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Abstract We studied the SNP locus and candidate genes closely related to the red leaf traits of Eucommia
ulmoides Hongye' for further revealing the genetic basis and molecular mechanism of red leaf traits. We used
E. ulmoides Hongye' and the common green leaf E. ulmoides to perform whole genome sequencing with a depth
of about 10x. With resequencing data and by using SnpEff software we predicted the effect of mutation sites on
protein coding selected the differential sites associated with the formation of E. ulmoides Hongye' leaf color

which were related to anthocyanin metabolic pathways and key enzyme genes. For fine mapping 14.16 Gb
clean data were generated from genome re — sequencing of E. ulmoidess Hongye' and 14.29 Gb of clean data
was produced by E. ulmoides Xiaoye' . There are 1 516 SNPs in the E. ulmoides Hongye' which have serious
effects on protein function and 41 328 moderately affected. There are 1 640 SNPs in the E. ulmoides Xiaoye’

that seriously affect protein function and 47 192 SNPs that moderately affect function. Of the 26 722 genes 228 were

found to be involved in the synthesis of anthocyanin or flavonoids. After screening 12 specific SNP loci were
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identified all of which belonged to missense mutations in the exon region. Using a generation of sequencing

verification 7 pairs of primers were designed based on the SNP position and the SNP accuracy rate reached 100% .
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Fig.1 GO function enrichment classification chart The abscissa indicates the number of variant sites located in the functional area
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belonging to the High and Moderate types and the ordinate indicates the ID of the GO Term.

KREHHER DL
Most effdata of gene function
4000 1
3500 +
3000

2500

2000

1500

BB HESfictive number

n 0. 1 1 I_I 1
F K L M N S VWY Z
IhEFunction

B2 COG IhgEsr KB A. RNAITHEM B. Qe gsimsl i C Rl ik D. Z0H R m i e efksy
fii E. &M F st G. k& Wis i H. G s it LIRS M G J. Bk bk
MR A K f65E LOZH EAMMEE M. e/ Ay g f N aifzsit 0. BhidEgi EamEE 5748 P&
ML FiEia FCH Q. AR = ha =& L 43 At S. ThEERM T (E 55 SYLH U st 2 Mz v. Bl
il W. AN /hES R Y. e Z. i e

Fig.2 COG function classification chart A. RNA processing and modification B. Chromatin structure and dynamics C. Energy
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production and conversion D. Cell cycle control cell division chromosome partitioning E. Amino acid transport and metabolism F. Nucleotide
transport and metabolism G. Carbohydrate transport and metabolism H. Coenzyme transport and metabolism 1. Lipid transport and metabo-
lism J. Translation ribosomal structure and biogenesis K. Transcription L. Replication recombination and repair M. Cell wall/membrane/
envelope biogenesis N. Cell motility O. Posttranslational modification protein turnover chaperones P. Inorganic ion transport and metabolism
Q. Secondary metabolites biosynthesis and catabolism S. Function unknown T. Signal transduction mechanisms U. Intracellular trafficking

secretion and vesicular transport V. Defense mechanisms W. Extracellular structures Y. Nuclear structure Z. Cytoskeleton
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Table 1 SNP mutation site function annotation statistics
table

ST B4 LT O L) R N
27 y :
T E. ulmoides E. ulmoides
pe ‘* Hongye’ * Xiaoye’
5’ BRI S ;
5_prime_UTR_variant
"N Downstream 707 591 753 545
FE[A ] X Intergenic region 4 826 842 5097 746
P& F- X Intron variant 503 340 532 407
4 Y ZE AR
PR F XIS 2 41328 43 402
Missense variant
FE G hih e SA IX.
: . . 18 10
Non coding transcript variant
e \ .
T A 58 o7
Splice acceptor variant
A o
P T AR 124 149
Splice donor variant
7 A b iy
B IO 2 bp BOHYIK o S0
Splice region variant
R EL T -
GRS BT 65 5
Start lost
27 7% <7
SR SRS T I 5 -
Stop gained
AL AR Qg AL AR
RASPEL LT RAE 287 307
Stop lost
RAFF LT 1 S B
< . . 82 88
Stop retained variant
[i] X Z&7% Synonymous variant 40517 42 898
% Upstream gene variant 759 898 809 593

PIEFE biological process H i B FI] 45 B - {4 i
TEAFIhEE molecular function H 3 B2 FE H 45
O RRRFI G ATP 454 KRGt e MR
KEGG [ ER(EE W3R 2 s &f 22 500 5 0y 5
R A] i RE 3] 286 A5 fUiliE e Hrh i 2 W R IE M
MR RN RS e SHEYH A
AR MBEFUIAC  FIH EggNOG il FEXT Lt
BT WE 2 s A 12 977 LSRR 25 4>
K Ko fF5 % 00 1220 9.38%  #%5¢%
868 6.68% HHBEMFEBM Sz /11
15 838 6.45% oK AbA Wy iis i AL 801
6.16% “FARHIFBERNE RO L L HIOEREE
PR 527 4.05% WA M AR
G s Fs A 456 3.51%
2.3.4 RATHFIRIZH LR SNP i Sk

MY IR ThREE BRI 5 B R 45 S 26 722
A 2 A SRR Ay 228 SR BE DR R R E
AL RIS B DG 228 S B

*2 HMMEANFH KEGG Rih&Z5EE
Table 2 Classification of KEGG metabolic pathways for

Eucommia ulmoides resequencing

Different sites

G5 B with KEGG o 1D
Number Pathway annotation ©
12997
I BRI 183 1.41% ko030
Starch and sucrose metabolism
2 *E%_ﬁﬁﬂ{/ﬁ . 164 1.26% ko04626
Plant-pathogen interaction
b Vavd AY
3 ARG 128 0.98%  ko00940
Phenylpropanoid biosynthesis
4 kfLi5t Carbon metabolism 125 0.96% ko01200
LY s 2 L
5 BRI SHE s 0 g1g kaaors
Plant hormone signal transduction
e LS N
6 . t&%&EJi%‘uﬂ‘ 103 0.79% ko01230
Biosynthesis of amino acids
7 A Ribosome 98 0.75% ko03010
WFFE AT,
8 Protein processing in 98 0.75% ko04141
endoplasmic reticulum
TR R R R R R T
9 Pentose and glucuronate 92 0.71% ko00040
interconversions
FIERER T R iAt
10 Amino sugar and nucleotide 92 0.71% ko00520
sugar metabolism
RNA &%
11 RNA transport 73 0.56% ko03013
12 . %Wﬁ@*ﬂﬁﬁﬁ%ﬁi . 72 0.55% ko00010
Glycolysis/ Gluconeogenesis
13 11443 Purine metabolism 67 0.52% k000230
14 Bi4E1A Spliceosome 64 0.49% k003040
15 SREBRERIRLER 60 0.46%  ko03008
Ribosome biogenesis in eukaryotes
16 LFLBEL I Calactose metabolism 59 0.45% ko00052
17 WAAER Endocytosis 59 0.45% ko04144
v A A
18 AR 57 0.44%  ko00460
Cyanoamino acid metabolism
19 AR Cell cycle 55 0.42% ko04110
2 BRI 54.0.42%  koD0OS3

Ascorbate and aldarate metabolism

829 /35 {ir s HLAE SnpEAf TR 46 AMir s
ST 1R S5 K 783 A 45 B B R 3
B SEEIEEALL LIM R R X
208 SIEP FTAT 27 AR R B 2 R A4
FRA 15 ANEA LS A 556 B I
ARG 269 AN s St B TR 5%
AN Lo R SE A 2E BT S % N
GLEL NIRRT K 12 LS 2% S 4
o MFRE =10 x £3 IX 12 MM
Tt 6 SIEHINTG %4
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Table 3 12 SNPs loci associated with red leaf traits
o N . AR R 4
r?‘*? J%ﬁljéﬁ [=] A8 S A %‘%%éﬂ Second generation sequencing results SNP 257
Serial Seaff ]:f Mutation Reference SNP;{C
number catio site genome ARG BN L S ype
E. ulmoides Hongye’  E. ulmoides Xiaoye’
1 scaffold3882_obj 36515 A G A T,
2 Super-Scaffold_206 1351242 A T A T,
3 Super-Scaffold_433 439367 G A G T,
4 Super-Scaffold_12 15315681 G C G T;
5 Super-Scaffold_12 15316399 T A T T,
6 scaffold187873 _obj 382 A C A T,
7 scaffold187873_obj 713 G T G T,
8 scaffold187873_obj 739 G T G T,
9 scaffold187873_obj 750 T G T T,
10 scaffold187873 _obj 751 T C T,
11 scaffold187873_obj 763 A A T,
12 scaffold155639 _obj 43644 T,
x4 IHIEHE 6 FERMIIEETR
Table 4 Functional annotation of 11 selected genes
JEA D Scaffold {1 ey o ST
Gene ID Scaffold position Start Stop Gene function description
i 7 _O-# 25 T B4 Wit v b
EUC06132 scaffold3882_obj 35959 37383 m“i% 3-0 %@*ﬁ%;‘f‘*&%&(a ti
Quercetin 3-O-glucosyltransferase activity
YN
EUC22579 Super-Scatfold_206 1345 799 1354979 . ESIMIRAE T RO .
Anthocyanin accumulation in tissues in response to UV light
EUC24818 Super-Scaffold_433 438 806 439 402 B-1 6 MBI RS iy
Beta-1 6-glucosyl transferase
SR A A A s
EUC08209 Super-Scaffold_12 15315675 15317 105 ™ @Hﬁ% E‘I#ﬁ%&ﬂ:
Flavonoid glucuronidation
L= s I | A - s
EUC10757 scaffold187873 _obj 234 1491 " i %Eﬁﬂ: e o E}Cﬁﬁ
Anthocyanin-containing compound biosynthetic process
KR A M2 T
EUC23922 scaffold155639_obj 43271 44224 ﬁjﬁglnji% AL .
Flavonoid biosynthesis
x5 SNPHBIEER
Table 5 SNP verification results
B TS —
Fe =) % EL o 3 a3 First generation sequencing verification results
5 A1 S S14FAI 5'—3 : quencing
number Scaffold Mutation site Primer sequence 5'—3’ C LT kg N
E. ulmoides Hongye' E. ulmoides Xiaoye'
1 scaffold3882_obj 36515 ATCAAGAACAGAATCACCCATAAAT G/G A/A
2 Super-Scaffold_206 1351242 CTCTTCTAGCTCTGGGATGTCG T/T A/A
3 Super-Scaffold_433 439367 CCCGGCTGTTCAGTTCCTAG A/A G/G
4 Super-Scaffold_12 15315681 AAACACAACAAACAAGTATACGCTA c/C G/G
5 Super-Scaffold_12 15316399 GAAGCACAAGAACAATACGGAC A/A T/T
6 scaffold187873 _obj 382 ATGTCAGGATCAAGGAGAGAAGC C/C A/A
7 scaffold187873 _obj 713 [7] 6 T/T G/G
8 scaffold187873 _obj 739 [7] 6 T/T G/G
9 scaffold187873 _obj 750 [7] 6 G/G T/T
10 scaffold187873 _obj 751 [7] 6 c/C T/T
11 scaffold187873 _obj 763 [7] 6 c/C A/A
12 scaffold155639 _obj 43644 AAATGGCCTAGCTTAGTTAGTGAGA /T c/C
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Fig.3 Preliminary molecular identification of red leaf traits by SNP markers
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