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Abstract
Soil water stress has a significant impact on crop physiology, however, the specific 
response of starch quality formation in potato tubers remains unreported. Here, two 
potato (Solanum tuberosum L.) varieties, one with high, and the other with low 
tuber starch content, were grown in pots under three different soil water stress treat-
ments, maintaining 75, 50 and 25% of soil field capacity, respectively. Soil water 
stress restricted potato plant growth and development, and severe stress reduced 
tuber yield by 47.8% relative to the control. It also inhibited tuber starch biosyn-
thesis, which declined by 62.4% (AGPase activity) relative to the control. Further-
more, water stress reduced tuber starch accumulation by 23.6% (total starch content) 
relative to the control, and finally, it shortened the tuber starch gelatinization process 
by 1.44% (pasting  temperature) compared to the control. These results reflect the 
soil water stress regulation mechanism on starch formation and potato tuber quality. 
Moreover, the study provides a scientific basis for breeding of varieties with high 
starch content, for improving starch quality and high-efficiency cultivation in dry-
land potato production.
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Introduction

Potato is the fourth largest food crop globally, with 18.13 million hectares and 
353.53 million tons produced in 2021 (FAO), which is only inferior to rice, wheat 
and corn. With climate warming, drought stress frequency has increased annually 
(Adesina & Thomas 2020), and poses a serious threat to the world’s potato pro-
duction and food security (Su & Wang 2019).

Currently, as the effects of climate change become more extreme, water avail-
ability is one of the main factors limiting potato production (Alvarez-Morezuelas 
et al. 2022); drought resistance studies mainly focus on evaluation of germplasm 
resources (Cabello et al. 2012; Stark et al. 2013), responses of the reactive oxy-
gen system (Alhoshan et  al. 2019; Boguszewska et  al. 2010), transcriptome / 
metabolome / proteome analysis (Aliche et al. 2022; Boguszewska- Mańkowska 
et al. 2020; Evers et al. 2010; Zhang et al. 2014), functional identification of gene 
or transcription factors (Shin et al. 2011; Wang et al. 2017), yield and physiologi-
cal indicator changes (Rudack et al. 2017; Wagg et al. 2021). Starch synthesis and 
accumulation research has mainly focused on identifying key enzyme gene func-
tions in starch synthesis (Edwards et al. 1999; Fulton et al. 2002; Schwall et al. 
2000; Tiessen et al. 2002), and exploring new genes or proteins involved in potato 
tuber starch biosynthesis (Albrecht et al. 2001; Davis et al. 2003).

Accordingly, most research reports describe physical and chemical meth-
ods, often used to change potato starch quality (Fornal et al. 2012; Tamaki et al. 
1997), or potato starch as an additive to change wheat or other crop flour proper-
ties (Nemar et al. 2015; Zhang et al. 2011).

Therefore, by selecting potato varieties with high and low starch content, and 
setting different degrees of soil water stress, we investigated the formation mech-
anism of tuber starch quality under soil water stress by measuring growth and 
development, starch synthesis, starch accumulation, and starch quality indicators 
in potato tubers. Our study aims to provide a scientific basis for breeding potato 
varieties with high starch content and improved starch quality for highly efficient 
dryland potato farming.

Materials and Methods

Site Description

The experiment was conducted in Ershilipu Town, Chengbei District, Xining 
City, Qinghai Province, China (31.73° N, 101.75° E, altitude 2339 m), located in 
a continental semi-arid climate on the northeastern Tibetan Plateau. The region 
experiences an annual average of 1940 sunshine hours, 7.6 ℃ annual average 
temperature, and a 180-day frost-free period. Soil samples were taken from the 
0–20 cm soil layer of the study area, and their chemical and physical properties 
were determined. Soil field capacity was 29.5% v/v, pH 8.3, organic matter 22.4 
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mg·kg−1, hydrolytic N 117.0 mg·kg−1, Olsen-P 63.4 mg·kg−1, and available K was 
393.0 mg·kg−1.

Potato Varieties

Experimental potato varieties included Qingshu 9 (high starch variety, dry matter 
average 23.6%, P1) and Minshu 1 (low starch variety, dry matter average 17.8%, P2).

Design

The trial was conducted in pots under a rainout shelter and laid out as a randomized 
block design with three irrigation treatments: T1, normal water supply (irrigated to 
75% of soil field capacity) T2, moderate water stress (refilled to 50% of soil field 
capacity); and T3, severe water stress (refilled to 25% of soil field capacity). Each 
treatment was replicated 18 times, meaning the entire experiment consisted of a total 
of 108 pots. The bottom of each plastic flowerpot (diameter 36 cm, height 20 cm) 
was filled with a 2-cm layer of stones, two layers of gauze were placed on the stones 
as a filter layer, and then an obliquely placed PVC pipe (diameter 2 cm, length 23 
cm) was inserted for ventilation. The lower part of the pipe was located in the mid-
dle of the pot, and the upper part against the edge of the pot (height 30 cm, width 
42 cm). Eighteen kilograms of experimental soil was placed in each pot, and then 
0.32 kg of diamine phosphate (containing 18% N, 46%  P2O5, produced by Yunnan 
Yun Tian Hua Co., Ltd), 0.16 kg of potassium sulfate (containing 50%  K2O, pro-
duced by Qinghai Special Fertilizer Factory) and 0.22 kg of urea (containing 46% 
N, produced by Qinghai Yun Tian Hua International Fertilizer Co., Ltd) were evenly 
applied on top of the soil. The pots were then watered to field capacity. On May 16, 
seed potatoes were planted in each pot, and one plant was maintained after emer-
gence. After planting, a normal water supply was provided to all treatments. From 
the beginning of the bud period, potatoes were subjected to water stress using the 
weighing method, until the potato matured. During the full potato flowering period, 
0.1% potassium dihydrogen phosphate was sprayed on the plants twice to supple-
ment the plant potassium level.

Table 1  Potato target gene and sequence of qRT-PCR primers

Gene name Forward primer (5′-3′) Reverse primer (5′-3′)

Tublin1 GTC AGT CTG GTG CTG GTA ATAA TCT CAG CCT CCT TCC TTA CA
AGPase TTC CTT CCA CCA ACC AAG ATAG CAC TAT GGA GTG TTC CAC AGAA 
GBSSI CTT GCG TTT GCT GAG ATG ATAAA CAG AAG CTC CTA AGC CCA ATAG 
SBEI GCG AAC ATG TGT GGC TTA TTAC TCT CGT CAC TCT CCT CGA TATT 
SBEII CTC TGG ATA GAC CGT CAA CATC AGG TAC CCT TCT CCT CCT AATC 
SSII CAA CAG GAC CTA CTT CAA CAGA CTA CCA CTC CCA CCA TCA TAAG 
SSIII GTC ACC TGT TCG TGT ATC ATCT CCA CTC TCT TCC GAT CTC TTTG 
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Sampling

At the potato flowering stage, 10 plants were selected and their height was meas-
ured. During first inflorescence (S1), flowering stage (S2), stem and leaf senescence 
(S3), when 1/3 of the plant base was withered and yellow (S4), when 2/3 of the plant 
base was withered and yellow (S5) and all aboveground stems and leaves were with-
ered and yellow (S6), the chlorophyll content and photosynthetic characteristics of 
five upper leaves were measured. Three plants with consistent growth were selected 
from each treatment, their tubers were harvested, and after washing, tuber length 
and width, and individual plant tuber yield were assessed.

In the laboratory, soil was removed from the tubers, and selected tubers of the 
same size, were cut into thin slices, and stored in a freezer (-80℃) for later deter-
mination of ADP-Glucose Pyrophosphorylase (AGPase), Granule Bound Starch 
Synthase (GBSS), Starch Branching Enzyme (SBE), Soluble Starch Synthase (SSS) 
activities, and AGPase, GBSSI, SBEI, SBEII, SSII, SSIII gene expressions. Tubers 
from three plants were cut and dried to determine total starch content, amylose con-
tent and amylose/amylopectin ratio. Starch from the remaining tubers was extracted 
by the natural sedimentation method, and starch granule morphology, particle size 
distribution and gelatinization characteristics determined.

Measurements

Plant height was measured with a tape, chlorophyll content was determined with a SPAD-
502 plus Chlorophyll Meter (Konica Minolta, Japan), and photosynthetic characteristics, 
including photosynthetic rate (Pn), stomatal conductance (Gs), intercellular  CO2 concen-
tration (Ci) and transpiration rate (Tr), were measured between 10:00 and 11:00 with a 
Li-6400 XT Portable Photosynthetic Measurement System (Li-COR, USA). Tuber length 
and width were measured with a vernier caliper.

Total RNA and genomic DNA were extracted from tuber samples (Huang et al. 
2014), and first strand cDNA was synthesized by RNA reverse transcription using 
a PrimeScript RT Reagent Kit (Takara Bio, Inc., Japan). Primers for qRT-PCR 
were designed using Primer Premier 5.0 software based on gene sequence in NCBI 
(Table 1). Using Tublin1 as an internal reference gene, qRT-PCR was carried out 
with a Tag SYBR®Green qPCR Kit (Bio-Rad Laboratories, Inc., USA) with first 
strand cDNA as a template. Each sample was analyzed three times, and target gene 
relative expression was calculated using the  2−△△Ct method (Pfaffl 2001).

Table 2  Plant height (cm) of 
potato at the flowering stage 
under different soil water stress 
treatments for cultivars P1 and 
P2

Different lowercase letters indicate significant difference among 
treatments at p = 0.05 level

Treatment P1 P2

T1 59.08 ± 5.84 a 30.54 ± 3.99 a
T2 50.92 ± 4.23 b 27.15 ± 4.49 b
T3 47.23 ± 6.67 b 21.85 ± 1.99 c
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A 0.1-g tissue sample was weighed, 1 mL of extracted solution added, the sample 
homogenized in an ice bath, centrifuged at 10000 × g 4℃ for 10 min, and the super-
natant was placed on ice as a crude enzyme solution for AGPase, SBE, SSS analy-
sis. Then 1 mL of extracted solution in precipitation was added as crude enzyme 
solution for GBSS. AGPase, GBSS, SBE, and SSS activities were determined with a 
Starch Synthesis Enzyme Kit (Suzhou Keming Biotechnology Co., Ltd.). Each sam-
ple was analyzed three times.

Liquid N was added to a 0.01-g tissue sample in a mortar and the sample was ground. 
Then the sample total starch and amylose contents were determined with a Starch Content 
Kit (Suzhou Keming Biotechnology Co., Ltd.). Amylopectin content and the amylose/ 
amylopectin ratio were then calculated. Each analysis was repeated three times.

Starch granule morphology was observed under a JSM-6610 LV Scanning Elec-
tron Microscope (JEOL Company, Japan), and starch granule size distribution 
determined using a Mastersize 2000 Laser Particle Sizer (Malvern Company, UK). 
Then, starch gelatinization properties were measured with an RVA-TecMaster Rapid 

Table 3  Length and width of potato tubers under soil water stress treatments for cultivars P1 and P2 at 
different stages (cm)

P1 is Qingshu 9 Hao and P2 Mingshu 1 Hao experimental potato varieties; first inflorescence (S1), flow-
ering stage (S2), stem and leaf senescence (S3), 1/3 plant base was withered and yellow (S4), 2/3 plant 
base was withered and yellow (S5) and all aboveground stems and leaves withered and yellow (S6).T1, 
normal water supply (irrigated to 75% of soil field capacity) T2, moderate water stress (refilled to 50% of 
soil field capacity); and T3, severe water stress (refilled to 25% of soil field capacity). Different lowercase 
letters indicate significant difference among treatments at p = 0.05 level

Stage Treatment P1 P2

Length Width Length Width

S1 T1 5.33 ± 0.66 a 3.43 ± 0.40 a 5.87 ± 0.26 a 3.69 ± 0.35 a
T2 4.47 ± 0.57 b 2.91 ± 0.47 ab 4.79 ± 0.60 b 3.00 ± 0.45 b
T3 3.80 ± 0.38 b 2.58 ± 0.43 b 3.92 ± 0.26 c 2.74 ± 0.15 b

S2 T1 6.07 ± 0.63 a 3.75 ± 0.28 a 5.96 ± 0.29 a 3.77 ± 0.19 a
T2 5.17 ± 0.70 b 3.03 ± 0.33 b 4.85 ± 0.50 b 3.15 ± 0.40 b
T3 4.28 ± 0.50 c 2.69 ± 0.39 b 4.24 ± 0.46 c 2.87 ± 0.23 b

S3 T1 6.62 ± 0.58 a 4.60 ± 0.38 a 6.08 ± 0.51 a 3.88 ± 0.11 a
T2 6.05 ± 0.30 a 3.94 ± 0.16 b 5.22 ± 0.43 b 3.31 ± 0.32 b
T3 4.55 ± 0.33 b 3.52 ± 0.08 c 4.84 ± 0.29 b 3.08 ± 0.37 b

S4 T1 7.04 ± 0.59 a 5.17 ± 0.23 a 6.22 ± 0.32 a 4.25 ± 0.31 a
T2 6.46 ± 0.25 a 4.67 ± 0.20 b 5.45 ± 0.22 b 3.63 ± 0.13 b
T3 4.86 ± 0.60 b 3.92 ± 0.34 c 4.43 ± 0.25 c 3.13 ± 0.19 c

S5 T1 7.48 ± 0.68 a 5.00 ± 0.39 a 8.22 ± 0.37 a 4.30 ± 0.17 a
T2 6.63 ± 0.71 b 4.64 ± 1.07 a 5.86 ± 0.21 b 4.00 ± 0.19 ab
T3 4.96 ± 0.32 c 3.09 ± 0.54 b 5.14 ± 0.36 c 3.54 ± 0.55 b

S6 T1 7.98 ± 1.03 a 4.41 ± 0.34 a 8.41 ± 0.80 a 4.12 ± 0.29 a
T2 6.67 ± 0.91 b 3.75 ± 0.36 b 6.20 ± 1.09 b 3.60 ± 0.24 b
T3 5.00 ± 0.56 c 2.81 ± 0.15 c 6.12 ± 0.41 b 2.76 ± 0.08 c
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Viscosity Analyzer (Perten Company, Sweden) (Liu et al. 2020). Each analysis was 
repeated three times.

Data Analyses

Microsoft Excel 2007 and SAS v8.0 were used for data processing and statistical 
analysis, respectively. Origin 7.5 was used for drawing the figures, and Duncan’s 
Multiple Range Test for statistical comparisons.

Results

Growth and Development

Crop growth and development changed under adverse conditions. Potato plant 
height, leaf chlorophyll content, leaf photosynthetic capacity, tuber length and width, 

Table 4  Yield of potato under 
soil water stress treatments for 
cultivars P1 and P2 at different 
stages (g)

P1 is Qingshu 9 Hao and P2 Mingshu 1 Hao experimental potato 
varieties; first inflorescence (S1), flowering stage (S2), stem and 
leaf senescence (S3), 1/3 plant base was withered and yellow (S4), 
2/3 plant base was withered and yellow (S5) and all aboveground 
stems and leaves withered and yellow (S6).T1, normal water sup-
ply (irrigated to 75% of soil field capacity) T2, moderate water stress 
(refilled to 50% of soil field capacity); and T3, severe water stress 
(refilled to 25% of soil field capacity). Different lowercase letters 
indicate significant difference among treatments at p = 0.05 level

Stage Treatment P1 P2

S1 T1 165.9 ± 28.8 a 182.3 ± 45.1 a
T2 115.1 ± 16.4 b 147.0 ± 25.8 a
T3 80.6 ± 22.9 b 122.0 ± 14.5 a

S2 T1 260.0 ± 51.4 a 230.5 ± 57.5 a
T2 190.5 ± 20.7 a 184.7 ± 25.7 a
T3 107.9 ± 33.2 b 157.8 ± 37.0 a

S3 T1 377.2 ± 35.0 a 279.8 ± 63.8 a
T2 252.7 ± 36.6 b 185.9 ± 19.2 b
T3 147.3 ± 21.4 c 178.3 ± 8.0 b

S4 T1 403.0 ± 31.3 a 251.6 ± 21.8 a
T2 303.3 ± 46.4 b 201.2 ± 47.6 a
T3 162.0 ± 6.6 c 185.8 ± 46.4 a

S5 T1 639.0 ± 47.0 a 306.4 ± 23.7 a
T2 434.3 ± 53.3 b 240.9 ± 24.1 b
T3 183.5 ± 34.6 c 218.7 ± 18.1 b

S6 T1 807.1 ± 37.5 a 383.9 ± 43.0 a
T2 483.6 ± 38.0 b 260.1 ± 44.8 b
T3 204.5 ± 28.5 c 223.8 ± 5.1 b
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and tuber yield under the soil water stress treatment were all significantly lower than 
under normal water supply (Table 2, 3 and 4 and Figs. 1 and 2). The higher the level 
of soil water stress, the lower the various potato growth and development indicators.

Compared to T1 under T2 and T3 treatments, during flowering, P1 and P2 
plant height decreased by 13.8 and 20.1%, and 11.1 and 28.5%, respectively. Dur-
ing tuber development, leaf chlorophyll content decreased by 12.3 and 25.5%, and 
9.0 and 26.0%, respectively; leaf Pn decreased by 24.0 and 55.8%, and 19.14 and 
34.1%, respectively; leaf Cond decreased by 26.7 and 57.2%, and 29.8 and 60.5%, 
respectively; leaf Ci decreased by 15.0 and 72.8%, and 11.7 and 30.6%, respec-
tively; leaf Tr decreased by 29.2 and 72.8%, and 10.3%, 52.4%, respectively; tuber 

Fig. 1  Leaf chlorophyll content of potato under soil water stress treatments. Note: P1 is Qingshu 9 Hao 
and P2 Mingshu 1 Hao experimental potato varieties; first inflorescence (S1), flowering stage (S2), stem 
and leaf senescence (S3), 1/3 plant base withered and yellow (S4), 2/3 plant base withered and yellow 
(S5) all aboveground stems and leaves withered and yellow (S6). The different lowercase letters indicate 
significant differences among treatments at p = 0.05 level
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length decreased by 12.5 and 32.2%, and 20.6 and 29.6%, respectively; tuber width 
decreased by 13.0 and 29.4%, and 13.8 and 24.6%, respectively; and tuber yield 
decreased by 31.2 and 62.8% and 24.4 and 32.9%, respectively. Overall, soil water 
stress significantly restricted potato growth and development.

Fig. 2  Pn, Gs, Ci and Tr of potato leaf under soil water stress treatments. Note: P1 is Qingshu 9 Hao and 
P2 Mingshu 1 Hao experimental potato varieties; first inflorescence (S1), flowering stage (S2), stem and 
leaf senescence (S3), 1/3 plant base withered and yellow (S4), 2/3 plant base withered and yellow (S5) 
all aboveground stems and leaves withered and yellow (S6). Different lowercase letters indicate signifi-
cant differences among treatments at p = 0.05 level
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Transcriptional Expression of Starch Synthesis Genes and Enzyme Activity Related 
to Starch Synthesis

RNA did not degrade and maintained good integrity (Fig. 3). During tuber devel-
opment, soil water stress significantly enhanced the expression of starch synthesis 
genes (Fig. 4). However, with increasing soil water stress in P1, gene expressions of 
AGPase and GBSSI were down-regulated, and gene expressions of SSII, SSIII, SBEI 
and SBEII were up-regulated. Gene expressions of SSIII was down-regulated in P2, 
while gene expressions of AGPase, GBSSI, SSII, SBEI and SBEII were up-regulated.

Stress can change enzyme activity. During tuber development, soil water stress 
significantly reduced AGPase, GBSS, SSS, and SBE enzyme activities (Table  5). 
However, with increasing soil water stress, AGPase and SSS enzyme activi-
ties increased in P1, but GBSS and SBE declined. AGPase, GBSS, SSS and SBE 
enzyme activities all decreased in P2. Overall, soil water stress significantly inhib-
ited potato tuber starch biosynthesis.

Tuber Starch Accumulation

During tuber development, soil water stress significantly reduced starch accumula-
tion in potato tubers (Table 6). With increased soil water stress, potato tuber total 
starch content slightly increased, while amylose content and the amylose/amylopec-
tin ratio decreased. Overall, soil water stress significantly reduced starch accumula-
tion in potato tubers.

Starch Quality

There was no significant difference in starch particle morphology between P1 
and P2, and both were irregular ellipsoids that were not affected by soil water 
stress (Fig. 5). Crop starch quality is easily affected by stress. During tuber devel-
opment, soil water stress significantly increased the granule dispersion, peak 

Fig. 3  RNA bands of potato tubers. Note: 1% agar gel was used to verify the quality of RNA
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viscosity and breakdown value of tuber starch (Table  7 and 8). With increased 
soil water stress, peak viscosity and breakdown value and granule dispersion 
increased in P1, while in P2 they decreased. An increase in soil water stress 
resulted in significant reductions in particle size, viscosity, final viscosity, setback 
value and pasting temperature of tuber starch (P < 0.05). Overall, soil water stress 
significantly improved potato tuber starch quality.

Fig. 4  Transcriptional expres-
sion of genes related to starch 
synthesis during the develop-
ment of potato tuber under soil 
water stress treatment. Note: P1 
is Qingshu 9 Hao and P2 Ming-
shu 1 Hao experimental potato 
varieties; first inflorescence 
(S1), flowering stage (S2), stem 
and leaf senescence (S3), 1/3 
plant base withered and yellow 
(S4), 2/3 plant base withered 
and yellow (S5) all aboveground 
stems and leaves withered and 
yellow (S6).T1, normal water 
supply (irrigated to 75% of soil 
field capacity) T2, moderate 
water stress (refilled to 50% 
of soil field capacity); and T3, 
severe water stress (refilled to 
25% of soil field capacity). Dif-
ferent lowercase letters indicate 
significant difference among 
treatments at p = 0.05 level
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Discussion

Soil water deficit reduces nutrients and water supplied by the roots to above-
ground plant parts, weakening leaf chlorophyll synthesis and photosynthetic 
capacity, inhibiting organic matter generation, and reduced organic matter trans-
port to below ground plant parts, thus resulting in smaller tubers and lower 
potato yields. We provided systematic data for the whole potato growth period, 
and demonstrated that soil water stress inhibited aboveground plant growth and 
underground tuber development, thus compensating for shortcomings of previ-
ous research (Lahlou & Ledent 2005; Onder et al. 2005; Wagg et al. 2021).

Table 6  Starch accumulation during the development of potato tuber under soil water stress treatments at 
different stages and for cultivars P1 and P2

P1 is Qingshu 9 Hao and P2 Mingshu 1 Hao experimental potato varieties; first inflorescence (S1), flowering 
stage (S2), stem and leaf senescence (S3), 1/3 plant base withered and yellow (S4), 2/3 plant base withered 
and yellow (S5) all aboveground stems and leaves withered and yellow (S6).T1, normal water supply (irri-
gated to 75% of soil field capacity) T2, moderate water stress (refilled to 50% of soil field capacity); and T3, 
severe water stress (refilled to 25% of soil field capacity)

Variety Treat-
ment

Tuber formation period

S1 S2 S3 S4 S5 S6

Total starch content/%
P1 T1 5.99 ± 0.01 b 2.75 ± 0.01 b 6.63 ± 0.01 b 5.18 ± 0.03 c 5.95 ± 0.02 a 5.87 ± 0.02 b

T2 2.52 ± 0.01 c 1.92 ± 0.01 c 6.20 ± 0.01 c 5.49 ± 0.01 b 5.49 ± 0.01 b 6.35 ± 0.03 a
T3 5.86 ± 0.02 a 4.62 ± 0.01 a 7.22 ± 0.03 a 6.26 ± 0.01 a 5.85 ± 0.02 a 5.71 ± 0.05 c

P2 T1 7.54 ± 0.02 a 5.52 ± 0.02 b 6.31 ± 0.02 a 4.33 ± 0.02 b 6.39 ± 0.08 b 5.69 ± 0.07 b
T2 7.40 ± 0.02 b 5.85 ± 0.01 a 2.98 ± 0.02 b 2.16 ± 0.02 c 2.68 ± 0.04 c 7.42 ± 0.04 a
T3 6.81 ± 0.01 c 2.35 ± 0.02 c 2.04 ± 0.01 c 6.27 ± 0.02 a 7.92 ± 0.03 a 5.78 ± 0.04 b

Amylose content/%
P1 T1 11.54 ± 0.03 c 12.89 ± 0.03 b 2.06 ± 0.03 c 10.23 ± 0.03 a 1.39 ± 0.03 c 13.40 ± 0.03 a

T2 11.73 ± 0.02 b 13.48 ± 0.03 a 5.27 ± 0.03 a 4.13 ± 0.03 b 4.68 ± 0.03 b 10.53 ± 0.01 b
T3 12.11 ± 0.03 a 8.63 ± 0.03 c 4.85 ± 0.03 b 1.83 ± 0.03 c 5.27 ± 0.03 a 3.26 ± 0.03 c

P2 T1 7.49 ± 0.03 a 13.16 ± 0.01 a 7.38 ± 0.03 c 5.92 ± 0.01 c 9.66 ± 0.03 a 10.93 ± 0.01 a
T2 5.02 ± 0.03 b 11.20 ± 0.03 c 14.37 ± 0.03 a 12.21 ± 0.03 a 4.78 ± 0.01 b 8.56 ± 0.03 b
T3 0.8 ± 0.032 c 12.72 ± 0.03 b 10.25 ± 0.03 b 10.80 ± 0.03 b 4.53 ± 0.03 c 3.33 ± 0.03 c

Amylose/amylopectin ratio
P1 T1 0.44 ± 0.03 c 0.49 ± 0.01 b 0.16 ± 0.01 c 0.40 ± 0.01 a 0.15 ± 0.03 c 0.51 ± 0.02 a

T2 0.45 ± 0.01 b 0.52 ± 0.01 a 0.24 ± 0.01 a 0.21 ± 0.02 b 0.23 ± 0.01 b 0.41 ± 0.02 b
T3 0.46 ± 0.01 a 0.34 ± 0.01 c 0.23 ± 0.01 b 0.16 ± 0.01 c 0.24 ± 0.01 a 0.19 ± 0.01 c

P2 T1 0.31 ± 0.02 a 0.50 ± 0.03 a 0.30 ± 0.03 c 0.26 ± 0.05 c 0.38 ± 0.01 a 0.42 ± 0.03 a
T2 0.24 ± 0.01 b 0.43 ± 0.01 c 0.55 ± 0.01 a 0.47 ± 0.01 a 0.23 ± 0.03 b 0.34 ± 0.01 b
T3 0.13 ± 0.02 c 0.49 ± 0.01 b 0.41 ± 0.01 b 0.42 ± 0.03 b 0.22 ± 0.01 c 0.19 ± 0.03 c
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Currently, soil water stress effects on starch synthesis have been primarily stud-
ied in rice (Prathap & Aruna 2020), wheat (Lu et al. 2019) and other crops (He et al. 
2012), where starch biosynthesis is controlled by gene expression and enzyme activ-
ity. Our results for potato tubers indicated that soil water stress significantly increased 
gene expression of key enzymes for starch synthesis. This could be viewed as a potato 
survival strategy for adaptation to adverse circumstances, where potato produces more 
enzymes for starch synthesis by up-regulating gene expression. However, starch accu-
mulation is more positively correlated with amylase activity, whereas enzyme activ-
ity (i.e. catalytic efficiency), is mainly regulated by cellular environmental conditions 
such as pH and temperature. However, we showed that soil water stress significantly 
reduced amylase activity, thereby limiting starch accumulation (Rudack et al. 2017). 
We suggest that soil water stress alters intracellular pH through signal transduction, 
thus reducing amylase activity, but further research is needed to confirm this.

Previous studies on soil water stress regulation of starch quality mainly 
focused on corn (Huo & Yang 2022), cassava (Santisopasri et al. 2001), barley 

T2

T1P1

T3

T1P2

T2

T3

S1 S2 S3 S4 S5 S6

Fig. 5  Starch granule morphology during the development of potato tuber under different  soil water 
stress treatments. Note: P1 is Qingshu 9 Hao and P2 Mingshu 1 Hao experimental potato varieties; first 
inflorescence (S1), flowering stage (S2), stem and leaf senescence (S3), 1/3 plant base withered and yel-
low (S4), 2/3 plant base withered and yellow (S5) all aboveground stems and leaves withered and yellow 
(S6). T1, normal water supply (irrigated to 75% of soil field capacity) T2, moderate water stress (refilled 
to 50% of soil field capacity); and T3, severe water stress (refilled to 25% of soil field capacity)
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(Gous et al. 2013) and other crops, and there are few reports on potato. Starch 
gelatinization characteristics are closely related to its subsequent processing and 
utilization. We showed that soil water stress significantly reduced tuber starch 
average particle size and pasting temperature, thereby shortening the tuber 
starch gelatinization process. Compared with cereal crop starch, potato starch 
has a lower pasting temperature, higher transparency and larger expansion, 
making it unique in the processing of pasta, aquatic animal products, granular 
powder, and chemical starch. We believe that improving potato starch quality 
by shortening the gelatinization process will enhance its application in the afore-
mentioned fields.

Conclusion

We investigated soil water stress regulation of potato tuber starch quality forma-
tion. Soil water stress restricted potato plant growth and development, inhibited 
tuber starch biosynthesis, and reduced tuber starch accumulation, thereby short-
ening the tuber starch gelatinization process.

Table 7  Starch granule distribution during the development of potato tuber under soil water stress treat-
ments at different stages and for cultivars P1 and P2

P1 is Qingshu 9 Hao and P2 Mingshu 1 Hao experimental potato varieties; first inflorescence (S1), flow-
ering stage (S2), stem and leaf senescence (S3), 1/3 plant base withered and yellow (S4), 2/3 plant base 
withered and yellow (S5) all aboveground stems and leaves withered and yellow (S6).T1, normal water 
supply (irrigated to 75% of soil field capacity) T2, moderate water stress (refilled to 50% of soil field 
capacity); and T3, severe water stress (refilled to 25% of soil field capacity)

Variety Treat-
ment

Tuber formation period

S1 S2 S3 S4 S5 S6

Particle size / μm
P1 T1 26.48 ± 0.09 b 28.23 ± 0.04 a 32.45 ± 0.08 a 34.43 ± 0.75 a 35.43 ± 0.12 a 34.76 ± 0.22 a

T2 27.95 ± 0.14 a 25.62 ± 0.09 b 31.67 ± 0.05 b 31.52 ± 0.04 b 30.18 ± 0.02 c 32.58 ± 0.06 b
T3 21.29 ± 0.05 c 25.61 ± 0.02 b 29.94 ± 0.17 c 30.52 ± 0.14 c 30.98 ± 0.03 b 28.22 ± 0.08 c

P2 T1 27.25 ± 0.02 a 28.66 ± 0.02 a 28.24 ± 0.03 a 28.38 ± 0.02 b 28.29 ± 0.10 b 28.77 ± 0.16 a
T2 25.60 ± 0.04 c 27.00 ± 0.04 b 28.46 ± 0.07 a 29.59 ± 0.27 a 31.87 ± 0.16 a 27.97 ± 0.07 b
T3 26.21 ± 0.08 b 27.04 ± 0.03 b 27.99 ± 0.45 a 28.70 ± 0.13 b 26.22 ± 0.05 c 27.31 ± 0.03 c

Granule dispersion
P1 T1 16.46 ± 1.34 b 3.65 ± 0.18 b 15.45 ± 1.23 a 11.39 ± 7.21 a 2.53 ± 0.61 b 16.55 ± 1.40 a

T2 15.50 ± 1.22 b 16.21 ± 0.05 a 15.06 ± 0.02 a 2.68 ± 0.89 b 14.44 ± 1.18 a 2.75 ± 0.23 b
T3 20.48 ± 1.65 a 16.22 ± 0.02 a 15.24 ± 1.12 a 15.63 ± 0.07 a 14.73 ± 1.15 a 15.44 ± 1.29 a

P2 T1 3.29 ± 0.25 c 12.13 ± 7.80 ab 3.65 ± 0.12 b 2.74 ± 0.15 c 3.17 ± 0.01 b 7.22 ± 6.32 b
T2 16.22 ± 0.02 a 16.14 ± 1.32 a 15.31 ± 1.29 a 19.43 ± 1.49 a 15.84 ± 1.36 a 17.06 ± 0.04 a
T3 15.84 ± 0.05 b 3.31 ± 0.11 b 2.92 ± 0.29 b 15.90 ± 1.19 b 15.84 ± 0.03 a 15.96 ± 1.32 a
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