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Abstract: The sensitivity of rice plants to salinity is a major challenge for rice growth and productivity
in the salt-affected lands. Priming rice seeds in biostimulants with stress-alleviating potential is an
effective strategy to improve salinity tolerance in rice. However, the mechanisms of action of these
compounds are not fully understood. Herein, the impact of priming rice seeds (cv. Giza 179) with
100 mg/L of humic acid on growth and its underlaying physiological processes under increased
magnitudes of salinity (EC = 0.55, 3.40, 6.77, 8.00 mS/cm) during the critical reproductive stage
was investigated. Our results indicated that salinity significantly reduced Giza 179 growth indices,
which were associated with the accumulation of toxic levels of Na* in shoots and roots, a reduction
in the K* and K*/Na* ratio in shoots and roots, induced buildup of malondialdehyde, electrolyte
leakage, and an accumulation of total soluble sugars, sucrose, proline, and enzymic and non-enzymic
antioxidants. Humic acid application significantly increased growth of the Giza 179 plants under
non-saline conditions. It also substantially enhanced growth of the salinity-stressed Giza 179 plants
even at 8.00 mS/cm. Such humic acid ameliorating effects were associated with maintaining ionic
homeostasis, appropriate osmolytes content, and an efficient antioxidant defense system. Our results
highlight the potential role of humic acid in enhancing salt tolerance in Giza 179.
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1. Introduction

Rice (Oryza sativa L.) is an essential stable crop worldwide. It grows in many parts of
the world, and it is used as a principal food for more than 50% of the people of the world [1].
Rice provides 50-80% of daily calories with a high nutritional value of carbohydrates, fats,
proteins, vitamins, and minerals. It also contains many bioactive phytochemicals with
anticancer, antioxidant, anti-inflammation, and antidiabetic activities [2,3].

Rice is categorized as a salinity susceptible cereal and loses 12% of its yield for every
1 mS/cm rise in electrical conductivity above its salt sensitivity threshold (3 mS/cm) [4].
Therefore, salinity stress is a major constraint for rice production worldwide. Unfortunately,
about half of the world’s irrigated lands are projected to suffer from salinity stress by
2050 [5]. Salinity-stressed plants suffer osmotic stress during the early stages of salt
stress and experience ionic stress under long-term stress [6]. Osmotic stress induces
physiological dysfunctions that result in the reduction in the efficiency of various critical
processes including water uptake, cell expansion, cell division, leaf area, photosynthesis,
and overall plant growth [7-9]. Ionic stress disrupts cellular functions and ionic homeostasis
and elicits production of reactive oxygen species (ROS) that can harm proteins and cell
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membranes [10]. Na® is the most frequent harmful ion, causing direct cellular damage
to plants and antagonistically inhibits K* uptake [11]. Excess levels of Na* also interfere
with a variety of biological processes such as photosynthesis, enzyme activity, and protein
synthesis. Therefore, maintaining a lower cytosolic Na* and a perfect K*/Na™ ratio is
essential for sustaining rice development under salinity stress [12].

Seed priming is one of the important techniques that improve the plant resistance
against future exposure to abiotic stresses like salinity [13]. For instance, humic acid can be
utilized to enhance plant growth, mineral nutrient uptake, and salinity stress tolerance [14].
Priming plant seeds with humic acid positively modulates the hormonal-signaling path-
ways and several functional/regulatory stress-responsive genes [15]. Humic acid enhances
plant growth and physiology through increasing the intensity of photosynthesis, hormonal
activity, cell membrane permeability, and nutrient uptake under abiotic stresses [16,17].
It also activates the antioxidant defense system and, thus, reduces the levels of ROS and
regulates the expression of genes encoding aquaporins in the tonoplast [18].

Rice breeders have identified Giza 179 as a high-yielding cultivar under the Egyptian
non-saline agricultural growth conditions; it also shows a considerable level of tolerance
against salinity in salt-affected lands [19]. To our knowledge, the possible improvement
of Giza 179 growth and physiological responses during the critical reproductive stage
under non-saline and saline conditions by humic acid priming has not been investigated.
Therefore, the aim of the current study was to assess the impact of humic acid on the
growth and its underlaying physiological processes, if any, in Giza 179 plants at the
reproductive stage under non-saline and saline conditions. Our hypothesis is that, as
a biostimulant and stress alleviator, humic acid can improve Giza 179 growth under
non-saline conditions and mitigate the salinity-induced responses under saline water
irrigation by maintaining an efficient interplay among ionic homeostasis, active osmolyte
production, and the antioxidant defence system. Therefore, the specific objectives of the
current investigation are (1) To evaluate the possible enhancing effects of humic acid, if any,
on the growth of Giza 179 under non-saline, as well as under increased levels of salinity in
saline water irrigation; and (2) Identify the possible physiological mechanisms underlaying
humic acid-induced effects on Giza 179 growth. This was carried out by priming Giza
179 seeds in 100 mg humic acid /1 before planting. In addition, salinity stress was initiated
by irrigation with increased levels of seawater (tap water, 5%, 10%, and 12.5%, which
correspond to EC values of 0.55, 3.40, 6.77, and 8.00 mS/cm). At the reproductive stage,
growth performance, mineral homeostasis, osmo-protection, oxidative stress markers, and
antioxidant properties in rice plants under saline and non-saline conditions were monitored.

2. Results
2.1. Effect of Humic Acid Priming on Plant Growth under Non-Saline and Saline Conditions

Salt-stressed Giza 179 plants showed apparent growth retardation in response to
increasing levels of salinity stress (5%, 10%, and 12.5% seawater). Compared to the control
plants, the severe salt stress (12.5% seawater) showed a maximum reduction of 26.8%,
73.4%, 75.0%, and 21.5% in plant height, fresh weight, dry mass, and leaf area, respectively
(Table 1). Compared to rice plants that were not treated with humic acid, humic acid-treated
rice plants had better growth in both non-saline and saline conditions (Table 1). Under
non-saline conditions, humic acid-treated Giza 179 rice plants showed 8.6%, 19.8%, 28.9%,
and 25.2% higher plant height, fresh weight, dry mass, and leaf area, respectively, than
untreated rice plants. Humic acid alleviated the salinity-induced retardation in all growth
parameters at all tested salinity levels. For instance, at 5%, 10%, and 12.5%, the percentage
of growth enhancement in humic acid-treated plants was 9.0%, 9.0%, and 5.8% in plant
height and 25%, 30.1%, and 72.6% in plant fresh weight seawater, respectively, compared to
humic acid non-treated rice plants. The corresponding percentages of increase were 24.9%,
43.3%, and 67.7% in plant dry weight and 11.7%, 7.8%, and 5.2%, in leaf area, respectively
(Table 1).



Plants 2023, 12, 1834

3 0f20

Table 1. Effect of seed priming with humic acid (100 mg/L) on growth parameters of Giza 179 plants
grown under increased levels of seawater.

Plant

Plant

Plant

Parameters Length Fresh Weight Dry Weight Leaf Azrea
(cm?)
(cm) (g (g)
Amendment
Control 948 +219b 10.3 £0.890 b 3.44+0317b 30.9 & 0.660 b
Humic acid 103 £2.53 a 132+ 0.948 a 4.62 +0.373a 35.0+1.161a
p'Value *%% *3%% *%% %%
Salinity
0% 115+ 1.38a 174+ 0.675a 6.27 £0.280 a 39.6 £1.362a
5% 105+ 1.30b 14.3 £ 0.668 b 479 £0.251b 33.7£0.702b
10% 920+1.20c 9.58 +0.632 ¢ 3.24+0281c 30.24+0.552 ¢
12.5% 832 +0.72d 573 £0.577d 1.84 +0.182d 28.3 +£0.614d
p'Value *%4% *3%% *%% %%
Amend. x salinity
Control 110 £0.58 b 158+ 0.715b 5.48 £+ 0.266 b 351+£0917b
C+5% 100 £0.38d 12.7 £ 0.461 ¢ 426 +£0.180 c 31.9£0412c¢
C+10% 88.1 +£0.53 f 8.33 £0.705d 2.66 +0.248 d 29.1 +£0.858 d
C+125% 80.8 £0.23h 420+0410e 1.37+0.121e 27.6 £0.755d
Humic 120 £ 0.69 a 189+ 0.802 a 7.06 £0.246 a 440+ 0815a
H+5% 109 +0.59 ¢ 159 £0.940b 5324+ 0.381b 35.6 + 0.897 b
H +10% 96.0£0.89e 10.8 +0.844 ¢ 3.81+£0311c 314 £0.398 c
H +12.5% 855+059¢g 7.25+£0.683 d 2.30 £0.219d 29.0 £0.946d
p-value > ns ns ok

Values are the means =+ SE of seven replicates. Different letters in each column indicate significant differences at
p <0.05. ** and *** indicate significant differences at p <0.01 and p < 0.001, respectively. Ns indicates non-significant
difference.

2.2. Effect of Humic Acid Priming on K* and Na* Concentration

Salinity stress significantly increased the content of Na* in shoots and roots (Table 2).
Compared to the control plants, the salinity-induced increases in shoots” Na* content
approached 27.8%, 51.4%, and 72.2% at 5%, 10%, and 12.5% seawater, respectively, whereas
the corresponding percentages of increase in roots’ Na* content were 17.7%, 32.9%, and
46.8%, respectively. In contrast to Na* responses, salinity stress decreased K* content
and the K*/Na™ ratio in shoots and roots. Compared to the control plants, the maximum
salinity-induced reductions in K* content and the K*/Na* ratio in shoots were 12.1% and
49.0%, whereas the corresponding records in roots were 36.8% and 56.7% at 12.5% seawater,
respectively.

Interestingly, in salinity-stressed plants, seed priming with humic acid significantly
decreased shoots” Na* content while significantly increasing roots” Na* content in com-
parison with those in shoots and roots of humic acid non-treated stressed plants (Table 2).
In addition, seed priming with humic acid significantly decreased shoots” K* content but
increased roots” K* content. Further, humic acid application increased shoots” and roots’
K*/Na* ratio under non-saline and saline conditions. In salinity-non-stressed plants, the
humic acid-induced increase in the K*/Na* ratio was 20.3% in shoots and 0.5% in roots
compared to the control plants. In salinity-stressed plants, the humic acid-induced increase
in shoots’ K* /Na* ratio was 10.3%, 5.4%, and 2.3% at 5%, 10%, and 12.5% seawater, respec-
tively. The corresponding roots’ K* /Na™ ratio was 7.6%, 17.1%, and 31.7%, respectively,
compared to humic acid non-treated stressed plant.



Plants 2023, 12, 1834

4 0f 20

Table 2. Effect of seed priming with humic acid (100 mg/L) on ionic contents of shoots and roots of

Giza 179 plants grown under increased levels of seawater.

Shoot Root
Parameters
Na* K* K*/Na* Ratio Na* K* K*/Na* Ratio
Amendment
Control 0.543 +0.032 a 0.532 + 0.009 a 1.034 + 0.083 b 0.537 £0.024 b 0.202 £0.011b 0.394 £ 0.038b
Humic acid 0.468 £ 0.033b 0.496 £ 0.009 b 1151+ 0.119 a 0.594 £0.025a 0.251 £ 0.006 a 0.436 £0.029 a
p'Value X% b 3% b %% %%
Salinity
0% 0347 £0.024d 0553 +£0014a  1.624+0.094a  0454+0012d  0263+0.006a  0.581 =+ 0.006a
5% 0476 £0.012c  0518+0.003b  1.092+0.025b  0539+£0.020c  0237+0012b 0439 +0.009b
10% 0566 +0.016b  0.505+0.007b 0894 +0015¢ 0607 +0.017b  0213+£0013c 0350 £ 0.015¢
12.5% 0633+0.021a 0481 +00l14c 0760 £0.006d  0.663+0017a  0193+0017d 0291 +0.022d
p_value L L 334 s s e
Amend. X salinity
Control 0.393 £ 0.009 e 0.579 £0.005 a 1.47 +0.048 b 0.431 £ 0.006 e 0.250 £0.002bc  0.579 £ 0.002 a
C+5% 0.502 + 0.003 ¢ 0.522 £0.002 b 1.04 £ 0.011 cd 0.508 £ 0.031d 0.215 £ 0.012d 0.423 £ 0.001 b
C+10% 0.595 £ 0.018 b 0.518 £ 0.005b 0.870 £ 0.019 e 0.574 £+ 0.018 ¢ 0.184 + 0.005 e 0.322 £0.019d
C+12.5% 0.677 £0.009a  0.509 £ 0.010 bc 0.751 £ 0.004 e 0.634 £0.022b 0.158 £ 0.010 f 0.250 £ 0.024 e
Humic 0.300 £ 0.025 £ 0.526 £0.015b 1.77 £0.139 a 0.475 £ 0.012 de 0.276 + 0.002 a 0.582 £ 0.013 a
H+ 5% 0.448 £0.003d  0.513 £ 0.002 bc 1.15£0.013 ¢ 0.568 + 0.003 ¢ 0.259 £ 0.007 ab  0.455 + 0.010 b
H +10% 0.535 + 0.003 ¢ 0.491 + 0.005 ¢ 0.917 £ 0.014 de 0.639 £ 0.006 b 0.241 + 0.002 be 0.377 £ 0.007 ¢
H+12.5% 0.588 £ 0.009 b 0.452 + 0.007 d 0.768 + 0.010 e 0.691 £0.011a 0228 £0.005cd 0330 £0.011d
p-value ns * ns ns * ns
Values are the means = SE of three replicates. K* and Na* ions are expressed as mmol g~! DW. Different letters
in each column indicate significant differences at p < 0.05. *, **, and *** indicate significant differences at p < 0.05,
p <0.01, and p < 0.001, respectively. Ns indicates non-significant difference.
2.3. Effect of Humic Acid Priming on Salinity-Induced Oxidative Damages
In rice shoots, increased levels of salinity increased malondialdehyde (MDA) content
and electrolyte leakage (EL) relative to the control treatments (Table 3). Under non-saline
conditions, seed priming with humic acid had no obvious effect on MDA content, while it
significantly decreased EL. Under saline conditions, MDA content and EL were significantly
decreased in humic acid-treated plants, compared to humic acid non-treated plants. The
humic acid-induced reduction in MDA level approached 9.1%, 8.7%, and 9.7% at 5%, 10%,
and 12.5% seawater, whereas the corresponding levels of such reduction in EL were 20.2%,
20.6%, and 14.9%, respectively, relative to their levels in shoots of humic acid non-treated
Giza 179 plants (Figure 1A,B).
Table 3. Two-way ANOVA showing the effect of seed priming with humic acid (100 mg/L) on
oxidative stress parameters, osmolytes content, and antioxidant activities of Giza 179 plants grown
under increased levels of seawater.
Parameters MDA EL% TSS Sucrose TC Soluble Proteins  Proline  Flavonoids  Phenols CAT POX
Amendment
Control 29.7 £ 59.1 £ 30.7 + 8.02 £ 254 + 8.29 40.487 b 0.679 + 0.350 + 1.08 + 242 £+ 11.0 +
0943a 3.883a 1.06la 0.297 a 5.783 b ) ’ 0.053 a 0.010 a 0.028 a 1.817b  0.368Db
Humic 271+ 476+ 292+ 726+ 303 + 103 + 0570 a 0.588 + 0.332 + 103+ 305+ 131+
acid 0.808b 3.756b  0.580 b 0.246 b 5.580 a ’ ’ 0.020 b 0.010 b 0.034 b 1.252a 0.558a
p'Value F%kF i kK k% et et et *%% i et i
Salinity
0% 248+ 355+ 267+ @ 641+ 250 + 6.90 & 0.539 d 0.515 + 0.301 + 0908+ 212+ 102+
° 0480d 2576d 0.307d 0.192d 11.671c : ’ 0.005d 0.003 d 0.023 d 2175¢  0.346¢
59, 2724+ 509+ 290+ @ 748+ 279 + 8.58 4 0.231 0.543 + 0.320 + 105+ 271+ 133+
° 0.753¢  2751c 0.201c 0.200 ¢ 11.981 b ’ : 0.005 ¢ 0.004 ¢ 0.009 ¢ 0.993b  0.969 a
10% 29.6 £ 56.8 £ 30.0 £ 7.86 + 301 + 105 + 0.557 b 0.653 + 0.358 + 1.08 264 + 11.2 +
° 0965b 3.186b 0.443Db 0.148 b 10.350 a ’ ’ 0.026 b 0.007 b 0.007 b 1.974b  0.288Db
12.5% 320+ 70.1 + 341+ 8.82 £ 283 + 113 + 0.587 a 0.823 + 0.386 + 1.19 + 348 £ 13.5 +
27 0770a 2720a 0.866a  0275a  11.365b : : 0.058 a 0.005 a 0.012a  0975a 0.327a
p'Value %% % %A *%% bz el % *%% sl bz %%
Amend. x
salinity ns ns e ns ns xxx xxx ns * ** ok
(p-value)

Values are the means + SE of three replicates. Different letters in each column indicate significant differences at
p <0.05. %, **, and *** indicate significant difference at p < 0.05, p < 0.01, and p < 0.001, respectively. Ns indicates
non-significant difference.
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Figure 1. Effect of seed priming with humic acid (100 mg/L) on oxidative stress parameters (A) MDA
content and (B) EL percentage of Giza 179 plants grown under increased levels of seawater. Values
are the means =+ SE of three replicates. Different bar letters indicate significant differences at p < 0.05.

2.4. Effect of Humic Acid Priming on Osmolytes Content

In general, salinity stress increased TSS, sucrose, TC, soluble proteins, and proline
contents in Giza 179 shoots in comparison with the control plants (Figure 2 and Table 3).
The extent of salinity-induced accumulation in these osmolytes generally increased as the
salinity level increased. The highest salinity level (12.5% seawater) resulted in a maximum
increase in TSS (36.8%, Figure 2A), sucrose (39.9%, Figure 2B), total soluble proteins (73.6%,
Figure 2D), and proline (88.3%, Figure 2E)) contents compared to the control plants. In
salinity-stressed plants, priming with humic acid generally decreased TSS, sucrose, and
proline contents in comparison with those of humic acid non-treated stressed plants. In
contrast, humic acid priming induced an accumulation of TC (Figure 2C) and total soluble
proteins in the control and salinity-stressed plants (Table 3). Compared to humic acid
non-treated Giza 179 plants, the humic acid-induced accumulation of TC approached
22.7%, 21.2%, 16.6%, and 18.9% at 0%, 5%, 10%, and 12.5% seawater, respectively, whereas
the corresponding values in total soluble proteins were 40.7%, 9.2%, 26.7%, and 26.2%,
respectively.

2.5. Effect of Humic Acid Priming on Antioxidant System

The interactive effects of salinity stress and priming with humic acid on the flavonoids
and total phenols in the leaves of Giza 179 plants are shown in (Figure 3A,B). Compared
to the control plants, increasing salinity levels caused a significant increase in flavonoids
and total phenols with a maximum increase at 12.5% seawater. Seed priming with humic
acid significantly decreased the contents of flavonoids and total phenols in leaves of Giza
179 plants under non-saline and saline conditions (Table 3). In salinity-non stressed plants,
humic acid priming induced a decrease of 4.5% in flavonoids and 9.7% in total phenols. In
salinity-stressed plants, the humic acid-induced decreases in flavonoids and total phenols
were 4.5% and 3.2% at 5%, 7.5%, and 1% at 10% and 4.2%, and 4% at 12.5% seawater,
respectively, in comparison with those in humic acid non-treated stressed plants.
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Figure 2. Effect of seed priming with humic acid (100 mg/L) on osmolyte content (A) total soluble
sugars, (B) sucrose, (C) total carbohydrates, (D) soluble proteins, and (E) proline content of Giza

179 plants grown under increased levels of seawater. Values are the means =+ SE of three replicates.
Different bar letters indicate significant differences at p < 0.05.



Plants 2023, 12, 1834

7 of 20

Total flavonoids (mg QUE g1 DW)

CAT (MM H,0, min"1 g1 FW)

40
35
30
25
20
15
10

® oSl dlo ol & Lo o o
PR Q" 9 & 0 O .9
& <& & c(';\' RS Q\"N N

Q.
Treatments

Regarding antioxidant enzyme activities, the increased salinity stress levels triggered
a significant increase in the activities of both CAT and POX (Table 3). Salinity-induced
increases in CAT activities were 52.7%, 32.4%, and 98.9% at 5%, 10%, and 12.5% seawater,
whereas in POX, such increases were 16.8%, 11.7%, and 34.2%, respectively (Figure 3C,D). In
salinity-non stressed plants, seed priming with humic acid increased the activities of CAT by
56.2% and POX by 14.3%. In salinity-stressed plants, humic acid priming induced increases
in CAT activities by 13.7%, 40.2%, and 11.3% at 5%, 10%, and 12.5% seawater, whereas the
corresponding increases in POX activity were 38.7%, 10.2%, and 11.1%, respectively, in
comparison with humic acid non-treated stressed Giza 179 plants.

(B)

14

Total phenols (mg GAE g1 DW)

POX (Umin-1g1FW)

- N I T U N N

g & g s P © S° o & & S S

N AR R SR A X & 0 XY
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Figure 3. Effect of seed priming with humic acid (100 mg/L) on antioxidant activities, (A) total
flavonoids, (B) total phenols, (C) catalase activity (CAT), and (D) peroxidase activity (POX) of Giza
179 plants grown under increased levels of seawater. Values are the means =+ SE of three replicates.
Different bar letters indicate significant differences at p < 0.05.

2.6. Principal Component Analysis and Pearson Correlations among Treatments

The tested variables, including growth indices (plant height, plant fresh and dry
weight, and leaf area), mineral content in shoots and roots (Na*, K*, and K* /Na* ratio),
oxidative stress markers (EL and MDA), osmolyte content (TSS, sucrose, TC, soluble
proteins, and proline), non-enzymatic antioxidants (total phenols and flavonoids), and
antioxidant enzymes (CAT and POX) were subjected to a principal component analysis
(PCA) (Figure 4).
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Figure 4. Principal component analysis (PCA) of growth, physiological, biochemical, and mineral
traits in the investigated humic acid (100 mg/L) treated and non-treated Giza 179 plants grown under
increased levels of seawater. (A) PCA score plot and (B) PCA biplot of 21 measured traits.

The larger percentage of variance was described by the first principal component (PC1),
which contributed for 75.7% of the variance among the tested parameters. The smaller
percentage of variance (16.7%) was described by the second principal component (PC2).
PC1 showed the variance between non-saline and saline conditions, while PC2 showed
the variance between humic acid-treated and non-treated rice plants under non-saline and
saline conditions. A PCA score plot separated humic acid-treated and non-treated Giza
179 plants growing under saline and non-saline conditions into four main groups. Group
1 included severe salt-stressed Giza 179 plants, treated and non-treated with humic acid
(H + 12.5% and C + 12.5% seawater, respectively). Group 2 included moderate salt-stressed
Giza 179 plants, treated and non-treated with humic acid (H + 10% and C + 10% seawater,
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respectively). Group 3 included low salt-stressed Giza 179 plants treated and non-treated
with humic acid (H + 5% and C + 5% seawater, respectively), and Group 4 included humic
acid-treated and non-treated Giza 179 plants grown under normal conditions (Figure 4A).

Shoots Na*, oxidative stress markers (EL percentage and MDA content), Osmolytes
(TSS, sucrose, and proline contents), and non-enzymic antioxidants (total phenols and
flavonoids) were strongly associated with moderate and high salinity levels (C + 10% and
C + 12.5% seawater), whereas roots Na*, osmolytes (TC and total soluble protein), and
antioxidant enzymes (CAT and POX) were strongly associated with the humic acid-treated
Giza 179 plants under moderate and high salinity (H + 10% and H + 12.5% seawater). On
the other hand, growth parameters (plant height, plant fresh and dry weight, and leaf area),
roots K*, and shoots” and roots” K* /Na* ratio were strongly associated with the humic
acid-treated Giza 179 plants under normal and low salinity levels (Humic and H + 5%
seawater), whereas shoots K* appeared strongly associated with plants not treated with
humic acid under normal and low salinity levels (Control and C + 5% seawater) (Figure 4B).

A heatmap correlation analysis showed a substantial positive relationship between
growth parameters (plant height, plant fresh weight, plant dry weight, and leaf area), and
shoots” and roots” K* and K* /Na* ratio. However, a negative relationship was observed
between growth parameters and the rest of the investigated variables that showed a positive
relationship with each other (Figure 5).
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Figure 5. Heatmap of Pearson correlation analysis of all investigated traits in humic acid (100 mg/L)
treated and non-treated Giza 179 plants grown under increased levels of seawater. Red and blue
colors represent positive and negative correlations, respectively, according to the color scale.

3. Discussion

3.1. Humic Acid Priming Improves Giza 179 Plant Growth under Non-Saline and Saline
Conditions

Salinity is one of the deleterious abiotic environmental stresses that creates ionic,
osmotic, and oxidative stresses that induce significant metabolic alterations, decrease water
and nutrient uptake, and subsequently reduce plant growth and development [20,21]. In
the present study, salinity stress levels displayed profound negative effects on the plant
height, fresh and dry weights, and leaf area of Giza 179 plants in a dose-dependent manner
(Table 1). Our results are consistent with the previous reported reduction in rice growth
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under salinity stress [22,23]. The retardation in growth of the salt-stressed Giza 179 plants
is attributed to (1) The salinity-induced osmotic, ionic, and oxidative stresses [24]; (2) The
reduced chlorophyll content and its associated reduction in the level of photosynthates,
which decreases the activity of meristem cells; and (3) The disturbance in water balance
that reduces cell elongation and cell division [7,25]. These results are consistent with those
from a heatmap correlation analysis, which showed a large negative relationship between
growth parameters and shoots’ and roots’ Na* content and oxidative stress markers (EL
percentage and MDA content) (Figure 5).

Seed priming with humic acid increased Giza 179 growth under non-saline conditions
and alleviated the adverse effects of salinity on its growth (Table 1). These findings give
insights into the beneficial effects of humic acid on Giza 179 plant growth under non-
saline and saline conditions. Similar growth-promoting effects of humic acid have been
reported in other rice cultivars [26,27], soybean seedlings [28], and maize [29]. These
findings are supported by the results of PCA analysis (Figure 4A) that revealed differences
between humic acid-treated and non-treated rice plants growing in non-saline and saline
conditions. The general promotive effects of humic acid on plant growth are due to
its role in the induction of several biochemical changes in membranes and cytoplasmic
components once it enters plant cells, resulting in enhanced plant growth and salinity stress
tolerance [30]. Such humic acid growth-promoting effects are attributed to its auxin-like
effects, as well as its ability to increase cell membrane permeability, root uptake capacity
for water and nutrients, and hormonal activity [31-33]. It is worth mentioning that humic
acid enhanced Giza 179 germination and post-germination growth via the induction of
gibberellins (GA3) and a-amylase activity, particularly at 3 days after priming, which is
the stage at which intensive metabolic conversion is required to support the growth of
the germinating seeds (not shown). Such responses significantly shorten the time interval
between radical / plumule emergence and seedling establishment and, thus, protect Giza 179
seedlings against salinity stress during the critical phase of seedling establishment, which
coincides with the mechanism of action of various seed priming biostimulants in improving
germination and post-germination growth [34]. In fact, humic acid has been suggested as
a chemical eustress that stimulates the growth and development of plants [35,36]. These
findings suggest that seed priming with humic acid induces a significant alteration in the
physiological properties of Giza 179 plants growing in non-saline and saline conditions.

3.2. Humic Acid Priming Alleviates Salinity-Induced Stress via Regulation of the lonic Content

The accumulation of Na* and CI ions in plant tissues is the most damaging result of
salt stress since they disrupt ion homeostasis, cause physiological disorders, and reduce
the uptake of K* that is essential for plant growth and development [37]. Salinity stress
reduces the K* /Na® ratio because of high Na* influx, which induces K* ion efflux [38]. In
the current study, salt stress increased Na* levels in shoots and roots of Giza 179 plants but
decreased K* and the K*/Na* ratio. These responses induce high ion toxicity and eventual
growth retardation (Table 2). Our results are consistent with the reported alteration in ion
homeostasis in rice shoots and roots, in response to salinity, by increasing Na*™ accumulation
while decreasing K* and the K*/Na* ratio in both organs [24,39]. In fact, salinity tolerance
in rice was achieved through decreasing Na™ root-to-shoot distribution and an increase of
Na* accumulation in rice roots by the unloading of Na* from xylem [40,41]. In addition,
salt tolerant rice cultivars diminished Na* accumulation in their leaves by controlling the
expression of OsHKT1;5, which mediates Na™ relocation from xylem to xylem-parenchyma
cells [42]. According to Chakraborty et al. [43], excess Na* in the cytoplasm damages
plant cell membranes and organelles, affects K* nutrition, and reduces plant physiological
systems such as photosynthesis, cytosolic enzymes, and metabolism.

Humic acid priming decreased the level of the shoots” Na*, while it increased the
roots” Nat accumulation (Table 2). This effect was attributed to the role of humic acid in
enhancing the reallocation of Na* to xylem parenchyma cells and reducing the net flow
of Na* into the shoot via controlling the expression of HKT1 that encodes sodium influx
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transporter in plasma membrane of xylem parenchyma cells. Such a response partially
explains the growth promotive effects of humic acid under salt stress [44]. Despite the
roots” Na* level in humic acid-treated plants being higher than those in non-treated plants,
the roots” K* /Na* ratio was maintained and increased in humic acid-treated rice plants
(Table 2). PCA biplot showed that roots” and shoots” K* /Na™* ratios were mostly associated
with humic acid-treated plants under non-saline conditions. Meanwhile, roots” Na* and
shoots” Na* were mostly associated with humic acid-treated and non-treated Giza 179
plants grown under severe salt stress (H + 12.5% and C + 12.5% seawater), respectively
(Figure 4B).

3.3. Humic Acid Priming Alleviates Salinity-Induced Oxidative Damage

The salinity-induced accumulation of Na* inside plant cells induces the production
of ROS, which induces lipid peroxidation and damages cellular membranes leading to
leakage of cellular electrolytes [42,45]. In the present study, Giza 179 plants are exposed to
salinity-increased EL percentages and MDA content in their leaves (Figure 1A,B). MDA is a
by-product of polyunsaturated fatty acid oxidation that is commonly employed as a marker
of lipid peroxidation and cell membrane damage in response to abiotic stimuli [46,47].
These results agree with the reported oxidative stress and its associated lipid peroxidation,
increased membrane permeability, and outflows of the electrolytes in salinity-stressed rice
plants [48,49]. Interestingly, the heatmap correlation analysis showed a substantial positive
association between shoots” Na*, EL percentage, and MDA content (Figure 5).

Seed priming with humic acid decreased the EL percentage and MDA content in salt-
stressed Giza 179 plants (Figure 1A,B), indicating that humic acid successfully alleviated
the salinity-induced oxidative damage. Similar effects of humic acid on lowering EL have
been reported in salinity-stressed bean plants [32] and almond rootstocks [50]. In addition,
humic acid reduced the salt-induced lipid peroxidation and oxidative stress in Urochondra
setulosa [51]. Such effects of humic acid are most likely linked to its ability in decreasing
shoots” Na* content (Table 2) and, thus, it maintains membrane integrity as an important
determinant of plant stress tolerance [23]. The PCA biplot supports this hypothesis and
revealed a positive relationship between shoots” Na*, MDA content, and EL percentage
with severe salt stress (C+12.5% seawater) (Figure 4B).

3.4. Humic Acid Priming Modulates Salinity-Induced Disruption in Osmolyte Content

Osmotic adjustment is a useful strategy for tolerating salt-induced osmotic stress where
the compatible solutes lower the cell osmotic potential and scavenge excess ROS [52,53].
In the current study, salinity stress significantly increased TSS, sucrose, TC, proline, and
soluble proteins (Figure 2A-E). These findings agree with the reported accumulation
of TSS and sucrose in mature leaves of salinity-stressed cv. Khao Dawk Mali 105 rice
seedlings [54]. Likewise, a similar accumulation of proline and soluble proteins has been
reported in salinity-stressed plants [22,24,55]. Under salinity stress, high sugar content
contributes to osmotic adjustment, diminishes Na™ inhibitory effects, removes excess ROS,
and maintains protein and membrane in rice plants [22] and olive seedlings [56]. Likewise,
proline acts as an osmo-protectant, which contributes to osmotic stress tolerance [57,58].
In addition, the role of soluble proteins in maintaining the osmotic adjustment, increasing
membrane stability, and activating antioxidant defense mechanisms in response to salinity
stress has been reported [55]. Yan et al. [41] indicated that salinity stress induced an
increase in rice root soluble proteins, which contributed to decreasing root sap osmotic
potential and led to more water uptake, thus overcoming the toxic effects of salinity stress.
This agreed with [59], which reported the accumulation of hydrophilic proteins from late
embryogenesis-abundant protein superfamilies in plant cells that suffer osmotic stress
where these soluble proteins protect higher plants from osmotic stress damage caused
by salinity. One of the main salt-tolerant mechanisms in plants is the synthesis of stress
proteins that reduce salinity-induced osmotic stress [38].
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Seed priming with humic acid decreased the salinity-elicited increment in TSS, sucrose,
and proline while it increased TC and soluble proteins. The mechanism underlying this
reduction is probably due to the ability of humic acid to maintain active growth under
salinity. This was supported by the higher TC content in humic acid-treated Giza 179 plants
than non-treated plants, reflecting the availability of carbon skeleton and energy resources
for maintaining the active growth under salinity. It has been reported that the accumulation
of soluble sugars in rice can reduce growth under salinity; this was probably due to the
reduced utilization of starch in actively growing tissues [60]. They also indicated that the
rice plants that convert sugar to starch and maintain higher starch accumulation under
salinity possess a larger biomass, higher number of leaves, and maintain photosynthesis
by minimizing the inhibition by sugars. Consistently, [61] revealed that a higher concen-
tration of sugars in cytoplasm could inhibit carbon metabolism and cause sugar injury.
Therefore, partitioning sugars into starch may help to avoid metabolic alteration through
lowering the inhibition effect caused by excess amounts of sugars in cytoplasm.

Priming Giza 179 rice seeds with humic acid decreased the salinity-induced increase
in proline. Similar effects of humic acid have been reported in barley [62], pepper [63], and
maize [29]. The decrease in proline content was explained by [64], which stated that a high
concentration of compatible solutes, such as proline, may have deleterious effects on plant
growth and metabolism. On the other hand, the humic acid-induced protein synthesis in
salinity-stressed Giza 179 plants in the current study agrees with the reported induction of
leaf soluble protein in salinity-stressed almond rootstocks after the application of humic
acid [50]. The role of humic acid in increasing protein biosynthesis comes from its role in
increasing photosynthesis, mineral nutrient uptake, transcriptional activation, and protein
synthesis [31,65]. The correlation analysis by PCA confirmed these explanations as growth
parameters, TC, and the soluble proteins being mostly associated with humic acid-treated
plants whereas TSS, sucrose, and proline were mostly associated with plants that were not
treated with humic acid (Figure 4B).

3.5. Humic Acid Priming Modulates Salinity-Induced Changes in Antioxidant System

Salt stress induces stomatal closure that reduces CO, availability and fixation in the leaf
tissues and decreases the consumption of reducing powers that can trigger ROS generation,
such as hydrogen peroxide, superoxide, singlet oxygen, and hydroxyl radicals. These events
culminate in an oxidative stress [9,66,67]. As a result, salinity-stressed plants activate their
enzymatic and non-enzymatic antioxidant defence mechanisms that work together to
scavenge ROS and, thus, protect themselves from oxidative stress [68]. In the present study,
salinity-stressed Giza 179 significantly increased the activities of the antioxidant enzymes
(CAT & POX), as well as the level of the non-enzymic antioxidants (total phenols and
flavonoids) in their leaves compared to the control plants (Figure 3A-D). The increases in
CAT and POX activities in Giza 179 are in line with the reported ability of rice [69,70] and
maize plants [29] to boost CAT and POX activities in response to salinity to mitigate the
damaging consequences of salt stress. Such higher antioxidant enzyme activities in salinity-
stressed rice plants were correlated with a reduced level of ROS generation [71]. Similarly,
the increase in the phenols and flavonoids antioxidants in Giza 179 are consistent with the
reported increase of these compounds in salinity-stressed Nonabokra, Swarna, OM4900,
and BC15TB rice cultivars [45,72]. In fact, the induction of these compounds has been
suggested as an adaptive mechanism of rice under salt stress [72] due to their efficiency in
scavenging ROS, which is attributed to their high reactivity as electron donors to stabilize
the unpaired electron. Furthermore, [73,74] explained the rise in salinity-induced flavonoids
by suggesting that flavonoid-related key genes may be involved in reducing salt-induced
oxidative damage. Our heatmap correlation analysis showed a strong positive association
among oxidative stress markers (MDA and EL) and non-enzymatic (total phenols and
flavonoids) antioxidants (Figure 5).

Seed priming with humic acid significantly increased the activities of the antioxidant
enzymes (CAT and POX) (Figure 3C,D). However, it decreased the content of non-enzymatic
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antioxidants (total phenols and flavonoids) (Figure 3A,B) in the leaves under non-saline
and saline conditions. The humic acid application to rice root increased both the ROS
production and the activities of antioxidant enzymes, and such increases in ROS were not
associated with a negative effect on plants but rather with the beneficial effect of increasing
root growth [75]. In addition, humic acid enhanced CAT activity and the production of ROS
in maize plants [76]. The increase in ROS to a certain threshold may be a prerequisite cue for
induction of the antioxidant enzymes and mediation of the plant growth [76,77]. The humic
acid-induced activities of CAT and POX in Giza 179 most likely contribute to its improved
growth under salinity stress. Similar humic acid protective effects against salinity stress
via induction of CAT and POX enzyme activities have been reported in wheat [78]. On the
other hand, the humic acid-induced reduction in non-enzymic antioxidants in Giza 179
(Figure 3A,B) has also been reported in leaf total phenolic content in salinity-stressed Vitex
trifolia plant [79]. In addition, the reduction of total phenolics content in shoots and roots
of arsenic-stressed rice plants in response to rice seed priming with K-humate has been
reported [80]. The reduction in the content of such secondary metabolites may be attributed
to the ability of humic acid to maintain active growth as evidenced by humic acid-treated
plants” growth metrics (Table 1), which shunts resources away from the biosynthesis of
secondary metabolites [81]. PCA analysis confirmed these results as growth parameters and
antioxidant enzymes (CAT & POX) were associated with humic acid-treated Giza 179 plants,
whereas non-enzymatic (total phenols and flavonoids) antioxidant was associated with
plants that were not treated with humic acid (Figure 4B).

4. Materials and Methods

The seeds of Egyptian rice cultivar cv. “Giza 179” were obtained from Rice Research
and Training Center, Sakha, Kafr El-Sheik, Egypt. Humic acid as stress alleviator was
purchased from Sigma—Aldrich company (CAT No. 53680, St. Louis, MO, USA) and the
seawater was obtained from Gamasa, Mediterranean Sea, Egypt.

4.1. Experimental Setup, Treatments, and Tissue Collection

Rice seeds were surface sterilized using sodium hypochlorite (3.6%) for 15 min, washed
thrice with sterilized distilled water, and the washed seeds were allocated into two groups.
The first group was soaked in distilled water (control), whereas the second one was soaked
in 100 mg/L humic acid with (pH 7) in the dark at 27 & 2 °C for 72 h. The two seed groups
were sown in 10 pots (five pots each). Each pot was 25 cm in diameter and contained
7 kg soil, and it had 65 uniform size and healthy seeds. Soil chemical characteristics were
determined in 1:2.5 soil extracts and were EC 1.53 mS/cm, pH 8.35, organic matter 2.34%,
C/N ratio 5.44, cations in meq/100 g soil (Na* 2.18, K* 0.20, Ca?* 0.94, Mg?* 0.65) and
anions in meq/100 g soil (HCO3~ 0.58, C1~ 1.87, SO4%>~ 1.57). After 28 days of sowing,
uniform rice plantlets were transplanted (15 plantlet/pot) into 40 larger pots (20 pots for
each group, 30 cm in diameter) containing 10 kg of the same soil with drainage holes at
the bottom to facilitate discharge of the excess seawater after irrigation with seawater and,
thus, minimize salt accumulation in the soil. The transplanted plantlets were maintained
in the greenhouse until complete recovery and establishment. Pots with homogeneous-
recovered plantlets were thinned to 10 plants/pot and used for application of the salinity
stress, which was imposed by application of seawater dilutions of 0%, 5%, 10%, and 12.5%
with EC values of 0.55, 3.40, 6.77, and 8.00 mS/cm, respectively. The stock seawater has
EC of 54.6 mS/cm, pH 10.5, cations in ppm (Na* 7400, K* 340, Ca* 519, Mg?* 1395) and
anions in ppm (HCO3;~ 91, C1~ 1786).

A factorial experiment was arranged in a complete randomized design with two main
factors: (1) Amendment with two levels: control and 100 mg/L humic acid; and (2) Salinity
stress with four levels: 0%, 5%, 10%, and 12.5% seawater. Pots with the established controls
and humic acid-treated Giza 179 plants were allocated into four subsets with a total of eight
treatments as follow: (1) Control (C); irrigated with tap water; (2) C + 5%; irrigated with 5%
seawater dilution; (3) C + 10%; irrigated with 10% seawater dilution; (4) C + 12.5%; irrigated
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with 12.5% seawater dilution; (5) Humic (H); humic acid pre-treated plants irrigated with
tap water, (6) H + 5%; humic acid pre-treated plants irrigated with 5% seawater dilution;
(7) H + 10%; humic acid pre-treated plants irrigated with 10% seawater dilution; and
(8) H + 12.5%; humic acid pre-treated plants irrigated with 12.5% seawater dilution. Both
the control and humic acid-treated plants were irrigated with equal volumes of either tap
water or each of the corresponding seawater dilution every 4 days.

Seventy-five days after transplantation, plants were collected from each treatment,
washed twice with distilled water, blotted dry, and separated into roots and shoots. Tissues
collected from each treatment were separated into two subsets; the first subset was frozen
instantly in liquid N and transferred to —80 °C and used for MDA and enzyme analysis,
whereas the second subset was used for measuring growth parameters (fresh weight, shoot
and root lengths, leaf area) and then dried to a constant weight at 70 °C in an electric oven.
The dried tissues were then crushed into uniform powder using a stainless-steel grinder
and used for elemental and biochemical analyses.

4.2. Plant Growth Parameters

A caliber was used to measure root and shoot lengths, whereas fresh plants and dry
weights were measured using a digital balance. Leaf area was measured according to
Palaniswamy et al. [82] using this equation: leaf area (cm?) = length x width x 0.75.

4.3. Ion Contents

Known weights of the powdered shoot and root samples were digested in a mixture of
5 mL nitric acid and 1 ml of perchloric acid as described previously [83]. Flame photometer
(PFP7, Jenway) was used to measure the content of Na* and K*. Data were expressed as
mmol g~ DW.

4.4. Determination of Osmolytes Content

The content of osmolytes, including TSS, sucrose, TC, soluble proteins, and proline,
were analyzed spectrophotometrically using a Shimadzu spectrophotometer (model UV-
160A). TSS and sucrose were extracted using the method of [84] by incubating 0.1 g dry
tissue in 80% (v/v) ethanol overnight at 25 °C with occasional shaking, and then filtered
after incubation. The filtrate was evaporated until complete dryness then dissolved in a
known volume of distilled water. TSS was analyzed using the method of [84] by mixing
3 mL of freshly prepared anthrone reagent with 0.1 mL of ethanolic extracts in incubating the
mixture for 10 min in a boiling water bath, cooling the tubes, and recording the intensity of
the developed color at 625 nm. Sucrose content was determined by hydrolysis of 0.1 mL of
ethanolic extract with 0.1 mL KOH (5.4 N) in a boiling water bath for 10 min. Subsequently,
3 mL of freshly prepared anthrone reagent were then mixed with the cooled reaction
product, and the mixture was incubated for 5 min in a boiling water bath and cooled to
room temperature. The intensity of the developed color was recorded at 620 nm [85].

TC was determined by anthrone method as described by [86]. Mixtures of 0.1 g of
dry plant tissues and 5 mL of HCI (2.5 N) were kept in a boiling water bath for 3 h, then
neutralized by sodium carbonate Na,COj3 after cooling to room temperature. Afterward,
1 mL of the extract was mixed with 4 mL of freshly prepared anthrone reagent in a boiling
water bath for 8 min and cooled down; the intensity of the developed color was recorded at
630 nm.

Soluble protein extraction was carried out in Tris—-HCI buffer according to the method
adopted by Scarponi and Perucci [87]. Soluble protein was then determined spectrophoto-
metrically by mixing 980 uL of protein reagent (Coomassie Brilliant Blue G250) with 20 pL
of the extract and shaken vigorously. The contents of soluble protein were measured by
monitoring the absorbance at 595 nm and a bovine serum albumin standard curve [88].

Proline was extracted in distilled water and determined following the method of [89].
A mixture of 2 mL of proline extract, 2 mL of acid ninhydrin, and 2 mL of glacial acetic acid
was heated in a boiling water bath for an hour, then cooled in an ice bath. The absorbance
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of the developed color was recorded at 520 nm, and the concentration of proline was
expressed as mg g~ ! DW.

4.5. Determination of Electrolyte Leakage (EL) and Oxidative Damages

Electrolyte leakage was measured using freshly harvested plant leaves according to Shi
et al. [90] using EC meter (HANNA Instrument, HI 8033). Leaves were cut into thin discs,
transferred to test tube containing 30 mL of distilled deionized water, and incubated in the
dark at room temperature for 24 h. The initial electric conductivity (EC1) was then recorded.
After incubation, tubes were heated in a boiling water bath at 95 °C for 20 min and then
cooled to room temperature. The final electrical conductivity (EC2) was determined and
the El% was calculated using the equation: EL = (EC1/EC2) x 100.

Malondialdehyde concentration was measured using thiobarbituric acid (TBA) method [91].
Known weight of the frozen leaf tissue was homogenized in 0.1% trichloroacetic acid (TCA)
at 4 °C and centrifugated at 12,000 rpm for 5 min. One ml of the clear supernatant was
added to 4 mL of 20% TCA containing 0.5% TBA. The mixture was heated for 30 min at
90 °C then cooled and centrifugated again at 10,000 rpm for 5 min. The absorbance (A) was
measured at 532 and 600 nm. MDA content was measured by subtracting the readings at
A600 from those at A532 using an extension coefficient of 155 x 1073 uM~! em~!, MDA
concentration was expressed as mol g~! FW.

4.6. Non-Enzymatic Antioxidant Compounds

Total phenols and flavonoids were extracted by grinding 0.1 g powdered dry leave
tissues in methanol according to Kosem et al. [92]. For total phenolics, 50 uL of the
methanolic leaf extract was mixed with 400 pL of Folin—Ciocalteu reagent and incubated
at 25 °C for 3 min. Subsequently, 800 puL of sodium carbonate (10%) were added, and the
tubes were vortexed and kept in the dark at 25 °C for 2 h. The absorbance was measured at
765 nm using Shimadzu spectrophotometer (model UV-160A). The concentration of the
total phenols content was expressed as mg of gallic acid equivalents (GAE) g~ DW [93].

The total flavonoid content was determined using the spectrophotometric method [94].
Aliquots (1 mL) of the methanolic extracts were added to 4 mL of dist. H,O and 0.3 mL
of NaNO, solution (5%). After 5 min, 0.3 mL of 10% AICIl; was added, and the tubes
were incubated at 25 °C for 6 min. Afterward, 2 mL of 1 N NaOH were added, followed
by addition of 2.4 mL of distilled water. The reaction mixture was mixed well, and the
absorbance of the formed color was recorded at 510 nm using Shimadzu spectrophotometer
(model UV-160A). Total flavonoid content was expressed as mg quercetin equivalent
g~ DW.

4.7. Antioxidant Enzymes Activities

Frozen fresh leaf samples were homogenized in 7 mL of cold 0.02 M phosphate
buffer (pH 7) at 4 °C. The homogenates were centrifuged at 10,000 rpm for 20 min at
4 °C, and the supernatant (enzyme extract) was used for the measurements of antioxidant
enzyme activities [95]. All measurements were carried out at 25 °C using Shimadzu
spectrophotometer (model UV-160A). CAT activity was assayed by the method of [96].
Aliquots (0.5 mL) of enzyme extract were added to a mixture of 1 mL of phosphate buffer,
pH 7.0 (0.01 M), 0.50 mL of H,O, (0.20 M), and 0.40 mL of H,O. The enzymic reaction
was incubated for one minute at 25 °C, then stopped by adding 2 mL of acid reagent
(dichromate/acetic acid mixture). The enzyme mixture was heated for 10 min and cooled
to 25 °C, then the absorbance was measured at 610 nm. Catalase activity was expressed in
mM (H,O, consumed) min~! g~! FW. Peroxidase was assayed by adding 0.1 mL of the
enzyme extract to a mixture of 3 mL of 0.05 M pyrogallol prepared in 0.1 M phosphate
buffer at pH 6 and 0.5 mL of 1% HO,. The reaction was incubated for 1 min at 25 °C, and
the reaction was stopped using 1 mL of 2.5 N H,SOy. The absorbance was measured at
420 nm. One enzyme unit is defined as unit min ! g_1 FW [97].



Plants 2023, 12, 1834 16 of 20

4.8. Statistical Analysis

All the obtained data were analyzed by two-way analysis of variance (two-way
ANOVA) using CoStat Version 6.3 software. Data are displayed as means & SE. Post
Hoc Duncan’s multiple range test was performed at p < 0.05. JMP Pro software was used to
perform principal component analysis (PCA) and Pearson correlation.

5. Conclusions

Salinity stress caused significant retardation in the growth indices of the high yielding
Giza 179 rice cultivar. Such inhibitory effect was associated with the disruption of mineral
homeostasis, osmo-protection, and oxidative stress responses in Giza 179. Seed priming
with humic acid significantly improved Giza 179 growth under non-saline conditions. It
also effectively maintained the active growth of the salinity-stressed Giza 179 plants even
at 8.00 mS/cm. Such humic acid ameliorating effects of the salt-induced damages were
associated with ionic detoxification, oxidative stress alleviation, and osmotic regulation.
Therefore, the current research provides new insights into both the potential of humic acid
priming in the alleviation of the salinity-induced deleterious effects in Giza 179 plants and
the underlaying physiological mechanisms for maintaining active growth under salinity
stress. It also paves the road for more detailed field studies to explore the role of humic
acid priming for enhancing growth and salinity tolerance of Giza 179 and possibly other
rice cultivars in salt-affected lands.
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