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Lantana weed (Lantana camara L.) is among the most noxious weeds in the

world. Keeping in mind its invasive behavior and great ecological tolerance, it

becomes imperative to analyze the structure and function of associated

microbiome. In this perspective, Illumina-based metagenome sequencing was

performed to gain a better understanding of prokaryotic diversity and

community structure in the rhizosphere soil of L. camara L. The organic

carbon, nitrogen, phosphorus, and potassium contents in the rhizosphere soil

were 0.91% (± 0.21%); 280 Kg ha-1 (± 4.02 Kg ha-1), 54.5 Kg ha-1 (± 3.12 Kg ha-1),

and 189 Kg ha-1 (± 6.11 Kg ha-1), respectively. The metagenome analysis revealed

the existence of 41 bacterial and 2 archaeal phyla, with only 12 showing ≥1%

abundances. Pseudomonadota was the dominant phylum with 31.3%

abundance, followed by Actinomycetota (20.9%). Further, 54 different genera

were identified with the highest abundance of Devosia (2.8%). The PICRUSt

analysis predicted various functional traits in the soil metagenome, with general

cellular functions dominating, followed by stress tolerance. Moreover, 10% of the

functions were associated with nitrogen fixation, phosphate solubilization, and

potassium mobilization. In conclusion, the present study revealed the existence

of diverse prokaryotic communities in the rhizosphere of the L. camara L. which

was primarily associated with stress response and plant growth promotion. To

the best of our knowledge, this study documents for the first time the L. camara

L. microbiome. Furthermore, the identified genera can be explored for

agricultural needs in future.
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1 Introduction

Weeds are undesirable plants that can flourish in diverse

climates, habitats, and soil conditions without any input or care.

L. camara L. is among the most noxious weeds in the world. It is

native to tropical America and was introduced into many other

countries as a hedge and ornamental plant (Sharma et al., 2005).

The diverse and widespread geographic distribution reflects its

ability to withstand stress. This ecological tolerance depends

strongly on its allelochemicals and rhizosphere microorganisms

(Trognitz et al., 2016; Sahu et al., 2021). It can be supported

by the fact that plant associated microorganisms influence

host characteristics, viz. disease resistance, nutrient acquisition,

flowering time, biomass production, and abiotic stress tolerance

(Jones et al., 2009; van Overbeek et al., 2011; Marasco et al., 2012).

Furthermore, beneficial rhizosphere bacteria have been reported to

alter gene expression patterns in several agriculturally important

plant species and also enhance plant productivity under abiotic

stress conditions (Marasco et al., 2012; Panke-Buisse et al., 2015).

Similarly, van Overbeek et al. (2011); Bahulikar et al. (2014) and

Luu et al. (2021) have identified drought tolerating bacteria from

the rhizosphere of weed plants. In another study, Sturz et al. (2001)

have reported higher abundance of plant growth-promoting

bacteria (PGPB) in a weed rhizosphere in comparison to the crop

plants of the same agricultural field. In short, the weed plants

harbour a hidden treasure of beneficial microorganisms that can be

explored for various agricultural purposes. Assessment of microbial

diversity and community structure are the crucial and foremost

steps in utilizing the full potential of given microbiome. They give

an idea about microbial gene pool, their distribution pattern and

functional attributes in a particular niche. Moreover, such studies

are proven very useful in making the isolation strategies for specific

microbial genera because major fraction of the diversity is still

uncultivable in the lab (Kumar et al., 2019). In case of L. camara L.

very scarce information is available about the associated

microorganisms. Therefore, our study provides an insight to the

prokaryotic diversity and community structure available in its

rhizosphere. To the best of our knowledge, this is the first next

generation sequencing (NGS) based diversity analysis of the

L. camara L. microbiome. The genera identified in this study can

be targeted to be developed as bioinoculants for native crops of

Himachal Pradesh. In this perspective, these efforts are a step

forward to utilize and bio-prospect the indigenous microbial

diversity for agriculture sustainability in future.
2 Materials and methods

2.1 Sampling sites and sample collection

Soil samples were collected during October 2021 from the

rhizosphere of the L. camara L. plant of the Baru Sahib region,

situated at 30.7537° N, 77.2965° E, in the Sirmaur district of

Himachal Pradesh, India. This region has average annual

temperature, rainfall and humidity is of 22°C, 70% and 159 mm,

respectively. The soil samples were collected from the rhizosphere
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of three L. camara L. plants located at least at 100 m distance by

using a random sampling technique. The upper surface of the soils

was removed to avoid any contamination. Soil samples from the

vicinity of the roots and a depth upto 15 cm were collected. The

samples were collected with the help of sterile spatula in a sterilized

sampling bag and immediately transferred at 4°C till further use. All

three soil samples were pooled later to make a single composite

sample for metagenome sequencing.
2.2 Soil analysis

Oxidizable organic carbon of rhizosphere soils was measured

by using the method given by Walkley and Black (1934).

Further, Alkaline permanganate procedure estimated the

available nitrogen content (Subbiah and Asija, 1956). Available

phosphorous content was determined through (Olsen, 1954).

Similarly, available potassium content was estimated via

Jackson method (Jackson, 1973). Further, colony-forming units

(CFU) of total bacteria, nitrogen fixers, and P-solubilizers

were calculated by using the serial dilution plating technique on

Nutrient Agar, Burk ’s medium, and Pikovskaya ’s agar,

respectively. All the methodologies and procedures are provided

as Supplementary Material in detail.
2.3 DNA extraction

The soil DNA was extracted through Power Soil™ DNA

isolation kit (Mobio Lab. Inc., USA). Extracted DNA was

further screened qualitatively and quantitatively via agarose gel

electrophoresis and spectrophotometry techniques, respectively.
2.4 Metagenome sequencing and
bioinformatics analysis

The prokaryotic diversity of the L. camara L. rhizosphere

was determined by sequencing V3-V4 amplicons through the

Illumina HiseqX sequencing machine. The analysis was

performed in triplicate. Library size was determined by Agilent

Technologies 2100 Bioanalyzer instrument using a DNA 1000 chip.

Furthermore, Library quantity was analyzed through Illumina

qPCR quantification and rapid library standard quantification

procedures. FastQC (v0.11.7) software (Andrews, 2010) was used

to check the quality of raw reads and then clean amplicons were

further processed through TrimGalore (v0.5.0) software (Krueger,

2012). The QIIME software package (v. 2.0) was used for removing

singletons, and assigning operational taxonomy units (OTU) to the

remaining sequences (Bolyen et al., 2019; Kumar et al., 2019; Suyal

et al., 2021). PICRUSt software (v. 2.0) (Langille et al., 2013) was

performed to identify the functional traits of the microbiome. The

97% similarity threshold was used during OTU-picking.

The NGS data generated in this study have been deposited to

the NCBI database under the accession number SAMN29618131

and Bio-project ID PRJNA85716.
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2.5 Statistical analysis

All the analyses were performed in triplicates. The data are

represented as the mean ± standard error.
3 Results

Soil analysis revealed the physiochemical properties of the L.

camara L. rhizosphere soil. It had pH of 6.4 ( ± 0.2) with an organic

carbon content of 0.91% (± 0.21). Further, nitrogen (N),

phosphorus (P), and potassium (K) contents of the soil were 280

Kg ha-1 (± 4.02), 54.5 Kg ha-1 (± 3.12), 189 Kg ha-1 (± 6.11),

respectively. The good amount of nitrogen and phosphorus content

in rhizosphere soil is well related with the abundance of N-fixing

and P-solubilizing bacteria in the soil (Table 1). N-fixing bacteria fix

atmospheric nitrogen as nitrate while P-solubilizing bacteria

liberate phosphate ions in the soil and thus make it nutrient rich.
3.1 Soil metagenome sequencing

A total number of 394,273 raw reads were obtained from the

rhizosphere soil metagenome with a sequence length of 251 bp and

57% GC content. After quality checking and clustering of

homologous sequences, a total of 30,024 OTUs were identified.
3.2 Taxonomic distribution of the OTUs

The 99.7% OTUs were from domain bacteria while 0.7%

belonged to domain archaea. A total of 41 bacterial phyla were

observed among which only 12 have shown ≥1% abundance

(Figure 1A). Taxonomic distribution of the bacterial OTUs

showed that Pseudomonadota was the dominant phylum (31.3%)

followed by Actinomycetota (20.9%), Bacillota (10.1%), and

Acidobacteriota (9.8%), and Planctomycetota (6.4%).

Furthermore, Cyanobacteria and Bacteroidota had 2.4 and 1.3%
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abundance, respectively. A major fraction of the OTUs (4.8%)

belonged to unclassified bacterial members (Figure 1A).

Among archaea, most of the OTUs were from unclassified

members of Euryarchaeota and Thermoproteota (Figure 1B). Few

of the OTUs also belonged to “yet not cultivated” taxa i.e.,

Candidatus Nitrososphaera.

Among the Pseudomonadota, alphaproteobacteria (> 50%)

were the dominant class followed by betaproteobacteria (> 24%),

gammaproteobacteria (> 15%), and deltaproteobacteria (>11%)

(Figure 2). In the case of Actinomycetota, the Actinobacteria

(> 52%) class had the highest dominance followed by

Thermoleophil ia (> 25%). Similarly, in Bacil lota and

Planctomycetota, Bacilli (> 88%) and Panctomycetia (> 79%)

have the highest dominance, respectively. In Acidobacteriota, 6

classes were identified, among which Acidobacteriia (> 62%) had

the highest abundance. Furthermore, among Gemmatimonadota,

Bactteroidota, and Verrucomicrobiota, Gemmatimonadetes

(> 53%), Saprospirae (> 46%), and Spartobacteria (> 50%),

respectively were found dominant. Phylum Chloroflexota showed

the existence of a maximum of 7 classes with the dominance of

candidate class Ellin6529 (> 33%) followed by Chloroflexi (>29%).

A deeper insight up to the genus level revealed the existence of 54

different genera with more than ≥0.1% abundance in the rhizosphere

of L. camara L. (Figure 3).Devosiawas the dominant genus with 2.8%

abundance followed by Kaistobacter (2.6%), Bacillus (2.3%),

Arthrobacter (2.3%), Nitrospira (2.3%), Brevibacillus (1.5%) and

Sporosarcina (1.0%). The other important genera observed were

Steroidobacter (0.9%), Pirellula (0.8%), Sphingomonas (0.47%),

Methylibium (0.46%), Bradyrhizobium (0.45%), Mesorhizobium

(0.42%), Phenylobacterium (0.38%) Streptomyces (0.35%),

Rhizobium (0.26%), Microbacterium (0.21%) Serratia (0.22%)

Pseudomonas (0.2%), Bdellovibrio (0.19%) Lysobacter (0.17%)

Lamia (0.16%), Cellulomonas (0.15%), Microbacterium (0.21%),

Flavobacterium (0.13%), Ammoniphilus (0.13%), Clostridium

(0.11%), Gemmatimonas (0.11%).

The diversity indices revealed the Simpson and Shannon values

with 5.28 x 10-3 ± 6.31 x 10-4 and 8.22 ± 0.15, respectively. Among

species richness estimates, Chao index had shown the value of 3.61

x 103 ± 1.59 x 102 (Table 2). Similarly, Ace index had a value of 4.92

x 103 ± 2.11 x 102.
3.3 Functional characterization of
soil metagenomes

PICRUSt analysis predicted various functional traits in the soil

metagenome (Figure 4). The majority of the OTUs were found

associated with General cellular functions (> 43%) followed by

stress tolerance (>7%). The other dominant functions were

photosynthesis (> 6%), biosynthesis and biodegradation of

secondary metabolites (> 6%), and DNA repair (> 5%). The

analysis also predicted the functions associated with plant growth

promotion, viz., phosphate solubilization (>5%), potassium

mobilization (3%), and nitrogen fixation (2%) in the rhizosphere

of L. camara L. A good proportion of the OTUs were found

associated with unknown functions (> 7%).
TABLE 1 Physicochemical properties and viable cell counts in the
rhizosphere of L. camara L. Each value is the mean of three replicates.

Soil texture Silty clay

Soil colour Yellowish-brown

pH 6.4 (± 0.2)

Organic carbon (%) 0.91 (± 0.21)

Available N (Kg ha-1) 280 (± 4.02)

Available P (Kg ha-1) 54.5 (± 3.12)

Available K (kg ha-1) 189 (± 6.11)

Total viable bacterial count (CFU g-1 of soil) 2.3 x106 (± 1.7 x106)

Nitrogen fixers (CFU g-1 of soil) 3.35 x105 (± 6.5 x104)

P-solubilizers (CFU g-1 of soil) 7.5 x104 (± 4.5 x103)
Values in bracket indicate standard error.
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4 Discussion

L. camara L. grows and flourishes under nutrient-limiting

conditions, adverse climates, diverse habitats, and on a variety

of soil types without any input or care. Previous studies have

related this potential of the weed plants with the associated

microbiome (Marasco et al., 2012; Panke-Buisse et al., 2015). It

has been observed that L. camara L. invasion improves

nitrogen, phosphorus, and enzyme activities in the soil (Fan

et al., 2010; Weidenhamer and Callaway, 2010). It can be

related with the presence of a diverse and potentia l

rhizosphere microbiome of this plant (Kapoor and Kanwar,

2019; Proborini and Yusup, 2021). Similar observations have

also been reported from other weeds (Kregiel et al., 2018).

Interestingly, Sturz et al. (2001) have revealed a higher

abundance of PGPR in a weed rhizosphere than in crop

plants collected from the same agricultural field. Therefore,
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weed plants must be targeted to identify the diversity and

community structure of associated microbiomes.

Illumina-based next-generation sequencing technique was

employed to analyze the rhizosphere metagenome of the L.

camara L. To the best of our knowledge, this study for the first

time documented the L. camara L. microbiome. The study revealed

that the majority of the OTUs belonged to bacteria and very few

were from archaea. Rodriguez-Caballero et al. (2017) have analyzed

the rhizosphere microbiome of an invasive weed Pennisetum

setaceum through the pyrosequencing technique. They observed

22 phyla among which seven had shown ≥1% abundance with

Pseudomonadota as the dominant phylum (38%) followed by

Actinomycetota (25%). These results are in good accordance with

our study in which Pseudomonadota and Actinomycetota were the

most abundant phyla. Furthermore, Actinomycetota is known to

possess the good decomposing activity and stress-tolerant ability

and thus, they are likely to contribute to L. camara L. survival under
A

B

FIGURE 1

Taxonomic distribution of the phyla observed in the rhizosphere of L. camara L. Whereas, phyla having ≥1% abundance and ≤1% abundance are
plotted as (A, B).
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adverse conditions (Suyal et al., 2021). In another study, Wang et al.

(2022) analyzed the rhizosphere microbiome of invasive grasses

Phragmites. Similar to our study, they reported the dominance of

the phyla Pseudomonadota, Bacillota Actinomycetota, and
Frontiers in Plant Science 05
Bacteroidota. Moreover, they also reported archaeal phyla

Thermoproteota and Euryarchaeota. Rhizosphere archaea play an

important role including ammonia oxidation, methanogenesis,

abiotic stress tolerance, and plant growth promotion (Wang et al.,
FIGURE 2

Taxonomic distribution of the soil metagenome at the class level. The decimal numbers are rounded off to their nearest values.
FIGURE 3

Bacterial genera observed in the rhizosphere of L. camara L. Genera with ≥0.1% abundance have been listed only.
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2022). Unfortunately, the comparison and establishment of any

correlation between the weed plants and the associated rhizosphere

microbiome could not be accomplished, due to the availability of

scarce information on this subject.

At the genus level, Rodriguez-Caballero et al. (2017) observed the

highest abundance of Skermanella andNocardioides. Contrary to these

results, themostabundantgenera inour studywereDevosia.Although,

Skermanella and Nocardioides were also reported with lesser

abundances. Devosia, Kaistobacter, and Skermanella are generally

well known for heavy metal accumulation and bioremediation of

polluted sites (Tian-Peng et al., 2021; Garbini et al., 2022). They are

also reported to provide abiotic stress tolerance and plant growth

promotion (Lopes et al., 2021). In the present study, isolation site of

rhizosphere soil samples was located at hilly barren dry land having

bushy plants. The temperature of this region is also very fluctuating,

ranging from 37°C in summers to 0°C at winters. Even diurnal

temperature also varies significantly. Therefore, presence of Devosia,

Kaistobacter, and Skermanella seems very important in survivability of

L. camara L. under such conditions. However, culture dependent

studies and stress tolerant assays are required tounravel their exact role

in this scenario.

The PICRUSt analysis predicted a good proportion of the

functions belonged to plant growth promotion and stress tolerance.

It can be well related with the dominance of agriculturally important

genera in the rhizosphere viz. Devosia, Kaistobacter Bradyrhizobium,

Rhizobium, Microbacterium, Pseudomonas, Bacillus and Arthrobacter.

Among these, Rhizobium and Bradyrhizobium are established

symbiotic nitrogen fixers with legumes. Pseudomonas, Bacillus and
Frontiers in Plant Science 06
Arthrobacter have been applied to various crops and showed significant

increase in crop productivity and abiotic stress tolerance ability of the

plant (Joshi et al., 2019; Sahu et al., 2021; Suyal et al., 2021). Recently,

Fu et al. (2020) and Paravar et al. (2023) have identified plant growth

promoting Pseudomonas andKaistobacter that enhanced the growth of

Lolium perenne and Ophiopogon japonicas.

Very few reports are available which evaluated the PGPR

potential of weed associated microorganisms under in-situ

conditions. Zia et al. (2021) isolated three PGPR strains of genus

Proteus, Pseudomonas and Cronobacter from the rhizosphere of

desert weeds and employed them for improving drought resistance

in the wheat. They observed that besides improving 20% more

drought tolerance they produced plant growth hormone and

siderophores. Their inoculation significantly enhanced plant growth

and biomass under water-stress conditions. Therefore, identified

genera in this study, especially Devosia, Bacillus, and Pseudomonas,

need to be targeted for the growth of native crops in the future.

It is well-known fact that only a minor fraction of the

microbiome can be cultivated in labs. It is generally due to the

complex interactions of the microorganisms existing in the soil and

their specific nutritional requirement that can never be mimicked

under in-vitro conditions. Furthermore, in the present study, 5.6%

of the OTUs do not belong to the existing taxa and thus, remained

unclassified. They may be novel taxa that are still unidentified.

Therefore, such uncultivated and unclassified rhizosphere

microorganisms must be targeted in the future for utilizing their

full potential in achieving sustainable agricultural goals.
5 Conclusion

The majority of the Indian weed plants have not gained much

attention in microbiology-related studies. From this perspective,

this study is useful in minimizing this knowledge gap to some

extent. The findings revealed the vast diversity of prokaryotic

communities in the L. camara L. rhizosphere with the existence

of 41 bacterial phyla and 54 different genera. Among these, Devosia

was the most dominant genera and need detailed characterization

through culture-dependent studies. Further, PICRUSt analysis
TABLE 2 Diversity indices observed in the rhizosphere metagenome of
L. camara L. Each value is the mean of three replicates.

OTUs 30024

Simpson 5.28 x 10-3 ± 6.31 x 10-4

Shannon 8.22 ± 0.15

Chao 3.61 x 103 ± 1.59 x 102

ACE 4.92 x 103 ± 2.11 x 102
Values in bracket indicate standard error.
FIGURE 4

Functional characterization of the rhizosphere metagenome of L. camara L., predicted through PICRUSt analysis.
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predicted the important role of bacterial diversity in stress response

and plant growth promotion. However, more temporal and spatial

analyses will be required to get a clearer picture of it.
Data availability statement

The datasets presented in this study can be found in

online repositories. The names of the repository/repositories

and accession number(s) can be found below: https://

www.ncbi.nlm.nih.gov/, SAMN29618131.
Author contributions

UG, SK, TK: Conducted the experiments, and manuscript

preparation. KP, NB, JA: Editing, review, and finalization of the

manuscript. HD, DM, MS: Data analysis, and manuscript

preparation. DS: Conceptualization of the work, data analysis,

editing, and finalization of the manuscript. All authors

contributed to the article and approved the submitted version.
Acknowledgments

The authors, UG, SK, TK and DS acknowledge the necessary

facilities provided by Eternal University, Baru Sahib for conducting

the experiments. The valuable suggestions and help received from
Frontiers in Plant Science 07
Dr. Nasib Singh, Dr. Ajar Nath Yadav, Dr. Amit Saurabh and Dr.

Divjot Kour from Eternal University; Baru Sahib is also

acknowledged. The authors would also like to acknowledge the

support provided by Researchers Supporting Project Number

RSP2023R358, King Saud University, Riyadh, Saudi Arabia.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1174859/

full#supplementary-material
References
Andrews, S. (2010) FastQC: a quality control tool for high throughput sequence data.
Available at: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/.

Bahulikar, R. A., Torres-Jerez, I., Worley, E., Craven, K., and Udvardi, M. K. (2014).
Diversity of nitrogen fixing bacteria associated with switch grass in the native tall grass
prairie of northern Oklahoma. Appl. Environ. Microb. 80, 5636–5643. doi: 10.1128/
AEM.02091-14

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G.
A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data
science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9

Fan, L., Chen, Y., Yuan, J., and Yang, Z. (2010). The effect of Lantana camara l.
invasion on soil chemical and microbiological properties and plant biomass
accumulation in southern China. Geoderma 154, 370–378. doi: 10.1016/
j.geoderma.2009.11.010

Fu, J., Luo, Y., Sun, P., Gao, J., Zhao, D., Yang, P., et al. (2020). Effects of shade stress
on turfgrasses morphophysiology and rhizosphere soil bacterial communities. BMC
Pant Biol. 20, 1–16. doi: 10.1186/s12870-020-2300-2

Garbini, G. L., Grenni, P., Rauseo, J., Patrolecco, L., Pescatore, T., Spataro, F., et al.
(2022). Insights into structure and functioning of a soil microbial community amended
with cattle manure digestate and sulfamethoxazole. J. Soils Sediments. 22, 2158–2173.
doi: 10.1007/s11368-022-03222-y

Jackson, M. L. (1973). Soil chemical analysis (New Delhi: Prentice Hall of India Pvt.
Ltd.).

Jones, D. L., Nguyen, C., and Finlay, R. D. (2009). Carbon flow in the rhizosphere:
carbon trading at the soil–root interface. Plant Soil 321, 5–33. doi: 10.1007/s11104-009-
9925-0

Joshi, D., Chandra, R., Suyal, D. C., Kumar, S., and Goel, R. (2019). Impact of
bioinoculants Pseudomonas jesenii MP1 and Rhodococcus qingshengii S10107 on Cicer
arietinum yield and soil nitrogen status. Pedosphere 29 (3), 388–399. doi: 10.1016/
S1002-0160(19)60807-6

Kapoor, R., and Kanwar, S. S. (2019). Genetic variations in salt tolerant and plant
growth promoting rhizobacteria of the Western Himalayas. J. Plant Biochem.
Biotechnol. 28, 133–142. doi: 10.1007/s13562-019-00489-0
Kregiel, D., Pawlikowska, E., and Antolak, H. (2018). Urtica spp: ordinary plants
with extraordinary properties. Molecules 23 (7), 1664. doi: 10.3390/molecules23071664

Krueger, F. (2012) Trim galore. Available at: http://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/.

Kumar, S., Suyal, D. C., Yadav, A., Shouche, Y., and Goel, R. (2019). Microbial
diversity and soil physiochemical characteristic of higher altitude. PloS One 14,
e0213844. doi: 10.1371/journal.pone.0213844

Langille, M. G. I., Zaneveld, J., Caporaso, J. G., McDonald, D., Knights, D., Reyes, J.
A., et al. (2013). Predictive functional profiling of microbial communities using 16S
rRNA marker gene sequences. Nat. Biotechnol. 1, 10. doi: 10.1038/nbt.2676

Li, H., Kang, Z., Feng, Y., and Luo, S. (2022). Root exudate sesquiterpenoids from the
invasive weed Ambrosia trifida regulate rhizospheric proteobacteria. Sci. Total Environ.
834, 155263. doi: 10.1016/j.scitotenv.2022.155263

Lopes, M. J. S., Dias-Filho, M. B., and Gurgel, E. S. C. (2021). Successful plant
growth-promoting microbes: inoculation methods and abiotic factors. Front. Sustain
Food Sys 5, 606454. doi: 10.3389/fsufs.2021.606454

Luu, T., Phi, Q., Nguyen, T., Dinh, M. V., Pham, B. N., and Do, Q. T. (2021).
Antagonistic activity of endophytic bacteria isolated from weed plant against stem end
rot pathogen of pitaya in Vietnam. Egypt J. Biol. Pest Control 31, 106. doi: 10.1186/
s41938-021-00362-0

Marasco, R., Rolli, E., Ettoumi, B., Vigani, G., Mapelli, F., and Borin, S. (2012). A
drought resistance promoting microbiome is selected by root system under desert
farming. PloS One 7, e48479. doi: 10.1371/journal.pone.0048479

Olsen, S. R. (1954). “Estimation of available phosphorus in soils by extraction with
sodium bicarbonate,” in Circular (Washington, D.C: US Department of Agriculture).

Panke-Buisse, K., Poole, A. C., Goodrich, J. K., Ley, R. E., and Kao-Kniffin, J. (2015).
Selection on soil microbiomes reveals reproducible impacts on plant function. ISME J.
9, 980–989. doi: 10.1038/ismej.2014.196

Paravar, A., Piri, R., Balouchi, H., and Ma, Y. (2023). Microbial seed coating: an
attractive tool for sustainable agriculture. Biotechnol. Rep. 37, e00781. doi: 10.1016/
j.btre.2023.e00781
frontiersin.org

https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.frontiersin.org/articles/10.3389/fpls.2023.1174859/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1174859/full#supplementary-material
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1128/AEM.02091-14
https://doi.org/10.1128/AEM.02091-14
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1016/j.geoderma.2009.11.010
https://doi.org/10.1016/j.geoderma.2009.11.010
https://doi.org/10.1186/s12870-020-2300-2
https://doi.org/10.1007/s11368-022-03222-y
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1007/s11104-009-9925-0
https://doi.org/10.1016/S1002-0160(19)60807-6
https://doi.org/10.1016/S1002-0160(19)60807-6
https://doi.org/10.1007/s13562-019-00489-0
https://doi.org/10.3390/molecules23071664
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://doi.org/10.1371/journal.pone.0213844
https://doi.org/10.1038/nbt.2676
https://doi.org/10.1016/j.scitotenv.2022.155263
https://doi.org/10.3389/fsufs.2021.606454
https://doi.org/10.1186/s41938-021-00362-0
https://doi.org/10.1186/s41938-021-00362-0
https://doi.org/10.1371/journal.pone.0048479
https://doi.org/10.1038/ismej.2014.196
https://doi.org/10.1016/j.btre.2023.e00781
https://doi.org/10.1016/j.btre.2023.e00781
https://doi.org/10.3389/fpls.2023.1174859
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Gola et al. 10.3389/fpls.2023.1174859
Proborini, M. W., and Yusup, D. S. (2021). Diversity of arbuscular mycorrhizal fungi
(AMF) in rhizosphere plants at the West Bali national park (TNBB). IOP Conf Series:
Earth Enviro Sci. 709, 012013. doi: 10.1088/1755-1315/709/1/012013

Rodriguez-Caballero, G., Caravaca, F., Alguacil, M. M., Fernandez-Lopez, M.,
Fernandez-Gonzalez, A. J., and Roldan, A. (2017). Striking alterations in the soil
bacterial community structure and functioning of the biological n cycle induced by
Pennisetum setaceum invasion in a semiarid environment. Soil Biol. Biochem. 109, 176–
187. doi: 10.1016/j.soilbio.2017.02.012

Sahu, B., Suyal, D. C., Prasad, P., Kumar, V., Singh, A. K., Kushwaha, S., et al. (2021).
“Microbial diversity of chickpea rhizosphere,” in Rhizosphere microbes. microorganisms
for sustainability, vol. 23 . Eds. S. K. Sharma, U. B. Singh, P. K. Sahu, H. V. Singh and P.
K. Sharma (Singapore: Springer), 483–501.

Sharma, G. P., Raghubanshi, A. S., and Singh, J. S. (2005). Lantana invasion:
an overview. Weed Biol. Manage. 5 (4), 157–165. doi: 10.1111/j.1445-6664.2005.
00178.x

Sturz, A. V., Matheson, B. G., Arsenault, W., Kimpinski, J., and Christie, B. R. (2001).
Weeds as a source of plant growth promoting rhizobacteria in agricultural soils. Can. J.
Microbiol. 47, 1013–1024. doi: 10.1139/w01-110

Subbiah, B., and Asija, G. L. (1956). Alkaline permanganate method of available
nitrogen determination. Curr. Sci. 25, 259.

Suyal, D. C., Soni, R., Singh, D. K., and Goel, R. (2021). Microbiome change of
agricultural soil under organic farming practices. Biologia 76 (4), 1315–1325. doi:
10.2478/s11756-021-00680-6
Frontiers in Plant Science 08
Tian-Peng, G., Zi-Dong, W., Xiao-Xiao, L., Jing-Wen, F., Guo-Hua, C., Hai-Li, S.,
et al. (2021). Effects of heavy metals on bacterial community structure in the
rhizosphere of Salsola collina and bulk soil in the jinchuan mining area.
Geomicrobiol. J. 38 (7), 620–630. doi: 10.1080/01490451.2021.1914784

Trognitz, F., Hackl, E., Widhalm, S., and Sessitsch, A. (2016). The role of plant–
microbiome interactions in weed establishment and control. FEMS Microbiol. Ecol. 92,
fiw138. doi: 10.1093/femsec/fiw138

van Overbeek, L., Franke, A., Nijhuis, E. M., Groeneveld, R.W., Rocha, U. N., and Lotz,
L. P. (2011). Bacterial communities associated with Chenopodium album and Stellaria
media seeds from arable soils.Microb. Ecol. 62, 257–264. doi: 10.1007/s00248-011-9845-4

Walkley, A., and Black, I. A. (1934). An examination of the degtjareff method for
determining soil organic matter, and a proposed modification of the chromic acid
titration method. Soil Sci. 37 (1), 29–38. doi: 10.1097/00010694-193401000-00003

Wang, D., Bai, Y., and Qu, J. (2022). The phragmites root-inhabiting microbiome: a
critical review on its composition and environmental application. Engineering 9, 42–50.
doi: 10.1016/j.eng.2021.05.016

Weidenhamer, J. D., and Callaway, R. M. (2010). Direct and indirect effects of
invasive plants on soil chemistry and ecosystem function. J. Chem. Ecol. 36, 59–69. doi:
10.1007/s10886-009-9735-0

Zia, R., Nawaz, M., Yousaf, S., Amin, I., Hakim, S., Mirza, M., et al. (2021). Seed
inoculation of desert-plant growth-promoting rhizobacteria induce biochemical
alterations and develop resistance against water stress in wheat. Physiol. Plant 172,
990–1006. doi: 10.1111/ppl.13362`
frontiersin.org

https://doi.org/10.1088/1755-1315/709/1/012013
https://doi.org/10.1016/j.soilbio.2017.02.012
https://doi.org/10.1111/j.1445-6664.2005.00178.x
https://doi.org/10.1111/j.1445-6664.2005.00178.x
https://doi.org/10.1139/w01-110
https://doi.org/10.2478/s11756-021-00680-6
https://doi.org/10.1080/01490451.2021.1914784
https://doi.org/10.1093/femsec/fiw138
https://doi.org/10.1007/s00248-011-9845-4
https://doi.org/10.1097/00010694-193401000-00003
https://doi.org/10.1016/j.eng.2021.05.016
https://doi.org/10.1007/s10886-009-9735-0
https://doi.org/10.1111/ppl.13362
https://doi.org/10.3389/fpls.2023.1174859
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Prokaryotic diversity and community structure in the rhizosphere of Lantana weed (Lantana camara L.)
	1 Introduction
	2 Materials and methods
	2.1 Sampling sites and sample collection
	2.2 Soil analysis
	2.3 DNA extraction
	2.4 Metagenome sequencing and bioinformatics analysis
	2.5 Statistical analysis

	3 Results
	3.1 Soil metagenome sequencing
	3.2 Taxonomic distribution of the OTUs
	3.3 Functional characterization of soil metagenomes

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


