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Pea-oat mixed cropping improves the diversity and community
structure of soil carbon-fixing bacteria in an alpine region

SANG Duocheng', MA Wenyu', BAO Gensheng’, ZHOU Lianyu'*"

1 School of Life Sciences, Qinghai Normal University, Xining, Qinghai, China

2 Academy of Animal Science and Veterinary Medicine, Qinghai University, Xining, Qinghai, China

3 Qinghai Provincial Key Laboratory of Medicinal Animal and Plant Resources on the Qinghai-Xizang Plateau,
Academy of Plateau Science and Sustainability, Xining, Qinghai, China

Abstract: [Objective] To investigate the effects of pea-oat mixed cropping at different ratios on
soil nutrients, enzyme activities, and carbon-fixing microbial communities in the alpine region of
Qinghai Province. [Methods] This study designed five treatments: monoculture of oat (TO),
monoculture of pea (Q0), and pea-oat mixed cropping at three ratios (QT1, QT2, and QT3). Soil
enzyme activities and physicochemical indicators were measured, and the community structure,
diversity, and relationships with environmental factors of carbon-fixing bacteria were analyzed
based on high-throughput sequencing data of chbL. [Results] Compared with monoculture, mixed
cropping significantly enhanced soil enzyme activities and nutrient content, with QT3 (the pea:oat
ratio of 2:1) showing the most pronounced effects. Under QT3, the activities of sucrase, cellulase,
protease, and other enzymes were the highest, and the content of soil organic carbon, total nitrogen,
ammonium nitrogen, and other nutrients was also significantly increased. Mixed cropping
optimized the community structure of soil carbon-fixing bacteria. Specifically, QT3 significantly
increased the alpha diversity (with the highest Chaol and Shannon indices) and enriched functional
groups such as Cyanobacteria. Environmental factor analysis indicated that soil ammonium
nitrogen, total nitrogen, and organic carbon were the main drivers of changes in the carbon-fixing
bacterial community. Furthermore, microbial co-occurrence network analysis revealed that mixed
cropping, especially QT3, significantly enhanced network complexity, connectivity, and
modularity, which indicated higher structural stability and functional collaboration potential of the
microbial community. [Conclusion] Pea-oat mixed cropping, particularly at a ratio of 2:1,
significantly improved soil ecological functions in alpine regions by enhancing soil enzyme
activities, increasing nutrient availability, and optimizing the structure and functional network of
carbon-fixing microbial communities. This provides an effective approach for enhancing soil
carbon sequestration potential and promoting sustainable agricultural development.

Keywords: pea-oat mixed cropping; alpine region; soil nutrient; soil enzyme activity; carbon-
fixing microorganism
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R, RERTEMMEY RS M+ S
ES WA M OTE R, 1ER 3 A, BT AR
AN B 78 55 2R (coverage) I = T 0.98, F A
@AY= N O 7 Ga o 7/ 2 W L e
LT LS I MRV SRR . R S bR T
i, Chaol 8% Observed species #8507 Hr4h
R—F: N [FTERRS LA A R 2T 55 4 b 3 24 (]
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232 TIEEBRMAREESER OTU RS

FT OTU 43245 21 Venn B, HIEl 1A
AL, TRAR ARG A0+ e Rk 4N A OTU
B 1407 4~ QT1. QT2. QT3 44 1Y OTU
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x1 AEEHIRBTLERS
Table 1  Soil physical and chemical properties under different pea and oat ratios
Treatment  Organic carbon/ Total phosphorus/  Total nitrogen/ Ammonium Nitrate nitrogen/  pH

(g/kg) (g/kg) (g/kg) nitrogen/(g’kg)  (mg/kg)
QO 19.36+0.16¢ 4.45+0.03b 2.30+0.18¢ 8.50+0.04d 20.17+0.44b 7.89+0.15¢
TO 20.52+0.21b 4.54+0.05ab 2.35+0.16¢ 7.82+0.04¢ 20.67+0.19b 8.36+0.07b
QT1 20.7240.39b 4.62+0.14ab 2.92+0.07b 10.22+0.04b 21.19+0.60b 8.78+0.06a
QT2 20.73+0.32b 4.60+0.23ab 2.88+0.06b 9.22+0.06¢ 22.36+0.76a 7.71+0.10d
QT3 24.17+0.39a 4.75+0.06a 3.28+0.12a 10.69+0.07a 23.46+0.85a 8.19£0.07b

Different lowercase letters in the same column indicate significant differences at the 0.05 level (P<0.05). The same below.

2

T REIELBLR BT LR EE M

Table 2 Soil enzyme activities under different pea and oat ratios

Treatment Sucrase/ Cellulase/ Protease/ Peroxidase/ Polyphenol oxidase/ p-glucosidase/
[mg/(g-24 h)] [mg/(g-72 h)] [mg/(g-24h)]  [mg/(g-2h)] [mg/(g-2 h)] [ng/(g'h)]

Qo0 43.63£1.88b 0.21+0.02bc 0.91£0.05¢ 0.49+0.04d 1.67+0.03d 0.21+0.01d

T0 39.89+0.40c 0.19+0.01d 0.85+0.02¢ 0.70+0.03bc 1.53+0.03¢ 0.20£0.01e

QT1 48.79+0.62a 0.20+0.02b 0.86+0.05¢ 0.79+0.07ab 2.44+0.03¢c 0.24+0.01b

QT2 49.01+0.12a 0.22+0.02¢ 0.99+0.03b 0.64+0.04c 2.56+0.03b 0.23+0.01c

QT3 48.40+0.54a 0.25+0.01a 1.07+0.03a 0.88+0.07a 2.87+0.03a 0.26£0.01a
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R3 TEELHLRE T LIRERAERE oS A
Table 3  Alpha diversity of soil carbon-fixing bacterial communities under different pea and oat ratios
Treatment Abundance index Diversity index Coverage/%
Chaol Observed_species Simpson Shannon
Q0 5662.24+120.15b 3 083.07+149.50b 7.37+0.33b 0.93+0.02b 0.997+0.001
TO 6 652.83+317.32a 3546.70x144.72a 7.56+0.12ab 0.95+0.01b 0.998+0.002
QT1 5468.29+277.66b 2 966.00£152.61b 8.05+0.22a 0.98+0.01a 0.990+0.001
QT2 5028.42+501.10b 2 734.73+£222.20b 7.72+0.30ab 0.96+0.03ab 0.998+0.001
QT3 6 328.33+462.76a 3464.93+226.76a 8.08+0.23a 0.97+0.01a 0.989+0.004
B
A Q0 Grou
0.2F P
« QTI
%\ QT2
v QT3
\ * TO
01F ¥ Q0
QT _ v
S
Q2 5579 < .
Z pe o
I 00f
=
<
=0.1F B
|
| |
QT3 + —0.1 0.0 0.1 0.2

Bl R AR B RE AR AR S A R

Differences in the composition and structure of soil carbon-fixing bacterial communities under

Figure 1

Axisl (29.1%)

different planting patterns. A: Venn diagram showing shared and unique OTUs; B: Principal coordinates analysis

(PCoA) based on Bray-Curtis distances.

H ) OTU 4391k 2 595 12 003 4>, 295 5
OTU %411 14.74% ., 11.38%. AT H8E, R
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(9.05%—-14.65%), T4 4L 3 (TO. QO)HYFFA
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R o AT IR AN R R R AN R Y B £
FEPE, 7E OTU JK-F- F 2R Bray-Curtis H #6417
PCoA 73 #T. PCoA %55 fz it 1 4% Ab ¥ 1] [ ffke 4
R 2T, H Axisl F1 Axis2 A EE R

2 APFAEAE, o 590 A St e 1 i 200 ARV AR S 1
29.1% A1 14.6% (& 1B). M PCoA &5 KFE, #
6 9 52.(Q0) -5 FLFE HE A2 (T0) 75 55—l (Axis 1) b
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Figure 2 Taxonomic composition of soil carbon-fixing bacterial communities under different planting patterns

at multiple taxonomic levels. A: Phylum level; B: Class level; C: Genus level.
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s: f Sphaerotilaceae
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bl: g Stappia
cl: g Rhodovastum
dl: g Azospirillum
B ¢1: ¢ Cupriavidus
fl: g Rubrivivax
gl: g Nitrosospira
hl: g Aromatoleum
B it: g Sulfuricaulis
B il: g Thiodictyon
kl: g Methylococcus
11: g Dokdonella

Figure 3 LEfSe analysis of soil carbon-fixing bacteria under different pea and oat ratios.
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Figure 4 Effects of soil physicochemical factors on soil carbon-fixing bacterial communities. A: Redundancy

analysis (RDA); B: Correlation heatmap between dominant genera and environmental factors. * indicates
significant difference (0.01<P<0.05); ** indicates extremely significant difference (0.001<P<0.01); *** indicates

highly significant difference (£<0.001).
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Similarity

Figure 5 Co-occurrence network of carbon-fixing bacteria under different pea and oat ratios.

=4 BINNESH

Table 4 Topology network parameters

Features Sole seeding Seed mixture

TO Qo0 QT1 QT2 QT3
Nodes number 407 408 415 422 425
Edges number 6327 6299 6 580 6 850 7216
Average degree 48.15 48.03 52.18 55.32 62.44
Network diameter 5.85 5.68 5.92 5.98 6.52
Graph density 0.077 0.076 0.081 0.084 0.089
Average clustering coefficient 0.617 0.618 0.635 0.648 0.682
Modularity 0.513 0.511 0.532 0.551 0.587
Connecting components 24 24 22 20 18
Average path length 3.00 3.00 2.95 291 2.87
MR AR ST W, RSB  IREA M PRI R R, W SO B

PR P MRS M, S e H 3 AR 119 R
LA R S I A oI . QT3 AL BILAE Firfy
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Figure 6 Mantel test analysis of key soil physicochemical properties and network topology parameters. *

indicates significant difference (0.01<P<0.05); ** indicates extremely significant difference (0.001<P<0.01); ***

indicates highly significant difference (P<0.001).
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