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Embryogenic callus induction from ploidy germplasm and virus-free plantlet regeneration

from seedless cultivars in Citrus
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(!National Key Laboratory for Germplasm Innovation & Utilization of Horticultural Crops, Wuhan 430070, Hubei,
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Abstract: [Objective] Citrus is the biggest fruit industry in southern China and in the world. China is the
origin center of citrus, owning abundant and diverse citrus germplasm resources, and it is important to properly
conserve and utilize the elite citrus germplasm. The embryogenic callus induced from the aborted ovules was
genetically identical to the original explant and is capable of regeneration, making it proper citrus germplasm for in
vitro conservation. The embryogenic callus also provides in vitro materials for researches of important traits, such
as somatic embryogenesis, fruit quality control and stress resistance. We have induced and preserved embryogenic
callus germplasm of over 100 different genotypes. However, the embryogenic calluses are all induced from the
diploid germplasm, while induction of embryogenic callus from polyploid germplasm has been rarely reported. The
polyploid is characterized by giant organ, dwarf plant and stronger adaptability. The polyploid embryogenic callus

would accelerate basic researches and applications of citrus polyploidy, by providing in vitro materials with short
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growth cycle, stable status, and easily accessibility. In addition, the whole new plantlets regenerated from
embryogenic callus are always virus-free, which are promising in resolving the problem of fruit yield and quality
delineation in seedless cultivars caused by virus infection after many years propagation by grafting. In this study,
the aborted ovules of diploid and tetraploid citrus germplasm were cultured to induce embryogenic callus, to
provide in vitro materials for citrus ploidy research. Regeneration of virus-free plantlets from embryogenic callus
achieves purification and rejuvenation of seedless cultivars like navel orange and Satsuma mandarin. [Methods]

The aborted ovules from mature fruits were inoculated on three types of callus induction mediums (MES: MTU! +
ME 0.5 g'L' + SAD 40 mg-L"'; MGS: MT + ME 0.5 g'L"! + SAD 40 mg-L!' + GA3 1 mg-L'; MK: MT + KT
0.5mg-L!) under sterile condition to induce and train embryogenic callus, and the ploidy of embryogenic callus
was determined by flow cytometry. Embryogenic callus was induced to differentiate into embryoids and
adventitious buds. When the regenerated buds grew to the size of 2~3 cm, they were grafted to the yellowing
rootstock in test tube to form a plantlet. SSR (Simple Sequence Repeats) analysis was used to identify the genetic
origin of the regenerated plantlets, and PCR was used to detect Citrus tristeza virus (CTV) and Citrus yellow vein
clearing virus (CYVCV) in the plantlets. [ Results ] The embryogenic calluses were induced from 13 citrus
germplasms, and eight of them have been trained for subculture, including red tangerine diploid and tetraploid (2x,
4x), Nadorcott tangor (2x, 4x), Egan No.l1 Ponkan mandarin (2x, 4x), Sunburst mandarin (2x) and Zaohong navel
orange. The ploidy of the embryogenic calluses was consistent with the germplasm from which they were induced,
as detected by flow cytometry. The embryogenic callus induction efficiencies were different among germplasm.
The induction rate of Zaohong navel orange was the highest (74.73%), followed by Guoqing No.l Satsuma
mandarin, Okitsu Satsuma mandarin, Oita 4 Satsuma mandarin and Egan No.1 Ponkan mandarin, each with an
induction rate over 37%. The induction rates of red tangerine 2x, Sunburst mandarin 2x, Lane Late navel orange
and Nadorcott tangor 2x were lower than the other genotypes, with induction rates between 6.85% and 12.61%.
Embryogenic calluses were induced from four pairs of ploidy materials, and the induction rate of diploid
germplasm was 6.85%~37.75%. Among them, the callus induction rate of Egan No.1 Ponkan mandarin 2x was the
highest, while that of red tangerine 2x was the lowest. The callus induction rates of the tetraploid germplasm
(0.56%~22.61%) were lower than the diploids. Among them, the callus induction rate of Egan No.l Ponkan
mandarin 4x was also the highest, while that of Nadorcott tangor 4x was the lowest. As for the incidence of
embryoids, they were 16.15%~58.28% for diploids and 1.13%~30.65% for tetraploids. In summary, the callus
induction and embryoids incidence rates of Egan No.1 Ponkan mandarin 2x and 4x were the highest among the four
pairs of 2x and 4x germplasm, while those of Nadorcott tangor 4x were the lowest among the tetraploid germplasm.
Notably, the callus induction and embryoids incidence rates of the tetraploid were lower than the corresponding
diploid. Besides, the induction rate of embryogenic callus on different mediums was different. The embryogenic
callus induction rates of Guoqing No.l Satsuma mandarin, Okitsu Satsuma mandarin, Oita 4 Satsuma mandarin,
Nadorcott tangor 2x and Sunburst mandarin 2x on MGS medium were higher than MK and MES. The callus
induction rates of Egan No.l Ponkan mandarin 2x and red tangerine 2x on MK medium was the highest, and was
significantly higher than MES and MGS. A total of 23, 22, 20, 10 and 15 plantlets were regenerated from five
seedless cultivars, including Zaohong navel orange, Lane Late navel orange, Guoqing No.l Satsuma mandarin,

Oita 4 Satsuma mandarin and Okitsu Satsuma mandarin, respectively. SSR analysis showed that the regenerated



plantlets of the chimeric Zaohong navel orange were indeed Robertson navel orange. According to PCR, CTV and
CYVCYV were undatable in the regenerated plantlets of Guoqing NO.1 Satsuma mandarin, Lane Late navel orange
and Zaohong navel orange, proving them to be virus-free. [ Conclusion]In this study, the aborted ovules of mature
citrus fruits were cultured in vitro, and the diploid and tetraploid embryogenic callus of three varieties were
obtained by induction and training, which provide stable and easily accessible in vitro materials for the research of
citrus polyploidy. The embryogenic callus induction rates differed among different citrus germplasms and induction
mediums. The embryogenic callus induction rate and somatic embryogenesis rate of the diploids were higher than
the corresponding tetraploid for each cultivar. The regenerated virus-free plantlets provided materials for
purification and rejuvenation of five polyembryonic and seedless citrus cultivars. The molecular marker analysis
proved that the regenerated plantlets of the grafting chimera Zaohong navel orange were indeed Robertson navel
orange.

Key words: Citrus; Embryogenic callus; Ploidy germplasm; Seedless cultivars; /n vitro regeneration
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1 M55
1.1 Scaa#st

FHT175 5 R 8 0 ZE R P R A A A B G TRIVEE DY 3% 4% (2x/40) R RS VE A B}, B34 2047 ( Citrus. reticulata
Blanco) 2x/4x W. EREMFERS (C. reticulata Blanco x C. sinensis L. Osbeck) 2x/4x. 58l 1 5 REAH (C. reticulata
Blanco) 2x/4x. H#HE (C. reticulata Blanco) 2x/4x; oA MG mM, ELHGRLLFHE (C. sinensis L. Osbeck)
1 S8 (C. sinensis L. Osbeck) E K 1 5 M E A (C. unshiu Blanco) K4y 4 5 M (C. unshiu Blanco)
AR M A (C. unshiu Blanco)

1.2 HEREERGEARKES

H AR IR T 75%545 20~30 min J5, @ TAE G W ANERSAT KR SR Se R T 5 . TER B IEAR L,
KRV G, FBFHIGE IRk, #efh T 3 M th i 23577 508 (MES: MTU1 + ME 0.5 g'L! + SAD
40 mg-L'; MGS: MT +ME 0.5 g'L'! + SAD 40 mg-L! + GA; 1 mg-L'; MK: MT +KT 0.5mg-L1) T3
Fio BRIEFALANA)E, RIMCERERET R P R R B M @ H S, IR s 2 23k th o 40X T
MT #5950, T 7R B AGA VRS E I Rrg il , B 5e i 3904k o B9k 56 U s 2 2R AT
£ MT HrFRdk ol gs, 8 H 40 1 KR . IRME R 05 3 = TR UM s 2 2 A IR 2k
BB ARREFRIMCE IR RS X 100%, FRREKREZR = T8 SORRAR 10 B R ER B 2 1455 3 W A 2k 2 4L
X 100%.

1.3 M EGALARREIEE, EFMAEHRR

W SR HAG I A ZE MT Br a2k ROk RIE 7R b, SRR, KR
AR FRIE (MT+ME 1.5 gL'+ BERE 50 g L), FRRIRIE KE#H# E A 25753 (MT + 6-BA 0.5
mg- L'+ KT 0.5mg- L' +NAA 0.1 mg- L) FSAEH., FAEFEKE 2~3 cm &, RHIREHEZHEAL L
G RRE TR FRIGE BSOS R 3~ FEM S, HHEBIERK SR FOnKE 6~7 i
I e 28 I 2

1.4 fZM4MEF SSR - FLE

FIH A4 (Cyflowspace, Sysmex, Japan) A&l I8 14 #3475 41 23 S R AR (R G R i, 1S S5
IUREETR T ik Wl AR IR B BB AR i 5 A5 1R S IR (A AR bR A B R 2R, B2 155 U
Fea . SSR T ETNES UGN EIT L, 280 SSR 91120 (R 1D mIAETAY TR (L)
et A BR A 7 & . F ProFlex PCR {X (ABI, USA) #4T PCR M, PCR # #444& 54 10 uL: 2 x Rapid Taq
Master Mix 5 pL, ddH>O 3.5 uL, DNA 1 uL, Primer F R % 0.25 uL (10 umol-L") . FI4F2fF: 95 °CTiiAs

£ 5 min, 95°CAME30s, 55°CIBK 30, 72 °CIEAH 10s, 35 MEH, 72 °CIEH 5 min, 4 °CLRFF.
&1 RLIBFHE SSR 51455
Table 1 SSR primer sequences for ‘Zaohong’ navel orange
ClEvEx gl JCHR




Primer name Primer Sequence Reference

InDel pl (chrl) F: TTACTGACCCACAGCCCAC; R: CTTACCGACGATTGCCCTA

InDel p7 (chr5) F: AAATGTGGGACGGCAAGG; R: AATGCTAGTTGGAAGACTCGTCA 0
InDel p11 (chr6) F: ATCAGGTCGGTCAGCCAGT; R: CATTTGTACGTAACACGAGTGC

InDel p15 (chr9) F: TGCAGTAGAATGATTTCCATGC; R: GCTTAAACCCGTGACCTCG

1.5 %3 PCR 33

B AR I B WRR R R BEFE . T RNA $2HUSE S U5 1% 2 I HiPure HP Plant RNA Mini Kit
(Magen) B4 S50 7512 1 HiScripte IT Q RT SuperMix for qPCR( + gDNA wiper) (Vazyme) it
BiH5. PCR MR RAIFEF ] SSR 707 %558, WEMME (ddHO HEH) HIBH XS I Clk g 2 Jios A g 1R Jig

SRR Fr DNAD. FEIRJFRUAMB ORI 51701220 (% 2) mAETAYTRE (Bl BOhARA RS K.
R 2 mERNI1YFF

Table 2 Primers sequence for virus detection

ElEv R 71 IR
Primer name Primer Sequence Reference
F-PM85+ (CTV) GGACAAACTTTNNTTTCTGTGAACCTTTC -
R-PM86- (CTV) GATGAAGTGGTGTTCACGGAGAACTC
VF-1 (CYVCV) TACCGCAGCTATCCATTTCC -
VR-1 (CYVCV) GCAGAAATCCCGAACCACTA

2 RS9
2.1 HEBEEAGALIFESMYIL

MAH AT AR SR B IR RS R 15 37, RS 0.7~3 H S 7EICE MR BRI I T BV A5 41 21 . 4 I i
DIt RS 22 MT B5 972k 2 AR TR EEAT ML, FERS 5~0 DA . 13 MPRIYIF S rtE@ i dlgl, &
Z IR TR, Hoh 8 DMAPRHI AR B HAUIREFEE I RERFERIG T, AR LA 2x/4x. W. BREPRFT 2x/4x.
FRA 1 S REHE 2x/4x. FURERG 2x ANELZLE RS, DR IR et @ A O e BRI, TR RARARRE IR R S
ANFORMEEE HOFERE 4x ABIRBERS . P 1 SR EMT . R 4 S IR EE AN DR M AT 5 5 i @ 4l
GURTERLR, 222 IR ET 0 L BRARIR I, BORRESRIS A E P S IR ME G 4R, (B T R 4 i A
AR e AR AR . SRR SRR 8 43 2x/dx IRVE A AL ZAREAT R, FLAB RIS 5 MO IR ER A ME 1
HIFEEEAFERR— 2 (B 1D

AT I 2x BEELAE M IR G IR PE @ 2L, WL BRI AE 4x Rt IIMCE IR BRI R Kt @t
PAERARAR T BRI AR i HIRAR A, AR A IR R A 4128 (I 1 HD . A EE
W. BRBMRAG 2x IRPE 05 L E05 S AIYIAL 43 BIFERT 0.7 A1 5.5 /N F, W, BREHREGIE 4x @m0 3 Al
WFEREAS, 73509 3 M1 5.5 DM H o 204G 4x B 4435 AN AR LR LY 2x FEIRFHEKC, HSENT 1 5
REAH 4x O ALE5 3 FEITHE 2x S A .



A-E, F-1. W. BREMFEAE 2x/4x IRVE G405 FidRE: A, F.2x/4x 32 B, G #RI% 9% 2x/dx ICH IRER: C. 2x IRE MREREL
BRI @A, H x R K ARR I, BMRRGA IR B @42 D, L @A idite; B, J. i
AR E EA S 2x/dx; FiFRm ORI, 7 R &7 Sk faom IR A L 2
FRR: 3em(A.F), 1 cm (B. D. G-I), 1 mm (C)

A-E, F-J. Nadorcott tangor 2x/4x embryogenic callus induction process; A, F. Fruit of diploid/tetraploid (2x/4x); B, G. Inoculation of
2x/4x aborted ovules; C. Embryogenic callus generated directly from 2x shrivelled seed; H. Embryogenic callus generated from the
hypocotyl of the embryoid that formed from the aborted ovule; D, I. The trained 2x/4x embryogenic callus; E, J. Ploidy analysis of

2x/4x embryogenic callus; The arrow head points to the embryoid, and the arrow point to embryogenic callus;
Bar=3 cm (A. F), 1 cm (B. D. G-I), 1 mm (C)
1 W ERRHHERE ZE/IEE (2x/4x) BEMRGEARIESEE
Fig. 1 Induction process of embryogenic callus from diploid/tetraploid (2x/4x) of Nadorcott tangor

2.2 ERFMEFERWEERGARATSHE
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(A5 2 2R3 S R AR A 2 A 22 0 4 AN SR 2x T dx BB B, W ERBMEGHE 4x 1405 S
AR R A F 1009 4 AN DU A o o e A1 [0 ot Pl 5 A ) T 493 2L 355 5 2 A0 IR A R A e 3 L o
O IIEER NG



* 3 HIBARMMFAE SRR SR ARESRMERE L ER
Table 3 The induction rates of embryonic callus and embryoids from different citrus cultivars and medium
e BN 7 REFZAEIR SN RIREAG N AR B HIE T R MRARAR R A A= 05 21 2 SRR A8 4 b U 7 R 2k

AME AT At U AU T 3R (%) TR A 2 (%)
L
Number of explants Induction rate of embryogenic callus Induction rate of embryoids
Cultivars
MES MGS MK MES MGS MK  FHFETR MES MGS MK PR AR
P
“Li 2'x 79 109 104 0 1.83 17.31 6.85 40.51 36.70 46.15 41.10
Red tangerine 2x
AR 4x 105 124 126 0.95 2.42 10.32 4.79 19.05  24.19 17.46 20.28
Red tangerine 4x
LIVEEs
W. BRRHRFRGE 2x 35 40 44 5.71 17.50 13.64 12.61 20.00 22.50 27.27 23.53
Nadorcott tangor 2x
W= -
W. BARHRFAR E 4x 72 50 55 1.39 0 0 0.56 2.78 0 0 1.13
Nadorcott tangor 4x
) g
SR 1SR 2x . 48 56 47 25.00 21.43 70.21 37.75 52.08 44.64 80.85 58.28
Egan No.1 Ponkan mandarin
LY = “
SR 1S REAT 4x . 59 74 66 30.51 13.51 25.76 22.61 30.51 32.43 28.79 30.65
Egan No.1 Ponkan mandarin
FIFEAR 2x . 101 92 98 6.93 14.13 11.22 10.65 8.91 20.65 19.39 16.15
Sunburst mandarin
EIERE 4x . 70 81 - 1.43 3.70 - 2.65 21.43 9.88 - 15.23
Sunburst mandarin
o
AL 83 112 82 77.11 76.79 69.51 74.73 86.75 89.29 64.63 81.23
Zaohong navel orange
N
feRe 66 72 58 15.15 9.72 10.34 11.73 28.79 20.83 20.69 23.47
Lane Late navel orange
5 2 ELIE N 8%
. BUX 1 5 IR e AT . 108 73 62 42.59 63.01 37.10 47.33 47.22 68.49 41.94 52.26
Guoging NO.1 Satsuma mandarin
ANR=R=pIE
.jc)j\ 4 SRMER . 60 58 45 36.67 44.83 33.33 38.65 46.67 72.41 35.56 52.76
Oita 4 Satsuma mandarin
RVAY=: =N Er 7
R B 39 39 37 51.28 53.85 21.62 42.61 33.33 61.54 21.62 39.13

Okitsu Satsuma mandarin

e PEIERIRAEFDY 3 MEEIREEE A E R INACT ), MES\WMGS\MK i 3 fit 7R3k
Note: ‘-’ represents that the treatment is not implemented, and the ploidy not specified is diploid. Induction rate = number of callus or
embryoids / number of inoculated ovules. The average induction rate is the weighted mean of induction rates on three induction

medium. MES\MGS\MK represents three medium.

KRR FRFE I IEE OGS S EAR (£ 3). HIE 1 SEMEBEM . MERMEH . K0 4 SEM
EHME . W, BRRMEFE RS 2x A1 H MG 2x 36 5 DNRFIE MGS 8559758 (0 IR VE @5 21 205 3 =45 5 T MK A1 MES
Brakh. R, B 1SRN ERT . KO 4 SN ARG R B HTX 4 A FFRE MK B3R R 1
LA SRR (0 MK 553500 500 1 SREA 2x FIZ0HE 2x B 40E S 2 K, HWEE T MES
HIMGS ;715 T 3. NiAl 2x £ MK 8578 3 @ H 205 2 R =08 70.21%, 299 MES. MGS #5772
)3 fif: ZLH 2x £ MK BiFR AL @ A SR EIL 17.31%, 298 MGS 85973601 15 fif.

2.3 B TZRFEN A AABEEREERIENRSRN

RLCLIE . AR . R 1 SIRM M K 4 SIRMEM . DRI ER 5 DT FNE S H 1)
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BRI S A2 N AR HERENESE, BHAFU P TSGR, frigdm Kl 3~4 T AM#
MBI, 12 MHEBREIRE. LB &0 HA A LR A OO e B k. 7345
TorZ S b LTI RS . AR . K 1SRN BE R K A) 4 5T B AR 0 a5 2 R P 3 A T A 1 23
22, 20, 10 F1 15 #k.

== = B E

A, FLFB RIS, B, HMAEFREMERER; C. @GAHLUEN; D. WHEEGHSR SRR, E. IRIREAZE; FAER
WEGHE: G BAEMGES S, H BEEEEEETGE: L BEERS: #7<: 5cm (H), 3 cm (A), 1 cm (B. D-F), 1 mm (C).

A. Fruit of Zaohong navel orange; B. Inoculation of aborted ovules in callus induction medium; C. Callus formation; D. The embryoid

regenerated from embryogenic callus; E. Plants regenerated from the embryoids; F. The grafted plantlet; G. Ploidy analysis of the
regenerated plants by flow cytometry; H. The transplanted plantlets; 1. Plantlets in greenhouse; Bar = 5 cm (H), 3 cm (A), 1 cm (B.
D-F), 1 mm (C).

E 2 BAFEHEMAGERFSREKREE

Fig. 2 Induction of embryogenic callus from Zaohong navel orange and regeneration of plantlets
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500 bp

250 bp — 2605

I MER (S), PR (R), FLE (2), FLFRHEAR (1-23); 514): AnDelpl, BInDelp7, CInDelpll,
D InDel p15.
Note: Satsuma mandarin (S), Robertson navel orange (R), Zaohong navel orange (Z), the regenerated plants of Zaohong navel orange

(1-23); Primers: A InDel p1, B InDel p7, C InDel p11, D InDel p15.



3 BRLBFBHEYEH SSR 3 FHricEE
Fig. 3 The SSR profile of the regenerated plantlets of Zaohong navel orange

M 4% T 3B 9% (Citrus tristeza virus, CTV) Al k% (Citrus yellow vein clearing virus, CYVCV) #& k47 5
R DL AR B . T DR 1 S R AT L A6 M R R LT R A P AT PCR AR AR, 45 S RO PR
FEA Gy LIB335 ORE ) SRS I ) WA WS 4% 7, 3 AN iRl ) T A6 1 5 B e of R RBEAR) 53R 47 34
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Fig. 4 PCR-based virus detection of citrus regenerated plantlets
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