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Abstract 12 

Plants in nature are subject to multiple and varying environmental factors. It is in these complex natural 13 

environments where gene regulation truly functions and evolves. Based on this premise, we evaluated 14 

genome-wide gene expression patterns in nature of three natural accessions from southern Spain and 15 

one laboratory accession of the model plant Arabidopsis thaliana. We examined the nature of 16 

transcriptional variation throughout the life cycle and inferred the mechanisms used to complete it in 17 

common natural environments. To this end, we grew the plants in a natural field environment and 18 

measured gene expression at different developmental stages, ranging from vegetative to reproductive 19 

stages. We found up to 15,538 differentially expressed genes including all ecotypes and samplings. 20 

Among the differentially expressed genes, contrasted against the Montejaque ecotype used as 21 

environmental control, many were significantly overrepresented by genes regulated by abiotic 22 

environmental stress, mainly temperature and oxygen levels. The laboratory accession Columbia was 23 

not suitable as a control in this experiment because of its anomalous behavior, despite being one of the 24 

most widely used accessions in molecular plant science. The vegetative phase turned out to be the one 25 

in which the transcriptomic profiles were more similar, suggesting that the genetic mechanisms 26 

involved in local adaptation take place at the flowering phase in A. thaliana. Common garden 27 

experiments allow a better understanding of plant biology and evolution, connecting functional 28 

genomics with the ecology of plants and thus bringing further realism to study gene regulation in 29 

nature.  30 

1 Introduction 31 

Plants are sessile organisms that respond to environmental changes by adjusting critical life stages to 32 

varying environmental conditions through the phenological control of developmental transitions 33 

(Carrera et al., 2017; Li et al., 2018; Sato et al., 2019; Wilczek et al., 2010; Zhu et al., 2015). Plants 34 

use long-term seasonal signals to fine-tune developmental transitions to maximize reproductive success 35 
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and fitness (Wilczek et al., 2010; and Zhu et al., 2015). Omics technologies have proven to be a very 36 

useful tool for the study of the genetic and molecular mechanisms of plant development in both 37 

laboratory and field conditions. In particular, transcriptomic data can provide useful hints on the 38 

developmental and physiological processes occurring in the plant at a given time, which may provide 39 

clues to understand the process of plant adaptation to changing environmental conditions (Alvarez et 40 

al., 2015; and Todd et al., 2016). In this context, there exist previous studies showing the role of 41 

flowering time in environmental adaptation of natural accessions of the annual Arabidopsis thaliana 42 

in the Iberian Peninsula (Tabas-Madrid et al., 2018). In particular, the authors detected, through 43 

genome-wide association analyses, functional polymorphisms of flowering time genes with significant 44 

effects on flowering time variation, which in turn correlated with geographical (e.g. elevation) and 45 

environmental (e.g. temperature) factors (Tabas-Madrid et al., 2018). 46 

However, the underlying genetic mechanisms involved in the process of plant adaptation are well 47 

studied in controlled laboratory conditions (e.g. greenhouse), but the genetic regulatory networks of 48 

adaptive responses to a combination of different factors acting simultaneously in natural environments 49 

are rather scarce (but see Song et al., 2018; Scheres and Van Der Putten, 2017). An ecological 50 

experimental approach in natural environments would allow a deeper understanding of the genetic and 51 

molecular mechanisms by which organisms adjust their vital development to environmental changes. 52 

Specifically, an experiment in a natural setting would permit the identification of the pathways and 53 

mechanisms involved in the adaptive variation in fitness-related traits (e.g. flowering time) 54 

realistically. So far, a handful of studies have addressed this issue (Miyazaki et al., 2004; Nagano et 55 

al., 2019; Richards et al., 2012; Sato et al., 2019; Song et al., 2018; Yamasaki et al., 2018; Zaidem et 56 

al., 2019). In particular, these studies have shown that there are significant differences between the 57 

results of laboratory and field experiments (Miyazaki et al., 2004). Thus, the number of these studies 58 

is increasing because of their integrative nature of the information obtained and because they provide 59 

a more realistic view of the complex processes at work in nature. 60 

The main goal of this study was to characterize genome-wide patterns of gene expression in ecotypes 61 

of the model plant A. thaliana in nature. To this end, we undertook a common garden experiment in a 62 

natural setting and conducted RNA sequencing over the development of A. thaliana ecotypes from 63 

locations characterized by contrasting environmental conditions. Three of the four ecotypes used in 64 

this study come from Andalusia in South Spain. Here, the main difference among the environments of 65 

origin is determined by the difference in altitude at which they are located, since their latitudes are very 66 

similar. The four ecotypes were Bonanza (Bon) as an ecotype adapted to sea level conditions; Veleta 67 

(Vel) as an ecotype adapted to high mountain conditions, Montejaque (Moj) adapted to Mediterranean 68 

forest conditions, and Columbia (Col-0) as a traditional laboratory control. In this case, Moj acted as 69 

the environmental control as this location is close and similar to that where we conducted the common 70 

garden experiment (both within the Sierra de Grazalema Natural Park). 71 

Here, we addressed the following questions. First, as ecotypes are adapted to a specific environment 72 

but are forced to complete the life cycle in other different conditions, we wonder about the molecular 73 

mechanisms used by each ecotype over its development in this new common environment. Second, 74 

although it is possible that the mechanisms for facing these environmental changes are fixed and the 75 

differences between ecotypes are minimal, we quantify both shared and specific genes and subsequent 76 

mechanisms among ecotypes. And third, by analyzing the whole transcriptome, we expect to see how 77 

the different samples are grouped and what are the main factors that differentiate them from those 78 

considered in the experimental design (morning-afternoon, ecotypes and life-cycle stage).  79 
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In this study, we undertook an analysis of RNA-Seq data obtained from plants of three locally adapted 80 

ecotypes from South Spain and the Col-0 laboratory accession grown in natural conditions to 81 

characterize the variation in their transcriptomic profiles. We found that the vegetative phase was the 82 

most conserved life-cycle stage among ecotypes, while the reproductive stage was the most different 83 

in terms of gene expression patterns. The most notable differences were the responses to stresses, 84 

mainly temperature and oxygen levels. We obtained the most different results from the Col-0 accession. 85 

Finally, we found that there were large differences between morning and afternoon gene expression 86 

pinpointing their circadian nature. 87 

2 Materials and Methods 88 

2.1 Plant material and growth conditions 89 

The A. thaliana ecotypes used to obtain the RNA-Seq data analyzed in this work were the following 90 

(Figure 1). First, Bonanza (Bon; 36.9°N, 6.3°W, 1 m a.s.l.; Cadiz province) grows naturally in the 91 

Doñana National Park in a riverside pine forest. Second, Montejaque (Moj; 36.8°N, 5.3°W, 705 m 92 

a.s.l.; Malaga province) is located in a Mediterranean forest dominated by species of the genus Quercus 93 

within the Natural Park of Sierra de Grazalema. And third, Veleta (Vel; 37.1°N, 3.4°W; 2662 m a.s.l.; 94 

Granada province) occurs within the Sierra Nevada National Park in a high altitude meadow. These 95 

three natural ecotypes are locally adapted to their environments, as Bon and Moj exhibit early flowering 96 

and high seed dormancy, while Vel has late flowering and low seed dormancy, in greenhouse 97 

conditions (Vidigal et al., 2016; Marcer et al., 2018). The last accession is Columbia (Col-0), which is 98 

one of the most widely used accessions in laboratory as a control, as well as one of the best known 99 

accessions at the genetic and molecular levels.  100 

We carried out the experiment at the Botanical Garden of El Castillejo (36.5ºN, 5.3ºW, 350 m.a.s.l.; 101 

Sierra de Grazalema Natural Park, El Bosque, Cádiz province). The environmental conditions of this 102 

location are more similar to the conditions in which Moj occurs. Thus, Moj acted as an environmental 103 

control in our experimental design. We used plastic pots (12×12×12 cm3) with drainage holes and filled 104 

with standard soil mix (Abonos Naturales Cejudo Baena S.L., Utrera, Spain).  The trays were placed 105 

outdoors, under uncontrolled growing conditions. For each ecotype (Bon, Moj, Vel and Col), we sowed 106 

10 replicates with 250 seeds each on 11 November 2020. We collected three biological replicates of 107 

each sample at each stage over the life cycle (vegetative, induced and flowering) around 10:00 am and 108 

16:00 pm. In particular, we collected samples on 30 December 2020, 3 February 2021, 10 February 109 

2021 and 4 March 2021. Bon and Moj flowered on 13 February 2021, Col on 23 February 2021 and 110 

Vel on 4 March 2021. In total, we collected 84 plant samples. For each replicate of each ecotype, we 111 

collected five similar plants (in shape and phenological stage), including the aerial part only and as 112 

clean of dirt as possible, which were stored in liquid nitrogen to stop the cellular machinery and 113 

possible RNA degradation. 114 

2.2 High throughput sequencing 115 

We extracted total RNA with the ISOLATE II RNA Plant Kit (Bioline). On-column DNase treatment 116 

(Bioline) was also used to remove any DNA contamination. RNA concentration and purity were 117 

checked by NanoDrop photometric quantification (Thermo Scientific). The TruSeq RNA Sample Prep 118 

Kit v.2 Illumina was used for library preparation following the manufacturer's recommendations. 119 

Sequencing of the barcoded libraries were performed with the Illumina HiSeq 4000 sequencer in 100 120 

nucleotide long paired-end runs. Each sample was provided as a biological duplicate and libraries were 121 

sequenced at a depth of 30 million reads per sample.  122 
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2.3 RNA-seq and bioinformatic analysis 123 

We conducted RNA-seq data analysis in this study using the Arabidopsis TAIR10 reference genome 124 

and the annotation downloaded from Ensembl plants database (see 125 

https://plants.ensembl.org/Arabidopsis_thaliana/Info/Index). 126 

First, we performed a quality control analysis and filtering of low-quality reads using the FastQC tool 127 

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Then, reads were mapped to the 128 

previously indexed reference genome using HISAT2. The results obtained in a SAM (Sequence 129 

Alignment Map) format were converted to BAM files (Binary Alignment Maps) with samtools and to 130 

BigWig files with the bamCoverage utility from deepTools (Ameur, 2019; Li et al., 2009; Ramírez et 131 

al., 2016). We used the BAM files and the annotated reference genome to estimate gene expression 132 

measured as FPKM (Fragments per Kilobase of exon and Million of mapped reads) using stringTie 133 

(Pertea et al., 2015). 134 

We carried out an exploratory analysis of the data in which the expression matrix was loaded with the 135 

ballgown package (Frazee et al., 2015). In this step, it was seen that sample 3 of extraction 3 of Vel in 136 

the morning had degraded. Thus, we removed it from the matrix for analysis. Using NormalyzerDE 137 

package (Willforss, 2018), we normalized the data using the Quantile method and subsequently we 138 

transformed these data by log2. 139 

For differential expression analysis, we used the limma package (Ritchie et al., 2015), and for 140 

functional enrichment, we used the ClusterProfiler and org.At.tair.db packages (Yu et al., 2012; 141 

Carlson, 2019).  The parameters used for this step were a logarithmic foldchange of 1 and a p-value 142 

threshold > 0.05. Here, we developed a function to automate this process to perform different contrasts 143 

in a simpler and faster way. The different contrasts that we performed were (i) between the morning 144 

(control) and the afternoon, (ii) between each extraction and the previous one (control), (iii) between 145 

the different ecotypes and Moj (control), and (iv) between the different ecotypes and Col0 (control). 146 

After exploring the results, we decided to discuss and include only the results from the contrasts with 147 

Moj as a control because they provided more information relevant to the questions posed in our study. 148 

The next step was to obtain the Venn diagrams for all contrasts performed with the VennDiagram 149 

package (Chen and Boutros, 2011). In addition to this graphical representation, the specific and shared 150 

gene sets for each diagram were obtained with the intersect, unique and setdiff functions from R base. 151 

Finally, we performed functional enrichment of these gene sets if possible. Again, we automated this 152 

analysis using a function simplifying the process.  153 

The gene expression matrix was reduced to retain only the genes that were differentially expressed in 154 

the different contrasts carried out. In this way, retained 15,538 genes from a total of 33,602 genes. We 155 

performed the clustering with the factoextra package (Kassambara and Mundt, 2017), with a parameter 156 

value of nstart = 20, with the "wss" method and distances with the "Manhattan" method. The optimal 157 

number of clusters was of K = 4. As a complement to the clustering, we performed a heatmap with the 158 

heatmap function of R base and with the reduced expression matrix. 159 

3 Results and Discussions 160 

In this study, we analyzed and characterized the genome-wide expression profiles throughout the life 161 

cycle of different ecotypes of the model plant Arabidopsis thaliana under common ecological field 162 
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conditions. We sought to determine the mechanisms used to complete their life cycle and whether such 163 

mechanisms were conserved despite their local adaptation. It must be emphasized that, although the 164 

response mechanisms to different types of stress are known in great depth individually and under 165 

laboratory conditions, A. thaliana’s response in natural environments remains poorly described. 166 

Nevertheless, more and more studies are using this approach to understand how organisms interact 167 

with and adapt to a diverse array of environments (Anderson, et al., 2014). 168 

3.1 Differentially expressed genes (DEGs) and gene ontology enrichment  169 

 170 

Most molecular studies with the model plant A. thaliana are based on the Columbia accession (Col-0). 171 

Col-0 has been propagated for decades as an exclusive laboratory strain. It must be emphasized, 172 

however, that neither its breeding history nor its exact location of provenance are known with precision 173 

(Des Marais et al., 2012). This may imply that the biology of this ecotype differs quite a lot from that 174 

of natural ecotypes, which have dealt for generations with numerous stresses together in nature. To 175 

overcome that potential source of bias, we used the Moj ecotype as a control because it comes from 176 

very similar environmental conditions to those found at the experimental facility. Consequently, we 177 

obtained all the differentially expressed genes of each ecotype from contrasts with Moj, which are not 178 

involved in the normal development of the plant, but in everything else coming from the local 179 

adaptation to their environments of origin. In addition, we also expected to detect genes involved in 180 

the response to specific stresses that ecotypes may have experienced during the experiment, indicating 181 

how ecotypes responded to the combination of stresses (biotic and abiotic; Richards et al., 2012) over 182 

their life cycle. 183 

The DEGs for the first sampling (EX1) were quite scarce (Figures 2 and 3), indicating that gene 184 

expression for the different ecotypes with respect to the control (Moj) at this stage of development was 185 

very similar. In this sampling, the plants were all vegetative. At this stage, they are on their primary 186 

vegetative development and, therefore, the processes and genes involved are quite conserved among 187 

all the ecotypes. The minimal differences at this stage of development only emerged for Col-0 and Vel 188 

ecotypes. We only obtained the GO enrichment for the genes activated in the morning for Col-0, which 189 

are mainly related to stress response processes, such as response to hypoxia or low oxygen levels, 190 

detoxification of toxic compounds, response to ethylene, and response-defense against fungi and 191 

bacteria. In the afternoon, we obtained a few more enrichments for Col-0, related to the metabolism of 192 

lipid compounds, anthocyanins and flavonoids synthesis. It must be noted that flavonoids have an 193 

essential role in cold acclimation in A. thaliana (Schulz et al., 2016), which perhaps is the most 194 

remarkable environmental characteristic of the first sampling. We also obtained the GO enrichments 195 

for Vel in the afternoon. In this case, the genes activated were related to detoxification and metabolism 196 

of toxic compounds, such as glutathione protein metabolism and response to toxic compounds. The 197 

processes involved with the repressed genes obtained in the enrichment are related to the metabolism 198 

of glucosinolates and sulfur compounds. These results for Vel were very interesting, given the 199 

involvement of the glutathione protein in tolerance to compounds derived from glucosinolate 200 

degradation (Urbancsok et al., 2018). 201 

In the second sampling (EX2), ecotypes were already at different stages of development: Vel and Col-202 

0 were still in the vegetative stage, whereas Bon and Moj were already induced. As expected, the main 203 

differences in these contrasts with Moj (Figure 4 and 5) were found for Vel and Col-0. The genes 204 

activated in Col-0 in the morning and in the afternoon overlapped to a large extent. In particular, we 205 

detected activated genes involved in metabolism (mainly synthesis) of lipid compounds, anthocyanins, 206 

flavonoids and cold acclimation. Nevertheless, in the morning, we also found genes involved in the 207 

response to lack of water, starch catabolism, hormone regulation and transport. The same happened for 208 
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the repressed genes, highlighting those related to the response to hypoxia, defense against fungi and 209 

bacteria, as well as the activation and regulation of the immune system. For the Vel ecotype, the GO 210 

enrichment was only obtained for the morning samples. In this case, the genes activated were related 211 

to cold response and acclimation, response to lack of water, carbohydrate catabolism and terpene 212 

catabolism. This is a striking result since Vel is an ecotype adapted to high mountain conditions and 213 

the environment of the experimental facility is less cold than the environment of origin. The repressed 214 

genes were involved in the response to low oxygen levels and the presence of hydrogen peroxide, 215 

processes that are previously described as a co-regulation to respond to oxygen deprivation conditions 216 

in which oxygen is obtained by metabolism of hydrogen peroxide (Mustroph et al., 2010). Considering 217 

that Vel is a high mountain ecotype where oxygen concentration is lower, the repression of this 218 

mechanism was expected. In the case of Bon, the GO enrichment differed between morning and 219 

afternoon activated genes. In the morning, enriched genes were related to the photosynthetic electron 220 

transport chain and, in the afternoon, to ribosome synthesis and complete RNA metabolism. Although 221 

these results are not common, the processes point to growth and functioning of the optimal cellular 222 

machinery (Lempiäinen, and Shore, 2009). Hence, it can be stated that Bon has a higher and optimal 223 

growth than the control (Moj). 224 

In the third sampling (EX3), Bon and Moj were already at the flowering stage, while Vel and Col_0 225 

were induced to flowering. We found the greatest differences among ecotypes and our environmental 226 

control (Moj) (Figures 6 and 7). We detected quite consistent results between the morning and the 227 

afternoon, with several common enriched genes. First, the Col-0 activated genes in the morning and 228 

the afternoon were related to photosynthesis, pigment synthesis, glucans, flavonoids, polysaccharides, 229 

fatty acids, starch and cutin. Specifically, genes related to energy reserve and pollen formation 230 

appeared in the morning, whereas genes involved in cell cycle processes and response to far-red light 231 

appeared in the afternoon. For the repressed genes of Col-0, we found common genes dealing with 232 

defense against bacteria and fungi, response to hypoxia, regulation of the immune system and response 233 

to biotic stimuli. In addition, we found processes of cell wall synthesis, aging and leaf senescence 234 

specifically in the afternoon. These results indicate that Col-0 was largely dealing with growth and 235 

development in this sampling, since the biological processes are mainly of synthesis of a great quantity 236 

and diversity of compounds. In addition, the response to the various stresses, together with the aging 237 

and senescence of the leaves were inhibited, reinforcing our view. In the case of Vel, activated genes 238 

enriched in the afternoon and in the morning were different, but they they were the same for the 239 

repressed ones. Thus, in the morning, activated genes were related to oligomerization of protein 240 

complexes, the response to reactive oxygen species, the response to the presence of hydrogen peroxide 241 

and the response to heat. In contrast, in the afternoon, genes were involved in cutin synthesis and cuticle 242 

development, photosynthesis, light uptake, metabolism of fatty acids and monocarboxylic acids. The 243 

common repressed genes were involved in cell wall synthesis, lignin, hemicellulose, xylans, suberin, 244 

polysaccharides and macromolecules. Overall, gene expression pattern for Vel in this sampling 245 

indicated a marked response to heat stress. Heat stress in plants leads to an increase in reactive oxygen 246 

species (including hydrogen peroxide) and protein denaturation, processes for which Vel has activated 247 

response genes described in the literature for this type of stress (Song et al., 2012). In addition, some 248 

studies highlighted the protective role of the cuticle against heat stress (Kajino et al., 2022), as well as 249 

that of cell membrane fatty acid regulation (Falcone et al., 2004). Some studies also indicated cell wall 250 

modification as a mechanism against heat stress (Falcone et al., 2004; Wos and Willi, 2018), which 251 

could explain the strong repression we found of cell element and all its components.  252 
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Finally, Bon in the third sampling kept showing few DEGs and enriched genes, stressing the similarity 253 

of Bon with Moj in terms of gene expression. The shared activated genes between Bon and Moj found 254 

in their GO enrichment were related to the response to low oxygen levels or hypoxia. Specifically, in 255 

the afternoon, genes were involved in wound and jasmonic acid response, regulation of secondary 256 

metabolism, synthesis of glucosinolates and sulfur compound, and response to hydrogen peroxide. The 257 

common repressed genes were related to systemic acquired resistance, and the morning-specific ones 258 

to the response to lack of water and the response to the presence of chemical acids. The morning 259 

activation of these genes indicates that this ecotype was undergoing heat stress coupled with hypoxic 260 

conditions. This would be consistent with the fact that Bon comes from a seaside environment with an 261 

ambient oxygen concentration that might be higher than that at the experimental facility at a higher 262 

altitude. In the afternoon, we found activated genes involved in the synthesis of glucosinolates and 263 

sulfur compounds. Interestingly, it has been shown that these compounds increase under heat stress 264 

and hypoxia in other Brassicaceae (Guo et al., 2016). In addition, hormone response genes, such as 265 

jasmonic acid or salicylic acid were activated, which are known to be involved in stress response 266 

signaling inducing glucosinolate production (Variyar, et al., 2014). 267 

3.2 Venn diagrams  268 

To obtain Venn diagrams (Figures 8 and 9), we used the DEGs obtained from the contrasts of the 269 

different ecotypes using Moj as a control. As far as genes shared by the three ecotypes are concerned, 270 

in relation to the total genes in each diagram, the first sampling (EX1) exhibited the highest proportion 271 

of common genes (even though it has the lowest total number of DEGs of all), particularly for genes 272 

expressed in the morning. In this gene set, the functional enrichment for the genes activated in the 273 

morning were the physiological response to stimulus (biological process) and to proteins with unknown 274 

function.  In contrast, the third sampling (EX3) showed the lowest proportion of shared genes, despite 275 

being the sample with the highest amount of differentially expressed genes. Within each sample, the 276 

proportion of repressed common genes was generally higher, and within these, those expressed in the 277 

afternoon. When comparing between the morning and the afternoon, the ratio values of the afternoon 278 

DEGs were generally higher. The highest value (as a proportion of the total) of all groups of DEGs 279 

was for the common genes repressed in the morning in EX1. Overall, these results reinforce the idea 280 

that in the vegetative stage (EX1), ecotypes are in their vegetative development and that the processes 281 

and genes involved are quite conserved among all ecotypes. As sampling moves on to the reproductive 282 

phase, ecotypes enter into different stages of development and, therefore, the amount of common DEGs 283 

decreases. 284 

Considering the total DEGs obtained from the contrasts for each ecotype, the results indicated that the 285 

highest amount of differentially expressed genes with respect to the control Moj was for Col-0, 286 

followed by Vel and lastly Bon. For Col-0 and Vel, the highest amount of DEGs were obtained in EX3 287 

for all conditions, while for Bon, it was in EX2. The least amount of total DEGs for all ecotypes and 288 

all conditions was found in EX1. Total DEGs pinpointed how different the ecotypes are from the 289 

control and the developmental stage that differed the most from the control. Once again, the results 290 

support our view in which the mechanisms involved in development are quite conserved in EX1, while 291 

they become more differentiated in reproductive stages. Finally, it is worth noting that Col-0, the 292 

laboratory strain, showed the greatest differences compared to the rest of ecotypes adapted to natural 293 

environments. This is why we believe that transcriptomic studies in field conditions require a local 294 

environmental control to compare ecotypes evolved in contrasting environmental conditions in a more 295 

realistic manner. 296 

 297 
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3.3 Clustering  298 

To perform the clustering, we used the reduced gene expression matrix with the relevant genes, which 299 

are all those that had appeared in the different contrasts performed. In addition, we divided this matrix 300 

between the morning and afternoon samples to perform the clustering again on the two resulting 301 

matrices. For the three cases, we found that the optimal number of clusters was of K = 4 (Figure 10; 302 

see supplementary material). 303 

In the first clustering of the reduced matrix (Figure 10a), the grouping into 4 clusters captured 58.2% 304 

of the variation. The first cluster collected all samples from EX1 (vegetative stage of development), 305 

where the most distant samples corresponded to those of the Col-0 ecotype.  The second cluster 306 

collected all samples of the Col-0 ecotype starting from EX2, where samples from EX4 were the more 307 

distant within this cluster. The third cluster included all samples from the afternoon, being the EX2 308 

sample from Bon the most separated from the main aggregation. The fourth cluster gathered all 309 

morning samples, being Vel samples from EX 3 and EX4 the more distant within this cluster.  310 

The second clustering (Figure 10b) only included samples taken in the morning. This clustering 311 

captured 70.6% of the variation. In this case, the first two clusters grouped the same samples as in the 312 

first clustering (EX1 and Col-0), while the third cluster included all Vel samples and Moj samples from 313 

EX3. The fourth cluster included Bon samples and Moj samples from EX2.  314 

Finally, the third clustering was performed with data from afternoon samples (Figure 10c) and captured 315 

68.8% of the variation. The first two clusters were for EX1 samples and Col-0 ecotype. In this case, 316 

the third cluster collected samles from Vel for EX2, EX3 and EX4, while the fourth cluster included 317 

those from Bon and Moj (EX2 and EX3). 318 

Considering the results of the three clusterings, it is clear the involvement of the vegetative phase in 319 

the differentiation of the samples. In this phase, the different ecotypes are the most similar to each other 320 

while in the rest of reproductive phases there is a greater differentiation between them. Studies on the 321 

local adaptation of A. thaliana focused on the main adaptive changes in germination and flowering 322 

times because they have implications in fitness and therefore they confer evolutionary advantage 323 

(Takou et al., 2019). It is also noteworthy that Col-0 was different from the rest of ecotypes because it 324 

presents its own group. Even in the vegetative phase where Col-0 is forming clusters with the other 325 

ecotypes, it is the most separated from the main grouping. Consequently, this ecotype is not suitable 326 

for use as a transcriptomic profile control in garden experiments. 327 

Another very important factor of sample clustering is the difference between morning and afternoon 328 

gene expression, surpassing among-ecotype differences in gene expression. The differential regulation 329 

of gene expression throughout the day in plants is known as circadian regulation. There are a large 330 

number of studies highlighting its importance in plants, not only for their development, but also for the 331 

response to different types of stresses (Nakamichi, 2020; Blair et al., 2019), such as those to which 332 

they are simultaneously subjected in natural environments. By comparing moring and afternnon 333 

samples, we verified that Vel was the ecotype showing the greatest differences, while Bon and Moj 334 

hadthe most similar profiles, especially in the flowering phase. Although the three natural ecotpes used 335 

in this study belong to the same genomic lineage (Castilla et al., 2020), their transcriptomic profiles 336 

are not the same, revaling probably the implications of local adaptation at the gene expression level. 337 

 338 
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4 Conclusions 339 

In this study, we obtained RNA-seq data to characterize the genome-wide gene expression patterns of 340 

from the Col-0, Vel, Bon and Moj ecotypes of A. thaliana, which are locally adapted to different 341 

environments, from a common garden experiment in a natural setting. 342 

In the earliest stages of plant development (vegetative phase), differences between ecotypes in gene 343 

expression are minimal, meaning that the mechanisms involved are conserved and that local 344 

adaptations are focused on reproductive stages, showing higher variation in gene expression patterns. 345 

The main differences between the transcriptomic profiles seem to be related to stress response 346 

mechanisms caused by environmental conditions different from those to which they were locally 347 

adapted, essentially temperature and oxygen levels.  348 

Col-0 exhibited a different behavior when grown under natural environmental conditions, making this 349 

accession unsuitable for use as a control, whereas an environmental control, such as Moj, is more 350 

suitable for this type of experiment.  351 

Overall, we conclude that the factors causing divergence among the transcriptomic profiles were the 352 

following. First, the vegetative phase, which was very similar among all ecotypes and different from 353 

the rest of the developmental stages. Second, the Col-0 ecotype, which is probably adapted to 354 

controlled conditions but became affected by the different simultaneous stresses experienced in the 355 

common garden experiment. Third, the differential expression between the morning and the afternoon, 356 

both for the amount and type of genes. And forth, the natural ecotypes, in which the local adaptations 357 

of Vel to high mountain environments provoked a different gene expression profile than that of Moj 358 

and Bon, which clearly behaved in a more similar manner in the experimental facility as they come 359 

from more similar environments. 360 
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 493 

Figure Legends. 494 

Figure 1. Plant material. A) Location of the natural environments of origin of the natural ecotypes 495 

represented by red dots. The location of the place where the experiment or cultivation site (El Castillejo 496 

Botanical Garden) was carried out is represented by a blue dot. B) Cultivation of the plant material, 497 

organization and arrangement of the plant material in the natural environment. C) Sample collection 498 

process. D) Detail view of a cultivation pot. 499 

Figure 2. Bar plot of the biological processes enriched for differentially activated and repressed genes 500 

for the contrast of the morning samples of the first extraction of the different ecotypes, with Montejaque 501 

as control. A) Enriched biological processes for the genes activated in the morning of the first sampling 502 

of the Columbia ecotype. For the rest of the contrasts, no enrichment has been obtained, so they have 503 

been assigned "NONE". 504 

Figure 3. Bar plot of the biological processes enriched for differentially activated and repressed genes 505 

for the contrast of the afternoon samples of the first extraction of the different ecotypes, with 506 

Montejaque as control. A) Enriched biological processes for repressed genes for the afternoon of the 507 

first sampling of the Veleta ecotype. B) Enriched biological processes for genes activated in the 508 

afternoon of the first sampling of the Veleta ecotype. A) Enriched biological processes for genes 509 

activated in the afternoon of the first sampling of the Columbia ecotype. For the rest of the contrasts, 510 

no enrichment has been obtained, so they have been assigned "NONE". 511 

Figure 4. Bar plot of the biological processes enriched for differentially activated and repressed genes 512 

for the contrast of the morning samples of the second extraction of the different ecotypes, with 513 

Montejaque as control. A) Enriched biological processes for genes activated in the morning of the 514 

second sampling of the Bonanza ecotype. B) Enriched biological processes for the genes repressed in 515 

the morning of the second sampling of the Veleta ecotype. C) Enriched biological processes for genes 516 

activated in the morning of the second sampling of the Veleta ecotype. D) Enriched biological 517 

processes for genes repressed in the morning of the second sampling of the Columbia ecotype. E) 518 

Enriched biological processes for the genes activated in the morning of the second sampling of the 519 

Columbia ecotype. For the rest of the contrasts no enrichment has been obtained and therefore they 520 

have been assigned "NONE". 521 

Figure 5. Bar plot of biological processes enriched for differentially activated and repressed genes for 522 

the contrast of the afternoon samples of the second extraction of the different ecotypes, with 523 

Montejaque as control. A) Enriched biological processes for the afternoon activated genes from the 524 

second sampling of the Bonanza ecotype. B) Enriched biological processes for genes repressed in the 525 
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afternoon of the second sampling of the Columbia ecotype. c) Enriched biological processes for genes 526 

activated in the afternoon of the second sampling of the Columbia ecotype. For the rest of the contrasts 527 

no enrichment has been obtained and therefore they have been assigned "NONE". 528 

Figure 6. Bar plot of the biological processes enriched for differentially activated and repressed genes 529 

for the contrast of the morning samples of the third extraction of the different ecotypes, with 530 

Montejaque as control. A) Enriched biological processes for the repressed genes for the morning of the 531 

third sampling of the Bonanza ecotype. B) Enriched biological processes for the genes activated in the 532 

morning of the third sampling of the Bonanza ecotype. C) Enriched biological processes for the genes 533 

repressed in the morning of the third sampling of the Veleta ecotype. D) Enriched biological processes 534 

for the genes activated in the morning of the third sampling of the Veleta ecotype. E) Enriched 535 

biological processes for genes repressed in the morning of the third sampling of the Columbia ecotype. 536 

F) Enriched biological processes for the genes activated in the morning of the third sampling of the 537 

Columbia ecotype.  538 

Figure 7. Bar plot of the biological processes enriched for differentially activated and repressed genes 539 

for the contrast of the afternoon samples of the third extraction of the different ecotypes, with 540 

Montejaque as control. A) Enriched biological processes for the repressed genes for the afternoon of 541 

the third sampling of the Bonanza ecotype. B) Enriched biological processes for genes activated by the 542 

afternoon of the third sampling of the Bonanza ecotype. C) Enriched biological processes for genes 543 

repressed in the afternoon of the terder sampling of the Veleta ecotype. D) Enriched biological 544 

processes for genes activated in the afternoon of the terder sampling of the Veleta ecotype. E) Enriched 545 

biological processes for genes repressed in the afternoon of the terder sampling of the Columbia 546 

ecotype. F) Enriched biological processes for genes activated in the afternoon of the third sampling of 547 

the Columbia ecotype. 548 

Figure 8. Venn diagrams between the different ecotypes for differentially expressed genes (both 549 

activated and repressed, for each extraction) in the morning of all ecotypes, of the contrasts with 550 

Montejaque as control. A) Activated genes in the contrasts of the first sampling. B) Activated genes in 551 

the contrasts of the second sampling. C) Activated genes in the contrasts of the third sampling. D) 552 

Repressed genes in the contrasts of the first sampling. E) Repressed genes in the contrasts of the second 553 

sampling.  F) Repressed genes in the contrasts of the third sampling. 554 

Figure 9. Venn diagrams between the different ecotypes for the differentially expressed genes (both 555 

activated and repressed, for each extraction) in the afternoon of all the ecotypes, of the contrasts with 556 

Montejaque as control. A) Activated genes in the contrasts of the first sampling. B) Activated genes in 557 

the contrasts of the second sampling. C) Activated genes in the contrasts of the third sampling. D) 558 

Repressed genes in the contrasts of the first sampling. E) Repressed genes in the contrasts of the second 559 

sampling.  F) Repressed genes in the contrasts of the third sampling. 560 

Figure 10. Clustering. A) Complete clustering of the reduced gene set with the genes of interest. B) 561 

Clustering with the genes of interest from the samples taken in the morning. C) Clustering with the 562 

genes of interest from the samples taken in the afternoon. 563 
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