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Abstract 
 

The continuous cultivation of Rehmannia glutinosa is problematic due to its release of auto toxic allelochemicals into the 

rhizosphere. Phenolics have been implicated as potential agents of this autotoxicity in R. glutinosa. Although Multidrug and 

Toxic Compound Extrusion Transporters (MATEs) are known to mediate the release of certain toxins in some plants, the 

identification of MATEs, which contribute to the release of phenolics, which have not been explored in R. glutinosa. Here, we 

scanned R. glutinosa transcriptome sequences and identified 66 RgMATE transcripts. An in silico analysis of the RgMATEs 

identified 9-12 transmembrane domains which predicted that most of them were deposited on plasma membrane and function 

as transporters. The phylogeny and homology analysis implied that ten of the RgMATEs were potentially associated with the 

release of phenolics. The transient expression showed that RgMATE33 and RgMATE46 were both localized in plasma 

membrane. Positive correlations were established between the expression abundance of eight RgMATE candidate genes in 

hairy roots and total phenolics content in their exudation. The conclusion was that the eight RgMATE efflux transporters likely 

contributed to the release of phenolics into R. glutinosa rhizosphere. Our study will lay the foundation for revealing the 

molecular basis of autotoxicity formation. © 2020 Friends Science Publishers 
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Introduction 
 

The perennial herbaceous species Rehmannia glutinosa 

Libosch belongs to the family Orobanchaceae. It is 

cultivated for its tuberous roots which contain a number of 

pharmacologically active compounds (Li et al. 2015; 2017). 

When replanted, the crop suffers a decline in productivity 

due to the release into the soil by the previous crop of 

autotoxic allelochemicals from some secondary metabolites 

(Li et al. 2012; Li et al. 2017; Zhang et al. 2016; 2018), a 

phenomenon referred to as “allelopathic autotoxicity”. A 

similar syndrome has been documented in a number of other 

crop species (Tian et al. 2016; Li et al. 2020). A large 

number of secondary metabolites have been implicated as 

potential agents of these allelochemicals (Ren et al. 2015; 

Kim et al. 2020; Li et al. 2020); in R. glutinosa, the most 

likely candidates are phenolics (Li et al. 2012; Wu et al. 

2015). The molecular basis of their release accumulation 

from the R. glutinosa roots remains obscure. 

Multidrug and Toxic Compound extrusion 

Transporters (MATEs) are found in all life forms 

(Moriyama et al. 2008; Xu et al. 2019), and are particularly 

abundant in plants (Wang et al. 2017a; Jagessar et al. 2020). 

Plant MATEs typically fall within the size range 400–550 

residues, and feature 9–12 transmembrane helical structures 

which function to bind their substrate (Omote et al. 2006; 

Miyauchi et al. 2017; Jagessar et al. 2020). The number of 

MATE-encoding genes harbored by the genomes of 

Arabidopsis, rice, tomato, blueberry, barrel medic, soybean 

and cotton is 56, 45, 67, 33, 70, 117 and 70 (Chen et al. 

2015; Liu et al. 2016; Wang et al. 2016; 2017a; Santos et al. 

2017; Xu et al. 2019); a set of 66,906 unigenes represented 

in an assembled R. glutinosa transcriptome has been 

estimated to be Li et al. (2017). MATEs have been 

implicated either directly or indirectly in the transport and 

accumulation of numerous phenolics release, as well as in 

the detoxification of autotoxins, in plant nutrient 

homeostasis, in tolerance to stress and in disease resistance 
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(Bashir et al. 2011; Ishimaru et al. 2011; Chen et al. 2015; 

Ma et al. 2018; Wang et al. 2020). 

A strong correlation has been established between 

MATE activity and the transport of phenolics across a 

number of plant species (Ishimaru et al. 2011; Chen et al. 

2015; Xu et al. 2019), which supports the idea that MATEs 

contribute significantly to this activity (Bashir et al. 2011; 

Tiwari et al. 2014). In Arabidopsis thaliana, several 

AtMATEs (such as AtDTX24, AtDTX25, AtDTX35 and 

AtDTX41/AtTT12) were associated with the transport of 

phenolics (Zhao and Dixon 2009; Thompson et al. 2010; 

Santos et al. 2017). In rice, two OsMATEs (OsPEZ1 and 

OsPEZ2) were demonstrated to be vital roles in phenolics 

release of plant roots (Ishimaru et al. 2011; Bashir et al. 

2011). However, MATE transcripts, which contribute to the 

release of phenolics, have not yet been identified in R. 

glutinosa. To identify MATE candidate genes involved 

in the release of phenolics in R. glutinosa, the present 

study scanned R. glutinosa transcriptome sequences and 

explored a set of RgMATE transcripts. Base on in silico 

analysis and experimental validation, we found some 

RgMATE efflux transporters potentially involved in the 

release of phenolics to lay a foundation for elaborating the 

regulation of the release and accumulation of allelopathic 

autotoxins in R. glutinosa. 
 

Materials and Methods 
 

Identification of MATE sequences 
 

The in silico identification of putative R. glutinosa MATE 

sequences was based on sequence data archived at 

www.ncbi.nlm.nih.gov/sra. According to Li et al. (2017), 

the transcriptome resolved into 66,906 unigenes. The 

transporter classification database (www.tcdb.org) was used 

to identify membrane transport proteins among the products 

encoded by these R. glutinosa unigenes, using the 

tBLASTX algorithm with the e-value set to e-3 (Saier et al. 

2016). Their predicted translation products were scanned 

for the characteristic features of plant MATEs, namely the 

presence of ~12 transmembrane domains and a length of 

~500 residues, and were retained only where their level of 

sequence similarity to known plant MATEs was above 

30%. The TMHMM Server v.2.0 program 

(www.cbs.dtu.dk/services/TMHMM) was applied as a 

further filter. The molecular weight and predicted pI of each 

putative RgMATE was obtained using the ProtParam tool 

(web.expasy.org/protparam) and their subcellular 

localization was predicted using the PSORT program 

(https://www.psort.org) program. Blast2GO software 

(www.blast2go.com/) was used for allocating functionality. 
 

Phylogenetic analysis 
 

The phylogeny of the RgMATEs was inferred using the 

Neighbor-joining method implemented in the MEGA v7.0 

package, applying 1,000 bootstrap replicates and based on 

the JTT matrix-based model (Kumar et al. 2016). A multiple 

sequence alignment of the predicted polypeptide sequences 

was performed using DNAMAN v6.0 software. 

 

Transient expression for subcellular localization 

 

For the experimental materials, R. glutinosa cultivar “Wen 

85-5” which was provided by Wen Agricultural Institute 

(Jiaozuo, Henan Province, Chian) and identified R. 

glutinosa Libosch belongs to the family Orobanchaceae by 

Professor Yan Hui Yang at Henan University of Technology, 

China. R. glutinosa was cultured at the pots in a greenhouse 

(a constant temperature of 26°C with a 14-h-light/10-h-dark 

cycle) from College of Bioengineering, Henan University of 

Technology. The roots from five R. glutinosa plants were 

sampled after 90 culture days. Total RNA was isolated from 

the sampled roots using the TRIzol reagent (Invitrogen, 

Carlsbad, USA) as recommended by the manufacturer. A 2 

µg aliquot of total RNA was reverse-transcribed in a 20 µL 

reaction containing 5U M-MLV reverse transcriptase 

(Takara, Tokyo, Japan), formulated according to the 

manufacturer‟s instructions. 

To isolate the full open-reading frame (ORF) RgMATE 

genes, the primers extending from the upstream “ATG” start 

codon site to the downstream region including the stop 

codon of the gene were designed by using Oligo7.0 

software (Table 1). The RgMATE sequences were amplified 

the cDNA of the samples by PCR using PrimeSTAR
®
 HS 

DNA Polymerase (Takara, Tokyo, Japan). The products 

were purified with the TaKaRa MiniBEST Agarose Gel 

DNA Extraction Kit and subcloned into the pMD-18 vector 

(Takara, Tokyo, Japan), which was then used to transform E. 

coli. All constructs were verified by sequencing (Sangon, 

Shanghai, China). 

For the subcellular localization of RgMATE, the ORF 

of the RgMATE33 and RgMATE46 sequences was inserted 

into the pBI121 vector (Biovector Science Lab, China) under 

the control of the CaMV35S promoter, fused with the N-

terminus of the GFP gene, to generate the CaMV35S:GFP-

RgMATE constructs. The resulting constructs were 

transformed with the Agrobacterium tumefaciens GV3101 

strain using the freeze-thaw method (Wise et al. 2006). For 

the transient expression of CaMV35S:RgMATE-GFP 

constructs in onion, the GV3101 strain, which was 

transformed into the CaMV35S:RgMATE-GFP constructs 

(an empty vector CaMV35S:GFP as control), was cultured 

for collection and then infiltrated into onion epidermal cells. 

The transfected epidermal regions were examined after 48  h 

of coculture. The transfected epidermal regions were 

analyzed with a fluorescence microscope (FV1000 MPE, 

Olympus) at an excitation wavelength of 488  nm to 

visualize GFP fluorescence. 

 

Hairy root culture of R. glutinosa 

 

Hairy roots of R. glutinosa were cultured under sterile 

https://www.baidu.com/link?url=A8HN0ygCvFtqvFKJafYTaN6BY5pA9GzUwGKXRXoII_x3Uup4mQFGrWOrpR5zhqUB&wd=&eqid=a46f755d0000d103000000025dcbc50d
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conditions up to the 20-day in 100 ml Erlenmeyer flasks 

containing 50 mL of MS (Murashige and Skoog 1962) 

liquid nutrient medium and 30 g·L
-1

 sucrose; the plants were 

exposed to a dark period and a constant temperature of 26°C 

(Wang et al. 2017b). They were subsequently transferred 

into fresh tubes containing 150 mL of the same liquid 

nutrient medium at the same cultured-condition. These roots 

and their nutrient medium exudation for further analysis 

were collected at 5, 10, 15, 20, 25, 30, 35, 40 and 45 days 

after transplant (DAT), respectively. 

 

Total phenolics content assay 

 

To estimate total phenolics content of the exudation, 150 mL 

from each nutrient medium of hairy roots was passed 

through a 0.45 µm filter and lyophilized, the residues were 

dissolved in 5 mL methanol. Total phenolic content was 

measured using the Folin–Ciocalteu method as described 

previously by Bursal and Gülçin (2011). Gallic acid (1–100 

µg·mL
-1

) solution was used to draw a standard curve. Total 

phenolic content from hairy root exudation was expressed as 

micrograms gallic acid equivalent per milliliter of liquid 

nutrient medium (µg·GAE·mL
-1

). Evaluation of all samples 

was performed with at least three biological replicates. 

 

RNA extraction and qRT-PCR analysis 

 

Total RNA of each hairy root samples was isolated and 

reverse-transcribed as the above methods mentioned. For 

qRT-PCR analysis, the gene primer sequences (Table 1) 

were designed using Beacon Designer v8.0 software 

(www.premierbiosoft.com) and a fragment of R. 

glutinosa Actin (Genebank ID: EU526396.1) was used 

as the reference sequence. Each 25 µL quantitative real-

time PCR (qRT-PCR) contained 0.2 μM of forward and 

reverse primer, 12.5µL SYBR
®

 Premix EX Taq
TM

 

(Takara) and 100 ng cDNA. Negative control reactions 

contained no cDNA. The PCR regime comprised an 

initial denaturing step (95°C/10 s), followed by 40 

cycles of 95°C/5 s, 60°C/10 s, 72°C/15 s and a final 

ramping of 60–95°C to determine the amplicon's 

dissociation behavior. Three biological replicates were 

included per sample. The 2
-△△CT

 method (Livak and 

Schmittgen 2001) was applied to estimate relative transcript 

abundances and the data were normalized on the basis of the 

abundance of the reference gene transcript. 

 

Statistical analyses 

 

Error analysis for the indices (i.e., total phenolics content of 

the exudation and the expression abundance of RgMATEs) 

was performed applying SPSS 20.0 program. To assess the 

correlation on the expression abundance of RgMATEs from 

the roots and total phenolics accmulation from their 

exudation, we used to Pearson correlation method (p<0.01) 

of two individual variables by SPSS 20.0 program. 

Results 
 

Identification of MATE transporters 

 

The scan of the R. glutinosa transcriptome revealed a set of 

66 unigenes putatively encoding MATE transporters, which 

were deposited in NCBI Genbank (Accession numbers 

assigned MK120913 through MK120978), designated 

RgMATE1 through 66. The size of the predicted translation 

products of these sequences varied from 470 to 584 

residues; their predicted molecular mass ranged from 50.56 

to 62.64 kDa, their predicted pI from 4.98 to 8.19, their 

grand average of hydropathicity (GRAVY) from 0.39 to 

0.83, their aliphatic index from 107.65 to 123.64 and the 

number of transmembrane domains present from nine to 

twelve (Table 2). All of these predicted polypeptides were 

likely stable because in no case was the instability index 

below 40. Based on in silico localization analysis, of the 

proteins, 62 were predicted to localize to the plasma 

membrane, two to the vacuolar membrane and one each to 

the endoplasmic reticulum and the nucleus. 

 

RgMATE function according to GO analysis 

 

The Blast2GO output for the set of RgMATEs is illustrated 

in Fig. 1. In terms of cellular component, the proteins were 

distributed between “membrane”, “membrane part”, “cell”, 

“cell part”, “organelle” and “organelle part”. With respect to 

molecular function, all were classified as being involved in 

transporter activity - either “drug transmembrane transporter 

activity” or “antiporter activity”; finally, with respect to 

biological process, the GO terms “localization”, “response 

to stimulus”, “single organism response” and “biological 

regulation” were represented. 

 

MATE protein phylogeny 

 

A phylogenetic analysis compared the sequences of the 66 

RgMATEs with 56 encoded by A. thaliana and 30 encoded 

by other plants (Fig. 2). Four primary clades (C1 through C4) 

were recognized. The largest of these was C1 (89 sequences), 

which was divided into the four secondary clades C1-1 (47 

sequences), -2 (23 sequences), -3 (12 sequences) and -4 

(seven sequences). The C2, C3 and C4 clades harbored, 

respectively, 32, 21 and 20 sequences, respectively. Several 

MATEs involved in phenolics transportation (e.g. 

AtDTX41/AtTT12, AtDTX35, OsPEZ1 and OsPEZ2) were 

mostly classfied in C1 subfamily, thus the 49 RgMATEs 

belonging to subfamily were further analyzed. 
 

Conservation of the RgMATE sequences potentially 

involved in phenolics transportation 

 

Among 49 RgMATEs from C1 subfamily, we removed the 

RgMATE6 localized in the vacuolar membrane to remain 

the 48 RgMATEs localized in the plasma membrane. 
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A multiple sequence alignment involving the 48 RgMATEs 

and four heterologous MATEs associated with the efflux 

transport of phenolics suggested that there were 10 

RgMATEs which shared at least 40% sequence identity with 

Table 1: Primer sequences used for the RgMATE genes 
 

Primer type RgMATE ID Product Length Forward (5'→3') Reverse (5'→3') 

RgMATE-GFP constructs RgMATE33 1871 ATGGGGTCCTTACAAAACCAAGGGGTG GGACAATAAAGTAACAGGTATCTTGTGC 

RgMATE46 1742 ATGGAGGACAACTCCAAGCAGCCAC CAGTCACAACATACGGAATCAACCC 
qRT-PCR RgMATE7 130 AAGATGAGGAGAAGGATT CTGCCATAAGTGTAAGAG 

RgMATE19 128 CAATAAGCGTAAGAGTGT GAAGATAAGTAGAGCAATAGA 

RgMATE30 90 GGTGGACGATGATGTTAT TTGCTGTTCTTGGATGTA 
RgMATE33 168 AATACTACATGCTCGGAATA GGATTGGCTTGGAGAATA 

RgMATE35 93 CGTGAATATAGGTTGTTA CAGATTAAGATGAGAGTT 

RgMATE36 165 ATTGCTTGTGCTCCATAA AGTAGAGATTGAGTGTGAAC 
RgMATE45 126 ATTCTACACGCCTACTAA CTTCTTCTTCTTCCTCTTC 

RgMATE46 126 ATTCTACACGCCTACTAA CTTCTTCTTCTTCCTCTTC 
RgMATE55 128 GAAGATAAGTAGAGCAATAGA CAATAAGCGTAAGAGTGT 

RgMATE56 98 CTATCAGCGTAAGAGTGT GCCAATTAAGAAGGAAGAT 

RgActin   235 TTCAGGCTGTCCTTTCACTG TGCAACATATGCAAGCTTCT 
 

 
 

Fig. 1: Gene ontology analysis of the set of 66 RgMATEs. BP: Biological process; CC: Cellular component; MF: Molecular function 
 

 
 

Fig. 2: Phylogeny of the set of RgMATEs, including 56 MATE homologs encoded by A. thaliana and 30 encoded by other plant species 
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the known MATEs (Table 3). In particular, RgMATE33 

shared 47.4, 62.8, 63.7 and 69.5% identity with, respectively, 

AtDTX41/AtTT12, OsPEZ2, OsPEZ1 and VcMATE8. 

Some of the transmembrane domains conserved across the 

MATEs produced by A. thaliana, rice and blueberry were 

similarly conserved in R. glutinosa (Fig. 3); the sequence 

conservation extended to certain inter-transmembrane 

domain linkers, such as residue E290 in the inter-

transmembrane 7 linker, which is critical for the functionality 

of AtDTX41/AtTT12. The equivalent residue featured in all 

of the 10 putative phenolics efflux transporting RgMATEs: 

E301 in RgMATE7, E306 in RgMATE19, E302 in 

RgMATE30, E292 in RgMATE33, E300 in RgMATE35, 

E265 in RgMATE36, E303 in RgMATE45, E307 in 

RgMATE46, E306 in RgMATE55 and E302 in RgMATE56. 

So we considered the 10 RgMATEs as phenolic efflux 

transport candidates for further analysis. 

 

The subcellular localization of RgMATE33 and 

RgMATE46 

 

Based on in silico localization analysis, we selected two 

(RgMATE33 and RgMATE46) of the RgMATE proteins to 

experimentally determine their subcellular localization. The 

two RgMATE complete coding regions were fused to the N-

terminus of GFP and CaMV35S:RgMATE33-GFP and 

CaMV35S:RgMATE46-GFP constructs were transiently 

expressed in onion epidermal cells, respectively. The green 

fluorescence from fusion protein of CaMV35S:GFP-

RgMATE33 and CaMV35S:GFP-RgMATE46 constructs 

were mainly both observed in the plasma membrane of the 

cells (Fig. 4a,b), while the expression of the control 

CaMV35S:GFP was detected in the cytoplasm, nucleus or 

other cell organelles (Fig. 4c). The results confirmed the in 

silico prediction of these RgMATE localization. 

 

Phenolics accumulation of the root exudates 

 

In the analysis of phenolics accumulation from hairy root 

exudates, total phenolics content from the root exudates 

exhibited an slight increase tendency during 5–20 days after 

transplant (DAT), then the phenolics accumulation of the 

exudates after 25 DAT was observed to be an obvious 

increase tendency. Among the nine time points,

 
 

Fig. 3: Multiple sequence alignment of the deduced translation products of the set of the 10 RgMATEs with those of four heterologous 

MATEs implicated in the transport of phenolics. The predicted 12 transmembrane domains are indicated by underlining. The 

AtDTX41/AtTT12 E290 residue is highlighted by a yellow box 
 

 
 

Fig. 4: Subcellular localization of the CaMV35S: GFP-RgMATEs fusion protein in onion epidermal cells. (a) CaMV35S:GFP-

RgMATE33; (b) CaMV35S:GFP-RgMATE46; (c) CaMV35S:GFP (Bars = 100 µm) 

../Program%20Files%20(x86)/Youdao/Dict/8.5.1.0/resultui/html/index.html#/javascript:;
../Program%20Files%20(x86)/Youdao/Dict/8.5.1.0/resultui/html/index.html#/javascript:;
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Table 2: Characteristics of the deduced translation products of the RgMATE cDNAs 

 
RgMATE ID Amino acid number  Molecular mass (kDa)  pI Instability index Aliphatic index GRAVY TMD Predicted localization 

RgMATE1 484 52.87  6.07  28.26  116.67  0.68  12 plasma membrane 
RgMATE2 535 58.57  5.38  29.99  110.92  0.62  12 plasma membrane 

RgMATE3 530 57.90  5.52  28.12  112.13  0.68  12 plasma membrane 

RgMATE4 534 58.63  5.13  32.61  109.46  0.61  12 plasma membrane 
RgMATE5 502 54.72  4.98  29.98  114.48  0.76  12 plasma membrane 

RgMATE6 524 57.28  5.29  31.20  112.46  0.69  12 vacuolar membrane 

RgMATE7 530 58.19  7.00  30.47  112.11  0.61  12 plasma membrane 
RgMATE8 510 55.28  6.92  26.97  120.86  0.76  10 plasma membrane 

RgMATE9 498 54.61  6.65  27.79  116.67  0.67  10 plasma membrane 

RgMATE10 502 54.99  7.05  32.54  121.57  0.71  10 plasma membrane 
RgMATE11 481 52.92  8.64  34.28  119.83  0.70  9 plasma membrane 

RgMATE12 512 55.10  8.59  29.78  114.96  0.63  9 vacuolar membrane 

RgMATE13 496 54.74  5.84 27 111.27 0.67  10 plasma membrane 
RgMATE14 524 58.07  7.56  30.62  117.56  0.55  11 plasma membrane 

RgMATE15 480 52.83  8.64  33.93  120.08  0.70  9 plasma membrane 

RgMATE16 535 58.57  5.50  29.83  111.64  0.63  12 plasma membrane 
RgMATE17 523 57.01  8.28  35.51  122.47  0.79  10 endoplasmic reticulum 

RgMATE18 486 53.49  8.21  22.56  120.74  0.81  10 plasma membrane 

RgMATE19 514 56.33  5.98  31.63  120.31  0.82  12 plasma membrane 
RgMATE20 546 58.51  8.72  32.19  109.23  0.45  10 plasma membrane 

RgMATE21 535 58.51  5.38  29.44  110.52  0.63  12 plasma membrane 

RgMATE22 535 58.52  5.36  29.23  109.63  0.63  12 plasma membrane 
RgMATE23 537 58.92  5.27  30.46  110.32  0.60  12 plasma membrane 

RgMATE24 536 58.76  5.25  29.49  109.24  0.61  12 plasma membrane 

RgMATE25 535 58.80  5.27  29.03  109.81  0.63  12 plasma membrane 
RgMATE26 535 58.56  5.40  29.99  110.36  0.61  12 plasma membrane 

RgMATE27 484 52.87  6.07  28.26  116.67  0.68  12 plasma membrane 

RgMATE28 480 52.11  7.97  31.63  121.19  0.72  12 plasma membrane 
RgMATE29 488 52.87  5.91  24.72  114.49  0.67  12 plasma membrane 

RgMATE30 519 57.33  6.39  30.29  115.76  0.70  12 plasma membrane 

RgMATE31 490 53.70  5.80  27.78  120.00  0.71  10 plasma membrane 
RgMATE32 489 53.94  8.69  35.95  123.64  0.69  11 plasma membrane 

RgMATE33 507 54.99  6.09  24.89  118.84  0.69  12 plasma membrane 

RgMATE34 484 52.87  6.07  28.26  116.67  0.68  12 plasma membrane 
RgMATE35 515 56.15  7.06  28.08  118.66  0.64  12 plasma membrane 

RgMATE36 477 51.73  6.95  32.43  120.48  0.83  10 plasma membrane 

RgMATE37 491 53.60  6.53  28.62  119.74  0.70  12 plasma membrane 
RgMATE38 506 55.56  5.84  30.91  116.98  0.67  11 plasma membrane 

RgMATE39 584 62.43  9.19  37.52  107.05  0.50  9 plasma membrane 

RgMATE40 510 55.37  6.21  26.07  117.98  0.72  11 plasma membrane 
RgMATE41 532 58.36  5.49  28.60  111.33  0.62  10 plasma membrane 

RgMATE42 470 50.56  5.99  27.34  122.62  0.78  10 plasma membrane 

RgMATE43 502 54.82  7.01  30.30  115.16  0.72  12 plasma membrane 
RgMATE44 484 52.89  6.07  28.42  116.88  0.68  12 plasma membrane 

RgMATE45 526 57.68  5.30  30.50  112.21  0.68  12 plasma membrane 

RgMATE46 529 58.01  5.20  30.80  112.31  0.67  12 plasma membrane 
RgMATE47 495 54.14  7.60  30.30  112.73  0.64  10 plasma membrane 

RgMATE48 490 52.75  5.99  27.49  122.59  0.77  12 plasma membrane 
RgMATE49 570 62.64  8.56  41.51  111.21  0.39  11 plasma membrane 

RgMATE50 485 52.99  8.97  24.55  117.13  0.66  10 plasma membrane 

RgMATE51 535 58.57  5.38  29.99  110.92  0.62  12 plasma membrane 
RgMATE52 486 53.55  6.33  39.93  118.91  0.70  10 nucleus 

RgMATE53 479 52.62  6.98  30.18  116.05  0.65  10 plasma membrane 

RgMATE54 490 52.78  5.99  27.66  121.80  0.76  12 plasma membrane 
RgMATE55 524 57.41  6.70  30.16  115.25  0.67  12 plasma membrane 

RgMATE56 520 57.25  8.05  28.69  112.77  0.69  12 plasma membrane 

RgMATE57 516 56.36  5.31  27.31  115.50  0.69  10 plasma membrane 
RgMATE58 484 52.87  6.07  28.26  116.67  0.68  12 plasma membrane 

RgMATE59 510 55.75  8.28  32.87  119.88  0.75  9 plasma membrane 

RgMATE60 537 58.91  5.37  30.10  109.39  0.60  10 plasma membrane 
RgMATE61 502 54.68  6.52  29.81  119.10  0.73  11 plasma membrane 

RgMATE62 477 52.59  5.76  31.74  113.10  0.63  12 plasma membrane 

RgMATE63 501 54.70  7.02  26.82  115.95  0.68  12 plasma membrane 
RgMATE64 510 55.35  6.21  28.01  118.75  0.73  11 plasma membrane 

RgMATE65 478 52.42  7.56  27.79  115.42  0.75  9 plasma membrane 

RgMATE66 484 52.87  6.07 28.26 116.67 0.68  12 plasma membrane 
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total phenolics content of the exudates was the highest at the 

45 DAT (Fig. 5a). For example, total phenolics content of 

the root exudates at 45 DAT was approximately 15-fold 

relative to that at 10 DAT. 
 

Expression profiles of the RgMATEs potentially involved 

in phenolics release 
 

The expression abundance of RgMATE33 was the highest 

among the ten genes (Fig. 5b). During the hairy roots-

cultured stages, the expression abundance of RgMATE33 

mostly exhibited an increase tendency; the expression 

abundance of RgMATE33 was the low at 5 DAT, while 

RgMATE33 transcript was found most strongly expressed at 

45 DAT, and followed by 40 DAT; The coefficients of 

determiantion (R
2
) between RgMATE33 expression 

abundance of the roots and the phenolics accumulation of 

their exudates were 0.979 (Table 4). RgMATE7, RgMATE30, 

RgMATE35, RgMATE36, RgMATE46, RgMATE55 and 

RgMATE56 largely exhibited a similar expression pattern 

with RgMATE33, and their R
2
 values between the expression 

abundance and the phenolics accumulation were computed 

as more than 0.87. Compared with RgMATE33, the 

expression abundance of RgMATE19 at 45 DAT was the 

lowest among various stages, its R
2
 value between its 

expression abundance of the roots and the phenolics 

accumulation of the root exudates was very low (R
2 
= 0.257). 

In addition, the expression abundance of RgMATE45 was 

mostly no significant different at various time points, and the 

relevance between its expression abundance and the 

phenolics accumulation was even negative correlation. The 

expression profiles of the RgMATEs varied in various time 

points, which reflected potential different functions. Thus we 

speculated that the eight RgMATEs (including RgMATE7, 

RgMATE30, RgMATE33, RgMATE35, RgMATE36, 

RgMATE46, RgMATE55 and RgMATE56) could be related 

to the transport of phenolics release in R. glutinosa roots, 

while RgMATE19 and RgMATE45 might participate in 

other transport function. 
 

Discussion 
 

The roots of R. glutinosa produce pharmacologically active 

secondary metabolites, but some (especially phenolics) of 

these can also be secreted to plant rhizosphere and represent 

agents of auto toxic allelochemicals by inhibiting the uptake 

of nutrients when the species was continuously cultivated 

(Wu et al. 2015; Li et al. 2017). Members of the MATE 

family act to detoxify certain phenolics, in particular by 

their removal from the plant entirely (Omote et al. 2006; 

Chen et al. 2015). This property prompted the current 

interest in establishing the importance of MATEs in the 

release of phenolics from secondary metabolites. On the 

basis of a whole transcriptome, a set of MATE homologs 

was identified, with the intention of revealing which, if any, 

of these could be implicated in phenolics autotoxicity 

formation. 

Members of the MATE family range in length 

from ~400–700 residues, with the majority lying in the 

Table 3: The homology between 10 RgMATE candidaties and 

four known MATEs involved in the phenolics transport 

 
RgMATE ID Sequence identifity (%) 

AtDTX41/AtTT12 OsPEZ2 OsPEZ1 VcMATE8 

RgMATE7 40.4  46.3  45.2  42.6  

RgMATE19 40.0  45.1  45.1  40.9  
RgMATE30 41.5  44.3  44.1  43.0  

RgMATE33 47.4  62.8  63.7  69.5  

RgMATE35 42.8  62.6  63.2  69.5  
RgMATE36 42.6  48.0  45.8  42.3  

RgMATE45 40.6  44.0  44.7  43.4  

RgMATE46 40.8  44.3  44.9  43.6  
RgMATE55 40.3  45.6  45.8  41.9  

RgMATE56 40.5  43.9  45.0  43.4  

 

 
 

Fig. 5: (a) The accumulation of phenolics in R. glutinosa root 

exudates at various time points. (b) The temporal expression 

profiles of the 10 RgMATEs in R. glutinosa hairy roots by qRT-

PCR experiment. The error bars represent the standard error (n =3) 
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range 400–550 (Santos et al. 2017). The size distribution of 

the RgMATEs (470–584 residues) was consistent with this 

range (Chen et al. 2015). Most MATE proteins feature 

twelve transmembrane domains (Hvorup et al. 2003), but 

this number varies from eight to 14 among the MATEs 

produced by A. thaliana (Green and Rogers 2004). 

According to an in silico analysis, the number of 

transmembrane domains in R. glutinosa RgMATEs ranged 

from nine to twelve, suggesting that the RgMATEs possess 

typical transmembrane structure characteristics of 

transporters. Gene ontology revealed some aspects of the 

functionality of the RgMATEs (Ashburner et al. 2000). 

According to GO functional analysis, the RgMATEs were 

associated with membranes, were involved in 

transmembrane transporter and antiporter activity, and their 

primary functions included the detoxification and removal 

of toxins from the plant cell. The conclusion is that some of 

the RgMATEs could be involved in the release of 

endogenously produced toxins, acting to maintain cell 

function and cell membrane integrity. 

The release of phenolics can enhance a plant‟s ability 

to absorb and utilize precipitated apoplasmic iron (Lu et al. 

2018). Phylogenetic analyses of MATEs have been used to 

predict their substrate specificity (Liu et al. 2016; Wang et 

al. 2017a). The R. glutinosa RgMATEs formed four clades, 

indicative of a degree of functional diversity. Of C1 

subfamily, the members of C1-1 included 33 of the 

RgMATEs, seven A. thaliana MATEs (AtDTX29 through 

35) and seven heterologous sequences. AtDTX35 is known 

as a transporter which influences flavonoid content 

(Thompson et al. 2010), and VvAM1 involves in the 

transport of anthocyanins in the grapevine (Gomez et al. 

2011). MtMATE2 mediates the vacuolar sequestration of 

flavonoid glycosides in barrel medic (Zhao et al. 2011), 

while NtJAT2 transports alkaloids in tobacco (Shitan et al. 

2014). The members of C1-2 included 14 RgMATEs and 

nine A. thaliana MATEs (AtDTX20 through 28). Subgroup 

C1-3 clustered two of the RgMATEs, along with five A. 

thaliana MATEs (AtDTX36 through 40) and five 

heterologous sequences; most of these sequences have been 

associated with the release of phenolics (Ishimaru et al. 

2011; Bashir et al. 2011; Chen et al. 2015). The C1-4 

secondary clade harbored only a solitary A. thaliana 

member (AtDTX41/AtTT12), along with six heterologous 

sequences, all of which are involved in the transport or 

accumulation of flavonoids, anthocyanins and other 

phenolics into the plasma membrane or vacuole (Marinova 

et al. 2007; Chai et al. 2009; Frank et al. 2011; Chen et al. 

2015; Yang et al. 2016). Thus we concluded that some of 

these RgMATEs belonging to C1 subfamily could be 

involved in phenolics transportation of R. glutinosa. 

However, among the other three clades, the C2 clade 

clustered 12 of the RgMATEs, along with 19 A. thaliana 

MATEs (AtDTX1 through 19) and one tobacco protein 

(NtJAT1). AtDTX1 has relatively broad substrate specificity 

and confers tolerance to cadmium ions when expressed in E. 

coli (Li et al. 2002); AtDTX19/AtALF5 is transcribed in 

root epidermal cells, where it functions as a protectant 

against certain soil toxins (Diener et al. 2001). NtJAT1 

participates in the sequestration of alkaloids within the 

vacuole and forms part of the plant response to pathogen 

attack (Morita et al. 2009). Subfamily C3 contained two 

RgMATEs in addition to nine A. thaliana MATEs 

(AtDTX48/AtZF14 through 56). AtDTX48/AtZF14 is 

involved in iron homeostasis during organ initiation and 

development (Wang et al. 2015), AtDTX51/AtADS1 

negatively regulates disease resistance (Sun et al. 2011) and 

AtDTX56 localizes to the plasma membrane and 

participates in the response to an increased CO2 

concentration in the stomatal guard cells (Tian et al. 2015). 

Finally, the C4 clade harbored three of the RgMATEs, six A. 

thaliana MATEs (AtDTX42 through 47) and 11 

heterologous sequences. AtDTX43/AtFRD3 is required for 

the expression of tolerance to excess zinc ions through its 

regulation of iron homeostasis (Roschzttardtz et al. 2011), 

while the soybean protein GmFRD3b is inducible by iron 

deficiency (Rogers et al. 2009). Some of the members of 

this clade act as citrate effluxers: these consist of the bread 

wheat protein TaMATE1B (Tovkach et al. 2013), the cereal 

rye proteins ScFRDL1 and ScFRDL2 (Yokosho et al. 

2010), the barley protein HvAACT1 (Zhou et al. 2013), the 

rice proteins OsFDL1 and OsFRDL4 (Yokosho et al. 2009; 

2011) and the Eucalyptus camaldulensis protein EcMATE1 

(Sawaki et al. 2013). Thus we speculated that the RgMATEs 

Table 4: The correlation coefficient (R2) between the 10 RgMATE expression abundance (X variable) from R. glutinosa roots and total 

phenolics accumulation from their exduates (Y variable) 

 
Sampling 

time 

Y variable  Various X variables   

RgMATE7 RgMATE19 RgMATE30 RgMATE33 RgMATE35 RgMATE36 RgMATE45 RgMATE46 RgMATE55 RgMATE56 

5 3.3±0.56 1.00±0.23 1.00±0.09 1.00±0.12 1.00±0.23 1.00±0.27 1.00±0.33 1.00±0.04 1.00±0.27 1.00±0.31 1.00±0.24 
10 4.3±1.01 3.09±0.89 1.09±0.14 0.41±0.24 2.34±0.24 1.01±0.47 0.21±0.47 0.96±0.03 1.03±0.65 1.26±0.37 1.31±0.37 

15 7.04±2.09 10.11±1.23 0.54±0.07 1.59±0.37 3.32±0.33 1.52±0.28 1.20±0.14 0.95±0.04 5.17±0.34 2.07±0.22 8.55±0.36 

20 15.23±3.24 20.85±2.45 2.26±0.17 2.4±0.55 5.19±0.56 2.02±0.56 7.57±0.99 1.11±0.07 14.21±0.75 3.17±0.14 10.55±1.45 
25 20.34±2.45 22.05±3.56 1.1±0.21 2.69±0.46 8.95±1.04 4.08±0.98 19.72±3.24 0.95±0.14 15.43±1.34 3.36±0.23 16.64±2.34 

30 30.24±3.43 27.15±2.89 3±0.17 9.31±0.98 22.04±2.37 12.3±2.34 20.09±2.79 0.92±0.05 16.05±2.37 6.93±0.24 24.14±2.47 

35 42.35±2.97 28.98±2.47 1.35±0.11 10.01±1.45 46.97±3.78 14.09±2.47 21.32±1.56 0.92±0.09 19.02±1.98 7.31±0.67 26.51±1.98 
40 57.38±4.36 36.00±2.57 0.78±0.13 15.99±2.75 54.06±4.89 24.02±2.01 22.29±2.12 0.85±0.04 20.98±1.49 8.23±0.53 27.62±1.76 

45 78.34±5.14 38.02±2.96 2.04±0.19 42.03±2.24 68.15±4.35 44.98±4.25 33.31±2.68 1.03±0.12 27.09±2.01 9.45±0.34 29.31±2.56 

R2 - 0.871** 0.257 0.926** 0.979** 0.968** 0.924** -0.190 0.919** 0.955** 0.902** 
Mean ± standard deviation. “**” represents the significance level (P>0.01) 
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from the C2, C3 and C4 subfamilies could mostly play roles 

in R. glutinosa response to various stresses and other 

biological processes. 

The inclusion in the analysis of heterologous MATEs 

of known specificity implied that some of the RgMATEs in 

C1 subfamily may well target phenolics, alkaloids and other 

toxic compounds. Thus, the rice proteins OsPEZ1 and 

OsPEZ2 have been shown to mediate the release of 

phenolics into the soil by stressed plants (Bashir et al. 2011; 

Ishimaru et al. 2011). In maize plants challenged by 

aluminum stress, MaMATE2 promoted the secretion of 

flavonoid-type phenolics from the roots (Maron et al. 2010). 

The blueberry protein VcMATE8 is also believed to 

function as a phenolic transporter (Chen et al. 2015). In all, 

ten of the RgMATEs were found to share at least 40% 

sequence similarity with four heterologous MATEs shown 

experimentally to mediate the transport of phenolics. The 

level of sequence conservation of certain of the (up to 

twelve) transmembrane domains present in the RgMATEs 

was quite high, and some inter-transmembrane linkers also 

appeared to be well conserved. It has been suggested that 

MATE proteins transport their “cargo” via a pore 

maintained by the transmembrane helices (Zhang et al. 

2014), in which case maintaining the secondary structure of 

the relevant transmembrane domains is needed for a MATE 

to function (Wang et al. 2016). The A. thaliana MATE 

AtDTX41/AtTT12 is known to act as an anthocyanin 

transporter and/or a flavonoid/cation antiporter (Marinova et 

al. 2007); its E290 residue has been shown to be critical for 

both substrate transport (Marinova et al. 2007). Ten 

putative phenolics transporting RgMATEs all had the 

equivalent residue. Thus ten RgMATE transporters 

probably represent the candidates for the release of 

phenolics via the plasma membrane. 

The subcellular localization of a transporter is crucial 

for its functionality. Majority of plant MATEs characterized 

to date are associated with either the plasma membrane or 

the vacuolar membrane (Chai et al. 2009; Shitan et al. 

2014). Those localized to the plasma membrane mediate the 

efflux and detoxification from endogenous or exogenous 

toxins (Ishimaru et al. 2011; Miyauchi et al. 2017). Plant 

MATE characterized phenolics efflux transporters so far are 

localized to the plasma membrane and have a primary site 

for iron uptake (Xu et al. 2019; Wang et al. 2020). These 

MATE substrates are transported out of the cells in 

exchanges for the iron-influx (Jagessar et al. 2020). In rice, 

two MATEs (OsPEZ1 and OsPEZ1) were both localized to 

the plasma membrane and functioned as phenolics efflux 

transports with the involvement in Fe uptaking (Bashir et al. 

2011; Ishimaru et al. 2011). Here, the overwhelming 

majority (94%) of the RgMATEs were predicted to act 

within the plasma membrane. The inference was that most 

of the RgMATEs are involved in extracellular secretory 

pathways used for the removal of toxins. To further analyze 

the potential function of the ten RgMATE candidates, 

RgMATE33 and RgMATE46 proteins by GFP fusion 

imaging were both verified to be localization in the plasma 

membrane. The results revealed that the prediction of the 

RgMATE subcelluar localization was fairly accurate. Thus 

the subcelluar localization of the RgMATEs by 

experimental confirmation further revealed the potential 

function of efflux transportation. 

The amount of MATE transcript was closely related to 

transport the abundance of its substrates (Chen et al. 2015; 

Xu et al. 2019; Wang et al. 2020). In blueberry plants, the 

expression profiles of several VcMATE genes involved in 

phenolics transportation were closely coordinated with the 

anthocyanidins accumulation processes (Chen et al. 2015). 

In brown cotton, the expression of GhTT12 as a 

proanthocyanidin transporter was positively connected with 

the substrate accumulation (Xu et al. 2019). Our study 

indicated that the eight RgMATE candidates exhibited 

similar temporal expression patterns, and their expression 

became stronger and stronger with the phenolics increase of 

R. glutinosa root exudates. Positive correlation between 

expression of the eight RgMATE genes (including 

RgMATE7, RgMATE30, RgMATE35, RgMATE36, 

RgMATE46, RgMATE55 and RgMATE56) and the 

accumulation of phenolics in the root exudates reflected that 

they could be responsible for phenolics transports via the 

plasma membranes of R. glutinosa root cells. This implied 

that the eight RgMATE transporters could be the strongest 

candidates involved in phenolic release. It is possible 

therefore that a heightened activity of the RgMATEs could 

participate in phenolics release into the extracellular space, 

promoting the presence of phenolics in the root exudates. 

 

Conclusion 
 

Our study primarily identified 66 RgMATE transcripts in R. 

glutinosa. The in silico analysis and preliminary 

experimental evidence discovered eight RgMATE efflux 

transporter potentially involved in the release of phenolics. 

Although the function of the RgMATEs in details will need 

to verify by further experiments, our study revealed that 

they potentially acting as transporters could regulate 

phenolics release into the rhizosphere and thus are likely 

implicated in the accumulation of allelochemicals in R. 

glutinosa, laying the foundation for revealing the molecular 

basis of allelopathic autotoxicity formation. 
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