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Abstract
Key message  In this study we show that expression of the Arabidopsis ABF4 gene in potato increases tuber yield 
under normal and abiotic stress conditions, improves storage capability and processing quality of the tubers, and 
enhances salt and drought tolerance.
Abstract  Potato is the third most important food crop in the world. Potato plants are susceptible to salinity and drought, 
which negatively affect crop yield, tuber quality and market value. The development of new varieties with higher yields and 
increased tolerance to adverse environmental conditions is a main objective in potato breeding. In addition, tubers suffer 
from undesirable sprouting during storage that leads to major quality losses; therefore, the control of tuber sprouting is of 
considerable economic importance. ABF (ABRE-binding factor) proteins are bZIP transcription factors that regulate abscisic 
acid signaling during abiotic stress. ABF proteins also play an important role in the tuberization induction. We developed 
transgenic potato plants constitutively expressing the Arabidopsis ABF4 gene (35S::ABF4). In this study, we evaluated 
the performance of 35S::ABF4 plants grown in soil, determining different parameters related to tuber yield, tuber quality 
(carbohydrates content and sprouting behavior) and tolerance to salt and drought stress. Besides enhancing salt stress and 
drought tolerance, constitutive expression of ABF4 increases tuber yield under normal and stress conditions, enhances stor-
age capability and improves the processing quality of the tubers.
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Introduction

Potato (Solanum tuberosum L.) is the world’s third most 
consumed food crop (Birch et al. 2012). Potato production 
is expected to decrease in the coming decades in different 
parts of the world, due to climate change (Hijmans 2003). 
Furthermore, potato plants are vulnerable to high salinity 

and drought, which negatively affect crop yield, tuber quality 
and market value (Vasquez Robinet et al. 2008). According 
to the Intergovernmental Panel on Climate Change (IPCC), 
the global climate deterioration will inexorably lead to an 
increased frequency of drought (Easterling et al. 2000; Ipcc 
2008). Worldwide, about 20% of the agricultural irrigated 
lands are affected by high salinity. The salinized areas are 
increasing rapidly as a consequence of different factors, 
including low precipitation, irrigation with saline water, and 
improper agricultural practices (Yeo 1999). To overcome 
this problem, the availability of new potato varieties with 
higher yields, and less sensitive to adverse environmental 
cues is critical. Introducing exogenous genes, or altering the 
expression of endogenous genes by transgenic technology, is 
currently the most commonly used strategy to increase tuber 
yield, by improving tuberization behavior of commercial 
potato varieties under changing environmental conditions 
(Dutt et al. 2017).

The economic importance of potato plants resides in their 
capacity to produce tubers. The potato tuber is a source of 
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valuable nutrients (Camire et al. 2009) that need to be pre-
served between harvesting and consumption. Tubers suf-
fer from undesirable sprouting during storage that leads 
to major quality losses (Sonnewald and Sonnewald 2014), 
therefore, besides engineering tolerance to adverse environ-
mental conditions, the control of tuber sprouting is also an 
important objective in potato breeding. New strategies are 
required, since current cold storage techniques or applica-
tion of sprout inhibitors are expensive and often problematic 
(Sonnewald 2001). An alternative approach is the develop-
ment of transgenic potatoes with delayed tuber dormancy. 
Dormancy break and sprout growth are controlled by phy-
tohormones including abscisic acid (ABA), gibberellic acid 
(GA) and cytokinins (Destefano-Beltran et al. 2006; Hart-
mann et al. 2011). Modulation of phytohormones content or 
responsiveness are possible targets for biotechnology.

Plant adaptation to adverse environmental conditions 
involves changes in genome-wide gene expression patterns. 
Numerous transcription factors (TFs) that respond to abi-
otic stresses have been identified, including bZIP, WRKY, 
AP2/EREBPs and bHLHs (Hirayama and Shinozaki 2010). 
ABF (ABRE-binding factor) proteins, also referred to as 
AREB (ABA-response element binding factor) belong to 
the group A of bZIP TF. ABFs are key regulators of ABA 
signaling during abiotic stress (Choi et al. 2000; Uno et al. 
2000); they bind to the ABA-responsive element (ABRE), 
the major cis-acting regulatory sequence that controls ABA-
dependent gene expression (Hirayama and Shinozaki 2010). 
Besides Arabidopsis thaliana, ABF TFs have been described 
in several plant species, such as barley (Hordeum vulgare; 
Casaretto and Ho 2005), wheat (Triticcum aestivum; Kob-
ayashi et al. 2008), rice (Oryza sativa; Hossain et al. 2010a, 
b), tomato (Solanum lycopersicum; Hsieh et al. 2010; Yáñez 
et al. 2009), trifoliate orange (Poncirus trifoliate; Huang 
et al. 2010; Zhang et al. 2015), grapevine (Vitis vinifera; 
Boneh et al. 2012) and cotton (Gossypium hirsutum, Liang 
et al. 2016; Kerr et al. 2017). Despite their role in stress sign-
aling, ABF TFs have been implicated in other physiological 
processes, such as sugar signaling (Kang et al. 2002; Kim 
et al. 2004), tomato fruit development (Bastías et al. 2011, 
2014), response to pathogens (Orellana et al. 2010) and leaf 
senescence (Gao et al. 2016).

In previous studies, we obtained evidence suggesting 
that ABF TFs may play key roles in potato tuberization 
induction. We identified and characterized an ABF TF in 
potato, named StABF1. StABF1 expression is increased dur-
ing tuber development, and by tuber-inducing conditions; 
moreover, StABF1 phosphorylation is stimulated by tuber-
inducing conditions, while GA inhibits tuber development 
and StABF1 phosphorylation, suggesting that StABF1 may 
act as a positive regulator of tuberization (Muñiz García 
et al. 2012). To confirm this hypothesis, we attempted to 
overexpress the StABF1 gene in potato, however, we have so 

far been unable to generate these transgenic plants. There-
fore, we developed potato plants expressing the Arabi-
dopsis ABF2 or ABF4 genes under the control of the 35S 
promoter from Cauliflower Mosaic Virus (35S::ABF2 and 
35S::ABF4, respectively). ABF2 and ABF4 are the clos-
est orthologs to StABF1 (sharing 57% and 50% amino acid 
sequence identity, respectively). Both ABF2 and ABF4 have 
been involved in sugar signaling and metabolism (Kang et al. 
2002; Kim et al. 2004), which are crucial for tuberization 
induction. Stolons from 35S::ABF4 and 35S::ABF2 plants 
exhibit an enhanced tuberization induction in vitro, however, 
only ABF4 expression significantly increases the number 
of the tubers obtained from cultured stolons (Muñiz García 
et al. 2014).

Our previous results suggest that ABF4 is a good candi-
date to improve potato crop yield. Due to the role of ABF 
TFs in abiotic stress responses, ABF4 might also enhance 
salt and drought tolerance. In addition, ABF4 regulates the 
expression of ABA and GA metabolic genes in stolons cul-
tured in vitro (Muñiz García et al. 2014); consequently, this 
transcription factor could be useful to regulate dormancy 
and sprouting time. The aim of the present study was to 
assess the performance of the 35S::ABF4 plants grown in 
soil, determining different parameters related to tuber yield, 
tuber quality (carbohydrates content and sprouting behavior) 
and tolerance to salt and drought stress.

Materials and methods

Plant material and growth conditions

Transgenic potato plants (Solanum tuberosum cv. Spunta) 
expressing the Arabidopsis ABF4 gene under the control 
of the cauliflower mosaic virus 35S promoter (35S::ABF4) 
were generated by Agrobacterium-mediated transformation 
(Muñiz García et al. 2014). Regenerated plants carrying 
no plasmid but obtained by the same regeneration method 
were used as controls (wild type) for phenotypic analysis. 
No phenotypic differences were observed between the regen-
eration controls and transformed vector controls (Supple-
mentary Fig. S1), confirming that the phenotype observed 
in 35S::ABF4 plants is specifically due to the expression 
of ABF4. Unless otherwise specified, plants were obtained 
from seed tubers; for each experiment, the size of the seed 
tubers was uniform (5–15 g/tuber; unless otherwise speci-
fied), with no significant differences in the tuber weight. 
Tubers were cultivated in 1 L pots with commercial soil 
mixture (Grow Mix Multipro, Terrafertil Argentina), plac-
ing 1 tuber per pot. Plants were cultivated in a greenhouse 
maintained between 22 and 24 °C, under a 16-h light/8-h 
dark cycle.



Plant Molecular Biology	

1 3

Dry matter content

Dry matter content was determined by oven-drying finely 
chopped tubers at 80 °C till constant weight (16 h). Dry 
matter (%) was calculated as follows: 100 × dry weight/fresh 
weight.

Starch, reducing sugars, glucose and sucrose 
content

Tubers were chopped, dried at 80 °C till constant weight and 
ground to a fine powder. Starch was determined as described 
in Stritzler et al. (2017), except that glucose was determined 
by the glucose oxidase method using the Glycemia kit pur-
chased from Wiener Lab, Argentina. Soluble sugars were 
extracted from dried tuber samples with 80% (v/v) ethanol in 
a 70 °C water bath for 90 min. Reducing sugars content was 
determined by the Nelson-Somogy method (Somogyi 1952; 
Nelson 1994). Glucose was determined using the Glycemia 
kit (Wiener Lab). Sucrose was determined by the glucose 
oxidase/invertase method described in Teixeira et al. (2012), 
except that glucose was determined as described above, and 
sucrose content was calculated from the difference in glu-
cose content after and before invertase treatment.

Sprouting behavior

Tubers obtained from wild-type and 35S::ABF4 plants 
grown in a greenhouse under non-stress condition were 
harvested and placed in darkness at 22 °C for 20 weeks. A 
sprouted tuber was defined as a tuber presenting at least one 
sprout equal or longer than 3 mm. The sprout/tuber weight 
ratio was determined by weighing the sprouts of each tuber 
and dividing them by total tuber weight, thereby minimizing 
the effect of tuber size on sprout weight. Alternatively, the 
percentage of sprouted tubers was determined after 30 weeks 
of storage at 4 °C in darkness.

Measurement of leaf water loss

To measure water loss by air drying, leaflets from 4 weeks-
old wild-type and transgenic potato plants cultivated in the 
greenhouse were detached and placed at 22 °C. The fresh 
weights were measured at different time points (each 30 min 
during 5 h, and 24 h after the cutting). Water loss was cal-
culated as the percentage of initial fresh weight lost at each 
time point.

Relative water content (RWC)

RWC was determined in detached leaflets with their cor-
responding petiole from 4 weeks-old wild-type and trans-
genic potato plants, as described in Capiati et al. (2006). 

Leaflets were placed in individual containers with water for 
48 h before treatment. Leaflets were then subjected to salt 
stress (250 mM NaCl) or dehydration (deprived of water) 
for 1 or 4 h. Controls without treatment were carried out in 
each determination.

RWC was determined according to the formula:

Fresh weight (FW) was measured at the end of the stress 
period. Turgor weight (TW) was determined by subjecting 
leaflets to rehydration in water for 24 h, after stress treat-
ment. Dry weight (DW) was obtained after drying the sam-
ples at 60 °C for 16 h.

Survey of agronomic characteristics under stress 
conditions

Salt and drought stress were performed; well-watered plants 
were used as controls. For salt stress, plants were grown 
under well-watered conditions for 3 weeks, then, plants were 
irrigated with 100 mM NaCl (200 ml per 1 L pot, three times 
a week) for 7 weeks; the average soil conductivity after 
5 weeks of NaCl application was 9.97 mS/cm. For drought 
treatment, plants were grown under well-watered conditions 
for 3 weeks, drought stress was applied by withholding water 
for 5 weeks, followed by 2 weeks of re-watering. Following 
stress application, different parameters were determined, 
such as tuber weight, tuber yield, proline and chlorophyll 
content, photosynthesis and survival rate.

Proline content

Proline content was determined in leaves according to the 
method of Bates et al. (1973) with minor modifications. 
The samples (50 mg) were ground to a fine powder in 
liquid nitrogen, resuspended in 200 µL of distilled water, 
incubated in a boiling bath for 30 min and centrifuged 
10 min at 18,000×g. 100 µL of the supernatant were mixed 
with 100 µL of 0.2 M sodium citrate buffer (pH 4.6) and 
reacted with 400 µL ninyhidrin 1% (p/v) prepared in acetic 
acid:water (3:2), for 45 min at 100 °C. The reaction was 
stopped in an ice bath. The reaction mixture was extracted 
with 800 µL of toluene, mixed vigorously and centrifuged 
10 min at 18,000×g. The absorbance was read at 515 nm. 
The proline concentration was determined from a standard 
curve.

Protein oxidation

Carbonyl determination was carried out in leaves by the 
dinitrophenylhydrazine (DNPH) method, as described by 
Levine et al. (1994). Three replicates and their respective 
blanks were used for each determination. Samples were 

RWC (%) = 100 (FW − DW)∕(TW − DW)
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incubated with 1% (w/v) streptomycin sulphate for 20 min 
to remove the nucleic acids. After centrifuging at 5000×g 
20 min, supernatants (200 µL) were mixed with 300 µL of 
10 mM DNPH in 2.5 M HCl; the blanks were incubated in 
2.5 M HCl. After incubating 1 h at room temperature, pro-
teins were precipitated with 275 µL of trichloroacetic acid 
(TCA) 50% (w/v), and the pellets were washed with 600 µL 
of TCA 10% (w/v). The pellets were then washed three times 
with ethanol:ethylacetate (1:1) and dissolved with 6 M guan-
idine hydrochloride in 20 mM potassium phosphate buffer 
(pH 2.3). The absorbance at 370 nm was measured. Protein 
recovery was determined for each sample by measuring the 
absorbance of the blanks at 280 nm. Carbonyl content was 
calculated using the molar absorption coefficient for ali-
phatic hydrazones (0.022 nmol−1 mL).

Gas exchange measurements

Gas exchange measurements were carried out using a port-
able gas exchange system (Li6800; Li-Cor Inc., Lincoln, NE, 
USA). Measurements were performed on the youngest fully 
expanded leaves. Leaf temperature was set at 25 °C; irradi-
ance was fixed at 1000 µmol/m−2 s−1. The photosynthesis 
and electron transport rate, stomatal conductance and tran-
spiration rate were calculated with the software provided by 
the manufacturer.

Chlorophyll content

Chlorophyll content was determined by the method 
described by Arnon (1949). Fresh leaf samples were homog-
enized in acetone 80% (v/v) (1 mL per 10 mg of tissue) 
followed by centrifugation at 3000×g for 5 min. The absorb-
ance at 663 and 646 nm was determined. Chlorophylls con-
tent were calculated using the following formulae:

Statistical analysis

Statistical analysis was carried out using the Student’s t test. 
A p value < 0.05 was considered statistically significantly.

Results

35S::ABF4 plants exhibit improved tuber yields 
under normal conditions

35S::ABF4 plants were obtained as described in Muñiz 
García et al. (2014). All the transgenic lines analyzed in vitro 
showed an increased tuberization capacity as compared to 

Chlorophyll a (mg∕L) =
(

12.21 × A663

)

−
(

2.81 × A646

)

Chlorophyll b (mg∕L) =
(

20.13 × A646

)

−
(

5.03 × A663

)

wild-type controls (Muñiz García et al. 2014; Supplemen-
tary Fig. S2). Four lines (4.1, 4.2, 4.3 and 4.4) were selected 
for preliminary characterization. Plants were transfer ex vitro 
to soil, and we observed that 35S::ABF4 lines showed nor-
mal vegetative growth (Fig. 1a) and presented higher tuber 
yields than the wild-type controls (not shown). Tubers were 
collected from the ex vitro plants and planted to evaluate the 
tuberization capacity under normal (non-stress) conditions; 
tuber yields were higher in all 35S::ABF4 lines (Fig. 1b), 
with no differences in the average tuber weight between 
transgenic and wild-type plants (Fig. 1c). No differences 
in the number of stolons per plant were observed between 
35S::ABF4 and wild-type controls (except for line 4.4 that 
presented less stolons per plant) (Fig. 1d), however the per-
centage of tuberizing stolons and the number of tubers per 
plant were higher in all transgenic lines (Fig. 1e, f). This 
preliminary characterization was carried out with plants 
obtained from very small seed tubers (1–2 g each); these 
plants were much smaller than those developed from larger 
tubers (used in the subsequent experiments; Figs. 2, 3, 4, 5, 
6, 7, 8, 9), and consequently had significantly lower yields.

Only two 35S::ABF4 lines (4.2 and 4.3) presented a sin-
gle transgene copy (Muñiz García et al. 2014); these lines 
were selected for further analysis. Wild-type plants and lines 
4.2 and 4.3 obtained from seed tubers (5–15 g each) were 
cultivated under normal conditions. No significant growth 
alterations were observed between 35S::ABF4 and wild-
type plants (Supplementary Fig. S3). As expected, these 
plants were larger than those developed from small seed 
tubers (Supplementary Fig. S3a; Fig. 1a), and therefore pro-
duced larger tubers, more tubers per plant and higher yields 
(Fig. 2). Again, the tuberization capacity of the 35S::ABF4 
lines was higher with respect to wild-type controls (Fig. 2).

It is important to note that the experiments of tuber 
yields under normal or stress conditions (using seed tubers 
of 5–15 g) were performed in 1 L pots, due to the limited 
space in the greenhouse; the yields obtained using this pot 
size ranged between 21 and 33 g tuber/plant. When plants 
were cultivated in 3 L pots, the tuber yields were signifi-
cantly higher: 70.9 ± 5.8 for wild type and 87.4 ± 2.1 for line 
4.3 (p < 0.05, line 4.3 vs. wild type); the number of tubers 
per plant was 2.3 ± 0.3 for wild type and 3.4 ± 0.2 for line 
4.3 (p < 0.05, line 4.3 vs. wild type).

Characteristics of 35S::ABF4 tubers developed 
under normal conditions

Tubers from 35S::ABF4 plants showed an elongated shape 
(Fig. 3a, b). Dry matter and starch content were higher in 
transgenic tubers (Fig. 3c, d). The content of total reducing 
sugars and glucose were lower in 35S::ABF4 tubers, with no 
differences in the sucrose content, as compared to wild-type 
controls (Fig. 3e).
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The sprouting behavior of 35S::ABF4 tubers during 
storage was analyzed. The percentage of sprouted tubers 
after 20 weeks of storage at 22 °C was lower in transgenic 
lines than in the wild-type controls (Fig. 4a); moreover, the 

sprouts of 35S::ABF4 tubers were shorter (Fig. 4b), and the 
sprout weight and sprout/tuber weight ratio were signifi-
cantly lower in transgenic tubers (Fig. 4c, d). No significant 
differences in the number of sprouts per tuber were observed 
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Fig. 1   Preliminary characterization of 35S::ABF4 plants. a Repre-
sentative image of wild-type (wt) and transgenic plants (4.1, 4.2, 4.3 
and 4.4) 4  weeks after ex vitro transfer. b–f Tuberization of plants 
grown from small tubers (1–2 g each) obtained from ex vitro plants 
grown under normal (non-stress) conditions. Tubers were harvested 
10 weeks after planting, and the tuber yield, tuber weight, number of 

stolons per plant, percentage of tuberizing stolons (stolons present-
ing at least one tuber or subapical swelling), and number of tubers 
per plant were determined. The data shown in the bar graphs are the 
mean ± SEM of ten plants per line. The asterisks indicate statistical 
significance: *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, with 
respect to wt
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Fig. 2   Tuberization of 35S::ABF4 plants under normal conditions. 
Wild-type (wt) and transgenic plants (4.2 and 4.3) obtained from seed 
tubers (5–15 g each) were grown under non-stress conditions; tubers 
were harvested after plant senescence (approximately 10  weeks). a 
Tuber yield. b Percentage of tuber yield of 35S::ABF4 plants with 
respect to wild-type controls. c Average tuber weight. d Number of 

tubers obtained per plant. Data are the mean ± SEM of five independ-
ent experiments, each consisting of ten plants per line; experiments 
were carried out over a period of 3 years. The asterisks indicate sta-
tistical significance: *p < 0.05, **p < 0.01, ***p < 0.005, with respect 
to wt
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Fig. 3   Characteristics of 35S::ABF4 tubers developed under nor-
mal conditions. Wild-type (wt) and transgenic plants (4.2 and 4.3) 
obtained from seed tubers were grown under non-stress condi-
tions; tubers were harvested after plant senescence (approximately 
10  weeks). a Representative image of the tubers. b Tuber shape, 
defined as the ratio between the major and minor diameter; data are 

the mean ± SEM of three independent experiments, each consisting 
of 20–30 tubers per line. c–e Dry matter, starch content, and solu-
ble sugars content; the data are presented as the mean ± SEM from 
10 to 15 tubers per line. The asterisks indicate statistical significance: 
*p < 0.05, ***p < 0.005, with respect to wt. DW dry weight
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between 35S::ABF4 and wild-type plants (1.3 ± 0.1 sprouts/
tuber for wild type, 1.1 ± 0.1 for line 4.2 and 1.0 ± 0.1 for 
line 4.3). Noteworthy, all of the transgenic and wild-type 
tubers were able to develop plants, when placed in soil after 
20 weeks of storage at 22 °C; all tubers reached 100% emer-
gence 5 days after planting. The sprouting behavior was also 
determined after 30 weeks of storage at 4 °C; under these 
conditions, the percentage of sprouted tubers was signifi-
cantly lower in 35S::ABF4 lines than in wild-type tubers: 
68.0 ± 15.4% for wild type, 0.0 ± 0.0 and 25.0 ± 0.0% for line 
4.2 and 4.3, respectively (p < 0.05, for lines 4.2 and 4.3 vs. 
wild type).

35S::ABF4 plants show enhanced tolerance to salt 
and drought stress

Expression of ABF4 in potato plants resulted in reduced 
water loss; the leaves of 35S::ABF4 plants lost water more 
slowly than wild-type controls (Fig. 5a, b; Supplementary 
Fig. S4). Relative water content (RWC) was determined in 
transgenic and wild-type leaves after exposure to 250 mM 
NaCl or dehydration; as shown in Fig. 5c, under control con-
ditions no differences were observed between 35S::ABF4 
lines and wild type, however, after 4 h of salt stress, and 1 
or 4 h of dehydration, RWC values of transgenic leaves were 
higher than those of wild type. There were no differences 
in the stomatal conductance or transpiration rates between 
35S::ABF4 and wild-type plants under well-watered condi-
tions (Fig. 5d, e). Under salt stress, both parameters were 
decreased in 35S::ABF4 and wild-type plants, however, the 
transgenic lines showed lower stomatal conductance and 
transpiration rates than wild-type controls (Fig. 5d, e).

Proline content was determined to evaluate the perfor-
mance of 35S::ABF4 plants under stress. Proline act as an 

osmoprotectant and is accumulated in response to salin-
ity and drought; it has also been described to function as 
a radical scavenger and antioxidant (Liang et al. 2013). 
Proline content significantly increased after exposure to 
salt stress or drought in both, 35S::ABF4 and wild-type 
plants (Fig. 6a); transgenic lines exhibited higher pro-
line contents than wild type, either under well-watered 
conditions or during salt or drought stress (Fig. 6a). No 
significant difference in the protein oxidation level was 
observed between transgenic and wild-type plants, under 
well-watered or stress conditions (Fig. 6b).

The photosynthesis rate was determined in 35S::ABF4 
plants under well-watered and salt stress conditions. As 
expected, photosynthesis and electron transport rate were 
significantly reduced by salt stress, but no differences were 
observed between transgenic and wild-type plants under 
normal or stress conditions (Fig. 7a, b).

35S::ABF4 plants exhibited higher survival rates than 
wild-type controls under salt stress (Fig. 8a, b), however, 
under drought stress, transgenic and wild-type plants 
showed similar survival rates (Fig. 8c). Chlorophyll con-
tent was determined as an indicator for stress-induced 
leaf senescence (Fang et al. 1998). There were no sig-
nificant differences in chlorophyll a or b content between 
35S::ABF4 and wild-type plants under well-watered or 
drought conditions, however the content of both, chloro-
phyll a and b resulted higher in transgenic lines after salt 
stress (Fig. 8d). No differences were observed in the ratio 
of chlorophyll a to chlorophyll b between 35S::ABF4 and 
wild-type plants under well-watered or stress conditions 
(Fig. 8e).
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Fig. 4   Sprouting behavior of 35S::ABF4 tubers. Tubers obtained 
from wild-type (wt) and 35S::ABF4 (4.2 and 4.3) plants grown in a 
greenhouse under non-stress conditions were harvested and placed 
in darkness at 22 °C for 20 weeks. a Percentage of sprouting tubers; 
data are the mean ± SEM of five independent experiments, each con-

sisting of 20 tubers per line. b–d Sprout length, sprout weight and 
sprout/tuber weight ratio; data are the mean ± SEM of ten tubers 
per line. The asterisks indicate statistical significance: *p < 0.05, 
**p < 0.01, ***p < 0.005, ****p < 0.001, with respect to wt
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35S::ABF4 plants exhibit improved tuber yields 
under salt and drought stress

Under salt stress, 35S::ABF4 lines showed higher tuber 
yields than wild-type plants, with an increase in produc-
tivity of 68.8 and 52.6% for lines 4.2 and 4.3, respectively 
(Fig. 9a, b). No differences in the average tuber weight were 
observed between transgenic and wild-type plants grown in 
saline conditions (Fig. 9c), however, the number of tubers 
obtained per plant was higher in 35S::ABF4 lines (Fig. 9d). 
Accordingly, the percentage of tuberizing stolons was 
higher in 35S::ABF4 plants under salt stress (Supplemen-
tary Fig. S5a), with no differences in the number of stolons 
per plant with respect to wild-type controls (Supplementary 
Fig. S5b).

Under drought stress, 35S::ABF4 plants showed higher 
tuber yields than wild-type controls, with an increase in 
productivity of 51.3 and 60.4% for lines 4.2 and 4.3, respec-
tively (Fig. 9e, f). The average tuber weight was higher for 
35S::ABF4 lines under drought stress (Fig. 9g), however, no 
differences were detected in the number of tubers produced 
per plant between transgenic and wild-type plants (Fig. 9h).

A drastic reduction in tuber yield in both wild-type and 
transgenic plants occurred under the salinity and drought 
conditions applied (Fig. 9a, e). When a milder drought stress 
was applied, a less decrease in productivity was observed, 
however, the 35S::ABF4 plants showed 69–85% higher 
yields than wild-type plants (Supplementary Fig. S6). This 
result indicates that the absolute values of yield depend on 
the severity of the stress, however the differences in tuber 
yield between wild-type and transgenic plants remain essen-
tially constant.

The characteristics of the tubers developed under drought 
stress were determined. Tubers from 35S::ABF4 showed an 

elongated shape (Supplementary Fig. S7a). Relative to the 
wild-type control, the dry matter and starch content were 
higher in transgenic tubers, but this trend was not statisti-
cally significant (Supplementary Fig. S7b and c). The reduc-
ing sugars content was lower in 35S::ABF4 tubers, although 
this difference was only significant for line 4.2 (Supplemen-
tary Fig. S7d). Overall, the differences in starch and sugars 
contents between 35S::ABF4 and wild-type tubers devel-
oped under drought stress were less marked than the differ-
ences observed when tubers were obtained under normal 
conditions. Drought stress drastically decreased the reduc-
ing sugars content and slightly reduced the starch content 
in both, wild-type and transgenic tubers, with respect to the 
tubers developed under normal conditions (Fig. 3d, e).

Discussion

In a previous study we showed that constitutive expression 
of the Arabidopsis ABF4 gene in potato plants enhances 
tuberization in cultured stolons, and determined that ABF4 
might act a mediator of the ABA-GA crosstalk during 
tuberization induction. These previous results were obtained 
using an in vitro tuberization system, in which isolated sto-
lons are cultured in darkness on medium supplemented with 
8% sucrose (Muñiz García et al. 2014). Differently, in whole 
plants, tuber development depends on the photoassimilates 
generated in the leaves, a process that is influenced by the 
photosynthetic rate, stomatal aperture, total leaf area, leaf 
chlorophyll, etc. Moreover, tuberization is controlled by sig-
nals that are exported from leaves in response to environ-
mental and hormonal factors, perceived and integrated in the 
aerial part of the plant (Suárez-López 2013). Based on our 
previous results in vitro, we hypothesized that ABF4 might 
be a good candidate to improve potato crop yield, however, 
considering the complexity of the entire tuberization pro-
cess, in soil experiments with whole plants are required 
to confirm this hypothesis. In this study we evaluated the 
performance of the 35S::ABF4 plants grown in soil, under 
greenhouse conditions, determining the tuber yield, carbo-
hydrate components and sprouting behavior of the tubers, 
and the tolerance to salt and drought stress.

Transgenic expression of ABF TFs in Arabidopsis and 
other species has been shown to increase tolerance to abi-
otic stress, however, these improvements are often associated 
with growth retardation (Kang et al. 2002; Kim et al. 2004; 
Kerr et al. 2017). Interestingly, 35S::ABF4 plants exhibit 
normal growth and development (Fig. 1; Fig. S3). Other 
reports also describe improvements in stress tolerance of 
agricultural plants that ectopically express ABF genes, with 
no effects on growth (Oh et al. 2005; Orellana et al. 2010).

Under non-stress conditions, 35S::ABF4 lines present 
higher tuber yields than wild-type plants, due to an increase 

Fig. 5   Water loss, RWC, stomatal conductance and transpiration rate 
of 35S::ABF4 plants. a Water loss of detached leaflets from wild-type 
(wt) and 35S::ABF4 (4.2 and 4.3) plants. Quantitative data of four 
independent experiments, each consisting of five leaflets from differ-
ent plants per condition, are displayed in the graph. The results are 
shown in a line graph for better visual comparison (statistical analysis 
is shown in Fig. S4). b Water loss after 24 h of air drying. Quantita-
tive data of four independent experiments (mean ± SEM), each con-
sisting of ten leaflets from different plants per condition, are displayed 
in the bar graph. c RWC of wild-type and 35S::ABF4 detached leaf-
lets after exposure to NaCl 250 mM or dehydration (DH) for 1 or 4 h. 
Quantitative data of five independent experiments (mean ± SEM), 
each consisting of 10–15 leaflets from different plants per condi-
tion, are displayed in the bar graph. d and e Stomatal conductance 
and transpiration rate of wild-type and 35S::ABF4 plants. Plants 
were grown in greenhouse under well-watered conditions (water) or 
subjected to salt stress (NaCl) as described in “Materials and meth-
ods”. Stomatal conductance and transpiration rate were determined 
by gas exchange measurements; data of two independent experi-
ments (mean ± SEM), each consisting of ten plants per condition, are 
displayed in the bar graphs. The asterisks indicate statistical signifi-
cance: *p < 0.05, **p < 0.01, with respect to wt

◂
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in the number of tubers produced per plant, rather than an 
increased tuber weight (Figs. 1, 2). This result confirms that 
ABF4 can improve potato productivity, as suggested by the 
evidence obtained in our previous study using an in vitro 
tuberization system (Muñiz García et al. 2014).

35S::ABF4 tubers exhibit a more elongated shape than 
wild-type controls (Fig. 3) which might be due to the mech-
anism of action of ABF4. During tuberization induction, 
a decrease in the bioactive GA levels, caused by the up-
regulation of StGA2ox1 (that codes for the GA inactivating 
enzyme), occurs in the stolon subapical region (Kloosterman 
et al. 2007). This causes a change in the plane of cell division 
that leads to lateral cell expansion and division (Shibaoka 
1994; Fujino et al. 1995; Xu et al. 1998). We demonstrated 

previously that ABF4 increases StGA2ox1 expression in 
stolons during tuberization induction (Muñiz García et al. 
2014). A possible reason for the elongated shape could be 
a reduction of bioactive GA levels occurring all over the 
stolon, instead of being restricted to the subapical region, as 
a consequence of the constitutive expression of ABF4 that 
causes the up-regulation of StGA2ox1 all along the stolon 
length.

35S::ABF4 tubers have higher dry matter and starch con-
tent, and lower content of total reducing sugars and glucose 
(Fig. 3). These are desirable traits in commercial potato 
tubers. High dry matter and starch content increases chip 
yield, crispy consistency, and reduces oil absorption during 
frying (Rommens et al. 2010). Low reducing sugars levels 
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are required to reduce darkening of processed products, 
which negatively affects consumer acceptance (Wang-Pruski 
and Nowak 2004). Expression of the Arabidopsis ABF4 gene 
in potato increased starch content by 23–25% on dry matter 
basis; the estimated increase on fresh weight basis was about 
33–40%. Total reducing sugars and glucose were decreased 
by 27–42% and 80%, respectively (dry matter basis). These 
differences represent an improvement in the processing qual-
ity of 35S::ABF4 tubers. The mechanism by which ABF4 
regulates starch and sugars content in potato tubers remains 
unknown. It has been demonstrated that SlAREB1 alters the 
content of sugar derivatives in tomato fruits, probably by 
regulating the transcript levels of genes related to carbohy-
drate metabolism (Bastías et al. 2014). It would be interest-
ing to determine the expression of enzyme-encoding genes 
involved in primary carbohydrate metabolic pathways in 
35S::ABF4 tubers.

Potato tubers, particularly Spunta variety, are mostly 
consumed fresh, thus long-term storage after harvest is 
required. Sprouting contributes to the loss of quality causing 

mobilization of storage compounds, mainly starch and pro-
teins, and shrinkage due to water loss (Sonnewald and Son-
newald 2014). During storage at room temperature (22 °C), 
sprouting and sprout growth is delayed in 35S::ABF4 
tubers (Fig. 4); the sprout/tuber weight ratio was reduced 
by 41–48%, with respect to wild-type controls. Sprouting 
is also delayed in transgenic tubers during storage at 4 °C. 
These results clearly indicate that 35S::ABF4 tubers have 
longer storage capabilities under the conditions used in this 
work, however more studies are required to determine the 
sprouting behavior under different storage conditions, and 
the mobilization of storage compounds. Notably, the expres-
sion of ABF4 has no effect on the sprouting or emergence of 
plants when tubers are planted after the dormancy period, 
which would have been a great disadvantage.

The mechanism involved in the retardation of sprouting 
and inhibition of sprout growth in 35S::ABF4 tubers is pos-
sibly related to the role of ABF4 in the regulation of ABA 
and GA metabolic genes expression. ABA is required for 
the maintenance of tuber dormancy (Suttle and Hultstrand 
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Fig. 9   Tuberization of 35S::ABF4 plants under salt stress or drought 
conditions. Wild-type (wt) and transgenic plants (4.2 and 4.3) 
obtained from seed tubers (5–15  g each) were grown under well-
watered conditions (water) or subjected to salt stress (NaCl; a–d) 
or drought (e–h) as described in “Materials and methods”. a and e 
Tuber yield. b and f Percentage of tuber yield under salt stress of 

35S::ABF4 plants with respect to wild-type plants. c and g Aver-
age tuber weight. d and h Number of tubers obtained per plant. Data 
are the mean ± SEM of five independent experiments, each consist-
ing of ten plants per line; experiments were carried out over a period 
of 3  years. The asterisks indicate statistical significance: *p < 0.05, 
**p < 0.01, ***p < 0.005, ****p < 0.001, with respect to wt
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1994). ABA levels are high in dormant tubers and decrease 
during storage; this changes in ABA content are controlled 
by the expression of the biosynthetic genes zeaxanthin epox-
idase (ZEP) and 9-cisepoxycarotenoid dioxygenase (NCED), 
and genes coding for the catabolic ABA 8´-hydroxylase 
(CYP707A) (Destefano-Beltran et al. 2006). Although the 
function of GA in dormancy regulation remains controver-
sial, the evidence obtained so far indicates a role for GA in 
sprout growth promotion rather than in dormancy release 
(Hartmann et al. 2011). We have previously demonstrated 
that heterologous expression of ABF4 leads to an increase 
in StZEP and StNCED1 transcript levels, accompanied by 
an increase in the expression of StGA2ox1 in stolons (Muñiz 
García et al. 2014). It is possible that the same regulation 
occurs in mature 35S::ABF4 tubers, resulting in higher ABA 
content that increases dormancy level and delays sprouting, 
and lower bioactive GA content that retards sprout growth.

ABF TFs regulate the expression of several abiotic stress-
responsive genes (Choi et al. 2000; Uno et al. 2000), which 
can mitigate the effect of stress leading to adjustment of the 
cellular milieu and plant tolerance (Hirayama and Shino-
zaki 2010). In addition, ABF proteins are known to regu-
late ABA-mediated stomatal closure, contributing to plant 
stress adaptation by reducing transpiration levels (Kang et al. 
2002). According to these previously described functions, 
35S::ABF4 plants show an increased capacity to conserve 
water under normal and stress conditions (Fig. 5). This effect 
is due to a reduced stomatal conductance and transpiration 
rates under stress (Fig. 5), and to an increase in the content 
of the osmoprotectant proline under normal and stress con-
ditions (Fig. 6).

It has been shown that over-expression of exogenous and 
endogenous ABF homologs in cotton plants substantially 
increases dehydration resilience, but also induces stoma-
tal closure and reduces photosynthetic activity (Kerr et al. 
2017). Although the expression of ABF4 in potato plants 
leads to a reduced stomatal conductance under salt stress, 
photosynthesis is not affected in the transgenic lines, under 
neither salt stress nor well-watered conditions (Fig. 7); this 
is consistent with the fact that 35S::ABF4 plants show nor-
mal vegetative growth.

35S::ABF4 plants are certainly more tolerant to soil salin-
ity than wild-type controls, showing higher survival rates, 
and higher chlorophyll content during stress, indicative of 
a reduced stress-induced leaf senescence (Fig. 8). Conse-
quently, 35S::ABF4 lines have higher yields than wild-type 
plants under salt stress (Fig. 9). Under drought stress, no 
differences were observed in the survival rate or chlorophyll 
content between 35S::ABF4 and wild-type plants (Fig. 8), 
however, transgenic lines exhibit higher yields (Fig. 9), indi-
cating that ABF4 contributes to improve the performance 
under drought as well as under salt stress. Potato plants 
resulted more tolerant to drought than to salinity under the 

experimental conditions used in this study, as shown by the 
survival rates (79.8% for drought and 35.0% for salt stress, 
in wild-type plants). Therefore, it is possible that the drought 
stress applied was not severe enough to reveal differences in 
the survival rates between transgenic and wild-type plants.

Interestingly, under salt stress, 35S::ABF4 plants show 
an increased number of tubers per plant with no changes in 
the average tuber weight with respect to wild-type controls, 
while, under drought stress, transgenic plants produce larger 
tubers with no changes in the number of tubers per plant 
(Fig. 9). These results suggest that ABF4 acts through differ-
ent mechanisms in response to either salt or drought stress.

Although salt and drought stress applied in this study 
severely affect tuber yields, 35S::ABF4 plants have 50–85% 
more yield than wild-type controls under these conditions 
(Fig. 9; Fig. S6), suggesting that this transgenic crop could 
have a clear advantage over wild-type plants in regions 
affected by salinity or drought. Field trials under drought 
or on saline soils are required to determine the economic 
significance of these results, however, it is logical to specu-
late that regardless of the absolute values of yield, which 
depend on the severity of the stress, the productivity of the 
35S::ABF4 lines will be significantly higher than that of 
wild-type plants.

Considerable effort has been directed toward genetic 
improvement of different traits in potato plants. To date, 47 
potato transformation events have been approved for use as 
food or as food ingredients in different countries (ISAAA’s 
GM Approval Database; http://www.isaaa​.org/gmapp​roval​
datab​ase/), and several genetically modified potatoes are 
currently being developed or going through the regulatory 
approval process for the commercial release (ISAAA Brief 
52-2016). Regarding salinity and drought tolerance, the ear-
liest approaches were based on the transgene expression of 
genes encoding enzymes or proteins, which directly function 
to protect cells from stress, such as trehalose-6-phosphate 
synthase, betaine aldehyde dehydrogenase and manni-
tol 1-phosphate dehydrogenase (Stiller et al. 2008; Zhang 
et al. 2011; Rahnama et al. 2011; Eltayeb et al. 2011; Bayat 
et al. 2010; Upadhyaya et al. 2011). Two interesting recent 
approaches consist of the over-expression of the non-specific 
lipid transfer protein1 gene (StnsLTP1; Gangadhar et al. 
2016), or the annexin-coding STANN1 gene (Szalonek et al. 
2015), which improve tolerance to abiotic stress by enhanc-
ing the activation of antioxidative defense mechanisms. Due 
to the complexity of abiotic stress responses, which are regu-
lated by multiple genes, in the past few years TFs were eval-
uated as tools to engineer salinity and drought tolerance. The 
TFs introduced in transgenic potato plants to date belong to 
the MYB family (Shin et al. 2011; Cheng et al. 2013), the 
DREB subfamily of AP2/EREBP TFs (Celebi-Toprak et al. 
2005; Movahedi et al. 2012; Bouaziz et al. 2012, 2013), and 
the group S of bZIP TFs (Capsicum annuum CaBZ1 gene; 

http://www.isaaa.org/gmapprovaldatabase/
http://www.isaaa.org/gmapprovaldatabase/
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Moon et al. 2015). In this work, we evaluated the Arabidop-
sis ABF4 gene as a potential tool for potato crop improve-
ment. The ABF4 TF has the advantage that the expression 
of a single gene modifies different important characteristics 
in potato plants. Besides enhancing salt stress and drought 
tolerance, constitutive expression of ABF4 increases tuber 
yield under normal and stress conditions, enhances storage 
capability and improves the processing quality of the tubers. 
Thus, this study provides valuable information to improve 
potato crop productivity and tuber quality using molecular 
breeding technology.
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