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obovata Sheue et al., planted after the management of Spartina alterniflora Loisel. in Minjiang River
estuary wetland of Fujian Province, and analyze the potential ecological restoration functions of these
three plants, the microorganism rhizosphere soil of the three plants and the mud flat ( control) soil were
sequenced by using high-throughput sequencing technology, and the microbial community structures and
functions were analyzed. The results show that the numbers of unique operational taxonomic units (OTU)
of bacteria and fungi in the mud flat soil are higher than those in the rhizosphere soil of the three plants.
In the bacterial community, the relative abundances of Proteobacteria are similar in the four soil samples
(the average relative abundance is 32.75%) ; the relative abundances of Bacillus in the rhizosphere soil
of the three plants are significantly ( P <0.05) higher than that in the mud flat soil; the relative
abundance of Flavobacterium in the rhizosphere soil of K. obovata is significantly higher than that in the
other three soil samples. In the fungal community, Ascomycota is dominant in the rhizosphere soil of the
three plants, and the relative abundances are significantly higher than that in the mud flat soil; the
variations of relative abundance at the fungal genus level in rhizosphere soil are relatively large among the
three plants. The « diversity indexes of rhizosphere microbial communities of the three plants are
significantly different from that of the mud flat soil in general. The contents of available sulfur and
available potassium in the mud flat soil are significantly higher than those in the rhizosphere soil of the
three plants, while the available phosphorus content is the highest in the rhizosphere soil of K. obovata
and the contents of nitrate nitrogen and ammonium nitrogen are the highest in the rhizosphere soil of P.
australis. The contents of available phosphorus and available potassium in the rhizosphere soil have
significant or highly significant (P<0.01) correlations with the four o diversity indexes of rhizosphere
microbial community. The proportions of specialist are the highest in the rhizosphere bacteria of the three
plants (54.26%-57.98% ) , and the proportions of neutral in the rhizosphere fungi are above 58% ; while
the proportion of neutral in the bacteria is the highest (41.17%) of the mud flat soil, and the proportion
of generalist in the fungi is the highest (52.14%). Heterogeneous selection is the main assembly process
of bacterial community in all soil samples; the assembly process of rhizosphere fungal community of the
three plants is mainly dispersal limitation. Compared with the mud flat soil, the bacterial communities in
the rhizosphere soil of the three plants are enhanced in nitrogen metabolism, organic matter
decomposition, etc., and the relative abundances of plant-pathogenic fungi in the fungal community all
increase. The bacterial and fungal communities in the four soil samples are mainly symbiotic. Overall, the
three plants can significantly enhance the soil microbial diversity, and significantly change the stability
and function of the soil microbial communities.

Key words: ecological restoration plant; rhizosphere microorganism; high-throughput sequencing;
estuary wetland
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Fig. 1 OTU numbers of rhizosphere bacterial (A) and fungal (B) communities of different ecological restoration plants in
Minjiang River estuary wetland of Fujian Province
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Fig. 2 Principal component analysis ( PCA) of rhizosphere bacterial (A) and fungal (B) communities of different
ecological restoration plants in Minjiang River estuary wetland of Fujian Province
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Table 1 Relative abundances of rhizosphere bacteria at phylum level of different ecological restoration plants in Minjiang River estuary wetland

of Fujian Province (X+SD) !

AT TR %

Relative abundance of each phylum

A

Soil sample AJEHE ] Proteobacteria  JEBERG ] Firmicutes  fUFF B[] Bacteroidota  BUERAT ] Desulfobacterota  JIZEF ] Actinobacteriota
Pa 33.38+0.02a 15.07+0.03a 10.17+0.02b 8.45+0.01b 7.26+0.01a
Cm 33.29+0.02a 10.52+0.02b 11.66+0.02b 13.88+0.02a 5.83+0.01b
Ko 31.41+£0.02a 15.84+0.03a 14.41+£0.04a 7.57+0.02b 5.54+0.01be
MF 32.93+0.03a 7.46+0.01c 13.16+0.02a 13.55+0.01a 4.47+0.01c

- EEREA K I THIAERTF2E /%  Relative abundance of each phylum

Soil sample 1y ilassified FHERB ] Myxococcota  FRFFHT] Acidobacteriota AHALBRAE R[] Nitrospirota PERLE ] Verrucomicrobiota Al Others
Pa 4.05+0.00a 3.29+0.00a 2.92+0.01a 2.45+0.00b 2.27+0.01b 10.68+0.02a
Cm 4.72+0.01a 3.51+0.00a 2.70+0.00a 2.50+0.01b 2.48+0.00b 8.91+£0.01a
Ko 4.04+0.01a 3.24+0.00a 2.87+£0.01a 2.39+0.00b 1.87+0.00b 10.82+0.03a
MF 4.84+0.00a 2.65+0.00b 2.37+0.00a 3.12+0.01a 4.12+0.01a 11.33+0.00a

1>Pa; = Phragmites australis ( Cav.) Trin. ex Steud.; Cm: fE Cyperus malaccensis subsp. monophyllus ( Vahl) T. Koyama; Ko: Tk A
Kandelia obovata Sheue et al.; MF . JG¥E Mud flat. [F]51) H AR 6] /NG SE-0E 3278 2% 57 1. 3% ( P<0.05) Different lowercases in the same column indicate the

significant differences ( P<0.05).
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Table 2 Relative abundances of rhizosphere bacteria at genus level of different ecological restoration plants in Minjiang River estuary wetland of

Fujian Province (X+SD)"

. K IRMIAHATFEREE /% Relative abundance of each genus

B — - -

Soil sample Eﬁ;%f;l[iﬁ Norank_f_unclassified Flfjlj;fe)fum Norank_f_Desulfobulbaceae Unclassified Gdiﬁi;:zltggﬁ ;L(':t;ria
Pa 7.55£0.02a 1.65+0.01b 0.56+0.00b 1.28+0.01¢ 1.60+0.00b 2.14+0.00b
Cm 2.97+0.01lc 1.42+0.01b 0.52+0.00b 2.07+0.00b 1.56+0.00b 2.16+0.01b
Ko 5.05+£0.01b 1.18+0.00b 5.49+0.03a 1.10£0.00¢ 1.17+0.00b 2.61+0.01ab
MF 0.71+0.00d 6.02+0.03a 0.03+0.00b 3.98+0.01a 3.44+0.00a 3.37+0.01a

R A HIBWIMXTEE /%  Relative abundance of each genus

Soil sample Unclassified_f_Flavobacteriaceae TW/NMTHE Exiguobacterium MBNT15 IR TERE R Nitrospira HiAth Others
Pa 2.53+£0.01a 2.09+0.01a 1.73+£0.01a 1.39+0.00a 77.49£0.01b
Cm 2.34+0.01a 1.59+0.01b 1.51+0.00ab 0.73+0.00b 83.12+0.01a
Ko 1.52+0.01b 2.40£0.02a 1.47£0.01ab 1.56+0.00a 76.45+0.04b
MF 0.80+0.00b 0.03+0.00c¢ 0.77+0.00b 1.66+0.00a 79.20+0.03b

DPpa. B3 Phragmites australis ( Cav.) Trin. ex Steud.; Cm: Jo 3 A Cyperus malaccensis subsp. monophyllus ( Vahl) T. Koyama; Ko: Tk Ah B
Kandelia obovata Sheue et al.; MF; S Mud flat. [F]%1) WIIE]/I\ESZEE%%%E%( P<0.05) Different lowercases in the same column indicate the

significant differences ( P<0.05).

®3 FRETIOEMAEESECEEYWRFEEEITKFEHHEFE (X2SD) Y

Table 3 Relative abundances of rhizosphere fungi at phylum level of different ecological restoration plants in Minjiang River estuary wetland of

Fujian Province (X+SD)"

BRI /%

EN SN Relative abundance of each phylum
Soil sample FHHE ] Ascomycota  HFTH (] Basidiomycota 7 E | ] Chytridiomycota % 25 ] Rozellomycota AR 23 5[] Entorrhizomycota
Pa 87.11+0.05a 6.29+0.02¢ 0.70+0.00¢ 0.35+0.00¢ 0.05+0.00b
Cm 58.06+0.26b 11.06+0.18b 0.93+0.01¢ 0.94+0.01¢ 21.86+0.26a
Ko 47.85+0.04b 16.27+0.05a 4.99+0.04b 2.91+0.01b 0.12+0.00b
MF 18.21+0.03¢ 7.77+0.02¢ 8.82+0.02a 9.74+0.02a 0.06+0.00b
KU TMAEXTEBE/%  Relative abundance of each phylum
TIEEEA
Soil sample et WArHI] BRI A BB Hopls
Mortierellomycota Aphelidiomycota Mucoromycota Zoopagomycota Kickxellomycota Others
Pa 0.06+0.00a 0.00+0.00b 0.02+0.00a 0.00+0.00a 0.00+0.00a 5.42+0.03¢
Cm 0.02+0.00a 0.01+0.00b 0.01+0.00a 0.00+0.00a 0.01+0.00a 7.10+0.02¢
Ko 0.06+0.00a 0.02+0.00b 0.08+0.00a 0.04+0.00a 0.01+0.00a 27.65+0.06b
MF 0.06+0.00a 0.07+0.00a 0.01+0.00a 0.02+0.00a 0.02+0.00a 55.25+0.03a

DPa; P35 Phragmites australis ( Cav.) Trin. ex Steud.; Cm; % M3 3¢ Cyperus malaccensis subsp. monophyllus (Vahl) T. Koyama; Ko: L SL
Kandelia obovata Sheue et al.; MF; JG#E Mud flat. [R5 F AN [R] /NG Fhk R R 22 53 1 3 (P<0.05) Different lowercases in the same column indicate the

significant differences ( P<0.05).
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Table 4 Relative abundances of rhizosphere fungi at genus level of different ecological restoration plants in Minjiang River estuary wetland of

Fujian Province (X+SD)"

+EREA FJBIHIXTF /%  Relative abundance of each genus

Soil sample Entorrhiza Wickerhamomyces Geosmithia WRTEJE Talaromyces IREEIE Gibberella Paraphaeosphaeria
Pa 0.12+0.00b 1.51+0.00b 1.11+£0.01b 1.42+0.01b 0.79+0.01b 1.47+0.00b
Cm 21.86+0.26a 0.24+0.00¢ 10.77+0.10a 5.85+0.05a 0.31+0.00b 0.28+0.00c
Ko 0.05+0.00b 13.51+0.05a 1.87+0.01b 0.29+0.00c 4.53+0.09a 3.32+0.03a
MF 0.06+0.00b 0.03+0.00¢ 0.06+0.00b 0.87+0.01c 0.00+0.00b 0.68+0.00c¢

- HEREA K IEIAXTFERE/%  Relative abundance of each genus

Soil sample inE Dictyophora ST J& Phanerochaete Pseudeurotium INERFEA)E Microsphaeropsis HAlh Others
Pa 1.84+0.01b 3.07+0.01a 2.00+£0.01b 1.43+0.00a 85.23+0.03b
Cm 0.44+0.00¢ 0.26+0.00b 0.20+0.00¢ 0.26+0.00¢ 59.53+0.23¢
Ko 0.23+0.00c 0.41+0.00b 0.18+0.00¢ 1.20+0.01b 74.41+0.08b
MF 3.24+0.01a 0.51+0.00b 2.10£0.00a 0.78+0.00¢ 91.67+0.01a

DPa; 35 Phragmites australis ( Cav.) Trin. ex Steud.; Cm: &M 2= Cyperus malaccensis subsp. monophyllus ( Vahl) T. Koyama; Ko: FkJifi
Kandelia obovata Sheue et al.; MF; Y& Mud flat. [F]31] WA [Rl/NE F4E 7R 22 5 1. 3% ( P<0.05) Different lowercases in the same column indicate the

significant differences ( P<0.05).

®5 BERETADEMAEESESEMRERENEE o SHELR(XLSD)Y

Table 5 Comparison on « diversity of rhizosphere microbial communities of different ecological restoration plants in Minjiang River estuary

wetland of Fujian Province (X+SD)!

AP BEVEIY o ZREMEFE2L o diversity index of bacterial community

R B o ZREVEFEE « diversity index of fungal community

sﬁfﬁﬁe ACE 8% Chao 1544 Shannon 5% Sobs F8% ACE $8%% Chao 5% Shannon 5% Sobs $5 %k
ACE index Chao index Shannon index Sobs index ACE index Chao index Shannon index Sobs index
Pa 6 065.52+272.03ab 5 470.66+266.96a 6.79+0.13b 4 099.50+201.24ab 765.70+158.79b 765.87+162.17b  2.89+0.60c¢ 646.50+157.05b
Cm 6 073.31+514.84a 5 473.06+454.93a 6.98+0.10a 4 213.83+240.76a 778.68+117.82b 773.99+120.36b  2.36+0.55¢ 674.17+108.20b
Ko 5 600.87+474.51b 5 045.42+402.77b 6.61+0.23b 3 836.00+297.95b 1 069.12+224.32a 1 084.75+236.82a  5.32+0.34b 1 017.50+207.79a
MF 4 758.35+209.89¢ 4 352.41+181.87¢ 6.48+0.05¢ 3 553.00+110.85¢ 1172.11£105.53a 1 185.45+105.42a  5.85+0.07a 1 125.83+102.37a

DPa, 3 Phragmites australis ( Cav.) Trin. ex Steud.; Cm: &3 Cyperus malaccensis subsp. monophyllus ( Vahl) T. Koyama; Ko: FkJifi 4
Kandelia obovata Sheue et al.; MF; Y&¥E Mud flat. [7]3) FOR[R] /NG F8: 7R 22 53 .35 (P<0.05) Different lowercases in the same column indicate the

significant differences (P<0.05).
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Table 6 Comparison on chemical properties of rhizosphere soil of different ecological restoration plants in Minjiang River estuary wetland of
Fujian Province (X+SD)"

HRR AHEAR (g k) AR (mg k) B (ol - L) BSEAR (ng ) WAEAR (g g )
Soil sample Available sulfur content Available potassium content  Available phosphorus content ~ Ammonium nitrogen content Nitrate nitrogen content
Pa 122.84+1.66b 401.88+3.04b 9.98+0.02¢ 1.29+0.12a 15.68+0.18a
Cm 75.47+0.94d 321.50+2.70d 9.96+0.02¢ 0.63+0.05¢ 8.00+0.15¢
Ko 90.85+1.23¢ 385.91+3.36¢ 12.27+0.02a 0.67+0.04c 6.02+0.14d
MF 185.21+1.57a 415.59+4.39a 10.08+0.02b 1.05+0.03b 14.11+0.31b

DPa. 35 Phragmites australis ( Cav.) Trin. ex Steud.; Cm: % M-¥¥ 2 Cyperus malaccensis subsp. monophyllus (Vahl) T. Koyama; Ko: Bk i
Kandelia obovata Sheue et al.; MF; JG¥E Mud flat. [R5 H R[N A 7R 2 55 5.3 ( P<0.05) Different lowercases in the same column indicate the
significant differences (P<0.05).

ACE 8% ACE 5%
ACE index ACE index
Chao F5%X Chao 85X
Chao index Chao index

Shannon F5%k
Shannon index

Shannon $E%%
Shannon index

Sobs #5 %
Sobs index

Sobs 5%
Sobs index

u//\N u’NN u’/\S u’AK %AP %AN

1 1 1
-06 -04 -02 00 02 04 06
K Z %L Correlation coefficient

B

wys: AR & Available sulfur content; w  ; MR & Available potassium content; w,p : FEZLHE ¥ & Available phosphorus content; w y : B4
5 Ammonium nitrogen content; Wyy : WA & Nitrate nitrogen content. * : P<0.05; *#* . P<0.01.

B3 \REiliRRtsfRESEEEYRETIECEERSRMAE (LB ) AR (AE) 3% o SHEEERRHEXE
Fig. 3 Correlations between rhizosphere soil chemical properties and « diversity indexes of rhizosphere bacterial ( the left figure) and fungal
( the right figure) communities of different ecological restoration plants in Minjiang River estuary wetland of Fujian Province
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Table 7 Niche type of rhizosphere microorganisms of different ecological restoration plants in Minjiang River estuary wetland of Fujian Province

B LE ALY 5 L % FLRLE IR & L %

kA Proportion of niche type of bacteria Proportion of niche type of fungi
Soil sample]) Z AL B Generalist Hi A Neutral Hrfb Specialist Z AL R Generalist Hi A Neutral el 1 Specialist
Pa 27.73 16.07 56.20 5.16 93.24 1.60
Cm 29.85 12.18 57.98 15.66 77.94 6.41
Ko 26.70 19.04 54.26 34.70 58.72 6.58
MF 22.07 41.17 36.76 52.14 43.59 4.27

DPa, 2 Phragmites australis ( Cav.) Trin. ex Steud.; Cm; o A Cyperus malaccensis subsp. monophyllus ( Vahl) T. Koyama; Ko: kA A
Kandelia obovata Sheue et al.; MF; St Mud flat.
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Table 8 Assembly process of rhizosphere microbial communities of
different ecological restoration plants in Minjiang River estuary
wetland of Fujian Province!)

AN E A AL S %

HHERE A Proportion of bacterial community assembly process
Soil sample
DL HeS HD DO
Pa 20.00 53.33 0.00 26.67
Cm 39.23 59.00 0.00 1.77
Ko 44.03 50.94 0.00 5.03
MF 20.46 73.93 4.95 0.66

HEH R RS S %

T HEREAR Proportion of fungal community assembly process
Soil sample
DL HeS HoS HD DO
Pa 78.16 12.64 0.00 0.00 9.20
Cm 88.62 4.07 1.63 1.63 4.07
Ko 92.16 1.96 0.00 0.00 5.88
MF 0.00 0.00 13.33 60.00 26.67

Y Pa. %5 Phragmites australis (Cav.) Trin. ex Steud.; Cm: % M3
£ Cyperus malaccensis subsp. monophyllus ( Vahl) T. Koyama; Ko:
BH# Kandelia obovata Sheue et al.; MF; J&i Mud flat. DL ##
PR Dispersal limitation; HeS: 5 Jii% £ Heterogeneous selection;
HD: [EJEY H# Homogenizing dispersal; DO JEAF Drift; HoS: [W]Ji
£ Homogenizing selection.

EE, 3 AREPIAR P - S 20 v B A R A L o
fifp 24 5 T AT B T, Herp AR s A T ) U
W G R ER 1A It A R R P Wl 5 AL A I A
W Al S A G A S A | I R Ak RO 5T 3R 43 i A
RAENFIR A BARART 7 AR BRI B v 1907

. {LAEST 4% Chemoheterotrophy
11 EALfESH T Aerobic chemoheterotrophy

KT Fermentation

PP Nitrogen respiration

i JEJE Nitrate reduction
FEMRLEITHE Nitrate respiration

. I AL AR Aromatic compound degradation
BRFRLEITHE Sulfate respiration

E AL WA Respiration of sulfur compounds
T AHERERIFIR Nitrite respiration

G E PRI AL Dark oxidation of sulfur compounds
[& %4 F Nitrogen fixation

. L 4EZ K Cellulose hydrolysis

. W IEAR 4 Methylotrophy

AR ER I AE AL Nitrite denitrification

— Ak %Lk Nitrous oxide denitrification

HFMR: B B 4L Nitrate denitrification

FLAE{E Denitrification

I ARHE) 7 Xylan decomposition
JUT Ji53f#% Chitin decomposition
I} M4 % Aromatic hydrocarbon degradation
5O AR AT R EE Ak Dark thiosulfate oxidation
HIYIRT A Plant pathogen
BRI T Plastic degradation
TEAEMRER Ak Nitrite ammonification
H iz & ff, Methanol oxidation
I AL £ L Dark sulfide oxidation

. JRF 41 Ureolysis
.‘ W {5114 Methanotrophy

l ‘ FiF 44k Dark hydrogen oxidation

%1k Manganese oxidation

FRIFFI, Tron respiration
BT Sulfur respiration

. SRR JFF Chlorate reducers
BB AL Dark sulfur oxidation
I3k % . Dark iron oxidation
AT F /)t Lignin decomposition
B K AP ek e Aliphatic non-methane hydrocarbon degradation
I W AK L3 1k Aerobic nitrite oxidation

Pa Cm Ko MF

‘ | 1 1

-15 -10 -05 00 05 10 15
H|NFKIK-LFE  Gene expression abundance

Pa: P35 Phragmites australis (Cav.) Trin. ex Steud.; Cm; &M ¥ 2
Cyperus malaccensis subsp. monophyllus (Vahl) T. Koyama; Ko: Bk
Kandelia obovata Sheue et al.; MF; Y&¥E Mud flat.

E 4 REELTOEMAREESESEYREHAEBFEIETN
Fig. 4 Functional prediction of bacterial communities of different
ecological restoration plants in Minjiang River estuary wetland of
Fujian Province
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THRELL R T2 B2/ %

Pa Cm Ko MF
FHEFEA Soil sample

Pa. M3 Phragmites australis ( Cav.) Trin. ex Steud.; Cm; I
Cyperus malaccensis subsp. monophyllus (Vahl) T. Koyama; Ko: Bk
Kandelia obovata Sheue et al.; MF; St Mud flat.

5 R\EEIIDEMARESESEYREEEFEIRET
Fig. 5 Functional prediction of fungal communities of different
ecological restoration plants in Minjiang River estuary wetland of
Fujian Province
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Table 9 Topological characteristic indexes of rhizosphere microbial
communities of different ecological restoration plants in Minjiang
River estuary wetland of Fujian Province!

T+ R A M5 Bacterium HEAE Fungus

Soil sample R AD RM R AD  RM
Pa 0.53 12.19 0.93 0.68  4.66 0.99
Cm 0.61 455 1.07 0.71 3.92 0.72
Ko 0.54 6.42 1.39 0.61 3.32 0.69
MF 0.57 6.92 1.47 0.46  3.66 0.87

DPa; % Phragmites australis (Cav.) Trin. ex Steud.; Cm; 5 MH-3F
* Cyperus malaccensis subsp. monophyllus ( Vahl) T. Koyama; Ko:
FKIRBT Kandelia obovata Sheue et al.; MF; Y&¥f Mud flat. R: 1EAH
S BB FE B Ratio of positive correlation edge number to
total edge number; AD. S Average degree; RM . A XA Bk
FE4X Relatively modular index.
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