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Exploration and evaluation of morphological traits and primary
metabolites of tetraploid seedlings from Hongkong kumquat
( Fortunella hindsii Swingle)
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Abstract. To explore tetraploid seedlings from polyembryonic Hongkong kumquat ( Fortunella
hindsii Swingle ), we screened eight putative tetraploids ( doubled diploids) from 1289
seedlings based on root, leaf, and oil gland morphology. Flow cytometry and molecular
identification showed that these tetraploids were all autotetraploids, with a screening accuracy
of 100% and natural occurrence rate of 0.62%. Compared with diploids, the tetraploids of
Hongkong kumquat showed significantly lower plant height, stem diameter, internode number,
internode length, and stomatal density, but higher leaf thickness and stomatal size. In
addition, leaf primary metabolites between the tetraploids and corresponding diploids were
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analyzed by gas chromatography-mass spectrometry ( GC-MS). Among the 24 detected
primary metabolites, the content of quininic acid in the tetraploid leaves was significantly
higher than that in the diploid leaves, while the contents of inositol, 4-aminobutyric acid, and

1-monopalmitin were significantly lower.

Key words . fortunella hindsii; Polyploidy; Flow cytometry; Simple sequence repeat; Primary

metabolites

114 #if ( Fortunella hindsii Swingle) , X 44
O, W&, BBEeN, BT %P (Rutaceae)
G IR ( Fortunella) ™™, A fA i, SR 52 /IN T R
W, AEEEENE, (HHRBRN, —EZRITE
EE S A R N s R R (B 8 B =S U N
PEo MeAh, WA B B4 il SRR
Pk, ATV R R AR 5t A% B ORI D) e S PR 4 A 5 AR X
MR REE A LSRR, W, W,
WL A oA, 28X &M 2
W& FERFAML A BRI A R b, R AR B AR
AR LG A BT, R Z M R E 3k 4S 373.6
Mo &M 2% FEH 4L, I T Hs L i
CRISPR-Cas9 [N 4k 2%

HITAERAE L, AR AR, 22 1
LA E R 2 R RRAE, E BN HE
AT 25 AR BE A b T A R
LRy T, fh, B E R R RN, H
REZHFIA SRR — R Z RS T
78 2R U 40 B A7 7 — 8 MR SR Y JE R 2 3 4K A
MG, SEA 4 A8 0 18 45 A i X A B0
S3ATT AR ARAT R AR 22 U it B A5 A (OB A% AR ) 1y &
7wk, MM % O ik, #( Poncirus trifoliata
Raf)'® . #1#& ( P. trifoliata Raf x Citrus sinensis
Osbeck) "' 5 M #& #& ( C. junos Sieb. ex
Tan) ¥ SEMHERG AR 2R, ERBHEERG R ( C. reticu-
lata Blanco x C. sinensis L. Osbeck) ™ ot #it
( C. reticulata Blanco) ") %t S 422 18 5 Fh A1 kb 5
RE € R B R A DO AR AR B R AR AR, A SCUA
ZIRFR L A A g B RE, BE TS AR 4 i R AR )k
SRR PR S e, NS AR RS AR R A L 4
R DO A 37 ol , 0 T A 3 TR A X L 4
MAEARTEAS . B0 AR A 55 07 i s2 e, DL
FAAE TR . R AN R AR OC HL I 5
AL Z AR IR TTIR

1 HRSH®

1.1 LR IEHEHRSMNE

LIy 4 A 22 R 2R 1) SR SR L W TAS 5 MR
B 2B ALY A 7= S b, X 2 AR R R
3 M HlL DX B AR LA AT S AE RS AR MK, B 10
ERL L

Pl 2% F | S AR 4 B B 2235 S5
BUEOTE, KRR, KRS E, BT
1 mol/L NaOH #2115 min 2B R, 32
SRR, 34 5l T A 1 8 AR Y B 5 L
BT 28°ClHIRAN (SR ) M, IMRETRS,
B AR T8 IR 8k, M8R20 100 Kb T, B T4
KEZEPIHITRFE (RE 25°C = 1°C; S 16 h/d),
MK ENB 3 ~ 4 F EE, R AR B &
TR 0 1 S AL DU A5
1.2 fEHEE

SEALL O A R P 5P 6 SR P ot =X 4 S
DRI AR 2 Gy o 4R 11 %0k, o X 4t e 4 ( Cyflow
space, Sysmex, Japan) 1i P4 2 % fi 9L 2R
2500y gy w5, A1 CyStain DNA — 5 2 i 7 &
(Sysmex, Japan) #4740 247 FAIIAZ DAPI %y
o, #ES DNA &+ & 1 FloMax 844 H shA: i,

HRARY AT 50 S % Zam A Bk, B
A R H: T A ASE A K E SRR S, R A —
BRI T 3 h )5, PGB e a8 [ E
W(LEE: MR =3 :1(V/V))[EE 24 h, WGk
2 75% LI ACIRAE & . RSB (&
1% (V/V) BIEHE . 2% (W/V) 24 % B ¢ Onozu-
ka’R-10 Fll 1% (W/V) JH Y-23) 37°C K i Ab
P90 min 5, MG TEESEAT e tkdl B, I
26 i (Imager. M2, Zeiss, Germany) 4%
Ki, Je kG ZEN R4

PUR AR AR R AE AR = AR IR SR / B
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1.3 fareiss Table 1 Sequences of SSR primers
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\ e . . 54 SIFsI(5 - 3) K

P Hr e U ’ K [EM%&I:&/E\:—{%{ZK%Z'K;’: Primer name Primer sequence Reference

AT AR B A E e = o F. AATCAAAACCACCCAGCAAC;
ERH N R A ER L (Kt Rt Va2 1805 ]
H!jz{:E : @Ek%_g =4:4:1: 1)5,:]%?%%2[:, 2[;*@3 - R. GGAAATCCGCTGCATAAAGA

S et F. CAATAATGTTAGGCTGGATGGA;
THAREREIR, O KET7~8 FHM R/, MEST121 R. TCCCTATCATCGGCAACTTC [14]
PR 2R, WIRNE R KL R, VEST1 F. AGTTCTTTGGTGCTTCAGGC; 1]
1.4 LWEHEEAKS. EMHERSERNE R: CAAGCCTCTCTCTTTAGTCCCA

VA K — A b v ST B 4 5] 4 25 e F. GGTGAGCATCTGGACGACTT;

DALy M AR R F B, 00 A Iﬁlﬂ;zﬁ B MEST4e R, GAACCAGAATCAGAAGCOGA 18]
(BG4 15 A1) R EARIE S48 bR, 1 ESTI08 F. TAAAAAGATGGGGCCTTGTG: s
PR, ZEHL, RIS, WK, MPREREE. MK R: CCTTATCTTCATCACCTCCGTC
H- e R K RE ) 1 K - F S F. CCCACAACCATCACC;

:mo *ﬂim(*ﬁy\ULﬁE} %ﬂwgkﬁﬁﬂﬁ‘mg, morCI0sD12a of (Ll C e eTTon [16]
SHLIRIUT em Ab) | I S, i R (AL CroiRoaboe - ACCCATCACAARACAGA; (7]
TZEEH7 ~ 10 F M) Higts FRIE, —fF T R. AATGATGAGGGTAAAGATG

(37 & 6 S F. TCGTTCTTGCTTTTCCAC;
P, DafEfs AL 6 bR, SCE mMCrCIR07D0S o' G AATCAAACTACCCTCCAAT [17]

SAUEA R FAE B e Rk i gg , K i
W HR =it R R, KT AT Al 20
AWK EIE . TR R B T 20 AR
& 20 MBI Tt AL EE, T 40 Bk
£ 10 AP EF T & <L R/, Image Pro
Plus % {4 & < fL 4 ( Stomatal length, SL) . %
( Stomatal width, SD), fF 28 <LK/
(SS = 1/4 x SL x 8D x ), —Affk, MUffiAs
it e Ak, A RS 50 AL AL,
1.5 SSRHOFEE

LR ZH DNA $EHUF SSR 43 FhRic s #r43 ill =
% Cheng %" FIJE 8L45 Y W ik, 8 X2
SSRBIY(F 1) A TAY T/ L) BOhAER
NEG R, PCR IR FR 10 ub: 2 x PCR mix
S5uL, 1IE. R 54 0.25 uL (10 pmol/L),
DNA #it 1 uL, JTCH /K 3.5 uL, PCR & i 7
ProFlex PCR 1% ( ABI, USA) #f 17, ¥ 1 & )%
Fr. 95°CHIARM: 5 min, 95°CAF: 30 s, 55°CiBk
30s, 72°CHEff 10 s, 35 A 1F ¥R, 72°C it fif
5 min, 4°CHEAF, PCR P24 i 4 H 3 B 4145 B ik
%4 (QlAxcel Advanced, QIAGEN) HLIKATES .
1.6 #EREREFNE

A=A B RN AT A At R S % R g e
(7 Il AR 3 M 1 N E R I
itk 2~3 kM1 AER, HKE IS EHE, G4
HEEH0.15 g MR RS J5 18 A H T4 A AR i

PRI A Ak, FH AR (3 B s 156 FH A ( GC-MS)
( ThermoFisher, ISQIL ) X}l #EAT I 22 . (6 35% J
W45, DB-BMS B4 H (30 m x 0.25 mm x
0.25 um, Agilent Technologies), A7l 45 ~
600 m/z, HERECIEEE 230°C, fEHiZkiRE 250°C,
R MEAEA(99.999%) , HAHE 1.2 mL /
min; F£ 5 TFE: 100°C JF 44, fH£F 1 min, LU
3°C/min F & 184°C, 0.5°C/min F+ & 190°C/# 4%
1 min, 15°C/min F+ % 280°CH# 45 5 min; 2 i kb
H10 01 AN EAE, R 1 b, KRS R BT
5 NIST2008 Fi1 Wiley Registry %4 2 H ) b i
WEEREAT O, X T e, SRR
BRI T A A
2 ZER5H5H
2.1 EEFMELESEESTEELSHMEEE

F 1272 kil A Rl ZERE AP, AR AT 1289
WRSLAEL T, IRTE 2 A5 R SRR (ARHL, AR
Ay R BT, MIEER N, i AR
S5), TR RTT 8 MRk BE I AR A, U =X A0 M AR
LN R N - SO N EA R NI R R R
K8 R IUAER (I 1), T ILEHIESW
PEDURHAR METR R N 100%, DU AR BEIA & A= 4 %
4 0.62%,
2.2 SSRHTFEE

FIFH M 38 X} SSR 5| ¥+ iifi e 3Kk A5 1 8 X4 4%
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HORIFH) SSR 519y, X PUFEIARAE R AT 70 T4 5E .
UKW, BT A DA R i B A ACK
ASEeAE, FB B s s (K 2),
BRIV 26 pUAF A R] BE Dy AR ARCEAER DA A 2R A
LI A5 1A
2.3 WeHNFEEZFEKRS. HRSALE
SERAR

XF AR AT B DU A R K AR R AR TR R YRR
[N 0 1B SN o2 R {0 0 i B e
KB, 5 TAGR G A, DA AR BRI

2007

A

diadi

0- Y T t
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Fluorescence intensity

#& Count

EAL . RS W RO > Y R AR R (3R
2; E3: A, B); MARFWE, WML
BAHREFEZESF(F2, 3. C), FTEREAA
EAEMERY, &M AR B ERT =
ik, JE A5 1.85 fiF; AL B E
INT AR, AU AR 49% (% 25 K 3
D. E).
2.4 WERBTEULDH

h BB R 2R AR X LA 2R A B 2
FIH GC-MS X i G Mt DU B AR AR A I

2007
B
1601
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801

40+
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Fluorescence intensity

AT B WA ANMAUF RS E (A ZA%R; B: IAHA) ; C I D: MRAHEMITE(C. Ak,

2n = 2x = 18; D. VUfFIK, 2n = 4x = 36) .,

A and B Ploidy histograms of diploid and tetraploid plants determined by flow cytometry (A.
diploid; B tetraploid) ; C and D. Shoot tip chromosome counting (C. diploid, 2n = 2x =

18; D. tetraploid, 2n = 4x = 36).

1
Fig. 1

AR ANIR SR B E B L S HHER A AR E AR A T

Ploidy analysis of putative tetraploids screened from Hongkong kumquat

using flow cytometry and shoot tip chromosome counting

1 2 3 4 5 6 7 8 9 101
mCrCl03D12a

mCrCIR02D09

1 ~3; A% 4 ~ 11 PufEk,

1 — 3. Diploid parents; 4 — 11. Tetraploid progenies.
B2 WEMIEENEEE SSR HFEE
Fig. 2 SSR profiles of diploids and tetraploids
of Hongkong kumquat

AR AEA R IR T I E , EAEE 31 24 Fhao) A=A
Yy, G457 b, 6 MANLIR, 5 RhEIEMR, 4 Ff
PEWIRRAN 2 Pl o, ot — Mk B, <At
M IR R R IR A o 2, BRIULEESN, v
FWNAE AR S DU R A S R 2R R B (3R
3). APLMRIELAZE TN E, H AR F 457
PR R R T AR, R TANRR 3.4 1 HoR
W2 (Bk 4-28 2k TIR) TEDUAS AN A 22 e A B3
Kol 2 5 Fh & HE R A 4 FhR TR W BT, Bk 1-
AR PR R H T R 7 DU A S (R T A A, oA
YICE 25 (K 3) .
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*2 LWEHOUEERE _EEESRTESER
Table 2 Morphological comparison between tetraploids and diploids of Hongkong kumaquat

ferbE ¥/ om 41/ mm R RELES R B4 LR SALEE
PIT)idA Plar,? height SteTn diameter  No 1jnodes / mm / mm Leaf Shape /um? / No./mm*
Y 9 ' Internode length Leaf thickness Index Stomata size Stomata density
IIEHAEN * 250 +0.20 .
Tetraploid 12.34 £ 162 1.83+0.39 16.17 +3.54 9.11+£1.70 0.31 £0.02 50 £ 0.20 455.8 £ 55.2 165.0 £ 7.5
— AL
Egﬁ; 3452 + 444™ 2.08 +0.27" 25.50 + 2.35™ 18.63 + 3.10™ 0.25 + 0.02 249 £ 0.14 2425 £ 37.6 337.8 £ 38.9™

T Al pRIFOR “AHAMOG A Z B 2255 B EFREE(+ P<0.05; = P<0.01),
Note: * and =# indicate significant and very significant differences, respectively, between diploids and tetraploids ( * P < 0.05;

# P <0.01).

A: IRDERS; B: MIMROED; C. MBS, D. WfHASAL; E: Zf5E<fL,

A Seedling morphology; B: Plant morphology; C. Leaf morphology; D. Stoma of tetraploid; E. Stoma of diploid.
B3 WeMEEEN_EEERESRA TRESILES

Fig. 3 Comparison of plant morphology and stomata between tetraploids and diploids of Hongkong kumquat

®3 WEHNEEREZEEEANFNERGHYSELLR

Table 3 Primary metabolite profiling data comparison between 4x and 2x Hongkong kumquat

(AR PR RS /ug /g FW PUMERS R / ug /g FW 4x / 2x f5% P{H
Compound name Content in 2x Content in 4x 4x / 2x Fold change P-value
#E3 Sugars
BB Sucrose 2606.5 + 39.0 1973.5 + 119.1 0.8 0.057
Hi%ikE Glucose 1692.0 + 39.1 1832.8 + 57.6 1.1 0.059
B Fructose 107.9 + 17.5 111.0 + 15.6 1.0 0.252
H & ¥ Mannopyranose 115.8 = 19.9 1225 +5.7 1.1 0.623
F P Maltose 687.0 = 197.2 450.2 + 18.8 0.7 0.365
d-Ni Mg #i %5 5% d-Glucopyranose 195.1 + 15.3 194.0 + 16.7 1.0 0.450
HLEE Inositol 466.4 + 49.1 394.9 + 52.5 0.8 0.021
HHLEEZE Organic acids
¥R Citric acid 86.2 + 29.1 61.9 + 34.6 0.7 0.685
IR Malic acid 276.6 = 3.0 206.2 + 27.9 0.7 0.129
2- 1% — R 2-Ketoglutaric acid 61.7 £26.0 31.0 £ 3.7 0.5 0.303
Z=TliX Quininic acid 375.6 + 230.9 1286.3 + 268.7 3.4 0.019
4-FI T GABA 334.6 + 57.9 167.3 £+ 62.6 0.5 0.013
=RE T 2,3,4-Trihydroxybutyric acid 82.0+0.7 476 +5.2 0.6 0.058
SEEEZE Amino acids
%R Proline 161.8 + 60.9 62.8 + 40.4 0.4 0.093
2[R Serine 95.1 +46.8 34.7 £ 10.0 0.4 0.259
H&Em Glycine 82.3 +6.2 26.9 + 3.7 0.3 0.080
HER Arginine 428 + 3.8 80.2 + 20.9 1.9 0.200
AR Glutamic acid 706 +2.3 56.8 + 42.0 0.8 0.710
BTS2 Fatty acids
fif JRf2 Stearic acid 100.3 + 26.0 100.5 + 13.7 1.0 0.980
1AM BR 24 H il 1-Monopalmitin 176.2 + 4.8 82.6 +3.4 0.5 0.007
iR HEE Glycerol monostearate 1257 + 3.7 72.6 £ 8.6 0.6 0.103
FERER Palmitic acid 203.9 +51.3 164.7 + 35.3 0.8 0.179
Hfth Others
Hh Glycerol 217.5 =+ 10.9 166.6 + 26.3 0.8 0.303
Z I Ethanol 69.2 + 3.2 64.7 +8.3 0.9 0.428
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FEARTEIAR IR B A2 3R 0.62%, 5 o 2518 R il
AR DU A B e %l 23.08% , A< SC & 48 1L
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O, & 4 TSR HIE ( C. sinensis L. Osbeck) . L7148
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VO iR B 5 AR R A e A R, SR LLG AT DY
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ARSI S AE . iR RSB Rt
R A AR A5 5 TS & 4 DA% A R — A AR
AFFTRIVEANY, F5 T XS A5 S HIE AL
FRAGTATR . 5 50250 DL M 2 08 b k) B % v
SRR MR R, 5 AR
IEREEN 7 = 7% s G e I < KT 5 W4 N 1}
AL S E O, EARHIFSE P L A A DR AR R AR
. SILE RN SRR —3, M
BRI AT b 2 AR AL AT e R PR R 25 S5 sl AS ) o7 i
R RBRGAEARIA G, P4 YA K
KT RGE N IR T AT 3 AL A XA 4 )
AACHA E WA, BT NIRRT, BRI
B R UR PO A5 IR B S 45 A5 AR SR T £ 5 Wi AH DG 1)
WIEAR = ) (RERE . IR 4-J 5 T RS,
A ) T4 = LA 36 B B 38 453 R0 AR AT
RIL, GO IARR —AAR B 2w .
W TR EERSYIEREY, AR A
U= A5 R XA RE S BRI BIAT G

AW 5T & A B L A DU A R 3 I 22 9T A6 45
R, HAERAYRIRFHEA FEiff— 0 MBI, Xl
o PO A Ry R ARG 2 AR AL 3 RN AL AT B A SRty
FEARALE THERR AP TR, R E S A S
fEAR G e 2 A TR =54k, ] B T U5
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