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YUCCA6, a member of the YUCCA family of flavin monooxygenase-like proteins, is involved in the
tryptophan-dependent IAA biosynthesis pathway and responses to environmental cues in Arabidopsis.
However, little is known about the role of the YUCCA pathway in auxin biosynthesis in poplar. Here, we
generated transgenic poplar (Populus alba � P. glandulosa) expressing the Arabidopsis YUCCA6 gene under
the control of the oxidative stress-inducible SWPA2 promoter (referred to as SY plants). Three SY lines
(SY7, SY12 and SY20) were selected based on the levels of AtYUCCA6 transcript. SY plants displayed auxin-
overproduction morphological phenotypes, such as rapid shoot growth and retarded main root devel-
opment with increased root hair formation. In addition, SY plants had higher levels of free IAA and early
auxin-response gene transcripts. SY plants exhibited tolerance to drought stress, which was associated
with reduced levels of reactive oxygen species. Furthermore, SY plants showed delayed hormone- and
dark-induced senescence in detached leaves due to higher photosystem II efficiency and less membrane
permeability. These results suggest that the conserved IAA biosynthesis pathway mediated by YUCCA
family members exists in poplar.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Poplar, a perennial plant, has many uses and environmental
benefits, such as providing raw materials, reducing erosion,
moderating climate conditions, and helping to maintain biodiver-
sity (Harfouche et al., 2011). However, with the increasing demand
for both forest products and conservation of the ecosystem, it has
become increasingly urgent to develop poplar with improved
growth, wood quality, and tolerance to abiotic stress for use in
reforestation.

Auxin is a central, key regulator of a variety of plant physio-
logical and developmental processes (Hooley, 1998). Although
auxin has been studied for over 100 years, its biosynthesis,
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transport and signaling pathways are still not well understood.
Several interconnecting pathways have been proposed to synthe-
size auxin in plants, including four tryptophan (Trp)-dependent
routes and a Trp-independent pathway (Bartel, 1997; Mano and
Nemoto, 2012). Trp-dependent auxin biosynthesis involves the
conversion of Trp to indole-3-acetaldoxime, indole-3-acetaide,
indole-3-phyruvic acid (IPA), and tryptamine (TAM), which has
been clearly demonstrated to be important for cell division and
differentiation, apical dominance, root and fruit growth and
development, flowering, senescence, and other developmental
processes (Zhao et al., 2002; Mashiguchi et al., 2011).

The YUCCA family of flavin monooxygenase (FMO)-like proteins
catalyzes the rate-limiting step in the TAM pathway (Won et al.,
2011). In addition, recent studies have revealed that YUCCAs also
function in the IPA pathway in Arabidopsis (Mashiguchi et al., 2011).
Eleven YUCCA members play essential roles in auxin biosynthesis
and plant development in Arabidopsis (Zhao et al., 2001; Cheng
et al., 2006). YUCCA genes are important for auxin biosynthesis in
other plant species, such as potato, petunia, tomato, rice, maize,
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strawberry, and poplar (Tobe~na-Santamaria et al., 2002; Exp�osito-
Rodríguez et al., 2007; Yamamoto et al., 2007; Ye et al., 2009;
LeClere et al., 2010; Liu et al., 2012; Kim et al., 2013). Although it
is clear that YUCCA genes play a critical role in maintaining auxin
levels in plants, the cellular and biochemical characteristics of these
family members, as well as their specific functions, have remained
elusive. Recent biochemical studies in recombinant Arabidopsis
YUCCA6 have shown that YUCCA6 contains oxidized flavin adenine
dinucleotide (FAD), which is reduced by nicotinamide adenine
dinucleotide phosphate (NADPH); reduced YUCCA6 then reacts
with IPA to generate IAA (Dai et al., 2013). Overexpression of Ara-
bidopsis YUCCA6 results in increased plant height and longevity,
enhanced drought tolerance (in both Arabidopsis and potato), and
delayed leaf senescence (in Arabidopsis) (Kim et al., 2013). Trans-
genic strawberry overexpressing FvYUC6 (strawberry YUCCA6-like
gene) also exhibits typical auxin-overproduction phenotypes and
delayed flowering time (Liu et al., 2014). Genes highly homologous
to Arabidopsis YUCCA genes have also been identified in poplar.
Twelve YUCCA genes from Populus trichocarpa (PtYUCCA) are
expressed in a tissue-specific manner in shoot tip, immature and
mature leaf, young root, stem, and bark tissues (Ye et al., 2009).
PtYUCCA genes are downregulated under hormone or abiotic stress
treatments in most plant tissues (Ye et al., 2009). However, little is
known about the regulation of YUCCA-mediated auxin biosynthesis
in poplar. Unraveling the mechanisms underlying auxin biosyn-
thesis and its correlation with environmental cues in trees would
greatly accelerate current tree breeding programs.

In this study, we developed transgenic poplar (Populus
alba � Populus glandulosa) expressing the Arabidopsis YUCCA6 gene
under the control of the oxidative stress-inducible SWPA2 promoter
using Agrobacterium tumefaciens-mediated transformation. Our
results provide evidence suggesting that the YUCCA pathway of IAA
biosynthesis exists in poplar.

2. Materials and methods

2.1. Plant materials and growth conditions

Hybrid poplar, P. alba � P. glandulosawas used in this study. The
plants were sub-cultured monthly by transferring stem cuttings
with double nodes to fresh rooting medium (RM), i.e.,
1 � Murashige and Skoog (MS) medium containing 0.2 mg/L IBA
(Murashige and Skoog, 1962). After 1 month of culture on RM,
rooted plantlets were transplanted to soil and grown in a growth
chamber at 25 �C, 60% relative humidity under a light intensity of
150 mmol m�2 s�1, and a 16/8 h (light/dark) photoperiod.

2.2. Generation of transgenic poplar plants

To construct the plant expression vector pCAMBIA2300-SWPA2-
YUCCA6, YUCCA6 containing EcoRI and PstI sites (kindly provided by
Prof. Dae-Jin Yun, Gyeongsang National University, Jinju, Korea)
was ligated into the corresponding sites of a modified pCAM-
BIA2300 binary vector under the control of the oxidative stress-
inducible SWPA2 promoter (Kim et al., 2003, 2011b), which har-
bors the nptII gene for use as a selectable marker. The construct was
introduced into poplar plants by Agrobacterium tumefaciens (strain
EHA105)-mediated transformation, as described by Choi et al.
(2005). The transformed calli were selected on callus induction
medium (CIM) comprising 1 � MS medium containing 1.0 mg/L
2,4-dichlorophenoxyacetic (2,4-D), 0.1 mg/L benzylaminopurine
(BAP), and 0.01 mg/L 1-naphthylacetic acid (NAA) supplemented
with 50 mg/L kanamycin. Kanamycin-resistant shoots were re-
generated from calli via transfer to shoot induction medium (SIM)
comprising Woody Plant Medium (Lloyd and McCown, 1980)
containing 1.0 mg/L zeatin, 0.1 mg/L BAP, and 0.01 mg/L NAA. Re-
generated shoots were transferred to RM for rooting, and the
rooted plantlets were transplanted to pots and grown in a growth
chamber.

2.3. Gene expression analysis

Total RNAwas extracted from the indicated plant tissues using a
GeneAll Ribospin Plant™ kit (GeneAll, Seoul, Korea) according to
the manufacturer's instructions. For cDNA synthesis, 2 mg of total
RNA was reverse transcribed using an RT-PCR kit (TOPscript™ RT
Dry MIX). The reaction mixture was diluted in sterile water to a
total volume of 100 mL, and 2 mL was used for real-time quantitative
RT-PCR. The gene-specific primers are listed in Supplementary
Table 1. All quantitative RT-PCR analysis was performed in a
CFX96 Touch Real-time PCR Detection System (DNA Engine Opticon
2, MJ Research, USA) using Ever-Green 20 fluorescent dye (BioFACT,
Seoul, Korea). The following programwas used for PCR: 44 cycles of
PCR (95 �C for 20 s, 60 �C for 20 s, and 72 �C for 20 s) after an initial
denaturation step for 5 min at 95 �C. All reactions were repeated at
least three times.

2.4. Southern blot analysis

Genomic DNA from poplar was extracted from leaves using the
protocol described by Kim and Hamada (2005), separated on a 0.8%
agarose gel after restriction digestion with EcoRI (Roche, Manheim,
Germany), transferred to a Zeta-probe GT membrane (Bio-Rad, CA,
USA), and hybridizedwith a 32P-labeled probe designed based on the
YUCCA6 cDNA fragment, a divergent sequence of PtYUCCA cDNA.

2.5. Extraction and measurement of free IAA contents

Endogenous IAA from the indicated tissues was extracted as
described by Pan et al. (2010). Ground tissues were incubated in
extraction solvent (2-propanol/H2O/concentrated HCl, 2:1:0.002, v/
v/v) with a sample:solvent ratio of 1:10 (mg/mL) on a shaker at
100 rpm for 30 min at 4 �C; 1 mL dichloromethane was then added
to each sample. After shaking for 30 min at 4 �C, the sample was
centrifuged at 13,000 g for 5 min at 4 �C and the lower phase was
concentrated using a nitrogen evaporator with nitrogen flow and
re-dissolved in 0.1 mL methanol for IAA measurements.

Free IAA contents were measured using a Phytodetek™ IAA Test
kit (Agdia, CA, USA) according to the manufacturer's instructions.
The assay uses the competitive antibody binding method.
Antibody-coatedmicrowells were filled with alkaline phosphatase-
labeled IAA-tracer and plant extract. The hormone in the plant
sample competed with the tracer for antibody binding sites. After
incubation at 4 �C for 3 h, the contents of the wells were expelled,
and thewells were refilled with substrate solution. After incubation
at 37 �C for 60 min, the absorbance values at 405 nm were
measured using an iMark™ Microplate Reader (Bio-Rad, CA, USA).
Calculation of sample IAA concentrations followed the standard
curve. Each experiment was performed with at least three biolog-
ical replicates and two technical replicates.

2.6. Drought stress treatment and measurement of relative water
contents

Poplar stem cuttings with double nodes were cultured in fresh
RM for 1 month, and the rooted plantlets were transplanted to pots.
Three-month-old plants grown under well-watered conditions were
subjected to water deficiency for 6 days; photographs were taken
before and 6 days after re-watering. The 3rde5th intact, fully
expanded leaves from the top were collected and used for relative



Fig. 1. Generation of AtYUCCA6-overexpressing transgenic poplar plants (SY plants).
(A) Schematic diagram of the oxidative stress-inducible SWPA2 promoter:AtYUCCA6
construct. (B) Southern blot analysis of SY plants; the integration and gene copy
number of the construct in SY plants were confirmed using a 32P-labeled probe
designed based on the YUCCA6 cDNA fragment, which is a divergent sequence of
PtYUCCA cDNA.
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water content (RWC)measurements as described byMa et al. (2006).
In brief, excised leaveswere immediately weighed, and the saturated
fresh weight wasmeasured after incubation inwater at 20 �C for 6 h.
Leaves were dried at 80 �C for 48 h, and the dry weights were
measured after 2 h of equilibration at room temperature. The for-
mula RWC (%)¼ (fresh weighte dry weight)� 100/(turgid weighte
dry weight) was used to measure RWC.

2.7. Methyl viologen (MV) treatment and ion leakage analysis

MV treatment was performed using detached leaves, i.e., the
2ndd8th leaves of 2-month-old poplar plants grown in culture
dishes. The detached leaves were floated on 0.4% (w/v) sorbitol
solution containing 1 mM MV, incubated in the dark for 12 h to
allow for MV diffusion, and subjected to continuous light
(150 mmol m�2 s�1) at 25 �C. The extent of cellular damage was
quantified based on ion leakage, which is a measure of membrane
disruption. Ion leakage was measured as described by Bowler et al.
(1991) and Kwon et al. (2002) using an ion conductivity meter
(model 455C, Istek Co., Seoul, Korea) at 0, 6, 12, 24, and 48 h during
treatment. The values were compared with the total conductivity of
the solution after autoclaving at 121 �C for 15 min.

2.8. Quantification and detection of hydrogen peroxide (H2O2)

To quantify H2O2 levels, the roots, shoots, leaves, and petioles of
2-month-old poplar plants cultured in a culture dish were ground
well and incubated in a 1 mg/mL solution of 3,3-diaminobenzidine
(DAB)-HCl (pH 3.8) for 6 h at 25 �C under continuous light condi-
tions according to the methods of Kim et al. (2011b), followed by
decolorizing in boiling ethanol (95%) for 20min. After cooling, H2O2
contents were spectrophotometrically measured according to
Loreto and Velikova (2001). H2O2 accumulation in detached leaves
of plants was visualized by DAB staining under 150 mmol m�2 s�1

light at 25 �C for 6 h.

2.9. Hormone- and dark-induced senescence assay

The hormone- and dark-induced senescence assay was carried
out according toWeaver Louis et al. (1998) and Buchanan-Wollaston
et al. (2005). In brief, the 2nde8th (from top to bottom) detached
leaves from 2-month-old non-transgenic (NT) and SY plants grown
in culture dishes were incubated in 3 mMMES (PH 5.7) solution for
the designated times with and without the designated concentra-
tions of 1-aminocylopropane-1-carboxylic acid (ACC) and methyl
jasmonate (MeJA) or abscisic acid (ABA) for hormone treatment or
sealed with aluminum foil for dark treatment.

2.10. Analysis of photosynthetic activity

Photosynthetic activity of 2nde8th (from top to bottom) de-
tached leaves from 2-month-old NT and SY plants grown in culture
dishes were estimated based on chlorophyll fluorescence deter-
mination of photochemical yield (Fv/Fm), which represents the
maximal yield of the photochemical reaction on photosystem II
(PSII), using a portable chlorophyll fluorescence meter (Handy PEA,
Hansatech, England) after 30 min of dark adaption.

3. Results

3.1. SY plants display auxin-overproduction morphological
phenotypes

To examine whether the YUCCA auxin biosynthesis pathway is
functionally conserved in poplar, we generated transgenic poplar
plants (P. alba� P. glandulosa) expressing YUCCA6 under the control
of the oxidative stress-inducible SWPA2 promoter (referred to as SY
plants) by Agrobacterium-mediated transformation (Fig. 1A). Ten
independent SY plants were confirmed by genome PCR analysis
using AtYUCCA6 and SWPA2 promoter-specific primers
(Supplementary Fig. S1A), and three lines (SY7, SY12 and SY20)
were selected for further characterization by RT-PCR
(Supplementary Fig. S1B) and Southern blot analysis (Fig. 1B). As
shown in Fig. 1B, lines SY7, SY12, and SY20 contained double,
double, and single copy insertions of AtYUCCA6, respectively.

To evaluate the morphological phenotypes of NT and SY plants,
poplar stem cuttings (NT, SY7, SY12, and SY20) with double nodes
were cultured in culture dishes for 2 months (Supplementary
Fig. S2A, B and C). For the pot experiment, two rooted transgenic
plantlets (SY7 and SY12) were transplanted to pots. SY20 was not
included, since it failed to root in pots, as it exhibited bushy, hairy
roots with severe defects in main root development (data not
shown). Three-month-old SY plants exhibited typical auxin-
overproduction phenotypic alterations such as narrow leaves
with downward curvature, elongated petioles, and long internodes
(Fig. 2A and D). Compared to NT plants, SY plants displayed rapid
shoot growth but short, hairy roots (Fig. 2B and C), and the angles
between the petioles and stems in SY plants presented a larger to
smaller gradient from top to bottom (Fig. 2E).

As expected, the transcript levels of AtYUCCA6 in different tis-
sues of culture dish-grown SY plants were elevated. SY plants
contained 52.6e219.7% more free IAA contents than NT plants in
various tissues including root, shoot, leaf, and petiole tissue (Fig. 3A



Fig. 2. SY plants exhibit auxin-overproduction morphological phenotypes. (A) Three-month-old SY plants display auxin-overproduction phenotypes. (B) Third leaf and root
morphology of NT and SY plants grown in pots for 3 months. (CeD) Comparison of shoot and root length, internode and petiole length, and petiole angle in NT and SY plants. Petiole
length and angle were determined from the 5th and 15th leaves, while internode length was measured from the 5the6th and 15the16th leaves. Leaves were counted sequentially
from the top intact, fully expanded leaf. Data represent the mean ± SD of three biological replicates. Bars labeled with asterisks show significant differences from that of NT at
*P < 0.05 or **P < 0.01 by t-test.
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and B). Quantitative RT-PCR analyses of the early auxin-response
genes IAA1, IAA2, IAA5, and IAA6 further demonstrated that the
phenotypes of SY plants were positively correlated with the intra-
cellular auxin levels and transcript levels of auxin-response genes
(Fig. 3C).

3.2. SY plants exhibit increased tolerance to drought stress

To determine whether AtYUCCA6 overexpression increases
drought stress tolerance in poplar, poplar stem cuttings (NT, SY7,
SY12, and SY20) with double nodes were cultured in polyethylene
glycol (PEG)-infused plates. PEG is an inert, non-ionic reagent
containing virtually impermeable chains that is frequently used to
induce water stress and to maintain uniform water potentials
throughout the experimental period (van derWeele et al., 2000). SY
plants exhibited less loss (21.3e34.7%) in root fresh weight than NT
plants, which barely rooted under the �0.5 MPa water potential
present in the PEG-infused plates (Supplementary Fig. S3A and B).
Furthermore, when 3-month-old NTand SY (SY7, SY12) plants were
subjected to water deficiency for 6 days, NT plants wilted more
rapidly than SY plants under drought conditions; this difference in
wilting symptoms became even more pronounced at 6 days after
re-watering (Fig. 4A). The RWC of SY plants was higher than that of
NT plants, which is consistent with their drought-resistant phe-
notypes (Fig. 4B). Thus, we conclude that overexpression of
AtYUCCA6 confers drought stress tolerance to poplar.

3.3. SY plants exhibit increased oxidative stress tolerance

To evaluate the oxidative stress tolerance of SY plants, we
incubated detached leaves in 1 mM methyl viologen (MV), a typical
reactive oxygen species (ROS)-generating chemical (Babbs et al.,
1989), and quantified the loss of cytoplasmic solutes based on
electrical conductance. After 24 h of MV treatment, detached leaves
of NT plants displayed almost complete cellular damage (approxi-
mately 95.8% ion leakage), whereas the SY plants displayed less
membrane damage (approximately 12.9e56.0% ion leakage)
(Fig. 5A and B). Increased levels of YUCCA6 transcript were observed



Fig. 3. SY plants exhibit increased auxin contents and transcript levels of early auxin-responsive genes. (AeD) Expression levels of AtYUCCA6 (A), free IAA concentrations (B), and
various auxin-responsive IAA gene (C) transcripts were measured using quantitative real-time PCR in roots, shoots, leaves, and petioles of NT and SY plants. Transcript levels of
AtYUCCA6 and various IAA genes were normalized to the poplar actin gene as an internal control. R, root; S, shoot; L, leaf; P, petiole. Leaves were counted sequentially from the top
intact, fully expanded leaf. Data represent three independent experiments. Asterisks indicate a significant difference from that of NT at *P < 0.05 or **P < 0.01 by t-test.

Fig. 4. SY plants exhibit increased resistance to drought stress. (A) Phenotypes of 3-month-old NT and SY plants after withholding water for 0 and 6 days, and re-watering for 6 days.
(B) Relative water contents of NT and SY plants after 6 days of water withholding. Data represent the mean ± SD of three biological replicates. Asterisks indicate a significant
difference from that of NT at *P < 0.05 or **P < 0.01 by t-test.
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in SY plants during MV treatment, but not in NT plants (Fig. 5C).
We also investigated the correlation between AtYUCCA6 over-

expression and ROS content in 2-month-old NT and SY (SY7, SY12
and SY20) plants grown in culture dishes. H2O2 accumulation in
detached leaves of NT and SY plants was visualized by DAB staining
under MV stress treatment for 24 h. The detached leaves of SY
plants displayed less H2O2 accumulation than NT plants (Fig. 5D).
Furthermore, the roots, shoots, leaves, and petioles of SY plants had
significantly lower H2O2 levels than NT plants (Fig. 5E). Taken
together, these results suggest that AtYUCCA6 overexpression in-
creases tolerance to MV-mediated oxidative stress in transgenic
poplar.
3.4. SY plants exhibit delayed hormone- and dark-induced
senescence in detached leaves

We investigated whether elevated auxin levels lead to the
senescence phenotype in SYplants. Detached leaves from2-month-
old NT and SY (SY7, SY12 and SY20) plants grown in culture dishes
were incubated in 3 mM MES (PH 5.7) solution with or without
50 mM 1-aminocylopropane-1-carboxylic acid (ACC) and 50 mM of
MeJA or 100 mM abscisic acid (ABA) for hormone treatment (16 h
light/8 h dark photoperiod) or subjected to dark treatment for 8
days. The ion leakage and Fv/Fm (senescence indicators) were
measured in detached leaves from NT and SY plants (Fig. 6A). SY



Fig. 5. SY plants display oxidative stress tolerance. (AeC) 2nde8th leaves of 2-month-old culture dish-grown NT and SY plants treated with 1 mM methyl viologen (MV) at 25 �C
under a light intensity of 150 mmol photons m�2 s�1 for 48 h. (A) Visible differential damage in leaves collected from NT and SY plants during MV treatment; (B) analysis of ion
leakage in NT and SY plants in response to MV treatment. The electrical conductivity of the MV solution was compared with the total conductivity of the solution following tissue
destruction. Detached leaves collected from the 2nde8th leaves of plants grown in culture dishes for 2 months; (C) expression levels of AtYUCCA6 during MV treatment. Transcript
levels of AtYUCCA6 were measured by quantitative real-time PCR and normalized to the levels of poplar actin transcript. (D) DAB staining for reactive oxygen species (ROS)
accumulation in detached leaves subjected to MV stress. The 3rde5th leaves from 2-month-old NT and SY plants grown in culture dishes were treated with 1 mM MV under
150 mmol photons m�2 s�1 light at 25 �C for 12 h (E) H2O2 contents were measured in roots, shoots, leaves, and petioles of 2-month-old NT and SY plants grown in culture dishes. R,
root (whole root); S, shoot (stem from 3rde7th internode); L, leaf (2nde8th leaves); P, petiole (3rde7th leaves). Leaves were counted sequentially from the top intact, fully
expanded leaf. Data represent the means of three biological repeats. Asterisks indicate a significant difference from that of NT at *P < 0.05 or **P < 0.01 by t-test.
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plants exhibited higher photosystem II efficiency and less mem-
brane permeability than NT plants (Fig. 6B and C). These results
reveal that the extent of senescence in detached leaves is negatively
correlated with intracellular auxin levels.
4. Discussion

Auxin is crucial for plant viability and developmental processes.
Auxin metabolism (including biosynthesis, transport and degra-
dation or conversion) is precisely monitored by multiple metabolic
pathways, which maintain homeostasis during growth and devel-
opment in all higher plants (Rosquete et al., 2012). Disturbed auxin
homeostasis causes several alterations, such as abnormal
morphology and changes in physiological and biochemical char-
acteristics. In particular, some evidence indicates that auxin plays a
central role in determining root architecture (Overvoorde et al.,
2010). The involvement of YUCCA in auxin biosynthesis has been
demonstrated in plants ranging from mosses to monocots and di-
cots (Zhao et al., 2001; Yamamoto et al., 2007; Gallavotti et al.,
2008; Eklund et al., 2010; Kim et al., 2013; Landberg et al., 2013).
Although 12 YUCCA-like genes have been identified in poplar with
high sequence homology and similar motifs to the Arabidopsis
YUCCA genes, their functional conservation in relation to auxin has
not been clearly elucidated (Ye et al., 2009). In the current study, we
successfully developed transgenic poplar plants expressing Arabi-
dopsis YUCCA6 under the control of the oxidative stress-inducible
SWPA2 promoter (SY plants). The results suggest that the YUCCA
pathway of IAA biosynthesis also exists in poplar. For instance, the
expression of AtYUCCA6 in poplar produced typical auxin over-
production phenotypic alterations, including narrow leaves with
downward curvature, elongated petioles and internodes, increased
plant height, and short, hairy roots (Fig. 2A, B and C). Interestingly,
the leaf phenotype and the angles between petioles and stems from
the top to bottom of SYplants (Fig. 2A and E) are consistent with the
notion that the direction of auxin distribution is commonly fol-
lowed by “polar auxin transport” (Friml and Palme, 2002). More-
over, both the free IAA contents and transcript levels of early auxin-
response genes increased in all organs of SY plants (Fig. 3B and C).
Specifically, the transcript levels of auxin-response genes and the
IAA contents in SY20 plant were higher than those of SY7 and SY12



Fig. 6. SY plants exhibit delayed hormone-induced and dark-induced senescence in assays using detached leaves. (A) 2nde8th detached leaves from 2-month-old NT and SY plants
grown in culture dishes were incubated in 3 mM MES (PH 5.7) solution under a 16 h light/8 h dark photoperiod with and without (control) 100 mM ABA, or 50 mM ACC and 50 mM
MeJA, or dark treatment for 8 days. (B) Photosystem II efficiency (Fv/Fm) and (C) total chlorophyll contents of NT and SY plants. Data represent the mean ± SD of three biological
repeats. Asterisks indicate a significant difference from that of NT at *P < 0.05 or **P < 0.01 by t-test.
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(Fig. 3B and C). Even though SY20 vigorously rooted in culture
dishes (Supplementary Fig. S2A, B and C), this line failed to accli-
mate to soil conditions since it developed only bushy, hairy roots
without main root elongation. We therefore analyzed the soil-
grown phenotypes of SY7 and SY12.

ROS, such as super oxide radical anions (O2 �e), H2O2, and hy-
droxyl radicals (OH �), are inherent to plants because they are
constantly produced by aerobic processes in chloroplasts, mito-
chondria, and peroxisomes. Various stresses including drought,
salt, and high intensity light induce the overproduction of ROS,
which are highly reactive and toxic, causing damage and cell death
(Gill and Tuteja, 2010). ROS levels are primarily maintained by ROS
scavenging antioxidant defense machinery. Enzymatic antioxidants
include superoxide dismutase (SOD), catalase (CAT), ascorbate
peroxidase (APX), monodehydroascorbate reductase (MDHAR),
dehydroascorbate reductase (DHAR) and glutathione reductase
(GR), while non-enzymatic antioxidants include glutathione (GSH),
arachidonic acid (AA) (both water soluble), carotenoids, and to-
copherols (lipid soluble) (Gill et al., 2011; Gill and Tuteja, 2010;
Mittler et al., 2004). In the current study, SY plants showed rela-
tively low ROS contents compared to NT plants (Fig. 5A and D). The
reduced levels of ROS observed in SY plants may have been caused
by the activation of ROS scavenging or a decrease in ROS produc-
tion, which may represent a major reason for the drought stress
tolerance of the SY plants, as well as transgenic Arabidopsis and
potato plants overexpressing YUCCA6 (Kim et al., 2013). However,
the relationship between IAA regulation and ROS metabolism in SY
plants is still not well understood. NADPH-dependent thioredoxin
reductase plays an essential role in the direct reduction of ROS
levels and acquiring stress tolerance in plants (Cha et al., 2014).
YUCCA family flavin-dependent monooxygenase is involved in
auxin biosynthesis in plants, and recent studies have revealed that
YUCCA6 contains oxidized FAD, which is readily reduced by NADPH
and shows significant NADPH oxidase activity. YUCCA6 appears to
play a thioredoxin reductase-like role via similar catalytic
mechanisms.
Leaf senescence is organ-level senescence, but it is important for

plant growth and reproduction. Leaf senescence usually involves
many biochemical changes, including degradation of proteins and
RNA and a decline in photosynthetic activity (Lim et al., 2007).
Some hormones are involved in senescence, as are well-known
senescence accelerators, such as ethylene, jasmonic acid, and ABA
(Woo et al., 2001; He et al., 2002; van der Graaff et al., 2006; Lim
et al., 2007). Decreased light intensity or darkness can also accel-
erate senescence by reducing the expression of light-dependent
genes and the levels of photosynthetic proteins and chlorophyll
(Buchanan-Wollaston et al., 2005). Overexpression of YUCCA6 in
poplar produced delayed hormone- and dark-induced senescence
in detached leaves (Fig. 6A, B and C), which is consistent with the
finding that transgenic Arabidopsis overexpressing YUCCA6 exhibits
delayed hormone- and dark-induced senescence (Kim et al., 2011a).
While the mechanism remains unknown, a recent experiment
revealed that aging is likely to be a multifactorial process, and there
is significant evidence suggesting that the generation of ROS and
the corresponding response to oxidative stress are key factors in
aging (Finkel and Holbrook, 2000). Although the role of auxin in
regulating leaf senescence remains elusive, previous studies have
shown that auxin delays senescence by reducing chlorophyll loss
and protein degradation, and (directly or indirectly) suppressing
the transcription of senescence-associated genes (Ellis et al., 2005;
Kim et al., 2011a).

Promoters function as molecular switches and terminal points
of stress response cascades, which are important for the tran-
scriptional regulation of a dynamic network of genes controlling
various biological processes, such as abiotic responses, hormone
responses and developmental processes (Yamaguchi-Shinozaki and
Shinozaki, 2005). We previously cloned the SWPA2 promoter, a
strong oxidative stress-inducible peroxides promoter, from sweet
potato (Ipomoea batatas) (Kim et al., 2003). Compared to the
constitutive CaMV35S promoter, transgenic potato plants
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expressing AtNDPK2 under the control of the stress-inducible
SWPA2 promoter exhibit a more efficient response to oxidative
stress but with a less negative effect on plant development.
Moreover, the SWPA2 promoter has been successfully used to
produce transgenic poplar, potato, sweet potato, rice, and alfalfa
(Liu et al., 2007; Tang et al., 2008; Kim et al., 2009, 2011b; Li et al.,
2014; Wang et al., 2014). In this study, the expression of YUCCA6
under the control of the SWPA2 promoter was induced byMV stress
in SYplants (Fig. 5C), suggesting that the SWPA2 promoter functions
well in regulating the expression of YUCCA6 in response to stress
conditions in SY plants.

Poplar is an important perennial crop plant. Genetic engineering
of trees can potentially be used to develop poplar with improved
growth, wood quality, and tolerance to saline and drought stress
(Harfouche et al., 2011; RA Sedjo 2001, Tang et al., 2007). In this
study, we successfully generated transgenic poplar expressing
Arabidopsis YUCCA6. The SY plants displayed auxin-overproduction
phenotypes, with increased free IAA contents and elevated tran-
script levels of early auxin-response genes. Furthermore, the SY
plants showed enhanced tolerance to drought and MV-mediated
oxidative stress, suggesting that the correlation between auxin
regulation and ROS metabolism is mediated by thioredoxin
reductase-like YUCCA6 in SY plants. In addition, the SY plants
exhibited delayed hormone- and dark-induced senescence in de-
tached leaves, suggesting that auxin levels are negatively correlated
to the extent of senescence. In conclusion, these results indicate
that the conserved IAA biosynthesis pathway mediated by YUCCA
genes probably exists in poplar. The possible applications of SY
poplar plants remain to be studied through further biological
characterization of these plants under various soil conditions.
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