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Abstract
The best ideotypes are under mounting pressure due to increased aridity in many parts of the
world. Understanding the conserved molecular mechanisms that evolve in wild plant species

adapted to harsh environments is crucial in developing new strategies for sustainable
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agriculture. Yet our knowledge of such mechanisms in wild species is scant, particularly in
extreme environments. We performed metabolic pathway reconstruction using transcriptome
information from 32 Atacama plant species and phylogenetically related plant species that do
not live in Atacama (Sister species). We analyzed pathway and reaction enrichment to
understand the biochemical commonalities and differences of wild Atacama plant species. To
gain insights into the mechanisms that ensure plant survival, we compared expressed gene
isoform numbers and gene expression patterns between the annotated biochemical reactions
from 32 Atacama and Sister species. We found significant biochemical convergences in
primary and secondary metabolism characterized by reactions enriched in at least 50% of the
Atacama species across major plant phylogenetic lineages. Analysis of the annotation indicated
potential advantages against drought, salinity, high solar irradiance, and nitrogen starvation.
These findings suggest that the adaptation in the Atacama Desert may result in part from shared
genetic legacies governing the expression of key metabolic pathways to face harsh
environmental conditions. Enriched reactions corresponded to ubiquitous compounds common
to extreme and agronomic species and were congruent with our previous metabolomic analyses
in these Atacama species. Hence, genes underlying these adaptive traits offer promising

candidates for improving abiotic stress resilience in crop species.

Keywords: Plants; metabolism; enrichment analysis; convergent mechanisms; extreme

ecosystems; Atacama Desert; multi-species.

Introduction

Plants are sessile organisms which rely on the availability of local resources to live.
Substantial efforts in plant breeding programs have focused on developing increasingly
productive and resistant ideotypes to environmental constraints (Voss-Fels et al., 2019).
However, accelerated climate change is rendering these genetic improvements insufficient
(Bailey-Serres et al., 2019). A few wild plant species flourish under harsh environmental
conditions, representing a unique reservoir of adaptive mechanisms and genetic resources (Diaz
et al., 2019; Carrasco-Puga et al., 2021). Random genetic mutations have tailored the plant
genome to extreme ecosystems such as deserts (Bolger et al., 2014). Understanding plant
survival strategies from extreme environments could help unravel resistance mechanisms that
would greatly benefit global food security. Although promising, studies on extreme wild plant

species are scant and mostly performed under controlled laboratory conditions. Those settings
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74 lack ecological context and may hinder the identification of adaptive traits that are expressed
75 only under natural conditions (Dussarrat et al., 2021).
76 Plants evolved temporal and spatial strategies to optimize the balance between development
77 and defense in hostile ecosystems (Dussarrat et al., 2021). For instance, the survival of plants
78  that cannot adapt in time depends on genetic mechanisms underlying, for example, metabolic
79  processes such as osmoregulation or precise management of the lipidic profile to avoid water
80 loss (Bolger et al., 2014; Turner, 2018). However, most of this knowledge is based on studies
81  of one or a limited number of species. Exploring conserved and shared adaptive mechanisms
82  may increase the likelihood of success when transferred to other species (Turner, 2018). For
83 instance, recent analyses of several tens of thousands of plant species indicated that the
84  appearance of several phenotypic traits strongly correlated with environmental variations (e.g.
85 latitudinal gradient) worldwide (Joswig et al., 2021). Therefore, it is of interest to determine the
86 extent to which convergent evolution occurred between molecular mechanisms. We have
87  evidence that this can happen. A recent study from our group unveiled 265 positively selected
88  genes (PSGs) from 32 species from the Atacama Desert, the driest non-polar desert on Earth
89  (Eshel et al., 2021). These genes encompassed various molecular processes related to the
90 protection against high solar irradiance, nitrogen starvation and osmotic stress, with a great part
91  of these PSGs being shared among different plant lineages. Hence, the exciting possibility of a
92  strong influence of shared adaptive genetic processes in adaptation and an intriguing over-
93  expression of genes related to protective metabolite synthesis emerged (Eshel et al., 2021).
94  These results suggest the existence of common selected mechanisms managing key metabolic
95  processes that govern plant life under major abiotic threats. However, the exact nature, role,
96 and evolutionary trajectories of the enriched biochemical reactions and pathways in Atacama
97  plant species remain unclear.
98 Studies demonstrated that plant metabolism is an excellent predictor of environmental
99  variation in harsh biomes (Fiehn, 2002; Kumari et al., 2020). For instance, the orchestration of
100 primary and secondary metabolism led to the accumulation of amino acids, phenolics, and
101 nitrogen-containing metabolites (Lugan et al., 2010; Dussarrat et al., 2021). While few studies
102  performed an ecological metabolomic approach using multiple species, promising results
103  demonstrated a significant correlation between phytochemical diversity and environmental
104  variation (Defossez et al., 2021). Recent work used 24 Atacama plant species to discover a
105  metabolic toolbox composed of 39 metabolites predicting plant environment independently of
106  the plant lineage. These common predictors were also detected in agronomic plant species,

107  raising great hope for their use in engineering crop resilience to harsh abiotic constraints
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108  (Dussarrat et al., 2022). However, the genetic traits governing the modulation of this generic
109  toolbox remain unknown.

110 The Atacama Desert is an extreme and challenging environment where the intensity of
111  abiotic stresses shapes plant life (Eshel et al., 2021). The Atacama Desert is currently
112 characterized by extremely low precipitations (less than 20 to 160 mm/year) and high solar
113 irradiance (600 W/m#/d) compared to other deserts or high mountain ecosystems (Béez and
114  Collins, 2008; Zhang et al., 2010; Jordan et al., 2014; Diaz et al., 2016; Ziaco et al., 2018). In
115  addition, plants face extremely low levels of macronutrients such as nitrogen and high levels of
116  salinity (Eshel et al., 2021). Thus, the Atacama Desert offers unique opportunities to uncover
117 molecular mechanisms determining plant performance under extreme conditions.

118 This study aims to decipher the adaptive biochemical responses selected through the
119  evolution of multiple plant lineages from the Atacama Desert. We used existing computer
120  pipelines to study the evolutionary trajectories of plant biochemical compounds using genome-
121 wide sequencing data (Chae et al., 2014; Schlapfer et al., 2017; Kang et al., 2020). Have
122 evolutionary processes led to the convergent fixation of various biochemical reactions and
123 pathways or conversely resulted in strategy diversification? To answer this question, we first
124  extracted biochemical reaction-related genes and annotated associated pathways using
125  transcriptome data of 32 Atacama species covering fourteen plant families. These 32 Atacama
126 species are the most relevant species found in the hyperarid core of the Atacama Desert based
127  on their coverage, persistence and distribution (Eshel et al., 2021). We performed a similar
128  workflow in 32 Sister species that were phylogenetically related to the Atacama species but
129  lived in other milder environments (Eshel et al., 2021). We analyzed the number of gene
130  expressed gene isoforms per reaction and qualitative gene expression levels, and evaluated the
131 enrichment of biochemical reactions and pathways when comparing each pair of Atacama and
132 related species using over-representation analysis (ORA) (Wieder et al., 2021). This
133 computational strategy highlighted the convergent selective advantages of Atacama plant
134  metabolomes. The most ubiquitous genetically enriched responses were related to protective
135  mechanisms against major abiotic stresses in the Atacama Desert, such as drought, nitrogen
136  deprivation and high light intensity. These findings provide new insights into adaptive
137 mechanisms for plant survival in the Atacama Desert and new genetic targets for crop
138  engineering for the sake of more resilient agriculture.

139
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140  Materials and methods

141

142 Plant material. Reaction and pathway enrichment analyses were performed using previously
143  described and available transcriptome data from 32 Atacama plant species (Talabre-Lejia
144  transect, lat 22°-24°S) (Eshel et al., 2021). The high quality and completeness of the
145  transcriptome data were validated previously (Eshel et al., 2021). This natural environment
146  spansan altitudinal cline from 2,470 to 4,470 m a.s.l. and involves three vegetation belts defined
147  based on plant species composition (Carrasco-Puga et al., 2021): the Prepuna (low elevation,
148  high salinity and low water availability), the Puna shrubland and the Steppe (high elevation,
149  low temperatures) (Eshel et al., 2021 and Fig. 1). The species present in these vegetation belts
150  covered 14 distinct plant families across the altitudinal cline (Eshel et al., 2021). Transcriptome
151  data from 32 phylogenetically-related species available from public data sources were also used
152  (defined in Eshel et al., 2021). Herein, those species are referred to as “Sister species”.

153

154  Generation of annotated reactions and pathways using PathwayTools. Reactions and
155  pathways for the 64 species were built using the sequencing data and the e2p2v4 enzyme
156  annotation tool (Schlapfer et al., 2017). Next, PTOOLS v24.5 was used to infer reactions and
157  pathways using default parameter values (Karp et al., 2021).

158

159  Data treatment. We constructed two data sets that were used for further analyses. First, we
160 identified the number of expressed gene isoforms in the Atacama plant species transcriptome
161  data set. To get these numbers, we counted the total number of genes per reaction for each
162  annotated reaction. This analysis provided a first matrix which served as the basis for the
163  reaction enrichment analysis (Fig. 1, Tab. S1). Second, we identified highly expressed genes in
164  Atacama species. To do this, we took the top 10% expressed genes from each of the 32 Atacama
165  plant species transcriptome, as well as the top expressed genes from the 17 related Sister species
166  for which raw sequencing data were available (Eshel et al., 2021). Top expressed genes that
167  were not associated with any reaction were removed. We then defined the number of top-
168  expressed genes per reaction. This number can range from 0 to “n” (no or “n” top-expressed
169  genes linked to the reaction i). This process produced the second matrix, which was used to
170  analyze overexpressed reactions in Atacama based on qualitative gene expression levels (Fig.
171 1, Tab. S2).

172
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173 Reaction enrichment analysis. Reaction enrichment analysis was performed using the two
174  data matrices produced in the previous section: the number of expressed gene isoforms or
175  qualitative expression levels for genes that were annotated to enzymatic reactions. First,
176 exclusive reactions from Atacama or Sister species were extracted (Tab. S3). Second, common
177  reactions (detected in at least one species in each set) were identified. We compared the number
178  of expressed gene isoforms annotated to a reaction in any given Atacama species to the
179  corresponding number of expressed gene isoforms annotated to the same reaction in the Sister
180  species. We did this comparison using the entire data set or partitioned by vegetation belt (i.e.
181  Prepuna, Puna, Steppe). Reactions were considered more diverse (i.e. expanded) if there were
182  at least 3 times more expressed gene isoforms per reaction when comparing Atacama versus
183  Sister species. This threshold was selected because the number of expanded reactions seemed
184  toreach a plateau at this 3-fold ratio for all comparisons made (i.e. increasing the ratio did not
185  substantially decrease the number of enriched reactions) (Fig. S1). Since this approach
186  highlighted strong variations in enriched reaction patterns between Prepuna and Steppe,
187  pairwise comparisons between the 32 Atacama-Sister species pairings were performed to avoid
188  the dilution effect. Results were then aggregated to calculate a percentage of occurrence per set
189  (Atacama or Sister) or vegetation belt (Prepuna or Steppe) (Tab. S4).

190 A second approach focused on gene expression levels by comparing the number of top-
191  expressed gene isoforms per reaction. Average (average in all Atacama species or Prepuna or
192  Steppe environments versus average in related Sisters) and pairwise comparisons were
193  performed for each available Atacama-Sister couple. Reactions were considered overexpressed
194  if at least 3 times more associated top-expressed genes were observed in the top 10% of one
195  Atacama species than its related Sister (Fig. S1). Results were aggregated to calculate the
196  percentage of enrichment (Tab. S5).

197

198  Pathway enrichment analysis. To evaluate whether specific pathways were enriched in
199  Atacama plant species (Tab. S6), we calculated the probability P of finding at least k reactions
200 in pathway i using Fisher’s exact test and the hypergeometric distribution. All analyses were
201  performed in R (version 4.0.4) using existing functions (e.g. phyper function) and custom-made
202  scripts (R Core Team, 2021; Wieder et al., 2021) (Fig. 1). P-values were adjusted using
203  Benjamini-Hochberg method on enriched pathways, and a corrected P<0.05 cutoff was used to
204  define enrichment (Benjamini and Hochberg, 1995) (Tab. S7 and S8). Finally, reactions and
205  pathway enrichment analyses were performed using this same process to compare Steppe and

206  Prepuna evolution. For each species, the number of expressed gene isoforms per reaction and
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207  the number of top-expressed gene isoforms per reaction were compared to the average of the
208  opposite vegetation belt. Reactions were considered more diverse or overexpressed if there
209  were at least 3 times more expressed gene isoforms per reaction or 3 times more top-expressed
210  gene isoforms per reaction when comparing a given species versus the average of all species
211 from the opposite vegetation belt. The percentage of occurrence per ecosystem was then
212 calculated (Tab. S9). Finally, pathway enrichment analysis was conducted using Fisher’s exact
213 test and the hypergeometric distribution (Tab. S10).

214

215  Annotation of the enriched reactions and pathways. Reactions expanded or overexpressed
216 in at least 50% of the plant species per vegetation belt (i.e. at least 50% of the species from
217  Steppe, Prepuna or all Atacama plants when compared to related Sisters) were annotated using
218  the MetaCyc database (Caspi et al., 2020). Besides, metabolism, sub-pathways and biochemical
219  pathways were determined using KEGG and HMDB databases (Kanehisa et al., 2014; Wishart
220 etal., 2018).

221

222 Testing for positively selected genes (PSG) within vegetation belts. Due to reactions
223 enriched in specific vegetation belts, we ran PSG analysis to unveil proteins positively selected
224  for the unique environments of Atacama vegetation belts, an addition to the published PSGs of
225  Atacama vs Sisters (Eshel et al.,, 2021) (Tab. S11 and S12). We processed previous
226  transcriptomics data through the previously established PhyloGenious pipeline (Eshel et al.,
227  2021) to determine the ortholog groups and their best parsimonious tree structure for 32
228  Atacama transcriptomes and 6 reference transcriptomes (Arabidopsis thaliana, Brachypodium
229  distachyon, Glycine max, Physcomitrium patens, Solanum lycopersicum, and Zea mays). To
230 find PSGs adapted to Prepuna or Steppe environments, two methods from the HyPhy package
231 (v.2.5.24) were implemented to cross-validate positively selected orthologs groups associated
232 with adaptation to a vegetation belt (Pond et al., 2005; Murrell et al., 2015; Smith et al., 2015).
233 First, BUSTED (v.2.0) tested a collection of branches of a test-group (i.e. plants from a specific
234  vegetation belt) against background branches (i.e. reference species + all other vegetation belts).
235  Orthologous groups with a minimum of 4 branches were tested. We required that BUSTED
236 results meet the criteria that dN/dS >1 (LRT test, P < 0.05) for the test-group branches and
237 dN/dS <1 for background branches. The same ortholog groups had to also pass aBSREL (v.1.2)
238 analysis requirement that an individual tested branch had significant dN/dS >1 while no
239  background branches had dN/dS >1. Additionally, PSOGs that passed aBSREL but not
240 BUSTED (dN/dS >1, P < 0.05) were kept. These two independent methods ensured that
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241  selection PSGs occurred in more than one species, was specific to a vegetation belt, and was
242  detectable by distinct algorithmic methods (Tab. S12).

243

244  Modeling of in-field metabolomics data to enriched reactions. To assess the relevance of
245  enriched reactions and pathways at the metabolic level, we tested the link between enriched
246  reactions and a generic metabolic toolbox predicting plant environment in the same Atacama
247  gradient (Dussarrat et al., 2022) (Tab. S13). The mean normalized intensity of the 39
248  compounds predicting plant environment (see Dussarrat et al., 2022 for normalization) was
249  calculated per species in R (v. 4.1.1) (R Core Team, 2021). Pearson correlation of each mean
250  metabolite distribution across species was conducted against the number of expressed gene
251  isoforms per reaction or the number of top 10% expressed gene isoforms per reaction with the
252 base R cor function using default settings. When, a metabolite was detected in both positive
253 and negative ionization mode or was represented by multiple fragments (e.g. N1,N5,N10-
254 Tricoumaroyl spermidine), the best reaction to spectra ID correlation was chosen. A reaction
255  was considered correlated to a metabolite if Pearson r> 0.7 and P < 0.05. We additionally noted
256  how often a correlated reaction was Atacama versus Sister enriched, either by isoform number
257  or expression enrichment. This included the highly stringent convergent enrichment
258  requirement of 50% of relevant species, as well as a less stringent requirement that reactions
259  should be enriched in 3 or more Atacama species than in Sisters (Tab. S13 and S14). The tree
260 of 16 species with metabolomics and transcriptome annotation was adapted from the total
261  evidence species tree created by Eshel et al., 2021 using the keep.tip function from the ape
262  package (v. 5.7) to retain species with metabolomics data and was displayed using the R
263  package ggtree (v. 3.6) (Paradis and Schliep, 2019; Yu, 2022).

264 Separately, a machine-learning model comparing expressed gene isoforms per reaction to
265 mean metabolite concentrate additionally ranked the most informative reactions underlying a
266  given metabolite distribution. An XGBoost regressor (Chen and Guestrin, 2016) ranked feature
267  importance of reaction number per species to predict a given metabolite mean concentration,
268  followed by a 10-fold cross validation process. In each of the 10 runs, 90% of the reaction 1D
269  numbers to metabolite concentration relationships were used as a training set, to test 10% of
270  the remaining metabolites. The average validation score of the model and the average feature
271 importance metrics for each reaction was then calculated. The model score ranged from
272 negative infinity to 1, where 1 represents a perfect prediction in validation while 0 is a prediction
273  no greater than random prediction using training targets. The importance of a feature is

274  computed as the normalized total reduction of the criterion brought by that feature in all the
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275  decision trees used in the regression model, ranging from 0 to 1. The model score and the two
276  most important reactions for each metabolite are listed in Tab. S14.

277

278


https://doi.org/10.1101/2023.08.25.554423
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.25.554423,; this version posted August 27, 2023. The copyright holder for this preprint
(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 available under aCC-BY-NC-ND 4.0 International license.

279  Results

280

281  Atacama-exclusive reactions undergo species and environment specificity. As a first step
282  towards understanding the metabolic capacity expressed by Atacama plant species, we
283  annotated and compared reactions and pathways in 32 Atacama plant species to their related
284  Sister species. Reactions and pathways were defined using previously acquired sequencing data
285  from 32 Atacama species and publicly available transcriptomic data from their 32 Sisters (Eshel
286  etal., 2021). A total of 5,006 annotated reactions (Fig. 1) were extracted from the transcriptome
287  data available in the 64 species using PathwayTools. To assess the presence of chemical
288  mechanisms unique to Atacama plants, we categorized this set of annotated reactions into
289  exclusive or common reactions. A set of 4,260 reactions were shared, while 463 were exclusive
290 to the Atacama species data set. These exclusive reactions were likely to be species-specific
291 (Fig. 2). To question the influence of environmental pressures on the chemical strategies
292  employed by Atacama plants, we classified exclusive reactions from the two extreme vegetation
293 belts (i.e. Steppe and Prepuna) into biochemical pathways. Exclusive reactions were equally
294  divided between primary and secondary metabolisms in Prepuna, while 76% represented
295  secondary pathways in Steppe species (Fig. 2). We found fatty acyls, carbohydrates, amino
296 acids and monoterpenes pathways in the exclusive data set in Prepuna species, which are
297  exposed to high osmotic pressure. Conversely, carotenoids and flavonoids were the main
298  pathways in Steppe, an ecosystem characterized by low temperatures, for instance (Fig. 2, Tab.
299  S3).

300

301 Shared reactions undergo variations in gene isoform expansion (i.e. diversity) or
302  expression. Next, we tested diversity in gene isoforms and gene expression patterns among the
303 genes that code for the 4,260 shared reactions. To evaluate the genetic enrichment, we
304 performed a comparison of expressed gene isoforms and gene expression levels (i.e. expressed
305  genes per reaction and top-expressed genes per reaction, respectively) between (i) all Atacama
306 plants versus all related Sisters or between (ii) all Steppe or Prepuna species versus all related
307  Sisters. Reactions were considered expanded if the number of expressed gene isoforms per
308 reaction was at least 3 times higher in Atacama species as compared to related Sister species
309  (Fig. S1). A 3-fold cutoff was selected because the number of expanded reactions reached a
310 plateau at this ratio. While some reactions were expanded in all vegetation belts, others showed
311  environment specificity (Fig. S2). We subsequently performed pairwise comparisons taking

312 one Atacama versus one Sister species to avoid a potential dilution effect due to the

10
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313  environment. These 32 pairwise comparisons yielded a set of 2,507 expanded reactions in at
314  least one Atacama species (Tab. S4). Expanded reactions differed in their specificity at both
315  plant species and environmental levels (Fig. S3). Half (i.e. 1,002) of the expanded reactions
316  were specific to one or two vegetation belts, while the remaining were spread in the entire biome
317  (Fig. 3a). These results indicated that the extreme conditions have led to dramatic changes in
318 the number of expressed gene isoforms for multiple reactions in various Atacama species.

319 While having metabolic potential coded in the genome, this potential must be expressed to
320 be functionally relevant for adaptation. As a first step to understanding gene expression
321  variation in metabolic reactions, we extracted and compared the top 10% expressed genes from
322 Atacama and Sister species (Eshel et al., 2021 and Fig. 1). We asked how many top 10%
323 expressed gene isoforms per specific reaction were included in this set and defined a highly
324  expressed reaction when the number of gene isoforms for this reaction was three times higher
325 in any given comparison: all Atacama versus Sister species and pairwise comparisons taking
326 one Atacama versus one sister species (Fig. S1). While gene isoform diversity patterns were
327 analyzed on the 32 couples, 17 couples were used to study gene expression levels since raw
328  sequencing data were only available for 17 Sister species. Pairwise comparisons pinpointed a
329  set of 1,549 highly expressed reactions in Atacama species (Tab. S5, Fig. S3). Results showed
330 that about half (44%) of the highly expressed reactions were observed in all vegetation belts
331 (Fig. 3b). 91% of the highly expressed reactions were associated with a higher number of gene
332  isoforms in Atacama species (Fig. 3c), indicating a very significant overlap between enriched
333 reactions via gene isoform diversity and expression analyses. Overall, these results provided a
334  unique set of diverse and highly expressed reactions in extreme plant species and suggested the
335  existence of conserved metabolic mechanisms in extremophile plant species.

336

337  Enrichment analyses unveil convergent biochemical strategies. To test the hypothesis that
338  Atacama plant evolution led to the convergent enrichment of biochemical reactions among the
339  different plant lineages, we extracted the reactions enriched in at least 50% of the species in a
340  given ecosystem to ensure the presence of various plant lineages. The gene isoform diversity
341  analysis results illustrated the diversity of reactions in at least sixteen species when considering
342  all Atacama plants or at least seven species when considering individual vegetation belts (i.e.
343  Prepuna or Steppe) (Fig. 3d). Similarly, results from gene expression analysis encompassed
344  highly expressed reactions in at least nine or four species since raw sequencing data were

345 available for seventeen Sister species. Enriched reactions were shared between species from (i)
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346  the entire transect or (ii) specific vegetation belts and suggested a global re-orchestration of
347  primary and secondary metabolism.

348

349  Convergent biochemical strategies shared independently of vegetation belts.

350 Shared reactions (i.e. at least 50% of species) related to photosynthesis and primary
351  pathways were mainly revealed by gene expression analysis, while also being more diverse in
352 multiple species (Fig. 3d). A significant proportion of these highly expressed reactions referred
353 to the synthesis of a battery of protective primary compounds. Reactions associated with the
354  regulation of compounds from carbohydrate (e.g. starch and polyols), lipid (e.g. waxes
355  synthesis) and amino acid pathways (e.g. proline) were overexpressed in the majority of
356  Atacama plant species (Fig. 3d). Most of the highlighted reactions by our computational
357 analysis were previously characterized for their function in mitigating various abiotic stresses.
358  For example, glucan/water dikinase, disproportionating enzyme, fatty aldehyde decarbonylase,
359 and various inositol phosphatases were greatly overexpressed in Atacama species (Tab. S5,
360  Yano et al., 2005; Lou et al., 2007; Jia et al., 2019). Lipid metabolism was highlighted by both
361  gene isoform diversity and expression analyses (e.g. fatty acyl-ACP thioesterases). Diverse
362  reactions pertained to the regulation of hormones such as gibberellins (e.g. gibberellin oxidase)
363  and cytokinins (e.g. cytokinin oxidase, cytokinin-activating enzymes).

364 Secondary pathways were also highly represented and referred to carotenoid, triterpene, and
365 flavonoid pathways (Fig. 3d). For instance, flavonoid synthases or isomerases were more
366  diverse and overexpressed in at least 50% of the plant species. Enzymes involved in diverse
367  reactions covered phenylpropanoid and carotenoid pathways, such as carotene hydroxylases
368  and carotenoid dioxygenases. Furthermore, we observed an overexpression of reactions linked
369 to polyamine biosynthesis and purine degradation processes. Other enzymes such as y-
370 aminobutyrate aminotransferase, spermidine synthase, and transaminases were overexpressed
371 in 47% of the species (Tab. S5). These results suggested the need for improved nitrogen
372 resource processes and remobilization to thrive in such extreme conditions. In contrast,
373  Atacama plants have likely contracted or negatively regulated gene families involved in energy
374  processes and certain terpene pathways (Fig. S4, Tab. S4 and S5).

375

376  Convergent biochemical strategies in specific vegetation belts.

377 Prepuna species strongly regulated chain length and saturation level of fatty acids as well as
378  cutin and suberin biosynthesis through the overexpression of dedicated enzymes (e.g. very long

379  chain reductases and hydroxycinnamoyl transferase). Nitrogen uptake and processing were also

12


https://doi.org/10.1101/2023.08.25.554423
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.25.554423,; this version posted August 27, 2023. The copyright holder for this preprint
(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 available under aCC-BY-NC-ND 4.0 International license.

380 highlighted, for instance with the overexpression of glutaminases (Fig. 3d). Conversely,
381  reactions catalyzed by succinate semialdehyde and lariciresinol reductases or by epimerases
382  were overexpressed (and expanded to a lower extent) in Steppe species. Overall, the comparison
383  of the number of expressed gene isoforms and gene expression levels between Atacama and
384  Sister species highlighted tremendous convergences of biochemical strategies. The analysis of
385 these genetic evolutions unveiled relevant management of resources (i.e. carbon and nitrogen).
386  Also, several reactions were specifically more diverse and overexpressed in Steppe or Prepuna
387  species to satisfy environmental demands.

388

389  Genetic legacies and positively selected genes are shaped by environmental constraints.
390 To test whether entire biochemical pathways were enriched as compared to related Sister
391  species, we performed Fisher’s exact tests (Wieder et al., 2021 and Fig. 1). Enriched pathways
392 linked to the synthesis of protective compounds were over-represented and greatly influenced
393 by environmental constraints (Fig. S5, Tab. S7 and S8). For instance, we observed a significant
394  enrichment of primary pathways involved in proline, inositol and fatty acyl biosynthesis in
395  Prepunaspecies. Conversely, biochemical pathways characterized as enriched in Steppe species
396 referred to the synthesis of phenolics, quaternary ammonium and cyanogenic glycoside
397  compounds.

398 To get insights into the variations in adaptive biochemical strategies employed in different
399  vegetation belts, we conducted a reaction and pathway enrichment analysis comparing the 13
400  Steppe to the 13 Prepuna species (Fig. 4, S6 and S7, Tab. S9 and S10). Results confirmed (i)
401  the existence of similarities and divergences among the biochemical strategies adopted by
402  plants to respond to major environmental constraints and (ii) a significant homogeneity of
403  enriched reactions and pathways across the different Prepuna or Steppe species. Overall, these
404  findings identified multiple evolutionary convergences illustrated by the high proportion of
405  diverse reactions and overexpressed in more than 50% of the plant species (Fig. 3 and 4).

406 Finally, we tested whether enriched reactions were also positively selected in the Atacama
407  species. For this purpose, we tested for the existence of PSGs from distinct ortholog groups
408  within Prepuna or Steppe vegetation belts, while previous analyses focused on PSGs in
409  Atacama versus Sisters (Eshel et al., 2021). Significant signs of positive selection to a
410  vegetation belt included 13 ortholog groups for the Prepuna and 23 ortholog groups for the
411  Steppe (Tab. S12). Relevant to their association with stressful environments, GO terms of these
412 ortholog groups included “response to UV and light stimulus” (Prepuna) and “response to stress

413  (e.g. light, temperature)” (Steppe). In addition, we found the vegetation belt PSGs included
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414  genes assigned the dimethylphylloquinone dehydrogenase (RXN-17007, Prepuna) and a
415  putative anthranilate methyltransferase (RXN-14453, Steppe) reactions, where each reaction
416  was also more likely to be diverse in Atacama species than Sisters (Tab. S11 and S12).

417

418 Correlation between enriched reactions and adaptive metabolites. The enriched
419  reactions also coincide with the potential regulation of a previously discovered set of 39
420  metabolites employed by plants to cope with the extreme conditions of the Atacama (Dussarrat
421 et al.,, 2022, Tab. S11). 44% (17 of the 39) of metabolites that better track altitude in the
422  Atacama transect (herein sentinel metabolites, Dussarrat et al., 2022) were represented in the
423  expanded or overexpressed reactions in Atacama plant species (Fig. S8). Hence, the next
424  objective was to relate enriched reactions to sentinel metabolites and explore the link between
425  gene diversity and metabolic dynamics with regard to elevation. We hypothesized that enriched
426  reactions correlated with sentinel metabolites could be involved in adaptation to the highly
427  contrasting environmental conditions observed across the Atacama desert transect. A total of
428 16 species (nine plant families), were used in both transcriptomics and metabolomics analyses
429  (Fig. 5a). For these species, correlations between sentinel metabolites and reactions enriched in
430 at least 50% of the species were tested. A similar test was performed using a less stringent
431 enrichment threshold (i.e. reactions enriched in at least 3 times more Atacama species than
432 Sisters, Tables S13 and S14). A total of 1,493 and 1,002 correlations (Pearson P <0.05and r >
433 0.7) between the mean normalized intensity of the metabolic predictors and the number of
434  expressed gene isoforms or top-expressed gene isoforms per reaction, respectively. Within
435  these lists, 457 reaction gene copy number correlations and 417 top-expressed reaction number
436  correlations were also phylogenomically enriched in Atacama versus Sisters from either
437  phylogenomic or gene expression expansion analysis (Tab. S14). Metabolites that correlated
438  with the most Atacama-enriched reactions were D-alanyl-d-alanine, quercetin 3-(6"-
439  ferulylglucoside) and cucurbitoside F (104, 85 and 69 correlations, respectively, Fig. 5b). In
440  addition, multiple Atacama-enriched reactions had a related function to their correlated putative
441  metabolites. For instance, the triterpene cucurbitoside F accumulated in the grass Aristida
442  adscensionis and the aster Ambrosia artemisioides (Tab. S14, Fig. S9a), which are the two
443  species with the highest copy numbers of a reaction in triterpene biosynthesis (RXN-9631, Fig.
444  S9b). Similarly, tri-coumaroyl spermidine was accumulated in Solanum chilense and Fagonia
445  chilense, which had the greatest number of top-expressed gene isoforms in reactions that
446  participate in coumarate metabolism (RXN-21007, RXN-7575, and RXN-13959).
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447 In addition to Pearson’s correlation, we ranked important reactions for predicting metabolite
448  concentrations by machine learning. This procedure could reveal predictive reaction-to-
449  metabolite relationships that are not linearly correlated with metabolite concentration, that we
450  could not find with our previous analysis. In addition, cross-validation of the machine learning
451  lowered the regression score for colinear relationships where reactions occur in only a few
452  species. For instance, high importance was assigned to the reaction 1-Phosphatidylinositol-
453  kinase-Rxn, which generally predicted metabolites that accumulate in Atriplex imbricata.
454  Overall, Tab. S14 provides examples of links between shared enriched reactions and predictive
455  metabolites that are likely to allow plants to thrive in the extreme conditions of the Atacama

456 Desert.
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457  Discussion

458

459  Evolution led to generic metabolic strategies in extreme plants from diverse lineages. How
460  plants adapt to their environment has been of great interest since the domestication of plants in
461 the harsh environments of the Fertile Crescent 10,000 years ago (Riehl et al., 2012).
462  Presumably, the evolution process by natural selection should display some of the most efficient
463  genetic traits for plant survival under harsh conditions. We interrogated the metabolic
464  mechanisms underlying adaptive strategies of multiple Atacama plant species. We compared
465  gene expansion and expression levels at the genome-scale between 32 Atacama species and 32
466  related Sisters, discovering convergent and divergent biochemical pathways relevant to plant
467  survival. Such a comparative approach allowed us to investigate the plant response to major
468  abiotic constraints while preserving the ecological and evolutionary context (Kang et al., 2020).
469  Results showed convergent evolutions of pre-existing reactions and pathways in response to
470  the main environmental pressures encountered in the Atacama Desert.

471 First, Atacama and Sister species were not so fundamentally distinct and the extreme
472  majority (99%) of the 463 exclusive reactions in Atacama plants were observed in only one,
473  two or three species. Atacama plants also conserved most of the biochemical reservoir from
474  their ancestors since only 6% of the total annotated reactions were unique to Sisters. While
475  phylogenomics and metabolomics approaches permit the detection of these unknown traits, the
476  majority of genes and metabolites highlighted as relevant for the adaption of Atacama species
477  pertained to conserved processes (Eshel et al., 2021; Dussarrat et al., 2022). Considering the
478  occurrence of vital genome innovations over the past 145 million years of angiosperm
479  evolution, twelve million years (i.e. age of the Atacama Desert) represents a short time-scale
480  for the development of new species-specific reactions allowing survival of 14 distinct plant
481 lineages (Jordan et al., 2014; Benton et al., 2021). Nevertheless, these exclusive reactions might
482  have arole in improving plant fitness at the species level, which could be evaluated through an
483  untargeted comparison of adapted and non-adapted species from the same genus.

484 Conversely, a significant number of biochemical convergences was shown as a result of the
485  plant evolution process in the Atacama Desert among conserved reactions between Atacama
486  and Sister species. These shared mechanisms demonstrated a high potential to modulate
487  resource uptake and allocation between development and stress tolerance. Modulation of major
488  metabolic processes was targeted by expanded and overexpressed reactions in at least 50% of
489  the species studied. Genes underlying these enriched biochemical routes also pointed to the

490 regulation of metabolites employed by Atacama plants to face extreme environmental
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491  conditions (Dussarrat et al., 2022), such as proline, jasmonic acids, quercetin, and tricoumaroyl
492  spermidine compounds as well as carotenoid cleavage and chlorophyll cycle. With carotenoid
493  and chlorophyll-related pathways, quercetin was the most frequently observed compound in
494  exclusive, expanded, and overexpressed reactions. This flavonoid was linked to various roles
495  as an antioxidant, a mediator of interaction with nitrogen-fixing bacteria, and its links with both
496  hormones (e.g. abscisic acid) and redox buffers (e.g. glutathione) (Singh et al., 2021). The
497  significance of these links between enriched reactions and adaptive metabolites was further
498  tested, yielding a consequent number of correlations. Both Pearson’s correlation and machine
499 learning pointed to relevant reaction-to-metabolite relationships such as links between the 1-
500 Phosphatidylinositol-kinase-Rxn and metabolites from Atriplex imbricata, a genus known to
501 accumulate salt in its leaves (Belkheiri and Mulas, 2013). Overall, our findings reinforce the
502  place of gene duplication as an evolutionary mechanism to accumulate adaptive metabolites
503  (Flagel and Wendel, 2009; Méteignier et al., 2022).

504 Hence, while adaptation was thought of as mainly species-dependent (Turner, 2018;
505 Dussarrat et al., 2021), these findings strongly suggest that a relevant part of this adaptation is
506  conversely the result of convergent evolutions of regulatory processes. In other words, the
507  development of adaptive traits providing a selective advantage is more likely to occur from the
508  regulation of pre-existing compounds and pathways than from the emergence of new ones.
509  Furthermore, most of these convergences represented conserved compounds among wild and
510 crop species. Finally, two independent analytical approaches highlighted many of these
511  metabolic traits (Dussarrat et al., 2022), which thus hold great promise for potential crop
512  engineering.

513

514 Intense environmental pressures define the evolutionary trajectories. Solar irradiance,
515  water and nitrogen scarcity are three critical parameters for plant survival in the Atacama Desert
516  (Eshel et al., 2021). The Steppe undergoes negative daily temperatures while Prepuna species
517  are subjected to extreme salinity (Diaz et al., 2019). Our study unveiled several adaptive
518  mechanisms that have been fixed through evolution and answered a significant proportion of
519 these challenging environmental constraints.

520 Carbon is not a limiting resource in desertic regions due to intense solar irradiance (Eshel et
521 al., 2021). Enriched reactions in Atacama plants were linked to the regulation of chlorophyll
522  level and chlorophyll a/chlorophyll b ratio, suggesting the regulation of energy capture to
523  mitigate oxidative stress, in agreement with other extreme plants (Sato et al., 2015; Cui et al.,

524  2019). The allocation of carbon reserves between plant growth and defense seemed finely tuned
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525  through evolution with, for example, the modulation of gibberellin and cytokinin pathways (Fig
526  3d). In addition, enriched reactions in at least 50% were not limited to secondary pathways,
527  reinforcing the role of primary metabolism in plant resilience to harsh climates (Dussarrat et
528 al., 2022). Synthesis of oligosaccharides and polyols could be linked to low water availability
529  (Williamson et al., 2002; Pamuru et al., 2021). Reactions and pathways involved in lipid
530 metabolism were also universally represented. Synthesis of waxes and long fatty acyl chains
531  were previously highlighted in the Atacama plants and can refer to how plants limit
532 evapotranspiration and minimize the impact of solar irradiance or osmotic stress (Kolattukudy,
533  1970; Frugone-Alvarez et al., 2023). Furthermore, the extensive expansion and overexpression
534  of reactions involved in the control of chain length and saturation level of fatty acyls could
535  support the role of membrane fluidity in adaptation (Li et al., 2020). Finally, these changes
536 accompanied the regulation of the TCA cycle and proteinogenic amino acid pathways, two
537  major precursors of secondary compounds (Yang et al., 2020). Thus, a significant part of the
538  fixed carbon was likely to be used to produce secondary protective compounds. The presence
539  of the mevalonate pathway and carotenoid synthesis and cleavage processes among the
540  reactions expanded and overexpressed in more than 50% of the Atacama species is consistent
541  with their role in stress mitigation and their links with hormonal and redox pathways (Havaux,
542  2014). Nitrogen-related compounds (e.g. polyamines, quaternary ammonium compounds) and
543  phenolics are other metabolic features employed by plants to face a myriad of climate
544  constraints (Kinnersley and Turano, 2000; Martinelli et al., 2007; Dussarrat et al., 2021). A
545  significant proportion of the enriched reactions is directly or indirectly linked to redox
546  homeostasis through reactive oxygen species scavenging (e.g. polyphenols) or proline and
547  carotenoid cleavage respectively, supporting its central place in adaptation.

548 Atacama plant transcriptomes strongly reflect the specific requirements angered by the
549 elevation (Fig. 3d, 4 and 5). This was exemplified by the over-representation of enriched
550  reactions and pathways linked to polyol and sterol synthesis in Prepuna, where drought and
551  salinity are extremely severe (Rogowska and Szakiel, 2020; Eshel et al., 2021). Nitrogen
552  starvation is of major importance in this vegetation belt, illustrated by the extensive genetic
553  expansion and expression of reactions linked to plant defense mechanisms through the
554  monitoring of glutamine, glutamate, GABA and polyamine pathways (Solomon and Oliver,
555  2002; Martinelli et al., 2007). In addition, evolution led to an increased synthesis of some
556  flavonoid-polyamine conjugates (e.g. tricoumaroyl spermidine) whose roles remain poorly
557  described (Dussarrat et al., 2021). In contrast, Steppe species favoured the production of a

558  plethora of secondary compounds (Fig. 3d and 5). Carotenoids and other isoprenoids could be
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559 used for their advantages to mitigate abiotic constraints (Havaux, 2014). Steppe species were
560 likely to favour the tolerance to freezing stress via the synthesis of lignans and the tolerance to
561  oxidative stress through 4-hydroxybutanoate accumulation and pyridine nucleotide repair (via
562  epimerases), which were recently considered as a relevant player in NAD(P)H metabolism
563  (Breitkreuz et al., 2003; Gakiére et al., 2018). Plants from higher levels also tend to enrich
564  reactions involved in producing a wide range of metabolites engaged in biotic defense such as
565  coumarins and cyanogenic glucosides (Gleadow and Woodrow, 2002; Stringlis et al., 2019).
566 Although great successes in plant breeding, yields of the best ideotypes are threatened by
567 climate change (Seneviratne et al., 2012; Bailey-Serres et al., 2019). We thus need innovative
568  research strategies that depart from the current reductionist single-species approach to discover
569  universal plant resilience mechanisms, which should be more easily transferable to crops. This
570  transcriptome-scale comparative analysis provided a unique goldmine of genetic targets for
571  engineering resilient crops against major abiotic threats. Interrogating Atacama plant evolution
572  has shown that extreme plant uniqueness lies in the regulation of pre-existing pathways and has
573  unveiled a high degree of convergences between biochemical strategies selected to face harsh
574  climate conditions. These generic strategies were relevant to plant resilience against osmotic
575  (e.g. drought and salinity), frost and high irradiance stress as well as low soil suitability. Hence,
576  these findings pave the way for wider use of these generic metabolic mechanisms to provide
577  sustainable solutions to improve global food security. A thrilling perspective will be to
578 investigate whether these generic biochemical reactions are also involved in adaptation to other
579  extreme lands.
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606

607

608  Figure legends.

609

610  Fig. 1 | A simplified scheme of the reaction and pathway enrichment approach. P represents the
611  probability of finding at least k reactions in pathway X (k E-RXs in PX) and was calculated using
612  Fisher’s exact test based on the hypergeometric distribution (Wieder et al., 2021). E-RXs: enriched
613  reactions, E-PXs: enriched pathways.

614

615  Fig. 2 | Analysis of the exclusive reactions from Atacama and Sister species. The Venn diagram
616  describes the ecosystem-specific reactions from the 32 Atacama plant species or their closely related
617  Sisters. Metabolism, biochemical pathways and sub-pathways were defined based on MetaCyc and
618  KEGG data. m.a.s.l: meters above sea level.

619

620  Fig. 3 | Identification and classification of enriched reactions from Atacama plant species into
621  major biochemical pathways. a. Global trends in the distribution of the expanded (i.e. diverse)
622  reactions in Atacama species. b. Global trends in the distribution of the enriched reactions in Atacama
623  species when comparing the number of top expressed gene isoforms per reaction. c. Distribution of
624  diverse and overexpressed reactions in at least one Atacama species. d. Results of a pairwise comparison
625  analysis and classification of the reactions expanded and overexpressed in at least 50% of the species.
626  Each Atacama-Sister species pair was analyzed individually and results were then aggregated to
627  calculate a percentage of occurrence per ecosystem (Atacama or Sister) or per vegetation belt (Prepuna

628  or Steppe). Arg: arginine, Asp: aspartate, B-H: Benjamini-Hochberg, Chl: chlorophyll, FA: fatty acids,
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629  GIn: glutamine, Glu: glutamate, Gly: glycine, Lys: lysine, Met: methionine, Plip: phospholipids, Pro:

630  proline, Val: valine.

631  Fig. 4 | Reaction enrichment analysis comparing Steppe and Prepuna species. a. Venn diagram
632  describing the distribution of the predicted annotated reactions in the 13 Steppe species and 13 Prepuna
633  species. b. Global trends in the distribution of expanded (i.e. diverse) or overexpressed reactions in at
634  least one Steppe species. ¢. Global trends in the distribution of diverse or overexpressed reactions in at
635  least one Prepuna species. d. Depiction of the reactions expanded or overexpressed in at least 50% of
636  the species from Steppe or Prepuna (i.e. at least 7 species). Asp: aspartate, B-H: Benjamini-Hochberg,
637  Chl: chlorophyll, Deriv: derivatives, Glu: glutamate, Leu: leucine, Pro: proline.

638  Fig. 5| Correlation between enriched reactions and metabolites predicting plant environment in
639  the Atacama Desert. a. Sixteen species of plants with both transcriptome annotation and metabolomics.
640  The tree was adapted from Eshel et al., 2021. Species colour refers to taxonomic group. b. Number of
641  Atacama-enriched reactions that correlate (Pearson r > 0.7) with the average intensity per species of
642  each metabolic predictor (Dussarrat et al., 2022). Reactions enriched in either gene isoform diversity or
643  expression analyses were included in this graph. Colours refer to the biochemical class of the metabolite,
644  where lighter shades represent the high convergence set (reactions enriched in at least 50% of the
645  species) and darker shades represent a less stringent threshold, where reactions are only enriched in 3 or
646  more Atacama species compared to Sisters (See Tab. S13).
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Fig. 1 | A simplified scheme of the reaction and pathway enrichment approach. P represents the
probability of finding at least k reactions in pathway X (k E-RXs in PX) and was calculated using

Fisher’s exact test based on the hypergeometric distribution (Wieder et al., 2021). E-RXs: enriched

reactions, E-PXs: enriched pathways.
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824  Fig. 3 | Identification and classification of enriched reactions from Atacama plant species into
825 major biochemical pathways. a. Global trends in the distribution of the expanded (i.e. diverse)
826  reactions in Atacama species. b. Global trends in the distribution of the enriched reactions in Atacama
827  species when comparing the number of top expressed gene isoforms per reaction. c. Distribution of
828  diverse and overexpressed reactions in at least one Atacama species. d. Results of a pairwise comparison
829  analysis and classification of the reactions expanded and overexpressed in at least 50% of the species.
830 Each Atacama-Sister species pair was analyzed individually and results were then aggregated to
831  calculate a percentage of occurrence per ecosystem (Atacama or Sister) or per vegetation belt (Prepuna
832  or Steppe). Arg: arginine, Asp: aspartate, B-H: Benjamini-Hochberg, Chl: chlorophyll, FA: fatty acids,
833  GlIn: glutamine, Glu: glutamate, Gly: glycine, Lys: lysine, Met: methionine, Plip: phospholipids, Pro:

834  proline, Val: valine.
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836  Fig. 4 | Reaction enrichment analysis comparing Steppe and Prepuna species. a. Venn diagram
837  describing the distribution of the predicted annotated reactions in the 13 Steppe species and 13 Prepuna
838  species. b. Global trends in the distribution of expanded (i.e. diverse) or overexpressed reactions in at
839 least one Steppe species. ¢. Global trends in the distribution of diverse or overexpressed reactions in at
840 least one Prepuna species. d. Depiction of the reactions expanded or overexpressed in at least 50% of
841  the species from Steppe or Prepuna (i.e. at least 7 species). Asp: aspartate, B-H: Benjamini-Hochberg,
842  Chl: chlorophyll, Deriv: derivatives, Glu: glutamate, Leu: leucine, Pro: proline.
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845  Fig. 5| Correlation between enriched reactions and metabolites predicting plant environment in
846  the Atacama Desert. a. Sixteen species of plants with both transcriptome annotation and metabolomics.
847  The tree was adapted from Eshel et al., 2021. Species colour refers to taxonomic group. b. Number of
848  Atacama-enriched reactions that correlate (Pearson r > 0.7) with the average intensity per species of
849  each metabolic predictor (Dussarrat et al., 2022). Reactions enriched in either gene isoform diversity or
850  expression analyses were included in this graph. Colours refer to the biochemical class of the metabolite,
851  where lighter shades represent the high convergence set (reactions enriched in at least 50% of the
852  species) and darker shades represent a less stringent threshold, where reactions are only enriched in 3 or
853  more Atacama species compared to Sisters (See Tab. S13).
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