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Populus trichocarpa has been studied as a model poplar species through biomolecular

approaches and was the first tree species to be genome sequenced. In this study, we

employed a high throughput RNA-sequencing (RNA-seq) mediated leaf transcriptome

analysis to investigate the response of four different Populus davidiana cultivars to

drought stress. Following the RNA-seq, we compared the transcriptome profiles and

identified two differentially expressed genes (DEGs) with contrasting expression patterns

in the drought-sensitive and tolerant groups, i.e., upregulated in the drought-tolerant P.

davidiana groups but downregulated in the sensitive group. Both these genes encode

a 9-cis-epoxycarotenoid dioxygenase (NCED), a key enzyme required for abscisic acid

(ABA) biosynthesis. The high-performance liquid chromatography (HPLC) measurements

showed a significantly higher ABA accumulation in the cultivars of the drought-tolerant

group following dehydration. The Arabidopsis nced3 loss-of-function mutants showed

a significantly higher sensitivity to drought stress, ∼90% of these plants died after 9

days of drought stress treatment. The real-time PCR analysis of several key genes

indicated a strict regulation of drought stress at the transcriptional level in the P. davidiana

drought-tolerant cultivars. The transgenic P. davidiana NCED3 overexpressing (OE)

plants were significantly more tolerant to drought stress as compared with the NCED

knock-down RNA interference (RNAi) lines. Further, the NCED OE plants accumulated a

significantly higher quantity of ABA and exhibited strict regulation of drought stress at the

transcriptional level. Furthermore, we identified several key differences in the amino acid

sequence, predicted structure, and co-factor/ligand binding activity of NCED3 between

drought-tolerant and susceptible P. davidiana cultivars. Here, we presented the first

evidence of the significant role of NCED genes in regulating ABA-dependent drought

stress responses in the forest tree P. davidiana and uncovered the molecular basis of

NCED3 evolution associated with increased drought tolerance.
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FIGURE 3 | Transcriptome analysis of drought-resistant and susceptible Populus davidiana cultivars following dehydration. Heat map showing the signal intensities of

the differentially expressed genes (DEGs) in the control and treated samples of each cultivar after 10min (A). An average of 45.34 and 44.89 million reads were

obtained from the stressed and control samples, respectively (B). At a Q-value of 0.05, an average of 2,008 upregulated and 2,071 downregulated genes were

identified in all the cultivars (C).

measurement results showed a significantly higher increase in the
ABA content in Palgong 2 and Seogwang 9 poplar after 30min of
the stress treatment as compared with the plants of the drought
susceptible group (Figure 5). These results were parallel to the
transcriptomic expression patterns of NCED in these cultivars.

NCED Regulates Drought Stress in
Arabidopsis thaliana
To further elucidate the functional role of NCED in regulating
drought stress, we evaluated Arabidopsis nced3 (AT3G14440) for
the loss of function mutant plants for their response to drought
conditions. Results showed that 75% of the nced3 plants died after
9 days of continuous drought stress whereas, 75% of the WT
plants recovered when the irrigation was re-started after 9 days
(Figures 6A,B). This was also accompanied by a significantly

higher weight loss of the nced3 plants as compared to WT plants
(Figure 6C).

Validation of RNA-Seq Through ABA
Pathway Genes
To validate the expression patterns of the DEGs observed
in the transcriptome, we performed real-time PCR analysis
for six different genes following the dehydration stress. As
described above, the expression patterns of the two drought-
responsive NCED genes that are known to regulate ABA
biosynthesis and signaling were very unique i.e., both the
PdNCED1 and PdNCED3 were upregulated in the drought-
tolerant cultivars Palgong 2 and Seogwang 9 by more than five-
and seven-fold, respectively, but downregulated in the drought-
sensitive plants by two- and 2.9-fold, respectively. The same
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FIGURE 4 | MapMan analysis of dehydration-responsive P. davidiana DEGs. Differentially expressed genes with statistically significant and at least two-fold change in

expression following the treatment were analyzed using MapMan. Results showed DEGs involved in abiotic stress responses, heat stress regulation, signaling of

developmental hormones such as IAA, ABA, Ethylene, GA and defense hormones JA and SA, redox regulation, and those encoding important transcription factors

such as WRKY, ERF, bZIP, MYB, and bHLH.

expression patterns were produced by the qRT-PCR analysis
(Figures 7A,B). As described earlier, members of the NCED gene
family have been shown to positively regulate drought stress in
plants in an ABA-dependent manner and further investigation
showed four different ABA-responsive elements (AREB) genes
(Potri.002G125400, Potri.004G140600, Potri.010G248100, and
Potri.014G028200) to be upregulated in the drought-tolerant
clones but downregulated in the drought-sensitive clones
(Figures 7C–F). This indicates strict regulation of drought stress
responses in these plants at the transcriptional level.

NCED3 Transgenic Poplar Plants Show
Perturbed Drought Stress Responses
To further elucidate the role of NCED in the drought tolerance
of P. davidiana, we generated transgenic NCED3 OE and RNAi
lines using DNA constructs (Figures 8A,B). Generating OE and
RNAi lines usually results in multiple lines. However, most often,
different transgenic lines show different levels of expression of
the transgene. Some OE lines show significantly high expression
whereas others show only a small increase in expression of the

target gene as compared with that in the WT lines. Similarly,
some RNAi lines exhibit only a small reduction in the expression
whereas, others may show a significant reduction in expression of
the target gene. As far as we have observed in our laboratory, the
transgenic lines with the expression profile of the transgene at the
extremes (i.e., either the lowest or highest changes in expression
compared with WT lines) do not often yield promising and
reproducible results for all the parameters under study. In such
situations, one may have to choose the lines with optimum
changes in the expression of the target gene or lines that give
promising and reproducible results in multiple experiments or
for all or most of the parameters under study. We got several
successful transgenic lines for NCED3 in Poplar. We obtained
eight (8) independent OE lines and seven (7) independent RNAi
lines (Supplementary Figure 2A). We tested all of these lines
for NCED3 expression under normal as well as after drought or
water shortage conditions. Under normal conditions, all of the
OE lines had significantly higher NCED3 expression compared
with WT. On the other hand, all of the RNAi lines had lower
NCED3 expression as compared with those in the WT plants
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FIGURE 5 | ABA quantification in drought-tolerant and susceptible P. davidiana cultivars following dehydration stress. The abscisic acid (ABA) measurement results

showed a significantly higher increase in the ABA concentration of the leaves of the drought-tolerant P. davidiana cultivars Palgong 2 and Seogwang 9 after 30min of

dehydration stress as compared with the drought susceptible cultivars. Each data point represents the mean of at least three replications. Error bars represent SD.

Significant differences at P < 0.05 are indicated by asterisks (*).

(Supplementary Figure 2B). However, the expression profiling
after 10, 20, and 30min of the drought stress treatment showed
the highest increase in NCED3 expression in the leaves of OE line
#16, whereas the least change in NCED3 expression was recorded
in RNAi line #26 (Supplementary Figure 2C). Therefore, we
chose these two lines (OE line #16 and RNAi line #26) for
further experiments.

According to the field and screen house-based drought stress
experiments, the detached leaves of the RNAi lines exhibited
severe curling and leaf rolling, which are characteristic of
dehydration stress, after 10 and 20min of detachment as
compared with the leaves of the OE lines which showed
no rolling and curling (Figure 8C). The PdNCED3 OE line
was found to have a significantly tolerant phenotype under
dehydration stress. These results were also supported by the
significantly smaller stomatal apertures in the leaves of the

NCED3 OE plants as compared with those of the WT and
RNAi plants (Supplementary Figure 6B). Furthermore, water
loss calculations indicated that the RNAi plants lost a significantly
higher amount of moisture, whereas the OE plants lost a
significantly lower amount of moisture when compared with the
WT plants (Supplementary Figure 6C).

Furthermore, the RT-PCR analysis showed a significantly
higher PdNCED3 (Potri.011G112400) mRNA accumulation in
the WT plants following the stress treatment with the highest
expression after 30min followed by 20 and 10min of the
treatment (Figure 8D). In the case of the OE line, the transcript
accumulation of PdNCED3 was higher and faster than in
the WT, whereas the RNAi line showed significantly lower
and delayed expression of NCED3 (Figure 8D). Furthermore,
the PdNCED1 (Potri.001G393800) transcript accumulation was
upregulated in both of the OE and RNAi lines after dehydration
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FIGURE 6 | Role of NCED in drought stress responses of Arabidopsis thaliana. Arabidopsis nced3 (AT3G14440) loss of function mutant plants were analyzed for their

response to drought conditions. After 9 days of drought stress, 75% of the nced3 plants died and could not recover with re-watering whereas, 75% of the wild type

(WT) plants recovered (A,B). Similarly, a significantly higher weight loss of the nced3 plants occurred as a result of dehydration stress as compared with WT plants (C).

Each data point in the graphs represents the mean of at least three replications. Error bars represent SD. Significant differences between means at P < 0.05 are

indicated by asterisks (*).
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FIGURE 7 | Validation of the expression patterns of drought-specific genes in P. davidiana following dehydration stress through qPCR. The two drought-responsive

NCED genes; PdNCED1 (Potri.001G393800) and PdNCED3 (Potri.011G112400) were upregulated in the drought-tolerant cultivars Palgong2 and Seogwang 9 by

(Continued)
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FIGURE 7 | more than five and seven folds respectively but downregulated in the drought-sensitive cultivars by two and 2.9 folds, respectively (A,B). Four different

ABA-responsive element (AREB) encoding genes (Potri.002G125400, Potri.004G140600, Potri.010G248100, and Potri.014G028200) were upregulated in the

drought-tolerant cultivars but downregulated in the drought-sensitive cultivar (C–F). As indicated by the significant correlation coefficients (R), RNA-sequencing

(RNA-seq) and real-time quantitative reverse transcription PCR (qRT-PCR) results are highly comparable with each other. Each data point represents the mean of at

least three replicates. Error bars indicate the SD.

stress (Figure 8E), but there was no difference in its expression
level when compared with the wild type. Among the ABA-
signaling genes, the bZIP transcription factors Potri.014g028200,
Potri.002g125400, and Porti.004g140600 were ABA-responsive
element-binding factors that enhance abiotic stress signaling
(Zou et al., 2008; Hossain et al., 2010; Tang et al., 2012).
Our results indicated that the expression of these three genes
gradually increased in the order of OE, WT, and RNAi under
dehydration stress (Figures 8F–H). Furthermore, NCED3 OE
resulted in a decrease in the expression of Potri.010g248100,
abscisic acid-insensitive 5-like protein 2 (Pt-ABI2), as compared
with the RNAi and the WT line (Figure 8I).

PdNCED3 Overexpression Reduces
Oxidative Damage and Increases ABA
Content
To confirm that PdNCED reduces damage to plants by
mitigating ROS-mediated oxidative damage, the amount of H2O2

accumulation in the leaves of the transgenic plants was assessed
after 30min of dehydration stress. As expected, leaves of the OE
line showed significantly lower DAB stain intensity as compared
with the WT and RNAi transgenic plants, indicating a much
lower level of H2O2 production in the leaves of these plants
following dehydration stress (Figure 9A).

It was worth knowing if the response of the PdNCED3OE and
RNAi plants was related to the ABA contents in these plants. As
expected, the ABA measurement results showed a significantly
higher increase in the ABA contents of the OE line as compared
with the RNAi plants (Figure 9B). These results were parallel
with the expression patterns of PdNCED3 in transgenic plants.

Structural Differences in P. davidiana

NCED Peptides
As described above, PdNCED1 (Potri.001G393800) and
PdNCED3 (Potri.011G112400) were upregulated in the drought-
tolerant cultivars but downregulated in the drought-sensitive
cultivars. We aligned the sequence of these genes with
their orthologous genes in Populus trichocarpa and found
out that the PdNCED genes are unique in their sequence
though both the genes showed more than 95% similarity to
their respective P. trichocarpa orthologs. Single amino acid
differences were found in the amino acid sequence of NCED3
P. davidiana and P. trichocarpa at seven different positions
(Supplementary Figure 3). The first difference was a single
amino acid difference at position 26 expressing isoleucine (I)
in all P. davidiana cultivars compared with threonine (T) in
P. trichocarpa. This was followed by another major difference
between the NCED3 sequences of the two Populus species with
the starting position number 55, where three consecutive proline
threonine pairs (PTPTPT) were found in all the cultivars of P.

davidiana as compared with only one pair in P. trichocarpawhich
may have a significant effect on the structure of this protein in
the two species. Similarly, other P. davidiana—P. trichocarpa
single amino acid differences were also found such as leucine
(L66)—arginine (R66), arginine (R117)—glycine (G117), serine
(S289)—threonine (T289), aspartic acid (D331)—asparagine
(N), and alanine (A431)—proline (P431). Furthermore, the
PdNCED3 peptide was found to be significantly smaller than
PtNCED3. This was attributed to the multiple amino acid
residues absent in the PdNCED3 sequence from the positions
298 to 330. This feature was especially prominent in the drought
susceptible cultivars, Palgong 1 and Junguk 6–2. At position
number 518, the NCED3 of both the drought-resistant P.
davidiana cultivars and P. trichocarpa expressed a tyrosine (Y)
residue, but it was absent in the NCED3 sequence of both the
susceptible cultivars (Supplementary Figure 3).

Similarly, single and multiple amino acid differences were
also found between the sequences of PdNCED1 and PtNCED1
(Supplementary Figure 4). Single-amino acid differences
between P. davidiana and P. trichocarpa NCED1 were found
at five different places. For example, at position number 48,
proline (P) was found in all P. davidiana sequences but serine
(S) in the P. trichocarpa sequence. Similarly, at position number
51 we found tyrosine (Y) in all the P. davidiana sequences as
compared with cysteine (C) in P. trichocarpa. Another important
difference that we observed was at position number 155 where
we found valine (V) in all the P. davidiana sequences instead of
leucine (L) in P. trichocarpa. We also found threonine (T) in all
the P. davidiana sequences at position number 568 instead of
asparagine (N) in P. trichocarpa.

With these differences in the sequence of NCED peptides
from drought-resistant and susceptible cultivars, we wondered
if these have any effect on the protein 3D structure. For this
purpose, we submitted the deduced amino acid sequences to the
I-Tasser server to predict the 3D structures. The results showed
some interesting differences in the protein structure as well as the
Co-factor/ligand binding (Supplementary Figure 5). PdNCED1
(Potri.001G393800) peptide was predicted to bind with an iron
(Fe/Fe2+) co-factor only from the Palgong 2 and Seogwang 9
cultivars which are from the drought-tolerant group. Whereas,
the PdNCED1 from the drought susceptible cultivars showed
a tetraethylene glycol monooctyle ether (C8E) co-factor as a
potential ligand. These structural differences may lead to the
differential functioning of NCED in these plants resulting in
significantly variable responses to drought stress.

DISCUSSION

Drought or water stress has long been considered amajor limiting
factor for crop production throughout the world. When human
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FIGURE 8 | DNA constructs for generating transgenic lines and the response of transgenic lines to dehydration. The DNA constructs for generating NCED3

overexpression (OE) (A) and knock-down RNA interference (RNAi) lines (B). The leaves from the OE and RNAi transgenic lines were detached and allowed to sit for up

to 20min at room temperature (C). qRT-PCR analysis showing the expression of NCED3 (D), NCED1 (E), and multiple transcription factor genes involved in

ABA-dependent drought stress responses (F–I). Each data point in the graphs represents the mean of at least three replicates. Error bars indicate SD.
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FIGURE 9 | DAB staining and ABA contents in PdNCED transgenic plants. Diaminobenzidine staining in NCED transgenic plants (A). ABA contents

of PdNCED transgenic plants (B). Data are presented as means of at least three replications. Error bars indicate standard error. Significant differences between means

at P < 0.05 are indicated by asterisks (*).

beings became able to differentiate between good, better, best,
and bad; they selected only the best and fittest plants (and
animals) for domestication. Drought or water stress resistance
had been an important criterion for this selection and since
then, one way or another; people have tried to select, introduce
or develop crops that are resistant to water stress. However,
drought is a natural phenomenon that is an integral part of
climate and is certain to occur and therefore, must be expected.
Since droughts are natural climatic phenomena and have been
occurring for ages, plants have co-evolved with them, developing
mechanisms to cope with water shortages during drought.
These mechanisms are controlled by an ingenious transcriptional
network of genes regulating complex biological processes to
maximize plant performance under growth-limiting conditions
of water stress. Based on several multi-location surveys and
analyses, we identified four cultivars of P. davidiana. These
four genotypes represent four different cultivars or varieties of
poplar, widely grown in the Korean peninsula. Being different
genotypes, their response to drought stress is also different.
As shown in the results section, we tested the four genotypes
for their response to drought stress based on morphological
as well as physiological indicators and divided the genotypes
into two groups i.e., tolerant group and susceptible group.
The drought-resistant cultivars were Palgong 2 and Seogwang

9 whereas, the two drought susceptible cultivars were Palgong
1 and Junguk 6–2. The resistance and susceptibility of these
cultivars were observed after subjecting whole plants to water
stress as well as in the detached leaves experiment. Similar results
were observed after the electron microscopy of the stomata
following stress treatment. Water stress is often depicted by an
increase in the accumulation of ROS which is why our susceptible
cultivars, Palgong 2 and Junguk 6–2, accumulated significantly
higher amounts of H2O2. Higher quantities of H2O2 and other
ROS cause oxidative damage to plant tissues resulting in leaf
deformation and curling as shown by the severe curling of leaves
from the susceptible cultivars. In contrast, the leaves of the
tolerant cultivars resisted leaf curling potentiated by their ability
to keep their stomata almost closed to avoid the loss of water
through evapotranspiration and loss of turgor. On the other
hand, the leaves of the susceptible cultivars rapidly lost moisture
and turgor pressure as their stomata were wide open. This is
usually accompanied by a linear loss of fresh weight as shown in
our results.

Plant responses to water stress are tightly regulated at
the transcriptional level. The contrasting expression patterns
of drought-specific genes in the tolerant and susceptible
cultivars indicate the importance of these genes in regulating
water stress responses in P. davidiana and other higher
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plants. Transcriptional responses subsequently dictate large-scale
response pathways allocating resources and optimizing plant
performance under stress through multiple routes. These include
biological pathways regulating abiotic stress responses through
the regulation of developmental phytohormones such as IAA,
ABA, ethylene, GA, and defense hormones SA and JA (Chen
et al., 2017). In this study, we found several genes involved in
these hormonal pathways with changes in the expression by at
least 2-folds following the stress treatment.

One of the most important and immediate responses of
plants to water stress includes changes in the cellular redox state
(Barchet et al., 2014). In plant cells, different compartments have
different redox signatures which is the case for different types
of cells at the tissue level. This differential redox signature is
maintained through a complex transcriptional network of gene
families including thioredoxin, peroxiredoxin, glutaredoxin,
catalase, and dismutase genes (Mun et al., 2017a). We found
multiple members of these families with differential expression
patterns in the drought-resistant and susceptible cultivars. The
transcriptional regulation of the above-mentioned pathways
requires multiple transcription factor genes (WRKY, ERF, bZIP,
MYB, and bHLH) which were abundantly and differentially
expressed following the stress treatment. These results were
similar to the findings reported in other studies involving
drought stress-mediated transcriptomic analysis of Populus
species such as Regier et al. (2009), Qiu et al. (2011), Raj et al.
(2011), Peng et al. (2012), Shuai et al. (2014), Liu et al. (2015),
Mun et al. (2017a), Mun et al. (2017b) and others.

The importance of ABA biosynthesis and homeostasis in plant
responses to water stress is well-known as it positively regulates
drought stress tolerance in plants. A key enzyme involved in ABA
biosynthesis is NCED (Schwartz et al., 1997; Rook et al., 2001).
The significantly higher expression of PdNCED1 and PdNCED3
and the concomitant increase in ABA accumulation enabled
Palgong 2 and Seogwang 9 to tolerate water stress more than
Palgong 1 and Junguk 6–2. These results were similar to the
findings of Tan et al. (1997) who reported genetic evidence for
the involvement of NCED in the ABA biosynthesis in maize
under water stress conditions and Thompson et al. (2000b) who
showed the involvement of LeNCED1 in the ABA biosynthesis
in tomatoes. The ABA-related role of NCED following drought
stress is global and has been reported in several plant species
(Burbidge et al., 1999; Qin and Zeevaart, 1999; Chernys and
Zeevaart, 2000; Iuchi et al., 2000, 2001). This was confirmed by
our studies on Arabidopsis nced3 mutant plants as these plants
failed to recover following 9 days of drought stress.

Over the course of transformation experiments in our
laboratory (and elsewhere), it has been observed that the
pure aspen P. davidiana is extremely difficult to transform
genetically via tissue culture despite trying several variations and
optimization in the methodology. Interestingly, P. davidiana has
a significantly low vitality and rooting rate. More specifically, it is
extremely difficult to obtain transgenic plants using P. davidiana
leaves and stem and to our knowledge, there are no reported cases
of successful transformations using P. davidiana leaves and/or
stem. On the other hand, a successful genetic transformation
has been reported using the aspen hybrid poplar “shanxin” from

Northern China which is a cross between P. davidiana and
P. bollena (Wang et al., 2011; Han et al., 2013; Ding et al.,
2017; Han and Han, 2017). In our laboratory, we developed a
shoot regeneration technology from the leaf and shoot derived
calli of the hybrid poplar (Populus alba × P. glandulosa) (Choi
et al., 2020) for the successful generation of transgenic plants
using Agrobacterium-mediated transformation (Chung et al.,
1989; Choi et al., 2005; Song et al., 2019). Using hybrid poplar,
transgenic plants have been successfully generated with several
different genes involved in a variety of physiological responses
(Zhang et al., 2011; Shim et al., 2013; Choi et al., 2017; Yoon
et al., 2018; Kim et al., 2020). Since the hybrid poplar used for
the transformation in this study is an artificial cross between P.
alba and P. glandulosa, we found that theNCED3DNA sequences
of these two varieties were significantly similar to that of P.
davidiana. The coding DNA sequence alignments indicatedmore
than 99% of amino acid sequence similarity between NCED3
from these three poplar varieties (Supplementary Figure 3).
Hence, it is safe to use the hybrid poplar (P. alba× P. glandulosa)
in the laboratory and field-based study instead of the pure aspen
P. davidiana. The findings of our experiments on the transgenic
plants confirmed the positive role of NCED3 in the drought
tolerance of forest trees such as Poplar.

All the drought-tolerant and susceptible cultivars used in
this study expressed the two NCED genes, yet, the increase
in the expression of these genes and the associated ABA
quantities were significantly higher in the drought-tolerant
cultivars than in susceptible cultivars. This could well be
attributed to the differences in the amino acid sequence of
these two genes between the tolerant and susceptible cultivars
as shown in Supplementary Figures 3, 4. These sequence
differences included single base pair differences at multiple
places as well as long-chain differences right in the middle
of the sequence especially for PdNCED3 (Potri.011G112400).
Furthermore, the single base pair sequences involved amino
acids such as cysteine and tyrosine residues which are active
sites for post-translational modification by nitric oxide, i.e., S-
nitrosylation at the cysteine residue and tyrosine nitration at the
tyrosine residue. This indicates another possible explanation for
the functional and expression differences between the two NCED
genes of the tolerant and susceptible cultivars. Furthermore,
these sequence differences had a great impact on the NCED
3D structure, especially that of PdNCED1 (Potri.001G393800).
The ligand/co-factor binding prediction analysis showed the
association of NCED1 with the Fe/Fe2+ co-factor in the drought-
tolerant cultivars indicating the importance of Fe/Fe2+ co-
factor for the normal functioning of the NCED. Contrastingly,
PdNCED1 from the drought susceptible cultivars was found
to be associated with the co-factor C8E. Furthermore, the
sequence and structural differences among the NCED genes of
P. davidiana and P. trichocarpa were also observed, indicating
the relatively unique nature of the P. davidiana genome.
Together, these results provide valuable information about
the transcriptomic response of P. davidiana to water-limiting
conditions and the specific role of NCED in regulating plant
responses to water shortage. However, further investigation
into the transcriptional control of drought-related responses,
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identification of key control genes, and functional genomics
studies are suggested.
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and drought susceptible cultivars. The drought-related DEGs with statistical

significance, at least two-fold change in their expression, and contrasting

expression patterns in the drought and susceptible cultivars, following dehydration
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cultivars but not in the susceptible cultivars. On the other hand, multiple DEGs

were either downregulated in the drought-tolerant cultivars (downward blue

arrows) but upregulated in the susceptible cultivars or vice versa.

Supplementary Figure 2 | Independent PdNCED3 OE and RNAi transgenic

lines. Eight (8) independent PdNCED3 OE lines and seven (7) independent RNAi

lines were obtained (A). NCED3 expression in the WT, RNAi, and OE lines under

normal conditions (B). NCED3 expression in the WT, RNAi, and OE lines after 10,

20, and 30min of drought stress treatment (C).

Supplementary Figure 3 | Amino acid sequence alignment of PdNCED3. Amino

acid sequence alignment of PdNCED3 (Potri.011G112400) from the four cultivars

under the study with NCED3 from P. trichocarpa, P. glandulosa, Arabidopsis

thaliana, and the consensus sequence.

Supplementary Figure 4 | Amino acid sequence alignment of PdNCED1. Amino

acid sequence alignment of PdNCED1 (Potri.001G393800) from the four cultivars

under the study with NCED1 from P. trichocarpa, P. glandulosa, and the

consensus sequence.

Supplementary Figure 5 | Predicted PdNCED1 3D structure and potential

Co-factors. PdNCED1 (Potri.001G393800) peptide from the drought-tolerant

cultivars, Palgong 2 and Seogwang 9 showed iron (Fe/Fe2+ ) as potential co-factor

whereas, Palgong 1 and Junguk 6–2 showed tetraethylene glycol monooctyle

ether (C8E) as a potential co-factor ligand. The predicted 3D structure, associated

co-factor, and ligand binding sites information with the highest C-Score

were selected.

Supplementary Figure 6 | Stomatal aperture and water loss measurements.

Measurements of stomatal aperture in the leaves of the drought-tolerant and

drought susceptible P. davidiana cultivars (A). Measurements of stomatal aperture

in the leaves of the P. davidiana WT, OE, and RNAi lines (B). Water loss

measurements from the leaves of P. davidiana WT, OE, and RNAi lines (C).

Supplementary Figure 7 | Generation of transgenic Poplar plants via tissue

culture.

Supplementary Table 1 | List of primers used for PCR.
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