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A B S T R A C T

1-Deoxy-D-xylulose-5-phosphate synthasse (DXS) and 1-deoxy-D-xylulose-5-phosphate reductoisomerase (DXR)
are key enzymes in terpenoid biosynthesis. DXS catalyzes the formation of 1-deoxy-D-xylulose 5-phosphate
(DXP) from pyruvate and D-glyceraldehyde-3-phosphate. DXR catalyzes the formation of 2-C-methyl-D-ery-
thritol 4-phosphate (MEP) from DXP. Previous studies of the DXS and DXR genes have focused on herbs, such as
Arabidopsis thaliana, Salvia miltiorrhiza, and Amomum villosum, but few studies have been conducted on woody
plants. For that reason, we chose Populus trichocarpa as a model woody plant for investigating the DXS and DXR
genes. PtDXS exhibited the highest expression level in leaves and the lowest expression in roots. PtDXR showed
maximum expression in young leaves, and the lowest expression in mature leaves. The expression profiles re-
vealed by RT-PCR following different elicitor treatments such as abscisic acid, NaCl, PEG6000, H2O2, and cold
stress showed that PtDXS and PtDXR were elicitor-responsive genes. Our results showed that the PtDXS gene
exhibited diurnal changes, but PtDXR did not. Moreover, overexpression of PtDXR in transgenic poplars im-
proved tolerance to abiotic and biotic stresses. Those results showed that the PtDXR encoded a functional
protein, and widely participates in plant growth and development, stress physiological process.

1. Introduction

The biosynthesis of terpenoids requires common precursor sub-
stances, including isopentenyl diphosphate (IPP) and its isomer di-
methylallyl diphosphate (DMAPP). In plants, there are two distinct
pathways for isoprenoid biosynthesis (Lange et al., 2001). One is the
plastid-located 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway
and the other is the cytoplast-located mevalonic acid (MVA) pathway
(Eisenreich et al., 1998; Lichtenthaler, 1999; Rohmer, 1999; Shen et al.,
2006). The first two rate-limiting enzymes in the MEP pathway are 1-
deoxy-D-xylulose-5-phosphate synthase (DXS) and 1-deoxy-D-xylulose-
5-phosphate reductoisomerase (DXR). The first major step involves
DXS-dependent catalysis of pyruvate and D-glyceraldehyde-3-phos-
phate to form 1-deoxy-D-xylulose-5-phosphate (DXP) (Lois et al., 2000).
The second step is catalyzed by DXR and generates MEP, followed by
several enzymatic reactions to produce precursors of IPP and DMAPP
(Lange et al., 1999; Eisenreich et al., 2004). The genes encoding DXS

have also been isolated from several plants, such as Arabidopsis thaliana
(Estevez et al., 2001) Croton stellatopilosus Wungsintaweekul et al.
(2008); Zea mays (Hans et al., 2004), Ginkgo biloba (Gong et al., 2005),
Salvia miltiorrhiza (Wu et al., 2009), and Camptotheca acuminata (Yao
et al., 2008). A large number of studies have suggested that both the
DXS and DXR genes can regulate flux through the MEP pathway and
influence accumulation of downstream products. Studies on the over-
expression of DXS and DXR in A. thaliana and tomato (Estevez et al.,
2001; Enfissi et al., 2005; Yang et al., 2012) have been performed to
determine whether the step catalyzed by DXS or DXR is the limiting
step for the biosynthesis of plastidial isoprenoids in plant cells. Fur-
thermore, overexpression of DXS and DXR in prokaryotes has been
shown to result in a drastic increase in diterpene yield in transgenic
bacteria (Morrone et al., 2010). DXS and DXR genes from Catharanthus
roseus are overexpressed in hairy roots, indicating that DXS and DXR
can increase accumulation of terpenoid indole alkaloids (Peebles et al.,
2011). Furthermore, the first report of MEP pathway regulation in the
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colonization of wheat, maize, rice and barley by mycorrhizal fungi in-
volved activation of DXS and DXR. The plant–pathogen interaction was
reported to involve developmental or environmental regulation. The
result demonstrated that the DXS expression level changes after root
infection by mycorrhizal fungi (Walter et al., 2010).MtDXS2 was highly
expressed in the roots of Medicago truncatula infected by arbuscular
mycorrhizal fungi (Zhang et al., 2009; Floss et al., 2010). The occur-
rence of late blight in potato is accompanied by decreased DXS ex-
pression, which leads to reduced levels of disease-resistant isoprenes
(Henriquez et al., 2016). In this experiment, we used the pathogen
Septotis populiperda to infect poplar leaves over-expressing the DXR
gene. Taken together, these studies suggest that both DXS and DXR are
rate-limiting enzymes involved in a variety of biological reactions. In
addition, DXS and DXR are also potential regulatory enzymes for ma-
nipulating biosynthetic pathways to produce isoprenoids of commercial
significance.

Although there have been numerous studies on the DXS and DXR
genes, there has been little molecular research on these genes in Populus
trichocarpa. In this study, we performed molecular cloning, character-
ization, and functional analysis of the DXS and DXR genes of P. tri-
chocarpa. We investigated the functions of these enzymes and their
expression patterns in different tissues and under abiotic stresses and
discovered diurnal variations in the expression of the DXS and DXR
genes. Furthermore, we found that overexpression of PtDXR enhances
tolerance to salt and drought as well as Septotis populiperda in transgenic
poplars.

2. Materials and methods

2.1. Materials

We choose 3-month-old seedlings of P. trichocarpa, which were
grown on sterile half-strength Murashige and Skoog (1962) medium
(pH 5.8). Total RNA was extracted from P. trichocarpa plants. Escher-
ichia coli Top 10 cells (maintained in our laboratory) were used for
cloning and propagation, while E. coli BL21 (DE3) cells (Novagen, USA)
were used for prokaryotic expression. Polymerase chain reaction (PCR)
cleanup kits were purchased from Takara Biotechnology Co., Ltd.
(Japan). Primer synthesis and DNA sequencing were performed by In-
vitrogen Biotechnological Company (Shanghai, China).

2.2. RNA isolation and cDNA synthesis

The Biomiga Miniprep kit was used to extract total RNA. In addi-
tion, cDNA was synthesized using MMLV reverse transcriptase (Takara
Biotechnology Co., Ltd.) (Movahedi et al., 2015). This reverse tran-
scription reaction system contained the following reagents: 1 μg cDNA
template, 1 μl oligo (dT), 1 μl 10mM dNTPs, 0.5 μl RNase inhibitor, 1 μl
MMLV reverse transcriptase, 4 μl MMLV reverse transcriptase buffer,
and ddH2O to a final volume of 20 μl. The reaction was performed as
follows: 65 °C for 10min, on ice for 3min, 42 °C for 1 h, 70 °C for
15min, and a final incubation on ice for 3min.

2.3. Cloning of the open PtDXS and PtDXR genes

To identify the DXS and DXR genes, the National Center for
Biotechnology Information (NCBI) was used to find the sequences of
DXS and DXR genes of Populus trichocarpa. The PCR reaction was per-
formed in tubes containing 2.0 μl template cDNA, 1.5 μl each of forward
and reverse primers, 5.0 μl 10×PCR buffer (Mg2+ plus), 4 μl dNTPs,
and 0.5 μl rTaq DNA polymerase (Takara Biotechnology Co., Ltd.). The
reaction was performed as follows: 95 °C for 7min, 35 cycles of 95 °C
for 30 s, 56 °C for 30 s, and 72 °C for 2min (DXS) or 1.5 min (DXR), and
finally, 72 °C for 10min. Next, the target bands were excised, gel ex-
traction reagent was added, and the bands were purified. The purified
products were cloned into the PEASY-T3 vector, and transformed into

E. coli TransTI. Based on the color reaction system using X-Gal and
isopropyl β-D-1-thiogalactopyranoside (IPTG) as well as PCR analysis,
the positive clones were isolated and sequenced (Invitrogen).

2.4. Construction of the PET-28a fused expression vector

According to the sequences of PtDXS and PtDXR genes and the
vector restriction sites, we designed the primers fused restriction sites.
The PCR reaction mixture as follow: 5.0 μl 10×PCR buffer (Mg2+

plus), 4.0 μl 2.5mmol dNTPs, 1.5 μl primers for the ligase restriction
site, 2.0 ml PEASY-T3 vector including PtDXS and PtDXR as template,
0.5 μl 5 U Pfu enzyme, and 35.5 μl ddH2O. The PtDXS gene was cloned
into the expression vector pET-28a between the BamHI and NotI sites.

2.5. Fesed protein expression and purification

After sequencing, the recombinant plasmids pET-28a-PtDXS and
pET-28a-PtDXR were transformed into E. coli BL21 (DE3). Positive re-
combinant clones cultured in 1 L of LB to achieve an optical density
(OD) of 0.6–0.8 at 600 nm. Also, 1mM IPTG was added to the cultured
solutions and E. coli BL21 (DE3) containing plasmids pET-28a-PtDXS
and pET-28a-PtDXR were maintained at 220 rpm for 4 h at 37 °C. In
addition, we use 12% sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) to analyze the un-induced and induced
solutions.

According to the analysis of 12% SDS-PAGE, we found that the
target proteins were expressed in precipitation. Therefore, we next
performed the operations of denaturation and renaturation. The col-
lected precipitate was first washed three times with inclusion body
washing solution 1 (20mM Tris, 1 mM EDTA, 2M urea, 1M NaCl, and
1% Triton X-100, pH 8.1), followed by two washes with inclusion body
washing solution 2 (20mM Tris, 1 mM EDTA, 4M urea, 1M NaCl, and
1% Triton X-100, pH 8.1). The precipitate was then washed once with
inclusion body washing solution 3 (20mM Tris, 1 mM EDTA, 6M urea,
1M NaCl, and 1% Triton X-100, pH 8.1). Finally, the precipitate was
collected and dissolved in inclusion body dissolving solution (20mM
Tris, 1 mM EDTA, 8M urea, 1M NaCl, and 1% Triton X-100, pH 8.1).
The collected degeneration solution was stored for 48 h at 4 °C and
centrifuged at 13,000×g for 20min at 4 °C. The inclusion bodies dis-
solved in solution were added dropwise to 20mM Tris (pH 8.1).
Renaturation buffer (4–0.5M urea, 0.5M NaCl, 10mM Tris, 0.5 mM
EDTA, 1mM L-arginine, 1mM reduced L-glutathione, 0.2mM oxidized
L-glutathione, and 5mM DTT, pH 8.1) was gradually added in a series
of four dilutions. The target protein solutions were transferred to a
dialysis bag and incubated overnight at 4 °C in dialysis buffer. During
dialysis, the concentration was reduced and bacterial lysis buffer (2mM
KH2PO4, 4mM Na2HPO4, 3 mM KCl, and 150 mM NaCl) was used as the
final dialysis buffer. The target protein was analyzed using 12% SDS-
PAGE. Mixed protein was applied to a Ni + -NTA-chelating column
equilibrated with Ni + -NTA binding buffer (20 mM Tris-base, 500 mM
NaCl, and 20 mM imidazole). After washing with Ni + -NTA wash
buffer until the baseline absorbance was reached, the column was
washed with 250 mM imidazole in buffer (20 mM Tris-HCl and 500 mM
NaCl, pH 8.1) at a flow rate of 1 ml/min. The fractions were collected
and analyzed with 12% SDS-PAGE. Following overnight dialysis at 4 °C
with phosphate-buffered saline (PBS), the protein was lyophilized.

2.6. Western blotting

Western blotting was performed as described by Sambrook et al.
(1989) with rabbit anti-His polyclonal antibody made in our laboratory
as the primary antibody and peroxidase-conjugated goat anti-rabbit IgG
(Zhongshan Biotechnique, Beijing, China) as the secondary antibody.
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2.7. In vitro enzymatic reaction for detection of DXP and MEP

The DXS assay uses 1ml of reaction mixture containing 110mM
fructose-1,6-diphosphate (pH 7.5), 10mMMgCl2, 120mM Tris-HCl (pH
7.5), 60 U aldolase, 60 U triose phosphate isomerase, and 5mM β-
mercaptoethanol. This solution was heated in a water bath at 25 °C for
1 h. After the reaction, the substrates of DXS, dihydroxyacetone phos-
phate and glyceraldehyde-3-phosphate, were obtained. Then, 2ml of
reaction mixture was performed to identify the enzymatic reaction for
detection of DXP, which contained 110mM sodium pyruvate, 2 mM
TPP, and 100 μg DXS, 100mM Tris-HCl (pH 7.5). The final volume
(2.0 ml) of reaction mixture was adjusted by adding water, and the
mixture solution was incubated at 37 °C for 16 h. After completion of
the reaction, the solution was passed through a 10-kD filter by cen-
trifugation at 11,000 rpm for 10min and immediately freeze-dried. For
the DXR assay, 1ml of reaction mixture was used, which contained
100mM Tris-HCl (pH 7.5), 2 mM MgCl2, 0.12mM NADPH, the powder
described above, 200 μg DXR, and H2O to a final volume of 1ml. This
solution was heated in a water bath at 37 °C for 12 h, and the reaction
was terminated by incubation at 100 °C for 10min. The solution was
then passed through a 10-kD filter by centrifugation at 11,000 rpm for
10min and immediately freeze-dried. E. coli BL21 (DE3) carrying an
empty vector treated with the same conditions was used as a negative
control.

Quantitative analysis of PtDXS and PtDXR reaction products was
performed by high-performance liquid chromatography (HPLC)/mass
spectrometry (MS) using the Agilent poroshell 120 SB-C18 reversed-
phase column. The column temperature was set to 30 °C. The mobile
phase contained 80% methanol and 20% water (0.1% formic acid) and
was eluted using a gradient of 200 μL/min. The MS conditions were as
follows: spray voltage of 4000 V (+)/3500 V (−), air curtain of 15 psi,
atomizing gas pressure of 45 psi, auxiliary pressure of 60 psi, and
atomization temperature of 340 °C. Standard products were identified
by mass spectra with fragment ions; 213/79.0 fragment ions were
chosen as the qualitative ions for DXP, and 215/79.0 fragment ions
were chosen as the qualitative ions for MEP. Moreover, the calibration
curves for DXP and MEP are shown in Fig. S1, and the reactions for
standard products containing DXP and MEP are shown in Fig. S2.

2.8. Transcription of PtDXS and PtDXR in various tissues

Total RNA was isolated from mature and young leaves, upper and
lower stems, petioles, and roots of P. trichocarpa. Quantitative reverse
transcription PCR (qRT-PCR) was performed using the conditions de-
scribed above. qRT-PCR primers were designed for PtDXS and PtDXR
(Table 1), and the housekeeping gene actin was used as an internal
control. qRT-PCR was performed as follows: initial incubation at 95 °C
for 5min, followed by 40 cycles of 45 s at 95 °C, 45 s at the annealing
temperature at 60 °C, and 45 s at 72 °C, and a final incubation for
10min at 72 °C. Triplicate measurements were performed for each of
these parameters, and each data point represents a mean value. The
treatments were repeated three times for analyses of PtDXS and PtDXR
transcription in various tissues.

2.9. Expression of PtDXS and PtDXR in different stress treatment

Poplar seedlings were first placed in half-strength Murashige and

Skoog (Murashige et al., 2010) medium for 1 week and then removed
and placed in medium containing 200mM NaCl, 200 μM abscisic acid
(ABA), and 2mM hydrogen peroxide (H2O2). P. trichocarpa seedlings
treated with 200mM NaCl, 200 μM ABA, and 2mM H2O2 were sampled
at 0, 2, 4, 6, 8, 12, 24, and 48 h, and those subjected to 4 °C cold stress
and 10% PEG6000 were collected after 1, 2, 3, 4, 5, 6, and 7 days.
Subsequently, qRT-PCR was performed as described above. Triplicate
measurements were performed for each parameter, and each data point
represents a mean value. The treatments were repeated three times for
analyses of PtDXS and PtDXR expression in response to abiotic stress
treatment.

2.10. Expression profiles of PtDXS and PtDXR transcripts at different times

Leaves of 3-month-old P. trichocarpa were extracted on two con-
secutive days, July 27 and July 28, 2016 at 4-h intervals over the course
of 48 h. The collected leaves are immediately frozen in liquid nitrogen,
and RNA was immediately extracted from the leaves and qRT-PCR was
performed as described above. Triplicate measurements were per-
formed for each of these parameters, and each data point represents a
mean value. The treatments were repeated three times for analyses of
PtDXS and PtDXR transcript expression profiles at different times.

2.11. Construction of the vector pGWB9-PtDXR and detection of transgenic
poplars

We used two-step method to construct overexpression vector.
Firstly, the ORF of PtDXR gene was cloned into vector pDONRTM/Zeo
based on the BP reaction. Secondly, the fused pDONRTM/Zeo-PtDXR
was a template, and the ORF of PtDXR gene was cloned into vector
pGWB9. Finally, the fused plasmid pGWB9-PtDXR was introduced into
Agrobacterium tumefaciens strain EHA105 (maintained in our labora-
tory).

Young leaves and petioles of the Nanlin895 poplar were prepared by
pre-culturing for 3 days on differentiation Murashige and Skoog
medium (MS medium supplemented with 0.5 mg/L 6-BA and 0.002mg/
L TDZ). Agrobacterium tumefaciens strain EHA105 carrying the DXR gene
was used to infect plants when the agrobacterial concentration reached
OD 0.6 at 600 nm. Subsequently, the potential resistant strains were
screened for differentiation medium (MS medium supplemented with
0.5 mg/L 6-BA and 0.002mg L TDZ, 30 mg/Lkanamycin), bud elonga-
tion medium (MS medium supplemented with 0.25mg/L 6-BA,
0.002mg/L TDZ, and 15mg/L kanamycin) and rooting medium (1/2
MS medium supplemented with 10mg/L kanamycin) respectively. The
putative transgenic lines were selected by using PCR. Regenerated
shoots from the putative transgenic lines were recovered and trans-
ferred to half-strength Murashige and Skoog rooting medium supple-
mented with 10mg/L kanamycin.

2.12. Transplantation of wild-type poplars and transgenic lines

The wild-type poplars and transgenic lines grown on half-strength
MS rooting medium for 4 weeks were moved to a greenhouse. Firstly,
closures were removed and wild-type poplars and transgenic lines un-
dergo three days of environmental adaptation. Secondly, the wild-type
poplars and transgenic lines were transplanted into mixed soil (ster-
ilized peat and perlite 2:1), and vinyl membranes were covered the
surface of the flowerpot. After a period of growth, the vinyl membranes
were removed and we water the plants every day.

2.13. Salt and drought treatments

For analysis of salt- and drought-stress, 4-month-old Nanlin895
plants grown in a greenhouse were used. For salt stress treatment, WT
plants and nine transgenic lines were irrigated with 1 L of 200mM NaCl
solution every day for 2 weeks. For drought stress treatment, the water

Table 1
Sequence information for PtDXS and PtDXS.

Gene
name

Full length
(bp)

ORF (bp) Amino acid
sequence (aa)

Molecular weight
(kDa)

PI

PtDXS 2567 2166 721 77.733 6.72
PtDXR 2296 1416 471 51.214 5.77
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supply was shut off for 2 weeks. In addition, A microplate reader (Bio-
Rad, Hercules, CA, USA) was used to determine the proline (Pro), su-
peroxide dismutase (SOD), and peroxidase (POD) activities, as well as
the malondialdehyde (MDA) level. The salt and drought treatments
were repeated at least three times.

2.14. Relative water content (RWC) analysis of WT and transgenic poplars
under drought and salt stresses

RWC was measured as described previously (Li et al., 2011) with the
following formula: RWC (%)= [(FW – DW)/(TW – DW)]× 100, where
FW= fresh weight of newly collected leaves (measured immediately
after collection), TW= turgid weight of leaves after incubation in
water for 6 h at 20 °C in the light, and DW=dry weight of the same
leaves after drying at 80 °C for 48 h. RWC was measured in the first fully
expanded leaf from the top. Triplicate measurements were performed
for each of these parameters, and each data point represents a mean
value. The treatments were repeated three times for RWC analyses in
WT and transgenic poplars under drought and salt stresses.

2.15. Pathogen inoculation treatment and disease response assay

For the S. populiperda infection assay, pathogens were grown at
23 °C on potato dextrose agar (PDA) medium for 1 week. Leaves from
the same position on 4-month-old transgenic and WT poplars were
punctured with a 5-ml syringe needle and inoculated with a small
amount of PDA containing the pathogen or the same amount of PDA as
a negative control. Pathogenic soft rot symptoms were evaluated peri-
odically. The maximal lesion sizes (diameter; mm) on leaves were re-
corded at 24 and 48 h as previously described (Li et al., 2011) More-
over, microscopic observation was used to detect the time of conidia
appearance in WT and transgenic poplars. Each experiment was re-
peated at least three times.

2.16. Sequence analysis

Gene sequences were archived online (http://www.ncbi.nlm.nih.
gov/; https://phytozome.jpi.doe.gov/pz/portal.html). Nucleotide se-
quences, deduced amino acid sequences, and ORFs of DXS and DXR
were analyzed using ExPASy online (http://www.expasy.org/translate/
). Computed Pi/Mw values from ExPASy online (http://www.expasy.
org/tools/pi_tool.html) were used to calculate molecular weights
(MWs) and predict isoelectric points (pIs). The Scanprosite search
function of the PROSITE database was used in ExPASy online (http://
www.expasy.org/prosite/) to analyze the structural and functional
domains. The PORTER server at Dublin University (http://distil.ucd.ie/
porter/) was used to predict secondary structures. The SWISS-MODEL
server (http://www.expasy.org/swissmod/SWISS-MODEL.html) was
used to predict tertiary structures. A multiple alignment analysis of the
amino acid sequences of PtDXS and PtDXR was carried out using MEGA
software.

3. Results

3.1. Molecular cloning and sequences analysis of PtDXS and PtDXR

In this study, the full-length cDNAs of DXS and DXR were isolated
from P. trichocarpa, termed PtDXS (Potri.010G015200.1) and PtDXR
(XM_OO2318012.2). The PtDXS ORF is 2166 base pairs (bp) in length
and encodes a peptide of 721 amino acids, while the PtDXR ORF is 1416
bp and encodes a peptide of 471 amino acids. According to the PtDXS
and PtDXR sequences, we designed special primers and achieved full-
length amplification of PtDXS and PtDXR using RACE. The full lengths
of the genes, ORF sizes, the lengths of amino acid sequences, MWs, and
pIs of each deduced protein are shown in Table 1. The deduced amino
acid sequence of PtDXS showed a high degree of homology with DXS
sequences from other plant species, e.g., Theobroma cacao
(XP_017975597.1, 85.33% identity), Prunus persica (XP_007225144.1,
85.08% identity), Bixa orellana (AMJ39459, 84.89% identity), and M.
truncatula (CAD22530.1, 80.78% identity) (Fig. S3A) (Fig. S2). PtDXR
had 87.25, 85.42, 84.88, and 80.04% identity with DXRs from Hevea
brasiliensis (ABD92702.1), Rosa rugosa (AEZ53171.1), Tripterygium wil-
fordii (AHW46302.1), and A. thaliana (AED97657.1) (Fig. S3B).

3.2. Bioinformatics analysis

Plant DXSs and DXSs contain a chloroplast (plastid) transit peptide,
directing the enzyme to plastids in which the MEP pathway is located.
For PtDXS, a conserved cleavage site of an NADH-binding motif
(Khemvong and Suvachittanont, 2005) is located at the C-terminus of
PtDXS. PtDXS contains a TPP-binding domain (Xiang et al., 2007) at the
N-terminus, which may contribute to the catalytic activity of DXS (Fig.
S3A). A putative conserved cleavage site in the DXR motif (Carretero-
Paulet et al., 2002; Hans et al., 2004) is located at the N-terminus of
PtDXR, and the NADPH-binding (Lange et al., 1998) domains are in-
volved in the transformation of DXP to MEP (Fig. S3B). The predicted
tertiary structures of PtDXS and PtDXR are shown in Fig. S3C and D.

3.3. Prokaryotic expression, purification, and Western blot

According to restriction site analysis, the ORF of the PtDXS gene of
P. trichocarpa was inserted into vector PET-28a between the NotI and
BamHI restriction sites (Fig. S4A) and the ORF of the PtDXR gene was
inserted into vector PET-28a between the NcoI and BamHI restriction
sites (Fig. S4B). We verified the recombinant prokaryotic expression
vectors (PET-28a-PtDXS and PET-28a-PtDXR) by sequencing. IPTG-in-
duced bacteria were analyzed using 12% SDS-PAGE. The results for
PtDXS showed a specific band of the expected size of 78.4 kDa (Fig. 1A),
and a specific band of the expected size of 51.8 kDa was identified for
PtDXR, both of which include the 6*His-tag (Fig. 1B). In addition, ac-
cording to the results of precipitation and supernatant, we determined
that the expressed proteins existed as inclusion bodies. The two pure
target proteins were performed by the techniques of refolding and re-

Fig. 1. (A) Analysis of expressed fusion pro-
teins containing PtDXS via 12% sodium do-
decyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). M: protein marker; 1:
uninduced; 2–4: induced with 1mM iso-
propyl β-D-1-thiogalactopyranoside (IPTG);
5: purified PtDXS; 6: Western blot of PtDXS
protein. (B) Analysis of expressed fusion
proteins containing PtDXR by 12% sodium
dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE). M: protein marker; 1:
uninduced; 2–4: induction with 1mM IPTG;
5: purified PtDXR; 6: Western blot of PtDXR
protein.
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dissolving (Fig. 1A and B). Western blotting analysis was used to de-
termine whether PtDXS and PtDXR could be specifically recognized by
rabbit antiserum against His-DXS and His-DXR expressed in E. coli BL21
(DE3). The results indicated that the rabbit antiserum successfully
identified His-DXS and His-DXR, confirming that the BL21 (DE3)-ex-
pressed peptides were DXS and DXR (Fig. 1A and B).

3.4. Functional identification of PtDXS and PtDXR

To confirm that whether PtDXS and PtDXR are functional genes, the
HPLC/tandem MS (HPLC–MS/MS) was used to determine the reaction
of purified enzymes preliminary. 2 fragment ions, 213/138.9 and 213/
79.0, were detected by DXP. 213/138.9 was used as the quantitative
ion. DXP were quantified by the ion detection response. 213/79.0
fragment ions are DXP qualitative ions. In Fig. 2B, the qualitative ion of
213/79.0 fragment was appeared, so DXP was generated. However, for
Fig. 3A, the qualitative ion of 213/79.0 fragment was not appeared. 2

fragment ions, 215/96.9215/79.0, were detected by MEP. 215/96.9
was used as the quantitative ion. MEP was quantified by the ion de-
tection response. For Fig. 2D, the qualitative ion of 215/79.0 fragment
was appeared, so MEP was generated. For Fig. 2C, we did not identified
mass spectra 215/79.0 fragment ions, only the qualitative ion of 213/
79.0 fragment for DXP. Comparison of the retention times and mass
fragmentation patterns of samples with DXP and MEP standards
(Sigma, St. Louis, MO, USA) confirmed that the recombinant PtDXS and
PtDXR enzymes were active and formed the downstream products of
DXP (Fig. 2B) and MEP (Fig. 2D). In contrast, no peaks or mass frag-
mentation patterns were detected in the control, which did not contain
enzyme in the reaction mixture (Fig. 2A and C).

3.5. Analysis of tissue-specific expression of PtDXS and PtDXR

qRT-PCR was employed to investigate the expression of PtDXS and
PtDXR in different tissues (mature and young leaves, upper and lower

Fig. 2. All reaction products of high performance liquid chromatography tandem mass spectrometry (HPLC–MS/MS) analysis of 1-deoxy-D-xylulose 5-phosphate
(DXP) and 2-C-methyl-D-erythritol 4-phosphate (MEP). (A, B) All reaction products from HPLC–MS/MS analysis of DXP (negative control group [A] and sample
group [B]). (C, D) All reaction products from HPLC–MS/MS analysis of MEP (negative control group [C] and sample group [D]). For DXP, a total of 2 fragment ions,
213/138.9 and 213/79.0, were detected by DXP. 213/138.9 was used as the quantitative ion. DXP were quantified by the ion detection response. 213/79.0 fragment
ions are DXP qualitative ions. The qualitative ion of 213/79.0 fragment was appeared. For MEP, a total of 2 fragment ions, 215/96.9215/79.0, were detected by MEP.
215/96.9 was used as the quantitative ion.

Fig. 3. Expression analysis of the PtDXS and PtDXR genes in various tissues. Mean levels (with standard deviations [SD]) in six tissues were analyzed using real-time
quantitative polymerase chain reaction (qPCR). Data presented are 2–ΔΔCt levels calculated relative to the special tissue (root), which was set to 1, and normalized to
mRNA levels of actin. Three independent experiments were performed. Vertical bars represent means ± SD (n=3). Asterisk indicates a significant difference at
P < 0.05. Double asterisk indicates a significant difference at P < 0.01.

C. Xu, et al. Plant Physiology and Biochemistry 142 (2019) 94–105

98



stems, petioles, and roots). The expression patterns showed that both
PtDXS and PtDXR were expressed extensively in all examined tissues.
PtDXS showed the highest expression level in young leaves and the
lowest expression level in roots, with expression in the young leaves
almost 3.7-fold higher than that in the roots (Fig. 3A). All of these re-
sults for PtDXS are similar to findings in other species, including A.
thaliana (Estevez et al., 2001), T. wilfordii (Tong et al., 2015), Amomum
villosum (Yang et al., 2012), and Aquilaria sinensis (Xu et al., 2014).
Previous research has shown that type I DXS exists in most plant tissues
and participates in primary metabolism (Cordoba et al., 2011). PtDXR,
which is expressed at the highest levels in young leaves, had its highest
levels in roots and petioles, followed by the upper stems and lower
stems, and is lowest in the mature leaves (Fig. 3B). However, the dif-
ferences in the transcript levels of PtDXR were relatively small; in
particular, the differences between the petioles and upper and lower
stems were small. These results indicated that these two genes follow a
tissue specific pattern.

3.6. Transcript level of PtDXS and PtDXR following induction with 200 mM
NaCl, 200 μM ABA, 2 mM H2O2, 4 °C cold stress, and 10% PEG6000

To characterize the transcription pattern of PtDXS and PtDXR under
stress, we subjected seedlings of P. trichocarpa to the following abiotic
stresses: 200mM NaCl, 200 μM ABA, 2mM H2O2, 4 °C cold stress, and
10% PEG6000. The results revealed that the transcription levels of PtDXS
and PtDXR were altered in response to the treatments to varying de-
grees. The highest level of PtDXS expression was observed at 12 h of
200 μM ABA treatment, with an expression approximately 2.3 times
that of the control, which was followed by a gradual decline (Fig. 4A).
Following treatment with 10% PEG6000 for 7 days, PtDXS transcription
was upregulated approximately 4-fold (Fig. 4C). The expression of
PtDXS was enhanced at 3–48 h of 200mM NaCl treatment, and was
only reduced at 1 h (Fig. 4B). Following treatment with the abiotic

stress 2mM H2O2, the expression of PtDXS declined during the first 6 h
and was subsequently upregulated, reaching a level approximately 2.
fold higher than the control at 24 h (Fig. 4E). PtDXS expression was
strongly induced by 4 °C cold stress (control temperature, 23 °C) and
reached a maximum level of expression after 7 days of treatment
(Fig. 4D).

As shown in Fig. 5, PtDXR expression was increased under the
abiotic stress treatments. Treatment with 100mM ABA for 12 h resulted
in a transcript level of PtDXR approximately 20-fold greater than the
control level (Fig. 5A). Following treatment with 10% PEG6000, the
highest expression of PtDXR was evident on day 5 (Fig. 5C), while with
4 °C cold stress, expression levels were approximately 30-fold above the
control levels (Fig. 5D). The expression of PtDXR declined during the
first 3 h and then increased, reaching the highest level at 24 h of 2mM
H2O2 treatment (Fig. 5E). For the abiotic stresses, 200mM NaCl showed
the greatest effect, with an approximately 60-fold increase in PtDXR
expression at 48 h (Fig. 5B). In addition, the expression peaks of PtDXR
induced by abiotic stress treatments were higher than those of PtDXR
induced by abiotic stress treatments (Fig. 5). These data suggest that
PtDXS and PtDXR may play roles in the response pathways induced by
abiotic stress in poplar and that PtDXR has a more significant role under
abiotic stress.

3.7. Expression profiles of PtDXS and PtDXR transcripts at different times

Leaves of 3-month-old P. trichocarpa plants were extracted at 4-h
intervals over the course of 48 h on two consecutive days, July 27 and
July 28, 2016. The transcript level of PtDXS in leaves exhibited diurnal
changes. The expression of the PtDXS gene was higher during condi-
tions of light compared with the dark (Fig. 6A). The expression pattern
of PtDXS was similar to that observed in previous studies of gray poplar
leaves (Loivamaki et al., 2007). On the other hand, no diurnal variation
was observed for PtDXR (Fig. 6B).

Fig. 4. Expression time-course of PtDXS in response to different stress treatments, as determined by qPCR. qPCR was performed with total RNA extracted from leaves
at the indicated times after treatment with 200 μM abscisic acid (ABA) (A), 200mM NaCl (B), 10% PEG6000 (C), 4 °C (D), and 2mM hydrogen peroxide (H2O2) (E).
Relative expression was calculated using actin as an internal reference. Leaves treated with distilled water under the same conditions served as controls. Vertical bars
represent means ± SD (n= 3). Three independent experiments were performed. Asterisk indicates a significant difference at P < 0.05. Double asterisk indicates a
significant difference at P < 0.01.
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3.8. Expression of PtDXR in the Nanlin895 poplar

The putative transformants regenerated on selective Murashige and
Skoog medium were transferred to MS medium supplemented with
additional hormones for shoot formation, then to half-strength MS
medium for rooting. Finally, well-developed poplar plants were trans-
planted into the greenhouse. We performed an initial screening of pu-
tative transgenic Nanlin895 poplars through PCR analysis of genomic
DNA using PtDXR-specific primers (Table S1). Eight transgenic lines
were selected for qRT-PCR analysis, and the result showed that the
PtDXR gene can be expressed stably in Nanlin895 poplars (Fig. 7A).
Total proteins from both WT and transgenic poplars were extracted and
analyzed by 12% SDS-PAGE (Fig. 7B). Western blotting was used to

determine whether PtDXR could be specifically recognized by rabbit
antiserum against His-DXR expressed in transgenic poplars. The results
showed that the antibody successfully identified His-DXR, confirming
that the transgenic poplar-expressed peptides were DXR (Fig. 7C).
Western blotting also revealed that the PtDXR gene was stably in-
tegrated into the genomes of the R1-1, R2-4, R3-1, R4-7, R5-3, R6-1,
R7-3, and R8-2 lines and led to expression of the DXR protein using the
expression system of the poplar. Based on the qRT-PCR and western
blotting results, transgenic lines R1-1, R2-4, R3-1, R4-7, R5-3, R6-1, R7-
3, and R8-2 were selected for further study.

Fig. 5. Expression time-course of PtDXR in response to different stress treatments, as determined by qPCR. qPCR was performed with total RNA extracted from leaves
at the indicated times after treatment with 200 μM ABA (A), 200mM NaCl (B), 10% PEG6000 (C), 4 °C (D), and 2mM H2O2 (E). Relative expression was calculated
using actin as an internal reference. Leaves treated with distilled water under the same conditions served as controls. Three independent experiments were per-
formed. Vertical bars represent means ± SD (n= 3). Asterisk indicates a significant difference at P < 0.05. Double asterisk indicates a significant difference at
P < 0.01.

Fig. 6. Diurnal variation analysis of PtDXS and PtDXR. (A, B) Expression profiles of PtDXS (A) and PtDXR (B) at different times from leaves extracted at 4-h intervals
over the course of 48 h on July 27 and July 28, 2016. Three independent experiments were performed.
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3.9. Statistics of poplar growth

We transferred similarly sized WT and transgenic poplars that had
been rooted on half-strength MS medium to pots filled with equal
quantities of mixed soil including sterilized peat and perlite (7:2:1) in a
greenhouse to compare plant growth among the different lines. The
shoot heights and showed marked differences after 2 and 4 months of
growth in the greenhouse (Fig. S5). Poplar phenotypic growth in-
dicators included shoot height, stem diameter, number of leaves, the
result showed that those phenotypic growth indicators in transgenic
lines exhibited significantly greater that in wild-type poplars (Table 2).

3.10. Evaluation of salt and drought tolerance in poplar plants in a
greenhouse

Salt and drought stresses were used to evaluate the tolerances of the
transgenic lines and WT plants after 4 months of growth in a green-
house. Drought stress was achieved by withholding water for 2 weeks.
Salt stress was evaluated by irrigating the plants with a solution of
200mM NaCl for 2 weeks. Under normal conditions, transgenic plants
were taller than WT plants (Fig. S6A and B). After 2 weeks of drought
treatment, the eight transgenic lines continued to grow well, and ex-
hibited higher rates of greening than the WT plants. Only some lower
leaves of the transgenic plants turned yellow, whereas the growth of
WT plants was significantly inhibited (Fig. S6B). For the detection of
relative water content, the result showed that water content in leaves of
transgenic plants was significantly higher than that in leaves of wild

Fig. 7. Molecular identification of regenerated PtDXR transgenic poplar plants. (A) Quantitative reverse transcription PCR analysis of transcript levels of DXR in wild-
type (WT) plants and plants overexpressing PtDXR. (B) SDS-PAGE analysis of total protein from WT and transgenic poplar plants. M: protein marker; 1–9: protein
expression levels of WT, R1-1, R2-4, R3-1, R4-7, R5-3, R6-1, R7-3, and R8-2 plants, respectively. (C) Western blot of PtDXR protein using a monoclonal antibody
against the 6*His tag. 1–8: proteins from R1-1, R2-4, R3-1, R4-7, R5-3, R6-1, R7-3, and R8-2 plants, respectively.

Table 2
Comparison of growth between transgenic and wild-type (WT) poplars.

No. of poplar Culture period Shoot height (cm) Stem diameter (mm) No. of leaves Length of largest leaf (cm) Width of largest leaf (cm)

WT 1 week 4.77 ± 0.25 1.35 ± 0.03 5 1.77 ± 0.09 1.39 ± 0.09
2 months 15.33 ± 0.31 3.07 ± 0.03 10 3.69 ± 0.07 2.75 ± 0.17
4 months 29.73 ± 0.64 3.45 ± 0.06 13 4.24 ± 0.14 3.19 ± 0.15

R1-1 1 week 4.77 ± 0.25 1.37 ± 0.04 7 1.72 ± 0.07 1.51 ± 0.08
2 months 22.87 ± 0.81 3.54 ± 0.07 17 6.16 ± 0.12 4.84 ± 0.26
4 months 47.67 ± 2.89 4.13 ± 0.1 20 9.44 ± 0.21 7.62 ± 0.26

R2-4 1 week 4.83 ± 0.21 1.37 ± 0.06 6 1.87 ± 0.09 1.45 ± 0.10
2 months 24.2 ± 1.02 3.49 ± 0.09 17 6.6 ± 0.09 5.34 ± 0.19
4 months 49.33 ± 3.01 4.04 ± 0.08 19 9.31 ± 0.12 7.7 ± 0.18

R3-1 1 week 4.97 ± 0.15 1.38 ± 0.04 6 1.83 ± 0.11 1.54 ± 0.12
2 months 23.1 ± 1.01 3.52 ± 0.11 16 6.26 ± 0.12 4.50 ± 0.17
4 months 49.33 ± 1.15 4.06 ± 0.14 19 9.47 ± 0.19 7.19 ± 0.23

R4-7 1 week 5.03 ± 0.15 1.4 ± 0.06 7 1.82 ± 0.10 1.47 ± 0.09
2 months 25.13 ± 1.06 3.54 ± 0.08 19 7.23 ± 0.17 5.24 ± 0.11
4 months 59.33 ± 4.04 4.16 ± 0.18 23 9.97 ± 0.26 8.52 ± 0.37

R5-3 1 week 4.99 ± 0.12 1.37 ± 0.07 5 1.78 ± 0.08 1.42 ± 0.07
2 months 22.93 ± 0.74 3.53 ± 0.10 16 6.86 ± 0.62 5.48 ± 0.33
4 months 50.40 ± 0.80 4.13 ± 0.09 19 9.79 ± 0.50 7.35 ± 0.34

R6-1 1 week 4.97 ± 0.14 1.36 ± 0.05 6 1.81 ± 0.11 1.52 ± 0.15
2 months 23.15 ± 0.56 3.53 ± 0.07 17 6.74 ± 0.12 5.34 ± 0.17
4 months 50.62 ± 1.43 4.19 ± 0.09 20 972 ± 0.41 7.69 ± 0.26

R7-3 1 week 5.01 ± 0.08 1.4 ± 0.07 7 1.78 ± 0.13 1.45 ± 0.09
2 months 24.8 ± 0.63 3.58 ± 0.05 19 6.76 ± 0.22 5.28 ± 0.14
4 months 55.15 ± 1.92 4.21 ± 0.17 22 10.03 ± 0.25 8.35 ± 0.41

R8-2 1 week 4.97 ± 0.11 1.38 ± 0.09 7 1.83 ± 0.12 1.43 ± 0.12
2 months 24.37 ± 1.20 3.51 ± 0.11 19 6.88 ± 0.29 5.48 ± 0.12
4 months 52.62 ± 0.88 4.14 ± 0.14 22 10.05 ± 0.31 7.90 ± 0.22
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type poplar (Fig. 8E). For the Pro content, the Pro content in transgenic
plants improved significantly than that WT plants under the drought
treatment (Fig. 8C). In addition, we also analyzed the SOD and POD
activities before and after drought treatment, and the results shower
that SOD and POD activities were increased significantly in the trans-
genic plants when compared with that in WT plants. However, by
comparing the transgenic and WT plants under drought stress, we ob-
served significant differences in both POD and SOD activities (Fig. 8A
and B). Under normal conditions, a lower MDA level was observed in
the transgenic lines compared with WT plants, and levels decreased by
an average of 1.6-fold in the WT and transgenic lines subjected to
drought stress for 2 weeks (Fig. 8D).

To determine whether the overexpression of PtDXR increases plant
tolerance to salt stress, the phenotype, RWC, SOD and POD activities,
MDA level, and Pro content of each plant under salt stress were ana-
lyzed. After 2 weeks of salt-stress treatment, growth of the WT plants
was significantly inhibited compared with the transgenic lines (Fig. S6).
The transgenic lines continued to grow well and exhibited only slight
yellowing of a few leaves, whereas the growth of WT plants was sig-
nificantly inhibited (Fig. S6A and C). As shown in Fig. 8F and G, the
transgenic lines had slightly higher SOD and POD activities than WT
under normal conditions. Under drought and salt stresses, the SOD and
POD activities were 1.55-fold and 2.25-fold higher, respectively, in all
transgenic lines compared with WT plants. Pro is an important osmo-
protectant, which protects cells from damage under salt stress. As
shown in Fig. 8H, Pro content was significantly higher in transgenic
lines than WT under salt stress. Under normal conditions, the RWC of
the transgenic lines did not differ significantly from WT (Fig. 8J).
However, when treated with salt stress, transgenic lines and WT plants
exhibited decreased RWC, and the dampness of the transgenic lines was
significantly lower than that of WT. Moreover, MDA levels in transgenic
lines was lower than that in WT plants, and MDA levels under normal

conditions, and MDA levels were decreased by 26% in transgenic lines
and WT plants under drought stress (Fig. 8I).

3.11. Transcript levels of PtDXR increase in response to S. populiperda
infection

To evaluate whether the PtDXR gene is involved in defense against
S. populiperda, time-course and necrotic symptom studies were con-
ducted with both transgenic lines and WT Nanlin895 poplars infected
with S. populiperda. The appearance of conidia occurred in WT plants 2
days after inoculation, whereas the transgenic lines only began to ex-
hibit conidia after 4 days (Fig. 9). Moreover, the spread and extent of
pathogens in the WT plants were faster and greater than in the trans-
genic lines, based on analysis of the length and width of the largest
pathogenic region (Fig. 10). Time-course and necrotic symptom studies
of leaves revealed that PtDXR-overexpressing lines exhibited higher
resistance to pathogens than WT plants.

4. Discussion

In plants, there are at least two distinct pathways that generate
isoprenoid precursors: the MEP and MVA pathways (Lichtenthaler,
1999; Rohmer, 1999; Eisenreich, 2001; Shen et al., 2006). Two en-
zymes in the MEP pathway, DXS and DXR, catalyze the first and second
major steps. Therefore, DXS and DXR are considered the most im-
portant rate-limiting enzymes of the MEP pathway. In this study, we
obtained full-length cDNAs of PtDXS and PtDXR and found that the
predicted protein sequences of PtDXS and PtDXR differ from other re-
lated protein sequences, but the functional domain was similar to those
found in other species. Multiple alignment analyses suggested that the
domain is highly conserved and plays a key role in the activities of the
enzymes.

Fig. 8. Phenotypic analysis of WT and PtDXR transgenic plants before and after drought and salt treatments. (A) Guaiacol peroxidase activity under salt stress. (B)
Superoxide dismutase (SOD) activity under drought treatment. (C) Free proline (Pro) content under drought treatment. (D) Malondialdehyde (MDA) activity under
drought treatment. (E) Relative water content (RWC) after 2 weeks of water-withholding drought treatment. (F) Guaiacol peroxidase activity under salt stress. (G)
SOD activity under salt stress. (H) Free Pro content under salt stress. (I) MDA activity under salt stress. (J) RWC after 2 weeks of water withholding under salt stress.
Three independent experiments were performed. Vertical bars represent means ± SD (n= 3). Asterisk indicates a significant difference at P < 0.05. Double asterisk
indicates a significant difference at P < 0.01.
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Color complementation assays are commonly used to confirm the
functions of the DXR and DXS enzymes, as the pAC-LYC plasmid in-
cludes all of the functional genes for β-carotene synthesis (Misawa
et al., 1995; Cunningham et al., 1994; Blas et al., 2010) and can in-
crease the yield of lycopene, and consequently the colonies display a
pink color (Yang et al., 2012). However, in this study, we used the more
advanced technique of HPLC–MS/MS to determine the activities of the
PtDXR and PtDXS enzymes. HPLC–MS/MS demonstrated that the iso-
lated expression product of the PtDXS gene was able to catalyze the
reaction of pyruvic acid and fructose-1,6-bisphosphate to form DXP,

and that the purified product of PtDXR can catalyze the formation of
MEP from DXP.

PtDXS and PtDXR expression varied slightly among all tissues
evaluated, with higher PtDXS expression in young leaves than in other
organs, while the highest expression levels of PtDXR were in young
leaves, and the lowest expression levels in roots. Tissue expression
could be used as a mechanism for regulating the supply of MEP to
biosynthetic pathways localized in these plant parts. To elucidate the
expression patterns of PtDXS and PtDXR in different environments, we
simulated different conditions, with 200mM NaCl, 10% PEG6000, and

Fig. 9. Time-course and necrotic symptom analysis of WT and PtDXR transgenic plants during defense against Septotis populiperda. (A) Leaves of WT and PtDXR
transgenic plants before inoculation with the pathogen. (B–D) Plaque index necrotic symptom analysis of WT and PtDXR transgenic plants 1 day (B), 2 days (C), and 3
days (D) following inoculation with the pathogen. Three independent experiments were performed.

Fig. 10. Length and width analyses of the largest plaque in WT and PtDXR transgenic plants following pathogen inoculation. (A–C) Length of the largest plaque of WT
and PtDXR transgenic plants 1 day (A), 2 days (B), and 3 days (C) following inoculation with the pathogen. (D–F) Width of the largest plaque of WT and PtDXR
transgenic plants 1 day (D), 2 days (E), and 3 days (F) following inoculation with the pathogen. Three independent experiments were performed. All values are
expressed as means ± SD.
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200 μM ABA as salt-, drought-, and hormone-stress treatments, re-
spectively. The results of these experiments indicated that PtDXS and
PtDXR play significant roles in the regulation of stress conditions and
participate in a variety of physiological responses.

Previous studies have reported that DXS exhibited diurnal changes
(Dudareva et al., 2005) while diurnal changes in the transcript level of
DXR were observed only in certain plants (Loivamaki et al., 2007).
According to the observed periodic pattern, we determined that the
PtDXS gene exhibits diurnal variation, whereas PtDXR exhibited no
diurnal variation. Wiberley et al. (2009) described the relationships
between isoprene and various genes in the MEP pathway, but we only
analyzed the diurnal variations in DXS and DXR gene expression; the
changes in isoprene content were not assessed. In addition, Expression
of the PtDXS gene was higher under light compared with dark condi-
tions, an 7-fold difference in the DXS expression level was seen between
light and dark conditions. We speculate that the PtDXS gene is also
dependent on the photoperiod.

Tomohisa et al. cloned the DXR gene from Synechocystis and
overexpressed it in tobacco. They found no difference in growth be-
tween the transgenic and WT tobacco plants, but the levels of chlor-
ophyll and anthraquinones such as sulfanil, solanesol, β-sitosterol, and
β-carotene were significantly higher in the transgenic tobacco. Plants
synthesize a large number of isoprenoid compounds that are very di-
verse in structure and function. Some isoprenoids are essential in all
plants. For instance, chlorophylls and carotenoids are required as
photosynthetic pigments, ubiquinone and plastoquinone as electron
carriers, sterols as structural components of membranes, dolichols as
oligosaccharide donors in protein glycosylation, and abscisic acid,
brassinosteroids, cytokinins, and gibberellins as growth regulators. In
this study, we found that the phenotype, including shoot height, stem
diameter, number of leaves, and leaf area of the poplars, was better in
WT poplar. Generally, carotenoid genes are upregulated under high-
salt, high-light, N-deficient, and other stress conditions. Our study de-
monstrated significantly higher levels of SOD, CAT, and POD in poplars
overexpressing PtDXR than in WT poplars. Many methods of improving
disease resistance in plants have been suggested, but there are no re-
ports that overexpression of DXR can improve disease resistance. In this
study, overexpression of PtDXR in Nanlin895 poplar improved the
plant's resistance to S. populiperda infection, which is significant for
breeding resistant poplars.

In conclusion, we cloned two full-length genes encoding PtDXS and
PtDXR, which are involved in the biosynthesis of isoprenoids in P. tri-
chocarpa. We also identified the catalytic functions of the enzymes
encoded by these genes. We analyzed the expression patterns of PtDXS
and PtDXR in various tissues, and confirmed the expression levels of
PtDXS and PtDXR under multiple abiotic stresses. The expression pro-
files of PtDXS and PtDXR were determined at different times, revealing
that the PtDXS gene exhibits diurnal changes, whereas the PtDXR gene
does not. This correlation further confirmed that PtDXS and PtDXR are
important enzymes responsible for the biosynthesis of isoprenoids in P.
trichocarpa. Thus, overexpression of PtDXR enhances growth and tol-
erance to abiotic and biotic stresses in transgenic poplar.
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