (5'-GGG GDA CTT AAT GCG TTA-3'). The specificity of the
probe was tested in silico using the ARB Probe_Match function and the SILVA online ProbeCheck tool
against the ENA database (EMBL-EBI). The probe matches only six untargeted sequences and six more if
one weighted mismatch is allowed (<0.0021% of all bacterial sequences), and all of them originate from
soil or the rhizosphere. The coverage of the probe for class Gemmatimonadetes is 35%, so the usage of
this probe was primarily justified with the intent to visualize the Gemmatimonadetes cells in the natural
environment, and not to use it for absolute quantification. Hybridization conditions were optimized at
35°C and 46°C by a stepwise increase of formamide concentrations in the hybridization buffer (20% to
70% by 5%) using pure cultures of G. phototrophica AP64 and photoheterotrophic strain TET16 (36) as
positive controls, and Limnohabitans planktonicus (Gammaproteobacteria/Betaproteobacteriales) and
Sphingomonas sp. strain AAP5 (Alphaproteobacteria) as negative controls. The final protocol is described
below.

Sampling for catalyzed reporter deposition-fluorescence in situ hybridization (CARD-FISH)
analysis. We applied the newly designed probe on a sample set collected between 14 May and 24
August 2015 at Rimov Reservoir. Six permanent stations (river, stations 2, 3, 4, and 7, and dam) along the
longitudinal transect of the reservoir (94) (Fig. S2) were sampled with a Friedinger sampler at 3-week
intervals. Samples were taken from 0.5-m depth at all stations and at additional depths at lacustrine stations:
5 m and 10 m at stations 4 and 7; and 5 m, 10 m, 20 m, 30 m, and 40 m at the dam site. Water samples
were fixed on-site with formaldehyde (2% final concentration [vol/vol]) and transported to the laboratory
within 2 h. For the enumeration of bacterial densities,1 to 2 ml was stained with 4',6'-diamidino-2-phenylin-
dole (DAPI) and filtered onto black 0.2-um-pore-size polycarbonate membranes (25mm diameter; SPI
Supplies, USA), and bacterial abundance was determined via epifluorescence microscopy (95).

CARD-FISH analysis. Fixed formaldehyde water samples containing 1 x 10° to 2 x 10° bacteria were
filtered onto polycarbonate membranes with a 0.2-um pore size (47-mm diameter; Millipore, USA), and
filters were stored at —20°C. The catalyzed reporter deposition-fluorescence in situ hybridization (CARD-
FISH) analysis was conducted as in the previously described protocol (96) with slight modification in
digestion procedure, optimized for samples from Rimov Reservoir. In brief, the microorganisms were im-
mobilized on the membranes with low-melting-point agarose and permeabilized with lysozyme (10 ug
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ml~", 1 h) and achromopeptidase (60 U ml~", 20 to 25 min). Digestion was followed by neutralization of
endogenous peroxidases and hybridization with the horseradish peroxidase-labeled probe Gemma_801
(biomers.net GmbH) and helpers in a hybridization buffer with 35% formamide concentration (vol/vol)
at 35°C for 3 h. After the subsequent washing steps, amplification of the hybridization signal was per-
formed with fluorescein-labeled tyramides (Invitrogen, Carlsbad, CA, USA) at 37°C for 30 min. Washed
and dried filters were counterstained with DAPI (1 xg ml~") and analyzed with epifluorescence micros-
copy (Olympus BX-53F) using UNWU, U-WB, and U-WG optical filter sets. Proportions of CARD-FISH
stained bacteria were determined by inspecting more than 1000 DAPI-stained cells per sample.

Data availability. Sequence data for all metagenomes generated in this work are archived at EBI
European Nucleotide Archive and can be accessed under the BioProject accession number PRJEB35770.
All metagenome-assembled genomes are also available at figshare (https://doi.org/10.6084/m9.figshare
.12662132.v2).
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3.2. Summary results derived from Paper No. 2

Since the majority of information about Gemmatimonadota came from studies that
focused on the whole microbial community, and thus was scattered in the literature, we
decided to collect and summarize all available information in a short review.

The beginning describes the physiology and metabolism of six known cultures of
Gemmatimonadota. The first isolate, strain Gemmatimonas aurantiaca T27", which gave
the name to the phylum, originated from a wastewater treatment plant. Three more
cultures, Gemmatirosa kalamazoonesis, Longimicrobium terrae and Roseisolibacter agrii
came from different types of soil. These four species are chemoorganoheterotrophic,
while two freshwater isolates, Gemmatimonas phototrophica and Gemmatimonas
groenlandica are photoheterotrophs. All cultures can grow under aerobic or semi-aerobic
conditions and are characterized by pigmentation varying between orange, pink or red
caused by a variety of carotenoids they contain.

Gemmatimonadota is also one of seven bacterial phyla capable of anoxygenic
photosynthesis. Both freshwater cultures are facultative photoheterotrophs that need a
supply of organic carbon but can also harvest light energy using BChl-containing reaction
centers. Their photosynthetic genes are organized in the PGC which, based on its close
phylogenetic relationship and organization, was probably obtained through HGT from
Proteobacteria.

We collected information about amplicon and metagenomics studies showing the wide
distribution of Gemmatimonadota in various environments and their high uncultured
diversity. Most of the studies focused on varying soil environments, where they are one
of the top ten most abundant phyla. They are even found in the soils of Antarctica, which
was once considered a sterile bacterial environment. In aquatic habitats they are found in
freshwater lakes and sediments, estuaries and brackish waters, rivers and marine
ecosystems, where they are mostly associated with deep hydrothermal vents, sediments
or marine sponges. Information about other environments is limited, but they are also
reported in wastewaters and as a part of biofilms and microbial mats. In addition,
information about the diversity and distribution of photoheterotrophic

Gemmatimonadota, specifically in freshwater environments, is reported in this review.
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Abstract: Bacteria are an important part of every ecosystem that they inhabit on Earth. Environmental
microbiologists usually focus on a few dominant bacterial groups, neglecting less abundant ones,
which collectively make up most of the microbial diversity. One of such less-studied phyla is
Gemmatimonadota. Currently, the phylum contains only six cultured species. However, data from
culture-independent studies indicate that members of Gemmatimonadota are common in diverse
habitats. They are abundant in soils, where they seem to be frequently associated with plants and the
rhizosphere. Moreover, Gemmatimonadota were found in aquatic environments, such as freshwaters,
wastewater treatment plants, biofilms, and sediments. An important discovery was the identification of
purple bacterial reaction centers and anoxygenic photosynthesis in this phylum, genes for which were
likely acquired via horizontal gene transfer. So far, the capacity for anoxygenic photosynthesis has been
described for two cultured species: Gemmatimonas phototrophica and Gemmatimonas groenlandica. Moreover,
analyses of metagenome-assembled genomes indicate that it is also common in uncultured lineages
of Gemmatimonadota. This review summarizes the current knowledge about this understudied
bacterial phylum with an emphasis on its environmental distribution.

Keywords: Gemmatimonadota; Gemmatimonadetes; anoxygenic photosynthesis; photosynthetic gene
cluster; MAGs

1. Introduction

Bacteria are an important component of all ecosystems, playing key roles in microbial
food webs and the biogeochemical cycles. Initially, knowledge about microorganisms
originated from work on species that could be cultivated and characterized based on
their morphology, cell structure, chemical composition, and metabolic activities. This has
changed since progress in molecular methods has enabled the study of microorganisms in
their natural environment without the need for cultivation [1,2]. Gene surveys and analyses
of 16S rRNA genes from environmental samples allow detection and identification of in
situ microbial diversity, and due to shotgun metagenomic sequencing, our knowledge on
microbial diversity is continuously growing [3].

One of the bacterial phyla established through molecular phylogenetic methods is
Gemmatimonadota. It was first identified based on five environmental 16S rRNA gene
sequences from deep-sea sediments, soils, and enhanced biological phosphorus removal
(EBPR) reactor sludge, and it was named the BD-group [4-6]. Separately, based on the three
165 rRNA gene sequences from coastal sediment, it was called a candidate division KS-B [7].
It took only two years until a strain T27 belonging to the BD/KS-B group was isolated from
a wastewater treatment plant in Japan. This organism was characterized and named Gem-
matimonas aurantiaca, and the BD/KS-B group became a new phylum, Gemmatimonadota
(initially named Gemmatimonadetes [8]). Phylogenetically, Gemmatimonadota are related
with Fibrobacterota [9] and Chlorobi (Bacteroidota) [2,10,11]. Additionally, whole-genome
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comparison of all available bacterial phyla in the Genome Taxonomy Database (GTDB),
visualized by AnnoTree [12], relates them with several newly proposed phyla, such as
‘Candidatus Eisenbacteria’, ‘Candidatus Krumholzibacteriota’, and ‘Candidatus Edwardsbac-
teria’ [13,14]. At present, there are six cultured species in the phylum, two of which are
capable of anoxygenic photosynthesis [15,16]. Apart from Gemmatimonadota, anoxygenic
photosynthesis is present in six other bacterial phyla and is scattered throughout the tree of
life (Figure 1).

In contrast to the low number of described species, culture-independent methods
indicate that members of Gemmatimonadota are ubiquitous and especially common in soils,
limnic environments, and sediments [17]. Metagenomic analyses documented unexpected
phylogenomic and metabolic diversity among uncultured Gemmatimonadota [18]. More-
over, several lineages of this phylum are capable of anoxygenic photosynthesis [15,16,19].
These results indicate that members of Gemmatimonadota likely play a specific role in the
environment.

In this review, we summarize the current knowledge of culture and metagenomic
studies on the ecology of Gemmatimonadota with a focus on their diversity and distribution
in the environment.
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Figure 1. Phylogenomic tree of all bacterial phyla present in the Genome Taxonomy Database
(GTDB) (Release RS95) [13,14] visualized using AnnoTree (version 1.2) [12], showing the position of
Gemmatimonadota (marked in red). Additionally, along Gemmatimonadota, six other phyla that
contain members capable of anoxygenic photosynthesis are marked in different colors, and the type
of reaction center is indicated with a circle or a star (left legend). The double asterisk (**) means there

is no corresponding taxonomy in GTDB for the genome so higher taxonomy level is used. The tree
was edited in Inkscape (version 1.0).
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2. Cultured Species

Gemmatimonas aurantiaca strain T-27T was the first cultured Gemmatimonadota, which
now represents the type species of class Gemmatimonadetes, genus Gemmatimonas. This aero-
bic chemoheterotrophic organism was isolated from an anaerobic-aerobic sequential batch
reactor operated under enhanced EBPR conditions for wastewater treatment [8]. The other
two members of the genus Gemmatimonas were isolated from freshwater habitats. A unique
feature of these two organisms is the presence of bacteriochlorophyll-containing photosyn-
thetic reaction centers [9,16]. Strain AP64T, isolated from the shallow desert lake Tian é hi
(Swan Lake) in North China, shares 96.1% sequence identity of the 16S rRNA gene with
the type species G. aurantiaca T-277. It is a facultative photoheterotroph, which requires
organic substrates to grow, and the ability to harvest light provides an additional source of
energy for its metabolism [20]. Based on its phototrophic lifestyle, strain AP64T was named
Gemmatimonas phototrophica sp. nov. [15]. Recently, the second photoheterotrophic strain
TET16 was isolated from a stream in Northeast Greenland [16]. This strain represents a new
species, as it has 95.7% sequence identity with the 165 rRNA gene of G. phototrophica and
95.9% identity with G. aurantiaca, and it was named Gemmatimonas groenlandica sp. nov. [16].

In contrast to the aquatic Gemmatimonas species, other cultured Gemmatimon-
adota originate from soils. A heterotrophic strain KBS708 was isolated from organi-
cally managed agricultural soil in Michigan USA. The strain with the tentative name
‘Gemmatirosa kalamazoonensis’ gen. nov., sp. nov. shares only 89% 165 rRNA gene sequence
identity with G. aurantiaca [21]. However, this organism still awaits its valid description.
Another soil species belonging to class Gemmatimonadetes was Roseisolibacter agri gen. nov.,
sp. nov. strain AW12207, isolated from agricultural floodplain soil from Namibia [22].
Finally, Longimicrobium terrae strain CB-286315T was isolated from a Mediterranean forest
soil sample in Granada, Spain [23]. Since the new organism was relatively distant (16S
rRNA identity 83-84%) from members of class Gemmatimonadetes, it established not only a
new genus Longimicrobium, but also a novel class named Longimicrobia [23].

2.1. Physiology and Metabolism of Cultured Gemmatimonadota

All cultured Gemmatimonadota are chemoorganoheterotrophs, except for the facul-
tative photoheterotrophic G. phototrophica and G. groenlandica [8,15,16,21-23]. They grow
under aerobic or semiaerobic conditions, with temperature optima varying between 20 and
37 °C [16,22]. All species prefer low-salinity media—G. aurantiaca has the highest salinity
tolerance of up to 0.8% NaCl [15]—as well as neutral or slightly alkaline pH. The only
exception is ‘Gemmatirosa kalamazoonensis’, with a pH optimum between 5.5 and 6.5 [21].
Interestingly, G. aurantiaca possesses a metabolic potential for reduction of N,O, one of
the strongest greenhouse gases [24,25], implying the possibly important ecological role of
Gemmatimonadota in the environment.

Gemmatimonadota cells are typically short rods, but occasionally, they can form
over 10-pum-long filaments (not reported for G. aurantiaca). They divide by binary fis-
sion [8,15,16,21,22] and, except for the L. terrae, show budding morphology [23]. A typi-
cal trait of all cultured Gemmatimonadota is an intense pigmentation varying between
orange and pink or even a reddish color in the stationary phase (Figure 2a,b). The pre-
dominant respiratory quinones are menaquinone-9 [8,21,22] or menaquinone-8 [15,16,23].
They are also naturally resistant to some antibiotics: G. aurantiaca, G. phototrophica, and
‘Gemmatirosa kalamazoonensis’ grow in the presence of ampicillin or penicillin [15,21], while
G. groenlandica is resistant to bacitracin and chloramphenicol [16].
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Figure 2. (a) Plates showing pure culture of Gemmatimonas phototrophica strain AP64 (b) and liquid

culture of Gemmatimonas groenlandica strain TET16 (picture of TET16 is adapted from ref. [16]).

2.2. Anoxygenic Phototrophy in Gemmatimonadota

Gemmatimonadota, together with Firmicutes, Bacteroidota, Acidobacteriota, Pro-
teobacteria, Chloroflexota, and Candidatus ‘Eremiobacteriota’, is one of few bacterial phyla
capable of anoxygenic phototrophy [9-11] (Figure 1). Anoxygenic phototrophs can be distin-
guished based on the type of reaction center they have—either type I or type II, which differ
with respect to the electron acceptors [26]. Both G. phototrophica and G. groenlandica contain
type-II photosynthetic reaction centers [9,15,16]. They are facultative photoheterotrophs:
They do not assimilate inorganic carbon and require a supply of organic substrates [9].
The ability of some members of Gemmatimonadota to harvest light provides them with ad-
ditional energy, improves the efficiency of carbon utilization, and, consequently, increases
their growth rate [20]. Light is used to generate ATP via photophosphorylation, which
enables them to reduce respiration rate and, at the same time, increase assimilation rates of
organic compounds, such as glucose and leucine (Figure 3a,b).
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Figure 3. The figure shows (a) reduction of respiration in cells of G. phototrophica with increasing
exposure to light and (b) increase in assimilation rates of >H-glucose and *H-leucine with exposure
to light. The figure was adapted from ref. [20].

Phototrophic Gemmatimonadota organize their genes involved in bacteriochlorophyll
biosynthesis, expression and assembly of the photosystem, carotenoid biosynthesis, and reg-
ulatory functions in a photosynthesis gene cluster (PGC) [9]. The PGCs in G. phototrophica
and G. groenlandica share the same synteny with two big superoperons (Figure 4a) and high
DNA sequence identities (70-100%) [16]. Based on this organization, which is also common
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among phototrophic Proteobacteria [27], and the close phylogenetic relationship, it was
suggested the source of the PGC for Gemmatimonadota was a horizontal gene transfer
(HGT) event from Proteobacteria, specifically Gammaproteobacteria [9]. Intra-phylum
HGT events are common in phototrophs and were reported for Cyanobacteria, Proteobac-
teria, and Chloroflexota [11,27-31]. The HGT of the complete PGC was documented
for Rhodobacteraceae (Alphaproteobacteria) [32]. However, G. phototrophica represents the
first known HGT event of a complete PGC between phototrophic and non-phototrophic
representatives of different phyla [9,11,33].

The photosynthetic reaction centers of G. phototrophica are complexed with a unique
double-concentric light-harvesting system, which manifests in two infra-red absorption
bands [34] (Figure 4b). G. phototrophica synthesizes bacteriochlorophyll a constitutively.
The photosynthetic apparatus was expressed even in cultures grown for one year under con-
tinuous darkness [15] and, in contrast to proteobacterial aerobic anoxygenic phototrophs [35],
bacteriochlorophyll a is also produced under continuous light [20]. G. phototrophica contains
over 10 different carotenoids [9], most still uncharacterized, which give the cells a specific
red to pink color. Two identified carotenoids, also found in the heterotrophic member
G. aurantiaca, are oscillol 2-rthamnoside and oscillol 2,2’-dithamnoside [9,36]. They are be-
lieved to protect the cells from reactive oxygen species and excess light [9,37]. Recently,
a unique carotenoid that is present only in the photosynthetic complex of G. phototrophica
was described and named gemmatoxanthin [38]. Only limited information is available
about the second phototrophic Gemmatimonadota G. groenlandica. It contains a slightly
different set of carotenoids. Interestingly, despite the highly similar PGCs, G. groenlandica
shows just one broad band in the absorption spectrum (Figure 4b), which may suggest a
different organization of its light-harvesting antenna [16].
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Figure 4. (a) Photosynthesis gene cluster of two cultured species of Gemmatimonadota,
G. phototrophica and G. groenlandica. Different colors indicate genes involved in bacteriochlorophyll
biosynthesis (green), carotenoid biosynthesis (orange), genes encoding the reaction center (puf
operon-red), puh operon (pink/purple), other genes (brown and yellow), genes not involved in
photosynthesis (blue), and hypothetical genes (gray). The figure was adapted from ref. [18]. (b) Ab-
sorption spectra of two cultures G. phototrophica (black) and G. groenlandica (red). In the near-infra-red
range, G. phototrophica shows two peaks and G. groenlandica has only one. The figure was adapted
from ref. [16].
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3. Environmental Distribution

High-throughput sequencing of environmental 165 rRNA genes documented that
the phylum Gemmatimonadota is cosmopolitan, with members distributed across a wide
range of natural environments. They are found in soils [39-42], permafrost [43—46], rhi-
zospheres [47-52], freshwater lakes and sediments [53-58], activated sludge [8,59,60],
deep-sea sediments [61-64], marine sponge symbionts [65-68], and a brackish estuary [69].

The increasing number of environmental sequences has revealed high uncultured
diversity within Gemmatimonadota. In 2014, Hanada and Sekiguchi proposed its phy-
logeny encompassing both cultured species and environmental sequences, dividing the
phylum into five class-level lineages (Figure 5). Group 1, which corresponds to the class
Gemmatimonadetes, was the most represented, with most sequences originating from soils
and a high proportion from activated sludge in wastewater treatment plants and freshwa-
ters. Group 2, also referred to as the BD2-11 terrestrial group, contains sequences from
marine sediments and sponges in addition to those from soils [59]. Group 3 is an equivalent
to class Longimicrobia and includes the species Longimicrobium terrae [23], as well as se-
quences from soils and other environments (oil field, gas hydrate). Group 4, also referred to
as the PAUC43f marine benthic group [70], contains sequences from marine sediments and
sponges [59]. Finally, Group 5, or the S0134 terrestrial group [71], contains environmental
sequences with terrestrial origin, mostly from different types of soil.

A global picture of the distribution of Gemmatimonadota in various environments
was obtained by a massive search in over 30,000 metagenomes that were publicly available
at that time [17]. One thousand seven hundred and six metagenomes contained sequences
related to Gemmatimonadota, which were most abundant in soils, with the largest propor-
tion (0.3-1.8%) being found in agricultural soils (Figure 6). Gemmatimonadota were also
abundant in wastewater treatment, biofilms, and plant-associated habitats, while smaller
numbers were found in aquatic environments, such as lakes, rivers, estuaries, and springs.

3.1. Distribution in Soils

Gemmatimonadota are the eighth most abundant bacterial phylum in soils, accounting
for about 1-2% of soil bacteria worldwide [41]. From the complete top-ten list (Proteobacte-
ria, Actinobacteriota, Acidobacteriota, Planctomycetota, Chloroflexota, Verrucomicrobiota,
Bacteroidota, Gemmatimonadota, Firmicutes, and Armatimonadota), Gemmatimonadota
and Armatimonadota are plausibly the least-studied groups. A similar picture emerged
from a study on the biogeographic distribution of Gemmatimonadota based on an analysis
of sequences of 165 rRNA gene available in public databases [40]. They showed that,
although they are present in sediments and other environments, the maximum number
of sequences came from different types of soils, including grassland, agricultural, forest,
or contaminated soils. The cosmopolitan distribution of Gemmatimonadota in various soils
suggests that they are generalist species with a versatile metabolism that is able to adapt to
a wide range of nutrients.

A unique environment where Gemmatimonadota have been found is in the glacier
forefields of East Antarctica [76] and the McMurdo Dry Valleys, Antarctica. The soils of
McMurdo Dry Valleys, originally thought to be sterile or to have low diversity of microor-
ganisms [46], are dominated by Actinobacteriota, Acidobacteriota, Gemmatimonadota,
and Bacteroidota [43,77]. Gemmatimonadota were suggested to be adapted to dry envi-
ronments because they occur in high relative proportions in semiarid and arid soils and
deserts [46,78-82]. Moreover, they were shown to be positively influenced by rainfall reduc-
tion and to be more abundant during drought [42]. Finally, even in soil aggregates, their
relative abundance is higher in dry and semi-aerobic inner parts of microaggregates [83].

The pH is another factor that influences the abundance of Gemmatimonadota in
soils, and it seems that they prefer neutral pH over acidic pH [40,84,85]. Interestingly,
Gemmatimonadota dominated in alkaline [86] and highly saline soils and represented
almost 17% of all bacterial reads [87].
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Figure 5. Maximume-likelihood phylogeny of 16S rRNA genes of Gemmatimonadota sequences re-
covered from the SILVA SSU v138 database (in total, 169 sequences, >1200 bp, sequence quality >94%,
downloaded on 23 November 2021), 36 16S rRNA gene sequences whose accession numbers were
taken from [22,59], and 12 sequences taken from [18]. All of the accession numbers are provided as
Supplement Table S1. The phylogenetic tree was made with IQ-TREE [72,73], the TIM3 + F + I + G4
substitution model (chosen as the best-fitting model by ModelFinder [74]), and 1000 ultrafast boot-
strap replicates. The sequences are colored based on the environment from which they originate
(left legend). Numbers at collapsed branches indicate the number of sequences. All five class-level
groups are indicated through vertical delimiters in the right part of the figure. The strength of
support for internal nodes (assessed by ultrafast bootstrapping) is shown through gray-scale circles
(left legend). Two sequences belonging to Fibrobacterota (Fibrobacter succinogenes and Fibrobacter
intestinalis) were used as an outgroup. The phylogenetic tree was visualized using iTOL [75] and
edited in Inkscape (version 1.0).
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on metagenomic survey data published in [17].

Gemmatimonadota were also found to be one of the bacterial phyla that are positively
correlated with vegetation restoration. As one of top-ten most abundant phyla that strongly
increased with revegetation, their relative abundances were above 2% [88] and were posi-
tively correlated with plant richness and soil nutrients such as carbon. Moreover, they were
one of seven more dominant bacterial phyla, with an abundance above 1%, which positively
correlated with total carbon, nitrogen, and phosphorus in soil [89]. These studies showed
the influence of high nutrient concentration on the abundance of Gemmatimonadota and
their possible key role in soil ecosystems [88,89].

3.2. Distribution in Aquatic Habitats

Several reports noted the presence of Gemmatimonadota in freshwater lakes and
sediments [19,53-56,90] or estuaries [69,91], and their sequences from public metagenomes
were identified in lakes, rivers, estuaries, and marine ecosystems [17].

The analysis of the microbial community in the stratified, warm, monomictic, freshwa-
ter Grand Lake, OK, USA showed that Gemmatimonadota, mostly genus Gemmatimonas,
had higher relative abundance in September in the hypolimnion of the lake, where the oxy-
gen had lower concentrations due to the sedimentation of organic matter, while in March
and June, they were rare [92]. Their average abundance was around 1%. In a metagenomic
study of Lake Baikal, two novel metagenome-assembled genomes (MAGs) of Gemmatimon-
adota were reported, one closely related to G. phototrophica, which showed higher abundance
at 20 m, and the other more similar to the soil representative ‘Gemmatirosa kalamazoonensis’,
with low abundances at both 5 and 20 m depth [93]. Until recently, it was not clear whether
the Gemmatimonadota reported in freshwater environments were limnic species or they
originated from surrounding soils. The limnic nature of this group was shown in a large
study of several freshwater metagenomes from five freshwater lakes. The lakes differed in
trophic status, and the presence of Gemmatimonadota was documented over the whole
year at different depths in the lakes—both epilimnion and hypolimnion [18]. Their relative
abundance based on the 165 rRNA gene ranged from 0.02 to 0.6% of total bacteria in
epilimnion and up to 1% in hypolimnion. Genus Gemmatimonas occurred at both depths,
but was more abundant in epilimnion. From these freshwater metagenomes, 45 MAGs
of Gemmatimonadota were assembled, showing their great diversity in freshwaters [18].
Moreover, several novel genus-level clusters were proposed [18], including a newly defined
photoheterotrophic cluster PG1 that is present in the hypolimnion (Figure 7).
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Figure 7. The relative abundances of 16S rRNA gene of Gemmatimonadota from metagenomes of a
freshwater Rimov Reservoir in the Czech Republic. Only the class Gemmatinonadetes is represented
in Rimov Reservoir, and newly defined clusters are shown (legend on the right). On the x-axis are
shown sample dates and the season (gray-colored boxes), and on the y-axis is shown the percentage
of Gemmatimonadota in the prokaryotic community. The figure was adapted from ref. [18].

Different cell morphologies, depending on the depth, were seen in samples from
the meso-eutrophic Rimov Reservoir in the Czech Republic by using catalyzed-reported
deposition—fluorescence in situ hybridization (CARD-FISH). Small, free-living cells were
present in the hypolimnion, whereas in the epilimnion, cells were larger and were found in
association with diatoms (Fragilaria sp.) and cyanobacteria (Microcystis sp.) (Figure 8a,b) [18].
Gemmatimonadota could benefit in such a co-occurrence by obtaining organic carbon and,
in return, providing inorganic nutrients [94]. Additionally, this dependence was sug-
gested as one of the possible reasons for the low number of cultured members of this
phylum. Further analyses of the metabolism of Gemmatimonadota are needed to confirm
this relationship.
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Figure 8. CARD-FISH images showing association of Gemmatimonadetes cells with colony of
(a) Fragilaria sp. and (b) Microcystis sp. The signal of the probe is shown in green, DAPI stain-
ing in blue and autofluorescence in red. The photographs were taken by dr. Tanja Shabarova from
Institute of Hydrobiology, Biology Centre of the Czech Academy of Sciences. Figure was adapted
from ref. [18].

Sequences from BD2-11 terrestrial group, were reported in sediments of Siberian
soda lakes [95]. In addition, MAGs containing phototrophic genes were recovered in
soda lake sediments, including one that also contained genes encoding large subunit of
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RuBisCo [19]. Furthermore, in sediment samples of shallow hypersaline Tuz lake in Turkey,
Gemmatimonadota represented 2.7% of total 165 rRNA gene bacterial reads [96].

In marine environments, Gemmatimonadota seems to be mostly associated with sed-
iments [97,98], deep-sea hydrothermal vents [64,99,100], and sponges [101-103]. In the
deep-ocean sediment habitats of the Mariana and Massau trenches in the Pacific Ocean,
the class Gemmatimonadetes was one of the dominant groups in the active bacterial commu-
nity (in rRNA libraries), with an average relative abundance of OTUs of 13.30% and 9.93%,
respectively [104]. Gemmatimonadetes were suggested to be a keystone group playing an
important role in cycling of organic carbon due to their metabolic strategies [104]. In sedi-
ments of the South Eastern Arabian Sea, they were also abundant and represented 2.4% of
the total bacterial 16S rRNA reads [105].

Finally, active Gemmatimonadota were found in brackish water in the Gulf of Gdarisk
(Baltic Sea) at the estuary of the Vistula River [69]. The highest contribution of Gemmati-
monadota to rRNA-based amplicon libraries was observed in summer in a river (>1.1%)
and in the mixing zone at a salinity of 3.5%. (Figure 9). The genus Gemmatimonas dominated
in these habitats, especially in summer, when it made up over 90% of all Gemmatimonadota
reads. Both the phylum Gemmatimonadota and genus Gemmatimonas were less active
(<0.1% and <0.04% of reads, respectively) in the brackish waters of the Baltic Sea (salinity
above 7%o). Interestingly, Gemmatimonadota were not reported at all from the DNA-based
survevs of oven Baltic Sea waters [106.1071.

Brackish Freshwater Mixing zone
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Figure 9. Gemmatimonadota rRNA reads recorded in the Gulf of Gdarisk (Baltic Sea) and the estuary
of the Vistula River. The figure shows the percentage of reads associated with Gemmatimonadota
(white), as well as the genus Gemmatimonas (gray). The salinity of brackish waters was >7%., that of
freshwater was <0.5%o, and that of the mixing zone was about 3.5%.. The data used to generate the
figure were published in [69].

3.3. Other Environments

Studies of Gemmatimonadota in other environments are scarce. However, they seem
to be very important members of bacterial communities in activated sludge and different
wastewater treatments. The first cultured species, G. aurantiaca, was isolated from acti-
vated sludge [8], and higher proportions of both heterotrophic and photoheterotrophic
Gemmatimonadota were detected in wastewater metagenomes [17]. In batch reactors used
for pretreatment of urea wastewater, Gemmatimonadota became the dominant group and
increased their relative abundance to over 50%, exceeding that of even Proteobacteria [108].
It seems that this group could be connected to intracellular urea hydrolysis [109], and urea
could be used as an energy source and an important substrate [108]. Gemmatimonadota
were also abundant in aquaculture wastewater and in soil irrigated with this water [110],
an outlet of wastewater generated during nitrocellulose production [111], and wastewater
treatment plants with high salinity [112].

Biofilms and microbial mats are yet another environment with a noticeable presence
of Gemmatimonadota [17,113]. They were part of bacterial communities that formed the
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base of biofilms attached to a substrate as opposed to streamer structures that floated in
water [114] and part of communities of microplastic biofilms [115]. In hypersaline microbial
mats under different tidal activity, Gemmatimonadota were the most active in autumn,
yet showed high relative RNA proportions in all seasons in tidal mats characterized by
dominance of diatoms and the influence of currents and waves [116].

3.4. Distribution of Phototrophic Gemmatimonadota

The distribution and diversity of anoxygenic phototrophs is frequently detected using
specific photosynthetic genes serving as molecular markers. The most common molec-
ular marker for phototrophic Proteobacteria, Chloroflexota, and Gemmatimonadota is
the pufM gene encoding the M subunit of the bacterial type-II reaction center. A more
universal marker is gene bchY encoding the chlorophyllide reductase subunit Y, since it
targets all anoxygenic phototrophic species [117]. However, this marker is not suitable
for phototrophic Gemmatimonadota because of its high similarity to the sequences of
Proteobacteria. To avoid this, another marker, gene acsF, which encodes aerobic oxidative
cyclase in many phototrophic organisms, was introduced in a study of the freshwater
Lake Taihu [118]. The previous studies documented that the acsF gene marker can reliably
differentiate between phototrophic Proteobacteria, Gemmatimonadota, and Cyanobac-
teria [9,118,119]. Amplification of the acsF genes from Lake Taihu samples showed that
phototrophic Gemmatimonadota represented 17.3% of the acsF reads in deep samples and
10.5% in the shallow-sediment samples, while in the water column, they represented only
0.67% of the reads [118].

AcsF sequences from phototrophic Gemmatimonadota were found in 161 metagenomes
from different environments, such as wastewater treatment plants, soils, lake water columns
and sediments, estuarine waters, biofilms, and plant-associated habitats. However, no acsF
sequences were found in marine waters [17]. This increased contribution in non-marine
aquatic environments suggests that phototrophic Gemmatimonadota may prefer different
habitats from those of non-phototrophic species. The diversity of uncultured phototrophic
Gemmatimonadota seems to be comparable to the diversity of Proteobacteria [17]. Photo-
heterotrophic members were also shown to express the photosynthetic genes in freshwater
environments. In a study of two lakes in the Czech Republic, the relative abundance of
pufM from Gemmatimonadota in the libraries prepared from RNA exceeded that from
DNA libraries, indicating that photoheterotrophic Gemmatimonadota were active members
of planktonic communities of anoxygenic phototrophic bacteria [120].

Although only two cultured photoheterotrophic species are available so far, a recent
metagenomic study reported a high diversity of photoheterotrophic Gemmatimonadota in
freshwater lakes [18]. They recovered 19 MAGs belonging to different genera that contained
PGCs with similar organizations of genes to those of G. phototrophica and G. groenlandica [16],
which indicates that phototrophic genes are conserved in these phyla. The abundance of
phototrophic MAGs varied over the seasons, and they were present in both the epilimnion
and hypolimnion [18]. MAGs of phototrophic Gemmatimonadota have also been reported
in deep layers of Lake Baikal [93] and sediments of a soda lakes [95,121]. Interestingly, while
some photoheterotrophic MAGs recovered from freshwater lakes containedRuBisCO-like
protein (RLP) [18], which is considered as only a homologue of RuBisCO without carboxy-
lation activity (type IV RuBisCO) [122,123], MAGs recovered in a soda lake showed the
presence of genes encoding a large subunit of the RuBisCO enzyme. Moreover, six MAGs
from these soda lakes contained all genes involved in the Calvin cycle [121]. This suggests
that they represent the first photoautotrophic Gemmatimonadota, expanding the list of
roles that these bacteria play in the environment.

4. Summary and Perspective

Members of Gemmatimonadota are present in many different environments. At the
moment, most of the information is available from soils [39—41], and recently also from
freshwater lakes [18,92,120]. Future research should also focus on other environments,
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such as sediments, plant-associated bacteria, or marine environments, where detailed
information is currently missing.

Despite the fact that the information about Gemmatimonadota is accumulating, still,
little is known about their metabolism and, thus, their environmental role. They usually
form only a small fraction of the bacterial community, with relative abundances at around
1%. These low numbers in the environment could relate to their slower growth, which
is often associated with the ability to withstand stressful conditions [124]. Members of
this group are able to survive in extreme environments, such as saline soils [87], soils in
Antarctica [43,46], hypersaline soda lakes [19], or deep-sea sediments [64,99]. This could
signify that they are K-strategists with less active metabolisms and resistance against
environmental stresses at the cost of lower growth rates. On the other hand, it cannot be
excluded that the slow growth rates of cultured species could be the result of suboptimal
media choices and/or the need for specific compounds, as specific growth rates of >2d !
of freshwater Gemmatimonadota were reported from a manipulation experiment [125].
The observed relationship with algae and cyanobacteria [18] could be another reason for
their low numbers and the difficulties in culturing them. Such relationships could result
in a patchy distribution and local predominance in specific microhabitats [83]. Further
research should focus on their importance in food webs and biogeochemical cycles. Special
attention should be paid to the key biogeochemical processes, such as photo(hetero)trophy,
carbon assimilation, phosphorus acquisition, or nitrogen and sulfur metabolism. Potential
roles in cycling of nutrients were already highlighted in discoveries of members capable
of anoxygenic photosynthesis [15,16], phototrophic MAGs with a possible capacity for
carbon fixation [19,121], and a member with potential N,O reduction capabilities [24].
Additional laboratory experiments with cultured species are necessary in order to elucidate
their metabolic properties and physiology. These experiments would be complementary to
bioinformatic methods that enable the metabolic potential to be studied in many uncultured
organisms by using the available metagenomes. The analysis of metagenome-assembled
genomes offers an immense amount of information for studying this interesting but difficult-
to-culture bacterial group.

Supplementary Materials: The following are available online at https://www.mdpi.com/article /10
.3390/microorganisms10010151/s1, Table S1: Accession numbers of sequences used for the phyloge-
netic tree in Figure 5.
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3.3. Summary results derived from Paper No. 3

In this paper, we studied the temporal changes of the total bacterial and aerobic
anoxygenic phototrophic (AAP) bacterial community in the epilimnion and the
hypolimnion of a shallow freshwater Cep lake in the Czech Republic. For this, we used
amplicon sequencing of the 16S rRNA gene and the pufM gene, a common marker for
AAP bacteria.

We observed a similar abundance pattern for all bacteria in both the epilimnion and
hypolimnion, with maximum values in spring or summer, respectively, while AAP
bacteria showed the highest abundance for both depths in spring and with a higher
contribution to total bacterial abundance in the epilimnion than in the hypolimnion.
Amplicons of the 16S rRNA gene showed that total bacterial alpha diversity was highest
in summer in the hypolimnion, and the largest differences in the community composition
between the two layers occurred during the stratification time in summer. As previously
seen in other freshwater lakes, the relative abundance of Gemmatimonadota varied in two
layers but was generally below 1%. They were represented by three ASVs belonging to
the genus Gemmatimonas. Regarding other AAP bacteria, Chloroflexota represented less
than 4% of total 16S rRNA gene sequences, and Proteobacteria were the most abundant,
with Gammaproteobacteria having much higher numbers (51-77%) than
Alphaproteobacteria (23—49%).

The number of pufM ASVs was also higher in the hypolimnion and, similarly to the total
bacterial community, the AAP community started to differ between layers mostly in
summer. From different AAP phyla, in this dataset, only Gemmatimonadota,
Chloroflexota and Proteobacteria were detected. Gemmatimonadota formed less than 2%
of the AAP community, except in September when their contribution increased to 9%.
The Gemmatimonadota community consisted of three pufM ASVs, which showed the
same temporal dynamic as ASVs identified in 16S rRNA analysis. The highest
contribution to the AAP community had Proteobacteria (>90% of pufM reads), especially
Gammaproteobacteria (>50%), while Chloroflexota usually formed up to 5 % of the pufM
sequences.

Furthermore, we tested the influence of several environmental factors on total bacterial
and AAP communities using distance-based linear models (DistLM) and distance-based
redundancy analysis (dbRDA). Factors best explaining the variability of both
communities were oxygen, temperature and dissolved organic carbon (DOC). However,
their explanatory power differed, and the AAP community was mostly influenced by DOC
and temperature, while oxygen was the best explanatory variable for the total bacterial
community.
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Abstract

Aerobic anoxygenic photoheterotrophic (AAP) bacteria represent a func-
tional group of prokaryotic organisms that harvests light energy using
bacteriochlorophyll-containing photosynthetic reaction centers. They repre-
sent an active and rapidly growing component of freshwater bacterioplank-
ton, with the highest numbers observed usually in summer. Species
diversity of freshwater AAP bacteria has been studied before in lakes, but
its seasonal dynamics remain unknown. In this report, we analysed tempo-
ral changes in the composition of the phototrophic community in an oligo-
mesotrophic freshwater lake using amplicon sequencing of the pufM marker
gene. The AAP community was dominated by phototrophic Gammaproteo-
bacteria and Alphaproteobacteria, with smaller contribution of phototrophic
Chloroflexota and Gemmatimonadota. Phototrophic Eremiobacteriota or
members of Myxococcota were not detected. Interestingly, some AAP taxa,
such as Limnohabitans, Rhodoferax, Rhodobacterales or Rhizobiales, were
permanently present over the sampling period, while others, such as Sphin-
gomonadales, Rhodospirillales or Caulobacterales appeared only tran-
siently. The environmental factors that best explain the seasonal changes in
AAP community were temperature, concentrations of oxygen and dissolved
organic matter.
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INTRODUCTION energy, AAPs reduce utilization of organic carbon for

respiration and increase their biomass yield up to 100%

Photoheterotrophic bacteria represent an important
component of freshwater bacterioplankton. These
organisms harvest light energy but, as they do not fix
carbon, require organic carbon to build biomass. Two
main groups of aquatic photoheterotrophic bacteria are
rhodopsin-containing bacteria and aerobic anoxygenic
phototrophic  (AAP) bacteria. Rhodopsins are
membrane-bound proteins able to use light energy to
translocate protons across the membrane. The proton
gradient is used for ATP production (Lanyi, 2004;
Spudich & Luecke, 2002). In contrast, AAP bacteria
harvest light energy using photosynthetic complexes
containing bacteriochlorophyll-a (BChl-a) (Koblizek,
2015; Yurkov & Csotonyi, 2009). Due to the captured

(Hauruseu & Koblizek, 2012; Piwosz et al.,, 2018).
When compared with rhodopsin-containing bacteria,
AAP bacteria are more effective in producing energy
from light (Kirchman & Hanson, 2013).

AAP bacteria contribute 1-22% of all prokaryote
abundance in the euphotic layer of freshwater lakes
(Cuperové et al., 2013; Fauteux et al., 2015; Masin
et al., 2008, 2012; Ruiz-Gonzalez et al., 2013; Ruiz-
Gonzalez et al., 2020). They have, on average, larger
cell size and exhibit faster growth and mortality rates
than heterotrophic bacteria (Cepakova et al., 2016;
Garcia-Chaves et al., 2016). Recently, it has been
shown that upon infra-red illumination AAP bacteria
reduce total microbial respiration by 15% and increase
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microbial production by 6% (Piwosz et al., 2022). All
these findings indicate the importance of AAPs in
microbial food webs and the freshwater carbon cycle
(Fauteux et al., 2015; Koblizek et al., 2005).

The most common representatives of AAP bacteria
in freshwaters are members of the order Burkholder-
iales (Gammaproteobacteria), such as Limnohabitans,
Rhodoferax and Polynucleobacter and members of
orders Sphingomonadales and Rhodobacterales
(Alphaproteobacteria), with a minor contribution of
Chloroflexota and Gemmatimonadota (Caliz &
Casamayor, 2014; Fecskeova et al., 2019; Kasalicky
et al, 2018; Martinez-Garcia et al., 2012; Mujaki¢
et al., 2021; Salka et al., 2011). Unfortunately, most of
these studies provided only snap-shot information on
AAP community composition from a single or infrequent
sampling of multiple lakes, even though seasonal time
series have shown AAP bacteria undergo large
changes in abundance, activity and growth rates
(Cepéakova et al., 2016; Cuperova et al., 2013; Kolafova
et al., 2019). This has likely also a large impact on AAP
community composition, which remain unexplored.
Therefore, we decided to investigate how the diversity
changes during the year.

Here, we applied amplicon sequencing of the 16S
rRNA gene and pufM marker gene for AAP bacteria to
study temporal changes in total bacterial and AAP bac-
teria community composition in the epi- and the hypo-
limnion in a shallow, meso-oligotrophic freshwater lake
Cep. We hypothesized that the diversity of AAP bacte-
ria would show distinct temporal patterns in the epi-
and the hypolimnion, as had been observed for all bac-
teria (Zemskaya et al., 2020). We also hypothesized
that the AAP community would be affected by different
environmental factors than the overall bacterial
community.

EXPERIMENTAL PROCEDURES
Sampling

Samples were collected from April to September
2016 from oligotrophic Cep lake (48°9249.24" N,
14°88'68.11"” E) located in the Trebon Basin Pro-
tected Landscape Area, Czechia. The lake was cre-
ated in the second half of the 20th century as a result
of sand mining and was filled with groundwater seep-
ing from the nearby river Luznice. Water samples
were collected from five depths: 0.5, 2, 5, 7 and 9 m
using a Ruttner Water Sampler (model 11.003KC
Denmark AS). Water was transported to the labora-
tory in closed plastic containers, which were pre-
rinsed three times with the sampled water and stored
in a cooled box. Temperature and oxygen profiles
were taken with an EXO1 multi-parameter probe (YSI
Inc., Yellow Springs, OH).

70

Bacteria and AAP bacteria microscopy
counts

Samples of 50 ml were fixed with buffered, sterile-
filtered paraformaldehyde (Penta, Prague, Czechia) to
a final concentration of 1%, and 0.5 ml was filtered onto
white polycarbonate filters (pore size 0.2 um, Nucleo-
pore, Whatman, Maidstone, UK). Cells were stained
with 4’,6-diamidino-2-phenylindole (DAPI) at concentra-
tion of 1 mg L™" (Coleman, 1980). Total and AAP bac-
terial abundances were determined using an
epifluorescence Zeiss Axio Imager.D2 microscope
equipped with Collibri LED module illumination system
(Carl Zeiss, Jena, Germany). Ten microphotographs
were taken for every sample under 325-370 nm excita-
tion and 420-470 nm emission wavelengths for DAPI
fluorescence (total bacteria), 450-490 nm excitation
and 600—-660 nm emission wavelengths for autofluores-
cence from Chl-a (algae and cyanobacteria), and com-
bined 325-370 nm, 450-490 nm, 545-565nm and
615-635 nm excitation and 645-850 emission wave-
lengths for autofluorescence from BChl-a (AAP bacte-
ria). As some part of Chl-a autofluorescence is also
visible in the infrared spectrum, only the IR-positive
cells that did not show any autofluorescence from Chl-a
were counted as AAP bacteria (Cottrell et al., 2006).

Nutrients and chlorophyll-a

Samples were filtered through glass fibre filters with
0.4 pm nominal porosity (GF-5, Macherey-Nagel,
Duren, Germany). Concentrations of soluble reactive
phosphorus (SRP) were determined spectrophotometri-
cally (Kopécek & Hejzlar, 1993; Murphy & Riley, 1962).
Concentrations of nitrate and ammonium were mea-
sured according to Prochazkova (Prochazkova, 1959)
and Kopacek and Prochazkova (Kopacek &
Prochazkova, 1993). DOC and dissolved nitrogen
(DN) were determined by catalytic thermal combustion
at 720°C in combination with chemiluminescence
detection by Shimadzu TOC-L equipped with TNM-L
Total Nitrogen module (Shimadzu, Kyoto, Japan).

For Chl-a measurements, phytoplankion was col-
lected by filtration onto GF-5 glass fibre filters
(Macherey-Nagel). The filters were dried of excess
water by gently pressing in a paper towel, and flush fro-
zen in liquid nitrogen. Pigments were extracted in
acetone-methanol (7:2, v:v) mixture and analysed by
HPLC as described in (Piwosz et al., 2020).

DNA isolation

Water (between 250 and 700 ml) was filtered through
sterile 0.2 um Nucleopore Track-Etch Membrane filter
units (Whatman, Maidstone, United Kingdom). Filters
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were put inside sterile cryogenic vials, flash-frozen in
liquid nitrogen and stored at —80°C. DNA extraction
was done using PowerWater DNA Isolation Kit
(MO BIO Laboratories Inc., Carlsbad, CA).

DNA samples were pooled in equimolar concentra-
tions for the subsequent analysis. The epilimnion sam-
ples included water collected from 0.5 and 2 m, and the
hypolimnion ones from the deeper layers (5-9 m). Such
division was based on the temperature profiles.

Bacterial community analysis

Amplicons of 16S rRNA gene were prepared using the
primers set 341F-785R (Klindworth et al., 2013). PCR
was performed in 20 pl reaction, using Phusion High-
Fidelity PCR MasterMix (Thermo Scientific, USA).
Reaction conditions were as follow: 98°C for 3 min,
25 cycles at 98°C for 10 s, 60°C for 20 s, 72°C for 20 s
and a final extension at 72°C for 3 min. The reactions
for each sample were done in triplicates, pooled and
purified from the gel using the Wizzard SV Gel and
PCR clean system (Promega), and quantified with
Qubit dsDNA HS assay. Amplicons were sequenced
on lllumina MiSeq (2 x 250 bp) platform at Genomic
Service of the Universitat Pompeu Fabra (Barcelona,
Spain).

Obtained reads were quality checked using FastQC
v0.11.7 (Babraham Bioinformatics, Cambridge, UK).
The primer sequences were trimmed using Cutadapt
v1.16 (Martin, 2011) and further analysis was done in
the R/Bioconductor environment using the DADA2
package (version 1.12.1) (Callahan et al., 2016). Low
quality reads were filtered out and cut (dada2::filterAnd-
Trim, truncLen = ¢(225, 225), maxN = 0, maxEE = ¢
(2,2), truncQ = 2, rm.phix TRUE, compress
TRUE). Sequences were merged (dada2::mergePairs
()), and wusing removeBimeraDenovo function
(method = “pooled”), chimeras were removed and sin-
gletons and doubletons were eliminated using Phylo-
seq (McMurdie & Holmes, 2013) (phyloseq::filter_taxa
(ps, function(x) sum(x > 3) > (0.2*length(x)), TRUE))
resulting in 685 amplicon sequence variants (ASV)
(Table S1). The final ASV table contained from 18,551
to 71,613 reads per sample (average + SD:
42,945 + 14,271). Taxonomic assignment was done in
DADA2 (dada2:: assignTaxonomy()) using the SILVA
r138.1 database released on 27 August 2020. Graphs
were done using phyloseq (McMurdie & Holmes, 2013)
and ggplot2 (Wickham, 2009) packages.

AAP bacteria community analysis

The composition of AAP bacteria community was ana-
lysed using the pufM gene. Amplicons for pufM gene
were prepared using pufM UniF and pufM UniR
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primers (Yutin et al., 2005). The hypolimnion sample
from 15/06 could not be amplified and was excluded in
further analysis. The PCR was done in a friplicate of
20 pl reaction using Phusion High-Fidelity PCR Mas-
terMix (Thermo Scientific, USA). The conditions were
as follows: initial denaturation for 3 min at 98°C,
30 cycles of 98°C for 10 s, 52°C for 30's, 72°C for
30 s, final elongation at 72°C for 5 min. The obtained
triplicate reactions were pooled and amplicons were
purified from the gel using the Wizzard SV Gel and
PCR clean system (Promega) and quantified with
Qubit dsDNA HS assay. Amplicons sequencing was
performed on lllumina MiSeq (2 x 250bp) platform by
Genomic Service of the Universitat Pompeu Fabra
(Barcelona, Spain). Obtained pufM gene reads were
processed in the same manner as 16S rRNA gene
amplicons with different filterAndTrim function values
(truncLen = ¢(130, 130), maxN = 0, maxEE = ¢(2,2),
truncQ = 2, rm.phix = TRUE, compress = TRUE,
multithread = FALSE). Final ASV table contained
468 pufM_ASVs and from 15,746 to 84,506 reads per
sample (41,524 + 12,440; Table S2). Taxonomic
assignment was done in DADA2 (function: assignTax-
onomy[]) using manually curated in-house database. It
contained 1475 unique pufM sequences, downloaded
from the Fungene repository on May 16, 2019 (http://
fungene.cme.msu.edu), from metagenomes from the
Rimov reservoir (Andrei et al., 2019; Mehrshad
et al.,, 2018) and from the Genome Taxonomy data-
base accessed on 16 September 2020 (Parks
etal., 2018).

The sequences of 16S amplicons were deposited in
the NCBI database under Biosamples SAMN26677261—
SAMN26677286 and of pufM amplicons under Biosam-
ples SAMN26677246-SAMN26677260 as a part of Bio-
Project PRUINA816466.

Phylogenetic analysis of pufM gene

The limitation of the taxonomic assignation of the pufM
gene amplicons was evident from the initial classifica-
tion using the default DADA2 algorithm, which failed to
assign all Chloroflexota reads and 20% of Proteobac-
teria reads at class level, and 65% of Alphaproteobac-
teria reads at order level. Over 50% of reads remain
unclassified at the order level after the DADA2 taxo-
nomic assignment. Phylogenetic analysis reduced the
contribution of these unclassified Alphaproteobacteria
up to 95% in June. Moreover, even though only 5% of
Gammaproteobacteria reads remained unclassified at
order level, over a quarter of the Burkholderiales reads
could not be assigned to the genus level. The pufM
gene is more variable than 16S rRNA gene and the
lack of reference sequences closely related to these
unclassified pufM_ASVs in our database hampered a
more precise taxonomic assignment.
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To partially overcome this limitation and reveal the
hidden diversity of freshwater AAP bacteria in the stud-
ied lake, we performed a phylogenetic analysis of these
unclassified pufM_ASVs.

Amino acid sequences of pufM genes were
obtained from the Genome Taxonomy database
through AnnoTree tool (Mendler et al., 2019) on
13/09/2021. The sequences with percentage of identity
<40% to the reference pufM sequence in GTDB were
removed as they originated from the pufL gene.
14 pufM sequences from previous works (Fecskeova
et al., 2019; Mujaki¢ et al., 2021; Piwosz et al., 2020;
Zeng et al., 2021), which are not shown in GTDB data-
base but they represent a reference point in freshwater
environments, were included in the analysis. The
unclassified pufM_ASVs were translated to amino
acids using the second forward open reading frame.
Both the reference pufM sequences and the puf-
M_ASVs were aligned in Geneious v2019.2.3 using
ClustalW v2.1 (Larkin et al., 2007). The phylogenetic
analysis was done with IQTREE (Trifinopoulos
et al., 2016). LG + F + | + G4 was selected as a best-
fit nucleotide substitution model by ModelFinder
(Kalyaanamoorthy et al., 2017) according to Bayesian
information criterion, and the Maximum Likelihood tree
was calculated using 1000 ultrafast bootstrap replicates
and default settings. The trees were prepared for the
publication using iTOL (Letunic & Bork, 2021) and
Inkscape v1.01.

Statistical analysis

The statistical relationship between environmental data
(Table T3), abundance of all bacteria and abundance
of AAP bacteria was analysed by distance based linear
models (DistML), distance based Redundancy Analysis
(Anderson & Legendre, 1999; Legendre &
Andersson, 1999) and non-metric multi-dimensional
scaling (hMDS) in the PERMANOVA+ add-on package
of the PRIMER7 software (Anderson et al., 2008)
(Primer Ltd., Lutton, UK). Environmental variables for
each layer were averaged from the corresponding
depths (0.5 and 2 m for the epilimnion and 5 to 9 m for
the hypolimnion) and normalized. Correlations between
different environmental variables were checked using
Draftsman plots, and in the case of the strong correla-
tion (absolute value of correlation coefficient >0.7) one
of the variables was excluded from the analysis
(Table T3). Abundance data for all and AAP bacteria
(from microscopic counts), and the amplicon data (after
removing singletons and doubletons) were log (X + 1)
transformed. The best model was selected using a
stepwise selection procedure based on statistical sig-
nificance (9999 permutations) and the value of the
Akaike’s Information Criterion (AICc) (Anderson &
Legendre, 1999; Legendre & Andersson, 1999).
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RESULTS AND DISCUSSION
Environmental variables

Samples were collected from a freshwater lake Cep,
from April to September. The environmental conditions
were typical for oligo-mesotrophic lakes (Figure S1)
indicating that our results are representative for North-
ern  hemisphere temperate lakes (Dodds &
Whiles, 2020; Verpoorter et al., 2014). Thermal stratifi-
cation of the water column was formed in May and
present until the end of the sampling. Nevertheless,
hypoxic or anoxic conditions were not observed in the
hypolimnion (minimal oxygen concentration was
5.69 mg O, L~'; Figure S1). Concentrations of nutri-
ents and chlorophyll-a (Chl-a) were higher in the
hypolimnion.

Abundances of total and AAP bacteria

The abundance and dynamics of all bacteria were simi-
lar in the epi- and the hypolimnion, with maximum
values in July for the epilimnion (4.62 x 10° cells mI~")
and in May for the hypolimnion (5.19 x 10° cells mI~")
(Figure 1A). The abundance of AAP bacteria ranged
from 7.11 x 10* to 2.39 x 10° cells mI~" in the epilim-
nion and from 5.57 x 10* to 2.56 x 10° cells mI~" in
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FIGURE 1 Weekly abundances of all prokaryotes (A), AAP
bacteria (B) and relative abundance of AAP bacteria in the total
bacterial community (C) in the epilimnion (blue-circles and line) and
the hypolimnion (red-triangles and line) of Cep lake.
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FIGURE 2 Weekly estimates of bacterial diversity in the epilimnion (blue-circles and line) and the hypolimnion (red-triangles and line) of Cep
lake. (A) Chao1 index and (B) Shannon index estimated for total bacterial community based on 16S rRNA gene amplicon sequences; (C) Chao1
index and (D) Shannon index estimated for AAP bacterial community based on pufM gene amplicon sequences.

the hypolimnion (Figure 1B), with the highest values in
April and May in both layers. AAP bacterial abundance
decreased in the hypolimnion in June, while in the epi-
limnion only in August (Figure 1B). The percentage
contribution of AAP bacteria to the total bacterial abun-
dance was generally higher in the epilimnion (3.93—
12.53%) than in the hypolimnion (1.45-10.20%,
Figure 1C). Such temporal patterns of AAP bacteria
abundance between in the epi- and the hypolimnion
are common in temperate freshwater lakes (Cuperové
et al., 2013; Fauteux et al., 2015).

Bacterial community composition

The bacterial alpha diversity was higher in the hypo-
limnion, especially in summer, based on 16S rRNA
gene amplicons (16S_ASVs; Figure 2). The most
abundant phyla were, in descending order, Actinobac-
teriota, Cyanobacteria, Proteobacteria, Bacteroidota,
Verrucomicrobiota and Planctomycetota (Figure S2A).
Non-metric multidimensional scaling (hMDS) analysis
showed that the largest differences in community com-
position between the two layers were during stratifica-
tion period from June to September (Figure S2). Since
the composition and temporal changes of bacterial
community were typical for the oligo-mesotrophic
lakes (Cabello-Yeves et al., 2017; Morrison
et al., 2017), below we have just focused on phyla
known to contain AAP bacteria: Gemmatimonadota,
Chloroflexota and Proteobacteria.

The relative abundance of Gemmatimonadota was
<1%, which seems to be typical for freshwater lakes
(Mujaki¢c et al., 2021). Gemmatimonadota were
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represented by three 16S_ASVs (Figure 3A), classified
as genus Gemmatimonas that is common in aquatic
habitats (Gotebiewski et al., 2017; Mujakic et al., 2021).
Their relative abundance varied substantially in both
layers, with the changes in the epilimnion preceding
those in the hypolimnion, suggesting a downward prop-
agation of temporal changes (Cram et al., 2015).

Phylum Chloroflexota represented <4% of total 16S
rRNA gene sequences (Figure S3A). Genera from
class Chloroflexia known to contain pufM genes, such
as Roseiflexus, Kouleothrix and UBA965 dominated
during spring (Figure 3B). They were followed by the
SL56 cluster (Ca. Limnocylindrus, Mehrshad
et al., 2018) and they dominated in the epilimnion until
the end of the sampling campaign. In the hypolimnion,
a noticeable increase of the class Anaerolineae was
observed in August and September (Figure 3B), when
oxygen concentration was at its lowest. These bacteria
are widely spread in different environments (Yamada &
Sekiguchi, 2009) and were originally described to be
anaerobic (Nakahara et al., 2019; Yamada et al., 2006)
but recently an aerobic member containing type-Il reac-
tion centre (RC) was assembled from a metagenome
(Martinez et al., 2020).

Proteobacteria were the most abundant phylum with
known AAP species (Figure S3A). Alphaproteobacteria
and Gammaproteobacteria were the dominant classes,
with a contribution to the Proteobacteria reads ranging
from 23-49% and from 51-77%, respectively.

Temporal patterns of Alphaproteobacteria were
quite distinct between the epi- and the hypolimnion
(Figure 3C). Caulobacterales, Rhizobiales, Rhodobac-
terales and Sphingomonadales, orders known to con-
tain AAP species (Imhoff et al, 2019; Kopejtka



Applied
Microbiology
nternational

VILLENA-ALEMANY ET AL.

100 100
0 IIII IIIIII 0 III II IIIIII
wo III I IIIIIII 100 _
Apr  May Jun Jul Aug  Sep Apr  May Jun Jul Aug  Sep

B ASV209 MM ASV460 W ASV276 M Anaerolineae [l Chloroflexia [l KD4-96 [l SL56 marine group

III! !!I
Jul

environmental
microbiology reports

=
C

N
o
N
o

Percent contribution to
Gemmatimonadota reads
g
Percent contribution to
Chloroflexota reads
@
S

N
o
N
o

~
o
~
o

@
S

Gemmatimonadota reads
3

Percent contribution to
Chloroflexota reads
@
3

N
o

Percent contribution to

G
)

=)
3

100

~
Bl

N
&

Percent contribution to
Alphaproteobacteria reads
o
3

Percent contribution to
Gammaproteobacteria reads
N @ ~
3 3 3

~
a

N
o

Percent contribution to
Alphaproteobacteria reads
o
3

100 I I

Jun

Percent contribution to
Gammaproteobacteria reads
N @ ~ 3
5 3 3 8
o
= e

. III-_ ) AN
A May Aug Sep
) ) [ candidatus I cenvibrionales
= = = = [ vncassves [l G¥s98 freshwater group W esionetin
Bl couovacteraies || Rnizobiales Rickettsiales  [J] Other B enot Il Rrodorerex I vetviococcses
[ timnonabitans B surricatea [ others
W vethyiotenera ] others
N J

Burkholderiales
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etal.,, 2017, 2021), dominated in spring, coinciding with sampling in September. They have already been
the maxim values of AAP bacterial abundance. Pelagi- reported as a part of microbial communities in a wide
bacteriales dominated in the epilimnion and Azospiril-  variety of freshwater environments (Galachyants
lales in the hypolimnion from June until the last etal, 2021; Tsementzi et al., 2019).
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Gammaproteobacteria were dominated by the order
Burkholderiales (Figure 3D), specifically by genera such
as Limnohabitans, Rhodoferax and Polynucleobacter,
important members of microbial food webs also known
to contain AAP species (Hahn et al., 2012; Jezberova
et al., 2017; Kasalicky et al., 2018; Salka et al., 2011;
Simek et al., 2005). From the onset of stratification, the
Gammaproteobacteria community started to develop dif-
ferently in the depth layers. The relative abundance of
Ca. Methylopumilus and Polynucleobacter increased in
the epilimnion, while Methylotenera, Sulfuritalea and
order Methylococcales increased in the hypolimnion.

AAP bacteria community composition

The AAP community composition was assessed with
amplicon sequencing of the pufM gene, which is a rou-
tinely used marker for anoxygenic phototrophs contain-
ing type-ll RC (Koblizek, 2015). The number of pufM
ASVs (pufM_ASVs) estimated using the Chao1 index
and the Shannon diversity index were higher in the
hypolimnion than in the epilimnion (Figure 2C, D). Higher
bacterial diversity in the hypolimnion seems to be a com-
mon feature of freshwater lakes (Shade et al., 2012),
and here we demonstrated that this may be also a trend
for AAP bacteria, at least in shallow lakes that are oxy-
genated and illuminated to the bottom. Moreover, AAP
community started to diverge between the epi- and the
hypolimnion in summer (Figure S2B), as observed also
for all bacteria. Nevertheless, the difference in alpha and
beta diversity between two layers was less conspicuous
for AAP bacteria than for the total bacterial community
(Figure 2 and Figure S1).

Gemmatimonadota, Chloroflexota and Proteobac-
teria were the only phyla detected in our samples, while
none of the phototrophic members of Eremiobacteriota
and Myxococcota were present in the pufM gene librar-
ies (Figure S3B).

The contribution of Gemmatimonadota to the AAP
bacteria community was in general below 2%, except in
September, when it increased to 9% (Figure S3B).
Gemmatimonadota community consisted of three puf-
M_ASVs (Figure 4A). pufM_ASV69, that clustered in
the phylogenetic tree together with the environmental
cluster Pg2 (Mujaki¢ et al., 2021) (Figure S4), domi-
nated in spring in the epilimnion and in spring and sum-
mer in the hypolimnion (Figure 4A). It was almost
replaced by pufM_ASV30 and pufM_ASV209
(Figure S4) that, despite being closely related, showed
a distinct seasonal pattern (Figure 4A). Such temporal
separation of closely related phylotypes may have
resulted from the differences in their physiology, as
observed for G. phototrophica and G. groenlandica
(Zeng et al., 2021). Interestingly, the dynamics of Gem-
matimonadota by pufM_ASVs resembles that of
16S_ASVs (Figure 3A and Figure 4A). This suggests
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that pufM_ASV209, pufM_ASV30 and pufM_ASV69
from pufM amplicons might correspond to
16S_ASV460, 16S_ASV276 and 16S_ASV209 from
16S rRNA gene amplicons, respectively.

Chloroflexota contributed up to 5% to the pufM gene
sequences and were more abundant in April and July—
August (Figure S3B). They consisted of 5 pufM_ASVs
from an uncultured freshwater clade of the Roseiflexa-
ceae family (Mehrshad et al., 2018) that differed only
by 1 or 2 amino acids (Figure S5). Despite this high
similarity, these Chlorofleoxta ASVs showed distinct
dynamics (Figure 4B). Interestingly, the most abundant
pufM_ASV18 and pufM_ASV87 were shown to be
highly active in August 2016 in the same lake, based
on the comparison of DNA and RNA amplicon libraries
(Fecskeova et al., 2019). Our results indicate that these
Chloroflexota are core members of freshwater AAP
bacteria communities over the whole sampling season.

Proteobacteria represented over 90% of all pufM
reads (Figure S3B). This comprised between 2% and
14% of Alphaproteobacteria, while Gammaproteobac-
teria were always more than 50%, with a maximum
>90% in April (Figure S2B).

Alphaproteobacteria community was similar in both
layers in spring, being dominated by Rhodobacterales,
Rhizobiales and Caulobacterales (Figure 4C), as
observed also for 16S amplicons (Figure 4D). From the
onset stratification, Rhodospirillales increased their
contribution in the epilimnion, while Sphingomonadales
and Rhizobiales showed their maximum contribution in
the hypolimnion. Interestingly, the contribution of
unclassified reads increased from July, and they
reached up to 75% by late September (Figure 4C).

Phototrophic Gammaproteobacteria were more sta-
ble compared with other phototrophic phyla, and there
was little difference between the epi- and the hypolim-
nion (Figure 4D). Burkholderiales made up >90% of
reads in all samples. Limnohabitans, Polynucleobacter
and Rhodoferax were the dominant genera, but 20—
25% of the Burkholderiales remained unclassified at
genus level. Limnohabitans and Rhodoferax showed
the highest relative abundances in April until June,
whereas Polynucleobacter showed this in August and
September, reaching almost 30% of the Gammaproteo-
bacteria reads in the epilimnion. Phototrophic activity of
Burkholderiales may have been relatively low, as they
were substantially underrepresented in the active AAP
community investigated in August 2016 in the same
lake (Fecskeova et al., 2019).

Most of the groups recovered in our time series were
also reported in snapshots studies of freshwater lakes
(Cepakova et al., 2016; Cuperova et al., 2013; Fecskeova
et al., 2019). Here, we show that the composition of AAP
community substantially varies in both epi- and hypolim-
nion, with many groups showing transient occurrence
(Figure 4). This clearly indicated that the snapshot studies
cannot sufficiently describe their diversity and the season
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of sampling affects the results. As confirmation, a substan-
tial proportion of the reads and pufM_ASVs in our study
remained unassigned at genus or order level (Figure 4).
This was not just the case for the understudied phyla,
such as Chloroflexota and Gemmatimonadota, but also
for Proteobacteria (Figure 4C, D), for which diversity in
freshwater environments is well described (Ferrera
et al., 2017). Furthermore, some pufM_ASVs could not be
classified even to the class level. For instance, a group of
20 pufM_ASVs formed a branch between Rhodobacter-
ales (Alphaproteobacteria) and Ectothiorhodospirales
(Gammaproteobacteria) (Figure S6). The lack of reference
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sequences related to the unclassified pufM_ASVs ham-
pered the taxonomic assignation of many of them. These
results indicate the high potential of undescribed diversity
of AAP bacteria in freshwaters that can be investigated for
instance using metagenomics (Mehrshad et al., 2018;
Muijakic et al., 2021; Ward et al., 2019).

Relationship with environmental variables

Temporal dynamics of AAP bacteria abundance has
been shown to respond to changes in the
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bacteria and for (B) AAP bacteria to the explanatory variables (black lines) in the epilimnion (blue-circles) and hypolimnion (red-triangles).
Tables embedded in the graphs show the percentage of variability explained (effect [%]) by individual environmental variables (Env. Factor) and
their statistical significance (p value and pseudo-F). DOC, dissolved organic carbon; ODO, optical dissolved oxygen.

environmental conditions (Kolafova et al., 2019; Lew
et al., 2015; Masin et al.,, 2008). However, how they
influence the AAP community composition remains
mostly unknown. Such information is important as, for
example, high photoheterotrophic activity by AAP bac-
teria was linked to elevated relative abundance of few
alphaproteobacterial orders: Caulobacteriales and
Sphingomonadales (Piwosz et al., 2022). Thus, we
conducted statistical analysis to reveal environmental
factors that may have influenced the dynamics of AAP
communities.

Distance-based linear models (DistLM) and
distance-based redundancy analysis (dbRDA)
(Anderson & Legendre, 1999; Legendre &

Andersson, 1999) showed that the environmental fac-
tors that best explained the variability of the total bacte-
rial community were oxygen, temperature and
dissolved organic carbon (DOC) (Figure 5). The vari-
ability in the AAP community composition was
explained by the same environmental variables but the
explanatory power of particular variables differed.
Namely, the best explanatory variable was DOC, fol-
lowed by temperature, whereas oxygen, which
explained most of the variability in the total bacterial
community was less important for AAP bacteria. These
environmental factors have been shown to be determi-
nants in general for shaping bacterial and AAP commu-
nities (Ferrera et al., 2017; Masin et al., 2008; Nifo-
Garcia et al., 2016). Nevertheless, the observation that
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this functional group correlates differently with those
variables than total bacteria indicates that their
response to changing environmental conditions may
differ as well.

SUMMARY AND CONCLUSIONS

In this report, we investigated temporal changes in the
diversity of bacteria in a freshwater lake, with the focus
on AAP bacteria. Our results showed that the AAP
community followed different temporal patterns in the
epilimnion and the hypolimnion when the lake was
stratified. The high number of unclassified reads in the
pufM libraries indicates that there is still hidden diver-
sity of AAP bacteria within the known bacterial phyla.
This was the case not only for less known Gemmatimo-
nadota and Chloroflexota but, surprisingly, also for
Alphaproteobacteria, the class to which the first
described AAP  species belongs (Harashima
et al., 1978). Progress in linking this unexpected pufM
diversity with taxonomic affiliation may be expected
with increasing use of metagenomics, targeted single-
cell sequencing and culturing of AAP bacteria (Parks
etal., 2017; Woyke et al., 2017).

Environmental conditions shape bacterial communi-
ties, resulting in temporal changes in their diversity and
composition, driven by adaptation that causes physio-
logic differences between distinct phylotypes. In
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contrast to our expectations, the same set of environ-
mental factors explained variability of all and AAP com-
munities but they differed in their importance for total
versus functional group. This indicates that AAP bacte-
ria may respond differently to the changing environ-
ment, for example to temperature rise and
deoxygenation of lakes due to global warming. More
information on metabolic capacity of this photohetero-
trophic bacteria is needed to fully understand their
dynamics.
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3.4. Summary results derived from Paper No. 4

In the fourth chapter, we analyzed more than 400 metagenome-assembled genomes
(MAGs) and 5 cultured species from various environments in order to obtain information
about genomic differences and metabolic potential of Gemmatimonadota across multiple
environments. Additionally, we assembled 16 Gemmatimonadota MAGs from four
freshwater reservoirs in Spain to further expand the collection of freshwater
Gemmatimonadota.

We classified Gemmatimonadota MAGs based on their environmental origin into 12
different categories. Genomes from different environments varied in their sizes and
number of coding sequences (CDS). The smallest genomes with the smallest number of
genes were those from marine waters, while genomes from potentially more nutrient-rich
environments, such as soil, soda lake sediments or wastewater, had larger sizes and higher
numbers of CDS. The GC content of Gemmatimonadota genomes also varied and was
again the lowest in marine genomes and some genomes from hydrothermal vents, while
genomes from soil, permafrost, or wastewater had higher GC content.

Principal coordinate analysis based on the presence/absence of genes showed grouping of
the Gemmatimonadota genomes based on their environmental origin. Similar patterns
were also observed in phylogenomic analysis, indicating their adaptation to different
environments. Further, we analyzed the main metabolic commonalities and differences
associated with each environment, with a focus on some of the key metabolic pathways
like carbon, nitrogen, and sulfur cycles, and phototrophy. Gemmatimonadota from all
environments contained genes for central carbohydrate metabolism and were generally
organoheterotrophic. However, some metabolic pathways or genes were present in
Gemmatimonadota from specific environments. For example, genes for anoxygenic
phototrophy were found in freshwater, wastewater and soda lake sediment genomes, and
were not present in soil or marine genomes. Gemmatimonadota from several
environments contained the gene encoding the large subunit of RuBisCO. Furthermore,
Gemmatimonadota from soil, host-associated (marine sponges and corals), wastewater,
hydrothermal vent, and groundwater could potentially use CO as an alternative energy
source since they contained large subunit of carbon monoxide dehydrogenase (coxL).
Gemmatimonadota did not have complete pathways for denitrification or nitrogen
fixation. However, in all environments except marine water and host-associated they had
nosZ gene indicating the potential for reduction of N,O, which is considered one of the
strongest greenhouse-gases. Furthermore, genes for flagella assembly were present mostly
in wastewater and freshwater genomes, while the presence of phosphate transport system
and different genes important during phosphorus limitations varied in different

environments but were in some form found in all Gemmatimonadota.
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Abstract

Gemmatimonadota is a diverse bacterial phylum commonly found in environments such
as soils, rhizospheres, fresh waters, and sediments. So far, the phylum contains just six
cultured species (5 of them sequenced), which limits our understanding of their diversity
and metabolism. Therefore, we analyzed over 400 metagenome-assembled genomes
(MAGs) and 5 culture-derived genomes representing Gemmatimonadota from various
aquatic environments, hydrothermal vents, sediments, soils, and host-associated (with
marine sponges and coral) species. The principal coordinate analysis based on the
presence/absence of genes in Gemmatimonadota genomes and phylogenomic analysis
documented that marine and host-associated Gemmatimonadota were the most distant
from freshwater and wastewater species. A smaller genome size and CDS number
reduction were observed in marine MAGs, pointing to an oligotrophic environment
adaptation. Several metabolic pathways were restricted to specific environments. For
example, genes for anoxygenic phototrophy were found only in freshwater, wastewater,
and soda lake sediments genomes. There were several genomes from soda lake sediments
and wastewater containing type IC/ID RuBisCO. Various genomes from wastewater
harbored bacterial type II RuBisCO, whereas RuBisCO-like protein was found in
genomes from fresh waters, soil, host-associated and marine sediments.
Gemmatimonadota does not contain complete nitrogen fixation genes, however, the nosZ
gene, involved in the reduction of N»O, was present in genomes from most environments,
missing only in marine waters and host-associated Gemmatimonadota. The presented data
suggest that Gemmatimonadota evolved as an organotrophic species relying on aerobic
respiration, and then remodeled its genome inventory when adapting to particular
environments.

Importance

Gemmatimonadota is a rarely studied bacterial phylum consisting of a handful of cultured
species. Recent culture-independent studies documented that these organisms are
distributed in many environments, including soil, marine, fresh and waste waters.
However, due to the lack of cultured species, information about their metabolic potential
and environmental role is scarce. Therefore, we collected available Gemmatimonadota
metagenome-assembled genomes (MAGs) from different habitats and performed a
systematic analysis of their genomic characteristics and metabolic potential. Our results
show how Gemmatimonadota have adapted their genomes to the different environments.

Keywords: Gemmatimonadota, Gemmatimonadetes, anoxygenic phototrophs, MAGs,
metagenome, RuBisCO
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1. Introduction

The bacterial phylum Gemmatimonadota was established in 2003 when the type species,
Gemmatimonas aurantiaca, was isolated from a wastewater treatment plant (1). Since
then, only five more species have been described. ‘Gemmatirosa kalamazoonesis’,
Roseisolibacter agri, and Longimicrobium terrae were isolated from various soils (2—4),
while Gemmatimonas phototrophica and Gemmatimonas groenlandica originated from
fresh waters (5, 6). Due to the low number of cultured species, our understanding of the
metabolic properties of Gemmatimonadota is very limited. All isolates grow on liquid
organic carbon media under aerobic or semi-aerobic conditions (7, 8). In addition, the
cultured freshwater species are facultative photoheterotrophs. They perform anoxygenic
phototrophy and can supplement their metabolism with light energy harvested using
bacteriochlorophyll (BChl)-a containing photosystems, however, they require a supply of
organic substrate for growth (5, 9, 10). Photoheterotrophic Gemmatimonadota, similar to
Proteobacteria, have their photosynthesis genes organized in the photosynthesis gene
cluster (PGC) containing bch and crt genes encoding enzymes of bacteriochlorophyll and
carotenoid synthesis, puf and puh operons encoding the subunits of reaction center and
light-harvesting complexes and various regulatory genes (6, 9, 11, 12).

Metagenomic analyses have documented that Gemmatimonadota is present in a wide
range of environments (13, 14). They are one of the most abundant phyla in soils,
representing on average 2% of 16S rRNA gene sequences (13, 15, 16), and are relatively
common in fresh waters, where they typically constitute 1 % of bacteria but may
contribute even up to 9% of the bacterial community (7, 12, 17, 18). Gemmatimonadota
were found in soda lake sediments, where they represented >1% of 16S rRNA gene
sequences (19). Only minimum numbers have been registered in the marine water column
(20), and typically in marine environments they are found associated with sponges (21,
22), deep-sea hydrothermal vents (23, 24) or sediments (25, 26), where they represented
up to 2.4 % of the total bacterial 16S rRNA reads (27).

Previously, we documented a high diversity of photoheterotrophic Gemmatimonadota in
freshwater lakes (12). Interestingly, MAGs containing genes both for anoxygenic
photosynthesis and carbon fixation were identified in soda lakes sediments (28, 29).
However, there is only limited information about Gemmatimonadota inhabiting other
environments such as soils or marine waters. Therefore, we analyzed all publicly available
MAGs (up until the 3™ of May 2021) affiliated with Gemmatimonadota to get a global
picture of their metabolic functions, patterns, and genomic differences across multiple
environments. In addition, we assembled 16 MAGs from four Spanish freshwater
reservoirs (Table S1, S2). We focused on key metabolic pathways, such as carbon

assimilation, nitrogen and sulfur cycles, and photoheterotrophic capability, to define the
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potential roles of Gemmatimonadota in nutrient cycling, and to decipher the specific
differences in their physiology based on the environment from which they originate.

2. Results and Discussion
2.1 Basic characteristics of the Gemmatimonadota genomes

Gemmatimonadota MAGs were classified based on their environmental origin in twelve
different categories (Figure 1A, 1B). The numbers of dereplicated genomes within each
category were as follows: fresh waters 91, soil 90, wastewater 49, soda lake sediments 46,
marine water 42, host-associated (i.e associated with marine sponges and coral) 25,
permafrost 22, marine sediments 12, hydrothermal vent 18, groundwater 21, other
sediments 13. The final category “Other” consisted of 13 genomes from varying
environments and was not included in most analyses (unless stated otherwise). Genomes
from all environments varied largely in size, with an average of 3.59 Mbp (1.68 - 7.77
Mbp) and 2744 CDS (coding sequences) (Figure S1A, S1B). The smallest genomes (1.68
- 3.01 Mbp) with the lowest number of genes and higher homogeneity were those from
marine waters. Genomes from potentially more nutrient-rich environments, like soil, soda
lake sediments, marine sediments, and wastewater, had larger sizes as well as a higher
number of CDS (Figure S2A). This is consistent with previous studies documenting that
nutrient limitation affects genome size, GC content or coding density (30-32). The
average coding density was 92.9 % (84 - 97%) and, despite the high variability, it was on
average higher in MAGs from fresh waters and soils than those from marine waters,
marine sediments, or wastewaters (Figure S1C). The average median intergenic distance
was 35.45 bp. Even though marine genomes are in general smaller, they have on average
longer intergenic spacers than freshwater, soil, or wastewater genomes (Figure S1D,
Figure S2B). Genomes from soda lake sediments and marine sediments have both larger
sizes and longer median intergenic spacers. Lengths of intergenic spacers vary
substantially among bacteria (32) and often contain regulatory elements with key
functions (33).
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Figure 1. Distribution of Gemmatimonadota in different environments. (A) Bar plot
showing numbers of Gemmatimonadota genomes present in NCBI database, including
newly assembled freshwater MAGs, divided based on the environment of origin and
completeness. Each bar represents the number of genomes with different completeness’s,
from MAGs with more than >50% up to >90% of completeness. The completeness levels
used in subsequent analyses are marked red. (B) Map showing where the MAGs used in
our analyses originated from. Environments are color coded, and size of the circle
represents number of MAGs obtained from the specific location.

The GC content in the studied genomes ranged from 44.4 — 74.4 %, with an average of
65.6 % (Figure 2A, 2B). Marine genomes and several others from hydrothermal vents had
the lowest GC content (range 44.4 — 62.7 %, and 45.5 — 69.8 %, respectively). GC content
of bacterial communities is known to be influenced by the environment (34) and low GC
content among marine bacteria is a common phenomenon (35) interpreted as an
adaptation to low nitrogen (36) or a result of evolutionary history (37). It must be noted
that the distribution of the GC content in marine genomes was trimodal (44 — 45 %, 49 —
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54 % and 59 — 62.7 %), indicating an additional sub-environmental division of genomes
from the same origin, possibly depending on parameters such as the water depth or water
nutrient concentration. However, the associated metadata in the NCBI did not contain
enough details to fully explain this pattern. The influence of environment on the GC
content of bacterial communities can be observed even in closely related species which in
different environments show significant differences in GC content (34). Freshwater
genomes were also smaller but had higher GC content than marine genomes (Figure 2A).
Gemmatimonadota genomes from other environments like soil, permafrost or wastewater
varied in genome sizes and had on average a higher GC content than marine MAGs, a
trait common for bacteria living in more nutrient-rich environments (38). This, combined
with their larger genomes and higher number of CDS indicates their higher metabolic
potential and advantages under different environmental conditions.
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Figure 2. (A) Distribution of GC content (%) of Gemmatimonadota genomes based on
their environmental origin. (B) A comparison of estimated genome size and GC content
(%) of Gemmatimonadota genomes from different environments. Genomes are color
coded based on their environment. Labels depict the cultured Gemmatimonadota species.
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2.2 Gemmatimonadota habitat-related core and accessory genes analysis

We explored the main shared (core) and flexible (accessory) genome among
Gemmatimonadota MAGs with >90% completeness and <10% of contamination across
multiple origins. Generally, the size of the habitat-dependent core and flexible genome of
Gemmatimonadota differed between environments and ranged from a lower average of
2677 genes in the marine environment (10 genomes), 2868 in the freshwater environment
(29 genomes), to the highest average of 4659 genes in wastewater environment (13
genomes) (Table S3), indicating how contrasting environments differentially shape their
gene inventories. Larger genomes found in wastewaters may encode a wider variety of
enzymes for utilization in an environment often enriched with nutrients (38, 39). The size
of the shared genes (strict core and soft core) also varied (Figure S3), while accessory
genes formed by the shell (40) and cloud (41) categories represented more than 50% of
the flexible/accessory genome in all environments except for marine, showing high
variability in the gene inventories among the members of the phylum.

2.3 Multi-environment principal coordinate and phylogenomic analyses

The similarity among genomes was studied using a principal coordinate analysis (PCoA)
based on the presence or absence of genes (Table S4). The genomes clustered based on
their environmental origin (Figure 3), indicating their differential adaptation to specific
environments. Permutational multivariate dispersion analysis (PERMDISP) documented
a significant difference in heterogeneity levels (PERMDISP, P < 0.05) between various
environments (Table S5), and significant differences in gene presence/absence were
detected for Gemmatimonadota from all environments (PERMANOVA, P < 0.001)
except marine sediments and other sediments (PERMANOVA, P=0.019). SIMPER
analysis based on Bray-Curtis similarity showed host-associated (70.6 %) and marine
water (69.9 %) MAGs to be the most similar among them, while those from other
sediments (56.2%) marine sediments (59.2%) and groundwater (59.7%) were least similar
(Table S5). In the comparison between different environments, marine MAGs were more
like other marine-related environments such as hydrothermal vents, or host-associated
(with marine sponges and coral) (average dissimilarity of 37.79 % and 40.21 %,
respectively), while freshwater MAGs were more similar to wastewater, groundwater and
permafrost MAGs (<41 % of average dissimilarity). The highest dissimilarities (>47 %)
were seen between soil vs marine and host-associated (with marine sponges and coral)

MAGs and between marine vs wastewater MAGs.
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Similar patterns were found in the phylogenomic analysis (Figure 4), albeit these genomes
did not cluster exclusively according to the environment of origin. Most of the obtained
MAGs belonged to two families inside the order Gemmatimonadales. The family
Gemmatimonadaceae encompassed most of the MAGs from fresh-, waste- and
groundwater, along with genomes from permafrost and soil (Figure S4), and cultured
species G. phototrophica, G. groenlandica, G. aurantiaca and G. kalamzoonesis. This
family also contained all MAGs from Spanish reservoirs reconstructed in this study.
Eleven of them formed a clade related to MAGs from the hypolimnion of several Swiss
lakes and Rimov Reservoir (Czech Republic). The remaining four clustered together with
a previously assigned group Pg2 (12), which consists of freshwater phototrophic
Gemmatimonadota from the epilimnion of Lake Zurich (Switzerland) and Rimov
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Reservoir. The second family GWC2-71-9 mostly contained genomes from the soil,
wastewater, permafrost, groundwater, and other sediments, and only a small number of
genomes from freshwater lakes or marine sediments (Figure S4).

The second largest group was formed by MAGs belonging to the order Longimicrobiales,
which was established based on the soil bacterium Longimicrobium terrae (4). This order
mostly contains marine water, marine sediments, hydrothermal vents, soda lake sediments
and host-associated (with marine sponges and coral) genomes together with several
genomes from the hypolimnion of deep freshwater lakes. This is in line with our previous
observations that Gemmatimonadota from deep freshwater lakes are related to those from
marine environments or environments like soil and sediments (12). Host-associated
MAGs (marine sponges and coral) were part of two different families (Longimicrobiales
and a not assigned family) and while they are closely related to marine water genomes,
the differences in the gene repertoire between these two environments were significant
(PERMANOVA, P< 0.0001) and they represent real symbionts of marine sponges and
corals (42, 43).
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conserved and most ubiquitous proteins present in PhyloPhlAn database (44, 45). The
collapsed branch represents an outgroup consisting of three genomes from bacterial
phylum Fibrobacterota (GCA 900142455.1 Hallerella intestinalis, GCA_900217845.1
Fibrobacter elongates, GCA_000146505.1 F. succinogenes). The strength of support for
internal nodes is shown through grey-scale-colored circles (center legend). All genomes
are color coded based on their environmental origin (center legend). Following



annotations starting from innermost to outermost indicate GC content (%), estimated
genome size (Mb) and family level classification. The legend for each outer circle is
represented in upper left corner. Details on all genomes can be found in Table S1 and
Table S2 in the Supplemental material.

2.4 Main metabolic pathways across the Gemmatimonadota phylum

The core metabolism for the Gemmatimonadota phylum was reported recently
(13). Still, both PCoA and phylogenomic analysis showed that their gene inventories vary
depending on their origin, presumably due to an adaptation to the specific conditions and
selection pressure in any particular habitat. To study this further, we looked for the main
metabolic commonalities and uniqueness associated with each environment. To do so, we
individually inspected genomes from all environments to reconstruct a metabolic model
of the Gemmatimonadota phylum with pathways presence/absence for each
environmental specialist (Figure 5, Figure S5, Figure 6, Table S6).

2.4.1 Basic energy metabolism

Gemmatimonadota from all environments contained basic genes for respiratory
metabolism such as NADH:quinone oxidoreductase, cytochrome ¢ oxidase, F-type
ATPase, and subunits of succinate dehydrogenase involved in oxidative electron transfer
chains, or enzymes of heme biosynthesis (Figure 6). Cytochrome bd ubiquinol oxidase
(encoded by cydAB genes) with high affinity for oxygen (46) was present in MAGs from
most environments, except for marine and host-associated ones. The host-associated
genomes also lacked succinate dehydrogenase cytochrome b subunit (sd#C), while in
marine water MAGs it was present only in one genome. Genes encoding fumarate
reductase, a key enzyme in anaerobic respiration that catalyzes the reduction of fumarate
to succinate, were found in host-associated (60%), soda lake sediments (36.9%),
hydrothermal vent (33.3%), marine sediments (8.3%), groundwater (14.3%) and marine
water (7.14%) MAGs.

Gemmatimonadota also contained genes necessary for central carbohydrate metabolism,
including glycolysis (Embden-Meyerhof pathway), gluconeogenesis, tricarboxylic acid
cycle, coenzyme A biosynthesis, aerobic route of oxidation of pyruvate to acetyl-CoA via
pyruvate dehydrogenase (PDH) and the biosynthesis of phosphoribosyl diphosphate
(PRPP), which is needed to produce purines and pyrimidines (Figure S5). The ED
(Entner—Doudoroff) pathway to obtain pyruvate without glycolysis was reported as less
common in Gemmatimonadota (13) and, similarly, we saw that the key enzyme for this
pathway, 2-dehydro-3-deoxyphosphogluconate aldolase (eda), was present in MAGs
from soil and permafrost (52.2% (47 genomes) and 27.3% (6 genomes) respectively), and

almost absent in MAGs from marine, fresh, and wastewaters, other sediments, and marine
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sediments, where it was found only in 3 genomes at most. Moreover, phosphogluconate
dehydratase (edd), which catalyzes another key step in this pathway, was absent in MAGs
from all environments. Alternatively, the ED pathway could be supplied through the
degradation of D-Galacturonate (13), which can be an important carbon source for
microorganisms. The pathway for degradation of D-Galacturnate was present in soil
Gemmatimonadota (key enzymes were present from 18.8 to 54.4 % of MAGs, and
complete pathway in 16.6 % MAGs) (Figure S5).

Gemmatimonadota from all environments encoded representative genes for the non-
oxidative phase of the pentose phosphate pathway, while both key enzymes for the
oxidative phase (zwf, PGD) were predominately found in permafrost (72.7%), soil
(47.7%), and marine sediment genomes (41.6%). A common feature was also the presence
of genes encoding the biosynthesis of dTDP-L-rhamnose, an important cell wall
component, except for the host-associated MAGs, which lacked two key enzymes (r/bC
and rfbD). As these MAGs live in a symbiotic association, it is likely they do not require
these enzymes, as the same pathway seems to be also missing in Alphaproteobacteria
associated with marine sponges (47).

Several metabolic pathways were only common in Gemmatimonadota from specific
environments. For example, key enzymes of the glyoxylate cycle (isocitrate lyase (ace4)
and malate synthase (aceB)) were found in soil genomes (52.2%), other sediments
(30.7%), groundwater (28.5%), permafrost (22.7%), wastewater (18.4%), marine
sediments (16.6%), marine water (7.1%), soda lake sediments (4.3%) and fresh waters
(3.3%). Bacteria harboring this pathway can assimilate acetate in the absence of complex
substrates (48, 49). Moreover, while some of the genes encoding the pathway for
conversion of propionyl-CoA to succinyl-CoA occurred in all environments, all key genes
(Figure S5) were present only MAGs from soda lake sediments (21.7%).

Furthermore, MAGs from all environments showed the potential to degrade
polysaccharides. Gene encoding endoglucanase (cellulase) was common among MAGs
from all environments, while xylanase (endo-1,4-beta-xylanase, xyn4) was present in soil
(22.2%), permafrost (9.1%), and sporadically in freshwater (7.7%) and wastewater MAGs
(2.04%). Chitinase (chiC) was present in MAGs from wastewater (28.6%), permafrost
(27.3%), marine sediments (25%), marine water (23.8%), soil (16.6%), as well as in
several genomes of other sediments (7.7%) and fresh waters (8.8%). Additionally, MAGs
from permafrost (59.1%), soil (58.8%), groundwater (47.6%), fresh waters (43.9%),
hydrothermal vent (16.6%), and wastewater (6.1%) had chitin disaccharide deacetylase
(chbG), which is suggested to catalyze the deacetylation of chitin making it an easily
degradable substrate (50).

One of the main storage molecules, which helps bacteria to survive periods when nutrients
or energy sources are scarce, is glycogen (51-54). The enzymes for its biosynthesis (1,4-
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alpha-glucan branching enzyme, glucose-1-phosphate adenylyltransferase and glycogen
synthase) were present in freshwater (21.9%), wastewater (18.3%), soil (11.1%), 3
groundwater and soda lake sediments genomes. Similarly, the complete pathway for
glycogen degradation was mostly found in wastewater (46.9%), other sediments (30.7%),
permafrost (18.2%), freshwater (16.5%), and soil (8.8%) genomes. The ability of some
bacteria to accumulate glycogen as an energy reserve (51) allows them to quickly activate
their metabolism when nutrients availability increases, providing a competitive advantage
in nutrient fluctuating environments.

2.4.2 Carbon fixation strategies

Gemmatimonadota from several different environments contained genes encoding the
large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO, rbcL),
sometimes in two or three copies. There are three forms of RuBisCO (type I, II, and III)
that catalyze the carboxylation and oxygenation of ribulose 1,5-bisphosphate (55). The
most widespread Type I was reported earlier in six Gemmatimonadota MAGs
reconstructed from soda lake sediments (28, 29), which were included in this analysis.
Genes encoding type I RuBisCO, phylogenetically identified as type IC/ID (Figure S6)
were present in soda lake sediments (28.3%), wastewater (36.7%), groundwater (4.7%),
soil (3.3%), freshwater (1.1%), and one MAG from glacier (“Other”). Most of these
MAGs also contained genes encoding the small subunit of RuBisCO (rbcS) and
phosphoribulokinase (Figure 5). None of the MAGs contained the proteobacterial, a-
cyanobacterial (IA) or the B-cyanobacterial form (IB) of RuBisCO (56).

Bacterial type II RuBisCO, which is less efficient in discriminating between CO, and O»
and adapted to environments with low oxygen concentrations (55, 57), was present in
wastewater MAGs (36.7%). Type Il is commonly found in Proteobacteria (58) and
organisms which also have type I (55), as is the case for some of the wastewater MAGs
(12.2%), which had both types. In addition, 72 MAGs contained the so-called type IV
rbeL gene which is probably not involved in carbon fixation (55, 59, 60).

Key genes encoding the phosphate acetyltransferase-acetate kinase pathway for carbon
fixation, in which acetate produced from acetyl-CoA can be used as carbon source or
electron donor, were found in soda lake sediments (80.4%), permafrost (59.1%), other
sediments (38.4%), wastewater (24.5%), freshwater (19.8%), and soil MAGs (11.1%). In
the freshwater environment, the presence of the two key genes was observed in two
photoheterotrophic species, as well as in 4 MAGs from Spanish reservoirs.

Carbon monoxide (CO), atmospheric trace gas, can be an alternative energy source for
some organo-heterotrophic bacteria during organic carbon starvation, enhancing their
survival (61-63). The gene encoding the large subunit of carbon monoxide dehydrogenase
(coxL) is highly abundant in soils where it can facilitate atmospheric CO removal, and
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was reported as present in soil Gemmatimonadota (61, 64). In this study we found the
coxL gene, as well as the genes for small (coxS) and medium (coxM) subunits of carbon
monoxide dehydrogenase in host-associated (80%), wastewater (57.1%), hydrothermal
vent (50%), groundwater (42.8%), soil (30%), other sediments (23.1%), marine sediments
(16.6%), permafrost (9.1%) and freshwater (5.5%) MAGs.
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Figure 5. Bubble plot showing the percentages of key genes involved in specific pathways
present in Gemmatimonadota genomes from different environments. Dot color and size
indicate the percentage of each gene in any given environment, with the darkest color and
smallest size of the dot marking the absence of said gene in that environment. Number of
MAGs of each environment are labelled in parenthesis. Details about genes
presence/absence can be found in Table S6.

2.4.3 Phototrophy

Many freshwater Gemmatimonadota are aerobic anoxygenic phototrophic (AAP) species
(6, 11, 12). A common marker gene for AAP bacteria is the pufM gene that encodes the
M subunit of the bacterial photosynthetic reaction center (65). Here, we identified genes
encoding type-2 photosynthetic reaction centers (pufM and/or pufL) in 51.6% of all
freshwater MAGs (Figure 5), as well as in MAGs from soda lake (47.8%) and other
sediments (30.7%), wastewater (16.3%), and group “Other” (glacier (3 MAGs), biofilm
(1 MAGQG)), while they were absent from all other environments. Interestingly, 28.3% of
phototrophic MAGs from soda lake sediments and 8.2% from wastewater also contained
type I rbcL, indicating that these species may have the potential for photoautotrophic
growth (28, 29).

Many aquatic microorganisms harvest light energy using proton-pumping rhodopsins (66,
67). However, among Gemmatimonadota this system is very rare. We found genes
encoding green- or blue-light absorbing proteorhodopsins only in five genomes which
originated from deeper layers of freshwater lakes Baikal, Constance, Zurich and Biwa. A
xanthorhodopsin gene was identified in one marine and two glacier MAGs (category
Other). One of the MAGs from the glacier also contained genes for BChl-a based
photoheterotrophy indicating the potential for dual phototrophy (68).

2.4.4 Nitrogen cycle

Nitrogen metabolism in Gemmatimonadota is relatively simple. No nitrogen fixation
genes were found in any of the analyzed MAGs, which means that Gemmatimonadota
must rely on combined nitrogen sources, such as ammonium or amino acids. The gene
encoding high-affinity ammonium transporter (Amt), a preferred nitrogen source for
microbial growth, was present in MAGs from all environments, as well as the gene
encoding nitrilase that hydrolyzes nitriles to ammonia. Branched-chain amino acid
transporters were a common feature for host-associated, marine, hydrothermal vent and
wastewater genomes, while spermidine/putrescine or nitrate-nitrite/taurine transporter
was more common in wastewater, freshwater, and soil genomes (Figure 6).

The complete denitrification pathway was not identified in any analyzed MAGs.
However, the nitrous oxide reductase (nosZ) gene was found in genomes from all
environments except for marine waters and host-associated (Figure 5). This enzyme
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catalyzes the final step of denitrification (69—72) but is also considered an independent
respiratory reaction since it is often found in organisms lacking other genes for
denitrification, such as nirK, nirS, and nor (73). In Gemmatimonadota MAGs, nirK gene
(NO" forming nitrite reductase was found in all environments, however, the »nirS gene was
only present in marine sediments and single genomes from hydrothermal vents and
wastewater. Gemmatimonadota nosZ genes seem to be one of the most abundant in soil
environments (74-76), and their high presence in other environments points to their
potentially important role in reducing the N>O. Both G. awrantiaca and G.
kalamazoonensis have been suggested to use N,O as a substitute for O, to survive
temporary anoxia during transitions between oxic and anoxic states, which can be
common in soil or wastewater environments (71, 77). Furthermore, 59.5% marine, 44.4%
hydrothermal vent, and 28% host-related MAGs did not have nosZ but contained norB
(nitric oxide reductase subunit B), which converts nitric oxide (NO) to N,O and could
point to their genetic potential to produce N>O. The presence of this gene in host-
associated Gemmatimonadota suggests their potential role in nitrogen cycling as part of
the marine sponge microbiome (42). Finally, genes for the dissimilatory nitrate reduction
to ammonia (napAB and nrfAH) were common in soda lake sediments (28), probably due
to the anaerobic conditions that can occur in these habitats.
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Figure 6. Metabolic reconstruction of Gemmatimonadota showing some of the key

pathways. Four different colored rectangles depict names of pathways and metabolic

processes. Pathways labelled with black are present in all Gemmatimonadota genomes,

103



while the ones in grey only in Gemmatimonadota genomes from certain environments.
Color coded circles representing different environments of origin indicate the said
gene/pathway/transporter was present in that environment (shown if at least two genomes
showed presence). Details of genomes can be found in Table S6. Abbreviations for
compounds: PEP- phosphoenolpyruvate; PPP- pentose phosphate pathway; PRPP- 5-
Phosphoribosyl 1-pyrophosphate; CPO- chloroperoxidase; GP- glutathione peroxidase;
PP- porphyrinogen peroxidase, THF- tetrahydrofolate; DHF- dihydrofolate; GTP-
guanosine 5'-triphosphate; APS- adenylyl sulfate; PAPS- 3'-phosphoadenylyl sulfate;
NAD'- nicotinamide adenine dinucleotide.

2.4.5 Sulfur cycle

Regarding the sulfur cycle, the distribution of genes encoding enzymes involved in
assimilatory sulfate reduction to HzS (sat, cysC, cysNC, cysD, cysH, cysJ, cysl and sulfite
reductase) was patchy (Figure 5). In this pathway, sulfate is reduced to H,S, which is then
incorporated into cysteine which can be subsequently used for the synthesis of other
sulfur-containing molecules (78, 79). The complete pathway was found in the highest
numbers in soil (18.9%) and soda lake sediments (10.8%). In fresh waters, hydrothermal
vents, permafrost and host-associated it was only present in up to three genomes. Genes
encoding for the sulfate transport system, which enables sulfate-sulfur assimilation, were
mostly found in wastewater MAGs, with a lower occurrence in soil, and permafrost
MAGs. Furthermore, the complete sox enzyme system, involved in thiosulfate oxidation
to SO4* was not found in any Gemmatimonadota genomes, although they contained some

genes (soxZ, soxY, soxC or soxB), depending on the environment.
2.4.6 Phosphate

Phosphate is one of the main biogenic elements required for the biosynthesis of nucleic
acids and lipids. Due to its low natural availability, it represents the limiting nutrient in
many natural environments. The main route for its uptake in Gemmatimonadota from all
environments was the high-affinity phosphate transport system (pstSCAB), and they could
regulate its acquisition through the PhoR-PhoB two-component system. Additionally,
marine (19%) and two MAGs from soda lake sediments, and hydrothermal vents had an
uptake system for phosphonate (phnCDE), a good source of phosphorus under phosphate
starvation (80). During phosphorous starvation, many bacteria can produce alkaline
phosphatases (phod, phoX, phoD), which facilitate the use of phosphoesters as a
phosphorous source (81, 82). PhoA was found in Gemmatimonadota from all
environments, with the lowest numbers in host-associated (8%) and highest in permafrost
MAGs (68.2%). In contrast, phoX was present in up to two MAGs in marine sediment
and fresh waters and was generally found in lower numbers in all environments except
for host-associated (92%), marine waters (57.1%) and wastewater (55.1%). Finally, phoD
was highly present in freshwater (92.3%), wastewater (69.4%) and hydrothermal vent
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(66.6%) MAGs. The Polyphosphate kinase (PPK) gene used for the accumulation of
polyphosphate, was present in all Gemmatimonadota MAGs except marine. The presence
of all these genes, which are crucial during phosphorus limitation, as well as the high-
affinity phosphate transport system indicates that Gemmatimonadota has different

strategies to cope with phosphorous limitations.
2.4.7 Protection against oxidative stress

Gemmatimonadota is composed of mostly aerobic organisms depending on aerobic
respiration. Therefore, their genomes encode many proteins involved in the protection
from oxidative damage and stress that is associated with an aerobic lifestyle (Figure 6).
[Fe-Mn] and [Cu-Zn] families of superoxide dismutases were present in MAGs from all
environments, except for marine and hydrothermal vents, where the [Cu-Zn] family was
not found. Cytochrome c peroxidase also occurred in all environments, while glutathione
peroxidase was found in high numbers in wastewater (53.1%) and fresh waters (38.4%),
although in other environments only in few representatives were found or not at all.
Catalase peroxidase katG was present in all MAGs except soil, while catalase katE was
found in soda lake sediments (39.1%), other sediments (23%), wastewater (22.4%),
permafrost (18.2%), soil (12.2%), and only one freshwater bacterium, G. groenlandica
(6). From other types of peroxidases, chloroperoxidase occurred in all environments,
while porphyrinogen peroxidase was only present in two MAGs from soil and one from
soda lake and marine sediments.

All so far cultured Gemmatimonadota contain large amounts of carotenoids. These
pigments protect cells from excess light as well as against reactive oxygen species, and in
AAPs can act as additional light harvesting pigments (11, 83). Gemmatimonadota MAGs
from wastewater (85.7%, 67.3%), fresh water (58.2%, 63.7%), other sediments (69.2%,
76.9%), soda lake sediments (39.13%, 91.3%) and soil (24.4%, 21.11%) contained genes
encoding the initial part for carotenoid biosynthesis, phytoene synthase (crtB) and
phytoene dehydrogenase (crtl), respectively. They were almost absent in marine,
permafrost, marine sediments, hydrothermal vents and groundwater genomes where they
were found in up to two genomes. Host-associated genomes contained crt/ gene (24%)
but crtB was present only in one genome. Other carotenoid biosynthesis genes found were
B-carotene ketolase (cr?O) present in all environments, lycopene beta-cyclase (cr#Y) found
in a small number of soil and freshwater MAGs, and up to three genomes of wastewater,
permafrost, marine, marine sediments and soda lake sediments and B-carotene 3-
hydroxylase (crtZ) found only in several freshwater and wastewater genomes.
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2.4.8 Cofactors and vitamins

Gemmatimonadota cultures require a mixture of vitamins like biotin (Vitamin By), folic
acid (Vitamin By), nicotinic acid (Vitamin Bs), pantothenic acid (Vitamin Bs) and
cobalamin (Vitamin Bi») for growth (1-5). All analyzed MAGs contained the complete
pathway for molybdenum cofactor synthesis. Molybdenum is a cofactor in numerous
enzymes in living organisms (84). Folate biosynthesis could be inferred as complete in all
environments, given that marine, host-associated, wastewater and other sediments MAGs
that lack one of the key enzymes (fo/A4) had the gene encoding #4yX, suggested to function
as folA4 (85). Furthermore, MAGs from most environments encoded genes involved in
pantothenate biosynthesis, a precursor of coenzyme A, an essential molecule in
metabolism. The exceptions were marine, freshwater, and host-associated MAGs, which
lacked one of the key enzymes (panD). Genes encoding biosynthesis of biotin, an essential
cofactor of enzymes involved in fatty acid synthesis or amino acid metabolism (86), were
present mostly in freshwater, wastewater, permafrost, other sediments, and several soil
MAGs. In other environments, several genes of biotin biosynthesis were missing. Genes
for NAD" biosynthesis, an important metabolite and cofactor involved in nucleotide
synthesis, were only sporadically present in host-associated MAGs, probably due to their
incompleteness. Another biosynthetic pathway, kynurenine pathway that leads to
quinolinate, a precursor of NAD (87), was present in freshwater and wastewater MAGs.
Soda lake sediments and host-associated MAGs had several genes involved in late steps
of cobalamin biosynthesis from cobyrinate a,c-diamide, however, genes involved in both
aerobic and anaerobic cobalamin pathways were not found. This suggests that these genes
may be used in the salvage pathway as a more effective way for obtaining cobalamin,
since the bfuB transporter and tonB protein, which function together in cobalamin
transport (88), were present in Gemmatimonadota.

2.4.9 Other genes

Genes for flagella assembly were present in almost all wastewater (93.8%) and nearly half
of freshwater (47.3%) MAGs (Figure 5). This included five of the Gemmatimonadota
MAGs from Spanish reservoirs and many limnic and planktonic MAGs from Rimov
Reservoir (12). Additionally, the presence of flagella was already shown for both
freshwater cultures G. phototrophica and G. groenlandica (8). Smaller numbers were
found in other sediments (38.4%), groundwater (23.8%), soda lake sediments (19.6%),
and permafrost (13.6%). Host-associated, and marine MAGs did not contain flagellar
genes, while in soil, hydrothermal vents, and marine sediments they only occurred in 1 or
2 genomes, respectively. Additionally, genomes from all environments but marine had

genes encoding type IV pili (Figure 6).
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Some Gemmatimonadota also displays different enzymes for degrading alkanes, which
they may potentially use as a source of carbon and energy (89). Alkanes are naturally
found in environments from sources like decaying microorganisms, algae or plants but
are also present in high content in crude oil, which can be a contaminant for the
environment (89). The gene encoding alkanesulfonate monooxygenase (a/kB) which
degrades short alkanes (90) was found in the highest numbers in soil (30 %), wastewater
(18.4%), freshwater (14.3%) and marine MAGs (14.3%). Alkane-1-monooxygenase
(alkM), used in the degradation of longer alkanes (90) was less common and was missing
from most environments except marine (45.2%), host-associated (36%), and freshwater
(8.8%) MAGs. The presence of these genes could suggest a potentially ecologically
relevant role in the biodegradation of hydrocarbons in Gemmatimonadota. This potential
for biodegradation is also evident in Gemmatimonadota MAGs from permafrost and
marine sediments, which had genes involved in the degradation of benzoyl-CoA, a central
intermediate of synthetic aromatic compounds (91). Moreover, Gemmatimonadota from
wastewater, fresh water, hydrothermal vents and one genome from marine sediments
seems to be able to degrade 1,2- dichloroethane (13), an industrially produced pollutant
in aquatic environments (92). Furthermore, Gemmatimonadota seems to utilize glycolate
converting it to glyoxylate as they have genes encoding glycolate oxidase, a protein
complex which consists of three subunits D, E, and F (glcDEF). This could explain the
previous observation of a close association of limnic Gemmatimonadota with
phytoplankton in freshwater environments, (12) since glycolate is one of the most
common cyanobacterial and algal exudates that can be utilized by bacteria (93-95).
Additionally, the glc operon contains malate synthase G (g/cB) that further converts
glyoxylate to malate, which is then used for energy production in the TCA cycle (96).
Several different antimicrobial compounds and multidrug transport systems were present
in all Gemmatimonadota, while importers and efflux systems of ions like Fe**, Mg*",
Mn?*, Zn*" and other heavy metals were present in different environments (Figure 6). The
Na'/H" antiporter system to remove Na® from cells, as well as Kch voltage-gated K*
channels, important in all prokaryotes for maintaining cellular homeostasis (31, 97), were
present in all Gemmatimonadota. Trk-type, fast but low-affinity, K™ transporter (97)
predominated in marine water, marine sediment, and hydrothermal vent genomes, while
K" channels and the K'/H" antiporter system in MAGs from soda lake sediments,
freshwater, soil, permafrost, and wastewater. To deal with hypo-osmotic stress
Gemmatimonadota from all environments had aquaporins, water channels which ease the
water stress by enabling fast water efflux (98), and two types of mechanosensitive
channels, MscL and/or MscS, which also help cells return to normal, isotonic size (99).
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3. Conclusions

We have explored a large dataset of Gemmatimonadota MAGs to characterize their
metabolic potential in different environments. Phylogenomics and gene content analyses
indicated that Gemmatimonadota have diverse and flexible metabolisms and the ability to
adapt to different conditions. A common feature of all MAGs was aerobic
organoheterotrophy, but many pathways were specific to some environments. For
instance, photoheterotrophy and motility (flagella) were more prevalent in freshwaters,
soda lakes and wastewaters, whereas CO oxidation was more common in soils, marine
sediments, hydrothermal vents, host-associated and groundwater. Differences between
environments could also be observed in their genomes’ sizes and GC content. The size
and GC content of marine MAGs was the lowest, which is a common adaptation of marine
bacteria to oligotrophic conditions. Moreover, Gemmatimonadota exhibit different
strategies for survival under phosphorous limitation, some present in all genomes, and
some like uptake system for phosphonate were more common in marine and hydrothermal
vent genomes, or different alkaline phosphatases like phoD or phoX more common in
host-associated, freshwater or wastewater genomes. Gemmatimonadota are unable to fix
nitrogen, however a potential environmental role in the reduction of N,O is highlighted
by the presence of nosZ genes in all Gemmatimonadota except for marine, host-associated
and hydrothermal vents, in which the presence of norB could suggest that they may rather
produce N>O. Finally, pathways for the degradation of synthetic solvents and aromatic
compounds found in some Gemmatimonadota point to their potential role in
biodegradation in the environment, and the ability to utilize glycolate indicates to a
potential symbiotic relationship with phytoplankton.

4. Methods

Sampling, sequencing, and assembly

Samples collected from four Spanish freshwater reservoirs (Amadorio, Tous, Benageber
and Loriguilla) (56) were reused in this analysis. All four monomictic reservoirs are
located in the semi-arid eastern region of Spain, close to the Mediterranean Sea. Briefly,
for each reservoir samples were taken in two campaigns (March - winter mixing period
and September/October - summer stratification period in 2020) at three locations: dam
(epilimnion, deep chlorophyll maximum-DCM and hypolimnion in summer; and
epilimnion and hypolimnion in winter), outlet of the reservoir and tailwaters (0.5 m). In
all cases, water samples were filtered through a series of 20, 5 and 0.22 um filters and
DNA was extracted as described in Cabello-Yeves et al., 2022. DNA extracted from 0.22
um filters was sequenced with Illumina NovaSeq.
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Metagenomes were assembled with IDBA-UD (100) which resulted in ca. 5000 contigs
> 5 kb per metagenome which were used for further binning. Binning was conducted
using METABAT?2 (101) and we obtained a total of 16 metagenome assembled genomes
(MAGs) ascribed to the Gemmatimonadota phylum (Table S1). A quality check of 16
MAGs was made using the CheckM v1.1.3 package (102). All MAGs had < 5%
contamination, while completeness ranged from lowest 67.79% to 100%.

Analyzed dataset

The obtained MAGs from the Spanish reservoirs were expanded with five cultured
representatives and all publicly available MAGs of Gemmatimonadota from NCBI
(downloaded on 3™ of May 2021) together with previously published freshwater
Gemmatimonadota (12). All genomes (731) (Table S2) were checked for completeness
and contamination using CheckM package (102), and 68 MAGs with completeness below
50% and/or contamination above 10% were removed from further analysis. Moreover,
basic metadata such as the environmental origin, assembly size, estimated genome size,
GC content, median intergenic spacer, and coding density were obtained for each genome.
Environmental origin and assembly size were collected from NCBI, GC content, median
intergenic spacer and coding density were calculated using the in-house pipeline, and
estimated genome size was calculated based on the formula: (total sequence length /
completeness) x (100 - contamination). All of these were taxonomically classified with
Genome taxonomy database (GTDB-Tk) with default settings (103). This identified 57
ambiguous genomes, which were re-classified as Latescibacterota and several other
closely related bacterial phyla (e.g., Eisenbacteria, Krumholzibacteriota). These genomes
were also removed from all subsequent analysis. Finally, in order to avoid bias and reduce
redundancy, the remaining genomes were dereplicated using dRep v 2.3.3 (104), with
parameters: -comp 50 —pa 0.99 -sa 0.995. The final data set consisted of 442 MAGs
(completeness >67%, a value chosen a it represents 2/3 of the genome) that were divided
based on their environmental origin into 12 different categories: freshwater, soil, marine
water, marine sediment, hydrothermal vent, permafrost, soda lake sediments, other
sediments, host associated (with marine sponges and coral), wastewater, groundwater and
“Other”. The latter category (“Other”) included MAGs from glacier (6), biofilm (1),
bioreactor (2), fossil (1), compost (1), hot spring (2), and an unknown metagenome (1)
(Table S2). Since the environments in this category were too diverse to be considered
together, the MAGs were excluded for all of the analysis, except for phylogenomics of
Gemmatimonadota genomes, RuBisCO tree and phototrophy in metabolic analysis.
Coding density plots showing comparison of estimated genome size with % GC, number
of CDS and median intergenic spacers (bp) were performed for all genomes that had >
67% completeness, excluding the category “Other”. The graphs were plotted using
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SigmaPlot v.14.0 and Rstudio v.3.6.1 (packages ggplot2 and maps) and edited in Inkscape
v.1.0.

Analysis of core and accessory genes of Gemmatimonadota from different habitats

The analysis of core and accessory genes from Gemmatimonadota genomes was done
using the GET_HOMOLOGUES package based on diamond blastp and OMCL
algorithms with default parameters (105). Only environments where MAGs/cultured
genomes had completeness above 90% were analyzed. These included the following
categories: freshwater (29), soil (34), permafrost (9), soda lake sediments (20), wastewater
(13), marine (10), and host-associated (14). To avoid bias due to reduntant genomes and
variability in completeness of similar MAGs, genomes with > 98% of average nucleotide
identity (ANI) in the same environment were excluded. This analysis must be treated with
caution due to the varying level of completeness of the analyzed MAGs regardless of the
environment where they had originated, and differing numbers of MAGs used for each
environment. Average number of core, soft core, shell and cloud genes was calculated for
each of this environmental groups (Table S3). Core genes were defined as present in all
considered genomes of the analyzed environment, and soft core as genes present in 95%
of them. The shell category comprises moderately conserved genes present in <90% of
compared genomes. Finally, cloud genes are rare genes present in only one or two
genomes (105).

PCoA/clustering plots and Phylogenies

A Principal coordinate ordination analysis with SEED (106) gene presence/absence
(Table S4) was conducted for all genomes (excluding the category “Other”) with
completeness higher than 67%. Briefly, a Kulczynski resemblance matrix based on SEED
presence/absence gene values was obtained and the derived triangular matrix was used to
obtain a clustering and PCoA analysis where all genomes were distributed accordingly.
Additionally, similarity percentage analysis (SIMPER) was done with the same SEED
presence/absence gene values (Table S4) using Bray-Curtis (Table S5). Differences in
dispersion of genes was tested by performing an analysis of permutational multivariate
dispersion (PERMDISP) (107) which includes pairwise comparisons of environments. To
test for significant differences between environments PERMANOVA was performed
using 9999 permutations. All the calculations were conducted with PRIMER7 software
(Primer Ltd., Lutton, UK), and the obtained graph was further edited in Inkscape v.1.0.

Phylogenomic analysis of Gemmatimonadota genomes was done with PhyloPhlAn 3.0
tool (44, 108). Three genomes from bacterial phylum Fibrobacterota were used as an
outgroup (GCA 900142455.1 Hallerella intestinalis, GCA_900217845.1 Fibrobacter
elongates, GCA_000146505.1 F. succinogenes). PhyloPhlAN uses USEARCH (109) to

110



screen for the presence of 400 universally conserved and most ubiquitous proteins (found
in PhyloPhlAn database). The alignments of proteins against built-in database were done
using MUSCLE (110), concatenated and used to generate maximum-likelihood tree with
RAXML (111). The tree was visualized in iTOL (112) and edited using Inkscape v.1.0.
A RuBisCO tree was constructed with representative sequences of the large subunit
(rbcL/cbbL genes) from various types including type IA, IB, IC, ID, II, intermediary II/II1,
III, IV and archaeal types. This RuBisCO dataset was aligned in Geneious Prime (version
2022.2.2) using MAFFT alignment (113, 114) (n=508). Sequences that were not obtained
from Gemmatimonadota MAGs were downloaded from UniProt (115) or obtained from
previous studies (19, 56, 116, 117). A maximum-likelihood phylogenetic tree was
calculated using IQ-TREE (118) with LG+F+I+G4 substitution model chosen as the best-
fitting model by ModelFinder according to Bayesian Information Criterion (BIC) (119)
and 1000 ultrafast bootstrap replicates. The tree was visualized in iTOL (112) and edited
using Inkscape v.1.0.

Metabolic analysis

This analysis was conducted in genomes with > 67% completeness. Gene predictions were
performed with PROKKA (120) and diamond (v0.9.14.115) blastp was used to search
versus KEGG/SEED databases (Table S4). Metabolic features of MAGS were also
analyzed with RAST annotation pipeline database (106) and through BlastKOALA (121),
which allowed us to obtain KO identifiers (K numbers) to orthologous genes present in
all MAGs (Table S6). Metabolic pathways were then inferred from KEGG (121) and
SEED (106) and manually examined for completeness. The percentages of the presence
of key genes and pathways were calculated for each environment (Table S6). Plots
showing the percentage of presence of specific metabolic pathways were done in Rstudio
(package bubbleplot) and edited in Inkscape 1.0. In the Figure S5 the genomes which had
present majority of the genes (>60%) related with flagella were considered as having it
present. The figure of metabolic reconstruction was done in Inkscape 1.0, following Table
S6.
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Figure S1. Basic characteristics of Gemmatimonadota genomes. Plots show (A) range of
estimated genome sizes, (B) number of CDS, (C) ranges of coding density (%) and (D)
ranges of median intergenic spacer (bp) of Gemmatimonadota genomes from different
environments. Environments are color coded, and the number of genomes used in each
environment is labeled.
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Figure S5. (A) Bubble plot showing the percentages of key genes involved in central and
other carbohydrate metabolism present in Gemmatimonadota genomes from different
environments. (B) Bubble plot showing flagellar assembly genes. Dot color and size
indicate the percentage of each gene in certain environment, with darkest color and
smallest size of the dot marking the absence of said gene in that environment. The number
of MAGs from each environment are labelled in parentheses. Details about genes
presence/absence can be found in Table S6.
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Figure S6. Maximum-likelihood phylogenetic tree (LG+F+I+G4 substitution model
chosen as the best-fitting model by ModelFinder according to Bayesian Information
Criterion (BIC) (119) and 1000 ultrafast bootstrap replicates) of the large subunit of
RuBisCO (types I-11I) and RuBisCO like (type IV) proteins (rbcL) showing position and
classification of Gemmatimonadota RuBisCO sequences. Sequences are color coded
based on environment of origin. The presence of small RuBisCO subunit (rbcS) and
phosphoribulokinase, is labeled with red triangle and green circle, respectively. The
numbers shown at collapsed branches (i.e., 7 and 46) indicate the numbers of genomes
(not shown) comprising the respective taxonomic categories.
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Table S1. Basic characteristics, taxonomic classification and accession numbers of 16
assembled Gemmatimonadota MAGs from four Spanish reservoirs.

Table S2. Basic characteristics and taxonomic classification of all Gemmatimonadota
MAGs downloaded from NCBI (3™ of May, 2021), and previously published freshwater
MAGs (12) (in total 731 MAGs) (Sheet 1). The second sheet shows only final set of
MAGs chosen after removing MAGs/SAGs which taxonomically belonged to closely
related bacterial phyla, and removing all MAGs/SAGs with completeness lower than 67%
and contamination higher than 10%. The third sheet shows list of dereplicated MAGs used
for analyses.

Table S3. List of genomes from 7 different environments used for reconstruction of the
habitat-related core and accessory genes and average number and percentages of strict
core, soft core, shell and cloud genes.

Table S4. List of presence or absence (value 1 means present, and value 0 means absent)
of genes based on SEED (106) for Gemmatimonadota MAGs.

Table S5. SIMPER analysis of similarity and dissimilarity (using Bray-Curtis similarity)
between Gemmatimonadota genomes from different environments, based on Table S3 of
SEED presence/absence of the genes (Sheet 2 and 3). Sheet 4 shows result of
Permutational multivariate dispersion analysis (PERMDISP) - pairwise comparison of
environments (using Kulczynski resemblance) based on Table S3, and Sheet 5 is result of
PERMANOVA analysis between environments also based on Table S3 (using Kulczynski
resemblance).

Table S6. KO identifiers (K numbers) of genes present in Gemmatimonadota MAGs.
Presence/absence (value 1 means present, and value 0 means absent) of genes from
different pathways based on KEGG. Additionally, the percentage of key genes and
pathways is shown.
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4. Conclusion and future prospects

While data about the presence of Gemmatimonadota in different environments has been
continuously growing, information about their ecology, distribution and diversity in
freshwaters remained limited. This left a question whether Gemmatimonadota
sequences previously identified in lakes truly originate from limnic species, or they are
passively transferred to lakes with runoff waters from surrounding soil or re-suspended
from sediments.

In this work, we used metagenomic data to confirm Gemmatimonadota persistence in
freshwater lakes. We also showed their ubiquitous nature and ability to adapt to aquatic
environments with varying trophic statuses. Furthermore, we documented their
abundances in several lakes, as well as temporal changes during one year in a meso-
oligotrophic lake. The 45 assembled MAGs represented, at that time, the largest
collection of freshwater MAGs of this group. With it, we showed high genomic
diversity of both heterotrophic and photoheterotrophic members of this phylum.
Finally, by using CARD-FISH, we have for the first time visualized the cells of
Gemmatimonadota in their natural environment, and even observed their association
with other organisms.

As the data related to Gemmatimonadota, especially knowledge of their environmental
distribution, has increased significantly, we summarized all available information in a
short review. This emphasized that still their metabolism and environmental roles
remain unexplored and led us to analyze their metabolic capabilities and genomic
characteristics in dependence on the environment they inhabit. This study showed
Gemmatimonadota have flexible metabolism and the ability to adapt to varying
environmental conditions, and provided metabolic characterization of
Gemmatimonadota that was previously missing.

I believe that all of the information obtained during my PhD study has expanded the
knowledge about this interesting bacterial phylum and provided the basis for future
studies and objectives. They could include, for instance, an in-depth analysis of the
evolution of photosynthesis in Gemmatimonadota and HGT, culturing of new members
from environments like soda lakes, which may have the capability for carbon fixation,
or a bigger focus on environments where Gemmatimonadota remain unexplored, such

as marine waters, biofilms or host-associated.
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