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1. Introduction

The order Cyanidiales (or class Cyanidiophyceae) is comprised of asexual, unicellular
red algae that are known to grow in low pH environments (0.2-3.5 or 4.0) and at
moderately high temperatures (up to 56°C) and are typically found in acidic geother-
mal habitats throughout the Earth. No other photosynthetic microorganisms are
known to inhabit this combination of conditions. The order Cyanidiales, since 1981,
is thought to consist of three genera: Cyanidium, Galdieria, and Cyanidioschyzon
(Ciniglia et al., 2004; Gross et al., 2001; Heilmann and Gross, 2001). This group of
algae appears to be phylogenetically quite distinct from the main line of descent in
the red algae and branches off quite early in geologic time (i.e. ~ 1.3-1.4 Ga), based
on phylogenetic, molecular clock inference and fossil evidence for the first reputed
macroalgae, which are presumed to be ancestors of the Rhodophyta (Yoon et al.,
2002, 2004, 2006b). In this chapter, we comment on the ecology, biodiversity, and
biogeography of these fascinating eukaryotic extremophiles, attempting to assimi-
late recent, important developments in our understanding of these algae.

2. Aspects of Cyanidiales Ecology

Prime habitats include warm-hot acidic springs and pools that emanate from geo-
thermal sources, solid substrates bathed by steam from such pools, rock surfaces
surrounding solfataras, and soils, gravel, and in crusts or as endoliths in such areas.
Cyanidiales may even occur surrounding alkaline springs, bathed in steam where
H.,S is oxidized to sulfuric acid (R.W. Castenholz, 2002-2004, unpublished data). A
few taxa of the Cyanidiales also occur in nonthermal acidic habitats (Gross et al.,
2002), although at least one of these strains has retained its thermophilic proper-
ties (Gross and Gross, 2001). No other phototrophs are expected to be in this com-
bination of low pH and elevated temperature, and thus such environments demarcate
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the environmental niche for the Cyanidiales. It is well known that cyanobacteria
and other phototrophic prokaryotes do not occur in volcanic waters (warm
or cold) below about pH 4, and only few species occur below pH 5 (Ward and
Castenholz, 2000).

Results of recent, ecology-oriented studies have begun to shed light on what
might be specific habitat preferences for the different genera. Environmental
surveys, using PCR cloned rbcL sequences, have found that populations repre-
sented by Galdieria-A, Galdieria-B, and Cyanidium phylotypes appear to prefer,
or at least are capable of withstanding, the rigors of an endolithic environment
(Ciniglia et al., 2004; Yoon et al., 2006a). Interestingly, Cyanidium has not always
been known to co-inhabit the endolithic and interlithic environments with
Galdieria (Cinigliaetal., 2004; Yoonetal.,2006a). In these studies, Cyanidioschyzon
merolae populations were encountered only in very humid or moist environments.
Further detailed studies are necessary to determine if this was simply a sampling
coincidence or if there are site-specific features that are important to various
types of the Cyanidiales, although in extensive cultivation work in Yellowstone
(>140 isolates from 20 disparate locations), we have observed similar trends and
although C. merolae morphotypes were isolated from a soil crust at one site
(Toplin et al., 2008). Usually, only Galdieria-Cyanidium morphotypes were
isolated from these habitats. Surprisingly, thus far we have not yet isolated a bona
fide genetically determined Cyanidium from any Yellowstone geothermal feature
(Toplin et al., 2008). Our efforts in this regard continue.

The Cyanidiales are blue-green to green or even yellow-green in color due to
the relative proportions of the predominant chloroplast pigments, c-phycocyanin,
allophycocyanin, chlorophyll ¢, and a few carotenoids, all of which also occur in
the cyanobacteria. However, phycoerythrin has not been found in these algae
(Lin et al., 1990). The robust pigment composition of these algae and their very
significant mat presence establish them visually as a dominant component of the
microbial communities that inhabit the less extreme regions of thermal gradients
in acidic geothermal springs (e.g. Fig. 1). Water temperatures in submerged mats
can range between 38°C and 56°C, although in these particular environments the
most robust mats typically are associated with water temperatures around 42°C
(unpublished data) or 45°C (according to Brock, 1978).

The non-photosynthetic, acidophilic bacteria and archaea associated with
these algae are poorly understood. Jackson et al. (2001) used PCR coupled to
denaturing gradient gel electrophoresis to provide a qualitative assessment of the
bacterial and archaeal diversity occurring in the outflow channel of a Yellowstone
acidic geothermal spring referred to as Dragon Spring. Not unexpectedly, apparent
diversity increased as temperature decreased, with some of the greatest diversity
occurring in the green mat region dominated by the Cyanidiales. A more descrip-
tive PCR-based study by Walker et al. (2005) followed, identifying many bacteria
and archaea in Cyanidiales-inhabited endolithic samples taken immediately adja-
cent to Dragon Spring. Mycobacterium, an abundance of Proteobacteria groups,
and Sulfolobus and Leptospirillum were detected in 16S rRNA gene PCR clone
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Figure 1. Photographs of Cyanidiales mats occurring in Yellowstone National Park. (a) Narrow green
bands along the perimeter of Dragon Spring in Norris Geyser Basin. (b) Lemonade Creek located in
the Amphitheater Springs area.

libraries. Additional studies have documented other eukaryotic microbes occurring
with the Cyanidiales, but only in cooler regions of the geothermal outflows
(ca. <39°C). Here the Cyanidiales habitat begins to overlap with that of other
algae, such as Chlorella and Paradoxia-like algae (Ferris et al., 2005), as well as
species of Chlamydomonas, Dunaliella, Viridiella, Euglena, diatoms (Gross, 2000),
and the filamentous green alga, Zygogonium. 1t is also well known that some species
of fungi occur abundantly in cyanidial mats (Brock, 1978).

Heavy metals are common in the Cyanidiales habitats, although their con-
centrations can vary considerably. Waters in geothermal aquifers leach various
minerals from aquifer wall rocks, resulting in high levels of silica, carbonates,
and metals being brought to the surface. The acidic environment of Cyanidiales helps
maintain the solubility of these metals at lower surface temperatures, although
metal toxicity may actually be less at lower pHs, with the opposite true for toxic
ions such as arsenite and selenite (Gross, 2000). Cyanidium has shown a high
tolerance to Al (up to 200 mM) (Yoshimura et al., 1999, 2000), and G. sulphuraria
can tolerate Hg concentrations up to ~10 mM; roughly tenfold greater than
Cyanidium (Pinto and Taddei, 1986). Other differences in heavy metal tolerance
have been noted between Galdieria and Cyanidium. Albertano and Pinto (1986)
reported that Cyanidium and C. merolae are more tolerant of arsenic, mercury,
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and copper than Galdieria. Mercury has been documented to be present at
extraordinarily high levels in Norris Geyser Basin in Yellowstone (Phelps, 1980),
and indeed, we have documented total Hg levels in a Norris geothermal soil to be
>200 pg/g-soil, and from which we have isolated Galdieria sulphuraria and another
Gualdieria-like type (Toplin et al., 2008). Recently, we have begun to examine the
interactions of these algae with the toxic metalloids, arsenic and antimony. An
isolate exhibiting 99% identity (both rbcL and 18S rDNA) to Cyanidioschyzon
merolae (but with Galdieria-like morphology) obtained from Dragon Spring, is
capable of oxidizing arsenite and antimonite (Lehr et al., 2007b). Further, ongoing
studies concerning arsenic methylation (unpublished data) suggest that the
Cyanidiales may be important contributors to the very significant arsenic methyla-
tion occurring in Yellowstone (Planer-Friedrich et al., 2006), and that process has
been observed primarily in acidic habitats (Planer-Friedrich and Merkel, 2006).
Thus, it would seem that these algac may contribute more to microbial community
function in the geothermal setting than simply primary production.

UV radiation is well established as inhibitory to algae (e.g., Holm-Hanson
et al., 1993), and two Yellowstone studies have examined the influence of UV
irradiation on the Cyanidiales. Cockell and Rothschild (1999) did not find evi-
dence of UV-based photosynthesis inhibition in the Cyanidiales that colonize
Nymph Creek, a heavily shaded geothermal environment located in the Norris-
Mammoth corridor. The use of mat cores in their study may have masked the
actual effects of UV on cells exposed on the surface of the mat. In contrast,
monthly measurements during a year-long study at Dragon Spring in the Norris
Geyser Basin obtained several different lines of evidence that were all consistent
with the suggestion that UV irradiance is likely a keystone environmental factor
for these algae (Lehr et al., 2007a). Dragon Spring is located in an open, com-
pletely unshaded area, and thus is exposed to long photoperiods during the sum-
mer months, which coincides with maximum solar intensities and a major mat
disturbance event referred to as “mat decline” (Lehr et al., 2007a) (Fig. 2).
Various chemical and physical measurements showed that viable counts of
Cyanidiales (assessed using the most probable number technique (MPN)) were
significantly positively correlated with temperature and negatively correlated with
UV/Visible irradiance (Lehr et al., 2007a). Additional measurements in that study
also showed that photosynthesis is significantly inhibited by UV-A and UV-B
exposure, and thus demonstrated evidence that the mat decline phenomenon is
more closely related to UV exposure as opposed to visible light, although high
intensities of visible radiation can also be inhibitory to members of the
Cyanidiales (Brock, 1978). Furthermore, a comparison of PCR-generated 18S
rRNA clone sequences and microsatellite sequences derived from DNA extracted
during the mat decline period (July) versus those obtained when MPN counts
were at a maximum (October) showed clear evidence that these major mat
changes were accompanied by shifts in types dominating the population (Lehr
et al., 2007a). Potentially, UV adaptation or sensitivity could contribute to diver-
sification and/or to habitat preference (e.g., endolithic or soil habitats).
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Figure 2. Photographs documenting mat decline during the long photoperiods of summer. Geothermal
spring flow merging with that derived from Pinwheel Geyser (during a quiescent period) located along
the boardwalk at Norris Geyser Basin. (a) January, 2005 and (b) early July, 2005. (Reprinted with
permission from the Journal of Phycology.).

3. Biodiversity

Confirmation of the relatedness of the cyanidia to the red algae was produced
without the use of genetics with the identification of floridosides in all three genera
in addition to other red algal components (De Luca and Moretti, 1983). However,
the cell wall (when present) is largely (50-55%) proteinaceous, unlike most of the
red algae (Bailey and Staehelin, 1968). With only a single membrane surrounding
the plastid, it was determined to have been the result of a primary endosymbiosis
(De Luca and Moretti, 1983). There is no doubt now that the Cyanidiales form
a distinct phylogenetic clade. However, for many years “Cyanidium” was classified
as a cyanophyte or a green alga with anomalous pigmentation, and so it was when
M.B. Allen isolated the first culture (Allen, 1959). A more complete history of these
sequential events may be found in Brock (1978), Pinto et al. (1994), and Pinto (2007).
Important recent developments in the study of these algae include the sequencing
of the complete genome of Cyanidioschyzon merolae (Matsuzaki et al., 2004)
and a nearly complete genome of Galdieria sulphuraria (Barbier et al., 2005).
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The complete genomes of the chloroplast (Ohta et al., 2003) and mitochondrion
(Ohta et al., 1998) of C. merolae have also been published.

The type genus and species Cyanidium caldarium was first described in 1933 as
a cyanophyte (cyanobacterium) by Lothar Geitler (Geitler, 1933) and unknowingly
later by Joseph Copeland in 1936, again as an unusual cyanophyte and named Pluto
caldarius (Copeland, 1936). An organism referred to as Cyanidium caldarium was
studied extensively by Doemel and Brock (1971, 1978), but at that time there had
been no division into three genera and all members of this group were referred to as
Cyanidium caldarium. The Doemel and Brock studies were probably using Galdieria
sulphuraria, if indeed only one “type” was involved. Since then and until molecular
methods had been applied, the three recognized genera and several species have been
distinguished mainly by morphology and reproductive patterns. Taxa of the genus
Cyanidioschyzon are smaller (usually 1-2 um in breadth) with an oval, club- or pear-
like shape (see Matsuzaki et al., 2004). They reproduce by binary cytokinesis and
lack a rigid cell wall. Galdieria and Cyanidium have a more spherical shape, a rigid
cell wall, and reproduce through the formation of 4-32 small daughter cells within
a mother cell. Some types have also been distinguished by physiological characteris-
tics. For example, isolates of G. sulphuraria have the ability to grow heterotrophically
in the dark on at least 50 different carbon sources, including several sugars, sugar
alcohols, amino acids, and TCA cycle intermediates (Barbier et al., 2005; Gross
and Schnarrenberger, 1995; Oesterhelt and Gross, 2002). This characteristic of
G. sulphuraria has been viewed as a probable explanation for its ability to grow in
darkness or semi-darkness in soil, gravel, and as endolithic populations, using
organic carbon released from other microorganisms in these habitats (Ferris et al.,
2005; Gross and Schnarrenberger, 1995; Oesterhelt and Gross, 2002). G. maxima
may also grow heterotrophically, although poorly according to Gross et al. (2001).
G. sulphuraria lacks the ability to use nitrate as the sole nitrogen source, but a few
other Galdieria-like isolates also lack this ability (Toplin et al., 2008).

Thermo-acidic environments are scattered disparately like small islands
throughout the Earth. Since members of the Cyanidiales tested thus far (>30) do
not tolerate desiccation (Toplin et al., 2008), the geographical separation and isola-
tion of thermo-acidic sites may have led to allopatric speciation events over time
(Gross et al., 2001). One large geothermal “island” with many acidic habitats is the
Yellowstone geothermal region, an approximately 9,000 km? area with numerous
hydrothermal features that vary in pH, temperature, exposure to high solar radia-
tion, water availability, and concentrations of soluble metals and metalloids
(Nordstrom et al., 2005). Any of these physico-chemical factors could exert selec-
tion pressures, potentially providing opportunities for distinct species or ecotypes
to arise even within an area as small as YNP. Indeed, evidence of habitat specializa-
tion has been found for the thermophiliccyanobacterium Mastigocladus ( Fischerella)
laminosus within YNP (Miller et al., 2006), Synechococcus (Ward et al., 2006, Bhaya
et al., 2007), and Sulfolobus (Whitaker et al., 2003).

Cultivation-independent work conducted in Italy has identified novel rbcL
phylotypes representing a novel lineage referred to as Galdieria-B (Ciniglia et al.,
2004). Our studies have used both genetic and morphological criteria to examine
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the diversity of a large number of isolates of the Cyanidiales obtained from 13
distant and chemically disparate sites within Yellowstone, and from larger spatial
scales that include Japan, New Zealand, and Iceland. Our most common
Yellowstone isolate appears to be a Galdieria or Cyanidium morphotype, since it
possesses a cell wall and divides internally to produce an even number of small
daughter cells that eventually are liberated from the mother cell. Based on the 18S
rDNA and rbcL markers, however, these cells show 99-100% identity to the mor-
phologically very different Cyanidioschyzon merolae (Toplin et al., 2008). Although
morphology alone can differentiate the genus Cyanidioschyzon from Galdieria and
Cyanidium (see above), at this point only genetic means can distinguish taxa of this
order that, in some cases, may be so distantly related that they may constitute new,
previously undescribed species. The situation with the aforementioned Cyanidiales
isolates is similar in many ways to the problem with unicellular microorganisms in
general. Comparisons of the sequences of one or two genes may be inadequate.
Other genes or their products or partial or complete genomes are needed to further
establish the genetic relatedness of this novel member of the Cyanidiales.
Microorganisms that are identical, based on 18S rRNA gene sequence criteria, but
which are distinctly different species is not without precedence (e.g., in dinoflagel-
lates, Logares et al., 2007). Short sequence repeats (i.e., microsatellites) have been
useful for identifying genetic diversity among these isolates (Lehr et al., 2007a;
Toplin et al., 2008), but at this point there is no meaningful correlation between
these variants and specific habitat characteristics (Toplin et al., 2008). It is impor-
tant to note that indisputable C. merolae morpho-phylotypes also occur in
Yellowstone and have also been cultured (Toplin et al., 2008).

4. Biogeographical Considerations

Apart from the quandary of how to characterize and name this provisional
new species or variety that is incorrectly identified as Cyanidioschyzon merolae
(using only the sequences of two genes), there are also major subgroups of the
Cyanidiales in other distant provinces (i.e., Japan, New Zealand, and Iceland)
that do show genetic distinctiveness, particularly using chloroplast rbcL gene
sequences, and none of which show closest identity to C. merolae. For the isolates
from these spatially disparate locations, at this time the use of only 18S rDNA
and rbcL sequences seems adequate to point out several taxa quite distinct from
the two major groups in Yellowstone (see Table 1). As indicated by phylogenetic
analysis (one based on rbcL, the other on 18S rDNA sequences), there are three
distinct groups (clades) of isolates from Japan that show closest identity to an iso-
late from the Kurile Islands (off the northeast coast of Hokkaido, Japan) named
Galdieria maxima (Table 1) (Toplin et al., 2008). Similarly, three phylogenetic
clades from New Zealand also show genetic separation from the Yellowstone iso-
lates and from the Japanese strains (the latter at least at the rbcL locus) (Toplin
et al., 2008). In contrast, eight isolates from several sites in southwest Iceland
were identical to each other at both the rbcL and 18S rDNA loci, and like one
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Table 1. Nearest BLAST relative for each type of isolate from YNP, Japan, New Zealand, and Iceland
for rbcL. The number in the parentheses is the % identity to the nearest GenBank relative. The percent
variation for each group is also listed for each gene, followed by the number of isolates compared (n).
(Modified from Toplin et al., 2008.)

% Variation Within Group + number

Nearest Blast Relative rbcL of strains analyzed
YNP
Type IA/IB C. merolae 10D (99) 0.38, n =16
Type 11 G. sulphuraria UTEX 2393 (99) 0.38,n =5
Japan
Type IIIA G. maxima IPPAS507 (99) 1,n=9
Type I1IB G. maxima IPPAS507 (96) I,n=14
Type HIC G. maxima IPPAS507 (93) 0,n=1
New Zealand
Type IV G. sulphuraria SAG 108.79 (96) 0.8,n=10
Type V G. maxima IPPAS P507 (93) ILn=8
Type VI G. maxima IPPAS P507 (91) 0,n=1
Iceland
Type VII G. maxima IPPAS507 (96) 0,n=28

particular clade from Japan, showed the closest identity to Galdieria maxima
(E. Perry et al., 2008, unpublished data).

The most cosmopolitan of all cyanidial “species”, G. sulphuraria has also been
isolated (3 strains) from endolithic habitats in southwestern Iceland (Gross
and Oesterhelt, 1999). How did cyanidia find their way to Japan, New Zealand, and
Iceland from the Yellowstone or Italian (or other) geothermal areas or vice versa?
Indeed, it may be difficult to identify the ancestral source of the Cyanidiales evolu-
tionary clade. If the Cyanidiales with its present general characteristics is as ancient
as indicated by molecular clock inference, dissemination difficulties may not be so
relevant, since the disparate geothermal “islands” may represent remnants of an
origin that occurred long before present continental positions existed. Still, however,
issues of dispersal still exist, since many volcanically active island sites that support
populations of Cyanidiales came into existence in more recent geologic times
(e.g., Azores, Iceland). However, members of the Cyanidiales appear to be absent
in their appropriate temperature zone in volcanic areas of Hawaii (Brock, 1978).
Identifying the origin of the Cyanidiales may prove difficult. However, the most
likely method of dissemination may be better understood through experimentation.
We (and other authors) have been unable to show desiccation tolerance (at less than
~90% relative humidity) that would permit aerial transport of these algae over great
distances (>2,000 km) with no suitable habitat intervening. However, testing pure
cultures may not be a suitable method. Certainly, to successfully colonize a newly
available volcanic site, enough cells to constitute a viable founder population would
be necessary. It is possible that small amounts of moist acidic mud containing viable
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cells could be transported by birds, or even more likely, cells could be carried in
the alimentary track of water birds. It was shown many years ago that this is
possible even in the case of algae that do not produce resting cells or spores
(Proctor, 1959).

Nevertheless, little is known of the migratory or accidental movement of
water birds in the distant past. Since Yellowstone, Japan, and New Zealand have
had continuous volcanic, geothermal activity for several millions of years, a very
rare transport of cells of the Cyanidiales could, nevertheless, have occurred with
subsequent speciation events, particularly if somewhat different chemical environ-
ments might have selected for new varieties. Preliminary evidence indicates that a
great overlap of similar acidic habitats occurs in all of these major volcanic loca-
tions. If dispersal of this type of organism is very easy and frequent for reasons we
do not understand, we might expect a greater similarity among isolates from distant
sites. Since it is agreed that light-exposed sites in Iceland have been exposed for colo-
nization for less than 10,000 years after complete glaciation, it is not unusual that
there is little apparent variation among the Cyanidiales of Iceland, suggesting that
the time for proliferating founder populations to evolve new species was insufficient
(Gross and Oesterhelt, 1999; E. Perry et al., 2008, unpublished data). There is a
considerable danger currently that thermobiologists could be the most likely trans-
port vectors. Thus, it is very important that these biologists sterilize their equipment
and boots before moving from one major thermal geographic area to another. In
our case, a new pair of boots has been purchased in all cases.

5. Evolution of the Cyanidiales

The Order Cyanidiales or the class Cyanidiophyceae (depending on the hierarchy
chosen by different authors) constitutes a very early and distinct branch of the
Rhodopyta (red algae), presumably with chloroplasts similar to the primordial
chloroplast for all photosynthetic eukaryotes (Yoon et al., 2002, 2006b). Evidence
indicates that it was a primary endosymbiosis. A somewhat novel hypothesis, how-
ever, is that the eukaryotic “host” of the cyanidial lincage may indeed have been
quite ancient (acidophilic or not), and that this group was originally achlorotic
(plastids absent), and that a thermophilic cyanobacterial endosymbiont was incor-
porated, and that by its presence (and genes) imparted thermophily to ancestors
of the Cyanidiales. Of course, what we mean by later, is an endosymbiosis possibly
during the late Proterozoic (>1 x 10° years ago). From what we know of present
day thermophilic cyanobacteria, they do not tolerate acidic conditions (Kallas and
Castenholz, 1982a, b). Thus, the harboring of a thermophilic cyanobacterial
symbiont in a host that maintains a pH close to neutrality creates a pH climate
that is acceptable for essentially all cyanobacteria. Since it is agreed that the ancestor
or ancestors of all red algae presumably acquired a cyanobacterium as an
endosymbiont that later evolved into a plastid, this hypothesis, in general terms,
should not be very controversial. What is controversial is that the Cyanidiales
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lineage may have acquired a thermophilic cyanobacterium as an endosymbiont that
was different from the supposed primordial cyano-chloroplast that evolved eventu-
ally into all chloroplasts of red algae, green algae, and plants. If the Cyanidiales
are as ancient and as separate from the main line of the red algae as proposed by
Yoon et al. (2006b), there may be no overwhelming reason to reject this hypothesis.

6. Future Directions

Extensive cultivation work coupled with the application of molecular tools has
begun to shed considerable light on the Cyanidiales. From only a handful of
recent studies we have learned a great deal about their biodiversity at the popula-
tion level, and future work that integrates genomics-level studies will no doubt
greatly expand our foundational knowledge and uncover yet additional pieces of
the puzzle, but it is important not to ignore phenotypic attributes, such as mor-
phology, life history, physiology, and ecology. Current efforts that have primarily
focused on populations of Cyanidiales in the geothermal features located in Italy
and Yellowstone need to be expanded to consider additional geothermal islands
distributed around the globe. Indeed, recent explorations of the Cyanidiales in
Japan, New Zealand, and Iceland (e.g., Toplin et al., 2008) certainly indicate there
is much to learn. Because of their island-like distribution, clear restrictions on
transport, and relatively simple genetic structure (with no apparent sexual cycle),
the Cyanidiales have become an exceptional model for addressing fundamental
questions in evolution.
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