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Abstract: Peanuts grown in saline alkali soil are also subjected to drought stress caused by water
scarcity. Therefore, we used HY25 (peanut variety) as an experimental material to investigate the
effects of drought on the height of peanut main stems, length of the first lateral branch, leaf area per
plant, SPAD value, net photosynthetic rate, and accumulation and distribution of photosynthetic
products in saline alkali soil. The results showed that the combined stress of short-term drought and
salt significantly reduced the main stem height, first lateral branch length, single plant leaf area, SPAD
value, net photosynthetic rate (Pn), intercellular carbon dioxide concentration (Ci), and dry matter
accumulation of peanuts, including a decrease in single plant pod yield, 100-pod weight, 100-kernel
weight, and peanut yield. And the impact of drought stress on peanut yield varies at different growth
stages. For example, under drought stress alone, the sensitive period is the 40th day after planting
(40D) > 60th day after planting (60D) > 30th day after planting (30D). Short-term drought has the
greatest impact on peanut yield at 40D, while in contrast, resuming watering after drought at 30D
results in a slight but not significant increase in peanut yield in comparison with the control. Under
the combined stress of drought and salt, the sensitive period of peanuts was 40D > 30D > 60D, and
the single pod weight of peanuts was significantly reduced by 15.26% to 57.60% from the flowering
stage to the pod stage under drought treatment compared to salt treatment, indicating a significant
interaction between drought and salt stress, reducing the single leaf area and net photosynthetic rate
of peanut leaves, ultimately leading to a decrease in peanut yield. Therefore, when planting peanuts
in saline alkali soil, drought should be avoided, especially early drought, in order to prevent the
combined effects of drought and salt stress from harming peanut yield.
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1. Introduction

In the development process of world agriculture, crops are prone to biotic or abiotic
stresses, among which salt stress is one of the main abiotic stresses. According to statistics,
about 20% of the world’s land and nearly half of irrigated land are affected by salt stress.
With the continuous aggravation of salinization, 30% of arable land will be affected by salt
stress in the next 25 years, and this will reach 50% by 2050 [1]. Therefore, exploring high-
yield and efficient cultivation techniques for crop planting under salt stress is becoming
increasingly urgent. Arachis hypogaea L. (peanut) is recognized by the Food and Agriculture
Organization of the United Nations (FAO) as a moderately salt-tolerant and suitable crop
for the development and utilization of saline alkali land. In the development and utilization
of saline alkali soil, the input of artificial auxiliary energy suppresses the phenomenon of
niche overlap [2], thereby fully utilizing sunlight, temperature, and water to produce more
products to meet human needs [3]. However, delayed germination, reduced absorption
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of K* and Ca?* [4], decreased photosynthetic rate [5] and decreased photosynthetic prod-
ucts [6,7] still limit crop production under salt stress [6]. Meanwhile, during the growth and
development process of peanuts, they not only suffer from salt stress but are also suscepti-
ble to drought stress. Drought stress seriously affects plant yield, as water scarcity inhibits
most biochemical reactions within the plant, thereby reducing its net photosynthetic rate
and dry matter accumulation. Similarly, under salt stress, the energy supply for nutritional
and reproductive growth in plants decreases, while the energy consumption for resisting
salt stress increases, thereby affecting the maturation process of plant seeds and finally
affecting crop yield and quality [8-10]. The high salinity of saline alkali land usually leads
to a decrease in biodiversity and intensified surface evaporation, resulting in secondary
drought stress and further inhibition of plant growth [11,12]. Usually, plants resist salt
and drought stress by reducing water evaporation and accumulating osmoregulatory sub-
stances, such as accumulating potassium ion content, in order to maintain osmotic pressure.
On the other hand, salt and drought stress can lead to secondary oxidative stress, which can
also inhibit plant growth, photosynthesis rate, etc. [12]. To alleviate oxidative stress, plants
typically regulate the activity of peroxidase to eliminate excess free radicals and maintain
growth [13,14]. However, there are still few reports on the growth and development of
peanuts under the combined treatment of drought and salt stress. Therefore, this study
explored the effects of both short-term drought and salt stress at different stages on the
net photosynthetic rate, dry matter accumulation, and yield of peanuts and identified
the water-sensitive period for peanut growth, thereby improving peanut yield on saline
alkali land.

2. Results
2.1. The Impact of Drought at Different Stages on the Agronomic Traits of Peanuts

Salt stress significantly inhibited the main stem height of peanuts, and S treatment
reduced it by 3.48% compared to CK (Figure 1). Short-term drought treatment (40D)
intensified the inhibition of peanut stem height growth, with SDS treatment significantly
reducing peanut stem height by 33.74% compared to CK. Similarly, at 50D, FDS (drought
and salt treatment during the flowering period) treatment significantly reduced peanut
stem height by 27.55% and 19.59% compared to CK and S (salt) treatments, respectively.
However, at 70D, PD (drought treatment during the podding stage) treatment decreased
peanut stem height by 2.94% compared to CK, and the difference was not significant; PDS
(drought and salt treatment during the podding stage) treatment decreased peanut stem
height by 17.21% and 7.18% compared to CK and S treatments, respectively, with significant
differences. At 90D, the main stem height of CK and PD treatments was the highest,
followed by SD (drought treatment during the seeding stage) and FD (drought treatment
during the flowering stage), followed by S, PDS, SDS, and FDS. At 120D, the main stem
height between treatments was in the order of CK > PD > SD > S > FD > PDS > SDS > FDS.
Overall, the combination of early drought and salt stress (40D) had the strongest inhibitory
effect on the height of peanut main stems, while the drought treatment during the flowering
period had a smaller impact on peanuts.

Throughout the entire growth period, both single and compound stresses reduced
the length of the first lateral branch of peanuts (Figure 2). Among them, at 30D, S treat-
ment decreased it by 0.18% compared to CK. At 40D, SD treatment decreased it by 20.79%
compared to CK, and SDS treatment decreased it by 21.72% compared to S treatment, with
significant differences. At 50D, the first lateral branch length of FDS treatment was signifi-
cantly reduced by 25.95% and 17.84% compared to CK and S treatments, respectively. At
70D, PD treatment decreased the first lateral branch length by 4.31% compared to CK, with
no significant difference. PDS treatment decreased it by 14.18% compared to S treatment,
with a significant difference. At 90D, the changes in the length of the first lateral branch be-
tween treatments were as follows: CK > PD > SD > S > FD > SDS > PDS > FDS. Short-term
drought on the 40th day after sowing under salt stress had the strongest inhibitory effect
on the growth of the first lateral branch of peanuts.
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Figure 1. Effects of drought and salt stress on peanut stem length. CK means without treatment, Salt
means salt treatment. Drought means drought. Drought + salt represents two types of stress treated
together at different stages. The X axis represents the number of planting days. Different lowercase

letters mean significant differences at the 0.05 level, and data are expressed as mean & standard
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2. Effects of drought and salt stress on peanut first lateral branch length. CK means without

treatment, Salt means salt treatment. Drought means drought. Drought + salt represents two types of
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stress treated together at different stages. The X axis represents the number of planting days. Different
lowercase letters mean significant differences at the 0.05 level; data are expressed as mean = standard
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Drought and salt stress also reduced the leaf area per peanut plant (Figure 3). At 30D,
the S treatment decreased it by 13.94% compared to the CK treatment. At 40D, SD, S, and
SDS treatments decreased it by 22.08%, 12.39%, and 27.13% compared to CK, respectively.
SDS treatment had the largest reduction in single plant leaf area. At 50D, there was a
significant difference in single plant leaf area among CK, FD, and FDS treatments. At 90D,
the size of the peanut leaf area per plant was in the order of CK > PD > SD > S > FD >
SDS > PDS > FDS. Under salt stress, short-term drought on the 40th day after sowing had
the strongest inhibitory effect on the peanut leaf area per plant, with the peanut leaf area
per plant of the FDS treatment reducing by 37.85% and 33.72% compared to CK and S,
respectively. At 120D, the differences between treatments were consistent with those at 90D,
and the FDS treatment had the strongest inhibitory effect on the leaf area of peanut plants.
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Figure 3. Effects of drought and salt stress on peanut single plant leaf area. CK means without
treatment, Salt means salt treatment. Drought means drought. Drought + salt represents two types of
stress treated together at different stages. The leaf area was calculated using a punch with a diameter
of one centimeter. The X axis represents the number of planting days. Different lowercase letters
mean significant differences at the 0.05 level; data are expressed as mean =+ standard deviation (n = 3).

2.2. Effects of Drought at Different Stages on Photosynthetic Characteristics and SPAD Values of
Peanut Leaves

The Pn of peanuts is also affected by drought and salt stress (Table 1). At 35D, both
drought and salt stress reduced the Pn. SD, S, and SDS treatments decreased it by 41.45%,
19.03%, and 54.19% compared to CK, respectively. SDS treatment had the lowest Pn. At
45D, drought reduced the Pn of peanut leaves, in the order of CK > S > FD > FDS, with
significant differences between treatments. At 85D, the order of Pn between treatments was
CK>SD>FD > PD > SDS > S > PDS > FDS. The Pn of FDS treatment was lower than that
of SDS and PDS. Under salt stress, short-term drought on the 40th day after sowing had
the strongest inhibitory effect on Pn. At 115D, there was a significant interaction between
short-term drought on the 40th day after sowing and short-term drought on the 60th day
after sowing and salt stress on Pn. The interaction between drought and salt stress reduced
Pn in peanut leaves, with the order of CK > SD > S > FD > PD > SDS > PDS > FDS.
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Table 1. Effects of drought and salt stress on photosynthetic characteristics and SPAD value in peanuts.

Pn Ci Gs Tr SPAD
Growth Stage Treatment
(umol'm—2.s—1) (umol-mol—1) (umol'm—2-s—1) (mmol-m—2.s—1)
CK 1691 +055a  261.8+526a  39334+1902a  594+0.19a 4628 + 153 a
30D S 1347 £ 083b 22677 +1049b 2732 +2956b  615+0.15a 39.06 +1.92 b
CK 248 +115a 24012 +825b 41468 + 12464 7.05+05a 405+ 1.73 ¢
S 2008 +042b 2322+ 642bc 40518 +12.06a 696+ 0.18a 36.6 +1.13d
35D SD 1452 + 1.01 c 27206+94a  251.84+645b 569+ 0.6b 57.82 +3.76a
SDS 11364+062d 22796 +276c  237.82 +113b 71+035a 4632+ 1.81b
CK 2582+ 1.19a 1938 +217b 46646 +2294a  802+088b 3648 +145b
S 188 + 055b 189 + 4.89 b 28315+9.89b  9.04+0.63a 333+ 0.97
45D FD 13.05 + 121 257 +842a 191.38 + 2.66 6.2+ 035c 4418 + 1364
FDS 10534+122d  2566+5.13a 20074+ 1676¢c 598 + 0.61 c 39.8 +2.51 b
CK 1631+ 064a  237.6+1092a 45346 +2375a  7.25+088a 4204+111a
5D S 1544 +087a 18692 +497b 17881 +136b 488+ 038b 324+14b
PD 808 +1.03b 20093+ 1458b  105.55 + 547 ¢ 3.78 +0.17 ¢ 4362 +222a
PDS 295+ 042c 25179 +1544a 7509 +491d 2.83+0.19d 417 +3.07 a
CK 1772 £ 032a 174+ 693a 24419 +395¢ 465+ 0.13b 4332 +243a
S 10334+072d  16696+-199b 24349 +102c  5054+064b 3138 +436b
SD 163 +226a 162.02+129b 37072 +526a  655+087a 426+331a
SDS 124+ 045bc 11181 4+223d 26237 +1256b  5.09 + 043 b 3318 + 352 b
85D FD 1382 +£059b 14828 +243c 26663 +£7.16b  535+0.12b 4312+14a
FDS 7.69 +0.19 e 14017 +348c 9864+ 1.06¢ 279+018d  29.94+347b
PD 1196 +037c 14372 +398c 19977 +937d 456 +0.09c 27+152a
PDS 875+ 031 e 10378 £ 1.07f 7678 + 434 f 2.09+0.03 e 28.64 +293b
CK 163+02a 1187 +0.82b 44059 + 146b  558+0.12a 2933 + 2.64 a
S 1263 +02¢ 1177 +412b 49444 +1556a 573 +049a 26.84 +293a
SD 142+072b 10167 +115d  365.68+£1995¢  5.03+039a 19.98 + 336 b
sDS 1202+ 046c  13559+1.89a  180.19 +7.96 e 342 + 023 ¢ 2023 +252b
115D FD 1259 £079¢c  10911+117c 40895+ 1442b  502+039a 2505+ 2.87 ab
FDS 871 +0.65d 9611+ 246e  209.63+1149d  3.65+0.1c 1896 +22b
PD 1252 + 03 ¢ 10433 +153d 42332 +2286b  574+026a 2658 +1.99a
PDS 927 +04d 9022 +135f  22205+11.03d 442 +04b 1622 +349b
Analysis of variance (p value)
35D 0.038 * <0.001 ** 0.019 * 0.796 0.006 **
45D SxD 0.022 * 0.563 0.034 * 0.024 * 0515
65D <0.001 ** <0.001 ** 0.01 ** 0.001 ** 0.003 **

CK means without treatment, S means salt treatment, SD means drought treatment but no salt treatment in the
seeding stage, SDS means drought and salt treatments in the seeding stage, FD means drought treatment but no
salt treatment in the flowering stage, FDS means drought and salt treatments in the flowering stage, PD means
drought treatment but no salt treatment in the podding stage, PDS means drought and salt treatments in the
flowering stage. Different lowercase letters mean significant differences at the 0.05 level. * indicates significant
differences at p < 0.05; ** indicates significant differences at p < 0.01; data are expressed as mean =+ standard
deviation (n = 3).

Throughout the entire growth period, drought and salt stress reduced the Ci (inter-
cellular carbon dioxide concentration) of peanut leaves. At 30D, S treatment significantly
decreased it by 13.38% compared to CK. At 35D, SD treatment increased it by 13.3% com-
pared to CK, while SDS treatment decreased it by 5.06% and 1.83% compared to CK and
S treatments, respectively. Under no salt stress, short-term drought on the 40th day after
sowing increased the Ci of peanut leaves, while short-term drought on the 40th day after
sowing under salt stress reduced the Ci of peanut leaves. At 45D, drought increased the
Ci of leaves; FD increased it by 32.61% compared to CK, and FDS increased it by 26.34%
compared to S, with significant differences. At 65D, the order of Ci between treatments
was PDS > CK > PD > S. On the 60th day after sowing, the interaction between short-term
drought and salt stress increased the Ci of leaves. At 85D, the Ci between treatments was in
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the order of CK > S > SD > FD > PD > FDS > SDS > PDS. At 115D, the change in Ci between
treatments was SDS > CK > S > FD > PD > SD > FDS > PDS.

Except for at 115D, salt stress reduced Gs (stomatal conductance) in peanut leaves
during the remaining growth period. At 30D, the Gs of S-treated leaves decreased by
30.54% compared to CK, with a significant difference. At 35D, S, SD, and SDS treatments
decreased Gs by 2.29%, 39.27%, and 42.65% compared to CK, respectively. On the 30th
day after sowing, short-term drought had a stronger inhibitory effect on Gs in peanut
leaves than salt stress. At 45D, the changes in Gs between treatments were in the order
of CK >S5 > FDS > FD, with no significant difference between FD and FDS treatments,
but significant differences between other treatments. At 65D, the change in Gs between
treatments was CK > S > PD > PDS, with significant differences between treatments. At
85D, the order of Gs changes was SD > SDS > FD > CK > S > PD > FDS > PDS.

The variation in Tr (transpiration rate) in leaves between treatments varies with
different treatment times. At 35D, the order of Tr variation was SDS > CK > S > SD. At 45D,
the order was S > CK > FD > FDS. At 65D, the order was CK > S > PD > PDS. At 115D, the
Tr of leaves treated with SDS, FDS, and PDS was the lowest, decreased by 38.71%, 34.59%,
and 20.79% compared to CK, respectively, with significant differences.

Throughout the entire growth period, salt stress reduced the SPAD value of peanut
leaves, and there was a significant difference between S treatment and CK. At 35D, drought
increased the SPAD value of leaves, with that of SD treatment being 42.77% higher than CK
and that of SDS treatment being 26.56% higher than S treatment. Drought increased the
SPAD value of peanut leaves. At 45D and 65D, the changes between treatments were consis-
tent with those at 35D. Drought increased the SPAD value of leaves, while drought increased
the SPAD value of salt-stressed peanut leaves at 45D and 65D. At 85D, the changes in SPAD
values between treatments were as follows: CK > SD > FD > PD > SDS > S > FDS > PDS.
After rehydration, the effect of drought on SPAD values of leaves at different growth stages
was relieved. There was a significant interaction between short-term drought on the 30th
day after sowing and short-term drought and salt stress on the 40th day after sowing.
The interaction between drought and salt stress exacerbated the harm of SDS and FDS
treatments to peanuts, with SPAD values decreasing by 23.41% and 30.89% compared to
CK, respectively. At 105D, the SPAD values of all treatments decreased compared to 85D,
and the difference in leaf SPAD values between treatments was consistent with 85D.

2.3. The Impact of Drought at Different Stages on the Accumulation and Distribution of Dry
Matter in Peanuts

Drought and salt stress also directly reduced the accumulation of dry matter in peanuts
(Table 2). At 30D, the dry weight of leaves, stems, and roots treated with S decreased by
35.71%, 32.89%, and 38.46% compared to CK, respectively, with significant differences
between treatments. There are differences in dry matter distribution due to different
treatments. S treatment increased the proportion of dry matter distribution in stems but
decreased the proportion of dry matter distribution in leaves and roots. At 40D, drought
reduced the accumulation of dry matter in various organs of peanuts. The dry weight of
leaves, stems, and roots in SD treatment decreased by 40%, 30.14%, and 25.81% compared
to CK, respectively. The differences between treatments were significant. On the 30th
day after sowing, short-term drought increased the proportion of dry matter distribution
in stems and roots and decreased the proportion of dry matter distribution in leaves.
Drought and salt stress intensified the inhibitory effect on peanut dry matter accumulation.
The dry matter accumulation in leaves, stems, and roots of SDS treatment decreased by
65.81%, 60.27%, and 58.06% compared to CK and decreased by 44.04%, 44.23%, and 38.10%
compared to S treatment, respectively, with significant differences between treatments. The
dry weight of leaves, stems, and roots treated with FDS decreased by 69.73%, 69.84%, and
73.24% compared to CK and by 39.13%, 41.27%, and 52.5% compared to S, respectively.
The differences between the treatments were significant. At the same time, FDS treatment
increased the dry matter distribution ratio of plant leaves and stems compared to CK
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and decreased the dry matter distribution ratio of roots (50D). At 70D, the dry matter
accumulation in each organ of S and PDS treatments was significantly different from CK.

At 90D, the total accumulation of dry matter in each treatment plant was in the order of
SD > CK >PD >S5 >FD > PDS > SDS > FDS.

Table 2. Effects of drought and salt stress on photosynthetic material accumulation and distribution

in peanuts.
Leaf Stem + Petiole Root Pod Total
Growth Stage Treatment Accumulation  Distribution ~ Accumulation  Distribution =~ Accumulation  Distribution ~ Accumulation  Distribution Accumulation
(g-Plant™1) Ratio (%) (g-Plant~1) Ratio (%) (g-Plant™1) Ratio (%) (g-Plant~1) Ratio (%) (g-Plant™1)
30D CK 0.84 £0.03a 45.16 0.76 £ 0.025 a 40.86 026+001a 13.99 / / 1.86 £ 0.06 a
S 0.54 +0.018 b 44.63 0.51 £0.016 b 42.15 0.16 + 0.005b 13.22 / / 1.22 +£0.039b
CK 1.55+0.05a 46.69 1.46 +0.047 a 43.98 031+001la 9.34 / / 3.31£0.107 a
40D S 1.02 +0.033 b 4493 1.04 +0.034b 45.81 0.21 4 0.007 b 9.25 / / 2.28 £0.074 b
SD 0.93 +0.03 b 42.66 1.02+£0.033b 46.79 0.23 £0.008 b 10.55 / / 218 +£0.07b
SDS 0.53 +0.017 ¢ 4274 0.58 +0.019 ¢ 46.77 0.13 + 0.004 ¢ 10.48 / / 124 4+0.04c
CK 37+012a 45.74 3.68 £0.119 a 45.49 0.71+0.023 a 8.78 / / 8.09 £0.262 a
50D S 1.84 +0.06 b 44.55 1.89 £ 0.061 b 45.76 04 +0.013 ¢ 9.69 / / 414+0.134b
FD 1.77 £ 0.057 b 43.92 1.79 +0.058 b 44.42 0.47 £0.012b 11.66 / / 3.93+£0.127b
FDS 1.12 £0.036 ¢ 46.26 1.11 +0.036 ¢ 45.87 0.19 £ 0.006 d 7.85 / / 242 +0.078 ¢
CK 426 +0.138a 37.47 413+0.134a 36.32 1.18 £ 0.025a 10.38 1.8 +£0.058 a 15.83 11.36 +£0.286 a
70D S 2.24+0.073b 32.65 3.11+0.101b 45.33 0.58 £0.019b 8.45 0.93 +0.03 b 13.56 6.87 £0.222b
PD 412+0.133a 37.87 399 £0.129 a 36.67 1.11 +£0.036 a 10.2 1.66 +0.054 a 15.26 10.87 £ 0.352 a
PDS 1.97 4+ 0.064 ¢ 32.89 2.64 £0.086 ¢ 44.07 0.52 £0.017 ¢ 8.68 0.86 £0.028 ¢ 14.36 5.99 +0.194 ¢
CK 598 £0.193 a 19.32 6.71 £0.217 a 21.67 1.57 £0.051 a 5.07 16.7 +0.541 ab 53.94 30.96 £1.002 a
S 2.76 £+ 0.089 cd 13.94 3.84+0.124b 19.39 0.71+0.023 e 3.59 1249 £ 0.404 ¢ 63.08 19.79 £ 0.641b
SD 56+0.181a 17.93 6.24 £0.202a 19.99 0.99 £0.032 ¢ 317 18.39+0.595a 58.9 31.23+1.01a
90D SDS 2.56 +0.083d 19.32 2.74 £0.089d 20.68 0.66 + 0.021 f 4.98 729+0236e 55.02 1324 £0429d
FD 32740.106b 19.41 343 +£0.111c¢ 20.36 0.86 +0.028d 5.1 9.2940.301d 55.13 16.86 & 0.545 ¢
FDS 1.92 4 0.062 f 20.78 248 +0.08 f 26.84 0.57 4 0.049 f 6.17 427 £0.138 f 46.21 924 +0.299 e
PD 5.62+0.182a 19.44 6.31+0204a 21.83 1.28 +0.048 b 443 15.7 £+ 0.508 b 54.31 28.9+£0.941a
PDS 23+0.074e 13.89 3.19 £0.103 ¢ 19.27 0.66 +0.021 ef 3.99 10.4 £0.336 cd 62.84 16.55 £ 0.540 ¢
CK 432+0.14a 12.58 599 £0.194a 17.45 1524+0.049a 4.42 22,5 £1.005a 65.54 3433 £1.329a
S 24 0.065 ¢ 8.92 343 +0.111c¢ 15.29 0.68 +0.022 e 3.03 16.324+0.532b 72.76 2243 +0.729b
SD 3.84+0.124b 11.35 557 +0.18b 16.46 0.95 £ 0.031 ¢ 2.81 23.47 £0.766 a 69.38 3384+11a
120D SDS 1.75 +£0.056 d 11.67 245+0.079e 16.33 0.63 = 0.020 f 42 1017 £0.711d 67.8 15 +0.808 d
FD 2.36 £ 0.076 ¢ 12.83 3.06 +0.099 cd 16.63 0.84 +£0.027d 4.57 12.14+0.396 ¢ 65.98 18.4 £0.598 ¢
FDS 1.18 £ 0.038 f 10.76 222 +£0.072 f 20.24 0.65+0.017 e 5.93 692+ 1213e 63.08 10.87 £ 1.256 €
PD 4.06 £0.131 ab 12.86 5.74+0.186 ab 18.19 1.23+£0.039b 3.9 20.53 +0.67 a 65.05 31.56 + 1.026 ab
PDS 126 +£0.041 e 6.79 2.8240.091d 15.2 0.64 +0.020 e 345 13.83 £0.614 ¢ 74.56 18.55 + 0.767 ¢

CK means without treatment, S means salt treatment, SD means drought treatment but no salt treatment in
the seeding stage, SDS means drought and salt treatments in the seeding stage, FD means drought treatment
but no salt treatment in the flowering stage, FDS means drought and salt treatments in the flowering stage, PD
means drought treatment but no salt treatment in the podding stage, PDS means drought and salt treatments in
the flowering stage. Different lowercase letters mean significant differences at the 0.05 level. The distribution
ratio is calculated by dividing different tissues by the total weight of the peanut plant. Data are expressed as
mean =+ standard deviation (n = 3).

Opverall, the short-term drought treatment (FDS) on the 40th day after sowing had the
most severe inhibition on peanut growth under salt stress and had the most severe impact
on peanut yield. Except for FDS treatment, all treatments increased the proportion of dry
matter distribution in pods compared to CK. At 120D, the trend of dry matter accumulation
in various organs was consistent with that at 90D, with the lowest amount observed in FDS
treatment and the second highest amount observed in SDS treatment.

2.4. The Impact of Drought at Different Stages on Peanut Yield

Under salt stress or no salt stress, peanuts are most sensitive to short-term drought on
the 40th day after sowing (Table 3). Under no salt stress, the dry weight of individual pods
among treatments was SD > CK > PD > FD, with FD treatment decreasing it by 32.47%,
34.28%, and 31.24% compared to CK, SD, and PD, respectively. FD treatment reduces the
number of pods by 46.04%, 48.27%, and 40.87% compared to CK, SD, and PD, respectively.
Short-term drought on the 40th day after sowing significantly reduces the number of pods
per plant; Compared with CK, PD treatment significantly reduced the 100-kernel weight
and yield, while SD and FD treatments showed no significant difference compared to CK.
The short-term drought on the 60th day after sowing had a higher impact on the yield and
100-kernel weight of peanuts than on the 40th day and the 30th day after sowing. Under
salt stress, the dry weight of individual pods among treatments was S > PDS > SDS > FDS.
The dry weight of PDS, SDS, and FDS treatments decreased by 15.26%, 37.68%, and 57.60%,
respectively, compared to S treatment, and the trends of these treatments were inconsistent
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with those under no salt stress. The differences between each treatment and the S treatment
were significant. The trend of changes in the number of pods per plant between treatments
is consistent with the trend of changes in the dry weight of pods per plant. On the 40th
day after sowing, short-term drought reduced the number of pods per plant, leading to a
decrease in yield. The changes in fruit weight and kernel weight between treatments were
S > PDS > SDS > FDS, and the differences between each treatment and the S treatment were
significant. The variation in peanut yield is S > PDS > FDS > SDS, with SDS having the
lowest yield.

Table 3. Effects of drought and salt stress on peanut yield.

100-Pod Mass 100-Kernel Mass Kernel to Pod Rate =~ Pod Mass per Plant ~ Pod Amount per
(g (g) (g (g Plant

CK 158.81 £291a 95.93 + 1.76 ab 67.12 = 1.23 ab 22.5£1.005 a 1235+ 023a

S 12827 £141b 69.05 £0.76 ¢ 59.81 £0.86 ¢ 16.32 £ 0.532b 1142 £0.13b
SD 159.14 £1.05a 97.89 £ 0.64 a 68.35 +0.45a 23.47 £ 0.766 a 12.69 £0.18 a
SDS 118.67 £2.21 ¢ 60.19 £1.12e 56.36 = 1.05d 1017 £0.711d 10.85+02c
FD 161.56 £2.34a 96.6 £1.36 a 68.76 =122 a 12.14 £ 0.396 ¢ 834+0.16d
FDS 109.54 £0.99d 56.3 £0.51 f 57.11+£0.52d 692 £1213e 576 £0.05e
PD 15432 +£244a 932+ 146D 66.46 = 1.05b 20.53 £0.67 a 12.13 £0.19 ab
PDS 123.83 £2.25¢ 64.27 +£1.17d 57.67 £ 1.05 cd 13.83 £0.614 ¢ 11.12 £ 0.2 bc

Pod dry weight per plant (g) »>

J—
e}

—
N

J—
N

[9%]

1.5

3
Leaf dry weight per plant (g)

CK means without treatment, S means salt treatment, SD means drought treatment but no salt treatment in the
seeding stage, SDS means drought and salt treatments in the seeding stage, FD means drought treatment but no
salt treatment in the flowering stage, FDS means drought and salt treatments in the flowering stage, PD means
drought treatment but no salt treatment in the podding stage, PDS means drought and salt treatments in the
flowering stage. Different lowercase letters mean significant differences at the 0.05 level. Data are expressed as
mean =+ standard deviation (n = 3).

2.5. Correlations Between Yield and Other Indicators

Photosynthetic indices as indicators of drought stress and the response of character-
istics of peanuts under salt stress are shown in Table 3. The correlation coefficients were
calculated between pod dry weight per plant and leaf dry weight per plant, stem dry
weight per plant, root dry weight per plant, SPAD, and photosynthetic indices at harvest
time (Figure 4). The responses of leaf dry weight per plant, stem dry weight per plant, and
root dry weight per plant at harvest time were significantly related to the responses of pod
yield and could be used as indicators for estimating yield.

B 13
y =2.6112x +2.0266 e y =2.6318x +0.3208
R2 = 0.8075* e 15 R?=0.8831*
g 12 °
g 0 >

5 6

e}

Q? ]
3

3 45 6 15 3 45 6

Stem dry weight per plant (g)

Figure 4. Cont.
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Figure 4. Pod dry weight per plant related to leaf dry weight per plant, stem dry weight per plant,
root dry weight per plant, SPAD, Pn, Gs, Ci, Tr at harvest time. The net photosynthetic rate (Pn),
intercellular carbon dioxide concentration (Ci), stomatal conductance (Gs), and transpiration rate (Tr)
of leaves were measured using the CIRAS-3 portable photosynthesis system. * Indicates significant
differences at p < 0.05.

3. Discussion

During the growth and development of plants, they often encounter various biotic
or abiotic stresses such as diseases, pests, cold damage, freezing damage, drought, etc.
Among them, drought stress is the most widespread and can cause significant crop yield
reduction [15,16]. Our experimental results also showed that drought stress (SD, FD, and
PD treatments) reduced the main stem height, first lateral branch length, single plant leaf
area, and net photosynthetic rate of peanuts (Figures 1-3, Table 1). Furlan et al. [17] found
a significant decrease in peanut photosynthesis after 14 days of drought treatment, which
triggered a response from the antioxidant system. Liu et al. [18] reported that drought also
significantly affected the synthesis of chlorophyll and gene expression of photosynthesis
in peanuts.
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Compared to drought stress, plants are more sensitive and strongly responsive to salt
stress [19]. Salt stress mainly inhibits plant physiological responses through ion toxicity
and osmotic stress. For example, Na* is a typical ion toxic stress [20], while pH can ex-
acerbate ion toxicity. Osmotic stress mainly affects the maintenance of osmotic pressure
inside and outside plant cells, leading to physiological drought and a decrease in crop
yield [21]. Under the same salt stress, there are differences in salt tolerance among different
genotypes of crops. At the same time, plants of the same genotype exhibit different epige-
netic phenomena due to stress signal transduction and regulation of multiple metabolic
pathways [22]. For example, maize affects metabolism by affecting transcription through
DNA methylation, ultimately resulting in reduced root length, root surface area, and root
vitality [23,24].

Salt stress not only affects the root system of plants, but also affects the photosyn-
thetic function of plant leaves, reduces leaf stomatal conductance [9], and destroys the
components of photosynthetic response proteins, thereby reducing the net photosynthetic
rate [25-28]. In our experimental results, it was also shown that salt stress reduced the
main stem height, first lateral branch length, single plant leaf area, SPAD value, Pn, and Gs
of peanuts, ultimately leading to a decrease in dry matter accumulation and yield (Table 4).

Table 4. Soil physical and chemical properties.

Test Index Organic Matter H Total Nitrogen Available P Available K
(gkg™ P (gkg™ (mg-kg~1) (mg-kg™1)
Value 152+1.2 6.7+02 1.6 £0.3 451421 102.5 +5.3

During the process of growth and development, plants not only suffer from a single
stress, but often suffer from two or more types of stress simultaneously. When facing salt
stress and drought stress, plants regulate metabolism through three signaling pathways: ion
and osmotic homeostasis signaling, detoxification (i.e., damage control and repair) response,
and growth regulation [29], including an increase in lipid peroxidation levels [30], reducing
their own water potential to maintain normal growth by increasing the concentration of
alkaloids [31], or resisting stress by increasing the content of osmotic regulatory substances
in the plants [32,33]. Therefore, compound stress often has a greater damaging effect than
individual stress. For example, the combined effects of drought and salt stress affected the
growth and development of sugar beets, leading to a decrease in yield [34], while drought
and salt stress interact to reduce spinach biomass [35]. This is also consistent with our
experimental results, which show that the combined stress of drought and salt significantly
reduces the leaf area, leaf SPAD value, and net photosynthetic rate of peanut plants [36].

Similarly, drought treatments at different stages also had an impact on peanut yield.
Under complex stress, peanut yield is the lowest and most sensitive during early drought,
indicating that drought during the seedling stage has the strongest inhibitory effect on
peanut growth and causes irreversible damage [37,38]. However, short-term drought
treatment in the later stage did not cause a significant decrease in yield, indicating that
drought in the later stage does not play a significant role in the formation of yield. For
example, there are reports that drought during the flowering and needle-setting stages of
peanuts can lead to significant yield reduction [36]. Our experimental results also showed
that SD, FD, and PD treatments all reduced the main stem height, first lateral branch length,
single plant leaf area, and net photosynthetic rate of peanuts (Figures 1-3, Table 3). There
are differences in the impact of drought treatment on the yield of peanuts during the
harvest period at different stages, with SD > CK > PD > FD, the lowest yield being found
for FD, and peanuts being most sensitive to drought at 40D. The SD yield is lower than the
CK yield, which is consistent with the research results of Zhao Changxing et al. [36] and
others. This may be the reason for the compensation effect after drought rehydration in the
seedling stage [39,40].
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The relationship between the drought tolerance index for root length density and root
surface area in the deeper soil layer was positive and significant for the drought tolerance
index and pod yield [41]. Our result showed that leaf dry weight, stem dry weight, and
root dry weight per plant at harvest time were significantly related to the responses of pod
yield, which could be used as indicators for estimating yield. The interaction of Pn between
salt stress and short-term drought stress at 40D, 30D, or 60D was significant, which may be
the reason that the yield in the SDS treatment was lower than that in the S treatment.

4. Materials and Methods
4.1. Experimental Design

We selected the peanut variety Huayu 25 (HY25) as the experimental material. The ba-
sic physical and chemical properties of the tested soil are shown in Table 4. The experiment
was conducted in a rain shelter at Shandong Peanut Research Institute (36°81’ N, 120°50 E).
The soil was taken from the topsoil of farmland at the experimental station of Shandong
Peanut Research Institute (0-20 cm). Before potting, the soil should be sieved with a sieve
diameter of <1 cm. After mixing, it should be divided into two equal parts. One part
should not be treated (referred to as CK), and the other part should be thoroughly mixed
in a salt-to-dry-soil ratio of 3:1000 (referred to as S). The experiment was a randomized
block experiment with a soil load of 18 kg per pot (pot diameter of 40 cm, height of 26 cm).
Short-term moderate drought treatment (10 days, 45% maximum field water capacity) was
conducted on the 30th day (30D), 40th day (40D), and 60th day (60D) after peanut sowing.
There were a total of 8 treatments (see Table 5 for details). 30D, 40D, and 60D correspond
to the seedling, flowering, and pod stages of peanut growth, respectively. Each treatment
was repeated 3 times, with 6 seeds sown in each pot and 3 seedlings planted. Plants were
promptly rehydrated after drought treatment and grown normally until harvest.

Table 5. Test design.

Treatment Non-Drought Droughtin 30D  Droughtin 40D  Drought in 60D
Non-salt CK SD FD PD
Salt stress S SDS FDS PDS

4.2. Measurement Items and Methods
4.2.1. Sample Collection

Samples were taken on the 30th day (before drought treatment), 40th day (after
seedling drought treatment), 50th day (after flowering drought treatment), 70th day (after
pod drought treatment), 90th day (after pod drought treatment), and 120th day (after
harvest) after sowing and were recorded as 30D, 40D, 50D, 60D, 90D, and 120D, respectively.
At 50D, only samples treated with CK, S, FD, and FDS were collected, while at 70D, only
samples treated with CK, S, PD, and PDS were collected. The main stem height, first lateral
branch length, dry matter mass of each organ, and leaf area of each plant were measured,
with three replicates.

We selected Huayu 25 (HY25) as the experimental material. HY25 is one of the main
peanut varieties grown in our local area and also comes from our research institute, so we
adopted this variety as our experimental subject. Meanwhile, this peanut variety has a
certain tolerance to both salt and drought and can grow below a salt content of 0.3%.

4.2.2. Determination of Net Photosynthetic Rate and SPAD Value

On the 30th day (before treatment) and at 35 days (seedling stage), 45 days (flowering
stage), 65 days (pod stage), 85 days (full fruit stage), and 115 days (harvest stage) after
sowing, recorded as 30D, 35D, 45D, 55D, 85D, and 115D, respectively, he net photosynthetic
rate (Pn), intercellular carbon dioxide concentration (Ci), stomatal conductance (Gs), and
transpiration rate (Tr) of leaves were measured using the CIRAS-3 portable photosynthesis
system (PP Systems, Amesbury, USA). We selected clear weather from 9:00 to 11:00 for
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observation during each measurement and selected the functional leaves of each peanut
plant (inverted three leaves, the third leaf facing sunlight from top to bottom), with the
measured position of the leaves in the middle and upper part of the leaves, avoiding the
veins; we repeated measurements 5 times for each treatment. The chlorophyll analyzer
mainly measures the chlorophyll content or greenness level in leaves based on the absorp-
tion law of the chlorophyll spectrum. The SPAD value is the unit of relative chlorophyll
content, which is calculated by measuring the ratio of transmitted light of leaves at two
wavelengths of 650 nm and 940 nm. It is used to determine the current relative chlorophyll
content in leaves. The SPAD value was measured using the SPAD-502 Chlorophyll Meter
Model SPAD-502, with 5 leaves measured for each treatment and 3 replicates. At 45D,
only the net photosynthetic rate and SPAD value of CK, S, FD, and FDS treatments were
measured, while at 65D, only the net photosynthetic rate and SPAD value of CK, S, PD, and
PDS treatments were measured [42].

4.2.3. Pod Yield and Yield Composition Factors

During the harvest period, agronomic traits were evaluated, including the number
of results per plant and the dry and fresh weight of pods per plant. The remaining plants
were harvested uniformly, the pods were air-dried, and economically valuable pods were
randomly selected to calculate the weight of 100 pods and 100 kernels and yield [43].

4.3. Data Analyses

Microsoft Excel 2016 was used to organize and plot the data. All data in the graphs
are mean = standard deviation (SD), and SPSS 16.0 was used for multivariate statistical
analysis. One-way ANOVA (Duncan test) was used for significance difference analysis.

5. Conclusions

Salt stress and drought both reduced peanut yield. The interaction between drought
and salt exacerbated the decline in peanut yield. Throughout the entire growth period,
peanuts are more sensitive to salt and drought stress in the early stages, and salt and
drought stress have a greater impact on peanut yield. It is interesting that timely restoration
of watering after short-term drought does not cause a decrease in peanut yield, but salt
stress can have a long-term impact on peanut yield. Therefore, when peanuts are planted
on saline alkali land, early drought should be avoided by strengthening the water supply
in order to prevent harm to peanuts from the dual stress of drought and salt.
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