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Insights into the response of Miscanthus x giganteus to rhizobacteria: enhancement
of metal tolerance and root development under heavy metal stress
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Abstract: The use of bioenergy crops such as Miscanthus x giganteus in phytoremediation could have both environmental
and economic benefits, such as biomass production and soil conservation for crops. In our previous work, we showed that
rhizobacteria from the rhizosphere of M. x giganteus stimulated metal extraction and uptake and enhanced the phytoreme-
diation ability of treated M. x giganteus. In the present study, we conducted transcriptome analysis and qPCR to elucidate the
molecular mechanisms underlying these interactions in response to bacterial treatment by identifying the candidate genes
involved in growth and development processes and metal uptake. Using high-throughput RNA sequencing of root samples,
we found that 5134 and 4758 genes were up- and downregulated in plants treated with the rhizobacteria consortium. Gene
ontology analysis showed that the upregulated DEGs were significantly enriched in 32 terms, while the downregulated genes
were significantly enriched in 63 terms. Our results confirmed the increased expression of two genes: the multidrug and
toxic compound extrusion, also known as multi-antimicrobial extrusion (MATE) 40, known for its role in plant response
to biotic and abiotic stress, and COBRA-like protein 1 belonging to the COBRA-like (COBL) gene family, which encodes a
putative glycosylphosphatidylinositol (GPI)-anchored protein involved in cell wall thickening, cell elongation, and biomass
increase when compared to untreated plants. We present the first insight into a mechanism whereby the interaction between
the rhizobacterial consortium and M. x giganteus fosters plant growth and enhances its capacity for phytoremediation.

Keywords: microorganisms-plant interactions; transcriptome analysis; differential gene expression (DEG); phytoremedia-
tion; Miscanthus x giganteus

INTRODUCTION hydrocyanic acid, or inducing systemic resistance [1,2].
The rhizosphere is a soil region of great importance
for plant-microorganism interactions, root function,
and plant nutrition and health. The composition and
structure of microbial communities in the rhizosphere
are strongly influenced by root exudate composition
but also by plant species, soil type, nutritional status,
and other environmental factors [3,4]. Root exudate
composition is also affected by environmental stimuli,
but how this influences the microorganisms in the
rhizosphere needs further study. The plant microbi-
ome, together with PGP rhizobacteria, contributes to
the resistance of plants to biotic and abiotic stressors
and helps them survive under adverse conditions,

Plant growth-promoting (PGP) bacteria are a hetero-
geneous group of beneficial microorganisms present in
the root zone (rhizosphere), leaves (phyllosphere), or
plant internal tissue (endosphere). Some of the known
PGP properties of these bacteria may act as biostimu-
lants through direct or indirect mechanisms of growth
promotion, such as the production of phytohormones,
such as indole-3-acetic acid, cytokinins, gibberellins,
and secretion of 1-aminocyclopropane-1-carboxylate
deaminase. They can also serve as biofertilizers, en-
hancing nutrient availability, or indirectly as biocontrol
agents by generating antibiotics, hydrolytic enzymes,
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such as those with elevated concentrations of heavy
metals. Different rhizobacterial strains stimulated the
growth of essential vegetable crops such as Lycopersicon
esculentum [5), Triticum aestivum [6], Oryza sativa [7],
Solanum nigrum [8), Helianthus annuus [9], Raphanus
raphanistrum subsp. sativus [10], etc., growing in soils
contaminated with heavy metals. However, these in-
oculants had different effects on the bioavailability of
metals, as some promoted the uptake and accumulation
of heavy metals in plant tissues, and others decreased
it. Therefore, bacterial strains that reduce the uptake
of heavy metals by plants are preferable for agriculture
purposes, particularly when lower concentrations of
heavy metals are sought, especially in the edible parts
of a plant. Conversely, bacterial strains that stimulate
phytoextraction and phytostabilization are better suited
for application in phytoremediation. Mechanisms used
by metal-resistant PGP rhizobacteria to mobilize metals
and increase their bioavailability generally involve rhi-
zosphere acidification, the secretion of various organic
acids and biosurfactants to enhance solubilization and
the expansion of root surface area for increased metal
absorption. Although these bacteria employ mecha-
nisms resulting in reduced metal bioavailability, such
as biosorption and bioaccumulation, precipitation,
complexation, and alkalinization processes, they also
facilitate metal sequestration through the secretion of
extracellular polymeric substances (EPS) and facilitate
metal transformation via oxidation-reduction reactions.
[11,12]. However, the exact molecular mechanisms
behind these interactions between microorganisms
and plants have not been sufficiently investigated
and understood, leaving many aspects still unknown.

Miscanthus x giganteus, a triploid hybrid, is tolerant
to various abiotic stresses, including high metal concen-
trations [13,14], a wide range of temperatures [15], and
organic pollution [16]. Due to its remarkable hardiness
and high photosynthetic capacity at low temperatures, M.
x giganteus is a desirable biofuel crop for marginal lands
in a temperate climate grown for phytoremediation and
biomass production. Plants suitable for phytoremediation
should be fast-growing, provide high biomass yield and
be easy to harvest, have well-developed root systems, be
tolerant to heavy metals, and be capable of accumulating
them in large quantities [17]. However, Fernando and
Oliveira [18] found that the productivity and biomass
quality of M. x giganteus were significantly affected
by the heavy metal type and its interaction with other
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nutrients such as Ca, K, and Mg. Phytoremediation, as a
form of bioremediation, is an environmentally friendly
approach based on the use of plants and their associated
rhizospheric microorganisms for in situ stabilization,
transformation, or degradation of pollutants in the
environment. The importance of PGP rhizobacteria for
phytoremediation has been documented in previous
studies [19], but studies on the effect of PGP on M. x
giganteus, especially in contaminated soils, are scarce.
Most of the papers published to date have focused on
the effects of M. x giganteus on microbial community
establishment [16,20] or of heavy metals on M. x gigan-
teus microbiome establishment [21]. The ability of M.
x giganteus to augment phytoremediation is influenced
by its associated microbiome, especially under heavy
metal stress. Zadel et al. [21] found that certain rhizo-
bacteria, such as Luteolibacter and Micromonospora,
were enriched and highly abundant under heavy metal
stress, which could improve plant performance. In the
study by Pidlisnyuk et al. [22], inoculation of rhizomes
with the Bacillus altitudinis K-14 strain increased the
biomass of stems, leaves, and roots of M. x giganteus and
influenced phytoremediation properties by improving
the plant’s potential for phytostabilization. Our previous
study [23] showed that inoculation of M. x giganteus
with PGP drought-adapted, heavy metal tolerant rhi-
zobacteria isolated from its rhizosphere while growing
in flotation tailings promoted lateral root development
and root hair length and that root and shoot biomass
and metal and P extraction rates were higher compared
to non-inoculated control plants. As a result, inoculated
M. x giganteus plants extracted higher total amounts of
metals than control plants. Based on these observations,
the objective of the current study was to explore the
molecular basis of these processes, and the involvement
of bacterial inoculation in the growth, development, and
enhanced phytoremediation of M. x giganteus. Another
unique feature of this study, as well as the previous one,
is that they were carried out on a substrate obtained from
flotation tailings of a mine rather than on soil contami-
nated with heavy metals. Therefore, we focused on two
questions: (i) whether the interaction with rhizobacteria
produces differential gene expression between control
and treated M. x giganteus plants; (ii) in the genes that
are responsive to this interaction, whether some could
affect plant growth and development alongside higher
heavy metal accumulation.
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MATERIALS AND METHODS

Pot experiment design

The bacterial strains used to prepare the bacterial
inoculum for this experiment were isolated, identi-
tied, and characterized in our previous work [23] and
prepared as described. Briefly, selected rhizobacteria
(Pseudomonas chlororaphis Bo, Bacillus toyonensis Co,
B. safensis Do, Arthrobacter sp. B21, B. aryabhattai B22,
and B. thuringiensis F4) were cultivated in LB media for
16 h at 30°C with shaking at 180 rpm. Cultures were
then diluted to achieve a final OD600 of 1. The bacterial
inoculum was prepared by mixing equal volumes of
each bacterial culture. The substrate of flotation tail-
ing was taken from a lead-zinc-copper mine in central
Serbia (44°06°N, 20°29’E), homogenized by intensive
mixing, and air-dried for two weeks. Three kg of the
substrate was added to each pot. The rhizomes of M. x
giganteus used in this experiment were obtained from
the experimental plot of INEP Belgrade, Serbia (44°51'N,
20°22’E), where M x giganteus has been continuously
grown in uncontaminated soil since 2007. After removal
from the soil, rhizomes were thoroughly washed with
tap water, cut to a similar weight, and then left in the
dark for 7 days. Rhizomes of similar weight (20-25
g) and several buds were surface sterilized in 0.8%
sodium hypochlorite for 15 min and washed several
times with sterile water. The surface-sterilized rhizomes
were immersed in the prepared bacterial inoculum
(plants labeled mix) or in sterile lysogeny broth (LB)
medium (plants labeled control) and incubated for 1
h. After incubation, 1 rhizome per pot was planted
in pots with the substrate, and 50 mL of the bacterial
inoculum or LB medium was added to the substrate
surrounding the rhizome. Plants were cultivated for 3
months in a growth box under controlled conditions:
a 16/8 h photoperiod, 22°C, humidity 35%, and regu-
lar irrigation (150 mL tap water in 72 h). Pots were
randomly placed in the growth box. Five rhizomes
were planted for each experimental group. After 3
months of growth, the plants were harvested. Some of
the roots and leaves were immediately washed firstly
with tap water and then sterilized distilled water and
ground in liquid nitrogen using a mortar and pestle.
The rest of the roots and leaves, as well as the stems and
rhizomes, were air-dried until they attained a constant
weight and then used to determine the concentrations
of microelements.
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Plant growth parameters

Shoots were separated from roots, and the roots were
washed thoroughly in tap water and then rinsed in
deionized water. Root parameters, including total
length, main and lateral root lengths, fresh mass, and
dry mass, were measured. Shoot characteristics such as
the number of leaves per shoot, shoot length, and fresh
and dry mass of leaves and stems were also recorded.
Plant growth inhibition (%) was calculated using the
following formula:

plant growth inhibition (%) = [((dry mass
(treatment) x 100)/ (dry mass (control)))-100].

Determination of different elements in plant organs

The powder obtained from ground plant organs was
entirely digested with 65% HNO, according to method
3051 (USEPA 1998). The concentrations of microele-
ments (Cu, Zn, Mn, Ni) and toxic non-essential ele-
ments (Pb, Cd, Cr) were determined using an atomic
absorption spectrophotometer (Shimadzu AA 7000)
and known standards for comparison of absorbance
values. The results of the analysis of soil and plant
element content were used to calculate the biocon-
centration factor (BCF), translocation factor (TF),
and uptake index using the following equations [22]:

BCF=(element content in plant tissues (mg/kg))/
(original element content in soil (mg/kg))

TF=(element content in aboveground biomass of
plants (mg))/(element content in roots (mg))

Uptake index (mg)=concentration of element
(mg/kg) x Dry weight (kg).

RNA extraction and sequencing

The roots of the two experimental treatments (mix
and control) were cut when the plants were still in-
tact, washed thoroughly with tap water and sterilized
distilled water, and immediately crushed in liquid
nitrogen with a mortar and pestle. 70-80 mg of the
plant material was collected for total RNA extraction
using the RNeasy® Plant Mini Kit (QIAGEN, Hilden,
Germany) according to the manufacturer’s instructions.
The purity, integrity, and concentration of isolated RNA
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were determined using a NanoPhotometer spectro-
photometer (IMPLEN, Munich, Germany). Samples
were stored at -80°C. Sequencing of mRNA from the
collected samples was performed on the NovaSeq 6000
PE150 platform (Novogene Co. Ltd. Cambridge, UK.)

Data and enrichment analysis

The raw data were processed through filters to remove
reads of insufficient quality. The clean reads obtained
were used to calculate Q20, Q30, and GC content
[24-26]. A reference genome of M. x giganteus was
not available, so alignment with the genome of M. x
lutarioriparius was performed using HISAT2 software.
String tie was used to assemble the set of transcript
isoforms of each bam file obtained in the mapping step.
Feature counts were used to count the mapped read
numbers of each gene, including both known and new
genes. Then, the RPKM of each gene was calculated
based on the length of the gene and the number of
reads mapped to that gene [27]. Before differential
gene expression (DEG) analysis, read counts for each
sequenced library were adjusted by trimmed mean of
M values (TMM) with a scaling normalization factor
[28]. DEG analysis of untreated and treated plants
was performed using the DGESeq R package, and P
values were adjusted using the method of Benjamini
and Hochberg [29]. A corrected P value of 0.005 and
[log2 (fold change) of 1 were set as thresholds for the
significant DEGs [30]. The enrichment analysis of DEGs
in the Gene Ontology (GO) was performed using the
cluster Profiler R package. GO Terms with a corrected
P value of less than 0.05 were considered significantly
enriched by DEGs. The cluster Profiler R package was
used to test the statistical enrichment of genes with
differential expression in KEGG pathways [31,32].

Quantitative PCR (qPCR) analysis of selected
differentially expressed genes (DEGs)

Quantitative PCR (qPCR) was used to verify the up-
regulation of selected transcripts detected as DEGs
by RNA sequencing. Four transcripts were selected
based on GO enrichment analysis, and the P values
were adjusted for multiple testing (padj) of MATE
protein 14, MATE protein 40, COBRA-like protein 1,
and chitinase-like protein 1. Primers for the selected
transcripts are listed in Supplementary Table S1. The
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RevertAid First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific; Waltham, MA, USA) was used to
synthesize cDNA from total RNA isolated from M. x
giganteus roots as described previously and according
to the manufacturer’s instructions. The qPCR reaction
was performed using SYBR Green Master Mix (Applied
Biosystems, Thermo Fisher Scientific) and run on a
96-well real-time PCR instrument, the StepOnePlus™
Real-Time PCR System (Applied Biosystems, Thermo
Fisher Scientific). Both experimental groups (mix and
control) had three biological replicates, and each was
run in two technical replicates. Thermal conditions in-
cluded initial denaturation at 95°C for 10 min, 40 cycles
at 95°C for 15 s, and 60°C for 1 min. The expression
ratio between mix and control samples for the selected
transcripts, normalized to the Sb02¢041180 gene as a
reference, was calculated using the Pfaffl method [33].

Identification of MATE and COBRA-like genes in
the Miscanthus lutarioriparius genome

Since no M. x giganteus genomic data is available, we
assumed that the closest available genome is the ref-
erence genome of M. lutarioriparius, which was used
for MATE and COBRA-like gene search (GenBank
GCA_904845875.1, available at https://www.ncbi.nlm.
nih.gov) [34]. The consensus sequences of MatE and
COBRA domains were obtained from the Conserved
Domain Database (CDD, https://www.ncbi.nlm.nih.
gov/Structure/cdd/) and used as queries for BLASTP
search against the reference proteome of M. lutariori-
parius. To obtain more accurate numbers of MATE and
COBRA-like genes, BLASTP hits were manually filtered
by the presence of conserved MatE (Pfam: PF01554)
or COBRA (Pfam: PF04833), respectively, using the
HMMER (https://www.ebi.ac.uk/Tools/hmmer/ search/
hmmescan) and the Conserved Domain Database (CDD,
https://www.ncbi.nlm.nih.gov/Structure/cdd/). Putative
MATE sequences were also assessed for typical features
of the plant MATE transporters, such as the presence of
the MatE domain, 8-12 transmembrane domains, and
classification as MATE _like superfamily [35]. Physical
parameters such as molecular weight (MW), theoreti-
cal isoelectric point (pI), total number of negatively
charged residues (Asp+Glu), total number of positively
charged residues (Arg+Lys), instability index, aliphatic
index, and grand average of hydropathicity (GRAVY)
were determined by ProtParam (https://web.expasy.
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org/protparam/). The subcellular localization was
predicted using Plant-mPLoc (http://www.csbio.sjtu.
edu.cn/bioinf/plant-multi/).

Phylogenetic analysis

Fifty-six MATE and 12 COBRA-like sequences from
Arabidopsis thaliana were downloaded (https://www.
ncbi.nlm.nih.gov, TAIR: http://www.arabidopsis.org)
and used for the construction of two phylogenetic trees
together with the MATE and COBRA-like sequences
obtained from M. lutarioriparius after filtering the
BLASTP data. MEGA X software (www.megasoftware.
net) was used for the phylogenetic tree construction
following the maximum likelihood method. Parameters
applied were as follows: Test of phylogeny: Bootstrap
method, Number of bootstrap replications: 1000,
Substitutions type: Amino acid, Model/method: Jones-
Taylor-Thornton (JTT) model, Rates among sites:
Uniform rates, Gaps/missing data treatment: Complete
deletion, ML heuristic method [36].

Statistical analysis

All tests were performed with at least three biological
replicates and repeated in at least two technical repli-
cates. The data obtained were first tested for equality
of variance using Levene’s test and for normality using
the Shapiro-Wilk test. The data were then subjected to a
one-way analysis of variance (ANOVA), and the means
were compared using Student’s t-test, with significance at
P<0.05. All statistical analyses and data visualization were
performed in Python version 3.9.7, available at https://
www.phyton.org, using appropriate libraries [37,38].

RESULTS

Impact of bacterial consortium treatment on
growth parameters and metal uptake in M. x
giganteus

Compared to the control, the plants treated with a
consortium of bacteria looked much healthier, with
more leaves per stem and fewer senescent leaves (data
not shown), which was also linked to earlier germina-
tion (one month earlier) and a higher germination
rate (100% of planted rhizomes in the mix compared
to 60% in the control). The treated plants (mix) also
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Fig. 1. Growth parameters 1. Weight and number of leaves. Data
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Fig. 2. Growth parameters 2. Root and shoot length. Data are pre-
sented as the mean+SD. Asterisks indicate statistically significant
differences between the control and mix (Student’s t-test, *P<0.05).

had significantly longer stems and more leaves per
stem, increasing the aboveground biomass, which was
reflected in significantly higher fresh and dry weights
of leaves and stems (Fig. 1). As can be seen from the
photos of the washed roots, the root system of the
treated plants was significantly enhanced compared to
the control (Supplementary Fig. S1). The total length
of the roots measured in the mixture was significantly
greater than that of the control plants. In addition, the
plants treated with bacteria had significantly longer
main and lateral roots compared to the untreated plants
(Fig. 2). Total biomass production was 233% higher in
the bacteria-treated plants than in the control plants.
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800 - both samples for Pb and Ni and for Cd
in the control sample. Treatment with
the selected rhizobacterial consortium
stimulated the translocation of all ana-
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phytostabilization or phytoextraction
is estimated by translocation factors
(TLF) (Supplementary Table S3), cal-
culated as the ratio between the content
of metals in the aboveground biomass
of the plant (stems and leaves) and in
the roots. Bacterial treatment increased
TLF values for all metals tested, and
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Fig. 3. Metal concentrations in plant organs of M. x giganteus in two experimental groups
(control and mix). Data are presented as the mean+SD. Asterisks indicate statistically
significant differences between the two groups, control and mix (Student’s t-test, *P<0.05).

Metal concentrations in different plant parts are
shown in Fig. 3. M. x giganteus plants, both treated
with the bacterial consortium and untreated plants,
exhibited several-fold higher metal accumulation in
their roots compared to their aboveground organs, such
as leaves or stems, with the most significant differences
observed for Ni, Pb, Cu, and Cd. The concentrations
of Pb in the rhizomes of both mix and control and
of Ni in the rhizomes of the control were below the
detection limit. Of all metals tested, the M. x giganteus
plants accumulated considerably more Mn than other
metals in both experimental groups, with the greatest
difference found in leaves and stems. The only excep-
tion was the rhizome of the mix, which had a higher
amount of Pb than Mn. Compared to the control plants,
the plants treated with the bacterial consortium had
significantly higher concentrations of Mn, Zn, Cr, and
Cd in the leaves and Zn in the stems.

The concentration of accumulated metal
in each plant organ was in the following order:
root>stem>leaf>rhizome for Mn, Pb, Ni, and Cd in
both samples and of Cu and Cr only in the control; for
the mix, the order for Cu was root>leaf=rhizome>stem,
while for Cr the order was root>leaf>stem>rhizome;
for Zn, the order was root>rhizome>stem>leaf for
both samples. However, the total amount of extracted
metals expressed as the uptake index (Table S2) was
highest in the rhizome for Mn, Zn, Cu, and Cr in both
the control and the mix and for Cd only in the mix.
The highest uptake index was found in the roots of

these values were higher than 1 for
Mn, Zn, Cr, and Cd, increasing the
phytoextraction potential of M. x giganteus.

Transcriptome sequencing and determination of
DEGs

For this study, the total RNA samples were obtained
from the roots of plants treated with bacterial consor-
tium (mix) and not treated (control). cDNA libraries
were prepared and then sequenced using the Illumina
sequencing platform. Sequencing results are summa-
rized in Supplementary Table S4. After RNA-seq, the
number of raw data was 21,146,651 and 22,713,862
for the control and the mix, respectively. Data ob-
tained for clean reads, GC content, and Q20 and Q30
parameters were similar for both libraries, and the
data quality was good enough for further analysis.
The total mapping rate of clean reads against the M.
lutarioriparius genome showed that at least 87.36%
and 87.07% were mapped for the control and the mix,
respectively; 78.53% and 77.20% of the total reads for
the control and the mix were uniquely mapped reads,
respectively. Fragments per kilobase of transcript per
million mapped reads (FPKM) were calculated based
on gene length and sequencing depth and used as a
measure of gene expression. The Venn diagram (Fig.
4A) shows co-expressed and uniquely expressed genes
in the roots of both experimental groups, while 31,996
and 37,087 genes were found in the control and the
mix, respectively. The DEGs were analyzed by compar-
ing control and mix, using a padj value of 0.005 and a
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log2 fold change>1 as parameters for significance. The
volcano plot shows the number of DEGs in the mix
compared with the control, revealing a slightly higher
number of upregulated genes (Fig. 4B). The hierarchi-
cal clustering of DEGs showing their profiles in the
roots of the control and mix is shown in Fig. 4C. The

211

list of 9,892 significant DEGs can
be found in Supplementary Table
S5. GO enrichment analysis was
performed to annotate DEGs func-
tionally. DEGs were classified into
three groups: biological processes
(BP), molecular function (MF), and
cellular components (CC). The up-
regulated DEGs were significantly
enriched in 32 GO terms, while the
downregulated DEGs were signifi-
cantly enriched in 63 GO terms.
The summarized results for the 20
most enriched DEGs belonging to
all three GO groups and the results
of the KEGG (Kyoto Encyclopedia
of Genes and Genomes) enrich-
ment analysis showing the 20 most
enriched metabolic pathways are
given in Fig. 5A and B, respectively.
One of the upregulated GO terms
(GO:0042221) was classified as a
reaction to chemicals. Among the
DEGs significantly enriched in this
GO were nine genes containing
conserved domain features cor-
responding to proteins within the
MATE protein family (PF01554).
To validate the RNA sequencing re-
sults, qPCR analysis was performed
for four selected genes: two belong-
ing to the MATE family, MATE 14
and MATE 40, that had the lowest
padj values on RNA sequencing,
and two encoding COBRA-like pro-
tein 1 and chitinase-like protein 1
that were also enriched in GO and
reacted to the chemical. The qPCR
analysis (Fig. 6) showed signifi-
cantly higher expression of genes
encoding MATE protein 40 and
COBRA-like protein 1 in the mix
compared with the control, which

was consistent with the RNA-seq results. However,
these results differed in the significance of fold change
expression between mix and control: RNA-seq showed
that MATE 40 and COBRA-like 1 genes had log2 fold
change expression of 6.24 and 2.10, respectively, whereas
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qPCR showed that these values were 1.54 and 2.59.
One gene, responsible for encoding MATE protein 14,
exhibited significantly lower expression in the plants
treated with bacterial inoculum compared to control
plants when analyzed by qPCR, contrary to the results
of RNA sequencing. The gene encoding chitinase-like
protein 1 showed no statistically significant change in
expression when analyzed by qPCR.

Identification of MATE and COBRA-like genes
and phylogenetic analysis

Homology search and domain prediction (Pfam:
PF01554) identified a total of 52 genes encoding MATE
proteins, but after filtering by the presence of MatE
and 8-12 transmembrane domains, the final number
of genes in M. lutarioriparius was 49. The lengths of
the predicted MATE proteins ranged from 400 to
603 aa, the molecular weights ranged from 43036.18
to 63540.86 D, and the predicted isoelectric points
ranged from 5.34 to 9.79. Most of the proteins are
neutral or partially alkaline (Supplementary Table
S5). The predicted cellular locations of the MATE
proteins were the cell membrane for 47 of the pre-
dicted proteins and the vacuole for 2 of the predicted
proteins (Supplementary Table S5). The same was
done for COBRA-like genes. Homology search and
domain prediction (Pfam: PF04833) identified a total
of 17 genes encoding COBRA-like proteins, but after
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filtering by the presence of the COBRA domain, the
final number of COBRA-like genes in M. lutarioriparius
was 15. The lengths of the predicted COBRA-like
proteins ranged from 360 to 678 aa, the molecular
weights ranged from 40836.4 to 75101.24 D, and the
predicted isoelectric points ranged from 5.35 to 9.05.
Most of the proteins are partially alkaline or neutral
(Supplementary Table S5). The predicted cellular loca-
tion of all predicted proteins is in the cell membrane
(Supplementary Table S5).

To investigate the phylogenetic relationship of the
proteins of M. lutarioriparius MATE, a phylogenetic
tree was constructed using the MATE sequences of
Arabidopsis thaliana and the putative MATE sequenc-
es of M. lutarioriparius. According to the topology
of the phylogenetic tree, the genes of M. lutariori-
parius could be divided into four subgroups with 2,
10, 7, and 30 members. The transcripts upregulated
in the mix compared to the control, as detected by
RNA sequencing, matched the predicted proteins
CAD6335071.1 and CAD6332924.1, which were
grouped in the phylogenetic tree with the A. thaliana
protein DETOXIFICATION 40 (AtDTX40) and the
protein DETOXIFICATION 14 (AtDTX14), respec-
tively (Supplementary Fig. S2). The predicted location
of both proteins is the cell membrane (Supplementary
Table S5). qPCR confirmed the upregulation of the
gene encoding the protein DETOXIFICATION 40, but
not the upregulated expression of the gene encoding
the protein DETOXIFICATION 14.

In agreement with the orthologues in A. thaliana,
the COBRA-like family members identified in M.
lutarioriparius were clustered into two subgroups,
with 13 genes belonging to subfamily 1 and 5 to sub-
family 2 (https://www.arabidopsis.org/). One of the
transcripts that showed upregulated expression in
RNA-Seq analysis corresponded to the predicted
protein CAD6223163.1, which was grouped with
the COBL1 (COBRA-LIKE1) protein of A. thaliana
(Accession: AAF02128) in the constructed phylo-
genetic tree (Supplementary Fig. S3). The predicted
cellular location of this protein is the cell membrane
(Supplementary Table S5). qPCR also confirmed the
upregulation of this gene.
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DISCUSSION

With industrial development and rapid population
growth in recent decades, heavy metal pollution (HM)
of soils has become a widespread problem. There are
two approaches to remediation: in situ and ex situ, which
can be carried out by physical, chemical, or biological
methods [39]. Unlike physicochemical methods, biore-
mediation is a cost-effective and entirely environmentally
friendly method that improves soil quality by increas-
ing fertility and preventing erosion and metal leach-
ing [40]. Plants and their associated microorganisms
are key players in this process, and understanding the
recruitment and factors through which plant growth-
promoting rhizobacteria (PGPR) interact with plants
is critical for bacteria-assisted phytoremediation. Our
results document the positive effect on the growth pa-
rameters and accumulation of metals of Miscanthus x
giganteus treated with a bacterial consortium from its
rhizosphere. A study on the phytoremediation ability of
M. floridulus shows that it largely depends on various
ecological characteristics of the rhizosphere and other
bacterial communities [41]. Bacterial inoculation of
various species, such as Salix atrocinerea, improved plant
growth parameters and the phytoremediation efficacy
of trace elements [42]. Sometimes bacterial inoculation
could lead to phytostabilization instead of phytoextrac-
tion by decreasing the translocation factor (TLF), and
the uptake index of trace elements remains low, as
documented in a study with M. x giganteus and Bacillus
altitudinis K-14 strain [22]. However, unlike our study,
which was conducted in the substrate obtained from
the main flotation tailing, this study was conducted in
contaminated soil. These completely different substrates
for plant growth provide substantially different growth
conditions, different initial communities of microorgan-
isms, different nutrient availability, etc. Previous studies
have demonstrated the significance of environmental
factors such as soil properties, pollution levels, cultivation
techniques, geographical location, and plant species as
major contributors to the composition of the microbial
community in the rhizosphere. [4,40]. The interaction
between plants and microorganisms is bidirectional.
The transcriptional response of Pseudomonas putida
E36, isolated from M. x giganteus roots, was influenced
by heavy metals, showing differences between exposure
solely to heavy metals and exposure to both heavy met-
als and root exudates from heavy metal-treated M. x
giganteus. [22].
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Ezaki et al. [43] suggested that aluminum toler-
ance in M. sinensis and Andropogon virginicus involves
at least three mechanisms: transport of toxic Al ions
from roots to shoots, suppression of Al accumulation
in root tips as these are the most important region
for root growth, and suppression of oxidative dam-
age through the expression of higher basal levels of
superoxide dismutase and catalase after Al exposure.
The activation of antioxidant enzymes and reduction of
photosynthetic pigment concentration in M. x giganteus
leaves when grown in metal-contaminated soil have
also been reported [44]. To uncover the molecular
mechanisms underlying metal uptake, transcriptome
analysis of five M. lutarioriparius tissues was performed
to investigate the correlation between the gene expres-
sion in rhizomes and its role in rhizome development
and metal accumulation [45]. Transcriptome analysis
of M. sinensis treated with 200 mg/l chromium (Cr)
revealed 83,645 DEGs, many of which were responsible
for heavy metal transport, chelation of metal ions, and
photosynthesis [46]. Our study shows that treating M. x
giganteus with its rhizobacterial consortium improved
its growth and development, as shown in our previous
study. Interestingly, the plants not only improved growth
parameters but also better phytoremediation ability.
Analysis of the transcriptome of M. x giganteus after
treatment with rhizobacteria and without treatment
revealed 9,892 DEGs. Using qPCR, we confirmed that
the treated plants had induced the expression of two of
the four genes analyzed. One of them, MATE protein 40,
was involved in metal tolerance, and the other, COBRA-
like protein 1, was involved in the root development
of the plant. The MATE transporter family, originally
described in bacteria as efflux transporters conferring
drug resistance, is ubiquitously present in all prokaryotic
and eukaryotic life forms. However, MATE underwent
significant expansion in plants through tandem and
segmental duplications not found in other organisms,
indicating their importance to plant life [47]. MATE
proteins are usually in plant membranes, performing
important functions in plant growth and development.
These include processes such as transporting secondary
metabolites, toxic compounds, heavy metals, disease
resistance, and regulating plant hormones [48,49]. The
MATE genes constitute a family of multiple genes, with
the number of genes varying among different plant
species. Genome-wide and expression analyses have
been performed on some economically important crops
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such as potatoes [49], cotton [50], tomatoes [47], apples
[35], rice [51], soybean [52], etc., as well as the model
plant A. thaliana [52]. However, functional studies
are still lacking, and the phylogenomic classifications
available in the literature are not systematic. Genome-
wide analysis of MATE genes has not been performed
for any species in the Miscanthus genus. Hence, no
information is available on the number, chromosome
distribution, phylogenetic relationships, or expression
patterns of genes. However, the importance of metal
transporter genes for the phytoremediation potential
of different Miscanthus species was also evident in the
study by Guo et al. [54]. Transcriptome analysis of M.
sacchariflorus and M. floridulus revealed distinct Cd-
tolerant mechanisms, leading to significant differences
in the expression of metal transporter genes. MATE
proteins are associated with many processes, including
organ differentiation, secondary metabolite transport,
phytohormone transport, and ion homeostasis. As
suggested by some of the studies conducted to date in
various plant species, MATE genes are involved in plant
responses to biotic and abiotic stresses [52]. However,
the expression patterns of MATE genes depend on the
plant species, specific stress conditions, tissue type,
and developmental stage, as indicated by these studies.
Huang et al. [49] investigated the relative expression
levels of eight stMATE genes belonging to four differ-
ent subfamilies in roots, stems, and leaves of Solanum
tuberosum under heavy metal stress conditions after
treatment with several metal species (Cu?*, Cd*', Zn*,
Ni**, and Pb*") for different periods. They found that
the expression of the tested genes was upregulated
in response to heavy metal stress, but the expression
levels of each gene depended on the tissue type as well
as the type of stressor and the duration of stress treat-
ment. Sivaguru et al. [55] pointed out the important
role of the plasma membrane-localized citrate efflux
transporter encoded by the SOMATE gene in the api-
cal region of roots of Sorghum bicolor in Al-induced
stress tolerance. They found that Al stress-triggered
expression of the SOMATE gene is localized in the
cells of the root zone where the greatest Al-induced
damage occurs, so that citrate excretion is localized
in this specific zone, which is the mechanism that
protects plant cells most sensitive to Al toxicity. They
also found that root recovery coincides with SOMATE
gene expression. Liu et al. [52] also pointed out the
possible role of one of the MATE genes (GmMATE?75)
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expressed in soybean root tips in mediating soybean
tolerance to Al toxicity. Zhang et al. [35] found that
the expression of several MAMATE genes changed
in apples in response to different pathogen species,
indicating the role of these genes in managing biotic
stress and disease resistance. They also found that the
expression of MATE genes is dynamic in different tis-
sues or developmental stages.

COBRA and COBRA-like (COBL) genes encode
plant-specific glycosylphosphatidylinositol (GPI)-
anchored proteins located at the interface of the plasma
membrane and cell wall that have roles in cell expansion
orientation and cellulose crystallinity status. COBRA
genes belong to a multigene superfamily called the
COBRA-like family, which has varying numbers of
genes in different plant species [56]. The number of
genes in this family varies among plant species and
has additional specific plant species-dependent func-
tions [57]. Ectopic expression of the cotton COBL
gene GhCOBL9A in A. thaliana resulted in cell elon-
gation, cell wall thickening, and biomass increase.
Overexpression of this gene was also associated with
the upregulation of cellulose synthase (CesA) genes
and increased cellulose deposition [36]. The role of
COBRA-like genes under stress conditions has also
been reported. Zaheer et al. [58] identified five COBL
genes in Triticum aestivum, and all of them responded
to drought, which may indicate their role in stress
tolerance. Bahmani et al. [59] showed that increased
density and length of root hairs and increased ROS
levels occurred in response to Cd. They showed that
Cd and ROS downregulated the expression of three
proline-rich elongation-like receptor kinases (PERKS5,
PERKS, and RHS10) but upregulated the expression
of two elongation genes (EXPA7 and EXPA18) and
a COBRA -like 9 (COBLY). In this study, we showed
that expression of the COBRA-like gene was also in-
creased in plants treated with rhizobacteria, leading us
to conclude that these bacteria use mechanisms that
ultimately lead to the activation of the COBRA-like
gene. One of the consequences of this upregulation of
members of the MATE and COBRA-like gene family
could be significantly increased development of the
root system in treated plants and increased tolerance
to heavy metal-induced toxicity. Considering the
importance of the root system in nutrient uptake and
thus in plant growth and development, we believe that
this indirectly influenced the higher biomass of the
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treated plants. In this study, we focused on the root
system because the results of our previous study showed
increased formation of root hairs in bacteria-treated
plants. We found two possible gene families involved
in the observed phenomenon: MATE and COBRA-like.
Nevertheless, the precise mechanisms and signaling
events underlying this interaction, along with the in-
volvement of other genes, remain to be elucidated in
subsequent studies. Additionally, expression analysis
of the entire family of MATE and COBRA-like genes
in different organs of M. x giganteus and under diverse
stress conditions could provide better insight into the
function and regulation of these genes.

CONCLUSIONS

This study demonstrates the significant potential of
treating M. x giganteus with a rhizobacterial consortium
to enhance biomass production and metal extraction
when grown in a substrate heavily contaminated with
metals from mine flotation tailings. Transcriptome
analysis showed that more than 9892 genes were dif-
ferentially expressed between treated and control
plants. Of the four genes selected for qPCR analysis,
the results suggest the importance of the MATE and
COBRA-like gene family in the mechanisms of toler-
ance to heavy metals and uptake by M. x giganteus in
metal-contaminated soils. Based on our results, we
propose that the interaction between rhizobacterial
inoculants and M. x giganteus leads to the activation
of COBRA-like 1 and MATE40 genes in M. x giganteus
roots. We hypothesize that activating these genes will
increase root resistance to metal toxicity, allowing for
less root damage, better root growth, root hair develop-
ment, and drought tolerance. Developed roots allow
for a more efficient uptake of nutrients, ultimately
leading to increased growth and biomass accumulation
throughout the plant. Based on data available in the
literature, we hypothesized that MATE transporter 40
plays a role in metal tolerance as well as metal trans-
port across the cell membrane, whereas COBRA-like
protein 1 is involved in root system developmental
processes. As a result, treatment with a rhizobacterial
consortium stimulated the increased growth of M. x
giganteus and enhanced its phytoremediation ability.
However, further transgenic studies are needed to
confirm the function of these proteins. We highlight
these results because the experiments were conducted
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in a substrate derived from mine flotation tailing, a
sandy, nutrient-poor, and heavy metal-rich growth
medium. Our study proposes an ecological approach
using a rhizobacterial consortium with synergistic ef-
fects in PGP and phytoremediation. Furthermore, is
represents an important step towards understanding
plant-rhizobacterial interactions in the rhizosphere.
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SUPPLEMENTARY MATERIAL
Supplementary Table S1. Primer sequences for qPCR validation of RNA sequencing results.
Gene Forward primer Reverse primer Reference
MATE 14 5-CGTCACAGCACATCTTGGGC-3’ 5-GCATCCTCGGGCAATACCTGAT-3 | This study
MATE 40 5-GGTGATCGGGGGAACCATGA-3 5-CCTGGCTTTCTCCACCTCCTTG-3 This study
COBRA-like protein I | 5-CCAGGAAGCTGTGTAGAGGGT-3’ 5-ACTAGAGGCGCCAAGCTGTT-3’ This study
Chitinase-like protein 1 | 5-GCGAGCAGCAGGAGATCGAG-3’ 5-GCCTTGGTGAGCACGTTCCT-3’ This study
Sb02g041180 5-TGAGAAAGCTCGGCAGGAAGCATA-3 | 5-TCTTCACCACAGATGTACGCACCA-3* | [60]

Supplementary Table S2. Uptake indexes (mg) in plant organs of M. x giganteus from two experimental groups (mix and control) for
different metals were calculated as mean metal concentration (mg/kg DW) x mean dry weight (kg).

Leaf Stem Rhizome Root

Heavy metal - - - -

control mix control mix control mix control mix
Mn 0.026 0.423 0.100 0.506 0.896 0.902 0.310 0.293
Pb 0.001 0.031 0.008 0.050 n.d.* n.d.* 0.124 0.104
Zn 0.004 0.052 0.017 0.118 0.777 1.115 0.115 0.095
Ni 0.001 0.010 0.002 0.011 n.d. 0.007 0.060 0.053
Cu 0.001 0.009 0.002 0.004 0.006 0.020 0.028 0.049
Cr 0.001 0.022 0.005 0.021 0.088 0.089 0.061 0.024
Cd 0.000 0.001 0.000 0.002 0.001 0.009 0.003 0.003

*n.d. - not detectable

Supplementary Table S3. Translocation factors (TLF) and biocon-
centration factors (BCF) for different metals in M. x giganteus from
two experimental groups (mix and control).

Heavy metal | TLFcontrol | TLFmix | BCFcontrol | BCFmix
Mn 0.41 3.17 0.003 0.003
Pb 0.07 0.79 <0.001 <0.001
Zn 0.18 1.79 <0.001 <0.001
Ni 0.04 0.38 0.015 0.013
Cu 0.12 0.26 <0.001 <0.001
Cr 0.11 1.81 <0.001 <0.001
Cd 0.07 1.39 0.001 0.001

Supplementary Table S4. Summary of RNA-sequencing.

Samples Control Mix
Raw reads 21146651 22713862
Clean reads 20826287 22469139
Q20 (%) 97.18 97.25
Q30(%) 92.52 92.72
GC content (%) 54.8 53.6
Total mapped (%) 87.36 87.07
Uniquely mapped (%) 78.53 77.20
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Supplementary Fig. S1. Roots of control (A) and mix (B) plants.
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CAD6212322.1 unnamed protein product Miscanthus utarioriparius
CAD6212323.1 unnamed protein product Miscanthus utarioriparius
CAD6213676.1 unnamed protein product Miscanthus lutarioriparius
53| CAD6205871.1 unnamed protein product Miscanthus lutarioriparius
CAD6229704.1 unnamed protein product Miscanthus lutarioriparius
100 | GADB236623.1 unnamed protein product Miscanthus lutarioriparius
SpIF414Q3.1|DTX32 ARATH RecName: Full Protein DETOXIFICATION 32 Short AtDTX32 AltName: Full Mulidrug and toxic compound extrusion protein 32 Short MATE protein 32
SpIQILPV4.1|DTX31 ARATH RecName: Full Protein DETOXIFIGATION 31 Short AtDTX31 AltName: Full Mulidrug and toxic compound extrusion protein 31 Short MATE protein 31 AltName: Full Protein ROOT HAR SPE2
p|Q38956.1|DTX29 ARATH RecName: Full Protein DETOXIFICATION 29 Short AtDTX29 AtName: Full Mulidrug and toic compound extrusion protein 29 Short MATE protein 29
SPIQILS19.1IDTX30 ARATH RecName: Full Protein DETOXIFICATION 30 Short AtDTX30 AtName: Full Mulidrug and toxic compound extrusion protein 30 Short MATE protein 30
SpIQYSX83.1IDTX33 ARATH RecName: Full Protein DETOXIFICATION 33 Short AtDTX33 AltName: Full Multidrug and toxic compound extrusion protein 33 Short MATE protein 33
CAD6342516.1 unnamed protein product Miscanthus utarioriparius
CAD6265009. 1 unnamed protein product Miscanthus lutarioriparius

1 unnamed protein

SpIF4JH46.1|DTX34 ARATH RecName: Full Protein DETOXIFICATION 34 Short AtDTX34 AltName: Full Multidrug and toxic compound extrusion protein 34 Short MATE protein 34
SpIF4JTB3.1|DTX35 ARATH RecName: Full Protein DETOXIFICATION 35 Short AtDTX35 AltName: Full Multidrug and toxic compound extrusion protein 35 Short MATE protein 35 AttName: Ful Protein DETOXIFYING ET

CADE241647.1 unnamed protein product Miscanthus lutarioriparius

CADB241649.1 unnamed protein product Miscanthus lutarioriparius

CAD6245590.1 unnamed protein product Miscanthus lutarioriparius

CADB265104.1 unnamed protein product Miscanthus Iutarioriparius

41 CAD6265105.1 unnamed protein product Miscanthus lutarioriparius

SpIQBL616.1IDTX25 ARATH RecName: Full Protein DETOXIFICATION 25 Short AtDTX25 AltName: Full Mulidrug and toxic compound extrusion protein 25 Short MATE protein 25

SpIF4J158.1|DTX24 ARATH RecName: Full Protein DETOXIFICATION 24 Short AtDTX24 AltName: Ful Mulidrug and toxic compound extrusion protein 24 Short MATE protein 24
5pIQ1PDX9.1[DTX26 ARATH RecName: Ful Protein DETOXIFICATION 26 Short ADTX26 AltName: Full Mulidrug and toxic compound extrusion protein 26 Short MATE protein 26

SpIQOFNC1.1|DTX28 ARATH RecName: Ful Protein DETOXIFICATION 28 Short AtDTX28 AltName: Full Mutidrug and toxic compound extrusion protein 28 Short MATE protein 28

SpIQOFKQ1.1|DTX27 ARATH RecName: Full Protein DETOXIFICATION 27 Short AtDTX27 AltName: Full Muttidrug and toxic compound extrusion protein 27 Short MATE protein 27

CADE209925.1 unnamed protein product Miscanthus lutarioriparius

CAD6245539.1 unnamed protein product Miscanthus lutarioriparius

CADE265145.1 unnamed protein product Miscanthus Iutarioriparius

74 GADB268753.1 unnamed protein product Miscanthus Iutarioriparius

100

CADE270731.1 unnamed protein product Miscanthus lutarioriparius

SpIQBRXK1.1|DTX23 ARATH RecName: Full Protein DETOXIFICATION 23 Short ADTX23 AltName: Full Mulidrug and toxic compound extrusion protein 23 Short MATE protein 23

SpIQBVV488.1|DTX21 ARATH RecName: Full Protein DETOXIFICATION 21 Short ADTX21 AftName: Full Multdrug and toxic compound exirusion protein 21 Short MATE protein 21

SpIF4HPH1.1IDTX22 ARATH RecName: Full Protein DETOXIFICATION 22 Short ADTX22 AltName: Full Multidrug and toxic compound extrusion protein 22 Short MATE protein 22

SpIF4HPH2.1IDTX20 ARATH RecName: Full Protein DETOXIFICATION 20 Short AtDTX20 AtName: Fuil Mulidrug and toxic compound extrusion protein 20 Short MATE protein 20

SpIF4JKBY.1]DTX38 ARATH RecName: Full Protein DETOXIFICATION 38 Short AtDTX38 AltName: Fuil Mulidrug and toxic compound extrusion protein 38 Short MATE protein 38

SpIQ94ONS.1|DTX39 ARATH RecName: Ful Protein DETOXIFICATION 39 Short AtDTX39 AltName: Full Mutidrug and toxic compound extrusion protein 39 Short MATE protein 39

5pl0B069S. 1|DTX37 ARATH RecName: Full Protein DETOXIFICATION 37 Short AtDTX37 AltName: Full Mutidrug and toxic compound extrusion protein 37 Short MATE protein 37

SpIQOSABO.1/DTX36 ARATH RecName: Full Protein DETOXIFICATION 36 Short AtDTX36 AltName: Full Multidrug and toxic compound extrusion protein 36 Short MATE protein 36

SpIQILVDI 1|DTX40 ARATH RecName: Ful Protein DETOXIFICATION 40 Short ADTX40 AitName: Full Multdrug and toxic compound extrusion protein 40 Short MATE protein 40
CADG335071.1 unnamed protein product Miscanthus lutarioriparius

CAD6213424.1 unnamed protein product Miscanthus utarioriparius

CAD6213422.1 unnamed protein product Miscanthus lutarioriparius

CAD6217898.1 unnamed protein product Miscanthus utarioriparius

CAD6213428.1 unnamed protein product Miscanthus lutarioriparius

CAD6213426.1 unnamed protein product Miscanthus utarioriparius

&0 CAD6205678.1 unnamed protein product Miscanthus lutarioriparius.

SpIQOLYT3 1|DTX41 ARATH RecName: Ful Protein DETOXIFICATION 41 Short ADTX41 AltName: Full Multdrug and toxic compound extrusion protein 41 Short MATE protein 41 AltName: Ful Protein TANNIN-DEFICI2
) CAD6266883.1 unnamed protein product Miscanthus lutarioriparius

100 CADB269324.1 unnamed protein product Miscanthus Iutarioriparius
CADG227091.1 unnamed protein product Miscanthus Iutarioriparius

SpIQOLUH2.1|DTX19 ARATH RecName: Full Protein DETOXIFICATION 19 Short AIDTX19 AltName: Full Multdrug and toxic compound extrusion protein 19 Short MATE protein 19 AltName: Ful Protein ABERRANT LATES
SPIQOLUH3 1|DTX18 ARATH RecName: Full Protein DETOXIFICATION 18 Short AIDTX18 AltName: Full Multdrug and toxic compound extrusion protein 18 Short MATE protein 18 AltName: Full Protein LIKE ALF5
CAD6334102.1 unnamed protein product Miscanthus lutarioriparius
CADG334103.1 unnamed protein product Miscanthus utarioriparius
CAD6247290.1 unnamed protein product Miscanthus lutarioriparius
SpIQICOUL.1|DTX17 ARATH RecName: Full Protein DETOXIFICATION 17 Short AtDTX17 AltName: Full Multidrug and toxic compound extrusion protein 17 Short MATE protein 17
SpIF4IHU 1|DTX15 ARATH RecName: Ful Protein DETOXIFICATION 15 Short ADTX15 AltName: Full Mutidrug and toxic compound extrusion protein 15 Short MATE protein 15
SpIQOFHBG.1|DTX16 ARATH RecName: Full Protein DETOXIFIGATION 16 Short AtDTX16 AltName: Full Multidrug and toxic compound extrusion protein 16 Short MATE protein 16
100 [- GAD6202365.1 unnamed protein product Miscanthus lutarioriparius
CADB209871.1 unnamed protein product Miscanthus Iutarioriparius
CAD6332924.1 unnamed protein product Miscanthus lutarioriparius
CAD6230302.1 unnamed protein product Miscanthus lutarioriparius
8 - SpIF4HZH9. 1IDTX11 ARATH RecName: Full Protein DETOXIFICATION 11 Short AIDTX11 AltName: Ful Multidrug and toxic compound extrusion protein 11 Short MATE protein 11
SPIQBVYL8.1IDTX10 ARATH RecNName: Full Protein DETOXIFICATION 10 Short ADTX10 AltName: Full Multidrug and toxic compound extrusion protein 10 Short MATE protein 10
SpIQBL731.1IDTX12 ARATH RecName: Full Protein DETOXIFICATION 12 Short AIDTX12 AltName: Full Multidrug and toxic compound extrusion protein 12 Short MATE protein 12
SpIQY4AL1.1|DTX13 ARATH RecName: Ful Protein DETOXIFICATION 13 Short AtDTX13 AltName: Full Mutidrug and toxic compound extrusion protein 13 Short MATE protein 13
SpIQ9C994.1IDTX14 ARATH RecName: Full Protein DETOXIFICATION 14 Short ADTX14 AltName: Full Mulidrug and toxic compound extrusion protein 14 Short MATE protein 14
100 — splF4HQOS.1]DTX8 ARATH RecName: Full Protein DETOXIFICATION 8 Short AtDTX8 AltName: Full Mutidrug and toxic compound extrusion protein 8 Short MATE protein 8
SpIQIPFGY.1|DTX7 ARATH RecName: Full Protein DETOXIFICATION 7 Short AtDTX7 AltName: Full Mutidrug and toxic compound extrusion protein 7 Short MATE protein 7
SpIQICIMS. 1|DTX9 ARATH RecName: Full Protein DETOXIFIGATION 9 Short AtDTX9 AltName: Full Multidrug and toxic compound extrusion protein 9 Short MATE protein 9
SpIQBRWFS.1DTX6 ARATH RecName: Full Protein DETOXIFICATION 6 Short AtDTX6 AltName: Full Multidrug and toxic compound extrusion protein 6 Short MATE protein 6
SpIQISIAT 2IDTX5 ARATH RecName: Full Protein DETOXIFICATION 5 Short AIDTXS AltName: Ful Multidrug and toxic compound extrusion protein 5 Short MATE protein 5
SPIQBGXMS.1IDTX2 ARATH RecName: Ful Protein DETOXIFICATION 2 Short ADTX2 AltName: Full Multdrug and toxic compound extrusion protein 2 Short MATE protein 2
SPIQYSIAS.1DTX1 ARATH RecName: Full Protein DETOXIFICATION 1 Short AIDTX1 AltName: Full Multidrug and toxic compound extrusion protein 1 Short MATE protein 1
SpIQYSIA3 2IDTX4 ARATH RecName: Full Protein DETOXIFICATION 4 Short AtDTX4 AltName: Full Multidrug and toxic compound extrusion protein 4 Short MATE protein 4
5 5plQYSIA4. 1IDTX3 ARATH RecName: Full Protein DETOXIFICATION 3 Short AtDTX3 AftName: Full Mutidrug and toxic compound extrusion protein 3 Short MATE protein 3
100 | CAD6335189.1 unnamed protein product Miscanthus lutarioriparius
CAD6207761.1 unnamed protein product Miscanthus lutarioriparius

%

sp|049660.1DTX58 ARATH RecName: Full Protein DETOXIFICATION 56 Short ADTXS6 AltName: Full Mulidrug and toxic compound extrusion protein 56 Short MATE protein 56 AltName: Full Protein RESISTANT TO 1

SpIQOFH21.1|DTX55 ARATH RecName: Full Protein DETOXIFICATION 55 Short ADTXS5 AttName: Full Multidrug and toxic compound extrusion protein 55 Short MATE protein 55 AltName: Full Protein NOVEL ION CAR3
SPIQSLE20.1|DTX54 ARATH RecName: Full Protein DETOXIFICATION 54 Short ADTX54 AltName: Full Multidrug and toxic compound extrusion protein 54 Short MATE protein 54 AltName: Full Protein NOVEL ION CAR2

SpIQOZVHS.1|DTX53 ARATH RecName: Full Protein DETOXIFICATION 53 Short AIDTX53 AtName: Full Multidrug and toxic compound extrusion protein 53 Short MATE protein 53

SpIQ4PSF4.1|DTX52 ARATH RecName: Full Protein DETOXIFICATION 52 Short AIDTX52 AltName: Full Multidrug and toxic compound extrusion protein 52 Short MATE protein 52 AltName: Full Protein ABNORMAL SHOO2

sPIQYSZE2 1|DTX51 ARATH RecName: Full Protein DETOXIFICATION 51 Short ADTX51 AltName: Full Multidrug and toxic compound extrusion protein 51 Short MATE protein 51 AltName: Full Protein ABNORMAL SHOO4
5p|082752.1|DTX49 ARATH RecName: Full Protein DETOXIFICATION 49 Short ADTX49 AftName: Full Multidrug and toxic compound extrusion protein 49 Short MATE protein 49 AltName: Full Protein NOVEL ION CAR1

spIQUSLV0.1|DTX48 ARATH RecName: Full Protein DETOXIFICATION 48 Short ADTX48 AttName: Full Muttidrug and toxic compound extrusion protein 48 Short MATE protein 48 AltName: Full Protein ABNORMAL SHOO!

SpIQOF87.1IDTX50 ARATH RecName: Full Protein DETOXIFICATION 50 Short ADTX50 AltName: Full DETOXIFICATION EFFLUX CARRIER 50 AltName: Full Muidrug and toxic compound extrusion protein 50 Short MATE
9 | CAD6204241.1 unnamed protein product Miscanthus lutarioriparius

10 [1 cAD6204240.1 unnamed protein product Miscanthus lutarioriparius
CAD6211704.1 unnamed protein product Miscanthus lutarioriparius
CAD6259938.1 unnamed protein product Miscanthus lutarioriparius
CAD6245756.1 unnamed protein product Miscanthus lutarioriparius
CADG264955.1 unnamed protein product Miscanthus Iutarioriparius
CADB224154.1 unnamed protein product Miscanthus utarioriparius
CADE218468.1 unnamed protein product Miscanthus Iutarioriparius
2 SPIQBWAG3 1|DTX46 ARATH RecName: Full Protein DETOXIFICATION 46 chloroplastic Short AIDTX46 AltName: Ful Multidrug and toxic compound extrusion protein 46 Short MATE protein 46 AltName: Full Proteinr
5pIQQ45FO.1|DTX47 ARATH RecName: Full Protein DETOXIFICATION 47 chioroplastic Short AtDTX47 AftName: Full Mulidrug and toxic compound extrusion protein 47 Short MATE protein 47 AltName: Full Proteinr
SplQB4K71.1|DTX44 ARATH RecName: Ful Protein DETOXIFICATION 44 chioroplastic Short AtDTX44 AltName: Full Mutidrug and toxic compound extrusion protein 44 Short MATE protein 44 Flags: Precursor

SpIQOSVET 2IDTX45 ARATH RecName: Full Protein DETOXIFICATION 45 chloroplastic Short ADTX45 AttName: Full Multdrug and toxic compound extrusion protein 45 Short MATE protein 45 Flags: Precursor
99 | CADE202678.1 unnamed protein product Miscanthus lutarioriparius

100

CAD6210210.1 unnamed protein product Miscanthus lutarioriparius

SPIQISFBO.1|DTX43 ARATH RecName: Ful Protein DETOXIFICATION 43 Short ADTX43 AltName: Full Mulidrug and toxic compound extrusion protein 43 Short MATE protein 43 AltName: Full Protein FERRIC REDUCT1
SpIQISYDE 2IDTX42 ARATH RecName: Full Protein DETOXIFICATION 42 Short ADTX42 AltName: Full Aluminum-activated citrate transporter AltName: Full AMATE AltName: Full FRD-like protein AltName: Full Mu2

Supplementary Fig. S2. Evolutionary analysis of MATE proteins by Maximum Likelihood method. The evolutionary history was inferred
by using the Maximum Likelihood method and JTT matrix-based model [1]. The tree with the highest log likelihood (-21783.62) is
shown. Initial tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix
of estimated pairwise distances using a JTT model and then selecting the topology with superior log likelihood value. The tree is drawn
to scale, with branch lengths measured in the number of substitutions per site. This analysis involved 105 amino acid sequences. All

positions containing gaps and missing data were eliminated (complete deletion option). There was a total of 188 positions in the final
dataset. Evolutionary analyses were conducted in MEGA X [2].
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33, BAB02996.1 phytochelatin synthetase-like protein Arabidopsis thaliana
AAG12670.1 unknown protein 31818-33764 Arabidopsis thaliana
CADG6204066.1 unnamed protein product Miscanthus lutarioriparius
CADG6223163.1 unnamed protein product Miscanthus lutarioriparius
CAD6217274.1 unnamed protein product Miscanthus lutarioriparius
AAF02128.1 unknown protein Arabidopsis thaliana
CAD6206692.1 unnamed protein product Miscanthus lutarioriparius
CAD6214554.1 unnamed protein product Miscanthus lutarioriparius
CAD6214555.1 unnamed protein product Miscanthus lutarioriparius
14 87 — CAD6206693.1 unnamed protein product Miscanthus lutarioriparius
CAD6211537.1 unnamed protein product Miscanthus lutarioriparius
—1 CAD6204065.1 unnamed protein product Miscanthus lutarioriparius
L) L— CAC01762.1 putative phytochelatin synthetase Arabidopsis thaliana
CAD6223162.1 unnamed protein product Miscanthus lutarioriparius
a.ﬂ- CADG6217272.1 unnamed protein product Miscanthus lutarioriparius
AAK56072.1 putative glycosylphosphatidylinositol-anchored protein Arabidopsis thaliana
—— BAB10644.1 unnamed protein product Arabidopsis thaliana
AAB60732.1 F21M12.17 gene product Arabidopsis thaliana
455,7 | CAD6262889.1 unnamed protein product Miscanthus lutarioriparius
98 L—— CAD6260146.1 unnamed protein product Miscanthus lutarioriparius
89 _|— CAD6210863.1 unnamed protein product Miscanthus lutarioriparius
CAD6203289.1 unnamed protein product Miscanthus lutarioriparius
CAD6222353.1 unnamed protein product Miscanthus lutarioriparius
CAB38841.1 putative protein Arabidopsis thaliana
94 | CAD6223626.1 unnamed protein product Miscanthus lutarioriparius
CAD6217844.1 unnamed protein product Miscanthus lutarioriparius
BABO01166.1 unnamed protein product Arabidopsis thaliana
BAB10345.1 unnamed protein product Arabidopsis thaliana
CAAT74765.1 putative cell wall protein Arabidopsis thaliana
54 BAB00585.1 contains similarity to phytochelatin synthetasegene id:-MUH15.2 Arabidopsis thaliana

82

78

99

i
0.50

Supplementary Fig. S3. Evolutionary analysis of COBRA-like proteins by Maximum Likelihood method. The evolutionary history was
inferred by using the Maximum Likelihood method and JTT matrix-based model [1]. The tree with the highest log likelihood (-956.04)
is shown. The percentage of trees in which the associated taxa clustered together is shown next to the branches. Initial tree(s) for the
heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of estimated pairwise distances
using a JTT model and then selecting the topology with superior log likelihood value. The tree is drawn to scale, with branch lengths
measured in the number of substitutions per site. This analysis involved 30 amino acid sequences. All positions containing gaps and
missing data were eliminated (complete deletion option). There was a total of 32 positions in the final dataset. Evolutionary analyses
were conducted in MEGA X [2].





