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Abstract: Citrus plants are economically and medicinally important crops worldwide. However, due to the
highly complex genetic background of the genus, the accurate identification of medicinal species within this genus
remains a major challenge. In this study, we employed the analysis of whole-GEnome (AGE), also known as the
Shizhen Method, to conduct bioinformatics analysis on 49 genomes from 15 Citrus species, successfully constructing
a candidate species-specific target sequence library that covers these species. The number of specific target
sequences per species predominantly ranges from 10 000 to 100 000. From this candidate library, species-specific
target sequences were selected for the corresponding species. Their high specificity was subsequently verified
using Sanger sequencing and CRISPR-Cas12a technology, which confirmed their efficacy in identifying medicinal
Citrus species. Based on this foundation, we established an AGE-based identification system for closely related
Citrus species, which enabled the precise authentication of 30 commercial samples of Citri Reticulatae Semen and
its decoction pieces. This study demonstrates that the AGE can be used for the accurate identification of medicinal
Citrus species, which breaks through the bottlenecks of traditional methods and effectively resolves the

identification challenges. It thereby provides technical support for quality control of Chinese herbal medicine and
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clinical medication safety.
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Table 1 Genomic information of Citrus genus

Species NCBI accession

Species NCBI accession

Citrus australasica GCA _029618575.1
GCA_029618585.1
GCA_030449855.1
GCA_002013975.2
GCA_030448935.1
GCA_029633165.1
GCA_029633175.1
GCA_004802465.1
GCA_030448925.1
GCA_029618595.1
GCA_029721495.1
GCA_033242385.1
GCA_033242405.1
GCA_033242425.1
GCA_030449895.1
GCA_030448945.1
GCA_002006925.1
GCA_029641205.1
GCA_002013955.2
GCA _033242445.1
GCA_033242465.1
GCA_033242485.1
GCA_003258625.1
GCA_036169575.1
GCA_036169605.1
GCA_964263685.1

Citrus cavaleriei
Citrus glauca
Citrus hindsii
Citrus hongheensis
Citrus inodora
Citrus kinokuni

Citrus mangshanensis

Citrus maxima

Citrus medica

Citrus nobilis

Citrus reticulata

Citrus sinensis GCA_000695605.1
GCA_018104345.1
GCA_019143665.1
GCA_019144155.1
GCA 019144185.1
GCA 019144225.1
GCA_019144245.1
GCA_022201045.1
GCA_022201065.1
GCA_033030525.1
GCA_033030535.1
GCA_038048705.1
GCA_041890265.1
GCA_041890275.1
GCA_963573335.1
GCA _019144195.1
GCA_018105775.1
GCA_000317415.1
GCA_018350135.1
GCA_002897195.1
GCA_033242305.1
GCA_033242325.1
GCA_033242345.1

Citrus trifoliata

Citrus unshiu
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Citrus australasica

Citrus reticulata

Figure 1

Citrus cavaleriei

Citrus kinokuni

Field records of Citrus germplasm growth status. The species names involved in this paper are consistent with the official

nomenclature used in the National Center for Biotechnology Information (NCBI) genome database
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Table 2 Source of experimental materials. CRI: National Citrus
Germplasm Repository Chongqing China, Citrus Research Institute,

Chinese Academy of Agricultural Sciences

Sample type Sample ID Name Location

Leaf CLO1 Citrus australasica CRI
CL02 Citrus cavaleriei CRI
CL03 Citrus kinokuni CRI
CL04 Citrus mangshanensis CRI
CLO05 Citrus maxima CRI
CL06 Citrus medica CRI
CLO07 Citrus reticulata CRI
CLO08 Citrus sinensis CRI
CL09 Citrus trifoliata CRI
CL10 Citrus unshiu CRI
CLI11 Citrus hongheensis CRI

Crude drug YCO1-1 Citri Reticulatae Semen ~ Guangdong
YCO01-2 Citri Reticulatae Semen  Guangdong
YCO01-3 Citri Reticulatae Semen ~ Guangdong
YCO02-1 Citri Reticulatae Semen  Fujian
YCO02-2 Citri Reticulatae Semen  Fujian
YCO02-3 Citri Reticulatae Semen  Fujian
YCO03-1 Citri Reticulatae Semen ~ Guangdong
YCO03-2 Citri Reticulatae Semen  Guangdong
YCO03-3 Citri Reticulatae Semen  Guangdong
YC04-1 Citri Reticulatae Semen ~ Hunan
YC04-2 Citri Reticulatae Semen ~ Hunan
YC04-3 Citri Reticulatae Semen ~ Hunan
YCO05-1 Citri Reticulatae Semen  Zhejiang
YCO05-2 Citri Reticulatae Semen  Zhejiang
YCO05-3 Citri Reticulatae Semen  Zhejiang

Decoction YPO1-1 Citri Reticulatae Semen  Beijing

pieces YPO1-2 Citri Reticulatae Semen  Beijing

YPO1-3 Citri Reticulatae Semen  Beijing
YP02-1 Citri Reticulatae Semen  Guangdong
YP02-2 Citri Reticulatae Semen ~ Guangdong
YPO02-3 Citri Reticulatae Semen  Guangdong
YPO03-1 Citri Reticulatae Semen ~ Hunan
YP03-2 Citri Reticulatae Semen ~ Hunan
YP03-3 Citri Reticulatae Semen ~ Hunan
YPO04-1 Citri Reticulatae Semen  Jiangxi
YP04-2 Citri Reticulatae Semen  Jiangxi
YP04-3 Citri Reticulatae Semen  Jiangxi
YPO05-1 Citri Reticulatae Semen  Guangdong
YPO05-2 Citri Reticulatae Semen  Guangdong
YPO05-3 Citri Reticulatae Semen ~ Guangdong
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Figure 2 Distribution of specific target sequences across Citrus
species. The numerical values indicate the count of targets that
have been experimentally confirmed in each species during this

research
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Table 3 Bioinformatics statistical results of species-specific target sequences in 11 Citrus species and crRNA. /: Not available; crRNA:

CRISPR RNA, the RNA molecule that pairs complementarily with the target DNA sequence to be cleaved

Chromosomal
location

crRNA (5'—3)

Speci Number of Validated specific target sequences

ecies

P candidate targets in the target species (5 —3")

Citrus 76 274 Caul:CTTTCATAGCTGGAGGTGTTACAAA

australasica
Cau2:AAAAACAGGCCCATCATGGTAGAAA
Cau3:TACATGCCTATTTGATACGACTAAA

Citrus cavaleriei 93 758 Ccal:ATATGCACCCACACCAGGCCTTAAA
Cca2:TAACCGATCGTCCGATCATAATAAA

Citrus 353 002 Chol:CCATGGCTATGGTGCCCATACCAAA

hongheensis

Citrus kinokuni 1318 Ckil:TTATACCATAGCTACGCCTTTTAAA
Cki2:CGACAACAAATGAAATCGCCAGAAA
Cki3:TAATGACAATCACGACACTATCAAA

Citrus 180 456 Cmanl:AGCAAATTGTGTGCGACTAAGGAAA

mangshanensis
Cman2:GCATGGAAGCTAACCGAGCAACAAA

Citrus maxima 17 135 Cmax1:TTAGCACCCTCCGCCTCTGTTCAAA
Cmax2:CGATCGGTAACGCCCGTTGCCCAAA
Cmax3:TAGCAGTACCCAGTGTAATCATAAA

Citrus medica 62 598 Cmel:GGCGTGGGTTAAGGAAAGATCTAAA
Cme2:ACCCAGAAGTCTAACAGTCAGTAAA

Citrus reticulata 4838 Crel :.GATCTGTAGGAGCGTTTGCAATAAA
Cre2:AGGCTAGTCAGCTTTGCATTACAAA

Citrus sinensis 987 Csil:CAGACCCATGTTTCGTCAACCGAAA
Csi2:CTGGCTACTCAACCAGAATTTTAAA
Csi3:TTAGTTAGTGCTCATTCCCGAGAAA
Csi4: CGTGGCATGTACAAACCCTCTCAAA

Citrus trifoliata 142 617 Ctrl: AGAAATGATGGCTTAAGGTTTCAAA

Citrus unshiu

243

Ctr2:CAAATGGCAACTATGACTCCCCAAA

Cunl:TTACGGGGCTCCTCCAATTACCAAA
Cun2:TCGCCATATGGACGCCGTTTGCAAA
Cun3:TACACCCCGGGAATGGCCGGACAAA
Cun4: TTGGCATCCGAAGGCGCCCGTCAAA
Cun5:TGACGCAACGAATTCCCAATGGAAA

/

/

/

/

/

/
/

/

Chromosome 9
Chromosome 4
Chromosome 4

Chromosome 5

Chromosome 5
Chromosome 2
Chromosome 2
Chromosome 4
Chromosome 1

Chromosome 1
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~ —~ —~ ~ —
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/

/
UAAUUUCUACUAAGUGUAGAUUU
AUGAUCGGACGAUCGGUUA
UAAUUUCUACUAAGUGUAGAUGU
AUGGGCACCAUAGCCAUGG

/
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/
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/

/

/
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/
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/

/

/

/
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/
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/

/

/
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UUGGGAAUUCGUUGCGUCA
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Ttk (C. medica) 5525 PRI R REARFE 51 BE, 1D 4
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Figure 3 Agarose gel electrophoresis and sequencing peak graphs results of specific target sequences for 11 Citrus species. M: DL1000

Marker; CK: Blank control
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Figure 4 Precise species identification of 11 Citrus species using CRISPR-Cas12a technology. Each group contains DNA from different

species as the substrate. CK: Nuclease-free water

BE AR PP 51, AT SN bR W O A A A e, HLIE RS
Sanger Yl /5 « =738 &l J7 . CRISPR Byt JI B 5 J12 L Uk 56
2 M SIS FOREY . R, I AR R R &R R
ZY R % 2 B, AT G AR IR A A B AR mT
HEHARTB.

I 22305 AT 8 A5 1 S5 52 A R0 ) b v S B
Y58, (RN 58 BN A A S 2 43 B B 26 B R s
B AR SRAIE o X AR T I 2 R E B —— AN [F
Wb R 2H 7 1 6 SR A AE 72 S IR B R AR R S A
JFAILE B AR R A7 AE, 10 7E F AL Al sp AR, AT
SCHLA A IR % 5B T BB, AR AT LA 30 1y
K% 304 B R R (0 B R S 4 e S 9, 703 JE 7R T I
B A v 2 5 5 AU N P 70, ARG e 2 M ok
WG 2155 RS HE S 8 SR LR T . 2T L A HE R~ 2
14 DNA 5 [ fift 45 53 45 58wy R HE iR, Xin 5 R 5
BUIE DNA 2% T A5 4 AR T 85 1R % 5 v 3 B 1k, G
FH R A% T DR 32 [R 41 DNA ™ 52 [ fif ] TC - 3K 75 PCR
P3G, PR T TR Z SCBE SRR AL, B AR R
EHIEE YR, Cheng &ML T ITS2 74 %)) B 2 3

R ==1

JRFE) S 250 AT DNA 43 125 58, 250 (R0 5 B D) 26
BRI TR 00 P e B 2, L S R S T A A 1
TO B R a H . DRI, 75 N B2 S e R A
I, UCR B Ak 4 3 1 v Bk B 5 i £E 200 bp BA
AR PCR 4 3G 4k 2R 55 25 A S 0T ME SRS, DL
AR THE 5 A DNA FEA B4 3G B D) 26
2155 DNA & 260 .SNP 73 RS IA 7 T4 58
JIEAR L, E AT T, W 2R AT K FH & T B AR
WP e AT 5 o %) 5 AT 2H S0 P 500 A M e AR AR Y
I, &b Bk s Bt 5itE P68 A
B — EBEAR P 57, FCEAARR I e A Bk T BT i BoR
FEAT, HABGE R 4N, # K FH PCR 45 & Sanger
MR, H PR KA 5 DNA & TS AHIT ; 1T SNP 43 74
10 B T LA 3 e A5 7 2R R e MR A7 R, LR
FF R G R SA — M= T DNA TS 77 vk . Rl g T
TH1, B 320 A AR 4 92 B 75 SRO& BC AN [F A I T B, 10t
*ﬁzli—iff'iﬁ PRI A, 7] R F AT A S G B [ Ak
Y%K S BRI, o T REEFE AR, K FE PCR Y™
34 K Sanger M| /77 HEAT 8 & 4 My, 8RS F L e 2



TRUBEAE: T I VAR R AR &8 25 Al 2 i 5t

1849 -

A MCK 1 2 3 4 567 8 9101112131415 B M CK 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
1000 bp—>» 1000 bp—»|

500 bp—p» 500 bp—|

400bs—> 400b8—>

100 bp—> 100 bp—»,

C

YC01-1 ATTCATTGTGTTTGTTTGTGTTACCAGGCTATCAT|IGATCTGTAGGAGCGTTTGCAATAAAGTTACCAGCTCGTGCAAT
YC01-2 . B TR AN §E P PR R YV OEE S EEEE R GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . ... . ... ..
YEOIB o v v o i cmom & & 5 % & & 8 % 2 8 @ 7 @ = 9 % 8 & 5 & GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . . .. .. ..
Y2l sovupmprme @ @as 8 &8 8 § 5§85 8583 4888858858 ¢ GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . . . .. ...
YC02-2 . . L L GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . . ... ...
YC023 v oo o s swp s e 8 2 & 8 @ B o B OE ¥ B 8 B B o2 8 B o8 ¥ o8 ¥ B % GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . ... ... ..
YCO03-1 . . . L. GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . . ... ...
YC0B2 oo wsmmmw mw wm s e & 5 8 R R B & ¥ 3 % B 8 B H 8 W BB B S B GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . ..

YCO3-3 . . .o GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . . . ...
VCOAEL e s v oo e ovn s wmg v ms v 6 o8 o @ W M R Rk ow & B B @ % @ B BB oB B @ ¥ B GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . .. ..

YCU2 o pnmuedEe g d.88 8 8898 § 3 GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . .. .. .. ...
17 GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . .. ..

YCO05-1 GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . ... ..
YCO05-2 . . . Lo GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . .. ..

YEO53 wmmmwwmwmmmm mm s s 8 & & 8 § 8 8 5 & 8 5 8 8 8 2 ¥ 8 8 ¥ & 4 GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . .. ... ... ..
YPOI-1 . . . . oL GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . . .. .. ..
YPOLI:2 = son s e s oo e on v o s v v o 3% % % o R RO B & B & @ B B & B B B ¥ 8 GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . . ... ...
YPOI-3 . . . L GATCTGTAGGAGCGTTTGCAATAAA|l . . . . . . . . . . . .. .. ..
YPO2Z-Y, o sov o v s i o o s v 36 08 @ & @ R OB A m B W OB R ¥ W M % 8 B ¥ % @ B GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . . ... ...
YP022 ooeowe @@ @ @ ¢ & ¥ 8 8 3 8 B ¥ 803 33 OE R YOS 8 S E EE 8 E GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . . .. . ...
YP02=3 s0x sev s ovn o wws vor ot oo Sk G U H E W OB R B s 6 8 R B B % w B B8 & w B R B GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . ... ... ..
YP03]l miwwam s B @w e E S B 408§ 8888858888858 8 8 . JGATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . ... ...
YPO3-2 . . . L GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . ..

YP03-3 GATCTGTAGGAGCGTTTGCAATAAA

YPO4-1 . . . L L GATCTGTAGGAGCGTTTGCAATAAA|l . . . . . . . ..

Bl L L L L O A GATCTGTAGGAGCGTTTGCAATAAA|l . . . . . . . . . ... ... ..
YP043 . o e e S B 8 G Y %Y EYE Y aEEEEEEE oS GATCTGTAGGAGCGTTTGCAATAAA|l . . . . . . . . . . . .. . ...
YPOSEL o nor v v s s o st v s mi i it o @ B B B B @ B B B R 4 B W OB OB 4 % & 8 GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . . . . ... ...
YPO5-2 s vnmese@e @@ @@ &8 8 88 88885898 8 ¥ 8§58 £ 88§ 8 3 GATCTGTAGGAGCGTTTGCAATAAA| . . . . . . . . ...

| GATCTGTAGGAGCGTTTGCAATAAA|l . . . . . . . .. ... ... ..

Figure 5 Agarose gel electrophoresis and specific target sequence alignment diagrams of Citri Reticulatae Semen crude drugs and decoc-
tion pieces. A: Agarose gel electrophoresis of PCR products amplified from Citri Reticulatae Semen crude drugs. 1-3: YCO01-1-YCO01-3;
4-6: YC02-1-YCO02-3; 7-9: YC03-1-YC03-3; 10-12: YC04-1-YCO04-3; 13-15: YC05-1-YCO05-3; B: Agarose gel electrophoresis of PCR
products amplified from Citri Reticulatae Semen decoction pieces. 16—18: YPO1-1-YPO1-3; 19-21: YP02-1-YP02-3; 22-24: YP03-1-
YPO03-3; 25-27: YP04-1-YP04-3; 28-30: YP05-1-YP05-3. M: DL1000 Marker; CK: blank control. C: Multiple sequence alignment of the
amplified species-specific target sequences obtained from both Citri Reticulatae Semen crude drugs and decoction pieces. A dot (.) indicates

that the nucleotide at this position is the same as in the reference sequence (YCO01-1); bold letters indicate specific target sequences
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