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Genetic analysis of citrus fruit- related traits in the progeny of Ehime
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Abstract: [Objective] This study was conducted to address selecting parental lines in citrus hybrid
breeding for improving fruit quality traits. A cross was made between Ehime No.28, a high-quality hy-
brid cultivar, as the female parent, and Kanpei, a late-maturing cultivar, as the male parent. Twelve key
fruit quality traits were systematically evaluated in 45 stable yielding individuals from the hybrid popu-
lation. Genetic analyses included skewness analysis, calculation of transmission ability, and estimation
of mid-parent heterosis rate (RHm). The study reveals the inheritance patterns of fruit morphological
traits, sugar and acid components, and seedlessness, and provides reference for parental selection in cit-
rus breeding programs. [Methods] This study systematically evaluated quality traits of ripe fruits from
45 individuals at stable yielding stages. From each plant, 9- 10 representative fruit were sampled for
analysis. A total of 12 core traits encompassing fruit morphology, physiochemical quality, and color pa-
rameters were measured. Single fruit mass, peel mass, and pulp mass were determined using an elec-

tronic analytical balance with a precision of £0.01 g. Longitudinal diameter (vertical distance from fruit
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apex to pedicel) and transverse diameter (maximum equatorial diameter) were measured with a vernier
caliper to calculate the fruit shape index (longitudinal/transverse ratio). Peel and flesh color were quanti-
fied at three points along the fruit equator using a spectrophotometer, supplemented by visual valida-
tion. Total soluble solids (TSS) was measured with a handheld refractometer with 3 technical replicates
from blended juice, while titratable acid (TA) content was analyzed by automatic potentiometric titra-
tion with 0.1 mol - L' NaOH. Data were processed in Microsoft Excel 2019 to compute mean values,
standard deviation, skewness, and coefficient of variation (CV). Genetic analysis included skewness as-
sessment to classify trait distributions (e.g., normal or skewed), calculation of transmission ability (7a)
to evaluate inheritance intensity, analysis of high-parent ratio (HH) and low-parent ratio (LL) for ex-
treme phenotypic differentiation, and mid-parent heterosis rate (RHm) to assess heterosis or depression
effects. These methods collectively elucidated the genetic patterns underlying fruit morphology and
physiochemical traits. [Results] The hybrid progeny exhibited significant diversity in fruit morphologi-
cal traits. Fruit shapes were categorized into four types: oblate (13.33%), high oblate (37.78%), round
or subround (31.11%), and ellipsoid (17.78%). Peel color showed a bimodal distribution between or-
ange (42.22%) and orange-red (57.78%), while flesh color demonstrated dominant inheritance, with or-
ange flesh present in 97.78% of offspring. Single fruit mass averaged 145.63 g with significantly right-
skewed distribution (skewness = 1.08) and high variability (CV = 49.09%). The transmission ability was
63.89%, with 84.44% of progeny below the low-parent value, indicating strong environmental interac-
tion. In contrast, the fruit shape index averaged 0.91 with quasi-normal distribution (skewness = —0.09),
low variability (CV= 10.76%), and high transmission ability (107.11%), consistent with polygenic addi-
tive inheritance. Peel thickness averaged 2.97 mm with right-skewed distribution. The seed number trait
showed exceptional characteristics: mean value of 0.76 seeds with extreme variability (CV = 306.11%),
and 88.9% of offspring maintained seedlessness (0—1 seeds). Flesh recovery averaged 74.00% while
juice recovery reached 41.00%, both showing left-skewed distributions. TSS averaged 14.41% with sig-
nificant transgressive heterosis (mid-parent heterosis rate, RHm = 18.56%). Titratable acid (74) content
averaged 0.49%, showing heterosis depression. The solid-acid ratio reached 34.80 with high variability
(CV = 44.80%), indicating complex genetic and environmental regulation of sugar-acid balance. [Con-
clusion] The results indicated that the fruit shape index conforms to a polygenic additive inheritance
pattern, exhibiting a quasi- normal distribution and demonstrating high genetic stability. Single fruit
mass showed a significantly right-skewed distribution, suggesting that this trait is susceptible to both
gene dosage effects and environmental factors. 7SS displayed transgressive heterosis, while titratable ac-
id content exhibited hybrid breakdown. Compared to other citrus hybrid combinations, this combination
demonstrated distinct characteristics in fruit shape stability and sugar-acid balance, particularly with a
favorable genetic performance in the solid-acid ratio trait. Based on the findings, the fruit shape index
and solid-acid ratio can serve as stable criteria for selection in hybrid citrus breeding. In practical breed-
ing programs, prioritizing the screening of these traits is recommended to enhance breeding efficiency.
Future research should focus on elucidating the molecular mechanism of the S-locus regulating seedless-
ness and assessing the stability of this trait under different ecological conditions. Additionally, further
validation of the parental selection strategy proposed in this study across different hybrid combinations
is warranted. The results provide a foundation for parental selection in citrus hybrid breeding and offer
insights for genetic improvement of fruit quality traits.
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The upper portion illustrates the comparison of fruit shape, and the lower portion demonstrates the comparison of peel color.
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Comparison of fruit shape and peel color among hybrid offspring
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Table 1 Analysis of peel color, flesh color and fruit shape of parents and hybrids

SEK Parent FAX Offspring
AR Trait FUE 28 H | ) . )
Ehime Kashi No.28  Kanpei
RSIBAR e ot [ ) i [T i BT T i [ [HESnA WaRITE
Fruit shape High oblate Oblate Oblate High oblate Round or subround  Ellipsoid
FARS B HE P L g 13.33 37.78 31.11 17.78
Percentage of offspring/%
R B, & {7 Orange R fh Orange P& f4Orange P4 {4 Orange-red
Peel color
AR B & LA 4222 57.78
Percentage of offspring/%
RABIUE, & {7 Orange {1 Orange M Orange  1B4L Orange-red
Flesh color
TARY BRI & LA 97.78 2.22

Percentage of offspring/%
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Table 2 Genetic analysis of single fruit mass and fruit shape traits of parents and hybrids

“FH)1H Mean F4R Offspring
2N BRWE ., TR Pl EREH (R dik R IRIE PR
Trait Ehime Kanpei MP bRz CV’;/” Sk:;vness fei )y SRbiA SRLER #Bx

Kashi No.28 P Mean+SD ’ Ta/% HH/%  LL/% RHm/%
R PRE 203.89 252.01  227.95  145.63+67.12  49.09 1.08 63.89 889 8444  -36.11
Single fruit mass/g
Pz 69.41 66.48 67.95 64.05+11.68 18.24 0.12 9426 3333 55.56 -5.74
Longitudinal diameter/mm
e 73.95 87.58 80.77 70.33+9.85 14.01 0.16 87.07 4.44 66.67 -12.93
Transverse diameter/mm
RIBHEHL 0.94 0.76 0.85 0.91x0.10  10.76 -0.09 107.11  40.00 6.67 7.11

Fruit shape index
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Table 3 Genetic analysis of peel thickness, seed number, edible rate and juice recovery of parents and hybrids
“F141H Mean T4 Offspring
o ARG gy RV g g R EEUEhRR
Trait Ehime Kashi Kanpei MpP i CV/“/; A Skewness Rty SEE SRR #BX
No.28 Mean+SD Ta/% HH/% LL/% RHm/%
JL R JZFE Peel thickness/mm — 2.26 278 252 297£0.72  24.33 0.81 117.78  53.33 15.56 17.78
-7 Seed number 0.00 0.00  0.00  0.76£233 306.11 3.42 NA 11.11 0.00 NA
T] &% Edible rate/% 86.00 81.62  83.81 74.00+8.00 10.18 -0.30 88.57 6.67 86.67 -11.43
H 7T Juicing recovery/% — 64.00 53.41 58.70  41.00+9.00 22.42 -0.60 69.16 0.00 93.33 -30.84

TE:NA FORIESRAR B TR ERIEH 0 BIEET 5T AL Gt & 7 5 R A At ik R AR R R

Note: NA represents under the genetic background where the seed number trait of parental materials is typically zero, the traditional Transmission

ability and mid-parent heterosis rate calculation systems exhibit limitations.
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Table 4 Genetic analysis of soluble solids, titratable acid, vitamin C content and solid to acid ratio in parents and hybrids

¥ Mean T4 Offspring
FERR EERG g TR e oL BME A MEIE R
Trait Ehime Kampei T RRMEE TR O TEBT RIE RHE %
Kashi No. 28 Mean+SD ° Ta/%  HH/% LL/%  RHm/%
wCEPEE D 13.30 11.00  12.15 14.41£2.10 14.55 0.05 118.56  71.11 6.67 18.56
Soluble solids content/%
pCTER) 0.82 0.24 0.53 0.49+£0.20 41.41 0.68 9246  8.89 8.89 -7.54
Titratable acid content/(g- 100 mL™)
w4 R O 24.71 41.19 3295 32.80+8.71 26.57 0.52 99.55 1556 2444 -0.45
Vitamin C content/(mg-100 g")
[#] 12 kL Solid to acid ratio 16.21 45.40  30.81 34.80+15.59 44.80 1.02 112.96  20.00 6.67 12.96

3 W w

BT LA 5% 0 28 5 > H P A S HE AR I FURT
R, R BIRRTF P E S s LRIk 2
HEIEZRS A0 fF 6 22 SRR I Mgt A A 1Y , 3 BHAZ IR
2 AL R RIS ] . X — R S A
£ HB <Mt 4 5 J A8 B4 S0 AR AT AR [ AL
AT FEAR D20 (R B 5 4 R — B, B R PR 3
HEEBREARRES . BRI 28 5 1B £ Tk
FER R, 1T Re-5 AR 4 i 73 2R S R S K W B i
5 BT I DG 3 DR 1 S PR SRR A Ok ETE L
AT PR BB BILSR, BEAX JE R RS
RICARE A B350, R REAR B AL 8 StE Y
Foe ik F FAER™,. Ak, g 24w i R
FEAR 42 2 K (Ul CgABR1—CgFAD) £ R 529\ m) A K
R PR T Dy RE R W BEACH] g i ik v 55 A B K]
& R BRI FR 50, ML N, R E R
HH IR R A5 O 2 0 A AV v R PR S R FR R i M
R 52 J DRI 771 B 8RS IR HLAE R 4%, b B g P A
HECI A Fa AR A o B s i FS AR AL

FEXT A5 SR SR S 5L o T T R T
AR ER G 70 B R B, R B S WD A8 A
S, TAYMES T HORE, BB REEIER S R
R IL S R AL R WZ AR T B 52 B Ak S5 07 A
SRR A7 2 HE D PR AL . X — 4
G MHE = AR b R B8R 32 2 HE DR R I R
R R, W F AW R EY], REKE
HRIE R (U CsGRFs S5 ) FEA ISR A 2 825 72 57
AL, AR R ERIONME LS AT, TAUE IR
TR AR B R AR ey, R I AR A2 B 0 % 1
PEIF I R 3B ARG E , 31X 55 Al < A 24 SR AR ER B 7T
SRR B, R 2R S A, AU E
WA T XK, R ARF IR, TS R R
PR A AR IV PN L B G R AN e S
AR, 2 88.89% TAUIRFF K R, 5 XURFE
E— 350, 555 S A7 s S b A7 0O 428 FR AR R 2
RORA R A B T, AT RE S AR A B T AR AR
R . 2R b, ik 4 AT 108 A% A% 8 70 L
o » 2 B AR RN AE LR B o 4 = S AL, T
PR 2R A AT 7 A — S R
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AN AR I B R R R AR A, SR RGP AT 52
RS FE DR B e M, 7E S S AL e xR
HH A L 52 B SRAL AL, e [T LA 22 B BB AR AR
RIEH ) B AERIA T8, AR o] W IR
BRI BN SRR MO TR
WK W, CitSAR . CitSPS4 A1 CitGAD4 %5 3 [K 78
SR G TG W R RS A HLRR AR o [ R L
BA— @B, hah, 4ih R C & EAE%R
P AR AS 73 A, I E 1) R SR AR 3 A s
& 52 Pt A AL A ¢ 3 B (0 CsGGP CsAAO)
WFFCHe H, 44 3R C & BRI AL Rl )
1o (H 20 R SR R 2 R ™, 5 AR S A2 BA B
URPE B R M 45 R — 3. 28 B RTIR B R 4
AR CEHEESRUWMERRI N 2 B B 535
FAESLAE FIRHIE , 3R B H o B 7R 45 & st 1 Sk 4%
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4 & B

AR SR T & R T & S AE R AR
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G2 A AR B ENR . AR R
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