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Structures and diversity of arbuscular mycorrhizal fungal
communities in soda saline-alkali land

CHEN Xiaoye"*, ZHU Huanhuan"*, SUN Chenyu'”, LI Qiushi'?, ZHANG Yaran'?, YANG Yan'?,
CAO Ruiging'?, WANG Cong', YANG Jianxia', DONG Qiang', LI Xingchun', CHEN Peilin"",
GAO Cheng"

1 State Key Laboratory of Microbial Diversity and Innovative Utilization, Chinese Academy of Sciences, Beijing, China
2 College of Life Sciences, University of Chinese Academy of Sciences, Beijing, China
3 College of Life Sciences, Shandong Agricultural University, Tai’an, Shandong, China

Abstract: Saline-alkali land is a common type of degraded soil with wide distribution across the
globe. Among all types of saline-alkali land, soda saline-alkali land, characterized by the
coexistence of high salinity and alkalinity, is particularly difficult to be managed and represent a
major obstacle to the effective utilization of soil resources. Arbuscular mycorrhizal fungi (AMF)
enhance plant growth and survival by improving nutrient uptake and increasing stress resistance,
offering promising potential for the reclamation and utilization of saline-alkali land.[Objective| To
explore how the structures and diversity of the AMF community vary along a soda saline-alkaline
stress gradient in response to stress and other environmental factors. [Methods] We collected soil
samples subjected to varying levels of soda saline-alkaline stress from Changling County and
Da’an City in Jilin Province. The sampling sites included Suaeda glauca-covered wildland (pH
10.0-10.5), unvegetated bare land (pH 9.5-10.0), and maize (Zea mays L.) farmlands under varying
levels of stress (pH 8.5-10.0). The structures and diversity of AMF communities in these soil
samples were analyzed by Illumina-based 18S rRNA gene sequencing.[Results] AMF communities
were predominantly composed of Entrophospora, Funneliformis, Rhizoglomus, and Dominikia.
The relative abundance of AMF was significantly positively correlated with soil total carbon, total
nitrogen, total phosphorus, and available nitrogen, and it was significantly negatively correlated
with soil pH, electrical conductivity, and salt content. The AMF community structure was
significantly associated with soil total carbon and pH. The Shannon diversity (alpha diversity) of
AMF showed significantly positive correlations with total phosphorus and salt content, while the
AMF community structure dispersion (beta diversity) was significantly negatively correlated with
electrical conductivity. Moreover, the alpha diversity and beta diversity of AMF had a significantly
negative correlation. [Conclusion] Saline-alkaline stress exerted homogeneous selection on the
AMF community, leading to reduced community size, decreased beta diversity, increased alpha
diversity, and altered community composition.

Keywords: saline-alkali land; arbuscular mycorrhizal fungi; microbial community structure;
microbial community diversity
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(total carbon, TC), J. % (total nitrogen, TN), 4=
% (total phosphorus, TP)., 45 %X W% (available
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pH. Hi 5 & (electrical conductivity, EC) Fl £k /i
(3R 2), HIPNSE T b A il ik 55 A B2 W] .
Sk . SR G E 2 H1 A (Elementar 23 w]) i
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36 J¥ i (PerkinElmer 23 7)) &P, 4 % & #
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Table 1 Basic information of sampling sites
Sampling site Habitat type Longitude (E) Latitude (N)
Changling County Suaeda land 123°27'34" 44°31'16"
Bare land 123°27'15" 44°3124"
Heavily stressed maize land 123°27'34" 44°31"20"
Moderately stressed maize land 123°27'35" 44°31"21"
Weakly stressed maize land 123°27'35" 44°31'16"
Da’an City Suaeda land 123°51'09" 45°36'21"
Heavily stressed maize land 123°38'01" 45°25'59"
Weakly stressed maize land 123°51'17" 45°36'37"
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Table 2  Soil physicochemical properties of sampling sites

Sampling site Habitat type

Soil physicochemical properties

TC TN TP AP AN EC pH Salt content
(/100 g) (g/100g) (¢/100¢) (mgkg) (mghkg) (dS/m) (/100 ¢g)
Changling Suaeda land 0.736+  0.052+  0.025+ 4920+ 34.447+ 0.604+  9.884+ 0.426+
County 0.057 0.005 0.002 0.626 5.663 0.597 0.090 0.141
Bareland 0.691=  0.054=  0.028+ 6.880+ 42.691+ 1.290£  9.684= 0.560+
0.097 0.004 0.006 2.061 6.665 0.429 0.076 0.226
Heavily stressed maize 1.117+  0.097+  0.026+  14.100+=  73.899+ 0.761=  8.980+ 0.126+
land 0.506 0.033 0.004 4.953 18.486 0.338 0.203 0.110
Moderately stressed 1.086+  0.097+  0.035+ 32500+ 70.366+ 0.483+  8.700+ 0.123+
maize land 0.132 0.018 0.014 13.915 9.676 0.096 0.116 0.064
Weakly stressed maize 0.978+  0.089+  0.037+ 11.460+ 68.600+ 0.127+  8.694+ 0.045+
land 0.286 0.022 0.005 5.619 23.150 0.073 0.137 0.012
Da’an City  Suaeda land 1313+ 0.052+ 0.031+  45.840+ 26.203= 10.202+ 10.350+ 4.115+
0.086 0.008 0.003 6.437 3.515 1.518 0.096 1.120
Heavily stressed maize 0.873+  0.073+  0.030=  30.160+ 56.529+ 0.882+  9.898+ 0.817+
land 0.109 0.019 0.008 22.632 14.816 0.217 0.306 0.277
Weakly stressed maize 1.671+  0.132+  0.049+ 4,940+ 80.377+ 0.078+  8.528+ 0.107+
land 0.048 0.009 0.007 1.467 10.441 0.007 0.083 0.130

SE, DN P RERIK TR AR AR L 1:2.50),
S AR P R (IR R A R
A B R - RE 5K B AR L 105 9 &
MR VRO G A B, R B R R
54551

1.3 DNA #Z2EUF1 PCR ¥ 1%

1.3.1 DNA #2H

f#i ] DNeasy PowerSoil DNA Pro Kit,
(Qiagen 7~ F))XT - 1544 ) DNA #1742 HL, =
MRUE B IF AT 0tk . FEAINA CD1 22
WA T 65 °C/K i hn#4 10 min, F# f5 {f
FastPrep-24 5G i {L(MP A w])LL 6 m/s 1) &
AbFE 10 s, $EHLUY DNA 28 NanoDrop 2000 43
Y6 BE 1 (ThermoFisher Scientific 2y ) )i %2 #¢ B A1
2alif, IFE-20 CIAFER
1.3.2 PCR ¥ #&#1 DNA U F

PCR % I & % (20 pL): 2xPhanta Flash
Master Mix i 10 uL, [, TI#514(10 pmol/L)
4% 2.5 uL, DNA FHg (5 ng/uL) 2.5 uL, ddH,O

0.5 uL, 0.3% “FIiE & A 2 pLo XFE A ITS X
BT PCR ¥ 3 48 H B9 519 %) R f1TS7 (5'-GT
GARTCATCGAATCTTTG-3") #l ITS4-Fun (5'-A
GCCTCCGCTTATTGATATGCTTAART-3" )36-57
PCR JZ W 254 . 98 °CHI AL 1 30 s; 98 °CAE
10s, 58 °CiEB:k 55, 72 °CIEfH 40 s, 35 PF
Wy 72 °CAAE 1 min, SRHHE PCR X AMF
() ITS XBGHATY 48, 55 1 519X
GeoA2 (5'-CCAGTAGTCATATGCTTGTCTC-3")
Ml AML2 (5'-GAACCCAAACACTTTGGTTTC
C-3")P¥¥1 PCR & hj 451 98 °CHUAEME: 30 s;
98 °CAx 4 10's, 58 °CiH k 30's, 72 °C 4 fii
40s, 20 MEH; 72 CCALEM | min, 2 2 Fo il
F B9 51 9 %F i NS31 (5'-TTGGAGGGCAAGT
CTGGTGCC-3")#l AMDGR (5'-CCCAACTATC
CCTATTAATCAT-3" ) %61 pCR 7 i 4% 1F -
98 °CHi A4 30 s; 98 °CZZM: 10's, 58 °CiE k
30s, 72°CHEMH 40s, 30 PEIR; 72 °CA LA
1 min,

BEFAREAR ) PCR PR BUR G, W
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Ji 1] i3k 79 £ (Axygen 23 B UEAT 4k, IFH
Qubit 2.0 % 7] (Life Technologies 2 )l % 4l
o=k i . 4 F) A Tlumina NovaSeq 6000
V5 (IR ARV LD RHECA BR A ") TN -
1.4 E£YEESH

I QIIME 2 (v2023.7) 317 I - & s Ak 1

FrFEf . A demultiplex (F31RA)HRAE,
*E*E SEh2 lJ(barcode)/Ij»?lim (7 5 E o e 2
XiF 7 A RE 5 . ] USEARCH (v11.0.667) Al
cutadapt & H-ECXSFA, X IF B 1T 5 g
B, EFKE/NTF 100 bp HREFEFC. Xt
FPBE S T B, BRI R IRE 2 | K
KBRS/ T 42 R =ITS], AR
R e = I S 3 T o | I 1
USEARCH R4 97% B AR AL X 1 91 3 47 5%
25, X153 AN TR Y A] #4425 B G (operational
taxonomic unit, OTU) ! & BL T2 F1 AL T AR EL
% OTU %2255 BLAST (v2.16.0+)1543 51
5 EUKARYOME ¥ 45 F¢ (v1.9.4) W91k 47 L X,
I 4% BB LY XF — 2 M (percent identity) [ {H K T
90% MARIEFEAT % o 45 0 28 5 1Y AR AR
& OTU FHIHE Galaxy v22.05 *F- 75 (https://galaxy.
pasteur.fr/) FAHE R G R EW . HUADER . fii
I MAFFT T H 47 L%}, R BMGE (block
mapping and gathering with entropy) £ 17 /3 51| 1§
B, 5 fHH MrBayes #H1T R G0 K BRI,
A R SO TR E LU S ) OTU 2 75 )8 T H
R, IFRIEHRGERE RRER M
A — B A ATE B . RSO Al AR AE iTOL
£ (https://itol.embl.de/)5E Al
1.5 HIESHFATILL

BRSBTS TE R va4.1 g o7
XFZAEARZ B 25, [ agricolae £
(v1.3.7)8 b i kruskal iy 2> #E 4T Kruskal-Wallis

ESEH L . 1T vegan £1(v2.6.8) 11 1Y adonis2

PR AL E AT B i £ J0 7 22 4 M (permutational
multivariate analysis of variance, PERMANOVA),
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o B AN (R REAS (R RE 7 25 M 1Y 22 57 o A U8 ]
ALY ggplot2 £0(v3.5. DSl o ZHEE:
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HI beta.pair ap T HASE]. TUARZM(redundancy
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envfit PRECE R S0 5 A8 5t 5T MR 3 Ai 2
A OC R . B TR RS R B W IR I 4%
B, FIH picante £2.(v1.8.2)" 1 ses.mpd B
B, YR R4 % B S (mean pairwise
distance, MPD)JE L —1 1581 F [B] 5E 2% ¢ R 484K
(net relatedness index, NRI), fii F “taxa.labels” %
BERUR B 1, X RSk B W PR bR R AT
Bt BLE e, EAE 999 YRk, G E ek TT Ak
MPD J2& & i 3 i 25 FEALIY B . NRI 48800 1E3R
ARGk TEHRE, NRIFEHCH R R
GRE MK FIH vegan I (v2.6.8) 1Y
betadisper PRENT AMF 7% 1 Bray-Curtis 2540
3547 AL B 43 BT (principal coordinates analysis,
PCoA).
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Figure 1

Saline-alkaline properties of soil in each sampling site. A: pH; B: Electrical conductivity; C: Salt

content of each sampling site. Whiskers represent the distribution of most data points, while outliers are those

falling outside the whiskers. Lowercase letters indicate significant differences among sampling sites, which are

determined by Kruskal-Wallis test at a significance level of 0.05.
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(Funneliformis,
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(NRD5 pH 1y H53 B3R, #£4 NRI {H5 pH
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Figure 2 Phylogenetic structure and community composition of AMF and their responses to soil physicochemical
factors. A: The tree was constructed based on OTUs sequences and representative reference sequences of known
AMF taxa and Mucoromycota retrieved from the EUKARYOME database (Branch lengths are shown along the
branches, representing the phylogenetic distances between taxa; Bootstrap support values are indicated at the
nodes which reflect the confidence of each clade); B: The solid line represents a cubic polynomial regression fit
[NRI-poly (pH, 3)], showing the variation trend of NRI along the soil pH (Each point stands for an individual
sample and the shaded area represents 95% confidence interval); C: The structure of AMF communities at the
genus level; D: Soil physicochemical properties accounted for the differences in AMF community composition
(The biplot shows the first two RDA axes with their corresponding degree of explanation, reflecting the
relationship between AMF community composition and different properties; Significant physicochemical
properties are denoted by asterisk, as determined by the envfit analysis; TC: Total carbon; TN: Total nitrogen; TP:
Total phosphorus; AN: Available nitrogen; AP: Available phosphorus; EC: Electrical conductivity).
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Figure 3  Proportion of AMF sequences in relation to the overall sequences of the whole fungal sequences and
its correlation with soil physicochemical properties. A: Relative abundance of AMF sequences relative to total
fungal sequences across different sampling sites (Lowercase letters indicate significant differences among the
samples); Linear relationships between the proportion of AMF sequences and total carbon (B), total nitrogen (C),
total phosphorus (D), available nitrogen (E), available phosphorus (F), pH (G), electrical conductivity (H) and
salt content (I). Electrical conductivity and salt content were In (n+1) transformed before analysis to reduce the
influence of extreme values. Spearman correlation analysis was performed to test the relationships and P-values
are adjusted by false discovery rate (FDR) method. Each point represents a sampling site. Colors denote different
habitat types, while shapes correspond to sampling locations.
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Figure 4 Alpha diversity and correlation analysis of AMF communities. A: Alpha diversity measured as
Shannon index of AMF communities in each sampling site [Lowercase letters denoting significant differences
were determined by Kruskal-Wallis test and P-values were adjusted by false discovery rate (FDR) method];
Linear relationship between Shannon index and total phosphorus (B) as well as salt content (C). Salt content was
In (n+1) transformed before the analysis to reduce the influence of extreme values. Spearman correlation analysis
was performed to test the relationships. Each point represents a sampling site and P-values are adjusted by false

discovery rate (FDR) method. Colors denote different habitat types, while shapes correspond to sampling

locations.
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Figure 5 Principal coordinated analysis (PCoA) and beta diversity analysis of AMF communities and correlations
between community dispersion and soil physicochemical properties. A: Results of PCoA based on Bray-Curtis
distance; B: Beta diversity measured as Bray-Curtis dissimilarity of different samples; C: Beta diversity is depicted
by the distance to centroid, based on Bray-Curtis distance. The distances from the group centroid represent
heterogeneity within each group. Statistical differences were tested using permutational multivariate analysis of
variance (PERMANOVA, Adonis2) and Kruskal-Wallis test with P-value adjusted by false discovery rate (FDR)
method; Linear relationships between AMF community dispersion (measured as distance to centroid) and total
carbon (D), total nitrogen (E), total phosphorus (F), available nitrogen (G), available phosphorus (H), pH (1),
electrical conductivity (J), and salt content (K). Electrical conductivity and salt content were In (n+1) transformed
before analysis to reduce the influence of extreme values. Spearman correlation analysis was performed to test the
relationships. Each point represents a sampling site and P-values are adjusted by false discovery rate (FDR)
method. Colors denote different habitat types, while shapes correspond to sampling locations.
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Figure 6 Correlation analysis between the alpha diversity (Shannon index) and beta diversity metrics. Linear

relationships between the Shannon index and Bray-Curtis dissimilarity (A), community dispersion (measured as

distance to centroid) (B), Jaccard dissimilarity (C), and Simpson dissimilarity (D). Shaded areas represent 95%

confidence intervals.
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