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ABSTRACT 24 
Though several resurrection plant genomes have been sequenced, the lack of suitable dehydration-25 
sensitive outgroups has limited genomic insights into the origin of desiccation tolerance. Here, we utilized 26 
a comparative system of closely related desiccation-tolerant (Lindernia brevidens) and -sensitive (L. 27 
subracemosa) species to identify gene and pathway level changes associated with the evolution of 28 
desiccation tolerance. The two high-quality Lindernia genomes we assembled are largely collinear and 29 
over 90% of genes are conserved. L. brevidens and L. subracemosa have evidence of an ancient, shared 30 
whole-genome duplication event, and retained genes have neofunctionalized, with desiccation-specific 31 
expression in L. brevidens. Tandem gene duplicates are also enriched in desiccation-associated functions 32 
including a dramatic expansion of early light induced proteins (ELIPs) from 4 to 26 copies in L. 33 
brevidens.  A comparative differential gene co-expression analysis between L. brevidens and L. 34 
subracemosa supports extensive network rewiring across early dehydration, desiccation, and rehydration 35 
timecourses. Many LEA genes show significantly higher expression in L. brevidens compared to their 36 
orthologs in L. subracemosa. Co-expression modules uniquely upregulated during desiccation in L. 37 
brevidens are enriched with seed-specific and ABA-associated cis regulatory elements. These modules 38 
contain a wide array of seed-associated genes that have no expression in the desiccation-sensitive L. 39 
subracemosa. Together these findings suggest that desiccation tolerance evolved through a combination 40 
of gene duplications and network level rewiring of existing seed desiccation pathways.  41 
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 43 

INTRODUCTION 44 

Comparative systems are a powerful tool for dissecting the molecular basis of complex 45 

biological traits. The origins of desiccation tolerance in resurrection plants are largely unknown, 46 

but the underlying genetic signatures could be traced using pairs of closely related desiccation-47 

sensitive and -tolerant species. Such an approach has been applied to Eragrostis (Vander 48 

Willigen et al., 2001), Selaginella (Yobi et al., 2013), and Sporobolus (Oliver et al., 2011) at the 49 

morphological and biochemical level to identify signatures that distinguish drought and 50 

desiccation responses. Detailed pairwise comparisons have identified changes in cell wall 51 

composition (Plancot et al., 2014), metabolite and osmoprotectant accumulation (Oliver et al., 52 

2011; Yobi et al., 2013), and physical properties unique to desiccation-tolerant species. Though 53 

genomes are available for several resurrection plants (VanBuren et al., 2015; Xiao et al., 2015; 54 

Costa et al., 2017; VanBuren et al., 2018), genomic resources in these comparative lineages are 55 

limited, and no genomes of closely related desiccation-sensitive species have been sequenced. 56 

High-quality reference genomes are available for the desiccation-sensitive Selaginella 57 

moellendorffii (Banks et al., 2011) and -tolerant S. lepidophylla (VanBuren et al., 2018), but their 58 

estimated divergence 248 MYA prevents detailed genomic comparisons (Baniaga et al., 2016).  59 

Resurrection plants endure extreme and prolonged drought events through vegetative 60 

desiccation, entering a preserved and protected quiescent state that functionally mirrors seed 61 

dormancy in angiosperms. Desiccation tolerance was a critical adaptation during early land plant 62 

evolution, and many early-diverging fern, moss, and lycophyte lineages have retained or 63 

convergently evolved these ancestral resilience mechanisms (Proctor, 1990; Oliver et al., 2000; 64 

Lüttge et al., 2011). Vegetative desiccation tolerance is comparatively less common in 65 

angiosperms, and recent genomic and metabolic studies suggest it evolved through rewiring seed 66 
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desiccation pathways (Costa et al., 2017; VanBuren et al., 2017). Resurrection plants have a 67 

conserved set of molecular signatures associated with desiccation tolerance (Illing et al., 2005; 68 

Zhang et al., 2018), but the underlying genomic basis of this trait is largely unknown. The co-69 

option of seed and desiccation-associated pathways in resurrection plants can occur through a 70 

broad range of mechanisms at the gene, pathway or network level.  Changes in gene regulation at 71 

network hubs could drive pathway-level rewiring to upregulate a cascade of desiccation-related 72 

mechanisms. Changes in cis-regulation at isolated nodes in a network could shift the 73 

stoichiometry or abundance of endpoint metabolites and proteins related to desiccation. Gene 74 

and genome duplication can also drive adaptive evolution by providing additional copies for 75 

pathway- and gene-level sub- and neofunctionalization.  76 

Desiccation tolerance is prominent in Linderniaceae (order Lamiales) within the clade 77 

spanning Craterostigma and Lindernia (Rahmanzadeh et al., 2005). Craterostigma plantagineum 78 

is a model resurrection plant (Bartels and Salamini, 2001) native to rocky outcrops of sub-79 

Saharan Africa. All Craterostigma and some desert-adapted Lindernia species are desiccation 80 

tolerant, but most Lindernia species are desiccation sensitive. Lindernia brevidens is unusual as 81 

it displays desiccation tolerance despite an endemic habitat in the montane rainforests of eastern 82 

Africa that never experience seasonal drying (Phillips et al., 2008). Desiccation tolerance is 83 

likely an ancestral trait in this group (Fischer et al., 2013) and was retained in L. brevidens before 84 

its radiation to the tropical rainforest. Lindernia is paraphyletic (Fischer et al., 2013) and species 85 

outside of the clade containing Craterostigma and L. brevidens such as L. subracemosa are 86 

desiccation sensitive. This diversity in desiccation tolerance makes Lindernia an excellent 87 

comparative system to test the contribution of gene duplication, cis-elements, and pathway 88 

rewiring in the evolution of desiccation tolerance.  Here, we assembled high-quality reference 89 
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genomes for the desiccation-tolerant L. brevidens and -sensitive L. subracemosa. Detailed 90 

comparative genomics and differential co-expression network analysis allowed us to survey the 91 

genetic basis of desiccation tolerance in Lindernia.   92 

 93 

RESULTS 94 

Comparative grade reference genomes for Lindernia 95 

Craterostigma plantagineum is a well-studied model for the evolution of desiccation tolerance in 96 

eudicots, but its highly complex, octoploid genome has hindered genome-scale analyses. L. 97 

brevidens and L. subracemosa are diploid with relatively small genomes (270 and 250 Mb 98 

respectively), providing an excellent alternative system (Figure 1).   99 

We generated high-quality reference genomes for both Lindernia species using a PacBio-100 

based, single-molecule real-time (SMRT) sequencing approach. In total, we generated 21.7 Gb 101 

and 17.9 Gb of filtered PacBio data, collectively representing 80.3x and 71.6x coverage for L. 102 

brevidens and L. subracemosa, respectively (Supplemental Figure 1). Raw PacBio reads were 103 

error corrected and assembled using the long-read assembler Canu (Koren et al., 2017), which is 104 

optimized to avoid collapsing highly repetitive and tandemly duplicated regions. Contigs were 105 

polished using high-coverage Illumina data with Pilon (Walker et al., 2014) to remove residual 106 

errors. The L. brevidens assembly spanned 265 Mb across 267 contigs with a contig N50 of 3.6 107 

Mb. The L. subracemosa assembly was slightly smaller, at 246 Mb with 328 contigs and an N50 108 

of 1.9 Mb (Table 1). The total assembly sizes were consistent with the estimated genome sizes of 109 

270 and 250 Mb based on flow cytometry. Lindernia species are primarily self-pollinated with 110 

low residual within-genome heterozygosity, which contributed to the high contiguity and 111 

relatively simple graph-based assembly structures (Supplemental Figures 2 and 3).  112 
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We used high-throughput chromatin conformation capture (Hi-C) to generate a 113 

chromosome-scale assembly of L. brevidens. The Hi-C based Illumina reads were mapped to the 114 

draft assembly using bwa (Li, 2013) followed by filtering and proximity-based clustering using 115 

the Juicer pipeline (Durand et al., 2016) (Supplemental Table 1). This approach yielded 14 high 116 

confidence clusters corresponding to the haploid chromosome number in L. brevidens 117 

(2n=2x=28; Figure 2). In total, 121 contigs were ordered and oriented into 14 scaffolds 118 

collectively representing 94.7% of the assembly (249 out of 263 Mb; Supplemental Table 2). 119 

This included anchoring 98.8% of the predicted gene models.  The repetitive element density 120 

was inversely correlated with gene density, and most chromosomes contained large tracts of 121 

retrotransposons, which likely correlate with centromere position (Figure 3).  122 

 The genomes of L. brevidens and L. subracemosa were of similar size and the same 123 

karyotype, suggesting that they should have comparable repetitive element and gene 124 

composition. Long terminal repeat retrotransposons (LTR-RTs) were the most abundant 125 

repetitive elements in both genomes, and they collectively spanned 34% (92.0 Mb) and 31% 126 

(77.4 Mb) of the L. brevidens and L. subracemosa genomes, respectively (Table 1). Despite the 127 

similar overall LTR composition, L. subracemosa had significantly more intact LTRs compared 128 

to L. brevidens (1,972 vs 1,025; Wilcoxon Rank-Sum, P < 0.05). The distribution of LTR-RT 129 

insertion time was similar in both species, and most intact elements inserted within the last 130 

million years (Figure 4). These findings suggest that LTR-RTs are similarly active in both 131 

genomes but may fractionate more quickly in L. brevidens.  132 

 The overall gene composition was similar in both Lindernia species, though L. 133 

subracemosa had more annotated gene models. Ab initio gene prediction using the dehydration 134 

time course RNAseq data and protein similarities to other angiosperms identified 27,204 and 135 
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33,344 gene models in L. brevidens and L. subracemosa, respectively (Table 1).  We assessed 136 

annotation quality using the Benchmarking Universal Single-Copy Orthologs (BUSCO) pipeline 137 

and found 91% and 90% (1,319 and 1,298) of the 1,440 genes in the Embryophyta dataset 138 

present in the L. brevidens and L. subracemosa assemblies. This proportion is comparable with 139 

results from other recent PacBio-based genomes. 140 

 141 

Comparative genomics of Lindernia 142 

The L. brevidens and L. subracemosa genomes were largely collinear based on whole-genome 143 

alignment, and 24,053 L. brevidens genes had syntenic orthologs in L. subracemosa. Roughly 144 

70% of the genomes ere conserved in 2:2 syntenic blocks, supporting a shared, ancient whole-145 

genome duplication event (WGD) in both species (Figure 5; Supplemental Figures 4 and 5). Six 146 

of the seven ancestral homeologous chromosome pairs from the WGD were intact in L. 147 

brevidens, including modern chromosome pairs: 1 and 13, 2 and 14, 3 and 5, 6 and 9, 7 and 10, 8 148 

and 11 (Figure 5A). Two of the ancestral homeologous chromosomes were fused in modern 149 

chromosome 5, and chromosome 12 contained fragments from several ancestral chromosomes. 150 

Chromosomal rearrangements were difficult to identify in L. subracemosa given its contig-level 151 

assembly, but there were no obvious rearrangements based on macrosynteny with L. brevidens 152 

(Supplemental Figure 5). The ancestral subgenomes were heavily fractionated, and only 7,742 153 

gene pairs were retained in duplicate in L. brevidens and 8,452 in L. subracemosa based on 154 

synteny. Gene-level fractionation was biased toward a dominant subgenome that contained 155 

significantly more genes (Figure 5B; Supplemental Figure 6).  156 

We identified patterns of gene duplication and loss that may be related to the evolution of 157 

desiccation tolerance and other lineage-specific traits. Most gene pairs from the WGD were 158 
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either retained in duplicate or fractionated to single copies in both species, including 11,874 159 

single-copy genes (1:1) and 7,568 duplicated (2:2) genes in both genomes (Table 2). We 160 

identified 3,200 lineage-specific genes in L. brevidens (1:0 or 2:0) and 7,067 lineage-specific 161 

genes in L. subracemosa (0:1 or 0:2) based on synteny. The higher number of lineage-specific 162 

genes in L. subracemosa was likely related to differences in total annotated gene number (27,204 163 

vs 33,344). The lineage-specific genes in L. brevidens were enriched in gene ontology (GO) 164 

terms related to chlorophyll biosynthesis and metabolism, regulation of mitosis, and response to 165 

heat, which may suggest a role for these pathways in desiccation tolerance (Supplemental Table 166 

3).  167 

New genes can arise through tandem gene duplication (TDs), and TDs are associated 168 

with adaptive evolution (Cannon et al., 2004), including of desiccation tolerance in other 169 

resurrection plants (VanBuren et al., 2015; VanBuren et al., 2018). L. brevidens and L. 170 

subracemosa had a similar overall number of tandem genes but major differences in array size.   171 

L. brevidens had 2,673 tandem arrays containing 5,345 genes with array sizes ranging from 2 to 172 

24 members. L. subracemosa had 3,404 tandem arrays across 6,809 genes with array sizes 173 

ranging from 2 to 31 (Figure 6). Through cross-referencing with syntenic gene pairs, we found 174 

that most tandem arrays were conserved between L. brevidens and L. subracemosa. Only 153 175 

tandem arrays were specific to L. brevidens and 247 arrays were specific to L. subracemosa. 176 

Though tandem gene arrays were generally conserved, array sizes were highly variable and few 177 

contained the same number of genes between species (Figure 6B). Together these data suggest 178 

that most TD events are ancestral, but that each species has undergone unique array expansion 179 

and contraction.  180 

 181 
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 182 

Global expression patterns and desiccation-related network rewiring 183 

To construct a comparative framework of genes related to desiccation, we conducted parallel 184 

sampling of leaf tissue during desiccation and rehydration time courses in L. brevidens and L. 185 

subracemosa. Parallel sampling between species allowed us to distinguish between genes 186 

involved in typical dehydration responses from those specifically related to desiccation tolerance. 187 

Sampling ranged from mild dehydration stress (relative water content (RWC) 53-56%; 3 days) 188 

through severe dehydration (RWC 23-27%; 7 days) and desiccation (RWC 6-9%; 10 and 14 189 

days), followed by 24 and 48 hours post rehydration (Figure 7). RWC was 53-56% at day three 190 

and fell below 10% after ten days of drought in both species (Figure 7A). L. subracemosa plants 191 

were largely dead upon rehydration and L. brevidens plants were mostly viable and 192 

physiologically active at 48 hours post rehydration (RWC 44%) (Figure 7).  193 

The greatest changes in gene expression occurred at two timepoints during the transition 194 

from mild to severe dehydration stress and from desiccated to rehydrated (Supplemental Table 195 

4). The number of differentially expressed (DE) genes between well-watered and mild 196 

dehydration (F vs D3) were relatively similar in both species (5,322 vs 4,824 in L. subracemosa 197 

and L. brevidens). Many syntenic gene pairs had similar expression levels, with 581 upregulated 198 

and 133 downregulated in both species. Significantly more genes were DE between mild and 199 

severe dehydration stress (D3 vs D7), with 4,329 and 9,227 DEGs respectively. A similar 200 

proportion of syntenic gene pairs was upregulated in both species at D7 (581), but significantly 201 

more gene pairs were similarly down-regulated (1,396) compared to mild dehydration stress. 202 

This pattern suggests that there is conservation of downregulated pathways in desiccation-203 

sensitive and -tolerant species.   204 
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In L. brevidens, gene expression was relatively stable from severe dehydration to 205 

desiccation (D7, D10, and D14), whereas a high proportion of genes were DE in L. subracemosa 206 

during the transition to desiccation. This reflects the stability of desiccated L. brevidens and the 207 

imminent death of L. subracemosa. Few genes were similarly DE in both species under severe 208 

dehydration and desiccation (D7 vs D10: 50 and 62; D10 vs D14: 3 and 0, up and down-209 

regulated, respectively; Supplemental Table 4). A substantial proportion of syntenic gene pairs 210 

(2,065) were similarly upregulated in both species during early rehydration (24 hours), 211 

supporting the conclusion that there is conserved activation of repair pathways. Expression 212 

changes in both species were minimal between 24 and 48 hours post rehydration. Though L. 213 

subracemosa had some transcriptional response post rehydration, this was not sufficient to repair 214 

the extensive desiccation-induced damage. Together, the divergent expression patterns suggest 215 

that there is extensive upregulation of distinct pathways with desiccation-specific roles. 216 

We conducted GO enrichment analysis of the gene pairs that were uniquely upregulated 217 

in L. brevidens, with no change or a decrease in expression in L. subracemosa. We reasoned that 218 

such genes are likely to be specific to the induction of desiccation tolerance. Most of the GO 219 

terms enriched among genes upregulated in mild dehydration stress (D3) were related to 220 

responses to abiotic stress and secondary metabolite biosynthesis (Supplemental Table 5), 221 

suggesting early activation of protective mechanisms. There were only a few GO terms enriched 222 

among genes upregulated in severe dehydration (D7) and desiccation (D10 and D14), including 223 

terms related to transport, vacuole organization, ion homeostasis, and RNA modification 224 

(Supplemental Table 5). Most GO terms of genes uniquely downregulated in L. brevidens under 225 

mild and severe dehydration stress were related to photosynthesis processes, suggesting that the 226 
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photosynthetic apparatus is inactivated early under mild dehydration compared to L. 227 

subracemosa (Supplemental Table 6).  228 

The large-scale expression changes unique to desiccation in L. brevidens may be driven 229 

by changes in cis regulation. Genes with unique desiccation-related expression in L. brevidens 230 

were enriched with cis-regulatory elements associated with dehydration and ABA-mediated 231 

responses as well as seed development pathways (Supplemental Table 7).  Enriched cis-elements 232 

associated with typical ABA-mediated dehydration responses included ABF1 and ABF2 233 

(Yoshida et al., 2015) among others. Enriched seed maturation-associated cis-elements included 234 

bZIP53 (Alonso et al., 2009), ABA-responsive element binding protein 3 (AREB3) (Nakashima 235 

et al., 2009), and ABI5 (Lopez-Molina et al., 2001). Cis-elements at the interface of heat and 236 

dehydration-mediated ABA responses such as Heat Stress Factor A6b (HSFA6B) (Huang et al., 237 

2016) and HSF7, were also enriched in desiccation-related genes. Enriched cis-elements in genes 238 

downregulated during desiccation in L. brevidens had wide roles in plant growth and 239 

development, hormone responses, and photosynthesis (Supplemental Table 8).  240 

To compare network-level gene expression in L. brevidens and L. subracemosa, we 241 

utilized a weighted correlation network analysis (WGCNA) approach (Langfelder and Horvath, 242 

2008) across the dehydration and rehydration RNAseq time courses. This comparative co-243 

expression network approach allowed us to parse conserved dehydration-related patterns from 244 

desiccation specific pathway rewiring. After filtering genes with low expression (see methods), 245 

we constructed two co-expression networks, with 14,246 genes in ten modules for L. brevidens 246 

and 14,075 genes in nine modules for L. subracemosa (Figure 8, Supplemental Figures 7 and 8). 247 

Based on their temporal dynamics co-expression modules could be broadly classified into three 248 

groups: 1) high expression in well-watered tissue but downregulation in dehydration 249 
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/desiccation, 2) expression during early dehydration, 3) sustained high expression throughout 250 

dehydration and desiccation (Figure 8). Modules 1, 2, 3, and 5 in the L. brevidens network and 251 

modules 2, 4, and 5 in L. subracemosa had high expression in well-watered and rehydrating 252 

conditions with decreasing expression throughout dehydration/desiccation timepoints (Figure 8). 253 

Modules 7 and 8 in L. brevidens and 3, 7, and 8 in L. subracemosa were involved in early 254 

dehydration responses, with a peak expression at 3 or 7 days of dehydration. Modules 4, 6, and 255 

10 in L. brevidens and modules 1 and 3, in L. subracemosa had sustained dehydration and 256 

desiccation-induced expression.  257 

We compared module overlap between the networks to identify patterns of conservation 258 

and species-specific divergence. Modules down-regulated during severe dehydration and 259 

desiccation were largely conserved between the two species, with 74% of gene pairs falling in 260 

the same group of modules (Supplemental Figure 9). Modules upregulated during dehydration 261 

and desiccation had comparatively little overlap between species, and only 43% of gene pairs 262 

were in overlapping modules (Supplemental Figure 9). This indicates that there was significant 263 

pathway rewiring during desiccation. Network wide cis regulatory element enrichment patterns 264 

mirrored the observations comparing pairwise differentially expressed genes.  Desiccation-265 

associated modules from the L. brevidens network were enriched in dehydration-associated 266 

ABA-responsive cis elements and seed maturation-associated cis elements including bZIP53, 267 

AREB3, and ABI5 among others (Supplemental Table 9).  268 

 269 

Unique desiccation-related pathways in L. brevidens 270 

 271 
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The similarities between seed and vegetative desiccation suggest overlapping pathways, which is 272 

supported by expression data from several resurrection plant lineages (Costa et al., 2017; 273 

VanBuren et al., 2017). We identified a wide range of seed-specific genes and pathways that 274 

were expressed only under dehydration in L. brevidens compared to syntenic orthologs in L. 275 

subracemosa (Supplemental Table 10). Seed storage proteins serve as a reserve of nitrogen, 276 

carbon and sulfur for germinating seeds, and they likely play a role in seed longevity (Nguyen et 277 

al., 2015). Orthologs to genes encoding 2S and 12S seed storage proteins were generally 278 

upregulated in L. brevidens under desiccation, and syntenic orthologs in L. subracemosa were 279 

not expressed or were expressed highly in well-watered conditions (Supplemental Table 10). 280 

Delay of germination 1 (DOG1) is an essential component of seed dormancy regulation, and its 281 

expression affects hundreds of seed-related genes (Dekkers et al., 2016). DOG1 was highly 282 

expressed in well-watered L. brevidens tissues but was down-regulated during desiccation. The 283 

L. subracemosa DOG1 transcript had a low basal level expression in all time points.  284 

Oil bodies are lipid organelles filled with triacylglycerols that function as high-density 285 

energy reserves during seed germination. Oil bodies accumulate in desiccated leaf tissue of 286 

Oropetium, and likely play a role in desiccation tolerance. Oil bodies are enveloped with oleosin 287 

structural proteins that prevent membrane coalescence and protect membrane integrity during 288 

freeze-thaw cycles (Shimada et al., 2008). Oil body membranes are also studded with calcium 289 

binding caleosin proteins that are associated with oil body degradation (Poxleitner et al., 2006) 290 

and general stress response pathways (Shen et al., 2014). L. brevidens and L. subracemosa had a 291 

similar number of genes for oleosin (8 vs 7) and caleosin (4 vs 3) proteins, though L. brevidens 292 

had more retained whole genome and tandem duplicates (Figure 9). Most oleosin and caleosin 293 

genes had low or undetectable expression in well-watered tissue, but several were induced during 294 
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progressive dehydration and desiccation. Six oleosin genes in L. brevidens and three oleosin 295 

genes in L. subracemosa were upregulated in desiccating tissue, with most having a peak 296 

expression of less than 30 transcripts per million (TPM). L. brevidens had a pair of retained 297 

duplicated oleosin genes where one ortholog peaked at > 500 TPMs in desiccating tissue and the 298 

single syntenic ortholog in L. subracemosa had a relatively low expression. No caleosin genes 299 

were upregulated in L. subracemosa upon desiccation, but a pair of syntenic orthologs in L. 300 

brevidens were abundantly expressed (Figure 9).  301 

Early light induced proteins (ELIPs) are predicted to bind chlorophyll and function in 302 

photoprotection under high light and other abiotic stresses. The L. subracemosa genome had four 303 

genes encoding ELIP proteins, including a pair of syntelogs retained from the WGD event 304 

(Figure 10). Expression of two ELIP genes was hardly detectable during the surveyed 305 

timepoints, and two others were highly expressed during dehydration. The number of ELIPs in L. 306 

subracemosa was similar to that in other desiccation-sensitive angiosperms, and their 307 

dehydration-induced expression was consistent with the hypothesized protective mechanisms 308 

(Hayami et al., 2015). By contrast, the L. brevidens genome had undergone a dramatic expansion 309 

of ELIP genes with 26 in total, including a large tandem array of 19 duplicates. This large 310 

tandem array was collinear to a pair of retained syntenic orthologs in L. subracemosa and a 311 

single retained gene copy in L. brevidens. Nearly all the ELIP genes in this array, and dispersed 312 

copies throughout the genome, were highly expressed during severe dehydration, desiccation, 313 

and rehydration, but they were hardly expressed in well-watered and mildly dehydrated tissue 314 

(Figure 10B). The tandem array was syntenic with the highly expressed ortholog in L. 315 

subracemosa, and the single copy syntelog in L. brevidens and its syntenic ortholog in L. 316 

subracemosa were not expressed in dehydrated tissue. This suggests an ancestral 317 
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subfunctionalization of this duplicated pair where only one gene copy was involved in 318 

dehydration-related responses. After the divergence of L. brevidens and L. subracemosa, the 319 

dehydration-specific syntelog likely underwent massive tandem proliferation in L. brevidens.  320 

In Arabidopsis, STAY-GREEN (SGR) proteins are key regulators of chlorophyll 321 

degradation and they are typically upregulated under abiotic stresses (Sakuraba et al., 2014b). 322 

Syntenic orthologs of SGR were highly expressed in both Lindernia species during 323 

dehydration/desiccation. STAY-GREEN LIKE (SGRL) proteins are negative regulators of 324 

chlorophyll degradation, and overexpression of SGRL2 leads to a stay-green phenotype 325 

(Sakuraba et al., 2014a). The syntenic ortholog of SGRL was highly induced during desiccation 326 

in L. brevidens, but the L. subracemosa ortholog had no detectable expression (Supplemental 327 

Table 10).  328 

Carbohydrate metabolism is heavily shifted during desiccation, and sucrose, trehalose, 329 

and short chain oligosaccharides function as osmoprotectants to stabilize cellular 330 

macromolecules. Sucrose is the most abundant carbohydrate in most resurrection plants, and 331 

accumulation of sucrose distinguishes desiccation-sensitive and -tolerant Eragrostis species 332 

(Illing et al., 2005).  Craterostigma and L. brevidens accumulate the unusual C8 sugar 2-octulose 333 

in photosynthetic tissues, which serves as a reservoir of sucrose accumulation during desiccation 334 

(Bianchi et al., 1991; Phillips et al., 2008). Transketolase 7 and 10 catalyze the formation of 335 

octulose-8-phosphate in Craterostigma (Zhang et al., 2016), and the orthologous transketolase 336 

genes were highly expressed in L. brevidens leaf tissue (Supplemental Table 10).  This included 337 

two pairs of syntenic 1:1 orthologs and a trio of retained 2:1 duplicates with upregulation in well-338 

watered and rehydrating tissue in L. brevidens and no or little expression in L. subracemosa. 339 
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LATE EMBRYOGENESIS ABUNDANT (LEA) proteins are predicted to have protective 340 

functions that are essential for desiccation tolerance (Hoekstra et al., 2001; Goyal et al., 2005; 341 

Hundertmark and Hincha, 2008). We identified 77 and 82 LEA protein-encoding genes in L. 342 

brevidens and L. subracemosa, respectively (Supplemental Table 11). Orthologs were assigned 343 

for 70 of these genes. About half of the identified LEAs were classified to the LEA_2 group 344 

whereas the second largest LEA group was the LEA_4 group (14 and 12 genes in L. brevidens 345 

and L. subracemosa, respectively). Nine LEA genes in L. brevidens (one Dhn, five LEA_2, two 346 

LEA_4 and one LEA_5) were derived from gene duplication events, which suggests that these 347 

genes may have functions related to desiccation tolerance in L. brevidens. For example, LEA5-2 348 

occurs in one copy in L. subracemosa (LsLEA5-2) and has two orthologs in L. brevidens, i.e., 349 

LbLEA5-2 and LbLEA5-3. The LsLEA5-2 gene showed negligible expression in L. subracemosa 350 

under control and dehydration conditions, whereas LbLEA5-2 was among the highest expressed 351 

LEA genes upon dehydration in L. brevidens (Supplemental Data Set 1).  352 

Almost one third of L. brevidens LEA genes showed expression levels 30 times higher or 353 

more than L. subracemosa orthologs during late dehydration (10d and 14d) (Supplemental Data 354 

Set 1). Most L. subracemosa orthologs had reduced or no expression in all surveyed timepoints, 355 

suggesting that there was a massive rewiring of expression networks (Supplemental Data Set 1).  356 

For example, LEA1-3, LEA1-4, LEA2-14, LEA2-19, LEA4-1, LEA4-6, LEA4-7, and LEA5-2 357 

showed very high expression in fully hydrated L. brevidens but no expression in fully hydrated 358 

L. subracemosa.  359 

 360 

DISCUSSION 361 

Genomic resources are abundant for resurrection plants, but the lack of suitable dehydration-362 

sensitive outgroups has limited genomic insights into the origin and pathways controlling 363 
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desiccation tolerance. Here, we leveraged a unique comparative system of closely related 364 

desiccation-tolerant and -sensitive species to identify gene and pathway level changes associated 365 

with the evolution of desiccation tolerance. This approach allowed us to distinguish dehydration 366 

pathways conserved in all plants from desiccation-specific processes observed only in 367 

resurrection plants.  368 

L. brevidens and L. subracemosa have a similar overall genome size and gene number, 369 

and most genes were likewise retained as singletons (1:1) or duplicates (2:2) after their shared 370 

WGD event. The genomes have no significant differences in architecture, rRNAs, repetitive 371 

element composition, or clustering of desiccation-related genes. These features were previously 372 

proposed to contribute to desiccation tolerance in other resurrection plant lineages (Xiao et al., 373 

2015; Costa et al., 2017). Instead, our data indicate that desiccation tolerance in L. brevidens is 374 

driven by a complex cascade of cis-regulatory element-mediated pathway rewiring, tandem 375 

duplication, and preferential gene retention and neofunctionalization.  376 

Gene expression patterns are dramatically divergent in dehydration and rehydration time-377 

course data between L. brevidens and L. subracemosa. Only a few of the syntenic orthologs are 378 

similarly expressed in both species, and co-expression network modules are largely rewired. 379 

Early dehydration responses have surprisingly little overlap, suggesting that the gene expression 380 

program and signals leading to tolerance are already apparent upon mild dehydration. Gene 381 

expression is most dynamic between the day 3 and day 7 timepoints, when the plants shift from 382 

moderate to severe dehydration stress. This likely reflects major shifts in leaf water potential, 383 

photosynthesis, oxidative stress, and cellular damage. Gene expression is stabilized after 384 

moderate drought and desiccation in L. brevidens, which reflects the successful deployment of 385 
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protective mechanisms. By contrast, the dynamic and chaotic expression patterns in desiccating 386 

L. subracemosa may reflect last-ditch efforts to avoid imminent senescence.   387 

Drought and seed development are linked by the common stress of water deficit. 388 

Vegetative and seed desiccation processes are strikingly similar, and overlapping pathways have 389 

been identified in resurrection plants (Costa et al., 2017; VanBuren et al., 2017). This includes 390 

accumulation of osmoprotectants, expression of LEA proteins, and free radical scavenging 391 

systems, as well as down-regulation of photosynthesis and dismantling the photosynthetic 392 

apparatus. Drought responses and seed development are similarly regulated by ABA-related 393 

signaling, and both elicit comparable downstream responses (Nakashima and Yamaguchi-394 

Shinozaki, 2013). Several important transcription factors involved in dehydration and seed-395 

related processes are preferentially retained in L. brevidens compared to L. subracemosa, which 396 

may allow high-level pathway rewiring.  Desiccation-related genes such as ELIPs or LEAs have 397 

increased in copy number in L. brevidens via tandem gene duplication. For genes encoding 398 

proteins with structural, enzymatic or chaperone functions, tandem duplications may serve to 399 

increase their absolute abundance to surpass a threshold required for desiccation tolerance. 400 

Expansion of ELIPs has been observed in several resurrection plants including C. plantagineum 401 

(Bartels et al., 1992), Selaginella lepidophylla (VanBuren et al., 2018) and Boea hygrometrica 402 

(Xiao et al., 2015). ELIPs likely play an important role in protecting the photosynthetic apparatus 403 

and bind excess chlorophyll during prolonged desiccation (Ref Alamillo and Bartels 2001). The 404 

repeated duplication of ELIPs may be a hallmark of convergent evolution of desiccation 405 

tolerance across land plants. Expression patterns can also be shifted by changes in cis-regulatory 406 

elements, as was previously observed in  LEA genes from C. plantagineum and L. brevidens (van 407 

den Dries et al., 2011; Giarola et al., 2018).  The enrichment of seed related cis-regulatory 408 
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elements in modules uniquely upregulated in L. brevidens is likely the result of novel cis-element 409 

acquisition in desiccation-related genes and activation of seed-related transcription factors.  410 

Desiccation tolerance likely evolved from a complex, additive series of gene duplications 411 

and pathway rewiring rather than a simple master regulatory switch. Naturally drought-tolerant 412 

species could undergo favorable duplication of ELIPs or rewiring of LEA proteins to promote a 413 

quasi-desiccation tolerant state. These responses could be further refined through accumulation 414 

of additive features to surpass the threshold required for surviving anhydrobiosis. This step-wise 415 

hypothesis is supported by the continuum of desiccation tolerance, where the magnitude and 416 

duration of tolerance varies across species. Craterostigma can tolerate more rapid desiccation, 417 

and recover more completely than L. brevidens, and older leaf tissue in L. brevidens is often 418 

desiccation sensitive.  419 

The recovery rate in L. brevidens is related to environmental factors including developmental 420 

stage, rate of drying, and dehydration priming. This comparatively weak desiccation tolerance 421 

may reflect relaxed selection in the drought-free rainforest habitat of L. brevidens. Desiccation 422 

tolerance is ancestral in the clade spanning L. brevidens and Craterostigma (Fischer et al., 2013), 423 

and some protective mechanisms were likely present in the shared ancestor with L. subracemosa. 424 

This may also explain the partial induction of seed and vegetative desiccation-associated 425 

pathways in L. subracemosa compared to the typical dehydration responses in other species. The 426 

trajectory from sensitive to desiccation tolerant is a complex, multistep process, and future work 427 

in intermediate or weakly desiccation-tolerant species will help uncover the origins of this trait. 428 

 429 

METHODS 430 

Growth conditions and sampling 431 
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Lindernia brevidens and L. subracemosa were grown as previously described (Phillips et al., 432 

2008). Voucher specimens have been deposited: Lindernia brevidens Kenya, Taita Hills, E. 433 

Fischer 8022 (KOBL)(= Herbarium Koblenz) and Lindernia subracemosa Rwanda, Uwinka, E. 434 

Fischer 1350 (BG-Bonn 19990-2, KOBL). Plants were propagated via cuttings and maintained 435 

under day/night temperatures of 22 and 18°C respectively, under fluorescent lighting with an  436 

intensity of 80 μE m−2 sec−1 and 16/8 h photoperiod. L. brevidens and L. subracemosa were 437 

grown in the same chamber to minimize environmental variance. For the desiccation and 438 

rehydration time courses plants were allowed to gradually dry for a period of 30 days with 439 

sampling in triplicate with three independent plants at D3, D7, D14, D21, and D30.  Plants were 440 

rehydrated and sampled at 24 and 48 h post rehydration.  Samples were always taken at the same 441 

time of the day, 6 h after the onset of light, to minimize effects associated with circadian 442 

oscillation. Leaf tissue for RNAseq was flash frozen in liquid nitrogen and stored at -80°C. 443 

Relative water content (RWC) measurements were calculated using the equation: RWC = [(FW- 444 

DW)/ (SW-DW)], where FW, DW and SW indicate fresh weight of the leaf tissue, dry weight, 445 

and saturated weight. Dry weight was obtained after drying tissue at 80°C for 48 h and saturated 446 

plant weights were obtained after submerging leaf tissue in water for 24 h. Three replicates of 447 

RWC measurements were collected for each time point.  448 

 449 

Nucleic acid extraction, library construction, and sequencing 450 

High molecular weight (HMW) genomic DNA for PacBio and Illumina sequencing was isolated 451 

from young leaf tissue of growth chamber-grown L. brevidens and L. subracemosa. DNA was 452 

isolated using a modified nucleus preparation (Zhang et al., 1995) followed by phenol 453 

chloroform purification to remove residual contaminants. PacBio libraries were constructed and 454 
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size selected for 25 kb fragments on the BluePippen system (Sage Science) followed by 455 

purification using AMPure XP beads (Beckman Coulter). Libraries were sequenced on a Sequel 456 

platform with V4 software and V2 chemistry. In total, 2,054,566 filtered subreads spanning 21.7 457 

Gb were sequenced for L. brevidens and 1,615,065 reads spanning 17.9 Gb were sequenced for 458 

L. subracemosa. This represents 80.3x and 71.6x coverage for L. brevidens and L. subracemosa, 459 

respectively.  Illumina DNAseq libraries for error correction were constructed using the KAPA 460 

HyperPrep Kit (Kapa Biosystems) following the manufacturer`s instructions. Libraries were 461 

sequenced on an Illumina HiSeq4000 under paired-end 150 bp mode.  462 

For RNAseq analysis, total RNA was extracted from 200 mg of ground L. brevidens and L. 463 

subracemosa leaf tissues using an Omega-biotek E.Z.N.A. Plant RNA Kit (Omega-biotek), 464 

according to the manufacturer`s instructions. RNA quality was validated using gel 465 

electrophoresis and Qubit RNA IQ Assay (ThermoFisher). Two micrograms of total RNA was 466 

used for constructing Illumina TruSeq-stranded mRNA libraries following the manufacturer’s 467 

protocol (Illumina). Libraries were pooled and sequenced on the Illumina HiSeq4000 under 468 

paired-end 150 bp mode. Three replicates were sequenced for each timepoint in each species.  469 

 470 

Genome assembly 471 

Genome sizes for L. brevidens and L. subracemosa were estimated using flow cytometry as 472 

previously described (Arumuganathan and Earle, 1991). The flow cytometry-based estimates of 473 

270 Mb and 250 Mb for L. brevidens and L. subracemosa, respectively, were consistent with K-474 

mer based analysis using Illumina WGS data. Linderia are mostly selfing, and unimodal k-mer 475 

distribution suggests low within-genome heterozygosity for both species. Raw PacBio reads 476 

were error-corrected and assembled using Canu (V1.4) (Koren et al., 2017). Based on previous 477 
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experience (Edger et al., 2017; VanBuren et al., 2018), Canu produced the most contiguous and 478 

accurate assembly for homozygous, diploid species compared to other leading long-read 479 

assemblers. The following Canu parameters were modified and all others were left as default: 480 

minReadLength=2500, GenomeSize=270Mb (or 250Mb), minOverlapLength=1000. Assembly 481 

graphs were visualized in Bandage (Wick et al., 2015). Draft contigs were polished with Pilon 482 

(V1.22) (Walker et al., 2014) using 79x and 58x coverage of Illumina paired-end 150 bp data for 483 

L. brevidens and L. subracemosa, respectively. Illumina reads were quality-trimmed using 484 

Trimmomatic (v0.33) (Bolger et al., 2014) and aligned to the draft contigs using bowtie2 485 

(V2.3.0) (Langmead and Salzberg, 2012) with default parameters. Alignment rates in the first 486 

round of corrections were 96% and 97% respectively, suggesting that both the L. brevidens and 487 

L. subracemosa assemblies were largely complete. Parameters for Pilon were modified as 488 

follows: --flank 7, --K 49, and --mindepth 20. Pilon was run recursively three times with minimal 489 

corrections in the third round, supporting accurate indel correction.  490 

 491 

HiC library construction and analysis 492 

The L. brevidens draft genome was anchored into a chromosome-scale assembly using a Hi-C 493 

proximity-based assembly approach. The Hi-C library was constructed using 0.2 g of young leaf 494 

tissue from well-watered L. brevidens plants with the Proximo™ Hi-C Plant kit (Phase 495 

Genomics) following the manufacturer’s protocol. The final library was size-selected for 300-496 

600 bp and sequenced on the Illumina NexSeq 500 under paired-end 75 bp mode. In total, 178 497 

million reads were used as input for the Juicer and 3d-DNA Hi-C analysis and scaffolding 498 

pipelines (Durand et al., 2016; Dudchenko et al., 2017) (Supplemental Table 1). Quality-filtered 499 

reads were aligned to the PacBio contigs using bwa (V0.7.16) (Li, 2013) with strict parameters (-500 
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n 0) to prevent mismatches and non-specific alignments and the resulting sam files were used as 501 

input into the Juicer pipeline. Read pairs were merged and duplicates or near duplicates were 502 

removed prior to constructing the distance matrix. Contigs were ordered and oriented and 503 

assembly errors were identified using the 3d-DNA pipeline with default parameters (Dudchenko 504 

et al., 2017). The resulting hic contact matrix was visualized using Juicebox, and misassemblies 505 

and misjoins were manually corrected based on neighboring interactions. This approach 506 

identified 14 high-confidence clusters representing the haploid chromosome number in L. 507 

brevidens. The manually validated assembly was used to build pseudomolecules using the 508 

finalize-output.sh script from 3d-DNA, and chromosomes were renamed and ordered by size.  509 

 510 

Genome annotation 511 

Prior to genome annotation, long terminal repeat (LTR) retrotransposons were predicted using 512 

LTR harvest (genome tools V1.5.8) (Ellinghaus et al., 2008) and LTR Finder (v1.07) (Xu and 513 

Wang, 2007), and the LTR library was refined using LTR retriever (v1.8.0) (Ou and Jiang, 514 

2018). Retrotransposons were classified as intact if they were flanked by full-length LTRs. The 515 

insertion time for each intact element was calculated using LTR_retriever with the formula of 516 

T=K/2μ, where K is the divergence rate approximated by percent identity and μ is the neutral 517 

mutation rate estimated as μ=1 × 10-8 mutations per bp per year. 518 

The filtered, non-redundant LTR library from LTR retriever was used as input for whole-genome 519 

annotation of LTR retrotransposons using RepeatMasker (http://www.repeatmasker.org/)(Chen, 520 

2004). The L. brevidens and L. subracemosa genomes were annotated using the MAKER-P 521 

pipeline (Campbell et al., 2014). Transcript-based evidence for gene predictions was produced 522 

using the desiccation/rehydration time course RNAseq data. RNAseq reads were aligned to the 523 



23 
 

L. brevidens and L. subracemosa genomes using the splice aware aligner STAR (v2.6) (Dobin et 524 

al., 2013). Transcripts were identified using StringTie (v1.3.4) (Pertea et al., 2015) with default 525 

parameters and the –merge flag was used to combine the output from individual libraries. The 526 

sets of non-redundant transcripts were used as expressed sequence tag evidence and protein 527 

sequences from Arabidopsis (Lamesch et al., 2011) and UniprotKB plant databases(Boutet et al., 528 

2007) were used as protein evidence. The custom LTR retrotransposon library produced by LTR 529 

retriever and Repbase libraries were used for repeat masking. Ab initio gene prediction was done 530 

using SNAP (Korf, 2004) and Augustus (3.0.2 ) (Stanke and Waack, 2003) with two rounds of 531 

iterative training for each species. The raw gene models were filtered to identify any residual 532 

repetitive elements using BLAST with a non-redundant transposase library. After filtering, a 533 

final set of 27,204 and 33,344 gene models was produced for L. brevidens and L. subracemosa 534 

respectively. Annotation quality was assessed using the benchmarking universal single-copy 535 

orthologs (BUSCO; v.2) (Simão et al., 2015) with the plant-specific dataset 536 

(embryophyta_odb9). 537 

 538 

Comparative Genomics 539 

Syntenic gene pairs within and between L. brevidens and L. subracemosa were identified using 540 

the MCSCAN toolkit (V1.1)(Wang et al., 2012) implemented in python 541 

(https://github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version)). Gene models were aligned 542 

using LAST and hits were filtered to find syntenic blocks. Tandem gene duplicates were 543 

identified using all vs. all BLAST with a minimum e-value of 1e-5 and maximum gene distance 544 

of 10 genes. Macro and microsynteny plots, and syntenic block depths were plotted using the 545 

python version of MCScan. Genes were classified as lineage specific, if they had no syntenic 546 

https://github.com/tanghaibao/jcvi/wiki/MCscan-(Python-version)
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orthologs between the two species or hits from LASTAL with >70% nucleotide identity. The 547 

whole-genome duplication event (WGD) within Lindernia was identified using a combination of 548 

synteny and synonymous substitution rate (Ks) estimation between duplicated gene pairs. 549 

Comparison of L. brevidens and L. subracemosa in MCSCAN identified a 2:2 syntenic pattern 550 

with 7,742 and 8,452 duplicated gene pairs retained respectively. Duplicated regions span 70% 551 

of the L. brevidens genome and 72% of the L. subracemosa genome. Most duplicated regions 552 

were retained in large blocks, allowing chromosome pairs to be identified. Ks was estimated 553 

using KaKs_calculator with the NG model (Zhang et al., 2006) and a peak of 0.65 in L. 554 

brevidens and 0.69 for L. subracemosa was identified, which indicates that the event is shared 555 

between both species. 556 

 557 

RNAseq analysis 558 

Paired end Illumina RNAseq reads were trimmed by quality score and by adapter contamination 559 

using Trimmomatic (v0.33)(Bolger et al., 2014) with default parameters. The expression level of 560 

each gene was quantified using  the pseudoaligner Kallisto (Bray et al., 2016) against the final 561 

gene models for L. brevidens and L. subracemosa. Parameters were left as default with 100 562 

bootstraps per sample. Expression was quantified in Transcript Per Million (TPM), and a mean 563 

across the three replicates was used for single gene analysis and for constructing log2 564 

transformed expression based heatmaps. Pairwise differentially expressed genes were identified 565 

using sleuth (Pimentel et al., 2017) implemented in R.  566 

 567 

Co-expression network construction 568 
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The time course RNA-seq data were clustered into gene co-expression networks using the R 569 

package WGCNA (Langfelder and Horvath, 2008). Genes with less than an average TPM of 5 570 

across all seven timepoints were filtered prior to network construction. A signed co-expression 571 

network was constructed for each species using a soft-thresholding power of 8 and a tree cut 572 

height of 0.15. All remaining parameters were left as default. In total, 14,246 genes were 573 

clustered into 10 modules for L. brevidens and 14,075 genes were clustered into 9 modules for L. 574 

subracemosa.  575 

 576 

Cis-element identification 577 

Cis-regulatory elements were identified using the Hypergeometric Optimization of Motif 578 

EnRichment program (HOMER; v4.10) (Heinz et al., 2010) using cis-elements from 529 plant 579 

transcription factors (O’Malley et al., 2016). Cis elements were identified in the 1 kb region 580 

upstream of the transcriptional start site (TSS) when known, or directly upstream of the start 581 

codon of each gene model. Promoters of gene models with detectable expression (TPM > 1) 582 

were used as background. Enrichment tests were performed using syntenic gene pairs with 583 

differential expression specific to L. brevidens, or gene models unique to modules upregulated or 584 

downregulated during desiccation in L. brevidens. A P value of < 0.00001 was used as cutoff for 585 

identifying enriched motifs in any comparison.  586 

 587 

Identification of LEA genes 588 

LATE EMBRYOGENESIS ABUNDANT (LEA) genes were retrieved from L. brevidens and L. 589 

subracemosa transcriptomes by BLAST and HMMER (http://hmmer.org/). A. thaliana and C. 590 

plantagineum LEA protein sequences were used for BLAST searches. HMM profiles for the 591 
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eight LEA families (DHN - PF00257, LEA_1 - PF03760, LEA_2 - PF03168, LEA_3 - PF03242, 592 

LEA_4 - PF02987, LEA_5 - PF00477, LEA_6 - PF10714 and SMP - PF04927) obtained from 593 

the Pfam database (http://pfam.xfam.org) (Finn et al., 2015) were used with the program 594 

hmmscan to search for LEA domain-containing proteins. Proteins identified with hmmscan were 595 

queried against the nr databank to confirm their classification as LEAs. Orthologs pairs were 596 

additionally confirmed by pairwise sequence alignments of the predicted protein sequences using 597 

EMBOSS Needle (https://www.ebi.ac.uk/Tools/psa/emboss_needle/). 598 

 599 

Accession Numbers 600 

The genome assemblies, raw PacBio data, Illumina DNAseq, and RNAseq data are available 601 

from the National Center for Biotechnology Information (NCBI) Short Read Archive (SRA). 602 

The RNAseq reads were deposited to NCBI SRA under BioProject PRJNA488068. The genome 603 

assemblies for L. brevidens and L. subracemosa have been deposited under BioProjects 604 

PRJNA489464 and PRJNA489465 respectively.   605 

 606 

Supplemental Data 607 

Supplemental Figure 1. Histogram of filtered PacBio subreads for (a) Lindernia brevidens and 608 

(b) L. subracemosa. 609 

Supplemental Figure 2. Graph-based assembly of the L. brevidens genome. 610 

Supplemental Figure 3. Graph based assembly of the L. subracemosa genome. 611 

Supplemental Figure 4. Summary of genome wide syntenic blocks in Lindernia. 612 

https://www.ebi.ac.uk/Tools/psa/emboss_needle/
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Supplemental Figure 5. Macrosyntenic dotplot between the L. brevidens and L. subracemosa 613 

genomes. 614 

Supplemental Figure 6. Microsynteny showing a region with biased fractionation between L. 615 

brevidens and L. subracemosa. 616 

Supplemental Figure 7. Weighted gene co-expression network in L. brevidens. 617 

Supplemental Figure 8. Weighted gene co-expression network in L. brevidens. 618 

Supplemental Figure 9. Overlap between L. brevidens and L. subracemosa co-expression 619 

networks.  620 

Supplemental Table 1. Statistics of read mapping, filtering, and interactions for the HiC data. 621 

Supplemental Table 2. Summary of HiC-based scaffolding. 622 

Supplemental Table 3. Summary of GO terms enriched in L. brevidens-specific genes.  623 

Supplemental Table 4: Summary of differential expressed genes during dehydration and 624 

rehydration in the two Lindernia species 625 

Supplemental Table 5. Enriched GO terms in syntenic orthologs uniquely upregulated in L. 626 

brevidens with no change in expression in L. subracemosa  627 

Supplemental Table 6. Enriched GO terms in syntenic orthologs uniquely downregulated in L. 628 

brevidens with no change in expression in L. subracemosa  629 

Supplemental Table 7. Enriched cis-regulatory elements (CREs) in genes uniquely upregulated 630 

under desiccation in L. brevidens.  631 
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Supplemental Table 8. Enriched cis-regulatory elements (CREs) in genes uniquely 632 

downregulated under desiccation in L. brevidens.  633 

Supplemental Table 9. Enriched CREs in desiccation associated co-expression modules in L. 634 

brevidens.  635 

Supplemental Table 10. Expression of desiccation-related genes.  636 

Supplemental Table 11. Number of LEA genes in Lindernia brevidens and Lindernia 637 

subracemosa 638 

Supplemental Data Set 1. Expression of LEA genes. 639 
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Figure 1. Comparative desiccation tolerance system within Linderniaceae. Inferred 652 

phylogeny from Fischer et al. 2013 showing the two model desiccation-tolerant species 653 

(Crateristigma plantagineum and Lindernia brevidens) and the desiccation-sensitive outgroup 654 

(Lindernia subracemosa). Ploidy, karyotype, and genome size are shown on branches. 655 

Figure 2. Hi-C clustering for pseudomolecule construction in L. brevidens. Post-clustering 656 

heat map of HiC-based intrachromosomal interactions in Lindernia brevidens. 657 

Pseudomolecules corresponding to the 14 haploid chromosomes are delineated by gray boxes.  658 

Figure 3. Landscape of the L. brevidens genome. LTR-RT and CDS density are plotted in 659 

sliding windows of 50 kb with 25 kb step size for the 14 L. brevidens scaffolds (chromosomes). 660 

Red indicates high density and blue indicates low density of CDS and LTR-RTs in the heat map 661 

below each landscape.  662 

Figure 4. Insertion time of intact LTR-RTs. The average insertion time calculated from the 663 

divergence of LTR pairs is plotted for the 1,025 intact LTR-RTs in L. brevidens and 1,972 intact 664 

LTR-RTs in L. subracemosa.  665 

Figure 5. Comparative genomics of L. brevidens and L. subracemosa. (A) Syntenic dotplot of 666 

L. brevidens showing retained gene pairs from the recent WGD event. Each black dot represents 667 

a pair of retained genes. (B) Microsynteny between syntenic blocks of the L. brevidens (top) and 668 

L. subracemosa (bottom) genomes. Syntenic gene pairs between L. brevidens vs. L. subracemosa 669 

are shown by brown connections and retained WGD gene pairs within each genome are shown 670 

by gray connections. Genes are colored by orientation in L. brevidens (light blue are forward, 671 

dark blue are reverse) and L. subracemosa (light red are forward, dark red are reverse). 672 

Figure 6. Comparison of tandem gene arrays in Lindernia. (A) Histogram of tandem array 673 

sizes. (B) Heatmap of tandem array size in syntenic orthologs between L. brevidens and L. 674 

subracemosa. Values are plotted as the proportion of tandem genes in each category against all 675 

the genes in that array size.  676 

Figure 7. Overview of desiccation and rehydration processes in Lindernia. (A) Relative 677 

water content (RWC) of fresh leaf tissues (F), 3, 7. 10, and 14 days drought (D), and 24 and 48 678 

hours post rehydration (R) in L. brevidens and L. subracemosa. Error bars represent the standard 679 

error of the mean with three replicates for each RWC measurement. (B) Representative L. 680 

brevidens (top) and L. subracemosa at various RWC.  681 

Figure 8. Comparative co-expression networks during desiccation and rehydration in 682 

Lindernia. The mean expression of genes from modules in the co-expression network in L. 683 

brevidens (left) and L. subracemosa (right) are plotted for the seven timepoints. Conserved 684 

modules with upregulation during desiccation are highlighted in yellow in both networks, and 685 

modules with downregulation during desiccation are highlighted in gray. 686 

Figure 9. Subfunctionalization of oleosin and caleosin genes in L. brevidens. Heatmaps of 687 
Log2 transformed expression of genes encoding oleosins (top) and caleosins (bottom) in L. 688 
brevidens and L. subracemosa. Syntenic orthologs are connected by brown lines including 1:2 689 
and 2:2 orthologs between species. 690 
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Figure 10. Tandem proliferation of desiccation associated ELIP genes in L. brevidens. (A) 691 

Microsynteny of a large tandem gene array in L. brevidens compared to the single gene syntenic 692 
ortholog in L. brevidens and the two syntenic regions in L. subracemosa. (B) Log2 transformed 693 

expression patterns of ELIPs in L. subracemosa (top) and L. brevidens (bottom). The large 694 
tandem array and syntenic whole-genome duplicates are labeled. 695 

  696 
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Tables: 900 

 901 

 902 

Table 1: Lindernia genome assembly metrics 903 

  L. subracemosa 
L. brevidens V1 

(draft)# 

L. brevidens V2 

(chromosome scale) 

Number of contigs 328 327 144 (unplaced)† 

Number of scaffolds NA* NA 14 

Contig N50  1.9 Mb 3.7 Mb 18.7 Mb 

Total length 246,514,821 bp 271,249,608 bp 263,221,403 bp 

LTR composition 77.4 Mb (31%)+  92.0 Mb (34%)  92.0 Mb (34%) 

Number of gene models 33,344 27,204 27,204 

 904 

Notes:  905 

#The L. brevidens V1 represents the contig level PacBio based assembly and V2 represents the 906 

chromosome scale assembly of L. brevidens anchored using Hi-C data.  907 

† Unplaced scaffolds were not anchored into the chromosome scale assembly.  908 

*The L. subracemosa and L. brevidens V1 assemblies are contig level and thus contain no 909 

scaffolds.  910 

+Proportion (percentage) of the genome represented by LTRs. 911 

 912 

Table 2: Comparison of biased fractionation following the shared WGD in Lindernia. Gene 913 

ratios are shown as L. brevidens: L. subracemosa.  914 

Gene classification Gene ratio                                                      
 Number of 

Genes/pairs 

Single copy (both species) 1:1  11,874 

Duplicate retained (both species) 2:2  7,568 

Duplicate retained (L. brevidens) 2:1  1,276 

Duplicate retained (L subracemosa) 1:2  3,286 

L. brevidens specific (single copy) 1:0  3,026 

L. subracemosa specific (single copy) 0:1  6,183 

L. brevidens specific (duplicated) 2:0  174 

L. subracemosa specific (duplicated) 0:2  884 

 915 


