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Abstract 32 

 33 

One of the most outstanding plant species during the blooming of the Atacama Desert is the 34 

annual plant Cistanthe longiscapa. This plant can perform CAM photosynthesis, but the 35 

ecophysiological and molecular mechanisms that this plant uses to withstand the extreme 36 

conditions it inhabits in the field are unknown. 37 

Morphological and ecophysiological traits were studied and leaf samples at dawn/dusk 38 

times were collected from three sites distributed across an increasing south to north arid 39 

gradient, to evaluate CAM expression and transcriptomic differences, and search for links 40 

between photosynthetic path and abiotic response. 41 

Plants from the different sites presented significant differences in nocturnal leaf acid 42 

accumulation, isotopic carbon ratio (δ13C), succulence and other four traits that clearly 43 

indicated a spectrum of CAM photosynthesis intensity that correlated with aridity intensity. 44 

The differential gene expression analysis among Dawn vs Dusk between sampling sites 45 

showed higher gene expression in the arid northern site (3991 v/s 2293) with activation of 46 

regulatory processes associated with abscisic acid and circadian rhythm. 47 

The analysis highlights clear ecophysiological differences and the requirement of a strong 48 

rewiring of the gene expression to allow a transition from a weak into a strong CAM in C. 49 

longiscapa.  50 

 51 

Keywords: Abiotic Stress, Atacama Desert, CAM photosynthesis, Cistanthe longiscapa, 52 

C3-CAM spectrum, Drought, δ13C values, RNA-seq. 53 

 54 
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Introduction 56 

 57 

In the upcoming years, it is expected that temperatures and drought periods will 58 

intensify due to climate change, affecting biodiversity at all levels (Feng and Fu, 2013; 59 

Schlaepfer et al., 2017), with terrestrial plants particularly exposed to these stressful 60 

environmental factors (Feng and Fu, 2013; Parmesan and Hanley, 2015; Schlaepfer et al., 61 

2017). Plants can sense environmental changes rapidly and evolve morphological, 62 

physiological, and molecular adaptations to face them (Dussarrat et al., 2018). However, 63 

the mechanisms underlying these responses are still unknown, making it difficult to build 64 

any prediction model on how plants will face the aforementioned challenges. In times of a 65 

fast-growing human population (Gerland et al., 2014), uncovering these mechanisms is 66 

essential for a sustainable agricultural development, and a relevant input to engineer more 67 

resistant crops for a warmer and drier world (Borland et al., 2014; Borland et al., 2015; 68 

DePaoli et al., 2014; Yang et al., 2015). 69 

 70 

Photosynthesis is an essential plant metabolic process, where atmospheric CO2 is fixed into 71 

carbohydrates in a carbon cycle by RUBISCO, using the sun's energy and water. However, 72 

this process is affected by drought and elevated temperatures (Perdomo et al., 2017). Under 73 

arid conditions, plants face a limited water income, which is countered by an active 74 

reduction of stomata opening. This strategy enables the plant to lose less water through 75 

transpiration, a trade-off that can be costly by limiting CO2 supply to photosynthesis 76 

(Bräutigam et al., 2017), and affecting the affinity of RUBISCO for CO2 instead of O2. To 77 

deal with this problem, some plants have evolved, together with adaptive morphological 78 

traits, CO2-concentrating mechanisms that can be coupled to carbon fixation in the Calvin-79 

Benson cycle (Raven and Beardall, 2016; Raven et al., 2017). Crassulacean acid 80 

metabolism (CAM) is a CO2-concentrating mechanism remarkable for its high water-use 81 

efficiency (WUE) relative to C3 and C4 photosynthesis (Borland et al., 2009; Cushman et 82 

al., 2015). To reduce water loss, CAM plants fix CO2 during the night by the action of the 83 

enzyme phosphoenolpyruvate carboxylase (PEPC), generating organic acids (mainly 84 

malate) that are stored in the vacuole. During the day, the night accumulated organic acids 85 

are decarboxylated and CO2 is concentrated around RUBISCO to be fixed, entering the 86 
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Calvin-Benson cycle (C3 photosynthesis) to form carbohydrates, also reducing 87 

photorespiration, which can have a detrimental effect over photosynthesis (Pereira et al., 88 

2021). Given this temporal separation, CAM plants can achieve high WUE compared to C3 89 

and C4 plants (Wai et al., 2019).  90 

 91 

CAM is a remarkable example of convergent evolution of a complex trait that has evolved 92 

independently multiple times in about 6% of species and at least 37 plant families (Winter 93 

et al., 2020). Different types of CAM have been described (Messerschmid et al., 2021; 94 

Winter and Smith, 2022), for instance, in obligate CAM plants, like most cacti, carbon is 95 

fixed constitutively at night in contrast to facultative CAM plants, where nocturnal fixation 96 

is induced by drought, salt stress or ontogeny (Winter K., 2019; Schiller and Bräutigam, 97 

2021). In CAM cycling plants, carbon is fixed nocturnally from recycled respiratory CO2, 98 

and during the day with C3 photosynthesis (Schiller and Bräutigam, 2021). CAM idling 99 

plants also perform CAM cycling, but stomata are always closed (Sipes and Ting, 1985). 100 

CAM species can also be classified as strong (CO2 night uptake >70%) or weak CAM (CO2 101 

night uptake < 33%, Pereira et al., 2021). Plants performing weak CAM supplement the 102 

low-level nocturnal CO2 fixation with high daytime C3 photosynthesis carbon fixation 103 

(Winter K., 2019, Schiller and Bräutigam, 2021). These weak CAM states can be 104 

considered as intermediate steps within the evolutionary spectrum from C3 to CAM, or as 105 

the final evolutionary state for lineages where it might be advantageous (Hancock et al., 106 

2019; Heyduk et al., 2019). On the other hand, depending on the route that takes malate 107 

decarboxylation during the day, two different CAM pathways can be distinguished (Holtum 108 

et al., 2005, Shameer et al., 2018): one is the malic enzyme route (CAM-ME), where 109 

malate is decarboxylated either in the cytosol by NADP-dependent malic enzyme (NADP-110 

ME) or in the mitochondria by NAD-dependent malic enzyme (NAD-ME). These 111 

decarboxylations produce pyruvate and CO2, where pyruvate is transported to the 112 

chloroplast and converted to PEP by the chloroplastic PEP dikinase (PPDK). The other 113 

pathway is the PEP carboxykinase (PEPCK) route (CAM-PEPCK), where malate is 114 

decarboxylated by PEPCK producing PEP in the cytosol, so these species do not rely on 115 

PPDK. In addition, based on the transitory sugar accumulated, there are species where PEP 116 

is transiently stored as starch in the chloroplast, like in Kalanchoe or Mesembryanthemum 117 
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crystallinum; and others where it is stored in the vacuole as soluble saccharides like 118 

sucrose, fructose or glucose (Holtum et al., 2005; Borland et al., 2016). These pathways 119 

diversity probably stems from the multiple evolutionary origins of CAM (Niechayev et al., 120 

2019). 121 

  122 

The evolutionary basis of CAM and its plasticity is sustained in the fact that all CAM genes 123 

exist in C3 species, with genetic changes centered on regulation, timing or abundance of 124 

transcripts, gene duplications and neofunctionalization (Heyduk et al., 2018, 2019). 125 

Changes in transcript abundance and regulation related to circadian rhythm have been 126 

proposed as the main source of changes related to CAM (Wai et al., 2019). Recently, 127 

changes in amino acid biosynthesis flux have also been suggested as a possible mechanism 128 

towards developing CAM photosynthesis (Bräutigam et al., 2017). In addition, genome-129 

scale analyses of constitutive CAM plants suggest that time of day networks are phased to 130 

the evening compared to C3, whereas in drought induced CAM, core clock genes either 131 

change phase or amplitude, with novel CAM and stress specific cis-elements being 132 

responsible for rewired co-expression networks (Wai et al., 2019; Chen et al., 2020). 133 

 134 

Plant species inhabiting deserts have been exposed to the so-called stressful environmental 135 

conditions for thousands of years. Many of them have developed morphological and 136 

physiological adaptations that enhance their photosynthetic performance and survival under 137 

extreme arid conditions (Gibson AC., 1998, Wang et al., 2019), including the evolution of 138 

CAM photosynthesis, CAM-C3 intermediate or C4 mechanisms (Heyduk et al., 2019, 139 

Wang et al., 2019, Folk et al., 2020). The Atacama Desert is one of the driest places on 140 

earth, with precipitations only occurring sporadically. When, every few years, thresholds on 141 

precipitation abundance and frequency are meet, the phenomenon known as the “blooming 142 

desert” emerge (Vidiella et al., 1999; Chávez et al., 2019; Araya et al., 2020; Holtum et al., 143 

2021). Cistanthe longiscapa (Bernaud) Carolin ex Hershkovitz (Montiaceae) is an endemic 144 

annual plant and one of the most widespread and abundant plants within the blooming 145 

Atacama Desert events (Holtum et al., 2021). Previous reports based on leaf carbon isotope 146 

ratios suggest that some Chilean members of Cistanthe are in the C3-CAM intermediate 147 

spectrum (Arroyo et al., 1990; Palma and Mooney, 1998), with C. longiscapa representing 148 
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a weak constitutive CAM (Holtum et al., 2021). Studies in other genus of the family, such 149 

as Calandrinia in Australia, have shown that many of these annual succulent species can be 150 

CAM facultative (Winter and Holtum, 2011; Holtum et al., 2017). In this work, we aim to 151 

explore the changes in gene expression associated to the C3-CAM spectrum in C. 152 

longiscapa, proposing that the intensity of CAM will vary concomitant with the intensity of 153 

aridity to which plants are exposed in the Atacama Desert. To this end, we studied the field 154 

variation on ecophysiological traits and CAM photosynthesis in C. longiscapa, assembled a 155 

de novo transcriptome followed by an RNA-seq comparative study from samples taken at 156 

dawn and dusk from three sampling sites, to track the changes in CAM/C3 switches under 157 

field conditions. The strength of this study lies in that it is the first transcriptomic study of 158 

an Atacama Desert blooming plant focused to unveil the molecular basis of the C3-CAM 159 

photosynthesis under natural environment conditions. 160 

 161 

Materials and Methods 162 

 163 

Sampling and plant traits measurement 164 

Cistanthe longiscapa has a rosette with basal succulent leaves and inflorescence 165 

branches with showy terminal purple flowers, despite the strong impact of tourism during 166 

the blooming desert, this species is currently not threatened (Squeo et al., 2008). The study 167 

was conducted at the Atacama Desert, with all the samples being collected in July 2015, at 168 

the beginning of the flowering season. The year 2015 was a particular one in terms of 169 

precipitation timing, abundance, intensity (Wilcox. et al., 2016), and flowering abundance. 170 

Three sampling locations were selected between the localities of Copiapó and Vallenar, 171 

where populations of Cistanthe longiscapa (Bernéoud) Carolin ex Hershkovitz grows in 172 

extensive prairies when the flowering desert occur: Site 1 (S1) was set at 27°38'02.4"S 173 

70°27'46.8"W, S2 at 27°57'57.6"S 70°33'25.2"W and S3 at 28°25'12.0"S 70°43'12.0"W. S1 174 

and S2 site soils are calcisols, whereas site S3 display regosols (Supplementary Figure 1, 175 

Harmonized World Soil Database (version 1.2), Fischer et al., 2008). In each sampling site, 176 

fully expanded mature leaves from 10 healthy flowering plants were sampled at the evening 177 

(7-8 PM, henceforth “dusk”) and at the next morning (7-8 AM, henceforth “dawn”) on the 178 

same individuals, to determine nocturnal tissue acidification and prepare RNA extractions 179 
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to cDNA library construction. Once sampled, all samples were immediately frozen in liquid 180 

nitrogen and transported to the laboratory in a Taylor-Wharton CXR500 dry shipper. Also, 181 

at dawn, leaves from the same plants were sampled to determine leaf mass per area (LMA), 182 

saturated water content (SWC), carbon isotope composition (ẟ13C (‰)), the percentage of 183 

Carbon and Nitrogen (%C, %N) and photosynthetic pigments content (chlorophyll A, 184 

chlorophyll B, carotenoids).  185 

 186 

For LMA and SWC determination (Ogburn and Edwards, 2012), 5 leaves were freshly 187 

weighed, scanned for area determination, saturated with distilled water until constant 188 

weight, and oven dried at 75ºC for 48-72 hours until reaching a constant weight. LMA was 189 

calculated as: Dry weight (g) / area (m2); and SWC as: [(Saturated weight (g) – dry weight 190 

(g)) / dry weight (g)]. For carbon isotope ratios and carbon and nitrogen composition, five 191 

fully expanded mature leaves per plant were dried, pooled, grinded, and analyzed at the 192 

Laboratory of Biogeochemistry and Applied Stable Isotopes (LABASI, PUC, Santiago, 193 

Chile) with an isotope ratio mass spectrometer and calculated against the Pee Dee 194 

belemnite (PDB) standard following Farquhar et al. (1989) equation. For chlorophyll and 195 

carotenoids content, leaves were instantly frozen in liquid nitrogen in the field and kept at -196 

80º C until the pigments were extracted with DMSO following the protocol and equations 197 

described by Wellburn (1994).  198 

To estimate the degree of CAM photosynthesis, titratable acidity was measured with 199 

NAOH 0.01N (Keeley and Keeley, 1989) in leaves collected at dawn and dusk (10 plants 200 

per site). The accumulation was estimated as the difference between dawn and dusk and 201 

reported as nocturnal leaf acid accumulation. Significant differences for all measured traits 202 

were estimated using T-Test (for paired comparisons) or one-way ANOVA for each trait 203 

displayed. Principal component analysis (PCA) was used to evaluate correlations among 204 

traits. All the statistics were carried out in R (R Core Team, 2020). 205 

 206 

RNA isolation and cDNA library construction 207 

Total RNA was extracted using Spectrum Plant Total RNA Kit (Sigma Aldrich, USA) from 208 

all the samples. We prepare 12 cDNA libraries (3 individuals � 2 sampling times (dawn 209 

and dusk) � 2 localities) using the TruSeq RNA-seq library prep kit from Illumina 210 
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(Illumina, Inc., CA, USA) according to manufacturer’s instructions. cDNA libraries (Table 211 

S1) were sequenced in two lanes (paired-end 150 bp set-up) using HiSeq2500 sequencer 212 

(Macrogen Inc., Korea). Sequence data were deposited in the NCBI Short Read Archive in 213 

SUB10469409. 214 

 215 

De novo transcriptome assembly  216 

Before the transcriptome assembly, FastQC was used to check reads raw quality. Raw reads 217 

were trimmed with the Trim Galore Cutadapt (Martin and Wang, 2011) wrapper using the 218 

paired and -q 25 option to conserve high quality reads quality. Overall quality was checked 219 

before assembly using MultiQC (Ewels et al., 2016). De novo assembly of high-quality 220 

contigs for C. longiscapa were performed using the Trinity package v2.5.0 (Haas et al., 221 

2013) following the authors recommendations and with “min_contig_length 400” as 222 

additional parameter to avoid very short contigs. The assembled de novo transcriptome was 223 

optimized with the TransRate package (Smith-Unna et al., 2016) using the authors’ 224 

parameters recommendations. We look deeper into the transcriptome for ultra-conserved 225 

proteins using BUSCO (Simão et al., 2015) and the plant database Embryophyta odb09. 226 

 227 

Cistanthe longiscapa gene functional annotation 228 

Gene functional annotation was performed using Mercator version 4 (Lohse et al., 2014) 229 

and EggNOG version 4.5.1 (Huerta-Cepas et al., 2016) to determine the best homologue 230 

from the model plant Arabidopsis thaliana. First, the predicted transcripts were converted 231 

into proteins using the Transcript decoder 2 tool from Cyverse (Joyce et al., 2017), using 232 

the universal genetic code and minimum protein length of 100 amino acids options. 233 

Transcript predicted proteins were next annotated using Mercator, using the following 234 

setting: TAIR release 10 database was used as reference, with a blast cut-off of 80 (default). 235 

The Mercator A. thaliana gene hits were annotated using the Thalemine (Krishnakumar et 236 

al., 2017) annotation. The same dataset was also assessed using EggNOG, using the 237 

following setting: DIAMOND for Mapping mode, Taxonomic Scope was adjusted 238 

automatically, Orthologs search was run using the “Restrict to one-to-one” mode, and Gene 239 

Ontology Evidence was run using the “Use experimental terms only” mode. 240 

Principal component and differential gene expression analysis 241 
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To maximize differences, only RNAseq from individuals from the extreme populations (S1 242 

and S3) were used for differential expression analysis. Principal Component Analysis 243 

(PCA) was carried out using the R package FactoMineR (Lê et al., 2008). Differential 244 

expression analysis was performed for libraries from S1 and S3 between conditions (dawn 245 

and dusk), using the DESeq2 package (Love et al., 2014). Counts data was pre-processed to 246 

keep genes with at least 1.0 counts per million (cpm) in at least 3 samples. To maximize the 247 

number of differentially expressed genes detected, while controlling the false discovery rate 248 

(FDR), the Bioconductor package Independent Hypothesis Weighting (IHW, Ignatiadis et 249 

al., 2016) was used to determine the adjusted p-value on DESeq2. Volcano plots were 250 

generated using the ggplot2 R package whereas heatmaps were generated using the 251 

pheatmap R package. 252 

 253 

Gene ontology and pathways enrichment analysis 254 

Gene ontology (GO) annotation from the best A. thaliana homologues was retrieved from 255 

the PlantGSEA (Yi et al., 2013) “A. thaliana GO gene sets”, and transferred to the genes 256 

from C. longiscapa. Next, this mapping was used to generate a Gene Matrix Transposed 257 

(GMT) file, where each row maps a GO term to the genes from C. longiscapa which have 258 

this annotation. This GMT file was used to assess GO enrichment using the g:Profiler web 259 

server (Raudvere et al., 2019). In order to better characterize the g:Profiler results, the 260 

enriched GO terms redundancy was removed using REVIGO (Supek et al., 2011), with the 261 

following parameters: Allowed similarity: Small (0.5); GO categories associated to: P-262 

values; GO term sizes database: A. thaliana; semantic similarity measure to use: SimRel. 263 

Next, all the GO terms displayed by REVIGO were further summarized using the mclust 264 

method available at the simplifyEnrichment R/Bioconductor package version 1.2.0. 265 

 266 

Pathway’s enrichment analysis was also performed using the g:Profiler web server, based 267 

on the in house generated ClongiscapaCyc PTOOLS v25.0 pathway-genome database 268 

GMT file (PGDB, Karp et al., 2021), build using as input the annotation results generated 269 

by the e2p2v4 enzymes annotation tool (Schläpfer et al., 2017).  270 

 271 

Gene regulatory networks analysis 272 
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DESeq filtered and normalized counts transcripts (Supplementary File 1) were used for 273 

inferring and analyzing gene regulatory networks (GRNs) related to the S1 and S3 site 274 

plants, using the R package DIANE (Cassan et al., 2021). Known transcriptional regulators 275 

related to CAM photosynthesis were retrieved from the literature (Supplementary Table S1, 276 

Brilhaus et al., 2016, Amin et al., 2019, Maleckova et al., 2019, De La Harpe et al., 2020, 277 

Moseley et al., 2021). After inference of the networks and empirical p-values assessment of 278 

the regulator-gene pair weights, edges above an FDR of 0.05 were kept to generate the final 279 

networks (Cassan et al., 2021). 280 

 281 

qPCR validation 282 

We validated, by qPCR, some of the transcripts that were differentially expressed among 283 

libraries and were related to “CAM photosynthesis”, “Circadian Rhythm” and “Abiotic 284 

Stress” in the same samples used to perform the RNA-Seq libraries. One microgram of total 285 

RNA was treated with 1μL of DNAse I, amplification grade (Thermo Fisher Scientific) 286 

according to the manufacturer's instructions. This DNA-free RNA was used as a template 287 

for first-strand cDNA synthesis with an oligo(dT) primer and SuperScript II (Thermo 288 

Fisher Scientific), according to the manufacturer’s instructions. The primers described in 289 

Supplementary Table S2 were used to amplify PCR products from single-stranded cDNA. 290 

qPCR was performed using the Fast EvaGreen qPCR Master Mix kit (Biotum, CA, USA). 291 

Reactions contained 1 μL of 1:10 diluted cDNA in a total volume of 10 μL. The 292 

quantification and normalization procedures were done using the following equation 293 

(Vandesompele et al., 2002; Hellemans et al., 2007): 294 

 295 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 ൌ  
ሺ1 ൅ 𝐸 𝑡𝑎𝑟𝑔𝑒𝑡ሻି∆஼௧ ௧௔௥௚௘௧

ඥሾሺ1 ൅ 𝐸 𝑁𝑜𝑟𝑚1ሻି∆஼௧ ே௢௥௠ ଵሿ𝑥 ሾሺ1 ൅ 𝐸 𝑁𝑜𝑟𝑚2ሻି∆஼௧ ே௢௥௠ ଶሿ
 

 296 

where E corresponds to the efficiency of amplification of target and reference genes, Ct is 297 

the threshold cycle, and Norm1 and Norm2 refer to the references or normalizer genes. We 298 

selected ClClathrin and ClGAPDH as normalizer genes. 299 

  300 
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  301 
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Results 302 

 303 

Cistanthe longiscapa sampling on the Atacama’s Desert 304 

C. longiscapa (Figure 1, upper and mid panels) extends its distribution between 25º 305 

to 31ºS, from coastal habitats up to 3,800 m of elevation in sandy soils (Hershkovitz, 1991), 306 

where mean annual precipitation modeled after Bioclim 2.0 (Fick and Hijmans, 2017) is 307 

less than 40 mm/yr (Figure 1, lower panel).  This species is widely distributed in valleys 308 

and coastal plains during the blooms after rare winter rainfall in the Atacama Desert (Araya 309 

et al., 2020; Holtum et al., 2021). The flowering period usually extends between September 310 

and December (late winter to early summer). Plants were collected from three sites along 311 

the Atacama Desert environmental arid gradient (López et al., 2016), displaying differences 312 

in precipitation values (Figure 1, lower panel) and soil type (Supplementary Figure 1). 313 

 314 

Ecophysiological leaf traits points to different photosynthetic processes between S1 315 

and S3 plants 316 

To determine whether plants from the different sites displayed different ecophysiological 317 

performance, seven parameters associated with CAM and photosynthesis were analyzed 318 

(Figure 2A, Supplementary Figure 2). To this end, nocturnal leaf acid accumulation, 319 

isotopic ratio (δ13C), photosynthetic pigments (Chla, Chlb, Carotenoids), Carbon to 320 

Nitrogen ratio (C/N), leaf mass per area (LMA) and succulence (SWC) were assessed in 321 

leaves from ten plants from each site. Regarding the nocturnal acid accumulation, the 322 

highest values were reached in the northern site (S1, ∆ Acidity = 251.56 ± 43.79 meqH+/g) 323 

and the lowest in the southern site (S3, ∆ Acidity = 108.18 ± 41.8 meqH+/g), covering a 324 

spectrum of CAM photosynthesis intensity from strong to weak towards the south. The 325 

isotopic ratio (δ13C) measured in leaves of C. longiscapa also supports this spectrum, 326 

ranging from -15.42 to -24.15 ‰, values indicative of strong to weak CAM or C3-CAM 327 

intermediate (Messerschmid et al., 2021). For instance, the average in plants from S1 328 

support a strong CAM (δ13C = -17.5‰ ± 1.2) in this northern sampling site, whereas the 329 

mean value in plants from S2 and S3 are more in agreement with weak CAM or C3-CAM 330 

photosynthesis (S2 δ13C = -22.2‰ ± 1.1; S3 δ13C = -19.5‰ ± 1.1). Photosynthetic 331 

pigments (Chla/Chlb = 2.13 ± 0.35) and Total Chlorophyll/Carotenoids (Ctot/Car = 3.41 ± 332 
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0.51) showed their lowest values in plants from S1, increasing towards S3, an opposite 333 

pattern compared to the nocturnal leaf acidification. Plants from the S1 site had the lowest 334 

leaf mass per area (131.35 ± 28.76), whereas the highest value for this parameter was in 335 

plants from S3 (170.84 ± 23.94). Regarding the Carbon to Nitrogen ratio, the highest value 336 

was found in plants from S1 (17.88 ± 2.13), whereas the lowest level was found in plants 337 

from S3 (12.55 ± 2.63). Finally, succulence (SWC) was higher in leaves from plants from 338 

the S1 compared to S2 and S3 sites. 339 

 340 
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To evaluate if the ecophysiological variations observed among the plants from the different 341 

sites replicate the geographic samples distribution, we performed a PCA analysis (Figure 342 

2B). We observed that some variables strongly explain the segregation among geographic 343 

sampling sites. For example, the three best explanatory traits for CAM, ẟ13C, nocturnal 344 

leaf acidity accumulation and succulence (SWC) were correlated with Dim 1 (which 345 

accounted for 48.4% of the variance) and S1 site, segregating those samples from the other 346 

two sites. Leaf mass per area (LMA) and photosynthetic pigments (ratio Chla/Chlb and 347 

Ctot/Car) were correlated with Dim 1 in the opposite direction, and with S3 samples, 348 

explaining their segregation towards the other extreme of the Dim1 axis. These results 349 

suggest that C. longiscapa plants located in S1 and S3 sites performed different 350 

photosynthetic mechanisms. 351 
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 352 

De novo assembly of the Cistanthe longiscapa transcriptome and differential gene 353 

expression uncover different stress responses in plants from sites S1 and S3 354 

To get insights of the transcriptome repertoire of C. longiscapa, a de novo assembly was 355 

carried out using RNA-seq reads from 12 libraries obtained from sites S1 and S3, collected 356 

at dusk and dawn (Table 1), with a contig N50 of 1,128 bp. A total of 88,770 transcripts 357 

were predicted, which could be translated into 43,241 non-redundant proteins. The 358 

comparison against a set of highly conserved genes using BUSCO resulted in 61% of 359 

completed and 14% of fragmented genes, while 25% of the genes were missing. Close to 360 

90% (88.8%) of the predicted proteins were associated to a homologous protein when using 361 

in parallel Mercator (Lohse et al., 2014) and EggNOG (Huerta-Cepas et al., 2016) gene 362 

annotation tools (Supplementary Table S3). When considering only the A. thaliana best 363 

homologues, annotated by Mercator, 32,886 transcripts (76.1%) were covered, with a one-364 

to-one relationship for 15.5% of these transcripts. 365 

 366 

Principal component analysis of the RNAseq sample libraries clearly shows that the first 367 

dimension discriminates by site of collection whereas the second discriminate by time of 368 

sample collection (Figure 3A). Together, both dimensions accounted for 42.4% of the 369 

variability in the transcriptome. In terms of data quantification, a total of 69,614 transcripts 370 

of the de novo C. longiscapa transcriptome had expression values above 0. After the 371 

removal of lowly expressed and low reproducibility genes, the gene set to be assessed 372 

accounted for 35.3% of the original transcriptome (Supplementary Table S4, 373 

Supplementary File 1). Genes with differential gene expression added up to 3,991 when 374 

comparing dawn versus dusk at S1, and 2,564 at S3 (Figure 3B and C), with both sites 375 

predominantly displaying higher gene expression levels at dawn (Figure 3D). At S1, the 376 

dawn/dusk ratio was 2.3 (2771/1220 transcripts), whereas at S3 the ratio was 1.4 377 

(1491/1073 transcripts). Regarding the genes that were more expressed at dawn in both 378 

sites, close to 24% were shared (822 transcripts), whereas genes that were more expressed 379 

at dusk in both sites were close to 18% (343 transcripts, Figure 3D). 380 

 381 
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Functional enrichment analysis of this data was performed using the Gene Ontology (GO) 382 

annotation (Figure 4A; Supplementary Table S5) and MetaCyc pathways (Figure 4B). GO-383 
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based analysis allowed the identification of 64 processes enriched in some of the four 384 

conditions assessed. By using the corresponding semantic similarity matrix of these 64 GO 385 
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terms, we further grouped them in 8 clusters (Supplementary Figure 3). Clusters 1, 2 and 6 386 

were similarly represented in both sites, whereas cluster 3 displayed an opposite pattern for 387 

each site, being related to circadian processes. Cluster 4, related to cell death, was only 388 

associated with S1 plants at dawn. Cluster 5 was more diverse and included GO processes 389 

related to photosynthesis associated with genes with higher expression at dawn at the site 390 

S3. Clusters 7 and 8 were related to abiotic stress, being preferentially associated to the 391 

transcripts with higher expression at dawn at the site S1.   392 

 393 

In terms of pathways, abscisic acid biosynthesis displayed many genes with higher 394 

expression at S1 at dawn (Figure 5A), with genes involved in the biosynthesis of 395 

intermediate compounds and ABA transport also upregulated. Another set of pathways with 396 

a different expression profile between S1 and S3 were highlighted in Figure 5B. These 397 

pathways are key for regulating glutamine and glutamate accumulation and are also 398 

responsible for the biosynthesis of γ-aminobutyrate (GABA) which, as well as ABA, 399 

prompt plants to close stomata, a process that would be triggered at dawn in S1 site plants. 400 

 401 

Gene regulatory network analysis identifies the gene network of S1 plants up 402 

regulated at dawn as the most complex  403 

An analysis of 50 genes related to the control of the circadian clock (Supplementary Tables 404 

S6 and S7, Moseley et al., 2021) showed that 28% of these genes displayed a higher 405 

expression at dawn, led by LHY1, which peaks in the morning, and the other 20% 406 

displayed a higher expression at dusk and were led by TOC1, which peaks in the evening 407 

(Schiller and Bräutigam, 2021). S3 plants displayed 20% of the 50 assessed circadian genes 408 

with an exclusive upregulation at dawn, as opposed to S1 plants, which displayed other 409 

20% of the circadian clock genes with an exclusive upregulation at dusk.  410 

 411 

Several of the genes involved in the control of the circadian clock have been recognized as 412 

key CAM transcriptional regulators (Brilhaus et al., 2016, Amin et al., 2019, Maleckova et 413 

al., 2019, De La Harpe et al., 2020, Moseley et al., 2021). Therefore, we assessed the 414 

differences between S1 and S3 plants in terms of gene regulatory networks. The S1 GRN at 415 

dawn displayed more regulatory connections than any other GRN, with a link density of 416 
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1.142 compared to 0.980 from the S3 GRN at dawn, the network with the second larger 417 

number of regulatory connections. Among the hubs found, the nuclear-encoded sigma 418 

factor 5 (SIGE), the A. thaliana homologue of AT2G44730, and the heat shock 419 

transcription factor A2 (HSFA2) were the top 3 (Table 2). 420 

 421 

Community assessment based on GO enrichment analysis and normalized expression 422 

profiles (Supplementary Figure 4) also allowed to discriminate similarities and differences 423 

among the GRNs. For instance, the community number 3 in both S1 and S3 plants, at dusk, 424 

were similar in size, biological process GO enrichment and main hub genes. The 425 

community number 2 of the genes upregulated at dawn in S3 plants was, in turn, related to 426 

photosynthesis and displayed an expression change only in S3 plants. In addition, its main 427 

hub was the chloroplast-localized sigma factor SIGE, an essential factor in the nuclear 428 
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control of chloroplast function and its response to environmental stress (Mellenthin et al., 429 

2014, Zhang et al., 2020). 430 

 431 

Validation of Differential Expression of Genes using qPCR 432 

Based on the ecophysiological response and the enrichment on several GO terms associated 433 

to photosynthesis on plants from the site S3 at dawn, we evaluated the transcript level of 434 

genes associated to CAM metabolism such as PEPCK, PPDK, NADP-ME4 435 

and RUBISCO activase (Figure 7). Among them, the transcript level of NADP-ME4 436 

accumulates at dawn on plants from both sites whereas the transcripts of PEPCK, PPDK 437 

and RUBISCO activase did not shown a particular pattern of expression between the 438 

sampled sites, although PPDK transcript accumulation was higher on S1 samples. Given 439 

the fact that GO terms associated to circadian rhythm displayed a contrasting temporal 440 

pattern between sites S1 and S3 (Figure 4), the transcript level of two genes associated the 441 

dark phase such as APRR1, Gigantea and one gene associated to the light phase like Late 442 

Elongated Hypocotyl (LHY) were evaluated. As expected, the transcript levels of APRR1 443 

and Gigantea reached their maximum at dusk, whereas the transcript of LHY reached their 444 

maximum at dawn and the level of all transcripts were higher on samples from site S3 445 

(Figure 7). Additionally, we evaluated the transcript levels of genes associated to ABA 446 

biosynthesis, NCED3 and ABA2, considering the GO terms and MetaCyc pathways 447 

enrichment in response to water and plant hormone signaling transduction (Figure 5). As 448 

shown on Figure 7, the transcript level of NCED3 was higher on samples from S1 at dawn 449 

whereas the transcript of ABA2 exhibited similar levels at dawn and dusk at each sampled 450 

site, but with a slightly higher amount on S1 samples. 451 

 452 

  453 
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Discussion 454 

The Atacama Desert is a strongly arid environment, with a trend of aridity 455 

intensification towards the northern hyperarid core, particularly between the latitudes 30º 456 

and 25º, which enclose our sample sites (Figure 1, López et al., 2016). The stochastic and 457 

rare rain-driven Atacama Desert blooming episodes can generate spatially isolated plant 458 

communities that remain separated during the intervening dry periods (Holtum et al., 459 

2021), providing a well-suited condition for functional traits intra-specific divergence 460 

according to the microenvironments the species are exposed to. Studying intra-specific 461 

variation can help understand evolutionary adaptations to environmental change and the 462 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 19, 2022. ; https://doi.org/10.1101/2022.03.16.484649doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.16.484649
http://creativecommons.org/licenses/by-nc-nd/4.0/


20 
 

plants stress response (May et al., 2017). In this study evaluated intra-specific functional 463 

traits from the annual plant Cistanthe longiscapa, a conspicuous member of the Family 464 

Montiaceae, that grows during the “blooming desert” events. Plants located at different 465 

desert landscapes (Figure 1 and Supplementary Figure 1) were ecophysiologically and 466 

genetically characterized, which allowed us to detect different levels of CAM 467 

photosynthesis in C. longiscapa plants from different sites. Focusing on the transitional 468 

phases II (dawn) and IV (dusk) of the four-phase diurnal CAM cycle (Osmond CB, 1978), 469 

we were able to capture transcriptional information from key processes for the plant 470 

response to the environment, such as plant photorespiration, ABA and GABA biosynthesis 471 

and circadian regulation, which could help understanding the molecular basis for the 472 

metabolic flexibility shown between C. longiscapa plants inhabiting environments with 473 

differences in aridity (Winter K, 2019). 474 

 475 

CAM plants can be characterized by displaying a nocturnal acidification, a feature not 476 

found in C3 plants (Winter and Smith, 2022). In this study we were able to detect different 477 

levels of nocturnal leaf acidification in C. longiscapa plants collected from different sites 478 

and to associate these differences with the development of an abiotic stress response. These 479 

variations in acidity correlate with differences in ẟ13C contents, especially between the 480 

most northern (S1) and southern (S3) collection sites (Figure 2), pointing to a constitutive 481 

CAM in this species (Holtum et al., 2021), but with an environmentally sensitive CAM 482 

modulation (Winter K., 2019, Schweiger et al., 2021). In addition to the differences of 483 

δ13C and nocturnal titratable acid accumulation between S1 and S3 sites, our 484 

ecophysiological results disclose higher chlorophyll a/b and chlorophyll/carotenoids ratios 485 

in S3 plants, which could represent positive adaptive values of plants performing 486 

photosynthesis under high light stress conditions (Gori et al., 2021). Differential expression 487 

of genes related to photosynthesis and photorespiration at S3 also support the C3 diurnal 488 

unfolding in S3 plants (Figure 4A). These results are remarkable because they show that C. 489 

longiscapa is a species capable to live under extreme conditions of water scarcity by using 490 

a resource conservative strategy such as CAM, that could be switched to a CAM-C3 491 

resource expenditure strategy in response to almost imperceptible changes in arid 492 

conditions that would provide a more amenable environment (Pereira and Cushman, 2019).  493 
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 494 

Other leaf functional trait analyzed was “Leaf mass per area” (LMA), that is the ratio 495 

between leaf dry mass and leaf area. This trait would account for carbon and nutrients that 496 

are invested in a certain area of light-intercepting foliage, reflecting the leaf-level cost of 497 

light interception (Poorter et al., 2009), that is, high structural investment, lower mesophyll 498 

conductance. In a strictly C3 plant we would have expected lower LMA values associated 499 

with higher C3 photosynthesis performance but our results showed that plants from S1 have 500 

the lowest LMA values, where carbon isotopic and leaf acidity values were indicatives of 501 

more CAM and lesser C3 photosynthesis performance. This counterintuitive pattern can be 502 

explained when we broke down LMA into leaf volume to area ratio (LVA, mL m-2) and 503 

leaf density (LD, g mL-2) (De la Riva et al., 2016). Because of the presence of large 504 

volumes of water-storage cells in succulents, LVA is over 10 times higher in succulent than 505 

in non-succulent species, driven the variations in LMA in this kind of plants (Nielsen et al., 506 

1997). The negative correlation between LMA and succulence in our dataset (Figure 2) 507 

corroborate this rationale, indicating that the observed variaton trend in LMA within these 508 

plants is due to variation in water storage rather than structural investment. In small annual 509 

plants, such as C. longiscapa, succulent leaves would represent single-use water stores 510 

designed to extend the growing season into the portion of the year where resources such as 511 

water become scarce (Males J., 2017). If the variation in LMA is due to LVA rather than 512 

LD, it is expected that Carbon content remains relatively constant among sites. In effect, 513 

C:N ratio remains constant in S1 and showed a sharply decreased in S3 (Supplementary 514 

Fig. S2).  515 

 516 

CAM nocturnal carbon uptake is made possible by the inverse stomatal behavior compared 517 

to C3 plants, meaning stomatal opening at night and closure during all or part of the day, 518 

leading to reduced water loss and improved water-use efficiency. Stomatal aperture is 519 

regulated by diverse environmental signals, such as light and CO2, as well as by internal 520 

plant signals, such as abscisic acid (ABA) (Schiller and Bräutigam, 2021). Pathway-521 

enrichment analysis indicates that S1 plants display an enrichment in ABA and jasmonic 522 

acid (JA) biosynthesis pathways (Figure 4B). ABA signaling can be induced by drought, 523 

followed by stomatal closing to prevent water loss (Schiller and Bräutigam, 2021). 524 
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Therefore, ABA synthesis and transport to target sites would be particularly required for 525 
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plants performing CAM photosynthesis, such as S1 plants. Noteworthy, we also found that 526 

sulphate transport might be regulated (Figure 5A) to increment ABA levels, possibly by 527 

providing sulfur for cysteine biosynthesis, which can be used downstream by ABA3, a 528 

MoCo-sulfurylase required for activating AAO3, the last step in the ABA biosynthesis 529 

(Cao et al., 2014). Also regulating AAO3 would be one of the main hubs of the S1 plant 530 

genes upregulated at dawn, the NAC transcription factor 29 (NAC29, Figure 6). NAC29 is, 531 

in fact, a TF associated with cold and drought responses that would have shown a lineage-532 

specific gene expansion in the C. longiscapa family, the Montiaceae (Wang et al., 2019). 533 

 534 

Many signaling pathways, besides those related to ABA, can be involved in regulating 535 

stomatal opening under drought stress conditions (Askari-Khorsgani et al., 2018). When 536 

assessing the differences between plants from the S1 and S3 sites related to pathways 537 

involved in the metabolism of key metabolites for the plant nitrogen homeostasis such as 538 

glutamine and glutamate (Figure 5B), it is possible to foresee how plants from the S3 site 539 

could use the enzyme glutamine synthetase 2 (GS2) at dawn to recycle ammonia derived 540 

from photorespiration (Ferreira et al., 2019). S1 plants, in turn, would be using the enzyme 541 

glutamate decarboxylase (GAD) to generate CO2 and GABA, a compound known to be 542 

involved in reducing stomatal opening, therefore improving water use efficiency and 543 

drought tolerance (Xu et al., 2021), as well as generating diurnal CO2 (Carillo P., 2018) 544 

under conditions where atmospheric CO2 would be limiting. In summary, the differential 545 

accumulation of the metabolites ABA and GABA could have a key role in the CAM 546 

diurnal stomatal closure of S1 C. longiscapa plants. 547 

 548 

The inversed temporal CO2 fixation characteristic of the CAM photosynthesis is apparently 549 

correlated to changes in the plant circadian clock (Wai et al., 2019, Moseley et al., 2021, 550 

Schiller and Bräutigam, 2021). Sedum album plants performing C3 and CAM drought-551 

induced photosynthesis displayed 12.9 and 18.6% of the assessed genes cycling in one 552 

condition or the other, with only 22% of the genes cycling in both conditions (Wai et al., 553 

2019), highlighting the significative rewiring of the transcriptome in response to drought 554 

conditions. About 48% of the genes related to the control of the circadian clock assessed in 555 

this work displayed a conserved pattern in S1 and S3 plants. S3 plants displayed 20% of the 556 
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assessed circadian genes with an exclusive upregulation at dawn, compared to S1 plants. 557 

Among those were PHYB and CRY2 which, together, regulate the chromatin degree of 558 

compaction under low light conditions (Martínez-Garcia and Moreno‐Romero, 2020), 559 

enabling the transcription of the genes located in the exposed euchromatin regions. 560 

 561 

A fine temporal and spatial regulation of metabolites and gases flow is required in CAM to 562 

avoid futile cycles, to favor the proper metabolites storage and to overcome the obstacles 563 

imposed by the succulent CAM plants leaf architecture. However, there are still several 564 

transporters that are unknown and are key for a CAM plant operation (Winter and Smith, 565 

2022). Among the many transporters with a differential expression at dawn in S1 plants, we 566 

found several clearly related to the CAM metabolism: Dicarboxylate transporter (DiT1) and 567 

an aluminum-activated malate transporter (ALMT1) could be involved in the export of 568 

malic acid from the vacuole at dawn (Wai et al., 2019, Ceusters et al., 2021).  569 

 570 

Succulent tissues might be advantageous for CAM plants due to the possibility to maximize 571 

the acid- and water-storage capacity of its cells (Lim et al., 2020, Winter and Smith, 2022). 572 

C. longiscapa plants from the S1 site, who would be performing CAM metabolism, 573 

displayed on average 3 times larger succulency compared to site S3 plants (Supplementary 574 

Figure 1). However, succulent leaves present tight packed water-rich cells, which 575 

represents an obstacle for CO2 diffusion due to the lower diffusion speed of this gas in 576 

water compared to air (Schiller and Bräutigam, 2021). Aquaporins have been identified as 577 

facilitators of CO2 diffusion across membranes (Gago et al., 2020), and therefore are good 578 

candidates for improving CO2 diffusion in CAM succulent leaves. S1 plants displayed a 579 

higher level at dawn of two PIP1 proteins homologous to PIP1A and B, which could help 580 

the diffusion of CO2 across the plant leaf tissues (Heckwolf et al., 2011).  581 

 582 

Conclusions 583 

The understanding of how a species can adjust its metabolism to perform C3 or CAM 584 

photosynthesis as a response to changes in its environment is key for CAM engineering in 585 

C3 crops, since it provides the opportunity to trigger CAM photosynthesis in periods of 586 

time when the plants are more susceptible to drought, and then return to a less energetically 587 
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expensive C3 mode. C. longiscapa is an annual “blooming desert” species that can perform 588 

such transition as established in the present study, based on ecophysiological and 589 

transcriptomic analysis of field samples. 590 

 591 

C. longiscapa plants performing CAM photosynthesis would rely on the phytohormone 592 

ABA and the signaling molecule GABA to reduce stomatal opening, and in more succulent 593 

leaves to provide the proper leaf's vacuolar storage capacity required for performing CAM 594 

(Töpfer et al., 2020). The temporal regulation of the processes that allow the switch 595 

between a weak into a strong CAM photosynthesis would rely on the differential 596 

expression of circadian clock genes during the late afternoon, and in a larger and more 597 

elaborated gene regulatory network. In addition, our results reveal the importance of the 598 

classic abiotic stress response associated to ABA into promote the shift between CAM 599 

intensity and C3 photosynthesis. These results indicate that the transition from C3 into 600 

CAM, even in plants that have evolved to do so, requires an important gene expression 601 

rewiring, making the introgression of CAM into C3 crop plants a not so straightforward 602 

process.  603 
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Table 2. Gene Regulatory Network hubs associated to S1 and S3 plants differentially 628 

expressed genes. 629 

630 
  631 
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 Figure Legends 632 

 633 

Figure 1. Cistanthe longiscapa species and collection sites description. The species 634 

model Cistanthe longiscapa can be seem as plants distributed as mantles of purple flowers 635 

in contrast with the arid Atacama Desert soil (upper and mid panels). A closer look allows 636 

the identification of a rosette with basal succulent leaves and inflorescence branches with 637 

terminal purple flowers. The geographic location of the study sites (S1, S2 and S3, lower 638 

panel) mapped against the average annual precipitation was obtained using Bioclim 2.0. 639 

 640 

Figure 2. Relation among ecophysiological variables measured in individuals from 2 641 

different sites across the Atacama Desert. Differences among sites S1 and S3 plants, in 642 

terms of nocturnal acid accumulation (Nocturnal_leaf_acid), isotopic carbon ratio (δ13C), 643 

leaf mass per area (LMA), succulence (SWC), total Chlorophyll/Carotenoids 644 

(ratio_Ctot:Car), Carbon to Nitrogen ratio (ratio_C:N) and photosynthetic pigments ratio 645 

(ratio_Chla:Chlb), were assessed (A). Principal component analysis using the data from 646 

these 7 traits allowed segregating and correlating the sampling sites with the different 647 

ecophysiological variables (B). TTtest, was used to assess the differences between sites S1 648 

and S3 plants. All comparisons p-values were smaller than 0.005. N = 10. 649 

 650 

Figure 3. Relation Cistanthe longiscapa field data transcriptome analysis. Data from 651 

the de novo transcriptome from S1 and S3 plants, collected at dawn and dusk, was 652 

characterized by means of principal component analysis (A). The first dimension (PC1) 653 

split the data from sites S1 and S3, whereas PC2 split the data into dawn and dusk samples. 654 

Replicates, as expected, clustered together. The number and magnitude of transcripts 655 

significantly up or down-regulated at dawn compared to dusk are depicted as volcano-plots 656 

(B). At both S1 and S3 sites, most transcripts were upregulated at dawn, with the Site S1 657 

displaying the higher number of transcripts differentially expressed. The maximum rates of 658 

change in both sites are similar, as can be seen by the units of the log2FoldChange X axis. 659 

In terms of similarities, sites S1 and S3 displayed 23.9% of the genes with similar up-660 

regulation and 17.6% with similar downregulation at dawn (C). 661 

 662 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 19, 2022. ; https://doi.org/10.1101/2022.03.16.484649doi: bioRxiv preprint 

https://doi.org/10.1101/2022.03.16.484649
http://creativecommons.org/licenses/by-nc-nd/4.0/


4 
 

Figure 4. Functional enrichment analysis of genes upregulated at dawn or dusk in 663 

sites S1 and S3. The ratio and significance of GO (A) and MetaCyc pathways (B) of genes 664 

enriched at sites S1 and S3 at 8AM (up-regulated at dawn) and 8PM (up-regulated at dusk) 665 

are shown as dotplots. GO biological process (BP) terms were further grouped in 8 clusters 666 

according to their semantic similarity (Methods). 667 

 668 

Figure 5. Pathways related to stomatal closure. The ABA biosynthesis pathway (A, 669 

PWY-695) included several genes up-regulated at dawn at the site S1 (stressed in bold-670 

orange). We also pointed out genes that displayed the same pattern and that could be 671 

involved in ABA transport or in the biosynthesis important precursors for the enzymes of 672 

the pathway activity. The other pathways assessed were the L-citrulline biosynthesis 673 

(CITRULBIO-PWY), the acetylornithine biosynthesis (PWY-6922) and the proline 674 

biosynthesis I (PROSYN-PWY) pathways (B). Genes upregulated at dawn in both sites, or 675 

in S1 or in S3 are highlighted with different colors. Interestingly, the result of this 676 

regulation of these pathways would be the stomatal closure during the day in S1 site plants. 677 

ABA - abscisic acid; GABA - γ-aminobutyrate. 678 

 679 

Figure 6. Gene regulatory networks associated to the expression profiles of S1 and S3 680 

plants at dawn and dusk. GRNs were generated using the genes expression profile from 681 

S1 and S3 plants, at dawn and dusk. S1 and S3 networks at dawn were composed by many 682 

more communities (topological modules) than at dusk. The results of the communities GO 683 

enrichment analysis are shown below each network, with colors and numbers for each 684 

community used as identifiers. Enriched pathways are also indicated in italics. GO terms 685 

and pathways associated to the same community annotation are separated by a doble slash 686 

(//). Notice that the community colors are not related to the genes they are composed of, 687 

they just allow discriminating then. 688 

 689 

Figure 7. qPCR analysis of key genes expression at dawn and dusk. qPCR was 690 

performed for some of the transcripts that were related to “CAM photosynthesis”, 691 

“Circadian Rhythm” and “Abiotic Stress” in the same samples used to perform the RNA-692 

Seq libraries. The primers used are described in Supplementary Table S2.  693 
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Supplemental Material 694 
 695 

Fig. S1. Analysis of soil type at the selected samples collection sites. The HWSD Viewer 696 

from the Harmonized World Soil Database (version 1.2) was used to localize the sites the 697 

selected samples collection sites and determine the type of soil they were associated to. 698 

Arenosols are sandy soils featuring very weak or no soil development; Calcisols are soils 699 

with accumulation of secondary calcium carbonates and Regosols are soils with very 700 

limited soil development. 701 

 702 

Fig. S2.  Statistical assessment of the differences between Sites S1, S2 and S3 plants 703 

ecophysiological parameters. Differences among sites S1, S2 and S3 plants, in terms of 704 

nocturnal acid accumulation (Nocturnal_leaf_acid), isotopic carbon ratio (δ13C), leaf mass 705 

per area (LMA); succulence (SWC); total Chlorophyll/Carotenoids (ratio_Ctot:Car); 706 

Carbon to Nitrogen ratio (ratio_C:N) and photosynthetic pigments ratio (ratio_Chla:Chlb), 707 

were assessed by means of ANOVA, for all analysis but SWC. For SWC, given the data 708 

did not displayed homogeneity among samples, a Kruskal Wallis statistical test was 709 

performed. N = 10 (A). A PCA was also performed using these samples (B). 710 

 711 

Fig. S3.  GO data clustering. GO terms acquired from REVIGO were further summarized 712 

using the mclust method available at the simplifyEnrichment R/Bioconductor package 713 

version 1.2.0.The eight clusters that summarize the 64 GO terms are shown at the right side 714 

of the graph together with a similarity degree scale. 715 

 716 

Fig. S4. Normalized expression profiles from differentially expressed genes from S1 717 

and S3 sites plants, at dawn and dusk. Gene expression profiles associated to each 718 

community (topological module) of the four GRNs assessed in this work are displayed. 719 

Gene expression profiles are defined as the normalized counts (expression) divided by the 720 

mean normalized counts across all conditions. S1D - S1 plants genes with higher 721 

expression at dawn; S1N - S1 plants genes with higher expression at dusk; S3D - S3 plants 722 

genes with higher expression at dawn; S3N - S3 plants genes with higher expression at 723 

dusk. 724 

 725 
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Table S1: Data of putative CAM key gene expression regulators. 726 

 727 

Table S2: qPCR primers description. 728 

 729 

Table S3: Cistanthe longiscapa genes that were functionally annotated. 730 

 731 

Table S4: Genes with a differential expression between dawn and dusk, for the S1 and S3 732 

sites. 733 

 734 

Table S5: Results from the GO and pathways analysis of the genes with a differential 735 

expression between dawn and dusk at the sites S1 and S3. 736 

 737 

Table S6: Data of circadian clock genes assessed in this work. 738 

 739 

Supplementary File 1: Filtered and normalized gene expression of the genes assessed for 740 

differential expression. 741 

 742 
 743 

 744 

 745 
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