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Abstract: Miscanthus is extensively cultivated as a pioneer plant, demonstrates excellent performance
in coping with heavy metal stress. However, existing research on Miscanthus and its mechanisms for
heavy metal transport is limited, particularly regarding the genetic mechanisms underlying of its
tolerance to heavy metals. This study aimed to fill the knowledge gap concerning the role of NRAMP
(natural resistance associated macrophage protein) genes in Miscanthus, as NRAMP has been widely
reported to facilitate the transport of heavy metal ions in other plants. A total of seventeen MsNRAMP
genes were identifed in Miscanthus sinensis, which can be classified into two major groups and are
characterized by a high degree of conservation in their secondary structure, the presence of ion-
binding sites characteristic of the Leu-T domain, and an average of 9-12 transmembrane domains.
Our findings significantly enhance the understanding of metal ion balance and stress response
mechanisms in Miscanthus sinensis. Specifically, we discovered that only MsNRAMP3 and
MsNRAMP? are expressed under normal conditions, while the remaining MsNRAMP genes exhibit
low or no expression. Additionally, MsNRAMP14 and MsNRAMPS8 were found to have numerous
ABA and MeJA response elements in their promoter regions, suggesting a potential role in stress
response.

Keywords: Miscanthus sinensis; NRAMP; metal ion transporter

1. Introduction

Miscanthus is a perennial allopolyploid C4 plant possesses for its rapid growth and high biomass,
yielding up to 60 tons per hectare annually [1]. Miscanthus has an elegant appearance and that makes
it suitable as an ornamental plant, it has primarily been cultivated as a fuel crop. From both economic
and environmental perspectives Miscanthus serves as an effective plant for sustainable energy
provision [2]. Despite its robust tolerance to saline-alkali stress, Miscanthus also demonstrates
considerable tolerance to high concentrations of various heavy metals, thereby holding significant
potential for production applications in saline-alkali soils [3].

Natural resistance-associated macrophage proteins (NRAMP) are divalent metal cation
transporters. The NRAMP family of proteins typically features a conserved hydrophobic domain and
several transmembrane regions, usually numbering between 10 and 12 [4]. These proteins possess a
characteristic LeuT-like domain and exhibit a symport transport mechanism, whereby protons and
metal cations are co-transported in the same direction after following their binding to specific
residues [5]. For instance, the divalent metal transporter 1 (DMT1), which is essential for iron
transport in the human body, is a member of the NRAMP family [6]. Furthermore, NRAMPs have
been extensively studied in Arabidopsis and rice, where they have been widely reported to enhance
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plant tolerance to heavy metal stress by reducing the uptake and accumulation of lead and cadmium
ions [7-9]. With the exception of OsNRAMP3, which is localized in the vacuole, the remaining of the
rice NRAMP family proteins are reported to facilitate cadmium ion transport functions, and they can
also transport trivalent aluminum ions [10].

As a transporter protein, NRAMP is a crucial component of the signaling pathway. Studies on
Arabidopsis seeds have found that at the transcriptional level, Arabidopsis AtNRAMP1 is regulated
by the transcription factor INO, which lays a protective role for seed cells aganist excessive iron
toxicity [11]. Additionally, NRAMP undergoes post-transcriptional modifications, such as the
phosphorylation of AAINRAMP1 by AtCPK21 and AtCPK23, which regulates the entry of manganese
ions into the vacuole, thereby protecting the plant from manganese toxicity [12].

Given the significance of NRAMPs in metal ion homeostasis and the lack of comprehensive
analysis in Miscanthus, this study aims to address the existing knowledge gap regarding the role of
NRAMPs in Miscanthus sinensis. Our analysis encompasses genome-wide identification, phylogenetic
classification, and an investigation into their potential roles in metal ion balance and stress response.

2. Results

2.1. Identifcation of NRAMP Family Genes in Miscanthus

The genomic data obtained from JGI was Msinensis_497_v7.1. With the method of BlastP and
HMMER 2.0. A total of 26 MsNRAMP genes were identifed in Miscanthus, based on 7 OsNRAMPs
and 6 AtNRAMPs extracted from the National Center for Biotechnology Information (NCBI). After
screening, 17 genes were found to possess the NRAMP conserved domain PF01566, and they were
named MsNRAMP1 to MsNRAMP17.

The physicochemical properties of proteins were summarized in Table 1. These MsNramp
proteins range from 237 mino acids to 1301 amino acids in length. The subcellular localization
prediction results for all these genes indicate that they are located on the plasma membrane.
However, MsNRAMP8 and MsNRAMP9 proteins have only 4 and 6 transmembrane domains,
respectively, indicating that MsNRAMPS8 and MsNRAMP9 may not possess the full range of functions
characteristic of other NRAMP family proteins (Figure supplementary 1).

MsNRAMP:s are distributed relatively evenly across the genome. Chromosome 2 contains four
MsNRAMPs, while Chromosomes 1 and 3 each house three MsNRAMPs. Additionally,
Chromosomes 5, 6, 7, 9, 14, 15, and 18 each possess a single MsNRAMP (Figure 1).

Table 1. Characteristics of the identifed MsNramp genes.

Name ID Protein length(aa) PI MW Transmembrane domains
MsNRAMP1  Misin01G114500 1301 6.97 1.42E+05 11
MsNRAMP2  Misin01G114600 539 6.08 5.86E+04 10
MsNRAMP3  Misin01G442700 517 6.89 5.63E+04 10
MsNRAMP4  Misin02G103100 470 7.13 5.16E+04 9
MsNRAMP5  Misin02G103200 410 7.02 4 48E+04 9
MsNRAMP6  Misin02G147400 547 6.74 6.00E+04 10
MsNRAMP7  Misin02G425400 517 6.16 5.64E+04 9
MsNRAMP8  Misin04G097000 237 6.12 2.59E+04 4
MsNRAMP9  Misin04G098700 316 5.61 3.40E+04 6
MsNRAMP10  Misin04G099000 508 8.28 5.50E+04 9
MsNRAMP11  Misin05G017900 1273 6.34 1.38E+05 11
MsNRAMP12  Misin06G008000 1278 6.26 1.39E+05 11
MsNRAMP13  Misin07G028400 527 8.30 5.73E+04 10
MsNRAMP14  Misin09G139400 573 7.33 6.20E+04 9
MsNRAMP15  Misin14G135600 547 4.80 5.90E+04 11
MsNRAMP16 ~ Misin15G155500 601 5.55 6.52E+04 12
MsNRAMP17  Misin18G228300 548 8.31 5.93E+04 12
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Figure 1. Genome location of the identifed MsNramp genes. Each box symbolizes an individual chromosome,
with the lines within denoting the positions of genes that are capable of expression. The MsNRAMPs genes are
distinctively highlighted by black lines.

2.2. Phylogenetic Analysis and Motif Analysis of MsSNRAMP

Miscanthus is closely related to sorghum and sugarcane [14]. However, given the extensive
research on the functions of NRAMP in rice species, we have chosen to construct an evolutionary tree
that includes the model organism Oryza sativa and Miscanthus, as is shown in Figure 2a, to better
understand their evolution together with their function. The full length of protein sequences of seven
OsNRAMPs and seventeen MsNRAMPs were used to construct the phylogenetic tree (Figure 2b).
OsNRAMPs are served as a reference for classification. 12 conserved motifs were identified by MEME
across the different groups of MsNRAMPs is shown in Figure 3.

Based on the results of the phylogenetic tree, the MSNRAMP family is divided into two major
groups, with Group I further subdivided into two subgroups, Ia and Ib. The motifs analysis indicates
that, with the exception of the presumably functionally incomplete MsNRAMPS and MsNRAMP?Y: all
MsNRAMPs share motifs 1 and 14. Excluding MsNRAMP1, all MsNRAMPs share motif 4, Group I
share motif 15, and Group II shares motif 11. Proteins in Group la have identical motifs with a tandem
structure of motifs 2, 1, 6, 13, 4, 14, 7, 3, 10, 5, and 15; Group Ib proteins typically have a tandem
structure of motifs 1, 6, 4. Group II displays a sequentially tandem structure of motifs 9, 4, 8, 14, 10,
and 5. Genes within the same group also have similar structural characteristics: Group Ia generally
consists of four exons, while Group Ib typically contains a greater number of shorter, dispersed exons.
Motif 3 includes the binding site for ions on NRAMP [5].


https://doi.org/10.20944/preprints202501.1599.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 January 2025

- S
s &
o & & &
%2 2 2 5 &
5 O s
o 2 £
@ d‘,l/ 0
% ’
Vo, &
: “QO
&
Osp/s,
Mo, P&‘\?’b
9\\\?\
MsNRAMP
SNRAMP12
SNRAMP11
“A"’ \—
WP W s,
WS Q Q QAMD
Oe$ o &,1/,? 4
S 9 s, o,
<T = ) %
3 % 7
$ P4 z Y '%\
7} 0 Z,
= 2 —‘%
g
N
(a)

7 gourp la

gourp Ib
gourp Il

(b)

Figure 2. Phylogenetic tree of NRAMP members in Miscanthus sinensis and Oryza sativa. ~ Figure a depicts the
amino acid sequence homology between the OsNRAMPs and the MsNRAMPs through an unrooted phylogenetic
tree. Figure b depicts the phylogenetic tree of MsNTAMPs, along with their expression levels in different tissues

and at various time points.
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Figure 3. Figure displays the phylogenetic tree, corresponding motifs for each MsNRAMP, and the CDS (coding

sequence) structures progressing from left to right.

2.3. Collinearity Analysis of NRAMP in Miscanthus and Closely Related Poaceae Species

The process of divergence between Miscanthus sinensis, Saccharum officinarum and Sorghum bicolor
is a compelling topic in the study of plant evolution. According to existed research, the ancestral
species of Miscanthus sinensis and Saccharinae diverged from the ancestral species of Sorghum bicolor
between 6.1 and 5.5 million years ago [13]. This process involved genome duplication and
chromosomal rearrangements. To explore the evolutionary process of the NRAMP family genes
within this context, collinearity analysis was performed.

As shown in Figure 4a, the identification of 12 collinear gene pairs between Miscanthus sinensis
and Sorghum bicolor. A limited number of gene duplications have been observed transitioning from
Sorghum bicolor to Miscanthus sinensis, suggests that MsNRAMP1 and MsNRAMP2, as well as
MsNRAMP4 and MsNRAMPS5, are the result of tandem duplication events. In contrast, 62 gene pairs
exhibit collinearity between Miscanthus sinensis and Saccharum officinarum, with a substantial number
of gene duplications occurring from Miscanthus sinensis to Saccharum officinarum. MsNRAMP3 and
MsNRAMP?7 are part of chromosomal segmental duplications, as indicated by their collinearity with
a single homologous gene in Saccharum officinarum.

As shown in Figure 4c. Six pairs of Oryza sativa and Miscanthus sinensis NRAMP genes showed
homology was summarized in Table 2. The Ka/Ks values of MsNRAMP are all less than 1, indicating
that they are under purify selection during the evolutionary process, which implies that the
MsNRAMP protein family plays a beneficial role in the adaptation of plants to their environment.

MsNRAMP3, MsNRAMP6, MsNRAMP7, and OsNRAMP3 exhibit high homology. As
OsNRAMP3 has been reported as a regulatory gene in rice in response to manganese ions in the
environment [14]. Induction of OSNRAMP3 gene expression following chromium treatment in rice
has been shown to alleviate cadmium toxicity [15].
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Figure 4. Figure a shows the collinearity between the NRAMP family genes of Miscanthus sinensis and Sorghum
bicolor, with 12 pairs of collinear segments and the collinearity between the NRAMP family genes of Miscanthus
sinensis and Saccharum officinarum, with 62 pairs of collinear segments. Figure b depicts the collinearity between
the MsNRAMPs and OsNRAMPs,with 7 pairs of collinear genes.

Table 2. Genomic collinear pairs of NRAMPs between Miscanthus sinensis and Oryza sativa.

Oryza sativa Locus ID Miscanthus sinensis Locus ID Ka/Ks
OsNRAMP7 0s12G0581600 MsNRAMP15 Misin14G135600 0.1124

- 0Os03G0700800 MsNRAMP2 Misin01G114600 0.3037
OsNRAMP3 0Os03G0208500 MsNRAMP3 Misin01G442700 0.1044
OsNRAMP3 0Os03G0208500 MsNRAMP6 Misin02G147400 0.1625
OsNRAMP3 0s03G0208500 MsNRAMP7 Misin02G425400 0.1092
OsNRAMP7 0s12G0581600 MsNRAMP6 Misin02G147400 0.1329
OsNRAMP1 0s07G0258400 MsNRAMP10 Misin04G099000 0.1341
OsNRAMP7 0s12G0581600 MsNRAMP15 Misin14G135600 0.1124

2.3. Collinearity Analysis of NRAMP in Miscanthus and Closely Related Poaceae Species

MsNRAMPs proteins were compared with other species (Arabidopsis thaliana, Escherichia coli,
Deinococcus radiodurans, Eremococcus coleocola), and it was found that their secondary structures are
quite conserved. Divalent cation and proton binding sites are located at the junction of the first and
sixth transmembrane domains (Figure Supplementary 1 and 2), contributing to the formation of a
complete hydrophobic structure that effectively binds ligands. This indicates that the first and sixth
transmembrane domains are located at the central to the transporter protein’s architecture. It appears
improbable that only four or six transmembrane domains can form a complete structure capable of
executing the full biological process. Therefore, we assert that MsNRAMP8 and MsNRAMP9 cannot,
or rather, cannot function independently as transporters.

Through sequence alignment, we identified that Misin07G412700 and Misin08G205700, which
are homologs of the core regulator of ethylene signaling in rice, OsEIN2, also contain ion-binding
sites (Figure Supplemenary 3). However, it is unfortunate that their secondary structures are
interrupted by a redundant sequence in the middle, and they lack distinct transmembrane domains.
This observation suggests that NRAMP, as a membrane transporter protein, exhibits significant
homology with transcription factors, indicating that MsNRAMPs may actively participate in
regulatory pathways at the transcriptional level.

Divalent metal cations require six coordination bonds, protons can provide two coordination
bonds, and the remaining four coordination bonds are provided by residues of NRAMP. In Figure
5a, we can see that the sites marked with purple asterisks are the metal cation binding sites reported
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in rice [16]. This figure illustrates the transmembrane domain 1 and 6 of NRAMP in rice species,
which together forming an iron-binding site that symports metal ions with protons. Figure 5b, using
MsNRAMP3 as an example, illustrates the binding situation of the ion site in Miscanthus species.
Figures 5c and 5d illustrated the tertiary structure of MsNRAMP3. Demonstrating that it possesses a
complete Leu-T domain, through three-dimensional structure simulation.
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Figure 5. Structural and functional prediction of the identifed MsNramp genes. Figure a illustrates a schematic

diagram of NRAMPs located on the plasma membrane. Figure b depicts the residues of MsNRAMPs that interact

with metal ions. Figures c and d present three-dimensional structural models of MsSNRAMP3. .

2.4. Cis-Acting Elements of MsNRAMPs and Transcriptomic Analysis

Utilizing PLANTCARE, we analyzed the promoter sequences of MsNRAMPs, specifically,
focusing on counting the number of elements within these sequences that respond to external signals,
as illustrated in Figure 6.

The raw transcriptome sequencing data was retrieved from the NCBI's Sequence Read Archive
(SRA) database with the accession number PRJNA575573. The processed data is presented as a
heatmap in Figure 7, which illustrates that among the many MsNRAMPs, only MsNRAMP3 and
MsNRAMP? have relatively high expression levels. These expression levels are primarily localized
in leaf and internode, with comparatively low levels observed in the rhizome.

14 out of the 15 MsNRAMPs have gibberellin response elements in their upstream promoters,
while thirteen possess MeJA response elements. This finding suggests that MsNRAMPs may be
regulated by stress signaling pathways. A recent study indicates that gibberellins (GA) can negatively
regulate the expression of OSNRAMPS, subsequently reducing rice’s tolerance to aluminum toxicity
[17].

MsNRAMP14 and MsNRAMPS8 feature numerous ABA and MeJA response elements in their
promoter regions, however, their transcripts are scarcely expressed, implying the potential for their
induced expression.
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Figure 6. Number of cis-element in the promoter of MsNRAMPs, with red indicating high and green low.
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3. Discussion

3.1. From Transcription Factor EIN2 to NRAMP

OsEIN?2 is the core regulatory factor in the ethylene (ET) defense signaling pathway of Oryza
sativa [18]. Multiple sequence alignments reveal high homology between the NRAMP family in
Miscanthus sinensis and the OsEin2 homologous genes, with OsEin2 containing an NRAMP domain.
In Arabidopsis, salt stress downregulates the expression of AtEin2 [19], and Oryza sativa
overexpressing OsEin2 exhibit increased sensitivity to salt stress [20]. Future research could explore
whether NRAMP expression is upregulated under salt stress or heavy metal treatment and further
investigate the potential negative feedback mechanism in the EIN2-NRAMP pathway. Additionally,
many ABA (abscisic acid) and MeJA (methyl jasmonate) response elements have been identified
upstream of the MsNRAMP promoter. In Arabidopsis, AtEin2 can respond to ABA [20], but there is
no direct molecular evidence demonstrating the involvement of NRAMP transporters in the ABA
pathway. In Miscanthus, NRAMP exhibits specialized expression, with only two of its many
homologous genes expressed at normal levels, making it an excellent model for studying this
pathway.

3.2. Transporter Function Inference Based on Expression Data

After being absorbed by plants, heavy metals such as cadmium and mercury tend to accumulate
in the leaves through the process of transpiration, while lead preferentially deposits at the leaf base
or in the roots. In rice, NRAMP?5 is known to mediate the transport of the heavy metal cadmium. Both
leaves and roots are sites of highly active metabolic processes [8]. However, it has been observed that
MsNRAMP3 and MsNRAMP?7 exhibit minimal expression in the roots, while their expression levels
in the leaves are significantly higher than those in the rhizome. Based on these observations, it is
reasonable to speculate that NRAMP transporters may be activated by signals or molecules with high
mobility.

4. Materials and methods

4.1. Identification of NRAMP Family Genes and Protein Property Prediction

The genome and annotation data of Miscanthus sinensis were obtained from the Plant JGI
database Phytozome v13. Putative MsNRAMP genes were identified based on NRAMP genes from
Oryza sativa and Arabidopsis thaliana. The candidate NRAMP genes were identified using the BLASTP
method, retaining those with an e-value of 10-5 and scores greater than 200. The Conserved Domain
Database(CDD) was used for trimming the obtained protein sequences [21]. Meanwhile, the R
packages Peptides was employed to caculate the physicochemical properties of the proteins,
TMHMM v2.0 was used to predict transmembrane domains [22], CELLO v.2.5 was utilized for
subcellular localization [23], and TBtools v.2110 was used for visualization [24].

4.2. Chromosome Location and Phylogenetic Analysis

Chromosome locations and coding sequences of candidate MsNRAMP genes were obtained
from genomic annotation data. The visualization of MsSNRAMP genes was accomplished using by
TBtools v.2110.

Phylogenetic analysis was conducted using MEGA11 [25]. The method involved aligning the
protein sequences of selected genes with Multiple Sequence Comparison(muscle), constructing a
phylogenetic tree using the Neighbor-Joining model with 1000 bootstrap replicates, and visualizing
the relationships by ITOL v2.
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4.3. Motif Analysis

The Multiple Em for Motif Elicitation v5.5.7 (MEME) was used to predict the motifs of the
selected genes (https://memesuite.org/me-me/tools/meme; accessed on 6 November 2024) [26]. The
number of motifs to be identified was set to 13. Subsequently, TBtools version 2.1.1 was employed
for visualization.

4.4. Cis-acting Elements Analysis of MSNRAMP Genes

The 2000 bp upstream of the coding sequences (CDS) were extracted for promoter analysis. The
sequences were submitted to the online website PlantCARE
(http://bioinformatics.psb.ugent.be/webtools/plantcare; accessed on 6 November 2024) [27]. The
results obtained were further filtered, and the R package ggplot2 was employed to plot and count the
number of cis-acting elements.

4.5. Genome Collinearity Analysis

Genome and annotation data for Oryza sativa , Saccharum officinarum and Sorghum bicolor
was obtained from the Plant JGI database Phytozome v13 (https://phytozome-next.jgi.doe.gov;
accessed on 9 November 2024). The Software Diamond was utilized for aligning sequences between
species, with an e-value threshold set at 105 [28]. Subsequently, the collinear gene pairs were
calculated using the quick run MCScanX wrapper module in TBtools [29], and visualization was
accomplished with the R package Rcircos.

4.6. Transcriptional Expression Analysis

The raw transcriptome sequencing files were obtained from NCBI's Sequence Read Archive
database (https://www.ncbi.nlm.nih.gov/sra/?term=PRJNA575573; accession number:
PRJNA575573). For the preprocessing of Miscanthus expression levels, we employed sequence
alignment software HISAT2, sequence editing software SAMtools, and transcript quantification
software Subread [30-32].

Finally, genes from different periods and tissues were visualized in a heatmap, with the data
based on transcript FPKM values. (FPKM = 1079 * C / (N * L), in which C represents the read count
of the gene, N represents the total read count, and L represents the length of the gene.)

5. Conclusions

In this study, we identified 17 NRAMP family genes in Miscanthus sinensis, designated as
MsNRAMP1 to MsNRAMP17. Identification reveals that these genes are widely distributed across
the Miscanthus genome and exhibit a high degree of conservation in their secondary structure and
ion-binding sites, characteristic of the Leu-T domain.

The expression analysis indicated that only MsNRAMP3 and MsNRAMP7 are significantly
expressed under normal conditions, suggesting potential functional specialization within the family.
Nevertheless, the expression of all OsNRAMPs is reportedly inducible, as evidenced by both
literature reviews and the analysis of standard rice transcriptome data [33-35].

Notably, MsNRAMPS and MsNRAMP14, which harbor numerous ABA and MeJA response
elements in their promoters, may be involved in stress signaling pathways, highlighting the
complexity of Miscanthus's response to environmental cues.

Phylogenetic analysis and motif prediction have allowed us to classify the MsNRAMPs into two
major groups, with Group I showing closer homology to OsNRAMPs from Oryza sativa. This
classification, along with the identification of conserved motifs, provides a foundation for further
functional characterization of these genes. Collinearity analysis between Miscanthus sinensis and
Oryza sativa revealed 7 homologous gene pairs of NRAMPs, reinforcing the evolutionary relationship
between these species and the conservation of NRAMP function.
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The multiple sequence alignment of MsNRAMPs with those from other species highlights the
conservation of their secondary structures, which is essential for their role in metal ion transport. The
identification of key residues involved in metal cation and proton binding provides insights into the
molecular basis of their transport activity. Our results on the potential roles of MsNRAMP8 and
MsNRAMPY, which lack the typical number of transmembrane domains, suggest that not all NRAMP
family members may function independently as transporters.

In conclusion, this study provides a comprehensive characterization of the NRAMP family in
Miscanthus sinensis, shedding light on their potential roles in metal ion homeostasis and stress
response. The identified genes and their functional annotations lay the groundwork for future studies
aimed at enhancing our understanding of Miscanthus’s adaptability to heavy metal stress and its
implications for phytoremediation and bioenergy production.

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