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Statistical and Comparative Analysis of Vegetable Genome Size
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(*College of Horticulture, South China Agriculture University, Guangzhou 510640, China; College of Horticulture and
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Abstract: The amount of DNA in an unreplicated gametic chromosome complement is known as the
genome size, namely the DNA 1C-value. Information about genome size is of great importance as
fundamental reference for research on comparative genomics and genome evolution. To gain a clear
understanding on the variation of vegetable genome size, we collected data on genome size from the main
vegetables first. Statistical and comparative analysis suggested that flow cytometry (FC) is the best method
for genome size estimation; Lotus root (Nelumbo nucifera) has the smallest genome size (0.24 pg) in
vegetables while the biggest is natural tetraploid Allium chinense (32.75 pg); The family with the highest
average genome size is Amaryllidaceae (19.08 pg> and the two families with the lowest (both are 0.78 pg)
are Brassicaceae and Cucurbitaceae; The vegetable genome size is significantly higher in perennials than
that of non-perennials, and the same in monocots than that of dicots.
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2007). [, AR R A B A K, 2010 4R B SEHE M IIBUA 1900 77 hm? (P E S8 4%,
2011), ML 4712t (http: //faostat. fao. org), P H kSt AL —.

DS AR B B SOPRIE R 41K /N El DNA 1C 8, A2 4R3EA AL 1 S (4R 21 It & DNA )& (Bennett &
Smith, 1976), —#iAh DNA [ 1 pg #124T 978 Mb (DoleZel etal., 2003). KEMFTEN], i
DRI2H B B 5 AN AR i 2 IR R R B AE AT DG I, - BAILAE LR LN 71 : (DRI 4155 & 5210 DNA
XT DNA Jiff T (fustt (Olszewska, 1992). JEPEZH SC 7 v [ 50K 2 (Bennett & Leitch, 1995) LA
K SSR F1 AFLP 2553 TARIC 9 124 % (Garner, 2002; Fayetal., 2005). (2) Hi¥41 IR £ 45
F4E (Sparrow & Miksche, 1961; Bennettetal., 1981, 1983; Walkeretal., 1991; Triversetal.,
2004) FEKAFME (Van'T Hof & Sparrow, 1963; Bennett, 1977) #B-5 3L 4L & A7 7 R0k, (3)
ek H A2 (Jovtchev etal., 2006). M 41l K/ (Beaulieu et al., 2008). $i%EPE (MacGillivray &
Grime, 1995). WyFf i ke tHACH [ 04235 53 (Bennett, 1972) ZE#Rulilkse SIENA4 &8 52 W5 1F
K, TMHEYIANRAES] (Chenetal., 2010) FIrf S L% E (Beaulieu etal., 2008) N5 H 2 g2
TR . JEAh, PIRHHIBERERE, X R AEJZ A (Vinogradov, 2003) A4 BRI ALE (Grime, 1986)
(oo B AR 5 B PR AL AP AR SRR R AR . BRI, SRICAS i i MEAA R S R A 5 A5 ., o MBSk E)
AT & Z IR AW RS 2%

H 20t 50 ALK, Dk T 2R A & B vk, FEARAMEA (Galbraith
etal., 1983; Bennett & Leitch, 2011). Feulgen 4“5 (Shen, 1967; Haetal., 2007). fb2:7#r
7% (Schmidt & Thannhauser, 1945). 52 14:3)) Jj2#i% (Hake & Walbot, 1980) Fl ik 7t i v ik (Xl
HanS FI5K 75, 20050 HEA 21 tHal, UG B FATURE T —8 5 T 25400 7 BL i) K-mer
REESr A0 (Havlak etal., 2004) flitHaFi & RIZ/INE 5 (RIFR K-mer 2347

BRAEDIE N 5 NB KRB RE YA 2 —, HArA V2 P2l LR 4L & & Okl e,
HHEACE 2R &~ ARSI 4fR (Flow Cytometry, FC) & 1%
IEMFh (Praca-Fontes et al., 2011a, 2011b). A EEH A G SGEE O —, I FE KR
PR, SR A B S DR 40 R O E A 2011 A DARTEE WARIE . 4R (2011) BRI FC A
ENT T T AAeR P FE . HE JEERE b 4 Rt 14 ANARFEARSRE R SRS &L, (HARXT
BRSNS R AT R

2010 4F 12 A, 5 7058 M3k N4l & (DNALC 1E) {5 B (Bennett & Leitch,
2010) ph e [E 2K AR e E ) Bennett S5RFA ST . ATRIG b 32 HER F 12 50 A A RN SR A T
SRAFI 56 B () BRI 320 £LIER AL RAdT, XA RIBE IR AL S BT T4 R T
SR B E Y A & s b A, RS R A 2 Ui 5 2%

1 MESTHA

1.1 HiEWE

b kU TA Y DNA 1C {50 http: /lwww. kew. org/cvalues/ (Bennett & Leitch, 2010)
K4k F A 3 FiSCHRRIE (Praca-Fontes etal., 201la, 2011b; ZEgf 4%, 2011).
1.2 #HigiE

[EP I R ek o I v O 7 N 1 S = R PSR e 71112 S N e € v G =R EN IR 7/ B WS T A
IR AR R SRR RN A Bl ()5 FL, R Al B A s ikt Ao 4, A
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WARESAT TS — Ik E S, XA (FC) M Feulgen 4ffyk: (Fe) ll5E (K45 kAT J7 2
T Bn, WRESEAEWAE ST or KACE LR & mIE 25, FEor e i, gita
Mrixt ok SPSS18.0.

2 “ER55HT

21 HEERELER

W B R, A T EEER 100 B (9 B (BRKM %, 2001; JuXERIZNR,
2007) [FERYIS R Z5A SCRRAE R, £E 100 FPEised, 15 64 F (3% BT IRl & &
ME, ILR[E] 392 45k, Mook B Es A SCERICSR 1) 4 ok 364 451 28 4% o B 2: YLt 43
SEAE BN TEIEN) 44 4 (8 BB R INBL ARG, LKAk 2# 0 Tk sl 8 s 24kl e 27 4
RUAGI VLN E R 1 4 SN, B3R5 I 56 Fh (SO Bi3EL 320 4 F) T 040 g R (FC) uX, Feulgen
Yetth (Fe) WIIGE HAS K2 it st RN 36 Fh () B WA HEAT I JE 415 B 5E

22 ARIMEFZEMEREFRATENELE RN

AR R A R T 50, BTAXT 64 Bl () BRSEIED A I I FH 1 07 V23500 S i =04 i
A (Flow Cytometry, FC). Feulgen 4ty (Fe). tL2%4r#717% (Chemical extraction, Ch) F1& ¥
81771 (Reassociation kinetics, RK) 4 #f, e FC A1 Fe VAIIE id sk 280 AL 92.86%.
A, AR 1T, 2 ml B FC LM Fe yRME VR, FiRAE 9 ff () B LA & E N A7 AE 2
FMEZER (P<0.05), Ot 56 Fhik =i S 16.1%, aHH AN [R] R i 7 920 B 8 pi 8 i e Ik
PRIZH 25 50 5 45 AR5 M 0K o

F 1 FC 37 Feulgen A ERREFBEELE R L

Table 1 Effect on vegetable genome size estimation by FC and Feulgen

FC LI HE R 41 it /pg Feulgen v KR 4145 1t /pg
e Genome size estimated by FC method Genome size estimated by Feulgen method
Vegetable species R WE WAME oRfE R B WME HoRAE

Records Mean Min Max Records Mean Min Max
VEZ Allium cepa 7 17.39£0.37 16.35 18.77 4 15.72 £ 0.62 14.37 16.81 6.10"
T 3% Beta vulgaris 3 0.80 + 0.04 0.75 0.88 2 1.28+0.03 1.25 1.30 76.15™
JF3% Brassica juncea(4x) 4 1.10£0.03 1.00 1.16 1 153 1.53 1.53 30.29"
H 2% Brassica oleracea 9 0.65 +0.01 0.63 0.72 2 0.89 £0.01 0.88 0.90 106.04™
132 Brassica rapa 3 0.49 +0.01 0.48 0.51 1 0.80 0.80 0.80 302.29™
3% Capsella bursa-pastoris(4x) 2 0.41+0.01 0.40 0.41 2 0.70 +0.00 0.70 070  3481.00”
3% I Cucumis sativus 1 0.38 0.38 0.38 4 0.96 £ 0.04 0.90 1.05 48.26"
% b Daucus carota 2 0.55 +0.05 0.50 0.60 5 1.43+£0.18 1.00 2.00 8.63"
et Lycopersicon esculentum 9 0.97 £0.03 0.75 1.10 2 1.49 + 0.46 1.03 1.95 8.00"

e * ZREFE (P<0.05) ; ** ZRHREFE (P<0.0D) .
Note: * significant difference (P <0.05) ; ** highly significant difference (P <0.01) .

TN (Huang et al., 2009) . [113% (Wang et al., 2011). 3% &2 Chttp: // mazorka. langebio. cinvestav.
mx/phaseolus/). %% (Xuetal., 2011). F#fi (Consortium, 2012). XH K& (Schmutzetal.,
2010) F1%F K (Schnable etal., 2009) FJARERI AT D4 5e e, PIIHEX 7 Fl (38 Bi3E K-mer
S BVETI L R ALK/ FC VAT Fe vEIE 25 R T TR EE (B 1), 85 5L BIER E 32 (1) K-mer
SrHTEE FC e 455K 0.01 pg &b, HARJLFERSE K-mer 43 B P ¥ 2L R 41K /357N T FC VL8R Fe



138 P B 40 %%

RGE 2R, X S5 IT KRG BRY . B AR 54 O 2 58 5l PR i B4 25 R (Bennett
& Leitch, 2011) —%{.

MELAH, ANie FCIUEMEST RS Fe VAN Z R B E 5, FCIENE M4 RS K-mer 73
THO PR 285 RO BT, PRk HERT, FC ¥k Fe yRMIE W45 B ik, [FIN FC VAL ik HAA /i
RO B, PAG G B ER, I H OO RS G55 s PRI R) s 1 i S R A 2 2
XA Rhgse, Wil FCYENIE 5 Fe vEMNE 45 R e i, ABFFTH WA FC ¥k B SE LR
EPRIIE; R FC L Fe ikl 85 2z m AN B2, WP R 7 00 5 ) P A7 il sk P 3 E R
ORI . XN DRI N S SRS A 5 B2 %5 E.

3.50 [ ] K-mer FC . Fe
&b 3.00 ¢
~
mo 250 -
m}mﬂg 2.00 |
4 g
558 1.50 ¢
i
bl

1.00 ¢
]
0.50 o
% i
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Cucumber Cabbage Common bean Potato Tomato Soybean Maize

1 FA K-mer 4. FC &0 Fe FMERRE KX MER LR

Fig. 1 Results comparison of K-mer analysis, FC and Fe for genome size estimation

23 AREFERERASELER

o 8 IR I R 2 B B R A, JEECIN 2 J7 92k FC B8 Fe HAR EL5E3£ 1Y) 320 4cid %, XHATi K
FU1F 15 ASFHE 56 Bl (J8) BRERIEN LS AT T4t (R 2). 458 EoR, 56 Flr () BR3EHEN
o BATER R, P& &R 5.34 pg (K 2), {KT Chen % (2010) Ziil 11 3 676 Fil i
(113516 5.98 pg. He NFERIAL & 2 f/NE R AL /L1 136 £, FERLL S =AKT 1 pg M It 20
Bl (R 2), 290 RN 36%, SRR TUR KBRS

56 ik SEHI(E Mean of vegetables(56)
A 7R} Amaryllidaceae(9)

TR} Fabaceae(8)

#H} Asteraceae(3)

4R} Apiaceae(5)

#HF} Solanaceae(6)

WAl Amaranthaceae(4)

#HERL Cucurbitaceae(8)

+24ER} Brassicaceae(6)

M“Hu |
|

10 15 20 25
FEFAE EHE/pg  Genome size

f=1
w

2 TRERNEHEREFEASBHELE
5 WEF b gk iR .
Fig. 2 Genome size mean comparison of different vegetable family
The number of species whose data were available is given in parentheses.
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®2 FERREEASERITER

Table 2 Statistical results of vegetables genome size

HIEH oo wmmaing g oo P g
Vegetable species Genome size Vegetable species Genome size
Chromosomes Chromosomes
PEZ Allium cepa 16 17.39+0.37' /I Momordica charantia 22 2.05"
K7 Allium fistulosum 16 12.69+0.34" 3% Nelumbo nucifera 16 0.24"
2.7 Allium ledebourianum 16 8.90" KK Petroselinum crispum 22 2.84+0.74"
K% Allium sativum 16 16.82+£0.39 " 3¢5 Phaseolus vulgaris 22 0.94 +0.14"
4117 % Allium schoenoprasum 16 8.45+037" % Pisum sativum 14 458+0.15"
TR 32 0.78£0.23" 3 | Raphanus sativus 18 0.56 +0.02"
Amaranthus hypochondriacus
Bi3% Amaranthus tricolor 32 0.90" KL Rumex acetosa 14 2.58+0.93"
% Anethum graveolens 22 2.39+1.19" FHIBUREE Salvia officinalis 14 0.49'
Fi K4 Asparagus officinalis 20 1.73+0.38" #i Solanum melongena 24 1.14 +0.08"
A JK. T Benincasa hispida 24 1.05" %% Solanum tuberosum 24 0.89+0.01"
Fll3% Beta vulgaris 18 0.80 +0.04' J%3% Spinacia oleracea 12 1.03+0.00"
‘Hi%2 Brassica oleracea 18 0.65+0.01' %1% Tragopogon pratensis 12 2.94+0.17"
[13%2% Brassica rapa 20 0.49 +0.01" # 5. Vicia faba 12 1324 +0.23"
BHL Capsicum annuum 24 362+024" %¢5. Vigna radiata 22 0.75+0.15"
/NKHR Capsicum frutescens 24 4.46+0.79" HI & Vigna unguiculata 22 0.77+0.14"
3£3% Coriandrum sativum 22 396+051" BTk Zeamays 20 2.93+0.06"
#JI\ Cucumis sativus 14 0.38' 2% Zingiber officinale 22 5.48+0.55"
EJE R Cucurbita maxima 40 0.44" &3 Allium chinense(4x) 32 32.75"
1K Cucurbita moschata 40 0.35' dEZ Allium porrum(4x) 32 28.42 +1.26"
PE#HI Cucurbita pepo 40 0.43+0.00" 4177 Allium schoenoprasum(4x) 32 14.87 +1.49"
#% N Daucus carota 18 0.55 +0.05' dE2% Allium tuberosum(4x) 32 31.42+0.67"
7 Foeniculum vulgare 22 4.64+0.09" %465 Arachis hypogaea(4x) 40 4.37+0.38"
¥ M KT Glycine max 40 1.24+0.03" JF3 Brassica juncea(4x) 36 1.10+0.03'
ZE3% Ipomoea aquatica 30 0.95" F#3¢ Capsella bursa-pastoris(4x) 32 0.41+0.01"
B Lactuca sativa 18 2.73x0.03" # | Raphanus sativus(4x) 36 1.45"
#IUK Lagenaria siceraria 22 0.37 £0.03" ¥ % Solanum tuberosum(4x) 48 1.80+0.05"
oM 42K Luffa cylindrica 26 1.18+0.33" # 5 Vicia faba(4x) 24 27.40"
F Lycopersicon esculentum 24 0.97 +0.03" %57 Helianthus tuberosus(6x) 102 12.55"

e > FEAE ST 10 FC LA Fe il 22 57 W8 sl A 1 Fe i, BT LA FC BMER R B 11 A FC il
S, T Fe BIEHAR R GIIME: N FC A Fe WllE 22 5 A 25 ol Tovk e 2 ek, T IC K R S M .

Note: * sorted by the first letter of scientific name: |: Have remarkable difference between FC mean and Fe mean or not estimated by Fe method,
so the total mean equals to the FC mean; Il: Not estimated by FC method, so the total mean equals to Fe mean; Ill: Can not define comparison
difference or have no remarkable difference between FC mean and Fe mean , so total mean equals to the mean of all records for the species.

TEFT Ak h, SRR /MG (0.24 pg) JE/KARBRSEERE, oK (17.39 pg) 2 fi 55
FHEZE, WAMZEL 72 45 AENFERESR S, AP ERNFF3 (041 pg) fe/, faskhiick (32.75
pg) f K. FERALS RGP AR AR (RP=0.01, P> 0.05), WIAMHANZYH
HHE R Z ) 102 F gk, BRI S R0 12.55 py, WA GO PIR R & GRS =G
BARKO 4 0.12 pg, TR KRR S (WU (114 pgd, /M2 s = L 8 sl e R
FIPUfE ASE S (34904 0.01 pglo {HIEZTH AL 56 Fiibisie A e Iy LA 5 i GRS #Y
Ptk GRS RAAE BE LA (RP= 082, P <0.01), BIJERAR KRR
LONIIE SRS

IR O Bl 24L& B iR, 28 e im W B AR SR, gk s (PUfHA) (27.40 pg)
a4k (0.75 pg) 365, SERFHSENARMAN e (R 2). PIERHIHE ~ (055 pg) W
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(P<0.0D) /MFFJE—RISEE (3.96 pg) e (4.64pgd. M, % (GSfFA) (1255 pg),
AN (O (1.05 pg) AR (2.05 pg), Zx . (13.24 pg) Az (PUfE4K) (27.40 pg), B (3.62
pg) FUPNKH (4.46 pg) JI43 73 Lb B[R] Bk 1 e Ath 3 =5 S K

24 BRERARSEKFEHMEFAR =LK

Ebxr g 8 MR (= 38D MIFFRNA S s (B 2) KL, fAwsfl (19.08 pg) 1
BIERA AR EE (P<0.0D) & THAMR 4R (0.78 pg). #iF} (0.78 pg) Fllif} (0.88 pg)
FEAF 5 BT L pg, AR (215 pg) RIDTERF (2.88 pg) FE KA1V 1) & &b TP 25K
i, ZHEAFRFENA SR (11.22pg) B3 (P<0.01) @& —FAEM FAERK (276 pg); H
TSRS & (15.15pg) B (P<0.01) mF XTI (2.67pg); Z5AGREIERLLS
W (1423 pg) ¥ (P<0.0D) mT f5AEse (3.17 pg) HEAE KA TE; AR
Bk PP R A w2 R A B, (HEAW N A/NCR: WRIERMFEE (841py) > FAH
B (4.01pg) > ARG (1.83pg) (K 3).

20

M(12) Po(11)
18
T
g 141 Pe(18) 06)
@ s
58 8
% 6 | C(22)
4L N(34) D(44) Di(45)
S(11)
| 1]
0
iy JEL A TR (> S0 B ik
Life cycle Cotyledonary type Ploidy Habit of pollination

B3 TRSEERERHESEHELILR
5 NECTF RGO . Pe: Z4EAE; N: ARZ4EE; M: Bt D: Wi
Di: —fiifk; Po: ZAfifk; S: ALEHLEr; O: WRAERHM:; C: FAERH.
Fig. 3 Genome size mean comparison of different groups of vegetables
The number of species whose data were available is given in parentheses. Pe: Perennial; N: Non-perennial;
M: Monocot; D: Dicot; Di: Diploid; Po: Polyploid; S: Self-pollination;
O: Often cross-pollination; C: Cross-pollination.

3 g

31 MRAEXRERESENEXNSIRK

MRS ES YD T A, BRSSP AR R A OCBeE, Rk, wT e
X AN [ 5 DR 20 e R ) S S8 2R ) 2 AT T, G4 e 7 8 B . AR KOR B TR R G 0 Ak
SREE (Bennett, 1998). Y34k, Herben 25 (2012) EiL4r#T 436 Rl A FEIR 4L K/ FERESR
TUPER A B Sy il DI B, RIEE R AR N S AR Byl CR/hD) FbRm SLIEARSG, (H
5y H R A R D R AAROC, ON AR AR ) A R TR . TR X i
SR SRS RN GG AED IR AN T, ATTEET R BB R AL A5 BA O
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TP TP BAGHRSENY (FW2 %, 2010), i Hism] LAGH4FE R4 74 235808 (%
B2 IPE SR AN T el () FE i Bl 2% (Huang etal., 2009; Wangetal., 2011; Xuetal., 2011;
Consortium, 2012).

SR, MR 2R A ] 100 A 32 ZEEE SR PR 2 5 I B, A OGS PR A e i aE A D
MmHARZ TR ER, Wam. B, 55, 35, gy, e EDY S, A BAR™
T EEAE E N bR LW H S (D AR 2R, SRS A AR E . A, TR
355 UM gk S B O IS AH IR R 5 1k B g (AR 55 AN, TGRSR AR (1) JE R 2K
A, BITIRENAL &8 S5 A KHEE (WKAERIBRAE) 2 IR A BT T s e ki 4z, Kk,
A T0 5 22 B K AR RS BE DR 21 5 S AT 5

3.2 AREAEMEREASENERFIT

I P A — 2 L4 58 A FE R AL 3 AN [R] 5 300 (1 i DR 21 e R, R FC ik
Fe V2 5E B VLR, [FIBS FC yEM e MFEAR X i, DIAA FC R4 JE BRI AL 55 1 5 1 e £ 7V
SRIM, 7ECATIHI 56 Fhgiserf, AR, 2830, &N, 1R, 25 TRISEE5E 17 Fhigisgid & WoRH
FC yRI5E IMIRIE, DAk, A LB FC HotiX 17 Rk ek 20 & by Bk e, DUIBIgR
A ME R FE RS G R . ASEE = R FC ik (PI 30 I T AT M B R 4] & B CR
KA, RIEHETA (Barow & Meister, 2003) [illE4s i (0.72 pg) LT, 1mizk TR H Fe
R E 45 R (2.05 pg) CIngleetal., 1975),

33 EFLEETEHANRER

ANFEAE DR 2 TR BE DR 20 & AR ZE 0K, AL AE AN R R 2 el ) LLAH 22 80 000 fif (Pagel &
Johnstone, 1992), {H/EME ZRtEANIEAECRE, B C (E¥EE. HATWIFIA L, FERA P fEAEfIK
HAEG S DNA J2iti plZe it E 2R, JUH R BT 8o AN [ AR R0 /N EAY 32 257 Dk
DRIZH 22 A5 A B A5 A B ) AR B sl sk P 4 00 R P 5 e (R A 8, 2009) . it s e JoE
NI A7 B EOR L A11) 85% LA I, Bl IR S A& R OKRSE R 41 8 3% KT ARARHLAL/EY) 1) 3= 225 (K
(SanMiguel et al., 1996, 1998; Schnable etal., 2009); utAHML, #IIE K4 LE ARG FH R A
41 (0.46 pg) /b, JEREEREE TR R/ DI (Garcia-Mas etal., 2012). [FIl}, Park 5 (2011)
T LR E BB R i R AP 21 I, BRI ZH 2 A i 1) 3 A5 1 S Rl 32 2452 Ty3/Gypsy
RGP IIRR R . HABERSE, WHE b &K ) R G K415 R R A 8% 52 1) 1 2
ZE St A AR B HARL ) 5 | I RRR A I
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