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INTRODUCTION biological soil crusts (BSCs) consisting of a consortium

of microorganisms (cyanobacteria, green algae, lichens,
Although soils hold a significant portion of global mi-  fungi, and heterotrophic bacteria) form on the top layer
crobial diversity, they are vastly understudied taxonomi- of the soil surface (Belnap, 2003; Weber et al., 2022).

cally. In particular, the biodiversity presentin soilsofarid ~ These BSCs are ecologically significant for their ability to
environments is not well understood. In these areas, prevent erosion, to prevent desiccation, and to increase

Abbreviations: Bl, Bayesian Inference; BSCs, biological soil crusts; DIC, differential interference contrast; GTR, general time reversible; ITS, internal
transcribed spacer; MCMC, Markov chain Monte Carlo; ML, maximum likelihood; MP, maximum parsimony; PCR, polymerase chain reaction; PRSF, potential
Scale Reduction Factor; RNA, ribonucleic acid; SNI, San Nicolas Island.
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soil fertility via atmospheric fixation of carbon and nitro-
gen (Evans & Johansen, 1999; Harper & Marble, 1989;
Jeffries et al., 1993; Kleiner & Harper, 1972; Pietrasiak
et al., 2013; West, 1990). Among the most significant
and abundant members of these biocrusts are cya-
nobacteria, which can bind soil particles and can in-
crease biogeochemical cycling in an otherwise limited
environment (Evans & Johansen, 1999). Studies have
shown cyanobacteria present in BSCs to be diverse,
and new taxa continue to be described from studies in
these environments (Baldarelli et al., 2022; Becerra-
Absaldn et al., 2018, 2020; Flechtner et al., 2002; Jung
et al., 2020; Mesfin et al., 2020; Pietrasiak et al., 2019,
2021; Rehakova et al., 2007).

As taxonomic knowledge of cyanobacteria increases,
species representing genera previously thought to be
geographically restricted have been found in distant
locations (Brown et al., 2021; Hentschke et al., 2017;
Kastovsky et al.,, 2023; Osorio-Santos et al., 2014;
Shalygin et al., 2020). While some terrestrial cyanobac-
terial species such as Microcoleus vaginatus are known
to have widespread distributions (Dvorak et al., 2012),
most subaerial and terrestrial species have been ober-
served only in relatively isolated areas (Mihlsteinova
et al., 2014; Sherwood et al., 2015). It was previously
hypothesized that microbial organisms might have
cosmopolitan distributions (Bass-Becking, 1934), but
this hypothesis has been challenged in the absence of
human vectoring (Hentschke et al., 2017). Genera on
the other hand can often be found in ecologically dif-
ferent and geographically isolated environments (Jung
et al., 2020). Although the criteria that group species
into the taxonomic category “genus” are subjective, the
evolutionary relationships among lineages are objec-
tive. Genetic relatedness suggests a more recent com-
mon ancestor, and the distribution of closely related
species across geographical space raises questions
about the speed and ease with which terrestrial algal
taxa relocate and diversify.

San Nicholas Island (SNI) is geographically iso-
lated from mainland North America, being 98 km off
the coast of Santa Barbara, California, USA, and
is part of an eight-island archipelago known as the
Channel Islands. Several of the Channel Islands com-
prise a national park; however, SNI serves as a Naval
Base for the US Navy with public access restricted,
leaving it relatively undisturbed compared with other
habitats in the western United States. San Nicholas
Island experiences a semi-arid climate, receiving
about 200mm of precipitation per year, albeit with
relatively high humidity relative to other arid systems
due to sea sprays from the Pacific Ocean. Although
the island is small and primarily composed of lime-
stone (58.9km?), it has significant topographic and
geological variation. The northwest side of the island
is characterized by stabilized sand dunes and gentle
slope, while the south side of the island is gypsiferous

with steep cliffs. Also found on the island are natu-
ral springs, salty chemical crusts, and lichenized soil
crusts at various stages of development. Due to the
restricted access, only one previous biocrust study
has been done on the island (Flechtner et al., 2008).
In that study, 56 species of algae were observed and
characterized, with seven new species of cyano-
bacteria and two new species of chlorophytes being
described based on morphological data alone. San
Nicolas Island is consequently an ideal site for a new
taxonomic study integrating genetic data.

In this paper, three new species of Atlanticothrix, two
new species of Pycnacronema, and one new species
of Konicacronema are described utilizing a polypha-
sic approach (Mihlsteinova et al., 2014) that considers
morphological, genetic, and ecological characteristics.
Atlanticothrix is a genus in the family Nostocales with
one currently described species, A. silvestris (Alvarenga
et al, 2021). Pycnacronema and Konicacronema
are large filamentous genera recently moved to
Wilmottiaceae and Konicacronemataceae, respec-
tively (Strunecky & Ivanova, 2023). There are currently
nine recognized species of Pycnacronema and one
species of Konicacronema, K.caatingense. Currently,
most species representing these three genera have
been described from terrestrial or aerial environments
in Brazil (Alvarenga et al., 2021; Machado de Lima &
Branco, 2020; Martins et al., 2018). One aquatic spe-
cies of Pycnacronema, P.lacustrum, was just described
from a lake in the Azores (Luz et al., 2023). However,
multiple strains representing new species have been
found on SNI. The overlap among these genera (but not
species) between North and South America may shed
light on cyanobacterial distributions at the genus level.

METHODS
Field collection

A total of 36 soil samples, most with a biocrust surface,
were collected from sites on SNI (Figure 1) with one ad-
ditional reference sample from nearby Santa Barbara
Island (SBIl). Samples SBI and SNI-TA1 through
SNI-TA5 were collected on 11 February 2021 and sam-
ples SNI-TA6 through SNI-TA36 were collected on 25
May 2021. Samples were collected with a metal spoon
and transferred into plastic bags for storage and ship-
ping. Example images showing the diversity of soil crust
types can be found in the Figure S1 in the Supporting
Information.

Isolation and culture

From each sample, 1.0g subsamples were sepa-
rated from larger fragments of crusted soil, diluted in
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FIGURE 1
com). [Color figure can be viewed at wileyonlinelibrary.com]

Erlenmeyer flasks with 100 mL sterile liquid Z8 media
(Carmichael, 1986) and agitated for 30min on a ro-
tary shaker to release the cyanobacteria from the soil
matrix. Enrichment plates of agar-solidified Z8 were
inoculated with 0.1 mL of the soil solution from each
sampling site with three replicates. Plates were sealed
with Parafilm (Bemis Company, Inc., Neenah, WI)
and placed under a 12h:12h light:dark cycle at 20°C
until macroscopic algal colonies were visible (about
5weeks). Uniagal cultures were obtained by picking
well-isolated colonies under an Olympus SZ40 stereo-
scope (Olympus Corporation, Tokyo) into capped test
tubes containing 5.0 mL sterile liquid Z8 media and re-
turned to the 12h:12h light:dark cycle until significant
growth was observed. Developed cultures were trans-
ferred to sterile agar-solidified Z8 slants. Strains were
named for site (e.g., SNI-TA17) and person isolating
the culture (e.g., SNI-TA17-BJ3, BJ3 for third isolate
Brian Jusko isolated from sample SNI-TA17). Cultures
are maintained in the Algal Culture Collection at John
Carroll University. Herbarium vouchers of immobi-
lized, air-dried material (including holotypes, isotypes,
and paratypes) were deposited in the Clifton Smith
Herbarium at the Santa Barbara Botanic Garden,
Santa Barbara, California, USA.

A map of San Nicolas Island. Study sites are superimposed on the map. (Color figure can be viewed at wileyonlinelibrary.

Morphological characterization

Strains were observed, photographed, and charac-
terized morphologically using an Olympus BH-2 mi-
croscope equipped with Nomarski DIC optics and
cellSens software (Olympus Corporation, Tokyo). A
minimum of 20 photographs were taken of each strain
with care given to capture all specialized cell types
and life-cycle stages. Length and width measure-
ments were taken for vegetative cells, filament width,
apical cells, and heterocytes and akinetes when ap-
plicable. Other relevant morphological features such
as cell shapes and color were noted. Atlanticothrix
strains were later transferred to nitrogen-free Z8 me-
dium to promote further heterocyte growth and were
again photographed.

To determine if Atlanticothrix strains could be
separated in species based on cell size, a principal
component analysis was performed using mean mea-
surements (vegetative cell, akinetes, heterocytes,
and apical cell) and length-width ratios obtained from
Atlanticothrix strains in R (v. 4.2.1). To obtain each aver-
age measurement value, 30 individual length and width
measurements were taken for each cell type, averaged,
and assigned to the respective strain.
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Molecular characterization

Genomic DNA was extracted from strains using Qiagen
DNeasy Powersoil Pro Kits (Qiagen, Hilden, Germany)
following the manufacturer's protocol and eluted in
50pL of elution buffer. Polymerase chain reaction
(PCR) was used to amplify the 16S rRNA gene and
the 16S—-23S rRNA internal transcribed spacer (ITS)
region using primers VRF1R and VRF2F (Flechtner
et al., 2002; adopted from Wilmotte et al., 1993). The
reaction mixture containing 1pL of each primer at
0.01 mM concentration was combined with 12.5 uL of
LongAmp™ Taq 2x Master Mix (NEB, Ipswitch MA),
1 uL template DNA (50ng- mL™"), and 9.5 uL nuclease
free water. This PCR mix was subjected to 35cycles
of denaturing (94°C for 45s), annealing (at 57°C for
45s), an extension (at 72°C for 135s), and a final ex-
tension (at 72°C for 5 min). Polymerase chain reaction
products were inserted into the lacZ gene of plasmid
pSC-A-amp.kan and cloned into StrataClone (Agilent,
Santa Clara, CA) competent Escherichia coli cells
via heat shock following the manufacturer's protocol.
Escherichia coli cells were plated on agar-solidified
LB-ampicillin plates with 40 pL X-Gal, and three prop-
erly transformed colonies were picked via blue-white
screening. Plasmid DNA was isolated with Qiagen
QlAprep Miniprep kits following the manufacturer's
protocol. Insertions were confirmed by EcoR1 restric-
tion enzyme digest followed by visualization on 1%
TBE agarose gels. Two or three clones of each strain
were sent to Functional Biosciences, Inc (Madison,
WI, USA) for Sanger sequencing. Primers M13 for-
ward and M13 reverse and internal primers VRF5
(5'-TGT ACA CAC CGG CCC GTC-3'), VRF7 (5'-AAT
GGG ATT AGA TAC CCC AGT AGT C-3’), and VFR8
(5-AAG GAG GTG ATC CAG CCA CA-3’; Nibel
et al.,, 1997; Wilmotte et al., 1993) were used to ob-
tain partial overlapping sequences. Sequences were
error proofed using Chromas software (v. 2.6.6) and
assembled into contigs by alignment with ClustalW
(Larkin et al., 2007). When possible, two or three
clones were used to construct consensus sequences.

Phylogenetic analyses

The 16S rRNA gene (a partial sequence of 1162—
1171 nucleotides) was subjected to analysis by both
Bayesian inference (Bl) and maximum likelihood
(ML) analyses using the CIPRES Science Gateway
(Miller et al., 2010) to obtain posterior probability and
bootstrap support values for each node in the tree.
Bayesian inference analyses were performed using
MrBayes on XSEDE 3.2.6 (Ronquist et al., 2012), and
ML analyses were performed using RAxML-HPC2
on XSESE 8.2.10 (Stamatakis, 2014). In both cases,
the GTR +1+ G evolutionary model was used. The Bl

analysis was run for 80 million generations with the
first 25% of samples discarded as burn-in. The ML
analysis was run on the same alignments with 1000
bootstrap iterations. 16S rRNA gene analyses were
performed at the family or order level with several
representatives from each related genus for which
sequences were available in GenBank, to produce
robust phylogenetic trees. Posterior probability and
bootstrap support values (from Bl and ML analyses,
respectively) were superimposed on the phylogenetic
trees at nodes. The Bl analysis had a mean estimated
sample size (ESS) exceeding 2900 (range: 2919-
13,027) for all parameters, significantly higher than
the average of 100 accepted as sufficient (Drummond
et al., 2006). The average standard deviation of split
frequencies was <0.01. The potential scale reduc-
tion factor (PSRF) value for all parameters in the
Bl analyses was 1.00, indicating that the conver-
gence of the MCMC chains was achieved (Gelman
& Rubin, 1992). Internal transcribed spacer rRNA
region phylogenetic analyses were performed using
alignments of species within a genus (565 nucleo-
tides long for Atlanticothrix, 491 nucleotides long for
Pycacronema). These alignments were used to run Bl
analyses as well as maximum parsimony (MP) analy-
ses to determine relationships among closely related
strains. Maximum parsimony analyses were run in
PAUP using the parameters GAP=NEWSTATE,
NREPS=10,000, MULTREES=YES, SWAP=TBR,
and STEEPEST=NO. The Bl analysis used the
GTR+G+1 evolutionary model with two data parti-
tions; one for the DNA sequences and one for cod-
ing indels as standard data (1 =nucleotides, 0 =indel,
and ?=missing). Bootstrap values from the MP
analyses were mapped onto shared nodes of the Bl
tree. Phylogenetic trees were visualized with Fig Tree
(Rambaut, 2009) and post-edited in Adobe lllustrator
(v. 26.4.1; Adobe Systems, San Jose, California).
Percent identities among 16S rRNA gene se-
quences and percent dissimilarities among 16S-
23S ITS rRNA regions were determined using the
SHOWDIST command in PAUP (Swofford, 1998).
Hypothetical ITS rRNA region secondary structures
for the D1-D1', Box-B, and V2 and V3 helices were
identified based on conserved basal clamps. Location
of basal clamps for SNI strains were determined by
creating multiple alignments of closely related taxa
with ClustalW (Larkin et al., 2007) and using exist-
ing taxa with known helix locations as a guideline.
Secondary structures were determined via Mfold
(Zuker, 2003) on the UNAFold Web Server (http://
www.unafold.org). Drawing mode was set to untangle
with loop fix and all other settings were set to default.
Secondary structures derived from Mfold were post-
edited in Adobe lllustrator. Lines connecting bases
were used to represent canonical pairings and dots
were used to represent noncanonical U-G pairings.
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RESULTS
Genus Atlanticothrix

Atlanticothrix crispata Jusko et J.R.Johans.
sp. nov. Figure 2|—q

Description: Colonies on agar soft, mucilaginous, not
shiny, becoming mounded, blue-green, purplish, or
brownish depending on stage of life cycle. Filaments
uniseriate, with thin diffluent mucilage, not forming
Nostoc-like colonies, often with mucilage not evident,
consisting of vegetative cells early in life cycle, but soon

producing long continuous series of purplish to brown-
ish akinetes. Trichomes of vegetative cells thin, with
conical vegetative cells at ends, or with bluntly conical
and flame-shaped terminal heterocysts, constricted at
crosswalls, blue-green or purple in color when com-
posed of vegetative cells, brown in color when com-
posed of maturing-to-mature akinetes, 1.8-3.4 um wide
(2.6um average). Vegetative cells cylindrical or barrel-
shaped, not moniliform, sometimes slightly constricted
in mid-cell, mostly non-granular, with some being mi-
nutely granular, 1.9-4.9pm long (2.9um average).
Heterocytes mostly terminal with a single polar nodule,
rounded, becoming elongated and bluntly conical, 2.0—
3.1um wide, 3.0-5.3um long, rare intercalary hetero-
cytes oval, with paired polar nodules 2.0—4.0 pm wide,

FIGURE 2 Images showing diagnostic morphological features for each Atlanticothrix species (Scale bar=10pum, applies to the entire
figure). All photos are 1000x magnification. (a—f) Atlanticothrix testacea SNI-TA4-BJ2. (g—k) Atlanticothrix nostocoides (g, j: SNI-TA5-JJ1,
h, i: SNI-TA1-JJ4, k: SNI-TA5-JJ3) note diagnostic Nostoc-like colonies in (k). (I-q) Atlanticothrix crispata (m: SNI-TA23-BJ41, n, p, q: SNI-
TA26-BJ1, m, o: SNI-TA26-BJ7) note diagnostic curled hormogonia in P. (Color figure can be viewed at wileyonlinelibrary.com). [Color figure

can be viewed at wileyonlinelibrary.com]
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2.4—4.4um long. Akinetes develop continuously from
vegetative cells by increase in both length and width,
when mature having thickened outer wall, before germi-
nation transitioning from brown to blue-green in color,
revealing multiple vegetative cells immediately before
germination when akinete can become enlarged to ac-
commodate curled germinating trichomes, 3.2-7.4um
wide, 3.1-7.4pum long. Discarded cell walls of akinetes
persist following release of hormogonia.

Holotype here designated: SBBG238511! Dried im-
mobilized material prepared from the reference strain,
SNI-TA26-BJ1.

Isotype here designated: SBBG238512! Dried immo-
bilized material prepared from the strain, SNI-TA26-BJ7.

Paratypes here designated: SBBG238508!
SBBG238509! SBBG238510! Dried immobilized
material prepared from strains, SNI-TA18-ML7, SNI-
TA23-BJ35, SBI-TA23-BJ41, respectively.

Type locality: BSC from sample SNI-TA26
(Figure S1C), San Nicolas Island, Ventura County,
California, 33.27037, —119.56095.

Etymology: L. crispatus=curly, referring to the
tightly curled hormogonia produced in akinetes before
germination.

Altanticothrix nostocoides Jusko et
J.R.Johans. sp. nov. Figure 2g—k

Description: Colonies on agar soft, mucilaginous,
somewhat shiny, becoming mounded, blue-green,
purplish, or brown depending on stage of life cycle.
Filaments uniseriate, with thin diffluent mucilage, oc-
casionally with mucilage not evident, consisting of
vegetative cells early in life cycle, but soon producing
long continuous series of compressed blue-green to
purplish brown akinetes. Filaments often form large
Nostoc-like colonies with evident diffluent mucilage.
Trichomes of vegetative cells thin, bluntly conical api-
cal cells or bluntly flame-shaped heterocytes at one or
both ends, constricted at crosswalls, blue-green to pur-
plish in color, blue-green or purplish or brownish when
akinetes develop, 2.2—-4.4pm wide. Vegetative cells
barrel-shaped, occasionally minutely granular, 2.0—
4.4um long. Heterocytes mostly terminal with a single
polar nodule, bluntly rounded to bluntly flame-shaped,
2.4-4.2um wide, 2.4-5.2pm long. Rare intercalary
heterocytes oval with paired polar nodules, 3.6—3.8 pm
wide, 3.6—5.2pum long. Akinetes develop continuously
from vegetative cells by increase in length and width,
when mature having a thickened outer wall, forming in
long continuous compressed series before dissociating
at maturity, becoming blue-green before germination,
revealing multiple vegetative cells immediately before
germination when akinetes become enlarged to ac-
commodate germinating trichomes, 3.6—7.6pm wide,

2.6—7.4pm long. Discarded akinete cell walls persist
following release of hormogonia.

Holotype here designated: SBBG238506! Dried im-
mobilized material prepared from the reference strain,
SNI-TA5-JJ3.

Isotype here designated: SBBG238505! Dried immo-
bilized material prepared from the strain, SNI-TA5-JJ1.

Paratype here designated: SBBG238504! Dried
immobilized material prepared from the strain,
SNI-TA1-JJ4.

Type locality: Uncrusted soil sample SNI-TA5
(Figure S1B), San Nicolas Island, Ventura County,
California, 33.26087, —119.49422.

Etymology: L. nostocoides = Nostoc-like, so named
because this is the only species in the genus observed
thus far that can produce Nostoc-like mucilaginous
colonies.

Atlanticothrix testacea Jusko et J.R.Johans.
sp. nov. Figure 2a—f

Colonies on agar soft, mucilaginous, shiny when com-
posed of vegetative cells and not shiny when akinetes
develop, becoming mounded, shifting from blue-
green to golden brown as vegetative cells become
akinetes. Filaments uniseriate, with evident diffluent
mucilage, often with mucilage absent, consisting of
vegetative cells early in life cycle, but soon producing
long continuous series of compressed blue-green to
golden brown akinetes. Trichomes of vegetative cells
thin, with rounded vegetative cells at ends, or with
rounded or bluntly flame-shaped heterocytes at one
or both ends, constricted at crosswalls, blue-green or
purplish in color when consisting of vegetative cells,
purplish to golden brown in color when composed
of maturing-to-mature akinetes, 2.2—4.0pm wide.
Vegetative cells constricted to moniliform or barrel-
shaped, mostly non-granular but occasionally mi-
nutely granular, 1.6—3.6 um long. Heterocytes mostly
terminal with a single polar nodule, rounded or bluntly
flame-shaped, 2.8—4.3um wide and 2.4—-4.4um long,
rare intercalary heterocytes rounded to oval, with
paired polar nodules, 4.8pm wide and 3.6pm long.
Akinetes develop continuously from vegetative cells
by increase in length and width, when mature having
a thickened outer wall, before germination transition-
ing from golden brown to blue-green, revealing mul-
tiple vegetative cells immediately before germination
when akinete can become enlarged to accommodate
germinating trichomes, 4.2-8.0pm wide, 2.8—7.2pm
long. Discarded cell walls of akinetes persist following
release of hormogonia.

Holotype here designated: SBBG238507! Dried im-
mobilized material prepared from the reference strain,
SNI-TA4-BJ2.
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Type locality: Moss and cyanobacterial biocrust from
sample SNI-TA4, San Nicolas Island, Ventura County,
California, 33.26087, —119.49422.

Etymology: L. testaceus=brownish yellow, named
for the golden-brown color of the mature akinetes.

Phylogenetic analyses

The 16S rBNA gene analysis (Figure 3) performed with
all SNI Atlanticothrix strains and all A. silvestris strains
formed a well-supported (0.99 BI posterior probability, 77
ML bootstrap support) monophyletic generic clade sister
to Roholtiella. The A. silvestris strains formed a monophy-
letic clade within the genus with a posterior probability of
0.96 suggesting that the Brazilian strains form a species
that is a different lineage from all SNI strains. The 16S
rRNA gene analysis at the species level among the SNI
strains was, however, uninformative. All Atlanticothrix
strains are >98.7% similar in 16S rRNA gene sequences
(Table 1), and the BI/ML analyses were unable to clearly
group together SNI strains at the species level.

Analysis of 16S-23S ITS rRNA region

The 16S-23S ITS rRNA region analysis (Figure 4) was
more informative at resolving species. The ITS rRNA
region phylogenetic analysis performed with available
Atlanticothrix strains produced a tree with three well-
supported (all 100% bootstrap support) species among
the SNI strains. One operon of strain SNI-TA23-BJ35
fell sister to the A.silvestris clade, whereas the other
operon fell clearly within the A. crispata clade. One op-
eron of A. crispata SNI-TA23-BJ35 differed by 4.8%
from A.silvestris and >9.7% from all members of the
A.crispata clade. However, the other operon differed
by <1% from A.crispata and 8.6% from A.silvestris
(Table 1). Within each species with multiple strains, ITS
rRNA region dissimilarity was <1% except for the op-
eron mentioned above. Dissimilarity values above 7%
are strong evidence that strains are different species,
supporting our hypothesis that A. silvestris, A. crispate,
and A.nostocoides form three distinct lineages.
Atlanticothrix testacea had an ITS rRNA region that
was only 2.3% dissimilar to A.crispata (Table 1), not
supporting separation of the two taxa. However, both
the 16S rRNA gene and ITS rRNA region phylogenies
showed the two species to be distinct.

Analysis of ITS rRNA region
secondary structures

Hypothetical secondary structures of conserved do-
mains of the 16S-23S ITS rRNA region varied among
each species. The D1-D1' helix (Figure S2A-C in the

Supporting Information) varied only slightly with all three
SNl strains (except one operon) sharing identical helices.
The SNI structure varied slightly from the Atlanticothrix
Silvestris structure in the penultimate internal bulge with
an additional adenine on either side and had one fewer
set of paired bases before the next bulge. The SNI
Box-B helices (Figure S2D—-G) were all somewhat dif-
ferent from the A. silvestris structure and were six base
pairs longer. The V3 helices (Figure S2H-K) were also
somewhat similar among all species, although some
base pair differences were observed among SNI strains
and A. silvestris strains. The V2 structure (Figure 5) was
the most informative at resolving lineages to the species
level. The V2 representing A. testacea (Figure 5a) was
very different from all other structures with one large
internal bulge not observed in any other strain. The
strains representing A. nostocoides (Figure 5b—d) had
in common four internal bulges with the top and bottom
bulges terminating in a noncanonical U-G pairing at one
end. The A. crispata helices (Figure 5e,f) were the most
similar to A. silvestris (Figure 5h,i); however, they shared
in common a terminal loop sequence and an unpaired
uracil three base pairs upstream of the terminal loop.
One operon of SNI-TA23-BJ35 had unique V2 helix
secondary structures from all other SNI and A. silvestris
strains (Figure 5g). The V2 helix was the portion of the
ITS rBRNA region with the highest proportion of overall
dissimilarity among strains and is the best evidence of
separate lineages.

Morphological analysis

All strains were grown in identical conditions, and dis-
tinctive morphological features were observed among
species. Atlanticothrix crispata was distinctive in the
formation of curled trichomes with conical end cells in-
side germinating akinetes (Figure 2p). This feature was
observed regularly in multiple strains of this species
and never observed in strains of other species. The aki-
netes of this species formed in uncompressed series
and were often longer than wide, which was unlike the
highly compressed wider-than-long series observed in
the A. nostocoides and A.testacea (Figure 2c—,i—j,n—
0). Atlanticothrix testacea was unique in its formation of
golden brown akinetes (Figure 2c).

Strains of Atlanticothrix nostocoides were the only
strains to exhibit formation of large distinctive Nostoc-
like colonies (Figure 2k). Colonies with obvious diffluent
mucilage formed consistently in all strains representing
the species and were never observed in other species,
including A. silvesttris.

Vegetative cells and apical cells also varied
among species. Atlanticothrix crispata often devel-
oped rounded end cells that were indistinguishable
from other vegetative cells in the filament (Figure 2a).
This was also the only species to develop rounded
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Purpureonostoc tibetica CHAB5880 NR_172592 T
“Nostoc” sp. 8941 AY742448

Halotia, Cyanocohniella (6 seq)

Goleter (3 seq)

. */*< Komarekiella (4 seq)
_% Cylindrospermum (4 seq)

Nostocaceae cyanobacterium HA4266-MV3 MW344094
Atlanticothrix silvestris CENA590 MW326977
Atlanticothrix silvestris CENA564 MW326973
. Atlanticothrix silvestris CENA357 NR_172568 T
0.961591 " Atjanticothrix silvestris CENA368 KR137589
Atlanticothrix silvestris CENA585 MW326976
Atlanticothrix silvestris CENA576 MW326974
Atlanticothrix silvestris CENA579 MW326975
“Nostoc calcicola” AM50C MG641901
Atlanticothrix crispata SNI-TA26-BJ1 OQ780343
0.99/82| L Atlanticothrix crispata SNI-TA18-ML7 OQ780336
Atlanticothrix crispata SNI-TA26-BJ7 OQ780344
0.84/83) | Atlanticothrix crispata SNI-TA23-BJ41 OQ780340
0.854] Atlanticothrix nostocoides SNI-TA1-JJ4 OQ780330
0.99/77| t Atlanticothrix nostocoides SNI-TA5-JJ3 OQ780334
- Atlanticothrix nostocoides SNI-TA5-JJ1 OQ780333
L Atlanticothrix crispata SNI-TA23-BJ35 OQ780337

0-/8_8 097" Atlanticothrix testacea SNI-TA4-BJ2 OQ780331

/- ﬁ< Roholtiella (6 seq)

“Nostoc” sp. “Azolla cyanobiont” AY742450
Calochaete cimrmanii CCALA 1012 HF912386 T

Nostoc (14 seq)

Mojavia (4 seq)

ﬁfi‘<} Desmonostoc (11 seq)
Compactonostoc shennongjiaense CHAB5781 MH598843 T

0.89

<’ Dendronalium (6 seq)
97
0.70)- O/? Nostocaceae cyanobacterium HA7590-KK11 clone 1 MW344107
; r‘j— “Nostoc calcicola” TH2S22 AM711529
_iﬁ<l Violetonostoc (3 seq)

0.54/- Amazonocrinis (3 seq)

0'81/'< Camptylonemopsis (4 seq)
0.75/- .
,_O@< Pseudoaliinostoc ( 7 seq)

Trichormus variabilis NIES23 AF247593
068179 _L Trichormus variabilis AB016520
“Nostoc” sp. PCC 7120 X59559
b Trichormus variabilis ATCC 29413 HF67850 T
 Trichormus variabilis HA4236-MV5 clone 1 MW344108

w56 /<’ Minunostoc (6 seq)

Nostocaceae cyanobacterium HA4199-MV3 clone 1 MW344091
- “Trichormus anomalus” HA4352-LM2 KF417426
Nostocaceae cyanobacterium HA4218-MV1 clone 1 MW344115
Nostocaceae cyanobacterium HA4218-MV3 clone 1 MW344099
“Nostoc” sp. HK-01 AB085687
/) ¥ Nostocaceae cyanobacterium HA4266-MV2 clone 1 MW344093

7/ _Oﬁ% Desikacharya (7 seq)

“Nostoc ellipsosporum” CCAP 1453/2 HF678488
L———— Chroococcidiopsis sp. BB82.3 SAG 2024 AJ344553

Chroococcidiopsis cubana SAG 39.79 AJ344558

Chroococcidiopsis sp. 9E-07 FR798923

Chroococcidiopsis thermalis PCC 7203 AB039005 T

0.64/-|

*/86

0.4

FIGURE 3 Nostocaceae Bayesian inference 16S rRNA gene phylogeny with maximum likelihood bootstrap support values added
to nodes. “*” indicates full support for nodes (1.0 posterior probability or 100 bootstrap support). “-” indicates bootstrap support <50.
All available Atlanticothrix sivestris and San Nicholas Island Atlanticothrix sequences were included in the analysis. The genus level
Atlanticothrix clade had high support (0.99 Bl, 77 ML), although 16S rRNA gene data were uninformative at the species level.

vegetative cells in moniliform series. In most cases, A.testacea developed distinctly conical end cells com-
A. nostocoides developed bluntly conical apical cells ing to a fine point (Figure 2I). This type of apical cell
that were longer than wide (Figure 2g). Conversely, was not observed in the other species.
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TABLE 1 Percentidentity of 16S rRNA gene sequences and percent dissimilarity of ITS sequences among species of Atlanticothrix.
A.silvestris A.crispata A.nostocoides A.testacea
16S rRNA percent identity
A.silvestris 99.78
A.crispata 99.61 99.77
A. nostocoides 99.76 99.76 99.91
A.testacea 99.63 99.68 99.76 100.0
A.crispata A.crispata
A.silvestris operon 1 operon 2 A.nostocoides A.testacea
ITS percent dissimilarity
A.silvestris 0.22
A.crispata, operon 1 8.60 0.19
A.crispata operon 2 4.80 9.77 NA
A. nostocoides 13.71 715 15.06 0.25
A.testacea 9.03 2.32 10.17 6.56 0.00

Note: Infraspecific means are highlighted. The two operons of A. crispata are scored separately for the ITS rRNA gene region due to their high infraspecific
dissimilarity.

Atlanticothrix silvestris CENA590 MW326977
Atlanticothrix silvestris CENA585 MW326976
"'} tianticothrix silvestris CENA579 MW326975
* Atlanticothrix silvestris CENA576 MW326974
Atlanticothrix silvestris CENA564 MW326973

Atlanticothrix crispata SNI-TA23-BJ35 op. 2 0Q780337
0.97/79 Atlanticothrix crispata SNI-TA18-ML7 op. 1 OQ780336

Atlanticothrix crispata SNI-TA26-BJ1 op. 1 0Q780343
0.99/ Atlanticothrix crispata SNI-TA26-BJ7 op. 1 OQ780344
99 Atlanticothrix crispata SNI-TA23-BJ41 op. 1a OQ780341
Atlanticothrix crispata SNI-TA23-BJ41 op. 1b OQ780342
Atlanticothrix crispata SNI-TA23-BJ35 op. 1 0Q780339
" ’—Atlanticothrix nostocoides SNI-TA1-JJ4 OQ780330
Atlanticothrix nostocoides SNI-TA5-JJ3 OQ780334
Atlanticothrix nostocoides SNI-TA5-JJ1 0Q780333

Atlanticothrix testacea SNI-TA4-BJ2 clone2 OQ780332
Atlanticothrix testacea SNI-TA4-BJ2 clone1 & 3 0Q780331

FIGURE 4 Maximum parsimony phylogenetic tree based on 16S-23S ITS rRNA region sequences. All available Atlanticothrix silvestris
and San Nicholas Island Atlanticothrix sequences were used in the analysis.

There was overlap in many of the length and width
measurements for each cell type among species, so
a principal component analysis (PCA) was performed
(Figure S8 in the Supporting Information) using mean
length and width measurements for vegetative cells,
apical cells, heterocytes, and akinetes as well as
length-width ratios for each measurement (based on
30 measurements for each parameter). The PC1 and
PC2 axes explained 54.6% and 21.3% of variation in
the data, respectively, for a total of 75.9% variation ex-
plained. Vegetative cell length, width, and length-width
ratio, as well as apical cell length-width ratio were the
traits most strongly associated with PC1. Heterocyte
width and akinete diameter were the traits most
strongly associated with PC2. Heterocyte length and
length-width ratio contributed to both axes. In general,
strains were separated into species groups along PC1.
Atlanticothrix crispata was isolated from all other strains
in the analysis on the far left of the graph. Strains repre-
senting A. nostocoides formed a group in the center of
the graph. Atlanticothrix testacea strains were the most

ambiguous with two on the far right and one at both the
top and bottom of the PCA plot. Although some overlap
exists in cell measurements among species, the PCA
along with the previously mentioned distinctive features
serves as evidence that the lineages have evolved di-
agnosable morphological traits.

Genus Pycnacronema

Pycnacronema flechtnerae Jusko et J.R.
Johans. sp. nov. Figure 6a—e

Filaments solitary or forming non-entangled bundles,
without trichomes sharing common sheath, 7.0-8.2um
wide. Sheaths firm, hyaline, thin, occasionally extend-
ing beyond trichome. Trichomes with gliding motility,
minutely constricted at crosswalls, cylindrical, tapered
slightly when conical apical cell present, lacking
necridia, 4.6—7.0pm wide. Cells wider than long or iso-
diametric, green to blue-green, with visible crosswalls,
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FIGURE 5 Hypothetical ITS rRNA region secondary structures for the V2 helix for all strains representing Atlanticothrix crispata,
A.testacea, A. nostocoides, and A. silvestris. Representative strains for each helix are listed on the figure. (a) A. testacea. (b—d)

A.nostocoides. (e—g) A. crispata. (h—i) A. silvestris.

occasionally with granular contents, with thylakoids
sometimes appearing distinctively fasciculated, 2.6—
5.8um long. Apical cells bluntly rounded when hor-
mogonia form but becoming elongated and bluntly
conical, yellow in color, 4.8—6.8pum wide, 5.0—10.6 um
long.

Holotype here designated: SBBG238513! Dried im-
mobilized material prepared from the reference strain,
SNI-TA3-BJ5.

Type locality: Lichenized moss and algal biocrust
from sample SNI-TA3, San Nicolas lIsland, Ventura
County, California, 33.23795, —119.44460.

Etymology: Named for Valerie R. Flechtner, first au-
thor on the taxonomic study of soil algae of San Nicolas
Island (Flechtner et al., 2008) and colleague and friend
to the second author of this paper.

Pycnacronema aeruginosum Jusko et
J.R.Johans. sp. nov. Figure 6f—k

Filaments either solitary or forming bundles of parallel
filaments, without trichomes sharing a common sheath,
4.6—6.6 um wide. Sheaths firm, hyaline, thin, occasion-
ally extending beyond trichome, sometimes appear-
ing wavy or lamellated. Trichomes with gliding matility,
minutely constricted at crosswalls, occasionally con-
striction not evident, cylindrical, tapering slightly when
conical end cell present, lacking necridia, 4.2-5.2um
wide. Cells approximately isodiametric but can be
longer or shorter than wide, blue-green, sometimes
slightly yellow near apices, often granular, with thyla-
koids appearing distinctively fasciculated, 3.4—6.5um
long. Apical cells bluntly rounded after hormogonia

form, but becoming elongated and conical, yellowish in
color, 3.6—5.2pum wide, 4.2-9.4 um long.

Holotype here designated: SBBG238514! Dried im-
mobilized material prepared from the reference strain,
SNI-TA29-BJ1.

Type locality: Thin incipient biocrust with algae and
mosses from sample SNI-TA29 (Figure S1E), San
Nicolas Island, Ventura County, California, 33.25362,
-119.46002.

Etymology: L. aeruginosus=nbright blue-green,
named for the intense blue-green color of the trichomes.

Phylogenetic analysis

Based on 16S rRNA gene analysis (Figure 7),
Pycnacronema forms a well-supported generic clade
(0.91/50 BI posterior probability/ML bootstrap support)
sister to Symplocastrum. Microcoleus paludosus SAG
1449-1a, Parifilum solicrustae SON57, Pycnacronema
flechtnerae, and Pycnacronema aeruginosum all fall
inside the Pycnacronema clade. Microcoleus paludo-
sus is a classical taxon described in Gomont (1892) but
known to not belong to the Microcoleus clade contain-
ing the type species, M. vaginatus. We are uncertain if
strain SAG 1449-1a is an exact fit for M. paludosus, but
if it is later confirmed to belong to that species, it will re-
quire that species to be transferred into Pycnacronema.
Parifilum solicrustae is the type species of Parifilum
and is clearly a later synonym of Pycnacronema. In
the protologue for Parifilum solicrustae, Figure 2k—m
is cited as the figure for the taxon, but Figure 2 is a
phylogeny. Figure 3k—m has images of cyanobacte-
ria, but the names are not given in the figure legend.
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This is a problem for all the taxa described in Moreira-
Fernandes et al. (2021), but can be considered a lapsus
calami, and this type of error does not invalidate the
taxa described. However, we correct the synonym here
by making a new combination.

Pycnacronema solicrustae (Moreira-Fernandes,
Girldo-Silva, D.Roush et Garcia-Pichel) Jusko et
J.R.Johans., comb. nov.

Basionym: Parifilum solicrustae Moreira-
Fernandes, Girldo-Silva, D.Roush et Garcia-Pichel.
Coleofasciculaceae, a monophyletic home for
the Microcoleus steenstrupii complex and other
desiccation-tolerant filamentous cyanobacteria, 2021:
1577, Figure 3k—m.

Analysis of 16S-23S ITS rRNA region

Based on phylogenetic analysis of the 16S-23S ITS
rRNA region (Figure 8), Pycnacronema flechtnerae and
P.aeruginosum are distinct lineages from any of the
previously described species. The species level nodes
were highly supported in most cases. Both P. aerugi-
nosum and P. flechtnerae had overall ITS rRNA region
dissimilarity values >10% from other species, which is
good evidence that both species are different lineages
from each other and all other described species.

Analysis of ITS rRNA region
secondary structures

There was significant variation in the ITS rRNA region
secondary structures among all Pycnacronema spe-
cies (Figure 9). All species shared a conserved basal
clamp in the D1-D1' helix; however, variation in both
size and sequence was observed in the terminal loop
and other bulges along the helix. Pycnacronema aer-
uginosum was the most different from the others with
a significantly longer stem and a 3-bp bulge before the
terminal loop. Variation was observed among species
in the Box-B helix as well. Differences in terminal loop
sizes and sequences were observed. The structure of
the Box-B helices of both P. flechtnerae and P. aerugi-
nosum were unique to those taxa, and P. aeruginosum
had a noncanonical U-G pairing near the terminal loop
not observed in any other species. Perhaps, the most
variation was observed in the V3 helix. Species var-
ied in the number and size of bulges, at the terminal
loops, noncanonical base pairings, and overall size of
the helix. Pycnacronema aeruginosum had a notably
shorter V3 helix than another other species at 36 base
pairs. Pycnacronema flechtnerae differed from other
species in the sequence of its terminal loop, as well as
the presence of a bulge with one unpaired adenine on
the upstream side of the terminal loop and three un-
paired adenines on the downstream side. Differences

in the ITS rRNA region secondary structures serve as
good evidence of distinct lineages at the species level,
suggesting the two new species are distinct from other
Pycnacronema lineages.

One strain in Pycnacronema was further clarified by
our molecular-based analyses. Pycnacronema sp. B-
Tom (originally Phormidium sp. B-Tom, GenBank acces-
sions EU196618, EU196672) was originally isolated from
a sample collected from wet rocks 30 m from the Atlantic
Ocean shore in Toninhas Beach, Ubatuba, municipal-
ity, Sdo Paulo State, Brazil. The strain had trichomes
(4.2)-5.5-6.3-(7.2) pm wide, cell length-width ratio 0.4—
0.6, apical cell width (3.2)-4.5-5.8-(7.2) um wide, apical
cell length-width ratio 0.8—1.2, with conical end cells,
which overlapped the dimensions of the reference strain
of Pycnacronema brasiliense, although were slightly
smaller in minimum and maximum size. The strain was
sister to the P. brasiliense strains in the 16S rRNA gene
phylogenetic analysis as well as the ITS rRNA region
phylogenetic analyses (Figures 7 and 8). Furthermore,
its 16S rRNA gene percent identity was 99.4% and its ITS
rRNA region percent dissimilarity was 2.6% (Table S1),
both thresholds satisfying the conclusion that it cannot
be genetically separated from P.brasiliense. The sec-
ondary structures of the D1-D1', Box-B, and V3 helices
were identical in the three P. brasiliense strains and
Pycnacronema sp. B-Tom. Pycnacronema brasiliense
was originally reported from wet rocks and the bark of
trees in Sao José do Rio Preto, Sao Paulo State, Brazil.
Thus, based on polyphasic analysis incorporating 16S
rRNA gene and ITS rRNA region analysis, morphology,
ecology, and biogeography, Pycnacronema sp. B-Tom
appears to belong to P. brasiliense, and is so recorded
in our phylogenies, ITS rBRNA region figures, and ta-
bles. We have notified the authors of this sequence (A.
Lokmer and J. Kastovsky) of our conclusion, and they
have offered to request the correction in GenBank.

Genus Konicacronema

Konicacronema protuberans Jusko et J.R.
Johans. Figure 10

Filaments either solitary, entangled, or forming twisted
bundles, without trichomes sharing a common sheath,
4.4-6.6pm wide. Sheaths thin, hyaline, occasionally
extending beyond trichome, sometimes not evident.
Trichomes with gliding motility, distinctly constricted at
crosswalls, cylindrical, tapering slightly at one to sev-
eral terminal cells when conical end cell present, lack-
ing necridia, 3.8—4.9 pm wide. Cells shorter than wide to
isodiametric, blue-green in color, slightly yellow at cross-
walls, granular, chromoplasm often restricted to parietal
region of cell with thylakoids sometimes appearing fas-
ciculated, 2.6—4.4 um long. Apical cells bluntly rounded
when hormogonia form but becoming bluntly to distinctly
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FIGURE 6 Micrographs of morphological features for species Pycnacronema flechtnerae and P. aeruginosum. Scale bar=10pm and
applies to the entire figure. All photos are 1000x magnification. (a—e) P. flechtnerae SNI-TA3-BJ5. (f—k) P. aeruginosum SNI-TA29-BJ1.
(Color figure can be viewed at wileyonlinelibrary.com). [Color figure can be viewed at wileyonlinelibrary.com]

conical, 3.0-4.6 ym wide, 3.6—11.2pm long. Rare multi-
ple Kastovskya-like protrusions sometimes form on the
apical or penultimate cell in filament (Figure 10e).

Holotype here designated: SBBG238515! Dried im-
mobilized material prepared from the reference strain,
SNI-TA14-AZ4.

Paratypes here designated: SBBG238516!,
SBBG238517!, Dried immobilized material prepared
from the strains, SNI-TA6-AZ20 and SNI-TA17-BJ3,
respectively.

Type locality: Well-developed rugose BSC from
sample SNI-TA14, San Nicolas Island, Ventura County,
California, 33.230516, —119.518651.

Etymology: L. protuberans =bulging. Named for the
pseudopod-like protuberances on apical or subapical
cells (Figure 10e).

Phylogenetic analysis

Based on 16S rRNA gene analysis (Figure 7),
Konicacronema forms a well-supported (1.0/96 BI

posterior probability/ML bootstrap support) generic
clade, although containing strains Trichocoleus so-
ciatus SAG 26 92 and Funiculus tenuis HSNO023.
Trichocoleus sociatus is a validly described taxon but
is outside of the Trichocoleus clade, most likely con-
taining the type species, which is not yet sequenced
(MUhlsteinova et al.,, 2014). It was transferred to
Funiculus sociatus by Moreira-Fernandes et al. (2021).
However, Funiculus is clearly a later synonym of
Konicacronema (Machado de Lima & Branco, 2020),
and consequently both T. sociatus and F. tenuis require
transfer to Konicacronema. The 16S rRNA gene analy-
sis produced a well-supported (0.9, 89: Bl, ML) species
level clade consisting of all three K. protuberans strains
serving as evidence of a lineage unique from the type
species and T. sociatus SAG 26.92, with all three spe-
cies having <98.8% identity in the 16S rRNA gene.
Funiculus tenuis is more problematic, having 99.3%—
99.4% identity with K. protuberans. Unfortunately, the
16S—-23S ITS rRNA region has not been sequenced for
F. tenuis, so definitive evidence that it is a separate lin-
eage from our species is unavailable. The two species
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Pycnacronema aeruginosum SNI-TA29-BJ1 OQ780350
“Microcoleus paludosus” SAG 1449-1a EF654090
“Parifilum solicrustae” SON57 NR_176557
Pycnacronema edaphicum CATCA7 NR_172608

Pycnacronema flechtnerae SNI-TA3-BJ5 OQ780349
Pycnacronema conicum 7PC MF581656
Pycnacronema arboriculum 41PC MF581657

0.73/- Pycnacronema caatingense CATCC2 MF581657

0.76/-

0.95/-

Pycnacronema brasiliense 46PC MF581662

*/92f Pycnacronema brasiliense 45PC MF581661 T
Pycnacronema brasiliense 44PC MF581660
Pycnacronema brasiliense B-Tom EU196618
Pycnacronema rubrum 43PC MF581659
Pycnacronema marmoreum 42PC MF581658
. Pycnacronema savannense 49PC MF581663

L —— Pycnacronema lacustrum BACA0078 OM732220

Wilmottia (4 seq)

0.61/-

*/196

J2<] Symplocastrum (11 seq)
g

Potamolinea (3 seq)

*I"r— Desertifilaceae cyanobacterium SNI-TA4-BJ9 OQ784056
—— Desertifilaceae cyanobacterium SNI-TA19-BJ8 OQ784093

*/711 Konicacronema protuberans SNI-TA17-BJ3 clone1 OQ780347
0.90/89[' Konicacronema protuberans SNI-TA17-BJ3 clone2 OQ780348
0.70/-| [ Konicacronema protuberans SNI-TA6-AZ20 OQ780345
Konicacronema protuberans SNI-TA14-AZ4 OQ780346
“Funiculus tenuis” HSN023 NR_176558

Konicacronema caatingensis CATCB6 MT311249
Konicacronema caatingensis CATCB1 MT311248 T
0.54/- ———— “Trichocoleus sociatus” SAG 26.92 EF654080

0.73/-
0.92/-
0.59/-

Marmoreocelis xerophila CATCB5 MT311247 T

Porphyrosiphon notarisii ACT693 clone 1 MK247998 T

Desertifilum tharense PD2001/TDC4 FJ158995 T

0.907- Coleofasciculus (3 seq)

0.52/- J<] Symploca, Moorena (3 seq)

0.61/

0.99/- Crassifilum, Alleocoleopsis & Gracilinea (7 seq)

8" Cephalothrix (4 seq)
0.92/- *I*
% Kastovskya (4 seq)

Geitlerinema sp. WUC1581 ON685824

o.w‘i<, Microcoleus (13 seq)
Kamptonema animale SAG 1459-6 EF654087

Phormidium irriguum f. minor ETS-02 FN813342

Kamptonema laetevirens NIES-31 LC455672
Oscillatoria sancta PCC 7515 NR_112112

M Planktothrix, Ancylothrix (6 seq)
Planktothricoides raciborskii FBCC-A1472 ON775546 T

0.63H ¢ 53/- *I'— Arthrospira platensis PCC 7345 NR_125711
" Arthrospira jenneri EB 9604 GQ184185 T
7 - Geitlerinema sp. CENA556 MF084984
0.561- " Trichocoleus (7 seq)

Oscillatoria acuminata PCC 6304 NR_102463

Gloeobacter violaceus PCC 7421 NR_074282 T

FIGURE 7 Bayesian inference phylogenetic tree for Pycnacronema, Konicacronema, and closely related genera. Maximum likelihood

k)

bootstrap support values were added to the nodes.

indicates full support for nodes (1.0 posterior probability, 100 bootstrap support).

“-” indicates bootstrap support <50. All available Pycnacronema and Konicacronema 16S rRNA gene sequences were used from San
Nicholas Island strains and those from previously described species in both genera.

are morphologically similar, but ecologically separated
by climate and biogeography (Funiculus tenuis was
found in soil crusts in the Great Basin Desert.). We con-
clude these are different species, but characterization
of the ITS rRNA region in F. tenuis could lead to syn-
onymization of the two species.

Konicacronema tenuis (Moreira-Fernandes, Giraldo-
Silva, D.Roush & Garcia-Pichel) Jusko et J.R.Johans.,
comb. nov.

Basionym: Funiculus tenuis Moreira-Fernandes,
Giraldo-Silva, D.Roush & Garcia-Pichel. Coleofascic-
ulaceae, a monophyletic home for the Microcoleus
steenstrupii complex and other desiccation-tolerant fil-
amentous cyanobacteria, 2021: 1575, Figure 3n—p.

Konicacronema sociatus (West et G.S.West) Jusko
et J.R.Johans., comb. nov.

Basionym: Microcoleus sociatus West et G.S. West.
Welwitsch's African freshwater algae. 1897: 272, (no
figure given).

Analysis of 16S-23S ITS rRNA region and
secondary structures

All strains of Konicacronema protuberans were >11.8%
dissimilar from K. caatingense, which serves as good
evidence that the lineage is distinct from the type spe-
cies. Additionally, variation was observed in the sec-
ondary ITS rRNA region structures between the type
species and K.protuberans (Figure 11). The D1-D1'
terminal loops varied significantly in size, with 11 and
4 base pairs, respectively. K. protuberans also showed
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Pycnacronema conicum7PC MF58165€

Pycnacronema marmoreum 42PC MF581658

Pycnacronema aeruginosum SNI-TA29-BJ1 OQ780350

Pycnacronema rubrum 43PC MF581659
Pycnacronema edaphicum CATCA7 MT311244

Pycnacronema brasiliense 45PC MF581661
" Pycnacronema brasiliense 46PC MF581662

Pycnacronema lacustrum BACA0078 OM732220

0.70/59

Pycnacronema brasiliense 44PC MF581660

Pycnacronema brasiliense B.Tom EU196672

Pycnacronema savannense 49PC MF581663

- Pycnacronema arboriculum 41PC MF581657

Pycnacronema caatingense CATCC2 MT311243

Pycnacronema flechtnerae SNI-TA3-BJ5 OQ780349

FIGURE 8 Maximum parsimony phylogeny based on Pycnacronema 16S—23S ITS rRNA region sequences with Bayesian inference

posterior probability values added to the nodes. Sequences from previously described species and those from P. flechtnerae and

P. aeruginosum were included in the analysis.
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FIGURE 9 Hypothetical secondary ITS structures for the D1-D1', Box-B, and V3 helices in previously described Pycnacronema

species, as well as P. flechtnerae and P. aeruginosum. (a—j) D1-D1' helix structures. (k—t

The species for which each helix represents are included in the figure.

(u-cc): V3 helix structures.

B helix structures.
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FIGURE 10 Photographs of diagnostic morphological features for species Konicacronema protuberans (Scale bar=10pum, applies to
entire figure). (a—d) Strain SNI-TA14-AZ4. (e) SNI-TA6-AZ20 showing diagnostic Kastovskya-like protruberances in (e). [Color figure can be

viewed at wileyonlinelibrary.com]
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FIGURE 11

Box-B V3

Hypothetical secondary ITS structures for the D1-D1', Box-B, and V3 helices in Konicacronema protuberans and the type

species of the genus, K. caatingense. (a, b) D1-D1' structures. (c, d) Box-B structures. (e—f) V3 structures.

a U-G pairing directly before the terminal loop that was
not observed in the type species. Significant variation
was also observed in the Box-B and V3 helices termi-
nal loops and presence of U-G pairings between the
species.

DISCUSSION

The use of a polyphasic approach (Johansen &
Cassamata, 2005; Mihlisteinova et al., 2014) to cyano-
bacterial taxonomy continues to be important for de-
termining lineages worthy of taxonomic recognition.
The use of morphological, ecological, and molecular

characteristics for species delineation were integral
to developing holistic arguments for species recogni-
tion in this study. The use of 16S rRNA gene identity
thresholds for prokaryotic taxonomy has been shown
to be inadequate as the sole criterion for species di-
agnosis due to insufficient variability in this region
(Fox,et al., 1992), and this is highlighted especially in
the case of Atlanticothrix. High 16S rRNA gene identity
among species (and thus reduced taxonomic utility of
the gene) has shown to be especially prevalent in the
Nostocaceae across multiple studies, and Atlanticothrix
is consistent with this trend (Bohunicka et al., 2015;
Casamatta et al.,, 2006; Johansen et al., 2014;
Kastovsky et al., 2014; Rehakova et al., 2014). Although
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none of the three described species meet the <98.7%
16S rRNA gene identity threshold historically used to
differentiate prokaryotic species, there are repeatable,
diagnosable morphological characteristics that may
demonstrate lineage differentiation. The formation of
Nostoc-like colonies in A. nostocoides (never observed
in other species), along with variation in vegetative cell,
heterocyte, and akinete size and shape among spe-
cies, suggests that these groups are unique and could
be confidently re-identified at the species level should
they be isolated again in the future. Morphological evi-
dence is strongly corroborated by differences in the ITS
rBNA region, with species being >8% dissimilar in this
region and varying in their secondary structures. The
ITS rRNA region, unlike the 16S rRNA gene, is highly
conserved at the species level but can vary signifi-
cantly among closely related species at the genus level
(Boyer et al., 2001, 2002; Johansen et al., 2011). The
V2 helices are especially informative in this case, as
they vary significantly among species but do not vary
significantly within species. Additionally, biogeographi-
cal and ecological considerations serve as further
evidence of unique lineages. The type species, A.sil-
vestris, was originally isolated from tree leaves in the
Atlantic Forest in Brazil, a habitat significantly different
from the biocrusts found on San Nicolas Island, and
is separated geographically from SNI by several thou-
sand kilometers. Because these datasets are aligned,
the total evidence is strong that the three new species
are cohesive lineages separate from each other and
also from A. silvestris.

In the case of Pycnacronema and Konicacronema,
the genetic evidence more strongly suggests that the
new species are distinct from all previously described
species. The new species range from 10.4% to 27.2%
overall dissimilarity in the ITS rRNA region, which is
significantly higher than the 7% threshold, suggesting
very strong evidence that they represent lineages wor-
thy of taxonomic recognition (Erwin & Thacker, 2008;
Pietrasiak et al., 2014, 2019; Osorio-Santos et al., 2014).
Again, the ITS rRNA region is conserved at the spe-
cies level but varies significantly among members of
a genus, and both congeneric groups show significant
differences in this area in sequence and secondary
structure. The species in these two genera are morpho-
logically very similar to previously described species
but show ecological differences in substrate and cli-
mate. For example, Pycnacronema species have been
described from tropical and subtropical climates on
tree bark, wet rocks, and tropical soils. Konicaronema
caatingense is from arid land biocrusts, but the caat-
inga is climatically very different from the temperate
maritime climate on San Nicolas Island.

The presence on San Nicolas Island of species in
multiple genera originally described from Brazil raises
questions about the distribution of closely related taxa
and the vectors responsible for their dispersal. Our

current concept of species is tied to evolutionary pro-
cesses and history, and it is understood that selection
and evolution operates at the species level. Genera
are a convenient way to group species, and it is rec-
ognized that genera may have less biological meaning
than species. However, genera defined using molecu-
lar phylogeny do reflect the history of species lineages,
so examining patterns of distribution of genera may be
informative.

Whereas microbes in aquatic environments have
numerous potential distribution vectors, such as wa-
terfowl, water currents, and watercraft, terrestrial algae
are generally limited to wind as a significant driver of
dispersal (Marshall & Chalmers, 2006). Cyanobacteria
have been found in atmospheric collections (Després
et al., 2012), and it has been shown that BSCs can be-
come eroded such that they can become aerosolized
and then be carried by wind currents (Budel et al., 2004).
There are no wind patterns known that move from
Brazil in the Southern Hemisphere to California in the
Northern Hemisphere. However, episodic strong winds
are known to move dust from Northern Africa (the
Sahara Desert) to both the southern and northern hemi-
spheres in the Americas. Particles originating from this
region have been detected in both North America and
the Amazon in appreciable numbers (Engelstaedter
et al., 2006; Prospero et al., 2021). Although the three
genera in this paper have not been isolated in Africa, it
would be unsurprising if they were in future studies. With
further investigation, it is probable that more overlap
will be found between genera found in North and South
America, and possibly Africa. Among the cyanobacteria
in general, there is a phenomenon of hemispherically
restricted species (Mihlsteinova et al., 2014; Pietrasiak
et al., 2014, 2019), with rare exceptions potentially re-
sulting from human vectoring (Hentschke et al., 2017).
However, congeneric species may be widely distrib-
uted in respective hemispheres. This again may be a
consequence of global wind patterns that are in most
cases unlikely to carry microbial organisms across the
equator due to the Coriolis Effect.

While it is unclear when the Brazilian and San
Nicolas Island Atlanticothrix, Pycnacronema, and
Konicacronema species last shared a common ances-
tor, the genetic and morphological divergence among
them suggests evolutionarily significant time has passed
since the lineage was cohesive. This provides further
evidence that species of terrestrial algae (especially in
BSCs) disperse infrequently regardless of which vectors
are responsible for their distribution, and that cosmopoli-
tan distributions in these taxa are unlikely. Future floristic
studies on San Nicholas Island and elsewhere need to be
undertaken to understand the full extent of cyanobacte-
rial diversity, and thus to better understand distributional
patterns. Although the taxa in this study come from envi-
ronments with some overlapping attributes, it is likely that
sampling bias (to some extent) has played a role in the
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apparent distribution of these taxa. In recent years, a sig-
nificant number of taxa have been described form Brazil
due to a concerted effort by researchers (Alvarenga
et al., 2021; Machado de Lima & Branco, 2020; Martins
et al., 2018), and it is possible that this has led to the as-
sumption that the region is particularly diverse. Although
it is likely that Brazil is diverse given its size and wide
range of environmental conditions, other regions across
the globe remain under sampled due to lack of funding
and researchers in the field. Further sampling efforts in
understudied and underfunded regions are necessary to
make this determination.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.

Figure S1. Examples of soil surface features in San
Nicolas Island study sites. A. Site SNI-TA1, biocrust
with lichens, mosses, and algal crust evident. B. Site
SNI-TA5, uncrusted soil surface. C. Site SNI-TA26,
rugose moss and cyanobacterial crust. D. Site
SNI-TA23, exposed caliche. E. Site SNI-TA29, thin
incipient crust with algae and mosses. F. Site SNI-TA17,
early successional stage cyanobacterial crust.

Figure S2. Hypothetical ITS secondary structures
for the D1-D1’. Box-B, and V3 helices for all strains
representing Atlanticothrix crispata, A. testacea, A.
nostocoides, and A. silvestris. A: Common D1-D1’ helix
for all strains representing A. crispata, A. testacea, and
A. nostocoides except SNI-TA23-BJ35 operon 2. B:
D1'DT’ helix for A. crispata SNI-TA23-BJ35 operon 2.
C: A. silvestris D1-D1’. D: Common Box-B helix among
all A. testacea and A. nostocoides strains. E: Common
Box-B helix for all A. crispata strains except SNI-
TA23-BJ35 operon 2. F: Box-B helix for SNI-TA23-BJ35
operon 2. G: A. silvestris Box-B helix. H: Common
V3 helix among all A. testacea and A. nostocoides
strains. I: Common V3 helix for all A. crispata strains
except SNI-TA23-BJ35 operon 2. J: V3 helix for SNI-
TA23-BJ35 operon 2. K: A. silvestris V3 helix.

Figure S3. Principal component analysis based on
Atlanticothrix strain cell measurements. Analysis was
run on mean length and width measurements and
length-width ratios for vegetative cells, apical cells,
heterocytes, and akinetes. Each average measurement
was obtained by taking 30 individual measurements for
each cell length and width. Principal component axes 1
and 2 are displayed.

Table S1. Percent identity based on 16S rRNA gene
sequence and percent dissimilarity based on 165-23S
ITS rRNA region sequence among Pycnacronema
species. Percent identity in the 16S rRNA gene
<98.7% is considered evidence of different species,
Percent dissimilarity (PD) in the ITS rRNA region >7.0
is considered strong evidence of different species,
while PD <3.0 is considered evidence of same species.
Both threshold analyses confirm that the 10 described
species of Pycnacronema are supported by molecular
data and that the previously undesignated strain
Pycnacronema sp. B-Tom belongs in P. brasiliense.
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