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Phenotypic characterization and genetic diversity analysis of 89 water-

melon germplasm resources

KANG Qishuai, YAN Mengyuan, YUAN Weige, DOU Junling, YANG Sen, LIU Dongming, NIU Huan-
huan, YAN Wenkai, ZHU Huayu, YANG Luming

(College of Horticulture, Henan Agricultural University, Zhengzhou 450002, Henan, China)

Abstract: The genetic diversity of 89 watermelon germplasm resources was studied by morphological markers, SNP
high-performance liquid chip, diversity analysis, population structure analysis, cluster analysis and principal component
analysis. The results showed that the Shannon diversity index of 49 phenotypic traits ranged from 0.42 to 3.00 with an
average value of 2.32, among which the mean value of descriptive traits was 1.28 and the mean value of quantitative traits
was 2.82. The coefficient of variation of the 33 quantitative traits ranged from 5.45%-72.59%, and the mean value was
28.00%. The highest coefficient of variation was fruit mass(72.59%), followed by the first female flower node (64.21%)
and the first male flower node (58.59%). In terms of plant type, the variation coefficient of 30 d lateral branches was also
large. Liquid chip sequencing yielded 60.2 Gb of raw data and 53.1 Gb of data after quality control. The number of
raw_reads and clean_reads after quality control were 401.3 Mb, 399.7 Mb, and 332.4 Mb of reads were compared to the
reference genome, with an average comparison rate of 82.97%. The average sequencing depth was 923.7 X. Population
structure analysis showed that the optimal population structure number of 89 materials was 2. Principal component analy-
sis and phylogenetic tree showed that among 89 materials, the relationship between medicinal watermelon and forage
watermelon was the closest, while that between cultivated watermelon and forage watermelon was the second.
Long-term selection and domestication have narrowed the genetic background of watermelon. By exploring wild watermelon
resources and broadening the genetic background, this study is of great significance for molecular breeding of watermelon
disease resistance, stress resistance and plant type improvement.
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Table 1 The information of 89 germplasm resources of watermelon

MR 5 (LS 5

Material number Botanical classification Source

wm002 2576 Citrullus colocynthis (L.) Schrad. fFHH Tran

wm003 2575 Citrullus colocynthis (L.) Schrad. JEE % EF Morocco
wm019 TEFAVE)K Citrullus amarus Schrad. #HE South Africa
wm020 TEFAVE)K Citrullus amarus Schrad. ®HF South Africa
wm025 TRFAVE)K Citrullus amarus Schrad. FHE South Africa
wm100 237K Citrullus colocynthis (L.) Schrad. ZETE T Cyprus
wml01 28K Citrullus colocynthis (L.) Schrad. =+ 7 2 48 Turkmenistan
wm103 Fed5 V9K Citrullus lanatus (Thunb.) Matsum. & Nakai %[ America
wm104 HEFT N Citrullus lanatus (Thunb.) Matsum. & Nakai % [H America
wm106 BTN Citrullus lanatus (Thunb.) Matsum. & Nakai % [H America
wm108 FE5 TGN Citrullus lanatus (Thunb.) Matsum. & Nakai % [H America
wm109 WHAVEK Citrullus amarus Schrad. A Zimbabwe
wml110 THVE)K Citrullus amarus Schrad. A Zimbabwe
wm153 WA VIR Citrullus amarus Schrad. 3k South Africa
wm154 WAV Citrullus amarus Schrad. 3k South Africa
wm184 TFHVE)K Citrullus amarus Schrad. A Zimbabwe
wm212 FRFVE IR Citrullus mucosospermus (Fursa) Fursa ISR R 32 JL A1 E Democratic Republic of the Congo
wm213 VAR PR Citrullus amarus Schrad. K FLYN Botswana
wm215 WA PR Citrullus amarus Schrad. 9% America
wm216 AR Citrullus amarus Schrad. HEA S Zimbabwe
wm219 FRFPE IR Citrullus mucosospermus (Fursa) Fursa NI 2R I 32 JLF0 [H Democratic Republic of the Congo
wm220 TAAVEIR Citrullus amarus Schrad. HEA S Zimbabwe
wm223 TRFAVE)K Citrullus amarus Schrad. i 9E South Africa
wm224 Fed5 79 )R Citrullus lanatus (Thunb.) Matsum. & Nakai L HH Turkey
wm225 FEFVUIK Citrullus lanatus (Thunb.) Matsum. & Nakai ENJ¥ India

wm226 FFFFEIN Citrullus mucosospermus (Fursa) Fursa fngh Ghana

wm227 FEFFE N Citrullus lanatus (Thunb.) Matsum. & Nakai M LT Ethiopia
wm228 TEFAVE)K Citrullus amarus Schrad. A Zimbabwe
wm229 Fet5 79K Citrullus lanatus (Thunb.) Matsum. & Nakai 757} Sudan

wm230 Fed5 V9K Citrullus lanatus (Thunb.) Matsum. & Nakai ZEPMIN/R Senegal
wm232 R TEIN Citrullus amarus Schrad. F43E South Africa
wm233 R TEIN Citrullus amarus Schrad. F3E South Africaa
wm234 WHAVEK Citrullus amarus Schrad. F9E South Africa
wm235 WHAVEJK Citrullus amarus Schrad. #E South Africa
wm236 WHAVEJK Citrullus amarus Schrad. #E South Africa
wm237 ARIEVEIR Citrullus lanatus (Thunb.) Matsum. & Nakai 5 4E South Africa
wm238 Fe¥5 V9K Citrullus lanatus (Thunb.) Matsum. & Nakai #E South Africa
wm239 FI5 V6K Citrullus lanatus (Thunb.) Matsum. & Nakai EN¥ India

wm240 TR VE)R Citrullus amarus Schrad. g 4F South Africa
wm241 WAPEK Citrullus amarus Schrad. FiE South Africa
wm242 VAR PR Citrullus amarus Schrad. FiE South Africa
wm243 VAR PEK Citrullus amarus Schrad. FiE South Africa
wm244 AR Citrullus amarus Schrad. J6 5 L1 North Macedonia
wm246 TAAVEIR Citrullus amarus Schrad. HEA S Zimbabwe
wm247 TRFHVE)K Citrullus amarus Schrad. HEA T Zimbabwe
wm248 TEFHVE)K Citrullus amarus Schrad. HEA T Zimbabwe
wm249 TEFAVE)K Citrullus amarus Schrad. A Zimbabwe
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Table 1 (Continued)
Mk 5 (=LY E S S
Material number Botanical classification Source
wm250 WA PSR Citrullus amarus Schrad. A Zimbabwe
wm251 TEFHVE)K Citrullus amarus Schrad. A Zimbabwe
wm252 TFHVE)K Citrullus amarus Schrad. A Zimbabwe
wm253 AR Citrullus amarus Schrad. H A Zimbabwe
wm254 VIR Citrullus amarus Schrad. A Zimbabwe
wm255 TAATEIR Citrullus amarus Schrad. HOAI 5 Zimbabwe
wm256 AR Citrullus amarus Schrad. HEA S Zimbabwe
wm257 TAAVEIR Citrullus amarus Schrad. HEA S Zimbabwe
wm258 TEFHVE)K Citrullus amarus Schrad. HEA T Zimbabwe
wm259 TEFHVEK Citrullus amarus Schrad. HEA T Zimbabwe
wm260 TEFAVE)K Citrullus amarus Schrad. A Zimbabwe
wm261 TEFAVE)K Citrullus amarus Schrad. A Zimbabwe
wm262 TEFHVE)K Citrullus amarus Schrad. A Zimbabwe
wm264 TRFAVE)K Citrullus amarus Schrad. % TLYN Botswana
wm265 FFFTFEIN Citrullus mucosospermus (Fursa) Fursa 4 Mali
wm266 WAVPER Citrullus amarus Schrad. HLLIE Zambia
wm267 R TEIN Citrullus amarus Schrad. HeLLIE Zambia
wm268 WAPEK Citrullus amarus Schrad. HeLLIE Zambia
wm269 FEFTE N Citrullus lanatus (Thunb.) Matsum. & Nakai WKF. Australia
wm270 WHAVEJK Citrullus amarus Schrad. He L Zambia
wm271 WAVEJK Citrullus amarus Schrad. VHHEZT Spain
wm272 FI5 V9K Citrullus lanatus (Thunb.) Matsum. & Nakai 2 Egypt
wm273 WHVE)K Citrullus amarus Schrad. i1 =% Eswatini
wm274 WA PSR Citrullus amarus Schrad. i1 2% Eswatini
wm275 TFHVE)K Citrullus amarus Schrad. i1 =% Eswatini
wm276 WHAPEK Citrullus amarus Schrad. 2 TLYH Botswana
wm277 AR PR Citrullus amarus Schrad. K TLYN Botswana
wm278 FRFPE IR Citrullus mucosospermus (Fursa) Fursa M| L A1[E Democratic Republic of the Congo
wm279 TAAVEIR Citrullus amarus Schrad. % FL4N Botswana
wm281 FBTVUIK Citrullus lanatus (Thunb.) Matsum. & Nakai ’E4% Chad
wm282 FIFVUIK Citrullus lanatus (Thunb.) Matsum. & Nakai ’E4% Chad
wm283 TRFHVE)K Citrullus amarus Schrad. ®HE South Africa
wm284 TEFHVE)K Citrullus amarus Schrad. ®HE South Africa
wm286 TEFAVE)K Citrullus amarus Schrad. ®HE South Africa
wm287 TEFAVE)K Citrullus amarus Schrad. ®HF South Africa
wm288 TRFAVE)K Citrullus amarus Schrad. #HE South Africa
wm289 TEFAVE)K Citrullus amarus Schrad. #HE South Africa
wm290 WA PER Citrullus amarus Schrad. % i Russia
wm291 WAPEK Citrullus amarus Schrad. K L IE Namibia
wm292 WAVEJR Citrullus amarus Schrad. % [E America
wm293 WAVEK Citrullus amarus Schrad. 7 [E China
wm294 FEFTG N Citrullus lanatus (Thunb.) Matsum. & Nakai 71 [E China

) 5 5K B BRI 3 63 CHc 2 i« P9 BIE 24 A0 8 ) HL i

B 100 R EACEINE 6 43 (£ ED s ok B RN

1 A7 GEROFED .

1.2 #MRMiESREEE
FORLT 2022 SEFF ML AR T DAY X

AR R R B RO X, e BT H
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N 428, 8 B 7 2% B8 R0 7a TIOR3 8 Bk AT
FEPE A KA E I 30, % 49 MR AR T I .
1.3 HAREFEESH S

TEERE 2 B J5 , BUR R R 4l 32 U DNA,
Z J5 ¥4 DNA Ff i 1% 314 5 18 5 e 2> =) H 6K
TR S AT I 7 o AR R RS P 45 SR %) 89
S A P T B AT BEAR S5 44 70 B

1.4 BIESH

JoT G YR I TS AR AR AT G v AR
B, fiR MR B 0~9 ZiF AT il R IF G A (R
2), THEIBE Z FEVETR R BOE VR S IRk LA
A ¥ AR T 24018 QOO FbR i 22 () 3EHE 0 10
P, 1 H<(x25),10 H=(x+25), 5055 N—2,
Gt S W AMIE . AR E AL 2 R 1R
Shannon's {5 & & 20 (H) #E ATV, 1P AN
H' =-3PInP;, sUH - PONER @ AP AR 7 S8R L 3 ) A0
%, In N AR (R 3) . R Excel 2016 i1t
PEIREARE , IF 0155 & MR 0 5 R AE s ME P
BB WA 5 R A K SPSS 24 BEXf %1t
AR BEAT J7 22 53 A AR G % 23 B . FI A VCF2Dis

PG RT3 bR R o B AR S (PERAF (https:/github.com/BGI-  shenzhen/VCF2Dis) Al
®2 ANMMRZRPHEAR MR SRR
Table 2 Classification of descriptive traits in germplasm resources of watermelon
77¢% Classification
AR Trait
0 1 2 3 4 5 6 7 8 9
Male flower petal Pale yellow  Yellow Green
color
FEk € G Gt o
Stigma color Yellow Yellowgreen Green
B T KX 28 £
Tendril None None branchesTwo branches Multi-branch
T IR % WHETE stz
Ovary shape Round Oval Long oval
THHEE xr L E4
Ovary fuzz None Few More
R RS HAL TR T
Leaf gesture Upright Flat Nutant
LIRS HiL S RA i
Petiole gesture Upright Semi-upright Flat
I R 2 26T o1 2 % 3% 4%t
Blade notch type None One pair Two pairs ~ Three pairs  Four pairs
IR R L) I NS ket gt S Wek S
Peel color Pale yellow  Yellow Dark yellow Greenish white ~ Pale green Yellow green Green Dark  Blackish
green  green
R BLOVIR ZFS %igk skt JBUH 2% BEA
Peel covering shape Reticulated ~ Dentoid Strip-shaped Actinomorphous Punctate
Skin covering color None Pale yellow  Yellow Dark yellow Pale green Green Dark Blackish White
green green

RAGE =} FLH kot e i g b AN | T AN AN
Flesh color White Milky white Pale green  Pale yellow Yellow Orange Pink Pinkish Red
RS IZAR ER T 4]
Fruit apex shape Pointy Flat Concave
RSIEFTAR R - 4]
Fruit base shape Pointy Flat Concave
H— AL T O H2Ar 3
First branch None First Second Third

segment segment segment
YA Pt A BMEAE MERERIRE  HEAE S HETE
Sexual type Hermaphro- Unisexual ~ Monoecious E{E[RIHE 5

ditic flower Andromonoecy  [FIfk

flower Trimonoecious
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211 ®AERMEREAZZHEESH 16 MR E
PRR T 7] R AR S 2 5 (B 1), 5 L I 3% 2 HE 4T
WA FH AT G b, SR K 3. ZREMHFRHCR
M8 52 0.42~2.74, F3MH N 1.28, Hrp 10 AR (i
BT TR S 835 A RS I R SR
R RGBSR R B LIS R A
B RS EETPO M Z R BT 1. ZFER
B B2 R A, H E(28.09% ) AT o B E B
KR8 5 EE e /N (1.12%) o R R (L ASR (1 {8
(44.94%) N F, RA | thhr kb v, A ELSUS
B LAR SR (33.71%) N o 17 2R B 78 SO IR 3 2
FE 16 25 (29.21%) Fl1 26 717 (25.84% ) , iX 641 Bl b 45
22.47% WM RN A R B LS. 2 BRI s

FIAR A (62.92%) , RA 1 44 REHR LR E AR
R BT TR A F (64.04%) F11 (35.96% )
P KR MR i A TR A 45 2 B SR
2,50 9(69.66%) F1(56.18%) , 4.49% 1K1 Rk i
RFETEZRES. %8003 X6t Z
(48.31%)F1 4 XHERZ(50.56%) N E, A 1 4# kR
M TR A . 2 BUMERE AE I B 9 75 €4, (85.39%)
DO T (11.24%) , A 3 MRSkt . 4
LB LT 64.(92.13%) 8, R 2 i Rt ekd
3L(2.25%),5 M B A LR B L (5.62%) 89 1344
L rR DL E 7] #k (46.07% ) FE AL 5 99 14 18 [ i
(47.19%) N E, RA 6 kLRI MEFE 1AL A1
WEHE [F AL #RAFAE o 2 KM BEES — DA SRS 2 79 iz
(87.64%) Kt , DB R NES 3 7547 (12.36%) K
e ZHMRLEIE U B 2 $L(93.26%) , /b
B RN TER (2.25%) F1 2 HL (4.49%) « 2 H0b Kl
7 R RN B TE (66.29% ) , 20 B0k RE A KA 5 7
(4.49%) . ZHMETHEEZL (64.04%) , DHT
G5 H B (35.96%)

&3 89 MAEMFRFRMERBMRINER ST R SR

Table 3 Frequency distribution a criptive traits of 89 watermelon germplasm resources

AMAL Frequency LR B HY
R .
Trait 0 1 2 3 4 5 6 7 8 9 Diversity

index H

HEREAE R 11.24 85.39 3.37 0.71
Male flower petal color
Kk Eie 92.13 225 5.62 0.47
Stigma color
2575 Tendril 225 93.26 4.49 0.42
TR Ovary shape 66.29 29.21 4.49 1.11
T B H T Ovary fuzz 35.96 64.04 0.94
%25 Leaf gesture 69.66 25.84 4.49 1.07
%25 Petiole gesture 56.18 21.35 22.47 1.43
BN TSAESEIE] 1.12 4831  50.56 1.08
Blade notch type
B Peel color 1.12 44.94 19.10 1011 1461 10.11 2.12
RIEBLOVIR 22.47 12.36 29.21 25.84 6.74 3.37 231
Peel covering shape
REBLHE 22.47 1.12 5.62 24.72 3371 1011 225 227
Skin covering color
FAFi Flesh color 28.09 13.48 17.98 1573 4.49 1236 225 1.12 449 274
FLTHIZAR 64.04 35.96 0.94
Fruit apex shape
SRR 1.12 62.92 35.96 1.02
Fruit base shape
H— MR AL 87.64 12.36 0.54
First branch
PEA Sexual type 46.07  47.19 6.74 1.29

.19.
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Fig. 1 Abundant field phenotypes of different watermelon germplasm resources
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Table 4 Quantitative character variation statistics of 89 watermelon germplasm resources

x4 89 MAMNMRERKEMERERSI

[E2N PIME bRz KA R/ME & A5 2R ZHMREH
Trait Mean Standard deviation Maximum Minimum Range  Variable coefficient/% Diversity index H’
MR 6.37 3.75 25.33 2.80 22.53  58.59 225
First male flower node

A — ML L 16.01 10.34 42.00 2.00 40.00 64.21 2.69
First female flower node

FRPER B — WA T A [ 63.69 13.08 88.00  38.20 49.80 20.42 2.82
First female flower time/d

T 28 B — AL T IO ) 53.85 6.78 79.00  42.60 36.40  6.97 2.64
First male flower time/d

AR Fruit-setting node 2571 5.93 41.00  11.50 29.50 22.93 2.96
FAAKE Fruit stalk length/cm 7.13 2.99 14.76 1.78 12.99 41.71 2.88
AR 6.85 1.40 10.06 3.12 6.94 20.35 2.93
Fruit stalk thickness/mm

RS FE Fruit length/cm 14.05 4.71 29.77 4.20 25.57 33.31 2.90
RS9 FE Fruit width/em 13.43 3.82 22.63 4.27 1836 28.27 2.94
RIEFE 4L Fruit shape index 1.04 0.18 1.89 0.75 1.14 16.99 231
WS & Fruit mass/g 1691.65 123491 5917.50  46.67 5870.83 72.59 2.64
S )& Pulp thickness/mm 12.82 4.76 32.39 3.67 28.72 36.88 2.72
H A £ Pulp hardness/(N-cm™?) 16.99 437 27.49 5.88 21.61 25.56 2.96
L AN PEE R 3.97 1.81 10.82 1.30 9.52 45.40 244
Central soluble solid content/%

TSRV A 3.76 1.50 9.17 1.30 7.87 39.60 2.68
Edge soluble solid content/%

30 d A%k 6.29 231 12.20 1.67 10.53 36.57 291
30 d Lateral branch number

30d FEKREE 14494  46.45 22930  19.54 209.76 31.87 2.87
30 d Main stem length/cm

30 d 1A% 23.72 4.87 3240  11.40 21.00 20.42 2.95
30 d Internode number

30 d iEKE 21.59 4.61 30.90 8.42 2248 2124 298
30 d Internode length/cm

45d FEKE 259.27 87.38 39290  32.75 360.15 33.51 2.87
45 d Main stem length/cm

45 d 5 1A)%k 45 d Internode number ~ 32.83 6.32 4225  13.60 28.65 19.13 2.69
45 d KR 23.41 5.19 39.90 9.56 30.34  22.05 2.99
45 d Internode length/cm

45d FEHE 5.74 1.17 8.44 2.82 5.62 20.33 2.78
45 d Main vine thickness/mm

I F K J¥ Leaf length/cm 16.94 3.36 24.30 7.73 16.57 19.70 2.92
56 BE Leaf width/cm 15.31 3.00 20.86 6.73 14.13 19.49 2.88
482 Leaf shape index 1.11 0.08 1.31 0.93 038 7.44 3.00
4K Petiole length/cm 11.00 3.02 19.11 4.66 14.45 2731 2.97
AL Petiole thickness/mm 4.80 0.89 6.71 2.44 427 1851 2.96
FiFK B Seed length/mm 11.35 2.26 18.51 6.32 12.19 19.79 2.90
F 55 B Seed width/mm 6.79 1.41 11.40 3.92 7.49 20.58 2.95
FhTEFE 2L Seed shape index 1.68 0.09 1.88 1.46 042 545 2.99
il 7B Seed thickness/mm 2.64 0.39 3.76 1.60 2.16 14.84 2.92
MTTRE 119.11 53.24 28333 14.00 269.33 44.44 2.79

Seed-1000-kernel mass/g
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Note: FMFN: First male flower node; FFFN: First female flower node; FFFT: First female flower time; FMFT: First male flower time; FSN:
Fruit-setting node; FSL: Fruit stalk length; FST: Fruit stalk thickness; FL: Fruit length; FW: Fruit width; FFI: Fruit shape index; FM: Fruit mass; PK:
Pulp thickness; PH: Pulp hardness; CSSC: Central soluble solid content; ESSC: Edge soluble solid content; 30 d LBN: 30 d Lateral branch number;
30 d MSL: 30 d Main stem length; 30 d IN: 30 d Internode number; 30 d IL: 30 d Internode length; 45 d MSL: 45 d Main stem length; 45 d IL: 45 d
Internode number; 45 d IL: 45 d Internode length; 45 d MVT: 45 d Main vine thickness; LL: Leaf length; LW: Leaf width; LSI: Leaf shape index;
PL: Petiole length; PT: Petiole thickness; SL: Seed length; SW: Seed width; SFI: Seed shape index; ST: Seed thickness; SKP: Seed- 1000- kernel
mass.

* represented significant correlation(p<0.05)and ** represented extremely significant correlation(p<0.01).
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Fig. 2 Correlation heat maps of different quantitative traits
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Note: (A) The sequencing depth of 89 watermelon accessions; (B) The detection rate of Citrullus lanatus accessions and non-Citrullus lanatus

accessions; (C) The CV error by Admixture test; (D) The population structure of 89 accessions; (E) Principal component analysis of 89 materials.

[The ball represents Citrullus colocynthis (L.) Schrad., the triangle represents Citrullus lanatus (Thunb.) Matsum. & Nakai, the square represents

Citrullus mucosospermus (Fursa) Fursa, and the cross represents Citrullus amarus Schrad.]

3 89 IR BHA SR DR

Fig. 3 Population structure analysis of 89 materials
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