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Abstract: The pan-genome can represent all of the genetic diversities in a species or population, which is a limitation
for obtaining only one single reference genome. The pan-genomics is becoming a new hot research area and being widely
applicated in researches of many species in plants, animals and microorganisms, as the development of the whole genome

sequencing and analysis technology. It provides powerful tools for resolving the genetic variation and polymorphism at
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levels of species or taxa, researches of functional genomics and reconstruction of phylogenetics, obtaining abundant of

significant research achievements. However, present researches on pan-genomics still need to improve due to several

problems, e.g., extensive cost of whole genome sequencing and data analysis, inconsistent analysis standards, lack of

deeper and comprehensive explanation of the obtained data, and difficulty of application of the research

achievements. We summarized the research progresses of pan-genomes on exploitation of genetic diversity and functional

genomics, including construction of a pan-genome map, identification of genome variations and favorable genes,

polymorphism of functional genes, population genetic diversity and systematic evolution, and discussed its potential in

application of different research fields. Furthermore, we discussed the limitations existed in the present studies and

possible solutions, and presented the prospect in the future on pan-genomics.
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WAL S R A W) A N TR R BRI A Y
AL AR B A R 2 A st A o S itk Ak AR
YeE b v A% O 0]l 22— Tz 6 BT 20 9F 5 )
ST AF R B E I BOAS 1) 2 e AT AR 0 B H R 1Y
PR A T 4 T S5 W ) o 3 A% 728 S 1) — i 2% T
R, Z BT Re 8 NP R s BEK T2 &
P FIR 35245 728 S 2 e R AR EE 2 AW
R By — B U, b 2 5L A (pan-
genome ) T — > W) B BCE ST 9 AT R LA AR B
IS, L HE 0 FE H 4 ( core genome ) FTHE 24201
FEPH ZH ( dispensable genome) PHHS 4>, 120 FE K 45
FEFTA MR T A AEAE A L R/ 2 53 B 5 T Al 6 20
BEPR2H J2 35 75 8 3 A A B AN S R b A7 L 1Y A
R/ 85346 A, A B FR 8 o] A8 36 R 41 ( variable
genome ) ( [& 1; Tettelin et al., 2005 ; Medini et al. ,
2005) o %R H T A R A T BB AEAE 1Y )T 81
Y, FEAE 5 H 20 LR 1) T RE R R R AR AH DG
2R — B K IL I (house-keeping genes ) , J Il
TR Y AR e T 5 AT AR A A R A A A
FEAERY PP ) 2H 8, — 5 ) ol X o B 055 1) 3 17
PEBREA 09 LR W) 22 FRAE AR OC, I T W i 2 4
P FEE 5+ PE ( Montenegro et al., 2017; Gordon et
al., 2017; Wang et al., 2018; Zhao et al., 2018;
Liu et al., 2020) ,

MET ZERAM R LT Z M H T2
Y W AN Wy b A 4 T A B ) b B
TKF- 358 4% A8 S 2 fig ik R F 90 R R 9 g Ak o At
PR TR e TR S TR Z B W
W RUR (A G i, 20125 EREREAE, 2019;
Tian et al., 2019; Chen et al., 2020; Dominguez et
al., 2020; Weissensteiner et al., 2020; Liu et al.,
2020) , AR, LA I B A e h s F R AT
N I % N S v 7 & a1 B I S PS E7
( Montenegro et al., 2017; Zhao et al., 2018; Gao et
al., 2019; Liu et al., 2020) , {H X} 3 #6725 S5 41 faf 4
T PR 5 F RN ) g 1 R AR e S e AR ) AR LA

L it A 28 S ] 55 BR8N 5 HAR R OR BE 2
FARARDY . ARSCERIR T2 eI 4“7 A A ) ) Ao
HABIETE R | X AR AR SE D 41728 S T RESE I
10 52 8 A A i B AL Z AR R R S AR 2
A b g S B S AT T R G B IR Xt
FO RS AR BRVEREAT TR

1 2 H 4 E S

R TE 2005 4F | Tettelin et al. (2005 ) 75 % JLFp
BEEKR TR )& A0 1H ( GBS, group B Streptococcus ) )izt %
ZFEVERIE 58 b 2 A W T B R A A A A8
A% TR 2 2 A T A T R v R A A Y R TR A b
DR R4 ( R] 728 B PRI ) S AN 8 0 T Ak Hh A A 1Y)
FEA, Hob GBS B AT MAZO RN 4L 80% ,
AR 20% B9 PIALAE RO AR b A 4L, Bl
2010 4F Li et al. (2010) i d %F 24~ AFAAIEH
A T BN LB P 2 22 i J2 i T ARz
FERIZH B E S, ot N A R A 2 15 B Y L
AU, I DA H S R A B & B 81 58 B 19 ~ 40
Mb ., i b2 T S DA 2 TSl 9 8 o8 RS G, 2 3
PRI ZH 75 N 2 5 95 7 THD ) B 9 A T 17 2 o K58
%, kS HE BT IRl #2431 T T BB (1 000 Genomes
Project Consortium, 2012) ,

Z e WA R B 2 8 ) o B T B A
K20 2% 7 4] (1) 412, 221 Sl A ) ) ol v 4 4k 41
T 72 DR A RT3 0 R A DA g AR il
WAL XA ER 12 A FPORg S R A 3 DR 2H o AT A
ZH S R T RE I DR IR R R R
A K29 Mb 1932 J7 51 ( pan-sequences ) -5 BRI
T AR 28 S, e B4 I U7 400 T IR i ) o
W7 K7 TIG3 ( Tazarotene-induced gene 3) ( Tian
et al., 2019) ; X 19 /N Bl 432 25 R 4123 B &
BN FEA P A 128 656 AN SEH A0 Jk
KA 89 795 4~ ( Montenegro et al., 2017) ; #| H 725
AT At ot o 74 5 R 26 A5 LA A ) e 92 R PR A [
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T HEAS T R A B 40 396 LR H
M 74.2% Z W% 0 (Gao et al., 2019) . KA1, 72
FLH 2H 7E /K %8 ( Schatz et al., 2014; Yao et al.,
2015; Sun et al., 2017; Wang et al., 2018 ; Zhao et
al., 2018; Zhou et al., 2020) . K & (Li et al.,
2014; Liu et al., 2020; #LYGVEFIE =3C, 2020) |
E K (Hufford et al., 2012; Hirsch et al., 2014 ; &
RITAE, 2017) FEENED YA RAA T Z
MR (1), K, ¥ dE s > Py Fh i vz 56 9 4
TEE A T2 N B SR A 2R O i N LRE S K
PR 4 T A 8t A% 1 5L, T EL BB S DA b RN R {4 K O
AT I RE JE [N 20 2 | 2R G0 ik Ak R At A ) 2 Y
AL SR I TR,

2 ZHEHEAFHREFINEME
7 5 oh A B R

[] — Wy o A — A B LA~ 2 25 B D] 4 R 6% T ke
(A5 A8 S o AR A BR Y, Tz R X 40 i 90 g %
B YR SRR Y BT A A S, S BT EE S g A
SRR ACOY i PR 2y 5 F 2 4 A S 4R it T T
e, PUACA: P 5L R v 1 38t 4% 728 S 3 AL 4 S A%
IR Z AP (SNPs, single-nucleotide polymorphisms) |
i A8k 2% (Indels, insertions and deletions ) 1 K A9
2578 5+ (SVs, large structural variants) , H:H' SVs
FTEUFEE WA S (CNVs, copy number
variants) A7 7E/ R AESF ( PAVs, presence/absence
variants ) . 5 1 ( translocation events ) # {8 &
(inversion events) 4§, M 3 46 745 S 11 72 Fl— 26 5 g
B4R 25 MR A 5 (Springer et al., 2009; Hirsch et
al., 2014; Lietal., 2014; Lu et al., 2015; Zhao et
al., 2018)

Definition and components of the pan-genome

T o 7 HE R A 43 B 4 e A i R AR R PR A e Y
JY B RIZE R AR 5, RE A5 5 Hoh 55 A R ALA 56
B AE AN 5, R R iR AT 98 8 B Sh RE L IR B3 T
FEARE BN, FIH 66 A KR B 5L 4 A
TR A, N 3% e #] 16 563 789
A~ SNPs .5 549 290 /> Indels 1 933 489 > SVs, 4%
Br 1 Horh 5 R A I (8] AR 5C 1Y HE X Hd3a (Heading
date 3a) . P FE P I COLD1 ( Chilling tolerance
divergence 1) A ¥ # & FE K GW6a ( Grain weight
6a) JrBEMEERLN TACL (Tiller Angle Control 1) |
FIAR B FERLD] Sd1 (Semi dwarf 1) 7EAS [A] A4 6} ] )
WAL AR5, B SNPs A% 5 2% 5 350 46 56 R AR 5 (1)
Al ( Zhao et al., 2018) , i 1 JH 29 4w i
RN N NS AR P L o el R L
14 604 953 4~ SNPs. 12 716 823 > Indels Al
776 3994~ SV (L% 723 862 4~ PAVs 27 531 4~
CNVs 21 886N i Fll 3 120 MR 'E ) , &k M A7 Lk
SER AR S AE R SR b A R EAE
1 PAV JEPIFA F Indels 43 51 % Fh fz =2 B Fob fiz
B 1) 9 Ak | Bk % S A5 R B A B 5 W ( Liu
et al., 2020) ,

R B, 76 A ]2 R & B 22 4 77 31 Fn 45 H
AR S AR T AR FE B oA RS
FER D Re AR S AR T 2 F A, flan, E ak SR
AR /N 2 4 i R 2 [ R ST 35 PR 4 [ 1)
SN BRI C4A-5A-7B Y R T HE R IR Y
PR Ty = ) 25 5, O IR A T HE A 6 R A1 X[
RS 4030 5L 3F BLAE RO B 3R T /N2 Bk
FLA Vrn2 (Vernalization2) B9 & Ze 40 I s, & FL
Virn?2 [R5 3 PR 7R 38538 /N 22 56 DR 2 TP 1) 52 4% 3 AT 2
(NI NI A L A R R IV 1| B S S R Ry
N — R 1 & I AY 5 5 ( Chen et al., 2020)
AT 100 />3 i K 414 5K 3238 4909
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Table 1 Related researches on crop pan-genomes
LRSI 3 AR FEMFTAE E= PG
Object of study Sample number Main research content Reference
FIERE (RAE 3 ANk FER B, 3% Nipponbare, TR64, DJ123 12 BE I i A Schatz et al.

Oryza sativa (Poaceae)

ASERE (CORAR)

0. sativa (Poaceae)

KAE(RAR
Oryza spp. (Poaceae)

AR CRAFE)

0. sativa (Poaceae)

FRORAR)

Zea mays (Poaceae)

FR(RAR)

Z. mays (Poaceae)

TR CORAER)

Z. mays (Poaceae)

B ORAF)

Z. mays (Poaceae)

INFE (RAR})

Triticum aestivum ( Poaceae)

N (RAR)

T. aestivum (Poaceae)

KA (RARE)

Hordeum vulgare (Poaceae)

RE(ERH

Glycine soja ( Fabaceae)

KRE(EFR)
G. soja (Fabaceae)

i i)

Solanum spp. (Solanaceae)

o (i)

Solanum spp. (Solanaceae)

Three divergent rice including Nipponbare , IR64,
DJ123

3 010 ANIE ARG AS

3 010 diverse Asian cultivated rice

66 /K FE B BL, A 35 B B R (0. sativa ) FET A
(0. rufipogon)

66 divergent rice, including cultivated rice (0. sativa)
and wild rice (0. rufipogon)

12 A K d A

12 of cultivated rice

75 AR BLIE B A Bl A M R R

75 wild, landrace and improved maize lines

503 N ERHAZ R

503 maize inbred lines

31 P Rk H AR

31 tropical maize inbred lines

440 AMILAEFR 24 A B AL A R A 16 4 FIAY
APl

440 inbred lines, 24 highly recombinant inbred lines
and 16 F1 hybrids

FPE/INZE SR (PR ) A18 AN R R
Chinese cultivated wheat ( Chinese Spring ) and
18 cultivars

15 AR AR/NAE o 10 AN i 20 256 31 e 10, 7k %
H5 AR scaffold 2251

15 wheat including 10 chromosome pseudomolecule and
5 scaffold assemblies of hexaploid wheat

%Q%\tiﬁ*ﬂr,@?ﬁTZFi&éﬁﬁ\%ﬁi%ﬁﬂlﬁi
[al5]

20 varieties of barley comprising landraces, cultivars
and wild barley

7 Gy ARFERFAE R, A3 A A8 i E AL T EE e
ANZRALHLIX, HAS i [E AR 2 7

Seven soybeans representing the geographical adaptation
within the species, distributed in North, Huanghuai
and South regions of China, and Japan, Korea
and Russia

26 ARFIER S ALHE 3 AN AR T 9 DR GEFN I
14 A~ AR B & A, B B 2 R R b 13,
Williams 82 #1 W05

26 representative of soybeans, including three wild
soybeans, nine landraces, and 14 cultivars, and ZH
13, Williams 82 and W05 in previous studies

725 A T A0 A A, B R B R 372
A~ SLL (S. lycopersicum var. lycopersicum) } 267 />
SLC (S. lycopersicum var. cerasiforme) ;i3 78 /> SP
(S. pimpinellifolium) F18 4~ SCG (S. cheesmaniae Fl
S. galapagense)

725 phylogenetically and geographically representative
tomato, including 372 SLL, 267 SLC, 78 SP and 8 SCG.

100 />l b, 4045 SLL,SLC, SP il SCG
100 tomato including SLL,SLC,SP and SCG

Pan-genome construction

17 5 P ] A AR B R 45 4 7
Pan-genome construction and
structural variation

12 HEA % b | 25 R S T R A
PR 5 R G kAL

Pan-genome construction, structural
variation, functional gene variation and
systematic evolution

12 e DR P 3y S R R 285 4 715 S
Pan-genome construction and

structural variation

SRR 5 D) RE B S S FI R 4
biita

Structural  variation, functional
variation and systematic evolution

12 1t S 2L PR3 M) S L D B R R 7 S
Pan-transcriptome  construction  and
functional gene variation

T2 SR I R R 51 (SNP ) A2 5
Pan-transcriptome  construction  and
sequence ( SNP) variation

FL R 25 A0 AR
Structural variation

gene

T2 HE IR VL35 ) A | K DR 5 ) 78 S LR
etk

Pan-genome construction, structural
variation and systematic evolution

7 B DR R R 45 I S L
)

A
Pan-genome construction, structural
variation and functional gene variation

12 Jk DR PR 3 A A A B PR 25 4 A
Pan-genome construction and
structural variation

V7 AP B A A 5 3
AEJE A S R S Ak

Pan-genome construction, structural
variation, functional gene variation and
systematic evolution

T LD PRI A A BRI A R S T
AEZE P S AR Gt ik

Pan-genome construction, structural
variation, functional gene variation and
systematic evolution

12 3 TR P 1 A At | R DR 45 4 78 SR R T
AL A2 57

Pan-genome construction, structural
variation and functional gene variation

12 R AR S T AL AN T R L R A
Pan-structural-variation construction
and functional gene variation

2014

Wang et al.,
2018

Zhao et al.,
2018
Zhou et al.

2020

Hufford et al.,
2012

Hirsch et al.,
2014

fATER Y, 2017
Jian, 2017

Mabire et al.,
2019

Montenegro

et al., 2017

Walkowiak
et al., 2020

Jayakodi et al.,
2020

Li et al.,
2014

Liu et al.,

2020

Gao et al.,
2019

Alonge et al.,
2020
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Object of study Sample number Main research content Reference
B AR) 383 (BT B, FU4E 355 4 C. annuum 4 4> ZIEREEE FERNEEHZE ST Ou et al., 2018

Capsicum spp. (Solanaceae)

B

Capsicum spp. (Solanaceae)

I} H 3% (35H))

Helianthus annuus ( Asteraceae)

(R

Brassica spp. (Brasslcaceae)

g (H54ERh)

Brassica spp. (Brasslcaceae)

BRPHIME (+54ERE)

Brassica napus ( Brasslcaceae)

W (5 1ER)

B. napus (Brasslcaceae)

ARIT (5 4EF))

Arabidopsis thaliana ( Brasslcaceae)

R (HtiEL)
Populus spp. (Salicaceae)

ZRR(CHIRREL)

Sesamum indicum (Pedaliaceae)

C. baccatum. 11 > C.
C. frutescens

383 cultivars, including 355 C. annuum, 4 C.
baccatum, 11 C. chinense and 13 C. frutescens

65 MK, WIE I A C. chacoense, C.
baccatum var. baccatum ., C. baccatum var.
pendulum , C. annuum var. annuum ., C. annuum
var. glabriusculum . C. chinense Fl C. frutescens

65 samples including C. chacoense, C. baccatum
var. baccatum, C. baccatum var. pendulum,
annuum, C.
glabriusculum, C. chinense and C. frutescens

493 {5y 1) H £ 5 9F IR, 4095 287 A~k B b
AT A SE[E L TT AR AR 189 ABF A T SR Al
493 sunflower varieties including 287 cultivated
lines, 17 native American landraces and 189 wild
accessions representing 11 compatible  wild

chinense F 13 4~

C. annuum var. annuum var.

species.

9 Pl H WK S FF (B. oleracea) F 1 0T A5 R34
ZEE BRI (B, macrocarpa)

Nine cultivated lines ( B. oleracea) and one wild
type ( B. macrocarpa)

[/ Golicz et al. , 2016
They used data of Golicz et al. (2016)

53 ISR A A 33 AR A LA R A 20
ANTEMA,

53 B. napus varieties including 33 nonsynthetic
accessions and 20 synthetic accessions

8 bRl ALFE 4 AP AN S MR (PR 1L,
Gangan # il 7 5 F1 I 3E ) (2 A4 328
Fhi( Tapidor F1 Quinta) | 1 2 - ES Y
(Westar Fl No2127)

Eight oil seed rape lines, including four SWORs
(7811, Gangan, Zheyou7 and Shengli), two
WORs ( Tapidor and Quinta) and two SORs
(Westar and No2127)

64 MR T4
64 A. thaliana

3N RGBT (P nigra . P. deltoides 1 P.
trichocarpa)

Three intercrossable poplar species ( P. nigra,
P. deltoides, and P. trichocarpa)

5AZ RGP, A4S 2 S H O A ( Baizhima Al
Mishuozhima ) 1 3 A~ ¥ 7£ 4% &% & Fb
(Zhongzhil3  Yuzhill Fl Swetha)

Five sesame varieties including two landraces
(Baizhima and Mishuozhima) and three modern
cultivars (Zhongzhil3, Yuzhill and Swetha)

e =)

AEBE A 5

Pan-genome construction, structural
variation, and functional gene variation

17 A 3 TR A ] i P A A 3 TR 4 4 Elmosallamy
AR et al., 2019

Pan-plastome construction and
structural variation

12 L DA PR A RN L P T e A
Pan-genome construction and functional
gene variation

Hiibner et al.,

2019

12 FE P A A R el

Golicz et al.,

Pan-genome construction and 2016
systematic evolution

V2 DR PR by g | R TR 455 4 78 S RN 3 Bayer et al.,
A A 57 2019

Pan-genome  construction,  structural

variation and functional gene variation

12 PR P i A T 1 R 25 ) 7 5
Pan-genome construction and
structural variation

Hurgobin et al.,
2018

12 DR 1 2 4 7 S L ) i
PR 5

Pan-genome  construction,
variation and functional gene variation

Song et al.,
2020

structural

12 NLR FE K [ 1% F) R R 25 ) 72 5
AIBEREL

Pan-NLR-gene construction,

Van de Weyer
et al., 2019

structural

variation and functional gene variation

T2 L A P B R S DR 5 4 708 S T

Pinosio et al.,

REFE A AL 5 2016
Pan-genome  construction,  structural

variation and functional gene variation

12 SE R B A A R Gk ik Yu et al.,
Pan-genome construction and 2019

systematic evolution

SVs, 14 15 77 45 ¥4 48 5 ( panSV) Kl , B 78 % 3
B SVs J& 15 256 B 7 1) LAt i H. SVs £ X Jaf
R #T B % ™ &, HEERH 90% 1) SVs 748 57

AT AR 17 B DR A S b 3R 45 9 3iE ( Alonge et al.,

2020) .

ZHEE A F AR P e
xR 55M

A A AR S 2 P ECRE  DRE R U, 12
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FEDKIZH B 5 RE A6 38 2ok 4 T K A AH O R Y B s AR AR
B PR BE R A Rl S R S BORE R D RE Y 4R
13 B VAR R AL N AN, R SRR 3 s
AR R e 0T 14 Sy ta ik b iz
PRI ZELAF 5 B0 12240 6 5 DRI 79 o B AR ot < v
B 137 & Y SR A 32 A0 A A AT B b X A
“EURRE 827 P T B BAAG R B AN TE S R B HLIX fig
BETE pH E A S WSO e 75 4 A ) 25 A B
HARAT X R AT RS 8 1 XA 1.4 kb # Indel Al
ANE T XA 5 NN S (Liu et al., 2020) , 1E7H
Sl i 4 PAV-GWAS ( genome wide association
study) 73 BT & 3 3 A IFAEHI ] F T BnaA10. FLC
BnaA02. FLC 1 BnaC02.FLC ] PAVs 53R 16
I ) A A 25 B 3 Ak 2B DDA OC ) v 24l = A
BnaAl0. FLC J& 3 F X & & A MITE ( miniature
inverted repeat transposable element) i A ; 85% % i
KAt FE) BnaAl0. FLC 55— A2 7 H &% A LINE
(long interspersed nuclear elements ) Jfi A ; 81% - 4
PEIH S S R A BraA10. FLC J5 31 71X &4 hAT 1
Ao R BnaAl0. FLC YL5E TSR B
ST AL B B FE ] (Song et al., 2020)

A B FRAITEA ROk B 24 e PR ) 458 9 45 11
S5, Hrp AR Z2 5E A AT g S [R] IR 22 A ) 1Y 3R
ARUPEAR B A 52, PR O ok e A~ 3 A 1 A ) 3 R R
A ATBEXS I3 — AR BV A AR, ], A
e i b B 7 A G MR R R AL A2 2%, X5 100 A4S
T i L PR 20 A4 72 25 K9 78 57 (pan-SV) YT ST Kk BE,
US54 28 S R BOE LT — /1> MADS-Box JE[H
L[] 52 e ik A e e vk . b 27 BRI A A
FET R TE AT AEAER I | T o2 5 R Y HLAT By
1R 45 1Y R A8 = 3 A H A4S B PR B[] I A AR
(j2"" e2") W 25 Y AL 7 3 keiod 22 1 5 SR 1
AIELS ;sb1 ( suppressor of branching 1) #& [K A &
2o e A R e 5 TR R Y A T VR T S B S D)
Hh,sbl FEH BRI Rk AT fEAZ 1 5 Je Ak b STM3
PR B HY I B A 4 R, L ER I AT A 4 DL
HA RN ( Alonge et al., 2020) , Kb, i
T2 W R v BIF 99 35 DR ) g A8 e 0o R AU 1Y) 52
M), A B B oo A b ) Ty i 5 PR — 2 A8 ) G Bk
[ R TN 2 N1 /S 1 T e =
AR S & W PO v s aR | 7 B R DR BT
1 RO BE G A A it ol [)  SCOAS A7 e G A e 481
B RMYR, 1Ez R AR RN T
KA 23R 55 8 He K A TE B R S S5 2
8] () Z R4 B AH &1 ( Tao et al., 2019) il 7E7Z
FEPR 20 ¢ e 3t A% RIS ) Bl B AT RS A R

TV T T G AT S IR R B A LB

4 ZHAUAFHEEMNFELS
B R RHFENI R 0 A

Xz PRI 2 B F 5, AN AURT A 4 T b A A
A3 Bl N s 4% Z 060 RIS AR E] 19 R 58
RO F RN R 22 S 1) 35t A% B, T EL AT LA )
Tt SR P23 A7 55 R 40 1 05 9 72 S FD 3R G kAR
i, A RIS A B U B e A 55 T A 2 )
BEARE . il ik K Fe iz FE B ZE % 6 AN KRR HEAAR
S YIMEA O 7 A B AL T RS s b, B
Aus BEA (Indica B)— W 2EEE) Fh R 2 RIER LS
FEUEAL =2 b NI B Aus K RETEAR AL T8 58 42
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