
A new species of Tetradesmus (Chlorophyceae, Chlorophyta) 
isolated from desert soil crust habitats in southwestern 
North America
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Abstract. A new species of Tetradesmus (Tetradesmus adustus) is described from desert 
soils of southwestern North America. The identification is based on phylogenetic analysis 
of data from nuclear (ITS2 rDNA) and plastid (rbcL, tufA) barcode markers. This newly 
described species represents the fifth cryptic species of arid-adapted algae in Scenedes-
maceae. A re-analysis of published sequences attributed to desert Tetradesmus in the context 
of our newly obtained data reiterates the importance of robust phylogenetic analysis in 
identification of cryptic taxa, such as species of Tetradesmus.
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Introduction

Microbiotic crusts are complex communities of soil 
microorganisms and cryptogams that occur in arid and 
semi-arid habitats. Prokaryotic and eukaryotic members 
of microbiotic crusts act as important “ecosystem engi-
neers” by powering nutrient cycles, preventing erosion 
and enhancing water holding capacity in desert soils, as 
well as influencing the composition of plant communities 
(Evans & Johansen 1999; Belnap & Lange 2001; Song 
et al. 2017). Early surveys of algae species composition 
in desert crusts revealed only a small number of species, 
owing to the simple morphology of many soil algae and 
identification methods that only focused on vegetative 
phases (e.g. Cameron 1960; Cameron 1964; Ocampo-Paus 
& Friedmann 1966; Lange et al. 1992). More recently, 
Fletchtner et al. (1998) integrating morphological and life 
history stages in their identification were able to distin-
guish almost 40 species collected from a small number 
of desert crust samples in Baja California (Mexico). Sub-
sequent examinations (e.g., Lewis & Lewis 2005; Büdel 
et al. 2009) relied on the analysis of DNA sequence data, 
which has revealed a high level of biodiversity in soils of 
arid regions, including desert algae. Knowledge of biodi-
versity of this region was further enhanced by discovery 
that desert-dwelling green algae belong to multiple clades 
in Streptophyta and Chlorophyta (Lewis & Lewis 2005).

Phylogenetics-based taxonomy is key to uncov-
ering novel species, enhancing knowledge of species 

distributions and revealing overall biodiversity from dif-
ferent habitats. Phylogenetics-based taxonomy is espe-
cially relevant for groups of microscopic organisms and 
those, that do not possess multiple charismatic morpho-
logical traits. With the dramatic increase in the number 
of algal surveys using environmental sampling and DNA 
barcoding, a growing number of sequences now in public 
databases are taxonomically unattributed or may have 
incorrect attributions. We therefore, test species desig-
nation of existing sequences in light of our updated tax-
onomy of Tetradesmus.

In Chlorophyta, desert algae are members of two 
classes. Trebouxiophyceae, a class known for its many 
lichenized and free-living terrestrial species, includes 
members from 12 major lineages (Fučíková et al. 2014). 
Chlorophyceae, on the other hand, is often considered 
largely aquatic, but also contains multiple lineages of 
terrestrial algae, including species isolated from deserts 
(Lewis & Lewis 2005). Thus, in Chlorophyta, desert 
algae are not associated with a single taxon, nor do they 
tend to be members of predominantly terrestrial lineages; 
instead desert algae are embedded in clades of aquatic 
species, as exemplified by the focus genus of this study 
Tetradesmus (Scenedesmaceae, Sphaeropleales, Chloro-
phyta). Tetradesmus includes multiple arid-adapted spe-
cies, which belong to two separate clades, each containing 
aquatic as well as terrestrial species (Lewis & Flechtner 
2004; Sciuto et al. 2015; Mikhailyuk et al. 2018; Lewis 
& Flechtner 2019).

Here we present evidence for a new terrestrial 
species in the mainly freshwater planktonic family 
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Scenedesmaceae (Chlorophyta), genus Tetradesmus G.M. 
Smith. Tetradesmus adustsus is the fourth species in 
the genus Tetradesmus and fifth in the family Scened-
esmaceae to be isolated from biological soil crusts or 
other arid soils.

Materials and methods

Isolation sites

Strain LG2-VF28 was isolated from a sample of loose-
packed decomposed granite sandy soil in Baja California, 
Mexico, strain JT2-VF29 was isolated from the surface 
of course sand and gravel, near Cadiz, California, U.S.A. 
(detailed localities are given below).

Culture conditions

Strains JT2-VF29 and LG2-VF28 were grown in KSM 
liquid medium (Clear & Hom unpubl.) under a 12:12 L:D 
cycle (photon flux of 200 µmol m–2s–1) at a temperature 
of 25°C. Mixing of the cultures was achieved by orbital 
shaking at 0.4 radsec. To test variability of cell mor-
phology in different media, the algae were also grown in 
Bold’s Basal medium (BBM, Bold 1949), Storrs medium 
(Trainor et al. 1991), and a medium that had previously 
contained a natural grazer of Scenedesmaceae, Daphnia 
magna (Zhu et al. 2015), as the presence of chemical 
cues from predators have been shown to induce distinct 
morphologies in some members of the Scenedesmaceae 
(Lürling & Van Donk 1996).

DNA extraction, amplification, and sequencing

Culture aliquots of strains LG2-VF28 and JT2-VF29 
were concentrated, frozen, and then mechanically dis-
rupted. Genomic DNA was extracted using the Zymo-
BIOMICS DNA Miniprep Kit or Qiagen DNEasy Plant 
Extraction kit (Qiagen, Hilden, Dusseldorf, Germany). 
The ITS region was amplified with the primer pair ITS1 
– ITS4 (White et al. 1990, Hall et al. 2010). For ampli-
fication of the tufA gene we used the primer pair tufAF 
– tufA.870r (Hall et al. 2010; Famá et al. 2012). The 
rbcL gene was amplified using primer pair Scen-RubF1 
and Scen-RubR1 (Sciuto et al. 2015). Standard PCR pro-
tocols were carried out with GoTaq Green Master Mix 
(Promega Corporation, Madison, WI, USA) or with Taq-
DNA Polymerase (Fisher Molecular Biology, Trevose, 
PA, USA), according to manufacturer’s recommendation. 
Amplification products were purified with the QIAquick 
PCR Purification kit (Qiagen, Hilden, Dusseldorf, Ger-
many) or Exosap-IT Express (Life Technologies Corpo-
ration, Carlsbad, CA, USA) prior to sequencing. DNA 
sequencing was performed at University of Connecticut 
(USA) with the same pairs of primers used for amplifi-
cation reactions. Consensus sequences for three genes of 
JT2-VF29 and LG2-VF28 were obtained from forward 
and reverse reads using Geneious 10.2.2 (https://www.
geneious.com) and deposited to NCBI with respective 
accession numbers MK291427 and MK291430 for the 
ITS2 region, MK291428 and MK291431 for the rbcL 
gene, and MK291429 and MK291432 for the tufA gene.

Molecular and phylogenetic analysis of focal species

Two types of data sets were prepared: single gene 
alignments of the tufA, rbcL, and ITS2 sequences, and 
a concatenated data set of all three genes. Each of them 
included sequences of the two focal strains as well as other 
available sequences of Tetradesmus and selected related 
genera (Table S1). To create the multiple alignment of 
the ITS region, sequence data were used together with 
the secondary structure, which was inferred by homology 
prediction using the ITS2 Database (Schultz et al. 2006; 
Koetschan et al. 2012). Substitution models and parameter 
values for the phylogenetic analyses were selected with 
Partitionfinder2 (Lanfear et al. 2017) using algorithms 
greedy (Lanfear et al. 2012) and PhyML (Guindon et al. 
2010). The Bayesian Information Criterion (BIC, Schwarz 
1978) was used to select the best model.

Maximum likelihood (ML) analyses of data sets 
for individual genes were performed with following 
parameters. tufA: model GTR+I+G, nucleotide fre-
quencies A = 0.348646, C = 0.12815, G = 0.207184, 
T = 0.30602; substitution rates AC = 2.9153, AG = 5.18423, 
AT = 6.37418, CG = 1.47765, CT = 20.6667, GT = 1.00000; 
Pinvar = 0.56204; Gamma shape = 0.937424. RbcL: 
model GTR+I+G, nucleotide frequencies A = 0.289677, 
C = 0.185267, G = 0.215079, T = 0.309977; substitu-
tion rates AC = 0.89969, AG = 0.535725, AT = 1.33955, 
CG = 0.264598, CT = 2.12243, GT = 1.00000; Pinvar 
= 0.519836, Gamma shape = 0.400908. ITS2: model 
K80+I+G, nucleotide frequencies equal; Ti/Tv ratio = 
1.7719; Pinvar = 0.519836, Gamma shape = 0.589762. 
The available ITS2 sequences were highly variable in 
length, to avoid introducing bias of absent data, the last 
65 positions were excluded from the analyses.

The model GTR+I+G was chosen for the ML analysis 
of the concatenated tree gene data set and implemented with 
following parameters: nucleotide frequencies A = 0.306869, 
C = 0.171365, G = 0.223547, T = 0.298219; substitu-
tion rates AC = 0.620975, AG = 2.04111, AT = 2.5318, 
CG = 0.612794, CT = 6.69894, GT = 1.000000; Pinvar = 
0.512441; and Gamma shape = 0.66503. ML analyses were 
performed using PAUP* v. 4.0a (Swofford 2003).

Bayesian interference (BI) was carried out with 
MrBayes 3.2.6. (Ronquist & Huelsenbeck 2003) available 
on the CIPRES Science Gateway (Miller et al. 2010). For 
this analysis the concatenated data set was partitioned by 
gene and by codon position (for protein-coding genes). 
The F81+I model was chosen for 1st codon positions 
of both tufA and rbcL, F81 was applied to 2nd codon 
positions of tufA, JC+I was used for 2nd codon position 
of rbcL, GTR+G was used for the 3rd codon positions of 
both tufA and rbcL, and K80+G was applied to the ITS 
region. The analysis included two separate MCMC runs, 
each composed of four chains. Each MCMC chain ran 
for 200 000 000 generations, sampling trees every 100 
generations. Upon completion, the runs were compared 
using Tracer v.1.7 (Rambout et al. 2018) and the first 
25% of generated trees were discarded as burn-in. A 50% 
majority-rule consensus topology and posterior probabil-
ities were then calculated from the remaining trees.
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Re-analysis of published sequences attributed to 
desert Tetradesmus

To analyze previously published sequences of species 
from Scenedesmaceae we prepared an alignment of the 
rbcL gene sequences, including those generated here plus 
those obtained by Zou et al. (2016) and Kumar et al. 
(unpublished). ML analysis was implemented using 
GTR+I+G model with following parameters: nucleotide 
frequencies A = 0.282483, C = 0.167916, G = 0.219744, 
T = 0.329857; substitution rate matrix AC = 0.266057, 
AG = 1.3419, AT = 2.62602, CG = 0.463667, CT = 3.68592, 
GT = 1.000000; Pinvar = 0.414024; Gamma shape = 
0.62218. Given the large number of taxa in the data set 
with nearly identical rbcL sequences, we saved a max-
imum of 100 best-scoring trees, then prepared a 50% 
majority rule consensus tree from these saved trees. ML 
analyses were performed using PAUP* v. 4.0a (Swofford 
2003).

BI analysis was carried out as described above with 
the exception of MCMC chains running for 2×106 gen-
erations, sampling trees every 1000 generations. The 
GTR+I+G model was chosen for codon positions 1 and 
3, JC+I was used for codon position 2.

Light microscopy

Observation of strains LG2-VF28 and JT2-VF29 kept 
under the conditions described above were carried out 
using an Olympus BX60 microscope and DIC optics. 
The images were taken with Olympus DP25 color camera 
(2560×1920 pixels).

Results and discussion

Molecular and phylogenetic analysis of focal species

The sequences obtained from strains LG2-VF28 and 
JT2-VF29 were identical in all three barcode loci stud-
ied. Phylogenetic analyses of concatenated and individual 
gene data sets showed that these two strains compose 
a highly supported separate clade inside Tetradesmus.

Phylogenetic analyses using different methods resulted 
in comparable but not identical tree topologies. Despite 
the difference in the order of branching all of them support 
strains LG2-VF28 and JT2-VF29 as a separate lineage, 
and for this reason we highlight the BI tree (Fig. 1). The 
tree resulting from ML analysis of concatenated data and 
the trees based on the analysis of single genes can be 
found in supplementary materials (Fig. S1 and Fig. S2 
A-C respectively). 

Interestingly, strains LG2-VF28 and JT2-VF29 are 
sister to a clade containing the desert species T. bajacal-
ifornicus (plus the recently described T. arenicola from 
Baltic sand dunes by Mikhailyuk et al. in press, which 
is only included in ITS tree in Fig. S2C) and the aquatic 
species T. raciborskii, separate from the clade containing 
the other desert–aquatic pair of species (T. deserticola and 
T. dissociatus). The mixed association of habitats among 
this set of Tetradesmus species allows us to suggest at 
minimum two independent origins of these desert species 
into terrestrial habitats. Given the phylogenetic distinction 
of these two strains of Tetradesmus, we propose a new 
species.

0.0090

Scenedesmus_hindakii_SAG_47_86

Tetradesmus_bajacalifornicus_ZA1_5

Tetradesmus_bajacalifornicus_ZA1_7

Tetradesmus_deserticola_BCP_SNI_2

Tetradesmus_deserticola_BCP_YPG_Char

Tetradesmus_obliquus_UTEX393

Flechtneria_rotunda_BCP_SEV3VF49

JT2_VF29

Tetradesmus_deserticola_BCP_EM2VF30

Tetradesmus_deserticola_BCP_EM2VF3

Scenedesmus_obtusus_SAG_52_80

Flechtneria_rotunda_BCP_SEV3VF4

Tetradesmus_wisconsiensis_SAG_22_81

Tetradesmus_bajacalifornicus_ZA1_2

LG2_VF28

Tetradesmus_distendus_SAG_2003

Tetradesmus_raciborskii_CCAP_276_35

Chodatodesmus_australis_KS_2013_Gondwana

Tetradesmus_bajacalifornicus_BCP_LG2VF16

Scenedesmus_rubescens_SAG_5_95

Tetradesmus_obliquus_SAG_276_10

Tetradesmus bajacalifornicus ZA1-2
Tetradesmus bajacalifornicus ZA1-5
Tetradesmus bajacalifornicus ZA1-7

Tetradesmus bajacalifornicus BCP LG2-VF16
Tetradesmus raciborskii CCAP 276/35

JT2-VF29
LG2-VF28

Tetradesmus deserticola BCP YPG-Char
Tetradesmus deserticola BCP SNI-2

Tetradesmus deserticola BCP EM2-VF3
Tetradesmus deserticola BCP EM2-VF30

Tetradesmus dissociatus SAG 5.95
Tetradesmus obliquus UTEX 393
Tetradesmus obliquus SAG 276-10

Tetradesmus wisconsiensis SAG 22.81
Tetradesmus distendus SAG 2003

Scenedesmus hindakii SAG 47.86
Scenedesmus obtusus SAG 52.80

Flechtneria rotunda BCP SEV3-VF4
Flechtneria rotunda BCP SEV3-VF49

Chodatodesmus australis KS 2013

0.99/100

1.0/100

0.97/81 0.72/66

0.99/85
1.0/100

0.99/55

1.0/98
1.0/100

1.0/100

1.0/98

1.0/100

1.0/100

1.0/100

1.0/100

Figure 1. Phylogenetic tree of Tetradesmus and selected related genera based on Bayesian inference of the tufA, rbcL and ITS2 rDNA. Numbers 
associated with nodes indicate support values for Bayesian interference (BI) and Maximum likelihood (ML) analyses, respectively. Support values 
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Tetradesmus adustus Terlova & L. A. Lewis, sp. nov. 
 (Fig. 2A–F)
Diagnosis: Single cells ovoid in shape, with slightly pointed 
apices in young cells, becoming more spherical with age. Older 
cells are morphologically similar to T. bajacalifornicus, T. de-
serticola, T. arenicola. However, young cells are smaller than in 
these species and never reach more than 8µm in length. Similar 
to T. deserticola with pyrenoid is surrounded by a starch shell, 
but distinct in that T. adustus cells do not form long extensions 
of the apices. Do not form colonies or crescent-shaped cells 
as T. deserticola or T. arenicola and differs in DNA data and 
is supported as a separate lineage by phylogenetic analysis. 
Inhabits biological soil crusts. Sequence data of at least one 
barcode marker is necessary for identification.

Holotype: Fixed cells of strain LG2-VF28 on a permanent 
slide, deposited in George Safford Torrey Herbarium, University 
of Connecticut, Storrs, CT, U.S.A., CONN00226475.

Iconotype: Fig. 2A–F.

Type locality: Mexico, Baja California, Sierra San Pedro 
Mártir, latitude 30.90°N, longitude 115.46°W, elevation 2100 m; 
collected from loosely packed decomposed granite sandy soil 
by W.H. Clark, 15 June 1998.

Reference strain number: LG2-VF28.
Type sequences: ITS2 MK291430, rbcL MK291431, tufA 

MK291432.

Description. Young cells are ovoid with slightly pointed 
apices, 6–8 µm in length and 4–6 µm in width (Fig. 
2A–B). Uninucleate. The single chloroplast per cell is 
cup-shaped and located at the periphery of the cell. It 
contains a spherical pyrenoid surrounded by an obvious 
starch hull. In some cases the pyrenoid can occupy a large 
portion of the chloroplast volume. (Fig. 2B–C).

Older cells and cells preparing for or undergoing 
division are larger (9–15 µm) and often are spherical 
in shape (Fig. 2D–E). Four to eight autospores formed 

Figure 2. Light photomicrographs of Tetradesmus adustus. A, B – cells have slightly pointed apices; C – cells of the JT2-29 strain contain 
unusually large pyrenoids; D, E – formation of autospores inside mother cells. The number of autospores formed in a single cell varies between 
four and eight; F – liberation of autospores; G – phase-contrast image of a dense culture, cells are kept together by an extracellular matrix, large 
pyrenoids surrounded by starch can be seen inside cells. Scales = 10 µm, arrows indicate pointed apices of cells.
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inside a mother cell by longitudinal division (Fig. 2F). In 
older, denser cultures cells are often aggregated together 
by an extracellular matrix (Fig. 2G). Under conditions 
supporting rapid growth in liquid KSM medium cells did 
not form colonies. Cell morphology remained the same 
when the strains LG2-VF28 and JT2-VF29 were grown 
in other media. Formation of coenobia or flagellate cells 
was not observed in BBM, in the medium that previously 
contained a culture of Daphnia magna, or in nitrogen-de-
prived conditions (Storrs medium, Trainor et al. 1991). 
Sexual reproduction was not observed.

Etymology. The specific epithet refers to torrid or 
parched, which is the state of these algae living in arid 
habitats.
Additional strain. JT2-VF29

Additional locality. Near Cadiz, San Bernardino County, Cal-
ifornia, U.S.A.; latitude 34.2644°N, longitude 115.6947°W.

Additional sequences. ITS2 MK291427, rbcL MK291428, 
tufA MK291429

Resolving phylogenetic relationships of published 
desert Tetradesmus

Cryptic species and hidden phylogenetic diversity are 
common in microscopic green algae, and may even be 
the rule rather than the exception (e.g., De Clerck et al. 
2013; Muggia et al. 2018). DNA-based taxonomy over 
the last decades has provided a growing understanding 
of cryptic diversity among algae (e.g., Huss et al. 1999; 
Zuccarello & West 2003; Trobajo et al. 2010; Sherwood 
et al. 2018), making molecular phylogenetic analysis 
a common tool of discovering new species. Resolving 
and naming cryptic species is crucially important for 
ecological analyses and evolutionary reconstructions, 
whereas large non-monophyletic taxa, such as the genus 
“Scenedesmus” (An et al. 1999), hide the true diversity of 
the group and misrepresent its geographical distribution. 
Moreover, having a clear understanding of the phylogeny 
of these species allows us to examine the evolution of 
traits across species, such as habitat shifts.

In a recent study by Zou et al. (2016) 84 strains of 
green algae from 11 locations in China were isolated from 
aquatic and terrestrial habitats including lakes, rivers, and 
urban soils. Algal strains were identified based on their 
morphology (the authors were not clear about which traits 
were used) and sorted into 11 species, including the desert 
species T. deserticola. Four barcode genes (rbcL, tufA, 
ITS, and 16S) were sequenced, and the DNA sequence 
data were used to test species delimitation with several 
methodologies. Their results were used to highlight 
cryptic species in this group. In particular the authors 
concluded that several of their morphologically identi-
fied species were not monophyletic, including the desert 
species T. deserticola.

We performed a phylogenetic analysis, which included 
rbcL sequences generated by Zou et al. (2016), those 
of various Tetradesmus species, and species from other 
genera in Scenedesmaceae. BI and ML analyses resulted 
in trees of similar topology, and here we show only the BI 

tree (Fig. 3, with the resulting tree from the ML analysis 
shown in Fig. S5).

The sampling reported by Zou et al. (2016) shows 
remarkable diversity of Scenedesmaceae, including 
a number of well-supported clades that may warrant new 
species status, but this was not addressed in their publica-
tion. None of the sequences obtained by Zou et al. (2016) 
are clustered with previously described desert species of 
Tetradesmus in our analysis or in their trees (see Fig. 2 in 
Zou et al. 2016). In contrast, strains AKS-2, AKS-17 and 
AKS-19 isolated from soils in Chota Nagpur, a dry-de-
ciduous ecoregion in India by Kumar et al. (unpubl.) 
were highly supported as belonging to T. bajacalifornicus. 
Thus, to our knowledge the distribution of T. deserti-
cola is restricted to deserts and other arid habitats, and 
this species is monophyletic. A number of strains of Zou 
et al. (2016) are clustered within Desmodesmus, others are 
closely related to Tetradesmus obliquus and Tetradesmus 
dissociatus, both of which are common aquatic species. 
Consequently, the taxonomy associated with the published 
sequences of Zou et al. (2016) should be updated to reflect 
their distinction from T. deserticola.

The remarkable number of new Tetradesmus species 
that have been recently described illustrates that more 
research is needed to complete our taxonomic under-
standing of this genus. Our analyses show once more 
that the simple morphology of the majority of species 
from Scenedesmaceae makes an analysis of DNA data 
the most reliable way to identify and differentiate species 
in this group.

A distinct set of traits that allow these terrestrial 
species to persist in their harsh environments, coupled 
with a close evolutionary history with aquatic species, 
makes Tetrademus an excellent system for studying traits 
associated with the transition to land in chlorophyte 
green algae, as was recently highlighted by Cardon 
et al. (2018).

The establishment of a robust phylogenetic and bioge-
ographical data on Tetradesmus species is a step, which 
provides a framework for addressing important evolution-
ary questions such as mechanisms of adaptation to arid 
habitats exhibited by multiple species in this genus, or 
whether all of the Tetradesmus species possess traits that 
may have facilitated the transition from aquatic habitats 
onto the land. It is possible now to assay differences in 
response to desiccation and rehydration of desert and 
aquatic Tetradesmus and even investigate genetic back-
ground of these differences.
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