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ABSTRACT 

Cyanobacteria have never received molecular characterization in the gypsum soils at White 

Sands National Park. These gypsiferous soils support distinctive plant communities and 

considerable microbial taxonomic diversity in their biological soil crusts. Employing a 

polyphasic approach characterizing both morphology and sequencing of the 16S rRNA gene and 

associated 16S-23S ITS region, six strains of Trichocoleus isolated from White Sands biocrusts 

were fully characterized. Phylogenetic analyses including other as-yet-unnamed Trichocoleus 

strain sequences and the three previously described species, T. desertorum, T. caatingensis, and 

T. badius, led to a revision of the genus and identification of 17 unnamed species-level groups 

within Trichocoleus. Upon publication of this work, Trichocoleus will be one of the most 

species-rich cyanobacterial desert soil genera. Trichocoleus is a widespread genus in arid and 

semi-arid lands around the world, containing multiple species in a number of different desert 

regions, and will undoubtedly be found in future studies of arid land biocrusts.  
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INTRODUCTION 

Arid Lands Cyanobacteria 

Even though soils host a wide variety of major taxonomic groups (bryophytes, 

arthropods, annelids, fungi, bacteria, archaea) and hold over 25% of the world’s biodiversity, 

there is still a lack of taxonomic knowledge of the pedosphere, especially in semi-arid and arid 

biomes. Cyanobacteria are essential components of arid soils, but are overall understudied 

(Johansen 1993, Belnap & Lange 2013). Several early papers that reported cyanobacterial 

species present in arid soils, but these were all based on morphology as the single criterion for 

identification (Cameron 1960, Novichkova-Ivanova 1980, Johansen et al. 1981, 1984, 1993, 

Ashley et al. 1985).  Characterization of cyanobacteria using a polyphasic approach first 

occurred in 2002 (Boyer et al. 2002, Flechtner et al. 2002), papers which presaged the use of 

molecular data to characterize cyanobacteria from arid land soil crusts. Subsequently, numerous 

genera and species have been described from desert soils (Řeháková et al. 2007, Perkerson et al. 

2011, Mühlsteinová et al. 2014a, 2014b, Osorio-Santos et al. 2014, Pietrasiak et al. 2014, 2019, 

Bohunická et al. 2015). 

Biological soil crusts or biocrusts (BSC) hold intricate and complex links between 

cyanobacteria, eukaryotic algae, lichens, fungi, mosses, and bacteria that can provide homes for 

invertebrates and reptiles (Maestre et al. 2011, Pietrasiak et al. 2011, Bu et al. 2015). BSC were 

first recognized as distinctive soil features in the 1950’s and have been called cryptogamic crusts, 

microphytic crusts, cryptobiotic crusts and microbiotic crusts since intensive research began in 

the 1980’s in middle latitude deserts (early work reviewed in Johansen 1993, Evans and 

Johansen 1999). None of these terms were an exact fit for the components of the crusts, and 

finally the most generic term, biological soil crusts, became widely used and is the term most 



applied today. BSC are found all over the globe but are most frequently found in semi-arid to 

arid environments (Maestre et al. 2011), which cover 35% of Earth’s continental surface and 

over 70% of arid regions’ surfaces (Belnap & Lange 2013). In arid regions, much of the 

biodiversity is found in BSC microbial communities, all within the uppermost 2 cm of the soil 

surface (Maestre et al. 2011, Bu et al. 2015). 

Cyanobacterial research in the deserts and arid lands of the western United States is 

becoming more prevalent. Over 50 cyanobacterial species have been identified in North 

American deserts (Bu et al. 2015) and with further research, unquestionably, more will be 

discovered. Boyer et al. (2002) isolated putative Microcoleus strains from the Great Basin, 

Colorado Plateau, Mojave Desert and Chihuahuan Desert, and through examination of the 16S 

rRNA gene and associated 16S-23S internal transcribed spacer (ITS) region, discovered that 

there were at least two different species of Microcoleus in desert soils. Variation in the sequences 

of Microcoleus indicated the presence of several cryptic taxa beyond the two taxa recognized at 

that time. Nostoc spp. strains were subsequently collected from arid regions in California and 

Utah and were also sequenced for the 16S gene and associated 16S-23S ITS region. Nostoc is a 

polyphyletic genus, meaning that the name has been applied to a number of clades that do not 

have a common ancestor for all members assigned to the genus (the definition of a monophyletic 

taxon).  This polyphyly is likely due to the fact that Nostoc is poor in morphological characters. 

However, phylogenetic analysis resulted in three new species of BSC Nostoc and the new genus 

Mojavia (Řeháková et al. 2007). This work defined the clade containing Nostoc sensu stricto, 

thus allowing workers to begin to revise the genus by naming Nostoc-like strains outside of the 

genus. The first cryptic species of cyanobacteria were subsequently described in Osorio-Santos et 

al. (2014).  In their study, seven new species of Oculatella were described from diverse soil and 



subaerial habitats, and most of the species were morphologically cryptic.  Osorio-Santos et al. 

(2014) was the first study in which percent dissimilarity of aligned ITS regions was used to 

justify recognition of cryptic lineages, following the lead of the pioneering work of Erwin and 

Thacker (2008), who first suggested ITS dissimilarity thresholds as a species-recognition tool in 

cyanobacteria. 

Polyphyly is not just a problem in Nostoc and Microcoleus, but has been repeatedly 

observed in many morphologically defined desert soil genera once molecular approaches have 

been used (Pietrasiak et al. 2019). Many species and genera have been assumed to be 

cosmopolitan based on morphological studies, but convergent evolution in desert species has led 

to similar morphology between distantly related taxa (Belnap 2003, Mai et al. 2018). 

Trichocoleus, the focal genus in this study, and Microcoleus, one of the most common genera in 

BSC, are examples of morphologically similar desert genera that are not phylogenetically related 

(Komárek & Anagnostidis 2005, Mai et al. 2018).  In fact, these taxa are so morphologically 

similar that all current Trichocoleus species used to belong in Microcoleus (Komárek and 

Anagnostidis 2005). Although morphology can be helpful, and it is interesting to analyze, 

molecular methods have been shown to more accurately reflect evolutionary relationships 

(Belnap 2003, Mai et al. 2018), and thus allow detection of polyphyly requiring taxonomic 

revision.  

Another recurring problem in cyanobacterial taxonomy is the undersampling of isolated 

strains. In previous cyanobacterial taxonomic studies, it was rare to have multiple strains of the 

same species sequenced. Consequently, intraspecific variation in desert cyanobacteria is far from 

being understood (Curtis et al. 2006, Pietrasiak et al. 2019). Molecular data is needed to 

accurately assess cyanobacterial diversity in all habitats, especially in desert soils, and multiple 



strain sequences are important to evaluate intraspecific variation within those species. Therefore, 

we are using multiple sequences of Trichocoleus both new, and previously reported, to better 

understand intrageneric and intraspecific variation.  

Gypsiferous Soils 

The Chihuahuan Desert, U.S.A., contains large gypsum dune fields in White Sands 

National Park and surrounding areas. Gypsum (CaSO4•2H2O) covers more than 200 million 

hectares of Earth’s surface and is found in many semi-arid to arid biomes (Buck & Hoesen 

2002). Gypsum soils are restricted to these areas for two main reasons. The first is that gypsum is 

water soluble and therefore, would not be present in its crystalized structure in mesic soils. The 

second reason is that dry air creates a high evaporitic demand that in turn causes capillary uplift 

of the gypsum towards the soil surface (Verheye & Boyadgiev 1997, Herrero et al. 2009, Muller 

et al. 2017). These soil properties have previously been found to be responsible for assembly of 

unique plant communities (Escudero et al. 2015). This finding makes it plausible that this 

unusual soil will also support distinct microbial communities.   

Shields et al. (1957) studied microbial communities in the gypsiferous soils of White 

Sands prior to the development of molecular taxonomic methods. They identified common soil 

species in the cyanobacterial genera Microcoleus, Nostoc, Schizothrix, and Scytonema from sand 

dunes at White Sands. However, they did not document the morphology of the species they 

reported. These morphological identifications were made before Trichocoleus was split out from 

Microcoleus and established as a genus. The work of Shields et al. (1957) is dated, and further  

study of this interesting site is warranted. 

While more recent studies of cyanobacteria in gypsum soils have been conducted, it is 

typical that morphology, metagenomics, or only the 16S rRNA gene sequence is used, leading to 



misidentification or identification only to the family or genus level (Belnap & Gardner 1993, 

Dong et al. 2007, Menéndez-Serra et al. 2019). Although Menéndez-Serra et al. (2019) only 

identified bacterial OTUs to high level taxonomic groups (phylum, class, and/or order), they 

found that about 10% of sequences had high genetic novelty for the 16S rRNA gene, indicating 

that further molecular studies should be performed and will likely reveal new genera, as the 16S 

rRNA gene is the primary molecular indicator of new genera (Boyer et al. 2002). The lack of 16S 

rRNA data for comparison highlights the need to continue systematic studies, especially in saline 

and gypsiferous desert soils.  

Trichocoleus  

In this study, we are specifically researching the genus Trichocoleus in the family 

Trichocoleusaceae (Cyanobacteria). Komárek & Anagnostidis 2005 described this genus as a 

filamentous cyanobacteria that can be separated from related taxa by the presence of multiple 

trichomes in a common sheath. Trichocoleus was essentially defined as “not-Microcoleus,” 

which is another genus with multiple trichomes in a common sheath. Trichocoleus¸ however, has 

thinner trichomes and parietal thylakoids (Komárek & Anagnostidis 2005), compared to 

Microcoleus which has radial or fasciculated thylakoid arrangements (Siegesmund et al. 2008).  

The type species of Trichocoleus is Trichocoleus delicatulus and, unfortunately, this 

species has an insufficiently written description; there are no photos, drawings, or type materials 

(e.g., an herbarium packet). No sequence attributable to this species exists at present. The 

absence of data on this species creates a great deal of uncertainty in the morphology and 

taxonomy of the genus. Since the original description, there have been reports of Trichocoleus 

that differ in cell size and number of trichomes in a common sheath, but all the strains identified 



morphologically from soil as Trichocoleus fall into a single clade when characterized 

molecularly (Mühlsteinová et al. 2014, Machado de Lima et al. 2020, Mehda et al. 2022). 

Trichocoleus has been molecularly identified in the Sahara Desert in Africa (Mehda et al. 

2022), the Atacama Desert in Chile, the Mojave Desert and Colorado Desert in the U.S. 

(Mühlsteinová et al. 2014), Great Smoky Mountains National Park in the U.S. (Johansen et al. 

2008), and semi-arid regions of Brazil (Machado de Lima et al. 2020). With Trichocoleus being 

described all over the world, and all throughout the United States, we believed that White Sands 

National Park would also be home to this genus.  

The aim of this study is to further develop the Trichocoleus genus both morphologically 

and molecularly using newly sequenced strains from White Sands National Park. In this paper, 

we recognize 17 potential species-level Trichocoleus.  Unfortunately, some of these strains were 

sequenced in other labs and are not available to name.  Furthermore, some strains were lost from 

culture before completion of this study.  We provide descriptions for 11 Trichocoleus species that 

we anticipate will be published in a subsequent manuscript. With the previously named species T. 

desertorum, T. caatingensis, and T. badius, this will bring the number of polyphasically 

described species to 14 species, making Trichocoleus one of the most species-rich cyanobacterial 

genera in desert soils. 

MATERIALS AND METHODS  

Field Collection 

Samples were collected at White Sands National Park, New Mexico, during June and 

July of 2019. The study area (denoted by the black circle in Fig. 1) was split into six landforms 

based on an elevation gradient. Each landform was further split into three plots, except for 

Landform 3, which had four plots. Trichocoleus strains were isolated from four of the landforms 



(Table 1).  From each GPS plot point (Table 1), a 50 m 61° West to East transect was sampled 

every 5 m by obtaining 1.0-3.0 cm of topsoil using a 30 mm diameter centrifuge tube as a coring 

and sampling device. Each collection along the transect was combined into a composite soil 

sample whirl Pak or Ziplock bag to minimize the effects of microheterogeneity in microbial 

communities (Grondin & Johansen 1993, Flechtner et al. 2008).  

Laboratory Analysis 

From each sample bag, 1.0 g of soil was added to 100 mL of liquid Z8 media 

(Carmichael 1986) and then shaken at room temperature for 30 minutes on a rotary shaker. 

Dilution plate methods were used to create a total of six Z8 agar plates per sample. Three plates 

at 10-3 sample dilution were made by taking 0.1 mL directly out of the mixed sample and 

spreading the sample on the plate. Three plates at 10-4 sample dilution were made by taking 1.0 

mL out of the mixed sample and adding that to 9.0 mL of Alga Grow liquid media (Plagron, 

Ospel, The Netherlands), mixing those together and spreading 0.1 mL onto the plate. Plates were 

left to sit overnight and then sealed with parafilm, placed under a 12:12 light:dark cycle at 25°C, 

and allowed to grow for six weeks. Cyanobacteria were isolated from the plates and placed into 

liquid Z8 media to grow for another six weeks before being transferred onto Z8 agar slants and 

deposited into the JCU Culture Collection. Strain designations were made for each isolate by 

using the site code (WS) followed by the landform number, plot number, initials of researcher 

(AS or JRJ) and isolate number (e.g., WS6-4-AS1). During isolation, photographs were taken 

with an Olympus BH2 photomicroscope with Nomarski DIC optics and an Olympus D-25 digital 

camera with Cell-Sense software. Before entering the JCU culture collection, all isolates were 

photographed. Sequenced strains were characterized by taking at least ten images each and 

immobilized on herbarium packets subsequently deposited in the Herbarium of the University of 



South Bohemia in České Budějovice, Czech Republic.  In addition to the strains from White 

Sands National Park, strains previously isolated and sequenced by other researchers in the 

Johansen lab were also morphologically characterized and their sequences included in my 

analyses. 

Molecular Analysis 

DNA was extracted with the DNeasy PowerSoil Kit (Qiagen, Carlsbad, CA, U.S.A) 

according to the manufacturers protocol. To amplify the 16S rRNA gene, primers VRF1R:  5’–

CTC TGT GTG CCT AGG TAT CC–3’ and VRF2F:  5’–GGG GAA TTT TCC GCA ATG GG–3’ 

(Boyer et al. 2001,2002) were used in a polymerase chain reaction (PCR). The PCR mixture 

contained 1.0 μL of each primer (10 μM concentration), 12.5 μL LongAmp™ Taq 2x Master Mix 

(NEB, Ipswitch MA), 1.0 μL template DNA (50 ng/μL), and nuclease free water to a final 

volume of 25 μL. Using a Bio-Rad S1000 or C1000 Thermal Cycler (Hercules, CA), the PCR 

parameters were as follows: 35 cycles of denaturing at 94°C for 45 s, annealing at 57°C for 45 s, 

and extension at 72°C for 2:15 m, followed by a final extension at 72°C for 5:00 m, and then an 

indefinite dwell at 4°C. The PCR products were visualized with gel electrophoresis on an 

ethidium bromide stained 1.5% agarose gel. If there was a presence of the 16S rRNA band 

(~1500 base pairs), the PCR product was cloned using the StrataClone PCR cloning kit (Agilent, 

Santa Clara, CA) according to manufacturer protocols.  Bacteria containing putative clones were 

plated on LB plus ampicillin agar plates with 40 μL of 2% X-gal for 12-14 hours at 37⁰C. Two 

white colonies per strain were transferred to LB plus ampicillin broth and incubated for 12 hours 

at 37°C. The QIAPrep® Spin Miniprep kit (Qiagen, Carlsbad, CA) was used for plasmid 

purification before EcoRI (NEB, Ipswitch, MA) digestion to select successful clones. Cloned 

products were sent to Functional Biosciences, Inc. (Madison, WI) for Sanger sequencing with the 



plasmid primers M13 forward and M13 reverse and internal primers 5: 5‘–TGT ACA CAC CGG 

CCC GTC–3’ (Willmotte et al. 1993), 7: 5’–AAT GGG ATT AGA TAC CCC AGT AGT C–3’ 

(Nübel et al. 1997) and 8: 5’–AAG GAG GTG ATC CAG CCA CA–3’ (Willmotte et al. 1993). 

Phylogenetic Analysis 

Phylogenetic analysis was done using the protocol from Pietrasiak et al. (2019). Raw 

sequences were arranged, proofread, and assembled into contigs in Sequencher (Gene Codes 

Corp, Ann Arbor, MI, U.S.A). All sequences were submitted to NCBI GenBank. Sequences from 

this study as well as other previously submitted Trichocoleus sequences in GenBank 

(Mühlsteinová et al. 2014, Machado de Lima and Branco 2020) were aligned with ClustalW. 

First, the 16S sequences were separated from the ITS and aligned to assess 16S similarity and 

phylogenetic relationships. Bayesian inference (BI) and maximum likelihood (ML) analyses 

were performed on the CIPRES Science Gateway supercomputer cluster using MrBayes on 

XSEDE 3.2.6 and RAxML-HPC2 on XSEDE 8.2.10, respectively. For both analyses the 

GTR+G+I evolutionary model was used.  

Bayesian analysis was run for 95 million generations discarding the first 25% of samples 

as burn-in, with parameters set for the GTR+G+I model. The final average standard deviation of 

split frequencies was 0.0244, the average potential scale reduction factor (PSRF) for parameter 

values was = 1.000, and Estimated Sample Size >4000 for all parameters. These convergence 

factors indicated that convergence between the two chains was achieved (Gelman and Rubin 

1992). For ML, we ran rapid bootstrapping by choosing a fixed random number seed (12,345) 

and requesting 1,000 bootstrap iterations. All other options in CIPRES (Miller et al. 2015) were 

left as default. Bootstrap values from the ML analysis were mapped on to nodes in the Bayesian 

Inference tree, which was then post-edited in Adobe Illustrator CS5.1. 



Sequences of the 16S-23S ITS region of the operon containing both tRNA genes were 

aligned using secondary structure linear sequences, with indels coded (0 for gap, 1 for 

nucleotide), and an unrooted phylogenetic tree was obtained with a BI analysis with 20 million 

generations, discarding the first 25% of samples as burn-in, choosing NST = MIXED, and 

applying the GTR+I+G evolutionary model. Average standard deviation of split frequencies was 

= 0.0106 and the average PSRF for this analysis was = 1.000. Estimated Sample Size was > 

19,000 for all parameters, which indicates that the chains converged and each parameter was 

well sampled. A maximum parsimony analysis was also run on the ITS alignment using default 

parameters with the exception that indels were coded as a fifth base.  A heuristic search with 

1000 bootstrap replicates was performed.  This analysis was conducted using PAUP on XCEDE 

2.0 in the CIPRES Science Gateway. Posterior probabilities from the Bayesian Analysis were 

mapped on to nodes of the maximum parsimony analysis and the phylogeny was post-edited in 

Adobe Illustrator CS5.1. 

P-distance of 16S rRNA sequences was determined in PAUP to calculate percent 

similarity (100*[1–p-distance]) among our strains of interest. Percent dissimilarity of aligned ITS 

regions was also calculated using the SHOWDIST command in PAUP, and multiplying p by 100 

to give results in percent. The hypothetical ITS secondary structures of helices D1-D1′, Box-B 

and V3 were derived using M-fold (Zuker 2003) and re-drawn in Adobe Illustrator CS5.1.   

RESULTS 

Phylogenetic Analysis 

All strains in the genus Trichocoleus fell into a monophyletic clade when using 16S 

rRNA data (Fig. 2). The node including Trichocoleus desertorum sensu stricto, Trichocoleus sp. 

2, sp. 3, sp. 4, sp. 6, sp. 14, and sp. 18 had a bootstrap value of 85, indicating that every strain in 

that clade is different than anything outside of it. T. badius contained three strains each with 



different operons. Two T. badius strains were grouped together within many of the other 

Trichocoleus sequences and the third strain was separated from all other Trichocoleus strains 

(posterior probability 0.76, bootstrap 55). This third sequence may have represented horizontal 

gene transfer, or an ancient duplication event in the genome with subsequent divergence. The 

16S rRNA phylogeny did not resolve species, likely due to the fact that the 16S rRNA sequences 

were highly similar among species and could not resolve the nodes sufficiently. However, with 

the addition of the strains in this study, relationships between species within the tree were better 

resolved than past trees (Mühlsteinová et al. 2014).  

The 16S-23S ITS phylogeny resolved 21 species-level groups (Fig. 3). The four strains of 

previously described Trichocoleus desertorum sensu stricto fell into a well-supported clade 

(bootstrap 86, posterior probability 0.92). Trichocoleus caatingensis CAT-CD2 had a long branch 

length, separating it clearly from its sister taxon Trichocoleus sp. 16 WS7-2-JRJ1. Trichocoleus 

badius CRS-1 represented by two sequences, each from a different operon, was sister to 

Trichocoleus sp. 1. None of the new sequences added as part of this study could be placed into 

any of the previously described species.  

The 16S-23S ITS phylogeny did not clearly establish where to draw the distinction 

between species when there was only a single representative.  However, it did resolve some of 

the species we recognize, as evidenced by the fact that when there were multiple strains within a 

single species, they formed a monophyletic species.  Trichocoleus sp. 6 (from Mojave Desert 

soils) and Trichocoleus sp. 9 (from Sahara Desert soils) both had seven strains.  The Mojave 

Desert also had two other species (sp. 13 and sp. 18) both of which were from different 

landforms than each other and from the other Clark Mountain strain (CMT-1BRIN-NPC4B).  

The Sahara Desert also had two additional species well separated from each other and sp. 9, sp. 



7, and sp. 10. A very interesting finding was that the two strains of Trichocoleus sp. 15, were 

biogeographically separated, one from San Nicolas Island in California (SNI-TA9-AZ2) and the 

other from desert soil in China (CXA025).  The strains from the Atacama Desert (all ATA strains) 

fell into five distinct species, including the previously described T. desertorum. These all 

belonged to T. desertorum in the work where that taxon was described (Mühlsteinová et al. 

2014). However, the additional taxon sampling achieved in this study showed that more species 

were represented in this group.  All Atacama species were isolated from sites at least 100 km 

from each other, thus geographical separation exists even though the desert forms a continuum 

for its entire 1000+ km length.    

Six strains of Trichocoleus were isolated from the restricted access part of White Sands 

National Park.  These fell into five different species (spp. 1, 11, 14, 16, 17).  Unfortunately, one 

strain was lost before full characterization and voucher preparation was completed (sp. 11), so 

we will only be able to describe four species from White Sands.  None of the strains were 

isolated from the same sample, although two of the strains were isolated from the same 

landforms (WS4 and WS7).  The White Sands species are all well-separated phylogenetically.   

All species we recognize in our phylogeny had 16S-23S ITS dissimilarity among species 

differing by more than 5%, while members of the same species were mostly <3.0% dissimilar.  

Some strains fell in the ambiguous area of 3-5%, and these were usually placed in the same 

species, a conservative approach.  Some of our strains had more than one operon, and these 

operons generally differed by 3-5%.  These included strains in sp. 4 (ATA-14-RM36), sp. 7 

(SIK24), sp. 9 (SIK23, SIK114), and T. badius (CRS-1). 

 

 



16S-23S ITS structures 

The D1-D1’ helix in the 16S-23S ITS was sequenced and assembled for all strains (Fig. 

4). The sequences were almost all the same length (62 nt), with only T. caatingensis differing (61 

nt).  They also all had the same basal clamp, 5’-GACCU—AGGUC-3’. The middle helix had a 

very similar structure and sequence, only differing in the mismatched bases in the upper third of 

the helix. The terminal loop region shows possible base pairings, represented by the lines 

connecting them in the figure (Fig. 4). Although these pairings did not form in M-fold, the 

presence of them in nearly every species group indicates this may be a pattern for the genus, and 

these may form in interaction with proteins in the cytoplasm. Alternative pairings for T. 

desertorum and T. badius are shown as examples of alternative structures (Fig 4, A,Q and B,R, 

respectively). The D1-D1’ helix in Trichocoleus is conserved in sequence length and structure 

but does vary in sequence between species. 

The BoxB structures all show the same 4 bp basal clamp, 5’-AGCA—UGCU-3’ and are 

identical above that clamp to the U—A pairing two nucleotides above the basal bilateral bulge 

(Fig. 5). The BoxB helices differed in length by up to 4 nt. The primary differences in structure 

were in the terminal loop, which differed in number of nucleotides due to the occasional 

formation of an extra pairing in the helix (Fig. 5). Trichocoleus sp. 9 (Fig. 5, J) has high 

intraspecific variability on the 3’ side of the terminal loop. One strain of sp. 9 had an identical 

structure to sp. 10 (Fig. 5, K). SIK24 is very different from all other SIK strains in the terminal 

loop; it is shorter and has a different sequence (Fig. 5, H). Trichocoleus sp. 6 and sp. 9 have 

identical BoxB helices, but differ notably in other parts of the 16S-23S ITS. 

 V3 region structures are represented in Figure 6. There is high variability among all 

species; however, there is consistency in the basal clamp through the U—A pairing one base pair 



above the second bulge, indicating that Trichocoleus has a highly conserved V3 region 

throughout the base of the helix. Above that portion, there is significant variation. Many species 

have a consistent “UCAAA” loop, but many did not. Trichocoleus sp. 9 and sp. 17 both have a 

small bulge where there is an unpaired C across from an AU, which is not seen in any other 

sequence (Fig. 6M, R). Interestingly, these two species are not near each other in the 16S-23S 

ITS phylogeny. Trichocoleus sp. 7, sp. 11, and sp. 15 are identical other than sp. 15 having one 

base pair difference (Fig. 6J). Sp. 7 and sp. 11 are sister taxa, but sp. 15 is separated in the 16S-

23S ITS phylogeny. Trichocoleus sp. 5 and sp. 6 are identical other than one nucleotide change 

(Fig. 6H and I), and these strains are very separated on the16S-23S ITS tree. Trichocoleus sp. 13 

and sp. 18 show this same pattern of identical V3 regions, but separate species-level placement 

on the 16S-23S ITS phylogeny (Fig. 9P). Variation of Trichocoleus sp. 9 is shown in Fig. 9L and 

M. Analysis of the hypothetical secondary ITS structures provided qualitative evidence of 

lineage separation at the species level with relatively high conservation at the genus level; 

however, the phylogenetic placement of the taxa did not necessarily reflect similarity in the V3 

region, suggesting the importance of other data (such as overall ITS dissimilarity) in separating 

these taxa.  

Morphological analysis 

 All Trichocoleus strains had several common morphological characteristics. All had 

parietal thylakoids and trichomes in either diffluent mucilage or firm sheaths (Figs. 7, 8, 9, 10). 

One of the defining features of Trichocoleus is the presence of multiple trichomes in a common 

sheath; however, we had some samples without any sheath material at all (Figs. 7A-G, N-Q; 9 A-

E). There was variation in apical cell length, width, and shape. Trichocoleus sp. 3 ATA3-4Q-KO9 

has long bent apical cells (Fig. 7N, Q); Trichocoleus sp. 8 ATA12-5-KO5 has long, thick, and 



pointed apical cells (Fig. 9B-C), whereas most species possess bluntly conical apical cells (Figs. 

7-10).  Some strains differed in size ranges, but most size ranges had overlap, so dimensions are 

less useful as a defining characteristic of this set of species. 

Taxonomic proposals  

Trichocoleus sp. 1 WS7-5-JRJ8 (Fig. 7, A-G) 

Colony a flat blue-green mat. Filaments with one to several trichomes in diffluent mucilage. 

Sheath colorless, without firm layer, often absent. Trichomes nonmotile, lacking false branching, 

constricted at the crosswalls, mostly 3.0-3.3 μm wide, but ranging 2.8-3.6 μm wide. Cells shorter 

than wide, with parietal thylakoids along all cell walls encompassing a lighter-colored 

centroplasm, nongranular, mostly 1.9-2.2 μm long, but ranging 1.4-2.5 μm long. End cells 

bluntly rounded to bluntly conical, with conical cells up to 3.1 μm wide. Hormogonia present, 

few-celled to many-celled. 

Trichocoleus sp. 2 ATA2-1-CV2 (Fig. 7 H-M) 

Filaments with one to several trichomes in a visible sheath. Sheath colorless, firm, and some 

exhibit structure. Filaments 5.8-6.0 μm wide but ranging from 2.3-8.7 μm wide. Trichomes 

motile, lacking false branching, constricted at crosswalls, mostly 3.3-3.6 μm wide, but ranging 

3.0-6.3 μm wide. Cells vary in length greatly, but mostly almost isodiametric with parietal 

thylakoids around all cell walls, granular, 1.8-3.6 μm long. End cells long, tapered, and bluntly to 

acutely conical, 5.0-9.5 μm long. Hormogonia present, few-celled to many-celled. Necridia 

present. 

Trichocoleus sp. 3 ATA3-4Q-KO9 (Fig. 7 N-Q)  

Filaments with one trichome, 7.5 μm wide. Sheath colorless, firm, and often absent. Trichomes 

nonmotile, lacking false branching, slightly constricted at crosswalls, and 2.9-3.2 μm wide. Cells 



mostly almost isodiametric with parietal thylakoids along all cell walls, and granules, mostly 2.5-

3.0 μm long, but ranging 2.2-5.0 μm long. End cells long, tapered, acutely conical, and bent, 6.1-

7.5 μm long. Hormogonia present, few-celled to many-celled. 

Trichocoleus sp. 4 ATA14-3-RM35 and ATA14-3-RM36 (Fig. 8, A-F) 

Filaments contain multiple trichomes wrapped around each other in a common sheath. Sheath 

colorless, firm, and 5.3-15.6 μm wide. Trichomes nonmotile, lacking false branching, constricted 

at crosswalls, 2.8-4.0 μm wide. Cells typically longer than wide with parietal thylakoids along all 

cell walls, granular, mostly 2.0-3.5 μm long, but ranging 1.5-7.5 μm long. End cells long, 

conical, slightly tapered, 1.8-3.5 μm wide, 2.0-7.0 μm long. Hormogonia present, few-celled to 

many-celled. 

Trichocoleus sp. 5 ATA1-4-CV12 and ATA1-4-KO5 (Fig. 8, G-M) 

Filaments with one to multiple trichomes in a sheath. Sheath colorless, firm, often absent, 4.0-

11.9 μm with sheath present. Trichomes nonmotile, lacking false branching, constricted at 

crosswalls, 2.6-3.6 μm wide. Cells mostly shorter than wide with parietal thylakoids along all 

cell walls, granular, 2.1-4.2 μm long. End cells tapered, bluntly to acutely conical, 4.2-16.6 μm 

long. Hormogonia present, few-celled to many-celled. 

Trichocoleus sp. 6 WJTs and CMT-1BRIN-NPC4B (Fig. 8, N-S) 

Filaments with one to several trichomes in diffluent mucilage. Sheath colorless, without firm 

layer, often absent, and some exhibit structure. Trichomes motile, lacking false branching, 

constricted at crosswalls, 2.0-4.0 μm wide. Cell lengths vary, 2.2-15.8 μm long, all with parietal 

thylakoids along all cell walls, granular. End cells bent and bluntly conical, tapered, 3.0-5.0 μm 

long. Necridia present. 

Trichocoleus sp. 8 ATA12-5-KO5 (Fig. 9, A-E) 



Filaments with one to several trichomes in a diffluent mucilage. Sheath colorless, often absent. 

Trichomes nonmotile, lacking false branching, slightly constricted at crosswalls, 2.9-3.6 μm 

wide. Cells length varies, 2.3-6.3 μm long, parietal thylakoids along all cell walls, granular. End 

cells taper to a point, vary in length, 6.9-21.9 μm long. Hormogonia present, few-celled to many-

celled. Necridia and involution cells present. 

Trichocoleus sp. 14 WS6-3-AS2 and WS4-1-AS1 (Fig. 9, F-J) 

Filaments with one to several trichomes in diffluent mucilage, 3.9-7.4 μm wide. Sheath colorless, 

firm, often absent. Trichomes nonmotile, without false branching, constricted to slightly 

constricted at crosswalls, 1.8-3.6 μm wide. Cells mostly isodiametric to shorter than wide, 

parietal thylakoids along all cell walls, granular, 1.8-5.5 μm long. End cells bluntly conical to 

rounded, without tapering, 3.4-5.2 μm long. Hormogonia present, few-celled to many-celled. 

Trichocoleus sp. 15 CXA25 and SNI-TA9-AZ2 (Fig. 9, K-Q) 

Filaments with one to two trichomes in a firm, persistent sheath, 4.9-12.3 μm wide. Sheath 

colorless, firm. Trichomes nonmotile, without false branching, slightly constricted at crosswalls, 

2.2-3.5 μm wide. Cells mostly almost isodiametric, parietal thylakoids along all cell walls, 

nongranular, 1.6-4.9 μm long. End cells are long, tapered conical cells, 5.8-11.9 μm. Hormogonia 

present, few-celled to many-celled.  

Trichocoleus sp. 16 WS7-2-JRJ1 (Fig. 10, A-F) 

Filaments with one to several trichomes in diffluent mucilage or firm, colorless sheath, 3.9-13.2 

μm wide. Trichomes nonmotile, exhibit false branching, constricted at cell walls, 1.9-4.5 μm 

wide. Cell length varies widely, from shorter than wide to longer to wide or with parietal 

thylakoids along all cell walls, granular, 1.0-2.6 μm long. End cells bluntly conical, 3.0-5.1 μm 

long. Hormogonia present, few-celled to many-celled. 



Trichocoleus sp. 17 WS4-3-AS3 (Fig. 10, G-K) 

Filaments with one to several trichomes tangled in a diffluent mucilage or in a firm, blue green 

sheath material, 3.9-13.2 μm wide. Trichomes nonmotile and highly constricted at cell walls, 1.9-

3.8 μm wide. Cells shorter than wide with parietal thylakoids along all cell walls, granular, 1.0-

2.3 μm long. End cells bluntly conical, 3.0-3.9 μm long and often wider than other cells in the 

trichome 2.5-4.3 μm wide. Hormogonia present, few-celled to many-celled. 

DISCUSSION 

Trichocoleus was only molecularly characterized as a genus in 2014 (Mühlsteinová et al. 

2014). Previously, all accounts were morphological descriptions (Komárek & Anagnostidis 

2005). The “ATA”, “CMT”, and “WJT” strains from Mühlsteinová et al. (2014) were used for 

our molecular analysis. The reference strain designated from that study was Trichocoleus 

desertorum ATA4-8CV12, and it is the strain upon which the holotype is based. Our findings 

supported the initial placement of Trichocoleus in the 16S rRNA tree (Mühlsteinová et al. 2014); 

however, we were able to further differentiate potential species groups within the 16S rRNA tree 

as well (Fig. 2). Our phylogenetic tree supports the placement of Trichocoleus in the family 

Trichocoleusaceae, together with Pinocchia and the undescribed species “Leptolyngbya 

hensonii” (which will need to be placed in a new genus) (Fig. 2). Strunecký et al. (2023) 

additionally placed the unsequenced genera Geitleribactron, Schizothrix, and Sirocoleum into the 

Trichocoleusaceae.  

Although 16S rRNA data cannot be used to characterize species alone, it is helpful to 

analyze the similarities of the 16S rRNA gene when trying to separate sequence differences due 

to species versus sequence differences due to operons. For example, the 16S-23S ITS sequence 

in different operons of Trichocoleus sp. 4 ATA-14-RM36 were distinct and could be confused 



with species-level differences if we did not know they were from the same strain. Furthermore, 

their 16S rRNA sequences are identical, indicating that the sequenced strains belong to the same 

species. In the instance where only a single operon is obtained for a strain, and multiple strains in 

the species are recovered but the 16S-23S ITS operons indicate species-level separation, this can 

only be resolved by looking at the 16S rRNA sequence data as a cross-check. 

Mühlsteinová et al. (2014) had very little grouping in their 16S rRNA tree, likely due to 

insufficient sequence data, which is why almost all sequences in their study, except for T. badius, 

were named T. desertorum. We were able to add 6 new sequences from our study and others to 

help parse out the 16S rRNA data relationships. With the D1-D1’ data added from our study, we 

were able to recognize the pattern of the C—G and A—U potential pairings in the upper loop. 

This data was present in the 2014 study and at that time there was not enough data to clearly see 

the pattern. D1-D1’ structures were very consistent throughout all species, even those with 

multiple operons. The 16S rRNA data grouped species together as well, although not as 

unequivocally.  

Johansen et al. (2008) and Mühlsteinová et al. (2014) previously recognized the presence 

of multiple operons in T. badius. Operons 1 and 2 of T. badius are in the same clade on the 16S 

rRNA tree, and only differ in the ITS. We found those same two operons grouped together in our 

16S rRNA tree as well, indicating that they are different operons and not due to the presence of a 

second contaminant. This same pattern is also seen with strains ATA13-3-RM36, SIK24, SIK23 

and SIK114, which were included in our analyses. 

Machado de Lima and Branco (2020) were the next researchers to analyze Trichocoleus 

molecularly and named a new species Trichocoleus caatingensis. The “SIK” strains used in our 

analysis from Mehda et al. 2022 were previously named T. desertorum because they were not 



separated into their own clade in the phylogeny. Based upon our new 16S-23S ITS analyses, we 

consider that these strains represent their own species, and therefore, have designated most of 

them as Trichocoleus sp. 9, whereas two strains are grouped together into sp. 7, and a third strain 

is grouped with SBC54 as sp. 10. These will remain as Trichocoleus sp. 7, sp. 9, and sp. 10 in the 

eventual publication because we do not have the authority to name species from sequences 

outside of our lab. They do show clear separation from Trichocoleus desertorum sensu stricto in 

both the 16S rRNA gene and 16S-23S ITS phylogenies, and the curators of those strains could 

describe them as new species.  

The 16S-23S ITS phylogeny provides evidence for the species groups characterized in 

this study (Fig. 3). Although there are many highly supported clades within the tree, there is low 

backbone support throughout. The highly supported clades are those of the species at the tips of 

the tree, while the backbone and some basal lineages remain unsupported. Having low backbone 

support indicates that we cannot fully understand the relationship between the species to each 

other, but we are able to conclude that certain groups are their own species. Trichotorquatus also 

has low backbone support in the 16S-23S ITS phylogeny (Pietrasiak et al. 2021), and it is a 

genus with multiple operons, possibly causing the uncertainty. Oculatella, another cyanobacterial 

genus with multiple operons, had low backbone support in the 16S-23S ITS phylogeny (Osorio-

Santos et al. 2014); however, with more sequences added, the 16S-23S ITS was able to resolve 

the species and produce a supported backbone in the 16S-23S ITS phylogeny (Becerra-Absalón 

et al. 2020). As more strains of Trichocoleus are sequenced, we would hope to see a clearer 

picture of species groups in relation to each other.  

Exploring the details of taxonomic relationships of an entire genus can impact many 

types of future research. Since the Trichocoleus clade is supported and well defined, new 



sequences can be added and identified easily. The work we did in this study will prevent 

taxonomic issues in the future as well as prevent this genus from becoming a paraphyletic or 

polyphyletic assemblage, a common occurrence in other cyanobacterial genera (Johansen et al. 

2011, Bauersachs et al. 2019). It is also important for metabarcoding studies which use available 

sequences to identify large amounts of DNA based on a small portion of a gene. If more 

sequences become available for comparison, it can strengthen the identification power of 

metabarcoding (Li et al. 2019, MacKeigan et al. 2022). 

Trichocoleus seems to be another problematic cryptic genus due to the insufficient 

characterization of the generitype, T. delicatulus. This is a bit of an unusual problem because 

Trichocoleus is a relatively new genus, but an older species belonging to another genus 

(Microcoleus) was chosen as type due to that species having taxonomic priority.  Incomplete 

descriptions can lead to difficulties when moving forward with sequencing classical taxa. 

Schizothrix is another example of a genus without genetic data associated with the type species 

(Komárek et al. 2006) and given its morphologically similarity to Trichocoleus, it is difficult to 

determine whether they are truly different genera. Epitypification utilizing molecular data for 

recently obtained isolates of classical taxa can solve this problem and assist in the harmonization 

of classical taxonomy and modern taxonomy (Shalygin et al. 2019). Many researchers today are 

using molecular data to describe new genera and species without consideration of the classical 

taxa (Moreira C. Fernandes et al. 2021), and we hope this practice will end in the near future. 

Not only is Trichocoleus a cryptic genus, the species within the genus are also cryptic. 

Morphological variation was present within Trichocoleus, but most species show a similar set of 

characteristics: multiple trichomes in a common sheath, presence of hormogonia, and cells 

constricted at the crosswalls with parietal thylakoids. These traits should be considered essential 



genus traits for Trichocoleus, as they were present in almost every strain. There were three 

species groups without sheath material, but this could be due to phenotypic plasticity and not 

because they lack a common sheath. These traits agree with the original description of T. 

delicatulus; however, there are also many differences observed. Since we have expanded the 

number of species groups identified in Trichocoleus, we have found that there are some species 

that exhibit morphological characteristics that vary from the protologue of T. desertorum. 

Specialized cells, like necridia, have been observed (Fig. 7K), as well as false branching and 

much wider trichomes than originally observed. Some species can be differentiated based on 

morphology, and from our samples, apical cell shape is the most distinctive and taxonomically 

informative trait. Trichocoleus sp. 3 ATA3-4Q-KO9 possess long apical cells with a bent notch, 

and no sheath material present (Fig. 7N,Q). Trichocoleus sp. 8 ATA12-5-KO5 possess long, 

thick, and pointed apical cells (Fig. 9B-C). However, these end cells are also very similar to 

Trichocoleus sp. 15 (Fig. 9K-Q). The distinction between these two is that sp. 8 has no visible 

sheath material, whereas sp. 15 possesses very firm and thick sheaths as well as necridia.  

Often times, cryptic species can be separated based upon ecological differences, 

particularly in habitat. Geographical proximity is not an important factor for lineage separation in 

this genus. The White Sands strains sequenced herein are scattered throughout the phylogenetic 

trees and are not explicitly sister to strains occurring in nearby desert sites.  If habitat proximity 

were a driving factor, we would expect White Sands strains to not only group together, but to 

also group with strains isolated from the nearby Clark Mountains. However, only WS4-1-AS1 

and WS6-3-AS2 place close to each other, and the rest are interspersed throughout the tree with a 

variety of sister taxa. This same pattern is observed with the samples from the Sahara Desert, 

Atacama Desert, and Clark Mountains.   



Identifying Trichocoleus populations in nature will prove difficult, as the full life cycle 

and range of morphological variability often cannot be observed in field collections.  

Furthermore, soil samples contain many morphologically similar Synechococcalean taxa which, 

when present in the same soil community, make confident identification of genera almost 

impossible.  Samples from lakes and hot springs also have complex communities causing 

populations of simple filamentous taxa to be difficult to identify based on morphology alone in 

these habitats as well.  Consequently, identifying thin filamentous cyanobacteria in the 

Synechococcales from isolated strains in a culture collection is the best practice. Even then, 

many strains look too alike to tell apart and most have overlapping size ranges which highlights 

the critical importance of molecular data, especially for recognition of cryptic species. Without 

molecular data, there would be many species lacking recognition. The use of DNA sequencing in 

the present study has allowed for identification of numerous species in a previously limited 

genus, and is likely only the beginning in the discovery of diversity in Trichocoleus and other 

Synechococcalean genera. 
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Table 1. GPS coordinates and date of soil sample collection for each plot in White Sands 

National Park, New Mexico. The plot numbers are determined by the landform number, followed 

by the plot number. Trichocoleus strains were found in the plots marked with an “*”, and strains 

were named according to their plot number. For example, “WS4-1-AS1” uses the “WS4-1” to 

identify the plot from which it was collected.  

Plot Date finished GPS coordinates Trichocoleus strains collected 

4-1* 6/20/2019 32.708425, -106.3620444 WS4-1-AS1 

4-2 7/5/2019 32.7221028, -106.3522417  

4-3* 7/1/2019 32.7297278, -106.3438722 WS4-3-AS3 

6-3* 7/4/2019 32.6927611, -106.3274694 WS6-3-JRJ2 

6-4 6/20/2019 32.7005528, -106.3063972  

6-5 6/19/2019 32.7114667, -106.2865611  

7-2* 7/13/2019 32.6758472, -106.3463222 WS7-2-JRJ1 

7-3 6/25/2019 32.6835028, -106.3228  

7-5* 6/15/2019 32.6912687, -106.3004474 WS7-5-JRJ8 

8-2 6/23/2019 32.6811667, -106.3042444  

8-3* 6/26/2019 32.7035560, -106.2557220 WS8-3-JRJ2 

8-4 7/3/2019 32.6912333, -106.2685556  

 

 

  



FIGURE DESCRIPTIONS 

Figure 1. Map of the Tularosa Basin with White Sands National Park (previously a national 

monument). All samples were collected within the area defined by the black circle (Modified 

from Kocurek et al. 2007) 

Figure 2. Bayesian inference phylogeny based on aligned 16S rRNA sequences with maximum 

likelihood values mapped onto the nodes. “*” indicates that full support was given for bootstrap 

(100) or posterior probability (1). “-“ indicates that the value of support is less than half for 

bootstrap (<50) or posterior probability (<0.50). The genus Trichocoleus is expanded to show 

16S rRNA relationships between all available sequences with proposed species groups named. 

Strains isolated from White Sands are indicated in red highlighting.  

Figure 3. Maximum parsimony tree based on the 16S-23S ITS rRNA region with Bayesian 

inference values mapped onto the nodes. “*” indicates that full support was given for bootstrap 

(100) or posterior probability (1). “-“ indicates that the value of support is less than half for 

bootstrap (<50) or posterior probability (<0.50). All sequences are in the genus Trichocoleus with 

proposed species groups named. Strains isolated from White Sands are indicated in red 

highlighting. 

Figure 4. Putative secondary structures for the D1-D1’ helix in Trichocoleus species. Circled 

nucleotides show variation in sequence in the taxon listed as having that structure. A. T. 

desertorum sensu stricto. B. T. badius, C. Trichocoleus sp. 1, sp. 8, and sp 11. D. Trichocoleus 

sp. 2, E. Trichocoleus sp. 3 F. Trichocoleus sp. 4. G. Trichocoleus sp. 5, H. Trichocoleus sp. 6 

and sp. 18, I. Trichocoleus sp. 7, J. Trichocoleus sp. 9 and sp. 10. K. Trichocoleus sp. 12, L. 

Trichocoleus sp. 13, M. Trichocoleus sp. 14 and sp. 17. N. Trichocoleus sp. 15, O. Trichocoleus 



sp. 16 WS7-2-JRJ1, P. T. caatingensis, Q. Alternative structure for T. desertorum. R. Alternative 

structure for T. badius. See text for further explanation.  

Figure 5. Putative secondary structures for the BoxB helix in Trichocoleus species. Circled 

nucleotides show variation in sequence in the taxon listed as having that structure. A. T. 

desertorum sensu stricto. B. T. badius and sp. 5, C. Trichocoleus sp. 1, D. Trichocoleus sp. 2, E. 

Trichocoleus sp. 3 F. Trichocoleus sp. 4, sp. 11, sp. 14. G. Trichocoleus sp. 6 sp. 18, H. 

Trichocoleus sp. 7, I. Trichocoleus sp. 8, J. Trichocoleus sp. 9. K. Trichocoleus sp. 9 and 10, L. 

Trichocoleus sp. 12, M. Trichocoleus sp. 13., N. Trichocoleus sp. 15, O. Trichocoleus sp. 16, P. 

Trichocoleus sp. 17, Q. T. caatingensis. See text for further explanation. 

Figure 6. Putative secondary structures for the V3 helix in Trichocoleus species. Circled 

nucleotides show variation in sequence in the taxon listed as having that structure. A. T. 

desertorum sensu stricto and sp. 16, B. T. badius, C. Trichocoleus sp. 1, D. Trichocoleus sp. 2, E. 

Trichocoleus sp. 2 F. Trichocoleus sp. 3, G. Trichocoleus sp. 4, H. Trichocoleus sp. 5, I. 

Trichocoleus sp. 6, J. Trichocoleus sp. 7, sp. 11, and sp. 15 (differs in circled nt). K. Trichocoleus 

sp. 8, L. Trichocoleus sp. 9, M. Trichocoleus sp. 9, N. Trichocoleus sp. 10, O. Trichocoleus sp. 

12, P. Trichocoleus sp. 13 and 18, Q. Trichocoleus sp. 14, R. Trichocoleus sp. 17, S. T. 

caatingensis. See text for further explanation. 

Figure 7. Images showing diagnostic morphological characteristics for proposed species (all at 

1000X, scale = 10 μm). A-G: Trichocoleus sp. 1 WS7-5-JRJ8, H-M: Trichocoleus sp. 2 ATA2-1-

CV2, N-Q: Trichocoleus sp. 3 ATA3-4Q-KO9. 

Figure. 8 Images showing diagnostic morphological characteristics for proposed species (all at 

1000X, scale = 10 μm).  A-F: Trichocoleus sp. 4 ATA14-3-RM35 and ATA14-3-RM36, G-M: 



Trichocoleus sp. 5 ATA1-4-CV12 and ATA1-4-KO5, N-S: Trichocoleus sp. 6 WJTs and CMT-

1BRIN-NPC4B. 

Figure 9 Images showing diagnostic morphological characteristics for proposed species (all at 

1000X, scale = 10 μm).  A-E: Trichocoleus sp. 8 ATA12-5-KO5, F-J: Trichocoleus sp. 14 WS6-

3-AS2 and WS4-1-AS1, F-J: CXA25 and SNI-TA9-AZ2, K-Q: Trichocoleus sp. 15. 

Figure 10 Images showing diagnostic morphological characteristics for proposed species (all at 

1000X, scale = 10 μm). A-F: Trichocoleus sp. 16 WS7-2-JRJ1, G-K: Trichocoleus sp. 17 WS4-3-

AS3. 

  



 

Figure 1  



 

Figure 2 



Figure 3 



Figure 4 



Figure 5 



Figure 6



 

Figure 7 



Figure 8 



Figure 9 



 

Figure 10 

 

 

 


	TAXONOMIC REVISION OF THE SOIL GENUS TRICHOCOLEUS (TRICHOCOLEUSACEAE, CYANOBACTERIA), INCLUDING FOUR NEW SPECIES FROM WHITE SANDS NATIONAL PARK, NEW MEXICO
	tmp.1731002329.pdf.lFJNv

