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Abstract [ Objectives | To explore the effects of mixed humus soil and straw ash substrate on rhizosphere bacterial community and growth of

hot pepper. [ Methods ] In this pot experiment, high-throughput sequencing was conducted to analyze bacterial communities in the rhizosphere

soil of pepper plants treated with four different HA proportions. [ Results] Pepper seedlings exhibited optimal growth in the 6 : 4 (w/w) HA

substrate. Bacterial structure and composition varied with the HA proportion. The relative abundance of the Proteobacteria phylum (ranging

from 48.37% to 60.40% ) was the highest across all treatments. Correlation analysis indicated that certain bacterial communities were closely

related to the availability of soil nutrients and enzymatic activities. [ Conclusions | This study elucidates the impact of HA proportion on rhizo-

sphere bacterial communities and plant growth, laying a foundation for understanding the application of different mixed substrates and their

effects on soil microbiology.
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0 Introduction

Hot pepper, as an annual vegetable crop of the Capsicum L.
genus, has rich capsaicin and vitamins and possesses high nutri-
tional value'". The planting area of hot pepper accounts for about
10% of the total vegetable planting area in China, ranking first in
all kinds of vegetables'™ . Guizhou Province had the largest area of
planting hot pepper in recent years, making hot pepper planting a
major crop of Guizhou Province"”. In recent years, pepper plant-
ing areas increase continuously due to the rapid development of
pepper industry. However, the factors of affecting plant growth
and pepper yield are extremely complex, including weather
(e. g. , temperature, moisture, etc. ), soil (including soil type,
nutrient status and plantation substrates) , fertilizer, rhizosphere
microorganisms, and diseases, becoming the main obstacle to the
sustainable, healthy, and efficient development of the pepper
industry”* .

Among the effecting factors, fertilizer is a main factor influ-
encing the hot peppers growth. Most of the previous studies on hot
pepper effect of fertilization have focused on the nutritive element
(such as nitrogen, phosphorous and potassium, etc. ), organic
matters, and pH and so on. Furthermore, fertilizer type is also a
factor of attention'”’. With continuously understanding the func-
tion of the rhizosphere microbes in plant growth and development,
the study that effect of fertilizer or plantation substrate type on the
rthizosphere microbes is focused on. It has been reported that
mixed fertilizer, which was composed of fermented yeast waste and
silk worm excrement, improved the microbial diversity in rhizo-

sphere, the plant growth and fruit quality of pepper’™ . The mix-
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ture of 75% organic and 25% chemical fertilizer improved the mi-
crobial diversity and increased the biomass of oilseed rape,
changed bacterial community composition in the rhizosphere
soil ”. Most of soil bacteria implied in bio-control of phytopatho-
gen or other application are potential beneficial. However, how
different substrate proportions influence the rhizosphere bacterial
community and growth of hot pepper is poorly understood.
Considering that different substrate proportions affect micro-
bial traits and pepper growth, we aimed to explain the changes in
rthizosphere bacterial communities of planting pepper’s soils in
mixed humus soil and straw ash substrate. We hypothesized that
different substrate proportions ( mixed humus soil and straw ash
substrate,, hereafter referred to as HA) would markedly influence
microbial diversity, and change microbial community structures.
This study is performed to compare the responses of bacterial di-
versities and community composition to HA of planting pepper;
and determine the relationships between rhizosphere microbial
communities and soil properties. We hoped to find the optimal HA
proportion that is conducive to pepper growth and fitness. More
importantly, this study provides insights into finding optimal pro-

portion of other substrates promoting plant growth and fitness.

1 Materials and methods

1.1 Experimental material preparation Humus soil and
straw ash were applied for fertilization experiments. The humus
soil was bought from Liyintang Professional Planting Cooperative
(Tengchong City, Yunnan Province, China). The straw ash was
produced from rice straw which was collected from the local rice
field. The humus soil and straw ash were mixed with four propor-
tions of 10 : 0, 6:4,4:6, and 2 : 8 (w/w and dry weight ba-
sis) to gain the mixed pot experimental soil (Table 1). Pepper

seeds from natural plants were gained from the residents of Liping
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County in Guizhou Province, China. To eliminate a variety of
pathogen on the surface, the pepper seeds were soaked in 55 °C
warm-water for 20 min, during which continuous stirring was re-
quired, then the seeds were taken out and soaked in clean water
for 10 h to ensure that they fully absorb water and expand. After
drying the surface water, the seeds were wrapped in a wet cloth,
and placed in the condition at 28 °C for germination three to five
days, during which the seeds should be checked daily and stirred
appropriately to ensure were heated evenly to gain higher germina-
tion rate, when about 70% of the seeds begin to germinate, they
could be sown in two pots with nutrient soil, in a greenhouse with
natural light. When the pepper seedlings grew up to 10 em, they
were prepared for the greenhouse pot experiment.

On July 11 in 2024, the

greenhouse pot experiment was carried out a vegetable field, loca-

1.2  Greenhouse pot experiment

ted at Xiashui Village, Wudang District in Guiyang City, Guizhou
Province of China (26°71’' N, 106°73’ E, altitude 1 200 m). The
pepper seedlings with approximately 10 cm height and uniform
growth were transplanted into the pots (10 ecm x 10 c¢m) with
2 kg mixed humus soil and straw ash (HA) , four proportion treat-
ments were conducted for pepper pot plantation, namely CK (2 kg
humic soil without straw ash), HAS (mixed 1.2 kg humus soil
and 0.8 straw ash), HAF (mixed 0. 8 kg humus soil and 1.2
straw ash) ,and HAT (mixed 0.4 kg humus soil and 1.6 kg straw
ash) (Table 1), a pot with a plant, a treatment with 12 seed-
lings, which were subjected to natural light and appropriately

watered.

Table 1 Pot experiment of hot pepper treated by HA

Treatments Total dry Humic Straw Proportion
weight // kg soil // kg ash //kg

CK 2 2.0 0 10:0

HAS 2 1.2 0.8 6:4

HAF 2 0.8 1.2 4:6

HAT 2 0.4 1.6 2:8

1.3 Collection of samples On August 22 in 2024, when the
pepper grew for 40 d, the plants with roots and soil were removed
from pots, after the loose soil was shaken off, the soil adhering to
the seedling roots was defined as rhizosphere soil and collected in-
to a sterile bag. Rhizosphere soil and plants of three peppers with
uniform growth were considered as a replicate in same treatment
when we sampled, three replicates a proportion treatment, a total
of 12 soil and plant samples were put into sterile bags, respective-
ly, which were placed in a foam box with ice and was promptly
transported to laboratory for analysis. The soil of a sample was di-
vided into two parts, one part was stored in —80 °C refrigerator
for high-through sequencing, and the other was prepared for soil
trait analysis.

1.4 Determination of soil physiochemical characteristics and
enzyme activities Naturally air-dried soil from pepper rhizo-
sphere was used for analysis of soil traits and enzyme activities. In
this pot experiment, rhizosphere physiochemical characteristics of

pepper plants included organic matter (OM), available nitrogen
(AN), available potassium ( AK), available phosphorus ( AP)
and pH, these soil traits except for pH were determined using soil
test kits produced by Shandong Laiende Intelligent Technology
Co. , Ltd. (Shandong Province, China) on the basis of manufacturer’s
protocols. After the soil samples were processed, OM, AN, AP,
and AK levels were tested in a nutrient speedometer ( Shandong
Laiende Intelligent Technology Co. , Ltd. , China), respectively.
The soil enzymatic activities in the hot pepper rhizosphere
were analyzed using Guan’s method'™”'. The phenol-sodium hypo-
chlorite photo-colorimetric method was applied to test the urease
activity, which was presented as micrograms of ammonium nitro-
gen (mg NH, -N) in 1 g of rhizosphere soil after 24-h reaction
(g NH, -N/g/24 h). The 3,5-dinitrosalicylic acid photo-colori-
metric method was used to test the sucrase activity, which was
presented as glucose milligrams in 1 g of rhizosphere soil after
24-h reaction (mg glucose/g/24 h). 4-nitrophenyl phosphate dis-
odium salt hexahydrate colorimetry was applied to analyze the acid
phosphatase activity, which was defined as milligrams of phenol
within 1 g of rhizosphere soil after a 24-h reaction ( mg phenol/g/
24 h).
1.5 Estimation of pepper growth and health After the plant
height, single fresh weight, and root length were measured, the
healthy indexes in hot pepper leaves were determined on the basis
of Gao’s method""" | these indexes included the activities of perox-
idase (POD) and superoxide dismutase (SOD), and contents of
proline and malondialdehyde (MDA).
1.6 Rhizosphere bacterial DNA extraction and high-through
sequencing Rhizosphere bacterial DNA extraction and analysis
were conducted by Sangon Biotechnology Co. Ltd, Shanghai of
China. Firstly, 12 collected rhizosphere soil samples were subjec-
ted to remove the fine root and plant residues on the ultra-clean ta-
ble, and then were placed into sterile bags, respectively. Finally,
the total of 12 soil samples were put into a foam box with dry ice
and transported to Sangon Biotech in Shanghai. According to the
manufacture’s protocols, A E,Z. N. ATM Mag-Bind Soil DNA Kit
(OMEGA, M5635-02, USA) was applied to extract the rhizo-
sphere DNA from each pepper soil sample. A Qubit 4. 0 ( Ther-
mo, USA) was used to test the concentration of the extracted DNA
in order to gain adequate amounts of high-quality DNA. Two uni-
versal 16S rRNA amplicon primers (341 forward 5'-CCTACG-
GGNGGCWGCAG-3" and 805 reverse 5'-GACTACHVGGG-
TATCTAATCC-3") were applied'™ | and the V3-V4 region of
pepper rhizosphere bacterial 16S rRNA was amplified using 2 x
Hieff® Robust PCR Master Mix ( YEASEN, 10105ES03, China)
in the first amplification. Illumina Bridge PCR compatible primers
were used to amplify DNA sequences in the second amplification.
The PCR amplified products were checked via electrophoresis in
2% agarose gels, and then the concentration of gene libraries was
quantified using Qubit 4.0 fluorimeter. After All DNA amplicons
were pooled in equal proportion, sequencing was carried out on
the Hllumina MiSeq system (Illumina MiSeq, USA).
1.7 Bioinformatics and statistics After sequencing, the raw

sequencing data from Illumina HiSeq system mentioned above were
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converted to raw reads by Basa Calling analysis. The Cutadapt
software v1. 18 was applied to remove the adapters and sequencing
primers ®’ | then PEAR (v0. 9. 8) was applied to assembly of
paired-end reads. The bacterial (16S) reads of hot pepper rhizo-
sphere were subjected to quality-control though removing the below
20 bp low quality sequences, splicing, de-noise, and de-chimer-
ism procedures““m using software Usearch (v11.0667) at the
97% similarity level ™7, In the end, 1 346 167 clean reads
were obtained, with the ranges of the clean sequence varying from
350 to 465 bp. A total of 1 065 118 OTUs from 12 pepper rhizo-
sphere samples were gained by clustering analysis. The RDP clas-
sifier (v138) was applied to align the OUT taxonomic classifica-
tion against SILVA 16S database (http: // www. arb-silva. de/).
The taxonomic information of rhizosphere bacteria from hot pepper
for each OUT was gained at different classification levels'™® ™"
Bacterial functional communities from hot pepper rhizosphere
based on the OTUs were analyzed by software Tax4Fun2 software
vl.2. 1, referred to genome database ( Kyoto Encyclopedia of
Genes and Genomes [ KEGG ]) of known metabolism function,
the predictions of pepper rhizosphere bacterial metabolic functions
were conducted ™’ | the abundance bar plot of bacterial functional
communities at the metabolic pathway level 1 was also generated
using Excel 2016.

To evaluate the difference of pepper rhizosphere bacteria in
different treatments of HA proportions, the bacterial diversity,
community composition, and function predictions were analyzed.
Based on the OTUs, Mothur (v1.43.0) was used to calculate the
21 in this experiment, the ACE ( Abun-
dance-based Coverage Estimator), Shannon and library coverage

bacterial a-diversity

indices were applied to evaluate the bacterial community richness,
diversity and sequencing depth in rhizosphere bacteria, and indi-
vidually visualized using R ggplot2 package. Analysis of variance
(one-way ANOVA) and least significant difference (LSD) test
were applied to assess the difference of bacterial a-diversity in HA
proportion treatments. The rarefaction data of Shannon index were
analyzed using software Mothur (v1.43.0) and visualized by R
(v3.6.0)™". Venn Diagram R package (v1.6.20) was used to
draw Venn diagram of rhizosphere bacterial shared and unique
OTU number in different HA proportion™’.
structural model was evaluated based on weighted Unifracdistance

Bacterial community

calculating all OTUs and ordinated by Non-metric Multidimension-
al Scaling (NMDS) 231 According to the OTUs in different HA
proportion treatments, the relative abundances of pepper rhizo-
sphere bacterial communities at different classification levels were
calculated, the abundance bar plot of bacterial community compo-
sition at phylum level was conducted using Excel 2016, the bacte-
rial community with relative abundance greater than 1% were de-
fined as dominant phylum, while those lower than 1% were de-
fined others. At genus level, the bacterial community dot-rot heat-
map of hot pepper rhizosphere in different HA proportion treat-
ments was generated by R gplot package (v3.0.1.1) based on the
bacterial community relative abundance, bacterial genera with
abundances greater than 1% were presented as enriched species,
those with abundances lower than 1% were presented as others
which were not showed in the dot-rot heatmap. A relationship

heatmap between rhizosphere bacterial communities at genus level
and pepper indices was made using R gplots package™'. Addi-
tionally, the averages of pepper soil property, seedling growth and
healthy parameters were calculated using Excel 2016 for each HA
proportion treatment, and difference and error analysis were con-
ducted using software SPSS (+v23. 0, SPSS Inc., Chicago, IL,
USA).

2 Results and analysis

2.1 Rhizosphere soil traits under mixed humus soil and
straw ash ( HA) treatment
with different mixed HA proportions (Table 2). Compared with
CK (without straw ash) , HAS, HAF, and HAT treatments signif-
icantly increased (P <0.05) the pH, while no significant differ-
ence between HAS and HAF was observed. The OM and AN lev-

els in the pepper rhizosphere declined with the decreasing propor-

Pepper rhizosphere traits varied

tion of mixed HA, the both values in HAT treatment significantly
declined (P <0.05) by 50.49% and 59. 46% contrast to CK
treatment, respectively. Inversely, soil AP content enhanced with
the decreasing proportion of mixed HA, it significantly increased
(P<0.05) by 39.32% and 84.49% in HAF and HAT treat-
ments compared with CK, while there was no significant difference
between CK and HAS treatments. Soil AK levels in all treatments
were in higher than AP, but they had the same trend in HAF and
HAT treatments, the value in HAS was lower than CK, though no
significant difference between CK and HAS treatments was detec-
ted. The enzymatic activities ( sucrase, acid phosphatase, and
urease) in the pepper rhizosphere generally declined with the de-
creasing proportion of mixed HA except acid phosphatase activity
in HAS was lower than that in HAF, and they were significantly
decreased (P <0.05) 4.51 mg glucose/g/24 h, 7.41 mg phenol/
g/24 h, and 60.60 pwg NH, -N/g/24 h in HAT treatment contrast
to CK, respectively.
2.2  Growth and health of hot pepper under mixed humus
soil and straw ash treatments There were various responses in
pepper growth and health parameters to the different proportions of
mixed HA (Fig. 1). These findings suggested that appropriate
mixed HA proportion improved the plant growth of hot pepper,
which could be also showed by the pepper pictures after the seed-
lings treated for 40 days (Fig. 1A). With the decreasing propor-
tions of mixed HA , pepper plant height and fresh weight were first
increased and then declined, they were the highest (32.42 cm
and 11.31 g/plant, respectively) in HAS treatment, followed by
HAF treatment, the lowest was in HAT, but no significant differ-
ence (P=0.05) between CK and HAT was found (Fig. 1B, C).
Compared with CK, the longest root length in HAS and HAT treat-
ments significantly enhanced (P <0.05) 3.63 and 1. 70 cm,
though it also increased in HAF treatment, there was no signifi-
cant difference (P=0.05) between CK and HAF (Fig.1D).
The pepper health parameters were evaluated by antioxidant
enzymatic activities of peroxidase ( POD) and superoxide dis-
mutase (SOD) , and the contents of malondialdehyde (MDA ) and
proline in pepper leaf (Fig. 2). Compared with CK, the four
health indexes in HAS, HAF, and HAT treatments significantly
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declined to various degrees except for POD activity and MAD con-
tent in HAT, in which the decreasing trend in HAF was the most

significant (P <0.05), followed by HAS (Fig.2A-D). Tt sugges-

ted that application of appropriate HA proportion was beneficial to
improve the fitness of hot pepper plant.

Table 2  Soil characteristics of pepper plants under different complex ratio of humic soil and plant ash (x +SE)

Sucrase Acid phosphatase Urease
Treatments pH OM ¢/ ke AN//me/ ke AP//mg/ kg AK//me/ kg mg glucose/g/24 h mg phinol/p ¢/24 h  mg NH, -N/g/24 h
CK 5.61£0.02 ¢ 105.52+4.82a 69.81 +1.17a 60.78+3.15¢ 415.33+13.03¢  9.33+0.43 a 9.81+0.44 a 97.01 £6.27 a
HAS 6.61£0.01b 87.82+3.65b 65.54+0.50b 66.16+3.09 ¢ 411.30+7.68 ¢ 8.14+1.98 a 4.79+0.11 b 69.51 +£3.57 b
HAF 6.63+0.05b 81.24+2.21b 63.21+6.06b 84.68+1.28b 453.27+16.76b  6.96+0.33 b 5.14+0.37 b 43.55+2.11 ¢
HAT 6.84+£0.03a 52.24+0.21 ¢ 28.30+0.19 ¢ 112.13+5.62a 519.95+13.03a 4.82+0.25¢ 2.40 £0.62 ¢ 36.41 £0.62 d

NOTE The data in this table are the means plus standard errors (SE) of three repetitions by one-way ANOVA. Organic material (OM), available nitrogen (AN),
available phosphorus (AP) , available potassium (AK). Least significant difference (LSD) was applied to test the difference among four complex ratios of hu-
mus soil and plant ash, namely the humus soil to straw ash ratios (w/w) were 10 : 0 (CK), 6 :4 (HAS);4 :6 (HAF), and 2 : 8 (HAT). Means + SE plus

different lowercase in the same row show significant difference at P <0.05 under different complex ratio treatments of humus soil and straw ash (HA).

2.3 Sequencing results and bacterial diversity in rhizosphere
Rhizosphere bacterial rarefaction curve of Shannon index ap-
proached a saturated plateau ( Fig. 3A), suggesting that soil se-
quencing data from the pepper rhizosphere could represent the most
of bacterial species in 12 soil samples. The average of library cov-
erage indexes ranged from 0. 988 to 0.993, and there were no signifi-
cant differences (P=0.05) across the four treatments ( Fig.3E)
further implying that sequence data in all samples was reliable and
enough for the following analysis. Venn diagram showed the num-
ber of bacterial OTUs from pepper rhizosphere shared by the four
HA treatments was 3 014, the trend of rhizosphere unique OTUs in
all HA treatments; CK > HAS > HAF > HAT (Fig.3B). In this
study, the bacterial richness and diversity in hot pepper rhizo-
sphere based on OTU numbers were presented. ACE and Shannon
indexes were not significantly different (P=0.05) among four HA
treatments except there was significant difference (P <0.05) in
ACE index between HAS and HAT treatments ( Fig.3C, D). Non-
metric Multidimensional Scaling (NMDS) based weighted Unifrac-
distance was applied to the heterogeneity and similarity of bacterial
community among HA proportion treatments ( Fig. 3F). The results
showed that rhizosphere bacterial communities were significantly
(Stress, 0.026 76 ) differed among four treatments along the
NMDSI1, implying that different HA proportions had significant
effect on rhizosphere bacterial structure of the hot pepper.

2.4 Bacterial community composition in rhizosphere By
comparing the composition of pepper rhizosphere bacterial commu-
nities in HA proportion treatments, at the phylum level, 12 bacte-
rial phyla with relative abundance greater than 1% were used to
conduct bar plot (Fig. 4A), the enriched bacterial phylum was
Proteobacteria with the relative abundance ranging from 48.37% to
60.40% , the abundant trend; CK < HAS < HAF < HAT, followed
by Acidobacteriota and Actinobacteriota with the relative abun-
dance variating from 18.22% to 12. 10% and from 10. 11% to
6.98% , respectively, and their abundance trends were opposite to
that of Proteobacteria. With the decreasing of HA proportion, the
relative abundance of bacterial phylum Chloroflexi, Bacteroidota,
and Patescibacteria first enhanced and reached the highest
(5.40% , 5.01% , and 3.18% , respectively) in HAS treatment
and then declined to the lowest (3.74% , 3.85% , and 2.00% ,

respectively) in HAT treatment. However, bacterial Gemmatimo-

nadota had the highest relative abundance (5.05% ) in HAF treat-
ment and the lowest (3.02% ) in HAT, with the abundant trend;
HAT < CK < HAS < HAF.

At the genus level, rhizosphere 27 bacteria with average rela-
tive abundances greater than 1% in any HA treatment were ana-
lyzed and generated a dot-rot heatmap (Fig.4B). norank _Cau-
lobacteraceae and Qipengyuania abundances were the highest in
CK, while the lowest were in HAF. The relative abundances of 11
bacterial genera ( including norank _ Acidobacteriales, Sphin-
gomonas, norank _Subgroup_2, Pseudolabrys, norank _Micropep-
saceae, Bryobacter, Candidatus _Solibacter, norank _ Gaiellales,
Acidothermus , Arthrobacter, and unclassified_Xanthobacteraceae )
were the highest in CK and were the lowest in HAT treatment. The
relative abundances of five bacterial genera (norank _FElsterales,
norank _JG30-KF-AS9, Rhodanobacter, Acidibacter, and norank _
Chitinophagaceae ) were the most enriched in HAS treatment,
however the lowest abundance of them were in different HA treat-
ments, for example norank_Elsterales had the lowest abundance in
HAF, while the relative abundance of norank_JG30-KF-AS9 was
the lowest in HAT, the lowest abundance of bacteria Rhodanobact-
er was in CK, Acidibacter and norank _Chitinophagacea were the
lowest in HAT. The relative abundances of six bacterial genera
(including unclassified_Sphingomonadaceae, norank_Gemmatimo-
nadaceae, norank _Alphaproteobacteria, Micropepsis, Ellin6067,
and Gemmatimonas) were the highest in HAF treatment, the low-
est abundance of bacterium unclassified _Sphingomonadaceae was
in CK, other five of six bacteria had the lowest abundance in
FAT treatment. Two bacterial genera Arenimonas and Devosia have
the highest relative abundance in FAT treatment, and the lowest in
CK. These results implied that the composition of pepper
rhizosphere bacterial communities differed among different HA
proportions.

2.5 Bacterial functional prediction To explore bacterial func-
tional differences among four HA treatments, metabolic pathway
functional disparities of pepper rhizosphere bacterial communities
at the level-1 were predicted (Fig.5). Bacterial functions correla-
ted with metabolism pathways were enriched, the top eight includ-
ed metabolic pathways, microbial metabolism in diverse environ-
ments, the ATP-binding cassette (ABC) transporters, biosynthesis
of secondary metabolites, biosynthesis of antibiotics, two-compo-
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nent system, cellular community-prokaryotes, and carbon metabo-
lism. The sum relative abundance of these eight bacterial function-
al communities changed from 44. 14% to 44.19% , and their indi-
vidual relative abundances were not significantly different across all
HA proportion treatments. This finding implied that different HA
proportions did not lead to disparities of bacterial functional com-

munities in all treatments.
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NOTE A shows the growth pictures of pepper plants after treated for
40 d; B, C, and D represent the plant height, fresh weight per
plant, and root length of pepper under different HA treatments,
respectively. The bar plots plus error line shows the mean + SE |
different lowercase are significant difference at P <0.05.

Fig.1 Growth of pepper plants under different complex ratio of HA
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NOTE A and B present the activities of peroxidase (POD) and super-

oxide dismutase (SOD) in pepper leaf, respectively; C and D
present the contents of malondialdehyde (MDA) and proline in
pepper leaf, respectively. The bar plots plus error line shows the
mean * SE | different lowercase are significant difference at P <
0.05 (one-way ANOVA and LSD test).

Fig.2 Health of pepper plants under different HA complex ratio
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NOTE A and B show the rarefaction and Venn diagrams of reads; C,
D, and E show a-diversity indexes of ACE, Shannon, and cov-
erage of soil bacteria from hot pepper rhizosphere under four
treatments, respectively; F represents non-metric multidimen-
sional scaling (NMDS).

Fig.3 Sequence results and diversity of soil bacteria from hot pep-

per under different complex ratio of HA

2.6 Relationship between pepper indicators and rhizosphere
bacteria To present the relationship between pepper correspond-
ing indexes and rhizosphere bacteria, the correlation heatmap was
visualized based on the parameters of rhizosphere traits and enzy-
matic activities, pepper growth and health, and the relative abun-
dances of rhizosphere bacterial genera (Fig.6). The results dis-
covered that rhizosphere bacteria were more closely associated with
soil traits and enzymatic activities than with pepper growth and
health. For example, the relative abundances of six bacterial gene-
ra (including Sphingomonas, Arthrobacter, norank_Acidobacteria-
les, Pseudolabrys, unclassified _Xanthobacteraceae, and norank _
Gaiellales were significantly positively related (P <0.05 or P <
0.01 or P <0.001) to soil OM and AN contents, the activities of
soil sucrase, acid phosphatase and urease, reversely, significantly
negatively related (P <0.05 or P <0.01 or P <0.001) to soil AP
and AK contents. The abundances of three bacterial genera norank
_LWQ8 and norank_Chitinophagaceae, and Acidothermus were sig-
nificantly positively correlated (P <0.05) with soil OM and AN
contents and sucrase activity, while significantly negatively corre-
lated (P <0.05 or P <0.01) with soil AP and AK contents.
Norank _ Vicinamibacterales had significant positive correlations
(P <0.05) with soil OM and AN contents and significant negative
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correlations (P <0.05 or P <0.01) with soil AP and AK con-
tents. norank_Xanthobacteraceae had significant positive correla-

tions (P <0.05 or P <0.01) with soil OM and AN contents and

0. 01 ) between the abundances of norank _ Acidobacteriales,
norank_Gaiellales, norank_Subgroup_2, norank _Micropepsaceae,
norank_Caulobacteraceae and leaf MDA content, between the
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Fig.5 Bacterial functional composition in rhizosphere of hot pepper
under the different complex ratio of HA with the relative
abundance greater than 1% at pathway level 1
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NOTE A shows the composition of soil bacteria with relative abundance
greater than 1% in any HA proportion treatment at the phylum
level; B presents the dot-rot heatmap of soil bacteria with rela-
tive abundance lower than 1% at the genus level.

Fig.4 Composition of soil bacteria from hot pepper rhizosphere un-

der different complex ratio of HA

acid phosphatase activity, but significantly negative correlation
(P <0.05) with rhizosphere AP content. In addition, the abun-
dances of bacterial genera Arenimonas, norank_Beggiatoaceae, and
Devosia were significantly negatively associated with soil OM and
AN contents, and the activities of soil sucrase, acid phosphatase
and urease, conversely, significantly positively associated with soil
AP and AK contents. However, pepper leaf proline content was
significantly positively related to the abundances of certain bacteria
(such as norank_Acidobacteriales, unclassified_Xanthobacterace-
ae, norank_Subgroup_2, Bryobacter, and norank_Caulobacterace-
ae) , but significantly negatively related to the abundances of Devo-
sia, unclassified_Sphingomonadaceae, Rhodanobacter and MND1.
Additionally, significant negative relationships (P <0.05 or P <

J norank_Gemmatimonadaceae
T MND1

%% Ut %0‘3’%52&%%"

Fig.6 Correlation heatmap of rhizosphere bacterial communities at
genus level and indicators of soil and pepper plants (n =12)

[T O

abundance of norank Gemmatimonadaceae and leaf POD were de-
tected. significant positive relationships (P <0.05 or P <0.01)
between the abundances of Arenimonas, Devosia and leaf MDA
content, between the abundances of Devosia, norank_Gemmatimo-
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nadaceae and leaf SOD activity were found. These findings sugges-
ted that some bacterial communities (e. g. norank_Acidobacteria-
les, Pseudolabrys, and unclassified _Xanthobacteraceae as well )
were not only highly associated soil nutrient availability, but also
closely associated with the health of hot pepper plants.

3 Discussion

In this study, it characterized the rhizosphere bacterial com-
munity composition, diversity, soil traits and pepper growth and
health under HA proportion treatments by high-throughput sequen-
cing and pepper parameter analysis. Humus soil is a type of soil
composed of high concentration humus, and humus is a macromo-
lecular organic complex generated by plants, animal residues and
biological decomposition through complicated microbial and chemi-

[25-

cal process > ', Humus soil is commonly applied in agriculture

and horticulture or other fields because it is beneficial to improve

2728 .
!, However, humus soil

soil quality and enhance plant growth"
is acidic (pH usually from 5.0 t0 5.9), and the pepper growing
soil is light acidic or neutral, so regulators (such as quicklime,
plant ash and wood ash or others) mixed with humus soil could be
applied to pepper agricultural production. In our experiment, dif-
ferent mixed HA proportion treatments improved rhizosphere soil
pH, AP and AK contents, decreased the rhizosphere AN and OM
contents and the three enzymatic activities.

The effects of different substrate ratios on the growth of pep-
per seedlings were different. Gao et al. ' reported that the opti-
mal proportion for chili seedlings growth is determined as a ratio of
5:4:1, comprising coir bran, river sand, and farm manure, re-
spectively. The study of Zhu et al. ™' showed that the cultivated
soil added appropriate amount of carbonized rice husks had an ob-
vious effect on promoting the development of the root system of
pepper seedlings, the root number, average root length and the
longest root length increased significantly compared with the soil
without carbonized rice husks. In Ye’s experiment”™’ | the sub-
strate ratio of turf to vermiculite was at 2 : 1, added 2 kg/m’ com-
pound fertilizer, the results exhibited that this combination resulted
in the highest comprehensive growth and health for pepper seed-
lings. In this study, as the HA proportion was at 6 : 4, the values
of plant height, fresh weight and root length of pepper seedlings
were individually highest (Fig. 1), while 4 : 6 mixed HA propor-
tion was benefit for the seedling health, because HAF (at4 : 6 ra-
tio of HA) treatment exhibited the significant lowest values of leaf
POD and SOD activities, MDA and proline contents ( Fig.2).

(2341 which synergistic

These findings agreed with earlier studies
treatment of mixed humic substrate and conditioner had shown pos-
itive effects on crop growth and health.

In this pot experiment, different mixed HA ratio treatments
considerably changed the composition of pepper rhizosphere bacte-
rial communities (Fig.4) , while there was no obvious shift in bac-
terial functional composition (Fig.5). Humus soil is enriched in
humic acid, previous studies revealed that application of appropri-
ate mixed humic acid and fertilizer strongly changed microbial

) In current

community composition in relative abundances
study, the relative abundance of enriched bacterial phyla Pro-
teobacteria increased with decreasing HA ratio, while Acidobacte-

riota and Actinobacteriota were reverse, other phyla altered in dif-

ferent HA treatments but no obvious regular trend ( Fig. 4A).
These three bacterial phyla also were found to be three top domi-
nant communities from Dafang knit pepper and Irish pepper rhizo-
sphere, which were planted in a field of Dafang County of Guizhou

Province, in southwest of China"*®

, and an experimental filed of
Taian City, Shandong Province, in northeast of Chian"”’’ | respec-
tively. In the genus level, the relative abundance of some bacteria
(such as Sphingomonas, Bryobacter, and Qipengyuania so on) de-
creased to varying degrees because of mixture in straw ash com-
pared with CK, while certain bacterial genera increased in relative
abundance when humus soil was mixed with different proportion
straw ash (Fig.4B). It implied that various bacterial genera re-
sponded differently to HA. However, mixture of humic soil and
rice straw ash did not significantly alter rhizosphere bacterial ACE
and Shannon indexes exception for significant difference in ACE
index between HAS and HAT treatments ( Fig. 3), which were
consistent with previous studies '

The availability of nutrients and enzymatic activity in the rhi-
zosphere soil are closely linked with soil microorganisms indirectly

" In the pot exper-

influencing the health and growth of plants
iment, relationship analysis revealed that soil OM, AN exhibited
significant positive linkage with 13 bacterial genera, in which six
bacterial genera were significantly positively related to soil three
enzymatic activities, these genera included Sphingomonas, Ar-
throbacter, Gemmatimonas, Pseudolabrys, Acidothermus as well as
unclassified _ Xanthobacteracea, mnorank _ Acidobacteriales and
Gaiellales (Fig.6). It implied that these bacteria maybe can se-
cret extracellular sucrase, acid phosphatase, and urease into rhizo-
sphere soil, and then improve the enzymatic activity increasing,
thereby, soil nutrient availability might be enhanced®’. Certain-
ly, the improvement of soil enzymatic activity was also related to
other factors such as temperature, plant species, and soil moisture

41
SO 01’1L !

. However, soil AP and AK levels were significantly nega-
tively interplayed with these 13 bacterial genera above, it might be
because soil more AP and AK were absorbed by pepper seedlings
than soil AN. Inversely, compared with 13 genera, the relative
abundance of three bacterial genera including Arenimonas, Devo-
sia, and norank_Beggiatoaceae showed opposite relationship trends
with soil nutrients and enzymatic activities above, except of unsig-
nificant correlation between soil OM and Devosia (Fig.6). It sug-
gested that some bacteria had negative interplay with certain ele-
ment availability and enzyme activities, inverse trend might exist.

4 Conclusions

In this pot experiment, the growth and fitness of Liping hot
pepper varied with the difference of HA proportions. Additionally,
the structure and composition of pepper rhizosphere bacteria also
shifted accordingly. Generally, HAS treatment (mixture of 1.2 kg
humic soil and 0.8 kg straw ash) had more benefit for the growth
of the pepper plants among four treatments. Relationship analysis
uncovered that some rhizosphere bacteria were closely related to
the availability of some soil nutrients and enzyme activities.

References

[1] WANG H. Effects of organic fertilizer replacing partial chemical nitrogen
fertilizer on yield, quality, and soil physicochemical properties of chili
peppers in solar greenhouses[ J]. Northern Horticultre, 2024, 18 41 —



Zhiqi YANG et al. Effects of Mixed Humus Soil and Straw Ash Substrate on Rhizosphere Bacterial Community and Growth of Hot Pepper 45

48. (in Chinese).

[2] LI C. Comparative test on production performance of five pepper varieties
in Gansu Zhuanglang of Gansu Province [ J ]. Northern Horticulture,
2023, 2. 49 -45. (in Chinese).

[3] QIAO L, ZHAO B, ZONG Y, et al. Development current situation, tend-
ency, and countermeasure for Chinese pepper industry[ J]. China Vegeta-
bles, 2023, 11: 9 - 15. (in Chinese).

[4] TIANY, LIC, LI'Y, et al. Molecular detection of tomato spotted wilt vi-
rus infected pepper in Guizhou[J]. China Vegetables, 2023, 11. 53 -
59. (in Chinese).

[5] WANG N, WANG E, XIN X, et al. A plant genetic network for preven-
ting dysbiosis in the phyllosphere[ J]. Nature, 2020, 580: 653 —657.

[6] LIU, K, MU Y, CHEN X, et al. Towards developing an epidemic moni-
toring and warning system for diseases and pests of hot peppers in
Guizhou, China[ J]. Agronomy, 2022, 12 1304.

[7] YE L, LI C, ZHANG G, et al. Effects of different seedling number of
holes, substrates and fertilization on the growth and quality of greenhouse
pepper seedlings [ J ]. Northern Horticulture, 2014, 13, 50 - 53. (in
Chinese) .

[8] ZHAO L, OUYANG L, LU X. Effects of different organic fertilizers on
rthizosphere microbial diversity and growth of pepper in continuous crop-
ping soil [ J]. Journal of Huazhong Agricultural University. 2013, 32.
72 =77. (in Chinese).

[9] WANG J, QIN H, ZHANG L, et al. Synergistic effects of rhizosphere
effect and combined organic and chemical fertilizers application on soil
bacterial diversity and community structure in oilseed rape cultivation[ J].
Frontiers in Microbiology, 2024, 15. 1374199.

[10] GUAN S. Soil enzymes and their research methods[ M ]. Beijing: China

Agriculture Press, 1986 274 =294. (in Chinese).

[11] GAOJ, XIE H. Photosynthetic characteristics and fruit quality of pepper
under different continuous cropping years [ J ]. Northern Horticulture,
2021, 19: 48 —=53. (in Chinese).

[12] OBIEZE CC, GEORGE PBL, BOYLE B, et al. Black pepper rhizomi-
crobiome; Spectrum of plant health indicators, critical environmental
factors and community compartmentation in Vietnam [ J]. Applied Soil
Ecology, 2023, 187, 104857.

[13] MARTIN M. Cutadapt removes adapter sequences from high-throughput
sequencing reads[ J]. EMBnet Journal, 2011, 17 10 —12.

[14] SCHMIEDER R, EDWARDS R. Quality control and preprocessing of
metagenomic datasets| J|. Bioinformatics. 2011, 27(6) : 863 —864.

[15] CALLAHAN BJ, MCMURDIE PJ, ROSEN MJ, HAN AW, et al. DAD-
A2 high-resolution sample inference from Illumina amplicon data[J].
Nature Methods, 2016,13 (7) : 581 —583.

[16] EDGAR RC. UPARSE: Highly accurate OTU sequences from microbial
amplicon reads[ J]. Nature Methods. 2013, 10(10) : 996 —998.

[17] ZHANG J, KOBERT K, FLOURI T, et al. PEAR: A fast and accurate
[lumina Paired-End read merger[J]. Bioinformatics. 2014, 30(5):
614 —620.

[ 18] STACKEBRANDT E, GOEBEL BM. Taxonomic note: A place for DNA-
DNA reassociation and 16S rRNA sequence analysis in the present spe-
cies definition in bacteriology[ J]. International Journal Systematic Evo-
lutionary Microbiology, 1994, 44 . 846 —849.

[19] WANG Q, GARRITY G, TIEDJE J. Naive Bayesian classifier for rapid
assignment of rRNA sequences into the new bacterial taxonomy[ J]. Ap-
ply Environment Microbiology, 2007, 73 5261 - 5267.

[20] LOUCA S, PARFREY LW, DOEBELI M. Decoupling function and tax-
onomy in the global ocean microbiome[ J]. Science. 2016, 353(6305) ;
1272 -1277.

[21] SCHLOSS PD, WESTCOTT SL, RYABIN T, et al. Introducing mothur
Open-source, platform-independent, community-supported software for
describing and comparing microbial communities [ J]. Apply Environ-
ment Microbiology, 2009, 75(23) ; 7537 -7541.

[22] CHEN H, BOUTROS PC. VennDiagram; a package for the generation of
highly-customizable Vennand Euler diagrams in R[J]. BMC Bioinforma-
tics. 2011, 12; 35.

[23] WANG H, LIU Z, LUO S, et al. Membrane autopsy deciphering key-
stone microorganisms stubborn against online NaOCl cleaning in a full-
scale MBR[ J]. Water Research, 2020, 171 115390.

[24] YE X, LIU Y, PENG C, et al. Contribution of microbial communities to
flavors of Pixian Douban fermented in the closed system of multi-scale
temperature and flow fields [ J]. LWT-Food Science and Technology,
2023, 173 114188.

[25] PIAZZA MV, PINTO P, BAZZONI B, et al. From plant litter to soil or-
ganic matter: A game to understand carbon dynamics[ J]. Frontiers in
Ecology and the Environment, 2024, 22(4) . 2724.

[26] SYMANOWICZ B, TOCZKO R. Brown coal waste in agriculture and en-

vironmental protection: a review [ J ]. Sustainability, 2023, 15(18).

13371. doi: 10.3390/sul51813371.

DE BARROS JA, STAMFORD NP, DA SILVA VN, et al. Biofertilizer

combined with sewage sludge increases the quality of soil cultivated with

banana[ J]. Journal of Soil Science and Plant Nutrition, 2023, 23(4) .

6273 - 6283.

[28] JIN L, WANG H, WANG Y, et al. Allelopathic effect of soil under hu-
mus layer of broad-leaved tree ( walnut) of Chinese herbal medicine
planting[ J]. Fresenius Environmental Bulletin, 2022, 31(7) . 7217 -
7223.

[29] GAO F, CHEN C, DENG C. et al. Effects of different substrate ratios
on the growth of pepper seedlings[ J]. Journal of Changjiang Vegetables ,
2011, 18; 58 =63. (in Chinese).

[30] ZHU X, DONG H, ZHOU Y. Effect of different proportion of organic
substrate on quality of pepper seedling[ J]. Journal of Changjiang Vege-
tables, 2009, 10: 50 —63. (in Chinese)

[31] YE L, LI C, ZHANG G, et al. Effects of different seedling number of

hole, substrate and fertilization on the growth and quality of greenhouse

pepper seedling[ J]. North Horticulture, 2014,13; 50 —=53. (in Chi-
nese)

SHEHATA HS, GALA TM. Trace metal concentration in planted cucum-

ber ( Cucumis sativus 1.) from contaminated soils and its associated

health risks[ J]. Journal Consumer Protection Food Safety, 2020, 15.

205 -217.

[33] HAIDER FU, LIQUN C, COULTER JA, et al. Cadmium toxicity in
plants; Impacts and remediation strategies [ J ].
ment Safety, 2021, 211 111887.

[34] SAYED AAS, SEOUDI Z, OSMANM AS, et al. Soil-plant integrative

supplementation with humic acid and antioxidants improves growth, fruit

[27

[

[32

[

Ecotoxicology Environ-

quality, and antioxidant capacity of Cdstressed solanum Melongena Mah-
moud [ J ]. Journal of Soil Science and Plant Nutrition, 2024, 24.
7581 —7604.
[35] YUAN Y, YANG F, LIU Z, et al. Artificial humic acid improves P
availability via regulating Pcycling microbial communities for crop growth
[J]. Plant Soil, 2024.
[36] MAO TT, JIANG XL. Changes in microbial community and enzyme ac-
tivity in soil under continuous pepper cropping in response to Trichoder-
ma hamatum MHT1134 application[ J]. Scientific Reports, 2021, 11.
21585.
MI YZ, ZHAO XL, LIU FF, et al. Changes in soil quality, bacterial
community and anti-pepper Phytophthora disease ability after combined

[37

[

application of straw and multifunctional composite bacterial strains[J].
European Journal Soil Biology, 2021, 105 103329.

[38] MIRANSARI M. Soil microbes and the availability of soil nutrients[ J].
Acta Physiology Plant, 2013, 35 3075 —3084.

[39] PHILIPPOT L, CHENU C, KAPPLER A, et al. The interplay between
microbial communities and 580 soil properties[ J]. Nature: Review Mi-
crobiology, 2023, 22(4) : 226 —239.

[40] SCHLOTER M, NANNIPIERI P, SORENSEN S]J, et al. Microbial indi-
cators for soil quality[ J]. Biology Fertilizer Soils, 2018, 54 . 1 —10.

[41] STEINWEG JM, DUKES JS, WALLENSTEIN MD. Modeling the effects
of temperature and moisture on soil enzyme activity: Linking laboratory
assays to continuous field data[J]. Soil Biology Biochemistry, 2012,
5585 -92.



