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Abstract: Soil microorganisms play an important role in regulating the responses of plants to disease,
but little is known regarding the role of the microbial community in rhizosphere soil in the response
to diseases in papaya. To clarify how the abundance and composition of the microbial rhizosphere
community of papaya change with viral infection, papaya plants resistant and susceptible to papaya
ringspot virus (PRSV) were inoculated with PRSV in the field, and differences in rhizosphere soil
microbial communities between healthy and susceptible papaya were analyzed. The physiochemical
properties of the soil surrounding the root system were strongly affected by microbial taxa, but this
did not have a significant effect on plant health. 16S rRNA and ITS sequencing revealed that disease
stress increased the microbial diversity of bacteria and decreased the diversity of fungi. The analysis
of soil microbial community shows that the abundance of Nitrospirae was significantly higher in HN
soil (1.35 + 0.41) than in NC soil (0.83 +0.13) and YK soil (0.79 + 0.27); the abundance of Paenibacillus
was higher in HN soil (0.83 + 0.38) than in NC (0.35 £ 0.12) and YK soil (0.58 + 0.19); the abundance
of Acremonium was higher in HN soil (0.71 + 0.37) than in NC soil (0.21 + 0.18) and YK soil (0.48 *
0.43). Nitrospira, Paenibacillus, and Acremonium were all beneficial microorganisms, and they were
significantly higher in healthy papaya soil than in susceptible papaya soil may help viral resistance.
We show for the first time that a non-soil-borne disease may influence the microbiomes of papaya
rhizosphere soil. When resistant papaya was infected with PRSV, beneficial microorganisms could
be recruited in the rhizosphere soil to resist viral infection. Although these results are only
preliminary insights into the potential role of beneficial microorganisms in supporting plant health
under viral stress, our research provides new insights with implications for the prevention and
control of papaya ringspot disease, furthermore, microorganisms that promote viral resistance could
expediate the development of biopharmaceuticals or green fertilizers.

Keywords: microbial community; microbiome; rhizosphere soil; papaya ringspot disease; PRSV

1. Introduction

Papaya (Carica papaya Linn.) is one of the most economically important fruit crops in tropical
and sub-tropical countries, and it has high nutritional value [1]. However, papaya viruses pose a
significant threat to papaya production. Papaya ringspot disease caused by papaya ringspot virus
(PRSV) is one of the main diseases of papaya plants [2,3]. PRSV infections in papaya farms can cause
severe yield losses up to 40-100% [4]. PRSV is mainly transmitted through aphids in the field [5]. The
application of insecticides can prevent the transmission of viruses from infected to healthy plants,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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but some aphids are resistant to commonly used insecticides [6]; the use of chemical pesticides can
also have environmental and human health hazards [7]. Transgenic papaya could be used for the
control of PRSV, and several genetically modified papayas and transgenic cultivars have been
developed. However, these genetically modified products are not popular among consumers, and
resistance to PRSV depends on the origin of the viral isolates [8]; differences between geographical
isolates have precluded the development of transgenic plants with PRSV resistance [9]. The
development of effective methods for controlling PRSV thus remains a major challenge [10], and
exploration of novel methods of biological control could prove useful.

More and more research disclosed that plants are able to shape their rhizosphere microbiome
and their microbial communities could play a central role upon pathogen or insect attack (Berendsen
et al., 2012). Soil microorganisms play an important role in determining the responses of plants to
biotic and abiotic stresses [11]. Plants can alter the soil microbial community around their roots; the
rhizosphere microbial community can also affect the growth of plants [12]. Studies of the interactions
between plant diseases and soil microbes have mostly focused on soil-borne diseases, such as
Fusarium graminearum for barley [13], Rhizoctonia solani AG8 for wheat [14], bacterial wilt disease of
tomato [15,16], and Fusarium wilt disease of bananas [17]. When plants are infected with pathogenic
bacteria, the rhizosphere soil recruits beneficial microorganisms to directly inhibit the growth of
pathogenic bacteria or indirectly induce host defense responses [18]. Many studies on rhizosphere
soil microorganisms of various crops have shown that plant-related microorganisms play a major
role in health and susceptible plants [11,19-27]. Rhizosphere soil microbes are more abundant in soil
with healthy plants than in soil with diseased plants [28].

Papaya ringspot disease is spread by arboreal insects and is thus not a soil-borne disease. As
host plants communicate and recruit microbial organisms to the rhizosphere, changes in the health
of a host may alter signals released by the roots, especially under systemic viral infections. Thus,
papaya rhizosphere microbiomes may be altered under PRSV infection. However, changes in papaya
rhizosphere soil microbial communities under disease stress have not yet been reported, and little is
known about the role of interactions between papaya and soil in the disease resistance of papaya. We
identified individual papaya plants of one variety with natural PRSV tolerance in papaya fields. This
variety is not cultivated commercially because of its undesirable horticultural characteristics. Here,
we used this resistant papaya variety and two susceptible papaya varieties to study changes in
rhizosphere soil microorganisms following inoculation with PRSV. We collected rhizosphere soils of
healthy papaya plants and susceptible plants and performed metagenomic analyses. Our findings
revealed a potential route for the biological control of PRSV, which will aid the development of green
agricultural systems.

2. Results
2.1. Soil Physicochemical Properties

The content of soil organic matter (SOM) and total nitrogen (TN) was significantly higher in NC
soil than in YK and HN soil (P < 0.05); however, no significant differences in SOM and TN were
observed between HN and YK soil (Table S1). The other physicochemical properties (TP, TK, AN,
pH, AP, and AK) did not significantly vary among NC, YK, and HN soil.

2.2. Sequence Data Analysis

After quality control filtering, 1,455,875 and 1,665,561 effective tags were obtained from the 165
rRNA and ITS data, respectively. A total of 16,086 bacterial OTUs and 2,353 fungal OTUs were
obtained after OTU clustering at a 97% similarity threshold. Rarefaction analyses revealed that the
curve of 165 genes plateaued at a sequencing depth of 52,857 reads (Figure S2a), and the curve of
fungal ITS genes plateaued at a sequencing depth of 44,017 reads (Figure S2b). The classification of
ASVs based on the different taxonomic levels is shown in Table 1; OTUs are shown in Table 2. The
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number of soil bacterial taxonomic groups was higher in HN soil than in NC and YK soil, and the
number of soil fungal taxonomic groups was lower in HN soil than in NC and YK soil.

Table 1. Classification of amplicon sequence variants.

16S ITS

Taxonomic level
Number of Percent of Number of Percent of

unique features classified reads unique features classified reads

Domain 2 100.00 5 100
Phylum 41 99.84 11 93.56
Class 121 99.61 31 88.47
Order 192 95.43 75 88.20
Family 241 81.02 163 86.39
Genus 411 36.14 314 74.05
Species 238 11.87 424 43.95

Table 2. Number of microbial taxa at different taxonomic ranks in the soil of healthy resistant plants and

symptomatic susceptible plants.

Soil sample Phylum Class Order Family Genus Species OTU

NC (Diseased plant) 11 26 66 135 235 273 1205

Fungi YK (Diseased plant) 10 27 61 130 227 266 1034
HN (Healthy plant) 11 26 62 124 207 260 1105

NC (Diseased plant) 40 109 173 216 306 160 7193

Bacteria YK (Diseased plant) 35 103 161 213 309 154 6733
HN (Healthy plant) 39 111 171 217 317 175 8009

The number of soil bacterial taxonomic groups was higher in HN plants than in NC and YK
plants; specifically, there were 1, 11, 15, and 816 more families, genera, species, and OTUs,
respectively, in HN soil than in NC soil and 4, 8, 21, and 1,276 more families, genera, species, and
OTUs, respectively, in HN soil than in YK soil. The number of fungal communities was lower in HN
soil than in NC and YK soil; specifically, there were 11, 28, and 13 fewer families, genera, and species,
respectively, in HN soil than in NC soil and 6, 20, and 6 fewer families, genera, and species,
respectively, in HN soil than in YK soil. The results are shown in Table 2.

2.3. Microbial Richness and Diversity

The richness and diversity of the three groups of rhizosphere microbiomes were analyzed. The
OTU counts and Chaol indices revealed that bacterial diversity was higher and fungal diversity was
lower in HN soil than in NC and YK soil (Table 3). However, no significant differences were observed
among HN, NC, and YK soil in the diversity indices of bacteria and fungi (P > 0.05).
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Table 3. Alpha diversity indices of microbial communities in rhizosphere soil with healthy resistant and diseased

papaya plants.
Soil
Taxon . Shannon Simpson
Sampl OTUs Chao 1index . .
group diversity index
NC 1652.88 +439.71a  1661.62+441.88a 880+1.13a 099+0.01a
Bacteria YK 1524.5 +57.47 a 1530.87 +56.96a 853+031a 0.99+0.05a
HN 1768.5+334.14a 1781.21+336.21a 9.00£0.81a 0.99+0.01a
NC 276.63 +41.64 a 276.63 +41.64 a 564+064a 095+034a
Fungi YK 262.38 +35.64 a 262.38 +35.64 a 544+044a 094+0.04a
HN 273.38 £36.35 a 27338+36.35a  535+033a 094+0.24a

Values are mean + standard deviation. Different lowercase letters within a column for the same factor

indicate significant differences according to a Tukey test (P < 0.05).

In the B-diversity analysis, the microflora of HN, NC, and YK soil was not completely clustered
in the PCoA plot (Figure 1A, C). In the PLS-DA (Figure 1B, D), the rhizosphere microbiota was
differentiated into three independent clusters, which revealed significant differences in the
composition of the rhizosphere microbiota among HN, NC, and YK soil. The Bray-Curtis index for
bacteria revealed significant differences in -diversity between NC and YK soil (P = 0.003), HN and
NC soil (P = 0.025), and HN and YK soil (P = 0.013). Similar results were obtained using the
unweighted UniFrac distance index, which revealed significant differences in p-diversity between
NC and YK soil (P =0.004), HN and NC soil (P = 0.046), and HN and YK soil (P = 0.025). Fungal Bray-
Curtis indices revealed significant differences in 3-diversity between NC and YK soil (P =0.004), HN
and NC soil (P =0.013), and HN and YK soil (P =0.003) (Table 4). Similar results were obtained using
the unweighted UniFrac distance index, which revealed significant differences in 3-diversity between
NC and YK soil (P =0.021), HN and NC soil (P = 0.002), and HN and YK soil (P = 0.007) (Table 4).

Table 4. Analysis of 3-diversity between pairs of soil samples (n = 16).

Comparison Bray-Curtis anosim- Unweighted UniFrac anosim-
groups pairwise pairwise
R P R P
NC-YK 0.40 0.003 0.31 0.004
16S  NC-HN 0.23 0.025 0.17 0.047
HN-YK 0.22 0.013 0.17 0.025
NC-YK 0.28 0.004 0.15 0.021
ITS NC-HN 0.19 0.013 0.31 0.002
HN-YK 0.32 0.003 0.20 0.007
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Figure 1. B-diversity analysis of rhizosphere microbiota. (A) PCoA plots of the unweighted UniFrac distance
among groups of bacteria. (B) PLS-DA of OTUs among groups of bacteria. (C) PCoA plots of the unweighted
UniFrac distance among groups of fungi. (D) PLS-DA of OTUs among groups of fungi.

2.4. Composition of the Soil Microbial Community

Genera and phyla comprising the microbiota with average proportions greater than 0.5% in all
soil samples are shown in a bar plot (Figure 2). The dominant bacterial phyla were Proteobacteria,
Actinobacteria, Firmicutes, and Acidobacteria, and the cumulative average proportion of these phyla
was 81.41% (Figure 2A); 63.86% of bacterial genera were not classified. Among known taxonomic
genera, the dominant genera were Bacillus and Streptomyces (Figure 2B). In the fungal community,
the dominant phylum was Ascomycota, and its average relative abundance was 80.06% (Figure 2C);
only 25.96% of fungal OTUs were not classified at the genus level. Among known genera, the
dominant genera were Aspergillus, Myceliophothora, and Neocosmospora (Figure 2D). The
dominant bacterial phyla and genera were the same in healthy and diseased papaya plant soil, but
slight differences in their abundances were observed (Figure S3).
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Figure 2. The relative abundance of soil bacterial and fungal communities with average proportions greater than 0.5%.

To clarify the composition of the soil microbiota in HN, NC, and YK soil, the relative richness of

phyla and genera with relative abundance greater than 0.5% was analyzed (Table 5). The abundance
of Nitrospirae was significantly higher in HN soil than in NC soil (P = 0.04) and YK soil (P = 0.01); the
abundances of Gemmatimonadetes and Chloroflexi were higher and the abundance of TM7 was

lower in HN soil than in NC and YK soil, but significant differences were only observed between HN
and [YK] soil. The abundance of Nitrospira was higher in HN soil than in NC (P = 0.002) and YK (P
=(0.001) soil, and the abundance of Paenibacillus was higher in HN soil than in NC and YK soil. The
abundances of Rhodanobacter and Sphingomonas were lower in HN soil than in NC and YK soil; the
differences between HN and YK soil were significant (P = 0.027 and 0.031, respectively) (Table 5).

Table 5. Relative abundance (%) of bacterial taxa among rhizosphere samples.

Taxonomic Taxon NC YK HN
level

Nitrospirae 0.10+£0.17**  0.92+0.28* 1.55+0.49
Phylum Gemmatimona'detes 0.97 £ 0.45* 1.07 £ 0.31 1.48 +0.49
Chloroflexi 3.00 £ 0.73* 249 +0.54 3.55+0.94
™7 0.52 +0.45 1.07 £ 0.41** 0.44£0.34
Nitrospira 0.83+0.13*  0.79 £ 0.27** 1.35+0.41
Paenibacillus 0.35+0.12** 0.58 +0.19 0.83+£0.38
Genus Rhodanobacter 1.44 +0.89 3.17 +£2.38% 1.34 +0.83
Sphingomonas 0.86+0.26 1.70 +1.28* 0.78 +0.46
Dyella 0.42+0.11 1.68 +1.04** 0.65 £ 0.52

Data are mean = SEM (n = 8). *P < 0.05, **P < 0.01 compared with HN. t-test.
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The abundance of Glomeromycota was significantly higher in HN soil than in NC (P = 0.035)
and YK (P = 0.035) soil. The abundance of Mortierellomycota was higher in HN soil than in NC and
YK soil; however, significant differences in Mortierellomycota abundance were only observed
between HN and NC soil (P = 0.023). The abundance of Basidiomycota was significantly higher in
HN soil than in NC soil (P = 0.028), but lower in HN soil than in YK soil, albeit these differences were
not significant. The abundances of Neocosmospora and Acremonium were higher and that of
Polyschema was lower in HN soil than in NC and YK soil; the abundance of Trichoderma was
significantly lower in HN soil than in NC soil (P = 0.013); Trichoderma abundance did not
significantly differ in HN and YK soil (Table 6).

Table 6. Relative abundance (%) of fungal taxa among rhizosphere samples.

Taxonomic Taxon NC YK HN

level

Glomeromycota 0.01 £0.19* 0.01 +0.012* 0.47 +0.71

Phylum Mortierellomycota 2.63 £ 1.60* 6.45+5.89 8.58 £5.77
Basidiomycota 2.03 +2.29* 3.29+2.02 2.75+3.01
Neocosmospora 7.78 +4.82 6.13 +2.73* 11.36 +4.18
Trichoderma 1.82 +1.34* 0.62 +0.59 0.61+0.47

Genus
Polyschema 0.26 £ 0.54 4.85 + 5.60% 1.03+1.84
Acremonium 0.21 £ 0.18** 0.48 +0.43 0.71+£0.37

Data are mean + SEM (n = 8). *P <0.05 and **P < 0.01 compared with HN, t-test.

2.5. LEfSe Analysis Revealed Differences in Soil Microbial Genera

LEfSe analysis was performed to determine significant differences in microbial markers among
HN, NC, and YK soil (LDA > 3, P < 0.05). The abundance of Nitrospirae, Chloroflexi, and
Euryarchaeota had a significant effect on the rhizosphere soil microorganisms of healthy and
diseased papaya plants; the abundance of Nitrospira, Paenibacillus, Rummeliibacillus,
Oceanobacillus, Brevibacillus, Adhaeribacter, Filomicrobium, and Agromys was significantly higher
in HN soil than in NC and YK soil (Figure 3A). LDA of fungal communities revealed that the
abundance of Mortierellomycota and Glomeromycota had a significant effect on the rhizosphere soil
microorganisms of healthy and diseased papaya plants; the abundance of Acremonium and
Funneliformes was significantly higher in HN soil than in NC and YK soil (Figure 3B). The relative
abundances of Nitrospira, Paenibacillus, and Acremonium were greater than or equal to 0.5%; the
relative abundances of all other genera were less than 0.5%. These three genera were all enriched in
the rhizosphere soil of healthy papaya plants.
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Figure 3. LEfSe analysis of characteristic microbiota species among groups (LDA >3, P <0.05). (A) LEfSe showing
differentially abundant bacterial taxa. (B) LEfSe showing differentially abundant fungal taxa. NC: susceptible
papaya rhizosphere soil group; YK: susceptible papaya rhizosphere soil group; HN: Resistant papaya
rhizosphere soil group.

2.6. Associations Between Soil Microbial Communities and Environmental Factors

Soil properties have a strong effect on the soil microbiota. Redundancy analysis (RDA) was used
to evaluate the effects of environmental factors on the composition of rhizosphere soil microbial
phyla. The first two RDA axes explained 58.08% and 21.09% of the total variation in soil bacterial
community structure. The first axis was positively correlated with soil AK but negatively correlated
with soil AN, AP, and SOM. The second axis was positively correlated with soil AK, AN, AP, and
SOM and negatively correlated with soil pH (Figure 4A). We used Spearman correlations to evaluate
the relationships between the abundance of phyla and soil physicochemical properties (Figure 4B).
Bacteroidota, WS3, Gemmatimonadetes, Planctomycetes, Acidobacteria, TM6, Chlamydiae,
Verrucomicrobia, and Crenarchaeota were significantly positively correlated with soil pH. These taxa
were significantly negatively correlated with soil AK. Elusimicrobia was positively correlated with
soil pH, and OP11 was positively correlated with AN and SOM. Proteobacteria was significantly
negatively correlated with soil pH, and WS3 was significantly negatively correlated with soil AN;
Euryarchaeota, Armatimonadetes, Nitrospirae, and OD1 were significantly negatively correlated
with soil AK (P <0.05) (Figure 4B).
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Figure 4. Redundancy analysis (RDA) and Spearman’s rank correlation heatmap of phyla (P <0.05 *, P < 0.01**).
(A) and (B) show the RDA and heatmap of bacteria, respectively; (C) and (D) show the RDA and heatmap of
fungi, respectively; AK, available potassium; AP, available phosphorus; AN, hydrolytic nitrogen; pH, soil pH;
SOM, soil organic matter.

The first two RDA axes explained 51.52% and 24.21% of the total variation in soil fungal
community structure. The first axis was positively correlated with soil AK and negatively correlated
with soil AN and SOM. The second axis was positively correlated with soil SOM, AN, and AK and
negatively correlated with soil AP and pH (Figure 4C). Spearman correlation analysis between soil
fungal communities and physicochemical properties showed that Basidiomycota was significantly
positively correlated with soil AP, SOM, and AN (P < 0.05). Rozellomycota was positively correlated
with soil AP and SOM (P < 0.05). There was a significant negative correlation of Mortierellomycota
with soil AP and SOM (P <0.05). Kickxellomycota and Blastocladiomycota were positively correlated
with soil pH (P <0.05) (Figure 4D).

3. Discussion

Papaya viral disease is the main disease of papaya. At present, research mainly focuses on
genetic improvement, using genetic methods to obtain some resistant papaya varieties, such as
Rainbow of Hawaii’s papaya, YK16-0-1 from papaya in Taiwan area, Huanan No.1 from the papaya
in the South of China, and so on. However, these genetically modified varieties can only target
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specific viruses and lack broader resistance. Developing new varieties will takes a long time and it is
urgent to search for new strategies to solve the practical problems in agricultural production.
Currently, studying plant resistance from the perspective of soil microorganisms is a hot topic and
had accomplished great success in some plant fields. Here, we compared the differences in soil
microorganisms between resistant and susceptible papaya from the perspective of soil
microorganisms. In this study, we only sampled once after inoculation health and susceptible plants
with PRSV and we didn’t consider the dynamic effects from temperature and seasons so it is a
preliminary study. The research objectives of this article mainly focused on exploring the differences
in rhizosphere soil microorganisms between susceptible and healthy papaya, identifying the main
dominant microbial species, and laying the foundation for exploring their applications. In future
research, we will sample papaya soil at different growth temperatures and seasons, compared the
differences of microbial populations between healthy and susceptible plants, and study the dynamic
changes of microorganisms from papaya rhizosphere soil after virus infection.

Physicochemical properties significantly affect the structure of soil microbial communities [29].
RDA showed that organic matter, nitrogen, phosphorus, potassium, and pH were all strongly
associated with soil microbial community structure. Thus, environmental factors had a major effect
on the structure of bacterial and fungal communities of papaya rhizosphere soil. However, no
significant differences were observed in all physicochemical properties between soils containing
healthy and susceptible plants. SOM and TN were significantly higher in NC soil than in YK and HN
soil, and no significant differences in SOM and TN were observed between YK soil and HN soil.
Although soil physicochemical properties strongly affect the structure of soil microbial communities,
no significant correlations have been observed between plant health status and soil physicochemical
properties [30].

The health of papaya plants might be associated with the rhizosphere soil microbial community.
The results of a-diversity analysis revealed no significant differences in the diversity index of bacteria
and fungi in the rhizosphere soil of HN, NC, and YK papaya plants (P > 0.05). However, the OTUs
and Chaol index of soil bacteria were higher in HN soil than in NC and YK soil. The OTUs and Chaol
index for fungi were higher in HN soil than in NC and YK soil. This indicates that papaya infected
with PRSV had increased bacterial diversity and decreased fungal diversity. The results of soil
microbiome analysis revealed differences in microbial communities in soil with healthy papaya
plants and susceptible papaya plants. Greater numbers of bacterial taxa were observed in HN soil
than in NC and YK soil, and numbers of fungal taxa were lower in HN soil than in NC and YK soil.
Previous studies have shown that changes in soil microbial communities can reduce the prevalence
of diseases [17,31]. Abundances of soil bacteria and fungi decrease and increase, respectively, when
crops are continuously cropped, which leads to imbalances in the structure of soil bacterial and fungal
communities and reductions in the ability of crops to resist diseases [32]. In our study, bacterial and
fungal communities were more and less abundant in HN soil than in NC and YK soil, and this may
enhance the disease resistance of papaya. Therefore, the health of papaya plants is associated with
different bacterial and fungal microbial communities.

Infection with viral agents can lead to alterations in the structure of microbial communities in
rhizosphere soil. Changes in the structure of the rhizosphere microbiota contribute to plant disease
resistance [11]. B-diversity analysis showed that the microbial communities of HN, NC, and YK soil
were not completely clustered, indicating that the soil microbial community composition of the three
papaya plants differed. Changes in soil microorganisms were induced by PRSV. Previous studies
have revealed differences in the composition of soil bacterial phyla and genera in soils with high and
low disease severity [33]. The abundance of Nitrospirae, Chloroflexi, and Paenibacillus was higher in
HN soil than in NC and YK soil; the abundance of Glomeromycota, Mortierellomycota, and
Neocosmospora was higher in HN soil than in NC and YK soil. The abundance of Nitrospira,
Paenibacillus, and Acremonium was significantly higher in HN soil than in NC and YK soil. Nitrospira
can oxidize ammonia to nitrate [34-36], Nitrospira is widespread in rhizosphere soils [37], and it
affects the nitrogen fertilization efficiency of agricultural soils [38,39]. By promoting biological
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nitrogen fixation and helping meet the nitrogen nutrient requirements for crop growth and
development [40], it promotes plant growth and is generally considered a potentially useful probiotic
for enhancing nitrogen fixation in rhizosphere soil [41]. A previous study has shown that the
abundance of Nitrospirillum is lower in diseased soil than in healthy soil; its relative abundance is
significantly negatively correlated with the plant disease index [42]. Paenibacillus was a new genus
proposed in a taxonomic study of the genus Bacillus [43]. Most members of the genus Paenibacillus
occur in soil, and this genus currently comprises approximately 200 species [44]. Paenibacillus can
induce resistance to plant diseases via the production of various antibacterial substances; many
members can also trigger induced systemic resistance against pathogenic bacteria [45], fungi [46],
nematodes [47], and viruses [48]. Due to its potential utility as a biological fertilizer or biocontrol
agent [49], Paenibacillus has played an increasingly important role in sustainable agriculture [50].
Acremonium also plays an important role in the control of plant diseases, and a variety of compounds
toxic to insects have been detected in extracts of Acremonium fungi [51], which could enhance
resistance to aphids [52]. Previous studies have shown that plant-soil interactions affect the
performance of aboveground herbivores that feed on this plant [53,54], and soil microbial
communities could play an important role in shaping aboveground plant-insect interactions [55].
Plants affect the performance of aboveground aphids via species-specific effects on soil fungal
communities [54], and the magnitude of these effects change over time [56]. Papaya ringspot disease
is mainly transmitted by aphids; thus, the abundance of Acremonium was significantly higher in the
rhizosphere soil of resistant papaya plants than in that of susceptible plants, which may affect the
ability of aphids to transmit PRSV to papaya plants. The abundance of these bacteria genera was
significantly higher in the rhizosphere soil of healthy papaya plants than in that of diseased papaya
plants, indicating that resistant papaya plants can recruit beneficial microorganisms to mitigate the
deleterious effects of PRSV; this might also affect the transmission of the virus via aboveground
aphids by altering microbial communities and thus plant-soil interactions.

4. Materials and Methods

4.1. Experimental Design and Collection of Soil Samples

Field experiments were conducted at the experimental base of the Institute of Tropical
Biotechnology, Chinese Academy of Tropical Agricultural Sciences, which is located in Wujitangxia
Village, Wenchang City, Hainan Province, China. We established three experimental blocks
containing (1) a papaya variety with PRSV resistance (HN; purchased from Guangzhou Fugin
Agriculture Co., Ltd.), (2) a papaya variety susceptible to PRSV (YK; provided by Hainan Academy
of Agricultural Sciences); and (3) a local cultivated papaya variety susceptible to PRSV (NC; provided
by Hainan Academy of Agricultural Sciences). Thirty papaya plants were planted in each block.
Before planting, the experimental area was weeded, plowed, and leveled. After planting papaya, no
pesticides or fertilizers were sprayed throughout the entire experimental period. To prevent weed
growth, we covered the experimental area with plastic film.

One month after planting, PRSV was inoculated onto papaya plants using the friction
inoculation method [6]. To ensure inoculation success, a second inoculation was performed one week
later. Twenty-one days after the second inoculation, susceptible papaya varieties showed symptoms
of infection with “green islands” on their leaves, and the resistant variety did not show symptoms of
PRSV infection. Leaf ELISA detection was performed to confirm PRSV infection using a Papaya
ringspot virus enzyme-linked immunosorbent assay kit (Jingmei, China). The content of the virus in
the two diseased papaya plants was 414 + 7.32 ng/L and 372.53 + 9.64 ng/L, and that in the resistant
papaya plants was 85.92 + 10.04 ng/L (Fig. S1).

Rhizosphere soils of healthy and infected plants were collected. When sampling, weeds and
leaves were removed from the surface (if any), then the surface soil was removeed, and finally, soil
samples were collected at a 10-20 cm soil depth and the distance is10 cm away from the main stem.
Eight replicate soil samples per plot were collected. The samples were placed into sterile plastic bags
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and transported to the laboratory immediately for further analysis. Each replicate was mixed evenly,
sieved through a 2 mm sieve, and divided into two portions. One portion was stored at -80 °C for
DNA extraction, and the remaining soil was air-dried at room temperature for subsequent analysis
of physicochemical properties.

4.2. Determination of Physicochemical Properties

The physicochemical properties of soil samples were determined immediately after drying using
a previously described method [57]. Soil pH was determined in slurries (soil:water 1:2.5) using an
FE28 acidimeter (Mettler-Toledo International Inc., Shanghai, China). The soil organic matter (SOM)
content was measured using the potassium dichromate method. First, the total soil organic C content
was determined by wet digestion with H2SO4-KoCr207; next, the TOC value was multiplied by 1.724
to obtain SOM. Total soil N (TN) was detected using a fully automatic Kjeldahl nitrogen analyzer
(Kjeltec 8400, Foss, Denmark). Soil hydrolytic N (AN) was measured after treating soil with a 1.8
mol/L NaOH solution. Soil total phosphorus (TP) and potassium (TK) were detected using the acid
leaching method. Soil available P and K were extracted using NH4F (0.2 mol/L) and CHsCOONH4 (1
mol/L) solutions, respectively.

4.3. DNA Extraction, PCR Amplification, and Sequencing

Soil DNA was extracted using the CTAB method. DNA concentration and purity were
monitored on 1% agarose gels; the DNA was then diluted to 1 ng/uL using sterile water. The V3-V4
region of the 165 rRNA gene was amplified to determine the soil bacterial communities using the
341F (5'-CCTAYGGGRBGCASCAG-3") and 806R (5-GGACTACNNGGGTATCTAAT-3') primers
[58]. The ITS gene was amplified to determine the soil fungal communities using the ITS1-1F-F (5'-
CTTGGTCATTTAGAGGAAGTAA-3') and ITS1-1F-R (5-GCTGCGTTCTTCATCGATGC-3') primers
[59]. All PCR reactions were performed using 15 pL of Phusion® High-Fidelity PCR Master Mix (New
England Biolabs, USA), 2 uM of forward and reverse primers, and approximately 10 ng of template
DNA. The thermal cycling parameters were as follows: 98 °C for 1 min (initial denaturation); 30 cycles
of 98 °C for 10 s (denaturation), 50 °C for 30 s (annealing), and 72 °C for 30 s (elongation); and 72 °C for
5 min (final extension).

The PCR products were purified using the Qiagen Gel Extraction Kit (Qiagen, Germany). Next,
sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit
(Mlumina, CA, USA). The library was then sequenced on an Illumina NovaSeq platform, and 250 bp
paired-end reads were generated at Microeco Technology Co., Ltd. (Shenzhen, China).

4.4. Bioinformatics Analysis

Bioinformatics analysis was conducted using the QIIME 2 software packages along with
customized program scripts (https://docs.giime2.org/2024.5/citation/). After the FASTQ files
containing raw data were imported, the demultiplexed sequences from each sample were quality

filtered, trimmed, denoised, and merged; the chimeric sequences were then identified and removed
using the QIIME 2 dada2 plugin with default settings to obtain the feature table of amplicon sequence
variants (ASVs) [60]. The QIIME 2 feature-classifier plugin was then used to align the ASV sequences
to a pre-trained GREENGENES 13_8 99% database (16S) or the UNITE database 8.2 version (ITS) to
generate a taxonomy table [61]. Any contaminating mitochondrial and chloroplast sequences were
removed using the QIIME 2 feature-table plugin.

5. Conclusions

In summary, we conducted a preliminary study on the response of papaya rhizosphere soil to
viral stress. To our knowledge, this is the first study to characterize changes in the abundances of
microorganisms in papaya rhizosphere soil following PRSV infection. Our results indicate that
effectively regulating the community of beneficial microbes in soil to promote plant growth and


https://doi.org/10.20944/preprints202502.0146.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 February 2025 d0i:10.20944/preprints202502.0146.v1

13 of 17

health may be a promising approach for the control of PRSV. Overall, our findings provide new
insights that will help the control of PRSV. The differentially abundant microorganisms will promote
the development of their applications as green fertilizers in management of papaya diseases.
However, we only collected sample once after the plant showed PRSV symptoms. In future research,
we will further investigate the dynamic changes of soil microorganisms in papaya at different growth
stages and seasons in order to acquire more detailed data and support the green prevention and
control of papaya diseases.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org.
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