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Effects of different concentrations of NaCl on the root morphology of four salt-

tolerant plant species and assessment of their salt tolerance
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Abstract: The aim of this work was to evaluate the salt tolerance of four salt-tolerant plant species under different
NaCl concentrations, with the goal of identifying germplasm resources for the “matching species to the land” strategy
for saline-alkali soil improvement. The four halophytes were Atriplex aucheri, Suaeda salsa, Salicornia europaea,
and Sesbania cannabina. These plant species were subjected to five NaCl treatments: CK (control), T, (100 mmol-
LY, T, (200 mmol-L "), T, (300 mmol-L "), and T, (400 mmol-L '). Their root morphology and
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physiological characteristics were analyzed, and their salt tolerance was evaluated. The main results were as follows:
1) In terms of the root response, NaCl had significant negative effects on the root length, root surface area, and root
volume of S. salsa, A. aucheri, and S. cannabina (P<0.05) , but increased root diameter and root activity. This
result indicates that these plants maintain salt tolerance by boosting root metabolic activity and thickening water-
conducting tissues to reduce hydraulic limitations. 2) In terms of oxidative stress, NaCl stress led to increased
contents of membrane lipid peroxidation products, namely malondialdehyde (MDA) , and increased hydrogen
peroxide (H,0,) contents. S. cannabina exhibited the most pronounced H,O, and MDA responses, with the H,0,
content in root increased by 68% in T, vs. CK and the shoot MDA content increased by 61% in T, vs. CK. In A.
aucheri, the shoot and root peroxidase (POD) activities were increased by 36% and 8%, respectively, in T,
compared with CK. Root catalase (CAT) activity in S. salsa peaked at T, (a 12% increase compared with CK) ,
suggesting that the three protective enzymes [ superoxide dismutase (SOD), POD, and CAT | act synergistically to
scavenge reactive oxygen species and mitigate membrane damage. 3) In terms of ion homeostasis, S. salsa and S.
europaea demonstrated superior Na* and Ca’" uptake. In the T, treatment, the Na' content in the shoot of S. salsa
was increased by 8. 3%, and the Ca®" content was increased by 98%. In S. cannabina, the shoot Na™ content was
significantly lower than the root Na' content compared to CK, implying that it resists salt stress through selective ion
uptake. 4) The salt tolerance of the four species was evaluated by principal component analysis and a membership
function analysis. The principal component analysis revealed that SOD activity, Na' and K' contents, POD
activity, and root vitality are core indicators for salt tolerance assessment. The results of the membership function
analysis showed that the four species could be ranked from most to least salt tolerant as follows: S. europaea>S.
salsa>A. aucheri=S. cannabina.
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2.3.4 BHET FE 5 RIS A Ak o 0 0 BE B (MLg™ ) 5 B AR R A A, AN [) A 3B 0] A7 A B 35 25 5, HH A Mt 1 3
Mg® & it B 2 b e i 0 38 i R 522 7T IR e A T T A A o S 0, D AE TLAL R G TR R . R b e AR A
Mo B FRARY M™% i A B S 5 T RO — B0, 0 A E TR T AR B B CR s 1 7500 f 200, 4
Fi ke 3t N 00 Mig™ F B IR b 2 T R A, op ok b R 1 B S A B I R R G g e/
2.4 AFPE AL 04 B 2SR
2.4.1 FHEMESHT X ARNAE I 104> A BREE AR AT AH OCHE A BT (K1 6) ,SOD TR M5 CAT i £ K™ Mg~ &
R B & IEAHE(P<0.05) ; CAT i P Al Ca™ & B (HLO, & 7 2 B F IEH 6 Na 5 &R 1E 1 . SOD il (K™ #1
Ca’ it 52 3 UM O, AR L& 8 bR Z AR — o A2 8 9 A S, IRt v DAV Sy 32 248 ok 37 4 Fhifif £
LER7/DSE I STER DN Ed c8
2.4.2 EWSAHT X AR YR 104 A BREE BRI AT B0 A M, B T RRAE (B > 1A b o O B 2 L BRI
O IR AR AR TR R K BBUTTER A . BT 34 A 1 B TR 35K 67. 474 %0 (£ 1), AT LU 10 4> 2 AR b
o VT LT AR
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Fig. 6 Correlation analysis of physiological indicators

Xy~ X 23 R M ZR 06 T, A AW A o SR AL A T R G S A R N T G AR R T O T B R TR B T e 2R G
P fE 0.05 K I B #F . X,—X,, represent root activity, superoxide dismutase (SOD) , peroxidase (POD) and catalase (CAT) activity,
malondialdehyde (MDA) , hydrogen peroxide (H,0,),Na", K, Ca®", and Mg*" content, respectively. * indicates that the correlation is significant at
the 0.05 level.
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F A A (R 2) R W 1 E A A
1E [ $0 i B 45 bR A SOD .CAT \H,0, . K" .Mg"",
F A BRI S R ) SR BR 2 Na -, Hirb SOD \Na ™ (K™
) 288 or B0 20 B A 0. 75 LA b, 0 B 3 B 45 AR X 56 1
TR R R E AR . WA 2 3 A B e AR FH B 38 B
JE MR J1 A POD, 2 fif Z0H 43 51 J& 0. 604, 0. 684,
MDA Fl Ca® ¥y 55 3 3 5 43 7= Az 1F 1] 52 1), 48 4 2 (.
Oy W) 0. 714 1 0. 705, AT LA Sz W 5 W 30 F AR 9 16

B0 A KRB
2.4.3 Tt ERMEZEE TN S TR 3 AN R4 £

8 b X IO S R R A 25 1 bR AE R i T
(4 5K 8 BE (D) A (38 3) , LA D ELECFI I H A 9 1Y i 6
P S5 R AR 5 T i R M A8 B s o SRR W,
TS 5 BE 77 B i 1) 2 £ A R0 Eh B 32 5 T 5 R0 R A R
B RN R =

3 itit
3.1 FRZEENCIAEE MR EZAERD

WA AR RS YR T ARSI R
W19 o S, AR R g T S mT 9 P TR (A AR A S L
T 38R ) e - 48 9 U5 AR IR o, R R Y 3 A VLAY
B0 SR W, AR 2R AR B 388 in nT DL 3 5K 4 213 R
B AR IK 7 2R 850KV T ARG v 6 R A AR K AR 2
T PR AR R FR A 45 b 38R A i B4, 158 B NaCl Ak #
HRMBEEAENRRER, KR RERK CK B E
Bom R R KA LY ok Bt m T H X 3R 4 0 Wk Rg
T3, 3 Al ER A B L R R A S DR 2 e
T A AR B SRR R AR RAE K 2 8] T Hh A H Y
B 0 52 0, B 25 NaC Lk B (9 38 i, 3 R ke 9 i AR K AR
% T FRURIAR A FRUES) ) Jb AR IR, {6 b 52 1 AR B AR AE
NaCl &b ¥R 2 @5 5 fii, 78 300 mmol- L' #h 4b 3 T &
F BN 35. 83 %6, MR ELAR B fin 2 b b B 3 R R A BT 1Y
AR 2R I X 8 30 A R0 2. AR b Ak A ) AR
K A2 NaCl Ak B 52 ) 22 30 v J32 A0t 1 AR 1]
S M ARV B (<2200 mmol - L) 30 il 2 $oi AR £ 4=
o, ik JE (300 mmol- L") o] 42 1 &8 43 H1 9 #R 5 44 AL
(9 P Ak, e BE (400 mmol- L) W) 7 A 5 % 40
YEH

F1 BEGRERSHNAFERHE
Table 1 Variance contribution rates of principal components

for each index

Jelt W1 4R FEAE A Initial eigenvalue

Ele”  wefpf )72 50lkE Variance

SR FHR R Accumula-

ment  Figenvalue contribution rate (%)  tion contribution rate ( %)
X, 3.535 35.353 35.353
X, 1.643 16. 426 51.779
X, 1.570 15. 695 67. 474
X, 0.937 9.374 76.848
X 0.837 8.374 85.222
X, 0.589 5.891 91.113
X, 0.371 3.706 94.820
Xy 0.274 2.738 97.558
X, 0.191 1. 909 99. 467
X,  0.053 0.533 100. 000
JLfE FEIOF J5 Fl#k A Extract square sum load
Ele- FRAEME 7 2250k E Variance  RBUFTHLE Accumula-
ment  pigenvalue  contribution rate (%)  tion contribution rate (%)
X, 1. 643 16.426 51.779
X, 1. 570 15.695 67.474

®2 EHSHETER

Table 2 Principal component loading matrix

L F % 4) Principal component
Item 1 P 3
MR Z 1% 11 Root activity 0.398 0.604  0.009

B A 1L W 1 A il Superoxide dismutase 0.791 —0.110 —0.119

1 4 AL W i Peroxidase 0.003  0.684  0.069
i A Ak AU Catalase 0.582 —0.508  0.445
7N % Malondialdehyde 0.167 0.425 0.714
it % fk A Hydrogen peroxide 0.705 —0.346 —0.228
Na" —0.804 —0.364  0.225
K* 0.777  0.198  0.117
Ca™" 0.411 —0.258  0.705

Mg** 0.684 —0.039 —0.478

MR ZR AT I3 09 /N B e 5 AR IR 37 53 9 W MR 7 R ) AR R B R AR KT R A B AR R D RE Y AR R, AR
I T, 2 NaC Lk BRI, FH 5 R0k 1 805% (19 AR R 06 0 K G248 ARk B NaC LX) HoAR 200 AR EVE IS B &2,
M NaCl ik BE & F 100 mmol- L' 5, HR &G W &4 L, X 5 8% (Haloxylon ammodendron) | %% J 1% %
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R3 HMEBT4HEYHREABERES TN

Table 3 Membership function values and comprehensive evaluation of the four plants under salt stress

i o b3 2 G 46 bifH Comprehensive index value 3R J& R &L fH Membership function value — D sl He4
Variety Treatment X, X, X, B s s D-value Sum Rank

+h 4 5o CK —0.88 —0.19 —1.14 0.19 0.43 0. 27 0. 27 2.61 2
S. salsa T, —0.99 —0.58 0.61 0.16 0.34 0.76 0.34

T, 0.45 1.35 1.29 0.59 0.81 0.94 0.72

T, 1.39 —1.95 —0.07 0. 86 0.00 0.57 0.59

T, 1.18 —0.34 0.52 0.80 0. 40 0.73 0.69
Hh CK —0.39 0.01 —2.14 0.33 0.48 0.00 0.29 2.62 1
S. europaea T, —0.06 0.88 —0.78 0.43 0.70 0.37 0.48

T, 1.34 0.26 —0.42 0.85 0. 54 0.47 0.69

T, —0.31 —0.84 1.50 0.36 0. 27 1.00 0.49

T, 0.77 0.09 0.83 0.68 0.50 0.82 0.67
HH CK 1.07 0.95 0.13 0.77 0.72 0. 62 0.72 2.29 3
S. cannabina T, —0.83 —1.27 —0.68 0.21 0.17 0.40 0.24

T, —1.09 —1.16 0.52 0.13 0.19 0.73 0.28

T, —1.19 0.74 0.06 0.10 0.66 0.61 0.35

T, 0.55 0.73 1.10 0.62 0.66 0. 89 0.69
B A ek i 2% CK —0.53 2.10 —0.58 0.29 1.00 0.43 0.50 2.29 3
A. auchert T, —1.52 —0.80 0.07 0. 00 0.28 0.61 0.21

T, 1.85 —0.85 —1.26 1.00 0. 27 0.24 0.65

T, —0.26 0.77 —1.01 0.37 0.67 0.31 0.43

T, —0.55 0.12 1.47 0. 29 0.51 0.99 0.51

(Suaeda physophora) Fl4h 1% £ 3 (Salsola nitraria) # Z 1 71 (58 45 5 — 80", U6 R4 14 AR 2R BB 38 I O i 17 &
60 AFUAH BE At A 9, EE S A A AR R TR T AR I . R A R A 4 0 3% 7E NaCLYR £ 2 0~300 mmol- L™
B AR R ) RS B G Ul E AT e AL N AR 38 PR, 7E NaC Lk i 25 300~400 mmol- LB MR R % )
B BT UL EAITE S R IR EE T AR A SR TR R G o mr e nT UL R A ORI AR R SR AE R R BT T R B
S KRR R TS g AE AR B 5 R A A A S TR v B R I R g, R AR R AR R TR T R AR (R A
AR MR AR R Y B TR R e B T Eh AR
3.2 ARBEIRE NaCl A 22 b 454 & 22 45 M 64 % e

A5G 0 45 5 R, AN TR A 3 A M S 0 OR 4 I PR X NaC Lk B A8 Ak i) i 1 R[] o 72 NaCl Ak 3T B
i B S M B AR SOD T P iy, T 3k M FE R &8 SOD 1 1 i &1 5 4 FPAE 90 R 3869 POD 1 14 2 &5 - 4l 175 5 $h
18032 F1HH 5 1T S CAT I M X v T 1l b 30 T S v ek o 5 R R A R A b R R T 5 B A K 9 S RN HH
H CAT I P BE NaClv B T & i B AR, ELAR P HLO, 1 AR R A 22 3 b Bl 2 0k B (0 3t b 3 A R 38 MDA &5 &
Py A I, U P R 30 R 7 L S A o A Ao A R B A 7 B s R, i R R R R R RN 22— b
ol 32 R P A R 0 S b B HLOL B f iy T H R B, 38 A SR 35 b Tl & i s T B b B H OB EAEA
vl vl J3E 6 3 R AR AR A /DN, iR A HoO o 7t W) B 25 56 v B %) T T 184 O, T B 356 ) SOD AT CAT 336 Ml &2
T v A0 Y B A R S 0 b b S DR A X I R R — o M BRI o TR HLOL 2 S AR AL CAT WGP A
—E R DG o B A R S A T b D C AT T P I v B T 5 T B AT, 0 b B b T CAT W M die i, iX 5
MDA % ARk — 20, Ui 3R SOD . POD Al CAT 75 B I 7 fil 335 6 105 1 4L, AR A0 %ok JE Ay 405
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TCHLES T2 Y AR B 30 T RT3 B T 1 R B 2 —  FEREY 0 A T B b R AR E AR AR a2
T BB B AR 5 WA A X K a3 0 W A T R AR T LAGE Sk TR R T 0B 3B T A 0F T 2 R AR A 0 OE H AR
FRORE™ . KM Na T 1E R 53 85 9 5, 805 40 10 38 55 5, 15 B RS )35 R 36 0 38 3R 8%, 2 55 — SL il 114 380
PR R, e AR R R b, o ) Na™ & S 308 78 5 AR 3 R AR Y Ca™ M Mg RS 5 4 i i £
TP ot 2 52 I R0 o AR A A A AR A X 3 I 6 0 e 1 R T bt ke R AR . RN Y R B P S
Ho TR B A i AR — B ARG b A R SR A Hb b Na T i 7E R[] NaCLAR 38R A5 i 38 i, b
5 B R T AT, 0 T A AR 9 S X N B W R 1) A A — s AR R > Na 7 e 1 B DU
Uk B 5 R A RN Na A AR SR 04 i A2 P A iR 7, ELAR AR AR X R b H A EL AT 5 B9 W I Na o I 1) b 1
T2 i A BE 7, I Na ™ 175 B I8, 06 B 7 s X B Ak 5 PR B Ak, 0 % 3 Jbih 3 4 453 5 5 B 6 Na FTKC (1)
W SCRN % 32 57 A NaC LR BE (52 i AR, 72 6 Wi T 2 Wi 2 Na I ] g i, i 36 K& AR AIK NaClLik Ji
(100 mmol-L A . H# X Ca® 19 W SR o3 L A2 46 10300 52 e S 25 5 DA P45 R B2 o0, ZE i ia
FH 75 2 75 30 2o 5 446 335 7 1) WS Tk AT 400 A R DA i /0 oA 400 140 40 5 AT 88 oo T b PR 3R A 1 T i — 2L g . 4R
Hb B 3 R £ R M b AR R R d WUk Ca® DAR P AR T H R AR BT R AR R R Ca O i i AR R E L 4
Tl 40 M R BB Mg™ f BB fR 2 5 R Mot 3, 3h AR B R M R R Mg® R AR A A B R AW e g, Hoi b
B T T 2 B AR A R BT W SORN AT B RO RS E M TR AR AL . L2 A O b b 4 e
BT 0 W v T A 3 AR A L B R W i A R AR R R A
3.3 @ MmA RN

) T B ol 3 S 5 B A 40 b 3 A 1 e e R T I S R &y T A R A s RN A B T R R T AR
PEVE A 04 T LA I o A A T e 2 P DR 3R I [R) R 4R 0 A L B — 2 R 14 8 b R TR S AR A T R A 2
S X AT A S () AR 40 T 5 R FH AR S 20 BT L 32 143 W S g o B BT 5 D T X 4% AR AR R AT 25 A
Ve, A E IR FR L RE S R Sk o B L 4 1T AY PR BIAS [R) A 4 A T R AR s AR 5 R B i 4 e R A 4 i R A9 10
A Az BREE AR (A OGRS 7 & B0, B AR b 45 A BRAE bR 22 ()RR A — 8 B B 0 A OGP, BRI W] DA Dy S AR B ok T 4
Tl iRt 58 A 0 ot b W 38 A T 32 o 3 R AT BB 3 A AT SR R pR B ZE B T R I 25 A PR EL D
(ELE AT TR 5 A HE P, 4 b A 5 42 1 T o e 5 3555 A Uk Ay ko 5 > A b 5% > W A R 0 S =

4 Hig

AT IR TEA [A) e B NaCl Ak BHUGH 4 Ff i £5 AR MR 28 2R A A BIVRR R 0 52 i) B i 64k 22 57 0 5 R R W], NaCl
Ak B 4 Ff R AR R A R S T S R T A S L R AR R AR AR A RO e BRI AR AR S 1 R B R AL £ ok
o SRR R AR O R A o ORI R G T A b TR 9 R T A SC SREHIL TR, R AR R b R
TWMCRE Sy, DR AP RS R PR AR E BRI R o BT 10 T AR BRAR AR 19 F o 5 SRR BRELZE BTN, B
JE ALY BT GRS T RS T AR T Tl AR R T S R BT R A DR A B A HE AR L 4 FR AL P 2R A
R RV ER b Bl % T R R A AR 7 e 2E B A b B T s N AN
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