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Progresses in research on pomegranate seed hardness
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Abstract: Pomegranate (Punica granatum L.) is a fruit species cultivated worldwide. Pomegranate
fruits possess rich nutrition, unique flavor and important economic value, and it is favorite by people for
its nutrients benefiting to human health. As more attentions are being paid to the nutrition and health
protection functions of pomegranate fruits, its market demand has increased rapidly and the industry
has developed gradually. Pomegranate cultivars can be divided into soft-seeded cultivars, semi- soft-
seeded cultivars, hard-seeded cultivars, and so on. Seed hardness is one of the important quality charac-
teristics of fresh pomegranate, which determines the sensory quality of the fruit and consumer accep-
tance. In recent years, with the increasing attentions on the seed hardness of pomegranate fruits, there
were many studies focusing on the seed hardness formation and soft-seed pomegranate breeding, so as
to understand the reason for pomegranate seed hardness, and provide a reference to further study the ge-
netic mechanism of seed hardness formation in pomegranate. In the present review, seed hardness for-
mation and its influencing factors are reviewed, and candidate genes involving in seed hardness forma-
tion and the heredity patterns of seed hardness are summarized. As we known, there are two layers of
seed coats for pomegranate, that is, outer and inner seed coats. The soft and juicy outer seed coat is rich
in nutrients, which is the main edible part of pomegranate fruits. The inner seed coat is rich in lignin
and cellulose, which forms the seed hardness. The seed hardness formation is a process of lignin accu-
mulation in endoderm cells and thickening of secondary cell walls, namely, a process of lignification of
endoderm cell walls. The seed hardness is depended on cultivars, growing technology and environment,

while the genetics of cultivars plays the decisive roles. Lignin is composed of the primary monolignols
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p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, which form predominantly by oxidative po-
lymerization of the three major monolignols to generate the hydroxyphenyl (H), guaiacyl (G), and syrin-
gyl (S) lignin subunits. Nontarget metabolic profiling revealed that coniferyl alcohol and sinapyl alco-
hol were main monolignols accumulated in seed coat of pomegranate, while little p-coumaryl alcohol
was detected in the inner seed coat. Thus, S lignin and G lignin appeared to be the dominant lignin sub-
units in pomegranate seed coats. In addition, the accumulation of cellulose and hemicellulose in seed
coat was significantly different between hard-seed and soft-seed pomegranates, which suggested that
the accumulation difference of cellulose and hemicellulose in seed coat was also an important factor in
the formation of pomegranate seed hardness. Several genes involving in lignin, cellulose and hemicellu-
lose synthesis and degradation had special expression during seed hardness formation, which were iden-
tified and considered as the potential candidate genes involving in seed hardness formation.
Pgr011171.1 encoding POD, Pgr013634.1 encoding FSH, Pgr022328.1, Pgr006310.1, Pgr006318.1,
and Pgr006319.1 encoding CAD, and Pgr011171.1 encoding POD had lots of transcript accumulation,
accompanied with the sinapyl alcohol and coniferyl alcohol accumulation, were candidate genes involv-
ing in seed hardness formation. Basing on the results of co-expression network analysis of lignin, cellu-
lose and hemicellulose metabolism-related genes and the transcription factors for inner seed coats at dif-
ferent developmental stages with both hard-seed cultivar and soft-seed cultivar, Pgr000815.1 encoding
AUX-IAA might be involved in the lignin metabolism, and Pgr011491.1 and Pgr022940.1 encoding
AUX-IAA2, and Pgr017424.1 encoding NAC66 might be involved in the metabolism of cellulose and
hemicellulose. PgL0137670 encoding NAC transcript factor has a SNP site (T-C) at 166 bp, and the al-
lelic variant T site of PgL0137670 is associated with the characteristics of soft-seed, according to the
comparative transcriptome analysis of soft-seeded cultivar and hard-seeded cultivar. Besides, a number
of selective sites related to seed hardness including SUCS, SUC6, FOXO and MAPK genes were select-
ed basing on the whole genome resequencing analysis with different seed hardness varieties. However,
the gene functions need further studies. The growth environment also has a certain impact on the seed
hardness of pomegranate. Analysis of the seed hardness of pomegranate grown in different soils found
that the seed hardness of pomegranate grown in sandy soil was the highest, followed by loam soil and
the smallest in red loam soil. The study on the effect of different fertilization treatments on the seed
hardness of pomegranate found that the application of phosphorus fertilizer could reduce the seed hard-
ness, while the application of fertilizer such as urea, compound fertilizer and potash fertilizer had no sig-
nificant effect on the seed hardness. Gibberellin, 2,4-dichlorophenoxyacetic acid (2,4-D) and naphtha-
lene acetic acid are widely used plant growth regulators, and they have significant effects on improving
fruit quality. Research showed that foliar spraying of these growth regulators during pomegranate flow-
ering could significantly reduce the seed hardness of pomegranate. Although the study of hormones in
regulating the seed hardness of pomegranate has been reported in related studies, in the actual produc-
tion process, there is still a lack of suitable plant growth regulator application technology to promote
pomegranate seed softening. In conclusion, seed hardness is one of the characteristics of pomegranate.
Although different cultivation environments or artificial measures have a certain impact on the seed
hardness of pomegranate, this effect is relatively limited, and genetics is the fundamental factor that de-
termines seed hardness. Finally, the new pomegranate cultivars, bred independently in China and hav-
ing soft or semi-soft seeds, are introduced in the review. Summarily, the review will provide not only
the insight to further study on mechanism and regulation of seed hardness formation, but also the guid-
ance for genetic improvement and breeding in pomegranate.
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Fig. 1 Distribution of seed hardness of pomegranate
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Table 1 New pomegranate cultivars with soft or semi-soft seeds bred independently in China
=] <} M N S 25 o 7\
b RRIRER TR gy g gmpra A LH G
. Cultivar origin and . o . N Breeding
Cultivar . Main fruit traits Breeding organization
breeding methods year
SEWNE  REAMSAFAE RR ORI S G EH CERGE D)1 R BT RT 1999
BOFF i B VBRI Institute of Huili Pomegranate
Huiliqingpi- This is a bud mutation It has a big fruit, bright- colored peel and thin rind. Research
ruanzi of local cultivar Sanbai The seed is big, soft and juicy. Fruit is sweet and has
in Huili country good flavor.
LB AL B R EOR AR 2R R BOGE BUE MR B AL IR S A, SRR U b T AL R 2002
| LR IR, o A% Huaibei Forestry Bureau
Huaibeiruanzi I This is a bud mutation The peel is bright and the rind is thin. Aril is white
of local cultivar Huai- with red brilliant rays. Seed is soft. Fruit quality is
beihuangliruanzishiliu ~ good.
HEAL R TEAL ST BP0 AR ZE RBOGE BUS, B, L2 W R0t R 2 v T AL )R 2002
2 gk AR AR LN R T e Huaibei Forestry Bureau
Huaibeiruanzi 2 This is a bud mutation The peel is green with red blush, its surface is bright
of local cultivar Huai- and clean. Aril is red with brilliant rays. Seed is soft.
beihuangliruanzishiliu ~ Fruit quality is good.
AR WAL B RO AR A RO, R R A, AT AR SDIR S A B e E T AL R 2002
3w AR LY Huaibei Forestry Bureau
Huaibeiruanzi 3 This is a bud mutation The peel is green-yellow and the rind is thin. Aril is
of local cultivar Huai- white with brilliant rays. The seed is soft.
beihuangliruanzishiliu
LT E AR PR R ATHF B TR RAL RBOGTRLL RO 30, THR 20 ¥ 28 Wk 2Rl R 2003
Hongyushizi AR, d ot o Anhui Agricultural University
Variation of a local va- The peel is crimson red and its surface is bright. Aril
riety Huaiyuanyushizi  is yellowish with red in the apex. It has sweet-sour
taste and soft seed.
LFEA IO E R AR R SRR FE R T IO T 0 B A, R R AR, Bl R 2003
Hongmanaozi ~ Variation of a local va- ¥FRLEER, B At . Anhui Agricultural University
riety Manaozi The peel is green-yellow with red blush on the sunny
side. Seed is big and soft. Fruit is sweet and has good
quality.
JORTEORFEY R IR ML T 2 G B LD R RLLD IR € R, AR R R R TR R T A AR MR A 2007
Fancunruanzi A, O A Institute of Kaifeng Agricultural
Famous local variety The peel is bright red and arils are agate. Fruit tastes Sciences
in Kaifeng, Henan sweet. Seed becomes soft with fruit development.
Province
AR Do e Ry 2L P34 S LT R 410.0 g5 FRIE 56.0 gy R FEA R TR LR B 2007
Hongruyi WAL AR AP PERETEA & 8 15.1%: A6 7577 1X 9 H A .  Henan Academy of Agricultural
Hybrid offspring of Tu- Average fruit mass is more than 410.0 g. 100-seed Sciences
nisiruanzi and Fen- weight is 56.0 g. The peel is bright red. Soluble solid
pitian content is 15.1%. The fruit ripens in early September.
ATARS W= A RE R R LR BARPR 38 A A0 A6, RO R ook 2009
Baiyushizi A 5 KR AZEK Anhui Agricultural University

Variation of a local va-
riety Sanbai

The flower, peel and aril are light yellow to yellow-
ish-white. It has large fruit and big seeds. Seeds are
semi-soft and taste sweet.
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Table1  (continued)
] sk M 2S ey X SV /AN
i AFRIIER T g gepr LT A
Cultivar Cultl\{ar origin and Main fruit traits Breeding organization Breeding
breeding methods year
Ak 15 PR B ARRE TR R RIEDGE L RS (&Y, T, AR T T P XML ) 2007
Zaoxuan 1 AR The peel is red and surface is bright and clean. Arils Zaozhuang Shizhong District
Variation of a local are white and seeds are soft. Forestry Bureau
variety Guocunruanzi
il 35 IR B A RE TR AR RIMDGE LRI 2LE W, A2 R T 11 e XML 2007
Zaoxuan 3 AR5 The peel is bright red, its surface is bright and clean. Zaozhuang Shizhong District
Variation of a local The arils are light red and the seeds are soft. Forestry Bureau
variety Guocunruanzi
HARABA A RGO AREE RIGTIABE , R B 5, IRt P38 o b A2 e 40 M AR B 72 BT 2010
Faea IE RS IR 475 g, FFREER L0, 7 2R H il A% 490, X Zhengzhou Fruit Research Institute,
Zhongnongho-  Variation of Tunisiruan- W Chinese Academy of Agricultural
ng ruanzishiliv  zi The fruit is nearly round. Its surface is bright. The Sciences
peel is crimson in sunny side. The average fruit mass
is 475 g. The arils are crimson red in color. The fruit
is juicy, sweet, soft-seeded and having good flavor.
AR RIEIPRGIFF  REEEL P AT 410.0 g, FRLEE 56. 0 g, TR AL RFE B 2012
Hongshuangxi Z4%CikH PR VTR 91.4% , WA [ T & 58 15.1%, 4675 Henan Academy of Agricultural
Hybrid offspring of Tu- 7#[X 9 H 4] k. Sciences
nisiruanzi and Yudazi ~ The peel is bright red. Average fruit mass is more
than 410.0 g. 100-seed weight is 56.0 g. The yield of
juice was 91.4%. Soluble solid content is 15.1%. Gen-
erally, it ripens in early September.
ARR /¢ KW YR A RIS PR E 602.0 g, HRLE 56.2 g, B HSE BERE T AR MR B L ARG 2015
Hongyuruanzi % R85 I BH T 2L, 35 AL 6 12, AR ES TR0 5L < DY 148 A< R e b 20T 5
Variation of Tunisiruan- Average fruit mass is more than 602. 0 g. 100-seed Fif
zi weight is 56. 2 g. Fruit surface is red in sunny side, Panzhihua Academy of Agricultural and
while the rest is red and yellow-green in half. Forestry Science, Liangshan Subtropi-
cal Crops Research Institute and Sich-
uan Academy of Agricultural Sciences
E S DL 5] 3k i o RK, RBR A KPR AL, O T BERAE T AR MBIt L #2015
Zimei A cultivar imported It has big fruits. The peel and aril are purplish red, the 1E4HF 7057« DU N1 4 B} B [ 25 A 50
from Israel seed is soft and edible. Hr
Panzhihua Academy of Agricultural and
Forestry Science, Liangshan Subtropi-
cal Crops Research Institute and Sich-
uan Academy of Agricultural Sciences
TAR2SS RIGHEHA G REOGE S, R, 5 (A TE 85% LA b FFRE o [ b AR 27 B 4 MR R 72 BT 2016
Zhongshiliu2 4%k E L, T B WREREH , VT2 85.7% , /%A, A& H Zhengzhou Fruit Research Institute,
Hybrid offspring of Tu- & 7] 1, A AE . Chinese Academy of Agricultural
nisiruanzi and Yudazi ~ The fruit surface is bright and clean. 85% of the sur- Sciences
face is red. Arils are red. Fruit is juicy and sour-
sweet. The seeds are hemi-soft and taste well.
He AR PLE 1 5]k i e BT I 5 By 2L FPRLZL G, VT 2 ORET R, TR AR R 2 B b B ARE R BE 2018
Mule A cultivar imported b AR A I ST 53 B
from Israel The fruit is bright and clean. Its peel is pink, while Henan College of Forestry, Zhengzhou
seed is red. It is juicy, soft-seeded, sweet, and taste Fruit Research Institute, Chinese Acade-
well. my of Agricultural Sciences
F T PG 5] Tk b o TBOCHE AL KFRLAL v 2 URER, AR TR AR 2 B AL AR 2018
Malisi A cultivar imported The fruit is bright and clean. The peel and aril is red. M FHGHE 5L T
from Israel The seed is completely soft. It is juicy and taste sweet. Henan College Of Forestry, Zhengzhou
Fruit Research Institute, Chinese Acade-
my of Agricultural Sciences
HARIS S RJBHTHOR < AR | R, Jeni 5 KFRLZL €, v 2 BREITRR  FFRL o R MV A2 e 40 M SRR A 72 BT 2018
Zhongshiliu 8 54235 J51t B Zhengzhou Fruit Research Institute,

Hybrid offspring of Tu-
nisiruanzi and Zhong-
shiliul

The fruit surface is bright and clean. The peel and aril
are red. The fruit is sweet-sour and seeds are com-
pletely soft.

Chinese Academy of Agricultural Sci-
ences
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