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ABSTRACT 
 
Aims: The purpose of this research was to explore the composition and genomic functions of bacterial community 
inhabiting the rhizosphere of Mimosa pudica, which were naturally growing on tailing and non-tailing soils of an ex-tin 
mining area. 
Methodology and results: DNA were extracted from rhizosphere soils and PCR targeting the hypervariable region V3-
V4 was carried out by Illumina 16S metagenomic library. Libraries were sequenced using Illumina MiSeq. The 
Operational Taxonomic Units (OTUs) were assigned to 23 bacterial phyla, 72 classes, 165 orders, 248 families and 357 
genera. The most represented and dominant phylum was Proteobacteria, with an average abundance value of 41.2%. 
The most represented genera included Paraburkholderia, Bradyrhizobium, Bacillus, Candidatus, Acidothermus, 
Acidibacter and Nitrospira. Non-tailing soils had more number and richness of species while the tailings had more 
diversity of species. The metagenomes accommodate suspected genes for heavy metal tolerance of microbes (As, Cr, 
Co, Zn, Ni, Cu, Cd, Fe and Hg) and microbial plant-growth-promoting traits for hyperaccumulator plants (synthesis of 
indole acetic acid (IAA), siderophore and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase; solubilization of 
phosphate and potassium and nitrogen fixation).  
Conclusion, significance and impact of study: Bacteria and predicted genes discovered could be part of major 
factors influencing growth of M. pudica in heavy metal-contaminated soils. The study provides the first report and a basis 
into the bacterial community associated with M. pudica in ex-tin mining soils from the studied geographical location. The 
findings also provide fundamental knowledge on phytoremediation potential of heavy metal contaminated soils involving 
indigenous beneficial microbial populations. 
 
Keywords: 16S amplicon metagenome, rhizosphere soil, Mimosa pudica, heavy metals tolerance, plant growth-
promoting traits 
 

INTRODUCTION 
 
Several land areas worldwide that have been polluted 
with heavy metals are mainly attributed to industrial 
activities, including mining activities (Tiwari and Lata, 
2018; Shah and Daverey, 2020). In former mining areas 
and mine tailing deposits, the principal issue is heavy 
metal contamination (Karaca et al., 2018) and the heavy 
metals resulting from mines can adversely affect the soil 
and groundwater (Ahn et al., 2020). Contamination of 
soils with heavy metals can have huge and considerable 
environmental effect, and if the heavy metals find their 
way into the food chain, this may also cause health issues 
to humans and animals (Mishra et al., 2017). The heavy 
metals are said to affect not only the contaminated area 
but also the surroundings because of their mobilization 

and transportation by water, groundwater and air (Karaca 
et al., 2018).  

The rhizosphere, rhizoplane or internal tissues of host 
plants are generally colonized with microbial community, 
potentially benefiting their host plants. Earlier reports 
(Sbabou et al., 2016; Yahaghi et al., 2018; Jian et al., 
2019) have shown that the microbial community of 
hyperaccumulator and other metalliferous plants plays 
very important role in ensuring growth and survival of the 
host plants in soils of mining areas that are highly polluted 
with heavy metals. Information on the bacterial 
community’s composition and structure would clarify their 
participation in enhancing the growth and survival of the 
host plants and finally promote heavy metals 
accumulation activity (Costa et al., 2015). Studies on 
microbial populations in various environments provide 
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new insights into their structure and function, contributing 
to the discovery of new functional genes (Das et al., 2017; 
Gu et al., 2017). The exploitation of diverse bacteria and 
their detoxification genes has been used to ameliorate the 
field of environmental bioremediation (Das et al., 2016). 

In-dept insight into the populations of microbes 
controlling different activities and biogeochemical cycles 
in the natural system is very difficult due to their extreme 
diversity and uncultivated status (Das et al., 2017). 
Metagenomic research has created an unparalleled 
opportunity to analyze microbial communities' reaction 
and adaptation strategies to environmental toxicity (Das 
et al., 2017). Some studies on microbial communities 
from some environments including contaminated soils 
(Costa et al., 2014; Feng et al., 2018) have offered new 
insights into the structure of the microbial world, their 
work and pattern of evolution, and have contributed to the 
discovery of new species and genes (Dai et al., 2014; 
Das et al., 2017; Karthik et al., 2017). Metagenomics 
analysis provides an approach to disentangle the plant-
associated microbial diversity of polluted environments, 
building a framework for understanding and implementing 
strategies for the remediation of such polluted sites using 
indigenous microbial populations (Malla et al., 2018).  

Little information is available regarding the microbial 
population associated with the rhizosphere of metal 
accumulating plants, most particularly in the tropical 
regions (Lopez et al., 2019). Also, the structural and 
functional variations, and the effects of the root-
associated microbiomes in relation to their host plants 
remain poorly understood (Luo et al., 2017). It is 
important to understand the relationships between host 
plants, related rhizosphere microorganisms and 
surrounding soil because the bacterial population of the 
rhizosphere will directly affect the mobility and availability 
of metals to plants (Lopez et al., 2019). There is an 
increasing interest in studying the microbial communities 
of metal tolerant plants (Khan et al., 2015; Lopez et al., 
2019; Sun et al., 2019) and very few or none to explore 
the composition and diversity of bacteria associated with 
M. pudica in mining areas. M. pudica is metalliferous and 
said to house a number of plant growth-promoting 
bacteria (Klonowska et al., 2012; Felestrino et al., 2017) 
and is one of the plants endemic in the present study 
area.  

Thus, the objective of this research was to analyze the 
community structure, diversity and to predict the genomic 
functions of the bacteria inhabiting the rhizosphere soil of 
M. pudica growing in tailing and non-tailing soils of ex-tin 
mining area contaminated with heavy metals. It also 
provides fundamental knowledge on phytoremediation 
potential of contaminated soils involving indigenous 
beneficial microbial populations. 
 
MATERIALS AND METHODS 
 
Sample collection 
 
Rhizosphere soil samples of M. pudica were collected 
from an ex-tin mining area (latitude 5°389’N, longitude 

101°19’E) which had been abandoned for more than 30 
years in Perak, Malaysia. Plants were carefully pulled out 
from the soil with intact roots, and the soils attached to 
the roots were collected and combined together. Three 
samples were collected per site and combined as one (in 
each case) before DNA extraction for metagenomic 
analysis. These were the rhizosphere soils. The samples 
were collected from mine tailings (samples MRS1, MRS2 
and MRS3) and non-tailings (samples MRS4, MRS5 and 
MRS6) (Abdullahi et al., 2020a) in sterile plastic bags, 
and moved under cold conditions to the laboratory and 
immediately stored at –20 °C. The samples were 
collected at least 100 m apart from each other. 
 
Total genomic DNA extraction from rhizosphere soil 
samples and QC 
 
DNA extraction directly from the rhizosphere soils (300 
mg of each sample) was done with a NucleoSpin® Soil 
DNA isolation kit (Macherey-Nagel, Germany) in 
accordance with the manufacturer’s instructions, and the 
quality was checked on 1% agarose gel. NanoDrop 
Spectrophotometer was used to assess sample purity and 
concentration, and Fluorometer (Biotek FLX800) was 
further used for the sample quantification (dsDNA).  
 
16S rRNA bacterial amplification, library construction, 
and sequencing 
 
The PCR that targeted the V3-V4 hypervariable region 
was done using the Illumina 16S metagenomic library 
preparation method (Illumina, 2013). The quality and 
quantity of the amplicons were assessed using 
Tapestation 4200, Helixgreen and NanoDrop. All the 
samples passed the QC measurements and proceeded 
directly for the library preparation’s 2nd PCR step. Using 
the Illumina 16S metagenomics library prep kit, the 
libraries were prepared, and their quality and quantity 
were determined using Agilent Tapestation 4200, qPCR, 
and Helixgreen. All the libraries passed the QC 
measurement and were pooled according to the Illumina’s 
protocol and proceeded straight to sequencing using the 
MiSeq platform at 2x301PE format (Illumina). Quality 
assessment of paired-end reads was done using 
FASTQC (https://github.com/s-andrews/FastQC).  
 
Bioinformatics and sequence data analysis 
 
BBDuk of the BBTools package 
(https://sourceforge.net/projects/bbmap/) was used to 
remove sequence adaptors and low-quality reads from 
the paired end reads (Bushnell et al., 2017). The forward 
and reverse reads were merged using USEARCH 
v11.0.667 (https://www.drive5.com/usearch/) (Liu et al., 
2020). The downstream processing excluded sequences 
(sequenced on the MiSeq platform) that were shorter than 
150 bp or longer than 600 bp (Abdullahi et al., 2020b). 
Reads were then aligned with the 16S rRNA database 
(SILVA Release 132) (Glöckner, 2019) and inspected for 
chimeric errors using VSEARCH v2.6.2 (Rognes et al., 
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Table 1: Sequence characteristics and α-diversity of bacteria from rhizosphere soil of M. pudica in an ex-tin mining site 
of tailing and non-tailing soils. 

 

Sample Type Sequence no. OTU α-diversity 

    Chao1 ACE Shannon Simpson 

MRS1 Tailing 9,995 957 923 922 5.945 0.995 

MRS2 Tailing 26,105 1,306 1125 1149 6.171 0.996 

MRS3 Tailing 9,199 942 915 921 5.810 0.993 

MRS4 Non-tailing 28,389 1,213 1060 1064 5.919 0.992 

MRS5 Non-tailing 27,898 1,308 1158 1183 6.062 0.992 

MRS6 Non-tailing 23,572 1,285 1152 1163 5.683 0.975 

 
2016).  Readings were clustered de novo after the quality  
assessment measures into operational taxonomic units 
(OTUs) at 97% similarity using UPARSE v11.0.667 
(Edgar, 2013) and rare OTUs with less than two reads 
(doubleton) which are sometimes spurious were also 
deleted from the downstream processing. From each 
OTU, a single representative sequence was randomly 
selected and Pynast 
(https://www.ncbi.nlm.nih.gov/pubmed/19914921) was 
used to align and create a phylogenetic tree against the 
SILVA Release 132 16S rRNA database. The taxonomic 
assignment of OTUs against the SILVA database was 
done using QIIME V1.9.1 (Caporaso et al., 2010). R 
package V3.6.1 was used for all statistical analyses 
(https://www.r-project.org/) (R Core Team, 2020). 
 
Prediction of functional gene analysis 
 
Functional gene prediction was made by PICRUSt2 
(Phylogenetic Investigation of Communities by 
Reconstruction of Unobserved States) functional 
prediction (Douglas et al., 2020). PICRUSt uses 16S 
rRNA genes to infer the functional content of the 
metagenome gene from phylogenetic knowledge and 
predictions for genes in databases like the Kyoto 
Encyclopedia of Genes and Genomes have been 
determined (Sibanda et al., 2019; Douglas et al., 2020). 
The output of PICRUSt consists of a table of functional 
gene counts as KEGG orthologs (KOs). 
 
Accession number/Data deposition 
 
The nucleotide sequences (bacterial metagenome data) 
were submitted in the Sequence Read Archive (SRA) 
database of the National Center for Biotechnology 
Information (NCBI) with BioProject accession number 
PRJNA601794 (Abdullahi et al., 2020b). 
 
RESULTS AND DISCUSSION 
 
In this study, the 16S amplicon metagenomic analysis 
supplied information on the composition and diversity of 
bacteria in the rhizosphere soil of M. pudica on ex-tin 
mining soil, along with functional genes related to heavy 
metals tolerance and plant growth promotion. 
 

Overview of 16S rRNA amplicon sequence, richness 
and diversity of the rhizosphere bacteria 
 
After paired end joining and quality trimming, the total 
count of high-quality sequence reads obtained was 
125,158 ranging from 9,199–28,389 per sample as 
presented in Table 1. The sample MRS4 had the highest 
sequence read count of 28,389 and MRS3 had the least 
of 9,199. The number of OTUs per sample varied from 
942 to 1,308, where MRS5 had the highest and MRS3 the 
least. The richness and diversity of the bacterial 
community in the rhizosphere soil samples were 
estimated by computational analysis of alpha-diversity 
(Table 1). Chao1 and ACE estimated the number and 
richness of species. The Chao1 and ACE values of 
sample MRS5 were highest (1158 and 1183, respectively) 
indicating a higher number of species and richness in the 
sample, followed by MRS6 while MRS3, followed by 
MRS1, had the least values and thus with lower species 
richness. On the other hand, the values of Shannon and 
Simpson diversity indexes which are measures of species 
diversity, revealed MRS2 to be most diverse and MRS6 
least diverse. Figure 1 shows the alpha diversity pairwise 
analysis of variance between groups, which indices 
indicate non-tailing sites to have more number and 
richness of species while the tailings to have more 
diversity of bacterial species. The samples from non-
tailing areas were shown to be richer in the sense of the 
number of species, while the samples from tailing areas 
were more diverse. Various and unique microbial 
assemblies with potentially biotechnologically significant 
genes for biosynthesis and biodegradation are sheltered 
in mine tailings (Sibanda et al., 2019). Any possible 
colonization of the region by vegetation is impaired by 
high concentrations of toxic metals in tailing soils and the 
input of organic matter content in soils is inversely 
affected, which would otherwise serve as a source of 
nutrients for soil microbiota (Sibanda et al., 2019). 
 
Structure of the bacterial community in the 
rhizosphere soil of M. pudica in an ex-tin mining soil 
 
The OTUs from all six samples were placed to 23 
different bacterial phyla, 72 classes, 165 orders, 248 
families and 357 genera. The most represented and 
dominant phylum among all the rhizosphere soils was
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Figure 1: Alpha diversity with ANOVA showing pairwise analysis of variance between groups and its significance 
annotated on the plots. The p-value threshold for significance set at 0.05. 
 
Proteobacteria (41.2%), followed by Acidobacteria 
(17.1%) and Actinobacteria (14.4%). The sample MRS6 
had the highest percentage of Proteobacteria (49.2%), 
while MRS3 had the highest of Acidobacteria and 
Actinobacteria (20.2% and 17.0%, respectively). 
Firmicutes were found at the highest abundance in 
MRS1. Several studies on bacterial composition in heavy 
metals polluted soils showed Proteobacteria as the most 
dominant phylum (Costa et al., 2015; Ghosh and Das, 
2018; Lopez et al., 2019) as in the case of this study while 
few others indicated the dominance of other phyla such 
as Actinobacteria (Sibanda et al., 2019). The occurrence 
of bacterial taxa in preferred locations is a clear indication 
that the environmental factors/soil conditions and heavy 
metals pollution greatly affect the bacterial distribution. 
The bacteria, therefore, have a good adaptation to the 
system. The top ten bacterial phyla are presented in 
Figure 2. At the genus level, 357 genera were recovered 
from the 6 rhizosphere soils. Figure 3 showed the top ten 
abundant genera detected. The genera Bacillus and 
Acidibacter were more abundant in MRS1 and MRS2. 
Nitrospira were much more in MRS3 compared to other 
samples with very low representation in MRS2. MRS3, 
MRS4 and MRS5 had a reasonable number of 
Acidothermus while MRS1 had very low of such. The 
genus Paraburkholderia was interestingly in high 
abundance in sample MRS6 compared to other genera in 
the sample and compared to the same genus in other 
samples. 
 

Bacterial community differences between tailing and 
non-tailing sites 
 
Venn diagrams (Figure 4a–c) illustrated the relationships 
in unique and shared OTUs between and among all 
samples and groups of tailing and non-tailing origin. In 
general, out of the total 1,790 OTUs, 168 were available 
only in tailing samples, 309 only in non-tailing samples 
and then 1313 found in both the 2 sample groups. The 
results showed that more OTUs were present in the non-
tailing site compared to the tailing site. The phyla 
Acidobacteria, Actinobacteria, Chloroflexi, Firmicutes, 
Gemmatimonadetes and Rokubacteria (18.56, 15.13, 
3.54, 3.06, 2.14 and 5.24%, respectively) were more 
abundant in the tailing area; while Bacteroidetes, 
Planctomycetes, Proteobacteria and Verrucomicrobia 
(5.37, 4.55, 44.93 and 3.53%, respectively) were more in 
the non-tailing area (Figure 5). By far, members of 
Proteobacteria (e.g. Paraburkolderia – most represented) 
are most abundant among all the bacteria revealed in the 
study and are more in the non-tailing sites. This may 
make the non-tailing sites to have higher number of 
bacteria. Also, higher concentrations of heavy metals in 
the tailings may lead to great selective pressure on the 
assemblage of bacterial communities. The tailing area 
had more of the genera Bacillus and Nitrospira in 
comparison to the non-tailing area, which, on the other 
hand, had more of Acidothermus, Bradyrhizobium, 
Burkholderia and Candidatus solibacter genera. Among 



Malays. J. Microbiol. Vol 17(6) 2021, pp. xxx-xxx 
DOI: http://dx.doi.org/10.21161/mjm.211282 

                                                                                            5                      ISSN (print): 1823-8262, ISSN (online): 2231-7538 
 

  

 
 
Figure 2: Relative abundance of bacteria (top ten) at phylum level identified from the rhizosphere soil of M. pudica in an 
ex-tin mining soil. 
 

 
 

Figure 3: Relative abundance of bacteria (top ten) at genus level identified from the rhizosphere soil of M. pudica in an 
ex-tin mining soil. 
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Figure 4: Venn diagrams showing the unique and shared OTUs of (a) tailing samples, (b) non-tailing samples and (c) 
tailing vs non-tailing. 
 

 
 
Figure 5: Relative abundance of most represented bacterial phyla in the tailing and non-tailing sites of the ex-mining 
area. 
 
the identifiable genera in this study, some were present in 
both the tailing and non-tailing areas, while others are 
specifically present in only one of the two areas. One of 
the main causes of soil pollution by heavy metals is 
mining. Still, the mining sites are a rich source of 
microbial diversity, which has produced many metal-
tolerant mechanisms and metabolic processes that can 
greatly help to remediate metal-polluted sites (Ghosh and 

Das, 2018). Many bacteria have evolved different immune 
mechanisms to adapt and withstand metal toxicity (Costa 
et al., 2014; Ojuederie and Babalola, 2017; Nayak et al., 
2019). Furthermore, in especially heavy metal polluted 
soils such as mine tailing, bacteria that grow have metal 
toxicity resistant genes for their survival (Sibanda et al., 
2019). Detection of such metal tolerating genes in the 
studied sites explain their likely source of resistance. 

(a) (b) (c) 
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Table 2: Heavy metals tolerance genes predicted from the metagenome of M. pudica rhizosphere soil. 
 

Function Genes 

Arsenic resistance arsC, arsA, arsR, arsB, arsH 

Chromium resistance chrA, chrR 

Cobalt resistance cbiD, cbiE, cbiG, cbiK, cbiT, cobK, cobM, cobH, cobN, cobS, cobT 

Copper resistance pcoD, copA, copB, copC, cueO, cueR, cusR, cutC, cutF, ctpV 

Iron resistance afuC, afuB, afuA, feoA, feoB, feoC, efeO, efeB, sufC, sufB, sufD, iscA, znuA, znuB, 
znuC, fhuF 

Mercury resistance merR, merA, merT, merP, merC 

Nickel resistance sodN, hypA, hypB, nixA, nikA, nikB, nikD 

Zinc resistance zupT, pqqL, znuA, znuB, znuC, zurR, zntB, zntR 

 
Predicted functional genes involved in heavy metals 
tolerance, degradation and detoxification  
 
Predicted genes for heavy metal tolerance were detected 
and presented in Table 2. For example, arsenic resistant 
genes of the ars operon (arsC, arsA, arsR, arsB and 
arsH) involved in arsenic tolerance, reduction and 
transport were detected in the metagenome. The ars 
operons are the most popular systems for arsenic 
resistance in microbes, and numerous ars operons with a 
wide range of genes and multiple combinations are found 
in prokaryotic genomes (Ben Fekih et al., 2018). ArsR is a 
transacting transcriptional repressor protein that binds to 
the promoter region of ars operons. Its interaction with 
arsenite will dissociate the repressor protein from the 
DNA that can, therefore, allow transcription of the operon 
(Ben Fekih et al., 2018). Alleviation of arsenic 
contamination in the environment is considered a high-
priority issue, and studies were carried out that revealed 
different bacteria and genes in an association that can 
detoxify the toxic effects of As (Costa et al., 2014; Luo et 
al., 2014; Gu et al., 2017; 2018). 

Two chromium resistant genes chrA (chromate 
transporter) and chrR (chromate reductase) were found 
as well as several cobalt resistant genes of the cbi cluster 
(cbiD, cbiE, cbiG, cbiK and cbiT) and cob cluster (cobK, 
cobM, cobH, cobN, cobS and cobT). Determinants of 
chromate resistance found in archaea, bacteria and 
eukarya consist of genes from the superfamily of 
chromate ion transport (CHR) that typically include the 
chrA gene (Viti et al., 2014). Reduction of Cr(VI) to Cr(III) 
by microbes can be regarded as a chromate detoxification 
mechanism (Viti et al., 2014). The best chromate 
reductase studied so far is the chrR, which is a soluble 
flavin mononucleotide-binding enzyme involved in 
catalyzing the reduction of Cr(VI) to Cr(III) (Viti et al., 
2014). 

Also detected were genes for cobalt-zinc-cadmium 
resistance predominantly of the czc operon (czcC, czcA, 
czcB and czcD). Czc is said to be a chemiosmotic efflux 
pump for Cd2+, Zn2+ and Co2+, that forms essential 
internal (CzcA), external (CzcC) and membrane (CzcB) 
proteins involved in transport of cation from the cytoplasm 
(Xavier et al., 2019). The czc operon was found in several 
other studies such as one detected to comprise three 

structural genes, czcA, czcB and czcC, and two 
regulatory ones, czcD and czcR (Asaf et al., 2018). This 
operon is known to confer resistance to the three heavy 
metals, namely zinc, cobalt and cadmium. In a study on 
the microbial community of metal-rich tropical stream 
sediment (Costa et al., 2015), the bacterial metagenome 
revealed a number of genes related to tolerance of 
different heavy metals with the cobalt-zinc-cadmium being 
the most abundant (47%). 

Genes for copper resistance (pcoD, copA, copB, 
copC, cueR, cueO, cusR, cutC, cutF and ctpV) and for 
iron resistance and transport (afuC, afuB, afuA, feoA, 
feoB, feoC, efeO, efeB, hugZ, sufC, sufB, sufD, iscA, 
erpA, znuA, znuB, znuC and fhuF) were also found. Other 
heavy metals resistance genes revealed in this study 
were those involved in mercury resistance (merR, merA, 
merT, merP and merC), nickel resistance (sodN, hypA, 
hypB, nixA, nikA, nikB and nikD) and zinc resistance 
(zupT, pqqL, znuA, znuB, znuC, zurR, zntB and zntR). 
Two genes, copA and cueO are regulated by the gene 
cueR, where copA is known to be a P-type ATPase and 
cueO said to encode a multicopper oxidase involve in 
oxidizing Cu+ [Cu(I) to a less toxic Cu(II)] and reducing 
dioxygen to water (Das et al., 2016). Two mercury 
resistant genes, merA and merR were detected in this 
study. The narrow-spectrum mer operon is made up of 
many genes that are induced by inorganic mercury (Hg2+) 
and solely provide resistance to inorganic mercury salts, 
with merR serving as the operon's positive transcriptional 
regulator (Das et al., 2016). merA gene codes for 
mercuric ion reductase that function in reducing Hg2+ in 
the cell to form volatile Hg0, that can easily be released 
from the cell (Das et al., 2016). 
 
Predicted functional genes linked to plant growth-
promoting (PGP) traits 
 
Also detected are various predicted genes associated 
with plant growth-promoting traits (Table 3). Genes 
associated with the production of indole acetic acid (IAA) 
revealed in this study were iaaM, ipdC and aldA. Besides 
these, genes involved in tryptophan production which is 
the precursor of the IAA were also detected and included 
trpC, trpA, trpB, trpE, trpF, trpG, trpGD, trpCF and trpR. 
Production of IAA by bacteria may be tryptophan- 
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Table 3: Plant growth-promoting genes predicted from the metagenome of M. pudica rhizosphere soil. 
 

Function Genes 

IAA production iaaM, ipdC, aldA, trpC, trpA, trpB, trpE, trpF, trpG, trpGD, trpCF, trpR 

ACC deaminase rim, dcyD, acd, acdH, acdA 

Siderophore production entA, entB, entC, entD, entF, entS, fiu 

Nitrogen fixation nifA, nifZ, nifB, nifD, nifE, nifH, nifK, nifN, nifT, nifV, nifW, nifX, nifZ, glnB, glnK, nac 

Phosphate solubilization pqqA, pqqB, pqqC, pqqD, pqqE, pstB, pstC, pstA, pstS, phoU, phoD, phoR, phoQ, 
phoB, phnC, phnE, phnF, phnD, idsA, gpmI, gpmB, bcrC, yfbT, yniC 

Potassium solubilization trkH, trkG, ktrB, trkA, ktrA, kdpA, kdpB, kdpC, kdpF, kefC, kefF, kefV, kefG 

 
dependent or tryptophan-independent (Zhang et al., 
2019). The indole-3-acetamide (IAM) pathway is the best- 
studied IAA pathway in bacteria (Spaepen et al., 2007). 
Here, the tryptophan-2-monooxygenase enzyme (IaaM), 
encoded by the iaaM gene, converts tryptophan to IAM, 
which is subsequently converted to IAA in the second 
step by an IAM hydrolase (IaaH), expressed by the iaaH 
gene. Another pathway is the indole-3-pyruvate (IPyA) 
pathway. The conversion of tryptophan to IPyA is the 
initial step, followed by IPyA being decarboxylated to 
indole-3-acetaldehyde (IAAld) by indole-3-pyruvate 
decarboxylase (IPDC) and IAAld being oxidized to IAA 
(Spaepen et al., 2007). The enzyme IPDC is encoded by 
ipdC. IAA is the most crucial and prevalent natural auxin, 
that plays a very vital role in cell division, cell elongation, 
root and fruit development and senescence (Duca et al., 
2014; Upadhyay et al., 2018). In a huge-scale genetic 
analysis study to determine the distribution of tryptophan-
dependent IAA synthesis routes and associated genes, 
82.2% of the analyzed genomes showed the potential to 
synthesize IAA from the tryptophan (Trp) or its 
intermediates (Zhang et al., 2019). 

Genes associated with the production of 1-
aminocyclopropane-1-carboxylic acid (ACC) deaminase 
(rimM, dcyD, acd, acdH and acdA) were also found, 
likewise those for siderophore production (entA, entB, 
entC, entD, entF, entS and fiu). ACC deaminase activities 
by some plant-associated microbes help host plants to 
survive well under different environmental stresses by 
decreasing the level of ethylene that is known to inhibit 
the growth of such plants (Singh et al., 2015). Most of the 
plant growth inhibition related to environmental stress is 
caused by higher ethylene levels resulting from the stress 
(Kong and Glick, 2017). The ACC deaminase is said to 
break down ACC (ethylene precursor) into ammonia and -
ketobutyrate, both of which bacteria can use for growth 
and metabolism (Singh et al., 2015). In a study that 
reported ACC deaminase from Pseudomonas stutzeri 
A1501 to aid rice growth in the presence of heavy metals 
or salt, the P. stutzeri A1501 was reported to have a 
single gene acdS encoding ACC deaminase (Han et al., 
2015). One of the most abundant elements on the planet 
is iron, but it is not always available for direct use by living 
organisms (Kong and Glick, 2017). In the process of 
obtaining iron, several bacteria make siderophores that 
bind Fe and act as solubilizing agents, which promote iron 
uptake by plants (Kong and Glick, 2017). The 

 
siderophores can as well create stable complexes with 
other forms of metals, in addition to iron such as Cd, Al, 
Ga, In, Cu, Pb and Zn, which can make the beneficial 
siderophore-synthesizing bacteria useful in the heavy 
metals phytoremediation processes (Kong and Glick, 
2017). 

The genes for nitrogen fixation, regulation and 
assimilation revealed included the nif cluster (nifA, nifZ, 
nifB, nifD, nifE, nifH, nifK, nifN, nifT, nifV, nifW, nifX and 
nifZ), the gln cluster (glnB and glnK) and nac. The 
molybdenum-dependent nitrogenase subtype encoded by 
nifH, nifD and nifK is the most well-studied (Dos Santos et 
al., 2012). Like this study, a previous study on the draft 
genome sequence of Rhizobium sullae strain IS123T 
focused on the genes for symbiosis with its host 
Hedysarum coronarium L. (Sablok et al., 2017) identified 
the structural nitrogenase units nifH, nifD and nifK, as well 
as other regulatory or accessory determinants such as 
nifA, nifB, nifE, nifN, nifS, nifT, nifU, nifW and nifZ. In 
addition to the nif genes for the nitrogenase activity and 
biosynthesis. In nitrogen fixation, non-nif genes encoding 
transporters for Mo, Fe and S play an important role (Shi 
et al., 2016). Biological nitrogen fixation is a critical 
component of the global nitrogen cycle and the primary 
pathway for converting atmospheric N2 to NH3 (Dos 
Santos et al., 2012; Shi et al., 2016). 

Another important and essential macronutrient needed 
by living organisms including plants is phosphorus. Most 
of the phosphorus in the soil is in an insoluble form and 
therefore not always available for plant consumption as 
plants can utilize only free orthophosphate (PO4

3−) 
(Andrés-Barrao et al., 2017). Some plant growth-
promoting bacteria could provide inorganic phosphorus 
available to plants through phosphate solubilization. 
Several clusters of genes involved in phosphate 
solubilization, transport and assimilation were found. 
These were the pqq cluster (pqqA, pqqB, pqqC, pqqD 
and pqqE), pst cluster (pstB, pstC, pstA and pstS), pho 
cluster (phoU, phoD, phoR, phoQ and phoB), phn cluster 
(phnC, phnE, phnF and phnD), gpm cluster (gpmI and 
gpmB) and then idsA, bcrC and yfbT/yniC. These were 
also detected in other studies of plant growth-promoting 
bacteria (Bruto et al., 2014; Gupta et al., 2014; Asaf et al., 
2018; Luziatelli et al., 2020). Lastly, the potassium 
solubilization genes were also detected in the study and 
these were trkH, trkG, ktrB, trkA, ktrA, kdpA, kdpB, kdpC, 
kdpF, kefC, kefF, kefV and kefG. Potassium, together 
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with nitrogen and phosphorus, form part of the most 
crucial nutrients needed by plants for growth and 
development (Andrés-Barrao et al., 2017). 

Several bacteria on exposure to different toxic heavy 
metals have developed metal resistant genes that serve 
as means of survival and adaptation in the harsh 
environment (Das et al., 2016). The bacterial community 
present in the studied ex-tin mining soil could, therefore, 
be one of the most important elements affecting 
development and survival of M. pudica and other 
metalliferous plants in such heavy metal contaminated 
conditions. These bacteria and genes can further be 
exploited for the purpose of bioremediation of the metal-
contaminated environment. 
 
CONCLUSION 
 
The study revealed complex and diverse bacterial taxa 
with Proteobacteria as the most dominant phylum 
(41.2%), followed by Acidobacteria (17.1%) and 
Actinobacteria (14.4%). Commonly found genera 
detected were Paraburkholderia, Bradyrhizobium, 
Bacillus, Candidatus solibacter, Acidothermus, Acidibacer 
and Nitrospira. The study also showed bacterial 
community in the non-tailing sites had a higher number 
and richness of species and those in the tailing sites were 
more diverse. Predicted genes for both heavy metal 
tolerance (As, Cr, Co, Ni, Zn, Cd, Cu, Fe and Hg) and 
plant-growth promotion (synthesis of IAA, ACC 
deaminase and siderophore; solubilization of phosphate 
and potassium and nitrogen fixation) were detected in the 
samples. These provided holistic information for potential 
plant growth-promoting rhizobacteria that are heavy metal 
tolerant, that can cope with heavy metal polluted soils 
which can be employed for bioremediation or 
phytoremediation of heavy metal contaminated soils. It 
also explained why M. pudica is endemic in the present 
study area even though it is highly contaminated with 
heavy metals. 
 
ACKNOWLEDGEMENTS 
 
This research was funded by Ministry of Higher Education 
Malaysia for Fundamental Research Grant Scheme with 
Project Code: FRGS/1/2019/STG03/USM/02/7. The 
authors sincerely thank USM for research facilities and 
the Department of Mineral and Geoscience, Perak, 
Malaysia for granting permission to access the study site. 
The authors also thank Dr Mardani Abdul Halim of School 
of Biological Sciences, USM for helpful comments and 
ideas. 
 
REFERENCES 
 
Abdullahi, S., Haris, H., Zarkasi, K. Z. and Amir, H. G. 

(2020a). Beneficial bacteria associated with Mimosa 
pudica and potential to sustain plant growth-promoting 
traits under heavy metals stress. Bioremediation 
Journal 25(1), 1-21. 

Abdullahi, S., Haris, H., Zarkasi, K. Z. and Amir, H. G. 
(2020b). 16S rRNA gene amplicon sequencing data of 
tailing and nontailing rhizosphere soils of Mimosa 
pudica from a heavy metal-contaminated ex-tin mining 
area. Microbiology Resource Announcements 9(42), 
e00761-20.  

Ahn, Y., Yun, H. S., Pandi, K., Park, S., Ji, M. and Choi, 
J. (2020). Heavy metal speciation with prediction 
model for heavy metal mobility and risk assessment in 
mine-affected soils. Environmental Science and 
Pollution Research 27(3), 3213-3223.  

Andrés-Barrao, C., Lafi, F. F., Alam, I., de Zélicourt, A., 
Eida, A. A., Bokhari, A., Alzubaidy, H., Bajic, V. B., 
Hirt, H. and Saad, M. M. (2017). Complete genome 
sequence analysis of Enterobacter sp. SA187, a plant 
multi-stress tolerance promoting endophytic 
bacterium. Frontiers in Microbiology 8, 2023. 

Asaf, S., Khan, A. L., Khan, M. A., Al-Harrasi, A. and 
Lee, I. (2018). Complete genome sequencing and 
analysis of endophytic Sphingomonas sp. LK11 and 
its potential in plant growth. 3 Biotech 8(9), 389.  

Ben Fekih, I., Zhang, C., Li, Y. P., Zhao, Y., 
Alwathnani, H. A., Saquib, Q., Rensing, C. and 
Cervantes, C. (2018). Distribution of arsenic 
resistance genes in prokaryotes. Frontiers in 
Microbiology 9, 2473. 

Bruto, M., Prigent-Combaret, C., Muller, D. and 
Moënne-Loccoz, Y. (2014). Analysis of genes 
contributing to plant-beneficial functions in plant 
growth-promoting rhizobacteria and related 
Proteobacteria. Scientific Reports 4, 6261.  

Bushnell, B., Rood, J. and Singer, E. (2017). BBMerge 
- Accurate paired shotgun read merging via overlap. 
PLoS One 12(10), e0185056. 

Caporaso, J. G., Kuczynski, J., Stombaugh, J., 
Bittinger, K., Bushman, F. D., Costello, E. K. et al. 
(2010). QIIME allows analysis of high-throughput 
community sequencing data. Nature Methods 7(5), 
335-336. 

Costa, P. S., Reis, M. P., Ávila, M. P., Leite, L. R., de 
Araújo, F. M. G., Salim, A. C. M., Oliveira, G., 
Barbosa, F., Chartone-Souza, E. and Nascimento, 
A. M. A. (2015). Metagenome of a microbial 
community inhabiting a metal-rich tropical stream 
sediment. PLoS One 10(3), e0119465.  

Costa, P. S., Scholte, L. L. S., Reis, M. P., Chaves, A. 
V., Oliveira, P. L., Itabayana, L. B., Suhadolnik, M. 
L. S., Barbosa, F. A. R., Chartone-Souza, E. and 
Nascimento, A. M. A. (2014). Bacteria and genes 
involved in arsenic speciation in sediment impacted by 
long-term gold mining. PLoS One 9(4), e95655.  

Dai, Z., Guo, X., Yin, H., Liang, Y., Cong, J. and Liu, X. 
(2014). Identification of nitrogen-fixing genes and 
gene clusters from metagenomic library of acid mine 
drainage. PLoS One 9(2), e87976.  

Das, S., Bora, S. S., Yadav, R. N. S. and Barooah, M. 
(2017). A metagenomic approach to decipher the 
indigenous microbial communities of arsenic 
contaminated groundwater of Assam. Genomics Data 
12, 89-96.  



Malays. J. Microbiol. Vol 17(6) 2021, pp. xxx-xxx 
DOI: http://dx.doi.org/10.21161/mjm.211282 

                                                                                            10                      ISSN (print): 1823-8262, ISSN (online): 2231-7538 
 

  

Das, S., Dash, H. R. and Chakraborty, J. (2016). 
Genetic basis and importance of metal resistant genes 
in bacteria for bioremediation of contaminated 
environments with toxic metal pollutants. Applied 
Microbiology and Biotechnology 100(7), 2967-2984.  

Dos Santos, P. C., Fang, Z., Mason, S. W., Setubal, J. 
C. and Dixon, R. (2012). Distribution of nitrogen 
fixation and nitrogenase-like sequences amongst 
microbial genomes. BMC Genomics 13, 162.  

Douglas, G. M., Maffei, V. J., Zaneveld, J. R., Yurgel, 
S. N., Brown, J. B., Taylor, C. M., Huttenhower, C. 
and Langille, M. G. I. (2020). PICRUSt2 for prediction 
of metagenome functions. Nature Biotechnology 
38(6), 685-688.  

Duca, D., Lorv, J., Patten, C. L., Rose, D. and Glick, B. 
R. (2014). Indole-3-acetic acid in plant – Microbe 
interactions. Antonie van Leeuwenhoek 106, 85-125.  

Edgar, R. C. (2013). UPARSE: Highly accurate OTU 
sequences from microbial amplicon reads. Nature 
Methods 10(10), 996-998.  

Felestrino, É. B., Assis, R. A. B., Lemes, C. G. C., 
Cordeiro, I. F., Fonseca, N. P., Villa, M. M., Vieira, I. 
T., Kamino, L. H. Y., Carmo, F. F. and Moreira, L. 
M. (2017). Alcaligenes faecalis associated with 
Mimosa calodendron rizhosphere assist plant survival 
in arsenic rich soils. Journal of Soil Science and Plant 
Nutrition 17(4), 1102-1115.  

Feng, G., Xie, T., Wang, X., Bai, J., Tang, L., Zhao, H., 
Wei, W., Wang, M. and Zhao, Y. (2018). 
Metagenomic analysis of microbial community and 
function involved in cd-contaminated soil. BMC 
Microbiology 18, 11.  

Ghosh, S. and Das, A. P. (2018). Metagenomic insights 
into the microbial diversity in manganese-
contaminated mine tailings and their role in 
biogeochemical cycling of manganese. Scientific 
Reports 8, 8257.  

Glöckner, F. O. (2019). The SILVA database project: An 
ELIXIR core data resource for high-quality ribosomal 
RNA sequences. Biodiversity Information Science and 
Standards 3, e36125.  

Gu, Y., Van Nostrand, J. D., Wu, L., He, Z., Qin, Y., 
Zhao, F. J. and Zhou, J. (2017). Bacterial community 
and arsenic functional genes diversity in arsenic 
contaminated soils from different geographic 
locations. PLoS One 12(5), e0176696.  

Gu, Y., Wang, Y., Sun, Y., Zhao, K., Xiang, Q., Yu, X., 
Zhang, X. and Chen, Q. (2018). Genetic diversity and 
characterization of arsenic-resistant endophytic 
bacteria isolated from Pteris vittata, an arsenic 
hyperaccumulator. BMC Microbiology 18, 42.  

Gupta, A., Gopal, M., Thomas, G. V., Manikandan, V., 
Gajewski, J., Thomas, G., Seshagiri, S., Schuster, 
S. C., Rajesh, P. and Gupta, R. (2014). Whole 
genome sequencing and analysis of plant growth 
promoting bacteria isolated from the rhizosphere of 
plantation crops coconut, cocoa and arecanut. PLoS 
One 9(8), e104259. 

Han, Y., Wang, R., Yang, Z., Zhan, Y., Ma, Y., Ping, S., 
Zhang, L., Lin, M. and Yan, Y. (2015). 1-

aminocyclopropane-1-carboxylate deaminase from 
Pseudomonas stutzeri A1501 facilitates the growth of 
rice in the presence of salt or heavy metals. Journal of 
Microbiology and Biotechnology 25(7), 1119-1128.  

Illumina. (2013). 16S metagenomic sequencing library 
preparation: Preparing 16S ribosomal RNA gene 
amplicons for the Illumina MiSeq system. Illumina, 
Inc., San Diego, CA. pp. 1-28.  

Jian, L., Bai, X., Zhang, H., Song, X. and Li, Z. (2019). 
Promotion of growth and metal accumulation of alfalfa 
by coinoculation with Sinorhizobium and 
Agrobacterium under copper and zinc stress. PeerJ 7, 
e6875. 

Karaca, O., Cameselle, C. and Reddy, K. R. (2018). 
Mine tailing disposal sites: Contamination problems, 
remedial options and phytocaps for sustainable 
remediation. Reviews in Environmental Science and 
Biotechnology 17(1), 205-228.  

Karthik, C., Elangovan, N., Kumar, T. S., 
Govindharaju, S., Barathi, S., Oves, M. and 
Arulselvi, P. I. (2017). Characterization of multifarious 
plant growth promoting traits of rhizobacterial strain 
AR6 under Chromium (VI) stress. Microbiological 
Research 204, 65-71.  

Khan, M. U., Sessitsch, A., Harris, M., Fatima, K., 
Imran, A., Arslan, M., Shabir, G., Khan, Q. M. and 
Afzal, M. (2015). Cr-resistant rhizo- and endophytic 
bacteria associated with Prosopis juliflora and their 
potential as phytoremediation enhancing agents in 
metal-degraded soils. Frontiers in Plant Science 5, 
755.  

Klonowska, A., Chaintreuil, C., Tisseyre, P., Miché, L., 
Melkonian, R., Ducousso, M., Laguerre, G., Brunel, 
B. and Moulin, L. (2012). Biodiversity of Mimosa 
pudica rhizobial symbionts (Cupriavidus taiwanensis, 
Rhizobium mesoamericanum) in New Caledonia and 
their adaptation to heavy metal-rich soils. FEMS 
Microbiology Ecology 81(3), 618-635.  

Kong, Z. and Glick, B. R. (2017). The role of plant 
growth-promoting bacteria in metal phytoremediation. 
Advances in Microbial Physiology 71, 97-132.  

Liu, T., Chen, C. Y., Chen-Deng, A., Chen, Y. L., Wang, 
J. Y., Hou, Y. I. and Lin, M. C. (2020). Joining 
Illumina paired-end reads for classifying phylogenetic 
marker sequences. BMC Bioinformatics 21, 105.  

Lopez, S., Goux, X., van der Ent, A., Erskine, P. D., 
Echevarria, G., Calusinska, M., Morel, J. L. and 
Benizri, E. (2019). Bacterial community diversity in 
the rhizosphere of nickel hyperaccumulator species of 
Halmahera Island (Indonesia). Applied Soil Ecology 
133, 70-80.  

Luo, J., Bai, Y., Liang, J. and Qu, J. (2014). 
Metagenomic approach reveals variation of microbes 
with arsenic and antimony metabolism genes from 
highly contaminated soil. PLoS One 9(10), e108185.  

Luo, J., Tao, Q., Wu, K., Li, J., Qian, J., Liang, Y., 
Yang, X. and Li, T. (2017). Structural and functional 
variability in root-associated bacterial microbiomes of 
Cd/Zn hyperaccumulator Sedum alfredii. Applied 
Microbiology and Biotechnology 101(21), 7961-7976.  



Malays. J. Microbiol. Vol 17(6) 2021, pp. xxx-xxx 
DOI: http://dx.doi.org/10.21161/mjm.211282 

                                                                                            11                      ISSN (print): 1823-8262, ISSN (online): 2231-7538 
 

  

Luziatelli, F., Ficca, A. G., Cardarelli, M., Melini, F., 
Cavalieri, A. and Ruzzi, M. (2020). Genome 
sequencing of Pantoea agglomerans C1 provides 
insights into molecular and genetic mechanisms of 
plant growth-promotion and tolerance to heavy metals. 
Microorganisms 8(2), 153. 

Malla, M. A., Dubey, A., Yadav, S., Kumar, A., Hashem, 
A. and Abd Allah, E. F. (2018). Understanding and 
designing the strategies for the microbe-mediated 
remediation of environmental contaminants using 
omics approaches. Frontiers in Microbiology 9, 1132. 

Mishra, J., Singh, R. and Arora, N. K. (2017). Alleviation 
of heavy metal stress in plants and remediation of soil 
by rhizosphere microorganisms. Frontiers in 
Microbiology 8, 1706.  

Nayak, T., De, D., Barman, C., Karmakar, P., Deb, A. 
and Dhal, P. K. (2019). Characterization of 
indigenous bacteria from radon - rich groundwater and 
their tolerance to physicochemical stress. International 
Journal of Environmental Science and Technology 17, 
1627-1636.  

Ojuederie, O. B. and Babalola, O. O. (2017). Microbial 
and plant-assisted bioremediation of heavy metal 
polluted environments: A review. International Journal 
of Environmental Research and Public Health 14, 
1504.  

R Core Team. (2020). R : A Language and Environment 
for Statistical Computing. R Foundation for Statistical 
Computing, Vienna, Austria. 

Rognes, T., Flouri, T., Nichols, B., Quince, C. and 
Mahé, F. (2016). VSEARCH: A versatile open source 
tool for metagenomics. PeerJ 4, e2584.   

Sablok, G., Rosselli, R., Seeman, T., van Velzen, R., 
Polone, E., Giacomini, A., La Porta, N., Geurts, R., 
Muresu, R. and Squartini, A. (2017). Draft genome 
sequence of the nitrogen-fixing Rhizobium sullae type 
strain IS123T focusing on the key genes for symbiosis 
with its host Hedysarum coronarium L. Frontiers in 
Microbiology 8, 1348. 

Sbabou, L., Idir, Y., Bruneel, O., Le Quéré, A., Aurag, 
J., Béna, G. and Filali-Maltouf, A. (2016). 
Characterization of root-nodule bacteria isolated from 
Hedysarum spinosissimum L, growing in mining sites 
of northeastern region of Morocco. SOJ Microbiology 
and Infectious Diseases 4(3), 1-8.  

Shah, V. and Daverey, A. (2020). Phytoremediation: A 
multidisciplinary approach to clean up heavy metal 
contaminated soil. Environmental Technology and 
Innovation 18, 100774. 

Shi, H. W., Wang, L. Y., Li, X. X., Liu, X. M., Hao, T. Y., 
He, X. J. and Chen, S. F. (2016). Genome-wide 
transcriptome profiling of nitrogen fixation in 
Paenibacillus sp. WLY78. BMC Microbiology 16, 25.  

Sibanda, T., Selvarajan, R., Msagati, T., 
Venkatachalam, S. and Meddows-Taylor, S. (2019). 
Defunct gold mine tailings are natural reservoir for 
unique bacterial communities revealed by high-
throughput sequencing analysis. Science of the Total 
Environment 650, 2199-2209.  

Singh, R. P., Shelke, G. M., Kumar, A. and Jha, P. N. 
(2015). Biochemistry and genetics of ACC deaminase: 
A weapon to “stress ethylene” produced in plants. 
Frontiers in Microbiology 6, 937. 

Spaepen, S., Vanderleyden, J. and Remans, R. (2007). 
Indole-3-acetic acid in microbial and microorganism-
plant signaling. FEMS Microbiology Reviews 31(4), 
425-448.  

Sun, W., Xiong, Z., Chu, L., Li, W., Soares, M. A., 
White, J. F. and Li, H. (2019). Bacterial communities 
of three plant species from Pb-Zn contaminated sites 
and plant-growth promotional benefits of endophytic 
Microbacterium sp. (strain BXGe71). Journal of 
Hazardous Materials 370, 225-231.  

Tiwari, S. and Lata, C. (2018). Heavy metal stress, 
signaling, and tolerance due to plant-associated 
microbes: An overview. Frontiers in Plant Science 9, 
452.  

Upadhyay, M. K., Yadav, P., Shukla, A. and 
Srivastava, S. (2018). Utilizing the potential of 
microorganisms for managing arsenic contamination: 
A feasible and sustainable approach. Frontiers in 
Environmental Science 6, 24.  

Viti, C., Marchi, E., Decorosi, F. and Giovannetti, L. 
(2014). Molecular mechanisms of Cr (VI) resistance in 
bacteria and fungi. FEMS Microbiology Reviews 38(4), 
633-659.  

Xavier, J. C., Costa, P. E. S., Hissa, D. C., Melo, V. M. 
M., Falcão, R. M., Balbino, V. Q., Mendonça, L. A. 
R., Lima, M. G. S., Coutinho, H. D. M. and Verde, L. 
C. L. (2019). Evaluation of the microbial diversity and 
heavy metal resistance genes of a microbial 
community on contaminated environment. Applied 
Geochemistry 105, 1-6.  

Yahaghi, Z., Shirvani, M., Nourbakhsh, F., de la Peña, 
T. C., Pueyo, J. J. and Talebi, M. (2018). Isolation 
and characterization of Pb-solubilizing bacteria and 
their effects on pb uptake by Brassica juncea: 
Implications for microbe-assisted phytoremediation. 
Journal of Microbiology and Biotechnology 28(7), 
1156-1167.  

Zhang, P., Jin, T., Sahu, S. K., Xu, J., Shi, Q., Liu, H. 
and Wang, Y. (2019). The distribution of tryptophan-
dependent indole-3-acetic acid synthesis pathways in 
bacteria unraveled by large-scale genomic analysis. 
Molecules 24(7), 1411. 

 
 


