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Abstract: Brown alga Ectocarpus sp. belongs to Phaeophyceae, a class of macroalgae that evolved 13 
complex multicellularity. Ectocarpus is a dominant seaweed in temperate regions, abundant mostly 14 
in the intertidal zones, an environment with high levels of abiotic stresses. Previous transcriptomic 15 
analysis of Ectocarpus sp. revealed several genes consistently induced by various abiotic stresses; 16 
one of these genes is Esi0017_0056, which encodes a protein with unknown function. Bioinformatics 17 
analyses indicated that the protein encoded by Esi0017_0056 is soluble and monomeric. The protein 18 
was successfully expressed in Escherichia coli, Arabidopsis thaliana and Nicotiana benthamiana. In A. 19 
thaliana the gene was expressed under constitutive and stress inducible promoters which led to im-20 
proved tolerance to high salinity and temperature stresses. The expression of several key abiotic 21 
stress-related genes was studied in transgenic and wild type A. thaliana by qPCR. Expression anal-22 
ysis revealed that genes involved in ABA-induced abiotic stress tolerance, K+ homeostasis, and 23 
chaperon activities were significantly up-regulated in the transgenic line. This study is the first re-24 
port in which an unknown function Ectocarpus sp. gene, highly responsive to abiotic stresses, was 25 
successfully expressed in A. thaliana, leading to improved tolerance to salt and temperature stress.  26 

Keywords: Arabidopsis thaliana; Ectocarpus sp., unknown function protein; transgenic plant; salinity; 27 
temperature; abiotic stress tolerance 28 
 29 

1. Introduction 30 

Unfavorable abiotic stress conditions, including high salinity and temperature stress, 31 
negatively influence plant performance resulting in significant reduction of agricultural 32 
productivity. Due to climate change these stresses are becoming more severe. It has been 33 
predicted that in order to feed around 9 billion people agricultural productivity must dou-34 
ble in the near future. Completing this demand will be challenging due to the continuous 35 
decline in the availability of water for irrigation, changing weather patterns, and the re-36 
duction of arable land area.  37 

In the last decades research carried out using model plants as well as crop plants led 38 
to the identification of a large number of genes involved in abiotic stress tolerance; how-39 
ever, much work still remains to be performed to develop climate resilient crops.  Brown 40 
algae (Phaeophyta) are multicellular organisms in the phylum heterokonts which is 41 
highly distantly related from the Archaeplastida and Opisthokonts [1]. Brown algae are 42 
among the few eukaryotic lineages which have evolved complex multicellularity [2]. 43 
These organisms have been evolving over a billion years, and during evolution, they ac-44 
quired a number of distinct characteristics that are absent in the other eukaryotic lineages. 45 
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For instance, phaeophytes, which originated through secondary endosymbiosis, have 46 
complex polysaccharides in their cell wall. Also, the secondary endosymbiosis enriched 47 
considerably the nuclear genome; as a result brown algae display a number of distinctive 48 
metabolic pathways [3]. Brown algae are constantly subjected to high levels of abiotic 49 
stresses arising from the tidal cycles which are associated with temperature extremes, me-50 
chanical forces, and irradiation [4]. Some of the novel characteristics acquired by these 51 
organisms enabled them to survive and flourish in these harsh environmental conditions. 52 
The unique features of phaeophytes makes this group interesting to explore, to decipher 53 
novel pathways and functions that very likely played essential roles in their evolutionary 54 
success; clearly, their biology is not well studied compared to that of animals and land 55 
plants. Ectocarpus sp. is a multicellular brown alga which has relatively small genome size 56 
(200 mbp) in contrast to Fucus serratus (1095 mbp) and Laminaria digitata (640 mbp) [5, 6]. 57 
Ectocarpus belongs to Ectocarpales, which is closely related to Laminariales, a group of 58 
seaweeds of significant economic importance [7]. Ecologically and economically, these 59 
seaweeds are of great interest because they are the source of important biomolecules such 60 
as fucoidans, laminarin and alginates. A large number of studies reported the benefits of 61 
brown algal extracts on plant health and their usage to improve agricultural productivity 62 
[8-11]. The beneficial effects include enhanced seed germination and plant establishment, 63 
improved resistance to environmental stresses, improved crop performance and en-64 
hanced post-harvest life [8, 9, 11]. However, many aspects of brown algal biology remain 65 
largely unknown, including the underlying molecular mechanisms of enhanced tolerance 66 
to abiotic stresses. Characterization of genes with novel functions in brown algae will ad-67 
vance knowledge and may lead to discovery of novel unique biomolecules which can con-68 
tribute to improved, sustainable agricultural production. Complete genome sequencing 69 
of the brown algal model Ectocarpus sp. constituted an important step in the understand-70 
ing of phaeophyte biology at molecular level. Genome analysis followed by searches in 71 
protein databases revealed that more than 36% of the proteins were novel, being Ectocar-72 
pus or phaeophyte specific, with no counterpart in other taxonomic groups. These signif-73 
icant differences suggested that a large number of evolutionary innovations took place in 74 
this group, leading to the occurrence of many novel genes in addition to considerable di-75 
vergence from homologous sequences [12]. Therefore, Ectocarpus genomic data represents 76 
a valuable resource with a great potential to discover novel genes and pathways involved 77 
in stress adaptation or specific bioactivities that are absent in other taxonomic groups. 78 
However, phaeophyte research is challenging, especially when the aim is to characterize 79 
and understand functions of novel genes, coding proteins of unknown function. These 80 
limitations are due to the lack of genetic resources such as methods of transformation to 81 
generate gain or loss of function mutants, or to determine subcellular localization, thus 82 
hampering most molecular studies.  83 

Previous transcriptomic analysis of Ectocarpus sp., subjected to various abiotic 84 
stresses, showed that 76 % of the up-regulated genes were encoding proteins of unknown 85 
functions, with no significant similarity to any of sequences outside Ectocarpus sp. [13]. 86 
We report here the expression in Arabidopsis thaliana of the unknown function gene 87 
Esi0017_0056 from Ectocarpus sp. Its expression in A. thaliana, using a constitutive pro-88 
moter (35S) and a A. thaliana stress inducible promoter from the RESPONSIVE TO DES-89 
ICCATION 29A gene (RD29A), led to improved tolerance to salinity and high tempera-90 
ture stress in the model plant. The protein was also successfully expressed in Escherichia 91 
coli and Nicotiana benthamiana.    92 

2. Results 93 

2.1. Protein structure, phylogenetic relationships and intracellular localization of Esi0017_0056  94 

Esi0017_0056 was one of the several Ectocarpus sp. proteins (i.e. Esi0379_0027, 95 
Esi0154_0047, Esi0025_0042, Esi0488_0007, Esi0059_0099, Esi0322_0010, Esi0252_0035, 96 
Esi0045_0021, Esi0105_0049, Esi0182_0002, Esi0143_0016, Esi0007_0087, Esi0113_0047, 97 
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Esi0538_0008, Esi0021_0137, Esi0195_0005, Esi0176_0002, Esi0266_0005 and Esi0044_0144) 98 
that were screened as potential candidates for cloning and expression in E. coli, N. ben-99 
thamiana and Arabidopsis. All these proteins were analyzed first for the presence of trans-100 
membrane domains with HMMTOP v.2.0 (http://www.enzim.hu/hmmtop/) and 101 
TMHMM v.2.0 (http://www.cbs.dtu.dk/services/TMHMM-2.0/). The presence of such do-102 
mains makes protein expression in any system problematic. No transmembrane domains 103 
have been predicted for Esi0017_0056.  104 

Homology modelling using PSIPRED provided an overall prediction of the second-105 
ary structure of this protein with a MW of 43.1 kDa and an isoelectric point (pI) of 8.74 106 
(Supplementary Figure S1). To gain more information about Esi0017_0056 protein struc-107 
ture homology-modelling was carried out using the SWISS-MODEL server. The best 108 
model (26.71% sequence identity) was built using the hypothetical protein ybiA from E. 109 
coli as a template. Modelling of the region between residues 132 to 291 suggested that 110 
Esi0017_0056 is a well-structured with several alpha-helices and short beta-strands (Sup-111 
plementary Figure S2a and S2b). Modelling information and data coming from similarity 112 
searches of other proteins harboring domains from the DUF1768 superfamily as well as 113 
from the automatic prediction output from PSIPRED, HMMTOP v2.0 and TMHMM v. 2.0 114 
indicated that Esi0017_0056 is a soluble, monomeric protein. A full-length tertiary struc-115 
ture, built by DMPfold, revealed a protein with a globular structure, and additional alpha 116 
helices (Supplementary Figure S2c). 117 

Blastp similarity searches of Esi0017_0056 in GenBank RefSeq non-redundant pro-118 
teins database revealed that the closest relatives are two other proteins from Ectocarpus, 119 
which are also labeled as unknown conserved proteins (GenBank accession # CBJ32535 120 
and CBJ27468). The next >100 organisms harboring protein sequences with significant 121 
similarity (E-value: 8e-45 - 1e-37) to these Ectocarpus proteins were of prokaryotic origin, in-122 
cluding delta proteobacteria, gamma proteobacteria, firmicutes and cyanobacteria. The 123 
middle part of the 391 amino acids long Esi0017_0056 protein, that is, residues 132 to 291, 124 
was found to have strong similarity with DUF1768, a protein domain of unknown func-125 
tion (pfam08719). DUF1768 contains members such as E. coli N-glycosidase YbiA 126 
(COG3236), involved in riboflavin biosynthesis, which was initially characterized as a 127 
swarming motility protein. More recently, this family was included in the NADAR (NAD 128 
and ADP-ribose) superfamily which comprises proteins predicted to be involved in NAD-129 
utilizing pathways, likely to act on ADP-ribose derivatives. Blastp similarity searches of 130 
Esi0017_0056 protein in GenBank RefSeq non-redundant proteins database, with re-131 
stricted searches for eukaryotes, revealed that the closest eukaryotic organisms harboring 132 
a similar protein is the apusomonad Thecamonas trahens ATCC 50062 (E-value: 1e-38). The 133 
organisms within this range of similarity were found to be extremely diverse, including 134 
the metazoans Strongylocentrotus purpuratus and Dendronephthya gigantea, the haptophyte 135 
Emiliania huxleyi, the amoebozoa Entamoeba invadens and the fungus Cercospora berteroae. 136 
The annotation of proteins in these taxa was similar to that found in prokaryotes, that is, 137 
DUF1768-domain containing protein, swarming motility protein YbiA-like and riboflavin 138 
biosynthesis protein PYRR. All these predictions refer to the same pfam08719. 139 

To test the phylogenetic relationships of Esi0017_0056 to other similar proteins from 140 
various prokaryotes and eukaryotes lineages and to assess the likelihood that this gene 141 
occurred in Ectocarpus sp. through lateral gene transfer a phylogenetic tree was generated 142 
(Supplementary Figure S3).  The support for most branches was found to be weak be-143 
cause of the low number of conserved residues present in the DUF1768 superfamily do-144 
main. Nevertheless, analysis indicated close relationships between Ectocarpus sp. se-145 
quences and prokaryotic sequences (proteobacteria), and with eukaryotic apusozoan and 146 
haptophytes.  Two Ectocarpus sp. sequences clustered together with Esi0017_0056. It is 147 
therefore likely that these Ectocarpus sp. sequences occurred through lateral transfer from 148 
a proteobacteria followed by duplication and divergent evolution. As Esi0017_0056 gene 149 
contains two predicted introns, the possibility of representing a contaminant sequence of 150 
prokaryotic origin is excluded (Supplementary Figure S4). 151 
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Potential intracellular protein localization was analyzed using several prediction 152 
servers. SignalP, iPSORT and TargetP 2.0 ruled out the presence of a signal peptide or of 153 
a mitochondrial, chloroplast or thylakoid luminal transfer peptide. WoLF PSORT indi-154 
cated with low, very similar scores, that the possible location of this protein can be mito-155 
chondria, cytosol or chloroplast. PSORT and DeepLoc - 1.0 predicted that the most prob-156 
able location of this soluble protein is the mitochondria rather than the cytosol, but the 157 
support was not strong (Supplementary Data S1). It is worth mentioning that DeepLoc - 158 
1.0 predicts eukaryotic protein subcellular localization using deep learning and it can dif-159 
ferentiate between 10 different localizations: nucleus, cytoplasm, extracellular, mitochon-160 
drion, cell membrane, endoplasmic reticulum, chloroplast, Golgi apparatus, lyso-161 
some/vacuole and peroxisome. As Esi0017_0056 was predicted as a soluble protein with 162 
no obvious N- or C-terminus extensions, it is likely that in Ectocarpus its translation occurs 163 
in the cytosol and in heterologous eukaryotic systems such as A. thaliana the process 164 
should be similar. However, we cannot formally rule out that its final destination might 165 
also depend on its interaction with other macromolecular intracellular structures.   166 

2.2. Esi0017_0056 protein is highly expressed in E. coli, A. thaliana and N. benthamiana  167 

Esi0017_0056 was successfully expressed in E. coli; however, most of the protein was 168 
found in inclusion bodies (Supplementary Figure S5). Sufficient recombinant protein was 169 
obtained to carry out LC-MS/MS sequencing, which confirmed the expression of a full 170 
length Esi0017_0056 (Supplementary Table S1). To investigate the expression in plants the 171 
C-terminal fusion constructs of Esi0017_0056 with GUS and GFP tags were introduced in 172 
A. thaliana and N. benthamiana, respectively. In both transgenic plants Esi0017_0056 was 173 
found to be highly expressed (Figure 1). GUS activity staining of A. thaliana plantlets re-174 
vealed strong occurrence in roots and many parts of the leaflets (Figure 1a-e). Confocal 175 
microscopy analysis of N. benthamiana leaves section expressing Esi0017_0056-GFP re-176 
vealed strong fluorescence localized throughout the cytoplasm and around nucleus but 177 
not in the vacuole (Figure 1f).  178 

 179 
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Figure 1. Expression of C-terminal fusion proteins Esi0017_0056-GUS and Esi0017_0056-GFP. (a-e) 180 
GUS expression in A. thaliana 5 days old plantlets (a) WT and (b-e) independent transgenic lines. 181 
(f) GFP expression in N. benthamiana leaf. 182 

2.3. Gene expression of Esi0017_0056 showed that it is highly expressed in A. thaliana under 183 
standard and salinity stress conditions 184 

To study the potential role of Esi0017_0056 in improved tolerance to abiotic stress the 185 
gene was cloned in two different constructs, one in which the expression was driven by 186 
the constitutive promoter 35S, and the other one by the A. thaliana stress inducible pro-187 
moter RD29A. Expression of Esi0017_0056 was confirmed in the transgenic lines (Figure 188 
2). In normal conditions, the expression in the Es17-Ox1 and Es17-Ox2 lines, having the 189 
35S promoter, was much higher than that observed in Es17-A, Es17-B and Es17-C lines, 190 
having the RD29A promoter (Figure 2). Worth mentioning that the expression of Es17-Ox 191 
lines, but not of Es17-A-C lines, was higher than that of actin, the reference gene, which is 192 
a highly expressed gene in eukaryotic systems. While Ct values of actin varied in the 21-193 
22 cycles range those of Es17-Ox1 and Es17-Ox2 were found to be around 19 cycles and 16 194 
cycles, respectively. These results suggest that the transcription of Esi0017_0056 in A. tha-195 
liana is efficient and the mRNA is rather stable. Upon exposure to salinity stress the ex-196 
pression Esi0017_0056 was found to be strongly up-regulated in the Es17-A, Es17-B and 197 
Es17-C lines (19, 9 and 20 times, respectively), while in the Es17-Ox1 and Es17-Ox2 lines 198 
these changes were found to be less pronounced (3 and 7.9 times, respectively) (Figure 2). 199 
The increase amounts of transcripts in the 35S lines upon exposure to salinity stress might 200 
be due to the stability of Esi0017_0056 mRNA, process observed in other systems as well 201 
[14]. 202 
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Figure 2. Expression of Esi0017_0056 in two independent A. thaliana transgenic lines having the 205 
35S promoter and in three independent transgenic lines having the stress inducible (RD29A) pro-206 
moter under standard and salinity stress conditions. Actin was used as the endogenous control 207 
and transcript levels were normalized to the individual with the lowest expression from line Es17-208 
B. Data represents mean ± SE from 3 biological replicates. Values listed on the bars represent rela-209 
tive expression, fold change ratio vs the line with the lowest Esi0017_0056 expression, that is, line 210 
Es17-B in absence of NaCl. 211 
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2.4. Expression of Esi0017_0056 exhibited better tolerance to salinity stress in A. thaliana 212 
seedlings and plants 213 

To examine the effects of Esi0017_0056 expression on salinity stress tolerance of trans-214 
genic lines the seedlings were exposed to 100 mM NaCl. After one week of exposure to 215 
100 mM NaCl transgenic seedlings had significantly longer roots, higher number of lateral 216 
roots per cm of primary root, reduced leaf chlorosis and higher biomass as compared to 217 
the wild type seedlings (Figure 3).  218 
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 220 

Figure 3. Growth of wild type and 2 independent 35S promoter (Es17Ox-1-2,) and of 3 independ-221 
ent stress inducible promoter (Es17A-C) transgenic A. thaliana seedlings, expressing Esi0017_0056 222 
in presence and absence of 100 mM NaCl.  In plates (a) to (f), seedlings were grown under salt 223 
stress conditions while in; plates (g) to (l), seedlings were grown in standard conditions. (a, g) WT, 224 
(b, h) Es17-A, (c, i) Es17-B, (d, j) Es17-C, (e, k) Es17-Ox1, (f, l) Es17-Ox2, (m) root length, (n) number 225 
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of lateral roots per cm of primary root, (o) fresh weight, (p) dry weight and (q) leaf chlorosis. Val-226 
ues represents mean and standard error (n=90) for root length, lateral roots, leaf chlorosis and n=9 227 
for fresh and dry weight. Means and SE followed by the same letter are not significantly different. 228 
The plants were photographed at 9 days after transfer in standard and under salinity stress condi-229 
tions. 230 

In order to verify if the enhanced stress tolerance observed in seedlings can be ob-231 
served in plants grown in soil 15 days old transgenic plants were irrigated with 200 mM 232 
NaCl, and concentrations of around 100 mM were maintained in the peat pellet. After one 233 
week of exposure to salinity stress wild type plants exhibited symptoms of growth retar-234 
dation and leaf chlorosis whereas transgenic plants grew better (Figure 4). Analysis of 235 
biomass data suggested that transgenic plants had significantly higher fresh weight and 236 
dry weight as compared to the wild type plants (Figure 4). When the effect of promoters 237 
(constitutive and stress-inducible) was contrasted, transgenic lines generated using stress 238 
inducible promoter showed slightly reduced fresh weight under standard conditions as 239 
compared to the wild type plants, while the lines generated using constitutive promoter 240 
showed slightly reduced dry weight. Overall, none of the transgenic plants grew better 241 
than the wild type plants under standard conditions, if both fresh weight and dry weight 242 
are considered (Supplementary Figure S6). 243 

2.5. Expression of Esi0017_0056 exhibited enhanced tolerance to high temperature stress in A. 244 
thaliana seedlings 245 
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Figure 4. Growth of wild type and 2 independent 35S promoter (Es17Ox-1-2,) and of 3 independ-248 
ent stress inducible promoter (Es17A-C) transgenic A. thaliana plants, expressing Esi0017_0056, in 249 
presence of 100 mM NaCl concentration maintained throughout the experiment. (a) WT, (b) Es17-250 
A, (c) Es17-B, (d) Es17-C, (e) Es17-Ox1, (f) Es17-Ox2, (g) fresh weight and (h) dry weight. The 251 
plants were photographed at 20 days after irrigation. Values represents mean and standard error 252 
(n=15). Means and SE followed by the same letter are not significantly different. 253 

To examine the effects of Esi0017_0056 expression on high temperature stress toler-254 
ance of transgenic lines the seedlings were exposed to 40 °C for 24 hrs. One week after the 255 
high temperature stress the seedlings of transgenic lines recovered much faster and 256 
showed better growth, including significantly higher fresh and dry weight, when com-257 
pared to the wild type seedlings (Supplementary Figure S7).  258 

2.6. A. thaliana plants expressing Esi0017_0056 showed reduced electrolyte leakage  259 

To estimate the effect of salinity stress on membrane stability, electrolyte leakage was 260 
measured at 24 and 48 hrs after the exposure to salinity stress of transgenic plants grown 261 
on peat pellets. Both 35S and stress inducible promoter transgenic lines showed significant 262 
reduction in leakage of electrolytes compared to the wild type plants, indicating higher 263 
membrane stability in transgenic plants (Figure 5). 264 
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Figure 5. Electrolyte leakage of wild type and 2 independent 35S promoter (Es17Ox-1-2,) and of 3 267 
independent stress inducible promoter (Es17A-C) transgenic A thaliana plants, under 100 mM sa-268 
linity stress conditions. Values represents mean and standard error (n=15). Means and SE followed 269 
by the same letter are not significantly different. 270 

2.7. A. thaliana plants expressing Esi0017_0056 exhibited altered expression of stress responsive 271 
genes 272 

RT-qPCR analysis was performed to determine whether Esi0017_0056 has any influ-273 
ence on the expression of several key stress responsive genes of A. thaliana. The expression 274 
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of 12 genes including DREB2A (Dehydration-Responsive Element Binding Protein 2A), 275 
RD29A (Responsive to Desiccation 29A), RD29B (Responsive to Desiccation 29B), RD26 276 
(Responsive to Desiccation 26), RD22 (Responsive to Desiccation 22), RD20 (Responsive 277 
to Desiccation 20), RAB18 (Responsive to Abscisic Acid), LEA (Late Embryogenesis Abun-278 
dant), LEA14 (Late Embryogenesis Abundant 14), NHX1 (Sodium/Hydrogen Exchanger), 279 
HSP70 (Heat-Shock Protein 70) and HSFA1D (Heat Stress Transcription Factor A-1D)), 280 
which were demonstrated to play key roles in salinity and temperature stress tolerance 281 
was analyzed in Es17-Ox2. The expression of 3 key genes (DREB2A, RD29A and RD29B) 282 
was also confirmed in Es17-Ox1 (Supplementary Figure S8). The relative expression of 283 
almost all these stress induced marker genes was rather similar in Es17-Ox2 and wild type 284 
plants in standard conditions, but significantly up-regulated in salinity stress, at both time 285 
points (24 hrs and 120 hrs), in the plants of the transgenic line (Figure 6). In normal con-286 
ditions, the only gene found to be strongly up-regulated in Es17-Ox2 vs wild type com-287 
parison, was that of HSP70, coding a ubiquitous A. thaliana heat shock protein (Figure 6k). 288 
Under salinity stress, the expression of the transcription factor DREB2A (Dehydration-289 
Responsive Element-Binding protein 2A) was found to be >2 times up-regulated, at both 290 
time points, in Es17-Ox2 vs wild type comparisons (Figure 6a). The expression of RD (Re-291 
sponsive to Desiccation) genes, RD29B and RD26, was found to be up-regulated >2 fold at 292 
both time points (Figure 6c and d, respectively), RD29A and RD20 was up-regulated >2 293 
fold only at the first time point (Figure 6b and f, respectively) while that of RD22 was not 294 
different in Es17-Ox2 and wild type plants. RAB18 (coding for a protein from the dehydrin 295 
family), LEA (Late Embryogenesis Abundant) and LEA14 were also found to be signifi-296 
cantly up-regulated in Es17-Ox2, at both time points, and this difference in expression was 297 
generally >2 fold higher (Figure 6g, h and i respectively). NHX1, an Na+/H+ antiporter, and 298 
HSP70 were determined to be significantly up-regulated in Es17-Ox2 only at 24 hrs (Fig-299 
ure 6j and k, respectively) while the expression of HSFA1D, a member of the Heat Stress 300 
Transcription Factor (Hsf) gene family, showed no notable differences at the two time 301 
points analyzed (Figure 6l).  302 
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Figure 6. Gene expression analysis of stress inducible marker genes in wild type and transgenic A. 305 
thaliana plants (Es17Ox-2) grown in absence and presence of 100 mM NaCl. Two time points (24 306 
hrs and 120 hrs) were studied. Actin was used as the endogenous control and transcript levels 307 
were normalized to the individual with the lowest expression. Values listed under the bars repre-308 
sent fold difference; default font values represent up-regulation while italicized font values repre-309 
sent down-regulation. Data represents mean ± SE from 3 biological replicates. (a) DREB2A, (b) 310 
RD29A, (c) RD29B, (d) RD26, (e) RD22, (f) RD20, (g) RAB 18, (h) LEA, (i) LEA14, (j) NHX1, (k) 311 
HSP70 and (l) HSFA1D. 312 

3. Discussion 313 
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Plant response to abiotic stress tolerance involves a complex network of genes and 314 
stress signaling pathways. Production of stress signaling molecules is followed by the ac-315 
tivation of various molecular mechanisms to protect the plant against stress. In the last 316 
decades tremendous progress has been made to identify and characterize novel gene func-317 
tions in various photosynthetic organisms, including the plant model A. thaliana [15]. 318 
From these studies a large number of genes involved in responses to abiotic stresses have 319 
been discovered and used to generate transgenic plants with improved tolerance to these 320 
stresses [15]. Several homologs of these genes have been studied and characterized in dif-321 
ferent crop plants. The aim of this study was to characterize Esi0017_0056, an unknown 322 
function gene from the brown algal model Ectocarpus sp. and to determine if this protein, 323 
which in Ectocarpus sp. can be induced by different stresses [13], can trigger similar re-324 
sponses in green land plants such as A. thaliana. Constitutive expression of heterologous 325 
proteins may have negative effects on growth of plants under standard conditions [16]. 326 
To test if there was any negative effect of Esi0017_0056 constitutive expression on growth, 327 
transgenic lines under stress inducible promoter were also generated. The results showed 328 
that in seedlings grown under standard growth conditions, the 35S constitutive expres-329 
sion lines were associated with reduced root length while decreased biomass was deter-330 
mined in Es17-Ox1. In contrast, all the lines that utilized the RD29A stress inducible pro-331 
moter performed similarly to the wild type. This trend was not anymore observed when 332 
plants were grown to maturity; no clear-cut differences could be observed between the 333 
two promoter lines. In normal conditions, qPCR analyses of mature plants indicated that 334 
more Esi0017_0056 transcripts were produced in 35S lines as compared to RD29A lines; 335 
clearly, the difference in transcript abundance was not associated with protein quantity 336 
because the phenotype of transgenic plants did not reflect this considerable difference.  337 

Under salinity and temperature stress both types of transgenic lines performed better 338 
than the wild type. Expression of Esi0017_0056 in A. thaliana significantly improved plant 339 
tolerance to salinity and high temperature stress in all lines, irrespective of the promoter 340 
used.  341 

It is worth mentioning that under salinity conditions, similarly to the normal condi-342 
tions, no positive correlation could be observed between the Esi0017_0056 transcript abun-343 
dance and phenotypic data or between the former condition and electrolyte leakage. We 344 
speculate that the elevated level of expression of Esi0017_0056, comparable to that of actin, 345 
or better in constitutive expression lines, was already very high for the translational sys-346 
tem, which reached a saturation or a plateau level. This process can be observed in many 347 
biochemical processes and explains the limited similarities, in certain experimental con-348 
ditions, observed between transcriptomics and proteomics [17-19]. 349 

Since Esi0017_0056 has no close relative in green plants it is extremely difficult to 350 
indicate the mechanism through which the product of this gene determines the observed 351 
changes in the overall plant growth in normal conditions and how it contributes to the 352 
improved tolerance to abiotic stresses. In the current study we analyzed the expression of 353 
several well characterized abiotic stress responsive transcriptional factors and genes reg-354 
ulated by them. In plants, ABA plays a crucial role to improve abiotic stress tolerance [20]. 355 
Several abiotic stress responsive genes require ABA for their activation and some not; this 356 
indicates the existence of both ABA-dependent and ABA-independent stress signal trans-357 
duction pathways [21, 22]. To understand the molecular mechanisms of plant abiotic 358 
stress tolerance the cis- and trans- acting elements present in promoter region of the stress 359 
inducible genes have been identified and intensively studied [23]. In plants, transcrip-360 
tional regulation of abiotic stress responsive genes depends on the two major class of cis- 361 
acting elements found in promoter region of these genes. These elements are known as 362 
ABRE (ABA responsive elements) and DRE (Dehydration Responsive Elements). ABREs 363 
are known to participate in ABA dependent and DREs are known to be involved in ABA 364 
independent stress signal transduction pathways [234-267]. Cis-acting element sequence 365 
DRE was first identified in promoter region of RD29A which functions in ABA independ-366 
ent pathway in response to abiotic stresses [28]. Promoter region of several genes induced 367 
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by ABA harbors a well conserved cis-acting element sequence known as ABRE [29]. These 368 
sequences are recognized by the basic leucine zipper transcription factors [30, 31]. A. tha-369 
liana RD26 gene encodes a NAC transcription factor that has been shown to localize in the 370 
nucleus and is induced by drought, salinity and ABA [2732]. The promoter region of RD26 371 
has been shown to contain four ABRE, one MYC, two MYB and one DRE recognition sites 372 
[20, 2833]. RD20 gene functions in ABA dependent stress signaling pathway [2934], and 373 
has been shown as a direct target of RD26 [2732]. The expression of both these genes, i.e., 374 
RD26 g and RD20, was determined to be significantly up-regulated in Es17-Ox2 plants as 375 
compared to the wild type plants (Figure 6d and f, respectively). A. thaliana DREB2A gene 376 
encodes a transcription factor which regulates the expression of genes induced by salinity 377 
and drought stress [305]. DREB2A contains an ERF/AP2 (ethylene responsive element 378 
binding factor/APETALA2) DNA binding domain. This domain regulates the expression 379 
of downstream genes by interacting with cis-element DRE in their promoter region [316, 380 
327]. DREB2A transcription under osmotic stress conditions is modulated through the 381 
ABA independent pathway as its transcription is highly up-regulated in plants subjected 382 
to salinity stress [35]. Previous studies have shown that overexpression of full length 383 
DREB2A did not exhibited improved tolerance to abiotic stresses and did not result in 384 
activation of downstream genes, suggesting that post-translational modification, in par-385 
ticular phosphorylation, may be necessary for DREB2A activation [35, 38]. Domain anal-386 
ysis of DREB2A revealed that its transcriptional activation domain is in the C-terminus 387 
region (254 to 335) and has a negative regulatory domain in the middle region (136 to 165). 388 
Deletion of this negative regulatory domain produced the constitutively active form of 389 
DREB2A and its overexpression exhibited improved tolerance to abiotic stresses and 390 
downstream genes were activated [38]. A. thaliana plants overexpressing constitutively 391 
active form of DREB2A exhibited up-regulation of RD29A, RD29B and LEA14 suggesting 392 
that these genes are the direct target of DREB2A. Promoter region of these genes has been 393 
shown to carry DRE core motifs [338]. The expression of DREB2A (Figure 6a) and its 394 
abovementioned downstream genes (Figure 6b, c and I, respectively) was found to be sig-395 
nificantly up-regulated in Es17-Ox2 plants in contrast to the wild type plants suggesting 396 
that Esi0017_0056 may possibly modulate, through an unknown mechanism, the expres-397 
sion of DREB2A. In A. thaliana, AREB1 gene encodes an ABRE binding protein which is a 398 
key transcription factor. AREB1 is up-regulated by salinity stress and modulates the ex-399 
pression of ABRE dependent stress responsive genes involved in ABA signaling [349, 400 
3540]. Overexpression of AREB1 has been shown to up-regulate the expression of key 401 
ABA inducible stress responsive genes belonging to LEA class proteins At3g17520 (encod-402 
ing a group 3 LEA class protein), RD29B/LTI65, RAB18 [3628, 3741-3943], and ABA regu-403 
lated RD20, which encodes a calcium binding protein [2934]. LEA proteins are involved 404 
in plant responses to abiotic stress tolerance by stabilizing the cellular membranes, redox 405 
homeostasis, nucleic acids and protein structures [404-426] and have been suggested to be 406 
direct targets of DREB2A [437]. In this study, the two LEA genes studied (Figure 6h and 407 
i) as well as RD29B, RAB18 and RD20 (Figure 6c, g and f, respectively) were found to be 408 
up-regulated in Es17-Ox2 plants. Moreover, reduced leakage of electrolytes in all 409 
Esi0017_0056 transgenic lines suggest higher cellular membrane integrity in the transgenic 410 
plants compared to that the wild type plants.  411 

Heat shock proteins (HSPs) are known to act as chaperones playing essential roles in 412 
the proper folding and refolding of proteins as well inwhich stabilizinges the protein their 413 
structure in presence of stress. They are involved in proper folding and refolding of dena-414 
tured proteins thus provides the aid to maintain the proper metabolic functions [48, 49]. 415 
Sakuma, Maruyama, Qin, Osakabe, Shinozaki and Yamaguchi-Shinozaki [47] demon-416 
strated that overexpression of DREB2A induced the expression of a number of heat stress 417 
responsive genes and under heat stress conditions this protein was stable and localized to 418 
nucleus. In A. thaliana HSP70 (At3g12580) encodes a molecular HSP70 chaperon which is 419 
involved in abiotic stress tolerance by preventing the protein aggregation and helping in 420 
the refolding of proteins under stressful conditions [437]. The product of thisThis gene is 421 
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also involved in transport of unstable proteins to lysosomes or proteasomes for their deg-422 
radation [449]. Overexpression of HSP70 has been shown to up-regulate the expression of 423 
DREB2A and of other target genes of DREB2A including LEA 14, AIL (group 3 LEA), and 424 
of RD29A [47], and to improve plant tolerance to high temperature, salinity and drought 425 
stress [49]. In the current study the expression of these genes, i.e., DREB2A, RD29A and 426 
HSP70, was found to be significantly up-regulated in Es17-Ox2 plants as compared to the 427 
wild type plants, at both time points (Figure 6a, b and k). Expression of HSP70 was found 428 
to be constantly up-regulated in Es17-Ox2 under both normal and salinity stress condi-429 
tions, at both the time points. HSP70 was reported to be present almost everywhere in the 430 
cell, including Golgi apparatus, cell wall, chloroplast, cytoplasm, cytosol, mitochondrion, 431 
plasma membrane, vacuolar membrane [4550] (TAIR; https://www.arabidopsis.org). As 432 
the expression of this HSP70 (At3g12580) was found to be increased in the Es17Ox-2 line 433 
Iit is quite possible that this heat shock protein is involved in a specific interaction with  434 
Esi0017_0056 which can include assistance for proper folding. Overexpression of HSP70 435 
has been shown to up-regulate the expression of DREB2A and of other target genes of 436 
DREB2A including LEA 14, AIL (group 3 LEA), and of RD29A and of RD29B [33, 437], and 437 
to improve plant tolerance to high temperature, salinity and drought stress [449]. In the 438 
current study the expression of all of these genes, i.e., DREB2A, RD29A, RD29B, AIL, 439 
LEA14 and HSP70, was found to be significantly up-regulated in Es17-Ox2 plants as com-440 
pared to the wild type plants, at both time points (Figure 6a, b, c, h, i and k). At least two 441 
main possible scenarios involving HSP70 and Esi0017_0056 can be envisaged: the first one 442 
assumes that Esi0017_0056 performs some catalytic activity in A. thaliana cells while the 443 
second one that Ectocarpus protein is inactive in the heterologous expression system. In 444 
the first situation the elevated levels of HSP70 are associated with its role as a chaperone, 445 
helping Esi0017_0056 to fold properly and, therefore, acting ensuring that on the products 446 
of Esi0017_0056 can perform its role, which presumably is an ’s enzymatic activity. As 447 
mentioned before, Esi0017_0056 has a DUF1768 domain which based on its similarity with 448 
E. coli YbiA might exhibit N-glycosidase activity. In E. coli YbiA is involved in riboflavin 449 
biosynthesis; however, the family that contains YbiA was included in the NADAR (NAD 450 
and ADP-ribose) superfamily which comprises proteins predicted to be involved in NAD-451 
utilizing pathways, possibly using ADP-ribose derivatives as substrates. Nevertheless, 452 
based on structure modelling, the N-glycosidase activity is more likely to be present. The 453 
N-glycosidase activity, that is, the removal of N-linked oligosaccharides, can occur on a 454 
wide range of substrates including glycopeptides, glycoproteins and rRNA; therefore, the 455 
effects at cellular level cannot be predicted unless the substrate is identified. Nevertheless, 456 
removal of N-linked oligosaccharides is an important step on protein inactivation and 457 
subsequent degradation [51] which might be associated with increase expression of vari-458 
ous heat shock proteins. This scenario explains well the expression pattern of HSP70 459 
(At3g12580) and of DREB2A, RD29A, RD29B, AIL, LEA14, genes whose expression is up-460 
regulated by HSP70, but what activity Esi0017_0056 performs in the cell remains to be 461 
elucidated. The second scenario posits that HSP70 participates in the folding of 462 
Esi0017_0056 which is not performing any activity in A. thaliana cells in the absence of a 463 
suitable substrate in this heterologous system. In this situation, the overall increased abun-464 
dance of HSP70 is responsible for the observed effects in A. thaliana at phenotypic and 465 
molecular levels, i.e., increased tolerance to salt and temperature stress and changes in 466 
expression of a number of genes including of those aforementioned. Definitely, these 467 
propositions involving HSP70 are just two of the many possible scenarios as some direct 468 
and indirect interaction with other cytosolic proteins such as RD29A and B, RAB18 and 469 
LEA cannot be ruled out. Also, most proteins having the DUF1768 domain are of bacterial 470 
origin; therefore, it cannot be ruled out that this molecular pattern is perceived by A. tha-471 
liana as a non-self, foreign molecule, triggering additional responses, including defense 472 
responses, that await characterization. Clearly, future work including an “omics” (tran-473 
scriptomics or proteomics) approach is needed to understand in depth the effects trig-474 
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gered by the expression of Esi0017_0056 in A. thaliana. Additionally, studies of the poten-475 
tial interaction between HSP70 (At3g12580) with Esi0017_0056 and resolving the crystal 476 
structure of Esi0017_0056 could contribute to the better understanding of the roles of this 477 
protein in A. thaliana and Ectocarpus sp.  478 

4. Materials and Methods 479 

4.1. Ectocarpus sp. growth conditions and gene isolation 480 

Ectocarpus sp. (Dilwyn) Lyngbye unialgal strain 32 (accession CCAP 1310/4, isolated 481 
in San Juan de Marcona, Peru) was cultured into a 10 liter plastic tank filled with filtered 482 
and autoclaved natural seawater supplemented with Provasoli nutrient medium at a con-483 
centration of 10 ml/L. The tank was maintained at 14 °C with 14 h light/10 h dark cycle, 484 
and light intensity of 40 μmol.m-2s-1. The culture was air bubbled with filtered (0.22 μm 485 
filter) compressed air. The algal culture was exposed to salinity stress (1450 mM NaCl) for 486 
6 hrs.  After 6 hrs the algal cultures were harvested using filtration, dried and immedi-487 
ately flash frozen into liquid nitrogen. Total RNA was extracted using the method de-488 
scribed by [4652] with slight modifications [4753], treated with Turbo DNAse (Ambion 489 
Austin, USA), and converted into cDNA using a SuperScript IV Reverse Transcriptase 490 
(Life Technologies, France).  491 

4.2. Bioinformatics analysis 492 

Prediction of transmembrane helices or domains in protein was carried out using 493 
HMMTOP v.2.0 (http://www.enzim.hu/hmmtop/) and TMHMM v.2.0 ((https://ser-494 
vices.healthtech.dtu.dk/). Secondary structure homology modelling was performed using 495 
PSIPRED [4854]  (http://bioinf.cs.ucl.ac.uk/psipred) and JPRED (http://www.comp-496 
bio.dundee.ac.uk/jpred/). To gain more information about the folding and the tertiary 497 
structure of Esi0017_0056, protein structure homology-modelling was carried out using 498 
SWISS-MODEL [4955]. The best model (26.71% sequence identity) was built by ProMod3 499 
3.0.0 using the hypothetical protein ybiA from E. coli as a template (SMTL ID: 2b3w.1; 500 
structure solved by NMR). As the model generated by SWISS-MODEL covered only the 501 
DUF1768-domain another tertiary structure homology-modelling was carried out using 502 
DMPfold [506]. The PDB files generated by ProMod3 3.0.0 and DMPfold were visualized 503 
using iCn3D [517]. 504 

To assess the evolutionary relationship of Esi0017_0056, the amino acid sequence was 505 
compared with that of similar protein sequences retrieved from GenBank by running a 506 
blastp search. Alignments of selected protein sequences were performed using MUSCLE 507 
[528] implemented in MEGA X [539]. Sequences were trimmed to a total of 163 amino acid 508 
positions in the final dataset. The evolutionary history was inferred by using the Maxi-509 
mum Likelihood method and JTT matrix-based model [5460]. A discrete Gamma distri-510 
bution was used to model evolutionary rate differences among sites (5 categories (+G, pa-511 
rameter = 0.8733)). The analysis involved 71 sequences from different species and that of 512 
Esi0017_0056. Evolutionary analyses were conducted in MEGA X [539]. 513 

Prediction of eukaryotic protein subcellular localization was performed using Tar-514 
getP 2.0, Signal P, and DeepLoc - 1.0 (https://services.healthtech.dtu.dk), PSORT and 515 
iPSORT (http://ipsort.hgc.jp), and WoLF PSORT (https://wolfpsort.hgc.jp). 516 

4.3. Cloning and expression of recombinant protein in E. coli  517 

To investigate the expression of Esi0017_0056 protein in E. coli the entry clone was 518 
generated using High Fidelity Platinum Taq polymerase (Invitrogen, Ontario, Canada) 519 
with attB primers. The attB PCR product was cloned into pDONR221 using the BP 520 
ClonaseTM II Gateway® (Gateway® Technology with Clonase II, Invitrogen, Ontario, Can-521 
ada). The entry clone was then introduced into the pDEST17 (N-6xHis) vector using the 522 
LR ClonaseTM II Gateway®. The expression clone (Supplementary Figure S9a) was trans-523 
formed into BL21 (DE3) cells. Cells were grown in LB medium containing carbenicillin (50 524 
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μg/ml) at 37 °C and 200 rpm on an orbital shaker for 2-3 hrs to an OD600 of 0.4. The cells 525 
were then induced using L-arabinose to a final concentration of 0.1 %, and 2% ethanol was 526 
added to the medium during induction. The cells were grown overnight at 16 °C with 527 
aeration. The cells were centrifuged at 5000 x g at 4 °C and suspended in 1/10 volume of 528 
cold lysis buffer as described by [5561]. Cells were sonicated on ice using a Qsonica probe 529 
sonicator (Fisher, ON, Canada). Uninduced, induced cells, soluble fraction and pellet were 530 
mixed with sample buffer and were used for SDS-PAGE. The gel was stained using Coo-531 
massie Brilliant Blue R-250.  532 

4.4. Recombinant Esi0017_0056 protein analysis by LC-MS/MS 533 

The excised gel slices were processed for LC-MS/MS as described by [5662], with mi-534 
nor modifications. The samples were transferred to a 300 μL HPLC vial and were sub-535 
jected to analysis by LC-MS/MS on a VelosPRO orbitrap mass spectrometer (Ther-536 
moFisher Scientific, ON, Canada) equipped with an UltiMate 3000 Nano-LC system 537 
(ThermoFisher Scientific, ON, Canada). Chromatographic separation of the digests was 538 
performed on PicoFRIT C18 self-packed 75 μm x 60 cm capillary column (New Objective, 539 
Woburn, MA, USA) at a flow rate of 300 nl/min. MS and MS/MS data were acquired using 540 
a data-dependent acquisition method in which a full scan was obtained at a resolution of 541 
30,000, followed by ten consecutive MS/MS spectra in both higher-energy collisional dis-542 
sociation (HCD) and collision-induced dissociation (CID) mode (normalized collision en-543 
ergy 36%). Internal calibration was performed using the ion signal of polysiloxane at m/z 544 
445.120025 as a lock mass. Raw MS data were analyzed using Proteome Discoverer 2.2 545 
(ThermoFisher Scientific, ON, Canada). Peak lists were searched against all the available 546 
protein databases as well as the cRAP database of common contaminants (Global Prote-547 
ome Machine Organization). Cysteine carbamidomethylation was set as a fixed modifica-548 
tion, while methionine (Met) oxidation, N-terminal Met loss, and phosphorylation on ser-549 
ine, threonine, and tyrosine were included as variable modifications. A mass accuracy 550 
tolerance of 5 ppm was used for precursor ions, while 0.02 Da for HCD fragmentation or 551 
0.6 Da for CID fragmentation was used for product ions. Percolator was used to determine 552 
confident peptide identifications using a 0.1% false discovery rate (FDR). 553 

4.5. A. thaliana seedlings growth conditions 554 

A. thaliana seedlings were produced as described by [5763]. In brief, Seeds of WT and 555 
transgenic A. thaliana lines were surface sterilized using 2% (v/v) NaOCl and stratified at 556 
4 °C for two days. Seeds were placed on the plates containing half strength Murashige 557 
and Skoog (MS) medium (Phytotech, USA), supplemented with 1% (w/v) sucrose and so-558 
lidified with 0.4% (w/v) Phytagel (Sigma, Ontario, Canada). Plates were maintained at 22 559 
°C with 16 h light/8 h dark cycle, with light intensity of 100 μmol.m-2s-1. Plants grown in 560 
these conditions henceforth be referred to as seedlings.  561 

4.6. GUS expression analysis in A. thaliana  562 

To generate the transformation vector, PMDC140 (C-GUS) [5864] was obtained from 563 
ABRC (Columbus, OH, USA). Stop codon was removed from the target gene and entry 564 
clone was generated as mentioned earlier. The entry clone was introduced into the 565 
PMDC140 as described earlier. The transformation vector (Esi0017_0056–GUS) (Supple-566 
mentary Figure S9b) was transformed into Agrobacterium strain GV310 (pMB90) using the 567 
freeze and thaw method. The recombinant Agrobacterium strain carrying the gene of inter-568 
est was transformed to flowering A. thaliana (L.) Heynh, ecotype Columbia (Col-0) plants, 569 
using the floral dip method, as described by [5965]. Positive transformants were selected 570 
as described by [5763] and allowed to self for 3 generations. Five days old seedlings of F3 571 
generation produced as previously described were used for GUS expression analysis. 572 

4.7. Transient expression in tobacco 573 
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To generate the transformation vector, pEarleyGate 103 (C-GFP-HIS) [606] was ob-574 
tained from ABRC and the entry clone used in the previous section was introduced as 575 
described earlier. Agrobacterium transformed with vector pEarlyGate103 (Esi0017_0056-576 
GFP-HIS) (Supplementary Figure S9c) was grown at 28 °C in LB medium containing ap-577 
propriate antibiotics until it reached an OD600 of 0.8. Cells were centrifuged, re-suspended 578 
in infiltration medium at a final OD600 of 0.1, and infiltrated in tobacco leaves as described 579 
by [617]. After two days several leaves were excised, cut in small pieces, and examined 580 
for GFP expression using a LSM meta 510 confocal microscope (Carl Zeiss, Ontario, Can-581 
ada). 582 

4.8. Expression of Esi0017_0056 in A. thaliana  583 

To generate the transformation vectors, pEarleyGate 100 (35S) [66] and promoter less 584 
Gateway vector pMCS:GW [628] were obtained from ABRC. RESPONSIVE TO DESIC-585 
CATION 29A gene (RD29A, a stress inducible gene) promoter sequence, 1000 bp up-586 
stream of ATG initiation codon was isolated from wild type A. thaliana (Col-0) plants 587 
[6369]. The sequence was isolated using a primer pair with the restriction sites EcoR1 and 588 
Stu1. The vector and PCR product were digested and ligated using NEB enzymes (NEB, 589 
ON, Canada). The ligated vector was transformed into one shot CcdB survival 2T1R E. coli 590 
competent cells (Invitrogen ON, Canada). The entry clone used for recombinant protein 591 
in E. coli was introduced into pEarleyGate 100 (35S) and pMCS:GW (RD29A) as described 592 
above. The transformation vectors 35S:Esi0017_0056 and RD29A:Esi0017_0056 (Supple-593 
mentary Figure S9d and S9e, respectively) were transformed into Agrobacterium strain 594 
GV310 (pMB90) and transgenic plants were generated as described in the GUS expression 595 
analysis in A. thaliana section. 596 

4.9. Selection of transformants and homozygotes  597 

Positive transformants were selected as described by [5763]. In brief, the seeds col-598 
lected from transformed plants were grown on plates containing half strength Murashige 599 
and Skoog (MS) medium (Sigma, Ontario, Canada), supplemented with 1% (w/v) sucrose 600 
and solidified with 0.4% Phytagel (w/v) and containing ammonium glufosinate 40 μg/ml. 601 
Plates were maintained at 22 °C in a 16-h light/8-h dark cycle. Seeds obtained from the 602 
positive lines were allowed to self for 5 generations. Segregation was tested in each gen-603 
eration by growing 100 seeds on half MS plates containing 40 μg/ml of ammonium 604 
glufosinate. Expression of the transgene was tested in these plants by RT-qPCR. Two in-605 
dependent lines clones with the 35S promoter, named as Es17-Ox1 and Es17-Ox2, and 606 
three independent lines clones with the stress inducible promoter (RD29A), named as 607 
Es17-A, Es17-B and Es17-C, were selected for further experiments.  608 

4.10. Salinity stress tolerance 609 

Four days old uniform seedlings produced as described earlier were transferred on 610 
plates containing half strength MS medium and 100 mM NaCl. Root length was marked 611 
on the day of transfer and on the 7th day plates were scanned with a high-resolution scan-612 
ner (Epson Expression 10000 XL, Epson, Ontario, Canada). Root length and the number 613 
of lateral roots per cm of primary root was measured using Image J software (Research 614 
Services Branch, NIH, Bethesda, MD). Percent leaf chlorosis was visually estimated on 7th 615 
day after transfer. Nine days old plants were used to determine the fresh and dry weight. 616 
The experiment was repeated 3 times with 30 plants in each treatment in all experiments. 617 

To assess the effect of salinity stress plants were grown on Jiffy peat pellets (Jiffy, NB, 618 
Canada). After 13 days of growth, uniform plants were selected and used in the experi-619 
ment. Water-saturated peat pellets were left for 3 days without watering and then were 620 
irrigated with 200 mM NaCl (40 ml per plant) to reach a concentration of 100 mM. After 621 
five days of growth, plants were watered (20 ml per plant) at three days of interval for 622 
three weeks. Plants were photographed after three weeks, and biomass was recorded for 623 
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individual plant. The experiment was repeated 3 times with 5 replicates in each treatment, 624 
in all experiments. The effect of salt stress on membrane intactness was estimated by re-625 
cording the electrolyte leakage using SympHony SB70C (VWR, ON, Canada) conductivity 626 
meter as described by [6470]. 627 

4.11. Temperature stress tolerance 628 

The experiment was performed according to a method described by [5763]. In brief, 629 
after 9 days of growth on plates containing half strength MS medium seedlings were ex-630 
posed to 40 °C for 24 hrs. The seedlings were then allowed to recover for one week under 631 
standard conditions and biomass was recorded. The experiment was repeated 3 times 632 
with 30 plants in each treatment in all experiments.   633 

4.12. Real-time quantitative PCR of key stress responsive genes in overexpression line 634 

The expression of 12 stress responsive genes was investigated in 3 independent bio-635 
logical replicates of wild type and overexpression line Es17-Ox2 (Supplementary Table 636 
S1). Plants were grown and treated as described earlier. Total RNA was extracted from 637 
samples using GeneJET plant RNA purification kit (Thermo Scientific, ON, Canada), 638 
treated with DNAse, and converted into cDNA using the RevetAID cDNA Synthesis kit 639 
(Thermo Scientific, ON, Canada). The relative transcript levels were determined by RT-640 
qPCR, using the gene specific primers and actin2 as the endogenous control (Supplemen-641 
tary Table S2) on a StepOne Plus Real-Time PCR system (Applied Biosystems, Ontario, 642 
Canada), using iTaq SYBR Green mix (Bio-Rad, ON, Canada). The relative expression was 643 
calculated using the delta-delta Ct method and transcript abundance was normalized to 644 
the individual with the lowest expression. The expression of some key genes was also 645 
confirmed in Es17-Ox1 line.    646 

4.13. Statistical analyses 647 

Analysis of Variance (ANOVA) with a confidence level of 95%, followed by Tukey 648 
post hoc test with an error rate of 5%, was used to perform multiple mean comparisons. 649 
Statistical analyses were performed using Minitab 19.0 (Minitab LLC, State College, Penn-650 
sylvania, US). 651 

5. Conclusions 652 

The expression, for the first time, of the unknown function gene from brown alga 653 
Ectocarpus sp. in A. thaliana resulted in enhanced tolerance to high salinity and high tem-654 
perature stress. Gene expression analysis revealed that the expression of several key stress 655 
markers genes involved in various functions such abscisic acid mediated abiotic stress 656 
tolerance, sodium sequestration, chaperon activities and membrane stability was up-reg-657 
ulated in transgenic plants. The protein was successfully transcribed in transgenic plants. 658 
The protein fused with C-terminal tag showed activitywas produced in both A. thaliana 659 
and Nicotiana benthamiana. suggesting that it is functional in transgenic plants. These re-660 
sults suggest that brown algae represent a valuable source of important genes that can be 661 
used for generating transgenic land plants with improved tolerance to a wide range of 662 
abiotic stresses.  663 

Supplementary Materials: The Supplementary Material for this article can be found online at: Sup-664 
plementary Figure S1. PsiPred predictions of the secondary structure [4854]. (a) PsiPred sequence 665 
plot and (b) PsiPred cartoon with confidence of prediction. Models were generated at: http://bio-666 
inf.cs.ucl.ac.uk/psipred/. Supplementary Figure S2. Esi0017_0056 tertiary structure modelling. (a) 667 
Tertiary structure of the DUF1768-domain built with  ProMod3 3.0.0 in SWISS-MODEL[4955] us-668 
ing as template the hypothetical protein ybiA (SMTL ID: 2b3w.1.A); (b). The region covering resi-669 
dues 132 – 291 which was used to build the model, based on similarity with ybiA and (c). Tertiary 670 
structure of the full-length protein built by DMPfold[506]. The PDB files of the models generated by 671 
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ProMod3 3.0.0 and DMPfold were visualized using iCn3D [517] as ribbon, spectrum colored mod-672 
els, at https://www.ncbi.nlm.nih.gov/structure. Supplementary Figure S3. Phylogenetic analysis of 673 
Esi0017_0056 protein using the Maximum Likelihood method and JTT matrix-based model. The 674 
percentage of trees in which the associated taxa clustered together is shown next to the branches. 675 
Supplementary Figure S4. Gene structure of Esi0017_0056 indicating the presence of two introns. 676 
Supplementary Figure S5. Expression of Esi0017_0056 protein with N-6xHis tag in E. coli BL21 DE3 677 
cells. Lane 1, uninduced whole cells; lane 2, induced whole cells; lanes 3 to 5, supernatant of cell 678 
lysate; and lanes 6 to 8 pellet of cell lysate. Supplementary Figure S6. Growth of wild type and 2 679 
independent 35S promoter (Es17Ox-1-2,) and of 3 independent stress inducible promoter (Es17A-C) 680 
transgenic A. thaliana plants, expressing Esi0017_0056, in standard conditions. (a) WT, (b) Es17-A, 681 
(c) Es17-B, (d) Es17-C, (e) Es17-Ox1, (f) Es17-Ox2. The plants were photographed at 20 days after 682 
irrigation. Supplementary Figure S7. Growth of wild type and 2 independent 35S promoter 683 
(Es17Ox-1-2,) and of 3 independent stress inducible promoter (Es17A-C) transgenic A. thaliana seed-684 
lings under high temperature stress and standard conditions. The seedlings in plates (a) to (f), were 685 
exposed to high temperature stress while seedlings in plates (g) to (l), were grown in standard con-686 
ditions. (a, g) WT, (b, h) Es17-A, (c, i) Es17-B, (d, j) Es17-C, (e, k) Es17-Ox1, (f, l) Es17-Ox2, (m) Fresh 687 
weight and (n) dry weight. The 16 days old seedlings were photographed one week after being 688 
exposed to high temperature stress. Values represents mean and standard error (n=6). Means and 689 
SE followed by the same letter are not significantly different. Supplementary Figure S8. Gene ex-690 
pression analysis of stress inducible marker genes in the wild type and transgenic A. thaliana plants 691 
(Es17Ox-1) grown in absence and presence of 100 mM NaCl. Two time points (24 hrs and 120 hrs) 692 
were studied. Actin was used as the endogenous control and transcript levels were normalized to 693 
the individual with the lowest expression. Default font values represent up-regulation while itali-694 
cized font values represent down-regulation. Data represents mean ± SE from 3 biological replicates. 695 
(a) DREB2A, (b) RD29A, (c) RD29B. Supplementary Figure S9. Different constructs generated for 696 
expression of Esi0017_0056 in plants and bacteria. (a) Expression under N-terminal 6xHis tag fusion. 697 
(b) C-terminal GUS fusion. (c) C-terminal GFP fusion. (d) Expression under 35S promoter in A. tha-698 
liana. (e) Expression under RD29A promoter in A. thaliana. Supplementary Table S1. Validation of 699 
Esi0017_0056 protein using LC-MS/MS. The protein was digested in unique peptides and se-700 
quenced. Supplementary Table S2. Primers used to amplify A. thaliana key marker genes involved 701 
in abiotic stress tolerance and Ectocarpus sp. unknown function gene Esi0017_0056. Supplementary 702 
Data S1. The output from different prediction software/severs on potential intracellular localization 703 
of Esi0017_0056. 704 
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