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SUMMARY

Extreme dryness is lethal for nearly all plants, excluding the so-called resurrection plants, which evolved

vegetative desiccation tolerance (VDT) by recruiting genes common in most plants. To better understand

the evolution of VDT, we generated chromosome-level assemblies and improved genome annotations of

two Selaginella species with contrasting abilities to survive desiccation. We identified genomic features and

critical mechanisms associated with VDT through sister-group comparative genomics integrating

multi-omics data. Our findings indicate that Selaginella evolved VDT through the expansion of some stress

protection-related gene families and the contraction of senescence-related genes. Comparative analyses

revealed that desiccation-tolerant Selaginella species employ a combination of constitutive and inducible

protection mechanisms to survive desiccation. We show that transcriptional priming of stress

tolerance-related genes and accumulation of flavonoids in unstressed plants are hallmarks of VDT in Selagi-

nella. During water loss, the resurrection Selaginella induces phospholipids and glutathione metabolism,

responses that are missing in the desiccation-sensitive species. Additionally, gene regulatory network ana-

lyses indicate the suppression of growth processes as a major component of VDT. This study presents novel

perspectives on how gene dosage impacts crucial protective mechanisms and the regulation of central pro-

cesses to survive extreme dehydration.

Keywords: comparative genomics, inducible protection mechanisms, metabolomics, priming, Selaginella,

transcriptomic, vegetative desiccation tolerance.

INTRODUCTION

During the evolution of land plants, vegetative desiccation

tolerance (VDT) arose as an adaptation to survive the fluc-

tuations in water availability in terrestrial environments.

Thus, VDT represented an essential feature for the coloni-

zation of terrestrial environments by primitive plants from

a freshwater origin (Oliver et al., 2000). Later, plants

evolved into more morphologically complex systems, and

desiccation tolerance (DT) was lost in vegetative tissues

and confined to reproductive structures in the early evolu-

tion of tracheophytes (Alpert & Oliver, 2002; Oliver

et al., 2000). Vascular plant species exhibiting VDT belong

to diverse plant lineages that evolved this trait indepen-

dently (Marks et al., 2021). For this reason, some plant

adaptations to dry environments, including VDT, have

been previously described as convergent evolutive events

(Artur & Kajala, 2021).

Different lineages of resurrection species display com-

mon VDT mechanisms, including carbohydrate accumula-

tion, synthesis of compatible solutes, increased

antioxidant activity, and induction of stress-associated pro-

teins, among others (Farrant et al., 2007; Gechev et al.,

2021; Oliver et al., 2020). However, there is no unique strat-

egy to survive desiccation, and VDT can be considered a
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highly diverse and variable phenomenon. Plants that sur-

vive rapid water loss, such as desiccation-tolerant bryo-

phytes, possess a constitutively active protection strategy

(Proctor et al., 2007). In contrast, other plants require a

gradual water loss to induce protection mechanisms, as

observed in resurrection angiosperms (Giarola et al., 2017).

Moreover, ferns and lycophytes exhibit an intermediate

VDT strategy combining inducible and constitutive protec-

tion mechanisms (Alejo-Jacuinde & Herrera-Estrella, 2022).

Current knowledge indicates that the ability to survive des-

iccation implies a combination of shared protection mech-

anisms and species-specific responses. Indeed, some of

the protection mechanisms activated in resurrection spe-

cies represent common responses to water loss observed

in sensitive plants. In most plants, water loss triggers

responses to prevent cellular damage, including the pro-

duction of stress-protectant metabolites (e.g., proline), anti-

oxidant enzymes (e.g., peroxidases), and activation of the

abscisic acid (ABA) signaling pathway (Gupta et al., 2020;

Osakabe et al., 2014). However, several unresolved ques-

tions regarding key differences in the molecular response

between drought and desiccation exist. An important dif-

ference between desiccation-tolerant and sensitive plants

could be the level or kinetics of activation of these protec-

tion mechanisms. For instance, the expansion of the early

light-inducible proteins (ELIPs) gene family in the genomes

of resurrection species appears as an important feature for

the evolution of VDT (VanBuren et al., 2019). A higher dos-

age of genes encoding ELIPs in some resurrection

genomes leads to a higher combined expression during

water stress compared to closely related sensitive species

(Chávez Montes et al., 2022). Considering that most of the

genes involved in the protection mechanisms activated in

resurrection plants are also present in desiccation-sensitive

species (Costa, Artur, et al., 2017; Giarola et al., 2017; Hil-

horst et al., 2018), a central question in DT research is how

resurrection species activate VDT-expressing gene families

present in all plants.

Comparative analyses using phylogenetically related

species that differ in their ability to tolerate desiccation

represent an excellent approach to identifying the molecu-

lar basis of VDT. Among resurrection lineages, the Selagi-

nella genus is an ideal model system that includes closely

related desiccation-tolerant and sensitive species, allowing

suitable sister group comparisons. Here, we report the

assembly of the genomes of Selaginella sellowii (desicca-

tion tolerant) and Selaginella silvestris (desiccation sensi-

tive) to a chromosome-scale level. Sister group

comparisons at critical stages during water loss allowed

the identification of key responses and protection mecha-

nisms in the resurrection species that are absent in the

desiccation-sensitive species. Several differential

responses between desiccation-tolerant and desiccation-

sensitive Selaginella correspond to gene family

rearrangements. These findings strongly correlate with

transcriptomic, lipidomic, and metabolomic data, such as

significant differences in phospholipid and glutathione

metabolism. Additionally, gene regulatory network ana-

lyses identified several transcription factors (TFs) with a

central role as regulators during VDT. In general, VDT in

Selaginella involves a complex regulation to activate pro-

tection mechanisms and downregulate specific processes

to successfully adapt to extreme water loss.

RESULTS

Genome sequencing and chromosome-level genome

assemblies

The closely related species S. silvestris (sensitive) and S.

sellowii (tolerant) were selected for their contrasting abili-

ties to survive desiccation in their vegetative tissues (Fig-

ure 1; Video S1). For genome sequencing, DNA was

isolated from S. silvestris and S. sellowii individuals that

were previously clonally propagated under laboratory con-

ditions (Figure 1a). Genome heterozygosity for each spe-

cies was calculated by k-mer frequency distribution. The

level of heterozygosity was approximately 0.79% and

0.42% for S. silvestris and S. sellowii, respectively

(Figure S2). A total of seven distinct pipelines using differ-

ent assembly algorithms were evaluated to select the best

strategy to reconstruct Selaginella genomes. Results of

these analyses indicated that the MaSuRCA pipeline (Zimin

et al., 2017), which combines PacBio and Illumina reads,

produced the most contiguous and complete genome

assemblies for both Selaginella species. The following

steps to generate the genome reference for S. silvestris

and S. sellowii differed. Method S1 contains a detailed

description of the procedures performed for each Selagi-

nella species. The final Selaginella genomes showed high

genome contiguity with a scaffold N50 of 5.63 and 5.89Mb

for S. silvestris and S. sellowii, respectively (Figure 1b).

The genome GC content was calculated at 50.18% and

49.65% for S. silvestris and S. sellowii, respectively, similar

to the 49.59% GC content of their close relative S. lepido-

phylla. The two Selaginella genome assemblies were orga-

nized into ten pseudo-chromosomes ranging from 8.22 to

4.56Mb, showing high collinearity between the two

species (Figure 1c). The genomes generated in this study

significantly improved the proportion of complete and

single-copy BUSCOs compared to other available Selagi-

nella genomes (Figure S3). Contrary to previous studies in

Selaginella, the genome of the desiccation-sensitive S. sil-

vestris exhibited a slightly higher proportion of repetitive

sequences than the desiccation-tolerant S. sellowii (41.19%

and 38.89%, respectively). In both Selaginella species,

most of these repetitive sequences were annotated as long

terminal repeat (LTR) retrotransposons. Among LTR retro-

transposons, Gypsy elements were the most predominant
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class, spanning 21.55 and 19.95Mb of S. silvestris and S.

sellowii genomes, respectively.

Selaginella genomes were annotated using the

MAKER-P pipeline (Cantarel et al., 2008; Holt &

Yandell, 2011b), resulting in 19 063 and 17 406

protein-coding genes for S. silvestris and S. sellowii,

respectively. Predicted protein-coding genes for both spe-

cies yielded a more complete annotation than previously

reported Selaginella genomes (Figure 2a). Additionally,

annotation edit distance (AED), which is a metric of anno-

tation quality, indicates high congruence between evidence

and the predicted gene models: 95.27% and 95.57% of the

genes have an AED<0.5 in S. silvestris and S. sellowii,

respectively. Genes in S. sellowii had an average length of

1896.2 bp with a mean value of 6.3 exons, whereas the

average length in S. silvestris was 1799.8 bp with a mean

Figure 1. Strong similarity between Selaginella genomes and contrasting ability to survive desiccation.

(a) Photographs showing morphological differences between desiccation-sensitive S. silvestris and desiccation-tolerant S. sellowii.

(b) Assembly metrics for the Selaginella genomes generated in the present study.

(c) Macrosynteny showing high collinearity between the pseudo-chromosomes of S. silvestris (green) and S. sellowii (blue) using syntenic orthologs (MCScan

analysis).

(d) Explants of S. silvestris (top) and S. sellowii (bottom) exposed to desiccation and subsequent recovery. Photographs at specific intervals during dehydration

using MgCl2, and recovery stage at 4 and 12 h after rehydration. The complete dehydration-rehydration cycle is shown in Video S1.
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value of 6.1 exons. This difference is also observed in their

predicted proteomes, S. sellowii possesses slightly larger

proteins than the desiccation-sensitive S. silvestris (an

average of 431.7 compared to 417.6 amino acids,

respectively).

Genomic features potentially associated with VDT

Homology analysis using OrthoFinder (Emms & Kelly, 2015)

with the protein models of available Selaginella genomes

(S. kraussiana, S. moellendorffii, S. lepidophylla, S. tamar-

iscina) and the species sequenced in this project (S. silves-

tris, S. sellowii) yield 20 218 orthogroups representing a

total of 133 822 genes. Among them, 5300 orthogroups

were present in all Selaginella species (Figure S4). To iden-

tify gene family expansions and contractions associated

with VDT, the analysis was limited to phylogenetically

close species that differ in their ability to survive desicca-

tion (Figure 2b). Therefore, this analysis included the

desiccation-tolerant S. sellowii and S. lepidophylla, as well

as the desiccation-sensitive S. silvestris and S. kraussiana

(Figure 2c). The orthogroup HOG0314, which includes

genes encoding ELIPs, represents the largest expanded

gene family in both resurrection Selaginella genomes

(17–18 copies) compared to desiccation-sensitive species

Figure 2. Predicted protein-coding genes and gene family rearrangements in Selaginella genomes.

(a) BUSCO analysis showing a significant improvement in structural genome annotation compared to available Selaginella genomes (completeness evaluation

using viridiplantae dataset).

(b) Selaginella species classified as desiccation-tolerant (red dot) or desiccation-sensitive species (yellow dot), along with their phylogenetic relations.

(c) Gene families (orthogroups identified using OrthoFinder) expanded and contracted in resurrection Selaginella genomes. This analysis was limited to phylo-

genetically close relatives that differ in VDT ability; gray rectangle of section (b).

(d) Microsynteny showing tandem repeat duplications of chalcone synthase (CHS) genes. Orthogroup phylogenetic tree indicates species-specific expansion of

CHS genes in S. sellowii genome compared to other Selaginella genomes.
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(1–2 copies). Gene families with phospholipase activity

(orthogroup HOG0455; phospholipase A) were also

expanded in both desiccation-tolerant Selaginella genomes

(10 compared to 4 copies). Furthermore, 32 genes with

putative phospholipase activity were identified in the

genome of desiccation-tolerant S. sellowii, whereas only

18 phospholipase genes were identified in the

desiccation-sensitive S. silvestris. Additional gene families

expanded in resurrection Selaginella genomes include

some protein kinases containing a D-mannose binding lec-

tin (HOG1059; 7–9 compared to 1 copy), lipoxygenase

genes (HOG2151; 5–3 compared to 1 copy), and multicop-

per oxidase genes (HOG0657; 5 compared to 1 copy).

Other gene families were only expanded as a species-

specific adaptation in the genome of the desiccation-

tolerant S. sellowii (Figure 2c). The genome of this species

includes seven chalcone/stilbene synthase genes in the

orthogroup HOG1700 compared to 1–2 copies in

desiccation-sensitive genomes (Figure 2d). Additional gene

families expanded in a lower proportion in S. sellowii

include glutathione transferase genes (HOG0681) and pec-

tinacetylesterase proteins (HOG0369). Compared to

desiccation-sensitive species, the resurrection Selaginella

genomes underwent gene family contractions of some

families of auxin-related genes. For instance, the members

of the auxin-responsive proteins family in the orthogroup

HOG0235 were reduced to only 1–2 members in the

desiccation-tolerant species compared to 11–18 copies in

the sensitive Selaginella genomes. Furthermore, a gene

family of senescence-related genes containing 7–18 copies

in desiccation-sensitive plants was contracted to only 1–2
copies in desiccation-tolerant species.

Transcriptional priming and constitutive protection

mechanisms for VDT

Genes highly expressed under well-watered conditions

(100% relative water content, RWC) in each Selaginella

species were analyzed to identify potential transcriptional

priming events associated with VDT. Significantly enriched

pathways (GO terms) were identified using the FGSEA

method (Korotkevich et al., 2021) and compared between

species. The results of this analysis indicated a total of 40

enriched terms shared between the desiccation-sensitive

and desiccation-tolerant species. In both Selaginella spe-

cies, the most highly expressed genes in well-watered con-

ditions are involved in mRNA binding, photosynthesis,

chloroplast structure, and ribosome-related, among others

(Figure 3a). Highly expressed genes in desiccation-tolerant

S. sellowii under hydrated conditions resulted in 31 GO

terms only enriched in this species. Several of these terms

are associated with stress responses, indicating transcrip-

tional priming for VDT. Enriched terms specific to the

desiccation-tolerant S. sellowii included lipid transport

and binding, cell wall, lignin biosynthesis, glutathione

metabolism, ABA-activated signaling, and defense

response. In contrast, the desiccation-sensitive S. silvestris

displayed gibberellic acid-mediated signaling, cellulose

biosynthesis, and peptidase activity, among others.

Additionally, metabolomic analyses indicated that sev-

eral flavonoids were significantly more abundant in the

resurrection S. sellowii than the desiccation-sensitive S. sil-

vestris (Data S3). The most abundant flavonoids in the

desiccation-tolerant S. sellowii include apigenin-7-O-beta-

D-glucoside, 30,40,5,7-tetrahydroxy-3-methoxyflavone, aur-

eusidin 6-O-glucoside, 20-Hydroxydaidzein, cyanidin3-O-

rutinoside, and sophorol. Interestingly, the abundance of

several flavonoids in S. sellowii is maintained at high

levels during water loss, and a few increased their abun-

dance in response to dehydration (Figure 3b). Genes partic-

ipating in flavonoid biosynthesis pathways were identified

in Selaginella genomes, and their expression was ana-

lyzed. This analysis showed that a set of flavonoid-related

genes is highly expressed in the desiccation-tolerant S.

sellowii in hydrated conditions, which maintain their

expression during the entire desiccation treatment

(Figure 3c). Among them, four of the most strongly

expressed genes encode flavanone 3-dioxygenase or narin-

genin 3-hydroxylase (EC 1.14.11.9), an enzyme that partici-

pates in the early steps of flavonoid biosynthesis

(https://www.genome.jp/entry/ec:1.14.11.9). The expression

of most flavonoid-related genes in S. sellowii is not

affected by desiccation, suggesting a constitutive protec-

tion strategy to accumulate high levels of flavonoids.

Differentially activated processes during water stress in

Selaginella species

A differential expression analysis was performed using the

package edgeR (Robinson et al., 2010), and the resulting

lists of statistically differentially abundant transcripts

(SDATs) were assigned to GO biological categories using

topGO (Alexa & Rahnenführer, 2007). Most of the genes

exhibiting a significant change in transcript level during

desiccation treatment are shared between tolerant and

sensitive Selaginella species, and only 3.59% of the SDATs

in S. sellowii were members of species-specific

orthogroups (Figure S4). These results support the hypoth-

esis that VDT predominantly evolved by recruiting pre-

existing plant genes. Under water stress conditions,

desiccation-tolerant and desiccation-sensitive Selaginella

species exhibited similar transcriptional responses (Fig-

ure 4). For instance, both species increased the abundance

of transcripts involved in the response to ABA and stress

(i.e., water deprivation, salt stress, defense response),

ethylene-activated signaling pathway, phosphatidylcholine

metabolic process, etc. Specifically, this analysis revealed

several functional categories related to the VDT phenotype

that are not significantly enriched by dehydration in the

desiccation-sensitive S. silvestris. Significantly enriched

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 121, e17169

Vegetative desiccation tolerance in Selaginella 5 of 17

 1365313x, 2025, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/tpj.17169 by Texas Tech U

niversity Libraries, W
iley O

nline Library on [05/02/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

https://www.genome.jp/entry/ec:1.14.11.9


Figure 3. Desiccation-tolerant S. sellowii exhibits transcriptional priming and the constitutive accumulation of flavonoids as some strategies for VDT.

(a) Enriched pathways (FGSEA analysis; P-value <0.05) of the most expressed genes during hydrated conditions in desiccation-sensitive S. silvestris (green) and

desiccation-tolerant S. sellowii (blue).

(b) Metabolomic analyses indicated flavonoids as some of the most abundant compounds in the resurrection S. sellowii. Changes in response to water loss

(expressed as RWC) are shown for the three most abundant flavonoids. Each bar represents the average of three technical replicates and error bars indicate the

SD.

(c) Expression of genes involved in flavonoid metabolism in the desiccation-sensitive S. silvestris (left), and desiccation-tolerant S. sellowii (right). Log2 trans-

formed gene abundance (TPM) during the desiccation process. Desiccation-tolerant species also includes desiccated (Desic) and rehydration (Rh) stages.
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categories only observed in the desiccation-tolerant spe-

cies included cell wall organization and xyloglucan metab-

olism, sterol and phospholipid metabolic process, protein

ubiquitination, response to hydrogen peroxide and

freezing, among others (Figure 4). Additional biological

categories, such as response to desiccation and carbohy-

drate transport, were observed under desiccated condi-

tions and during rehydration in S. sellowii (Figure S5).

Figure 4. Sister group comparatives indicated key responses associated with VDT in Selaginella.

Significantly enriched biological categories at different relative water contents (RWC) during water loss in the desiccation-sensitive S. silvestris (a) and the

desiccation-tolerant S. sellowii (b). Some categories are activated in both Selaginella species (bold black) whereas several categories putatively related to VDT

phenotype are only observed in the desiccation-tolerant species (blue).
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Below 40% RWC, the desiccation-tolerant S. sellowii acti-

vated some key responses such as glutathione metabolic

process, phospholipid transport, lipid catabolic process,

and regulation of stomatal movement. Metabolomic ana-

lyses corroborate the activation of some of these key differ-

ential transcriptional responses between Selaginella

species. For instance, desiccation-tolerant S. sellowii

showed a significant accumulation of glutathione and L-γ-
glutamyl amino acids below 40% RWC (Figure S6).

Transcriptome analyses indicated lipid metabolism as

an important difference between desiccation-tolerant and

desiccation-sensitive Selaginella species. In hydrated con-

ditions, Selaginella species exhibit distinct abundances in

major constituents of plant membranes such as phosphati-

dylcholines (PC), and monogalactosyldiacylglycerol

(MGDG). Both species exhibit the molecule 16:0/18:2-PC as

the most abundant PC, whereas 16:3/18:3-MGDG and

18:3/18:3-MGDG were the most abundant MGDG in S. sil-

vestris and S. sellowii, respectively (Data S2). Both Selagi-

nella species increased PC levels and reduced MGDG in

response to water loss. Contrasting differences during

water stress include a significant increase in lysophospha-

tidylcholine (LPC), lysophosphatidylethanolamine (LPE),

and sterols (St) in the desiccation-tolerant S. sellowii

(Figure S7), whereas the desiccation-sensitive species

showed a decrease of these compounds. At 20% RWC, the

relative abundance of LPC and LPE in S. sellowii was 5.4

and 4.6 times higher, respectively, than in S. silvestris.

Additional changes observed in S. sellowii in response to

water loss included increased abundance of phosphatidy-

linositol, sphingophospholipids, and wax esters. Although

S. sellowii showed some SDATs involved in unsaturated

fatty acid biosynthesis during desiccation, a detailed anal-

ysis of the degree of unsaturation of the fatty acid chains

indicated that both Selaginella species underwent signifi-

cant but different changes in the unsaturation profiles

during dehydration (Data S3). Among major constituents

such as MGDG and PC classes, polyunsaturated mole-

cules that were accumulated in response to dehydration

only in the resurrection plant included 18:2/18:2-MGDG,

16:0/18:2-MGDG, and 34:1-PC (Data S2). The abundance

of several polyunsaturated species of phosphatidylglycer-

ols (PG) changed in response to dehydration. In the

desiccation-tolerant S. sellowii, a significant increase was

observed in 16:0/18:1-PG and 16:0/18:2-PG, whereas in

the desiccation-sensitive species, their abundance was

reduced. Furthermore, double bond index analysis indi-

cated that the desiccation-tolerant S. sellowii exhibited

higher unsaturation in triglycerides (TG) than the

desiccation-sensitive S. silvestris during dehydration

(Data S3). Specific polyunsaturated molecules that

significantly increased their abundance in response to

dehydration in S. sellowii include 18:1/18:2/18:3-TG and

18:2/18:2/18:3-TG.

Identification of central regulators involved in VDT

For the analysis of how resurrection species regulate the

activation of VDT mechanisms, gene regulatory networks

(GRN) were inferred using the RegEnrich package (Tao

et al., 2022). This pipeline provides a gene regulator rank-

ing score, and it was used to identify TFs participating as

candidate regulators of VDT. The 15 best-scored regulators

per condition during dehydration (and recovery for the res-

urrection species) were selected for further analysis. Some

of these TFs were assigned as central regulators during

several stages of the desiccation process, and this selec-

tion produced a list of 36 different regulators in both Selag-

inella species (Figure 5). Notably, 31 of the 36 candidate

VDT regulators correspond to single-copy syntenic ortho-

logs between the S. sellowii and S. silvestris genomes.

However, only five were assigned as common central regu-

lators to both Selaginella species: one member of the CO-

like, C2H2, GATA, PLATZ, and Trihelix TF families. Among

the candidate regulators of VDT in S. sellowii, only one TF

has no homologs in the desiccation-sensitive S. silvestris

(i.e., Ssello002g02436; but has homologs in other Selagi-

nella species). The TFs identified as central regulators were

functionally annotated using Arabidopsis thaliana homo-

logs (Table S1). This analysis indicated various functions,

including cell differentiation, development, anatomical-

related roles, and response to chemicals and stress. Enrich-

ment analysis of the gene correlations associated with

these candidate regulators in the desiccation-tolerant S.

sellowii indicates several categories related to VDT (i.e.,

cell wall organization, glutathione transferase activity, lipid

metabolism, redox activity). However, the main difference

in the regulators’ associated network between Selaginella

species lies in photosynthesis categories (Figure S8). The

subnetwork of the resurrection S. sellowii was significantly

enriched in several photosynthesis-related processes and

photosynthetic apparatus modifications, whereas these

categories were not enriched in the desiccation-sensitive S.

silvestris.

Gene expression downregulation as a critical component

of VDT

Due to the complexity of the GRNs, which contain 29 206

and 28 430 gene correlations in S. silvestris and S. sellowii,

respectively, the following analyses focused on the previ-

ously identified SDATs of each species (Figure S9). The

nodes corresponding to SDATs were clustered using self-

organizing maps (SOMs). These SDATs were assigned to

clusters based on their expression profiles into nine SOMs

in each Selaginella species (Figures S10 and S11). The

average expression of the genes belonging to the same

cluster was calculated and used to classify them as upre-

gulated or downregulated clusters. The desiccation-

tolerant S. sellowii had five upregulated and four

� 2024 The Author(s).
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downregulated clusters, whereas the desiccation-sensitive

S. silvestris had six upregulated and three downregulated

clusters. A functional enrichment analysis was performed

to determine the type of processes associated with each

cluster. For the desiccation-tolerant S. sellowii, the largest

cluster corresponds to upregulated genes (cluster No. 2),

Figure 5. Candidate transcription factors (TFs) participating as key regulators of VDT in Selaginella.

(a) TFs identified as shared regulators (syntenic orthologs) in both Selaginella species during desiccation treatment.

(b) TFs identified as regulators only in the desiccation-sensitive S. silvestris during dehydration.

(c) Key regulators identified only in the desiccation-tolerant S. sellowii during dehydration and rehydration stages. Dehydration conditions expressed as different

relative water contents (RWC), and recovery stage expressed as hours after rehydration (RH). Regulators were sorted in descending order by their average score

across all conditions. The intensity of the blue boxes represents the TF’s score, while the gray bars indicate the number of edges of each regulator.

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 121, e17169
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and it is mainly involved in abiotic stress responses, sto-

matal movement, redox response, and protection mecha-

nisms (phospholipid metabolism, glutathione metabolic

process, etc.). The next two largest clusters in S. sellowii

(clusters No. 5 and 7) represent downregulated clusters

highly enriched in morphogenesis, development, and cell

cycle, as well as photosynthesis and modifications in pho-

tosynthetic apparatus. Similarly, the largest cluster in the

desiccation-sensitive S. silvestris (cluster No. 5), which

includes downregulated genes, was highly enriched in

photosynthesis and modifications in the photosynthetic

apparatus but in a lower proportion to morphogenesis,

development, and cell cycle. The second largest cluster in

S. silvestris (cluster No. 8), associated with upregulated

genes, was barely enriched in VDT protection mechanisms.

Figure S12 presents a summary of each cluster’s general

categories.

Comparative analyses using orthogroups showed

important differences in gene expression patterns between

the desiccation-tolerant S. sellowii and the desiccation-

sensitive S. silvestris. For instance, large clusters contain-

ing upregulated genes in S. sellowii, such as clusters 2 and

3, were associated with VDT protection mechanisms. Inter-

estingly, some homologous genes in the desiccation-

sensitive species exhibited low transcript increases or an

opposite expression pattern (Figure 6a). Specifically, these

differences in gene expression include genes putatively

involved in fatty acid biosynthesis, oxylipin biosynthetic

process, regulation of stomatal closure, protein ubiquitina-

tion, glutathione metabolic process, and response to

hydrogen peroxide, among others (Data S4). Similarly,

some downregulated genes during water loss in the

desiccation-tolerant species are induced in the desiccation-

sensitive S. silvestris. Such genes with opposite patterns

are involved in processes like tissue pattern formation, cell

fate and differentiation, stomatal complex, and embryonic

morphogenesis (Data S4).

DISCUSSION

The genetic potential for DT is present in nearly all vascu-

lar plants; however, in most plants, DT is limited to specific

structures such as seeds, pollen, and spores (Ballesteros

et al., 2020; Costa, Cooper, et al., 2017; Smolikova

et al., 2020). Resurrection plants evolved the remarkable

ability to activate desiccation protection mechanisms in

their vegetative tissues (Figure 1d; Video S1). Although

several recent omics studies have been reported, the

molecular mechanisms underlying DT in resurrection

plants are still poorly understood. One of the major prob-

lems is the complexity of resurrection genomes (e.g., poly-

ploid species) and the need for more tools for genetic and

functional genomics analysis. Compared to other resurrec-

tion lineages, Selaginella species possess relatively simple

and small genomes (commonly diploid species with a

maximum genome haploid size of around 182Mb)

(Baniaga et al., 2016). Although previous studies have

reported high heterozygosity in Selaginella genomes (up

to 2%) (Banks et al., 2011; VanBuren et al., 2018; Xu

et al., 2018), the results of this study indicated a much

lower heterozygosity value of <0.8% using clonally propa-

gated Selaginella individuals. This starting plant material

allowed the generation of genome assemblies with a

higher proportion of conserved, single-copy genes and

a more complete annotation than other available Selagi-

nella genomes (Figure 2a). Our synteny comparison

highlighted high gene collinearity at the chromosome level

between the genomes of the desiccation-sensitive S. sil-

vestris and the desiccation-tolerant S. sellowii (Figure 1b),

and revealed that most of the genes involved in VDT are

present in both species (Figure S4). The availability of

high-quality chromosome-level genome assemblies and

closely related species with contrasting abilities to survive

desiccation will facilitate using Selaginella species as

models for comparative analyses to identify genomic fea-

tures and key responses for VDT.

A combined multi-omic approach, including transcrip-

tomic, metabolomic, and lipidomic data, was carried out to

identify differential responses and mechanisms between

Selaginella species that could be associated with VDT.

First, we analyzed the differences between these two

Selaginella species under well-hydrated conditions. We

found that the resurrection species S. sellowii appears to

have a predisposition or preadaptation for VDT by tran-

scriptional priming of stress-related genes (Figure 3).

Genes participating in ABA signaling and defense response

have high transcript levels and are significantly enriched in

hydrated conditions in this species. For instance, genes

participating in the lignin biosynthetic process are highly

expressed in well-watered tissue of S. sellowii, but not in

the desiccation-sensitive S. silvestris until the onset of

water loss. Nevertheless, one of the most significant differ-

ences between Selaginella species was the accumulation

of flavonoids in well-watered conditions of the desiccation-

tolerant S. sellowii, whose level is maintained or even

increased during water loss, indicating that accumulation

of flavonoids is a constitutive strategy for VDT (Data S1).

As expected from the accumulation of flavonoids, tran-

script levels of genes involved in flavonoid biosynthesis

are high in the hydrated condition and maintained during

the whole desiccation process in S. sellowii (Figure 3b,c).

Moreover, our data show that specific genes, other than

the ELIPs gene family, were expanded in the genome of

the desiccation-tolerant species, such as those involved in

flavonoid biosynthesis. Specifically, genes coding for chal-

cone synthase, a key enzyme for flavonoid biosynthesis,

were expanded in the resurrection S. sellowii by tandem

gene duplications (Figure 2d). This enzyme provides the

starting material to produce distinct flavonoids, and it is

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
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induced in response to stress conditions, including UV

light stress (Dao et al., 2011). Flavonoids are important pro-

tective molecules against UV and high-light exposure

(Ferreyra et al., 2021). Probably, S. sellowii evolved a con-

stitutive accumulation of flavonoids as an adaptation to

habitats with high solar radiation, where this species

Figure 6. Gene expression differences between tolerant and sensitive Selaginella species in clusters controlling important VDT protection mechanisms.

(a) Heatmaps showing gene expression of the largest four clusters (cluster No. 2, 3, 5, and 7) in the desiccation-tolerant S. sellowii compared to the desiccation-

sensitive S. silvestris using orthogroups.

(b) Representation of the regulatory networks associated with each cluster and the candidate TFs participating as regulators.

� 2024 The Author(s).
The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,
The Plant Journal, (2025), 121, e17169
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usually grows to protect cells against oxidative stress as

scavengers of reactive oxygen species (ROS) during desic-

cation. The resurrection relative S. lepidophylla exhibits a

similar accumulation of high levels of flavonoids such as

apigenin, luteolin, and naringenin in hydrated conditions

(Yobi et al., 2013). Our data indicate apigenin-7-O-beta-D-

glucoside, also known as apigetrin or cosmosiin, as the

most abundant flavonoid in desiccation-tolerant S. sello-

wii. Apigetrin possesses antioxidant activity (Yin

et al., 2008) and most likely participates as a ROS scaven-

ger in Selaginella VDT. Resurrection species that keep their

photosynthetic machinery during desiccation, such as S.

sellowii, must exhibit efficient antioxidant systems to avoid

cellular damage by the excess of ROS produced when the

plant cannot assimilate all the electrons generated by

the photosynthetic electron transfer chains. It has been

suggested that resurrection plants can survive desiccation

without damage if their antioxidant machinery remains

functional (Kranner & Birtić, 2005). Therefore, antioxidant

defense mechanisms to scavenge ROS constitute essential

traits of desiccation-tolerant plants. Other antioxidant

responses activated only in the desiccation-tolerant S. sell-

owii include the induction of glutathione synthesis (Fig-

ure 4). Metabolomic analyses confirmed that glutathione

biosynthesis is activated below 40% RWC in S. sellowii

and is at least ten times more abundant than in the

desiccation-sensitive species (Figure S6). This antioxidant

is accumulated during desiccation in several resurrection

plants, and it has been proposed as one of the principal

active compounds against ROS activity in other resurrec-

tion species such as Sporobolus stapfianus (Oliver

et al., 2011) and Myrothamnus flabellifolia (Kranner

et al., 2002).

In a previous study, we determined that the

desiccation-sensitive S. silvestris begins to lose viability at

40% relative water content (RWC), and at 20% RWC, most

of its tissue suffers irreversible damage (Alejo-Jacuinde

et al., 2022). These points represent critical conditions dur-

ing water loss in the desiccation-sensitive species. Most

plants trigger leaf senescence programs under drought

stress as a survival strategy (Munné-Bosch & Alegre, 2004).

Under these critical conditions, the transcript levels of leaf

senescence genes increased in the desiccation-sensitive S.

silvestris at 20% RWC. In contrast, resurrection plants

appear to have evolved strategies to suppress the

drought-induced senescence response (Griffiths

et al., 2014). Comparative genomic analysis indicated a sig-

nificant contraction of certain senescence-related genes in

the genomes of resurrection Selaginella species

(Figure 2c). Our findings also suggest that S. sellowii likely

employs additional strategies to avoid senescence. Both

Selaginella species increased the abundance of transcripts

related to lipid metabolism in response to water loss. How-

ever, the desiccation-tolerant species specifically induced

genes participating in phospholipid metabolism (Figure 4).

A change in the abundance of phospholipids in response

to desiccation has been reported in other resurrection

plants, but it has been associated with the structural stabi-

lization of membranes (Gasulla et al., 2013; Quartacci

et al., 2002). Major changes in lipid composition in

response to water loss were detected in both Selaginella

species, but more pronounced changes were observed in

the desiccation-tolerant S. sellowii, including a significant

increase in lysophospholipids of the LPE and LPC classes

(Figure S7). Previous studies showed that exogenous appli-

cation of LPE delays leaf senescence (Farag & Palta, 1993;

Hong et al., 2009). Therefore, the increase in the abun-

dance of LPE in the resurrection S. sellowii could play an

important role in regulating the drought-induced senes-

cence response. Lysophospholipids represent key compo-

nents of plant signaling pathways and are produced by

phospholipase A (PLA) (Cowan, 2006; Wang et al., 2012).

Importantly, PLA genes were also expanded in the

genomes of resurrection Selaginella species (Figure 2c),

suggesting that several key differential responses between

tolerant and sensitive species are associated with gene

family rearrangements.

Most genes participating in the desiccation response

in the resurrection S. sellowii belong to gene families pre-

sent in both tolerant and sensitive Selaginella species (97%

of the gene families including SDATs; Figure S4). Thus,

there is a paramount interest in identifying the regulators

controlling the expression of these genes in the vegetative

tissue of desiccation-tolerant species. Analysis of regula-

tory networks allowed the identification of 36 TFs poten-

tially participating as central regulators of VDT in

Selaginella (Figure 5). This analysis showed that most of

the TFs recruited for VDT in a resurrection species differ

from the TFs used to activate the response to water loss in

a desiccation-sensitive plant. Several studies have reported

the induction of genes involved in seed maturation in veg-

etative tissues of resurrection plants (Chávez Montes

et al., 2022; Costa, Artur, et al., 2017; VanBuren, 2017; Van-

Buren et al., 2017), suggesting that VDT likely evolved by

rewiring seed DT pathways. Members of the denominated

LAFL (LEC1, ABI3, FUS3, LEC2) network, which correspond

to master regulators of seed maturation programs

(Santos-Mendoza et al., 2008; Verma et al., 2022), were not

identified as main regulators for VDT in the resurrection S.

sellowii. A similar pattern was observed in X. humilis, in

which LAFL orthologs are upregulated during seed matura-

tion but not during its response to desiccation treatments

(Lyall et al., 2020). However, homologs of some TFs acting

downstream of the LAFL network were identified in our

analyses. These TFs are involved in the acquisition of DT

in Arabidopsis thaliana seeds (González-Morales

et al., 2016), and they include homologs to the ERF8,

ERF12, ERF23, TZF4/5, and PLATZ genes (Ssello001g01463,

� 2024 The Author(s).
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Ssello002g02429, Ssello004g06743, Ssello006g09454, Ssel-

lo009g14372, and Ssello010g16341 respectively). In the

desiccation-tolerant S. sellowii, these TFs are associated

with genes involved in abiotic and biotic stress responses,

ABA signaling, and immune response.

Drought stress severely affects photosynthesis, but

resurrection plants have evolved mechanisms to recover

photosynthetic activity after desiccation (Challabathula

et al., 2016). Our analyses showed photosynthesis-related

categories as one of the most enriched processes in S. sell-

owii regulatory network (Figure S8), indicating the impor-

tance of regulating photosynthesis during VDT. Although

both Selaginella species display transcriptional repression

of genes related to cell cycle, development, and morpho-

genesis during water stress, growth inhibition has a central

role in the regulatory networks of the desiccation-tolerant

S. sellowii (Figure S12). Generally, plant species adapted

to environments with extreme conditions usually grow

slowly, likely due to a strategy to ensure survival (Zhang

et al., 2020). Resurrection plants grow slowly even in

unstressed conditions with abundant resources; therefore,

it can be hypothesized that their slow growth rate is an

inherent consequence of VDT evolution. However, our

results suggest that resurrection plants such as S. sellowii

evolved a more efficient strategy by inhibiting growth dur-

ing water loss compared to desiccation-sensitive species.

Comparative analysis using orthogroups showed that sets

of genes downregulated in the desiccation-tolerant S. sell-

owii are upregulated in its sensitive counterpart (Figure 6),

such as those involved in processes of tissue pattern for-

mation, regulation of cell differentiation, root develop-

ment, and stomatal complex morphogenesis (Data S4).

Such responses can represent an ultimate survival effort in

response to water loss in the desiccation-sensitive Selagi-

nella species. Rather than investing energy in tissue adap-

tation to water stress conditions, desiccation-tolerant S.

sellowii could use its energetic resources for protection

and damage repair mechanisms.

We show that the vegetative tissues of the

desiccation-tolerant S. sellowii are transcriptionally primed

for stress tolerance and more responsive to dehydration.

We found that the accumulation of protective metabolites

in unstressed conditions (i.e., flavonoid accumulation)

seems to be an important component of the VDT mecha-

nisms in resurrection Selaginella species. Our findings

show that some key differences between tolerant and sen-

sitive Selaginella species are associated with gene family

rearrangements (e.g., phospholipase and senescence-

related genes), suggesting that changes in gene dosage by

family expansions and contractions had an important role

in the evolution of VDT. Finally, analysis of regulatory net-

works revealed a central role for the downregulation of

plant growth in S. sellowii, which is likely to redirect

resources toward protection rather than growth.

Apparently, the desiccation-tolerant species changed from

a growth mode to a protection mode, redirecting its ener-

getic metabolism to produce protective compounds and

modifications to survive desiccation. These findings might

lay the basis for the future genome engineering of crops

adapted to extreme water conditions, regulating a trade-off

between growth and protection mechanisms.

EXPERIMENTAL PROCEDURES

Plant material and desiccation treatments

The two Selaginella species were propagated by cuttings and
maintained in a growth chamber at 22°C under a 16/8-h photope-
riod. For the desiccation-tolerant S. sellowii, clonally propagated
material was grown for more than a year to generate enough
material for genome sequencing. The drying system and dehydra-
tion experiments were performed as described previously (Alejo-
Jacuinde et al., 2022). Briefly, small plastic containers (140mL)
with a saturated solution of MgCl2 (32%–33% RH) were used as
desiccators. Explants with an approximate turgid weight of
approximately 100mg (3–4 explants) were used for desiccation
experiments. Fully hydrated tissue (Tw; turgor weight after sub-
merging explants in water for 24 h) were placed in the drying sys-
tem and weighted at regular intervals (Fw) to determine water
loss. Dry weight (Dw) was obtained after drying the tissue at 65°C
for 48 h. The relative water content (RWC) was calculated:

RWC= Fw–Dwð Þ= Tw–Dwð Þ½ � � 100: (1)

Explants for the transcriptomic, metabolomic, and lipidomic
analyses were collected at 100%, 80%, 60%, 40%, and 20% RWC
for both S. silvestris and S. sellowii. Additionally, tissue was col-
lected at the desiccated state and during rehydration (2 and 6 h)
for transcriptomic analyses in the desiccation-tolerant S. sellowii.
An initial fresh weight (turgid weight) of approximately 100mg of
plant tissue was used as the starting material for all samples in
the transcriptomic, metabolomic, and lipidomic analyses. Explant
drying rate and sampling time points are shown in Figure S1.

Nucleic acid extractions and sequencing

Tissue for nucleic acid extractions was flash-frozen in liquid nitro-
gen and stored at �80°C until used. A modified CTAB protocol
with a sorbitol pre-wash step (Inglis et al., 2018) was used for
extraction of high molecular weight DNA for PacBio and Illumina
sequencing. Nuclei for Hi-C samples were isolated as described by
Peterson et al. (1997). Nuclei crosslinking and the preparation of
proximally ligated DNA were performed as described in the
Arima-HiC 2.0 protocol (Arima Genomics). Hi-C scaffolding librar-
ies were prepared using the Swift Accel NGS 2S Plus Kit following
the manufacturer’s instructions. RNA was extracted using the
RNeasy Plant Mini Kit (Qiagen) according to the manufacturer’s
instructions. PacBio (Sequel system), Illumina (NovaSeq; paired-
end 150 bp mode), and Hi-C sequencing were conducted by Novo-
gene (Beijing, China).

Genome heterozygosity and assembly

Illumina reads were trimmed for quality and sequencing adapters
using TrimGalore (v0.6.6; https://github.com/FelixKrueger/
TrimGalore). Quality trimmed Illumina reads were used to gener-
ate histograms of the k-mer (21-mer) frequency distribution with
Jellyfish (Marçais & Kingsford, 2011) (v2.3.0). Genome

� 2024 The Author(s).
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heterozygosity was estimated with the webtool GenomeScope
(Vurture et al., 2017) and the package findGSE (Sun et al., 2018)
(v1.94). The final Selaginella genomes were generated using
MaSuRCA (Zimin et al., 2017) (v3.4.2). The software BlobTools
(Laetsch & Blaxter, 2017) (v1.1.1) was used to detect genome con-
tamination. The raw PacBio and Illumina reads that mapped to the
putative contaminant contigs were manually removed to generate
a contamination-free MaSuRCA assembly for the species S. sello-
wii. The Purge Haplotigs (Roach et al., 2018) (v1.1.1) software was
used to produce a primary haploid assembly for the species S. sil-
vestris. Assemblies were polished using five iterations of Pilon
(Walker et al., 2014) (v1.24) with Illumina data. Contigs were reor-
dered and connected into scaffolds using Juicer (Durand
et al., 2016) and 3D-DNA (Dudchenko et al., 2017) pipelines with
Hi-C data. A detailed description of the genome assembly strategy
for Selaginella species is shown in Method S1. Genome complete-
ness was evaluated using BUSCO (Simão et al., 2015) (v5.4.3) with
viridiplantae and eukaryota datasets (odb10). Chromosome circu-
lar maps were generated using Circos (Tang et al., 2008) (v0.69–9).
For the comparative genomic analyses between S. sellowii and S.
silvestris the MCScan algorithm was used to identify syntenic
blocks (Tang et al., 2008). Orthology between S. kraussiana,
S. moellendorffii, S. lepidophylla, S. sellowii, S. silvestris, and
S. tamariscina was determined using OrthoFinder (Emms &
Kelly, 2015) (v2.5.5). For the identification of gene family expan-
sions and contractions the analysis was limited to phylogeneti-
cally close Selaginella species that differ in their ability to survive
desiccation.

Structural and functional genome annotation

Selaginella genomes were annotated through three rounds of
MAKER-P (Cantarel et al., 2008; Holt & Yandell, 2011a) (v3.01.03)
using transcripts as EST evidence (RNA-seq libraries), the plants
in the OrthoDB odb10 dataset as protein homology, and
sequences obtained using RepeatModeler (v2.0.3) as repeats file.
The second round used the maker gff3 file from the first round as
input, a SNAP hmm file obtained from round 1 gene models, and
the Augustus (Stanke et al., 2006) gene models from a BUSCO
(Manni et al., 2021). The third round was run the same as the sec-
ond round, using round 2 output files as inputs. Genome annota-
tion completeness was evaluated using BUSCO (Simão
et al., 2015) with eukaryota and viridiplantae datasets (odb10).

Genome functional annotation was produced using a modi-
fied version of the MAIZE-gamer pipeline (Wimalanathan
et al., 2018). Annotations were assigned as the gene ontology
(GO) annotations of the BLASTP reciprocal best hits versus Ara-
port11 and UniProt Swiss-Prot proteins (including nine plant spe-
cies), GO annotations from InterProScan (Blum et al., 2021)
(v5.57–90.0), and PANNZER2 (Törönen et al., 2018) functional
annotation webserver. A detailed description of the structural and
functional genome annotation is described in Method S1.

Metabolomic and lipidomic analyses

The preparation of the polar and non-polar fractions (metabolo-
mics and lipidomics analysis, respectively) are described in the
Methods S1. These samples were injected into a reverse phase
C18 column and separated using a chromatographic gradient
composed of water with 0.1% formic acid as “mobile phase A”
and methanol with 0.1% formic acid as the “mobile phase B”
(MPB) for the polar fraction, whereas isopropyl alcohol 2mM
ammonium formate as the MPB for the non-polar fraction. The
flow rate was set to 200 μL/min and the temperature at 50°C. For
the polar phase, the gradient started with 5% of MPB for 4min,

then increased to 100% MPB in 13min. This condition was main-
tained for 4min and then set back to 5% MPB to re-equilibrate
the system for 4min. For the non-polar phase, the gradient
started with 10% of MPB from 0 to 3min, then MPB increased
concentration to 50% from 3 to 7min and further 50% to 100%
MPB from 7 to 20min. The 100% of MPB was kept constant for
6min, then equilibrated to 10% from 26 to 30min. Independent
runs were completed for positive and negative detection modes
with a scan range from 70 to 1700m/z and a mass tolerance
within 10 ppm with the mass resolution set at 120 K. The MS/MS
spectra were acquired in data-dependent mode in a duty cycle of
1.5 s, and 30 K of resolution. Stepped high-energy collision disso-
ciation was used as a fragmentation technique with N(CE) values
of 25 and 30. The AGC target was set as standard with a Max IT
of 54ms, isolation window of 1.5m/z, and a dynamic exclusion
of 5 s. The raw files were uploaded to the Compound Discoverer
software (v3.3; Thermo Sci.) and analyzed using a metabolomics
pipeline. Metabolite identification was completed using mzCloud,
KEGG, and BioCyc databases. For lipidomics, data analysis was
performed using LipidSearch software (v5.5; Thermo Sci.) and
LipidMaps database.

Gene expression, clustering, and gene regulatory

networks

Expression levels of transcripts were quantified using kallisto (Bray
et al., 2016) (v0.44). The package tximport (Soneson et al., 2016) was
used to import the transcript level counts into R and summarized to
gene level. Differential expression analyses were conducted using
edgeR (Robinson et al., 2010). A cut-off of |log2FC|≥ 1 and FDR<0.01
was used to identify SDATs. Functional enrichment analyses were
conducted using topGO (Alexa & Rahnenführer, 2007) with Fisher’s
exact test and weight01 method. For comparative analyses between
Selaginella species, expression was quantified in TPM, and the mean
value across replicates was used to create log2 transformed
expression-based heat maps. Differentially expressed genes were
assigned to clusters using self-organizing maps (SOMs) with the
kohonen R package (Wehrens & Buydens, 2007). For each Selaginella
species, the previously identified SDATs were clustered using a 3 x 3
hexagonal SOM topology. A topGO (Alexa & Rahnenführer, 2007)
analysis was performed to identify overrepresented GO categories
for each cluster. Gene regulatory networks were inferred using the
RegEnrich (Tao et al., 2022) package (v14.0); specific parameters,
methods, and tools for network analyses are described in
Method S1.

Statistical analysis

Statistical significance was calculated using software-integrated
methods. A P-value of <0.05 was considered statistically signifi-
cant for the overrepresented GO categories in the functional
enrichment analyses.
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González-Morales, S.I., Chávez-Montes, R.A., Hayano-Kanashiro, C., Alejo-

Jacuinde, G., Rico-Cambron, T.Y., de Folter, S. et al. (2016) Regulatory

network analysis reveals novel regulators of seed desiccation tolerance

in Arabidopsis thaliana. Proceedings of the National Academy of Sci-

ences, 113, E5232–E5241.
Griffiths, C.A., Gaff, D.F. & Neale, A.D. (2014) Drying without senescence in

resurrection plants. Frontiers in Plant Science, 5, 36.

Gupta, A., Rico-Medina, A. & Caño-Delgado, A.I. (2020) The physiology of

plant responses to drought. Science, 368, 266–269.
Hilhorst, H.W.M., Costa, M.-C.D. & Farrant, J.M. (2018) A footprint of plant

desiccation tolerance. Does it exist? Molecular Plant, 11, 1003–1005.
Holt, C. & Yandell, M. (2011a) MAKER2: an annotation pipeline and

genome-database management tool for second-generation genome pro-

jects. BMC Bioinformatics, 12, 1–14.
Hong, J.H., Chung, G.H. & Cowan, A.K. (2009) Delayed leaf senescence by

exogenous lyso-phosphatidylethanolamine: towards a mechanism of

action. Plant Physiology and Biochemistry, 47, 526–534.
Inglis, P.W., Pappas, M.C.R., Resende, L.V. & Grattapaglia, D. (2018) Fast

and inexpensive protocols for consistent extraction of high quality

DNA and RNA from challenging plant and fungal samples for high-

throughput SNP genotyping and sequencing applications. PLoS One,

13, e0206085.

Korotkevich, G., Sukhov, V., Budin, N., Shpak, B., Artyomov, M.N. & Ser-

gushichev, A. (2021) Fast gene set enrichment analysis. bioRxiv: 060012.

Kranner, I., Beckett, R.P., Wornik, S., Zorn, M. & Pfeifhofer, H.W. (2002)

Revival of a resurrection plant correlates with its antioxidant status. The

Plant Journal, 31, 13–24.
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Munné-Bosch, S. & Alegre, L. (2004) Die and let live: leaf senescence con-

tributes to plant survival under drought stress. Functional Plant Biology,

31, 203–216.

Oliver, M.J., Farrant, J.M., Hilhorst, H.W.M., Mundree, S., Williams, B. & Bew-

ley, J.D. (2020) Desiccation tolerance: avoiding cellular damage during

drying and rehydration. Annual Review of Plant Biology, 71, 435–460.
Oliver, M.J., Guo, L., Alexander, D.C., Ryals, J.A., Wone, B.W.M. & Cushman,

J.C. (2011) A sister group contrast using untargeted global Metabolomic

analysis delineates the biochemical regulation underlying desiccation toler-

ance in Sporobolus stapfianus. The Plant Cell, 23, 1231–1248.
Oliver, M.J., Tuba, Z. & Mishler, B.D. (2000) The evolution of vegetative des-

iccation tolerance in land plants. Plant Ecology, 151, 85–100.
Osakabe, Y., Osakabe, K., Shinozaki, K. & Tran, L.S.P. (2014) Response of

plants to water stress. Frontiers in Plant Science, 5, 86.

Peterson, D.G., Boehm, K.S. & Stack, S.M. (1997) Isolation of milligram

quantities of nuclear DNA from tomato (Lycopersicon esculentum), a

plant containing high levels of polyphenolic compounds. Plant Molecular

Biology Reporter, 15, 148–153.
Proctor, M.C.F., Oliver, M.J., Wood, A.J., Alpert, P., Stark, L.R., Cleavitt, N.L.

et al. (2007) Desiccation-tolerance in bryophytes: a review. The Bryolo-

gist, 110, 595–621.
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Stanke, M., Schöffmann, O., Morgenstern, B. & Waack, S. (2006) Gene pre-

diction in eukaryotes with a generalized hidden Markov model that uses

hints from external sources. BMC Bioinformatics, 7, 1–11.
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