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Abstract

Seed development is a critical stage in the life cycle of flowering plants.
Understanding the mechanism governing this process is both a fundamental
question in plant biology and also an important task in agriculture application as
seeds are staple food and seed quality and size are controlled by the genes
governing seed development process. Maize as a typical monocot plant, is also an
excellent model system for monocot seed development research.

In flowering plants, RNA editing is a post-transcriptional mechanism that
converts specific cytidines to uridines in both mitochondrial and plastidial
transcripts, altering the genetic information encoded by these genes. It is
important for posttranscriptional regulation and in some cases critical to the
functions of the encoded proteins. For example, editing can restore a conserved
amino acid codon, create an initiation or stop codon, or remove a stop codon that
leads to a functional larger protein. Therefore, deficiency in editing may result in
a compromised or complete loss of function for the encoded proteins, leading to a
severe consequence in plant growth and development.

In this study, we report the molecular characterization of the empty
pericarp 5 (emp5) mutant in maize (Zea mays). Null mutation of Emp5 results in
abortion of embryo and endosperm development at early stages. Emp5 encodes a
mitochondrion targeted DY W-subgroup PPR protein. Analysis of the
mitochondrial transcripts reveals that loss of the EMPS5 function abolishes the
C-to-U editing of rpl16-458 (100% edited in the wildtype), decreases the editing
at nine sites in nad9, cox3 and rpsl2, and surprisingly increases the editing at
five sites of atp6, nadl, cob and rpl16. EMP5 lacking the E+ and DYW domain

still retains the substrate specificity and editing function, only at reduced
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efficiency. This suggests that the E+ and DYW domains of EMPS are not
essential to the EMP5 editing function, but necessary for efficiency. Analysis of
the ortholog in rice indicates that OSEMPS5 has a conserved function in C-to-U
editing of the rice mitochondrial rpl16-458 site. Knock-down expression of
OsEmp5 results in slow growth seedlings and defective seeds. These results
demonstrate that EMP5 encodes a PPR-DYW protein that is required for the
editing of multiple transcripts in mitochondria and the editing events,
particularly the C-to-U editing at the rpll6-458 site, are critical to the

mitochondrial functions and hence to seed development in maize.



P

7R B IR A fi A b ) — A SRR B o BRI IX — i R0
HUEE B 2 A A 2 ) B R A TR, RO B ) B A5
AFIFRIATM F A, TR0 SRR/ IE 2 2 e AR s s i P 1 kB AR
I RE RIS o FORME Ny — R YR S R, ARG IR 01 R
¥R B IR A .

TEFFACHEDI T, RNAYRE A & A TE LRI A4 b i —Fh e S JE HL
BB 1 B I 4R PRI o IX I FRAR 22 I (s e R 20 f 8
fFE . KR —FhaARH EEMEFF IR, VF2 Z0R X S E A 1)
DIfe T3R8, i, RNAGRHBEBE —MRsF EIER S, SlE i
REZ b, B R — AN B R T g B N BRI DR AR .
I, RNAZwAEANGE IEH BEAT AT AE40 3 B 58 4k 29w bt BR A RO DI AE, IR0
KR B G E R R

AT, BATRE T EKFPT- 548 fkempS(empty pericarp 5)[14> T4F
{EWT 78 . EmpSIER 1 0 AL IR S 3R KPR RS K & TE IR B M B A
1E. Emp53t R gt — AN € S FE LR R R FIPPR-DYWEE H o Xfemp5IR AR AR 4 fi
PREE AL AT R W], EMPSE [ DR 2R FHAS T rpl16-458 (BFAEALH1100%
W) XA C-to-U RNAZH, F#1Ik 1 nad9, cox3frps12ix =AM
AL SR C-to-U RNAZRHE /Ko A N RSS2, [F 1389 1 T atps,
nadl, cob 1 rpl16 4 A 3L 5 M7 IRNA S 45 /K 1. EMPSH H Rk
E+MIDYWZE AR OR B T IR (K ke S EFIRNAZw 4B DI e, R 2 g 0%
A TG . X FBHEMPS 8 A IE+FIDY W4 skt Hgm R ThRE A S, Hx
G RCE R LTI . WEMPSTE /KRG K [F R & 1 I 73 T M), OSEMPSTEIK
FEBRLAAR rpl16-458 17 5 (1 48 Ty e J& PR <11 . OSEMPS )k R iU BR 14 5 350
KRG bR AE K A8 R b T B . IX s 25 5 3R W] Emp5 it IR 4 B ) X —

vi



PPR-DYW i H X} 2 AN 2R AR # S A RNA S 5 A2 0 75 ). U & rpl16-458

XA s IR 2R AR R R+ 7> L, PRI KM 7 B AR R

vil



Table of Contents

Thesis/AssesSMent COMMUIEEE .......ceuerrertierierieriieie ettt ettt eaeseeens i
SEALEIMENE ¢......voeveeteeteeee sttt s et s s s s s s b s bbbt eee ii
ACKNOWICAZEIMENLS ....eouvieiiieiiieiieiieiteitet ettt et ettt et e este e bt e st e see st esseesseesseesseesseenseensaenseenses 1ii
AADSITACT ..ttt ettt s b e bttt b e e bt b e st b e bt bt e st et bt bt bt et h e bt bt e st be et et bt ebeenee v
B s a ARttt vi
TabLe OF COMLENLS......c.iiiieiiiiiiieteeeee ettt ettt et aesa e st ennenesreenes viil
LISt OF TADBIES ..ttt st sttt st sb e bt e bbbttt saee b s xii
LASE OF FAGUIES .- vvvvveoo e eeeeeeeeeeeeeeeeeeeeeeeeseee e e eeee e e s s e seeee e s s s s e e e s e eeeseeee e eeneee xiii
LiSt Of ADDICVIATIONS ...vetieniinieiiitietetesieet ettt ettt ettt st et ettt s b e bt e e bt sbeebeentesbeebeeneens XV
Chapter 1. General Introduction ... 1
Chapter 2. Literature REeVIEW ... 6
2.1. Seed development in flowering plants ..........ccccoeeeviiieriiieeriieeee e 7
2.1.1 Seed morphogenesis of flowering plants ...........cccceevveeecieeeiiieeniieeeieens 7

2.1.2 Molecular mechanisms of seed development ............ccccceevvevciienieeneenen. 8

2.2 PPR protein family .......cccocooiooiiiiiiiiiiciieieeeesee e 11



2.2.1 Definition of PPR Protein .........cccooceiiiiiiiiiiiiieiieeieeeeeee e 11

2.2.2 Subgroups of PPR protein .........cccceeveiiieiiiieiiie e 12
2.2.3 PPR protein distribution and evolution ...........cccccceeevievieeniieeiieenieeneennen. 13
2.2.4 Functions of PPR proteins in plants ...........cccecceeevieeviienieniienieeieeeeeeeenn 14
2.3 PPR proteins involving in seed development ...........ccccceeeveevieiciieniienieenienieans 15
2.4 PPR proteins studied iN MAIZE .......cccceeeiiieiiieiiieiieeieeieeeeeeee et 17
2.5 RNA processing in plant mitochondria............coecceeviiiiieniiiiieiieeee e 19
2.5.1 RNA SPHICING .evieeiiiieiiieeiieeeiie ettt et e et tae e e taeesvae e s e e e saseeenseeenns 20
2.5.2 5” and 3’ processing of plant mitochondrial transcrips .........cccceceeveenene 23
2.5.3 RNA Stabilization ......c.coceevieeiiiieiiieiesteeeecee e s 24
2.0 RINA EAITING ...evieiiieiiieiieeie ettt et ettt et e esaeeaeesaseenseessaeenseenneeans 25
2.7 Status of C to U RNA editing mechanism ..........cccceccevviinienenicnienenieneenene 28
Chapter 3. Materials and methods...............ccoooooovcoecc. 31
3.1 Plant MAterialS ....ccccovierieiiiniieiieieeitesic ettt 32
3.2 Light Microscopy of Cytological SECtions .........cccceeeevuereinieeiieniieneenieeienneenes 32
3.3 Immunohistochemistry Analysis Materials .........cccccooiiriiiiiiiniiniiiiieeieee 32
3.4 Isolation of genomic DNA MaterialS ........ccccovevciiieriiiieniieeieeeeee e 33

X



3.5 Southern Analysis MaterialS ........cccoveriiiriinieriiinienenieeeeeceeee e 34

3.6 Inverse PCR cloning MaterialS .........ccccoeveuiieiiiiieiiieeciee e 35
3.7 RNA Extraction and RT-PCR Materials ........cccccoceevirieniinenienieeeieneeeeen 35
3.8 Subcellular Localization of EMPS5 Protein Materials ..........ccccoeeeviniienienenne. 36
3.9 Analysis of Mitochondrial RNA Editing Materials ..........cccccoeeieviiiiiienieennns 37
3.10 Rice Transformation Materials ..........ccocoieriiiiiiniiiiiieieeee e 37
3.10.1 OsEmp5 RNAI vector construction Materials ...........ccceeeveeecviennnens 37
3.10.2 Callus induction from mature rice seeds Materials ..........ccccceeeeeeneenee 38
3.10.3 Callus subculture Materials ........ccccoceviriienieniniiieeeeeeeeeeee, 38
3.10.4 Preparation of Agrobacterium tumefaciens Materials ............ccoc........ 38
3.10.5 Co-cultivation Materials ..........ccceeverieniniiiniiieiieeceseeeeee e 39
3.10.6 Callus washing and selection Materials ..........cccccoveeviniicniinenicneenne. 39
3.10.7 Regeneration MaterialS ..........cccoeceeeiieniieniieniieiieeie e 40
3.10.8 Screening of transgenic plants Materials ..........cccccceeevviieeiiiencieenieeens 40
Chapter 4. ReSUILS ..o 42
4.1 Phenotypic and Genetic Characterization of emp5-1 ......ccccceviviiniiiicniicnenee 43
4.2 Cloning Of EMPS oottt e 45



4.3 Emp5 Encodes a Mitochondrion-Targeted PPR-DYW Subclass Protein........... 48

4.4 Expression Of EMPS ..ot 51
4.5 EMPS5 is Required for Mitochondrial RNA Editing .........ccccccveveiieniieieennennnen. 52
4.6 Molecular Characterization of emp5-4 Allele ........cccoevveviiiiciieiiiiiieieeeee, 54
4.7 Functional Analysis of the Rice OSEMp5 Gene ........cccceevieviiiiiiniieiieciee, 58
Chapter 5. DISCUSSION ...........coooioooeceeeecceeeeeeeeeeeeeeeeeeeeeeee e 62

5.1 Abortion of emp5-1 Mutant Seed Development is Caused by Defective

Mitochondrial RNA Editing ......ccceeviiiiiiiieiiiieciee et 63
5.2 Increased Editing in the emp5 Mutant ..........ccccoeveieeriiieeniiieeiieeeieeeeeeeee e 65
5.3 Substrate Specifying Sequence of EMP5 Are Not Conserved ..........ccccveneen. 66

5.4 The E+ and DYW Motif of EMPS5 Is not Essential for This Protein Function..67

Chapter 6. CONCIUSION  .........coooooooeeeeeeeeeeeeeeeeeeeeeee e 75

R T OGS .o, 78

xi



Table 1.

Table 2.

List of Tables

Discovery of RNA editing in different genetic systems.........cc.cceceevueeee.

Primers used in this study

X1i



Figure 1.
Figure 2.
Figure 3.
Figure 4.

Figure 5.

Figure 6.

Figure 7

Figure 8.

Figure 9.

Figure 10.

Figure 11.

Figure 12.

Figure 13.
Figure 14.
Figure 15.
Figure 16.

Figure 17.

List of Figures

Subfamily and motif structure of PPR protein ..........cccceoevviniincnicnnnne 13
Distribution of PPR genes among eukaryotes............ccceveveeveerieenieennnenns 14
RNA processing in plant mitochondria...........ccccceeevvieeciieecieencieeeieeens 20
Cis- and trans-splicing of NAd5 transcripts ..........coceeeeereeieverienienenene. 21
Group II intron splicing mechaniSm . ..........cccoeeveveiierieeniienieeieeeie e, 22
C-U, U-C and A-I RNA editing by CONVersion...........cceeeueevveerereeveerneennn. 27
Mutant emp5-1 kernels abort early in seed development ......................... 43
Developmental comparisons of wild-type and emp5-1 kernels at 8 and

I3 DAP. e e 45
Effects of emp5-1 on basal transfer layer..........cccoeevvveeiiieeciiecieeeeee 46

EMPS gene Cloning .......ccceecvieiiiiiiinieeiieeeeee e 47
EMPS protein StruCtUIE ........ccceeeiiieriieeiieiieeieeeteeiee et 49

Alignment of EMP5 protein with rice (Oryza sativa) OsEMPS5 and a

Sorghum (Sorghum bicolor) ortholog SODEMP5 protein......................... 50
EMPS protein 10calization . ..........ccccveeeciiieiiiiieciieeciie e 51
Expression pattern of Emp5 in maize organs indicated.. ............cccceeeeen. 52
RNA editing defects of mitochondria genes in emp5-1 mutant ............. 56
empS-4isaweak allele . .....ccooeieieiiiiiiieee e 57
OsEMPS5 is a mitochondrion localized PPR-DYW protein ..................... 99

xiii



Figure 18.

Figure 19.

Figure 20.

Figure 21.

RNAI knock-down of OSEmp5 expression in transgenic rice . ............... 60

Analysis of mitochondrial rpl16 editing in OSEmp5-RNAI transgenic
TITIES. ettt ettt 61

Alignment of -40 to +20 sequence of 15 RNA editing sites in 7
mitochondrial gene transcripts changed in empS-1. .......cccooveviieeennennee. 70

The hypothetical proteins as predicted based on the two transcripts
detected in the emp5-4 mutant Seeds. ..........cevveeeviieecieeecieeceeecee e 71

X1v



List of Abbreviations

cDNA  Complementary deoxyribonucleic acid
DAF Day(s) after flowering

dATP  Deoxyadenosine triphosphate

dCTP  Deoxycytosine triphosphate

Dek Defective kernel

dGTP  Deoxyguanine triphosphate

DNA Deoxyribonucleic acid

dTTP  Deoxythymine triphosphate

E.coli  Escherichia coli

EB Ethidium bromide

EDTA  Ethylenediaminetetraacetic acid

Emp empty pericarp

EST Expressed sequence tag

FAO Food and Agricultural Organization of the United Nations

GST Glutathione S-transferase

GUS B-Glucuronidase reporter gene

HPT hygromycin phosphotransferase

LB Luria Broth

MORF  Multiple organellar RNA editing factor
NEB New England BioLabs, Inc

ODgop  Optical density measured at 600nm

PCR Polymerase chain reaction

PPR Pentatricopeptide repeat
RNA Ribonucleic acid

RNAi1  RNA interference
RT-PCR Reverse transcription polymerase chain reaction

TPR Tetratricopeptide repeat
UTR Untranslated region

XV



Chapter |I.

General Introduction



Seed development is a critical stage in the life cycle of flowering plants.
Understanding the mechanism governing this process is both a fundamental question
in plant biology and also an important task in agriculture application. This importance
is due to the fact that seeds are staple food, and major seed traits are controlled by

genes that define the seed developmental process.

As a staple food and feed stalk, maize is an important crop around the world.
According to FAO (Food and Agriculture Organization of the United Nations)
statistics in 2011, world maize production is ~840 million tons, ranking at No. 1
among all cereal crops. Maize as a typical monocot, is also an excellent model system
for monocot seed development research. First, comparing with other crops such as
rice and wheat, seed phenotype observation and cross in maize are convenient.
Second, as a traditional genetic research material, maize has richer genetic resources
than other monocots. In addition, the maize genome is sequenced (Schnable et al.,
2009), which also provides genome information for maize molecular biology study.
Maize transformation is feasible and becoming easier as the technique advances
rapidly in this area.

In recent years, much genetic, molecular and biochemical evidence suggests that
pentatricopeptide repeat (PPR) protein family may have essential functions in seed
development. PPR proteins are defined by the presence of a canonical 35-amino-acid
motif repeated up to 30 times in tandem (Small and Peeters, 2000). PPRs belong to a
large family of genes that are particularly prevalent in terrestrial plants. Studies have
showed that these proteins mainly localize in plastids and mitochondria and may have
a range of essential functions in posttranscriptional processes in these organelles,
including RNA stabilization, editing, splicing, and translation (Schmitz-Linneweber
and Small, 2008).

Loss of function mutations in PPR genes result in defective seed phenotypes,
implying that PPR genes play essential roles in plant seed development. Mutations in
the Arabidopsis PPR2 gene causes defects in cell proliferation during embryogenesis

(Lu et al., 2011). Arabidopsis PPR gene GRP23 is essential for early embryo



development through interaction with RNA Polymerase II Subunit III (Ding et al.,
2006). PPR gene mutation is a common cause for defective embryogenesis in
Arabidopsis. Among 250 Arabidopsis embryo defective mutants (emb), seventeen
(6.8%) have been shown to be impaired in putative PPR genes (Tzafrir et al., 2004;
Cushing et al., 2005). In rice, PPR gene OGRL1 is also involved in seed development
(Kim et al., 2009). OGR1 functions in the editing of five mitochondrial transcripts.
Mutant ogrl seeds develop opaque endosperm and are slightly smaller in width and
thickness than the WT. In maize, three PPR genes are shown to be essential for seed
development, all of which are localized in mitochondria. Empty pericarp4 (Emp4) is
necessary for early seed development and is shown to be required for the correct
expression of a small subset of mitochondrial genes (Gutierrez-Marcos et al., 2007).
PPR2263 is the only reported PPR protein thus far that is required for RNA editing of
mitochondrial transcripts in maize. Loss of PPR2263 function reduces both the
embryo and endosperm size, hence the kernel size (Sosso et al., 2012b). A recently
reported mitochondrial targeted PPR protein, MPPR6, was shown to be essential for
5’ maturation and translation initiation of rps3 mRNA. Mutation in MPPR6 coincides
with abnormal formation of transfer cells, delay of embryo development, and
reduction of starch accumulation (Manavski et al., 2012). These multiple lines of
evidence suggest that PPR genes are implicated in functions that are essential to seed
development in flowering plants.

Most of the PPR proteins affecting seed development are localized in
mitochondria or chloroplasts and function through RNA processing. RNA editing is
one of the most important RNA processing processes, the last step to modify genetic
information after transcription by alteration of RNA sequences via insertion, deletion
and conversion of nucleotides. RNA editing in plants was discovered by three
independent groups reporting C-to-U changes in mitochondrial mRNAs of wheat
(Triticum aestivum) and evening primrose (Oenothera berteriana) at the same time
in 1989 (Covello and Gray, 1989; Gualberto et al., 1989; Hiesel et al., 1989). Plant
RNA editing includes C-to-U, U-to-C and A-to-I editing. Rare A-to-I editing occurs



on cytosolic tRNAs, and the majority of editing in plants occurs in mitochondrial and
plastid transcripts. Compared with fewer than 50 editing sites in the chloroplast
transcripts, 300-500 editing sites have been detected in the mitochondrial transcripts
in flowering plants (Chateigner-Boutin and Small, 2010).

Although RNA editing is an important step in post-transcriptional control of
organelle gene expression (Shikanai, 2006; Grennan, 2011), little is known about the
mechanisms of C to U RNA editing in plants until 2005. The breakthrough concerning
the nature of editing factors was made by Dr. T. Shikanai’s group in the analysis of
chlororespiratory mutant CHLORORESPIRATORY REDUCTION4 (crr4). Crr4
encodes a PPR protein that is required for editing of a single site within the
chloroplast transcript ndhD (Kotera et al., 2005). Since then, more genes involved in
editing have been identified, such as OGR1 in rice, MEF1, MEF9, CRR21, CLB19
and YS1 in Arabidopsis (Okuda et al., 2007; Chateigner-Boutin et al., 2008; Kim et al.,
2009; Zehrmann et al., 2009; Zhou et al., 2009; Takenaka, 2010). Mutations in all
these genes impair the editing of one or a few editing sites. All of these genes encode
PPR proteins, strongly indicating that PPR proteins are important specificity editing
factors. The sequences surrounding individual editing sites have been tested both in
vivo and in vitro for both mitochondria and chloroplasts. These experiments revealed
that, in most cases, the cis-element required for editing was contained in the region
-25/+10 compared to the editing sites (Chaudhuri and Maliga, 1996; Okuda et al.,
2006). Recently, Takenaka’s group identified another type of proteins essential for
organelle RNA editing, named multiple organellar RNA editing factor (MORF)
(Takenaka et al., 2012). Loss of MORF function abolishes or lowers editing at
multiple sites. This feature distinguishes MORFs from PPR proteins which typically
affect only one or a few editing sites.

Although accumulating evidence suggests that PPR genes may have essential
functions in seed development, many important questions remain to be answered.
First, since PPR belongs to a large family of RNA-binding proteins, how these PPR

proteins recognize such a vast different RNA targets with such specificity? Which



motifs are essential and which one is not important for its function? Also, no protein
structure information is known about PPR proteins. The little detail of PPR proteins
involved in the regulation of seed development is known. So, more studies are needed
to further understand the detailed molecular mechanisms of this process. In this PhD
thesis, I focused on the molecular characterization of an empty pericarp mutant (emp5)
in maize. The emp5 mutant arrests both the embryo and the endosperm development.
Cloning by transposon tagging indicates that Emp5 encodes a DYW subgroup PPR
protein that is localized in mitochondria. Functional analysis indicates that EMPS is
involved in the C-to-U editing of multiple sites in several transcripts. Absence of
EMPS5 causes a complete loss of editing in the rpl16-458 site, causing a change from
leucine to proline in the protein in the mutant. Further analysis of the transposon
insertional allele suggests that the DYW domain of EMPS5 is not essential for the
editing function but required for efficiency. The EMP5 function is conserved in rice
as knock-down expression of rice Emp5 causes similar seed developmental defects
and reduced editing on rice rpl16-458. This work defines that function and
mechanism of a key protein involved in seed development in maize and shed lights on

the function of DYW domain that is associated with editing function in all land plants.
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Literature review



2.1 Seed development in flowering plants

2.1.1 Seed morphogenesis of flowering plants

Seed development is a complex and multistage process, which is initiated by double
fertilization in all flowering plants. Double fertilization involves two events, fusion of
an egg cell with one sperm cell resulting in a diploid zygote, and fusion of
two-nucleus central cell with the other sperm cell, leading to the production of the
triploid endosperm. In Arabidopsis and many other dicots, embryo development is
characterized by four stages, i.e. globular stage, heart stage, linear cotyledon stage and
mature green stage embryo (Schulz and Jensen, 1971). The endosperm development
involves three stages. In the first phase of endosperm development, the fertilized
central cell undergoes rapid proliferation and expansion without cell division to
generate a large and multinucleated cell defined as the syncytial phase and results in a
large increase in the size or volume of a seed cavity (Olsen, 2001). Through
cellularization process, this syncytium is then divided into individual cells. However,
in the second phase, when embryo reaches its heart stage, the embryo grows to fill the
cavity and replaces most of the endosperm volume at its maturity, because the
endosperm is consumed to provide the nutrients required for embryo development. At
mature stage, the endosperm only contains a single layer cells in Arabidopsis. The

maternal integument ultimately becomes the seed coat (Olsen, 2001; Berger, 2003).

For maize and most of monocots, early endosperm development is similar with
Arabidopsis, also undergoes coenocytic and cellularization stages. However,
distinguishing from Arabidopsis, after cellularization stage, the maize endosperm
continues to differentiate to four parts that include starch endosperm, embryo
surrounding region, aleurone cell layer and transfer cell. Finally, through maturation
stages, endosperm represents the main storage component of the seed and persists at
maturity. Endosperm serves the function of reservoir providing nutrients to the young
seedling upon germination. The embryo development in maize is characterized by

three main stages, transition, coleoptilar and late embryogenesis stage. During the first

7



phase the basal-apical asymmetry of the embryo is established and the embryo is
regionalized into suspensor and embryo proper; during the second phase radial
asymmetry appears and the embryonic axis and meristem are established; and during

the third stage vegetative structures are elaborated (Sheridan and Clark, 1993).

2.1.2 Molecular mechanisms of seed development

After many years of research on seed morphogenesis, recent studies via either forward
or reverse genetics start to focus on many genes that are involved in the molecular
regulation of seed development. Recent techniques such as global transcript analysis
facilitate the identification of regulatory networks that are important for programming
seed development (Bemer et al., 2010; Le et al., 2010). A global analysis of gene
activity with Affymetrix GeneChips during Arabidopsis seed development identified
289 seed-specific genes, including 48 transcription factors (Le et al., 2010).
MADS-box protein family defines a fairly large group of transcriptional factors that
are involved in Arabidopsis flower and fruit development. Transgenic plants with
translational the type I MADS-box genes fusion with GFP and GUS were generated.
This analysis yielded expression profiles for 38 genes. All these genes expressed in
the female gametophyte and developing seed. These results indicate that the entire
type I subfamily is involved in seed development in Arabidopsis (Bemer et al., 2010).
A number of mutants that impair seed development also have been studied. The
mutation of transparent testa glabra2 (ttg2) resulted in destroyed endosperm and seed
growth through prevention of cell elongation in the integument (Garcia et al., 2005).
Similarly, except for the reduction of integument cell elongation, two haiku (iku)
mutations also cause early endosperm cellularization, reduced proliferation of
endosperm, and reduced embryo development (Garcia et al., 2003). HAIKU2 (IKU2)
is expressed only in the endosperm but not in the embryo. It encodes a leucine-rich
repeat (LRR) receptor kinase. Because ttg2 showed defective seed integument and iku

mutations showed reduction of endosperm size, these genes were considered as the



primary regulators of seed size. The mutant of MINISEED3 (MINI3), a WRKY family
gene, has similar small seed phenotypes and similar patterns of altered seed
development as two haiku mutants (ikul and iku2), producing embryos and
integument cell dimensions smaller than wild type (Luo et al., 2005). These three
genes, IKUL, IKU2, and MINI3, are implicated in the same pathway in controlling
seed development (Luo et al., 2005). The homeobox-leucine zipper gene
PHABULOSA (PHB), putative transcriptional regulator INNER NO OUTER (INO),
and gene WUSCHEL (WUS) involve in pattern formation during early ovule
development in Arabidopsis thaliana (Sieber et al., 2004). Mutations in these genes
result in defective seeds due to their deleterious impact on integument initiation.

Several genes disrupting embryo pattern formation have also been described.
The GURKE gene is required for normal organization of the apical region in the
embryo and may also play a role during postembryonic development. Mutations in the
GURKE gene give rise to seedlings with highly reduced or no cotyledons
(Torres-Ruiz et al., 1996). SIN1 (SHORT INTEGUMENTS1) gene is also essential for
embryo pattern formation and viability in Arabidopsis. The postembryonic activity of
this gene is required for flowering time control and ovule morphogenesis process in
reproductive development. The SIN1 gene (Atlg01040), identical to previously
identified CAF (CARPEL FACTORY) gene, is important for normal flower
morphogenesis. The SUS1 (SUSPENSOR1) gene is essential for embryogenesis.
Probably through specific mRNA posttranscriptional regulation, the maternal
SIN1/SUS1/CAF gene functions in early Arabidopsis development. (Golden et al.,
2002).

A large group of polycomb (PcG) proteins are involved in epigenetic regulation
of endosperm development, which includes FERTILIZATION INDEPENDENT
SEED 2 (FIS2), FERTILIZATION-INDEPENDENT ENDOSPERM (FIE/FIS3),
MEDEA (MEA/FIS1), MULTICOPY SUPRESSOR OF IRA (MSI1), and SWINGER
(SWN) (Kohler and Makarevich, 2006; Pien and Grossniklaus, 2007). These five

proteins form polycomb repressive complexes that suppress gene expression through



DNA and histone methylation. Loss of their function results in defective seed
formation in the mutants. For example, the mutation of FIE gene specifically affects
the central cell, allowing the replication of the central cell nucleus and endosperm
development without fertilization but lacks endosperm cellularization (Kohler and
Makarevich, 2006). After fertilization, embryo development of the corresponding
mutants is arrested and the mutant embryo displays various defects in cell
proliferation and morphogenesis (Pien and Grossniklaus, 2007).

All of the above seed development research is performed in dicot model plant
Arabidopsis. In monocot model plant maize, several mutations arresting seed
development at defined stages have been described, such as the defective kernel (dek)
and empty pericarp (emp) mutants which affect development of both embryo and
endosperm (Neuffer and Sheridan, 1980), and the endosperm or embryo specific (emb)
mutants, in which development of the endosperm or embryo is profoundly altered
without disrupting the other part (Sheridan and Clark, 1993; McCarty et al., 2005).
However, due to the lethality and difficulties in gene cloning of these maize mutants,
only a few of these mutants have been characterized at molecular level. Mutant empty
pericarp2 (emp2) arrests embryo development at the carly stage of embryogenesis,
revealed a heat shock response mechanism in the seed (Fu et al., 2002). EMP2 is an
essential negative regulator of the heat shock transcriptional response. Loss of EMP2
function results in an unattenuated heat shock response that causes embryo lethality in
the maize kernel. The defective kernel 1 (dekl) gene is required for aleurone cell
development in the maize endosperm. Dekl encodes a membrane protein of the
calpain gene superfamily that is presumably involved in protein cleavage or
degradation (Becraft et al., 2002; Lid et al., 2002; Wang et al., 2003). The ZmPRPL35
gene encodes a plastid ribosomal protein, and a lesion in ZmPRPL35 causes the emb
phenotype. It suggests a link between plastids and embryo-specific signaling events
(Magnard et al., 2004). Another emb mutant, lethal embryo 1 (leml), is a result of an
Ac insertion in lem1 gene which encodes a plastid ribosomal protein PRPS9 (Ma and

Dooner, 2004). Recently, a new emb mutant, emb12, was reported (Shen et al., 2013).
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This Emb12 encoded the plastid IF3 is essential to embryogenesis, but not to
endosperm development in maize.

Three PPR proteins, EMP4, PPR2263 and MPPR6 were reported to be involved
in  maize seed development through different molecular mechanism
(Gutierrez-Marcos et al., 2007; Manavski et al., 2012; Sosso et al., 2012a). For
example, PPR2263 is required for RNA editing in maize mitochondria, and mutant
ppr2263 seeds showed reduction in kernel size involved in both the embryo and
endosperm (Sosso et al., 2012b). The maize PPR protein MPPR6 is reported to be
directly involved in the 5’ maturation and translation initiation of rps3 mRNA. Both
the embryo and endosperm development are arrested in the mppré muant (Manavski
et al., 2012). Because of the large family of PPR proteins and the large class of emp
mutants (McCarty et al., 2005), further research is strongly needed to reveal the
mechanism by which the seed development is regulated in maize and other crops. As
seeds are directly related to cereal crops, the information potentially shed lights on

bioengineering of crops with increased yield in agriculture.

2.2 PPR protein family

2.2.1 Definition of PPR protein

In 2000, Dr. Ian Small’s group discovered a large family of proteins that has not been
realized before by analyzing the Arabidopsis Genome. The key feature of these
proteins is the presence of a tandem array of degenerate 35-amino-acid repeats (Small
and Peeters, 2000). Most of these proteins in Arabidopsis are predicted to be targeted
to either mitochondria or chloroplasts. This protein family was also identified
independently on the basis of other criteria by Aubourg group in the same year, and
named AtPCMP (Aubourg et al., 2000). Initially, the repeat structure of these proteins
were overlooked, and considered as TPR (tetratricopeptide) motifs (Fisk et al., 1999)

which is caused largely by the known presence of TPR in animals. In fact, although
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the 35-amino-acid repeats do resemble TPR motifs, there is almost no overlap in the
sets of sequences returned by MOTIFSEARCH using the TPR and this new type
profiles. The protein secondary structure analysis also revealed that they have
significant and characteristic differences. To distinguish them from TPR motifs, this
new type 35-amino-acid repeats are called PPR (pentatricopeptide) motifs (Small and

Peeters, 2000).

2.2.2 Subgroups of PPR protein

According to the number of amino acids in a PPR motif and whether there is gap
between PPR motifs, PPR motifs can be divided into classic PPR and PPR-like motifs,
which includes PPR-like S (for short) and PPR-like L (for long) motifs (Lurin et al.,
2004). Many PPR proteins contain sequences unrelated to PPR motifs either before or
after the tandem array of PPR motifs. The sequences before are mostly comprised of
organelle targeting sequences. However, the sequences following the PPR motifs
show considerable sequence conservation in many cases. The polypeptide sequences
C-terminal of the last PPR-related motif from all of the Arabidopsis PPR proteins
were aligned, three C-terminal motifs (E, E+, and DYW) were identified.
Interestingly, these C-terminal motifs were only found in the subfamily defined by
PPR-Like (PLS) repeats. The identification of these motifs allows classification of
PPR proteins into five subclasses: (1) All classic PPR (P) protein without C-terminal
motif. (2) PPR-like (PLS) proteins that do not have any of the three C-terminal motifs,
(3) PPR-like proteins with the E motif alone, (4) PPR-like proteins with E and E+
motifs, and (5) PPR-like proteins with the E, E+, and DYW motifs (Figure 1), named
the P, PLS, E, E+, and DY W subgroups, respectively (Lurin et al., 2004).
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Figure 1. Subfamily and motif structure of PPR protein. The classification of proteins and

nomenclature of motifs are based on Lurin et al. (Lurin et al., 2004).

2.2.3 PPR protein distribution and evolution

The PPR protein family is most prevalent in terrestrial plants. The Arabidopsis
thaliana genome encodes more than 450 and vitis about 600 PPR proteins, whereas
Drosophila and human genome contains only two and 6 PPR proteins respectively
(Figure 2) (Lurin et al., 2004; Schmitz-Linneweber and Small, 2008). Analysis of
expressed sequence tag (EST) data from a range of angiosperms reveals that PPR
genes are very popular in terrestrial plants. In gymnosperms and bryophytes, PPR
genes are also abundant. By contrast, the algal, yeast and animal genomes sequenced
so far contain relatively few PPR genes, even no PPR genes. (Schmitz-Linneweber
and Small, 2008).

Bioinformatics analysis as well as experimental studies on a set of PPR proteins
have showed that PPR proteins are mainly targeted to plastids and mitochondria. This
finding would suggest a mitochondrial or plastid origin of the PPR motif. However,
no organelle genomes are found to encode a PPR protein, nor the bacterial genomes
that most closely resemble the ancestral endosymbiont (Schmitz-Linneweber and
Small, 2008). Hence, a symbiotic origin of PPR motifs is unlikely. Analysis of

different genomes revealed a strong correlation between the number of RNA
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processing events and the number of PPR genes present in the genomes (Fujii and
Small, 2011). This correlation implies a co-evolutional relationship, i.e. an increasing
number of PPR genes in early land plants evolves with increasing RNA processing
events. But how the PPR genes evolve so rapidly is an enigma that remains to be
solved. To achieve this goal, large amounts of new sequences from key species and
comparative genomics are required to improve our understanding of PPR protein

distribution and evolution.

2.2.4 Functions of PPR proteins in plants
The RNA-binding activity has been proved in several PPR proteins through in vivo
and in vitro studies, such as in the maize plastid PPR proteins CRP1, PPR4 and PPR5
(Schmitz-Linneweber et al., 2005; Schmitz-Linneweber et al., 2006; Beick et al.,
2008), the Arabidopsis plastid HCF152, CRR4 (Nakamura et al., 2003; Okuda et al.,
2006), and rice mitochondrial Rf1 (Kazama et al., 2008).

Rapid progress has been made recently in understanding the functions of PPR

proteins at the molecular level. Increasing number of studies have showed that PPR
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Figure 2. Distribution of PPR genes among eukaryotes (Schmitz-Linneweber and Small,

2008).The total number of PPR genes in each organism is given on the right.

14



proteins have a range of essential functions in mitochondria and plastid
posttranscriptional processes, including RNA stabilization, editing, splicing, and
translation (Schmitz-Linneweber et al., 2008). In land plants, chloroplast and
mitochondrial gene expression is both independent and dependent. PPR proteins
might be one of the major families of nuclear-encoded proteins involved in crucial
functions of organelle gene expression processes. One line of the earliest evidence of
PPR proteins regulating chloroplast mRNA is exhibited in the maize nuclear gene
CRP1, which is required for the RNA stabilization and translation of petD and petA
mRNAs from a polycistronic precursor (Barkan et al., 1994; Fisk et al., 1999). PPR10,
a nuclear encoded chloroplast PPR protein, can bind to the atpl-atpH intergenic
region, and is also involved in the RNA stabilization and translation (Prikryl et al.,
2011). CRR4 is a site recognition factor in chloroplast RNA editing, mutation in
which results in loss of RNA editing that is aimed for creating the translational initial
codon of the plastid ndhD gene (Kotera et al., 2005). MEF1 is also involved in RNA
editing of three specific sites of mitochondrial mRNAs in Arabidopsis thaliana,
rps4-956, nad7-963 and nad2-1160 (Zehrmann et al., 2009). ZmPPRS5 is also bound
in vivo to the unspliced precursor of trnG-UCC for stabilizing the trnG-UCC
precursor by directly binding and protecting an endonuclease-sensitive site (Beick et
al., 2008). HCF152 is involved in the splicing of petB RNA and the stabilization of
the spliced product (Meierhoff et al., 2003). Another protein PPR4 facilitates the
trans-Splicing of the maize chloroplast rpsl2 Pre-mRNA (Schmitz-Linneweber et al.,

2006).

2.3 Functions of PPR proteins in seed development

At the physiological level, PPR proteins have been shown to play an important role in
several developmental processes in plants. Different mutant phenotypes were
observed through mutagenesis studies mainly in Arabidopsis and maize. For example,

Rf gene mutation will result in cytoplasmic male sterility in several species. These
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fertility restorer genes, Rf of petunia, Rfkl (Rfo) of radish, Rf1 (PPR13) of sorghum
and Rf-1 of rice, all are found to code for PPR proteins (Saha et al., 2007). These
findings lead to a conclusion that PPR proteins are involved in fertility restoration in
CMS plants. PPR proteins are also important for chloroplast development and normal
plant growth. Mutation of several chloroplast-localized PPR proteins results in yellow
leave or albino leaf phenotype, such as PPR2, PPR4, PPRS5 and PPR10 in maize
(Williams and Barkan, 2003; Schmitz-Linneweber et al., 2006; Beick et al., 2008;
Pfalz et al., 2009).

At present, a number of PPR genes have been reported that are essential for seed
development. By systematic genetic screens for embryo-lethal mutations, the
Arabidopsis SeedGenes project identified a number of embryo defective mutants with
T-DNA insertions in PPR genes (Tzafrir et al., 2003), suggesting that PPR genes have
important functions in embryogenesis. In addition, functions of PPR proteins are
required for normal embryogenesis at various stages. Mutant emb175 of Arabidopsis
showed embryo development arrested at a very early stage, before globular to heart
transition (Cushing et al., 2005). In another mutant with T-DNA insertion in
At1g53330, embryo development is arrested during the transition from the globular to
heart stage. This gene also codes for a PPR protein. (Kocabek, et al., 2006). The
Arabidopsis PPR protein GLUTAMINE-RICH PROTEIN23 (GRP23) is involved in
embryo development (Ding et al., 2006). The grp23 mutant showed embryonic
growth arrest at the 16-celled dermatogen state, an early stage of embryo development.
GRP23 is the only known PPR protein that is localized in the nucleus. The GRP23
protein was found to interact physically with subunit III of RNA polymerase II
through its C-terminal Gln-rich WQQ domain. This protein also can bind directly to
cis-regulatory elements of DNA through its N-terminal basic domain (Ding et al.,
2006). Mutations in the Arabidopsis PPR2 gene have been found to cause defects in
cell proliferation during embryogenesis (Lu et al., 2011).

A Rice PPR gene, OGRL1 is also involved in seed development, through function

in RNA editing of five mitochondrial transcripts. Mutant ogrl seeds showed opaque
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endosperm and were slightly smaller in width and thickness than the WT (Kim et al.,
2009). Another mitochondria-targeted PPR protein OTP43 is required for
trans-splicing of intron 1 in mitochondrial nadl transcript in NADH Complex I (De
Longevialle et al., 2007). Arabidopsis mutant plants with a disrupted OTP43 gene do
not possess detectable mitochondrial Complex I activity and show severe defects in
seed development and germination (De Longevialle et al., 2007).

Three PPR proteins in maize were shown to be essential for seed development,
all of which are localized in mitochondria. Mutations in Empty pericarp4 (Emp4), a
maize PPR-encoding gene, confer an embryo-lethal phenotype (Gutierrez-Marcosa, et
al., 2007). A loss of Emp4 function causes a highly irregular differentiation of transfer
cells in the nutrient-importing basal endosperm region. Molecular analyses suggest
that EMP4 is required to regulate the correct expression of mitochondrial genes,
rps2A, rps2B, rps3/rpll6, and mttb (orfX) in the endosperm (Gutierrez-Marcosa, et al.,
2007). The other two are PPR2263 and MPPR6. PPR2263 is the only reported PPR
protein required for RNA editing in maize mitochondria, and MPPR6 is directly
involved in 5’ maturation and translation initiation of rps3 mRNA. Absence of any of
the two genes causes reduction in the embryo and endosperm size (Manavski et al.,
2012; Sosso et al., 2012a). These results indicate that PPR genes play important roles

in organnele gene expression which is critial to seed development.

2.4 PPR proteins studied in maize

Most of the PPR proteins characterized thus far are in Arabidopsis, some in moss and
rice. In maize, only a few PPR proteins are studied although the genome is estimated
to harbor more than 450 PPR genes (Fujii and Small, 2011). The pioneering work in
PPRs is on the chloroplast RNA processing]l (CRP1) in maize. CRP1 is required for
the stabilization and processing of petB and petD mRNAs from its polycistronic
precursor. This protein also activates the translation of another chloroplast mRNA

petA. In crpl mutants, these mRNAs were absent which resulted in the loss of
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cytochrome b6f complex, one of the four major multiprotein complexes in the
chloroplast (Barkan et al., 1994; Fisk et al., 1999; Schmitz-Linneweber et al., 2005).
PPRS and PPR10 are also essential for RNA stability (Beick et al., 2008; Prikryl et al.,
2011). PPRS protein can stabilize trnG-UCC tRNA precursor in maize chloroplasts.
RIP-Chip and coimmunoprecipitation assays identified atpH and psaJ RNA
associated with PPR10 protein in chloroplasts. Further studies revealed that PPR10
can bind with specificity to the consensus sequence in the atpH 5-UTR and psaJ
3-UTR in vivo and in vitro to stabilize these two RNAs. PPR4 is required for rpsl2
trans-splicing in chloroplasts (Schmitz-Linneweber et al., 2006). RIP-Chip analysis
revealed that PPR4 is associated with the first intron of the plastid rps12 pre-mRNA
in vivo, and poisoned primer extension analysis demonstrated a loss of trans-spliced
rpsl12 RNA in the ppr4 mutants. PPR2 is involved in plastid ribosome accumulation
(Williams and Barkan, 2003). ppr2 mutants develop albino leaves and are deficient in
plastid rRNA and translation products. The population of plastid transcripts is similar
to other maize mutants lacking plastid ribosomes. This result suggests that PPR2
functions in the synthesis or assembly of one or more components of the plastid
translation machinery. For RNA processing, THAS is required for the splicing of
ycf3-2 and trnA group II introns in angiosperm chloroplasts (Khrouchtchova et al.,
2012). THAS is a short PPR protein with only four PPR motifs. ATP4, belonging to a
subclass of PPR proteins that contain a small MutS-related (SMR) domain, is
necessary for the translation of the chloroplast atpB open reading frame (Zoschke et
al., 2012). ATP4 associates in vivo with the sequences near the 5’ end of the unusually
long 5’UTR of atpB/E mRNA, where it facilitates ribosome association, This
mechanism is required for the efficient translation and accumulation of the chloroplast
ATP synthase in planta.

All the above characterized maize PPR proteins are targeted to chloroplasts.
Only three PPR proteins that have been characterized so far are localized in maize
mitochondria. The first one is EMP4, which is necessary for normal endosperm

development and shown to be required for the correct expression of a small group of
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mitochondrial genes (Gutierrez-Marcos et al., 2007). The second one is PPR2263,
which is the only reported PPR protein required for RNA editing in maize
mitochondria, at sites nad5-1550 and cob-908 (Sosso et al., 2012b). MPPR6 was
recently reported which is directly involved in the 5° maturation and translation
initiation of rps3 mRNA. Absence of MPPR6 results in malformed transfer cells,

delayed embryo development and reduced starch accumulation (Manavski et al.,

2012).

2.5 RNA processing in plant mitochondria

Not only in higher plants, mitochondria are indispensable for all eukaryotic organisms.
Mitochondria are the essential compartments for many metabolic pathways and most
importantly the energy production by oxidative phosphorylation. Most plant
mitochondrial genomes contain 54-60 known genes, encoding a set of about 30-35
proteins, 15-20 tRNAs and 3 rRNAs. The set differs slightly among species, but the
encoded products are exclusively involved in ATP production, either directly or
indirectly. The genes are usually spread over the circular genome, giving rise to
mono- or polycistronic primary transcripts. After transcription, the primary transcripts
undergo a series of processing steps including RNA editing, splicing, and maturation
of secondary 5’ and 3’ ends, until they obtain their final mature form (Figure 3). RNA
stabilization also seems to influence gene expression, bringing RNA degradation
processes into the realm of gene expression regulation. To understand the mechanisms
of these processes, important progress has been made in recent years. In the next
section, I will summarize the recent advances in these processes, except RNA editing

for which I will discuss extensively in later sections.
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Figure 3. RNA processing in plant mitochondria.

2.5.1 RNA splicing

Most plant mitochondrial introns are arranged in a cis configuration, which means the
intron and flanking exons are encoded as a single RNA molecule. However,
trans-splicing also exists in plant mitochondrial introns splicing. For example, the
nadl, nad2, nad5 and rps3 genes are fragmented in the maize mitochondrial genomes.
The resulting RNA molecules, transcribed from more than one primary transcript, are
joined by cis- and trans-splicing (Figure 4).

Almost all the mitochondrial introns in seed plants fall in the group II category,
although several genera of land plants also contain a group I intron located in the cox1
gene (Cho et al., 1998). As such, the splicing mechanism mainly involves group II
intron splicing mechanism, which involves two transesterification steps. First, the 2’
hydroxyl of an internal bulged adenosine near 3’ end of the intron attacks the 5 splice

site and forms a 2’-5’ phosphodiester bond at the branch point. Second, a nucleophile
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Figure 4. Cis- and trans-splicing of nad5 transcripts.
Mature nad5 mRNAs are generated from three precursor molecules via two cis- and two

trans-splicing events.

attack from the liberated 3’ hydroxyl group of the first exon occurs on the 3’ splice
site. The intron is thus released as a lariat and two exons are ligated (Figure 5a). In
some plant mitochondrial introns, the bulged adenosine is missing, and therefore an
alternative splicing pathway will operate. In this pathway, the first step is that water
acts as the first attacking nucleophile rather than a transesterification, the second step
remaining unchanged. The intron is thus excised as a linear form in this pathway
(Figure 5b).

Additional protein factors have also been demonstrated to be involved in the
splicing process in plant mitochondrial introns. MatR, which encoded by intron 4
ORF of nadl gene, is highly likely involved in the splicing as a maturase
(Wahleithner et al., 1990; Lambowitz and Zimmerly, 2004). Other protein factors are
encoded in the nucleus of higher plants. MSI1 is the first proof of a nuclear-encoded
factor involving in a splicing event in plants (Brangeon et al., 2000). Four other
nuclear genes, which are conserved between Arabidopsis and rice, encode

maturase-related proteins predicted to be imported into mitochondria
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Figure 5. Group II intron splicing mechanism.

(a) In the classical pathway, the intron is spliced by two transesterification reactions and is
released as a lariat. (b) In the alternative pathway, the attack on the first exon-intro boundary
is hydrolytic; the second step is the same as the classical pathway. The intron is released as a

linear molecule.

(Mohr and Lambowitz, 2003). Among the four factors involved in intron splicing in
maize chloroplasts, three of them (CRS1, CAF1 and CAF2) have orthologs in the
Arabidopsis nuclear genome and are predicted to be imported into mitochondria
(Ostheimer et al., 2003). Recently, nuclear-encoded PPR proteins have been found
involving in mitochondrial splicing, such as THAS8, OTP70, OTP51 and PPR4
(Schmitz-Linneweber et al., 2006; de Longevialle et al., 2008; Chateigner-Boutin et
al., 2011; Khrouchtchova et al., 2012).
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2.5.2 5’ and 3’ processing of plant mitochondrial transcripts

All mitochondrial RNAs, whether tRNAs, rRNAs or mRNAs, have to be processed
from longer precursor molecules. Theoretically, three types of activities could be
responsible for generating mature 5’ and/or 3’ extremities from larger precursor
RNAs: 5’ to 3’ exoribonucleases, endoribonucleases and 3’ to 5’ exoribonucleases.
However, up to now, there is no experimental evidence demonstrating that a 5’ to 3’
exoribonuclease exists in plant mitochondria, and also no plant mitochondria
endoribonuclease has been identified. The existence of mitochondrial 3’ to 5’
exoribonucleases has only been inferred from in vitro processing or degradation
experiments. But recently, two genes encoding exonucleases PNPase and RNase II
have been characterized in Arabidopsis. While mtPNPase is localized exclusively in
mitochondria, RNase II is targeted to both mitochondria and chloroplasts (Perrin et al.,
2004b; Bollenbach et al., 2005). RNase II is able to degrade unstructured RNA and
plays a role in the final trimming of 3’ extremities (Perrin et al., 2004b; Bollenbach et
al., 2005). PNPase appears to be a key player in plant mitochondrial RNA maturation
and degradation (Perrin et al., 2004a; Perrin et al., 2004b). Although substantial
progresses have been made in recent years, further studies are needed to reveal the
mechanism of 5 and 3’ processing events.

Loss of certain 5’ processing might be the results of an inactivation of a factor
required for efficient cleavage of the substrate. In recent years, a number of PPR
proteins have been reported involving in RNA maturation, e.g. RNA PROCESSING
FACTORI1 (RPFI1), RPF2, RPF3, and MPPR6. RPF1, 2 and 3. These proteins are
highly similar to RFs in amino acid sequences and all participate in 5’ processing of
the major transcripts of mitochondrial genes, such as subunits 4 and 9 of NADH
dehydrogenase (nad4 and nad9), subunit 3 of cytochrome coxidase (cox3), and
cytochrome ¢ maturation protein C (ccmC) in Arabidopsis mitochondria (Holzle et al.,
2011; Jonietz et al., 2011). MPPR6 is associated in vivo with the 5’ untranslated

region (UTR) of mitochondrial (rps3) mRNA, and the mapping of transcript termini
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showed specifically extended rps3 5’ ends in the mppr6é mutant, thus suggesting that
MPPR6 is directly involved in 5° maturation and translation initiation of rps3 mRNA
(Manavski et al., 2012). Besides a potential role for translation initiation, 5’
processing is potentially important for RNA stability. However, no experimental data

are present to support this hypothesis yet.

2.5.3 RNA stabilization

In plant mitochondria, steady-state levels of functional RNAs are defined by
equilibrium between transcription and degradation. RNA stability is crucial in
determining the steady-state level of each specific transcript. Up to now, some cis-
and trans- factors have been found that are required to specify stability and turnover
of transcripts.

Secondary structures, forming single or double-stem loops at the 3’ ends, play a
role as processing signals and can also influence transcript stability. This phenomenon
has been confirmed in rapeseed 0rf138 mRNA (Bellaoui et al., 1997), rice and wheat
cob mRNA (Saalaoui et al., 1990; Kaleikau et al., 1992), and pea atp9 mRNA
(Dombrowski et al., 1997; Kuhn et al., 2001). It is likely that secondary structure
present at the 3’ extremities prevents the progression of 3’ to 5’ exoribonucleases
such as RNasell and PNPase. Several nuclear-encoded PPR proteins have been
reported involving in the stability of mitochondrial transcripts as trans-factors, such as
PPRS, CRP1, and PPR10. PPRS5 can stabilize the trnG-UCC precursor by directly
binding and protecting an endonuclease-sensitive site (Beick et al., 2008). Mutation of
CRP1 results in loss of functional cytochrome f/b6 complex, due to absence of petD
mRNA and petA translation. CRP1 is involved in chloroplast transcript petD
stabilization and petA translation (Barkan et al., 1994). PPR10 can serve as a barrier
to RNA decay from either the 5' or 3' direction and a bound protein provides an
alternative to an RNA hairpin as a barrier to 3' exonucleases, implying that protein

'caps' at both 5' and 3' ends can define the termini of chloroplast mRNA segments
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(Pfalz et al., 2009; Prikryl et al., 2011).

2.6 RNA editing

RNA editing is defined by the alteration of RNA sequences via insertion, deletion and
conversion of nucleotides. In 1986, RNA editing was discovered when four uridine
nucleotides were found inserted into the specific sites of trypanosome mitochondrial
cox2 mRNAs (encoding cytochrome oxidase subunit 2) which reconstitute the correct
reading frame (Benne et al.,, 1986). Followed this discovery, RNA sequence
alterations as a result of different types of RNA editing were subsequently identified
in organisms separated over wide phylogenetic distances. A timeline for these
discoveries is given in Table 1.

There are two major types of RNA editing, 1) RNA editing by insertion or
deletion, and 2) RNA editing by conversion: C-U, U-C and A-I editing. In 1986, RNA
editing through the insertion and deletion of uracil was first found in kinetoplasts in
mitochondria of Trypanosoma brucei (Benne et al., 1986; Blum et al., 1990; Benne,
1994). The mechanism of this type of RNA editing has been studied. It starts with the
base-pairing of the unedited primary transcript with a guide RNA (gRNA). This type
of gRNA contains complementary sequences to the regions around the
insertion/deletion points. The newly formed double stranded region is then enveloped
by an editosome. The editosome is a large multi-protein complex, which catalyzes the
editing (Arts and Benne, 1996; Alfonzo et al., 1997). The editosome opens the
transcript at the first mismatched nucleotide and starts inserting uridines. The inserted
uridines will base-pair with the gRNA and insertion will continue as long as A or G is
present in the gRNA. Finally, the insertion will stop when a C or U is existed (Blum et
al., 1990; Kable et al., 1997).

RNA editing by conversion includes C-U, U-C and A-I editing (Figure 6). U to C
and A to I editing is rare. A to I editing occurs in regions of double stranded RNA
(dsRNA). This type of editing can be either specific (a single adenosine is edited

within the stretch of dsSRNA), or promiscuous (up to 50% of the adenosines are
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Date Organisms Type of RNA editing Affecting In genetic

system
1986  Kinetoplastids U insertions, U deletions Diverse mRNAs Mitochondrial
1987 Mammals CtoU Some mRNAs and viral RNAs Nuclear
1988  Paramyxoviruses G and A insertions P (phosphoprotein) and Viral
glycoprotein mRNAs
1989 Plants C U mRNAs, tRNAs (rRNAs) Mitochondrial
1991 Plants C<=U mRNAs, tRNAs (rRNAs) Chloroplast
1991 Myxomycota C insertions, U insertions, mRNASs, rRNAs, tRNAs Mitochondrial
dinucleotide insertions, C to U
1991 Metazoa Atol (G) Many mRNAs, tRNAs, Nuclear
miRNAs, and viral RNAs
1993 Acanthamoeba N to N’ tRNA 5 acceptor stem Mitochondrial
and chytridiomycete
fungi
1993 Marsupials CtoU tRNA anticodon Mitochondrial
2002 Dinoflagellate A=GC—=UUwR,GtoC mRNA Mitochondrial
2004 Dinoflagellate A—=GC—=URtwC,Utc G mRNA, TRNA Chloroplast
2009 Archaeae CtwoU tRNAs Bacterial
2009 Placozoa Uto C mRNA Mitochondrial

Table 1. Discovery of RNA editing in different genetic systems (Knoop, 2011).

edited). Specific editing occurs within short duplexes (e.g. those formed in an mRNA

where intronic sequence base pairs with a complementary exonic sequence); whereas
promiscuous editing occurs within longer regions of duplex (e.g. pre- or pri-miRNAs,

duplexes arising from transgene or viral expression, duplexes arising from paired
repetitive elements). A to I editing can result in many effects. These effects include
alteration of coding capacity, altered miRNA or siRNA target populations,
heterochromatin formation, nuclear sequestration, cytoplasmic sequestration,
endonucleolytic cleavage by Tudor-SN, inhibition of miRNA and siRNA processing

and altered splicing.
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Figure 6. C-U, U-C and A-I RNA editing by conversion.

The most frequent editing events are C to U changes in messenger RNAs. The
C-to-U editing enzyme is still unknown, but several hypotheses were proposed for the
mechanism of C-to-U editing, including (1) RNA cleavage, cytidine release and
uridine insertion then ligation, (2) cytidine deamination, (3) transamination, (4)
transglycosylation (Chateigner-Boutin and Small, 2010).

Plant RNA editing was first reported in 1989 by three different groups reporting
on cytidine (C) to uridine (U) exchanges in mitochondrial mRNAs independently
(Covello and Gray, 1989; Gualberto et al., 1989; Hiesel et al., 1989). In flowering
plants, post-transcriptional modification of transcripts includes C-to-U, U-to-C and
A-to-I editing. The majority of editing in plants occurs in mitochondrial and plastid
transcripts, however, A-to-I editing also occurs in cytosolic tRNAs. The most frequent
RNA editing results in conversions of C-to-U in mRNA (Chateigner-Boutin and Small,
2010). Compared with fewer than 40 editing sites in the chloroplast transcripts, RNA
editing alters 350-500 sites in the mitochondrial transcripts (Chateigner-Boutin and
Small, 2010).

The RNA editing events are important posttranscriptional regulation process in
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mitochondria. They usually can restore a conserved amino acid codon, create an
initiation or stop codon, alternatively, or remove a stop codon (Shikanai, 2006;
Chateigner-Boutin and Small, 2010). Loss of these nucleotide changes usually results
in a translated protein with compromised or completely lost function, which affects
essential functions of mitochondria. This observation is supported by a number of
mitochondrial RNA editing defective mutants that show severe phenotypes, such as
seed defects, growth and development delays (Kim et al., 2009; Sung et al., 2010;
Hammani et al., 2011; Sosso et al., 2012b; Yuan and Liu, 2012b). Editing can also
occur in introns and untranslated regions, potentially playing a role in intron splicing
and transcript stability, but also possibly being non-specific (Chateigner-Boutin and

Small, 2010).

2.7 Status of C to U RNA editing mechanism

Although RNA editing is such an important step in the post-transcriptional
control of organelle gene expression (Shikanai, 2006; Grennan, 2011), little is known
about the mechanisms of C-to-U RNA editing in plants. The first breakthrough came
with the identification of CRR4, a pentatricopeptide repeat (PPR) protein, which is
required for the C to U editing of a single site within the chloroplast transcript ndhD
in maize (Kotera et al., 2005). Since then, more PPR proteins have been identified as
the trans-acting factors responsible for RNA editing in plastids and mitochondria
(Fujii and Small, 2011). All of these PPR proteins are localized in either mitochondria
or chloroplasts. Analysis of their domain structure indicates that they belong to E or
DYW subclasses of the PPR protein family (Okuda et al., 2007; Schmitz-Linneweber
and Small, 2008; Fujii and Small, 2011). The DYW domain shows a significant level
of similarity to deaminase, raising the possibility of being a catalytic domain to
convert C-to-U (Salone et al., 2007). Although this notion is not supported by the
finding that truncated proteins lacking the DY W motifs can completely restore RNA
editing in vivo (Okuda et al., 2009), a recently reported protein DYW1, which

contains no identifiable PPR motifs but does contain a clear DYW domain, is
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confirmed that this protein and a E subclass PPR protein CRR4 act together to edit the
ndhD-1 site (Boussardon et al., 2012). Recently, a new type proteins essential for
organelle RNA editing have been identified, protein family multiple organellar RNA
editing factor (MORF), including RIP1(=MOREFS), loss of which alters editing
efficiency at multiple sites, distinguished from PPR protein only affecting one or
several sites (Bentolila et al., 2012; Takenaka et al., 2012). RIP1 is localized in both
chloroplasts and mitochondria, affecting numerous editing sites in the two organelles.
Either MORF2 or MORF9 are required for almost all sites of RNA editing in the
chloroplast, and mutations of MORF1 and MORF3 affects numerous editing sites in
mitochondria. These MORF proteins can interact selectively with PPR proteins to
establish a complex editosome, and they also can connect to form hetero- and
homodimers to involve in RNA editing (Bentolila et al., 2012; Takenaka et al., 2012).
It is now commonly accepted that cis-acting elements, trans-acting factors and
editing enzymes are required for the specificity of the C-to-U editing. The sequences
surrounding individual editing sites have been analysed in vivo and in vitro. In most
cases, the region -25/+10 compared to the editing sites is required for PPR protein
binding (Chaudhuri and Maliga, 1996; Okuda et al., 2006). At present, PPR and
MOREF protein family are the only reported trans-acting factors in C-to-U RNA
editing. The PPR repeats are assumed to recognize the target RNA sequence. The
second PPR repeat of MEF11 is proven crucial for the specific editing events targeted
by this protein (Verbitskiy et al., 2010). The DYW domain of PPR proteins, whose
sequence is similar with cytidine deaminases (Salone et al., 2007), is correlated in
plant evolution with the presence of RNA editing (Fujii and Small, 2011). Therefore,
this domain is deemed to have catalytic editing activity. However, all the PPR proteins
involved in editing contain an E domain, but some PPR proteins with absence of
DYW domain also function in RNA editing, such as CRR4, CLB19, MEF9 and SLOI1
(Kotera et al., 2005; Chateigner-Boutin et al., 2008; Sung et al., 2010; Takenaka,
2010). In addition, the DYW domains of the plastid-located CRR22, CRR28, and

OTP28, and the mitochondrial factor MEF11 are not essential for RNA editing in vivo
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(Okuda et al., 2009; Okuda et al., 2010; Verbitskiy et al., 2010). E domain lacks any
obvious catalytic site, but it is indispensable for target site editing, therefore it is
assumed to recruit the editing activity from another domain of the same protein or

another editing enzyme (Okuda et al., 2009).
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Chapter I11.

Materials and methods
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3.1 Plant Materials

The emp5-1 allele was isolated from the UniformMu population by introgressing Mu
active lines into inbred W22 genetic background (McCarty et al, 2005). The wild type
plants were either siblings of the mutant or W22. The emp5-2, emp5-3 and emp5-4
alleles were isolated from the Pioneer Hi-Bred International Trait Utility System for
Corn (TUSC) population by PCR screening with EmpS specific primers and Mu
primers. The maize plants were grown in the experimental field at the Chinese
University of Hong Kong under natural conditions. Oryza sativa L.ssp. Japonica (cv.
Nipponbare) was used as the plant material for Agrobacteria-mediated rice

transformation.

3.2 Light Microscopy of Cytological Sections

To enable a precise comparison, wildtype and emp5-1 mutant kernels were harvested
from the same ear of a self-pollinated heterozygous plant at 8 and 13 DAP. The kernel
was cut along longitudinal axis and the slice containing the embryo was fixed for 1
day at room temperature in 4% paraformaldehyde. The fixed material was dehydrated
in an ethanol gradient series (50%, 70%, 85%, 95%, and 100% ethanol). After
clearing with xylene and paraffin wax infiltration, the sample was embedded and
sectioned at 6 to 10 um thickness under a Leica 2035 Biocut. The sections were
stained with Johansen’s Safranin O and Fast Green and observed with a Nikon

ECLIPSE 801 microscope.

3.3 Immunohistochemistry Analysis

The sections containing 13 DAP WT and emp5-1 seeds were deparaffinized, then

air-dried for 15 mins, rinsed with PBS, and incubated in 0.2-0.3 % Triton in PBS for

15 min. Non-specific antibody binding was blocked with 3% BSA for 2 h. The tissues
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were then incubated with the primary antibody anti-BETL2 (a gift from Dr. Hueros,
1:400 diluted in 1% BSA, 0.05% triton in PBS) at 4°C overnight. The slides were
washed 3 times with PBS, 15 mins each to completely remove the primary antibody.
Then the slides were incubated with Alexa Fluor-568 anti-rabbit secondary antibodies
(Invirtrogen, USA) for immunofluorescent detection (diluted 1:500 in PBS, RT, 1 hr).
After washing 3 times with PBS, the slides were viewed and imaged under an
Olympus FluoView FV1000 confocal microscope. Control sections were incubated
with PBS without the primary antibody and subsequently processed as described

above.

3.4 Isolation of genomic DNA

1 gram of plant material was grinded into fine powder by mortar and pertle in liquid
nitrogen, followed by addition of 5ml DNA extraction buffer [For making 400ml
solution: 168g Urea, 25ml 5SM Sodium chloride, 20ml 1M Tris-HCI1 (pHS8.0), 16ml
0.5M EDTA (pHS8.0), 20ml 20% Sarkosyl, water was added to make total volume into
400ml]. The mixture was allowed to thaw at room temperature with periodic mixing.
After that, mixture was transferred to a 12ml centrifuge tube, followed by addition of
4ml phenol:chloroform(1:1, vol/vol). Mixing was shook on a rocking platform
(Bio-Rad) for 30 minutes. The tube was then centrifuged at 8000g, 10°C, for 10
minutes. Upper layer supernatant was transferred to a new 12ml centrifuge tube, and
mixed with 0.1X volume of 3M sodium acetate (pH5.2). Then, 3.8ml isopropanol was
added, thread-like DNA would appear after inverting the tube five to six times. DNA
pellet was then recovered after centrifuge at 10000g, 10°C, for 15 minutes. DNA
pellet was washed with 1ml 70% ethanol, transferred to a 1.5ml microcentifuge tube
and washed with 0.5ml 70% ethanol again. After incubation for 2 to 5 minutes at
room temperature, DNA pellet was recovered again by centrifuging at 10000g for 2
minutes. Supernatant was removed, and the DNA pellet was completely dried under

vacuum. To dissolve the pellet, 500ul 1X TE buffer (10mM Tris, ImM EDTA, pHS.0)
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was added followed by incubation on ice at 4°C overnight. The dissolved DNA could

be stored in -20°C until usage.

3.5 Southern Analysis

For co-segregation analysis, maize genomic DNA was extracted from emp5-1/+ and
WT seedlings, and digested by HindIIl. The hybridization probe was the ~1kb Hinfl
fragment of the Mul element. In the southern analysis of rice transgenic lines, the hpt
gene fragment amplified from vector pTCK303 with primer Hpt-F1 and Hpt-R1
(Supplemental Tablel) was used as a probe.

To label probes with [a-**P]-dCTP, 45ul of TE buffer that contain about 50ng
DNA fragment was incubated in boiling water for 5 minutes, and transferred to ice for
2 minutes immediately afterwards. Condensation was brought down by brief
centrifugation. All the solution in the tube was transferred to a tube containing
Ready-To-Go DNA Labeling Beads (-dCTP)(GE Healthcare). Beads were completely
dissolved, followed by the addition of 5pl [a-°P]-dCTP (3000 Ci/mmol, GE
Healthcare). This reaction mixture was incubated at 37°C for 30 to 60 minutes. Probe
mixture was loaded into ProbeQuant™ G-50 Micro Column (GE Healthcare), and
centrifuged at 3,000rpm (750xg) for 2 minutes. The probe was denatured by
incubation in boiling water for 10 minutes and then cooled down on ice immediately
for 2 minutes.

About 13pg genomic DNA was digested with restriction enzyme for 6 hours or
overnight at 37°C with the presence of RNase. Digested DNA was precipitated with
ethanol and sodium acetate. Residual salts were washed away by 70% ethanol. Pure
DNA was dried under vacuum then dissolved in 30ul loading buffer, followed by
separation on EB containing 0.7% agarose/TBE gel overnight. DNA fragments were
transferred to Hybond™-N membrane (GE Healthcare) by capillary action, and
stabilized by UV crosslink. After pre-hybridization, denatured P32-labelled probe was
hybridized to the membrane overnight by incubation at 65°C. The membrane was

washed with washing buffer [0.1% SDS, 40 mM Na".PO, (pH 7.2), ImM EDTA],
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then blotted to damp dry prior to X-ray film exposure for detection.

3.6 Inverse PCR cloning

For inverse PCR cloning of the Mu flanking sequences in the 3.4 kb HindlIII fragment,
Genomic DNA of heterozygous emp5-1 plants was digested by HindIIl and separated
on 0.7% agarose gel. The 3.4 kb fragment was enriched by cutting a small gel slice
around that size and the DNA was purified. The DNA was self-ligated at 50 ng/ul
concentration for overnight at 4°C. Then, the ligated DNA was digested with Notl.
Mul and Mu2 elements contain a Notl site in the internal sequences; hence the
digestion will linearize the ligated circular DNA. This DNA was used as the template
in the inverse PCR amplification of the Mu flanking sequences. Annealing
temperature for the first round PCR is 60°C, and Mu specific degenerated TIR6
primer (AGAGAAGCCAACGCCAWCGCCTCYATTTCGTC) was used. The second
round PCR were performed with 56°C annealing temperature and Mul-62 primer
(CCCTTCCCTCTTCGTCCATAAT). The amplified fragment was cloned into
pCR4-TOPO and sequenced.

3.7 RNA Extraction and RT-PCR

Approximately 100mg of fresh tissue was quickly frozen in liquid nitrogen and
ground to fine powder with a mortar and pestle. Total RNA was extracted with 1 mL
Trizol reagent according to the manufacture’s instructions (Invitrogen, USA). After
isopropanol precipitation, the RNA was resuspended in 40 ul RNase-free water and
treated with RNase-free DNase. SuperScript® III One-Step RT-PCR System
(Invitrogen) was used to perform RT-PCR according to the instructions of the supplier.
RT-PCR for the expression pattern analysis of Emp5 in maize organs was performed
with primers Emp5-F2 and Emp5-R2, 57°C annealing temperature, and running 30

cycles. For analysis of OSEmp5 expression in rice transgenic lines, RT-PCR was
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performed with primers OsEmp5-F and OsEmp5-R, running 28 cycles, and annealing

temperature is 55°C.All primers are listed in Supplemental Tablel.

3.8 Subcellular Localization of EMP5 Protein

To generate a translational protein fusion between EMPS signal peptide and GFP,
full-length Emp5 and Emp5N469 fragment was amplified by PCR from maize inbred
line W22 and cloned into pENTR/D-TOPO (Invitrogen, USA) respectively. The
fusion was introduced to binary vector pPGWB5 (a gift from Dr. Tsuyoshi Nakagawa,
Shimane  University) by GATEWAY  site-specific  recombination.  The
OsEMP5™72:GFP fusion expression construct was constructed similarly. These fusion
proteins were placed under the cauliflower mosaic virus 35S promoter for constitutive
expression. Then, these constructs were transformed into Agrobacterium tumefaciens
strain EHA105. The resulting strains harboring full-length EMPS5:GFP and
EMP5M:GFP expression plasmid were used to transform Arabidopsis thaliana
Columbia ecotype by flower-dip method (Clough and Bent, 1998). The transgenic
Arabidopsis was identified with PCR amplification of Hpt gene in pGWB5 vector
with primer Hpt-F3 and Hpt-R3. The protoplasts were isolated from the transgenic
leaves by digesting with an enzyme solution (1.5% cellulose R10, 0.3% pectolyase
Y23, 20mM MES pH5.7, 0.4M mannitol, 20mM KCI, 10mM CaCl,, 0.1% BSA). By
using established protocols (van Herpen et al., 2010), the EHA105 strain harboring
the OsEMP5™"72:GFP fusion construct was infiltrated into Nicotiana tabacum leaves
to transiently express the fusion protein. The infiltrated tobacco leaves, transgenic
Arabidopsis leaf samples and protoplasts were used for GFP and MitoTracker red
signals detection by an Olympus FluoView FV1000 confocal microscope. The
working concentration of MitoTracker was 30nM and the samples were incubated at
37°C for 30mins.

In vitro chloroplast protein import assay was performed as described previously

(Cline, 1986; Martin et al., 2009). Emp5 cDNA was placed under the SP6 promoter in
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pGem-3Z vector. RNA transcripts of this construct were produced by in vitro
transcription with SP6 polymerase (Promega, USA). The protein was translated with a
homemade wheat germ translation system in the presence of *H-leucine (Cline, 1986).
Peas (Pisum sativum L. cv. Laxton’s Progress 9 Improved) used for chloroplast
isolation were grown as described (Cline, 1986). The chloroplast import was

performed as described (Martin et al., 2009).

3.9 Analysis of Mitochondrial RNA Editing

For RNA editing analysis in the WT and the emp5-1 allele, total RNAs were isolated
from the immature embryos and endosperms by carefully removing the pericarp. For
the emp5-4 allele and rice RNAI transgenic lines, total RNAs were isolated from
seedling leaves, all using the Trizol reagent according to the instructions of the
manufacture (Invitrogen, USA). The RNA was treated with DNase I (New England
Biolab) and the complete removal of DNA was checked by PCR on genomic DNA.
Then the DNA-free RNAs were reverse-transcribed with random hexamers and the
high fidelity reverse transcriptase SuperScript III (Invitrogen, USA). Full Sequences
of total 35 protein-coded maize mitochondrial genes and rice mitochondrial rpl16
gene were amplified by PCR. The RT-PCR products were sequenced directly. This
analysis was done with three biological replicates by using seeds of different DAPs.

These primers are listed in Table 2.

3.10 Rice Transformation

3.10.1 OsEmp5 RNAI vector construction

For OsEmp5 RNAI1 vector construction, 518bp OSEmp5 fragment was PCR amplified
with primers OsEmp5- Kpnl and OsEmp5- BamHI, OsEmp5-Spel and OsEmp5-Sacl

respectively (Supplemental Tablel). The PCR products were digested with BamHI

37



and Kpnl, Spel and Sacl respectively, then ligated into the binary vector pTCK303.
The resulting RNAi vector, pTCK303-OsEmp5 was introduced into the WT cultivar

Nipponbare using Agrobacterium-mediated transformation.

3.10.2 Callus induction from mature rice seeds

Mature rice seeds (Oryza sativa L.ssp. Japonica) were dehulled by forceps, sterilized
with 70% ethanol for one minute, then washed thoroughly with sterilized Elix water
one time. The seeds were then sterilized with commercial bleach (sodium
hypochlorite 1%) that contain one drop of Tween-20, by subjecting to continuous
shaking on an orbital shaker for 30 minutes. After that, the bleached seeds were
washed thoroughly with sterilized Elix water for three times. After blot drying on
sterile filter paper, the seeds were transferred onto 2N6 media [30g/L Sucrose , 0.3g/L
Casamino acids, 0.5g/L. Proline, 0.5g/L L.Glutamin, 4.0g/LL CHU(Ns) Basal salt
mixture, 2mg/L 2,4-Dichlorophenoxy acetic acid, 3g/L Gelrite, pH5.8] at a density of

12-15 seeds per plate. The plates were kept in darkness at 28°C for two to four weeks.

3.10.3 Callus subculture

Calli induced from mature seeds were separated from endosperm and radicle with a
sterilized surgical blade. After isolation, calli were subcultured into pieces sized
around 2.5mm, and transferred to freshly prepared 2N6 media for proliferation by

keeping in dark at 28°C 7 days before transformation.

3.10.4 Preparation of Agrobacterium tumefaciens

Freeze-thaw method was applied to introduce desired plasmid DNA into

Agrobacterium tumefaciens (strain: EHA105). After confirming the identity of clones

by restriction enzyme digestions, the bacteria (200ul) were subcultured in fresh liquid
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YEP medium (20g/L LB broth, 5g/L. Yeast extract, 50mg/L. Kanamycin, 30mg/L
Rifampicin), after 8~12h, 1:100 or 1:200 subcultured in 50ml liquid YEP medium

without antibiotics overnight until OD600 is about 0.5.

3.10.5 Co-cultivation

The Agrobacteria were enriched by centrifuge (5000g), and resuspended in liquid
2N6-AS medium [30g/L Sucrose, 0.3g/L Casamino acid, 10g/L Glucose, 4.0g/L
CHU(Ng) Basal salt mixture, 10ml/L N6 vitamins(100x), 2mg/L 2,4-Dichlorophenoxy
acetic acid, pH5.8] that contain 100um acetosyringone (AS at 19.62 mg/L).
Agrobacteria were resuspended into ODgoo about 0.5, and left to sit at room
temperature for one to three hours. After that, suspension mixture was transferred into
a larger flask. Calli were added, swirled gently and left to sit at room temperature for
about 40 minutes (shake it every 5 minutes). After incubation, excess Agrobacteria
were removed from the surface of calli by blot drying on sterile filter paper, then
individual calli were transferred onto solid 2N6-AS medium [30g/L Sucrose, 0.3g/L
Casamino acid, 10g/L Glucose, 4.0g/L CHU(Ns) Basal salt mixture, 10ml/L N6
vitamins(100x), 2mg/L 2,4-Dichlorophenoxy acetic acid, 3g/L Gelrite, pHS5.8] that
contain 100um acetosyringone. Rice calli were co-cultivated with the Agrobacteria in

darkness at 22°C for two to three days.

3.10.6 Callus washing and selection

After co-cultivation, calli were removed from the plate and transferred to a flask
containing sterilized Elix water. Calli were washed by shaking gently on an orbital
shaker for 20 to 30 minutes. Washing process was repeated twice with fresh sterilized
Elix water.

Calli were blot dried on sterile filter paper and placed onto solid 2N6-TCH
medium (30g/L Sucrose, 0.3g/L Casamino acid, 4.0g/L CHU(Ny) Basal salt mixture,
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10ml/L N6 vitamins(100x), 2mg/L 2,4-Dichlorophenoxy acetic acid, 3g/L Gelrite,
pHS5.8) which contain 25mg/L Hygromycin B (for selection of calli transformed with
desired plasmid), and 400mg/L Timentin (for killing excess Agrobacteria). These
were used to select resistant calli at 28°C for two weeks in darkness. After that, the
calli were transferred onto solid 2N6-TCH medium that contain 50mg/L Hygromycin
B and 200mg/L Timentin. To allow proliferation, calli were kept in darkness at 28°C

for another two weeks.

3.10.7 Regeneration

After two weeks or beyond, proliferated calli were transferred onto solid regeneration
medium, RGH6 [30g/L Sucrose, 0.5g/L L.Glutamine, 0.5g/L Proline, 0.3g/L
Casamino acid, 4.0g/lL CHU(Ng) Basal salt mixture, 10ml/L N6 vitamins(100x),
3mg/L 6-Benzylaminopurine, 0.5mg/L Naphthalene acetic acid, 50mg/L Hygromycin,
3g/L Gelrite, pH5.8] then incubated in darkness at 28°C for one week. After that, the
calli were transferred to light at 28°C for one to two weeks. After part of the calli
changed from creamy yellow into green, which indicates there were differentiation of
chloroplast, those calli were transferred to rooting medium [30g/L Sucrose, 4.0g/L
CHU(Ng) Basal salt mixture, Sml/L N6 vitamins(100x), 50mg/L Hygromycin, 3g/L
Gelrite, pHS5.8] and incubated at 28°C in 16 hours/ 8 hours light dark cycle for two
weeks. After differentiation of shoots and roots, the transgenic plantlets could then be

screened and planted into soil for growth.

3.10.8 Screening of transgenic plants

To screen for transgenic plants, small portion of root (~3mm long) was removed from
the plant, and histochemcial staining was performed using B-Glucuronidase Reporter
Gene Staining Kit (Sigma) according to the manufacturer’s protocol. For successful
transformants, their roots would change from creamy white to blue. PCR with primer

HygF2 (5’-ATTTCGGCTCCAACAATGTC-3’) and HygR2 (5’-AATTAATTCGGGG
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GATCTGG-3’) was also performed to confirm the GUS staining results. Southern
analysis of the three OSEmpS RNAI transgenic lines (line 19, 23 and 33), using the
hygromycin phosphotransferase (hpt) gene as a probe was also performed to

confirmed that they are independent transgenic lines.

Accession Numbers

Sequences data for Emp5 gDNA, cDNA, allele emp5-1, emp5-2, emp5-3 and emp5-4,

can be found in the GenBank database under accession numbers JX308938,

JX308939, 1X308940, JX308941, JX308942 and JX308943, respectively.

41



Chapter V.

Results
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4.1 Phenotypic and Genetic Characterization of emp5-1

The emp5-1 mutant was isolated from the UniformMu population where the active
Mu lines were introgressed into inbred W22 (McCarty et al., 2005). When this mutant
was isolated, six backcrosses to W22 had been carried out. The isolated emp5-1 allele
was back-crossed to W22 twice afterward to reduce active Mu copy numbers.
Therefore, the mutant was considered in nearly isogenic W22 background (99.6%).
The selfed progeny of the emp5-1 heterozygotes segregated emp kernels in a 3:1 ratio
(WT:emp, 455:167, p>0.95), indicating that EmpS is a monogenic, recessive and
nuclear gene. In contrast to the WT, the mutant emp5-1 kernels at maturity typically
are small, containing a white pericarp that is often wrinkled (Figure 7A). Sectioning
the kernels could find some residual tissues, but did not find recognizable embryo or
endosperm structure within the pericarp (Figure 7B). This indicated that the emp5
mutation blocked the development of both the embryo and the endosperm. The

emp5-1 allele is an embryo lethal mutation which is maintained in heterozygotes.

Figure 7. Mutant emp5-1 kernels abort early in seed development.

(A)The ear segregates 3:1 for wild-type and emp5-1 mutant kernels (arrows).

(B) Dissection of mature wild-type (left) and emp5-1 (right) kernels.

To examine the developmental arrest in emp5-1, we analyzed the seed
development process of the emp5-1 mutant by light microscopy. Maize embryo

development is characterized by three stages, transition, coleoptilar and late
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embryogenesis. Endosperm development includes coenocytic, cellularization,
differentiation, and maturation stages (Olsen, 2001). Close comparison was made by
analyzing both WT and the emp5-1 mutant in the same segregating ear. The mutant
kernel can be clearly distinguished from the WT as early as 8 days after pollination
(DAP), with characteristics of a smaller size and translucent appearance resulted by
arrested embryo and endosperm development. And this was confirmed by PCR
genotyping. Dissection of emp5-1 mutant seeds at 8 and 13 DAP revealed that the
mutant embryogenesis was arrested at the transition stage, characterized by that the
radial asymmetry was introduced by the formation of an internal wedge-shape
meristematic region in the upper part of the embryo. Endosperm development was
blocked at the differentiation stage, characterized by the mutant endosperm contained
distinguished starchy endosperm and formation of aleurone layer (Figure 8C, 8D and
8F). In contrast, the WT embryo at 8DAP has already differentiated into scutellum
and shoot apical meristem, and the endosperm size was much larger than the mutant
(Figure 8A and 8E).

Besides the dramatic difference in embryo and endosperm, we noticed that
emp5-1 appeared lacking basal transfer cells. Basal transfer cell layer is responsible
for the uptake of solutes, which is critical to seed development (Pate and Gunning,
1972). To investigate the development of basal transfer cell layer in the emp5-1
mutant seeds, we performed the immunohistochemistry analysis with BETL-2
antibody. BETL-2 is a basal endosperm transfer layer specific protein, expressed in
early and mid-term endosperm development (Hueros et al., 1999). Therefore, it is a
marker of basal transfer cell formation. The WT kernels at 13 DAP differentiated
more than 3 layers of transfer cells, and BETL-2 proteins were expressed in the whole
basal transfer layer region (Figure 9A). In contrast, the emp5-1 mutant kernels from
the same ear only formed a single layer of transfer cells and BETL-2 was detected in
these cells (Figure 9B). Subsequent microscopic analyses did not find the formation
of multiple cell layers of transfer cells in the mutant. This result indicated that the

basal transfer cell development in the emp5-1 kernels is arrested.
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Figure 8. Mutant emp5-1 kernels abort early in seed development.

Developmental comparisons of wild-type and emp5-1 kernels at 8 and 13 DAP. Wild-type kernels
at 8 DAP (A, E) and 13 DAP (B); emp5-1 kernels at 8DAP (C, F) and 13 DAP (D). en:endosperm,
em: embryo, tc: transfer cells, sc: scutellum, sam: shoot apical meristem, ram: root apical
meristem. Red arrows point to positions where transfer cells were not clear formed in the mutant.

Bars=1 mm in (A, B, C, D), 500 um in (E, F).

4.2 Cloning of Emp5

Because the emp5-1 allele was potentially tagged by Mu transposons, we performed
Southern blot analysis to identify whether a Mu insertion was linked to the mutation.
A segregating F2 population was created by self-crossing a heterozygous
emp5-1/Emp5 plant. Genomic DNA was isolated from the individual plants of the F2
and the genotype was determined by selfing the plant and checking for emp5-1 mutant
segregation. Because homozygous emp5-1 is not viable, only heterozygotes (S,

segregating) or wildtype (N, non-segregating) were available for this analysis. The
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blots were hybridized with several Mu elements including Mul, Mu2, Mu3, Mu4, Mu8
and MUDR, only the hybridization with a Mul/Mu2 specific probe indentified a 3.4kb

Hind III fragment that co-segregates with the emp5 mutation, i.e. present of this

WT emp5-1

anti-BETL2

Control

Figure 9. Effects of emp5-1 on basal transfer layer.
Confocal visualization of BETL-2 by immunofluorescence in 13 DAP WT (A and C) and emp5-1
mutant (B and D) kernels. Basal endosperm transfer layer specific antibody BETL-2 was used (A,

B), and no BETL-2 antibody PBS buffer was used as control (C, D).

fragment in emp5-1 heterozygote and absent in the WT (Figure 10A). No
recombination was detected in the initial 22 F2 individuals tested. Increasing the
population size to 120 still did not produce any recombination, suggesting a tight
linkage between this Mu insertion and the emp5-1 mutation. Because the Mul/Mu2
probe hybridizes to both Mul and Mu2, we could not tell which one was inserted in
this fragment at this stage.

The Mul or Mu2 flanking sequence in the 3.4 kb HindIII fragment was amplified
by inverse PCR using Mu TIR primers (Refer to Methods). The size of the product
was 1.7 kb with TIR sequences on both ends and a HindIII site in the middle. A 9bp

target site duplication (TSD) was found flanking the Mu insertion. This suggests that
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the Mu element is likely a Mu2 (1.7kb), not a Mul (1.4kb). BLAST search of the
NCBI GenBank with the 1.7kb Mu2 flanking sequence identified an expression
mRNA in maize (Accession No: EU956937). This gene is located on chromosome 3.
This gene appears to be a single copy gene based on the analysis of B73 whole
genomic sequence draft AGPv2 (Schnable et al., 2009). Using two gene specific
primers designed according to this clone, the full genomic sequence of this Emp5
candidate gene was cloned from W22 genomic DNA. And the cDNA was amplified
by RT-PCR from leaf RNAs.

A Emp3 genotype

S NNNNS SNSS 38 858 8 §NSNNSNSS

A B R -

-
— - il SR - .--.’O
| e - st.
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3.4kb

B emp3-2 empl-lemp3-3 ermp3-4

- ————

ATG TGA

Figure 10. Emp5 gene cloning.

(A) Cosegregation analysis of emp5-1 segregation population using Mu2 as a probe. Mu2
transposon-tagged 3.4kb HindIII fragments (arrowheads) cosegregating with the emp5-1 mutation.
(B) Gene structure of Emp5 and locations of Mu insertions in 4 independent alleles. Exons are

filled boxes and introns are lines. MU insertion sites of emp5 alleles were marked by triangles.
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To confirm that the cloned gene is the bono fide causative gene for the emp5-1
phenotype, we isolated additional Mu insertional alleles from the Pioneer Hi-bred
International TUSC population using Emp5 gene specific primers in combination with
Mu-specific primers (Bensen et al., 1995). Three independent Mu insertions in the
Emp5 locus were identified, named as emp5-2, emp5-3, and emp5-4 (Figure 10B).
The insertion sites were confirmed by sequencing the PCR products that were
amplified with TIR8 primers and Emp5 specific primers. The selfed progeny of
heterozygote emp5-2 and emp5-3 produced empty pericarp kernels segregation at
ratio 1:3 (emp:WT), but that of the emp5-4 produced all normal kernels. Crosses
between emp5-1 heterozygotes with heterozygotes for emp5-2 and emp5-3 alleles
produced ears segregating empty pericarp kernels at 1:3 ratio (emp: WT), whereas
crossed between emp5S-1 and empS-4 produced all wildtype kernels. Genotyping using
gene specific primers indicates that homozygous emp5-4 seeds are viable and contain
a normal embryo and endosperm. Later analysis indicated that the emp5-4 mutation is
leaky, only partially abolished the EmpS function (Figure 16). Because three
independent alleles carried Mu insertions in the Emp5 gene conditioned the empty

pericarp phenotype, we concluded that the Emp5 locus was cloned.

4.3 Emp5 Encodes a Mitochondrion-Targeted PPR-DYW Subclass Protein

Sequence analysis indicated that the Emp5 gene consists of 2 exons and in emp5-1, a
Mu2 was inserted in the first exon (Figure 10B).This Emp5 gene encodes a 776-amino
acid protein. Motif prediction analysis of EMP5 protein sequence by the algorithm
TPRpred (http://tprpred.tuebingen.mpg.de/tprpred) revealed that it contains 11 PPR
motifs, classifying this protein as a member of the PPR protein family (Figure 11A
and 11B). The C-terminal region between residue 590 and 776 shows strong
similarity to the consensus sequences of E, an E+, and a DYW domains (Lurin et al.,
2004), indicating that EMPS5 is a DYW subclass of the PPR protein family. Analysis
of the rice (Oryza sativa) and sorghum (Sorghum bicolor) genome identified an

ortholog in each genome, named OsEMP5 and SbEMPS respectively (Figure 12).
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EMPS5 showed clear divergence between monocots and dicots. Among the closely
related proteins, it shares a high degree of similarity with sorghum (91%), rice (84%)
and barley (83%), but a low degree of similarity with grape (69%) and Arabidopsis
(64%). Functions of these proteins are not studied yet. The sequence analysis

indicated that EMPS5 is a typical PPR-DYW subclass protein.

A emp3-2 emp5-1 emp3-3 emp -4

v A 4 h 4
I D o O e

Signal peptide D PPR repeat

B 68-102 VSYNLVIVAYSRAGLPALSLATFARAR-AWARVVDR
103-137 FTYAAALAACSRALDVRTGKAVHAMVV-LGGLGNGL
169-203 VSWNALLSGYVRAGAREETLEVFSLMC-RHGLGWNS
213-247 CASSSSYAAAGDVGGGRIAEAVHGCVV-KAGLDADL
248-282 FLASAMIDMYAKRGALTNAVALFKSVP-DPNVIVLN
317-351 FSFSSILRACNLAGEFGFGKQIHGQVL-KHSFQGDV
383-417 VIWTSVISGCVQNELFEEALRLFQESV-RCGLRPDV
418-452 FAMSSVMNACASLAVARTGEQIQCLAV-KSGFNRFT
484-518 VSWSAVISSHAHHGCARDALCVFNEML-DAKVAPPN
520-554 ITFLSILTACSHGGLVDEGLRYYGIMNDEYGLSPT-
556-590 KHCTCVVDLLGRAGRLADAEAFIRDSAFHDDAVVW-

Figure 11. EMPS5 protein structure.

(A) The EMP5 protein contains 11 PPR motifs, and E, E+, DYW motifs at the C-terminus.
Locations of 4 Mu insertion alleles marked with triangles. (B) Alignment of 11 PPR motifs
found in EMPS5 protein. Residues identical are shaded in yellow, and similar residues are

shaded in light blue.

Analysis of EMP5 with the TargetP algorithm predicted a putative mitochondrial

localization, but with marginal confidence (http://www.cbs.dtu.dk/services/TargetP/).

To experimentally determine the subcellular localization of EMPS5, we fused full
length EMPS5 with green fluorescent protein (GFP) and transformed Arabidopsis. Ten
lines of transgenic Arabidopsis were generated and among the transgenics GFP
signals were either absent or low. We suspected that over-expression of the full length
EMPS5-GFP fusion may be the cause for this problem. So, the N-terminal 469 amino

acid of EMP5 that contains 8 PPR repeats was fused with GFP, resulting in the
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EMP5M-GFP fusion construct. Fourteen lines of transgenic Arabidopsis were
produced and analyzed. Confocal laser scanning microscopy analysis of the

transgenic Arabidopsis leaf samples and protoplast showed in vivo co-localization of
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Figure 12. Alignment of EMP5 protein with rice (Oryza sativa) ortholog OSEMP5 and a Sorghum

(Sorghum bicolor) ortholog SbBEMP5 protein.

the GFP signal of EMP5™**-GFP with MitoTracker Red in mitochondria (Figure
13A). To independently test the possibility of chloroplast localization, we also
performed pea chloroplast import assay in which the EMP5 protein was labeled with
’H-leucine and tested its capability in trafficking to the live chloroplasts. The result
showed that EMP5 did not import into the chloroplasts as the imported chloroplasts
treated with protease thermolysin eliminated all the labeled *H-EMP5 protein(Figure
13B). Thermolysin protease treatment degrades proteins unprotected by the
chloroplast envelopes. Together, these results indicate that EMPS is a PPR-DYW

protein localized in maize mitochondria.
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Figure 13 . EMPS5 protein localization.

(A) EMP5™®_GFP fusion protein that carried the N-terminus 469aa fused with GFP was
expressed in transgenic Arabidopsis leaves. The leaf samples and protoplast of these leave were
used to view GFP signals respectively. Fluorescence signals from EMP5™*”-GFP (green) and
Mito Tracker stained mitochondria (red) were detected by confocal microscopy.

(B) Chloroplast import assay of full length EMPS5 protein. TP: EMPS translation precursor labeled
with *H-Leu; C: chloroplasts after imported with *H-EMP5; C+T: *H-EMP5 imported chloroplasts

treated with protease (thermolysin) to remove surface adhered proteins.

4.4 Expression of Emp5

BLAST analysis of EMP5 identified an EST from maize cDNA library of mix tissues,
indicating that Emp5 may be expressed in multiple tissues. Analysis of OSEMPS, the
orthologous protein in rice, also identified two ESTs from rice panicle and callus.
However, the Emp5 mRNA could not be detected by conventional RNA gel blot
analysis, suggesting that it may be expressed at low levels. Similarly, the maize
mitochondrial PPR gene Emp4 is also reported having a low expression level that
could not be detected by RNA gel blot analysis (Gutierrez-Marcos et al., 2007). The

Emp5 expression can be detected by RT-PCR and the results confirmed that Emp5 is
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expressed in all vegetative and reproductive tissues tested (Figure 14). Relative high
mRNA expression was in stem, leaf, root and ear, and weak expression in tassel and
kernels at different developmental stages. This suggests that the EMPS5 function may
not be limited to embryo and endosperm development. Rather, it may have functions

in other vegetative tissues during plant growth and development.

Kernel (DAP)

L s R E T 3 5 7 10 20

Empj ﬂ--—.-“ S— —

Total ™ Sy meg pos e BN 0 e S
RNA ™9 st et v 4 b iy . W b

Figure 14. Expression pattern of Emp5 in maize organs indicated.
Primer Emp5-F2 and Emp5-R2 were used in RT-PCR. L, leaf; S, stem; R, root; E, ear; T, tassel;

kernel at 3, 5, 7, 10, and 20 DAP.

4.5 EMPS5 is Required for Mitochondrial RNA Editing

Up to now, DYWI1,MORF and PPR proteins are the only identified plant RNA editing
trans-factors, and most of these PPR proteins belong to DY W-subclass (Fujii and
Small, 2011) . EMPS5 is a typical mitochondria-targeted DY W-subclass PPR protein.
Thus, it is likely that EMP5 functions in RNA editing in maize mitochondria.

A direct comparison of the mitochondrial transcripts between the emp5 mutant
and the WT was performed by amplifying the transcripts and analyzing their
sequences. Based on the maize mitochondrial genome (Clifton et al., 2004), 35 sets of
primers were designed to cover the predicted 35 mitochondrial protein-coding genes.
These 35 protein-coding mitochondrial genes includes 22 genes of the electron
transport chain, 11 ribosomal proteins genes, a maturase gene (mat-r) and a

transporter gene (MttB). The emp5-1 allele was chosen for its W22 background. To
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eliminate possible contamination of mitochondrial DNA (most mitochondrial genes
are intronless), RNAs were treated by RNase-free DNase and confirmed of DNA-free
by PCR amplification without reverse transcription. The RNA was isolated from the
13 DAP kernels as the mutant became distinct. The pericarp was carefully removed to
prevent contamination by maternal tissue. RT-PCR was performed using
proof-reading DNA polymerase Phusion (New England Biolab). The PCR products
were purified from the gel and sequenced without cloning into a vector. This allows
detection of both edited and unedited sites in one sequencing reaction, and also
eliminates cloning bias and random DNA polymerase errors. We amplified the
mitochondrial genes in the emp5-1 and the sequences indicated that the W22 contains
a NB type mitochondrial genome (Clifton et al., 2004). As shown in Figure 15A, the
C-to-U editing of rpl16-458 was completely abolished in the emp5-1 allele, whereas it
was completely edited in the WT. The unedited sequence codes for a proline, whereas
the edited sequence codes for a leucine. The lack of C-to-U editing in rpl16-458
resulted in the amino acid changing from Leu to Pro in emp5-1. In addition, 100%
C-to-U editing were found at nad9-190, nad9-356, cox3-245 and cox3-257 sites in the
WT; whereas dramatically diminished in emp5-1, especially for nad9-190 and
nad9-356 sites (Figure 15A). Five sites of the rpsl2 transcript (rpsl2-71, rpsl2-196,
rpsl2-221, rpsl2-269, rpsl2-284) were also reduced in the emp5-1 mutant (Figure
15A). All these editings led to a change of the encoded amino acid as indicated in the
Figure 15A.

Interestingly, we also found that RNA editing of some sites was increased in the
emp5-1 mutant. Editing of rpl16-444, atp6-953, nadl-536, nad1-832 and cob-1098
were dramatically increased in the emp5-1 mutant, comparing with weaker editing of
these sites in the WT (Figure 15B). However, these editings except atp6-953 did not
change the encoded amino acids. Increased editing was also reported in the remel
mutants encoding a PPR protein and the ripl T-DNA insertional mutants (Bentolila et

al., 2010; Bentolila et al., 2012). The underlying mechanism is not known.
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4.6 Molecular Characterization of the emp5-4 Allele

As described previously, homozygous emp5-4 produced viable seeds.
Genotyping with primers Emp5-F4 and Emp5-R4 and sequencing of the amplicon
identified that the insertion of a 1.4kb Mul element in the middle of E+ motif, thereby
disrupting the E+ and DYW domain (Figure 16A). However, homozygous emp5-4
seedlings and adult plants were macroscopically indistinguishable from the WT
(Figure16B). In contrast to the use of transgenes, this allele provided an excellent
genetic material for studying the effect of disrupted E+ and DYW domains on the
function of EMPS5. First, we examined the expression by using different Emp5 primers
anchored on different regions of the emp5-4 allele (Figure 16A). As indicated in
Figure 16C, RT-PCR results of the seedling leaf transcripts indicated that the region 5’
of the Mul insertion in emp5-4 was expressed at roughly the similar level as the WT.
The region including Mul insertion was only expressed in emp5-4, as indicated in the
RT-PCR using Mu primer TIR8 and Emp5-R1 in RT-PCR (Figure 16C). However,
PCR with primers Emp5-F6/Emp5-R5 as well as Emp5-F4/Emp5-R4 across the Mul
insertion did not produce any products in emp5-4 (Figure 16C). To address whether
this was caused by difficulty in PCR amplification across the Mul element, we used
WT and homozygous emp5-4 genomic DNA as template. PCR amplification with
primers Emp5-F4 and Emp5-R4 reliably produced a 1.7kb fragment in emp5-4
(predicted 1736bp) and a 350 bp fragment in the WT (predicted 349bp). Sequencing
confirmed that the 1.7kb amplicon contains the Mul insertion in the emp5-4 allele
(Figure 16C), indicating the primer set worked well in amplifying across the Mul
insertion. We did not detect any other alternatively spliced transcripts as some Mu
inserted alleles showed splicing of the element. The spliced transcripts should be
favored in amplification since they are short. The RT-PCR analysis indicates that the
emp5-4 allele does not produce a detectable level of Emp5 transcripts that is likely to
be translated into a WT protein, although the gene including the Mul element can

produce two transcripts, one contains the 5’ region of the Emp5 and ends in the Mul
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insertion, and the second starts from somewhere inside the Mul and ends probably
where WT Emp5 ends.

To determine the impact of this mutation on editing, we amplified and sequenced
the mitochondrial transcripts using the same strategy as in emp5-1. The templates
were the seedling RNAs from the WT and the mutants from the same ear. The
genotype was confirmed by PCR analysis. The results revealed that the emp5-4
homozygotes showed similar levels of editing events in most transcripts targeted by
EMP5 in comparison to the WT. These include nad9-356, cox3-245, cox3-257,
cob-1098, atp6-953, nadl-536, nadl-832, and five editing sites in rpsl2 (rpsl2-71,
rpsl2-196, rpsl2-221, rpsl2-269, rpsl2-284). However, the rpl16-458 editing was
diminished but clearly detectable in the emp5-4 allele. This editing converts a Pro to
Leu residue which is edited completely in the WT, but the editing was completely
abolished in emp5-1. Similarly, editing of nad9-190 site was increased in emp5-4 in
comparison to emp5-1. This site is also edited completely in the WT which converts a
His to Tyr residue (Figure 15A and 16D). Even in the same transcript, the other EMP5
targeted site (nad9-356) showed the same editing level as in the WT. Similar to
emp5-1, the editing of rpl16-444 was also increased in emp5-4, but this editing does
not change in coded amino acid (Figure 16D).These results indicated that the
mutation in emp5-4 does not affect the editing of most EMP5 targeted sites, but does

decrease the editing in rpl16-458 and nad9-190.
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Figure 15. RNA editing defects of mitochondria genes in emp5-1 mutant.

(A) RNA editing of 10 sites in 4 mitochondrial gene transcripts decreased in emp5-1.

(B) RNA editing of 5 sites in 4 mitochondrial gene transcripts increased in emp5-1. Sequence

chromatogram of PCR amplified wild-type cDNA or emp5-1 cDNA of the editing sites is shown.

The position of RNA editing represents the name of transcripts and the edited C position. The

amino acid change is indicated at the top, and most coding amino acid was put in the front in these

overlap peak sites. Arrowheads indicate the editing sites.
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Figure 16. emp5-4 is a weak allele.

(A) Gene structure of Emp5 and location of Mul insertion in emp5-4 was shown. The position of
primers used in RT-PCR Emp5-F2 and Emp5-R2, Emp5-F6 and Emp5-R5, Emp5-F4 and
Emp5-R4, and Emp5-R1, were shown.

(B) The seedling phenotype of emp5-4 is indistinguishable from the WT. Bars=5 cm.

(C) Expression pattern of Emp5 in emp5-4 and WT seedling leave was shown by RT-PCR. Primer
Emp5-F2 and Emp5-R2, TIR8b and Emp5-R1, Emp5-F4 and Emp5-R4, Emp5-F6 and Emp5-R5
were used in RT-PCR respectively. PCR reaction with Emp5-F4 and Emp5-R4 primers on
genomic DNA was used as a control.

(D) Sequence chromatogram of PCR amplified emp5-4 cDNA of the rpl16 editing sites is shown,
compared with WT. The position of RNA editing represents the name of transcripts and the edited
C position. Arrowheads indicate the editing sites.
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4.7 Functional Analysis of the Rice OsEmp5 Gene

The rice OsEMPS5 protein is a putative ortholog of EMPS5 in maize, sharing a high
degree of similarity (84%) with EMP5 and containing 11 PPR repeats in the
N-terminus, and E/E+/DYW domains in the C-terminus (Figure 12). To address
whether OSsEMP5 has a conserved function similar to the EMP5 in maize, we
characterized the OsEMPS in rice. First, we determined the subcellular localization of
OsEMP5 by expressing OsEMP5™"%GFP fusion in tobacco leaf epidermal cells.
Confocal laser scanning microscopy analysis revealed that the GFP signal of
OsEMP5™"2:GFP was co-localized with MitoTracker Red in mitochondria (Figure
17), confirming that OSEMP5 is targeted to the mitochondrion. To study the function
of OsEMP5, OsEmp5 RNAI transgenic rice was created. It is likely that severe
knock-down transgenic lines would be lethal considering the essential role of EMP5
in maize, therefore only weak knock-down lines were likely generated. About twenty
lines of transgenic rice were obtained and three representational lines were used for
further molecular analysis. Southern analysis of the three OSEmp5 RNAI transgenic
lines (line 19, 23 and 33), using the hygromycin phosphotransferase (hpt) gene as a
probe, confirmed that they were independent transgenic lines, each carrying one copy
of transgene (Figure 18A). RT-PCR analysis revealed the OSEmp5 expression level
was significantly decreased in lines 19 and 23, and slightly decreased in line 33 when
comparing to the WT (Figure 18B). The transgenic plants grew much slower than the
WT at the seedling stage. But after the seedling stage, the plants gradually recovered
and grew to normal adult plants (Figure 18C). The T1 progeny of all these three
transgenic lines segregated defective seeds as different ratio (Figure 18C). The ratio of
defective seeds in linel9 is 24.7% (199:807), line 23 is 22.3% (93:417), and line 33 is
9% (53:584). The severity of seed phenotype was roughly consistent with the
suppressed OSEmp5 expression level. This result indicated that similar to Emp5 in
maize, OSEmpS5 is essential to seed development in rice.

To reveal the effect on mitochondrial RNA editing in these OsEmpS-RNAi

transgenic lines, mitochondrial rpl16 transcripts were amplified and sequenced in the
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three OSEmp5 RNAIi transgenic lines and WT plants to compare RNA editing
difference. This analysis revealed that less than 50% rpl16-458 site in all three
transgenic lines was edited, comparing to 100% editing in WT (Figure 19). For
rpl16-444 site, the editing level was increased in the three transgenic lines, which is
similar to the maize emp5-1 allele (Figure 19). This result confirmed that similar to

maize EMPS5, OsEMPS is required for the editing of rpl16-458 in rice mitochondria.

OsCMPS2:.GI'P MitoTracker Merged DIC

Figure 17. OsEMPS5 is a mitochondrion localized PPR-DYW protein. OSEMP5™""%:GFP fusion
protein was transient expressed in tobacco epidermal cells. Fluorescence signals from
OsEMP5™"%:GFP (green) and Mito Tracker stained mitochondria (red) were detected by confocal

microscopy.
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Figure 18. RNAi knock-down of OSEmp5 expression in transgenic rice.

(A) Southern analysis of independent OsEmp5 RNAI transgenic lines (line 19, 23 and 33) by
using the hpt gene as a probe.

(B) RT-PCR analysis of endogenous OSEmp5 expression in 3 transgenic lines. OsActin (X15865.1)
was used as control. Primer Osactin-F, Osactin-R, OsEmp5-F and OsEmp5-R (Supplementary
Table 1) were used in RT-PCR.

(C) Phenotypes of OsEmp5 RNAIi transgenic plants at seedling stage and in T1 progeny

segregating defective seeds.
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Figure 19. Analysis of mitochondrial rpl16 editing in OsEmp5-RNAI transgenic lines.

Sequence chromatogram of PCR amplified wild-type cDNA or 3 OSEmp5 RNA. transgenic lines
cDNA of the rpl16 editing sites is shown. The position of RNA editing represents the name of
transcripts and the edited C position. Arrowheads indicate the editing sites. The amino acid change

is indicated at the bottom.
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5.1 Abortion of emp5-1 Mutant Seed Development is Caused by Defective
Mitochondrial RNA Editing

The emp mutants are defined by a dramatic reduction in embryo and endosperm size,
yet possess a normal pericarp (Sheridan and Neuffer, 1980). In maize, three mutants
with a similar phenotype have been characterized. Empty pericarp 2 encodes a
repressor of a heat shock response in seeds, mutation of which unleashes a heat shock
response causing seed development abortion (Fu et al., 2002). Emp4 encodes a PPR
protein that is required for normal level expression of several mitochondrial genes
(Gutierrez-Marcos et al., 2007). Recently, MPPR6, a PPR gene which mutation
causes an empty pericarp phenotype, is required for maturation and translation
initiation of rps3 mRNA in mitochondria (Manavski et al., 2012). In this study, we
show that Emp5 encodes a DYW subclass PPR protein that functions in the editing of
several maize mitochondrial gene transcripts. The cloning of Emp5 is supported by
multiple independent insertions in the Emp5 gene that condition a typical emp
phenotype and also by the further functional analysis in editing. And such function in
mitochondrial editing is conserved in its ortholog OSEmp5 in rice. The results
indicates that the deficiency of editing in these mRNAs compromises the
mitochondrial function, causing the embryo and endosperm development to be
arrested at transition stage. Since the pericarp tissue is maternal, growth of the
pericarp was not expected to be affected in heterozygous Emp5/emp5 plants. Thus, the
mutant kernels are appeared as empty pericarp. Considering the critical functions of
mitochondria to both the embryo and the endosperm, the emp mutants should be
enriched with genes that have key functions in mitochondria. In maize, the emp
mutants form a distinct class which will be ideal genetic materials for dissecting the
mitochondrial PPR functions.

In the severe allele of emp5-1, the editing of rpl16-458 was completely abolished,
and the other 9 editing sites in 3 different transcripts (nad9, cox3 and rpsl2) are also
diminished. rpl16 and rpsl2 encode ribosomal proteins of the mitochondrial

translation machinery. nad9 and cox3 are required for complex I and Complex IV
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function in electron transport chain respectively. However, a significant portion of
correctly edited transcripts of nad9, cox3 and rpsl2 still exist. It is not clear of the
impact on seed development as a result of reduced editing in these three transcripts. A
fraction of the correctly edited mRNA may be sufficient for mitochondrial function to
complete embryogenesis. This is indicated in other mitochondrial genes such as cob.
A complete loss of cob-908 editing severely reduces the growth in maize, whereas a
residual level of cob-908 editing is sufficient to assure normal plant growth in
Arabidopsis (Sosso et al., 2012a). In addition, our editing analysis in maize
mitochondrial transcripts showed that partial editing for a particular site is common in
WT mitochondrial transcripts. This argues a possibility that the reduced editing in the
9 sites of three transcripts (nad9, cox3 and rpsl12) may not be the major cause for the
emp phenotype. Instead, the complete loss of a single rpl16-458 editing site may be
attributable to the abortion of emp5 mutant seed development.

The rpll6 transcript lacking rpl16-458 editing translates to a protein with a
proline instead of leucine residue at position 153, which may severely compromise
the RPL16 function in mitochondrial protein translation. Proline residue often acts as
a structural disruptor in protein secondary structure such as alpha helices and beta
sheets. Thus, this change may severely affect the structure and the function of the
RPL16 protein. There are several cases where an unedited site coding for proline
cause severe impact on plant growth and development. The maize mitochondrial
cob-908 is normally C-to-U edited by PPR2263 to render a proline to leucine change.
The unedited cob-908 in ppr2263 mutants caused defects in seed development and
seedling growth (Sosso et al., 2012a). In the slgl mutant of Arabidopsis, RNA editing
in a single site nad3-250 in mitochondria is abolished, resulting in a codon for proline
instead of the edited for serine. This single amino acid mutation caused slow growth
and delayed development (Yuan and Liu, 2012a). The mutations of OGR1, SLO1 and
MEF11 also lead to absence of RNA editing of mitochondrial transcripts, which all
resulted in leucine to proline changes in nad4-416, nad4-449 and cox3-422

respectively (Kim et al., 2009; Sung et al., 2010; Verbitskiy et al., 2010). All three

64



mutants exhibited significant defects in plant growth and development. Conceivably,
genetic screens will enrich the identification of changes critical to protein functions.
These cases demonstrate that the editing for transition from proline to other amino
acids is critical to the function of multiple mitochondrial proteins.

The rpll16 gene has been proved to be essential to mitochondrial gene expression
as a key component in the translation machinery. Thus far, a complete deletion of the
rpl16 gene in mitochondria has not been isolated, presumably due to its lethality
(Newton et al., 1996). In Arabidopsis maternal distorted leaf (mdl) mutant,
rearrangement in two mtDNA fragments associated with the rps3-rpl16 polycistron
resulted in a deletion of part of the intron and exon b of rps3 that is upstream of rpl16
but without affecting the rpll6 coding region. The mutant showed poor growth,
distorted rough leaves and aborted flowering organs (Sakamoto et al., 1996). A
deletion of the 5> UTR sequences including the promoter for the transcription unit of
the rps3-rpl16 polycistron in maize nonchromosomal stripe 3 (ncs3) and ncs4 mutants
causes severe stunted and striped leaves, and male fertility respectively (Hunt and
Newton, 1991; Newton et al., 1996). The mRNA abundance corresponding to the
rps3/rpllé coding region was specifically reduced in these mutants. Mitochondrial
protein synthesis was dramatically reduced in severely affected mutant plants. These
results reveal that the RPL16 protein is essential for protein synthesis in mitochondria,
which consequently will be crucial for plant development. Therefore, the failed
development in both embryo and endosperm in the emp5 mutant is likely due to a loss

of rpl16-458 editing.

5.2 Increased Editing in the emp5 Mutant

The mechanism how RNA editing is carried out in plastids and mitochondria is not
known. PPR proteins are considered as the specificity determinant that recognizes
different transcripts (Shikanai, 2006; Chateigner-Boutin and Small, 2010). A single
PPR protein such as EMPS5 responsible for multiple editing sites in multiple

transcripts has been reported in several PPR-DYW proteins such as MEF1, MEF11
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and OGR1 in Arabidopsis and rice (Kim et al., 2009; Zehrmann et al., 2009;
Verbitskiy et al., 2010). A considerate amount of RNA was found still correctly edited
in the emp5 null mutant, raising a reasonable possibility that overlapping editing on
the same site may be mediated by different PPR proteins. In addition, we found that
five editing sites on four mitochondrial transcripts were increased in the emp5-1
mutants, interspersing in atp6, nadl, cob and rpll6 transcripts (Figure 15B). This
result was also confirmed in OSEmp5 RNAi knock down transgenic rice where
rpl16-444 editing level is increased in all three transgenic lines compared to the WT.
Intriguingly, the editing in these sites do not change the amino acid coding except in
atp6-953 where editing converts Ser to Leu. This phenomenon has also been reported
in PPR protein REME1, mutation of which reduces the editing of nad2-558 and
orfX-552, but increases the editing extent in at least two sites, matR-1771 and rpl5-92
(Bentolila et al., 2010). It seems that PPR proteins may work as a positive and
negative regulator of organelle RNA editing at the same time. One possibility is that
over-lapping functions by PPR proteins in editing a single site exist in plants such that
the deficiency in one PPR leads to a compensational expression of another PPR
protein that edits another set of sites, overlapping but not identical. In this case, some
sites will be edited more than the WT as a result of the compensational PPR proteins.
Another possibility is that although a MuZ2 is inserted into the Emp5 gene, it can still
be transcribed and translated into a truncated protein that recognizes different RNA
substrates. For the emp5-1 allele, the Mu2 insertion disrupted the 6 of the 11 PPR
motifs, allowing five PPR repeats remained in the mutant protein if it can be

translated (Figure 11A).

5.3 Substrate Specifying Sequences of EMP5 Are Not Conserved

Two PPR proteins, CRR4 and RF1, were reported for possessing an RNA binding

activity in vitro without other factors (Okuda et al., 2006; Kazama et al., 2008),

leading to a hypothesis that PPR proteins can specifically recognize the cis-element of
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an editing site. Some RNA editing sites were shown to have conserved sequences
upstream of the editing sites (Karcher et al., 2008; Kobayashi et al., 2008; Sosso et al.,
2012a). However, these conserved sequences were derived by comparing merely two
editing sites. In cases where a PPR protein is involved in the editing of multiple sites
such as OGRI1, MEF1, MEFI1 and CRR22, no conserved sequences in the
corresponding region can be identified (Kim et al., 2009; Okuda et al., 2009;
Zehrmann et al., 2009; Verbitskiy et al., 2010). In CLB19, the sequences surrounding
the two editing sites showed little sequence similarity (Chateigner-Boutin et al., 2008).
In an attempt to identify conserved sequences for EMPS5 edited sites, we aligned the
adjacent sequences near the editing sites (region from -40 to +20). We did not find
any conserved sequences except most of the -1 base is T (Figure 20). The likely
possibility is that PPR proteins recognize a specific secondary structure of the
transcripts, not the primary sequence. It is hypothesized that PPR editing factors can
only distinguish pyrimidines from purines and, at some positions, must be able to
recognize specific bases (Hammani et al.,, 2009). Recently, Barkan et al used
computational methods to infer a PPR-RNA recognition mechanism where a
combination of position 6 amino acid residue in a PPR motif and the 1’ position of the
next PPR motif recognizes one nucleotide in the RNA substrate (Barkan et al., 2012).
Another group further showed the involvement of an additional amino acid (residue 1)
in RNA recognition (Yagi et al., 2013). As such, the tandem PPR motifs are decoded
to a nucleotide sequence that specifies the substrate RNA of the PPR protein. It was
validated by recoding a PPR protein to bind novel RNA sequences in vitro. However,

we failed to make the connection between EMP5 and rpl16.

5.4 The E+ and DYW Motif of EMP5 Is not Essential for This Protein Function

PPR proteins are classified into P, PPR-E, and PPR-DYW subclasses based on
presence of additional C-terminal motifs (Lurin et al., 2004). The PPR repeats are
proposed to recognize the target RNA sequences (Shikanai, 2006). In MEF11, the

second PPR repeat was shown to be crucial for the specific editing of cox3-422,
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nad4-124 and ccb203-344 (Verbitskiy et al., 2010). The DYW domain which showed
significant similarity to cytidine deaminases was proposed to have catalytic editing
activity (Salone et al., 2007). Indeed, its presence is correlated with presence of RNA
editing in plant evolution (Fujii and Small, 2011). Although PPR proteins such as
CRR4, CLBI19, MEF9 and SLOI, all lacking a DYW domain, still possess the
function of C-to-U RNA editing (Kotera et al., 2005; Chateigner-Boutin et al., 2008;
Sung et al., 2010; Takenaka, 2010), a recent report shows that the DYW domain can
be supplied in trans to the CRR4 protein and it is essential for the editing (Boussardon
et al., 2012). Therefore, the hypothesis that the DYW domain functions as the
deaminase enzyme remains. Up to this work, all the PPR proteins involved in editing
contain an E domain, but the E domain lacks any obvious catalytic characteristics,
suggesting that the E domain is indispensable for editing with unknown function
(Shikanai, 2006; Okuda et al., 2007). It is possible that the E domain mediates
protein-protein interaction to recruit another protein with deaminase activity, which
may include PPR-DYW proteins.

In the emp5-4 allele, a Mul element is inserted in the middle of E+ motif,
disrupting the E+ motif and DYW motif. RT-PCR analysis using several sets of
primers revealed the presence of two transcripts where one contained the 5’ region of
the Emp5 gene and ended inside the Mul, and the other contained the 3’ region of the
Emp5 gene, but no transcript across the Mul element existed. We analyzed the two
transcripts for ORFs that would possibly encode proteins with a scenario like the
PPR-E protein with a trans-supplied DYW protein. As shown in Figure 21, the
translation of first transcript is predicted to terminate by a stop codon TAA, only
adding two amino acids encoded by the Mul TIR sequence. This will produce a
truncated EMPS5 protein, similar to a PPR-E protein, and if translated, it should be
able to target to mitochondria. The second transcript predicts only one ORF in frame
with the DYW domain. The translation adds five amino acid residues (MAIIS) from
the Mul sequence to the N-terminus of this hypothetical protein. However, the

N-terminus sequence did not predict a mitochondrion signal peptide by currently
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available algorisms. Therefore, it is highly unlikely that the protein would target to the
mitochondrion, even if it can be translated. Alternatively spliced transcripts were not
detected although we intentionally set the conditions favoring the amplification of
potentially spliced emp5-4 transcripts. This leads us to conclude that the insertion in
the emp5-4 allele causes a possible deletion of the E+ domain and the entire DYW
domain. However, a truncated version of the EMP5-4 protein may be produced.
Genetic analysis indicated that the emp5-4 allele appeared normal in growth and
development. And most of the editing events targeted by EMPS5 showed similar
editing level comparing with WT, except the editing of rpl16-458 which is considered
critical showed partial editing. In addition, rpl16-444 and nad9-190 editing efficiency
was also changed slightly. The presence of editing in emp5-4 that lacks the E+ and
DYW motif indicates that E+ and DYW domains are not essential for EMPS5 editing
function. This conclusion is consistent with the plastid-located CRR22, CRR28, and
OTP28, and the mitochondrial factor MEF3 and MEF11 (Okuda et al., 2009; Okuda
et al., 2010; Verbitskiy et al., 2010; Zehrmann et al., 2011; Verbitskiy et al., 2012).
However, the DYW domain of MEF1 cannot be destroyed without severe effects on
its function in editing (Zehrmann et al., 2009). Therefore, it is possible that EMP5
associates with a DY W-container partner, which can almost completely complement
E+ and DYW motif truncation and carry out editing, although inefficiently. But for
MEF1, no such a DY W-container partner to associate, so the DYW domain cannot be

deleted or mutated.

69



20 30 40 50 60

ClTAC : GGAMAAAMCCCATIGA rpli6-444
TGCTCEMTGTETC l TTGAAAMGGATGGTGEMGA rpll6-458
GTEGAGTGA IT(,I THG A THGAGGAGEAA rps12-284
TCT AGTCABMGG ; GAAAT C AT. rps12-269
TGTACHSTT TATT T T CATAG cox3-257

G CAT ATACHEAA 5 GGTECTA cox3-245
ACATTCC C GGAACAT CTA AG C rpsl12-221

TGAGC AGG GAAGG rpsl2-186
GECATAA GC cob-1098

A GGGTC G GC nad1-832

T G LT nadl-536

TTTAGEATC

GETHGECAT SlGTA

GGG .Tl. TGT CCA CAAT nad9-356

CHECTC il G| AATACGT TATEMTGETA atp6-953

TRTCG TA CCETHTECAAAABGHAGA nadd-190

ABGGC SEGHTEAATGTHCCCAGAAGE rpsi2-71
c-t-aag-ag-aat-t---aa--ag-tcta-g-t--ggttCacg-t-t-t-t---t-ct-t consensus

10 20 30 40 50 60
B . GTCHGAECCEGTACAETGAMAGATTCGCCHCETGTCAAARECEARNCCTATHCCHGGAGTAA rps12-284
ARTCTATIRETCTTAMTCACHGGGECTACHGTCARABATIECHCACCTGTGAAITCCCATC rps12-269
&I CGEGTTGGATHCTCGTGTGTCCACGCEACHAATCCHATTIGAAATGGATGGTGTGA rpli6-458
@ARGATATHATTTGCHCACATTCCEEGCGARGE TCAATGAGGAACATCTTAGTCT rpsi12-221
AGCIIAAAGTACGGTHHAGCATCGACATGTATA TITGCBABARTCCAGGCGAGGTCAT rps12-196
Ea CATAC AAAGC TACTTGACCTCIATGT STATICTCTTCATHGTCTCGG cox3-257

ACGTTG GGCARCATACEAAINECTGTH CAATTAGACTIGATATGG BITCTRITTCTCT cox3-245
CATCAC GCCGGTGGGRAGCGIYEAAGTETHGGIRIA TGIYTGGRGTTTCYTCCIATCAATC nad9-356
CRAGHGTTCAAGETTCGEATCGITATTTGCHGAGHNEGANMEATCCCTCTCGAANICGCAGA nad9-190

GG GAEAIYIAAAAACGGCGCACGEACCGTACTCGA[CTINEGGARCAATGECCCCAGAAGC rpsi2-71

¢c-ta--g-ag----tg---aa--ag----a-g--atg--tC-¢c-t-----t--aa------ consensus
10 40 60

C CATTTGTYNA CAN-NBNEGACA ATT CT TCHMES T T(#T CTTTGCCA.AACGCC cob-1098
TICGATCME GEy TRV A[SRTA T| GTYRWESTATEMYATATGGGTCCGTGCT mnadl-832
ANTCGAGHEEA GEY e CATGGC CAAAAGCAGA (/G T[e CleJeky TCCCT G CCCCGT nadi-536
CHCCTTGA[HCEWAARIC CT TT.CG.GCA GlTlu ATACGTH TTGCTA atp6-953
GAGGAAAAMGAJIABCCT GGGT GGATTGCTCGHEG T{e§IC[8AC GGACAAA CCCATTTGA rpli6-444
b =mmm tg~tatigt—ca-rgi=rt—t-rrtit=gttC-~gatrr—r—rto=trrmmer consensus
K non conserved
B similar
conserved
all match

Figure 20. Analysis of consensus sequences in the 5’ region of the EMP5 editing sites

A. Alignment of -40 to +20 sequences of all 15 RNA editing sites in 7 mitochondrial gene
transcripts changed in emp5-1.

B. Alignment of -40 to +20 sequences of 10 RNA editing sites in 4 mitochondrial gene transcripts
decreased in emp5-1.

C. Alignment of -40 to +20 sequences of 5 RNA editing sites in 4 mitochondrial gene transcripts

increased in emp5-1.
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Figure 21. The hypothetical proteins as predicted based on the two transcripts detected in the
emp5-4 mutant seeds.

A. The 5’ transcript of emp5-4 predicts a putative truncated protein with addition of two Arg
residues to the C-terminus before a stop codon from the Mul TIR sequence. Emp5 sequence is
highlighted in blue and the Mul sequence is highlighted in red. The 9bp TSD is marked.

B. The 3’ transcript of emp5-4 predicts a putative protein with addition of five amino acid

residues (MALIIS) to the N-terminus of a DY W motif containing protein.
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Table 2. Primers used in this study.

Primer name Primer sequence Use
TIR6 AGAGAAGCCAACGCCAWCGCCTCYATTTCGTC | Inverse PCR
Mul-62 CCCTTCCCTCTTCGTCCATAAT Inverse PCR
Emp5-RTF1 GCCAGTAACGTGCAAAGATGAG Cloning full length Emp5 cDNA
Emp5-R1 TAGGGTTTGTTCCTGGTCGTTT Cloning full length Emp5 ¢cDNA, RT-PCR
Emp5-ENF1 CACCATGGAGGCCTTCTACCTCCA Construct full length Emp5:GFP and Emp5™*®°:GFP vector
EmpS-ENR1 CCAGTAACCGCCACAGGAACAG Construct full length Emp5:GFP vector
Emp5-R2 ATCAACATCCCCTGACCTAGCA Construct Emp5"*%°:GFP vector; RT-PCR; genotyping
Emp5-F2 GTTGTTCCTGTCCAACTCGGTC RT-PCR
TIR8b CGCCTCCATTTCGTCGAATCCSCTT Genotyping
Emp5-GTF1 GCTCTGACCCACGATCTTTCTT Cloning full length Emp5 gDNA
Emp5-GTR1 CAGTCTTGATTCGGTCGCATAG Cloning full length Emp5 gDNA
Emp5-R5 CCTGCTCCCTGCTAGAGATG RT-PCR
Emp5-F6 GCTAGGTCAGGGGATGTTGA RT-PCR
Emp5-R4 GTCTCTGAAGCGATGGAAGC RT-PCR
Emp5-F4 CGTGAAGAAAGAGCCTGGTC RT-PCR
nad3-F1 CTTTCCTATGTCCTTCCCCC Gene amplification and sequencing in RNA editing analysis
nad3-R1 GAGGAGAGCGAGAGAACGAA Gene amplification and sequencing in RNA editing analysis
nad4L-F1 CTGACATTCCATGTTTCCGA Gene amplification and sequencing in RNA editing analysis
nad4L-R1 GAAGAGAACGAAAGGAGAACAGA Gene amplification and sequencing in RNA editing analysis
nad6-F1 TGGAAAAACCAAACCCACAT Gene amplification and sequencing in RNA editing analysis
nad6-R1 CAAGTTCCCTTGGCGTAGTC Gene amplification and sequencing in RNA editing analysis
nad9-F1 AGCAAGAAGCGGAACAAAAA Gene amplification and sequencing in RNA editing analysis
nad9-R1 TATTGATTTGTCCCCTCCCC Gene amplification and sequencing in RNA editing analysis
nad7-F1 GTTTTGGCTCGCAATAAAGC Gene amplification and sequencing in RNA editing analysis
nad7-R1 CAGGTGGGACAAGCTCTAGG Gene amplification and sequencing in RNA editing analysis
nad4-F1 CAGTCACCCGGAGAAGATTT Gene amplification and sequencing in RNA editing analysis
nad4-R1 TAATTTGGCGCCTGATTGAC Gene amplification and sequencing in RNA editing analysis
nad4-F2 TTCTCCAAACAGGAACCACC Gene sequencing in RNA editing analysis
nadl-F1 GGCCCGATCATGAGTGAATA Gene amplification and sequencing in RNA editing analysis
nadl-R1 GCCCCCTTCAGAAGAAACTT Gene amplification and sequencing in RNA editing analysis
nad2-F1 GACGGAGGAGAGGAAATGAA Gene amplification and sequencing in RNA editing analysis
nad2-R1 GCAGTCCACCCTTTCTTTGA Gene amplification and sequencing in RNA editing analysis
nad5-F1 CGCTCGAACATTGTCTGATT Gene amplification and sequencing in RNA editing analysis
nad5-R1 GTCCTGGCAAGCTCCTACAG Gene amplification and sequencing in RNA editing analysis
nad5-F2 GGTTTACACGACTTCAGGCG Gene sequencing in RNA editing analysis
nad5-R2 GAGCAGCAAACTCGGATTCG Gene sequencing in RNA editing analysis
rps3-F1 GCAGAAAGGGGCAAAAGTAA Gene amplification and sequencing in RNA editing analysis
rps3-R1 TCGCGACCCCTACTACATCT Gene amplification and sequencing in RNA editing analysis
rps3-F2 TCAAGCATCCGAAATACGCC Gene sequencing in RNA editing analysis
rps13-F1 TCATGATGATTAAGGGAAGAGTGA Gene amplification and sequencing in RNA editing analysis
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rps13-R1 TTGAATTGAACAGTGTGATTGAT Gene amplification and sequencing in RNA editing analysis
rps12-F1 CTAGCTGCTTCCATATCGCC Gene amplification and sequencing in RNA editing analysis
rps12-R1 CGGATCGGGAGTAACCACTA Gene amplification and sequencing in RNA editing analysis
rps12-ct-F1 TGTACGGTTCTGTAGAGGGACA Gene amplification and sequencing in RNA editing analysis
rps12-ct-R1 TCCGTTTTCTTTTTATAAGGGC Gene amplification and sequencing in RNA editing analysis
rps12-ct-F2 TGCCTTACGTAAAGTTGCCA Gene sequencing in RNA editing analysis

rps7-ct-F1 TTGAACCTCTTTCACGCTCA Gene amplification and sequencing in RNA editing analysis
rps7-ct-R1 TTCCGATCGAGATGTATGGA Gene amplification and sequencing in RNA editing analysis
rps7-F1 TTCGTTGGAAAAACCTACGC Gene amplification and sequencing in RNA editing analysis
rps7-R1 ATGAGGAAGGCCGATTTTCT Gene amplification and sequencing in RNA editing analysis
rps4-F1 AGAGTTGGGTTCGATTCCCT Gene amplification and sequencing in RNA editing analysis
rps4-R1 AGCGACTAGGCCGATCTTTT Gene amplification and sequencing in RNA editing analysis
rps2B-F1 TCCATGGACCCACGTAAAAT Gene amplification and sequencing in RNA editing analysis
rps2B-R1 GGCCCCTCTCTGATAAGGAA Gene amplification and sequencing in RNA editing analysis
rps2A-F1 CAGGAAAGATATTTGCCCCA Gene amplification and sequencing in RNA editing analysis
rps2A-R1 CCTGTATCTCCGGAAACGAA Gene amplification and sequencing in RNA editing analysis
rps2A-F2 AGAACAGCAATCAACGGGC Gene sequencing in RNA editing analysis

rps1-F1 AAGGTGGGCTTCGGATTATT Gene amplification and sequencing in RNA editing analysis
rps1-R1 TCTTCAGTTTTACGCTTACGCT Gene amplification and sequencing in RNA editing analysis
rpl16-F1 GGTTTTTCCCCACTAACCAA Gene amplification and sequencing in RNA editing analysis
rpl16-R1 GGGTGCGGAAATAGCTAGAA Gene amplification and sequencing in RNA editing analysis
atpl-F1 CGTTGCTGGTGAAGAAGCAT Gene amplification and sequencing in RNA editing analysis
atpl-R1 AAAAGCGGATTTATCCATCG Gene amplification and sequencing in RNA editing analysis
atpl-R2 ACCGCAGACTTGTTTCATAGC Gene sequencing in RNA editing analysis

atp4-F1 AGCCACGTGCTCTAATCCTC Gene amplification and sequencing in RNA editing analysis
atp4-R1 TCCCTTTCTCTTGGAGCAGA Gene amplification and sequencing in RNA editing analysis
atp6-F1 CCAAGTCTCTTTTGGGAGCA Gene amplification and sequencing in RNA editing analysis
atp6-R1 GGCTCCTCGTTTTTATGCAA Gene amplification and sequencing in RNA editing analysis
atp6-F2 ATCATTATCCCTGGAGGCGG Gene sequencing in RNA editing analysis

atp6-F3 CCTTGCATCTCGGTCACTTT Gene sequencing in RNA editing analysis

atp8-F1 GGCAAGGATCCTCAGTCCTA Gene amplification and sequencing in RNA editing analysis
atp8-R1 GAGGGTTGGTTTGATTGGAA Gene amplification and sequencing in RNA editing analysis
atp9-F1 AGGGGCCTCGTCATCTCTAT Gene amplification and sequencing in RNA editing analysis
atp9-R1 TAGTTGCGAAGGAAAAGCGT Gene amplification and sequencing in RNA editing analysis
ccmB-F1 AGCCGTCGAAGTGAATGAAT Gene amplification and sequencing in RNA editing analysis
ccmB-R1 AACGGCTTTTCCATGACTTG Gene amplification and sequencing in RNA editing analysis
ccmB-F2 CTTTCCTCCCGAACCTTTTC Gene amplification and sequencing in RNA editing analysis
ccmB-R2 GAAAAGGTTCGGGAGGAAAG Gene sequencing in RNA editing analysis

ccmC-F1 ACTTGCAAGGCAAGGAAAAA Gene amplification and sequencing in RNA editing analysis
ccmC-R1 CCATGGATGCTTTAGCGAGT Gene amplification and sequencing in RNA editing analysis
ccmFC-F1 GAGAAGCTCAAATCGAACGG Gene amplification and sequencing in RNA editing analysis
ccmFC-R1 CGCAGCCACTATTTTGACTC Gene amplification and sequencing in RNA editing analysis
ccmFN-F1 TGAAGATTGTAAGGCGTTTCC Gene amplification and sequencing in RNA editing analysis
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ccmFN-R1 GGATCATCCTGTGGTTACCG Gene amplification and sequencing in RNA editing analysis
ccmFN-F2 GAACAGCAGATTGACGGAGC Gene sequencing in RNA editing analysis
cob-F1 ATCAAGGCAAGGGGGTAAAT Gene amplification and sequencing in RNA editing analysis
cob-R1 GGTGTGATCAGTCTCATCCG Gene amplification and sequencing in RNA editing analysis
cob-F2 TGTTTGGTGTCTCGGAGTTGT Gene sequencing in RNA editing analysis
cob-F3 CTACCGATCCATGCCATTCT Gene sequencing in RNA editing analysis
cox1-F1 GGCCCCTCTCTGATAAGGTT Gene amplification and sequencing in RNA editing analysis
cox1-R1 GTTAAGGCAAAGCCCAAACA Gene amplification and sequencing in RNA editing analysis
cox1-F2 GGTTGTTGCCACCAAGTCTC Gene sequencing in RNA editing analysis
cox1-F3 TTTTGGTTCTTCGGTCATCC Gene sequencing in RNA editing analysis
cox1-F4 TTCTATGGGAGCCGTTTTTG Gene sequencing in RNA editing analysis
cox2-F1 GTCCTACTTCTGGTGCTGCC Gene amplification and sequencing in RNA editing analysis
cox2-R1 GAGAATTGCATTTCCGCTTC Gene amplification and sequencing in RNA editing analysis
cox3-F1 TCAATCCACTTATTCGTTCCC Gene amplification and sequencing in RNA editing analysis
cox3-R1 GTTTACATACAACCGGGGCA Gene amplification and sequencing in RNA editing analysis
Mat-r-F1 AACGCCTGTTCGCTAAAATC Gene amplification and sequencing in RNA editing analysis
Mat-r-R1 AGGCTTTGCTCCCCTTTTT Gene amplification and sequencing in RNA editing analysis
Mat-r-F2 CCAAGACAACAGAGCCCTCA Gene sequencing in RNA editing analysis
Mat-r-R2 ACTATGTCTCTGTCGCTGACG Gene sequencing in RNA editing analysis
mttB(orfX)-F TTGGTTTAGAATTGCTCGGG Gene amplification and sequencing in RNA editing analysis
mttB(orfX)-R AGGGGGAACCCTACCGAC Gene amplification and sequencing in RNA editing analysis

OsEmp5-Kpnl

GGGGTACCCACTGTCATGGGGAACTCTTG

Rice pTCK303-OsEMP5 RNAI vector construction

OsEmp5-BamHI

CGGGATCCCATAGGACGCTGACGAAGTG

Rice pTCK303-OsEMPS RNAI vector construction

OsEmp5-Spel

GGACTAGTCACTGTCATGGGGAACTCTTG

Rice pTCK303-OsEMPS RNAI vector construction

OsEmp5-Sacl

GGAGCTCCATAGGACGCTGACGAAGTG

Rice pTCK303-OsEMPS RNAI vector construction

Osactin-F TCTGGCATCACACCTTCTACA Rice OSEmp5 RT-PCR analysis

Osactin-R GGAAACGCTCAGACCAAT Rice OSEmp5 RT-PCR analysis

OsEmpS5-F GTCATGGGGAACTCTTGCG Rice OSEmp5 RT-PCR analysis

OsEmp5-R GAGATTTCAGTATCAGTGGTCGC Rice OSEmp5 RT-PCR analysis

OsEmp5-F2 CACCGAATCTAAACAGGAACTAACC Construct OSEmp5™*"?:GFP vector

OsEmp5-R2 ATCTTCCATACAGCCAGAGTTGA Construct OSEmp5™*"?:GFP vector

Hpt-F1 GGTGAGTTCAGGCTTTTTCAT Amplify probe for Southern analysis of rice transgenic lines
Hpt-R1 AATTAATTCGGGGGATCTGG Amplify probe for Southern analysis of rice transgenic lines
Hpt-F3 GACCTGATGCAGCTCTCGGAG Arabidopsis transgenic screening

Hpt-R3 TGCTCCATACAAGCCAACCACG Arabidopsis transgenic screening
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Chapter VI.

Conclusion
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The goal of this research is to clone the Emp5 gene, analyze its function and
elucidate the potential mechanism by which EMPS5 regulates embryogenesis and
endosperm development in maize. By using molecular, genetic and biochemistry
approaches, we have successfully cloned this Emp5 gene, and demonstrated that
EmpS encodes a PPR-DYW protein that is required for the editing of multiple
transcripts in mitochondria and the editing events, particularly the C-to-U editing at
the rpll6-458 site, are critical to the mitochondrial functions and hence to seed
development in maize. Based on the results of this study, the following conclusions
can be drawn:

1. Emp5 encodes a mitochondrion-targeted PPR-DY W subclass protein. Motif
prediction analysis of EMPS5 protein sequence by the algorithm TPRpred
(http://tprpred.tuebingen.mpg.de/tprpred) revealed that it contains 11 PPR motifs, and
the C-terminal region contain an E, an E+, and a DYW domains. Confocal
microscopy analysis of the transgenic Arabidopsis with EMP5™®-GFP fusion
expression and pea chloroplast import assay revealed that EMPS5 is localized in
mitochondria.

2. EMPS5 is required for mitochondrial RNA editing in maize. Loss of the EMP5
function abolishes the C-to-U editing of rpl16-458 (100% edited in the wildtype),
decreases the editing at nine sites in nad9, cox3 and rpsl2, and surprisingly increases
the editing at five sites of atp6, nadl, cob and rpl16 transcripts.

3. Targeting sequences of EMPS5 are not conserved. Alignment of the adjacent
sequences near all editing sites (region from -40 to +20) showed that there is no any
conserved sequence except most of -1 base is T. The likely possibility is that PPR
proteins recognize a specific secondary structure of the transcripts, or with other
recognition mode, not the primary sequence.

4. The E+ and DYW motif of EMP5 is not essential for this protein function.
emp5-4 which lacking the E+ and DYW domain still retains the substrate specificity
and editing function, only at reduced efficiency.

5. Abortion of emp5-1 mutant seed development is caused by defective
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mitochondrial RNA editing. Loss of rpl16-458 editing results in a proline instead of
leucine residue at position 153 of EMP5, which may severely affect the structure and
the function of the rpll6 protein. rpl16 protein is essential for protein synthesis in
mitochondria, which consequently will be crucial for plant development. Therefore,
the failed development in both embryo and endosperm in the emp5 mutant is likely
due to a loss of rpl16-458 editing.

6. Rice ortholog OsEMPS5 has a conserved function similar to the EMP5 in maize.
OsEMPS is required for the editing of rpl16-458 in rice mitochondria, and it is also

essential to seed development in rice.

Note:
A part of this dissertation has been published in The Plant Cell:
Liu, Y.J., Xiu, Z.H., Meeley R., and Tan, B.C.* (2013) Empty Pericarp5 encodes a

pentatricopeptide repeat protein that is required for mitochondrial RNA editing and
seed development in maize. The Plant cell 25,868-883.
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