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Abstract: In this study, the low semi-lethal temperature (LTso) was investigated for leaves at rhizome
stage (RS), budding stage (RS), and flowering stage (FS), and ray florets at flowering stage (RFS)
of 58 cut chrysanthemum accessions, and elite alleles and candidate genes relevant to cold tolerance were
examined using genome-wide association analysis. The results showed that, the cold tolerance varied
widely for leaves at different stages and ray florets at the flowering stage in the investigated cut
chrysanthemums, with coefficients of variation larger than 25%. Statistical analysis by the additive main

effects and multiplicative interaction effects (AMMI) model revealed that several accessions showed stronger
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cold tolerance and expressed stably across different stages. The genome-wide association analysis based on
36 737 high-quality SNPs and mixed linear model (MLM) identified a total of 24 SNPs that are
significantly associated with cold tolerance, each five for RS and FS, 11 for BS, and three for RFS. Among
which, five SNPs showing a phenotypic effect <-4 “C should be elite alleles for cold tolerance. Blasting
the SLAF tags harboring the cold tolerance-associated SNPs with the transcriptomes of chrysanthemum,
CL2042.Contig4_All and Unigene40993 Al might function in tolerance to cold stress.
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Table 1 LTs of leaf at rhizome stage, budding stage, flowering stage and ray floret at flowering stage of cut chrysanthemum C
. - it Leaf . .
SR WIS EN] AN BARMTIRE
Code Cultivar . . R Ray floret at flowering stage
Rhizome stage Budding stage Flowering stage

ad ML Biarritz Red -7.22 -0.25 -4.18 -2.76
ae Q2-17 -7.25 -2.63 -4.01 -3.72
3j L FEH: Zihong Tuogui -8.50 -343 - 445 -5.61
am Q4-1 -8.04 -4.19 -3.05 -3.72
an A% Xifengche -8.75 -3.37 -4.73 -4.28
ao — &% Yipinhuang -9.21 -4.06 -6.07 -4.93
au Frib i Samos Dark -8.42 -0.97 -4.09 -6.63
ay 213 5 f4 Honghuangfuse -11.43 -3.85 -7.04 -2.57
be $# [ Stallion White -12.57 - 147 -5.11 -2.10
be #4248 Anastasia Pink -6.83 -4.24 -3.97 -2.04
bg F37 Marimo -11.33 -4.07 -5.59 -5.46
bh QI1-57 -9.87 1.27 -4.27 -4.25
bj /NI Xiaoli -6.62 -4.68 -4.49 -2.92
bl FoA# Angelina -13.21 -4.09 -8.99 -6.97
bm 183L%j Cayman -8.96 -2381 -3.13 -4.75
bn QD3-6 -9.98 -0.84 - 6.60 -4.05
bo FHEHE Biarritz Yellow -1.03 2.65 -3.88 -3.51
ce 521k 3E Monalis Cream -13.87 -3.38 -4.92 -4.47
cf F518 1% Xiuman Daihua -9.47 -1.39 -5.09 -6.84
co Q1-22 -12.04 -2.92 -3.50 -3.65
cp Wembley -8.14 - 1.04 -3.30 -3.60
cs M A%)E Nannong Zichun -7.70 - 435 0.35 -5.69
db %% Finch -15.74 -0.30 -7.46 -17.83
dd 41/ Hongxiao -8.20 0.72 -451 -3.25
dk R Zembla Sunny -6.87 -4.67 -4.64 -3.25
dm Ql-17 -10.35 -0.49 -8.30 -4.48
dq # % Huangyu -7.08 -0.94 -533 -4.62
dr j&# Puma Sunny -9.04 -4.02 2.08 -2.99
du #1)]% Huangqieju -10.84 -4.11 -3.06 -3.84
dv MARIEE Nanong Feizi -822 -342 0.71 -5.64
dy %2 Monalisa -9.68 -4.25 -8.45 -4.58
ee %% Shunfa -11.21 -6.08 -3.23 -3.81
eh Ql-65 -9.85 1.27 - 1.13 -2.63
ek Isis - 8.68 -2.81 -3.10 -4.96
en 0 Cuixin -8.30 -7.13 -17.76 -5.33
eq QIl-18 -8.16 -4.15 -4.44 -5.85
ev Q2-5 -9.71 -3.98 -338 -4.24
b Statesman -9.26 -3.92 -3.87 - 6.64
fg Q2-16 -10.04 -3.95 -3.14 -5.22
fh MAThiY Nanong Gongxun -17.36 - 4.66 -4.52 -6.11
fl Q5-4 -5.56 -4.08 -4.00 -3.26
fm 5k Ziguan -6.52 -3.90 -3.83 -3.92
fp P4k Ee e Huanglii Pingpang -9.53 -345 -3.16 -5.74
fr WL Noa -13.28 0.78 -3.78 -3.17
fw Ql1-3 -9.35 -2.70 -8.17 -2.66
fx #t Jinba -8.91 -4.26 -0.57 - 4.60
fz QD1-4 -10.09 -4.21 -2.02 -3.53
ge Q3-2 - 8.09 -3.93 -2.18 -6.11
gg M4 % Nannong Xuefeng -9.47 -4.54 -17.07 -4.50
gh BT LA M Aligues -8.47 -2.40 -4.28 -3.51
gi Q4-3 -10.97 -5.26 -5.76 -4.38
gj £0/N5 Puma White -8.22 -0.78 -4.88 -5.54
go Ql-16 - 747 0.31 -5.61 -3.84
gx FMARZL# Nannong Hongxia -8.84 -3.88 -5.48 -2.65
hb 22 Classic -9.47 -3.95 -5.13 -431
hd Grand Rose -4.83 -4.30 -542 -6.19
he £%2JF Anastasia Dark Green -17.85 -3.64 -4.62 -5.99

hr Ql-15 - 8.46 -0.30 -421 -2.26
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Table 2 Descriptive statistics of cold tolerance (LTsy) of leaf at rhizome stage, budding stage, flowering stage and ray floret

at flowering stage among 58 cut chrysanthemum cultivars

. o Tk /C . %
Y i par RAMUC BT Ere PR e i v
Stage " Minimum  Maximum  Mean . cv Skewness Kurtosis
deviation
JE1 53 Rhizome stage -}y Leaf -15.74 -1.03 -9.04 2.29 25.33 0.05 275
P Budding stage  f /7 Leaf -5.26 5.68 -2.15 2.63 122.32 1.31 1.03
A3 Flowering stage M F Leaf -8.99 3.01 -4.22 2.34 55.45 0.68 1.67
HIRTE Ray floret -6.97 1.53 -4.25 1.50 35.29 0.76 2.53
HHIZFE ] Rhizome stage HE ] Budding stage
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Fig. 1 Density distributions of cold tolerance (LTsy) of leaf at rhizome stage, budding stage, flowering stage and ray floret at flowering stage

among the 58 cut chrysanthemum cultivars
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Fig. 2 Biplot of AMMI model for the cold tolerance of cut chrysanthemums at different growth stages
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Fig.3 K value of the 58 cut chrysanthemum cultivars
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Fig. 4 Population structureof the 58 cut chrysanthemum cultivars
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Fig. 6 Neighbor-joining phylogenetic tree of the 58 cut chrysanthemum cultivars
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(LTso) HEATRERA 4T, 7E P <0.001 HYERME T oAl ] 24 A S 7€ 14 5 2 G SNP £z 55 (% 3D,
Hoh 5IzZE. B BAEHIM i LTso AHRM 2250 5 A 11 MRS A, SEIEHIFERIE LTs
LI 3 . fEIX 24 4> SNP 7 £, Marker1039053 (48 bp) « Marker18607 (162 bp) + Marker9452
(61 bp) . Marker10609 (69 bp) Hl Marker5277 (51 bp) %5 5 4> SNP i i FL AT # /NI R BN AE
(<-4) , FEMEAARIARNERLAL AR 5 I VIIES i Fh 2 18] LTs (2 8 22 # (P < 0.05) 5
WEE (P<0.0D) K¥, NEARELMER K3, D .

£3 SURFHEEMEXOEE SNP UL

Table 3 Significant SNP loci associated with cold tolerance in cut chrysanthemum

g SNP £ (bp) P PRRAEAIA S ORI S 5L AR T TRV
Stage SNP position (bp) P value Favorble alleles (bold)  Allelic effect estimate Phenotypic effect
JEIZE 3R Marker1039053 (48 bp)  3.06E-04  A/G/R -241 - 644"
Rhizome stage Marker26602 (126bp)  6.57E-04  G/A/R 1.74 -3.80"
Marker18607 (162bp)  6.81E-04  C/T/Y 1.79 -4.84"
Marker9452 (61 bp) 8.22E-04 G/A/R 221 -4.93"
Marker387963 (21bp)  9.59E-04 C/A/M -225 -2.97"
L Marker50841 (23 bp) 2.41E-04 T/C/Y - 1.60 -3.28"
Budding stage Marker15186 (14 bp) 2.71E-04  A/G/R -231 -1.61
Marker10255 (22 bp) 2.86E-04 G/T/K -222 - 1.16
Marker18525 (29 bp) 3.49E-04 G/R -2.12 -2.40"
Marker10609 (69 bp) 3.78E-04 T/C/Y 2.71 -4.99"

Marker15186 (6 bp) 5.37E-04 C/T/Y -2.24 - 1.67
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i35 SNP fi7 1 (bp) Pl PSRN CHIA) S 3 R AR A RAYNAA

Stage SNP position (bp) P value Favorble alleles (bold)  Allelic effect estimate  Phenotypic effect
Marker19825 (86 bp) 5.40E-04 T/Y -2.36 - 167
Marker27458 (120 bp) 6.34E-04  A/G/R 1.75 -2.01
Marker27458 (171 bp) 6.34E-04  G/AR 1.75 -2.01
Marker5277 (51 bp) 6.56E-04  G/T/K - 185 -5.75"
Marker5041 (206 bp) 9.06E-04  T/Y -2.75 -2.13"

HRAEHA Marker13229 (156 bp) 2.51E-04  A/G/R -2.29 -234"

Flowering stage Marker6603 (205 bp) 5.10E-04 G/A/R 2.16 -2.17
Marker14732 (53 bp) 6.45E-04  G/A/R -1.83 =371
Marker384075 (152bp)  8.82E-04  C/T/Y -1.26 -230"
Marker6606 (58 bp) 9.34E-04  C/AM - 161 -247"

B GRIRIE Marker20556 (17 bp) 3.88E-04  C/T/Y 1.16 - 131

Flowering stage Marker7493 (185 bp) 4.56E-04 C/T/IY 1.24 -1.42

(Ray floret) Marker4043 (62 bp) 459E-04  G/R 139 - 115

R: A/G, Y: C/T, M: C/A, K: G/T; *P<0.05, **P<0.01.

Marker1039053 (48 bp) Marker18607 (162 bp) Marker9452 (61 bp)
-1+ ol 1 rF -1 r
sk ok
o o st S|
5
-1 STy -11r B
16 | : , -16 | i . 16 | : .
F(18) U@ F@3) U @36) F@2) U 45)
Marker10609 (69 bp) Marker5277 (51 bp)
; sk
o Of o L
5

4 ? M=

8t ) ) 8 b . .
F (4) UG) U (30) UQ©)

E7 #HHEEH (F) MFH (V) FUNAERONERRI LT ER 5%
5 B S R AMEEG *, 43 BIREE Student’s £ test K3 /E P <0.05 il P<0.01 /KF LHRBEER .
Fig. 7 Box plots indicating the variation of LTsy between the cut chrysanthemum accessions carrying favorable (F)
and unfavorable (U) allele
The number of individuals for each allele is given in parenthesis; *, ** means different at P <0.05 and P <0.01, respectively,

as calculated by Student’s 7 test.

2.4 (REEFESH

¥ 53 SNP A7 piT#E SLAF #5578 55546 A" M “ph Dy AR i T BLASTX
Eoxd, 24830 5 MEieER, HIMREERILE 4. £ ‘F EHR4E R 4 4 SLAF #r%, H
FHAN 55 IR ZE I T SEPE A 9S: Marker1039053 (48 bp) & A7 B MR FE R N Unigene35739 _All,
IR A S I TIKEE 3. D1 C - RimkbH A EEg 3. RS D1 AN TAKE 3; Marker26602
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(126 bp) &AL BN B IRFE Ry CL2978.Contig39 All, Jwtt 22 G W/ J7 2 % - R M 11 - HAFEA.
— N5 R TE B i JE VAR DG SLAF F52E Marker6606- (58 bp) & £ B 1 i ik Ik K
CL2042.Contigd_All, i3RI CEE T 727, 5 AtVvAMP727 B:RAE XK. AN 5B TR
it FE P AH ) SLAF A5%5 Marker7493 (185 bp) €N 2] CL6358.Contigl Al 5IEIE, Ywbth i a1
Ty3-G Gag-Pol ZRHEH . #JE+ Ty3-1 TYA-TYB £2EREH.

EpL B PEFRTEE] 1 A SLAF F5% Marker18607 (162 bp) & 2 (#IEIE K N
Unigene40993 _All, WIS AtMg00810 5%, ZmdaE R LRpiiAh st . PEIREZLRIA S AR
K-S i FE 1 B A — 58 B R EK.

*4 SURFEHREEXOREEERTIR

Table 4 List of candidate genes associated with cold tolerance

SLAF #7%% i3 1 FE A £ - value® DIReTER

SLAF tag Candidate gene Functional annotation

Marker18607 (162 bp) Unigene40993 All 2.00E-46  AEMAILRIPAE T AtMg00810
Uncharacterized mitochondrial protein AtMg00810

Marker7493 (185bp) CL6358.Contigl_All  8.00E-32  #%JET Ty3-G Gag-Pol ZER &, #BET Ty3-1 TYA-TYB 2R &EH
Transposon Ty3-G Gag-Pol polyprotein, transposon Ty3-1 TYA-TYB polyprotein

Marker6606 (58 bp)  CL2042.Contigd_All  7.00E-26  FEWHIKEH 727 AtVAMP727
Vesicle-associated membrane protein 727 AtVAMP727

Marker1039053 (48 bp) Unigene35739 _All 4.00E-24 AR LKA 3, D1 C - RimbEE A/ 3, SURE& I D1 &AM LKA
Carboxyl-terminal-processing peptidase 3, D1 C-terminal processing protease 3,
Photosystem I D1 protein processing peptidase 3

Marker26602 (126 bp) CL2978.Contig39 All  1.00E-12 22 B/FF AR - AWM 11 LEEA
Serine/threonine-protein kinase 11-interacting protein

TE: a RRET EMH <107/ 5 M RF HR450% b B S HXH SLAF [F51.
Note: a indicates the significantly associated SLAF sequences blast with transcriptome library of ‘Jinba’ and ‘Yuuka’ respectively based on
E-value < 107,

3 Wi

SAeVT 2 MR Z 2 BRI F B 5 2R R se e, @i A #MoOT SRR, R
I, A VBEF RS B EEES AL I T2 Fhric S B E M. DUEAE S 16 ZEPERAE G
5> Fhrmiciz g, EZFA SRAP. SSR. SCoT %53t T HEi Lk 114> FAric A (Wang et al.,
2014; Suetal, 2016; Fuetal., 2018; Yangetal., 2019), § L&A, HHTEZ 413K
AR MEFZHRAR AL SE R . I AL G0 FhRic AL, SNP o FARIC B A M mfss thf End
H5RF AU (Isaksson et al., 2000; Guptaetal., 2001), HEFCH THEESER (van Geest et al.,
2017a, 2017b) FHE BB MR LA 35 14 X B 438 (Chong etal., 2016, 2019; Suetal., 2019),
BE— B HES) TG T AR L B B AT .

H 158 T 5 A6 FE 1% 1) 0 FFRic it 7t E 2R BTG Fhnid (5 45, 2018; Aoetal., 2019;
s 2, 2019), HEVERMEAHRECE AL LS, HRHT 0 FACHBIE RS AR . AT
FRZERT ] SNP 43 FhRric & (Chongetal., 2016) FIif3EM 4w (1545, 2018) HIFEat b, FIH
S IR RBE T2 S 24 /> SNP A7 A S RZE . ISR BRAE T B DA R B AE 3 R AL i €
REMK. HZ, AEBAR SNP AL —2, W REM B 2 V165G FE M2 H 2 B PR i) 1 B
WAV, UGB REWECK. 5156, KRR PA 5 MR SNP A iR BANIITE -4 CLLF,
XL FEMEAL S SNP A S IE I N4 JE CAPS/ACAPS 73 ¥ A ic JT & A & FifF 7% B4 5 o 55 3 il
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(Chong et al., 2019; Suetal., 2019).

AWFFEHLE RE FdEM L B ERIRIE R S MEREN . RE HdEET
fiEHE R CL6358.Contigl_All 5 Ty3 o BA —@EMNEKR. #ikiE, Ty3 £5 tRNA HFH KRR
% RE (Saccharomyces cerevisiae) Jx % 5% 7 (Hansen & Sandmeyer, 1990), TYA3-1 F1 TYB3-1
ST LI T AS Ty3 o Ty3-1 BIPRS00 SR, Hgmhs 8 4 5l 5 10 5 50 3 gag 1
pol FER & A7) B A [FVEYE . CL2042.Contigd Al %I PR 4 A BE I AH 52 I 2K (9 727( VAMPT727),
VAMP Fj e —25 SNARE (AJVAEVE N - LR RBE W iU L R 7 S E 28D B8 . Zhang 55

(2015) WHFLRIL, EFFFh vAMP721 ] 5 KAT1 F KC1 ) K I8 8 A /R DATE S e rp epofl K
HLIf: Leshem 25 (2007) MIBFFEED], 40| AtVAMP7C (3535 LA R AR i3k 58 A8 1A J5E B (1) 2238 R % 411
HE Hy0, (0 S 0E I ES, @it 4E5r ApH SO M IIARE, b MR R Ca®", 1 Ca®™"
FRVRE TR fisk 52 W3« 35 38 R0 ¥4 ol AE 55 & Bl SO S8 45 515 51812 (Knight et al., 1996,2010)
Unigene35739_All 3R 2 5 9t 3 H K v il T K 3. D1 C - RubEEE AR 3. KR4 D1 EA
INTTHKEE 3. XEEAMS 5 RS 4k D1 AW C Rimhn T, Z8E B F/KEN T T0E
AR S VIR SRR K H R LB o AR PPy B s 4 P vh it 12649 2 I e 3£ ] Unigene40993_All
Al g5 gt E R 2R R R B 1 AtMg00810 H AHRHK &« Golgbiowska-Pikania % (2017) 7341 T 4K
Fh 2 A BIAE SRR AR AL, KIL AMg00810 FIHIXS KV 54 21k B EH <. K,
AHE 2R AR FE R CL2042.Contigd_All K1l Unigene40993 All W] RE 54 Wl B — & KBk, 4
JEREE— P e .

LA SCHRE B SRR A AT I HE B P S AR iC 8 . FEAR /N BARRBHER M E A G it 7 VRS R K
PIFH5% (Long & Langley, 1999; Zhu et al., 2008; Su et al., 2019). AHFFLH EIR SNP FrictiE

(36 737) K, (HAZVIEHMFEEA (58) B/h, TIRERCMN SRR AT 45 ROKE I . AW,
24 AN FEME R 25 G SNP fi7 51 (P < 0.001) 7RI Bofferrni #F1IEfG (P < 0.05/36 737 = 1.36E-6)
BIFRIEBZ K. FSE b, HEr4e K2 O 3854 2 Bofferrni 77 1E 5 1) 2 /KF, 1 H K
P<0.01 8% 0.001 ZAE N REHT 5% 75 Fhric A s #2908 (Soltani et al., 2017; Aynana et al., 2018;
Suetal., 2019), 1 HAHTFTHIRTFH] SNP A7 £ 7E i FER BN 7 TH 22 80K, VLB AR o5 e mT
SEPERR. R, TEA TG00 H B E— D 38 A AR IR DA e 0 57 S50 78 S st (A L 5
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