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RSLTAZ ARG RVR, HEVEAS B S AT A oA (1 32 2SR o M A
VEAN G R G R AR JE D5 5 A A 5 DR AR ELAE FH SR I REVEAS B o DL S AT S BE A
BATEVEIRAE, BT VF 2 JOARAIAG T Sl o (H2, AHATS e fAs 5 PRI 2015 JE R 4
BRI RS (CMS) HUELEATERE . sr AR SR, % EFk1 2
W PN AR PEAS & RS o 45 HB A, R4S HB A RS A, A 70 200 o e
PEAE HIBAR UM o AT 5T LA HB Al BT A P LRl & XK AR, J8 i 2k 4
BEIRI2H Je A BRI 2H e, 2 ANTRE 17 v o & HB At 5T 4 ot B XS B R Ak ik
RIZH: MFERIHKFifiE 7 HB MRtz . PR RIE: I8 A AR
HB Al BT AR AT K 157 MM A S T & AR HB hh b A ik R 2 A% 5
LT, TEAEMER e 57 DN ELRARmIDEER L T CMS Fi 57
ORFs, Pkt orf88 1EJglG G FE R, % B 7E 10 142 400 M A 14 AN 3 Ll A T
Wt FERFFRLE R,

1. K15 EMNEMA HB Mgk ik R 4 5L 45 B

DL R 157 S5 2 A5 20 2080 HB Ml g6 v o albt , SR B ki ik DNA;
B 157 IS & 22U HB Al 2 B0 DNA. 7371k H Sanger.
Ilumina 1 PacBio =FlFHAR, 5e8ARE T K 15 M EM A HB fliZk
FIARFERZH: KN 5A 521,559 bp 1 518,274 bp, GC S84 45.06%F
45.14%, LRRIARGRIL S B 5N 36 135 4>, ‘EK 157 RN M A HB
ARAAFE R A A 28 D EAFX I, ML B 460,067 bp. [F]IT, RNA ZwiEfr
SR e KRR AE T P 1 it o (B L AR e
2. HB A1 57 2% i 4 o 0 A 2 DR 2H SR U

HB Ml a5 2 P 2R AR SE R /N A 538,434 bp, 5 R 157 RN EAH
LR BN LT —8 JEEARE— NI 16.8 kb [FIVEEH Bt 5 HB #l
2R b R I R A VR I A 472.3 kb (87.7%). FEERME TS B R, HB M
Jii AR AR AASE KIZH 96.9% 1 751 5 < [ K 15 Tl A BT L2kt IR 3.1%
72 HB At i J52 23 b 2 o 4 B R 281 (¥ o 527 71 HB AVl i A P 2R KL A4 B PR 4H 15 HB
MZ KR IR A 29 NEARX I, H 28 NEHIX S EK 157 B E
A1 HB M —#. HB MR CEK 15 M A & HB M4 N A
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KNSy 160,423 bp. 160,159 bp. 160,590 bp, GC &5 E&E N 38.47%. HB Hh
PR 2 b S FL SR AR I S A BE TR 2H 2 T AR AU IE 99%: HB MIfJsi = Fh 5 HB Al
SEARZERN A 54 11 A SNPs #1 42 /> InDels 285075, 5 ‘EK 157 @MHE
FH SR AR FE R 20 7 9145 384 > SNPs A1 120 4> InDels 28 747 4. 45, HB HliiE
JiR 2l S FLSR AR 5 R 22 LR 21 SNP A InDel St it45 SR BoR, HB i i
F RN IE R 21 5 B R S R 4135 F 946,383 4~ SNPs A1 200,661 4~ InDels.
1, HB Hl B2 Fh 99.8%M SNPs fi7 sl 96.9%[1] InDels fi7 555 HB #li— .
Uk, HB A5 % Al - £ A R0 200 Mt 2% 5 LR 48R K 1 HB il
3. HB il i J5E 2 P Bl o3 A PR AN 5 £ 30 S R 706 5 D e e

HETAHERHB AR M S EK 15 EINEHAAE R HB A4l
FNZRLAAR LRI 2 LE RS0 AT, 75 HB MRS FhAT IR 157 RN B R Zoh i
PRIZH H 43 i 4 8 21 21 260 20 5% CMS ZRRifAki =71, 89 F1 70 A CMS H55¢
ORFs. MIiXebiF 5 ORFs 1% 2 B rpsl 373 138 bp HAMNFHIE R — Mk & ¥
SEAS DN16978 1) 3 N5 5 ORFs Corf55. orf59 Al orf88) . #4554 DN16978 ¥4
HH R RIR BRI NI, BRI SRR R, IR R — RIIAF R
Yo B BE 5 RA SURT I 40 L A PN X — /MR 5 ORFs 45 SRR 0r/88 Hlid a1
BB, HE S E5HRREEMESIK, AN orf88 AT AEZ HB A5 44
it CMS JER . I F B BEXUCR AL 7 PR SOR 3R AS orf88 HAFHH CsNADH (NADH
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F LUC 96K SEIe 2 orf88 5 CsNADH JEREAE . WANME (7 27~ orf88
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RG] MIAG: SRLARIEDR A s Mo s HPRSRETE AN s SRR B = 7 51
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ABSTRACT

Seedlessness is highly desirable traits for citrus. Male sterility is mainly
responsible for seedlessness in widely-cultivated citrus varieties. Male sterility is
caused by mitochondrial genes with coupled nuclear genes in Satsuma mandarin.
Sexual crosses that utilized germplasm with Satsuma mandarin as the female parent
yielded new seedless varieties of citrus. However, the mitochondrial genome
infromation and mechanisms of cytoplasmic male sterility (CMS) remain to be
elucidated in citrus. In our previous breeding program, male sterile and seedless
cybrid pummelo (G1+HBP) was regenerated by fusing protoplasts from seedless
‘Guogqing No. 1’ Satsuma mandarin (G1, the callus parent) and seedy ‘Hirado Buntan’
pummelo (HBP, C. grandis (L.) Osbeck, the leaf parent), which is an ideal material
for cytoplasmic male sterility analysis. The high-quality mitochondrial genomes of
G1+HBP and its fusion parents were sequenced and assembled, and determined the
origins of the nuclear and cytoplasmic genomes of the cybrid. Compared with the
fertile HBP mitochondrial genome and transcriptome, 57 ORFs that co-transcribed
with the same mitochondrial genes in the cybrid and G1 were identified as the
CMS-specific ORFs. The orf88 was then selected as a candidate gene, and its
potential mechanism of regulating CMS was studied. The main results are as follows:
1. Characterization of the G1 and HBP mitochondrial genome

Purified mtDNA of G1 was extracted from a fresh subculture of embryonic
callus while mtDNA of HBP was purified from 45-d-old etiolated seedlings. HBP
total DNA was isolated from frozen leaves using a simplified CTAB protocol, and
G1 total DNA was isolated from embryonic callus. The mitochondrial genomes of
G1 and HBP were assembled into circular molecules of 521,599 bp and 518,274 bp
with GC contents of 45.06% and 45.14% by using the total DNA PacBio Sequel
sequencing reads and mtDNA sequencing reads, respectively. The mitochondrial
genome of citrus encodes 35 to 36 proteins, three ribosomal RNAs and 21 tRNAs. A
total of 460,067 bp (88.8%) of HBP is homologous to the mitochondrial genome
from G1, and at least 28 apparent rearrangements in both the syntenic order and the

il
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relative direction of the ORFs. In addition, species specificity of RNA sites and
efficiency existed between G1 and HBP.

2. Origins of the cytoplasmic and nuclear genomes of the cybrid pummelo G1+HBP

The mitochondrial genome of the cybrid (G1+HBP) was assembled into a circle
of 538,434 bp. The cybrid inherited the entire mitochondrial genome of the G1 with
an extra recombinant fragment of 16.8 kb, and 471.9 kb (87.6%) of the cybrid
sequence is homologous to the HBP sequences. The synteny analysis showed that up
to 96.9% the mitochondrial genome sequence from the cybrid is continuously
co-linear with the mitochondrial genome sequence from G1; the remaining 3.1% of
the mitochondrial genome sequence from the cybrid is an extra homologous
recombinant fragment; and at least 29 rearrangements in the cybrid relative to HBP. A
total of 28 of these rearrangements were identical to the rearrangements we observed
in G1 relative to HBP. The chloroplast genomes of the cybrid, G1 and HBP were
assembled into circular molecules of 160,423, 157,088 and 160,590 bp, respectively.
Each of these genomes has a GC content of 38.47%. The chloroplast genome
sequence similarity was >99% among the cybrid and its parents, and the cybrid had 11
SNPs and 42 InDels relative to the chloroplast genome sequence of HBP, which is
much less than the 384 SNPs and 120 InDels relative to the chloroplast genome
sequence of G1. Total DNA of the cybrid and its parents were sequenced using the
[Mlumina platform to identify SNPs and InDels relative to the sweet orange genome. A
total of 946,383 SNPs and 200,661 InDels relative to the sweet orange genome are
shared by the parents and the cybrid, which are unidentical in parents. Among these
polymorphisms, 99.8% of the SNPs and 96.9% of the InDels are shared by the
genomic sequences of HBP and the cybrid. These data indicate that the chloroplast
and nuclear genomes of the cybrid was inherited from HBP.
3. Screening and function verification of candidate CMS gene of the cybrid pummelo
G1+HBP.

Compared with the fertile HBP mitochondrial genome and transcriptome, 21 and
20 CMS-specific mitotype-specific sequences (MSSs), and 89 and 70 CMS-specific

ORFs were identified in the cybrid and G1 mitochondrial genomes, respectively. We
iv
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identified two reverse CMS-specific ORFs (orf59 and orf88) and one forward
CMS-specific ORF (orf55) co-transcribed with the 138 bp reverse-complementary
sequence from the 3’ end of rps! (wrpsl) on one 1705 bp transcript DN16978 in the
cybrid and G1. The transcript DN16978 was ectopically expressed in Arabidopsis and
transgenic lines shown typical male stertile. Transmembrane helices and subcellular
location prediction shown the deduced amino acid sequence of orf88 has
mitochondrial localization signal peptide and a membrane-spanning helice, indicating
that the orf88 was a mitochondrial-anchored protein and more likely to the causal
gene for CMS induction in citrus. The candidate protein CsSNADH, subunit 12 of the
NADH dehydrogenase 1 alpha sub complex, was identified to interact with DN16978
by yeast two hybrid screening and interact with orf88 validated by point to point and
luciferase complementation imaging assays verification. The results of subcellular
localization showed that orf88 and CsNADH were localized to the mitochondria.

In summary, the mitochondrial genomes of seedless cybrid pummelo (G1+HBP)
and its parents were sequenced and assembled. A chimeric mitochondrial protein
orf88 which interacts with the CsSNADH in the G1+HBP was then verified; moreover,
mechanism of orf88 for regulating CMS in the somatic cybrid pummelo was also
discussed.

Keywords: Citrus; Mitochondrial genome; Cybrid; Cytoplasmic male sterility;

Mitotype-specific sequence; orf88; CsNADH
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Hamgin)aR
Abbreviations
HWERTS  TECEAR 30 E X
Abbr. English full name Chinese full name
cDNA Complementary DNA H4 DNA
CMS Cytoplasmic male sterility M A E
CpDNA Chloroplast DNA 2Rk DNA
Gl Citrus unshi. Marc. Cv. Guoqing CEER 1S RN E A
Gl + BTC :Fh§ cybrid betwee’n G1 and VI FES B 5 2 i
Bingtang Orange
Gl + LBP The cyl::rid between G1 and ‘Hirado HB i L 2
Buntan’ pummelo
HBP ‘Hirado Buntan’ pummelo HB #h
HGT Horizontal gene transfer FERIKP
IGT Intracellular gene transfer SR A P R RS
InDel Indel/Deletion N/
IR Inverted repeat Sz A E X
LB Lauria-Bertani medium LB £7 754
IncRNA Long non-coding RNA KRS RNA
LSC Large single copy region K P DX
LUC Luciferase 2K WG R
mCherry mCherry fluorescence protein mCherry ZL .58 68
Mitogenome Mitochondrial genome AR LR 20
MSS Mitotype-specific sequence AR TR 5y 71
MT Murashige and Tucker medium MT B35 3
mtDNA Mitochondrial DNA LKk DNA
ORF Open reading frame TFIBCE A AE
PCR Polymerase chain reaction KA MU= W
qRT-PCR Quantitive Real Time PCR WG E & PCR
rpm Revolutions per minute BRI P AL
RT-PCR Reverse transcription PCR S 5% PCR
SNP Single nucleotide polymorphism BPRERZ &M
SSC Small single copy region T HLPE DLIX
YFP Yellow fluorescence protein ORI E A
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F—F HIS
1 R RV

APGAE IR A B IS A BB 0 S A s A B st . 2018 4, FRE MR
BRTARA = SRR AL, AR E S — KK IR (XS R 2019, o2
R RIER, BRMGEEMIEEER. MREEA R, MRS .
HO T FEIAA B A A A SRR SRR, AR A M 2% 28 77 sk AT hi A
VEANE B o B A A Rl 5 SR HEAT HEAR AR 200 2 22 mT AR R B A i
S R, R AT AN B e S B RS A A BRI A A5 BT AL G, RS M o7 5
PRIz B AR, A QA B F 5t i) — Fh P . 22 A 200 757 (Guo
etal 2013).

2 T PEAS B R A RE SR ThRE AL I BEE AL B % (Sandhu et al
2007). JKAE. WEESEKHEMEY), Bl = REE, SCIURAYIREBEEAE Rt
ITHRAT BRI SR, MG A4, MELLES G A MRS ik, RS540
FRLSUREVEAS B AR B R FF R AR R e DRI, 3 T A R A S B R e R
VEAS B 5T 25 PRI 2 2 B AT TEAZ T b M (R T AT 75325, ARG AR AN B LR AT 5T
POt T ERARUM o MR N BN SRR BAR S RN S, RV B

(Yamamoto et al 1997 ) . AS PR 820 $ig i 3 40 . TRE R AR SCEL 1 iR N 28 A I PEAS
B MR A A PR, AT CERK 15 RMNEM (R G ik
Ve AR5 A T A S HB Rl (TR HBP) 1A JEUZE o A i P 2B (1) — %4k HB
MM AR, 4 el 2 5 (FFR GI+HBP), FESREMH AR (RS .
CNA20101034.2) (FE3CHEE 2019).

HB M Mo i fh ekl 2 5 CREFE. SR 2HE. AL =[T
T HB AT P AT A 2= W SE, B T HB TR AR AN B DGR
HA NS IR L /N Uk A 240 B, RNA-seq & iTRAQ 234K BH, HB il i
AR B A% R 3R TA 2 B AR R RS2 O 20150 AT 7T LA HB Al i ot
AR ILREXEE CER 15 WINEN HB ffD Jvilsr, FIH A=K
MFHARMAL Y Sanger MTH AL gap ML SIS, PHEIRSE HB MR
A R RS MR BRARFED A, FEA IR N M M Z R AR 225 B R 21 LR
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AT AEREL (HB M5 e CER 157 M EAD M &40 (HB Al
LORAARE 57 P SIARE 2 ORFs, Z5EANEMBIARARE RYUEE, Jiiks CMS
A RHIM%LE ORFs, FExf HsbAT DRI, CAWIR NFEAE HB Al 57 2 i i fo 2
VEA T RIEHLE, it e & Fh g AtEie s .

2 BT AMIRHE
2.1 EFEYLEREERELS

2. 1. 1 SRt gi A= ) AAFAE K IR

ZHifK (mitochondria) JE2EZAEVANMEHIF H F40A, REM G M =M
Bt (ATP), NEZAYEmGESh R AER . 1890 4F Altanman 15 W %% 541 i
WAFAEL AR, TR ERLAR S — Rl N 3L AR TR . 1898 4, Benda M 5% 5141 i
2RI A0, BIZORFIBRLR, # A4y mitochondrion, Jf HfY
J1Z% (Ernster and Schatz 1981). BEH RIMBIEARRIARE, HFFN ZAEE]K
ZH A I A 2R R S5 A A AR 0.5~1 pm, KEELE 1~5 um [ BT B AR -

HAT, ATy A A 2 B A b AR R P18 . R 468 E A AN T 2ok A
AR ARAA T AR, TEE 518 EMIERR PR 2018), XFiILAER
FOlE R IR H AR AN AR A E 77, SR AR A s B U7 2N HOE B B 2 AR A7 A
5o KRR AR, R AR5 IR 2R B AL V) o L AE AN W s
REAE RV A M N Y ALK, 9 TE 32 40 i $8 A1 28 A i 06 20 R B4 ot
(Green and Reed 1998).

2. 1. 2 YRR R 4H 5 h e S

FUE T FLAZ A ) - A B ) BT 06 20 0 T A E A P PN R A B AR
HEWASMLL, SERDERIRIES SRR FE, BERE5EmEs)
AR FRHA AR (Millar et al 2005). 1997 4, #l ¥ HE Y040 5 I+ 2R A It
PRI A A (Unseld et al 1997), Bl JG— 25K ARV A1 R WA R A i = R 41
Yk ARG, Bilan: /KRG (Notsu et al 2002)+ JH=% (Handa 2003). £k (Clifton et

2
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al 2004). #i%] (Goremykin et al 2009). 3F2R (Goremykin et al 2012) Mk (Liu

et al 2017) % . Hl, 7 NCBI 40 1 2% 5= [ 4 % ¥% %2 Chttps://www.ncbi.

nlm.nih.gov/genome/organelle/) AJ LLRE] 238 MEY) LRI R H 751 (Wu et al

2019); M1, Silenne conica /& HHi CAIZRAR BRI, K/NN 11,300 kb
(Millar et al 2005).

— MRS, AE LRI R 2H = B — N A0 A A TR A R — HRR A
(Gualberto and Newton 2017), WMAFELAR . 73 SCHPIR. BB B ZFIFEL5H
(Bendich 1993; Notsu et al 2002; Bendich 2007; Sloan 2013). fEH#) LA IE K

FIMERFII N KABEZFS 1 kb) MEFBEEFS (<1 kb). £
LA 56 [R 4 v P ) A 7 A 2 o 0 366 IR 4 68 ) i R A 35 TR 41 &5 ) %2
FEMERIEZ A (Gualberto and Newton 2017). fEiXU645 2, >1 kb BHHEF5
[R5 A 2R AR HE R A 2 FEPE LS AR . M T KT BLEE T, R B
BEE AR T EHE, AR T S s A A, TS B
BRI AR R AR S o DRI, 6 B 0 310 v S A A S b Ak i DR 25 R AN gL S
FEEAER (Lilly and Havey 2001; Kubo and Mikami 2007; Arrieta-Montiel et al 2009;
Davila et al 2011).

T B LA J 8] 28 B o) P I U JRl i 23 A 3R B, R 2 MOk W s A B PRI 2 e —
AN AR A 5 I FRAR G, A IRAR 250 v 1) — e [R5 P 47 22 1) i 2H W LA
PRAEANREEE R IR Gy T, XN T 5 IR AR TR ERA (Janska
et al 1998). IhAh, 8 LT AW AN E R RV OW % 3 R WA JEE IR 48 A7AF K
KL DNA A5 AR DNA 73, R RARIER 40 7R A ZFEE

(Oldenburg and Bendich 1996; Backert et al 1997) (& 1.1),
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Circular o
chromosome
(master circle) > = O

Circularly permutable and
concatemeric linear molecules

1.1 SRR R AP RS AR AL .
5| H Gualberto and Newton 2017
Figure 1.1 Two models for the structure of plant mitochondrial DNA.
Cited from Gualberto and Newton 2017

2.1.3 YRR AA R, R RNA 4iE

JEREA AN R PP s A4 5 R 2 K /NARTR], AEA [R] 4 (10 42 R Ak 5k B 4P 271
s e, mbS LR D ReORSF, DR UEAS R R R e b A B R K H AL (&Y
51-60 1), B35 30-37 MRsFHEARMGIER . KRG EAENFEARTE, 25
IR s AR R F I BT A s B Ak 1V dEM 3R C A& kR R b
R A FE L A BEIR RNAL 7512 RNA . matR. mttB 25 (Kubo and Newton 2008 ).
tbAl, AH LRI R A IEAEE R HITIRE ORFs, HH—1% orf /& F: 80z Fh 4
R AN B o8 3R] (Kazama et al 2016; Bhatnagar-Mathur et al 2018; Xie et
al 2018). F& / IREARSN ORFs A4S, SEEik 1A, AR RR . (RNA
L8 VIR RBOR TR, A FFhdhr i 5L R % H 22 5 1) 32 225 K (Alverson et
al 2010). LB T AN R4 TR AR AR S R AR R AR B A BE TR 22 e, R INAE )
BEAE AR H, 2R A L DR 4 E i 40 D P 2 PR 9% #% (Intracellular gene transfer, IGT),
AlE T — ST M AR R RN 41 DNA 41, R ZERifk DNA F 41t L
A AERA, HX—HBERIE#T (Kubo and Mikami 2007). #i4r, 1
M%%ﬁ%¢ﬁ%%@%&?%ﬁ%%%%ﬁqm3m—A%m,@%H%Q&
SR (Mollier et al 2002). [FI,  Zepi i K 4 ik T 7K 3k R e 72
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(Horizontal gene transfer, HGT) f& 7N Y)FH ] DNA %1 (Park et al 2015),
ST AN [ AR A [ I o [] 0 Ao s J R AL 5 ) 72

BIRANFIE BRI OR T FE R IE — 2, H18 RNA S R 2% . HY)
LR (RNA FRIR P 2 — B R R SRR 5y — o a4
B P L R e R SR A I Sk 18 RNA. BB, JLT A & S8 F i & 2
AR IR B IR 1) (RNA DAEAT B A, TTARSE & 6F AP 2R
BRAIE —BREEN . E% U FTE %071 (RNA ZEH, X085 A5
#2% (Duchene and Marechal 2001; Adams et al 2002a, b)-

RNA Gt fe— PSR Ja KPR, A8 5E BRI 5 72 AR 1) mRINA K% R K HE 2
B, ST EGEAR T IS BIG, SRR K AR Y SRR JE
RIZH B ARFAE (Sun etal 2016). FL7E 1989 4, Covello I Gualberto 7ERI) %k
RIS R R I RNA IS BEJG, Hoch % (1991) KILHZR4k RNA it
PG PR RISk RNA g E C (Jmsig) 2 U (JREEIE), U (SR
WE) F| C (HImEmE) F1 A (JREERS) B I QREER) =Fhémfail, H, A
B 1 gm0 BAEM- 444K t(RNA &4 (Chateigner-Boutin and Small 2010).
ZRifk RNA 93208 C B U W8, K AEZERI S X RNA S ARgwAG X ;
I H, RNA g SAEA YR B RS (Edera et al 2018). EJy—FikE
RIFAAEIENLE], RNA bl ReAs i e S IR A AR M S AR, SR AR AL
e AMBEAE TRARAL AR B TR B W B B AR R A B2 BT, SRE A
[y # 2 A [R5 14 (Stern et al 2010; Takenaka et al 2013 ). #24/], Giegé A1 Brennicke
(1999) KILANFG I+ 456 ML R A 441 NMEEBRIGX . 5, WK
FE LR A .43 751 2 B BB 7 £ 427 F1 491 4~ (Notsu et al 2002; Handa 2003 ).

2.2 EPRNFERESEENF

B 7 R R, R BRI R C OB E ) 20 b 2 (3R
1.1 Bp 5l b A [RIA R BRI 3 A 51 30 B, A 3RAS A R 2 RS R
BEAL, 2 2RI il DO R 2 2 AEVE S PRI PR AR St ke g AL 25 i)
BEAT PEAAAIA o
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Sanger T 1977 F42H T XUI AL HIRZ 1LV H T DNA M, BREE—AK
FPROR . 80, — AR EORAAAE B E AR A = 55 ), X DA TR 41K
MFF. Hk, BHEZaRE T PCR AR s EMBERIA Sk, ET UL ETT%, B
SAR LA DR A D P 1 et 2R R A BRI 4 BAC/YAC SCHE, PRI Zebifhk
DNA R4\ BAC/YAC SCEEBbIEERIARTE R H T kE, 5o K H DA AT I 7
AL, T EZINEFRELESBABLRA DNA, (A BERIA S ED. 4
W2k, 3G AR AR 1R 40 N HE HLHE DL SRS 40 2 m I 2okl i& DNA, Jf Hig g
BAC/YAC SCPERUATR, SUPEA S WAFAERRA R BUN. AREE SORESE G, R
i T IE IR .

MR M Sanger I 7380 K e B X, RIS AR PR . AHECT
Sanger W7, 58 A 7E BRI 7 BRAS R RIS, 3 1 I SR A e . 24
T, AR A A P Aok A i DRl 20 30 3 B0 2 A SR H DA SE — AR 5 R A 4k
Sanger W FEEAGH BN 7E M. ARHE —ACM 7 DNA SKIEAE, 4324 LT F SR B ik
AT LR T R 20 ) «

L. XA A R KL DNA #4770 BSaliqt, R AR 5 AR AT
WP 3%, BARTRALL R ME T K AW R AR S R A 5 2 2. BT
2 45 R3O0 AR P R A 30E R s, B2 405 2Rk DNA BEAT 308D it
W PAZFE R T4, R TR AL I P20 %e, FE454 Sanger MIFHIA T L
A RBOHAT YR AR R AP . HAT, R XMSENE 58 i Vi 2 A i 4
R F Ry . He, fltn: € (Hengetal 2014).

2. A BEHYM BRI DNA, BEHEEERANFHEM b, 7Ea8s
LRRIAR LRI 20 7 A R )56 reads, BEJS 74 LU HF#E, 19 31 4k A 5 PR 4 o
KFFF . BARIXFR T 0 G T 2Rk DNA $R40F FIxE, (B i T4 Fh ) 2k ik 3
PRI ZH 7 51 A g X A S K, e L [m]9E L D7 VR 3R A5 56 BE I A4 e 471« R Ut
TEPYPRA B O A% HE K 2H P ) B S A B TR 2H 1 31 g it b, 4 ] LR B SR s
HATER RS R T, Blan: SR, #E (Goremykin et al 2009, 2012).

bt & &) Pl B DR IR N 9, AR Bl e DA 2 7 75 5K, Pacific
Biosciences 2 @ #EH T S F-IUFF A, BIES =R 34 AR . MECT 5 BRI 7
Bk, AR HAR BAT I b KA 3, (B = AR5 17 Bl 2
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PRA R (VFIEESE 20190, (AL, o] BURA =P BoR 5 AR Fr 8ok
FRGE A I SRS RHAE ) LR R SE R A A TR 5T . HAT, OF LSR8 REF 4

WA R BUZSERS, 0. H I (Shearman et al 2016), FrfERE (Liu et al 2017).

R L1 AFEPFFE LR
5IH VFEES 2019
Table 1.1 Comparison of three generation sequencing technologies

Cited from Xu et al 2019
Technical Principle of Read length Advantages limitations
platform sequencing
Sanger Chain-termi ~ 600-1,000 bp  Long reads; high Low throughput; high cost of
nating accuracy; good ability to Sanger  sample  preparation;
sequencing deal with repetitive and making massively parallel
homopolymer regions sequencing prohibitive

Roche/454 Pyrosequen  200-400 bp Longest read lengths Challenging sample preparation;
cing among the hard to deal with

second-generation; high repetitive/homopolymer rgions

throughput.
[llumina Sequencing 2 x 150 bp Very high throughput. Short reads
by synthesis
ABI/Solid Sequencing  25-35 bp High throughput; low Long sequencing runs (days);
by ligation cost. short  reads, resulting in
difficulties in subsequence data
analysis and genome assembly.
PacBio Sequencing  ~ 1,000 bp Long average read length; Low accuracy; dependence on
SMRT by no amplification = of DNA polymerase activity.
synthesis/D sequencing fragments;
NA longest individual reads
polymerase approach 100 kb.
Nanopore Electronic Maximum Over-long read; electronic  High sequencing error
signals record 2.2 M sequencing; portable.
sequencing/
exonuclease

2.3 EYIE AR FE RS R EE

2. 3. 1 YRR TR B

PRANML A AS R FRAE — RSN T2 2 R AN R R R el 10 S A o i 1
HFAE BB 22 PE AR I B2 (Guo and Deng 2000) . X TUE A AT LA vw flfh Gi A 14
ARAZIE R B ASARAN . 2 IRVE SOHEREPEAS & 55 R AL, R A A BNV 2 AR )

7
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B T EEM R (Wang et al 2013), 323 )43k, R40H 44 28 FARTE M7
(Guo etal 2013). /IZ (Liu and Xia 2014). 7iJ& (Tiwari etal 2017) Z5/E¥)Ek
ROFIRR BT Q3E 7 AR 2 1T VZ R o AR T AL A S AL FE DR 750, AR At ff 52
BARERAAU TR A (1) @G A A4 B 2 A 8RR ¥R (Luthra
etal 2018); (2D AN[EIRLI4H Mk AN 4H i 57 KR 4 4 (Beckhaut et al 2013);
(3) AR R EF B, TIBENEY Z 2SI »TFEMFHEAR
T, VRAHI A PIAZ TS A « A% AR B B BEVRIRTE O LB S5 TSR 43 15
.

2. 3. 2 {RZ0 i Z Foh £ A IR 2 igt 4% 43 T

MR BER B LR, A PEA S (R AR FE AN 2 H A 200 ff J e PR 41 45 23 22 S ARG
T AR 20 0 il 25 T DA AR A () 1) [ AR AR B S A AR A o, DA B P - o D)
(Xia et al 20090, [FIL, M2 Zf o] Gt fe XCE M RYEIR, R4S
Y PR T JE DR G DS HO A0 MR HEVE AN B SR PEIR (Guo etal 20130, — &5, 44l
P23 At ST I £ A JE DR 2 AN 2[RI ] A 26 PR Al = o S AR, FLST AR I Sk e DR 4
AR/ A= 2 (Trabelsi et al 2005); AXFE/NZE L il & AP A 41 i 2 P ok I3
ISR AR L R AP AE XGE A s EE I S (Xiang et al 2004; Bidani et al 2007).

AT T A DR 2H R AR DR AR 8 LG XGE 2 —, KZ A a6 77 A4
A2 il 25 o P A DR AL R e b e i[RI 2H B 4H ) 45 5K (Landgren and
Glimelius 1990; Leino et al 2003). Kemble%s (1986) X} 4 % 5 Solanum brevidens
T ] A 20 L 4 o i AR 2 WA i BR ZHL R AT 29 BT IS 2 %0 PR 4 Jif 4 P 2 i A DN A
T IR EHIE, 45% MR Fh &R AADNA R 7y T W B4 4. BEJE,
Xu%§ (1993) Xof b 44 25 AN ) J5 A o 4% s 4 380 1) A4 20 il ot ZR KL AR DN A AT
0T, RIS %M LR AADNAR I A F] T MR MRFLP 44 o [, /INEHE
KA 2 2% Foh Z LR DNA W A BN AR AR B PR A0 L [RIA7 A2 (Xu et al 2003), i
R 22 W) Aot ) EAORE A R LR 28 O AT, 4 A 4 D 24 A o LS o Ak R R A AT
e, Beik— BN R R 2 P 2R A DNASK YR . Wang®5 (2012) X252 JE{F
Vi & 5 AR R SR AR B RLARDNAEAT LU AT, R A4 2 b 5 AR et
PRDNA RN TR 2 1) B LERSEHR, (AN 10%, Ui Rl G SR A LRk

8
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LRI 53 7 410 R A Rl T A R R 420 0 25 SR SR A o s a5 J AR 2k
RLARFE 4 RAL 7 K40%, LMK 64%, ULIATE s & 51 R, SEARZ
FLAAR TS R 2H H 73 Rl G R — /B I R SE R 2H, D30 7 81 0k
(Sanchez-Puerta et al 2015; Garcia et al 2019a)

ART EIRATLCRA SRR J5U AR o A+ A SRS SR AR S AR AT AR 2 M
RAZ RN, ARG ARG PR 2 RAE “ AR RTR AN R R AR SR A T+
PRI ASEAR R A LR MR E B TS (MR8 2014) o BEFARI, Mtk
MRS RS AR, AR AL M) BT IR B SR A, ARk DR A A s A
R ERAZ —, SRRIL R AL HBHIOEA (Guo etal 2002, 2013) 5 #it
A7 LT 2 Aol A A o W S R b A 5 R ZEL 383 A A 5 e s 4 P 2 P A [

(Wang et al 2010; Bassene et al 2011; Guo et al 2013) ; tAh, HHEHT LR,
A7 2 200 L 4% o/ 4 o 2R oh s B R ZH i & T BUSRZR R A BRI 4 /7 51) (Dambier et
al 2011; Aleza et al 2016) o FFE =AM FFEARZ NI HT, AR HH A7 1A 4 0 A e £
LA T DR 2H 38 A% AR S L AR A T g

2.4 EHYEMAFABRR

TEHENEA T & — MM TETEE) s A LR, RAEA MEA I R,
MESSRE I K A MRS KB AR, SEIEABE. MIT R TR
BEFE I BE LR o RSB A B VIR K BRI, Sears (1947) FAH R 7>
N=FRA: AT . R HEVE A B AL R B EA . B, B
FTEN SR T AR S HEPE A R TR AR HEE A B I — 870 PRI, A
MARE 2 AWM YRS (Genic male sterility, GMS) A4 g 5 A 1 A &

(Cytoplasmic male sterility, CMS) (Vedel et al 1994),

2.4. 1 HMEEHEEAE

ML TETEA T 0 ARIEZA T B AT . HAT, Bhe2SAEA R Ria) 24
LG, KUK EAENEREAT . BRMMZEENEA B HERA T EIEM
XA, HANSZA0M N I 2 R A R, (B S AN T AR DA DR P25 r) ) 249, 2
PR R A EZA S R =REEEFM GHER 2010). BEEEZ &GRS

9
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EF S BT RIS CRISPR/Cas9 HEF i AR IE, FIHARBMHEZAE RA
HE PR IR TR IAR RS B TRIE L 2 (Du et al 2020; Wang et al 2020).

HESS R B & — MRS R AR 1, # /N K 8 AT — AN B D Re 7 H
HR AT e S BUEMEANE (Wilson et al 2009; Zhang et al 2011; Verma et al 2019) .51 1,
/K #§ 3 [Nl MULTIPLE SPOROCYTE ( MSP1 ) 5 #l ¥ 7F # [N EXCESS
MICROSPOROCYTESI (EMSI) fE/NMEF R E R/ (Zhao et al 2002;
Nonomura et al 2003) . [FJIf, i EMST BRI 2 K] TAPETUM DETERMINANT
1(TPDI)F1 SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASES(SERK1/2)
WE/NMEFRIER B R, HFRBYEHZE K. #H5RW, TPD1 /ERE A S
EMS1 454, %% EMSI Bk, /M RHAE 55T, ARE)ZEER K E il
Hl (Jia et al 2008; Huang et al 2016). Al ME T —% (emsl-1). K

(serkl-1 serk2-1) A1 =258 (emsl-1 serkl-1 serk2-1) &I, X=/RAEL NN
RIS 2, SREE B, AR SRS I IESE EMST A SERK1/2 AH B
., #Eim kAR s TPDI A RIS A SREM — 2R (serk1-1 serk2-1) &7, TPDI
55 +& EMS1 Ml SERK PASZAR-FLZ KL T (Lietal 2017).

B KBREFRY, FESFEHEEAT. RN G KIER T EMSI
N 4nGS bHLH #6355 [K 710 DYTI, 7€ DYTI FiA AMS i R A5 The 5 5 A
¥ TDF1 J¢ EMSI Bl R pCAs, IXUEFEN 9748 2 G B9k B 2 40 i 7 1k 57
W, AMBIEALIERT, AN THERT AR (Zhang et al 2006; Gu et al 2014; Huang et
al 2017). TR, WHFENRAEKFEH K bHLH ¥ 5K 7oK 3 ) ETERNAL
TAPETUMI (EATD) iid gt R &R RBERL R ik, T ES s 2 40 s 0ot
ToHERT, HEAREDUMES AT (Niu et al 2013; Ono et al 2018).

MALNEEG T AN [F) RAZ R I 48 78 A1 70 5 1V 25 428 £ R 40 M A0 48 457 BE T B
KEERZEEN, JE e K B RN M 2% . filan: ABC R8st
SR A FE R /#4355 T-: AP . AP3 . AG P %:( Zahn et al 2006; Wellmer et al 2014);
W2k E R W, S5 )F40 5 2 /4% 55 K ¥-: SPL/NZZ 1 BAM1/2 (Yang
et al 1999; Hord et al 2006); {EX7 P /FMEETE Bl S AE 25 GRS AR FH 1 22 IR/ S IR 1~
MYBS80. DEXI1. NEF1, RPGI. NPU, MS2, CESA. NAC. RMS2 (Paxson-Sowders

10
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et al 2001; Ariizumi et al 2004; Mitsuda et al 2005; Persson et al 2007; Guan et al
2008; Doan et al, 2009; Chang et al 2012; Zhao et al 2020),

2.4.2 HRREEATER

FELP) 240 L 5 e PR A 7 3 2 o 4 i b A i R SR AR 5 B8O 1 e Al 2k B
RAEBERG AN RE ™ £ IEH A D RETEM I BE R IBE L SR (Kim and Zhang 2018, %
LA RE R 2 B RIBAE IR A, 8 b AR R FH RS S P A0 B AR AR 2452
(A1 A BE I ol B) R B) 2% 58 S SR AR ST A R A S5 T AR B AR 1R A
R T SRAS A S e AN B & (Bohra et al 2016; Garcia et al 2019b).

ANEMRLE HR T 2 AFLE, BT VAR R AR R, R 43 bk
TR R . RV 20 SR AN B R R B B Bk TR AN E R IR R KK
R LR S 2N A 4H I 72 7 48 58 CMES 2K (Chen and Liu 2014; Xie et al
2014), 324, WEFRNBAEKRE. e 3 b BHEEYRIE T 40 i B A
BHHRE . /KA HL-CMS. BT-CMS Al LD-CMS R&RAIERNHIFES ap6 I
KM orf79, SRFIE KIENFLR orf79 SLIAESZIE R A K (Wang et al
2006; Wang et al 2013; Kazama et al 2019) . BF MBS /KFEA & £ K w4352 EAEH]
Bt AR EE 1 COXIL R¥EDIRE, SIESHZ NG R C R, Wik
A E T, 9 Z PCD AR RT, 7E8 ICH (Luo et al 2013). A% CMS-ogu
ARG HERSEAE K orf125 FPREER, BFFINHN orfI25 5 a8 Fik %
L EMEEA, SEUEMATE (Iwabuchi et al 1999). MIFZRELMEAFE CMS
R, FIERMERARASE IR 02204 orfl08+ orf288 5B LR LR SR & (3L
B, ERASENMSERIEMILE (Yang et al 2010; Kumar et al 2012; Jing et al
2012) ¥4 B CMS-Peterson REFIAAFERIA TG cox2 4L orf456 F orf507
AL B ML, RES S RIEMEARE (Kim et al 2007; Ji et al 2015), —4&% CMS
BLIR 7 41) 4 B B 8 43 & T R AR YRR 57 7 41 (Mlitotype-specific sequence, MSS),
B BA R G WM B R AR IR AT 5], EAEMEHRTHRE MSS F5I6
KHRF 5 ORF, Z%E CMS H K BT, filln: d@id/kEg D1-CMS 25
HE 10 MR RA TR A LR, 75 D1-CMS RERAR) MSS 7514 KDL
ANERR orf182 (Xieetal 2018); VEZA CMS-T R GHEM ] B RENRIER 4 7

11
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IR R & R EEAR—E, AN orf725 fFAEZESE, Kim %5 (2019) AR orf725 21
2 CMS-T A E R

2. 4. 3 EMHMRFHEEA T 2 FHLE

200 Hf 5 P A T R ) B e A i DR 2 A B0 2o A L IR Th R S ke ok,
HFEAEHWEMIME (Kaul 1998). FHorr, Lo s 7= A (k& 3 B 5 2o
RS Dy e B R L s ™ A R W e s R EE I B, A EYEAS B 1) £ R Ao
4% CMS A F ZEFEEALEIAR (B 1.2), HFFRA G PN TR L

1) ZHM AR PRI A% 3 A DG R DR ) R B B R 4 52 B SR A ik &
BEDR G i A 0 2 2 2 A, SEUEZTR B AR P A R A D RE Z AL, Rl
VIR IR R E, SRS BB R R, X Zohiib A & 2
PR s S R PR EHME L, BRARAN B A B A B F AR, IR LRk T
fE, WA EMEARIKE (Chase 2007; Horn et al 2014). HFFLA R B4
K T-CMS #EHR I URF13 B, REFMHIR A R AT BEIEH A K (Dewey et
al 1987); FfJ5, #H4k M m HZE CMS (Nakai et al 1995). % | ogu CMS (Duroc et
al 2005). VH= hau CMS (Jing et al 2012). BT AY/KF& CMS (Wang et al 2006)
A WA BLUKAE CMS (Luo et al 2013) KB, ORF522. ORF138. ORF288. ORF79.
WA352 SEHENMEAF 3 R i e i A KA A KE HIEH . (2 ORF288 K
WA352 REILR SIS RN, MMREEYEA & 58RI 7 5L R 9w A% 2 A W B A
BH#K AR (Luo etal 2013; Heng et al 2018), HILEAEY) CMS R4t/ ix J5 1
WEHER . Fik, CMS RS0 a1 5 -S540 B 5URE A & 2 18] (1 GG
AEE— B

2) BORLiRkfe A SRR 2R AR DR 2 A AN B B I BOR 2ok Ak 45+ Al
ThRE, SR AL 2 1 1 o 5 20 M PR R Ok AR b B S Y, S ERE B R 2 B
FEAEKIEE . Lee Ml Warmke (1979) MEF KA H KAL) K H TR LRk
PR, RIBRAE E PO, R ATEZ R BRI 2 ae s . A
K CMS-G ZAHRME cox2 HEARER 7 BT EHERSA cox2 TIRETE
(Ducos et al 2001). HHULBLE, LRIk o7 fE R RS SHEMEAR B A G, 4kl
PRAN T 58 8] 45 40 igf AT R 0K 0 56 [R] 2 H - W A s A 5 R — 0 K S T

12
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orf R G R, FRES BT IFIREE S &L S, MR, &
TR AL AT, AL ATP & & F4{K (Chen and Liu 2014). 4 H B
ANHRPERIL FIFo-ATP BERI4IMI (A% C AR ZHIER (Kale and
Munjal 2005; Ji et al 2015). [AiF, [ HZE CMS-PET1 RE&R K& H k& & H
orf522, XA E AR — B ORFB (atp8 [FVEZEED H A N i FE
[}/7 %] (Horn et al 2003). HFFL N R M HEAFT RS ERKIM, A E R atp
BEE PRI AR T AT & R, X AT REAZ 01522 50 F1Fo-ATP B 53 (Sabar et al 2003;
Delannoy et al 2007) . ZL3E R K FE LKL S 1K) orfH79 5 1% bt HL 1A% 13 i W0
P61 BAESMEIE A9 MG, fH/NEF400 N Rk ATP & 2B, REEA/N
R ESERM W REE, FEUNMITIE . BS WF 7 b R AR A P i 2
H P61 H5KFEAE F#HAKEE (Wangetal 2013). M2, XEARF orf 0 THLHE
SCHE CMS R 5102k B 12 RE A A R IR UL I8 — L5407 mtETC [
JRE I CMS £ A fig 5 mtETC A& 34 20 ot 58 F 1 Fo-ATP B 2 &) 56 45 &
U IR TS S B AR BE F1Fo-ATP B E AWk, ReE 4 L &1
ATP I THEM K E - 1X5E CMS AN E B A R R bR e 81, S 3UR 1%
#AZFH . ATP & A2 (Chen and Liu 2014).

3) MMFREFPAET: (PCD) Rl SRR ia iz C RefEgi N
TR (ROS) Fr&E T, FEE H/44 PCD 7% (Yao et al 2002; Greenberg and
Yao 2004). HHYIMERC 7K B R —IERERE, 2EFRAR (T A/
T (AT hRER ISR, =8, B2 TR RS A
ARERCI/ME T K E . Hi, NMETICE 5908 E PCD Sl 8 418 % V) Rk

(Ma 2005; Kawanable et al 2006; Ji et al 2013). [a]H¥%¥ CMS-PET1 FI/K#E
CMS-WA ZH JIE SE RS 2 A0 i 2 b A 32 AR T4 il (3R C, 1 9588 = 41 il PCD
PERT, SEUMIFIE (Balk and Leaver 2001; Luo et al 2013).

4) IR . SRR Re RS e A dohi A R AR S (RRLR-2H %)
AU I R 0 1 B B AH 95 (Aken and Pogson 2017) . X S8R FEARE Y i K
SN Tk R A RS, B0 40X Ta ZEIRREATE NAC B3 K7 RRL & A
SR 0155 %£iE (Ngetal 2013; Yao etal 2015). CMS & [ 7] AR
20t N BRI A IE JFOIRES , SR SIE0 B 1EA R R e i Rk, S8 T

13
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A 240 0 5 TR e 4 BE TS (Fujid et al 2007, 2009). 2 IS 8] i 55 petaloid
CMS 5 carpeloid CMS R 78 & 8L, Lokt Rl i [ [71 18 4% MADS box %% B
KM CRHEFRIL, (FHESE IO B AAMIEIR ZE 7R A (Linke et al 2003).

Mitochondrion Genomic rearrangements
Fertility restoration G CMS genes

RF protelns g J
\n-ucms MARNA WA
M- | Cytotoxicity
Anterograde An!hers of [microspores.
— /,,—’
-

regulation
-
Subunits of
mtETC complexes

Energy deficiency
s
I"’

/
Cytosol P
roteins ignals |k’ PCD signals
T in tapeta in microspores.
MSGs Premature Abnormal Retrograd
tapetal PCD pollen PCD regulation
. ' '

Sporophytic Gametophytic
sterility sterility

Bl 1.2 SRR B 2 E A F L R R E R R EAEE.
5| H Chen and Liu 2014
Figure 1.2 A general model for different layers of mitochondrial-nuclear gene interactions in
cytoplasmic male sterility (CMS)/restorer (Rf) systems.
Cited from Chen and Liu 2014

5) RNA ZuffR . Lokifk RNA il 5 B0 25007 50 597 ssdE (1
e, A SRS R G i B (3 A S R IR AL B AR O, 7 A ) S T RE R e b
EIhEE, SEACKIE (Ichinose and Sugita 2017; Xiong et al 2017). Iwahashi 2
(1993) 7£ BT BUKFELRLAZER A RIS atp6 HiEF1) CMS 2R orf79. 18
HAE ZERFERTF LK, NE RERAEEERH A orf79 5 apt6 SLiE 5
A BB SEANTE atp6 3K 9 MRS . FESHIREERIRE R4, X 9
NREEAL R TE R, I ape BRI )3 i 1.5 kb A1 0.45 kb PIERSY, T
HEAE RZPRA 2.0 kb Y] mRNA 73 750 gl BJS, Wei 5 (2008) i
BT KRRLERRIE N a9 FEFARE SRR TR R, EEkK, K
HIE kI PPR-RNA ZwfB K755 nad3 75 5 M7 5 RNA %id, 33 nad3 I
BESH, MIFLRAE A LISt B LRk Thaer=Eam, 51 /KREeRH

B MK (Xiao etal 2018).
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2.5 HIBEMA T EEWMR

ToAZ ARG S 0 — AN R IR, A2 Rl A 35 18 5 MEA b P 0 2 B4R AR
HEVEAR G 2 K2 HOHE A B R BR324, i s AR ik
ZFARE T R PR R N B RS B 20 M 5T A R B A AT 28 58 il DA R AR B A
Rl G S5 INECEE KR TG A (FBSCREE 2019). Horfr, SRAI4H) L
FRBACKE RN A HEVEA B M TR R A B B A% S Fh HB A, BT Ak
HB MR ZF Aehh 2 57, RIWHBEEAT, RO FHGREEAF 5T HLIE
(R ERAE A G A1 2015 o MR HETEAS B 0 70 ZEAE AU 73 PN B T HEAT

200 i J2 TR PF 92 3 S v 7 21 21 N A0 i 2 W5 S A6 oL 4 P 27 A0 A 3R
fIEJ7 T . Yamamoto 45 (1997) i id 1F S A8 S 56 IE SR M ZE A 2 JUARL ) CMS, Bl
J&i Goto %5 (2016,2018) %5 T —445 CMS H R RIEN . AL =i E 5B

(2007) AR M AT IR LRI, I EM AR W E 2R AL/
VU AR SR e R B S, 5 ATP & s 9% A2 b A 35 D) 2655 BRI i 3]
—5, PEIALRIRIE N R S ECR M B A T R EE RN, BEES (2012)
Xt HB Ml BT A P AL 38 B TR S BT 4R 2 W R B, A6 R & I 72 T SR H R A AE
WAMEER B i . AR R R DMMETIE, I BIE WS 3] HB Al o 2% i
HESEJRBE B 2 B30 s BYPHICAL” REMT IR B4 B 1 B0 3 A4 i 80 HH 5

Y2 B R & i (GRS 2013); #E— WA ‘BHER NMET
SRR E LR — 2, 72 M BRI R E A R (EBE 2017); Zhang
SE(2014) K H A0 M 2205 %0 BRAE Tot RARIRILZ) K & Mk R AT W,
WA T I 32 AN /INFE-7- B4 P el 23 22 22 DY 43 Ak 34

SRR EEER RS RH ., A4, N RNA A, FEEH.
PHAEIH 2R 0T, USSR VR MRS RV E S B ARG R, B SCH (2013) LA
RNA-seq BiAR, KA IE MSLP FERAFTE 4 NMEFA, HIEWRA R BT, ‘¥
PR MSLP FERH)RIAKFEE St —5 " &, HENNZERDOEErE A F
FHOGEEDN . FBRERESE (2012, 2014) I B ENFHEARKI— R 55 HB il
JR M HEYEA B VR R BRI R B, 0 CiedP3 B2KIF0 CYP716 HEH, X4
ZESHEEMEAREESREAN ., ZKRES . HOEG SRS EES: 1
A, S E R B AR SN TR P 22 %08 [, J7 #0846 (2014, 2016)
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KIS BSPHTCHZ WEMT K HB Al 28RS & MEOIRAHOE miRNAs, I HiLHK
miRNA-PHAS-phasiRNA-target W#Z M1 fe S5 TR BEAEEEAFERE, 17F
SREA B, EHSE (20200 KIL miR399-UBC24 W fgiEiL iz SEP KiK.
LA E K E, FHd@ ICED WisSFLK B mit#T#; Zhang 5 (2018) X
ToKF DA AT e SR A BRGS0, R E AN & TR S5 2R T 2R
A . BANMGEEIEAR B CHUS — e ik, (A 5HtEd R s A E A
JRH) CMS JEDH M AR IE, AT B A A AN B R A o 2T, A
RERLARTEPEA & i R R SRR AL 1 B8 L fily o

3 AR ERIAA S

IR AN E 2 R A B EYE AR S (Yamamoto et al 1997), HB A
BB Rl S 15 ERINBEHA HB M CBIR) AR BR A mil 27 AR A B 2
i, RIMEVEART , BB SRSETot%, =20 SRz 20 M BT REVE A & 1 B AR
Mo ASHETT LA HB Al 5 2 Fl & SR A G M, LRSS R R, X
TRZRLARIE R A BEAT TIN5 o 2, R S5 A 4 P o e A 8 4 % 1 S A
K. FEPIFRNENT:

1. “ER 15 EIHEF HB Al 464 DNA Illumina JIf7 &% & DNA
Hlumina 1 PacBio Fy, PHEIHERHLRMAILAAGEE, Ak ‘EHX 15 iR
JHEE AT HB Al 1 22 AR JE R 20

2. HB Al 5T A o S Rl MR G b B BRI 2 LB o T, AR BRI ZH /K SF- 1
HB A5 4 A 22 DR 2H % o R A S ARl b — DRI R 157 W
B 5 UIORE 88 5 A P () R R R SR R 201, B AR I 2 5 £ Qo ok ik DR 4 38
LR

3. 2L HB Al 2 b S HEXCR A AR RIS B, A E &
HB il 5 FpAl PR 157 @M EH 5 HB fill CMS 55 ORFs, {EIXLEFr5:
ORFs R Hi 5 CMS A R IIMGEIE L AR S N ; @i FRRIE . % HAEE AL,
SrRTiEIE CMS JEK ThEE .
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£ZE ‘EX 1S RMEMEM HB MERAEREENFS
Ees S AR

it

1 5]

WG Z EARARRER, BAEIK, BMEERER. BRI
O 2 IREERE R, R AR SRR L TE S 88 46 1E ) 18 A 5 5 2 R H A A7 T R ik DR A A
1 22 PR o e I B AR e 5 8 FE DA AN [ ol i R EL 0 R 2 2 e S At
T L. FIA Mumina W54 AR AR AR 56 8% 1 58 B2 T 7R EH R84 5k DR 2H 00 P AN
F (Xuetal 2013; Wuetal 2014), JT4ER, FEEBLCEACH) $5) 1 SEI DNA Wl
JFPHARRIE, BEMERRI SR A RS A A . A0 = DL AR Al AR
56 JU A R R AL AP U B IR DE IR 1A B 2 IR OGR4 2 e
(Wang et al 2017); JHBILESL A 08 14 A xc4i & RIFFIA S3 MRkl 4
MEARHS, IRAF 10 1L A2 25 BRI AR OR 1 75 8 7 MG Th B BRI 4 220 78 (Zhu
et al 2019). T LA EAHEAFFFIIEHAGE S, MGG RIDEEIER Z 7T 2
BV A3 (Zhang et al 2020).

B 20 R DR ZEL 4 R A 20 LAY () S AR T R AR 0 L 5 &% B I R DR AL
2006 4, Bausher %A | B M SRARSERAE B b5 34 AMAHE A [F] i
gk Rk 5L DR ZE Gy A, BB T OMT G JE BT AR B RO BE R 2 1) I Ok R
(Carbonell-Caballero et al 2015 ). SR 1117, A4 L bir A Ik PR 2045 B e ik i - H AT,
CF Z PR ZORL A SE R A48 A A, 1. %% (Goremykin et al 2009), 5
(Goremykin et al 2012). Btk (Liu et al 2017). WFFA BRI, #THEYIZ
RLARFE R BAG 537 8o 87 B B HE . 25 DRI 2 A 2 B R . R Ak ]
MY VI RNA S 5ns . Horp, Zobifidi (R 20 8 57 5 41 2 [ 2 4 7= 2R 1 ik
R T e 5 LR A LR B R L 5, BRI Th Be e R T AN RE = ARG ThEE
1k o

ARG = AT AR A A B R 157 RN EMN 5 HB AT R A
AR, $R15 HB iR 2<% (G1+HBP), AiHEL SSR 43 FHriciF sk HB
ol R 2 Ao A A% R SRS R R BB M, 2Rk LAk CEHER 157

17
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TN ZH (Guo et al 2004; Wang et al 20100, ABFFRLL ‘EK 157 HINEHM
HB Al 95 Nl & S5 A AT RE B Tlumina I3 H AR X PSRRI 20K DNA
& DNA JU ¥, FKH PacBio =AM H AR & DNA #HATI . AVEESS
Sanger M FHEARLE &, PHESAF C BN RLARIE R, L O R BT ZRi1E
HEVEREEASE, AP SR 45 R 4 3047 Dh REdToR o it iAok
() B AR JE D5 2 PP 910 LU o3 AT, 9 S5 288 o A i 8 A ke D] A SRR AR A A A A
B AR CMS 5 [ 48 2958 HE A

2 MRIAIEE
2.1 HIBRGEARRULEIES

AW, LEER 15 iR 2 (‘Guoqing No. 17 Satsuma mandarin , Citrus
unshiu Marc., TEVEANE ) @404, HB #li (‘Hirado Buntan’ pummelo, Citrus
grandis (L.) Osbeck, HEVER] ) B AP EHEIZE A DNA (K 2.1). S5
FrHAEEL CEPE 15 EINEM AU IR E MT B AR 973 F, & 20 RA
AR, TRFREEOLRETE . HB MR T4 sp A K S AR R AT 78 BT ARIAH A
Pt BRI . A HB A SR SRR, T /KB R TR T AR 5 445 . 1 mol
NaOH iZf1 10-15 min J& , il /K Wi Fif 73 1 NaOH, 4E TR LA B, 15 3%-5%
NaClO %] 15-20 min, G N HTE/KIFDE 3-5 . THEEH &% E HETH
7 OREHTT) NIEFIEIREE (MT +25 g R, AHE 4 i i &, &4
BB LUK 1 k7, RREET IR 40-50 K.

Bl 2.1 HIARLORLIA DNA SREREE. (A) “HEPR 157 /N & & (B) HB AR (O
HB Al B AL i .
Figure 2.1 Extraction materials of citrus mitochondrial DNA. (A) Embryogenic callus of G1;

(B) The fruit of HBP; (C) The etiolated seedlings of HBP.
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2. 2 BRI IREY

FELDZRAR 3 B 30 T % P90 Lo AN 22 092, MRS [RI AL 43 2 Y

SEREMIZRIAA, SREAT P REC U DL PN 3% o e UM AR A U5 L s AL S w1 Du g
KRR B LSRR, BARBIRINT
FHARHL

1.

Mg RS b, WEREE IR 40-50 K, Wdk BB, 2960 g, 2-4 °C Tl

7

2. KR B R AT B S LA, IFIE I 2 mL/g OB N BIF B 2

(homogenization medium) ZFEATHFEE, X UEEIN Miracloth & €%, 4 °C
TRAFIETR 5
. 1,000 g 4 °C B5.0> 10 min J5¥ HiGWAZ 2 55— T4 K 50 mL 550

4.18,000 g 4 °C . 20 min J5 7 BIFRAR R E O/ IR AYTE, A Wash

buffer;

5. 1,000 g 4 °C B0 10 min J5 4% _FIGHEFE 2 55— A ) 50 mL 250
6. 18,000 g 4 °C 0> 20 min 57 FiFWINA 1-2 mL B8, 4 °C HELAFAHIZE

TERs

LEE

1

. 18,000 g 4 °C BL» 20 min 5 MG ZRIAA, TR LRLIR TR T buffer A;

2. [A) i\ DNase i 50-100 pL (FRUTIE &8 E ), 37 °C 2-3 h;

3

. 18,000 g 4 °C &0 20 min J5 57 BB, FFINA 1-2 mL buffer B B &4 R,

4. T B PR AR

5

10 mM Tris-HCL

20 mM EDTA
T HE 1.45M 12M
5mL 248 ¢g 2052 ¢

. K ELEAE buffer B H BIAORLR- T ERERERR L, AT Sl 3.0 72,000 g
(25,00 rpm), 4°C, £5.0 1h;
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6. 1 1 mL —RMERE /N BT 1.45-1.2 M Z A £k 4RI Y, 18,000 g 4 °C
B5.0 20 min, WREELRRIfR, FHANIISE B el Slid western AR X 2R R 1)
2 B R 5 AV AT ARG DU

7. &JiH CTAB (P 1D JE$EEUZERifA DNA.

2. 3 Z25I{K DNA, & DNA Illumina 5 DNA PacBio U DNA 3
ENESSBRENRF

FiT Mlumina A1 PacBio M7~ 5l /77 ) DNA £ £ Qubit Fluorometer A3
HERE BRI B VKA B0 B 4 S, SRR S AT Y AR AT AL 5 AR SO A BR 2 7] 58
[lumina 57 F 4 f¥) DNA ¥ 5% ] NEBNext Ultra DNA library Prep Kit H2ff#) 5
PRHTEE . 8 Covaris S I AREOCH DNA BEHLFT WK B2 350 bp 1)
FB BEJE DNA FBORIREE . 0 ployA. WlF4k. 4lifk. PCR ¥ 15458
TS AN SO £, MBS BT Tlumina G MF (B 2.2A). PacBio
M FEF 4 i DNA FE 5% SMRTbell template prep Kit $24E 10 7 kBT 22 . 1
S DNA F 26 G Needle v Bifb, Fifif5 F BluePippin i£4% 20 kb UL BRI B, &
RIIEEFN A S5, FELE R B i 73 T 1 Hee Sk S D R 56 R CA S e ) 45
P - S 2B T PacBio P& llF (4 2.2B).

l — — P5
— = — Rd1 SP y
= = - Index /" RioSP (P )
m, m - All. Double-stranded cDNA
from figure 2B) P7
b Y ' 4 1
\PS P7
1 Rd1SP Rd2 SP_/
cEm T O = index
® # Rd2SP Rd1 SP
B. End rapair and phosphorylate P7 P5
ex ada
P)
'l' P5 Rd1 SP DNA Insert Index
Rd2 SP' P7
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P B M AR RS R AL B Rt 2 5 AUTREVE AN 2R R R 3l

B

DNAF B 5 EE
' ~

DNASR 5 — o T o
I .
DNAK &S o — e

2.2 lllumina (A) A PacBio (B) W|F&EERFE.
Figure 2.2 Flow for constructing Illumina (A) and Pacbio (B) library.

2.4 LncRNA Xt 5 & BB

A6 BRI i RNA $2E0E % Liu(2009) . $2HL K] RNA 1 ] Nanodrop-
IR R LUK AT Agilent 2100 HEATIREEASEBENERTIN, A 4% ) RNA FE S EAT
LncRNA #FE. SCEEM NP TAEZR AL st R BUE A R A R e . HR4E
Ribo-Zero™ kit 2 (777 M st RNA F£ 5 H 2:F% rRNA, H fragmentation buffer
Fa 2B IRNA BIREGFT W RN B BEJS DL BUL R RNA DR, I BEAL ]
Y S 3 cDNA 85— %8, FRLASE — 2R BE MR, dlId 22 0. ANTPs (ANTP
i) dTTP ] dUTP B ) .DNA polymerase I Al RNase H & % cDNA 55 — 2k 4i
& U XURE cDNA £ Ab B (4l RufEE . N AL EENF#3k) /5 H USER
B FEME & A U ) cDNA BEJFX) PCR B4k, /5 H AMPure XP beads 2i{t PCR
Y, R RSO . SCEZ FTERN (Qubit 2.0 1 Q-PCR X 3CF & f
Agilent 2100 A IS ZE4H N Be /N A4 J5 A Tllumina Hiseq4000 5 P 4341 43l
P (E 23D,
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ERNA

L EEmRNA

L RNAEERE

| REFEHONAE K

! HANTP (dUTP. dATP. dCTP. dGTP)
EHCDNAE —£&4%

L FmiEE. foa. uBEsL

C= =

| USERBEE{LIIBILGEE

| PrREH

—

| P7

2.3 IncRNA W7 B R AE -
Figure 2.3 Flow for constructing IncRNA library.

2. 5 ZRIK de novo 402 RBE

187 F SPAdes # %) &1 DNA [1] PacBio F1ZE¥i A& DNA B # i DNA ] [llumina
W7 25 R AT de novo W%, HH BRI FEESHON: k=91, 119, 127 (B,
HEPTHAZ % Wang (2019) k. M Velvet B4 Zkifk DNA B &
DNAIllumina | /57 235347 de novo AL W E K EESHCN: k=91, 119, 127

(BB ), ExpCov=20. 50. 100. 200. 500. 800 (HUffE), 413EfTAHAS
¥ Zhu (2016) Frik. K PR AR 2H 20 25 AT 35 0 W, 3145 2 B 3 S Lhhidk
scaffolds. J# it PCR #11 Sanger il 7> 3E £l scaffolds 2 [A] 1) gap, HxZ&3RAGL M AR
RIHIRRFF1 . {8 picard MarkDuplicates 2 FxFTH Illumina H reads [ & ¥
5, F|H SAMtools ¥ 4 reads FEXT B 2o b I K 4H 52 8 ¢ %)), DLIE[H] reads 5
S 17) reads B LA 2%, B Pilon v1.22 SRR 5L R 4H 5 51 HEAT RS IE,
BELRHAEEFNARETH, KPR RENFESHKRIK N
VALIDATION STRINGENCY=LENIENT REMOVE_DUPLICATES=false
MAX_FILE HANDLES FOR_READ ENDS MAP=8000 ; minimum mapping

quality=30; fix=SNPs, InDels.
22
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2. 6 RNA BN R EE

181 F HISAT2 #BA0% EPE 157 iR ZEHA HB A LncRNA-seq $4fE Eb T
B BB RAIE R (Kim et al 2015), Huxd4h Sl SAMtools #% ik
il BAM SUfF, FEAMTIRELLA SR, HAPRENFESHON: adjust-MQ=50,
mini-reads=2, gap-frac=0.02, max-depth=1000. {#H beftools v1.3 %5 ikl
BAM ICPF) RNA 225, H o (R <5 8 B g bd X AL A7 R obi ik RNA
Gmfrf, HAPRENEESHON: multiallelic-caller=m. i HmEAL L
AR S A % A7 55 ) RNA g /K F (Picardi et al 2010), f#i ] SnpEff v4.3s
(Cingolani et al 2012) %} RNA 4miE T4 i E R

2.7 WA EE K FEBFIILEE

T % T A AR 2ok A 2 R 2H A ik SR AR R A SRR B B, {E R BLASTN 44
T R AR S R 28 LU ) 2 B A I 2R AR SE R 2H (Xu et al 2013), SEfEH: e-value
N le-5, KEERT 100 bp.

2.8 HEZE

FF MITOFY @4 (1 2 L A Jik 5] K53 P %o M A 20 b 4 ik [R] 4 398 47 1 %
(Alverson et al 2010). {#i il tRNAscan-SE v1.21 X} tRNA Fl rRNA HEATVERE. il
F BLASTN %7€ 2R AR AH 5 5751 (RHALLE>95%) . Bioedit A F 1 FL 4k
ERIH GC &5, OGDRAW Ll 2 b 4k K ZH M3 ¥ 3 (Lohse et al 2013).

2.9 HFAEERLE de novo ARG

IS AR DR 20 15 B R LG R AR R 28 /5 B SE £ <7, L Tllumina A1 PacBio
TPy 14215 211 scaffold 78 7 2t L AR AAFE R H sy DRI, 8 Jaxd ek A BE K]
SHPHHRIAR Y scaffold HEAT B 55 FE FIT, 120 1 € J& T S ARk R 4 P 51 11
scaffold; Fifi f5 -5 M NCBI R M A - SR 4R I R 4 $50 40 Lot , R4 scaffold 2 ]
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FH| 52K HESXER, B LR scaffold T30 i SR 3 K ZH W) D3R T
P SRR FE R 2H 7 A1 A I 7125 ) 2.6 ZRRiAK de novo 2H 25 SRS BTk

2.10 ZRRiE R REEEBHZMRTR (SNP/InDel) 534

i lastz 73 CEER 157 i E AN HB Al 2R AR F -2 5L PR 41 1 3
ZeIX 3, A gmaj % A2 K maf SCHFREAT 704, A2 B Difference SCIFH T [RIVE
A0 Fr B i Gt 2440 #, A2 i rdotplot SO I R plot 42 i 2 B ] (dotplot) o
Mummer FRA R 2L A S A 5 PR 4H P B30 AT TRV LE KT, AR B mums ST Y
SNP YJHA B EE, F A gmMIACK YA B IE 22 1) SNP A F1 8% 5 InDel.

3R

31 ‘EK15° iBMEHI 0B ZhAEEL Numina FF K LE
%
3. 1. 1 MR AR KL E

HU HB A L4 T B FE 30 g A1 60 g, -80 °C UKIZEFE i 60 g JFE4T ZR R AR FLHL
IO AL R AN B T O, KRR S AR 4T RS AR O B OF
FERERE 12 M 5 1.45 M FHIE AP 2R . ek a &N 60 g, TERERE
BhIE SR w R K E R A E R (B 2.4A), UMY HEN30g, TEIHE
B B AL A A D B R B R (K 2.4B), R IIAHE B AL 41 3R B b A fir
TREM R E D 60 go SR, FI I REREGH IR T VELE VKURFE B U 4 b F2
FEHERKREAAZRY (B 240), £ 1.2M 5 1.45 M FHHEA B BI04 H
W, RUIHE A A VKR DR AF IR i oV T 2R R SR I . FRAERE IR <R R
157 IR B G 2 2R R AR B EUCR F [RIRE IR 5 34T
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A - B C

' mitochondria

2.4 R LRAAIRE. (A) FERTEN 60 g, AR O e R B RAE 1.2 M
5 1.45 MOIKRFERIIERE 72 R 18] (B) RERLTTRDN 30 g, 3 FEAR LB 0o Jo ZORi M4 1 BEAE 1.2
M 5 1.45 MIKEERIERE 72 2 M0 (C) DKIRAR Sh ZORL A3 UK 2% i o
Figure 2.4 Extraction of high-quality mitochondria from HBP seedlings. 1.2 M and 1.45 M of

mitochondria

sucrose density gradient were used to separate the purified mitochondria, and mtochondria enrichment
between 1.2 M and 1.45 M sucrose liquids. (A) 60 g seedlings; (B) 30 g seedlings; (C) Impurities were

presented at extraction of mitochondria from frozen seedlings.

3. 1. 2 ZRprih e B AR I

AT C ot —FhEORHAE B 5, W AE kil Lot i 58 B AR FE I F A o
I3 SR EURE it LB AR AR AA EE ), FIH] Western blot $0K, HIZHREAER C
PR IA RS EAPHRER C 8. RAKLRKEANMRER C 88
RESTRMBER, RURANERARTREYEL, AR (B 2.5A).

BESE B 2 —FlAei bk g i s i g taii] . A B Juils
A EARAILERAR A, WILACE 10-15 min, AYLEMEE TWE (K 2.5B), M
i s (2R O e RE B SR AR

A

marker 1 2 3 4

A 2.5 HIRRPAAFE L E . (A) Western KA R 444}

AUtz C &8 . M: marker, 1: 20 ng S &M, 2:

10 ng ZERifREE 4, 3: 40ng SERH, 4: 20 ng RRifAER

» H: (B) E9isk B ARG ARLAHEAT Jeth

Figure 2.5 Purity identification of the extracted

. - ' . mitochondria. (A) Western blot was used to detect

. 3 cytochrome C content of different materials. M: marker; 1:
20 ng total protein; 2: 10 ng mitochondria protein; 3: 40 ng

! / . total protein; 4: 20 ng mitochondria protein. (B) The

mitochondria extracted from citrus seedlings/callus that was
- k. N i dyed by Janus green B.
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3.1.3 £2hifEk DNA Kl

g3 CAZERifR DNA FLE DNA AR, AR N AN [FREAE P b i 5| Pt
1T PCR ¥ 38 o T HEAEAL VKA I B 7R, Rk DNA 32 BRI 21 2 ki A bR 5|
Wy IE Ak, DRI 2] 3 XA ERRIBRC 51 s 2%, BE e AR bR s
B I M DNA JL-PAaill 20 A 51 8 G 40 (& 2.6A0. HILER,
FEEUZE Rk DNA gifEfe s, (A /DEHE DNA FH. SRADUEHERER ik
K HEE 128 Rtk DNA 5e%E, M 2.6B 7] LLEH, $EEUILZERA DNA 2577
B, AUERMEME, FBORT 15 k, R\EIUWLRAR DNA F B e85 .
[F] i, Qubit Fluorometer il 2R 1A DNA ¥ f s 15, 35018 20 37 2 2 (1 5K
2.6 PCR % 5E£0Ri1k DNA i ML hiik
DNA FRERW. (A) AN AFREBAEYR
Fric % 58 2R A& DNA 40/ .nuDNA: /% DNA;
cpDNA: " £4K DNA ; mtDNA : Z2Fi 1K DNA;

(B) Z&Kifk DNA I Igki st A B . CK:
e, RS, : DNA #5££; M-1: 5000 bp marker; M-2: 23130

miDNA cpDNA

-

bp marker

Figure 2.6 Validation of the mtDNA through
PCR analysis and quality test of the mtDNA
from citrus. (A) PCR confirmed the mtDNA
bp from citrus using difference intracellular

CK M-1 mtDNA M-2

23130 genetic material markers. nuDNA: nuclear

916 DNA; cpDNA: chloroplast DNA; mtDNA:

4361 mitochondrial DNA. (B) GeleleetroPhoresis

B2z detection of mtDNA. CK: DNA standard; M-1:
5,000 bp marker; M-2: 23,130 bp marker.

0825 BEE ¢

3. 1. 4 gobiid 3 IR 4H U e A Bt

CEER 157 RN E LR DNA R Hlumina MiSeq HAM T, 153 120
Mb clean reads, “F-3JEEH 300 bp, MHRMFEHIFESE T NE 2.1, B, FIH
SOAPdenovo 1 gapclose #7745 Rt T4 3%, 153 144 4> scaffolds. BEJE, ¥

IR EE 50X LA I scaffolds 5 NCBI | nt/nr FEfiHL X, 3£5 122 %% scaffolds
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BAEREI SR ARERAM KGR, FEHR. 5a, @i 5 ae ot
FEHAMTE H G TS % REF4 (NC 008334.1, Celementina 182 v1) L,
TR 4 ZE LN RS SR A BE R ZH R 5 B 8 TG S B B R A T A1 scaffolds, i
LTI A 18 4 scaffolds N FELE KR DNA 741, A Hf 45 R itk 2.2 Fiow.
PCR #2256 RIEAM>2 kb 1) gap, Ak <2 kb [ scaffolds 1 §E & B & 5 5114}
PrEEr AT, B 18 25/ T 2 kb 1 scaffolds 7Bk, FEXTFRIAM 13 2k scaffolds
BT 13 MBI RS (SIF B D, KA SR PN S
PCR LS ‘HIK 15 RN EMZRAE scaffolds HEATHIE:, BZKILHE:
e EE . 2Ky 489,644 bp MR KifA DNA. T —2, XHHZEZEMH E

PR 157 M BT 2o A J PR 21 HEAT R 5 4 70 A
% 2.1 llumina “F & mtDNA-seq 1 RNA-seq Wl FHIE ST
Table 2.1 Summary of mtDNA-seq and RNA-seq data sets sequenced using the Illumina

platform
Sample Raw data Clean data Clean data Clean data Clean data
(GB) (GB) (GC%) Q20(%) Q30(%)
G1 mtDNA 0.17 0.12 46.55 95.58 88.92
HBP mtDNA 0.68 0.60 41.19 93.39 87.82
G1 RNA 14.46 14.11 45.25 95.93 90.34
HBP RNA 13.20 12.95 45.50 95.50 89.53
R 2.2 iR ER AR R H H 40t
Table 2.2 Statistical analysis of mitcohdnrial assembling data
Scaffold (G1) Scaffold (HBP)

Total number 18 22

Total length (bp) 417,211 518,695

N 50 (bp) 63,952 120,621

N 90 (bp) 13,573 19,013

Max length (bp) 88,419 153,420

Min length (bp) 702 548

GC content (%) 45.26 45.40
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3.1.5 ‘HK 15 BEMENLAARERALH

CER 1S RN B LR AR L AL — 4Ky 489,644 bp IR DNA,
GC &t 45.17%. 14 mitofy & &5 IR RARFE LR 51, @it 7 41 [R5 1
4387, FIF ORFFinder. BLASTX. BLASTN Al tRNA-SE 58 /Fx) E K 157
i P B SRR TS DR A AT T REVERE, IR 1% M AT ZORE iR R 20 I A
35 MRS F . 18 AN t(RNA KA1 3 4> rRNA Z R (K 2.7). gmhthgekifhk
EARER AN BT EEE SR V. HREE CAMESRER. BEkEA
K & matR. mttB.

EER 15 MR A R AT A A B 0 2 DR R A T A B T R
ETATW . H, nad4. comFe. cox2. rpsl4 # 1 N1 RN S TRIT, SMNETZ
[E]EIRE<S kbs 1M nad7 WAMNE T2 04 5 NMNE T 2EH nadl nad2 A nads 1)
SNETFHEZA U NS TR nadl 115 ANIMETFARBERGE, 7947 75 5= D5 45 1)
k% 159 kb 36 kb, 65 kb [t 4 NX; nad2 (1 5 NMEF AR FEIRIRE 100 kb [1)3E
K FFZ[0); nad5 1] 4 DNAMETF AR AT FIR PN X, FHRE 148 kb,
HAX AN X R A S 75 57 T AH e, 3 A 21 77 275 S 0 e X B 3 A 7 M X
BB A T AHE

EEK1ET RMNEMEE rads rml8 R rrm26 =4 tfRNA. 5 KZHHEY)
LRI DR ZH i rrn S F rrm 1 8 JEIR 1 77 SCARALL, #HEEAY 152 bp 1 7rnS Fl rrnl 8,
ST B — AN EH [F]— 2% DNA 37 S BUUR 7R d, BEJS =4 rmil8-rms SEH
PRI AR . BeAh, AHBE 176 kb [ rrn26 B MAHR DT . CER 157 3@
LAY 18 > (RNA. FRIEXEEIER IR, K NERA (RNA, W
trnM{(cau)» troK(uuw) . trnQ(uug) » trnG(gee)~ trnS(uga). trnE(uuc) . trn¥(gua) .
trnP(ugg) -trnD(guc) -trnC(gca) - trnl(uau) ; " 44K (RNA, 5 trnN(guu) . trnW(cca)

trnM(cau). trnH(gug). trnl(uau). trnS(uga).
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lochrom jogenesis
[ ComplexV(ATP synthase)

27 ‘BER 15 BMEMENARRALEWE . RINZL RS LRAAEE K H K,
2L P A I R b AR R R B R B A B, B [ 7 HER s AR A 5 R B B [ Kt ]
AMUTTHER R R FPF (>100 bp); AR Rl A A 3] 7250 ¢4 5 Pl 2 75 rRNA AT tRNA.
Figure 2.7 A circular diagram of the G1 mitochondrial genome. The ourermost circle
represents the physical map of the G1 mitochondrial genome. Coding sequences transcribed are
drawn on the inside of the outermost circle. Different classes of conserved protein-coding genes
were assigned with distinct colors. The locations of repeats larger than 100 bp were showed on the
inside of the grey circle.

3.1.6 HB RHZR PR TE R H Z5 1

M HB HFEH 2Rk DNA 7E Hiseq M JF-F- &7, 192 604 Mb. P31k
K 150 bp. LABFEZSERN EK 157 RN EM LRI RGNS %, Xt HB #h
BATRRARIE IR A PHEAS: . 158, ¥ HB MIZBRANF clean reads 55 “[F K 1
T IR E MR AL I AT LS, JERIRNRELLXS B SR 157 IR BN
FARFER AT H . BiJE, RIS B 157 3R Rk J 5 2H 20 34 AH ]
Sl , XT clean reads HEATZH 2& SRALFIIAS gap, TS B BT 45 R (K 2.2).
¥ 22 25/ T 2 kb 11 scaffolds ZIB%, FFEXTHIR 14 2% scaffolds Wit 514 (515
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HI BB D, ] PCR 25874 HB M2 i FE R A HEAT D16z . HB M hifk
FERI 41K/ 484,291 bp, GC & 45.19%, fR5FREECH 34 1>, (RNA HERH
19>, rRNA £ 34 (B 2.8). 5 ‘R 157 TR S Lo 4 Ik K 2H 2w ) 5k
KIAHEL, HB Mg RR R 4054 1 A t(RNA-Phe, BRI rpsi. 4L, HB A
RIS RH TR I A ST EEK 1S RHERCEHE .

]
R,
™s3 ~ps — ‘23 HBP

484,291bp

nadb
IS rpl7

RNAS RNALG atpl— rps2

tRNA

@ rya

| Complex 1 (NADH dehydn

smplex (U

Complex V (ATP synthase)

& 2.8 HB MMZRALIAEF AL E . mANZA O TR RAREER R 206 E N
LR PR RIEFE D A I AL B, UEAH [F) D7 HE 2 A [R5 S AR (R R s AR € Pl A 7 HE 7R B
HFH (>100 bp)s A el A IIA [FIZE R el 27 rRNA AT RNA.

Figure 2.8 A circular diagram of the HBP mitochondrial genome. The ourermost circle
represents the physical map of the HBP mitochondrial genome. Coding sequences transcribed are
drawn on the inside of the outermost circle. Different classes of conserved protein-coding genes
were assigned with distinct colors. The locations of repeats larger than 100 bp were showed on the
inside of the grey circle.

3.1.7 ‘B 157 BMNEMHN HB Mgk ik 3t R 4 5 5 a4 i

N PRAIEJE TR AR 2ok AR B R 4H Jim S0t 7 ) HHERA, SR SPAdes 2H2% . Mummer
FJLERPELLCRT SAMtools PEXTPFR OGRS, H5 EER 157 RN EAF HB Ak
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PRI R 4 U6 clean reads 5 $F4% 58 BRI 2R RS IR A AT LR A, /0T S 15
RN ZE R A HB b iR SE AL e PE . M SPAdes 413545 bt ye5 3] < K
157 B HB ML RIR Contigs 425175 3 46H01 7 4. H4iX 2 Contigs 5
St I 2R R AR R R L AT SR 2 M5 M, 2R BH SPAdes 413411 Contigs /5415 ‘[E K 1
7 U AT T B R AR SR 2R AR 4, {H Contigl . Contig2 7 7E AL
Fr3), HAT 20 kb [P0 ZE R HB Al 50 i 1 Bk 7R B R 21 [F)FE RE7E SPAdes
PEEEIY) Contigs % F%} M 741, {H Contig2. Contig3. ContigS. Contig6. Contig7
fEAEBILL P, H Contigd JPAIER (KE2.9), R, IGV 434 SAMtools 45 R
R, BHEsE R R 157 IR N B AR HB A2 bk JE R 415 JR 46 clean reads
I EREIC . DL RS R, BHESERUN CER 157 iR S AR HB fliZk
WA DR 2H PP 1 B SEARAE, 52 SR -T2 ] S PR A b 1 228 DR 41 S 2R R ik
BHMHE S ESFHTH, PR ER 1S RINENA HB fhh i
PRI IR S AL R B BRIl 75 S8 K B = AR P AR CEER 1
5 IR EAR R HB 2R A 3 R AT RS I

A B

SPAdes version
SPAdes vers

o Conlig 6 -
Contig 1 . > %

ki .
N
» ™~
o
™
N
\
\

Contig 2 e .
)
e N

o v
T o P 50000 100000 150000 200000 250000 300000 350000 400000 450000

200000 250000 300
G1 mtDNA HBP mtDNA

B 2.9 T ARARKMAR EHEK 15 EMEMHN HB MR % R AHILLR 47

Figure 2.9 The synteny of G1 and HBP mitochondrial genome was assemblied from different

50000 100000 150000

softwares.

3.2 MBS R B R 4H = (X Fr4E 3 SRR

Rk 15 d i R 157 IRHER @IS Bk r HB i, 1%
2 bR AR BE A A2 H DNA J£iE4T PacBio V& (1 =ACEEE . W7, AHICIF
HARSTE WAR 2.3, 45640k DNA FlE DNA AP 455, SREC=ARI P4
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& (PacBio) 5 ARIFHHE (Mumina) BEAHHT, —ARIMFHA (Sanger) #b
78 gap HISREE, X CEK 157 M EAF HB Mt Zebi A 5L R AHHATIRIE. %
i3S Mlumina P 250808 %o 2 145 R AH B0 1647 5 4R B4, [ R A Tllumina 1)
FrddiE 5 PacBio I B AT IR G 202, B S AR A2 7 SR B I 45 RS
B i iR C RIS I L RLAA scaffolds F BRI Sanger J72:f4%, M3 21 56 %1y
LRIARER A . BRI (& 2.10):

1) H Velvet #A4XF Mumina M7 4R AT412%%, [FIBSH SPAdes 3K 4% PacBio
A1 Mlumina W5 25 R BEATIR G 4H2E, 1932 3500 5% scaffolds 1 5000 5% scaffolds
HHAELE R

2) PP A B K scaffold FY 78 75 JE bR , Xl 4% scaffolds BEAT ]G ik . Hb 20,
PUBAERR T 55 RS 10 5% 100 f scaffolds #A & 2R AL AL 51
T B LR 51 G R () B RN ORsye, ik — 2Bl 5 LR R I B R 7 B LY
SR Ui 19645 B I BRL A PP F1EAT B80IE , K45 DT FC 2R A4 PP 51 1) scaffolds 5B,
[ I £ B B, 25 A 2R AA PP B 1) scaffolds,  FFAbRiC

3) ¥ 2) 51 Velvet scaffolds 5 PacBio scaffolds FEAIHEAT L X, #R¥E scaffolds
Z M FHIEZXAEE, K LR scaffolds 22N F L ik A F 1. 78 kit
FErf, R 22 S oy LA AR 2L 7 5K Velvet 13 21751 9 3

4) R B RLARHE R A A o R 4 X T 5 WEAT Sanger WP . W45 SR I
HERMIERFH, 158140 A5 KA PR F 515

5) f#i /|l picard MarkDuplicates %% Ilumina ' reads MNE LT, FIH
SAMtools 4% 5 reads bEXT 2 Z& R ALK 4 52 82751, LLIE ] reads 5 /% 7] reads
g LA NS 2%, FIF Pilon v1.22 SRR ARIE K41 P HEHTARLIE, 1534
KAk R H B 24751
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‘ Illumina mtDNA-seq (PE) & PacBio total DNA-seq

Velvet mtDNA assembly scaffolds (< 100,
nucDNA and epDNA removed)
SPAdes total DNA assembly scaffolds (> 10000)

De nove assembling: mtDNA Illumina
reads using Velvet, Illumina reads and
PacBio reads assembling using SPAdes

Identify candidate scaffolds: ¢
Aligning the scaffolds from ‘ 2 or 3 candidate scaffolds ‘
Velvet to SPAdes

PCR and Sanger sequencing to

connect candidate scaffolds ‘ Preliminary circular mitogenome ‘

\ 4
‘ Mitochondrial genome ]

Mitogenome annotation: L .
Exonerate 2.404, with reference 35 or 36 known proteins,

to MITOFY and tRNA-SE 3rRNAs, 21tRNAs

2.10 ZRR AR R AN T HRAERERE.

Figure 2.10 Flow for mitogenome sequencing, assembly and annotation.

mtDNA-seq reads mapping to the
preliminary mitogenome to proof

% 2.3 PacBio & DNA-seq Ul FEIE St
Table 2.3 Summary of DNA-seq data sets sequenced using the PacBio Sequel platform

Sample Readbase  Read number Read length Read length
(GB) (mean) (N50)

Gl 5.26 496,241 10,598 14,408

HBP 6.45 601,567 10,723 13,493

3. 2. 1 MG R AR AR ERT IR LB

Zid AR PR IE, CEK 15 BN EMA HB g i 4 K/
43N 521,559 bp (& 2.11) F1518,274 bp (& 2.12), ELIET AR & 4%
[FIFE R 41K 31,915 bp F1 33,983 bp, HIXEEF 51 K% 5 G443 K 24 5 41 [F) 5
GC N 45.06%F1 45.14% (3K 2.4) . [F]I}, F| F] ORFFinder. BLASTX.BLASTN
A tRNA-SE 55 fExt CBEK 157 RN ZE AT HB Al 25 25 1 2o 1 I PR 4 5k
ITIhREIERE . ‘EKR 157 WMEMA HB Mgk L K 2 7 A gm g 3L K] 60/59
A, AL 36/35 DMEER], 21 A t(RNA FFIA 3 4> rRNA £ K (£2.5), 1 HB M1
LRI B N H D rpst BERl . (R 157 W B AR HB Al 25 2% (0 4o b i
PRI 54V Tllumina W5 -F 645 B RN ARG IE AR LG, 75 CEK 157 BN
HEAD HB MR IGRED rps7 ZERFE . MeAh, CEER 157 IR0 EHHZER A (RNA
Gt 7 53k B KL Val. Phe, HB #lZah% (RNA 7T KL Val. AKAFE =
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RMFHARRIEER EK 157 WA HB fhZoni i s KA m ke, 18
M1 e BENLIEEL 5 ANXIA PCR #HiX 5 ANXEER L R o, FIH
SAMtools K mtDNA —AX Mlumina M FrEcdE LExT 2 CER 15 i@ EH AT HB
MZRRLARIE R AL, G THE 5% reads LURTIRE L B RE AN IRAE L sl AW PR B2, 45 SR 3%
WA LUK B Zehi i S R 20 F P %% reads 2 [A) PR 25 77 & 10 B IRME AU 5 &L reads
Bkt 96%, I HAEAGEAL SO A AR IR . LA EgE SRR, 4=

FPRORRRIEJG ) PR 157 M AT A1 HB Rl 2R AR R 20, eI 2 2

K24 ‘BHRK15 EMEAF HB 2RI R 4H L
Table 2.4 Comparisons of the mitochondrial genomes between G1 and HBP

Feature G1 HBP
Mitochondrial genome

Genome size (bp) 521,559 518,274

GC content (%) 45.06 45.14

Length of coding region (%) 37,726 (7.23%) 37,023 (7.14%)

Length of tRNA genes (%)

Length of rRNA genes (%)

Length of cis-spliced introns (%)
Length of intergenic sequences (%)
Length of repeats (%)

Longest repeat (bp)

Length of plastid-derived sequences (%)
Number of rRNA genes

Number of tRNA genes

Number of protein genes

Total genes

1,591 (0.31%)
5,195 (1.00%)
21,637 (4.15%)
455,410 (87.32%)
3,686 (0.71%)
424

24,714 (4.73%)
3

21

36

60

1,591 (0.31%)
5,195 (1.00%)
21,807 (4.21%)
452,658 (87.34%)
7,294 (1.41%)
1,553

16,285 (3.14%)

3

21

35

59
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l==atp1 nadi
Nad1
521,559 bp
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oribosomal proteins (SSU) o0 complex I (NADH dehydrogenase)
mribosomal proteins (LSU) @ complex II (succinate dehydrogenase)

Ematurases O complex IIT (ubichinol cytochrome ¢ reductase)
mother genes O complex IV (cytochrome ¢ oxidase)
mribosomal RNAs @ ATP synthase

Bl 211 ‘BER 15 BN BN AR E AR 8P IR 2o sy 5 K 7 B A7
), AHFEE T HER IR F]— DB A RS, TR RAMRZRIE R NN, Rl A I PR s e )
3K, REIAMIIE PRI IR IE ) e % o
Figure 2.11 Circular map of the mitochondrial genome of ‘Guoqing No. 1’ Satsuma
mandarin. Genes homologous to known protein-encoding genes are shown on the circle.
Different classes of conserved protein-encoding genes are assigned with distinct colors. The genes
shown inside the circle are transcribed in a counter-clockwise direction. The genes on the outside
of the circle are transcribed in a clockwise direction.
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o
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Nl
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e
% 6
tmg.
Uue c.Cch
ps1p,
Cox 1" nad1
nad1
Hirado Buntan pummelo : rps7
P trnl-uau. [P gnF—GAA
1 ns.yg,
ot 518,274 bp i
nadT |
'l_;ad 1
ﬂaqu ’10
AT Sdhz
’b&
'feo,;?
B ™ 0,
cﬁg ° "@9"‘:’
%
oribosomal proteins (SSU) O complex I (NADH dehydrogenase)
Eribosomal proteins (LSU) = complex II (succinate dehydrogenase)
Ematurases 0 complex III (ubichinol cytochrome ¢ reductase)
mother genes 0 complex IV (cytochrome c oxidase)
mribosomal RNAs @ ATP synthase

&l 2.12 HB RHZORLARTE BRI Sh M Il o Bl 79 DN A B e O sy R LRI (6 B AN 7 1), AR [R] I3 € T A
BN E AR, TTHERAMURIEE AN, B 2R R R S e o, el A PR 3%
AN AE e %

Figure 2.12 Circular map of the mitochondrial genome of ‘Hirado Butan’ pummelo. Genes
homologous to known protein-encoding genes are shown on the circle. Different classes of
conserved protein-encoding genes are assigned with distinct colors. The genes shown inside the
circle are transcribed in a counter-clockwise direction. The genes on the outside of the circle are

transcribed in a clockwise direction.
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R 2.5 i Soh A bR 2 5 PR 20 AR

Table 2.5 Gene content of cirus mitochondrial DNA

Intact open reading frames of mitochondrial origin

Complex I nadl nad2 nad3 nad4 nad4L nad5 nad6 nad7 nad9
Complex 11 sdh3 sdh4

Complex 111 cob

Complex IV coxl cox2 cox3

Complex V atpl atp4 atp6 atp8 atp9

Cytochrome ¢ biogenesis cemB cemC cemFC cemFN

Ribosome large subunit rpl5 rpll0 rpll 6

Ribosome small subunit rpsl rps3 rps4 rps7 rps10 rps12 rpsi4

Intron maturase matR mttB

rRNA genes rrn5 rrnl8 rrn26

trnM(cau) trnK(uuu) trnQ(uug) trnG(gcc) trnS(uga)(2x) trnE(uuc)
tRNA genes

trnY(gua) trnF(gaa) trnP(ugg) trnD(guc) trnC(gca) trnl(uau)
Potential genes of chloroplast origin
tRNAgnes trnN(guu) trnW(cca) trnV(guc) trnM(cau) trnH(gug) trnl(uau)(2x)

trnS(uga)

33 ‘BK 15 BME#HF HB #LhiFEFELE RNA RiE

RNA G AE 2R A N A W A7 . NRIE TE M AT b A 32 DR 4L 5 S5 B
RNA i, 43 IR E K 157 M B AR HB Al 76, R BRI RNA,
BT RNARE T, BAFEmIAFA/NT 11 GB ¥ clean reads, WllJ745 3 14
P B 2.1 K RNA W58 bt 21 CEER 157 N EAH R HB M2k fh
R4, f# ] HISAT2. SAMtools. beftools £ SnpEff 73 H1 RNA A7 55 . it
FRTFIEAE PR 15 RN AR HB A2k R JE R 4 G X A 1) C-U 1) RNA
I i 303 N 286 o AR[F CRAZ AR (Nonsynonymous, AEfH 28I HL
JPHIRAZ ) (1) RNA Gt A 265 4~ (87.4%, G1) Fl 259 4~ (90.6%, HBP).
Forp, CEER 157 IR S AFT HB A %545 3 /M1 2 /> RNA ™= 4R 26 1 B3RS 7,
PRI LR AR, PR 384 (12.6%) Fl 25 > (9.4%) YuiBAr miJ& T [F) L5
A7 (Synonymous) (F 2.6).
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R 2.6 ELALAZRF A RNA ST
Table 2.6 RNA editing profile of citrus mitochondrial genomes

G1 HBP
Number of edits and position ~ Gene 303 286
Intron 41 16
Intergenic 38 60
Downstream 29 32
Upstream 43 64
Edit site location First codon 110 114
Second codon 159 153
Third codon 34 19
Amino acid change Synonymous 38 25
Nonsynonymous 265 261
Terminator 3 2

Rt CEER 157 RN EM R HB Al RNA s 485 Rk 2 JE R 1)
SO, AR A] SRR R AR A HEAT 0 R W], CEER 197 IR E AN HB il
RNA %45 5| iR 2 LR A0 B 2 19358 Ser 84 Leu, H 62 M1 70 M i Hix
72 Pro 8N Leu, H 44 M 45 Mgl FRAERBUA ST 15 A
Ser 484 Phe, Pro 424 Ser, Arg 424 Cys, Arg 284 Trp, His 424 Tyr (] 2.13).
eAh, CEPK 15 RN EM A HB A RNA ZmiE A7 2 R 3 22 4E Sery Pro Al
Arg “ANNERERR, )G EEAR R Leu A1 Phe.

C1G1
30% B HBP
25%

20%

15% -

Frequency

10% ~

5%

0%

S=L P=L S=F P=>S R=>C H=>Y R=>W
Amino acid changes

B 213 ‘EK 15 BMEMF HB AR R AR ERE NS .

Figure 2.13 Distribution of amino acid changes in the mitochondrial genomes of G1 and

HBP.
38



i M EAT AR RS R 2 AR S I s A HEah 2 5 2R DR AN 7 B DR A

RNA Jif A7 s (1% 0173 A R GE v L, RNA Gl A7 s £E 55 A 505 1
B bR e (>50%), HUURE g1, WA /E RNA GB i sk 418
FEArE T (B 2.14A). [N, Sttt kI, MHGZakiihs Hgmis X RNA
B RIS T0% AL A S BT U 60% A b (18] 2.14B) . Rk &5 &0,
5 2B BRAETER H AL, MIFGE KL SE R 2K A7 7E RNA A al, H
XA 0 B AR AT R AR

A B

60.0% - % —
161 70.0% 161

I HBP Bl HBP

50.0% —

40.0%

 600% 1
30.0% | L

20.0%

Frequency
Editing frequency
A

20.0% —

10.0% ﬂ 10.0%
0.0% o
1 2 3 =
Codon position

10%-40%  40%-70% 70%-100%
Editing efficiency (%)

214 ‘HRK 157 BINEM HB LR AZEEA RNA mBNELEEXAE. (A) £
[FIAL & B 51 ) RNA ZifE 70 Aii; (B) RNA ZB R0 A .
Figure 2.14 RNA editing efficiency and the location of protein-coding regions in the
mitochondrial genomes of G1 and HBP. (A) Distribution of RNA editing across codon regions.
(B) Distribution of RNA editing efficiency.

34 ‘EK18° EMZEHMN HB ikhtEEAESFY

TR ) — 0« AN [ o 2 D60 o A 56 TR 20 465 ) 25 S T oA 3l R v 2 A
5 DRI 21 e A R HE T o b Ak DR 46 3 53 91 2 18 P B b Ak ik DR 4L 91 B 5 g 22
SMEFEZ—. K EPK 15" M E A HB A2k (A 5E R4 34T B 5 LR,
SHTARALEE>95% . J7 41K JE>100 bp MIE K T4, /AT R 2.7, ‘EHEK 157
N EA LR RAIE RN A EE P A 8 X, K/INE 100 bp-500 bp Z [7], 2 KM H
751 424 bp . HB Al 2 b 5L R 4H 1 B 2 7 91 1 X60>1 kb B E R 541 (1,553 bp),
HA 11 X K/NE 100 bp-500 bp 2 8] “EK 157 EINZEHF HB Rl ik 2k
DRI 2H 5 5 P 4136 75K i 30 bp-100 bp %A BREE P CER 15 EMNE
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MREELFIIA 50 %, HB A 41 %, KEELSFIHEERTRLIEN ¢

PR 157 R M AT HB il 2ot (45 R 4 K/ 22 e ) 2 R A

#27 ‘BR15" BMNENA HB MZR R H$>100 bp EE 75
Table 2.7 Repeats (>100 bp) identified in the G1 and HBP mitochondrial genomes

No. Type® Size Coordinates of Copy-1 Coordinates of Copy-2
(bp)
Gl
R1 IR 424 71180-70757 520211-520634
R2 IR 356 418254-417899 390230-390585
R3 IR 272 431945-431674 309642-309913
R4 IR 203 373496-373294 462390-462592
RS DR 185 298604-298788 63889-64073
R6 DR 156 521404-521559 218883-219038
R7 IR 145 477358-477214 201290-201434
R8 IR 102 477416-477315 211510-211611
Total Length (bp) 1843
HBP
R1 IR 1553 133175-131623 471735-473287
R2 IR 347 122204-121858 3814-4160
R3 DR 279 139402-139680 204654-204932
R4 IR 272 245803-245532 182302-182573
RS DR 245 205829-206073 438855-439099
R6 IR 189 276500-276312 104921-105109
R7 DR 157 171276-171432 431864-432020
RS IR 145 396160-396016 369704-369848
R9 DR 128 205700-205827 438726-438853
R10 IR 127 297099-296973 1-127
R11 IR 103 297202-297100 518172-518274
R12 IR 102 369747-369646 146950-147051
Total Length (bp) 3647

3.5 ‘ER15° mMEMM HB SR A EEET R MLt S

R lastz st CEK 157 WINEHNF HB Al Zohs i K2 AT Hoxt
HRAEILLRANE X BT AR INE>99% )5 ], [E PR 157 I A AT HB A A A IX 35
5l 48~10,327 bp, B B K 460,067 bp( & 2.15A) o lastz Hex) 45 e Ad F Rstudio
s BRI, PRI RAR ] R 157 N E LR R R 4 HB Ak
TR R R F FEAE KB BRI, (B 2.15B). AN, HPE 1 57 EM A
HB i £ A5 [ 4L AFAE 747 A~ SNPs Fll 246 /> InDels (92557, Hrbr, Zofifh
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REFEE AR TS 14 4, DAGTE 10 NRRRIER Catpl atp8~ cemB~ cemC-
cemFN~ nad5+ nad7. rpl5. rps3. rps7), AR XRBH 94, [F LREEH 54
(% 2.8), RULRERH] ‘EHIK 157 i/ EM LRI R 4H 5 HB fliZohi ik
RIAAFEE AR
A
Mitochondrial genomes of G1 and HBP

Gl

sk SLSKD 460.1 kb
§ HBP
460.1 kb 58.2 kb 518.3 kb
Shared sequences
B
=]
2 ™
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é F /\‘, N
Q = # " ~
£ ? o S
A o N “
a8 & - - =, :
= . ~ -
gt ,\/ g
c // i i i P i
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G1 mtDNA

B 215 ‘EHEK 15" BINEMA HB fHEh AR A 8 Ittt (A) LokifhE K
AL, WOMRER ER 1S RN EMZRRIERIH, MR HB 2k f4 %
BIZH: (B) “HEER 15" imIHEM A HB At 2k b
Figure 2.15 Comparison and collinearity analysis of G1 and HBP mitochondrial genomes. (A)
Comparative composition of the mitochondrial genomes from G1 (blue) and HBP (purple); (B)
Dot-plot comparisons of the G1 and HBP mitochondrial genomes.
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%28 ‘EK 15" BMNEHA HB ML AGRIGERE Z A SNP
Table 2.8 SNPs in protein-encoding mitochondrial genes from G1 and HBP

Gene G1-HBP* G1-HBP® Mutation type®  SNP type
(nucleic acid)  (amino acid)
atpl 1324G-T 442Glu-Ser N transversion
atpl 1325A-C 442Glu-Ser N transversion
atpl 1341C-A 448lle-Leu N transversion
atpl 1342A-C 448lle-Leu N transversion
atp8 309A-C S transversion
ccmB 476T-C 159Leu-Pro N transition
cemC 574T-C S transition
ccmFN 353A-T S transversion
ccmFN 1241T-G 444Leu-Arg N transversion
nad5 24A-C 8Phe-Leu N transversion
nad7 25C-A 9GlIn-Lys N transversion
rpl5 119G-T 39Thr-Lys N transversion
rps3 873C-T S transition
rps7 360C-T S transition

 Position of base mutation
b .. . . .
Position of amino acid mutation

‘S, Synonymous; N, Non-synonymous

3.6 ‘BEK1S’ BMEWHI HB HHFFEEALE:
3.6.1 ‘EHEK 15’ BMEHM HB MHSEERARER

CAEH RS I SR B R 2 o 23, R S 2R R gl Al vk, s PR
157 JRJHENFD HB Al S D AR AT D e 2i e, de 2SR 2 pl Y B o 5 40 11
MR . R 1 57 BN HB Mt S 5L R 2407 51 A K 43 iR
160,159 bp/160,590 bp, GC &I 38.47%; PB4 LSC X, SSC X A1
AN IR XFHKEMK RN 87,742 bp/87,774 bp. 18,437 bp/18,396 bp. 26,990
bp/27,210 bp. ‘HEHK 157 RN ZHMFI HB M- £ R gm b 3L ] 134 4, 4
5 89 MmhLE A F, 37 4 tRNA K 8 A rRNA. HA1, LSC X 4whd s [ 5K
60 1>, tRNA 22 1 A IR X &A — 4 DLt 8 A 2E ] 8 4>, tRNA 7 4,
rRNA 4 ;1M SSC XA 13 NME A SRR A 14~ t(RNA ([ 2.16-2.17). b4,

E PR 15 W B AR HB A SRR R R A 17 AN R AT Hb el
rps12 Flyef3 &H 2 MR E T
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Satsuma mandarin

160,159 bp

M photosystem I [ ribosomal proteins (SSU)

[ photosystem II [ ribesomal proteins (LSU)

[ cytochrome b/f complex [ clpP, matK

[0 ATP synthase [ other genes

[ONADH dehydrogenase [ hypothetical chloroplast reading frames (ycf)
[ RubisCO large subunit M transfer RNAs

[l RNA polymerase [l ribosomal RNAs

B 216 ‘EHEK15 BMEMHGAEERAEE . FEH 0N bRA LR A Or 5 5 K 1A B A
Jital, MR THER IR — DN B ARIER, J7HE R IMUREERIR /N, Rl 3 R 3R
s, Pl AMIIE PR R I [ B o
Figure 2.16 Circular map of the chloroplast genome of G1. Genes homologous to known
protein-encoding genes are shown on the circle. Different classes of conserved protein-encoding
genes are assigned with distinct colors. The genes shown inside the circle are transcribed in a
counter-clockwise direction. The genes on the outside of the circle are transcribed in a clockwise
direction.
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k=1
22
)
"% . 3 <
%, %23 % g 5
% TR & 3 I
o [=} [~ =-[3J _%’Q (<] D‘r
k) P €8 ¥ & A z .9
ke 2 5 3 s
\ & Q\‘F

‘Hirado Buntan’ pummelo
160,536 bp

pi22
psig

pi2z
rr"M*CAU

o "
»o 5oz [~
&8 &3 e,
- ~
g g
|l photosystem I O ribosomal proteins (SSU)
M photosystem IT I ribosomal proteins (LSU)
M cytochrome b/f complex M clpP, matK
TP synthase M other genes
[0 NADH dehydrogenase [ hypothetical chloroplast reading frames (ycf)
B RubisCO large subunit B transfer RNAs
[l RNA polymerase

[l ribosomal RNAs

&l 2.17 HB Al SRR R SE 0 I o [l 7 DN b A ot (A O sy RE DR s BN DT 1), AH R ES )
TTRERIR A — N AR, T HE R AMREREE R RN, [ P35 (R 0 I ) B s, Pl A
DR 7R IE [l 5%
Figure 2.17 Circular map of the chloroplast genome of HBP. Genes homologous to known
protein-encoding genes are shown on the circle. Different classes of conserved protein-encoding
genes are assigned with distinct colors. The genes shown inside the circle are transcribed in a
counter-clockwise direction. The genes on the outside of the circle are transcribed in a clockwise

direction.

3.62 ‘EIK 15" EMEHAN HB M SR&E R AR 70T

PR 1S R E A HB Al g A3 A B EEBOR B AR R 2
IREER A 2 T L2V AR 4F (] 2.18A) . {8 mVISTA # A DARH R I Sk A4 Jik (K]
HANZHFPHRAT CEIR 15 i EM A HB M4/ Lext 704 (& 2.18B), 4
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Ron EHER 15 BN EA SR AR R A L, AR B TE LSC
XA SSC [X; HB AfFNEIAE S AAFE K 2 2 (BN AE LSC XA IR XA /D22 R
BE— PN e R HUEAT 43 AT, RIX LA e A SR AR AR g AS [X . iR 45 AR
MG S AL R 2 IO IR T, AN [P 2 18] AR i DR AH 8 i AR B S R, RS
T X AR 53 7 B BT R A Fhic, P T HEAG A 5] o 4 5

A

150
/
\

\

100
Y o

HBP cpDNA
50

4

/

B 218 ‘EK 15 BMNEHA HB ML NPT R mVISTA HE.
Figure 2.18 Collinearity analysis of G1 and HBP chloroplast genomes (A), and structure of
G1 and HBP chloroplast geneomes constructed using mVISTA (B), with the oranger
chloroplast genome as the reference.

3.7 ‘BR 1S imMEHF HB MR ERHREFTER

R HEYDAH I A KT R DR A o R I S DR AT e R R A
FPAIiEH . VARRRE a2 2%, geit “EIR 157 iR/N =M HB Ak
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FLARSE R AL >80% FEFI K EE>100 bp KSR A R R AL FE 5. <R 1
5 ORNERIA HB A SRR AL B il 13 AR 21 A, JRRLEK
24,714 bp F1 16,285 bp, (K 4.73%F1 3.14%. HE—DXFIX LR B -2 R FE A
M BT XK, B 1S mHEM HB i 711 S, K 13,533
bp/6,904 bp K H LSC [X; 4% 11,181 bp A1 9,381 bp K H IR X, ¥HAEKH SSC
XIIFH) (2.9, FIRGREWHMK T HB ML ARERA, ‘EHEK 15 i

PN B LR AR Tk PR 21 5 A KT ik R e A% ) B
2 2.9 fHRERL TR R 4 b 45 X8 B i - SR 40 7 51

Table 2.9 Chloroplast sequences identified in citrus mitochondrial genomes

Fragment Position in Fragment Position in G1 Position in HBP
cpDNA Size mtDNA mtDNA
1 17869-26857 8990 146132-155095
2 27603-26844 760 350015-350773
3 40876-44144 3281 81157-84429
4 40876-41783 908 449148-450055
5 41819-44144 2326 450049-452374
6 47439-47933 502 503965-504450
7 47935-47439 504 221930-222417
8 48229-48398 177 505167-505343 221036-221212
9 58967-59203 238 407103-407340 303907-304144
10 59248-59456 210 407355-407561 303686-303892
11 61008-59774 1240 359553-360792
12 61391-61287 105 359446-359550
13 61703-61403 301 359153-359446
14 70813-70679 135 478719-478853 148345-148479
15 88394-88842 449 197014-197454 399992-400439
16 95547-96590 1044 358110-359153
17 100225-99933 299 169969-170267
18 100474-109781 9310 233155-242451
19 103393-100474 2920 515266-518185
20 104846-104057 790 362158-362947
21 105886-106004 119 289602-289720 289921-290039
22 106301-106418 118 290387-290503 290706-290822
23 109776-110712 937 262337-263273 491931-492867
24 109781-107325 2457 512820-515276
25 111359-111606 248 321586-321833 111570-111817
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4 -1

4.1 HIBZHRIA DNA 25

Y E A PR AR S B, MRS RIS, 2RIk /A DNA 3
iAM . RREL e TR REHME, AR IEACEURAE, TAREHRLE DNA FF1A
BEAR—3. BRI, @I XA E RE RGP, Br IR 5 A4 v HAR ELZR KL /& DNA,
S FAN [ B E R AR B PR 2045 B V) SE R AT I 77

HHT, Zehifk DNA $EHU7 5 32 B 22 T B Co A AN BEAE BE B 0oy (REREAN
percol) (BRAESE 2011). Horr, BEWESEEBLRE 05 percol A RS0 AR Z5 G 1) 7
ERETE KRS EVHBRBLfR DNA 154y, HiZ7iE S RE 4. FEK HFZRE K
Mo ARSI RS (2008) FLHHEE T2 BB R 55000 22 18 25 OV E M 22 1 MTAG 184
HIAZRIAR DNA B, JF SR DG I Fr Zokifk DNA. 28T, LA A
WA, SREUMZER A DNA WREEG. JRE 2. AFFETES (2008) FEHUHAE
B L LRIIR DNA 775, CRA RERERAE B OBR BT, Bk T MG Ze ki ik
DNA $2HU7%, B A2E . Western S 7 bR i SR d AN H2 B 2o 4k J 2%
Fifk DNA TR, IEBIZ 7 52 I Rk DNA AT H T Nlumina 5 &
Fy 222 P U P

EIRAEA BT DUE I IR BRI SR I R H 2L, NEakifk DNA 2B
HERERL, (A B R K B WEER AR SRR TCVE 5 S 3R IR @ A 4 21 it
MG BARAIY, AR & R AR sE IR s, H oA S A s 4
R E NI, FEBL RN B, s g bp & RO TT
BB 2k iA DNA 1RELCBAF TN EE . AT AFE TR AR 7 2
AR 2R iA DNA AT AT LR, KILTGIR 30 g b2 60 g M4 H 2
REIRTT = AR, H 30 g A4l B 19 2B ki iR A LAFE B 2] 2 B R4
DNA AT Illumina W5 . [FJRF, OKEGATEHR UL R b R IR b i #0640 40
SRR, SEERAARR 240, TOIESe B e B A R AR . R, AT A4
B/ 60 g BEFEHEEL L RA DNA 7] T Hllumina %
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4.2 HiG& A A EEHE R

HAT, CHRIE I TR RAR IR 40K 22 J2 F A Tlumina W57 B A6
2Rk DNA B3 & DNA HHATIF, DAz A SE LR 0SB oS %, 5
B 46 reads A UL AN S%44 reads T80, %A AR reads H 43 2575 B 1) kLA
B[R reads HEATPIEEAT BIFARERLAARFE R L1751 (Van et al 2016; Lee et al 2018;
Makarenko et al 2018). JXFlI 7 4cdfs R Aeke 2ot et A 4 A% tH LA 2 1)L
eIz B, 75 % BAC SCEEEUE T HE UK G B S R Sanger WU PP B SR AL 51
BRI e B o SRTM, 2R i R 4 v 1) 8 52 7 A1 RS MRS 5 1 310 2
RIARH G R — R . BT, B PR 157 RN A& SR
HB sk i 2kt DNA, T AR P B A 2R R LR M s BSS, 5
BRIRUE reads HHAZ%IE R 2RI SRARIE LA P 514, 6k e 45 SR AT R O
Sanger WP HEAR AN gap. RERLIRM HEK 157 BN EAF HB Al 56 84
FIARFER P, AR IEIX AN SR i FE R 4 e 7 i A S0 e AR o Ok,
PR 157 M E AR HB A2 A JE DR 4 5 0 e SR 46 e 37 2 TR0 K A8 7 X 3,
BE— 35 3 BT R DX LR I X 3 B MR 2 WLk B 55 7 41 de il o X SR B AE /D 22
KAk S % AR T, A8 Nlumina + Sanger 5B AK 45 & (05 & 6
PR R R R R R T

PacBio Wl 7B A 1 long-reads REH R T L2 R4 J5E R 20K B 3 52 91 6] 45
AR HE R 2 40 285 5 R I T3« 5T PacBio A llumina /5 %5 78 & 4341, Sanger
WP EAIEAN gap HUTEHE, REHEHTS B A [FIAE A LR 1 52 K1 240 52 %2 /5 51) (Wang et
al 2019; Wu et al 20190, A#fFH, H ‘EHK 15 i&/MHEH . HB #il PacBio
Tlumina 55045 24 32 15 2 (% 3 scaffolds K FEHAIHEIT 100 kb, 173 75 4 it b 2%
L A K R 20 o5 5 1 5 R0 SR AR VR B KO 1,843 bp/3,647 bp, 24,714
bp/16,285 bp, 7K long-reads & 71 B 28K 44 5 PR 28 A (1) B2 52 17 1) B i ARk s B
BT, MTIFRAR T B bk S (R 2 D A e e iR ey Lo s, kb 3 e A
HE DR 2. reads I B PR SR DR 4 o 5 ISR R R AL IR YR A1 (K 5 2k AR IE S
[ £ 5 LR 4L 1 97 B TR
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4.3 BN A ERESH

HAT, Yu%§F (2018) T AU AN FZE A raw reads M FERE, FHCA
AT DNA M FHEE, 315K/ N 640.9 kb BB ZERIAIE R . AH EL T8 5
LRRIRSE RN AL, AT I BUH G LRk DNA Rl DNA, FFata—10 /A=
PRI FHEARBIPE R, A B RRAAIE R A . o, ER 157 R E
M (521.6 kb) A1 HB #li (518.3 kb) e #E L ik BRI W] LAAE D9 T B A Al 2
RifAZZIEH ., 5HECRKEMERAASEFA —F (Unseld et al 1997,
Goremykin et al 2009, 2012, FH 7 2R 7 A 5 K 2H 4o i) 356 R 40 H5 0P Fl 1A% i ik 40
TGRS PR A T GG U B IR B 1 2 (RNAs. G 2RI DNA g
Y i IR 5 BT D 1T 5 (0 40 tRNAs, A BEAK % Ji i i) tRNA 3E N ek fh
HATHERIRIE, HE 2Rk DNA 4ifid i) t(RNA AT RERIE T 12844, 40 ornN .
trnWo FHRWF TR, AEPDAH M PYEAE A5 B A% 38 70 AN [RI PP ] 1 B R KT
% (HGT) F¥MAS MM A KT HERE (IGT). BT DI K EBIH SR
A RE R AEAEA [ )b i SRAR RN SR A 2 8] L 7] e R AR AEBobi i T L AR/ AE
24k 2 18] /2 (Rice et al 2013; Chen et al 2017); T4 A 7K T4 /& DNA 7
£ A R R A 2 RO T A B, A R DL I S Ak A 9 21 A B R R 2 R

(Richardson and Palmer 2007). AR5 &I EEK 157 EMEHH A HB iz
WA SR 20 7 91 5 AR R A BE 300 9 24.7 kb A1 16.3 kb, AIEER ‘K 1
5 R AR AN HB A A I R A 5 TR 2H e A% B e R AR SR DR A A K K
N B E TR

LR B N H R A7 AR K B T4, 15T 4 ) H2E R S A 2L A 1 T
MR . — T, R E R A R4 R B R LR A K 41K 2 kb~100 kb,
HEZFHIMHEMSKAEIE T E R (Tanaka et al 2012; Li et al 2018). HHA
AEME CER 15 BN E R 2R A B R 2 ] & AR HB MK 3 kb, (HAZ4R
Rk R A KRS H & HB Mtk CEER 15 S NEMZ, R EK 1
5O EAR OB MR TAE AR GRMNEM D Kk, AER50F
R IR SR 20 K /NN 5 e 41 (R e K B RANRRTE PR 157 R #AT
A HB filiZ ARG “HEER 157 N BT 2o i J5 R 40 v 5 -2 22 DR 2 ) U
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HIF %L HB Al 8.4 kb, XATAERZ ‘EK 157 M EMA HB hhiZhi it ]
HRNERIFEIFRZ —.
RNA G AE LR AR R i s A2 AE, RN BRI [K] (1 43 T RE AR A7)
A PR R P A A0 (Yang et al 2017; He et al 2018). RNA Zw#H A7 2% € 1 B2l
i cDNA [T 5IH1 RNA-seq i reads 5T 41 LR 1 HE0E 25 8 RNA B £
( Takenaka and Brennicke 2007; Picardi et al 2010). A5, FH RNA-seq %1
5 CEK 1S BMNEA HB AhZoRi i 5L R4 551 Lot 75, SE XA
MERNA FfE A ai. “ER 157 RJHE M HB il % 5 S 20004 4 5 X A1 9E
T3 IX RNA gm0 %505 5 75 JRAHIE (Alverson et al 20100, F=AE %00 T J 2 LR
AL AT ZEFIARAY SN 5% (Picardi et al 2010). BifEBE (Wang et al 2019) Z54E
PRI RNA SRR — 3. tboh, EPC 157 IR R A HB AliZef i
RNA g il E A RHCE 38U IR R AT 2B 7. [EATEENE, K
FEH R ILERLAA RNA 9 51 KA AE R B TEREK (Xiao etal 2018). K, ‘[
PR 157 iR HEHTAN HB AhZR 14 5L (R g i X RNA G 48 (1) 72 57 02 75 06 1K 7 AN 4
BN & M2 5 P R I TR AR R o
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S£=5 HB R FMER BRI IRE CMS FEE%
S ThRe AR Ah

it

1 5]

20 Hf R PEAS 5 b A 5 TR B Wk 2 R R 7E K R 5 A G i (Kim and
Zhang 2018). AHE T AL HEIEA & B AEARED h A [RIVEIL R, CMS 2
FEARFE CMS R LR RJENE. CMS [ ik & F kg =Fh: 55—,
RS LRI A PR r LR P H BT R EE, R RNA RS HARIERE “ =R Mk
Ir T BORLAR OR ST FE R AR 22 R IK, THIERTRE S CMS A R ZORL AR JE K]

(Chen and Liu 2014); 38—, FIHEAFRAFEHEAR, 28 R E5RFRLHRH
RSP ARBIEZR, WESEREOREARER, WEMIE CMS ZH M
HEFE (Kimetal 2019); #=, BHIELBAERNATE RERAREERH, M
MSS X i A B HEF ORF, &K HE CMS &R B % (Xie et al 2018).
PR R CMS R, W] LI I G A AR5 - IR AR R e JE DR S B 3R AT 06
ke SRT, X T REHAEY, RKETTRAAAE—EMERME. Bk, REEWHDR
SRMER “=FR7 Mkl ik, BEIRMRAHM A A EAR T IS IRA FSE S GRZ Al
L4 ZTASEMBERG I AIHEE CMS R FAMA T H M, HEZH
TEL) ) FH A 4 i 20 A8 5 AR A5 B O A o A DR o RS R AT A8 80 I [ L i 2
MRS R RE 5 8 B E AN B RIVEORREE R 20 BN R A IR B A, B 7 0 ANl o
P

R 0 ZH s A S5 A 5 o PR JER A Jo A i 5 A P 200 4% o R i it 2%
[yt SRR R A R A BB HLIS A, 2R B R 4 2 i ol ok B B LU AS,
Ay Rl 5 AR LR AR B R 2 WECE R AR AL 458 (Dambier et al 2011;
Aleza et al 2016); )i 2« FhAZ B K35k I ISEA (Guo et al 2013; Xiao et al
2014). XL R BLEIE T AFZEF A SSR 7 Fhric g B @A LIEARL
LA T D] ZH 100 4% 2 M B A e AU R b, Bk A [RI 20 2 15 5 A EEL 20 DA S e A it
B ASEAR R AR K P FE A R 5L . AR ERME N B H LR A, M
AT ity Ao g kA B A TR AR SR AR, B T R R A R M B TR A L R A A
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PISEA B R A4 P S AR, RAF R BRI N B A B MR ECE VERE BT R, Sk
J AT A PR VAN B B M S 6 R RNT 7 M7 4 P A B LB T 22 5
W GRIERE 2015).

ARFFEIET HB il 5 2% B B HC il & XGRS R ZH A5 S, B
il O A oA o ik DR ARV o e LA A AN E AL (HB Rl R 2 Fh, < ER 1
5 MERD MR EME (HB Al MSS X FIZEKi K47 ORFs, Z5E4AH
PRI kAR S S, HEIEE CMS R455F ORFs (orf55. orf59. orf88)
N yrpsl WZE G A DN16978; TS B SRR 2 AiAE 5 KK DN16978
HRIEF M, FIRFRIER IR I B R AR R I — SN R AL, A&
A7 T 0B 58 A TN 425 LA 0788 T AE AL HB AT 44 Fh CMS A HE A
B, FIHIBERU A BRI S5 A DN16978 HARKIMIRISE A, BEJE &
{530 HE D] 0rf88 A 2 1) CsNADH 5[], ) FH BB BEXU A AE sob] sl S5 LA S LUC
W EANLIRIOUE —F W EAER R dhah, R EEBEN RIEB AN CsNADH
1 orf88 FEAT IV MY € A7

2 MRFITE
2.1 ¥

PN BT 2 APk HB Al AR BT 4p <4EA4d 2 57 (The cybrid between C.unshiu
Marec. ‘Guoqing No. 1’ and ‘Hirado Buntan’ pummelo, G1+HBP, HEMEAT ), 0KHE
PSR 22 ‘G1+UKHERS " (The cybrid between C.unshiu Marc. ‘Guoging No. 1 and
Citrus sinensis Osbeck ‘Bingtang Orange’, G1+BTC, MM E) Md T4kl
KRR FCFTA AR Al o SR ] (P 3.1A) . AL A0 Bt FH 40 e I 9 RS LL I 87
I ES T (Arabidopsis thaliana), &R AL FT RS AR S E (Nicotiana

bethamiana)
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3 AHRERE. (A URBER MR MERSE, AR 2 cm; (B) HB AR BTZ X Vb Al
FriRsi; (C) HB MR AR ARER R E, F7R 3 em.
Figure 3.1 The fruits of citrus. (A) The fruit of G1+BTC, Bar =2 cm; (B) The fruit of the
G1+HBP from ‘G1+HBP’ X ‘Shatian’ pummelo; (C) The fruit of G1+HBP, Bar =3 cm.

2.2 ik

2.2.1 HB Hhf R Z4 0 N Tk

ekl & AMN THERBSEBIRSE (2013) 77k 2015 4F 4 H T AR
HB Hil it 52 2% Fh X b R ZH 6 N 808, 35087 142 2, 37459 30 R SE (&1 3.1B ).
REMAJETI 16 R, BIE 720 KA TREMERE T, BRI .

2.2.2 LncRNA #3348 K N

Trinity LS PHEE RNA (5 RNA) mi@ENFHdE, 55068 RNA
(2B rRNA) TS5 F A 75| 304 Trinity.fasta; [HFH{# ] HISAT2 + StringTie
BAH S P8 RNA (Z3FR rRNA) SO P AE (456 2o i 5L 8 4 5 41 Al
W22 AR, BRIERARA S5 5475 S stringtie.fa FIZRLIA
A SR ARERE ST stringtie.gtf, A Trinity. HISAT2 % Stringtie #fF i &2
BONERINA - 18 ] PASA #4444 Trinity. fasta A1 stringtie.fa o B4 RiAA R R 4 |,
2 % stringtie.gtf , B & 4 BT IR AF LKL K 5 & B 3 4 B8R R A S
transcripts.fasta, W& K EESHN: min_per ID=95, min_per aligned=30. X
tblastn (e-value <le-6) Y4 £ PR 5% A 1 Sk 2H AU g )7 51 SCAF transcripts. fasta F X
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BRED SRS PR R HE J2E Mitofy , 43 2140 15 £obr A 5k DR 4 20 L 2 1 ) 2t
RERG Fe R

2.2.3 HB MR 4P R R A SRR SEERN AR R

HB M B FN . CE P15 S AT HB Al A lumina HisSeq #ll 73k
35 DNA clean reads it BWA #fFEEXS BRI S H LKA, x4 RE
SAMtools 2B E & reads, JFi% M SNP 1] reads L FFACAME T 4 F1 SNP [ S=1H

(MQ) AMET 20 BEATIIIE, HZATMMMA SNP A <50 bp KI/Mr BAfiA S
2% (InDel), F|H ANNOVAR X SNP FI InDel &l 25 R ATV

2.2.4 BB HBTR ORFs £5E

1. Z2RifA& ORFs M : 8 41 Unipro UGENE (Okonechnikov et al 2012) Tl
HB i el 5 oA CEER 1457 IR M AN HB A2 i 5 R 26 7T R
5% ORFs (ZH:HL K /N>50);

2. %8 RE R E RAEEMEUN ORFs: ANH & HB M5 < EHER
157 RN EAH T AL RLA ORFs 43557 & % HB MiTN 1264044 ORFs
L (blastn e-value <le-6), ZIFRACEE—3, MU 100%H] ORFs, 3EIAH
FALEA] B RAEAHHE ) ORFs;

3. RN RS P41 (MSS) %5E: AH R HB Mg iiefhs “HERR 157 i\
HEMANTE R HB MiZbi AL FIZ4H P 51 LLL (blastn e-value <le-6), 73l %7€
FHLL HB MiZbi iR K4, HB Mg iemh s HPC 157 M E MRk
AR5 751 (Mitotype-specific sequence, MSS), %R MSS K Z>100bp (Xie
et al 2014);

4. 5B UEANE KR ORFs Mk GHFRA: NEEQTE ORFs MikEHRA,
DHEAE R HB MR 2R S CEE 15 BB E & 0B A5
4 AH A ) ORFs EEXS 2 & B 2RIk H 5e A, SRIGANE & %55 ORFs, HiX 1 ORFs
FTERE S AR S RS N D7 51, BR “HRAHSAR”. WA E HB M
JRAE CER 1S RN EMA AT E R HB A AR T ORFs. k&
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B K HB M fizs s CEER 157 iR/HEM A HB fliE) MSS, 3Rk7%
HB fifg sy CEK 157 iR/NEMAHEE HB My & ORFs.

2.2.5 RITEAN- R TFB L HA

l.
2.
3.

KT A TR R B AL AL TVES IROR IG5 (2015), BRHEDL
K 9 om JEARIRIE, CE T RVEEIRL L
PR TT A1 82 T ddH,0, A SR T IR 4R IHI
22 °C £197 5-7d, fM 7 HRMMF7ita, Rarmm AL, BEEEGR
% 3 d;

ERZ 30 d WP TEYEE,  DAORIEAEARAE P B AOT e ] — 2, 49—

JR AT B RRAL;

- H5-80 °C frRA7 B A7 H 9 FELALFOR R AR AT REAT AL, X2 T [l 44 LB /Y

WM OnPiEZ), 28 °C %55 36-48 h;

BRI 500 pL AR LB 572 3Oyt A 208 1.5 mL 505, T 28 °C

=V % 24 h;

W% 100 pL EBINNE] 75 mL ¥4k LB 85973k Onpid£), T 28°C B

18-20 h;

. 4000 rpm ¥ 20 15 min, W
IMN—EEHEALBIER (12 MS + 0.02% Silwet L-77) EVFE, WE &R

OD {H £ 0.6-0.8;

10. U TAEFFRANRATHEIZIEWR 90 sec, (RYL58 UG FHUE B O TR BRI R IR

1. AR R BTAE - SORE AT 200, 2 S S L e 55 ol o — Ao

R 1d, BERFAJET IEH IR,

=3

L3
. 2-3 IR

12, B R T A R, IR

2.

1.

2. 6 #AREFT BH P F i

B—E B E M EINTLE 10 mL BO08, A 75%40E, %5
10 mL 5.0, 13 min, #fE 1 min J5 3 L5
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2. M 100% 5K CBE S, BEE ERDE,

3. R KIGE BRI 3-5 U0, WG Rh-13R 1 1P R

4. IO 1-2 mL TEEK, Bt/ NOEININA 12 MS (400 pg/mL k2R M 30
ng/mL W8 ) B IR AR FRIL, H 1 mL BMAR AT IO, T2 RK5,
RS TAEG R 1-2h, EHEREAKSKT;

5.6 FEFR 7-10d, FRRh TR EM HRRKIE, BRERFPRETE, BRRE
3-5 d;

6. Rtk REFRAK TN, TREAAEK, T EHEITIEI DNA, %EtE, *t
BHPE R SR IEAT 32 10 %6 58 FF BRSO

2.2. 7T BEMNEAEZRE

UL HB #liff i 22 P cDNA AR, Wit 5144 8 orf88 A=K P51 (5191751
DL D 5151 5° 59 I EcoR 1, 3”35 i Xho 1B IAZ 15 K ClonExpress
11 One Step Cloning 8K H — 544 B 1) BOE BB R AZ K IA #ifk pET28a, 4
AR pET28a-0r/88 . F J5A% 3R ik B A B 544k 2 KA 1 R IA @k BL21
(DE3), HEHUFTERE 37 °C ¥i R 5, %@ BatE. RePHIE e 4% 1:100 Hfh
IR 50 mL & RIBERPUEME AR LB 557523, 37°C. 200 rpm/min 3577 42
OD {EM 0.6-0.8, [ A —43 AN 1.0 mmol/L ¥ IPTG 55 H M FIRiL; kg
30 min FH M G BETHRL B R OD fH

2.2.8 #FA DN16978 HBiHE A &

Y% DN16978 #ee A FFI i8I, 5wl 3 sk Fa (5145
JLFSE TID . UL HB 5 24 R B cDNA SRR 358 H (1 F B, BR 14 i D g
EcoR 1 M Not 1 ¥ pGBDT7 Zf#:4k, #]H ClonExpress II One Step Cloning ff % H
—3B K B BOEN B pGBDT7, H K BD B A ik .

2.2.9 ¥3AK DN16978 HAEE ik
R B B mating J7iENH S A DN16978 HAF SR ABATIH%E, mating ik 7

SR E SIS (2017), BB,
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1. F20T 1 RBGFIHE B EAE 30 °C.200 rpm 75 1t, 3545 OD {HZ14 0.8 BT B R,
3000 rpm/min &0 2 min &S F K, B 5 I 5 mL SD/-Trp WA 7344 H ;

2. HX-80 °C fRAFH] AHI09 SCFER | B E T0K FIRml, K FIRPIHEER S SO E
IRAIIHEIN 2 L TC R HETEEAT 2458 s

3. 1 1 mL 2x YPDA/Kan (50 pg/mL) Peifk SO B0V AT RIEI 2 L #EE
W, EHE 1K, BN 45 mL 2x YPDA Y5 5525 T HE T IR &) B ik

4. 30 °C 40 rpm/min }55% 18-24 h;

5. 5597 18h J&, HL 100 pL sV AN Bl R SR TSRO, 5 e
FEREL G, MBATEERE, SRR 4h DE, BRIHRKELS
RN EE

6. T A2 o R S 2 50 mL KB 08 1, 3000 rpm/min, #5.0 10 min, 3F
3

7. H 50 mL 0.5x YPDA/Kan (50 pg/mL) ¥4 mating H ik FIHERIR, Weik 5 HIWR
REZE E—P 1 50 mL &.0%, 3000 rpm/min, &0 10 min, #+ b

8. 1 10 mL 0.5x YPDA/Kan (50 pug/mL) BIFUTiE, WITRAIEE 200 uL &+
PUEiE =M (SD/-Trp-His-Leu-Ade);

9.30°C Ki9% 3-7d, HRECHTEREAVERI, FKREBHE PCR #9018 A w1 .

2.2.10 BRBHEAEEH R RIE

MRAE mating F1%E 45 3 7] B ELAR 8 (B ROFER R A0 0514 (5140 51 L B 5
D, LA HB M5 A4 Ft v cDNA it PCR 73 HEER,  BR &P DI
EcoR 1M Xho 1 ¥ pGADT7 &4, KH—2% H I BOE N #i{E& pGADTT,
Hy s p AD A, KEH AD # kS5 pGBKT7-16978 #HARIL [ 1k 2l £F
AHI109, ¥RTE 6t (SD/-Trp-Leu) FIVUHR (SD/-Trp-Leu-His-Ade) [E{A%%7E3E,
30 °C #5177 3-5 d, BRHUER T RERR TR FATMI PHE . WRCIBH M 5 P R 5wl AC7E N
A X-a-gal IPUHREFEIE 30 °C 1597 3-5d, MERGHEOTEHIL, LUk
R (S
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2.2.11 LUC RIGHM 256

BT B O RUEAR S SRS R, FIH LUC 26kl st — B3k b
ERBAZAK AR R WIEEEFHEH517 GRS D, PCR ¥
W P Y, K orf88 E N K pCAMBIA-cLUC, CsNADH & A\ # 14
pCAMBIA-nLUC. HH1, #4& pCAMBIA-nLUC A 26HEEH (LUC) N i
FPH, 5 orf88 LKA A & ;s # ik pCAMBIA-cLUC A3 %% tMEE 1 (LUC)
C i /741, 5 CsNADH JE R & 8 H - 4 3 f& pCAMBIA-nLUC.pCAMBIA-cLUC
TR 58 BRI B AR AR R AT (GV3101), 28 °C 5537 12-16 h J5 5.0 & 4 1
&, F 10 mM MES (%A 10 mM MgCl, 1 0.5 uM 1 8k T & ED B2,
W OD600 4 0.4-0.6, 28 °C HEEFRE 2 h LA, 737 pCAMBIA-nLUC 5
pCAMBIA-cLUC, pCAMBIA-orf88-cLUC 5 pCAMBIA-nLUC,
pCAMBIA-CsNADH-nLUC 5 pCAMBIA-cLUC } pCAMBIA-orf88-cLUC 5
pCAMBIA-CsNADH-nLUC PA 1:1 LU@ITRA], 835 2 R X 2o H &y A\ [F]— 1t
A HIPYANASE XI5, JHE 28 °C K48 ;9% 48-60 h o, F Roper A 24465 Y,
W s e, BARERIEIT .

L BUESRATE R BT 12 mm J7 R FRIL,

2. R K/NIIN 50-100 uL Beetle Luciferin 7], RIS G S 40T 2
G CE 5-10 min;

3. {8 H Roper A& ar Il 52 't B 17

4 L ARROGME, KEIR LUC 15 53859

2.2.12 orf88 55 CsNADH .41 ffl 5 fr

fRIE orf88 5 CsNADH 74151t 514, 5 5t Al 3° v AN I Gateway A [F] YR 7
H) GBI FI RS D LA HB #liff 5 22 F B cDNA AR, PCR 4 /5
Gateway [F] Y5 5 2H 12038 £ 3 W0 40 il i€ A7 8 /8 pCAMBIA-cYFP, 73 31| 5 2 2 {4
pCAMBIA-orf88-cYFP A1 pCAMBIA-CsNADH-cYFP. ] ERi&H mt-rk 1E K
L R4 7E i marker (Nelson et al 2007). AT/ 5: HEL BRI 1% 4k J772:[F] LUC
ST I S IR o U N BRI 5 L B IR RS0 TN BB, N bV 26

WKE LRI A, WOCHRERRED (Leica, Germany) M EL %S IHFAIE,
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2.2.13 NAD'5 NADH & &8

HB s M. EER 157 R AR HB fili{£25 NAD™. NADH & &l
EE %S 1 NADH) & SR 5 & (#BC0310, Solaribo, H1EH), Hik
AL AR R AT . I RE T
1. B2 0.002 g 162530 MBS I 500 uL $EHGHE (NAD NERHEIREGE,, NADH A6
PEFREGED, WhoKi 5 min, UKIBA S 4 °C, 10,000 g &0 10 min;

2. B 200 puL InSEAFR (500 uL) $REGKE (NAD BHIEIZEUE, NADH KEEE
PEEGRD 1B, 4°C, 10,000 g &0 10 min, B E3E VK B LRAT

3. $5 LR EC 5 MIRAE 1.5 mL At B0 g

AR i WEY R THE
B 50 50
PRIV TR 50
ZATRK 50
WA 500
i — 250 250 250 250
R = 75 75 75 75
= 75 75 75 75
Y 75 75 75 75
) 35 35 35 35
RS, FEIRECHEE 20 min
IEWHIZAY 500 500 500
7650 R5], B 5min, 15000 rpm, 25 °C B> 15 min,
€
vl 1000 1000 1000 1000
4. YRZJFE S AE ODS70 nm | EL A E .

SEESEE BT

1. 6f UV A 3 B N 1R — A b AN [ Ab B

2. AR RN =T hatt, HARRS UG —. = =MIWRE, F0 i,
3.OGERT 1, FRRE R .
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FESE A3 NAD (nmol/g #£ ) =AA JE+ (AA FriE 1+C F5) xV $2H
~W=1.25%AA JEAA FriE =W HAr, AA WE=0E%E-XIRE, AA trifE=

PRI -2

3LGER

3.1 HB #iff R iz R EF A SHER S R B o

3.1.1 HB HHAf R F PR i 2L R 4 45 0

HB A5 A4 Fh s AL 4 1 5597 . ZeRifk DNA J i DNA $2ECHI AR 2. Ul
FEEAR KRR A HB Al DL CER 157 RN EM PRI H NS
FEIRZH, X+ HB 5 4 P 2R (A 5L R 2 AT BF B2 2, B R AR 25 OIR U
HIZRLAAR I A (8] 3.2) . HB Al 5 2% A 2okl A L X 4H 7 91 4 1Ol 538,434 bp,
GC &N 45.02% . HB Hli i Ji 2% Fh 2 bor tA 3 R 2 g P SE R RD 2R 5 R 15
i BT 784 — 20 (3% 2.5). HB Ml i 2 M 2o i 5 R 2B >95% « 81K
JE>100 bp MEEFHIH 8 X, B 1 XF 16,849 bp A GEAZ il &5 it FE ip Sg A bR I
R & = AR EE 7550, RRES PSS ER 157 EMNER M.
HB 5 24 b gmfis X C-U ) RNA 4807 5 284 A~ o, 230 4Nt

PE R AR R SCRAR, R 2 AN PE AT 28 15 s R 43 DAL UM TR SCRAZ (R 3.1,

% 3.1 HB HhffI R A M LR A R RNA B4t
Table 3.1 RNA editing profile of the G1+HBP mitochondrial genomes

G1+HBP
Number of edits and position ~ Gene 284
Intron 27
Intergenic 49
Downstream 37
Upstream 48
Edit site location First codon 94 (33.1%)
Second codon 153 (53.9%)
Third codon 37 (13.0%)
Amino acid change Synonymous 41
Nonsynonymous 230
Terminator 2
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Tepeu

2
%

G1+HBP
538,434 bp

oribosomal proteins (SSU) 0 complex I (NADH dehydrogenase)
mribosomal proteins (LSU) m complex II (succinate dehydrogenase)

mEmaturases o complex ITI (ubichinol cytochrome ¢ reductase)
Bother genes 0 complex IV (cytochrome ¢ oxidase)
mribosomal RNAs @ ATP synthase

3.2 HB i R AR e i B R H S B [P IbRA obi i O~y FE R AL B AT ), AH

FIE T HER IR F]— B A AR, J7HE R AMRERIE R DN, R A IR PR 0 S e e o
AIMIFE PR 3R 7 1 1) 55

Figure 3.2 Circular map of the mitochondrial genome of G1+HBP. Genes homologous to
known protein-encoding genes are shown on the circle. Different classes of conserved
protein-encoding genes are assigned with distinct colors. The genes shown inside the circle are

transcribed in a counter-clockwise direction. The genes on the outside of the circle are transcribed

in a clockwise direction.

3.1.2 HB Al i A4 b 55 TR & DR SR 4 2 R 4 LU AR

¥ HB i it AP e bR B A SRt & X068 CEPK 157 i &= HB A
RARFE R H AT I LR, IF% HB Al B s M bR R H 51 5 K 1
57O E AR HB A UE AT KR 5y, e EASkE CEK 1S iR
M B 61.5 kb, ‘HEK 157 WM EM S HB MiLH B 460.1 kb, DAK
AR R R 16.8 kbo [RIVEE AR A BEal k70 MGk B EER 157 IR
BRI BL 4.6 kb FINGEILA M H BE 12.2 kb, XUCEIAT A BAE HB MR A3

RIZHEH 9.7 kb F1 2.5 kb PB4 20 (& 3.3A-B). HE—25%F HB Mo Jii 2 Fh £k fi
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ERMATHE EK 15" BN EAF HB AT IR0 . MILLRPE A b
EIRTLAE H, HB MM AP R AR R CE PR 157 i B Lot R A
3, 16.8 kb [RIVEE R v BAREAE HEER 157 TR B AT Sk Ak (R 20
FRENFYR X3 (& 3.3C); HB Ml iz MhZobi iR KI5 HB Al b i R 41
M, 2/0F 29 ANEAXIR, 28 NMEAXIEE EK 15 B EH
HB A2k R JE R 24 S HEX I — 5 (& 3.3B). UkAh, HB Al 5 % b 2k 1 3L ]
HE ER 1S5 EBINEMA 5 A SNPs #1114~ InDel & 747 55, 5 HB #1H 743
A SNPs F1 244 A~ InDels 48 547 55, F W] HB Ml il B R B &b iR BRI 4ok B <[
IR 157 imIMEM (R3.2).

A " ; ;
Mitochondrial genome of the cybrid
G1+HBP 22 5 %
538.4 kb 56.9 kb : ; 447.9 kb : ;

—
homologous recombinant
sequence (16.8 kb)

B C

2 : 8! 2

2 e 4 @

A /
< 8 e B
4 s f “
E + 2 ~ Z 3
E = # s @ 168 kb
B ~ E o
g § ’p 5 =

el 2

e =

= =

0 100 200 300 400 500 0 100 200 300 400 500
GI1+HBP mtDNA G1+HBP mtDNA

& 3.3 HB fill U R SR AP LRR AR EE R A R R IL &t . (AD HB Al B A 2obr i S R 2
R EEMARRICRE EIR 15" WM EH X, SEErRRRfAa3tg X (8)
HB i 5 4 F AT HB AZbifi 5L R 4 S 35 472.3 kb (87.7%) JF 4 FEARML, RAE(EKE
HHE X 3 HB Al 5 2% Fh &5 A1 16.8 kb H111) 12.2 kb 7E HB Al kLA K 2H H 9.7 kb 1 2.5 kb
P2 (C) HB MBI Z< R AT CEER 157 N BIEE 96.9% (521.6 kb)Ze itk
MR A 5. HB M B CEPK 157 &7 72 SNP A1 InDel 22 51—
BRAAMI) 16.8 kb [F 51
Figure 3.3 Mitochondrial genome composition of the cybrid and dot-plot comparisons of the
cytoplasmic genomes. (A) Mitochondrial genome composition of the cybrid (G1+HBP). G1
derived sequence (blue), parental-shared sequence (green). (B) Comparisons of the mitochondrial
genome sequences of the leaf parent (HBP mtDNA) and the cybrid (G1+HBP mtDNA). The
472.3 kb (87.7%) of the cybrid sequence is highly similar to the HBP sequence.
However, the syntenic order and direction are largely rearranged. The 16.8 kb fragment is
homologous to 12.2 kb from the mitochondrial genome of HBP (two fragments circled with red in
B, 9.7 kb and 2.5 kb). (C) Alignment of the mitochondrial genome sequences of the cybrid
(G1+HBP mtDNA) and the callus parent (G1 mtDNA). Up to 96.9% (521.6 kb) of the
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mitochondrial genome sequence from the cybrid is continuously co-linear with the entire
mitochondrial genome sequence from G1. The only differences were SNPs and an extra 16.8 kb
fragment (circled with red) in the cybrid.

% 3.2 HB ML 220 U ZE K12 SNPs A InDels SRIR S 7
Table 3.2 Origin of SNPs and InDels from the cytoplasmic genomes from G1+HBP

SNP InDel
Mitochondrial genome
G1+HBP vs G1 5 1
G1+HBP vs HBP 743 244
Chloroplast genome
GI1+HBP vs G1 384 120
G1+HBP vs HBP 11 42

3.1.3 HB MR 4 PR PR 4 16.8 kb EE ¥ 5 I0IE

W HB il L5R Al ki AL A 4 16.8 kb 554 7 41 5 AL bR L R 41
FEBIEIALLE, 534 9.7 kb (S1). 4.6 kb (S2) F12.5 kb (S3) =4y, Hrh,
S1 A1 S3 76 ‘HEPK 157 RINEMF HB M4 T, S2 AU EHIK 1
5 ORMER A REFS (B 3.4A). KIE HB MR RS EEK 15 &
M A 16.8 kb HB Ml 5T 44 FPRr A 16.8 kb KA 16.8 kb =43 (S1. S2
1S3> ) 5°F1 3 iR ATy 51 (51 F SIS ID. P1 ORI P9 &2
HB M5 AR A1 R 157 RN B A 2Rk L R LA 16.8 kb 5°F1 3w ] 3
FEH 14 514): PS5 A1 P10 52 HB MRS FhRE 16.8 kb 51 3°wi ] 38 77 371 4 1
51905 P6/P2. P7/P3 Fll P8/P4 43l /& S1. S2 F1 S3 51 3 uify | 3 ¢ 51|47 14 5[ 4]
P1/P6 A1 P4/P9 HI-T-9 4 HB Ml i Al K 15 MM EM LA 16.8kb 5
AT 30w BB ST 515 PA/P10 A PS/P6 FI T4 3% HB Al 24 R s 16.8 kb 5°
A3 IR S A P2/PT TG S1 A0 S2 iR P A P3/P8 FH T4 1
S2 I 83 4% P H: P1/P9 FH T4 1Y HB MBI AFI AT “[EPK 157 R HE A
A 16.8 kb 2K /F51; P5/P10 A T4 18 HB M 5T A Fkr 7 16.8 kb 2K 751
PCR ¥ 45 R B, P1/P6. P2/P7. P3/P8 Fll P4/P9 7F HB Alifitl 5 4 Fp Al [ FK 1
5 ORMNEREY G, T HB ME Y R, R HB TR R A
JR1%57 RMEMAFELE 16.8 kb II3AH F B P4/P10 1 HB Hilifitd 57 4% Fil G I 4 7
Yy, FE HB MR 24 s 510 16.8 kb 373 5412 L SZAEAE; P5/P6 7£ HB Hiifify
JFUZRARAN HB M3 3724, K8 HB AR A4 FiRE = 16.8 kb 573 /7 51 j& L5
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1775, H5 HB Ml S1 574 A (B 3.4B); P1/P9 7F HB Hlifiid B A< fhAl < [H
PR 157 M ERTY HH 16.8 kb 2K 741, KB HB B A FAn ‘EK 157
T M SR AT R 2H P A AE 16.8 kb K715 SR1T P5/P10 %A 72 HB Al fitd 2
My 16.8 kb FER KT, AHRAE HB MR AMA CEHKK 15 iR
ME T 3 H—A> 379 bp W% B, BI R 157 T EH mtDNA Fr B (&
3.4C). DA ESKERZEBRY] HB Mo A% b S WL A ik [K] 2H RT B A7 A P9 b SR A B
R, B CEK 157 N RA R RS 16.8 kb HE
J7 B (R B A A B L R 2

219,038 bp 235,822 bp
Gl — S1 LS B—N—
<« < « < 7
535,900 bp
219,038 bp 235,822bp 521,569 bp 531.279bp | 538,361 bp
GLHBP — . I
- - < <« <« < <« <
P6 P7 P8 Po Ps v PR rio
515,509 bp
204,777 bp 195,067 bp 517,970 bp
HBP — —_——— .
<« <«
Pé 1]
-9 B -9
= - B4 =] - e =] s 2
¥ o g T © B + © £
- ==} - = - =
- &} &}
C & &
=] a =) o
= = o
+ = e rOmH
M 3 M 3
« P1/P9
(16.8 kb)

1000

P5/P10

500 (379 bp)

& 3.4 HB MR 24 Fh 2R bitk DNA 585 16.8 kb X7E. (A) HB MR Zef M ‘EHp 15’
BEMNEA A 16.8 kb BRI B FLE, K8 9.7kb (S1, #th). 4.6kb (S2, ZEfh)
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A 2.5Kkb (83, Kt) =& . P1-P10 R 16.8 kb AR E ¥4t #514; (B-C)
FoRAFA G & PCR BT LUK K .

Figure 3.4 Characterization of the 16.8kb recombinant mtDNA fragment in the cybrid. (A)
The location and structure of the original 16.8 kb fragment and its duplication in the cybrid, The
16.8 kb was divided into three segments, i.e. the 9.7 kb segment (S1, blue), the 4.6 kb segment (S2,
green) and the 2.5 kb (S3, purple). Ten primers (P1 to P10) were designed for PCR. (B-C)
Electrophoresis of PCR products. The templates are total DNA. The mitochondrial gene atp6 was
used as the control. M, 1 kb DNA ladder.

3.1.4 HB Al B A4 b 5 LR & XUR R A B A R B R 48 L

DA RS IS s 5L TR 20y 258 BR TR 20, 6F HIB A M S0 24 o -t i 5 LR 2L 16 A7 99
FROAAS, AR Y B i i AR R 2 (18] 3.5) . HB Al o7 A i - 2
PRFERI LK/ 160,423 bp, GC 58 A 38.47%. PYBLR4E#) LSC X\ SSC XA
IR XFHKJER N 87,917 bp. 18,498 bp. 27,004 bp. HB Hli it Jii 24 Fh i 4
PRI DR A 2 i BE R (AR . 73 A0 X305 HB MlARIT . A\ HB At i 53 2% b it 2 1 A
KA ERK 15 EMEHA HB Mt A3t f BT DUE H, HB M
JRAAIH SR AR AL CFER 15 SR N B o i 3 R 4 L 2R M, (BARAE
Z/0 10 NFFZE R X T HB Al BT A Fh i SRR SE R 4 HB Al 2R A ik ]
HimE—3, F 2 NPHIZERXIE (B 3.6). 44k DNA B R0 27R, HB
MR AR S CERR 15 IR EAMAE 384 4~ SNPs Al 120 /> InDels, 5 HB #
A 11 /> SNPs Fil 42 4> InDels 48 FA7 s (R 3.2). KB HB Ao 4 Al 24
KIZHK 1 HB .
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G1+HBP

160,423 bp

pl22

Il photosystem T [ ribesomal proteins (SSU)

[l photosystem IT @ ribosomal proteins (LSU)

[l cytochrome b/f complex [H <lpP, matK

[ ATP synthase I other genes

[0 NADH dehydrogenase [ hypothetical chloroplast reading frames (ycf)
[l RubisCO large subunit M transfer RNAs

[l RNA polymerase M ribosomal RNAs

3.5 HB i R A b AR R A B B P I bR A Lobi i Of sy ZE I AL B AT ), AH
FIE T HER IR F]— B A AR, J7HE R AMRERIE R DN, R A IR PR 0 S e e o
AIMIFE PR 3R 7 1 1) 55
Figure 3.5 Circular map of the chloroplast genome of G1+HBP. Genes homologous to known
protein-encoding genes are shown on the circle. Different classes of conserved protein-encoding
genes are assigned with distinct colors. The genes shown inside the circle are transcribed in a
counter-clockwise direction. The genes on the outside of the circle are transcribed in a clockwise
direction.

-

B

G1 cpDNA
100 150
////
/ \
HBP cpDNA
100 150

50
\
50

0 50 100 150 0 50 100 150
G1+HBP ¢pDNA GI+HBP cpDNA

& 3.6 HB MifiiRFE ‘HK15  BEMEMR (A & HBAHFEZAFS HB i (B) M5
(Z2~ TSRS AL
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Figure 3.6 Dot-plot comparisons of the chloroplast genome. Comparisons of the chloroplast
genomes from G1+HBP and G1 (A), and the G1+HBP and HBP (B).

HB M pefh . B 157 RN EHF HB Al S ALK 24 SNP A1 InDel
Git s RSOk, HB MR M RAS HB AR ES CEK 157 #IN%E
MASFE ) SNPs £ 946,238 >, X 145 MxEKA SNPs 5 ‘HK 157 T/HE
MAHE B S HB MiAH; 52 k2500, HB AR 24 F %R N 45 HB HiA F H.
5 EHRK 157 AR ImDels A 195,099 4™, X 5,562 % F£ [FI 2 InDels
5 EPK 1S WMNEMAER S HB M. thsh, HB s 4 fh 5 XCR It
[F]ff) SNPs A 29197 />, InDels H 26421 41~; 5XCEHAFEF) SNPs FH 1210 4,
InDels 1 401 4~: 5XEE&H — ML AHF H) SNPs 4 201 4>, InDels A 24 (5%
3.3). Li LRTIR, HB Al 2 AR AR AZ BRI SR ) HB M, 5 R FAhrid %
TR

% 3.3 HB fHIfUBR A Fh4HHEE: SNPs Al InDels SRR Hr
Table 3.3 Origin of SNPs and InDels from the nuclear from G1+HBP

SNP InDel
Same as G1 145 (0.01%) 5,562 (2.44%)
Same as HBP 946,238 (96.85%) 195,099 (85.76%)
Shared with parents 29197 (3.00%) 26421 (11.61%)
Differ for parents 1210 (0.12%) 401 (0.18%)
Half of each G1 and HBP 201 (0.02%) 24 (0.01%)

3.1.5 UKBERE ML R A P 2R A 2 A

Z: [ HB MiZRifk DNA $2EU7E, FEELUKHEIG i 57 A FhZkifd DNA. FH
SPAdes Fll Velvet B0 UK AR 0 Jot 2% Fh e f — AR PP s PR gl e, 430003k
3 15683 A1 482 A scaffolds; LA ‘K 1 57 M EMARAAIEFH NS,
7€ 13 /> scaffolds {1k ; P LAER RS SRR SE R 4 N2 2%, HIBRI4%4K scaffolds
FFHI 5 A, R scaffolds Beit 5190 (1P HI W% TID, 4286 2 (1) -12-3-14-2

(2)-8-7-5-1-2 (1) (W5 /73347 Sanger W7 HfHz . H 4 NODE 2 #55r API B4
PR 2 (1) A2 (2). BZUKBERE BT A B BRI AR HF BN A 523,775 bp, GC
RN 45.06% IR EEFI 2, it BEFMRAEES EHRK 15 BN
L (G 3.4). UKHEFE BT A PR AR RIS K 157 W 3R e Rk 2 ]
2H RN S AL 2t o M o, KBERSE B SR AP AR BRI A S R 157
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EMILPF—E, A 2,662 bp FrBUE (EHEK 157 i EA LR RS R 4551 [F]

JRERAREER (B 3.7).

R34 ‘HRK1S BMEMN. IKRERHLR S K& HB 5T 20 Fh2ohs fh 2 B 4 e
Table 3.4 Comparisons of the mitochondrial genomes between G1, G1+BTC and G1+HBP

Feature Gl G1+BTC G1+HBP
Mitochondrial genome
Genome size (bp) 521,559 523,775 538,434
GC content (%) 45.06 45.06 45.02
Number of rRNA genes 3 3 3
Number of tRNA genes 21 21 21
Number of protein genes 36 36 36
Total genes 60 60 60
A B
< <
S E]
s = é F
Eg 2760 Q ES 27K0Qy
= = 16.8 kb
TR TR
&) 2 Cs
° 0 100 200 300 400 500 N 0 100 200 300 400 500
G1 mtDNA G1+HBP mtDNA
B 3.7 iR S B 157 EMNEH (A A HB Al R4 AR A 4H (B)
IR .

Figure 3.7 Dot-plot comparisons of the chloroplast genome. Comparisons of the mitochondrial
genomes from G1+BTC and G1 (A), and G1+BTC and G1+HBP (B).

3.2 HB #ifafRZ5 % ‘BEK 15 EBEMNEHTEEAEEETFT

3.2.1 HB Al SR A Fh S LR & DUR GRLAE e AP R Dh R ke

eH HB AMM R 24 Fh . CEPS 157 N EMR HB M =ANMRH . 6.
RV 4 NHFEREUS RNA, fE 4 NS RNA FE R TRA . AR 57 AR
8, R EANE 3 P rRNA, [FII%EH IncRNA 3T HB Al 5 245, <[
PR 157 i E A A HB Al RNA JEAIUT, K Ribo-Zero™ kit M AL RNA
FEah LR rRNA, ) IncRNA CPE, #E1T IncRNA sl &l 7. 5152
/1> 36,139,798 %% reads, HH 98%LL FONE M . FHIX LS i E clean reads
KM Trinity TS5, HISAT2 + StringTie A S 9% ) PASA B4 LS PHEME
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S Pt R Tk, B3RS HB M0 5T 2% Fh S H XU 28 WA 2 6 i s AR B e
(E3.8). Hr, HB Ml Mot &3 AH 185707 %%, ‘HEK 157 EINE
s SR 205515 46, HB WG S FAH 189311 4.

rRNA-depleted RNA-seq (Illumina PE)

'

Transcript assembly with .
Trinty and StringTie i 4
v
Transcripts aligned to Integrative set of transcripts
mitogenome using PASA i

Blastn (E-value < 10e-6) to
MITOFY and tRNA-SE

&l 3.8 AR KA BN IR & H KA LR R

Figure 3.8 Flow for assembly and annotation of integrative set of mitochondrial transcripts.

R R TENST AT IR SRR B R, NERLAR 2 e A
WUt HE, X HB M BRAr . EK 157 iR EMNA HB Ml A g 47
B ThREERE. A Mitofy Bl FEAR UL R R ALK R A T8 2%,
FIH tblastn X4 ABAT R R T . 25 R LB, HB MiRBAR. ‘EK 157
TR AT AN HB Al & 20 1 MR IR 57 B B B A 7073y 455,605 1 433
S, B 2 AU E ISR R ST S 1 8 BB A 17 B B S AR 43 i 204 24 T 20
5o BIBR T FIRRALEE>90% I T B 3 A, IR S KA 751, HB Al BT A Aol

“EK 1S RN EMA HB R F R 14, 14 #1011 5%

Transcript annotation

3.22 HB MR ZFr. ‘BEKK 15 BMNEHS HB #i MSS X452

H A, CARIE R — L5 5 20 M 5 1 AN & A DR IR ik G B TR 91 4 3 B 3 40 I
TAB L] B LRARR MSS, IE K urfl13 (Wise et al 1987). 7KFg orfl182 (Xie
et al 2018). JHZE 0rf288 (Heng et al 2018). N T AL A X234 5 HB Aili i i 24
T ORI CMS JER, FRATH HB M B A, EPK 157 RN EAH S5 HB Rk
RLRZE R AT 7 506 L, £33 HB M F 44 Fh 5 HB Al RiARRS 511 MSS X
MI-M21, KEJEH 117-8,914 bp; ‘EER 1 57 iR EHHE HB M2k AR R: 5 1)
MSS X M1-M20, KJZJaF 117-8,914 bp (3 3.5). HB M Z4Fh MSS %1
M21 & M10 1—A 501, 2 16.8 kb EE T BIM—BIF . ¥ M1-M20 7515
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B SRR S R 2 5 AT ER G, R M8 MI11. MI2 i M13 75 i -4 4k Ik
RIZH A FIVR P 1. FATIRYE M1-M20 5°F0 3° /54080t 514) (Mt 1v), Jf4E HB
ML 5T 2% b R HORAS P BT Y1, 45 2REEH] M8. M1, M12 1 M13 51#)7£ HB
Hl LT i S FSR A A 1, R 16 6F MSS SINAE HB Al a5 % F

AOCER 1S BNEM AT Y (K] 3.9),
% 3.5 HB MU R 240 A ‘EHRK 15 BMNEHEER MSSEE

Table 3.5 Location of MSSs in the G1+HBP and G1 mitochondrial genome

MSS The location The location size(bp) The location
NO. in G1+HBP in G1 in cpDNA
M1 1-288 1-288 288

M2 50096-57667 50096-57667 7572

M3 62058-63120 62058-63120 1063

M4 103446-103706 103446-103706 261

MS5 114039-114271 114039-114271 233

M6 124343-124595 124343-124595 253

M7 139075-139334 139075-139334 260

M8 146142-155055 146142-155055 8914 17879-26817
M9 175441-176400 175441-176400 960

M10 228750-232999 228750-232999 4250

Mi11 236075-236739 236066-236730 665 103413-104076
Mi12 237530-237953 237521-237944 424 104867-105290
M13 238808-240003 238799-239994 1196 106145-107340
M14 296660-298081 296651-298072 1422

M15 316430-321780 316421-321771 5351

M16 329039-330410 329030-330401 1372

M17 345553-345669 345544-345660 117

M18 395278-398234 395269-398225 2957

M19 424079-428086 424070-428077 4008

M20 471806-473100 471797-473091 1295

M21 531280-535529 4250
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= =19 =
E - °== — % — B
T O E T O E T C 2
o} L e

M1 - vs [ s

3.9 FRIEBERER UK BHEAR B R 7 MSS X
Figure 3.9 Agarose gel electrophoresis of PCR products of the full-length CMS-specific MSSs.
The mitochondrial gene atp6 was used as the control. G1, ‘Guoqing No. 1’ Satsuma mandarin;
HBP, ‘Hirado Buntan’ pummelo.

3.2.3 HB M RAFMA ‘B 15" EMEBEMEAAR R ORF Hlll

HB A5 Fy P 157 RN ZAEAT HB A 43 5ol TRl 3] 2 50 T R 2k 14
ORFs 1111 />, 1076 AMF1 1083 4>, HB il ZFifn E S 157 N E 5y
A 730 A~F1 699 A ORFs 5 HB 584 —5: A4 —31 ORFs HB i )i
FFhA 381, ‘EHEK 15 RMEMA 377 4. XA ORFs 1,
HB A5 24 F A 251 4~ ORFs, ‘EHEE 157 i@/ EHA 280 1~ ORFs it it
KNG A . Horp, HB Mifl5i A AL HB Ailis 5+ ORFs 3t 89 A, £
66 /MR§5E ORFs 584 7E MSS [X, 11 /M5 ORFs 5 7-887 bp 7£ MSS X, F4
12 MRfs¢ ORFs 1€ HB il e; EK 157 M EHAH L HB fliFF 7+ ORFs
3£70 4, 44 MRS ORFs 584 7E MSS [X, 11 MFF ORFs A 52-887 bp 7E MSS
[X, 15 MMH5E5E ORFs 7E HB hlifb sk, HB ML 24Ft s K 15 iR 02
HEIAE 245 F ORFs 63 4>, Hirh HB MR Z4FA0 CEKE 157 5N &3k
A 57 A ORFs W N ATERE R GRAREL R AH ] (& 3.10). R, KXt
ORFs 7y HB Ali g Joi A& Fh AT < [J PR 15 i@ M # AT 1% CMS ORFs (B3 V).
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| GI+HBPm(DNA | | HBPmDNA | | G1miDNA |
v v v
Prediction of ORFs
PO 1= oy o | 1083 ORFs | | 1076 ORFs |
"\\\_ ) /,-/'- ‘-7\"\,, // P
W ¥ - e V' ¢
Identification of 730 shared ORFs 699 shared ORFs
identical ORFs: Blastn, 381 unique ORFs in G1+HBP 377 unique ORFs in G1
E-value <10e-6 374 unique ORFS in HBP 384 unique ORFS in HBP

v

Transcribed ORFs:

with reference tomitochondrial | 251 ORFsin GI+HBP | | 280 ORFsin G1 |
integrative transcripts set #
66 ORFsin MSS, 44 ORFsin MSS,
Specific ORFs 11 ORFs partially in MSS, 11 ORFs partially in MSS,
12 ORFs not predicted in HBP 15 ORFs not predicted in HBP
S o
e V ol

Specific ORFs shared in

G1+HBP & G1 ‘ 63 CMS specific ORFs |

Specific ORFs co-transcribed ¢

with the same mitochondrial ‘ o |
genesin the GI+HBP & G1 AT specills ORYS

A4
Rpsl is presentin mitogenome Candidate CMS-associated genes: orf33, orf39 and
of CMS lines (G1+HBP, G1), orf88 co-transcribed with ¥rpslI on transcript DN16978

but notin fertile line (HBP)

3.10 CMS 45 ORFs X2,
Figure 3.10 Flow for identification of CMS-associated ORFs.

3.2.4 CMS fRiEEH

JeRit AR, HB A AR B K 157 MM HB A2 4
2H i B A L A PRy 1) 222 2 22 HB AlBR A2 rps ] 1751 1A E £ HB Ml
FUBRZFRT CEK 15 MR L AT E R HB MR 0rf205 2 rpsl Y
J¥4. UL ORFs FTTEME AR & H rps] HNbrHE, TEABMAEHFS ORFs
ORI 2 SR A] ORFs (4wt 59 N EEBR I orf59 Fdmht 88 N IR 0r/88)
A1 ANIE[A ORF (Fifidh 55 NIRRT orf55) Xt B RIFEFEA S AT LRI rps] 32
i5 138 bp M IAIHANTF S (B 3.11A). PCR ¥ A1 70 B 45 SRR WA, 1X 3 4
ORFs #l rps1 FAMNT B H: R S A3 AR 7 14 HB MR FhAn [HEK 157
IR EM R —5, KN 1,705 bp, X & A4 DNI16978. LAk,
HB MRS A FR AN (R 157 IR ENA KL 882 bp. AESlY rps] 56845 K1
MR, SR Y rps] 55 DN16978 45 138 bp ESIX1, f7T DN16978
(1) 33 (& 3.11B).

HB HHZ iR AL 5 DN16978 RIVE S AR, AR s 0T HB AhZ ki
731 372,841 bp, FEFEA4K 1,100 bp. 1%EEFA orf88 FiiF 741 bp HITHIE
FFA—5, 5 orf88 F 86.7%/FHIMIME, 5 orf88 Rl 100 bp FHZEA 91.2%4H
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[Fl. ¥ HB MZRAAE SRR orf88 [FIRMT I N L2, £ HB Hill orf88
[FIJR P S8, 52-54 HIAL B B EERD 7, XA IR AL orf88 2 4ih5
FHEIR (P), 4RIl 3.11C. tbah, 7EBRIE 1-51 BF5F, HB H5S orf88 J7
YIAFAE 2 4~ SNPs, 1~ 14 bp InDel Z 7|, PCR F Sanger /7 45 HRAIESE SNPs Al
InDel )2 5 A& B SAFAE - X M8 72 J1| 7] e A2 16 % HB A o788 [FIIR T A3 T2 1B
FEFER . A, orf55. orf59 Ml wrpsl fi1F MSSs [XIk, 7£ HB & A

FFo1.
A
471783 bp (G1) 474221 bp (G1)
471792 bp (G1+HBP) 'fﬁ"- 474230 bp (G1+HBP)
[ ’v"""-’\‘: - }i‘ \1
rpsl orf88
180 bp 189 i)p
rpsl (882 nt) .
5 Oi v.
5 (47*357 4"}07.1. "vs20) DN16978 (1705 nt)
w rpsl (138 bp) 3 3
HBP G
Mt-HBP (372841-373582 bp, 100%)
Mt-HBP (373840-373940 bp, 91.2%) i
Mt-HBP(373583-373840 bp, 86.7%)
B

Mi-HBP (373583-373840 bp, 86.7%)

GATTTAGE p GCGTTA Mi-HBP (373841-373940 bp, 91.2%)

1141 CITTACTAATARAATATATAGGGCTTTTCCCTATCITACTAATAATARGGGGGCTGCTAG

CTATGCCTTCAATTCCATTC

1321 "1""'1\.1'1‘;-."5 ’CECA-TA" TIF—T-MuauHﬂ\.-\I »..AT

Mo
1501 CGCTAGGCTTCEGAATIGARRARACTGCTICTTTTTITITTGICAGCAGATITCGCTCATC

1561 AAG-'[

GITAGM CRAT

vy rpsl (138 bp)
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G1+HBP :
Gl § AATTTARGGAT
HBP % CAATTTAAGCATCH

(388011 TCCATCTAAGAATCAGARARARATGGCACTGATTAACCTCTTACTGCTTCAGARCCTATCAGE!
Gl Bl 1CCATCTAACAATCACAARAARATCCACTCATTAACCTCTTACTCCTTCACAACCTAT! 'CACATGCATTCACCAACATTAAC
HEP Bl TCCATCTAACAATCACARARAAATCCACTCATTAACCTCTTACTCCTTCAGAACCTATCACCTCACATCCATTCACCAACATTARC

Gl+HBP :

CCTTATCACAAATCTGCTACACAAACAT
AAAACATCACAACACTCTTICIATTTATTC TATCACARATCTCCTACACAAACAT
CTAGAGAAAGTIATGGGACAAAACATCACAAGACTCTTICTATTIATTCGTCCTIATCAGARATCTGCTACACAAAGATTCCGCT!

Hl 7 A AT TTARAC
B2 ATTIARAGCAG

B ATTTCAATATCTCTTGCTTTCTTTTTTTTC
B A TTTCAATATCTCTIGCTTTCTTTTTTT TCTGAGTG, TCTTTCTTCTCARG!
TCTTTCTTCTCAAG!

B AACCCAGTCCAATATARATGT TCAGACCAACCTTCTTATGTTAGTTATCACTAGTCTCAARATACACTTT Tmﬂ"l‘ ’l'@:mﬂmﬂﬂ G A FACQAC'IS! TEACTATT. h)AlJ'l"G AGCAGTTCAAGCC
Bl ACCCAGTCCAATATARATGT TGACACCAACCTTCTTATGTTAGTTIATCACTAGTCTCAARATACACTTTTTRCE T THG! « | ABEACTATEACH ATTARAGTE GTTCAAGCCTGL

(588013 [GGTAGATTGTCA GARGACGTAATC CACCATTAGEERATTICCTTTCATCACTGAC!
Gl BlcciacATTGTCA 'C. STTCCC. AR ATTAGGERA TTRCCTTTCATC
T

orf88
3.11 CMS ¢ R¥RA DN16978 G5 FFHI RBERE S . (A) HB MG A L2 fd
X% DN16978 [RIYEFF S HLxE . DN16978 1 HB Al 2R  E PR 15 I8 J1 % Hf mtDNA
s SCBE . B R Beon HB Rl 2 Ay CBEIER 157 TN &5 HB M RIS
Fl; (B) Wifh, SREMEQTFHIRR ER 15 EINEHF HB i 205 HB AR,
FPole SREFPIIRIN orf88 BEE P31 M B ILIR P51 IR B P FIRIR orf59 Bl 7 51 K ik
BRFPAN: ROFIIRIN orf55 WoFE 55 BRI FP A . KEOFHIRIR wrpsl; (C) HB il
JR F Tt S FoRi & R DN16978 [FIJRES S AT 5N LE
Figure 3.11 The structure, nucleotide sequence and deduced amono acid sequence of the
CMS-specific transcript DN16978. (A) The structure of DN16978 in G1+HBP/G1 and the
strucutre of the homologous sequence in HBP. The numbers indicate the postions on the
mitochondiral genomes. orf55 (red and dark blue blocks) is on the forward strand, whereas orf59
(red and tawny blocks) is on the reverse strand. Orf35 and orf59 are overlaped in a 62-bp segment
(red block). Orf55 and orf59 are fully overlaped with MSS 20. The 1100-bp fragement that
comprises o7f88 (green block) and the flanking regions (purple and blue blocks) are highly similar
to a fragement of mtDNA from HBP. Nonetheless, in HBP, orf88 was not predicted by ORFinder
because of a pre-mature stop codon (TGA, underlined with red in C). In G1 and G1+HBP, the
882-nt rpsl gene is located on the forward strand of mtDNA, which is upstream and partially
overllaps (138 bp) DN16978. (B) Sequence of DN16978. The blue, green and purple sequences
represent the three continuous segements in G1 and G1+HBP that are highly similar to HBP. The
deduced amino acid residues of orf88 (green), orf59(dark blue) and orf55 (tawny) are indicated
under the respective nucleotide sequences. The red 62-nt refer to the overlapping segement
between orf59 and orf55. The grey sequence refers to yrpsi. (C) Multiple alignment of the
transcript from DN16978 from G1 and G1+HBP with the homologous transcript from HBP. Orf88
(green box) is present in G1 and G1+HBP but not in HBP.
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3.2.5 CMS fRiEFF1E HB Al R 2200 R HEAHHIRIA

FIF RT-PCR Hi A 51k e A DN16978 #F HB 5 24 Fl & Fo oA
fl1Fik, RT-PCR 45 1R FEA DN16978 RAEAE KL HB A 2« Fhfn < [
IR 15" IMEMPHLRE, 7] 5 E HB Ml ARk (&l 3.12A). 1E HB il
PSR 2 Al S HLR AT R B I =B B (RESS RS 101 DU AR AR N T R B
B #E4T qPCR Kl CMSS 3% ORFs Corf35, orf59 Ml orf88) MIFL. X=4
ORFs fER] E A KL HB i JLPAKIE. £ HB M A Fh, X =/~ ORFs 7£
HESS R BT IIFRA B d e, R LR IR A TPE CEEK 157 RN
fitrf, X =A> ORFs FIARFEE LI R BUETIEIN, IF BAE T K G I &L
= T HB Mg izt (14 3.12B-D).

g 0.035 -
(=9 a
am o ) 0.030
. T
=+ ~/ —_— =2 e
o = = 0.025-
- ;
G ooz
AT it
DI\'}6978 ' 0.0154
= b 3
T 0.010 a g
atp6 0.005 - 5
0.000 - £ . b [ - L
C D GI1+HBP [ G1 Ml HBP
0.030
b 0.018 -
0.025 + o016 2
= 0.014 l
=
g M =S 0.012
= 0012
p 3
SELLLE = 0010
S <
- o 0.008-
= o010 &
2 S 0.006
S
0.005 - 0.004
b | 0.002
¢ [
0.000 0.000 .

1 2 3
___|Gi+HBP[__|G1 [l HBP [ ]G1+HBP GI-HBP

B 3.12 3% A DN16978 1£ HB M JR 2 Fh R HSERTEFHIRIE (A) Forf55. orf39.
orf38 £ HB Al 70 R R A= R B HRREKE2 4 (B-D) o B 1, M
SRS ] 2, DU AR T BRI 3, ME TR B I
Figure 3.12 Expression of DN16978 (1705 bp) in the cybrid ans its fusion parents (A),
and relative expression level of orf55, orf59 and orf88 at three flower development stages
(B-D). Stage 1, sepal primordial initiating. Stage 2, tetrad stage. Stage 3, microspore stage.
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3.3 CMS 1 BixiE#E R AINEEIEE

3.3.1 LRPERN B IRIER XA RIRRIBEMETT

NI R KA B IEIE SR AR T RMEEAT , RPN F #iE
R ARG TT, JFHAT 500k B YA G R BEE . £ DNI16978 % HEH T1
AR R 3 N RBILHHEEA G R, ORI M. AR, i/
PEAK . BRNERER RIEHL 3 MRAEK R KEMIEMREMK, Stk 3
A, FAHCEFEECN 15, SibEE MRS FR, IR RS B AR
PR TT R o R BE DR ARBES 0  IE A R 9 7, B AR TR AR IR A R4
N 12, RUIE D R MK R R A RS AT e R e B A R (&
3.13A-E).

P Ll K G (B — R BRI 5 T 460 BB AL U S} o U L R R
IR A R ADL B THAE RN TT 2 A6 21, PR SR A8 25 DHESS R0 B, T n 2> B Ly,
HREDCHCE 6-8 h J5 B TR et TER. 25 R DB AR AL 24 24 = Ae kb
Gepl AL th, BRI RACZG 24 40K K 2 B G il o HAEBPRITARAS LI, {5
ARG 73 Gt | R R R AN EF A BAU T TT 57 AN L2 Ge Ak
OB, Fitas RERERER REMEAH 82 MEM B, A
RGANEAE 251 MEMPRat. U EgEREH, FIRRIAMGRE A
DN16978 fie 3 ENF 716k B PEFEAK (&l 3.13F-G).
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A

=

WT _OE-1 OE-2 _OE-3

DN16978
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Number of normal siliques

WT  OE-1 OE-2 OE-3

[p}

300
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150 4

wk
100

Number of viable pollen per anther

50

o WT  OE
Bl 3.13 DN16978 %2 R R IR DA RAEFRE RERPHIRE. (A) MRITHERR
T1ARPHTEREE ; (B B AR BRI IL R R A PR: (OO B AR T MIEL R R BEAE, A3 5 pm; (D)
A RN R AR, AR 5 mm; (B) BPARRUAIREIL R & A R A et (F-G) B/
RUREBE D S A0 WD LR et vl B Ak ki gt it, AR spm, JE&Eit 57 MEZ.
Figure 3.13 Male sterility phenotype of the transgenic lines overexpressed the chimeric
transcript from DN16978 and the transcript expression in the transgenic plants. A: Positive
transgenic T1 lines confirmed by PCR amplification. OE, Overexpression line B: WT and OE
lines during the reproductive stage of development. C: Flowers from WT and the OE lines. Bar =5
pm. D: Siliques of self-crossed WT (upper) and OE (lower) lines. Bar =5 mm. E: Number of
normal siliques in the WT and OE lines. F, G: Visualization and quantification of viable pollen
grains in WT and the OE lines. Viable pollen was identified by staining with Alexander’s stain.
Bar =5 pm, n =57 anthers per line.

3.3.2 #FK DN16978 B HAEE LGk

¥ pGBKT7-16978 E2H Jii K54k 1) AH109 7 R) B VR -5 AH A 44 24 192 B8 SC 2 B
4T mating. Mating J& & B VRUR AT £E DY Bk 35 97 25 (SD/-Trp/-Leu/-His/-Ade),
30 °C K597 3-5 d Je Bk se FE 92 18, W VR-80 °C vKiAiL 7, H pGADT7 it H 5l
VIBAT WY 189, JFIE 2 R BEAT BRSO B 7, 0 5 5 R A A 2 D] 20 K 2

(http://citrus.hzau.edu.cn/orange/) FATHT, K5 5 M EHEKEH RIIEEEAE
BH, 7 AlsE: Cs5224860 (NADH dehydrogenase [ubiquinone] 1 alpha subcomplex
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subunit 12 ); orangel. 1100826 ( Pentatricopeptide repeat-containing protein ) ;
Cs8202500 ( Transcription factor ABORTED MICROSPORES ) ; Cs5g03200
(Beta-carotene 3-hydroxylase 1); Cs/g25350 (S locus F-box-S2C protein). [F]H],
H Mitoprot Chttp://ihg.gsf.de/ihg/mitoprot.html) F1 PredSL (Petsalaki et al 2006)
X IR EE ] B FAE S EAT R4S 7] 78 57 T B TV 40 i 7 67 T o X 48 H K )

REs AT BORAAEE [F) 1 S 4 A i 46 3, WL3E 3.6,

% 3.6 DN16978 HAERIEEHEE
Table 3.6 Candidate DN16978-binding proteins from a yeast-two-hybrid screen

Gene ID Predicted enzyme or function  Mitochondrial targeting  Predicted subcellular
prediction score localization

Cs5g24860 NADH dehydrogenase [ubiquinone] 0.7595 mitochondrion
1 alpha subcomplex subunit 12

orangel.1t00826  Pentatricopeptide repeat-containing  0.9748 Chloroplast or Nucleus
protein

Cs8g02500 Transcription factor ABORTED 0.0139 Nucleus
MICROSPORES

Cs5g03200 Beta-carotene 3-hydroxylase 1 0.9945 Cell membrane

Cs1g25350 S locus F-box-S2C protein 0.0497 Nucleus

3.3.3 CMS f&i ORF's Y4 xe ALz 25 B 45 M 3. 7l

W P3G TMpred X orf55, orf59 1 orf88 4wt 2 (A ) JE BRI AT 16 JIE 45 )
BRI, orf59 1E 3-19 WEEMR  [A1E P IELE M8 orf88 1E 2-22 IR 2
[ B PEELE M orf55 WA IS IREE Mk (18] 3.14). FIFHEAF PredSL XX =4
ORF AT WA 2 Az T, Fl 25 R s R orf88 1) mTP 15534 0.83916, H.
5 39 NREEA TIN5, KW orf88 ALK, orf55 A1 orf59 K mTP
#35357 5124 0.008905 A1 0, FKHHIXFEA ORFs 4l ()5 3 M E il (&

3.7). LR EPTE, AWTUR orf88 /£ 4 CMS {51k ORF BEAT Ja LA 7T

% 3.7 orf55. orf59 F orf88 Y04 M 5E AL M
Table 3.7 Prediction of subcellular localization of orf55, orf59 and orf88 using PredSL

sequence c¢TP score mTP score SP score prediction  cleavage site
orf55 0 0.008905 0.060917 other -
orf59 0.000107 0 0.99921 secreted 26
orf88 0.087601 0.839159 0.000404 mitochondrion 39

c¢TP: chloroplast. mTP: mitochondrial. SP: secreted proteins
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A B
TMpred output for orf55 TMpred output for orf59
0 . . . . e . 3 —
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TMpred output for orf38
1.6
2
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s 1.4
Z s
= 124
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0.8
P
Z -1000
B 0.6
=, 1500
= 0.4 r T T T
n 0.0 0.5 1.0 1.5 2.0
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3.14 orf55+ orf59 M orf38 BSRALEHIIRINN K orf88 BEHARI . 7573>500 N2 HAKIEX
I 1390<500 AR IEX IR, 1, AARLRIIARN; o, ARLRASL; CK, X,
Figure 3.14 Transmembrane region of orf55, orf59 and orf88 predicted by TMpred and toxic
effect of orf88 in E.coli. Scores >500 are considered hydrophobic. Scores <-500 are considered

hydrophilic. i, inside, o, outside.

3.3.4 orf88 KL

NHTE orf88 S H 12 15 FA I KA A K I FE AR, 3 PCR 971
(41 orf88 4l 7 51|45 2| JF % A 31k PET28a, B0 ZE KT %5 Hkk BL21
(DE3), #RH3efET 500 pL fiA RABE RN LB 1595, 4555 1 B0 294
B4 20 mL Mk LB OIRABER) M=FMM, 37 °CHF=%3 h, OD{HZE 0.6
Fd, mHAP—PMEEERK=AMPIMA 0.5 mM #) IPTG 55 KT # R ik
HH, BRE/NRE—X OD, 5 k. 4RER, A PTG FAIN IPTG
(KT B OD (AL a%h—B (& 3.14D), KW orf88 it IR H %A X
s H X KA R AE KA B EE.
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3.3.5 B EIGIE orf88 5 CsNADH EH HAE

JERT R EI TR SR EE 1) 78 A S 0 4 i 1 TR 45 SRR W, CsNADH
AR orf88 HAE S BUHGA M MM B M EEZE . ik, TR
Xf R SREG I E orf88 5 CsNADH [ HAE R R

NIEGAE mating SCEEFRE S CsNADH 5 orf88 HAEK R, ¥ orf88 I
CsNADH [H4mi5 X 43 5)3E8: 5] pGBKT7 Fl pGADTT #Hifk, FFILHE N EERFH R
AH109, RATE G IR AR PG 7R 2L, 30 °C £59% 3-5 d JE PRI DY s 77 54
KRR EfE, PCR S B igFEfHMEE, WL S L (6T OD 4 0.2)
PRI T s gR ik, P shit R L, 30 °C Hi9% 3-5d M%E, 4Rl 3.15
Fim. $L% pGBKT7-0rf88 5 pGADT7-CsNADH Akt HEZH & 1E g R LK 34
R, 13 pGBKT7-0rf88 1 pGADT7-CsNADH fE PU Sk 574 B B3 5,
T B2 B R DU SR B TR B ANBE IEH £ K, 3] CsNADH 5 orf88 f77E FHLAER R .

AD-CsNADH/BD
AD/BD-orf88

AD-CsNADH/BD-orf88

& 3.15 orf88 5 CsNADH HAER REEEE 0 RAE .
Figure 3.15 Interaction between orf88 and CsNADH in a yeast two-hybrid assay.

3.3.6 LUC %XIE orf88 5 CsNADH & H HAE

NS TEREBE A AE % IR R i 8 1 CsNADH 5 orf88 FLAF /2 FLSEAF
1E, AR ARAT A B A B R IE R T LUC POGMRIE. JeRiit
FLOTI orf88 [ N Ui 7 EES M 4h i35, Kk, #4% pCAMBIA-LUC 1) C Ui 5
orf88 Fl A #A (pCAMBIA-orf88-cLUC), pCAMBIA-LUC [f] N %i 5 CsNADH
A& #HAA (pPCAMBIA-NADH-nLUC). &[F— M F &Il 23 DUAN X 38, 4R K A g by
(i AR S[R3 SR NG A B — AN X3, R = AN XG5 ) S [R) 3 5 2 Ak
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pCAMBIA-nLUC #1 pCAMBIA-cLUC , pCAMBIA-orf88-cLUC F1 %5 #; f&
pCAMBIA-nLUC, L} pCAMBIA-NADH-nLUC F1%#{& pCAMBIA-cLUC fF
R, ARARIBE Al LUC ZOGom BT EAE R R, 45 REH, A= fr
FE[RVESS orf88 F1 CsNADH XA H i i) LUC 20658, HARN I XU AN
B LUC ZO65E (B 3.16). DL ESSREN], SRARIER orf88 5Hi%gmhdEEH
CsNADH A fH HAEH .

nLUC+orf88 | CsNADH-LUC+
-cLUC orf88-cLUC

CsNADH-LUC+
cLUC

nLUC+cLUC

3.16 LUC RASEWINE orf88 55 CsNADH EAESLR. nLUC. cLUC 4352y LUC HJ N i
A C ¥y, Ak nLUC 5 orf88-cLUC. CsNADH-nLUC 5 ¢cLUC. nLUC 5 cLUC 1EA A
X
Figure 3.16 Interaction between orf88 and CsNADH in the luciferase complementation
imaging assay. Tobacco leaves were divided into four parts and infiltrated with Agrobacterium
strains harboring orf88-cLUC and CsNADH-nLUC. The following three pairs of constructs were
used as negative controls: nLUC+ orf88-cLUC, CsNADH-nLUC + cLUC and nLUC + cLUC.

3.3.7 Orf88 5 CsNADH V.41 i %2 fr 2t

N T BAE orf88 1 CsNADH JE (i AEZbifR, FIH Gateway [R5 H 2H 1540
T pCAMBIA-0rf88-YFP #I pCAMBIA-CsNADH-YFP fil & #£ik#4k, LLHAH
mCherry ZBR0R &AL 1 mt-rk ENBAMERT R, I8 RAT B A R (R R R
BFRS, W& YFP 1 mCherry 7EMHRIYHM N KOS S AL ERFE orf88 5
CsNADH ZN1EH. 43514 pCAMBIA-orf88-YFP 1 pCAMBIA-CsNADH-YFP
55 BRI 2 N s O IE SR AR BB SR I, RS 4T Bk
AR F] pCAMBIA-orf88-YFP #1 pPCAMBIA-CsNADH-YFP & H %%, 5

81



el A 2020 S ELRIUE S0

MG R R R IR E S, R orf88 5 CsNADH FIFH X IR E AL AH ], 3
ENFELRAE (K] 3.17),

mt-rk CsNADH-YFP
mt-rk orf88-YFP

%] 3.17 orf88 1 CsNADH YE4H i 5& £ 43 7345 orf88 Al CSNADH 5 2 K 44 & o2 B %8 mit-rk
LRSS, BOLILRE RS N UM% YFP Ml mCherry & 6. #5710 pm
Figure 3.17 Subcellular localization of orf88 and CsNADH in tobacco. orf88-YFP and
CsNADH-YFP were co-transformed with mt-rk, a mitochondrial marker with the red mCherry.

Bar =10 pm.
3.3.8 HB Mt 2% R H B & XRTEZ NAD'. NADH & &Jli5E

N T WiE orf88 55 CsNADH #HHAEHIZ S50 HB Al i mAn < [FK 1
W AN N RS SRR T, A UK HB AL AR <[
PR 157 i N B M S HB Al /NMET R E B S A = AR TR S
58 WA R b NAD R NADH 7 & 11 5 NAD/NADH Lt . HB Al i 5 2 Fh Al

ER 1S RN E AL Z NAD S 2 2.69 mmol/g Al 2.05 mmol/g, B
T HB Al (1.71 mmol/g); 1£2§ NADH &%, HB Al (0.61 mmol/g) 5 HB A
HosiZFh (0.53 mmol/g) #&ik, AR T ‘EK 15" IMEH (0.38 mmol/g)

(J#3.18) . b4, HB Al 57 A PR < FEER 15 IR M B ML 25 ki A NAD/NADH
LRl m T HB fhr) 1.8 F1 1.9 5. ZRE L Rgs R, /NMETFRE R, FH.
=AM, HB MRF AR CE K 157 RINENIEZ NAD & & LR
LR HEL A e 1 R R
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A B
a
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O 054 3 0.1
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0.0 0.0
G1+HBP G1 HBP G1+HBP Gl HBP
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a
6 05
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= T 044
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+‘7 3 014
=] -
24 9] a a
z T : hp b B
a L @
A il N B
0 0.0 ] 4 3
G1+HBP G1 HBP [ 1GI+HBP[1G! I HBP

/& 3.18 HB #li il fR P K H R4 X% NAD F1 NADH & BRI 2 KRR KB CsNADH
RIEEHT.
Figure 3.18 (A-C) NAD" and NADH content and NAD'/NADH ratio in the cybrid and its
fusion parents. (D) Relative expression level of CsNADH at three flower development stages.
Stage 1, sepal primordial initiating. Stage 2, tetrad stage. Stage 3, microspore stage.

3.3.9 Real-time PCR ¥l HB M FE &M AR EBESNE I TFREITE
CsNADH #i%x

N GIRIL CsNADH 52 5HE HB Al o3 44 Fi S ol & R AE K 8 B A7
FEZESRIL, WHURESE IR AL . DU SR HH Jo /Mt % & B AIEAT Real-time PCR
K. CsNADH KIS Mrai R R, MESIRFEMPY MK ] CsNADH £ HB
AT AP K LR A BRI RIB R R 2R, ME/METF R BB, CsNADH
A E=TE HB M B35 m T HB Al e J2 PR 157 RN EM, ik
] HB M4 R A CEK 15 BMEHDNMITREFE RS CsNADH &
BAXK (E3.18D).
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4 -1

4.1 HiFRRRAMERAEEE L TME

HIB Al 57 2 et 24 H s 56 (R 20 5 S A S b A R R 2 SR M o iR 1, L b
IR FEEEE EK 1S WNEN, HEERERZHFSESE. fTA
AR, JRA AR IR AT (A2 alGRI SO Al R 5 A BT 445 P 20 ff 25 3 2
W, AT DMEH R — AN SRR LAV PR, 2B OGS Rl A 5 AR 4 35 PR 4 1
SO (S TREE 201400 AR S0 5 A TR DU PH A 105 2 P URIT It PR Ji A o 4 v P 4
RINEAG AR A TR A S B B TR, HAAIE R Rl A5 P4,
WA P 7 7 v A B A AL AR o T PR JER A R A 0 i Ay ke 3 Ak i e S
AFRHLE], FEOLAIR AN A AR, AR FA AR R, FEAS 4
AR, R AR R ZRRLAR S BIE R B e, Ab T IhRe R wIRAS . [,
£ (2018) FI FHOL 5 A 18 e WL 52 st 2L 23RN PR JERAE ST AR e R A T3
RIREAHL G AR LR AR R I RCIRBUT IR, 0 2400 s PR S A o 1A 2%
FARRIUAMZAR, > ZEVER TS . Rk, @40 S AR LU PR S AR 2R 1k 23 240
ST AE T HB AR A4 P2 bi A B R 4k B @ HEURAR EK 157 0
R 2 —

JFE A J5T A A5 A A A D 208 e S5 TR 2 A A 2 5 AR 28 k56 K] 4 40 ) 45
H (Pelletier 1991; Arimura et al 2004). HHE R AL FARTE AR, Hrfhd iR AE
JRAR LR RLAR A S R 56 R KL R &, T RE 77— B[], ZE4HAAL T~ 2504tk
AEARFRIFLRAA KRS R, JFAE AL Rk DAPL Yot 508, B
R I J AR AR R 2 DY 3 2 — BRRLAA S8 A B R AR B AR W) 5« T i A 5 A A 57
JEUAE AR P (R ZR R A R B, 20 2R A 1 T L BT A 2R AT B 5 2R Rk DNA,
VLA 2R il A5 ] RSB 437 PN B R A R DR A Bh 7S T, W AR BT 2R AR T
REFRASB ALY (Sheahan et al 2005). ZRRIAR R & T e (L 3E 28 b 4 I R 4 4
FEAERL A JE AR AR LRI .

HB Al A Fh R BRI 4H, o 56 A i A% @0 A SR AR R R AR R R 4 41
A — AN 16.8 kb A B ZHEAFBRSEMHALSEAR ‘HK 15 &
P B MR A R AT 58 2 — BUR RIVE B IS B 12.2 kb 7R ISR A
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HB AZ R AT K20 i 9.7 kb A1 2.5 kb BIANFIYE v BRdL Ak  ERARS5 40 F I 24tk
AIEHLEA FAAREL, MG PR A AR DUBE 2B AR, I PSR AR 2kt
PARAME S AL SR AR BRI R AR, H — oA i 2 P/ i J5 24 Ao J A KR
B SEAR LR AAFE R 2] (Dambier et al 2011; Aleza et al 2016). HB Ailifft i 447
5 CERK 157 RN E AR R T R 2 3L K HB Al J5 et 4 A 6 R 4 A
() 16.8 kb FF 41l 570 3% 7 51 15 45 3R W] HB Al Jot 2 M Zebi AR ik PRI A A7 R AL
FHAEE 16.8 kb HE Fr B FhZR A A5 R BRI A P 51 . Btk B, HB
Al LT 2 b R AR R AH Ay Be T e IR 157 RN A AT HB 2Rk
R GRS R Bhhl, VRS BT A F 2o A S R AU EL @ o 4s <[ ER 1
5O AR, BAEE A 2.7 kb BB, R, MR R AR R A R A
JR 2P LA A, PR 2 P 2R 3 DR 20 R 20 BT e o AR 5 i s AR oy
T B AR A S SR AR 1 N AR R JE R A RV A A

4.2 HB MR 2 M REE S R ETFiE

124, A IFEY R T 2028 NCMSHE A (Kim and Zhang 2018 ).
—BECMSHE K 7 41 A R B B 40 A T A & A L ORSF R AR RS R ZH 1 MSS X
(Hanson and Bentolila, 2004). [fiE @@ & HAR KA E, BHEIEAE ZM
T H RERARIE R LT 5, WA B L RARMSSIX i i CMS % &£ ORF £ 48 i A —Fil
ITZ A BRI, 0 KFBCMSAE EForf182. FHACMSAE EForf725 (Xie
et al 2018; Kim et al 2019) . B 5t Gt it 1 28 CMSHE Rl Hii Ak < & 0 i i 2 ik R KL

&, RILCMSIHE [RIHg I B Y I 75 237-1,566 bp, Znfith 2 Ik R £ = B 7 79-522,
H L3 B H AR T CMS 5 R 2 ik BR AU f /K R K FEAS B B Hlorf79, AV 791
HHRMR . Igarashi%s (2012) LIKFECMSE:RHorf79 B, LD E LR E>T0
VENFRUE, SHKRERT-CMS R ZEHRLAAIORFHEAT T, M 45 52 BIAS & 3 Hlorf113.

PRI, A FUS R T HBA AT % ol S HG 5 AR 2o A 25 DX 2H 5 S ORF Tt il ¥ [,
1 HUORF 4w ith 2 1 28 FE R A >S5 01E bt , %o B A AL o 4 P A FL SR A 2 b A
KIZHBEATORFFIIN . Xie (2014) SERf7KAFE24 M BLEKLAAMSS 70 B AW, 7K A%
CMSHE N Forfl135), HAAREFERNorfH79. orf79. CW-orf3074845r i 434
I FMSSIX, X FRBLLLORFZ A FMSSIXAE NS %, TR iEE 5 CMS
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A R<MIORF. % LFHR, AHFFER FORFIHEL R, HoMmBEAT MR K
K¢ 5FORF, H X HAT YR 7 51 ORFSMSS X AT LLXT, 28052 AN B A RLZR
R HR ] B 5 CMSH K FORF 57 3t — DR PEHBA LR A4 Fh . E K157
i M M B A 2R s 56 R 20 S T e b A R IR 22 5, 0 ik Hh 3% AR DN16978 %
HAEHHI3A0RFs Corf55. orf59. orf88) YENCMSIEIERLA .

4.3 Orf88 W] gERVIE{EH I8

CMS K4 fid 8 R R AN E CMS MEA B [ E 5 K 2 — (Chen and
Liu 2014). CMS R 4wi%E ARG BA RN, 7 POl JFAZ RIS WS R
ARORBLHE . BEETT TR, KB CMS JE[H & A o X3 5 2k X0
Ko IKFEANE B WA352 A[A) DX 32 Ao S5 % S5 A% 3 08 #3145 SRATE &2
WA352 TEVEIX S WA352 SEHEMEAT X BTG (Luo etal 2013); [FI, i
KGR orf288 FEMEXIRGAE KM AR AR L (Heng et al
2018). AHTFTIEIS IR FRIE AU S UE LR A DN16978 BERZWHFEARAL D B 1L
5 R A A R s S TN 25 SR 7, SR DN16978 & =4 CMS 55t
ORFs, X orf88 4ty 2 [ [FIH iifh J2 & 2R Rk 8 145 5 KRB I 4 h da, 4
orf88 FIREXT HB ML B Z<Fh Al PR 1 5 EINEM AT RIEM; Bl
I RIE LI E orf88 bt E A BEINHI RAT A, R 088 iR A A
HA®HME, #—PH0R orf88 XALK B MM 5 mis & A F TR,

MR B HEN NI 24 1, GRS 2 R/IN T A R A 5 4
N/NLT R B AR AL S I AE R (Wang et al 20130 3X AN AR A By T4 55
AR S EERAA DI RE RS, sEM/NMET IR K E o TN ALERL R ST IR
TA& 156 %5E complex 11 Al complex V RAFAM L E| A H £ A (Leno et al 2007; Li et al
20100, HULR, LREHE LGRS SRR AR EREEEZEM. X
AR, CMS E:FGLRAIAT EME G Rt FH LR ATIRE, SFELRAAGE
NNMIFREREBIAEE, HEMARER B A ThREMIIER . KAE CMS JE [
orf79 fit 5 complex 111 255 JF4 FH HIhRe, /AMET AVEIEA S BN, ATP KA
A, RASBUMETH2E R, MKRIWE (Wang et al 2013). AR 7L
BEREXUAR A« MRREIR N 6308 LUC SO0 HRE JO 20 e A S5, IE S g i A
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Kl CsNADH sEfifE£ekifk, HE orf88 HAE. CsNADH & complex I NADH Ji &
) — A3t . HB AMA R 24 Fr . EPK 15 0 ZE MR HB MNME Tk § 11E
#j NAD'F1 NADH Wl BxAEMEVNMET KB A NAD'. NADH & & K&
CsNADH FRiL/KV- 50 EMEMEERCRZE R, R/ MMIF K E LR NADH Ji
SUBHE 2 BIF M . RATHEN orf88 5 CsNADH 2 [AIIA] BLAEFH Al e P &2
EW1HIThEE, ELLRAREERU, RANRICRA DRI .

-~ it
e -,
- -,

/" Genomic s orfgg

I rearrangement +

\ Mitochondri origs
bF2 achonaroen
o “" " NADH o
S o I
NADH Cytosol
- CshApy  Microspore PCD
Mucleus i
Male Sterility

3.21 orf88 FiZAiE CMS I REHLER . Orf88 HLRIRE 51 AR EAE W] REVE /ML 1B
Yif PCD, SEMENEAT.
Figure 3.21 A working model of orf88-mediated CMS. The mitochondrial encoded orf88 can
interact with a nuclear encoded subunit of complex I (NADH) and that these interactions might
induce PCD in microspores, which leads to male sterility.

5. REfzIiE

AT TR 7306 32 T 5 R R A7 e R A 5 R 2 e A 0 4 i A 1 AS 8 R R
RS T AR T HB AR 2 S A SR e B R KR FE R 4, A E
FOEL HB M BT AP I ER 15 i N A L R & A0k HB Al RLAA RS 7 ORFs
g Y 1 ANRRIARIE D orf88, HEM orf88 55 FLHEIE K] T A W] A5 kH A7 41 P 5
WAEHER: BEHARREITRRRA, dEERIE orf88 FITEMH: A DN16978
REAE LR I+ 10 B PR A o (H B0 R TR AU #8) 51288 ) Northern blot 437 or/88
7£ HB Al B A ApAn R 157 R HEM RSN, HELUERIUESE orf88 72
T HIGAEA B RSN . 55T orf88 2 5/MET K B BALE FUFIEY R K
Re s AT TE, DARCH B mTRE R AT MEVEAS B 10 orf 248 551 £ 07 T, A FF
RN TE o RKHEFE AT A AR 5 A5 TN T
1. #3554 DN16978 T/ 7+ 24 52 56
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MBAE 27 0 FE R, MAHEVEAS & 0 TR B RIIC TR B I AR 2R
=RIEME R, HIKE RIEMGHRTEAE /850, RA—REMHEETY, B
PAFH M AT M B T HIRE RIEM ST THRA T R0, Fdh— AU
1:1 BB, M AR NEMEIER (FEEMES 2014). FiL, #2555
FIWHE A G R W E TR, Hil, ZRHEART BRI T N
CMS FE:RIBEATH R HAMNGAE, 75245 B SORLAREE [m) {5 5 R AN B = R A 10
HEAERACHR R AT R FEER s RIS, ZIRTH SR EIK, AR
RARG, B BB U A 40, B T B R AT R K IR (BT XCF 2015). K
TARBEF, BRI AL LI RN KA DN16978 RelEARIL M T8k & 1,
{EL B/ 7 A R 0L TFAE Y 4 DN16978 %5 3 R M MR 28y S0 56, A REH &
DN16978 e MR A TIAAN F LB TAE , B AGE 7843 IE K DN16978
SRS I AER B V=R . DRk, 55 25X DN16978 R IKRAREEAT BAR SE 50,
IR SERE W B, i3t BI0IE DN16978 &5 HB MR 2<Fh &
Mo

2. orf88 FIEHLHITR T
CRIE ) CMS FE R FRE B H ATA =Fh: K557 mRNA AR (5 76 A 28

B () RIEME; 4 mRNA R AR A MEVA LN REN R,
A mRNA FE E R S B S FEREVE SR B (FE2) RIEMFR R . 28 CMS
REGMERLIEH R T =F25% (Chen and Liu 2014). X T KL CMS &
G s, CMS HEANTREHEANE | A FEHEYEEANT R 2. AN
5 HB AR 2« bR <[P 15 BN B /M T 7% PCD, HEDN orf38 4kl
B AT REAE /M T AR ARk, AT IE A HB AR R R R 1457 I
BAETEAR T o AKWT T Northern blot $ARK I orf88 #£ HB Al i J5i 24 Fh
FIEANITARRIRE W R RERFREE, DIHLES RN T or/88
2 RIS, NIENT orf88 AN B HLHIFE AL -
3. FERHTAR I 2 R s 5 R 4 A 1 AN AL

L RLARAN B JE N G A 1) R ) BRI R R AR 25 i RN Dh R, s2me /TR B IR
H AR AIE F IR I K B /KPR IE H T, SEtRe AN A2, PCD H#,
FIEEERIME (Wang et al 2013). ABFFLH, BRI ]S i 7 IFIREEAE SR A
CsNADH, {H/NEF R & i 72 2Rk Ty B 7 0 4a] 52 ) H, WP i T el AN

88



i M EAT AR RS R 2 AR S I s A HEah 2 5 2R DR AN 7 B DR A

o TREIN HB A TR Fh S SR AN TR B I R AR R SR AL T AR AE ) I
FREEACFBATALI, 73BT AN B AR S AT B AR IR e AR R, it
ffEdT HB MR P S PG 157 W S AR 2R A AN B LR EE AR
4. MIGERLA B A B A C ORFs &I

I B SRR AN A% M 2 R R R 14 £ 1 S A T oA, d g # ) CMS R
It A B EE AR A, FEYE EE (Kim and Zhang 2018) . AHF5T
DR B A UIORE R 0 T 2 M2 RE AR BE R 20 558 A R 157 RN BN okt
PRI R ZH A — B, T KR A PR SR A R S T3S IEH HAER v, A K
P8 PRS2 P B MR S B RS BE IR, AT LK UKOBE RS B 5T 2 P Ay HB. Ml L5 2% P
“IRER”. ARIBHIH, AT DURIEAE R4E5+ ORFs FAIBiHRE, FIH
northern blot $¢ A, 234145 ORFs 7£ HB M5 24 Ff . HB AN IR FS Mo 5 24 Fh
=SAMEHEE AR R BRI, KRB FAE (HB M5 D 5%
SRR (UKPERS LR 2Rl AT EMEL (HB MDD 183 AR K & I HRE 8 017
FEZ FEWHE S ORFs, #E—PXiXL4rF ORFs HEATDIRERAE, HiEME CMS
4 ORF.
5. WHATARLAR B R 5 88 S i B R DR B O &

AL EUL CEHR 1S \MNEMCAEHHLEAR W MO ASEAR, R
Az SRR R ) VD AR B TR e PO 4 COIFAE 4 R, JF AR I EEEAF R
55 HB MR A B AR LG, ¥ B A RS e Al e ST A I HARZG 51622 W] 12 0y BT,
5 CEPR 1S BRSSO 5. ¥ Pl SR 2 b Ak S IR 2 0
AL IEAEIT, BAPE T SR EA B PR PR A SR S CER 157 iR
M B FE A — B, BT AIFFE I A% J B 2 5 Ao A JoE R T R A T4 P4 HB iy
Jo A P o S L BE R E 2 B E] OBFERE 20150 AW B EEERA
DN16978 EREXU S0 A KBS HES R B EARE A . eI v] Be A AE
HEMERLAR orf sEMARESS R &« HAET, FIAHROE R BIE AT HB il 5
RS HB AACRS B S S 5 A A i 2 Hp O 56 TR A 2 o 4 LTS AR g e
AR T, TR 4 HB A % A e 455 T 2 A P S B ) 5 b P A Y o
AP [RIVR I RIEEAT 20 M7, 3k — AT 2R A ik D] 5 8 i B R B A B R EL AR 4%

i’%"f% o
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Appendix I The formula of mitochondrial extract liquid

Homogenization medium Wash buffer FEHEHL buffer
24 ZOREE T S0omL R ZRE B S00mL FE ZOREE (A ZRE (B)
HEERE  04M 36.44 g 0.4 M 36.44 g - -
EDTA 5mM 093¢ 5mM 093¢ - 20 mM
Cysteine 8 mM 0.703 - - - -
Tricine &
S 10 mM 0.896 - - - -
BSA "1l 0.1% 05¢g 0.1% 05¢g - -
THEH
PVP-40 ¥
LIEIEE 1% 5¢g - - - -
Kre i
MOPS 25 mM 262¢g 25 mM 262¢g - -
HEE - - - - 0.5M 0.5M
Tris-HCL - - - - 50 mM 10 mM
MgCl, - - - - 10 mM
NADH W pH £ 7.8 P pH & 7.2 Wph & 75
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Misk 11 3 L IRIEL B

FEE T 2hifk DNA $REX

1.

FERUP SRR Z) 200 uL N 1.5 mL B0%, I 500 uL FiFA) (65 °C 7K
%) CTAB $2HUR (1.5%Fi3E L), 65 °C /K 60-90 min, %EFF 15 min 4%
5=

BN 700 uL S0/ 57 I EE (24: 1D, - FIE2] 10 min, 12000 g &0 20 min,
W EETH—E0t, HESIZPE.

A 60 pL 5 M NaCl Al 1 mL VKoK 48 (<20 °C), BRI T-20 °C
A% 30 min LAUTIE DNA.

12000 g &0 10 min, FF BiE, MOA 1 mL70% O EHEIEIE K

# W, 1 24 X F DNA VTHE, M 50 uL TE A1 5 uL 20 pg/mL RNaseA, 37 °C
I E LR .

Rl DNA R 5 2 i &

T 1 BRI K TA ik

AR EAE P — D1k 8 I 0 4% e M iR & (CloneExpress, Vazyme),

BB ERAEN:

i S R MEA AR A R BPE A DT DDE AL,  SRAS R A 3k

TN B 518t & PCR 438 H i B I3tk =2 72519010
57 5l NERTE AL T BEEA A G 20 bp A4 FIPEFES, {f PCR 372 #1) H

(R B 5> 37 A o 1) s A R A, o e 2 A 19 A it AL K 2 ) 56 4 — Y

751

Gl g=Rin)ay='

VK bR B [ Nk &: 4 uL5XCEIl Buffer, 2 pL Exnase™ 11,2 P4k 70 %

BfE 5 PCR H W F BRI Wik FEFL /8 1/3 B0, I\ ddH,0 #h5% %2 20 pL.

FERINATIEST, 37 °C IR E 30 min. KM FERUE UK LA A 5 min, [FIF-80 °C

UK B K T AT 1 RS2 A AR

¥ 50 pL KIGATEERZ A 10 pL BEA R RERINAA HIT R0 T,

BREWITIRS], VK EBCE 30min.
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10.

UKIR I B0 BT 42 °CKIB R 90s, 2R Je i & T-UK ¥4 201 2-3 min.
TN 400 uL ik LB K5 373&, 37 °C #E K #£5) 45-60 min.

N 400 pL ¥4 LB B2 508 50 J5 (B NAH R AE R 1) LB [EAPAR |, 37 °C
B59% 12-16 ho

BH 1 2 B 45
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Appendix III The sequences of the primers used in this study

Primer Name Primer Sequences Primer Name Primer Sequences

For mitochondrial genome assembling

GI-1F TCCTGTAGACCGTGAG HB-1F TACCAAGCCACTCTTCAAACCC
GI-1R TGCCCATCTTGGTCTC HB-1R TTATCGAACGAACCGCACTCCT
G1-2F TGACTTATCGGCTGCCTTGCTT HB-2F ACAGCTACTTTGCCATTCCAGC
G1-2R GTAAGGGAAATGGAAG HB-2R TCAGTTTGGGCACTAGGCAGTA
G1-3F GGATTTAGAGGACCCA HB-3F GGGAACCGAAAGAGCAGAAATG
GI-3R TATGCAAGTCCGCAGCATTGTG HB-3R GGCTCTGAACAGGAGTAACGCAAAC
GI1-4F TGCTACGGAACTACCT HB-4F TACCATGAACGGACTCTTTGCC
G1-4R ACGGAGCAGATTTGAC HB-4R TGTACCACAACACCTGGACAATCAG
G1-5F AAAGGTCCATTTACAG HB-5F CTCGGTTCTTGAGACGGAGATTAGG
G1-5R ATGCCACAGAAGGAAC HB-5R TCATTAGTGGATTCCCATTGGTTAG
G1-6F AACCGATAGCGGAGAC HB-6F AGCACGAACCAAGATCCATACC
G1-6R ATGTCGGCTTGAGTAA HB-6R AGGAAGCGGCGTGAACTATTCT
G1-7F CTTGAGCATTTCCCTCTAATACCTT HB-7F AACCCACAGGAATCCATAATAGAAC
G1-7R TCCCTCTCCGGATTCTCGTATA HB-7R GTGCCCGACCTGAGTAAAGTTGTAG
G1-8F TCTCCCGAACCGAAGT HB-8F CTAATCCGCAAGGAAAGGACAAGAA
G1-8R CATCGTCCCTCGCAACAACATT HB-8R CCGTAATCACCCGATTGAAGAG
G1-9F TTCATTGCCCTTACCC HB-9F CGAAGAAGGGCAGAAACTTACATAC
GI-9R GCCCGTGTTTCATCCATTTC HB-9R ACATTTCTATGGATTGTAGCGTCAG
GI1-10F ATTCCGACAGGTCTCACTCATC HB-10F AGTGTAACCGACTTGTTTCATCAGC
G1-10R ACCTGCTACGGAACTA HB-10R AACCAGGAGACGGAATTGGAAC
G1-11F TCCGTGGCACGAAATCCATCAT HB-11F GCAGTCTACGGCACCTAAACAAACA
GI1-11R ATATGACAGGCCCAGAAGATGG HB-11R AAGGACGAAGCGGCTCTAATCT
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G1-12F AGAGTCAGTAGCTGGGAATCTC HB-12F GAAGCAATCTGGACGGAACCTA
GI1-12R CCATTCCTCGTGAGCCACTTAT HB-12R GAGTTCTTCCGTTGGAGTTTCG
GI-13F TTCTGTGCCTCAAGTT HB-13F TGGCTGCGTTAGGAAATACTGG
GI-13R AGTGTTCTTGCCTCTA HB-13R GAAGAACGGGAACGAAACGAAATAA
GI+BTC-IF AGTGATGGAAGCAATTTTGACC HB-14F TATGACACGGTCAGGTTCAGCA
GI+BTC-IR CGATTTAGCATGTGGTGGATCA HB-14R GTCATTATTGTTACGCCGACCC
GI+BTC-2-1F AGCGTTCTGTGCCTCAAGTT G1+BTC-3F CTAGCTACTGACTATGGTACAC
GI+BTC-2-1R CTCCTGGTTGAGGAGACGAAAT G1+BTC-3R AAGCTGCTTGCTGACTTATAC
GI+BTC-2-2F GAATTCTCAACCCGAGATGTTA G1+BTC-5F ATGGAAAGAGATGGGAGGCTAG
GI+BTC-2-2R CACGTCCGAAGGAATCAATGTT G1+BTC-5R AAAAGTCTTCTTCGTGTCTCCT
GI+BTC-7F AGAAGGTTCTCCTGAGAAGGAA G1+BTC-12F GTCTGTACGGTGAAGTACATTG
GI+BTC-7R CGCATACCCTCATTCAGCTTAA GI+BTC-12R AGTCGGTCAGTAGTGAGTCCTA
GI+BTC-8F CAGCGAGTCCTTTCTTCCTGTT G1+BTC-14F ACTGCTTGGCGTTGCATATTAG
GI+BTC-8R ATCTGATCTATCTACTCGGCA GI1+BTC-14R CGAGAGCGTCTCTGAATACTCA
G1-3r-1F CTAGAGTACATGACTAGACTGC HBP-3r-1F AACTTTTCCGCCCACTGCCACTA
G1-3r-1R GTCGTAGAAGCTGTTCCTAGGA HBP-3r-1R CCAACTCATTGAGTGTAACCGA
G1-3r-2F ATTGGCGCTTAATAGCCTGTAG HBP-3r-2F CATACCCTCATTCAGCTTAAGG
G1-3r2R TTCACCCAAGCTTCATCCTGGT HBP-3r-2R CAGGAATGAAACCTCTCGTAGT
G1-3r-3F GTGTATAAGGACCAACGACGAG G1+HBP-3r-1F CAATGTACTCCACGGATAGAGG
G1-3r-3R TCATAACACTGATGTCAAGCCC G1+HBP-3r-1R AGAGTTCTTATGTCTTTCCGCG

For the homologous fragement

P1 CGGAATCGCGTTAAGAAGATCA P6 TGACTTCACGGTCGCCAAAGAA

P2 CACCTACTGTTCGTTAACAGTT P7 CAAGGAGTTCATCGATTGAAGT

P3 ACTTCAATCGATGAACTCCTTG P8 ATGGCTATAACAGAGTTTCTGT

P4 CTAATCGATTACGATAAATTGGATCGGAT P9 CAATTTGGGATCCAATTCGGGA

P5 TGCGGCATTTCCACGATATCGT P10 CCGCTACTATTACTATGTGAAAACGTCCG

For protein subcellualr localization

CsNADH-207F GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCTATGAAGAGCGCGT
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CsNADH-207R
orf88-207F
orf88-207R

For Y2H assays
16978-pGB-F
16978-pGB-R
orf88-pGB-F
orf88-pGB-R
CsNADH-pAD-F
CsNADH-pAD-R
For LUC
orf88-cLUCF
orf88-cLUCR
CsNADH-nLUCF
CsNADH-nLUCR

For the binary vector

OE-DN16978-F
OE-DN16978-R

GGGGACCACTTTGTACAAGAAAGCTGGGTGCTCTTTCTTGGAGG
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGTTAGTTATGACTAGTCTAGTCT
GGGGACCACTTTGTACAAGAAAGCTGGGTGGCTCTCAAGCTGTTGACAATCTA

ATATGGCCATGGAGGCCGAATTCATGCCTCTCATCAATGTCATCC
GGGGTTATGCTAGTTATGCGGCCGCAGGTTTCATTACTTTTCTTCCA
ATATGGCCATGGAGGCCGAATTCATGTTAGTTATGACTAGTCT
GGGGTTATGCTAGTTATGCGGCCGCTTAGCTCTCAAGCTGTTGACAATCTA
GCCATGGAGGCCAGTGAATTCATGAGATTTCCATCAAGAAGT
ACGATTCATCTGCAGCTCGAGTTACTCTTTCTTGGAGG

TACGCGTCCCGGGGCGGTACCATGTTAGTTATGACTAGTCT
ACGAAAGCTCTGCAGGTCGACGCTCTCAAGCTGTTGACAATCTA
ACGGGGGACGAGCTCGGTACCATGGCTATGAAGAGCGCGT
CGCGTACGAGATCTGGTCGACCTCTTTCTTGGAGG

GGTTTCACTGCAGGATGCCTCTCATCAATGTCATCC
GGGGAAATTCGAGCTGGTTACCAGGTTTCATTACTTTTCTTCCA

108



Uit N B AT A PRI PR A A S T A el 2 5 RS 1A 7 R R A d

PR IV AR P ER RV 1% MSS 5IHIFFIER

Appendix IV Sequences and information regarding specific MSS primers used in this study

Primer names Primer sequences Fragment Size (bp) Corresponding MSS

F: GTTGTCTGATCACACTCGAAAT
MS1 288 MSS1
R: TCACGTCCTCAGAGCCCGAGAA

F: ATTTGATCATCTTCTTAACTAA
MS2 7572 MSS2
R: TCCGTATCGATAGTGGAAGGTT

F: GAATTTGTAGAGCAAGAACAAG
MS3 1063 MSS3
R: TTCTTCAAACCCCCAATCCGCT

F: AATCAAGGGCTAAACCTGAAGC
MS4 261 MSS4
R: CCACTCGCCCTTGGTTAGAGAC

F: CCGCTGACTGTTCTCCGAACGG
MSS 233 MSS5
R: TGGTTCTTGAAAGAACAATTCT

F: TCGCTGGCTCCGTGACAACAGA
MSé6 253 MSS6
R: TATGGTGGATCAATAATAGGCC

F: TAATTTGAAGACAAAATGGTAT
MS7 260 MSS7
R: ACAGAAGAGAAGAAGTCATTTT

F: AAAAGAATGTTGTTATGCTGCC
MS8 8914 MSS8
R: AGCAATTCATGCGAGAATTGGT

F: CAGTGTAACTGAGAGTAAAAGT
MS9 960 MSS9
R: TTTACGAATGGTTCATTCCCTA

F: GTTGACCTCACCAACTACGTGC
MS10 4250 MSS10
R: CTAGGGCTGGTCTCTCTGGCCT
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F: ATTTTATTTTATTTTATTCCCT
MS11 665 MSS11
R: AATCCTCTTCCCGCCGAGCCCC

F: TGACTTGCCCCCCCCCGCCGTG
MS12 424 MSS12
R: CAGACGCGAGCCCCTCCTCGGG

F: GCTTAGTTGCCACCGTCGAGTT
MS13 1196 MSS13
R: GGCTCGAATGGTACGATCCCTC

F: ACAGAGATCTCATTCGTCCCAC
MS14 1422 MSS14
R: GGGCAGGAAATCGTACAGGCCC

F: GGTCTTTTAATAACTCATTGAT
MS15 5351 MSS15
R: CTGTAAGGGGGGATGGAATAGT

F: AGAAGACAGCTGGACTTCAGAG
MS16 1372 MSS16
R: TTGAGTCGCCTTTCTCTTTCCT

F: AATCGATTCGATTCTCGTTCTC
MS17 117 MSS17
R: ACTATGGGAAGGGACGAGACAA

F: AGCTTCAGAGGTGGGGAAACCC
MS18 2957 MSS18
R: CAACGAGGTGGAGGGCCATCGC

F: GATCTGTTCCAACGTCGGCTAG
MS19 4008 MSS19
R: TAAGAAAGAGTCGTGCTGTGAG

F: GAGTGGGTATGCGGGCTTCTTT
MS20 1295 MSS20
R: AGCGTTAGCACTTTACTAATAA
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Appendix V Information of CMS-specific ORF

Locations in G1

Locations in

Annotation in G1

Annotation in

G1+HBP . ) G1+HBP . . OREFs of G1+HBP ORFs of
G1 ORFs mitochondrial . ) Orientation . . MSS
ORFs mitochondrial corresponding corresponding
enome
. genome transcripts transcripts
orf309 orf309 24-953 24-953 Direct atpl,nad5 atpl,nad5 Ml
orf70 orf70 224-436 224-436 Reverse atpl,nad5 atpl,nad5 Ml
) cemFn,cemFC,
orf90 orf90 49993-50265 49993-50265 Direct nad5 M2
cemConad5
cemFn,cemFC,
orf260 orf260 50110-50892 50110-50892 Reverse nad5 M2
cemConad5
. ccmFn,cemFC,
orf74 orf74 50515-50739 50515-50739 Direct nad5 M2
cemConad5
. ccmFn,cemFC,
orf55a orf35a 50627-50794 50627-50794 Direct nad5 M2
cemConad5
ccmFn,cemFC,
orfl41 orfl4l 50961-51386 50961-51386 Reverse nad5 M2
cemConad5s
. ccmFn,cemFC,
orf69 orf69 51195-51404 51195-51404 Direct nad5 M2
cemConad5
ccmFn,cemFC,
orfl6l orfl61 51675-52160 51675-52160 Reverse nad5 M2
cemConad5
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orf52

orfl04

orf55b

orfl43

orf210

orf78

orf69a

orf51

orf76

orf54

orf50

orf50a

orf81

orf52

orfl104

orf55b

orfl43

orf210

orf78

orf69a

orf51

orf76

orf54

orf50

orf50a

orf81

51896-52054

52141-52455

52645-52812

52747-53178

52863-53495

53033-53269

53653-53862

53698-53853

54685-54915

55771-55935

56279-56431

57655-57807

58079-58324

51896-52054

52141-52455

52645-52812

52747-53178

52863-53495

53033-53269

53653-53862

53698-53853

54685-54915

55771-55935

56279-56431

57655-57807

58079-58324

Reverse

Reverse

Direct

Reverse

Direct

Reverse

Direct

Reverse

Reverse

Direct

Direct

Reverse

Reverse

ccemFn,cemFC,

cemC,nad5

cemFn,cemFC,

cemConad5s

ccemFn,cemFC,

cemConad5s

cemFn,ccmFC,

cemConad5s

ccemFn,cemFC,

cemConad5s

ccemFn,cemFC,

cemConad5s

cemFn,ccmFC,

cemConad5s

cemFn,ccmFC,

cemConad5s

cemFn,ccmFC,

cemConad5s

cemFn,ccmFC,

cemConad5s

cemFn,ccmFC,

cemConad5s

cemFn,cemFC,

cemC,nad5

cemFn,cemFC,

cemC,nad5

nad5

nad5

nad5

nad5

nad5

nad5

nad5

nad5

nad5

nad5

nad5

nad5

nad5

M2

M2

M2

M2

M2

M2

M2

M2

M2

M2

M2

M2
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orf70a

orf320
orfli4
orf67
orfl31
orf68

orf86
orf56
orf52a
orfl102
orf74a
orfl244
orf50b
orf60
orf53
orfl19
orf71
orf56a

orf70a

orf320
orfli4
orf67
orfl31
orf68
orf62
orf61
orf86

orf52a
orfl102
orf74a

orfl244

orf50b
orf60
orf53
orfl19

62042-62254

62124-63086
62299-62643
62596-62799
62698-63093
88160-88366

118177-118437
125870-126040
138971-139129
139037-139345
139095-139319
146102-149836
146148-146300
147963-148145
148179-148340
149829-150188
190082-190297
191235-191405

62042-62254

62124-63086
62299-62643
62596-62799
62698-63093
88160-88366
114262-114450
115406-115591
118177-118437

138971-139129
139037-139345
139095-139319
146102-149836
146148-146300
147963-148145
148179-148340
149829-150188

Reverse

Direct
Reverse
Direct
Reverse
Direct
Reverse
Reverse
Direct
Reverse
Direct
Reverse
Direct
Reverse
Direct
Direct
Direct
Reverse
Reverse

Reverse

ccemFn,cemFC,
cemConad5

nad5
nad5
nad5
nad5

ccmB

atp4,nad4L
atp4,nad4L
atp4,nad4L
atp4,nad4L
atp4,nad4lL
atp6
atp6b
atp6
atp6
atp6b
rpl2
rpl2

nad5

nad5
nad5
nad5
nad5
ccmB
atp4,nad4L
atp4,nad4L
atp4,nad4L

atp4,nad4L
atp4,nad4L
atp4,nad4L
atp4,nad4L
atp4,nad4L
atp4,nad4L
atp4,nad4L
atp4,nad4L

M3

M3
M3
M3
M3

M5

M7
M7
M7
M8
M8
M8
M8
M8
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orf99
orf60a
orf53a

orf66

orf549
orf75
orf138
orf65
orf149
orf344
orf53a
orf62a
orf55¢
orf217
orf66
orf82
orf70b
orf54a
orf50c
orf72
orf99

orf66a

232918-233217
236630-236812
358004-358165

385854-386054

150358-152007
150995-151222
151562-151978
152520-152717
152710-153159
153165-154199
153554-153715
153635-153823
154245-154412
154329-154982
154770-154970
229742-229990
230121-230333
230284-230448
230361-230513
231096-231314
232918-233217

385863-386063

Reverse
Direct
Direct

Reverse

Reverse

Reverse

Reverse
Direct
Direct

Reverse
Direct
Direct

Reverse

Reverse
Direct
Direct
Direct

Reverse

Direct

Reverse

nad2
rps7
nad4

rps4,nad6,rpls,
rpsil4

orf25
atp4,nad4L
orf25
orf25
orf25
orf25
orf25
orf25
orf25
orf25
orf25
nad5
nad5
nad5
nad5
nad5
nad5

nad2,nad6,rps4,
nad?2

M8
M8
M8
M8
M8
M8
M8
M8
M8
M8
M8
M10
M10
MI10
M10
M10
MI10
M10
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orf59a

orf52b

orf89

orf88a
orf54a
orf95

orf75

orf71a
orf70b
orf53b
orf255
orfl05
orf91

orf5la
orf86a
orfl28
orf205
orf86b

orf59a

orf52b
orf79
orf71
orf89
orf88a
orf54b
orf95
orf75a
orf71a
orf70c
orf53b
orf255
orfl05
orf91
orf5la
orf86a

orf205

393067-393246

395175-395333

423934-424203
424130-424396
424375-424539
424773-425060
424837-425064
424874-425089
425346-425558
426106-426267
426373-427140
426380-426697
426780-427055
427625-427780
428029-428289
471465-471851
472020-472637
472031-472291

393076-393255

395184-395342
396975-397214
397717-397932
423943-424212
424139-424405
424384-424548
424782-425069
424846-425073
424883-425098
425355-425567
426115-426276
426382-427149
426389-426706
426789-427064
427634-427789
428038-428298

472029-472646

Reverse

Reverse
Reverse
Reverse
Reverse
Reverse
Reverse
Reverse
Direct
Direct
Direct
Direct
Reverse
Direct
Direct
Reverse
Direct
Direct
Direct

Reverse

rps4,nad6,rpls,
rpsi4
atpl

nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
rpsl
rpsl
rpsl

rpl5,rpsl4

rps3
rps3
rps3
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl
nadl

rpsi

M18
M18
M18
M19
M19
M19
M19
M19
M19
M19
M19
M19
M19
M19
M19
M19
M20
M20
M20
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orf59
orf55
orf88
orf51b
orf68a
orf78a
orfl12
orf99a

orf59
orf55
orf88
orf51b
orf68a
orf78a
orfll2
orf99a

orf82a

orf70d

orf54c

orf50d

orf72a

orf99b

472740-472919
472858-473025
473213-473479
482430-482585
498542-498748
504331-504567
506967-507305
510109-510408

472749-472928
472867-473034
473222-473488
482439-482594
498551-498757
504340-504576
506976-507314
510118-510417

532272-532520

532651-532863

532814-532978

532891-533043

533626-533844

535448-535747

Reverse
Direct
Reverse
Reverse
Reverse
Reverse
Reverse

Reverse

Direct

Reverse

Reverse

Direct

Direct

Direct

cox2,rpsl
rpsi

cox2,rpsl
nad9
nad9
nad9
cox2

cox2

rpsi
rpsi
rpsl
cox2
cox2
cox2
cox2

cox2

nad5

nad5

nad5

nad5

nad5

nad5

M20
M20

M21
(G1+HBP)
M21
(G1+HBP)
M21
(G1+HBP)
M21
(G1+HBP)
M21
(G1+HBP)
M21
(G1+HBP)
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>orf55
ATGCATGTTGAGTTGAGCAAGAATACTGCGACTAGGAAGACGAAGAATGG
AATTGAAGGCATAGTCTCAATAAAAAGAATGGAAGACCAACCAACGAGTG
GTGGACTTTTATGGAGTCTCGCAGAAGAAGAGCCTTACTCTATAGGGGCGT
TAGCGCGCTACAACTAG

>orf59
ATGCCTTCAATTCCATTCTTCGTCTTCCTAGTCGCAGTATTCTTGCTCAACTC
AACATGCATTTTAGAGTGCCGTGCCGGGGCGATAGGAAAAACATTCGAGCA
AGAGCCTTTGCCTTTCTTCGCAAATGGAGGGCCCGATAAAGTGCAAGAAA
CTCCACAAAAGAAGAGATTAAGGTGA

>orf88
ATGTTAGTTATGACTAGTCTCAAAATAGACTTTTTTCTTTGGTTACCTTGTAT
AGGGGGGGCAACCACTATGACTATTAAAGTCAGGAGTTCAAGCCTGCGCTC
TAGCAGTCGTCAAAGCACAAGCCCAGCTGGATTGCTAACTACTGTCCTTTT
TGGAGAGAGGAAAGGGGCAAAGGCATTGGTCGGAAAAGTCTTCTTTCAAT
CAGTCCTAGGCGGGTCTCTTTTGAGAGTTCCATTGGTAGATTGTCAACAGC
TTGAGAGCTAA

>DN16978
TTGAATTTAAGGATGCCTCTCATCAATGTCATCCATTATCTTTTCTGTACCAT
CTTGGATGACATTGCCACAATGAAGGTAGAATGTATTTGGCTAAGGATGCCC
AGAGACAAATCAGGATGGGGGCTTCGATGGGATTCTTCCATCTAAGAATCA
GAAAAAAATGGACTGATTAACCTCTTACTGCTTGAGAACCTATCAGGTGAG
ATGGATTGACCAACATTAACAGGCCTACTATATAAGTATGAAGCGATACATC
ATAAGAAGCTAGTTGAAAGCCTCAGTTTGGAAGCGACATATATATATGAGCT
GGTAAACACTGCTATAGTAGCCCAGCCTAGAGAAAGTTATGGGACAAAACA
TGACAAGACTCTTTCTATTTATTCGTCCTTATCAGAAATCTGCTACAGAAAG
ATTCCGCTTAAATTTAAAGCAGTTAATCATTATTTATGAATTGGAAGATGAAA
TCTCTCTGGTGATAGATGGAGAAAGGTCTCCTTTTGTTTCTATTCAGGAAGA
AGATAATTGCTATTCCCAAGGAAGAACGTTAACTCTCGCTATTCTATTTGAAT
ATCTCTTGCTTTCTTTTTTTTCTGAGTGAGGCAGTGTCTTTCTTCTCAAGTA
GTGGTGTAGGTGAAGTGAGGATTTAGATAAATCTAAAAAGACCTCTCCCGG
GTTTGAGGGCTTAAATCGTTTTTAGTCTTCAACCCAGTCGAATATAAATGTT
GAGACCAACCTTCTTATGTTAGTTATGACTAGTCTCAAAATAGACTTTTTTC
TTTGGTTACCTTGTATAGGGGGGGCAACCACTATGACTATTAAAGTCAGGAG
TTCAAGCCTGCGCTCTAGCAGTCGTCAAAGCACAAGCCCAGCTGGATTGCT
AACTACTGTCCTTTTTGGAGAGAGGAAAGGGGCAAAGGCATTGGTCGGAA
AAGTCTTCTTTCAATCAGTCCTAGGCGGGTCTCTTTTGAGAGTTCCATTGGT
AGATTGTCAACAGCTTGAGAGCTAAAAAAAAGTAGTTCTTGCTCTTCCGAT
AGGGAAGACGTAATCTGGCTTGACCATTACGGAATTTCCTTTGATGACTGA
CTACAGATGCCTGCCAACATCTCGCGATAGATTTAGCAAACTAAAGCGTTA
GCACTTTACTAATAAAATATATAGGGCTTTTCCCTATCTTACTAATAATAAGG
GGGCTGCTAGTTGTAGCGCGCTAACGCCCCTATAGAGTAAGGCTCTTCTTCT
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GCGAGACTCCATAAAAGTCCACCACTCGTTGGTTGGTCTTCCATTCTTTTTA
TTGAGACTATGCCTTCAATTCCATTCTTCGTCTTCCTAGTCGCAGTATTCTTG
CTCAACTCAACATGCATTTTAGAGTGCCGTGCCGGGGCGATAGGAAAAACA
TTCGAGCAAGAGCCTTTGCCTTTCTTCGCAAATGGAGGGCCCGATAAAGTG
CAAGAAACTCCACAAAAGAAGAGATTAAGGTGATAGAGTTTTTTCAGGAG
ACGCTAGGCTTCGGAATTGAAAAAAGTGCTCTTTTTTTTTTGTCAGCAGATT
TCGCTCATCAAGTTCTTGTTTGATCTGCCGCTGTTAGAACACCACAATATTC
CTCCTTTTGGGGTTAATGCTCTCAATGGTGAATCGATCATTTGATATCTTTTT
TTTTTTTCTTTTTTTGAAACGACGGAATGGAAGAAAAGTAATGAAACCT
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