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Embryogenic callus induction and virus-free plantlet regeneration from

seedless cultivars in citruses of different ploidy
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Abstract: [Objective] Citrus is the biggest fruit industry in China and in the world. China is the origin
center of citrus, owning abundant and diverse citrus germplasm resources, and it is important to proper-
ly conserve and utilize the elite citrus germplasm. The embryogenic callus induced from the aborted
ovules is genetically identical to the original explant and capable of regeneration, making it feasible for
in vitro conservation of citrus germplasm. The embryogenic callus also provides in vitro materials for

studies of important traits, such as somatic embryogenesis, fruit quality control and stress resistance.

ks HEA - 2024-03-07 £ HER:2024-04-22
E££WmB: HE AR ERESTH (32072528) : 104 B AR A G T H (2022CFB157) ; W64 B A0 THRIT H (2022BBA0019) ; Fd
TR K 151020222061 « B ZAME = VB AR K 50 H (CARS-26)
TEE BN ATFE), L, AR 7 A, W 5007 10 9 R A R 5 Bl . Tel:027-87281543 , E-mail : renjiaqin1222@qq.com
*JB{E1E& Author for correspondence. Tel:027-87281543 , E-mail : wuxm@mail.hzau.edu.cn



57 3] FEZ 8, 55 - MHEAS RS PR R BRI O 4L 3 S oo B A R AR 1333

We have induced and preserved embryogenic callus germplasm of over 100 different genotypes. How-
ever, the embryogenic calluses are all induced from the diploid germplasm, while induction of embryo-
genic 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
research and applications of citrus polyploidy, by providing in vitro materials with short growth cycle,
stable status, and easily accessibility. In addition, the whole new plantlets regenerated from embryogen-
ic 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 em-
bryogenic 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: MT + ME 0.5 g-L"' + SAD 40 mg-L"; MGS: MT + ME
0.5g-L'+SAD40 mg-L"' + GA; I mg-L"; MK: MT + KT 0.5 mg- L") under sterile conditions to in-
duce and train embryogenic callus, and the ploidy of embryogenic callus was determined by flow cy-
tometry. 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 accessions, and eight of them have been trained for subculture, including red tangerine diploid
and tetraploid (2x, 4x), Nadorcott tangor (2x, 4x), Egan No. 1 Ponkan mandarin (2x, 4x), Sunburst man-
darin (2x) and Zaohong navel orange. The ploidy of the embryogenic calluses was consistent with the
source materials from which they were induced, as detected by flow cytometry. The embryogenic callus
induction efficiencies were different among accessions. The induction rate of Zaohong navel orange
was the highest (74.73%), followed by Guoqing No. 1 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 those of the other genotypes, with induction rates between 6.85% and 12.61%. Em-
bryogenic 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 tetra-
ploids (0.56%-22.61%) were lower than those of the diploids. Among them, the callus induction rate of
Egan No. 1 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 tetra-
ploids. In summary, the callus induction and embryoid incidence rates of Egan No. 1 Ponkan mandarin
2x and 4x were the highest among the four pairs of 2x and 4x materials, while those of Nadorcott tangor
4x were the lowest among the tetraploid germplasm. Notably, the callus induction and embryoid inci-
dence rates of the tetraploids were lower than those of the corresponding diploids. Besides, the induc-
tion rate of embryogenic callus on different mediums was different. The embryogenic callus induction
rates of Guoqing No. 1 Satsuma mandarin, Okitsu Satsuma mandarin, Oita 4 Satsuma mandarin, Nador-
cott tangor 2x and Sunburst mandarin 2x on MGS medium were higher than on MK and MES. The cal-

lus induction rates of Egan No. 1 Ponkan mandarin 2x and red tangerine 2x on MK medium were the
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highest, and significantly higher than on 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, Guo-
qing No. 1 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 CYVCV were undetectable in the regenerated
plantlets of Guoqing No. 1 Satsuma mandarin, Lane Late navel orange and Zaohong navel orange, prov-
ing them to be virus-free. [Conclusion]In this study, the aborted ovules of mature citrus fruits were cul-
tured in vitro, and the diploid and tetraploid embryogenic callus of three varieties were obtained by in-
duction and training, which provides 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 provide 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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FH 1175 5 W 580 2H 23 R M A — A5 4k S L )
VU5 AR (2x/400) BSOS s VEAT B A48 2047 (Citrus retic-
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nensis L. Osbeck) &M i #5 (C. sinensis L. Osbeck) «
R 15 I8N Z A (C. unshiu Blanco) « K43 4“5 1
M (C. unshiu Blanco) 1% R I 25 M (C. unshiu
Blanco) .
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%o MEZFKE 23 em EI, KRR B HERAR
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A TRECERE B AR A G S . H ProFlex
PCR { (ABI, USA) 1T PCR < i, PCR 4 #i{& & A
10 pL:2 x Rapid Tag Master Mix 5 uL,ddH,O 3.5 uL,
DNA 1 uL,Primer F\R % 0.25 puL(10 pmol-L . 3~
R 95 °CTiAE 1 5 min, 95 °CAZ 1% 30 s, 55 °CiE
k305,72 °CHEfH 10 5,35 MEFR, 72 °CILEfH 5 min,
4 °CRAE o

=1 B4 InDel 45125149551

Table 1 InDel marker primer sequences for Zaohong navel orange
EIEZE2 ElEZ )] SR
Primer name Primer sequence Reference
InDel pl (chr 1) F: TTACTGACCCACAGCCCAC; R: CTTACCGACGATTGCCCTA [20]
InDel p7 (chr 5) F: AAATGTGGGACGGCAAGG; R: AATGCTAGTTGGAAGACTCGTCA [20]
InDel p11 (chr 6) F: ATCAGGTCGGTCAGCCAGT; R: CATTTGTACGTAACACGAGTGC [20]
InDel p15 (chr 9) F: TGCAGTAGAATGATTTCCATGC; R: GCTTAAACCCGTGACCTCG [20]

1.5 &5 PCR&M

WG Rkl T R R R IS FE .
J RNA #2 X /7 7% 2 I8 HiPure HP Plant RNA Mini
Kit(Magen) 1%t 9145 ; S sk 77752 I HiScripte 1T Q
RT SuperMix for qPCR (+gDNA wiper) (Vazyme) i}t

B34, PCR e ifhk R FIFEF A InDel bric 458 , B E
A 4 (ddHLO FEAR ) B 1 %o F e e 3 i s A 2 3R
I3 H) B R E i DNAD o 3 38 993 ORI 35 Jhk s A6 U 5
VPR D HATAY TR BROERA RS
Ji o

®2 RERNSIIFT

Table 2 Primer sequences for virus detection

Elk7EZ S Gkl LR
Primer name Primer sequence Reference
F-PM85+(CTV) GGACAAACTTTNNTTTCTGTGAACCTTTC [21]
R-PM86-(CTV) GATGAAGTGGTGTTCACGGAGAACTC [21]
VF-1(CYVCV) TACCGCAGCTATCCATTTCC [22]
VR-1(CYVCV) GCAGAAATCCCGAACCACTA [22]
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ALF 2x/4x 5B, G, B IR 2x/4x MUE RER s C. 2x T E Bk BB K PR B 41215 D, L 2x/4x PR @A 21 2 58 sRIIAL s B ). 204N A
% 8 AR LUV 20/4x s H. dx JERl 7o IR AR, FE MR R N IR A H 5 4L 235 i S PR IR A , i BB 7 Sk AR R IR PR i@ 475 4L 4

PR .3em (A F),1ecm (B.D.G~D,1 mm (C),

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; D, I. The trained 2x/4x embryogenic callus; E, J. Ploidy analysis of 2x/4x embryogenic callus; H. Embryogenic callus generated from the hypo-

cotyl of the embryoid that formed from the aborted ovule; The arrow head points to the embryoid, and the arrow point to embryogenic callus; Bar. 3 cm

(A.F), l cm (B. D. G-I), 1 mm (C).
1

W. BB B/ MEE (2v4x) BEMEEpBERIESERR

Fig.1 Induction process of embryogenic callus from diploid/tetraploid (2x/4x) of Nadorcott tangor
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Table 3 The induction rates of embryonic callus and embryoids from different citrus cultivars and medium

AMHE AL JEME AL 5 R AR A= %
o Number of explants Induction rate of embryogenic callus/%  Induction rate of embryoids/%
2] . N 7 N,
Cultivars RS Sy R %

MES MGS MK MES MGS MK  Averagein- MES  MGS MK Average in-

duction rate duction rate

1 #% 2x Red tangerine 2x 79 109 104 0.00 1.83 1731  6.85 4051 3670  46.15  41.10
41} 4x Red tangerine 4x 105 124 126 095 242 1032 479 19.05 2419 1746 2028
W. BREHRE A 2x 35 40 44 571 1750  13.64 12.61 20.00 2250  27.27 23.53
Nadorcott tangor 2x
W. ERBMREAE R 4x 72 50 55 1.39 0.00 0.00 0.56 278 0.00 0.00 1.13
Nadorcott tangor 4x
SRR 1SN 2x 48 56 47 2500 2143 7021 37.75 52.08 44.64  80.85 58.28
Ponkan mandarin Egan No. 1 2x
GRAH 1S M A 4x 59 74 66 30.51 1351  25.76 22.61 30.51 3243 28.79 30.65
Ponkan mandarin Egan No. 1 4x
H #5475 2 101 92 98 693 1413 1122 10.65 891 2065 1939  16.15
Sunburst mandarin 2x
WA 4o 70 81 - 1.43 3.70 - 2.65 21.43 9.88 - 15.23
Sunburst mandarin 4x
LERAN 23 83 112 82 77.11 7679  69.51 74.73 86.75 8929  64.63  81.23
Zaohong navel orange
A i 66 72 58 15.15 972 1034 11.73 2879  20.83  20.69  23.47
Lane Late navel orange
[ R 153 25 i 108 73 62 4259  63.01  37.10 47.33 4722 6849 4194 5226
Satsuma mandarin Guoqing No. 1
Ko 4 5 i N Bt 60 58 45  36.67 44.83 3333 38.65 46.67 7241 3556 5276
Satsuma mandarin Oita 4
L IR A 39 39 37 5128 5385 21.62 4261 3333 61.54  21.62 39.13

Satsuma mandarin OKkitsu

AR AT AL B AR S 5 ARARTE A MR AR s A A A T R R AR R A R = A5 4 A SR IR A K A R IR R E < 100% 5 T 15155 5/
RAEZN 3 R IR TR AR I35 MES\MGS MK KoK 3 Fliki otk

“_»

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 ovulesx100%. The average induction rate is the weighted mean of induction rates on three induction medium. MES, MGS, MK

represent three mediums.

o, AR R IR AR R AR R 16.15%~58.28% , REAH
FIRRIR AR 5 2 R B v N 58.28% . WU {344 () IR A
RAEZ N 1.13%~30.65% , NEAHATI A B 5, M 30.65%
W. BRBHEEAE A AR, N 1.13% 0 Ja &5 0] 51, RE AT
20 Fl 4x (1) A A L2105 5 B AN IR A4 R AR 223 O 4
AN it R 2x A doc 1L A B v, WL BRABHRRAG B 4 (1)
P Z375 T AR AR R AR 2R 350 4 AN DU £5 4 i ol
WA s ()t b A5 R 1 43 L 2355 5 AR
A 2R 51 LU X N7 [ DU 35 A B o

AN [ R L O PR A A 205 5 R AN R (GR
3)o EBK 1SRN B DEEIR M B K450
MM W, ERBHF AT 20 A1 H REAG 2x 31 54> SR AE
MGS 5% 77 5 i 14 45 41 23355 5 R 35 3 T MK A
MES 5 973% . B0 E R 1 SN M K0 4

5 T N B AT G R M B X 4 AN AR TE MK 5597
FEI @ H 35 R IGs (H MK 35 77 2 0 SR A 1
SRR 2x RIZLAE 2x A L2 5 3 e, HLBA 2
=T MES Fl MGS 35 72 2 11115 3 5% . AEAT 2x 7£ MK
B IR R ) A 425 5 F 1A 70.21% , 208 MES
MGS 35 7% 3L 1 3 1% 5 204 2x £ MK 55 92 3L 1 i 4
S TR EIR 17.31%, 2 MGS Bi 72 821 15 £
2.3 HIBLZGEMEE AR ALBEERREX
IR SN

FLZT IR A R IR L IR ER 1 5 RN B A K 4
TR A S HEEIR N E A S AT A R
JV P s 2E R 1 i 5 15 3 S R PR AR R R IR A
Pk MERAA AT S B B 57, ORAA I K 5 7 B 2 4F
FRRIEFES AR, L2 MNHEEERENEE,
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AN I 1) 4 X InDel b1 ic 51 9" 4 %€ 521 fife #85 JIR
PEE AR A AN . 53R (E3)RH,
LT e R 23 PRtz v 5 R A B0 3 B A6 i Y A
[A], N k& RARAR BT A I e e A 2 AR
DMySEZ (SR

FH 47 %2 12 95 (Citrus tristeza virus, CTV) F1 5% Jik
J9i (Citrus yellow vein clearing virus, CYVCV) & #if
A SR el e i AL I P RS B o X LB 1 RN A
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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 cy-

tometry; H. The transplanted plantlets; 1. Plantlets in greenhouse; Bar = 5 cm (H), 3 cm (A), 1 cm (B. D-F), 1 mm (C).
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Induction of embryogenic callus from Zaohong navel orange and regeneration of plantlets
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S. Satsuma mandarin; R. Robertson navel orange; Z. Zaohong navel orange; 1~23. The regenerated plants of Zaohong navel orange. Primers: A. In-

Del pl1; B. InDel p7; C. InDel p11; D. InDel p15.
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Fig. 3 The InDel marker profile of the regenerated plantlets of Zaohong navel orange
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A-C, D-F. Virus detection results for CTV and CYVCV; A, D. Regenerated plantlets of Satsuma mandarin Guoqing No. 1; B, E. Regenerated plant-

lets of Lane Late navel orange; C, F. Regenerated plantlets of Zaohong navel orange.
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Fig.4 PCR-based virus detection for citrus regenerated plantlets
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