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A B S T R A C T   

With the booming demand of the electric vehicle industry, the concentration of manganese (Mn) and cobalt (Co) 
flowing into land ecosystems has also increased significantly. While these transition metals can promote the 
growth and development of plants, they may become toxic under high concentrations. It is thus important to 
understand how Mn and Co are distributed in plants to develop novel germplasms for the remediation of these 
heavy metals in contaminated soils. Here, an MTP gene that encodes the CDF (cation diffusion facilitator) protein 
in Populus trichocarpa, PtrMTP6, was screened as the key gene involved in the distribution of both Mn and Co in 
poplar. The PtrMTP6-GFP fusion protein was co-localized with the mRFP-VSR2, showing that PtrMTP6 proteins 
are present at the pre-vacuolar compartment (PVC). Yeast mutant complementation assays further identified that 
PtrMTP6 serves as a Mn and Co transporter, reducing yeast cell toxicity after exposure to excessive Mn or Co. 
Histochemical analyses showed that PtrMTP6 was mainly expressed in phloem, suggesting that PtrMTP6 prob-
ably involved in the Mn and Co transport via phloem in plants. Under excess Co, PtrMTP6 overexpressing poplar 
lines were more severely damaged than the control due to higher Co accumulations in young tissue. PtrMTP6 
overexpressing lines showed little change in their tolerance to excess Mn, although young tissues also accu-
mulated more Mn. PtrMTP6 play important roles in Mn and Co distribution in poplar and further research on its 
regulation will be important to increase bioremediation in Mn and Co polluted ecosystems.   

1. Introduction 

Some of transitional elements such as Manganese (Mn) and Cobalt 
(Co) are widely involved in the plant growth and development. Man-
ganese plays a well-known role in photosynthesis, where it participates 
in the water-splitting process at the PSII reaction center with the Mn4Ca 
cluster (Umena et al., 2011). Mn also serves as an activator of many 
different enzymes, such as superoxide dismutase (Mn-SOD) and oxalate 
oxidases, which are involved in the detoxification of reactive oxygen 
species (ROS) (Abreu and Cabelli, 2010). Mn is also involved in glycosyl 
transferases, decarboxylases, and dehydrogenases amongst others 
(Andresen et al., 2018; Del Rio et al., 1983; Woo et al., 2000). Cobalt is 
mainly found in the cobalamin (vitamin B12) (Banerjee and Ragsdale, 
2003). Additionally, Co is also present, without the corrin ring of B12, in 
some proteins like methionine aminopeptidase, prolidase, and nitrile 
hydratase, although these are not Co-specific proteins (Kobayashi and 
Shimizu, 1999). 

Although Manganese and Cobalt are involved in plant metabolism, 
they are toxic when present in excess (Kramer, 2010). At poorly-aerated 
or acid soils, for instance, the absorption of Mn may exceed plant re-
quirements. The first effect of Mn toxicity is growth inhibition (Eroglu 
et al., 2016; Peiter et al., 2007; Zhao et al., 2017). Increasing Mn toxicity 
then leads to leaf or interveinal chlorosis and necroses, due to the 
obstruction of chlorophyll biosynthesis and PSI photochemistry (Gonz 
et al., 1999; Horst et al., 1999; Millaleo et al., 2013). Regarding cobalt 
toxicity, excess Co leads to vein discolor, green inhibition, leaf fall, and 
shoot weight reduce. This is because Co toxicity damages the plastids 
and inhibits the PSII, and it interrupts the processes of karyokinesis and 
cytokinesis (Mohanty et al., 1989; Palit et al., 1994). 

Global demands of manganese (Mn) and cobalt (Co) are expected to 
increase five- to ten-fold by 2030, due to the booming electric vehicle 
industry (Deetman et al., 2018; Habib et al., 2020). These increases in 
mining for Mn and Co are likely to lead to increases their concentrations 
in soils. These two metals are participating in the plant growth and 
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development, but they may become toxic under high concentrations 
(Kramer, 2010). It is thus important to develop novel germplasms for the 
remediation of contaminated ecosystems with high concentrations of 
Mn and Co. 

Plants usually use diverse mechanisms to cope with metal toxicity, 
and one of them is the preferential allocation of heavy metals to old, 
instead of young tissues. Additionally, cellular detoxification mecha-
nisms often involve the storage of heavy metals in compartments like the 
vacuole or the apoplast, which is achieved by transport proteins. Many 
heavy metal transporters have been characterized, like those in families 
Nramp, IRT, and MTP. Some cobalt transporters have been identified in 
yeast and in lower plants, like COT1 in Saccharomyces cerevisiae 
(Conklin et al., 1992), CrNRAMP1 in Chlamydomonas reinhardtii 
(Chang et al., 2020). However, cobalt transporters in higher plants are 
largely unknown so far. 

In recent years, poplars have been proposed for phytoremediation 
due to the high above-ground biomass, highly branched root system, fast 
growth, effectively absorb heavy metals and translocation to the above- 
ground parts (Di Lonardo et al., 2011; Fischerová et al., 2006; Lau-
reysens et al., 2005; Pietrini et al., 2009; Unterbrunner et al., 2007). In 
addition, some species of poplars can also accumulate heavy metals 
close to the threshold value of hyperaccumulators (He et al., 2013, 
2011). Akkus Ozen and Yaman (2017) reported that poplars (Populus 
nigra L.) are cobalt hyperaccumulators, as they show no visible symp-
toms with concentrations as high as 2.07 mg Kg-1 (that concentrations in 
Morus L. and Robinia pseudoacacia L. only 0.31 mg Kg-1 or 0.22 mg Kg-1 

in same environment). Poplars could thus be well suited for bioreme-
diation of ecosystems affected by the battery production and electric 
vehicle industry. However, the mechanisms underlying the trans-
location capacity in Co are currently unknown. 

Using the yeast functional complementation method, we have pre-
viously screened a transporter from large MTP families in Populus tri-
chocarpa, PtrMTP6, which confers Mn and Co tolerance (Gao et al., 
2020) (The Fe hardly be toxic to living being, thus we focus in Mn and Co 
although MTP6 seems also effect on Fe tolerance in yeast). We therefore 
hypothesized that PtrMTP6 would also involve in transport of Mn and 
Co in poplar. To test this hypothesis, we further investigated the bio-
logical function of PtrMTP6 by analyzing the following: its expression 
pattern in different organs of wild type poplar; GUS histochemical 
staining in different organs of transgenic poplar; PtrMTP6 subcellular 
localization in rice mesophyll protoplasts; and the effects of PtrMTP6 
expression on Mn and Co tolerance and accumulation in yeast and on Mn 
and Co transport properties in poplar. 

2. Materials and methods 

2.1. Plant material and growth conditions 

We grew test-tube plantets of Populus trichocarpa Torr. & Gray and 
Populus tomentosa Carr. clone 741 in woody plant medium (WPM) 
containing 30 g/L sucrose and 0.6% (w/v) agar, with the pH adjusted at 
5.85 (Lloyd and Mccown, 1980). The plants were grown in the green-
house at 24 ◦C with 16 h/8 h light (4500 lx)/dark cycle. After three 
weeks, the rooted plants were transferred and cultivated as hydroponics 
(Hoagland and Arnon, 1950). Plants were grown in the greenhouse 
using half strength Hoagland nutrient solution (pH 6.0) under a 
photoperiod of 16 h/8 h (day/night) and temperatures of 24 ◦C/18 ◦C. 

2.2. Cloning PtrMTP6 and sequence analyses 

Total RNA was extracted from 8-weeks-old Populus trichocarpa Torr. 
& Gray plants using RNAprep Pure Plant Kit (Polysaccharides & 
Polyphenolics-rich RNAprep Pure, Tiangen, China). Subsequently, 2 μg 
of total RNA were used for cDNA synthesis using the first-strand cDNA 
Synthesis Kit (ProbeGene, China). The specific primers (PtrMTP6-F0 and 
PtrMTP6-R0, see Table S1) for PCR were designed by Primer Premier 5, 

based on the reference sequence downloaded from NCBI (https://www. 
ncbi.nlm.nih.gov/, XM_006386701). After the PCR reaction, the tar-
geted fragments were cloned into the pEASY-Blunt vector (TransGen 
Biotech, China) for sequencing. 

We downloaded predicted homologous amino acid sequences of 
PtrMTP6 (based on results for other species) from Phytozome (https 
://phytozome.jgi.doe.gov/pz/portal.html). Those included AtMTP6, 
CsMTP6, OsMTP6, VvMTP6 and ZmMTP6 (Gao et al., 2020). DNAMAN 
software was used to perform the multiple sequence alignments. The 
transmembrane topology of PtrMTP6 was predicted using CCTOP (htt 
p://cctop.enzim.ttk.mta.hu/) (Dobson et al., 2015) and visualized by 
TMRPres2D (Spyropoulos et al., 2004). The InterPro website (http:// 
www.ebi.ac.uk/interpro/) (Blum et al., 2021) was used for conserved 
domain analyses. 

2.3. Yeast expression, growth curve, and metal content assay 

The full coding region of PtrMTP6 was amplified from cDNA using 
the gene specific primers PtrMTP6-F1 and PtrMTP6-R1 (Table S1). The 
PCR product was cloned into the pYES2.0 vector to yield the recombi-
nant plasmid pYES2.0-PtrMTP6. Yeast (Saccharomyces cerevisiae) 
strains were obtained from Euroscarf (http://www.euroscarf.de/), 
including Y00000 (BY4741), Y04534 (Δpmr1) and Y01613 (Δcot1). 
Then, the recombinant plasmid pYES2.0-PtrMTP6 was transformed into 
the above yeast strain cells using the LiOAc/PEG method (Gietz and 
Schiestl, 2007). The transformed colonies were plated on SD/Glu-Ura 
(synthetic defined medium without Uracil), which contains different 
concentrations of Co and Mn, and we then measured yeast growth. 

We developed a yeast growth curve assay, where transformed yeast 
cells pre-cultured in 5 mL SD/Glu-Ura growing medium were shaken at 
200 rpm and 30 ◦C overnight, until reaching the growth exponential 
phase (OD600 ≈ 0.4). The OD600 of the pre-cultures was then adjusted to 
0.4, and 500 μL of the pre-cultures were inoculated into 20 mL SD/Gal- 
Ura growing medium containing either 10 mM MnSO4 or 1 mM CoCl2, 
respectively (n = 3). Cultures were grown in a shaker at 200 rpm and 
30 ◦C, and the OD600 values were measured every 12 h during 3 days. 

We then assessed Mn and Co accumulation in yeast cells using the 
same growing methods as in the growth curve assays described previ-
ously. 500 μL pre-cultures (OD600 = 0.4) were inoculated into 50 mL of 
the SD/Gal-Ura growing medium, and grown at 30 ◦C in shaker with 
200 rpm for 12 h. We then added the different metals into the cultures 
until we reached either 5 mM MnSO4 or 0.5 mM CoCl2, respectively, and 
allowed growth for 6 h. The yeast cells were then collected from the 
centrifuge (6000 rpm, 5 min) and washed by 10 mM EDTA-2Na and 
deionized H2O three times. The yeast collections were dried in the oven 
at 65 ◦C for 3 days. After drying, the yeast cells were digested with 
concentrated HNO3 (65%) at 160 ◦C for 1 h. Then the samples were 
diluted to 25 mL using deionized H2O. Mn and Co contents in yeast were 
measured using flame atomic absorption spectrometry (AAS, Perki-
nElmer, United States). 

2.4. Quantitative RT-PCR and GUS staining 

Different organs (including roots, stems, shoot apex, axillary buds, 
mature leaves, young leaves, and petioles) of 8-weeks old Populus tri-
chocarpa plants were used for total RNA extraction and reverse tran-
scription into cDNA. Quantitative RT-PCR analyses of PtrMTP6 (qRT- 
PtrMTP6-F and qRT-PtrMTP6-R, Table S1) were performed with the 
TransStart Green qPCR SuperMix (TransGen Biothech, China) in 96-well 
plates using the CFX96 Real-Time System (Bio-Rad, United States). Two 
house-keeping genes UBQ (GenBank accession LOC7455401) and EF1α 
(GenBank accession LOC18100225) were used as internal references. 
The relative expression values were determined against the control 
sample by using the 2 -ΔΔ Ct method (Livak and Schmittgen, 2001). 

We used the genomic DNA of Populus trichocarpa for amplifying the 
PtrMTP6 gene promoter through specific primers (Pro-PtrMTP6-F0, Pro- 
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PtrMTP6-R0, Pro-PtrMTP6-F1, and Pro-PtrMTP6-R1; Table S1). The 
PtrMTP6 promoter DNA fragment contained 2051 bp upstream the 
PtrMTP6 start codon and it was cloned into the pBI121 vector to drive 
the expression of the GUS reporter gene (pBI121-PtrMTP6pro::GUS). 
Then, we introduced the recombinant plasmid into Agrobacterium 
tumefaciens strain EHA105, and we further transformed the wild type 
Populus tomentosa. Histochemical analyses of transgenic poplars with 
expression of PtrMTP6pro::GUS were performed following previous pro-
tocols (Jefferson, 1987). Various fresh organs and sections of the 
8-weeks-old transgenic plants were incubated into the GUS staining 
buffer at 37 ◦C overnight, and then subjected to ethanol for decolorize. 
Stained organs or sections were visualized using a Leica microscope 
(Leica MDG33/10450123, Leica microsystems Inc.). 

2.5. Subcellular localization 

For the construction of the fusion expression vector pTEX-35Spro:: 
PtrMTP6-GPF, the full length of the coding sequence (CDS) without the 
termination codon of PtrMTP6 was amplified by using gene-specific 
primers (GFP-PtrMTP6-F1 and GFP-PtrMTP6-R1, Table S1). The frag-
ments were then cloned into the pTEX-GFP vector. The separation and 
transformation of protoplasts were performed as described previously 
(Li et al., 1990). The fusion expression vector pTEX-35Spro:: 
PtrMTP6-GPF was used for observing the localization of the PtrMTP6 
protein in Oryza sativa protoplast by co-transformation with ST-mRFP, 
Xylt-mRFP, mRFP-SYP31, mRFP-SYP61, or mRFP-VSR2 respectively 
(Miao et al., 2006; Delhaize et al., 2007; Tsunemitsu et al., 2018). The 
green and red fluorescence in a single cell were photographed at same 
time using laser scanning confocal microscope (CLSM, Leica, Germany). 

2.6. Plant transformation, treatments, and metal content assay 

The full-length coding sequence (CDS) of PtrMTP6 was amplified 
from cDNA using gene specific primers (OE-PtrMTP6-F1 and OE- 
PtrMTP6-R1, Table S1). Then, the fragments were cloned into the 
plant expression vector pBI121 and driven by Cauliflower mosaic virus 
(CaMV) 35S promoter. The recombinant vector pBI121-35SPro::PtrMTP6 
was introduced into Agrobacterium tumefaciens strain EHA105 using the 
freeze-thaw method. We transformed Populus tomentosa using Agro-
bacterium-mediated methods as described previously (Feng et al., 2021). 
The transgenic poplar plants were screened on woody plant medium 
(WPM) containing 50 mg/L kanamycin, and the expression level of 
PtrMTP6 from transgenic plants was determined via qRT-PCR. Two in-
dependent overexpressed transgenic lines were selected for treatments. 

We grew the poplar saplings (including the wild type and two in-
dependent transgenic lines) for 6-weeks in a hydroponic culture, as 
described above. After that, the half-strength Hoagland solution was 
replaced by a nutrient solution supplemented with the metals of interest 
(5 mM MnSO4 or 0.5 mM CoCl2; Zhao et al., 2017; Wang et al., 2020; 
Wang et al. mentioned 0.1 mM Co is suitable for treatment in willow, 
however the plant did not show symptoms when we tried this concen-
tration, thus we increased concentration to 0.5 mM). We kept growing 
the plants until symptoms were visible (2-weeks for MnSO4 and 3-weeks 
for CoCl2). The nutrient solution was replaced every three days. 

We then quantified metal concentrations in the different transgenic 
lines of poplar and in the wildtype, after metal application. We collected 
and dried (65 ◦C for 48 h) separately the different organs of poplars 
(roots, stems, old leaves, mature leaves, expanding leaves, young leaves 
and shoot apex). About 0.05 g of dried material were digested with 4 mL 
HNO3 (65%) and 1 mL HClO4 (70%) at 160 ◦C for 3 h. After digestion, 
the samples were diluted to 25 mL using deionized H2O. Metal contents 
of diluted liquids were then determined by ICP-MS (Aiglent, United 
States). 

3. Results 

3.1. Clone and sequence analyses of PtrMTP6 

The full-length coding sequence of PtrMTP6 (XM_006386701) was 
successfully amplified. It encoded a deduced protein with 513 amino 
acids and the sequence identity with AtMTP6 is 64% (Gao et al., 2020). 
And the CDF signature sequence was identified in the amino acids of 
117–160 (Fig. 1A). Phylogenetic analyses indicated the PtrMTP6 be-
longs to group 6 in the CDF family’s Zn/Fe clade, which contains pro-
teins involved in Fe transport including FieF, WmFieF and ScMMTs 
(Montanini et al., 2007; Gao et al., 2020). 

We aligned PtrMTP6 with other proteins in the same group but from 
other species: AtMTP6, CsMTP6, OsMTP6, VvMTP6 and ZmMTP6 
(Fig. 1A). The transmembrane topology was predicted using CCTOP 
(Dobson et al., 2015) and visualized by TMRPres2D (Fig. 1B). The 
PtrMTP6 protein shows two conserved transmembrane domains for 
cation efflux, each containing three predicted transmembrane helices 
(TMs). The PtrMTP6 protein does not contain a histidine-rich inter-
connecting loop between TM4 and TM5, which is different from the 
topology model of the classical prokaryotic CDFs (Kolaj-Robin et al., 
2015). Instead, PtrMTP6 contains a histidine-rich loop between TM3 
and TM4. The N-terminal domain (NTD) and C-terminal domain (CTD) 
of PtrMTP6 are both protruded into the cytoplasm. The CTD of MTP6 
possessed a conserved zinc transporter dimerization domain (ZT-dimer). 
We identified the two specific motifs for the Zn/Fe group located at the 
putative TMII (HSVSD) and TMV (HHRAD) helixes. The H/D residues in 
two conserved motifs are thought to form a site for metal transport, 
according to the cryo-EM structure of Escherichia coli Yiip (EcFieF) 
(Lopez-Redondo et al., 2018). 

3.2. PtrMTP6 expression confers tolerance to Mn and Co in yeast 

Our previous studies demonstrated that heterologous expression of 
PtrMTP6 could decrease the hypersensitivities of yeast mutant, Δpmr1 
and Δcot1 to excess Mn and Co, respectively (Gao et al., 2020). To 
further characterize the degree of metal tolerance conferred by 
PtrMTP6, we compared the growth curves in yeast expressing PtrMTP6, 
relative to those in yeast transformed with an empty vector (Fig. 2). We 
observed that Δpmr1 cells expressing PtrMTP6 grew significantly better 
than Δpmr1 cells transformed with an empty vector (Fig. 2A, 
pmr1+pYES2-PtrMTP6, pmr1+pYES2). However, as Fig. 2A show, the 
expression of PtrMTP6 did not fully compensate for the sensitivity of 
Δpmr1 cells (pmr1+pYES2-PtrMTP6) as they did not approach the 
growth of wild-type yeast BY4741 (BY4741+pYES2). Additionally, we 
observed that PtrMTP6-expressed Δpmr1 cells accumulated significantly 
less Mn than control cells (Fig. 3A). This result suggest that PtrMTP6 
confers Mn tolerance by expelling this ion from cytoplasm, however the 
effects of Mn accumulation and tolerance were not observed in 
PtrMTP6-expressed wild-type BY4741 cells. 

In Δcot1, expression of PtrMTP6 partly confers Co tolerance in the 
presence of 1 mM CoCl2. In addition, the expression of PtrMTP6 also 
increased cell growth in the wild-type BY4741 (Fig. 2C). Furthermore, 
measurements of yeast metal concentrations showed that PtrMTP6- 
expressed cells showed a higher accumulation of Co than control cells, 
especially in Δcot1 cells (Fig. 3B). 

3.3. Spatiotemporal patterns of PtrMTP6 transcription in different tissues 

To investigate the transcript abundances of PtrMTP6 in Populus tri-
chocarpa, the mRNA levels were quantified by qRT-PCR in different 
organs of poplar including roots, stems, stem apex, axillary buds, mature 
leaves, young leaves, and petioles. The results indicate that PtrMTP6 was 
expressed ubiquitously in all the examined organs (Fig. 4A). Subse-
quently, we further verified the organ expression profiles of PtrMTP6 by 
histochemical GUS (β-glucuronidase) staining. GUS activity could be 
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detected in almost all organs (Fig. 4B-I), but there were higher expres-
sion levels in the stem phloem and in the vein of young leaves (Fig. 4D-E, 
G), lower expression levels in the base root, the initiation site of lateral 
roots and the vascular bundle of petiole (Fig. 4B-C, I). GUS expression 
was marginal in veins of mature leaves and in stem apex (Fig. 4F, H). 

These results indicate significant differences in the expression of 
PtrMTP6 across different tissues and organs in poplar, with higher 
concentrations in the phloem tissue and in the vascular bundle of young 
leaves. 

Fig. 1. Sequence analyses of PtrMTP6. (A) Multiple sequences alignment of PtrMTP6, AtMTP6, CsMTP6, OsMTP6, VvMTP6, and ZmMTP6 built by DNAMAN 
program. Black background, the completely conserved amino acid residues between sequences; dark gray background, conserved residues with very similar prop-
erties; gray background, conserved residues with moderately similar properties; pale gray background, conserved residues with few similar properties. TMs marked 
by black lines indicated the transmembrane domains predicted by CCTOP; EL, extracytosolic loop; IL intracytosolic loop; ZT-dimer marked by black lines, is the 
domain homologous to the zinc transporter dimerization domain; residues in red box, highly conserved residues in TM2 and TM5 related to cation binding; residues 
marked by red lines, the CDF signature sequence. (B) The transmembrane topology of PtrMTP6 predicted by CCTOP. Residues with red letters were conserved cation 
efflux protein transmembrane domain searched by InterPro. Residues in the black box were the ZT-dimer. Residues in the red box were highly conserved residues 
related to cation binding. For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article. 
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Fig. 2. Expression of PtrMTP6 in yeast confers Mn and Co tolerance. We measure absorbance at 600 nm (OD600) every 12 h to detect the yeast concentration in: (A) 
Yeast mutant pmr1 and wild type BY4741 transformed with empty pYES2 vector or with PtrMTP6 in pYES2, and cultured in the control solution(SD-Ura/Gal) with 
10 mM Mn; (B) Yeast mutant pmr1 and wild type BY4741 transformed with empty pYES2 vector or PtrMTP6 in pYES2, and grown in the control solution; (C) Yeast 
mutant cot1 and wild type BY4741 transformed with empty pYES2 vector or PtrMTP6 in pYES2, and cultured in the control medium with 1 mM Co; (D) Yeast mutant 
cot1 and wild type BY4741 transformed with empty pYES2 vector or PtrMTP6 in pYES2, and cultured by control. Results represent mean values ± SD from three 
biological replicates. 

Fig. 3. The expression of PtrMTP6 affects the concentration of Mn and Co in yeast. Concentrations of (A) Mn and (B) Co in yeast cells, determined in BY4741 
transformed with empty pYES2 vector, BY4741 transformed with PtrMTP6, pmr1 transformed with empty pYES2 vector, and pmr1 transformed with PtrMTP6. Yeasts 
grew in SD-Ura/Gal medium for 12 h and then with extra 5 mM Mn (in A) or with 0.5 mM Co (in B) for another 6 h. Results represent mean values ± SD from three 
biological replicates and different letters indicate significantly different (LSD test, p < 0.05). 
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3.4. PtrMTP6 was presented at the pre-vacuolar compartments 

To identify the subcellular localization of PtrMTP6 protein, we fused 
the green fluorescent protein gene (GFP) to the C-terminal of PtrMTP6 
and promoted it by the constitutive Cauliflower mosaic virus (CaMV) 35S 
promoter. The fused protein was transiently expressed in rice mesophyll 
protoplasts. Green fluorescence we observed using CLSM (Confocal 
Laser Scanning Microscope) and exhibited an amorphous and complex 
structure (Fig. 5). Further, we transiently co-expressed the PtrMTP6-GFP 
with other organelle specific markers, including ST-mRFP (trans-Golgi), 
Xylt-mRFP (media-Golgi), mRFP-SYP31 (cis-Golgi), mRFP-SYP61 (trans- 
Golgi network TGN), and mRFP-VSR2 (pre-vacuolar compartments 
PVCs) (Fig. 5). The results indicated that most PtrMTP6-GFP signals 
were co-located with the red fluorescence PVC marker mRFP-VSR2 
(Fig. 5E). Conversely, the signals of PtrMTP6-GFP did not coincide 
highly with other organelle markers (Fig. 5A-D). Indicated the PtrMTP6- 
GFP were presented at the vacuole sorting receptor (VSR)-marked PVCs 
in transgenic rice protoplasts. 

3.5. Overexpression of PtrMTP6 affects metal distribution in poplar 

We assessed the effects of PtrMTP6 protein on Mn and Co transport of 
by overexpressing PtrMTP6 in Populus tomentosa. Two independent 
transgenic lines carrying 35SPro::PtrMTP6 (OE-1 and OE-3) were 
confirmed by semi-qRT-PCR and qRT-PCR analysis (Fig. S1). We then 
grew the 6-week-old wild type (WT) and 35SPro::PtrMTP6 transgenic 
poplar plants in a hydroponic culture and they were subsequently 
exposed to excess Mn or Co stress. After 2 weeks of 5 mM MnSO4 
application, the Mn toxic symptoms started to emerge, but there was no 
obvious difference in Mn tolerance between wild type and transgenic 
lines (Fig. 6B). However, after 3 weeks of 0.5 mM CoCl2 application, the 
growth of young leaves and shoots showed a severe inhibition in both 
wild type and transgenic lines, and the transgenic lines exhibited a 
higher level of necrotic lesion than wild type plants (Fig. 6C, D). These 
results indicate that the overexpression of PtrMTP6 could increase the 
sensitivity of transgenic poplar to Co. 

Moreover, the metal content of different organs was further 
analyzed. As shown in Fig. 7, although there were little phenotypic 
differences between transgenic lines and wild type plants under control 

(normal nutrient solution), the distribution of Mn and Co concentrations 
in different plant tissues were altered by the overexpression of PtrMTP6 
(Fig. 7A, C). Mn concentration were lower in old leaves (OL) and higher 
in mature leaves (mL), expanding leaves (EL), young leaves and shoot 
apex (YL+SA) in the control. Co concentrations were higher in young 
leaves and shoot apex (YL+SA) under control conditions (Fig. 7C). After 
application of 5 mM MnSO4, we observed significant increases in Mn 
concentration in young leaves and shoot apex (YL+SA) in the lines 
overexpressing PtrMTP6, and lower Mn concentrations in the stem 
(Fig. 7B). After applying 0.5 mM CoCl2, where Co concentration was 
higher in mature and young leaf tissues of PtrMTP6-overexpressed lines, 
relative to the wildtype, (not detected in expanding leaves (EL) for this 
sensitive tissue had lost its function and fall off from the plant), but Co 
concentrations were lower in stem. This is consistent with more obvious 
toxic phenotype of transgenic lines vs wild type under 0.5 mM CoCl2 
condition (Fig. 6C). As shown in Fig. S2, there were little differences in 
whole plant Mn or Co concentrations between PtrMTP6-overexpressed 
lines and the wild type plants under any treatment, indicating that 
PtrMTP6 does not significantly affect root Mn/Co absorption. 

4. Discussion 

4.1. The PtrMTP6 protein is a Fe/Zn-CDF member, and has a similar 
structure with Yiip 

In plants, metal tolerance proteins (MTPs) belong to one class of CDF 
proteins (cation diffusion facilitator), and they have been identified 
ubiquitously in Eubacteria, Archaea and Eukaryote (Nies and Silver, 
1995). Phylogenetic analyses have traditionally divided CDF members 
into one of three major clusters, namely Zn-CDF, Fe/Zn-CDF, and 
Mn-CDF respectively, depending on the substrate (Montanini et al., 
2007). CDF proteins usually contain six transmembrane domains (TMs), 
with cytoplasmic termini and conserved residues in TM2 and TM5 
(Montanini et al., 2007). The structure analysis on the CDF member YiiP 
in Escherichia coli showed that ion transported is conferred by the 
conformational change cycles (Lopez-Redondo et al., 2018). Yiip 
structure is characterized by six transmembrane helices (TMs), a Zn 
transport site in four-helix bundle and a dimeric structure caused by the 
membrane domain (Lopez-Redondo et al., 2018; Lu et al., 2009; 

Fig. 4. Spatiotemporal patterns of PtrMTP6 transcription. (A) The relative mRNA expression level of PtrMTP6 in different poplar tissues detected by qRT-PCR. R, 
root; S, stem; SA, shoot apex; Ab, axillary bud; mL, mature leaves; YL, young leaves; P, petiole. Results represent mean values ± SD from three biological replicates. 
(B-I) GUS staining of root (B), root slice (C), stem slice (D), stem and axillary bud (E), shoot apex and young leaf (F), expanding leaf (G), mature leaf (H), and petiole 
slice (I) for PtrMTP6pro::GUS transgenic lines. The scale bars were 1 cm in B, 500 µm in C, D, and I, 2 cm in E, G, and H, and 5 mm in F. 
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Fig. 5. PtrMTP6-GFP was presented at the pre-vacuolar compartment. The 35Spro::PtrMTP6-GFP and a marker construct were co-transformed into rice protoplasts, 
and analyzed by confocal microscopy. The first column is the green fluorescence of PtrMTP6-GFP; The second column is the red fluorescence of the markers, (A) 
trans-Golgi marked by ST-mRFP, (B) medial-Golgi marked by Xylt-mRFP, (C) cis-Golgi marked by mRFP-SYP31, (D) TGN marked by mRFP-SYP61, and (E) PVC 
marked by mRFP-VSR2. The third column is the result of merging the images from the first two columns, yellow colors indicate the co-localization of two signals. The 
fourth column is the cell under the bright field. Scale bars indicate 25 µm. 
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Montanini et al., 2007). Similarly, PtrMTP6 contains six transmembrane 
helices, a ZT-dimer (homologous with the membrane domain in Yiip) at 
the C-terminal domain, and constant H/D residues which are thought to 
form the transport site in TM2 and TM5. This similarity suggests that 
PtrMTP6 is also a dimeric secondary transporter driven by protons, like 
Yiip, and the ion transport site likely results from alternating opposite 
sides of the membrane by the rocking and twisting of a four-helix 
bundle. 

4.2. The PtrMTP6 seems to transport the Mn and Co ions both into PVC 

The PVC presence of PtrMTP6 was confirmed by the co-localization 
with the AtVSR2 protein in protoplasts. The VSR (vacuole sorting re-
ceptor) protein binds ligands in the trans-Golgi network (TGN), and 
transport to PVCs is then achieved via clathrin-coated vesicles (CCVs). 
Once in the PVCs, the VSR proteins release the ligands which are then 
transported to the vacuole, and then the VSR proteins turn back to TGN 
via vesicles (Dasilva et al., 2005). The highly relevant co-localization of 

Fig. 6. The overexpression of PtrMTP6 confers Co sensitivity. Phenotypes of the wildtype and two independent PtrMTP6 overexpressing transgenic lines under (A) 
Control, (B) 5 mM MnSO4 and (C and D) 0.5 mM CoCl2. The scale bars are 10 cm in A, B, and D, 1 cm in C. 

Fig. 7. Differences in Mn and Co concentrations across tissues in the wildtype and PtrMTP6 overexpressing transgenic lines. Concentrations of Mn in (A) control 
treatments and (B) in response to 5 mM MnSO4. Concentrations of Co (C) in control treatments and (D) in response to 0.5 mM CoCl2. R, roots; S, stems; OL, old leaves; 
mL, mature leaves; EL, expanding leaves; YL + SA, young leaves and shoot apex. NS means meaningless results. Results represent mean values ± SD from three 
biological replicates, and asterisks indicate significant differences (Student’s t-test, p < 0.05). 
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PtrMTP6-GFP and mRFP-AtVSR2 indicate that PtrMTP6 presented at the 
same position of VSR proteins in this process, that is PVC. This result 
suggested that PtrMTP6 protein seems can transport the Mn and Co ions 
into the PVC. 

However, there have some puzzling results in yeast assay. The 
expression of PtrMTP6 could remediate the hypersensitivity both of 
Δpmr1 and Δcot1 cells, but in wild type yeast BY4741, the expression of 
PtrMTP6 only enhanced the resistance of Co (Fig. 2). Further, the 
expression of PtrMTP6 decreased the Mn content of Δpmr1 cells but 
increased the Co content of Δcot1 cells (Fig. 3). These results seemingly 
suggested that the PtrMTP6 can transport Mn or Co to different places 
selectively. But in our opinion, this difference in the transport of Mn and 
Co in yeast is not caused by PtrMTP6, but by the difference between 
PMR1 and COT1 itself. 

The PMR1 is a Ca2+/Mn2+-ATPase located at the Golgi apparatus and 
transports Mn into the Golgi apparatus, and then discharges excess Mn 
by exocytosis which processes sort the cargos in TGN (Keller and Si-
mons, 1997; Lapinskas et al., 1995; Traub and Kornfeld, 1997; Dürr 
et al., 1998). And the COT1 is a CDF protein and located at the mito-
chondrial membrane and functions at the sequestering of Co into 
mitochondria, the studies have shown that the yeast strain increased the 
Co tolerance due to expression of COT1 has an increased Co uptake 
(Conklin et al., 1992; Gustin et al., 2011). Clearly, although the absence 
of PMR1 or COT1 both confers hypersensitivity of metal in yeasts, the 
function of PMR1 and COT1 are not same. A key point is the PMR1 
discharge excess Mn by exocytosis, but the PMR1 just transports Mn into 
Golgi apparatus (Lapinskas et al., 1995; Dürr et al., 1998). That means, 
the yeasts could discharge the Mn in Golgi apparatus even if the PMR1 is 
absence, the absence of PMR1 only block the Mn into Golgi apparatus 
from cytoplasm. We noticed that there have closely connections be-
tween PVCs and Golgi apparatus. Cargos in Golgi apparatus sorted at the 
TGN by receptors, the cargos for secretion then secreted, and the cargos 
for vacuolar were carried by clathrin-coated vesicles (CCVs) to PVC first, 
after that the cargos then transported to vacuole from PVC, at the same 
time, the receptors in PVC return by a very efficient retrograde route 
back to the Golgi (Dasilva et al., 2005). The VSR2 is a kind of vacuolar 
sorting receptor (Miao et al., 2006), and the co-located of PtrMTP6 with 
VSR2 suggested that the PtrMTP6 may also presence at this retrograde 
route and transport the Mn and Co into Golgi apparatus. In Δpmr1 cells, 
the Mn could not discharge by exocytosis due to the lack of ability of 
transport Mn into Golgi apparatus, this highly increased the accumula-
tion of Mn in Δpmr1 cells (Lapinskas et al., 1995). When PtrMTP6 was 
expressed in Δpmr1 cells, the PtrMTP6 may transported the Mn into PVC 
and further transported to Golgi apparatus by retrograde route, resulting 
remedy the absence of PMR1 and decreased the Mn content in yeast 
cells. However, in wild type yeasts, the ability of PMR1 may far surpass 
PtrMTP6 for transport Mn into Golgi apparatus (It may also be that the 
ability to discharge excess Mn by exocytosis has not increased) and 
masks the role of PtrMTP6, thus there is nearly no influence for Mn 
resistance in yeasts when PtrMTP6 expressed (Figs. 2A, 3A). Similar 
results were observed in AtMTP11 protein in Arabidopsis, one 
proton-antiport Mn transporter located at the PVCs (Delhaize et al., 
2007). When AtMTP11 was expressed in Δpmr1, it suppressed the Mn 
sensitive phenotype, but AtMTP11 did not enhance Mn tolerance of 
genetic background BY4743. 

Different from the Mn, there is no reported researches indicated that 
Co has a secrete pathway similar with Mn. The yeasts could not secrete 
the Co even if the PtrMTP6 transported the Co into Golgi apparatus, thus 
the result is the sequestering of Co and increased Co accumulation in 
yeast (Figs. 2C and 3B). This is quite similar with COT1, the COT1 
sequestered the Co into mitochondria and increased Co accumulation in 
yeast. Furthermore, because of the different target subcellular organelles 
that PtrMTP6 and COT1 compartmentalized, although the PtrMTP6 and 
COT1 both sequestered the Co, their function did not influence each 
other. Therefore, the increased tolerance or uptake of Co caused by 
PtrMTP6 does not seem to be related to the COT1, and could be 

reinforced by each other (Figs. 2C and 3B). Of course, the above hy-
pothesis requires for further detailed experimental verification, such as 
accurately quantifying the Mn and Co concentration in vacuole, TGN, or 
PVCs, etc. 

4.3. The PtrMTP6 may distribute Mn and Co to young tissues through the 
re-translocation of the phloem 

In the previous genome-wide studies of MTP genes in poplar, the 
tissue expression levels of various MTP genes in Populus trichocarpa were 
determined by qRT-PCR. As shown in Fig. S3, PtrMTP6 had the higher 
expression level compare with the most other members of MTPs family 
in poplar (Gao et al., 2020). Furthermore, the PtrMTP6 expressed in 
most organs of poplar including roots, stem, stem apex, axillary bud, 
mature leaves, young leaves, and petiole (Fig. 4A), which is consistent 
with the data from the Phytozome12 transcriptome database (Gao et al., 
2020). The further GUS staining showed that PtrMTP6 was mainly 
expressed in the phloem tissue of stems and roots, and the vascular 
bundle of petioles (Fig. 4B-I). Phloem plays an important role in 
long-distance metal transport in plants. A previous study showed that 
phloem can re-translocate Cd and distribute it to other tissues, as a 
strategy for shoot protection (Van Belleghem et al., 2007). In the process 
of Fe absorption by the shoot apex and young leaves, its transport is 
dominated by the phloem re-mobilization after Fe transport to mature 
leaves via xylem, due to the immaturity of xylem structure and the low 
accumulated transpiration rates in these young tissues (Grusak and 
Dellapenna, 1999). The phloem expression of PtrMTP6 is perhaps 
related with Mn/Co distribution in above-ground tissues. 

Under the excess Mn stress, 35SPro::PtrMTP6 transgenic plants suf-
fered the same degree of toxicity as the WT plants, while the growth of 
young leaves and stem apex of transgenic plants was more severely 
inhibited than that of the WT plants under the excessive Co stress 
(Fig. 6). Furthermore, the total concentration of Mn and Co of transgenic 
plants is not significantly different from that of the WT plants (Fig. S2). 
These findings indicate that PtrMTP6 may not function in the uptake or 
efflux of Mn and Co from soil in poplar. However, the Mn or Co con-
centration was significantly changed in some organs was observed in 
transgenic plants. In normal condition, the Mn concentration of PtrMTP6 
overexpression plants was decreased in old leaves and increased in 
mature leaves, expanding leaves, young leaves, and stem apex (Fig. 7A). 
These results suggested, that the Mn in old leaves seems was remobili-
zation into younger tissues. The increased Co and Mn concentrations in 
young leaves and stem apex of transgenic lines (Fig. 7) indicated more 
Mn and Co accumulation in the apex. This is consistent with the more 
sensitive phenotype of the apex of transgenic plants under excess Co 
stress (Fig. 7C) and the mainly phloem expression of PtrMTP6 (Fig. 4). 
Previous studies have documented that Mn toxicity appears primarily in 
mature tissues, while Co toxicity is more apparent in young or prema-
ture tissues (Gopal, 2014; Li et al., 2019). We confirmed this trend, and 
this difference of toxicity perhaps was the cause of the stem apex of 
transgenic plants did not show more toxic after excess Mn stress, even if 
the Mn accumulation was increased in the apex. Our results showed that 
PtrMTP6 plays an important role in the Mn/Co distribution to young 
tissues, but the reasons underlying this phenomenon are far from 
resolved. 

5. Conclusion 

We have functionally identified PtrMTP6, a member of group 6 in the 
Fe/Zn-CDFs cluster. PtrMTP6 was presented at the PVCs. Expression of 
PtrMTP6 in yeast showed that PtrMTP6 functions as a metal transporter 
for Mn and Co. The specific expression of PtrMTP6 in the phloem and the 
phenotype of 35SPro::PtrMTP6 transgenic plants led us to propose that 
PtrMTP6 is involved in the distribution of Mn and Co in poplar. Further 
investigation of the functions of this group of proteins may help eluci-
dating some of the unknown processes associated with divalent cation 
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distribution in plants, such as Mn and Co transport into various cellular 
organelles. These findings provide new information for understanding 
the mechanism of distribution and translocation of heavy metals in 
plants and could facilitate the realization of the directed distribution of 
heavy metals in different tissues of plants, which is of great significance 
for limiting the distribution of heavy metals in the fruit/seed organs of 
grain crops and contaminated ecosystems remediation. 
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