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Abstract
Sugar beet is strongly resistant to salt-alkalinity. Understanding the physiological alkali stress resistance mechanism of sugar 
beet is important for fully utilizing saline–alkaline soil. Sugar beet seedlings from cultivars KWS0143 (alkali-tolerant) and 
Beta464 (alkali-sensitive) were treated with five concentrations of mixed alkaline solutions  (NaHCO3:  Na2CO3, 2:1), namely, 
0 (control), 25, 50, 75, and 100 mM (mole concentration was calculated in  Na+). A sharper decrease in dry weight per plant 
(87.1%) and total root length (91.7%) of Beta464 were observed compared to the 61.5% and 85.0% decrease in those of 
KWS0143 under 100 mM alkali treatment. With increasing alkaline stress,  Na+ accumulation hindered  K+ and  Ca2+ absorp-
tion by roots. Free polyamines contents and phosphoenolpyruvate carboxylase (PEPC) activity in roots of both cultivars 
were all significantly enhanced by 50 and 75 mM alkali treatments. KWS0143 exhibited higher dissociated putrescine (Put), 
spermine (Spm), as well as spermidine (Spd) levels within the roots compared to Beta464 under alkali conditions. Root free 
Spd contents of KWS0143 and Beta464 increased by 154.2 and 64.5% treated with 50 mM alkali in comparison with the con-
trol. After treated with the dose of 25 mM, root succinic acid (SA) contents of KWS0143 and Beta464 increased by 90.4 and 
14.3%, respectively, compared to the plants subjected to the control. Our results imply that polyamines and PEPC contribute 
to the tolerance of sugar beet to alkali stress. Those results could be useful for enriching the theory of plant stress response.
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Introduction

Soil salinization has become the main global environment 
problem, and it becomes severe gradually (Jesus et al. 2015). 
Except for salinization, in the last several years, soil alkalini-
zation is also identified, especially in the semi-arid and arid 
zones (Parihar et al. 2015; Paz et al. 2012). 8.31 × 108  hm2 
of the soil in the world is affected by saline–alkaline, and in 
China, approximately 9.2 × 106  hm2 of the farmlands are in 
the saline–alkaline soil (Li et al. 2017). In Northeast China 
where soils have been extensively alkalized,  Na2SO4, NaCl, 
 NaHCO3, as well as  Na2CO3 are the main salt components 

(Bai et  al. 2016). Soil alkalization due to  Na2CO3 and 
 NaHCO3 is probably serious compared with the neutral salt-
induced soil salinization, including  Na2SO4 and NaCl (Liu 
and Shi 2010; Yang et al. 2011). Great salt contents within 
the growth medium of plant can decrease the  K+ level and 
increase the accumulation and uptake of  Na+, which results 
in  K+ efflux and promotes the leakage of  K+ ions through 
plant cells (Azooz et al. 2015; Latef and Tran 2016; Munns 
and Tester 2008). Similar to salt stress, alkaline stress impair 
plant development through inducing ion disequilibrium, oxi-
dative damage, and hyperosmotic stress (Chen et al. 2012; 
Hazman et al. 2016; Radi et al. 2012). Nonetheless, alka-
line challenge is distinctly different as a result of the great 
pH level. Notably, any slight increase in the pH value over 
the expected alkaline salt level can be poisonous, and has 
adverse effect on various physio-biochemical events, like 
mineral absorption, photosynthesis, plant yield, as well as 
membrane integrity (Chen et al. 2012; Radi et al. 2012).

Roots are an important crop organ, which participates 
in water and nutrients acquisition, plant hormone syn-
thesis, amino acids, anchorage, organic acids, as well as 
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environmental challenge adaptation (Liu et al. 2014). The 
root system in soils may be the directly damaged site result-
ing from salinity and alkalinity. Morphology of the plant 
root system is greatly different according to different salt 
stress treatments (Witzel et al. 2018).

Polyamines (PAs) exerts an important part in numerous 
physio-biochemical events related to plant development 
(Baron and Stasolla 2008; Bouchereau et al. 1999). In addi-
tion, PA also exerts a vital part in the preventing biotic as 
well as abiotic stress of plants (Bueno and Cordovilla 2019). 
Putrescine (Put), spermine (Spm), and spermidine (Spd) 
are several leading plant PAs (Zhou et al. 2019). Accord-
ing to Capell and colleagues (2004), transgenic plants that 
expressed gene Datura adc generated a greater Put amount 
in the case of stress, which promoted the synthesis of Spm 
and Spd, finally preventing droughts in plants.

Organic acids, the low-molecular-weight compound con-
taining carboxyls, play a role of buffering. Diverse organic 
acids can be detected in plants, including malic acid, suc-
cinic acid, and citric acid (Ma et al. 2015). These compounds 
exert vital parts in adapting to different stresses of plants. 
Organic acids can adapt to and modulate diverse stresses of 
plants, such as metal ion, drought, and saline–alkali stresses 
(Chen et al. 2009; Fu et al. 2019; Li et al. 2016). Phos-
phoenolpyruvate carboxylase (PEPC), a critical enzyme 
involved in the tricarboxylic acid cycle, could catalyze 
phosphoenolpyruvate and  CO2 synthesized into oxaloac-
etate, after which oxaloacetate was transformed into malic 
acid, and other organic acids were synthesized (Zhang and 
Fernie 2018). Therefore, PEPC exerts an important part in 
organic acids synthesis in plant adaption to salt–alkali stress. 
Ma and colleagues (2016) found that phosphoenolpyruvate 
carboxylation via PEPC might have little influence on the 
OxA synthesizing pathway and Kochia sieversiana PEPC 
activity was enhanced by alkali and salt stress.

Sugar beet (Beta vulgaris L.) has become a crucial indus-
trial crop (Magaña et al. 2011). Special interested traits for 
improving sugar beet yield are acclimation to both abiotic 
and biotic challenges, like cold under the temperate climate, 
salinity, heat, and drought (Vastarelli et al. 2013). Explor-
ing the physiological mechanism in tolerance of sugar 
beet to salt–alkali stress is important for fully utilizing 
saline–alkaline soil and promoting maintainable develop-
ment of agriculture in our country. Many efforts have been 
made to examine saline stress response physiologically 
and molecularly, such as proteome, transcriptome, or anti-
oxidant enzyme (Hossain et al. 2017; Li et al. 2015; Yang 
et al. 2012). Our previous studies have presented the alkali 
stress role in the dry matter accumulation, emergence rate, 
photosynthetic characteristics, membrane permeability, and 
chloroplast ultrastructure of sugar beet by pot and hydro-
ponic experiments, and also reported the adaptation of sugar 
beet to alkali conditions through the osmotic substances as 

well as the antioxidative defense systems (Zou et al. 2018, 
2019). Guo et al. (2016) showed changes in microbes and 
soil enzymes in rhizosphere environment of sugar beet seed-
lings under alkali conditions, and the correlation between 
those parameters and plant dry mass. Nonetheless, it remains 
largely unclear about its alkalinity role in root morphology, 
as well as physiological indexes, especially ion balance, free 
polyamines, and phosphoenolpyruvate carboxylase in roots 
of sugar beet.

This study aimed (1) to examine alkalinity role in dry 
matter accumulation as well as the morphology of root in 
sugar beet; (2) to study the ability of sugar beet maintain the 
balance of  Na+,  K+, and  Ca2+ ions such as in roots, and (3) 
to explore the physiological responses, including osmotic 
substances, antioxidant enzymes, free polyamines, and phos-
phoenolpyruvate carboxylase, in sugar beet roots under alka-
line challenge. Information generated from this study could 
shed light on sugar beet adaption to alkali conditions and add 
more knowledge on the plant tolerance theoretical system 
under experimental stress.

Materials and methods

Plant materials and culture environment

Two sugar beet cultivars that possessed distinctly different 
alkaline tolerability were screened, including the sensitive—
Beta464 and the tolerant—KWS0143 (Chen et al. 2010; Guo 
et al. 2015).

The pelleted seeds from “KWS0143” (obtained from 
KWS, Germany) and “Beta464” (obtained from BETA-
SEED, America) were subjected to germination within 
vermiculite that contained distilled water for one week, 
followed by 3-week irrigation using the Hoagland solu-
tion (first pair of real leaves fully expanded) as well as 
subsequent transplantation to the hydroponic device that 
contained Hoagland solution under 25℃/20℃ (day/night), 
65% relative humidity, 450 μmol·m−2·s−1 light intensity, 
and the 16/8 h photoperiod. 1 week later, those resultant 
seedlings were treated with Hoagland solution containing 
 Na2CO3:NaHCO3 mixed alkaline at the doses of 0 (control), 
25, 50, 75, and 100 mM (1:2; mole concentration was cal-
culated in  Na+). The pH values of each treatment were 6.85, 
9.16, 9.55, 9.67, and 9.75, respectively. Hoagland solution 
containing different levels of mixed alkaline was replaced 
per day to stabilize the pH values of each treatment. Root 
morphology and dry matter accumulation, together with root 
physiological parameters were determined at 7 days after 
treatments. The random complete block design was applied, 
and 3 duplicates were set for each treatment. Each block 
was a duplicate. Moreover, 100 seedlings existed in each 
block, and there was no significant variation between plants 
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belonging to the same block. The distance between seedlings 
was 10 cm. Our blocking criterion was Hogland solution of 
the same formula.

Dry matter accumulation

For every duplicate, five plants would be screened randomly 
and washed using the deionized water; later, the dry weights 
of root and shoot were calculated. Shoots and roots were 
subjected to 15 min heating at the temperature of 105 ℃, 
followed by drying until reaching the constant weight under 
the temperature of 80 ℃, and thus, the dry weights were 
determined. Afterward, the dry weight and root/shoot ratio 
of each plant were calculated as equations below. The mean 
from the above five plants were determined as one replicate.

Root morphology

For every duplicate, five plants would be screened randomly 
and washed in deionized water, and the root volume, root-
tip number in every plant, and total root length, root surface 
area, and root volume were measured by the root automatic 
scanning machine (Microtek Scan Maker i800) using the 
LA-S software. For five plants, the means were deemed as 
a duplicate.

Na+,  K+, and  Ca2+ ions

To estimate  Na+,  K+, and  Ca2+ contents, root samples col-
lected separately were sufficiently rinsed by deionized water 
for eliminating  Na+,  K+, and  Ca2+ adhered onto surface. 
Later, 0.1 g oven-dried (48 h at 80 ℃) tissue sample was 
grinded, followed by digestion using the  HNO3:HClO4 (5:1 
v/v) mixture under 80 ℃ till the color disappeared. Contents 
of  Na+,  K+, and  Ca2+ within leave and root samples were 
analyzed through flame atomic absorption spectrophotom-
etry (Z-5000; Hitachi, Japan).

Moreover, 0.5 g shredded leaves were immersed within 
50 ml deionized water; subsequently,  Na+ content within the 
deionized water was measured through flame atomic absorp-
tion spectrophotometry (Z-5000; Hitachi, Japan). Finally, 
secreted  Na+ from leaf surface (SNFLS) was calculated.

Free polyamines and amine oxidase

PAs were isolated according to Zhao et al. (2008). After 
washed in deionized water, root samples (0.5  g) were 

Dry weight per plant = Shoot dry weight + Root dry weight

Root∕shoot ratio =
Root dry weight

Shoot dry weight
× 100%.

ground within the liquid nitrogen, followed by 1 h extrac-
tion within the 1.6 ml perchloric acid (PCA, 5%, v/v) under 
the temperature of 4 ℃, as well as 30 min centrifugation 
at 12,000 × g under the temperature of 4 ℃. Supernatants 
were utilized in determining free PAs contents. Superna-
tants were benzoylated in accordance with Aziz and Larher 
(1995), and the resulting benzoylated Put, Spd, and Spm 
were determined through HPLC by the use of the Waters 
1525 chromatographic system (Waters, USA). The C18 
column (250 × 4.6 mm, Kromasil, Sweden) was applied in 
separating polyamines. Then, 10 µl samples were loaded in 
every run. 0.8 ml·min−1 elution was conducted under the 
temperature of 25 ℃. 64% v/v methanol served as mobile 
phase. The Dionex UVD170U detector was used to detect 
the eluted polyamines at the wavelength of 254 nm through 
determining the respective retention time and that of stand-
ard solution (Sigma-Aldrich, Prague, Czech Republic).

The diamine oxidase (DAO) and polyamine oxidase 
(PAO) activities were measured through an improved 
method of Smith and Barker (1985). After washed in deion-
ized water, 0.5 g fresh root sample was subjected to homog-
enization on ice within 1.6 ml of 100 mmol·L−1 phosphate 
buffer solution (PBS, pH 6.5); followed by 20 min centrifu-
gal separation at 10,000×g. Later, those resultant superna-
tants were applied in determining the DAO and PAO activi-
ties. 3.1 ml reaction mixture contained 200 µl supernatant, 
100 µl peroxidase (250 U·ml−1), 200 µl coloration liquid 
[25 µl N, N-dimethylaniline, and 10 mg 4-Aminoantipy-
rine in every 100 ml PBS (100 mmol·L−1)], 2.5 ml PBS 
(100 mmol·L−1, pH 6.5), and 100 µl of 20 mmol·L−1 Put 
or Spd. That reaction lasted for 30 min under the tempera-
ture of 25 ℃, and the optical density was determined at the 
wavelength of 555 nm. 0.01ΔA555·min−1 equaled one unit 
of enzymatic activity (1 U). For 3 separate samples, 3 values 
were measured independently.

Phosphoenolpyruvate carboxylase (PEPC) 
and organic acid

After washed in deionized water, 0.5 g fresh root tissues 
were sufficiently ground within the cooled mortar containing 
2 ml extraction buffer that contained 100 mM Tris–HCl (pH 
7.3), 10 mM  MgCl2, 0.3% PVP, 25% (v/v) glycerol, and 1 M 
EDTA. Later, that homogenate was subjected to centrifuga-
tion for 8 min at 15,000 g and 4 °C. Those resultant superna-
tants were collected to carry out enzyme tests. We measured 
PEPC by Ma et al.’s method (2016) after mild modification. 
2 ml reaction mixture supplemented with 1 mM  NaHCO3, 
100 mM Tris–HCl, 0.3 mg NADH, 5 mM  MgCl2, and excess 
malate dehydrogenase. Following 15 min incubation under 
27 °C, 0.05 ml enzymatic extracts were joined for reaction 
initiation. The NADH absence was monitored through PEPC 
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activity for 3 min at the wavelength of 340 nm under ambi-
ent temperature.

Root organic acid contents were measured by the 
improved approach by Chen et al. (2009). The 0.1 g oven-
dried root tissue samples were abraded, followed by 30 min 
boiling using the 15 ml deionized water, as well as 30 min 
centrifugation under 12,000 × g at 4 ℃. Supernatants were 
utilized for determining organic acid levels. Concentrations 
of succinic acid (SA), citric acid (CA), tartaric acid (TA), 
acetic acid (AA), malic acid (MA), and lactic acid (LA) were 
determined through HPLC by the use of the Waters 1525 
chromatographic system (Waters, USA). The C18 column 
(250 × 4.6 mm, Kromasil, Sweden) was utilized to sepa-
rate the organic acids. Then, 20 µl sample was added into 
every run, followed by elution under 30℃ at 0.6 ml·min−1. 
50 mM dipotassium phosphate buffer (pH = 2.53) was used 
as the mobile phase. The Dionex UVD170U detector was 
employed for detecting eluted organic acids at 210 nm 
through measuring the respective retention time and that of 
standard solution (Sigma-Aldrich, Prague, Czech Republic).

Statistical analysis

Data are presented with the interaction of alkaline treatments 
and cultivars where these interactions were significant. Data 
were analyzed by ANOVA and least significant difference 
(LSD) multiple comparison test using SPSS 20.0. Microsoft 
Excel 2016 was utilized for generating diagrams and tables.

Results

Dry matter accumulation

Significant changes in morphology were detected follow-
ing alkaline treatments (Fig. 1). Under control and 25 mM 
alkaline treatments, Beta464 showed high dry weight in each 
plant compared with KWS0143, while KWS0143 showed 
the high dry weight in each plant relative to Beta464 under 
50, 75, and 100  mM treatments (Table  1). Dry weight 
per plant of Beta464 gradually reduced as the alkali dose 
increased, whereas that of KWS0143 increased to a maxi-
mum at 25 mM treatment and declined thereafter in response 
to alkaline stress. 50, 75, and 100 mM treatments markedly 
(P < 0.05) decreased dry weight in each plant for both culti-
vars. Such reduction in dry weight in each plant was sharper 
for Beta464 compared to KWS0143 under treatments at 50, 
75, and 100 mM. In comparison with plants subjected to 
control, dry weight per plant of KWS0143 decreased by 
13.7, 24.2, and 61.5% under 50, 75, and 100 mM treatments, 
respectively, whereas that of Beta464 decreased by 67.3, 
73.0, and 87.1%, respectively.

Dry weights of root and shoot for Beta464 gradually 
declined with the increase in alkaline concentration, whereas 
those of KWS0143 showed the greatest value at 25 mM 
treatment and declined subsequently (Table 1). 50, 75, and 
100 mM treatments remarkably (P < 0.05) reduced the dry 
weights of root and shoot in the two cultivars. Under 50, 
75, and 100 mM treatments, KWS0143 exhibited higher 
root and shoot dry weights than Beta464. Sharper reduc-
tions of shoot (86.6%) as well as root (89.6%) dry weight 
were observed in Beta464 compared to the 60.3% and 67.3% 
decrease in KWS0143 under the 100 mM treatment.

Fig. 1  Sugar beet seedlings 
growth under alkali stress. a 
KWS0143; b Beta464



Acta Physiologiae Plantarum (2021) 43:13 

1 3

Page 5 of 12 13

The 25 mM treatment obviously (P < 0.05) elevated the 
ratio of root/shoot of both cultivars, whereas the 100 mM 
treatment resulted in markedly reduced (P < 0.05) root/
shoot ratio in both cultivars (Table 1). Root/shoot ratio in 
KWS0143 was great compared with that in Beta464 under 
the 100 mM treatment.

Root morphology

Morphological factors of roots in sugar beet showed differ-
ent responses to alkaline stresses (Table 2). According to the 
data in this work, most of root morphology parameters for 

both cultivars gradually decreased along with the increasing 
alkaline treatments. The total root length, root surface area, 
root volume, and root-tip number in KWS0143 elevated to 
a maximum at 25 mM and then decreased in response to 
alkaline conditions, whereas those of Beta464 gradually 
decreased. Under the control treatment, Beta464 showed 
higher total root length, root surface area, as well as root 
volume compared with KWS0143; however, those three 
parameters of KWS0143 were higher than Beta464 under 
50, 75, and 100 mM treatments. The decrease of total root 
length, root surface area, as well as root volume were sharper 
in Beta464 compared with KWS0143 under the 100 mM 

Table 1  Effects of alkaline stress on shoot dry weight, root dry weight, root/shoot ratio, and dry weight per plant of sugar beet

Data are displayed in the manner of means ± SD (n = 3). Different capital letters after means suggest differences of statistical significance 
between various cultivars at the identical treatments (P < 0.05). The various small letters stand for differences of statistical significance (P < 0.05) 
between different alkaline treatments at identical cultivars (P < 0.05). F values before letter ns indicate no significant difference upon LSD test, 
*P < 0.05; **P < 0.01; ***P < 0.001. The same below

Cultivars Treatments Shoot dry weight (g) Root dry weight (g) Root/shoot ratio Dry weight per plant (g)

KWS0143 Control 0.262 ± 0.001Bb 0.052 ± 0.006Bb 0.198 ± 0.021Ab 0.314 ± 0.007Bb

25 mM 0.373 ± 0.007Aa 0.095 ± 0.003Ba 0.254 ± 0.008Ba 0.467 ± 0.004Aa

50 mM 0.223 ± 0.004Ac 0.048 ± 0.003Ab 0.214 ± 0.014Ab 0.271 ± 0.007Ac

75 mM 0.200 ± 0.003Ad 0.038 ± 0.002Ac 0.190 ± 0.010Bbc 0.238 ± 0.004Ad

100 mM 0.104 ± 0.005Ae 0.017 ± 0.002Ad 0.167 ± 0.015Ac 0.121 ± 0.004Ae

Beta464 Control 0.659 ± 0.007Aa 0.134 ± 0.008Aa 0.203 ± 0.011Ab 0.793 ± 0.009Aa

25 mM 0.364 ± 0.003Bb 0.107 ± 0.005Ab 0.295 ± 0.014Aa 0.471 ± 0.006Ab

50 mM 0.218 ± 0.004Ac 0.041 ± 0.003Ac 0.189 ± 0.023Ab 0.259 ± 0.003Bc

75 mM 0.178 ± 0.002Bd 0.036 ± 0.004Ac 0.201 ± 0.015Ab 0.214 ± 0.006Bd

100 mM 0.088 ± 0.004Be 0.014 ± 0.002Ad 0.159 ± 0.020Ac 0.102 ± 0.006Be

Two-way ANOVA
Treatments 6872.3*** 140.6*** 51.3* 5849.2***
Cultivars 1924.1*** 568.7*** 0.9 ns 1621.9***
Treatments × cultivars 2719.9*** 144.6*** 4.5* 2153.6***

Table 2  Effects of alkali on total root length, root surface area, root volume, and number of root tips of sugar beet

Cultivars Treatments Total root length (cm) Root surface area  (cm2) Root volume  (cm3) Root-tip number

KWS0143 Control 85.7 ± 2.6Ba 21.04 ± 5.33Bb 0.994 ± 0.077Bab 403 ± 33Aa

25 mM 93.2 ± 3.3Aa 30.37 ± 2.46Aa 1.205 ± 0.055Aa 413 ± 61Aa

50 mM 43.5 ± 2.2Ab 5.89 ± 0.12Ac 0.886 ± 0.048Abc 184 ± 65Ab

75 mM 23.5 ± 5.5Ac 4.56 ± 0.41Ac 0.748 ± 0.077Ac 162 ± 50Ab

100 mM 18.9 ± 1.5Ac 2.49 ± 0.14Ac 0.741 ± 0.031Ac 153 ± 5Ab

Beta464 Control 131.9 ± 9.4Aa 47.45 ± 6.82Aa 1.512 ± 0.264Aa 418 ± 72Aa

25 mM 85.2 ± 3.3Ab 29.11 ± 2.93Ab 1.338 ± 0.277Aa 351 ± 38Aa

50 mM 34.1 ± 5.0Bc 2.77 ± 0.19Ac 0.603 ± 0.052Bb 233 ± 10Ab

75 mM 19.3 ± 0.7Ad 2.46 ± 0.47Ac 0.500 ± 0.050Bb 231 ± 26Ab

100 mM 10.9 ± 0.2Be 1.58 ± 0.11Ac 0.157 ± 0.052Bc 115 ± 9Ac

Two-way ANOVA
Treatments 675.9*** 122.5*** 50.8*** 52.9***
Cultivars 0.2 ns 39.5*** 3.9 ns 0.1 ns

Treatments × cultivars 6.6** 26.7*** 16.4*** 2.6 ns
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treatment. Compared to the plants subjected to control, 
total root length, root surface area, as well as root volume 
of KWS0143 reduced by 77.9, 88.2, and 25.5% under the 
100 mM treatment, respectively, whereas those of Beta464 
decreased by 91.7, 96.7, and 89.6%, respectively. Besides, 
KWS0143 exhibited increased root-tip number compared 
with Beta464 of 100 mM treatment. The sharply decreased 
(by 62.0%) root-tip number was detected in Beta464 com-
pared to the decrease (by 64.7%) in root-tip number in 
KWS0143 under 100 mM treatment.

Na+,  K+, and  Ca2+ ions

Na+ content in roots of both cultivars gradually increased 
with an increase in alkaline concentration, but  K+ content, 
 Ca2+ content, and  K+/Na+ and  Ca2+/Na+ decreased with 
alkaline concentration (Table 3), suggesting that  Na+ accu-
mulation hindered  K+ and  Ca2+ uptake of sugar beet roots. 
Under control and 25 mM treatments, root  K+ content of 
both cultivars was obviously higher than  Na+ content, but 
when treated with 50, 75, or 100 mM alkaline solutions, 
 Na+ content was apparently higher compared to  K+. Besides, 
among three sorts of ions,  Ca2+ content was minimal under 
each treatment. Different concentrations of alkaline treat-
ments all significantly (P < 0.05) increased within root 
 Na+ content of two cultivars, but significantly (P < 0.05) 
reduced  K+ content,  Ca2+ content, and  Ca2+/Na+ and  K+/
Na+. Besides,  Na+ content in roots of Beta464 was higher, 
but  Ca2+/Na+,  K+/Na+ and  K+ content were lower compared 
to those of KWS0143 under the same treatment. Under the 
control treatment, Beta464 exhibited higher  Ca2+ content 
than that of KWS0143; however, KWS0143 had a higher 
 Ca2+ content than Beta464 under each concentration of alka-
line stress.

Under the control and 25  mM treatments, Beta464 
showed a slightly higher SNFLS than that of KWS0143; 
however, KWS0143 had a higher SNFLS compared with 
Beta464 (Fig. 2). The SNFLS of KWS0143 and Beta464 
gradually elevated as the alkaline dose increased. The 
increased SNFLS was sharper in KWS0143 compared to 
Beta464 under 50, 75, and 100 mM treatments. In com-
parison with plants subjected to the control treatment, the 
SNFLS of KWS0143 increased by 703.5%, 756.1%, and 
1005.3% under 50, 75, and 100 mM treatments, respectively, 
whereas that of Beta464 increased by 140.5%, 292.4%, and 
688.6%, respectively.

Free polyamines contents, DAO activity, and PAO 
activity

Of the three free polyamines, Spd showed the greatest level 
inn sugar beet root, while Put and Spm ranked the second 
and third places, respectively (Table 4). For three free poly-
amines, their contents markedly (P < 0.05) increased in the 
two cultivars under 25, 50, and 75 mM treatments. Under 
different concentrations of alkaline treatments, KWS0143 
exhibited higher Spm, Spd, and Put levels within roots com-
pared to Beta464. Contents of Spm, Spd, and Put within 
roots of both cultivars peaked at 50 mM treatment, followed 
by subsequent decline upon alkaline stress. Relative to con-
trol plants, contents of Spm, Spd, and Put within roots in 
KWS0143 increased by 56.3, 154.2, and 114.1% under the 
50 mM treatment, respectively, whereas those of Beta464 
increased by 60.2, 64.5, and 78.6%, respectively.

Root PAO activity of both cultivars peaked at 50 mM 
treatment, followed by subsequent decline in response to 
alkaline conditions (Table 4). In comparison with control 
plants, PAO activities of KWS0143 and Beta464 increased 

Table 3  Na+ content,  K+ content,  Ca2+ content, and  K+/Na+ and  Ca2+/Na+ in roots of two sugar beet cultivars under different treatments

Cultivars Treatments Na+(µg·g−1) K+(µg·g−1) Ca2+ (µg·g−1) K+/Na+ Ca2+/Na+

KWS0143 Control 6.9 ± 3.6Bd 27.5 ± 6.0Aa 2.81 ± 1.54Aa 4.00 ± 0.87Aa 0.409 ± 0.224Aa

25 mM 16.0 ± 7.7Bc 19.5 ± 6.6Ab 1.69 ± 0.62Ab 1.22 ± 0.41Ab 0.106 ± 0.039Ab

50 mM 20.0 ± 9.6Abc 14.9 ± 2.6Ac 1.53 ± 0.64Ab 0.74 ± 0.13Abc 0.077 ± 0.032Ab

75 mM 22.0 ± 9.8Aab 12.2 ± 3.8Ac 1.44 ± 0.60Ab 0.56 ± 0.17Acd 0.065 ± 0.027Ab

100 mM 25.5 ± 9.9Aa 6.5 ± 4.6Ad 1.31 ± 0.69Ab 0.26 ± 0.18Ad 0.052 ± 0.027Ab

Beta464 Control 15.1 ± 9.3Ad 19.2 ± 9.1Ba 2.84 ± 2.20Aa 1.27 ± 0.60Ba 0.188 ± 0.146Ba

25 mM 20.1 ± 5.9Ac 13.3 ± 4.8Bb 1.38 ± 0.75Ab 0.66 ± 0.24Bb 0.068 ± 0.037Ab

50 mM 23.1 ± 8.2Ab 10.2 ± 3.2Bb 1.19 ± 0.67Ab 0.44 ± 0.14Abc 0.051 ± 0.029Ab

75 mM 25.4 ± 7.9Ab 9.2 ± 2.6Bb 1.16 ± 0.71Ab 0.36 ± 0.10Abc 0.046 ± 0.028Ab

100 mM 29.0 ± 6.4Aa 4.0 ± 1.1Ac 0.97 ± 0.66Ab 0.14 ± 0.04Ac 0.033 ± 0.023Ab

Two-way ANOVA
Treatments 46.8*** 35.8*** 73.6*** 101.9*** 19.3***
Cultivars 30.7*** 53.1*** 12.3* 82.4*** 8.7**
Treatments × cultivars 1.4 ns 1.6 ns 0.2 ns 32.9*** 3.3*
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by 135.6% and 172.4%, respectively, under the 50 mM 
treatment. Peak value of DAO activity appeared later 
in comparison to that of Put content, Spd content, Spm 
content, and PAO activity. Beta464 exhibited higher root 
DAO activity than KWS0143 under each treatment. Root 
DAO activity of both cultivars showed the greatest value 
at 75 mM treatment and declined subsequently. A sharper 
increase in DAO activity (by 310.8%) was observed in 
Beta464 compared to the 156.4% increase in KWS0143 
under the 75 mM treatment compared to the plants sub-
jected to the control.

PEPC activity and organic acid contents

Various alkaline contents markedly affected the root PEPC 
activity in two sugar beet cultivars (Fig. 3). Root PEPC 
activity in the two cultivars showed a first increase and then 
decrease trend as the alkaline treatments increased. Under 
control, 25, 50, as well as 75 mM treatments, Beta464 had 
higher root PEPC activity than that of KWS0143; however, 
KWS0143 had a higher root PEPC activity than Beta464 
under the 100 mM treatment. While treating with 50 mM 
alkaline solution, it could be found that root PEPC activity 
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Fig. 2  Effects of alkaline stress on secreted  Na+ from leaf surface 
(SNFLS) of two sugar beet cultivars. Each histogram stands for 
mean ± SD from 3 duplicates. Those various capital letters followed 
mean values indicate differences of statistical significance between 
various cultivars at identical treatments (P < 0.05). Those diverse 

little letters stand for difference of statistical significance (P < 0.05) 
between different alkaline treatments for identical cultivars (P < 0.05). 
F value before ns letter indicates no significant difference upon LSD 
test, *P < 0.05; **P < 0.01; and ***P < 0.001

Table 4  Free Put content, Spd content, Spm content, DAO activity, and PAO activity in roots of two sugar beet cultivars under different treat-
ments

Cultivars Treatments Put Spd Spm DAO PAO

KWS0143 Control 53.3 ± 6.4Ac 126.0 ± 14.7Be 38.3 ± 1.5Ad 11.7 ± 1.8Ac 18.0 ± 1.7Ac

25 mM 73.3 ± 2.9Ab 280.7 ± 16.3Ab 60.3 ± 2.1Ac 11.7 ± 3.4Bc 19.4 ± 3.0Ac

50 mM 83.3 ± 2.9Aa 320.3 ± 11.8Aa 82.0 ± 2.0Aa 13.3 ± 2.2Bbc 42.4 ± 6.0Aa

75 mM 67.7 ± 4.5Ab 247.3 ± 18.1Ac 72.3 ± 1.5Ab 30.0 ± 1.7Ba 27.2 ± 3.6Ab

100 mM 45.7 ± 3.2Ac 159.3 ± 27.8Ad 32.3 ± 0.6Ae 16.7 ± 0.2Bb 8.5 ± 0.4Ad

Beta464 Control 49.3 ± 4.0Ac 166.7 ± 22.2Ac 42.0 ± 2.6Ad 12.0 ± 0.9Ad 16.3 ± 2.5Ac

25 mM 72.7 ± 5.1Aa 258.3 ± 36.1Aa 50.0 ± 4.0Bc 16.7 ± 1.0Ac 18.1 ± 1.0Ac

50 mM 79.0 ± 3.6Aa 274.3 ± 11.2Ba 75.0 ± 4.4Ba 18.2 ± 1.2Ac 44.4 ± 2.0Aa

75 mM 62.0 ± 5.3Ab 203.7 ± 10.5Bb 58.0 ± 2.0Bb 49.3 ± 1.6Aa 27.7 ± 4.5Ab

100 mM 36.7 ± 6.0Bd 97.3 ± 9.0Bd 35.3 ± 4.0Ae 26.7 ± 4.4Ab 7.9 ± 1.5Ad

Two-way ANOVA
Treatments 68.4*** 91.8*** 238.0*** 187.9*** 364.1***
Cultivars 7.3* 14.8** 22.5*** 115.8*** 0.1 ns

Treatments × cultivars 0.6 ns 6.7** 11.6*** 19.5*** 1.2 ns
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of KWS0143 and Beta464 increased by 39.9 and 66.8%, 
respectively. Under the 100 mM treatment, the KWS0143 
root PEPC activity was slightly greater than that of control, 
but root PEPC activity of Beta464 was 24.2% lower com-
pared with that of the control.

TA and SA contents in roots of the two cultivars all 
showed a first increase and later decrease trend as the alka-
line dose increased (Table 5). Root TA contents in Beta464 
and KWS0143 rose to a maximum at 25 and 50 mM treat-
ments, respectively, and declined thereafter in response to 
alkaline stress. In comparison with control plants, root TA 

content of Beta464 increased by 240.0% under the 25 mM 
treatment, whereas that of KWS0143 increased by 133.3% 
under the 50 mM treatment. The 75 and 100 mM treat-
ments significantly reduced the root TA level in KWS0143, 
whereas those in Beta464 under 75 and 100 mM treatments 
were always significantly increased relative to control. The 
root SA contents of both cultivars increased to a maximum 
at the 25 mM treatment and then declined in response to 
alkaline stress. Under the 25 mM treatment, root SA contents 
of KWS0143 and Beta464 increased by 90.4 and 14.3%, 
respectively, relative to control plants. Decrease of SA 
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Fig. 3  Alkaline stress effects on root PEPC activity in two sugar beet 
cultivars. Every histogram stands for mean ± SD from 3 duplicates. 
Those various capital letters followed mean values indicate differ-
ences of statistical significance between various cultivars at identical 
treatments (P < 0.05). Those various little letters stand for differences 

with statistical significance (P < 0.05) between different alkaline 
treatments for identical cultivars (P < 0.05). F values before the ns 
letter showed no statistical significance upon LSD test, *P < 0.05; 
**P < 0.01; as well as ***P < 0.001

Table 5  Contents of tartaric acid (TA), malic acid (MA), lactic acid (LA), acetic acid (AA), citric acid (CA), and succinic acid (SA) in roots of 
two sugar beet cultivars under different treatments

Cultivars Treatments TA MA LA AA CA SA

KWS0143 Control 11.4 ± 2.1bA 45.3 ± 2.3aA 85.7 ± 4.0aA 16.2 ± 1.8cB 55.5 ± 1.9aA 17.7 ± 1.5cB

25 mM 13.7 ± 2.1bB 41.3 ± 0.6aA 56.9 ± 2.7bA 46.7 ± 2.1aA 26.8 ± 2.4bA 33.7 ± 1.5aB

50 mM 26.6 ± 0.5aB 11.8 ± 2.0bA 36.8 ± 3.6cB 37.5 ± 1.7bA 23.8 ± 0.7bA 22.5 ± 0.5bB

75 mM 7.2 ± 2.0cB 9.6 ± 2.1bA 8.0 ± 0.5 dB 16.5 ± 2.5cA 13.3 ± 2.6cA 18.5 ± 0.5cA

100 mM 6.1 ± 2.5cB 6.2 ± 1.1cA 7.2 ± 0.4 dB 11.3 ± 1.6dA 7.7 ± 2.3dA 11.4 ± 1.5dA

Beta464 Control 10.5 ± 2.3eA 48.4 ± 2.8aA 22.6 ± 3.8cB 50.9 ± 0.8aA 51.2 ± 1.4aA 35.0 ± 2.0bA

25 mM 35.7 ± 2.1aA 21.1 ± 0.9bB 29.5 ± 3.9bB 30.2 ± 1.4bB 23.2 ± 2.4bB 40.0 ± 1.8aA

50 mM 32.2 ± 1.6bA 12.7 ± 1.4cA 71.3 ± 4.8aA 18.6 ± 0.5cB 22.4 ± 1.4bA 28.9 ± 2.9cA

75 mM 21.6 ± 3.1cA 6.3 ± 0.5 dB 29.8 ± 5.0bA 14.7 ± 1.5dA 8.4 ± 1.2cB 19.8 ± 0.3dA

100 mM 17.8 ± 1.1dA 4.3 ± 2.1dA 20.3 ± 1.4cA 8.5 ± 1.8eA 6.6 ± 3.1cA 4.2 ± 2.0eB

Two-way ANOVA
Treatments 99.2*** 649.0*** 223.7*** 296.0*** 566.3*** 366.6*** 
Cultivars 202.3*** 68.6*** 13.4** 571.2*** 19.7*** 94.0***
Treatments × cultivars 27.4*** 32.2*** 242.1*** 93.2*** 1.3 ns 63.9***



Acta Physiologiae Plantarum (2021) 43:13 

1 3

Page 9 of 12 13

was sharper in Beta464 (by 35.6%) compared to the 88.0% 
decrease in KWS0143 under the 100 mM treatment.

The contents of MA and CA in roots of both cultivars 
all gradually decreased with increasing alkaline concentra-
tion (Table 5). Under 75 and 100 mM treatments, KWS0143 
exhibited higher contents of MA and CA than those of 
Beta464. The decreases of root MA and CA contents were 
sharper in Beta464 compared to KWS0143 under the 
100 mM treatment. Relative to control plants, MA and CA 
contents in roots of KWS0143 decreased by 86.3 and 86.1% 
under the 100 mM treatment, respectively, whereas those of 
Beta464 decreased by 91.1 and 87.1%, respectively.

Under the control and 25 mM treatments, KWS0143 
showed higher root LA content than that of Beta464; how-
ever, Beta464 exhibited a higher root LA content than 
KWS0143 of 50, 75, and 100 mM treatments. Root con-
tent of KWS0143 gradually reduced as the alkaline content 
increased, whereas that in Beta464 increased to a maximum 
at the 50 mM treatment and declined thereafter responding 
to alkali treatment. Root LA content decrease was sharper 
in KWS0143 (by 91.6%) compared to Beta464 (by 10.2%) 
under the 100 mM treatment.

Root AA content of Beta464 gradually decreased 
in response to alkaline concentrations, whereas that of 
KWS0143 showed the greatest value at the 25 mM treatment 
declined subsequently (Table 5). Under the control treat-
ment, Beta464 exhibited a higher root AA content than that 
of KWS0143; however, KWS0143 showed higher root AA 
content that of Beta464. The decrease of root AA content 
was sharper in Beta464 (by 83.3%) compared to KWS0143 
(by 30.2%) under the 100 mM treatment.

Discussion

At the seedling phase, plants show sensitivity to the unfa-
vorable external parameters; as a result, the seedling stage 
has been recognized as the best timing for investigating 
the abiotic tolerance of plants (An et al. 2016). Dry mat-
ter accumulation reflects the plant developmental condi-
tions. Decrease range in dry matter accumulation has been 
recognized to be the vital variable for determining stress 
degree of plants. Alkalinity or salinity usually suppresses the 
plant growth, or even lead to plant death (Guo et al. 2017; 
Yang et al. 2007). In the present work, shoot dry weight and 
root dry weight in two sugar beet cultivars all significantly 
(P < 0.05) decreased under 50, 75 as well as 100 mM alka-
line stresses (Table 1), which demonstrated that alkalinity 
inhibited photo-assimilate accumulation of root and shoot 
of sugar beet. Moreover, compared to Beta464, KWS0143 
showed higher dry weight per plant in exposure to 50, 75, 
and 100 mM alkaline conditions (Table 1). The sharper 
decrease in dry matter accumulation of Beta464 under 

alkaline conditions revealed that photo-assimilate accumula-
tion of Beta464 was restrained more severely by alkali stress 
compared with that of KWS0143. Both Guo et al. (2016), 
together with Zou et al. (2018), suggested the increase in 
dry matter weight in each plant of Beta464 and KWS0143 
plants due to low alkaline treatments. However, in the pre-
sent study, the dry matter weight in each Beta464 plant 
remarkably reduced when exposed to a low level (25 mM) 
of alkalinity (Table 1). The differences between present work 
and previous ones may be due to the lack of buffering effects 
in hydroponic environment compared to those in soils. Root/
shoot ratio was identified as an index to determine plant tol-
erance mode upon environmental stresses (Xu et al. 2018). 
In this work, root/shoot ratio and root morphological param-
eters in the two cultivars remarkably (P < 0.05) increased at 
25 mM alkaline treatment (Table 1), which indicated that 
sugar beet may give priority to ensuring root growth when 
exposed to a low level of alkalinity.

The roots directly contact alkali-polluted soil; as a result, 
they are under the direct influence of excess  Na+ and high 
pH. The morphological factors of roots, such as volume, 
root surface area, and length, can denote alkaline toxicity 
response in plants (Paz et al. 2012). Such significant inhibi-
tion of salt stress on root-tip number, root area, average root 
diameter, total root length, as well as total root volume has 
been also reported for wheat and blue panic grass (Eshghiza-
deh et al. 2012; Shafi et al. 2010). This work suggested that 
those morphological factors of roots were significantly inhib-
ited under 50, 75, and 100 mM alkaline treatments (Table 2), 
which conformed to reports from Shafi et al. (2010), together 
with Eshghizadeh et al. (2012). Under the 100 mM alkaline 
treatment, root morphological parameters of KWS0143 were 
higher than Beta464, and decrease of those parameters in 
KWS0143 was slighter compared to Beta464 (Table 2), and 
this accounts for the cause of KWS0143 growth within cer-
tain alkali-contaminated areas. Under NaCl-derived salinity, 
a significant reduction in root morphological parameters is 
related to the mitotic or vacuolar abnormality and nuclear 
damage within the meristematic cells of roots (Radić et al. 
2005). Information regarding pH influence on root growth is 
lacking. So far, it remains unclear about the role of pH in the 
development of lateral root has not been examined, which 
deserves more investigation.

Beta464 outperformed KWS0143 for root dry weight, 
shoot dry weight, as well as other parameters (Table 1) 
at control and 25 mM conditions, while, in general, both 
cultivars were similar at the remaining conditions. Thus, 
even when Beta464 is more inhibited than KWS0143 by 
alkali stress, the results suggest that it can still maintain an 
adequate performance under control and low alkali con-
ditions. Besides, Beta464 was not significantly different 
from KWS0143 at 25 mM for the parameters included in 
Table 2. This is important for breeding purposes, since two 
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alternative strategies are possible: (1) select for elite geno-
types that outperform tolerant ones under control conditions 
while maintaining good performance under moderate stress 
levels; (2) select for tolerant genotypes under stress condi-
tions with a yield penalty under optimal conditions.

Inorganic ions are accumulated in the vacuoles of plants 
subjected to saline stress for decreasing the water potential 
of cells, since the energy consumed after the absorption of 
inorganic ions is low compared with that in the synthesis 
of organic compounds. Excess ions passing through the 
plant increases the toxic level, decreases growth rate, and 
suppresses photosynthesis (Munns and Tester 2008).  Na+ 
has been recognized as the major toxic ion within the salin-
ized soils. The high cytoplasmic  K+ and low  Na+ exert an 
important part in maintaining numerous enzyme processes 
(Alzahrani et al. 2019). Controlling the uptake of  Na+ repre-
sents an effective way in reducing  Na+ content in a majority 
of crop plants (Zhang and Shi 2013). In the present study, 
 K+ and  Na+ were the predominant cations in cells for each 
case, while  Ca2+ concentration was minimal; furthermore, 
 Na+ content markedly increased relative to  K+ in the case of 
alkali stress (Table 3). Those findings resembled the report 
from Yang et al. (2007). Moreover, root  Na+ content gradu-
ally increased with alkaline concentration, but  Ca2+/Na+, 
 K+/Na+ as well as  K+ level gradually declined (Table 3). 
These results suggested that increase in root  Na+ concentra-
tion hindered  K+ and  Ca2+ uptake. Besides,  K+/Na+ and 
 Ca2+/Na+ in KWS0143 root were higher than Beta464 under 
different levels of alkaline stress (Table 3). This phenome-
non indicated that KWS0143 has stronger capacity to control 
root  Na+ uptake, maintain root  K+ and  Ca2+ assimilation 
compared with Beta464. Moreover, secreted  Na+ from leaf 
surface significantly increased with increasing alkaline con-
centration (Fig. 2), which indicated that  Na+ exclusion could 
be a way of sugar beet in adaption to alkali stress.

The dissociated polyamines exert a vital part within plant 
tolerance to stress. According to Liu et al. (2011), conspicu-
ous accumulation of Put was found in the NaCl-treated Vitis 
vinifera seedlings. Besides, applying Spd in plants prevents 
the UV-C-induced damaging impacts to some extent (An 
et al. 2004). Our results suggested that, the dissociated pol-
yamines levels in roots in KWS0143 as well as Beta464 
increased significantly under alkaline stress (Table 4), which 
suggested that the dissociated polyamines participated in 
promoting alkaline stress resistance of sugar beet root. In 
this study, root polyamines might enhance critical enzyme 
activities participating within oxidative stress, including 
APX, GR, and SOD, in the meantime of decreasing lipid 
peroxidation of sugar beet (Tang and Newton 2005). The 
degradation of Put is catalyzed by a DAO, while a PAO is 
an enzyme involved in oxidative deamination of Spm and 
Spd (Moschou et al. 2008). According to our results, the 
increased polyamine level within the roots of sugar beet 

were associated with the elevated activities of PAO and 
DAO (Table 4), which suggested that accumulation of free 
polyamines stimulated the upregulation of DAO and PAO 
activity. On the other hand, in this experiment, the increase 
of DAO activity took place subsequently compared with that 
of PAO (Table 4). Such result might be due to the diverse 
locations within cells in 2 enzymes as well as 3 polyamines 
(Politycka and Kubiś 2000). DAO, PAO, and Spd can be 
detected within cell walls, whereas Put can be detected in 
vacuole and cytoplasm (Li et al. 2018). Therefore, Put was 
transported into apoplast prior to enzymatic oxidation (Poli-
tycka and Kubiś 2000).

With regard to the OAs metabolic modulation in the case 
of alkali stress, at least one critical enzyme is involved, 
including those known enzymes in the basal metabolic path-
ways, including glycolysis, glyoxylate cycle, and tricarbo-
xylic acid cycle. In the presence of alkali condition, plants 
should keep the ion balance in cells, as well as the stability 
of pH value. The enhanced activity of PEPC in the pres-
ence of alkali or salt stress reflects the necessity for plants 
to boost carbon skeleton production for maintaining the pH 
neutrality in cells through synthesizing the organic acid 
(Ma et al. 2016). According to this study, PEPC activity in 
roots of two sugar beet cultivars was significantly enhanced 
at treatments of 25, 50, as well as 75 mM (Fig. 3). This 
may be because PEPC is one of key enzyme in process of 
organic acid synthesis (Jiang et al. 2019). Besides, similar 
to other physiological parameters in the present study, root 
PEPC activity of KWS0143 was higher compared with that 
of Beta464 under the 100 mM treatment (Fig. 2). This may 
be one of the reasons why KWS0143 can grow better than 
Beta464 under alkaline conditions. Based on our results, 
two major organic acids (tartaric acid and succinic acid) 
were accumulated in roots under alkali stress (Table 5). The 
modulation mechanism regarding the metabolism of organic 
acids within sugar beet was different compared with that 
for other halophytes, including Kochia sieversiana (Yang 
et al. 2007) as well as Suaeda glauca (Yang et al. 2008). 
The oxalate contents accumulated in those latter 2 species 
were about 90% of organic acids in the case of alkali stress. 
According to the above findings, modulating the metabolism 
of organic acids might exert a distinct role among various 
plant species. In conclusion, alterations of the metabolism 
of organic acids represent the vital in vivo response for halo-
phytes to respond to alkaline condition, which can serve 
as the vital direction of research on plant physiology under 
alkali stress in the future.
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