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Abstract ; Halophytes harbour unique rhizosphere microbial communities as a result of their unique habitat. The rhizosphere
soil fungal diversity and community structures of four halophytes, including Kalidium foliatum, Lycium ruthenicum,
Karelinia caspia and Phragmites australis, typically distributed in the arid land of Southern Xinjiang, were studied using the
lumina high-throughput sequencing technology. The study aims to reveal the alpha diversity, species composition,
abundance and the differences of rhizosphere soil fungi among the four halophytes, explore their correlation with

environmental factors to provide the basis for further investigation of the relationship between rhizosphere soil microbes and
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salt tolerance of halophytes. The results showed that the physicochemical characteristics of the rhizosphere soil of the four
halophytes were different. The soil pH was all over 8.0, and the electronic conductivity (EC) value from high to low was
Phragmites australis, Kalidium foliatum, Karelinia caspia, Lycium ruthenicum. The soil organic matter ( SOM ), total
nitrogen (TN) , total phosphorus (TP) , total potassium (TK) , available nitrogen (AN) and available phosphorus ( AP)
contents in the rhizosphere soil of Lycium ruthenicum were the highest, while the SOM, TN, TP, TK and AN values were
the lowest in Phragmites australis, but the SWC and EC value were the highest. The numbers of operational taxonomic units
(OTUs) unique to Kalidium foliatum, Lycium ruthenicum, Karelinia caspia, and Phragmites australis were 51, 19, 11,
and 53 respectively, as well as their common OTUs number was 153. The fungi community richness ( abundance-based
coverage estimator, ACE and Chao 1 index) from high to low was Kalidium foliatum, Phragmites australis, Lycium
ruthenicum, and Karelinia caspia. The fungal community was different in composition and abundance in the rhizosphere of
the four halophytes. A total of 8 phyla, 21 classes, 44 orders, 89 families, and 124 genera fungi were detected in their
rhizosphere soil samples. The relative abundance and distribution of fungi varied at phylum level, and the dominant groups
were Ascomycota, Basidiomycota, and Chytridiomycota. There were 11, 9, 8, and 6 genera with relative abundance greater
than 1% in the rhizosphere soil of Kalidium foliatum, Lycium ruthenicum, Karelinia caspia, and Phragmites australis,
respectively, with 4 common dominant genera including Fusarium, Acremoniuma, Aspergillus and Penicillium. The number
of non-dominant fungi was large but the relative abundance varied with plant species. Then each plant had its particular or
mutual fungal genera with different abundance, some of which were affected greatly by soil physicochemical properties.
According to canonical correlation analysis (CCA) , we found that the major influence factors that caused the change of soil
fungal community structures of the four halophytes were oil available potassium, available phosphorus, pH and electrical
conductivity. This study revealed that the rhizosphere soil fungi communities of the four halophytes were similar, but the
abundance of dominant bacteria was significantly different, with plant species specificity. The rhizosphere fungi community

was correlated with the soil environmental factors.
Key Words: halophytes; rhizosphere; fungi; community structure
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TR AR K R B A A 0 2 2R S O TR O AR Y TR AL AR A KRR
TR ER BR300 11 A BRATL A R PR R R A AR 565 TR 1 AR K Jre > | (HL B i ) A% 58 3 i T U R T
PEHCE T ANE: YUY , SETH D BUER B RE S A S R, WS A B, R AR RN Tk | R R A A
WIRR PR /D J0A 4 Sl A W A IS R AR EC TR ( AMIF) 20 T A0 , BEAT 000 Ak e ol o de X Al A A 0 A R i 4
PR XA R A R AERR GO P A 4 SRR B8 S A B O SRR A A
WRER At AR D1 D (e BE AR SR A AR A 7= AT S A M B Rh 3R], DA DA vl Rp e i v A A A o e el e )
A RORmE

WRERAE Y S R O O], BT YIAR R 0 W) 8 35 AT A R A, e 70 A 4% o I A1 il
fife A Al 3P A DL TS RN L AR A, SRR AR SRS I S AR A e A K R
AR AR E SRR A A Y B, WS KA SR BUE YR PR R SR B AR ROR R, M AR
PRI A PR SRR > AR S T ST s ER A TR AN AN 2 X b SR W 0 R 2
PR HE R A R o 5 0 R AR 2 N 3 Sy T B0 A L AR AR e R R R R R A
Ja , BEBEA AR P SR I o - SR Wy R N [R) I i 2 (2 (MR B (R 2 O e 9 45 A0 i AR IO, T it
I LIEIREE SO RS MR AR A 2 TR A AR R T SIS e R A5 AR B L B R
VRT3 T P DR T I EAE ROV A DGR A A AR B - S TR 2R M FIREVE 44 h 1 BT 7 8 DL

http ; //www.ecologica.cn



&t
s

8486 2 SO Eire 41 %

GH

ANTRIER A AR (4 T R B RE 77 AN [) 5 Sl A A B 1) 2 (AU A Jey 2 ER AL A B S e S B — 8 kM 22 5,
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TCEVIRES S BT DTS A1 B T B R A Ay it R 30 A TR A9 A i I 2R 0 e, ot T 26 R P A 4
S AR BRI UL D5 A FORTE ST, AT FE LU i re e B [ — R fcat i) DURPER 2R AR SRR SR
Iumina NovaSeq I F7F- 5 % HAR PR - e FCRRHE V% 45 F A AR PR BEAT 04, IF-WIF 5T BC R RE VR 2540 5 S 335
P [ AR OGN | B RS SR AR AR Y inf 52 R Al P10 A7 3 52 0 () SC R D kv, S SR e 5 BT 2% R
S pERISAR S .
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1.1 WF5E DX AR SR PR b 3 R 4

Ao B EEFR B 95 p SR A B9 Fh IR , 2 TR IR R, 85 BUR 2 PG 2%, 2 3 R U P iy — B
SR, IZ X I R AR BR 76°20"—78°00'E,39°16'—40°00" N, J& i T 2 FE A M, 24T K & 56 mm , 4F
R RIEAEMK R 40 15, 20 40 80 AN 4 [ 28 vk 4 33 Ay 25 SR | A0 L Ak SR A Ak A Bk £ i v AR
A5 4 BAF TR R 1.9% , 5 B2 3h ol fk + b 5 14.29% , 0 BE SR B Ak £ b5 21.0%, 5 B AR AR Ak 4 Hh ik
63.0% %", HHEERGEAY TSR B 2t DR A2 A A R 1 2 2 PR, R B A A O RIE ) R R i e
T AR SRR . WFY X N AR BE 3 A FE BN ( Tamarix chinensis) R FEAK ( Halostachys caspica) 2 S H)td
( Lycium ruthenicum) AEAE%E ( Karelinia caspia) \ER )TN ( Kalidium foliatum) 57 =5 ( Phragmites australis) 3%
B¢ (Alhagi sparsifolia) FIWRGE ( Suaeda glauca) , 3555340

2019 4 8 3, MHs s A M R AR 0] SR AR A B 52k 4 £ B AR TT BT B R M (76°55'E,
39°49'N) FRJTUN EIRAMIFC AEALSE AN A P35 DO R AL + 5 Sh A A IR PR - 38 . SRR 5 2 RUR B R
2, BITEARE X AR S BB AR BEHLAT i 12 b, FE R I BE BAR DT 20 m, BERMEYITE B RAE S A LR
FHE RS HRE I R /N — B il B AR AR 1—2 #k . e K BR 0—5 em BYR 1, RAZHCH B BRAR 5 (29 20—40
em) BREPLEAR A HPEBAEY 0 R SRR B GH LE(L 13 mm) ,/NOBT R AR A 50
mL JCTHE B D, B 3 A SBRE SUR AR A AR AR R RS 8 — R A B MY 4 EERE
a4 FAEA) L 16 AR S TR T 7 10 5250 3 U A TAR B A e PR A $
1.2 Bk
121 HIERE BT

FA TRV AR R SR it LA DU SR o), o 0 B BR 2% B kA1 S5 2% T, 2 B A 70 A ) O vkl e 1+ 38
HALRER Y R EL AN 4 pH K+ H 501 RATINAE 1B T3 (EC) 5105°C AR E A 2 + 1965
JKEE (SWC) 5 FE 4% R BR 25 2 W L IBEATHILIST (SOM ) 5 B 45 11 B -t 1 T 8 72 0 o - 1B 4 A0 (TN ; B PR - e 54
R TH A BB T L (RN E T30 (TP ) ; NaOH H5ill- KM FE I RE 38 B0 (TK) 5 Bl Bl ) g - 43¢
HALA (AN) s NaHCO, ¥2 $2-HBAHT b (7R I 5 + S A% B ( AP) 3 NH, OAc R4 - M S BE TR I RE 4 1 A0 4
(AK) .
122 HHEREPIZ] DNA $2H

SR 3L 20 DNA 42 BUR ] & (OMEGA E.Z.N.A. Soil DNA Kit, USA) 425U DNA, [7%EH MR 5
(1 50 mL #5045 I AE BEEE 7K (0.85% NaCl)30 mL, 2 30 FICEBIELK (@3 mm) , IWHENRT 10 min 5774
F FTAHRER H I 4 4°C (16000 g B0 10 min 57 b3, 2 00 HESE P41 DNA 2 5050 6 06 W 15 32
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DNA, RH 0.7%3BEWEEE RS LUK AT , 1 H i 58 70 23 96 6 BE T ( Nanodrop 2000 ) 46 55 J PR 20 48 32 Fvk 2 s
FT-20C 147,
1.2.3  ER ITS ZER Y3 5005

PL+3E R DNA MR, R 519 ITS1- 1F-F (5'-CTTGGTCATTTAGAGGAAGTAA-3') F1 ITS1- 1F-R (5'-
GCTGCGTTCTTCATCGATGC-3") " 34 H 18 1TS1 KA A B, 51> DNA FAff =A~F &, PCR R &S I
Miao %127 971 :95°C ,2 min;95°C ,30 $;55°C ,30 s;72°C ,45 ;30 AMEFF;72°C FHIEMf 5 min, PCR W2 1%
TN W B I R DRI J 226 DU 2 ) (b i R B A W15 B R A TR A W] ) |, SR A Hlumina NovaSeq il 77 &
HEATBUAR Sl T
1.2.4  BdasHr

K5 PCR 971454 Fl Barcode 781X} Ilumina NovaSeq I HUEHE FE1 707 9543, 15 21 45 6 b 1) IR LR 2500 |
FBk Barcode JEH ML THERIE IS , (/1 FLASH(V1.2.7) B0 DHE 4 BF i (095 T 9, 43 2] Clean Tags , P
FHfRA MG U8 , 15 BB LA ROBR Y, R Uparse #014 (Uparse V7.0.1) 3 4K A RCEARTE 97% I/
- L PEA RSP ITE (OTU ) ISR, IR 0 26 OTUs ot BRI 5 19 R 1A R 3R F 51, I Qiime
A (V1.9.1) H11 blast J585 5 Unit(V7.2) B ZEHEAT YR B T 20 I TE & A 03 KKF Geit & FEA B %
U, B MUSCLE (3.8.31) BPEHEAFHRE £ 751 X g, M43 OTUS AR R IFFIIN RG24
it R 21— AR (] Qiime 5K P8 2 51 P BEMERE M LT R PR Rank Abundance
{2 FRE LI B PCA 1S Sk S0 AT (CCA) BFE ST BE R AU T2 1 b,
SPSS 21.0 #AFXT T $iE 4T 5K 5 2250 H71 (One-Way ANOVA) Fl Duncan #7 & 2575k, Edis b1
fHhRiE2E

2 HREHS

2.1 HIESf TR

DU R A A AR PR B ARAE AR AR (6 1) . 48 pH S5 8.0, AR TUN S AR 23 2 = T 28
FHIFCFIAEAESE . EC H BN A P B SR TURS AE AL 25> BB HAD , S W R A P 25 5 R TUTUR PR - e R iR &
RS TS TR B AAL , R SR AR R SO I b = Sh iR b, SR RAAC AR PR Y SOM TN TP |
TK AN I AP {E35 5 5 , AR P 25 AR bR 458 %) SOM TN TP \TK i1 AN {E34 AKX, {H SWC 1 EC {Hf = .

F1 WFhEhAEYRER T IR AT

Table 1 Physical and chemical characteristics of rhizosphere soil of four halophytes

S8 HIUR ESS Sk TEAESE P
Parameter Kalidium foliatum Lycium ruthenicum Karelinia caspia Phragmites communis
pH 8.42+011a 8.20+0.14b 8.21+0.15b 8.39+0.13a
EC/(ps/cm) 5.12+0.79b 2.84+0.86d 3.15+0.33¢ 9.10+0.67a
SWC/ % 11.91+0.39bc 11.09+0.13¢ 12.14+0.07b 15.39+0.96a
SOM/ (g/kg) 12.82+0.17¢ 20.55+0.12a 15.95+0.98b 11.30+0.77d
TN/ (g/kg) 0.68+0.93a 0.78+0.41a 0.72+0.08a 0.63+0.54a
TP/ (g/kg) 0.53+0.67b 0.59+0.86a 0.55+0.58b 0.48+0.78¢
TK/ (g/kg) 4.04+0.23a 4.14+0.02a 3.89+0.76a 3.36+0.35b
AN/ (mg/kg) 84.23+0.76b 93.75+0.27a 85.76+0.98b 78.09+0.18¢
AP/(mg/kg) 12.69+0.25¢ 36.04+0.61a 14.18+0.31¢ 26.53+0.68b
AK/ (mg/kg) 315.24+0.89d 334.96+0.61c 376.80+0.17a 353.52+0.78b

EC: #1553 Electronic conductivity; SWC ; 135 7K & Soil water content; SOM ; 345 HL i i Soil organic matter; TN : 424 Total nitrogen; TP ;4
W Total phosphorus; TK ;2% Total potassium; AN:HZL% Available nitrogen; AP .3 Available phosphorus; AK 4] Available potassium; [F]
TIARF/ING TR 22 5 .3 (P<0.05)
22 HRfEEFERZHE
W5 L] 2 AR AT 2B K 1 238—241 bp 2], P19 K FE 230 204, WP 5O i 4t
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1351 981983 45 A RUTF I (£ 2) , L 97% 0y — EUMEAF ¥ 51 R IR 564 A~ OTUs,, o 485 FE A i B it 42l UL
() By 2R b A0, e 1) ~F- 30 56 BAEAS I e $5 80 5 B, B 6% A S5 ke DU o 6 2R AR AR PR 1 0 L
BEHETSRAE . DURPER AR A AR B 13 BV £ 5 2 (ACE | Chao 1 $8500) KUCH ERTUR S B2 A= 24726 > R A
fe>tEAE e, A M AC S e AR b L =F & U .35 22 5% (P>0.05) , Shannon $5 %Xl Simpson $5 £ 4K
U R TOTCS FRERAAL S A P35 > AR AR SE 5 AR 735 5 R AR MG Z [A) TG .38 22 57 (P>0.05) o R W DU Pk A= 4
PR PR LRI ZRE VA BE A AR

F2 MFhhEEYRRTEER ITS NFE SRS IT R alpha ZHIES

Table 2 Statistics of ITS amplitor sequencing data of rhizosphere soil fungi and alpha diversity analysis for four halophytes

FEm 2 HR 7514 OTUs %t Shannon 5 %% Shannon 5 %% ACE 8% Chao 1 464X PP IR AR A
Sample name Seq amount OTUs amount Shannon index Shannon index ACE index Chao 1 index Good's Coverage
HIUR 206419 453 5.010.12a 0.93+0.00a 361.92+25.93a  429.79+96.16a 0.99
AL 259603 294 4.03=0.04b 0.87+0.01ab 221.98+3.50b 216.05+2.77b 0.99
HAESE 261326 241 3.3420.14c 0.78+0.03¢ 190.05+6.75h 186.73+7.63b 0.99
B 254633 404 4.02+0.16h 0.82:0.10hc 313.12+4.02a 303.115.42abh 0.99

MRIER I L R Hr e N3 MR A (1 OTUs (

2) o FRITUTHER R MALIEAT 19 OTUs il 250 4>, 38 400 | AEREFE
JURRIEAESEEA [0 OTUs Bt 216 4% STURRIR o5
ARG OTUS il 332 4 MR e £ D — i
A OTUs B0 192 4> EAESER AL 5L 1) w8
OTUs Hehthy 171 4, Ikt 2 b 47 omus 3 827 § —
OB 1S3, HIUR SRR GBS 5 | S
F B OTUs B0 %10 51,19 .11 F1 53 4, 54 A HBR ©
+IEELH OTUs %A 9.04% 3.37% 1.95% 1 9.40% ., ol ‘ ‘ ‘ ‘ |
23 TARER L R L b s manber
231 [TUKFREE 4R S 45

U Ff-E A AR AR R R i R 2T 8 1T B R
2140 44 H .89 Fb 124 JB. WA 3 B, FRE] Fig.1 Rarefaction curves for samples

AT B BSRAIAS; C. AEAESE; D. SRS

( Ascomycota ) J2 U Fp 5 A= A2 P MR R 1 358 B0 BT %) 246 X 4
PR TR, AT 32 B A AE A SEAR PR 5 L i i (94.8% )
TEFETEARPR b U ARAR (74.6% ) . HHT 1] ( Basidiomycota ) A SEAGFER 17, 78 PURNAE AR PR AR X2 B AR
0.3%—1%z2 18] . HEFE =924 ] ( Chytridiomycota ) , {HIZ [ A4 A5 76 3 IO A= 2 25 AR bR 38 v AH
XFEREA 5 0.93% 1 0.74% , #4E%E (] ( Mortierellomycota ) 7 28 S A AC AR R A 38 B9 AR X FE 53K 1.1% , {HAE
H =fday LT A K E] . 2T Unweighted Unifrac BE 2519 UPGMA SEERHILAT LRI & 4) , PUFhEh
A R AR B - 39 B B R TE 76 T 1K A = B R — | SR TOTCRI R AR 7SS AR PR 18 E R B A AL
232 JEKFREEA RS S

WS JE7R , DUFhER A A AR R - 48 BB v A S /KT R T2 B AR AR ] e 347 T AR s A
AR A # R (Fusarium) SRR (Acremonium ) FEE & (Aspergillus) 2 EAN A LR, MAEY T
KA, ETUTAR PR+ ARXT F R T 1% & 2 5 A 3R 3 & (22.31%) CRE H & ( Microascus ) (9.74%) |
FL100 7 558 ( Scopulariopsis) (7.37%) 75 %% 1% )& ( Penicillium) (5.16% ) LTS (4.41%) . MEF )8 (2.97%) .
%5 1 )& ( Phialophora) (2.81%) J#H05% & ( Emericellopsis) (2.03% ) F¥&HLE & ( Pleospora) (2.03%) . B i)
%5 JB ( Phialemonium) ( 1.96% ) FEE#& )& (Alternaria) (1.93%) , P8I & 5 S B R MR BR +
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Fig.2 Common and endemic OTUs analysis among the four
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Fig.3 Histogram of relative abundance of fungal species at
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Unweighted unifrac distance Relative abundance at phylum level
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Fig.4 UPGMA cluster tree based on Unweighted Unifrac distance

SEARA R T 1% 09 8 43 ) 0 S0 1 (30.83%) 75 R (15.26% ) BEM TR (10.25%) B0 7 55 )%
(9.85%) H R (4.21%) LTS (3.25%) 25 558 (Phoma) (2.77% ) SHHSEIE (2.52% ) A4 s
(1.51%) , Hrh i m & R AR AR o =7, AEAE SRR PR 38 b AR BE R T 1% 14 T 43591 Ry S T
U (43.65% ) HRAIFIE (14.28%) K55 I8 (9.46% ) H5EIR (8.73%) (WAl/NIETJE (Kernia) (6.80% ) \ T
R (3.23%) )R (2.56% ) Fld k258 ( Sarocladium) (1.01%) , Forb 32 T4t @ Al i s & = S, 5
Az PEEAR PR 3R P KT 1% 08 5 A SRR (38.41% ) TR (8.96%) (HIF5)E (7.98% ) HER&
JE(6.16%) . F 2 HE (1.51%) R 2255)E ( Geomyces ) (1.04%) , Horh At i g 5 3= S {7 .

FHECTT S, DUFhER AR A AR B O 3 LR L R P8 B b B — e AR (EAR T E B A I 22 5 . S
TP R G0 e A R FAEXS - BE RIS vl LU (& 6) |, i F60 1 i 2 DU A -k 2B A AR B iy 3 [R) P 35
J& AR E AL AL AR PR A 42 B B AT =R, ST IR 7 A6 AL S AR PR 38 b 5 4 o P 34, ARG
F IR 43.65% B AE T3 A = FhR Py AR B (4 A X 3 BE RIS AR T 10% i85 8 AE SR S A AR PR 1) =F B B e
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(15.26% ) , 7 BRMIFCARPR 13 L F B i | (B 7 Others  m Microascus w Aspergillus
HE =M RPR AR &5 32 7, 4 A% 10 7E 2R AR = Pleospora 7 Seopulariopsty - m Pusarim |
MR AR B A 498 A = BEHES S = R R P 3SR bR £ o0 = Rermia Emericellopsis
e B VU B | (AAEER TUTCIAEAE SR PR 4 4 &
HRFE P EA S (X EENT %), 22558
FESB AR e AR = BE K 2.77% , nifE LT S
R BRI BE PR T 0.2%  FLAm 25 8 18 5 2 2 |
HRBREF=FEAL 0.2% , i 7E =& A YA bR 04 534 3 BE 2 s | B
Vit 7%, )8 TWALR B8 . e vl e 78 56 TOTUR FR l
4 AR T A TR R 0 AR T T AE 5 A = el o 8
TR B S b ARG T B 2R, P /N9 AT s 7 Ak HEh44Fk Group name
TELEARPR A F 35 6.79% ﬁgﬁﬁﬁ?*ﬁ%*ﬁlﬁ?ﬁ?ﬁ -
e, A AR A R TUTARBR AR XT S EI82.03% . g s Distribution  characteristies of  rhizosphere  fungal
e H YRR L3588 L8, communities of four halophytes at genus level
2.4 MRPR TS ETERA S S AL R ] Ry AH B
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Table 3 Envfit permutation function of dominant fungi community and soil environmental factors

Z%J Parameter CCA1 CCA2 2 Pr(>r)
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