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Abstract: The physiological regulation of Welsh onion seedlings was explored under short- and long-term drought stress. 
The Welsh onion cultivar ‘Neicong 3’ was grown in pots under drought stress (22.5–25% soil water content) or controlled 
watering conditions (65–67.5% soil water content). Different lengths of drought stress (7, 14, 21, and 28 days) were 
studied to determine the effects of the drought on the levels of the osmoregulatory substances, including proline (Pro), 
free amino acids (FAAs), soluble sugar (SS), and soluble protein (SP); the membrane-damage indicator malondialdehyde 
(MDA); the endogenous hormones indoleacetic acid (IAA), gibberellic acid (GA), abscisic acid (ABA), and jasmonic 
acid (JA); and the activities of the antioxidant enzymes superoxide dismutase (SOD), catalase (CAT), and peroxidase 
(POD). The soil water content was restored to the control level after the drought stress to analyse the physiological 
responses of the Welsh onion with regards to rehydration. The results showed that the Welsh onion responded to drought 
stress primarily by increasing the levels of the osmoregulatory substances and the activities of the protective enzymes. 
The drought stress resulted in the accumulation of Pro, FAA, SS, MDA, and ABA in the pseudostems, while the IAA and 
GA levels decreased. Short-term drought stress led to a decrease in the SOD activity and an increase in the CAT activity, 
whereas the long-term drought stress led to a decrease in the POD activity. The effects of the drought stress on the SP 
and JA contents were negligible. The rehydration demonstrated that the short-term drought stress (7 or 14 days) did not 
exceed the tolerance of the Welsh onion; the substances regulating the drought tolerance were restored to normal levels 
after the stress conditions were relieved. In contrast, after the severe drought stress (28 days), the substances regulating 
the drought tolerance in the seedlings could not return to normal levels. This study provides a theoretical basis for the 
cultivation of the Welsh onion under early drought conditions and for breeding of drought-resistant varieties.
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cuses on germplasm resources (Mi 2020), the nutri-
ent uptake (Zhou 2019), and cultivation techniques 
(Liu 2019). There have been no published reports 
on the  physiological response of  the Welsh onion 
to drought stress and rehydration. Here, an experi-
ment was  designed using controlled conditions 
to  simulate the  extreme natural drought to  which 
field-grown Welsh onions are often exposed as a re-
sult of  water scarcity. The  physiological and bio-
chemical responses of  the Welsh onion to drought 
stress and rehydration were uncovered and the as-
sociated regulatory mechanisms were studied.

MATERIAL AND METHODS

Plant material. The  Welsh onion cultivar ‘Nei-
cong 3’ was used in this study. ‘Neicong 3’ is widely 
grown in  China  and is a  spring-sown variety de-
veloped through years of systematic selection and 
breeding by  the Institute of Vegetable and Flower 
Research at  the Inner Mongolia  Academy of  Ag-
riculture and Animal Husbandry Sciences (Liang 
et al. 2015).

Experimental design. The  plants were grown 
in pots in a rain-proof shelter at the Inner Mongo-
lia Academy of Agriculture and Animal Husbandry 
Sciences (40.8°"N, 111.7°"E). This region is a mid-
dle temperate semi-arid continental monsoon 
climate zone. During the  test period (28 March 
to 7 June 2018), the maximum and minimum tem-
peratures were 31.4 °C and –9.2 °C, respectively, 
and the average temperature was 14.9 °C. The tem-
perature data  were provided by  the Inner Mon-
golia  Meteorological Bureau Hohhot Vegetable 
Weather Test Station. A specialised pot (17.3  cm 
high, 20.0 cm upper width, and 14.2 cm lower 
width) was  filled with filtered sandy loam. Seeds 
were sown on 28 March, and conventional water 
management was carried out at the three-leaf stage. 
A portable soil moisture meter was used to meas-
ure the soil water content (SWC).

When the Welsh onion plants reached the three-
leaf stage (on 1 May 2018), 96 pots containing simi-
larly sized, healthy-looking Welsh onions were se-
lected for  testing. Two moisture levels were used, 
as described by Hsiao (1973): SWC of 65.0–67.5% 
(control) or 22.5–25.0% (drought-stressed). Thirty-
two pots were randomly selected as  the control 
group. The  remaining 64 pots were randomly di-
vided into eight drought treatment groups: 7, 14, 

The most important component of  plant cells 
is water, on which plant growth and development 
heavily depend (Stojnic et al. 2018). When the pre-
cipitation levels and soil water content are too 
low, water transport and utilisation are affected 
in  plants. Water loss in  plants is mainly reduced 
through the  accumulation of  soluble sugars (SS) 
and proline (Pro); this reduces the protein degrada-
tion and protects the cell membrane under drought 
stress (Lum et al. 2014). By regulating the cellular 
osmotic potential, plants maintain expansion pres-
sure, allowing cells to normally perform their phys-
iological functions under drought stress (Chen, Ji-
ang 2010). High levels of malondialdehyde (MDA) 
cause the denaturation of the antioxidant enzymes 
under drought stress; the  MDA content is com-
monly used as an indicator for the degree of dam-
age sustained by the plant membranes. 

Drought stress can have many effects on the an-
tioxidant enzyme systems and endogenous hor-
mones in  plants. Gill, Tuteja  (2010) and Uzilday 
et  al. (2012) found that  plants produce excessive 
levels of reactive oxygen species (ROS) in response 
to  drought stress, causing damage to  cell mem-
branes and resulting in  protein denaturation and 
inactivation. Miller et al. (2010) showed that plants 
produce the  antioxidants superoxide dismutase 
(SOD), peroxidase (POD), and catalase (CAT), 
which can effectively scavenge ROS, especially 
by acting synergistically.

Endogenous hormones play an  important 
role in  a  plant’s defence against abiotic stresses. 
The  amount of  indoleacetic acid (IAA) present 
directly affects the  plant stress tolerance (Park 
et al. 2007). Gibberellins (GAs) inhibit maturation 
and senescence (Liu et al. 2013). When a plant sens-
es stress, the accumulation of abscisic acid (ABA) 
triggers the  closure of  the leaf stomata, reducing 
the water dispersal (Sally, William 2010). Increases 
in the ABA also lead to higher levels of H2O2, which 
induce the expression of antioxidant enzyme genes; 
this ultimately increases the  antioxidant enzyme 
activity of  the plant. Jasmonic acid (JA) is com-
monly studied as  a  plant damage signal that  pro-
duces antagonistic effects in  response to  abiotic 
stresses and improves the  drought resistance (Ju-
Seok et al. 2011).

The Welsh onion (Allium fistulosum L. var. gigan-
teum Makino) is mostly found in arid areas with lit-
tle rainfall and serves as a staple seasoning vegetable. 
Current research on the Welsh onion primarily fo-
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21, and 28 days of drought stress (T1–T4, respec-
tively), and 7, 14, 21, and 28 days of drought stress 
followed by three days of rehydration (Tn + 3, re-
spectively, where n = 1–4). The SWC of all the pots 
was  initially at  the control level before water 
was withheld from the eight treatment groups, re-
ducing the SWC to the drought stress level by nat-
ural evaporation then maintaining it at  that  level 
by  re-watering each day at  17:00. The SWC of 
the rehydrated pots was returned to 65.0-67.5%. 
The plants in the pots from the control group were 
sampled at  the same time points as  the drought-
stressed and rehydrated pot plants.

Growth indices and biochemical measure-
ments. For both the control and drought-stressed 
groups, the  plants were sampled at  7 days (T1), 
14 days (T2), 21 days (T3), and 28 days (T4) after 
the  water was  withheld (Table 1). The  water re-
plenishment was started at the end of day 7, 14, 21, 
and 28 of  the drought stress to  restore the  SWC 
to 65.0-67.5%, and the plants from the control and 
treatment groups were sampled 3 days after rehy-
dration (Tn + 3).

Growth index measurements were taken on day 
7, 14, 21, and 28 of  the drought stress. Ten seed-
lings were randomly selected from the  treatment 
and control groups, with the  process repeated 
three times. Plant height: Distance from the  base 
to  the highest leaf point measured with a  ruler. 
Pseudostem length: Distance from the base to the 
leaf exit measured with a ruler. Pseudostem thick-
ness: Maximum diameter measured with callipers. 
Biomass: Determined by the oven-drying weighing 
method. Root-shoot ratio: ratio of the fresh weight 
of the underground to the aboveground parts.

Twenty Welsh onion seedlings of  approximate-
ly the  same size were randomly selected from 

each treatment group, and 0.5 g of  pseudostem 
was  weighed out. Each pot had 30 Welsh onion 
seedlings. After flash-freezing with liquid nitrogen, 
the  samples were stored at  –80 °C. The  Pro con-
tent was determined by the acidic ninhydrin meth-
od. The  free amino acid (FAA) content was  de-
termined by  the ninhydrin colorimetric method. 
The  SS content was  determined by  the sulfuric 
acid-anthrone colorimetric method. The  SP con-
tent was  determined by  Coomassie brilliant blue 
staining. The MDA content was determined by the 
thiobarbituric acid method. The  SOD, POD, and 
CAT activities were determined by  the nitro blue 
tetrazoliume method, guaiacol method and ul-
traviolet colourimetry method, respectively, and 
the units of the SOD, POD and CAT activity were 
presented as units per gram of fresh weight (FW). 
The osmoregulatory substances (Pro, FAA, SS and 
SP), MDA, and the activities of the antioxidant en-
zymes (SOD, POD, and CAT) were tested using 
fresh samples as described by Gao (2006). The lev-
els of the plant hormones IAA, ABA, GA, and JA 
were quantitatively analysed by an enzyme-linked 
immunosorbent assay (ELISA) (Wu 1988). The test 
kit was provided by Shanghai Research Biological 
Technology Co., Ltd.

Statistical analysis. The data  shown in  the ta-
bles are the mean of  three replicates. The statisti-
cal analysis was conducted with SPSS version 19.0 
(SPSS, Inc., Chicago, IL, USA). The  significance 
of the differences between the mean values was as-
sessed by a one-way analysis of variance (ANOVA) 
according to Dennett’s test at a P < 0.05 level.

RESULTS

The trends of  the various growth indices of  the 
Welsh onion seedlings during the seeding stage are 
shown in  Table 2. As  shown in  the table, the  dif-
ferences between the  treatment and the  control 
groups of the Welsh onion seedlings under drought 
stress for 7 and 14 days are relatively small. The gaps 
in the plant height, pseudostem length, and diam-
eter between the  treatment and control groups 
become larger as the continuous drought time in-
creases. The plant height, pseudostem length, and 
diameter of the treatment group were significantly 
lower than those of the control group after 28 days 
of continuous drought, decreasing 28.96%, 40.94%, 
and 31.23%, respectively, indicating that  long-

Sampling date (2018) Time point Treatment group
12/05 T1 drought
15/05 T1 + 3 drought + rehydration
19/05 T2 drought
22/05 T2 + 3 drought + rehydration
26/05 T3 drought
29/05 T3 + 3 drought + rehydration
02/06 T4 drought
05/06 T4 + 3 drought + rehydration

Table 1. Drought-stressed treatment group dehydration 
and rehydration schemes

T1 - 7 days; T2 - 14 days; T3 - 21 days; T4 - 28 days
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term drought stress is not conducive to the growth 
of Welsh onion seedlings.

As can be seen from Table 3, continuous drought 
for  7 and 14  days had little effect on the  accumu-
lation of dry matter in  the Welsh onion, and there 
was no significant difference in  the various indica-
tors between the treatment groups and the control 
group. The continuous drought for 21 days mainly 
affected the aboveground dry weight and root-shoot 
ratio of the Welsh onion, while, after 28 days of con-
tinuous drought, the  aboveground dry weight, un-
derground dry weight, and whole plant dry weight 
of  the Welsh onion in  the treatment group were 
significantly lower than those of  the control group 
by  92.93%, 83.70%, and 90.99%, respectively, and 
the  root-shoot ratio was  significantly higher than 
that  of the  control group by  23.86%. This suggests 
that drought stress reduced the accumulation of the 
dry matter in  the Welsh onion, with the  above-
ground part showing a more significant decrease.

Different lengths of  drought stress and the  sub-
sequent three-day rehydration had varied ef-
fects on  the  osmoregulatory substances in  the 
Welsh onion seedlings (Table 4). The  short-term 
(14  days) drought stress resulted in  significant in-
creases in the Pro, FAA, SS, and MDA levels com-
pared to  the control group. Until the  late stage 
(28  days) of  drought stress, the  SP content in  the 
stressed group was  significantly lower than in  the 
control group. The  rehydration after 7 or 14  days 
of  drought did not significantly change the  Pro, 
FAA, SS, or  MDA levels compared to  the control 
group. However, the levels of these substances were 
significantly higher following rehydration after 21 or 
28 days of drought compared to the control group. 
In summary, the drought stress led to the accumula-
tion of Pro, FAA, SS, and MDA in the pseudostem 
of the Welsh onion. The rehydration after the short-
term drought could effectively relieve the  drought 
stress; however, longer periods of  drought stress 

Time Group Plant height (mm) Pseudostem length (mm) Pseudostem thickness (mm)

T1 control group 86.64 ± 1.36d 6.39 ± 0.36d 2.39 ± 0.03d

treatment group 87.39 ± 0.71d 6.20 ± 0.07d 2.41 ± 0.05cd

T2 control group 94.67 ± 0.86c 9.18 ± 0.31bc 2.77 ± 0.04b

treatment group 92.24 ± 0.55c 8.96 ± 0.17bc 2.63 ± 0.09bc

T3 control group 103.41 ± 1.2b 10.12 ± 0.47b 2.83 ± 0.10b

treatment group 93.52 ± 0.69c 8.55 ± 0.16c 2.47 ± 0.05cd

T4 control group 121.46 ± 2.31a 14.26 ± 0.75a 3.25 ± 0.12a

treatment group 86.28 ± 0.88d 8.42 ± 0.18c 2.24 ± 0.05e

Table 2. Effects of the drought stress on the plant height, pseudostem length, and diameter of the Welsh onion seed-
lings during the seeding stage

a-dShown are the mean ± standard error, and the different lowercase letters in the same column indicate a statistically 
significant difference at a P < 0.05 level; T1 - 7 days; T2 - 14 days; T3 - 21 days; T4 - 28 days

Time Group Shoot dry weight (mg) Root dry weight (mg) Whole plant dry 
weight (mg) Fresh root-shoot ratio

T1 control group 4.67 ± 0.20c 1.40 ± 0.1b 6.07 ± 0.11b 0.20 ± 0.01d

treatment group 4.62 ± 0.15c 1.37 ± 0.09b 5.98 ± 0.09b 0.21 ± 0.01d

T2 control group 5.65 ± 0.21bc 1.57 ± 0.06b 7.22 ± 0.27b 0.19 ± 0.01d

treatment group 5.31 ± 0.17bc 1.39 ± 0.05b 6.69 ± 0.13b 0.20 ± 0.01d

T3 control group 8.90 ± 0.42b 2.49 ± 0.20 b 11.39 ± 0.22b 0.27 ± 0.02cd

treatment group 5.31 ± 0.08bc 1.24 ± 0.10b 6.56 ± 0.13b 0.31 ± 0.02bc

T4 control group 63.65 ± 3.39a 16.99 ± 1.54a 80.65 ± 4.67a 0.37 ± 0.03b

treatment group 4.50 ± 0.23c 2.77 ± 0.20b 7.27 ± 0.20b 0.46 ± 0.05a

Table 3. Effects of the drought stress on the dry matter accumulation of the Welsh onion seedlings during the seed-
ing stage

a-dShown are the mean ± standard error, and the different lowercase letters in the same column indicate a statistically 
significant difference at a P < 0.05 level; T1 - 7 days; T2 - 14 days; T3 - 21 days; T4 - 28 days
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were associated with higher levels of cell membrane 
esterification, and the drought-induced stress could 
not be relieved even after the water supply was re-
stored. In  addition, the  continuous drought stress 
affected the accumulation of the SP content in the 
pseudostems, but was not the main causative factor.

The different lengths of  drought stress and re-
hydration also affected the  antioxidant enzyme 
activity in  the Welsh onion seedlings (Table 5). 
Compared to  the control group, the  SOD activ-
ity was significantly lower in the drought-stressed 
group at 7 days and higher at 14, 21, and 28 days, 
although these differences were not significant. 
The  CAT activity was  significantly higher in  the 
drought-stressed group at 7 and 14 days, but there 
were no significant differences at  21 or 28  days. 
The  POD activity was  not significantly different 
between the  groups at  7 or 14  days, but was  sig-
nificantly lower in  the plants that  were drought-
stressed for 21 and 28 days. These results indicate 
that the short-term drought led to a decrease in the 
SOD activity and an  increase in  the CAT activity, 
whereas  the long-term drought led to  a  decrease 
in the POD activity.

The SOD activity was  not significantly differ-
ent in  the control group compared to  the rehy-
drated groups after 7, 14, or 21  days of  drought, 

but it was significantly higher in the control group 
compared to  those that  were drought-stressed 
for  28  days prior to  rehydration. The  CAT activity 
was significantly higher in the rehydrated group af-
ter 7 days of drought than in the control group, but 
there was no significant difference between the re-
hydrated and control groups after 14, 21, or 28 days 
of drought. The POD activity was not significantly 
different in the control group compared to those re-
hydrated after 7 or 14 days of drought, but was sig-
nificantly lower in  those rehydrated after 21 and 
28 days of drought. This showed that the SOD activ-
ity could be effectively recovered after rehydration 
following the  short-term drought, but the  increase 
in  the CAT activity was  sustained. In  addition, 
the decrease in  the SOD activity upon rehydration 
after the prolonged drought indicated that the pro-
tective mechanism activated during the  prolonged 
drought was  deactivated upon rehydration, but 
that POD activity was not effectively restored.

The continuous drought stress resulted in a high-
er ABA content and a lower IAA, GA, and JA con-
tent in  the drought-stressed groups than in  the 
control group (Table 6). The IAA content was sig-
nificantly lower after 14, 21, and 28 days of drought 
than in the control plants. After 28 days of drought, 
the ABA levels were significantly higher and the JA 

Time Group Pro (ug/g) FAA (mg/g) SS (mg/g) SP (mg/g) MDA (nmol/g)

T1 control group 9.06 ± 2.50f 0.59 ± 0.02j 7.67 ± 0.60gh 2.21 ± 0.08g 1.34 ± 0.19de

treatment group 11.57 ± 1.15f 0.63 ± 0.06ij 8.93 ± 0.10ef 2.29 ± 0.15g 1.53 ± 0.05d

T2 control group 18.28 ± 1.01e 0.72 ± 0.02ghij 7.40 ± 0.69h 5.63 ± 0.35cedf 1.38 ± 0.11de

treatment group 26.95 ± 2.34c 1.35 ± 0.04d 10.81 ± 0.25bc 6.32 ± 0.17c 3.36 ± 0.53c

T3 control group 20.64 ± 0.88de 0.72 ± 0.05ghij 8.12 ± 0.74fgh 5.53 ± 0.24def 0.82 ± 0.08def

treatment group 27.98 ± 0.97c 3.08 ± 0.010c 11.52 ± 0.39ab 6.18 ± 0.45cd 6.78 ± 0.39a

T4 control group 25.43 ± 1.79cd 0.89 ± 0.06fghi 8.74 ± 0.38efg 7.52 ± 0.14ab 0.47 ± 0.37ef

treatment group 42.93 ± 2.99b 6.93 ± 0.07a 12.37 ± 0.08a 5.20 ± 0.21f 6.73 ± 0.53a

T1 + 3 control group 17.95 ± 0.96e 0.60 ± 0.05j 8.72 ± 0.44efg 5.53 ± 0.16def 1.30 ± 0.11edf

treatment group 20.50 ± 2.02de 0.67 ± 0.05hij 9.70 ± 0.28ced 6.01 ± 0.10cde 1.58 ± 0.07d

T2 + 3 control group 19.57 ± 1.01e 0.92 ± 0.03fghi 8.88 ± 0.13efg 5.28 ± 0.34ef 0.89 ± 0.32def

treatment group 19.71 ± 0.79e 1.21 ± 0.08de 9.30 ± 0.39def 7.22 ± 0.18ab 1.23 ± 0.09def

T3 + 3 control group 25.91 ± 1.93cd 0.75 ± 0.03ghij 9.44 ± 0.14de 7.49 ± 0.16ab 1.08 ± 0.17def

Treatment Group 28.56 ± 0.91c 0.98 ± 0.24efg 10.43 ± 0.28bcd 7.96 ± 0.03a 5.20 ± 0.41b

T4 + 3 control group 39.99 ± 0.88b 1.06 ± 0.01ef 8.80 ± 0.13efg 7.95 ± 0.05a 0.30 ± 0.17f

Treatment Group 68.41 ± 3.48a 5.22 ± 0.16b 12.56 ± 0.05a 7.19 ± 0.39b 4.43 ± 0.54b

a-jShown are the mean ± standard error, and the different lowercase letters in the same column indicate a statistically 
significant difference at a P < 0.05 level; T1 - 7 days; T2 - 14 days; T3 - 21 days; T4 - 28 days
Pro – proline; FAA – free amino acid; SS – soluble sugar; SP – soluble protein; MDA – malondialdehydeoxidase

Table 4. Changes in the osmoregulatory substances in the Welsh onion seedlings after drought stress and rehydration
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was significantly lower in the drought-stressed group 
than in the control group. Although the GA content 
of the drought-stressed group was lower than that of 
the  control group, there was  no significant differ-

ence. This indicated that the drought stress led to de-
creases in the IAA and GA, and that longer periods 
of  drought stress were associated with greater de-
creases in the levels of these hormones; the opposite 

Time Group IAA (μg/g) ABA (μg/g) GA (μg/g) JA (μg/g)

T1 control group 37.37 ± 1.40abcd 33.15 ± 1.84c 4.38 ± 0.34ef 14.07 ± 0.47cdef

treatment group 41.97 ± 3.66ab 33.74 ± 1.47bc 4.26 ± 0.22f 14.60 ± 0.85cde

T2 control group 37.91 ± 1.99abc 35.56 ± 1.22bc 5.26 ± 0.16abcd 16.25 ± 0.43bcd

treatment group 30.03 ± 0.75de 36.51 ± 3.80bc 5.03 ± 0.15bcde 16.48 ± 0.32bc

T3 control group 41.87 ± 3.27ab 34.16 ± 2.32bc 5.03 ± 0.23bcde 22.69 ± 0.48a

treatment group 31.85 ± 1.02cde 39.50 ± 1.81abc 4.79 ± 0.08cdef 21.46 ± 1.63a

T4 control group 42.45 ± 3.39a 35.41 ± 1.23bc 5.72 ± 0.25a 14.12 ± 0.56cedf

treatment group 29.36 ± 1.55e 42.73 ± 2.16a 4.89 ± 0.09bcdef 9.50 ± 0.86g

T1 + 3 control group 38.13 ± 1.27abc 35.36 ± 0.84bc 4.55 ± 0.16ef 14.53 ± 0.86cde

treatment group 44.35 ± 1.34a 37.56 ± 1.36abc 4.72 ± 0.18def 14.77 ± 0.85cde

T2 + 3 control group 34.36 ± 3.85bcde 34.21 ± 2.93bc 5.80 ± 0.17a 18.33 ± 1.34b

treatment group 37.43 ± 2.64abcd 35.84 ± 1.21bc 5.95 ± 0.10a 13.16 ± 0.68ef

T3 + 3 control group 41.94 ± 3.66ab 34.83 ± 1.52bc 5.57 ± 0.40ab 18.00 ± 0.96b

treatment group 41.34 ± 1.99ab 39.79 ± 1.60ab 5.47 ± 0.15abc 13.65 ± 1.05efg

T4 + 3 control group 40.05 ± 1.34ab 35.09 ± 0.32bc 5.49 ± 0.26ab 12.30 ± 0.56ef

treatment group 34.17 ± 1.35bcde 39.35 ± 1.40abc 4.98 ± 0.13bcde 11.55 ± 0.48fg

Table 6. Changes in the endogenous hormone content in the Welsh onion seedlings after drought stress and rehy-
dration

a-hShown are the mean ± standard error, and the different lowercase letters in the same column indicate a statistically 
significant difference at a P < 0.05 level; T1 - 7 days; T2 - 14 days; T3 - 21 days; T4 - 28 days
IAA – indoleacetic acid; ABA – abscisic acid; GA – gibberellic acid; JA – jasmonic acid

Time Group SOD (U/g FW) CAT (U/g FW) POD (μg/g FW)

T1 control group 396.62 ± 0.12a 88.44 ± 0.90f 3.92 ± 0.57bcd

treatment group 394.01 ± 0.55ab 104.15 ± 0.07ab 2.80 ± 0.19fg

T2 control group 395.77 ± 0.32a 94.44 ± 0.93def 3.74 ± 0.26bcd

treatment group 396.55 ± 0.63a 100.89 ± 1.11abcd 2.88 ± 0.20efg

T3 control group 391.83 ± 0.98abc 101.78 ± 0.80abc 4.56 ± 0.23b

treatment group 396.55 ± 1.43a 104.00 ± 2.89ab 3.34 ± 0.23def

T4 control group 394.93 ± 2.35a 101.33 ± 0.38abc 4.41 ± 0.31bc

treatment group 397.96 ± 0.83a 103.93 ± 0.97ab 2.90 ± 0.20efg

T1 + 3 control group 378.01 ± 0.95e 91.78 ± 3.85ef 3.67 ± 0.24cde

treatment group 373.36 ± 3.48e 99.04 ± 1.96abcd 3.24 ± 0.10defg

T2 + 3 control group 385.13 ± 1.17d 100.67 ± 0.38abcd 3.41 ± 0.25def

treatment group 391.83 ± 2.30abc 99.93 ± 0.45abcd 2.79 ± 0.14fg

T3 + 3 control group 388.37 ± 4.73bcd 98.30 ± 0.45bcd 3.94 ± 0.11bcd

treatment group 395.70 ± 1.75a 96.81 ± 0.45cde 1.90 ± 0.13h

T4 + 3 control group 395.84 ± 1.68a 102.30 ± 4.08abc 5.70 ± 0.37a

treatment group 387.88 ± 0.61cd 105.85 ± 4.19a 2.42 ± 0.17gh

a-hShown are the mean ± standard error, and the different lowercase letters in the same column indicate a statistically 
significant difference at a P < 0.05 level; T1 - 7 days; T2 - 14 days; T3 - 21 days; T4 - 28 days
SOD – superoxide dismutase; CAT – catalase; POD – peroxidase

Table 5. Changes in the peroxidase activity in the Welsh onion seedlings after drought stress and rehydration
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effect was  seen with the  ABA accumulation, where 
more severe drought stress was associated with high-
er ABA levels. Drought stress had a much smaller ef-
fect on the JA content in the pseudostem. The degree 
of the IAA content recovery in the Welsh onion after 
rehydration varied with the duration of the drought 
stress. After 7 days of drought, the IAA content in the 
rehydrated group was significantly lower than that of 
the control group, but there were no significant dif-
ferences after 14 or 21 days of drought. After 28 days 
of  drought, the  IAA levels in  the rehydrated group 
were significantly lower than in the control. The ABA 
content was significantly higher and the GA content 
was significantly lower in the rehydrated group com-
pared to the control group after 28 days of drought. 
The  JA content was  significantly lower in  the rehy-
drated group than in  the control group after 14 or 
21 days of drought, but there was no significant differ-
ence after rehydration following 28 days of drought. 
These results indicate that  restoring the  water sup-
ply following the  short-term drought effectively re-
lieved the stress, so the IAA and GA levels gradually 
increased in  the pseudostems of  the Welsh onion. 
The rehydration after the prolonged drought affected 
the IAA and GA accumulation, and the ABA content 
could not be rapidly reduced, resulting in the observed 
failure of  these hormones to  recover to  the control 
group levels.

DISCUSSION

The Welsh onion is a  biennial crop with a  rela-
tively long growth cycle; therefore, the  robustness 
of its seedlings during the seeding stage directly af-
fects the yield formation after transplanting. Stud-
ies have shown that a water deficiency in crops can 
lead to a reduction in the plant height and biomass, 
ultimately resulting in decreased yields. The results 
of this study show that the impact of drought stress 
on  the  plant height, pseudostem length, and di-
ameter of Welsh onion seedlings is relatively small 
at 7 and 14 days. When the drought stress continues 
to  intensify, the  plant height, pseudostem length, 
and diameter are significantly reduced by  28.96%, 
40.94%, and 31.23%, indicating that  long-term 
drought stress is not conducive to  the growth 
of  Welsh onion seedlings. This experiment also 
found that  the continuous drought stress signifi-
cantly increased the  root-shoot ratio, suggesting 
that  the drought stress reduces the  accumulation 

of dry matter in the Welsh onion, with a more sig-
nificant decrease in the aboveground part. That is, 
the drought stress significantly inhibited the growth 
of  the growing parts, and it is speculated that un-
der drought stress, Welsh onion seedlings adopt 
a  drought avoidance mechanism by  reducing 
the  synthesis of  the aboveground biomass to  de-
crease the water consumption and maintain growth.

Plants undergo many interrelated physiological 
and biochemical reactions under drought stress. 
Osmoregulation is the key process used to relieve 
stress and protect plants from drought damage 
in the early stages. Accumulation of Pro, a structur-
al component of proteins, can regulate the cellular 
osmotic pressure (Zhang et al. 2017). An increase 
in  the intracellular Pro content can effectively in-
crease the water potential, aiding plants in reduc-
ing water loss. Studies have shown that Pro can be 
synthesised in large amounts under both short- and 
long-term stress (Bikash et al. 2004), and Pro levels 
are positively correlated with drought resistance. 
In this study, drought stress over 14, 21, and 28 days 
led to  a  significant increase in  the Pro content. 
When water was reapplied after 14 days of drought, 
the Pro content in the seedlings gradually reversed 
to  normal levels, and the  osmoregulatory capac-
ity within the Welsh onion pseudostems gradually 
decreased, indicating a relief of the drought stress. 
The seedlings were less able to  recover to normal 
Pro levels when watering was resumed after 21 or 
28  days of  continuous drought, consistent with 
previous findings in  soybeans (Wang et  al. 2015). 
The Pro content correlated with the FAA (0.742**), 
SS (0.693**), SP (0.502**), MDA (0.464**), CAT 
(0.474**) and ABA (0.465**) (Table  7). It indicates 
that, in  the present study, the  Welsh onion seed-
lings under drought stress are responding to  the 
drought stress by  regulating the  content of  free 
proline in the plant body, thus maintaining the nor-
mal functioning of the plant. These results suggest 
that  Welsh onion seedlings respond to  drought 
stress by regulating the accumulation of Pro in the 
pseudostems to maintain growth.

Researchers have found that  the FAA content 
in plants increases with the intensity of the drought 
stress and with the  length of  the stress condi-
tions (Ashraf, Iram 2005). The  same conclusion 
was  reached in  the present study, where the  pro-
longed drought led to an increase in the stress inten-
sity and a sharp increase in the FAA content in the 
Welsh onion pseudostems. This suggested that when 
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subjected to  drought stress, Welsh onions ensure 
the continuation of normal growth by accumulating 
large amounts of FAA. In this study, the FAA con-
tent was higher in all the drought treatment groups 
than in the control group, except after 7 days of con-
secutive drought; at 7 days, moderate drought pro-
motes the  synthesis of  Pro and other compounds 
from glutamate (α-pentanedioic acid), resulting 
in a lower FAA content; FAA changes occur in vivo 
only when stress aggravates a plant beyond its toler-
ance (Fricke, Pahlich 2010). Because plant responses 
to drought stress and rehydration are complex and 
variable, and there are as  many as  18  FAA species 
in plants, only the total FAA content was measured 
in this study. Therefore, the changes in the FAA con-
tent after rehydration require further investigation 
in future studies to determine the detailed changes 
in  the FAA species. It has  previously been shown 
that the SS content increases in plants under stress 
conditions (Gideon et  al. 2016), and that  the SS 
content corresponds to  the level of drought resist-
ance in plants (Liu 2020). In the present experiment, 
the  changes in  the SS followed the  same pattern 
as changes in the FAA, consistent with the findings 
of Liu et al. (2015). 

Adverse conditions can regulate the SP content, 
help plants to reduce the water potential, and pre-
vent cell dehydration (Cui et al. 2015). In the pre-
sent study, the SP content was higher in the pseu-
dostem of  the Welsh onion exposed to  drought 
stress for 7, 14, or 21 days compared to the control. 

It, thus, appears that the stress did not cause dam-
age to the Welsh onion, but rather induced the pro-
duction of proteins and enhanced the drought re-
sistance. The  SP content was  significantly lower 
at 28 days of drought stress compared to the con-
trol, likely because the  prolonged drought stress 
changed the  ratio of  anabolic to  catabolic metab-
olism and inhibited the  protective enzyme activ-
ity, thus reducing the  protein production. When 
plants were rehydrated after 14  days of  drought, 
the  SP levels increased significantly, suggesting 
that a relatively limited drought exposure time can 
improve the  drought resistance of  the Welsh on-
ion. The changes in the SP content induced by the 
drought stress and rehydration observed here were 
consistent with those found in  previous studies 
(Luo et  al. 2015). However, there were no signifi-
cant changes in the SP content, indicating that the 
contribution of SP to the Welsh onion drought tol-
erance is low.

MDA is a membrane lipid peroxidation product 
produced by plants when they are subjected to abi-
otic stress. The presence of MDA causes a decrease 
in  the cellular water potential, ultimately result-
ing in plant metabolic disorders (Zhao et al. 2021). 
In  this study, the  continuous drought led to  an 
increase in  the MDA content in  the Welsh onion 
pseudostems; the  MDA content was  significantly 
higher at 14 days of continuous drought compared 
to the control group, but quickly returned to nor-
mal levels after rehydration. This indicated that the 

FAA SS SP MDA SOD CAT POD IAA ABA GA JA
Pro 0.742** 0.693** 0.502** 0.464** 0.082 0.474** –0.151 –0.288 0.465** 0.094 –0.385
FAA 1 0.776** 0.085 0.741** 0.215 0.428** –0.324 –0.533 0.572** –0.107 –0.395
SS 1 0.269 0.784** 0.067 0.465** –0.501 –0.424 0.525** –0.048 –0.219
SP 1 0.079 –0.045 0.250 0.087 0.042 0.172 0.604** –0.078
MDA 1 0.287* 0.317* –0.547 –0.479 0.612** –0.195 –0.108
SOD 1 0.123 0.054 –0.252 0.101 0.065 –0.075
CAT 1 –0.083 –0.099 0.186 0.104 0.024
POD 1 0.205 –0.407 0.151 0.214
IAA 1 –0.215 0.027 0.084
ABA 1 –0.055 –0.195
GA 1 0.066

Table 7. Correlation analysis of the physiological indices and endogenous hormones

**Indicates significant correlation at a 0.01 level; * indicates significant correlation at a 0.05 level
Pro – proline; FAA – free amino acid; SS – soluble sugar; SP – soluble protein; MDA – malondialdehyde; SOD – super-
oxide dismutase; CAT – catalase; POD – peroxidase; IAA – indoleacetic acid; ABA – abscisic acid; GA – gibberellic 
acid; JA – jasmonic acid
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Welsh onion was  sensitive to  the water deficit, 
but that  drought stress did not cause irreversible 
damage over the  short term. However, the  MDA 
content did not decrease when the  water sup-
ply was restored after 21 or 28 days of continuous 
drought, meaning that the Welsh onion could not 
recover from the prolonged drought.

When plants experience drought, they reduce 
the  damage caused by  free radicals through pro-
tective enzyme systems (Zhao et  al. 2016; Wang 
et al. 2019). In this study, it was found that the short-
term drought led to a decrease in the SOD activity 
and an increase in the CAT activity. Plants usually 
increase the  POD activity to  resist drought stress 
(Diao et  al. 2014; Zhang et  al. 2014). However, it 
was found that prolonged drought led to a decrease 
in  the POD activity in  this study. This is because 
POD is not only an important enzyme in the plant 
ROS scavenging system, but is also a key enzyme 
in  catalysing the  lignin biosynthesis enzyme. Be-
cause the Welsh onion is a vegetable rich in cellu-
lose and lignin, it is presumed that POD functions 
mainly as a  lignin biosynthetic enzyme, diminish-
ing its function as a protective enzyme.

The decrease in the SOD activity upon rehydra-
tion following the  short-term drought indicates 
that  normal levels could effectively be recovered, 
whereas the sustained increase in the CAT activity 
indicates a longer enzymatic activity duration. This 
increase in the antioxidant enzyme activity exhib-
ited after rehydration indicates that  a  certain de-
gree of drought is beneficial to exploit the inherent 
drought resistance of  plants. This coincides with 
the biological water conservation principle of Shan 
et al. (2006): a water deficit is not always completely 
harmful to plants, but rather there is a range from 
beneficial drought adaptation to  harm; rehydra-
tion after moderate water deficit has the potential 
to promote plant growth. Here, after the long-term 
drought, the SOD activity decreased after rehydra-
tion, indicating that the protective mechanism ac-
tivated during the long-term drought was relieved 
after rehydration, but the POD activity was not ef-
fectively restored. The CAT content correlated with 
the  Pro (0.474**), FAA (0.428**), SS (0.465**), and 
MDA (0.317*) content (Table 7), which indicates 
that  Welsh onion seedlings can adapt to  drought 
adversity and maintain their normal physiologi-
cal functions by  regulating their own antioxi-
dant enzyme activities. Therefore, the  Welsh on-
ion has  some drought resistance, and a  sustained 

drought promotes the antioxidant enzyme activity, 
enhancing its ability to scavenge peroxides and re-
duce the production of toxic substances.

Plant hormones are co-regulated to  allow indi-
viduals to adapt to their growth needs. The endog-
enous plant hormone IAA promotes plant growth. 
GA promotes differentiation, growth, and develop-
ment of  plant leaves. Plants can reduce the  dam-
age caused by stress conditions through the accu-
mulation of  ABA (known as  the stress hormone) 
to  inhibit growth. JA increases drought resistance 
by  regulating the  stomatal closure and inducing 
the  expression of  specific genes (Sang-Youl et  al. 
2015). Plants possess the  ability to  regulate their 
metabolism and reduce unwanted anabolism un-
der stress conditions (Li et  al. 2010). The  present 
study showed that  the continuous drought stress 
led to decreases in the IAA, GA, and JA levels and 
an increase in the ABA content in the Welsh onion. 
The ABA content correlated with Pro (0.465**), FAA 
(0.572**), SS (0.525**) and MDA (0.612**) content 
and the GA content correlated with the SP (0.604**) 
content (Table 7), indicating that each endogenous 
hormone and other osmoregulatory substances 
in  the Welsh onion exercised their functions to-
gether under drought stress. This indicates that, 
under drought stress conditions, Welsh onions 
can flexibly adjust the endogenous hormone levels 
to reduce any unnecessary metabolic consumption 
and cope with the impact of adversity. Rehydration 
returned the IAA, GA, and ABA to levels that were 
comparable to  the control group after 7–21  days 
of  drought, but not after 28 days; this demon-
strated a  time limit to  the Welsh onion drought 
tolerance. In addition, the JA content was not sig-
nificantly different from the  control after 14 or 
21  days of  drought, but was  significantly reduced 
after rehydration. We speculate that the JA content 
fluctuates very little during the drought stress, due 
to the generally high JA content. However, this self-
defence mechanism was reversed after rehydration, 
resulting in a significant decrease in the JA content. 
Thus, a small degree of drought stress may be ben-
eficial in further developing the drought resistance 
potential of Welsh onions.

In conclusion, drought stress inhibited the  in-
crease in the Welsh onion plant height, pseudostem 
length and transverse diameter, decreased the  dry 
matter accumulation, reduced the  SOD and POD 
activities, and decreased the IAA and GA contents. 
The accumulation of Pro, FAA, SS, MDA and ABA 
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was  increased and the CAT activity was  increased. 
The  normal level could be restored by  rehydrating 
the  seedlings after the  short-term drought stress 
(7 days or 14 days).

CONCLUSION

Severe drought stress (28 days) could not be re-
paired by  water rehydration. This study provides 
a  theoretical basis for  an in-depth study of  stress 
resistance in the Welsh onion.
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