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ABSTRACT

Increasing sugar beet production in the face of climate change using environmentally friendly materials is
a challenge for scientists in the next coming years. Two field experiments were carried out at the Research Farm of
Sakha Agricultural Research Station, Kaft El-Sheikh Governorate, Egypt during 2022/2023 and 2023/2024 seasons
to study the effects of Arbuscular mycorrhizal as a soil amendment (without, 200 and 400 spore/g soil) and spraying
canopies with four nutrition (without, Salicylic acid, Chitosan and Alginic acid). A Randomized Complete Block
Design in a split-plot arrangement with three replications. The results of revealed application of arbuscular
mycorrhizal fungi (AMF) significantly improved all plant growth traits investigated as well as the yields of both
sugar beet roots and sugar, especially for plants that received the higher application rate of AMF at a rate of 400
spore/g soil Such increases ranged from 1.2 up to 2-fold higher than the control. The application of AMF, especially
at its highest rate, significantly improved sugar beet root quality during the two seasons of study, specifically the
percentage of the extracted sugar, sucrose %, alpha amino (2" season only), in addition to the percentages of K and
Na (1% season only) in roots. The AMF and foliar spraying significantly enhanced various physiological and
metabolic traits in sugar beet during the two seasons. Our study concludes that the application of AMF and foliar
spraying proven to increase all sugar beet parameters especially at its highest rate (400 spore/g soil), with preserving
the environment and achieving sustainability.
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INTRODUCTION

Sugar beet is one of the most important sugar crops
not only in Egypt but worldwide. Nowadays, sugar cane
(Saccharum officinarum L.) accounts for the majority of the
world's sugar output, while sugar beets (Beta vulgaris L.
subsp. vulgaris) account for only 20%. According to the
Egyptian Society Sugar Technologies and Sugar Crops
Research Institute (2014), sugar beet has emerged as the
primary source of sugar production. Because of its suitability
to grow in temperate climate zones (such as Central and
Southern Europe, the United States, etc.), sugar beet plays a
vital role in the agricultural sector of 52 countries.

Cane sugar is generally less expensive than beet sugar
since it is a perennial crop and its bagasse provides free energy
for processing, whereas a 10,000-ton-per-day beet processing
facility requires at least 1520 Mw/h of power, which is fully
produced from non-renewable energy sources (Glover ef al.,
2007; Jordan et al., 2007). Agriculture must strike the correct
balance between present and future output levels to meet all
sustainability requirements without endangering long-term
potential. Therefore, to prevent discharges into the
atmosphere and groundwater, fertilizers need to be used more
efficiently. It is unquestionably necessary to improve the
utilization of both new and existing genetic sources for
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exploitable variation governing tolerance and/or resistance to
biotic and abiotic stressors. Biotechnology and molecular
genetics developments are anticipated to play a major role in
achieving this goal. Strong monoculture is frequently linked
to annual crops, which is an extremely unnatural and
expensive practice that seriously impairs natural ecosystems'
capacity to offer farmers, the general public, and the
environment all the services they require (Tilman et al.,
2002). Actually, this capacity is correlated with the
ecosystem's biodiversity. Proper crop rotations can help
reduce soil-borne illnesses, avoid or delay weed resistance to
herbicides, and mitigate the negative consequences of
monoculture (Martindale, 2013).

Arbuscular Mycorrhizae (AM) are an important
component of the ecosystem that demonstrates a serious
concern for plant nutrition by giving plants access to nutrients
derived from the soil, Naturally, there is a close relationship
between AM and plant roots. In both biotic and abiotic stress
circumstances, such as drought, severe temperatures, heavy
metals, salinity, pathogens, and metal pollution, AM
contributes to improvements in soil water regime and nutrient
uptake and plays a big role in sustainability. It has been found
that 80% of terrestrial plant species worldwide have this type
of symbiotic connection between their roots and fungal
hyphae. In plants AM association, the host plant's root is
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benefited by better uptake of water and nutrients from the soil
surface, while fungal hyphae profits by getting sugar from the
host plant's root. AM plays two roles in controlling the soil's
zinc nutrition. For instance, AMF application increases zinc
uptake below a certain concentration, whereas it restricts zinc
translocation to plant shoots over the critical level. The
synergistic relationship between zinc and AMF is critical for
long-term quality and yield. It has been noted that applying
AMF increases the amount of zinc in the grain in the field.
Since zinc is necessary for the building of pollen tubes, AMF
aids in the growth, development, and reproduction of plants.
The primary source of P in traditional driven agriculture is the
naturally occurring fertility of the soil, with sporadic manure
supplies for the crops. However, overexploitation of the P
because of agricultural modernity leads to low crop yields and
farm profitability.

Chitosan is the primary constituent of arthropod
exoskeletons and the second most renewable carbon source, chitosan
is thought to be a safe and inexpensive substance derived from chitin
(Kurita, 2006). Chitosan enhances plant drought tolerance and elicits
a variety of defense responses, according to multiple reports. By
accumulating osmolytes that buffer against stress, chitosan increased
drought resistance. Chitosan contributes to the clearance of ROS by
stimulating the hydrogen peroxide signaling pathways and
antioxidant enzymes (El-Beltagi et al, 2022). The exogenous
addition of chitosan significantly raises phenolic and flavonoid
molecules, which may dismantle the hydrogen peroxide and free
radical coalition while simultaneously activating the antioxidants
(Salimgandomi and Shabrangi, 2016). Additionally, by improving
the uptake of water and minerals as well as the accumulation of
photosynthetic pigments, chitosan promotes plant development
(Bakhoum et al., 2020).

A wide variety of bioactive substances found in
alginic acid directly and indirectly promote plant
development and defense mechanisms against infections
(Khan et al., 2009). According to certain research, alginic acid
bio stimulants can outperform commercial fertilizers in terms
of plant growth characteristics (Kapoore et al., 2021).
Responses from plants growing in soil treated with seaweed
extracts, whether sprayed on the foliage or administered
directly to the soil, vary greatly. These compounds have the
ability to promote soil microflora, retain soil water, and aid in
remediation when applied to the soil. Alginic acid can
improve the balance of phytohormones and help plants that
are lacking in certain nutrients (Kapoore et al., 2021).

The aim of this study is to evaluate the beneficial
effects of the inoculation of Arbuscular Mycorrhiza and foliar
spraying of chitosan and alginic acid on growth, physiological
traits and root yield productivity and its relations to
sustainability of sugar beet (Beta vulgaris L.).

MATERIALS AND METHODS

Two field experiments were carried out at the
Research Farm of Sakha Agricultural Research Station
(latitude of 31 °10 N and longitude 30° 93 E, at an elevation
of 14 m above sea level), Kafr El-Sheikh Governorate, Egypt
in 2022/2023 and 2023/2024 seasons to study the effects of
Arbuscular Mycorrhizal as a soil amendment and foliar
application as bio-stimulating growth materials on growth,
yield, and quality of sugar beet (Befa vulgaris L.), This work
included twelve treatments representing the combinations of
three soil application levels of Mycorrhizal (without, 200 and
400 spore/g soil) and spraying canopies with four bio-
stimulating growth materials (without, Salicylic acid,

Chitosan and Alginic acid), were applied as foliar application
separately at the rate of 100 mg L' after 50, 65 and 80 days
from sowing. A Randomized Complete Block Design
(RCBD) in a split-plot arrangement with three replications
was used, where levels of Mycorrhizal were distributed in the
main plots, while spraying of bio-stimulating materials were
allocated at random in the sub-plots. The sub-plot area was 20
m?, including 8 ridges of 5 m in length and 50 cm in width,
with 20 cm between hills. The Mono-germ sugar beet variety
viz "JAMPOL" sown on the 2™ week of September during
both seasons, while harvesting beets took place at the age of
210 days after sowing in both seasons. Plants were thinned at
the 4-leaf stage to ensure one plant per hill. Fertilizer
application of nitrogen was applied in the form of urea (46.5%
N) at the rate of 80 kg N/fed in two equal doses: the 1* after
thinning and one month later. Phosphorus fertilizer was added
at 200 kg/fed in the form of calcium super phosphate (15 %
P,0:s) at seed bed preparation. Potassium fertilizer was added
in the form of potassium sulphate (48% K>O) at the rate of 50
kg/fed in two equal doses: with 1% dose of nitrogen fertilizer
and just before canopy closer (75 days). The AM inoculum
was made up of Glomus mosseae-NRC31 and Glomus
fasciculataNRC15, which were initially isolated from
Egyptian soils; it was allowed to grow on sterilized peat-
vermiculite-perlite mixtures and added at 0, 200, and 400
spore/g to the soil pits immediately before planting of Sugar
beet and it was repeated twice with second and third irrigation
for each plot. Bio-stimulating growth materials treatment
were obtained from Cairo Chemicals Company.

Soil samples were collected from the experimental site at
0-30 cm depth to determine their properties as shown in Table 1.

Table 1. Physical and chemical properties of the
experimental sites of the two seasons.

Properties 2022/2023 2023/2024
Sand % 22.77 20.89
Silt % 23.74 21.26
Clay % 5349 57.85
Texture class Clay Clay
pH(1:2.5) 7.30 7.00
EC (dS m™) 2.18 2.00
Organic matter % 1.30 2.10
Available N ppm 17.00 16.00
Available P ppm 9.30 9.20
Available K ppm 275.74 252.54

Growth and yield measurements

At harvest (210 days from sowing), the three
guarded rows of each subplot harvested, cleaned, topped,
and weighed, and the following characteristics were
determined in both seasons: Root yield (Mg/ha): was
calculated based on weight experimental plot, Sugar
yield (Ma/ha): was determined according to the method
described by McGinnus (1971), Leaf area index
according to (Watson, 1952) as well as Specific leaf
weight = (Lw /LA) g /em?.
Root quality and Chemical analysis

Quality traits i.e. Sucrose percentage was determined
according to Le-Docte (1927), Extractable white sugar
percentage (EXT %) was determined according to Reinefeld
et al,, (1974), Sugar loss to molasses percentage (SLM %),
was determined as described by Carruthers et al., (1962).

Impurities traits i.e. Potassium and sodium
concentrations (meq/100 g beet) in roots were determined
using "flame photometer" according to Brown and Lilliand
(1964), Alpha amino nitrogen concentration determined
using Hydrogenation method according to Pergel (1945) and
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Crud protein (mg/g) =total nitrogen (mg/g) x 6.25 as
mentioned in A.O.A.C. (1990).

Photosynthetic pigments ie. Total Chlorophyll and
carotenoids were calorimetrically determined in the leaves of
sugar beet plants at 120 days after thinning according to methods
described by Wettstein (1957) and calculated as mg/g fresh
weight. Also, Free proline in leaf tissue was estimated or
determined according to the protocol of Bates ez al. (1973), Total
amino acids were determined using ninhydrin reagent as
described by Rosen (1957) and Total phenolic compounds were
determined using UV/Vis. Spectrophotometer, Jenway England
at wavelength 750 nm as described by Singleton ef al., (1999).
Statistical analysis:

The collected data was statistically analyzed according to
Gomez and Gomez (1984) by using the SAS computer software
package. Means were compared using Duncan’s Multiple Range
(DMR) test described by Waller and Duncan (1969).

RESULTS AND DISCUSSION

Plant growth parameters and sugar beet productivity
Application of arbuscular mycorrhizal fungi (AMF)
as indicated in Figs. 1 and 2 significantly improved all
investigated plant growth parameters (leaf area index LA,
specific leaf weight, leaf fresh weight, root fresh weight per
plant) as well as the yields of both sugar beet roots and sugar,
especially for plants that received the higher application rate

Leaf area index (LAI)
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of AMF at a rate of 400 spore /g soil. Such increases ranged
from 1.2 up to 2-fold higher than the control.

These enhancements of sugar beet growth
measurements can be attributed to the improvements in
nutrient uptake and hormonal stimulation upon AMF
inoculation (Wahab et al., 2023; Ahmed et al., 2025).

Similarly, application of plant growth stimulus
substances induced the above-mentioned growth parameters
as well as crop productivity versus the control ones. The
positive impacts of alginic acid were likely due to its high
content of bioactive compounds, including polysaccharides
and trace elements, which stimulate plant metabolic
processes, nutrient translocation, and cell division (Michalak
and Chojnacka, 2015; Stirk ef al., 2020; Deolu-Ajayi ef al.,
2022). Also, it increased resistance to pathogens and drought
(Zhang et al., 2020). Similarly, chitosan acts as a biopolymer
elicitor that increases nutrient uptake, cell division and
elongation, enzymatic activation and synthesis of protein
(Chakraborty et al., 2020), while salicylic acid contributes to
plant growth through its role in stress signaling and
modulation of stomatal conductance and photosynthesis
(Zhong et al., 2021). Overall, the highest increases were for
Alginic Acid > chitosan > salicylic acid > control.

The interactions between these two factors were
significant on the plant growth parameters and sugar beet
productivity studied. Overall, the highest increases in these
parameters were recorded with AMF 400, especially with
Alginic, then Chitosan, then with Salicylic acid applications,
as shown in Table 2.
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Fig 1. Effect of Arbuscular Mycorrhizal fungi (AMF) on leaf area index (LAI), specific leaf weight, leaf fresh weight,
root fresh weight, root and sugar yields within 2022/2023 and 2023/2024 winter seasons. Differences between
means were tested using Duncan’s multiple range test at P < 0.05.
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Fig 2. Effect of growth promoting stimulates (GPS) on leaf area index (LAI), specific leaf weight, leaf fresh weight, root
fresh weight, root and sugar yields within 2022/2023 and 2023/2024 winter seasons. Differences between means
were tested using Duncan’s multiple range test at P < 0.05. Note: Control — Ctrl, Salicylic Acid — SA, Chitosan —

CHT, Alginic Acid—-AlgA

Table 2. Interactions between AMF doses and plant growth promoting stimulates on leaf area index (LAI), specific leaf
weight, leaf fresh weight, root fresh weight, root and sugar yields within 2022/2023 and 2023/2024 winter seasons.

Season I Season 11
Ctrl SA CHT AlgA Cul SA CHT AlgA
Leaf Area Index (LAI)
AMFO0 1363 ¢ 2.637f 2717 f 2977f 2943 ¢ 3.693 f 4.003 e 4.080 e
AMF200 331ef 339e 3447 ¢ 3.593 de 4.160 ¢ 4.277 de 4.350 de 4.397 de
AMF400 3.847d 4.810c¢ 5.307b 5933 a 4.553d 4.967 c 5.843b 8273 a
Specific leaf weight (g cm?)
AMFO0 0.444d 0.456d 0.514c¢ 0.515¢ 0.385f 0.469 ¢ 0.511de 0.515 cde
AMF200 0.522 be 0.524 be 0.535bc 0.546 bc 0.519 cde 0.526 cd 0.532cd 0.542 bed
AMF400 0.562 bc 0.562 bc 0.578 ab 0.626 a 0.553 bed 0.572 b 0.592 ab 0.638a
Leaf fresh weight (g plant™)
AMFO0 0313 ¢ 0331g 0349 ¢ 0.395f 03741 0.467 h 0507 g 0.537f
AMF200 0.427 ef 0.437 de 0.452 de 0.470 cd 0.546 ef 0.561 ¢ 0.569 ¢ 0.601d
AMF400 0.497 be 0.511b 0.533b 0.613 a 0.617 cd 0.634 be 0.657b 0.789 a
Root fresh weight (g plant ™)
AMFO0 0.737 ¢ 0.928b 0.993 b 1.035b 1.049 ¢ 1.125bc 1.138 be 1.187 be
AMF200 0.960 b 1.067 b 1.081b 1.092 b 1.257b 1.295b 1.305a 1.347 a
AMF400 1.109b 1.132 ab 1.161 ab 1.206 a 1370 a 1387 a 1.440 a 1483 a
Root yield (Mg ha™)
AMFO0 21333 f 2747d 29.77d 3124 cd 26480 ¢ 28.760 d 29.140d 30.620 cd
AMF200 31.75cd 32347 ¢ 32.827¢ 33223 ¢ 32.720 cd 33.840 ¢ 34.16 bc 3540 be
AMF400 33.817¢ 34.623 be 35.637b 37223 a 36.08 b 36.62b 3820a 3948a
Sugar yield (Mg ha™)
AMFO0 2.827j 3.661 4313h 474 ¢ 3553k 4243 j 44101 4,68 h
AMF200 5.197f 5367 ef 547e 5.59de 5.14¢g 535f 549 f 5773 e
AMF400 5.73d 5993 ¢ 6.317b 6.737 a 5.940d 6.197 ¢ 6.573b 6.870 a

Differences between means were tested using Duncan’s multiple range test at P <0.05. Note: Control— Citrl, Salicylic Acid—SA, Chitosan— CHT, Alginic Acid—-AlgA

Sugar beet root quality parameters

Figs 3 and 4 reveal that the application of AMF,
especially at its highest rate (£« + spores/g soil), significantly
improved sugar beet root quality during the two seasons of
study (2022/2023 and 2023/2024 seasons), specifically the
percentage of the extracted sugar, sucrose %, alpha amino (2™
season only), in addition to the percentages of K and Na (1%
season only) in roots. The 400 spores/g soil treatment

recorded the highest sucrose levels (19.69% and 19.80%) and
exhibited the highest extractable sugar (17.52% and 17.00%)
in the 1% and 2™ seasons, respectively. Mostly, AMF fungi
increased the solubility of soil nutrients; hence facilitating
their uptake by AMF hyphal networks (Khaliq et al., 2022;
Bhupenchandra et al., 2024). Additionally, this symbiotic
relation enhanced carbohydrate allocation (Salmeron-
Santiago et al., 2022). The elevated impurities slightly
increased in this study, probably due to sugar lost to molasses
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(Mohamed et al., 2023), yet these reductions were still within
acceptable agronomic limits. Additionally, increased
photosynthetic activity because of larger and more efficient
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Fig 3. Effect of Arbuscular Mycorrhizal fungi (AMF) on sugar beet quality parameters within 2022/2023 and 2023/2024
winter seasons. Differences between means were tested using Duncan’s multiple range test at P < 0.05.
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Fig 4. Effect of growth promoting stimulates (GPS) on the quality of sugar beet within 2022/2023 and 2023/2024 winter
seasons. Note: Control — Ctrl, Salicylic Acid — SA, Chitosan — CHT, Alginic Acid —AlgA. Differences between means
were tested using Duncan’s multiple range test at P < 0.05.

On the other hand, spraying plants with growth
stimulants raised the abovementioned quality parameters in
sugar beet roots, following generally the sequence of Alginic
acid ~ chitosan > salicylic acid. It seems that These results
may be due to the bio-stimulant effects of algal extracts and

chitosan on increasing physiological and metabolic processes
within plants, for example photosynthesis, nutrient
assimilation, and stress tolerance (Balusamy et al., 2022;
Sarsekeyeva et al., 2024; Pandey and Dasgupta, 2025). These
treatments also enhanced root activity and ion exchange
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capacity (de Lima ef al., 2022; Chanthini ef al., 2024); thus,  sucrose in sugar beet tubers and Na content in their roots.
raised alpha—amino nitrogen, K, and Na concentrations. Overall, AMF400 recorded the highest increases, especially

Interactions between AMF inoculation and plant for plants sprayed with AlgA ~ CHT > SA for other tuber
growth promoting substances were significant, except for  quality parameters, as shown in Table 3.

Table 3. Interactions between AMF and growth promoting stimulates (GPS) on the quality of sugar beet within
2022/2023 and 2023/2024 winter seasons.

Season 1 Season 11
Ctrl SA CHT AlgA Ctrl SA CHT AlgA
Sucrose (%)
AMFO 15277 f 15373 f 16.617¢ 17317¢ 15.6131 17.030 h 17480 g 17.693 g
AMF200 18.437d 18.683 cd 18.790 c¢d 18.967 cd 18.147 f 18.293 ef 18.610 df 18.907 cd
AMF400 19.030 cd 19.477 be 19.913 ab 20.353 a 19.120 ¢ 19.640b 20.017 ab 20420 a
Extracted sugar (%)
AMFO0 13267 f 13317f 14495¢ 15.177¢ 13427h 14757 g 15.130fg 15.287 f
AMF200 16363 d 16.590 cd 16.657 cd 16.820 cd 15.710de 15.807d 16.070 cd 16317 ¢
AMF400 16.943bcd 17.323abc 17.727 ab 18.100 a 16470 ¢ 16.930b 17.207 ab 17407 a
Sugar lost to molasse (%)
AMF0 1410 ¢ 1457 fg 1.523 cde 1.540 bed 1.587] 1.673 ij 1.750 hi 1.807 gh
AMF200 1473 ef 1.493 cdef 1.533 bed 1.547 bed 1.840 fgh 1.887 efg 1.940 def 1.990 de
AMF400 1.487 def 1.553 be 1.587b 1.653 a 2.050 cd 2.110 be 2.210b 2413a
K (meq/100 g)
AMF0 4340 h 4503 g 4.830de 4.850cde 4.130h 4310h 4.600g 4723 fg
AMF200 4.663 f 4.720 ef 4.807 de 4.860 cd 4.850 ef 4.947 def 4.987de 5.087 cde
AMF400 4917 cb 4.980 be 5.080 b 5210a 5.183 bed 5.267 be 5400b 5.873a
Na (meq/100 g)
AMF0 0.903 b 0.953b 1.011b 1.097 b 1.243 ¢ 1.330g 1.510f 1.547f
AMF200 0.960 b 1.010b 1.043b 1.087b 1.590 £ 1.617 f 1.727 de 1.813 cd
AMF400 0.853 b 0.970 b 1.037b 1.333a 1.860 ¢ 2.003 b 2.177a 2243 a
Alpha amino N (meq/100 g)
AMF0 0.707 ¢ 0.767 de 0.823 cd 0.837 cd 1.340 h 1.533 gh 1.573 gh 1.710 fg
AMF200 0.737¢ 0.757 de 0.853 be 0.867abc 1.757 fg 1.873 efg 2.003 def 2.107 cde
AMF400 0.723 ¢ 0.887 abe 0.927 ab 0.947 a 2.250 cd 2.380 be 2.590 b 3.120a
Note: Control— Ctrl, Salicylic Acid—SA, Chitosan— CHT, Alginic Acid—AlgA. Differences between means were tested using Duncan’s multiple range test at P<0.05.
Physiological and metabolic traits foliar spraying significantly enhanced various physiological

Figs 5 and 6 and Table 4 reveal that both the and metabolic traits in sugar beet during the 2022/2023 and
application of Arbuscular Mycorrhizal fungi (AMF) and  2023/2024 seasons.
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Fig S. Effect of Arbuscular Mycorrhizal fungi (AMF) on sugar beet physiological and biochemical traits within
2022/2023 and 2023/2024 winter seasons. Differences between means were tested using Duncan’s multiple range
test at P <0.05.
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Fig 6. Effect of growth promoting stimulates (GPS) on sugar beet physiological and biochemical traits within 2022/2023
and 2023/2024 winter seasons. Note: Differences between means were tested using Duncan’s multiple range test

at P <0.05.

Table 4. Interactions between AMF and growth promoting stimulates (GPS) on sugar beet physiological and
biochemical traits within 2022/2023 and 2023/2024 winter seasons.

Season 1 Season 11
Ctrl SA CHT AlgA Ctrl SA CHT AlgA
Chlorophyll at+b (mg/g)
AMF0 2.590b 3.200b 3.337b 3.677b 1613 ¢g 2.120fg 2.607ef 2950 ¢
AMEF200 3.810b 3.527b 3477b 3.553b 3.117e 3.293 de 3.980d 4720c¢
AMF400 3463 b 3.283b 5463 a 6.167 a 5.060bc 5.353bc 5.787b 6.517a
Carotenoids (mg/mL)
AMFO0 0257 ¢ 0.317 be 0.327 be 0.380 ab 0.287g 0320 g 0.330g 0.347g
AMEF200 0.260 ¢ 0.327 be 0.340 be 0.390 ab 0473 f 0.500 ef 0.527 def 0.577 cde
AMF400 0.350 abc 0.380 ab 0.420 ab 0453 a 0.607 bed 0.637 be 0.670 b 0.747 a
Total phenols (mg/ g F.W)
AMF0 136.333j 152.500 1 167.833 h 184333 g 141.833 h 153.667gh 157.667 g 164.333 fg

AMF200 192.667fg  204.501ef  210.500de 220.667cd 175.833 ef 187.667 € 201.333d 219.833 ¢

AMF400 222.667cd  229.000bc  241.333ab 248.500

a 222.500bc 223.500 be 236.501ab 248.500 a

Amino acids (g/ 100g protein)
AMFO0 1723 f 19.113 ¢ 20.67 de 22.377d 17.23 18.6571 19.127h 1997 ¢
AMF200 23373 cd 24.823 cd 25.54¢ 26.797bc 21317 F 22753 24417d 26.673 ¢
AMF400 27.01b 27.81b 29.277a 30.173 a 27.003 ¢ 27.137 ¢ 28.697b 30.173 a
Protein (mg/g F.W)
AMFO0 12433 ia 13361 14.687h 16.16g 18.66 h 20.21gh 2071 g 21.63 fg
AMF200 16.88 fg 17.927 ef 18.447de 19.347cd 23.1ef 24.65¢ 2645d 28.89¢
AMF400 19.507 cd 20.087 be 21.153 ab 21.787a 29.25bc 294 be 31.1ab 32.68 a
Proline (mg/g F.W)
AMFO0 1.771 1.923hi 2.093h 2.297g 1.77h 1.917gh 1.967 g 2.05fg
AMF200 24 fg 2.553ef 2.627 de 2.757cd 2.193 ef 2.34 de 2.51d 2.743 ¢
AMF400 2.777cd 2.863 be 3.007ab 3.1a 2.777 be 2.793 be 295 b 3.1A

Note: Control— Qi Salicylic Acid— SA, Chitosan— CHT, Alginic Acid—AlgA. Differences between means were tested using Duncan’s multiple range test at P <0.05.

For example, application of AMF at a rate of 400
spores/g soil led to significant increases in physiological and
biochemical parameters, i.e. chlorophyll (a + b), carotenoids,
total phenols, amino acids, proteins, and proline contents
increased by approximately 1.4-2.5-fold, 1.3-2.1-fold, 1.47—
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1.51-fold, 1.46-1.51-fold, 1.46-1.51-fold, and 1.52-fold,
respectively, compared to the control. Improvements in
chlorophyll and carotenoid contents could be attributed to
increased nutrient availability (Khan et al., 2022), which was
facilitated by AMF-mediated root colonization (Saha e al.,
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2022). Additionally, more nitrogen is taken up by plant roots
to be involved in nitrogen metabolism (Tang ez al., 2022), and
also raised proline level in shoots. This well-known osmo-
protectant could increase tolerance mechanisms against stress
conditions (Lalarukh ez al., 2022; Saad et al., 2023; El-Atrony
etal., 2025).

Also, spraying plants with plant growth stimulates
improved plant pigments, proteins, amino acids and proline.
In this regard, the increases were as follows: Alginic Acid =
chitosan > salicylic acid. Alginic acid likely enhances
photosynthetic pigments and protein synthesis via being rich
in bioavailable minerals, polysaccharides, and hormones
(Choudhary ef al., 2021; Kumar ef al., 2021), while chitosan
acts as a biogenic elicitor that increases defense and metabolic
responses (Khan et al., 2009 and Zewail et al., 2021). These
growth stimulating materials also played important roles in
the induction of secondary metabolism, important for plant
stress mitigation and productivity as mentioned before.

CONCLUSION

In this direction, inoculating plants with AMF raised
significantly all physiological and biochemical traits under
investigation, following the sequence of AMF400 > AMF200
> AMFO across both seasons. Also, foliar sprays with AlgA
had the greatest impact on these parameters in both seasons.
The highest increases were recorded for AMF400+AlgA in
both seasons of study, and also AMF400 + CHT recorded
comparable results. It seems as if the effect of fungi exceeded
that of the growth promoting stimulus. Overall, our study
could be a guide to exploring more arbuscular mycorrhiza and
growth stimulants material for profitable sugar beet
production.

REFERENCES
A.O.A.C. (1990) Official Methods of Analysis. 15" Edition,
Association of Official Analytical Chemist,
Washington DC.

Ahmed, N., L. i. J., Li Y., Deng L., Deng L., Chachar M.,
Chachar Z., Chachar S., Hayat F., Raza A., Umrani J.
H., Gong L., Tu P. (2025). Symbiotic synergy: How
Arbuscular Mycorrhizal Fungi enhance nutrient
uptake, stress tolerance, and soil health through
molecular mechanisms and hormonal regulation.
IMA Fungus. 21 (16): €144989.
https://doi.org/10.3897/imafungus.16.144989
Bakhoum, G. S., Sadak M. S., Badr E. A. M. (2020).
Mitigation of adverse effects of salinity stress on
sunflower plant (Helianthus annuus) by exogenous
application of chitosan. Bulletin of the National
Research Centre, 44, 79,
Balusamy, S. R., Rahimi S., Sukweenadhi J., Sunderraj S.,
Shanmugam R., Thangavelu L., Mijakovic I,
Perumalsamy H. (2022). Chitosan, chitosan
nanoparticles and modified chitosan biomaterials, a
potential tool to combat salinity stress in plants.
Carbohydrate Polymers, 284, 119189.
https://doi.org/10.1016/j.carbpol.2022.119189
L.S., Waldren, R.P., Teare, L.D. (1973). Rapid
determination of free proline for water-stress
studies. Plant Soil 39, 205-207.
https://doi.org/10.1007/BF00018060

Bates,

Bhupenchandra, 1., Chongtham S. K., Devi A. G., Dutta P.,
Sahoo M. R., Mohanty S., Kumar S., Choudhary A.
K., Devi E. L., Sinyorita S., Devi S. H., Mahanta M.,
Kumari A., Devi H. L., Josmee R. K., Pusparani A.,
Pathaw N., Gupta S., Meena M., Janmeda P., Seth C.
S. Arora J., Sahoo A., Swapnil P. (2024). Unlocking
the potential of arbuscular mycorrhizal fungi:
Exploring role in plant growth promotion, nutrient
uptake mechanisms, biotic stress alleviation, and
sustaining agricultural production systems. Journal of
Plant Growth Regulation.
https://doi.org/10.1007/s00344-024-11467-9

Brown JD and Lilliand O (1964) Rapid determination of
potassium, sodium in plant material and soil
extraction by flame photometry. Proc. Amer. Soc.
Hort. Sci., 48:340-364.

Carruthers A, Oldifield JFT and Teague HJ (1962)
Assessment of beet quality. Paper presented to the 15
Annual Technical Conference, Brtish Sugar
Corporation Ltd. 28 PP.

Chakraborty M., Hasanuzzaman M., Rahman M., Khan M.
A. R., Bhowmik P., Mahmud N. U., Tanveer M.,
Islam T. (2020). Mechanism of Plant Growth
Promotion and Disease Suppression by Chitosan
Biopolymer. Agriculture., 10(12):624.
https://doi.org/10.3390/agriculture10120624

Chanthini, K. M. P., Pavithra G. S., Murugan P., Malarvizhi
P., Deva-Andrews A., Ramasubramanian R., Thulasi-
Raman N., Rajagopal R., Senthil-Nathan S., Malafaia
G. (2024). Enhancement of root abscisic acid
mediated osmotic regulation by macroalgal
compounds promotes adaptability of rice (Oryza
sativa L.) in response to progressive metal ion
mediated environmental stress. Environmental
Research, 259, 119485.
https://doi.org/10.1016/j.envres.2024.119485

Choudhary, B., Chauhan O. P., Mishra A. (2021) Edible
Seaweeds: A Potential Novel Source of Bioactive
Metabolites and Nutraceuticals With Human Health
Benefits. Front. Mar. Sci. 8:740054. https://doi.org/
10.3389/fimars.2021.740054

de Lima, S. V. A. M., Marques D. M,, Silva M. F. S,,
Bressanin L. A., Magalhdes P. C., de Souza T. C.
(2022). Applications of chitosan to the roots and
shoots change the accumulation pattern of cadmium
in  Talinum  patens (Talinaceae) cuttings.
Environmental Science and Pollution Research, 29,
67787-67800. https://doi.org/10.1007/s11356-022-
20620-4

Deolu-Ajayi, A. O.,Meer . M., Werf,] A., Karlova R. (2022) The
power of seaweeds as plant biostimulants to boost crop
production under abiotic stress. Plant, Cell &
Environment, 45, 2537—

2553. https://doi.org/10.1111/pce. 14391

Egyptian Society of Sugar Technologies and Sugar Crops
Research Institute. 2014. The thirty-three conference.
Cairo, January.

El-Atrony, D., Farid I., EI-Ghozoli M., Abbas M. (2025). Can
Humic Extracts and Bacillus megaterium boost Sugar
Beet Productivity in a Saline-Sodic Soil?. Egyptian
Journal  of Soil  Science, 65(2), 837-853.
https://doi.org/10.21608/ejss.2025.360554.2001

306


https://doi.org/10.3897/imafungus.16.144989
https://doi.org/10.1016/j.carbpol.2022.119189
https://doi.org/10.1007/BF00018060
https://doi.org/10.1007/s00344-024-11467-9
https://doi.org/10.3390/agriculture10120624
https://doi.org/10.1016/j.envres.2024.119485
https://doi.org/10.1007/s11356-022-20620-4
https://doi.org/10.1007/s11356-022-20620-4
https://doi.org/10.1111/pce.14391
https://doi.org/10.21608/ejss.2025.360554.2001

J. of Plant Production, Mansoura Univ., Vol. 16 (10), October, 2025

El-Beltagi, H. S., El-Mahdy O. M., Mohamed H. 1., El-
Ansary A. E. (2022). Antioxidants, Antimicrobial,
and Anticancer Activities of Purified Chitinase

of Talaromyces  funiculosus Strain  CBS 129594
Biosynthesized Using Crustacean Bio-
Wastes. Agronomy, 12(11), 2818.

https://doi.org/10.3390/agronomy12112818

Glover, J. D., Cox M.C., Reganold J.P. (2007). Future farming: A
return to roots. Scientific American, 297(2):82-89. doi:
10.1038/scientificamerican0807-82.

Gomez, K.A. and Gomez, A.A. (1984) Statistical Procedures
for Agricultural Research. 2nd Edition, John Wiley
and Sons, New York, 680 p.

Jordan, N., G. Boody, W. Broussard, J.D. Glover, D. Keeney,
B.H. McCown, G. Mclsaac, M. Muller, H. Murray, J.
Neal, C. Pansing, R.E. Turner, R. Warner, and D.
Wyse. (2007). Sustainable development of the
agricultural bio-economy. Science 316: 1570-1571.
DOI:10.1126/science.1141700

Kapoore, R. V., Wood E. E., Llewellyn C. A. (2021). Algae
biostimulants: A critical look at microalgal
biostimulants for sustainable agricultural practices
Review. Biotechnology Advances 49:107754.
https://doi.org/10.1016/j.biotechadv.2021.107754

Khalig, A., Perveen S., Alamer K. H., Zia Ul Haq M., Rafique
Z., Alsudays 1. M., Althobaiti A. T., Saleh M. A.,
Hussain S., Attia H. (2022). Arbuscular Mycorrhizal
Fungi  Symbiosis to Enhance  Plant-Soil
Interaction. Sustainability. 14(13):7840.
https://doi.org/10.3390/sul4137840

Khan, W., Rayirath, U.P., Subramanian, S. Jithesh M. N.
, Rayorath P., Hodges D. M., Critchley A. T., Craigie
J. S, Norrie J., Prithiviraj B. (2009). Seaweed
Extracts as Biostimulants of Plant Growth and
Development. J Plant Growth Regul 28, 386399
(2009). https://doi.org/10.1007/s00344-009-9103-x

Khan, Y., Shah S., Hui T. (2022). The Roles of Arbuscular
Mycorrhizal Fungi in Influencing Plant Nutrients,
Photosynthesis, and Metabolites of Cereal Crops—A
Review. Agronomy. 12(9):2191.
https://doi.org/10.3390/agronomy12092191

Kumar, Y., Tarafdar A., Badgujar P. C., (2021). Seaweed as
a Source of Natural Antioxidants: Therapeutic
Activity and Food Applications, Journal of Food
Quality, 2021, 5753391, 17
pages. https://doi.org/10.1155/2021/5753391

Kurita K. (2006). Chitin and chitosan: Functional
biopolymers from marine crustaceans. Mar Biotech
(N.Y.), 8, 203-226. https://doi.org/10.1007/s10126-
005-0097-5

Lalarukh, I., Al-Dhumri S. A., Al-Ani L. K. T., Hussain R.,
Al Mutairi K. A., Mansoora N., Amjad S. F., Abbas
M. H. H., Abdelhafez A. A., Poczai P., Meena K.R.,
Galal T.M. (2022) A Combined Use of Rhizobacteria
and Moringa Leaf Extract Mitigates the Adverse
Effects of Drought Stress in Wheat (Triticum
aestivum L.). Front. Microbiol. 13:813415.
https://doi.org/10.3389/fimicb.2022.813415

Le-Docte (1927) Commercial determination of sugar beet in
the beet root using the sacks. Le-Docte process. Int.
Sugar. J., 29: 488- 492.

Martindale, W. (2013). The sustainability of the sugar beet
crop the potential of add value. British Sugar Beet
Review 81: 49-52.

McGinnus RA (1971). Sugar Beet Technology 2nd ed. Sugar
Beet Development Foundation, Fort Collins,
Coloimbia, USA.

Michalak, 1., Chojnacka K. (2015). Algae as production
systems of bioactive compounds. Eng. Life Sci., 15:
160-176. https://doi.org/10.1002/elsc.201400191

Mohamed, E., El-Syiad S., Farghly O., El-Geddawy M.
(2023). Evaluation of sugar losses in beet molasses as
affected by the quality of sugar beet roots. Egyptian
Sugar Journal, 20(20), 24-33.
https://doi.org/10.21608/esugj.2023.190390.1034

Pandey, K., Dasgupta C. N. (2025). Role of nanobionics to
improve the photosynthetic productivity in plants and
algae: an emerging approach. 3 Biotech 15, 74.
https://doi.org/10.1007/s13205-025-04244-2Pergel F
(1945) Quantitative Organic Micro Analysis 4th Ed.
J. and Churchill Ltd., London.

Reinefeld E, Emmerich A, Winner and Beiss U (1974) For
the prediction of molasses sugar extraction analgesics.
Zucke., 27:2-12.

Rosen, H. (1957). A modified ninhydrin calorimetric analysis
for amino acids. Arch. Biochem. Biophys., 67, 10-15.
https://doi.org/10.1016/0003-9861(57)90241-2

Saad, A. M., Elhabbak A. K., Abbas M. H. H., Mohamed I.,
AbdelRahman M. A. E., Scopa A., Bassouny M. A.
(2023). Can deficit irrigations be an optimum solution
for increasing water productivity under arid
conditions? A case study on wheat plants. Saudi
Journal of Biological Sciences, 30(2), 103537.
https://doi.org/10.1016/].sjbs.2022.103537

Saha, H., Kaloterakis N., Harvey J. A., Van der Putten W. H.,
Biere A. (2022). Effects of Light Quality on
Colonization of Tomato Roots by AMF and
Implications for Growth and Defense. Plants.
11(7):861. https://doi.org/10.3390/plants 11070861

Salimgandomi S., Shabrangi A. (2016). The effect of
Chitosan on antioxidant activity and some secondary
metabolites of Mentha piperita L. Journal of
Pharmaceutical Health Care and Sciences, 4 (2), 135.

Salmeron-Santiago 1. A., Martinez-Trujillo M., Valdez-Alarcon J. J.,
Pedraza-Santos M. E., Santoyo G., Pozo M. J., Chévez-
Barcenas A. T. (2022). An Updated Review on the
Modulation of Carbon Partitioning and Allocation in
Arbuscular Mycorrhizal Plants. Microorganisms. 10(1):75.
https://doi.org/10.3390/microorganisms10010075

Sarsekeyeva, F. K., Sadvakasova A. K., Sandybayeva S. K.,
Kossalbayev B. D., Huang Z. Zayadan B. K,
Akmukhanova N. R., Leong Y. K. Chang J.-S,
Allakhverdiev S. 1. (2024). Microalgae- and cyanobacteria-
derived phytostimulants for mitigation of salt stress and
improved agriculture. Algal Research, 82, 103686.
https://doi.org/10.1016/j.algal.2024.103686

Singleton V. L., Orthofer R., Lamuela-Raventéos R. M. (1999).
Analysis of total phenols and other oxidation substrates and
antioxidants by means of folin-ciocalteu reagent. Methods in
Enzymology, 299, 152-178. https://doi.org/10.1016/S0076-
6879(99)99017-1.

Stirk, W. A., Rengasamy K. R. R., Kulkarni M. G. and van Staden J.
(2020). Plant Biostimulants from Seaweed. In The Chemical
Biology of Plant Biostimulants (eds D. Geelen and L.
Xu). https://doi.org/10.1002/9781119357254.ch2

307


https://doi.org/10.3390/agronomy12112818
https://doi.org/10.1126/science.1141700
https://doi.org/10.1016/j.biotechadv.2021.107754
https://doi.org/10.3390/su14137840
https://link.springer.com/article/10.1007/s00344-009-9103-x#auth-Mundaya_N_-Jithesh-Aff1
https://link.springer.com/article/10.1007/s00344-009-9103-x#auth-Prasanth-Rayorath-Aff1
https://link.springer.com/article/10.1007/s00344-009-9103-x#auth-D__Mark-Hodges-Aff2
https://link.springer.com/article/10.1007/s00344-009-9103-x#auth-Alan_T_-Critchley-Aff3
https://link.springer.com/article/10.1007/s00344-009-9103-x#auth-James_S_-Craigie-Aff3-Aff4
https://link.springer.com/article/10.1007/s00344-009-9103-x#auth-Jeff-Norrie-Aff3
https://link.springer.com/article/10.1007/s00344-009-9103-x#auth-Balakrishan-Prithiviraj-Aff1
https://doi.org/10.1007/s00344-009-9103-x
https://doi.org/10.3390/agronomy12092191
https://doi.org/10.1155/2021/5753391
https://doi.org/10.3389/fmicb.2022.813415
https://doi.org/10.1002/elsc.201400191
https://doi.org/10.21608/esugj.2023.190390.1034
https://doi.org/10.1007/s13205-025-04244-2
https://doi.org/10.1016/0003-9861(57)90241-2
https://doi.org/10.1016/j.sjbs.2022.103537
https://doi.org/10.3390/plants11070861
https://doi.org/10.3390/microorganisms10010075
https://doi.org/10.1016/j.algal.2024.103686
https://doi.org/10.1016/S0076-6879(99)99017-1
https://doi.org/10.1016/S0076-6879(99)99017-1
https://doi.org/10.1002/9781119357254.ch2

Heba S. A. El-Desoky et al.,

Tang, H., Hassan M. U., Feng L., Nawaz M., Shah A. N., Qari S. H.,
Liu Y., Miao J. (2022). The Critical Role of Arbuscular
Mycorrhizal Fungi to Improve Drought Tolerance and
Nitrogen Use Efficiency in Crops. Front. Plant
Sci. 13:919166. https://doi.org/10.3389/fpls.2022.919166

Tilman, D., Cassman K. G., Matson P. A., Naylor R., Polasky
S. (2002). Agricultural sustainability and intensive
production practices. Nature 418: 671-677.
https://doi.org/10.1038/nature01014

Wahab, A., Muhammad M., Munir A., Abdi G., Zaman W.,
Ayaz A., Khizar C., Reddy S. P. P. (2023). Role of
Arbuscular Mycorrhizal Fungi in Regulating Growth,
Enhancing Productivity, and Potentially Influencing
Ecosystems under Abiotic and Biotic Stresses. Plants.
12(17):3102. https://doi.org/10.3390/plants12173102

Waller, R. A., & Duncan, D. B. (1969). A Bayes Rule for the
Symmetric Multiple Comparisons Problem. Journal
of the American Statistical Association, 64(328),
1484-1503.
https://doi.org/10.1080/01621459.1969.10501073

Watson, D. J. (1952) The Physiological Basis of Variation in
Yield. Advances in Agronomy, 4, 101-145.
http://dx.doi.org/10.1016/S0065-2113(08)60307-7

Wettstein D (1957)  Chlorophyll-lethal and the
submicroscopic change in form of the plastids. Exptl.
Cell Res., 12:427-433.

Zewail, R. M. Y., Ali M., El-Gamal 1. S. H., Al-Maracy S. H. A.,
Islam K. R., Elsadek M., Azab E., Gobouri A. A., EINahhas
N., Mohamed M. H. M, El-Desouky H. S. (2021).
Interactive Effects of Arbuscular Mycorrhizal Inoculation
with Nano Boron, Zinc, and Molybdenum Fertilization on
Stevioside Contents of Stevia (Stevia rebaudiana, L.)
Plants. Horticulturae , 7, 260.
https://doi.org/10.3390/horticulturac7080260

Zhang, C., Wang W., Zhao X., Wang H., Yin H. (2020).
Preparation of alginate oligosaccharides and their
biological activities in plants: A review.
Carbohydrate Research, 494, 108056.
https://doi.org/10.1016/j.carres.2020.108056

Zhong, Q., Hu H., Fan B., Zhu C., Chen Z. (2021).
Biosynthesis and Roles of Salicylic Acid in Balancing
Stress Response and Growth in Plants. International
Journal of Molecular Sciences. 22(21):11672.
https://doi.org/10.3390/ijms222111672

aill dadioiall 30 gall g 1 30 g Saal) aladinly Sl jaddd Sl J guana g Aalilly gall) pailad Gl

ll 4l g

S8 G (e i <Tdaad) Pl laddes ad) g <V als deaa laliae jew i) Chuig dana Ly Bl o dmidn

gl e

L Aada — gy as] ) WA — ol ) 30 ) audl

s -0yl — a5 3 gl 58 pe — 4y Sl Jalanadl & g dgme — 4 goal Lol 5 o ol gpull 0
a0 ol — el ) 3 Sl 58 ja— Sl dralanall & g dgme — o o sl o8

b dnda — gidapac ) M A Jualadl ot

gadlal)

Alanad il Ain gl e jall b a5 a3 oyl Al ) gind 5 slalal) sLal L Rill s 3 g oy Uil i Jla b Sl o i 3 UK

‘uua\ujm)u)ﬂuuus(m,mluu)u\)wj)u\uu)laa)uuuﬂ?v YE/Y YT Y YY/Y wwfd)mw@m,ssmumb)sm,;ﬂm
ohujc\.g.udg‘)ﬂ/?ala\ Jéwwj\ﬁuas(dmﬂY\UMJsubM\ sw\um«u.u)ujm)ub.‘aacz‘)\d)l;uu{)nj(«_\)\e\);/&yﬁi

@UMM(A]\AF)M‘)AQ\\ﬂj)&&\ubﬁ@hu\@u\«_\)&k\ t_lb‘)SAu)mwlC.Lxsslw}@@\;@\&&\u&%\wel&uﬁ‘u)&mAas.u(.u}
M‘).\(J‘);/:\A}\‘);ﬁ &wwM\wQ:Y\M\mL@S\uM\EMB A‘)Su“_")}.\;“éwé\@haybd@_u\}eagﬁu\_u“ﬂ\u\y}ne&@ﬂ‘x
b e pund ) Jama el die sl 5 ((AMF) &l 138 5 Saal) iy b 21asid (ool LS 5 S0 Al 45 e Comia ¥ 1), Y (o iy 3l o com g i
psml ) Aaus ) AAYL (k) s gl ) sl Wil 5 Sl B g e aliionall Sl A dapon s Al ) carse OO Bgale (S8 Sl ol Hsadas
Sl s Ry il i gl S5 5 5 st 13 o) il 1 el cpum LS g3al) 3 (18 I3 st 5 ) g el 5
a5 e el i Aali Sl iy Tyl sall iy m g ) le g8 i 8 B Bl 130 5 ol oy b (s il 3 il ppme 5l (DI

308


https://doi.org/10.3389/fpls.2022.919166
https://doi.org/10.1038/nature01014
https://doi.org/10.3390/plants12173102
https://doi.org/10.1080/01621459.1969.10501073
http://dx.doi.org/10.1016/S0065-2113(08)60307-7
https://doi.org/10.3390/horticulturae7080260
https://doi.org/10.1016/j.carres.2020.108056
https://doi.org/10.3390/ijms222111672

