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Abstract: Objective Based on the whole-genome data of Lycium ruthenicum, this study aimed to systematically identify members
of the LrMATE gene family, characterize their structural features, evolutionary relationships, and expression patterns during different

fruit coloration stages, and screen candidate genes potentially involved in anthocyanin transport and accumulation. Methods
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Members of the LrMATE gene family were identified using hidden Markov model (HMM) searches and sequence alignment with
known MATE proteins. Bioinformatics approaches were then used to analyze their physicochemical properties, chromosomal location,
phylogenetic relationships, gene structures, cis-acting regulatory elements, and syntenic relationships. Combined with transcriptome
data from different fruit developmental stages and changes in anthocyanin content, candidate genes related to anthocyanin accumulation
were screened through correlation analysis between gene expression levels and anthocyanin content, as well as weighted gene co-
expression network analysis (WGCNA). Results A total of 53 LrMATE genes were identified in the L. ruthenicum genome and were
unevenly distributed across 12 chromosomes. Phylogenetic analysis classified these genes into five subfamilies, among which
subfamily II contained the largest number of members, with 19 genes. Some members of this subfamily clustered closely with
previously reported MATE proteins involved in the transport of plant secondary metabolites. Based on the expression patterns of
LrMATE genes during different fruit developmental stages, changes in anthocyanin content, and co-expression analysis, Lr'MATE12,
LrMATE1S, LrMATE23, LrMATE26, LrMATE27, LrMATE37, and LrMATE38 were predicted to be involved in anthocyanin transport
and accumulation during fruit coloration in L. ruthenicum. Conclusion This study systematically characterized the LrMATE gene
family in L. ruthenicum and identified seven candidate genes potentially associated with anthocyanin transport and accumulation.
These findings provide important candidate gene resources for further elucidating the molecular mechanisms through which LrMATE
genes mediate anthocyanin accumulation in L. ruthenicum, and offer a theoretical basis for the development of anthocyanin-related
medicinal active components, fruit quality improvement, and the breeding of high-anthocyanin germplasm resources.
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Table 2 Predicted physicochemical properties of MATE family proteins in Lycium ruthenicum

i

I LrMATE % EAKE/aa AT hE IS DRGERE BN RECREKIE 740 e A Ftil
Lr01g000185  LrMATEI 498 55193.83 8.49 43.92 107.15  0.441 #fifffi
Lr01g000186  LrMATE? 485 53 147.05 8.43 35.63 118.89  0.732  #fiffufiie
Lr01g000225  LrMATE3 493 53 838.59 6.66 34.00 115.60  0.730  ZHJfufE
Lr01g000226  LrMATE4 493 53931.76 8.14 34.78 115.15  0.757 “ifuiz
Lr01g002167  LrMATES 516 56293.85 8.63 38.85 121.72  0.606  #HiJfu s
Lr01g002222  LrMATEG6 501 54 538.35 5.53 30.01 12439 0.755 4l
Lr01g002700  LrMATE7 422 45 581.58 9.08 2527 12552 0.766 4. IHIE
Lr02g000670  LrMATES 495 53 963.78 7.90 27.05 11588  0.642  #fiffufiie
Lr02g001052  LrMATE9 510 54 304.82 8.47 32.41 122.06  0.663 i fii
Lr02g002751  LrMATEI0 498 54376.17 8.43 30.81 119.64  0.711 4HJfuE
Lr02g004105 ~ LrMATEI] 496 53 983.87 6.24 29.26 114.58  0.615 4l
Lr02g004820  LrMATEI2 487 53 681.44 6.70 33.21 114.15  0.675 4l
Lr02g004821  LrMATEI3 486 53 452.86 6.59 28.22 11551 0.666  #HlJifufiE
Lr02g004965  LrMATEI4 547 60 079.08 8.26 35.00 111.06  0.496  4ilJifufiEs
Lr03g000607  LrMATEIS 501 54 657.41 6.45 29.13 119.92  0.726  4HJfIfE. IEHE
Lr03g001192  LrMATEIG 518 57 478.97 8.81 35.55 11672 0.601  #HlJifufiEs
Lr03g001570  LrMATEI7 426 45909.73 9.08 29.36 121.38  0.743  4liJfufiEs
Lr03g002314  LrMATEIS 524 57271.99 8.70 40.57 116.55  0.555 #fiffufiie
Lr03g002468  LrMATEI9 497 5422431 6.65 25.48 128.11 0.810 4uAofE
Lr03g004151  LrMATE20 495 53 955.99 6.66 29.46 121.11  0.674  4HJfufiEs
Lr03g004152  LrMATE21 495 53 982.92 6.40 29.33 121.31  0.665  4lffufE
Lr04g001759 ~ LrMATE22 506 55575.33 6.52 30.02 108.36  0.591  4HffufE
Lr04g002682  LrMATE23 576 62 777.03 8.57 28.11 117.67  0.636 2. WOE B
Lr04g002793  LrMATE24 503 54979.72 5.77 30.90 12095  0.739 2. WA
Lr04g003901  LrMATE25 474 51 849.02 8.92 26.57 12445  0.746  4HffufE
Lr04g003964 ~ LrMATE26 510 56 598.09 8.27 43.22 120.51  0.560 4l JjfufiEs
Lr05g002208  LrMATE27 519 57049.97 5.84 30.32 108.67  0.645  4ilJjfufiEs
Lr05g002212  LrMATE28 517 56 427.42 6.93 27.20 114.74  0.669 4lJfufE
Lr05g003296  LrMATE29 484 52 863.58 7.46 31.79 118.53  0.682  4lffufies
Lr05g003298  LrMATE30 308 33 698.14 8.06 36.04 121.30  0.828  ZHAEME. I
Lr06g001080  LrMATE31 581 62 799.79 8.80 33.07 11522 0.544  4Hffpe
Lr06g001861  LrMATE32 544 58 672.10 9.18 30.31 109.82  0.519 ifpE
Lr06g003336  LrMATE33 503 54 888.86 6.10 30.14 116.34  0.697  4ilJifufiEs
Lr07g000043  LrMATE34 470 51 000.22 8.67 28.73 11521 0.572 4l
Lr07g000048  LrMATE35 490 53 663.59 9.24 23.68 113.67  0.605 4
Lr07g000049  LrMATE36 478 51 855.27 6.71 32.24 11533 0.608 4l
Lr08g001988 ~ LrMATE37 483 52533.86 9.04 33.71 116.54  0.608 4l
Lr08g003090  LrMATE3S 569 62 551.59 8.51 31.27 121.18  0.651  ZHffu)is. m-Zfk
Lr08g003220  LrMATE39 462 50 442.46 8.11 38.12 109.96  0.537  ZHffufi
Lr09g004014 ~ LrMATE40 514 56 587.90 6.36 35.41 12222 0.608 4t
Lr10g000373  LrMATE41 494 54 753.68 6.50 35.09 11449  0.738 4l
Lr10g003121  LrMATE42 490 53 465.31 6.11 34.10 122.00  0.717  #HMufi
Lrl0g003127  LrMATE43 465 51199.17 7.04 34.77 111.57  0.584 4l
Lr10g003624  LrMATE44 405 43 890.94 9.09 2273 118.12  0.669  HHJfIfis. JEIHLAE
Lrilg001230  LrMATE45 535 58 526.49 6.02 28.15 11557  0.638 ARl I
Lri2g000756  LrMATE46 542 57980.91 6.46 33.16 11579  0.597 4. mh&gfk
Lr12g001010  LrMATE47 480 52241.64 6.66 32.61 123.12 0.742 4. VAR
Lri2g002751  LrMATE48 523 55595.25 8.74 33.86 119.77  0.634 WA
Lri12g002752  LrMATE49 562 60 835.32 5.51 31.70 114.02  0.623  ZHRufiE, ALHE
Lr12g003143  LrMATES0 471 51 470.03 7.53 27.90 12773 0.733  #ffffi
Lri2g003144  LrMATES] 502 55 607.96 8.90 34.30 12743 0.729 #HffiE
Lri12g003145  LrMATES2 479 52179.82 8.74 31.80 12622 0.724 UK, IHLIE
Lr12g003403  LrMATES3 495 53 640.65 6.10 34.60 118.53  0.693 4
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Fig.1 Chromosomal location of LrMATE gene family members in L. ruthenicum

v

AABUE R AR LR H, 7330 A EIEZR bootstrap SCHFE.

Different colors represent different subfamily groups, and the numbers at branch nodes indicate bootstrap support values.

B2 HETSERMEEARKLEN
Fig.2 Phylogenetic tree of MATE proteins from A. thaliana and L. ruthenicum



PED 2026£9H B57% B 178 Chinese Traditional and Herbal Drugs 2026 September Vol. 57 No. 17 « 6927 «

RGUR B MR EE 1 A E T MATE 215 1 43 B
FEAE, 109 A~ MATE |EAAXIS N 5 MEFKE
(Group I~V). RGEKE T RELH, 53 4
LtMATE Ji 02 78 % W 5K e th i o0 A ANy, Ho
Group II f1 Group I 3%, 75+ 19 A1 18
A5 GroupIV % 94>, GroupIll ¥ 5, Group
VA E 24 R ERMAT LiMATE KR EAN [
WRGEH Y sk BB AFE B 22 e, $Eon ARk
R RTRE R T 1 AN [E) R B ) R IR ) 5 T e
. MNEEXXKRE, £ LIMATE EH 54U
I+ MATE & EE S WK RN A, wil] =3
B — & FIRERE AR SF 1 . EAE RN,
T CiREZS 5HEE RBOL B ATTI2
( AtDTX41) {7 F Group 1. % XK &+,
LrMATE24. LiMATE49. LrMATE15. LrMATE48.

LrMATE45 #l LrtMATE23 5 AtTT12 % NHL 5
% ; LIMATEI2 . LrMATEI13 . LrMATE3S .
LrMATE6. LrtMATE37. LrtMATE28 Al LrMATE27
R INAJE T Group Il. 454 AtTT12 I F%
IR, HEMINZ Y S5 T o B 01 v e R SR A
TR SLAE T RS 2 A A K.
3.3 LrMATE ERERENHERTFTHESERZH
Xy

NWIH B RMIAT LrMATE 5700 i 74 1) 45 K s
fIE, XF 53 /N LiMATE 2 RSP T g5
B FE R 2R IEAT T 2560 (B 3). 4R ER,
ANRINE MR R A AE AR ST P 2 il 45 R R R T ik

DRI 2546 EAPAE—E 225, 171 5] — 0 5K P Rl o A
BORARL, RINZFIRAE A IS AR TP e B A5 1 fR <F
PEFIZREE

' - n = 3 (== = = == ' r z — _ 3!
0 300 600 0 300 600 9 000 18 000
_ 4 -
E =2, ‘ [N ‘
E2 9 EZ9
g% ééASAXM.Eww el L L oseran 97@1;@ et b e, sE i
0—~~~-'-°'~--e:'::':te:-ea«xa'nsnzaamaa AR e B T R A
o 4 0
h=17] =N
22 B I B bt M
= ()E?’;‘-.a.u %‘fe--t::é:s x:nz:cans (Y mzmﬁnum = —~¥ vvvvvv :ggg%s‘;:es“i F
4 o 4
Y o R=N]
g52 '"*FA?MVSH A,,ﬁﬁ o 552 5{" b Liso?rw
= oREBYEiE *-‘:‘:c:é:::ea~ana§ﬁ§n§ E 0-'*"'-0'--92:'_'::_*3:2‘?3,.“
Sef SPE
22 adi s 1 0 A e
0—~~-~~-=e:s::~ee:eea CEELEYS —~"--w~~°_:e:»:=-=:e=
4 - 4
e U, 322008, DTl o e Pl
2 0eAVNS %ogg_?:g&::g 2 —:l:tiqot- ‘:”:‘-gEﬂ_::_ «g%zn 1T
£ Q§ S F;
SE2 3:2
2* 0%?:‘&:»%&2% 7, .«fk.!é' ..... EiY&'.’f\.l%h

A-RGUR AR B-IRTHEF

3 C-PRAFEERIIE D-JERLN; BRI HIE .

A-phylogenetic tree; B-conserved motifs; C-conserved domains; D-gene structures; E-sequence logos of conserved motifs.

& 3 LrMATE ZERRTHERF.

SHE R E RS

Fig.3 Conserved motif, domain, and gene structure analyses of LrMATE proteins in L. ruthenicum



* 6928

PED 2026£9H B57% B 178 Chinese Traditional and Herbal Drugs 2026 September Vol. 57 No. 17

fE 53 /™ LiMATE & H 35 E 2 12 MRSF
FEFE, 735l 44 N Motif 1 ~Motif 12. £%1 LiMATE
TP H BN RS, Hoh Motif 8. Motif 9.
Motif 10 F1 Motif 12 784K 2 Hpl o1 3545 534
HR BT AEA R B R B o A AFAE — 8 2 7 o
Group 1. Group II F1 Group IV Jl 523 - 4 A% F
&, HEFIRF AN 5 Group I B 5 AIF & 25 5 4L
H Rk, HIE P4 a5 A W 5% 22 5 i i
FWZAr SCERFFIRHE EC R AERHE S L. It
4k, LrMATE46 #1 LitMATE16 1435 # Motif 9
F1 Motif 10 I EE 5340, S mEl T 54t vl Ge
A e Rkt . [R50 P Rk L T8 LA A
PP, SRAKE TS REEA 5
BE— P CHF T BB R

SERIF TR, 230 L'IMATE £ 1 &4 L7
] MATE _eukaryotic £5#438, FE 7340 T Group 1.
Group I M1 Group IV, 5 HALLRSF )3 7 2H i A
—3; Group I i i FE4H MATE_DinF_like 25
PR, 5 HAE R GUR B A L4 SCRFE AR W)
Ho EAFEENE, MR EH MATE #Z.04
KA, AT B A N £S5 #4938, 40 LrMATE49
P PKc_like superfamily FHIOCZE 135, $27~H 454
HERTRE R A —EER.

FER G MR, LrMATE 50 53 ) 4 i
XL RN EER . SERE, RRERE
Z [6] CDS J B H « K A s O, 1
[F] — 2 oK i W BB A AL . Wl LrMATE27
LrMATE28 1 LrMATE23 HIFE RIS FE K, CDS K
B %, SERMARNTER S M LrMATE9 LrMATE1O
LrMATE31 23N CDS Fr B, S5 RIA S
B E 4 R KRR 2 A AETE 45 M 25 5%,
LrMATE30 5 LrMATE20. LrMATE21 1t CDS 411,
HATEAE—

zx b, B R MAC LeMATE F% A S (E (R 57 387
G P S A RSOR R R 45 4 O T R A A — s IR ST,
(EENGRIZ S AR STNE M Ey AP =L R A s
—B IR T RARKE AN, WAL
0T 2 IS A AR B TR R AL T S M AR ) 2 A A
3.4 LrMATE EREZRENEFIRRIER T
ST

X AT LrMATE JEREIEZ ST FJiE 2 000
bp & T 5 AT AR H e T, 348 5E 21 93
A EVE e . Bk TATA-box. CAAT-box 253k

i v o = R o N S ik 2 e N & L ) AN U
B Em N MR, AR B A K At T
6 K. Gt RER, RGN RS, N
26.6%; FHI N e R4 TO A RN R e B T, 530
i 26.5%H1 22.0%; 55 e ma o & 18.6%,
A KR B AR TOAE R AR TTAR 500 5 3.8% A1 2.6%
(B 4-A). IX—455REKM, LrMATE BRI FKEIIFR
EATRERZEDEE S . Bt MRS A
SEREE LIPS NI R
3.5 LrMATE BEREZRIELEME D

S R MIAD LrMATE 3 R S50 Fh P FL 28 14 3 bt
LR B 16 ML MERXT (R 3, B 5), HEZH
BP0 o3 A T AR Gk 2 fa), R B AT R
REFIEY RN EE X KA, Lro6g004602 F
Lr11g003158 g fr oA e, ANAESLEAE M
HORE, RNGELEMFRAKE DT KK 53
Pridos, Frfg ek vE 2 AN KoK (/T 1, 8
FEI7E 0.095~0.308, F£MH LrMATE FR(ELIT R
o R B2 B AR, ThReBARBON R JE
F A=1.5X 1078 5, el JE DR 06 (1 4 kst 18] Ay
5.60~84.50 Mya (1 Mya=1X 106 47>, Hrh
LrMATE9/LrMATE10 )53 B 8] e 45, 79 5.60 Mya:
LrMATE19/LrMATE33 54, 7 84.50 Mya, &%
KIE Tk ATRe A1 T 2 Al

W T BN SR Y. SRR
BRI AR T (B 6). SR EIR, BRI
SR T B A B A I 2] 29, 60 F1 114
X} LrMATE ARG AL RIS, KR LrMATE B
RN 21, 37 M3T A SilmE AR, B
MRS B2 R SRR IR RN 2, Hb
KR GE I, R LrMATE ZRAERBHEY
FONARSE o #B84 LrMATE 3R 5 2 AN 45 [R5 3 R
eI R R, PR ZF RS R Re &
7 ERRE S S5, HEWMR S NERE T —E
TR
3.6 RERWIERIAELEMEHLTRZEHEX
&% LrMATE EE/ITHiESIIE

Nk e S 5 B RN R LA T R
TR LrMATE $£[8, AWFFEME T 5 SR E R
REUFRTELMH. SRER, BEERLKER
, HHERGEARERSET A (B 7-A.B),
S1 Il S2 I BAb T R B, —HERALRE:
H S3 MrBU W3y, JFAE S4 F1 S5 B B pld #4



PED 2026£9H B57% B 178 Chinese Traditional and Herbal Drugs 2026 September Vol. 57 No. 17 = 6929 »

N 3 x 3
oA (2.6%) JWIRE  WCEWR B S
A B o
N JEIRL (26.6%) . !
sz (26.5%) . 3 3 H ¢
_ w 5 3 E =
E ¥ ow s 8 g $ 3 2 3¢ 32 8
i E 5 § 3 ¢ g £ F g 3 £ 2 £ 2 = 3
LrMATE27 [[4 1 1 [ 1 1 2 [HERERERE] 1
LrMATE28 | 2 | & | 3 3 1 2 | 2
N LrMATE22 |3 2 5 3 2 1 4
AERRE (3.8%) LMATETS 3 a2 . i ile I
LrMATE37 1 1 1 3 1 2 1| ]
LrMATE33 2 1 |IEN| 2
3 LrMATE6
WS ; PRI (22%) LrMATEL9 - ! 5 : N
i 5 i 18.6% LrMATE38 5 | 2 | 1 1l 2] 3 [3|2[z] 1
o %L % LrMATE39 2 2] 2] v 1
LrMATEI3 1l 1 il 2
LrMATEI2 1 2 |1 1 1
N N LrMATE41 2 |22 2 14 [
C s 1 ] s 4 2 LrMATE24 3 1 [0 i 31 |1
i =S EIEID S LrMATE4S 213|223 21 4
s 9355 15 I AEL 2 s e R LrMATELS | 1 I ) 2
LrMATE49 | 1 1 9|1 1] 24 11 ]2 4 1
20 60 LrMATE23 2 [ 3 2212 1 1 3|3 1
1 1 1 1 1 1 LrMATE4S 421 4 1 1 2 | 2 1
LrMATETD LrMATE2 4 1] 4 2 1 1 2 |2 2
v LrMATE3 | 1 1 1 11 1 1]
LrMATES2 LrMATE] 3 1 9 |1 1 1 1 1 1 1 1 4 z |
peni LrMATE4 8|1 [ 1|2 [ &[] 32 |2 1
LT LrMATE34 [ 313 1 3 3 1 2 [ a1 el 2
LrMATES LrMATE35 | 1 | 2 | 1 4 4 1 1 2 a1 Fl
e —— LrMATE44 - = i = 1] =
PMATELD LrMATE36 1 2 2
AT LrMATE20 4 2 1 “
MATE2S LrMATE21 5 1 1 1|
TNiTEs LrMATE43 4 7 T B 1 2 [ 3
e LrMATE29 | 1 1 | 1 1] 3 1 1 121 ] 3
LrMAT! LrMATE30 [ 4 | 1 | 4 | 3 1 11322 1
A LrMATE42 [ 2 | a4 | 1 4 11 1 2 12 31| 2
rMATE2S LrMATE47 | 1 4 |4 4 Pl z DA |2 |1
TATE LrMATES0 H 1 1 1 |
PMATE) LrMATES] | 3 1 21 13211 2 [ [ 2
PMATEL LrMATES2 | 1 I 2 1 3 [
s — LrMATE7 413 8 2 2 1 2
LrMATEY o LrMATE25 | 3 | 3 13|24 2101 [ I T |
i . LrMATE17 73 1 61| 1 v [ 1Al
FMATE? 1 LrMATES 2 2 2 1 £l O 2
) ———————— LrMATELL z 1 z
Ares _— LrMATES3 1 9 1 1 E] I
ATESS — e LrMATEI4 | 3 2 6 2 1
e — Lrares (42 : N W .
LeMATEL2 LrMATEIS | 2 2 1 4 2
T ———————— [MATE26 3 T B 2 T q
LraiATEs LrMATE40 1 2 [ 1l ]
Tk LrMATE46 1 2 [ 2 1 1 z |1
TATED LrMATE32 T 1 T2 F |
el LerTEgI 1 : 3 :
{I LrMATE!
ity LrMATEIO =) [ | ] ] Talla

AR R TP Re 5 28 B Ml ;. B-ANIE) LrMATE 59 3 2)F P ARGR MR AR F e B0 A, R b s oo oo AN, AR R
RARFEZhEEIN, B A TSR FIOe R E R C-AF LrMATE 35S BT e, SRR, 5360555 55 e m 37 5 R % A ¢
P CRINDSE €47 s

A-functional classification and proportions of cis-acting elements; B-distribution of representative cis-acting elements in the promoters of different Lr-MATE
genes; The numbers in the cells indicate the number of corresponding elements, different background colors represent different functional categories, and the
color intensity indicates differences in the number of elements within the same category; C-total numbers of light-responsive, hormone-responsive, stress-

responsive, and transcriptional regulation-related elements in the promoters of different LrMATE genes.
4 LrMATE EREZFEBHFIRKAER TH5 1

Fig. 4 Analysis of cis-acting elements in promoter regions of LrMATE gene family
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Table 3 Estimation of divergence time for gene pairs

H Rt Ka Ks Ko/Ks 5 B ]/ Mya SRR
LrMATES/LrMATELS 0.099 0.857  0.115 28.57 ekl
LrMATEG/LrMATE19 0.165 1.097  0.150 36.57 Fr B
LrMATE5/LrMATE26 0.204 1.358  0.150 4527 Fr B
LrMATE9/LrMATEI0 0.022 0.168  0.131 5.60 Fr B
LrMATE12/LrMATEA41 0.227 1.907  0.119 63.57 Fr B
LrMATE18/LrMATE26 0.193 2026  0.095 67.53 ekl
LrMATE19/LrMATE33 0.299 2535 0.118 84.50 ekl
LrMATE26/LrMATE40 0.144 1.091  0.132 36.37 ekl
LrMATE23/LrMATE45 0.141 0910  0.155 30.33 ekl
LrMATE29/LrMATE42 0.210 0.682  0.308 2273 Fr B
LrMATE29/LrMATES0 0.360 1296 0278 43.20 Fr B
Lr06g004602/LrMATE37 0.222 0.754  0.295 25.13 R B
LrMATE45/LrMATEA48 0.208 2202 0.095 73.40 Fr B
Lr11g003158/LrMATES0 0.158 0.635  0.248 21.17 B il
Lr11g003158/LrMATE47 0.320 1219 0262 40.63 B il

LrMATE47/LrMATES0 0.255 1.129  0.226 37.63 Fr BYE Al
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A-Co-expression network of LrMATE genes showing positive correlations with anthocyanin content; B-co-expression network of Lr-MATE genes

showing negative correlations with anthocyanin content.
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Fig. 9 Co-expression network analysis between LrMATE genes and genes related to anthocyanin biosynthesis
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