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Abstract: The Xinjiang mining area faces a severe soil salinization problem that restricts plant growth.
Addressing saline-alkali soil is crucial for ecological restoration in the mining area. Dark septate
endophytes (DSE) can enhance plant stress resistance and are important for ecosystem restoration and
promoting vegetation restoration. The DSE in the roots of the dominant plant Suaeda salsa in unmined
areas, vegetation reclamation areas, and undisturbed area without reclamation around the Hongshaquan
saline-alkali mining area in Xinjiang are investigated. DSE micromorphology and physiological and
biochemical responses under varying NaCl concentrations, and the salt tolerance characteristics of plant
root symbiotic DSE are explored, aiming at providing a theoretical basis for ecological restoration in this
region. The study found that S. salsa from different sampling sites in the area could form a favorable
symbiotic relationship with DSE, and 23 DSE strains were isolated from S. salsa roots. Following initial
screening for salt tolerance, four strains were selected. Among these, Chaetomium globosum maintained
growth under 3 mol/L NaCl stress, exhibiting significantly superior biomass, reduced glutathione content,
and sporulation capacity compared to the other strains. The remaining three Alternaria spp. strains
displayed distinct microstructural alterations under 2 mol/L NaCl salt stress, including a significant
increase in mycelium diameter, shortened septum spacing, and a wrinkled surface. This structural
differentiation may represent their adaptive response to salt stress. Furthermore, these three DSE strains
mitigated salt stress damage through physiological mechanisms such as increasing soluble protein content
and enhancing superoxide dismutase (SOD) and catalase (CAT) activities. The results provide a theoretical
basis for screening salt-tolerant microorganisms and applying microbial reclamation technology in
saline-alkali mining areas in Xinjiang.

Keywords: dark septate endophyte; Suaeda salsa; salt stress; ecological restoration; antioxidant enzyme

PR ST Y EARRE TR, TR R BT S5
K 22 (Al R AR 4 35 A AR 5% R (U -1 45
2019), PO XA T 5. AN, 5
IR 55 WE 55 A= 25 B I VG 3B X PR 8E 1 pl ™
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)R8 2R B 2 i A BTS2 MR AR A A
55 A ) BE (Berthelot et al. 2017) ; 1 HAHYHFD
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FLAF 32T B A AR - AT 6 35 A R L 9 5 A 4 - L TR
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RIFRX . HEL Mg E R IX AR E BIL3X
3R, XA TR K& A X R L,
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- B AT AR T R B A T ) R (B
1+ H 2000). EhHLGHEEN R EHE S Phillips
& Hayman (1970)09 b 21 0 A0 FRAR 2 AE A
R IR BEPLPRE 30 K EH R 1 cm AU
B, Hikeigg DSE FL EFEARSL, H115 DSE
TLIE P E FE R (W 22 . TR LA S GE TR . 2
Biermann & Linderman (2006)F 7114 DSE

DSE 58 =(iE F AR B SR EE) ¥ 100%

DSE 5 FEi B = (e AR B K B AR BE R ) 100%
1.3 DSE B Bk

KBy Bk X Eh i E R 2 DSE H
AT B R 3% . B AEH B oROK R bE , 43R
T EE(75% T 5 min—5%KARREN 3 min)Fil
TRKERE, HREVI 5 mm B, &F
PDA AL 5 BT 28 CHREEHEFR(Li et al.
2018). HF H AR E A KA O, PhIGH 2 1R 22
REfralifh .

1.4 EpmBiRE% It

o E AR R X DSE B k47 i SR A
i . KA AR R T & 0 A1 0.4 mol/L
NaCl (B T X 433848 5 5 f KAE) Y PDA #5
Fikk, 28 CCEAmEH:FE 14 d, ik 4 BRAEK R
B B ER PRI o i — 20 R R AR S5 SR i ATt £ A2
iifi: ¥ 4 ¥k DSE#HM T 0. 2. 3 mol/L NaCl
1) MMN JEREE SR, F 28 °C. 170 r/min 55/
TR 14d, BA3ANERE . BRERE

AR B 22 R T A B AR AL 8 BRI R L
BEAMEL
1.5 DSE ESZEMDFELE

DSE JE &S50 « i C L 4 T ) (31
s 1979 IR B L E N T, WE 0 M
0.4 mol/L NaCl Jipi8 T 411 2111 4 ¥k DSE B ki
o, WKIES . WamSEE. difbf5m 4 1k
DSE Wtk E BRI 7E PDA A F, 3HH
FEREVE NG LN 45°00 A S5 3% A, 28 °CHHE i B 1%
F% 14 d, BB EAH LS ABUL , #4553
B FUEA LR H R e R b R B
TSI IE SR Z B A PR HEE A A
TR, TR EIHR,

DSE 7 F2#% 0 . ME A Fh 42 LA
2] DNA,f# F ITS1 (5'-TCCGTAGGTGAACCTG
CGG-3")MIITS4-R (5-TCCTCCGCTTATTGATAT
GC-3")5|#xt ITS J¥H Xt T PCR 3, X
PCR J=A il 7, LA3RAS 1TS X I A DNA J¥
IR, @k DSE B8 . R ER, L
W AR R RS C R
1.6 DSE 4 I24 (KI5 HRMN E

AR R TEENE, BERRIE
Berthelot et al. (2017)/) J5 L 70 XE o Mafh BB
SR FH U b ey R A 70 2 , 2o S AR P it R
AR BRI | 68 A2 A7 Ab i R FH R
DU (NBT) AR SRR , o 48U fh S 1R
FHR ARSI 78 | T B 25 I H KR — At
TAHSEIEH R (DTNB) LI, Al 2 R R 1
Bf A, ATV R R S s
G-250 Il 5E (R R XL 2006).
1.7 BIRAIE

K H1 SPSS 25.0 4% B s A 7 s R R Jr 22
43 #(one-way ANOVA). K Origin 2021 X4
WIS T IR B RTINS FUE B
B R i MEGA 11 58

2 R G500

2.1 PO R XE1EEL 9 X DSE EER R
BT LT VD SR XA [R] SR X £ Al 2 AR P

i 2 R B HYE TRt
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e, Hop R TPoR X e & 1 3 TR B XM
WshIX, wEnlik 2.18%, TS 7 L%
ZES, mHEE SR R A IRE IR 1,
Al AE R4 B X AN 3 X 3 S R Ay IR A
e BRIX AKX o8 %25, vae i+ E
RAPRREE, TS EARNBEE 2R,
XA DX AT A ) e 5 AR 2R ) L TR A2 B
FEULHEATINGE , 455 &, DSE GBS 53k Him
IR R IR IR e R H A R PR e 22
FTEAZ G (E] 1) Fremervd 1R X L HhmsiiE
HEZR DSE & Fi 5 I 5 5 5 22 5 i 3 (P<0.05)
(1) YLK AR X DSE B aE 5l R A
R FENBEETERIX, ZRIX DSE &5
S FEAC AR TT R X 23.3%, ] REAL B XA 07
SEpEky e 30T DSE WHZ XY A K Tk
BIREAR o 3 A DX AZ e S T B 25 5%

B 1 B Ry XEMRER R DSE EFELEH
Fig. 1 The DSE colonization structure of Suaeda glauca roots
in Hongshaquan Mining Area, Xinjiang.

2.2 BB %M DSE ik
3T DSE i w7 1Y 4 #% DSE WHRTE S
WL, PR | R I5 T 5 R 22 07 B A R 44

x1 FEADRT XEHEERER DSE EHEBER

HREES, REESFERE 2, K 2,
2.3 DSE FXSHFER D FEELER

4 tk DSE MIUIE B ILE 3, 706-5 TR 2245
TEEEt, ARG, BREIIEZY 10-50 um, JERMA
BT 706-15 R ZZFEIEIFEZY 15-60 um, 74
AT 746-3 FRAEARRHLIT; 706-9 BR22FE
[E]#E 2 10-50 pm. FTfS 4 BR HERP I RS K
BONILE 4. ¥ 4 ¥k DSE 4r5I8fE K 706-5
e )E  Alternaria sp., 706-15 NERE T
Chaetomium globosum , 746-3 M SRR 1
Alternaria sorghi, 706-9 NNEERS AL Alternaria
tenuissima.
2.4 AN[EELRE ST DSE MM 73S IR0

4 ¥k DSE 7EAN [ B2 19 NaCl Wi i HL B8
25 oK (K 5),706-5 78 2 mol/L NaCl ¥ )& T iy
W22 5%F 80 mol/L NaC)EZAAIML, W22 AL
HRmHES ; 706-15 BEE WM TR, &
LIRS 5T, TR 22BN, (RIS
FEA R AN 746-3 7E 2 mol/L NaCl ¥ & T 1
P22 AR B EHDIE, JF H. DSE B 22 3 i n]
UL; 706-9 7E 2 mol/L NaCl ¢ & T H T 22 [t ot i
ML, (H 22w A E , S IHDRS

[i]— NaCl ¥ T, 4 ¥k DSE WA ZER
(& 5), 0mol/LNaCl F, 706-5 [H 22 Hith
K, 200 2 pm, FHE AR, 706-9 240K,
KJEAAH 1 pm 245 ;2 mol/L NaCl A F , 746-3
W2 EHRRK, N34 um, HLEEAE, R
[]#E2 8 pm; 3 mol/L NaCl AR, 706-15 1/}
REMRIF M LILS, AR 74, T ER
2-3 um,

Table 1 The DSE colonization in Suaeda glauca roots in Hongshaquan Mining Area, Xinjiang

REEIX BT [l ES (DGR REES SE SRR

Sampling area Total colonization Colonization rate Colonization rate of Colonization
rate/% of hypha/% microsclerotium/% strength/%

BERKX 27.78+4.01 b 21.67£3.47b 15.56+2.94 a 7.89+1.47b

Reclamation area

X 50.00+5.77 a 46.67+8.82 a 26.67+6.67 a 22.67+6.94 ab

Disturbed region

AR 47.1242.98 a 46.67+3.33 a 12.78+8.30 a 34.02+8.28 a

Unmined area

T AFVNG PR A FRFE X Z [0 2257 .25 (P<0.05)

Note: Different lowercase letters indicate significant differences between different sampling areas (P<0.05).
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*2 BRRMBTHIERE DSE RS A
Table 2 Morphology description of optimally selective salt-tolerant DSE under absence and presence of salt stress
WtkGS RIS
Strain Morphological feature of colony
706-5 Control  JifR{, fEAVEAGRLZ, hg SRR

Grayish brown, with a small amount of white mycelium; the margin is undulating

Salinity — RyEEIOEN, AGRZIEZ, BKLGEVHE

The color becomes lighter, the white mycelium increases, with edge becoming smooth

706-15 Control  FREAVRE (0, HGONEIKE, REAHOHRBIRFLES, DER%

Light yellow at middle, the edge is light gray, with surface covered with white villous mycelium and
whole and light gray edge

Salinity  FyFEUE AR E 6, REEERDR I SRR TE ), JRARMN B Sor 4
Entirely light yellow, regular in shape, with surface densely and uniformly powdery and granular, and
flat edge

746-3 Control  FRE AR, G5 HM 2250 P ) i

Light brown at center, with white margin; the margin hypha is comparatively sparse

Salinity  EHVEIMA LI, RIS R GRERE LN, DT, SRR
Edge white mycelia absent, surface with sparse, evenly distributed white villous mycelia, smooth edges,
regularly round

706-9 Control K, iR EEE—ZOAORLZ, NENEST
Dark grey, with white mycelium covering the middle surface and uneven edges
Salinity B4R I (03 227 3 1 A/
The white mycelium covering area of colony surface decreased
¥ : Control Fl Salinity 43748 JLEL A A1 0.4 mol/L NaCl rifl
Note: Control and salinity refer to salt-free and 0.4 mol/L NaCl stress respectively.

E 2 BXEPNE THIENRTEE DSE EEEEEXITEE A1-D1. A2-D2 43518 706-5. 706-15. 746-3 Fl 706-9 TETCE:Ha Fi
0.4 mol/L NaCl A F BB TR IE 4

Fig. 2 A comparison of optimally selective salt-tolerant DSE communities under absence and presence of salt stress. A1-D1 and
A2-D2 show the colony morphologies of 706-5, 706-15, 746-3 and 706-9 under no salt stress condition and 0.4 mol/L NaCl

stress, respectively.
QOG- [

< s

341k DSE HLARBFHIMEE A B, C. D5 706-5, 706-15, 746-3., 706-9 iX 4 tk DSE
Fig. 3 Mycelium and spore micromorphology of four DSE strains. A, B, C and D were 706-5, 706-15, 746-3 and 706-9 strains of
DSE, respectively.
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706-15 (NMDCNOO0O7RKC)
Chaetomium globosum (MH885528.1)
Chaetomium cucumericola (PQ605658.1)
Chaetomium subglobosum (PP523930.1)
706-9 (NMDCNOOO7RKE)

Alternaria tenuissima (MK605727.1)

Alternaria dauci (MG250469.1)

Alternaria atra (1.C440624.1)

Alternaria atra (OR543716.1)

Ulocladium dauci (KY075674.1)

Ascomycota sp. (KP698351.1)
Alternaria sp. (MN534824.1)

74

706-5 (NMDCNOO07RKB)
E’EMGG (NMDCNO0007RKD)
98 Alternaria sorghi (ON0O08 188.1)

53

Pleosporaceae sp. (KX100396.1)
Pleosporaceae sp.(2) (KX100396.1)

Alternaria sp. (MW729187.1)
ﬁ'_T: Alternaria atra (MH864090.1)
56 Alternaria multiformis (MN077466.1)

& 4 EhEER R 4 FEfdEh DSE EEE T rDNA ITS FHIHWENLER  FIH MEGA 11 BN REWERELAT
B, WA 44 FR  EC T 44 FR e H DNA TS R A8 S H B 4332k B BT E S IS H -3 (Bootstrap {H); 55
B 7A0F GenBank [F515; FRZLER/ N B bR E R

Fig. 4 Phylogenetic tree of four salt-tolerant DSE strains isolated from Suaeda glauca roots, based on rDNA ITS sequences. The
phylogenetic tree was constructed using the neighbor-joining method of MEGA 11 software. Branch labels consist of the fungal
name and its rDNA ITS gene sequence accession number; numbers at branch points represent bootstrap values; numbers in
parentheses represent GenBank accession numbers; red-labeled part for the target strain.

[ 5 4 # DSE FE A RIKE NaCl fri8 FHIFIHEIEG 000)BBH A, B. C. D 238 706-5. 706-15. 746-3, 706-9 iX

4% DSE, 1. 2. 34540, 2. 3 mol/L NaCl

Fig. 5 Scanning electron microscope (4 000%) images of four DSE strains under different NaCl stress at different concentrations.
A, B, C and D respectively represent the DSE strains 706-5, 706-15, 746-3 and 706-9 DSE; 1, 2 and 3 respectively represent 0, 2

and 3mol/L NaCl.
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2.5 NEEREMIBSS DSE S£IE (W RRIRNE  NaCl ¥ T POD 1Pk, 706-9 7& 2 mol/L
¥ 4 Bk DSE £ MMN WA RIS NaCl W F POD iR CK 53445, 706-5.
14 d J5 e, B8 GSH. SOD {EHLL  746-3 Fil 706-9 (1) SOD 1E:I7E 2 mol/L NaCl ¥ i
KAl PEE % . 4 4k DSE 7EAR NaCLIR AL T, 706-15 (9 SOD {EMELE 3 AR NaCl HeEE
PR & 4545 25 5 50 35 (P<0.05, &l 6), 706-5. TREHEESR., HPHET 706-15 F1 706-9 ) CAT
746-3 F1 706-9 1% 3 ¥RTEAE NaCl HEh 3 mol/L 3 B2 F4HIE, 746-3 7E 2 mol/L NaCl {eE
YRR 0, 706-15 RAEYREEERWRET (1) CAT iETESXHIEIC B & 255, 706-15 7EEiha
AR, 746-3 7 2 mol/L NaCl ¥R T 5 X FAUILIA! GSH Jh 1 B 8 m X RAb e, Hohfe
TREZES, 706-9 AV ETE 2 mol/L NaCl ¥ 2 mol/L NaCl ¥ T i % SO0 B & T 82%.
JEFBER T, 15T 25%. 4 PRARBEAR SRS SN TR 2
706-5.706-15 11 746-3 1% 3FRE7E 2 mol/L  ¥iR&AR . 4 RRBA Bl SR vk B T o B A b 25 ot i 3

0 = 2mol/L ™3 mol/L

0.5 =107 20 ¢
-E_ Aa D
0.4 | 2 08 A PR L
on sy B 4 2
27 03 =2 06 e E
g !g = Eﬂ .
+ 2 02y S E‘ 0.4 " L e g
0.1 g 02¢ 2
a
0.0 € 0.0
= 100 16 [
g 800 /}a Al A A M
E Bb g 80 ' i@ & 14 ¢ Ba Ba
BaBa Ba i L0 o [F ab
= 600 i D
Lo il cop @ 60 f pe < E 10}
Ak 3, e g
: ‘é‘ 400 § 40} Bh Eﬂi ﬁ 6l
© - ;] 2 a
3 200 8 20t Ch ¢ s 4t > b Eb
= 2t
& 0

16 1 400 Aa

7:)? Aa Eﬂ 80 Aa
E 147 ~ 1200 2 70
5 121, ( Z 1000 Is e
L a -—
g3 19 &3 800 e S S0 Ba
mE 8 Dbl AP W= & 2 40
=3 ¢l T =5 600 i
2% 4l s T 400 g o I
S 47 =2 £y 3 Ca Ab = 20 K
E 2 & 200 fy, . 2 S 105 A 4k
2 1] LB
1
&

& 6 4 ¥iif &L DSE AR ERAME TV EBERIEHRENR  AR/NEFRRIR 8 DSE fEA R NaCl ¥ B F 22 5 . 3%
(P<0.05), A[RIKEFHRFREFD NaCl ¥ JE T A DSE % 5 12 % (P<0.05)

Fig. 6 Changes in physiological and biochemical indexes of four strains of salt-tolerant DSE under different concentrations of salt
stress. Different lowercase letters indicate significant differences among different DSE at different NaCl concentrations (P<0.05),
and different uppercase letters indicate significant differences among different DSE at each NaCl concentration (P<0.05).
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BN o 4 BR TR 202 7 it I7E 2 mol/L NaCl ¥
BE TR . 706-15. 746-3 Fl 706-9 fEEL AT
AT VPR 2 1 B o e TR, T 706-9 TE
2 mol/L NaCl ¥ & T AHEL X BEHE 5 1 9 %,

X} 4 #% DSE 928 A A8 bR 20 A T 32 A%
ST (E 7). ARRERWET, 706-5 AP
AAPERE . A GSH FIB (0 2 1 5 % E A
Ko 706-15 P SRR A IEAX, 5%
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DSE W 227E R 38 T i 2228 Ml 58 B T DSE
TEER 0 T YRR IE 5 A AR PRI RE , X Ah I HLBL 4
AT BEVR T R AE AL . — 7 1T, YR TR 22 ]
REff A7 B0 28 FR W B (i tkatk 2017), LAZERFH
TEW B FREE AT R s D — 0T, Tk bk
1 12 5 5 POD 1 SOD 2551 A A G M1 SR 4k £5 40
Ji S g (1 F10% 2020), Wang et al. (2021)—
AR, BUIRE L R0 0 R A DG SR R R R
RN X PRI A , R T ERBSCE SRR T &
By e i, X AT RS LR ARIRR S DL RIS
B R A B A AR TR B o ABIFSE HPO SR 2] B 6 oy
SERNECE TELE RS LN EP e Sy RN DE
(Z5EHE 2018), AP SNB B,
I 36 Ao 58 A A8 A I e BB, X R A el AR
AR AT RERR I B SR B M CR , (A HE 2R A e A7
TH5 1R E LR S

T WAL P38 PR 8T S 23 2 2 AR BEAR
L. Salwan er al. (2019) K FR, M4 42
AR R ) A B Ay, TR AR 3 B
G54 Na S5 HE 7, Db HO 20 i 7533 kil
AT PR3P 20 ML A5 40 A e B . AR SR 45 R v,
Fi% NaCl ¥ E T+, 4 ¥k DSE AU SN SRS
aCI L E RN, RS 2 05 & DSE WG
Wi py E NS 22—, DSE e B IPiA
ALHEIGYE, U SOD. POD., CAT %5, XxSLffy
Bl 18 BRAE Y R ) 0T S, R SRR
B, CRYHE P AN S 32 313 (Tan er al. 2024),
AWFE T, BEE IR E TR DSE AL 2
AT = I REAR B a3, AE b BE 9 8, DSE
A BB AT G 5 BT A AL TS MR AR = Az,
Bifi 7 6 v FE A RS T R, 3 T T N 2 ik B AR
B, S A LB PERE IR GRS 2022).,
IS 2 P AR T ¥ M 2 1 FE A P P R e 1 i rp
R TBERER, B EY AR A e
BB, WESRAE Y B R (H RS 2005).
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