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Abstract: [Objective]lTo improve the quality of citrus seedy scion cultivars and the stress tolerance of
citrus rootstocks, we explored and identified citrus doubled diploid seedlings from six local citrus culti-
vars and germplasm resources based on the presence of spontaneous doubling of nucellar cells in poly-
embryonic seeds. Citrus triploids are usually seedless and can be produced from the hybridization be-
tween diploid and tetraploid parents. However, the lack of citrus tetraploid germplasm resources has
greatly limited the application of ploidy hybridization in citrus triploid improvement. And it has been
extensively reported that tetraploids are more resistant and adaptable than diploids in higher plants.
Therefore, it is urgent to explore tetraploid germplasm for the genetic improvement of local citrus culti-
vars. [Methods]Following the harvest of the citrus mature fruits, the seeds were extracted with seed
coat stripped and placed in a thermostat to accelerate germination. When the seeds germinated, they
were sown in pots and cultured in a controlled growth chamber. After the seedlings grew with 2-3

leaves, putative tetraploids were visually screened based on the morphology of their root, leaf and oil
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gland. The putative tetraploids usually have thicker and shorter taproots, fewer lateral root, smaller leaf
index and decreased oil gland density. Their ploidy level was determined using flow cytometry and
shoot tip chromosome counting. In addition, the morphological indicators of tetraploids and correspond-
ing diploid seedlings were measured at the same developmental period (about 30-50 d after sowing), in-
cluding root length, root diameter, number of lateral roots, stem diameter, leaf length, leaf width and
leaf thickness. The genetic origin of tetraploids obtained in this study were further analyzed using 11
pairs of simple sequence repeat (SSR) primers. [Results] Changshan Huyou pummelo, Wenling Gao-
cheng, Xinhui sweet orange, a hybrid of blood orange with Clementine, Quzhou Xiangcheng and Sour
orange respectively contains 1.4, 3.4, 8.0, 7.1, 5.6 and 5.8 embryos per seed, which indicated that these
six genotypes were polyembryonic and different genotypes had variable number of embryos. Based on
the morphological observations of root, leaf and oil gland of seedlings, we screened 24, 4, 7, 11, 10 and
88 putative tetraploids respectively from the 890, 72, 373, 709, 303 and 1992 seedlings of Changshan
Huyou pummelo, Wenling Gaocheng, Xinhui sweet orange, the hybrid of blood orange with Clemen-
tine, Quzhou Xiangcheng and Sour orange. A peak at 50 of elative content of DNA was observed in the
plants of the diploid, and a peak at 100 was observed in the plants of the tetraploid by flow cytometry.
The number of diploid and tetraploid by shoot tip chromosome counting was 18 and 36 respectively. By
analyzing the ploidy level of putative tetraploids, a total of 53 tetraploids were obtained,14 from Chang-
shan Huyou pummelo, 2 from Wenling Gaocheng, 4 from Xinhui sweet orange, 3 from a hybrid of
blood orange with Clementine, 6 from Quzhou Xiangcheng and 24 from Sour orange, with the tetra-
ploid pre-screening accuracy rate of 58.3%, 50.0%, 57.1%, 27.3%, 60.0% and 27.3% respectively. The
natural occurrence rate of the tetraploid was 1.57%, 2.78%, 1.07%, 0.42%, 1.98% and 1.20% respective-
ly in the above six genotypes. The morphological indicators of tetraploid and corresponding diploid
seedlings were measured. The results showed that the taproot length and lateral root number of tetra-
ploid seedlings from all genotypes were significantly lower than those of the corresponding diploid
plants; root diameter and leaf thickness were significantly higher. For stem dimeter, the tetraploid seed-
lings of Wenling Gaocheng and Xinhui sweet orange were significantly smaller than that of diploid
plants, the remaining four cultivars had no significant difference. For the leaf shape index, the tetraploid
seedlings of Wenling Gaocheng were significantly larger than that of diploid plants, while the tetraploid
seedlings of the hybrid of blood orange with Clementine were significantly smaller than that of diploid
plants, the remaining four cultivars had no significant difference. These results provided theoretical sup-
port for improving the tetraploid pre-screening accuracy rate. Among the 11 polymorphic SSR markers,
at least three SSR markers were successfully used for analyzing the genetic origins of tetraploid seed-
lings for each genotype. The results showed that the bands of 51 tetraploid seedlings were identical with
that of their corresponding diploid genotypes, indicating that all of these 51 seedlings were originated
from the chromosome doubling of nucellar cells of their corresponding diploids. And the remaining two
tetraploids from Changshan Huyou pummelo showed some bands different from their corresponding
diploid, indicating they might be originated from sexual hybridization with unknown pollen parent.
[ Conclusion]This study indicates that it is a simple and efficient approach to explore tetraploids from
seedling populations of polyembryonic citrus genotypes based on preliminary morphological screening
combined with flow cytometry and SSR analysis. These tetraploid germplasm resources explored from
the study would be potentially valuable for scion and rootstock improvement and related fundamental
researches in citrus crops.
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Table 1 Sequence of SSR primers

ElE7 B2 Elkv2 7 SCHR
Primer name Primer Sequence Reference
MEST256 F:CATTAAAATATCCGTGCCGC; R:GAGCAAGTGCGTTGTTGTGT [12]
MESTI131 F:TACCTCCACGTGTCAAACCA ; R: GCTGTCACGTTGGGTGTATG [12]
MESTS86 F:CCTCTCTGGCTTCTGGATTG; R: CCAACTGACACTAATCCTCTTCC [12]
MESTS8 F:GCCTGTTTGCTTTCTCTTTCTC; R: ATGAGAGCCAAGAGCACGAT [12]
MESTS56 F:AGTCCGCCTTTGCTTTTTCT:; R:GGTGCAAAAGAGAGCGAGAG [4]
mCrCI03D12a F:GCCATAAGCCCTTTCT; R:CCCACAACCATCACC [4]
mCrCIR03G05 F:CCACACAGGCAGACA; R:CCTTGGAGGAGCTTTAC [13]
mCrCIR07D06 F:CCTTTTCACAGTTTGCTAT; R: TCAATTCCTCTAGTGTGTGT [13]
mCrCIR01F08a F: ATGAGCTAAAGAGAAGAGG; R:GGACTCAACACAACACAA [14]
mCrCI02D04b F:AGCAAACCCCACAAC; R:CTCTCTTTCCCCATTAGA [15]
Ma2_ 1480 F:CAATCACAGGAGCGACTTCA ; R:CTCAATTCAGCAAACCGACA [16]
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MCHE LA TR B R 2 AR IR 2 A 1

FIEUARAS 73662328452, 164 Al 1273 Kifh 1, 715
B R N 9.2.3.1.13.1.8.2.32.8.94 K. N
YA 6 A B Rl R I B L 2 IR AR B, BUCREAS
Fl10 R R F S IR 45 R EoR (B 1D, 5 LH A

PN ZFHE TR FE [ 80.20.25.55.5136 MR 2 SR s,

A TRFEZ TR T B BRI —HIMh T 3 BR4l .
A. Polyembryonic seeds of Sour orange; B. Three seedlings generated from one seed of Sour orange.
1 EEMTHEZEAR

Fig.1 Polyembryony in Sour orange seeds
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Table 2 The tetraploid seedlings identified from six citrus polyembryonic genotypes

o .. " FAUTEE BEMAZ (5% DURE A% MIRTIES R R RS FERT
it o S ¥4 . . .
. . No. of No. of putative ~ No. of confirmed Accuracy  Population Time
Cultivar No. of fruits No. of seeds . . .
seedlings 4x plants 4x plants rate/% incidence/% duration/d
LA 80 736 890 24 14 58.3 1.57 27
Changshan Huyou pummelo
0 20 62 72 4 2 50.0 2.78 50
Wenling Gaocheng
et 25 328 373 7 4 57.1 1.07 37
Xinhui sweet orange
e LA 2 A 55 452 709 11 3 27.3 0.42 48
Hybrid of blood sweet
orange with Clementine
TN AR 5 164 303 10 6 60.0 1.98 31
Quzhou Xiangcheng
i 136 1273 1992 88 24 27.3 1.20 36
Sour orange
BATAEE 321 3015 4339 144 53 46.7 1.51 38
Sum/Average
A B
160 160
=120 <120
= 3
S S
s 80 1 80
40 40
0 shaadli o i 0 il Ap L Q
0 100 200 300 0 100 200 300
TOGHPE TG BE

THE fluorescence intensity THE fluorescence intensity

A-B. FUAZANRAAGE 52 (A, 54K B, PUAG4O s C-D. ARG AT B (C. 54K, 20 = 20 = 18;D. DU, 20 = 4x =36) .
A-B. Ploidy histograms of the diploid and tetraploid plant determined by flow cytometry (A. Diploid; B. Tetraploid); C-D. Shoot tip chromosome
counting (C. Diploid, 2n = 2x = 18; D. Tetraploid, 2n = 4x = 36).

B2 R ARR R ERE B S E R R A E AR A1
Fig.2 Ploidy analysis of putative tetraploids screened from Sour orange using flow cytometry and shoot tip chromosome

counting technique
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At AR JE R ARG 2 2R R AR 20 58 ) I T BRI L — 5 44

A RIS LA A B WA AR g B A s C. RIS TS D. A A A Ao 4
A. Morphological difference between the diploid and tetraploid seedlings of Wenling Gaocheng; B. Hybrid of blood sweet orange with Clemen-

tine; C. Leaf morphological difference between the diploid and tetraploid seedlings of Wenling Gaocheng; D. Hybrid of blood sweet orange with Cle-

mentine.
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Fig. 3 Morphological difference between tetraploids and the corresponding diploids seedling of Wenling Gaocheng and

Hybrid of blood sweet orange with Clementine
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Table 3 Root, stem and leaf morphological comparison between tetraploid and their corresponding diploid seedlings

o g (ot TiRK MR %L HRAH E-viil AR RS
(D?uultivar Prlloi d Root length/ No. of lateral Root diameter/ Stem diameter/ Leaf thickness/ Leaf shape
Y mm roots mm mm mm index
UL 4x 49.12422.83 2.30+1.64 0.80:£0.33%* 1.49+0.12 0.21£0.02*%*  0.97+0.18
Changshan Huyou pummelo 2x 08.7148.85%* 8.7142.14%%  0.23+0.04 1.50+0.11 0.15£0.01 1.040.14
U v b 4x 39.46+18.05 0.33+0.58 0.80+0.09%* 1.30+0.30 0.18+0.01%*  1.03+0.14*
Wenhng Gaocheng 2x 88.87+12.05%* 8.55+2.38%** 0.64+0.15 1.52+40.20% 0.14+0.02 0.850.09
B[Rl (o 4x 24.39+7.50 1+1.41 0.88+0.15%* 1.1+0.20 0.18+0.02* 1.56+0.36
Xinhui sweet orange 2 782145.58%%  6.67£2.07%%  0.50+0.12 1404010 0.150.02 1.83+0.27
7 RS 25 b 4x 28.71+15.14 7.00+6.56 0.9940.03%* 1.40+0.27 0.23+0.03* 1.19+0.13
Hybrid of blood sweet orange with
Clementine 2x 73.60+22.76* 15.0043.58%* 0.51+0.07 1.35+0.16 0.19+0.01 1.93+0.11%*
P A i 4x 44.42+8.64 2.00+1.87 1.04+0.09%* 1.65+0.32 0.21£0.04* 1.374+0.08
Quzhou Xiangcheng 2 102.64+6.22%%  14.60£2.37%%  0.65+0.16 1.90+0.18 0.18+0.02 1.4120.10
[ivds 4x 44.91+17.12 3.31+1.38 1.1740.27%%  1.68+0.21 0.22+0.03%*  0.98+0.12
Sour orange 2x 89.75+12.76%*  6.56+1.81%* 0.55+0.08 1.53+0.09 0.17+0.01 1.1240.19

R P CP bR 2D Ji5 TR R — AR DY AR 2 TR 42 25 22 57 O p < 0.05:%* p < 0.01)

Note: The values (meantstandard deviation) with * indicate significant difference between diploid and tetraploid (* p << 0.05;** p < 0.01).

A 2x 4x B 2x 4x
mCrCIR07D06 MEST131 mCrCI03D12a
MEST131 mCrCIR01F08a MEST88

D 2x E 4x 2x 4x
F o 2x 4x

MEST256

MEST131

mCrCIR01F08a

AR IR SR BT ILAGS A s C. A MR DL BT 2B B W B F. RS
A. Wenling Gaocheng; B. Hybrid of blood sweet orange with Clementine; C. Quzhou Xiangcheng; D. Xinhui sweet orange; E. Changshan Huyou

pummelo; F. Sour orange.
4 FHIBOEAENRE SSR 2 FEE
Fig. 4 SSR profiles of the tetraploids with their corresponding diploid parents
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