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An Analysis of the Heritability of Phenotypic Traits Using Chloroplast
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Abstract - Developing and breeding improved legume-based food resources require collecting useful genetic traits with
heritability even though requiring some time-consuming, costly, and labor intensive. We attempted to infer heritability of
nine genetic traits—days to flowering, days to maturity, period from flowering to maturity, the number of seeds per pod,
100-seeds weight, and four contents such as crude protein, crude oil, crude fiber, and dietary fiber—using 455 homologous
chloroplast gene sets of six species of legumes. Correlation analysis between genetic trait differences and phylogenetic
distance of homologous gene sets revealed that days to flowering, the number of seeds per pod, and crude oil content were
influenced by genetic factors rather than environmental factors by 62.86%, 69.45%, 57.14% of correlated genes (P-value <
0.05) and days to maturity showed intermediate genetic effects by 62.42% (P-value < 0.1). The period from flowering to
maturity and 100-seeds weight showed different results compared to those of some previous studies, which may be
attributed to highly complicated internal (epistatic or additive gene effects) and external effects (cultural environment and
human behaviors). Despite being slightly unexpected, our results and method can widely contribute to analyze heritability
by including genetic information on mitochondria, nuclear genome, and single nucleotide polymorphisms.
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(narrow sense heritability) &2 Al&E3}1E] =0 2ol &
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A7 S AR G3Kadditive gene
of ujgs Hleict, o 4%
s3] 47H) A B3k o
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AR5 54, B, 52 W (pattern) —& o8 = ATt
(Blomberg et al., 2003). 7|5} do|, M2z} W=, fujo] Y

=, 9 5 5t ge Alme] 72 B
B2lo] gl A0 PelA glow, §

ohe oAl ABA Al50h 41

oF 2= o)tk Avila—Lovera et al, 2023; Yassin et al, 2022).
AT Ao AlE A AlsE R 2 skel HE
%A} A B (gene information) & ©]-8-6to] 4T 4= Ql=d] 4]
=9 A5A A= AT A2E g5kl Adsitt
(Yaradua and Alzahrani, 2019), uUsHH AlE-9] G274 -4
A= 2717} Bl A R2(110~150 kb) HHH, A48l da
3} oY R & AYAkSH= T4 5 A A} (essential genes) S L35}
1, SAA A ZHDNA recombination), $~H 2 G2z} o] %
(lateral/horizontal gene transfer)o| 7 2] HFAYG}R] ko
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a1 Q17| wfEo]chRivas et al, 2002; Sim et al, 2022; Sousa
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St Q= T 6(A=F, Sl Phaseolus lunatus), O]
, HIE7 13 Cajanus cajan), 501, AW Lablab purpureus))
= oz Fof w2 FHiA] FE o] Ao]e} NCBI (Dobrogojski
et al., 2020)1 A AlF3l= 650l tigt AEAU -4 HES
o-§3t A Aol & HASHT), 2|1 4 JFHAE
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(UNK, Unknown origin) & £3| B]E7|Z0] 150%}¢] alig
SRt 8 YARE ATERS wf, Yol g2 YIZ(NPL)o
A 1971, o)L QIE(IND) oA 54AHY, AAZELS =t
(THA) I} vlZol| A 22} 1574 Y 143102 2 Q1%
=12 Zhdo] == Sl o] utol| u| K MMR), H=4(KOR),
ZAJOHRUS), ©-2H|7| AEHUZB) 5 Thofsl 27l A& A
FHEGom, Fhaoll A= AHFo] 62Hd 23 =] Sirk(Fig, 1).

T Ak w9 58k A 52 skl A 5

QAR AME (e AZEA A 2017E5E 201967t

150

Species

W Cajanus cajan

= gtcer arielinum -
yamopsis tetragonoloba

B Lablab purpureus

W Lens ciulinaris

100 W Phaseolus lunatus

Count
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Fig. 1. The origins of the corrected six soybeans (germplasms
>5).
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A 557 652 324164 Fejd] S AL Choi et al,,
2018), A+ 2 EA A= F PRI Al 2] (Germplasm
Management System, GMS) I K9-8 (https://genebank,
rda, go kr)S 8|4 Al 3-5}aL QAthH(Park et al, 2020b), £ A
FollA] AR 50 e FEE 6350lM T AR T}
27](seeding date), 7l2F7](flowering date), Ad<:7](maturing
date), B H<>(the number of seeds per pod), 10085(100—
seeds weight), & (crude protein), ZA|%H(crude oil), &
AG-(crude fiber) @ Alo]A 8 (dietary fiber) ZAFAIS AN
SF3{tHTable 1), 3571, 7N3k7], <71 7152200 W Al
717} et27] diizofl g7 )04 7Hek7 17121 9] 7Hekd4(days to
flowering), TE7|ol| A A<7]712) 2] A&-U4=(days to matu—
rity), 7HE}7 10l 435717122} Ad<Ld4(period from flowering
and maturity) S £2|QF d4(Julian date) 2 H3E5}o] A4k}
=t o] &2 Ao A7 o) Qe Ao AP A
ok, 19 F "o 100852 59 % S wE
T e 7R S FY S Al aclse A
dFeh o] 8251l ¢ A QTtH(Cho et al, 2006; Kim et al |
2013; Younis et al, 2008), 12]1L A& 0 2 A 2 Q3 A% &
o) Shjsl gepael HES Ao RA BT TELS
Sl 2 W AEE A, B A0l A AT S gl
Aol 2 e 215y @%— B 91 A1)

Table 1. The number of germplasms surveyed genetic traits in six species

Crop Cajqnus .Cicjer Cyamopsis Lablab L.ens . Phaseolus
cajan arietinum tetragonoloba purpureus culinaris lunatus

# of IT 156 80 62 36 69 49
Seeding date 156 80 60 35 69 48
Flowering date 146 72 60 33 65 48
Maturing date 145 72 60 23 67 49
The number of seeds per pod 144 72 58 23 51 48
100-seeds weight 141 72 60 23 48 48
Crude protein 3 72 60 8 29 46
Crude oil 3 72 60 8 29 46
Crude fiber 97 72 60 23 20 44
Dietary fiber 3 72 60 8 21 44
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mer, 1985; Tian et al,, 2021). T35 6% tj3t & 4304 §
ol 92 W] S AUAE A]
$]3}o] NCBI®] Genbank®} refseq (O'Leary et al, 2015)°) 5
E5o] Q= GFA 934 HHEE Artemis Z 2 T3 (Carver
et al, 201)& 0|83} £710] AT 152 $307) A1
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WS ZoZ FHHEHJansen et al, 2008; Sveinsson and
Cronk, 2016). J=A] f-51Ako]| et Ale-& 243kl loiA

B Al A58 Bl tigh wAI7E JAAITHGong
alves et al , 2019; Park et al., 2020a), YHlA o g 2H=ES
93} 7|2 EA 02 AdH A2 SAXE o] 8= AL
Sto] & Ao Ole-clER O 2 RolE §74E A9j3}

T3 4727 AR} AL Baof] AREERo 2 AT AT
of BAEAE BeskA Sk

29| eH § An} A=A SR R BAS BN
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dean distance) AXFAI(A] (1)) 0831 THSharifi et al , 2018).
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AR A= H M (homology search) Ao A= RE &
A DL tharo 2 A o122 7)8ke] blastp 21

W(Altschul et al,
AR, ¢, )€k At (d

1990)L o] &5} A 7he] SARSE A (&
i )2 Aogt Al3o &2 AAkslgith 183 11

&2 @A (grouping) ol A= 7t Aol sl FHE 7MY -
ARE RS st gstelglt). 24 o Ale S5
T {AR7EEA S A 9] Zto) 7t 917 wiieell, 6
Fol FEHOT 9AHo] AR 2 18] o]0l T
SEH A A28 FARE gl dste] F 455709
AR} 55 Asieint, e 72 Rkt R Hnte] &
U3t 71522 FAE FARH 015 44, orthologous
gene) || 3Fs=A15 &R15}7] $l8te NCBIS] COG (Clusters
of Orthologous Groups) H|°]E|H|0] 2 (Galperin et a/., 2020)
of| ti3}o] Blastp best hit HAS =35}t 714 0= il

A a4 ke 54

£ 24 32 o] §ARE A

EA17] ezl 7Ht§X—4.?l AR gt Tl o] tEAA 7|
18]29] K~medoids (Park and Jun, 2009)2 Z1-&5}6] A]

w

> 5o d 8 HROR fARE fAES H3Hclus -

tering) 8}t AT o)A 249 SAEE 7 FHelsioin)
455719 AR 252 42t AR AAHdistance calcula—

Homology search

4

Grouping

4

[Distance calculation|

» Local alighment (Blastp)
» Coverage calculation

» Grouping other homologous genes for each gene
* Clustering gene scts using k-medoides

» Global alignment (Clustal-Omega)
+ Distance matrix of cach group (Phylip)

2t 2] Q2 A chsto] ABIY AT 7S et
ASEEZA 2fo|= 4727l SAAF LGS Fig 29} & 5 EL Fig. 2. Pipeline of grouping homologous genes.
Table 2. Genetic features of six species using Artemis
Features Cajanus cajan Cic.er Cyamopsis Lablab Lens culinaris Phaseolus
arietinum tetragonoloba  purpureus lunatus
Accession 1D NC 031429 NC 011163 NC 037714  MWI169030  KJ850239 MW423611
Size 153,841 125,319 152,530 151,916 122,967 150,902
Available CDSs (total”) 80 (80) 73 (75) 86 (88) 81 (83) 72 (73) 80 (82)
tRNAs 37 29 39 38 30 37
rRNAs 8 4 8 8 4 8

’All coding sequences (CDSs) including joined genes.
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Fig. 3. The date interval (Julian date) of six species. (A) days to flowering from seeding date (SD) to flowering date (FD); (B) days
to maturity from seeding date to maturity date (MD); (C) period from flowering to maturity.
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Fig. 4. Boxplot of phenotypic genetic traits of six species.
HEA FAAY o|FAFTE B4 AA o E FUS 7150l FAEMNS Aom 24T 4 Sl
FAo| gt FAA g TAE =810l $A Z2EF9 weba] o] 2Rk PEA| FAA 5442 areiste] 47271 H-1Ak
ASA| AL sk o2 24fo v fE U3t 7]5o] f4 7k, i 6500 T FAMIO] Al SES 5183 45571 1+
£l o 5454 07 orthologous gene)o] AFSHEAE B HAF 15O THslol Pavte] AAE RSt
A8}5t} NCBIC] COG glo|EH|o]AE tjAFC 2 Blastp best
hit AN SAE O, 659 ASA Yo 444 42 ASA HAAE 04T £RIY 1Y 34
o2 SRl o]FAdE/ FARE A 4727 Foll A 445 FAO| AE 4= U=AE FA5| flste] 650 5=
70(93.3%), K—medoides?|RFe] §-44}F & 7152Eh 53 SERHE 4557 FAAF 155 thdo s FejA Aol izt &
837850l Al T67H(91.7%) 0.8 EFE]o] i 65 o= 0|49 Apole} f14] Afo] o] At (Pearson’s cor—
A I, 7o) ool A Ee ey relation) B SARISIE, 61 2 09] A 400 )
production and conversion)¥} TH#H 2 M4 (Translation, ri— oA £-2]4=F0] 0,05 ©|5HP—value <0.05) % w2} 0.1 0|5}
bosomal structure and biogenesis) #& 7]'52] AR} L4 0] (P-value <0.1)Y wjo] HFATA 0] T}2 G021} vl
Th= 2R1%| }{tHTable 3), wbA] A=A F-A1E 9l & e A2 o= Apol 7k 4] ASITt, ol HEA| A A+
g ol U A Q] FHCsHiOp) = Tk HEA1S] JZ A=A Ao A B FZT} ez ol 4] FARE A2 0] BEEASH 8 .2l
FrAlell Bagh AR ek g o= Bagh T o 7l O3t AR ol & Qg AutE TehE|o] i Ao A= F94

02 §AAL FAE] 9, ] 5

[e) Z
E2 oA

SAAEA

=
R

0.05 ©]3Hp—value <005, AlZF7t 95%)9} 0.1 |5}
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Table 3. COG functions of the cluster of homologous genes

A YRS o8 7R

2
1
T

Code Function No. of genes No. of clusters

C  Energy production and conversion 263 45

Translation, ribosomal structure and biogenesis 119 21
K Transcription 24 4
O  Posttranslational modification, protein turnover, chaperones 13 2
I Lipid transport and metabolism 6 1
V  Defense mechanisms 1
X Mobilome: prophages, transposons 1
G Carbohydrate transport and metabolism 1
- Unknown function 27 7

Table 4. Average correlation coefficient for genes and clusters at each P-value

Genetic traits

Grouped genes (Correlation coefficient)

Clusters (Correlation coefficient)

P-value <0.01 =0.05 =0.1 =>0.05 =>0.1 <0.01 =0.05 =0.1 >0.05 >0.1

Days to flowering 0.515 0427 0411 0.200 0.166 0.516 0432 0419 0.198 0.171

Days to maturity 0.544 0460 0393 0226 0.165 0.541 0454 0395 0.211  0.150

Period from flowering to maturity 0.720 0.612 0.510 0.069 0.061 0.720 0.629 0491 0.069 0.060

The number of seeds per pod 0.537 0.443 0.431 0.209 0.183 0.535 0446 0436 0.189 0.169

100-seeds weight 0.669 0.477 0409 0209 0.183 0.618 0476 0419 0.111 0.094

Crude protein 0.565 0.519 0423 0.111 0.092 0.557 0.525 0418 0.138 0.125

Crude oil 0.586 0.474 0437 0.140 0.128 0.586 0473 0438 0.190 0.145

Crude fiber 0.578 0.445 0380 0.205 0.151 0.543 0446 0381 0.191 0.152

Dietary fiber 0.624 0.576 0.538 0.198 0.162 0.623 0.585 0.516 0.071 0.065

Average 0.593 0.492 0437 0.174 0.143 0.582 0.496 0435 0.152 0.125
(p—value <01, AZF7F90%) S T4 131} & 9714 o] =0l A 34.95%F HGATE 0.1 o]8Hp—value <0.1)]
FANA §-9J5=5E0] 0,05 oot wi= A7 0.43 o) Az 62.42%=5 HQItk, URbA O 2 A Jafo] w4
(H0.49)0]0a1, J-9]40] 0.1 0|51 745 0.38 oJAHH T 9] 222 XK high, 0.6)), Z(intermediate, 0,3~0.6), SHlow.
0,44) O &2 A7} thA 52 A 0 & SRIE|GIY, ol 0,30 % #53tal Sl e e o S S 4

942 0,059} 0,12 21el= 7Q-of= 220,23, 0,18 o512 A oFgko] b A8 Aor AT 4 QItkBista et al,
o Al B YltHTable 4), mHbA 7421 9 §-42) 1 2022; Khan et al, 2020), A§4:Q4 Th2 S0l 3 ¢l L] Ao
FollA FAl= A=eE 95% Y, WA= 90% He oA AR H A =2 fH8 0= delA QATHMesfin et al, 2021;
A QS 38 = UL HAR oA = e A Tola et al,, 2023) 2 A A= 242 0,052} 0, 10]|4] 22}
s 2RI 4= Aok 5,719} 8. 57%% A& 574 4= §llth. o= Fig. 3(0)°ll
o 7Hekd K&k o] F 7 geda=o] o7} AA] Y= *T% ‘ﬂ]i E}¢94

| 0H2 07 8 $ABS (Table 5),
ol thto] Aol Qb A7} R0l 5201 0,05 0
5121 2900 62,86%% 5ol 4 BRUAL} 2 AOR

o7 3

AR, 7] Aot ALK Bekele et al, 2012;

Seo et al., 2017; Toker, 2004), 1¥ ]|

[e] P
AEdp=

0.05 o3}

AEA HAAE Ao 2 EAPAN AR
S A=A

ZHRA A1 S (Ackerly, 2009), &

ol &

HAe Eow »ham

FHAF Edl(gene tree)

L 1}0o

R

A

=T E
[€]

2] (species tree)7H2] B-UX|(Nge et al., 2021), 33+ 329
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Table 5. No. (%) of genes and clusters at each P-value

Genetic traits

Grouped genes (% per total genes)

Clusters (% per total clusters)

P-value <0.01 <005 <0.1 >0.05 >0.1 <0.01 <0.05 <0.1 >0.05 >0.1

Days to flowering 2352 62.86 7187 37.14 2813 2593 6296 7037 37.04 29.63

Days to maturity 1736 3495 6242 6505 37.58 1728 3580 6049 6420 39.51

Period from flowering to maturity 3.96 571 857 9429 9143 370 494 864 9506 91.36

The number of seeds per pod 29.89 69.45 76.04 30.55 2396 3086 6790 72.84 3210 27.16

100-seeds weight 505 13.19 21.10 86.81 78.90 741 16.05 2346 8395 76.54

Crude protein 7.03  9.01 15.60 90.99 84.40 741  8.64 1605 9136 83.95

Crude oil 2791 57.14 7253 4286 2747 2593 53.09 66.67 4691 33.33

Crude fiber 791 2352 43.08 7648 56.92 9.88 2346 4321 76.54 56.79

Dietary fiber 6.15 7.69 9.01 9231 90.99 6.17 741 9.88 9259 90.12
Ro), el 4ot o] Tk £ SAAT S RUH ¢l R.0o] uhe b ot 312 o183t 47144l o
A4 (genetic advance) T 2o LELE §20409) S d(domi—  Ae]o) Az 2851w ol et Feld WAL 944 5
nance) -2 494 A K epistatic effects) 2] FF(Kumar et 2 243 Qo upat P L] afo] 2 H3eh 4= 9)7] wj el

) A

al,, 2017) 59| HH7E Qlo] A-ggs 2 o= weteh JH|
A ol Wi el 2ol RO AUl 3]
& SR 250l F94E 0.05 olstel ul, 27 69.45%
57.14%, 0.1 0|5} A= 76,04%, 72.53%%Z A =l
W, 10095, eI, 245 0 Aol4l = 6% olto] e
G914 (P—value »0.05)2 H ¥t} o]= 71 (common bean)
ol ZEhI, 245, Aoldgo] digh ¥l vke St
By AFATe} FARIATHBekele ef al, 2012; Escribano
et al., 1997; Jiang et al,, 2018a; Jibril, 2019; Leleji et al ,
1972), 19t E th2 Ao A= Fsoybean) o] £EHRE ) £
4199 $022 & A0 HIFSL= Viang et al, 2018)
R0 Aojo} oA W o] - aeto] et sfefet
= FEA bl ek AlEEA o A, A2 A 1], Al
o, AEAlel thet wof 9 vl &) AR 22 ks 5
ol oj#f £12l0] Aol7} AL AL WOl E3] 1009
Z2 A (selection pressure) 2 AF7H F-7Ax}o]| oJ9t (-4
A o] w2 A o2 UA +=t|(Chandrawat et al, 2017
Neelima et al,, 2018; Rimlinger et al., 2020; Rosbakh, 2014),
oputte tho] fAke] B4 B of ofsl AR E= FES
F74o] % ojgle A ow et

i

1]

= S

SR Ao A 207 A9 $) s HEd, §4

S} A 200 THE GRS AR UL A
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A 9 RES 97 FR 7 X4 B81 YrHolland
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