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H I G H L I G H T S

� Benefit of rice yield from seaweed extract exceeded that from seaweed powder.
� The impact of PEG-6000 water stress on rice yield surpassed that of NaCl salinity.
� Beneficially, abiotic stress, particularly water stress, reduced grain As content.
� High rice yield was paralleled with high protein and mineral nutrient contents.
� Although rice grain shape is inherited it can be modified environmentally.
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A B S T R A C T

The hazardous effect of abiotic stress and the beneficial effect of organic amendments on rice have been exten-
sively studied during the vegetative stage, but little information is available regarding rice yield. Therefore, the
response of rice yield to abiotic stress � organic amendment interaction needs thorough investigation. The dif-
ferential potency of aqueous extract and biomass of the seaweed Dictyota dichotoma in alleviation of NaCl salinity
and PEG-6000 water stress, at Ψw of -0.492 MPa in medium-textured soil, on yield of cv. Sakha 101 of Oryza sativa
was investigated. Grain yield, number of spikes/plant, number of grains/spike, and seed index were lowered by
59%, 47%, 40%, and 35%, respectively under salt-stress with relatively severe reductions of 63%, 50%, 50%, and
40%, respectively under water stress. Also, the improvement in grain yield, number of spikes/plant, number of
grains/spike and seed index by algal amendment was greater with algal extract (106%, 72%, 79%, and 81%,
respectively) than algal powder (71%, 52%, 46%, and 65%, respectively). The improved grain yield of algal-
amended plants was paralleled with the production of wider, heavier and drier grains. Both salinity stress and
water stress significantly reduced grain protein but increased soluble sugars and starch contents. The grain
content of protein, Kþ, Ca2þ, P and N was improved while that of Naþ was reduced in response to algal
amendment with marginal effects on soluble sugars and starch. Rice grain vigor was positively correlated to
protein and mineral nutrient contents versus negative correlation with soluble sugar and starch contents. Both
algal amendment and abiotic stress agreed in reducing grain As content. The benefit afforded by Dictyota
dichotoma to rice yield justifies manipulation of the algal extract for alleviation of abiotic stress on rice yield and
improvement of grain quality.
1. Introduction

Abiotic stress arising from soil salinity and aridity is a major challenge
to crop productivity in the arid and semi-arid regions of the globe. The
two stresses are mutually associated because of the fact that high soil
salinity arises either primarily from water scarcity which hinders leach-
ing of soluble salts out of the rhizosphere or secondarily from usage of
.M. El-Katony).

August 2021; Accepted 30 Augu
evier Ltd. This is an open access a
brackish water in irrigation. In turn, the early stress event perceived by
the plant under the impact of salinity is the osmotic shock. It has been
claimed that the salt-affected lands approached one third of the irrigated
lands globally (Zhao et al., 2020). The soil becomes saline with saturation
extract of >40 mM NaCl (Ψw of < -0.2 MPa). Most crop plants are gly-
cophytes, with variable degree of salt sensitivity according to the species,
cultivar, nutritional status and developmental stage (Acosta-Motos et al.,
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2017). Salinity impacts plant performance via several threats including
induction of an osmotic stress, a specific ion effect or interference with
plant metabolism and generation of oxidative stress. The osmotic shock
represents the early threat of salinity stress, with retardation of root and
shoot extension (due to loss of cellular turgor) in addition to inducing
stomatal closure which inhibits photosynthesis. The biochemical pro-
cesses of photosynthesis are also seriously impeded by ion imbalance
arising from the salinity-induced specific ion effect. Although the phys-
icochemical similarity between Naþ and Kþ allows Naþ to compete
strongly with Kþ during uptake; yet, the fine physicochemical differences
between the two ions render Naþ (with smaller ionic radius and larger
hydration shells) inhibitory to enzyme activity. Similarly, the Cl�/NO3

-

and Cl�/SO4
2- competition can seriously impact plant functioning, prob-

ably via inducing N and S deficiency. Oxidative stress arises as a conse-
quence of inhibited photosynthesis; when the flux of absorbed light
exceeds the demand for photosynthesis, with initiation of a burst of
reactive oxygen species in leaf tissues (Zhao et al., 2020).

The attempts to improve yield of edible agricultural and horticultural
crops have to be done with paying the due concern to the quality and
safety criteria of the final produce. For example, a possible drawback of
altered protein and starch contents of rice grain is the loss of cooking
quality as a result of high grain chalkiness (Suriyasak et al., 2017).
Generally, cereals are characterized with a low protein content (10–15%
DW) relative to legumes (40–50%); but fortunately, the biological value
and net protein utilization of cereals are better compared with legumes
(Wiesler, 2012). Among cereals, rice and maize exhibit low protein
content (Hager et al., 2012), which justifies the efforts for nodulation
induction in rice in a way to increase grain protein content.

Because polishing of brown rice causes loss of proteins, vitamins, and
minerals, white rice needs supplementation with some bioactive con-
stituents. Biofortification of rice grains with nutrients can be approached
also through either plant breeding programs or agronomic practices.
Several trials have been attempted to improve yield and quality of rice
grains; for example, the induction of nodulation to increase protein
content (Cooper and Scherer, 2012) and implementation of
soybean-ferritin genes (Vasconcelos et al., 2003) to increase the con-
centrations of Fe and Zn in the grain. Fortunately, the task of improving
yield and quality of rice can be fulfilled via simple procedures such as
timing of fertilizer application and co-cultivation with the aquatic fern
Azolla which hosts the N2 fixer Anabaena azollae (Cooper and Scherer,
2012). Late supply of N to rice and other cereals during anthesis (Varga
and Sve�cnjak, 2006) increased grain protein content; suggesting prefer-
ential allocation of the late-applied N to the grain.

Rice is the stable food for about one-half of the world population, and
it is particularly essential to persons suffering from gluten intolerance
(Rossi et al., 2020). Rice (Oryza sativa L.) is a salt-sensitive grass with
marked natrophobic behavior (George et al., 2012). The salt sensitivity
along with the huge water requirements render rice amenable to salinity
and drought stresses, respectively. In Egypt, groundwater of the Nile
Delta aquifer, which is a principal water resource, suffers from dramatic
abstraction and invasion from the Mediterranean Sea during the last 30
years (Armanuos and Negm, 2019). Therefore, research should be
directed to improve rice yield via safe and economic practices that avoid
the drawbacks of the sophisticated genetic engineering approaches and
the environmental consequences of the extensive use of chemical fertil-
izers. Extracts and powder of the seaweed Dictyota. dichotoma have been
manipulated to mitigate the impact of water stress and salt stress on rice
during germination (El-Katony et al., 2021) and the vegetative stage
(El-Katony et al., 2020). The present work investigates the relative
severity of salinity stress and water deficit on yield characteristics of a
profitable Egyptian cultivar of rice (Sakha 101) as well as the relative
potency of the aqueous extract and powder of D. dichotoma in amelio-
rating the impact of abiotic stress on the yield of rice. Dictyota dichotoma
is a valuable seaweed of marked nutritive and therapeutic potentialities.
The alga can be encountered across the Red Sea coast of Egypt all the year
and flourishes abundantly during autumn.
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2. Materials and methods

2.1. Plant material

Seeds of rice (Oryza sativa L. cv. Sakha 101) were supplied by the
Experimental Station of Agricultural Research at Giza, Egypt. Fronds of
the brown alga Dictyota dichotoma (Hudson) J.V. Lamouroux were
harvested from semi-exposed areas at Hurghada shore, Red Sea coast of
Egypt (27� 130 N, 33� 450 E), during October 2014. The harvested
fronds were instantaneously washed with distilled water and trans-
ported, in an ice box, to the laboratory for shade-drying on blotting
paper at 27 �C for one week. The dried biomass was milled into a fine
powder and stored in air-tight glass containers at room temperature
until extracted.

2.2. Preparation of treatment solutions

A stock aqueous algal extract (AE) was prepared by boiling 100 g of
the powdered algal fronds in 1 L distilled water for 6 h. A balanced
nutrient solution was prepared containing the macronutrients (mM): N
16 (12 mM NH4

þ, 4 mM NO3
- ), K 6, P 1, Ca 2, Mg 1 and S 9.5; and the

micronutrients (μM): Fe (as FeEDTA) 100, Mn 10, Zn 1, Cu 1, B (as boric
acid) 50 and Mo 0.5. Salt stress and water stress were imposed by
applying isosmotic solutions of NaCl and PEG 6000, respectively atΨw of
-0.492 MPa. Details of preparation of algal extract, nutrient solution and
stress solutions were outlined in El-Katony et al. (2020). Biomass of the
experimental alga contained the macronutrients (% DW): N 3.1, P 0.17, K
3.8, Ca 2.5 and Mg 0.06; the micronutrients (μg g�1 DW): Fe 23, Mn 85,
Zn 6, Cu 22, Ni 24 and Co 7; the growth regulators (μg g�1 DW): cyto-
kinins 260, auxins 45, gibberellins 12 and abscisic acid 24; and bioactive
compounds (mg/g DW): phenolics 1.5, flavonoids 1.4, terpenes 23.7,
sterols 40.3, vitamin E 0.49, vitamin C 0.63 and fucoidan 57 (Ward et al.,
2017).

2.3. Growth conditions of rice

Twenty-seven sealed plastic pots of 20 cm diameter and 25 cm
height, full of a silty clay soil, were first divided into two groups. The
first group (nine pots) was allocated to the algal powder treatment (AP)
by thoroughly mixing algal powder, at a rate of 20 g/pot, with the soil
before planting. The remaining 18 pots were left native and further
subdivided into two groups, each of nine pots; one group received no
amendment (NA) while the other group received the aqueous algal
extract equivalent to 20 g/pot at split doses superimposed on the treat-
ment solutions (AE).

Uniform rice seeds were sown in the water-saturated pots for seven d.
Seedlings then received the nutrient solution so as to form one cm-layer
above the soil surface and thinned to one seedling per pot within five d.
Each of the three amendment regimes (NA, AE and AP) was then sub-
divided into three equal subgroups, each of three pots, depending on the
stress regime. The stress treatments included the control (only the
nutrient solution), salt stress (120 mM NaCl) and water stress (PEG
6000). Both NaCl and PEG 6000 were superimposed on the nutrient
solution at Ψw of -0.492 MPa. For the AE group, the extract was added to
the treatment solution and supplied to plants as 10 equal sequential doses
so as to provide the equivalent of the 20 g AP throughout the growth
period. Treatment solutions were applied in such a way to maintain one
cm-layer above the soil surface. Aliquots of the standing solutions above
the soil surface were periodically assayed for Naþ, where salinity and
water potential were maintained at the planned levels by the addition of
either water or treatment solutions.

Plants were grown in a greenhouse at the Faculty of Science, Damietta
University. The environmental conditions were: irradiance of about 2000
μmol m�2 s�1 from natural sunlight in a 14/10 h light/dark period, with
day/night temperature of 35/25 �C and average relative humidity of
about 80%.
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2.4. Harvest and measurements

Plants were harvested at the stage of grain maturity (105 d from
imposing of abiotic stress). The above-ground part was extracted and left
to air-dry until constant weight for estimation of the different yield at-
tributes. The grains were extracted from husk and ground into a fine
powder prior to assay of carbohydrates, proteins and minerals. Harvest
index was calculated as the proportion of grain yield in the total above-
ground yield. Seed index was calculated as the weight (g) of 1000 grains.
Grain density was calculated from grain weight and grain volume. Grain
volume (cm3) was estimated by water displacement.

2.4.1. Estimation of the grain carbohydrate fractions
Total soluble sugars (TSS) and starch were assayed according to

Br�anyikov�a et al. (2011). The powdered grains were boiled twice in 5 mL
of 70% ethanol for 30 min and the combined extracts were used for TSS
determination. For assay of starch, the debris left after extraction of
soluble sugars was incubated in 1.6 M perchloric acid at 70 �C for 2 h and
the released sugars were determined as glucose equivalents. Total soluble
sugars and starch hydrolysate were assayed using the anthrone procedure
adopted by Maness (2010) with reference to a calibration curve of
glucose in the range of 0–100 μg mL�1.

2.4.2. Estimation of grain protein content
The powdered grains were extracted in 4 mL of 1N NaOH and the

slurry was vortexed for 5 min and incubated at -4 �C for 48 h. Protein
content was determined in an aliquot of the clear extract according to
Bradford (1976), with reference to a standard curve of bovine serum
albumin in 0.15 M NaCl in the range of 0–100 μg mL�1.

2.4.3. Determination of grain mineral content
The powdered grains were digested in the sulfuric acid/hydrogen

peroxide mixture adopted by Allen et al. (1986). Potassium, sodium and
calcium were assayed in the clear extract by using a Jenway PFP7 Flame
Photometer. Arsenic was assayed by using a Pye-Unicam SP 90 Atomic
Table 1. Two-way ANOVA showing the effect of the main factors (algal amendment a
101 of O. sativa.

Variable and source of
variation

df F P

Grain yield

Amendment 2 84.73 0.000

Stress 2 383.8 0.000

Amend. � Stress 4 2.161 0.115

Straw yield

Amendment 2 146.8 0.000

Stress 2 4.808 0.021

Amend. � Stress 4 24.65 0.000

Harvest index

Amendment 2 17.66 0.000

Stress 2 132.2 0.000

Amend. � Stress 4 0.465 0.761

Number of spikes/plant

Amendment 2 72.95 0.000

Stress 2 172.5 0.000

Amend. � Stress 4 1.342 0.293

Number of grains/spike

Amendment 2 121.8 0.000

Stress 2 188.2 0.000

Amend. � Stress 4 3.864 0.019

Grain length

Amendment 2 40.64 0.000

Stress 2 114.5 0.000

Amend. � Stress 4 1.189 0.349
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Absorption Spectrophotometer. Total phosphorus was determined ac-
cording to the phosphomolybdate blue method adopted by Allen et al.
(1986). Nitrogen was assayed as NH3 after distillation of the digest as
outlined by Allen et al. (1986).

2.5. Experimental design and statistical analysis

The experiment was factorial with two factors and three replications,
in a completely randomized design. Themain factors were 1) amendment
regime with three levels: NA, AE and AP; 2) abiotic stress with three
levels: control, SS and WS. Statistical analysis was performed using SPSS
version 22. Two-way ANOVA–to evaluate the effect of the main factors
and their interaction on rice yield–was followed by mean separation
according to the Duncan's multiple range test at P � 0.05. Principal
component analysis (PCA) was performed to gather the relationships
among the different yield and biochemical parameters of rice under the
different factor combinations.

3. Results

Most of the yield attributes of rice were significantly (P < 0.05) to
highly significantly (P < 0.001) affected by algal amendment and abiotic
stress, with just a significant or non-significant interaction (Table 1). The
beneficial effect of algal amendment on rice yield was more evident for
algal extract (AE) than algal powder (AP), under stress conditions than
for non-stressed plants and under salt stress (SS) than water stress (WS).
The increase in grain yield attributable to AE and AP amounted to 44%
and 32%, respectively in control plants, 150% and 110%, respectively
under SS and 70% and 50%, respectively under WS. In turn, the adverse
effect of abiotic stress was more evident in the NA plants (67% average
reduction) than in AE- and AP-amended plants (average reduction of
54%). The beneficial effect of algal amendment on straw yield followed
the pattern exhibited by grain yield, but the adverse effect of abiotic
stress was limited and versatile (Figure 1A, B). As a consequence, harvest
index was improved due to algal amendment, particularly in the stressed
nd abiotic stress) and their interaction on yield and grain attributes of cv. Sakha

Variable and source of
variation

df F P

Grain width

Amendment 2 69.40 0.000

Stress 2 147.7 0.000

Amend. � Stress 4 1.855 0.162

Grain width/length ratio

Amendment 2 14.03 0.000

Stress 2 21.77 0.000

Amend. � Stress 4 3.668 0.024

Seed index

Amendment 2 255.7 0.000

Stress 2 233.1 0.000

Amend. � Stress 4 23.98 0.000

Grain density

Amendment 2 256.2 0.000

Stress 2 356.7 0.000

Amend. � Stress 4 6.311 0.002

Grain water content

Amendment 2 31.67 0.000

Stress 2 1.929 0.174

Amend. � Stress 4 3.166 0.039

Straw water content

Amendment 2 10.05 0.001

Stress 2 6.998 0.006

Amend. � Stress 4 3.455 0.029



Figure 1. Yield attributes: grain yield (A), straw yield (B), harvest index (C), number of spikes per plant (D), number of grains per spike (E) and seed index (F) of
O. sativa L. cv. Sakha 101 grown on a silty clay soil amended with aqueous extract and powder of D. dichotoma under the impact of salt stress and water stress at Ψw of
-0.492 MPa for 105 d. Each value is the mean of three replicates �SE. Columns with common letters are non-significantly different at P � 0.05.
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plants but was reduced equally under the impact of SS and WS
(Figure 1C).

Application of AE and AP increased number of spikes per plant by
44% and 31%, respectively in control plants, by 140% and 108%,
respectively under SS and 75% and 52%, respectively under WS. The
reduction in number of spikes per plant due to SS and WS averaged
around 59% in NA plants and 43% in both AE- and AP-amended plants
(Figure 1D). The increase in number of grains per spike due to AE and AP
averaged around 25% in control plants but amounted to 130% and 82%,
respectively under SS and 160% and 78%, respectively under WS. The
reduction in number of grains per spike due to the impact of SS and WS
was most severe in NA plants (57% and 66%, respectively), moderate in
AP-amended plants (35% and 49%, respectively) and least (25% and
32%, respectively) in AE-amended plants (Figure 1E). Both AE and AP
increased seed index by averages of 16% in control plants and 155%
under SS and WS. The reduction in seed index was comparable under the
4

impact of SS andWS, and amounted to 65% in NA plants and 23% in both
AE- and AP-amended plants (Figure 1F).

The effect of treatments on grain size was relatively mild. Algal
amendment, particularly AE, increased grain dimensions to a greater
extent in stressed than control plants and under WS than SS. Application
of AE and AP increased grain width by 17% and 7%, respectively in
control plants, by 29% and 7%, respectively under SS and by 41% and
23%, respectively under WS (Figure 2A). The stress-induced reduction in
grain width was more evident in NA plants (24% and 36% due to WS and
SS, respectively) than in amended plants (23% as an average for SS and
WS, irrespective of type of amendment). Grain length was increased by
an average of 12% for AE and 8% for AP, irrespective of the stress regime
but was reduced by an average of 15% below the control under the
impact of SS and WS, irrespective of the amendment regime (Figure 2B).
The width/length ratio of rice grain was increased in response to algal
amendment, particularly AE, with greater effect under stress conditions



Figure 2. Grain attributes: grain width (A), grain length (B), grain width/length ratio (C), grain density (D), grain water content (E) and straw water content (F) of
O. sativa L. cv. Sakha 101 grown on a silty clay soil amended with aqueous extract and powder of D. dichotoma under the impact of salt stress and water stress at Ψw of
-0.492 MPa for 105 d. Each value is the mean of three replicates �SE. Columns with common letters are non-significantly different at P � 0.05.
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and under WS than SS. By contrast, abiotic stress reduced the grain
width/length ratio, with stronger effect of WS than SS and in NA plants
compared to AE-amended plants (Figure 2C).

Grain density exhibited the same pattern of seed index in response to
treatments, with marked beneficial effect of algal amendment, particu-
larly AE, and adverse effect of abiotic stress, particularly WS. Therefore,
the beneficial effect was most pronounced for AE under SS, whereas the
adverse effect of abiotic stress was most evident in NA plants with
comparable effect of SS and WS (Figure 2D). Grain water content was
reduced in response to algal amendment, particularly the AE in water
stressed-plants but with marginal effect of abiotic stress, except for the
increase due to WS in NA plants. Straw water content was less responsive
to treatments compared with grain water content, with a mild decrease
due to abiotic stress only in NA plants (Figure 2E-F).

The effect of the main factors on the biochemical composition of rice
grain varied from significant to very highly significant but with stronger
5

effect of abiotic stress than algal amendment and a less evident interac-
tion (Table 2). The grain TSS and starch contents were marginally
affected by algal amendment but appreciably increased under the impact
of stress, particularly SS with an average increase in the two components
of 24% above the control for all amendment regimes. By contrast, the
grain protein content was significantly increased by algal amendment,
particularly AE but reduced under stress, particularly WS. Consequently,
the grain protein/starch ratio was increased due to algal amendment,
particularly AE but was comparably reduced under the impact of SS and
WS (Table 3).

The grain contents of Kþ, Ca2þ, N and P were increased in response to
algal amendment but reduced under the impact of abiotic stress, but Naþ

exhibited the opposite pattern. The amendment-induced increase in
grain Kþ content was limited in control plants but was highest in water-
stressed plants, with comparable effect of AE and AP. Only in salt-stressed
plants, the increase due to AE exceeded that of AP. The reduction in grain



Table 2. Two-way ANOVA showing the effect of the main factors (algal amendment and abiotic stress) and their interaction on the chemical composition of grains of cv.
Sakha 101 of O. sativa.

Variable and source of
variation

df F P Variable and source
of variation

df F P

Total soluble sugars (TSS) Calcium (Ca2þ)

Amendment 2 3.062 0.072 Amendment 2 90.09 0.000

Stress 2 105.2 0.000 Stress 2 438.1 0.000

Amend. � Stress 4 0.199 0.936 Amend. � Stress 4 7.741 0.001

Starch K/Na ratio

Amendment 2 33.62 0.000 Amendment 2 14.97 0.000

Stress 2 1135 0.000 Stress 2 107.8 0.000

Amend. � Stress 4 2.210 0.109 Amend. � Stress 4 2.513 0.078

Protein Nitrogen (N)

Amendment 2 63.86 0.000 Amendment 2 52.17 0.000

Stress 2 101.8 0.000 Stress 2 105.1 0.000

Amend. � Stress 4 0.384 0.818 Amend. � Stress 4 1.230 0.333

Starch/protein ratio Phosphorus (P)

Amendment 2 80.34 0.000 Amendment 2 74.78 0.000

Stress 2 369.9 0.000 Stress 2 98.82 0.000

Amend. � Stress 4 1.731 0.187 Amend. � Stress 4 0.580 0.681

Potassium (Kþ) Arsenic (As)

Amendment 2 162.8 0.000 Amendment 2 300.3 0.000

Stress 2 1342 0.000 Stress 2 356.0 0.000

Amend. � Stress 4 25.47 0.000 Amend. � Stress 4 140.0 0.000

Sodium (Naþ) As/P ratio

Amendment 2 6.381 0.008 Amendment 2 350.7 0.000

Stress 2 15.61 0.000 Stress 2 0.000 1.000

Amend. � Stress 4 1.477 0.251 Amend. � Stress 4 44.56 0.000
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Kþ content was more severe under SS than WS and in NA plants than
amended plants. The amendment-induced reduction in grain Naþ content
was marginal in control plants but averaged around 17% under the two
stress conditions. The stress-induced increase in grain Naþ content was
comparable under the impact of SS and WS and amounted to 41% in NA
plants versus 18% in amended plants. As a consequence of the differen-
tial effect of treatments on Kþ and Naþ contents of the grain, the grain K/
Na ratio was profoundly affected in a pattern similar to that of grain Kþ

(Table 4). The increase in grain Ca2þ content due to AE and AP was
comparable in control and salt-stressed plants with averages of 15% and
90%, respectively; but in water-stressed plants the increase due to AE
(31%) exceeded that of AP (8%). The stress-induced reduction in Ca2þ

content was more severe under SS than WS, particularly in NA plants
(Table 4).
Table 3. Concentrations of total soluble sugars, starch, and protein and the protein/
amended with aqueous extract and powder of D. dichotoma under the impact of salt

Algal amendment and
abiotic stress

Soluble sugars
(mg g�1 DW)

Starch
(mg g�

No amendment

Control 142.6 � 0.96a 591.8 �
NaCl 175.4 � 0.98c 727.9 �
PEG 159.7 � 2.17b 662.8 �

Aqueous algal extract

Control 139.6 � 0.41a 579.3 �
NaCl 173.1 � 1.51c 718.4 �
PEG 153.4 � 1.89b 636.7 �

Algal powder

Control 135.9 � 0.76a 563.8 �
NaCl 171.2 � 7.67c 710.4 �
PEG 153.5 � 1.25b 637.1 �

Each value is the mean of three replicates �SE. Means with common letters are non-
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The amendment-induced increases in grain contents of N and P were
comparable for the two algal amendments under the two stress regimes,
with averages of 14% for N and 27% for P. The stress-induced reductions
in grain N and P contents were more severe under WS (23%) than SS
(14%), as averages for all amendment regimes (Table 5). Both algal
amendment and abiotic stress decreased grain As content. The effect of
algal amendment was mild in control plants and appreciable in water-
stressed plants with comparable effect of AE and AP in both cases; but,
a differential effect emerged under the impact of SS in favor of AP. The
effect of SS was marginal on grain As content of both NA- and AE-
amended plants versus 54% reduction in AP-amended plants; but the
reduction due to WS was stronger in amended than NA plants. Conse-
quently, the grain As/P molar ratio was appreciably affected by treat-
ments. The reduction in the As/P ratio was comparable due to AE and AP
starch ratio in the grains of cv. Sakha 101 of O. sativa grown on a silty clay soil
stress and water stress at Ψw of -0.492 MPa for 105 d.

1 DW)
Protein
(mg g�1 DW)

Protein/starch
ratio

5.27c 57.5 � 0.91cd 0.097 � 0.001d

6.47h 50.6 � 0.81ab 0.070 � 0.001a

5.90f 47.7 � 0.75a 0.072 � 0.001a

1.87b 67.7 � 1.43f 0.117 � 0.003e

2.33gh 59.5 � 1.27d 0.083 � 0.002bc

1.81d 55.5 � 1.20c 0.087 � 0.002c

0.50a 63.3 � 0.77e 0.112 � 0.001e

0.63g 55.7 � 0.67c 0.078 � 0.001b

0.57de 51.9 � 0.60b 0.081 � 0.001b

significantly different at P � 0.05.



Table 4. Concentrations of Kþ, Naþ and Ca2þ and the K/Na ratio in the grains of cv. Sakha 101 of O. sativa grown on a silty clay soil amended with aqueous extract and
powder of D. dichotoma under the impact of salt stress and water stress at Ψw of -0.492 MPa for 105 d.

Algal amendment and
abiotic stress

Kþ (mmol g�1 DW) Naþ (mmol g�1 DW) Ca2þ (mmol g�1 DW) K/Na ratio

No amendment

Control 0.545 � 0.004c 0.495 � 0.042cd 0.436 � 0.009b 1.116 � 0.084a

NaCl 0.319 � 0.011h 0.722 � 0.018a 0.150 � 0.008g 0.441 � 0.008d

PEG 0.396 � 0.005f 0.676 � 0.023ab 0.308 � 0.008de 0.586 � 0.013cd

Aqueous algal extract

Control 0.584 � 0.001a 0.497 � 0.016c 0.516 � 0.009a 1.180 � 0.036a

NaCl 0.382 � 0.005f 0.583 � 0.052bc 0.299 � 0.008ef 0.666 � 0.061c

PEG 0.520 � 0.003d 0.569 � 0.050c 0.402 � 0.017c 0.929 � 0.082b

Algal powder

Control 0.583 � 0.004ab 0.481 � 0.000d 0.489 � 0.009a 1.213 � 0.008a

NaCl 0.341 � 0.005g 0.600 � 0.014b 0.274 � 0.008f 0.568 � 0.020cd

PEG 0.502 � 0.003e 0.556 � 0.039c 0.333 � 0.008d 0.913 � 0.064b

Each value is the mean of three replicates �SE. Means with common letters are non-significantly different at P � 0.05.
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and averaged around 26% in control plants and 51% in water-stressed
plants; but in salt-stressed plants, AE led to 22.5% reduction versus
64% reduction due to AP. The effect of abiotic stress on the grain As/P
ratio was less evident than that of algal amendment and was versatile
depending on type of stress and amendment regime (Table 5).

4. Discussion

The impact of abiotic stress on performance of rice has been inten-
sively studied in the vegetative stage, but little information is available
concerning yield attributes and the physiological changes in rice grain.
Elucidation of the stress-induced changes in rice grain composition
would help to assess the grain nutritional quality in a changing envi-
ronment. The effect of treatments (algal amendment and abiotic stress)
on rice yield resembled their effect on vegetative growth reported by
El-Katony et al. (2020) for the same rice cultivar. Whereas grain yield of
rice was adversely affected by abiotic stress, particularly in NA plants, it
was markedly benefited from algal amendment, particularly under stress
conditions. The beneficial effect of algal amendment was more evident
for AE than AP and under the impact of SS than WS. The lesser
improvement in straw yield relative to grain yield due to algal amend-
ment led to marked improvement of the harvest index.

Several safe and efficient organic amendments, such as plant growth
promoters (Quiroga et al., 2020), organic manures (Srivastava et al.,
2019) and seaweed extracts (El-Katony et al., 2020) have been proven to
enhance plant performance and to mitigate the severity of abiotic stress.
Table 5. Concentrations of N, P and As and the As/P ratio in the grains of cv. Sakha 10
of D. dichotoma under the impact of salt stress and water stress at Ψw of -0.492 MPa

Algal amendment and
abiotic stress

N (mmol g�1 DW) P (μmol g

No amendment

Control 0.647 � 0.009cd 34.7 � 0.

NaCl 0.569 � 0.008f 29.1 � 0.

PEG 0.527 � 0.004g 25.7 � 0.

Aqueous algal extract

Control 0.766 � 0.016a 43.7 � 0.

NaCl 0.673 � 0.014c 36.7 � 0.

PEG 0.598 � 0.021ef 32.3 � 0.

Algal powder

Control 0.715 � 0.009b 44.5 � 1.

NaCl 0.629 � 0.008de 37.4 � 1.

PEG 0.585 � 0.007f 32.9 � 1.

Each value is the mean of three replicates �SE. Means with common letters are non-
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Furthermore, organic amendments have the advantage of improving soil
structure and capacity to hold water and nutrients beside enhancement of
the beneficial soil microflora and fauna. In addition to affecting the
magnitude of rice yield, the hazardous effect of abiotic stress as well as
the beneficial effect of algal amendment included also grain character-
istics. The enhanced yield afforded by algal amendment was accompa-
nied with the production of broader, drier and heavier grains; meanwhile
the stress-induced hindered productivity was associated with the pro-
duction of narrower, lighter and less dry grains. Production of drier
grains can be appreciated as a valuable economic and technical advan-
tage for it allows good storage conditions and avoidance of invasion from
pests and pathogens. Spoilage of cereal grains with high moisture content
at harvest can result from invasion from insects and fungi with the pro-
duction of mycotoxins (Terzi et al., 2014).

The differential effect of treatments on dimensions and weight of rice
grains resulted in altered grain density. The length andwidth of rice grain
are important attributes that are relevant to the class, chemical compo-
sition and cooking properties of the grain. Although the experimental rice
cultivar (Sakha 101) is a medium grain one, with a length/width ratio of
about two (Bassuony and Zsembeli, 2019), and although the grain shape
is an inherited trait, the present work claims that this trait can be
appreciably modified environmentally, with the production of broader
grains in response to algal amendment versus narrower grains under the
impact of abiotic stress. Usually, an intimate correlation exists between
grain size of cereals and quality criteria such as flour yield of baking
wheat or malting suitability of brewing barley (Wiesler, 2012). The
1 of O. sativa grown on a silty clay soil amended with aqueous extract and powder
for 105 d.
�1 DW) As (nmol g�1 DW) As/P ratio � 10�5

473bc 1.019 � 0.009a 2.9 � 0.07b

397d 0.992 � 0.029a 3.4 � 0.15a

350e 0.872 � 0.016c 3.4 � 0.07a

777a 0.930 � 0.012b 2.1 � 0.07d

650b 0.975 � 0.013ab 2.6 � 0.03c

573c 0.548 � 0.013d 1.7 � 0.06e

637a 0.988 � 0.013a 2.2 � 0.06d

373b 0.458 � 0.009e 1.2 � 0.03f

210c 0.538 � 0.009d 1.6 � 0.06e

significantly different at P � 0.05.



Figure 3. Principle component analysis (PCA) of the yield and biochemical
variables of rice at the different treatment combinations.
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improvement of grain vigor with the aid of algal amendment, paralleled
with the increase in protein content along with the marginal lowering in
TSS and starch contents, resulted in increased protein/starch ratio of the
grain. A positive correlation of vigor of rice grain with protein and
mineral nutrient content versus a negative correlation with soluble
sugars and starch contents is evident from Figure 3. The broader grains of
algal amend-plants are expected to simulate the short grain rice with low
content of amylose and sticky texture upon cooking. However, such
prediction needs experimental verification.

The response of mineral content of rice grain to treatments simulated
those of the vegetative stage reported by El-Katony et al. (2020) but to a
limited extent. The beneficial effect of algal amendment included
increased grain contents of Kþ, Ca2þ, N and P versus reduced content of
Naþ, with the reverse being assigned to abiotic stress. The beneficial role
of algal amendment in increasing grain Ca2þ content, even to a greater
extent than that of Kþ, can be appreciated in light of the fact that the
overall Ca2þ content of cereals is low and is subjected to further
lowering under the impact of salinity (Luo et al., 2014; Razzaq et al.,
2020). The limited changes in grain mineral composition compared with
those in plant foliage can be resolved in light of the fact that fruits and
grains, in contrast to plant foliage, receive their organic and mineral
supplies mainly via the phloem. This allows major modification of the
ascending sap which aids in protection of the reproductive structures
from the adverse consequences of abiotic stress on their mineral
composition.

Although algal amendment and abiotic stress exerted contrasting ef-
fects on yield and grain composition of rice, the two regimes coincided in
reducing As content and the As/P ratio of the grain, which represents a
beneficial aspect of abiotic stress regarding safety measures of the grain.
However, while the effect of algal amendment in reducing As/P ratio was
consistent at all stress regimes the effect of abiotic stress was versatile,
being evident only in amended plants. The As–P competition during
uptake renders the As/P ratio of the grain an important safety criterion.
Arsenic is efficiently accumulated in cereals which renders cereal staples,
particularly rice, the primary source of As ingestion (Deng et al., 2019).
Pollution with As can arise from irrigation of paddies with high As waters
and the use of arsenical pesticides (Kumarathilaka et al., 2018). Fortu-
nately, the As levels in the experimental rice samples (0.061 mg/kg in the
average) are by far below those reported by Huang et al. (2013) and the
maximum allowable limit of 0.70 mg/kg. These overall low As levels
might be a consequence of the hygienic experimental conditions
employed in the present work with lack of the regular agricultural re-
gimes of rice production including application of As-containing pesti-
cides and fertilizers.
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The beneficial effect of algal amendment–and also their stress-
relieving effect–on rice yield can be attributed to the high content of
the alga (D. dichotoma) of macro- and micro-nutrients, growth stimula-
tors (cytokinins, auxins, and gibberellins), bioactive ingredients (flavo-
noids and phenolics) and the unique algal product fucoidan (Ward et al.,
2017). The improving role of macro- and micro-nutrients can be ruled
out since all rice plants received an adequate supply of nutrients during
the time course of the experiment, leaving an appreciable role for the
unique algal components. But, the limited beneficial effect of AP
compared with AE can be probably attributed to fermentation of the
organic fraction of algal biomass such as sugars, alginates, proteins and
lipids in the anaerobic environment of paddy rice with the release of toxic
intermediates such as volatile fatty acids and phenolics (Pang et al.,
2007). These toxic intermediates, rather than O2 deficiency, might be the
growth limiting factor for cotton amended with wheat straw under
anaerobic microhabitats (Narwal, 2012). Furthermore, for seaweeds in
particular, the production of sulfides as a consequence of anaerobic
decomposition of the sulfated sugar "alginate" must be taken into account
(Nabti et al., 2017).

The relatively severe impact of WS compared with SS on rice yield,
demonstrated in the present work, as well as on the vegetative growth of
rice reported by El-Katony et al. (2020) can be explained in light of the
fact that salt ions might serve as cheap osmotica to counterbalance the
osmotic factor of SS. This hypothesis is, however, not reasonable because
of the significant negative correlation between yield attributes of rice and
grain Naþ content (Figure 3). Alternatively, it seems that inducingWS via
the artifact "PEG 600000 might return a different response than that ex-
pected from physical drought induced by water shortage. Although the
high molecular weight PEG 6000 is proposed not to cross cellular
membranes, yet the more aggressive impact of PEG-induced WS
compared with that of NaCl-induced SS on rice yield suggests a specific
toxic effect of PEG. There exists the possibility of membrane permeation
of the PEG polymer or some of its contaminants such as monomer mol-
ecules and the chemicals used in manufacture of the polymer. In addi-
tion, the low oxygen availability and the restricted water uptake from the
viscous PEG solutions cannot be ruled out (Slama et al., 2007). However,
the hazard of oxygen shortage is not likely since paddy rice is
well-adapted to anaerobic conditions.

5. Conclusions

The lower beneficial effect of D. dichotoma powder relative to algal
extract on rice yield can be attributed to fermentation of the algal organic
material in the paddy rice habitat with the release of toxic intermediates.
Likewise, the stronger impact of WS (PEG 6000) compared with NaCl
salinity can be due to either the specific effects of toxic chemicals in PEG
preparations or the restricted water absorption from the viscous PEG
solutions. A beneficial aspect of abiotic stress, particularly WS, is the
reduced grain As content. The improved yield of algal amended-rice was
accompanied with the production of broader, drier and heavier grains as
well as high protein and mineral content versus low contents of Naþ, As,
soluble sugars and starch. Production of drier grains is a technical
advantage for it points to early maturation of grains which allows good
storage conditions and avoidance of invasion from pests and pathogens.
Although rice grain vigor is an inherited trait it can be appreciably
modified environmentally. The limited alteration in rice grain ionome
relative to that of the foliage agrees with the fact that grains receive their
mineral supply primarily via the phloem.
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