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Abstract: The karst seasonal rainforest of northern tropics in Guangxi is a unique forest ecosystem
in China. However, the soil microbial diversity and its maintenance mechanism remain unclear.
[Objective] This study explored the distribution characteristics and influencing factors of soil
bacterial diversity in a karst seasonal rainforest of northern tropics, aiming to provide a reference
for analyzing soil microbial diversity and its maintenance mechanisms in this region. [Methods]
Soil samples were collected from a long-term dynamic monitoring plot in the karst rainforest of
northern tropics (referred to as the Nonggang plot). The composition and distribution pattern of soil
bacterial community were analyzed by 16S rRNA gene amplicon sequencing, and the potential
influencing factors were identified by the correlation analysis.[Results] The soil in Nonggang plot
harbored a total of 5 841 bacterial operational taxonomic units (OTUs), which were annotated to
1 501 species belonging to 677 genera, 373 families, 242 orders, 104 classes of 35 phyla. The
dominant bacterial phyla were Proteobacteria, Actinobacteriota, and Acidobacteriota. The
dominant bacterial phylum was Proteobacteria in both the depression and the slope habitats, and
Actinobacteriota in the hilltop habitat. The number of total and specific bacterial OTUs displayed a
pattern of depression>slope>hilltop habitats. The hilltop habitat association had the fewest total
OTUs but the most specific OTUs. The soil bacterial alpha diversity indexes (Chaol, Sobs,
Shannon, and Simpson) were not significantly different between the depression and slope habitats,
while they were significantly lower in the hilltop habitat. Similarly, the hilltop habitat association
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had the lowest bacterial alpha diversity indexes than the other associations. The principal
coordinate analysis (PCoA) of beta diversity showed differences in the bacterial communities
among different habitats and associations. The linear discriminant analysis effect size (LEfSe)
identified more differential groups in the depression and hilltop habitats than in the slope habitat.
The Spearman correlation analysis, Mantel test and redundancy analysis (RDA) indicated that
elevation was the primary factor influencing the distribution of soil bacteria in Nonggang plot,
followed by soil organic carbon, available nitrogen, and available phosphorus. Tax4Fun predicted
that there were significant differences in the function of soil bacterial communities among different
habitats and associations, especially in the hilltop habitat. [Conclusion] This study revealed the
community composition and diversity distribution pattern of soil bacteria in Nonggang plot and
identified elevation as the primary factor affecting the distribution. These results contribute to the
understanding of soil bacterial diversity and its maintaining mechanism in the karst seasonal
rainforest of the northern tropics in Guangxi.

Keywords: karst seasonal rainforest; soil bacteria; community diversity; habitat; elevation;
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Figure 2 Soil bacterial community composition and habitat-specific genera in Nonggang plot. A: Venn diagram
of soil bacterial community composition at OTU level in different habitats; B: Venn diagram of soil bacterial
community composition at OTU level in different associations; C: Endemic genera in different habitats (taxa with

a relative abundance less than 5% are classified as others).
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Figure 3 Relative abundance of soil bacteria (phylum) in Nonggang plot. A: Quadrat-level; B: Habitat-level; C:
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Figure 4 Linear discriminant analysis effect size (LEfSe) of soil bacteria in different habitats. Taxa from

phylum- to genus-level were analyzed, and the initials of biomarker taxa stand for the taxonomical level.
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R2 FRMEMTIRAE SRR ETOTUKFE)
Table 2  Soil bacterial diversity index in Nonggang plot (based on OTU level)

Habitat and association Chaol index Sobs index Shannon index Simpson index
A #EHE Depression 3372+147A 2 587+102A 6.314 5£0.137 1A 0.008 6+0.002 5A
Habitat H15§ Slop 3330+243A 2 513177A 6.283 6:0.190 0A 0.008 3+0.003 5A
11 T3 Hilltop 2 739£175B 2091+122B 6.032 8+0.067 2B 0.008 4+0.001 0A
TN DA 3270+194a 2 510+134ab 6.174 3+0.153 5ab 0.011 6+0.002 8a
Association DB 3 402+59a 2 576+40ab 6.288 0+0.089 7a 0.008 5+0.001 9ab
DC 3 440+97a 2 635+7%a 6.393 5:£0.040 la 0.006 9+0.000 5b
DD 3372+162a 2 616+95a 6.378 1+0.125 0a 0.007 6+0.001 4ab
SE 3 186+326a 2 403+205b 6.201 30.265 0a 0.009 8+0.005 lab
SF 3416+157a 2 549+130ab 6.343 1£0.096 3ab 0.006 4+0.000 9b
SG 3398+147a 2593+141ab 6.313 7+0.145 0a 0.008 5+0.002 3ab
HH 2 739+175b 2091+122¢ 6.032 8::0.067 2b 0.008 4:£0.001 Oab

[Fl—FEBHEAR RIKR S PR R AR ES, AEVNG FRERREE AN 22 5 (Kruskal-Walliski 35, P<0.05).

Different capital letters in the same column indicate significant differences among habitats, while different lowercase letters indicate

significant differences among associations (Kruskal-Wallis test, P<0.05).

A G5 ANOSIM (R—O 685, P=0.001) B 05 ANOSIM (R=0.632, P=0.001)
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Figure 5 Principal co-ordinates analysis (PCoA) of soil bacteria (OTU level) at Nonggang plot. A: Different
habitats; B: Different associations. The analysis is based on the Bray-Curtis distances, and the difference among
groups was analyzed by analysis of similarities (ANOSIM). The colors and ellipses of sample points represent

grouping (habitat or community).
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AR RIS A A B E RA BN L, BIWniEA DA 5 DB (] 5B). A8 RETT
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5 H(PCoA)FRE T 12.31% ML ot
23 FRHEMAREENTIRRBAMR
=5

FE A FEHLIEAR TL A 180-370 m, FFAT #EM
A1tk (average elevation, AVELE) A& 3 Fi .
+3 pH (FEFEIN 6.90-7.32, e HARAR(E
HIRTE I AR BRI RE AT, A IR AL SFORITRE
M\ SE. 3 % /K 5 (SWC) K 30.50% — 55.57%,
L R L BE N DA B &K & e, Ll TRRE
A HH 1 & K i e il . 4 58 3 208 (AK) &%
M 87.00-369.71 mg/kg . LW (AP) & B A
1.52-87.25 mg/kg; AK Fl AP & B e AER K
#E(DA. DB. DC. DD)H ¥ T 510 T5
N THEAHLIRSOC) &7k 68.62-117.88 gkg,
IITHHE A HH 1) SOC 7 it iy T g 5 e Hb A
Mo IR A (AN, HAE) & =N 274.07-
356.52 mg/kg, SOC Fl AN 5 f5c i (944 g 1L T
FEAHH, SARA N EEHEE A DA
24 MEEFXFOEMMEEEED
Al

FTF OTU KT/ BT (RDA)SS SR BIR

®3 FREMARBEMAERES TIREBUM R

MRk . pH. FKIE . BUSCER . SEAEE . A LA
BB A RN - S A0 TR R I A5 AR W S
RDA 2 — 3l #1585 — 3l 43 5] i % 1 28.73% A
11.54% )28 55t (Bl 6). Horr, TEdk . 14 pH,
A ML A S RDA &l 1 2 IEAXE; IS
KR AR RS S RDA Bl 1 22 AROC
Mk S RIEA PR . AR IEADC, 51
TR E . SR AR R A OG s RO
W 5 B A0 b - SFE 200 TR i 4 R P s ER S AL

L RDA 252501, 34N REE A L 5 38
BN 2 R Rk I 25 R R ] R R S R
el A b - 39 4 A R DG R 5 A PR BE IR
(=0.503, P=0.001, % 4), HIWKZE ALK
(r=0.356, P=0.001). Hdfi# % (r=0.157, P=0.018)
R (=0.149, P=0.011),

WA, HIEME RS HE N W
Spearman AH G PE BT 4 AR, Wik . FK
L RRCER . SRR . A AU AR U A
WA NEA WER W (E 7). Hi, IR 5k
I"J(Actinobacteriota) & it F IEAH KK FR,, 51l
AHRTE R | ] (Nitrospirae) . $FTE [ 1 (Bacteroidota)

Table 3 Elevation and soil physicochemical properties of different associations in Nonggang plot

Association AVELE (m) pH SWC (%) AK (mg/kg) AP (mg/kg) SOC (g/kg) AN (mg/kg)
DA 188.7542.86  6.90+0.09b 55.57+1.63a  369.71+60.33a  87.25+8.99a 68.62+4.87b  274.07+19.75¢
DB 200.6846.96  7.06+£0.09ab 48.67+9.11ab  214.83423.59ab  44.57+11.96ab  84.37+5.49ab 317.22+21.55abc
DC 231.14£16.75 7.09+0.10ab 39.88+1.58ab  186.38+11.27abc  4.90+0.39abc  92.34+5.80ab 319.43+15.82abc
DD 214.20+12.31 6.86+0.10b  41.75+4.93ab  114.00+7.09abcd 5.54+1.36abcc  70.77+4.05b  283.04+13.66bc
SE 282.79+23.53  6.82+0.14b  33.00+1.20bc  87.00+7.16d 1.86+0.44c 85.11+5.48ab  293.76+12.93bc
SF 274.54+7.63  7.3240.18a 34.29+1.73bc  102.14+9.72bcd  2.04+0.23b 93.92+5.49ab  329.50+13.41ab
SG 297.24+12.51 6.93+£0.06b 38.00+1.40abc  99.75+3.73bcd  1.60+0.12c 74.54+3.86b  275.52+12.97¢c
HH 342.47+12.61 6.90+0.14b  30.50+1.05¢ 87.38+5.56d 1.5240.16c  117.8849.47a  356.52+18.83a

[Rl—FE s PR R NG P R R 22 5 8 3 (Kruskal-Wallisf96, P<0.05); AVELE: F¥ifgdk; pH: TIERE; SWC: +
BESkE; AK: MU, AP: #URHE; SOC: AHLEK; AN: BRfFA .

Different lowercase letters in the same column indicate significant differences based on Kruskal-Wallis test (P<0.05). AVELE:

Average elevation; pH: Soil pH; SWC: Soil water content; AK: Available potassium; AP: Available phosphorus; SOC: Soil organic

carbon; AN: Alkali hydrolyzable nitrogen.
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Figure 6 Redundancy analysis (RDA) of bacterial
communities (OTU-level) and soil environmental
factors. ELE: Elevation; pH: Soil pH; SWC: Soil
water content; AK: Available potassium; AP: Available
phosphorus; SOC: Soil organic carbon; AN: Alkali
hydrolyzable nitrogen.

J& BE B[] (Firmicutes), W & Pl & ]
(Methylomirabilota) 5t . 3 A G . 14 &KL
HSCET | B AUEE S S AL IR R 1] (Vitrospirae)
UFFIE 1 (Bacteroidota) . JEBER[ | (Firmicutes)*®
W ARG, K i A R e S i ]
(Actinobacteriota) 5 1 2 A G ; HIEHAH 5
PEIA ] (Verrucomicrobiota) 2 i 3 AN KR

SO S 1N - T e~ S - R
(Actinobacteriota) 1 ' 3% IEAH G, HHUFFHE ]
(Bacteroidota) % i 3 1A OC . 1458 pH {5 PEi
& ] (Verrucomicrobiota) 2 . 3 A AR

25 FRMHMAR4ETLIEMEEE
IheETM K & =

Tax4Fun Jj g BT 3L 42 5E 1 264 1> KEGG
—YGaE H(level 3), IR T 6 1—25E H(level 1)
140 4~ " gham e (level 2). FEVEREAY 6 P—4Z4il
B, s B 2 AR5 48 (metabolism),  7E
8 ANHEM 40K 60.64% . 60.64% . 60.55% .
60.59% . 60.63%. 60.52%. 60.57%. 60.63%
(11 8A). fE " ZLm B, o HUHT 3 Y8 % 0 i
%% iz (membrane transport), 4 & fig 18 iff (amino
acid metabolism) fl {5 5 % F (signal transduction)
(151 8B). fE =il i, (AT 3 AN F s R
1 (ABC transporters), L 4 7+ & 4t (two-
component system) AL} (purine metabolism)
(11 8C)-

Xt KEGG =i B 5 FEiiy 10 A3 gk 722
SR, A5 R BoR B HH B9 & A (nitrogen
metabolism) F1 20 fifd Ji] 1] (cell cycle-caulobacter)
IRy W m T AR s b, HEM HH 7555
iz 5 H (ABC transporters), X 4 7 & 4
(two-component system)., M I fC i (purine
metabolism), 2 JEME-tRNA 444 il (aminoacyl-
tRNA biosynthesis) 1 Ap Bk 2 0t 2% R A 5
(porphyrin and chlorophyll metabolism) /7 1] 5 H:

=4 DRAREZFROTUKP)ZRERE TR SF/RQN
Table 4 Mantel test of soil bacterial communities (OTU-level) affected by environmental factors

Environmental factors ELE pH SWC AK AP SOC AN
Correlation coefficient () 0.503 0.063 0.143 0.072 0.149 0.356 0.157
Significance (P) 0.001 0.344 0.075 0.272 0.011 0.001 0.018

ELE: iffiK; pH: HIERRRE; SWC: LIES/KE; AK: HALH; AP: BUHE; SOC: AHlik; AN: BAFA.
ELE: Elevation; pH: Soil pH; SWC: Soil water content; AK: Available potassium; AP: Available phosphorus; SOC: Soil organic

carbon; AN: Alkali hydrolyzable nitrogen.
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Figure 7 Spearman correlations of soil environmental factors and bacterial phyla. ELE: Elevation; pH: Soil pH;
SWC: Soil water content; AK: Available potassium; AP: Available phosphorus; SOC: Soil organic carbon; AN:
Alkali hydrolyzable nitrogen. *: P<0.05; #*: P<0.01; *:*: P<0.001.
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Figure 8 KEGG pathway prediction and differences among different associations of Nonggang plot. A: KEGG
pathways at level 1; B: KEGG pathways at level 2; C: KEGG pathways at level 3; D: differences in KEGG level

3 pathways (Different lowercase letters in the same row indicate significant differences (Kruskal-Wallis test,

P<0.05)).
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