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Diversity of the Cyanobacteria

Petr Dvorak, Dale A. Casamatta, Petr Hasler, Eva Jahodarova,
Alyson R. Norwich, and Aloisie Poulickova

Abstract The cyanobacteria are an ancient lineage of photo-oxygenic bacteria.
Globally responsible for much of the primary productivity and nitrogen fixation,
they are also evolutionarily significant as the photosynthetic members of serial
endosymbiotic events leading to the establishment of chloroplasts. Traditionally
classified based on morphological characters, recent research revealed an abun-
dance of cryptic diversity evidenced by molecular analyses, most notably the 16S
rDNA gene sequence. Explorations of seldom sampled habitats, such as tropics
environments, aecrophytic habitats, soil crusts, etc., have also revealed a tremendous
new diversity of taxa. This increase in the alpha-level diversity, coupled with new
molecular techniques, has greatly altered our perceptions of the evolutionary rela-
tionships within this clade. Many of the traditional genera have proven to be poly-
phyletic, but revisions are underway.

Keywords Cyanobacteria ® Phylogeny ® Taxonomy ¢ Biodiversity ¢ Morphology

Introduction

Cyanobacteria (Cyanophytes, Cyanoprokaryotes, blue-green algae) are an ancient
group of prokaryotic microorganisms with the ability to undertake oxygenic photo-
synthesis. The earliest estimates of their origin lie at the beginning of Archean 3.5-3.8
BYA (reviewed in Sleep 2010 and Schopf 2001), while more conservative estimates
suggest a later appearance at the end of Archean 2.7 BYA (reviewed in Blank and
Sanchez-Baracaldo 2010). Cyanobacteria have greatly impacted global ecosystems,
as their photosynthetic activity provided much of the oxygen necessary for the prolif-
eration of aerobic life forms (Bekker et al. 2004). Moreover, cyanobacteria are among
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the most abundant and potent primary producers on Earth. They occur in freshwater,
marine, cold (e.g., polar), hot (e.g., thermal springs), and terrestrial habitats.
Cyanobacteria are also commonly encountered in symbiotic relationships with plants,
fungi (lichens), and eukaryotic algae (Whitton and Potts 2000). Through the process
of endosymbiosis, ancient organisms (likely protistans) engulfed a cyanobacterium,
resulting in the origin of the chloroplast of algae and plants (McFadden 1999). The
current number of cyanobacterial species is subject to debate, with estimates ranging
from 2783 (Nabout et al. 2013) to 4484 (Guiry and Guiry 2015). However, the
expected total number of species may reach 8000 (Guiry 2012).

Besides primary metabolism, cyanobacteria produce myriad secondary metabo-
lites, or bioactive compounds (chemically, mostly alkaloids and oligopeptides), which
are toxic to the environment and humans (collectively referred to as cyanotoxins; e.g.,
Carmichael 1992; Dittmann et al. 2013). However, a number of these compounds have
been isolated and show promise as drugs for the treatment of cancer and other diseases
due to their biological activity, e.g., anti-viral, anti-protistan, and anti-bacterial proper-
ties (comprehensively reviewed in Singh et al. 2011). A variety of cyanobacterial
strains also promise further advances in biotechnology. Cyanobacteria have been pos-
tulated as an alternative source of energy, they may be used in wastewater plants for
utilization of macronutrients, for degradation of oil, for fertilization in agriculture, and
as food for humans and animals (reviewed in Abed et al. 2008).

On the other hand, cyanobacteria are often noted for their ability to form blooms,
which results from an overabundance of planktic forms. This typically occurs in eutro-
phic habitats (those with elevated nutrient levels, typically nitrogen and/or phospho-
rus), such as freshwater lakes. Freshwater harmful algal blooms are often accompanied
by unfavorable phenomena such as extreme pH fluctuations, anaerobic conditions,
and aforementioned toxins (reviewed in Oliver and Ganf 2000). Thus, cyanobacteria
may have a large negative impact on both the environment and human endeavors such
as fisheries, potable water production, recreational usage of aquatic habitats, etc.

The purpose of this chapter is to provide an overview of recent advances in the tax-
onomy, phylogeny, and diversity of cyanobacteria. We will focus on taxonomic revi-
sions and new taxa in light of current problems of cyanobacterial species concepts and
definitions. Furthermore, we will show that significant gaps persist in our knowledge of
cyanobacterial biodiversity. We will discuss geographical regions and habitats where
our knowledge of the diversity and ecology of cyanobacteria is most limited.

How to Distinguish Cyanobacteria?

Morphology

Cyanobacteria exhibit a relatively high degree of morphological features compared to
other prokaryotes. Until recently, cyanobacteria were identified and categorized using
morphological traits such as cell dimensions, shape, color, type of branching, sheath
characteristics, and cell contents (summarized in Komdrek and Anagnostidis 1998,
2005; Komdrek 2013). Cyanobacteria may be unicellular, colonial, or filamentous.
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Colonies of unicellular cyanobacteria may have regular (e.g., Merismopedia) or
irregular distribution of cells (e.g., Microcystis). The Pleurocapsales possess rela-
tively complex colony formation, which may resemble filaments, branching, and
cells may be heteropolar (see Komdrek and Anagnostidis 1998 for review and
Fig. 1). The number of cells may vary from two to several thousand per colony.

Filamentous cyanobacteria may exhibit both false and true branching. False
branching is present in all orders of filamentous cyanobacteria, while true branching
has been observed only in members of Nostocales (see details of cyanobacterial
systematics for further details). Similarly, multiseriate growth of trichomes (a paral-
lel succession of multiple trichomes) evolved only in some members of the
Nostocales, specifically in the order formerly referred to as the Stigonematales
(Komadrek 2013).

While cyanobacteria reproduce via binary fission, they may not be considered
as fully clonal organisms due to horizontal gene flow and recombination, as seen
in other prokaryotes (for detailed discussion see, e.g., Cohan 2001, 2002; Cohan
and Perry 2007). However, cyanobacteria have evolved some interesting reproduc-
tive strategies. For instance, some unicellular cyanobacteria may produce baeo-
cytes and exocytes, which are differentiated from the mother cell by size, shape,
and successive multiple fission with subsequent release to the environment (see
details in Komdrek and Anagnostidis 1998). Filamentous cyanobacteria may pro-
duce short, often motile filaments called hormogonia. Furthermore, Nostocalean
cyanobacteria may produce long-term or overwintering reproductive cells called
akinetes (see further).

Besides vegetative cells (those cells dedicated to photosynthetic processes), fila-
mentous cyanobacteria of the order Nostocales may produce two types of differenti-
ated cells: heterocytes and akinetes. Heterocytes do not possess functioning
photosynthetic apparatus because their primary function is anaerobic fixation of
atmospheric nitrogen using the enzyme nitrogenase (Meeks et al. 2002), also devel-
oped in some soil bacteria. Heterocytes may be distinguished from vegetative cells
by the former’s homogenous content and the presence of polar pores, and hetero-
cytes may be situated intercalary or terminally in filaments (Kumar et al. 2010;
Komdrek 2013). Akinetes are usually larger than vegetative cells, and with large
amounts of stored nutrients visible as granules. Akinetes are reproductive cells,
which may lie quiescent in the environment (e.g., lake sediments, soils, etc.) during
unfavorable conditions (drought, low temperatures, fall turnover in dimictic lakes,
etc.; Kaplan-Levy et al. 2010). Olsson-Francis et al. (2009) suggested that akinetes
of Anabaena cylindrica may survive the environment on Mars.

Cell ultrastructures are typically visualized by transmission electron microscopy
(TEM) and may exhibit significant variability among cyanobacteria. The cell walls
of cyanobacteria have similar composition to other gram-negative bacteria.
Furthermore, some cyanobacteria possess S-layers, a crystalline, proteinaceous layer
covering the entire surface of the cell. These S-layers appear to be an important struc-
ture for filament motility (Hoiczyk and Hansel 2000). Cells often produce mucilagi-
nous sheaths composed of exopolysaccharides, which range from <1 pm to several
times the filament thickness. Sheaths are often environmentally inducible and pro-
vide several putative functions, such as protection from UV radiation, desiccation,
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Synechococcales

T: unicellular; single-celled or colonies;
filamentous (iso-/heteropolar); with/without sheath;
R: binary fission (1-2 planes), exocytes, motile
hormogonia, filament fragmentation

TA: parietal

Oscillatoriales

T: filamentous (except of Cyanothece), iso-/hetero-
polar, motile, with/without sheath, gas vacuoles in
planktic taxa

R: in longitudinal plane (filament fragmentation,
motile hormogonia, necridic cells)

TA: irregular or radial

Chroococcales

T: unicellular, single-celled or colonies, sheath
R: binary fission (1-3 planes)

TA: irregular

Pleurocapsales

T: unicellular, colonies, sheath

R: in multiple planes, motile baeocytes
TA: irregular

Spirulinales
T: filamentous, coiled, sheath absent
TA: parietal

Chroococcidiopsidales

T: unicellular, colonies, sheath

R: in multiple planes, motile baeocytes
TA: irregular

Nostocales

T: cell differentiation (heterocytes, akinetes);

~filamentous (uni-/multiseriate), pseudobranching,
1= true branching, gas vacuoles in planktic taxa

R: fragmentation,motile hormogonia, akinete,
complex life cycles

TA: irregular

(L.
-/

Fig. 1 Ordinal level taxonomic scheme of cyanobacterial taxonomy as proposed by Komarek
et al. (2014). The left side contains examples of morphotypes for each order, the right typical fea-
tures: T—thallus, R—reproduction type, TA —thylakoid arrangement. Asterisks represent the most
recently established orders. Note that we did not include the Gloeobacterales, as it is extensively
discussed elsewhere and it possesses very simple morphology
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and anti-herbivory (Ehling-Schulz and Scherer 1999). Cyanobacteria also possess
thylakoids, membrane invaginations used in photosynthetic activity. The placement
and arrangement of thylakoids are key taxonomic features. Thylakoids may be
located in the cell parietally, radially, or irregularly, where their position is mostly
relevant at the family or order level (Fig. 1; Komdrek et al. 2014).

Photosynthesis

Cyanobacteria are capable of oxygenic photosynthesis. The main photosynthetic
pigment is chlorophyll-a, which may be accompanied by carotenoids, xanthophylls,
and phycobilisomes, which contain mostly phycoerythrin and phycocyanin. Some
cyanobacteria possess divinyl-chlorophyll-b (Prochlorococcus; Partensky et al.
1999) or chlorophyll-d (Acaryochloris; Miyashita et al. 2003).

Phylogeny

The advent of molecular biology brought a plethora of tools that have been used to
investigate species diversity and evolution. It has allowed researchers to move from
a solely phenetic approach to the reconstruction of evolutionary relationships. The
most reliable and reproducible approach developed for phylogenetic inference is
considered DNA sequencing. Since Woese et al. (1990) have proposed the 16S
rDNA gene as the universal marker for all Bacteria, it is the most frequently used
gene in phylogenetic reconstructions (Rajendhran and Gunasekaran 2011).
However, an expansion of sequenced loci is increasingly inevitable since the 16S
itself is too conserved to reflect the true variation of this lineage (Johansen and
Casamatta 2005). A combination of various housekeeping and protein-coding loci
(usually up to 10), or multilocus sequence typing (MLST; Maiden et al. 1998), has
been proposed, as it offers better resolution for recognition of taxa since some of the
genes are less conservative than the 16S. Moreover, MLST may provide more robust
phylogenetic reconstructions (Maiden et al. 1998; Kdmpfer and Glaeser 2012).

Recently, prokaryotic genome sequencing has become relatively inexpensive and
widely available to researchers. However, the selection of cyanobacterial taxa to
sequence is strongly biased. Most of the sequenced cyanobacteria are marine pico-
plankton, typically Synechococcus and Prochlorococcus (Larsson et al. 2011), but
efforts to increase genome data coverage of cyanobacterial diversity have been under-
taken (Shih et al. 2013). Nevertheless, it should be noted that a number of strains
whose genomes have been analyzed are poorly characterized and/or have been in
culture collections for extended periods, leading to taxonomic confusion. Fortunately,
the taxonomic coverage of genomic sequence data is ever increasing, and thus we
anticipate a soon-to-be expansion of whole genome phylogenies for taxonomical pur-
poses outside marine picoplanktic or biotechnologically important taxa.
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Challenges of Modern Cyanobacterial Taxonomy

As noted above, the taxonomy of cyanobacteria has traditionally been heavily
dependent on morphological data. With a growing number of taxa sequenced, it has
become increasingly obvious that the evolutionary relationships of cyanobacteria
are more entangled than previously thought (for extensive reviews see Komarek
et al. 2014; Dvordk et al. 2015a). First of all, some morphological features (includ-
ing ultrastructural) appear to be polyphyletic in nature. One of a few exceptions is
in the production of specialized, differentiated cells of the Nostocales, which
appeared only once, and it is consistently monophyletic in phylogenetic reconstruc-
tions based on one or multiple loci. Thus, many (and possibly a majority) of the
genera defined using morphology are polyphyletic and therefore need significant
taxonomical intervention (Komarek 2010; Komadrek et al. 2014). Furthermore,
unrelated lineages may be so similar morphologically that it is impossible to distin-
guish between them. Some authors use the term “cryptogenera” to describe this
phenomenon (Komadrek et al. 2014). This is also an eminent problem in newly
described taxa (Dvofdk et al. 2015a). For example, the most enigmatic cyanobacte-
rial genus (measured by number of polyphyletic lineages) is probably Synechococcus.
Dvordk et al. (2014a) identified 12 polyphyletic lineages within this genus, which
all conform to the generic, morphologically derived description of Synechococcus.
Similar patterns within genera of “cryptic species,” or taxa not distinguishable by
morphology, may also lead to taxonomic confusion. For example, Phormidium ret-
zii, considered the most commonly encountered macro-cyanobacterial taxon in
North America (Sheath and Cole 1992), is actually a species complex (Casamatta
et al. 2003). This is particularly problematic in the case of morphologically simple
cyanobacteria such as Leptolyngbya or Synechococcus (Osorio-Santos et al. 2014;
Dvordk et al. 2015a).

What factors may be responsible for the enigmatic evolutionary relationships
among cyanobacteria? Cyanobacterial evolution, as in other prokaryotes, is driven
by similar factors (e.g., ecological parameters) to eukaryotes but with different
selection pressures. For example, cyanobacteria exhibit vast population sizes, rela-
tively fast generation times, and immense dispersal abilities (reviewed in Achtman
and Wagner 2008). Moreover, albeit largely asexual, cyanobacteria horizontally
exchange DNA via homologous recombination and horizontal (lateral) gene trans-
fer (e.g., Zhaxybayeva et al. 2006; Fraser et al. 2007; Polz et al. 2013; Dvotdk et al.
2014a, and many others). Thus, these complicated evolutionary trajectories lead to
an equally complicated species concept with no consensus among scientists
(reviewed cf. Achtman and Wagner 2008).

A majority of recent cyanobacterial taxonomical studies use species definitions
based on a monophyletic species concept coupled with a “polyphasic” or total
evidence approach, which is defined as a combination of morphological, molecu-
lar, ecological, and other data (Vandamme et al. 1996; Johansen and Casamatta
2005). Cyanobacterial systematics is further muddled since species descriptions
differ between bacteriological and botanical nomenclature, both of which are
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appropriate for cyanobacteria. The International Code for Nomenclature of
Prokaryotes (ICNP) has very strict requirements compared to the botanical code
(International Code for Algae, Fungi and Plants; ICN). For example, the ICNP
requires an axenic culture for a valid species description, something exceedingly
difficult to achieve with cyanobacteria. This problem is discussed in detail else-
where (Oren 2011; Pinevich 2015).

Higher taxonomical ranks (e.g., Orders and Families) have undergone drastic
changes over the past 20 years due to advances in reconstructions of molecular
evolution. A few alternative systems for cyanobacteria have been proposed.
Although there is no strict consensus among researchers as to which system is the
most reliable, for the sake of clarity and congruence throughout the chapter we
will employ the recent scheme advocated by Komadrek and collaborators in 2014.
Komadrek’s system relies largely on total evidence reconstructions, and thus should
be a good approximation of evolutionary relationships. For example, Fig. 1 is a
schematic representation of Komdrek’s system on a rank of order with the most
important morphological features. Figure 2 shows a phylogenetic reconstruction
with a designation to orders based on Komadrek et al. (2014). However, it should be
noted that the system has only recently been proposed and it is far from being
generally accepted.

Unfortunately, we unable to capture the entirety of the diversity of all cyanobac-
teria in a single chapter and thus we will focus on the most important genera with
an exception of Nostocales, where we use family level, because we possess a sig-
nificant amount of data from each family designed by Komdrek et al. (2014).
Familial designations for the other cyanobacterial lineages (e.g., the Chroococcales)
are not as well defined at this time.

Synechococcales

This large group (Fig. 3) contains the most abundant, ecologically significant, and
the oldest cyanobacteria, which are characterized by parietal thylakoid arrangement
(Komdrek et al. 2014). Annual global abundances of marine picoplanktic
Prochlorococcus sp. and Synechococcus sp. in oceans may reach up 2.9+0.1x 107
and 7.0+0.3 x 10% cells, respectively (Flombaum et al. 2013). Although there is no
direct evidence in paleontological data, molecular dating methods allowed recon-
struction of the earliest events in cyanobacterial evolution. It has been suggested that
the first Synechococcus cells may have appeared in hot springs before 3 BYA (Dvoidk
et al. 2014a). While the order contains 70+ genera, the most abundant are
Synechococcus, Prochlorococcus, Leptolyngbya, and Pseudanabaena (Whitton and
Potts 2000). The order Synechococcales is not a morphologically coherent group,
containing both unicellular and filamentous cyanobacteria. Since it is the largest
order of the non-heterocystous cyanobacteria in terms of number of genera, we can-
not cover the whole diversity of this order. Thus, we will focus on the most com-
monly encountered and abundant taxa.
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Fig. 2 Phylogenomic reconstruction of cyanobacterial evolution based on 69 concatenated,
orthologous protein coding loci. These loci were selected, aligned, and concatenated using Hal
(Robbertse et al. 2011). The tree was reconstructed using maximum likelihood optimality criterion
and the CAT + LG model in RaxML 8.0.2 (Stamatakis 2006). The topology was tested by 500 rapid
bootstrap replicates. Bootstrap support is located at the nodes with an asterisk representing 100 %
bootstrap support. Orders of cyanobacteria sensu Komdrek et al. (2014) are labeled
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Synechococcus and Prochlorococcus

Under the name Synechococcus is hidden an example of morphologically similar
yet genetically distant lineages. Synechococcus is a morphologically simple, yet
polyphyletic genus. Described by Nigeli (1849), members are unicellular, small
(<4 pm), sometimes forming pseudofilaments, and may possess involuted cells
(unusual elongation of cells without cross-wall formation). On the other hand, this
lineage exhibits immense genetic variability and extreme polyphyletic origins. For
example, Dvordk et al. (2014a) found 12 unrelated lineages with congruent mor-
phology. In subsequent paragraphs, we will focus on some of them according to
Fig. 1 in Dvotdk et al. (2014a). It should be noted that all of these clades have appar-
ently very distinct evolutionary histories. However, only minor efforts have been
made to taxonomically revise this genus, even though the polyphyletic nature of this
lineage was amongst the first elucidated with molecular methods (Honda et al.
1999; Robertson et al. 2001). Komdrek and Anagnostidis (1998) recognized at least
13 species of Synechococcus, which are not linked to type cultures. Moreover, we
cannot assign them plausibly to 12 clades from Dvordk et al. (2014a) and to Bergey’s
Manual (Boone et al. 2001), which recognizes only five, unnamed clusters (see
supplementary materials from Dvofdk et al. 2014a).

The oldest clade of Synechococcus (clade 1) is composed of cyanobacteria inhab-
iting hot springs, specifically in Yellowstone National Park (Ferris and Ward 1997).
This also supports an origin of cyanobacteria in hot springs, currently a prevalent
opinion (Butterfield 2015) contrary to a freshwater origin proposed by Blank and
Sanchez-Baracaldo (2010). Thermal strains later diverged and are mixed with fresh-
water strains in clade 6. They are often called the Thermosynechococcus (Katoh
et al. 2001), but this has not been formally accepted under any code of nomencla-
ture. Synechococcus strains dwelling in peat-bogs (Sphagnum bogs) are located in
clades 8 and 9. Neosynechococcus sphagnicola (clade 9) comprises an exception
among unnamed or incorrectly named clades, being only recently described (Dvotdk
et al. 2014b; Fig. 3).

Clade 10 contains the freshwater taxon Synechococcus elongatus (PCC 7942,
PCC 7943, and PCC 6301), marine and freshwater picoplanktic Synechococcus,
candidatus Synechococcus spongiarum, and Prochlorococcus (see details on
Prochlorococcus below). All these taxa comprise a coherent monophyletic group
(Dvordk et al. 2014a), which is, however, highly ecologically and genetically diverse.
This group is composed of two clades, which contain either freshwater or marine
strains. However, among freshwater strains, there are mixed marine (e.g., WH5701)
and thermal (CCAP 1479/1B) strains. It was previously thought that picoplanktic
strains of Synechococcus were strictly marine, but recent studies (Callieri et al. 2013)
showed also their significance and high abundance in a plankton of freshwater lakes.
Thus, we may conclude that some strains of Synechococcus have high salinity toler-
ance or were repeatedly introduced to the marine environment. Clade 10 contains
candidatus Synechococcus spongiarum, which is the most common cyanobacterial
symbiont of marine sponges (Erwin and Thacker 2008). It exhibits a very similar
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Fig. 3 Microphotographs of Synechococcales. (a) Neosynechococcus sphagnicola, (b)
Merismopedia glauca, (¢) Pseudanabaena galeata, (d) Pinocchia polymorpha, (€) Chamaesiphon
sp., (f) Aphanocapsa sp. Scale bar 10 pm

genome to other Synechococcus strains from this clade; however, the genome has
been undergoing a streamlining, which is typical for symbiotic bacteria due to more
stable environment in the host (Gao et al. 2014).

Prochlorococcus is probably the most abundant oligotrophic cyanobacterium,
and exhibits unique physiological features. First of all, it is very small (<2 pm), with
simple rod shaped cells and an unusual photosynthetic pigment composition:
divinyl-chlorophyll a and b. Further, it lacks phycobilisomes (specialized cyanobac-
terial and rhodophyte light harvesting antennae). The genome of Prochlorococcus is
one of the smallest among cyanobacteria as it has undergone intensive genome
reduction since it diverged from Synechococcus (Partensky and Garczarek 2010).
Prochlorococcus is one of the most intensively studied cyanobacteria, and thus its
ecological importance and evolutionary impact is extensively reviewed elsewhere:
Partensky et al. (1999), Garcia-Fernandez et al. (2004), and Biller et al. (2015).
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Although Prochlorococcus seems to be monophyletic, there are four distinct
ecotypes. Two of them are more abundant in high light conditions (abbreviated HL).
HLII is more abundant in lower latitudes and HLI in higher latitudes. Two other
ecotypes are adapted to low light conditions (LL). Ecotype LLI is more abundant in
higher latitudes in upper layers of oceans and in lower latitudes in deeper layers
around the thermocline. The last ecotype, LLIV, lives only in low latitudes and in
the deepest areas of occurrence under the thermocline (Moore et al. 1998; West and
Scanlan 1999).

Leptolyngbya

Leptolyngbya is possibly the largest genus of filamentous cyanobacteria in terms of
number of species, and is characterized by overall simple morphology: thin filaments
(<2 pm) with narrow cells and occasional false branching (reviewed in Komarek and
Anagnostidis 2005). Leptolyngbya may be found in benthic, aerophytic, subaero-
phytic, periphytic, and even artificial habitats such as unsanitized urinals (Rulik et al.
2003). Due to their simple morphology, species have been classified based on their
ecological preferences. Phylogenetic analyses repeatedly revealed extensive poly-
phyly within this genus (e.g., Casamatta et al. 2005). Interestingly, some lineages of
“Leptolyngbya” and “Synechococcus” sensu lato exhibit similar phylogenetic rela-
tionships (e.g., Dvordk et al. 2014a, b). Thus, although they are not coherent in mor-
phology, they often form monophyletic clusters.

The majority of the described species of Leptolyngbya have not been sequenced,
so molecular revisions are nearly impossible at this stage. Moreover, there are new
species with morphology similar to Leptolyngbya (based only on morphology), but
they are unrelated to the type species. We will discuss a few examples of recently
discovered and revised taxa.

The genus Oculatella has been proposed by Zammit et al. (2012). Initially iso-
lated from hypogean environments in Malta and Italy, it has a conspicuous apomor-
phy: a rhodopsin-like reddish inclusion in a terminal cell. Subsequently,
Osorio-Santos et al. (2014) proposed another seven species within this monophy-
letic cluster mostly from desert environments. Some of them lack any unique mor-
phological feature, thus they can be recognized only using sequence data and
therefore they are cryptic species.

Ecologically even more diverse are species within the genus Nodosilinea (for-
merly cluster 3 based on Bergey’s manual; Boone et al. 2001) which has been
established by Perkerson et al. (2011). Initially, this genus contained only four
species, isolated from marine and freshwater lakes, but further isolates have been
obtained from rocks and desert soils. All strains, though, have a distinctive apo-
morphy: the production of nodules when grown under low light levels.
Interestingly, this appears to have nothing to do with nitrogen fixation (Li and
Brand 2007).
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Oculatella and Nodosilinea are both excellent examples of ecological,
biogeographical, and evolutionary differentiation with available molecular data
besides the marine picoplanktic Synechococcus.

The most comprehensive phylogeny of Leptolyngbya has been presented in the
paper of Osorio-Santos et al. (2014). It suggests that the monophyly of the genus
Leptolyngbya will be significantly more disturbed in the future, because there are at
least four other species of Leptolyngbya outside the Leptolyngbya sensu stricto
cluster, which contains L. boryana, L. faveolarum, L. tenerrima, and L. angustata.

Pseudanabaena

The genus Pseudanabaena consists of 36 species, which predominately occur in
the plankton and benthos of freshwater or brackish water bodies all around the
world. It is filamentous with small cells (mostly <2 pm), distinctive constric-
tions at cross-walls, rare sheath production, and often with distinctive chromato-
plasma (Fig. 3; reviewed in Komdrek and Anagnostidis 2005). This
chromatoplasm refers to the parietal part of the cell, where thylakoid are con-
centrated, thus appearing to be darker than the centroplasm, or transparent,
central portion of the cell.

Recent investigations have revealed that Pseudanabaena is also polyphyletic
(Acinas et al. 2009; Dvordk et al. 2015a; Yu et al. 2015). Yu et al. (2015) have
attempted to revise the genus by sequencing P. mucicola, P. galeata, P. limnetica,
and P. minima, showing that they form a monophyletic clade together with P. cate-
nata, the type species. Further revisions are forthcoming. For example, Dvoifdk
et al. (2015a) investigated two strains similar to P. galeata from a freshwater lake in
Vietnam. Although the morphological similarity of these strains to P. galeata was
remarkable, the strains formed a separate cluster far from P. galeata. This represents
another evidence of polyphyletic origin of Pseudanabaena and new monospecific
genus Pinocchia polymorpha (Fig. 3) has been described.

The genus Pseudanabaeana is also evolutionarily related to the common planktic
cyanobacterium Limnothrix redekei. While L. redekei (a non-toxic, planktic, filamen-
tous cyanobacterium) largely differ in morphology from P. catenata and P. galeata, they
are very closely related in phylogeny of 16S rRNA as shown by, e.g., Suda et al. 2002).

Synechocystis

One of the most popular model organisms for molecular biology is Synechocystis
sp. strain PCC 6803. Commonly employed by researchers investigating photosyn-
thesis, it was the first sequenced cyanobacterial genome (Kaneko et al. 1995).
Synechocystis sp. PCC 6803 is also considered as a reference strain for the genus in
Bergey’s manual (Boone et al. 2001).
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Recently, it has been shown that Synechocystis, like many other genera, is
polyphyletic. Based on phylogenetic position and thylakoid arrangement, the genus
Geminocystis, containing two species G. herdmanii and G. papuanica, was split
from Synechocystis (Korelusovd et al. 2009).

Merismopedia

There are 40 species within this genus, but molecular data are available only for three
of them. Merismopedia is a group of unicellular cyanobacteria, which has a unique
colony formation where cells divide in a single plane and create flat colonies
(Komdrek and Anagnostidis 1998; Fig. 3). Merismopedia is most commonly found in
periphytic habitats. Palinska et al. (1996) analyzed strains of M. punctata, M. glauca,
M. elegans and found that although these strains exhibited a degree of high morpho-
logical variability, their near complete 16S rRNA sequence was identical. Thus, it
contradicts the vastly more common pattern of the hidden genetic “cryptic diversity”
without observable phenotype variability (see an example of Oculatella above).

Acaryochloris marina

Acaryochloris marina is a unicellular marine cyanobacterium with simple morphol-
ogy and has a unique metabolic feature and an unusual photosynthetic pigment: chlo-
rophyll-d. First described in 2003 (Miyashita et al. 2003), it has an unexpectedly large
genome of 8.3 Mb, which is predominantly typical for morphologically more com-
plex cyanobacteria (Shih et al. 2013). A. marina is a monospecific genus, which
deserves attention due to its importance as a model organism for understanding pho-
tosystem modification and genome expansion in cyanobacteria (Swingley et al. 2008).

Chamaesiphon

This asymmetrically dividing, chroococcalean genus commonly inhabits both sub-
merged and periodically wetted substrates (Fig. 3), in tropical and temperate regions
such as on stones, plants, and filamentous algae, especially in running waters. The
genus can be divided into three subgenera: Chamaesiphon sensu stricto,
Chamaesiphonopsis, and Godlewskia (Sant’Anna et al. 2011), but this is not sup-
ported via molecular data. Interestingly, Honda et al. (1999) showed phylogenetic
affinity of Chamaesiphon subglobosus PCC 7430 to Leptolyngbya boryanum PCC
73110 and Leptolyngbya foveolarum Komdrek 1964/112. Loza et al. (2013) sug-
gested a molecular similarity of Chamaesiphon subglobosus PCC 7340 and Ch.
investiens UAM 386 with genera Synechococcus and Cyanobium. Komdrek et al.
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(2014) showed that Ch. minutus PCC 6605 forms a separate clade with Crinalium
epipsammum PCC 9333 within the order Oscillatoriales. Members of subgenus
Godlewskia probably belong to the order Chroococcales, family Stichosiphonaceae,
but it has not been confirmed by molecular methods.

Chroococcales

Members of the order Chroococcales represent unicellular cyanobacteria com-
monly encountered in aquatic (planktic and periphytic) and terrestrial environments
(aerophytic, subaerophytic, soil, epilithic, epiphytic, etc.). Most taxa possess rela-
tively simple morphology, leading to often times indistinct boundaries between spe-
cies and genera. The order Chroococcales includes eight families, whose members
live in single or colonial mode of live, dividing in one or more planes and usually
forming irregular type of thylakoid arrangement (Fig. 4; Komdrek et al. 2014).

Unicellular cyanobacteria represent an important group in aquatic habitats with
respect to their abundance, diversity, and ecological role.

Microcystis

Microcystis is a well-defined genus and possibly the most commonly cited and stud-
ied cosmopolitan, bloom-forming, and toxin producing genus (Fig. 4). Planktic
Microcystis is usually dominated by a few species such as M. aeruginosa, M. wesen-
bergii,M. ichtyoblabe, often concurrently present with othertaxasuch as Woronichinia,
Snowella, and Merismopedia. The most frequently occurring species (e.g., M. aeru-
ginosa, M. wesenbergii, or M. ichtyoblabe) may be polyphyletic based on 16S rRNA
sequence data (Neilan et al. 1997; Komdrek and Komdrkova 2002). Interestingly, M.
aeruginosa, possibly the most commonly encountered eutrophic cyanobacterium, is
quite consistent morphologically across freshwater lakes worldwide. However, it has
high 16S-23S ITS diversity and it exhibits geographical barriers on gene flow among
populations, with a concurrent lack of phylogeographical pattern (van Gremberghe
et al. 2011). Current research reveals specialized clones (chemotypes) of Microcystis
producing various types of toxic microcystins (Walker et al. 2004). Thus, if we take
into account secondary metabolite production as an additional feature, the real biodi-
versity within Microcystis is likely higher than currently suggested.

Aphanothece sensu lato

Members of the genus Aphanothece occur worldwide from tropical to polar areas
(Gardner 1927; Copeland 1936; Komarek 2003, 2014; Hasler and Poulickovd 2005;
Whitton 2005). The genus includes morphospecies with elongated to rod-like cells,
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Fig. 4 Microphotographs of Chroococcales. (a) Asterocapsa divina, (b) Asterocapsa sp., (¢)
Asterocapsa sp., (d) Gloeocapsa novacekii, (e, f) Gloeocapsa sp., (g) Chroococcus subnudus, (h)
Chroococcus sp., () Microcystis novacekii, (j) Woronichinia naegeliana. Scale bar 10 pm
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dividing in one plane (perpendicular to main axis) and forming small gelatinous
colonies. Although only few records of 16S rRNA exist in GenBank, the genus
seems to have a polyphyletic origin. For instance, Komdrek et al. (2011) pointed out
wide genetic and morphological variability within the genus Aphanothece.

Several subgenera (or separate genera if subsequently elevated) of the genus
Aphanothece can be distinguished: Aphanothece sensu stricto, Anathece,
Cyanogastrum, Halothece-Euhalothece complex. The new genus Anathece repre-
sents morphospecies forming oval or rod-like forms, based on the type species
Anathece clathrata (basionym: Aphanothece clathrata). Molecular and morpho-
logical features indicate an Anathece affiliation with members of the order
Synechococcales (Komdrek et al. 2011). The remaining species of Aphanothece
group belong to the order Chroococcales.

Gloeothece

Coccoid cyanobacteria from the genus Gloeothece form oval, elongated, or rod-like
cells, enveloped with distinct mucilaginous sheaths. Gloeothece plays a substantial
role within aerophytic or subaerophytic communities or on submerged substrates all
over the world (Komdrek and Anagnostidis 1998). Their morphology, type of cell
division, and molecular features are similar to Aphanothece. Sequence similarity of
the 16S rRNA from GenBank ranges from 88 to 100 %, clearly falling outside of the
traditionally accepted levels for within generic variation. Gloeothece fuscolutea
was recently designated as a new type of the genus (Mares et al. 2013) because of
similarity between the former type (Gloeothece linearis) and Gloeobacter viola-
ceus. However, the proposed neotype is still in conflict with Rippka et al. (2001b)
who propose G. membranacea PCC 6501 as a reference strain and neotype for a
botanical nomenclature.

Chroococcus

Chroococcus is commonly encountered on aerophytic, subaerophytic or submerged
substrates, where it typically forms small microscopic colonies consisting of hemi-
spherical cells, covered with mucilaginous envelopes, often layered (Fig. 4).
Members of this unmistakable genus occur all over the world where they frequently
occur in tropical or temperate zones, and less towards the poles (Komdrek and
Anagnostidis 1998). Molecular analyses show that this genus consists of ca. 60 spe-
cies in a polyphyletic lineage (e.g., Komdrkova et al. 2010; Kov4cik et al. 2011).
Recently, Chroococcus was split into two new genera: Limnococcus and Chroococcus
sensu stricto. Species of Limnococcus are planktic and differ morphologically and
molecularly from the members of Chroococcus sensu stricto. Despite a molecular
characterization of Chroococcus sensu stricto, it is still not clear what the “true”
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Chroococcus is, because sequences of the type species, Ch. rufescens, are lacking.
Further, the phylogenetic placement of some small species is unclear due to molecu-
lar similarity with other genera such as Eucapsis or Synechocystis. For example,
Rippka et al. (2001a) note that there is morphological and molecular similarity
among several PCC strains of small Chroococcus and Gloeocapsa. Thus, the true
diversity of Chroococcus in nature across its range remains unclear and is still based
on morphological investigation only.

Gloeocapsa

Several members of the genus Gloeocapsa possess morphological similarity with
Chroococcus. Gloeocapsa represents a relatively heterogeneous group of colonial
cyanobacteria forming small or medium sized spherical or oval cells, covered with
distinct or indistinct envelopes of various colors (Fig. 4). The majority of species
prefer aerophytic or subaerophytic habitats such as moist rocks or bark of trees
(Komadrek and Anagnostidis 1998). Gloeocapsa exhibits a specific life cycle includ-
ing several distinct morphological stages, the observance of which is essential in the
process of species identification. Available sequences of “Gloeocapsa’ correspond
to different genera such as Chroococcidiopsis, Gloeocapsopsis, Cyanothece,
Gloeothece, but whether or not this is due to convergent evolution of simple mor-
phologies or as a result of misidentifications of strains remains to be seen. For
instance, Gloeocapsa sp. PCC 7428 (isolated from a moderate hot spring in Sri
Lanka) corresponds to the genus Gloeocapsopsis (Azua-Bustos et al. 2014).
Gloeocapsa “alpicola® FACHB-400 (=G. atrata?) shares 99 % identity with
Gloeothece sp. PCC 6909 or Synechocystis sp. LEGE 06083, and probably does not
represent the Gloeocapsa at all. Several morphologically distinct lineages within
Gloeocapsa exist, which can be recognized based on cell size and color of mucilagi-
nous envelopes. Small species (cells <6 pm in diameter) such as G. atrata, G. aeru-
ginosa, G. punctata, G. compacta or G. fusco-lutea occur frequently among
aerophytic habitats, where they form various eco- and morphospecies. Species
delimitations without molecular confirmation can be problematic because of the
overlapping morphologies. Our knowledge about the diversity of species producing
large cells (>6 pm) is incomplete. Current research is based only on floristic data
and ecologies of aerophytic/subaerophytic populations.

Peculiar Chroococcales with No Sequence Data

The genera Cyanophanon, Clastidium, Stichosiphon and probably Chamaecalyx
belong to the currently established family Stichosiphonaceae (Komdrek et al. 2014).
They represent typical, globally distributed epilithic or epiphytic taxa in streams,
rivers, stagnant water bodies or artificial water bodies such as aquaria, channels or
basins (Komdrek and Anagnostidis 1998). There is currently no molecular data for
the family as a whole.
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The family Gomphospaericeae has also been established only on a basis of
morphological features. Members of this lineage typically occur in plankton from
tropical to temperate zones, and rarely cold arctic waters. Only one sequence is
available: Gomphosphaeria aponina SAG 52.96 (freshwater, Austria). The family
Entophysalidaceae represents the most morphologically distinctive group of
chroococcalean cyanobacteria, but the molecular diversity within the family and
species is not known. However, the few deposited sequences of Chlorogloea exhibit
a high level of heterogeneity. The majority of these species inhabit stony substrates
or plants in both aquatic and terrestrial environments, especially in tropical or tem-
perate zones (Komdrek and Anagnostidis 1998).

Chroococcidiopsidales

Coccoid cyanobacteria from the genus Chroococcidiopsis, formerly placed within
the order Chroococcales, now form a separate cluster (Fewer et al. 2002; Azua-
Bustos et al. 2014). Interestingly, the genus Chroococcidiopsis sensu stricto is more
similar in 16S sequence to heterocystous cyanobacteria such as Fischerella, Nostoc,
Scytonema than morphologically similar genera from the order Chroococcales or
Pleurocapsales. Molecular diversity indicates heterogeneity within the genus
Chroococcidiopsis (Rippka et al. 2001¢c; Donner 2013). The reference strain of
Chroococcidiopsis thermalis PCC 7203 (Rippka et al. 2001b) represents a cluster of
freshwater or soil species with cells <5 pm in diameter producing bacocytes <4 pm.
Strain PCC 6712 represents freshwater species forming larger cells than members
of first cluster. Donner (2013) showed that the genus consists of more lineages than
previously found by Rippka et al. (2001c). Chroococcidiopsis occurs worldwide,
often in extreme environments such as hot and cold deserts, aerophytic, epi/endo-
lithic, on soil or symbiotic in lichens (e.g., Boison et al. 2004; Sompong et al. 2005;
Biidel et al. 2009).

Pleurocapsales

Members of the order Pleurocapsales are closely related to the order Chroococcales.
They exhibit irregular cell division, specific formations of pseudofilamentous or
pseudoparenchymatous thalli, and various types of polarized cells (Fig. 5).
Members of the order form a monophyletic group closely related to the
Chroococcales (e.g., Komdrek et al. 2014). On the other hand, molecular analysis
based on genome sequencing placed pleurocapsalean cyanobacteria in the same
clade together with members of the order Chroococcales (Shih et al. 2013).
Rippka et al. (2001d) distinguished three clusters based on phenotypic features
of PCC strains. Pleurocapsa minor strain PCC 7327 seems to be separated from the
pleurocapsalean clade (Shih et al. 2013, Fig. 2). It was isolated from a hot spring
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Fig. 5 Microphotographs of Pleurocapsales. (a—d) Pleurocapsa minor. Scale bar 10 pm

and probably represents a different species than designated. The most frequently
used strain, PCC 7319, was isolated from a snail shell at intertidal zone in the
Northern Mexico. However, the description of P. minor originates from streams
near Prague (Hansgirg 1890, 1892). Records of P. minor from biotopes other than
streams in temperate zones should be confirmed by molecular analysis. The genus
Pleurocapsa includes almost 40 species occurring worldwide (Fig. 5), but only 16S
rRNA sequences of P. minor and Pleurocapsa sp. are available.

The genus Myxosarcina is characterized by packet-like colonies and baeocyte
production. The type species has not been sequenced and thus we are unable to
thoroughly evaluate phylogenetic relationships. However, results from analyses of
two complete genomes place Myxosarcina in the same clade as Staineria,
Pleurocapsa, and Dermatocarpella (Yu et al. 2015).

Members of the genus Stanieria (family Dermocarpellaceae) represent coccoid,
baeocyte forming taxa, which inhabit submerged substrates both in fresh and salt
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waters. Most of the sequences in GenBank belong to S. cyanosphaera and Stanieria
spp. The phylogeny of Yu et al. (2015) based on 16S rRNA sequence data divides
Stanieria into two groups including freshwater (e.g., strain PCC 7437) and salt-
water species (e.g., strains PCC 7301 and 7302).

Dermocarpella contains six periphytic species with only scarce molecular data
available. The most frequent records belong to species originated from stromato-
lites in Shark Bay (Goh et al. 2009), which may belong to D. incrassata (currently
designated as Chamaecalyx incrassatus) inhabiting snail shells at intertidal zone
in Mexico.

Likewise, all available sequences of Xenococcus originate from stromatolites at
Shark Bay (Goh et al. 2009), geothermal springs in Costa Rica, symbiosis with
marine sponges, epiphytic species of seagrasses in East Africa, periphytic in salt-
water aquaria, or species inhabiting rock chips (unpublished, only stored in
GenBank). Sequences of the type, X. schousboei, are lacking. Both molecular and
morphological/ecological features of Xenococcus indicate a genus with polyphyletic
character. Few genera of Pleurocapsales have been sequenced because of their
inability to grow under laboratory conditions or rare occurrence. Thus, the real bio-
diversity within the order must be reexamined using field studies and molecular data.

Oscillatoriales

The Oscillatoriales were introduced in the monograph of Gomont (1892), and con-
tained 15 genera characterized by the type of sheath and trichomes characteristics
(Anagnostidis and Komdrek 1988; Fig. 6). The order has been significantly expanded
since its description and now contains 47 genera (Komadrek et al. 2014). The order
Oscillatoriales contains filamentous taxa with mostly fasciculated, radial, or irregu-
lar thylakoid arrangement (Fig. 6). One coccoid genus (Cyanothece; Fig. 6) has been
transferred to Oscillatoriales based on thylakoid arrangement (Komadrek et al. 2014).
As in the other cyanobacteria, the majority of Oscillatoriales is polyphyletic.

Geitlerinema sensu lato

Geitlerinema (Fig. 6) consists of the filamentous cyanobacteria with terminal cell
prolonged or hooked, parietal thylakoid arrangement, tricheomes <4 pm wide,
prominent granules (usually), and the formation of mats on submersed substrates
(wood, plants, stones, etc.) or in soils (Komdrek and Anagnostidis 2005; HaSler
etal. 2012). Originally this taxon was described as a subgenus of genus Phormidium,
the type species is Geitlerinema splendidum (Anagnostidis and Komdrek 1988).
Hasler et al (2012) suggest Geitlerinema is polyphyletic with a subsequent revision
by Strunecky et al. (2017) erecting a new genus Anagnostidinema, named in honor
of the original author of the genus.
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Fig. 6 Microphotographs of Oscillatoriales. (a) Cyanothece aeruginosa, (b, ¢) Blennothrix sp.,
(d) Geitlerinema carotinosum, (e) Geitlerinema pseudacutissimum, (f) Kamptonema animale, (g)

Phormidium sp., (h) Johanseninema constrictum, (i) Oscillatoria sp., (j) Crinalium sp. Scale bar
10 pm
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Microcoleus and Phormidium

Microcoleus was described by Gomont in 1892, and recent studies suggest that this
taxon is polyphyletic. Type species, M. vaginatus, is one of the most abundant cya-
nobacterial species in soil crusts (e.g., Garcia-Pichel et al. 2001). Microcoleus forms
multiple filaments in one sheath. Trichomes are cylindrical with usually narrowed,
straight ends and may be terminated by calyptra. Microcoleus is morphologically
quite similar to Phormidium and their morphological characters can overlap.
Traditionally they have been separated on the basis of sheath formation (Komdrek
and Anagnostidis 2005), though this is not a stable feature (Dvotdk et al. 2012;
Hasler et al. 2012).

Phormidium sensu lato includes more than 200 species but it is polyphyletic,
likely containing several unrecognized genera (Casamatta et al. 2003). Still, this
genus is related to Microcoleus (Hasler et al. 2012; Strunecky et al. 2013).

Strunecky et al. (2013) revised and transferred Phormidium autumnale to
Microcoleus sensu stricto based on phylogenetic analysis. It should be noted that
two species, M. vaginatus and M. atumnalis, may be recognized only using a stable
molecular feature: an 11 base pair insert within the 16S rRNA, which occurs only in
M. vaginatus (Boyer et al. 2002).

Coleofasciculus originated by a revision of the Microcoleus chtonoplastes. It has
been erected according to molecular, ecological, and secondary structure data.
Coleofasciculus is a filamentous cyanobacterium with multiple trichomes covered
by unlamellated and colorless sheath. Trichomes are non-tapering, terminal cells are
conically rounded, and without calyptra. A typical habitat for Coleofascicculus is a
littoral of brackish or marine habitats, and never occupies freshwater or terrestrial
environments (Siegesmund et al. 2008).

Another genus separated from the genus Phormidium is Wilmottia. It has
been derived from Phormidium murrayi (Strunecky et al. 2011), which was orig-
inally described from the Antarctica in 1911 as Leplolyngbya murrayi (West and
West 1911). It is a simple filamentous cyanobacterium with rounded terminal
cells, conspicuous granulation, cells <5 pm, and parietal thylakoids (Strunecky
et al. 2011).

Larger and more complex species of the genus Phormidium have been recently
revised as well. For example, Strunecky et al. (2014) erected Kamptonema (Fig. 6)
by revising P. animale, a common freshwater littoral and epipelic cyanobacterium
with tapering terminal part of the filament (Hasler et al. 2012). Oxynema, derived
from the Phormidium of the group I sensu Komdrek and Anagnostidis (2005) and
characterized by a pointed terminal cell, was erected by Chatchawan et al. (2012).
The genus Phormidium as a whole still has unexplored species diversity. For
instance, a morphologically indistinguishable, yet genetically distinct, new cyano-
bacterium Ammassolinea (Hasler et al. 2014a) was isolated from the epipelon of
the subtropical lakes in Florida.
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Planktothrix

This genus was described by Anagnostidis and Komdrek (1988) with type species
Planktothrix agardhii. It consists of filamentous cyanobacteria characterized by the
presence of aerotopes, straight filaments with rounded terminal cells, and without
sheath (Komdrek and Anagnostidis 2005). Planktothrix belongs to a major group of
water-bloom forming cyanobacteria, which have a cosmopolitan distribution in the
freshwater, eutrophic habitats (Komdrek and Komadrkova 2004). Some species pro-
duce a variety of toxic, bioactive secondary metabolites, such as P. agardhii and P.
rubescens (Walker et al. 2004). Suda et al. (2002) recognized four species based on
a combination of molecular and morphological data: P. agardhii, P. rubescens, P.
mougeotii, and P. pseudoaghardii. The genus as a whole was revised early, after the
introduction of the molecular methods and it seems to be monophyletic.

Komvophoron

Anagnostidis and Komdrek (1988) separated the genus Komvophoron from
Pseudanabaena due to spherical or barrel-shaped cells and with different organiza-
tion. On the basis of the shape of the vegetative and apical cells, this genus has been
separated into two subgenera: Alyssophoron (type=A. minutum) and Komvophoron
(type=K. schmidlei) (Anagnostidis and Komdrek 1988; Hasler and Poulickovd
2010). Komvophoron mainly inhabits benthic areas, growing on the sand and muddy
sediments in freshwater reservoirs (Komadrek and Anagnostidis 2005). Komvophoron
is likely largely overlooked or ignored and has only scant molecular data because
benthic cyanobacteria in general are poorly explored (Hasler and Poulickova 2010;
Pulickova et al. 2014) and Komvophoron is resistant to conventional cultivation
techniques. However, Hasler and Poulickovd (2010) were able to employ single-fil-
ament PCR techniques, obtaining 16S rRNA and 16S-23S ITS sequences of K. hin-
dakii and K. constrictum. This work showed that Komvophoron is polyphyletic,
leading to the description of a new genus Johanseninema (Fig. 6; Hasler et al 2014b).

Oscillatoria

Oscillatoria is filamentous cyanobacterium with discoid cells (Fig. 6). Trichomes
are slightly waved or straight, never branched. Trichomes are >8 pm, usually with-
out sheath. Oscillatoria, Phormidium, and Lyngbya were distinguished from each
other (Geitler 1932) based on sheath properties, but sheath production is not neces-
sarily phylogenetically informative as this character heavily depends on local con-
ditions (Whitton 1992). Oscillatoria often creates macroscopic layered, smooth
mats. The type species is Oscillatoria princeps (Anagnostidis and Komadrek 1988).
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Although Oscillatoria is a very common cyanobacterium, we lack enough molecu-
lar data for wholesale revisions at this time. However, we may only infer from our
phylogeny (Fig. 2) that Oscillatoria is polyphyletic as previously suggested by
Ishida et al. (2001).

Lyngbya

This genus was described by Gomont (1892), with the type L. confervoides.
Marine strains of Lyngbya are very important diazotrophic (fix atmospheric
nitrogen) organisms and primary producers, but they are also rich in bioactive
secondary metabolites, which are mostly toxic (Hoffmann 1994). Water blooms
of Lyngbya can have adverse effects on coral reefs, especially on coral larvae
recruitment (Kuffner and Paul 2004), because Lyngbya filaments are not con-
sumed by herbivores and very quickly exploit available surfaces (Paul et al.
2005). On the basis of morphological similarities Lyngbya, Phormidium, and
Plectonema were classified as the “LPP group” (Rippka et al. 1979), subse-
quently shown to be polyphyletic (Komdrek et al. 2014). Although the genus
Lyngbya is largely coherent in morphological features, it is polyphyletic based
on 16S rRNA phylogeny (Engene et al. 2010, 2013). Lyngbya may be separated
into three distant clades according to ecology: a mixed halophilic/brackish/
freshwater lineage, a lineage more closely related to the genus Oscillatoria
(freshwater), and a marine lineage (Engene et al. 2010). Moorea (Engene et al.
2012) and Okeania (Engene et al. 2013) were recently erected to include the
marine members, which are potent producers of bioactive secondary metabo-
lites. Moorea contains two species and Okeania five. Finally, Limnoraphis has
been proposed by Komdrek et al. (2013) for some of the freshwater strains,
which are responsible for heavy water-blooms in some tropical reservoirs in
South America.

Symplocastrum

Gomont (1892) was originally described Symplocastrum as a subgenus of the genus
Schizotrix. Recently elevated to genus level (Anagnostidis 2001; Komdrek and
Anagnostidis 2005), the type species, Sy. friesii. Symplocastrum, is a relatively
poorly researched taxon of Oscillatoriaceae (Pietrasiak et al. 2014). Morphologically,
this taxon is similar to both Hydrocoleum and Microcoleus. Only recently sequenced
(Pietrasiak et al. 2014), Symplocastrum is phylogenetically related to the newly
erected genus Kastovskya (Miihlsteinova et al. 2014).
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Spirulinales

Members of the Spirulinales are solitary or colonial (mats), have trichomes without
sheathes, are regularly screw-like coiled, and usually possess an intense motility.
Trichomes are not constricted at the cross walls, without branching, and without
necridic cells. They reproduce by a disintegration of trichomes or by motile hormo-
gonia (Komdrek and Anagnostidis 2005). Spirulina is an important organism in
biotechnology, as animal fodder, and as a human dietary supplement (Khan et al.
2005). However, this generic name is actually merely conserved; Spirulina was
revised and the species S. platensis, the taxon of most human interest, now belongs
tothe genus Arthrospira (Vonshak 1997), which clusters with the order Oscillatoriales
(Komadrek et al. 2014). The genus Halospirulina has been split from Spirulina on
the basis of morphology and high halotolerance (salinity between 3 and 13 %-+;
Niibel et al. 2000).

Nostocales

The Nostocales represent a species rich, diverse lineage of cyanobacteria typified by
the ability (obligatory or not) to produce specialized cells (Fig. 7), mainly hetero-
cytes (dedicated to nitrogen fixation) and akinetes (overwintering cells). This class
was historically broken into two major groups: those taxa which undergo cell divi-
sion in multiple planes (the Stigonematales sensu stricto, e.g., Hapalosiphon,
Mastigocladus, Stigonema) and those taxa that never show reproduction in multiple
planes (the Nostocales sensu stricto, e.g., Nostoc, Anabaena, Calothrix). These dis-
tinctions based solely on morphological features arose from the earliest works of
cyanobacterial researchers (e.g., Bornet and Flahault 1886; Geitler 1932;
Desikachary 1959) and while useful at a gross level, there were some inherent limi-
tations to these classification schemes. First, some of the features, such as the pro-
duction of heterocytes, have been shown to be environmentally inducible (in the
classic case of the Nostocales) and thus might not be present in all examined speci-
mens, potentially leading to taxonomic confusion. Second, cell division in >1 plane
has been shown to be present in several families of the heterocytous clades, making
its use in phylogenetic reconstructions questionable.

The relatively recent advent and propagation of modern molecular markers
(mainly of the 16S rDNA gene sequence, secondary folding structures of the 16S-
23S Internally Transcribed Spacer {ITS} region and comparison of the genes
used in nitrogen fixation {e.g., hetR, nifH}) have allowed more finely nuanced,
robust phylogenetic assessments. Rather than relying upon potentially environ-
mentally plastic (e.g., sheath production) or inducible characters (e.g., special-
ized cells), a wealth of potentially phylogenetically informative characters may
be obtained. While many members of this clade are difficult to fully assess due to
difficulties in culturing or sequencing, modern approaches are yielding new
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Fig.7 Microphotographs of Nostocales. (a, b) Rivularia sp., (¢) Tolypothrix sp., (d) Cuspidothrix
issatschenkoi, (e) Nostoc microscopicum, (f) Stigonema sp., (g, h) Petalonema alatum, (i)
Dolichospermum sp. Scale bar 10 pm
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methods for elucidating phylogenetic relationships (e.g., Mares et al. 2015). Even
though this lineage represents one of the most morphologically character-rich
lineages of cyanobacteria, there are most likely not enough unique morphologies
to truly differentiate this diverse lineage. Thus, characters such as the structures
of the ITS region (e.g., Roholtiella, sensu Bohunickd et al. 2015), physiology
(e.g., Halotia, sensu Genudrio et al. 2015), or polyphasic approaches also utiliz-
ing ecology (e.g., Dapisostemon, sensu Hentschke et al. 2016) are increasingly
being employed.

While the Nostocolaes are widely distributed and found in terrestrial, aquatic,
subaerial, and symbiotic environments, the exploration of the molecular phyloge-
nies has been rather unevenly applied. As Komdrek et al. (2014) point out, 50 new
cyanobacterial genera have been erected since 2000, with an additional 16 pro-
posed just at the 2013 IAC meeting. However, many of these new taxa are from
the other cyanobacterial lineages. Many Nostocalean taxa are difficult to culture
and thus difficult to describe. Also, many lineages possess thick, copious muci-
laginous sheaths, necessitating additional steps before successful sequencing (e.g.,
Mares et al. 2015). Numerous Nostocalean taxa may be endemic or have restricted
ranges (e.g., Rexia sensu Casamatta et al. 2006). Thus, the total diversity of this
lineage has only been cursorily examined, especially in tropical or seldom sam-
pled habitats (Dvofdk et al. 2015b; Hentschke et al. 2016). Lastly, certain lineages,
especially the more commonly encountered lentic taxa (e.g., Anabaena,
Dolicospermum, Cylindrospermopsis), have received much greater attention than
others, and thus have greater phylogenetic resolution. Recent expansion of geo-
graphic ranges, such as seen in Cylindrospermopsis (Padisdk 1997), or the discov-
ery of novel, bio-active secondary metabolites (e.g., Aetokthonos, sensu Wilde
et al. 2014) point to the need for much more comprehensive assessments of the
phylogeny of this lineage.

In a recent paper, Komdrek et al. (2014) proposed a complete revision of the
cyanobacteria as a whole. After examining molecular data sets from all available
lineages, the researchers note that the Nostocales is only monophyletic when all
taxa capable of producing specialized cells are included, and propose the order
Nostocales to encompass these taxa. While all of these taxa have irregular thyla-
koids, familial level designations are posited based on a number of characters.

The Nostocales represents a diverse lineage in terms of morphology, genetics,
and ecological preferences. Many members are associated with aquatic habitats,
where they may be planktic (e.g., Cylindrospermopsis and Dolichospermum), ben-
thic (e.g., Anabaena) or associated with the margins of the aquatic and terrestrial
landscapes (e.g., Mastigocladus). The Nostocales are also commonly encountered
as terrestrial microbes, where they have been described from tropical (e.g.,
Dapistostemon) to arctic habitats (e.g., Nostoc). Further, they have been described
from polar (Vincent 2007), hot, arid (Rehdkovd et al. 2007), and temperate soils
(LukeSovd et al. 2009). They are also commonly involved in symbiotic associations
(e.g., Trichormus and Azolla). Many Nostocales are also known to produce a wide
array of bio-active compounds, which may be potent neuro-, hepato-, and
dermatotoxins (for a review, see Codd et al. 1997).
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Type of Cell Division

The majority of cyanobacteria, filamentous, coccoid, or unicellular, undergo binary
fission as the main form of reproduction. Some Nostocales exhibit false-branching,
where a new filament is not formed as a result of cell division and does not result in
the thallus exhibiting division in multiple planes, leading to the appearance of fila-
ments which appear to pass each other (e.g., Tolypothrix). However, unique among
the Nostocales is a second type of cell division known as true-branching. Generally
defined as cell division in which one or more of the cells change the polarity of growth,
true-branching allows some cyanobacteria the capability of erect or creeping growth
(although this is not a necessary condition for such growth). True branching is dif-
ferentiated into three main forms: T-, V-, and Y- (for a review, see Golubic et al. 1996).
Traditionally considered an important phylogenetic character, and serving to differen-
tiate the Stigonematales, recent works have indicated that this might be a useful fea-
ture for familial assignments (Gugger and Hoffman 2004), but not higher levels.

While some Nostocalean taxa exhibit cell division in multiple planes, many taxa
reproduce by the liberation of solitary cells generated by division perpendicular to
the trichome axis. Other taxa employ hormogonia, which are distinct segments of
the trichome, often arising from the formation of adjacent necridial cells or by the
result of fragmentation. Those taxa capable of also generating gas vesicles often
employ this method to propagate themselves in lentic habitats (e.g., Dolichospermum,
formerly Anabaena sensu lato).

Ultrastructural Features

Recent work has shown this to be a polyphyletic character, but thus far all known
Nostocalean taxa have irregularly arranged thylakoids (for a review of thylakoids
see Komarek 2013).

Another important cell ultrastructural feature is the presence of gas vesicles, a
form of inclusion body which may be filled with atmospheric gases. While they may
be induced in some lineages, the presence or absence of gas vesicles is being employed
in a phylogenetic sense. For example, gas vesicles were recently employed when the
polyphyletic genus Anabaena was split into Anabaena sensu stricto (containing
mainly periphytic species without gas vesicles), Dolichospermum (mainly planktic
species with gas vesicles), and Sphaerospermum (planktic with gas vesicles).

Heterocytes and Akinetes

Perhaps the most distinguishing aspect of the Nostoclaes is their specialized cells,
the most common of which are heterocytes and akinetes. The size, shape, and
placement of heterocytes are frequently employed in identifications (e.g., Anabaena).
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Heterocytes may be apoheterocytic (developing from vegetative cells between
heterocytes) or paraheterocytic (developing from vegetative cells outside of hetero-
cytes). Heterocytes may form at the ends of trichomes (terminal or basal), within a
trichome (intercalary), at a right angle from a trichome (lateral), or within a multi-
seriate trichome (lateral). The formation of heterocytes along the trichome may also
be solitary, in pairs, or as several in a row. Further, the actual shape and size of
heterocytes differs by taxa. Although the formation and frequency of heterocytes
may be environmentally inducible, the size and position in trichomes appears to be
genetically controlled.

Akinetes are thick-walled resting cells, often environmentally inducible, typi-
cally used to survive adverse environments. These may also be used in phylogenetic
reconstructions. For example, Gloeotrichia is separated from other members of the
Rivulariaceae by the obligatory presence of akinetes (it should be noted that
Komdrek et al. 2014 separated this into a new family, the Gloeotrichiaceae).
Akinetes, like heterocytes, have been used in phylogenetic assessments as the size,
shape, and placement of akinetes seem genetically fixed (but the number produced
seems environmentally influenced).

Modern Systematic Scheme

The clade containing the Nostocales/Stigonematales has long been recognized as
taxonomically challenging. While monophyletic on the grossest level (e.g., the
clade containing taxa with the capability of forming specialized cells), relationships
within this clade have proven to be confusing, leading to calls from numerous
researchers to resolve some of the phylogenetic uncertainties (Fig. 8; e.g. KaStovsky
and Johansen 2008; LukeSova et al. 2008; Hauer et al. 2014; Komarek 2015, etc.).
Numerous changes have been proposed and as newly discovered taxa are isolated,
sequenced, and examined, our understanding of the relationships within this lineage
is ever changing. A recent paper from Komdrek et al. (2014) has proposed a taxo-
nomic scheme integrating molecular, cellular, ecological, and morphological data in
a total evidence (polyphasic) approach. This scheme involved the examination of
the largest data set of cyanobacteria published thus far and represents an excellent,
testable hypothesis of evolutionary relationships going forward.

Familial Designations
Aphanizomenonaceae
Characterized by unbranched, isopolar or subsymmetric filaments with akinetes and

typically aerotopes (e.g., Aphanizomenon), this is a widely distributed, commonly
encountered lineage, especially in eutrophic systems. A rather confusing clade in



32 P. Dvordk et al.

armo Aulosira laxa NIES-50 KJ920352
8580 L Tolypothrix fenuis PCC 7101 AB325535
Nostoc cameum IAM M-5 AB325908
Camptylonemopsis sp. HA4241-MV5 clone B2-3+pd JN3B5292
~iest Microchaete diplosiphon CCALA 811 HET97729 A
Tolypothrix sp. PCC 7504 isolate DBSU 10 FJ661005
Tolypothrix sp. PCC T601=UTEX B 481 JX827161
Tolypothrix sp, TOL328 AM230706
Calochaete cimrmarit
Roholtieila fluviatilis UAM
Tolypothrix sp. PCC 7415 AM230668 B
Microchaete tenera ACOI
Fortiea sp. HA4221-MV2 clone B4+p3D HQB47570
Aulosira sp. 15SB-2 EU532188
95 Microchaete tenera ACOI 630 HET97733
FATE; Nasmc commune EV1-KK1 AY577536
=19 ira lowei HWF3-JJ1 AY452534
L nostoe sp. sxss EU022707 C
Nostoc microscopicum SAG 4087 GO287653
Calofhrrx sp. PCC 7507 NR_102891
le PCC 7417 AF132789
a2 Anabaena ﬂ'osaquae 37 AJ283102
”*’_r— of. gracile 271 AJ293125
Anabaena flos-aquae 1tu31s11 AJB30419 D
Raphm‘mpsrs sp. D2 clone ITS-5 EUS52070
] ITEP-024 HQT 30086
Cusmdmnnx Jssarschenkor PMCE1O 03 GQa59624
i PYH14 AM230704 E
Tolypothrix spp.
Rexia erecta CAT 1M AY452533
Hassallia antarctica CCALA 956 FR822753 F
Hassallia byssoidea CCALA 823 AMS05327
Tolypomnx sp. PreslicB HGI70654
* Godleya alpina LCR G
Toxopsis calypsus PLF
Ce i clone 144-2C+158-2 AF334703
Spirirestis rafaelensis WJT-T1-NPBGSE clone p1A JQOS3655
Stigonema sp.locellatum | H
Petalonema sp ANT.LG2.8 AY493624
fum str."doli 1" AJB30455
M | Calothrix spp.Rivularia sp. | |
i forta HA4292-MV4 clone B2+p4 HOB47561
*{ Fischerella muscicola/ambigua
i 5p. Ind18 HM573464

94,

i AYD34T93 J
Haparos.lphon sp SJF!DC‘I KF761556
F 19 50 (Mastioack ;
loeapsis fritschii PCC 6718 AF132777 1 K

Macrochaele grisea CCAP 14451 VNB.BC 33/8 HET97730
Rivulania sp. 1PA23 FJ6602980
psis maxima LCR-FBC HQO012541
Brasilonema spp.
Mastigocladopsis repens MORA AJ544079

Symphyonema sp. 1517 AJ544084 L
1 =1 alatum CBFS A 035
. Scytonema iPCC 7110 AF132781
<] Chakia ciliosa
Ch idiopsi: is NR_112108
003

Fig. 8 Phylogenetic reconstruction of the main Nostocalean lineages based on 16S rRNA gene
sequence data. The tree was inferred in MrBayes 3.2.1 (Ronquist and Huelsenbeck 2003) using the
F81+G+I model. Two separate runs, each with 4 chains (1 cold and 3 heated) were run for
4,115,000 generations and sampled every 1000th generation. The bootstrap analysis was performed
in RaxML 8.0.2 (Stamatakis 2006) with 1000 bootstrap replicates and GTR + GAMMA model.
Posterior probabilities and bootstrap supports are at the nodes and asterisk represents 100 % poste-
rior probability and bootstrap supports. A—Tolypotrichaceae, B—Forticaceae, C—Nostocaceae,
D— Aphanizomenonaceae, E—Gloeotrichiaceae, F—Tolypotrichaceae, G—Godleyaceae, H—
Stigonemataceae, [—Rivulariaceae, J—Hapalosiphonaceae, K—Chlorogloeopsidaceae, L—
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terms of morphological assessments, this includes the common planktic genera
Aphanizomenon, Cylindrospermopsis, Dolichospermum, and Raphidiopsis. Many of
these genera have long been considered polyphyletic, but recent investigations of
morphology, coupled with 16S gene sequence data have allowed researchers to create
monophyletic lineages for several genera. For example, Wacklin et al. (2009) were
able to find a stable morphological character, the presence of aerotopes, which sepa-
rated the planktic forms of “Anabaena” into the monophyletic genus Dolichospermum.
However, it should be noted that other relationships within the Aphanizomenonaceae
itself remain less clear, but monophyletic groupings are being elucidated and
described, especially for clades of human interest (e.g., Werner et al. 2012).

Dapisostemonaceae

This family was recently described from examination of aerophytic taxa from Brazil.
Not included in the Komadrek et al. (2014) paper, Hentschke et al. (2016) separated
this family from the Tolypothricaceae based on 16S rDNA sequence data. Characterized
by heteropolar filaments, intercalary, bipolar heterocytes, lack of akinetes and single
false branching (e.g., Dapisostemon). This mono-generic family probably represents
a larger lineage of taxa that have not yet been identified or sequenced. The original
materials were collected from seldom sampled tropical, aerophytic habitats and thus
sister taxa may still need to be described, leading to uncertain familial assignments.
For example, Hentschke et al. (2016) note that a new, closely related genus
Streptostemon, putatively placed in the Scytonemataceae or Tolypothrichaceae, may
actually be elevated to the first member of a heretofore undescribed family.

Scytonemataceae

A species-rich lineage characterized by isopolar filaments and false branching (e.g.,
Brasilonema, Fiore et al. 2007). There exists a wide range of morphological and
ecological variability within this lineage, and numerous genera have been poorly or
not at all characterized molecularly (e.g., Chakia and Petalonema). Some generic
designations appear to be well supported (e.g., Brasilonema), while others are
poorly resolved. Note: Komdrek et al. (2014) caution that the relationship of this
family to the Symphyonemataceae needs to be further elucidated.

Symphyonemataceae

A small family contains at least two genera (Mastigocladopsis and Symphyonema),
characterized by both isopolar filaments and Y-type true branching (but see note
above). Lamprinou et al. (2011) erected two new genera of cave dwelling cyanobac-
teria (Iphinoe and Loriellopsis) that may or may not belong to this family; current
phylogenies lack resolution to clearly place them.
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Rivulariaceae

A well-characterized, widely distributed, commonly encountered lineage whose
taxa possess tapering, heteropolar filaments with facultative false branching, and
the presence of a long, thin hair-like projection (e.g., Calothrix). The current
disposition of some of the most known genera (e.g., Calothrix) from this lineage
is in a state of flux. The original type of Calothrix was isolated from marine habi-
tats, but has not been sequenced. Berrendero et al. (2016) have set about to
resolve these issues by erecting new genera and attempting to create smaller,
monophyletic units within this lineage, but do not propose any wholesale
alterations to the family.

Chlorogloeopsidaceae

A poorly understood lineage, characterized by isopolar filaments or cell aggre-
gates, the capacity for true-branching remains unclear (e.g., Chlorogloeopsis).
Rarely described from nature, very little is known of the ecology of this poten-
tially monotypic family (Chlorogloeopsis fritschii is the only taxon thus
described). The majority of the work on this family has come from isolated
strains in culture (and mainly of strains from PCC), so phenotypic plasticity
remains a question.

Hapalosiphonaceae

A morphologically character-rich, yet difficult to properly identify lineage, charac-
terized by isopolar filaments with T-type true branching, filaments and branches
which may be uni- or multiseriate. A difficult clade to sequence due to recalcitrant
mucilaginous sheaths, certain genera appear polyphyletic (e.g., Fischerella, a sepa-
rate family in some phylogenies) while others appear monophyletic (e.g.,
Westiellopsis). However, assessments of this lineage are hampered by misidentifica-
tions of deposited cultures and sequences in GenBank. Komadrek et al. (2014) sug-
gest that this family is in need of revision with more sister taxa and strains in culture
collections sequenced.

Stigonemataceae

A rarely reported (except for Stigonema), morphologically complex clade possess-
ing filaments and branches that may be uni- or multiseriate with T-type true branch-
ing (e.g., Stigonema). Difficult to work with since strains do not survive well in
culture, this lineage is challenging to investigate. Strains exhibit a wide array of
morphological variation, further adding to taxonomic confusion.
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Godleyaceae

A recently erected family containing two genera (Toxopsis and Godleya),
characterized by both iso- and heteropolar tapering filaments and false branch-
ing (e.g., Toxopsis). This lineage may be sister to the Tolypothrichaceae
(Lamprinou et al. 2012). Thus far, all known isolates have been from subaerial
or terrestrial habitats.

Tolypothrichaceae

Recently revised in order to create monophyletic lineages from former
Microchaetacean taxa (Hauer et al. 2014), this family is now monophyletic and
characterized by non-tapering trichomes with heteropolar filaments and frequent
false branching (e.g., Tolypothrix). Members of the Tolypothrichaceae are typically
found in terrestrial or freshwater habitats (never marine) and are commonly encoun-
tered (Hauer et al. 2014).

Capsosiraceae

A poorly understood lineage, characterized by polar growth of colonies, which may
be filamentous or aggregates, and possessing the ability for true-branching. Caution
is warranted with this lineage, as the only sequenced member thus far, Capsosira
lowei, may actually represent a taxon from a phylogenetically related lineage
(Casamatta et al. 2006). Further collection and sequencing is warranted.

Gloeotrichiaceae

Previously assigned to the Rivulariaceae, this morphologically distinct lineage pos-
sesses tapering trichomes with heteropolar filaments, and spherical colonies that
form akinetes (e.g., Gloeotrichia). This is a phylogenetically unsettled lineage, and
future revisions might employ akinete characteristics (certain taxa exhibit akinetes
in pairs, others as solitary cells) and the presence or absence of gas vesicles. Thus
far only a single taxon has been sequenced (G. echinulata), so additional data will
help resolve final phylogenetic placements.

Nostocaceae
Perhaps the most well known of the noctocalean lineages, typified by iso- or hetero-

polar filaments with facultative false-branching and akinete production (e.g.,
Anabaena). Species rich and ecologically permissive, these taxa can be found
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worldwide. Well studied, it is also clear that many genera are both morphologically
character-poor and polyphyletic. While some members are difficult to identify, total
evidence approaches employing characters such as ecology, ITS structures or slight
morphological differences are increasingly being employed to separate monophy-
letic clusters (e.g., Mojavia isolated from desert soils or Halotia from Antarctica
soils). This is also an interesting clade as many members have definable, diagnos-
able development sequences (e.g., Nostoc).

The Dark Matter of Cyanobacterial Diversity

Cyanobacteria represent 23.4 % of known prokaryotes and are among the most mor-
phologically distinct prokaryotes. Nabout et al. (2013) note 2698 described species,
with ca. 15 new species per year. Many cyanobacterial species remain to be
described, with some models predicting at least 6280 species (Nabout et al. 2013).
Some cyanobacterial groups are more studied than others (number of papers in ISI
Web of Knowledge database; Thomson Reuters, New York; accessed 19.1.2016;
search based on order name in title: Synechococcales 3 papers, Chroococcales 99,
Pleurocapsales 7, Oscillatoriales 99, Nostocales 126 and Stigonematales 36 papers
published), so additional work is needed. In addition, there exist gaps in our knowl-
edge of cyanobacterial diversity from certain geographic regions (e.g., tropics) and
specific habitats (e.g., benthic or aerophytic habitats).

There is a long-standing joke that the distribution of microalgae depends on the
distribution of phycologists. For example, the vast majority of cyanobacteria have
been described from Europe, the center of floristic research over the last three cen-
turies. For example, Hauer et al. (2015) have gathered floristic records of terrestrial
cyanobacteria dwelling on rocks and found 401 taxa recorded from Europe, 155
from North America, 175 from South America, 72 from Africa, 280 taxa from Asia,
86 from Australia and Oceania, and 27 taxa from Antarctica and Arctic regions.
These habitats host approximately 30 % of the entire described cyanobacterial
diversity (Nabout et al. 2013). Likewise, all studies of hypogeal cyanobacteria are
from the Mediterranean area (Hauer et al. 2015). Reliable comparisons of diversity
among geographical regions are not available, due to the lack of studies from differ-
ent areas of the world. One of the questions that can now be addressed is the geo-
graphic distribution of the cyanobacteria and existence of endemic taxa (Taton et al.
2003; Finlay 2002; Dvofdk et al. 2012). For example, a recent molecular study
(Taton et al. 2003) provided evidence that cyanobacterial diversity and endemism in
Antarctica is greater than assumptions of diversity/endemism based on microscopic
analysis. Nadeau et al. (2001) suggest a bipolar distribution for several oscillatorians
taxa, in congruence with results of some other authors (Jungblut et al. 2010; Comte
et al. 2007). Globally dispersed microorganisms have been reported from geother-
mal environments (Papke et al. 2003; Ward et al. 2008). On the other hand, some
genera (e.g., Rexia) have been postulated as being endemic to very specific, limited
geographic distributions (Casamatta et al. 2005).
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Tropical regions represent large geographic areas with a variety of habitats.
Coupled with high humidity and low seasonality, this may enable many species to
coexistence (Mittelbach et al. 2007). The estimated proportion of possibly undescribed
microalgae was about 60 % (Neustupa and Skaloud 2008). Indeed, the exploration of
little-known habitats in tropical regions has led to discoveries of new taxa (Sant’Anna
etal. 2011; Dadheech et al. 2014; Hasler et al. 2014a; Dvotdk et al. 2015b). Neustupa
and Skaloud (2010) concluded that tropical, corticolous habitats harbor higher diver-
sity than corresponding temperate habitats. Their results indicate that the microhabitat
conditions, in the case of terrestrial phototrophs, typically humidity and light, may
play a crucial role in determining algal and cyanobacterial diversity.

Although freshwater habitats in general have received more attention than ter-
restrial ones, the studies focused on microalgal assemblages are not equally distrib-
uted. The ratio of papers on planktic, epiphytic, and epipelic microalgal assemblages
was 62:32:4 as of January 2013 (Puli¢kovd et al. 2014). Since 2007, when the epip-
elon was proposed as a major unexplored freshwater cyanobacterial habitat
(Poulickovd et al. 2008), several new cyanobacterial taxa were distinguished using
a polyphasic approach (Hasler et al. 2012, 2014a, b).

Additional Information

For further information and copious illustrations, the authors suggest the works of
Komdrek and Anagnostidis (1998, 2005) for Synechococcales, Chrooccales,
Oscillatoriales, Spirulinales and Chroococcidiopsidales, Komdrek (2013) and
Komdrek and Johansen 2015 for Nostocales. The most comprehensive web sources
are CyanoDB (http://www.cyanodb.cz/) and AlgaeBase (http://www.algaebase.org/).

Conclusions and Future Prospects

The diversity of cyanobacteria is immense. While we have already discovered thou-
sands of species, it seems to be but a glimpse of the real biodiversity, illustrated by the
growing number of the new taxa erected every year, especially from tropical habitats.
Further, only a minority of described species has been sequenced. However, phyloge-
netic reconstructions based on obtained sequences mostly exhibited entangled relation-
ships with polyphyletic genera. This problem is amplified by the fact that there is debate
about species concepts and the inability to cultivate a majority of cyanobacteria.

Nevertheless, we remain optimistic, because recent advances in genomics, meta-
genomics, single cell genomics, and related fields promise development of tools
which may allow us to tackle the problems outlined above. We expect that the num-
ber of newly described taxa will only increase in the future. With a growing body of
whole genome data, we will be able to recognize more nuanced differences among
lineages, thus precisely resolving species relationships.


http://www.cyanodb.cz/
http://www.algaebase.org/
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Diversity of Anaerobic Anoxygenic
Phototrophic Purple Bacteria

Johannes F. Imhoff

Abstract The anaerobic phototrophic purple bacteria are a phylogenetically highly
diverse group of bacteria with the common physiological property of performing
anoxygenic photosynthesis under anaerobic conditions. They are representatives of
the Alpha-, Beta-, and Gammaproteobacteria. More than 160 known species are
classified into 57 genera, 12 families, and 7 orders of the Proteobacteria. A short
historical review on the systematic treatment of the phototrophic purple bacteria and
the actual state is presented. The phylogenetic relationship of the cultured photo-
trophic purple bacteria based upon 16S rRNA gene sequences of the type strains is
shown in a comprehensive phylogenetic tree. Correlation and differences between
taxonomic treatment and phylogenetic relatedness are discussed. As the 16S rRNA
gene is only of limited value for biodiversity studies of functional groups of bacte-
ria, the application of functional genes for these purposes gains importance and
genes coding for bacteriochlorophyll synthesis (bchY), and reaction center proteins
(pufL and pufM) have been applied for biodiversity studies of phototrophic purple
bacteria. The correlation of phylogenetic relationships based on pufLM gene
sequences with that of 16S rRNA gene sequences, the appropriate information con-
tent in the pufLM sequences (>1400 nt), and a database of pufLM sequences from
many of the cultured purple bacteria make these genes a preferred target to study
environmental communities of phototrophic purple bacteria.

Studies on the diversity of phototrophic purple bacteria in three representative
habitats are discussed: an exceptionally well-developed microbial mat in a salt
marsh from which a number of new phototrophic purple bacteria have been isolated
(Sippewissett Salt Marsh, MA), the chemocline of a meromictic freshwater lake
from which new species have been isolated and in which genetic diversity studies
have been performed (Lake Cadagno, Switzerland), and a coastal lagoon (Baltic Sea
lagoon at Stein, Germany) in which the diversity of phototrophic purple bacteria
and the impact of changes in temperature and salinity on the community composi-
tion was studied using almost complete sequences of the pufLM genes.
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Introduction

Among the bacterial phyla with phototrophic bacteria, the Proteobacteria harbor the
phototrophic purple bacteria with representatives of phototrophic purple sulfur bac-
teria in the Gammaproteobacteria and members of the purple nonsulfur bacteria in
the Alpha- and Betaproteobacteria (Imhoff 2001d; Imhoff et al. 2005; Imhoff 2006a,
b, ¢, d). The so-called aerobic phototrophic purple bacteria are close relatives of the
anaerobic anoxygenic phototrophic purple bacteria. They have a primarily chemo-
heterotrophic metabolism and are aerobic respiring bacteria forming bacteriochloro-
phyll and a photosynthetic apparatus in the presence of oxygen.

Anaerobic anoxygenic phototrophic bacteria are major players in ecological
niches, which primarily are strictly anoxic but extend to microoxic and even oxic
conditions in the light (Pfennig 1977, 1989; Imhoff 1995; Imhoff et al. 2005; Madigan
1988; van Gemerden and Mas 1995). Their primary ecological niche is in stratified
environments with countercurrent gradients of sulfide and oxygen, in freshwater,
marine, and hypersaline habitats; in salt and soda lakes; in hot springs, cold waters,
and sea ice; in coastal sediments; and in the chemocline of many lakes, fjords, and
stratified water bodies. The habitats of purple sulfur bacteria generally are the lower
part of the chemocline in sediments and waters, in which sulfide is present and light
is available. More oxygen-sensitive representatives develop in the lower part where
oxygen is absent, while more oxygen-tolerant species may occur in the upper part
and even may make use out of the oxygen for respiratory purposes.

In this chapter, we will focus on the anaerobic phototrophic purple sulfur and pur-
ple nonsulfur bacteria and the advances in studies of their biodiversity over the past
decades. We will use the term purple nonsulfur bacteria for all anaerobic anoxygenic
purple Alpha- and Betaproteobacteria and the term purple sulfur bacteria for the
Gammaproteobacteria.

A Short Historical Review on Systematic Studies
of Phototrophic Purple Bacteria

Since the pioneering work of Winogradsky (1888) and the systematic treatments of
phototrophic purple bacteria by Molisch (1907), who for the first time distinguished
between the purple sulfur (Thiorhodaceae) and purple nonsulfur bacteria
(Athiorhodaceae), more than a century ago, several important key steps in advanc-
ing our knowledge on the diversity of phototrophic purple bacteria have to be
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mentioned. After the important contributions to the physiology of phototrophic bac-
teria by van Niel (van Niel 1931, 1944), the formulation of a suitable culture
medium for phototrophic sulfur bacteria by Norbert Pfennig (Pfennig 1965; Pfennig
and Lippert 1966; Pfennig and Triiper 1992; Imhoff 2006c) significantly stimulated
the work on the physiology, ecology, and biodiversity of these bacteria (Pfennig
1967, 1977, 1989). The studies of Pfennig over the following decades resulted in the
description of a number of new purple sulfur and purple nonsulfur bacteria (see
Tables 1, 2, and 3) and also green sulfur bacteria. Together with Hans-Georg Triiper,
a consequent systematic treatment of these bacteria based on phenotypic properties
was implemented. Reevaluation of historical data on the taxonomy of phototrophic
bacteria, formal description of species and definition of type and neotype strains of
the phototrophic bacteria formed the fundament for all future taxonomic work on
these bacteria (Pfennig and Triiper 1969, 1971, 1974). A key for the recognition of
genera and species was established which basically used easily recognized pheno-
typical properties that could in part also be determined by microscopic examination
of environmental samples or enrichment cultures. Oxidation of sulfide and deposi-
tion of elemental sulfur globules (inside or outside the cells) were major criteria to
distinguish not only purple nonsulfur from purple sulfur bacteria but also the genus
Ectothiorhodospira from other purple sulfur bacteria. Motility by flagella, forma-
tion of gas vesicles, shape and size of the cells, and structure of internal photosyn-
thetic membrane systems were other criteria used for differentiation of the species
and genera. A culture collection of type strains and reference cultures of anoxygenic
phototrophic bacteria established by Pfennig and Triiper still is a reference for stud-
ies today (most of these strains are maintained in the author’s lab and also available
through DSMZ, Braunschweig, Germany). It is interesting to see that at that time
only the genera Rhodopseudomonas, Rhodospirillum, and Rhodomicrobium were
recognized in the Rhodospirillaceae family (purple nonsulfur bacteria) and ten gen-
era (Ectothiorhodospira, Thiospirillum, Chromatium, Thiocystis, Thiosarcina,
Thiocapsa, Lamprocystis, Thiodictyon, Thiopedia, and Amoebobacter) in the
Chromatiaceae family (Pfennig and Triiper 1971, 1974). Altogether less than 40
species of phototrophic purple bacteria were known at that time (Pfennig and Triiper
1971). Today, more than 160 species of anoxygenic phototrophic purple bacteria are
recognized in 28 genera (95 species) of purple nonsulfur bacteria and 29 genera (74
species) of purple sulfur bacteria. They are members of seven orders and more than
11 families of the Proteobacteria (Tables 1, 2, and 3).

The introduction of ribosomal RNA sequences (at the beginning oligonucleotide
catalogues, later complete sequences) by Carl Woese into microbial phylogeny
opened up completely new possibilities in diversity studies and systematics also of
the phototrophic bacteria. Woese actually considered the Proteobacteria as “photo-
trophic purple bacteria and their relatives,” presuming a crucial role of phototrophic
purple bacteria in the evolution of Proteobacteria and the origin of Proteobacteria
from phototrophic ancestors (Woese et al. 1984a, b, 1985; Woese 1987). The purple
sulfur bacteria were Gammaproteobacteria and the purple nonsulfur bacteria repre-
sentatives of Alpha- and Betaproteobacteria (Woese 1987).

The implementation of 16S rRNA gene sequences and phylogenetic considerations
into the systematic treatment of phototrophic bacteria led to major changes in the



Juepd JuswIeAI) I0JEMAISBAN

(€002) e 10 Sueyz

sisuaduryad vis120poyy

J.F. Imhoff

SurwoApy ‘sSuridg 10y sijodowntoy ], | (6861) ‘T8 12 JoSuiAe,] wnuaIuad winjjLidsopoyyy (2661) & 12 D{esemey] DLIDUIIUII DISIIOPOYY $9Y
ysIeA I[es nassimaddrg (L661) 'Te 10 Suudyg wadan.y v.andsopoyyy DSY
eIpuy
‘weunjedeSeN ‘1orem-ysyorrg (Q1107) T 12 ruysye| snpydipifjns 011q140avyJ ayq
RIPUJ “TIOAISSAI 1JRMYSAL] (q8007) I® 10 Tewiny] suadixaanfjns wnjidsopoiyyy (#102) I8 12 wysye| Suad1xaanfjns wnjdsopoyning
®'Ipu] ‘[10s 1adsoziyr Apped (£107) e 10 Twysye| av2840 wnpLadsopoyy (#107) 'Te 12 Twysye| 2410 wnjpadsopoyvang K
spuod 1o1emysaly Jueusels (LO6T) YOSIOIN wimndrauoroyd wnjjdsopoyyy (#102) 'T& 12 twysye| winoLgauooyd wnjjdsopoyvang
SJRLU [RIQOIOIW QULIBUI [BISEO)) (Z007) "I® 12 pneauoAnoy vydopfinsoryr vaidsoasoy
uredg
‘010 9p seureg ‘sSurids ourjes (2002) 'T& 12 pneauoAnn SISUDLIDADU DAIASOISOY
QUL
‘$9110)) JO UOOTE[ JajeM-UsIyorIg (Z007) T 10 pneauoAnn) UL DAIASOISOY
®IPU] ‘UI)[BS QULIEIA (L00T) 'Te 12 AypreAeryey) S15U208 DA1dS0ISOY
RIPU] ‘UId)[BS QULIBJA (L00T) 'Te 12 Aypreaenyey) s1suaruppdpyyvsia pa1dsoasoy
($861) OYUL[I0D
uelreqiozy ‘Surids anjns joy dures pue eaasjuedwosy pso1paut wnjjLdsopoyy (8661) ‘T8 12 JJoyuuy puipsopaut n.11dsoasoy S0y
eIpup
‘Kremoues pIiq ‘yeIqey 10jemysaL] (Z107) 'Te 10 ey 1ypj1 wingLdsoavy g
®'Ipu] ‘[10s araydsoziys Apped (d1107) ‘T8 12 ruysye| 202810 wnppLidsoavy g
spuod 1o1emysalj Jueuselg (L¥61) 19312gsaIn) wnupydsijow wnjLdsopoyyy (e8661) ‘Te 12 Joyw| wnupysijow wnjjLdsoavyq
RIPU] TIOAIISII IOIRMYSAI] (86007) ‘Te 10 Tewuny| nUDYOWDIPUDYD Wnj)LIIdS0IVY J
spuod 101eMysal) Jueuse)s (#+61) [PIN UeA wmapnf wnpjradsopoyy (28661) ‘T8 12 JJoyuy wnapnf wnjjradsoavyg SYd
SIRIIQRY JajeMmUsal) JueuSelS (LOG61) YosION win.qna wnppadsopoyyy “dsy
ap2ovjLdsopoyy
sapojradsopoyy
1eNqeH ERLLEISIEN | SOWRU SNOTADI] 0UAIRJY Suwreu sa109dg +1qqe 19p10
snuon Aqrweg

50

eLI0)oRq Inj[nsuou [ding :vua1onqoajoldvyd)y T dqe],



51

ty of Anaerobic Anoxygenic Phototrophic Purple Bacteria

iversi

D

(panunuoo)
(9002)
eissny ‘Soq jead wnuSeyds oiproy ‘T2 19 eAeySAQUIINY pjoosnyds snisvjqopoyy
sjood So0q jead ‘s1oyemysaly oIproy (86961) Suuayg pjydop1op spuowopnasdopoiyy (q10027) Boywy snpydopron snysvjqopoyyy 19
®'IpU] ‘[0S Apped (€107) 'Te 1R IeWNY | SUn.2]010ULIDY) SDUOIOPNISAOPOYY
puod 1emysary orydonng (0002) 'Te 32 ApreSnoy S1SU2IDQOUIY.L SDUOWOPNISAOPOYY
SJRIIqRY JJRMUSAL] (2107) 1810 euewey | stysnpdopnasd sp pnasdopoyyy
suaSixapuayronad
®'IpU] ‘[10S Apped (£107) 'Te 10 Tewny| spuowopnasdopoyy
eipuy ‘d[dwes [iog (T10T) T2 10 BuBWIRY srusnjdp.vd spuouopnasdopoyy
Surads Ijns o1proy (2661) Te 12 TYSTeITH susnod “sdyy (6861) eAdsjuedwosy vynl spuowopnasdopoiyyy
e1puy ‘ued [10s Jo JuSWIPS (2107) '8 12 euewey 1POOMADY SDUOUOPNISAOpOYY
$909] UIIYD (Z00?) 'Ie 12 Sueyz $11p22f spuowopnasdopoify]
[108 P[aY 201y (€861) 'e 12 BARYY pn suowopnasdopoyy
SIe)IqRY [BLISLID) PUB IOJEMYSIL] (LO6T) YOSIOIN stysnppd snjj1opqopoyy (#+61) [PIN UeA stysnppd spuowopnasdopoyyy sdy
202001qO214KpDIG
saporqozryy
ueder ‘q10s Appeq (26007) T8 10 BINWEYO SUINUNSID WNISDAOPOYY DAy
Jew
[erqoxoru s3uridg 10y sijodowrayf,
‘Burids anj[ns 11Ok QUOISMO[[OX ($L61) Suuayg | s1uLofiqo)d spuowopnasdopoiyyy (+861) 'T& 12 Jjoyuuy stuLiof1qop3 vjrdopoyyy 1dy
2020012194012y




J.F. Imhoff

RISQUA[OJ YOUDI] ‘([0
eoxuey ‘puod 1ojem-ysopoelg | (L007) TE 10 apewne)) ndwuafd wnigopoyyy (8007) ‘& 12 ureipin ndwwuafd vyjafifyy
(S661) 'Te 12 ysteny wnuLw umqopoyy
SIE)IQRY [BISEOD SULIR]A (£861) Jjoquip puLiw spuowopnasdopoyyy (8007) T 12 urerpin vurwu vjjfify iy
eIpU] ‘UId)[RS (PLOOT) ‘T® 12 SBAIULIS SUIUIDYOS WNIGOPOYY
sjood 1ajemedg (S661) 'Te 10 ysteny SQUILIo wn1qopoyy qy
2D2IVIGOPOYY
RIPUJ “ToJeM JOATY (€107) B 12 vuRWRY 2su2.mdippn wn1qoLUopoLy
syenqey (6v61)
QULIBW PUB YSIYIRIQ I9IRMUSII] se[3no( pue moyon HJPIUUDA WNIGOIITUOPOYY Y
®eIpu] ‘Srewino Je Sutids nyns pjod (1107) ‘Te 10 euewey SISU2SIDWNS S110]Y20ISV] G
(sLe1)
wﬁfam Injns JIpy OYU3[I0H pur GOQQOM E\wkwxﬂe.\wxh hB:QSQﬁENMQQﬁQQ% Ab®m~v TUSTRITH .m.wﬁ.:.fﬁébxu. SUoYo01sV]g
(9961)
SAIPOQ I12eMUSAI] JUBUSEIS | IYIAIQSAID) puB SMII] sipri1a spuowopnasdopoyy (L661) Wystenry SIpLIIA SLIOJYI0ISD]G Bl
(0661) e 32
Suridg 10y srjodounray [, NOIYIWR(-PlemMIpRIS | s1ov]01d{id spuowopnasdopoiy] (L007) T8 12 eInWEO s119v]01dL4d sauvjdopoyyy
puod 1emysar] (96007) & 12 eInWENO snua.1as sauvjdopoyy
RIPUT “[I0S POy 901y (600T) e 19 uysye | nosupyyod sauvjdopoyy
puod 1oemysar] (Z102) 'Te 12 AyueAenyey) avursid sauvjdopoyyy
[1os Apped (9QF107) '[& 12 SeAIULIS av28.10 saundopoiyy
@r661)
TBMIISBA\ BPI() pue IYSTRITY sun8aja saunjdopoyy
(1661) @re61)
puod 10)emysaL] JOOJIRH PUB UISSUB[ Dasol spuouopnasdopoiyy BPI() PUR IYSIRIH snaso. sauvjdopoiyyy 1dy
ap22v1qOLO oY dSF]
JeNqeq Q0URIRJY SOWRU SNOIAI Q0URIRJY Jureu sa10adg +qqe 19pI0
snuony | Alwe]

52

(ponunuod) | J[qel,



53

ty of Anaerobic Anoxygenic Phototrophic Purple Bacteria

iversi

D

(panunuod)

erpuy ‘puod paiojo)

(ZT107) 'Te 10 SeAluLg

ASUIDTDUADYQG WNINAOPOYY

RIPU “IOJEM-USDIORI] QULIBN)SH

(9107) "I® 12 9a1sRAAI]

1LIDNISID WNNAOPOIY

BLIPY ‘0IOZO[ O[RJAl ‘SIOIEM QULIR]A

(¥861) T2 10 Sur[zinaN

PIUDLIPY SPUOWOPNISAOPOYY

(r661)
BPI[) pue Iysreny

WNIUDLIPD WNNAOPOYY

(¥861) "T& 12 jjoyug

snjydopifns 12190qopoiyy

SJUAWIPas (€L61) (®r661)
pue sI9jeMm [e)seod ouLiey | dweyplop pue udsuey | vpydopijns spuowopnasdopoyyy BPI() PUE IYSIRIH wnpydopifins wninaopoyyy apy
BLIRQIS
20)SUIUOIO(] 7] BPOS dUI[RS (S107) T8 19 vAdSIURAIG 2ULIOf14D]D WNINIDGOPOYY quy
BISSNY UIS[Y BT BPOS dUI[eS (8007) & 12 eAdIRp[OY SISUIUIZNEIDG DIDGOPOYY
eAuay| ‘e0Sog oye] BPOS QUI[ES (0007) "¢ 32 PIOJIA s15U211080q DIVGOPOYY DY
BIPUJ ‘191BMYSAI] JuRUSRIS (€107) 'Te 1 ey SIPLIIA 4210DGOPOYY
RIPUJ ‘SI9JRM [BP1) QULIBTA] (9L007) ‘Te 19 SBAIULIS DUy DUIA 4219DGOPOYY
sjelqey JoeMUSAL] ($861) JJOYw] pue udsue ndwpyploa 42190qopoyy
SAIPOQ I9)eMYSaI] Jurude)§ (#161) [PIN UBA | saproavyds spuowopnasdopoiyy (#861) T8 19 JJoyuy sapro4avyds 1219DqopoIyy
erpuf ‘puod
101eMYysaly paynjjod  puod yuld,, (8007) ' 12 SeAIULIS SNIPAO 1212DGOPOYY
eAe[ewIy ueipuy jo [10§ (8007) [P 12 LIseunIy snjydopsaut 12190qopoyy
RIPUT JUSWIIPAS JIOYSLIS (8007) T© 10 vuRWIRY SLIDUW 1219DqOPOYY
e1pu] ‘aroydsoziyr (wnysios) remop (0107) 'Te 12 elun 1ol 42190qopoyy
(0861)
puod 13emysary orgdonng Mo pue A9[s1oog DousV]q spuowopnasdopoyyy (€661) 8 10 Dyesemey] SNI1SD]G 1219DGOPOYY
jueld oemas 19)eMa)SeAy (9661) T8 12 IysteIy SUDULIOJ0]OZD 4219DQOPOYY
BIPUJ “)$910] 2AOISURWL
JRW [RIQOIDTW I9)eM-USTYORIg (6007) T 12 vuRwIRY 1LIDNISID 12]ODGOPOYY
I01EMYSAI) JueUSEIS (LO6T) YOSIOIN msdpo st pnasdopoiyyy (#861) 'T& 12 Jjoyuuy smppnsdpd 4a19nqopoyy vgy
eIpu] ‘eAe[ewIy
‘ssed B[SURYD WOIJ moug (PLOOT) T& 19 Tewny| SISUD]SUDYD 4219DGOPOYY (S107) T8 19 ysaing SISU]SUDYD 12)IDq12.42) ‘92D
21D20D4219DGOPOY Y
Sa[.1239Dq0pPOYY




= (L00T poyuw] pue ueSIpeIA 007 ULSIPRI PUR JJOUW]) SQ)OAIRNOI] JO SONBUWIAISAS UO 99 TWWO))
£ [euonEuINU] Y Jo eLIRORq orydonojoyd jo Awouoxe) dy) UO PIUWOIGNS AY) JO SUOHEPUIWWOIAI YJIM DOUBULIOJUOD UI PISN Ik SUONBIAAIQQE SNULD),
m PIOoq ur umoys are saroads ad&) [y 10N
= 6661)
ysIeA I[eS Nossimaddrg UUBWLIIAQ) PUB 19S3B[D) wnand wnpadsoasoyy Y
oRIST ‘BaS PLA(] AY) WOIJ JUSWIPAS (€661) T8 12 ORI asuauiopos winjLidsopoyyy (e8661) ‘T8 19 Jjoyuup SISUIUIOPOS OLIGIAOPOYY
[eSmuod ‘urdes rejos jo puod Kes [(+861) Sepun(y pue usSIN winapui]ps wnjjLdsopoyyy (28661) ‘T8 12 JJoyuy WNIDUYDS 0LIGIA0POYY ayy
UONBI[JJE UIRLIIUN JO BIIUIL)
uo3a1Q ‘sjood 19jemeas pajerodeaq (1861) smaI1g suaSixaps wmjLadsopoyy (28661) T8 12 JJoyuy SuaS1xXa[ns wn1ssvILYIOPoYY 7 S1y 7
DIIDISSDIDYIOPOYY
SaIDISSDIDIYIOPOYY
BLIDQIS ‘OB BPOS (6002) 'T& 12 eAdIEPIOG wnydiowdjod wniia1o0qrigny qny
RIPUJ ‘SIdJeM [BpPL], (9L007) ‘Te 19 SBAIULIS 2suUDUIDADYYDSIA WNNAOPOYY
eIpu[ ‘e[eary)) je puod parojo) (BH107) ‘I8 12 SLAIULIS PLIA WNINAOPOYY
BISSNY
“BLIOQIS ‘OYE] BPOS IoTeM-USTYORIg (Z1027) Te 12 eaasjuedwosy D]02IMbsa; wnmaopoyy
sjood 1ajemeas [epry, (S661) ©pa) pue ISty WNIOLIS WNINAOPOYY
RISSIY “BLIDQIS ‘SR BPOS (0107) Te 30 eadsjuedwoy] asuaddais wmnaopoyyy
eipuf ‘ued 1jeg (B4 107) ‘T8 19 SBATULIS S1DS WNNAOPOYY
JUDWIPAS [LISEOD QULIBIA! (6661) T2 12 qnens wnsou1S1qo.L WNNAopoYy
RIPUJ ‘LIeWINYRAURY] 18 UId)[ES (B1107) "Te 19 rwysye| snovjoavyd wnnaopoiyy
BIPU] ‘SIdJeM epLL, (9007) "T® 12 SeAIuLIS WNULIDUL WNNAOPOYY
15210J QAOISUBIA] (#107) 'Te 12 mdnN 1004SUDUL WN]NAOPOYY
erpu] ‘epedjes reou puod oures (6007) 'Te 10 Aypreaeniey) 1201und1ov] WnAopoyy
BIPU] ‘R[OYY] UI 1SAI0J QAOISURIA (88007) ‘& 10 Jewny| 2SUD|OYY WNINAOPOYY
JLIIQERY [BISLOD QULIB]A (6661) 'Te 12 qneng wWnsopor WNNAopoyy
eipu] ‘puod armnoenby (8L00T) T® 19 SeAIULIS nffoyua wimnaopoyyy
SI9JEM [BISBOD QULIBIA (5861) eadsjuedwoy] snupyLama 12190qopoyy | (ep661) BPIN PUR IYSTRIH Wiy Lana wnnaopoyy
< Jeqeq 0UAIRJY SOWIBU SNOIAI 0UAIJY Jureu sa10adg +qqe 19pI0
gl snuon Ay

(ponunuoo) T IqeL,



55

Diversity of Anaerobic Anoxygenic Phototrophic Purple Bacteria

(L00T 3oy pue ueSIpelA 00¢ UBSIPEIA pue JJoyuw]) sjoA1ey0ld JO SONBWAISAS U0 910D
[euorjeuIa)u] oY) Jo eLeyoeq drydonojoyd Jo Awouoxe) oy) UO PIWWOINS Y} JO SUONEPUIWWOIAI M OURULIOIUOD UL PISN dJe SUONEBIAJIQQE SNUID),
proq ur umoys are saroads adA) [y 210N

(9002) SnoNLquPozUaq
eIpu] ‘[10s Apped ‘[B 19 rUBWIRY XDAIALIGNY]
(¥861)
‘Te 319 Joywy snsounp]as snjoLIopoyy
(rr61)
[QIN URA | DSOu1n]as spuowopnasdopoyy
(Lo61) (1661)
101eMUSaly Jueugel§ YOSI[OIAL psounp]as sysKoopoyy | [e 19 SWI[IA | SMSOUD]IS XDAlALIGMY ‘Y
[1oXAL] e (0002)
19JBMUSAI] ONdIRIUY ‘8310 URSIPRIN | SNO1IUDIUD XDA2JOPOYY
a3pn[s pajeAnoe (1661) suvpuouLIdf
Io1eMUAIQ QURERUNEAS | xn.afopoyy Xy
2DIODPPUODULIO,)
sapprLaploYyyIng
(96961) (rs61)
spuod 10jemysaIg Suuojq anua] winjjraidsopoiyyy ‘Te 39 Jjoyuuy s1muay snjoloopoyy
(8L61) snasndind
Uu003e[ JOJBMIISBAL Sruuojd snpadoopoyyy K0y
2ap2ov2L20poyy
sappjofoopoyy
jelqeHq QOURIJIY SAWeRU SNOIAdIL] OURIYY Qwreu saroadg Lqqe Aprure g 19pI0
snuan)

eLI19108q Inj[nsuou d[ding :vua1onqoatosdniag g Aqe],



J.F. Imhoff

56

RIPUJ JUWIPIS SuaInpa..LIU
18910J 9AOISUBW BIULI0D) (S102) ‘Te 30 IndnN wnLIIVGOIVYJ DY
(8961)
SIe]) J[BS ‘SIUSUWIIPAS dULIBNISH yoseuue[ pue rodnif, 1L2PNG WNYDUOAYD) (98661) ‘Te 19 Jjoywy LI2PNG WNYDUIOLYIOST o8]
s3unds anj[ns
I91eMUSAIJ JuBUSL]S PUBR PNIA (8881) AysperSourpy snsop1ovq 4210nqoqaouty | (1161) Jodni, pue Sruusjg wnso))19nq uoK121pory |
s3unds anj[ns
‘I9)BMUSAI) JuRUSR)S pUB PnjA (8881) Ayspeiourp sun3aja uodyarpony opL
(8861)
SB[ I9JBMUSAIJ JO QUI[OOWYD) Suuayq pue 1o[ydIg snaundand 12100qoqaoury (®1007) JJoyuuy vaundind sysoordumwy
Ioem JuBuSe)S pue pnjy (9881) 191901YydS pu215.42doaso. sys€oorduny odq
eI[RISNY
‘e 19yemysaly orgdonng (2T007) T2 10 sy radan.yy vavqony [, vqL
(9861)
uemre], ‘puod 10jemalsepy Suuazq pue 1o[yorg swuui0foipad 12190pqoqaouryy (8661) 'Te 19 pneauoAnn aurioforpad wnaosdwnjony | dlL
sSurxds
Injns ‘Ioyem jueuge)s pue pnj (8881) AspeiSourpy SN2SOL 4210DQOGIOULY (8661) ‘Ie 10 pneauoAnn pasod sdpoony |
ssurids (1L61)
Injns ‘Ioem jueuse)s pue pnj 10dniy, pue Sruudyq suapuad 1219pqoqaouy (8661) ‘[e 12 pneauoAnn) suapuad psdpoony |
SJUQWUIPIS [BISLOD QULIBJA! (#007) ‘Te 10 anowne) purivw psdpoonyJ
JUSWIPIS [RISBOD IS YA (0002) ‘T® 12 BAOYONG syp.og1) vsdpvoony |
VSN ‘e deog ‘o epog (L0OOT) '[e 19 oBsy nffoyu sdpoony |
suooge[ a3emas
‘S1RIIqRY QULIBNISI UI UOWWOD) (8881) Ayspeiourpy pu215.412d0aso. vsdvoony DI
2D2ODUDUWOLYD)
sappyvUIoLY)
JeiqeH QOUAIRJY QWBU SNOTAdI] QOUAIRJOY Qwreu sa10adg +1qqe
snuan)

21200.41dS0POYL101Y10327] PUR 2D2oDPUIOLYY) - BLIYRQ Iny[ns o[ding :pvria1onqoatoidpunurs) ¢ e,



~
vy

Diversity of Anaerobic Anoxygenic Phototrophic Purple Bacteria

(panunuod)

eIpuy
T[T T IdJem-YSD{orIg

(6007) ‘T® 12 SeAIULIS

wnii21o0qoavyd
WNDWOAYI0]]Y

SIUQWIIPAS UL SIdJeM JURUTRIS (8881) Ayspeidourpy WSS YNUIUL WNDULOAY) (98661) & 12 JJOUW] |  WnuISSNUIL WNDUOLYIO]]Y
jeliqey
QULIBW PUE 12)eMUsl] Jueusels (8881) AspeiSourpy WNSOUIA WNIIDULOAYD) (98661) “T® 12 Jjoyuy wnsould wWnNYNUWOLYIoNy 21y
'IpU] ‘uoo3e]
BYI[IYD WOIJ JUWIPAS (#107) ‘Te 10 2a1sehAIq snosnf sn22020avydony |
RIPUJ 1SA10J dAOISURW
QUAWITPS 1JeM-UsD{oRIg (PROOT) 'T® 10 Tewny] 14043unwt sn23020avydony | odf
BIpuL smjuydipyvisapou
‘uoo3e T BYI[IYD JO JUdWIPAS (®Q107) ‘T8 10 ®ILIRYONS SNI2000POY.L01Y ],
sn3vydnonuuput
AIeniso Bag YA (9002) ‘Te 12 ploqey S122000pOY.101Y ]
BIPUJ ‘SIO)eM [BPI) QULIBJA! (QL00T) '[9 JeWNY] | SISUIPDUIYDY SNII0I0POYLONY
BIpuL
‘uoo3e T BYI[IYD JO JUdWIPAS (S107) Te 19 rwysye] SIS sn22020p0oY.101Y ],
USTEIN 3[eS
nassimaddrg ‘yeur [RIQOIDIA (€002) ‘[e 10 TRz HSMAUP SNII0D0POYLOTY |
erpu] ‘puod armnoenbe outrej (QL007) 'T® 10 Jewny] SNINUIYQG SNII0I0POY.LO1Y |,
Keg uoyoeory
‘u003e] [BISROD JO JUAWIPS (L661) T8 19 pneauoknny AouIU SNII0IOPOYIONY ] UL
sIolemUsaI) Juruse)g (zs81) freg SUIISD]OIA WNYDULOAYD) (98661) "Te 10 JFoyuwy SU2ISP]01A $S1ISLI01Y ]
SI9)eMUSaI) JuBUSR)S (8881) AspeiSourpy SAUIW WNDULOAY)) (98661) "Te 12 Jjoyuuy dourut 15001y
sielqey
QuLIRW PUR I9)eMUSAIJ JueuSeIS (8881) Ayspeidourpy psoun]as 222101y | (1L61) 12dniy, pue Stuusjq psouyn]as susoony |
ougepe)) e AUIPOWAYD (1107) ‘T8 32 1zznpad S11DUI20WYD $11SL201Y ]
ougepe)) e auIdoWwaY) (1107) ‘T8 19 1Zznpad SISUDUOUSDPDI SHSLI01Y ]
siejiqeqy
QuLIRW PUB 19)eMUSAIJ JURUSRIS (8881) Ayspeisourpy D22D]014 SYSLI01Y ] $9
19)eMUySaI JueuselS (zs81) £1g 12SS12M WNIDULOAY?)
I91eMUsal] JuruselS (8¢81) S1oquaryyg U0 SVUO (zs81) Areg N0 WNYDUL0AY)) 4y




reurg
“oYerT Je[OoS JO STeW [BIOIDTIA!

(L66T) T 19 mawne)

wind1J0IK] 8 WNyPUIOAY)

(98661) T2 12 Joyw]

WNI1J0IL]S WNDUIOAYIOIDH

QUL ‘pnein-ap-uifes

J.F. Imhoff

Jew [RIQOIOTW UId[es 1e[0S | (8861) [& 12 adwne) SUDSINIIDS WNYDULOLY)) (98661) "T& 12 Jjoyuwy SuaZ1XaVS WNYVUWIOLYIOIVE] Yo
auren|n snpydojpyosapowt
“eTUOUIIN], ‘SOYe[ duIeS (6L61) T 12 OYUI[IOD) 423o0qo1duny qd7
RIpUL ‘T3 g
Ieou puod armynoenbe outrejy (96007) Te 30 Tewny| putiw psdvoopyony |
90Ul ‘pneIn-op-Ul[eS
‘few [e1qoIonu wIdes Ieog | (1661) & 19 apowne) vpydojpy vsdvoory | (98661) T8 12 Jyoyw] 11ydoppy vsdvooyoryJ, YL
ysIepA J[es nossimaddig (S661) ‘Te 10 Ui | wWnuLDW WNYDUIOLYI0PGDY] 09y
epeur)) ‘AKUOYRIA AYeT QuI[eS (2661) T2 12 UURWIAQ |  14ySppLSouIm 011q140pOY.101Y ], adf
(0861)
S1BIIqRY QULIRIAL 1odniy, pue jjoyuy wimpand.amd wnpwoy?) (q8661) Te 19 Jjoyuy winpandand wnpuoIYILID
eIpuy ‘yoeaq Apues (1102) T2 19 IeAlyS SLLO11] WNDUMOLYILID
BIPUJ ‘[10S 1S210J dAOISURIA (S007) ' 10 LIseunIy WNIIPUL WNDUOLYILID A
BIPUJ ‘QI0YSLas WoIJ YSyAT[or (1T07) 'Te 19 T[RAIYS IDAODSLAYD WNIDUOLYILID ]
erpu] ‘puod armynoenbe auLrejy (®£007) ‘Te 10 Iewny| WMWY QG WNIDULOIYILID ]
sielqey
QULIBN]S? pUB JULIBW JUBUTL)S (€161) DISMIZSIZNS 2119048 WNIDWIOAY) (98661) "T& 12 JJoyuwy 2119143 WNYDUWOLYILIDIY YIW
BIPUJ JUSWIPAS JOARY TueIeleg | (qQO107) ‘[ 12 BlLeyong SN UWNIDUWOAYILID A (T107) T8 12 1[eAIYS stununyf wnyvWoLy202vY J Yod
ssurids Jog (9861) uesIpejy winpiday wnypwoLy) (98661) "Te 10 goyuw] p1day wing 20uLLdY ], YL
nd wnuvnypjoquiny
Keg OB[[ED) ‘JUAWIPAS [LISLOD) (S107) T 19 oueIIdS WNPWOAYI0]] Y
apyns
UM 19)emysalj Jueusels (0061) BINSTA NSUIULIDM WNYDULOIY) (98661) & 32 Joyuwy NSUTULIDM WNYDULOIYIO]]Y
eIpu] ‘Jood 10jem-ysnyoelg (98007) ‘Te 10 IewNy| QDYNULL WNIIDULOLYIO]] Y
JeNqeH QOUAIRJY QWIRU SNOIAI] QOUAIRJY Jweu saradg +qqe
Nilicls)

58

(ponunuoo) ¢ dyqeL,




Diversity of Anaerobic Anoxygenic Phototrophic Purple Bacteria

(panunuod)

BISSIY
‘BLIAQIS ‘SOYBT BPOS QuUI[eS (6661) ¢ 12 BARSIUBAIG pa11q1s vadsopoy.aony 4]
RI[OSUOIA ‘UNIZP[(} snonosuow
unz( e epos auljes (#007) "[® 19 OUSI0D) SnUISOPOY.101410195] 1
BISSIY
‘90)SUIUOIO(] 93BT BPOS dul[eS (0107) 'Te 19 eadsiueAIg puspw p1dsopoy.101y10197q
1dA37 ‘unneyN peap
‘BUSTY-W() YT BPOS dulfes (6002) 'Te 19 Oqud[10D S111q1IDA DAASOPOY101Y}01OT]
RIPUJ JUSWIPIS WId)[es Ie[oS (0107) ‘[® 12 eurwRy s pa1dsopoy.101y10197
ST BPOS pue J[Es dul[es (1861) 'Te 12 JJoyuwy pID]ONIVA DAIASOPOYLO1Y101DTT
opy[ns naoymysodoys
SuruIRIU0D SB[ pue SPUOq (6961) [ 19 TUIdYD p41dsOpOYY.101Y10107]
MLOWSLIDUL
©as pea Aow@~v BRI ) ~§?~hb@%£k0w£~%uum
SJUOWIIPIS [BISLOD QULIBIA (9661) Surng pue jjoyuiy puLmU DAIASOPOYL0110107
vpydipypory
SONET BPOS pue Jes dul[eg (9661) urng pue jjoyuy Da1dsopoyL0110197
9py[ns Jururejuod
SIep) J[eS ‘SALBNISS ‘SR I[BS (8961) 1odnay, 11qout v.udsopoy.tonyiordq PoH
NENUG.\.NR%QNQQ.\B.NQNQNQM
opy[ns
Sururejuod 19JeMysaIy pue pnjA (8€81) Srequaryyg sisuaual spuowtopydo (0061) BINSIA asuaual wnjp.ndsony | ds ],
sjeIIqey QuULIRW
PuB ysmyoelq ‘IdJemysaL (8881) Ayspeidourpy vaso. vpadony |, pdf
ysie J[es nessimaddig (1007) Sruusjd pue jjoyuiy syiqowt sn2o0914vfory |, fL
RISSNY ‘BLIDQIS ‘Soye]
BPOS QUIES JO SJUAWIPAS (0007) 'Te 12 eAdsiueAIg 1] SNI2021DYIVONY ] ong
SPY[NS (I I2)EM PUE PN (0L61) uopralyury nsuuafd psdpdony (98661) "Te 10 oy nduafd snarodony [ 0]

eIpu] ‘epeunyey|
Je wIdes Jejos SulLIeA

(9L007) Te 19 Tewny|

WNasoL WNYDUOLYI0]D




J.F. Imhoff

JyS1| pue apy[ns Jo douasaid oy s1 eL1)oRq InjIns odind jo sieqey e jo Aradoid uowwo),

(L0O0OT Joyw] pue ueSIpeA 007 UeSIPEIA pue jjoyui]) s9)0A1ey01d JO SONLWISAS U0 2ANIWWO))
[euonjeuIu] 9y} Jo eLdoeq orydonojoyd Jo AWOUOXE] Y} UO dIPTWIWOIGNS Y} JO SUOHEPUSWIWOIAT YIIM IOUBWLIOJUOD UI PISN dIe SUONBIAIQQE SNUID),

PIoq ur umoys axe saroads odA) [V 210N

doURIL] ‘PNeII)-Ip-Ul[es
WId)[es ‘Jewl [RIQOIOTIA

(€£007) "T& 10 BRY-1O[YISITH

ppydignau vaidsopoyop gy

unneN Ipem (LL61) Stiopir0pYy
‘soyer] epog aulfes A[ySiH 1odniy, pue joyuwg pa1dsopoy.101y10197 (9661) SuIns pue jjoyuwy S1L0]Y20]PY DA1dSOPOYLOIDE
unneN Ipem (1861) 1o opqn
‘sayer] epos oures A[YSIH Todni, pue jyoyuuy Da1dsopoy.L011010q (9661) Surng pue goyuwy 1yau]apqv ardsopoy.LopH
unneN Ipepm (6961)
‘soye] epoS aulfes A[YSIH | wonsi§ pue puowkey | vjydojpy pa1dsopoy.iory10197q (9661) Surns pue jjoyuy vjrydopny v.ndsopoy.1ory UH
Jenqeq 0UAIRJY QWeU SNOIAIJ 0UIJY Qweu sardadg +qqe
snuon)

60

(panunuod) ¢ dqe,



Diversity of Anaerobic Anoxygenic Phototrophic Purple Bacteria 61

taxonomy of these bacteria. First of all, in a reclassification of the purple nonsulfur
bacteria, the Betaproteobacteria were separated from the Alphaproteobacteria. Several
new genera were formed, with the recognition of some bacteria previously classified as
Rhodopseudomonas and Rhodospirillum species included into the new genera
Rhodocyclus, Rhodopila, and Rhodobacter (Imhoff et al. 1984). Also the genus
Ectothiorhodospira was recognized as a separate family, the Ectothiorhodospiraceae
besides the Chromatiaceae (Imhoff 1984), and later the two genera Ectothiorhodospira
and Halorhodospira were distinguished in this family (Imhoff and Siiling 1996). After
these first fundamental changes in systematics of phototrophic purple bacteria and
based on more extensive analyses of the phylogeny of 16S rRNA genes in these bacte-
ria, a number of additional modifications have been proposed in the years that fol-
lowed. The Chromatiaceae were rearranged according to their phylogenetic relations,
and several new genera were proposed to distinguish the known species according to
both phenotypic and genetic similarities (Imhoff et al. 1998b; Guyoneaud et al. 1998).
Also a number of purple nonsulfur bacteria were reclassified in order to achieve better
congruence between systematic treatment and phylogeny. The great heterogeneity of
species treated in the genus Rhodopseudomonas was recognized, and two species with
bacteriochlorophyll b were transferred to a new genus as Blastochloris viridis and
Blastochloris sulfoviridis (Hiraishi 1997). Rhodopseudomonas acidophila was trans-
ferred to Rhodoblastus acidophilus (Imhoff 2001b), and Rhodopseudomonas blastica
was transferred to Rhodobacter blasticus (Kawasaki et al. 1993). Also the marine spe-
cies of Rhodobacter were removed to the genus Rhodovulum (Hiraishi and Ueda
1994a); Rhodopseudomonas rosea was recognized as a member of the new genus
Rhodoplanes (Hiraishi and Ueda 1994b), and Rhodospirillum centenum was trans-
ferred to Rhodocista centenaria (Kawasaki et al. 1992). The heterogeneity of species
recognized as members of the genus Rhodospirillum was further resolved by removing
a number of these species into new genera (Imhoff et al. 1998a). More recently,
Rhodospirillum photometricum and related species were transferred to the new genus
Pararhodospirillum as Pararhodospirillum photometricum (Lakshmi et al. 2014).
These reclassifications and the general conformity of the new systematic treatment
with phylogenetic relations paved the way for biodiversity studies and species recogni-
tion in the environment based on genetic sequence information. The current systematic
treatment of the species of phototrophic purple bacteria is shown in Tables 1, 2, and 3.

The Diversity of Phototrophic Purple Bacteria

Much of the motivation to study bacterial systematics comes from the desire to
understand the phylogeny and evolution of the bacteria; their species-specific diver-
sity in the environment, including aspects of adaptation of species to changing envi-
ronmental conditions; their competition in the environment; and the biogeographic
distribution on a species-specific level.

Several approaches are used to obtain information on the biodiversity of micro-
bial communities. The classical approach involves the separation and isolation of
microbial strains, the characterization of pure cultures, and the identification and
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description of species. This approach is appropriate to identify and characterize
components of the community and to determine their physiological properties but is
less suited to depict the species diversity within a sample.

The molecular, metagenetic approach uses genetic tools to separate DNA mole-
cules or amplified PCR products and uses the sequence information to determine the
genetic diversity within a sample. With this approach, the diversity of a community
can be approached and known species can be recognized on the basis of their sequence,
but identification and characterization of unknown species are not possible.

Ideally diversity studies of phototrophic bacteria combine aspects of both
approaches, and culture-dependent studies that include the characterization of the
isolates are accompanied by genetic analyses determining the phylogenetic relation-
ship of the bacteria within the sample. If untreated environmental samples are diluted
in agar deeps or on agar plates with a proper medium for phototrophic bacteria, the
cultured biodiversity can be estimated by selection of representative colonies and
their characterization by microscopic examination and sequence analysis of the 16S
rRNA gene or other suitable genes. If the number of colonies are counted and associ-
ated to phylotypes according to sequence information and phenotypic properties, a
rough estimation of the diversity of phototrophic bacteria is possible with this method
(Imhoff 2006c¢). Although not commonly used, this combined approach is a valuable
alternative to pure metagenetic approaches with the advantage of better resolution
and higher specificity and the possibility to approach ecological questions.

The Cultured Diversity of Phototrophic Purple Bacteria

Over the decades, the presence, abundance, and activities of phototrophic purple
bacteria were studied in freshwater and marine habitats on the basis of microscopic
observations and culture studies. For these analyses, a systematic treatment based
on morphological and easily recognizable phenotypic characteristics (motility by
flagella, formation of gas vesicles, shape and size of the cells, and structure of inter-
nal photosynthetic membrane systems, gas vesicles, absorption spectra and photo-
synthetic pigments, substrate utilization in particular oxidation of sulfide and
thiosulfate) was a solid basis (Pfennig and Triiper 1974; Imhoff 2001d). These cri-
teria maintain to be of major relevance for the taxonomic characterization of species
and are included in the guidelines for the description of new species of phototrophic
bacteria (Imhoff and Caumette 2004). Most of the species descriptions since the
1970s used these criteria, later with additional support by molecular analysis of cel-
lular components and sequence information of the 16S ribosomal RNA molecule.
Much of the work on the systematics of phototrophic purple bacteria over the
past decades has been made, and the overwhelming majority of species have been
described by a few experts in this field, with a clear habitat focus related to the loca-
tion of their research laboratory. In the lab of Pierre Caumette (Arcachon and Pau,
France), the focus was on the work on coastal lagoons and marine salterns in south-
ern France and on the isolation of new moderately halophilic purple sulfur bacteria
including, among others, Halochromatium salexigens, Thiohalocapsa halophila,
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and Halorhodospira neutriphila from marine salterns and Thiorhodococcus minor
and Roseospira species from coastal lagoons (Tables 1 and 3). The work of Mike
Madigan (Carbondale, IL) had a clear focus on phototrophic bacteria from hot
springs in the USA but included other extreme habitats such as permanently cold
Antarctic lakes, soda lakes, and the Dead Sea with new species descriptions of
Thermochromatium  tepidum, Thiocapsa imhoffii, Rhodoferax fermentans,
Rhodobaca bogoriensis, and Rhodovibrio sodomensis (Tables 1, 2, and 3). Japanese
freshwater and marine sources were studied by Akira Hiraishi (Toyohashi, Japan),
and several new genera and species were described such as Rhodoferax fermentans,
Rhodovastum atsumiense, Rhodobium orientis, Rhodoplanes elegans, and Rpl.
serenus (Tables 1 and 2). Many of the saline and hypersaline waters, alkaline soda
lakes, and other extreme environments of Russia (Siberia) and also of Mongolia and
Kasachstan were studied by the group of Vladimir Gorlenko (Moscow, Russia) (to
a great part together with Elena Kompantseva and Irina Bryantseva). Most of his
isolates of new genera and species were derived from alkaline soda lakes and from
salt lakes, e.g., Thiorhodospira sibirica, Ectothiorhodosinus mongolicus,
Thioalkalicoccus limnaeus, and Rubribacterium polymorphum (Tables 1, 2, and 3).
The focus of the author’s group (Bonn and Kiel, Germany) was on marine habitats
and African soda lakes, and a number of species were described, many in coopera-
tion with P. Caumette, V. Gorlenko, and Ch. Sasikala (Tables 1, 2, and 3). In more
recent years since 2005, more than 40 new species have been isolated from Indian
sources by the groups of Ch. Sasikala and Ch.V. Ramana (Hyderabad, India) (in part
together with A.P. Kumar and T.N.R. Srinivas) (Tables 1, 2, and 3).

Based on 16S rRNA gene sequences of the type strains, the phylogenetic rela-
tionship of the species is depicted in Fig. 1. Data on the species including refer-
ences, previous names, and habitats are compiled in Tables 1, 2, and 3 for the
Alpha-, Beta-, and Gammaproteobacteria. Also the higher taxonomic ranks, fami-
lies, and orders in which the genera are grouped are included. The type species of
the genera are shown in bold face and recommended genus abbreviations are
depicted. This three-letter code is in conformance with the recommendations of the
subcommittee on the taxonomy of phototrophic bacteria of the International
Committee on Systematics of Prokaryotes (Imhoff and Madigan 2004; Madigan
and Imhoff 2007). The following abbreviations were added as suggestions to the
three-letter code for the recently described genera: Ceb. Cereibacter, Rhb.
Rhodobaculum, Rub. Rubribacterium, Afi. Afifella, Pas. Pararhodospirillum, Phv.
Phaeovibrio, Rva. Rhodovastum, Pha. Phaeobacterium, Tpc. Thiophaeococcus,
and Pch. Phaeochromatium.

The high diversity of phototrophic Alphaproteobacteria is demonstrated by their
presence in three orders and a number of families. Their phylogenetic relations are
well represented by the distribution in the Rhodobacterales (Rhodobacteriaceae),
Rhizobiales (Bradyrhizobiaceae, Hyphomicrobiaceae, and Rhodobiaceae), and
Rhodospirillales (Rhodospirillaceae and Acetobacteraceae) as shown in the phylo-
genetic tree in Fig. 1 and in Table 1. While most of the species and genera are well
aligned phylogenetically, an apparent lack of clear association to any of the etsab-
lished families within the Alphaproteobacteria is given for Rts. salexigens, Rss.
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Fig. 1 Phylogenetic relationship of the species of anaerobic anoxygenic phototrophic purple bacte-
ria based on 16S rRNA gene sequences of their type or neotype strains. Sequences used were 1459 nt
in length and were aligned using SILVA and the alignment was corrected manually. A maximum
likelihood (ML) phylogenetic tree was calculated from the edited alignment with the program
IQ-TREE6 v1.4.2. The optimal substitution model given the data under consideration was deter-
mined by IQ-TREE to be TN +F+RS5. “Ultrafast bootstrap approximation” 8 (UFBoot) was used to
provide branch support values with 1000 bootstrap replicates. Branch support values were assigned
onto the original ML tree. The calculated phylogenetic tree was midpoint-rooted using the R package
phangorn 9 v2.0.3 and bootstrap values >95 % are indicated in the tree by light blue circles

parvum, and the two Rhodovibrio species, all of which are well adapted to marine/
saline or even highly saline habitats. Their exact affiliation in the phylogenetic tree
remains unclear. The genera of the Betaproteobacteria are assigned to the families
Rhodocyclaceae (Rhodocyclus) and the Comamonadaceae (Rhodoferax), while



Diversity of Anaerobic Anoxygenic Phototrophic Purple Bacteria 65

Rubrivivax is not clearly affiliated to a family so far (Imhoff 2005). Also the separa-
tion of the families Chromatiaceae and Ectothiorhodospiraceae in the Chromatiales
is well depicted in the phylogenetic relationship of the 16S rRNA gene (Fig. 1).

However, the taxonomic treatment is not always well represented in the phyloge-
neticrelations: Onthebasis of the depicted phylogeneticrelationship, Ectothiorhodosinus
mongolicus clusters between species of Ectothiorhodospira, Lamprobacter modesto-
halophilus is highly similar to Halochromatium species, the genus Thiorhodococcus
forms two or three clusters, and the two species of Thiophaeococcus are clustering
within two of these groups. Also, species of Rhodobaca, Rhodobaculum, and
Cereibacter cluster within the Rhodobacter clade (Fig. 1). These examples need care-
ful further studies for clarification of their systematic treatment.

There are also some ambiguities on the level of the species identification. Several
pairs of species have almost identical sequences. Rps. rutila has a sequence identical
to that of Rps. palustris (0.03 % difference) and is regarded as a later subjective syn-
onym of Rps. palustris (Hiraishi et al. 1992). Quite similar the sequence of Rps. julia
is identical to that of Afi. marina, and this species should as well be regarded as a
subjective synonym of Afi. marina. Also 16S rRNA gene sequences of Alc. vinosum
and Alc. minutissimum are identical (0.00 % difference) as has been noted earlier
(Serrano et al. 2011). Further couples of species with highly similar 16S rRNA gene
sequences (less than 0.05 % dissimilarity) are Rdv. viride/Rdv. visakhapatnamense,
Rba. sphaeroides/Rba. megalophilus, Rba. megalophilus/Rba. johrii, Rps. thermo-
tolerans/Rps. pentothenatexigens, Rmi. vannielii/Rmi. udaipurense, and Pas. oryzae/
Pas. sulfurexigens. As far as the used sequence information is concerned, the species
within the indicated couples may be regarded as identical at the species level, i.e.,
represent subjective synonyms. A careful reevaluation of these species is required in
order to confirm the existence of two separate species in the given examples.

In parts, the phylogenetic relationship correlates with some phenotypic properties
that are common to close neighbors. For example, three species of bacteriochloro-
phyll b-containing Chromatiaceae are close relatives, and the internal photosynthetic
membrane structure is a distinctive property of these three bacteria (tubules) to other
Chromatiaceae (vesicles) and to the Ectothiorhodospiraceae (lamellae). Though cell
morphology is not a core property for identification of species, even morphological
properties maybe common features at least of some phylogenetically related groups,
e.g., the budding mode of cell division (Rhodopseudomonas and Rhodoblastus species)
and the spiral shape in some purple nonsulfur bacteria (Rhodospirillum, Phaeospirillum,
Roseospira, Pararhodospirillum, Rhodospira, and Rhodocista species).

In addition, habitat preferences are depicted in the phylogenetic relatedness. For
many of the genera, a specific preference for a special type of habitat is visible
(Tables 1, 2, and 3). A few examples of the Alphaproteobacteria can demonstrate
this observation: Phaeospirillum, Rhodoplanes, and Rhodobacter species prefer
freshwater habitats; Roseospira, Rhodovibrio, Rhodovulum, and Rhodobium spe-
cies preference marine and saline habitats; Rhodoblastus species live in acidic peat
bogs; and Rhodobaca species live in alkaline soda lakes. The preference of all
Ectothiorhodospiraceae for saline and alkaline conditions and of Halorhodospira
species for highly saline and alkaline habitats is well known. Many Chromatiaceae,
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e.g., Marichromatium and Thiorhodococcus species, have a clear preference for
marine habitats, while species of other genera such as Thiocystis, Chromatium, and
Lamprocystis were found in freshwater habitats and a group around Halochromatium
and Thiohalocapsa species includes species with elevated salt tolerance (see
Table 3). Obviously, the preference for a specific set of physicochemical conditions
in the environment preselects species of phototrophic purple bacteria with a poten-
tial to thrive in a particular habitat. Most obvious in this context is the clear differ-
ence between purple bacteria found in the chemocline of freshwater lakes and in
marine coastal sediments or lagoons.

The Biodiversity of Environmental Communities of Purple
Bacteria

Sequence information is predestined to link bacterial systematics and environmen-
tal biodiversity studies of phototrophic bacteria because sequence information is
now well established as a property in systematics of phototrophic bacteria. A first
important step for the possible identification of species of phototrophic purple bac-
teria in environmental DNA sequences was the establishment of a phylogenetic-
based taxonomy supported by 16S rRNA gene sequences (Imhoff 1984; Imhoff
et al. 1984; Imhoff and Siiling 1996; Imhoff et al. 1998a, b; Guyoneaud et al. 1998;
Kawasaki et al. 1992, 1993; Hiraishi 1997; Hiraishi and Ueda 1994a). Because
sequence information becomes easily available from environmental communities,
from individual clones, as well as from complete metagenomes, it can supply
information about the diversity of a particular genetically targeted function in a
species-specific resolution.

In order to establish a measure for the species diversity in environmental samples
based on genetic sequence information, phylotypes can be defined on the basis of
environmental 16S rRNA gene sequences. If a distinction of phylotypes is made at
a sequence level that compares to the level of distinction between species with pure
cultures (Stackebrandt and Ebers 2006), phylotypes can be used to approach the
species diversity of environmental communities. If environmental clone sequences
are sufficiently similar to known species, represented by their type strains, it is quite
likely that they are belonging to this species or are close relatives thereof. If consid-
erations concerning sequence similarities as a rough guide for species differentia-
tion of pure cultures are transferred to sequences from the environment, species
recognition and an estimate of the species diversity in environmental samples can
be achieved with phylotypes as an equivalent to the taxonomic defined species.

However, pitfalls of applying 16S rRNA-based approaches to the analysis of
communities of anoxygenic phototrophic bacteria, in particular the phototrophic
Proteobacteria, were realized and are due to the close phylogenetic relationship
between phototrophic and non-phototrophic Proteobacteria. Even close phylo-
genetic neighbors may perform different physiological functions. Specific
sequence stretches of the 16S rRNA gene that would clearly allow identification
of phototrophic representatives in complex mixtures of environmental samples
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and distinguish these from non-phototrophic relatives could not be identified.
Therefore, many metagenetic studies that focus on sequences of the 16S rRNA
gene do not supply clear information on the presence and diversity of photo-
trophic bacteria in the studied samples. In consequence, increasing research
activities are concerned with the application of functional genes to characterize
the diversity of functional microbial groups, including anoxygenic phototrophic
bacteria (Imhoff 2016).

Functional Gene Studies

In order to specifically study the biodiversity of phototrophic bacteria and their
responses to environmental factors, genetic tools were established targeting pufL
and pufM genes of the reaction center proteins (Nagashima et al. 1997; Achenbach
et al. 2001; Karr et al. 2003; Tank et al. 2009) and the bchY gene of the biosynthesis
of bacteriochlorophyll (Yutin et al. 2009).

The bchY gene, encoding the Y subunit of chlorophyllide reductase, is at a branch
point in the biosynthesis of chlorophyll and bacteriochlorophyll (Chew and Bryant
2007). This gene is present in all known anoxygenic phototrophic bacteria, but absent
inoxygenic phototrophs, and therefore, it is suited for targeting the bacteriochlorophyll-
containing anoxygenic phototrophic bacteria (Yutin et al. 2009). The comparable low
information in the amplified sequences (approx. 500 nt) is certainly a limitation of the
used primers. The phylogenetic diversity of phototrophic bacterial communities based
on these bchY gene sequences was studied in Lake Kinneret and in the Mediterranean
Sea (Yutin et al. 2009), but extended studies on environmental samples and in particu-
lar a comprehensive database with reference sequences from type strains of cultured
anoxygenic phototrophic bacteria are so far lacking.

The pufLM genes encode for the light (L) and medium (M) subunit of the photo-
synthetic reaction center type II structural proteins of all phototrophic Proteobacteria
(purple sulfur bacteria, purple nonsulfur bacteria, as well as aerobic phototrophic
purple bacteria producing bacteriochlorophyll and forming a photosynthetic appa-
ratus) and in addition of the phototrophic members of the Chloroflexi (Nagashima
et al. 1997; Tank et al. 2009). A primer system which amplifies the combined
sequence information of pufL and pufM genes (products of >1450 nt length) was
used to build a comprehensive database of pufLM gene sequences of most of the
recognized type strains of the purple sulfur bacteria (Tank et al. 2009) and to study
the biodiversity of phototrophic purple bacteria in the environment (Tank et al.
2011; Thiel et al. 2010). The phylogenetic relationship demonstrated by pufLM
gene sequences of the purple sulfur bacteria (Gammaproteobacteria) was in good
correlation to that of 16S rRNA gene sequences (Tank et al. 2009). In context with
the phylogenetically based taxonomy of the purple sulfur bacteria (Imhoff et al.
1998a, b; Guyoneaud et al. 1998) and based on the established pufLM sequence
data, this correlation very much supports the recognition of species in environmen-
tal samples using pufLM gene sequences.

Molecular genetic studies to characterize the communities of phototrophic purple
bacteria based on sequences of the pufM gene revealed a remarkable high diversity
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in different habitats (Achenbach et al. 2001; Karr et al. 2003; Asao et al. 2011; Hirose
et al. 2012), although the sequence information obtained was quite low (less than
400 nt). Two case studies of salt lakes in the Chilean highland (Thiel et al. 2010, see
Chap. 13) and of a coastal lagoon of the Baltic Sea (Tank et al. 2011) highlight the
possibilities of this approach to study the diversity of communities of phototrophic
purple bacteria. In order to compare the sequence data from environmental samples
with those from type and reference strains on a systematic level, phylotypes were
defined for the pufLM sequences. Considering different evolutionary rates of the
pufLM genes compared to the 16S rRNA gene, borderlines of 86 and 95 % sequence
similarity of the pufLM genes were proposed for the distinction of genera and species
of the purple sulfur bacteria (Tank et al. 2009, 2011).

Selected Habitats of Phototrophic Purple Bacteria

Much of the work on the ecology and the communities of anoxygenic phototrophic
bacteria has been made in freshwater lakes; in stratified water bodies of fjords and
even the Black Sea; also in coastal habitats including coastal lagoons, microbial
mats, and sediments; and of course in extreme habitats such as hot springs, salt and
soda lakes, and cold habitats such as Antarctic waters and sea ice. From these habi-
tats but also from peat bogs and from waste water treatment plants, paddy soils, and
others, purple bacteria have been isolated (Tables 1, 2, and 3). The work on the gen-
eral ecology of phototrophic bacteria, their ecological relevance, their occurrence in
various types of habitats, and their physiology have been discussed in a number of
reviews before (Madigan 1988; Imhoff 1988, 1992, 2001c; Pfennig 1989; van
Gemerden and Mas 1995). In the following, representative examples are presented

1. of microbial mats from coastal marine habitats, which are well characterized,
and from which a diverse number of new species have been isolated (Sippewissett
Salt Marsh, MA),

2. of a freshwater chemocline in which cultivation-dependent approaches and
molecular diversity studies have been successfully combined (Lake Cadagno,
Switzerland), and

3. of a coastal lagoon, in which a most comprehensive analysis of the diversity of
phototrophic purple sulfur bacteria has been made using pufLM gene sequences
specifically targeting the phototrophic purple bacteria (Baltic Sea lagoon at
Stein, Germany).

Sippewissett Salt Marsh, MA, USA

Phototrophic purple bacteria are common to marine coastal habitats, and in tidal sedi-
ments of estuaries and the Wadden Sea, diverse communities of these bacteria develop
worldwide. One of the most prominent examples of such a marine habitat where
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phototrophic bacteria occur in visible masses and from which several new species
have been isolated is represented by the sandy sediments of the Great Sippewissett
Salt Marsh and its intertidal flats (MA, USA) (Triiper 1970; Nicholson et al. 1987,
Pfennig et al. 1997; Glaeser and Overmann 1999; Imhoff and Pfennig 2001). A
detailed analysis of the different layers of these well-developed microbial mats based
on microscopic studies and pigment analysis revealed three distinct layers of photo-
trophic bacteria between a top layer of algae and cyanobacteria and the black bottom
sediment with actively sulfate-reducing bacteria (Nicholson et al. 1987).

The uppermost of these three layers was pink and dominated by spherical purple
sulfur bacteria most likely representatives of Thiocapsa (Thiocapsa roseopersicina and
Thiocapsa rosea, including former Amoebobacter species) and also forms resembling
Marichromatium and Thiocystis species (Nicholson et al. 1987). The layer below was
distinctive peach-colored and largely contained bacteria with bacteriochlorophyll b,
which were supposed to represent Thiococcus pfennigii (the only purple sulfur bacte-
rium with bacteriochlorophyll b known at this time). The bacteria of the lowermost
green and thinnest layer, which was not always present, were identified as green sulfur
bacteria of the genus Prosthecochloris (Nicholson et al. 1987). This described pattern
of layers very well reflects the properties of the different phototrophic bacteria, in par-
ticular concerning their pigmentation and physiological properties.

Thiocapsa roseopersicina and other purple bacteria of the top layer contain bac-
teriochlorophyll a, while the peach-colored layer contains predominantly bacteria
with bacteriochlorophyll b (which have a special advantage in sandy sediments
where long wavelength radiation penetrates especially deep) and the green sulfur
bacteria in the lower layer contain bacteriochlorophyll c. All of these pigments have
different absorption windows (700—750 nm for bchl ¢, 805-930 nm for bchl a,
>1000 nm for bchl b), and the bacteria can therefore easily develop below the chlo-
rophyll a-containing top layer (absorption maximum at 680 nm) and independent
from each other. As not only the quality but also the quantity of light matters, it is
interesting to see that the bacteriochlorophyll b-containing bacteria with their long-
range absorption maxima beyond 1000 nm have a special niche in the sandy sedi-
ments below those purple bacteria having behl a. In addition, the lowermost position
of the green sulfur bacteria matches with known experiences in sediments and
waters and relates to the special antenna organelles, the chlorosomes, which enable
these bacteria to grow at the lowermost amounts of light available for photosynthe-
sis. Also, the relations to sulfide and oxygen perfectly match with the distribution of
the phototrophic bacteria in different layers. While the green sulfur bacteria are the
most sulfide-tolerant and most sensitive to oxygen, many purple sulfur bacteria not
only tolerate oxygen but also can perform oxic respiration (Kdmpf and Pfennig
1980, 1986). In particular Thiocapsa roseopersicina is metabolically highly flexible
and known to be well adapted to diurnal changes of oxic and anoxic conditions,
performing photosynthesis in the presence of sulfide during (the onset of) daytime
and performing aerobic respiration after depletion of sulfide, also growing as a
chemolithotroph or chemoorganotroph in the dark (Kdmpf and Pfennig 1980, 1986;
De Wit and Van Gemerden 1987, 1990; Schaub and Van Gemerden 1993). These
properties predestine this bacterium as a major player in the topmost layer of the
phototrophic bacterial mats. The possibility to consume diffusing oxygen, including
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the oxygen produced in the top layer of the microbial mat, by the upper layer of
purple sulfur bacteria protects the layers below with more oxygen-sensitive bacte-
riochlorophyll b-containing purple sulfur bacteria from the oxygen (Pfennig 1989).

In a preliminary characterization of the diversity of the green sulfur bacteria in
samples from Sippewissett Salt Marsh using finoA and 16S rRNA gene sequences,
clone sequences related to Prosthecochloris aestuarii and to Chlorobaculum spe-
cies were identified (Alexander and Imhoff 2006), supporting and extending the
previous findings. A corresponding analysis of the phototrophic purple bacteria in
these mats has not been made so far. However, a number of new phototrophic purple
bacteria were isolated from these mats suggesting a high, so far unrecognized diver-
sity of phototrophic purple bacteria in the mats. The isolated purple sulfur bacteria
from this habitat include strains of Thiocystis violascens (formerly Chromatium vio-
lascens) and Thiocystis violacea (Triiper 1970) and a number of new species.
Bacteriochlorophyll b-containing bacteria first isolated from these microbial mats
include the purple sulfur bacterium Thioflavicoccus mobilis (Imhoff and Pfennig
2001), which is a close relative of Thiococcus pfennigii, and the purple nonsulfur
bacterium Rhodospira trueperi (Pfennig et al. 1997). Also Rhabdochromatium
marinum, which is an obligate phototrophic and strictly anaerobic bacterium, was
isolated from a microbial mat of Great Sippewissett Salt Marsh (Dilling et al. 1995).
In addition, Thiorhodococcus drewsii was isolated from Sippewissett Salt Marsh
(Zaar et al. 2003), and finally the purple nonsulfur bacterium Roseospirillum par-
vum with antenna bacteriochlorophyll complexes absorbing at approx. 930 nm orig-
inated from this salt marsh (Glaeser and Overmann 1999). It is amazing to see the
high degree of novelty in the isolated phototrophic bacteria from this habitat, and a
comprehensive study on the metagenomic diversity of the communities of photo-
trophic bacteria in this salt marsh would be a highly demanding task.

Lake Cadagno, Switzerland

Meromictic lakes represent the most important freshwater habitat of phototrophic
sulfur bacteria. In these lakes a more or less stable chemocline is formed, and if light
penetrates down to this zone, massive developments of phototrophic sulfur bacteria
(generally in company with purple nonsulfur bacteria) develop. In a number of
recent studies, phototrophic purple sulfur bacteria from Lake Cadagno were iso-
lated, and in addition the community was characterized by sequence analysis of the
16S rRNA gene.

Lake Cadagno is a small meromictic lake located at 1923 m elevation in the
Swiss Alps. It is 21 m deep, and during spring and summer time a permanent che-
mocline exists at approx. 10 m depth in which phototrophic purple bacteria develop
(Fischer et al. 1996; Schanz et al. 1998). Based on microscopic studies and photo-
pigment analysis, the predominance of the okenone-containing Chromatium okenii
and Lamprocystis purpurea forming a 2 m deep zone at the sulfide/oxygen interface
was found (Schanz et al. 1998). In agreement with these studies, the molecular
analysis of the bacterial community composition at the chemocline revealed clone
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sequences closely related to Chromatium okenii, Lamprocystis purpurea, and
Lamprocystis roseopersicina (Bosshard et al. 2000a; Tonolla et al. 1999) and a sea-
sonal dominance of Chromatium okenii during the summer months and of
Lamprocystis purpurea during autumn (Bosshard et al. 2000b). Later, also clone
sequences related to Thiocystis species were found (Tonolla et al. 2005), and two
new species were described from isolates of this lake, Thiocystis chemoclinalis and
Thiocystis cadagnonensis (Peduzzi et al. 2011). Despite seasonal and long-term
changes, the diversity of the phototrophic bacterial community of Lake Cadagno
appears typical of low-light chemocline habitats with the dominance of okenone-
containing purple bacteria and green sulfur bacteria. More detailed molecular stud-
ies targeting specifically the phototrophic purple and green bacteria are expected to
demonstrate a more diverse community in this lake as is known till now.

Baltic Sea Coastal Lagoon, Germany

Coastal lagoons are habitats related to typical coastal sediment habitats not perma-
nently covered by water (coastal sediments in estuaries and the Wadden Sea) and
also to marine salterns. Whenever sea water and organic matter is locked into coastal
lagoons, the onset of active sulfate reduction rapidly creates conditions suitable for
the development of anoxygenic phototrophic sulfur bacteria not only in the sedi-
ment but also in the water body. The reservoirs of phototrophic bacteria within the
coastal sediments provide the initial “feeding” of the populations that develop in the
lagoons. Often phototrophic sulfur bacteria are forming massive colored blooms in
coastal sediments and lagoons accompanied by purple nonsulfur bacteria (Imhoff
1988, 2001c). Depending on the strength of the sun light and the water regime
(evaporation versus dilution with fresh seawater or rain), the concentration of salts
in the lagoons may increase and species with increased salt tolerance or salt require-
ment may be favored. Such changes can create conditions comparable to the situa-
tion in the intermediate concentration range of marine salterns. Therefore, it is
expected that the three different types of habitats share a number of common species
of phototrophic bacteria. Indeed, a number of moderately halophilic Chromatiaceae
have been isolated from and are considered common inhabitants of both marine
coastal lagoons and salterns (Table 3).

In a coastal lagoon of the Baltic Sea in the Kiel Bight, the biodiversity of photo-
trophic purple bacteria was studied on the basis of pufLM gene sequences (Tank et al.
2009, 2011). In order to establish the species diversity, the sequences were arranged
in phylotypes. The great majority of pufLM phylotypes of the community from this
lagoon belonged to the purple sulfur bacteria. A few single clones from aerobic pho-
totrophic Proteobacteria were also present in the habitat. The purple sulfur bacteria
were affiliated to genera and species typically found in such or similar habitats,
including the genera Marichromatium, Thiorhodovibrio, Thiorhodococcus,
Allochromatium, Thiocapsa, and Thiocystis (Fig. 2). Some sequences were also
related to moderately halophilic Halochromatium and Thiohalocapsa species first
isolated from solar salterns (Caumette et al. 1988, 1991, 1997). From a total of 20
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Fig. 2 The contribution of different phylotypes to the community of purple sulfur bacteria in a
Baltic Sea lagoon on the basis of pufLM gene sequences is shown. The figure depicts the relative
composition in the sample and under experimental conditions with variation of temperature and
salt concentration as indicated (From Tank et al. 2011)

identified phylotypes of purple sulfur bacteria, five could be clearly assigned to type
strains of known species, ten additional phylotypes to a genus, and only five phylo-
types had sequence similarities (83.4-85.6 %) slightly below the proposed limit of
86 % pufLM sequence similarity to the closest known type strain, which was pro-
posed as a borderline value for the inclusion into genera (Tank et al. 2011). Thus,
most of the purple sulfur bacteria of this lagoon more or less were known at the genus
level, but novelty of these bacteria was high at the species level. In contrast, pufLM
sequences of aerobic phototrophic purple bacteriaof Alpha- and Gammaproteobacteria
were generally below 84 % similar to the next known relative type strain, in most
cases even far below 80 % similarity (Tank et al. 2011).

As this type of habitat is subjected to considerable changes in temperature and salt
content during daily and seasonal cycles, the impact of these parameters on the com-
munity composition was measured under controlled conditions in the laboratory
(Tank et al. 2011). In these experiments, a considerable impact on the community
structure was found within studied ranges of temperature (13—44 °C, at 2 % salts) and
salinity (0-7.5 % NaCl, at 23.5 °C). The highest diversity of identified phylotypes was
observed in the natural sample (at 23.5 °C and 2 % salinity), the lowest diversity at
temperatures of 26 °C and higher and in the absence of salt (Fig. 2). With the excep-
tion of three phylotypes found as single clones in the environmental sample, all others
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were retrieved at least from one of the experimental conditions. In addition, six phy-
lotypes that were not detected in the environmental sample showed up alongside the
applied salt and temperature gradients (Tank et al. 2011). Among these were phylo-
types most similar to the type strains of Trc. mannitoliphagus (99.8 % similar), Trc.
kakinadensis (98.2 % similar), and Mch. gracile (100 % similar). This result is quite
remarkable and indicates an even higher diversity in the environmental sample than
resolved by its direct molecular analysis. It also points out the general limitation of
molecular, metagenetic/metagenomic biodiversity studies in environmental samples.

Significant changes in the relative composition of the phylotypes were seen
along the range of salt concentrations but more drastic changes in response to the
temperature (Fig. 2). Five phylotypes related to Allochromatium vinosum (PT1,
PT2), Halochromatium roseum (PT12, PT14), and Trc. mannitoliphagus (PT3) rep-
resented approx. 45 % of the clone sequences in the habitat and the majority of
sequences under all conditions, except at temperatures above 40 °C (Fig. 2). They
were the exclusive representatives found at 26 °C, with the exception of a single
clone related to Thiorhodovibrio winogradskyi (PT17). The major phylotype in the
environmental sample (40% abundance of PT15) was distantly related to
Thiorhodovibrio winogradskyi and apparently was dependent on the presence of
salt (not found at 0 % NaCl) and low temperatures (only present at 13 °C).

Most dramatic changes of the community were seen with the increase of tem-
perature. A single phylotype of Mch. gracile (100 % similar), which was not detected
at lower temperatures and not in the habitat sample, absolutely dominated the com-
munities at temperatures above 40 °C (Fig. 2, Tank et al. 2011). Mch. gracile has
been repeatedly isolated from marine coastal habitats before, but the preference for
elevated temperatures was not noted as a general property of this species (Imhoff
1988, 2001a). However, the dominance at 40 °C supports findings of Serrano et al.
(2009) who characterized a slightly thermophilic strain of this species as a biotype.
The clear preference of Mch. gracile for elevated temperatures points to an obvious
competitive advantage in shallow-water habitats which are heated during daytime.

A remarkable aspect of this work is the finding that media and cultivation condi-
tions used were appropriate for all purple sulfur bacteria which were found in the
environmental sample by the genetic approach. It also demonstrates the great advan-
tage of functional genes in biodiversity studies but also the high flexibility and
diversity of purple sulfur bacteria communities in the coastal habitats and their
potential to adapt to changing environmental conditions.

Conclusions

A common property of all phototrophic purple bacteria is the presence of a photo-
synthetic apparatus and the performance of phototrophic growth under anaerobic
conditions, though phylogenetically they are members of Alpha-, Beta-, and
Gammaproteobacteria and found in several orders and families of these classes
(Fig. 1, Tables 1, 2, and 3).
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They are important ecological players at the light-receiving chemocline in all
types of habitats. Different phototrophic purple bacteria are living in freshwater and
in marine and hypersaline habitats; special species are adapted to alkaline or acidic
conditions, to cold or hot temperatures. In addition, different light conditions, con-
centrations of sulfide and oxygen, and different physicochemical conditions define
their ecological niches. In reflection of all of these factors that determine distribu-
tion and occurrence of the species and in consideration of the results of first detailed
metagenetic studies specifically targeting the phototrophic purple bacteria, a much
higher diversity of species very likely exists than known to date.

The possibility to approach the diversity of phototrophic purple bacteria with
genetic methods specifically targeting the photosynthetic reaction center proteins
opens up possibilities to specifically study the environmental diversity of this group
of bacteria with high resolution. Probably one of the most detailed diversity studies
of a community of phototrophic purple sulfur bacteria and also one with the highest
resolution toward detection of members of this group of bacteria (longest used
sequence stretch and highest specificity for the group) has been performed with
pufLM genes as a target (Tank et al. 2011). The results on the analysis of the com-
munity from a coastal lagoon are remarkable for different reasons.

1. Despite the highly selective specificity of the pufLM target, almost a third of the
total phylotypes recognized was detected only after experimental modification
of the environmental conditions but not in the environmental sample itself. This
incomplete coverage of the environmental community even by highly specific
functional gene probes quite likely demonstrates a general limitation of metage-
netic and metagenomic biodiversity studies.

2. Changes in physicochemical conditions, especially of the temperature, can cause
dramatic shifts in the community composition. This indicates a quite specific
adaptation of individual species to selected environmental conditions. It also
reflects a high flexibility of the environmental community to adapt to changing
conditions and thereby may explain the incomplete coverage of the metagenetic
approach, which comes to its limits if certain bacteria are present at very low
abundance.

A few relevant case studies using pufLM sequences demonstrate that the broad
application of this approach is suited to deliver diversity profiles of many different
habitats and to study the dynamic changes therein. In a long-term perspective, the
comparison of communities using pufLM genes allows to address questions of bio-
geographic distribution, habitat specificity, and ecological niche identification of
species on a global scale. We are currently at the beginning of this era.
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A Panoply of Phototrophs: An Overview
of the Thermophilic Chlorophototrophs

of the Microbial Mats of Alkaline Siliceous
Hot Springs in Yellowstone National Park,
WY, USA

Marcus Tank, Vera Thiel, David M. Ward, and Donald A. Bryant

Abstract Chlorophototrophs are organisms that can synthesize chlorophylls or
bacteriochlorophylls, and they use these molecules to harvest and convert light
energy into stored chemical potential energy. Some of these organisms also perform
photosynthesis, in which light provides the energy (ATP) and reducing power
(NAD(P)H or reduced ferredoxin) required for inorganic carbon (C;) fixation. Over
the past decade, we have studied the chlorophototrophs found in two alkaline sili-
ceous hot springs in Yellowstone National Park, WY, USA. The microbial mats that
occur at temperatures of 40—73 °C in Mushroom and Octopus Springs have proven
to contain a surprisingly diverse array of chlorophototrophs. These include mem-
bers of six of the seven bacterial phyla known to have members capable of synthe-
sizing  (bacterio)-chlorophylls:  Acidobacteria, — Cyanobacteria, — Chlorobi,
Chloroflexi, Firmicutes, and Proteobacteria. More than 16 chlorophototrophs have
now been associated with these microbial mats, and this does not include the many
ecotypes of these organisms that occur within these communities. In this chapter we
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will briefly describe the panoply of phototrophic organisms that occur in these mat
communities and will provide an introduction to their morphological appearance
and other basic properties. Metagenomic analyses have revealed several novel
organisms, e.g., Chloracidobacterium thermophilum, “Candidatus
Thermochlorobacter aerophilum,” “Candidatus Chloranaerofilum corporosum,”’
“Candidatus Roseovibrio tepidum,” and “Candidatus Roseilinea gracile,” which
were hitherto unknown to microbiologists because they escaped isolation by classi-
cal, culture-based methods. However, by combining molecular methods, in situ
physiological observations, metabolic reconstruction, and enrichment techniques,
we are now making remarkable progress toward the isolation of these
chlorophototrophic organisms.

Introduction

Phototrophs are organisms that use light as their energy source. Two types of pho-
totrophs are known: retinalophototrophs and chlorophototrophs (Bryant and
Frigaard 2006). Retinalophototrophs employ retinal-binding proteins, including
bacteriorhodopsin, proteorhodopsin, halorhodopsin, and/or xanthorhodopsin, to
convert light energy into stored chemical potential energy in the form of proton,
sodium, or chloride gradients (Kandori 2015). Retinalophototrophs are widespread
in nature, especially in marine environments, where blue-green light is readily avail-
able and penetrates to significant depths (>200 m). Retinal-binding proteins charac-
teristically have seven transmembrane a-helices and a specific lysine residue that
covalently binds the retinal moiety in a Schiff base, and they employ a simple,
isomerization-based photocycle mechanism for energy storage (Lanyi 2006). If an
organism can synthesize y- or 3-carotene, then energy acquisition by retinalophotot-
rophy only requires the acquisition of two genes: bop, encoding the retinal-binding,
bacterial opsin; and blh, encoding the 15, 15’-B-carotene dioxygenase that produces
the retinal chromophore by oxidative cleavage of pf-carotene. Light-induced trans-
to-cis isomerization of the retinal chromophore, and its subsequent dark reversion to
the resting all-frans configuration, establish the photocycle that transfers one ion per
photon across the cytoplasmic membrane (Lanyi 2006). Although proton-pumping
retinal proteins are the most common type, recent studies have shown that sodium-
pumping retinal proteins often occur in marine bacteria (Inoue et al. 2013).
Although retinalophototrophy is a very simple and efficient system for light
energy capture and conversion, it presents two major disadvantages. Firstly, the
single retinal chromophore has a rather small molar extinction coefficient, and thus
these proteins function most efficiently at high irradiance values (xanthorhodopsins
use a second carotenoid chromophore to increase the absorbance cross section for
light harvesting; Balashov et al. 2005; Balashov and Lanyi 2007). Secondly, ret-
inalophototrophs are only able to produce ion gradients and thus are unable to pro-
duce reductants for C; fixation. No example of an autotrophic organism that couples
retinalophototrophy with lithotrophic oxidation of a compound such as sulfide has
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yet been described. In spite of these limitations, this mechanism of phototrophy is
very widespread as a result of horizontal gene transfer (Frigaard et al. 2006; Ugalde
etal. 2011; Martinez-Garcia et al. 2011). Physiological studies have established that
proteorhodopsins in marine flavobacteria provide an energetic advantage to cells
under carbon limitation conditions (Gémez-Consarnau et al. 2007; Steindler et al.
2011). These data as well as others demonstrate that even relatively low levels of
retinal proteins can provide an energetic benefit to cells, which in turn would select
for organisms that obtain these genes by horizontal gene transfer.

Chlorophototrophs differ fundamentally from retinalophototrophs in essentially
all respects. Chlorophototrophs synthesize chlorophylls (Chls), which they use for
light energy capture, and they use light-driven redox reactions, i.e., photochemistry,
to produce protonmotive force for ATP production and strong, stable reductants for
C, fixation. The chemical diversity of Chls and bacteriochlorophylls (BChls), which
are usually embedded in special protein structures, often together with accessory
pigments, allows chlorophototrophs collectively to use a wide range of light wave-
lengths, spanning the range from about 350 to 1100 nm. However, because Chls are
complex tetrapyrroles, the number of genes required for Chl biosynthesis, Chl bind-
ing, and related processes is large. Thus, the ability to perform chlorophototrophy is
rarely transferred horizontally but probably has occurred (see Zeng et al. 2014). At
present, 14 major classes of Chls and BChls can be produced by bacteria: Chl a, Chl
b, Chl d, Chl f, divinyl-Chl a, divinyl-Chl b, 8-OH-Chl a and BChls a, BChl 5, BChl
¢, BChl d, BChl e, BChl f, and BChl g (Gomez Maqueo Chew and Bryant 2007,
Chen 2014). Additional possibilities exist if one considers that different esterifying
alcohols can occur at position C-17 (e.g., phytol, 2,6-phytadienol, geranylgeraniol,
1-octadecanol, 1-hexadecanol, etc.); that Mg can sometimes be replaced by Zn
(Jaschke et al. 2011; Tsukatani et al. 2012; Wakao et al. 1996); and that stereoiso-
mers of some Chls and BChls exist (e.g., Chl a and Chl a’; BChl a and BChl a’;
BChl g and BChl g’) (Ohashi et al. 2010).

The invention of chlorophototrophy was arguably one of the most important
events in biological evolution, because it allowed an inexhaustible source of
energy, the sun, to be directly coupled to metabolic energy and reducing power
production in bacteria. Chl- and BChl-binding proteins can bind many Chls and
can form complex structures with many light-absorbing chromophores, so chloro-
phototrophy can proceed efficiently even when irradiance is extremely low.
Although nature has evolved many different Chls and BChls, and has evolved
many different chromophores and light-harvesting antenna systems for light cap-
ture, the core photochemical proteins, known as “reaction centers,” evolved once,
but gene duplication and divergence led to the formation of a few distinctive types
of reaction centers (Golbeck 1993; Sadekar et al. 2006; Hohmann-Marriott and
Blankenship 2011). Homodimeric type-1 reaction centers, found in members of
the Chlorobi, Acidobacteria, and Firmicutes, produce strong reductants and weak
oxidants, while heterodimeric type-2 reaction centers, found in Proteobacteria,
Chloroflexi, and Gemmatimonadetes, produce weak reductants and strong oxi-
dants. The much more complex, heterodimeric Photosystem (PS) I and PS II
reaction centers found in members of the Cyanobacteria are divergent variants of
the type-1 and type-2 bacterial reaction centers. PS I and PS II can act in series to
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oxidize water and produce oxygen as a waste product while producing strong
reductants and ATP for C; fixation. The major advantages of chlorophototrophy are
that this process provides enormous flexibility and functionality under highly
diverse light and redox conditions. In contrast, retinalophototrophy provides
exquisite simplicity for the capture and conversion of visible (typically blue or
green) light primarily into protonmotive force.

Although current estimates suggest that there are about 100 bacterial phyla, over
the past 200 years microbiologists have only identified seven phyla that contain
members capable of chlorophototrophy: in order of discovery, Cyanobacteria,
Proteobacteria, Chlorobi, Chloroflexi, Firmicutes, Acidobacteria, and
Gemmatimonadetes (Bryant and Frigaard 2006; Bryant et al. 2007; Zeng et al.
2014). The discovery and characterization of these various types of chlorophototro-
phs has contributed greatly to our knowledge of the evolution of photosynthesis, the
process that combines chlorophototrophy with autotrophic CO, fixation. Note that
not all chlorophototrophs perform photosynthesis, because some chlorophototrophs
(e.g., Chloracidobacterium (Cab.) thermophilum, Heliobacterium modesticaldum)
can only grow photoheterotrophically.

This chapter will describe the chlorophototrophs that occur in the microbial mats
in Mushroom Spring (MS) and Octopus Spring (OS) (also called Pool A in some
early studies). These thermal features are chemically similar, alkaline siliceous hot
springs found in the Lower Geyser Basin of Yellowstone National Park (YNP). A
surprising diversity of chlorophototrophs, representing six of the seven phyla known
to contain chlorophototrophs (the exception is Gemmatimonadetes) is found in
these microbial mats. Two organisms isolated from these mats, Chloroflexus auran-
tiacus (Pierson and Castenholz 1971, 1974) and Cab. thermophilum (Bryant et al.
2007; Tank and Bryant 2015a, b), were the first cultivated examples of chlorophoto-
trophs from their respective phyla, Chloroflexi and Acidobacteria. Several other
highly unusual chlorophototrophs, including “Candidatus Thermochlorobacter
aerophilum,” an Anaerolineae-like phototroph, (“Candidatus Roseilinea gracile”),
and an Oscillochloris-like phototroph (“Candidatus Chloranaerofilum corporo-
sum’), have also been described for the first time from these mat communities. This
chapter will describe the different chlorophototrophs found in these mats and will
briefly summarize some properties of these organisms.

Introduction to Mushroom Spring and Octopus Spring
in Yellowstone National Park

Although microbiological studies of YNP began in the 1930s (e.g., van Niel and
Thayer 1930; Brock 1972), extensive microbiological research in Yellowstone
National Park (YNP), Wyoming (WY, USA) started in the early 1960s with pioneer-
ing work by Thomas D. Brock (Brock 1967a, b, 1998; Brock and Freeze 1969). Hot
springs, specifically MS and OS in the Lower Geyser Basin in YNP, were particu-
larly interesting to microbial ecologists because they were viewed as simple,
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steady-state ecosystems containing large and readily accessible microbial popula-
tions, in which microorganisms could be studied in their natural environments
(Brock 1967a, b, 1998; Ward et al. 1998). The names of the two springs possibly are
derived from their shapes, which resemble a stylized mushroom and an octopus,
respectively (Fig. 1). Hot spring water leaves the source pools forming outflow
channels, along which relatively stable thermal gradients are created. With tempera-
ture as the principal variable (Brock and Brock 1968) they have provided excellent,
naturally occurring experimental conditions to address questions about the ecology
of organisms at different temperatures.

MS and OS are alkaline, siliceous hot springs located at about ~2000 m above
mean sea level in YNP. The springs are approx. 0.3 km NE and SSE of Great
Fountain Geyser in the White Creek Valley, respectively, and are separated by about
0.5 km (Fig. 1; Madigan and Brock 1977; Bott and Brock 1969). Over the course of
our studies these springs have had source temperatures of 69.0 and 90.5 °C and have
slightly alkaline pH values of ~8.0 and ~8.4, respectively. As has been described
several times over the course of the last 50 years, their water chemistries are very
similar: they are low in total salt concentrations, and have sulfate (<200 to 270 pM),
nitrate (<2 to 6 pM), and ammonium (<3 to 35 pM) values approaching detection
limits (Table 1; Doemel and Brock 1976; Ball et al. 2004; Papke et al. 2003).

Although most of the initial research had been conducted at OS, MS became
famous as one of the source pools for the isolation of the thermophilic hetero-
troph, Thermus aquaticus, the source of Taq polymerase. The thermostability of
Taq DNA polymerase revolutionized molecular-based, nucleic acid research, and
has made the polymerase chain reaction an indispensable tool in virtually all
aspects of modern life sciences (Brock 1997; Brock and Freeze 1969; Gelfand
et al. 1989; Saiki et al. 1988).

As soon as the spring water at the rim of the source pool and in the effluent chan-
nels of OS cools down to temperatures <75 °C, the development of phototrophic
microbial mats can be observed. The prokaryotic community above 75 °C consists
of, non-phototrophic, (hyper-) thermophilic Aquificales and other chemoheterotro-
phic and chemolithoautotrophic bacteria (Reysenbach et al. 1994; Huber et al.
1998). Chlorophototrophs occur in the source pool for MS because the water tem-
perature there is only 69 °C. In the effluent channels of both hot springs, chloropho-
totrophic microbial mats dominated by unicellular, oxygenic Cyanobacteria
(Synechococcus), and filamentous anoxygenic chlorophototrophic members of the
Chloroflexi develop at temperatures of 40-73 °C (Fig. 1). Photosynthesis extends up
to the upper limit for growth of oxygenic chlorophototrophic cyanobacteria, which
is 73-75 °C (Brock 1978; Castenholz 1969; Meeks and Castenholz 1971). Because
of the dense growth of Synechococcus spp. at the upper layer of the mats, the mats
have an intense, bluish-green color (Fig. 1b, c¢). The underlying region, referred to
here as the undermat, is bright reddish-orange in color and is dominated by
BChl a-containing filamentous anoxygenic chlorophototrophic Chloroflexi of the
genus Roseiflexus; this part of the mat is largely free of Synechococcus spp. cells
(Doemel and Brock 1977; Niibel et al. 2002; Thiel et al. 2016). Thomas Brock not
only studied the upper temperature limit of phototrophic life in his early studies, but
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Fig. 1 Map with location (Panel a) and pictures of OS (Panel b) and MS (Panel ¢), which are near
Great Fountain Geyser in the Lower Geyser Basin of YNP. The map was generated using
QLandkarte GT version 1.2.3, ©2007 Oliver Eichler, qlandkarte.sourceforge.net/using QT Library
4.8.1, GDAL Library 1.7.3 release 2010/11/10, and Proj4 Library 470. The insets in Panels b and
¢ show the appearance of the phototrophic microbial mat. Note the distinct layers of these mats,
with an upper green layer and a reddish-orange undermat
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Table 1 Physicochemical parameters of MS and OS source water

93

Name and/or site description Octopus Spring Mushroom Spring
GPS position 44.539/-110.794 44.539/-110.798
Sample code number 01WA145 01WA146
Date collected 9/16/2001 9/16/2001
Time collected 12:20 15:08
Temperature, °C 90.5 69

pH (field/laboratory) 8.04/8.78 7.96/8.70
PH, selected 8.04 7.96
Specific conductance (field/laboratory), uS/ | 1338/1446 1310/1376
cm

Eh,V -0.078 —0.007 0.127
Density, g/mL at 20 °C 0.99911 0.99904
Dissolved oxygen (DO), mg/L - -
Calcium (Ca*) 0.765 0.627
Magnesium (Mg*™) 0.011 0.006
Strontium (Sr*) 0.001 0.001
Barium (Ba**) <0.001 <0.001
Sodium (Na*) 297 278
Potassium (K*) 15.4 19.5
Lithium (Li*) 3.25 1.94
Sulfate (SO,*) 17.6 19
Thiosulfate (S,05%) <0.1 <0.1
Polythionate (S,05), mM/n <0.002 <0.002
Hydrogen sulfide (H,S) 0.024 0.003
Alkalinity (HCO5") 343 292
Acidity (free/total), mM —/— —/—
Fluoride (F) 21.2 14.9
Chloride (CI") 246 257
Bromide (Br) 0.8 0.8
Nitrate (NO;") <0.1 <0.1
Nitrite (NO,") 0.063 0.0151
Ammonium (NH,*) <0.04 <0.04
Silica (Si0O,) 288 296
Boron (B) 2.74 2.74
Aluminum (Al) 0.24 0.14

Iron total (Fe(T)) <0.002 <0.002
Ferrous iron (Fe(IT)) <0.002 <0.002
Manganese (Mn) 0.003 0.005
Copper (Cu) 0.001 <0.0005
Zinc (Zn) 0.002 0.003
Cadmium (Cd) 0.0001 0.0001
Chromium (Cr) <0.0005 <0.0005
Cobalt (Co) 0.0027 <0.0007

(continued)
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Table 1 (continued)

Name and/or site description Octopus Spring Mushroom Spring
Mercury (Hg), ng/L - -
Nickel (Ni) <0.002 0.002
Lead (Pb) 0.001 0.0012
Beryllium (Be) 0.002 0.002
Vanadium (V) <0.002 <0.002
Molybdenum (Mo) - -
Antimony (Sb) 0.085 0.072
Selenium (Se) <0.001 <0.001
Arsenic total (As(T)) 1.37 1.86
Arsenite (As(III)) 0.148 0.0301
Dissolved organic carbon (DOC) 1.4 1.4
8D, per mil —144 —142
6180, per mil -16.9 —16.3
Sum cations, meq/L 13.7 12.9
Sum anions, meq/L 14 13.2
Charge imbalance, percent -2 -2.8

If not stated otherwise all concentrations are in mg/L (Ball et al. 2004)
Data in this table are adapted from various sources

he was the first to show that bacterial activities and photosynthesis of natural com-
munities obtained from hot spring environments were most efficient when samples
were incubated at the temperature of the environment from which they were iso-
lated (Brock 1967b, 1998).

Although the microbial chlorophototrophic mats that develop at MS and OS
at temperatures >55 °C have a maximal depth of a few cm (e.g., 2 cm in Doemel
and Brock 1977; 1 cm in Fig. Ic), most of the microbial activity seems to be
restricted to the upper few mm. Most studies have been conducted on the upper
green layer that extends to a depth of 1-2 mm. Studies including or focusing on
the orange-colored undermat have generally focused on the region extending
from a depth of about 3-5 mm (Kim et al. 2015; Niibel et al. 2002; Thiel et al.
2016). DNA obtained from the layers beneath ~5 mm was too degraded to allow
any analysis (Thiel et al. 2016), and many cells from below 5 mm appeared to be
dead (Doemel and Brock 1977).

Studies have shown that these chlorophototrophic mat communities are con-
trolled by horizontal and vertical gradients (spatial) of environmental parameters,
which can vary strongly during the diel cycle (temporal) but which change less
significantly in response to seasonal or annual changes (Fig. 2). In addition to the
temperature gradient due to the cooling of the water in the effluent channels, the
diel cycle and vertical gradients of light and oxygen are important controlling fac-
tors in the microbial mats (Figs. 2 and 3). Additionally, microsensor studies dis-
closed high photosynthetic activity in the upper green layer leading to diel patterns
and variations in pH, oxygen, and hydrogen concentration (Jensen et al. 2011;
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Fig. 2 In situ measurements of incident downwelling irradiance (pmol photons m= s™'; fop pan-
els), O, levels (% air saturation; central panels), and pH (bottom panels) at different mat depths, as
measured over two diel cycles at a 60 °C sampling site in MS in July 2005 (left panels) and
September 2008 (right panels) (figure from Jensen et al. 2011)

Niibel et al. 2002; Revsbech and Ward 1984; Revsbech et al. 2016). Due to light-
dependent autotrophic C; fixation, the pH rises from ~7.0 under anoxic conditions
before sunrise to >9.0 at highlight conditions around noon. Oxygen concentra-
tions in the upper 1 mm region of the mat fluctuate from anoxia during the night,
suboxic conditions during a period of dim light in the early morning, O, super-
saturation during most of the day, and are turn to microoxic conditions during late
afternoon (Becraft et al. 2015; Jensen et al. 2011; Revsbech and Ward 1984,
Revsbech et al. 2016).

The Chlorophototrophs in Mats of MS and OS

What seemed to be a low-diversity microbial mat consisting of two phototrophic
bacteria from the phyla Cyanobacteria and Chloroflexi over time has been demon-
strated to be a much more complex phototrophic microbial community harboring
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Fig. 3 Spectral scalar irradiance (Panel a) and absorbance spectra (Panel b) at different depths
within the Mushroom Spring mat. Spectral scalar irradiance was measured at 63 °C in September
2008. Numbers on curves denote the depth (mm) below the mat surface. Note log scale showing
transmitted light in % of the downwelling irradiance measured at the mat surface. Shaded areas
indicate absorption ranges of phycobiliproteins (PBP), chlorophyll (Chl) a, and bacteriochloro-
phylls (BChl) ¢ and d. Also note the relatively higher amount of near-infrared light at 800 nm
compared to 680 nm at the depth of 1 mm (arrows; modified from Becraft et al. 2015). Wavelengths
between 800 and ~950 nm can be absorbed by BChl «a in anoxygenic members of the mat com-
munity. Absorbance spectra (Panel b) were obtained by microscopic spectrometry of thin sections
of a mat from 60 °C cut perpendicular to the mat surface. Absorbance was calculated for 0.2-mm
depth intervals at three depths as indicated. Absorbance peaks: phycocyanin, 622 nm; Chl a,
678 nm; BChl ¢, 744 nm; BChl a, 794, and 869 nm. Note that cyanobacterial pigments phycocya-
nin and Chl a are not detected at a depth of 1.2-1.4 mm (figure from Niibel et al. 2002)
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numerous chlorophototrophic bacteria and members from six out of seven phyla
with members that can synthesize (B)Chls (Fig. 4). After decades of study using
isolation and/or molecular methods, at least 16 chlorophototrophic bacterial taxa
have been detected in the microbial mats of MS and OS. The dominant oxygenic
cyanobacteria are members of the Synechococcus spp. A/B lineage, many ecotypes
of which occur in the mats (see below; Becraft et al. 2015). For instance, 16S rRNA
genotypes A”, A’, A, B’, and B are distributed along the thermal gradient from
~72 °C to ~50 °C, respectively. Additional cyanobacteria detected in the mat
include uncultured and unidentified cyanobacteria OS type 1 and type J
(Leptolyngbya and Synechococcus spp., respectively), and the lower abundance
isolates Thermosynechococcus sp. C1 and Synechococcus sp. C9 (most closely
related to Thermosynechococcus elongatus and “Candidatus Gloeomargarita
lithophora,” respectively; Ferris et al. 1996b). Highly diverse filamentous anoxy-
genic phototrophs (FAPs) of the phylum Chloroflexi inhabit the mat. They include
members of the genera Roseiflexus and Chloroflexus as well as two previously
unknown chlorophototrophic Chloroflexi (see Sections “ “Candidatus Roseilinea
gracile,” a Chlorophototrophic Member of the Class Anaerolineae Within the
Phylum Chloroflexi” and *“ “Candidatus Chloranaerofilum corporosum” MS-FAB1:
A New Oscillochloris-Like Member of the Chloroflexineae” below). The discov-
ery of additional novel and rather unusual anoxygenic but oxygen-requiring chlo-
rophototrophic bacteria came as a surprise, and thanks to metagenomic analyses;
the first phototrophic member of the phylum Acidobacteria, Cab. thermophilum
(Bryant et al. 2007; Tank and Bryant 2015a, b) and the first aerobic

Fig. 4 Summary of the 16 chlorophototrophic taxa found in mats of MS (40-73 °C) by metage-
nomic and isolation studies. Six out of seven phyla with known chlorophototrophic members have
been detected in the mats. Presence and abundance of the phototrophs vary with temperature (see
text for details). These mats have been found to be a rich source of chlorophototrophic bacteria
with unusual properties. PSB, purple sulfur bacteria; AAPB, aerobic anoxygenic purple bacteria;
and PNSB, purple non-sulfur bacteria
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photoheterotrophic member of the phylum Chlorobi, “Ca. T. aerophilum” (Liu
et al. 2012) were identified. Isolated chlorophototrophs representing presumably
rather small populations in the mats include anoxygenic chlorophototrophic pro-
teobacteria closely related to the purple sulfur bacterium Thermochromatium tepi-
dum (PSB; Madigan 1984, 1986) and «-proteobacterial aerobic anoxygenic
phototrophic bacteria (AAPB). One isolate was identified as an Elioraea sp. (“Ca.
Elioraea thermophila”) and the other is distantly related to Roseomonas spp. (“Ca.
Roseovibrio tepidum”). Additionally, a BChl b-containing, purple non-sulfur bac-
terium (PNSB), Blastochloris sp., was obtained from the mats at temperatures
between 40 and 50 °C. The mats are also known to harbor Heliobacterium modes-
ticaldum, a BChl g-containing, chlorophototrophic member of the Firmicutes
(Kimble et al. 1995; Stevenson et al. 1997).

Oxygenic Chlorophototrophs: Cyanobacteria
Synechococcus spp.

The upper green layers of the MS and OS mats are dominated by cyanobacteria
described as the A/B lineage of unicellular Synechococcus spp. (see Figs. 5 and 6;
Ward et al. 2012a, b). Due to morphological and physiological similarities—and
before the age of molecular taxonomy—these cyanobacteria were originally
believed to represent strains of the cultivated species Synechococcus lividus (Sitz
and Schmidt 1973; Doemel and Brock 1977). However, they were later shown to be
quite distinct from S. lividus on the basis of phylogeny based on 16S rRNA sequences
(~90 % nucleotide identity; e.g., Ward et al. 1990; Weller et al. 1992).

The Synechococcus spp. found in MS and OS are strictly thermophilic, oxygenic
photoautotrophic cyanobacteria. The ability to fix dinitrogen via a molybdenum-
iron nitrogenase was predicted and verified for members of Synechococcus sp. Type
A and B’ (Bhaya et al. 2007; Steunou et al. 2006, 2008; M. Tank, unpublished data).
However, one putative A14 ecotype lacks the entire nif gene cluster and thus is
unable to reduce dinitrogen to ammonia (M. Olsen and D.M. Ward, unpublished
results). These cyanobacteria contain PS I and PS II, with chlorophyll (Chl) a as
their only Chl, and these organisms have phycobilisomes composed of phycocyanin
and allophycocyanin; to date none have been found to produce phycoerythrin or
phycoerythrocyanin (Bhaya et al. 2007; Nowack et al. 2015; Olsen et al. 2015).
Members of the Synechococcus spp. Type A and Type B’ lineages dominate the
upper ~2-mm thick green layer together with filamentous anoxygenic phototrophic
members of the Chloroflexi. Unicellular cyanobacteria are found all along the tem-
perature gradient (40-73 °C) but the different lineages (e.g., Synechococcus sp. A
and B’) and variants (ecotypes, see below) show distinct distribution patterns
(Becraft et al. 2011, 2015; Ferris et al. 1996a, 2003; Ferris and Ward 1997; Ramsing
et al. 2000). Early studies were able to distinguish two different green layers visu-
ally and microscopically: a 0.2- to 1-mm thick first layer and a 0.1- to 0.6-mm thick
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Fig. 5 Phase-contrast (Panels a and ¢) and Chl @ autofluorescence (Panels b and d) micrographic
images of cyanobacterial enrichment cultures from 55 °C MS mat samples. Panels a and b show a
microcolony mainly consisting of A/B lineage Synechococcus (Syn.) spp., while panels ¢ and d
show Thermosynechococcus sp. Cl-like morphotypes. Note the characteristic polar granules in
both cell types probably consisting of carbonate deposits (Panels a and ¢). Scale bars equal 10 pm

second layer with darker blue-green color and more intense autofluorescence
(Doemel and Brock 1977). More recent studies showed vertical distributions of
distinct cyanobacterial variants with different light adaptations, which could possi-
bly account for the observed color differences within the upper green layer (Becraft
et al. 2015; Nowack et al. 2015). Beneath this region, in the orange-colored under-
mat, Synechococcus is rarely observed, even as lysed cells (Doemel and Brock
1977). The oxygenic cyanobacteria from the genus Synechococcus have been shown
to be the predominant primary producers in these communities by in situ studies of
bicarbonate fixation using stable and radioactive isotopes (Bateson and Ward 1988;
Niibel et al. 2002; van der Meer et al. 2007), and they are also a primary source of
fixed nitrogen (Steunou et al. 2006, 2008). Their very high biological activity in the
upper layer results in extreme values for oxygen concentration and pH in the upper
2 mm of the mat as detected by microsensor studies (Revsbech and Ward 1984).
Synechococcus spp. exist in the mat as several different ecological species, which
have nearly identical 16S rRNA gene sequences but different psaA sequences—so-
called ecotypes (Becraft et al. 2011, 2015; Nowack et al. 2015; Olsen et al. 2015).
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Fig. 6 Phase-contrast (Panels a, ¢, and e) and fluorescence micrographs (Panels b, d, and f) of
Synechococcus spp. detected in MS mats. Colony of different unicellular Synechococcus spp.
under enrichment conditions with characteristic carbonate deposits at the poles (Panels a and b).
Synechococcus sp. B’ (Panels ¢ and d) and Thermosynechococcus (Thermosyn.) sp. Cl-like
(Panels e and f) in agar plates. Note that the carbonate inclusions at the poles that are present in
enrichment cultures (panel a) are lost when cells are grown on plates in a diel cycle with an N,
atmosphere during the dark periods (Panel ¢), and that they differ in C1-like Synechococcus spp.
in which they appear as granules (Panel e). Different phototrophs in mat and enrichment samples
are visible in autofluorescence microscopy using BChl a specific filters (Panel b). Scale bars
equal 10 pm
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Previous studies have detected a number of cyanobacterial (Synechococcus) variants
not only in 16S rRNA sequence (Ferris and Ward 1997), but also in 16S-23S rRNA
internal transcribed spacer region (Ferris et al. 2003) and protein-encoding genes
(Becraft et al. 2011, 2015; Melendrez et al. 2011). Different distribution patterns of
the putative ecotypes along the effluent channel flow path (Ferris and Ward 1997),
or with respect to the vertical dimension within the photic zone of the mat (Ramsing
et al. 2000), first suggested that these might be ecological species populations with
specific  ecological adaptations. Temperature-adapted and light-adapted
Synechococcus ecotypes have been demonstrated by obtaining representative strains
and studying their temperature and light preferences, as well as their genome
sequences (Allewalt et al. 2006; Becraft et al. 2015; Bhaya et al. 2007; Nowack
et al. 2015; Olsen et al. 2015). Genome sequences of several ecotypes isolated from
the dominant cyanobacteria from MS are now available, and these provide compre-
hensive insights into the physiological and metabolic capacities of the oxygenic
chlorophototrophs in the mat (Bhaya et al. 2007; Olsen et al. 2015). Low-light-
adapted strains characteristically contain a gene cluster—possibly horizontally
acquired —that enhances absorption of far-red light, wavelengths (700750 nm) that
reach deeper into the mat (Gan and Bryant 2015; Olsen et al. 2015). This gene clus-
ter includes allophycocyanin gene variants, apcB3 and apcD4, which are only found
in a few cyanobacteria and which produce a variant type of allophycocyanin with
enhanced far-red light absorption (4,,,x=711 nm; Gan and Bryant 2015; Gan et al.
2014, 2015; Olsen et al. 2015; Sidler 1994). A special member of the PsbC/IsiA
superfamily of Chl a-binding proteins, IsiX, is also specifically present in these low-
light-adapted strains (Gan and Bryant 2015; Olsen et al. 2015; Shen et al. 2016). A
metatranscriptomic analysis showed enhanced transcriptional activity for isiX spe-
cifically in the morning and evening, when low-light conditions predominate, a pat-
tern of expression that is similar to that for the apcD4 and apcB3 genes (Olsen et al.
2015). Consistent with the in situ analyses of gene expression, laboratory cultures
of low-light-adapted ecotypes only express the isiX-apcD4-apcB3 genes in cells
grown at very low irradiance, but these genes are not expressed when cells are
grown at high irradiance (N. Soulier, G. Shen, D.A. Bryant, unpublished results).

Members of the Type A and B’ lineages of Synechococcus are the dominant
oxygenic chlorophotrophs in these mat systems, and although they have been inten-
sively studied for decades, it has not until now been possible to obtain axenic cul-
tures of these cyanobacteria, which therefore prevented a valid description of the
species. Despite this difficulty, many studies conducted in situ and with enrichments
or “uni-cyanobacterial” mixed cultures produced important information about their
ecology and physiology. Recently, using the information about the life style of these
bacteria, in combination with a slight modification of the defined medium devel-
oped primarily for Cab. thermophilum (CTM-medium; Tank and Bryant 2015a, b),
significant progress has been achieved toward obtaining axenic cultures of Type A
and B’ Synechococcus spp. strains.

Cultivation experiments showed that the unicellular cyanobacteria in the MS
and OS mats are very sensitive to reduced sulfur compounds, specifically thiogly-
colate, and these organisms apparently primarily obtain ammonia from nitrogen
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fixation, rather than by using ammonium or nitrate added to the CTM-medium as
their source of fixed nitrogen. Mimicking a diel cycle of light and oxygen as
occurs in situ at a temperature of 52 °C and using the CTM-medium without thio-
glycolate enabled the growth of axenic colonies of strains of the A/B-lineage of
Synechococcus sp. and Thermosynechococcus sp. Cl1 in agar plates (Fig. 6¢—f).
Sulfate present in CTM-medium presumably functions as sulfur source for the
cyanobacteria in the enrichments; this observation is supported by the prediction
for assimilatory sulfate reduction ability in Synechococcus spp. Type A and B’
from analysis of the genomes (Bhaya et al. 2007). Nitrogen fixation is strongly
supported by the in situ experiments performed by Steunou et al. (2006, 2008) in
which maximal nitrogenase activity was demonstrated in the morning hours. This
apparent preference of nitrogen fixation over other sources of inorganic nitrogen
is a somewhat surprising finding, because ammonia and nitrate are usually the
preferred sources of nitrogen for most cyanobacteria (Rippka et al. 1979; Stanier
and Cohen-Bazire 1977). The Synechococcus spp. genomes contain a putative
ammonium transporter (amtB) as well as genes for an ABC transporter for nitrate,
nitrate reductase (narB), and nitrite reductase (nirA). However, active nitrogen
fixation in situ is in accordance with the very low concentrations of ammonium
and nitrate found in the spring waters (Table 1).

Less Abundant and Unidentified Cyanobacteria

In addition to the dominant A/B-lineages of Synechococcus spp., other cyanobac-
teria have been detected in these mats over the years. Cultivation-independent
denaturing gradient gel electrophoresis (DGGE) and 16S rRNA cloning experi-
ments detected cyanobacteria-like sequences, denoted OS Type I and Type J (Ward
et al. 1992; Weller et al. 1992). OS Type I is most closely related to Leptolyngbya
sp. O-77 (AP017367; 97 % nucleotide identity for 16S rRNA) and phylogeneti-
cally identified as member of the Subsection III Family I, subgroup
“Leptolyngbya_3” based on the SILVA Ref database (SSU Ref release NR 123,
www.arb-silva.de). OS Type J represents an uncultivated Synechococcus sp.
(Subsection I Family I, subgroup “Synechococcus” within the Cyanobacteria
based on phylogenetic identification using the SILVA Ref database release NR
123, www.arb-silva.de). It has no closely related relatives in the databases (<89 %
16S rRNA nucleotide identity to all other sequences in the NCBI Genbank data-
base), and thus it may represent an artifact sequence. Neither isolates nor enrich-
ment cultures representing these genotypes are available, and no representative
sequence has been detected in a 16S rRNA amplicon study of 60 °C mat commu-
nities (Thieletal. 2016). However, filamentous Leptolyngbya laminosa/ Phormidium
laminosum-like cyanobacteria, which could be representatives of OS Type I, have
been detected in several YNP hot springs (Brock 1978; Reysenbach et al. 2001),
including MS and OS at temperatures (4557 °C), lower than the ones studied here
(Castenholz 1969; M. Tank, unpublished data; D.M. Ward, personal
observations).
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In previous cultivation-based studies, the lower abundance organisms
Thermosynechococcus sp. C1 (formerly “Synechococcus lividus C1”) (see Fig. 6e,
f) and Synechococcus sp. C9 were isolated (Ferris et al. 1996a, b). Synechococcus
lividus was first described by Copeland (1936) and was isolated from Mammoth
Hot Springs in YNP. Copeland points out a striking similarity to Synechococcus
elongatus Naegeli, which is described as the type species for the genus
Synechococcus in AlgaeBase (www.algaebase.org), but which has been renamed
Thermosynechococcus elongatus (Katohetal. 2001). Isolate Thermosynechococcus
sp. C1 from OS shares highest 16S rRNA sequence identity to species of the genus
Thermosynechococcus (99 % nucleotide identity, T. elongatus strains BP-1 and
WEFW), and on this basis, we propose to rename “Synechococcus lividus C1” as
“Thermosynechococcus sp. C1”. The second isolate obtained, strain C9, repre-
sents a member of the Synechococcus group (Cyanobacteria Section I Family I in
SILVA SSU Ref NR 123 database) and is most closely related to uncultivated
cyanobacteria detected in Alla hot spring in Russia (Gaisin et al. 2015) as well as
to “Ca. Gloeomargarita lithophora” (Ragon et al. 2014). The latter cyanobacte-
rium was detected in an alkaline lake in Mexico and forms numerous intracellular
Mg-Ca-Sr-Ba carbonate spherules. Synechococcus sp. C9 was detected in an
amplicon study of MS mats at 60 °C in very low abundance (Thiel et al. 2016) but
might be more abundant at other temperatures. Due to its low abundance and pre-
dicted close morphological similarity to other Synechococcus spp. (A/B lineages,
as well as Thermosynechococcus sp. Cl1; see Figs. 5 and 6), the detection of
C9-like cyanobacteria in isolation studies might require targeted screening.

Filamentous Anoxygenic Chlorophototrophic Members
of the Phylum Chloroflexi

The phylum Chloroflexi is a deep-branching lineage of the Bacteria that currently
comprises eight class-level subgroups: Chloroflexia, Anaerolineae, Ardenticatenia,
Caldilineae,Dehalococcoidia, Ktedenobacteria, Thermoflexia,and Thermomicrobia
(Dodsworth et al. 2014; Gupta et al. 2013), containing both chlorophototrophic and
non-phototrophic (mostly) filamentous bacteria. Except for the recently discovered
filamentous chlorophototroph, “Ca. Roseilinea gracile,” (see below) that is phylo-
genetically classified as member of the class Anaerolineae (Klatt et al. 2011; Thiel
et al. 2016; see below), the well-described chlorophototrophic organisms in the
taxon Chloroflexi comprise a monophyletic lineage within the order Chloroflexales.
Although they have previously been called green gliding bacteria or green non-
sulfur bacteria, the chlorophototrophic organisms of the Chloroflexales are currently
known as Filamentous Anoxygenic Phototrophs (FAPs). They are characterized by
their multicellular, filamentous morphology with lengths of up to several hundred
pm, and their anoxygenic photoheterotrophic/photomixotrophic lifestyle. The
“green” FAPs (Chloroflexineae) produce bacteriochlorophylls (BChls) a and ¢, and
type-2 reaction centers and chlorosomes. The “red” FAPs (Roseiflexineae) only
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produce BChl a and lack chlorosomes. All FAPs produce a variety of carotenoids
(e.g., B- and y-carotenes in green FAPs and keto-carotenoids in Roseiflexus spp.),
the exact composition of which varies from organism to organism and with oxygen
concentration (Gupta et al. 2013; Hanada et al. 1995, 2002; Hanada and Pierson
2006; Maresca et al. 2008; Takaichi et al. 2001).

In the microbial mat communities of MS and OS, members of the phylum
Chloroflexi exhibit the greatest diversity of any phylum present in these mats. Four
different chlorophototrophic and several non-phototrophic members of this phylum
have been detected so far by metagenomic analyses (Klatt et al. 2011; Thiel et al.
2016). The first member of the Chloroflexaceae to be isolated and described was
Chloroflexus (Cfx.) aurantiacus (Pierson and Castenholz 1971, 1974), one strain of
which, Y-400, was obtained from OS (Pool A, Pierson and Castenholz 1974). For
some time thereafter, it was assumed that most of the filamentous organisms in the
upper green layer of MS and OS mats were members of this species. However,
subsequent molecular analyses in the early 1990s showed that there were in fact
two very different types of filamentous Chloroflexi present: Chloroflexus sp. and
Roseiflexus sp., respectively (Niibel et al. 2002; Ward et al. 1990). The occurrence
of the other two chlorophototrophic Chloroflexi was revealed much later by metage-
nomic analyses (Klatt et al. 2011, 2013; Thiel et al. 2016), which have been sup-
ported by enrichment, isolation, and microscopy studies (M. Tank, unpublished; see
below). The relative abundances of the two most common chlorophototrophic
Chloroflexi, i.e., Roseiflexus spp. and Chloroflexus spp., vary with temperature. At
lower temperatures, Roseiflexus spp. are more abundant, but the more thermophilic
Chloroflexus spp. predominate at higher temperatures and are the predominant
Chlorofiexi at ~70 °C (Niibel et al. 2002). Both types of organisms show a total
gene expression activity that is highest under low-light conditions in the morning
and late afternoon and lower at night and under high light conditions (Klatt et al.
2013). However, transcript abundances for some genes, e.g., photosynthetic reac-
tion center genes and BChl biosynthesis genes, are highest at night and showed
lowest expression levels during the day.

Roseiflexus sp. RS-1

Roseiflexus spp. are the most abundant members of the undermat community and
are also the dominant members of the Chloroflexi in the upper green layer. Early in
the research history of MS and OS, and soon after the discovery, isolation, and
description of the first FAP, Cfx. aurantiacus (Pierson and Castenholz 1971, 1974),
the filamentous members of the microbial mat resembled this organism (Bauld and
Brock 1973; Doemel and Brock 1976, 1977). A pioneering molecular study target-
ing 16S rRNA gene sequences directly demonstrated not only a greater diversity of
uncultivated bacteria in the mat than previously realized, but also showed that none
of the sequences obtained from the mat shared more than 95 % 16S rRNA nucleo-
tide identity with Cfx. aurantiacus (Ward et al. 1990). Soon afterwards, Weller et al.
(1992) showed that two members of the Chloroflexi occurred in the mat, neither of
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which had a 16S rRNA sequence that was identical to Cfx. aurantiacus strain Y-400
that had previously been isolated from OS mats (Pierson and Castenholz 1974). 16S
rRNA oligonucleotide probes showed that the dominant Chloroflexi “Type C” dif-
fered from Cfx. aurantiacus (Ruff-Roberts et al. 1994). However, the close similar-
ity to 16S rRNA sequences from the then newly isolated and described Roseiflexus
castenholzii from a Japanese hot spring mat indicated “Type C” to be a phototrophic
member of this new genus (Hanada et al. 2002; Niibel et al. 2001). Roseiflexus-like
“Type C” organisms were shown to dominate the filamentous members of the mat
in lower temperatures (e.g., 60 °C) by fluorescence-labeled oligonucleotide probes
and 16S rRNA amplicon studies (Niibel et al. 2002; Thiel et al. 2016). While
Chloroflexus spp. are uncommon at 60 °C, they are the dominant members of the
Chloroflexales at 70 °C (Niibel et al. 2002).

A representative strain, strain RS-1, of the dominant Roseiflexus spp., was iso-
lated, and its genome was sequenced (van der Meer et al. 2010). Roseiflexus sp.
RS-1 is a filamentous anoxygenic phototroph that synthesizes bacteriochlorophyll
(BChl) a but not BChl ¢ (Fig. 7a—c). This strain grew photoheterotrophically in the
light or chemoheterotrophically under dark aerobic conditions (van der Meer et al.
2010). Genomic and metagenomic data suggested the capacity for carbon fixation
via the 3-hydroxypropionate bi-cycle (Klatt et al. 2007; van der Meer et al. 2010),
and autotrophic and mixotrophic growth has been suggested to occur under in situ
conditions in the mat. This has been inferred from stable carbon isotope studies (van
der Meer et al. 2005), as well as from metatranscriptomic sequence analyses from
the green upper mat layer (Klatt et al. 2013). In the mat photomixotrophy is hypoth-
esized to combine the uptake and incorporation of inorganic carbon from CO,/
bicarbonate and organic carbon, e.g., in the form of acetate or glyoxylate, which is
derived from the cyanobacterial photorespiratory by-product, glycolate, by oxida-
tion, and can readily be assimilated by the 3-hydroxypropionate bi-cycle (Klatt
et al. 2007). Furthermore, the cyanobacterial fermentation product lactate may be
taken up by Roseiflexus sp. as suggested by a sharp increase in the transcripts for the
lactate permease gene for this organism in the late afternoon (Kim et al. 2015).

Metatranscriptomic analyses support the hypothesis that Roseiflexus spp. are the
most abundant and active chlorophototrophic Chloroflexi in the mats. In the upper
green mat layer, the total number of transcripts that uniquely mapped to open read-
ing frames (ORFs) on scaffolds assigned to Roseiflexus spp. was 30-fold higher than
the total number of transcripts assigned to Chloroflexus spp. (Klatt et al. 2013).
Preliminary metatranscriptomic data from the undermat also indicate the domi-
nance of Roseiflexus spp. in the undermat community, with up to 52 % of all reads
mapping to the Roseiflexus sp. RS-1 reference genome (V. Thiel and D.A. Bryant,
unpublished results). Although overall transcript levels were lowest in the night/
early morning hours, the majority of Roseiflexus-like genes showed constitutive
expression patterns, and a higher proportion of genes with nocturnal expression in
comparison to Chloroflexus sp. (Klatt et al. 2013). Genes affiliated with photosyn-
thetic metabolic pathways are expressed during the night; e.g., transcripts for pufLM
encoding for the photosynthetic reaction center proteins and transcripts of genes
involved in the biosynthesis of BChls were also most abundant at night. Transcript
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Fig. 7 Phase-contrast (Panels c, e, f, i, and 1) and BChl a (Panels a, b, g, h) and BChl ¢ (Panels d,
Jj» and K) autofluorescence micrographs of phototrophic Chloroflexi found in Mushroom Spring
mats. Panels a—c, Roseiflexus sp. filaments; Panels d—f, Chloroflexus sp. MS-G filaments; Panels
g-i, “Ca. Roseilinea gracile” as very fine filaments exhibiting BChl a autofluorescence in fresh mat
samples from MS at 55 °C. Panels j-1, “Ca. Chloranaerofilum corporosum” enrichment filaments
from an enrichment culture. Note the clearly visible septa in Chloroflexus sp. MS-G (Panel d) and
“Ca. Chloranaerofilum corporosum” (Panels j—I) that is notably larger than the other phototrophic
Chloroflexi in these mats. Scale bars equal 10 pm
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abundances for genes encoding enzymes of the tricarboxylic acid (TCA) cycle, the
glyoxylate bypass, and the 3-hydroxypropionate bi-cycle were higher during the
day (Klatt et al. 2013).

In addition to BChl a-containing, type-2 photosynthetic reaction centers, the
RS-1 genome encodes xanthorhodopsin (RoseRS_2966) as well as all genes neces-
sary for f-carotene biosynthesis (RoseRS_2117 (crtB), RoseRS_0943 (crtl),
RoseRS_1811 (crtl), RoseRS_2155 (crtl), RoseRS_2643 (crtL)), which indicates
that a possible additional mechanism for the utilization of light energy occurs in this
organism (Choi et al. 2014). No carotene oxygenase gene has been identified so far,
and further studies are needed to identify the nature and function of this putative
bacteriorhodopsin homolog. It is presently uncertain whether retinal is obtained
from some other organism in the mat or whether Roseiflexus spp. have a carotene
oxygenase gene that differs from those found in other bacteria and animals. A recent
study showed that a bacteriorhodopsin homolog derived from a heterotrophic mem-
ber of the Chloroflexi functions as a light-driven sodium pump (Y. Nakajima,
S. Yoshizawa, V. Thiel and D.A. Bryant, unpublished results).

A high microdiversity and the existence of putative ecological species, as pro-
posed for the Synechococcus strains with high 16S rRNA and genome sequence
identity, is suggested for Roseiflexus spp. based on 16S rRNA amplicon distribution
(Ferris and Ward 1997) and metagenome studies of the undermat (Thiel et al. 2016).
In addition to a high diversity of operational taxonomic units (OTUs) based on an
arbitrary 97 % nucleotide identity of 16S rRNA genes within the phylum Chloroflexi,
a high microdiversity was found for Roseiflexus spp. with 24 abundant (>100 reads)
and a total of 6193 dereplicated Roseiflexus sp. amplicon sequences, which is sup-
ported by a preliminary analysis of pufLM amplicon sequence data (Thiel et al.
2016; J. Wood and D.M. Ward, unpublished data). Further molecular analyses of
samples taken across temperature, light, and chemical profiles in the mats would
provide further evidence for ecotypes of Roseiflexus spp. in these mats, similar to
the findings of Miller et al. (2009) in White Creek, YNP.

Chloroflexus sp. MS-G

The second most abundant FAP member of the Chloroflexi is represented by
Chloroflexus sp. strain MS-G, which is only distantly (94 % 16S rRNA nucleotide
identity) related to described species of this genus, namely Cfx. aurantiacus type
strain J-10-fl as well as strain Y-400 previously isolated from OS (Pierson and
Castenholz 1971, 1974) and Cfx. aggregans DSM 9485T (Hanada et al. 1995). A
strain representing 16S rRNA sequences obtained from the mats in molecular stud-
ies, Chloroflexus sp. MS-G, has been isolated from MS (Thiel et al. 2014). The 16S
rRNA sequence of the isolate shares >99 % nucleotide identity to a 16S rRNA
sequence obtained from the metagenome (IMG taxon OID 3300002510) of the
upper green layer (upper ~1 mm), and both share 100 % identity with the most
abundant Chloroflexus sp. iTag sequence (253 basepair v4 region of 16S rRNA
genes) of the microbial mat at 60 °C (Thiel et al. 2014, 2016). Strain MS-G is an



108 M. Tank et al.

oxygen-tolerant FAP that produces type-2 reaction centers. The whole-cell absor-
bance maxima at (396 nm), 466 nm, (510 nm), 744 nm, and 866 nm indicate the
presence of carotenoids as well as BChl c-containing chlorosomes. Genes encoding
type-2 (quinone-type) photosynthetic reaction centers (pufLM) and light-harvest-
ing complex 1 (pufAB) as well as chlorosome proteins are present in the draft
genome. The draft genome further includes genes encoding all enzymes required
for the synthesis of BChls a and ¢, both of which were also detected in cells by
high-performance liquid chromatography. A complete set of genes for the enzymes
of the 3-hydroxypropionate bi-cycle indicates the potential for autotrophic and
mixotrophic growth, which was observed in anaerobic agar-deep cultures of
Chloroflexus sp. strain MS-G using sulfide-containing growth medium with bicar-
bonate and CO, as the sole carbon sources in repeated transfers. The carotenoid
biosynthesis pathway in strain MS-G is probably similar to that in other Chloroflexus
spp., which produce y-carotene, f-carotene, echinenone, 1'-OH-y-carotene, and the
glucoside and glucoside esters of 1’-OH-y-carotene (Takaichi et al. 1995).
Consistent with the production of these carotenoids, the MS-G genome contains
phytoene synthase (crtB), homologs of phytoene saturases and desaturases (crtl,
crtD), lycopene cyclase (crtY),a 1’,2'-hydratase (cruF), 1'-OH-glycosyltransferase
(cruC), carotenoid glycoside acyltransferase (cruD), and beta-carotene 4-ketolase
(crtO) (Bryant et al. 2012; Maresca et al. 2008; Thiel et al. 2014).

In the microbial mats of MS and OS, except for the very high temperatures of
~70 °C, Chloroflexus spp. are much less abundant than Roseiflexus spp. At 60 °C
they represent approximately 1 % of the total microbial mat community based on a
16S rRNA iTag amplicon study, and up to 20 % of all filamentous Chloroflexi based
on fluorescence in situ hybridization (FISH) (Niibel et al. 2002; Thiel et al. 2016).
Although absorption spectral analyses indicate the presence of BChl c-containing
chlorophototrophic bacteria (i.e., members of the Chloroflexi and Cab. thermophi-
lum) to be restricted to the upper green layer of the mat, gene expression activity
was detected for Chloroflexus sp. in both upper green layer and the undermat meta-
transcriptome (Klatt et al. 2013; V. Thiel and D.A. Bryant unpublished data). The
relative number of reads mapping to the Chloroflexus sp. reference genome was
higher in the undermat than the upper green layer, which does not necessarily indi-
cate a higher activity at greater depths, but could be due to lower overall gene
expression activity in the undermat due to the lack of highly active cyanobacteria
and less available energy.

In cultivation studies Chloroflexus spp. are clearly distinguishable from
Roseiflexus spp. and other phototrophic Chloroflexi based on colony color as well
as cellular morphology. Fluorescence microscopy reveals BChl ¢ autofluores-
cence in addition to a weaker BChl a autofluorescence. Clearly visible septa dis-
tinguish these organisms from Roseiflexus spp., which have similar filament sizes
(Fig. 7d-f). Several Chloroflexus spp. isolates have been obtained which share
closely related but not identical 16S rRNA gene sequences. Future studies of
their physiology, pigment composition as well as light, sulfide, and temperature
optima will reveal if ecological species with distinct niche adaptations also occur
for this organism.
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“Candidatus Roseilinea gracile,” a Chlorophototrophic Member
of the Class Anaerolineae Within the Phylum Chlorofilexi

Until recently, isolated members of the class Anaerolineae were only non-phototrophic,
chemoheterotrophic organisms (Grégoire et al. 2011; Imachi et al. 2014; Nunoura et al.
2013; Podosokorskaya et al. 2013; Yamada et al. 2006, 2007). Thus, it came as a sur-
prise that an uncultured, chlorophototrophic Anaerolineae-like organism was identi-
fied in the MS and OS mats in metagenomic analyses (Klatt et al. 2011; Thiel et al.
2016). We are provisionally naming this organism “Ca. Roseilinea gracile.” When first
reported by Klatt et al. (2011), this uncultured organism was simply identified as
“Anaerolineae-like,” with Anaerolineae thermophila strain UNI-1 being its closest cul-
tivated and described relative (85% 16S rRNA nucleotide identity; Sekiguchi et al.
2003). At the time of this writing [March 2016], a BLAST search identified
Thermanaerothrix daxensis strain GNS-1T(Grégoire etal. 2011) and Thermomarinilinea
lacunofontalis strain SW7(T) (Nunoura et al. 2013) as the closest isolated relatives
with 16S rRNA sequence identities of 87 %. Phylogenetic analyses based on the full-
length 16S rRNA sequences support a phylogenetic affiliation to the Anaerolineales as
well as a more distant relationship to known chlorophototrophic Chloroflexi. Genes
annotated within a metagenomic bin corresponding to this organism suggest that, like
Roseiflexus spp., this anoxygenic chlorophototroph has the potential to synthesize
BChl a but not BChl ¢, and it also possesses two putative bacteriorhodopsin-like genes
(Klatt et al. 2011). The transcriptional activity of this uncultivated, phototrophic mem-
ber of the Chloroflexi showed that the organism is most active when light is available
(Klatt et al. 2011, 2013; Liu et al. 2011). In contrast to other phototrophic Chloroflexi
in the mats, BChl biosynthesis genes were not down-regulated during the day, but pho-
tosynthetic reaction centers genes are similarly up-regulated at night (Klatt et al. 2013).

No isolate of “Ca. Roseilinea gracile” is yet available. However, microscopic
studies of fresh mat samples and enrichment cultures of chlorophototrophic bac-
teria from the upper green layer contain very thin filaments (~0.2 pm in width)
with a length of approx. 15-50 pm (Fig. 7g—i). These filaments exhibit fluores-
cence specific for BChl a but not BChl c. This is in agreement with the predictions
based on the gene content of the metagenomic bin assigned to this organism,
which contains genes for the synthesis of BChl a but no other BChl. These find-
ings, in combination with an observed morphology typical of members of the
class Anaerolineae, suggest that the observed thin filaments may be the new
chlorophototrophic organism, “Ca. Roseilinea gracile.”

“Candidatus Chloranaerofilum corporosum” MS-FAB1: A New
Oscillochloris-Like Member of the Chloroflexineae

Oscillochloris trichoides DG-6T is the only isolated and described species of the
family Oscillochloridaceae, which together with the members of the genera
Chloroflexus and Chloronema form the proposed suborder Chloroflexineae of the
Chloroflexi (Gupta et al. 2013). A specific relationship between Oschillochloris and



110 M. Tank et al.

Chloroflexus spp. is supported by seven conserved signature indels (CSIs) that are
uniquely shared by the species from these two genera (Gupta et al. 2013). Species
of both genera (and also Chloronema) also differ from species of the genera
Roseiflexus and Heliothrix (proposed suborder Roseiflexineae) by their green color,
the presence of BChl ¢ and chlorosomes, as well as by their fatty acid profiles, the
presence of - and y-carotenes, and synthesis of menaquinone-10 (MK-10) (Gupta
et al. 2013). O. trichoides additionally differs from other chlorophototrophic
Chloroflexi by having Form-1 ribulose-1,5-bisphosphate carboxylase/oxygenase
(Rubisco) and phosphoribulokinase, and thus using the Calvin—-Benson—-Bassham
cycle, for CO, fixation (Berg et al. 2005; Kuznetsov et al. 2011).

In addition to three previously described, chlorophototrophic taxa belonging
to the phylum Chloroflexi, the presence of a fourth chlorophototrophic member
of the Chloroflexi was indicated by metagenomic analysis in the orange-colored
undermat (Thiel et al. 2016). Phylogenetic analyses of the 16S rRNA sequence
identified this novel FAP as member of the Chloroflexineae (Gupta et al. 2013;
Thiel et al. 2016), but showed that this organism is only distantly related (<91 %
16S rRNA nucleotide identity) to any of the known species of the phylum
Chloroflexi, e.g., Oscillochloris trichoides DG-6", Chloroflexus aurantiacus
J-10-i(T), Chloronema giganteum, “Candidatus Chlorothrix halophila,” and
“Candidatus Chloroploca asiatica.” A partial genome for this organism was
obtained by binning of the metagenomic data, and the functional gene content
from the corresponding binned sequences indicated that this organism has the
capacity to synthesize both BChls a and ¢, which corresponds to the observation
of filamentous morphotypes similar to O. trichoides displaying autofluores-
cence from BChl @ and BChl ¢ in microbial mat samples and enrichment cul-
tures by fluorescence microscopy (Fig. 7j—1; M. Tank, unpublished results).
Interestingly, the highest autofluorescence occurs along the septal ends of cells
and not from the longitudinal walls. The filaments are longer than 100 pm and
consist of many single cells that are separated by septa (Fig. 7j-1). The cells
vary in length but show a constant width of ~2 pm. The cells of this new bacte-
rium are obviously larger than those of all other Chloroflexi in these mats.
Presently the growth temperature range has not been determined, but the organ-
ism was isolated from a 52.5 °C sample from MS and grows in fluffy colonies
in the most oxygen-depleted areas in agar deeps made with CTM-medium con-
taining twice the standard concentration of thioglycolate at 52 °C. The colonies
are emerald-green in color, and the corpulent filaments seem to grow best at
light intensities <50 pmol photons m™ s~!. The whole-cell absorbance spectrum
is similar to those of O. trichoides (Keppen et al. 1994) and “Ca. Chloroploca
asiatica” (Gorlenko et al. 2014), but nevertheless is slightly different (Table 2).
Based on the partial genomes, this organism lacks Rubisco and uses the
3-hydroxypropionate bi-cycle for CO, fixation, unlike O. trichoides, which fixes
carbon dioxide by the Calvin—Benson-Bassham cycle (Berg et al. 2005;
Kuznetsov et al. 2011). Unfortunately, 16S rRNA and pufLM gene sequences
from the isolate have not yet been obtained. Based on the conserved signature
indels specific for different groups within the Chloroflexi described by Gupta
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et al. (2013), and the ribosomal RNA and functional gene sequences derived
from the partial genome extracted from the metagenome, this FAP is putatively
assigned as a new genus—species of the proposed order of “green nonsulfur bac-
teria,” Chloroflexales, suborder Chloroflexineae. Our analyses also distinguish
this organism from all known members of the genus Chloroflexus (proposed
family Chloroflexaceae) as well as Oscillochloris (family Oscillochloridaceae)
(Thiel et al. 2016). Therefore, we suggest a new genus and species name for this
organism, “Ca. Chloranaerofilum corporosum.”

In summary, the mats of MS contain four distinct chlorophototrophic mem-
bers of the phylum Chloroflexi (Figs. 4 and 7). Two of these organisms are novel
phototrophs that were previously undetected by traditional enrichment and
cultivation-based methods, but that only first became evident on the basis of
metagenomic analyses of the upper and lower mat communities. However, con-
sistent with the properties predicted from the metagenome, both organisms
could be observed microscopically, and a stable mixed culture of one of the new
Chloroflexi, “Ca. Chloranaerofilum corporosum” has been obtained (M. Tank,
unpublished).

Novel and Unusual Aerobic Chlorophototrophic Bacteria

Bioinformatic analyses of the first metagenomic studies of the upper green layer of
the microbial mat communities in MS and OS identified new chlorophototrophic
bacteria with predicted characteristics and physiologies that differed from known
chlorophototrophs (Bryant et al. 2007; Klatt et al. 2011). Importantly, information
about their in situ metabolic activities over a diel cycle was gained from metatran-
scriptomic analyses of the community (Klatt et al 2013; Liu et al 2011). One of the
new chlorophototrophs found in these mats by metagenomic analysis was Cab.
thermophilum, the first, and to date the only, chlorophototrophic member of the
phylum Acidobacteria (see Section “Chloracidobacterium thermophilum”).
Including the discovery of Cab. thermophilum, the number of chlorophototrophic
bacterial phyla was extended from five to six at that time. Because of the recent
discovery of the Gemmatimonas phototrophica AP64"™ (Zeng et al. 2014, 2016),
there are now seven phyla that contain chlorophototrophic bacteria: Acidobacteria,
Chlorobi, Chloroflexi, Cyanobacteria, Firmicutes, Gemmatimonadetes, and
Proteobacteria. Interestingly, organisms related to G. phototrophica AP64T have
been detected in metagenomes from different locations in Yellowstone Lake, YNP
(Zeng et al. 2014, 2016). Additional novel and unusual chlorophototrophs detected
by metagenomic and metatranscriptomic analyses are “Ca. T. aerophilum,” the first
aerobic, photoheterotrophic member of the phylum Chlorobi (Section “Candidatus
Thermochlorobacter aerophilum”), as well as “Ca. Roseilinea gracile,” the first
phototrophic member of the class Anaerolineae (see Section “‘“Candidatus
Roseilinea gracile,” a Chlorophototrophic Member of the Class Anaerolineae
Within the Phylum Chloroflexi”).
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Chloracidobacterium thermophilum

One extraordinary outcome of studying the MS and OS microbial mats was the
discovery of Cab. thermophilum. Detected in early 16S rRNA studies and classified
as “OS type D bacterium with uncertain affiliation (Ward 1998; 99 % nucleotide
identity to the latter type strain), Cab. thermophilum was identified by metagenomic
analyses as a chlorophototroph belonging to the poorly characterized phylum,
Acidobacteria (Bryant et al. 2007). Cab. thermophilum was unusual not only
because it was the first chlorophototrophic member of the Acidobacteria, but also in
its metabolism and other properties. Cab. thermophilum is the first characterized
aerobic chlorophototrophic bacterium that has a homodimeric type-1 reaction cen-
ter (RC), the Fenna—Matthews—Olson BChl a-binding protein, and chlorosomes
similar to those of the Chlorobi, nearly all of which are obligately anaerobic (for an
exception, see Section “Ca. T. aerophilum”). In addition to the PscA and PscB poly-
peptides of the RC, Cab. thermophilum contains a 22-kDa carotenoid-binding pro-
tein, CbpA, which might be involved in the photoprotection and/or light harvesting
for the RC (Garcia Costas et al. 2011a, b; Tsukatani et al. 2012). BChl ¢ and keto-
carotenoids are the major light-harvesting pigments in the chlorosomes, whereas
BChl a, Zn-BChl «’, and Chl a are found in the RC (Garcia Costas et al. 2012;
Tsukatani et al. 2012). The first attempts to isolate Cab. thermophilum from an OS
cyanobacterial enrichment culture failed; however, it was possible to sequence the
genome of the enriched bacterium, which together with the metatranscriptome pro-
vided valuable information about the physiology and metabolism of Cab. ther-
mophilum (Bryant et al. 2007; Garcia Costas et al. 2012). It was predicted that Cab.
thermophilum is a chlorophotoheterotroph, as none of the key enzymes of any
known CO, fixation pathway were present in the genome. Cab. thermophilum also
lacked sulfate reduction genes, and therefore requires reduced sulfur sources for
growth. No nitrogen fixation genes or nitrate reduction genes were found. The
genomic data clearly showed that Cab. thermophilum lacks the genes for the bio-
synthesis of branched-chain amino acids, lysine, and vitamin B,. Furthermore, the
genomic data clearly indicated a need for oxygen for some enzymatic reactions:
e.g., enzymes in bacteriochlorophyll and carotenoid biosynthesis as well as the
enzyme for tyrosine biosynthesis require oxygen as a substrate. A metatranscrip-
tomic study from the mats suggested that transcriptional activity of Cab. thermophi-
lum is highest at times of the day when the mats have only low oxygen concentrations,
namely early in the morning and late in the afternoon (Liu et al. 2011). Considering
all these findings, a defined medium for Cab. thermophilum was developed, and an
axenic culture was achieved. All of the predictions made from the genomic data
were tested and verified, including the requirement of reduced oxygen concentra-
tion for growth (Tank and Bryant 2015a, b). A species description of the proposed
type strain Cab. thermophilum strain BT was published in 2015. Cab. thermophilum
is indeed a chlorophotoheterotrophic acidobacterium, which needs microoxic con-
ditions and all three branched-chain amino acids, lysine, and vitamin B,, for growth.
Interestingly, bicarbonate is also essential for growth, and is perhaps used in anaple-
rotic reactions. 2-Oxoglutarate enhances growth but is not essential. The cells are
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greenish-brown in color and have widths of 0.8—1.0 pm and lengths of ~2.5 pm
(Fig. 8a, b). Light intensities >50 pmol photons m= s~! are inhibitory for the type
strain (Tank and Bryant 2015a, b). Cab. thermophilum is found within a temperature
range of 40-68 °C (Miller et al. 2009). Cab. thermophilum is fairly abundant in the
mats and represents about 5—10 % of the community members in the deeper parts of
the upper green layer. Interestingly, Cab. thermophilum has been shown to have
ecotypes adapted to specific temperatures, similar to the proposed Synechococcus
ecotypes (see Section “Synechococcus spp.”). Miller et al. (2009) showed in a
metagenomic study along a temperature gradient at White Creek, YNP that differ-
ent Cab. thermophilum sequences were found at different temperatures. This find-
ing was supported by cultivation experiments with axenic isolates obtained from
MS. Strain E (99 % 16S rRNA nucleotide identity to the type strain) was able to
grow at temperatures from 39 to 57 °C whereas the type strain is unable to grow

“Ca. T. aerophilum “colony “Ca. T. aerophilum” colony

Fig. 8 Phase-contrast (Panels a and ¢) and fluorescence (Panels b and d) micrographs of the novel
phototrophs, Chloracidobacterium (Cab.) thermophilum (Panels a and b and white arrow in Panels
c and d) and “Ca.T. aerophilum” (Panels ¢ and d). “Ca. Thermochlorobacter (T.) aerophilum” are
detectable as elongated rods exhibiting autofluorescence under conditions for BChl c/d. Cab. ther-
mophilum also exhibits autofluorescence under conditions for BChl c¢/d, notably along the long sides
of the cell wall but less on the poles. Heterotrophs do not autofluoresce. Scale bars equal 10 pm
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below 44 °C but grows up to 60 °C (Tank and Bryant 2015a). With the CTM-
medium specifically developed for Cab. thermophilum, it is has been possible to
isolate several different strains of Cab. thermophilum from MS into axenic culture.
Their draft genomes are 95-99 % identical to each other or to the two chromosomes
of the type strain (Garcia Costas et al. 2012). Metagenomic studies also detected
Cab. thermophilum sequences in other hot springs in YNP (e.g., Green Finger Pool),
and hot springs in Thailand, Tibet, and Malaysia (Chan et al. 2015; Kanokratana
et al. 2004; Lau et al. 2009; Ross et al. 2012; Ward et al. 2006). This broad distribu-
tion suggests that this bacterium is a common member of microbial mats in alkaline
hot springs around the world. Cab. thermophilum enrichment cultures obtained
from Ojo Caliente hot spring in New Mexico and Rupite hot spring in Bulgaria are
available (Hallenbeck et al. 2016; M. Tank, unpublished results). A draft genome
from the New Mexico strain OC-1 was recently published, and it showed a high
similarity (=95 % nucleotide identity for coding sequences) to the type strain
genome. The 16S rRNA gene shares 99 % nucleotide identity to the type strain gene
(Hallenbeck et al. 2016). The 16S rDNA sequence obtained from the Bulgarian
Cab. thermophilum isolate differs considerably from that of the type strain (97 %
nucleotide identity), which suggests that this bacterium is probably a new species
within the genus Chloracidobacterium (M. Tank, unpublished).

The discovery and isolation of Cab. thermophilum into axenic culture were only
possible because of combination of modern molecular techniques and methods of
classic microbiology. Interestingly, the CTM-medium developed specifically for
Cab. thermophilum allows one to grow all of the chlorophototrophic bacteria
described in this chapter. The only parameters that must be adjusted for each bacte-
rium are the concentration of oxygen, which implies its high importance in the mats
as well, the thioglycolate concentration and/or the reduced sulfur source.

“Candidatus Thermochlorobacter aerophilum”

A second special chlorophototrophic member of the mat community is “Ca. T.
aerophilum,” a highly unusual aerobic, photoheterotrophic member of the phy-
lum Chlorobi (Liu et al. 2011). Early 16S rRNA gene sequence studies (Ferris
et al. 1996a, b; Ferris and Ward 1997) detected sequences (denoted as OS Types
E and E’) similar to those of green sulfur bacteria (GSB) in the mats of
OS. Furthermore, pscA genes in the metagenome of the upper green layer of MS
and OS, which were clearly related to those of members of the Chlorobiales,
indicated the presence of a chlorophototrophic member of the Chlorobi (Bryant
et al. 2007). In spite of these observations and the isolation of organisms similar
to Chlorobaculum tepidum from other thermal features in the park (D. Bedard,
personal communication), GSB were never isolated from these mats. The inabil-
ity of “Ca. T. aerophilum” to oxidize sulfide, as well as its heterotrophic lifestyle,
was revealed through analyses of the metagenome of this organism (Bryant et al.
2007; Klatt et al 2011; Liu et al. 2011). Key metabolic inferences, including an
absolute requirement for all three branched-chain amino acids, lysine, and
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vitamin B,, were essential in defining enrichment conditions that supported the
growth of this organism.

“Ca. T. aerophilum” is the first aerobic, chlorophototrophic member of the
phylum Chlorobi, and belongs to the proposed family Thermochlorobacteriaceae.
On the basis of metagenomic and metatranscriptomic inferences, “Ca. T. aerophi-
lum” is a chlorophototroph that synthesizes type-1 reaction centers, the BChl
a-binding Fenna—Matthews—Olson protein, and chlorosomes containing BChl d; the
synthesis of BChl d is observed in some cultivated relatives among the GSB (e.g.,
Borrego et al. 1998; Holt and Hughes 1961; Maresca et al. 2004; Steensgaard et al.
1999), but “Ca. T. aerophilum” is otherwise very different physiologically. “Ca. T.
aerophilum” is proposed to be an aerobic photoheterotroph that cannot oxidize sul-
fur compounds, cannot fix N,, and does not fix CO, (Liu et al. 2012), all of which
properties are almost invariant among GSB. Because of these unusual traits, this
chlorophototrophic member of the Chlorobi differs considerably from all cultivated
members of the GSB, which additionally lack swimming motility, are strict anaer-
obes, and obligate chlorophotoautotrophs (Buchanan and Arnon 1990; Frigaard and
Dahl 2009; Gregersen et al. 2011; Overmann 2008; Tang et al. 2011; Wahlund and
Madigan 1993; Wahlund and Tabita 1997). The distribution of 16S rRNA sequences
with depth revealed that this organism is most abundant at a depth of 300-600 pm
in the upper green layer, where the mats become highly oxygenated during daytime
due to oxygenic photosynthesis activity of the Synechococcus spp. that dominate
this region of the mat (Fig. 2; Liu et al. 2012; Ramsing et al. 2000).

Metagenomic binning led to a nearly complete genome for “Ca. T. aerophilum.”
In addition to the 16S rRNA, phylogenetic marker genes and photosynthesis genes
clearly established a relationship between “Ca. T. aerophilum” and cultivated GSB,
especially Chloroherpeton thalassium (Gibson et al. 1984), with nucleotide
sequence identity values of ~63% (Klatt et al. 2011; Liu et al. 2011, 2012).
Metatranscriptomic analyses further allowed assessment of the in situ activity of
this uncultivated, novel phototroph. These analyses showed that in general, tran-
scriptional activity was highest during the day, when not only solar irradiance but
also oxygen concentrations in the mat are very high (Liu et al. 2012). However,
transcript abundances for genes involved in the biosynthesis of photosynthetic reac-
tion centers and chlorosomes were much higher at night, when oxygen levels are
low or absent, whereas BChls biosynthesis genes were found to be transcribed
mainly periods that occur in the early morning and late afternoon, when light and
oxygen levels are in transition (Liu et al. 2012).

Using the same growth medium that was used to isolate Cab. thermophilum,
enrichment cultures for “Ca. T. aerophilum” have been obtained (M. Tank and
D.A. Bryant, unpublished results). “Ca. T. aerophilum” forms short filaments of
less than ten cells and resembles “over-cooked spaghetti” (i.e., limp filaments;
Fig. 8c, d), which are somewhat reminiscent of Chloroherpeton thalassium (Gibson
et al. 1984). Actively growing cells of “Ca. T. aerophilum” have transparent poles
and are 0.5 pm wide and ~10-20 pm long (Fig. 8c, d). This organism forms micro-
colonies in the mat that are often closely associated with members of Synechococcus
spp. Physiological studies have established that “Ca. T. aerophilum” prefers a much
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higher oxygen concentration than the microaerophilic Cab. thermophilum.
Interestingly, “Ca. T. aerophilum” exhibits gliding motility like Chloroherpeton
thalassium. “Ca. T. aerophilum”-like morphotypes were microscopically detected
in mat samples taken at temperatures from 40 to 63 °C and showed highest abun-
dances at temperatures from 50 to 55 °C. The vertical distribution of “Ca. T. aeroph-
ilum” showed the highest abundances (~20 to 30 % of the amplicon sequences) at
the surface of the upper green layer of the mats which also indicates an oxygen-
requiring lifestyle of the organism at 60 °C (Liu et al. 2012).

Anoxygenic Phototrophic Proteobacteria

The phylum Proteobacteria harbor the greatest variety of anoxygenic phototrophic
bacteria. Members exhibiting retinalophototrophy (e.g., the well-known SAR11
cluster strains of Pelagibacter ubique) (Béja et al. 2000; Giovannoni et al. 2005;
Rappé et al. 2002; Steindler et al. 2011) and chlorophototrophy (purple bacteria) are
found in this phylum. More than 150 years ago, the proteobacterial chlorophototro-
phs were the first anoxygenic chlorophototrophs to be discovered, whereas the ret-
inalophototophs were only more recently discovered (Béja et al. 2000, 2001; Finkel
et al. 2013). According to their respective phylogenies, the chlorophototrophs are
assigned to the a-, -, and y-Proteobacteria. Because of the production of a variety
of carotenoids, these bacteria are mainly reddish-purple in color and therefore are
commonly called “purple bacteria.” The metabolic versatility of purple bacteria pro-
vides useful traits for their functional classification. Three major groups of purple
bacteria can be distinguished: the purple sulfur bacteria (PSB), the purple non-sul-
fur bacteria (PNSB), and the aerobic anoxygenic phototrophic bacteria (AAPB).
For a detailed description of these groups, please refer to Chaps. 2 and 6 in this book
and to recent reviews (Hunter et al. 2009; Imhoff 2014; Jiao et al. 2007; Koblizek
2015; Oren 2014; Overmann and Garcia-Pichel 2013; Yurkov and Beatty 1998). All
species have type-2 reaction centers for the conversion of light into chemical energy.
The most common Chl pigment in the RC and the light-harvesting antenna is BChl
a. However, a few species exclusively use BChl b (e.g., members of the PNSB gen-
era Blastochloris, and Rhodospira as well members of the PSB genera,
Halorhodospira, Thiococcus, Thioflavicoccus, and Thioalkalicoccus). Still more
rarely, Zn-BChl a can be synthesized and used as the principal Chl (e.g., by
Acidiphilium rubrum; Wakao et al. 1996).

PSB belong to the order Chromatiales in the y-Proteobacteria (Imhoff 2014), and
within the Chromatiales the PSB are separated into the families, Chromatiaceae and
the Ectothiorhodospiraceae. All PSB species in both families are able to perform
anoxygenic photosynthesis under anoxic conditions and fix CO, by Rubisco and the
Calvin—Benson—Bassham cycle. Their preferred electron donors are reduced sulfur
compounds, which are converted to sulfur (polysulfide) globules that are stored inside
the cell of the Chromatiaceae and are attached outside the cells of the
Ectothiorhodospiraceae. With the exceptions of Halorhodospira halochloris (Imhoff
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and Triiper 1977; Imhoff and Siiling 1996) and Thermochromatium tepidum, which
grow at somewhat higher temperatures (>45 °C, see below), the PSB are mesophilic
organisms. Many of the PSB can also photoassimilate small organic molecules or
grow heterotrophically in the dark. Under favorable conditions and similar to cyano-
bacteria, PSB can form dense blooms visible to the unaided eye. PSB can serve as
primary producers in nature, and many of them have the ability to reduce dinitrogen to
ammonia. They are seen as detoxifiers in their habitats, as they convert sulfide, which
is highly toxic to many other bacteria, into less toxic compounds (e.g., sulfate).

The purple non-sulfur bacteria (PNSB) are members of the a- and p-proteobacteria.
They are generally characterized by their preference for anaerobic, anoxygenic photo-
heterotrophic, or photomixotrophic growth. PNSB use the Calvin—Benson—-Bassham
cycle for CO, fixation if they are able to grow photoautotrophically or photomixotrophi-
cally (Hunter et al. 2009). Nitrogen fixation is widely distributed among the PNSB. Many
of them can use sulfide as electron donor but they can typically only tolerate low-sulfide
concentrations (< 0.5 mM sulfide). Like PSB, PNSB are ubiquitously found in meso-
philic, circum-neutral aquatic, or terrestrial environments. Exceptions occur for some
that prefer acidic, alkaline, or hypersaline conditions. Madigan has recently described
cold-adapted species (Madigan 2003). Truly thermophilic isolates with growth >50 °C
are unknown; only mildly thermophilic PNSB species, e.g., Blastochloris sp. and
Rhodocista sp., with growth up to 47 °C were identified in various slightly alkaline, hot
springs (Hoogewerf et al. 2003; Madigan 2003; Resnick and Madigan 1989).

The third physiological group of chlorophototrophic proteobacteria is the aero-
bic anoxygenic purple bacteria (AAPB), with species belonging to the a-, f-, and
y-Proteobacteria. In contrast to the other two groups, the AAPB require oxygen
and organic molecules for their growth. They lack the ability to use CO, as their
primary carbon source because key genes of the classic CO, fixation pathways are
missing (Koblizek 2015; Tang et al. 2011). However, up to ~15 % of their cell car-
bon can be obtained by anaplerotic CO, fixation reactions (Hauruseu and KobliZek
2012; Tang et al. 2009, 2011). AAPB are found in marine and freshwater aquatic
environments, as well as in soil crusts and hot spring microbial mats (Yurkov and
Beatty 1998; Yurkov and Csotonyi 2009). Similar to PNSB, AAPB have been iso-
lated from alkaline, acidic, cold, and warm habitats. Two strains (RB3 and RB7)
have been obtained from temperatures >50 °C but showed only mesophilic growth
properties in the laboratory (Yurkov and Beatty 1998). Compared to other purple
bacteria, they are characterized by very low BChl a concentrations and high carot-
enoid contents (Koblizek 2015; Yurkov and Csotonyi 2009). Interestingly, synthe-
sis of BChl a is light-sensitive and thereof occurs in the dark (Yurkov and Beatty
1998; Yurkov and Csotonyi 2009), which suggests a cyclic diel mode of metabo-
lism and which might be similar to the diel cycle found in other chlorophototrophs
in the MS and OS microbial mats.

Recently, the microbial mats of MS and OS were shown by metagenomic anal-
yses and isolation methods to contain chlorophototrophic proteobacteria belong-
ing to all three common physiological groups: PSB, PNSB, and AAPB (Thiel
et al. 2016). It is the first time that members of these bacteria were detected and
isolated from MS. A brief description and characterization of each of these new
bacteria is given below.
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Thermochromatium tepidum MS-P1

Thermochromatium (Tch.) tepidum is the only known thermophilic member of the
Chromatiaceae. The type strain, MC (ATCC 430617), was isolated from Stygian
Spring, which is located in the Upper Terraces of Mammoth Hot Springs,
YNP. Mammoth Hot Springs are characterized as calcareous, sulfidic springs
(Madigan 1986). In the species description it was suggested that Tch. tepidum only
lives in high-sulfide areas. MS and OS, however, are characterized as non-sulfidic
or low-sulfide springs. Therefore, it was a surprise to see dark red lenticular colo-
nies appearing in agar plates inoculated with material from a fresh mat sample taken
from MS at 40 °C. In the microscope cells taken from a red colony showed very
active motility by swimming, some sulfur globules inside the cells, and the typical
morphology of Tch. tepidum (Fig. 9a, b). Subsequent 16S rRNA sequence analysis
confirmed the microscopic observations, and the new bacterium was assigned to
Tch. tepdium on the basis of 99 % 16S rRNA nucleotide sequence identity to the
type strain. Fresh mat samples taken in February 2016 (Temp. =40, 45, 50, 55, 60,
and 63 °C) were microscopically screened for phototrophs. Cells resembling
Thermochromatium sp. were only observed in the 40 and 45 °C samples.
Metagenomic analyses of the upper green layers at higher temperatures (55 or
60 °C) did not detect any sequences from Tch. tepidum (Klatt et al. 2011; Thiel et al.
2016); however, ribosomal sequences representing this organism were detected in
very low abundance in 16S rRNA amplicon studies at 60 °C (Thiel et al. 2016).
Interestingly, the cells in the fresh mat samples were completely filled with sulfur
globules, which indicate that significant sulfide production occurs in the photo-
trophic mats at lower temperatures. This finding agrees with previous studies, which
demonstrated an active sulfur cycle with sulfate reduction activity leading to mea-
surable sulfide accumulation in the mat (approx. 250 pM) despite the low sulfate
concentrations (<200 pM) in the source water (Dillon et al. 2007). Initial isolation
experiments also showed that Tch. tepidum cells only grew from samples collected
at temperatures from 40 to 45 °C. This differs from the situation for the type strain,
which was isolated from a sample taken at 44 °C, but was enriched at 52 °C and
showed growth at temperatures up to 57 °C (Madigan 1986). The MS isolate seems
to be more oxygen-tolerant than the type strain, which lost viability shortly after
exposure to oxygen; the MS isolate was still viable under microoxic conditions used
in combination with the CTM-medium after several days.

“Candidatus Elioraea thermophila” MS-P2

An a-proteobacterium, identified as an Elioraea sp. with 97 % 16S rRNA nucleo-
tide identity to the type strain, Elioraea tepidiphila, from the order Rhodospirillales,
was first detected in the mats as unidentified clone sequences denoted “OS Type O”
(Ward et al. 1992, 96% 16S rRNA nucleotide identity to the type strain).
Representative 16S rRNA sequences with 98 % nucleotide identity to “OS-Type O”
and >99 % nucleotide identity to the isolate were also detected in a 16S rRNA
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Fig. 9 Phase-contrast (Panels a, ¢, e, and g) and BChl a (Panels b, d, and f) and BChl b (Panel h)
autofluorescence micrographs of phototrophic Proteobacteria in Mushroom Spring mats:
Thermochromatium tepidum strain MS-P1 with intracellular sulfur globules (arrow, Panels a and
b), “Ca. Elioraea thermophila” (Panels ¢ and d), “Ca. Roseovibrio tepidum” (Panels e and f), and
Blastochloris sp. (Panels g and h). Scale bars equal 10 pm
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amplicon and metagenomic analysis of a sample from MS at 60 °C (Thiel et al.
2016). A partial genome was recovered from binning of the metagenomic data
(Thiel et al. 2016). Suggesting a chlorophototrophic lifestyle, the partial genome as
well as the genome for the closest cultured relative, Elioraea tepidiphila DSM
179727 (NCBI acc. no. NZ_KB899965.1), contain genes for anoxygenic chloro-
phototrophy. Although chlorophototrophy has not yet been described for E. tepi-
diphila (Albuquerque et al. 2008), the ability to synthesize BChl a is predicted for
“Ca. Elioraea thermophila” in the MS mat based on the partial genome. Furthermore,
pink-colored cells that have a morphology similar to that of the E. tepidiphila type
strain and that exhibited BChl a autofluorescence have been isolated from the mat.
The 16S rRNA sequence of the pink-colored, lenticular colony-forming isolate,
which was obtained from an MS mat sample at 52.5 °C, was 99.8 and 99.2 % identi-
cal to the 16S rRNA sequences from the metagenome and amplicon studies, respec-
tively (Fig. 9c, d; Thiel et al. 2016). These data establish that the MS mats contain
an Elioraea sp. that synthesizes BChl a, which we provisionally have named “Ca.
Elioraea thermophila.” Further physiological studies with an axenic isolate should
establish whether this organism is truly a chlorophototroph. This bacterium showed
growth only close below the surface of agar deeps made of CTM-medium with
doubled concentration of thioglycolate, which indicates oxygen-dependent aerobic
or microaerophilic physiology. The cells are rod-shaped, sometimes show swim-
ming motility, and grow well at 52 °C. The cell dimensions are very similar to those
of the type strain, with a width of ~0.5 pm and a length of ~1.0-1.5 pm. According
to an iTag analysis, this organism is a low-abundance member (<0.1 % of the reads)
of the mat community at 60 °C (Thiel et al. 2016).

“Candidatus Roseovibrio tepidum’ MS-P3: A Roseomonas/Rhodovarius-
Like a-Proteobacterium

Another novel BChl a-containing a-proteobacterial isolate, which shows simi-
larities to Roseomonas/Rhodovarius, was obtained from a 52.5 °C mat sample
taken at MS in 2015. The taxonomic affiliation of this organism was established
from its 16S rRNA sequence, which showed that it represents a new genus within
the Rhodospirillales. We have provisionally named this organism “Ca.
Roseovibrio tepidum.” Closely related 16S rRNA sequences but with very low
read numbers (<0.02 % of all reads) were detected in the mat by an amplicon
study of a 60 °C sample (Thiel et al. 2016). The vibrio-shaped isolate exhibits
BChl a autofluorescence, suggesting a chlorophototrophic lifestyle. This sugges-
tion is further strengthened by the presence of low coverage, unassigned
a-proteobacterial pufLM sequences in the mat metagenome (Thiel et al. 2016).
So far, only Roseomonas aestuarii has been reported to produce BChl a, but no
pufLM sequences are available for that isolate (Venkata Ramana et al. 2010).
Further physiological studies with this new isolate will establish whether it is
truly a chlorophototroph. “Ca. Roseovibrio tepidum” showed a very similar
growth behavior as the “Ca. Elioraea thermophila” isolate. It also forms pink,
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lenticular colonies close to the surface of CTM-medium agar deeps, which also
suggests this organism requires relatively high levels of oxygen. The cells are
short vibrioid rods that are 2 pm in length and 1 pm in width (see Fig. 9e, f).

Blastochloris sp. MS-P4

Only species of two genera, Blastochloris and Rhodospira, within the
a-proteobacterial purple non-sulfur bacteria synthesize BChl b. Moderately ther-
mophilic representatives of B. sulfoviridis have been isolated from hot spring
microbial mats at Ojo Caliente in New Mexico (strain GI; Resnick and Madigan
1989) and Japan (TUT3225; Hisada et al. 2007). Recently, we have detected a
Blastochloris-like bacterium in MS for the first time. Blastochloris sp. MS-P4
colonies were obtained from samples taken at 40 and 45 °C in February 2016.
Lenticular, pale green-to-brownish colonies appeared in the anoxic region of
CTM-medium agar deeps after 10 days of incubation at 45 °C at a light intensity
of ~50 pmol photons m= s~!. The cells have nearly identical morphology to other
Blastochloris spp. with a width of ~0.5 pm and length of ~2.0 um, and the isolates
exhibit swimming motility (Fig. 9g, h). Whole-cell absorbance spectra had obvi-
ous peaks characteristic for BChl b at 400, 600, and 1020 nm (Table 2). Blastochloris
sp. MS-P4 showed no growth at temperatures >50 °C, which is consistent with
growth temperature experiments with strain GI1 (Resnick and Madigan 1989),
which only grew at temperatures up to 47 °C. As of the writing of this chapter, the
16S rRNA and pufLM sequences were not yet available for this new isolate.
Nevertheless, we tentatively assign this new bacterium to the genus Blastochloris
because of the above-mentioned properties.

Chlorophototrophic Firmicutes: Heliobacterium
modesticaldum

Heliobacterium modesticaldum, a BChl g-containing, gram-positive, spore-forming,
thermophilic photoheterotrophic anaerobe of the phylum Firmicutes was isolated
from MS in a previous study (Fig. 10a, b; Kimble et al. 1995). The organism grows
at temperatures up to about 56 °C, is a strict anaerobe with the capacity for photo-
heterotrophic and chemotrophic growth on pyruvate, and fixes dinitrogen (Kimble
et al. 1995). Consistent with the previous determination of the maximal growth
temperature for this organism, H. modesticaldum sequences were not found in the
metagenome assembled from samples taken at 60 °C mat in MS (Thiel et al. 2016;
Klatt et al. 2011). However, heliobacteria could be enriched and one pure culture
(OS-63) was obtained from samples taken in OS at temperatures from 54 to 70 °C
(Stevenson et al 1997). This could be due to the presence of spores, which are
known to be more heat resistant than vegetative cells, or rare abundance of viable
cells below the detection limit in the molecular studies.
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Fig. 10 Phase-contrast (Panel a) and fluorescence (Panel b) photomicrographs of cells of
Heliobacterium modesticaldum strain Icel. Note that the spheroblasts (white arrows) exhibit BChl
g autofluorescence in panel b. Scale bars equal 10 pm

Including the isolation of H. modesticaldum by Kimble et al. (1995), the
microbial mats of MS have now been shown to harbor representatives of six of the
seven phyla (Cyanobacteria, Chloroflexi, Chlorobi, Acidobacteria, Proteobacteria,
and Firmicutes) that are known to contain chlorophototrophic members (Fig. 4,
Table 2). In total, 16 chlorophototrophs have been identified, and efforts are under-
way to obtain axenic cultures of all of them. No thermophilic member of the seventh
phylum, Gemmatimonadetes (Zeng et al. 2014, 2016), has yet been reported, but of
course this could be because no metagenomic analyses of mat samples taken at
<50 °C have been analyzed. Gemmatimonadetes, however, have already been found
in the Yellowstone Lake (Zeng et al. 2014, 2016), which might suggest their pres-
ence also in the mats at lower temperatures.

Ecology of Mushroom and Octopus Spring Mat Systems

Since the initial studies nearly 50 years ago, the principal motivation for research
on these microbial mats has been to understand their microbial ecology. Hot spring
microbial mats initially appeared to be relatively simple communities, and the
thermal gradient that develops in the effluent channels was thought to be the major
environmental variable in these systems. While it is still true that—in comparison
to other microbial communities, e.g., not only those in soil but also freshwater and
marine habitats —the microbial communities in these hot spring mats are relatively
“simple,” the unexpected complexity of these “simple communities” has become
more and more apparent over the past 50 years. As illustrated above, these mats
contain a panoply of chlorophototrophic bacteria, each of which ultimately uses
the same energy source, namely sunlight. They live together and compete for or
provide nutrients and energy sources, inhabiting their own specific niches and
interacting with each other and the non-phototrophic members of the mat. At 60 °C
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the mat has been shown to consist of a highly diverse but very uneven community,
which is dominated by only a few highly abundant organisms, and additionally
contains a large number of rare members (Thiel et al. 2016). In comparison, less
detailed information is available about the community structure at lower tempera-
tures. However, differences in composition and abundances can be assumed.
Ultimately, the organisms of this community are dependent upon the primary pro-
ductivity of cyanobacteria (mainly Synechococcus spp.), and to a lesser extent to
members of the Chloroflexi, but it is likely that all of the organisms maintain meta-
bolic co-dependencies (e.g., branched amino acids and/or vitamins) that help
maintain community stability and robustness.

In the discussion below, we will focus on the ecology of the chlorophototrophic
mats at temperatures around 50-65 °C. At temperatures below 50 °C not only fila-
mentous cyanobacteria (e.g., Phormidium or Leptolyngbya spp.) but also photo-
trophic eukaryotic algae start to become important primary producers (Castenholz
1969). Unicellular cyanobacteria of the genus Synechococcus are the main primary
producers of these mats between 50 and 74 °C. Their identical morphological
appearance long concealed not only the presence of multiple distinct types, e.g.,
Type A and B’ Synechococcus spp., but also a plethora of putative ecotypes, i.e.,
ecological species that coexist in the mat and inhabit different niches defined by
light, temperature, oxygen, and possibly other parameters (e.g., nutrients).

In addition to temperature, other dynamic factors including light, nutrients, and
oxygen affect microbial communities and shape the microenvironments in which
the microbes live. The temperature of a given location in the hot spring microbial
mat is affected by (a relatively constant) source pool temperature, flow velocity, and
ambient temperature (summer vs. winter, more than day and night differences). The
temperature variation over a diel cycle is only about +1 °C, but can vary consider-
ably over the course of a year (Nowack 2014). The natural cycling of day and night,
and thus light and dark conditions, influences the oxygenic photosynthetic activity
of Synechococcus spp., which in turn affects the oxygen concentration and pH in the
mats. Cellular pigments, like (B)Chls and carotenoids, not only protect the cells or
enable phototrophy, but also absorb light, qualitatively and quantitatively shaping
the conditions in the layers below (Fig. 3). Blue and red light is mostly absorbed
within the first 1.0 to 2.0 mm of the mat, as seen in Fig. 3a; only ~1 % of 660—
690 nm light is present at a depth of 1 mm, whereas near-infrared light is still avail-
able in deeper layers (750-800 nm; >10 % in 1 mm depth; Fig. 3a). Both the quantity
and quality of light reaching particular depths influence which phototrophic organ-
isms thrive there. For example, Chl a-containing Synechococcus spp. are restricted
to the upper layers of the mat, while BChl a- and c-containing bacteria are also
present at greater depths (Fig. 3b; note that phycocyanin and Chl a were not detected
at a depth of 1.2-1.4 mm). Synechococcus spp. perform oxygenic photosynthesis
during daylight hours, leading to O, supersaturation and C; depletion at peak day-
light hours, as indicated by elevated pH values (Fig. 2).

Oxygen is also an important influencing factor for the community structure in
the mats. O, concentrations not only vary over the day but also decline with depth
(Fig. 2). Phototrophic bacteria with different oxygen needs and tolerances have
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been detected in the mats, which in addition to the light available probably define
their vertical distribution within the mat (M. Tank, unpublished results). When pho-
tosynthesis declines in the evening, O, uptake by the aerobically respiring commu-
nity members exceeds O, production and the mat becomes anoxic almost up to the
mat surface (Revsbech and Ward 1984; Steunou et al. 2008). In the dark, anoxic
conditions at night, fermentation genes as well as genes involved in N, fixation are
expressed. Energy is gained by fermentation of the carbohydrate storage product,
glycogen, which is built up during the day, both in Synechococcus spp. and the
anoxygenic phototrophic Chloroflexi (Kim et al. 2015; Klatt et al. 2013; Liu et al.
2011; Steunou et al. 2006). The latter store polyhydroxyalkanoates and wax esters
at night, which in daytime are degraded and used as carbon and electron reserves to
support photomixotrophy via the 3-hydroxypropionate bi-cycle (Kim et al. 2015;
Klatt et al. 2013). Night is also the time of highest expression activity of genes
involved in the biosynthesis of BChls and photosynthetic reaction centers for the
chlorophototrophic Chloroflexi, whereas the aerobic anoxygenic phototrophs, Cab.
thermophilum and “Ca. T. aerophilum,” express reaction center genes at night, but
BChl biosynthesis related genes under low-light conditions during the day (Klatt
etal. 2013; Liu et al. 2011, 2012).

Fixed nitrogen levels in the source water are near the detection limit for NH;/
NH,* and are also very low for NO,™ and NOs~ (Table 1; Ball et al. 2004). Putative
nifH-like genes for the ATPase subunit of nitrogenase have been detected in sev-
eral mat members, e.g., Synechococcus spp., Roseiflexus spp., Thermodesulfovibrio
sp., however, active nitrogen fixation has only been demonstrated for Synechococcus
spp., which presumably provides the complete mat community with bio-available
nitrogen (Table 2). Nitrogen fixation is energetically expensive, consuming large
amounts of ATP and electrons. Genes encoding nitrogenase show increased
expression starting in the evening, with a subsequent decline over the course of the
night (Steunou et al. 2008). In contrast, nitrogenase activity is low during the
night, when light energy is not available. Measured enzymatic activity exhibited a
small peak in the evening, but the main nitrogen fixation activity was measured in
the early morning, when light began to stimulate cyanobacterial photosynthetic
activity, but O, consumption by respiration still exceeded the rate of O, evolution
(Steunou et al. 2008). Once the irradiance increases to the point at which the mat
becomes oxic, nitrogenase activity is strongly inhibited (Steunou et al. 2006,
2008).

The morning hours are the most productive and metabolically active period of
the day in these hot spring mats. Metametabolomic analyses of the MS mat showed
accumulation of metabolites involved in anabolism, including intermediates in
amino acid and nucleic acid biosynthesis, during the early morning to midday
period (Kim et al. 2015). Peak levels of these nitrogen-rich compounds follow the
maximal period of N, fixation by Synechococcus spp., which occurred between
06:00 and 10:00 in the morning (Kim et al. 2015; Steunou et al. 2008).

Synechococcus spp. conduct photosynthesis and produce glycogen during the
day, which is fermented, e.g., to acetate and lactate, during the afternoon and night
hours. During peak daylight hours, extreme light and oxygen concentrations induce
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photorespiration which leads to accumulation of glycolate, a common but toxic by-
product of this protection mechanism (Bateson and Ward 1988; Kim et al. 2015).
Glycolate is excreted into the extracellular mat environment and thus becomes a
resource available to other community members during those hours (Kim et al.
2015). During peak light hours the photosystems of Synechococcus spp. are pre-
sumably damaged or photoinhibited, leading to cyanobacterial fermentation and the
accumulation of lactate in the extracellular matrix of the mat, being available as
nutrient for other mat members. Glycolate is probably oxidized to glyoxylate, which
hasbeenshowntobe photoassimilatedby Roseiflexus spp. viathe 3-hydroxypropionate
bi-cycle (Kim et al. 2015; Klatt et al. 2007). Lactate, presumably produced by
Synechococcus spp. in the afternoon, is also hypothesized to be photoassimilated by
Roseiflexus spp. as well as other mat community members, which use it as a carbon
and energy source (Kim et al. 2015).

Hydrogen is produced as a by-product of nitrogenase activity as well as end
product of fermentation. H, levels in the mats are low, especially during the day
(Revsbech et al. 2016), which presumably is due to its oxidation by chlorophototro-
phic members of the Chloroflexi. Other community members, including the sulfate-
reducer Thermodesulfovibrio yellowstonii, other chemotrophic members, or even
hydrogenotrophic methanogenic archaea, may also consume the hydrogen that is
produced (Henry et al. 1994; Klatt et al. 2013; Sandbeck and Ward 1981).

A closed sulfur cycle may exist in the mats. Both sulfate reduction and biogenic
sulfide production have been shown to occur, in spite of relatively low sulfate con-
centrations in the source water (<200 pM; Ball et al. 2004; Dillon et al. 2007).
Organisms similar to Thermodesulfovibrio yellowstonii were identified as the most
abundant sulfate-reducing populations in the upper 1-mm layer of the mat respon-
sible for the measured sulfide production, although additional unidentified dsrAB
sequences indicate the presence of other sulfate-reducing bacteria in the mats
(Dillon et al. 2007; Thiel et al. 2016, 2017). Sulfide is known to act as an electron
donor for photoautotrophic Chloroflexi (e.g., Chloroflexus sp. MS-G; see above)
and has been shown to stimulate incorporation of bicarbonate into filamentous
Chloroflexi in the mats (van der Meer et al. 2005). Genomes of known phototrophic
Chloroflexi as well as the metagenome of the mat contain sgr genes, encoding
sulfide:quinone oxidoreductases belonging to the type II family, but none of the
Chloroflexi strains with sequenced genomes encode dsr or sox genes (Bryant et al.
2012). In accordance with the absence of dsr and sox genes, when sulfide is oxi-
dized by Chloroflexus sp. or O. trichoides cultures, it is deposited as elemental sul-
fur (polysulfide) outside the cells, often affixed to the cells, and sulfur oxidation to
sulfate has not been observed (Bryant et al. 2012; Frigaard and Dahl 2009; Hanada
and Pierson 2006; Keppen et al. 2000; Madigan et al. 1974). Oxidation of sulfur to
sulfate could possibly occur in the orange-colored undermat by a Thermocrinis sp.-
like member of the phylum Aquificae, leading to a closed sulfur cycle in the mat
(Thiel et al., in preparation). Other candidates for sulfur/polysulfide oxidation are
Synechococcus spp., which may be able to oxidize sulfide quantitatively to thiosul-
fate like many other cyanobacteria are apparently able to do (De Wit and van
Gemerden 1987; Olsen et al. 2015; Rabenstein et al. 1995). This process, which
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may be temporally correlated with nitrogen fixation, has been shown to stimulate
13C-bicarbonate incorporation into lipid biomarkers (van der Meer et al. 2005). The
resulting thiosulfate might ultimately be an alternative source of sulfate to close the
sulfur cycle in the mats.

Rare organisms not discussed here, but detected in a 16S rRNA amplicon analy-
sis (Thiel et al. 2016), as well as the a-proteobacterial phototrophs affiliated with
these mats, probably do not contribute significantly to community function at 60 °C
degrees but might be more important at lower temperatures.

Final Remarks

The chlorophototrophic microbial mats of OS and MS have been intensively studied
for the past 50 years, and for the first half of this period, scientists believed that the
upper green layer contained members of only two types of chlorophototrophic organ-
isms: Synechococcus sp. and Chloroflexus sp. The introduction of cultivation-
independent, molecular methods based on sequencing of 16S rRNA and other genes
roughly doubled the number of organisms identified by revealing the presence of
Roseiflexus sp. and multiple types of morphologically similar cyanobacteria (e.g.,
Synechococcus spp. A/B-lineage ecotypes, Thermosynechococcus sp. Cl, and
Synechococcus sp. C9). Beginning about 10 years ago, cultivation-independent
metagenomics, metatranscriptomics, and genomics began to reveal the true complex-
ity of chlorophototrophs and heterotrophs in these mats. Several novel chlorophoto-
trophs, not previously known to science, were identified as described in this chapter.
However, it is important to note that several of the chlorophototrophs were not identi-
fied initially by metagenomic analysis but were first detected in cultivation studies,
once a suitable growth medium was defined by cultivation of Cab. thermophilum.
Astonishingly, at least 16 different prokaryotic chlorophototrophs coexist and must
compete for niches defined by light quality, light quantity, oxygen concentration, and
temperature, among other potential niche-defining parameters. With respect to light,
specific genes associated with adaptation and acclimation to light intensity have been
found (Olsen et al. 2015), but the organisms in the mat utilize different Chls, BChls,
carotenoids, and phycobiliproteins to acquire light for photosynthesis.

The experience gained from these efforts to obtain a complete description of the
chlorophototrophs in these mats is highly instructive. No single method is sufficient
to define the composition of a microbial community, but the combination of modern
cultivation-independent methods and classical methods, including fluorescence
microscopy, enrichment, and isolation, is a more powerful approach to understand-
ing the composition, physiology, and metabolism of a microbial community. While
it is certainly true that meta-omics methods can reveal important information about
“who’s there” and “what they are doing,” these methods cannot substitute for the
wealth of information that can be obtained once an organism can be grown axeni-
cally. Both in situ and ex situ approaches are important components of the modern
microbiologist’s toolbox, and the older methods should not be ignored in favor of
the currently more fashionable cultivation-independent methods.
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Abstract Here we examine the basic biology of three major groups of “green”
anoxygenic phototrophic bacteria: the green sulfur bacteria (Chlorobiaceae), the
green nonsulfur bacteria (also called the filamentous anoxygenic phototrophs)
(Chloroflexaceae), and the heliobacteria (Heliobacteriaceae). Only organisms that
have been grown in laboratory culture are considered. Interestingly, the model
organisms for each family are thermophiles: the green sulfur bacterium
Chlorobaculum tepidum, the filamentous green nonsulfur bacterium Chloroflexus
aurantiacus, and the hot spring heliobacterium species, Heliobacterium modestical-
dum. All model green bacteria have had their genomes sequenced, and in the green
sulfur bacteria, genome sequences of all recognized species have been completed
and compared. Although species in each family are distinct from species in each of
the other families in many ways, there are key properties that unite two families to
the exclusion of the third. These include the presence of chlorosomes in the green
sulfur and green nonsulfur bacteria and the structure of the reaction centers in the
green sulfur bacteria and heliobacteria. However, the three families of green-colored
bacteria are phylogenetically distinct and thus any similarities are likely the result
of horizontal gene transfers.
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Introduction

Anoxygenic phototrophic bacteria include species of the domain Bacteria that fall
into six different phyla: the purple bacteria (Proteobacteria), green sulfur bacteria
(Chlorobi), green nonsulfur bacteria—also called the filamentous green bacteria—
(Chloroflexi), heliobacteria (Firmicutes), chloracidobacteria (Acidobacteria), and
Gemmatimonas (Gemmatimonadetes). Cyanobacteria are of course phototrophs as
well, but they are oxygenic phototrophs and are dealt with elsewhere in this volume.

This chapter will deal exclusively with “green” bacteria. To those in the field of
anoxygenic phototrophic bacteria, the term green bacteria typically means the green
sulfur and/or green nonsulfur bacteria. But we extend that here to include the helio-
bacteria, since these organisms share significant photochemical properties with
green sulfur bacteria and are also green in color. Although they may be greenish in
color, we will not deal here with either the chloracidobacteria (Bryant et al. 2007)
or those species of purple bacteria that contain bacteriochlorophyll b and because of
their complement of carotenoids, are actually green in color (Madigan and Jung
2009). These will be covered in other chapters of this volume.

The Chlorobiaceae and Heliobacteriaceae are extensive groups, containing a
number of genera and species; Chloroflexaceae, by contrast, are less diverse, with
only a few species obtained in pure culture. Green sulfur and green nonsulfur bacte-
ria share a major property that unites them despite their distinctive phylogenies. Both
of these groups contain chlorosomes—the ultimate in light-harvesting structures —
that allows these phototrophs to grow at very low light intensities (Oelze and Golecki
1995; Psencik et al. 2009). Species of green sulfur and green nonsulfur bacteria also
contain similar antenna pigments: bacteriochlorophylls (Bchls) ¢, d, or e, and these
are packed in dense arrays within their chlorosomes. Heliobacteria, by contrast, lack
chlorosomes and any discernable internal photosynthetic membrane system, but
instead contain Bchl g as well as small amounts of chlorophyll @ and chlorophyll a
derivatives in the cytoplasmic membrane (Heinnickel and Golbeck 2007).

The physiologies and habitats of green sulfur bacteria, green nonsulfur bacteria, and
the heliobacteria are also a study in contrasts. All of these phototrophs carry out photo-
synthesis only under anoxic conditions. Green sulfur bacteria and the heliobacteria are
strict anaerobes (Asao and Madigan 2010; Imhoff 2014), whereas green nonsulfur bac-
teria are facultative and capable of respiratory growth in darkness (Pierson and Castenholz
1995). Green sulfur bacteria metabolism is primarily autotrophic. By contrast, heliobac-
teria are incapable of autotrophy and are dedicated photoheterotrophs when grown in the
light; they can also grow chemotrophically in darkness by fermentation (Kimble et al.
1994). Green nonsulfur bacteria can grow as photoautotrophs, photoheterotrophs, or
chemotrophs, the latter under highly oxic conditions (Pierson and Castenholz 1995).

Green sulfur bacteria are aquatic phototrophs found in the deepest waters of
lakes, inland seas, and other anoxic aquatic habitats where sulfide is present but
light levels limit the growth of other phototrophs (Imhoff 2014). Green nonsulfur
bacteria are major components of microbial mats that form in the outflows of
alkaline hot springs or that develop in shallow marine or hypersaline environments
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(Castenholz and Pierson 1995). In contrast to both of these more-or-less aquatic
groups, the heliobacteria are soil bacteria, inhabiting anoxic regions of soils where
plant exudates likely supply them with the organic matter they need for photohet-
erotrophic metabolism (Asao and Madigan 2010).

We proceed now to look at these green bacteria with a focus on their diversity and
phylogeny, photosystems and physiology, ecology, and genomics. Comprehensive
reviews, each focusing on one of these major groups of phototrophs, have been pub-
lished fairly recently (Asao and Madigan 2010; Hanada 2014; Imhoff 2014; Pierson
and Castenholz 1995; Sattley and Swingley 2013) and the interested reader should
consult these for more detailed information on any of the organisms covered here.

Chlorobiaceae: The Green Sulfur Bacteria

Diversity and Phylogeny

Green sulfur bacteria are a phylogenetically coherent group of anoxygenic phototrophs
that, along with a few chemotrophs, form the phylum Chlorobi (Hiras et al. 2015; Imhoff
2014; Imhoff and Thiel 2010). This section will deal only with phototrophic species of
Chlorobi that constitute the bacterial family Chlorobiaceae (Triiper and Pfennig 1992).

The green sulfur bacteria currently consist of four recognized genera: Chlorobium
(Chl.) (Fig. 1), Chlorobaculum (Cba.), Prosthecochloris, and Chloroherpeton
(Chp.). All genera contain several species except for Chloroherpeton, which con-
sists of the single species Chp. thalassium (Gibson et al. 1984) (Fig. 2). The distri-
bution of antenna Bchls (c, d, and e) shows no specific pattern among green sulfur
bacteria, and in some cases, each of three strains of a single species may contain a

Fig. 1 Phase-contrast
color photomicrograph of
cells of Chlorobium strain
PDL showing elemental
sulfur globules formed
from the oxidation of
sulfide
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Chlorobium phaeovibrioides (Y08105)
Chlorobium luteolum (Y08107)
Chlorobium limicola (Y10113)
Chlorobium ferrooxidans (Y18253)
Chiorobium clathratiforme (Y08108)
Chlorobaculum thiosulfatiphilum (Y08102)
Chlorobaculum tepidum (M58468)
Chlorobaculum limnaeum (AJ290831)
Chlorobaculum parvum (Y10647)
100 (Y4 Prosthecochloris vibrioformis (NR029170)
L— Prosthecochloris aestuarii (YO7837)
Chloroherpeton thalassium (AF170103)

99 Ignavibacterium album (AB478415)
—L Melioribacter roseus (JQ292917)

Cytophaga hutchinsonii (M58768)

97

0.05
—_—

Fig. 2 Phylogenetic tree of cultured free-living species of Chlorobiaceae (green sulfur bacteria).
This maximum-likelihood phylogenetic tree was created with 1000 bootstrap replications using
the Tamura—Nei model and the Nearest-Neighbor-Interchange (NNI) heuristic method. All posi-
tions containing gaps and missing data were eliminated, resulting in a total of 1099 nucleotides in
the final analysis. The tree was rooted using Cytophaga hutchinsonii (phylum Bacteriodetes) as the
outgroup organism. Genbank accession numbers are listed in parentheses

different antenna pigment. The Chlorobiaceae include both freshwater and marine
species and the latter require NaCl for growth (Imhoff 2014).

Green sulfur bacteria form a tight phylogenetic unit. Lying basal to the entire
group is the marine microbial mat species Chp. thalassium. The salt-requiring
Prosthecochloris species are also deeply branching taxa (Fig. 2). The rod-shaped
Chlorobium (Fig. 1) and Chlorobaculum species are the most derived green sulfur
bacteria, with species within each genera grouping fairly tightly. Although by defi-
nition, all species of green sulfur bacteria are anoxygenic phototrophs, at least two
genera of chemotrophic bacteria—Ignavibacterium and Melioribacter— group
fairly tightly with the Chlorobi but lie basal to all phototrophic species (lino et al.
2010; Kadnikov et al. 2013; Podosokorskaya et al. 2013) (Fig. 2). Interestingly,
both of these chemotrophs are moderate thermophiles and anaerobes, as is the pho-
totrophic species Chlorobaculum tepidum, suggesting that the green sulfur bacteria
may have emerged from thermophilic roots in which Cba. tepidum-like organisms
are the only thermophilic species of green sulfur bacterium that remain.

Photosystems and Physiology

The major feature of the green sulfur bacterial photosystem is the chlorosome.
Chlorosomes (Fig. 3) function as giant antenna systems and contain dense arrays of
the light-harvesting Bchls of these phototrophs, Behls ¢, d, or e (Oelze and Golecki
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Fig. 3 Transmission
electron micrograph of a
cross-section of a cell of
Chlorobium strain

PDL. Note the
chlorosomes (light gray)
arranged in the periphery
of the cell

1995; Psencik et al. 2009). Light energy absorbed by the antenna pigments is trans-
ferred to Bchl a, and the latter is present in two locations in the cell. First, Bchl a is
present in the “Fenna—Matthew—Olson” (FMO) protein, the protein that is located
between the chlorosome baseplate and the cytoplasmic membrane and which facili-
tates energy transmission from the antenna Bchls in the chlorosome to the reaction
center embedded in the cytoplasmic membrane. However, in addition to the Bchl a
in the FMO protein, Bchl a is present in the “iron—sulfur” type (type I) photosyn-
thetic reaction center present in the cytoplasmic membrane of green bacteria
(Blankenship 2010).

Besides Bchl a, the reaction center of green sulfur bacteria also contains small
amounts of chlorophyll a. When this pigment is reduced by Bchl a, its extremely
low reduction potential allows it to reduce the iron—sulfur center, also poised at a
low reduction potential, and the iron—sulfur center can then reduce ferredoxin (He
et al. 2104). The latter is needed to drive key carboxylation reactions in the unique
autotrophic pathway of green sulfur bacteria (see later).

Because antenna Bchls are present in such large amounts relative to Bchl a in
green sulfur bacteria, especially in cultures grown at low light intensities, the color
of mass cultures of these phototrophs is typically green (Fig. 4) or brownish green;
species containing Bchl e are distinctly brown in color. The colors are due to a
combination of the antenna pigments, which are all green in color, along with
carotenoid pigments. The major carotenoid in green-colored green sulfur bacteria
such as Cba. tepidum (Fig. 4) is chlorobactene (or chlorobactene derivatives;
Takaichi et al. 1997b) and that in brown-colored species is isorenieratene or
B-isorenieratene (Imhoff 2014).

Green sulfur bacteria are obligately anaerobic and phototrophic bacteria. Despite
numerous attempts to show dark growth, no success has been obtained. Thus, along
with Chloracidobacterium (Tank and Bryant 2015), green sulfur bacteria are the
only other phototrophic bacteria currently known to be unable to grow in darkness;
purple sulfur and purple nonsulfur bacteria, green nonsulfur bacteria, heliobacteria,
and certain cyanobacteria can all be grown in darkness (Madigan et al. 2015).

Green sulfur bacteria can be grown in pure culture in mineral media containing
CO, as carbon source and H,S as photosynthetic electron donor; species of
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Fig. 4 Bottle culture of
Chlorobaculum tepidum
strain TLS. When grown in
well-buffered media
containing both sulfide and
thiosulfate as electron
donors, yields of 5x 10° to
10'° cells/ml can easily be
obtained overnight at
45°C

Chlorobiaceae require only vitamin B, as a growth factor and grow best around
neutral or slightly acidic pH. A few organic compounds such as acetate, pyruvate,
and propionate are photoassimilated by green sulfur bacteria and dramatically
improve cell yields, but growth is ultimately dependent on a source of reduced sulfur,
sulfide being optimal. During growth, sulfide (as well as thiosulfate by those species
that can use it) is oxidized to sulfur (Fig. 1), which is then oxidized to sulfate
(Gregersen et al. 2011).

Autotrophic growth in green sulfur bacteria is supported not by reactions of the
Calvin cycle, the mechanism of autotrophy in phototrophic purple bacteria and cyano-
bacteria (as well as plants and algae), but instead by a reversal of steps in the citric acid
cycle (also called the tricarboxylic acid cycle) referred to as the “reverse TCA cycle”
(Evans et al. 1966; Fuchs et al. 1980). Green sulfur bacteria are the only group of
anoxygenic phototrophic bacteria in which this pathway has been found to operate.

Ecology

Overviews of the ecology of green sulfur bacteria can be found in the classic reviews
of Pfennig (1967), Madigan (1988), and van Gemerden and Mas (1995) (all of these
are still well worth a read by anyone just entering this field), and the more recent review
of Imhoff (2014). Because they possess chlorosomes (Fig. 3), green sulfur bacteria can
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thrive in illuminated habitats in which other phototrophs are light-limited. As a result
of this and their typically extremely high sulfide tolerance, green sulfur bacteria can
form blooms deep in sulfidic lakes or within sulfidic microbial mats where high cell
densities greatly attenuate the available light. The ability of green sulfur bacteria to
outcompete purple bacteria in light-limited aquatic systems means that they can posi-
tion themselves deeper in the lake and closer to the source of sulfide emerging from the
sediments. Isolates of green bacteria that are present at the lowest light intensities typi-
cally contain Bchl e as their antenna pigment, such as the population of brown-colored
green sulfur bacteria that reside deep in the Black Sea (Manske et al. 2005).

Consortia consisting of green bacteria surrounding and firmly attached to a cen-
tral motile and chemotrophic bacterium are common in many habitats in which free-
living green sulfur bacteria are also present. These symbioses include associations
such as “Chlorochromatium aggregatum” and “Pelochromatium roseum” where the
phototrophic component is green or brown, respectively (Overmann 2010). These
consortia allow the otherwise nonmotile green sulfur bacteria to move up and down
in the water column in response to gradients of light intensity and sulfide.

The consortia consist of a single central bacterial cell named “Candidatus
Symbiobacter mobilis” surrounded by about 15 cells of the green bacterium (referred to
as the “epibiont”) Chlorobium chlorochromatii (Overmann 2010; Vogl et al. 2006). The
epibiont can be isolated and grown in pure culture and in most respects is similar to free-
living chlorobia, although it is phylogenetically quite distant from other Chlorobium
species and thus its taxonomic position is uncertain (Vogl et al. 2006). By contrast to Chl
chlorochromatii, the chemotrophic partner of the consortium has undergone widespread
gene loss and cannot survive in the absence of its phototrophic partner (Liu et al. 2013).

Whether other benefits for the phototroph (other than motility) occur in these pho-
totrophic consortial arrangements is unclear. However, it is clear that the central cell
benefits from nutrients released by the phototroph. Electron micrographs have even
suggested that the consortium may be more intimate than originally thought, in that the
periplasm regions of the central cell and the epibionts may actually be fused. If true,
this would be a direct and very convenient way for the two cells to share nutrients.

Perhaps free-living green bacteria have little need for motility because of their
ability to grow at such minimal light intensities. However, it is still curious why no
green sulfur bacterium has been found that is flagellated. Flagellar motility is
common among anoxygenic phototrophs and is a widespread property of bacteria in
general (Madigan et al. 2015). With rampant horizontal gene flow occurring in the
bacterial world, why a flagellated green sulfur bacterium has not appeared in any of
the many isolates of green bacteria obtained through the years is an interesting eco-
logical conundrum.

Genomics

The rod-shaped and mildly thermophilic green bacterium Chlorobaculum tepidum
was the first green sulfur bacterium to have its genome sequenced (Eisen et al.
2002). Because of its many desirable properties, in particular its rapid growth and
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use of thiosulfate as a photosynthetic electron donor, Cba. tepidum has emerged as
the model species of Chlorobiaceae. The fact that this organism is genetically trac-
table by both conjugation (Azai et al. 2013; Wahlund and Madigan 1995) and
transformation (Frigaard and Bryant 2001) has also bolstered its appeal as a
laboratory model.

The genome of Cba. tepidum, about 2.15 Mbp, is relatively small for a bacterium
capable of photoautotrophic growth. Since the complete genome of C. tepidum was
sequenced, the genomes of many other green sulfur bacteria have been sequenced
and analyzed, including species of Chlorobium, Prosthecochloris, and
Chloroherpeton (Bryant et al. 2012; Davenport et al. 2010). No major surprises
have emerged from the genomes of green sulfur bacteria, as much biochemistry on
these phototrophs preceded the genome sequence. As expected, the Cba. tepidum
genome confirmed the reverse citric acid autotrophic pathway and identified all
genes necessary to carry out the processes of nitrogen fixation (Wahlund and
Madigan 1995) and sulfur metabolism (Falkenby et al. 2011). The Cbha. tepidum
genome did reveal the genetic foundation for the structure of the chlorosome, the
green bacterial photosynthetic reaction center, pigment biosynthesis biochemistry,
and other key photosynthetic properties of this phototroph.

An interesting anomaly in the Cba. tepidum genome sequence was the relative
dearth of genes encoding regulatory functions in this bacterium. Compared with the
cyanobacterium Synechocystis, Cba. tepidum contains roughly eightfold fewer regu-
latory genes. This could represent selective gene loss due to the habitat of Cba. tepi-
dum; the constant nutrient conditions in the hot spring environment in which this
phototroph lives (Wahlund et al. 1991) would not require the regulatory machinery
of a bacterium living a “feast-or-famine” existence. Thus, the genome of Cba. tepi-
dum might have become streamlined to dispense with unused regulatory machinery.

Large scale in silico analyses of green bacterial genomes (Bryant et al. 2012;
Davenport et al. 2010) have confirmed what 16S rRNA gene phylogenetic analyses
first revealed (Fig. 2); with the exception of Chloroherpeton, the complement of
genes in different genera and species of green sulfur bacteria are quite similar. There
are a large number of shared genes (the core genome) that support basic
photosynthetic properties in green bacteria, accompanied by a relatively small
accessory (pan) genome that supports additional characteristics unique to the habi-
tats of the individual species (Davenport et al. 2010).

One unusual feature of the genomes of Chlorobium and Prosthecochloris spe-
cies but not that of Cba. tepidum is the presence of a few “giant genes” encoding
proteins with a predicted molecular weight of about 1 million (Davenport et al.
2010). These possibly encode adhesin-like proteins that may function to help
adhere cells to solid surfaces and/or protect the cell from grazing and other hostile
activities. In addition, large scale comparative analyses have revealed that gene
synteny in green sulfur bacteria is rather low. That is, although individual genes
and operons within the genomes of green sulfur bacteria are quite highly related,
there has been significant movement of gene clusters around the chromosomes of
different species.
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Chloroflexaceae: The Filamentous Green Nonsulfur Bacteria

Diversity and Phylogeny

The family Chloroflexaceae (phylum Chloroflexi) grew out of the discovery in 1974
of the filamentous, phototrophic, and thermophilic gliding bacterium Chloroflexus
aurantiacus (Pierson and Castenholz 1974). Because Chloroflexus was so different
from all known anoxygenic phototrophs, Triiper (1976) formally proposed that a
family-level taxon be established to accommodate Chloroflexus and organisms related
to it. Other genera previously grouped within the Chloroflexaceae, such as Roseiflexus
and Oscillochloris, have recently been elevated to their own family status (Gupta
et al. 2013). In this section, however, we lump all of these into the Chloroflexaceae
for convenience and will focus our discussion on the genera Chloroflexus and
Roseiflexus only.

Roseiflexus (Hanada et al. 2002; van der Meer et al. 2010) is a distant relative of
Chloroflexus, but morphologically, species of these two genera are virtually indis-
tinguishable. Cells of both Chloroflexus and Roseiflexus are long thin filaments
(Fig. 5) that form dense cell masses along with filamentous cyanobacteria in alka-
line hot spring or hypersaline microbial mats. Because of their distinct filamentous
morphology, these organisms are also called the “filamentous anoxygenic photo-
trophs” or FAPs for short. Species of the two genera differ fundamentally in their
photosynthetic properties, the major difference being the presence of green bacte-
rial antenna Bchls and chlorosomes in species of Chloroflexus that are absent from
species of Roseiflexus (Hanada 2014). Genomic analyses to be discussed later indi-
cate that the core genomes of these two phototrophs are very similar.

Fig. 5 Phase-contrast photomicrograph of cells of Roseiflexus strain RS-1. Cells are about 1 pm
in diameter and of indeterminate length
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From a phylogenetic perspective, the Chloroflexaceae form a tight group of
phototrophic species including the genera Chloroflexus (Cfl.), Chloronema,
Oscillochloris, Heliothrix, and Roseiflexus (Fig. 6). Of these five genera, only strains
of Chloroflexus and Roseiflexus have been studied in any detail and are the only
genera for which pure cultures are available. The phylogenetic tree of Chloroflexaceae
reveals three main clades: the Chloroflexus group, including Cfl. aurantiacus, Cfl.
aggregans, and various strains of Chloroflexus related to Cfl. aurantiacus; the
Oscillochloris/Chloronema group; and the Roseiflexus group (Fig. 6). Heliothrix
diverges significantly from all other Chloroflexaceae and its precise phylogenetic
position is unclear since cultures of this organism are not available; its phylogenetic
position in Fig. 6 is based on only a partial 16S rRNA sequence. Roseiflexus is the
most deeply divergent of known phototrophic Chloroflexi, and its closest relative is
the nonphototrophic filamentous hot spring bacterium Herpetosiphon (Fig. 6). The
review by Gupta et al. (2013) and Hanada (2014) should be consulted for further
information on the current systematics of phototrophic species of Chloroflexi.

The discovery of Chloroflexus has turned out to be a remarkable story, as aspects
of its biology have significantly affected our understanding of the evolution of pho-
tosynthesis as well as the diversity of autotrophic metabolism. The fact that species
of Chloroflexus are major components of the thick microbial biofilms called stro-

Chloroflexus aurantiacus str. DSM 636 (AJ308500)
2 Chloroflexus aurantiacus str. DSM 637 (AJ308501)
Chloroflexus aurantiacus str. J-10-fl (D38365)
Chloroflexus aggregans (AJ308499)

Chloroflexus sp. 396-1 (AJ308498)
Chloronema giganteum (AF345825)

100 Oscillochloris trichoides (AF093427)
I Oscillochloris sp. R (AF146832)

Heliothrix oregonensis (NR125709)

93

Herpetosiphon aurantiacus (M34117)
. ERoseiﬂexus sp. RS-1 (NR0O74197)
Roseiflexus castenholzii (AB041226)

Thermus aquaticus (L09663)

; 0.05 |

Fig. 6 Phylogenetic tree of cultured species of Chloroflexaceae (green nonsulfur bacteria). This
maximum-likelihood phylogenetic tree was created with 1000 bootstrap replications using the
Tamura—Nei model and the Nearest-Neighbor-Interchange (NNI) heuristic method. All positions
containing gaps and missing data were eliminated, resulting in a total of 785 nucleotides in the
final analysis (this number of nucleotides was chosen based on the fact that the available Heliothrix
16S rRNA gene sequence is only a partial sequence). The tree was rooted using Thermus aquaticus
(phylum Deinococcus-Thermus) as the outgroup organism. Genbank accession numbers are listed
in parentheses



The Chlorobiaceae, Chloroflexaceae, and Heliobacteriaceae 149

matolites (fossilized structures of which have been found in rocks nearly 3.5 billion
years old) combined with its deep phylogenetic position on the tree of Bacteria and
unusual mechanism of autotrophy (Madigan et al. 2015) has led many to believe
that Chloroflexus has many of the properties of ancient—perhaps even the earli-
est—phototrophs to evolve on Earth (Blankenship 2010).

Photosystems and Physiology

The 5.3 Mb genome of Chloroflexus aurantiacus (Tang et al. 2011) confirmed most
of the features of the photosystems and physiology of Chloroflexus that had been
worked out with this readily cultured phototroph in the 40 years that ensued since
its discovery. Cfl. aurantiacus is very much a hybrid phototroph, as it contains some
features from purple bacteria, green bacteria, and heliobacteria, as well as some
features from cyanobacteria; many of these features likely arose in Cfl. aurantiacus
through horizontal gene transfers from species of these other phototrophic groups
(Blankenship 2010). The main components of the Cfl. aurantiacus photosystem are
its chlorosomes, which contain Bchl ¢ (as do those of many green sulfur bacteria),
and a quinone-type photosynthetic reaction center (as do all purple bacteria)
(Blankenship 2010; Psencik et al. 2009). The reaction center in Cfl. aurantiacus is
structurally simpler than that of purple bacteria but is clearly of the purple bacterial
type (Tang et al. 2011).

Chloroflexus grows both phototrophically (anoxic/light) and aerobically in dark-
ness by respiration (Pierson and Castenholz 1974, 1995). Phototrophic growth includes
both photoheterotrophic and photoautotrophic lifestyles. When growing photoautotro-
phically, Cfl. aurantiacus employs the 3-hydroxypropionate pathway for CO, fixation,
a pathway first discovered in this organism and whose biochemistry was worked out
incrementally but has now been solidified (Zarzycki et al. 2009). Chloroflexus can also
grow fully aerobically by respiring a wide variety of organic compounds (Madigan
et al. 1974). The organism can be grown in defined media both phototrophically and
chemotrophically but grows best in complex media. Thiamine and biotin are required
as growth factors, but such can be replaced with just a small amount (50 mg/1) of yeast
extract. The ease by which C. aurantiacus can be grown in the laboratory has made it
an attractive experimental tool in the field of bacterial photosynthesis.

Roseiflexus differs from Chloroflexus primarily by its lack of chlorosomes and
their associated green bacterial antenna pigments. Rof. castenholzii is readily cultur-
able, and from studies of this species, and to a more limited extent Roseiflexus strain
RS-1, the parallels between Chloroflexus and Roseiflexus have become clearer. Both
phototrophs can be grown both phototrophically and chemotrophically and both are
thermophiles that coexist in alkaline hot spring microbial mats (Hanada et al. 2002;
van der Meer et al. 2010). Depending on the strain and the light intensity used to grow
the culture, cultures of Cfl. aurantiacus can be anywhere from a deep green, to brown-
ish- or yellowish-green, to a deep orange in color; cultures grown with sulfide typi-
cally are greenest in color. By contrast, cultures of Roseiflexus show little if any
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greenish tinge and are either reddish-brown or yellow-brown in color. The major
carotenoids of Cfl. aurantiacus are y-carotene and p-carotene (Halfen et al. 1972;
Pierson and Castenholz 1974), whereas in Rof. castenholzii, y- and p-carotene are
absent and instead a variety of keto-carotenes and y-carotene derivatives are present
(Takaichi et al. 2001).

Ecology

Chloroflexaceae are dedicated microbial mat species. These organisms develop in
hot spring microbial mats along with various cyanobacteria at temperatures up to
about 60 °C (Castenholz and Pierson 1995). In shallow marine and hypersaline
systems where microbial mats develop at more moderate temperatures, Chloroflexus-
like organisms are typically present and tend to form thicker mats than in thermal
systems (Pierson and Castenholz 1995; Castenholz and Pierson 1995).

Filamentous anoxygenic phototrophs inhabit both sulfidic mats and mats that
contain no detectable sulfide, and thus their metabolic activities in nature probably
depend on the physiochemical state of their habitat. In sulfidic mats fed by geother-
mal sulfide or bacterial sulfate reduction, opportunities for photoautotrophy exist.
However, the abundance of cyanobacteria in most Chloroflexus mats likely offers
ideal opportunities for photoheterotrophy during the day and chemotrophy at night
from the organic matter excreted by these oxygenic phototrophs.

Oxygen is a major variable in microbial mats and its consumption and produc-
tion is a highly dynamic process. Measurements using oxygen microelectrodes
show that in hot spring mats, O, is produced in the uppermost layers of the mats
and can be totally consumed just a few millimeters into the mat (Revsbech and
Ward 1984). Sulfide microelectrode measurements in a sulfate-limited Yellowstone
microbial mat showed maximal rates of sulfate reduction about 4 mm into the mat
and that sulfide-oxidizing bacteria, likely Chloroflexus and Roseiflexus, are likely
responsible for regenerating sulfate from sulfide to maintain the high rates of
sulfatereduction. Thethermophilicsulfate-reducingbacterium Thermodesulfovibrio
was the major sulfide producer in this system (Dillon et al. 2007). In marine
microbial mats, sulfide is likely to be much more available throughout the mat due
to the abundant sulfate present in marine waters (Visscher et al. 1992). However,
as in the hot spring habitat, the presence of cyanobacteria in marine mats likely
means that oxygen gradients exist and that an abundance of organic matter is
available for photoheterotrophic or chemotrophic growth of filamentous anoxy-
genic phototrophs as well.

A metatranscriptomic study of filamentous green nonsulfur bacteria was car-
ried out in a Yellowstone hot spring mat community to see how Chloroflexus and
Roseiflexus regulate gene expression in response to a diel cycle that affects oxy-
gen levels within the mat. The data showed that at night, when conditions through-
out the mat are microoxic to anoxic, these organisms prepare for the next light
cycle by synthesizing photopigments and related photosynthetic machinery along
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with carbon storage polymers such as glycogen and polyhydroxyalkanoates.
During the day these polymers are degraded to support photoheterotrophic growth
(Klatt et al. 2013). Further, this study confirmed that environmental conditions
within these mats are highly dynamic and that the Chloroflexus and Roseiflexus
populations in the mat likely undergo periodic and fairly rapid switches from
phototrophy to chemotrophy and vice-versa as physiochemical conditions change
on a diel cycle.

Genomics

The complete genome of Chloroflexus aurantiacus strain J-10-fl (isolated from a
Japanese hot spring and the type strain of the genus and species) has been sequenced
(Tang et al. 2011), and draft genome sequences are available for Roseiflexus casten-
holzii and Roseiflexus strain RS-1. The J-10-fl sequence of 5,258,541 base pairs
encodes 3914 genes, of which 72 % have predicted functions. A draft genome sequence
has also been published for a Chloroflexus isolate from a Yellowstone hot spring
(Thiel et al. 2014).

Despite lacking features such as chlorosomes and the associated antenna features
of Chloroflexus, the Roseiflexus genome is 0.5 Mb larger than that of Chloroflexus.
However, much of the biochemistry is similar in these two organisms; for example,
the complement of genes encoding the 3-hydroxypropionate pathway of autotrophic
CO, fixation in Chloroflexus (Zarzycki et al. 2009) is also present in Roseiflexus.
Although autotrophic growth in Roseiflexus has not been demonstrated, such is likely
a matter of simply working with the right strain and getting growth conditions, espe-
cially the sulfide concentration, just right, as was the case with Chloroflexus. In this
connection, autotrophic metabolism in Chloroflexus, which was first revealed by
simple growth experiments with a single strain over 40 years ago (Madigan and Brock
1975), was only finalized in a biochemical sense rather recently (Zarzycki et al. 2009).

Heliobacteriaceae: The Heliobacteria

Diversity and Phylogeny

The family Heliobacteriaceae (phylum Firmicutes) consists of 11 isolated,
described, and effectively published bacterial species (Madigan et al. 2010; Sattley
and Madigan 2014) and one provisional taxon, “Candidatus Heliomonas lunata,”
which has thus far resisted axenic culture (Asao et al. 2012). Unlike all other
Firmicutes, heliobacteria (a name derived from the Greek “helios,” meaning “sun”)
can grow phototrophically, and they do this using a relatively simple light-harvesting
photosystem that contains pigments found in no other phototrophs. Ultrathin sec-
tions of heliobacterial cells show that, like other Firmicutes but unlike all other
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Fig. 7 Transmission
electron micrographs of
cells of (a) Heliobacterium
modesticaldum and (b)
Heliorestis convoluta. Note
the lack of both an outer
membrane and specialized,
intracytoplasmic light-
harvesting structures such
as the chlorosomes of
green sulfur and green
nonsulfur bacteria or the
membrane vesicles of
purple bacteria

M.T. Madigan et al.

phototrophic bacteria, heliobacteria have a gram-positive cell wall structure charac-
terized by a thick layer of peptidoglycan and no outer membrane (Fig. 7).

Similar to species of Clostridium, Desulfotomaculum, and Bacillus, to which they
are closely related, heliobacteria are primarily soil inhabitants that are able to differ-
entiate into heat-resistant endospores that allow the cells to remain viable during
inhospitable environmental conditions. Enrichment cultures for heliobacteria can be
successfully established from soil samples that have been pasteurized (80 °C for
15 min) before inoculation. This heating process eliminates competing anoxygenic
phototrophs, such as purple or green bacteria, but does not affect the viability of
heliobacterial endospores. Centrally or subterminally located endospores are often
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visible in successful primary enrichments for heliobacteria, but for an unknown
reason, endospores are rarely observed in highly enriched or pure cultures (Kimble-
Long and Madigan 2001; Stevenson et al. 1997).

Heliobacteria are strict anaerobes, and therefore care must be taken to achieve
and maintain anoxic culture conditions at all times. Healthy, anoxic cultures of
heliobacteria are brownish-green to olive drab in color. By contrast, cultures exposed
to oxygen in the presence of light turn emerald green due to irreversible oxidation
of the primary photosynthetic pigment, Bchl g, and this condition is accompanied
by rapid loss of cell viability (Sattley and Madigan 2014; Sattley et al. 2014).

Heliobacteria described to date are either neutrophilic or alkaliphilic. Neutrophilic
species inhabit various soils, including those associated with hot springs, and are clas-
sified into three genera: Heliobacterium (the type genus, consisting of five species),
Heliobacillus (one species), and Heliophilum (one species). Alkaliphilic heliobacte-
ria—isolated from soils and sediments of soda lakes—include species of the genus
Heliorestis (four total), as well as the candidate taxon “Heliomonas.”. Based on 16S
ribosomal RNA gene sequence analyses, species of these genera form a monophyletic
group of two distinct clades in neighbor-joining phylogenetic trees (Fig. 8). The
major clade contains all species of the neutrophilic genera (i.e., Heliobacterium,

B
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Fig. 8 Phylogenetic tree of cultured heliobacteria and related Firmicutes. Only members of the
Heliobacteriaceae are phototrophic. The tree was generated using the weighted neighbor-joining
method in conjunction with the Jukes—Cantor corrected distance model. Bootstrap values (>50 %)
based on 100 replicates are indicated at the nodes. The tree was rooted using Escherichia coli, a
gammaproteobacterium. GenBank accession numbers indicated in parentheses. Adapted from
Sattley and Swingley (2013)
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Heliobacillus, and Heliophilum) and, interestingly, also the alkaliphile “Candidatus
Heliomonas lunata.” The minor clade contains all four species of the alkaliphilic
genus Heliorestis. The positioning of “Candidatus Heliomonas lunata” at the base of
the neutrophilic heliobacterial clade rather than within the Heliorestis clade suggests
either an alkaliphilic origin for the heliobacteria or the possibility that adaptation to
alkaline environments has developed more than once in this group.

With nearly 98 % identical 16S rRNA gene sequences, Heliobacillus (Hba.) mobilis
and Heliobacterium (Hbt.) chlorum group more closely together than does Hbt. chlo-
rum with the four other species of Heliobacterium (Hbt. gestii, Hbt. modesticaldum,
Hbt. undosum, and Hbt. sulfidophilum), with which it shares <96 % 16S rRNA gene
sequence identity. Although their habitats differ significantly, Hbt. gestii, isolated from
rice paddy soil, forms a tight phylogenetic cluster with Hbt. modesticaldum, Hbt. undo-
sum, and Hbt. sulfidophilum, all of which were isolated from the perimeters of hot
springs. The four alkaliphilic Heliorestis species (Heliorestis [Hrs.] convoluta, Hrs.
daurensis, Hrs. acidaminivorans, and Hrs. baculata) share 16S rRNA gene sequence
identities ranging from about 94 to 98 % and form a clade that is also neatly clustered
and is clearly resolved from the major clade (Fig. 8). Heliophilum (Hph.) fasciatum, the
only representative of the genus, shows the greatest degree of divergence from other
heliobacteria. Like Hbt. gestii, Hph. fasciatum was isolated from rice paddy soils, but it
shows <93 % 16S rRNA gene sequence identity to any other heliobacterium.

The different species of heliobacteria exhibit a high degree of morphological
variation. Cells of most species of heliobacteria are rod-shaped with diameters of
0.6-1.2 pm and lengths ranging from 2 to 12 pm (Sattley and Madigan 2014).
Filaments of about 20 pm are typical for cells of Hbt. undosum and Hrs. daurensis.
Cells of Hbt. gestii are spirilla, and cells of Hrs. convoluta are unusual tightly coiled
rods of varying lengths. Cells of Hph. fasciatum are distinctive in that they are
tapered rods that aggregate into bundles and coordinate their motility as a single
unit (Ormerod et al. 1996). Except for Hbt. chlorum, which exhibits gliding motility
(Gest and Favinger 1983), and Hrs. convoluta, which has an unknown mechanism
of motility, all heliobacteria are motile by polar or subpolar flagella, often in a perit-
richous arrangement (Sattley and Madigan 2014).

Photosystems and Physiology

Heliobacteria grow optimally under photoheterotrophic conditions using pyruvate
as carbon source, but a limited number of other carbon sources, such as lactate,
acetate, propionate, and butyrate, are also photoassimilated by various species
(Sattley and Madigan 2014; Sattley et al. 2014). In addition, neutrophilic species are
capable of dark, chemotrophic growth via pyruvate fermentation (Kimble et al.
1994). Unlike other anaerobic, anoxygenic (non O,-evolving) phototrophic bacte-
ria, autotrophic growth (CO, plus H, or H,S) has not been observed in any species
of heliobacteria (Sattley et al. 2014); we discuss the genetic basis for this observa-
tion later. Although somewhat limited in usable carbon sources, nutritional
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versatility in heliobacteria is boosted by the fact that nearly all species tested are
strong nitrogen-fixers (Asao and Madigan 2010; Kimble and Madigan 1992). The
only reported exception in this regard is “Candidatus Heliomonas lunata,” in which
nitrogen-starved conditions failed to induce nitrogenase activity (Asao et al. 2012).
The defining feature of all heliobacteria is that they synthesize the unique pigment
bacteriochlorophyll g as their sole bacteriochlorophyll to facilitate phototrophic growth
(Brockmann and Lipinski 1983). With peak absorbance in the near infrared (785—
790 nm), Bchl g allows heliobacteria to exploit wavelengths of light not used by compet-
ing phototrophs (Madigan 2006). In addition to Bchl g, heliobacteria synthesize small
amounts of 8'-OH-Chlorophyll (Chl) a (van de Meent et al. 1991). Both pigments are
esterified with farnesol rather than the more typical phytol (Takaichi et al. 1997a, b); see
Sattley and Swingley (2013) for proposed biosynthetic mechanisms for these pigments.
Heliobacteria also produce unique accessory pigments in the form of Cs, carotenoids—
primarily 4,4’-diaponeurosporene or, in alkaliphilic species, OH-diaponeurosporene
glucoside esters; all other phototrophs produce C,, carotenoids (Takaichi et al. 2003).
Most phototrophic bacteria concentrate photosynthetic antenna pigments in
internal membrane systems, such as the chlorosomes of green bacteria, chromato-
phores or lamellae in purple phototrophs, or thylakoids in Cyanobacteria. In con-
trast to this, heliobacterial pigments are confined to comparatively small,
light-harvesting core complexes bound to the cytoplasmic membrane. The heliobac-
terial reaction center (HbRC) in these complexes has a type-I (iron—sulfur), homodi-
meric architecture similar to what is observed in the Chlorobiaceae (Oh-Oka 2007),
but with no communicating antenna system, the HbRC is the simplest known pho-
tosynthetic apparatus (Heinnickel and Golbeck 2007; Sattley et al. 2008).
Although a high-resolution, three-dimensional structure of the HbRC is not yet
available, studies of purified RCs from Hbt. modesticaldum have shown that each RC
homodimer binds the following: 20 Bchl g, two Bchl g’ (the special pair primary elec-
tron donor, P798), two 8!-OH-Chl a (the primary electron acceptor, Ay), ~1.6 menaqui-
none (the secondary electron acceptor, A,, primarily consisting of MQ-9), and one
4-4'-diaponeurosporene (Kobayashi et al. 1991; Kondo et al. 2015; Sarrou et al. 2012;
Trost and Blankenship 1989). During electron transfer reactions, a proton motive force
builds as protons are pumped across the cytoplasmic membrane via a cytochrome (cyt)
bc complex, allowing for energy conservation and ATP synthesis (Heinnickel and
Golbeck 2007; Sattley et al. 2008). Electrons from cyt bc are shuttled to the RC through
a membrane-bound, diheme cyt css;, which is tethered to the outer leaflet of the cyto-
plasmic membrane (Oh-Oka et al. 2002). Electrons then pass through the RC and are
transferred to a cytoplasmic ferredoxin that provides reducing power for nitrogen fixa-
tion and other metabolic processes (Heinnickel and Golbeck 2007; Sattley et al. 2008).

Ecology

Most heliobacteria that have been cultured and isolated thus far are soil
microorganisms, and dry rice paddy soils are among the most reliable sources of
inocula for establishing successful enrichment cultures (Ormerod et al. 1996;
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Stevenson et al. 1997). It is likely that such soils contain significant numbers of
heliobacterial endospores and considerably lower numbers of viable purple or green
bacteria, which do not produce endospores and would thus be much more vulnera-
ble to desiccation during the dry season (Madigan 2006). As mentioned, pasteuriza-
tion of such samples prior to inoculation of enrichment culture media allows
heliobacterial endospores, if present, to germinate and the resulting vegetative cells
to propagate in the absence of competing phototrophs during incubation.

Agricultural soils that support crops other than rice have been much less successful
in yielding positive enrichment cultures of heliobacteria. This is possibly because unlike
rice paddies, these soils do not routinely experience alternating flooding and desiccation,
and therefore the selective advantage that might allow endospore-forming phototrophs
to flourish is absent. Alternatively, heliobacteria may establish a mutualistic relationship
with rice plants in a manner reminiscent of that between rhizobia and legume plants.
Although heliobacteria are free living and do not form root nodules with rice plants,
their strong capacity for nitrogen fixation may provide the plants with a supply of usable
nitrogen in exchange for organic exudates from the plant roots (Madigan 2006). The
transfer of nutrients in the rhizosphere would be easily facilitated during the growing
season when the paddy soils are flooded. In addition, anoxic microenvironments in the
saturated soil would allow the strictly anaerobic heliobacteria to thrive during this time.

Soils of hot springs and soda lakes have also been shown to be suitable habitats
for heliobacteria. Hbt. undosum, Hbt. sulfidophilum, and Hbt. modesticaldum were
all isolated from hot spring soils, but only Hbt. modesticaldum is thermophilic, with
optimal growth occurring at 50-52 °C (Kimble et al. 1995). To date, no heliobacte-
rium has been isolated from hot spring waters, but hot spring microbial mats (con-
taining a mixture of cyanobacteria, Chloroflexus and Roseiflexus plus many
chemotrophs) have yielded additional strains of Hbt. modesticaldum (Madigan,
unpublished). Similarly, all described isolates of the alkaliphilic genus Heliorestis
were obtained from shoreline soils of soda lakes. The heliobacterium “Candidatus
Heliomonas lunata” was enriched from a sediment/water sample of a soda lake and
has been maintained in coculture with an unidentified chemotrophic contaminant
(Asao et al. 2012). This hints that the diversity of environments suitable for habita-
tion by heliobacteria may be more extensive than first realized.

Genomics

Heliobacteria have now been extensively studied for over 30 years, and the thermo-
phile Heliobacterium modesticaldum has proven especially useful for biochemical
and genomic studies of heliobacterial photochemistry and physiology (Sattley et al.
2008; Sattley and Blankenship 2010). The Hbt. modesticaldum strain Icel genome,
described by Sattley et al. (2008), consists of a single chromosome of nearly
3.1 Mbp with a G+C content of 57 % and no plasmids. The total number of pre-
dicted open reading frames was 3138, with 3000 of these predicted to be protein-
encoding genes (see Sattley and Blankenship 2010 for a summary of the
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protein-encoding genes predicted to play a major role in heliobacterial phototrophy
and physiology). In addition, 104 tRNA genes were identified in the Hbt. modesti-
caldum genome, as well as 24 rRNA genes (in eight operons); hypothetical proteins
constituted 35 % of the genome (Sattley et al. 2008).

The functional gene category containing the largest number of genes (389, constitut-
ing 13 % of the total genetic content) was energy and central intermediary metabolism.
Other sizable functional gene categories included cellular processes (e.g., cell division,
motility, and sporulation) (273; 9.1 %); protein synthesis, modification, and degrada-
tion (247; 8.2 %); and regulatory functions and signal transduction (177; 5.9 %). For a
complete list of genetic content in all functional categories, see Sattley et al. (2008).

The obligately heterotrophic metabolism of heliobacteria is unusual for photo-
trophic bacteria, and the Hbt. modesticaldum genome revealed the reason for this
autotrophic deficiency. Genes encoding key enzymes for autotrophic pathways found
in other phototrophic bacteria, including the Calvin cycle, reverse citric acid cycle,
and the hydroxypropionate pathway, were absent in the Hbt. modesticaldum genome
(Sattley et al. 2008). Interestingly, all of the genes necessary to fix carbon via the
reverse citric acid cycle were present except for the gene encoding citrate lyase, an
enzyme that splits citrate into oxaloacetate and acetyl-CoA (Sattley et al. 2008).
Therefore, if not for the lack of this gene, heliobacteria could presumably fix CO, by
the same mechanism as green sulfur bacteria (Evans et al. 1966; Fuchs et al. 1980).

The complete genome of Hbt. modesticaldum was sequenced several years ago,
and other heliobacterial genomes will likely become available in the near future.
This should allow for comparative genomic analyses that will elucidate the genetic
and evolutionary details of phototrophic metabolisms and other key cellular pro-
cesses, including nitrogen fixation, carbon and energy metabolism, cell division,
chemotaxis, and endosporulation. The relative simplicity of the photosynthetic sys-
tem in the heliobacteria (Sattley et al. 2008) suggests that this group in particular
has an important role to play in unraveling a more detailed understanding of the
evolution of photosynthesis in coming years.
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Phototrophic Gemmatimonadetes: A New
“Purple” Branch on the Bacterial Tree of Life

Yonghui Zeng and Michal Koblizek

Abstract Photosynthesis first emerged in prokaryotes over three billion years
ago and represents one of the most fundamental biological processes on Earth. So
far, species capable of performing (bacterio)chlorophyll-based phototrophy have
been reported in seven bacterial phyla, i.e., Cyanobacteria, Proteobacteria,
Chlorobi, Chloroflexi, Firmicutes, Acidobacteria, and Gemmatimonadetes. Here
we review the discovery, physiology, genomic characteristics, environmental
distribution, and possible evolutionary origin of the bacterium Gemmatimonas
phototrophica strain AP64, so far the only phototrophic member of the phylum
Gemmatimonadetes. This organism was isolated from a freshwater lake in the
Gobi Desert, North China in 2011. It contains fully functional type-2 photosyn-
thetic reaction centers, but they seem to only serve as an auxiliary energy source.
Its photosynthesis genes are located in a 42.3 kb long photosynthesis gene cluster
which appear to originate from an ancient horizontal gene transfer from a purple
phototrophic bacterium. A survey of biomarker genes of phototrophic
Gemmatimonadetes bacteria (PGB) in public environmental genomics databases
suggests that PGB are widely distributed in diverse environments, including air,
river waters/sediment, estuarine waters, lake waters, biofilms, plant surfaces,
intertidal sediments, soils, springs, and wastewater treatment plants, but none
from marine waters or sediment. PGB make up roughly 0.4-11.9 % of whole pho-
totrophic microbial communities in these habitats. The discovery of PGB presents
a strong evidence that genes for anoxygenic phototrophy can be transferred
between distant bacterial phyla, providing new insights into the evolution of bac-
terial photosynthesis.
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Abbreviations

BChl Bacteriochlorophyll
PGB  Phototrophic Gemmatimonadetes bacteria
PGC  Photosynthesis gene cluster

Introduction

Photosynthesis represents one of the most ancient and fundamental biological
processes (Canfield et al. 2006; Hohmann-Marriott and Blankenship 2011).
Phototrophic organisms transform solar radiation into metabolic energy which fuels
most of the world ecosystems (Falkowski and Raven 2007). It is generally assumed
that the earliest phototrophs were anaerobic (living in the absence of free oxygen)
anoxygenic (not producing oxygen) prokaryotes (Olson 2006; Hohmann-Marriott
and Blankenship 2011). After the rise of oxygenic Cyanobacteria approx. 2.7 Gyr
ago, the Earth’s atmosphere started to become gradually oxygenated, reaching the
present oxygen concentration roughly 0.6 Gyr ago (Nisbet and Sleep 2001). Hence,
early anaerobic phototrophs were forced either to adapt to the new oxic conditions
or to retreat to anoxic habitats, leading to present phylogenetically and physiologi-
cally diverse phototrophic lineages. So far, species employing chlorophyll or bacte-
riochlorophyll (BChl)-based photosynthetic reaction centers (chlorophototrophs)
have been reported in seven bacterial phyla: Cyanobacteria, Proteobacteria,
Chlorobi, Chloroflexi, Firmicutes, Acidobacteria, and recently also in
Gemmatimonadetes (Fig. 1). While Cyanobacteria, green sulfur bacteria and purple
bacteria were already discovered more than 100 years ago (Winogradsky 1888;
Schmidle 1901; Nadson 1906; Molisch 1907; reviewed by Gest and Blankenship
2004), green non-sulfur bacteria and heliobacteria were only described during the
second half of the 20th century (Pierson and Castenholz 1974; Gest and Favinger
1983). Phototrophic Acidobacteria were first reported from Yellowstone springs in
2007 (Bryant et al. 2007; see also the chapter by Tank et al. in this volume). The last
organism representing a novel phylum containing chlorophototrophs is
Gemmatimonas (G.) phototrophica that belongs to the phylum Gemmatimonadetes
(Zeng et al. 2014). Each of these lineages contains a unique apparatus for solar
energy conversion differing in the light harvesting complex architecture, pigment
composition, and function of their reaction centers (Overmann and Garcia-Pichel
2013; see Table 1 for summaries). In general, photosynthetic reaction centers can be
divided into two main groups. FeS-based (type-1) reaction centers are used by green
sulfur bacteria (classified into Chlorobi), heliobacteria (phototrophic Firmicutes),
and phototrophic Acidobacteria and Gemmatimonadetes. Pheophytin-quinone
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Fig. 1 Illustration of the relative phylogenetic relationship of the known seven phyla and their
photosystems’ features highlighting the novelty of the phototrophic phylum Gemmatimonadetes.
The phylogenetic tree was based on the 16S rRNA gene sequences of 29 bacterial phyla with cul-
tured representatives as shown in Zeng et al. (2014) and depicted in an artistic manner without
distorting the relative position of each phylum

(type-2) reaction centers are present in green non-sulfur bacteria (Chloroflexi) and
purple bacteria (phototrophic Proteobacteria). Oxygenic Cyanobacteria contain
both type-1 and type-2 reaction centers.

In this chapter, we review the discovery, physiology, phototrophic properties
and genomic characteristics of G. phototrophica, and our current understanding
of the possible evolutionary origin of its photosynthesis function and the distri-
bution of phototrophic Gemmatimonadetes bacteria (PGB) in the environment.
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Discovery

Isolation of G. Phototrophica

The phototrophic strain G. phototrophica AP64 was isolated during an intense
screening of novel anoxygenic phototrophs in freshwater lakes (Zeng et al. 2014).
The water sample collected in December 2011 from a freshwater desert lake Tian é
hud (Swan Lake), located in the western Gobi Desert in Inner Mongolia, North
China, was inoculated on R2A agar plates (Fig. 2). The screening was performed
using a special infra-red (IR) fluorescence imaging system which identified a posi-
tive red-pigmented colony (see suppl. material in Zeng et al. 2014). The colony was

Sampling

Z
/

e

Screening Phylogenetic
identification

Characterization

Fig. 2 Illustration of the path of discovery of Gemmatimonas phototrophica. (1) Water sample
collected at Swan Lake in the western Gobi Desert in Inner Mongolia, North China by Dr. Fuying
Feng (in the boat) from Inner Mongolia Agricultural University; (2) The sample was streaked on
R2A agar and incubated for approx. 3 weeks. The BChl a positive colonies were identified using
IR fluorescence imaging system; (3) the pure culture was characterized; and (4) its phylogenetic
identity determined from its 16S rRNA sequence
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transferred several times onto new agar plates and the obtained isolate was named
AP64. The presence of BChl a in the cells was confirmed using infra-red epifluores-
cence microscopy (Fig. 2).

Unexpectedly, the 16S rRNA sequence of the new strain was 96.1 % identical to
that of G. aurantiaca T-27, the type strain of phylum Gemmatimonadetes (Zhang
et al. 2003). Phylum Gemmatimonadetes (Kamagata 2010; Hanada and Sekiguchi
2014) is a sister phylum to Fibrobacteres, but is not closely related to any phyla
known to contain chlorophototrophs (see the phylogenetic tree in Fig. 2). Two gen-
era, i.e., Gemmatimonas and Gemmatirosa, have been proposed in this phylum
before with one type species described in each genus, respectively, i.e., G. auran-
tiaca T-27 (Zhang et al. 2003) isolated from a wastewater treatment reactor and
Gemmatirosa kalamazoonensis (DeBruyn et al. 2013) isolated from organically
managed agricultural soil in the USA. The 16S rRNA gene of AP64 shares 96.1 %
sequence identity with that of G. aurantiaca while shows only 91.2 % identity to
that of Gemmatirosa kalamazoonensis, suggesting that AP64 and T-27 belong to
the same genus whereas G. kalamazoonensis represents a different class of the
phylum Gemmatimonadetes. This is further confirmed by phylogenetic analysis
where AP64 and G. aurantiaca form a tight phylogenetic cluster, but distantly
related to Gemmatirosa kalamazoonensis KBS708 (Fig. 3). Thus, the species rep-
resented by this strain was named G. phototrophica sp. nov. after its phototrophic
lifestyle (Zeng et al. 2015). At the time of writing, a new genus was proposed in
phylum Gemmatimonadetes, i.e., Longimicrobium, which contains the species
Longimicrobium terrae isolated from a Mediterranean forest soil in Spain (Pascual
et al. 2016). The 16S rRNA genes of G. phototrophica and Longimicrobium terrae
share only 83.6 % sequence identity.

— Uncultured floor dust bacterium (FM873495)
5 [— Gemmatimonas aurantiaca T-27 (NR_074708) &
58 Uncultured subarctic thaw pond bacterium (JNG56815)
—— Uncultured freshwater spring bacterium (KC189655
SEL G ti hototrophica AP64 (KF481682) %
. 4 L~ Uneultured oil filed bacterium (HQ190434)
i 5 Uncultured permafrost soil bacterium (KF484582
ool Uncultured mattress dust bacterium (FM873914)
|- Uncultured sinkhole sediment bacterium (GQ406203)
7L Uncultured alpine lake water bacterium (AJ867824)
Uncultured mountain soil bacterium (KC554865)
Uncultured hypolithic slime bacterium (FJ230809)
Uncultured soil bacterium (EU861947)
| |—_Uncultured loamy sand bacterium (HQ119844)
&2 Gemmatirosa kalamazoonensis KBS708 (CPOOT128) +
Fibrobacter succinogenes ATCC 18169 (AJ496032)

(1]

Gemmatimonadetes

Fig. 3 Phylogenetic tree of representative Gemmatimonadetes 16S rRNA gene sequences. A total
of 285 sequences (>1450 bp in length) from environmental clones and pure cultures were multi-
aligned and 1130 gap free conserved positions were used for inference of neighbor joining trees.
Bootstrap resampling (1000 times) was performed. The 16S rRNA gene sequence of Fibrobacter
succinogenes was used as the outgroup. Only the topology of the bootstrap consensus tree is shown
to illustrate the relative positions of G. phototrophica AP64 (star), G. aurantiaca T-27 (filled tri-
angle), and Gemmatirosa kalamazoonensis KBS708 (filled diamond) on the tree. The branch that
shows phylogenetic relationship of G. phototrophica and its close relatives is highlighted and
zoomed in. Scale bar represents 2 % nucleotide substitution
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Morphology and Physiology

Morphology

G. phototrophica cells are rod-shaped, 0.3-0.5 pm in width, and most commonly
1-6 pm in length (Zeng et al. 2015). Occasionally, some cells form up to 12 pm long
filaments (Fig. 4a). Similar filaments were also observed in Gemmatirosa kalama-
zoonensis KBS708 (DeBruyn et al. 2013), but they were not reported in G. auran-
tiaca T-27 (Zhang et al. 2003). Structures of gram-negative cell envelope were
observed in TEM images (Fig. 4b). Electron-dense small bodies and transparent
large vesicle-like structures were present inside cells (Fig. 4b). Cells reproduced by
binary fission (Fig. 4b) and often show budding morphology (Fig. 4c), similar to
those reported in G. aurantiaca T-27 (Zhang et al. 2003) and strain KBS708

Fig. 4 Microscopic images of G. phototrophica’s cells. (a) Infra-red (IR) fluorescence image
showing rod- and filament-shaped cells. (b) TEM images. OM outer membrane, PM plasma mem-
brane. (¢) SEM images. Budding structures are marked with arrows. (d) Atomic force microscopy
(AFM) deflection images showing porous surface layer. Bars, 1 pm (a, ¢), 200 nm (b), 100 nm (d)
(TEM and SEM imaging by Jason Dean; AFM imaging by David Kaftan). Originally published in
Zeng et al. (2015)



170 Y. Zeng and M. KobliZek

(DeBruyn et al. 2013). An ongoing ternary fission through budding was observed
(Fig. 4c), indicating its capability of performing various types of cell division.
Atomic force microscopy scans showed hexagonal structures (~30 nm in diameter)
at cell surface resembling the S-layer (Fig. 4d). Cells were motile, consistent with
the fact that its genome contains flagellar biosynthesis genes although flagella were
not observed directly by electron microscopy (Zeng et al. 2015).

Cultivation and Physiology

G. phototrophica formed tiny (~0.3 mm), round, smooth, and red-pigmented colo-
nies on agar plates after incubation at 28 °C for 2 weeks under semiaerobic condi-
tions. Interestingly, no growth was observed in the liquid medium. Growth of G.
phototrophica occurred at 16-30 °C with an optimum temperature of 25-30 °C. The
pH range for growth was 6.0-9.0 with an optimum at pH 7.5-8.0. The strain does
not require NaCl for growth, but it can tolerate up to 2 g L' NaCl. Deletion test of
components in the R2ZA* medium that we used before (Zeng et al. 2014) demon-
strated that soluble starch, MgSO,, and ammonium-acetate were not required as no
noticeable growth delay was observed in the absence of these nutrients. Similar to
G. aurantiaca T-27, G. phototrophica did not yield comparable biomass on nutrient-
rich agar plates (LB, nutrient broth, and double-nutrient-strength R2A*) as on R2A*
agar plates, suggesting that these species do not prefer copiotrophic growth.

The highest biomass yields for G. phototrophica were reached at reduced oxygen
concentration (9.8-15.2%), whereas at normal oxygen concentration (21 %) its
growth was significantly inhibited (Zeng et al. 2015). No growth was observed
under all tested anaerobic conditions in a 4-week incubation. In contrast, G. auran-
tiaca T-27 preferred a fully oxygenic atmosphere and reached a maximum biomass
on agar plates after 5-7 days.

Biochemical and Chemotaxonomic Characteristics

Phototrophic G. phototrophica AP64 and non-phototrophic G. aurantiaca T-27 had
in general very similar composition of basic macromolecules as seen from Fourier
transform infra-red spectra (Zeng et al. 2015). However, these two species could be
differentiated by many specific features such as colony size, pigment composition,
optimum pH, optimum salinity and oxygen concentrations for growth, capability of
growing in liquid medium, and susceptibility to antibiotics (Zeng et al. 2015). G.
phototrophica grew well with yeast extract as the sole carbon source. Weak growth
with peptone was observed. During a 30-day incubation, no growth was observed
with the following compounds as the sole carbon source: casamino acids, sodium
succinate, sodium acetate, sodium pyruvate, potato starch, sucrose, L-glutamic acid,
L-leucine, L-arginine, L-alanine, L-isoleucine, L-arabinose, D-sorbit, and b-mannitol.
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The cells were positive for oxidase and catalase. G. phototrophica has a natural
resistance to ampicillin, penicillin, paromycin sulfate, polymixin B sulfate, and
nystatin, but it was sensitive to neomycin, vancomycin, bacitracin, and gentamycin.
The major respiratory quinone is menaquinone-8. The dominant fatty acids are
Cl16:1, Cl14:1, and C18:109c (Zeng et al. 2015).

Phototrophic Properties

Expression and Functionality of Photosynthetic Apparatus

The expression of photosynthetic reaction centers in G. phototrophica was proven
by its in vivo absorption spectrum. It displayed two infra-red BChl a bands at 819
and 866 nm (Fig. 5a), resembling the absorbance of inner and peripheral light har-
vesting complexes in some aerobic anoxygenic phototrophic bacteria (Yurkov and
Beatty 1998; Selyanin et al. 2016). Carotenoids were responsible for most of the
light absorption between 400 and 600 nm, with main absorption peaks at 478, 507,
and 542 nm (Fig. 5a). AP64 cells contained 3.5+ 1.1 (mean+SD, n=5) mg BChl a
g~! protein, approx. an order of magnitude less than typical anoxygenic photoauto-
trophs but similar to BChl a levels reported in aerobic anoxygenic phototrophs
(Selyanin et al. 2016). Light did not inhibit the BChl a biosynthesis. Interestingly,
cells that were continuously grown in the dark and subcultured for one year still
maintained BChl a (Fig. 5a). This indicated that G. phototrophica expressed its
photosynthetic apparatus constitutively.

G. phototrophica has a complex pigment composition. It contains two forms of
BChl a esterified either with geranylgeranyl or with phytol side chains (peaks 7 and
9 of Fig. 5¢). Based on the chromatography data, we determined that there were
62.1+5.3 BChl a molecules per reaction center (mean+SD, n=4). In addition, G.
phototrophica contained carotenoids of oscillol series with oscillol 2,2’-dirhamno-
sides as the major carotenoid (Fig. 5¢). These carotenoids probably do not play a
role in light harvesting function, but only serve for photoprotection as indicated by
the high carotenoid to BChl a ratio (5.5+1.7 mol:mol). This notion was supported
by the fact that abundant polar carotenoids (peaks 1-4) were also present in the non-
phototrophic relative G. aurantiaca T-27 (Fig. 5¢). In line with the presence of these
carotenoids, we identified six carotenogenesis genes (crtE, crtB, crtl, cruF, cruG,
and crtF) in the genome of G. phototrophica, five of which were also identified in
G. aurantiaca T-27 except crtF (Table 2; Fig. 6). Accordingly, G. phototrophica
contained small amount of spirilloxanthin which was not identified in G. auranti-
aca. We speculate that spirilloxanthin is synthesized from didemethylspirilloxan-
thin in a two step transmethylation reaction catalyzed by O-methyltransferase
encoded by the crtF gene (Fig. 6).

The functionality of G. phototrophica’s photosynthetic apparatus was first tested
using infra-red kinetic fluorometry. The recorded fluorescence transients (Fig. 5b)
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Fig. 5 Photosystem functionality and pigment characterization of G. phototrophica. (a), in vivo
absorption spectrum. The insert shows 77 K fluorescence emission spectrum. G. phototrophica
cells grew under a 12 h/12 h light/dark cycle (solid line) and under continuous darkness (dotted
line). For cultures under light/dark cycles, the strain was cultured for 2 weeks. For cultures under
continuous darkness, colonies were transferred to fresh agar plates every 2 months during a 1-year
long experiment. The cells were harvested from the agar plates for analysis (Zeng et al. 2015). (b),
fluorescence induction and relaxation kinetics recorded by an infra-red fluorometer. (c), high per-
formance liquid chromatography (HPLC) elution profile of pigment extracts from G. phototroph-
ica and G. aurantiaca at 480 nm for carotenoids and at 770 nm for BChl a (note that traces are
vertically shifted). Numbers above peaks indicate main pigments: 1 and 2, putative (2S,2'S)-
Oscillol 2,2'-di-(a-L-rhamnoside) based on Takaichi et al. (2010); 3—-6, unknown carotenoids; 7,
BChl agg (geranylgeranyl); 8, spirilloxanthin; 9, BChl ap (phytol); 10, bacteriopheophytin ap

resembled those of purple non-sulfur bacteria and aerobic anoxygenic phototrophs
(Koblizek et al. 2010). The recorded F\/Fy; ratios 0.71+0.02 and turnover rates
60.9+18.8 s7! (mean+SD, n=4) confirmed that G. phototrophica contained fully
functional type-2 photosynthetic reaction centers connected to an efficient electron
transfer chain. Further, the effect of light was tested using respiration assays. Here,
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Table 2 Genome characteristics of cultured members of phylum Gemmatimonadetes

Gemmatirosa
G. phototrophica G. aurantiaca kalamazoonensis
NCBI Bioproject ID PRINA213561 PRIDA18501 PRINA194094
Genome size 4,716,552 4,636,964 5,311,527
(chromosome, bp)
Plasmids N.A. N.A. 1,106,233 bp
1,040,503 bp
GC content 64.4 % 64.3% 72.6 %
Number of genes 3965 3998 4567
Number of proteins 3388 3892 4513
(+1822 on plasmids)
Number of pseudogenes | 523 52 N.A.
Frameshifted genes 12 4 N.A.
tRNA 47 48 48
rRNA 6 3 6
ncRNA 1 3 N.A.
Presence of PGC Yes No No

the exposure of AP64 cells to light caused a 37.5+6.9 % reduction of respiration
(see suppl. material in Zeng et al. 2014), which documented that photophosphoryla-
tion driven by light energy supplemented oxidative phosphorylation utilizing
organic carbon substrates. The capacity of G. phototrophica to assimilate CO, was
tested using radioactive assays. However, only a minimum amount of incorporated
radioactivity was observed without significant difference between light and dark
treatments. This suggested that this activity in G. phototrophica only came from the
anaplerotic carboxylation enzymes that were identified in its genome (Zeng et al.
2014). Despite the presence of a light harvesting apparatus, it is not an obligate
phototroph as it requires a supply of organic substrates and also grows in the dark.
Thus, G. phototrophica represents a facultative photoheterotrophic organism, whose
ability to harvest light may provide additional energy for its metabolism and improve
the economy of carbon utilization, similarly as it was shown in marine photohetero-
trophic Proteobacteria (Hauruseu and Koblizek 2012).

Genomics

The genome of G. phototrophica AP64 was sequenced by combining [llumina, 454
pyrosequencing, and Sanger chromosome walking technologies. The genome size
is 4,716,552 bp with a GC content of 64.4 % (Table 2 and Fig. 7a; GenBank acces-
sion number CP011454). The most distinctive characteristic of the genome is the
presence of a 42.3-kb-long photosynthesis gene cluster (PGC). It contains 28 genes
involved in bacteriochlorophyll biosynthesis, expression and assembly of photosys-
tem, carotenoid biosynthesis, and regulatory functions (Fig. 7a). The clustering of
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Fig. 6 Putative carotenoid biosynthesis pathway in G. phototrophica. The highlighted parts of
each compound represent the sites modified by corresponding enzymes. The novel oscillol
2,2'-dirhamnoside biosynthesis pathway which contain two as yet unidentified genes was firstly
proposed in G. aurantiaca T-27 by Takaichi et al. (2010). The two species share very similar pig-
ment composition and genome content, suggesting that this pathway very likely exists in G. pho-
totrophica. In the highlighted box shows the proposed spirilloxanthin biosynthesis steps in G.
phototrophica catalyzed by the carotenoid O-methyltransferase (cr¢F) which is absent in T-27.
Gene homologs of crtE, crtB, crtl, cruF, cruG, and crtF have been identified in the genome of G.
phototrophica, but only crtF gene was found inside PGC

photosynthesis genes into PGC represents a typical feature in many purple non-
sulfur phototrophic bacteria (Haselkorn et al. 2001; Swingley et al. 2009; Zheng
etal. 2011) and in heliobacteria (Xiong et al. 1998), but they are not present in other
chlorophototrophic lineages. The PGC arrangement of G. phototrophica closely
resembles that of Proteobacteria (Fig. 8). The PGC in G. phototrophica contained
the same conserved gene order crtF-bchCXYZ followed by the pufBALM operon,
which was previously identified in Proteobacteria (Fig. 8). Similarly, the gene
arrangement bchFNBHLM-acsF-lhaA-puhABC resembled the gene organization
found in most Proteobacteria differing only in the position of acsF (Fig. 8). The
unique position of the acsF gene between bchFNBHLM and puhABC in G.
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Fig. 7 Genomic features of G. phototrophica with the region of photosynthesis gene cluster
(PGC) highlighted (a) and whole genome sequence comparison of G. phototrophica AP64, G.
aurantiaca T-27, and Gemmatirosa kalamazoonensis KBS708 and statistics of their shared and
distinct orthologs (b). (a), bch (green), bacteriochlorophyll biosynthesis genes; puh (pink), genes
encoding reaction center assembly proteins; puf (red), genes encoding reaction center proteins; crt
(brownish yellow), carotenoid biosynthesis genes; gray, photosynthesis non-related genes or hypo-
thetical ORFs. (b), each block represents a region that is presumably homologous and internally
free of genomic rearrangement. The height of the similarity profile within blocks was inversely
proportional to the average level of conservation over a region of the alignment. Regions that are
conserved among all three genomes are shown in red color. Regions conserved only among sub-
sets of the genomes have been color coded differently. Fig. 7b originally published in Zeng et al.
(2015)

phototrophica was not observed in Proteobacteria, suggesting a different evolution
history of photosynthesis in Gemmatimonadetes. The presence of puf genes encod-
ing bacterial reaction center subunits suggested the presence of type-2 photosyn-
thetic reaction centers. In addition, the genome contained a complete gene inventory
of the bacteriochlorophyll biosynthesis pathway (Table 3).
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Fig. 8 Unique gene arrangement in the photosynthesis gene cluster of phototrophic
Gemmatimonadetes bacteria in comparison to diverse purple photosynthetic bacteria. Genomes
were downloaded from the NCBI WGS database and annotated with the RAST webserver (http://
rast.nmpdr.org/). For each category of gene, bch (light green to dark green), bacteriochlorophyll
biosynthesis genes; the acsF gene encoding the aerobic form of Mg-protoporphyrin IX mono-
methyl ester oxidative cyclase, which is also involved in the bacteriochlorophyll biosynthesis path-
way, is highlighted in yellow; puh (pink), genes encoding reaction center assembly proteins; puf
(red), genes encoding reaction center proteins; crt (brownish yellow), carotenoid biosynthesis
genes. The crt genes other than crtF which is the only carotenoid biosynthesis gene in the photo-
synthesis gene cluster of PGB are not shown. Photosynthesis non-related genes or hypothetical
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We compared genomic similarity and calculated the numbers of shared orthologs
among the three type strains G. phototrophica AP64, G. aurantiaca T-27, and
Gemmatirosa kalamazoonensis KBS708 that are available in this phylum. Genomes
of G. phototrophica and G. aurantiaca were highly conserved in terms of both
genomic similarity and gene synteny with no large genomic rearrangement events
detected (Fig. 7b). In contrast, a large portion of genomic regions in G. phototrophica
and Gemmatirosa kalamazoonensis have been subjected to rearrangement and less
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Table 3 A complete list of enzymes involved in the bacteriochlorophyll biosynthesis pathway that
are predicted to be present in the genome sequence of G. phototrophica

Inside (®)/
Gene | Length |outside (o)

Step in the pathway Enzyme name | (bp) PGC

1. Glutamyl-tRNA synthetase | gltX 1464 o

L-Glutamate — L-Glutamyl-tRNA

2. —Glutamate-1-semialdehyde Glutamyl-tRNA reductase | hemA | 1464

3. —5-Amino-levulinate Glutamate-1-semialdehyde | hemL | 1314
2,1-aminomutase

4. —Porphobilinogen Porphobilinogen synthase | hemB | 996

5. »Hydroxymethylbilane Hydroxymethylbilane hemC | 999
synthase

6. —Uroporphyrinogen 111 Uroporphyrinogen I11 hemD | 780 o
synthase

7. —Coproporphyrinogen 111 Uroporphyrinogen 111 hemE | 1095 o
decarboxylase

8. —»Protoporphyrinogen IX Coproporphyrinogen hemF | 996 o
oxidase (Aerobic); hemN | 1365 o
Coproporphyrinogen
dehydrogenase (Anaerobic)

9. =Protoporphyrin IX Protoporphyrinogen oxidase| hemY | 1467 o
(Aerobic); hemG | 435 o
Protoporphyrinogen IX
dehydrogenase (Anaerobic)

10. =Mg-protoporphyrin IX Magnesium chelatase bchl 1026 °
subunit I; bchD | 1455 °
Magnesium chelatase bchH | 1878 °
subunit D; 3801
Magnesium chelatase
subunit H

11. =Mg-protoporphyrin IX Mg-protoporphyrin IX bchM | 720 °

13-methyl ester methyltransferase

12. —Divinylprotochlorophyllide | Mg-protoporphyrin IX acsF 1053 °
monomethyl ester oxidative | bchE | 1602 o
cyclase (Aerobic);
Mg-protoporphyrin IX
monomethyl ester oxidative
cyclase (Anaerobic)

13. —=Protochlorophyllide Divinyl chlorophyllide a bciA* | 1284 o

8-vinyl-reductase

(continued)
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Table 3 (continued)

Inside (®)/
Gene | Length |outside (o)
Step in the pathway Enzyme name | (bp) PGC
14. —Chlorophyllide a Protochlorophyllide bchL | 969 °
reductase iron-sulfur bchN | 888 °
ATP-binding protein bchB | 1254 (]
(Light-independent); 1743
Protochlorophyllide
reductase subunit N
(Light-independent);
Protochlorophyllide
reductase subunit B
(Light-independent)
15. —»3-Vinyl- Chlorophyllide a reductase | bchX | 996 °
bacteriochlorophyllide a subunit X; bchY | 1638 .
Chlorophyllide a reductase | bchZ | 1458 °
subunit Y;
Chlorophyllide a reductase
subunit Z
16. —3-Hydroxyethyl- 3-Vinyl bchF | 564 °
bacteriochlorophyllide a bacteriochlorophyllide a
hydratase
17. —Bacteriochlorophyllide a 3-Hydroxyethyl- bchC | 954 (]
bacteriochlorophyllide a
dehydrogenase
18. —Bacteriochlorophyll a Bacteriochlorophyll bchG 912 °
(esterified with geranylgeraniol) | synthase
19. —Bacteriochlorophyll a Geranylgeranyl reductase | bchP | 1269 .
(esterified with phytol)

The complete genome sequence can be accessed via GenBank accession number CP011454.1
*Annotated as bciA rather than bchJ according to Saunders et al. Biochemistry (2013) 52, 8442—
8451 and Canniffe et al. Biochem. J. (2013) 450, 397-405

than 50 % genomic regions were found to be conserved. A similar pattern was seen
when comparing the numbers of shared orthologs in each pair of genomes. The
unique orthologs (1010) shared by G. phototrophica and G. aurantiaca were much
more than those shared either by G. phototrophica and Gemmatirosa kalamazoo-
nensis (92) or by Gemmatirosa kalamazoonensis and G. aurantiaca (114), indicat-
ing a close relationship between G. phototrophica and G. aurantiaca at a genomic
level.

The TBLASTN searching in the genomes of Gemmatirosa kalamazoonensis and
G. aurantiaca for homologs of all predicted proteins in G. phototrophica was per-
formed to probe the unique genes that occurred in the genome of G. phototrophica.
A total of 421 ORFs were identified as unique genes in G. phototrophica (Zeng
et al. 2015), among which a large part (358) were hypothetical genes with
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unidentified functions. G. phototrophica contains cyanophycin synthase and treha-
lase in its genome, which suggests that it may use cyanophycin and trehalose as an
energy storage material (Zeng et al. 2015). Cyanophycin is rich in nitrogen as well
as in carbon and its storage inside bacterial cells has a possible relation to enduring
long starvation. In addition to serving as an energy source, trehalose is also known
as a protective agent that enables bacterial cells to cope with cold and desiccation
stresses (Potts 1994). The presence of trehalose perhaps contributes to the capabili-
ties of the members of the phylum Gemmatimonadetes in resisting to environmental
stresses, since 16S rRNA gene clone sequences of this phylum have often been
found in arid environments.

Evolution

Phylogeny of Photosynthesis Genes in Gemmatimonadetes

The presence of purple photosynthetic reaction centers in G. phototrophica chal-
lenges our understanding of the evolution of chlorophototrophic species. To eluci-
date the possible origin of photosynthetic capacity in this organism, the phylogeny
of its photosynthesis genes was investigated using genes encoding the initial phase
of the bacteriochlorophyll biosynthesis pathway, which are shared by all chloropho-
totrophic species (Raymond et al. 2002). The enzymes magnesium chelatase,
encoded by bchIDH genes (Gibson et al. 1995), and light-independent protochloro-
phyllide reductase, encoded by bchLNB genes (Fujita et al. 1993), were used to
infer the phylogeny of photosynthesis genes in G. phototrophica (Fig. 9). The
BchIDH and BchLNB trees separated main chlorophototrophic groups and placed
G. phototrophica AP64 as an early diverging member of the Proteobacterial clade
on the BchIDH tree, while inside Proteobacteria on the BchLLNB tree. This clearly
documented a common origin of the bacteriochlorophyll biosynthesis pathway in
G. phototrophica and Proteobacteria (Zeng et al. 2014). This conclusion was also
supported by the bchF phylogeny (Cardona 2016). Similarly, an analysis of reaction
center subunit (PufLM) phylogeny placed AP64 onto a branch inside Proteobacteria
(Fig. 9), confirming that G. phototrophica contained a close homolog of
Proteobacterial photosynthetic reaction centers. The similarity of photosynthetic
apparatus between G. phototrophica and Proteobacteria (Table 1) and their analo-
gous PGC organization as well as the close phylogenetic relationship of their pho-
tosynthesis genes strongly suggests that phototrophy in Gemmatimonadetes bacteria
originated from an ancient horizontal transfer event of a complete set of photosyn-
thesis genes from a purple photosynthetic bacterium.

It is unclear as to how PGC was transferred between distantly related species.
A complete PGC has been reported in a promiscuous self-transmissible R-prime
plasmid of Rhodobacter capsulatus (Marrs 1981) and in two plasmids of
Roseobacter litoralis and Sulfitobacter guttiformis (Petersen et al. 2012).



180 Y. Zeng and M. KobliZek

(a) BchiDH (b) BchLNB (c) Pul'LM
s —Allochromalium wnosume Ihiocapsa marina s sy INGSLT &
Thiocystis wolascens « Thiceyslis wolascenss Trmg:ysn-s wdasoens
i Santrm porpuratum %mrmrrmﬁ * Mccwnwlrmmu *
Aot . L Minostm
Ha‘a'\‘udn_sp‘rsfa_’_ iophila 1alor! ra hdop'li-‘a - Cnng ibacter litoralise
b ra sibiricas Cong ,;W’ﬁ_gws. ilus sylfensise i
riflum - Lurrniphilis 5 |
0nas palusiisa n«arsatr!r‘gmuwsmsn —Hatmmaospramf
ﬁm ngsi.gsws o hior! ira sibiricas Thiorhodospira sibin
¥ a i
Jethdocila silvesins & J atfnioversatilis universalis o
I‘E Congregibacter litoralis e i gracile ‘“ S gelalinsus o
Liariniphilus sWlensise A hiorococcus MCCEG%‘: o
vanriedi NEChOCOCCUS SP. £
——Methyobacterium populi 4 = f:;mﬂsap‘wwica 4 et mﬁ-rasfr\as:ns .
1 Jd Junmdnnlma 00| abrenzia alexandrii 4 Sphingomonas echinoides 4
A CMONAS BCTinCIoes He
I )
Fiphilfum multivorum . Labrsrws alexandni A
Fuu% L LM pepuli ina pelag:
oo |z Hoeflea o cal & ocella sivestris a aoyhzouunw wm:cr.m i
Labrenzia alexandrii a —— Fulvimaring A 1 paluslnisa
[ Rhodobacter cansulatus & ——Rhodomicrobium vanniliia i Fhodomicrobium vannielii +
! [Eophegaetnaee ol Operosecbace siiess
Ea,' b bprlasil b el VBSHOIOEnSIS o
R cq;u" = wafs'gasmm 2
Rmﬁm«mﬁ; 86 Hiorofeds aurantacus
Dinorosecbacter shitee 100100 ilfochionis trichoides
(x|

o C}umtvmngracr!e
Synechococcus sp. CCHE05
Prochlorococcus marinus

100 biceps tor viol: .
l:; Egrm zfmﬁam afong at T gacmococcoosls saling _Dolofmmw h’ooch(uﬁmm
s |~ Dgeplococcopss saiina an|[- Micrecysis senginosa P + Alpha-
et ruurroq,tl‘vdsmn w8 | Crinall ume%‘mmmm Chiorobi o Beta-
Wg Mmoc}s”fyma g M«yx,.’a‘urs maring Chioroflexi » Gamma-
P _— sl tloLl 4
01 e L Crinalium epipsammum 0.1 Tnc,fu.bsmmnu}q‘.'xmr Firmicutes _ Gemmatimanadstes

Fig. 9 Phylogenetic analysis of the photosynthesis genes of G. phototrophica. (a), based on con-
catenated alignments of magnesium chelatase sequences (BchIDH/ChIIDH, 1810 common amino
acid positions). (b), based on concatenated alignments of light-independent protochlorophyllide
reductase sequences (BchLNB/ChILNB, 921 common amino acid positions). (¢), based on concat-
enated alignments of photosynthetic reaction center subunits’ gene sequences (PufLM, 507 com-
mon amino acid positions). Maximum likelihood (ML)/neighbor joining (NJ) bootstrap values
greater than 50 % are shown on the tree. Scale bars represent changes per position. Originally
published in Zeng et al. (2014)

Photosynthesis genes can also be packed into gene transfer agents (Marrs 1974;
Lang and Beatty 2000) or bacteriophages (Mann et al. 2003; Lindell et al. 2004;
Sharon et al. 2009). Similar mobile elements may have facilitated the acquisi-
tion of purple bacterial photosynthetic reaction centers by an ancient counter-
part of the heterotrophic Gemmatimonadetes strain T-27. The higher redox
potential (~0.5 V) of type-2 reaction centers when compared to type-1 reaction
centers may have allowed for an easier incorporation into the respiratory elec-
tron transfer chain of this ancient Gemmatimonadetes bacterium. After the
adoption of phototrophy as a means of energy production, phototrophic
Gemmatimonadetes probably evolved independently, perhaps losing the
acquired genes again in some lineages. Yet, G. phototrophica represents the first
known example of horizontal transfer of a complete photosynthesis gene pack-
age between distant bacterial phyla. This gives us a perfect example as to how
nature streamlines the genomic arrangement of photosynthesis genes and makes
the photosynthesis function transferable between distantly related phototrophic
and non-phototrophic bacteria.
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Conserved Gene Composition and Arrangement
in the Environmental PGCs of Gemmatimonadetes’ Origin

Our current knowledge on PGB comes from so far the only culture G. phototrophica
(Zeng et al., 2014, 2015). To gain more genomic and evolutionary insights into the
genomic basis of photosynthesis function in this bacterial group, we performed a
reference genome-guided recovery of bacterial genomes from deeply sequenced
metagenomes. The complete genome sequence of G. phototrophica was used as a
reference to search for genomic fragments of its relatives in the three metagenomes
OdenseWW, AalborgWW-1, and AalborgWW-2 (Zeng et al. 2016). These metage-
nomes were chosen because the photosynthetic genes of Gemmatimonadetes’ ori-
gin have been identified in them and they were deeply sequenced with assembled
contigs publicly available. We obtained >1000 positive metagenomic contigs from
the metagenomes of OdenseWW and AalborgWW-1 and 2 that were predicted to
originate from Gemmatimonadetes-related species, among which we further
searched homologs of all genes in the photosynthesis gene cluster (PGC) of G. pho-
totrophica as well as genes neighboring the PGC using blastx search.

From the OdenseWW metagenome, ten PGC-related contigs were obtained (for
original contig IDs see Fig. 10). Read coverage of these ten contigs fell in a very
narrow range from 32.27 to 41.658 (reads per contig) compared to the large range
(2.633-26,088.286) for all the contigs in OdenseWW (see suppl. material in Zeng
et al. 2016), strongly supporting that these contigs came from the same PGB
species. Moreover, these ten PGC-related contigs could be manually joined into a
37.9 kb long PGC based on their 100 % identical overlapping ends (34-62 bases
long), but three small gaps remained present inside the bchN and behD genes and at
the 3’ end of the pufM gene (Fig. 10). A similar PGC was assembled from nine
metagenomic contigs of AalborgWW-2 with six gaps present inside PGC (Fig. 10).

s e 416136 ' e oo ¥ o

AalborgWw-2 SEEWOPDDEEDE | P 4N E@ECE De
& SLS &8 Fr & b

14138 27003 47744 ‘ GEAEY RIS . SEHT ‘ 21383
Contig [ I  — X I 1 v = 1
106358 3637 %08
OdenseWW @ EEA QAP L Ihase E@8 ESFEEr DS
ELP & LA & o s

G. phototrophica ¢ f&;“ 2 ffffm;;m};'» .l«" aasqdE -

bl puhB pulB T 5 rolated / jcal ORF Ty

Y

Fig. 10 Comparison of the two photosynthesis gene clusters (PGCs) reconstructed from the
Odense wastewater metagenome (OdenseWW) and the Aalborg wastewater metagenome 2
(AalborgWW-2) with the PGC of G. phototrophica. Highly similar genomic regions were con-
nected with light colored parallelograms (gray, photosynthesis non-related genes; light green, pho-
tosynthesis related genes). See the legend of Fig. 7 for the description of gene names and colors.
Original contig IDs are shown above the assembled PGCs with arrows indicating the position of
gaps in the assembly. Scale bar, 2 kb in length. Originally published in Zeng et al. (2016)
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No PGC fragments were able to be assembled from AalborgWW-1 due to its much
shorter average length of Gemmatimonadetes-originated contigs (0.9 kb) than those
from OdenseWW (3.1 kb) and AalborgWW-2 (4.8 kb).

Although there are gaps present in both assembled PGCs (OdenseWW-PGC
and AalborgWW-2-PGC), no gap appears at the same position of the two PGCs,
which indicates that the orientation of each joined contig in OdenseWW-PGC is
very likely correct. In AalborgWW-2-PGC, the orientation of pufBALMC and
crtF-bchCXYZ could not be confidentially resolved due to the large gaps present at
both ends of the two operons. The composition and arrangement of genes in
OdenseWW-PGC and AalborgWW-2-PGC are highly conserved compared to
those in G. phototrophica (Fig. 10). The amino acid sequence identities between
the photosynthesis related ORFs in OdenseWW-PGC and those in G. phototroph-
ica’s PGC range from 69 to 95 % (see suppl. material in Zeng et al. 2016). Similarly,
the genes flanking the PGC also show high identities (64-90 %) to the counterparts
in G. phototrophica (see suppl. material in Zeng et al. 2016). All the top blastp hits
of genes within and adjacent to OdenseWW-PGC came from the cultured
Gemmatimonadetes species (see suppl. material in Zeng et al. 2016), further con-
firming their Gemmatimonadetes’ origin.

The PGC composition and organization seem to be highly conserved among
PGB, in contrast to the high diversity in the PGC patterns observed in phototrophic
Proteobacteria (Nagashima and Nagashima 2013; Zheng et al. 2011; also Fig. 8).
The only difference between OdenseWW-PGC and PGC in G. phototrophica is the
presence of a 7.2 kb long insert between puhABC and pufBALMC in G. phototroph-
ica which may reflect different evolutionary histories of PGB dwelling on the fresh-
water Swan Lake in China and PGB residing in Danish wastewater treatment plants.

Environmental Distribution

Methodological Limitations for Detecting Environmental PGB

Members of the phylum Gemmatimonadetes are widely distributed across various
natural environments (Hanada and Sekiguchi 2014). Environmental 16S rRNA gene
sequence related to Gemmatimonadetes were found in soils (DeBruyn et al. 2011;
Portillo et al. 2013), permafrost (Tuorto et al. 2014), rhizospheres (Breidenbach
et al. 2015), freshwater lakes and sediments (Gugliandolo et al. 2016; Sheng et al.
2016) activated sludge (Hanada and Sekiguchi 2014; Zhang et al. 2003), deep-sea
sediments (Durbin and Teske 2011), gas hydrates, arctic seawater, coastal mobile
mud, and marine sponge symbionts (Kamke et al. 2010). High-throughput 16S
rRNA gene sequencing indicated that Gemmatimonadetes represent a recognizable
fraction of soil microbial communities with relative abundances ranging from 0.2 to
6.5 % (DeBruyn et al. 2011). However, it is impossible to distinguish whether the
reported sequences originated from heterotrophic or phototrophic species.
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One possible way to distinguish PGB and non-PGB is to detect the presence of
their photosynthesis genes. However, caution should be taken when dealing with
environmental sequences because most photosynthesis genes found inside the PGC
of G. phototrophica were closely related to and phylogenetically mixed with those
from Proteobacteria. For instance, the commonly used phylogenetic markers—
light-independent protochlorophyllide reductase genes (bchLNB/chILNB) and genes
encoding photosynthetic reaction center subunits (pufLM) placed G. phototrophica
deep into the Proteobacteria branch (Zeng et al. 2014). In contrast, the acsF gene
encoding the aerobic form of Mg-protoporphyrin IX monomethyl ester oxidative
cyclase appears to be a convenient marker gene capable of distinguishing different
phototrophic groups (Boldareva-Nuianzina et al. 2013; Zeng et al. 2014). The phy-
logenetic tree based on AcsF genes clearly separated all known phototrophic phyla
except anaerobic phototrophic Firmicutes and Chlorobi into independent clusters,
which matched well with the tree based on 16S rRNA genes (Zeng et al. 2014).

Phototrophic Gemmatimonadetes Bacteria Present
in Diverse Environments

We searched for Gemmatimonadetes-AcsF like fragments in publicly available
metagenome databases including the NCBI’'s WGS, the JGI's IMG, and the
MG-RAST (as of May 30, 2015), with special focus placed on the MG-RAST
metagenome webserver (Meyer et al. 2008) which have included over 30,000 pub-
lic metagenomes. From the WGS and IMG databases, two metagenomes were
found to contain Gemmatimonadetes-AcsF like fragments: one from a Danish
wastewater treatment bioreactor (OdenseWW) and the other from the Yellowstone
Lake (YSLake). In the MG-RAST server, there were 1706 metagenomes reported
to contain members of Gemmatimonadetes with relative abundance ranging from
below 0.01% up to 2.54 % in terms of the number of Gemmatimonadetes-affiliated
reads relative to total reads (see suppl. material in Zeng et al. 2016). Based on the
source environments’ features of metagenomic samples, these Gemmatimonadetes-
member-harboring metagenomes could be classified into 20 types of habitats with
the top three most sampled ones being soil (536 metagenomes), seawater (231
metagenomes), and wastewater treatment associated habitats (174 metagenomes)
(Fig. 11a, b). The Gemmatimonadetes-related sequences were most abundant in
soil, wastewater treatment related samples, biofilms, and plant-associated habitats
with the largest proportion (2.54 %) found in an Arctic tundra permafrost metage-
nome (MG-RAST ID 4468734.3), while only occasionally found in lakes, rivers,
and marine ecosystems (Fig. 11c).

One hundred sixty one metagenomes were identified to contain
Gemmatimonadetes-AcsF like sequences with the length of hits ranging from 24 to
361 amino acids (see suppl. material in Zeng et al. 2016 for more details). They
came from various types of environments, including air, river waters and sediment,
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Fig. 11 Summary of the 1706 surveyed metagenomes from the MG-RAST webserver (a, b) and
box plots of the abundance of Gemmatimonadetes-affiliated reads relative to total reads (c) and the
abundance of Gemmatimonadetes-AcsF hits relative to total AcsF hits (d). Metagenomes were
classified into 20 categories according to the type of source environments. Only the metagenomes
that were reported to contain Gemmatimonadetes members are included. In parentheses are the
numbers of metagenome samples. The metagenomes where less than 15 AcsF hits were found
were excluded from the calculation of Gemmatimonadetes-AcsF hits’ percentage. Originally pub-
lished in Zeng et al. (2016)

lake waters, estuarine waters, biofilm, plant-associated habitats, intertidal sediment,
soil, spring, and wastewater treatment associated samples (Fig. 11d). The highest
number of Gemmatimonadetes-AcsF hits was found in a biofilm sample from Dutch
costal intertidal sediment (27 hits, MG-RAST ID 4572198.3). Based on percent
abundance of Gemmatimonadetes-AcsF hits out of total AcsF hits (Fig. 11d), PGB
appear to favor soil and wastewater treatment associated habitats. The reason could
be that PGB prefer a low oxygen level in ambient environments as demonstrated in
G. phototrophica culturing experiments where the normal atmospheric oxygen level
greatly inhibited its growth (Zeng et al. 2015); and in soils and wastewater treatment
samples, oxygen level gradients are more easily created and thus increase the sur-
vival chance of PGB. By contrast, there were no Gemmatimonadetes-AcsF like hits
found in the 231 metagenomes from the waters of seas and open oceans where the
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water columns are generally mixed well and fully oxygenated in the photic zones
(Ulloa et al. 2012). Although the data on light availability and oxygen level were
lacking in the metadata of the metagenomes surveyed, based on above observations
and the physiological data of G. phototrophica (Zeng et al. 2015), we speculate that
light availability and oxygen level are the two most important factors of shaping the
environmental distribution of PGB.

Diverse Phototrophic Gemmatimonadetes Bacteria
in the Environment Remain Unexplored

To assess the diversity of environmental PGB we performed a phylogenetic analysis
of eight partial and three full-length AcsF sequences retrieved directly from the
metagenomic reads or contigs (Fig. 12). These metagenomes came from distinct
environments located on three continents, including a bioreactor from a wastewater
treatment plant in Odense, Denmark (OdenseWW) (GenBank accession no.
APMI00000000, Albertsen et al. 2013), activated sludge from wastewater treatment
plants in Aalborg, Denmark (AalborgWW-1 and 2) (MG-RAST project nos.
4487554.3 and 4611649.3, Dueholm et al. 2015) and in Shanghai, China
(ShanghaiWW) (MG-RAST project no. 4539352.3, Wang et al. 2014), waters from
the Yellowstone Lake, USA (YSLake-SA and MB) (DDBJ accession nos.
SRA026894 and SRA026871, Clingenpeel et al. 2011 and Zhou et al. 2015) and
from the Lake Gatun in Panama (GatunLake) (MG-RAST project no. 4441590.3,
Rusch et al. 2007), soil crust in Nevada, USA (SoilCrust) (MG-RAST project no.
4450752.3, Steven et al. 2012), arable soil in South Korea (KoreanSoil) (MG-RAST
project no. 4569532.3, Jung et al. 2014), biofilm from the Stinky Spring in Utah,
USA (SulfurSpring, MG-RAST project no. 4528143.3), and surface scum in Lake
Taihu in China collected during a cyanobacterial bloom (TaihuBloom) (MG-RAST
project no. 4467058.3, Steffen et al. 2012). The translated protein sequences of
these 22 AcsF fragments were 75-94 % identical to that of G. phototrophica (Zeng
et al. 2016). We found that the five acsF fragments from YSLake, the six from
KoreanSoil, and the three from SulfurSpring could be assembled into single long
fragments, respectively, based on the overlapping ends that shared 96.6-99.8 %
sequence identities over a length from 118 to 477 bases (see suppl. material in Zeng
et al. 2016), indicating that those fragments from the same sample came from the
same organism. Phylogenetic analysis of these 11 long AcsF fragments (135-361
amino acids) showed that they formed an independent cluster with G. phototroph-
ica, clearly separated from phototrophic Proteobacteria and other phototrophic
phyla (Fig. 12), which suggests that these metagenomic gene fragments were very
likely of Gemmatimonadetes’ origin.

The phylogenetic diversity of PGB appeared to be comparable to that of photo-
trophic Proteobacteria as reflected by the branches’ length on the AcsF tree
(Fig. 12). This suggests that PGB in the environment remain largely unexplored and
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Fig. 12 Phylogenetic analysis of environmental Gemmatimonadetes-AcsF like sequences. Eight
partial and three full-length AcsF sequences were retrieved from public metagenomes. In the title of
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awaits further discoveries. We calculated the relative abundance of PGB in total
aerobic phototrophic communities by classifying each AcsF hit into a phototrophic
(sub)phylum based on its blastp results against NCBI nr database and pooling hits
from the same type of environment prior to calculation. Among the 11 types of
environment where Gemmatimonadetes-AcsF like hits were found (Fig. 13),
Alphaproteobacterial AcsF dominated the types Air (60.6 %), Lake water (55.7 %),
Biofilm (48.1 %), Plant associated (68.6%), Intertidal sediment (38.3 %), Soil
(67.8 %), and Wastewater treatment associated (51.8 %), while Betaproteobacterial
AcsF dominated River water (74.4 %), River sediment (61.9 %), and Estuarine
water (62.5 %). The Spring type which contained only one metagenome was domi-
nated by cyanobacterial AcsF (58.8 %), followed by Alphaproteobacteria (29.4 %)
and Gemmatimonadetes (8.8 %). The highest proportion of PGB was found in
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Fig. 13 Putative taxonomic distribution of all AcsF hits in the 158 MG-RAST metagenomes
where Gemmatimonadetes-AcsF like hits were found. The AcsF hits were pooled according to the
environmental categories of their source metagenomes. Eleven categories were applied, i.e., Air
(2/417, total Gemmatimonadetes-AcsF hits/total AcsF hits), River water (30/6104), River sedi-
ment (12/1000), Estuarine water (85/4711), Lake water (3/158), Biofilm (47/2034), Plant associ-
ated (3/102), Intertidal sediment (2/60), Soil (42/556), Spring (3/34), and Wastewater treatment
associated (59/494). The taxonomy of each hit was determined based on its top blastp hits against
the NCBI nr database. A strict e-value rule was set for determining a Gemmatimonadetes-AcsF
like sequence. In parentheses are the numbers of metagenome samples investigated. Originally
published in Zeng et al. (2016)
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wastewater treatment associated samples (11.9%), while air metagenomes
contained the lowest number of Gemmatimonadetes-AcsF like hits (0.4 %).

Our analysis of public metagenomic data demonstrated that these organisms
turned out to be widely distributed in the environment and exhibited a high
genetic diversity. PGB roughly make up 0-11.9 % of total prokaryotic photo-
trophs. In certain environments like soils, plant-associated habitats, and springs,
the abundance of PGB was comparable to that of phototrophic Betaproteobacteria
(Imhoff 2006), indicating the importance of this recently found phototrophic
group in these habitats. The presence of PGB’s marker genes in geographically
dispersed and non-equivalent environments suggests that phototrophy may be a
common strategy in Gemmatimonadetes rather than an unusual event occurring
only in a specific environment.

Perspectives

Physiology and ecology of PGB remain largely unexplored due to the lack of
cultured representatives and direct environmental survey using biomarker genes
such as AcsF. The limited amount of physiological data from G. phototrophica
suggests that PGB prefer low oxygen conditions for growth (Zeng et al. 2015).
What still needs to be explored are characteristics of photosynthesis apparatus in
PGB. The presence of two absorption bands in the IR part of G. phototrophica
spectrum resembles the LH1 and LH2 complexes in phototrophic Proteobacteria.
On the other hand, the G. phototrophica genome does not contain LH2 genes.
This may indicate an unusual architecture of its photosynthetic complexes.
Another open question that remains is the apparent lack of regulation of photo-
synthetic apparatus expression. G. phototrophica expresses its photosynthetic
complexes even under constant darkness, at the same level as in the light/dark
cycle. However, how light and oxygen regulate the expression of their photosyn-
thesis genes is unknown. So far it is not clear whether the expression is constitu-
tive, but the organization of photosynthesis genes in the PGC may indicate that
they are under some regulatory control.

It is also unclear what evolutionary and physiological advantages PGB can gain
by assembling such metabolically expensive complex (Kirchman and Hanson
2013). A plausible explanation is that the additional energy source helps PGB cope
with unfavorable environmental conditions, e.g., nutrient depletion (Zeng et al.
2014). More PGB cultures from different environments and more physiological
experiments are needed to test this hypothesis.

The search of AcsF gene fragments of Gemmatimonadetes’ origin in public
metagenomic databases provided us with more insights into the distribution and
diversity of this bacterial group. Genes of PGB were identified in a number of ter-
restrial and freshwater aquatic environments. Taking into account the large variabil-
ity of sequencing depth among the surveyed metagenomes, we speculate that PGB
may be present in even more environments which were so far not covered with
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sufficient sequencing depth. There is also another possibility that can cause such
underestimation, which is that some PGB may contain unknown types of AcsF gene
equivalents and thus were not identified by the methods that we used.

The database searching provided strong evidence for the widespread presence of
phototrophic Gemmatimonadetes in the environment. An even more convincing
piece of evidence came from the successful assembly of two almost complete PGCs
of Gemmatimonadetes’ origin from two Danish wastewater metagenomes. All three
Gemmatimonadetes-PGCs identified so far, i.e., PGC of G. phototrophica,
OdenseWW-PGC, and AalborgWW-2-PGC, are highly conserved in gene composi-
tion and arrangement. It should be noted that despite that the source environments
of the OdenseWW metagenome and G. phototrophica strain AP64 are located on
two different continents, they are phylogenetically closely related as seen from the
AcsF tree (Fig. 12) and thus may represent only a single type of PGC pattern in the
Gemmatimonadetes phylum. The conservation of PGC gene content and arrange-
ment could be much lower among the PGB from the GatunLake, SoilCrust,
KoreanSoil, and SulfurSpring environments that are more distantly related to G.
phototrophica. More PGC data from other Gemmatimonadetes bacteria are needed
to address if there are variations in Gemmatimonadetes’ PGCs.

This molecular evidence strongly demonstrates that we have ample opportunities to
isolate these organisms from environments and have a good chance to answer the ques-
tions regarding the genomic diversity, physiological potentials, and ecological signifi-
cance of those as-yet-uncultured PGB. Understanding the genomic basis and variations
of their photosynthesis function will eventually enable us to freely edit and engineer
their photosystems, which will open many potential applications in biotechnology.
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Aerobic Anoxygenic Phototrophs: Four
Decades of Mystery

Vladimir Yurkov and Elizabeth Hughes

Abstract The aerobic anoxygenic phototrophs (AAP) are an important group of
bacteria making up large proportions of bacterial communities in both marine and
freshwater systems. They thrive in the extreme conditions of hot springs, hypersa-
line spring systems, and hydrothermal vents and in the presence of high concentra-
tions of toxic metal(loid) oxides. They likely evolved from the purple non-sulfur
bacteria, to fill an oxygenated environmental niche, carrying out oxygen-dependant
anoxygenic photosynthesis. Investigations into the ecological significance of AAP
are in their infancy, although some speculations have now been proposed.
Additionally, modern studies are beginning to touch the paradox that is bacterio-
chlorophyll @ synthesis in the presence of oxygen as well as the role of abundant
carotenoids in AAP. The presence of numerous AAP in every environment tested, in
addition to their unique photosynthetic arrangement, are mysteries that have gar-
nered much attention among scientists since their discovery.

Introduction

The aerobic anoxygenic phototrophs (AAP) are a diverse group of bacteria, which
produce bacteriochlorophyll (BChl) a under oxygenated conditions. The first dis-
covered species, Roseobacter denitrificans and Erythrobacter longus, were isolated
from marine environments almost 40 years ago (Shiba et al. 1979; Shiba and Simidu
1982; Shiba 1991). Soon after that Sandaracinobacter sibiricus, Erythromonas
ursincola,  Erythromicrobium  hydrolyticum, Erythromicrobium  ramosum,
Erythromicrobium ezovicum, and Roseococcus thiosulfatophilus were found in
freshwater hot temperature springs (Yurkov and Gorlenko 1990, 1992a, b; Yurkov
et al. 1993a, 1994, 1997). Since then research into AAP has exploded. They have
been detected in high abundance in every habitat tested, including oceans, seas,
freshwater lakes (Fig. 1a), and river systems around the world, as well as in extreme
settings like the phyllosphere (Stiefel et al. 2013), hypersaline spring systems

V. Yurkov (2<) ¢ E. Hughes
Department of Microbiology, University of Manitoba, Winnipeg, MB, Canada
e-mail: vyurkov@umanitoba.ca; umhughe4@myumanitoba.ca

© Springer International Publishing Switzerland 2017 193
P.C. Hallenbeck (ed.), Modern Topics in the Phototrophic Prokaryotes,
DOI 10.1007/978-3-319-46261-5_6


mailto:vyurkov@umanitoba.ca
mailto:umhughe4@myumanitoba.ca

194 V. Yurkov and E. Hughes

(Fig. 1b), hot springs (Fig. 1c), meromictic lakes, hydrothermal vents (Fig. 1d),
mine tailings (Fig. le), and soil crusts (Fig. 1f) (Rathgeber et al. 2004; Yurkov and
Csotonyi 2009; Yurkov and Hughes 2013).

Unlike other anoxygenic phototrophs, AAP require oxygen for both growth and
photosynthetic electron transport. They are obligate heterotrophs able to supplement
their energy generation with photosynthesis, which physiologically makes them pho-
toheterotrophs and gives them a competitive advantage against other heterotrophs.
The main light-harvesting pigment is BChl a, which is incorporated into reaction

Fig. 1 Diversity of AAP habitats: (a) Lake Winnipeg, Manitoba, Canada; (b) East German Creek
system, Northern Manitoba, Canada; (c¢) Sulfur Mountain hot springs, Banft, Alberta, Canada; (d)
hydrothermal vent, Juan de Fuca Ridge, Pacific Ocean; (e) Central Mine, Nopiming Provincial
Park, Canada; and (f) soil crusts, Manitoba, Canada
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centers (RC) and light-harvesting (LH) complexes, resembling those of the purple
non-sulfur bacteria (PNSB). However, while they do carry out anoxygenic photosyn-
thesis in a similar manner as the PNSB, they differ in that it is not coupled to carbon
fixation, as all AAP lack the key enzyme of the Calvin cycle, RUBISCO (Yurkov and
Beatty 1998; Yurkov and Csotonyi 2009; Yurkov and Hughes 2013). Minimal levels
of carbon fixation can occur through anapleurotic reactions in the TCA cycle, but it
is not sufficient to support bacterial growth (Yurkov and Hughes 2013).

Phylogenetically, AAP can be most closely related to PNSB or to non-phototrophs
among the a-, B-, and y-proteobacteria. This raises questions into how the AAP
evolved. When the atmosphere first became oxygenated 2.5 GYa ago through the
action of oxygenic phototrophs such as cyanobacteria, it opened up new niches for
life (Beatty 2005). At this point, did the AAP evolve from PNSB as selection pres-
sure forced them to move into these newly formed habitats in contact with oxygen?
Conversely, were the AAP originally aerobic heterotrophs that gained a photosyn-
thetic gene cluster (PGC) through horizontal transfer from the PNSB? Or is it a
combination of both those events? Have they remained closely related to the PNSB
because they evolved from them by losing photosynthetic genes upon coming into
contact with oxygen and then regained them later through horizontal gene transfer?
There are speculations to support all these options (Yurkov and Csotonyi 2009;
Yurkov and Hughes 2013), and in fact, the answer may be a combination of all pro-
posals. This is only one of many mysteries still surrounding the AAP four decades
post-discovery.

Despite intensive research, there are many unanswered questions about the
AAP. Our chapter will explore the riddles, hypotheses, and new discoveries about
the adaptations of the BChl a synthetic pathway in the presence of both light and
oxygen, the role of carotenoids in light harvesting and photoprotection, the ecologi-
cal significance of AAP in their natural habitats, as well as novel approaches to
determine diversity and abundance in aquatic environments. It is primarily a review
of scientific reports that appeared since 2013. For previous analyses of AAP, we
recommend reading Yurkov and Beatty (1998), Rathgeber et al. (2004), Yurkov
(2006), Yurkov and Csotonyi (2009), and Yurkov and Hughes (2013).

Diversity, Abundance, and Ecological Significance

Distribution and Enumeration

Investigations of AAP abundance and distribution have always been somewhat com-
plicated. There is no defined medium that can be used to select specifically for AAP
in culture-dependant approaches, as they grow best on complex carbon sources,
allowing for a wide range of heterotrophs to thrive alongside them. Therefore, AAP
must instead be identified among other colonies by their bright pigmentation, rang-
ing from yellow, orange, and red to pink and purple. They should then be tested
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spectrophotometrically for the presence of BChl a (Yurkov and Csotonyi 2009;
Yurkov and Hughes 2013). Enumeration in such manners can result in an underesti-
mation of abundance as a large percentage of microbes do not grow in a laboratory
setting. Unfortunately, culture-independent sequencing methods are not accurate
either, as there are no genes found to date that are exclusive to AAP (Yurkov and
Hughes 2013). Some studies have tried to enumerate AAP in natural samples using
detection of the pufL and pufM genes, which encode subunits of the RC (Yurkov and
Hughes 2013). However, this can result in an overestimation of AAP abundance as
the genes are too closely related to those of PNSB, making it impossible to distin-
guish between the two physiologically different groups with any certainty. If pufLM
genes do not allow for an accurate study of abundance and distribution, are there any
other genes restricted to the AAP that have not yet been identified? Full genome
sequences of cultured strains may provide us with that answer.

Recently, the proposed solution to this conundrum has been to use infrared epi-
fluorescence to detect BChl a in uncultured bacteria from both marine and freshwa-
ter habitats (Garcia-Chaves et al. 2016). While BChl a is the same light-harvesting
pigment synthesized by PNSB, they are assumed to not be producing it in the pres-
ence of oxygen. Therefore, sample collection is limited to the aerated portion of the
water column to ensure there is sufficient oxygen present and therefore any BChl a
found must be from an aerobic bacterium (Masin et al. 2012; Garcia-Chaves et al.
2016). This might be particularly effective in well-stratified lakes, where an aerated
upper layer and an anaerobic bottom portion are separated by a sharp thermocline.
Unfortunately, this method is also not completely accurate as several PNSB, for
example, Rhodobacter capsulatus, can produce some BChl a in oxygenated envi-
ronments (Hebermehl and Klug 1998).

Investigations in both marine and freshwater environments using infrared epi-
fluorescence have revealed a great morphological diversity and abundance of AAP
as well as their growth patterns. There was a clear seasonal variation with higher
bacterial counts in summer and lower in winter (Cliperova et al. 2013; Ferrera et al.
2014; Fauteux et al. 2015) and also a clear negative correlation with distance from
shore in marine habitats including the Delaware coast and estuary (Stegman et al.
2014), the Northeast Pacific and Arctic Ocean (Boeuf et al. 2013), and close to vari-
ous islands in the Pacific Ocean (Ritchie and Johnson 2012), with AAP abundance
decreasing as sampling sites became distanced from the shoreline. Apparently AAP
make up a significant portion of the bacterial community in marine environments
(10-14 % of total bacteria in the Northeast Pacific and Arctic Oceans (Boeuf et al.
2013) and 3.5-7.9 % in the Uwa Sea (Sato-Takabe et al. 2015)). The data agree with
previous studies, showing that AAP compose roughly 10 % of the bacterial com-
munity in the open ocean (Rathgeber et al. 2004; Yurkov and Csotonyi 2009; Yurkov
and Hughes 2013). While most of the early distribution analysis of AAP was done
in the open ocean, recently there has been increased interest in freshwater systems,
where AAP represent as high as 29 % of all prokaryotes in Austrian alpine lakes
(Cuperovd et al. 2013) and 2-12% in lakes throughout Germany, Finland, and
Poland. Oligotrophic and mesotrophic lakes show higher presence of AAP over
eutrophic lakes (Masin et al. 2012), though earlier studies have suggested that enu-
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meration can be even higher, up to 30 % in eutrophic habitats, such as freshwater hot
temperature spring mats, which commonly play home to AAP (Yurkov and Beatty
1998; Yurkov and Hughes 2013).

Throughout all tested habitats, there is a broad taxonomic diversity of AAP spe-
cies. However, in some environments, patterns are being recognized in the distribu-
tion of genera. For instance, in higher alpine lakes in Austria, almost all AAP
belonged to the Sphingomonadaceae family. This could be because members of the
family, such as the genus Sphingomonas, resist high levels of UV-B radiation
(Cuperova et al. 2013). This may be a beneficial trait in regions where the water is
very clear and the surrounding area has very little forest shade to protect the lake
occupants from the damaging effects of intensive sunlight (Cliperova et al. 2013).
Conversely, Citromicrobium relatives have been found to dominate in the aerated
upper twilight zone in the Pacific Ocean, suggesting they may be able to use very
dim light or specific wavelengths that can pass through the water column for photo-
synthesis, allowing them to occupy a specific niche that other AAP cannot (Zheng
et al. 2015). Although this is one published speculation, in our opinion it has little
merit, as all known AAP are able to grow indefinitely as heterotrophs without using
light for photosynthesis. We propose that in this case, competition may be too high
in illuminated spaces causing the Citromicrobium relatives to move into the upper
twilight or dark zones, where they can effectively grow purely heterotrophically.

While some current methods allow observation of the patterns discussed above
and achieve relatively accurate bacterial counts, culturing methods cannot be com-
pletely replaced. Only pure laboratory cultures of AAP allow us to study them in
detail to define if our theoretical speculations are true and to discover novel physi-
ological and biochemical traits that AAP possess.

Phylogenetic Conundrums

All AAP, like their PNSB counterparts, belong to the proteobacteria. The vast
majority of taxonomically classified strains are part of the a-proteobacteria with one
species, Roseatales depolymerans, belonging to the B-proteobacteria, and two spe-
cies, Congregibacter litoralis and Chromocurvus halotolerans, to the
y-proteobacteria, though many culture-independent studies have shown that there
are far more p3- and y-proteobacterial AAP present in nature, with the -proteobacteria
dominating freshwater environments and y-proteobacteria being prominent in saline
systems (Ritchie and Johnson 2012; Yurkov and Hughes 2013; Zheng et al. 2015;
Lehours and Jeanthon 2015). One notable exception is found in the Northeast
Pacific and Arctic Ocean, where p-proteobacteria were unexpectedly reported in
high numbers when they are not usually observed in abundance in the open ocean
(Boeuf et al. 2013).

Since our latest review (Yurkov and Hughes 2013), several novel genera and spe-
cies have been described (Table 1): Roseibacula alcaliphilum isolated from Lake
Doroninskoe, which is a meromictic soda lake in Siberia (Nuyanzina-Boldareva and
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Gorlenko 2014), and Citrimicrobium luteum, which is from the gut of a sea cucumber
(Jung et al. 2014). Petroleum hydrocarbon-contaminated soil in Italy revealed the
AAP Humitalea rosea (Margesin and Zhang 2013). Blastomonas aquatica was dis-
covered in fresh to brackish water in Lakes Peng Co and Namtso on the Tibetan
Plateau, China (Xiao et al. 2015). Gemmatimonas phototrophica is an interesting new
species, which grows best under limited oxygen concentrations (Zeng et al. 2015). It
is similar to Roseicyclus mahoneyensis, strain ML6, which is photosynthetically most
active under microaerophilic conditions, though heterotrophic growth remains opti-
mal aerobically (Rathgeber et al. 2012). Physiologically G. phototrophica groups bet-
ter with AAP rather than PNSB, as it cannot grow in fully anaerobic conditions and
produces BChl a in the dark. However, light does not inhibit its synthesis (Zeng et al.
2015), a trait which has also been observed in AAP strain EG13, isolated from a
hypersaline spring system in Manitoba, Canada (Csotonyi et al. 2015). Another novel
aspectis that it does not belong to the proteobacteria; it is part of the Gemmatimonadetes
and not the Proteobacteria, which begs the question whether it should truly be recog-
nized as AAP.

Recently, Koblizek considered a new definition of AAP (Koblizek 2015), which
suggests to include all Bchl a-producing bacteria which, in laboratory conditions,
grow primarily aerobically. This would allow the inclusion of the phototrophic
methylotrophs and rhizobia as well as unusual species such as G. phototrophica. It
was suggested that because they are aerobic BChl a-containing bacteria, they should
be considered AAP despite other metabolic, taxonomical, and phylogenetic differ-
ences. Additionally, as more and more strains are undergoing full genome sequenc-
ing, it is being found that some species, which were presumed to be aerobic
non-phototrophic heterotrophs, have all the necessary genes for fully operational
photosynthetic pigment-protein complexes and photosynthetic electron transfer
(Koblizek 2015). Having never produced BChl a and photosynthetic complexes in
a controlled laboratory setting suggests that they are simply not being grown under
appropriate conditions to express photosynthesis genes. One example is the obli-
gately aerobic fB-proteobacterium Aquincola tertiaricarbonis, strain L108, which
was originally reported to not produce BChl a aerobically (Lechner et al. 2007).
However, it does in fact synthesize photosynthetic protein complexes with bound
BChl a when faced with a sudden decrease in organic carbon availability (Rohwerder
et al. 2013). Hence, this species can now be re-categorized as an AAP. Such previ-
ously published misleading taxonomical descriptions open up the question of how
many other AAP are masquerading as non-phototrophic heterotrophs in laboratory
studies. Also, what growth conditions are best for inducing BChl a production in
facultative phototrophs? Will patterns emerge or will every species behave differ-
ently? At this time we do not have the answers; however, studies on heterotrophs
that have been sequenced to reveal the presence of a full PGC may help bring to
light some solutions.
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Morphology and Its Link to Ecological Significance

The AAP are morphologically highly diverse. They come in many forms: rods (both
short and long), cocci, vibroid, almost cyclic as in R. mahoneyensis (Fig. 2a)
(Rathgeber et al. 2005), and pleomorphic as found in E. ramosum (Fig. 2b),
Citromicrobium bathyomarinum (Fig. 2c), and Porphyrobacter meromictius
(Yurkov and Csotonyi 2009; Yurkov and Hughes 2013). They can form highly com-
plex clusters that resemble corals or rosettes (Fig. 2d) (Yurkov and Hughes 2013).
The only morphology that has not yet been observed is classic spirilloid, though
studies in the Sargasso Sea indicate they may exist, but simply have not yet success-
fully been cultured in the laboratory (Sieracki et al. 2006).

Interestingly, on average, AAP cells in marine and freshwater habitats are larger
than other members of their respective bacterial communities (Stegman et al. 2014;
Fauteux et al. 2015; Garcia-Chaves et al. 2015; Sato-Takabe et al. 2015). In one
study that analyzed samples from 43 lakes throughout Québec, Canada, the size of
AAP cells was positively correlated with the amount of dissolved organic carbon
(Fauteux et al. 2015). This size difference sets AAP apart from other heterotrophs in
aquatic systems and has led to some interesting theories on their possible ecological
significance and role.

Fig. 2 Morphological variations among AAP. (a) Roseicyclus mahoneyensis with some almost
cyclic cells (bar 5 pm, inset bar 0.25 pm); (b) branching Erythromicrobium ramosum (bar 1 pm);
(¢) Citromicrobium bathyomarinum Y-shaped cell (bar 1 pm), inset pleomorphic cells connected
by membranous material (indicated by arrows, bar 1 pm); and (d) strain BL7 clusters (bar 2.5 pm)
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As AAP are larger than the average non-phototrophic heterotrophic bacterium in
communities, they are preferentially grazed upon by protists and zooplankton, plac-
ing them at the very bottom of the food chain in freshwater and marine ecosystems
(Stegman et al. 2014; Garcia-Chaves et al. 2015; Masin et al. 2012; Sato-Takabe
et al. 2015). Zooplankton grazing in particular allows AAP energy to be passed to
higher trophic levels (Garcia-Chaves et al. 2015). AAP also have a higher growth
rate (1.5-3x higher) than some other heterotrophic bacteria (Stegman et al. 2014;
Garcia-Chaves et al. 2015), possibly because they can profit by generating higher
levels of energy more quickly due to their photosynthetic capacity. This allows the
consumption of higher amounts of dissolved organic carbon at a faster rate before
AAP are consumed by zooplankton, making a disproportionately large contribution
to carbon cycling and total biomass considering their natural abundance (Stegman
et al. 2014; Garcia-Chaves et al. 2015; Sato-Takabe et al. 2015).

When an organism at any trophic level is being grazed upon, it develops some
defensive strategies (MaSin et al. 2012). It was proposed that AAP are no exception
in this regard. In 27 studied lakes throughout Germany, Poland, and Finland, AAP
were often found attached to particles that are too large to be consumed by zoo-
plankton (Masin et al. 2012). For now, it remains a speculation whether or not this
is truly a defense mechanism. In our opinion, it is more likely AAP are simply
attached to these particles as they are rich in organics, which serve as a good food
source for bacteria rather than to be using them as an escape mechanism from pre-
dating zooplankton. In general, the ecological role of AAP in the majority of habi-
tats is very poorly investigated. It still requires a lot of time and research effort to
draw a clear image of their significance.

Carbon Utilization and Metabolic Pathways

Carbon Metabolic Pathways

It was established long ago that AAP are obligate heterotrophs as they lack the key
enzyme RUBISCO of the Calvin cycle (Yurkov and Beatty 1998; Yurkov and
Csotonyi 2009; Yurkov and Hughes 2013). Recent genome sequence data from a
number of species including Sandarakinorhabdus sp. AAP62 (Zeng et al. 2013a),
Blastomonas sp. AAP53 (Zeng et al. 2013b), Porphyrobacter sp. AAPS2 (Li et al.
2013), and Sphingomonas sp. FukuSWIS1 (Salka et al. 2014) have only confirmed
the absence of this cycle. While incapable of autotrophy, AAP, like many other het-
erotrophs, fix a minimal amount of CO, via anapleurotic reactions (Fig. 3) (Yurkov
and Hughes 2013), though it is at insufficient levels to support growth.

What AAP do excel at is breaking down highly complex organics due to the
activity of a broad range of proteins and enzymes. This makes them indispensable
in carbon cycling in both saline and freshwater systems, as naturally available car-
bon is generally very complex both structurally and chemically for digestion by
other microbes (Fauteux et al. 2015).
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Fig. 3 Fixation of CO, through anapleurotic reactions encoded by the enzymes (1, blue) phospho-
enolpyruvate carboxykinase, (2, red) malic enzyme, (3, green) phosphoenolpyruvate carboxylase,
and (4, yellow) pyruvate carboxylase replenishes the TCA cycle. Glucose feeds into the TCA cycle
through pyruvate and therefore anapleurotic reactions or acetyl-CoA. Glutamate replenishes the
TCA cycle through a-ketoglutarate

Interestingly, when grown on defined medium, the carbon source can have an
impact on levels of photosynthesis and anapleurotic reactions in Erythrobacter sp.
NAPI1 (Hauruseu and Koblizek 2012). Four commonly used compounds were
tested: glutamate, pyruvate, acetate, and glucose. When provided with glutamate,
growth was inhibited by high light intensities, though greater amounts of biomass
were produced with a moderate amount of light. Additionally, almost none of the
incorporated carbon came from anapleurotic reactions (1%). Conversely, light
intensity made no difference when medium contained pyruvate instead of gluta-
mate. However, 4 % (dark) and up to 11 % (light) of incorporated carbon originated
from anapleurotic reactions (Hauruseu and Koblizek 2012). It seems to be species
specific, as these values are lower than the 10-15 % anapleurotic CO, fixation car-
ried out by R. denitrificans (Hauruseu and Koblizek 2012). It was discovered long
ago that photosynthetic activity allows AAP to increase their productivity (Yurkov
and Gemerden 1993), and now it is confirmed that the organic carbon source also
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makes a difference. For instance, light exposure allowed 30 % biomass increases,
when grown in media containing pyruvate; however, photosynthesis in the presence
of glucose resulted in 49.1 % increase (Hauruseu and KobliZzek 2012).

It is possible that anapleurotic reactions are used by AAP simply to replenish the
TCA cycle. Anapleurotic reactions use pyruvate or phosphoenolpyruvate as a sub-
strate (Fig. 3); hence, more carbon fixation occurs in pyruvate- and glucose-grown
cultures. Glutamate, however, can be easily converted to a-ketoglutarate to feed
into the TCA cycle (Fig. 3) (Hauruseu and Koblizek 2012). It is also conceivable
that this explanation ties into why light intensity makes a difference with glutamate
and not with pyruvate. With glutamate, higher light intensities provide more energy
than is required by the cell, which in the end causes downregulation of metabolism.
However, anapleurotic reactions using pyruvate as a substrate require a large
amount of energy, so the possibility of excess is avoided and metabolism is not
downregulated (Hauruseu and Koblizek 2012).

Mechanisms of Toxic Heavy Metal(loid) Oxide Resistance
and Reduction

As mentioned above, AAP are commonly enumerated in high numbers in extreme
environments. While it remains uncertain how and why they have evolved mecha-
nisms to allow growth in such a wide range of extremes, their capability to be very
comfortable in the presence of toxic heavy metal(loid) oxides has been researched.
These oxides include tellurite, tellurate, selenite, selenate, metavanadate, and
orthovanadate (Yurkov and Csotonyi 2003). AAP show resistance to tellurite, for
example, of up to 2000 pg/ml, a highly significant number considering that many
bacterial species are killed by only 1 pg/ml (Maltman and Yurkov 2015). How is
such great resistance to metal(loid) oxides achieved?

One strategy of resistance by AAP is to use toxic compounds in metabolic pro-
cesses or for energy production. Strains EG13 and EG8 are vanadiphilic, meaning
vanadium oxides, which usually kill most life in very small concentrations, actually
enhances the bacterial growth capabilities (Csotonyi et al. 2015). Similarly, E.
ursincola, KR99, and E. ramosum, ES, increase biomass and ATP production when
grown in the presence of tellurite (Maltman and Yurkov 2014, 2015). Alternately,
instead of benefitting from the oxides, some species can simply tolerate them. For
instance, C. bathyomarinum, JF1, experiences a lag phase when tellurite is added to
the medium to adapt to the shock and then resumes normal biomass production
(Maltman and Yurkov 2014). R. thiosulfatophilus, RB3; E. ezovicum, E1; S. sibiri-
cus, RB 16-17; E. hydrolyticum, E4; and Erythrobacter litoralis, T4, all have
decreased biomass and ATP levels in the presence of high concentrations of tellu-
rite, suggesting it has a toxic effect on the cells (Maltman and Yurkov 2015).

A search was also carried out for a tellurite-specific reductase in strains KR99, ES5,
RB3, E1, RB 16-17, E4, T4, and JF1. Cells were fractionated to determine in what
compartment of the cell the tellurite reductase was localized. Additionally, protein
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synthesis was halted with antibiotics before cells were introduced into the medium
containing tellurite to check whether the enzyme was constitutively expressed or de
novo synthesis was required. Reductase activity in strain E4 was only possible in
fully intact cells and de novo protein synthesis was required. T4 and JF1 also had a
requirement for de novo synthesis and needed an intact cytoplasmic membrane as
was supported by activity in spheroplast lysate fractions (Maltman and Yurkov
2014). In the other tested strains, a constitutively expressed membrane-bound tellu-
rite reductase was present, suggesting the function of a different enzyme (Maltman
and Yurkov 2015). Future research will answer how other AAP resist such high lev-
els of toxic compounds and in some cases have evolved to benefit from them.

One of the most common observations with high resistance to toxic metal(loid)
oxide strains is that they reduce them to less toxic elemental forms, followed by
color changes in the culture. Reduction of tellurite and tellurate to tellurium results
in a black appearance, selenite and selenate conversion to selenium brings a red
color, and vanadate being reduced to vanadium appears as bluish coloration (Yurkov
and Csotonyi 2003; Maltman and Yurkov 2015). As oxides are reduced, the ele-
ments accumulate inside or are released outside the cells, as seen by electron
microscopy of E. ramosum (Fig. 4a), E. litoralis (Fig. 4b), and R. thiosulphatophi-
lus (Fig. 4c). In the future this could be an indispensable ability to remove toxic
compounds for bioremediation in industrial processes, as well as offer a great
potential for biometallurgy by collecting concentrated pure tellurium or other accu-
mulated elements as they are quite rare in the biosphere.

Because AAP are so highly resistant to tellurite, in particular, the question was
asked whether tellurite resistance is tied to photosynthesis. BChl a and carotenoids
were monitored in E. ramosum, ES; E. ursincola, KR99; C. bathyomarinum, JF1; E.
litoralis, T4; and Erythrobacter relative strain EG15 in the presence and absence of
tellurite (Csotonyi et al. 2014). BChl a increased when cultures were grown with
tellurite in strains KR99, JF1, T4, and EG15, indicating this pigment may play the
role of an antioxidant, but decreased in strain ES, showing oxidative stress could be
exceeding the cell’s ability to cope. However, when carbon availability was
decreased, BChl a levels increased in ES despite the presence of tellurite (Csotonyi
et al. 2014). The same pattern holds true for cellular carotenoids. They were
increased in KR99, T4, and EG15 and decreased in ES5, though under substrate limi-
tation the carotenoids of E5 did increase. The only strain that broke the pattern is
JF1, as its carotenoids decreased, while BChl a was augmented. Notably, in strain
T4, zeaxanthin, spirilloxanthin, B-carotene, and erythroxanthin sulfate were ele-
vated, and bacteriorubixanthinal levels declined (Csotonyi et al. 2014). Speculations
into the above results suggested three hypotheses. First, tellurite may act on the
promoters to induce transcription of the entire PGC, even if carotenoids are the only
pigments involved in oxidative defense. Second, BChl @ may act in conjunction
with carotenoids as antioxidants. Third, resistance to tellurite may be quite energeti-
cally costly, causing the upregulation of the photosynthetic apparatus to supply the
cells with as much additional energy as possible (Csotonyi et al. 2014). Ongoing
experiments will help to tell which strategy is actually used by AAP cells.



Fig. 4 Electron
microscopy showing
intracellular accumulation
of tellurium (indicated by
arrows) as a product of
tellurite reduction. (a)
Tellurium crystals
interfering with cell
division in E. ramosum,
(b) tellurium accumulated
in E. litoralis, and (c¢)
smaller tellurium crystals
accumulated in R.
thiosulfatophilus. Bars,
0.5 mm

Photosynthetic Pigments and Their Significance

The Enigma of Aerobic Bacteriochlorophyll a Synthesis

The process of BChl a synthesis in the presence of both light and oxygen results in
the formation of triplet BChl and singlet oxygen, which exerts high levels of oxida-
tive stress on the cells (Yurkov and Hughes 2013). This is a barrier that all anoxy-
genic phototrophs have had to overcome. Some phototrophs, for instance, PNSB,
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produce BChl a primarily under anaerobic conditions, decreasing the possibility of
oxidative stress. Contrarily, AAP produce their photosynthetic pigments mainly in
the dark, so they can then be used up during periods of light. Also AAP keep the
number of photosynthetic units to a minimum to limit the toxic effect and have
much higher levels of carotenoids to protect the cells from damage. One notable
exception to the rule is strain EG13, which synthesizes BChl a with either illumina-
tion or not (Csotonyi et al. 2015). It has a very good strategy to deal with oxidative
stress, possibly tied to its resistance to toxic vanadium oxides as described in section
“Mechanisms of Toxic Heavy Metal(loid) Oxide Resistance and Reduction,” though
continuing research is required for a better understanding of the exact mechanism
(Csotonyi et al. 2015).

Genomic and proteomic studies have also been conducted to define the differ-
ences in BChl a synthesis in cells of AAP versus PNSB and chlorophyll a synthe-
sis in oxygenic phototrophs such as cyanobacteria, as all synthetic pathways start
similarly. One major difference is in the genes encoding the enzyme magnesium-
protoporphyrin IX monomethylester cyclase (Boldareva-Nuianzina et al. 2013).
There are two options possible. The gene acsF, which uses an O, molecule to
catalyze the reaction, and the other, bchE, instead take an oxygen atom from H,O
(Fig. 5). The genome sequences of 53 phototrophic proteobacteria were com-
pared. Purple sulfur bacteria contain only the bchE gene, PNSB all have both
forms, and tested AAP all have acsF; however, several also have bchE (Boldareva-
Nuianzina et al. 2013). This delivers a conundrum, as it was previously expected
that anaerobic bacteria would have the oxygen-independent form and aerobic
phototrophs, the oxygen-dependant type only. Speculatively, acsF was gained
very early in evolution, as it has a highly conserved position within the PGC: in
the puh operon in o- and P-proteobacteria and on the end of the PGC in
y-proteobacteria. Hypothetically, it was passed from cyanobacteria to PNSB

Mg-protoporphyrin IX Mg-divinyl
monomethylester protochlorophyllide

Fig.5 Conversion of Mg-protoporphyrin IX monomethylester to Mg-divinyl protochlorophyllide
using two different forms of the enzyme Mg-protoporphyrin IX monomethylester cyclase. The
first form (1, red) is encoded by the gene bchE to use an oxygen atom from H,O. The second (2,
blue) is encoded by the gene acsF to use atmospheric O,
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through horizontal gene transfer, allowing PNSB to proliferate into oxygenated
environments and initiate the evolutionary process to become AAP (Boldareva-
Nuianzina et al. 2013). Likely, the gene was acquired very early in evolution,
since a phylogenetic tree based on acsF sequences grouped all studied strains the
same way as 16S rRNA gene sequences would. Therefore, the gene probably
evolved in conjunction with the evolution of each species, rather than being a
separate entity recently gained. This may not be true of bchE, which appears to be
highly variable in position and sequence, as compared to the conserved 16S rRNA
gene sequences (Boldareva-Nuianzina et al. 2013).

Another known step in BChl a synthesis is the conversion of protochlorophyllide
to chlorophyllide by the enzyme protochlorophyllide reductase (Kaschner et al.
2014). There are two forms of this reductase: an oxygen-sensitive dark operating
type, which is likely used by anoxygenic phototrophs, and an oxygen-insensitive
light-dependant form, possibly employed by oxygenic phototrophs such as cyano-
bacteria and algae (Kaschner et al. 2014). However, the AAP Dinoroseobacter
shibae, strain DFL12T, possesses both (Kaschner et al. 2014). Why would an anox-
ygenic phototroph use an enzyme for BChl a synthesis that requires both light and
oxygen in conjunction as synthesis of the pigment in this way results in oxidative
stress? This is just another unanswered question. It seems that as we explore deeper
into AAP BChl a synthesis, we just come up with more questions, riddles, and
mysteries.

Carotenoids and Their Role in AAP

In comparison to PNSB, AAP have a very high cellular presence of carotenoids,
resulting in the vibrant colors of their cultures, such as red, orange, yellow, pink,
and purple (Rathgeber et al. 2004; Yurkov and Csotonyi 2009; Yurkov and Hughes
2013). The roles of cellular carotenoids are still debatable, although two are pro-
posed. The first considers their use as accessory light-harvesting pigments in photo-
synthesis, which may allow the cells to harvest light in a wider range of wavelengths,
maximizing the efficiency of photosynthetic energy generation. The second sug-
gests that carotenoids are protecting cells against the damaging effects of light,
permitting BChl a synthesis aerobically. Realistically, the answer might be a com-
bination of both, with some carotenoids bound to the photosynthetic RC to aid in
light harvesting and others acting as protectors against the oxidative stress.

One clear example of an organism that likely uses carotenoids in light harvest-
ing is Roseobacter, strain OBYS0001, which has spheroidenone as its dominant
pigment (Sato-Takabe et al. 2012, 2014). Higher levels of spheroidenone were pro-
duced under substrate-deficient conditions. Apparently, pigments may provide
some benefit to starving cells. Combined with the knowledge that this carotenoid
absorbs green light and that under substrate deficiency the photochemical effi-
ciency was increased compared to in substrate-replete conditions, the cells may be
collecting green light to increase their photosynthetic energy generation. Hence
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cells can survive, when other heterotrophs would perish (Sato-Takabe et al. 2012).
Energy transfer from spheroidenone to BChl a was also confirmed by Slouf et al.
(2013) in R. denitrificans.

Zeaxanthin, one of the major pigments in Erythrobacter sp. NAP1, is not being
used for energy transfer (Slouf et al. 2013), suggesting that its main role is in protec-
tion against the aggressive triplet BChl a and singlet oxygen (Slouf et al. 2013).
However, the organism also has significant levels of bacteriorubixanthinal, which
was shown to harvest light energy and pass it to BChl a (Slouf et al. 2013). A similar
composition of carotenoids was previously reported in E. longus and E. litoralis,
though Erythromicrobium species such as E. ramosum have zeaxanthin only as a
minor component of their carotenoid complement with high levels of bacteriorubix-
anthinal, erythroxanthin sulfate, and p-carotenes (Yurkov et al. 1993b; Yurkov and
Beatty 1998). R. thiosulfatophilus is different as 95 % of its carotenoid complement
is the Cs carotenedioate and its diglucosylester (Yurkov et al. 1993a; Yurkov and
Beatty 1998), both of which participate in light harvesting.

One AAP species can have numerous different carotenoids, in some cases up to
20 or more, with each one presumably playing a different role. Whether all species
have carotenoids that aid in light harvesting, or if the majority are used for protec-
tion, or if there are other metabolic functions to carry out is still unresolved. The
only way to answer is to continue culture-dependent studies of carotenoids in AAP.

Photosynthetic Apparatus and Electron Transport Chain

New Discoveries on Reaction Centers and Light-Harvesting
Complexes

The membrane-bound pigment-protein complexes making up the photosynthetic
apparatus in AAP are almost identical to those of the PNSB. BChl a is the primary
light-harvesting pigment bound into a RC and LH1 complex, with some species
also employing a peripheral LH2. The RC can be observed spectrophotometrically
by producing absorption peaks at 800 nm and 860-870 nm due to the incorporated
BChl a as well as a peak at 750-760 nm of bacteriopheophytin (BPheo), a BChl
precursor, also bound to the RC proteins. It is a complex composed of three protein
subunits (L, H, and M) with four bound BChl a molecules, two BPheo, two ubiqui-
nones, a nonheme iron, and carotenoids (Yurkov and Beatty 1998; Yurkov and
Csotonyi 2009; Yurkov and Hughes 2013). There can be anywhere between 140 and
1800 RC per cell, a full order of magnitude less than what is produced by the PNSB
(Selyanin et al. 2015). The small number of photosynthetic units is seemingly to
keep the oxidative stress in the cells (caused by the formation of triplet BChl @ and
singlet oxygen) to a minimum, while still taking advantage of as much of the energy
generation photosynthesis allows for.

The LH1 complex can also be observed spectrophotometrically typically as an
absorption peak at 870 nm, though this can be somewhat shifted: at 879 nm in C.
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halotolerans and Charonomicrobium ambiphototrophicum or as far as 855 nm in R.
thiosulfatophilus (Yurkov and Csotonyi 2009; Yurkov and Hughes 2013). These shifts
are caused by varying protein environments of BChl a. Structurally, the LH1 complex
is a ring of 16 heterodimeric alpha and beta subunits with approximately 30 BChl a
molecules and bound photosynthetic carotenoids (Yurkov and Beatty 1998; Tang
et al. 2010).

The LH2 complex is found in only some AAP species and, when present, allows
for more efficient photosynthetic activity. It has a similar ring structure as the LH1,
but is composed of only 8-9 heterodimeric alpha/beta subunits (Tang et al. 2010).
Spectrophotometrically two peaks are present: one at around 805 nm and the other
at 850 nm. However, there can also be shifts in the peaks, indicating differences in
the protein settings may exist from species to species. Absorbance maxima have
been seen, for instance, at 832 nm in E. ramosum or 835 nm in Porphyrobacter
dokdonensis (Yurkov and Hughes 2013). Additionally, in rare cases such as in R.
mahoneyensis, the LH2 complex has a monomodal peak, absorbing at 805 nm,
instead of the typical dual peaks (Rathgeber et al. 2005). This unusual monomodal
complex has only been found in two other genera, Roseobacter and Rubrimonas
(Shiba 1991; Suzuki et al. 1999).

The genes encoding the LH1 complex are located alongside those for the RC L and
M subunits in the puf operon, while the RC H subunit is placed in the puh operon.
Alpha and beta portions of the LH2 complex are placed in the puc operon (Zheng
et al. 2011; Yurkov and Hughes 2013). Encoding the LH2 on a separate operon from
the RC-LH1 complex permits independent gene regulation. This means that cells may
turn on or off the genes for the LH2 without entirely eliminating photosynthetic activ-
ity as has been observed in Citromicrobium litoralis (Spring et al. 2009).

Recent studies have shown that exposure to light can decrease cellular respira-
tion by about 25%. Obviously, AAP can replace oxidative phosphorylation with
photophosphorylation to some extent (Hauruseu and Koblizek 2012). Also, light
intensity can have an effect on the size of the RC-LH1 complex. Roseobacter lito-
ralis under high light intensity had more RC-LH1 complexes than under low light.
The complexes were smaller in cells grown in the light (39+3 BChl @ molecules)
compared to grown in the dark (115+30 BChl a molecules) (Selyanin et al. 2015).
It’s likely that the cultures grown under very low illumination had larger antennae
to maximize light harvesting, and when grown under intensive light, they are
smaller to reduce damage to the RC and cells from the high illumination (Selyanin
et al. 2015). It would be interesting to study if this pattern holds true for other AAP
species, both marine and freshwater.

The Photosynthetic Electron Transport Chain

Once light energy has been harvested by BChl a, it has to be funneled through the
LH complexes into the RC, so the light energy can be converted into chemical
energy (ATP) for further use in different metabolic processes. This is where the
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cyclic photosynthetic electron transport chain comes in. Once BChl a is excited, the
energy is passed to the primary electron acceptor, which is a quinone (Q,). It is then
passed to cytochromes (cyt), first the membrane-bound cytbc; complex and then the
cyte, which is either soluble in the periplasmic space or tightly bound to the RC. The
electron is then cycled back to the beginning of the electron transport chain (Yurkov
and Hughes 2013).

While the chain described above is highly similar in AAP and PNSB, there are a
couple of key differences. The first, and possibly most important, is that in AAP the
Q4 redox midpoint potential is quite high (in the range of +5 to +150 mV, depending
on the species) (Yurkov and Beatty 1998; Rathgeber et al. 2012) compared to the
quinone in PNSB, which is always negative. This may be among the major reasons
why AAP can only carry out photosynthesis in the presence of oxygen. The Q,
would be over-reduced under anaerobic conditions, making it incapable of accept-
ing more electrons, so the cyclic electron transport comes to a grinding halt
(Rathgeber et al. 2004; Yurkov and Csotonyi 2009; Yurkov and Hughes 2013).
Second, PNSB have an alternative quinol oxidase pathway to keep the Q, in the
appropriate redox state (Yurkov and Csotonyi 2009; Yurkov and Hughes 2013). If
the AAP had such pathways, they could possibly photosynthesize anaerobically.
There are species, R. mahoneyensis, strain ML6, and C. ambiphototrophicum,
EG17, in particular, that developed ways around this problem as they are AAP/
PNSB intermediates (Rathgeber et al. 2005, 2012; Csotonyi et al. 2011). ML6 is
most active photosynthetically under microaerophilic conditions, and EG17 pro-
duces the same photosynthetic pigment-protein complexes in both the presence and
absence of oxygen. Future experimentation on intermediate species may help to find
the principle difference between AAP and PNSB photosynthesis.

Further Riddles and Concluding Remarks

While investigations of AAP have made great leaps in the past several years, there
is still so much we do not understand, and every discovery we make delivers new
questions that have yet to be answered. We still discuss without much certainty
whether AAP evolved from PNSB or the heterotrophs, as well as how and why they
evolved coping strategies for so many extreme conditions. Based on the wide range
of recently discovered primarily aerobic bacteria that are capable of BChl a produc-
tion and oxygen-dependent anoxygenic photosynthesis, it might be the right time
for a more inclusive definition of the term AAP. Modern ecological studies are at
last revealing some potential roles AAP may play in aquatic systems; however, we
must continue our experimentations to make more definitive remarks. Additionally,
we still have not conclusively agreed on what sets the AAP photosynthetic electron
transport chain and BChl a synthetic pathways apart from those of the PNSB, which
allows them to function aerobically and restricts anaerobic flow of photosynthetic
reactions. These are only a few of the many mysteries left to solve. Continued
research is necessary to understand such an abundant, diverse, and fascinating
group of bacteria.
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Desert Crusts

Patrick C. Hallenbeck

Abstract A significant fraction of the world’s land surface is covered by arid and
semiarid land. Desert crusts, microbial communities formed from cyanobacteria,
algae, fungi, and bacteria, are important ecosystems that stabilize and enrich desert
soils. Cyanobacteria are key players, often providing physical cohesion, primary
production, and life-supporting nitrogen fixation. Here the overall structure of
crusts, the important microbial partners, and the microbial diversity that is present
are discussed. Some of the special features of these communities and the individual
organisms are their tolerances to desiccation and to high levels of UV radiation.
Mechanisms to survive long periods of severe dehydration include the synthesis of
large amounts of trehalose and the excretion of copious quantities of unique exo-
polysaccharides. Adaptations that allow survival in spite of high levels of UV radia-
tion include mobility and the synthesis of natural sunscreens, scytonemin, and
mycosporines. Much remains to be learned about these ubiquitous microbial con-
sortia, whose functionalities and interrelationships are beginning to be probed at the
molecular level. This chapter reviews the general microbial aspects of desert crusts
and gives a special emphasis to the involvement of cyanobacteria.

Introduction

Cyanobacteria have had a major influence on the earth for at least the last 2.95 bil-
lion years (Planavsky et al. 2014). These organisms are of great ecological impor-
tance as they have expanded over time to colonize, in either free-living or symbiotic
forms, most of the ecological niches available on the earth (Bolhuis et al. 2014;
Makhalanyane et al. 2015a; Moreira et al. 2013; Sukenik et al. 2015). One ecologi-
cal niche of significant interest is biological soil crusts, in particular desert crusts,
found in arid and hyperarid regions. Dry lands make up 41.3 % of the land surface
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with semidesert (arid 10.6 %) and desert (hyperarid 6.6 %) being a significant frac-
tion of that (Fig. 1). Arid and semiarid regions are expanding on an appreciable
scale due to land degradation, deterioration in water supplies, and climate changes.
Concerns about the lands worldwide that are increasingly threatened with deteriora-
tion led the United Nations General Assembly to declare the United Nations Decade
for Deserts and the Fight Against Desertification (January 2010 to December 2020)
in an effort to promote action to protect the world’s dry lands and to prevent further
desertification (United Nations 2016).

Biological desert crusts, an assemblage of cyanobacteria, fungi, bacteria, and
green algae, cover much of the semiarid and arid regions (Fig. 2). The communities
found in these crusts, one type of biological soil crust, are mixtures of algae, cyano-
bacteria, bacteria, fungi, lichens, and mosses whose exact composition varies with
soil type, age, and local environmental factors such as shading, temperatures, rain-
fall, wind, etc. (Janatkova et al. 2013; Johansen 1993; Li et al. 2013, 2014; Pointing
and Belnap 2012; Makhalanyane et al. 2015b). These consortia carry out a variety
of ecological functions related to water retention and soil conditioning; fixing nitro-
gen and carbon dioxide and releasing mineral-bound nutrients such as phosphate,
permitting eventually the proliferation of higher life forms (Belnap 2003). Not only
is there academic interest in studying desert crust development and the crust-
associated communities, but, as the world experiences increased anthropogenic
desertification, there is a practical need to understand how to recolonize these lands
(Wang et al. 2009; Xu et al. 2013).

The ecological niche where these organisms are found is characterized by high
levels of radiation due to incoming solar and reflected light. Soil surface tempera-
tures vary widely, from —20 °C to over 70 °C depending upon time of day and sea-
son. Precipitation is sparse and infrequent, and the water content of these crusts can
drop to 5% or less (dry weight basis). Therefore, the key to survival for desert crust
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Fig. 2 Mature desert crust from the Colorado Plateau

organisms is their ability to cope with extreme dehydration. Although a great deal is
known about desert crusts at the macroscopic level (Wu et al. 2013a; Rosentreter
et al. 2007; Makhalanyane et al. 2015b), relatively little information is available at
the molecular level. Photoautotrophic organisms are of particular interest and
importance in terms of overall desert crust ecology.

While the vast majority of desert crust studies have examined “hot” deserts, as
well as what have been called “cold” deserts, such as parts of the Colorado Plateau,
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very few studies have been done on truly cold deserts, the dry valleys of Antarctica.
Initial reports of nearly “sterile” environments were in fact due to the inability to
culture any microorganisms from these soils. However, when examined by modern
molecular methods, a wide variety of taxonomically unique taxa have been uncov-
ered, suggesting a rich and diverse community despite the inhospitable conditions
and extremely oligotrophic soils (Cary et al. 2010). The recent application of
GeoChip technology, a technique that would also be extremely useful in the study
of more “normal” desert soils, has revealed a diverse functional ecology with genes
for various major metabolic pathways, autotrophic and heterotrophic carbon
metabolism and diazotrophy (Chan et al. 2012, 2013). Moreover, an examination
of the different niche environments available, open soil, hypolithic (growth under-
neath translucent rocks, i.e., quartz), chasmoendolithic (growth in cracks or fis-
sures), and cryptoendolithic (growth in pores), revealed significant differences in
the functional ecologies of the different communities (Chan et al. 2012, 2013).
While this review, given the focus of this volume, will highlight the roles played by
cyanobacteria, general concepts and advances in knowledge about desert crusts in
general and about desiccation resistance will also be covered in order to provide the
appropriate context.

A variety of cyanobacteria have been identified worldwide in desert crusts, both
nitrogen fixing and nonnitrogen fixing. Nitrogen-fixing cyanobacteria are of spe-
cific interest for their key role in supplying fixed nitrogen to the desert crust com-
munity (Yeager et al. 2007,2012). Some members have been studied for their ability
to carry out hydrotaxis (Pringault and Garcia-Pichel 2004), suggesting that they
possess an interesting cellular system for transducing signals related to water avail-
ability. Their response to dehydration/rehydration has been studied (Rajeev et al.
2013), and the genome of a ubiquitous member of this family found in desert crusts
worldwide has become available (Starkenburg et al. 2011).

General Considerations

Desert crusts, complex microbial communities commonly found in hot and cold
desert environments, have long been attributed with a variety of ecological and envi-
ronmental roles. In particular, a number of early studies credited them with reducing
erosion (Johansen 1993). In addition, they undoubtedly act to increase nitrogen
inputs, estimated to be of the order of 25 kg N ha™' y~!, through active nitrogen fixa-
tion by cyanobacteria as well as heterotrophic bacteria, and act to increase the
organic carbon content of the soils they cover, with rates of between 6 and
23 kg C ha™' y™' being estimated for semiarid areas of Southwestern USA. In
essence, one function of these communities is to “terraform” and condition the soil
for subsequent colonization by other ecosystem communities. Given the large sur-
face areas of the world that are implicated, cryptogamic crusts make a significant
overall contribution to global nutrient fluxes, fixing large amounts of atmospheric
CO, (>2.6 pg C y™') and N, (>49 Tg y~') (Elbert et al. 2012).
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Fixed nitrogen input into the soil through the action of cyanobacteria and heterotrophic
bacteria may be of particular importance. Although highly variable on a daily basis,
since no fixation apparently occurs in the dry state, or when temperatures are either too
high or low, N, fixation by cyanobacterial-dominated crusts of the Colorado Plateau,
especially those containing the lichen Collema (photobiont Nostoc sp.), has been esti-
mated to input fixed nitrogen at rates of 9—13 kg ha™' year™ (Belnap 2002). The desert
soil crust N cycle appears to lack appreciable anammox or anaerobic denitrification
activities, thus suggesting that the major part of the fixed N might find its way into the
surrounding environment (Strauss et al. 2012). One study found that mature crusts were
much more effective at N, fixation (tenfold) than poorly developed crusts and that in all
crusts examined nifH sequences were mainly (78-100%) cyanobacterial in origin
(Yeager et al. 2004). In fact, rates of both carbon and nitrogen fixation are much higher
in late successional crusts than in early ones, strongly suggesting that disturbance of
mature crusts, which returns them to early successional stages, has very large impacts
(reduction) on primary productivity and nitrogen fixation (Housman et al. 2006).

Cyanobacteria are considered to be the primary producers in most desert crusts,
and recent evidence points to the possibility of a significant amount of excretion of
fixed carbon compounds with subsequent metabolite “sharing” and cross feeding
(Baran et al. 2015). This study used Microcoleus vaginatus, a cyanobacterium domi-
nating early crusts (see below), and showed that a broad range of exometabolites
were excreted. Additionally, when paired with likely heterotrophic bacterial partners,
extensive cross feeding was demonstrated. This suggests that desert crust microbial
communities, in addition to being physically associated, may be tied together meta-
bolically. Thus, during early crust formation, when the nonnitrogen fixer Microcoleus
vaginatus dominates, metabolite excretion may support the heterotrophic bacteria
responsible for the fixed nitrogen input into this ecosystem (Pepe-Ranney et al. 2016).

Although not specifically studied, it is very likely that different organisms in these
communities solubilize phosphate and trace minerals, thus enriching the soil for growth
of the crust and for potential future successional communities. In addition, the filamen-
tous bacteria and fungi that are present undoubtedly contribute to soil stabilization
through various mechanisms (Belnap and Gardner 1993; Pointing and Belnap 2012;
Ogut et al. 2010; Tao et al. 2008; Pérez et al. 2007; de Oliveira Mendes et al. 2014).

Diversity
General Considerations

As in all of microbial ecology, one debate concerning desert crust diversity has
centered around biogeographic issues. Is distribution affected by allopatric specia-
tion or is as suggested by Beijerinck, “everything is everywhere but it is the environ-
ment that selects” (O’Malley 2008). Although most past studies have been at the
local scale, some recent studies have begun to examine this issue at the continental
or even worldwide scale.
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As yet, there is no real consensus on this issue. One continental-wide (North
America) study of biological soil crusts showed that, at least on the phylum level,
no evident biogeographic pattern could be observed (Garcia-Pichel et al. 2013). On
the other hand, when a single organism important in desert crust formation,
Microcoleus vaginatus, was examined on a worldwide scale, appreciable diversity
was found and apparent differences in continental distribution was evident (Dvotdk
et al. 2012). Similarly, another study examined this issue by analyzing the phyloge-
netics of the ubiquitous desert cyanobacterium Chroococcidiopsis using massively
parallel pyrosequencing of samples from a variety of desert locations (Bahl et al.
2011). Evidence was presented for divergence in these samples dating to around
2.5 Ga, or at least as far back as the onset of global aridity (~1.8 Ga) at which time
two hot desert clades and one cold desert clade were established. The fact that such
phylogenies can be established strongly suggests that, in general, there is a lack of
dispersal between different habitats, i.e., hot desert into cold, or even within climati-
cally similar deserts. Obviously, these local communities will be structured and
shaped by a variety of local variations in factors that are significant in promoting
growth; pH, temperature, water activity, fixed nitrogen, minerals, and salinity
(Angel et al. 2010; Biidel et al. 2009; Demergasso et al. 2004; Fierer et al. 2012a;
Garcia-Pichel et al. 2013; Hagemann et al. 2015; Li et al. 2013, 2014; Schmidt et al.
2012; Stomeo et al. 2012). There is even evidence for local biohistory influencing
crust outcome (Lan et al. 2015; Steven et al. 2015).

Green Algae

Unicellular green algae have also been found to be components of desert crusts from
different parts of the world. Since they are relatively indistinguishable morphologi-
cally, the true diversity of this class of organisms to be found in desert crusts was not
appreciated until molecular techniques were used. However, more recent studies
have shown that at least five different green algal classes are implicated in different
desert crust communities which have also been shown to contain many previously
undescribed taxa (Lewis and Flechtner 2002; Cardon et al. 2008). Thus, adaptation
to this environment appears to have caused a large radiation in diversity, not only
genetic but also in terms of physiological adaptation, for example, different photo-
physiologies and variations in desiccation tolerance. This translates into very sig-
nificant DNA sequence variations, especially in comparison with the database
sequences derived from green algae isolated from aquatic environments (Lewis and
Lewis 2005).

Thus, phylogenetic studies demonstrate that desert lineages are distinct from
aquatic ones and give evidence for at least 14 separate transitions from aquatic to
terrestrial life. Survival under these conditions requires adaptations not normally
seen in the aquatic green algae. For example, Chlorella ohadii, newly isolated from
desert sand crusts, shows remarkable insensitivity to high light intensities, with pho-
tosynthetic oxygen evolution unaffected by exposure to 3500 pmol photons m= s™!



Desert Crusts 223

(Treves et al. 2013). On the other hand, at the same time, there was a significant drop
(90 %) in variable fluorescence (F,), strongly suggesting the intervention of a mech-
anism to dissipate excess light energy. Similar observations have been made with
the cyanobacterium Microcoleus (see below) (Ohad et al. 2010).

Bacteria

The bacterial population of cryptogamic crusts of the Colorado Plateau (Southwestern
USA) have been reported to be dominated by Actinobacteria (Garcia-Pichel et al.
2003), whereas this phylum appears to be less abundant in at least some other hot
deserts (Abed et al. 2010). A metagenomic analysis has shown that in general both
hot and cold desert microbiomes have a significantly different phylogenetic compo-
sition than microbiomes from other soil types. Some of this of course might be due
to differences in soil pH, previously shown to be a very important factor controlling
microbial soil diversity (Fierer and Jackson 2006).

On the other hand, in specific cases, other factors as well might control species
composition as seen by an examination of gypsum-containing soils which were
shown to have higher amounts of Actinobacteria and Proteobacteria when com-
pared with shale and sandstone soils, which, on the other hand, had greater amounts
of Cyanobacteria (Steven et al. 2013). Another study carrying out a PCR-based
survey of environmental 16S rRNA genes of the Sonoran Desert found, in order of
their importance, members of the Cyanobacteria, Proteobacteria, Actinobacteria,
and Acidobacteria, with minor amounts of Bacteroidetes, Chloroflexi, and
Gemmatimonadetes (Nagy et al. 2005). A very similar distribution was found for
desert crusts of the Colorado Plateau where Microcoleus vaginatus and M. steen-
strupi were dominant among the phototrophs, and Actinobacteria accounted for
12 %, p-Proteobacteria and Bacteroidetes each accounted for 10 % of the 16S rRNA
recovered (Gundlapally and Garcia-Pichel 2006). Although little studied, it is not
surprising that bacterial populations have been found to be stratified over millimeter
scales in these desert crusts (Garcia-Pichel et al. 2003).

A recent study using a combination of different pretreatments and isolation strate-
gies showed that it was possible to recover a large number of bacterial isolates from
early successional stage desert crust, 105 phylotypes, a significant fraction of the diver-
sity detected by metagenomics (da Rocha et al. 2015). In fact, the distribution of iso-
lates, Actinomycetes> Proteobacteria> Firmicutes>Bacteroidetes, roughly mirrors
what has been previously found using culture-independent methods. This work sets the
stage for detailed physiological analysis of these isolates, important in the desert crust
community structure and relatively distant from known and well-studied bacteria.

Nevertheless, a variety of studies have shown that the desert microbiomes have
relatively sparse phylogenetic and functional diversity as compared to microbiomes
from other environments and, compared to them, are enriched in genes coding for
dormancy and osmoregulation while having genes associated with nutrient cycling
and catabolism of complex carbon compounds at lower relative abundance (Fierer
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et al. 2012b). The same study noted that desert soils are also much less rich in genes
for antibiotic biosynthesis, suggesting that competitive interactions are of less
importance in this environment. Nevertheless, a variety of studies have shown that
desert soils typically can be found to contain several different genera, Actinobacteria,
Bacteroidetes, and Proteobacteria, with many of the isolates often being novel spe-
cies (Makhalanyane et al. 2015b).

Fungi

Fungi in desert crusts have been relatively little studied and mostly through culti-
vation studies, which nevertheless have shown an appreciable degree of diversity.
Of course a large number of fungi, principally Ascomycetes and, less frequently,
Basidiomycetes, are found as the mycobiont partners in desert crust lichens. Aside
from these, many of the free-living fungi appear to belong to a group of highly
pigmented “black,” or dematiaceous fungi, with rigid walls and high contents of
melanin, carotenoids, and mycosporines, making them highly resistant to environ-
mental stresses (Sterflinger et al. 2012). Among these are often found fungi like
Cladosporium, Stachybotrys, and Pleospora and sometimes Aspergillus and
Eurotium. As might be imagined, thermophilic and thermotolerant types can be
readily isolated from hot desert crust samples. Fungi are thought to be ecologically
important in the desert crust ecosystems potentially contributing to UV resistance,
soil stabilization, and solubilization of phosphorous and minerals (Makhalanyane
etal. 2015). In this regard, the role and importance of the fungal mycobiont partner
in lichens is evident, but the nature and significance of the contribution of free-
living microcolonial “black™ fungi remains to be determined (Sterflinger et al.
2012). A recent molecular study using rRNA gene fingerprinting demonstrated that
desert crusts of the Southwestern USA contain a considerable amount of diversity
with the majority of the fungi belonging to either Ascomycota or Pleosporales
(Bates et al. 2012). In addition, evidence was obtained for geographic specificity
of assemblages.

Archaea

Relatively little is known about archaeal populations of desert crusts. At least
one metagenomics survey has suggested that they are present as a relatively
minor fraction, ~6 %, in hot deserts, which nevertheless represents a greater
abundance than found in other soil types examined (Fierer and Jackson 2006).
The principle group detected belonged within the relatively recently described
Thaumarchaeota, well known for their involvement in the nitrogen cycle in
many habitats.
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Cyanobacteria
General Distribution of Cyanobacteria in Desert Crusts

Cyanobacteria have long been recognized as essential components of desert crusts,
and early studies demonstrated that these crusts were dominated by filamentous
cyanobacteria, with Microcoleus, Phormidium, Plectonema, Schizothrix, Nostoc,
Tolypothrix, and Scytonema being described as common genera found worldwide in
hot and cold deserts (Johansen 1993). As noted above for bacteria and in common
with many other biofilms, cyanobacteria have been found to be stratified with desert
crusts, with maximal photosynthetic activity being observed one millimeter below
the surface (Raanan et al. 2016a). The dominance of cyanobacteria in this environ-
ment implies that they play the role of keystone species, probably through their
abilities to appropriately modify the physical matrix, to provide fixed carbon as
primary producers and, in most cases, to provide fixed nitrogen.

Although it has been long supposed that one of the significant roles played by
cyanobacteria was to establish and maintain crust integrity, in realty there has been
little direct proof for this hypothesis. One relatively recent study has now shown this
to be the case by testing the ability of four different filamentous cyanobacteria, pre-
vious isolated from desert crusts, Microcoleus vaginatus, Phormidium tenue,
Scytonema javanicum, and Nostoc sp., to consolidate sand (Hu et al. 2002). Erosion
was then studied using a wind tunnel, permitting the researchers to test the effects
of a number of variables.

One study, by combining phylogenetic and morphological analysis, was able to
define six distinct clusters of cyanobacteria observed in four biological crust types
from the Colorado Plateau (Garcia-Pichel et al. 2001). One of these did not appear
to have a cultivated representative strain with which to compare, and another,
although “Phormidium-like,” contained only sequences from desert crust cyano-
bacteria and was quite distant from Phormidium species. A new name, Xeronema,
was proposed for this cluster. However, this seems like a poor choice since it is
already the name of a genus of flowering plants. Nonetheless, DGGE analysis sug-
gests that members of this group are ubiquitous and therefore certainly deserving
of further study.

Arid grasslands in some areas of the Southwestern USA have been shown to
contain three types of crust even though they are growing on the same red sandstone
soil substratum: cyanobacterial crust, lichen-dominated crust, and moss-dominated
crust (Redfield et al. 2002). The cyanobacterial diversity in the three types of crusts
was analyzed using terminal restriction fragment length polymorphism (TRF or
T-RFLP) and 16S rDNA sequence analysis. The results showed that the cyanobacte-
rial crust, while containing other genera, was dominated by strains of Microcoleus
vaginatus, which also the most abundant cyanobacterial species in the moss crust.
On the other hand, this organism was only a minor component of lichen-based
crusts where strains related to Chroococcidiopsis and Oscillatoria were in the
majority.
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Similarly, a study of biological soil crusts in the Gurbantunggut Desert, China,
showed that diverse morphotypes and phylotypes can exist in the same desert
depending upon local conditions: position on a sand dune, type of soil texture, and
available phosphate (Zhang et al. 2011). In most cases, filamentous cyanobacteria
predominated in this study. It was study found that the upper layers of the crusts
were dominated by Microcoleus vaginatus, with appreciable amounts of
Oscillatoria  aeruginosa, Synechococcus  parvus, Oscillatoria  tenuis,
Chlorococcum humicola, Navicula sp., and Hantzschia amphioxys. At least in
these samples, morphotype diversity was largely influenced by phosphate
concentrations.

Hypolithic and Endolithic Cyanobacteria

Cyanobacteria are in the majority in hypolithic communities observed worldwide,
representing 47-96 % of the bacterial phylotypes recovered (Caruso et al. 2011).
Rocks supporting hypolithic growth include quartz, prehnite, and agate. There is
some evidence that hypoliths from warm deserts are mainly coccoid Pleurocapsales
of the genus Chroococcidiopsis, whereas the hypoliths from extreme cold and
polar deserts are more likely to be filamentous oscillatorian morphotypes (Chan
et al. 2012). The contribution of cyanobacteria to the overall ecology of hypo-
lithic communities is probably key due to their autotrophic carbon fixation. In
many hyperarid desert hypolithic communities, cyanobacteria may well be the
only primary producers.

A study of hypoliths found in deserts of Northern Australia found that up to one-
third of the OTUs recovered grouped within Chroococcidiopsis and that photosyn-
thetic activity required a minimum soil moisture content of 15 % (Tracy et al. 2010).
As well, the most common cyanobacterial 16S rRNA sequences recovered from
hypoliths from the hyperarid Atacama Desert were related to Chroococcidiopsis
(Warren-Rhodes et al. 2006). Not surprisingly, this study found that abundance,
diversity, and the residence time of organic carbon decreased significantly with
decreasing annual rainfall. However, even under extremely low rainfall conditions
(<1 mm/year), hypolithic communities can be found if local conditions, such as fog
along the coast, permit (Azia-Bustos et al. 2011). Even under these conditions,
DNA analysis showed that strains related to Chroococcidiopsis appeared to be in
the majority with some strains related to other well-known desert inhabitants,
Microcoleus, Nostoc, and Scytonema, also being recovered.

A more recent, more complete study of organisms of this hyperarid region, part
of a continuing effort where more than 480 cyanobacterial cultures have been iso-
lated, found a variety of species richness and distribution patterns depending upon
sampling site, with it being impossible to culture any cyanobacteria form the major-
ity of the sites (88) examined (Patzelt et al. 2014). Nevertheless, molecular analysis
demonstrated a surprising diversity with a variety of filamentous forms belonging to
Nostocophycideae, Synechococcophycideae, and Oscillatoriophycideae, along
with the coccoid Chroococcidiopsis.



Desert Crusts 227

Endolithic environments, where microorganisms can grow inside translucent
rocks, such as halites, gypsum, and carbonates, are very related microhabitats.
These minerals might help trap some moisture as well as provide some light at short
distances (~mm) beneath the surface while at the same time largely blocking UV
radiation and greatly attenuating the intense solar visible light. A variety of bacteria
and a unique cyanobacterium, related to Halothece, have been recovered from halite
samples (Robinson et al. 2015). Cyanobacteria associated with both halites and
gypsum have been reported to make large quantities of carotenoids and scytonemin,
a UV-protectant compound (see below). The known hypolith, Chroococcidiopsis,
has been found to be an active colonizer of gypsum (Wierzchos et al. 2015).

Desiccation Tolerance

Obviously an important attribute of many desert crust microorganisms is the ability
to survive extended periods of desiccation. Desiccation tolerance, also referred to as
anhydrobiosis, is as yet poorly understood (Potts 2001). It is likely that a number of
different strategies and mechanisms are involved, from means for maintaining pro-
tein stability in the absence of structurally important water of hydration, to repair
processes involved in responses to UV damage and reactive oxygen species (ROS)
(Billi and Potts 2000, 2002).

For a thorough discussion of the relevant biophysical properties of water and the
biological structural and functional considerations related to the consequences of
its loss or reduction through various drying processes, see the discussion by Potts
(1994). Different cellular components and structures are either directly or indirectly
sensitive to dehydration. For one thing, membrane integrity and fluidity are affected
since membranes are held together by the surface tension of water and drying can
affect the membrane transition temperature (7,,) with potentially disastrous and
lethal effects on permeability. How desiccation-tolerant microbes escape this fate is
not known, perhaps they have a different polar/nonpolar nature of their membranes.
Likewise, proteins depend upon bound water to maintain their three-dimensional
structure, and removal of intracellular water below the levels required to maintain
a surface layer covering cellular proteins can cause irreversible denaturation of key
proteins. On the other hand, cellular DNA is probably indirectly affected with the
impossibility of carrying out repair during the desiccated dormant state.

The water content of a “normal” microbial cell is around 70 %, whereas desiccated
cells can reach 3—10 % by weight (Potts 1994). Coping with such a loss of water and
surviving intact pose special problems. For example, the driest state, 3 %, is well below
the amount of water required to fully cloak cellular proteins in a monolayer of water,
30-40 %. It seems that one mechanism of surmounting this problem is the synthesis of
large amounts of sucrose or trehalose, and some desert crust organisms can accumulate
large amounts of these compounds, up to 20 % by weight. However, it would seem
that, although these same compounds are used by some organisms when challenged
osmotically, through what is called “preferential exclusion,” a different mechanism
applies when these compounds are made as protectants against desiccation.
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In fact, a wide variety of compatible solutes are made by a range of microbes,
and these compounds have been suggested to serve a variety of purposes, from des-
iccation tolerance and osmoregulation to reserves of carbon, nitrogen, and energy
(Welsh 2000). “Preferential exclusion” by so-called compatible solutes, sugars,
amino acids, polyols, etc., act to stabilize proteins by forcing the remaining water to
form shells around the proteins, hydrating them. However, this cannot be the mech-
anism of action of sucrose or trehalose in anhydrobiosis since, as noted above, des-
iccated cells do not even contain enough water to fully hydrate their complement of
proteins. Instead, these polyhydroxy compounds are thought to act through a
replacement mechanisms, serving to “hydrate” cellular proteins through the forma-
tion of the requisite hydrogen bonds. In fact, by the same mechanism, trehalose
could stabilize the cellular membrane if it was present on both sides. Finally, these
compounds could act in another manner, through the formation of aqueous glasses,
a property of some solutes at low enough water activity or low enough temperature,
thus avoiding the complete dehydration of the microbial cell at temperatures below
the “glass” melting point, 90 °C for trehalose/water (Potts 1994, 2001).

Similarly, some desiccation-resistant cyanobacteria produce large amounts of
extracellular polysaccharide which presumably offers resistance. For example, up
to 60 % of the dry weight of a colony of Nostoc commune can be formed of the
glycan matrix, a novel polysaccharide composed of a 1-4-linked xylogalactoglucan
backbone decorated with p-ribofuranose and 3-O-[(R)-1-carboxyethyl]-D-
glucuronic acid (nosturonic acid) groups (Helm et al. 2000). The unusual properties
of this compound and its abundance may be put to use, either through the formation
of a biological glass, or, otherwise, to protect the cells from desiccation.

Relatively little is known about how the special challenges faced by photosynthetic
organisms are met. One of the challenges for photosynthetic microorganisms like cya-
nobacteria is how to survive in a desiccated state where metabolism is necessarily dor-
mant, but the photosynthetic pigments, chlorophyll, and phycobiliproteins are still
potentially capable of absorbing photons and generating high-energy states whose dis-
sipation can be quite deleterious. One response is to synthesize chromophores which can
safely absorb potentially damaging light (see below). However, some organisms, like
Leptolyngbya, lack this capacity and hence must rely on another strategy for survival.

One study has suggested that this organism is spared from excessive photochem-
ical reactions in the dry state by small changes in the thylakoid membranes which
appear sufficient to totally quench the absorbed light energy (Bar-Eyal et al. 2015).
Another study showed that over 50 % of photosystem II (PSII) activity could be
recovered within 5 min of rehydration of a desert crust sample that had been kept in
the dry state for over 1 month (Harel et al. 2004). As well, this study suggested that
one survival mechanism of the cyanobacteria within the crust is the unusual ability
to increase the rate of PSII repair with light intensity and time of exposure, resulting
in only very low levels of photoinhibition under high light intensity.

A study of the tolerance of desert green algae to desiccation examined the
recovery of the quantum yield of photosynthesis (F,/F,,) upon rehydration and found
that desert algae showed remarkably different recovery abilities than their aquatic
relatives. Cells incubated over extended periods of time in darkness after desiccation
were more likely to recover than cells which had been illuminated during this time
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period (Gray et al. 2007). As with the isolated green algae, reactivation of photosys-
tem II in lichen soil crusts exposed to repeated dehydration/rehydration cycles
occurs over a remarkably short time period, several hours (Wu et al. 2013b). An
early study examined the responses of several different Nostoc, N. flagelliforme, N.
commune, and Nostoc sp., rewetting after 2 years of dryness (Scherer et al. 1984).
Rapid rewetting was noted with respiration recovering the fastest (30 min), followed
by photosynthesis (~7 h), and, much later (~140 h), nitrogen fixation.

Dynamics of Resuscitation

Of course, there is a great deal of interest in understanding how the individual
organisms and entire community structure responds to cycles of desiccation and
rehydration. Nevertheless, this is a difficult study to make in any great detail and
was not really amenable to examination until the advent of modern molecular tools.
One recent study followed the dynamic changes in microbial community structure
following rewetting by analyzing rRNA using a stable isotope approach and H,0'8
(Angel and Conrad 2013). Cyanobacteria were found to be the dominant group two
weeks after rehydration and incubation in the light.

In order to attempt to mimic natural cycles, but under controlled conditions,
another study employed a chamber which allowed desiccation to take place at con-
trollable rates (Raanan et al. 2016b). A strain of Leptolyngbya ohadii isolated from
the desert crust obtained from the Negev desert was used and examined under con-
ditions, light cycle and drying rate, that corresponded to local meteorological data.
Just as observed with the whole crust, recovery was strongly dependent upon the
previous rate of dehydration, with slower rates favoring recovery (Raanan et al.
2016Db). Insight into the molecular programming leading to responses to desiccation
and rehydration by Microcoleus vaginatus were gained by carrying out an in situ
whole-genome transcriptional time course (Rajeev et al. 2013). This analysis shows
that the onset of desiccation triggers the induction of genes for C and N storage and
response to osmotic, oxidative, and photooxidative stresses. Hydration led to the
immediate induction of genes for DNA repair and regulatory processes, with photo-
synthesis being reestablished within one hour of wetting.

Production of Exopolysaccharides

In general, cyanobacteria as a group have the capacity to synthesize and excrete a
wide variety of extracellular polysaccharides (De Philippis and Vincenzini 1998;
Pereira et al. 2009; Rossi and De Philippis 2015). Most polysaccharides synthesized
(80 %) contain six to ten different monosaccharides, about 90 % have one or more
uronic acids, and as well most contain noncarbohydrate groups such as sulfate,
peptides, acetyl, or pyruvoyl groups (De Philippis et al. 2001). Although this has
been little exploited, many have interesting properties that suggest biotechnological
uses as emulsifying or thickening agents, for cation absorption, etc.
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For terrestrial cyanobacteria, some of which are found in desert crusts,
exopolysaccharides have been proposed to serve a variety of functions: the stabili-
zation of the physical matrix upon which they are growing, the sequestration of
metal cations, as a matrix to absorb excreted UV-protectant compounds, protection
against desiccation, and, perhaps, the basis for gliding motility. In fact, the rapid
rehydration of Nostoc colonies upon rewetting to give macroscopic gelatinous
masses leads to the naming of this genus in the Middle Ages, before the invention
of the microscope (Potts 1997)!

Besides stabilizing the physical structure of the growth matrix and providing a
store of fixed carbon to support growth of heterotrophs (Mager and Thomas 2011),
cyanobacterial exopolysaccharides improve its hydraulic conductivity (Rossi et al.
2012). The cohesive ability necessary for stabilization of fine sand particles seems
to be a function of the specific composition of the polysaccharide (Hu et al. 2003).
Simple amendment of desert soil with cyanobacterial polysaccharide appears to
enhance shrub growth (Xu et al. 2013). Interestingly, given the rampant desertifica-
tion that is underway in many parts of the world, cyanobacteria and their excreted
polysaccharides may play an important role in restoration efforts through the use of
induced biological crusts. Recent research indicates that these cyanobacterial com-
pounds impart many beneficial properties in terms of stabilization and improved
hydrological behavior (Chen et al. 2014; Colica et al. 2014, 2015).

Protection Against High Levels of UV Radiation

Desert crust cyanobacteria might be thought to have high levels of resistance to
radiation. Even the aquatic Anabaena sp. PCC7120 has been found to be relatively
resistant to gamma radiation, with 50 % survival at a dose of 5.4 kGy (Singh et al.
2013). The same study also found that this strain showed desiccation tolerance with
50 % survival after 6 days. Another more pertinent study has shown that cyanobac-
teria of relevance to desert crusts, Microcoleus vaginatus, Nostoc sp., and Scytonema
Jjavanicum, are relatively resistant to UV-B radiation (Chen et al. 2013).

Of course, desert crust microorganisms are by nature exposed to relatively high
levels of UV radiation, and cyanobacteria from this environment have been shown to
have a number of mechanisms for evading or combating UV exposure: avoidance,
defense, and repair (Ehling-Schulz and Scherer 1999). Most filamentous cyanobacteria
possess gliding motility and therefore in principle can escape too high light intensities
through downward migration. In this regard, it is interesting to note that UV-B has been
shown to induce migration of the marine cyanobacterium Microcoleus chthonoplastes
in a microbial mat, implying that it contains an as yet to be described sensor capable of
perceiving light of these wavelengths (Bebout and Garcia-Pichel 1995). In addition,
UV damage is avoided in at least one cyanobacterium through the replacement of the
normal D1 protein, integral part of the PSII reaction center, with a UV-B inducible
isozyme (Campbell et al. 1998). Additionally, changes in PSII may enable some desert
crust cyanobacteria to survive high light intensities in general (Ohad et al. 2010).

Many desert crust cyanobacteria have been shown to produce UV-absorbing
compounds, natural “sunscreens,” as protection against UV-induced photodamage.
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The classic example is scytonemin, a unique UV-A absorbing pigment, which has a
dimeric indole-phenolic structure and is produced only by terrestrial cyanobacteria
(Garcia-Pichel and Castenholz 1991; Gao and Garcia-Pichel 2011; Proteau et al.
1993). This specialized pigment is made by a unique, specialized biosynthetic path-
way, one known to be possessed by a number of cyanobacteria (Sorrels et al. 2009).
In addition to scytonemin, many cyanobacteria, as well as other lower organisms,
are capable of synthesizing water-soluble mycosporine amino acids (MAAs), amino
acids, and amino alcohols linked to a cyclohexanone chromophore, which absorbs
between 310 and 360 nm. Indeed, studies have shown that MA As protect cyanobac-
teria against harmful UV radiation (Ehling-Schulz et al. 1997). One study, using
Nostoc commune isolated from desert crust, showed that exposure to UV-A and
UV-B increased the synthesis of scytonemin and a UV-absorbing mycosporine
along with extracellular polysaccharide (Ehling-Schulz et al. 1997). There were dif-
ferences in induction patterns depending upon whether UV-B or UV-A was sup-
plied, suggesting that synthesis is regulated by different UV photoreceptors.
Recently, microarrays were used to examine the global expression response of
Nostoc punctiforme to UV-A exposure (Soule et al. 2013). Roughly 10% of the
genes (573/6903) were affected, with upregulation of 473 and downregulation of
100. Notably the downregulated genes included those for photosynthetic pigment
biosynthesis, while the upregulated genes included genes encoding scytonemin bio-
synthesis as well as antioxidant enzymes (catalase, superoxide dismutase, etc.).
Strikingly, almost half the upregulated genes could not be assigned to functional
categories, demonstrating that much remains to be learned about this response. The
extremely desiccation- and radiation-resistant Chroococcidiopsis can even survive
the intense UV radiation of outer space for more than 1 year (Cockell et al. 2011).

Nitrogen Fixation

One study carried out on desert crusts of the Colorado Plateau combined a nifH
(encodes Fe-protein of nitrogenase) environmental survey with the isolation of rep-
resentative nitrogen-fixing cyanobacteria and concluded that 89 % of the recovered
nifH sequences were from cyanobacteria of the Nostocales order (Yeager et al.
2007). This suggests that the majority of nitrogen fixation maybe carried out by
cyanobacteria with only a minor role for heterotrophic nitrogen fixation, in contrast
to some earlier proposals (Billings et al. 2003; Johnson et al. 2005). The isolated
strains were morphologically identified as Nostoc commune and Scytonema hyali-
num and strains belonging to Tolypothrix and Spirirestis, but as noted elsewhere
here final taxonomic designation should rely on more detailed molecular analysis.

Specific Desert Crust Cyanobacteria
Much remains to be discovered in terms of specific taxa of cyanobacteria associated

with desert crusts, and it is relatively easy to isolate new species and even new
genera (Rehdkova et al. 2007). Nevertheless, years of standard microbiological
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Table 1 Cyanobacterial morphotypes found in desert crusts of the Colorado Plateau®

Morphotype Type Relative abundance

Sandy

soil Shale | Gypsum | Silt
Ensheathed filaments M. vaginatus ++++ ++ n.d. ++++
Ensheathed filaments Schizothrix sp. ++ ++ + ++
Single filaments Phormidium sp. + n.d. ++ +
Heterocystous filamentous Scytonema sp. + ++ ++ ++
Heterocystous filamentous Nostoc sp. n.d. n.d. +++ +++
Heterocystous filamentous Chlorogloeopsis sp. n.d. n.d. n.d. +

*Adapted from Garcia-Pichel et al. (2001)

work has enabled the isolation and characterization of some of the major
cyanobacterial players in desert crust communities. Some of the relevant details are
given briefly in what follows. Typical morphotypes of cyanobacteria found in the
desert of the Colorado Plateau are given in Table 1.

Nostocales

A variety of organisms falling in this order can often be isolated from desert crusts,
in particular mature ones. In one study, two new Nostoc species, N. indistinguendum
sp. nov. and N. desertorum, sp. nov. as well as a new genus and species within this
order, Mojavia pulchra, were identified (Rehaikové et al. 2007). A great deal of evi-
dence, particularly on the molecular level, supports these assignments and also sug-
gests that various isolates previously identified as known terrestrial species isolated
from humid soils based on morphological considerations have been misidentified.
Strains often identified, based on old morphological criteria, as Scyfonema, are
commonly observed in and isolated from desert crusts (Fig. 3a). There is some

Fig. 3 Desert crust cyanobacteria. Typical isolates from Colorado Plateau desert crusts are shown.
(a) Scytonema sp. (b) Ensheathed trichomes of Microcoleus vaginatus
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suggestion that this genus is in fact polyphyletic, and a new taxonomy for these
strains will probably emerge in the near future with the application of molecular
approaches. Already a number of draft genome sequences of strains isolated from
diverse habitats have recently become available.

Microcoleus

It has long been assumed that cyanobacteria have, as with other free-living micro-
organisms, a ubiquitous occurrence. This has certainly been true for Microcoleus, a
genus within the Oscillatoriales order with reports of the isolation of M. vaginatus
from sites spread around the globe. One classical distinguishing morphological fea-
ture is that the filaments are often found as ensheathed bundles of trichomes
(Fig. 3b). An early application of molecular analysis of 16S rRNA and 16S rRNA-
18S rRNA internal transcribed spacer (ITS) sequences showed that many strains of
M. vaginatus isolated from desert soils in the Southwestern USA were in fact M.
steenstrupii and that there was enough divergence within these to suggest that this
group contains several cryptic species (Boyer et al. 2002). Some variation even
within the much more closely related “true” M. vaginatus strains was also noted.

The degree of identity of M. vaginatus from various locales and the possible role
of geographic barriers, which could lead to some kind of allopatric speciation, were
investigated in a relatively recent study using the 16S rRNA and 16S-23S rRNA ITS
sequences of M. vaginatus isolates from three different continents (Dvoidk et al.
2012). Analysis showed that a broad genetic diversity was present and that strains
isolated in Europe were a separate lineage from strains isolated in North America and
Asia. Thus, geographic isolation, at least on the continental scale, can lead to differ-
ential evolution of local strains over the more than 4 million years since the estimated
divergence. Thus, seemingly cosmopolitan strains can possess cryptic divergence
when examined at the molecular level (Boyer et al. 2002; Dvordk et al. 2012).

A metabolomics study has shown that Microcoleus vaginatus PCC 9802 is capable
of producing mercaptohistidine betaine (ergothioneine) and, more interestingly, unlike
nine other cyanobacteria examined, a series of unusual oligosaccharides, possibly based
on seven carbon sugar alcohols (Baran et al. 2013). These compounds may be important
in promoting gliding motility in this organism, known to be capable of vertical migra-
tion in desert soils (Garcia-Pichel and Pringault 2001; Garcia-Pichel et al. 2001).

These cyanobacteria normally have a very characteristic sheath encasing multi-
ple filaments (Fig. 3b). Microscopic studies have shown that this sheath, by virtue
of its polysaccharide content, binds soil particles and, most likely, cationic minerals.
In addition, electron micrographs show that filaments are completely encased in
sheaths when dry, suggesting that they might also confer desiccation tolerance to
this organism (Belnap and Gardner 1993). Desertifilum tharense, a novel cyanobac-
terium related to Microcoleus, but with more than 5% 16S rRNA sequence diver-
gence, has been described from crusts of the Thar Desert in India (Dadheech et al.
2012). On the basis of their 16S rRNA sequence, this is a distinct lineage while
sharing some morphological features with Microcoleus and Phormidium.
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Pseudoanabaenales

This is an order that was recently split off from Oscillatoriales and contains the
polyphyletic Leptolyngbya. Within the Leptolyngbya lie organisms that have been
isolated from desert crusts from a variety of locations and which have been
recently recognized as a new genus, Nodosilinea (Perkerson et al. 2011). Another
group has identified a number of new Oculatella species in this order, O. ataca-
mensis and O. mojavensis, isolated from different desert habitats (Osorio-Santos
et al. 2014).

Gloeocapsopsis

Recently a novel Gloeocapsopsis (order Chroococcales), a hypolith isolated from
the Atacama Desert, was described. This cyanobacterium appears to be highly toler-
ant to desiccation with 69 % survival after 2 years at 0.4 a,, (Azua-Bustos et al.
2014). Upon desiccation, this organism was found to increase the synthesis and its
content of sucrose and trehalose, compatible solutes. There is some indication that
desiccation tolerance requires the capacity to repair DNA, and thus there is potential
overlap with radiation resistance.

Chroococcidiopsis

Indeed, when Chroococcidiopsis strains (order Chroococcidiopsidales), important
members of desert crusts from hyperarid areas and known for their robust desicca-
tion tolerance, were examined for radiation resistance, there was 35-80 % survival
of doses of 2.5 kGy (Billi et al. 2000). As noted above, representatives of this genus
have been isolated from a large number of hyperarid habitats. They are character-
ized as being spherical, unicellular cells, commonly found in groups or clumps
where they can be covered by a common envelope or sheath.

Responses of Desert Crusts to Climate Change

Although not enough is known presently about the ecophysiology of desert crusts
to be able to predict with any certitude how they might respond to the different
challenges of a climate-induced change in the desert environments in which they
are found, several studies have recently suggested several possible scenarios.
Analysis of a large-scale, long-term (10 years) experiment where a desert area as
kept under elevated CO, shows that, in contrast to expectations, cyanobacterial
biomass actually decreased under prolonged exposure to elevated CO, and that
this decrease was due to a reduction along multiple lineages as there was no appar-
ent reduction in taxonomic richness (Steven et al. 2012a, b). Additionally, total
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microbial biomass was the same between elevated and ambient CO, samples, sug-
gesting that the decline in cyanobacterial biomass was accompanied by an equal
increase in other groups. A study of the biogeographic distribution of two
Microcoleus species, M. vaginatus and M. steenstrupii, found that M. vaginatus
was more prevalent at coder sites and M. steenstrupii more prevalent at hotter
sites, suggesting that M. vaginatus will be replaced by M. steenstrupii as the earth
warms (Garcia-Pichel et al. 2013).

Biotechnological Aspects

Although relatively little exploited until now, the different organisms found in
desert crusts can be imagined to have the capacity to make a number of com-
pounds of potential biotechnological interest. At some point therefore, there
may be an interest in the cultivation of specific organisms in order to carry out
large-scale production of particular compounds. Recently, a specific type of
photobioreactor has been proposed for this end (Kuhne et al. 2014). In this case,
the cyanobacterium Trichocoleus sociatus was grown in an immersed fashion
instead of the normal submerged mode, leading to a 35 % increase in growth
rate and a sevenfold increased production of product, extracellular polymeric
substances (EPS).

Microcoleus vaginatus has been reported to produce an unusual mixture of four
normal and a relatively low concentrations, more than 60 alkanes, with the dominant
compounds being heptadecane (12 %), 7-methylheptadecane (7.8 %), hexadecanoic
acid (6.5 %), (Z)-9-hexadecenoic acid (5.6 %), 4-ethyl-2,2,6,6-tetramethylheptane
(2.8%), (Z)-9-octadecenoic acid (2.8 %), and 4-methyl-5-propylnonane (2.7 %)
(Dembitsky et al. 2001).

Conclusion

Desert crusts, with their keystone cyanobacteria, are important ecological commu-
nities covering relatively significant areas of land under what can be considered
largely inhospitable climatic conditions. They have evolved special adaptations per-
mitting survival and proliferation under adverse conditions. A fair amount is already
known about diversity and biogeography of some of the various crust organisms and
about some of the desiccation protection and UV protection mechanisms involved.
The future should bring much more detailed information about the important physi-
cal and metabolic interactions between the key microbial partners and the details of
the molecular mechanisms of adaptation to desiccation and rehydration, including
the cellular programs involved. Finally, given the cryptic metabolic capacities
involved, it is likely that desert crust organisms represent a largely untapped
resource of compounds of potential biotechnological interest.
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Cyanobacteria in Terrestrial Symbiotic
Systems

Jouko Rikkinen

Abstract Filamentous cyanobacteria are important primary producers and N, fix-
ers in many terrestrial environments. As reduced nitrogen is often limiting, some
thalloid liverworts (Marchantiophyta), hornworts (Anthocerophyta), the water fern
Azolla (Salviniales), cycads (Cycadophyta), and the angiosperm Gunnera
(Gunnerales) have evolved the ability to establish stable and structurally well-
defined symbioses with N,-fixing cyanobacteria. Also a wide diversity of lichen-
forming fungi have cyanobacteria as photosynthetic symbionts or as N,-fixing
symbionts. Cyanolichen symbioses have evolved independently in different fungal
lineages, and evolution has often resulted in convergent morphologies in distantly
related groups. DNA techniques have provided a wealth of new information on the
diversity of symbiotic cyanobacteria and their hosts. The fact that many plants and
fungi engage in many different symbioses simultaneously underlines the probable
significance of diffuse evolutionary relationships between different symbiotic sys-
tems, including cyanobacterial and mycorrhizal associations. This review intro-
duces the reader to recent research on symbiotic cyanobacteria in terrestrial
ecosystems and shortly describes the astonishing range of diversity in these ecologi-
cally important associations.

Introduction

Mutually beneficial symbiotic interactions are an inherent feature of most ecologi-
cal communities. Nitrogen is essential for growth of land plants, but the availability
of reduced nitrogen in the soil is often limiting. Diazotrophic bacteria are able to
convert atmospheric dinitrogen (N,) to ammonia (NH;) that can be utilized by
plants, and consequently, numerous land plants form an association with N,-fixing
bacteria. These interactions include the morphologically and physiologically highly
coevolved symbioses between legumes and rhizobia, between actinorhizal plants
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and Frankia, and a plethora of more casual associations between plants and pro-
karyotic diazotrophs (Bothe et al. 2010; Santi et al. 2013).

Filamentous cyanobacteria are important N, fixers in aquatic ecosystems but also in
many terrestrial environments (Cornelissen et al. 2007; Menge and Hedin 2009; Elbert
etal. 2012; Lindo et al. 2013; Rousk et al. 2013; Arréniz-Crespo et al. 2014). However,
only a restricted and highly paraphyletic assemblage of land plants establish well-
defined symbioses with cyanobacteria. These include two genera of thalloid liverworts
(Marchantiophyta), all hornworts (Anthocerophyta), one genus of ferns (Azolla,
Salviniales), all cycads (Cycadophyta), and one isolated genus of angiosperms
(Gunnera, Gunnerales). Within the symbiotic structures produced by plants, the sym-
biotic cyanobacteria (cyanobionts) are sustained by sugars provided by the host plant
(Adams and Duggan 2008; Meeks 2009; Ekman et al. 2013). Most plant—cyanobacte-
rium symbioses are facultative in the sense that both partners can be cultured sepa-
rately, but plants in the wild invariably associate with cyanobacterial symbionts.

Nitrogen is also essential for fungal growth and not surprisingly also many fungi
associate with N,-fixing prokaryotes, including diazotrophic cyanobacteria
(Schneider et al. 2016). In addition, a wide diversity of lichen-forming fungi have
cyanobacteria as photosynthetic symbionts (photobionts). Cyanolichen symbioses
have evolved independently in many fungal lineages, and convergent evolution has
often resulted in similar thallus morphologies in distantly related groups of lichen-
forming fungi (Rikkinen 2002).

This review introduces the reader to recent research on terrestrial symbiotic cya-
nobacteria and shortly describes the range of variation in their associations with
land plants and fungi. Many if not most plants and fungi engage in multiple symbio-
ses simultaneously. This provides vast possibilities for indirect effects between dif-
ferent symbionts, as well as the potential for each symbiont to modify the benefits
and costs the other symbionts impose on their hosts. Thus, special attention is given
to possible diffuse connections between cyanobacterial and other symbioses, includ-
ing the diverse mycorrhizal associations of early land plants.

Symbiotic Cyanobacteria

While cyanobacteria are diverse and sometimes abundant in many terrestrial ecosys-
tems, only a small minority of them establish well-defined symbioses with eukaryote
hosts. Nostoc is by far the most common genus of cyanobacteria associated with land
plants and fungi (Fig. 1). Also several other nostocalean and stigonematalean genera
(Howard-Azzeh et al. 2014), including Calothrix, Dichothrix, Stigonema, and the
recently re-circumscribed Rhizonema (Liicking et al. 2009, 2013a; Dal-Forno et al.
2013), include symbiotic taxa. Lichen-forming ascomycetes of the predominately
tropical order Lichenomycetes seem to mainly associate with Gloeocapsa, Anacystis,
and other non-nostocalean cyanobacteria (Tschermak-Woess 1988; Voytsekhovich
etal. 2011a, b). However, DNA studies on the biological diversity in these symbioses
have only barely begun (Ortiz-Alvarez et al. 2015).
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Fig. 1 Lichen-symbiotic and free-living terrestrial cyanobacteria. A Foliose bipartite cyanolichen
(Leptogium sp., Peltigerales) with cyanobionts (Nostoc) inside thin gelatinous thallus. The brown
disks are apothecia of the fungal symbiont. B-D Morphological variation of Nostoc cyanobionts in
three specimens of epiphytic Leptogium photographed through the thin upper cortex of hydrated
thalli. Note the large heterocysts in B and C. The small translucent bodies between cyanobacterial
trichomes are fungal hyphae in optical cross section. E-F Morphological variation in free-living
colony-forming Nostoc. G Foliose bipartite cyanolichen (Coccocarpia sp., Peltigerales) with
Rhizonema cyanobionts in the photobiont layer. Scale bars A, E-G 5 mm; B-D 5 pm
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When in symbiosis, the phenotype of cyanobacteria is often modified, compli-
cating direct comparisons between symbiotic cyanobacteria and their aposymbiotic
relatives (Bergman and Héllbom 1982; Schiiiler 2012; Ran et al. 2010). However,
DNA methods can now be used to accurately identify symbiotic cyanobacteria both
from fresh biological material (Rikkinen 2013) and dry herbarium specimens
(Wright et al. 2001; Palinska et al. 2006). At the generic level, the standard DNA
method used for identifying symbiotic cyanobacteria is 16S rRNA gene sequencing.
However, due to many unresolved problems in cyanobacterial taxonomy, the sym-
biotic taxa cannot presently be identified to bacterial species (Oren and Garrity
2014; Pinevich 2015).

Symbiotic Nostoc can benefit their hosts either by providing fixed nitrogen, as in
all plant symbioses and some cyanolichens, or by serving as a source of both carbon
and nitrogen, as in most cyanolichens. Several studies have shown that lichen sym-
biontic Nostoc genotypes are closely related to plant symbiotic and free-living
forms of the same genus (Paulsrud 2002; Rikkinen 2004; Papaefthimiou et al.
2008a; Yamada et al. 2012). They have also indicated that many fungal hosts are
highly selective with respect to their cyanobionts. On the other hand, some lichen-
forming fungi are known to associate with many different cyanobiont genotypes
and frequently share them with other fungal species (Kaasalainen et al. 2012;
O’Brien et al. 2013; Magain and Sérusiaux 2014; see Rikkinen 2013 for recent
review). Bryophytes and cycads do not seem to be quite as selective in their cyano-
biont choice and can often associate with several different Nostoc genotypes
(Rikkinen and Virtanen 2008; Gehringer et al. 2010; Yamada et al. 2012).

As a whole, attempts to characterize the cyanobacterial symbiont have so far
been made for a minute fraction of all known terrestrial symbioses. However, the
complete genomic sequence of the symbiotically competent cyanobacterium Nostoc
punctiforme (strain ATCC 29133 or PCC 73102), originally isolated from the coral-
loid roots of the cycad Macrozamia, has been determined (Meeks et al. 2001). Also
the genome of the cyanobiont of the water fern Azolla (“Nostoc azollae” 0708) has
been sequenced (Vigil-Stenman et al. 2015), and genomic sequences of several
lichen-associated Nostoc genotypes are expected to become available soon (Grube
etal. 2014). Metagenome sequencing of cyanolichens is also providing new insights
into the genetic diversity of cyanobacterial symbioses (Kampa et al. 2013;
Sigurbjornsdéttir et al. 2015).

Cyanobacterial Adaptations to Symbiosis

Species of Nostoc form multicellular filaments in which, especially under condi-
tions of combined nitrogen deprivation, some cells differentiate into heterocysts
(Fig. 1), which have a thickened cell wall and provide a micro-aerobic environment
for the functioning of the highly oxygen-sensitive enzyme nitrogenase, which is
essential for the conversion of N, to NH; (Dodds et al. 1995; Flores and Herrero
2010). The vegetative cells and heterocysts of Nostoc are mutually interdependent;
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the latter import photosynthates from vegetative cells and provide nitrogen in return.
Multicellularity evolved in cyanobacteria already 2.5 billion years ago (Tomitani
et al. 2006; Schirrmeister et al. 2011, 2013, 2015) and has since been lost and
regained several times in different cyanobacterial lineages (Flores and Herrero
2010; Claessen et al. 2014).

The vegetative cells of Nostoc can also differentiate into thick-walled resting
stages (akinetes) and/or hormogonia which are short, small-celled filaments that
move by gliding (Meeks et al. 2002). Hormogonia are attracted to root extracts and
to certain sugars, including glucose, and can penetrate into tissues and cells of plant
and fungal hosts (Meeks and Elhai 2002; Adams and Duggan 2008; Ekman et al.
2013). They differentiate in response to a range of signals, including the still unchar-
acterized hormogonium-inducing factor (HIF) that is released by plants under nitro-
gen starvation (Campbell and Meeks 1989; Nilsson et al. 2006). For more on the
role and mechanisms of cyanobacterial motility in plant infection, see Adams and
Duggan (2008) and Adams et al. (2013).

When inside the plant host, hormogonium production is repressed by
hormogonium-repressing factors. Liaimer et al. (2015) reported that the nonribo-
somal peptide nostopeptolide produced by symbiotic Nostoc can function either as
a hormogonium-repressing factor or as a chemoattractant, depending on its extra-
cellular concentration. Splitt and Risser (2016) found that plant-derived sucrose or
sucrose analogs can both repress hormogonia and induce the production of a poly-
saccharide sheath that seems to play a role in the establishment and maintenance of
the symbiotic state in Nostoc. The signaling between the plant and the cyanobiont
may also involve arabinogalactan proteins (Jackson et al. 2012; Adams et al. 2013).

Inside the host plant, the symbiotic cyanobacterium can undergo drastic morpho-
logical and physiological changes. The vegetative cells may be enlarged and show
irregularities of shape. The rate of CO, fixation tends to be reduced, whereas N,
fixation is stimulated and ammonium assimilation downregulated (Adams and
Duggan 2008; Adams et al. 2013). In plant symbioses and some cyanolichens, the
frequency of heterocysts increases, often reaching 30—40 %, which is several times
higher than that typically found in free-living Nostoc (Meeks and Elhai 2002). The
doubling time of symbiotic Nostoc may be slowed down to a fraction of that in free-
living cyanobacteria, which ensures that the cyanobiont does not outgrow its host.
For details on genetic aspects of plant—cyanobiont interactions, the reader is referred
to Adams et al. (2013).

In exchange for fixed nitrogen, the plant-symbiotic cyanobacteria extract a carbon
cost from their hosts. The high rate of N, fixation cannot be maintained by the limited
photosynthetic capacity of the cyanobionts themselves and must be supported by
reduced carbon from the host. Symbiotic cyanobacteria are facultative heterotrophs
and the sugars most frequently assimilated are fructose, glucose, and sucrose. From
a carbon budget perspective, the overall costs to the host for maintaining cyanobacte-
rial N, fixation and respiration have not been determined, but they may be consider-
able. Especially in situations where soil nitrogen is easily obtained, the cost of
maintaining cyanobionts may outweigh the benefits and explain why cyanobacterial
symbioses are not more common among land plants (Ekman et al. 2013).
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The cell surfaces of cyanobacteria are covered with complex carbohydrates
which act as barriers against different types of stress and can also act as specific
recognition factors (Kehr and Dittmann 2015). Recognition of compatible cyanobi-
ont cells is believed to be performed by specific lectins produced and secreted by the
plant or fungal host. Lectins have been identified from the fungal hosts of several
cyanolichen species (Manoharan et al. 2012; Miao et al. 2012), and a glycosylated
arginase acting as a fungal lectin has been found to bind to Nostoc from cyanoli-
chens to function in the recruitment and adhesion of cyanobiont cells to the hyphal
surface (Diaz et al. 2009, 2011; Vivas et al. 2010).

Vertical transmission of cyanobionts from one host generation to the next has
evolved independently in many different lineages of cyanolichens (Rikkinen 2002),
in thalloid liverworts (Rikkinen and Virtanen 2008), and in the cyanobacterium—
Azolla symbiosis (Adams et al. 2013). The production of specialized symbiotic
propagules helps to maintain pairwise symbiotic interactions over time and pro-
motes the likelihood of coevolution between specific partners. The cyanobiont of
Azolla spends its entire life cycle within the host plant and due to genomic erosion
is now unable to grow aposymbiotically (Ran et al. 2010; Vigil-Stenman et al.
2015). Also some lichen-symbiotic Nostoc genotypes are “unculturable” and may
well have lost their ability to grow outside lichen thalli (Rikkinen 2013).

Kaasalainen et al. (2012) related the high diversity of microcystin variants and
corresponding genes in lichen cyanobionts to the evolutionary effects of symbiotic
dispersal. When packaged into propagules of symbiotically dispersing lichens, the
cyanobionts invariably experience extreme genetic bottlenecks. On the other hand,
the close association with one or more fungal hosts likely promotes the selection for
traits different from those typically experienced by nonsymbiotic cyanobacteria. As
a whole, the recurrent bottlenecks and other populations shaping effects may have
been instrumental for the evolution of the present genetic and chemical diversity in
lichen cyanobionts.

Cyanobacteria produce a wide range of secondary metabolites, including many
toxic compounds (Calteau et al. 2014; Dittmann et al. 2015). The cyanobionts of
some cyanolichens produce hepatotoxic microcystins and nodularin in symbiosis
(Oksanen et al. 2004; Kaasalainen et al. 2009, 2012, 2013), and nodularin was
recently also found from the roots of cycads (Gehringer et al. 2012). These nonribo-
somal peptides are familiar from cyanobacterial blooms in aquatic ecosystems,
where they have caused animal poisonings around the world and also pose a threat
to human health. It is also possible that some lichen-symbiotic cyanobacteria can
contribute to the defense against their hosts and/or parasitic fungi by producing has-
salladins or other mycotoxic compounds (Vestola et al. 2014; Shishido et al. 2015).

Cyanolichens

‘Lichens are traditionally defined as ecologically obligate symbioses between fun-
gal hosts and symbiotic green algae and/or cyanobacteria. The term “cyanolichen”
is used of lichens with a cyanobacterial symbiont (cyanobiont), either as the sole
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photosynthetic partner (photobiont) or as a N,-fixing symbiont in addition to a pri-
mary eukaryotic photobiont. Lichen symbioses do not have independent scientific
names; all partners of the symbiosis have their own names and the name of the intact
“lichen species” refers to the fungal partner alone. Cyanolichen symbioses are eco-
logically obligate in the sense that the mycobionts of most cyanolichens cannot be
cultured without the appropriate cyanobionts, and most of the cyanobionts do not
appear to establish aposymbiotic populations outside lichen thalli.

Symbioses between different fungi and cyanobacteria have evolved indepen-
dently on many occasions, and in some lineages, the symbiosis seems to have been
lost. Numerous cyanolichen species, possibly even the majority, have not yet been
found and described (Lumbsch et al. 2011; Liicking et al. 2014; Moncada et al.
2014). A lichen-symbiotic lifestyle appears to have evolved at least ten times in the
Ascomycota and five times in the Basidiomycota, with a vast majority of the ca.
18,000 currently accepted species of lichen-forming fungi belonging to the ascomy-
cetes (Liicking et al. 2014). Only about 10% of the currently known species of
mycobionts establish lichen symbioses with cyanobacteria, with the overwhelming
majority associating with green algae (Chlorophyta), especially certain groups of
trebouxiophytes and Trentepohliales or rarely with other types of eukaryotic algae
(Rikkinen 2002, 2015).

Among the fungi, cyanobacteria establish symbiotic associations mainly with
ascomycetes (Ascomycota). Glomeromycetes (Glomeromycota) and basidiomyce-
tes (Basidiomycota) are common partners in mycorrhizal symbioses, but associa-
tions between them and cyanobacteria are rare. Prominent exceptions include
basidiomycetes of the Dictyonema clade (Dal-Forno et al. 2013; Liicking et al.
2014) and the enigmatic glomeromycete Geosiphon (Schiiller 2012), which does
not well fit into the commonly used definition of a “lichen-forming fungus.” The
polyphyletic chytrids (Chytridiomycota) include many parasites of cyanobacteria
(Gerphagnon et al. 2013; Rohrlack et al. 2015), but no mutualistic forms have been
described.

The Lichen Thallus

Within the lichen thallus, the cyanobiont provides sugar (as glucose) and/or fixed
atmospheric dinitrogen (as ammonium) to the mycobiont. The fungus, in turn, pro-
vides the cyanobionts water, carbon dioxide, and stable environment that is rela-
tively well buffered against environmental extremes and grazing invertebrates.

On the basis of their general habit, cyanolichens have traditionally been grouped
into foliose, fruticose, and crustose species (Fig. 2). This division is obviously arti-
ficial and convergent forms have repeatedly evolved in different fungal lineages.
The thalli of most cyanolichens are foliose, i.e., their dorsiventral thalli are flat and
lobate and mainly grow horizontally. Fruticose cyanolichens produce shrubby, often
upright thalli with cylindrical lobes that may be attached to the substrate only by a
narrow base. Crustose cyanolichens produce relatively undifferentiated thalli that
often grow very tightly attached to or even partly immersed into the substrate.
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Fig. 2 Cyanolichen growth forms. A Foliose bipartite cyanolichen (Peltigera praetextata,
Peltigerales) with cyanobionts (Nostoc) in a layer below the upper cortex of the stratified thallus.
B Foliose cephalodiate lichen (Peltigera leucophlebia, Peltigerales) with cyanobionts (Nostoc) in
cephalodia on the upper surface of the green algal thallus. C Fruticose cephalodiate lichen
(Stereocaulon sp., Lecanorales) with cyanobionts in large saccate cephalodia. D Crustose bipartite
cyanolichen (Collema sp., Peltigerales). E Gelatinous bipartite cyanolichen (Leptogium saturni-
num, Peltigerales). Scale bars 5 mm

The thalli of most lichens are clearly stratified and have a protective upper cortex,
a well-defined photobiont layer immediately below, and a loose medulla that effec-
tively facilitates gas exchange. The lower surface may have rhizines which attach the
lichen to substrate, help to maintain airspace below the thallus, and contribute to water
absorption. The effective exchange of metabolites obviously requires an intimate con-
nection between the mycobiont and photobionts. In most cyanolichens, thin-walled
mycobiont hyphae penetrate the gelatinous sheaths of cyanobionts but are not in direct
contact with the cyanobacterial cell wall. For more details of the anatomy of lichen
thalli, the reader is referred to the recent review by Honegger (2012).
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The light-absorbing fungal pigments and refractive structures in the cortex influ-
ence the quantity and quality of light that reaches the photobiont layer (Bjerke et al.
2005; Wu et al. 2014). The structural organization of the thallus also influences water
relations; while thick thalli need a relatively long time to fill their internal water stor-
age, the fully hydrated thalli can also continue photosynthesis for extended periods
while drying (Gauslaa 2014; Merinero et al. 2014). In most cyanolichens, the struc-
tural characteristics of the thallus can be modified in response to the prevailing envi-
ronment. The genetic regulation of lichen thallus formation and metabolite exchange
is still almost unknown, but it must involve extensive molecular crosstalk between
the partners (Chua et al. 2012; Kampa et al. 2013; Wang et al. 2014).

The cyanobionts of gelatinous cyanolichens or so-called jelly lichens (Oksanen
et al. 2002; Otdlora et al. 2013, 2014) are not organized into a distinct photobiont
layer but occur more freely within the medulla (Fig. 2). The extensive gelatinous
sheaths of the cyanobionts can absorb large quantities of water, and consequently,
gelatinous cyanolichens typically exhibit major changes in thallus dimensions dur-
ing wetting and drying and are in this respect similar to the gelatinous colonies of
free-living Nostoc (Fig. 1).

Based on symbiont composition, cyanolichens have traditionally been divided
into two artificial groups: bipartite cyanolichens and tripartite or cephalodiate
lichens (Fig. 2). In bipartite cyanolichens, the cyanobionts typically form a photobi-
ont layer immediately below the upper cortex. In cephalodiate lichens, the fungus
produces a compound thallus with green algal and cyanobacterial symbionts
(Fig. 3). In most cases, the green algal symbionts form a photobiont layer, while the
cyanobionts are restricted to cephalodia, i.e., specific structures housing cyanobi-
onts in an otherwise green algal lichen thallus (Cornejo and Scheidegger 2013).
Lichen cyanobionts can deliver both sugar and fixed nitrogen to their fungal part-
ners, and the relative importance of these two activities differs in bipartite and ceph-
alodiate cyanolichens. In cephalodiate lichens, the green algal photobionts typically
produce most photosynthate and the cephalodial cyanobionts mainly fix nitrogen
(Green et al. 2008; Nash 2008). Concurrently, the cephalodial cyanobionts tend to
show higher heterocyst frequencies and higher rates of N, fixation than those of
bipartite cyanolichens. As a whole, cephalodia occur in hundreds of lichen species,
often hidden in the medulla or on the lower surface of the thallus, reflecting the
primary role of cephalodial cyanobionts in N, fixation.

Cephalodiate cyanolichens can either have one cyanobacterial genotype in all
cephalodia of a single lichen thallus (Paulsrud et al. 1998, 2001) or house different
cyanobacterial genotypes in different cephalodia (Paulsrud et al. 2000; Kaasalainen
et al. 2009), and some tripartite lichens have the two different photobionts in what
appears to be the same photobiont layer (Henskens et al. 2012). It is possible that
some mycobionts can respond to habitat variability and environmental change by
selecting between different cyanobiont genotypes with different environmental
optima, in a similar way as has been described from some green algal lichens (Casano
et al. 2011). Some cyanolichen mycobionts can produce distinct thallus morpholo-
gies in symbiosis with compatible green algae and cyanobacteria, respectively
(Fig. 3). The disparate morphs can either combine to form one chimeric thallus or
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Fig. 3 Cephalodia and photosymbiodemes. A Cephalodia with Nostoc cyanobionts on upper sur-
face of Peltigera aphthosa (Peltigerales). B The cephalodia are delimited by a continuous fungal
cortex. C Poorly delimited cephalodia with Nostoc cyanobionts on the stems of Stereocaulon sp.
(Lecanorales). D Large cephalodia with Nostoc cyanobionts on the upper surface of Placopsis sp.
(Trapeliales). E Photosymbiodeme of Pseudocyphellaria sp. (Peltigerales). Green algal lobes with
Nostoc cyanobionts in internal cephalodia developing from bipartite thallus of the same lichen. F
Independent Dendriscocaulon cyanomorph of Sticta sp. (Peltigerales). G Photosymbiodeme of
Nephroma arcticum (Peltigerales). Green algal lobes with Nostoc cyanobionts in internal cephalo-
dia developing from bipartite thallus of the same lichen. Scale bars 5 mm
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grow separately. Chimeric lichens with green algae and cyanobacteria as photobionts
in different parts of one thallus are called photosymbiodemes, and the two types of
free-living morphs are called chloromorphs (chlorosymbiodemes) and cyanomorphs
(cyanosymbiodemes), respectively. Many previously unknown photosymbiodemes
have recently been described from different cyanolichen lineages (Aptroot and
Schumm 2009; Magain et al. 2012; Magain and Sérusiaux 2014). They can poten-
tially be used for studying the influence of photobiont choice on thallus morphogen-
esis and metabolism under identical conditions of growth and host association
(Schelensog et al. 2000).

While lichens are usually perceived as pairwise interactions between one fungus
and one or two photobionts, they regularly also incorporate a plethora of associated
microorganisms. Lichen thalli host diverse and apparently specialized communities
of non-phototrophic bacteria (Grube et al. 2009; Hodkinson and Lutzoni 2009;
Hodkinson et al. 2012; Sigurbjornsdéttir et al. 2014; Aschenbrenner et al. 2016).
Also the diversity of associated microfungi is remarkable; nearly 2000 species of
lichenicolous fungi have been described and thousands of additional species are
believed to await description (Arnold et al. 2009; U’Ren et al. 2012; Werth et al.
2013). Many lichenicolous fungi grow only on cyanolichens (Fig. 5), either as host-
specific parasites or as broad-spectrum pathogens, saprotrophs, or commensals
(Lawrey and Diederich 2016). In addition, some green algal lichens regularly start
their development on cyanolichen thalli (Dal-forno et al. 2013), while others associ-
ate with colonies of “free-living” cyanobacteria, presumably in order to access fixed
nitrogen (Rikkinen 2002).

Ascolichens and Basidiolichens

Among the Ascomycota, cyanobacteria form symbioses especially with
Lecanoromycetes (Miadlikowska et al. 2014) and Lichinomycetes (Schultz et al.
2001). An overwhelming majority of cyanolichen mycobionts belong to
Lecanoromycetes (Fig. 4). Species that form bipartite symbioses with cyanobacte-
ria are largely restricted to the Peltigerales, while cephalodiate taxa occur more
sporadically among different lecanoromycete orders (Miadlikowska et al. 2014).
Most fungi in the Peltigerales (e.g., Collemataceae, Nephromataceae, Pannariaceae,
and Peltigeraceae) associate with symbiotic Nostoc, while others (e.g.,
Coccocarpiaceae) associate with other nostocalean and/or stigonematalean cyano-
bionts (Liicking et al. 2009, 2013b; Ekman et al. 2014; Spirbille et al. 2014; Zufiga
et al. 2015, see Rikkinen 2013 for more detailed review).

All fungi in the predominately tropical ascomycete class Lichinomycetes are
lichen symbiotic, and most of them seem to establish bipartite symbioses with
Gloeocapsa, Anacystis, and other non-nostocalean cyanobacteria (Tschermak-
Woess 1988; Schultz et al. 2001; Voytsekhovich et al. 2011a, b). However, Ortiz-
Alvarez et al. (2015) reported that the cyanobionts of two European species of
Lichina (Lichinomycetes) were closely related to marine and freshwater strains of
Rivularia (Nostocales).
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Fig. 4 Ascolichens and basidiolichens. A Fertile specimen of bipartite ascolichen Fuscopannaria
sp. (Peltigerales) with apothecia on the upper surface of the thallus. B Bipartite ascolichen Peltigera
sp. (Peltigerales) with apothecia on upper surface of upright thallus lobes. C Bipartite ascolichen
Peltigera sp. (Peltigerales) producing symbiotic propagules (soredia) in well-delimited structures
(soralia) on upper surface of the thallus. D Bipartite basidiolichen Dictyonema s.lat. (Agaricales)
with Rhizonema cyanobionts in corticoid basidiomata. Scale bars 5 mm

While lichenization is generally rare among basidiomycetes, it has clearly
evolved several times in unrelated groups. Seven currently accepted genera form
structurally well-delimited symbioses with green algae or cyanobacteria. In addi-
tion, several other groups of basidiomycetes include lichenicolous species, some of
which grow on cyanolichens (Diederich 1996; Lawrey and Diederich 2016). The
major lineages of Basidiomycota that contain lichen-forming species also exhibit
saprotrophic, pathogenic, mycorrhizal, and lichenicolous taxa (Lawrey et al. 2009).
For example, some species of Athelia (Atheliales) associate with cyanobacteria,
while others are saprophytes or grow on coccomyxoid green algae or as lichen para-
sites (Oberwinkler 2012).

Recent studies have revealed that especially the Dictyonema clade (Fig. 4) in
the Hygrophoraceae (Agaricales) includes a large number of hitherto undescribed
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species (Liicking et al. 2013a, 2014). All species of this clade are lichen-forming
(Dal-Forno et al. 2013, 2016). The basal clade of Dictyonema s. lat. includes fungi
with appressed-filamentous thalli and a simple hyphal sheath around the cyanobac-
terial photobiont filaments (Lawrey et al. 2009). Dictyonema s. str. is a paraphy-
letic grade of species that form appressed to shelflike filamentous thalli with the
cyanobiont filaments surrounded by jigsaw puzzle-shaped hyphal sheaths.
Acantholichen, Corella, and Cora are nested within Dictyonema s.lat and have
coiled cyanobacterial filaments forming clusters, wrapped within a dense hyphal
sheath formed by jigsaw puzzle-shaped cells of the mycobiont, appearing unicel-
lular or pseudo-colonial. Acantholichen is sister to Corella, both in turn forming a
sister clade to Cora (Lawrey et al. 2009; Dal-Forno et al. 2013). The Neotropical
genus Acantholichen includes microsquamulose species with dark blue to gray
thalli, with spiny apical cells on both thallus surfaces, giving them a coarsely
white-pruinose appearance (Jgrgensen 1998).

The cyanobionts of the Dictyonema and related basidiomycetes were previously
identified as Scytfonema or Chroococcus, depending on whether their filaments were
short coiled or not (Tschermak-Woess 1988). Liicking et al. (2009) revealed that
they form a lineage among nostocalean cyanobacteria clearly distinct from
Scytonema species and named them Rhizonema (Liicking et al. 2009). In Dictyonema,
Cora, and Acantholichen, the cyanobionts are enveloped by fungal hyphae and pen-
etrated by haustoria. Thus, like in parasitic chytrids and some cyanophilous asco-
mycetes, the basidiomycete hosts actually penetrate the cell walls of cyanobacteria
in search of nutrition (Oberwinkler 1984, 2012).

Lawrey et al. (2009) pointed out that the high concentration and diversity of
lichen-forming taxa in the Hygrophoraceae suggest a predisposition toward lichen
symbiosis in this family, even though nutritional modes in the lineage are not mark-
edly different from many other families in the Agaricales, including mostly sapro-
trophic and ectomycorrhizal fungi. However, the family included many bryophilous
taxa which associate either with the plants directly or with photosynthetic microbial
communities containing complex mixtures of eukaryotic algae, cyanobacteria, and
moss protonemata on water-retaining peat or well-decayed wood. This may indicate
a tendency to switch from a saprotrophic to a lichen-symbiotic mode of nutrition in
bryophilous species of this family (Lawrey et al. 2009).

Cyanolichen Ecology

Cyanolichens are found in many types of terrestrial environments ranging from
tropical rain forests and semideserts to arctic tundra (Fig. 5). Their diversity and
abundance are highest in relatively humid climates. Epiphytic species do particu-
larly well in the moist and cool conditions of higher elevations in tropical mountains
and in maritime regions of higher latitudes. They are often well represented in the
epiphyte communities of old-growth boreal and temperate forests where they inter-
cept and help to retain atmospheric moisture, sequester nutrients, and provide
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Fig. 5 Ecology of cyanolichens. A Lichens are important winter feed for reindeer which graze
heavily on terricolous green algal species. However, the ruminants avoid eating cyanolichens, pos-
sibly due to toxic compounds produced by lichen cyanobionts. B Mollusk grazing limits the distri-
bution of some cyanolichens in boreal rain forests and other humid habitats. C Selective feeding
by unidentified beetle of Nostoc cyanobionts from cephalodia of Nephroma arcticum (Peltigerales).
D Unidentified lichenicolous fungus parasitizing the photobiont layer of Peltigera sp. (Peltigerales).
E Secondary substances produced by many lichen-symbiotic fungi produce can play a role in
defense against herbivores. This Pseudocyphellaria species produces yellow vulpinic acid and
other pulvinic acid derivatives in the medulla, and the toxic compound also accumulates in the
symbiotic propagules (soredia) of the lichen. Scale bars 2 mm
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habitat and food for many invertebrates. Many epiphytic species thrive in micro-
habitats that combine moderate light intensities and ample moisture with periodic
drying events.

In closed canopy forests, epiphytic cyanolichens are often most abundant in the
lower and mid canopy sections, where the quantity and quality of light are moder-
ated by the overlying canopy. Cyanolichens are generally less diverse in arid cli-
mates, but can be important components of biological soil crusts in semideserts,
where they help to stabilize the soil and contribute to its fertility. The N,-fixing
cyanobionts of cyanolichens contribute significant amounts of nitrogen to the eco-
system (Gavazov et al. 2010; Elbert et al. 2012). Flexibility between alternative
nitrogen fixation pathways in Nostoc can be significant for cyanolichens that grow
on nutrient-poor substrates and get most of their mineral nutrition through aerial
deposition (Darnajoux et al. 2014; Hodkinson et al. 2014). Epiphytic cyanolichens
are highly susceptible to the adverse effects of air pollution and can be used as indi-
cators of clean air. In addition, many species have been hard hit by logging and are
now more or less restricted to old-growth forests and can be used as indicators of
long habitat continuity. For more information on the habitat ecology of cyanoli-
chens, see Rikkinen (2015).

Many cyanolichen species facilitate the reproduction and simultaneous dispersal
of their symbiotic consortium by producing symbiotic propagules. However, the
mycobionts of most cyanolichen species only produce fungal spores and must thus
reestablish their symbiotic association at each reproductive cycle. A compatible
partner can be obtained either from a population of free-living cyanobionts or from
the thallus or symbiotic diaspore of another cyanolichen. As appropriate cyanobi-
onts are not likely to be ubiquitously distributed, the local availability of cyanobi-
onts can explain many patterns of cyanolichen species occurrence, and shared
symbiont specificity may lead to facilitative interactions between different fungal
hosts. For example, some spore-dispersed mycobionts appear to be facilitated by the
prior establishment of other cyanolichen species that produce symbiotic propagules
(Rikkinen et al. 2002; Rikkinen 2003, 2013; Fedrowitz et al. 2011, 2012; Belinchén
et al. 2014; Dal Grande et al. 2014) or by bryophytes that house appropriate cyano-
bacteria (Cornejo and Scheidegger 2016).

Geosiphon pyriformis—Nostoc Symbiosis

Geosiphon pyriforme (Geosiphonaceae, Archaeosporales) is the only species of
Glomeromycota that is known to form a well-defined symbiosis with cyanobacteria
(Schiiler 2012). While this unique association has only been found from a few sites
in central Europe, there is full reason to believe that the symbiosis type is ancient
and that other similar associations still exist and await discovery. The Geosiphon
pyriformis—Nostoc symbiosis seems to represent a “living fossil” of multibiont
associations that once connected the cyanobacterial and mycorrhizal symbioses of
early bryophytes and contributed to the evolution of early terrestrial ecosystems.
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The Glomeromycota is a monophyletic group of fungi that was previously
included as an order in the former Zygomycetes. Details in the taxonomic history of
the lineage were recently reviewed by Redecker and Schiifler (2014).
Glomeromycotan fungi establish arbuscular mycorrhizal (AM) symbioses with land
plants including most vascular plants and many hornworts and liverworts. The sym-
biotic fungi colonize plant roots but also efficiently penetrate the soil and improve
plant water and mineral nutrient uptake in return for plant-assimilated carbon (van
der Heijden et al. 2015).

Geosiphon pyriformis is unique among the presently known glomeromycetan
fungi not only in associating with symbiotic cyanobacteria but also because it has
not yet been shown to form mycorrhizae with bryophytes or vascular plants. The
substrate ecology and establishment of the Geosiphon pyriformis—Nostoc symbiosis
were described by Mollenhauer and Mollenhauer (1988) who managed to maintain
the symbiontic consortium in the laboratory. The fungus grows among free-living
cyanobacteria and bryophytes in the topsoil of humid, nutrient-poor sites and regu-
larly occurs in close association with moss protonemata. The Nostoc symbionts are
housed endosymbiotically within small multinucleate and vacuolated fungal blad-
ders on the soil surface, and the fungal hyphae can produce new vesicles when a
specific primordial stage of Nostoc is present. The cyanobacteria are incorporated
by the fungus near the hyphal tip, which then swells and develops into a pear-shaped
aboveground bladder up to 2 mm long. Each bladder results from a single incorpo-
ration event and different bladders formed by the mycelium can thus house different
Nostoc genotypes. Within the terminal bladders, the cyanobionts proliferate and
provide photosynthate and fixed nitrogen to the host. At times the fungus forms
large resting spores similar to those of related glomeromycotan fungi.

Geosiphon bladders are essentially large, multikaryotic cells with a photosyn-
thetically active region in the exposed apex and a more restricted storage region at
the base, partly embedded in the soil and attached to the underground mycelium. All
cyanobionts of each bladder are in one membrane-bound cellular compartment
(symbiosome). There is a rudimentary fungal cell wall between the symbiosome
membrane (fungal plasma membrane) and the enclosed Nostoc cells, basically simi-
lar to the thin cell walls of arbuscules of the AM fungi within colonized plant cells.
For more details on the anatomy and ultrastructure, see Schiifler (2012), and for
genetic aspects, see SchiiBller et al. (2006, 2007) and Ellerbeck et al. (2013).

The endosymbiotic cyanobacterium isolated by Mollenhauer was originally
identified as Nostoc punctiforme. There is a level of specificity in the Geosiphon
pyriformis—Nostoc association as some genotypes of Nostoc are incorporated by the
fungus, while in others the development of the cyanobacterium ceases at an early
stage or it is not incorporated at all (Schiifiler 2012). The cyanobiont can be readily
isolated and cultivated without the fungal partner. The vegetative cells of the cyano-
biont within symbiotic bladders are larger than the cells of typical free-living
Nostoc, apparently because of the high osmotic pressure inside the bladder, but their
ultrastructure is not markedly modified. Also the heterocyst frequency of cyanobi-
onts within the bladder is similar to that of free-living Nostoc, indicating that the
cyanobionts play a principal role in photosynthesis and not in N, fixation (Kluge
et al. 1991, 1992). The cyanobionts within Geosiphon bladders get water, carbon
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dioxide, and all inorganic nutrients except nitrogen from the fungal host. The fun-
gus may also offer protection against heavy metals and other abiotic stress factors
(Scheloske et al. 2001; Wojtczak and Janik 2016).

While Geosiphon pyriforme is the only AM fungus known to have endosymbiotic
cyanobacteria, many other AM fungi host biotrophic endobacteria in their cytoplasm
(Naumann et al. 2010; Torres-Cortésa et al. 2015) and also symbiotic bladders of
Geosiphon house such endosymbionts. The Mollicutes (mycoplasma-related endobac-
teria, MRE) are related to Mycoplasma and Phytoplasma species which are biotrophic
parasites in animals and plants. The coccoid bacteria appear to possess a Gram-positive
cell wall and are not surrounded by host membrane (Torres-Cortésa et al. 2015).

MRE are common in the mycelia and spores of AMF and are thus also indirectly
associated with plants. Recently they have also been identified from species of
Endogone (Mucoromycotina), a fungal genus that also includes plant mycorrhizal
species, implying that the symbiosis between MRE and fungi would predate the
divergence between glomeromycetes and mucoromycetes. They are presumed to
play some role in the AM symbiosis, but the nature of their role is unknown and it
thus remains unclear whether they actually are mutualistic associates or parasites of
their fungal hosts (Desiro et al. 2013b, 2015; Naito et al. 2015; Toomer et al. 2015).

Bryophyte-Cyanobacterium Symbioses

Bryophytes (liverworts, mosses, and hornworts) are generally recognized as the old-
est living land plants (Shaw et al. 2011; Ligrone et al. 2012). While the exact rela-
tionships between the three lineages continue to remain ambiguous (Wickett et al.
2014), the recently most widely accepted view has placed liverworts as sister to all
other embryophytes (Qiu et al. 2006). Unfortunately the fossil record is extremely
fragmentary for all bryophytes and is of limited value for resolving the earliest
divergences and radiations (Taylor et al. 2009). Spore fossils predate plant megafos-
sils by 40 million years and give some clues to the pioneering events in land coloni-
zation some 470 Mya (Edwards et al. 2014; Brown et al. 2015).

Among the extant bryophytes, only the hornworts and some liverworts establish
structurally well-defined symbioses with cyanobacteria. The cyanobionts are usu-
ally Nostoc, although also other cyanobacterial genera have been mentioned as
symbionts of some bryophyte species (West and Adams 1997; Costa et al. 2001;
Rikkinen and Virtanen 2008).

Liverwort Symbioses

Liverworts include ca. 5000 extant species in three classes. Among these, the
Haplomitriopsida, including Treubiales with two genera and the monotypic
Haplomitriales, is sister to all other taxa. The Blasiales with two monotypic genera
is sister to the remaining complex thalloid liverworts, the Marchantiopsida, with ca.
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340 extant species (Wahrmund et al. 2008). All the remaining liverworts belong to
the diverse Jungermanniopsida, which includes both leafy and simple thalloid
forms. Villarreal et al. (2016) estimated that the complex thalloid liverworts diverged
295 Mya (250-365 Mya) and the Marchantiidae (excluding Blasiales) 262 Mya
(226-327 Mya).

Blasia pusilla and Cavicularia densa (Blasiales) are the only extant liverworts
that form morphologically well-defined symbioses with cyanobacteria. The Nostoc
cyanobionts of the thalloid liverworts occupy spherical auricles that develop on the
underside of the thallus. The auricle starts its development from a three-celled muci-
lage hair, and Nostoc hormogonia enter the auricle when it is a small, dome-shaped
structure. Concomitant growth of cyanobiont and auricle expansion eventually
results in a larger, more or less globular structure that is easily visible even with the
naked eye.

Auricles of Blasia pusilla have two slime papillae, with one (the inner slime
papilla) partly filling the young auricle cavity and the other (the outer slime papilla)
arising from the thallus adjacent to the auricle (Fig. 6). The cyanobacteria enter the
auricles as hormogonia, lose their motility, and differentiate heterocysts. As a cya-
nobiont colony grows, filamentous protrusions derived from the inner slime papilla
grow into the cyanobiont colony and increase the surface area of contact between
the cyanobiont and the bryophyte, thus enhancing nutrient exchange between the
host and symbiont (Duckett et al. 1977; Renzaglia 1982; Renzaglia et al. 2000;
Kimura and Nakano 1990).

Blasia and Cavicularia reproduce asexually by producing gemmae which facili-
tate the simultaneous dispersal of the host and Nostoc cyanobionts. Blasia produces
ovoid gemmae in bottle-shaped receptacles and stellate gemmae on the upper sur-
face of the tips of thallus lobes (Fig. 6). Cavicularia produces both types of gemmae
in crescent-shaped receptacles forming close to the tips of mature thallus lobes
(Fig. 7). The ovoid gemmae of both liverwort species are nonsymbiotic and only
associate with cyanobacteria when they have dispersed and develop into thallus
primordia. However, the stellate gemmae essentially represent miniature thalli,
equipped with two symbiotic auricles, which are regularly infected by symbiotic
Nostoc, while the propagules are attached to the parent gametophyte (Rikkinen and
Virtanen 2008).

During gametophyte growth, the symbiosis is continuously reestablished as
young auricles are infected by Nostoc hormogonia. Concurrently, several differ-
ent Nostoc genotypes are often present in single thalli. However, some Nostoc
genotypes are dominant and widespread and typically shared by most bryophytes
within a given locality (West and Adams 1997; Costa et al. 2001; Rikkinen and

»
»

Fig. 6 (continued) a recently infected young auricle with Nostoc propagating between the inner
slime papilla (x) and the auricle wall (cells with chloroplasts). L Branched transfer cells (t) and
detached Nostoc cells revealed by squashing a developing auricle. M Young basidioma of
Blasiphalia pseudogrisella (Hymenochaetales) attached to rhizoids of Blasia pusilla. Several bot-
tle-shaped receptacles (r) releasing ovoid, non-symbiotic gemmae have formed on the upper sur-
face of the liverwort. Scale bars A-D, M 2 mm; E-J 10 pm; E-J 20 pm
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Fig. 6 Cyanobacterial symbiosis of the liverwort Blasia pusilla (Blasiales). A Young gametophyte
with stellate gemmae on upper surfaces of thallus lobes. Some cyanobacterial auricles on the lower
surface of the liverwort can be seen as dark spots through the thin marginal sections of thallus
lobes. B Blasia pusilla is a pioneer colonizer of clayey soils. C The stellate gemmae are essentially
miniature thalli and tend to be infected by symbiotic Nostoc while being still attached to the parent
gametophyte. D Mature auricle with symbiotic Nostoc on the lower surface of the gametophyte.
E-H Series of optical cross sections through a young uninfected auricle in the meristematic region
of stellate gemma; n=~Nostoc hormogonia and trichomes outside the auricle, a auricle, o outer
slime papilla, x inner slime papilla. I Nostoc trichome with terminal heterocyst in contact with
outer slime papilla. J Optical cross section through young uninfected auricle showing the outer
slime papilla (0) and inner slime papilla (x). The Nostoc hormogonia infect the auricle through the
minute opening seen just left of the inner slime papilla. K Optical cross section (from above) of
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Fig. 7 Cyanobacterial symbiosis of the liverwort Cavicularia densa (Blasiales). A Tip of thallus
lobe with cyanobacterial auricles on the lower surface visible as dark spots on the upper surface. B
Mature receptacle (re) producing ovoid and stellate gemmae closely associated with Nostoc colo-
nies of mature auricles. C Close-up of two mature auricles as seen through the upper surface of the
thallus. Scale bars 2 mm

Virtanen 2008). The primary cyanobionts of Blasia and Cavicularia are closely
related and the same Nostoc genotypes have also been found from terricolous
cyanolichens (Rikkinen 2004, 2009, 2013; Rikkinen and Virtanen 2008;
Papaefthimiou et al. 2008b).

The stellate gemmae of Blasia and Cavicularia can promote the persistence of
specific cyanobacterial associations over the critical dispersal phase. During subse-
quent gametophyte development, new auricles are continuously formed. At this
stage, some of the infecting cyanobacteria can represent suboptimal cyanobacteria
from the soil (West and Adams 1997). This is not a serious problem, as only a few
auricles infected by appropriate Nostoc genotypes are needed to support thallus
growth. Hence, the cyanobacterial diversity of bryophyte thalli may more reflect
difficulties in avoiding accidental infections, than the lack of symbiont preference
(Rikkinen and Virtanen 2008).

Some leafy liverworts (Jungermanniopsida) including Frullania and Porella spe-
cies regularly have cyanobacteria in the watersacs of their leaves (Dalton and
Chatfield 1987). Cornejo and Scheidegger (2016) reported that Frullania asagray-
ana and the rare and endangered epiphytic cyanolichen Erioderma pedicellatum
share identical Rhizonema cyanobionts. The liverwort is the principal substrate of
Erioderma during its juvenile stage, and Rhizonema within the watersacs of liver-
wort leaves seems to facilitate the establishment and growth of the rare cyanolichen.
Since Rhizonema has not been found “free-living,” the availability and distribution
of cyanobionts likely represent a critical limit to the establishment and recruitment
of ascospore-dispersed cyanolichen species (Cornejo and Scheidegger 2016). The
watersacs on some liverworts are also involved in other ecological interactions,
including zoophagy of protozoa (Barthlott et al. 2000).
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The basidiomycete Blasiphalia pseudogrisella (Hymenochaetales) forms appres-
soria on the rhizoids of Blasia (Fig. 6). The germinating spores of the fungus have
also been observed to infect slime papillae in the meristematic region of liverwort
gemmae. The fungus belongs to the Rickenella clade with other species that associ-
ate with bryophytes or green algae or are predacious on nematodes. Blasiphalia
seems to only associate with Blasia and may be dispersed via infected gemmae of
the liverwort host (Redhead 1981; Larsson et al. 2006).

In Blasia and Cavicularia, the slime papillae of symbiotic auricles play a crucial
role in symbiosis by attracting hormogonia and developing into transfer cells that
mediate metabolite exchange between the cyanobiont and the plant host. Also the
slime papillae of other liverworts may be involved in symbiotic interactions with
soil microbes (Fig. 8). Such associations have not been described in any detail, but
casual observations reveal that the mucilage produced by slime papillac commonly
supports a diversity of bacteria and filamentous fungi and some of them also infect
the papillae. It seems likely that some of the associated bacteria are diazotrophic or
in other ways beneficial to the plant.

In this context, one must emphasize that the production of slime papillae is an
apomorphic feature that characterizes all extant liverworts. Slime papillae are
ephemeral structures and typically produced in specific localities in growing liver-
worts where there is an obvious need for fixed nitrogen and/or other growth promot-
ers, such as at the tips of growing thalli or leaves, in gemmiferous regions, around

Fig. 8 Interactions between slime papillac of leafy liverwort (Odontoschisma elongatum,
Cephaloziaceae) with bacteria and fungi. A Young uninfected slime papillae at margins and sur-
face of reduced underleaves near the growing tip of the plant; the fragile slime papillae are rarely
preserved in dry herbarium material. B Bacteria (b) and fungal hyphae attached to the surface of
young slime papilla; eventually the fungus infects the papilla with haustoria (h). C At later stages
the slime papillae become heavily infected by fungal hyphae and are eventually shed away. Scale
bars 10 pm
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gametangia, etc. They are also typically produced in locations where moisture con-
ditions are favorable for prolonged microbial activity, like in between rhizoids on
the lower surfaces of liverwort thalli, around water reservoirs of lobed leaves and
watersacs, etc. Without roots and a vascular system, liverworts cannot effectively
transport nutrients like vascular plants. Fixing nitrogen where and when it is needed
and then shedding the slime papillae may be a very widespread strategy among this
ancient lineage of minute land plants.

Among thalloid liverworts, associations with glomeromycete fungi are wide-
spread in both the complex (Marchantiopsida) and simple (Jungermanniopsida,
Metzgeriidae) lineages. However, these fungi appear to be absent from Blasia and
Cavicularia as well as several derived lineages. The intracellular endophytes typi-
cally infect thalloid liverworts through the rhizoids and colonize particular taxon-
specific regions of the thalli where they form trunk hyphae with numerous
short-lived, regularly dichotomizing arbuscular side branches (Pressel et al. 2010).
The swollen rhizoids in many families of leafy liverworts (e.g., Cephaloziaceae,
Calypogeiaceae) can be packed with hyphae of the ascomycete Rhizoscyphus ericae
(Leotiomycetes), which also forms ericoid mycorrhizas with vascular plants. Pressel
et al. (2008) pointed out that the origins of the ascomycete associations in liverworts
may date back to more than 250 Mya. Thus, they long predate the ericoid mycor-
rhizas which arose only 106-114 Mya.

Hornwort Symbioses

Hornworts (Anthocerophyta) include about 220 currently accepted species in 12
genera (Villarreal et al. 2015). Several recent phylogenies have placed hornworts as
the closest extant relatives of the tracheophytes (Groth-Malonek et al. 2005; Qiu
et al. 2006; Chang and Graham 2011), but lately this has again been challenged
(Cox et al. 2014; Wickett et al. 2014). The monospecific Leiosporoceros is sister to
all other hornworts and is currently placed in a separate class Leiosporocerotopsida
(Villarreal et al. 2015). Among many other unique features, many hornworts have a
chloroplast with a central pyrenoid and a carbon concentration mechanism unknown
from other land plants (Li et al. 2009; Xue et al. 2010; Villarreal et al. 2013). They
are widely distributed in moist temperate and tropical habitats, mainly as pioneer
colonizers of nutrient-poor substrates (Fig. 9). The tropics have the highest diversity
of species per area, particularly tropical Asia and the Neotropics (Villarreal et al.
2010; Villarreal and Renner 2014).

Cyanobacterial symbiosis with Nostoc is an universal feature in hornwort game-
tophytes. The association is established via apically derived clefts on the lower
surface of the thallus. The cavities are connected to the thallus surface via stomata-
like pores. When the Nostoc cyanobiont enters a young cleft, the middle lamella
between hornwort cells separates to form a schizogenous space. As the cavity
formes, it is filled with mucilage produced by surrounding plant cells (Rodgers and
Stewart 1977; Renzaglia 1978; Adams 2002). Most hornworts produce mucilage
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Fig. 9 Cyanobacterial symbiosis of hornworts (Anthocerophyta). A Anthoceros agrestis
(Anthocerotales) is a pioneer colonizer of clayey soils. The horn-shaped sporophytes grow from
archegonia embedded in the upper surface of the gametophyte. B Mature hornwort sporophytes
split into two halves lengthwise, releasing the spores. C Nostoc colonies housed in mucilage clefts
can be seen as dark spots on the lower surface of thallus. Scale bars 2 mm

clefts continuously during thallus growth and each of them becomes individually
infected by Nostoc hormogonia. The presence of the cyanobiont stimulates enlarge-
ment of the symbiotic clefts and noninfected cavities do not develop further
(Rodgers and Stewarts 1977). The mature cyanobiont colonies are usually small
and more or less globular. However, in mature Leiosporoceros thalli, the Nostoc
cyanobionts form long and branching strands that run parallel to the main axis of
the thallus (Villarreal and Renzaglia 2006). Also young thalli of Leiosporoceros
have mucilage clefts at the thallus apex and Nostoc invasion seems to take place
through them. Later no more clefts are produced and the established cyanobacte-
rial strands start to elongate in synchrony with thallus growth and branching
(Villarreal and Renzaglia 2006).

As most hornworts continuously produce new ventral mucilage clefts near the
thallus apex throughout their life span, it is likely that multiple cyanobacterial geno-
types will invade different clefts of a single hornwort thallus. The presence of mul-
tiple cyanobacterial genotypes within a single hornwort thallus have indeed been
confirmed using molecular markers (West and Adams 1997; Costa et al. 2001). Even
young Leiosporoceros thalli typically have many lobes, each with several mucilage
clefts, and this can lead to cyanobiont variability within single mature thalli
(Villarreal and Renzaglia 2006). The development of integrated cyanobiont network
in Leiosporoceros eliminates the need for multiple cyanobacterial invasions during
thallus growth. The canals also allow extensive surface contact for exchange
between the partners along the length of the strand. A single invasion of the horn-
wort thallus can be adaptive as it eliminates the need to constantly attract new,
appropriate symbionts. On the other hand, multiple invasions could more effectively
ensure successful colonization and allow for more flexibility in cyanobiont choice
(Villarreal and Renzaglia 2006).
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Hornworts establish mycorrhizal symbioses with both Glomeromycota and
Mucoromycotina fungi, often simultaneously (Ligrone 1988; Schiifler 2000; Desiro
et al. 2013a; Bidartondo et al. 2011). Interestingly, the principal mode of fungal
entry in the hornworts is via mucilage clefts and not through rhizoids as in most
liverworts. Desiro et al. (2013a) noted that the fungal hyphae occur in close associa-
tion with symbiotic Nostoc within the mucilage, possibly indicating a relationship
resembling that of Geosiphon. They also found that the more abundant the cyano-
bacteria, the less likely the hornworts were to harbor mycorrhizal fungi. For exam-
ple, the thalli of Leiosporoceros were found to be fungus-free (Desiro et al. 2013a).

Moss Symbioses

The mosses (Bryophyta) are the largest group of bryophytes consisting of some
10,000 species in three or four distinct clades usually recognized as classes.
Although the order of diversification is still controversial, it is clear that the peat
mosses (Sphagnopsida) with four genera and the monogeneric Takakiopsida are
sister to all other mosses, followed by the Andreaeopsida with two genera and then
the remainder of more advanced orders (Cox et al. 2010).

Many mosses regularly house epiphytic cyanobacterial colonies on their surfaces,
especially in sheltered spots between leaves and rhizoids (Fig. 10). While most of
these associations are undoubtedly facultative, they definitely play an important role
in N, fixation, especially in boreal and arctic and in some temperate ecosystems
(Solheim et al. 1996; Zackrisson et al. 2004; Gavazov et al. 2010; Lindo and Whiteley
2011; Turetsky et al. 2012; Rousk et al. 2013; Arréniz-Crespo et al. 2014). Feather
mosses in boreal forests commonly house heterocystous cyanobacteria (e.g., Nostoc,
Calothrix, Stigonema) in addition to other N,-fixing bacteria (Houle et al. 2006;
Cornelissen et al. 2007; Ininbergs et al. 2011). In peat bogs, cyanobacteria are often
present in the dead and water-filled hyaline cells in the leaves and stems of Sphagnum.
With an elevated pH, the hyaline cells may represent a favorable microhabitat for
cyanobacteria in acidic peatlands (Berg et al. 2013; Kostka et al. 2016). Lindo et al.
(2013) concluded that bryophyte—cyanobacterium associations carry out several
important functions in nitrogen-limited boreal and arctic ecosystems through their
production of recalcitrant litter, thermal protection of soils, and role as the primary
source of nitrogen through N, fixation. The composition of nitrogen-fixing moss-
associated cyanobacterial communities differs between moss species, sites, and sea-
sons, but the exact patterns remain largely unexplored (Ininbergs et al. 2011; Bay
et al. 2013; Leppénen et al. 2013; Warshan et al. 2016).

While many specialized fungi grow on mosses (Dobbeler 1997; Davey and
Currah 2006; Kauserud et al. 2008) and many of them appear to be species-specific
(Higgins et al. 2007; Stenroos et al. 2010), mutualistic symbioses between mosses
and fungi have not been found (Pressel et al. 2010). Thus, all fungal associates of
mosses seem to be either parasites or saprotrophs, and mosses represent the only
division of land plants that does not seem to establish mycorrhizal symbioses with
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Fig. 10 Cyanobacterial symbioses of mosses (Bryophyta). A Sphagnum riparium (Sphagnales)
and other peat mosses can house cyanobacteria in the water-filled hyaline cells of their leaves and
stems. B Moss-associated cyanobacteria play an important role in biological N, fixation in arctic
and boreal regions but also in montane rain forests. C Hylocomium splendens (Hypnales) and other
feather mosses commonly have heterocystous cyanobacteria and other N,-fixing prokaryotes in
sheltered spots between their leaves. Scale bars 2 mm

Glomeromycota. This is quite peculiar considering the early divergence and wide
extant diversity of mosses (Liu et al. 2011; Taylor et al. 2015a).

Azolla Symbiosis

The genus Azolla (Salviniales, Pteridophyta) contains seven extant species of small
aquatic ferns (Evrard and Van Hove 2004; Metzgar et al. 2007; Pereira et al. 2011).
Several species are widely distributed in tropical and warm temperate regions
(Fig. 11). The genus has an extensive fossil history starting from the Cretaceous based
principally on isolated megaspores (Hall 1974; Collison 1980; Taylor et al. 2009).
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Fig. 11 Cyanobacterial symbiosis of the water fern Azolla (Salviniales). A Azolla filiculoides is
native to warm temperate and tropical parts of the Americas and Australasia and has become inva-
sive in several regions including western Europe and Africa. Scale bar 5 mm. B Azolla rubra is
widespread throughout the Pacific and in southern Asia. In New Zealand, it is common in shallow
water bodies such as ponds, lake margins, and slow-flowing streams and also grows in swamps on
muddy ground. C The introduced Azolla filiculoides (Azolla section Azolla) and the larger native
Azolla nilotica (Azolla section Rhizosperma) growing together on the muddy shore of Lake
Naivasha, Kenya

Azolla has branching rhizomes with adventitious roots and alternate bilobed leaves
(Fig. 11). The transparent ventral lobe of the lead helps the plant to float, whereas the
dorsal lobe is photosynthetic and contains a cavity with symbiotic cyanobacteria. In
mature Azolla plants, the cyanobionts are located in the periphery of the leaf cavity in
mucilage between internal and external envelopes (Adams et al. 2013). The adaxial
epidermis of the leaf cavity contains a pore with an opening that is larger in younger
leaves. The growth of the cyanobionts is coordinated with the growth of the host
plant. The apical meristem of each branch contains a colony of undifferentiated cya-
nobionts. Cyanobacteria from the colony are introduced into the leaf primordium
before the development of the leaf cavity is complete. During aging, the cyanobionts
show decreases in cell division, increases in the size of vegetative cells, and an
increase in heterocyst frequency up to 20-30 % in mature leaves (Adams et al. 2013).
Simple hair cells are involved in the transport of sugars (sucrose) from the photosyn-
thetic mesophyll cells of Azolla to the leaf cavity. Also, primary branched hair cells
with transfer cell morphology may be involved in nutrient transfer. Ekman et al.
(2008) studied the proteomics of the Azolla cyanobiont and found that processes
related to energy production, nitrogen and carbon metabolism, and stress-related
functions were upregulated compared with free-living cyanobacteria, whereas photo-
synthesis and metabolic turnover rates were downregulated. In addition to the pri-
mary cyanobiont, the leaf cavities of Azolla regularly house diverse communities of
other bacteria which may also play a role in the symbiosis (Nierzwicki-Bauer and
Aulfinger 1991; Lechno-Yossef and Nierzwicki-Bauer 2002; Zheng et al. 2008).
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The Azolla cyanobionts retain their association with the fern throughout its life
cycle. The vertical transfer of the cyanobiont to new generations is facilitated by the
female reproductive structure (megasporocarp) of the heterosporous fern. During
colonization of the megasporocarp, cyanobiont hormogonia enter through pores at
the top of the indusium and then differentiate into akinetes in a synchronized man-
ner. The details of this process are described in Zheng et al. (2009). Papaefthimiou
et al. (2008b) and Sood et al. (2008) studied cyanobacterial diversity in Azolla and
found different cyanobacterial genotypes from different species and also diversity
within a single Azolla species. The cyanobacteria differed most markedly between
members of the two sections of the genus Azolla.

Ran et al. (2010) provided evidence that there has been selective streamlining of
the primary cyanobiont genome which has resulted in an organism devoted to nitro-
gen fixation and devoid of autonomous growth. This has led to marked loss of func-
tion within gene categories for basic metabolic processes such as glycolysis,
replication, and nutrient uptake. Phylogenetic analysis grouped the Azolla cyanobi-
ont (Nostoc azollae 0708) with Raphidiopsis and Cylindrospermopsis, which have
the smallest known genomes among multicellular cyanobacteria (Stucken et al.
2010). Other molecular characteristics indicate a close phylogenetic relationship to
Nostoc and Anabaena strains (Baker et al. 2003; Papaefthimiou et al. 2008b; Ran
et al. 2010). For more information on the identity of the Azolla-associated cyano-
bacteria, the reader is referred to recent reviews by Adams et al. (2013) and Pereira
and Vasconcelos (2014).

The Azolla symbiosis is of considerable economic importance (Brouwer et al.
2014). The symbiotic plants are used as a nitrogen-rich biofertilizer especially in
rice paddies and/or fertilization of fields. Owing to its high protein content, the
plants can also be used as a fodder for pigs, ducks, and other domestic animals.
Finally, due to its rapid growth and floating lifestyle, Azolla can also be used to
remove nitrates, phosphorous, and heavy metals from polluted water. On the other
hand, the mat-forming and easily spreading plants have also become noxious weeds
in many tropical and temperate regions (Fig. 11).

Cycad Symbioses

Cycads (Cycadales) are an ancient lineage of evergreen, palmlike gymnosperms
that can be traced back to the Paleozoic (Fig. 12). The oldest cycad fossils are from
the Pennsylvanian and the general morphology of the group has remained relatively
unchanged since then (Taylor et al. 2009). Cycads and Ginkgo diverged in the late
Carboniferous or early Permian, and the most recent common ancestor of the living
cycads lived in the late Permian. They diversified and became more abundant in the
Triassic when primitive seed-plant floras were replaced by conifers and cycads after
the Permian—Triassic mass extinction. Cycads reached a diversity peak during the
Jurassic and remained relatively stable in terms of diversity during the Cretaceous
when the extant lineages were established. Although all extant cycad lineages are
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Fig. 12 Cyanobacterial symbiosis of cycads (Cycadales). A Over 100 species of Cycas
(Cycadaceae) are widely distributed in southern Asia and Australasia. B Nostoc cyanobionts of all
cycads are housed within the cortex of specialized coralloid roots

ancient, the modern species do not seem to be much older than 12 million years
(Nagalingum et al. 2011; Salas-Leiva et al. 2013; Xi et al. 2013; Condamine et al.
2015; Silvestro et al. 2015).

Cycads are insect pollinated and their early diversification may have been linked
to the cycad insect pollinator of the order Thysanoptera originating and diversifying
in the late Permian. While some cycad—insect interactions may be ancient, this does
not seem to be the case for all associations between cycads and beetles (Schneider
et al. 2002; Terry et al. 2007; Downie et al. 2008; Pefialver et al. 2012). Dinosaurs
have been proposed as key dispersers of cycad seeds during the Mesozoic, and tem-
poral variation in cycad diversity and abundance has been linked to faunal changes.
However, when assessing the fossil evidence, Butler et al. (2009) could not find
unequivocal support for coevolutionary interactions between cycads and herbivo-
rous dinosaurs.

Extant cycads include ca. 300 species that are classified in 12 genera in
three families, widely but patchily distributed in tropical and subtropical
regions of the Americas, Africa, Southeast Asia, and Australia (Wang and Ran
2014). Most cycads have a stout trunk with a large crown of tough leaves and
can vary in height from 20 cm to almost 20 m at maturity and a thick taproot
that can extend many meters into the soil. They also produce lateral roots,
some of which develop into specialized coralloid roots that house the cyano-
bacterial symbionts (Fig. 12). The coralloid roots grow sideways or upward
toward the soil surface. The cycad—cyanobacterium symbiosis is still the only
known example of a naturally occurring plant root—cyanobacterium symbiosis
in plants, and the ability of many cycads to thrive in nutrient-poor soils is gen-
erally attributed to the cyanobacterial symbiont (Lindblad 1990, 2009; Costa
et al. 1999; Adams et al. 2013).
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Symbiotic cyanobacteria are not present in precoralloid roots of cycad seedlings,
but their presence is required for further development into coralloid roots (Lindblad
2009; Adams et al. 2013). Precoralloid roots likely release chemicals that induce
hormogonium formation in and act as chemoattractants for symbiotic cyanobacteria
(Ow et al. 1999). The invasion of plant tissue is thought to occur through apical
lenticels and/or injured epidermal cells, and also other soil microbes may be
involved in the process (Nathanielsz and Staff 1975; Lobakova et al. 2003; Lindblad
2009). Once inside the root, the cyanobacteria migrate inward through the outer
cortex and eventually establish a well-defined zone between the inner and outer
cortices of the coralloid root. Specialized plant cells within the cyanobacterial zone
facilitate the transfer of nutrients between the symbiotic partners (Nathanielsz and
Staff 1975; Ahern and Staff 1994; Lindblad 2009; Adams et al. 2013).

As the coralloid roots of most cycad species are deep beneath the soil surface, the
cyanobionts live in complete darkness. However, they retain a full photosynthetic
apparatus, associated pigments, and carbon-fixing potential (Lindblad et al. 1985).
Nitrogenase activity is several folds higher in cycad-symbiotic Nostoc than in free-
living forms and increases with increasing heterocyst frequency, until reaching a
maximum at heterocyst frequencies of around 25-35% (Lindblad et al. 1991).
There is a developmental gradient from comparatively low heterocyst frequency in
the growing tips of the coralloid roots to very high (up to 46 %) in the older parts of
the roots. Many heterocysts in the older parts are inactive and this explains the
decrease in nitrogenase activity of aging coralloid roots (see Lindblad 2009 and
Adams et al. 2013 for further details).

The cyanobionts of cycads are usually Nostoc, but also Calothrix has sometimes
been found. Cycads can house multiple Nostoc genotypes in single plants as well as
in single roots, and there seems to be little specificity between cycad species and
their cyanobionts (Lindblad et al. 1989; Grobbelaar et al. 1987; Costa et al. 1999,
2004; Zheng et al. 2002; Gehringer et al. 2010; Thajuddi et al. 2010; Yamada et al.
2012). Most symbiotic Nostoc genotypes reported from cycads are not identical to
those typically found in thalloid bryophytes and/or lichen-forming fungi and are
more closely related to some free-living Nostoc genotypes (Rikkinen 2004; Rikkinen
and Virtanen 2008; Gehringer et al. 2010). However, the cyanobionts within cycad
roots may differ markedly from those found in the surrounding soil (Cuddy et al.
2012).

Associations Between Angiosperms and Cyanobacteria

As pointed out by Osborne and Bergman (2009), structurally well-defined symbio-
ses between angiosperms and nitrogen-fixing bacteria are relatively uncommon in
nature. The Gunnera—Nostoc symbiosis remains the only known symbiosis between
angiosperms and cyanobacteria. It differs markedly from other plant—cyanobacte-
rium associations in being a true endosymbiosis with Nostoc cyanobionts housed
within the cells of the host plant.
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Gunnera Symbiosis

All species of Gunnera establish endosymbiotic associations with Nostoc (Bergman
2002; Osborne and Sprent 2002; Khamar et al. 2010; Fernandez-Martinez et al. 2013).
The genus includes ca. 60 species of small, medium, or sometimes huge herbs with
spiral leaves that have wide blades with prominent palmate venation and toothed mar-
gins (Fig. 13). They also have stipule-like “scale leaves” and relatively large and
branched inflorescences bearing numerous small and inconspicuous, almost exclu-
sively wind-pollinated flowers. Most species are perennial and some can reach a con-
siderable age; the only annual species is sister to the rest of the genus (Wanntorp et al.
2001, 2003; Wanntorp and Ronse De Craene 2005; Rutishauser et al. 2004).

The order Gunnerales occupies an isolated position among the core eudicots and
the divergence from the stem lineage occurred already ca. 115 Mya (Soltis et al.
2003; Magallén and Castillo 2009; Vekemans et al. 2014). In addition to the genus
Gunnera (Gunneraceae), the lineage only includes the genus Myrothamnus
(Myrothamnaceae) with two species of small xerophytic shrubs in southern Africa
and Madagascar (Apg 2016). The natural range of extant Gunnera species includes
South America, Africa, and the Australasian region, with some species reaching
Hawaii and southern Mexico in the north (Wanntorp and Wanntorp 2003). This
range indicates that the plants were widely distributed in Gondwana before its final
breakup (Wanntorp and Wanntorp 2003).

Gunnera also has a long fossil history based on its characteristic pollen going
back to the Early Cretaceous. Fossil pollen has been identified from all continents
of the Southern Hemisphere but also from India and North America, as well as sedi-
ments in the Indian and South Atlantic Oceans (Wanntorp et al. 2004a, b). Several

Fig. 13 Cyanobacterial symbiosis of Gunnera (Gunnerales). A Gunnera manicata is originally
native to Brazil and Columbia but now widely grown as a garden ornamental in temperate and
tropical regions. B The growing tips of the rhizomes of mature Gunnera plants are well protected
by scale leaves
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species are cultivated as garden ornamentals, and especially Gunnera tinctoria,
originally a native of Chile, has naturalized and become invasive in several regions
with humid temperate climates, including Ireland, the UK, the Azores, the USA,
and New Zealand (Osborne and Sprent 2002; Gioria and Osborne 2009, 2013;
Fennell et al. 2013, 2014).

The Nostoc cyanobionts of Gunnera are maintained in the stem cortex of the rhi-
zome of larger species and the stolon of smaller species (Bergman 2002; Osborne and
Sprent 2002; Khamar et al. 2010). Special glands are formed on the stem immediately
below the leaves. The gland is formed by up to nine papillae surrounding one central
papilla. The papillae secrete thick mucilage which induces hormogonium differentia-
tion in Nostoc. Between the papillae, and leading into the stem tissue, are deep chan-
nels through which the mucilage is released. The mucilage attracts hormogonia
between the papillae and further into the interior of the gland where appropriate
Nostoc genotypes are taken into plant cells (S6derbédck and Bergman 1993; Johansson
and Bergman 1994; Rasmussen et al. 1994, 1996; Uheda and Silvester 2001).

Within Gunnera cells, the Nostoc hormogonia develop into filaments with hetero-
cysts. The cyanobiont proliferates and the infected plant cells divide repeatedly to
form internal colonies within the stem cortex. The glands are the only known entry
point for Nostoc hormogonia into the cortical tissue of Gunnera. Along the rhizomes,
the cyanobionts occur as well-defined colonies and show different stages of develop-
ment, indicating that they were each formed through successive and separate infec-
tion processes involving different glands. Within the plant cells, the cyanobionts are
surrounded by the host cell plasmalemma and the membrane acts as the interface
through which the exchange of metabolites takes place. Although only young glands
can incorporate Nostoc hormogonia, new glands continue to develop at the base of
each new leaf when the stem grows. Gland development in Gunnera also takes place
in the absence of symbiotic cyanobacteria, but nitrogen limitation seems to be a pre-
requisite for their development (Bergman 2002; Wang et al. 2004; Chiu et al. 2005;
Osborne and Bergman 2009; Khamar et al. 2010; Adams et al. 2013).

Molecular studies have confirmed that the cyanobionts of Gunnera belong to
Nostoc and are closely related to some symbiotic and free-living genotypes of the
genus (Rasmussen and Svenning 2001; Svenning et al. 2005; Papaefthimiou et al.
2008a). There is considerable phenotypic and genotypic variation among the cyano-
bionts (Bergman et al. 1992). Several different Nostoc genotypes may sometimes be
present in a single Gunnera plant (Nilsson et al. 2000), but in most cases, each plant
has housed only one Nostoc genotype (Guevara et al. 2002). Ferndndez-Martinez
et al. (2013) found no genetic variability among Nostoc cyanobionts within single
Gunnera plants, while the cyanobionts of neighboring plants could be markedly
different. The Nostoc genotypes were closely related to those found in terricolous
cyanolichens and bryophytes. Nostoc isolates from cycads and bryophytes also
readily invade Gunnera cells and vice versa (Adams et al. 2013).

The evolutionary origin of the Gunnera glands is a mystery. The bright red
glands form at right angles to successive petioles and are clearly visible at the devel-
oping cotyledon (for images, see Osborne and Bergman 2009 and Adams et al.
2013). The gland originates internally from the lateral meristem and eventually
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ruptures the epidermis, exposing the surface of epidermal cells. Osborne and
Bergman (2009) pointed out that at later stages of development, the glands are often
closely associated with adventitious root formation. The glands in young seedlings
are initiated prior to shoot emergence and are evident as a dome-shaped structure
with red (anthocyanin) pigmentation. A similar pigmentation is also present in the
tips of developing adventitious roots, suggesting that the glands might evolve as
highly modified adventitious roots. In any case, the specialized morphology and
sugar accumulation in the glands of Gunnera seedlings are crucial for early stages
in the establishment of the Nostoc endosymbiosis.

Khamar et al. (2010) investigated changes in the carbohydrate metabolism dur-
ing Gunnera gland development and discovered that plant cells within the mature
glands accumulated high levels of soluble sugars (including high concentration of
glucose and fructose and lower concentration of sucrose) prior to the arrival of cya-
nobacteria and that the various sugars affected the Nostoc cyanobionts’ ability to
form motile hormogonia. They concluded that in a nitrogen-limiting environment,
Gunnera glands secrete mucilage with minute of soluble sugars, which attract
Nostoc to the gland surface but does not interfere with hormogonium formation.
The hormogonia penetrate into the gland and enter cells at the base of the gland
presumably because they are attracted by the high levels of glucose and fructose
inside the cells, while within the plant cells, further hormogonia are not formed
because of the high levels of soluble sugars (Khamar et al. 2010).

The accumulation of soluble sugars in the cells of mature but still noninfected
Gunnera gland indicates that the nonsugar-secreting structure could have originally
evolved from a sugar-secreting gland functionally similar but not necessarily
homologous to extrafloral (EF) nectaries of other eudicots (Marazzi et al. 2013).
Also the conspicuous red pigmentation of the glands in Gunnera seedlings might
play arole in attracting flying insects capable of vectoring symbiotically compatible
Nostoc genotypes from the decomposing old rhizomes of well-established Gunnera
colonies to the germinating seedlings. While the mucilage secreted by the glands
largely consists of nondigestible carbohydrates (Rasmussen et al. 1994), with barely
detectible levels of soluble sugars (Khamar et al. 2010), the gland tissue itself is rich
in soluble sugars that may well attract insects. The possible role of insect vectors in
the dispersal ecology of the Nostoc—Gunnera symbiosis should be elucidated in
field studies within the natural range of Gunnera species.

It is possible that the original function of Gunnera glands could have been com-
parable to those of EF nectaries that are produced on the leaves, stems, and virtually
any other parts of thousands of plant species. These structures have been described
for nearly 4000 vascular plant species representing nearly 750 genera in over 100
families (Weber and Keeler 2013). Their primary function is to attract aggressive
and often mutualistic insects, particularly ants which, while foraging for nectar,
protect the host plant from herbivorous animals (Heil et al. 2004; Villamil et al.
2013; Weber and Agrawal 2014). Besides ants, the EF nectaries of different plants
attract a wide variety of other arthropods including many Diptera. Some of them
also provide visual cues for foraging arthropods and also the emission of odors can
attract mutualistic insects (Koptur 1992).



Cyanobacteria in Terrestrial Symbiotic Systems 275

Weber and Keeler (2013) estimated that extrafloral nectaries have evolved inde-
pendently at least 457 times in vascular plants. Even among the ferns, extrasoral
nectaries have arisen independently several times, and they first evolved long before
floral nectar and long before ants appeared in the fossil record (Marazzi et al. 2012;
Koptur et al. 2013). Therefore, their original function could not have involved ants
or other social hymenopterans. Whatever the primary role, the sugar secreted has
impacted the diversification of several groups on arthropods and fungi. For exam-
ple, several lineages of sooty molds have specialized to use plant exudates and
insect honey dew for nutrition (Rikkinen et al. 2003; Schmidt et al. 2014).

According to the EF nectary hypothesis, the secretions of ancestral Gunnera
glands would have been involved in an indirect anti-herbivore defense by attracting
and hence increasing the presence of putative plant defenders on the plant stem.
Thus, the mutualism between the ancestral Gunnera species and the putative (facul-
tative) insect associates would represent the original state, whereas the association
between the plant and Nostoc would have derived later and then evolved into an
ecologically obligate cyanobacterial symbiosis.

Interestingly, Campbell et al. (2013) reported that some epiphytic cyanolichens
on conifers may utilize glucose excreted by the EF nectaries of neighboring angio-
sperms. They proposed that the exogenous source of carbon could help to sustain
the lichen mycobionts during drought-induced periods of inactivity of their cyano-
bacterial symbionts.

Other Angiosperms

Many angiosperms regularly house epiphytic cyanobacteria on their stems,
leaves, or root surfaces. While most of these associations are probably accidental
and of no particular significance to the plants, in some cases, N, fixation of asso-
ciated cyanobacteria might be significant. For example, cyanobacteria including
Nostoc and Calothrix are commonly seen on the exposed roots of tropical epi-
phytic orchids (Fig. 14), and sometimes cyanobacteria and associated fungi can
form sheaths around aerial roots (Tsavkelova et al. 2003). As the cyanobacteria
are capable of N, fixation, they may benefit the plant and/or the endomycorrhizal
fungi that live within the specialized velamen of the aerial roots (Teixeira da
Silva et al. 2015).

Establishment of artificial associations between nitrogen-fixing microorganisms
and agricultural crop plants could potentially reduce the demand for chemically
produced nitrogen fertilizers (Gusev et al. 2002; Prasanna et al. 2009). Nostoc hor-
mogonia are known to be attracted to root extracts of many nitrogen-deprived vas-
cular plants (Fig. 14), including rice and wheat (Gantar et al. 1995; Nilsson et al.
2002, 2005). Floating cyanobacterial communities on the soil-water surface are
widely used in agriculture as nitrogen-supplementing biofertilizers in rice paddy
fields, especially in Southeast Asia, and nitrogen accretions of 25-30 kg N/ha have
been attributed to their N, fixation (Prasanna et al. 2009).
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Fig. 14 Cyanobacterial associations of tracheophytes. A Heterocystous cyanobacteria and other
N,-fixing prokaryotes often grow on and within the aerial roots of tropical orchids, with presumed
benefits to the plants or their mycorrhizal fungi. B Nostoc hormogonia are attracted to nitrogen-
deprived vascular plants. Here lichen-symbiotic Nostoc isolated from a Peltigera species and cul-
tured on nitrogen-deficient medium (Z8) form an artificial association with a somatic embryo plant
of Scots pine (Pinus sylvestris)

Early Evolution of Terrestrial Symbiotic Systems

Through endosymbiosis, certain cyanobacteria evolved into the plastids of photoau-
totrophic eukaryotes some 900 million years ago (Deusch et al. 2008; Dagan et al.
2013; Shih and Matzke 2013; Ochoa de Alda et al. 2014; Ruhfel et al. 2014; Ku
et al. 2015). Already much earlier cyanobacteria evolved oxygenic photosynthesis
and changed the Earth’s atmosphere from anoxic to oxic. As nitrogenase is highly
sensitive to oxygen, most N,-fixing prokaryotes became confined to anoxic environ-
mental niches. Cyanobacteria themselves evolved several strategies to protect nitro-
genase from oxygen, including a temporal separation of oxygenic photosynthesis
and N, fixation in unicellular forms and the differentiation of a specialized cell, the
heterocyst, in some filamentous forms. The sensitivity of nitrogenase to oxygen
may also have enhanced the early evolution of cyanobacterial symbioses, as many
symbiotic structures represent micro-aerobic environments that help to protect cya-
nobacterial cells from atmospheric oxygen (Rikkinen 2002).

It is possible that the evolution of some cyanobacterial symbioses correlated
temporally with geological periods of increased oxygen in the atmosphere. High
atmospheric oxygen levels (over 30 %) were experienced during the Carboniferous,
and this may have seriously interfered with nitrogen fixation and given adaptive
value to any structures and mechanisms that helped to isolate N,-fixing cells from
the atmosphere. Hence the early evolution of some symbiotic structures, like the
coralloid roots of cycads, could parallel the development of arthropod and amphib-
ian gigantism, which was directly facilitated by the hyperoxic atmosphere (Payne
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etal. 2009, 2011, 2012). Unfortunately, no fossilized roots of early cycads have yet
been identified (Taylor et al. 2009).

The mycelia of mycorrhizal fungi associate with soil bacteria, many of which are
capable of N, fixation (Scheublin et al. 2010; Valverde et al. 2016). Such associa-
tions probably experienced a triumph in the late Permian, when soil bacteria, fol-
lowing the atmospheric transition to hypoxia, became more efficient in nitrogen
fixation. While giant amphibians and arthropods disappeared, the cyanobacterial
symbioses did not and the reduction in atmospheric O, levels did not directly
threaten them. However, the competitive edge and ecological significance of cyano-
bacterial N, fixation may have started to dwindle when diffuse rhizosphere associa-
tions with soil bacteria became a more viable option for nitrogen-starved plants
(Rikkinen 2002). Rhizosphere associations between fungi and bacteria must have
promoted the evolution of mycorrhizal symbioses and the subsequent diversifica-
tion of seed plants. The radiation of modern ferns, bryophytes, fungal endophytes,
and lichens was in turn facilitated by the diversification of seed plants (Schneider
et al. 2004; Schuettpelz and Pryer 2009; Feldberg et al. 2014; Li et al. 2014; Ldriga
et al. 2014; Sundue et al. 2016).

Thalloid liverworts, hornworts, and cycads together represent a rather conspicu-
ous proportion of all extant plant lineages that can be reliably traced back to pre-
Permian times. Also Azolla and Gunnera can be traced back to the Cretaceous
(Taylor et al. 2009). Also some lineages of extant cyanobacterial lichens are probably
ancient. The oldest fossil of a stratified cyanolichen is from the Lower Devonian
(Honegger et al. 2012). While very few Paleozoic or Mesozoic lichen fossils have
so far been found, many amber fossils demonstrate that many extant genera of
lichen-forming fungi had already evolved by the Tertiary (Rikkinen and Poinar
2002, 2008; Kaasalainen et al. 2015; Lumbsch and Rikkinen 2016). The initial
diversification of the Pezizomycotina (Ascomycota) occurred already in the
Ordovician, followed by repeated splits of lineages throughout the Phanerozoic
(Beimforde et al. 2014).

The earliest fungal symbioses may have in many respects resembled some extant
crustose cyanolichens, especially salt-tolerant forms that live on rocky ocean shores.
Littoral habitats along ancient shorelines brought cyanobacteria, green algae, and
fungi into close contact under conditions where there were both a need and oppor-
tunity for establishing new symbiotic interactions (Rikkinen 2002; Edwards and
Kenrick 2015). The earliest lichen-like symbioses probably evolved long before the
initial evolution of mycorrhizal symbioses, the subsequent rise of vascular plants,
and the later diversification of parasitic and saprophytic fungi. Accordingly, some
modern cyanolichens may preserve biological features that closely mirror those that
evolved in similar cyanobacterial symbioses at early stages of terrestrial evolution.

The fact that most vascular plants, liverworts, and hornworts include species that
form symbioses with AM fungi indicates that also these symbioses evolved during
very early stages in the evolution of land plants. The AM fungi have a definite fossil
record extending to the early Devonian ca. 400 Mya, which is before early vascular
plants had acquired roots (Kenrick and Strullu-Derrien 2014; Strullu-Derrien et al.
2014), and the oldest fossil spores of possible AM fungi date back to the Ordovician
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ca. 460 Mya (Taylor et al. 2015b). Molecular data indicate that glomeromycetes
have always been symbiotic and suggest that the first mycorrhizae may have
involved mucoromycetes, the sister lineage glomeromycetes (Bidartondo et al.
2011; Strullu-Derrien et al. 2014). The mycobiont of an early lichen-like symbiosis
from the Early Devonian with nonseptate hyphae may have belonged to one of these
groups (Taylor et al. 1997, 2015b), and already the common ancestor of
Glomeromycota and Mucoromycota was probably capable of establishing symbio-
ses with cyanobacteria and/or early photosynthetic eukaryotes (Delaux et al. 2013,
2015; Field et al. 2015a, b; Tang et al. 2016).

The Geosiphon pyriformis—Nostoc endosymbiosis may represent one living
example of early symbioses between glomeromycetes, cyanobacteria, and bryo-
phytes (Schiifller and Walker 2011; Schiiiler 2012). Such symbioses could be seen
as “evolutionary precursors” to more modern types of AM symbioses (Schiiller and
Walker 2011; Selosse et al. 2015; Wojtczak and Janik 2016). It is noteworthy that a
symbiotic cyanobacterium has been identified from the cortex of Aglaophyton
major, one of the earliest early land plants in the Devonian (Taylor and Krings
2005). Somewhat resembling the situation seen in modern hornworts, the filamen-
tous cyanobacterium seems to have entered its host via stomatal pores, colonized
the substomatal chambers, and then spread throughout the outer cortical tissue,
where it has been preserved in fossil specimens.

Concluding Remarks

Symbiotic interactions between cyanobacteria, plants, and fungi have evolved
repeatedly during the course of evolution. A trend toward versatile and diffuse asso-
ciations with non-photosynthetic bacteria may have reduced the relative importance
of cyanobacterial symbioses during fungal and vascular plant evolution. However,
cyanolichens are still an important component of biodiversity in many terrestrial
ecosystems and have provided unique opportunities for the diversification of both
symbiotic cyanobacteria and fungi. During their evolution, many lichen-forming
fungi may have established associations with plant-symbiotic Nostoc genotypes
and/or vice versa, leading to repeated cyanobiont switches between terricolous
lichens, thalloid bryophytes, cycads, and/or Gunnera. Likely these cyanobacterial
symbioses have also had many diffuse effects on mycorrhizal and plant—insect
mutualisms. Clearly we are only beginning to unravel the complex network of bio-
logical interactions and evolutionary processes in which symbiotic cyanobacteria
have evolved. DNA techniques offer accurate methods for studying the genetic
diversity of symbiotic cyanobacteria in situ and for making comparisons between
lichen cyanobionts and their nonsymbiotic relatives. In the future, we can expect
many interesting new findings from previously ignored cyanobiont lineages and
unexplored ecological settings. They can add significantly to what we already know
about symbiotic cyanobacteria and their diverse hosts.
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Phototrophic Microbial Mats

Lucas J. Stal, Henk Bolhuis, and Mariana Silvia Cretoiu

Abstract Microbial mats are structured, small-scale microbial ecosystems, and
similar as biofilms cover a substratum like a tissue. A general characteristic of a
microbial mat is the steep physicochemical gradients that are the result of the met-
abolic activities of the mat microorganisms. Virtually every microbial mat is
formed through autotrophic metabolism and through the fixation of atmospheric
dinitrogen. Chemoautotrophic organisms fuel these processes in the absence of
light. In illuminated environments photoautotrophic organisms are the driving
force and these mats are subject of this chapter. In the vast majority of cases, pri-
mary production by the oxygenic phototrophic cyanobacteria is the basis of a
diverse community that forms a living entity with a macroscopic habitus. This
entity has its own physiology that is the result of interaction, communication,
cooperation, and competition of the individual functional groups of microorgan-
isms. Organic matter is remineralized and in sulfur-dominated environments sul-
fate-reducing bacteria are responsible for end-oxidation that leads to the production
of sulfide, which is used by anoxygenic photoautotrophic bacteria. Aerobic and
anaerobic anoxygenic phototrophic bacteria and proteorhodopsin-containing bac-
teria are important as secondary producers and take care of the decomposition of
organic matter in a process that is aided by light.
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Introduction

Microbial mats are benthic communities of different functional groups of
microorganisms that are organized in a vertically stratified way, determined by the
physicochemical gradients that are the result of the microbial community’s meta-
bolic activities (Jorgensen et al. 1983). Microbial mats are often found in environ-
ments that largely exclude grazing organisms that would otherwise prevent the
accumulation of a large density of standing stock biomass that characterizes micro-
bial mats (Fenchel 1998). A microbial mat is recognized as a macroscopic phenom-
enon with a characteristic habitus (Fig. 1). A microbial mat can be considered as a
living entity formed by the component microorganisms that together perform the
physiological functions of the whole.

Microbial mats are found in extreme environments such as hypersaline ponds,
hot springs, hot- and cold dry deserts, and coastal intertidal environments (Stal
2012). The latter does perhaps not strike as an extreme environment such as the
other. However, intertidal sediments experience large changes in environmental
conditions. Intertidal microbial mats are more or less regularly inundated by the
sea, experience desiccation, and are subject to huge salinity changes (evaporation,
rain), large temperature fluctuations, nutrient depletions, and oxygen levels
change from supersaturation to anoxic conditions that coincide with high levels of
toxic sulfide (Stal et al. 1985).

In illuminated environments most microbial mats are built by cyanobacteria,
oxygenic photoautotrophic bacteria that colonize bare sediments and form the
basis of the microbial mat through the primary production of organic matter syn-
thesized from the photosynthetic fixed carbon dioxide. Such mats are therefore
often also referred to as cyanobacterial mats or phototrophic microbial mats. The
photosynthetic produced organic matter serves as a substrate for a variety of func-
tionally different microorganisms (Stal 2001). Therefore, cyanobacteria represent
only part of the community of which purple and colorless sulfur bacteria and sul-
fate-reducing bacteria may account for 40 % of the bacterial community (Visscher

Fig.1 A coastal microbial mat and a cross section of it showing the vertical stratified communities
of phototrophic microorganisms
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and Van Gemerden 1993). Cyanobacteria have even been reported to be a minor
component of a hypersaline microbial mat (Ley et al. 2006) and of mats growing
on the beaches of the Orkney islands, which were dominated by anoxygenic pho-
totrophs (Wieland et al. 2003).

Microbial mats are exceptionally productive ecosystems in which cyanobacteria
are the main primary producers, although eukaryotic microalgae such as diatoms
and anoxygenic phototrophic bacteria may contribute to the primary production as
well in addition to chemosynthetic production by sulfate-reducing and methano-
genic bacteria (Fourcans et al. 2004; Wieland et al. 2003). In the Ebro Delta the
production of organic carbon as high as ~200 g C m~? y~' was reported (Urmeneta
et al. 1998). The highest daily productions reported in microbial mats in the coastal
North Sea and in the tropical hypersaline Solar Lake were 5-6 g C m= d! (Stal
2012), which probably would give similar yearly productions as in the Ebro Delta
mats. Microbial mats possess high cell densities. For example, in the hypersaline
evaporitic microbial mats of Guerrero Negro (Baja California, Mexico) cell densi-
ties of 4.2 x 10° cm™ have been reported (Jahnke et al. 2014).

Microbial mats are also characterized by high diversity. For instance, the
microbial mats of the hypersaline lagoons at Guerrero Negro generated more than
1500 16S rRNA sequences representing over 750 species (Ley et al. 2006). Bolhuis
and Stal (2011) found an even higher diversity in coastal microbial mats of 2000—
4000 bacteria and 100-300 archaea and concluded that these mats were among the
most diverse ecosystems known. Bolhuis et al. (2014) showed that coastal micro-
bial mats are more diverse than mats from the more extreme hypersaline and hot
springs. The latter were the least diverse and high temperature is apparently a
strong selective parameter.

Laminated microbial mats have been considered as the modern counter-
parts of Archean and Proterozoic stromatolites (Hamilton et al. 2016).
Stromatolites are lithified fossil remains of microbial mats that developed in
shallow coastal waters and that show remarkable morphological similarities
with certain modern microbial mats.

Fairy Rings

The microbial mats developing on the bottom of the shallow evaporation ponds in
Guerande salterns show a phenomenon that has been termed “fairy rings” and the
origin have been subject of speculation (Gerdes et al. 1993) (Fig. 2). These discoid
structures are known from the fossil record and been interpreted as originating from
medusas (coelenterate) and known as Cyclomedusa. The fairy rings forming in the
microbial mats of the Guerande salterns are extant concentric ring-shaped structures
and are most likely of microbial origin. Similar phenomena were discovered in
coastal microbial mats and were possibly caused by an infection with the fungus
Emericellopsis sp. (Carreira et al. 2015). It was hypothesized that this fungus infects
the mat-forming cyanobacteria and kill them and subsequently migrate outwards
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Fig. 2 “Fairy rings” in microbial mats of the Guerande salterns (France)

from the point of first infection. In the centrum cyanobacteria would re-colonize the
sediment, hence forming rings of cyanobacteria followed by rings of infection. This
is an interesting hypothesis. Fungi form an important but neglected component of
microbial mats as are other microbial eukarya.

The Vertical Distribution and Migration of Microbial Mat
Organisms

The oxygenic photosynthetic activity causes an oxygen supersaturation in the layer
of cyanobacteria, which is in principle the sunlight exposed (green, blue-green, or
dark green) top layer of the microbial mat. Sometimes a biofilm of epipelic diatoms
covers the cyanobacterial mat and in that case these oxygenic phototrophic eukary-
otes form a brown layer on top of the mat. In other cases, the cyanobacterial mat is
hidden under a layer of recently deposited sand. In both cases, the generally low
light adapted cyanobacteria are protected from excessive high irradiance. This “sun-
glass” effect may also be achieved when a top layer of sheath material is left behind
from dead cyanobacteria. These sheaths are composed of recalcitrant polymeric
substances and may contain the UV-protection pigment scytonemin or other sun-
screen pigments such as mycosporine-like amino acids (Garcia-Pichel and
Castenholz 1991, 1993).

Hence, while the cyanobacteria at the utmost surface may be photoinhibited,
deeper in the mat they will find their optimum light conditions, while even deeper
the cyanobacteria may become light limited or even live in permanent darkness
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(Lassen et al. 1992; Wieland et al. 2003). Not only the total irradiance decreases
strongly in the cyanobacterial mat but also the photopigments of the cyanobacteria
higher in the mat will absorb the corresponding wavelengths, leaving the wave-
lengths that cannot be absorbed by cyanobacteria. Sunlight follows a diurnal sinus
and on top of that fluctuations of light happen due to partly overcast. While micro-
bial mats often develop in sedimentary environments and sediment deposits on top
of the mat, motile cyanobacteria may constantly migrate and positioning themselves
optimally in the ever changing light gradient in the mat (Dillon et al. 2009).

Motile cyanobacteria migrate by gliding movement and the direction and speed
is guided by light (phototaxis, photokinesis, and photophobic response), including
UV light (Bebout and Garcia-Pichel 1995), although there are also reports of che-
motaxis (e.g., towards CO,, bicarbonate, and O, (Malin and Walsby 1985); fructose
and sulfide (Richardson and Castenholz 1989); water (hydrotaxis) (Pringault and
Garcia-Pichel 2004); salt (halotaxis) (Kohls et al. 2010), and inhibition of motility
by sulfide (Richardson and Castenholz 1987). Immotile cyanobacteria (many of the
benthic unicellular cyanobacteria are immotile) will follow the light gradient by
growing faster at optimum (average) light intensity.

Anoxygenic phototrophic bacteria migrate in response to the fluctuating and
shifting vertical gradients of O, and pH (Fourcans et al. 2006). These authors used
the microscale depth distribution of pufM, a gene that codes for one of the subunits
of the photosynthetic reaction center of anoxygenic phototrophic bacteria, and
found that the distribution of the biomass of filamentous cyanobacteria was the most
important factor determining the depth distribution of the anoxygenic phototrophic
organisms. This day and night migration is an efficient behavior to cope with the
fluxes of oxygen and sulfide.

At the basis of the cyanobacterial mat there is insufficient light of the spectral
quality needed to support oxygenic photosynthesis. Consequently, cyanobacteria at
the basis of the mat will be unable to sustain metabolism and eventually die and
decompose, providing substrate for chemosynthetic microorganisms. The thickness
of the cyanobacterial layer is thus a function of the light penetrating the mat, which
is a function of the incident light intensity and the sun angle (Ramsing et al. 2000).
Also the properties of the sediment play a role. Quartz and carbonate sand scatter
light more than silt and mud particles and the proportional composition of these
sediment types determine the attenuation of light (Watermann et al. 1999).

The Physiology of Phototrophic Microbial Mats

Obviously, the evolution of oxygen occurs only when daylight is present. Initially,
the oxygen diffuses out of the mat at a lower rate than its photosynthetic production,
which results in supersaturation until diffusion out is in equilibrium with oxygen
evolution. When light ceases, diffusion becomes higher than oxygen production and
the level of dissolved oxygen goes down (Revsbech et al. 1983). In the dark, cyano-
bacteria switch to respiration to cover maintenance energy requirements. Dark



300 L.J. Stal et al.

energy generation may also cover the demands of metabolic processes such as the
fixation of dinitrogen (see below) and sometimes even may support growth (Stal and
Moezelaar 1997). When respiration by the cyanobacteria and other microorganisms
in the mat exceeds diffusion of oxygen from the overlying water or atmosphere, the
mat turns anoxic. This can often happen within minutes because of the high demand
of the dense standing stock of microorganisms (Villbrandt et al. 1990).

Hence, in the dark the microbial mat is anoxic almost to the very surface (any
oxygen diffusing into the mat is scavenged immediately). Anaerobic processes are
therefore dominating the mat’s metabolism. This includes the cyanobacteria that no
longer can rely on aerobic respiration of the storage compounds that were synthe-
sized during the daytime. Mat-forming cyanobacteria are known to be able to fer-
ment their intracellular storage carbohydrate and produce low-molecular organic
compounds such as acetate, lactate, and ethanol, in addition to hydrogen and CO,
gas and formic acid (Stal and Moezelaar 1997). These fermentation products are
excellent substrates for sulfate-reducing bacteria that form sulfide.

Sulfide serves as electron donor for anoxygenic phototrophic bacteria that oxi-
dize it back to sulfate, via elemental sulfur or other sulfur compounds with interme-
diate oxidation states (van Gemerden 1993). The anaerobic anoxygenic purple
sulfur bacteria form a layer below the cyanobacteria. Sometimes these communities
are separated by a layer of iron oxides that could represent a buffer between the
aerobic and permanent anaerobic layers (see below) (Stal 2001). Green sulfur bac-
teria sometimes form a layer beneath the purple sulfur bacteria (Pierson et al. 1987).
Both groups of anoxygenic bacteria are obligate or facultative (some purple sulfur
bacteria) anaerobes. Purple sulfur bacteria use far red light, which is not used by the
cyanobacteria and consequently is not attenuated and penetrates the cyanobacterial
layer. Green sulfur bacteria photosynthesize at very low light intensities (as low as
0.015 pmol photons m= s7!, which equals moon light) (Manske et al. 2005).
Cyanobacteria may also exhibit an anoxygenic phototrophic mode of metabolism or
even may even grow in this mode (see below) (Cohen et al. 1975).

Microbial mats may produce H, in a variety of ways. Most importantly, H, is
a product of fermentation of organic matter, including the reserve compounds in
phototrophic organisms (Stal and Moezelaar 1997; Burow et al. 2012) but a sec-
ond good candidate is the nitrogen-fixing enzyme complex nitrogenase that
evolves at least one H, for every N, reduced to ammonia (Kim and Rees 1994).
Under saturation of nitrogenase with N, may increase the H, evolution accord-
ingly. Non-heterocystous filamentous mat-forming cyanobacteria such as
Lyngbya and Microcoleus are important for the export of H, (Burow et al. 2012;
Hoffmann et al. 2015). It has been speculated that the escape of microbial mat
produced H, might have been an important process that led to the oxidation of the
primitive Earth (Hoehler et al. 2001). While in anoxic marine sediments the H, is
efficiently used by sulfate-reducing bacteria this seems not to be the case in
microbial mats (Hoehler et al. 2002). H, production in mats is light controlled
and follows the daily light cycle. Methanogens rather than sulfate-reducing
bacteria take advantage and consume the H,.



Phototrophic Microbial Mats 301

Sulfate-reducing bacteria are in majority obligate anaerobic organisms although
there are some that withstand up to atmospheric levels of oxygen and a few seem
even to respire low levels of oxygen (Canfield and Des Marais 1991; Sigalevich
et al. 2000). These microorganisms are not pigmented but the sulfide that they pro-
duce precipitates with iron to the black iron sulfide (which may further react with
elemental sulfur to the gray pyrite). The black horizon below the varicolored photo-
synthetic layers is often denoted as the layer of sulfate reduction. This is, however,
not necessarily true and sulfate-reducing bacteria as well as sulfate reduction are
encountered throughout the microbial mat. Colorless sulfur-oxidizing bacteria
thrive at the interface of oxygen and sulfide, which is moving up and down in a
day—night cycle. Hence, although these bacteria are abundantly present, they also
do not form a distinct vertical stratification (Visscher et al. 1992) (although among
these groups different species or ecotypes may be vertically stratified, Risatti et al.
1994). Besides the said bacteria a plethora of other functional groups of microor-
ganisms occurs in microbial mats, making them among the most diverse microbial
ecosystems known (Bolhuis and Stal 2011).

Sulfide is produced by sulfate-reducing bacteria or by bacteria that reduce any
inorganic sulfur compound with a redox state between sulfate (+6) and sulfide (-2).
Particularly, the reduction of elemental sulfur to sulfide is important in microbial
mats. The reduction of elemental sulfur to sulfide (sulfur respiration, disproportion-
ation, or as electron sink in fermentation) and its subsequent oxidation back to ele-
mental sulfur by anoxygenic photosynthesis in microbial mats is also known as the
mini sulfur cycle (van Gemerden 1993).

Sulfide is an extremely toxic compound, especially for any organism with elec-
tron transport chains. Sulfide is inhibitory for oxygenic phototrophs, including cya-
nobacteria the growth of which may cease even at moderately concentrations of
sulfide, and as a result the metabolic activity of the entire ecosystem may come to a
halt. However, in microbial mats this effect is counteracted by colorless and purple
sulfur bacteria. Colorless sulfur bacteria have a high affinity for sulfide but gener-
ally need oxygen to oxidize it. Some are capable of using nitrate as terminal electron
acceptor (denitrification). But nitrate is in very low supply in microbial mats and
oxygen is available only during daytime in the top layer of the mat. Under low sup-
ply of oxygen colorless sulfur bacteria oxidize sulfide incompletely and produce
substrates that can be used by the purple sulfur bacteria such as elemental sulfur,
polysulfide, or thiosulfate. For the oxidation of these substrates purple sulfur bacte-
ria need light and anaerobic conditions. Hence, only during the daytime it is possi-
ble to keep the sulfide concentration low. During the dark, sulfide is produced by a
plethora of different microorganisms, including purple sulfur bacteria, cyanobacte-
ria, and, of course, the sulfate-reducing bacteria. The latter group of organisms
receives its substrate from the cyanobacteria, purple sulfur bacteria, and many other
chemoorganotrophic bacteria that produce the low-molecular compounds from fer-
mentation (Stal and Moezelaar 1997). Purple sulfur bacteria such as Thiocapsa and
Chromatium are responsible for the fact that very little H,S produced in microbial
mats reaches the atmosphere.
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Another mechanism that keeps the sulfide concentration low is through its
reaction with iron, which is abundantly available in coastal microbial mats.
Ferrous iron forms FeS with sulfide that precipitates and gives the typical black
color to the deeper anoxic part of the microbial mat. Sulfide reduces oxidized (fer-
ric) iron to ferrous iron and sulfur, which subsequently reacts with sulfide to FeS,
which may further react with sulfur to form pyrite (FeS,). Iron sulfide and pyrite
are insoluble and stable minerals that undergo slow chemical or biological oxida-
tion. Pyrite can be formed directly from polysulfide and this reaction may be
faster than the reaction between FeS and elemental sulfur and may be either
chemical or biological (Howarth 1979).

N, Fixation

The fixation of dinitrogen (N,) is an important process in microbial mats. It
provides an infinite source of one of the quantitatively most important elements
for organisms.

All microbial mats that have been investigated for dinitrogen fixation appeared
indeed to be diazotrophic (Severin and Stal 2010). Microbial mats are dense com-
munities containing a high amount of biomass in which nitrogen is quantitatively
the second most important element (after carbon), amounting ~10% of the dry
weight. The synthesis and maintenance of this biomass demands therefore sufficient
nitrogen, which is provided by the biological fixation of atmospheric dinitrogen.
There is an ongoing debate about which microorganisms are actually responsible
for this fixation of N,.

Only certain Bacteria and a few Archaea that are capable of synthesizing nitro-
genase are able to fix dinitrogen (N,) (Kim and Rees 1994). Nitrogenase is an
enzyme complex of dinitrogenase reductase (Fe-enzyme) and dinitrogenase
(Fe-Mo-enzyme). The former reduces the latter using reduced ferredoxin as elec-
tron acceptor and 2 ATP per electron transferred. Reduced dinitrogenase reduces N,
to 2NHj; and H,. Hence, the fixation of N, comes at a considerable energetic cost.
Another important feature is that nitrogenase is sensitive to oxygen and functions
only under near anoxic conditions (Gallon 1992). These properties limit the ability
and ecological feasibility of using N, as source of nitrogen to organisms that (1)
possess the genetic potential to synthesize functional nitrogenase, (2) provide suf-
ficient energy and low-potential reducing equivalents, and (3) live in an anoxic
environment or otherwise possess a strategy that protects nitrogenase from oxygen
inactivation. No eukaryotic organism is known to possess the capacity of dinitrogen
fixation except when in symbiosis with a diazotrophic bacterium (established sym-
bioses of Eukarya with diazotrophic Archaea are not known) (Rai et al. 2000).

Measurements of nitrogenase activity in microbial mats show different patterns
during a 24 h day, depending on the type of mat and its development, including the
time of the year, the actual microbial composition, and the prevailing conditions.
Villbrandt et al. (1990) monitored nitrogenase activity in two intertidal coastal mats
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in different stage of development. In summer (June) the mature, well-developed
microbial mat, two sharp peaks of nitrogenase activity were observed, one at sunset
and one at sunrise. Later in the year (September) nitrogenase activity was much
lower and confined to the day. The developing (immature) mat also showed these
activity peaks in summer but less pronounced because most nitrogenase activity
was confined to the dark. In September nitrogenase activity was low and confined to
the morning hours. The interpretation of these remarkable patterns was as follows.
The mature mat turned anoxic at night, while during the daytime the mat is super-
saturated with oxygen due to the oxygenic photosynthetic activity of the cyanobac-
teria in the mat. Such conditions are not supportive for the energy-demanding N,
fixation. However, at sunset, photosynthesis ceases and the oxygen concentration
drops, while low light is still available. At sunrise, the mat is still anoxic, but light is
available. The non-heterocystous diazotrophic cyanobacteria use these windows of
opportunity to fix N,. The developing mat is characterized by low standing stock
biomass and these mats do not turn anoxic at night. This allows aerobic respiration
to cover the energy demand of the diazotrophs, although also in the developing mat
sunset and sunrise seemed still optimum for N, fixation. This pattern was experi-
mentally proven in an axenic culture of the mat-forming cyanobacterium Lyngbya
aestuari (at the time assigned as Oscillatoria sp.) that was cultured under an alter-
nating light-dark, aerobic—anaerobic cycle (Stal and Heyer 1987).

An investigation of the composition of nifH, one of the structural genes cod-
ing for the iron protein of nitrogenase, showed that approximately half of the
sequences could be attributed to cyanobacteria (non-heterocystous filamentous
and unicellular species), while 25 % belonged to Gammaproteobacteria (mainly
purple sulfur bacteria) and Deltaproteobacteria (mainly sulfate-reducing bacte-
ria). The other 25 % were unassigned (Severin et al. 2010). However, when the
expression of the gene was considered, cyanobacteria contributed 60—80 %, while
Gammaproteobacteria contributed 20—40 %. Only in the morning hours expres-
sion of nifH of Gammaproteobacteria was more important than that of cyanobac-
teria (Fig. 3). This seems logic because of the accumulation of sulfide during the
night and the availability of light in the morning would stimulate the photosyn-
thetic activity of this group of organisms.

The Case of Microcoleus (Coleofasciculus) chthonoplastes

Microcoleus chthonoplastes (re-assigned as Coleofasciculus chthonoplastes by
Siegesmund et al. 2008) is a filamentous cyanobacterium belonging to Section 3
(Rippka et al. 1979), meaning that it does not differentiate cells. Microcoleus means
“small sheath” (Coleofasciculus means “small sheathed bundle”) and chthonoplas-
tes means the “creator of the subterranean” or better the “maker of soil.” This name
refers to the organisms’ capability of forming microbial mats, basically an organic
film covering an inorganic surface. M. chthonoplastes is a cosmopolitan cyanobac-
terium that is characterized by long trichomes that are surrounded in a common
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Fig. 3 Expression of nifH of different groups of microorganisms during a 24 h day

polysaccharide sheath (Fig. 4). This sheath may contain many tens of trichomes and
the sheath may be divided into compartments. The sheath may be lost when the
organism is isolated and cultured in the laboratory. This has led to misidentification
of morphological similar, opportunistic isolates from microbial mats as M. chthono-
plastes (Garcia-Pichel et al. 1996; Siegesmund et al. 2008). This cyanobacterium is
known as a mat-builder worldwide.

The function of the sheath of M. chthonoplastes has been debated and is unknown
but may be to protect the organism from desiccation. Microbial mats in intertidal
sediments are often exposed to cycles of periodic desiccation. The sheath would
retain water and in that way allows the organism to survive long periods of drought.
It has been observed that upon hydration of a dehydrated bundle of M. chthonoplas-
tes, the trichomes moved quickly out of the sheath (Campbell 1979). There may be
other advantages of the sheath such as protection from grazing and from other envi-
ronmental threads such as toxic chemicals (heavy metals, sulfide), while the many
bundles in the mat would entangle with each other, trapping the sediment and in this
way make a strong network that increases the erosion threshold of the sediment
(Yallop et al. 1994). This would lead to a stable environment and provide a matrix
in which the microbial mat community can develop protected from physical and
biological forces.

For a long time, M. chthonoplastes mats are known to fix atmospheric nitrogen.
However, the identity of the diazotrophic organism has been and still is a matter of
debate (Zehr et al. 1995; Steppe et al. 1996). Because many cyanobacteria are
capable of nitrogen fixation, M. chthonoplastes was obviously a candidate.
Initially, it was conceived that the sheathed bundle is an adaptation to protect the
oxygen-sensitive nitrogenase, but this has never proven, nor was a convincing
conceptual model presented that explained how this could work (Potts et al. 1978).
There have been reports of isolation of N,-fixing M. chthonoplastes. Pearson et al.
(1979) reported aerobic nitrogen fixation in M. chthonoplastes, but this isolate was
later re-identified as Symploca sp. (Fredriksson et al. 1998). Diazotrophic M.
chthonoplastes “strain 11,” which was isolated from a coastal microbial mat from
one of the Wadden Sea barrier islands, was re-identified as Geitlerinema sp.
(Bolhuis et al. 2010). Villbrandt and Stal (unpublished results) screened all iso-
lates of true M. chthonoplastes that were analyzed by Garcia-Pichel et al. (1996)
and were unable to induce nitrogenase activity in any of them, not even under
anoxic and anoxygenic conditions.
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PCR amplification of nifH from M. chthonoplastes mats did not reveal cyano-
bacterial sequences but mainly sequences related to Gamma- and Deltaproteobacteria
(Zehr et al. 1995; Olson et al. 1999; Omoregie et al. 2004). This led to the assump-
tion that cyanobacteria in these mats were unimportant as diazotrophs and that N,
fixation was mainly attributed to anoxygenic phototrophic bacteria and sulfate-
reducing bacteria. It was thought that N, fixation was possible because of a joint
venture between cyanobacteria and chemotrophic bacteria and that the former pro-
vide the organic substrate for the latter, exchanging fixed nitrogen in return (Steppe
et al. 1996). Indeed, other bacteria can be found tightly associated with the M.
chthonoplastes polysaccharide sheath or even within it (D’Amelio et al. 1987).
These bacteria included members of the sulfate-reducing Desulfovibrionaceae
(Deltaproteobacteria).

Bolhuis et al. (2010) discovered that the genome of M. chthonoplastes contained
a complete nif cluster, but that most of it, including the structural genes nifHDK,
was identical to those of Deltaproteobacteria or Chlorobia. These authors proved
that this cluster must have been obtained by M. chthonoplastes through horizontal
gene transfer, possibly from a sulfate-reducing bacterium. They also reported the
same nifHDK genes in (true) M. chthonoplastes strains, isolated by different
research groups from microbial mats from various parts of the world. This indicated
that the transfer of this gene cluster must have occurred early in the evolution of M.
chthonoplastes. This discovery explained the earlier observations of a lack of cya-
nobacterial nif genes in mats of M. chthonoplastes.

Induction of nitrogenase activity M. chthonoplastes failed and also transcription
of nifHDK was not detected, even when anaerobic conditions were applied. Many
anaerobically N,-fixing cyanobacteria induce nitrogenase only when first starved
for nitrogen under normal oxygenic photoautotrophic conditions until bleaching

Fig. 4 Microcoleus (Coleofasciculus) chthonoplastes
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commences (which is a sign that the phycobiliproteins are starting to degrade).
Subsequently, the culture is made anoxic and the inhibitor of oxygenic photosynthe-
sis (PS II), DCMU, is added in order to assure continued anaerobic conditions, after
which nitrogenase activity appears in 3-12 h (Rippka and Waterbury 1977).
However, this procedure did not lead to the induction of nitrogenase activity or
transcription of the nif genes in M. chthonoplastes. Remarkably, using primers spe-
cific for the M. chthonoplastes nifHDK, transcription was found in the mat (together
with nitrogenase activity, although this activity could not be unequivocally attrib-
uted to M. chthonoplastes) (Bolhuis et al. 2010). Hence, obviously the chosen
conditions in the laboratory did not allow nitrogenase induction. Preliminary results
indicate that growing M. chthonoplastes on sand (hence, benthic rather than as a
liquid culture) when it also forms again the bundles as under natural conditions in
the mat, or under low O, levels (5 %) induced nif gene transcription and revealed
nitrogenase activity (Bolhuis and Stal, unpublished results).

Anoxygenic Photosynthesis by Cyanobacteria

While oxygenic photosynthesis uses water as the electron donor, anoxygenic photo-
synthetic CO, fixation relies on other electron donors such as reduced sulfur com-
pounds, organic acids, hydrogen, nitrite, or ferrous iron (Padan 1979). Cyanobacteria
thriving in microbial mats or sulfureta (environments dominated by sulfur) are
known to perform photosystem I-dependent anoxygenic photosynthesis using sul-
fide as electron donor (van Gemerden 1993). Other electron donors for anoxygenic
photosynthesis in cyanobacteria are not known. Cyanobacteria oxidize sulfide to
elemental sulfur or thiosulfate, but in fact not much is known about anoxygenic
photosynthesis of cyanobacteria and it its role in microbial mats.

In some cases cyanobacteria are the predominant organisms responsible for the
oxidation of sulfide in microbial mats such as those formed in sulfidic streams (Klatt
et al. 2016). These authors observed that the observed anoxygenic photosynthesis
and oxidation of sulfide was insensitive to DCMU, a potent and specific inhibitor of
the oxygenic photosystem II, while in the dark the concentration of sulfide in the
mat increased, indicating that sulfide oxidation was light-dependent. The depth-
integrated rate of sulfide oxidation was 1.5 pmol m™ s~ and cyanobacteria were the
only significant sink of sulfide.

Sulfide inhibits the oxygenic photosystem II, which is required to induce anoxy-
genic photosynthesis in cyanobacteria capable of it such as some strains of
Geitlerinema (Solar Lake Oscillatoria limnetica) that grow anoxygenic and oxidize
sulfide to sulfur (Cohen et al. 1975). The Solar Lake cyanobacteria are permanently
exposed to high concentrations (several mM) of sulfide. The mat-forming M.
chthonoplastes strain 11 (now re-identified as Geitlerinema, SAG31.92, and
CCY9619) simultaneously performs oxygenic and anoxygenic photosynthesis and
therefore tolerates only moderately levels of sulfide (0.15 mM). M. chthonoplastes
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mats are in general not experiencing high concentrations of free sulfide. One reason
that M. chthonoplastes does not tolerate high concentrations of sulfide is that it
requires low amounts of oxygen as a nutrient (de Wit et al. 1988). Growth of M.
chthonoplastes occurred at higher sulfide concentrations (<1 mM), provided that
oxygen was supplied. M. chthonoplastes strain 11 oxidizes sulfide to thiosulfate (de
Wit and van Gemerden 1987a). The mat-forming Oscillatoria limosa strain 23 (re-
assigned as Lyngbya aestuarii PCC8106 and CCY9616) is unable to perform
sulfide-dependent anoxygenic photosynthetic CO, fixation when photosystem II is
inhibited by DCMU (Stal 1995). However, CO, fixation tripled in the presence of
0.5 mM sulfide and even at 1 mM sulfide CO, fixation was still 74 % of the control.
L. aestuarii exhibited sulfide- and light-dependent uptake of O,. The oxidation of
sulfide in the light may both lower the O, concentration, which would increase the
carboxylation reaction of RubisCO as well as detoxify sulfide (Stal 1995). This
physiology is obviously beneficially for mat-forming cyanobacteria.

Free sulfide occurs in a pH-dependent equilibrium of the gaseous H,S and the ions
HS- and S>~. Between pH 7 and pH 9 virtually all sulfide is present as HS™. Above
pH 9 it is mostly S?>~ and below pH 7 it is mostly H,S. Since H,S is a gas it can diffuse
into the cell whereas the sulfide ions need to be actively transported. Sulfide is there-
fore more toxic at lower pH. The cyanobacterial layer of the mat is characterized by
a high pH (up to pH 10) resulting from the photosynthetic fixation of CO, in the light,
but in the dark the pH may drop to 7. The high pH will limit the access to sulfide for
photosynthesis in the light. However, cyanobacteria capable of anoxygenic photo-
synthesis are apparently capable of uptake of the sulfide ion. More importantly, the
sediments of many marine environments where microbial mats develop are rich in
iron and sulfide will react with it and precipitates as FeS (iron sulfide) or FeS,
(pyrite). Ferric iron will be reduced to ferrous iron by sulfide producing FeS and
elemental sulfur, which may further react to pyrite. The reaction with iron will largely
eliminate free sulfide in the mat (Wieland et al. 2005). Hence, in microbial mats
exposed to high pH and iron, anoxygenic photosynthesis by cyanobacteria may be
negligible most of the time but episodically, when conditions have changed, the
resistance of mat-forming cyanobacteria against sulfide and the capacity of using it
in an anoxygenic photosynthetic mode may give these organisms an essential advan-
tage that allow them to thrive in microbial mats (Klatt et al. 2016).

Mat-forming cyanobacteria such as M. chthonoplastes may accumulate iron on
the polysaccharide sheath (Stal 2001). In contact with sulfide, the iron-loaded sheath
of M. chthonoplastes turns black from FeS. It has been conceived that this may actu-
ally protect the cyanobacterium from toxic free sulfide as well as from supersaturat-
ing oxygen concentrations. At night when the sulfide concentration increases and
may reach the cyanobacterial mat, the sulfide reacts with iron to ferrous sulfide.
During the day the photosynthetic evolved oxygen reacts with the ferrous iron and
oxidizes it to ferric iron. This will keep the oxygen concentration low and allows
efficient CO, fixation by minimizing the oxygenation activity of the CO,-fixing
enzyme RubisCO. Many coastal microbial mats show a layer of oxidized iron
immediately beneath the cyanobacterial mat and it has been conceived that this may
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similarly serve as a buffer separating the oxygenated top layer from the deeper
sulfide-rich layer. However, besides this the iron layer may also be the result of the
activity of anoxygenic phototrophic bacteria using ferrous iron as electron donor.

Anoxygenic Phototrophic Bacteria

Purple sulfur bacteria are a notable component of coastal microbial mats provided
that sufficient sulfide is produced (Wieland et al. 2005). These anoxygenic photo-
trophic bacteria harvest light in the far-red part of the (photosynthetic active radia-
tion) light spectrum that is not absorbed by the cyanobacteria and is not much
attenuated by the sediment. Moreover, they exhibit some tolerance to oxygen (and
some species are even capable of using it) and therefore very well suited to live in
the proximity of cyanobacteria (Overmann and Garcia-Pichel 2006; Meyer et al.
2011). Rarely, green sulfur bacteria appear in coastal microbial mats, but they have
been reported as a visible layer below the purple sulfur bacteria (Pierson et al.
1987). Green sulfur bacteria have very low light requirements and have a higher
affinity towards sulfide than purple sulfur bacteria that allow them to compete with
the latter when sulfide is short in supply. They are also much less tolerant to oxygen
and therefore there localization in the deeper part of the mat fit these requirements
perfectly (van Gemerden 1984; Pringault et al. 1999; Hamilton et al. 2016).

Microbial mats not always possess a clearly visible layer of purple sulfur bacte-
ria and de Wit et al. (1995) explained this phenomenon using a model that described
the competition between colorless and purple sulfur bacteria. These authors showed
that either colorless sulfur bacteria dominate or that they co-exist with purple sulfur
bacteria that in that case are by far in majority. The question whether colorless sul-
fur bacteria or purple sulfur bacteria are responsible for the removal of sulfide in the
microbial mat depends very much on the availability of oxygen. Under anoxic con-
ditions the purple sulfur bacteria will use up all sulfide and under excess oxygen
colorless sulfur bacteria will do the job, even though purple sulfur bacteria such as
T. roseopersicina are capable of doing the same, but lack the high affinity for sulfide
of colorless sulfur bacteria such as Thiobacillus (Acidithiobacillus). While the latter
removes oxygen, it allows the purple sulfur bacteria to synthesize their photopig-
ments and using the sulfur intermediates produced by the colorless sulfur bacteria.
This forms the perfect conditions for a co-existence of the two functionally different
groups of microorganisms in the mat (van Gemerden 1993).

Disproportionation of reduced sulfur compounds may be important in microbial
mats. This is essentially a fermentation of inorganic compounds during which part
of the substrate is oxidized (serves as an electron donor) and another part of the
same substrate is reduced (serves as an electron acceptor). Examples are among
others elemental sulfur (including polysulfides), sulfite, and thiosulfate (Bak and
Pfennig 1987; Canfield and Thamdrup 1996).

The role of anoxygenic phototrophic bacteria in microbial mats has been and still
is neglected. Purple sulfur bacteria may also be important because they can contrib-
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ute importantly to the physical stabilization of the matrix of the mat (Grant and Gust
1987). The predominant purple sulfur bacteria in coastal microbial mats are the
Gammaproteobacteria Thiocapsa roseopersicina, Thiocystis violacea, and
Allochromatium vinosum (Imhoff 2001). For instance, T. roseopersicina, which can
be easily cultured and can reach abundances of 10°~107 cells cm™ (van Gemerden
et al. 1989a). The success of this organism in coastal microbial mats is attributed to
its high metabolic versatility and flexibility and its capacity to acclimate to a wide
range of salt concentrations. Although 7. roseopersicina is basically an anaerobic
organism, it has a wide tolerance to O, and is even capable of aerobic growth in the
dark (de Wit and van Gemerden 1987b, 1990). The latter property may, however, be
of minor relevance in most microbial mats, because aerobic conditions in darkness
do not occur frequently, except perhaps in “inverted” mats when anoxygenic purple
sulfur bacteria appear at the surface (van Gemerden et al. 1989b). Vacuolated bacte-
ria such as Thiocapsa rosea and Lamprobacter modestohalophilus, and non-
vacuolated bacteria such as Marichromatium gracile and Ectothiorhodospira sp.
have been isolated from mats in the Ebro Delta (Martinez-Alonso et al. 2005;
Villanueva et al. 2010). There was a high diversity of members of the Chromatiaceae
in the microbial mats of the Ebro Delta and many novel species of purple sulfur
bacteria were present in these mats (Martinez-Alonso et al. 2005).

From the purple layers of hypersaline microbial mats other members of the fam-
ily Chromatiaceae such as Halochromatium salexigens, H. glycolicum, and
Halothiocapsa halophila have been isolated (Caumette et al. 1988, 1991, 1997).

Because green sulfur bacteria are obligate anaerobic organisms and sensitive to
oxygen they are rarely encountered in microbial mats where oxygen may periodi-
cally reach the entire photic zone (which may be a few millimeters). However, green
sulfur bacteria also grow at very low irradiances (Manske et al. 2005) and therefore
may proliferate below the layer of purple sulfur bacteria, provided that continuous
anoxia is guaranteed (Nicholson et al. 1987; Pierson et al. 1987). Green non-sulfur
bacteria such as Chloroflexus and Roseiflexus are anoxygenic phototrophs that are
an important component in anoxygenic hypersaline and some thermophilic micro-
bial mats (van der Meer et al. 2005). They contribute importantly to gross primary
production and community respiration and they depend strongly on light in the near
infrared region (Polerecky et al. 2007).

Purple sulfur bacteria are anaerobic anoxygenic phototrophic organisms that use
sulfide or other reduced forms of sulfur as electron donor with which they fix CO,.
Other substrates include are polysulfides, FeS (Visscher et al. 1990), and DMS
(Visscher and van Gemerden 1991). Sulfide is oxidized to elemental sulfur, which
is stored intracellularly (de Wit and van Gemerden 1987b). This process is usually
fast because it involves only one oxidation step (two electrons) so that the resulting
elemental sulfur is unavailable for other organisms and is further oxidized to sul-
fate when sulfide is no longer available. The depletion of sulfide may increase the
risk that the organisms become exposed to oxygen. Purple sulfur bacteria thriving
in these microbial mats therefore resist moderate concentrations of oxygen. The
most common purple sulfur bacterium in microbial mats, Thiocapsa roseopersic-
ina, is even capable of growing chemotrophically using sulfide or thiosulfate and
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oxygen (de Wit and van Gemerden 1987b). A large proportion of the electrons are
now used to generate energy for CO, fixation and the yield will be considerably
lower when compared to photoautotrophic growth, when light serves as source of
energy and all electrons are available for CO, fixation. Under alternating oxic—
anoxic conditions 7. roseopersicina uses its chemotrophic and phototrophic growth
potential simultaneously (Schaub and van Gemerden 1994). The synthesis of phot-
opigments cannot take place in the presence of oxygen, which would be the case
during the day. However, under an alternating light-oxic and dark-anoxic regime,
which simulates the actual situation in a microbial mat, synthesis of bacteriochlo-
rophyll and the carotenoid spirilloxanthin in 7. roseopersicina occurs during the
dark at the expense of glycogen that is stored during the day. Although photopigments
cannotbe synthesizedduringtheday, T. roseopersicinacould grow photosynthetically
using the photopigments synthesized anaerobically in the dark (de Wit and van
Gemerden 1990). This property is probably the reason for the success of 7. roseop-
ersicina in microbial mats because under the fluctuating conditions of oxygen and
light it outcompetes purple sulfur bacteria that otherwise possess a much higher
affinity for sulfide.

Polysulfides are chains of elemental sulfur with a negatively charged sulfur atom
at each end (S,>) and are formed by a chemical reaction of elemental sulfur with
sulfide. Polysulfide is soluble and is more toxic than sulfide. Polysulfide is stabile at
high pH and plays therefore an important role in microbial mats. Both green and
purple sulfur bacteria oxidize polysulfide to sulfate (Visscher et al. 1990). Initially
it was assumed that this reaction occurs only in microbial mats with low concentra-
tions of iron so that free sulfide may be present (Jgrgensen and Cohen 1977).
However, high concentrations of polysulfides have been reported to occur in a cya-
nobacterial mat, indicating that this compound may be relevant for the sulfur cycle
in marine microbial mats (van Gemerden 1993). Although polysulfides are an order
of magnitude more toxic for most organisms than sulfide it may serve as the form of
elemental sulfur that is transported into cells (Steudel et al. 1990). Thiocapsa
roseopersicina, for instance, is capable of anoxygenic photosynthesis at the expense
of polysulfide (Visscher et al. 1990).

Thiosulfate is formed as an intermediate in photosynthetic sulfide oxidation by
green and purple sulfur bacteria (Steinmetz and Fischer 1982; Steudel et al. 1990)
and can be used as electron donor by most colorless and photosynthetic sulfur bac-
teria. Oxidation of thiosulfate may result in the formation of tetrathionate (Then and
Triiper 1981) or being split into sulfate or sulfite and elemental sulfur, which are
subsequently further oxidized to sulfate (van Gemerden 1993).

Iron Photosynthesis

Ehrenreich and Widdel (1994) discovered iron-dependent anoxygenic photosyn-
thesis by purple bacteria related to Chromatium and Rhodobacter (Gamma- and
Alphaproteobacteria, respectively). The authors proposed that these microorgan-
isms may have been responsible for the formation of Proterozoic banded-iron
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formations that were formed 1.8-2.5 billion years before present. Another expla-
nation could be the chemical or chemotrophic biological aerobic oxidation of
iron using the oxygen evolved by cyanobacteria as seen in hot spring microbial
mats (Pierson et al. 1999). Aerobic chemotrophic oxidation of iron under near
neutral pH may be through the activities of organisms such as Gallionella and
Leptothrix (Emerson et al. 2010). Chlorobium ferrooxidans is a member of the
green sulfur bacteria and carries out ferrous—iron-dependent anoxygenic photo-
synthesis but is unable to use sulfide or other reduced sulfur compounds (Heising
et al. 1999). Anoxygenic iron-dependent photosynthesis by green sulfur bacteria
belonging to the Chlorobiaceae was found at great depth in an iron-rich, sulfide-
poor lake (Crowe et al. 2008). No reports have been published showing iron
photosynthesis in microbial mats, but based on the current knowledge there is no
reason why this should not occur.

Purple Non-Sulfur Bacteria

Purple non-sulfur bacteria are phylogenetically dispersed throughout the subclass
of Alpha- and Betaproteobacteria (Lee et al. 2005) and are important and often
dominant organisms in microbial mats (Guyoneaud et al. 1996; Ranchou-Peyruse
et al. 2004). Purple non-sulfur bacteria distinguish from purple sulfur bacteria that
they do not oxidize sulfide to elemental sulfur (as intermediate). These organisms
are also more versatile than the mostly obligate photoautotrophic purple sulfur bac-
teria. Purple non-sulfur bacteria can be photoorganoheterotrophic, using light as the
source of energy and organic matter as electron donor and carbon source, but they
can also use organic matter as source of energy and live chemoorganoheterotrophic.
Organic substrates include volatile fatty acids, lactate, pyruvate, malate, fumarate,
succinate, glycerol, and certain amino acids (Guyoneaud et al. 2002). Some species
can also live photolithotrophic using sulfide, sulfite, or thiosulfate as electron donors
(Imhoff 2001; Guyoneaud et al. 2002; Caumette et al. 2007). Purple non-sulfur
bacteria may be facultative anaerobes and may respire aerobically. Typical genera in
microbial mats include Rhodobacter, Rhodobium, Rhodovibrio, Rhodothalassium,
Rhodospira, Rhodospirillum, Rhodocysta, and Phaeospirillum (Imhoff et al. 1998;
Glaeser and Overmann 1999; Guyoneaud et al. 2002).

Aerobic Anoxygenic Phototrophic Bacteria

Aerobic anoxygenic phototrophs (AAP) are bacteria belonging to the Alpha-, Beta-,
and Gammaproteobacteria (Yurkov and Beatty 1998; Koblizek 2015). AAPs are
facultative photoheterotrophs that possess a photosynthetic reaction center contain-
ing bacteriochlorophyll a, with which they harvest light energy but are unable to fix
CO, except small amounts through anaplerotic routes (Tang et al. 2009). AAPs are
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basically secondary producers that recycle organic matter. AAPs have a wide distri-
bution and occur in almost any illuminated environment, both freely suspended in
freshwater and marine aquatic environments as well as in aggregates and attached
to seaweeds and in biofilms. It is therefore not surprising that AAPs have been
found in microbial mats and stromatolites (Shiba et al. 1979; Shiba 1991; Nishimura
et al. 1994). AAPs have been isolated from alkaline cyanobacterial mats (Yurkov
and Gorlenko 1992; Yurkov and van Gemerden 1993; Yurkov et al. 1994) and soil
crusts (Csotonyi et al. 2010). The clone library of pufM from a cyanobacterial mat
revealed many aerobic anoxygenic phototrophic bacteria although isolation and
cultivation revealed that anaerobic purple sulfur bacteria formed the majority
(Ranchou-Peyruse et al. 2006). Also in other phototrophic mats aerobic and
anaerobic anoxygenic phototrophic bacteria co-exist (Thiel et al. 2010). However,
very little is known about the role of AAPs in microbial mats, which should not
surprise considering the fact that hardly anything is known about the ecology of
these microorganisms in any environment. AAPs are often found associated with
algal cultures where they probably live from organic matter exuded by the alga and
perhaps also supply essential growth factors to the alga, while having access to light
(Brauer et al. 2015; Koblizek 2015). This mutual relationship may also exist
between AAPs and cyanobacteria in microbial mats. The effect of light on these
organisms has been and still is disputed. Obviously, AAPs must have an advantage
for having a photosynthetic reaction center, otherwise it would have been lost and it
would not explain their wide distribution and phylogenetic diversity. The effect of
light may be small but sufficiently important to guarantee a long-term advantage
that may not easily be reproduced in laboratory cultures. Another important envi-
ronmental parameter that affects AAPs is temperature. However, it is unclear
whether AAPs require a higher temperature for growth or that the effect of tempera-
ture is indirect. In aquatic environments where the positive effect of higher tempera-
ture was reported it is likely that the elevated temperature caused a stratification of
the water column, which would keep the AAPs in the illuminated surface layer due
to the absence of mixing. This would, however, not apply to microbial mats.
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Abstract During the last few years, progress has been made in developing cleaner
and more efficient bioenergy producing systems. Innovative processes and novel
substrates were assessed at lab scale, in order to investigate and promote a sustain-
able development of photobiological hydrogen production. Recent and innovative
processes and the use of novel substrates are discussed in this chapter. The main
focus is on photofermentation systems conducted on biomass derived substrates, as
these are considered to be the applicative goal of hydrogen production. Indeed, it is
also present a short excursus on some synthetic media, investigated as interesting
opportunities for enlarging applicability of the hydrogen technology. The number of
new findings here reported demonstrates that it is worth continuing the efforts for
increasing the knowledge on the photofermentation process for H, production, in
particular owing to the need of reducing the use of fossil fuels for mitigating the
emissions of GHG in the atmosphere.
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Abbreviations

DW Dry weight

OMWW  Olive mill waste waters

PHA Polyhydroxyalkanoate

PHB Poly-f-hydroxybutyrate
PNSB Purple non sulfur bacteria
VFAs Short chain volatile fatty acids
VS Volatile solids

Bioenergies and Biohydrogen

Bioenergy production and use is rising in many countries to diversify energy sources
and to promote environmental quality, mitigation of climate change, energy security,
and economic growth, including the development of rural economies (Weiland 2010;
El Bassam 2010; Appels et al. 2011; IRENA 2013). Bioenergy derives from the con-
version of biomass, where biomass may be used directly as fuel or processed into
liquids and gases (IRENA 2013) and according to Directive 2009/28/EC of the
European Parliament and the Council of 23 April 2009 on the promotion of the use
of energy from renewable sources, the term biomass means “the biodegradable frac-
tion of products, waste and residues of biological origin from agriculture (including
vegetal and animal substances), forestry and related industries including fisheries and
aquaculture, as well as the biodegradable fraction of industrial and municipal waste.”

Concerning policy target for energy from renewable sources in transport, the
development of biofuels plays a fundamental role (El Bassam 2010). The importance
of producing biofuels is linked to the need of reducing fossil fuel extraction and
consumption, with the aim of decreasing the rise of atmospheric CO, and in general
to decrease fuel impact on global climate change (El Bassam 2010; Frigon and Guiot
2010; Appels et al. 2011). Biofuels are commonly separated into three different
groups according to their level of development and the feedstocks used, though there
is no universally agreed definition (IEA 2009; El Bassam 2010). In general, 1st gen-
eration biofuels include mature technologies for the production of bioethanol from
sugar and starch crops, biodiesel from oil crops and animal fats, and biomethane
from the anaerobic digestion of wet biomass; 2nd generation biofuels include several
biofuels, such as bioethanol and biodiesel, produced from conventional technolo-
gies, but using novel feedstocks, like alternative starch, oil and sugar crops, or ligno-
cellulosic materials (e.g., straw, wood, and grass); 3rd generation or advanced
biofuels are at the earlier stages of research and development (e.g., biofuels from
algae, hydrogen from biomass reforming, and biohydrogen) (IEA 2009; El Bassam
2010). The 2nd and 3rd generation biofuels are more sustainable, with biomass at
lower costs and lower greenhouse gas emissions than 1st generation ones, avoiding
the replacement of food and forage production by energy crops (IEA 2009).
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In general, the increased bioenergy use can lead to increased demand for
biomass, thus to a possible competition for land currently used for food produc-
tion (IEA 2009; Appels et al. 2011). Several aspects are related to this concept,
on one hand, the increasing global population (nine billions in the 2050, accord-
ing to UN estimations) results in an increase of food and animal feed demand, on
the other hand, the use of croplands and forests for energy crops production could
be detrimental to biodiversity and to soil and water resources (IEA 2009). On
these grounds, government policies and industrial efforts need to be directed to
achieve bioenergy potential targets in the longer term, making sure of increasing
biomass yield levels, global food production, promoting the technology develop-
ment, the diffusion of best sustainable agricultural practices, and a sustainable
use of residues and wastes for bioenergy, which present limited environmental
risks and impacts and need to be encouraged and promoted globally (IEA 2009;
Appels et al. 2011).

Hydrogen is a promising energy carrier, is the most abundant element in the
universe, and represents a clean and renewable biofuel, with high conversion
efficiency (Holladay et al. 2009; Christopher and Dimitrios 2012). Currently,
about 96 % of hydrogen is synthesized from fossil fuels, in particular from meth-
ane reforming, and the remaining percentage is produced by water electrolysis
and can be used directly in internal combustion engines or in fuel cells, after
appropriate purification, without a direct combustion (Holladay et al. 2009;
Christopher and Dimitrios 2012; Adessi and De Philippis 2014). Hydrogen can
play an important role in decarbonizing the transport sector in the long-term
period, as there is no CO, emission during its combustion, and it can be derived
from many renewable sources including biomass and water. However, the
deployment of hydrogen vehicles and a related fueling infrastructure is still
missing or inadequate for a successful market application in the contest of hydro-
gen economy (Holladay et al. 2009; IEA 2009). Comparing with anaerobic
digestion, which is classified within the biochemical conversion processes as a
robust and widely applied technology, the biological hydrogen production is a
technology in progress (Frigon and Guiot 2010). Biohydrogen production pro-
cesses can be classified into different groups, as follows: biophotolysis of water
by microalgae and cyanobacteria; photodecomposition of organic compounds by
photosynthetic bacteria, i.e., photofermentation; dark fermentation of organic
compounds by anaerobic or facultative anaerobic bacteria; and bioelectrohydro-
genesis (Das and Veziroglu 2008; Hallenbeck et al. 2009; Holladay et al. 2009).
Combined systems can be created with the dark fermentation yielding biohydro-
gen as first stage followed by the second stage of either anaerobic digestion,
yielding biomethane, or photofermentation, yielding biohydrogen (Hallenbeck
and Ghosh 2009; Adessi et al. 2012a; Argun and Kargi 2011; Gomez et al. 2011;
Hay et al. 2013).

This chapter will be focused on photofermentation as either a single stage pro-
cess, or in dark fermentation/photofermentation systems both sequential (two stage)
and combined (co-cultures), using novel biomass derived substrates.
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Photofermentation by Purple Non Sulfur Bacteria

Photofermentation is carried out by purple non sulfur bacteria (PNSB), that are
anoxygenic phototrophic bacteria, converting substrates to hydrogen, carbon diox-
ide, and microbial biomass (Heiniger et al. 2012; Adessi and De Philippis 2014;
Hallenbeck and Liu 2016). During hydrogen biosynthesis, nitrogenase enzyme
reduces molecular nitrogen and protons to ammonia and hydrogen (Eq. 1) (Heiniger
et al. 2012; Adessi and De Philippis 2014; Hallenbeck and Liu 2016):

N, +8H" +8¢” +16ATP—2NH, +H, +16ADP (1

This reaction is energy demanding, requiring ATP produced through cyclic photo-
phosphorylation in absence of oxygen with artificial or solar light as the energy
source, and the reducing power from the catabolism of carbon compounds in the
tricarboxylic acid (TCA) cycle, preferably low-molecular weight organic acids
that can easily enter the TCA cycle (Fig. 1) (Adessi and De Philippis 2014;
Hallenbeck and Liu 2016). Thus, photobiological hydrogen production using
PNSB depends mainly on nitrogen fixation, ATP production, and carbon sources
catabolism (Keskin et al. 2011; Adessi and De Philippis 2014). In absence of
molecular nitrogen, nitrogenase can dissipate the reducing equivalents coming
from other metabolic processes producing hydrogen (Heiniger et al. 2012; Adessi
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Fig. 1 Main processes related to hydrogen production, under photoheterotrophic growth in non-
nitrogen fixing conditions: anoxygenic photosynthesis, ATP synthesis, TCA cycle, hydrogenase,
and nitrogenase activities. The straight black arrows indicate the electron flow. The lightning sym-
bol indicates light excitation. Cyt bc, cytochrome bc, complex, Cyt ¢, cytochrome c¢,, Fd ferre-
doxin, RC Reaction Center, Succinate — DH succinate dehydrogenase, NADH-DH NADH
dehydrogenase. (Image from Adessi and De Philippis 2012)



Photosynthetic Purple Non Sulfur Bacteria in Hydrogen Producing Systems... 325

Fig. 2 Electron micrograph of Rhodopseudomonas palustris 420L. Whole cell containing PHB gran-
ules, longitudinal section. PHB poly-f-hydroxybutyrate granules, /CM intra-cytoplasmic membranes

and De Philippis 2014). Otherwise, in cells with active nitrogenase, hydrogen can
represent an electron donor, oxidized by the uptake hydrogenase enzyme (Keskin
et al. 2011; Adessi and De Philippis 2013) (Fig. 1). It has to be stressed that even
if the process is anaerobic, a microanaerobic nitrogenase activity was found in
some PNSB with low oxygen concentration (Hallenbeck and Liu 2016). In gen-
eral, PNSB are a diverse group of anoxygenic phototrophic bacteria with a versa-
tile metabolism, which are able to use a variety of organic acids and sugars,
depending on the species selected (Argun and Kargi 2011; Eroglu et al. 2014). The
most studied PNSB species for photobiological hydrogen production are
Rhodobacter sphaeroides, Rhodopseudomonas palustris (Fig. 2), Rhodobacter
capsulatus, Rhodobacter sulfidophilus, and Rhodospirillum rubrum (Argun and
Kargi 2011). PNSB are capable of producing polyhydroxybutyrate (PHB), that is
a member of polyhydroxyalkanoate (PHA) family and represents a biodegradable
polymer, that can be used for the production of biodegradable plastics (Keskin
etal. 2011; Wu et al. 2012; Adessi and De Philippis 2014). PHB is a carbon storage
polymer (visible in Fig. 2) that can be used as carbon and energy source during
starvation, since it has low solubility, high molecular weight, and inert nature,
causing negligible osmotic pressure on cell (Wu et al. 2012). In PNSB, PHB bio-
synthesis represents a competitive reductive reaction compared to the nitrogenase
activity, which makes it undesirable in hydrogen producing systems (Hustede et al.
1993; Vincenzini et al. 1997; Redwood et al. 2009; Wu et al. 2012).

Generally, the advantages of the photobiological hydrogen production mainly con-
cern the high substrate to hydrogen conversion yields, the possibility to use a wide
spectrum of sunlight, the absence of oxygen-evolving reactions, and the possibility of
coupling the process with other kinds of fermentation, like the combined system with
the dark fermentation (Keskin et al. 2011; Adessi and De Philippis 2014). PNSB can
also directly use organic acids or sugars in the photofermentation process composing a
single stage system, even if until now only a few studies have assessed the use of sugars
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as substrates for this purpose (Argun and Kargi 2011; Hallenbeck and Liu 2016) (see
“Single Stage Photofermentation Processes”). Otherwise, PNSB can utilize organic
acids coming from the dark fermentation, in combined processes: (a) sequential or two
stage system (see “Sequential Dark/Photofermentation Processes (Two Stage
Systems)”); (b) combined processes forming a co-culturing system (see “Combined
Dark/Photofermentation Processes (Co-Cultures)”).

For what concerns process parameters, strict control of environmental conditions is
essential for efficient hydrogen production. Optimal pH and temperature ranges were
reported to be 6.8-7.5 and 30-35 °C, respectively (Argun and Kargi 2011; Eroglu et al.
2014). Generally, the ammonium in the medium is used for growing until the ammo-
nium concentration decreases under the inhibition threshold for nitrogenase, which is
around 2.5 mM (45.1 mg L), so H, production can start and cellular growth almost
stops (Argun and Kargi 2011; Adessi et al. 2012b). Ammonium may be naturally pres-
ent in the starting substrate, like it frequently happens in wastewaters, but also generated
by protein degradation during dark fermentation step (Gémez et al. 2011). Optimum
volatile fatty acids (VFA) concentrations were reported to be between 1800 and
2500 mg L' (Argun and Kargi 2011). The photosynthetic efficiency, also known as light
conversion efficiency, is an important and commonly used indicator of the photofermen-
tation and it is defined as the efficiency on the basis of the hydrogen-related energy
produced per unit of light energy absorbed (Adessi and De Philippis 2014). It can vary
from 0.2 to 9.3 % depending on several factors, like the quality and quantity of light, the
biological parameters, like pigment composition, quantum requirements and PNSB
strain metabolism, and the kind of substrates used for the fermentation (Argun and Kargi
2011; Adessi and De Philippis 2014). Substrate to hydrogen conversion is another
important indicator of the photofermentation, as the catabolism of carbon sources pro-
vides electrons in the photosynthesis process (Adessi and De Philippis 2014). This
parameter represents the ratio between the moles of hydrogen produced and the moles
theoretically obtainable if all the substrate consumed was converted to CO, and H,
(Adessi and De Philippis 2014). Substrate to hydrogen conversion is affected by the C/N
in the medium, because with high C/N values the nitrogenase activity is enhanced and
with low C/N values the cell growth occurs, instead of hydrogen production (Keskin
etal. 2011; Adessi and De Philippis 2014). Also the PHB production competes with the
conversion of substrates to hydrogen, as it uses carbon and reducing power coming from
carbon sources metabolism (Keskin et al. 2011; Adessi and De Philippis 2014).

Main problems to be faced in photofermentation are: (a) to avoid ammonia inhi-
bition, (b) to increase VFAs availability, (c) to allow an effective light distribution
through fermentation medium, and (d) to avoid the metabolic shift from H, produc-
tion to PHB synthesis (Argun and Kargi 2011; Keskin et al. 2011). Rate and yields
of H, production could be enhanced by metabolic engineering aimed at: (a) block-
ing competing pathways in order to increase the electron flux from substrate to
hydrogen (e.g., by inducing PHB-defection); (b) inactivating uptake hydrogenase;
(c) reducing pigment content and enhancing electron flow to nitrogenase; (d)
deregulating nitrogenase in order to induce a low sensitivity to ammonium concen-
tration; and (e) enhancing nitrogenase activity (Adessi and De Philippis 2014;
Hallenbeck and Liu 2016).
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Low light conversion efficiency, high energy demand, low turnover of nitrogenase,
and high cost of hydrogen impermeable photobioreactors are some of the main criti-
cal issues to be addressed for making economically sustainable the production of
hydrogen by photofermentation processes (Keskin et al. 2011; Adessi and De Philippis
2014; Hallenbeck and Liu 2016). In general, light distribution should be as uniform
as possible, in particular when using as substrate complex biomasses, since they may
interfere with the adsorption spectra of pigments or may contain particles that shade
the cells. Moreover, feedstocks characterized by low C/N values favor cell growth
instead of H, production (Keskin et al. 2011; Adessi and De Philippis 2014). Design,
scale-up, and optimization of photobioreactors are fundamental issues, since the cul-
tivation system must be closed in order to maintain anaerobic conditions and to pre-
vent hydrogen dispersion, and requires high illuminated surfaces, efficient mixing
and gas exchange system, and temperature control (Adessi and De Philippis 2014).
Systems for efficient solid—liquid—gas phase separation, for a higher gas recovery
efficiency have been identified in cell immobilization (Tsygankov and Kosourov
2014), but only few studies have been carried out on large scale, or on biomass
derived substrates. This issue will be discussed in “Immobilized Systems.”

Novel Fermentation Systems

In recent years, innovative processes and novel substrates were tested at lab scale in
order to investigate and promote a sustainable development of the photobiological
hydrogen production. The various photofermentation processes, that have been
designed up to now, and the most investigated novel substrates are schematically
represented in Fig. 3.

Recent and innovative processes will be discussed in “Innovative Processes.”
This section mainly focuses on photofermentation systems conducted on biomass
derived substrates, as these are considered to be the applicative goal of hydrogen
production. Afterwards, novel substrates will be described in “Novel Substrates,”
first focusing on the most studied biomass derived substrates (“Biomass Derived
Substrates™) and then reporting an excursus on some synthetic media, investigated
as interesting opportunities for enlarging applicability of the hydrogen technology
(“Synthetic Substrates”).

Innovative Processes
Single Stage Photofermentation Processes
A single stage system is composed by the sole photofermentation stage, where PNSB

use substrates, containing mainly organic acids or sugars (Argun and Kargi 2011;
Hallenbeck and Liu 2016). Only few and recent studies reported the single stage
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Fig.3 Novel fermentation systems for a sustainable development of the photobiological hydrogen
production. Novel substrates can be used in the following innovative processes: (a) single stage
photofermentation (Sect. “Single Stage Photofermentation Processes,” Table 1); (b) sequential two
stage fermentation systems (Sect. “Sequential Dark/Photofermentation Processes (Two Stage
Systems),” Table 2); and (¢) combined systems or co-cultures (Sect. “Combined Dark/
Photofermentation Processes (Co-Cultures),” Table 3)

photofermentation of sugars, in most cases glucose, while several single stage studies
have been carried out using various types of wastewaters, such as effluents from the food
and agro-industry, or industrial wastes, like crude glycerol (Hay et al. 2013; Hallenbeck
and Liu 2016). One of the first works on this issue was carried out by Ziirrer and
Bachofen (1981), who reported the hydrogen potential of lactate and lactate-containing
wastes for photofermentation processes carried out by the PNSB Rs. rubrum.

In Table 1, recent studies on single stage photofermentation using substrates rich
in organic acids are reported. Several works investigated the photofermentation of
olive mill wastewaters (OMW W) with different operational conditions. Eroglu et al.
(2006) carried out the single stage photofermentation of OMWW with Rb. sphaer-
oides OUO0O01, reporting a higher potential with a clay pretreatment (35.0 L (L
medium)~'), than with the row substrate (8.0 L (L medium)~"). Eroglu et al. (2008b)
reported a single stage assay using a temperature controlled flat plate solar bioreac-
tor, in order to assess the photobiological hydrogen production from Rb. sphaeroi-
des 0.U.001 in outdoor conditions, and they obtained a H, production of 11.4 L (L
medium)~'. In another work, Eroglu et al. (2008a) reported that the photofermenta-
tive hydrogen production with OMWW was doubled by using the clay pretreated
effluent (31.5 L (L medium)~'), comparing with the not pretreated one. The effec-
tiveness of using the clay treatment as the optimal method for a fast and low-cost



Photosynthetic Purple Non Sulfur Bacteria in Hydrogen Producing Systems... 329
Table 1 Recent studies on single stage photofermentation from biomass derived substrates
Reactor Hydrogen
operation | Photofermentation | Temperature | potential
Substrate mode inoculum (°O) (see notes) | Reference
Olive mill Batch Rb. sphaeroides n.r. 8.0 Eroglu et al.
wastewater (4 % ou001 (2006)
in water)
(Pretreated; 4 % in| Batch Rb. sphaeroides n.r. 35.0° Eroglu et al.
water) ou001 (2006)
(4 % in water) Batch Rb. sphaeroides 32 11.42 Eroglu et al.
0.U.001 (2008b)
(Pretreated; 4 % in| Batch Rb. sphaeroides n.r. 31.5° Eroglu et al.
water) 0.U.001 (2008a)
(Pretreated; 4 % in| Batch Rb. sphaeroides n.r. 2.1-31.5* | Eroglu et al.
water) 0.U.001 (2009)
(2% in water) Batch Rb. sphaeroides 32 0.05* Eroglu et al.
0.U.001 (2010)
(Pretreated; 30 % | Batch Rp. palustris 420L | 30 5.28° Pintucci
in water) et al. (2013)
(Pretreated; 30 % | Batch Rp. palustris 6A 30 13.5¢ Pintucci
in water) et al. (2015)
Diary wastewater | Batch Rb. sphaeroides 28 1.97* Seifert et al.
(40 % in water) ou001 (2010a)
Hydrolyzed wheat| Batch Rb. sphaeroides RV | 30 1.23¢ Kapdan
starch et al. (2009)
Beet molasses Batch Rb. capsulatus JP91 | 30 10.5¢ Keskin and
Hallenbeck
(2012)
Black strap Batch Rb. capsulatus JP91 | 30 8.0¢ Keskin and
molasses Hallenbeck
(2012)
Hydrolyzed Batch Rhodobium 30 2.67 Anam et al.
bagasse + yeast marinum NBRC (2012)
extract 100434
Soy sauce Batch Rd. marinum 30 0.55* Anam et al.
wastewater + yeast (Sanur) (2012)
extract
(10 % in water)
Brewery Batch Rb. sphaeroides 28 2.24 Seifert et al.
wastewaters Oouo001 (2010b)
(10 % in water)
Crude glycerol Batch Rp. palustris 30 4.0 Sabourin-
CGA009 Provost and
Hallenbeck
(2009)

(continued)
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Table 1 (continued)

Reactor Hydrogen
operation | Photofermentation | Temperature | potential
Substrate mode inoculum (°O) (see notes) | Reference

Batch Rp. palustris 30 6.1° Ghosh et al.
CGA009 (2012a)

Batch Rp. palustris 30 6.69° Ghosh et al.
CGA009 (2012b)

Batch Rp. palustris n.r. 6.0° Pott et al.
NCIMB 11774 (2013)

n.r. = not reported
*mL g dry weight™! h™!
®mol mol glycerol™!
‘L L medium™'

4mol mol glucose™
*mol mol sucrose™!
fmL L' h!

treatment of OMWW was afterwards confirmed by Eroglu et al. (2010). The inves-
tigation on batch cultures grown under continuous light or light/dark diurnal cycles
with OMWW as substrate gave a similar hydrogen production between the two
conditions tested (0.05 L (L medium)™"), but the light/dark diurnal cycles condition
showed a pronounced lag in biomass and hydrogen accumulation (Eroglu et al.
2010). Different irradiances for hydrogen production using dephenolized OMWW
from Rp. palustris 420L were investigated by Pintucci et al. (2013), who found that
the higher was the irradiance, the higher were the hydrogen yield and rate. Pintucci
etal. (2015) investigated different culture mixing using dephenolized OMWW from
Rp. palustris 6A and reported the highest hydrogen production using an impeller
equipped with five turbines.

Some experiments were performed in order to investigate different starting con-
centrations of the substrate, such as the photofermentation assays reported by Seifert
et al. (2010a, b), who investigated the hydrogen production from Rb. sphaeroides
0.U.001, using different concentrations of dairy and brewery wastewaters. Kapdan
et al. (2009) analyzed the effects of initial sugar concentration on hydrogen yield with
hydrolyzed wheat starch, reporting the best photofermentation performance at5 g L',
equal to 1.23 mol (mol glucose)™!. Ghosh et al. (2012a) investigated the effects of
nitrogen source and different concentrations of crude glycerol on hydrogen produc-
tion using Rp. palustris CGA009. They reported that at 20 mM of glycerol and 4 mM
of glutamate the highest hydrogen yield was obtained, equal to 6.1 mol H, (mol crude
glycerol)™!, a yield of 87 % of the theoretical. In another study, Ghosh et al. (2012b)
investigated the interactive effects among several process parameters: light intensity
and concentrations of crude glycerol and glutamate on the stoichiometric conversion
of crude glycerol to hydrogen. They observed the optimal conditions with a light
intensity of 175 W m=, 30 mM of glycerol, and 4.5 mM of glutamate, resulting in
6.69 mol (mol crude glycerol)™, a yield 96 % of the theoretical.
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Sequential Dark/Photofermentation Processes (Two Stage Systems)

The two stage system is composed by a first stage of dark fermentation, which is
followed by a second stage of photofermentation in separated reactors. During dark
fermentation, heterotrophic bacteria convert organic substrates, mainly carbohydrate-
rich materials, into organic products, hydrogen, and carbon dioxide (Holladay et al.
2009; Abo-Hashesh and Hallenbeck 2012; Ghimire et al. 2015). The key enzyme of
the process is hydrogenase, that in anaerobic condition reduces protons to hydrogen,
neutralizing the electrons coming from the organic compounds oxidation (Argun and
Kargi 2011; Ghimire et al. 2015). Dark fermentation effluents are characterized by
the presence of large amounts of volatile fatty acids and lactate. Since the main fer-
mentation end products of dark fermentation are acetic and butyric acids, being the
latter in excess with respect to the former, the process is also called acetate/butyrate-
type fermentation (Hawkes et al. 2007; Argun and Kargi 2011; Abo-Hashesh and
Hallenbeck 2012; Ghimire et al. 2015). The pathways leading to the synthesis of H,
and to the formation of these two acids allow the highest theoretical conversion of
glucose to H, compared those producing other acids. In particular, the conversion of
1 mol of glucose to acetic acid involves the production of 4 mol of H,, while the
conversion of glucose to butyric acid involves the production of 2 mol of H, (Hawkes
et al. 2007; Argun and Kargi 2011; Abo-Hashesh and Hallenbeck 2012; Ghimire
et al. 2015). In order to have a high H, yield, dark fermentation processes need to be
carried out under anaerobiosis and with a low partial pressure of hydrogen (Guo
et al. 2010; Abo-Hashesh and Hallenbeck 2012). Strict anaerobic conditions are nec-
essary if the inoculum is composed by strict anaerobic species, such as those belong-
ing to the Clostridium genus. Otherwise, oxygen can be present in traces if the
inoculum is composed of facultative anaerobic species, such as those belonging to
the Enterobacter genus, or mixed cultures (Bartacek et al. 2007; Guo et al. 2010;
Abo-Hashesh and Hallenbeck 2012). When the inoculum is a non-sterile culture,
e.g., digestate of biogas plants or sewage sludge, a pretreatment (e.g., heat shock,
acid or alkaline treatment, aeration, and sonication) is recommended in order to
reduce the activity of H, consumer microorganisms such as homoacetogens, metha-
nogens, nitrate, and sulfate reducing bacteria (Guo et al. 2010; Argun and Kargi
2011; Abo-Hashesh and Hallenbeck 2012; Ghimire et al. 2015).

The oxidation of organic compounds for hydrogen production requires a low
hydrogen partial pressure (Guo et al. 2010; Abo-Hashesh and Hallenbeck 2012).
Among the techniques used to decrease the hydrogen concentration in order to increase
the hydrogen yield of the system, the most frequently used are the agitation of the
medium, the insufflation of molecular nitrogen, and hydrogen stripping (Guo et al.
2010; Abo-Hashesh and Hallenbeck 2012). The pH value is another important factor,
which can affect the hydrogen yield, the metabolic products, and the structure of the
microbial community (Cappai et al. 2014; Guo et al. 2010). Better process perfor-
mances can be achieved at pH values ranging between 5 and 6 for food wastes, while
a neutral pH (7-7.5) is advisable for plant residues and for livestock wastes (Cappai
et al. 2014; Guo et al. 2010). In particular, pH 5 is the minimum value that most het-
erotrophic bacteria can tolerate (Abo-Hashesh and Hallenbeck 2012). By literature,
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studies on hydrogen production by dark fermentation in batch, without pH correction
and using sucrose as a substrate, appear to be quite frequently carried out (Argun and
Kargi 2011; Guo et al. 2010). Typical dark fermentation processes were carried out
under mesophilic conditions. However, it was shown that thermophilic conditions lead
to higher hydrogen yields due to: (a) higher rates of substrate decomposition; (b) better
hydrolysis of recalcitrant molecules such as lignocellulosic constituents of vegetable
residues, and (c) faster metabolic activity of H, producing thermophilic bacteria.
Moreover, high temperatures also inhibit growth and activity of hydrogen consuming
microorganisms (Guo etal. 2010; Argun and Kargi 2011; Abo-Hashesh and Hallenbeck
2012). However, thermophilic conditions imply a higher energy consumption than
mesophilic conditions (Argun and Kargi 2011; Guo et al. 2010), even if it is possible
to use the widely available hot waters deriving from the cooling systems of many
industrial processes.

In the sequential system, the effluents derived from the dark fermentation pro-
cesses are subsequently used as substrate for the photofermentation stage. The
investigation of renewable substrates for the sequential systems started some years
ago and one of the first study was carried out by Fascetti et al. (1998), reporting the
photosynthetic hydrogen production using Rb. sphaeroides RV on acidogenic fer-
mentation effluents of municipal solids wastes, mainly consisting of fruit and veg-
etables wastes. Recent studies on the use of biomass derived substrates such as
energy crops, crop residues, agroindustrial and industrial residues in dark/photofer-
mentation sequential systems are reported in Table 2. Heat treated inocula for the
dark fermentation stage and mesophilic conditions are usually used; as inocula,
pure cultures of Rb. sphaeroides or Rp. palustris were most frequently used.
Concerning OMWW, they are rich in organic acids and, as above reported, can be
used in one stage photofermentation. However, since the light penetration is diffi-
cult due to the dark color of OMWW, Eroglu et al. (2010) first reported that the dark
fermentation step implies a positive effect on the subsequent photofermentation,
enhancing the efficiency of the process.

Various operational conditions have been tested in order to maximize hydrogen
yield and to optimize the process (Table 1). For example, Su et al. (2009) investi-
gated different starting raw cassava starch concentrations, from 10 to 25 g L™, using
heat-shocked anaerobic sludge and Rp. palustris as inocula of the first and the sec-
ond stages, respectively, and obtained the maximum hydrogen yield of 240.4 mL (g
starch)™ and of 131.9 mL (g starch)™', in the dark fermentation and the photofer-
mentation stages, respectively, using a starch concentration of 10 g L~'. Another
study assessed the effect of the starting concentration of the substrate, Laurinavichene
etal. (2010) reported that a starting concentration of potato homogenate of 400 g L™
allowed to obtain an overall maximum hydrogen production equal to 5.6 mol (mol
glucose)™, using a microbial consortium for the first stage and Rb. capsulatus B10
for the second one. Also Cheng et al. (2011a) reported different starting substrate
concentrations, obtaining the highest overall hydrogen yield of 463 mL (gVS)™
with a concentration of microwave-assisted alkali pretreated rice straw of 50 g L.
Su et al. (2010) reported the highest overall hydrogen yield in a sequential system
of 596.1 mL (gVS)™!, using pretreated water hyacinth at a concentration of 10 g L™".
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Concerning the kind of light source for the photobiological hydrogen production,
Argun and Kargi (2010a) found that halogen lamp was the most suitable light source
for the photofermentation of dark fermentation effluents of ground wheat solution,
yielding the highest cumulative hydrogen production of 2.68 mol (mol glucose)™'.

Cheng et al. (2012) assessed the ammonium concentration effect on the photobio-
logical hydrogen production and they reported that the reduced content of ammonium,
from 2.2 to 2.7 mM, in the dark fermentation effluent of Arthrospira platensis,
enhanced the hydrogen potential from 96.6 to 337.0 mL (g DW)™". Also Adessi et al.
(2012b) investigated the ammonium concentration using in the photofermentation
stage the mutant strain Rp. palustris CGA676, which constitutively expresses nitroge-
nase genes, reporting the highest hydrogen production rate of 9.6 mL L' h™! in the
3-fold diluted medium containing 2.03 mM of ammonium. The same PNSB strain was
used by Corneli et al. (2016a, b, submitted) in a process, reported in the patent filed
F1.S0061.12.IT.1 (Adessi et al. 2016a), aimed at assessing the photofermentative
hydrogen potential of the effluents of the dark fermentation of ensiled maize, ensiled
giant reed, ensiled olive pomace, and wheat bran. Under the conditions tested, the
highest performance of the strain was observed in the presence of maize and wheat
bran (228.7 and 463.0 NL (kgVS)~!, respectively).

Xia et al. (2014) investigated the effect of different C/N based on different ratios
of Chlorella pyrenoidosa and cassava starch in a codigestion. Their higher dark and
photofermentative hydrogen potential was equal to 664.2 mL (gVS)™" at a C/N of
25.3. Chookaew et al. (2015) focused on the optimal conditions for hydrogen pro-
duction from Rp. palustris TN1 on dark fermentation effluent of crude glycerol and
they found that the fivefold diluted effluent, without the supplement of yeast extract
and NaHCO; and 2 mM glutamate corresponded to the optimum condition, with a
cumulative hydrogen production of 0.68 mmol g COD~".

A novel and high yielding experiment was reported by Dipasquale et al. (2015);
they carried out the photofermentation using capnophilic lactic fermentation efflu-
ents of seawater supplemented with glucose utilized by Thermotoga neapolitana
and they reported an overall hydrogen potential of 9.4 mol molglucose™.

Combined Dark/Photofermentation Processes (Co-Cultures)

The co-culture system is composed by dark and photofermentative bacteria in a
coupled fermentation for biohydrogen production, both fermentations taking place
simultaneously in the same bioreactor (Keskin et al. 2011; Adessi et al. 2012a;
Eroglu et al. 2014; Pachapur et al. 2015a; Hallenbeck and Liu 2016). Co-culturing
is considered advantageous in comparison with sequential fermentation due to: (a)
a possible reduction in the fermentation time; (b) an increase in hydrogen produc-
tion yields, rate, and substrate conversion efficiencies; and (c) the elimination of
some operations needed for using the effluents of dark fermentation to feed light-
dependent fermentation (e.g., H adjustment, medium sterilization or dilution),
being the process carried out in only one bioreactor (Keskin et al. 2011; Adessi
etal. 2012a; Eroglu et al. 2014; Singh and Wahid 2015; Hallenbeck and Liu 2016).
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On the other hand, the main drawback concerns the differences in nutrients
requirements and growth conditions (e.g., growth rate and acid-resistant capacity)
that the two different types of microorganisms might have (Adessi et al. 2012a;
Zagrodnik and Laniecki 2015; Sargsyan et al. 2016). The possible accumulation of
organic acids and ammonium, and the decrease of pH can negatively affect the
overall process, which can also be affected by a decrease in light penetration due
to suspended solids and cell growth (Singh and Wahid 2015; Zagrodnik and
Laniecki 2015). The rate of volatile fatty acids production by dark fermentative
bacteria can be higher than the utilization rate by photofermentative bacteria and
thus the growth of the former can be limited by the decrease of the pH value (Liu
et al. 2010; Singh and Wahid 2015). Thus, the system should be carefully con-
trolled in media composition, in environmental conditions and in bacteria ratio in
order to promote the growth and the activity of all the bacterial species in the co-
culture (Liu et al. 2010; Adessi et al. 2012a; Singh and Wahid 2015; Zagrodnik and
Laniecki 2015; Sargsyan et al. 2016). By the literature, only few studies reported
the co-culture system for dark and photofermentation. Typically, studies tested co-
cultures of pure bacterial strains, being glucose the most frequently studied sub-
strate (Liu et al. 2010; Adessi et al. 2012a; Zagrodnik and Laniecki 2015). However,
recent investigations on biomass derived substrates reported some co-culture
assays, some of them using pure bacterial cultures, while others used mixed cul-
tures, such as heat-shocked anaerobic sludge for dark fermentation, and selected
bacterial consortia for photofermentation (Table 3). In general, these studies
reported mesophilic batch tests assessing the potential of simple carbohydrate-rich
substrates. The comparison among the different studies on complex substrates is
quite difficult, because of the different operational conditions adopted and the
units of measure of the results.

Several studies carried out a co-culture system using ground wheat solution as
substrate in mesophilic batch tests (Argun et al. 2009a, b; Argun and Kargi 2010c;
Ozmihci and Kargi 2010) (Table 3). Argun et al. (2009a) assessed the effects of the
substrate and of cell concentration on hydrogen production, using heat-shocked
anaerobic sludge and a photofermentative bacterial consortium, as inocula, and they
reported the highest hydrogen potential equal to 156.8 mL (g starch)™' with a bio-
mass to substrate ratio of 0.22 g cells (g substrate)™'. A similar result (176 mL (g
starch)™") was obtained by Argun et al. (2009b) with the dark to light biomass ratio
of 1/7. Argun and Kargi (2010c) investigated different light sources, intensities, and
illumination regime and reported the highest hydrogen potential (218 mL (g
starch)™") using a halogen lamp. Ozmihci and Kargi (2010) compared different
mixed cultures for hydrogen production and reported the highest performance
(0.36 mol (mol glucose)™") using heat-shocked anaerobic sludge and Rb. sphaeroi-
des NRRL, as inocula.

Also Argun and Kargi (2010b) reported a co-culture study using ground wheat
solution as substrate, but in a continuous system. They used Clostridium beijerinkii
DSMZ-791 and Rb. sphaeroides RV, as dark and photofermentative strains, respec-
tively, and they reported the highest hydrogen potential of 90 mL (g starch)™ at
hydraulic residence time of 6 days.
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Other studies reported hydrogen potentials of co-culture systems using different
kinds of biomass derived substrates (Table 3). Vatsala et al. (2008) evaluated the
hydrogen production of a mixture of pure cultures (Citrobacter freundii 01,
Enterobacter aerogenes E10, and Rp. palustris P2) using sugarcane distillery efflu-
ent in a mesophilic 100 m? scale reactor and they reported a hydrogen potential of
0.53 kg 100 m=® h™'. In another study, Calophyllum inophyllum oil cake was inves-
tigated as substrate in a co-culture system of E. aerogenes and Rb. sphaeroides
under dark and photofermentative conditions in a mesophilic batch test and the
hydrogen potential was 7.95 L L' (Arumugam et al. 2014). Sargsyan et al. (2016)
reported a co-culture batch system using distillers wheat grains with mixed cultures
of Escherichia coli, as dark fermentative bacteria, and Rb. sphaeroides, as photofer-
mentative bacteria. Their maximal rate of H, production was 5.16 mmol L' day~" in
the twofold diluted medium.

Immobilized Systems

Immobilized whole cell techniques represent a reliable approach to dark and photo-
fermentation for the enhancement of continuous hydrogen production, compared to
suspended cell systems, since they are more efficient in solid/liquid/gas separation
and can be operated at high dilution rates without the risk of biomass washout
(Chang et al. 2002).

Methods of immobilization can be either natural or artificial: natural immobiliza-
tion refers to the spontaneous or enhanced formation of biofilm and granules; oppo-
sitely, artificial cell entrapments assume the use of matrices or substrates for
attachment, entrapment, or encapsulation of microorganisms. Immobilized cells,
and in particular cells in biofilms, are usually characterized by enhanced resistance
to the presence of toxic components or other extreme culture conditions as com-
pared to cells in suspension, due to the diffusion barrier constituted by the matrix
(Tsygankov and Kosourov 2014).

In every immobilized system there is a natural separation of solid, liquid, and
gaseous phases; this not only facilitates gas recovery, but also the repeated use of
biomass. The separation of phases makes immobilized cultures have higher
volumetric rates of hydrogen production, compared to suspended cell systems
(Tsygankov and Kosourov 2014). However, in some cases the yield of hydrogen
production can still be lower than that of the suspended cell systems. This could be
due to low substrate conversion efficiency, or mass transfer limitations arising from
the matrix barrier. In order to obtain higher yields of hydrogen production in immo-
bilization process, it is necessary to develop new immobilized materials for cell
entrapment (Singh and Wahid 2015).

At the present time, a number of materials for immobilization are under investi-
gation for the immobilization of PNSB, such as latex (Gosse et al. 2007), carbon
fibers (Xie et al. 2012), or a mixture of different immobilizing materials (Wang et al.
2010, 2012). Biofilm reactors are starting to be studied intensively as well (Tian
et al. 2010; Zhang et al. 2010; Guo et al. 2011).
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However, at present all the immobilized systems have been studied under lab
conditions, in batch, with relatively small-volume photobioreactors and mostly with
synthetic substrates.

Only a limited number of studies have been carried out on this specific topic,
recently, and are indicated in Table 2. Su et al. (2010) reported a study on immobi-
lized Rp. palustris, in the second stage of a sequential system degrading water hya-
cinth biomass. Pure Rp. palustris cultures were immobilized in alginate granules of
3—4 mm of diameter. The authors tested four different water hyacinth concentra-
tions: the volumetric hydrogen production increased with increasing the amount of
water hyacinth, while the yields decreased. This confirmed that the phase separation
allows a very good separation and recovery of the gas produces, but immobilization
in alginate beads may interfere with optimal nutrient exchange when the concentra-
tion of substrate increases, thus giving lower yields.

Cheng et al. (2011a, b) used the same immobilization system, but for entrapping
mixed photosynthetic bacteria. A preliminary compared study on immobilized Rp.
palustris and immobilized mixed photosynthetic bacteria showed increased volu-
metric production and yields (20 % and 24 % yield increase, respectively) as com-
pared to suspended cell systems (Cheng et al. 2011b), but this part of the study was
conducted on synthetic media containing acetate. Synthetic media surely allow a
faster diffusion than complex waste derived substrates. However, the yields reported
for the conversion of rice straw (Cheng et al. 2011a) showed the best result,
328 mL H, (g TVS)™, with the highest substrate concentration tested. Cassava
starch (Cheng et al. 2011b) resulted to be a very interesting substrate, yielding
3.54 mol of H, per mole of initial glucose.

The number of recent studies about the use of immobilized systems with bio-
mass derived substrates is very poor, unfortunately. Moreover, they all report very
standard immobilization matrixes and in batch processes. As above mentioned,
the main advantages in using immobilized cells are the stability of the process and
the possibility of carrying out continuous feeding. This feature would be the best
solution in particular when working with wastes, whose organic matter content
needs to be reduced.

Novel Substrates
Biomass Derived Substrates

One interesting feature of PNSB is their capability to use, for the production of H,,
biomass derived substrates, like residues deriving from industrial or agricultural
processes, that are, in many cases, available in large amounts. However, the sustain-
ability of fermentative process mainly depends on the kind of substrate employed as
carbon source (Bartacek et al. 2007; Frigon and Guiot 2010).

A large portion of possible wastes for energy recovery is composed of food
and agricultural wastes. Depending on their composition, those wastes have to
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be treated before using them for photofermentation. Indeed, most frequently it
is indicated a previous fermentation step, either hydrogenogenic or not as
reported in Table 2.

Several substrates have been proposed and studied for two stage sequential
systems, varying among energy crops, crop residues, biodegradable residues and
byproducts produced by the livestock and agroindustrial sectors, food waste, and
organic fraction of municipal solid waste (Frigon and Guiot 2010; Weiland 2010;
Appels et al. 2011). The use of substrates rich in fermentescible sugars or of com-
plex matrix deeply affects the overall efficiency of the process, because of the
different physico-chemical properties: simple sugars typically lead to obtain
higher energy potential and production rate than complex organic materials
(Frigon and Guiot 2010). Nevertheless, often the highest is the biodegradability
of the biomass, the highest is the environmental cost (Bartacek et al. 2007; Frigon
and Guiot 2010). The use of conventional arable crops, like maize and sorghum,
for energy use need careful consideration of land availability and food demand,
while, at least in the medium term, lignocellulosic crops (both herbaceous and
woody) provide environmental advantages, since they can be produced on mar-
ginal and degraded lands, requiring lower technical input (Lewandowski et al.
2003; Angelini et al. 2009; Frigon and Guiot 2010). An interesting opportunity for
the bioenergy supply chain is represented by the perennial grasses, like giant reed,
switchgrass, and miscanthus, that are high yielding no-food crops with good
adaptability to marginal areas (Lewandowski et al. 2003; Angelini et al. 2009;
Dragoni et al. 2015). They have resistance to drought stress and to pathogens and
phytophagous insects, are good competitor against weeds, and can be used for
phytoremediation (Lewandowski et al. 2003; Angelini et al. 2009). Only recently
the fermentation product deriving from the dark fermentation of the above-men-
tioned no-food crops has been used for photofermentation (Adessi et al. 2016a;
Corneli et al. 2016a, b submitted).

Another interesting opportunity consists in the use of agroindustrial residues,
that are renewable, abundant, economic, and no land-demanding (Schievano et al.
2009; Guo et al. 2010). A bioenergy valorization implies no additional costs for
other treatments or disposals (Schievano et al. 2009; Guo et al. 2010). Agroindustrial
systems produce abundant and diverse feedstocks, such as lignocellulosic materi-
als, crop residues, vegetable oils, animal fats, protein-rich waste, pre-digested
wastewater sludges, animal slurries and manures, waste paper, and household
waste, that can contribute to the biomass demand for bioenergy supply chain
(Schievano et al. 2009). Bioenergy use of these substrates needs to properly face
and respect other uses of residues, like the use of crop and agroindustrial residues
as animal feed (Nonhebel 2007), in order to be not in conflict with food produc-
tion. One of the main issues about energy crops (i.e., crop and agroindustrial resi-
dues) is the lignocellulosic content, characterized by its low biodegradability
(Frigon and Guiot 2010).

Some agroindustrial and food residues are already rich in organic acids and can
be used in one stage photofermentation, such as olive mill and dairy wastewaters
(Table 1). However, since the light penetration may result difficult due to the dark
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color of the medium, especially for olive mill wastewaters, Eroglu et al. (2006)
reported that pretreatments such as dark fermentation (Table 2) can enhance hydro-
gen production in the photofermentation stage, not only by increasing the amount of
readily available organic acids, but also by color depletion.

Carbohydrate-rich substrates such as molasses, hydrolyzed wheat starch, hydro-
lyzed bagasse, or substrates composed of a mixture of acids and sugars, such as soy
sauce or dairy wastewaters, have been used as well for direct photofermentation,
since some PNSB species are able to convert sugars to hydrogen with interesting
rates (Table 1).

In general, renewable resources constitute an abundant and low-cost material for
biohydrogen production and their use is fundamental for large-scale sustainable
application. Hence, investigations on novel substrates in order to enlarge the knowl-
edge on photobiological hydrogen production are needed.

Among them, crude glycerol was studied as a possible industrial waste to be used
for further energy recovery. Indeed, the current technology for biodiesel production
(a base-catalyzed trans-esterification of oils) produces 1 kg of crude glycerol per
10 L of biodiesel, thus the glycerol fraction has become a waste disposal problem
(Ghosh et al. 2012a; Johnson and Taconi 2007). A certain number of research papers
have been published recently on the topic (Sects. “Single Stage Photofermentation
Processes and Sequential Dark/Photofermentation Processes (Two Stage Systems),”
and Tables 1 and 2), most of them reporting single stage photofermentation pro-
cesses using Rp. palustris (Sabourin-Provost and Hallenbeck 2009; Ghosh et al.
2012a, b, c; Pott et al. 2013), giving conversion efficiencies ranging from 75 to
100 %. Chookaew et al. (2015) reported a dark/photofermentation sequential pro-
cess conducted by Klebsiella sp. and Rp. palustris, giving a much lower conversion,
namely 10.4 % of the theoretical yield.

Besides the chemical characteristics of all the substrates mentioned earlier, bio-
mass storage is essential for the sustainability of the overall fermentation technol-
ogy. Up to now, ensiling is the common way of storage for biomasses, and is widely
used, for example, in anaerobic digestion plants (Weiland 2010; Dragoni et al.
2015). Wet feedstocks (25-35 % of total solids) can be ensiled with the purpose to
maintain and use them in time, as in the livestock industry (Weiland 2010; Dragoni
et al. 2015). In the case of using substrates for photofermentation, ensiling could be
an opportunity for degrading the fermentescible substrates to organic acids thus
enhancing both fermentation and photofermentation (Corneli et al. 2016a; Corneli
etal. 2016a, b submitted). Indeed, during ensiling, after a short initial aerobic phase,
the fermentation starts under anaerobic conditions with the production of lactic acid
by lactic acid bacteria, with the consequent decrease of pH to about 4.0 (Weiland
2010). With this level of acidity, in few days, the growth of undesirable microorgan-
isms, such as enterobacteria, clostridia, and yeasts, which consume nutrients and
energy, is inhibited and subsequently the process settles (Weiland 2010; Herrmann
et al. 2011). Thus, anaerobic conditions together with a rapid production of lactic
acid allow a good conservation of the biomass, in terms of both nutrients and energy
(Weiland 2010; Herrmann et al. 2011) also giving an excellent substrate for photo-
fermentation with PNSB.
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Synthetic Substrates

The use of synthetic media for hydrogen production processes is important, since it
gives the possibility to investigate the behavior of the microorganisms in a con-
trolled system, where the culture medium is completely defined. Thus, synthetic
substrates are used for research studies on very innovative culturing systems, for the
characterization of new or engineered strains, or for exploring new metabolic routes.
However, in this section only the synthetic substrates investigated for broadening
the range of the biomass derived substrates utilizable for photofermentation will be
discussed. Indeed, part of the research on substrates investigates the possibility of
expanding the medium composition combinations, thus increasing the range of
applicability of the hydrogen production process.

A few recent research papers were focused on the possibility of using glucose for
direct photofermentation, in order to skip the dark fermentation step when using
sugar-containing waste substrates. The feasibility of the process majorly stands in
the fact that the hydrogen yield obtained (mol H, mol glucose™) has to be higher or
comparable to the ones obtained by combined dark/photofermentation systems.
Indeed, from the initial low values of 3.3 mol H, (mol glucose)™' (Abo-Hashesh
et al. 2013), an increase to 5.5 mol H, (mol glucose)™! (Ghosh et al. 2012¢) and
finally to 9.0 mol H, (mol glucose)™! (Abo-Hashesh et al. 2013) was obtained with
a hup™ strain of Rb. capsulatus. Recently, an interesting study carried out on a mix-
ture of sugars and acids (namely, glucose, xylose, and acetate, that are the main
products in palm oil hydrolysates) using Rb. sphaeroides S10, reported a 45%
substrate-to-hydrogen conversion efficiency when the substrate was composed of
5 mM glucose, 18 mM xylose, and 7 mM acetate (Pattanamanee et al. 2015).
Another recent study was conducted with a mutant strain of the marine organism
Rhodovulum sulfidophilum, giving a yield of 7.1 mol H, (mol glucose)™ (Cai and
Wang 2014). These authors used in their experiments marine water, which opens a
completely different scenario for possible low-cost substrates. Indeed, the applica-
tion of seawater for bacterial fermentative production is of increasing interest
(Maeda et al. 2000), since large-scale cultivation systems need to be sustainable in
terms of water resources. Hence, brackish water, wastewater, and seawater seem the
most appropriate for large-scale culturing. Most of hydrogen production studies on
salt containing media were conducted using marine photosynthetic bacteria such as
Rhodobium marinum (Ike et al. 1997), Rhodovulum sulfidophilum P5 (Cai and
Wang 2012, 2013, 2014), as well as a marine mixed phototrophic bacterial consor-
tium (Cai and Wang 2012). Recently, a study on the use of freshwater Rp. palustris
was conducted on a substrate derived from threefold diluted seawater (Dipasquale
et al. 2015). In order to further increase the possible combinations of processes that
can be carried out Adessi et al. (2016b) investigated a range of salt concentrations
that can be suitable for hydrogen production with the same freshwater Rp. palustris
strain, up to 3.9 % salt content. Thus, the possibility of using Rp. palustris, that is
extremely versatile in terms of carbon sources ut