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Genetic variation and structure analysis of different type blueberries

(Vaccinium spp.) based on SLAF-seq technology
LIU Youchun', LI Jiaqgi', WEI Xin', YANG Yanmin', ZHANG Duo', WANG Xingdong', SUN Bin',
YANG Yuchun', WANG Sheng', GAO Shuging', WANG Hongguang', XU Yige', YUAN Xingfu’, LIU

Cheng"
('Liaoning Institute of Pomology, Yingkou 115009, Liaoning, China; °Liaoning Academy of Agricultural Sciences, Shenyang 110161, Lia-
oning, China)

Abstract: [Objective] Blueberry belongs to the genus Vaccinium of family Ericaceae, and has recently
received much attention as blueberries have high contents of anthocyanins, flavonols, procyanidins and
other types of phenolic compounds, which can improve night vision, increase anti-cancer activity and
reduce the risk of heart disease. The consumption and cultivation acreage of blueberries is thus continu-
ally increasing worldwide. By 2020, the total cultivated area of blueberries in the world was 2 056 700
hm’ and 66 400 hm’ in China, with a total production of 347 200 t. Blueberries are very rich in species,
including the tetraploid highbush blueberries (Vaccinium corymbosum), lowbush blueberries (V. augusti-
folium) and hexaploid rabbiteye blueberries (V. ashei), and the diploid species V. uliginosum, V. vitis-

idaea, V. macrocarpon etc. However, their inter- or introgenetic background and phylogenetic relation-
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ship are still unclear, resulting in an unclear background of blueberry genetic diversity. The study could
improve the understanding of the genetic basis of blueberries, by means of the genome-wide SNP mark-
ers to recognize the genetic variation and gene introgression between different blueberry populations.
[Methods] In this study, a total of 62 germplasm resources of 9 blueberry species were used as materi-
als. The specific amplified fragment sequencing technology (SLAF-seq) was used to facilitate sequenc-
ing and accompanied by the reference genome of southern highbush blueberry draper. The sequencing
reads were compared with the reference genome using BWA software (v 0.7.17), and data quality was
controlled using GATK (v 4.1.7.0) and SAM tools, respectively; the intersection of SNP markers ob-
tained by the two methods was used as the final reliable SNP marker dataset. Based on the final reliable
SNP, the vcf tools software (v 0.1.16) was used to remove markers with a deletion rate over 20% or a
MAF less than 0.05. The SNP hylo software (v 20140701) was used to filter SNPs with a depth of less
than 3 and a deletion rate of less than 20% to obtain SNPs for further data statistics and analysis. First,
the phylogenetic tree was drawn using the obtained SNP markers, and the validity and accuracy of the
markers were verified by combining the phylogenetic tree and the traditional classification of the test
materials. Then, the genetic structure of the test materials was analyzed using the Admixture software to
understand the genetic background and individual genetic composition. To display the genetic back-
ground differences and genetic relationships of the test materials more intuitively, the SNP Relate (v
1.30.1) software package in R was used for Principal Component Analysis (PCA), and the ggplot2 (v
3.3.6) was used for visualization. [Results] We harvested 169.87 MB reads data, with an average Qs
value of 94.99% and an average GC content of 40.24%, and detected a total of 319590 SLAF tags in 62
blueberry materials. 172 513 polymorphic SLAF tags were verified by comparison with the reference
genome. A total of 76 299 105 population SNP markers were detected using the GATK and SAM tools
methods. A total of 4 133 595 population SNP markers were screened by integrity >0.8 and minor allele
frequency (MAF) >0.05, 5.08% of the total SNP were evenly distributed among 12 chromosomes of
blueberry. The phylogenetic tree was constructed based on the SNP markers and reflected the signifi-
cant genetic differences among wild, northern highbush and southern highbush blueberry and the genet-
ic relationships among cultivars, confirming the effectiveness and reliability of SNP markers in this
study. The analysis of population structure based on SNP loci showed that there were significant genetic
differences between wild types and cultivars, with the increase of K value, there was no subpopulation
in wild types all the time, indicating that the tested wild types had independent genetic background and
there was no gene exchange between the types, but there was unilateral gene flow from wild species to
cultivars, suggesting that materials from wild species were used in the cultivation process of some culti-
vars, However, the cultivars had an obvious subgroup structure, suggesting that there was universal
gene exchange between the subgroups. The classification of half- highbush blueberry Northland and
southern highbush blueberry Reveille was closely clustered with the northern highbush type, The genet-
ic background of the lowbush blueberry Blomidonand and half-highbush blueberry Northcountry and
Blackpearl tended to be wild species at the genome-wide level. [Conclusion] The frequent use of back-
bone apparent varieties in breeding has increased the pattern of gene introgression between the bred cul-
tivars, resulting in high genetic homogeneity in blueberries nowadays. The wild blueberry species are
different in habitats and geographic distribution from the cultivars, and have an obviously different ge-
netic background.

Key words: Blueberry; SLAF-seq; SNP; Genetic structure
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A , X4 W5 R (blueberry) , SLE S0 H 1
A BAL TG (SOD) | B i A1 A iy 2K 4k & ) 55 1)
REVEE TRy, A B T i) Y s P fe /A0 1%
IR AR 48, £ 32 T B ORI ATV 2 3 T R
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R e R R B T, 21 2020 4, 4= Bz R S
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INE] 2016 4F 1) 2.20 75 hm® J5 , X4 0 1 2020 4 (1)
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FfA R EST R RS T HEEER.

BT N AL S AE AL (Ericaceae) 4 J& (Vaccinium
spp )T , 4 tH 5 B HE A 2045 400 S Fh, Gufh
REMZFEYEEE . & W BIE (Vaccinium corymbo-
sum) ~ TR AR (V. ashei) 7% N (V. augustifoli-
um) &t 56 P 3 B R AR B e, s A
ST o P CELFE 2 vy AL A s ARG v AR A 9 DY
5k (2n=4x=48) , Tfi % AR 1& &% 52 N 15 1 (2n=6x=
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(10 DU 35 A bl g 25 DRI 28, Oy vy 368 5 0 3% BB A A
SNP (single nucleotide polymorphisms) #5 ic i& A 2
35315 78 A7 IS B A A R AL R4S 22 FE I 5T
BEE T AR

SLAF-seq f5 AR CRF 7 K FEH 3 v BU Y 5 Spe-
cific-locus amplified fragment sequencing) & — Ff
(10 T AR R ZEL 0 P B AR, e B W % v T A
KEEE T A3 K E SNP ARIC A In-Del #7id
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WEHIE ER T IR E G BT IR AE S B
PE IR 75 ¥4 B A0 B A 22 R TFRRE R
GRS B TE T VR R BRI % A B A BRI A
B AT I8 A 2 FE M AR 25 M RS TE 25 0 . SR
[ A o 2 8 YRR R A () A 2 R A A i) g
FEAR S B DRI A U AR 454 Il /AT AN B g, 3 B30
B 2 R ST I, oV s B Fh Rt
M. A, BE AT T LLBRAG 8 2 M

T GRS A AT A= ) AN R4 (A A DY A4
AN AL AR AT 9 il 5 18 3d SLAF-seq HAR3RAF K
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1.1 ##

AR b TT BHIR AR B 1L 748 SR R A
FU T ERAT b o 5 R ] , R AR B AR SR 11 4, AN
FE] 4 51 3t Bk 35 i Bl 514, 5 2 G & 9 > Pk (spe-
cies) AL R A B i AN m A BRI 5 ANk
FKAEE D,
1.2 EF4H DNAZEL

PRI AR ) 1 VR SO S5 A7 T80 °CUKAR
%M. Hi R CTAB &2 UL K 21 DNA, F Nano-
drop 2000C 8 i & 1% B2 £ 1 I 52 4% (Thermo Fisher)
A1 Qubit 2.0 %% ¢ it (Thermo Fisher) 3 47 DNA 1] i
SRR BEAS I 5 T $2 25 K] 2 DNA OD.go 5 ODugo 1 L
B/ A 1E 1.8~2.0, DNA Jii fE K 1A #] 30 ng-ul ', 1A
S P SC R R
1.3 BEEYIEESNFITME

FRYEHE D) Fr B AE S R 21 1R 75 385 90 A7 K/
s 155 A AW & 55 JE UM, R FH SLAF-predict
B DU 35 44 8 A7 5 b Draper 1 8 2 25 56 (K 41
(http://gigadb.org/dataset/100537) ¥, UL Hae 11l « Rsa
I \Rsa 1 +Hae llIM Rsa 1 +Rsall 451G )7 23t
A7 FL DT TR0 S 56, AR T R P b 2 B S o o T
YIT & IEFEKRG S FR H AN (Oryza sativa ssp. ja-
ponica) Chttp://rapdb.dna.affrc.go.jp/) 1E N X L, [F] 25
BEAT AT IR 5, F1) F SOAPYH At %f [ 2 5 — 7K R il
- B84 AN KR 25 R ZH 00 AT LLox , 3R AT g D) 2k 2t
PPl A CRARE 1 R 1
1.4 SLAF#R%3R1S . SNPARIZ SIIE

S SR RS A R 5 Tlumina 3, AR AS [5) 4%
P R A T K i A T8 2 o 3 TR AL 7 (2n=2x=
2 G —bRAEHAT M. FIH BWA A (v0.7.17) %%
M reads btk X 2] 2 5 B KA L, {f H GATK
(v4.1.7.00"F1 SAMtools" 73 7l 4T £ 4% i 4, LA
Tl 7 1545 B 1 SNP Aric 58 SEAE hy B 28 AT FE (1) SNP
PRicBE £, F T3 — 20 i Bl o f g b . i
veftools (v0.1.16) B, B 2 3 K T 20%E MAF
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Table 1 Sampling information of Vaccinium
= YA
Fis xom SEOTR o ks
Species Types Accessions of Name of variet
P P variety Y

A ¥74E Wild 3 1. 3 RRAR 015 2. A5l 0253, 25 37 03

V. uliginosum 1. Bog bilberry-01; 2. Bog bilberry-02; 3. Bog bilberry-03

ANGR 7] 274 Wild 2 4. 4L IR 0155, 215 1 02

V. vitis-idaea 4. Lingonberry-01; 5. Lingonberry-02

B B4 Wild 3 6. EBAE 0157, 8% 02, 8. &k 03

V. macrocarpon 6. Cranberry-01; 7. Cranberry-02; 8. Cranberry-03

Z MR V. duclouxii  BFAE Wild 1 9. = MEE 9. V. duclouxii

B0 V. bracteatum  BFAE Wild 1 10. UM 10. Oriental blueberry

Sparkleberry 74k wild 1 11. Sparkleberry

V. arboreum

YN o a 1 12. 2%

V. augustifolium Cultivar 12. Blomidon

e M A b 6 13. JbkT 5 14, AU 515, dbiE s 16. bk 17. BI2ER; 18 SFHRTT

V. corymbosum(HHB)  Cultivar 13. Northcountry; 14. Polaris; 15. Northblue; 16. Northlande; 17. Blackpearl; 18. Chippewa

Jb i Bk FH 29 19. 5F KR 20. B R 21, 4G 5w A 5 22, A B 855 23, G852 1 24, FL 50 25, Tl ; 26. 3E

V. corymbosum(NHB)  Cultivar FEVG 527, W 528 W5 4529, W 9530 W 531, WS 32, FMAAE 33, B UK 34, B4 s
35. AR 36, HH ;37 FiF 538, ZE47;39. Xt ;40. HrEiH 41, FH2E .42, MR 5 43, &
K i44. HLUE ;45 VT ;46. MT7;47. N2
19. Elliott; 20. Aurora; 21. Berkeley; 22. rigitta; 23. Darrow; 24. DuKe; 25. Croaton; 26. Leg-
acy; 27. Bluecrop; 28. Bluegold; 29. Bluejay; 30. Bluechip; 31. Bluetta; 32. Liberty; 33. Ru-
bel; 34. Nui; 35. Chandler; 36. Sunris; 37. Reka; 38. Sierra; 39. D-1I; 40. Spartan; 41. Toro;
42. Lateblue; 43. Sierra; 44. Earliblue; 45. Jersey; 46. M7; 47. N2

P e A A #fE Cultivar 12 48. Heis 5E 74 49 W 150, BURIR: S1. MG/ £ 52. ALURI 53, PE ; 54. ik : 55. B

V. corymbosum(SHB) W :56. 745 ;57. AF;58. N5:59. N6
48. Biloxi; 49. Star; 50. O'Neal; 51. Gulfcoast; 52. Jubilee; 53. Cooper; 54. Misty; 55. Sharp-
blue; 56. Reveille; 57. Sweetheart; 58. N5; 59. N6

THRENG V. ashei A Cultivar 3 60. M 61. LM N 62, i HE
60. Powderblue; 61. Pink lemonade; 62. Choice

/NT-0.05 AR IL - (v1.30.1) 3 47 PCA (principal component analysis) 73

1§ Ff} SNPhylo # 1 (v 2014070 1) %F SNP 3347 i
V&, L EARUE N :-p 10-¢ 3-102-M 0.2 GEEIL T3
IREA LB N T 10%, HER N T 20%) , EBIAF
5 R KT 0.2, 44 vef U4 B~ phy #5305 , H Phy-
ML3.0 %A [ 85 K ABUAR 2 (maximum likelihood , ML)
MRG0k 8 W, H2E4T 1000 IX bootstrap 73 Ht (-m
HKY85 -b 1000) , i il iTOL (v6.6) #E AT HEAL A 1) ]
AL BT o
1.5 BHAREEWSHR

FEREAT ARG AL G546 43 FT 2 117, 48T F plink %X
 (v1.90b) 3 i v 1ok Y8 B e BAS P-4 o7 pt L VT
% K/ 50 kb, 3 % 25K 10 4> SNP, S BIAT- 17 R
/1 0.2 (--indep -pairwise 50 10 0.2) , H2 4 fr it i H
(1) SNP A7 £ 17 747 4, 5 5041 0.4% , K F Admixture
BAF (V1300 BEAT AL 5K 73 B (for Kin 123456
75 do admixture --cv file.bed $K | tee log ${K}.out;
A R (v4.2.1) 1 1 B F £ SNP Relate

done)

BT, & 5618 ) snpgdsVCE2GDS B 80# H 5 vef S
% gds ¥4 3X, 2 J5 F snpgdsPCA B HU6 SCA4FE1T PCA
ST, FE FH ggplot2(v3.3.6) 34T Al AAL 4347

2 HiR50H

2.1 ERYIARSEEITME

Haelll.Rsa [ +Rsall \Rsa [ +Haell[f1Rsa [ A
[ U 7 26 72 A6 1) SLAF AR A7 AE 25 53, Horf Rsa |
Mg U1 7= 42 1) SLAF #3258 i % , 3L 11 148 190 1>, J B
KEAE 414~416 bp, 7EFE K 2 _F 54045 , Bl e i
LREYITT % . KRS H AR I 7 reads 5 H 5%
B R kAT X, 25 R R OR X b X R E
97.26%, B RR N 92.76% (£ 2) , SLAF &2 1EH .

T A At X B A7 T A 4 I 7 3 3R 45 169.87 Mb
reads HHE , &P BURE AR 0K E H AR 1 722 285~
6 413 536 bp, H H 25 W R AT AHE & i), N6 £ &=
R ANFARE ST Qs TE 93.92%~95.98% , -3
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Table 2 Information prediction according to the enzyme

digestion method

g N BORAN SLAF M
Enzyme Insert fragment size/bp SLAF number
Hae lll 364~414 110 704

Rsa | +Rsall 314~344 120 461

Rsa | +Hae 111 414~444 127 672

Rsa | 414~416 148 190

94.99%, GC & & 4 38.91%~40.93%, “F 15 5 40.24%
(F23), 2 W A ol i A A8 SR 1K, SR 15 1 g vl 42
AT E T

3 WRBRIENFELSE
Table 3 Sequencing result of blueberry and control

FE i WF B GC o QufE
Sample Total reads  GC content/% Qs value/%
e fe/MEMin 1722285 38.91 93.92
Blueberry g o Max 6413536 40.93 95.58

“FH41E Min 2 570 146 40.24 94.99
X H Control 2202 899 40.30 93.96

2.2 SLAF#RrZ SNP  FFric4it

B P 590 5 9 75 O 10,65, 38 3 % 4 k4T
I3HT S AN 62 43 il A4 RE R LA I 31 319 590 4~ SLAF
PRZ:, i BWA #2EF SLAF b2 2 31 5 2% £ [N
4 &, Z &M SLAF b5 172 5134, F ] GATK A1
SAMtools # F 772 3£ 15 £ 76 299 105 4~ B & SNP
Frid , HHE 52 % FF >0.8. R B &AL 5 R
(MAF) >0.05 i 98 , T i 16 15 21| 4 133 595 /M4
SNP #71c » (5 SNP &t 5 1] 5.08% » 75 1 /i 56 B B oh
12.92%~44.30% , “F- 35N 29.77% , 2 & % 4 3.06%~
9.78% , ~1-35) 4 5.44% , Ui W A ot B DR 2H 5
B (R 4) . HRYE SLAF 25 M1 SNP bric 75 Y ik

oA, i B Ak o3 AT ], SLAF #5425 H11 SNP A
10 LG S () o A AR BTG 12 2 Qe ok (B D,
HTESE 6 5 Jeta ik AT SNP ¥4 A1 7347 X 3
2.3 SNP#RICIEIE

2B AE AT R BT SNP FRic 1) R Se ik
A 2 75 REVHE A S Bk (bR} S R A AR 200
FORIAE SNP AR ICHA Rk (R 5, Bl 2) . & 28
KE OO PR, £ RGO b, GLFE B AR Bl 4%
BEMPLE P BB R 9 N Fh 62 3 ilA B R 3 AR
Ffo Cluster I (ZR€0): By A FRRHE, RGN 1Y
s R b, A A R P AR B AR Rl SRR A
AR AR L 38 A P 5 365 L~ i AN e F b A RS 2R 5
ar ML B AR P O A S, I T ONES A 4k
1M R A BE AL 72 5 Cluster 1T CHE €20 < b vy AU 5
PN B AR 258 ; Cluster TITCZL &) - B i A ek i
an R R A R R R, FoR R R B e 3 AL
e A Aoy SR AR b

9 1 ST 5 A A AR I SNP B ic B R 1T i
PHIRISEG R R, AW A T b R (R 5, Rik
EEXT o3 #r A R, 7R B IS FE A AH R SR AR J ol
T RAM A, G 5 i AR A (R S REAS, W
CHAME A HRIRAE R 5EFE LS5 R
WIS 5 R BB R S IR R B RO R
2, BEE 2 P I R B R iy TR A R L AR
BA—HK, MR AT R RERAREANERZ
BRI A, Wi E VI R B R R
M RSEAR M E A AR B, LEE L US &
B Kl B BLIA K 2% Florida R FIZE AR I 444 J5
R REHECo L5 1, BT SNP 1 R G ik A A 5
R T B A S i R R A A 25 2 ST
KGR RFBRLELR.

# 4 SLAF #r%F1 SNP #Ric 8IS T
Table 4 Data statistics of SLAF and SNP

SLAF F5%:5 & SLAF information

SNP ¥5%:15% 5 SNP information

{d Value SLAF hi% %k SPESIR I X SNP #RZ5%, SRS T
SLAF number Average depth/x SNP number Integrity ration/% Heterozygosity/%
I /)MHE Min 2439 7.57 534131 12.92 3.06
B KA Max 7794 20.02 1831 006 44.30 9.78
“F-¥1{E Min 5239 10.65 1230631 29.77 5.44
ST Sum 319 590 76299 105

T x FORFE AR E L BIERARE L SNP E 2 FRE S b (5 B EL L A A e, BV o 25 WP SR i L B B 28 F) SNP T

HHEE.

Note: x represents the multiple of genome size; Integrity ration, the information proportion of each sample SNP in all samples; Heterozygosity, the

proportion of SNPs containing two or more base types in each sample.
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The top figure represents the distribution of total SLAFs on the reference genome; B: The bottom figure represents the distribution of SNPs on the
reference genome. Each strip represents a chromosome, the deeper the red color area is SLAF label and SNPs distribution area.
1 SLAF #52 (_E)F1 SNP #RE(R)TER B K LRI
Fig. 1 Distribution of SLAFs (top) and SNPs (bottom) on chromosomes
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BH KN 1~10 347 R 2K, 2438 I UFH R R
(CV error) AR L BEEL, 45 R 7R K=2 160
g S B AT DL W R AT B2 R AR A AR
eI KB TG, B K=2~7 R SE F 45 R L 3. K=

2 IR LR B AT I e A 2R [ B
TR A A AL T s e R 5 RO
Sparkleberry, I 2 Jy B A2 B %, S HE 11 HH P oy DA Bk
A7~ 1 vE ARG 2 va MBS | A IR BRARG  J BR A <5
YR, H I AR B 1%, 2 W B A S b R 5% b 7
BHEE B FAEAE B 22 R o AR M R i A
AR BRI IR, RIAEAE DT A o SR 85 ol 1 51 [ B [
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Table 5 Pedigree of tested materials
s MR Filk i MR Fik
No. Accession Pedigree No. Accession Pedigree
1 EifH 1 Cranberry-1 B 2E wild 29 ¥ Y Bluejay AT F <3 PR 241 (5 x Taylor)
. Berkeley x Michigan241 (Pioneer X
2 & 2 Cranberry-2 B4 wild Taylor) y & (
3 EjllE 3 Cranberry-3 24 Wild 30 ¥ ¥ Bluechip CroatanxUS11-93
4 715 1 Lingonberry-1 Bk wild 31 ¥ Bluetta (North Sedgwickx BEE /) x 51
(North SedgwickxCoville) x Earliblue
5 #1% 2 Lingonberry-2 P72E wild 32 FMAF Liberty A7 HL 7 532 F BLUER Brigitta x Elliott
6 = HTElE 1 Bog bilberry-1  H72E Wild 33 UK Rubel Bj /4 52/E 3% & Breeding from wild
7 BTG 2 HF4E Wild 34 %3 Nui (- x Ashworth)x i 7=
Bog bilberry-2 (Earliblue x Ashworth) x Bluecrop
8 Mg 3 P52E wild 35 ERIEH) 1EFx M-23 [H TR % 18-9(GM-3 x
Lingonberry-3 Chandler CU-5)]
. N X Darrow x M-23 [Berkeley x 18-9
9 Kﬁﬂ*& V. duclouxii ETH: Wild (GM—3 x CU—S)][ Y
10 UM Oriental Blueberry #7/E Wild 36 HH Sunris G-180 x ME-US 6620
11 Sparkleberry P74 Wild 37  Hi K Reka E118(Asworthx F. i) x i 4=
12 3% Blomidon 451 Augusta E118 (AsworthxEarliblue) x Bluecrop
13 JbA) Northcountry B-6xR2P4 38 ZfiSiera US 169 % G-156
14 b2 Polaris B15 (G-65 x Ashworth) x %% Bluetta 39 A D-TI ANV Unknown
15 Jti#& Northblue Mn-36%(B-10xUS-3) 40  WrEIH Spartan L% Earliblue x US11-93
16 Jtfifi Northland 1A 78 R GEE T > S5 85 ) xMich 19-H (& Mox 41 P§Z Toro HL¥% EaribluexIvanhoe
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The material names and pedigree corresponding to the numbers in the figure are shown in Table 5.
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Fig. 2 Phylogenetic tree of 62 blueberry accessions
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ture the individual cluster values corresponding to each K value, the material names corresponding to the numbers in the figure are shown in Table 5.
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Fig. 3 The genetic structure of samples corresponding to each K value of advertisement
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Fig. 4 Principal component cluster analysis of samples
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