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Abstract

Microcystins (MCs) are the most widespread and hazardous cyanotoxins posing a huge threat to agro-ecosystem by irrigation.
Some adaptive metabolisms can be initiated at the cellular and molecular levels of plant to survive environmental change. To find
ways to improve plant tolerance to MCs after recognizing adaptive mechanism in plant, we studied effects of MCs on root morphol-
ogy, mineral element contents, oot activity, H*-ATPase activity, and its gene expression level in cucumber during exposure and
recovery (without MCs) periods. After being exposed to MCs (1, 10, 100 and 1000 pg L") for 7 days, we found 1 pg L™ MCs
did not affect growth and mineral elements in cucumber. MCs at 10 pg -L~! increased root activity and H*-ATPase activity partly
from upregulation of genes (CsHA2, CsHA3, CsHAS, and CsHA9) expression, to promote nutrient uptake. Then, the increase in
NO;7, Fe, Zn, and Mn contents could contribute to maintaining root growth and morphology. Higher concentration MCs (100
or 1000 ug L) inhibited root activity and H*-ATPase activity by downregulating expression of genes (CsHA2, CsHA3, CsHA4,
CsHAS, CsHA9, and CsHA10), decreased contents of nutrient elements except Ca largely, and caused root growing worse. After a
recovery, the absorption activity and H*-ATPase activity in cucumber treated with10 pug L~! MCs were closed to the control whereas
all parameters in cucumber treated 1000 pug L~ MCs were even worse. All results indicate that the increase in H-ATPase activity
can enhance cucumber tolerance to MC stress by regulating nutrient uptake, especially when the MCs occur at low concentrations.

Keywords Microcystins stress and recovery - Cucumber seedlings - Root morphology - Nutrition absorption - Transcription
of plasma membrane H"-ATPase

Introduction

The eutrophication of water bodies caused by excessive
levels of nutrients such as N and P is one of the environ-
mental pollution challenges for human in the twenty-first
century (Sinha et al. 2017). Eutrophic water bodies and
climate change lead to large-scale and frequent outbreaks
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of algae blooms that cause the release of toxic second-
ary metabolites (cyanobacterial toxins) in water (Codd
et al. 2005). Among these cyanotoxins, microcystins
(MCs) are the most hazardous groups spreading widely.
The occurrence of MCs has been found in Asia, Europe,
North America, North Africa, and Scandinavian coun-
tries (Merel et al. 2013; Pawlik-Skowronska et al. 2019).
To control harmful effects of MCs on human health,
the World Health Organization consider 40 pg/kg/day
as no observable adverse effect level for MCs in food
and 1 ug L' as a maximum value for MCs in drinking
water (WHO 1998). However, total MC concentrations
in surface waters vary from 4 to 50 pg L' up to 6500 pg
L~!, and even extremely high level of 29,000 pg L~ in
Algeria (Corbel et al. 2014). Agricultural plants could
be exposed to MCs when they are irrigated with surface
water contaminated with MCs. The presence of MC in
irrigation water can cause toxic effects on edible plants
and induce food chain contaminations with considerable
health risks (Drobac et al. 2017; Liang et al. 2021, 2016;
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Redouane et al. 2023; Zhu et al. 2018). However, prevent-
ing the release of MCs in water is difficult to achieve in
the short term by controlling pollution sources because
of the complexity of environmental pollution and the
involvement of numerous industries (Kraft et al. 2014).
The understanding on the adaptive mechanism of plants
to MCs could provide guidance for finding some effective
ways to reduce the harmful effect of MCs on agricultural
production.

The negative impact of MCs on agricultural plants
includes inhibiting germination and growth, decreasing
photosynthetic capacity, disturbing balance of mineral
nutrient, and inducing excessive reactive oxygen species
accumulation (Freitas et al. 2015; Ma et al. 2023; Machado
et al. 2017; Prieto et al. 2011). MC-induced oxidative stress
and cellular damage in plant root may affect the distribution
and transport of nutrients in the plants, and then may lead
to the decrease in the content of nutrient elements and even
inhibit the growth and development of plant (Gutiérrez-
Praena et al. 2014). Actually, the absorption of nutrient
elements in soil by plant roots plays a decisive role in the
content of nutrient elements in plants (Zhang and Liang
2023). In addition, plant membrane plasma H*-ATPase (PM
H*-ATPase) plays an irreplaceable role in regulating the
secondary transport of plant nutrients across the membrane.
For example, transmembrane transport of most of mineral
elements (K, Ca, Na, Mg, N and P etc.) depend on PM
H*-ATPase that can provide an energy source for transport
of nutrient into the cell by extruding positive charges (H*)
and thus forming a membrane potential (Zeng et al. 2015;
Zhang et al. 2011). Plasma membrane H*- ATPase is also
involved in NH,* promoting phosphorus uptake by rice
roots (Zeng et al. 2012). In fact, there is a good correla-
tion between nutrient uptake and PM H*-ATPase activity
(Schmidt 2003). And even it has proved the role of PM
H*-ATPase activity in plant adapting to abiotic stress by
regulating nutrient uptake (Li and Liang 2019; Liang and
Zhang 2018; Liu et al. 2018; Zhang et al. 2017). However,
there is little information on the toxic mechanism of MCs
on nutrient uptake that is vital for plant growth and survival.
Besides, few studies on the toxic effects of MCs to plant
metabolism are carried out at the genetic level (Wang et al.
2019). The PM H*-ATPase is encoded by a multigene fam-
ily, and changes in gene expression of the PM H*-ATPase
can be considered as its response to environmental stress-
ors such as salinity, heavy metals, low temperature, and
acid rain (Janicka-Russak et al. 2012, 2013; Kabala et al.
2013; Liang et al. 2015). Therefore, it could be interest-
ing to reveal the adaptation mechanism of plant to MCs
from a new perspective of nutrient uptake regulated by PM
H*-ATPase at genetic level. The information will help us
to find possible ways for reducing such damage to plants
caused by MCs.
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To achieve the aims, we firstly focused on studying response
of root morphology of cucumber seedlings to MC exposure and
recovery without MCs to know the adaptive capacity of cucum-
ber seedlings to MC stress. Secondly, we observed changes in
mineral element contents, root activity, PM H*-ATPase activity,
and ATP content in cucumber under MC exposure and recovery
without MCs to clarify the role of PM H*-ATPase in regulating
nutrient uptake for adapting to MC stress. Last, we clarified the
effect of MCs on transcriptional expression of PM HT-ATPase
genes at level to reveal the reason for changing the activity
of PM H*-ATPase to resist MC stress at genetic level. These
results can help us to further reveal the adaptive mechanism of
plants to MC stress and provide theoretical basis for reducing
such harmful effects on plants caused by MCs.

Materials and methods
Plant culture, MC extraction, and MC exposure

Seeds of Cucumis sativus L. “Xin jin yan 4” (Shanxi, China)
were sterilized and germinated according to the procedures
reported in Yan et al. (2002). Selected seedlings in unanimous
growth were moved to turnover boxes (6.88 L) filled with
Hoagland solution in a chamber (Jiang et al. 2011). The light
intensity was 200 pmol m~2 s~! and kept for 16 h each day. The
relative humidity and temperature were kept at 60%, 27+ 1 °C
during the day and 70%, 20+ 1 °C at night. After the cuacumber
seedlings were cultured for 30 days, they were treated with
MCs. MCs used in our experiments were extracted by the
method used in Liang et al. (2016). The concentration of MCs
was detected by the Microcystins Plate Kit (Saco, ME). MC
extract was diluted with deionized water to the final concentra-
tion of MCs at 1, 10, 100, and 1000 pg L', Each of the MC
solutions (1, 10, 100, and 1000 pg L_l) was taken at the same
volume to prepare Hoagland nutrition solution, respectively.
The cucumber seedlings cultured in nutrition solution without
containing MC were the control group, and the cucumber seed-
lings cultured in nutrition solution containing MCs (1, 10, 100,
and 1000 pg L) for 7 days were MC treatment groups. All
treatments were done by triplicate (three pots and six cucum-
ber seedlings per pot). On the 8th day, half of cucumber seed-
lings in each group were collected for further analysis, and the
rest of the cucumber seedlings of each group were moved to
culture without MC exposure for another 7 days. On the 15th
day, all seedlings were collected for analysis.

Observation of root growth and morphology

The length, surface area, volume of root, and the number of
root tips as well as root morphology were determined by the
root automatism scanning apparatus with WinRHIZO soft-
ware (version 3.0).
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Determination of nutritional elements in cucumber

Contents of mineral elements such as potassium (K), cal-
cium (Ca), manganese (Mn), magnesium (Mg), iron (Fe),
copper (Cu), zinc (Zn), and molybdenum (Mo) in cucum-
ber roots and shoots were measured by inductively coupled
plasma method. The setting conditions and calculating
formula were the same with the method reported by Yuan
etal. (2017). Ammonium (NH,*) was determined with the
method described by Andreev (2017). The absorbance was
measured at 625 nm. Nitrates (NO; ™) were determined by
the method reported by Miranda et al. (2001). The absorb-
ance of solution was measured by a spectrophotometer at
410 nm. Phosphorus (P) was determined by molybdate
blue method (Chang et al. 2009) after persulfate diges-
tion. Absorption was measured at 880 nm. The method
was calibrated with blank and five standards prepared by
dissolving KH,PO, in purified water (0.1, 0.2, 0.4, 0.6,
and 0.8 g ml™1).

Measurement of root activity

The triphenyl tetrazolium chloride (TTC) method was used
to measure root activity (Comas et al. 2000). Fresh cucum-
ber roots (0.5 g) and the extraction buffer containing 0.4%
TTC and phosphate buffer (1/15 mol L™}, pH 7.0) were
placed into tubes and incubated in water bath at 37 °C for
2 h. Then, the reaction was stopped by adding 2 mL H,SO,
(1 M). After using 4 mL ethanol (95%, v/v) to extract the
triphenyl tetrazolium formazane (TTF), the absorbance was
measured at 485 nm. Root activity was expressed as TTF
production per min on fresh weight basis.

Determination the hydrolytic activity of PM
H*-ATPase

Fresh cucumber roots were used to isolate PM vesicles by
two-phase partitioning method (Larsson et al. 1987) with
some modification (Ktobus and Buczek 1995). Then, plasma
membrane vesicles were used to determine hydrolytic PM
H*ATPase activity by the method of Gallagher and Leonard
(1982) with some modification (Zhao et al. 2015).

Determination of ATP content

According to the report of Liu et al. (2006), cucumber roots
(2 g) were put in liquid nitrogen for freezing and grinding
powder. Extraction of adenosine phosphates from the pow-
der was preformed according to the procedure reported by
Yang et al. (2002). The concentration of ATP was qualified

by high performance liquid chromatography under setting
conditions described by Zhang et al. (2017).

Analysis of expression of PM H*-ATPase genes

All primers used for expression of PM H'-ATPase genes
(CsHA1 ~CsHA10) in cucumber are shown in Supplemen-
tary material Table 1. The total RNA was extracted from
fresh cucumber roots (0.3 g) according to the manufacturer’s
instructions for TRIzol Reagent kit (Sigma-Aldrich, St. Louis).
The total RNA concentration and purity were qualified by
NanoDrop Spectrophotometer ND-1000 (Thermo Scientific,
Wilmington, DE). Reverse transcription was performed with
the method described by Yuan et al. (2017), and PCR reac-
tion conditions for performing real-time quantitative PCR are
shown in Supplementary material Tables 2 and 3. Relative
expression levels of targeted genes were analyzed by the Opti-
cal System software (version 1.0).

Statistical analysis

All data were statistically analyzed by using SPSS16.0 and
presented as means =+ standard deviation. The significance of
differences was analyzed with 7 test by one-way analysis of
variance (P <0.05).

Results

Effect of MCs on the root morphology of cucumber
seedlings

Table 1 shows the change in root morphology parameters (the
length, volume and surface area of root, and the number of root
tips) of cucumber seedlings with the exposure of MCs, and
Fig. 1 reflects images of roots under each treatment. Exposure
of 1 pg L™! MCs did not affect the growth of roots of cucumber
seedlings (P> 0.05). When cucumber seedlings were exposed
to 10 pg L™! MCs, roots became smaller compared with the
control (Fig. 1C), and root morphology parameters were obvi-
ously lower than the control (P <0.05) (Table 1). After being
exposed to high-concentration MCs (100 or 1000 pg L"), the
decrease in root size and morphology parameters were larger
depending on the increase in the concentration of MCs. After
a recovery period (7 days), the decreased degree in root length
and root surface area in cucumber roots treated with MCs 10
or 100 pug L™! was smaller than those measured on the 8th day
although four morphology parameters were still lower than those
of the control (P <0.05). However, the decreased degree in four
morphology parameters in cucumber roots treated with MCs
1000 pg L~ was even larger than that measured on the Sth day.
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Table 1 Effect of MCs on morphological parameters of cucumber roots

MCs (pg LY Root length (cm) Root surface area (cm?) Root volume (cm?) Number of root tips
Stress period
0 539.46 +10.45a (100.00) 60.87 +0.67a (100.00) 0.551+0.006a (100.00) 933 +11a (100.00)
1 534.52+8.09a (99.08) 58.86 +0.85a (96.70) 0.540+0.008a (98.00) 903 + 8ab (96.68)
10 288.08 +8.95b (53.40) 39.29+0.40b (64.55) 0.439+0.010b (79.67) 888 +5b (95.17)
100 221.29+9.40c (41.02) 26.66+ 1.02c¢ (43.80) 0.401 £0.006¢ (72.77) 458 +24c¢ (49.09)
1000 160.92+7.10d (30.01) 26.92+0.69c (44.22) 0.250+0.006d (45.37) 232 +9d (24.86)
Recovery period
0 619.77 + 14.47A (100.00) 78.42+1.97A (100.00) 0.917 +£0.023A (100.00) 1123 +36A (100.00)
1 627.00+20.50A (101.17) 76.76+2.98A (97.89) 0.891+0.011A (97.20) 1084 +69B (96.53)

10
100
1000

530.71+23.30B (85.63)
268.99+9.07C (43.40)
146.07 +10.53D (23.57)

74.42+5.97A (94.90)
41.96+3.43B (53.51)
22.49+2.67C (28.68)

0.810+0.019B (88.39)
0.566+0.019C (61.78)
0.270+0.031D (29.49)

1030+39B (91.69)
745 +49C (66.32)
229+ 7D (20.36)

Data are expressed as means + standard deviation from triple. The relative percentage of each parameter is in brackets. In the same column, val-
ues with different lowercase letters are significantly different at P <0.05 during the stress period, and values with different uppercase letters are
significantly different at P <0.05 during the recovery period

Accumulation of MCs in cucumber seedlings

After cucumber seedlings were treated with MCs at 1, 10,
10, or 1000 pg L™ for 7 days, we detected MC accumulation
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in cucumber shoots and roots except the control (Fig. 2A).

The concentration of MCs in shoots and roots of cucum-
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Fig.1 The change of morphology in cucumber roots treated with
MCs solution. During the stress period A the control; B 1 pg-L™!

MCs; C 10 pg-L™! MCs; D 100 pg-L~! MCs; E 1000 pg-L~' MCs;
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during the recovery period F the control; G 1 pg-L™' MCs; H
10 pg-L™' MCs; I 100 pg-L™! MCs; J 1000 pg-L~' MCs
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Fig.2 Accumulation of MCs in different organs of cucumber seed-
ling during stress (A) and recovery (B) periods. Different lower-
case letters represent significantly different accumulation of MCs at
P <0.05 in cucumber roots, and different uppercase letters represent
significantly different accumulation of MCs at P <0.05 in cucumber
shoots

in the roots of cucumber seedlings treated with 1000 pg
L~! MCs. The accumulation of MCs in shoots or roots was
positively correlated with the exposure concentration of
MCs (R>=0.732, R*=0.762, P<0.01) (Table 2), and the
accumulated concentration of MCs in roots was higher than
that in shoots under the same MC treatment. However, the
bioaccumulation factor (BCF) was lowered depending on
the increase in concentration of MC exposure (Table 3).
After a 7-day recovery (Fig. 2B), the accumulation of MCs
in cucumber treated with MCs at 1, 10, 100, or 1000 pg
L~! was still detected, but was lower than that measured
during the stress period at the same treatment. Besides, the

Table 2 Correlations between MCs treatment and MCs accumulation
in the root and shoot of cucumber

Linear regression equation Correlation
coefficient (R)

x y

Exposure period

MCs MCsinroot y=0.080x+40.344 0.762%*
-0.894*

-0998**

-0.892%

-0.844*

MCs in shoot y=0.071x+437.996 0.732%%*

Recovery period

MCs MCsinroot y=0.068x+21.947 0.838%*%*
0.900%*

MGCs in shoot  y=0.059x+25.674 0.770%*

“Significance at 0.01 levels

accumulation of MCs in shoots or roots was still positively
in correlation with the exposure concentration of MCs
(R*=0.770, R?=0.838, P<0.01). However, the accumula-
tion of MCs in shoots was higher than that in roots at the
same treatment except 1000 pg L~! MC treatment, differing
from the trend found during the stress period.

Effect of MCs on nutrient element contents
in cucumber seedlings

As shown in Fig. 3A, MCs at 1 pg L' did not change con-
tents of N, P, K, Ca, and Mg (macronutrient elements) and
contents of Zn, Fe, Mn, Cu, and Mo (micronutrient elements) in
cucumber seedling (P> 0.05). When cucumber seedlings were
exposed to 10 pg L™! MCs for 7 days, the decrease in Ca, Cu,
and Mo contents and the increase in NO,~, Fe, Zn, and Mn con-
tents were observed (P <0.05), and that no change was found in

Table 3 Bioaccumulation factor (BCF) of MCs in the root and shoot
of cucumber

MCs treatment (ug L™1) Root Shoot

Exposure period

1 10.900+1.07a 8.150+0.806A
10 2.931+0.136b 2.834+0.078B
100 0.941+0.022¢ 0.897+0.020C
1000 0.115+0.003d 0.104+0.002D

Recovery period

1 4.130+0.703a 5.260+0.600A
10 1.286+0.156b 1.619+0.137B
100 0.594+0.017c 0.654+0.019C
1000 0.087+0.002d 0.082+0.001D

Values are mean +standard deviation, n=3. Significant difference at
P <0.05 is shown with different letters in the same column
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Fig. 3 Effect of MCs on nutrition elements content in different organs of cucumber seedlings during the stress (A) and recovery (B) periods. Dif-
ferent letters represent significant differences among treatment groups (P <0.05)

NH,*, K, and Mg contents. In addition, the increased/decreased ~ and micronutrient elements in cucumber except that contents
degree in roots was larger than shoots. MCs at 100 pg L' or  of Ca and NH,* were increased. The decreased degree in Mg,
1000 pg L™! significantly reduced the contents of macronutrient ~ Fe, Cu, and Mo in roots was larger than shoots. After recovery
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Fig.3 (continued)

for 7 days (Fig. 3B), the contents of macronutrient and micro-
nutrient elements in cucumber roots exposed to 10 pg L™
MCs were closed to the control (P> 0.05). However, contents

0

1 10 100

1000

MCs concentration (ng/L)

of macronutrients and micronutrients in cucumber roots and
shoots exposed to 100 or 1000 pg L~' MCs were significantly
lower than that of the control (P <0.05).
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Effect of MCs on root activity, PM H*-ATPase activity,
and ATP concentration in cucumber roots

As shown in Fig. 4, MCs (1 pg L™") did not change the root
activity (Fig. 4A), the activity of PM H-ATPase (Fig. 4B),
and ATP concentration (Fig. 4C) in cucumber roots com-
pared with those of the control (P> 0.05). MCs at 10 pg
L~! increased root activity and PM H*-ATPase activity by
13.85% and 12.83%, but decreased ATP concentration by
14.72% in cucumber roots (P < 0.05). Higher concentrations
of MCs (100 or 1000 pg L™") decreased root activity, PM
H*-ATPase activity, and ATP concentration (P <0.05), and
the decreased degree depended on the concentration of MCs.
After a recovery for 7 days, root activity, PM H*-ATPase
activity, and ATP concentration in cucumber roots with the
exposure of 10 pg L~! MCs were similar with the control
level (P> 0.05). However, three parameters in cucumber
roots exposed to MCs at 100 or 1000 pg L~" were still lower
than the control, but higher than that measured on the 8th day.

Effects of MCs on expression of PM H*-ATPase gene
in cucumber roots

Figure 5 shows relative expression level of genes (CsHA1-
CsHA10) coding PM H*-ATPase in roots of cucumber
seedlings during the stress and recovery periods. Expres-
sion analysis reflects that that seven of the 10 genes were
expressed in cucumber roots (Fig. 5), and the expression
of CsHA1, CsHA6 and CsHAT at transcriptional level was
not detectable. This may mean that genes that could be
expressed in other tissues but silent in roots under our
experimental conditions. Compared to the control, the
exposure of 1 pg L™! MCs did not have obvious effect
on the relative expression of CsHA2, CsHAS, CsHAS,
and CsHA9, while there was slight decrease in expres-
sion of CsHA3, CsHA4, and CsHA10 at transcript level.
When cucumber roots were exposed to 10 pg L™! MCs,
the relative expression levels of CsHA2, CsHA3, CsHAS,
and CsHA9 were increased by 6.45~20.81% whereas
expression levels of CsHA4 and CsHA10 were decreased
by 14.37% and 10.14%. After being exposed to MCs at
100 or 1000 pg L', the expression levels of all genes
were decreased by 55.04 ~82.12%, and the inhibition
degree depended on the concentration of MCs. After a
7-day recovery, CsHA1, CsHA6 and CsHA7 genes were
still not detected in cucumber roots. The expression levels
of CsHA3, CsHA4, and CsHA10 genes in cucumber roots
exposed to 1 pg L™! MCs were similar with the control,
while expression levels of CsHA2 and CsHA9 in cucum-
ber roots were increased. Expression levels of seven genes
in cucumber roots exposed to 10 ug L™! MCs were not
different from those of the control. However, expression
levels of seven genes in cucumber roots exposed to MCs at
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100 or 1000 pg L~! were still downregulated. In addition,
expression levels of CsHA3, CsHA4, CsHA8, and CsHA9
were even lower than those measured on the 8th day.

Principal component analysis on mineral element
contents and PM H*-ATPase activity in cucumber
root under MCs exposure

Figure 6 principal component analysis revealed the relation-
ship between mineral element contents and PM H*-ATPase
activity in cucumber roots under the exposure of MCs at dif-
ferent concentrations. Samples 1 through 5 were the control,
1, 10, 100, and 1000 pg L~! MC treatment groups during
the stress period, and samples 6 through 10 were the con-
trol, 1, 10, 100, and 1000 pg L' MC treatment groups dur-
ing the recovery period. The PM H*-ATPase activity was
positively correlated with contents of NO;~, Mg, K, P, Fe,
Zn, Mo, and Mn during stress and recovery periods. How-
ever, the exposure concentration of MCs was negatively
correlated with the activity of PM H*-ATPase, the content
of ATP, and concentrations of NO;~, Mg, K, P, Fe, Zn, Mo,
and Mn in cucumber seedlings.

Discussion

Effect of MCs on root morphology and growth
of cucumber seedlings

Under environmental stresses, plant could change root mor-
phology to enhance its adaptation to stressors (Grossnickle
2005). Root morphology parameters such as root length,
surface area, volume, and number of root tips can reflect the
growth condition of plant root under environmental stresses
(Fageria and Moreira 2011; Forino et al. 2012). In present
experiments, low concentration of MCs (1 pg LY did not
affect root morphology and growth of cucumber roots. It
was not consistent with our previous results that 1 pg L™}
MCs promoted the growth of rice roots (Liang and Wang
2015). It may because different plant species showed differ-
ent sensitivity to MC exposure. Cucumber roots treated with
10 pg L™'MCs or higher concentration (100 or 1000 pg L")
were smaller than those of the control (Fig. 1), and all root
morphology parameters were lower than those of the control
(P <0.05) (Table 1). The decreased degree in root size and
morphology parameters was dependent on the increase in
the concentration of MCs. The decrease in the number of
root tips was smallest among all morphology parameters in
roots treated with 10 pg L™'MCs, showing that plant root
could take adaptation to low MC stress. The root tip is the
most important part of the plant life activity because it plays
a decisive role in root growth, differentiation, and absorption

(Yan et al. 2002). The maintenance of root tips was benefit
to keep root activity and function under adverse conditions.
Liet al. (2015) also found that maize increases their root tips
to improve the absorption of nutrients and water from the
soil under the condition of lack of nutrition. On the contrary,
the decreased degree in the number of root tips was larger
than other morphology parameters in roots treated with 100
or 1000 pg L™! MCs, and the recovery of the number of root
tips was also the worse compared to the other parameters
after a 7-day recovery. The phenomena indicated that that
root tip as the most activity function section of root can
reflect the adaptive ability of cucumber to MC stress. Zhang
et al. (2016) reported that root tips of rice root can contribute
to rice adaptation to acid rain stress, and root morphology
plays a role in the root biomass production. After a 7-day
recovery, the root system morphology in cucumber treated
with 1000 pg L~! MCs was even worse than that measured
during the stress period. It means that high concentration
MC:s caused the irreversible damage to cucumber roots, and
it could be the one of main causes for MC-induced inhibition
on plant growth.

Accumulation of MCs in cucumber seedlings

MC accumulation in plants can bring potential danger to
animal or human being through food chains. In addition,
the data on MC accumulation in different organ of plants
are informative to reveal the damage mechanism of MCs on
plants. In present experiments, we found that the accumu-
lation of MCs in shoots or roots was positively correlated
with the exposure concentration of MCs (Table 2), while
the bioaccumulation factor (BCF) of MCs in the root system
was decreased by the increase in the exposure concentra-
tion of MCs (Table 3). The phenomena show that the low
concentration of MCs could be more easily absorbed and
accumulated in the roots of cucumber. It could be because
the root morphology of cucumber treated with low MCs
was maintained (Fig. 1; Table 1), and the absorption of root
was not be inhibited badly. However, high MCs (> 100 g
L_l) caused cucumber roots shorter and smaller, reduced the
number of root tips, and then destroyed root function badly.
In addition, we observed that the accumulated concentra-
tion of MCs in roots was higher than that in shoots under
the same MC treatment. Saqrane et al. (2009) reported that
MCs can be accumulated in plant tissues (roots, stem, and
leaves) of wheat, soybean, pea, and lentil, and the accumu-
lated content in different tissues depends on plant species
and concentration of MC treatment. Plant root is the target
organ that MCs attack firstly. After MCs enter the plant root,
MCs could face different resistance to transport through
the plant, and/or could undergo different metabolic change
(Liang and Wang 2015). After a 7-day recovery without MC
exposure, MC accumulation in root or shoot of cucumber
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«Fig.5 Effect of MCs on relative expression of PM H*-ATPase genes
in cucumber roots during the stress and recovery periods. Different
lowercase letters represent significant differences among treatment
groups (P<0.05) during the stress period, and different uppercase
letters represent significant differences among treatment groups
(P <0.05) during the recovery period

was still detected and was positively correlated with the
concentration of MC exposure. For the same treatment,
the concentration of MCs in cucumber was lower than that
measured during the stress period. That could be because the
continuous growth of cucumber seedlings diluted the con-
centration of MCs in different organs of cucumber. On the
other hand, MCs can combine with glutathione catalyzed by
glutathione-S-transferase to produce a new substance (MC-
GSH) in the plant (Bittencourt-Oliveira et al. 2016), and
then the concentration of MCs in cucumber was decreased.
Differing from the phenomena observed during the stress
period, the accumulation of MCs in shoots was higher than
that in roots at the same treatment except 1000 pg L' MC
treatment. Combining with recovery of the root system mor-
phology in cucumber treated with 1000 pg L~! MCs, we
inferred that the high concentration of MCs caused severe
damage to the root system of cucumber seedlings, and even
inhibited the transfer of MCs from root to the aboveground
part, and therefore, the MC concentration in the root was
higher than that in shoot.

Effect of MCs on contents of mineral elements
in cucumber seedlings

Root monograph and growth influence directly the uptake
of moisture and nutrients; meanwhile, the contents of
nutrient elements in plants affect the development and
growth of root because they are components of cell struc-
ture material, involved in regulating activities of enzymes,
and maintain ion concentration balance, colloidal stability,

and charge neutralization (Machado et al. 2017). There-
fore, the changes in contents of nutrient elements may be
one of the mechanisms of root growth inhibition under
stressful conditions. In the present study, the low concen-
tration of MCs (1 pg L™!) did not affect the contents of
nutrient elements in cucumber seedlings, being consist-
ent with the study of Freitas et al. (2015). This could be
one of the reasons that low concentration of MCs (1 pg
L") did not affect root growth and monograph. MCs at
10 pg L~! increased contents of NO;™, Fe, Zn, and Mn
in cucumber seedlings, indicating that MCs at 10 pg L™!
promoted the absorption and utilization of some nutrient
elements although the root growth was inhibited (Table 1).
The increase in these nutrient elements can contribute to
synthesize more substances such as antioxidants (Cu/Zn-
SOD, Mn-CAT) or to participate in catalytic reactions
of antioxidative enzymes (CAT, POD) for enhancing the
resistance of plants to MC exposure (Gu and Liang 2020).
Thus, the fewer amounts of nutrient elements can be used
to synthesize substances for plant growth, and the root
growth was inhibited. Machado et al. (2017) also found
a significant increase in Mn content in carrots exposed to
MC-LR for 14 days. In addition, the decreased/increased
degree in nutrient contents in roots was larger than in
shoots, indicating that the inhibition on growth caused by
10 pg L™' MCs was mainly because of the decrease in
absorption ability of roots. However, high-concentration
MCs (100 pg L=! or 1000 pg L™}) significantly reduced
contents of nutrient elements in cucumber roots and shoots
except Ca and NH,". This means that both decreases in
absorption of root and transport from root to shoot were
reasons why high-concentration MCs (100 pg L™! or
1000 pg L") inhibited cucumber growth badly. In addi-
tion, the decrease in bioaccumulation factor (BCF) of
MCs in cucumber treated with higher concentration MCs
(Table 3) also proved that high-concentration MCs caused
severe damage to absorption function of root system. Some

Fig.6 Principal components o
analysis on concentrations -
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H*-ATPase activity, ATP
content, and nutrition element
concentration. Numbers 1-5 are
samples of cucumber seedlings
treated with O (the control), 1,
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0 (the control), 1, 10, 100, and
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studies reported that 100 pg L™' MCs cause mineral ele-
ments decreased in faba bean and lettuce (Freitas et al.
2015; Lahrouni et al. 2013). However, contents of Na and
K are increased after exposure to a crude extract contain-
ing 2220-22,240 pg L=! MCs for 30 days (El Khalloufi
et al. 2011). We also found that contents of Ca and NH,*
in cucumber seedlings treated with high-concentration
MCs were increased. It has been proved that variations
in cytosolic free Ca>* concentration might be involved in
plant response to different kinds of abiotic stresses. The
concentration of free Ca®* is very low at the normal con-
dition, but can be instantly increased to bind with CAM
for regulating signal transduction in plants under stressful
conditions (Jaffe et al. 1975). The significant increase in
NH," may be because the high accumulation of MCs in
cucumber seedlings accelerated protein breakdown. On
the other hand, the high accumulation of MCs in cucumber
seedlings could hinder the formation of amino acids and
reduce the transformation of NH,*. The high content of
NH,* has toxic effect on plant growth.

Effect of MCs on root activity, PM H*-ATPase activity,
and ATP content in cucumber roots

Nutrient uptake in plant root is a complex and compre-
hensive process. The adaptive mechanism in plant roots to
stressful environment involves many aspects such as mor-
phology, kinetics, physiology, and biochemistry. Root activ-
ity can reflect the capacity of root for absorbing water and
nutrients. Plasma membrane H*-ATPase plays an important
role in providing the driving force for ion transport across
membranes because it can form a transmembrane electro-
chemical potential gradient by hydrolyzing ATP to pump
H™" out of the cell membrane (Crawford and Glass 1998). In
the present study, low-concentration MCs (1 pg L1 did not
affect root activity, plasma membrane H*-ATPase activity,
and ATP content in roots of cucumber seedlings (Fig. 4A
and B), and contents of nutrient elements in cucumber
showed no difference from the control (Fig. 3). After being
treated with 10 pg L=! MCs for 7 days, the increase in root
activity and PM H*-ATPase activity and the decrease in ATP
content were observed. The results indicate that 10 pg L™!
MCs stimulated the capacity of root to absorb water and
nutrient elements. In addition, the driving force for trans-
membrane transport of minerals elements comes from the
proton-driving potential whose formation depends on PM
H*-ATPase hydrolyzing ATP (Dawood et al. 2012). The
increase in hydrolytic activity of PM H-ATPase induced
by10 pg L~' MCs can provide more the proton gradient or
proton motive force for ion uptake by hydrolyzing more
ATP. It could be one of causes for increase in NO;™, Fe,
Zn, and Mn in cucumber (Fig. 3). P-type ATPases, includ-
ing PM H*-ATPase, have been implicated in the transport
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of multiple ions, including protons, Ca, Mn, Mo, Cu, and
phospholipids (Palmgren and Harper 1999). For example,
the active transport of NO;™ in the presence of more than
one H* requires H*-ATPase on the cytoplasmic membrane
to provide energy and protons, and the absorption of both
ammonium nitrogen and nitrate nitrogen is closely related
to PM H"-ATPase (Glass 2002). In addition, the difference
in absorption of between ammonium nitrogen and nitrate
nitrogen in rice root main is mainly manifested in the change
of the quantity of H*-ATPase protein (Di et al. 2007). It has
been recognized that the activation of PM H'- ATPase is
the main physiological mechanism for plants to adapt to Fe
deficiency (Rabotti and Zocchi 2006). Zn deficiency simu-
lates the increase in transport activity of PM H*-ATPase
depending on the hydrolysis of ATP (Pinton et al. 1993).
Hence, the increase in NO;~, Fe, Zn, and Mn in cucum-
ber treated with 10 ug L™! MCs could be related with the
increase in hydrolytic activity of PM H*-ATPase, show-
ing adaptive response to MC stress. After a recovery, the
root activity and the hydrolytic activity of PM H*-ATPase
were maintained at the control level, probably being ben-
eficial to the restoration of growth and contents of mineral
elements in cucumber treated with 10 pg L=! MCs. These
phenomena also show the role of nutrient uptake regu-
lated by PM H*-ATPase activity in adaptable mechanism
of cucumber seedlings to MC stress. High-concentration
MCs (100 pg L™! or 1000 pg L=!) decreased root activ-
ity, the hydrolytic activity of PM H*-ATPase, and the ATP
content in roots of cucumber seedlings (Fig. 4A and B),
and the dramatic decrease in contents of mineral elements
was observed as well (Fig. 3). The decrease in root activity
and PM H*-ATPase activity induced by higher contractions
MCs could be one of factors decreasing contents of mineral
elements. PM H*-ATPase is one of key enzymes located
in plasma membrane, and the decrease in PM H*-ATPase
activity could be resulted from the changes in membrane
fluidity and integrity caused by high-concentration MCs
inducing oxidative stress in cells of plant (Gu and Liang
2020; Wang et al. 2014). Besides, excessive H,0, accumula-
tion caused by high-concentration MCs could directly par-
ticipate in regulating the activity PM H*-ATPase to medi-
ate cell growth through wall relaxation (Majumdar and Kar
2021). On the other hand, the destruction of MCs on plasma
membrane integrity may aggravate the reduction in contents
of mineral elements due to oxidative stress. Based on the
principal component analysis between contents of nutri-
ent elements and activity of plasma membrane H*-ATPase
(Fig. 6), we also found that the activity of HT-ATPase was
positively correlated with ATP content, NO;™, P, Zn, Mg,
Mn, Na, Mo, K, and Fe. In addition, there was a signifi-
cant negative correlation between the concentration of MC
exposure and plasma membrane H"-ATPase activity, ATP
content, NO;~, P, Zn, Mg, Mn, Na, Mo, K, and Fe while a
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positive correlation between the concentration of MCs expo-
sure and Ca, NH4+. Hence, plasma membrane HT-ATPase
can be involved in the adaptive mechanism in cucumber to
MC stress by regulating energy source for nutrient uptake
of cucumber root.

Effects of MCs on PM H*-ATPase gene expression
in cucumber seedlings

Usually, plasma membrane H*-ATPase activity is regulated
by the transcriptional level, post-translational modification,
and membrane environment (Arango et al. 2003). In addi-
tion, the high expression of plasma membrane H*-ATPase
at transcription level is crucial for the increase in the activ-
ity of plasma membrane H*-ATPase by increasing plasma
membrane H"-ATPase concentration (Janicka-Russak et al.
2008; Liang et al. 2020). To clarify the changes in the activ-
ity of plasma membrane H*-ATPase in cucumber roots
exposed to MC stress, we detected the expression of cucum-
ber H*-ATPase genes (CsHAI-CsHA0) at transcriptional
level by using RT-PCR. In the present study, three (CsHAI,
CsHAG6, and CsHA7) of 10 genes in cucumber roots in the
control and other treatments were not detected. That the
expression level of genes of plasma membrane H*-ATPase
could be different under environmental stresses (Duby and
Boutry 2009; Gaxiola et al. 2007). Janicka-Russak et al.
(2013) found that accumulation of the CsHAI transcript is
induced by NaCl exposure and is not expressed at detectable
levels in roots of control plants. Under low temperature stress,
six of the isoforms are CsHA2, CsHA3, CsHA4, CsHAS,
CsHA9, and CsHA 10 expressed in cucumber roots (Janicka-
Russak et al. 2012). In our experiments, MCs at different
concentrations changed the express of seven genes (CsHA2,
CsHA3, CsHA4, CsHAS, CsHAS, CsHA9, and CsHA10) at
transcriptional level in cucumber roots. Being exposed to
10 pg L™' MCs, relative expression levels of genes CsHA2,
CsHA3, CsHAS, and CsHA9 at transcriptional level were
increased whereas relative expression levels of genes CsHA4
and CsHA 10 were decreased. It indicates that the high expres-
sion of genes CsHA2, CsHA3, CsHAS, and CsHA9 at tran-
scriptional level could cause the increase in activity of plasma
membrane H*-ATPase. For plants under stressful environ-
ment, maintaining ionic equilibrium and replenishing lost
substances are very important. Maintaining active transport
of nutrient elements across the plasma membrane requires
increased generation of a proton gradient by plasma mem-
brane H*-ATPase (Michelet and Boutry 1995). Therefore,
the high expression of genes CsHA2, CsHA3, CsHAS, and
CsHAJ9 at transcriptional level can contribute to increasing
the activity of plasma membrane H*-ATPase for maintaining
active transport of mineral elements (NO; ™, Fe, Zn, and Mn),
being helpful in the adaption of cucumber to MC stress con-
ditions. Zeng et al. (2012) also reported that the upregulation

of five isoforms of PM H*-ATPase in rice root at transcription
level can be the fundamental reason for the increase in hydro-
lytic activity of H*-ATPase by increasing the concentration
of H"-ATPase. Moreover, the upregulation of these isoforms
could be the link between the enhancement of P uptake by
NH," nutrition and PM H*-ATPase activity. Hence, we spec-
ulated that the four isoforms of PM H*-ATPase in cucumber
root played a crucial role in the adaptive response of nutrient
uptake to MC stress. High concentrations of MCs (100 pg
L~" and 1000 pg L™") downregulated the expression of seven
PM H'-ATPase genes at transcriptional level in cucumber
roots to decrease the activity of PM H-ATPase. It could
be because the excessive accumulation of reactive oxygen
species induced by high concentrations of MCs can cause
genetic damage to transcription of PM H-ATPase genes
(Kim et al. 2013). Previous studies found that cucumber is
more sensitive to MC stress than rice by comparing activi-
ties of antioxidative enzymes and protein phosphatases in
cucumber and rice (Gu and Liang 2020; Ma et al. 2023).
The decrease in PM H*-ATPase activity by downregulating
expression of PM H*-ATPase genes may be another cause
that cucumber cannot resist high-concentration MC stress
because PM H*-ATPase can provide proton driving force for
transporting nutrients and other substances to maintain plant
growth (Janicka-Russak 2011). After a 7-day recovery, the
relative expression of seven genes at transcriptional level in
cucumber roots treated with 10 pg L™! MCs was close to the
control level whereas those in cucumber roots treated with 100
or 1000 pg L™! MCs were still lower than those of the control.
Liang et al. (2020) also found the similar phenomena that acid
rain at pH4.5 promote the transcription regulation to main-
tain H*-ATPase activity higher in soybean for resisting stress
whereas acid rain at pH3.0 caused irreversible inhibition on
transcription express of H-ATPase and decrease H*-ATPase
activity in soybean. It can be inferred that higher contractions
MCs induced irreversible inhibition on transcription expres-
sion of PM H-ATPase genes to decrease H*-ATPase activity,
and then could cause the driving force for transmembrane
transport of mineral elements decreased. This may be one
of reasons for nutritional deficiency and abnormal growth in
cucumber under high-concentration MC stress.

Conclusion

Low-concentration MCs (1 ug L™1) did not affect root growth
and physiological function in cucumber whereas higher con-
centrations of MCs (100 pg L™" or 1000 pg L™!) caused
irreversible inhibition on root growth and nutrient uptake by
decreasing PM H'-ATPase activity. In addition, MCs at 10 pg
L~!increased PM H*-ATPase activity by inducing upregula-
tion expression of CsHA2, CsHA3, CsHAS, and CsHA9 in
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cucumber roots to promote the uptake of mineral elements
(NO;7, Fe, Zn, and Mn) for maintaining root growth and mor-
phology. It was demonstrated that the adaptive response of
nutrient uptake in cucumber regulated by plasma membrane
H*-ATPase was limited by high-concentration MCs. Taking
measures to enhance plant tolerance to MC stress by overex-
pressing PM H*-ATPase could be better than diluting irriga-
tion water to lower the risk of MCs for crops, especially where
water shortage occurs. Furthermore, the adaptive mechanism
of plant to MC stress needs to be further studied during the
whole growth period of crops in the farmland.
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