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Adaptive Responses of Root Phenotypic Plasticity of Leymus secalinus
Seedlings to Salt Stress

ZHANG Jing"?, CONG Ying-li*, JIA Sha-er*, LI Xiang®, HUANG Qing-liang', AYINAZHA Elawudun',
ABULAITI Abuduhaibier', YERKASHI Dalieli', ZHENG Wei"”
(1. College of Grassland Science, Xinjiang Agricultural University, Urumqi, Xinjiang 830052, Chinaj 2. Grassland General Station of Xinjiang
Uygur Autonomous Region, Urumgqi, Xinjiang 830049, China; 3. Xinjiang Key Laboratory of Grassland Resources and Ecology, Urumqi,
Xinjiang 830052, China)

Abstract: The restoration of saline grasslands relies on effective soil amelioration, precise seeding timing, and
successful seedling establishment. In this study, the pioneer grass species Leymus secalinus was used as test
material, and low, medium, and high salinity levels of salt stress were set up using a 1: 2 ratio of NaCl and
Na,SO,. The effects of salt stress and its interaction with seedling age on root system phenotypic plasticity were
investigated. Our results showed that salt stress made roots grow shallower. Seedling age was the main factor
controlling root biomass distribution (P<Z0. 001). Salt alone and its interaction with age were only significant in
some cases. Salt and age both reduced root length, surface area, and volume (P<Z0.01). Their interaction had
the strongest effect on root volume (F=36.878). Salt damage increased nonlinearly as the seedling grew.
Root tip number decreased with higher salt. Older seedlings were more sensitive to salt. Root angle signifi-
cantly reduced at the two- and three-leaf stages. Also, root fractal dimension showed a nonlinear response, and
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increased under low salt but decreased under medium and high salt (P<Z0.05). This study revealed the phased

adaptation strategies of Leymus secalinus seedlings under salt stress, providing a basis for enhancing the applica-

tion potential of Leymus secalinus in ecological restoration of saline grasslands.

Key words: Leymus secalinus; Salt stress; Seedling age ; Root system ; Phenotypic plasticity
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Table 1 Comparison of root biomass distribution of Leymus secalinus at different seedling ages under different treatments

R R &Y i Root biomass /mm?®
A PR Treatment —
Root depth /ecm ) Two-leaf stage “ I 49] Three-leaf stage U 4] Four-leaf stage
CK 0~2 2.0940.71% 8.4740.67"" 23.18£2.89"™
S, 2.03+0.75% 8.24+1.59"" 30.784-6.317
S, 1.9340.65" 6.43+0.96™ 20.72+1.70%
S, 1.700.58% 3.9140.72% 15.434-3.13
CK 2~4 2.15+0.82"¢ 18.25+0.70% 35.2045.26"
S, 2.29+0.63" 24.5143.49M 41.12+7.13M
S, 1.9540.65 16.804-1.00"" 23.7841.59%
S, 1.34+0.35" 11.6244.71 16.9645.60""
CK 4~6 1.2140.22"% 26.4144.08" 39.8545.76"
S, 1.5020.34% 30.95+4.46% 47.4047.13M
S, 1.2940.35% 19.74+2.78% 22.4345.08%
S, 1.1940.39" 15.2842.76" 15.554-4.46"

T R R A o )R A i T T R AR AR R B T A R KT O 1) b AR R A e S (B S A AR AE . b CKAR X BAR L, S, 36
AR AL B, S, F AR PR AL B, S, FOR AR AL B, B P bR 2R o IR AN R RS S B s R I A () b B ] 22 57 J 35 (P<C0. 05),
[ AT AN [ /NG A5 3 0 A [ A BHLAS ) o % fi) 22 5 8225 (P<<0. 05)

Note: The root biomass presented in the table is defined as the breadth biomass, which is calculated by root analysis software based on the
horizontal distribution range and morphological parameters of the roots. It serves to characterize the spatial distribution characteristics of root bio-
mass in the horizontal direction, as derived from the two-dimensional projected images of the roots. CK denotes the control treatment, S, denotes
the low-salt treatment, S, denotes the medium-salt treatment, and S, denotes the high-salt treatment. The values in the table are mean + stan-
dard deviation. Different uppercase letters in the same column indicate significant differences between different treatments at the same seedling age

(P<20.05), while different lowercase letters in the same row indicate significant differences between different seedling ages with the same treat-
ment (P<<0.05)
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Fig. 1 Vertical distribution patterns of Leymus secalinus root biomass under salt stress at different seedling ages
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Note: Figures 1A, 1B, and 1C provide a detailed breakdown of the root biomass distribution across various soil layers for two-leaf stage, three-

1 2
AT

Different salt concentrations

leaf stage, and four-leaf stage, respectively. The color orange signifies the 0-2 cm soil layer, green represents the 2-4 c¢m soil layer, and purple

corresponds to the 4-6 cm soil layer
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Table 2 Fixed effects results of the salinity concentration, seedling age mixed effect model

SBII Effect term it (8) off P S
Estimated value ¢ value P value Significance

A Intercept 0.503 6.416 <20.001 koK

S VS i Three-leaf stage VS Two-leaf stage —1.633 —15.60 <£0.001 ok

P VS i Four-leaf stage VS Two-leaf stage —1.041 —9.95 <20.001 ook
AL S, VS CK Salt treatment S; VS CK —0.232 —2.22 0.028 *
EHALFE S, VS CK Salt treatment S, VS CK —0.122 —1.16 0.246 ns
AL S, VS CK Salt treatment S; VS CK —0.150 —1.44 0.152 ns
S X AL EE S, Three-leaf stage X Salt treatment S, 0.025 0.17 0.865 ns
O < E AL FE S, Four-leaf stage X Salt treatment S, 0.328 2.21 0.028 *
= X ER AR BE S, Three-leafl stage X Salt treatment S, 0.128 0.86 0.389 ns

PO X< Eh AbF S, Four-leaf stage X Salt treatment S, 0.601 4.06 <20.001 ok
I X ER AL B S, Three-leaf stage X Salt treatment S, —0.083 —0.56 0.575 ns

P 3 X Eh A B S, Four-leal stage X Salt treatment S, 0.702 4.74 <20.001 ook

TR R DL T S S A AL L CK OS2 20 5 32 BT (OX) FoR 8 T (B Y SC RN o 3R vh B9 RN Geit b 3 PEAKOF  Horp *
Fn P<<0. 05, %% R P<<0. 01, #+F/R P<<0.001,ns R/R LRFEESR . T
Note: In the model, seedling age uses the two-leaf stage as the reference group, and salt treatment uses CK as the reference group; the inter-

action term (X ) represents the interaction effect between variables. The asterisks in the table indicate the level of statistical significance, where *
indicates P<<0. 05, ** indicates P<<0. 01, *** indicates P<Z0. 001, and ns indicates no significant difference. The same as below

R3 MBS ESR

Table 3 Variance decomposition of random effect
8 e ok IR T3 25y FRifE 2
Source of variation ~ Variance components ~ Standard deviation
X 21 Block 0.0027 0.052
7% Residual 0.1095 0.331
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Fig.2 Comparison of root length, root surface area, and root volume of Leymus secalinus at different seedling ages under various
treatments

TE A (B L C A3 5l 3270 AN [7] Ak A 0 40 B ARG R 2 1 B AR BB 9% 1 7R AR AR R . B € o T AR B (CK) 28 R IR ER AL (S ) (i 6208
HEhab BL(S,) A (0 AL BE(S,)
Note: Figure A, B, and C respectively represent the characteristics of the changes in root length, root surface area, and root volume of Leymus
purple represents the low salt

chinensis seedlings with seedling age under different treatments. Orange represents the control treatment (CK) ,

treatment (S,), blue represents the medium salt treatment (S,), and pink represents the high salt treatment (S,)

R4 BHREMBRIBERZZERRECOVNEZRFTESN

Table4 Two-Way ANOVA of salt concentration and seedling age on the spatial expansion indices of Leymus secalinus

R RF W R HAR R
AEFH Treatment Total root length/cm Total root surface area/cm? Total root volume/cm?®
F P F P F P
LW B Salt concentration 85.593 ok 289.058 ok 96.471 ok
i Seedling age 109.490 *k 250.270 *k 248.938 *k
R U X T Salt concentration X Seedling age 11.244 ok 30.617 ok 36.878 ok

TE 3R () 81 A ) b B ) 22 S i 3 (P<<0. 01)

Note: ** means significant difference between different treatments in the same column (P<20.01)

2.3 %R R H B EEAE X £ A8 B N Rz

EN SERS R VIR AN R R RN b A TR T
£ VA J3E B B R U B B B AR KON (B 3A-C) . Bl 3A
WoR N A S AR R B R A e 25 =, HL I B AR
s DI NTTRC R At < - N 1y oz 2 Ry 1 1
FE 5 R AL B (S R W 3 AR T X I A #E (CKD (P<<
0. 001) ;i PU 3, 7 Fp£R (SO R SR AL HR (SO R i
FR T X AL HE (CK) (P<C0. 001D, #E—E %M, Bl
VIR A A P X R PR Y R A T R

P 3B b , i REAR A B S 0 0 K A AR
K EH AR AL FE(S) ALY -3 g 25 X IR

(CKOAFECP<C0. 0D ; R R AR HL(SO R, =AM i B Bt
MR A B 34 i B AIK F 4 BR AR 3L (CKO (P<<0. 05) ; i $h Ak
FRCSOT , 010 = i SR 0 2508 T X R AR 3 CC O
(P<<0. 00D, Z Ut 22 5 2 (P>0. 05) . KR
I 3G 2R A4 K A 1 TR LA B S 1 B B M R
ISR S A B AR A SR N (R

& 3C R ARERAL BE(S DR =N IR 2208 4
B 6 IR (CKO & 2% 38 i (P<<0. 05, P<<0. 001, P<<
0. 001), ik (SO FI £ AL BRSO =N IR R 43
T e RGE W 2E M E H (P<<0. 05,P<C0. 001, £ HIIK
HFE SRR SBAAL, P m R AR R SR AL
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Table 5 Two-Way analysis of variance of salt concentration and seedling age on root system architecture indexes of

s ] pum-3

Leymus secalinus

HRR%L R R 438 45
AbFR Treatment Number of root tips Root angle Root fractal dimension
F P F P F I
W ¥ Salt concentration 70.658 ok 28.499 ok 116.561 ok
T’ Seedling age 184.781 ** 176.463 ** 224.621 *x
LRk B < i Salt concentration X Seedling age 17.648 ok 1.838 ns 12.058 ok
W 720 B 00 Sk B SIS 3 i

A R A B4R bR B 3 Y A 37 R 38 B AL (R
5) o Hh oW B F RN W B S AR 2R B (F=
70.658,P<<0.01) \ MR 1 & (F=28.499,P<C0.0D)
AR 23 T 4E %0 (F=116. 561, P<0. 01) , £ WA L ik 1
SRE SRR RIS EE A OIS . B R
7 ] B AR 22 B (F=184. 781, P<C0.01) 4 ff )&
(F=176.463,P<<0.01) fil & 4 & 4 $ (F=
224.621,P<<0. 01Dy A bl 5 5% ), 3R W AR % 4 A4
K E ELA W 0 B R AR A

ok B 5 W R 52 5RO AR R (F=
17.648,P<<0.01) F1 # 43 JE 4k 4 (F=12. 058, P<<
0. 01) 7 £k Btk 2 52 i) , % W] 5k W 380 %000 B & 75 e
Brah WA o R AR R B A b, 28 AN TR
W E T HALS R, (E3 A AR A R R A
B & A B AN (F=1.838,P=0.153) , KA &
25 V) o R I = B A7 b vk R N O 1 ik ST R A

3.1 BESHRENBEDENMEEETLEME
YR

) T 0 s R 3 N SR W T B S R R
WF 5% S B, 0 B 4 i 3E o 0 R S PR R 0 TG R
ST 2N ) B R Ll VA A Sy V1 G R = R N T =
TR R R A R AR AL B (S ) TR
Z A il 2 R ERZ R R (B 1A =t
1 00 2 ) R AT RS SR WG O T 2 ARAE Y R T R T
e 2 AR )z CELIBD 5 i pd i 44 0] 52 300 5% g ] 9
P FEARER AL 3R IR 2 A W i 5 B CCRO PR3 — 3L
CIEL1C) , {H B £ e B 38 )22 A= W £ 0] BCCKOD
A T REAR X Fh B Bk SR W 4 Ak 5 B B (Bothrio-
chloa ischaemum) 7K F& (Oryza sativa) 55 ) Fh 1 K&
A R AR [ E A S A A S AT
=R AR R ) IR R R Y A B, B
ik B R 2 2 AR B T AR X IR AR IR 2 K A
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R BN GG A T A S R B i AR
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AL 7~ 7 ] 45 R R ) R AR 4 L T ) 3 o R o

R W8 A EE T AR R AN LR e 2R B
T U R o AR A3 T Ak AT U AR R AR A i
A PR BT IR S A B4 s B P R A L . fE
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