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Abstract

Due to the rapid expansion of industrial activity, soil pollution has intensified. Plants growing in these polluted areas have
developed a rhizobiome uniquely and specially adapted to thrive in such environments. However, it remains uncertain
whether pollution acts as a sufficiently selective force to shape the rhizobiome, and whether these adaptations endure over
time, potentially aiding in long-term phytoremediation. Therefore, in the present study, we aimed to compare whether the
microbiome associated with roots from plants germinated in polluted riverbanks will improve the phytoremediation of Cd
and Pb under mesocosm experiments compared with plants germinating in a greenhouse. The experimental design was
a factorial 22, i.e., the origin of the plant and the presence or absence of 100 mg/L of Cd and 1000 mg/L of Pb. Our
results showed that plants germinated in polluted riverbanks have the capacity to accumulate twice the amount of Pb and
Cd during mesocosm experiments. The metagenomic analysis showed that plants from the river exposed to heavy metals
at the end of mesocosm experiments were rich in Rhizobium sp. AC44/96 and Enterobacter sp. EA-1, Enterobacter soli,
Pantoea rwandensis, Pantoea endophytica. In addition, those plants were uniquely associated with Rhizobium grahamii,
which likely contributed to the differences in the levels of phytoremediation achieved. Furthermore, the functional analysis
revealed an augmented functional potential related to hormones, metallothioneins, dismutases, and reductases; meanwhile,
the plants germinated in the greenhouse showed an unspecific strategy to exceed heavy metal stress. In conclusion, pollu-
tion pressure drives stable microbial assemblages, which could be used in future phytostabilization and phytoremediation
experiments.
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Introduction

Over the past few decades, heavy metals have reached
alarming environmental levels due to human activities,
such as mining and industrial processes. Improper handling
and waste disposal of these metals have resulted in pollu-
tion, habitat loss, reduced biodiversity, climate change, and
health problems (Aini et al. 2023). The topic of heavy metal
pollution has garnered substantial environmental concern
due to the persistence of these elements which have been
accumulating in soils since 19th century, with the potential
to bioaccumulate and pass through the food chain (Ozaki
et al. 2019; Gabrielli et al. 2020; Andleeb et al. 2023). In
this regard, phytoremediation is a highly effective approach
for removing heavy metals. This cost-effective technique
uses plants and their associated microorganisms to extract
contaminants and/or detoxify contaminated systems by
inactivating or translocating toxic substances (Bhanse et
al. 2022). The effectiveness of phytoremediation relies on
several factors, including the degree of contamination, the
type of contaminant, the bioavailability of the pollutant, the
type of plant used, etc., but above all, the microbial com-
munities associated with the rhizosphere (rhizobiome) have
a vital role in the success of the phytoremediation (Chen et
al. 2018b; Mudgal et al. 2023). Phytoremediation studies
experienced a significant surge in interest during the 1990s.
Research in this field continues to advance, leveraging
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novel technologies such as metagenomics. These cutting-
edge tools enable researchers to uncover new insights and
enhance the effectiveness of phytoremediation (Cunning-
ham et al. 1995; Zhang et al. 2024).

It is well known that environmental conditions shape the
microbial community; for example, pollution is a stress fac-
tor that enriches the microbial community in genera with
the metabolic capacity to be successful in that environment
(Almasia et al. 2016; Qin et al. 2022; Zhao et al. 2023).
Accordingly, several studies have proposed that the rhizobi-
ome of plants from polluted sites with heavy metals are rich
in Pseudomonadota, Actinomycetota, and Chloroflexota.
Some members of those phyla enhance the bioavailability of
heavy metals by producing secondary metabolites, such as
siderophores, which modify the medium by promoting the
chelation and solubilization of heavy metals and influenc-
ing their translocation in the plant or increasing the produc-
tion of biosurfactants (Liu et al. 2022; de Lima et al. 2022;
Yadav et al. 2023). Advancements in phytoremediation
research have focused on isolating key microbial consortia
with metabolic capacities to remove pollutants (Chen et al.
2018b). However, several factors need to be addressed for
the success of bioaugmentation using this approach. These
include ensuring that the bioaugmented microorganisms
exhibit rapid growth, resist high concentrations of contami-
nants, and can compete effectively against indigenous bac-
teria, among other considerations (Montreemuk et al. 2024).
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To boost phytoremediation rates of pollutants, a prom-
ising strategy could entail harnessing the entire microbial
community previously acclimated to the specific pollut-
ant. Furthermore, (Jiang et al. 2022) and (Jousset and Lee
2023) propose the term rhizosphere microbiome trans-
plant (RMT), homologating the technique used in health
research called fecal microbiome transplantation, where the
gut microbiome from healthy donors to patients is used to
improve the health of patients; however, studies about the
RMT are scarce. For example, (Bziuk et al. 2022) utilized
RTM to improve the resistance rate of Hordeum vulgare to
the fungus Blumeria graminis infection, and (Jiang et al.
2022) to enhance the resistance of Solanaceae against Ral-
stonia solanacearum. RMT has been tested to improve the
resistance against diseases. Therefore, the question remains
whether polluted environments are a selective pressure
intense enough to modify the rhizobiome and impact the
phytoremediation potential and whether this microbial core
is stable even if the plant is moved from that site. Because
if we can preserve the bacterial core and metabolic potential
of plants, we can use that potential to inoculate more plants
using that core.

In order to answer those questions, we selected the Apat-
laco riverbanks as a pollutant environment. This basin has
been the subject of an ongoing investigation due to pollution
resulting from the receipt of various discharges. As a conse-
quence, the river has experienced elevated levels of a wide
range of pollutants, including chemical oxygen demand
(COD), ammonia, cadmium (Cd), lead (Pb), and the pres-
ence of bacterial genera such as Acinetobacter, Myroides,
Aeromonas, among others (Breton-Deval et al. 2019).
Therefore, in the present study, we aimed to test the follow-
ing hypothesis: The rhizobiome from plants germinated in
the Apatlaco riverbanks will have the metabolic potential to
improve the phytoremediation of Cd and Pb compared with
plants germinated in a greenhouse. The objectives are: (i) To
assess the composition and diversity of the rhizobiome asso-
ciated with plants germinating in the Apatlaco riverbanks
and plants in a greenhouse. (ii) To compare the composi-
tion and diversity of the rhizobiome in different conditions.
(ii1) To compare the efficiency of phytoremediation of Cd
and Pb between plants from the Apatlaco riverbanks and
plants from the greenhouse environment. (iv) To evaluate
the functional potential underlying the differences in phy-
toremediation efficiency between the conditions through
metagenomic analyses.

We selected R. communis, a shrubby plant that grows
1 to 5 m tall and develops quickly in diverse habitats, to
carry out these experiments. This plant has been extensively
researched for its ability to accumulate high concentrations
of a wide range of heavy metals, such as Cd>Cu>Zn> Pb,

with promising results, and it is widespread in the riverside
of polluted Apatlaco River (Bauddh et al. 2015).

Materials and methods
Sampling and collection of wild plants

We collected 32 individuals of R. communis (30+7 cm
tall) growing on the bank of Apatlaco River (18°51'6" N,
99°13'58"” W) to implement the mesocosms. The plants
underwent a 2-week acclimatization period before starting
the phytoremediation experiments. A set of 4 plants from
this collection were digested to analyze their heavy metal.
These plants from the river were called RTO.

The seeds plant germination process in greenhouse
conditions

First, 40 previously collected R. communis seeds were thor-
oughly washed and disinfected using a solution of NaCl
(10%) and TritonX100 (0.02%). The washing process was
repeated three times to ensure the seeds were impurities-
free. Next, a chemical scarification process was conducted
by immersing the seeds in H,SO, for 10 min to remove the
seed coat. After the allotted time, the scarified seeds were
allowed to rest in sterile distilled water for approximately
24 h to facilitate the imbibition process before planting. The
germination soil consisted of a sieved mixture of prepared
and black soil in a ratio of 70:30 w/w. This soil mixture was
sterilized in an autoclave for 15 min using a 5 L aluminum
container. The seeds were then sown at a depth of approxi-
mately 1.5 cm. After about two weeks, a 1 cm thick layer of
worm humus was added to provide essential nutrients for
plant growth. Once the seedlings had developed their first
true leaves, they were carefully transplanted into composta-
ble pots to support further growth and facilitate their even-
tual transfer into the Dutch pots for the experiment. When
the plants reached a height of 20 cm, they were ready to
commence the experiments. These plants were called GTO.

Phytoremediation potential experimental design
and mesocosms implementation

The experimental design was a factorial 2x2, where fac-
tors were (1) the origin of the plant (RTO or GTO0) and (2)
the presence or absence of heavy metals (Cd and Pb), see
Fig. 1. To carry out the phytoremediation experiment, we
implemented mesocosms comprised of four conditions with
triplicate; every replicate has 4 plants as a result, we evalu-
ated 12 plants per condition. The conditions were: (i) R.
communis germinated in a greenhouse environment watered
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collected from a polluted river

wild Plants

germinated in a
greenhouse environment

GTO
germinated plants

Fig. 1 The experimental design was a factorial 2x2, where factors
were the origin of the plant and the presence or absence of the follow-
ing heavy metals: Cd and Pb. To carry out the experiment we imple-
mented mesocosms comprised of seven blocks: three blocks consisting

three times per week with heavy metal mix (GM, from the
greenhouse with metal) and (ii) R. communis germinated
in a greenhouse environment watered three times per week
with water (GW, from greenhouse without metals), (iii) R.
communis collected from the river, watered three times per
week with heavy metal mix (RM, from the river with metal)
and IV) R. communis collected from the river, watered
three times per week with water (RW, from the river with-
out metal) and V) soil without plant watered three times
per week with heavy metal mix to know the heavy metal
removal associated with physical conditions which ranged
around 1%. Depending on the treatment requirements, the
mesocosms were watered with tap water or a solution con-
taining cadmium nitrate tetrahydrate and lead (II) nitrate
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of R. communis germinated in greenhouse environment (GT0) watered
with heavy metal (GM) and without heavy metals (GW), three blocks
consisting of R. communis collected from the river (RT0), with heavy
metals (RM) and without (RW) and one block served as the soil control

(Sigma-Aldrich) with a heavy metal concentration of 100
and 1000 mg/L, respectively.

Each condition consisted of three Dutch pots with a
capacity of 33 L, each containing four plants. The potting
mixture comprised equal parts of tezontle, gravel, and soil.
The soil conditions included a pH of 5.7, an organic carbon
content of 9.14%, and a cation exchange capacity of 53.94
cmolc/kg. Additionally, the soil moisture was maintained
at 60%. Throughout the experiment, plants were kept in a
greenhouse with a temperature of 26 +5.98 °C and a rela-
tive humidity of 64.42 +3.93%.
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Phytoremediation efficiency

The heavy metals concentrations were analyzed in samples
at the start and end of the experiment utilizing inductively
coupled plasma optical emission spectrometry (Variant
720-ES ICP-OES System). First, the plant samples were
digested in the laboratory, adding 4 ml of HNO; and 2 ml of
H,0, (30% v/v in water), followed by a 60-minute heating
process. Afterward, the samples were filtered through the
Whatman 42 filter paper to remove solid particles or impuri-
ties. All samples were analyzed by duplicate, and the results
were used to calculate: 1. Bioaccumulation Factor (BF). BF
is defined as the number of heavy metals accumulated in
the plant’s root and aerial parts relative to the concentration
of the metal present in the soil (Formula 1) (Arthur et al.
2022). The Translocation Factor (TF) describes the relation-
ship between the amount of HM moved from the roots to the
shoots (Formula 2).

va{)l(mf
BF = P
HM, M
H]\/jehoots
TF = :
H]eroots (2)

DNA extraction and sequencing

Before starting the phytoremediation experiments, we ana-
lyzed the rhizosphere microbiome (rhizobiome) present in
groups GTO and RTO to understand every group’s biodi-
versity and functional capabilities. The rhizospheric DNA
extraction followed the (Bulgarelli et al. 2012) method with
particular modifications to start, we created a composite
sample by pooling all the plants from each experimental
condition to create a single metagenomic sequence repre-
sentative of each condition. Roots were gently agitated in
5 ml of PBS buffer for approximately 5 min until a substan-
tial amount of adhering soil settled. After this, the samples
underwent centrifugation at 10,000 rpm for 1 min to form
a pellet of rhizospheric soil. We took 100 mg of this pel-
let plus 150 pl of PBS buffer for DNA extraction using the
DNAeasy PowerWater kit (QIAGEN), by the manufac-
turer’s instructions. The integrity of each extraction was
assessed through a Qubit 2.0 ss-DNA kit. Subsequently,
an Illumina library was generated for each sample using
the TruSeq kit V2 (Illumina, Inc., San Diego, CA, USA),
strictly adhering to the manufacturer’s specifications. This
library preparation maintained an average fragment size of
500 bp. The sequencing was done on the NovaSeq 6000
platform (Illumina, Inc., San Diego, CA, USA) by Novo-
gene Corporation Inc, CA.

Bioinformatic and statistical analysis

The quality control analysis, adapter trimming, and elimi-
nation of low-quality sequences were carried out using the
FastP program (Chen et al. 2018a). The tool to profile the
microbial communities was executed using metagenomics
phylogenetic analysis (MethaPhlAn4) (Blanco-Miguez et
al. 2023). We assembled the raw reads using Megahit, while
gene prediction and annotation were accomplished through
Prodigal (Hyatt et al. 2010) and DIAMOND (Buchfink et
al. 2021). The Kyoto Encyclopedia of Genes and Genomes
(KEGQG) was used to search for the proteins identified in
the samples (Kanehisa et al. 2017). The orthology numbers
(KO) were configured on the KEEG Mapper website to
identify the related pathways. The raw reads derived from
the whole metagenome sequencing were deposited at the
National Center for Biotechnology (NCBI) information
database under the BioProject number PRINA1017462.

All statistical analysis was carried out using R and Rstu-
dio. It started with a Welch’s -test analysis of the heavy
metals accumulated in the different plant parts between the
treatments. This was followed by the alpha diversity and
the NMDS analysis, which explains the complex interac-
tion between selective pressures caused by metals and their
subsequent impact on community similarities and differ-
ences. The arrangement of samples on the NMDS plot offers
a valuable understanding of how the microbiome reacts to
these environmental influences. Furthermore, we include a
Linear Discriminant Analysis (LDA), or LEfSe, to identify
the characteristics most likely to account for class distinc-
tions. This technique combines a conventional statistical
significance test with an extra assessment that incorpo-
rates biological coherence and the significance of the effect
(Segata et al. 2011).

Results and discussion

Rhizobiome richness and composition of plants RT0
and GTO

The rhizobiome of GT0O was more diverse than RTO, as
shown by Shannon/Simpson index of 4.06/0.9738 versus
2.78/0.8267, respectively. The rhizobiome of RTO plants
was particularly enriched in Acinetobacter johnsonii (54%),
which is attributed to the pollution in the watershed where
the plants were collected (Breton-Deval et al. 2019). This
potential opportunistic pathogen could be introduced into
the system through one of the multiple municipal discharges
and found to thrive in optimal conditions. These results are
consistent with (Jia et al. 2021), where Acinetobacter john-
sonii was isolated from a polluted river line and found a
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correlation between its resistance phenotype and the pres-
ence of heavy metals such as Pb and Cd in the site. Fur-
thermore, the sample RTO was rich in diverse species of
Acinetobacter, such as Acinetobacter cumulans (6%), iso-
lated and described from hospital sewage with the ability
to acquire and cumulate diverse resistance determinants
(Qin et al. 2019). Acinetobacter gandensis (3%) was iso-
lated from horse dung (Smet et al. 2014), and Acinetobacter
towneri (4%), a well-known bacterium from water environ-
ments and a recognized reservoir of antimicrobial resistance
genes (Maehana et al. 2021). Many other species exhibit
remarkable abilities to synthesize various polymeric sub-
stances, such as Cloacibacterium normanense (3%), which
can synthesize extracellular polymeric substances capable
of removing high concentrations of metals (Nouha et al.
2016) As with Sphingobacterium mizutaii (3%) (Burgos-
Diaz et al. 2011), Pseudoxanthomonas mexicana (2%)
(Nayak et al. 2009), and Chryseobacterium sp. VAUSW3
(3%) (Hu et al. 2022). Other examples of bacteria found
in those plants are Novosphingobium tardaugens (1%), an
aerobic bacteria known for its ability to degrade polycyclic
aromatic hydrocarbons and remove heavy metals from pol-
luted sites, making it a promising candidate for bioremedia-
tion projects (Fujii et al. 2003).

In contrast, the rhizobiome in GTO was rich in micro-
organisms involved in significant processes commonly
found in soil see Fig. 2. For example, certain species of
bacteria promote plant growth, such as Methylobacterium
soli (2%) and Microvirga ossetica (2%) (Chauhan et al.

GTO

{17/

(50.0%)

5
(14.7%)

A

Relative Abundance of Species (%)

100

2015; Msaddak et al. 2019). Furthermore, other bacteria
play a role in the nitrogen cycle, such as Nitrososphaerales
archaeon (2%) and Nitrosocosmicus oleophilus (1%), both
of which contribute towards ammonia oxidation, as well as
Nitrobacter vulgaris, which is a nitrite-oxidizing bacteria
(1%) and Hyphomicrobium sp (9%) a denitrification bacte-
rium that participate in the conversion of nitrates into nitro-
gen gas (Urakami).

Some other examples include Lysobacter dokdonensis
(8%, Luteitalea pratensis (2%), and Cupriavidus sp. (5%),
which produces several types of antimicrobial chemicals
that protect the plant against pathogens (Ren et al. 2023).
GTO plants were enriched with various species of the Nocar-
dioides genus, which belong to the Actinobacteria class.
This type of bacteria is typically found in different kinds of
soils; for example, Nocardioides euryhalodurans (8%) was
isolated from sandy soil in Korea (Roh et al. 2020), while
Nocardioides cavernae (3%) (Han et al. 2017) was discov-
ered in a karst cave in China. Additionally, Nocardioides
terrigena (3%) (Yoon et al. 2007) and Nocardia takedensis
(12%) (Lotte et al. 2020) have recently been identified as a
pathogen.

Phytoremediation of Pb and Cd using R. communis

The RM plants exhibited significantly higher levels of Pb
accumulation in roots (11.18 +3.91 mg/kg) compared to the
accumulation in GM roots (5.89+3.31 mg/kg). The accu-

mulation of Pb in stems and leaves did not show statistical
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significance between both treatments (p < 0.05) Fig. 3. RM
plants accumulated significantly more Cd in roots (p < 0.05)
with levels of 0.84+0.17 mg/kg compared to GM roots
(0.33+£0.04 mg/kg (Fig. 3). The accumulation of Cd in
stems was 0.08+0.04 mg/kg and 0.06+0.01 mg/kg for
RM and GM but the difference between both treatments did
not reach statistical significance (p <0.05), respectively, no
accumulation was detected Cd in leaves. The Bioaccumula-
tion Factor (BF) is defined as the correlation between the
quantity of HMs accumulated in various plant components
and the concentration of HMs in the soil (Sanjosé et al.
2022), RM showed a BF of 1.79 for Pb. At the same time,
GM exhibited a BF of 0.94. For Cd, the BF values were 1.23
for RM and 1.01 for GM.

Considering the translocation of heavy metals, a crucial
aspect of phytoremediation, this mechanism involves phy-
tovolatilization and phytoextraction as plants transfer metal
ions from roots to shoots (Jhanani et al. 2023). There is a
significant disparity in the amount of Pb and Cd accumu-
lated in wild plants compared to germinated plants. The Pb
translocation factor (TF) between RM and GM were 0.04
and 0.10, respectively. The TF for Cd followed a similar
trend, with values of 0.10 for RM and 0.18 for GM. Plants
with a BF value greater than 1 and a low TF value are
known to be suitable for phytostabilization (Cheraghi et al.
2011). These results demonstrated a significant disparity in
the amount of Pb and Cd accumulated in RM compared to
GM. This increase in HM accumulation in RM plants may
be attributed to the coupled rhizobiome, which potentially
enhances the solubility and bioavailability of HMs in the

soil. Therefore, R. communis, could be used for phytostabi-
lization of both pollutants.

The rhizobiome of R. communis at the end of
phytoremediation mesocosm

Regarding rhizobiome analysis, the Shannon/Simpson alpha
diversity values for RW were calculated at 3.63/0.88, while
those for the RM yielded values of 2.84/0.92. Notably, it
becomes evident that the metal-free RW sample demon-
strates a more pronounced species diversity when compared
to RM, exhibiting a more balanced distribution of species
abundances, as corroborated by the Simpson Index. Mean-
while, for germinated plants, the Shannon/Simpson indices
were determined to be 3.21/0.92 for GW and 2.71/0.88 for
GM. These observations align with the trend observed in
wild plants, whereby the presence of heavy metals cor-
responds to diminished species diversity when contrasted
with non-exposed plants (Fig. 4A). Plants without heavy
metals exposure, RW and GW, showed differences between
their alpha diversity values 3.63/0.88 and 3.21/0.92 respec-
tively, where RW exhibited slightly higher values, however,
in order to evaluate if those changes represent a real differ-
ence, more data needs to be assessed, perhaps the difference
is not significant, and the values showed a microbial com-
munity without stress.

Upon examining the NMDS plot (Fig. 4B), a distinct
pattern becomes evident, highlighting a more pronounced
similarity between the communities of GW and RW sam-
ples compared to those of RM and GM samples. This pat-
tern underscores the influence of metal selective pressures

Fig. 3 Phytoremediation of lead
(Pb) and Cadmium (Cd) using
Ricinus communis: Utilizing
Green/Blue combination for Pb
removal and investigating Cd
removal with the Pink/Orange
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Fig. 4 The microbial community after the phytoremediation eAperi-
ments. A Taxonomic composition of root-associated bacterial com-
munities (rhizobiome) from the different treatments after the phytore-

in shaping the composition of these communities. Notably,
the RM and GM samples are closer to each other within
the NMDS plot, further substantiating the notion of metals
exerting a discernible impact on community dynamics.

When comparing the lab-germinated samples (GM and
GW), a more pronounced spatial disparity becomes evident
in contrast to those originating from the river environment
(RM and RW). This phenomenon might be attributed to the
fact that the river-associated microbiome has already under-
gone exposure to the selective pressures of heavy metal pol-
lution, potentially resulting in a more stabilized community
structure. Consequently, the variations in community com-
position are comparatively less pronounced among river-
originating samples.

The RTO microbiome, as previously elucidated, exhib-
ited a pronounced prevalence of Acinetobacter. However,
noteworthy findings surfaced upon the conclusion of the
experiments. Specifically, significant enrichment of specific
microbial species became evident in different contexts. RM
exhibited a marked enrichment of Rhizobium sp AC44/96
(26%), a bacterium recognized for its capacity to estab-
lish mutualistic symbiosis with plant roots (Fig. 4A). This
symbiotic relationship is pivotal in agriculture due to its
nitrogen-fixing ability, which enhances essential nutrient
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availability for plants. Additionally, the enriched presence
of several members from the Enterobacteriaceae family was
observed in these plants, including Enterobacter sp. EA_1
(14%) and Enterobacter soli (11%), the latter being recently
acknowledged for its ability to thrive in polluted soil envi-
ronments (Manter et al. 2011). An enrichment of Pantoea
genus members, such as Panfoea rwandensis (11%) and
Pantoea endophytica (10%), was also observed. Pantoea, a
diverse bacterial genus, thrives across habitats and ecologi-
cal niches. Certain strains within this genus are recognized
as plant growth-promoting bacteria (PGPB) due to their
nitrogen synthesis, ammonia and phosphorus solubiliza-
tion, and iron sequestration through bacterial siderophores
(Lorenzi et al. 2022). Moreover, Pantoea displays inhibi-
tory properties against plant pathogens by producing anti-
biotic enzymes and inducing systemic resistance (Lekired
et al. 2023). Other species identified in the rhizobiome of
RM included some PGPB bacteria like Paraburkholderia
tropica (3%) (Ramirez-Villacis et al. 2023), Variovorax
guangxiensis (1%) (Gao et al. 2015), and Streptomyces
mirabilis (1%) (Okazaki et al. 2021). In contrast, GM dis-
played a substantial portion (approximately 58%) of their
microbial species belonging to the Pantoea genus. Notably,
Pantoea endophytica (43%), Pantoea rwandensis (11%),
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Pantoea brenneri (2%), Pantoea conspicua (1%), and Pan-
toea vagans (1%) demonstrated beneficial characteristics as
described earlier. Erwinia bilingiae (11%), recognized for
its exopolysaccharide production and iron uptake mecha-
nisms (Kube et al. 2010), and Rahnella variigena (3%),
Enterobacter mori (5%) and Enterobacter soli (2%) a plant-
growth-promoting bacteria (Mitra et al. 2020), were also
identified.

Furthermore, RW exhibited a microbial community rich
in species such as Pantoea vagans (38%), Pantoea endo-
phytica (23%), Enterobacter mori (5%), Sphingobium
yanoikuyae (4%), Novosphingobium panipatense (2%)
Pantoea rwandensis (2%), Mycobacterium sp (1%) and Shi-
nella kummerowiae (1%). The RW profile closely resem-
bles GM’s, exhibiting a substantial presence of the Pantoea
genus. Nonetheless, the profile retains some species, pos-
sibly originating from the river’s assembly, including well-
established bacteria like Sphingobium yanoikuyae, known
for its proficiency in breaking down various saturated
hydrocarbons and aromatic compounds (Gupta et al. 2009),
as well as Novosphingobium panipatense, recognized for its
effectiveness in degrading phenanthrene, anthracene, and
naphthalene.

Meanwhile, GW presents a rhizobiome rich in Rhi-
zobium_sp AC44 96 (33%). This bacterium enhances
essential nutrient availability for plants and other spe-
cies previously described, such as Pantoea brenneri (7%),
Erwinia billingiae (6%), Pantoea endophytica (5%), Var-
iovorax guangxiensis (4%), Caballeronia telluris (3%),
Caballeronia zhejiangensis (3%), Sphingobium yanoikuyae
(3%), Stenotrophomonas spp. (3%), Pseudomonas fluores-
cens (2%), and Pantoea vagans (1%). A difference between
this profile and the others is the number of species and the
appearance of some new species like Caballeronia telluris,
Stenotrophomonas spp., and Pseudomonas fluorescens.

It is evident that most samples share similar microorgan-
isms, with disparities primarily arising from differences in
their proportional representation. Leveraging the LEfSe, a
rigorous statistical method accounting for microorganism
proportions and relevant environmental variables, identified
Rhizobium grahamii as uniquely significant to RM sample
(Fig. 4C). This species demonstrated increased abundance in
the metal-exposed sample (RM). Rhizobium grahamii pos-
sesses the largest reported chromosome among Rhizobium
species, with approximately 5,400 kbp, including a segment
of about 1,073 kbp linked to a genomic island potentially
originating from plasmid integration or an Integrative and
Conjugative Element (ICE). This segment encodes proteins
associated with chemotaxis, DNA metabolism, ABC trans-
porters, and other functions, potentially contributing to its
success in such an environment (Althabegoiti et al. 2014).

The functional potential of the rhizobiome in cd and
pb phytoremediation

The analysis of the functional gene profile has revealed
distinct molecular and cellular function patterns within the
rhizobiome following the completion of the heavy metal
exposure period. Figure 5 illustrates the potential metabolic
pathways exhibited by the rhizobiome under each condition
during the phytoremediation experiments. While metatran-
scriptomic analyses could confirm this assertion, assessing
functional potential enables us to identify pathways of inter-
est that could be further elucidated using various molecular
tools. The primary mechanisms microorganisms employ to
mitigate the toxicity of cationic metals, such as Cd and Pb,
involve metal efflux, sequestration, DNA repair systems,
and adjustments in membrane fluidity (Breton-Deval et
al. 2022). However, as observed, root-associated microor-
ganisms exhibit varying functional potentials, some more
specific than others. Microorganisms associated with plant
roots from the river referred to as RTO, show a range of ele-
ments. Terpene syntheses are a critical enzyme in producing
volatile organic compounds (VOCs). VOCs have the poten-
tial to stimulate microbial activity, attracting new beneficial
microorganisms that support the process or providing a sub-
strate for the increase of bacterial biomass (Liu et al. 2023).
Furthermore, VOCs can reduce plant susceptibility to some
diseases (Gan et al. 2023).

Additionally, RTO rhizobiome presented certain reduc-
tase enzymes, such as cytochrome c peroxidase peroxi-
dases, exopolysaccharides, and metallothioneins. The RM
rhizobiome profile focused more on metallothioneins, exo-
polysaccharides, and dismutases. On the other hand, the RW
rhizobiome profile exhibited a similarity to the GM profile,
almost as if the initial exposure to stressors like heavy met-
als prompted a broader and more generalized response. On
the contrary, microorganisms linked to GTO plants exhibit
a functional capacity predominantly focused on dismutases
and peroxidases. As shown in Fig. 5, there is a noticeable
clustering between GTO and GW, implying analogous pro-
files as these plants have not been subjected to heavy metal
stress. In contrast, microorganisms associated with GM,
originating from GTO, display a discernible pattern distinct
from their source. This pattern reveals an augmented func-
tional potential related to hormones, metallothioneins, dis-
mutases, and reductases.

Conclusion
Pollution could be a force that decreases biodiversity,

enriching some species with the metabolic capacities to
allow them to cope with a contaminated environment, as
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Fig. 5 The potential metabolic pathways exhibited by the rhizobiome under each condition during the phytoremediation experiments

we can observe after analyzing the rhizobiome germinated
in the polluted riverbank and the greenhouse. After the phy-
toremediation analysis, plants germinated in the riverbank
(RM) exhibited a significantly higher Pb and Cd accumula-
tion than greenhouse-germinated plants (GM). The accumu-
lation trend was consistent across roots. The BF values for
RM indicated a significant potential for heavy metal uptake
compared to GM. The TF values demonstrated RMs suit-
ability to phytostabilization, suggesting its applicability in
phytoremediation efforts. Our experiment underscored that
polluted environments constitute a potent, selective pres-
sure capable of modifying the rhizobiome and influencing
phytoremediation potential.

Furthermore, it revealed the stability of the microbial
core even post-relocating the plant. Preserving this bacterial
core and its metabolic potential could serve as a valuable
strategy for inoculating more plants. The symbiotic rhi-
zobiome of RM plants likely influenced the solubility and
bioavailability of heavy metals, thereby facilitating their
increased accumulation in plant tissues. Notably, Rhizobium
grahamii, enriched in RM, may play a significant role in

@ Springer

metal accumulation, given its genomic attributes associated
with metal tolerance and DNA repair mechanisms.

Acknowledgements We thank Jerome Verleyen for technical sup-
port and access to HPC infrastructure at the Unidad Universitaria de
Secuenciacion Masiva y Bioinformatica, Instituto de Biotecnologia
(UNAM), which is part of the Laboratorio Nacional de Apoyo Tec-
nologico a las Ciencias Genomicas (CONAHCYT). “We thank the
Instituto de Biotecnologia — UNAM for giving us access to its com-
puter cluster”.

Author contributions DRN: formal analysis, writing, methodology,
software. LBD: conceptualization, methodology, funding acquisition,
supervision, software, investigation, writing, review & editing. ISP:
formal analysis, software, validation, visualization. KJ: funding acqui-
sition, methodology, writing, review & editing. LG: acquisition of the
financing, writing, review & editing.

Funding This research was funded by the National Council of Science
and Technology of Mexico FOINS 4785.

Data availability No datasets were generated or analysed during the
current study.



World Journal of Microbiology and Biotechnology (2024) 40:241

Page 11 of 13 241

Declarations

Consent for publication No applicable.

Competing interests The authors declare no competing interests.
Ethics approval Not applicable.

Declaration of competing interest The authors declare that they have
no known competing financial interests or personal relationships that
could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Aini SN, Silva G, Buchari H, Salam AK (2023) The phytoremediation
potential of several plants in heavy-metal-polluted tropical soils.
Jember, Indonesia, p 020039

Almasia R, Cart M, Handford M, Orlando J (2016) Environmental
conditions shape soil bacterial community structure in a frag-
mented landscape. Soil Biol Biochem 103:39—45. https:/doi.
org/10.1016/.s0ilbio.2016.08.004

Althabegoiti MJ, Ormefio-Orrillo E, Lozano L et al (2014) Character-
ization of Rhizobium Grahamii extrachromosomal replicons and
their transfer among rhizobia. BMC Microbiol 14:6. https://doi.
org/10.1186/1471-2180-14-6

Andleeb S, Ur Rehman K, Mahmood A et al (2023) Human health risk
hazards by heavy metals through consumption of vegetables cul-
tivated by wastewater. J King Saud Univ - Sci 35:102467. https://
doi.org/10.1016/j.jksus.2022.102467

Arthur GD, Aremu AO, Kulkarni MG et al (2022) Phytoreme-
diation potential of Beta vulgaris L. (Swiss chard) using soil
from the vicinity of Kette-Batouri Goldmine (Eastern Camer-
oon). South Afr J Bot 151:713-719. https://doi.org/10.1016/;.
$ajb.2022.10.034

Bauddh K, Singh K, Singh B, Singh RP (2015) Ricinus communis: a
robust plant for bio-energy and phytoremediation of toxic met-
als from contaminated soil. Ecol Eng 84:640—652. https://doi.
org/10.1016/j.ecoleng.2015.09.038

Bhanse P, Kumar M, Singh L et al (2022) Role of plant growth-pro-
moting rhizobacteria in boosting the phytoremediation of stressed
soils: opportunities, challenges, and prospects. Chemosphere
303:134954. https://doi.org/10.1016/j.chemosphere.2022.134954

Blanco-Miguez A, Beghini F, Cumbo F et al (2023) Extending and
improving metagenomic taxonomic profiling with uncharacter-
ized species using MetaPhlAn 4. https://doi.org/10.1038/s41587-
023-01688-w. Nat Biotechnol 1-12

Breton-Deval L, Sanchez-Flores A, Juarez K, Vera-Estrella R (2019)
Integrative study of microbial community dynamics and water

quality along the Apatlaco River. Environ Pollut 255:113158.
https://doi.org/10.1016/j.envpol.2019.113158

Breton-Deval L, Guevara-Garcia A, Juarez K et al (2022) Chap. 13
- Role of rhizosphere microbiome during phytoremediation of
heavy metals. In: Das S, Dash HR (eds) Microbial Biodegrada-
tion and Bioremediation (Second Edition). Elsevier, pp 263-291

Buchfink B, Reuter K, Drost H-G (2021) Sensitive protein alignments
at tree-of-life scale using DIAMOND. Nat Methods 18:366—368.
https://doi.org/10.1038/s41592-021-01101-x

Bulgarelli D, Rott M, Schlaeppi K et al (2012) Revealing structure and
assembly cues for Arabidopsis root-inhabiting bacterial micro-
biota. Nature 488:91-95. https://doi.org/10.1038/nature11336

Burgos-Diaz C, Pons R, Espuny MJ et al (2011) Isolation and partial
characterization of a biosurfactant mixture produced by Sphingo-
bacterium Sp isolated from soil. J Colloid Interface Sci 361:195—
204. https://doi.org/10.1016/j.jcis.2011.05.054

Bziuk N, Maccario L, Serensen SJ et al (2022) Barley Rhizosphere
Microbiome transplantation — a strategy to decrease susceptibility
of Barley grown in soils with low microbial diversity to Powdery
Mildew. Front Microbiol 13:830905. https://doi.org/10.3389/
fmicb.2022.830905

Chauhan H, Bagyaraj DJ, Selvakumar G, Sundaram SP (2015)
Novel plant growth promoting rhizobacteria—prospects and
potential. Appl Soil Ecol 95:38-53. https://doi.org/10.1016/j.
apsoil.2015.05.011

Chen S, Zhou Y, Chen Y, Gu J (2018a) Fastp: an ultra-fast all-in-one
FASTQ preprocessor. Bioinformatics 34:1884—-i1890. https://doi.
org/10.1093/bioinformatics/bty 560

Chen Y, Ding Q, Chao Y et al (2018b) Structural development and
assembly patterns of the root-associated microbiomes during
phytoremediation. Sci Total Environ 644:1591-1601. https://doi.
org/10.1016/j.scitotenv.2018.07.095

Cheraghi M, Lorestani B, Khorasani N et al (2011) Findings on the
Phytoextraction and Phytostabilization of soils contaminated
with heavy metals. Biol Trace Elem Res 144:1133-1141. https://
doi.org/10.1007/s12011-009-8359-0

Cunningham SD, Berti WR, Huang JW (1995) Phytoremediation of
contaminated soils. Trends Biotechnol 13:393-397. https://doi.
org/10.1016/S0167-7799(00)88987-8

de Lima DVN, Filho CML, Pacheco ABF, de Oliveira ¢ Azevedo
SMF (2022) Seasonal variation in the phytoremediation by Pon-
tederia crassipes (Mart) Solms (water hyacinth) and its associ-
ated microbiota. Ecol Eng 183:106744. https://doi.org/10.1016/j.
ecoleng.2022.106744

Fujii K, Satomi M, Morita N et al (2003) Novosphingobium tardau-
gens sp. nov., an oestradiol-degrading bacterium isolated from
activated sludge of a sewage treatment plant in Tokyo. Int J Syst
Evol Microbiol 53:47-52. https://doi.org/10.1099/ijs.0.02301-0

Gabrielli P, Wegner A, Sierra-Hernandez MR et al (2020) Early atmo-
spheric contamination on the top of the Himalayas since the
onset of the European Industrial Revolution. Proc Natl Acad Sci
117:3967-3973. https://doi.org/10.1073/pnas. 1910485117

Gan Z, Zhou Q, Zheng C, Wang J (2023) Challenges and applications
of volatile organic compounds monitoring technology in plant
disease diagnosis. Biosens Bioelectron 237:115540. https://doi.
org/10.1016/j.bios.2023.115540

Gao J, Yuan M, Wang X et al (2015) Variovorax guangxiensis sp.
nov., an aerobic, l-aminocyclopropane-1-carboxylate deami-
nase producing bacterium isolated from banana rhizosphere.
Antonie Van Leeuwenhoek 107:65-72. https://doi.org/10.1007/
$10482-014-0304-3

Gupta SK, Lal D, Lal R (2009) Novosphingobium panipatense sp.
nov. and Novosphingobium mathurense sp. nov., from oil-con-
taminated soil. Int J Syst Evol Microbiol 59:156—-161. https://doi.
org/10.1099/ijs.0.65743-0

@ Springer


https://doi.org/10.1016/j.envpol.2019.113158
https://doi.org/10.1038/s41592-021-01101-x
https://doi.org/10.1038/nature11336
https://doi.org/10.1016/j.jcis.2011.05.054
https://doi.org/10.3389/fmicb.2022.830905
https://doi.org/10.3389/fmicb.2022.830905
https://doi.org/10.1016/j.apsoil.2015.05.011
https://doi.org/10.1016/j.apsoil.2015.05.011
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1093/bioinformatics/bty560
https://doi.org/10.1016/j.scitotenv.2018.07.095
https://doi.org/10.1016/j.scitotenv.2018.07.095
https://doi.org/10.1007/s12011-009-8359-0
https://doi.org/10.1007/s12011-009-8359-0
https://doi.org/10.1016/S0167-7799(00)88987-8
https://doi.org/10.1016/S0167-7799(00)88987-8
https://doi.org/10.1016/j.ecoleng.2022.106744
https://doi.org/10.1016/j.ecoleng.2022.106744
https://doi.org/10.1099/ijs.0.02301-0
https://doi.org/10.1073/pnas.1910485117
https://doi.org/10.1016/j.bios.2023.115540
https://doi.org/10.1016/j.bios.2023.115540
https://doi.org/10.1007/s10482-014-0304-3
https://doi.org/10.1007/s10482-014-0304-3
https://doi.org/10.1099/ijs.0.65743-0
https://doi.org/10.1099/ijs.0.65743-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.soilbio.2016.08.004
https://doi.org/10.1016/j.soilbio.2016.08.004
https://doi.org/10.1186/1471-2180-14-6
https://doi.org/10.1186/1471-2180-14-6
https://doi.org/10.1016/j.jksus.2022.102467
https://doi.org/10.1016/j.jksus.2022.102467
https://doi.org/10.1016/j.sajb.2022.10.034
https://doi.org/10.1016/j.sajb.2022.10.034
https://doi.org/10.1016/j.ecoleng.2015.09.038
https://doi.org/10.1016/j.ecoleng.2015.09.038
https://doi.org/10.1016/j.chemosphere.2022.134954
https://doi.org/10.1038/s41587-023-01688-w
https://doi.org/10.1038/s41587-023-01688-w

241 Page 12 0of 13

World Journal of Microbiology and Biotechnology (2024) 40:241

Han M-X, Fang B-Z, Tian Y et al (2017) Nocardioides cavernae sp.
nov., an actinobacterium isolated from a karst cave. Int J Syst Evol
Microbiol 67:633—639. https://doi.org/10.1099/ijsem.0.001676

Hu X, Pan Y, Bao M et al (2022) The structure, properties and rheo-
logical characterisation of exopolysaccharides produced by Chry-
seobacterium cucumeris AP-2 from deteriorated milk. Int Dairy J
126:105253. https://doi.org/10.1016/j.idairyj.2021.105253

Hyatt D, Chen G-L, LoCascio PF etal (2010) Prodigal: prokaryotic gene
recognition and translation initiation site identification. BMC Bio-
informatics 11:119. https://doi.org/10.1186/1471-2105-11-119

Jhanani GK, Liu X, Aafreen Fathima H, Devanesan S (2023) Evalu-
ation of accumulation and translocation of Pb and Cr in Vigna
unguiculata by hydroponic phytoremediation model and assess
it genetic stability. Biocatal Agric Biotechnol 54:102968. https://
doi.org/10.1016/j.bcab.2023.102968

Jia J, Guan Y, Li X et al (2021) Phenotype profiles and adaptive pref-
erence of Acinetobacter johnsonii isolated from Ba River with
different environmental backgrounds. Environ Res 196:110913.
https://doi.org/10.1016/j.envres.2021.110913

Jiang G, Zhang Y, Gan G et al (2022) Exploring rhizo-microbi-
ome transplants as a tool for protective plant-microbiome
manipulation. ISME Commun 2:10. https://doi.org/10.1038/
$43705-022-00094-8

Jousset A, Lee S-W (2023) Coming of age for the rhizosphere microbi-
ome transplantation. Soil Ecol Lett 5:4-5. https://doi.org/10.1007/
$42832-022-0151-5

Kanehisa M, Furumichi M, Tanabe M et al (2017) KEGG: new per-
spectives on genomes, pathways, diseases and drugs. Nucleic
Acids Res 45:D353-D361. https://doi.org/10.1093/nar/gkw1092

Kube M, Migdoll AM, Gehring I et al (2010) Genome comparison
of the epiphytic bacteria Erwinia billingiae and E. tasmaniensis
with the pear pathogen E. pyrifoliae. BMC Genomics 11:393.
https://doi.org/10.1186/1471-2164-11-393

Lekired A, Cherif-Silini H, Silini A et al (2023) Comparative genom-
ics reveals the acquisition of mobile genetic elements by the
plant growth-promoting Pantoea eucrina OB49 in polluted
environments. Genomics 115:110579. https://doi.org/10.1016/j.
ygeno.2023.110579

Liu C, Lin H, Dong Y, Li B (2022) Increase of P and cd bioavailabil-
ity in the rhizosphere by endophytes promoted phytoremediation
efficiency of Phytolacca acinosa. J Hazard Mater 431:128546.
https://doi.org/10.1016/j.jhazmat.2022.128546

Liu Z, Wang M, Wu M et al (2023) Volatile organic compounds
(VOCs) from plants: from release to detection. TrAC Trends Anal
Chem 158:116872. https://doi.org/10.1016/j.trac.2022.116872

Lorenzi AS, Bonatelli ML, Chia MA et al (2022) Opposite Sides
of Pantoea agglomerans and Its Associated Commercial
Outlook. Microorganisms 10:2072. https://doi.org/10.3390/
microorganisms10102072

Lotte R, Chevalier A, Dantas S et al (2020) Nocardia takedensis: a
newly recognized pathogen responsible for skin and soft tissue
infections. Ann Clin Microbiol Antimicrob 19:38. https://doi.
org/10.1186/s12941-020-00379-7

Machana S, Kitasato H, Suzuki M (2021) Genome sequence of Aci-
netobacter towneri strain DSM 16313, previously known as the
proposed type strain of Acinetobacter Seohaensis. Microbiol
Resour Announc 10:¢00690—-e00621. https://doi.org/10.1128/
MRA.00690-21

Manter DK, Hunter WJ, Vivanco JM (2011) Enterobacter soli sp. nov.:
alignin-degrading y-proteobacteria isolated from soil. Curr Micro-
biol 62:1044-1049. https://doi.org/10.1007/s00284-010-9809-9

Mitra M, Nguyen KM-A-K, Box TW et al (2020) Isolation and charac-
terization of a novel Sphingobium yanoikuyae strain variant that
uses biohazardous saturated hydrocarbons and aromatic com-
pounds as sole carbon sources. https://doi.org/10.12688/f1000re-
search.25284.1. F1000Research 9:

@ Springer

Montreemuk J, Stewart TN, Prapagdee B (2024) Bacterial-assisted
phytoremediation of heavy metals: concepts, current knowledge,
and future directions. Environ Technol Innov 33:103488. https://
doi.org/10.1016/j.eti.2023.103488

Msaddak A, Rejili M, Duran D et al (2019) Microvirga tunisien-
sis sp. nov., a root nodule symbiotic bacterium isolated from
Lupinus micranthus and L. Luteus grown in Northern Tuni-
sia. Syst Appl Microbiol 42:126015. https://doi.org/10.1016/].
syapm.2019.126015

Mudgal V, Raninga M, Patel D et al (2023) A review on phytore-
mediation: sustainable method for removal of heavy met-
als. Mater Today Proc 77:201-208. https://doi.org/10.1016/j.
matpr.2022.11.261

Nayak AS, Vijaykumar MH, Karegoudar TB (2009) Characterization
of biosurfactant produced by Pseudoxanthomonas sp. PNK-04
and its application in bioremediation. Int Biodeterior Biodegrad
63:73-79. https://doi.org/10.1016/j.ibiod.2008.07.003

Nouha K, Kumar RS, Tyagi RD (2016) Heavy metals removal from
wastewater using extracellular polymeric substances produced
by Cloacibacterium normanense in wastewater sludge supple-
mented with crude glycerol and study of extracellular polymeric
substances extraction by different methods. Bioresour Technol
212:120-129. https://doi.org/10.1016/j.biortech.2016.04.021

Okazaki K, Tsurumaru H, Hashimoto M et al (2021) Community
Analysis-based Screening of Plant Growth-Promoting Bacte-
ria for Sugar Beet. Microbes Environ 36:ME20137. https://doi.
org/10.1264/jsme2.ME20137

Ozaki H, Ichise H, Kitaura E et al (2019) Immutable heavy metal
pollution before and after change in industrial waste treat-
ment procedure. Sci Rep 9:4499. https://doi.org/10.1038/
$41598-019-40634-2

Qin J, Maixnerova M, Nemec M et al (2019) Acinetobacter cumulans
sp. nov., isolated from hospital sewage and capable of acquisition
of multiple antibiotic resistance genes. 42:319-325. https://doi.
org/10.1016/j.syapm.2019.02.001

Qin Z, Zhao Z, Xia L, Wang S (2022) Pollution pressure and soil depth
drive prokaryotic microbial assemblage and co-occurrence pat-
terns in an organic polluted site. J Hazard Mater 438:129570.
https://doi.org/10.1016/j.jhazmat.2022.129570

Ramirez-Villacis DX, Erazo-Garcia P, Quijia-Pillajo J et al (2023)
Influence of grafting on Rootstock Rhizosphere Microbiome
Assembly in Rosa Sp. ‘Natal Brier * Biology 12:663. https://doi.
org/10.3390/biology 12050663

RenH, LuZ, Sun R etal (2023) Functional metagenomics reveals wild-
life as natural reservoirs of novel B-lactamases. Sci Total Environ
868:161505. https://doi.org/10.1016/j.scitotenv.2023.161505

Roh SG, Lee C, Kim M-K et al (2020) Nocardioides euryhalodurans
sp. nov., Nocardioides seonyuensis sp. nov. and Nocardioides
eburneiflavus sp. nov., isolated from soil. Int J Syst Evol Micro-
biol 70:2682-2689. https://doi.org/10.1099/ijsem.0.004095

Sanjosé I, Navarro-Roldan F, Montero Y et al (2022) The Bioconcen-
tration and the translocation of Heavy metals in recently con-
sumed Salicornia ramosissima J. Woods in highly contaminated
Estuary marshes and its food risk. Diversity 14:452. https://doi.
org/10.3390/d14060452

Segata N, Izard J, Waldron L et al (2011) Metagenomic biomarker
discovery and explanation. Genome Biol 12:R60. https:/doi.
org/10.1186/gb-2011-12-6-r60

Smet A, Cools P, Krizova L et al (2014) Acinetobacter gandensis sp.
nov. isolated from horse and cattle. Int J Syst Evol Microbiol
64:4007—-4015. https://doi.org/10.1099/ijs.0.068791-0

Yadav R, Singh G, Santal AR, Singh NP (2023) Omics approaches
in effective selection and generation of potential plants for phy-
toremediation of heavy metal from contaminated resources.
J Environ Manage 336:117730. https://doi.org/10.1016/j.
jenvman.2023.117730


https://doi.org/10.1016/j.eti.2023.103488
https://doi.org/10.1016/j.eti.2023.103488
https://doi.org/10.1016/j.syapm.2019.126015
https://doi.org/10.1016/j.syapm.2019.126015
https://doi.org/10.1016/j.matpr.2022.11.261
https://doi.org/10.1016/j.matpr.2022.11.261
https://doi.org/10.1016/j.ibiod.2008.07.003
https://doi.org/10.1016/j.biortech.2016.04.021
https://doi.org/10.1264/jsme2.ME20137
https://doi.org/10.1264/jsme2.ME20137
https://doi.org/10.1038/s41598-019-40634-2
https://doi.org/10.1038/s41598-019-40634-2
https://doi.org/10.1016/j.syapm.2019.02.001
https://doi.org/10.1016/j.syapm.2019.02.001
https://doi.org/10.1016/j.jhazmat.2022.129570
https://doi.org/10.3390/biology12050663
https://doi.org/10.3390/biology12050663
https://doi.org/10.1016/j.scitotenv.2023.161505
https://doi.org/10.1099/ijsem.0.004095
https://doi.org/10.3390/d14060452
https://doi.org/10.3390/d14060452
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1099/ijs.0.068791-0
https://doi.org/10.1016/j.jenvman.2023.117730
https://doi.org/10.1016/j.jenvman.2023.117730
https://doi.org/10.1099/ijsem.0.001676
https://doi.org/10.1016/j.idairyj.2021.105253
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1016/j.bcab.2023.102968
https://doi.org/10.1016/j.bcab.2023.102968
https://doi.org/10.1016/j.envres.2021.110913
https://doi.org/10.1038/s43705-022-00094-8
https://doi.org/10.1038/s43705-022-00094-8
https://doi.org/10.1007/s42832-022-0151-5
https://doi.org/10.1007/s42832-022-0151-5
https://doi.org/10.1093/nar/gkw1092
https://doi.org/10.1186/1471-2164-11-393
https://doi.org/10.1016/j.ygeno.2023.110579
https://doi.org/10.1016/j.ygeno.2023.110579
https://doi.org/10.1016/j.jhazmat.2022.128546
https://doi.org/10.1016/j.trac.2022.116872
https://doi.org/10.3390/microorganisms10102072
https://doi.org/10.3390/microorganisms10102072
https://doi.org/10.1186/s12941-020-00379-7
https://doi.org/10.1186/s12941-020-00379-7
https://doi.org/10.1128/MRA.00690-21
https://doi.org/10.1128/MRA.00690-21
https://doi.org/10.1007/s00284-010-9809-9
https://doi.org/10.12688/f1000research.25284.1
https://doi.org/10.12688/f1000research.25284.1

World Journal of Microbiology and Biotechnology (2024) 40:241

Page 13 of 13 241

Yoon J-H, Kang S-J, Lee S-Y, Oh T-K (2007) Nocardioides terrigena
sp. nov., isolated from soil. Int J Syst Evol Microbiol 57:2472—
2475. https://doi.org/10.1099/ijs.0.65079-0

Zhang K, Liu F, Zhang H et al (2024) Trends in phytoremediation of
heavy metals-contaminated soils: a web of science and CiteSpace
bibliometric analysis. Chemosphere 352:141293. https://doi.
org/10.1016/j.chemosphere.2024.141293

Zhao X, Guo M, Zhang T et al (2023) Spatiotemporal dynamics of root
exudates drive microbial adaptation mechanisms under day-night
alterations in constructed wetlands. Chem Eng J 477:147311.
https://doi.org/10.1016/j.cej.2023.147311

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.cej.2023.147311
https://doi.org/10.1099/ijs.0.65079-0
https://doi.org/10.1016/j.chemosphere.2024.141293
https://doi.org/10.1016/j.chemosphere.2024.141293

	﻿Pollution pressure drives microbial assemblages that improve the phytoremediation potential of heavy metals by ﻿Ricinus communis﻿
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Sampling and collection of wild plants
	﻿The seeds plant germination process in greenhouse conditions
	﻿Phytoremediation potential experimental design and mesocosms implementation
	﻿Phytoremediation efficiency
	﻿DNA extraction and sequencing
	﻿Bioinformatic and statistical analysis

	﻿Results and discussion
	﻿Rhizobiome richness and composition of plants RT0 and GT0
	﻿Phytoremediation of Pb and Cd using ﻿R. communis﻿
	﻿The rhizobiome of ﻿R. communis﻿ at the end of phytoremediation mesocosm
	﻿The functional potential of the rhizobiome in cd and pb phytoremediation

	﻿Conclusion
	﻿References


