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Abstract
Seeking for effective and easy–to–implement tactics to mitigate the negative impacts on crop growth as a result of water 
shortage will remain the main objective in irrigation water rationalization programs. Therefore, along two growing seasons 
of 2018/19 and 2019/20, field trial was executed to assess the potentiality of humic acids and chitosan for diminishing the 
unwanted effects of drought in sugar beet yield and quality. The study involved three irrigation regimes (60, 80, and 100% 
of actual crop evapotranspiration, denoted ETc60, ETc80, and ETc100, respectively). Three humic acids rates (0, 15, and 
30 L  ha−1) and two chitosan levels (without and with 200 mg  L−1) were applied. The trial implemented in a split–split plot 
design with three replicates. Enzymes activity, anatomical, agronomic, and quality traits have been estimated. Findings 
revealed that catalase (CAT) and glutathione peroxidase (GPX) activity substantially increased by increasing water deficit 
degree. There was insignificant difference between ETc80 and ETc100 in root and sugar yields  ha−1 in both seasons. ETc60 
recorded the highest values of sucrose %, potassium content, and extracted sugar % in both seasons, in addition to α–amino 
nitrogen in the first season and sugar lost to molasses in the second one. Humic acids markedly increased CAT activity in 
both seasons and GPX activity in the first one. Application of humic acids at a rate of 30 L  ha−1 resulted in the maximum 
increases in root length, root and top fresh weights  plant−1, top/root ratio, leaf area, and root and sugar yields  ha−1. Except 
for sodium content, all other sugar quality traits showed the maximum increases with application of 30 L  ha−1 humic acids. 
Chitosan-treated plants had higher activity of CAT and GPX and produced increases of 1.8, 4.2, 11.7, 7.5, 3.5, and 4.2% in 
root length, root fresh weight, top fresh weight, top/root ratio, leaf area, and root yield  ha−1, respectively, compared to the 
untreated plants. Also, sucrose %, extracted sugar %, and sugar yield  ha−1 showed significant increases with chitosan-treated 
plants higher than that of untreated ones. Application of humic acids (30 L  ha−1) + chitosan (200 mg  L−1), compared to no 
application, under ETc80, reduced the stomatal closure % from 48.86 to 31.06% with promising improvement in root and 
sugar yields and quality. In conclusion, the interactive effect of humic acids and chitosan exhibited favorable changes in 
antioxidant defense and stomata performance causing improvements in yield and sugar quality traits under low water supply. 
Thus, the moderate drought could be managed well with saving 20% of irrigation water by applying 30 L  ha−1 humic acids 
plus 200 mg  L−1 chitosan in sugar beet.
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1 Introduction

Sugar beet (Beta vulgaris var saccharifera, L.) is considered 
the second source of sugar industry in the world, provid-
ing approximately 38% of sugar production (SCC 2020). 
Globally, the cultivated area of sugar beet reached ~ 5 mil-
lion hectares in 2019 with production of ~ 309.6 million ton 
beet roots and an average productivity of 61.9 ton  ha−1. In 
Egypt, according to the statistics for the year 2020 (SCC 
2020), sugar beet crop contributed to 1.42 million ton of 
sugar, representing 62.1% of the total sugar production. 
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Increasing sugar beet area along with raising the produc-
tivity per land unit is the main objective of the Egyptian 
government’s policy to increase sugar production in order to 
shrink the sugar gap between consumption and production 
which amounted to 0.968 million ton of sugar. However, 
sugar beet can be exposed to a variety of abiotic stresses 
such as drought, salinity, and extreme heat and cold, which 
have a significant impact on crop production (Hossain et al. 
2022). Rationalizing water use means using irrigation water 
in appropriate manner and reducing losses, which is consid-
ered one of the most important solutions to face the water 
shortage issues. In several field crops, water deficit pattern 
is one of the practical strategies in crop irrigation programs 
to save water (El–Bially et al. 2018; Abd El-Mageed et al. 
2019; Rady et al. 2020; Saudy et al. 2020; Abdou et al. 2021; 
El–Metwally et al. 2021a; b). However, sugar beet is a sensi-
tive crop to water deficit, particularly in the early growing 
stages, and there is a positive relationship between water use 
and root yield production. Water stress is the major cause 
of sugar beet yield and quality depression, especially in 
the newly reclaimed lands. Water scarcity or deficit irriga-
tion reduces plant growth and yield (Abd El–Mageed et al. 
2021; El–Metwally et al. 2021a, b; Salem et al. 2021) due to 
production of reactive oxygen species (ROS), causing lipid 
peroxidation of membrane and interaction with other mac-
romolecules (Yang et al. 2009; Bistgani et al. 2017). Under 
moderate or severe drought stress, plants close stomata and 
leaf pigments reduced causing reduction in photosynthesis 
rate (Yan et al. 2016; Saudy et al. 2021). Owing to drought, 
canopy expansion is reduced, leading to a drastic reduction 
of shoot/root ratios (Mohammadian et al. 2005). Accord-
ingly, sugar beet irrigated with 80% of irrigation water 
requirement recorded the highest significant leaf area index, 
sucrose %, and extracted sugar %; however, the maximum 
root yield was gained with 100% of irrigation water require-
ment (EL–Darder et  al. 2017). Abdel Fatah and Khalil 
(2020) revealed that shortening irrigation interval from 7 
up to 3 days significantly increased stomatal pore area and 
root yield, while stomatal closure %, catalase enzyme activ-
ity, root length, α–amino nitrogen (N) content, and potas-
sium (K) content and sugar lost to molasses were sharply 
declined. Limited irrigation reduced root length and sugar 
yield, whereas K, α–amino N, and sugar content increased 
(Ghaffari et al. 2021). The highest rates of photosynthesis 
and stomata conductance were obtained when sugar beet 
plants were irrigated with 100% of full irrigation (Khozaei 
et al. 2021). Therefore, it is necessary to devote more efforts 
to manage drought stress with economic solutions and eco-
friendly tactics.

Several researchers highlighted the advantages of 
humus substances (humic and fulvic acids) application in 
improving crop growth and productivity, retaining mois-
ture, and mitigating drought effects. Organic products 

such as humic acids are regarded as one of the natural 
antioxidants, which enhance total phenols, total flavo-
noids, antioxidant activity, and nutrient content in leaves 
(Bayat et al. 2021). The tolerance improvement of sugar 
beet plants to drought stress by using humic extract may 
be due to the balance of quinones present in the extract 
that can positively modulate ROS level (Monda et  al. 
2021). Furthermore, using humin materials affects plant 
cell membranes, leading to enhanced transport of min-
erals, promoted photosynthesis, modified enzyme activi-
ties, solubilization of elements, and enhanced water use 
efficiency (Bagheri 2010; Rady et al. 2016;). Enan et al. 
(2016) showed that soil drench with 36 L  ha−1 humic acid 
significantly increased root fresh weight  plant−1, leaf area 
index, K content, gross sugar %, and root and sugar yields. 
Mohamed et al. (2017) clarified the favorable effect of 
humic acid application on root dimensions, K content, 
α–amino N content, sucrose %, and root and sugar yields. 
Wilczewski et al. (2018) stated that humistar (12% humic 
acid) applied to the soil improved sugar beet yield, thereby 
increasing the yield of sugar. Also, Abd El–Haleim (2020) 
pointed out that increasing level of K humate significantly 
increased juice K content, root length, root fresh weight 
 plant−1, and root and sugar yields of sugar beet, while 
Na and α–amino N content were decreased. Mekdad et al. 
(2021) reported that the addition of 48 kg humic acid  ha−1 
positively affected sunflower plant growth, biochemistry, 
and productivity.

There are many reports suggested that chitosan and its 
oligomers triggered several defense responses in plants 
and increased drought tolerance. Chitosan is a deacetylated 
chitin derivative structurally similar to glycosamine and 
N–acetylglucosamine units. Chitosan enhances antioxidant 
enzymes and hydrogen peroxide  (H2O2) signaling path-
ways, thereby contributing to enhance scavenging activities 
of ROS (Guan et al. 2009). Moreover, chitosan stimulates 
plant growth and development by increasing the availability 
of water uptake and essential nutrients (Hidangmayum et al. 
2019; Bibi et al. 2021). Foliar spray with chitosan (200 mg 
 L−1) improved shoot and root length of seedling, number of 
leaves, and chlorophyll content in cucumber under abiotic 
stress (Ali et al. 2020). Marzouk et al. (2022) showed that 
plant length, leaf fresh weight and its dry matter, and total 
yield of cauliflower were positively affected by foliar spray-
ing of 250 mg  L−1 chitosan, compared to untreated plants, 
under abiotic stress.

Nevertheless, little knowledge is available about the 
complementary protective effect of humic and chitosan for 
enhancing the defense mode of sugar beet under different 
drought degrees. Accordingly, based on their useful mecha-
nisms, we hypothesized that the combined effects of humic 
and chitosan could have the potentiality to reduce the haz-
ard impacts of drought. Therefore, the current study was 
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conducted to find out the optimal levels of humic acids and 
chitosan under different irrigation water regimes to attain the 
maximum productivity and the best quality of sugar beet.

2  Materials and Methods

2.1  Study Area Attributes

Along two growing seasons of 2018/19 and 2019/20, field 
experiment was performed at a private farm located at 64th 
km, Cairo–Alexandria Desert Road (31.14° N, 31.39° E), 
Giza Province, Egypt. The aim was to investigate the com-
bined effect of humic acids, as an organic soil amendment, 
chitosan and irrigation regime on growth, physicochemi-
cal characteristics, yield and quality of sugar beet grown 
in a sandy soil. Soil samples were collected at depths of 
0–50 cm to determine the initial physical and chemical 
properties and water status of the experimental soil. Soil 
analysis was done according to the methods of Jackson 
(1973) and Black et al. (1981), and the obtained values are 
presented in Table 1. According to soil taxonomy (IUSS 

Working Group WRB 2015), the soil is order Entisols and 
suborder psamments.

2.2  Experimental Design and Treatments

In a split–split plot design with three replicates, 18 
combinations of three irrigation regimes, three levels 
of humic acids, and two levels of chitosan were imple-
mented. In the main plots, irrigation regimes were applied 
as ratio of actual crop evapotranspiration at 60% (severe 
stress), 80% (moderate stress), and 100% (well-watered), 
denoted ETc60, ETc80, and ETc100, respectively. Humic 
acids levels (0, 15 and 30 L  ha−1) were distributed in the 
subplots, meanwhile the sub–sub plots were assigned to 
chitosan concentrations (without and with 200 mg  L−1, 
using water as a carrier/solvent, 720 L  ha−1). Each level 
of humic acids was added as soil addition through drip 
irrigation system in 3 equal portions, after thinning, 4–6 
true leaf stage, i.e., 30 days after sowing (DAS), 60, and 
90 DAS. Humic acid product had 26.1% humic substances 
(involving 15.0% humic acid and 10% fulvic acid), 3.3% 
nitrogen, 1.2% phosphorous, and 4.1% potassium and was 

Table 1  Physicochemical 
properties and water status of 
soil at the experimental site, 
Egypt

Values are the mean of 3 replicates ± standard errors

Parameter Unit Value
2018/19 2019/20

Mechanical analysis
  Sand % 92.2 ± 0.80 91.9 ± 0.32
  Silt % 4.9 ± 0.10 4.5 ± 0.15
  Clay % 2.9 ± 0.20 3.6 ± 0.20
  Bulk density g  cm−3 1.63 ± 0.20 1.76 ± 0.14

Chemical analysis
  pH (1:2.5) – 7.9 ± 0.30 8.1 ± 0.22
  Electrical conductivity (EC) dS  m−1 1.10 ± 0.10 1.22 ± 0.13
  Organic matter % 0.19 ± 0.01 0.21 ± 0.02
  Nitrogen mg  kg−1 27.0 ± 1.21 34.0 ± 0.98
  Phosphorus mg  kg−1 4.1 ± 0.23 4.5 ± 0.19
  Potassium mg  kg−1 78.0 ± 0.53 96.0 ± 0.25
  Calcium cations  (Ca+2) meq  L−1 4.81 ± 0.33 5.50 ± 0.11
  Magnesium cations  (Mg+2) meq  L−1 0.97 ± 0.04 0.94 ± 0.02
  Sodium cations  (Na+) meq  L−1 4.77 ± 0.12 5.16 ± 0.08
  Potassium cations  (K+) meq  L−1 0.41 ± 0.03 0.64 ± 0.01
  Chloride anions  (Cl−) meq  L−1 3.96 ± 0.08 4.64 ± 0.04
  Bicarbonate anions  (HCO3

−) meq  L−1 0.79 ± 0.02 0.93 ± 0.01
  Sulfate anions  (SO4

−2) meq  L−1 6.21 ± 0.60 6.67 ± 0.31
Water status

  Saturation percentage % 22.0 ± 0.06 23.0 ± 0.04
  Field capacity % 12.2 ± 0.04 12.4 ± 0.02
  Wilting point % 5.3 ± 0.04 4.8 ± 0.12
  Available water % 6.8 ± 0.23 7.6 ± 0.14
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obtained from the Microbiology Research Department, 
Soil, Water and Environment Research Institute, Agricul-
tural Research Center (ARC), Giza, Egypt. Chitosan was 
sprayed on sugar beet foliage in two equal doses, 45 and 
60 DAS. Owing to the low solubility of chitosan in water, 
it was dissolved in 100 ml of water with the addition of 
some drops of acetic acid as a weak acid, and then, the 
volume was completed to 1000 ml to obtain the required 
concentration. Chitosan (prepared from shrimp exoskel-
etons) was obtained from the Agricultural Microbiology 
Department, Agriculture and Biology Institute, National 
Research Center (NRC), Giza, Egypt.

2.3  Calculations Related to Irrigation

The values of reference evapotranspiration  (ETo) were cal-
culated using average of the previous 7 years of weather data 
obtained from Central Laboratory for Agricultural Climate, 
ARC, Egypt, using FAO Penman–Monteith equation (Allen 
et al. 1998). The crop evapotranspiration  (ETc) values were 
calculated according to Eq. (1):

where:
ETc: crop evapotranspiration (mm  day−1).
ETo: reference evapotranspiration (mm  day−1).
Kc: crop coefficient values (Doorenbos and Kassam 

1979). Kc values were 0.40, 0.80, 1.05, and 0.70, in the ini-
tial (35 days), development (60 days), mid-season (70 days), 
and late-season (40 days) crop stages, respectively.

The depth of applied irrigation water was calculated 
according to the Eq. (2) given by Vermeirer and Jopling 
(1984) as follows:

where:
AIW: depth of applied irrigation water (mm),
ETc: crop evapotranspiration (mm  day−1),
I: irrigation intervals (day),
Ea: irrigation system efficiency, 0.90,
LR: leaching water requirements (since electrical conduc-

tivity of soil solution is low, LR was neglected)
Due to the nature of sugar beet seeds as hard and poor 

in endosperm, beet plants are generally sensitive to water 
stress during early stage of germination and emergence. 
Therefore, the studied irrigation water regimes started after 
30 DAS. The total seasonal amounts of the applied irriga-
tion water were 3866.4, 4978.3, and 6090.2  m3  ha−1 in the 
1st season, and 4084.2, 5250.5, and 6416.9  m3  ha−1 in the 

(1)𝐄𝐓
𝐜
= 𝐄𝐓

𝐨
𝐱 𝐊

𝐜

(2)AIW =
ETc x I

Ea(1 − LR)

2nd season, for ETc60, ETc80, and ETc100 treatments, 
respectively.

2.4  Crop Husbandry

During seed bed preparation, single super phosphate (15% 
 P2O5) at a rate of 31.4 kg P  ha−1 was added. Field was divided 
into experimental plots with an area of 24  m2, including 4 
ridges of 60 cm in width and 10 m in length. In the 1st week 
of October, seeds of multi-germ sugar beet variety, namely 
“Hamza” were sown in hills, 25 cm distance. Plants were 
thinned 30 DAS to secure one plant per hill. Nitrogen fertilizer 
was applied at a rate of 288 kg N  ha−1 as ammonium nitrate 
(33.5% N) in 5 equal portions, at 30, 45, 60, 75, and 90 DAS. 
Potassium fertilizer was added at a rate of 95.5 kg K  ha−1 as 
potassium sulfate (48%  K2O) in 3 equal portions, at 60, 75, 
and 90 DAS. Other field practices were done as recommended 
by Sugar Crops Research Institute, ARC, Egypt.

2.5  Measurements

2.5.1  Enzymes Activity

A representative sample of ten plants was randomly taken 
from each experimental plot 110 DAS (initiation of storage 
root development stage) to measure catalase enzyme (CAT) 
activity (Aebi 1984) and glutathione peroxidase enzyme 
(GPX) activity (Flohé and Günzler 1984) in leaves.

2.5.2  Anatomical Study

At 110 DAS, stomatal closure % and stomatal pore area (µm) 
for adaxial (upper) surface of fully expanded leaves were 
measured through scanning electron microscope (SEM), 
Model Quanta 250 FEG (Field Emission Gun) attached with 
EDX Unit (energy dispersive x-ray analyses), with accelerat-
ing voltage 30 k.v., magnification 14 × up to 1,000,000 and 
resolution for Gun. 1 n), at the Egyptian Mineral Resources 
Authority, Central Laboratories Sector, Egypt. For deduc-
ing the digital reading, the obtained SEM images were 
processed using ImageJ software (version 1.53a, National 
Institute Health, USA).

2.5.3  Growth Criteria and Root Yield

At 110 DAS, leaf area was measured using a Li–Cor area 
meter LI–3000 (Li–Cor., Inc., Lincoln, Nebraska, USA). At 
harvest (210 DAS), a sample of ten plants was randomly taken 
from the middle ridges of each experimental plot to determine 
root length, root fresh weight  plant−1, top fresh weight  plant−1, 
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and top/root ratio. Moreover, root yield  ha−1 was estimated 
based on the whole plants of the experimental unit.

2.5.4  Quality Parameters and Sugar Yield (at Harvest)

At the Laboratory of El–Nubaria Sugar Factory, El–Beheira 
Governorate, Egypt, sucrose % and impurities content 
were determined in fresh sugar beet roots. Sucrose % was 
determined using saccharometer according to the method 
described in AOAC (2012). Impurities content, i.e. potas-
sium (K), sodium (Na) and α–amino N  (meq100g−1 beet) 
in roots were estimated (Cooke and Scott 1993). Sugar lost 
to molasses % was calculated using Eq. (3) (Deviller 1988). 
Extracted sugar % was computed by Eq. (4) (Dexter et al. 
1967). After that, sugar yield  ha−1 was calculated by multi-
plying root yield  ha−1 by extracted sugar %.

2.6  Statistical Analysis

The recorded data of the two seasons were statistically ana-
lyzed according to Casella (2008), using MSTAT–C com-
puter software package (developed by the Crop and Soil 
Sciences Department, Michigan State University, USA). 
Duncan’s multiple range test was used for separating the 
means only when the F–test indicated significant (p ≤ 0.05) 
differences among the means.

(3)
Sugar lost to molasses % = 0.14 (Na + K) + 0.25 (� − amino N) + 0.5

(4)
Extracted sugar % = Sucrose % − Sugar lost to molasses − 0.6

3  Results

3.1  Main Effects

3.1.1  Antioxidant Enzymes Activity

The antioxidant enzymes activity, i.e., catalase (CAT) and 
glutathione peroxidase (GPX), substantially increased by 
increasing water deficit degree, since ETc60 possessed 
the maximum values. However, insignificant difference 
between ETc60 and ETc80 for GPX in both seasons was 
found (Table 2). Regarding the used organic soil amend-
ments, Table 2 points out that soil drench with humic acids 
markedly increased CAT activity in both seasons and GPX 
activity in the 1st one. No significant variances were noticed 
between humic acid levels of zero and 15 L  ha−1 as well as 
between 15 and 30 L  ha−1 in GPX enzyme activity in the 
1st season, while significant increase was recorded due to 
30 L  ha−1 than zero. Moreover, antioxidant enzyme activity 
was considerably increased, when sugar beet foliage was 
sprayed with chitosan at the rate of 200 mg  L−1, in both 
seasons (Table 2).

3.1.2  Stomatal Parameters

Scanning electron microscopic images (Fig. 1) illustrated 
that stomatal closure % progressively increased and pore 
area decreased with decreasing water supply. The reduc-
tions in stomata opening were 2.77 and 1.87 times with 
ETc60 and ETc80 compared to ETc100, respectively. 
Moreover, the reduction in stomatal pore area due to 
ETc60 was 49.3% compared to ETc100. Under no humic 

Table 2  Effect of irrigation 
regime, humic acids and 
chitosan on catalase and 
glutathione peroxidase enzymes 
activity of sugar beet in 2018/19 
(S1) and 2019/20 (S2) seasons

ETc60, ETc80, and ETc100: irrigation at 60, 80, and 100% of crop evapotranspiration, respectively. Values 
are the mean of 3 replicates ± standard errors. Different small letters within columns indicate that there are 
significant differences by Duncan’s multiple range test at p ≤ 0.05

Treatments Catalase
(U  g−1 protein)

Glutathione peroxidase
(U  g−1)

S1 S2 S1 S2

Irrigation regime
  ETc60 0.436 ± 0.007a 0.454 ± 0.004a 312.2 ± 9.5a 324.1 ± 13.7a
  ETc80 0.413 ± 0.005b 0.416 ± 0.007b 290.7 ± 9.0a 310.0 ± 15.8a
  ETc100 0.384 ± 0.006c 0.362 ± 0.006c 253.6 ± 13.3b 269.1 ± 17.9b

Humic acids
  Without 0.382 ± 0.004c 0.395 ± 0.011c 262.5 ± 8.2b 270.9 ± 4.7a
  15 L  ha−1 0.412 ± 0.006b 0.413 ± 0.009b 279.9 ± 6.6ab 300.8 ± 18.8a
  30 L  ha−1 0.439 ± 0.005a 0.425 ± 0.010a 314.1 ± 16.2a 331.5 ± 19.3a

Chitosan
  Without 0.404 ± 0.007b 0.393 ± 0.008b 270.6 ± 9.4b 280.4 ± 11.1b
  200 mg  L−1 0.418 ± 0.006a 0.428 ± 0.007a 300.4 ± 9.5a 321.8 ± 14.8a
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acid addition, ETc60 without chitosan showed the high-
est value of stomatal closure % and the lowest stomatal 
pore area, while application of humic acids (30 L  ha−1) 

plus chitosan (200 mg  L−1), compared to no application, 
under ETc80 reduced the stomatal closure % from 48.86 
to 31.06% (Fig. 2).

Fig. 1  Scanning electron microscopic of adaxial (upper) surface sto-
mata of sugar beet leaf under ETc100 (a), ETc80 (b), and ETc60 (c). 
The images clarify the stomatal closure % is 26.02, 48.86 and 72.12% 
as well as the stomatal pore area is 33.78, 33.77 and 17.11 µm with 

ETc100, ETc80, and ETc60, respectively. ETc100, ETc80, and 
ETc60: Irrigation by 100, 80 and 60% of crop evapotranspiration, 
respectively
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3.1.3  Growth Criteria and Root Yield

Data in Table 3 disclose that root fresh weight  plant−1, 
top fresh weigh  plant−1, leaf area, and root yield  ha−1, in 

both seasons, in addition to top/root ratio in the 1st one, 
were drastically decreased by decreasing irrigation water 
level from ETc80 to ETc60. While root length was sharply 
increased as water supply decreased, except for root length 

Fig. 2  Stomatal closure % and pore area (µm) for adaxial (upper) sur-
face of sugar beet leaf as affected by different combinations of irri-
gation regime, humic acids and chitosan (a), and scanning electron 
microscopic image of adaxial (upper) surface stomata of sugar beet 
leaf under ETc80 x Hum3 x Chit2 (b); the image clarifies that the sto-

matal closure % is 31.06% and the stomatal pore area is 43.94  µm. 
ETc100, ETc80, and ETc60: Irrigation by 100, 80 and 60% of crop 
evapotranspiration; Hum1, Hum2, and Hum3: 0, 15, and 30 L  ha−1 
humic acids; Chit1 and Chit2: 0 and 200  mg  L−1 chitosan, respec-
tively
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in both seasons, root fresh weight  plant−1 (in the 1st sea-
son) and leaf area (in the 2nd one), there were insignificant 
differences between ETc80 and ETc100 in their influence 
on the other growth traits and root yield in both seasons. 
Meanwhile, decreasing irrigation water quantity from ETc80 
to ETc60 led to a considerable reduction in root yield  ha–1 
amounted to 9.98% in the 1st season and 10.91% in the 2nd 
one.

Application of humic acids at a rate of 30 L  ha−1 resulted 
in the maximum increases in all growth traits and root yield, 
in both seasons. However, the differences between 15 L  ha−1 
and 30 L  ha−1 of humic acids did not reach the level of sig-
nificance in top/root ratio, in the 2nd season (Table 3). Soil 
drench with 30 L humic acids  ha−1 had a statistical increment 
in root yield  ha−1 amounted to 9.7% and 6.6%, in the 1st and 
2nd season, consecutively, as compared to no application.

Regarding chitosan effect, the results in Table 3 clarify 
that foliar spray with 200 mg  L−1 on sugar beet foliage sig-
nificantly increased all the previously mentioned traits in 
both seasons, compared to untreated plants. In this respect, 
chitosan-treated plants produced statistical increments 
(average of the two seasons) of approximately 1.8, 4.2, 11.7, 
7.5, 3.5, and 4.2% in root length, root fresh weight  plant−1, 
top fresh weigh  plant−1, top/root ratio, leaf area, and root 
yield, successively, greater than the untreated ones.

3.1.4  Quality Parameters and Sugar Yield

Results in Table  4 prove that the examined water 
regimes had substantial effects on sugar yield and sugar 
quality parameters, in both seasons, except Na content 
in both seasons, α–amino N in the 2nd season, and 
sugar lost to molasses in the 1st one. ETc60 recorded 
the highest and significant values of sucrose %, K con-
tent, and extracted sugar % in both seasons, in addi-
tion to α–amino N in the 1st season and sugar lost to 
molasses in the 2nd one, compared to ETc100. Sucrose 
% and extracted sugar % in both seasons and α–amino 
N in the 1st season produced with ETc80 significantly 
equaled that of ETc60. On the contrary, sugar yield 
showed higher increase with ETc80, but statistically 
leveled ETc100 in both seasons. Statistical increases 
in sugar yield  ha−1 were 8.77 and 8.63% in the 1st and 
2nd season, consecutively, owing to raising the amount 
of irrigation water from ETc60 to ETc80.

Except for Na content, all other sugar quality traits 
showed the maximum increases with application of 
30 L  ha−1 humic acids, but without significant differ-
ences with 15 L  ha−1 humic acids for sucrose % and 
extracted sugar % in the 1st season as well as α–amino 
N and sugar lost to molasses in both seasons (Table 4). 
Humic-untreated plots recorded the highest values of 
Na content in both seasons. Soil drench with humic Ta
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acids at 30 L  ha−1 recorded an appreciable increase of 
9.82% and 9.12% in sugar yield  ha−1, in the 1st and 2nd 
season, respectively, relative to that given by 15 L  ha−1.

Sucrose %, extracted sugar %, and sugar yield pos-
sessed significant increases with chitosan-treated plants 
higher than that of untreated ones in both seasons 
(Table 4), while chitosan-untreated plants produced the 
highest K content and sugar lost to molasses in both sea-
sons, as well as Na and α–amino N contents, in the 1st 
and 2nd season, respectively.

3.2  Significant Interaction Effects

3.2.1  First‑Order Interactions

The combinations of irrigation regime and humic acids 
showed that ETc60 × humic acids (30 L  ha−1) application 
recorded the maximum root length and K content in the 1st 
season (Table 5), while ETc80 × humic acids (30 L  ha−1) in 
both seasons and ETc80 × humic acids (15 L  ha−1) in the 1st 
season possessed the maximum root fresh weight  plant−1. 
In the 2nd season, ETc100 × any humic acids treatment and 
ETc80 × humic acids 15 or 30 L  ha−1 were the effective 
interactions for enhancing root yield  ha−1.

The maximum increase in CAT activity was more pro-
nounced under ETc60 with chitosan supply (200 mg  L−1) 
in the 1st and 2nd seasons (Table 6). ETc100 × chitosan 
(200 mg  L−1) was the efficient combination for increasing 
top fresh weigh  plant−1 and top/root ratio in the 1st season 
as well as leaf area in the 2nd season. In the 1st season, 
irrigating sugar beet by ETc80 or ETc100 × with or without 
chitosan (for K content) and ETc100 × 200 mg  L−1 chitosan 
(for α–amino N content) recorded the lowest values.

Regarding the interaction between humic acids and chi-
tosan, findings in Table 7 generally clarify that application of 
humic acids (30 L  ha−1) plus chitosan (200 mg  L−1) practice 
had the potential to increase top fresh weigh  plant−1, root 
yield  ha−1, sucrose %, and extracted sugar % and sugar yield 
 ha−1 in the 1st season as well as GPX, root length, root fresh 
weigh  plant−1, and leaf area in the 2nd season.

3.2.2  Second‑Order Interaction

The results in Table  8 reveal a statistical and positive 
response in sugar and root yields  ha−1 by increasing organic 
acids level from 15 to 30 L  ha−1 associated with foliar appli-
cation of 200 mg  L−1 chitosan, when beets were irrigated 
with ETc60 and/or ETc80, in the 1st season. Likewise, in 
the 2nd one, a positive response was observed in sucrose% 
and sugar yield under ETc60 and/or ETc100 with the same 
raising levels of organic acids and chitosan, with no signifi-
cant influence under ETc80. Under different water regimes, 
increasing organic acids level from 15 to 30 L  ha−1 + 200 mg Ta
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 L−1 chitosan considerably increased the enzyme activities of 
CAT (in the 1st season) and GPX (in the 2nd one), as well as 
CAT enzyme under severe water stress and/or well-watered, 
in the 2nd one.

The combination of ETc80 + 30 L  ha−1 humic 
acids + 200 mg  L−1 chitosan was more distinct, as it achieved 
a sharp increment reached 12.55% in root yield  ha−1, cor-
responding to 9.26% in sugar yield  ha−1, in the 1st season, 
as compared to that obtained with the same levels of humic 
acids and chitosan, under ETc60.

4  Discussion

Though the drought generally affects the plant growth and 
physiology, its influences are relaying on the intensity of 
the drought (severe or moderate). In this situation, the cur-
rent study showed that irrigating sugar beet with 80% of 
crop evapotranspiration (ETc80) gave close responses to 
that of full irrigation (ETc100). This was obviously found 

when plants produced similar values of antioxidant enzymes, 
especially GPX, (Table 2), root yield and its parameters 
(Table  3), stomatal pore area (Fig.  1), and sugar yield 
(Table 4) under ETc80 as ETc100. Contrariwise, reducing 
water supply up to 60% of crop evapotranspiration (ETc60) 
caused severe depression in sugar beet physiological, ana-
tomical, and agronomic traits. In this regard, higher increase 
in antioxidant activity and higher reductions in stomatal 
parameters and yield traits were obtained owing to ETc60. 
The increase in activity of enzymes under drought conditions 
might be attributed to low-molecular weight antioxidants 
(like carotenoids, tocopherols, GPX, and ascorbic acid); in 
this respect, production of ROS is stimulated in plants as 
a response to drought stress (Bistgani et al. 2017). Moreo-
ver, accumulation of CAT and GPX in sugar beet leaves 
could protect the plant from oxidative damage such as lipid 
peroxidation and protein oxidation (Sayfzadeh and Rashidi 
2011). Herein, Monda et al. (2021) stated that the level of 
GPXs gave a power indicator about the oxidative stress 
impacts, especially inhibition of protein, which induced by 

Table 6  Significant interaction between water regime and chitosan on some sugar beet traits, in 2018/19 (S1) and 2019/20 (S2) seasons

ETc60, ETc80, and ETc100: irrigation at 60, 80 and 100% of crop evapotranspiration, respectively. Values are the mean of 3 replicates ± standard 
errors. Different small letters within columns indicate that there are significant differences by Duncan’s multiple range test at p ≤ 0.05

Irrigation
regime

Chitosan Catalase
(U  g−1 protein)

Top fresh 
weight  plant−1 
(g)

Top/root ratio Leaf area
(cm2)

Potassium
(meq 100  g−1 
beet)

α-amino N
(meq 100  g−1 
beet)

S1 S2 S1 S1 S2 S1 S1

ETc60 Without 0.430 ± 0.009b 0.441 ± 0.003b 216 ± 26.1e 0.31 ± 0.03d 152.2 ± 1.26d 4.56 ± 0.09a 1.16 ± 0.04a
200 mg  L−1 0.442 ± 0.010a 0.467 ± 0.004a 259 ± 30.9d 0.35 ± 0.04c 155.0 ± 1.26d 4.41 ± 0.94b 1.24 ± 0.03a

ETc80 Without 0.409 ± 0.008d 0.393 ± 0.009c 333 ± 37.2c 0.38 ± 0.04b 160.2 ± 2.16c 4.36 ± 0.06bc 1.08 ± 0.09a
200 mg  L−1 0.417 ± 0.006c 0.439 ± 0.004b 359 ± 36.8b 0.38 ± 0.04b 168.3 ± 5.97b 4.35 ± 0.06bc 1.11 ± 0.11a

ETc100 Without 0.374 ± 0.007f 0.345 ± 0.004e 369 ± 40.7b 0.38 ± 0.04b 170.2 ± 1.45ab 4.33 ± 0.06c 1.08 ± 0.08a
200 mg  L−1 0.394 ± 0.008e 0.379 ± 0.008d 429 ± 45.2a 0.42 ± 0.04a 173.2 ± 1.45a 4.32 ± 0.06c 0.79 ± 0.10b

Table 5  Significant interaction between irrigation water regime and humic acids on some sugar beet traits, in 2018/19 (S1) and 2019/20 (S2) 
seasons

ETc60, ETc80, and ETc100: irrigation at 60, 80, and 100% of crop evapotranspiration, respectively. Values are the mean of 3 replicates ± stand-
ard errors. Different small letters within columns indicate that there are significant differences by Duncan’s multiple range test at p ≤ 0.05

Irrigation
regime

Humic acids Root length (cm) Root fresh weight  plant−1 (g) Root yield (t  ha−1) Potassium
(meq 100  g−1 beet)

S1 S1 S2 S2 S1

ETc60 Without 28.0 ± 0.53b 678 ± 7.1e 824 ± 4.2e 51.4 ± 0.6e 4.16 ± 0.44d
15 L  ha−1 28.2 ± 0.45b 709 ± 4.3e 898 ± 12.5d 54.4 ± 1.0d 4.52 ± 0.41b
30 L  ha−1 28.7 ± 0.50a 773 ± 21.1d 970 ± 13.5c 58.4 ± 1.3c 4.77 ± 0.06a

ETc80 Without 26.0 ± 0.27d 802 ± 17.6d 988 ± 4.7bc 60.3 ± 0.5bc 4.11 ± 0.22d
15 L  ha−1 26.3 ± 0.31d 934 ± 21.2c 1011 ± 10.5bc 61.1 ± 0.6ab 4.42 ± 0.22c
30 L  ha−1 26.8 ± 0.42c 990 ± 17.5b 1035 ± 16.4b 62.9 ± 0.6a 4.54 ± 0.24b

ETc100 Without 22.4 ± 0.37 g 955 ± 3.3c 1006 ± 2.4bc 61.2 ± 0.7ab 4.09 ± 0.19d
15 L  ha−1 23.5 ± 0.43f 1009 ± 18.0ab 1030 ± 11.9b 61.2 ± 0.7ab 4.36 ± 0.01c
30 L  ha−1 24.1 ± 0.38e 1027 ± 14.0a 1134 ± 42.6a 63.1 ± 0.8a 4.54 ± 0.01b
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wwsevere drought. Stomatal movement regulation is another 
most aspect of plant response to water shortage condition. 
SEM image analysis of fully extended leaves indicated the 
level of drought that the beet crop could tolerate as slight 
differences in stomata pore area were found between beets 
irrigated with ETc80 and ETc100 (Fig. 1). In the stressed 
plants, accumulation of abscisic acid is stimulated in leaves, 
which sets up ionic imbalance that compels potassium ion 
 (K+) to leak out from guard cells and loss of guard cell tur-
gor pressure. Thus, narrowing the aperture mostly would 
be due to reduced leaf relative water content and increased 
stomatal closure (Fig.  1). Also, the adverse impact of 
drought on sugar beet might be attributed to a decrease in 
the activity of meristemic tissues responsible for elongation 
and cell division under insufficient water condition. Thus, 
higher root/shoot ratio is one of the processes that plants 
resort to produce more developed root systems for cope 
with drought conditions, (Du et al. 2020), which matches 
with our results. Mohammadian et al. (2005) reported that 
since limited shoot growth occurred with severe drought 
stress, the ratio of shoot to root dry weight in sugar beet was 
severely reduced. The root yield and its parameters as root 
dimensions, weights, and biomass were served as an evi-
dence of morphological changes under water deficit (Meng 
et al. 2018). Moreover, results of Wang et al. (2017) proved 
that proteins involved in  CO2 fixation or in energy metabo-
lism are profoundly affected by drought. Accordingly, the 
decrement in root yield with drought could be attributed 
to morphological mechanisms, performed by plants to be 
able to withstand drought conditions, where roots tend to 
grow downwards in the soil searching for water. Significant 
reduction in sugar beet yield owing to low water supply was 
reported (Abd El–All and Makhlouf 2017; EL–Darder et al. 
2017; Abdel Fatah and Khalil (2020). Low water supply 
not only influences growth and yield but also sugar quality. 
Utilization of nutrients uptake and soil organic matter and 
activity significantly affected by irrigation regime (Saudy 
and El–Metwally 2019; Mubarak et al. 2021). Herein, both 
ETc60 (severe stress) and ETc80 (moderate stress) outper-
formed ETc100 (well-watered) in sucrose % and extracted 
sugar % (Table 4). Unlike, increases in sugar impurities, 
i.e., K, α–amino N, and sugar lost in molasses, were sharply 
increased due irrigation by ETc60. Since root of sugar beet 
has low moisture content under low water supply, increase in 
sugar content is expected. In addition, sucrose and hexoses 
sugars have dual functions by regulating the expression of 
stress-related genes involved in photosynthesis, osmolyte 
synthesis, and sucrose metabolism (Khan et al. 2020), which 
lead to an increase in extracted sugar % despite of increases 
in the proportion of impurities by moderate drought stress 
(Makhlouf and Abd El–All 2017; Abdel Fatah and Khalil 
2020). Moreover, α–amino N group, represents 85% of the 
overall amount of the nitrogenous osmolytes, plays a vital Ta
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role in free amino acid synthesis such as glycine betaine and 
proline which cause diverse roles in increasing the ability 
of cells to retain water without affecting normal metabolism 
(Clarke et al. 1996), and subsequently leads to an increase in 
sugar lost in molasses.

The synergistic effect of humic application toward anti-
oxidant enzymes (Table 2) could be attributed to the fact 
that humic substances are powerful antioxidants having ROS 
scavenging properties (Wang et al. 1996; Avvakumova et al. 
2011). Moreover, Bayat et al. (2021) cleared that application 
of humic and fulvic acids mitigated the adverse effects of 
drought by increase total phenols, total flavonoids, and anti-
oxidant activity of the leaves. Also, soil addition of humic 
acids at the rate of 30 L  ha−1 recorded appreciable increases 
in sugar beet yield parameter greater than zero or 15 L  ha−1 
(Table 3). Since humic substances enhance the soil ability to 
retain nutrients with reducing soil pH and improve growth 
parameters, photosynthetic pigments and antioxidants, 
stimulation of beneficial microbial activity, and improve-
ment in root productivity were achieved (Kabeel et al. 2008; 
Kandil et al. 2020; Bayat et al. 2021). These results also 
agree with Ibrahim et al. (2019) and Alotaibi et al. (2021). 
Since humic acids serve as catalystic for the formation of 
osmolytic solutes, soil N and K content could increase with 
humic application, resulting in increases of K and α–amino 
N content in leaves (Bayat et al. 2021). Additionally, the 
increases in sugar yield (Table 4) at higher level of humic 
substances (30 L  ha−1) may be due to achieving the increase 
in root yield  ha−1 (Table 3) along with sucrose % increase 
(Table 4). Alotaibi et al. (2021) stated that soil drench with 
10 L  ha−1 of humic acid statistically increased sugar and 
root yields t  ha−1 of sugar beet compared to the check treat-
ment. Also, Ibrahim et al. (2019) revealed that increasing 
humic acid considerably increased sugar and root yields, 
K, and white sugar % and markedly decreased extraction 
%, α–amino N, and Na content. El–Hassanin et al. (2016) 
noticed improvements in sucrose, extractable sugar, purity, 
sugar lost to molasses, extractability percentages, and yield 
of sugar beet with humic acids treatment.

Chitosan plays a numerous tasks defense response related 
to diverse stresses, such as drought stress which is the focus 
of our research. Being the values of catalase and glutathione 
peroxidase were higher in chitosan-treated plants than the 
untreated ones (Table 2), it looks like that chitosan has a 
distinctive role for motivating the antioxidants activity in 
sugar beet, since it has hydroxylated amino group which 
offers an effective scavenger of ROS (Sun et al. 2008). The 
enhancement in production of antioxidant enzymes owing to 
chitosan application has been reported (Yin et al. 2008). The 
promotive effect of chitosan on growth and yield parameters 
(Table 3) may be ascribed its potentiality to enhance the 
availability and uptake of water and major nutrients through 
adjusting cell osmotic pressure and improving enzyme 

activities (Guan et al. 2009; Yang et al. 2009; Martins et al. 
2018). The beneficial impact of chitosan foliar spray could 
be attributed to its direct antitranspirant coating, induction of 
stomatal closure through ABA synthesis, and accumulation 
of stress protective enzymes (Hidangmayum et al. 2019). 
Since chitosan enhanced root growth, reinforcement the 
efficiency of water absorption (Zeng and Luo 2012), and 
increased nutrients uptake (Dzung 2007) were achieved, thus 
sugar beet yield and its attributes improved. Additionally, 
our results pointed to a positive effect of chitosan in reducing 
root impurities and sugar lost in molasses, while improving 
sucrose %, extracted sugar %, and sugar yield (Table 4). It 
has been proved that chitosan can enhance the metabolism 
of sugars (Sun et al. 2019). Foliar application of chitosan 
enhanced leaf membrane stability and increased antioxidant 
enzymes in apple (Yang et al. 2009).

The significant variance between 15 and 30 L  ha−1 of 
humic acids under moderate and severe drought stress in 
root fresh weight  plant−1 and root yield (Table 5) referred to 
the beneficial role that organic acids play in improving soil 
holding capacity of water and nutrients, and raising plant 
growth and utilizing them, in addition to enhancing antioxi-
dant defense system (Khodadadi et al. 2020).

The increases in K and α–amino N contents achieved 
when plants were sprayed with 200  mg  L−1 chitosan, 
under ETc60 (Table 6), reflected the importance function 
of amino groups in chitosan structure which plays a main 
role in free amino acids synthesis to support the osmolytes 
solution under abiotic stress (Guan et al. 2009). In addi-
tion, the observed improvement in CAT with spraying chi-
tosan under different water regimes could be attributed to 
that the antioxidant system creates protection versus oxi-
dative harm, which has been found to increase the lifetime 
of active oxygen species within the cellular environment 
(Hidangmayum et al. 2019). Also, chitosan can reduce 
the inhibition of roots under drought stress and improve 
growth which implies its ability to promote root system 
and to absorb more water and to keep the moisture stable 
(Li et al. 2017).

The significant interaction between humic acids and chi-
tosan (Table 7) which was observed in results of CAT, GPX, 
growth criteria, sucrose%, extracted sugar%, and root and 
sugar yields  ha−1 confirmed that they played a major role in 
intensive canopy development in relation to the root growth 
by enhance nutrient uptake, increase in  H2O2 accumulation 
and induction of stomatal closure, ROS enzyme activities 
(Martins et al. 2018; Hidangmayum et al. 2019; Bayat et al. 
2021; Khozaei et al. 2021), thus improved carbohydrates 
metabolism and productivity of sugar beet crop.

It is worthy to note that under different water regimes, 
positive effects were observed with the gradual increase 
of humic acids up 30 L  ha−1 and spraying of chitosan 
(200 mg  L−1), which reduced stomatal closure and improved 
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stomatal pore area, as compared to untreated plants (Fig. 1). 
ETc80 × 30 L  ha−1 humic acids × 200 mg  L−1 chitosan was 
the most effective combination for adjusting the stomata 
opening by improving the stomatal pore area (Fig. 2). Appli-
cation of ETc80 × 30 L  ha−1 humic acids × 200 mg  L−1 chi-
tosan changed the stomatal closure from 48.86 to 31.06% 
and stomatal pore area from 33.77 to 43.94 µm, compared 
to ETc80 alone. Also, such promising combination exceeded 
ETc100 in enhancing stomatal pore area by about 30.1%. 
Due to their potential act for soil water-holding capac-
ity, ensuring enough water in the root zone of plants for a 
longer time, by enhancing the plants to uptake more water, 
humic acids mitigate the damage of water deficit (Cordeiro 
et al. 2011). Besides, chitosan reduced transpiration rate 
and enhanced stomatal conductance (Hidangmayum et al. 
2019). Moreover, Martins et al. (2018) and Sun et al. (2019) 
stated that the stimulatory effect of chitosan improved 
plants growth and performance under drought stress. Chi-
tosan treatment induces production of organic acids, sugars, 
amino acids, and other metabolites activities required for the 
osmotic adjustment, stress signaling, and energy metabolism 
under stresses (Guan et al. 2009). Li et al. (2017) exhibited 
that foliar application of chitosan led to an accumulation of 
stress protective metabolites in white clover grown under 
drought stress. Furthermore, the increase in water use effi-
ciency under moderate and severe drought stress was noted 
in plants treated with chitosan (Farouk and Metwally 2019). 
Accordingly, the interactional effect of humic acids plus chi-
tosan should be exploited under low water supply.

5  Conclusion

It seems that sugar beet could be regarded as a moderately 
tolerant to water stress, since slight discrepancies were 
obtained between well-watered (ETc100) and moderate 
drought (ETc80) for agronomic traits and sugar yield. How-
ever, sucrose % increased with lowering water supply. Since 
humic acids and chitosan are potential to adjust the balance 
between yield and quality, deficit water could be alleviated 
completely under moderate drought and relatively under 
severe drought using humic acids and chitosan. Herein, in 
practice, the tolerance of sugar beet plants to severe or mod-
erate drought could be raised by the application of combina-
tion of humic acids (30 L  ha−1) and chitosan (200 mg  L−1).
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