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Abstract  22 

Oil palm is the most productive oil producing plant. Salt stress leads to growth damage and 23 

decrease in yield of oil palm. However, the physiological responses of oil palm to salt stress 24 

and their underlying mechanisms are not clear. RNA-Seq for leaf samples from young palms 25 

challenged under three levels of salts (100, 250 and 500 mM NaCl) and control for 14 days 26 

was conducted. Diverse signalling pathways were involved in responses to different levels of 27 

salt stress. All the three levels of salt stress activated EgSPCH expression and induced stomatal 28 

density of oil palm, which was contrasting to that in Arabidopsis. Under strong salt stress group, 29 

oil palm removed excessive salt via stomata. Overexpression of EgSPCH in Arabidopsis 30 

increased the stomatal production but lowered the salt tolerance. These data suggest that in oil 31 

palm, salt activates EgSPCH to generate more stomata in response to salt stress. Our results 32 

shed a light on the cellular response to salt stress of oil palm and provide new insights into the 33 

mechanisms of different salt-induced stomatal development between halophytes and 34 

glycophytes.  35 
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INTRODUCTION 37 

Oil palm (Elaeis guineensis, Jacq.) produces the highest yields of plant oil (Corley and Tinker, 38 

2008). Due to the negative effects of oil palm expansion, such as deforestation and decreasing 39 

biodiversity, sustainable plantation and management is the way to increase oil production and 40 

minimize the damage to environment (Fitzherbert et al., 2008). Oil palm is cultivated in tropical 41 

areas of Asia, Africa and America (Corley and Tinker, 2008) where many coastal soils of those 42 

areas are salinized due to tidal waters (Henry and Wan, 2012).The fresh fruit bunch (FFB) 43 

yields of oil palm dramatically decreased on the saline soils (Henry and Wan, 2012).Therefore, 44 

the genetic improvement by selecting salt-tolerant oil palm varieties is important for 45 

sustainable palm oil production (Corley and Tinker, 2008). However, not much is known about 46 

the molecular mechanism underlying salt tolerance in oil palm. 47 

Over the past decade, the molecular mechanisms of salt-tolerance have been largely studied 48 

in Arabidopsis and agronomic plant species, such as rice (Kumar et al., 2013; Zhang et al., 49 

2021). Salt stress can directly change the biological compounds physically or chemically in 50 

plant cells, which cause cellar response (Zhang et al., 2021). Furthermore, salt stress leads to 51 

ionic stress, secondary stresses and osmotic stress and oxidative stress, thereby triggering 52 

multiple complex signalling pathways (Yang and Guo, 2018). The leucine-rich repeat extensins 53 

(LRX)- Raf like kinase (RALF)- FERONIA (FER) module is important for cell wall integrity 54 

and cell wall associated biological processes (Feng et al., 2018). In plants, high salinity disrupts 55 

the cross-link between pectin and LRXs, and the interaction between LRXs and RALFs, 56 

resulting in cell bursting during growth under salt stress (Zhao et al., 2018). Salt stress triggers 57 

cytosolic Ca2+ signal, which activates the Na+ homeostasis required Salt Overly Sensitive (SOS) 58 

signalling pathway ultimately, H+-ATPase is activated and Na+ is exported via Na+/H+ 59 

exchanger driven by H+-ATPase (Kumar et al., 2013; Zhang et al., 2021). Many other genes 60 

are also important in ionic stress signalling pathway. They repress the salt sensory system, limit 61 
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the salt absorption and transportation in plants, regulate root and leaf development and adjust 62 

the ionic balance of cells to raise up the salt tolerance (Munns, 2005; Deinlein et al., 2014). 63 

Transcription factors (TFs) play key roles in the salt stress tolerance of plants. They are 64 

differentially expressed during salt stress, which consequently regulate the transcription of 65 

various downstream genes that are involved in salt tolerance (Golldack et al., 2011). The most 66 

well-known salt tolerance associated TFs, including basic leucine zipper (bZIP), basic helix-67 

loop-helix (bHLH), MYB, WRKY, APETALA2 and NAC (Zhang et al., 2006; Golldack et al., 68 

2011; Van Zelm et al., 2020). Among the TFs, a bHLH transcription factor SPEECHLESS 69 

(SPCH) serves as a master regulator of cell development in response to environmental changes 70 

(Lau et al., 2014). SPCH binds to ~ 4.5% of genes in Arabidopsis, including key genes in 71 

abiotic stress and hormonal stress signalling pathway (Lau et al., 2014). The function of SPCH 72 

in stomatal initiation is conserved in both dicots and monocots (Lampard et al., 2008; Wu et 73 

al., 2019). Under salt stress, the expression of SPCH was repressed by upstream transcriptional 74 

factors and mitogen-activated protein kinase (MAPK) signalling pathway, resulting in the 75 

reduction of stomatal production in order to avoid water loss (Kumari et al., 2014). Although 76 

these studies provide novel knowledges and new insights of the regulatory networks of salt 77 

tolerance, the complexity of salt resistance, the genetical divergence of different species and 78 

the diversity of environments make it difficult to understand the particular mechanisms of other 79 

plants in response to salt stress (Van Zelm et al., 2020). 80 

Only very few studies show the physiological and proteomic changes of palms in response 81 

to salt stress. In oil palm seedlings subjected to salt stress, the content of Na+ and proline 82 

increased, and the cell membrane was injured in samples treated by the highest salinity at 200 83 

mM NaCl. On the contrary, photosynthetic and growth rate were reduced (Cha-Um et al., 2010). 84 

A proteome study of date palm suggests that ATP synthase and RubisCO activase are 85 

significantly changed during salt stress (El Rabey et al., 2016), indicating the importance of 86 
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biosynthesis for salt tolerance. These studies show the physiological responses of palms under 87 

salt stress. However, the cellular level response and the molecular mechanisms of the salt 88 

tolerance of palms are still unknown.  89 

The purpose of this study was to investigate the salt response of oil palm on cellular level 90 

and identify the critical regulators and signalling pathways involved in salt-tolerance. Herein, 91 

we found that oil palm exhibits diverse biological strategy in response to different level of salt 92 

stress. Furthermore, we found salt stress induced converse regulation of SPEECHLESS 93 

expression in oil palm and Arabidopsis, which leads to the reverse stomatal response. 94 

EgSPEECHLESS putatively regulates the expression of 41% of the DEGs. Our study shed a 95 

light on the molecular mechanism that explain the different physiological and cellular 96 

responses to salt between tree crops and herb crops.   97 

RESULTS  98 

Morphological and physiological responses to salt tolerance 99 

Oil palm seedlings with same developmental stage were selected for salt stress assay with daily 100 

watering 150 mL of the following four gradient NaCl concentrations: 0 mM (Mock, water only) 101 

100 mM, 250 mM and 500 mM for 14 days. Rescue-assay with watering was performed for 102 

another 14 days. Common plant stress responses, including leaf tip necrosis, leaf yellowing 103 

and wilting, were observed in all the salt treated samples (Figure 1A). In addition, the roots of 104 

salt treated oil palms shrank or even rotted after 14 days (Figure 1A). With the increasing of 105 

salt concentration, the above responses of leaf and roots were enhanced (Figure 1A, C). 106 

Interestingly, salt emitted and crystalized on leaf epidermal of oil palms treated with high 107 

concentration of salt at 250 mM and 500 mM (Figure 1C, Supplemental Figure S1), suggesting 108 

that under strong salt stress, oil palm discharges the absorbed salt by transpiration stream via 109 

stomata. This physiological reaction was found in halophytes (Robinson et al., 1997) but was 110 

rare in non-halophytes, indicating that oil palm may has high salt tolerance as a non-halophyte. 111 
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To investigate the effect of salt stress on later growth of plants, rescue assay was performed by 112 

giving all the samples 150 mL water daily for another 14 days. Plants treated with 2-weeks of 113 

salt with 100 mM NaCl and 250 mM NaCl survived after rescue assay. However, 500 mM 114 

NaCl was lethal to long term growth of oil palm (Figure 1B). These results indicate that oil 115 

palms show diverse physiological responses to different level of salt stress. 116 

DEGs of oil palm in response to different level of salt stress 117 

Average cleaned reads of 46.2, 35.0, 59.4 and 35.9 million were obtained and from the Mock, 118 

100 mM, 250 mM and 500 mM NaCl groups, respectively (Supplementary Table S7). A total 119 

of 363, 242 and 433 DEGs were identified from salt stress groups (100, 250 and 500 mM NaCl, 120 

Figure 2). In detail, 86 down-regulated and 277 up-regulated DEGs were identified in 100 mM 121 

NaCl group (Figure 2A), 155 down-regulated and 87 up-regulated DEGs were identified in 250 122 

mM NaCl group (Figure 2A), 249 down-regulated and 184 up-regulated DEGs were identified 123 

in 500 mM NaCl group (Figure 2A). PCA and hierarchical clustering analyses were performed. 124 

The control and salt treatment groups were clearly differentiated and showed substantial 125 

differences (Figure 3, Supplemental Figure S2). In addition, three DEGs (EgSPCH, EgPAT1 126 

and EgRPS3) were up-regulated in all the salt treatment groups (Figure 2A). EgSPCH is a 127 

homolog of Arabidopsis SPEECHLESS, which is a bHLH transcription regulator that directly 128 

controls stomatal development and regulates the expression of thousands of genes (Lau et al., 129 

2014). Both PAT1 and RPS3 are expressed in chloroplast. PAT1 decays ABA responsive genes 130 

thereby regulating salt tolerance (Zuo et al., 2021). EgRPS3 is required for plant pathogen 131 

resistance (Bisgrove et al., 1994). These data suggest that although only a few of DEGs were 132 

overlapped across different level of salt stress, light-induced biological process and stomatal 133 

development are required in general defence of oil palm in response to different level of salt 134 

stress. 135 
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Oil palms exhibit diverse biological strategies in response to different levels of salt stress  136 

Analysis of GO enrichment showed that in samples treated by low level of salt (100 mM NaCl), 137 

defense/stress response, metabolic process and plant development were the main signaling 138 

pathways of the DEGs (Table 1, Figure 4A). Most of the salt response related DEGs were up-139 

regulated while most of the DEGs in terms of response to biotic stimulus (bacterium and fungi) 140 

and other abiotic responses were down-regulated (Table 1, Figure 4A). In addition, genes 141 

regulating other development such as seed, ovule and roots, were down-regulated (Table 1), 142 

implying the metabolic and cell developmental compensation in response to salt stress by 143 

sacrificing other defense systems and development events.  144 

In 250 mM NaCl group, biosynthesis and metabolic process contribute equally (48.4% and 145 

44.4%) in response to salt stress (Supplemental Table S2, Figure 4B) where secondary 146 

metabolites synthesis and cell wall biogenesis were dominant in the regulatory signaling 147 

pathways (Supplemental Table S2, Figure 4B). The accumulation of flavonoid and chalcone 148 

during salt stress were largely found in other crops as they are important for plant salt tolerance 149 

by maintaining reactive oxygen species (ROS, (Lijuan et al., 2015; Chen et al., 2019). Positive 150 

regulators of flavonoid (LOC105055971, LOC105054663) and chalcone (LOC105050962) 151 

synthesis were up-regulated (Supplemental Table S2). The cell wall is a crucial component of 152 

the plant cell which is highly dynamic and quickly responsive to abiotic stimulus. The 153 

maintenance of cell wall homeostasis is essential for the stress tolerance of plant cells 154 

(Zagorchev et al., 2014; Zhao et al., 2018). The epidermal cells of fresh young leaves sampled 155 

from mock and salt stress groups showed that under salt stress, the epidermises consisted of 156 

more and longer pavement cells (Figure 4D). The cell wall integrity of 100 mM NaCl group 157 

was comparable with the Mock group (Figure 4D), while in the 250 mM NaCl and 500 mM 158 

NaCl group, the epidermal cells, especially the guard cells and their surrounding pavement 159 

cells were largely damaged and propidium iodide (PI) permeated into the cytosol of these 160 
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necrotic cells (Figure 4D). Unlike the epidermal cells in Mock and 100 mM NaCl group, which 161 

were linearly distributed, the epidermal cells in 250 mM and 500 mM were tortile (Figure 4D). 162 

These data suggest that high salinity soil is harmful to the cell integrity. Thus, in response to 163 

the high salinity, the oil palm increased the cell wall biogenesis in order to maintain 164 

homeostasis. (Supplemental Table S2, Figure 4B). 165 

In samples that have undergone high salt stress (500 mM NaCl), DNA & RNA processing 166 

and amino acids & sugar metabolisms are key pathways in response to salt stress. The 167 

expression of some genes associated with starch and glycogen synthesis (LOC105047182, 168 

LOC105058934 etc.) are inhibited (Supplemental Figure S3, Figure 4C), which might lead to 169 

the reduction of starch accumulation during salt stress. This result is in agreement with the 170 

previous study in rice (Chen et al., 2007). Most of DNA damage repair genes were up-regulated, 171 

suggesting that high salinity may cause severe DNA damage and thus activating the DNA 172 

repair system of oil palms (Supplemental Table S3, Figure 4C). 173 

Interestingly, genes that regulate stomatal development and stomatal movement were up-174 

regulated in all the salt treatment groups (Table 1, Supplemental Figure S2-3), implying the 175 

importance of stomata in salt tolerance. Taken together, our data suggest oil palm activates its 176 

salt tolerance signaling pathways in response to low salt stress. Secondary metabolism 177 

synthesis and cell wall biogenesis were enhanced to improve the cell integrity of samples 178 

treated by 250 mM NaCl. There was possible DNA damage in high salinity samples (500 mM 179 

NaCl) and DNA damage repair pathway was significantly activated. Importantly, stomatal 180 

development and stomatal movement were required for salt tolerance of oil palm in response 181 

to both low and high salt stress.  182 

The balance of stomatal development and movement are required for salt tolerance  183 
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Stomata is an ion-sensitive valve that control gas exchange and water emission thereby playing 184 

essential roles in abiotic stress tolerance (Vahisalu et al., 2008). Chloride channel (CLC) family 185 

functions in salt tolerance by regulating stomatal movement via controlling nitrate homeostasis 186 

and pH adjustment in Arabidopsis (Jossier et al., 2010). In rice, DST (DROUGHT AND SALT 187 

TOLERANCE) regulates salt tolerance by controlling stomatal movement via modulating 188 

H2O2 homeostasis (Huang et al., 2009). In our study, DEGs in terms of stomatal development 189 

and movement were identified in all the salt stress groups (Table 1, Supplemental Table S2-3), 190 

suggesting the importance of stomata in salt resistance. To understand how the stomata 191 

contributes to the salt tolerance of oil palm, the stomatal density and stomatal aperture of 192 

samples from Mock and salt stress groups were monitored (Figure 5). In salt-treated groups, 193 

the stomatal apertures were significantly smaller than that in mock group (p < 0.01). 194 

Furthermore, in higher salinity groups (250 mM and 500 mM NaCl), the stomatal aperture is 195 

smaller than that in low salinity group (100 mM NaCl). In salt treatment groups, the stomatal 196 

density was higher than that in control group, but there was no difference between these salt 197 

stress groups (Figure 5). These data suggest that salt-induced osmotic stress strongly represses 198 

the stomatal opening but activates stomatal development (Figure 5). Our data supports the 199 

previous studies in rice and Arabidopsis that plants reduce the stomatal apertures to limit water 200 

loss and reduce transpiration under salt stress (Huang et al., 2009; Jossier et al., 2010). However, 201 

our findings that salt stress induces higher stomatal density differs with previous studies in 202 

other herbaceous crops, which found that lower stomatal density facilitates the salinity adaption 203 

(Huang et al., 2009; Orsini et al., 2012). Interestingly, salt also induces the reduced stomatal 204 

aperture and the increase of stomatal density in a ligneous plant Populus alba L, where the salt 205 

tolerant line 14P11 shows higher stomatal density and smaller stomatal size (Abbruzzese et al., 206 

2009). According to our data, oil palm exhibited halophyte-like salt emission and could survive 207 

under 100 mM NaCl for long periods (Figure 1). Higher stomatal density may facilitate the 208 
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emission of salt along with transpiration, whilst at the same time, the smaller stomatal aperture 209 

is beneficial in restricting water loss. Our data suggest that the balance between stomatal 210 

density and stomatal movement is required for salt tolerance of oil palm. 211 

The overexpression of oil palm SPEECHLESS facilitates stomatal development and 212 

decrease salt tolerance in Arabidopsis 213 

SPEEECHLESS is a key bHLH transcription factor that binds and regulate thousands of genes, 214 

and is also a master regulator in stomata initiation (Lau et al., 2014). However, the association 215 

between SPEECHLESS and salt tolerance is unclear. In our study, the expression of oil palm 216 

SPEECHLESS (EgSPCH/LOC105040725), which is a homolog gene of AtSPEECHLESS, was 217 

up-regulated in all the salt treatment groups (Table 1-3, Supplemental Figure S3). In order to 218 

determine the function of EgSPCH in stomatal development and salt tolerance, the CDS of 219 

EgSPCH was cloned into pBGW541 vector driven by the 35S promoter. The plasmid was then 220 

transformed into Arabidopsis and the transformation was validated by microscopy and PCR 221 

(Figure 6C). Like AtSPEECHLESS (AtSPCH), EgSPCH was also localized in the nucleus of 222 

epidermal cells (Figure 6A). The introduction of 35S:EgSPCH significantly increased the 223 

stomatal production in Arabidopsis (Figure 7C), while both Col-0 and 35S:EgSPCH exhibited 224 

decreased stomata in 150 mM NaCl treatment (Figure 7C, D). The result of a salinity assay 225 

showed that the 35S:EgSPCH-YFP plants had a lower salt tolerance (Figure 7A, B). These 226 

results indicate the similarity of EgSPCH and AtSPCH in facilitating stomatal development. 227 

Our results in 35S:EgSPCH-YFP plants is in agreement with a previous study where the high 228 

salinity stress inhibits the growth and stomatal development of Arabidopsis (Kumari et al., 229 

2014). However, in oil palm, SPCH showed an opposite transcriptional response, where it was 230 

activated by salt. This was likely induced by unknown upstream signaling pathway that 231 

activates SPCH expression in oil palm. 232 
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SPCH is a key molecular switch of transcriptomic response to salt stress 233 

In Arabidopsis, SPCH directly controls the transcription of thousands of genes, including key 234 

regulators in abiotic stress responsiveness, hormonal signaling and developmental processes 235 

(Lau et al., 2014). To identify the effect of alternative EgSPCH expression during salt stress, 236 

our DEGs were compared with the chromatin immunoprecipitation (ChIP) sequencing dataset 237 

of AtSPCH targets in Arabidopsis (Lau et al., 2014). In total, 40.9% of DEGs (with 60.1% and 238 

38.6% of up- and down- regulated genes, respectively) were putative targets of EgSPCH 239 

(Figure 8A, Supplemental Table S6). Gene Ontology (GO) terms for genes involved in salt-240 

tolerance, including hormonal and abiotic stress stimulus, developmental processes, organic 241 

compound biogenesis and metabolic processes were significantly enriched (Figure 8C). In 242 

addition, SPCH plays a key role in transcriptional regulatory cascade of the salt tolerance of 243 

plants via controlling the expression of other transcription factors (Lau et al., 2014). In this 244 

study, EgSPCH putatively binds to bHLH, MYB, C2H2, NAC, bZIP and many other 245 

transcription factors (Figure 8B, Supplemental Table S4). The high percentage of EgSPCH 246 

targets among DEGs suggests that EgSPCH is a key transcriptional switch for the salt tolerance 247 

of oil palm, EgSPCH and its targets were highly responsive to salt stress, thereby regulating 248 

multiple downstream signaling pathways.  249 

  250 
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DISCUSSION 251 

Similar salt stress response of stomata between oil palm and halophytes 252 

Stomata are minute openings found in the epidermis of the plants, which control CO2 intake 253 

for photosynthesis and regulates water loss. Stomata consist of pairs of guard cells, which are 254 

required for stomatal movement (Hetherington and Woodward, 2003). The ATP driven proton 255 

pumps in guard cells are key elements for stomatal movement, which are highly sensitive to 256 

various environmental changes (Hetherington and Woodward, 2003). The dynamic changes of 257 

stomatal development and movement in halophytes under salt stress have received attention. 258 

In non-halophytes, salt stress causes increase in ABA biosynthesis, H2O2 accumulation and K+ 259 

availability reduction, which represses stomatal development and induces stomatal closure 260 

(Hedrich and Shabala, 2018). However, the stomata of naturally salt tolerant halophytes 261 

function well in high salinity that would kill most other plants (Hedrich and Shabala, 2018). 262 

ABA content remain constant in the leaves of halophyte, on the other hand, polyphenols, 263 

specifically flavanols, accumulate much faster and maintained a higher content level in guard 264 

cells of halophytes than in the glycophytes, which are required for guard cell sensitivity to ROS 265 

(Watkins et al., 2017). Interestingly, in halophytes, stomata are also pipe for salt discharge 266 

(Chen et al., 2019). In our study, although the stomatal aperture was still affected by salt stress 267 

(Figure 7C), the stomatal production was not repressed, allowing the salt discharge via stomata 268 

(Figure 1C). The salt stress assay showed that oil palms were able to grow well in 100 mM 269 

NaCl with no obvious morphological changes and could survive in long periods of 250 mM 270 

NaCl treatment, suggesting a relatively higher salt tolerance than glycophytes where 250 mM 271 

is lethal (Stepien and Johnson, 2009). Collectively, oil palm exhibited intermediate salt 272 

tolerance and physiological response to salt between halophytes and glycophytes, thereby 273 

providing the possibility of oil palm transplantation in coastal saline soils via genetic selection.  274 
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DEGs of three levels of salt stress were involved in different signaling pathways 275 

In a previous study, the growth of oil palms was inhibited when exposed to 200 mM NaCl 276 

(Cha-Um et al., 2010). However, the repression of growth was not obvious when expose to low 277 

levels (50 and 100 mM NaCl) of salinity (Cha-Um et al., 2010). To investigate the cellular 278 

responses to a larger salinity gradient and the molecular mechanisms behind them, oil palm 279 

seedlings were exposed to three levels of salinities, 100, 250 and 500 mM of NaCl. In general, 280 

genes among auxin/ABA induced signaling pathways involved in stress response, plant 281 

development and flavonoid biosynthesis were regulated (Supplemental Table S4). At cellular 282 

level, pathways involved in stomatal complex development and stomatal movement were 283 

significantly regulated (Supplemental Table S4). Although the significant transcriptomic 284 

changes were found in all the salt stress groups (Figure 3, Supplemental Figure S2), the DEGs 285 

were different and were involved in different signaling pathways (Figure 1, Figure 4, Table 1, 286 

Supplemental Figure 2-3). In 100 mM NaCl group, although oil palm seedlings did not exhibit 287 

obvious growth repression within 14 days (Figure 1), the transcriptome was largely changed. 288 

In 250 mM and 500 mM groups, cell membrane and cell wall were damaged (Figure 4, 289 

Supplemental Table S2-3), which was similar to the previous study in oil palm exposed to 200 290 

mM NaCl (Cha-Um et al., 2010). Therefore, the cell wall biosynthesis signalling pathway was 291 

activated in higher salinity levels (Supplemental Table S2, S4). However, the exposure to low 292 

salinity for a short period is sufficient to activate the cell wall biosynthesis in Arabidopsis (Shen 293 

et al., 2014), supporting our conclusion that oil palm showed a relatively higher salt tolerance. 294 

DNA damage and protein degradation were pronounced under strong salt stress (Ma et al., 295 

2006; Zvanarou et al., 2020). In 500 mM group, many genes involved in DNA repair and 296 

protein metabolic signalling pathway were regulated (Supplemental Table S3-4). The 297 

transcriptional analysis of oil palm rosette leaves under different salinity levels suggests that 298 

oil palm use diverse biological strategies in response to salt stress. Among those strategies, 299 
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stomatal development and movement contribute to the cellular response to multiple levels of 300 

salinity. 301 

The salt response of stomatal density in oil palm 302 

Stomata is hypersensitive to abiotic and hormonal stimulus (Hedrich and Shabala, 2018; Ku et 303 

al., 2018). In Arabidopsis and other crops, salt stress induces the reduction of stomatal aperture 304 

and stomatal density (Huang et al., 2009; Jossier et al., 2010), preventing plants from water 305 

loss during osmotic stresses. Interestingly, we found that salt stress increased stomatal density 306 

in oil palm (Figure 5). This physiological trait was only found in other ligneous plant such as 307 

Populus alba L (Abbruzzese et al., 2009). It would be interesting to test the response of stomatal 308 

density in other fruit trees. Furthermore, the stomatal density had no difference between each 309 

salt stress group, suggesting that low salinity is enough to activate stomatal development with 310 

maximum effect. Our data also provided a possible strategy to increase the salt tolerance of oil 311 

palm that by salt acclimation with a low salinity before transplanting to higher salinity. Taken 312 

together with our data that oil palm could remove excess salt via the stomata (Figure 1), we 313 

hypothesized that oil palm balances the stomatal movement and development in response to 314 

salt stress. Salt induced stomatal development, allowing salt discharge by transpiration stream 315 

via stomata. At the same time, stomatal aperture was reduced to keep the water in the plant. 316 

Our research identified the unique salt response of stomatal density in oil palm and introduce 317 

an interesting scientific question whether the different responses exist commonly between 318 

ligneous and herbaceous plants. 319 

Elevated EgSPCH expression in oil palm and Arabidopsis led to same output of stomatal 320 

development but opposite effect on salt tolerance  321 

SPEECHLESS is a master transcription factor which regulates the expression of thousands of 322 

genes (Lau et al., 2014). In addition, it is also a key stomatal initiator (Lampard et al., 2008). 323 
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In our study, EgSPCH was up-regulated in all the three levels of salt stress, therefore its 324 

expression and function in Arabidopsis was tested. EgSPCH showed similar function with 325 

AtSPCH on stomatal development, suggesting that elevated expression of EgSPCH in both oil 326 

palm and Arabidopsis led to increased stomatal density (Figure 7). However, the increase of 327 

stomatal production induced by EgSPCH resulted in weaker salt tolerance (Figure 7). In our 328 

salt assay, EgSPCH putatively bound to 41% of DEGs, most of them were critical transcription 329 

factors and key regulators in stress tolerance and cell development (Figure 8).. The function of 330 

SPEECHLESS in stomatal initiation was verified in other monocot plants (Wu et al., 2019) 331 

and the repression of OsSPEECHLESS by salt was found in rice (Kumar et al., 2013), 332 

suggesting that the activation of EgSPCH by salt in oil palm is not monocot specific. Our data 333 

that salt induce stomatal production in oil palm is in agreement with a previous study in another 334 

ligneous plant Populus alba L (Abbruzzese et al., 2009). The phenotype that oil palm remove 335 

excess salt via stomata is in accordance with that in halophytes (Chen et al., 2019). Therefore, 336 

it was hypothesized that ligneous plants or halophytes whose average salt tolerance are better 337 

than herbaceous plants, may have evolved a different regulatory network of SPEECHLESS to 338 

produce more stomata in response to salt tolerance. It would be valuable to test the stomatal 339 

behavior and the SPEECHLESS expression in more ligneous plants and halophytes. The key 340 

to solve the functional evolutionary mechanisms between ligneous and herbaceous plants on 341 

cell development and abiotic stress tolerance is identification of the upstream regulators of 342 

EgSPCH during salt stress. 343 

The mechanism of salt tolerance in oil palm 344 

Plants respond to environmental factors rapidly at cellular level. Here, we identified a 345 

molecular link that connect salt induced signaling pathways to stomatal development. Based 346 

on our data, we proposed a working model where salt stress activates stomatal development 347 

through activation of the stomatal initiator SPEECHLESS (Figure 9). Transcriptional 348 
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activation of EgSPCH would lead to higher stomatal density, allowing the salt emission via 349 

stomata (Figure 9). In addition, the activation of EgSPCH would regulate multiple biological 350 

processes via transcriptional control of mass DEGs (Figure 9). 351 

    Another potential regulation of SPCH expression in oil palm is at the post-translational level 352 

via MAPK signaling pathway (Lampard et al., 2008). However, we failed to detect 353 

phosphorylated MAPKs using p44/42 MAPK antibody which works well in our previous 354 

studies in Arabidopsis. Usually SPCH will be regulated with the same direction at both 355 

transcriptional and translational level in response to abiotic factors (Lau et al., 2018; Samakovli 356 

et al., 2020). The reverse regulation of SPCH at these two levels has not been reported, thus, it 357 

appears less likely that SPCH would be repressed in response to salt stress at protein level. 358 

The discovery of salt-induced activation of EgSPCH is novel, as previous studies in rice and 359 

Arabidopsis either identified the SPCH regulation by MAPKs at the protein level or found the 360 

transcription of SPCH is repressed by salt, resulting in less stomata (Kumar et al., 2013; Kumari 361 

et al., 2014). Our data explained the phenotype that more stomata is helpful for oil palm to 362 

remove excess salt and maintain photosynthesis under salt stress. Nevertheless, the upstream 363 

regulatory network of EgSPCH was unknown. Due to the high environmental plasticity of 364 

stomata, stomatal assay and transcriptomic analysis in halophytes may be able to answer the 365 

question that whether the strong salt tolerance of them are depend on salt-activated 366 

SPEECHLESS expression. The comparative genomic analysis and salt stress assay using 367 

ligneous and herbaceous crops would be helpful to examine whether the converse salt response 368 

of stomata between oil palm and Arabidopsis mirrors the different salt tolerance of other crops.  369 

  370 
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MATERIALS AND METHODS 371 

Plant materials and salt treatment 372 

Sixteen two-year-old oil palm seedings with similar sizes were planted in 20 cm diameter pots 373 

and were placed in a greenhouse with tropical temperature, 30–50% relative humidity and 374 

natural photoperiod. The seedlings were divided into four groups (4 seedlings for each group): 375 

Mock group (control group) was watered daily with 150 mL sterilized water while the salt 376 

stress groups (100 mM, 250 mM and 500 mM NaCl group) were watered daily with equal 377 

volume of 100 mM, 250 mM and 500 mM NaCl diluted by sterilized water, respectively. This 378 

is to simulate the condition of the increasing soil salinity caused by mineral weathering or 379 

ocean withdrawal. After 14 days of salt stress challenge, the young rosette leaves with similar 380 

size in each group were collected.  381 

Col-0 and transgenic 35S:EgSPCH-YFP Arabidopsis seeds were sterilized and grown on ½ MS 382 

plates (0.5 g/L MES, 2.2 g/L Murashige and Skoog salts, 1% [w/v] sucrose, and 0.8% [w/v] 383 

agar, pH 5.6) and kept at 4°C in darkness for 3 days. Plants were grown in a well-controlled 384 

growth chamber at 22°C with 60% relative humidity under long-day conditions (16 h light/ 8 385 

h dark) at a light intensity of 70 μmol m–2 s–1. At 7 dpg, 40 well-grown seedlings were 386 

transferred to either new ½ MS plates (Control) or ½ MS+ 100 mM NaCl plates. 387 

Plasmid construction and plant transformation 388 

To generate 35S:EgSPCH-YFP, the full length CDS sequence of EgSPCH was amplified and 389 

cloned into pENTR/D-TOPO (Thermo Fisher, USA), after which the entry clone was 390 

recombined into the destination vector  pGWB541 (Nakagawa et al., 2007) via LR 391 

recombination using Gateway LR Clonase II (Thermo Fisher, USA). The primers 392 

(EgSPCHcds-F/R) used for plasmid construction are listed in Supplemental Table S1. 393 
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Transgenic plants were generated in the Col-0 background through Agrobacterium 394 

tumefaciens-mediated transformation and selected by hygromycin on ½ MS plates. 395 

RNA extraction and sequencing 396 

Total RNA from oil palm leaves of three biological replicates of control (Mock group) and salt 397 

treated samples (100 mM, 250 mM and 500 mM NaCl) was extracted using RNeasy Plant Mini 398 

Kit (Qiagen, Germany). RNA quality and quantity assessment, RNA-seq library preparation, 399 

library quality control and library quantification were performed using previously described 400 

method (Wang et al., 2020). The libraries were sequenced with an Illumina NextSeq500 401 

(Illumina, USA).  402 

Measurement of stomatal production and stomatal aperture 403 

Small slices from each young rosette leaves collected after 14-day mock or salt treatment were 404 

stained in propidium iodide (PI, Molecular Probes, P3566; 0.1 mg/ml) immediately for cell 405 

integrity fluorescent microscopy, and images were captured at 20X on a ZEISS Axioscan 7. 406 

For quantification of stomatal density and aperture, fresh leaf slices were first cleared in fixing 407 

buffer (7:1 ethanol: acetic acid) for 8 hours and were mounted in clearing buffer (8:2:1 chloral 408 

hydrate: water: glycerol). Differential contrast interference (DIC) images of the abaxial 409 

epidermis of young leaf slices were captured at 20X on a Leica DM2500 microscope. More 410 

than 20 slices were examined per test. Stomatal density and stomatal aperture were measured 411 

by ImageJ with its built-in tools. 412 

Differential expressed genes (DEGs) analysis 413 

Adaptor filtering and cleaning of raw sequencing reads were carried out using SeqKit (Shen et 414 

al., 2016). Cleaned reads were aligned and mapped to the oil palm reference genome (Singh et 415 

al., 2013; Jin et al., 2016) with improved annotation using STAR (Dobin et al., 2013). The 416 

expression level of each gene was counted using HTSeq-count (Anders et al., 2015) and the 417 
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relative expression of each gene was normalized using DESeq2 (Love et al., 2014) . Transcripts 418 

with more than two times of fold change (FC) value and a significance value less than 0.05 419 

were considered as differentially expressed genes, between mock and salt treatment groups.  420 

Functional annotation of DEGs 421 

 The Gene Ontology (GO) accessions of DEGs were retrieved from the PalmXplore database 422 

of oil palm (Sanusi et al., 2018). Principal component analysis (PCA), heatmap analysis, gene 423 

ontology enrichment analysis and signaling pathway clustering of candidate genes based on 424 

the relative expression of DEGs were performed with the program iDEP (Ge et al., 2018) by 425 

referencing to Arabidopsis.  426 

Validation of RNA-Seq data using qPCR 427 

The relative expression of EgSPCH and 11 randomly selected DEGs were tested by qPCR, to 428 

examine the validity of the RNA-Seq dataset. The primers used for qPCR are listed in 429 

Supplemental Table S1. β-tubulin gene was used as housekeeping gene (internal control) to 430 

normalize the relative expression of genes. RT-qPCR was performed in CFX96 Touch Deep 431 

Well Real Time PCR System (Bio-Rad, USA) with the program in previous study (Liu et al., 432 

2020). Each gene for qPCR was performed by a biological/experimental triplicate. 433 

 434 

Data availability 435 

Raw RNA-seq reads used in this study have been deposited to the DDBJ DRA database with a 436 

DRA submission no. DRA013127 437 

Supplemental Data 438 

Supplemental Table S1. Primers used for plasmid construction and Q-PCR in this study 439 
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Supplemental Table S2. Selected DEGs and their KEGG pathways in response to 250 mM 440 

NaCl challenge in the young rosette leaves of oil palm seedlings 441 

Supplemental Table S3. Selected DEGs and their KEGG pathways in response to 500 mM 442 

NaCl challenge in the young rosette leaves of oil palm seedlings 443 

Supplemental Table S4. All the DEGs and their annotations in each group 444 

Supplemental Table S5. Transcription factors among DEGs 445 

Supplemental Table S6. Putative EgSPEECHLESS targets among DEGs  446 

Supplemental Table S7. Qualities of clean reads from RNA-Seq  447 

Supplemental Figure S1. Verification of NaCl crystals on oil palm leaf surface. 448 

Supplemental Figure S2. The diversities of differentially expressed genes (DEGs) in response to 449 

250 mM and 500 mM NaCl Supplemental Figure S2. 450 

Supplemental Figure S3. Validation of RNA-Seq by Q-PCR. 451 
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Table and Figure legends 456 

Table 1. Selected DEGs and their KEGG pathways in response to 100 mM NaCl challenge in 457 

the young rosette leaves of oil palm seedlings 458 

Figure 1. Phenotypical changes of oil palm seedlings in response to different level of salt stress. 459 

A, ~2-year-old oil palm seedlings were treated daily with either 150 mL water (Mock) or 150 mL NaCl 460 
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with four gradient concentration: 100 mM, 250 mM and 500 mM for 14 days. Four seedlings were used 461 

in each group as biological repeats. B, all the seedlings from (A) were recovered with 150 mL water 462 

daily for another 14 days. C, The leaves of oil palms from (A). Red arrows indicate the salt crystals 463 

emitted from leaf surface.  464 

Figure 2. Comparison of differentially expressed genes (DEGs) in the young leaves of oil palm 465 

seedlings under three level of salt stress: 100 mM NaCl, 250 mM NaCl and 500 mM NaCl. A, Up- 466 

and down-regulated DEGs showed by Venn diagrams. B, P-value and log2foldchange (Log2FC) of 467 

DEGs under 100 mM, 250 mM and 500 mM NaCl showed by volcano plots.  468 

Figure 3. The diversities of differentially expressed genes (DEGs) in response to 100 mM NaCl. 469 

A, Principal component analysis among samples of the 100 mM NaCl and Mock groups based on 470 

randomly selected DEGs. B, Hierarchical clustering among samples of the 100 mM NaCl and Mock 471 

groups based on randomly selected DEGs. 100 mM1, X100 mM2 and X100 mM3 are three biological 472 

repeats of 100 mM NaCl salt stress group, while Mock1, Mock2 and Mock3 are three biological repeats 473 

of Mock group. Up-regulated DEGs and Down-regulated DEGs are represented by red and green bars, 474 

respectively. 475 

Figure 4. Oil palm exhibits diverse biological responses to different level of salt stress. A-476 

C, Enrichment of gene ontology (GO) of DEGs against salt challenge at the significance level 477 

of 0.05 in the young leaves of oil palm seedings under 100 mM NaCl (A), 250 mM NaCl (B) 478 

and 500 mM NaCl (C). Up-regulated DEGs and Down-regulated DEGs are represented by red 479 

and blue bars. D, Epidermal cells of young leaves sampled from Mock(d), 100 mM NaCl(e), 480 

250 mM NaCl(f) and 500 mM NaCl(g) staining by PI were showed, scale bar = 25 µm.  481 

Figure 5. Salt stress represses stomatal opening and activates stomatal production in oil 482 

palm. A, Stomata of oil palm in Mock, 100 mM NaCl, 250 mM NaCl and 500 mM NaCl groups, 483 

stomata are green coloured, scale bar = 30 µm. B, Stomatal aperture of samples from (A). C, Stomatal 484 

density of samples from (A). Values are mean ± SD; n = 20. One-way ANOVA with post hoc Tukey 485 

HSD; p < 0.01. Samples were treated daily with 150 mL of either water (Mock) or NaCl for 14 days. 486 
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Figure 6. Subcellular localization of EgSPCH and the phenotype of transgenic 487 

35S:EgSPCH-YFP in Arabidopsis. A, Subcellular localization of 35S-EgSPCH-YFP in 3dpg 488 

abaxial cotyledons. PI staining was used for cell outline. B, Stomata of Col-0 and 35S-EgSPCH-YFP in 489 

3dpg abaxial cotyledons, scale bar = 20 µm. C, Validation of transgenic 35S-EgSPCH-YFP using PCR 490 

genotyping, a product including 3’EgSPCH and 5’YFP with 1022 bp was amplified. 491 

Figure 7. Overexpression of EgSPCH increase stomatal production and decrease salt 492 

tolerance in Arabidopsis. A, Col-0 and 35S-EgSPCH-YFP seeds were germinated and grown on ½ 493 

MS plates for 7days, after which, they were transferred to ½ MS+ 150 mM NaCl plates for 14 more 494 

days (21 dpg). B, Survival rate of Col-0 and 35S-EgSPCH-YFP seedlings at 14 dpg and 21 dpg. n = 40. 495 

C, Stomatal density of samples from (A) at 14 dpg. D, Stomatal index of samples from (A) at 14 dpg. 496 

Values are mean ± SD; n = 20. One-way ANOVA with post hoc Tukey HSD; p < 0.01 497 

Figure 8. The EgSPCH targets among DEGs are involved in multiple salt tolerance biological 498 

processes. A, Percentage of putative EgSPCH targets DEGs in RNA-seq analysis. B, Enriched GO 499 

terms of EgSPCH targets  500 

Figure 9. A model of the regulatory networks of oil palm leaves in response to different level of 501 

salt stress. In oil palm, salt activates the transcription of EgSPCH in young leaves, which directly 502 

increase the stomatal production on leaf epidermis. Furthermore, EgSPCH binds to ~ 41% of DEGs, 503 

including key transcription factors that regulate diverse biological processes under different level of salt 504 

stress. 505 

 506 

  507 
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 508 
Table 1. Selected DEGs and their KEGG pathways in response to 100 mM NaCl challenge in 509 

the young rosette leaves of oil palm seedlings 510 

 511 

 512 

Gene Annotation Subsignaling pathways Expression 

Defense response and stress response (35.9%) 
 

LOC105040031 acts upstream of or within defense response to 

bacterium 

response to stress Down 

LOC105036933 involved in cellular response to salt stress response to abiotic 

stimulus 

Up 

LOC105059761 acts upstream of or within response to salt stress response to stress Up 

LOC105048273 acts upstream of or within response to salt stress response to abiotic 

stimulus 

Up 

LOC105058610  

acts upstream of or within cellular response to 

phosphate starvation 

response to stress Down 

LOC105054129 acts upstream of or within response to gibberellin response to endogenous 

stimulus 

Up 

LOC105050654 involved in regulation of response to reactive oxygen 

species 

response to stress Down 

LOC105040397 acts upstream of or within response to abiotic stimulus response to abiotic 

stimulus 

Down 

    

catabolic and other metabolic process (34.3%) 
 

LOC105060222 acts upstream of or within proteasomal protein 

catabolic process 

catabolic process Down 

LOC105060233 acts upstream of or within ubiquitin-dependent protein 

catabolic process 

other metabolic processes Down 

LOC105039973 enables RNA helicase activity catalytic activity Down 

LOC105054501 enables ammonia-lyase activity catalytic activity Up 

LOC105041996 enables serine-type endopeptidase activity catalytic activity Down 

LOC105058751 enables ubiquitin-protein transferase activity catalytic activity Down 

LOC105041996 enables serine-type endopeptidase activity catalytic activity Up 

LOC105034218 enables lysine-tRNA ligase activity catalytic activity Down 
    

cell and tissue development (29.8%) 
  

LOC105040725 involved in regulation of stomatal complex 

development 

anatomical structure 

development 

Up 

LOC105043171 acts upstream of or within regulation of stomatal 

opening 

other cellular processes Up 

LOC105038743 acts upstream of or within embryo development ending 

in seed dormancy 

post-embryonic 

development 

Down 

LOC105040468 involved in regulation of photoperiodism, flowering multicellular organism 

development 

Down 

LOC105052855 acts upstream of or within plant ovule development anatomical structure 

development 

Down 

LOC105032026 acts upstream of or within lateral root development anatomical structure 

development 

Down 

LOC105055813 acts upstream of or within root hair elongation multicellular organism 

development 

Down 

LOC105058130 acts upstream of or within xylem and phloem pattern 

formation 

multicellular organism 

development 

Down 
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 513 

Figure 1. Phenotypical changes of oil palm seedlings in response to different level of salt stress 514 

 515 
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 516 

Figure 2. Comparison of differentially expressed genes (DEGs) in the young leaves of oil palm 517 

seedlings under three level of salt stress: 100 mM NaCl, 250 mM NaCl and 500 mM NaCl  518 
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519 

Figure 3. The diversities of differentially expressed genes (DEGs) in response to 100 mM NaCl 520 

 521 

 522 

 523 

Figure 4. Oil palm exhibits diverse biological responses to different level of salt stress 524 
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 525 

Figure 5. Salt stress represses stomatal opening and activates stomatal production in oil 526 

palm 527 

 528 
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 529 

Figure 6. Subcellular localization of EgSPCH and the phenotype of transgenic 530 
35S:EgSPCH-YFP in Arabidopsis 531 

 532 
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 533 

Figure 7. Overexpression of EgSPCH increase stomatal production and decrease salt 534 

tolerance in Arabidopsis 535 

 536 
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 537 

Figure 8. The EgSPCH targets among DEGs are involved in multiple salt tolerance biological 538 
processes  539 

 540 
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 541 

Figure 9. A model of the regulatory networks of oil palm leaves in response to different level of 542 

salt stress.  543 

  544 
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Supplemental Table S1. Primers used for plasmid construction and Q-PCR   545 

Name Sequence (5'-3') Usage 

EgSPCHcds-F CACCATGGGAGACGGCTTATCTGAAC Plasmid construction 

EgSPCHcds-R TGAGAATGTTTGCAGAATTTCCTGTG Plasmid construction 

EgSPCHqrt-F GACGGGCAGAACAAGATGTC Q-PCR 

EgSPCHqrt-R GCATGGCATCAATGATCGGA Q-PCR 

LOC105038400qrt-F ATGCTCAGAGGCAATCAGGT Q-PCR 

LOC105038400qrt-R GAGCTCCAGCCATGAGAGAT Q-PCR 

LOC105039708qrt-F CCCAAGCTCCCTGTAATCCA Q-PCR 

LOC105039708qrt-R TGAGGGCTGCTTCTCCTATG Q-PCR 

LOC105047182qrt-F TTTGGCACTCACAGAACAGC Q-PCR 

LOC105047182qrt-R CGTGACCGCACTCCTACTAT Q-PCR 

LOC105048273qrt-F TTTGCTTGCAGTTGGAGCAT Q-PCR 

LOC105048273qrt-R CACATCAGGACGTATCGCA Q-PCR 

LOC105054663qrt-F GAAGCAGTGCAAGACTGGAG Q-PCR 

LOC105054663qrt-R GCCTCCTTCTCAAGTCCCAT Q-PCR 

LOC105055971qrt-F AGCAGGAACTGGACTCTGTC Q-PCR 

LOC105055971qrt-R AGGGAGAGTGGTGTTGATGG Q-PCR 

LOC105057675qrt-F CTTGCTCTCTCTCAGCTTGC Q-PCR 

LOC105057675qrt-R CCTGCACAACAAACTTTGGC Q-PCR 

LOC105058130qrt-F ACTGTGGTCGCAAATGAGTG Q-PCR 

LOC105058130qrt-R TTACCTTATCCCGCAACCGT Q-PCR 

LOC105059761qrt-F TGGTGGGATCTTGCCTGATT Q-PCR 

LOC105059761qrt-R TCCAGAAATGACAGCCACCT Q-PCR 

 546 

  547 
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Supplemental Table S2. Selected DEGs and their KEGG pathways in response to 250 mM NaCl 548 

challenge in the young rosette leaves of oil palm seedlings 549 

 550 

Supplemental Table S3. Selected DEGs and their KEGG pathways in response to 500 mM NaCl 551 

challenge in the young rosette leaves of oil palm seedlings 552 

Gene Annotation Subsignaling pathways Expression 

biosynthetic process (48.4%) 
 

LOC105055971 acts upstream of or within flavonoid biosynthetic 

process 

Flavonoid biosynthesis Up 

LOC105054663 acts upstream of or within flavonoid biosynthetic 

process 

Flavonoid biosynthesis Up 

LOC105048192 enables flavonol 3-O-glucosyltransferase activity Flavonoid biosynthesis Down 

LOC105043180 acts upstream of or within positive regulation of fatty 

acid biosynthetic process 

Fatty acid biosynthesis Down 

LOC105040934 acts upstream of or within maltose biosynthetic 

process 

biosynthetic process Down 

LOC105043214 acts upstream of or within histidine biosynthetic 

process 

biosynthetic process Up 

LOC105052269 acts upstream of or within lignin biosynthetic process biosynthetic process Up 

LOC105050962 acts upstream of or within chalcone biosynthetic 

process 

biosynthetic process Up 

    

metabolic process and stimulus response (44.4%) 
 

LOC105039708 acts upstream of or within cellular response to hypoxia response to stress Down 

LOC105033561 acts upstream of or within cellular response to hypoxia response to stress Down 

LOC105038658 involved in argininosuccinate metabolic process cellular metabolic process Down 

LOC105036034 involved in inositol phosphate dephosphorylation carbohydrate metabolic 

process 

Down 

LOC105059863 acts upstream of or within response to insect response to biotic stimulus Up 

LOC105048016 regulation of transcription, DNA-templated nucleobase-containing 

compound metabolic 

process 

Up 

LOC105057967 involved insecondary metabolic process secondary metabolic 

process 

Up 

LOC105059863 acts upstream of or within response to insect response to biotic stimulus Up 
    

Cell wall biogenesis and cellular process (4.6%) 
  

LOC105052708 involved in positive regulation of cell size cellular component 

organization 

Down 

LOC105044236 located in cell wall cell wall Up 

LOC105050457 acts upstream of or within cell wall biogenesis other cellular processes Up 

LOC105040725 involved in regulation of stomatal complex 

development 

anatomical structure 

development 

Up 

LOC105045310 acts upstream of or within stomatal closure other cellular processes Down 

LOC105045721 part of Cul4-RING E3 ubiquitin ligase complex other cellular components Down 

LOC105049519 acts upstream of or within cortical microtubule 

organization 

other cellular processes Down 

LOC105054281 acts upstream of or within vacuole organization cellular component 

organization 

Up 
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 553 

Gene Annotation Subsignaling pathways Expression 

metabolic pathways (55.5%) 
 

LOC105034472 involved in nuclear mRNA surveillance nucleobase-containing 

compound metabolic 

process 

Down 

LOC105038400 involved in pre-mRNA cleavage required for 

polyadenylation 

other metabolic processes Down 

LOC105036107 enables protein serine kinase activity catalytic activity Down 

LOC105048792 enables protein threonine kinase activity catalytic activity Up 

LOC105058704 involved in positive regulation of DNA 

endoreduplication 

other metabolic processes Up 

LOC105036127 involved in salicylic acid metabolic process other cellular processes Up 

LOC105047590 involved in piecemeal microautophagy of the nucleus other metabolic processes Down 

LOC105040999 involved in xylan metabolic process carbohydrate metabolic 

process 

Up 

    

Amino acids and sugar metabolisms (44.5%) 
 

LOC105047182 involved in starch biosynthetic process biosynthetic process Down 

LOC105039960 acts upstream of or within galactose metabolic process carbohydrate metabolic 

process 

Up 

LOC105058934 involved in glycogen biosynthetic process biosynthetic process Down 

LOC105060751 enables nucleotide-sugar transmembrane transporter 

activity 

transporter activity Up 

LOC105051911 acts upstream of or within dipeptide transport transport Up 

LOC105052606 enables galactinol-sucrose galactosyltransferase 

activity 

transferase activity Down 

LOC105059288 involved in starch biosynthetic process biosynthetic process Down 

LOC105052606 Enables galactinol-sucrose galactosyltransferase 

activity 

transferase activity Down 

    

nucleotide repair and development (10.0%) 
  

LOC105040725 involved in regulation of stomatal complex 

development 

anatomical structure 

development 

Up 

LOC105055780 abscisic acid-activated signaling pathway involved in 

stomatal movement 

cellular development Up 

LOC105057784 involved in single strand break repair response to stress Up 

LOC105038515 involved in regulation of root development multicellular organism 

development 

Up 

LOC105047613 involved in regulation of transcription, DNA-

templated 

transcription regulator 

activity 

Down 

LOC105060952 enables transcription coregulator activity transcription regulator 

activity 

Up 

LOC105057675 enables single-stranded DNA binding DNA binding Up 

LOC105044402 involved inDNA unwinding involved in DNA 

replication 

cellular component 

organization 

Up 
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 554 

Figure S1. Verification of NaCl crystals on oil palm leaf surface 555 
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 557 

Figure S2. The diversities of differentially expressed genes (DEGs) in response to 250 mM and 558 

500 mM NaCl 559 

 560 

 561 

Figure S3. Validation of RNA-Seq by Q-PCR 562 

 563 
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