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Summary

� Abscisic acid (ABA) is a well known stress hormone regulating drought adaptation of plants.

Here, we hypothesised that genetic engineering of genes involved in ABA stress signalling and

photoperiodic regulation affected drought resistance by trade-off with biomass production in

perennial poplar trees.
� We grew Populus tremula9 tremuloides wild-type (T89) and various transgenic lines (two

transformation events of 35S::abi1-1, 35S::RCAR, RCAR:RNAi, 35S::ABI3, 35S::AREB3, 35S::

FDL1, FDL1:RNAi, 35S::FDL2 and FDL2:RNAi) outdoors and exposed them to drought in the

second growth period.
� After the winter, the surviving lines showed a huge variation in stomatal conductance, leaf

size, whole-plant leaf area, tree height, stem diameter, and biomass. Whole-plant leaf area

was a strong predictor for woody biomass production. The 35S::AREB3 lines were compro-

mised in biomass production under well irrigated conditions compared with wild-type poplars

but were resilient to drought. ABA signalling regulated FDL1 and FDL2 expression under

stress. Poplar lines overexpressing FDL1 or FDL2 were drought-sensitive; they shed leaves

and lost root biomass, whereas the FDL RNAi lines showed higher biomass allocation to roots

under drought.
� These results assign a new function in drought acclimation to FDL genes aside from pho-

toperiodic regulation. Our results imply a critical role for ABA-mediated processes in balancing

biomass production and climate adaptation.

Introduction

Poplars (Populus sp.) are woody biomass crops that can be man-
aged by agronomic techniques in short-rotation plantations
(Kauter et al., 2003; Bredemeier et al., 2015). The most impor-
tant growth limiting factor in poplar plantations is water avail-
ability (Linderson et al., 2007). Drought periods are expected to
occur more frequently with progressing climate change (Dai,
2013; Schiermeier, 2018). Consequently, improved drought tol-
erance and the maintenance of growth are important breeding
objectives for poplars (McKendry, 2002; Polle et al., 2006). It is
therefore important to understand how poplar trees acclimate to
dry conditions and to identify traits that enable positive yields
under water limitations (Polle et al., 2019).

The phytohormone abscisic acid (ABA) plays a central role in
plant acclimation to drought (Raghavendra et al., 2010; de Zeli-
court et al., 2016). ABA accumulates in response to a water deficit
and causes stomatal closure, therefore enabling plants to balance
water supply and consumption (Jones & Mansfield, 1970). The
main components involved in ABA signalling are conserved in

land plants (for example moss: Tougane et al., 2010; Arabidopsis:
Fujita et al., 2009; Ma et al., 2009; Park et al., 2009; poplar: Papacek
et al., 2017) and consist of ABA receptor proteins, the RCARs (Reg-
ulatory Component of ABA Receptors (RCAR)/proteins pyrabactin
resistance 1 (PYR1)/PYR1-Like (PYL)), phosphatases of the PP2C-
A type (group A type 2C protein phosphatases), and SnRK2 kinases
(sucrose nonfermenting 1-related protein kinase 2) (Fujita et al.,
2009; Ma et al., 2009; Park et al., 2009). In the absence of stress,
PP2Cs suppress SnRK2 activity by dephosphorylation (Fujita et al.,
2009). Under stress, ABA accumulates and binds to RCARs, which
then form a complex together with PP2Cs, therefore inactivating
them (Ma et al., 2009; Park et al., 2009). Consequently, SnRK2 is
kept in its active, phosphorylated form, regulating downstream
responses such as ion channels and AREB (ABA-Responsive Ele-
ment Binding protein) transcription factors (TFs) to induce stomatal
closure (Hubbard et al., 2010) and osmotic adjustment (Yoshida
et al., 2015).

Functional studies showed that suppression of AREB genes
resulted in high drought susceptibility (Fujita et al., 2005;
Yoshida et al., 2010, 2015). Overexpression of RCARs, SnRK2s
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and AREB genes in a range of species, for example Arabidopsis
(PYL9), rice, tomato, and poplar, enhanced drought resistance
(Fujita et al., 2005; Gonz�alez-Guzm�an et al., 2014; Tian et al.,
2015; Zhao et al., 2016; Yu et al., 2017a). Genes involved in
ABA signalling and downstream responses are members of larger
families. For example, the poplar RCAR family (also denoted as
PYR/PYL/RCAR or PYRL) has 14 members (Papacek et al.,
2017). Overexpression of PYRL1 and PYRL5 in poplar (denoted
after Yu et al., 2017b) confers drought tolerance (Yu et al.,
2017a). In Arabidopsis, overexpression of AtRCAR1/PYL9 results
in higher survival after drought than overexpression of other
members of the RCAR gene family (Zhao et al., 2016). In poplar,
the closest orthologue of AtRCAR1/PYL9 is PYRL10 (denoted
according to Yu et al., 2017b), which has also been denoted as
PtRCAR1/PYL9 (Singh et al., 2018). PtRCAR1/PYL9 is
involved in photoperiod regulation (Singh et al., 2018). Whether
PtRCAR1/PYL9 plays a role in drought amelioration is
unknown. Previous studies have shown that drought tolerance is
compromised when ABA signalling is suppressed by a mutation
in the ABI1 gene (abi1-1); abi1-1 interrupts ABA signalling by
permanently binding to SnRK2 (Umezawa et al., 2010).
Poplars (P.9 canescens) strongly overexpressing abi1-1 exhibited
impaired stomatal regulation and survived only under high air
humidity (Arend et al., 2009).

In addition to stomatal regulation and osmotic adjustment,
ABA affects many aspects of plant environmental adaptation and
development such as shoot and root growth, leaf size, seed dor-
mancy, senescence and seasonality of perennials (Sharp &
LeNoble, 2002; Tylewicz et al., 2015, 2018; Negin & Moshe-
lion, 2016; Zhao et al., 2016). Because the duration of vegetative
growth affects the yield of trees, seasonal timing of bud break and
dormancy are also traits of interest for productivity. In hybrid
poplar, the molecular processes underlying ABA-regulated pho-
toperiodic growth are being intensely studied (Ding & Nilsson,
2016; Maurya & Bhalerao, 2017). Vegetative growth is pro-
moted by the interaction of FT (Flowering Locus T) with FDL1
(bZIP transcription factor FD-like1) (Tylewicz et al., 2015).
Under short days, FT expression is suppressed and then FDL1
interacts with ABI3 (Abscisic acid insensitive 3) promoting cold
acclimation (Tylewicz et al., 2015). Whether FDL1 or its close
homologue FDL2 play roles in drought acclimation is unknown.

The goal of this study was to investigate the role of ABA-
regulated processes for drought performance and biomass pro-
duction in hybrid poplars under outdoor conditions. We used
wild-type and transgenic lines of hybrid aspen (P. trem-
ula9 tremuloides, T89) with up- or downregulated genes
involved in ABA perception and signalling (35S::RCAR1/PYL9,
35S::abi1-1), downstream TFs (35S::ABI3, 35S::AREB3), and
seasonal acclimation (35S::FDL1, RNAi FDL1, 35S::FDL2,
RNAi FDL2) (Tylewicz et al., 2015, 2018; Singh et al., 2018).
To date, these lines have been used to study photoperiodic regu-
lation under controlled conditions. Here, we tested their drought
responses under field conditions, in a seasonal climate and in
competition with neighbouring poplars. We also tested their
drought responses under glasshouse conditions. Based on previ-
ous functional analyses of the above genes in various plant

species, we expected enhanced stress tolerance in lines overex-
pressing RCAR1/PYL9, ABI3 and AREB3 at the expense of
biomass trade-off and poor performance or decline of abi1-1
overexpressing lines. We further expected that FDL1 overexpres-
sion, which renders the poplars less sensitive to short days
(Tylewicz et al., 2015; Parmentier-Line & Coleman, 2016),
would enhance biomass production due to an extended pheno-
phase, but might increase the risk of cold damage.

We grew wild-type (WT) and ABA-related transgenic poplar
lines (generally two lines per construct representing independent
transformation events) for two growth seasons outdoors in a
caged area under ambient weather conditions, except for precipi-
tation. The trees were well irrigated, and half of them were sub-
jected to drought stress in the second growth phase. We
determined the traits that are important for fitness such as photo-
synthesis, stomatal conductance, water use efficiency (WUE), leaf
size, whole-plant leaf area and biomass production (Br�eda &
Badeau, 2008; Tardieu et al., 2014). We observed that small
transformation event-specific growth modifications were aug-
mented under field conditions, partly superimposing functional
analyses of the target genes. Exploiting the variation of growth
traits introduced by transformation and drought, we showed that
leaf area was the most important predictor for yield. These results
were confirmed under glasshouse conditions. Separating event-
specific and target gene effects, we found that AREB3 overexpres-
sion resulted in enhanced drought resilience but a massive
biomass trade-off. FDL1 overexpression resulted in high yield
and high drought susceptibility. We discovered new functions of
FDL1 and FDL2 in the regulation of biomass allocation between
roots and shoots.

Materials and Methods

Plant resources

Hybrid poplars P. tremula9 P. tremuloides (wild-type T89) and
transgenic lines were multiplied by micropropagation (half-
strength MS (½MS) medium, Murashige & Skoog, 2006). We
used transgenic lines with enhanced or suppressed expression of
eight different ABA-related genes as listed in Table 1. Details for
the production and testing of the following lines have been
reported elsewhere: abi1-1 (Tylewicz et al., 2018), FDLs and the
ABI3 lines (Tylewicz et al., 2015) and RCAR1/PYL9 overexpress-
ing lines (Singh et al., 2018). To generate RCAR1/PYL9 RNAi
transgenic plants, a fragment corresponding to the coding
sequence was amplified using the primers 50-GCACAGCCAA
ACGCTCTG-30 and 50-CACCAGTCATTTGTGGTGGATG
TGC-30 and cloned into the plant transformation vector
pK7GWIWG and then mobilised into Agrobacterium
GV3101pmp90 as described by Tylewicz et al. (2015). The
Agrobacterium-mediated transformation of the hybrid aspen
clone T89 was performed as described by Nilsson et al. (1992).
To generate 35S::AREB3 overexpressing lines, the cDNA
sequence of Potri.010G248300 was synthesised (Genescript, Pis-
cataway, USA) and cloned into the plant transformation vector
pK7GW2 under the control of the 35S promoter and
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transformed into the hybrid aspen clone T89 as described by
Tylewicz et al. (2015). Selection of transgenics was performed on
MS plates supplemented with hygromycin (50 mg l�1) or
kanamycin (50 mg l�1). Up to 10 lines were initially generated.
Following selection, qRT-PCR (quantitative real-time poly-
merase chain reaction) was performed on cDNA generated from
leaf-derived RNA, using wild-type T89 leaves as a control sample
(Supporting Information Fig. S1). Two or three lines with the
highest upregulation or downregulation were selected for further
phenotypic analysis.

For the propagation of the lines, plantlets were cut into c. 1 cm
long stem segments, each containing one leaf, and were propa-
gated in ½MS medium (Murashige & Skoog, 2006). Therefore,
all plantlets had the same starting conditions. After 4 wk, most of
the plantlets were rooted.

Experimental design

Rooted plantlets of all transgenic lines (19 lines in total) and the
wild-type (Table 1) were transferred from tissue culture directly
into soil (Fruhstorfer Erde Type N, Hawite Gruppe GmbH,
Vechta, Germany) and kept in pots in a glasshouse (temperature:
22°C, air humidity: 60%, ambient plus additional light) (3071/
400 HI-I; Adolf Schuch GmbH, Worms, Germany) to achieve a
light period of 16 h and 150 lmol photons m�2 s�1 photosynthet-
ically active radiation at plant height. All plants were watered regu-
larly and initially kept under transparent covers to avoid drought
stress, similar to the methods described by M€uller et al. (2013). At
7 wk after potting (mid-June 2016), the plants were transferred

into 3 l pots and then 3 wk later, moved outdoors for field accli-
mation (July, 2016). The plants were kept initially under green
nets to prevent sun burn for 1 wk. After 1 month acclimation,
healthy-growing plants were selected and planted in four large
square boxes (3 m9 3 m9 0.5 m, G€ottingen, Germany,
51.55739°N, 9.95857°E, 153m asl) (Fig. S2a) as described previ-
ously (Paul et al., 2018). Each box contained 60 plants (69 10)
planted at a distance of 0.5 m9 0.3 m with 28 plants positioned
at the border and 32 plants in the centre (Fig. S2b). Measurements
were performed with all plants, but only plants from the centre
(four biological replicates per line and treatment) were used for
detailed analyses to avoid border effects.

Before planting, the boxes had been filled with a compost-sand
mixture (Vogteier Erdenwerk GmhH, Niederdorla, Germany)
and were covered with plastic foil to prevent uncontrolled irriga-
tion by rain (Fig. S1c). In each box, five tensiometers (ECH2O
Check Soil Moisture Monitors, Decagon Devices, WA, USA)
were installed at c. 0.09 m depth in the soil, one in the middle
and four near the corners. A drip irrigation system with tap water
was installed in each box, and irrigation was automatically con-
trolled by an AQUA PRO Irrigation Controller (NETAFIM, Tel
Aviv, Israel). The plants were irrigated two times per day (at
10:00 h and 17:00 h, 15 min at each time point), to maintain the
soil moisture at field capacity. Air temperature and air humidity
data were obtained from the nearby weather station in the Exper-
imental Botanical Garden, University of G€ottingen (G€ottingen,
Germany, 51°33024″N, 9°57016″E, 177 m asl). The average air
temperatures in summer 2016 (July and August), autumn 2016
(September to November), winter 2016/2017 (December to

Table 1 Wild-type and transgenic lines of Populus tremula9 tremuloides (T89) with modifications in abscisic acid (ABA) signalling.

Construct number Line number Name in figures Construct Function Targeted gene

Numbers of plants

Centre Border

T89 T89 Wild-type None 8 19
76 1 abi1-1* 35S::abi1-1 PP2C-A 8 0
76 2 – 35S::abi1-1 PP2C-A 8 4
76 3 NA 35S::abi1-1 PP2C-A 0 0†

473 3 RCARa 35S::RCAR PYL, ABA receptor Potri.014G097100 8 6
473 10 NA 35S::RCAR1/PYL9 PYL, ABA receptor Potri.014G097100 0 4
473 18 RCARb 35S::RCAR1/PYL9 PYL, ABA receptor Potri.014G097100 8 6
474 10 NA RCAR1/PYL9:RNAi PYL, ABA receptor Potri.014G097100 0 8
474 11 NA RCAR1/PYL9:RNAi PYL, ABA receptor Potri.014G097100 0 5
474 15 NA RCAR1/PYL9:RNAi PYL, ABA receptor Potri.014G097100 0 8
165 2 ABI3 35S::ABI3 ABA-responsive TF Potri.002G252000 8 5
165 6 – 35S::ABI3 ABA-responsive TF Potri.002G252000 8 0
419 6 AREB3a 35S::AREB3 ABA-responsive TF Potri.010G248300 8 6
419 11 AREB3b 35S::AREB3 ABA-responsive TF Potri.010G248300 8 8
2024 3 – 35S::FDL1 FD-like, bZIP TF Potri.002G018400 8 0
2024 5A FDL1 35S::FDL1 FD-like, bZIP TF Potri.002G018400 8 7
434 3 FDL1ia FDL1:RNAi FD-like, bZIP TF Potri.002G018400 8 6
434 11 FDL1ib FDL1:RNAi FD-like, bZIP TF Potri.002G018400 8 4
512 3 NA 35S::FDL2 FD-like, bZIP TF Potri.005G243400 0 0†

512 17 FDL2 35S::FDL2 FD-like, bZIP TF Potri.005G243400 8 6
510 12 FDL2ia FDL2:RNAi FD-like, bZIP TF Potri.005G243400 8 7
510 18 FDL2ib FDL2:RNAi FD-like, bZIP TF Potri.005G243400 8 3

*abi1-1 from Arabidopsis (AT4G26080) orthologue to poplar Potri.006G224600.
†Plants were tiny and died before out-planting, – plants died in the first winter. NA, plants not available in the centre; TF, transcription factor.
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February), spring 2017 (March to May), and summer 2017 (June
to August) were 18.3, 10.5, 0.8, 9.8 and 17.6°C, respectively,
and the average air humidity values for the same time periods
were 76%, 85%, 87%, 75%, and 79%, respectively. In the sec-
ond growth phase, a data logger (Testo SE & Co. KGaA, Len-
zkirch, Germany) was installed between box B and box C
(Fig. S1a) on 29 March 2017, and air temperatures and humidity
were recorded once 1 h until the end of the experiment. Irriga-
tion was stopped during the winter months (November 2016 to
March 2017) and restarted on 28 March 2017 when the temper-
ature was constantly above zero.

Irrigation and drought treatment

Plants in two of the four boxes (boxes B and D) were subjected
to drought treatments, while the other two boxes (boxes A and
C) represented the control treatments (Fig. S2a). Control plants
were watered twice a day to maintain soil moisture at field
capacity at all times. The irrigation time for the control plants
was initially 15 min per time point and was increased to 20 min
per time point on 15 June and to 30 min per time point on 19
July to accommodate for larger water consumption by the grow-
ing trees. The drought treatment started in the second growth
phase after bud burst on 28 April by reducing the water supply
initially to 1/3 of that of the control (10 min once per day at
11:00 h). After 1 wk, on 5 May, the irrigation was completely
stopped for the drought treatments. The soil moisture was
recorded by tensiometers once a week and remained invariant
in the control boxes and gradually declined in the drought treat-
ments (Fig. S3).

Field measurements

Tree heights and diameters were recorded regularly during the
growing phase for all plants. Tree height after planting into the
boxes was measured from the bottom of the tree at the soil sur-
face to the apical leaf once a month using a 2 m folding ruler
when the plants were shorter than 2 m or a measuring tool
(mEssfix 8 m, Nedo, Kaltenbach, Switzerland) when the trees
were higher than 2 m. Stem diameters were measured 4 cm from
the bottom in the second growth phase using a digital calliper
(Tchibo GmbH, Hamburg, Germany). Stem volume was
approximated as taper (V = 1/3 Π r2 h, r = stem radius, h = tree
height), and increment during the drought phase (from t1 = June
12 to t2 = August 8) was calculated as Vt2� Vt1.

At the end of the first growth season, bud set was
observed and scored twice a week from the end of August
to October. According to the methods described by Rohde
et al. (2011), bud set was divided into seven stages using a
score from 3 to 0. A score of 3 referred to leaves and 0 to
the completely formed bud. A score of 1.5 indicated that

the bud form was visible (Rohde et al., 2011). At the
beginning of the second growth season, bud burst was
scored twice a week from March until the end of April.
Bud burst was classified according to five stages (UPOV,
1981), with scores from 1 to 5. A score of 1 indicates that
bud burst was initiated, and 5 is a completely opened bud.
These measurements were performed and analysed for all
plants.

Gas exchange

Photosynthesis, transpiration rate, stomatal conductance, and
substomatal CO2 concentrations were measured on fully devel-
oped leaves on the sun-exposed upper part of the main stem of
control plants under ambient temperature and humidity (Lcpro+
Portable Photosynthesis System, ADC BioScientific Ltd, Hod-
desdon, UK) on 4 August, 10 d before harvest. The average air
temperature and air humidity during the measurement between
10:00 h and 16:00 h were 23.3� 0.3°C and 58% � 2%. Photon
flux density of the photosynthetically active radiation was set to
870 lmol m�2 s�1 at leaf level. WUE was calculated as the ratio
of photosynthetic rate (A) to transpiration rate (E) (Farquhar
et al., 1989). The measurements were conducted on n = 4 plants
per line growing in the centre.

Stomatal conductance of the fully developed leaves on the top
of the control and drought-stressed plants was measured on 22
May, 5 and 19 June and 18 July with a porometer (AP4; Delta-T
Devices, Cambridge, UK) under ambient conditions (n = 4 per
line per treatment, centre plants).

Harvest

The harvest of the aboveground tissues took place from 14
August to 24 August 2017. The stem of each plant was cut at the
base c. 1 cm above the soil. All leaves were removed, and the
number of lateral branches was counted. The fresh weight of each
aboveground part (stem, branches and leaves) was determined
immediately. Dry weights were determined after oven-drying
aliquots of these tissues for 1 wk at 60°C. The dry weight of the
whole tissue was calculated as:

Dry weight of the aliquot ðgÞ�Total fresh weight of the tissue ðgÞ
Fresh weight of the aliquot ðgÞ

Five fresh leaves collected from the top to the middle of the
main stem of each plant were weighed, scanned, dried in the oven
at 60°C for 1 wk and weighed again. Examples of upper fully
expanded leaves are shown in Fig. S4. Leaf scans were used to
determine the specific leaf area (SLA; cm² g�1), leaf size (mea-
sured area of five leaves/5) and whole-plant leaf area with the fol-
lowing equation:

Leaf area of the 5 leaves ðcm2Þ �Dry weight of all leaves of the plant ðgÞ
Dry weight of the 5 leaves ðgÞ
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The roots were harvested from 25 August to 6 September
2017. To obtain a measure of root mass per plant, a square of
0.16 m9 0.16 m was drawn with the stem stump in the centre
and the soil of this square was dug to a depth of 0.20 cm. The
stump with roots was washed with tap water, and adhering water
was surface dried with paper towels. Fresh weight was determined
immediately, and dry weight was determined after 1 wk of oven
drying at 60°C.

Glasshouse experiments

Wild-type T89 poplars and transgenic lines (as above) were
grown individually in pots under glasshouse conditions (mean air
temperature: 22°C, relative air humidity: 60–80%, additional
photosynthetic active radiation: 16 h, 100 lmol photons m�2

s�1) for 6 wk and then exposed for 4 wk to drought (soil moisture
0.1 m3 m�3) or were maintained as controls (soil moisture
0.4 m3 m�3) (n = 5 per treatment and line). Stomatal conduc-
tance was determined weekly. Leaves, stems, and roots were har-
vested and used for the determination of leaf size, whole-plant
leaf area and biomass as described above. Stomatal frequencies
were determined by prints produced with clear nail polish from
the lower leaf surface and counted under a compound micro-
scope.

In further experiments, wild-type T89 poplar and abi1-1
plants (lines 76-1 and 76-3) were used as controls or
exposed to drought (as above) or supplied with ABA
(200 lM twice a week, soil irrigation). After 4 wk of treat-
ments, the developing xylem was used for RNA sequencing
as described by Wildhagen et al. (2018). The details have
been described in Fig. S5. Data are available under the
accession number E-MTAB-7588 at the EMBL-EBI database
(www.ebi.ac.uk/arrayexpress).

Statistical analyses

The statistical software R 3.4.2 (R Core Team, 2017) and
Statgraphics CENTURION XVI (Statgraphic Technologies, The
Plain, VA, USA) were used for data analyses. Tree height,
stem diameter and leaf area of the control plants were anal-
ysed by one-way analysis of variance (ANOVA) with plant
lines as the main factor. Gas exchange was analysed with
multivariate ANOVA using substomatal CO2 concentration,
leaf-level temperature, and ambient partial water vapour pres-
sure as covariates. The relative change in plant biomass under
drought stress was analysed by two-way ANOVA with plant
lines and treatment as the main factors. The impact of lines
and drought on stomatal conductance was tested using general
linear models, including all measured time points. When the
P-values were < 0.05, Fisher’s test was used as a post hoc test
to determine significant differences between the lines. To test
the influence of various parameters on woody biomass pro-
duction, general linear models were run in which nonsignifi-
cant factors were removed stepwise. The model with the
lowest Akaike Information Criterion (AIC value) is shown.
Data are shown as means (� SE).

Results

Modifications in ABA signalling affect gas exchange

As ABA is involved in the regulation of plant gas exchange (de
Zelicourt et al., 2016), we investigated stomatal conductance of
WT and transgenic lines with modifications in ABA responses as
specified in Table 1. Stomatal conductance of the well irrigated
ABA-related transgenic lines was lower than that of the well irri-
gated WT poplars (Fig. 1). Among the well irrigated transgenic
lines, roughly two groups, one with higher (RNAi lines of FDL1
and FDL2 and the ABI3 overexpressing line, letters i, j, k) and
one with lower (lines overexpressing abi1-1, RCAR1/PYL9,
FDL1 and FDL2, letters: d, e, f, g) stomatal conductance, could
be distinguished (Fig. 1).

WT plants showed the highest photosynthesis (12.6�
1.0 lmol CO2 m

�2 s�1), whereas net CO2 fixation rates were
generally lower in transgenic lines, ranging from 5.1 to 11
lmol CO2 m

�2 s�1 (Table S1). Photosynthesis decreased with
decreasing stomatal conductance (R2 = 0.902, P < 0.0001), show-
ing that stomatal conductance controlled CO2 assimilation of the
transgenic lines. Photosynthesis and transpiration were also
tightly correlated (R2 = 0.970, P < 0.0001), resulting in stable
WUE (amount of water used per fixed CO2) across all lines
(225� 4 mol H2Omol�1 CO2, P(lines) = 0.410; Table S1).

Moderate drought was initiated in May of the second growth
phase and reached the target of about half of the soil moisture of
well irrigated plants in mid-June (Fig. S3). Drought caused
strong reductions in stomatal conductance of the WT, whereas
the decreases were less pronounced in transgenic lines, especially
in the group whose stomatal conductance was already low under
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Fig. 1 Stomatal conductance of wild-type (T89) and transgenic poplars
(Populus tremula9 tremuloides) in response to drought. Transgenic
poplars are named as shown in Table 1. Data are the means (� SE) with
n = 4 per treatment and time point. Stomatal conductance measurements
were conducted in May, early June, mid-June and mid-July (as indicated in
Supporting Information Fig. S2). Data were log transformed before
statistical analyses (generalised linear models). Interactions between lines
and treatment were not significant. Different letters indicate significant
differences among the poplar lines at P ≤ 0.05 (post hoc Fisher’s test).
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well irrigated conditions (Fig. 1). Therefore, the differences
observed between WT and transgenic lines under well irrigated
conditions became less distinct under drought conditions
(Fig. 1).

Modifications in ABA signalling have indirect effects on
yield via their impact on leaf area production

Leaf traits such as leaf size, SLA, and whole-plant leaf area
are useful indicators of yield, that is aboveground woody
biomass (Weih & Nordh, 2005). We used general linear
mixed (GLM) models to dissect the effects of line, drought
treatment, stomatal conductance, and leaf traits (Table S2) on
woody yield. The best model contained the factors: ‘drought’,
‘SLA (cm² g�1 leaf mass)’, and ‘whole-plant leaf area
(cm² plant�1)’ and explained 83% of the variation of woody
biomass (Table 2). Although highly significant, the factors
‘drought’ and ‘SLA’ contributed little to the overall variation
(4–5%). Whole-plant leaf area was the dominant factor
explaining woody biomass yield across all lines and conditions
(Fig. 2). The best performing lines with regard to stem
biomass production were overexpressing lines of FDL1,
RCAR1/PYL9 and ABI3, and the worst were the AREB3 over-
expressing lines (Fig. 2).

Notably, our GLM model did not contain ‘line’, ‘stomatal
conductance’ or ‘leaf size’ (Table 2), indicating that woody
yield was not directly driven by these factors. Stomatal con-
ductance, leaf size and whole-plant leaf area, however, showed
significant variation among transgenic lines and wild-type
poplars (Table S2; Fig. 1). Furthermore, these traits were sig-
nificantly correlated among each other (Table 3). Taken
together, these results support the idea that distinct transgenic
events and constructs influenced stomatal conductance and
leaf size and, therefore, affected leaf area production as the
main driver of woody biomass (Table 2; Fig. 2). These results
were further corroborated by glasshouse experiments with the
wild-type and subsets of the transgenic lines (Fig. S6). Woody
biomass was strongly correlated with whole-plant leaf area
(Fig. S6a) but not with stomatal frequency (Fig. S6b). Leaf
size, stomatal conductance, and biomass were also correlated
with each other (Fig. S6c).

Modifications in ABA signalling influence biomass
allocation under drought

At the end of the second growth season under field condi-
tions, whole-plant biomass (sum of the root, stem, branches
and leaves) showed almost 10-fold differences among the
poplar lines (Fig. 3a). Lines resulting from different transfor-
mation events but expressing the same gene construct also
showed differences in biomass production (Fig. 3a). The rea-
son for these drastic differences in some lines was that small
growth differences, which existed among transgenic events
and different constructs (Fig. S7), were augmented during
the two vegetation periods studied here. Initially, we planted
two lines per gene construct but lines 76-2 (35S::abi1-1),

165-2 (35S::ABI3), and 2024-3 (35S::FDL1), which were
much shorter than the other lines (Table S2), did not survive
the first winter. Among these lines, the FDL1 overexpressing

Table 2 Analysis of variance of aboveground woody biomass by General
Linear Mixed Models.

Source Sum of squares df Mean square F-ratio P-value

Model 840 128 3 280 043 189.31 0.0000
Treatment 34 788 1 34 788 23.52 0.0000
SLA 25 325 1 25 325 17.12 0.0001
WPLA 553 086 1 553 086 373.88 0.0000
Residual 159 764 108 1479
Total(corrected) 999 893 111

Quantitative factors (stomatal conductance (mmol m�2 s�1), specific leaf
area (SLA, cm² g�1 leaf mass), leaf size (cm² per leaf), and whole-plant leaf
area (WPLA, cm2 per plant)) were stepwise removed, and the model with
the lowest AIC was selected. Treatment (drought and well irrigated) and
line (poplar lines according to Table 1) were included as fixed factors and
removed if P > 0.05. Data are shown in Table S2.
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Fig. 2 Relationship between whole-plant leaf area and aboveground
woody biomass of wild-type (T89) and transgenic poplar (Populus
tremula9 tremuloides) lines. Regression line: y = 0.016x + 12, R2 = 0.853,
P < 0.001. Black open circles refer to well irrigated and red open circles to
drought-exposed plants. Each symbol indicates one plant. Black dots
(irrigated) and red dots (drought) indicate means per line. Numbers refer
to: 1, T89; 2, abi1-1; 3, RCAR10a; 4, RCAR10b; 5, ABI3; 6, AREBa; 7,
AREBb; 8, FDL1; 9, FDL1ia; 10, FDL1ib; 11, FDL2; 12, FDL2ia; 13, FDL2ib.
Further information on line numbers is shown in Table 1.

Table 3 Correlations between stomatal conductance (mmol m�2 s�1), leaf
size (cm2 per leaf), and whole-plant leaf area (cm2 per plant) of poplar lines.

Whole-plant
leaf area Leaf size

Stomatal
conductance

Whole-plant leaf area – < 0.0001 < 0.0001
Leaf size 0.8174 – < 0.0001
Stomatal conductance 0.3972 0.4633 –

Data are shown in Supporting Information Table S2. Upper diagonal indi-
cates P-values, and lower diagonal indicates Spearman correlation coeffi-
cients (R2).
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line 2024-3 did not reach bud set at all (Fig. S8). The sec-
ond FDL1 overexpressing line (2024-5A) included in our
study exhibited delayed bud set and continued to grow signif-
icantly during a time period when the WT had already
stopped shoot elongation (Fig. S7). This line survived the
winter and was among the largest in the second year
(Fig. 3a).

Most lines showed reductions in height and diameter incre-
ments during the 2-month drought period (Fig. S7), resulting in
significant reductions in the production of stem volume (Fig. 3b).
The associated losses in stem biomass and leaf production were
obviously too small to result in significant effects on whole-plant
biomass under the present conditions, with the exception of the
FDL1 and FDL2 overexpressing lines (Fig. 3a).

Normalisation of event-specific effects and calculation of the
relative biomass changes per gene construct revealed shifts in
poplar biomass allocation under drought conditions (Fig. 4).
Drought caused relative losses in leaf biomass, which were

generally stronger in the FDL1 and FDL2 overexpressing lines
than in other transgenic lines or the WT (Fig. 4). With the excep-
tion of the AREB3 overexpressing lines, the woody biomass was
also reduced under drought conditions (Fig. 4). The FDL1 and
FDL2 overexpressing lines showed stronger woody biomass loss
than the WT or the FDL1 RNAi and FDL2 RNAi lines (Fig. 4).
Root biomass was usually increased under drought conditions,
particularly in the RNAi lines of FDL1 and FDL2, in AREB3,
and in abi1-1 (Fig. 4). The FDL overexpressing lines, especially
35S::FDL1, showed a relative loss in root mass compared with
well irrigated plants. Overall, drought-induced relative biomass
losses were strongest in the FDL1 and FDL2 overexpressing lines
and lowest in AREB3, while RCAR1/PYL9 and ABI3 overexpres-
sion did not influence the biomass allocation pattern under
drought conditions compared to the WT (Fig. 4).

Drought and ABA-feeding of wild-type and abi1-1 poplars
link ABA signalling and FDL regulation

To obtain insights into the molecular regulation of ABI1,
RCAR1/PHYL9, ABI3, AREB3, and FDLs in response to ABA,
we compared the transcriptional responses of these genes in
drought-stressed or ABA-fed wild-type and abi1-1 poplar lines.
ABA and drought caused enhanced transcript abundances of
ABI1 and RCAR1/PYL9 (Fig. 5). The expression of AREB3 was
unaffected by the treatments (Fig. 5). FDL1 exhibited very low
expression levels and moderate increases in response to drought
(Fig. 5). FDL2 showed a strong increase in response to ABA
(Fig. 5). None of these responses was found in the abi1-1 line
(Fig. 5).
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Discussion

ABA-responsive genes mediate biomass trade-off in the
absence of drought stress

Biotechnological tree improvement requires field testing of the
traits of interest. Here, we evaluated the performance of poplars
with transgenic modifications in ABA-related growth processes
and stress compensation. We found significant phenotypic
effects imposed by the gene construct but also variation among
transformation events. As the implementation of transgene tech-
nologies, variability among transformation events is well known
and has been ascribed to differences in gene expression inten-
sity, the insertion site of the construct, etc. (Peach & Velten,
1991; Busov et al., 2010). Although the transformation events
generated with the same construct had been selected for similar
phenotypes under laboratory conditions, our results show that
moderate differences became pronounced during our long-term
field study because of the exponential nature of growth and
interaction with the natural environment. Lines with stronger
growth impairment were generally those with higher levels of
overexpression (FDL1 lines: 35-fold vs 15-fold (Tylewicz et al.,
2015), FDL2 lines: 250-fold vs 60-fold (Tylewicz et al., 2015),
RCAR1/PYL9 lines: 100-fold vs 60-fold (Singh et al., 2018),
abi1-1 lines: 850-fold vs 500-fold, this study), except the
AREB3 lines, which exhibited moderate overexpression (three-
fold to four-fold, this study). Poplar lines in which the transfor-
mation event caused strong growth impairment under field con-
ditions were outcompeted by neighbouring plants and did not
survive one full growth cycle.

A common response to interference with ABA signalling and
response in the transgenic lines used in our study was reduced
stomatal conductance, which correlated with leaf size. Plant leaf

area is a highly plastic trait and determined by multiple physio-
logical variables, among which hydraulic limitation is the main
factor (Zwieniecki et al., 2004; Brodribb et al., 2010). Leaf size is
linked with petiole hydraulic conductance and stomatal conduc-
tance (Juhrbrandt et al., 2004; Carins Murphy et al., 2014; Bro-
cious & Hacke, 2016). Therefore, it is likely that stomatal
conductance affected leaf size by affecting leaf expansion. In line
with many ecophysiological studies on different poplar genotypes
and crosses (Pellis et al., 2004; Marron et al., 2005; Monclus
et al., 2009), variation in leaf size of our transgenic poplar lines
was correlated with whole-plant leaf area. In fast-growing tree
species, whole-plant leaf area is known as a major determinant of
aboveground biomass production (Pellis et al., 2004; Weih &
Nordh, 2005) and is related to water availability in their natural
habitat (Viger et al., 2016). Our results are in agreement with
those findings and, moreover, demonstrate that ABA signalling
and correct downstream responses exert a strong control on leaf
traits with massive consequences for yield. These effects were par-
ticularly strong in the lines constitutively overexpressing AREB3.
These poplars produced the lowest whole-plant leaf area and low-
est biomass among all of the lines under well irrigated conditions.
The consequences of AREB3 overexpression in poplar resemble
those found for a constitutively activated form of AREB1 (35S::
ABREB1DQT), which caused enhanced drought tolerance and
reduced rosette growth in Arabidopsis (Fujita et al., 2005).

Poplar FD-like genes have not previously been studied under
field conditions. Poplar FDL1 is required to initiate ABA-
mediated dormancy under short day conditions, whereas the
function of its close homologue FDL2 remained elusive
(Tylewicz et al., 2015, 2018). The 35S::FDL1 lines studied here
showed delayed bud set, whereas no clear effect of 35S::FDL2 on
bud set was observed. These findings confirm the specific role of
FDL1 in photoperiodic growth regulation (Parmentier-Line &
Coleman, 2016; Tylewicz et al., 2018). The 35S::FDL1 line
2024-3 did not attain complete bud closure and died during the
winter, underscoring the importance of FDL1 in mediating
adaptedness to phenology. The surviving FDL1 overexpressing
line with a mild photoperiodic phenotype benefited from a pro-
longed growth season. Similarly, one of the ABI3 lines also
showed strongly delayed bud set and was not viable during the
winter, while the surviving line was among the genotypes with
the highest biomass. ABI3 is known to interact with FDL1
(Tylewicz et al., 2015), affecting bud maturation (Rohde et al.,
2002). Overall, our results suggested that ABI3 and FDL1 consti-
tute the basis for important biomass traits.

It is notable that hybrid aspen (P. tremula9 tremuloides)
are among the most productive species in northern Europe
(Tullus et al., 2012). Their enhanced productivity has been
ascribed to a longer growth phase compared to local aspen
(P. tremula), which are adapted to shorter growing seasons
(Yu et al., 2001). It would be very interesting to test if
FDL1 and its interacting factors such as ABI3 (Tylewicz
et al., 2015) were responsible for differences in seasonality
between northern aspen and their hybrids with American
aspen genotypes. Collectively, the empirical results and our
molecular insights underpin that FDL1-mediated and ABI3-
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mediated seasonal acclimation are critical traits for the bal-
ance between biomass production and climate adaptation.

Drought stress uncovers novel functions for ABA-related
genes in biomass allocation

A central question of this study was how poplars with modifica-
tions in the expression of ABA-related genes performed under
moderate drought stress. In general, poplars exhibit a drought-
avoidance strategy by maximising water uptake and minimising
water loss; the acclimation to low water availability is achieved by
production of an extensive root system for water uptake and by
reducing stomatal conductance, shoot growth, and leaf area by a
decreased leaf size and leaf shedding (Wang et al., 2003; Fischer
& Polle, 2010; Popko et al., 2010; Hamanishi & Campbell,
2011; Harfouche et al., 2012; Polle et al., 2019). Consequently,
drought-responsive root and shoot development led to an
increased root-to-shoot ratio (Wilson, 1988). In other words, to
cope with drought stress, biomass allocation patterns are changed
in favour of roots compared with shoot production (Poorter
et al., 2012). Taking all genotypes together, our results confirmed
these allocation patterns for hybrid poplar because we found
reductions in stem growth, leaf size and leaf area but hardly any
effects on total biomass under drought conditions compared to
well irrigated poplars. However, comparing the responses of
poplars carrying distinct gene constructs to drought uncovered
important gene-specific differences and unexpected behaviours
among transgenic lines modified in ABA signalling on the one
hand and downstream responses on the other hand.

First, among the genes important for ABA signalling, poplars
overexpressing Arabidopsis abi1-1 were expected to succumb
under environmental stress because previous studies showed high
vulnerability under glasshouse conditions (Arend et al., 2009).
This assumption was met by two of the three abi1-1 lines tested
here: one line died before out-planting (not shown), one line died
in the first winter, but the other line behaved similar to the wild-
type, despite a growth phenotype under glasshouse conditions.
We can only speculate that exposure to environmental stress out-
doors might have outcompeted the negative regulation by abi1-1
in the lower overexpressing line.

In our study, the ABI3 overexpressing poplars also behaved
similar to the wild-type under drought conditions. This result
might have been expected since previous studies showed that
unlike in Arabidopsis, ABI3 is not responsive to ABA in poplar,
instead playing a role in seasonal cold acclimation (Maurya &
Bhalerao, 2017).

In poplar, the ABA receptors (RCARs) form a family with 14
members (Papacek et al., 2017). The expression of distinct
RCARs decreased under drought conditions (Cohen et al., 2010)
and recovered upon re-watering (Bizet et al., 2015). Overexpres-
sion of RCAR1 in Arabidopsis as well as in poplar resulted in more
drought tolerant plants (Ma et al., 2009; Yu et al., 2016, 2017a,
b), while only multiple RCAR knock-out mutants exhibited
enhanced stress sensitivity (Park et al., 2009; Gonz�alez-Guzm�an
et al., 2012). In our study, we used poplar lines overexpressing
the ABA receptor RCAR1/PYL9 (Singh et al., 2018). Poplar

RCAR1/PYL9 is induced by ABA and interacts with HAIs
(highly ABA-induced, which are members of the PP2C-A clade),
demonstrating widely conserved functions in both Arabidopsis
and poplar (Papacek et al., 2017; Tischer et al., 2017). Yu et al.
(2017a,b) observed higher biomass production in RCAR1 overex-
pressing poplar lines and ascribed this behaviour to hypersensitive
stomatal regulation and activation of oxidative stress responses.
In our study, overexpression of RCAR1/PYL9 resulted in
enhanced biomass production under well irrigated conditions,
but the drought responses of both lines tested here were similar
to that of the wild-type; stomatal conductance showed reductions
similar to those of other transgenic poplar lines in our study.
Clearly, enhanced drought resistance under field conditions was
not achieved by our approach.

A second group of transgenic poplars included in our study
were overexpressing or underexpressing TFs acting downstream
of ABA signalling. Overexpression of an AtAREB3 orthologue
(here termed AREB3 for simplicity and relatedness to Arabidopsis
AREB TFs, but PtAREB12 according to the denotation suggested
by Ji et al., 2013) resulted in growth reduction in both tested
lines along with low stomatal conductance but high resilience to
drought. Drought even caused a relative promotion of stem
biomass compared to well irrigated 35S::AREB3 lines. Further-
more, these genotypes showed the largest relative increase in root
mass under drought among all lines studied. These findings
assign a central role to AREB3 in biomass allocation between
leaves and other tissues, which has not been reported before. In
Arabidopsis, a related TF, AREB1, has been functionally charac-
terised (Fujita et al., 2005). Overexpression of AREB1 improved
drought tolerance only when it was constitutively activated (35S::
AREB1DQ; Fujita et al., 2005), while this modification was obvi-
ously not required for AREB3 functioning in poplar. In
Arabidopsis, AREB3 members are mainly expressed in seeds and
play roles in seed maturation (Fujita et al., 2011). Poplar homo-
logues to AtAREB3 show variable expression patterns. For exam-
ple, PtAREB12 showed decreased expression levels in response to
exogenous ABA (Ji et al., 2013). Searching the POPGenie
Expression browser (Sundell et al., 2015), we found that
PtAREB12 expression was also suppressed under drought.
However, in our drought and ABA-feeding experiment, we did
not observe changes in gene expression in AREB3, which may
point to differences in stress susceptibility of different poplar
species. Enhanced expression levels of AREB3 in overexpressing
lines had negative effects on productivity under well irrigated
conditions but can obviously enhance drought resilience. There-
fore, AREB3 overexpressing poplar lines would not be preferred
for wood production but might be useful for other purposes such
as prevention of erosion in drought-prone areas. Furthermore, it
would be worthwhile to test the stress resistance of AREB3
poplars under more harsh conditions and under a drought-
inducible promoter.

A notable, unexpected finding in our study was the involve-
ment of FDL genes in drought acclimation. Poplars constitu-
tively overexpressing FDL1 or FDL2 were the only genotypes
with highly significant strong reductions in biomass under our
relatively moderate drought conditions. Biomass reduction was
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due to the largest loss of leaves among all tested genotypes and
consequently a strong reduction in stem biomass, indicating that
FDL overexpression rendered poplars more drought susceptible.
Furthermore, while all other genotypes at least tended towards an
increased root biomass under drought, the FDL overexpressing
lines showed a massive loss of root mass compared with well
watered treatments. By contrast with the FDL overexpressing
lines, the FDL RNAi lines tested here showed no significant
decrease in stem volume growth under drought and an allocation
pattern similar to that of wild-type with a trend towards higher
biomass allocation to roots. Our study therefore assigned for the
first time a functional role to FDL2 in regulating biomass alloca-
tion and fitness under drought. These functions are shared
between FDL1 and FDL2 but obviously cannot compensate for
each other. We found that ABA signalling is involved in the regu-
lation of these genes. Further studies are required to clarify the
details.

In conclusion, this study underscores that poplar stem biomass
production is a highly plastic process integrating endogenous and
environmental signals. The ability of transgenic poplars to produce
leaf area was of paramount importance for yield. This study high-
lights that ABA is an important factor in regulating the woody
plant biomass, most likely by affecting leaf area. We identified
ABI3 and FDL1 as important biomass traits because poplars over-
expressing these genes benefited from an extended growth season.
It is conceivable that a higher yield may be realised in a future
warmer climate by such transgenic lines but obviously at the
expense of reduced stress tolerance. Both FDL overexpressing lines
(FDL1 and FDL2) were highly sensitive to moderate drought,
resulting in drastic biomass reduction, while the RNAi lines
showed no reduction in stem volume growth by contrast with the
wild-type and the overexpressing lines. These results assigned a
central role to FDLs in poplar drought acclimation. The molecular
events integrating drought responses and the action of FDLs need
to be elucidated in future studies. AREB3 overexpressing lines
exhibited massive biomass trade-off under well irrigated conditions
but were the most drought-resilient trees among all of the studied
poplar lines. AREB3 may therefore be a suitable target for poplar
improvement using biotechnological approaches and molecular
screening of AREB genes in natural populations.
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