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Abstract

Potassium (K) deficiency damaged membrane stability through irregular reac-
tive oxygen species (ROS) caused by K deficiency stress while osmotic adjust-
ment and antioxidant capacities play an essential role in preventing plants from
osmotic stress and oxidative damages. To investigate the difference of osmo-
protectants and antioxidant enzyme activities in the root, two representative
maize varieties, 90-21-3 (K-tolerant) and D937 (K-sensitive), were hydro-
ponically cultivated under normal K (+K) and K deficiency (-K) treatments
in Shenyang Agriculture University, China. The results showed that root ac-
cumulation, soluble protein in root of 90-21-3 and D937 were decreased un-
der K deficiency stress, but the root to shoot ratio, proline, free amino acid,
soluble sugar, reactive oxygen species (ROS) in root for both genotypes were
increased. Compared with the root of D937, the root of 90-21-3 was able to
swiftly accumulate more proline, free amino acid and soluble sugar in the
root when encountering K deficiency. The antioxidant enzyme activity in the
root of 90-21-3, including superoxide dismutase (SOD), and catalase (CAT),
peroxidase (POD), were significantly increased to counter increased levels of
O,-~ and H,0, under K deficiency stress. The presented results indicated that
osmotic regulator and antioxidant enzyme were actively responded to K defi-
ciency stress, 90-21-3 (K-tolerant maize) accumulated more osmoprotectants
and enhanced the activity of antioxidant enzymes to degrade ROS, alleviating
oxidative stress.
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1. Introduction

K, as a major mineral element, plays an essential role in process of crop growth
and development, involved in function of osmoregulation, enzyme activation,
ion homeostasis, and transport of metabolites in plants [1]. However, compared
with application of nitrogen (N) and phosphorus (P), K fertilizer is typically ap-
plied at a lower level in intensive agricultural production. An ongoing down-
ward trend of negative K balance of about 60 kg ha™'.yr™' appeared in intensive
agricultural production areas starting in the late 1990s due to improper fertiliza-
tion [2]. Consistent with the trend, more than 3/4 of soil of China has been re-
ported deficient in available K [3]. Distinctly, the K deficiency has given rise to
seriously inhibiting root growth and development caused by osmotic stress and
oxidative stress.

Plants have developed various defense mechanisms in process of long-term
evolution to survive the deleterious effects of environment stress. Osmoregula-
tors can improve stress tolerance in plants by actively increasing levels of mate-
rials that can adjust the osmotic cellular conditions, including inorganic ions
and organic solutes [4]. Inorganic ions and organic solutes are primary compo-
nents that participate in osmotic adjustment in response to stress and contribute
to stress tolerance in plants [5] [6]. Na* and Ca*" in vacuoles were verified that
could substitute for K" in osmotic adjustment function which could effectively
reduce the negative effects caused by the lack of K* [3] [7]. And, the accumulated
proline, soluble sugar, and phenol could reduce the osmotic stress caused by
Fe**, Zn**, and Mn** deficiency, and improve plant tolerance [8].

K deficiency disrupted equilibrium of ROS that impeded crop growth due to
accumulation of O,-” and H,0, in roots [9]. ROS disorganized cell physiological
function by oxidizing proteins, damaging nucleic acids and causing lipid perox-
idation. However, antioxidant systems played decisive roles in scavenging ROS
and protecting against destructive oxidative reactions [10]. Antioxidant enzymes
in cell can effectively resist oxidative stress damage and reduce the ability of ROS
[11]. Besides being a potentially harmful destructor, ROS is a key player in the
process of stress responses in complex signaling network. The expression of a
high-affinity potassium transporter, HAKS5, was triggered by the H,O, produced
under K deficiency [12]. Min et al [13] also found that POD could affect the ex-
pression of AtHAKS by regulation of ROS. Meanwhile, POD also acted as im-
portant antioxidant enzyme to scavenge peroxides and was essential in the bal-
ance of ROS [14].

Maize (Zea mays L.) is an important cereal crop with higher demand for potash
fertilizer than other crops. More efficient osmoprotection and antioxidation me-
chanisms could enhance the ability resistance to abiotic stress [15]. However,
significant differences have been well documented for osmotic adjustment and
antioxidant enzyme activity in different genotypes. “Arper” accumulated more
organic solutes than “Aristo” to mitigate osmotic stress in root of maize under

salt stress [6]. “Eyou Changjia’ (P use-efficient genotype) of Brassica napus en-
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hanced more antioxidant enzyme activities than “B104-2” (P use-inefficient ge-
notype) under P deficiency stress [16]. However, the activity of osmoregulation
and antioxidant enzymes in maize root under K deficiency stress was little atten-
tion to reporting. The present study was aimed to assess the effect of osmoregu-
latory and antioxidant enzymes activity changed on oxidative stress in 90-21-3

(K-tolerant) and D937 (K-sensitive) under K deficiency stress.

2. Materials and Methods
2.1. Plant Material and Growth Conditions

Two genotypic difference maize, 90-21-3 (K-tolerant) and D937 (K-sensitive),
were screened from more than total 2000 lines cultivated based on growth and
yield for over ten years in Liaozhong County of China that K fertilizer has not
been supplied since 2000, a naturally K deficient field (available K less than 50.4
mg-kg™"). Then the materials were verified through the performance in field trial,
pool trial and hydroponically trial in 2016. Differed from 90-21-3 that no visible
symptoms, the D937 showed leaf blades turned yellow at the seedling stage un-
der K deficiency soil. The mature 90-21-3 plants exhibited significantly higher
biomass and grain yield than D937 grown in the K-deficient soil. Both 90-21-3
and D937 were from “Ludahonggu” cultivars and “Reid” cultivars in China, re-
spectively.

The experiment was conducted by the way of hydroponic method in She-
nyang Agricultural University, China. Uniform seeds were chosen and sterilized
in 7% NaClO; solution, then germinated in sterile silica sand on July 1, 2016.
The seedlings with two visible leaves (about 1 week) were wiped off endosperm
carefully and then transplanted into black plastic buckets containing nutrient
solution. Random block arrangement was repeated four times. The component
was 1/2 Hoagland’s nutrient solution modified from Cao ef al [17], and con-
taining (pmol/L) 2000 Ca(NO,),, 2000 NaNO,, 2500 KCl, 1000 MgSO,, 500
NH,H,PO,, 100 EDTA-Fe(II), 22.5 MnCl,, 115 H;BO,, 0.75 ZnSO,, 0.16 CuSO,,
and 0.182 (NH,)sMo,0,,. The solution was regulated by 0.1 mol NaOH and HCl
to pH 6.0. Air added into the buckets through air stone that provided oxygen for
roots at a rate of 40 min h™".

After seven days of cultivation, one half seedlings were transferred into new
nutrient solution (controls), while the rest were carefully washed by deionized
water more than 3 times, and then transferred into boxes with K-deficient nu-
trient solution. The roots were sampled after detached and washed with deio-
nized water after 1 d, 3 d, 5d, or 7 d of K deficiency treatment, and frozen ra-
pidly in liquid nitrogen prior to measurement of osmoprotectants, ROS, and an-

tioxidase activity.

2.2. Biochemical Analysis

2.2.1. Osmoprotectants
The proline concentration was estimated by monitoring the absorbance of reac-
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tant between acid indene and proline at 528 nm with an UV-VIS spectrophoto-
meter (PerkinElmer Lambda 365, USA) as described by Ashraf and Zafar [18].
Free amino acid concentration was analyzed by color-developing reagent (trike-
tohydrindene hydrate) at 530 nm according to Hajlaoui et al [6]. Soluble sugar
content was measured by monitoring the absorbance of anthrone reagent at 630
nm according to Wan et al [19]. Soluble protein contents were analyzed by Coo-
massie Brilliant Blue (G-250) solution at 595 nm according to Bradford [20].

2.2.2. 02'7, H202, and MDA

Superoxide anion (O,-”) production was estimated by monitoring the absorbance
of reactant among hydroxylamine hydrochloride, a-naphthylamine and enzyme
solution at 530 nm with an UV-VIS spectrophotometer (PerkinElmer Lambda
365, USA) according to Tian et al [21]. The hydrogen peroxide (H,O,) level was
estimated by the increased absorbance of reactant between extracting solution
and 0.1% titanium chloride in 20% (v/v) H,SO, at 410 nm as described by Tsai et
al. [22]. The malondialdehyde (MDA) content was measured with thiobarbituric
acid at 532 nm and 600 nm as described in Mir et al. [23].

2.2.3.S0D, POD, and CAT

The enzyme extraction was performed according to Grace and Logan [24]. En-
zymatic protein was extracted with 50 mM/L cold phosphate buffer (pH 7.8) con-
taining 0.1 mM EDTA and 2% PVP. The supernatant solution was centrifuged at
15,000 g at 4°C to determine enzymatic assays.

Superoxide dismutase (SOD) activity was determined by the absorbance at
560 nm as described by Neto et al [25]. One unit of enzyme activity was re-
garded as the value of SOD required to produce a 50% inhibition of reduction of
nitroblue tetrazolium. POD and CAT activities were tested according to Tian et
al. [21]. One unit of POD activity was defined as the increase in the absorbance
of 0.01 min™' per gram fresh weight at 470 nm. One unit of CAT was defined as

the decrease in absorbance of 0.01 min™' per gram fresh weight at 240 nm.

2.3. Statistical Analysis

Four replicates of each treatment were performed to an analysis of variance with
the SPSS19.0 software (SPSS Inc., Chicago, IL, USA). Differences between mean
values were tested using the least significant difference (LSD) at a probability
level of 0.05, which were indicated by different letters. All tables and figures were
made using the Excel 2013.

3. Results

3.1. Growth

Compared with controls, total dry weight of 90-21-3 and D937 were decreased
by 13.62% and 27.83% under K deficiency stress at 7 d, respectively (Figure 1(a)).
The root and shoot weight of 90-21-3 were decreased by 7.90% and 13.15% in

comparison with the controls after 7 d of K-starvation, and significantly decreased
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Figure 1. Time course of dry accumulation in two maize genotypes, 90-21-3 and D937, grown under control conditions and K
starvation. (a) Total dry weight, (b) root dry weight, (c) shoot dry weight, and (d) R/S. Dates are expressed as means of 4 replicates

and the bars indicate the standard errors.

by 25.59% and 26.54% in D937 (Figure 1(b) and Figure 1(c)), respectively. Ob-
viously, more reduction in shoots than in roots of 90-21-3 and D937 was showed
under K deficiency treatment. The root to shoot ratio (R/S) was significantly in-
creased by 23.23% for 90-21-3 at 7 d of K-deficiency, but less dramatically in-
creased in D937 (Figure 1(d)).

3.2. ROS and MDA Content

O,-~ accumulated in two genotypes under K-free treatment (Figure 2(a)). In
90-21-3, the O, concentration in the root increased rapidly by 18.06% and
13.55% at 1 d and 3 d relative to controls after K withdrawal, but just 3.45% and
1.02% at 5 d and 7 d, respectively. In D937, however, the O,-~ concentration in
D937 was increased by 10.38% and 6.03% than the control at 1 d and 3 d, and
significantly increased by 26.65% and 13.04% at 5 d and 7 d of K deficiency, re-
spectively. The H,O, in 90-21-3 was little changed, but significantly increased by
27.65% in root of D937 after 7 d of K-deficiency treatment (Figure 2(b)). MDA
in root of D937 was significantly increased by 41.04% and 40.26% in comparison
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Figure 2. Time course of ROS in 90-21-3 and D937 maize genotypes grown under control treatment conditions and potassium
starvation. (a) Superoxide anion (O,") content, (b) hydrogen peroxide (H,0,) content, (c) lipid peroxidation (MDA) content.

with the controls after 5 d and 7 d of K-starvation, and higher than the observed
increases of 11.86% and 13.13% in 90-21-3 (Figure 2(c)).

3.3. Osmoprotectants Content

As shown in Figure 3(a), proline in D937 was significantly increased by 25.86%
after 1 d of K-free starvation, and significantly increased by 9.62%, 12.03%,
21.15%, and 26.22% in 90-21-3 at 1 d, 3 d, 5 d, and 7 d, respectively. An increase
of free amino acids in roots of both lines responded to K-deficient treatment
conditions (Figure 3(b)). The amount in 90-21-3 was significantly increased by
26.19%, 20.35%, 14.33%, and 24.63% relative to controls after 1 d,3d,5d, and 7
d, respectively, of K withdrawal, and 10.20%, 9.54%, 11.70%, and 19.66%, re-
spectively, in D937.

As shown in Figure 3(c), K deficiency treatment positively stimulated soluble
sugar in 90-21-3 and D937. Compared with controls, 90-21-3 was increased by
20.79% after 5 d of K deficiency, respectively, and increased of 9.99% in D937.
Contrary to the variation of soluble sugar, the soluble protein in both roots was

decreased under K-deficiency treatment (Figure 3(d)). The soluble protein in
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Figure 3. Time course of organic solutes in 90-21-3 and D937 maize genotypes grown under control treatment and potassium
starvation. (a) Proline, (b) free amino acids, (c) soluble sugar and (d) soluble protein in roots of 90-21-3 and D937.

90-21-3 was decreased by 7.69% at 7 d under K-deficiency treatment, and de-
creased by 15.57% in D937, respectively.

3.4. Antioxidase Activity

SOD activity in 90-21-3 and D937 was dramatically increased by 24.51% and
10.55% in comparison to controls after 1d of K-starvation, respectively (Figure
4(a)). However, the D937 was significantly decreased by 15.04%, 17.42%, and 6.90%
at 3d, 5d and 7 d treatment after K withdrawal, but increase of 14.47%, 13.20%,
and 3.24% in 90-21-3. Compared with controls, the POD activity in root of 90-21-3
was differently increased by 20.86% at 7 d, but significantly decreased by 11.86% in
D937 (Figure 4(b)). CAT enzyme activity in 90-21-3 and D937 were dramatically
increased after 1 d of K starvation stress (Figure 4(c)). After 5 d of K-deficiency
stress, the CAT kept higher activity in 90-21-3 than in the control, but there was a
significant decrease of 11.79% in D937, compared to without treatment.

4. Discussion

Root system played an essential role in process of nutrient absorption, hormone
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Figure 4. Time course of antioxidase in 90-21-3 and D937 maize genotypes grown under control treatment conditions and potas-
sium starvation. (a) Superoxide dismutase (SOD), (b) peroxidase (POD) and (c) catalase (CAT).

synthesis, organic acids and amino acids exudation, etc. K*, as a monovalent ca-
tion, is involved in physiological processes such as determining the osmotic po-
tential and enzyme activation. However, the rhizosphere is often in a state of K
deficiency due to low absorption of roots grown in soil with low available K
content. K deficiency could inhibit plant growth by damage of the membrane
structure and hindering photosynthesis [26]. Here, the growth of 90-21-3 and
D937 was obviously dropped, but 90-21-3 maintained more root weight than
D937 under K-deficiency stress. Distinctly, the shoot showed more serious inhi-
bition than the roots under K deficiency. Similar results were reported by Jor-
dan-Meille and Pellerin [27]. Differently from Tewari et al [28] that the reduc-
tion in R/S, in present study, R/S in 90-21-3 was more increased than D937 un-
der K-deficiency stress. This indicated that more carbohydrate was redistributed
in 90-21-3 from shoots to roots to promote root growth, allowing root exploring
of larger soil to loot more K.

Osmoregulation is an important mechanism involved in the defense against
stress by regulating osmotic potential. Under K deficiency stress, the decreased K*

in root affected osmotic pressure in the xylem, which could inhibit long-distance
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sap flow from roots to shoots [29]. Biosynthesis and accumulation of organic
solutes in vacuoles and the cytosol may be involved in membrane stability [30].
Proline is regarded as an osmoprotectant, ROS scavenger and inhibitor of lipid
peroxidation, etc. [31]. In our study, the proline level, one sensitive of free amino
acids, was greater increased with longer treatment time in 90-21-3 than in D937.
The increased proline could help to balance the vacuole osmotic potential in
roots and maintain the ratio of NADH/NAD" under K deficiency to reduce the
disorganization of the electron transport chain. Under a shortage of micronu-
trients (Zn**, Fe*’, and Mn*"), soluble sugar was significantly increased to boost
osmotic stress tolerance in two lettuce cultivars [8]. Similar results were reported
in roots of alfalfa [32] and Arabidopsis [33]. K* was involved in transportation of
carbohydrate synthesized by leaf photosynthesis by way of phloem [34]. The so-
luble sugar in root of 90-21-3 indicated that more carbohydrates were trans-
ported into roots than to shoots, stimulating axile root elongation after K depri-
vation, and also was indicated by an increased root to shoot ratio [27] [35]. But,
nitrate assimilation and protein synthesis were strongly impeded by K deficiency
due to the altered nitrogen metabolism enzymes activities, although amino acids
increased [33] [36].

Membrane lipid peroxidation was induced by an increase in ROS due to block-
ing electron transport under K deficiency stress. The cell structure and function
could become disordered by abnormal ROS that damage nucleic acids, oxidize
proteins, and cause lipid peroxidation [9]. The increased MDA value indicated
the root cell was suffered from oxidative stress and more serious oxidative dam-
age of lipids occurred in the roots of D937 than in 90-21-3, which suggested
stronger scavenging ability of ROS in 90-21-3 than D937 under K deficiency con-
ditions.

Antioxidant enzyme systems were regarded as crucial participator in scavenging
and eliminating ROS in plants. Evidences indicated that stress-tolerant geno-
types may promote defense system depending on enhancement of antioxidant
enzymes [16]. The accumulation of oxidative damage in potassium-starved ma-
ize seedlings indicated disruption of the balanced state between ROS production
and antioxidant defense system. The SOD activity decreased in D937 and O,-~
accumulated with time of K deficiency, but 90-21-3 remained high activity in
90-21-3. Although O, could be translated into H,O, by disproportionate of SOD
to mitigate the damage of O,-”, H,O, continued to act as a destructor and could
be eliminated by conversion to H,O through the action of POD and CAT en-
zymes [37]. Here, the dates showed H,O, was induced to explode in response to
potassium deficiency treatments, with increased POD and CAT activity. How-
ever, the POD and CAT activities of D937 were depressed, but higher enzymatic
activity was observed in 90-21-3, especially POD activity. Maintaining higher ac-
tivity of SOD enzymes and coordinated expression of antioxidant enzymes could
improve the ability of plants to resist ROS [38]. These results suggested 90-21-3
could promote high SOD, POD and CAT enzyme activity to scavenge ROS and
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decreased membrane lipid peroxidation under K deficiency.

In conclusion, the root growth of 90-21-3 and D937 was inhibited due to os-
motic stress and oxidative stress under K deficiency, and more carbohydrate in
90-21-3 was translated into root. Compared with D937, 90-21-3 was able to ra-
pidly accumulate proline, free amino acid and soluble sugar to keep the osmotic
potential to alleviate osmotic stress and enhanced SOD, POD and CAT activity
to promote the ability of degrading ROS after potassium starvation, alleviating

the oxidative stress, which provided steady growth of root.
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