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Background:
A key strategy to meeting the agriculture needs of a rapidly growing population combined with declining arable land is

to take advantage of the general superiority and increased yield associated with hybrid plants (ECKARDT 2006). A variety
of methods to generate hybrids include mechanical emasculation, genic male sterility (ZHANG et al. 2013; RHEE et al.
2015), self-incompatibility (LUNDQVIST 1994; LUDWIG et al. 2013), cytoplasmic male sterility (CMS)(CHASE 2007; HANSON
2004; Hu et al. 2014; TouzeT and H. MEYER 2014; HORN et al. 2014; HAVEY 2004), and chemical hybridization agents (CHENG
et al. 2013; PARODI and GAJU 2009). CMS is the maternally inherited inability of plants to produce viable pollen by either
pollen abortion or the abnormal development of male reproductive organs. CMS is significant in providing a method to
produce on an agricultural scale the hybrid seeds used to grow uniform, high yielding crops of rice, maize, sorghum,
onion, sunflower, carrot, and rape seed (ECKARDT 2006). In addition to their application in producing hybrid seed, CMS
mutants are useful for investigations concerning the genetics of mitochondrial biogenesis during male gametogenesis—
a critical function in all plant reproduction.

CMS has been documented to occur widely in flowering plants(LASER and LERSTEN 1972)and results from a specific
incompatibility between nuclear and mitochondrial genomes occurring during male gametogenesis. In most well
studied CMS systems the mitochondrial loci responsible for male sterility are chimeric open reading frames (orf). These
orfs usually arise from mitochondrial genome rearrangements and frequently include partial sequences from a known
mitochondrial gene fused with partial sequence of another gene or non-coding sequence (HANSON and BENTOLILA 2004;
Kuo and NEWTON 2008; CHASE 2007). Nuclear encoded restorer-of-fertility (Rf) genes counteract the deleterious
expression of these mitochondrial loci during pollen development. These Rf genes provide the basis for making the CMS
trait central to agricultural scale hybrid seed production. Although Rf genes are known in many agronomically important
species (GABAY-LAUGHNAN et al. 2004; LI 2005; WANG et al. 2006; LIU et al. 2013; CASTILLO et al. 2014; YAMAGISHI and BHAT
2014), how they functionally affect mitochondria is not well understood

The three major CMS cytotypes of maize, CMS-T, CMS-C, and CMS-S, were originally distinguished by their Rf genes and
restoration mode(BECKETT 1971). In CMS-S, the Rf genotype of pollen determines their post meiotic development. Male
fertility in CMS-S is a unique system because restoration is determined by gametophytically expressed Rf genes (BECKETT
1971; GABAY-LAUGHNAN et al. 2004; GABAY-LAUGHNAN et al. 2009; SCHALLENBERG-RUDINGER et al. 2013). Thus abortion or full
development of each pollen grain is dependent on the allele of the Rf gene that it carries (KAMPS et al. 1996; WEN et al.
2003). The maize CMS-S cytoplasm was first characterized by the Rf3 gene (BECKETT 1971)and the restoring allele is
dominant (KAMPS et al. 1996). Microspores of CMS-S plants carrying the Rf3 allele complete their developmental
program to produce fertile trinucleate starch-filled pollen (KAMPS et al. 1996). In normal, non-sterile inducing
cytoplasms, the Rf3 alleles have no observable effect on pollen development and plants are fully male fertile regardless
of the Rf3 genotype. In contrast microspore development in CMS-S plants harboring the recessive rf3 allele suddenly
abort after the first mitotic division (LEE et al. 1980).

The Rf3 gene was initially mapped by a chromosome translocation strategy to maize 2L (LAUGHNAN and GABAY 1978).
RFLP experiments later positioned the locus 4.3 cM distal to the whp1 locus and 6.4 cM proximal to the bnl17.14 marker
(KAmPS and CHASE 1997). Additional studies have narrowed this region and identified loci encoding pentatricopeptide
repeat (PPR) proteins as candidates for Rf3 (ZHANG and ZHENG 2008; LANGEWISCH 2012).

Cloned Rf genes from several plant species are members of the large family of PPR proteins found in plants (QIN et al.
2014; BENTOLILA et al. 2002a; DAHAN and MIREAU 2013). PPR proteins are sequence specific binding proteins involved in
multiple aspects of RNA processing (YIN et al. 2013; RUDINGER et al. 2012; TAKENAKA et al. 2014; YAGI et al. 2014; Fulll and
SMALL 2011; SHIKANAI 2006). RNA editing and endonucleolytic processing within mitochondria by proteins possessing a
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PPR motif are two potential mechanisms by which Rf genes can counteract the deleterious expression of the

mitochondrial locus conditioning pollen abortion. Examples of altered processing of polycistronic sequences have been
described for the CMS causing pcf locus of Petunia (BENTOLILA et al. 2002b) and the orf224/atpé6 locus for the pol CMS of
Brassica napus (MENASSA et al. 1999). An alternative mechanism for fertility restoration by post-transcriptional
processing was demonstrated with Sorghum bicolor 1IS1112C male sterile cytoplasm by the specific increase in RNA
editing of atp6 transcripts from anthers (HOWAD and KEMPKEN 1997). Both transcript shortening and editing appear to
play a role in conferring the CMS phenotype in rice WA-CMS(DAS et al. 2010).

Whole genome sequencing analyses of the three major CMS cytotypes of maize have shown that their mitochondrial
genomes are highly rearranged relative to each other (ALLEN et al. 2007; CLIFTON et al. 2004). The dynamic nature of
these rearrangements has produced unique chimeric loci in each of the cytoplasms. Early molecular investigations of
CMS-S maize associated the mitochondrial chimeric orf355-orf77 locus with male sterility induction (ZABALA et al. 1997).
Subsequent studies have shown strong correlations for the orf355-orf77 and their flanking regions with male fertility
restoration by Rf genes or by novel rearrangements of this region that result in cytorevertants (GALLAGHER et al. 2002;
MATERA et al. 2011; GABAY-LAUGHNAN et al. 2004; WEN and CHASE 1999a). High expression levels of its 1.6-kb transcript
were detected during microsporogenesis in contrast to low levels occurring in non-tassel tissues. This 1.6-kb transcript
is also reduced or absent during microsporogenesis of male fertile cytorevertant lines (MATERA et al. 2011). However, the
possibility that other mitochondrial loci are either a direct cause or contribute to CMS-S induced pollen abortion is not
precluded, particularly since a toxic polypeptide encoded by the orf355/0rf77 locus has yet to be identified. A
systematic investigation to determine if they have a contributing or causative role in CMS-S has not been done.

The atp8 gene, also known as orfB (HEAZLEWOOD et al. 2003) encodes a small protein which is a subunit of the F,
component of the F;F,-ATPsynthase (SABAR et al. 2003). Several CMS are reported to be determined by the atp8 gene
(DAs et al. 2010) or chimeric orfs containing partial atp8 (YANG et al. 2009; HANSON and BENTOLILA 2004) sequence.
Alterations in post-transcriptional processing of atp8 have been implicated as causal for WA-CMS male sterility in rice
(DAs et al. 2010; CHAKRABORTY et al. 2015). The coding sequence of atp8 in Zea species and cytotypes share 100 percent
identity as shown by ClustalW (http://www.genome.jp/tools/clustalw/) alignment analysis of their GenBank sequences
(DQ490951.2, DQ645536.1, AY506529.1, NC_007982.1, NC_008332.1, NC_008333.1, NC_008331.1, and DQ490953.1).
Therefore it would be expected that differences in post-transcriptional processing would be required if the atp8 gene
contributed to, or caused, CMS-S in maize. The atp8 transcripts from immature ear and uni-nucleate microspore tissues
of normal male fertile and non-restored CMS-S lines were compared for editing. The following report demonstrates
how six bases were found to be edited with efficiencies that appear to be mostly tissue specific. Differences in protein
accumulation were also observed during pollen development.

Materials and Methods:

Plant materials: Mo17-S is male sterile due to the CMS-S type male sterile inducing cytoplasm and non-restoring rf3/rf3
nuclear genotype. Mo17-N has a normal cytoplasm with the rf3/rf3 nuclear genotype and is male fertile maintainer line
for Mo17-S. Uni-nucleate microspores (msp) were isolated from pre-emergent tassels. Later pollen developmental
stages were obtained from post-emergent tassels and sucrose gradient density separation as described by WEN and
CHASE 1999b. Immature ears were collected at the pre-silking stage of development.

RNA and sequencing analysis: Total cellular RNA was extracted from microspores and immature ears in the presence of
Trizol Reagent (Life Technologies Inc., Gaithersburg, MD) as described by WEN and CHASE 1999b. DNA was removed with
the DNA-free DNase treatment and removal kit (Ambion, Austin, Tex.). Primers CC296 5'-GAGGGTTGGTTTGATTGGAA
and CC297 5’-GGCAAGGATCCTCAGTCCTA used for first-strand cDNA synthesis, subsequent PCR reactions, and forward
and reverse sequencing reactions were designed from the published upstream and downstream sequences flanking the
atp8 coding sequence. First-strand cDNA synthesis was performed with the CC296 primer and the SuperScript® Ill First-
Strand Synthesis System (Invitrogen) according to the manufacturer’s protocol. PCR to amplify product for sequencing
used 1.5 ul of first-strand cDNA per 50 ul reactions. Amplified products were gel electrophoresed for purification. DNA
was extracted from gel slices with the DNA Clean & Concentrator™-25 kit (Zymo Research, Irvine, CA). Sanger DNA
sequencing was performed by the Interdisciplinary Center for Biotechnology Research at the University of Florida.
Resulting chromatograms were visualized by the BioEdit software program (lbis Biosciences, Carlsbad, CA) to identify
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partial RNA editing events. All RNA edited bases were identified by ClustalW alignments of sequenced products

compared to maize CMS-S and NB atp8 genomic sequences obtained from Genbank (accession numbers DQ490951.2
and AY506529.1 respectively).

Protein analysis: Mitochondria were purified from CMS-S (S) or normal (N) cytoplasm tissues by means of Percoll density
gradient centrifugation: ear, immature ears; msp, uni-nucleate microspores; CP, collapsed pollen; BCP, bi-cellular pollen;
MP, mature pollen. 7.5 ug of each mitochondrial sample was fractionated by gel electrophoresis, transferred to
nitrocellulose, decorated with primary antibody against ATP8 and detected by a secondary antibody coupled to
horseradish peroxidase (HRP).

Results:

Protein accumulation: Tissue and cytoplasmic specific differences in ATP8 accumulation were observed (Figure 1). The
protein was abundant and of similar quantity in ear tissue and mature pollen from Mo17-N plants. Developmentally
staged pollen showed that ATP8 is absent from the uni-nucleate microspores and bi-cellular pollen that can be collected
from the CMS-S plants prior to pollen collapse. In contrast, ATP8 was detected as a weak signal from the microspores
obtained from Mo17-N plants and it increased in accumulation at each stage with similar amounts occurring in mature
pollen as is seen in the immature ear tissue.
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Figure 1. Protein accumulation in immature ears and developmentally staged pollen from maize normal (N) and CMS-S
(S) cytotypes: ear, immature ear; msp, uni-nucleate microspores; bcp, bi-cellular pollen; and mp, mature pollen. The
Mo17 nuclear background is non-restoring, therefore no S mp are produced.

RNA editing: The four sources of cDNA: Mo17-N ear and microspores; Mo17-S ear and microspores, were each
sequenced in both directions. All resulting sequences were compared to each other and the published genomic
sequences of the atp8 coding region by the ClustalW multiple sequence alignment tool. The analysis revealed six C—T
edited sites in all transcripts with four occurring within the first half of the gene (Table 1). Positions and changes to the
amino acid sequence are shown graphically in Figure 2. Five of the six edits involve leucine. Two of the edits change the
codon from leucine to phenylalanine, and two additional edits change a codon to leucine. One edit in a leucine codon is
silent. Interestingly the first and second base of the amino acid at position 146 near the carboxy terminus of the protein
are edited. If only the first base is edited the result will be a serine residue in place of the genomic coded proline.
Editing of the second base, regardless of editing at the first base, results in a codon for leucine.

Examination of the sequencing chromatographs revealed apparent differences in editing efficiencies (Table 1).
Efficiencies were similar for each base within a tissue. In general, editing efficiencies were reduced in microspores as
compared to immature ear. Notable exceptions to this generality are the less efficient editing of CMS-S microspores
transcripts as compared to N microspores for the base at position 200 and the first and second base of the double edited
codon near the carboxy terminus of the protein.
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Table 1. Editing of atp8 transcripts from microspore and immature ears. Editing efficiency was estimated as a

percentage by the relative height of C and T peaks observed on the sequencing chromatograms. Edited bases are
bolded and underlined.

cDNA Codon Amino Amino Estimated Estimated Estimated Estimated
bp Change Acid Acid Percent Ratio | Percent Ratio | Percent Ratio | Percent Ratio
Change | Position C > T Edits C>T Edits C > T Edits C> T Edits
Immature Immature Microspores Microspores
Ear Ear
N CMS-S N MS-S
58 CTC>TTC L>F 20 0 : 100 0 : 100 30 : 70 30 : 70
76 CTC>TTC L>F 25 55 : 45 55 : 45 90 : 10 90 : 10
123 CTC>CTT L>L 41 0 : 100 0 : 100 40 : 60 55 : 45
200 TCG > TTG S>L 67 0 : 100 0 : 100 0:100 15 : 85
436 CCA>TCA P>S 146 30: 70 30: 70 45 . 55 60 : 40
437 CCA > CTA P>L 146 0 : 100 0 : 100 5:95 20 : 80
436 & 437 | CCA>TTA P>L 146
| [ oF || oL ][ sL |
AN /
—
335bp 469 bp 461bp
orflil-a atp8

Figure 2. Map showing the maize N and CMS-S mitochondrial genome organization of the region containing the atp8
locus. Boxes above the atp8 gene show amino acid changes due to RNA editing: L, leucine; F, phenylalanine; S, serine; P,
proline.

Discussion:

The gametophytic mode of fertility restoration of maize CMS-S allows for unique opportunities to investigate nuclear-
mitochondrial interactions and mitochondrial biogenesis during male gametogenesis. Research to identify the
mitochondrial locus conferring the CMS-S phenotype has largely focused on the chimeric orf355/0rf77 locus (ZABALA et
al. 1997; WEN and CHASE 1999a; b; GALLAGHER et al. 2002; GABAY-LAUGHNAN et al. 2004; MATERA et al. 2011), but other loci,
including atp8, have been implicated.

Subunits of the ATP synthase complex and RNA editing have been shown to be the determining factors of some CMS
systems (HANSON and BENTOLILA 2004; KUBOA et al. 2011; HORN et al. 2014; HU et al. 2014). Sequences corresponding to
the atp8 gene are reported to be involved in conferring CMS to several plant species. The atp8 gene encodes a
proteolipid, integral membrane protein (DEVENISH et al. 2000) composing part of the F, component of the F1Fo-ATP
synthase (DEVENISH et al. 2000; MUELLER 2000; HEAZLEWOOD et al. 2003; SABAR et al. 2003). ATP8 is believed to be involved
in the assembly and the Fo component (MUELLER 2000). Devendish et al (2000) concluded that roles for ATP synthase
may, through conformational changes, include determining its activity. The importance of ATP8 to pollen function is
indicated by its high quantity in the mature pollen (Fig. 1). Failure to detect ATP8 protein in developmentally staged
microspores from non-restored Mo17-S shortly before pollen abortion would be consistent with an impaired ability to
assemble functional ATP synthase at this critical time in development. These results suggest a functional role for atp8 in
CMS-S.

The atp8 genomic sequences do not differ between normal and the CMS-S cytoplasms (CLIFTON et al. 2004; ALLEN et al.
2007). Post-transcriptional processing is a common feature of mitochondrial loci and has been investigated in CMS
systems as the mechanism for male fertility restoration by nuclear encoded Rf genes. This idea is consistent with the
finding that products of many of the cloned Rf genes are PPR proteins targeted for the mitochondria (HANSON and
BENTOLILA 2004; CHASE 2007). Overexpression in transgenic plants of an unedited transcripts including the atp8 gene has
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also been shown to induce male sterility with fertility being restored by RNAi-mediated silencing of the transgene

(CHAKRABORTY et al. 2015). We have begun our investigations on the possible contribution of ATP8 in conditioning CMS-S
induced pollen abortion by characterizing RNA editing in tissues unaffected by the cytoplasm and in uni-nucleate
microspores, the pollen developmental stage occurring just prior to observable effects by the cytoplasm. Results
showed that four of the six identified sites were fully edited in the immature ear tissue regardless of cytoplasm (Table 1).
Editing at base pairs 76 and 146 with an estimated less than 80% efficiency are considered partially edited sites (MOWER
and PALMER 2006). Since the edit at base pair 76 changes the codon but not hydrophobicity of the amino acids, this may
be a functionally insignificant edit. The edit at base pair 436, the first position in the codon, has two possible outcomes
depending on the edit at the second position in the codon. Since the second base is fully edited in immature ear tissue
the only outcome would appear to be an amino acid change from proline to leucine, which may be a common alteration
(Suzuki et al. 2013).

Interestingly editing efficiency of atp8 transcripts from microspores were generally reduced at all six positions (Table 1).
The edit to change the codon from hydrophilic serine to hydrophobic leucine was complete in normal microspores but
reduced to nearly meeting the criteria for a partial edit ((MOWER and PALMER 2006) in the CMS-S microspores, which
contrasts with full editing of transcripts from immature ear. Although editing efficiency was reduced in microspores
relative to immature ears for base pair 437 determining the proline to leucine amino acid change, it appeared to be
more reduced for CMS-S microspores. The significance of the differences in observed editing efficiencies is unclear with
the current data. The reduction in editing efficiency, particularly at base pairs 200 and 437 may be sufficient to result in
the differences in observed steady state levels of ATP8. They could also be artifacts of differences in RNA preparation of
two different tissue types. Differences in microspores may be due to the initiation of programming of pollen abortion.
Our future investigations will attempt to address this question by characterizing editing of CMS-S microspores obtained
from Mo17-S plants with the Rf3/Rf3 genotype.
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