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SUMMARY

With global climate change, water scarcity threatens whole agro/ecosystems. The desert moss Syntrichia

caninervis, an extremophile, offers novel insights into surviving desiccation and heat. The sequenced S.

caninervis genome consists of 13 chromosomes containing 16 545 protein-coding genes and 2666 unplaced

scaffolds. Syntenic relationships within the S. caninervis and Physcomitrella patens genomes indicate the S.

caninervis genome has undergone a single whole genome duplication event (compared to two for P.

patens) and evidence suggests chromosomal or segmental losses in the evolutionary history of S. canin-

ervis. The genome contains a large sex chromosome composed primarily of repetitive sequences with a

large number of Copia and Gypsy elements. Orthogroup analyses revealed an expansion of ELIP genes

encoding proteins important in photoprotection. The transcriptomic response to desiccation identified four

structural clusters of novel genes. The genomic resources established for this extremophile offer new per-

spectives for understanding the evolution of desiccation tolerance in plants.

Keywords: Syntrichia, bryophyte, genome, desiccation tolerance, abiotic stress, comparative genomics,

transcriptomics.

INTRODUCTION

Increasing water scarcity and climate change loom over

efforts to improve global food security (Gosling and Arnell,

2016) and the need for more resilient crops has led to a

surge in interest in abiotic stress tolerance mechanisms

and extremophiles (Dhanker and Foyer, 2018). The search

for crop improvement strategies has drawn attention to

how plants prevent or repair cellular damage resulting

from dehydration. Vegetative desiccation tolerance (DT),

the ability to survive drying to �100 MPa and lower (Alpert

and Oliver, 2002), is rare in the vascular plants (Procter and

Pence, 2002), but less so in bryophytes (Wood, 2007).

To date, genomes have been published for six DT plants,

often termed resurrection plants: five angiosperms, Boea

hygrometrica (Xiao et al., 2015), Oropetium thomaeum

(VanBuren et al., 2018a), Xerophyta schlechteri (Costa

et al., 2017a), Lindernia brevidens (VanBuren et al., 2018b),

and Eragrostis nindensis (Pardo et al., 2020); and two lyco-

phytes, Selaginella tamariscina (Xu et al., 2018) and Selagi-

nella lepidophylla (VanBuren et al., 2018c). With such few

resurrection plant genomes available, it is difficult to iden-

tify a ‘genomic blueprint’ that characterizes a DT plant,

though the expansion of certain gene families, such as

those for early light-inducible proteins (ELIPs) and

late embryogenesis abundant (LEA) proteins, has been
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linked to the DT phenotype (Costa et al., 2016; VanBuren

et al., 2019).

It is thought that vegetative DT in the angiosperms

evolved via reprogramming of the genetic networks con-

trolling DT in seeds (Costa et al., 2017b), and thus the

capacity for DT may be present in the genomes of all

angiosperms. Because DT is an ancient trait (Oliver et al.,

2005), its associated features are difficult to identify in gen-

omes that are distant from the ancestral condition; thus,

there is a need to better characterize the genomic context

of DT in bryophytes. DT in bryophytes exhibits a high

degree of plasticity (Stark, 2017) and is best represented as

a ‘norm of reaction’ controlled by external and internal

environmental parameters (Sultan, 2000). A case in point is

the moss Physcomitrella patens; under standard equilib-

rium drying it can only withstand approximately �13 MPa

(Koster et al., 2010) but it can survive desiccation (to

�100 MPa and lower) if dried extremely slowly (Xiao et al.,

2018). The physiologically inducible DT of P. patens

approaches the desiccation-sensitive end of a gradient of

inducibility called the ‘continuum hypothesis of ecological

desiccation tolerance’ by Stark and Brinda, 2015. At the

opposite end of this gradient of inducibility are species

with a constitutive physiological (ecological) expression of

DT such as the desert moss Syntrichia caninervis (Stark

and Brinda, 2015), an important component of the biologi-

cal soil crusts of both North American and Asian dryland

ecosystems.

Here we report a chromosomal level assembly of the

genome of S. caninervis derived from a clonally propa-

gated female gametophyte. We developed this genomic

resource to better understand the ability of S. caninervis to

survive desiccation. One objective was to determine if

there is an underlying genetic structure to DT that can be

used to infer the evolution of this trait in land plants. To

address this aim, we performed a comparative analysis of

the S. caninervis and P. patens genomes, as well as a com-

prehensive analysis of gene families across the genomes

of several plant species. In the context of the genome, we

also characterized the transcriptomic response of S. canin-

ervis to abiotic stress events, with a focus on DT. Mapping

dominant patterns (DPs) of transcriptomic responses to the

genome revealed structural features and novel transcripts

that may have an important role in the ability of S. canin-

ervis to survive desiccation.

RESULTS

Chromosome level genome assembly

The estimated size of the S. caninervis genome assembly

was 331.83 Mb. It consisted of 2679 scaffolds with an N50/

L50 of 20.459 Mb and seven scaffolds with an N90/L90 of

6.845 Mb, with the longest scaffold at 37.3 Mb. The bulk of

the assembled genome consisted of 13 scaffolds, ranging

in size from 14.9 to 37.3 Mb in length (Table S1). As shown

in Figure S1, there was insufficient proximity ligation sig-

nal to join the remaining 2666 scaffolds (ranging in size

from 1 to 6.8 Mb in length) to the larger 13 scaffolds. The

2666 unplaced scaffolds were characterized as more

related to each other than to the 13 larger scaffolds and

exhibited a significantly higher read density (Figure S1).

The 13 larger scaffolds generated a 292.20 Mb smaller gen-

ome assembly (88% of the 331.83 Mb) that is considered

near chromosome scale, with the 13 scaffolds, hereafter

referred to as chromosomes, numbered according to size

(Table 1).

Genome annotation revealed a total of 25 030 gene

models in the 331.83 Mb genome that includes the 13

assembled chromosomes and the unplaced scaffolds;

16 545 gene models were annotated in the 13 chromo-

somes and 8486 gene models were annotated in the

unplaced scaffolds. In an attempt to establish the identity

of the unplaced scaffolds, the 8486 gene sequences in the

unplaced scaffolds were subjected to a BLASTn (E-value

1�25) search of the NCBI nt database and 6723 retrieved

significant similarity hits. The vast majority of the similarity

hits, 6324 (98.3%), were associated with bacterial genes

and only 105 (1.56%) exhibited similarity to plant-related

genes (Figure S2). The 105 plant-related genes were scat-

tered across 70 unplaced scaffolds with 81 of the 105 genes

(on 43 scaffolds) exhibiting significant similarity to Syn-

trichia chloroplast and mitochondrial genes deposited in

the NCBI database (Table S2). BLASTn searches using the

entire scaffold DNA sequences directly revealed only

Table 1 Statistics of Syntrichia caninervis genome assembly and
annotation

Feature Value

Genome assembly
Genome assembly size (without the 2666 scaffolds
considered to be non-S. caninervis DNA)

292.20 Mb

Number of chromosome level scaffolds 13
Longest chromosome 37.31 Mb
GC content 41.3%
Genome annotation
Repetitive regions in genome 53.6%
Number of predicted gene models (with isoforms) 17 202
Number of protein-coding genes 16 545
Mean transcript length (mRNA) 1513 bp
Mean coding sequence length 1251.2 bp
GC content of coding sequences 57.86%
Average number of exons per gene 4.86
Mean exon length 317 bp
Mean intron length 280 bp
Gene functional annotation
InterProScan 17 202
Gene Ontology 10 458
Transcription factors 542
With P. patens blast Hit 15 793
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partial sequence similarity for 445 scaffolds and only 226

generated partial sequence similarity to plant DNA

sequences. Transcriptomic analysis (RNA-Seq) revealed

that after trimming reads for adaptor and sequence quality,

90% (average of 30 million) mapped to the whole S. canin-

ervis genome (13 scaffolds and 2666 unplaced scaffolds)

giving an average genome coverage of approximately 89.

While 99% of the total reads (MAPQ > 20) mapped to the

13 chromosomes, only 1% mapped to the unplaced scaf-

folds (Table S3).

The 16 545 gene models located on the 13 chromo-

somes were identified as plant nuclear encoded protein-

coding genes that had an average coding sequence length

of 1513 bp. Only 25 (0.15%) of the predicted genes lacked

transcriptomic evidence, supporting the gene model, and

14 557 of the gene models (88%) had Annotation Edit Dis-

tance (AED) (Eilbeck et al., 2009) values of ≤0.3. Using

Benchmarking Universal Single-Copy Orthologs (BUSCO)

(Waterhouse et al., 2018), the genome annotation recov-

ered 403 orthologs of the 430 highly conserved core pro-

teins in the Viridiplantae, of which 379 (94%) were single-

copy genes and 24 (6%) were duplicated. We identified

56.05% of the assembly as repeat regions (Figure 1;

Table S4) composed of 25 identifiable repeat families. We

also identified 122 intact long terminal repeat (LTR) retro-

transposons within the assembly.

Of the 16 545 nuclear protein-coding genes predicted in

S. caninervis, 15 793 (95.4%) demonstrated at least partial

predicted protein sequence similarities (E-value < 1e�5) to

P. patens proteins and all were annotated with InterProS-

can domain/family information (Table S5). Gene Ontology

(GO) descriptions were also assigned to 10 458 of the S.

caninervis genes. The protein length distribution in S.

caninervis is comparable to that of P. patens, with slightly

fewer proteins longer than 500 amino acids identified in

the S. caninervis protein set. In addition, 290 tRNA, 150

snRNA, 20 microRNA, and 23 signal recognition particle

(SRP) genes were detected (Table S6).

Of the 16 545 coding genes, 2452 are located within tan-

dem repeats (Table S7) ranging from 2 to 15 genes. Of the

six longest tandem repeats (9–15 genes), three occur on

chromosome 4 and contain genes encoding protein

kinases involved in signaling; the remaining three of the

six longest tandem repeats occur on chromosomes 2, 6,

and 9. Several of the tandem repeats include tandem dupli-

cations, for example, the 15-gene LRR receptor-like serine/

threonine-protein kinase repeat contains three genes in

succession separated from a second array of 10 genes by

an unrelated two-gene spacer sequence.

The S. caninervis genome contains 35 ELIP genes, all of

which annotate to the PTHR14154:SF5 ELIP ID and of which

23 have the conserved chloral b-binding protein domain

(IPR022796). Of the 35 ELIP genes, 29 (83%) are in tandem

repeats (Table S8).

There are 51 LEA genes in the S. caninervis genome,

though one, Sc_g00795 on chromosome 12, has nine iso-

forms. Based on the presence of conserved LEA protein

domains, InterPro classified 25 of the LEA genes into six

families: two DHN (IPR000167), eleven LEA_2 (IPR004864),

one LEA_3 (IPR004926), one LEA_4 (IPR004238), nine

LEA_5 (IPR038956), and one SMP (IPR007011) (Table S9).

Of the remaining 26 LEA genes, three were annotated as

LEA-1 (D-29, D-34), nine were annotated as LEA-3 genes,

three in the LEA-5 gene family, two as LEA-14 genes, and

nine had no family designation. Overall, only 12 LEA genes

appear in tandem repeat configurations (Table S7), the lar-

gest consisting of five LEA-5 genes arranged in a direct

repeat on chromosome 11.

Chromosome 13 – the putative sex chromosome

Chromosome 13 is the largest of the chromosomes with

37.3 Mb. It has the smallest number of protein-coding

genes (386) and presents the largest percentage of LTRs of

all the chromosomes, including 483 Gypsy and Copia ele-

ments. Sequence analysis revealed the existence of an

approximately 700-bp sex-linked locus (Baughman et al.,

2017) annotated as part of Sc_g00229. The sequence,

which covers both introns and exons of Sc_g00229, is iden-

tical to the female allele of the locus and is 18% and 4%

divergent from the male allele in the intron and exon

sequences, respectively (Figure S3). The complete identity

match between the female allele of the sex-linked locus

and Sc_g00229 coupled with the absence of any other

locus in the S. caninervis genome with significant

sequence similarity to the female or the male alleles sug-

gests that chromosome 13 represents the non-recombining

female U chromosome.

Comparative genomics and gene family analyses

The intra- and interspecies collinearity comparison analy-

ses of the S. caninervis genome, using protein-coding

genes as anchors, revealed evidence for an ancestral poly-

ploidization of the genome. The intragenomic synteny

analysis (Figure 1; Table S1) determined strong syntenic

relationships between pairs of chromosomes with the

exceptions of chromosomes 1, 8, and 13. The strongest

syntenic pairings are between chromosomes 2 and 6, 3

and 5, 4 and 11, 7 and 9, and 10 and 12, indicating that at

least one polyploidization event had occurred in the evolu-

tion of the genome.

Ks frequency analyses between S. caninervis and P.

patens identified a predominant Ks peak at approximately

1.3 of duplicated syntelog pairs. The orthologous Ks peak

between S. caninervis and P. patens, corresponding to

their most recent common ancestor, was estimated at

approximately 1.0 (Figure 2(a).1), suggesting that the

whole genome duplication (WGD) event in mosses pre-

dated their divergence and is ancestrally shared by the two
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genomes. The fourfold degenerate transversion rate

(4DTv) frequency distributions for the paralogous (4DTv

peak approximately 0.43) and orthologous (4DTv peak

approximately 0.3) divergence levels (Figure 2(a).2) also

support this ‘shared WGD’ hypothesis.

The intergenomic synteny analysis between the gen-

omes S. caninervis and P. patens detected a total of 1003

syntenic blocks with 5412 gene pairs (Figure 2(b);

Table S10). There are clear syntenic relationships

between each of the S. caninervis chromosomes and sev-

eral of the chromosomes of P. patens (Figure 3). The

syntenic depth analyses can be summarized as a 1:2 pat-

tern (Figure 2(c)), which is consistent with the more

recent P. patens species-specific WGD event (Pp-WGD2;

Lang et al., 2018). In addition, we detected 16 genes in S.

caninervis that exhibited synteny with a maximum of

four genes in the P. patens genome (Figures 2(c), 3;

Table S10), corresponding to two successive WGDs in P.

Figure 1. Characteristics of the Syntrichia caninervis genome. Circos plot depicting the structural characteristic of the S. caninervis genome. From outer to

inner: The 13 scaffolds assembled into chromosomes; followed by GC content fluctuations in every 100-kb genomic region; LTR elements coverage as stacked

histograms (red, Copia; blue, Gypsy); tRNA genes; orphan genes not clustered with other land plants; and interchromosome genomic collinearity depicted by

connecting lines.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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patens and chromosomal or segmental losses in S.

caninervis.

Using the transcription factor (TF) family classification

schemes established in the PlantTFDB database (Jin et al.,

2017), we identified a total of 542 genes in 50 TF families

(Table S11) for the S. caninervis genome, in contrast to

1156 TF genes that have been reported for the P. patens

genome. A detailed comparison of the S. caninervis to P.

patens TF genes revealed a family-size ratio of 1:2 for the

majority of the TF families (Figure 4).

OrthoFinder2 (Emms and Kelly, 2019) assigned 321 783

(79%) of the input genes to 15 765 OGs across the 15 spe-

cies (Table S12). Of these, 4276 OGs had representative

genes from all 15 species. Gene family comparisons

revealed that significantly more S. caninervis OGs were

shared with the mosses P. patens (14 004 OGs) and Sphag-

num fallax (12 573 OGs) than with other species. Syntrichia

caninervis had the smallest number of species-specific

OGs (4) and the species-specific OGs contained fewer

genes on average (19) than similar families in other species

(Table S12). The S. caninervis genome contained 1526

highly divergent or species-specific ‘orphan genes’ that

could not be clustered into any OG, 686 (45%) of which

could not be assigned a GO ID (Figure 1 and Table S13). Of

the 17 most frequently occurring GO biological process IDs

in the orphan gene set, nine were found to significantly

exceed (P < 0.001) their expected mean occurrence based

on bootstrapped subsamples from the whole genome

gene set (Table 2). Included in the orphan genes that have

been ascribed a function are three of the 35 ELIP genes

(Sc_g00945, Sc_g04799, and Sc_g15046) as well as a genes

encoding antioxidant enzymes, P450 proteins, kinases (in-

cluding three LRR receptor-like serine/threonine-protein

kinases, one of which is located in the 15-gene tandem

repeat), heat shock proteins, and several ethylene-respon-

sive TFs.

Figure 2. Comparative genomics between S. caninervis and P. patens. (a) Comparison of the genomes of S. caninervis and P. patens showing the frequency dis-

tributions of (1) syntenic paralogous and orthologous synonymous substitutions per synonymous site (Ks) and (2) fourfold degenerate transversion rate (4DTv).

(b) Dot plot graph for genome synteny comparison revealed shared genome duplication in Syntrichia caninervis and Physcomitrella patens. A major syntenic

relationship of 1:2 of Syntricha caninervis to Physcomitrella patens was observed, whereas two chromosomes (Chr1 and Chr8) revealed 1:4 syntenic relation-

ships with Physcomitrella patens. (c) Synteny depth analyses between Syntrichia caninervis (Sc) and Physcomitrella patens (Pp) genomes. Refers to the number

of times a genomic region is covered by synteny blocks against another genome. Syntenic depth of the Syntrichia caninervis genome for each Physcomitrella

patens gene (left) and in the Physcomitrella patens genome for each Syntrichia caninervis gene (right).

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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Gain, loss, expansion, and contraction of ELIP and LEA

gene family members were assessed in OGs (Table S14).

Of the 35 ELIP genes in the S. caninervis genome, five

were classified as orphan genes and the remaining 30

could be assigned to two different OGs, 29 to OG0000141,

and three to OG0009798 (Tables S9, S14). Within the 51

Figure 3. Intra- and interspecies genomic synteny comparisons with Physcomitrella patens. The syntenic comparison depicts the shared Bryopsida-wide w
duplication (highlighted in yellow) of the postulated seven ancestral chromosomes, followed by two chromosome losses in S. caninervis and a more recent

WGD event in P. patens (denoted as Pp_WGD2). Colored lines track intragenomic synteny within the Syntrichia caninervis genome; gray lines track the inter-

species synteny between the Syntrichia caninervis and Physcomitrella patens genomes. Insert depicts the areas where the Pp_WGD2 event resulted in syntenic

depth relationships of 1:4 between a number of regions between the two species.

Figure 4. Comparison of transcription factor families in the Syntrichia caninervis and Physcomitrella patens genomes. The upper panel of the graph details the

number of transcription factors (y-axis) in each transcription factor gene family (x-axis); blue columns indicate Syntrichia caninervis transcription factor genes,

orange columns indicate Physcomitrella patens transcription factor genes. The lower panel details the ratio of transcription factor genes in Physcomitrella

patens versus transcription factor genes for Syntrichia caninervis in each transcription factor family. Most transcription factor families are represented by fewer

genes in S. caninervis than P. patens. And family size ratios were around two, in parallel with the recent P. patens species-specific WGD event.

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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LEA genes, two were classified as orphan genes and the

remaining 49 LEA genes were assigned to 25 different OGs

(Tables S10, S14). The genes in the main ELIP OG,

OG0000141, are present in the genomes of 13 of the 15

species utilized in the OG analysis (Table S14). Within the

25 OGs that LEA genes of S. caninervis populate, only two

contain significant numbers of genes from S. caninervis:

OG0000714 (nine) and OG0000931 (eight) (Table S14). Nine

of the 15 genomes analyzed contained LEA genes in

OG0000714, and only the species that can acquire DT

under certain conditions have significant numbers of

genes within this OG. Of those species that exhibit vegeta-

tive DT, only S. lepidophylla (a DT lycophyte) has LEA

genes that fall within OG0000714. The genomes from all 15

species have genes that are contained within OG0000931

but there is no relationship between the number of genes

in this OG and the DT phenotype of the plants (Table S14).

Transcriptomic analysis identifies stress response

signatures

A total of 11 113 transcripts (representing 67% of the pro-

tein-coding genes) exhibited significantly altered abun-

dance levels (P < 0.05) in the treated (stressed) samples in

comparison to the abundance levels in the hydrated con-

trol samples grown at 20°C. Of the 11 113 transcripts, 6994

increased in abundance, 7011 decreased in abundance,

and 2842 increased in one stress condition but declined in

another (Table S14 and Figure S4). Individual environmen-

tal stresses varied in their impact on transcript abundance.

Mapping the responsive transcripts for each individual

stress treatment did not reveal any recognizable clustering

pattern of stress-responsive genes within the genome.

Of the transcripts representing the 35 ELIP genes in the

S. caninervis genome, 16 accumulated significantly in

response to slow drying and two declined in abundance in

comparison to the hydrated controls (Tables S9, S15). Only

one ELIP transcript (Sc_g02119 on Chr12) accumulated in

response to rehydration and one transcript for Sc_g10331

on Chr6 accumulated in response to the cold treatment. Of

those ELIP transcripts that responded to either elevated

temperature or heat shock, all exhibited a significant

decline compared to hydrated controls.

The alteration in the abundance of LEA protein tran-

scripts exhibited a more complex pattern (Tables S9, S15).

Transcripts for 26 of the 51 LEA genes significantly

increased in abundance during slow drying and one

(Sc_g13301 on Chr4) declined. Only one of the two genes

annotated as dehydrins, dehydrin 5 (Sc_g01426 on Chr12),

responded to dehydration. Transcripts for 18 LEA genes

increased in abundance during rehydration, and all but

one (Sc_g04910 on Chr10) also increased in abundance

during drying. Only two LEA protein transcripts,

Sc_g00802 on Chr12 and Sc_g10451 on Chr6, increased in

abundance in response to the cold treatment; none

decreased in abundance during this treatment. Eight LEA

protein transcripts increased and 18 decreased in abun-

dance in response to the elevated temperature treatment

and 14 increased and 10 decreased in abundance in

response to the heat shock treatment. Of the LEA genes

that were located in tandem repeats, transcripts for only

two genes, Sc_g03602 and Sc_g03607, within the largest

LEA gene (encoding em-like protein GEA1) repeat exhib-

ited significant changes in abundance in response to the

stress treatments (Table S16).

The abundance of transcripts derived from the genes

that are situated within the six longest tandem repeats

exhibited significant changes in response to the abiotic

stress treatments but not all transcripts for each gene

within the repeat respond in the same fashion (Table S16).

As an example, in the largest ELIP gene tandem repeat on

chromosome 12, only transcripts from three of the eight

genes exhibited significant changes in abundance levels in

response to the stress treatments (Sc_g20118, Sc_g20119,

and Sc_g20120). All three genes exhibited an increase in

abundance during slow drying and decreased in abun-

dance in response to the elevated temperature treatment.

Table 2 Gene Ontology biological functions significantly overrepresented in the set of Syntrichia caninervis genes lacking clear orthologs in
the other plant genomes investigated (t-test; P < 0.001)

Gene Ontology biological
function ID Description

Bootstrap occurrence
mean

95% confidence
interval

Occurrences in
orphan set

P:GO:0006468 Protein phosphorylation 81.423 80.87238–81.97362 102
P:GO:0006508 Proteolysis 30.856 30.51288–31.19912 36
P:GO:0006457 Protein folding 12.587 12.36977–12.80423 22
P:GO:0009651 Response to salt stress 10.304 10.10903–10.49897 21
P:GO:0042542 Response to hydrogen peroxide 5.815 5.665726–5.964274 17
P:GO:0009408 Response to heat shock 7.492 7.327433–7.656567 17
P:GO:0051259 Protein complex oligomerization 4.488 4.357918–4.618082 16
P:GO:0006511 Ubiquitin-dependent protein

catabolic process
8.272 8.091566–8.452434 12

P:GO:0006486 Protein glycosylation 8.036 7.865262–8.206738 12

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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Transcripts for Sc_g20119 increased in abundance during

rehydration and two declined in response to heat shock

(Sc_g20118 and Sc_g20119).

DP analysis generated 11 DPs (Figure 5) from the subset

of 3972 transcripts that were changed in abundance in at

least one treatment, relative to the hydrated control

(Table S17). Five of the 11 DPs exhibited co-response pat-

terns in transcript abundance levels associated with a sin-

gle stress treatment. Pattern DP2 (244 transcripts)

exhibited increased transcript abundance predominantly

associated with desiccation; DP10 (93 transcripts) exhibited

increased transcript levels predominantly associated with

rehydration; DP11 exhibited reduced transcript abundance

predominantly associated with desiccation, and two pat-

terns, DP5 (497 transcripts) and DP7 (452 transcripts),

exhibited increased transcript levels predominantly associ-

ated with elevated temperatures, both 30°C and 35°C. The
remaining seven DPs exhibited transcript sets that accumu-

lated or declined (e.g., DP6) across several stresses. None

of the patterns generated in this analysis indicated a speci-

ficity of a transcript abundance response associated with

the 4°C treatment.

The 244 transcripts that constitute the desiccation-asso-

ciated pattern DP2 include 16 of the 26 LEA gene tran-

scripts, but only two of the 16 ELIP gene transcripts that

accumulate in response to drying (Tables S8 and S18). A

transcript encoding a LRR receptor-like serine/threonine-

protein kinase, although not a member of the 15-gene tan-

dem repeat, is also represented in DP2. Transcripts encod-

ing two dehydration-responsive element binding proteins,

four E3 ubiquitin-protein ligases, and three TFs are also

members of this group. The collection of transcripts that

constitute the rehydration-associated pattern DP10 is char-

acterized by transcripts from three aldehyde oxidase

genes, three cytochrome P450 protein transcripts, and

three ethylene-responsive TFs (Table S19). This group also

includes two of the LRR receptor-like serine/threonine-pro-

tein kinase transcripts, one of which is present in the large

tandem repeat. The DP11 pattern, a collection of transcripts

that exhibit a significant decrease in abundance in

response to dehydration, is noteworthy for the inclusion of

three TF transcripts (bHLH49-like, TFIIIA, and HEC2-like)

(Table S20). Both DP5 and DP7 exhibited increased tran-

script abundance levels associated with elevated tempera-

tures and included transcripts from several heat shock

genes, primarily for low-molecular weight heat shock pro-

teins (17 to 18.1 kDa range), and other chaperone proteins,

as well as transcripts encoding protein components of the

proteasome (Tables S21 and S22).

The transcripts associated with desiccation, DP2 and

DP10, did not exhibit a recognizable genomic architecture

but rather are dispersed across all 12 autosomes of the

genome (Figure 6(a,b)). However, the ‘island’ analysis

revealed four regions for DP2 where desiccation-

responsive transcripts map within close proximity to each

other (as indicated on the Circos plot for DP2 in Fig-

ure 6(a)). The four physical clusters, each containing three

identical genes, are located on chromosomes 2, 9, 10, and

11 (Figure 6(a)). The chromosome 2 cluster was annotated

as SALP1; the chromosome 9 cluster encodes a predicted

rubredoxin; the chromosome 10 cluster encodes a pre-

dicted Golgi membrane protein; and the chromosome 11

cluster encodes a predicted phosphokinase of the thre-

onine family (Table S23).

DISCUSSION

The 331.83-Mb genome of the haploid gametophyte of the

DT moss S. caninervis is likely to be overestimated in size

as the unplaced scaffolds (39.63 Mb) in the assembly likely

contain non-moss DNA. This is based on higher read den-

sity; the lack of any linkage of these scaffolds with the 13

large scaffolds that constitute the rest of the genome; the

lack of sequence similarity of the gene models mapped to

the unplaced scaffolds with known plant genes; the low

percentage of RNA-Seq reads that map to the unplaced

scaffolds; and the below 19 coverage of the RNA-Seq

reads that do map to the unplaced scaffolds. These attri-

butes and the fact that the scaffolds were more closely

linked to each other indicated that they were not associ-

ated with the S. caninervis genome and were likely con-

taminants derived from other organisms associated with

the cultured plants, possibly symbionts as there were no

obvious contaminants in the cultures. It is clear, however,

that the 13 large assembled scaffolds represent the mini-

mum size of the S. caninervis genome and are of a size

and quality that suggests they represent 13 chromosomes.

Although the genome size for S. caninervis has not been

estimated using flow cytometry, 292.2 Mb is within the

range of genome sizes for mosses (Voglmayr, 2000). We

generated a high-quality annotation of the 16 545 protein-

coding genes contained within the S. caninervis genome,

which is almost half of the number, 35 307, in the genome

of P. patens (Lang et al., 2018), presumably because the P.

patens genome has undergone a more recent WGD.

Of the S. caninervis genome, 56% is composed of repeat

elements, nearly identical to the 57% repeat element esti-

mate for the genome of P. patens (Lang et al., 2018). Unlike

most plant genomes where LTR-Gypsy retrotransposons

are the most abundant type, unknown repeat elements

were the most abundant (65.8%). The LTR-Gypsy and

Copia repeat families comprise 7% and 3.4% of the S.

caninervis genome, respectively, in comparison to 47.9%

and 3.5% in the P. patens genome, indicating a significant

expansion of Gypsy family elements in P. patens (Lang

et al., 2018). These differences in repeat structures between

the two genomes might be related to the species’ differ-

ences in habitat and stress tolerance, perhaps indicating

repeats act as a source of regulatory elements (Hollister

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
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Figure 5. Overview of the dominant patterns (DPs) of transcript abundance in each stress treatment and the hydrated control. General tendency and average

log2 transformed abundance of transcripts at each stress. This analysis shows the maximum accumulation of transcripts at different stresses, indicating the

stress specificity of the transcript abundance changes. H, hydrated control (dark green); D, dry (brown); R, rehydrated for 30 min (light green); C, 4°C for 90 min

(blue); 30, 30°C for 90 min (yellow); 35, 35°C heat shock for 90 min (red).
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et al., 2011), but such nuances were not a part of our

analyses.

The size of the 13 largest scaffolds coupled with the use

of HiC lead us to conclude that each scaffold represents a

chromosome in the S. caninervis genome. A chromosome

count of 13 for S. caninervis is consistent with chromo-

some counts for Syntrichia reported in the Chromosome

Counts Database (CCDB http://ccdb.tau.ac.il/). We conclude

that chromosome 13, the largest chromosome, is the

female sex chromosome based on the presence of the 700-

bp sex-linked locus previously reported for this moss

(Baughman et al., 2017) and its singular topology amongst

the rest of the chromosomes (low gene number and high

LTR content).

The S. caninervis genome has retained in large part the

characteristics of the hypothesized seven ancestral moss

chromosomes (Rensing et al., 2012; Lang et al., 2018), as

evidenced by the genomic synteny analyses. The syntenic

blocks mapped within the S. caninervis genome exhibit

clear evidence of the WGD event that occurred early in the

evolution of mosses, termed WGD1 (Lang et al., 2018) or w

duplication event (Gao et al., 2020). Accepting the hypothe-

sis that the ancestral moss had seven chromosomes (Rens-

ing et al., 2012), it appears that subsequent to the WGD,

large segments of chromosomes 1 and 8 were transposed

or lost from the lineage to generate the 12 autosomes. The

origin of the sex chromosome, chromosome 13, may have

occurred after the WGD event as there is no evidence for

its derivation from either chromosome 1 or 8 (no syntenic

blocks). However, there is one small area of synteny

between chromosome 13 and chromosome 5 of P. patens

which may indicate an earlier derivation. The loss of one

ancestral chromosome for P. patens and the loss of two

ancestral chromosomes for S. caninervis during the WGD1

(or w) event would explain the two syntenic depth ratios of

1:2 and 1:4. Although some chromosome rearrangements

could be discerned, the S. caninervis genome in large part

retains the characteristics of the ancestral moss genome.

Earlier studies suggest gene retention following WGD is

biased for different gene functional categories (Van der

Peer et al., 2017). Unlike most genes that tend to return to

single-copy status following WGD, transcription regulatory

Figure 6. Genome mapping of genes represented by transcripts in dominant patterns DP2 (a) and DP10 (b). Circos plot depicting the chromosomal locations for

the genes represented by transcripts that are grouped in dominant patterns DP2 (a) and DP10 (b). (a) Transcript abundance profiles for genes that cluster in the

desiccation-associated pattern DP2 derived from the 3972 genes that are differentially expressed in at least one treatment. The location of the physical clusters

(islands) identified in DP2 are depicted in the center of the Circos plot. (b) Transcript abundance profiles for genes that cluster in the rehydration-associated pat-

tern DP10 derived from the 3972 stress-related differentially accumulating transcripts. For both (a) and (b) circus plots, from outer to inner layers: chromosome,

connecting lines for each gene to its chromosomal position, transcript abundance for the hydrated control treatment at 20°C, transcript abundance after desicca-

tion to equilibrium at 67% relative humidity, transcript abundance after rehydration from the desiccated state for 30 min at 20°C, transcript abundance after cold

treatment for 90 min at 4°C, transcript abundance after elevated temperature for 90 min at 30°C, and transcript abundance after heat shock for 90 min at 35°C.
Key: heat map of log2 transformed transcript abundance levels from blue (2) to red (16) in the indicated treatments.
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genes are biased towards being retained and gaining novel

functions (Li et al., 2016). We predicted 542 TF genes in 40

gene families (Table S9), which contrasts with 1156 TF

genes in the P. patens genome (1:2 ratio). In the S. canin-

ervis genome, five genes represent an intact HSF DNA

binding domain TF family, whereas in P. patens 16 TFs rep-

resent the HSF DNA binding domain family. This indicates

that for these genes there is a syntenic relationship of 1:4

and as such one would expect 20 of the HSF TFs in P.

patens. We can thus hypothesize that one member of the

functional HSF TF family was lost in P. patens. In addition,

we determined that 29 TF genes were located in tandem

repeat clusters in the S. caninervis genome and 128 in the

P. patens genome, indicating that tandem duplications also

contribute to the expansion of TF gene families.

Our analysis revealed 1526 orphan genes unique to S.

caninervis, at least within the limits of available genomes,

which are likely to reflect species-specific genetic require-

ments for unique functions or control elements as pro-

posed by Khalturin et al. (2009). Orphan genes can be

derived in several ways, including gene duplication or hori-

zontal gene transfer followed by sequence divergence (Van

Oss and Carnuvis, 2019), and perhaps reflect unique and

strong evolutionary pressures imposed upon a species as

it adapts to new environments. The observation that many

of the orphan genes of S. caninervis encode proteins that

have documented roles in abiotic stress tolerance mecha-

nisms lends some credence to the assertion that many

orphan genes arise from environmentally driven selective

factors, as suggested by Arendsee et al. (2014).

ELIP proteins are thought to act as photoprotectants by

binding to chlorophylls and carotenoids (Adamska et al.,

1999), protecting them from the damage associated with

high light and desiccation. The elevation of ELIP transcript

abundance, along with an expansion of ELIP genes within

the genome, is currently considered a genomic signature

of DT plants (VanBuren et al., 2019). The S. caninervis gen-

ome has 35 ELIP genes, well above the 10-gene threshold

that delineates the lower limit of expansion in DT plants

(VanBuren et al., 2019). Of the 35 ELIP genes in S. canin-

ervis, 29 are captured in the ELIP OG, OG0000141, which is

characterized by ELIP gene expansion in all but one of the

DT plant genomes used in the analysis. The one exception

is for the DT grass O. thomaeum, which is likely due to its

distant evolutionary relationship to the other species in the

OG analysis. Notably, 16 of the 35 S. caninervis ELIP genes

are characterized by an increase in transcript abundance

during desiccation and two of the ELIP genes are also rep-

resented in DP2, which associated with the desiccation

response of the moss. The majority of the ELIP genes (29)

are situated within eight tandem repeats located on four

chromosomes. However, only some members of each

repeat were characterized by an increase in transcript

abundance in response to desiccation and so it is unlikely

that this structural aspect of ELIP genes within the genome

is critical to the DT response.

The LEA proteins are diverse in both form and function,

but all are hydrophilic proteins thought to protect various

cellular components and are associated with DT in both

seeds and vegetative tissues (Oliver et al., 2020). Although

S. caninervis has 51 LEA genes, this is neither an expansion

(Arabidopsis has 81 LEA genes) nor an indication of a vege-

tative DT phenotype (Oliver et al., 2020). However, of the 51

LEA genes in the S. caninervis genome, 26 are characterized

by an increase in transcript abundance during desiccation

and 16 of the 26 are represented by transcripts in DP2. Only

12 of the LEA genes are situated within tandem repeats and

only some members of each repeat were characterized by

an increase in transcript abundance in response to desicca-

tion. So again, it is unlikely that this structural aspect of the

LEA genes in the genome can be ascribed to have an influ-

ence on the DT response of the moss.

The magnitude of the S. caninervis transcriptomic

response to an abiotic stress event is similar to that of most

plants (Hruz et al., 2008; Dash et al., 2012), with perhaps the

exception of the response to exposure to 4°C. Clearly 4°C is

not a severe stress for this desert moss. As seen in many

studies of transcriptomic responses to abiotic stress, there

is crosstalk between the responses to individual stresses

(Tahmasebi et al., 2019). Almost 36% of the differentially

accumulated transcripts were present in at least two treat-

ments (3972 of 11 113 transcripts). Each of the stress treat-

ments, with the exception of the 4°C treatment, resulted in

complex changes in the transcriptome with anywhere from

4880 (slow drying) to 8118 (heat shock) transcripts signifi-

cantly departing from abundance levels seen in the control

hydrated plants at 20°C. Changes in transcript abundance,

at least with regard to the response to desiccation, may be

determined by changes in mRNA stability through seques-

tration in messenger ribonucleoprotein particles (mRNPs)

as previously demonstrated for Syntrichia ruralis (Wood

and Oliver, 1999). Mapping of the differentially accumulat-

ing transcripts for each treatment to the genome of S.

caninervis did not indicate any structural signature that

would indicate an evolutionary blueprint for the stress

responses that were investigated.

However, the clustering of the transcript data to reveal

DPs of alterations in transcript abundance during the stress

treatments reduced the complexity of the transcriptome

data and helped to frame them in the context of the gen-

ome. The DP5 and DP7 heat and heat shock patterns,

where transcript abundance likely reflects transcriptional

activity, highlight the increase in abundance of heat shock

proteins, chaperones, and proteins involved in protein

homeostasis, all of which are commonly associated with

the response to elevated temperatures and heat shock

(Richter et al., 2010; Xu and Xue, 2019). Similarly, the des-

iccation pattern, DP2, highlights transcripts that are
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commonly associated with plant desiccation responses,

including ELIPs, LEAs, and ABA signal transduction path-

ways (Oliver et al., 2020). Transcripts encoding proteins

critical for protein homeostasis (E3 ubiquitin-protein

ligases) are also highlighted in DP2, indicating the proba-

ble denaturation of proteins during desiccation; thus, it is

likely that these transcripts are required during the initial

stages of rehydration. The rehydration pattern DP10 fea-

tures transcripts encoding aldehyde oxidase, which is

known to detoxify toxic aldehydes that are produced dur-

ing stress (Srivastava et al., 2017), indicative of metabolic

damage incurred during desiccation (38). The stressful

aspect of rehydration from the dried state could also be

reflected in the increased abundance of ethylene-respon-

sive TF transcripts, which are often involved in abiotic and

biotic stress responses as ethylene is generated from cellu-

lar damage (Singh et al., 2002). The rehydration pattern

also includes transcripts of P450 94A2 proteins, which are

implicated in fatty acid metabolism (Pinot and Beisson,

2011) and are an important aspect of membrane repair dur-

ing rehydration.

The functional aspects of the DPs of transcript abun-

dance did not reveal co-localization of any of the co-regu-

lated genes. However, using the method of Pecrix et al.

(2018), we uncovered four interesting sets of genes that

appear to be important in the desiccation response (in

DP2) and that perhaps accumulate transcripts during dehy-

dration in a location-dependent manner or reflect a strong

evolutionary signal that is important to the DT phenotype

in this moss. SALP1 is a plasma membrane protein that

may be involved in osmoregulation (Yuan et al., 2016) and

indicates an important role for membrane transport in the

response to desiccation. Rubredoxin is a small redox-re-

sponsive chloroplast protein involved in the assembly of

Photosystem II (Kiss et al., 2019) and may serve as an elec-

tron carrier in ROS scavenging mechanisms (Sewelam

et al., 2016). The Golgi apparatus membrane protein TVP15

is involved in membrane trafficking (Inadome et al., 2007)

that might impact membrane stability during drying and

rehydration. Finally, one of the phosphokinases annotates

as an LRR receptor-like serine/threonine-protein kinase

belonging to a group of receptor-like kinases, which have

been implicated in adaptation to environmental stresses

(Liang and Zhou, 2018). The expression of these four genes

increases during dehydration in a location-dependent man-

ner and this may reflect a strong evolutionary signal that is

important to the DT phenotype in this moss.

METHODS

Syntrichia caninervis cultures

Shoots of S. caninervis Mitt., free of visible algae and bac-

teria, were grown in the Stark lab at the University of

Nevada, Las Vegas. The shoots originated from a single

specimen collected in the Mojave Desert and vouchered in

the UNLV herbarium (Stark NV-107 [UNLV-B-0003271],

USA, Nevada, Clark County, Newberry Mts, Christmas Tree

Pass). This specimen is female and was selected for its

healthy appearance and sustained growth under culture

conditions. The shoots were grown on sterile fine sand col-

lected locally near Las Vegas (pH neutral, sieved at

500 µm), and watered on alternating weeks with sterile dis-

tilled water and with a 30% inorganic nutrient solution

(Hoagland and Arnon, 1950). Cultures were placed in a

growth chamber set to a 12-h photoperiod (20°C light, 8°C
dark), at approximately 90 µmol m�2 s�1 photosyntheti-

cally active radiation (PAR). The single clonal line used for

genome sequencing had been sub-cultured and grown to

maturity through at least three asexual generations.

Several gametophytes from the original clonal line were

used to expand and establish subcultures for generating

sufficient material for isolation of RNA both for the genera-

tion of a full-length transcriptome (described later) to aid

in the annotation of the genome and for the construction

of transcriptome libraries for transcript abundance studies

(RNA-Seq). These cultures were grown under identical con-

ditions as described for the original clone; however, the

sterile sand used was collected from a dune near Moab,

Utah and had a different composition from that collected

in Nevada; 93.9% sand, 5.5% silt, 0.6% clay with a pH of 8.4

and the light was at 100 µmol m�2 s�1 PAR. Expansion of

the cultures was achieved by isolating individual shoots

following branching and by fragment regeneration.

Genomic DNA isolation and Chicago library preparation

and sequencing

Genomic DNA isolation, library preparation, sequencing,

and assembly were conducted by Dovetail Genomics

(Scotts Valley, CA). To isolate genomic DNA, 1–2 grams of

flash frozen gametophytes was ground to a fine powder in

a mortar and pestle chilled with liquid nitrogen. The

ground material was incubated in 20 ml of CTAB buffer

(2% CTAB, 1.4 M NaCl, 100 mM Tris pH 9.5, 20 mM EDTA,

1% PVP-40, 1% PEG 8000, 0.5% BME) at 68°C for 15 min.

The extraction was clarified by centrifugation at 10 000 9g,

and the supernatant was extracted with equal volumes of

phenol/chloroform (1:1) followed by chloroform:iso-amyl

alcohol 24:1 (v/v). High-molecular weight genomic DNA

was precipitated with isopropanol and resuspended in Qia-

gen Buffer G2 with RNAse A, and after incubation at 50°C
for 30 min, the DNA was purified using Qiagen Genomic-

tips as described by the manufacturer (Qiagen Waltham,

MA). The DNA was precipitated with isopropanol and

resuspended in TE.

A Chicago genomic DNA library was prepared as

described previously (Putnam et al., 2016). Approximately

500 ng of HMW gDNA (mean fragment length = 100 kb)

was isolated from hydrated S. caninervis gametophytes
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utilizing the Qiagen HMW DNA Isolation Kit (Qiagen,

Waltham, MA). The isolated DNA was reconstituted into

chromatin overnight at 27°C using the Active Motif

in vitro chromatin assembly kit (Active Motif, Carlsbad,

CA) and fixed with formaldehyde. Fixed chromatin was

digested with DpnII, the 50 overhangs were filled in with

biotinylated nucleotides, and the free blunt ends were

ligated. After ligation, crosslinks were reversed and the

DNA was purified from protein. Purified DNA was treated

to remove biotin that was not internal to ligated frag-

ments. The DNA was then sheared to approximately

350 bp mean fragment size and sequencing libraries were

generated using NEBNext Ultra enzymes and Illumina-

compatible adapters (New England Biolabs, Ipswich,

MA). Biotin-containing fragments were isolated using

streptavidin beads before PCR enrichment of each library.

The libraries were sequenced on an Illumina HiSeq plat-

form to produce 225 million 2 9 150-bp paired end

reads, which provided 144.99 physical coverage of the

genome (1–100 kb pairs).

HiC library preparation and sequencing

A Dovetail HiC library was prepared as described previ-

ously (Lieberman-Aiden et al., 2009). For each library, chro-

matin was fixed in place in the nucleus by incubation of

the gametophytes in 1% formaldehyde for 15 min under

vacuum. The fixed chromatin was extracted from the trea-

ted gametophytes using the DovetailTM Hi-C Kit (Dovetail

Genomics, Santa Cruz, CA) and digested with DpnII, the 50

overhangs were filled in with biotinylated nucleotides, and

then free blunt ends were ligated. After ligation, crosslinks

were reversed, and the DNA was purified from protein.

Purified DNA was treated to remove biotin that was not

internal to ligated fragments. The DNA was then sheared

to approximately 350 bp mean fragment size and sequenc-

ing libraries were generated using NEBNext Ultra

enzymes and Illumina-compatible adapters. Biotin-contain-

ing fragments were isolated using streptavidin beads

before PCR enrichment of each library. The libraries were

sequenced on an Illumina HiSeq platform to produce 247

million 2 9 150-bp paired end reads, which provided

39 587.89 physical coverage of the genome (10–10 000 kb

pairs).

De novo assembly of the S. caninervis genome

A de novo assembly was constructed using a combination

of paired end (mean insert size approximately 350 bp)

libraries. De novo assembly was performed using Meracu-

lous v2.2.2.5 (diploid mode 1) (Chapman et al., 2011) with

a kmer size of 109. The input data consisted of 430.8 mil-

lion read pairs sequenced from paired end libraries (total-

ing 129.3 Gbp). Reads were trimmed for quality,

sequencing adapters, and mate pair adapters using Trim-

momatic (Bolger et al., 2014).

Scaffolding the assembly with HiRise

The input de novo assembly, shotgun reads, Chicago

library reads, and Dovetail HiC library reads were used as

input data for HiRise, a software pipeline designed specifi-

cally for using proximity ligation data to scaffold genome

assemblies (Putnam et al., 2016). An iterative analysis was

conducted. First, Shotgun and Chicago library sequences

were aligned to the draft input assembly using a modified

SNAP read mapper (http://snap.cs.berkeley.edu). The sepa-

rations of Chicago read pairs mapped within draft scaffolds

were analyzed by HiRise to produce a likelihood model for

genomic distance between read pairs, and the model was

used to identify and break putative misjoins, to score

prospective joins, and to make joins above a threshold.

After aligning and scaffolding Chicago data, Dovetail HiC

library sequences were aligned and scaffolded following

the same method. After scaffolding, shotgun sequences

were used to close gaps between contigs.

Abiotic stress treatments

Dehydration (slow drying) was achieved by placing the

gametophytes in small wire baskets over saturated ammo-

nium nitrate (67% relative humidity) in a closed glass des-

iccator placed in the same incubator as the moss cultures

at 20°C. Under these conditions the gametophytes reach a

stable weight (equilibrium) at 6 h within the light period

(100 µmol m�2 s�1) of the day/night cycle. Rehydration

was achieved by placing the desiccated gametophytes in a

petri dish in the incubator at 20°C in the light and adding

sufficient distilled water to ensure full hydration. Heat

treatments were achieved by placing hydrated gameto-

phytes in small glass petri dishes, with only sufficient

water to maintain hydration, in a glass fronted incubator in

ambient light at the appropriate temperature, 30°C or 35°C,
for 90 min. Cold treatments, 4°C, were achieved by placing

hydrated gametophytes in small glass petri dishes, with

only sufficient water to maintain hydration, covered in wet

ice in ambient light for 90 min. After completion of all

treatments, including hydrated controls, the samples were

blotted to quickly remove surface water (when appropriate)

and flash frozen in liquid nitrogen for storage at �80°C
prior to processing.

RNA extraction and RNA sequencing

RNA was extracted using the RNeasy (Qiagen, Hilden, Ger-

many) kit with RLC buffer following the manufacturer’s rec-

ommended protocol. The RNA isolates were treated with

DNase1 and cleaned using the DNA-free RNA Kit (Zymo

Technologies, Irvine, CA). RNA quality was assessed by

use of a fragment analyzer (Advanced Analytical Technolo-

gies, Ankeny, IA) and the concentration was determined by

use of a Nanodrop Spectrophotometer (Thermo Fisher,

Waltham, Massachusetts). RNA libraries were created and
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individually bar-coded from 2.7 µg of template total RNA

utilizing the TruSeq RNA Sample Prep Kit (Illumina, San

Diego, CA) as described in the manufacturer’s recom-

mended protocol. Libraries were pooled in groups of 12

and sequenced (12 samples per lane) on an Illumina HiSeq

2500 ultra high-throughput DNA sequencing platform (Illu-

mina, San Diego, CA) at the DNA Core facility at the

University of Missouri, Columbia, MO, USA (https://dnac

ore.missouri.edu/HiSeq.html).

Full-length sequencing (IsoSeq) and de novo

transcriptome assembly

To identify as many transcripts as possible in S. caninervis,

high-quality RNA was extracted from S. caninervis submit-

ted to seven different conditions: hydrated, 4°C for 90 min,

30°C for 90 min, 35°C for 90 min, slow dried at 67% relative

humidity, rapid dried over activated silica gel (equilibrated

after 30 min), and slow-dried rehydrated for 30 min. The

RNAs were pooled for subsequent amplification. Barcoded

SMRT libraries were prepared and sequenced on the Pac-

Bio platform with X SMRT cells by Novogene Corporation

Inc. (Sacramento CA), yielding 328 566 consensus reads.

Sequence reads were processed using IsoSeq3 (https://

github.com/PacificBiosciences/IsoSeq3). Each transcript

length was selected ranging from 300 to 15 000 bp. A large

portion (255 292; 78%) of reads were classified as full-

length based on the presence of bar-coded primers and

polyA tails. IsoSeq3 cluster process yielded 17 431 high-

quality isoforms. These high-quality isoforms were used to

improve the de novo S. caninervis transcriptomics on Trin-

ity (Grabherr et al., 2011) and the genome annotation train-

ing. The sets from the high-quality single end Illumina

RNA-Seq library described above were aligned to the

unmasked S. caninervis genome using HISAT2 (Kim et al.,

2015) and the bam file was used as input for Trinity using

the --genome_guide_bam flag. Default parameters were

used for Trinity for a genome guide run adding the IsoSeq

full-length transcripts to the --long_reads flag to produce a

high-quality de novo transcriptome assembly.

Repeat annotation

Repeat families found in the S. caninervis genome assem-

bly were first de novo identified and classified using the

RepeatModeler (v1.0.11) (http://www.repeatmasker.org/Re

peatModeler) and LTR_retriever (Ou and Jang, 2018)

(which was employed to identify intact LTRs) pipelines. We

removed de novo repeats from the LTR library that

matched known P. patens genes (BLASTn E-value < 1e�5).

The unclassified sequences were further curated based on

BLASTn comparison with the previously characterized

plant protein database (alluniRefprexp082813). We com-

bined our de novo library with the RepBase plant repeat

database (Bao et al., 2015) and used it as input into Repeat-

Masker (v4.0.7) to discover and identify repeats.

Genome annotation

The S. caninervis genome was annotated using MAKER

(2.31.8) (Cantarel et al., 2008) and the ab initio annotation

was performed using SNAP (Zaharia et al., 2011), Augustus

(Stanke and Moregenstern, 2005), and BRAKER (Hoff et al.,

2019) with two and one round of reiterative training,

respectively. In MAKER, the de novo transcriptome assem-

bly was treated as expressed sequence tag evidence and

protein sequences from Arabidopsis thaliana, Oryza sativa,

P. patens, and UniprotKB plant databases were used as

protein homology evidence. The custom LTR library, as

described above, was input as custom repeat database

along with the default protein repeat libraries in MAKER.

The initial iteration of the MAKER gene set was filtered for

gene models with an AED score equal to 0.25 and retained

only the gene models with more than 50 amino acids.

Genes were functionally classified using Blast2Go software

(Conesa and G€otz, 2008) to generate BLASTx high-quality

sequence matches and InterPro IDs.

Annotation of non-coding RNAs

Non-coding RNAs were predicted using various programs

and data sources. Transfer RNA genes were annotated using

the scan-SE (v2.0) algorithm (Lowe and Chan, 2016) with

default parameters (-E) to search for eukaryotic tRNAs. For

the detection of rDNA fragments in the genome assembly,

we used the Basic Rapid Ribosomal RNA Predictor pipeline

(Barrnap v0.9, https://github.com/tseemann/barrnap [Quast

et al., 2013]), a pipeline that uses nhmmer from the hmmer

package (v3.1b2) and the seed hmm profile constructed

using corresponding seed rRNA gene sequences in the Rfam

database (Release 14) with an E-value cutoff at 1e�6. The

resultant rDNA sequences were then further extended by

aligning (BLASTn E-value < 1e�5) against the genome. The

snRNA, miRNA, and SRP genes were predicted using

cmscan from the INFERNAL (http://infernal.janelia.org/) pack-

age (v1.1.2) to search against the Rfam database (Release 14)

with the family-specific gather threshold (--cut_ga) and fur-

ther filtered using the E-value cutoff at 1e�5.

Identification of tandem duplications and comparisons of

gene families

To identify local tandemly arrayed genes (TAGs), putative

paralogous genes were identified by all-by-all BLASTp with

an E-value cutoff value of 1e�5. Tandem duplicated gene

clusters were then identified by allowing no more than 10

spacer genes. To elucidate the overall distribution of gene

families among different plants (from algae to angios-

perms), we recruited 10 other sequenced plant genomes

for protein family clustering using OrthoFinder2 (Emms

and Kelly, 2019) with default parameters. We analyzed 15

genomes: (i) five genomes that exhibit vegetative DT

under most environmental conditions (S. caninervis,

© 2020 Society for Experimental Biology and John Wiley & Sons Ltd,
The Plant Journal, (2020), doi: 10.1111/tpj.15116

14 Anderson T. Silva et al.

https://dnacore.missouri.edu/HiSeq.html
https://dnacore.missouri.edu/HiSeq.html
https://github.com/PacificBiosciences/IsoSeq3
https://github.com/PacificBiosciences/IsoSeq3
http://www.repeatmasker.org/RepeatModeler
http://www.repeatmasker.org/RepeatModeler
https://github.com/tseemann/barrnap
http://infernal.janelia.org/


S. lepidophylla, L. brevidens, O. thomaeum, and Xerophyta

viscosa), (ii) three genomes that can acquire vegetative DT

under certain environmental conditions (Marchantia poly-

morpha, P. patens, and S. fallax), and (iii) seven genomes

from plants that have desiccation-sensitive vegetative tis-

sues but do have desiccation-tolerant propagules (seeds or

spores) (A. thaliana, O. sativa, Chenopodium quinoa,

Azolla filiculoides, Salvinia cucullata, Selaginella moellen-

dorffii, and Amborella trichopoda). The interspecies com-

parisons of specific sets of genes were conducted based

on the orthogroup clustering results.

Syntenic comparisons between genomes of S. caninervis

and P. patens

Syntelog anchors in the S. caninervis genome were identi-

fied using MCScanX (Wang et al., 2012). Protein sequences

of syntelog pairs were aligned using muscle v3.8.31 (Edgar,

2004) and back-translated into coding sequence alignments

using the pal2nal v14 script (Suyama et al., 2006). Ks values

were estimated for pairs of syntelogs using KaKs_Calculator

v2.0 (Wang et al., 2010) with the Goldman and Yang model (-

m GY) (Goldman and Yang, 1994). Similarly, Ks values of

one-to-one orthologous syntenic genes filtered by reciprocal

best BLAST hits between the S. caninervis and P. patens gen-

omes were also calculated. Then Ks frequency plots within

the range of [0.05,3] were generated and Ks peaks were ana-

lyzed using the kernel density estimation (KDE) function

implemented in R software. Additionally, frequency distribu-

tions for the paralogous and orthologous 4DTv values were

also calculated and analyzed.

Transcriptome analysis

Trim Galore (V0.4.1) (https://www.bioinformatics.babraha

m.ac.uk/projects/trim_galore/) was used to trim adapter

sequences and low-quality bases from the single end RNA-

Seq raw data. Trimmed sequences were mapped to the S.

caninervis genome using HISAT2 (Pertea et al., 2016). Tran-

script abundance levels (in read counts) were quantified

using HTseq (Anders et al., 2015) with 26 723 gene models

from S. caninervis provided as input. An average of read

count for each time-point was calculated from the mean

read counts of the three biological replicates. The statisti-

cal analysis was performed using R (R Core Team, 2017,

https://www.r-project.org), with Bioconductor packages

including edgeR (Robinson et al., 2010). Normalization and

differential analysis were carried out according to the

edgeR model and package.

DPs of transcript accumulation were identified as

described by Silva et al. (Silva et al., 2016). Briefly, differen-

tially expressed transcripts that occur in at least two differ-

ent treatments were selected if the read counts in a

specific treatment were significantly (P < 0.01, log2 fold--

change of 2) larger than the read counts for other treat-

ments. The extracted data sets of 3972 transcripts were

used to determine the DPs. DPs were generated by using

the function FANNY in the CRAN package cluster in R, and

a minimum Pearson correlation of 0.98 was used to evalu-

ate the number of clusters (K) choices from 1 to 20 with a

cutoff value for cluster membership of 0.4. The K choice

that yielded the greatest number of transcriptional mod-

ules was 11. An R script was used to locate clusters or ‘is-

lands’ of co-located and co-regulated genes (47).
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Figure S1. Link density histogram of the genome assembly for
Syntrichia caninervis. The x and y-axes give the mapping posi-
tions of the first and second reads in the read pair, respectively,
grouped into bins. The color of each square gives the number of
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read pairs within that bin. White vertical and black horizontal lines
have been added to show the borders between scaffolds. Scaf-
folds less than 1 Mb are excluded.

Figure S2. Taxonomic distribution of top BLASTn hits for gene
models located on the unplaced scaffolds. The pie chart repre-
sents the percent taxonomic distribution derived from the gene ID
information for the top hit for each of the 6324 positive hits from
the full 8486 gene models associated with the unplaced scaffolds.

Figure S3. Maximum likelihood tree showing the relationships
between male and female Syntrichia caninervis sequences from
an approximately 700-bp gene region located on scaffold 13. Uni-
gene 80515 from China (Gao et al., 2020) and SC_g00229_V2 are
inferred to be female based on the tree topology; the remaining
sequences were derived from ramets expressing male (n = 3) or
female (n = 2) gametangia.

Figure S4. Comparison of transcripts that significantly change in
abundance across treatments. (a) The comparisons of transcripts
across treatments that increase in abundance. (b) The compar-
isons of transcripts across treatments that increase in abundance.
Dark brown squares highlight the number of differentially accu-
mulating transcripts for treatment. Brown squares depict the num-
ber of differentially accumulating transcripts in the range of 2000
to 3000; tan squares 500 to 2000; light brown squares 50 to 100;
and beige squares between 0 and 50.

Table S1. Chromosome size and GC content for the Syntrichia
caninervis genome.

Table S2. Plant-related gene list for unplaced scaffolds.

Table S3. Mapping statistics and scaffold coverage for RNA-Seq
sequenced reads mapped to all scaffolds.

Table S4. DNA repeat families for the Syntrichia caninervis gen-
ome.

Table S5. Annotated gene list for the Syntrichia caninervis gen-
ome.

Table S6. Non-protein-coding gene list for the Syntrichia canin-
ervis genome.

Table S7. Tandem repeat gene lists with descriptions.

Table S8. Early light-inducible protein (ELIP) genes of Syntrichia
caninervis: annotation and transcript abundance profiles.

Table S9. Late embryogenesis abundant (LEA) genes of Syntrichia
caninervis: annotation and transcript abundance profiles.

Table S10. Syntenic blocks associated with each chromosome of
Syntrichia caninervis (intraspecies synteny) and between the chro-
mosomes of S. caninervis and Physcomitrella patens (Interspecies
synteny).

Table S11. Comparison of transcription factor genes and gene
families of Syntrichia caninervis and Physcomitrella patens gen-
omes.

Table S12. Orthogroup analysis for all 15 plant species including
Syntrichia caninervis.

Table S13. Annotated list of ‘orphan’ genes for Syntrichia canin-
ervis.

Table S14. Ortholog analysis for ELIP and LEA genes across 15
plant species.

Table S15. Differential transcript abundance profiles for slow-
dried, rehydrated, cold-treated, elevated temperature-treated, and
heat-shocked gametophytes of Syntrichia caninervis.

Table S16. Transcript abundance responses for genes included in
the top six tandem gene repeats within the genome of Syntrichia
caninervis.

Table S17. Log2 transformed transcript abundance for transcripts
that changed in abundance by a log2 fold-change of 2 from the

hydrated control level in at least one treatment: transcript subset
for dominant pattern analysis.

Table S18. Transcripts included in Dominant Pattern 2.

Table S19. Transcripts included in Dominant Pattern 5.

Table S20. Transcripts included in Dominant Pattern 7.

Table S21. Transcripts included in Dominant Pattern 10.

Table S22. Transcripts included in Dominant Pattern 11.

Table S23. Physical clusters (islands) of co-located and co-regu-
lated genes from the Dominant Pattern 2 transcripts.
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