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New taxa of the genus Coelastrella (Scenedesmaceae, Sphaeropleales) from
Warren Prairie Natural Area, Arkansas, USA

Sara Ambrocio Paque, Marvin W. Fawley ® and Karen P. Fawley

ABSTRACT

Coelastrella Chodat is a green alga frequently found in subaerial
habitats that is typically characterized by ribbed cell walls. During
our research on the soil algal community of sodic-saline slicks in
Warren Prairie Natural Area, Arkansas, USA, we found several al-
gal strains with the features of Coelastrella. We also expanded our
study to include soil samples from sites in the barrens grassland
soil around the sodic-saline slicks, which also yielded Coelastrella
strains. There were also other strains that lacked ribbed cell walls but
could be placed in the genus Coelastrella using nuclear ribosomal
18S and ITS1-5.8S-ITS2 DNA sequences. Analysis of ribosomal
ITS sequences, plastid fuf4 sequences, and morphology revealed
four distinct taxa among these strains, including two new species,
C. salsodica and C. subsphaerica, and two new varieties of C. ying-
shanensis, C. yingshanensis var. apiculata and C. yingshanensis
var. ovata. C. salsodica, C. subsphaerica, and C. yingshanensis
var. apiculata were only found in the sodic-saline slicks, whereas
C. yingshanensis var. ovata was only found in the barrens grass-
land soil. To date, no other Coelastrella species have been found
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INTRODUCTION

The genus Coelastrella (Scenedesmaceae) was esta-
blished by Chodat (1922) and includes spherical or
ellipsoidal unicellular coccoid green algae with ribbed
cell walls. The chloroplast is light green with a single
pyrenoid. Reproduction is by the production of four to
eight autospores. Most Coelastrella species have been
found in subaerial environments, such as soil, rock sur-
faces, road pavement, block dividers, solid floors, and
tree bark (Abe ef al., 2004; Hanagata, 2001; Kawasaki
et al., 2020; Krivina et al., 2024; Novakovskaya et al.,
2021; Tschaikner et al., 2008). However, recent studies
have also described Coelastrella species from freshwa-
ter systems (Suarez-Montes et al., 2022; Wang et al.,
2019, 2021). Coelastrella has a worldwide distribution,

ranging from the boreal zone to equatorial areas (Wang
et al., 2019) and in extreme environments (Boutarfa et
al., 2022; Goecke et al., 2020). Coelastrella has been
used for many applications in the following processes:
biodiesel production (Angelaalincy et al., 2023), pollu-
ted water treatment (Beaulier ef al., 2024; Reddy et al.,
2023), production of lipids and carotenoids (Lee ef al.,
2021; Saito et al., 2023), and the phyco-fabrication of
nanoparticles (Choudhary et al., 2023).

We isolated strains of Coelastrella from Warren
Prairie Natural Area (WPNA) (Bradley and Drew
Counties) in southeast Arkansas as part of a larger pro-
ject to characterize the soil crust algal communities in
WPNA as described in Thermozier et al. (2024). This
natural area is a mosaic of sodic-saline slicks that form
flat, crusty depressions in a central area with a zone
of lichens and a few rare angiosperms, and an outer
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zone of large algal mats. These slicks are surrounded
by prairie grasses which are flanked by pine flatwoods
(Pinus taeda Linnaeus) with understory layers of dwarf
palmetto (Sabal minor (Jacquin) Persoon). The edge of
the central area of these sodic-saline slicks is home to
the rare, diminutive vascular plant, Geocarpon minimum
Mackenzie (Caryophyllaceae), which is a federally pro-
tected threatened species (Foti & Witsell, 2013).

For this study, we evaluated Coelastrella strains
isolated from soil samples from the slicks and the sur-
rounding barrens grassland soil in WPNA. We charac-
terized the strains using light microscopy and DNA se-
quence analysis of the nuclear 18S ribosomal RNA gene,
ribosomal RNA ITS regions, and the plastid fufA4 gene.
Here we describe new taxa of Coelastrella from the col-
lection of strains from these WPNA sites.

MATERIAL AND METHODS

Sample collection sites: Initial surface soil samples were col-
lected from a sodic-saline slick in Warren Prairie Natural Area,
Bradley County, Arkansas, USA on 21 February 2016 and
7 December 2017 as described in Thermozier et al. (2024). Ad-
ditional samples were collected from different sites in WPNA
on 6 November 2021. One new site was from the margin of a
different sodic-saline slick (WPSS1; 33°34'25" N, 91°58'51" W),
and two nearby sites were located within the surrounding bar-
rens grassland (WPPS2; 33°34'27" N, 91°58'51" W, and WPPS3;
33°34'57"N, 91°59'0.1" W). Soil samples from WPSS1, WPPS2,
and WPPS3 were collected for chemical analyses, which were
performed by Ward Laboratories, Kearney, Nebraska, USA
(see Supplementary Table S1). Soil chemistry analysis results
from a soil collection on 7 December 2017 are reported in
Thermozier et al. (2024).

Strain isolation: Algal strains were isolated by the procedure
given in Thermozier ef al. (2024). For each soil sample, 0.5 g
of soil was mixed with 50 ml of Woods Hole modified (WH+)
medium (Fawley ef al., 2013) in a graduated cylinder and
shaken well. The mixture was allowed to settle for 10 s, and
100 pl of the supernatant was spread on an agar Petri plate of
WH-+ medium. The plates were incubated under cool-white
fluorescent light at room temperature until colony growth ap-
peared. Individual algal colonies were picked from the plates
and maintained on agar slants.

Light microscopy: A Nikon E600 microscope equipped with
60x (NA 1.4) and 100x (NA 1.4) objectives and differen-
tial interference contrast (DIC) optics was used for light mi-
croscopy (Nikon, Melville, New York, USA). Digital images
and measurements were acquired with an Olympus SC180
camera system with CellSens imaging software (Olympus
America, Center Valley, Pennsylvania, USA). To clearly vi-
sualize ribs on the cell wall surface, pressure was applied to
the cover glass on a wet mount of the cells until the walls
were ruptured.

Strain identification and phylogenetic analysis: Strains
were identified to genus level using light microscopy and 18S
rDNA sequence analysis (Fawley & Fawley, 2020). Strains
were grown in either liquid or agar WH+ medium at room
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temperature or in a 20 °C chamber with fluorescent lighting.
DNA was extracted from cultures using the technique of Faw-
ley & Fawley (2004), which was modified by the addition of
an initial step to disperse possible mucilage that might sur-
round the cells. After harvesting the cells by centrifugation,
200 pl of extraction buffer was added and the tube was agita-
ted in a MiniBeadBeater (BioSpec Products, Inc., Bartlesville,
Oklahoma, USA) at high speed for 10 to 15 s. The cells were
pelleted again by centrifugation and new buffer was added.
DNA was then extracted by the normal method of Fawley
& Fawley (2004). Polymerase Chain Reaction amplification
of the 18S rDNA gene used the primers18L-X and NSI-X with
PCR conditions described in Fawley & Fawley (2004). The 18S
rDNA was sequenced from only four strains. BlastN (Ye et al.,
2006) was used to determine possible genus-level affiliation
based on the 18S rDNA sequence in GenBank.

For identification at the species level, we PCR amplified
the ribosomal RNA ITS region, including ITS1, 5.8S rDNA, and
ITS2, using the primers ITS1 (White ef al., 1990) and ITS-BR
(Johnson et al., 2007) with annealing temperature at 61 °C. The
plastid fufA gene was also amplified using the primers of Fama
et al. (2002) with annealing at 56.5 °C. With the aid of published
plastome sequences from the Scenedesmaceae, we designed the
new primers, tuf4 F-Sara (5’ATTGGTCAYGTAGACCATG3’)
and fuf4 R-Sara (5CGNCCWCCTTCACGAATWGC3’),
that produce a larger amplicon (1167 bp) from the tuf4 gene
of Coelastrella (and likely other Scenedesmaceae) than the
primers of Fama et al. (2002). The annealing temperature for
the new primer pair was 56.5 °C. Sequencing of the fuf4 locus
employed the same primers used in PCR. All DNA sequencing
was performed by Sequetech (Mountain View, California, USA)
and sequence reads were joined and inspected using the Staden
Package 2.0.0b8 (Bonfield et al., 1995).

All new DNA sequences were entered in GenBank,
with accession numbers PV778597-PV778600 for 18S rDNA,
PV289229-PV289239 for ribosomal ITS1-5.8S-1TS2, and
PV779343-PV779352 for tuf4 sequences (Supplementary Ma-
terial Table S2).

Sequences of fuf4 and the ITS region from our strains
and published sequences were aligned with sequences from
the closely related genera Pectinodesmus E. Hegewald et al.,
Tetradesmus G. M. Smith and Asterarcys Comas Gonzéles
using MEGA X (Kumar et al., 2018). Maximum Likelihood
Phylogenetic analyses were performed with [Q-TREE 2 (Minh
et al., 2020) using the GTR+F+R4 model and mixture models
with MIX{SYM,TIM2e+FO}+I+G as the best fit models for
the ITS region and MIX{TIM2+FO,K81u+FO,K81u+FO}+I
for tufA, as selected by MixtureFinder (Ren et al., 2025) incor-
porated in IQ-TREE v2.4.0. Bootstrap analysis with 500 ite-
rations was used to evaluate the resulting tree structures. We
employed the Maximum Likelihood method for phylogenetic
analysis because bootstrap support is more conservative than
Bayesian posterior probability (Holder & Lewis, 2003) and
the mixture model is easy to apply in IQ-TREE v2.4.0. The
tuf4 analysis was performed using the 876 base alignment
that was generated with the Fama ez al. (2002) primers. Phy-
logenetic trees were visualized with iTOL (Letunic & Bork,
2019) and finished using Inkscape (Inkscape.org) and Paint.
NET (getpaint.net).

Secondary structure of ITS2: ITS2 secondary structures were
generated using RNAfold (Gruber et al., 2008) and visualized
with Forna (Kerpedjiev et al., 2015) incorporated in the Vie-
nnaRNA Web Services (Gruber et al., 2008).
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RESULTS

Most of the WPNA Coelastrella strains (Figs 1-28)
possess the features of the genus, with spherical or
ellipsoidal unicellular coccoid cells with ribbed walls.
Chloroplasts are parietal and cup-shaped. Reproduc-
tion is by the production of two to eight autospores.
However, several strains lacked the ribs on the cell
walls that are characteristic of the genus Coelastrella.
The morphological features of the WPNA strains and
C. yingshanensis Qinghua Wang et al. (a close relative
to some of our strains) are presented in Supplementary
Material (Table S3). Based on the morphological and
habitat differences, as well as the phylogenetic analysis
of ribosomal ITS1-5.8S—ITS2 and plastid tuf4 DNA
sequences, we propose the following new taxa of Coe-
lastrella.

Descriptions of new taxa

Coelastrella yingshanensis var. apiculata Ambrocio
Paque, M. W. Fawley et K. P. Fawley var. nov. (Figs
1-3)

Description: Cells apiculate, 8.4 x4.9t0 18.5x 15.5 pum
in liquid culture (Fig. 1) and 10.6 x 6.6 to 18.5 x 15.5 um
on agar culture (Fig. 2). Reproduction by the production
of 2—8 autospores (Figs 1, 2). Mature cells rounded to
(mostly) apiculate, with distinctive thickenings at the
poles (Figs 1, 2). Young cells and autospores much thin-
ner than the mature cells (Fig. 1). Well-developed ribs
present on the cell wall (Fig. 3).

Holotype: Freeze-dried sample STAR037517 placed
in the Arkansas State University Herbarium (STAR),
State University, Arkansas, USA.

Type locality: Warren Prairie Natural Area, Bradley
County, Arkansas, USA; 33°34'57" N, 91°58'59" W.
Habitat: Soil surface; biotic crust at edge of sod-
ic-saline slicks.

Etymology: Named for the apiculate ends of the cells.
Reference strain: Strain WPW3 12/7-21, deposited in
the CCMP collection of the National Center for Ma-
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rine Algae and Microbiota (NCMA), East Boothbay,
Maine, USA as CCMP3762.

GenBank accession numbers: PV778600 (nu-
clear 18S rDNA); PV289229 (nuclear ribosomal IT-
S1-5.8S-ITS2); PV779348 (plastid tufA).

Coelastrella yingshanensis var. ovata Ambrocio Pa-
que, M. W. Fawley et K. P. Fawley var. nov. (Figs
4-13)

Description: Cells mostly ovate, 6.6 x 4.3to 16.5 X 15.8
pm in liquid culture (Figs 4, 7, 11) and 6.2 x 4.9 to
16.7 x 12.3 pm on agar culture (Figs 5, 8, 12). Repro-
duction by the production of 2—4 (16) autospores (Figs
4,5,7,8, 11, 12). Mature cells oval, sometimes with
polar thickenings (Fig. 8). Younger cells and auto-
spores are mostly oval (Figs 7, 8, 11). Some autospores
and young cells have papilla-like ends (Fig. 5, 8). Cells
typically have fine ribs coming from both poles in the
cell wall (Figs 6, 9, 13).

Holotype: Freeze-dried sample STAR 037518 placed
in the Arkansas State University Herbarium (STAR),
State University, Arkansas, USA.

Type locality: Warren Prairie Natural Area, Bradley
County, Arkansas, USA; 33°3427" N, 91°58'51" W.
Habitat: Soil surfaces of barrens grassland that sur-
round the sodic-saline slicks.

Etymology: Named from its shape, which is often
slightly ellipsoidal.

Reference strain: Strain WPPS2 11/6-27 deposited in
the NCMA at Bigelow Laboratories as CCMP3759.
Reference DNA sequences: ITS region: PV289232;
tufA: PV779343.

Coelastrella subsphaerica Ambrocio Paque, M. W.
Fawley et K. P. Fawley sp. nov. (Figs 14-19)

Description: Cells are nearly spherical, measuring
6.0 x 10.8 to 16.5 x 15.8 um in liquid medium (Figs
14,17) and 6.2 X 4.9 to 16.7 x 12.3 pum in agar culture
(Figs 15, 18). Cells have a prominent pyrenoid in both
liquid and agar medium. Asexual reproduction is by

Figs 1-3. Light micrographs of Coelastrella yingshanensis var. apiculata, strain WPW3 12/7-21. (1) Cells grown in liquid medium; black
arrows show the pyrenoid; an autosporangium with eight autospores is shown with a white arrow; the mother cell wall around two autospores
is indicated by a white arrowhead. (2) Cells grown on agar medium; black arrows show polar thickenings; the mother cell wall is shown with
a white arrowhead. (3) Presence of ribs (black arrow) and apiculate ends in the cell wall. Scale bars 10 pm.
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2—4 (8) autospores with angular to ovate shapes (Figs 14,
15, 17-18). Fine ribs were present in the cell wall (Figs
16, 19) of most cells; however, in at least one strain, the
cell ribs are not easily visible with LM (Fig. 19).

Holotype: Freeze-dried sample STAR37514 placed
in the Arkansas State University Herbarium (STAR),
State University, Arkansas, USA.

Type locality: Warren Prairie Natural Area, Bradley
County, Arkansas, USA; 33°34'57" N, 91°58'59" W.
Habitat: Soil surfaces of sodic-saline slicks.
Etymology: Named from its shape, which is often just
slightly ellipsoidal.

Reference strain: Strain WPW3 12/7-8, deposited in
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the NCMA at Bigelow Laboratories as CCMP3761.
Reference DNA sequences: PV289230 (nuclear ribo-
somal ITS1-5.8S-ITS2 region); PV779350 (plastid

tufA).

Coelastrella salsodica Ambrocio Paque, M. W. Fa-
wley et K. P. Fawley sp. nov. (Figs 20-28)

Description: Cells are nearly spherical, measuring 4.5
x 4.0 to 17.1 x 16.7 um in liquid medium (Figs 20,
23, 26) and 4.3 x 3.1 to 14.2 x 13.7 um on agar me-
dium (Figs 21, 24, 27). Cells have a distinctive pyre-
noid when grown in liquid medium (Figs 20, 23, 26),
but when grown on agar medium, the pyrenoid is not
visible (Figs 21, 24, 27). Asexual reproduction is by

Figs 4-13. Light micrographs of Coelastrella yingshanensis var. ovata, strains WPPS2 11/6-27 (4-6), WPPS3 11/6-14 (7-10) and WPPS3
11/6-16 (11-13). (4) Strain WPPS2 11/6-27 cells from liquid medium; black arrows show pyrenoids; the white arrow indicates an autospo-
rangium with eight autospores. (5) Cells grown on agar medium; the white arrowhead indicates the mother cell wall broken by growth of
autospores; black arrows indicate the papilla-like end of some autospores; the open arrow indicates a papilla. (6) Cells show fine ribs in the cell
wall (black arrow). (7) Strain WPPS3 11/6-14 cells in liquid medium. (8) Cells of strain WPPS3 11/6-14 grown on agar medium; cells have
an oval shape with thick cell walls and some polar thickening shown with a black arrow. (9) Thin ribs coming from both poles in the cell wall
(small black arrows). (10) An unusually large cell with thin, curved ribs in the cell wall and visible without clearing the cells. (11) Strain WPPS3
11/6-16 grown in liquid medium; reproduction by 8—16 autospores is shown with a white arrow. (12) Orange pigments (likely in lipid bodies)
are present in some cells grown on agar medium (black arrowheads). (13) Cells have fine ribs in the cell wall (black arrow). Scale bars 10 pm.
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Figs 14-19. Light microscopy of Coelastrella subsphaerica sp. nov., strains WPPS1 11/6-6 (14-16) and WPW3 12/7-8 (17-19). (14) Strain
WPPS1 11/6-6 cells from liquid medium; black arrows show pyrenoids. (15) Cells grown on agar medium; reproduction by autospores is
shown with a black arrow. (16) Ribs in the cell wall shown with a black arrow. (17) Strain WPW3 12/7-8 from liquid medium; black arrow
shows the autospores. (18) Strain grown on agar medium; white arrows show the thickened cell walls of autospore formation. (19) Thin ribs
are shown with a black arrow. Scale bars 10 pm.

the production of 2—4 (8) autospores with ellipsoidal to
nearly spherical shapes. No cell wall ribs were visible
by light microscopy (Figs 22, 25, 28). When grown on
agar medium, the cell walls are thick and some cells
have orange structures that are likely lipid bodies (Figs
21, 27). Cells are often attached in packets or short
chains (Figs 20, 23). Phylogenetic analyses of IT-
S1+5.8S+ITS2 and fufA both indicate that this species
represents a new lineage within the genus Coelastrella.

Holotype: Freeze-dried sample STAR037516 placed
in the Arkansas State University Herbarium (STAR),
State University, Arkansas.

Type locality: Warren Prairie Natural Area, Bradley
County, Arkansas, USA; 33°34'57"; N 91°59'00" W.
Habitat: Soil; sodic-saline slick.

Etymology: Named from its habitat of a sodic-saline
slick.

Reference strain: Strain WPWO2 12/7-9, deposited
in the NCMA at Bigelow Laboratories as CCMP3760.
Reference sequences: PV289231 (nuclear ribosomal
ITS1-5.8S—ITS2 region); PV779352 (plastid tufA4).

Soil analysis: Soil chemistry analysis of the soils in
WPNA revealed large differences between the sodic-
-saline slick and the barrens grassland soil (Table 1,
Supplementary Material Table S1). The pH of the so-
dic-saline slicks was 7.5 and 8.9, whereas the barrens
grassland sites WPPS2 and WPPS3 had pH values of
5.9 and 5.5. The sodium ion concentration was also
dramatically different, with very high levels in the

slicks compared to the barrens. Calcium ions were only
slightly higher in the slicks, whereas the metal ions Mn
and especially Fe were higher in the barrens soil than
they were in the slicks. Nitrate levels were much lower
in the slicks. Values are all consistent with the charac-
teristics of the sodic-saline slicks and surrounding soils
of WPNA found in other studies (summarized in U.S.
Fish and Wildlife Service, 1993). These results indi-
cate that the soil of the sodic-saline slick sites and the
barrens grassland sites are very different habitats for
soil algae.

Phylogenetic  analyses: Maximum Likelihood
analyses of the ITS1-5.8S-ITS2 region (Fig. 29)
produced nearly identical results with both the
GTR+F+R4 model and the mixture model. The
recently described species, C. cogersae Suarez-
Montes, Borrell et J. M. Rico (Suarez-Montes et al.,
2022), is resolved as a separate early-branching
lineage of a well-supported group that includes both
Coelastrella sensu Wang et al. (2019) and strains that
have been placed in the genus Asterarcys. The genus
Coelastrella sensu Wang et al. (2019) is resolved as
a single lineage; however, this lineage is without
bootstrap support. Coelastrella contains multiple
lineages, including one that consists of the “core”
group of the genus (Wang et al., 2019) with the type
species, C. striolata. Two groups of our WPNA strains
were allied with Coelastrella senus Wang et al. (2019)
at different positions in the phylogenetic analysis. One
group was allied with C. yingshanensis and includes
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Figs 20-28. Light micrographs of Coelastrella salsodica sp. nov., strains WPWO2 12/7-8 (20-22), WPWO2 12/7-9 (23-25), and WPW3 12/7-5
(26-28). (20) Strain WPWO2 12/7-8 cells from liquid medium; pyrenoids are shown with black arrows. (21) Strain WPWO2 12/7-8 cells grown
on agar medium; white arrow shows the mother cell wall; no pyrenoids are visible in these cells. (22) Strain WPWO2 12/7-8 showing no ribs
in the cell wall. (23) Strain WPWO2 12/7-9 cells grown in liquid medium; the black arrow shows the reproduction by autospores. (24) Cells of
strain WPWO2 12/7-9 on agar medium; no pyrenoids are visible in these cells. (25) Cells of strain WPWO?2 12/7-9 showing no visible ribs in
the cell wall. (26) Strain WPW3 12/7-5 cells from liquid medium; black arrowheads show the presence of orange pigments in presumed lipid
bodies. (27) Cells of strain WPW3 12/7-5 grown on agar medium with unusual, large vacuoles and refractile inclusions (black arrows); no
pyrenoids are visible in these cells. (28) Strain WPW3 12/7-5 with ribs not visible in the cell wall. Scale bars 10 um.

Table 1. Soil chemistry of samples for the Warren Prairie Natural Area sites used in this study. Only selected results are shown; for full results
see Supplementary Material (Table S1). Fe includes both ions. Data for WPW and WPWO are from Thermozier et al. (2024).

Site Code(s) pH Na* Ca*™ Fe Mn** NO,;

A Notes

WPWand WPWO 7.3 326ppm 3l4ppm 64ppm 7.1ppm 2.2ppm Top soil from edge of sodic-saline slick
WPSS1 89 506ppm 562ppm 6.1ppm 3.1ppm 0.8 ppm Top soil from edge of sodic-saline slick
WPPS2 59 44ppm 278 ppm 569 ppm 14.5ppm 6.0 ppm Barrens grassland top soil

WPPS3 55 37ppm 309 ppm 59.6ppm 89ppm 3.8 ppm Barrens grassland top soil
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the three new taxa, C. yingshanensis var. apiculata,
C. yingshanensis var. ovata, and C. subsphaerica. The
other group comprises the new species, C. salsodica,
a well-supported lineage that is not clearly allied
with any other Coelastrella strains. Analysis of ITS
sequence data strongly supports the new species,
C. subsphaerica and C. salsodica, and provides
some evidence for the new varieties of Coelastrella
vingshanensis. The 1TS1-5.8S-ITS2 regions of the
new varieties vary only slightly from C. yingshanensis
(C. yingshanensis var. ovata with 5 substitutions and
C. yingshanensis var. apiculata with 7 substitutions),
whereas the new species, C. subsphaerica, differs from
C. yingshanensis by 10—11 substitutions.

Monophyly of Coelastrella and strains that
have been placed in Asterarcys is supported by ana-
lyses of tuf4 (Fig. 30). Unfortunately, a tuf4 sequence
is not available for the new species, C. cogersae. The
results of GTR+F+R4 and mixture models are once
again very similar, with only somewhat different bran-
ching orders for some lineages, none of which have
bootstrap support. Bootstrap support values from both
analyses were all either identical or very similar. Both
tufA analyses support the result from the ITS analyses
that our WPNA strains are grouped into two separate
lineages. Fig. 30 shows that fuf4 (at least this portion
of tufA) is insufficiently variable to provide bootstrap
support for any links between WPNA strains closely
related to C. yingshanensis, but there are differences in
tuf4 sequences that differentiate among some of these

r Pectinodesmus regulans CCAP 276/53 FR865732
P CCAP 276/58 FR865733

100/99

80/79
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strains. The fufA sequence does not differ from that of
C. subsphaerica; however, there is one difference be-
tween C. yingshanensis and the variety ovata and two
differences between C. yingshanensis and the new va-
riety apiculata. The two new varieties have three diffe-
rences between them. There are also minor differences
in the tuf4 sequences of our WPNA strains in the new
lineage, C. salsodica, which is well supported.

The ITS2 secondary structure analysis pro-
vides some results supporting the new taxa related to
C. yingshanensis. Fig. 31 shows the comparison be-
tween the helix II of C. yingshanensis and those of
C. yingshanensis var. apiculata var. nov., C. subpheri-
ca sp. nov., and C. yingshanensis var. ovata var. nov. In
the stem of the helix II, there is a compensatory base
change (CBC) between Coelastrella yingshanensis and
Coelastrella subspherica, providing strong support for
the new species. There were also hemi-CBCs (hCBCs)
that were revealed by comparing Coelastrella yingsha-
nensis, Coelastrella yingshanensis var. apiculata, Coe-
lastrella subspherica, and Coelastrella yingshanensis
var. ovata. These hCBCs are consistent with the esta-
blishment of the two new varieties.

The new taxa resulting from this study have
some differences in habitats in WPNA. Coelastrella
salsodica, C. subsphaerica and C. yingshanensis var.
apiculata were only found in sodic-saline slicks, whe-
reas C. yingshanensis var. ovata was found only in
barrens grassland sites.
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DISCUSSION

The taxonomy of the genus Coelastrella and related
taxa in the Scenedesmaceae is fraught with confusion
based on the use of simple morphological features to
define new taxa. Kaufnerova & Elids (2013) provided
a thorough overview of the taxonomy of Coelastrella
in their study of the validity of the genus Scotelliopsis
Vinatzer. Using phylogenetic analysis of 18S rDNA
and ITS1-5.8S rDNA-ITS2 sequence data and ITS2
secondary structure, they determined that the genus
Scotelliopsis should be abandoned and at least one spe-
cies should be transferred to Coelastrella. Wang et al.
(2019) provided a more comprehensive study of the ge-
nus Coelastrella using 188S, ITS region, and fuf4A DNA
sequences, as well as morphology and habitat, to name
new species and varieties of the genus. Wang et al.
(2019) also discussed the possibility of including the
genus Asteracys in the expanded genus Coelastrella;
however, they concluded that the morphology of As-
teracys differs significantly from that of Coelastrella.
Retention of Asterarcys as a separate genus cannot be
certain because no DNA sequence data are available
for an authentic strain of the type species, Asterarcys
cubensis Comas Gonzales. Strains assigned to the ge-
nus Enallax Pascher also appear in various analyses of
Coelastrella, and Wang et al. (2019) present an anal-
ysis of the possibility that Enallax should be merged
into Coelastrella, but this is also hampered by a lack
of type material.

Krivina et al. (2024) also present a thorough
account of the taxonomic history of Coelastrella in
their study of the new species, C. affinis. They eva-
luated the use of 18S rDNA and ITS2 sequence data
and determined that 18S rDNA was not useful for spe-

cies determination, but ITS2 can be used to identify all
Coelastrella species.

In our view, Wang et al. (2019) provided a very
good procedure for the description of new species and
varieties in Coelastrella. Our philosophy for naming
new species (Fawley ef al., 2011) includes the use of
multiple genes or DNA regions, preferably with some
nuclear (e.g., ITS, including secondary structure) and
some organellar (e.g., plastid fuf4) data. Morphology
and habitat can also be important. The more lines of
evidence that support the hypothesis of a new species,
the more likely that the new species represents an inde-
pendent evolutionary unit (Fawley et al., 2011).

Wang et al. (2019) used both ITS and fuf4 se-
quence data for their analysis, but they were unable
to produce fuf4 sequences from some “Core” species
using the Fama et al. (2002) primers. Our new fufA
primers are likely to be useful for generating larger
tufd sequences from throughout the Scenedesmaceae,
including the “Core” Coelastrella species.

In this study, the results of phylogenetic analy-
ses of sequence data from fuf4 and ITS are very similar
as they pertain to our new species and varieties. The
only major topological difference is the placement of
the two Asterarcys strains that are at the base of the Co-
elastrella lineage in the ITS tree and immersed within
Coelastrella in the tufA4 tree. Interestingly, Wang et al.
(2019) found Asterarcys at the base of the lineage with
tuf4, but immersed within Coelastrella using com-
bined 18S and ITS2. However, these differences are
not significant, as there is no bootstrap support for ei-
ther placement. In addition, the recently described spe-
cies, C. cogersae Suarez-Montes, Borrell et J. M. Rico
(Suarez-Montes et al., 2022) is resolved in the ITS
tree as a basal branch of the well-supported lincage
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Fig. 31. Results of ITS2 secondary structure analysis. Comparison of helix II from ITS2 secondary structure of Coelastrella yingshanensis, to
those of C. yingshanensis var. apiculate var. nov., C. yingshanensis var. ovata var. nov. (the two varieties have identical helix II regions) and
C. subsphaerica sp. nov. The site of a compensatory base changes (CBC) is in red font and a rectangle. Hemi-CBCs (hCBCs) are in blue font
and in an oval. Complete secondary structures are presented in Supplementary Material (Fig. S1).

that includes both Asterarcys and Coelastrella. Unfor-
tunately, Suarez-Montes et al. (2022) did not provide
tufA4 data for C. cogersae. These results show that there
are still uncertainties in the phylogeny of Coelastrella
that probably need to be addressed by more thorough
analyses of multiple loci or genomic data. The use of
rbeL instead of, or in addition to, fuf4 would likely
provide better resolution of the phylogeny as rbcL is
usually more variable than tuf4 (Fawley & Fawley,
2020).

The secondary structure of ITS2 RNA is a com-
mon tool for delimiting species in green algae (Cole-
man, 2003). Compensatory base changes (CBCs) in the
ITS2 secondary structure often correspond to different
species, as do differences in the length of Helices I, II,
and II1. The secondary structure of ITS2 can also aid in
the alignment for phylogenetic analysis. We feel that
ITS2 secondary structure can provide excellent support
for species delimitation, but that it is not required for
separating species (Fawley ef al., 2011). In this study,
the presence of a CBC in ITS2 when compared to the
ITS2 of C. yingshanensis provides strong evidence for
a new species (C. subsphaerica) that is closely related
to C. yingshanensis, whereas only hCBCs were found
to support two new varieties of C. yingshanensis. The
new species C. salsodica is in a well-supported sepa-
rate lineage, and the ITS2 secondary structure has se-
veral differences from other Coelastrella species.

One strain of C. yingshanensis var. ovata,

WPPS2 11/6-27, has an ITS2 DNA sequence that dif-
fers from all other Coelastrella strains by the presence
of'a 22 bp tandem repeat. The morphology of this strain
is not different from other strains of C. yingshanensis
var. ovata; therefore, it is difficult to assess the impor-
tance of this tandem repeat. We have retained WPPS2
11/6-27 as the type specimen for C. yingshanensis var.
ovata because of this unique feature, but there is the
possibility that this feature could split C. yingshanen-
sis var. ovata into two taxa. We are unwilling to do so
because of the complete lack of additional evidence for
two taxa.

Phylogenetic analysis of fuf4 sequences sup-
ports the species, C. salsodica sp. nov., but provides
little evidence for the other new taxa. Coelastrella
subsphaerica sp. nov. has a tuf4 sequence identical
to C. yingshanensis. The sequences of the two new
varieties differ from C. yingshanensis by only one or
two substitutions, although there are two differences
between C. yingshanensis var. ovata var. nov. and
C. yingshanensis var. apiculata var. nov. The tuf4 gene
is usually not as variable as ITS2 or the plastid gene
rbcL (Fawley & Fawley, 2020), so it is possible that
tuf4A may not vary in closely related taxa. We feel that
even these slight differences in fuf4 among the strains
provide some support for the erection of the new va-
rieties.

Although the morphological features of the
Scenedesmaceae can be quite varied and plastic (e.g.,
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Kaufnerova & Elias, 2013; Wang et al., 2019), mor-
phology has been used as one line of evidence to de-
scribe species in Coelastrella (e.g., Wang et al., 2019).
The original description of the genus Coelastrella
(based on C. striolata) includes the presence of lon-
gitudinal cell wall striations or ribs, without mention
of polar thickening or apiculate apices (Chodat, 1922).
Recent studies have shown that Coelastrella sensu
lato includes species that lack cell wall ribs and pos-
sess polar thickenings or apiculate apices (Kaufnerova
& Elias, 2013; Wang et al., 2019). These results indi-
cate the morphology alone cannot be used to identify
species of Coelastrella and it is essential to use DNA
sequencing for identification.

The species Coelastrella yingshanensis was
previously known only from one site in China (Wang
et al., 2019). Our results indicate that C. yingshanensis
is also found in North America, but as new varieties
of the species. Coelastrella yingshanensis was origi-
nally isolated from a river plankton sample, whereas
our strains, representing two new varieties, were all
from soil samples. The new variety Coelastrella ying-
shanensis var. apiculata was only found in sodic-saline
slick soil in WPNA, whereas C. yingshanensis var.
ovata was found in soil from the barrens grassland that
surrounds the sodic-saline slicks. The differences in
ITS sequence and secondary structure, as well as mor-
phological and habitat differences, all support the need
for new varieties of C. yingshinensis. The evidence that
these two varieties are restricted to these very different
habitats suggests recent adaptation. It would be inte-
resting to see if these specialized varieties and the two
new species we described are in similar habitats from
other locations.

An additional new species of Coelastrella,
C. polaris E. Krivina, M. Sinetova, O. Anissimova
et A. Temraleeva (Krivina et al., 2025), was published
after our analyses and manuscript were complete.
However, the ITS1-5.8S-ITS2 sequence data from
C. polaris (PQ565566) differ from all of our strains by
36 or more substitutions and additional indels and do
not affect our conclusions. Another new species C. lae-
vis V. Yu. Nikulin et al. (Nikulin et al., 2025) was
published while we were preparing revisions. The se-
quence data for Coelastrella laevis were not yet avail-
able; however, the phylogenetic analyses in Nikulin
et al. (2025) of both 18S+ITS and tuf4 strongly sug-
gest that C. laevis is not closely related to any of our
new taxa.
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