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Abstract: In this study, we assessed the salt tolerance of 38 wheat cultivars from primary wheat cultivation regions
in China using a membership function value (MFV) during the germination and seedling emergence stages. Based
on salt tolerance assessment, three contrasting groups were classified, with 10 tolerant, 23 moderately tolerant and
5 sensitive cultivars under low salt stress, and 4 tolerant, 25 moderately tolerant and 9 sensitive cultivars under high
salt stress and in addition to Na* and K* homeostasis regulation, nitrogen efficient transfer from seed to plant ti-
ssues denoted the significant positive correlation with salt tolerance, confirming the importance of nutrient spectra
organisation. Salt-tolerant and moderately tolerant cultivars had lower trait network modularity than salt-sensitive
cultivars, demonstrating that wheat with different salt tolerance uses alternative strategies to cope with salt stress.

These results were important for germplasm evaluation and variety breeding of salt tolerance in wheat.
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Soil salinity is a critical global challenge to agri-
cultural productivity and the primary concern for
food security (Yang and Guo 2018). About 1 billion
hectares of land are impacted by salinity, with more
than 20% of the irrigated arable land (Qadir et al.
2014). The rise in groundwater level and climate
change have exacerbated soil salinisation, presenting
a major challenge to global food production (Zhu
2002). Salinisation is advancing at an alarming rate of
roughly 3 hectares per min, driven by various biotic
and abiotic factors (Shabala et al. 2014).

Wheat is the second most important cereal crop,
feeding approximately 36% of the global popula-
tion (FAO 2021). Although wheat is a moderately

salt tolerance crop, it suffers significant yield loss
of up to 60% under saline conditions, intensifying
food insecurity (Munns and Tester 2008, Wang and
Xia 2018). Enhancing salt tolerance in wheat is of
significance for global food security. Therefore, it
is necessary to understand wheat’s response and
adaptation mechanism to salt stress and to use salt-
tolerant cultivars for wheat breeding and production
in saline land. However, breeding for salinity tolerance
in wheat remains challenging due to the complexity
of the traits involved, encompassing morphological,
physiological, and metabolic processes (Genc et al.
2007, Zhao et al. 2020). The scarcity of superior donor
germplasm for salt resistance gene transfer, limita-
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tions in screening methods, and variations in trait
contributions across development stages have hin-
dered progress in the breeding programme (Flowers
2004, Ashraf and Akram 2009). Seed germination is
a critical stage in the plant life cycle, especially for
species inhabiting saline environments (Song et al.
2005). Rapid and synchronous germination is particu-
larly crucial for agricultural output, especially when
exposed to salt conditions. Therefore, the appropriate
time and proportion of germination are crucial for
the survival and propagation of seed plants (Mérai
etal. 2018). Soil salinisation delays or reduces wheat
germination rate, which impedes their subsequent
growth and development. In irrigated agricultural
production, salt moves upwards along with water
evaporation, frequently causing salt accumulation in
the topsoil (Huang et al. 2017). Therefore, the abil-
ity of seeds to maintain high germination rates and
vigour under saline is crucial for their penetration
of the salt-rich topsoil and successful development.

Salinity stress primarily disrupts ion homeosta-
sis through the excessive accumulation of Na* and
Cl™ ions, causing toxicity and osmotic stress. The
structural similarity of Na* and K* enables Na* to
substitute K* in key enzymatic reactions, disrupting
physiological processes such as the Calvin cycle,
glycolysis and starch synthesis (Wu et al. 2018).
Additionally, Cl~ accumulation induces deficien-
cies in essential macronutrients like nitrogen and
sulfur (Bazihizina et al. 2019). Salt stress decreases
seed germination and seedling growth by affecting
oxidative homeostasis, osmotic tolerance, and physi-
ological metabolism (Zhao et al. 2020).

This study uses membership function value to assess
the salt tolerance of 38 wheat cultivars from major
wheat-growing regions in China during germina-
tion. The objectives are to (1) evaluate overall plant
performance under saline conditions; (2) identify
salt-tolerant cultivars to broaden the genetic base
for wheat breeding, and (3) investigate agro-physi-
ological traits associated with salt tolerance during
seedling emergence to facilitate early screening of
tolerant cultivars.

MATERIAL AND METHODS

Plant materials and experiment design. Thirty-
eight wheat cultivars from major growing regions in
China were collected for this study (Table 1). Seeds
were surface-sterilised with 3% NaClO for 5 min and
rinsed three times with distilled water. Twenty-five
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seeds of uniform size were sown in Petri dishes (15 cm
diameter) containing 40 g of vermiculite. Three salt
concentrations of 50 mmol/L NaCl (low salt, LS),
200 mmol/L NaCl (high salt, HS), and distilled water
were used as the control for the seeds. The experiment
was conducted in triplicates for each treatment. Petri
dishes were covered with plastic lids to prevent water
loss and incubated in a growth chamber at 25 °C,
75% relative humidity and 200 pmol/m?/s light in-
tensity. Seed germination parameters were recorded
from the 3" to 7™ day after sowing.

Germination traits collection. Germination rate
(GR), germination potential (GP), germination in-
dex (GI) and germination vigour index (GVI) were
calculated using the following formula:

GR = G,/n x 100%, GP = G,/n x 100%
where: G, and G, — number of seed germinating on 3'dand

7t day, respectively; # — total number of seeds used for ger-

mination.

7 Gn
GI=Z=17 GVI - GI x FW
n=1

where: G, — number of seeds germinated on the n'h day, and
FW - total fresh weight of shoots and roots at the end of the
experiment. Germination was defined as radicle protrusion
through the seed coat, and coleoptile length exceeding 2 cm

was recorded as germination for GP and GR, respectively.

Biomass accumulation and root morphology
analysis. After harvest, the individuals were separated
into shoots and roots to determine fresh weight and
oven-dried at 80 °C until a constant weight for dry
weight. Root morphology, including total root length,
root volume, root diameter, and surface area, was
assessed using scanned images with Win-Rhizo soft-
ware (Regent Instruments Inc., Sainte Foy, Canada).

N, P, K* and Na* content determination. Plant
nitrogen (N) and phosphorus (P) contents were de-
termined via the Kjeldahl and the molybdate/ascorbic
acid methods after H,5O,-H,0O, digestion, respec-
tively. Potassium (K*) and sodium (Na*) contents were
measured using an inductively coupled plasma-optical
emission spectrometry instrument (ICP-OES; Pekin
Elmer, Norwalk, USA) following HNO, digestion.
The accuracy of the analyses was confirmed using
a certified plant tissue standard (GBW07604, Institute
of Geophysical and Geochemical Exploration, Chinese
Academy of Geological Sciences). The Na*/K* selec-
tion was calculated as follows:

Na*/K* = Na*( /K*

— Na* ratio of shoots to roots and

selecting shoot/root) (shoot/root)

where: Na*
K

(shoot/root)
— K* ratio of shoots to roots (Pitman 1984).

+
(shoot/root)
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Table 1. The wheat cultivars used in this study

No. Cultivar Region Source of cultivar

1 Jiemail9 Hebei Elite variant of Jima32

2 Cangmai6004 Hebei Xinong863/08950536//Shi5144

3 Chuanmail04 Sichuan Chuanmai42/Chuannongl6

4 Chuanmai66 Sichuan 99-1572/98-266//01-3570

5 Chuanyu21 Sichuan Zhou88114/G159

6 Mianmai285 Sichuan 1275-1/99-1522

7 Chuanmai86 Sichuan R4117/1572

8 Kechengmai4 Sichuan 37147/CD02-1574-3

9 Chuanmai83 Sichuan 07GH304/2962

10 Kechengmai6 Sichuan CD-P35-1/98718//Chuanyul2

11 Chuanmai602 Sichuan Guannong21/SW3243//Chuanmai42
12 Chuanmail557 Sichuan 05126/Chuan05//Guan8

13 NeimailOl Sichuan 99-1572/M0501

14 Bainong418 Henan Zhoumail8/Aikang58//Aikang58

15 Zhengmail68 Henan Yumail3/90M434//Shi89-6021(Jimai38)
16 Zhongyul211 Henan Zhongyul2/Aikang58

17 Cunmail6 Henan Zhoumai22/Zhoumai24//BainongAK58
18 Zhoumai32 Henan Aikang58/Zhoumai24

19 Gaomai6 Henan Zhoumail3/Bainong64//Zhoumai22
20 Jindi828 Henan Zhoumail6/BainongAK58

21 Kaimai22 Henan Zhoumail8/BainongAK58

22 Kelinmai969 Henan Zhoumail6/Yanzhan4110//BainongAK58
23 Luomai26 Henan Aikang58/Kaimail8

24 Luomai34 Henan Zhoumail6/Aikang58

25 Luomai9908 Henan Zhoumail3X/Bainong64

26 Pumai053 Henan BainongAK58/Zhoumail8

27 Shengcaimai2 Henan Hezhibuyu-7/Xingcai-3

28 Tunmail2?7 Henan Aikang58/Zhoumail6

29 Xinkemail68 Henan Aikang58/Zhoumail6//Luomai2l

30 Xinmai32 Henan Aikang58/Zhoumai22

31 Xinmai39 Henan Han6172/Zhoumail8//Aikang58

32 Qimin7 Shandong Aikang58/SN5843

33 Qimin8 Shandong Shannong2149/Aikang58

34 Xinnong518 Anhui Luomai21/Aikang58

35 Xumai36 Anhui Huaimail8/Aikang58

36 Womai9 Anhui Laizhou953/Aikang58

37 Longkel1109 Anhui Wanmai50/Aikang58

38 Guohong3 Anhui Yangmail58/Aikang58

Salt tolerance evaluation. Membership function
values (MFV) were used to evaluate wheat plant
performance under a saline environment. Salt tol-
erance coefficients were calculated as the ratio of
trait values under saline treatment and controlled

treatment. Salt tolerance of MFV was calculated to
the comprehensive evaluation value (D) and divided
into three grades according to the average value (D)
and standard deviation (SD) of MFV when D > D+

1SD indicated salt tolerant, D— 1SD < D < D+ 1SD
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indicated moderate salt tolerant, D < D— 1SD indi-
cated salt sensitive by the method of Chen et al. (2012).

Plant traits network estimation. To explore con-
nections among traits, the precision matrix and con-
fidence interval for trait interaction were calculated
using methods outlined by Flores-Moreno et al. (2019)
and Kleyer etal. (2019). A threshold of || > 0.4 indicated
pairwise correlations that were significant at P < 0.05.
An adjacency matrix A = [ai,j] with a; € [0, 1] was es-
tablished by setting the correlation above the thresh-
old to 1 and the relationship below the threshold
to 0. We derived the precision matrix for all wheat

https://doi.org/10.17221/449/2024-PSE

cultivars and then for different salt tolerance types,
respectively, under LS and HS treatments. Three
common metrics were used to characterise the differ-
ence in the connection among plant traits, including
modularity, edge density, and degree, according to
Alon’s (2003) method.

Statistical analysis. All experimental data were
presented as means + standard deviation from three
replicates. The differences between treatments were
analysed using SPSS 27.0 (SPSS Inc., Chicago, USA)
with statistical significance determined by P-values less
than 0.05 according to Duncan’s multiple range tests.

(A) nu;** (B) * ok (C) *1**** 30 (D) *t:** N 0.20 ’(E) ut**‘*
- 90 } *xk *kk *‘-:' [T L
100} 100 = sol & ° S 015}
x = 60| — = $ . a o
= - > o 0.10F @ .
@ 50 | % 50 ot U el Hor = ¥ “
30| . ' £ = oo0sf
* # &
0t 0 0L 0L ks 0t
= 0.20}F :-':T 25 (@) ‘*‘ttt 1‘; (H) l“:nuz 25 H(D) .*ﬂtt — Q)] *‘*tt*
ok ok * ko = ok
3 o015 2 = L. 2 2T g 200/ . § 20 g
& W 15 *#.. 510»% gy 2 S5 S o %
B o.10f £ 1o - = E 2= | 2 2 E * *
8 = z = . . 1.0 * 0 " o 10 + . ”
2 oos| = s e > S st gl
0 a LI
0 w0 =] 0 0
— 150 7(K) “*ut = (L) "‘u* —~  0.40 —(M) ns‘“ — 1-00'(N) 1-&:“ 10 -(O) ":n
= * s 20 ko = ok - *kk o ok
E = : S o030f B = 075¢ g 75} z
2 wof & $ 2 s . = “ a, * w ac
= ., - . =t Lo F
g 3 - g 10 * W s E 020f T g 050 "‘P‘ # L 50 ;
O 50 F  ee 2 b5 & ) o g + $
3 . 5 = o.lof - = 025} s 25f
3 < - > o Z .
~ v ~
0 “oop 0 Mo 0 | e v
30 L(P) tn“* TE\ Q) u*m" = (R) nt“* TE‘ - L(S) -n:“ fg T L(T) u-r*"
- ok -E 0.6 *kk % ns = o ok ] * ko
g 20 = = g T = 0 a % 10 E S 10 ;'
= o ~ .. . gy Mg oY) 0t L0 = O
& b 2 04 %3' > g e 3
Iy - P E o1t} b A —
5 10 $ 5 02 * é 3 %*# §os 3 0.5 s
& +
. L oo “ o0 L % ot — KA Y R—_—
8 6.0 (U) F ““;un 2 ey (V) £ “":nv r e (w)‘ = *x /‘g 0.06-(X)' “‘*xn« ? —_
= dkw =] 0.9 ke o 04F ok =1 kT =
g = v a = 5 = W g 5 004}
© 40 + S . o, 03} . = 0.04} a,
9 o 0.6 ?l) . ! oo -
2 e g g 02¢ : £ i £ o0l
& AU % sl TR A S il B # g 002 * =
= . £ s . 2
s o WA 5 Zz ot e ol SN
CK LS HS CK LS HS CK LS HS CK LS HS CK LS HS

Figure 1. Plant traits among 38 wheat cultivars under control (CK), 50 and 200 mmol NaCl treatments. GP — germination
potential; GR — germination rate; GI — germination index; GVI — germination vigor index; SEW — shoot fresh weight; REW —
root fresh weight; SDW — shoot dry weight; RDW — root dry weight; R/S — root to shoot ratio; SL — shoot length;
RL - root lengt; RSA — root surface area; RV — root volume; RD — root diameter; Na*/K*_ - Na*/K* ..
shoot; Na*/K* = —Na*/K* ratio inroot; K*_, = —K* content in shoot; K* ' = —K* contentinroot; Na*, ' —Na*

content in shoot; Na*  — Na* content in root; N — total nitrogen content in shoot; N
root shoot ro

in

ot — total nitrogen
shoot oot — total phosphorus content in root. Plant traits
in wheat between salt treatments in this study was significantly different at *P < 0.05, **P < 0.01 and *** P < 0.001

level; ns — not significant

content in root; P — total phosphorus content in shoot; P
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RESULTS

Phenotypic traits variation and correlation with
salt tolerance coefficients. Salt stress profoundly
affected germination parameters and root biomass
across wheat cultivars (Figure 1). Compared to the
control, wheat had a significant reduction of GP, GR,
GI and GVIwhen exposed to salt stress (Figure 1A-D).
The highest reduction in GP (94.5%), GR (86.3%),
GI (90.9%) and GVI (95.5%) were recorded in a cul-
tivar of Chuanmail557 under HS treatment, while
Xinkemail68 exhibited the highest reduction of GP
(70.4%), GR (64.3%), GI (67.8%) and GVI (76.2%)
under LS treatment. Conversely, the lowest reduc-
tions were observed in cultivars of Jiemail9 and
Cangmai6004 under both LS and HS treatments.

Under LS treatment, shoot fresh and dry weights
increased significantly, whereas root fresh and dry
weights decreased. HS treatment, however, sig-
nificantly decreased fresh and dry weights in both
shoots and roots (Figure 1IE-H). The greatest re-
ductions in shoot and root dry weights were noted
in Xinkemail68, while Cangmai6004 exhibited the
smallest reductions compared to the control. On
the other hand, the root-to-shoot ratio significantly
decreased under LS treatment but increased under
HS treatment (Figure 1I).

Salinity stress greatly affected root morphologi-
cal traits. LS treatment significantly increased root
length, surface area, volume, and diameter, but high
salt stress reduced these traits except for root diameter
(Figure 1K-N). The maximum (89.4%) and minimum
(14.1%) root diameter increase were observed in
Kaimai22 and Cangmai6004, respectively, compared
with control. In addition, Na* content and Na*/K*
ratio in both shoots and roots increased significantly
under LS and HS treatment. K* content increased
in shoots under both treatments but decreased sig-
nificantly in roots under HS treatment, as did N and
P contents in shoots (Figure 1Q-Y). However, no
significant difference in root N accumulation was
noted between the control and HS treatment.

Under LS treatment, germination traits displayed
strong positive inter-correlations and significant as-
sociations with other phenotypic traits (Table 2). GVI
was positively correlated with shoot fresh weight,
shoot dry weight, root dry weight, shoot Na* content,
and the Na*/K* ratio. Additionally, root morphologi-
cal traits were strongly correlated (except for root
diameter), while shoot P content exhibited significant
positive correlations with both shoot and root fresh

weights. Root N and P contents were positively asso-
ciated with root diameter. Furthermore, the Na*-K*
selective rate significantly correlated with shoot N
and P contents. Under HS treatment, germination
traits maintained strong inter-correlations and were
positively associated with shoot and root dry weights
and shoot K* content (Table 3). Conversely, these
traits were negatively correlated with shoot Na*/
K* ratio, shoot Na* content, and root P content.
Shoot N content was negatively correlated with Na*/
K* ratios in both shoots and roots but positively
associated with K* content. Root length displayed
significant correlations with shoot K* content and
Na*/K* selective rate, while root diameter positively
correlated with shoot P content.

Salt tolerant evaluation. At the germination stage,
the D value for 38 wheat cultivars ranged from 0.39
to 0.68 for LS treatment and from 0.26 to 0.73 for HS
treatment (Tables 4 and 5). The highest and lowest D
values were noticed in Chuanmai83 and Longke1109
under LS treatment and in Zhongjiemai20 and
Zhongyul211 under HS treatment, respectively. Based
on the results, all 38 wheat cultivars were grouped
into three categories according to the comprehensive
evaluation values of D (0.52 + 0.07), that is, highly
tolerant (D > 0.59), moderately tolerant (0.45 < D <
0.59) and sensitive (D < 0.45) to salinity under LS
treatment. Similarly, sensitivity (D < 0.35), moderately
tolerant (0.35 < D < 0.57) and tolerant (D > 0.57) to
salinity was also recorded according to the D values of
0.46 + 0.11 under HS treatment. It was worth noting
that Kechengmai4, Zhongjiemai20, Cangmai6004 and
Pumai053 showed consistently superior salt tolerance,
whereas Chuanyu2l, Cunmail6, Xinkemail68 and
Luomai9908 were sensitive to salinity under either
LS or HS treatment.

Under LS treatment, only N content in shoots and
roots significantly correlated positively with D value
(Figure 2A-B). Under HS treatment, Na* content in
shoots and Na*/K* ratio in shoots or roots showed
a negatively significant correlation with D value,
whereas, such as K* content in shoots and roots, shoot
and root dry weight, as well as Na*/K* selectance
positively correlated with D value (Figure 2C-J). In
addition, the D value positively correlated with N
content in shoots but not in roots.

Traits network analysis. Amongall wheat genotypes,
there was a high proportion of connections among
traits across all salt-tolerant and moderately tolerant
types and low modularity among traits (Figure 3).
Under LS treatment, Na*  was the trait with the

root
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Table 4. Ranking of wheat cultivars based on comprehensive evaluation of D value under low salt treatment

Cultivar D value Rank Cultivar D value Rank
Chuanmai83 0.69 T Chuanmail0O4 0.52 MT
Jiemail9 0.64 T Shengcaimai2 0.52 MT
NeimailOl 0.62 T Zhongyul211 0.52 MT
Kechengmai6 0.61 T Xumai36 0.51 MT
Pumai053 0.61 T Chuanmai66 0.50 MT
Xinmai32 0.61 T Chuanmai86 0.50 MT
Cangmai6004 0.60 T Gaomai6 0.50 MT
Kechengmai4 0.60 T Mianmai285 0.49 MT
Bainong418 0.60 T Xinmai39 0.49 MT
Kaimai22 0.60 T Xinnong518 0.49 MT
Chuanmai602 0.58 MT Qimin8 0.47 MT
Chuanmail557 0.57 MT Womai9 0.47 MT
Jindi828 0.57 MT Luomai26 0.46 MT
Zhoumai32 0.55 MT Zhengmail68 0.46 MT
Kelinmai969 0.54 MT Luomai9908 0.45 S

Qimin7 0.54 MT Cunmail6 0.42 S

Guohong3 0.53 MT Chuanyu21 0.41 S

Luomai34 0.53 MT Xinkemail68 0.41 S

Tunmail2?7 0.53 MT Longkel109 0.40 S

T — salt tolerant type; MT — moderately tolerant type; S — sensitive type

highest connections to other traits for salt-tolerant mum K of GVI under LS treatment (Figure 4B-C).
cultivars, and SEW was more central to the network  The maximum K of R/S ratio and GR were recorded
under HS treatment (Figure 4). The salt moderately in salt moderately tolerant and sensitive cultivars,
tolerant and sensitive cultivars shared with the maxi- respectively, under HS treatment (Figure 4E-F).

Table 5. Ranking of wheat cultivars based on comprehensive evaluation of D value under high salt treatment

Cultivar D value Rank Cultivar D value Rank
Jiemail9 0.73 T Gaomai6 0.45 MT
Kechengmai4 0.73 T Jindi828 0.45 MT
Cangmai6004 0.70 T Xinmai39 0.44 MT
Pumai053 0.62 T Xumai36 0.44 MT
Chuanmai602 0.57 MT Zhoumai32 0.43 MT
Chuanmai86 0.56 MT Qimin8 0.40 MT
Guohong3 0.54 MT Chuanmail557 0.38 MT
Kaimai22 0.52 MT Chuanmai66 0.36 MT
Xinmai32 0.52 MT Qimin?7 0.36 MT
Luomai34 0.51 MT Shengcaimai2 0.36 MT
Tunmail2?7 0.51 MT Chuanyu21 0.35 S
Kechengmai6 0.50 MT Cunmail6 0.35 S
Xinnong518 0.50 MT Luomai9908 0.35 S
Luomai26 0.49 MT Zhengmail68 0.35 S
Womai9 0.49 MT Bainong418 0.34 S
Mianmai285 0.48 MT Longke 1109 0.33 S
Chuanmai83 0.46 MT ChuanmailO4 0.32 S
NeimailOl 0.46 MT Xinkemail68 0.27 S
Kelinmai969 0.46 MT Zhongyul211 0.26 S

T — salt tolerant type; MT — moderately tolerant type; S — sensitive type
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DISCUSSION

Plant response to salt stress is a complex process
involving multiple organs, tissues and traits, along-
side adjustments in physiological and biochemical
processes to maintain growth and development (Zhou

et al. 2024). Most crops, including wheat, are glyco-
phytes susceptible to salinity, especially during the
vegetative phases. Therefore, evaluating the response
to salt stress during the seed germination stage is
an important criterion for screening salt-tolerant
germplasm in crops (Choudhary et al. 2021).
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Figure 3. Trait networks for all wheat cultivars exposed
0.05 to different salt stress. (A) Edge density; (B) modularity
and (C) degree. LS — low salt environment; HS — high
000 salt environment; T — salt tolerance type; MT — mode-

LS HS

Evaluation of salt tolerance in wheat

Wheat exhibits moderate salt tolerance, but signifi-
cant genetic variability exists among cultivars. This
study utilised the MFV method to integrate multiple
observations, demonstrating varying salt tolerance
among wheat cultivars. The germination stage is criti-
cal for establishing plants in a saline environment,
making it an ideal phase for salt tolerance evalua-
tion (Li et al. 2020, Rajabi et al. 2020). In this study,
cultivars Jiemail9, Kechngmai4, Cangmai6004 and
Pumai053 exhibited consistent salt tolerance, while
Luomai9908, Cunmail6, Chuanyu2l, Xinkemail68
and Longkel109 displayed sensitivity under both
LS or HS conditions. These findings provide valu-
able resources for breeding programs that improve
wheat’s salinity resilience.

Physiological mechanisms of salt tolerance.
Plants employ various salt tolerance mechanisms to
acclimate exposure to salinity (Deinlein et al. 2014).
Based on our analysis, the correlation between D
value and plant traits was different under LS and HS
treatment (Figure 2). This indicated that differential
strategies potentially regulated wheat responses to

132

rate salt type; S — sensitive type

different levels of salt stress. As is known, root growth
strategies are dynamically changed in response to
salinised conditions, by modulating root system archi-
tecture traits and directional root growth (Julkowska
etal. 2017, Dinneny 2019). In the present study, most
wheat cultivars exhibited biomass accumulation ac-
cretion and root morphology improvement under
LS treatment (Figure 1). This may be because seed
priming with NaCl can promote their growth and
improve tissue tolerance under salt stress (Paul et al.
2023). However, HS treatment notably inhibited seed
germination, biomass accumulation and root system
development. This was linked to ionic imbalance and
K* deficiency caused by impaired selectivity of root
membrane due to excessive Na*.

Highly salt-tolerant plants showed strong Na*
rejection and preferential restriction because lower
maintenance of Na* content, higher amounts of
K* retention and vacuolar compartmentalisation
are required to cope with a salinised environment
(Chakraborty et al. 2019, Mohanty et al. 2023). K*
is an important determinant of cell fate, with salt-
induced cytosolic K* loss being causally linked to
metabolic process interference, reactive oxygen spe-
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Figure 4. Trait networks for all wheat cultivars with different types of salt tolerance were exposed to different

salt stresses. Green and red edges — negative and positive correlations, respectively; node size — degree; K — con-

nectivity among plant traits; A and D — trait network for salt-tolerance cultivars in low and high salt treatment;

B and E - trait network for moderate salt-tolerance cultivars in low and high salt treatment; C and F — trait

network for salt-sensitive cultivars in low and high salt treatment

cies formation and cell damage (Shabala and Cuin
2008). In this study, K* accumulation in shoots or
roots had a significantly positive correlation with
D value, indicating that increased K* accumulation
in tissues to ensure the K* metabolic requirement
can enhance the salt tolerance in wheat. Moreover,
Na* accumulation in shoots exhibited a significantly
negative correlation with the D value (Figure 2). This
was likely because Na* exclusion from the shoot ef-
fectively enhanced plant salt tolerance (Davenport et
al. 1997, Munns et al. 2006). This is especially true for
wheat. In addition, Na*/K* selectance can reflect Na*
and K* acquisition preference and regulate Na*/K*
homeostasis in plants (Hasegawa et al. 2000). Our

findings revealed that wheat cultivars with salt toler-
ance had lower Na*/K* selectance, which indicated
more dominance in K* selectivity to decrease Na*/K*
ration and improve the salt tolerance.

On the other hand, it is beneficial to enhance the
synthesis of compatible solutes of N-containing
compounds, such as amino acids, amides and be-
taines, with the increase of N content in tissues,
which is of central importance for plant survival and
growth under salt stress (Lauchli and Luttge 2002).
The compatible solutes accumulate in the cytosol,
decreasing cytoplasmic water potential and acting as
osmoprotectants to overcome osmotic stress. This
study’s shoot and root N accumulation positively
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correlated with the D value under LS treatment. Only
shoot N accumulation scaled positively with D value
under HS treatment, indicating higher N content in
plant tissues contributed to improved salinity toler-
ance in wheat during the germination stage. In other
words, the N efficient mobilisation establishment
from seed to seedling improved salt tolerance and
seed germination under salinity exposure, where
the N metabolism process cannot also be ignored.

Traits and their relationships vary within dif-
ferent salt-tolerant wheat. Plant traits are not in-
dependent, and the coordination of traits generally
exists (Flores-Moreno et al. 2019). Highly connected
plant traits are expected due to biological and se-
lection processes that favour the efficient use and
acquisition of resources within and across plant tis-
sues to cope with changing environments (Reich et
al. 2014). To our knowledge, edge density variation
in trait networks has been linked to a compromise
between connection efficiency and cost, and higher
modularity of plant traits confers an advantage under
variable conditions and will also decouple the func-
tional modules, ensuring their independence from
each other (Alon et al. 2003). In this study, across
different genotypes, we found that wheat cultivars
with salt tolerance possessed a significantly higher
proportion of connectedness across traits and lower
modularity compared to wheat cultivars with salt-
sensitive type, indicating enhanced network con-
nectivity and a competitive advantage in acquiring
and utilising resources for salt-tolerant cultivars.
Furthermore, the reduced degree of modularity fos-
ters more effective connections between functional
groups, leading to consistent functional division that
maximises the potential of various traits in response
to environmental conditions. Within wheat cultivars,
modularity was greater in salt-sensitive types than in
salt-tolerant or moderate-tolerant types under LS or
HS treatment, indicating that modules in the traits
network in salt-sensitive types were more independ-
ent. This suggested less coordination between trait
modules was true for salt-sensitive types in response
to salt stress, leading to a looser overall network.
Consequently, it is necessary to strengthen the co-
ordination of plant functional traits to improve the
salt tolerance of wheat.

High centrality, characterised by a high number
of connections to other traits in a network, is likely
influential in regulating key functions or involving
regulating multiple functions. Na* and K* balance
maintenance is an important mechanism of salt toler-
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ance in growing plant tissues (Tester and Davenport
2003, Zhao et al. 2023). In our study, the root Na*
content was the trait with the most connection to
other traits across salt-tolerant cultivars under LS
treatment, but SEW was a central trait under HS treat-
ment. Moreover, GVI and GR were central traits within
salt-sensitive cultivars under LS and HS treatment,
respectively. This indicated that trait centrality was
labile within wheat genotypes across stress conditions.
The variation of trait centrality may reflect the selec-
tivity, heritability, and scale dependence of biophysical
forces acting on traits and some functional relevance
of traits in the trait network (Flores-Moreno et al.
2019). When faced with severe salt stress, water loss
reduction and water use efficiency improvement can
allow wheat plants to cope with salt stress effectively;
the acclimation to low salt stress tended to depend
more on the ion balance regulation in plant tissues.

REFERENCES

Alon U. (2003): Biological networks: the tinkerer as an engineer.
Science, 301: 1866—-1867.

Ashraf M., Akram N.A. (2009): Improving salinity tolerance of
plants through conventional breeding and genetic engineering:
an analytical comparison. Biotechnology Advances, 27: 744—752.

Bazihizina N., Colmer T.D., Cuin T.A., Mancuso S., Shabala S.
(2019): Friend or foe? Chloride patterning in halophytes. Trends
in Plant Science, 24: 142—-151.

Chakraborty K., Chattaopadhyay K., Nayak L., Ray S., Yeasmin L.,
Jena P., Gupta S., Mohanty S.K., Swain P., Sarkar R.K. (2019):
Ionic selectivity and coordinated transport of Na* and K* in flag
leaves render differential salt tolerance in rice at the reproductive
stage. Planta, 250: 1637-1653.

Chen X., Min D., Yasir T.A., Hu Y. (2012): Evaluation of 14 mor-
phological, yield-related and physiological traits as indicators
of drought tolerance in Chinese winter bread wheat revealed by
analysis of the membership function value of drought tolerance
(MFVD). Field Crops Research, 137: 195-201.

Choudhary A., Kaur N., Sharma A., Kumar A. (2021): Evaluation
and screening of elite wheat germplasm for salinity stress at the
seedling phase. Physiologia Plantarum, 173: 2207-2215.

Davenport R.J., Reid R.J., Smith F.A. (1997): Sodium-calcium inter-
actions in two wheat species differing in salinity tolerance. Physi-
ologia Plantarum, 99: 323-327.

Deinlein U., Stepha A.B., Horie T., Luo W., Xu G., Schroeder J.I.
(2014): Plant salt-tolerance mechanisms. Trends in Plant Sci-
ence, 19: 371-379.

Dinneny J.R. (2019): Developmental responses to water and salinity
in root systems. Annual Review of Cell and Developmental Biol-

ogy, 35: 239-257.



Plant, Soil and Environment, 71, 2025 (2): 123—-135

Original Paper

https://doi.org/10.17221/449/2024-PSE

FAO (2021): Faostat. Available at: http://www.fao.org/faost at/
en/#data/QC/visualize

Flowers T. (2004): Improving crop salt tolerance. Journal of Experi-
mental Botany, 55: 307-319.

Flores-Moreno H., Fazayeli F., Banerjee A., Datta A., Kattge J.,
Butler E.E., Atkin O.A., Wythers K., Chen M., Anand M., Bahn
M., Byun C., Cornelissen J.H.C., Craine J., Gonzalez-Melo A.,
Hattingh W.N., Jansen S., Kraft N.J.B., Kramer K., Laughlin
D.C., Minden V., Niinemets U., Onipchenko V., Pefuelas J.,
Soudzilovskaia N.A., Dalrymple R.L., Reich P.B. (2019): Robust-
ness of trait connections across environmental gradients and
growth forms. Global Ecology and Biogeography, 28: 1806—1826.

Lauchli A., Luttge U. (2002): Salinity and Nitrogen Nutrition. Bos-
ton, Boston Kluwer Academic Publishers, 229-248.

Genc Y., McDonald G.K., Tester M. (2007): Reassessment of tissue
Na* concentration as a criterion for salinity tolerance in bread
wheat. Plant, Cell and Environment, 30: 1486—1498.

Huang J., Koganti T., Santos F.A., Triantafilis J. (2017): Mapping soil
salinity and a fresh-water intrusion in three-dimensions using
a quasi-3d joint-inversion of DUALEM-421S and EM34 data.
Science of the Total Environment, 577: 395-404.

Hasegawa P.M., Bressan R.A., Zhu ].K., Bohnert H.J. (2000): Plant
cellular and molecular responses to high salinity. Annual Review
in Plant Biology, 51: 463—499.

Julkowska M.M., Koevoets L.T., Mol S., Hoefsloot H., Feron R.,
Tester M.A., Keurentjes ].].B., Korte A., Haring M.A., de Boer
G., Testerink C. (2017): Genetic components of root architecture
remodeling in response to salt stress. Plant Cell, 29: 3198-3213.

Kleyer M., Trinogga J., Cebrianpiqueras M.A., Trenkamp A., Flgj-
gaard C,, Ejrnaes R., Bouma T.J., Minden V., Maier M., Mantilla-
Contreras J., Albach D.C., Blasius B. (2019): Trait correlation
network analysis identifies biomass allocation traits and stem
specific length as hub traits in herbaceous perennial plants. Jour-
nal of Ecology, 107: 829-842.

Li W., Zhang H., Zeng Y., Xiang L., Lei Z., Huang Q., Li T., Shen
E., Cheng Q. (2020): A salt tolerance evaluation method for sun-
flower (Helianthus annuus L.) at the seed germination stage. Sci-
entific Reports, 10: 1-9.

Mohanty A., Chakraborty K., Mondal S., Jena P, Panda R.J., Sa-
mal K.C., Chattopadhyay K. (2023): Relative contribution of ion
exclusion and tissue tolerance traits govern the differential re-
sponse of rice towards salt stress at seedling and reproductive
stages. Environmental and Experimental Botany, 206: 105131.

Mérai Z., Graeber K., Wilhelmsson P., Ullrich K.K., Arshad W.,
Grosche C., Tarkowska D., Tureckova V., Strnad M., Rensing
S.A., Leubner-Metzger G., Scheid O.M. (2018): Aethionema ara-
bicum: a novel model plant to study the light control of seed ger-
mination. Journal of Experimental Botany, 70: 3313-3328.

Munns R., James R.A., Lauchli A. (2006): Approaches to increasing
the salt tolerance of wheat and other cereals. Journal of Experi-
mental Botany, 57: 1025-1043.

Munns R., Tester M. (2008): Mechanisms of salinity tolerance. An-
nual Review of Plant Biology, 59: 651-681.

Paul A., Mondal S., Pal A, Biswas S., Chakraborty K., Mazumder
A., Biswas A.K., Kundu R. (2023): Seed priming with NaCl helps
to improve tissue tolerance, potassium retention ability of plants,
and protects the photosynthetic ability in two different legumes,
chickpea and lentil, under salt stress. Planta, 257: 111.

Pitman M.G. (1984): Transport across the root and shoot/root in-
teractions. In: Davy A.J. (ed.): Salinity Tolerance in Plant: Strate-
gies for Crop Improvement. New York, Wiley Press, 93—-123.

Qadir M., Quillérou E., Nangia V., Murtaza G., Singh M., Thomas R.J.,
Drechsel P, Noble A.D. (2014): Economics of salt-induced land deg-
radation and restoration. Natural Resources Forum, 38: 282—295.

Song J., Feng G., Tian C., Zhang F. (2005): Strategies for adaption
of Suaeda physophora, Haloxylon ammodendron and Haloxylon
persicum to a saline environment during seed germination stage.
Annual of Botany, 96: 399-405.

Rajabi D.A., Zahedi M., Ludwiczak A., Cardenas PS., Piernik A. (2020):
Effect of salinity on seed germination and seedling development of sor-
ghum (Sorghum bicolor (L.) Moench) genotypes. Agronomy, 10: 859.

Reich P.B. (2014): The world-wide ‘fast-slow’ plant economics spec-
trum: a traits manifesto. Journal of Ecology, 102: 275-301.

Shabala S., Bose J., Hedrich R. (2014): Salt bladders: do they matter?
Trends in Plant Science, 19: 687—-691.

Shabala S., Cuin T.A. (2008): Potassium transport and plant salt tol-
erance. Physiolgia Plantarum, 133: 651-669.

Tester M., Davenport R. (2003): Na* tolerance and Na* transport in
higher plants. Annals of Botany, 91: 503-527.

Wang M., Xia G. (2018): The landscape of molecular mechanisms
for salt tolerance in wheat. The Crop Journal, 6: 42-47.

Wu H.H., Zhang X.C., Giraldo J.P, Shabala S. (2018): It is not all about
sodium: revealing tissue specificity and signalling roles of potassium
in plant responses to salt stress. Plant and Soil, 431: 1-17.

Yang Y., Guo Y. (2018): Unraveling salt stress signaling in plants.
Journal of Integrative Plant Biology, 60: 796—804.

Zhao C., Zhang H., Song C., Zhu J.K., Shabala S. (2020): Mecha-
nisms of plant responses and adaptation to soil salinity. The In-
novation, 1: 100017.

Zhao Z., Zheng H., Wang M., Guo Y., Wang Y., Zheng C., Tao Y.,
Sun X., Qian D., Cao G., Zhu M., Liang M., Wang M., Gong Y., Li
B., Wang J., Sun Y. (2023): Reshifting Na* from shoots into long
roots is associated with salt tolerance in two contrasting inbred
maize (Zea mays L.) lines. Plants, 12: 1952.

Zhou H., Shi H., Yang Y., Feng X., Chen X., Xiao F, Lin H., Guo
Y. (2024): Insights into plant salt stress signaling and tolerance.
Journal of Genetics and Genomics, 51: 16—34.

Zhu J.K. (2002): Salt and drought stress signal transduction in
plants. Annual Review of Plant Biology, 53: 247-273.

Received: August 17, 2024
Accepted: December 19, 2024
Published online: January 28, 2025

135



