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ABSTRACT Mitochondria execute key pathways of central metabolism and serve as cellular sensing and signaling
entities, functions that depend upon interactions between mitochondrial and nuclear genetic systems. This is
exemplified in cytoplasmic male sterility type S (CMS-S) of Zea mays, where novel mitochondrial open reading frames
are associated with a pollen collapse phenotype, but nuclear restorer-of-fertility (restorer) mutations rescue pollen
function. To better understand these genetic interactions, we screened Activator-Dissociation (AcDs),
Enhancer/Suppressor-mutator (En/Spm), and Mutator (Mu) transposon-active CMS-S stocks to recover new restorer
mutants. The frequency of restorer mutations increased in transposon-active stocks compared to transposon-
inactive stocks, but most mutants recovered from Ac-Ds and En/Spm stocks were unstable, reverting upon
backcrossing to CMS-S inbred lines. However, 10 independent restorer mutations recovered from CMS-S Mu
transposon stocks were stable upon backcrossing. Many restorer mutations condition seed-lethal phenotypes that
provide a convenient test for allelism. Eight such mutants recovered in this study included one pair of allelic
mutations that were also allelic to the previously described rfl2-1 mutant. Targeted analysis of mitochondrial
proteins by immunoblot identified two features that consistently distinguished restored CMS-S pollen from
comparably staged, normal-cytoplasm, nonmutant pollen: increased abundance of nuclear-encoded alternative
oxidase relative to mitochondria-encoded cytochrome oxidase and decreased abundance of mitochondria-encoded
ATP synthase subunit 1 compared to nuclear-encoded ATP synthase subunit 2. CMS-S restorer mutants thus revealed
a metabolic plasticity in maize pollen, and further study of these mutants will provide new insights into mitochondrial
functions that are critical to pollen and seed development.

KEYWORDS

cytoplasmic male

sterility pollen

seed gametophyte

mitochondria

Mitochondria are the cellular site of the tricarboxylic acid cycle, pathways of central metabolism (Schertl and Braun 2014). These
respiratory electron transfer, and ATP synthesis, which are all critical ~organelles are also an important source of biosynthetic intermediates

and
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1972), and male sterility can be manifested in a variety of
phenotypes, including homeotic changes in floral organ identity,
abortion of pollen producing organs, or abortion of the developing
pollen itself (Carlsson et al. 2008; Linke and Borner 2006). These
diverse phenotypes are conditioned by different CMS genes that are
typically comprised of segments derived from mitochondrial gene
coding and flanking sequences (Hanson and Bentolila 2004) spliced
together by highly active plant mitochondrial genome recombination
processes (Davila et al. 2011; Gualberto et al. 2014; Maréchal and
Brisson 2010). CMS can be reversed or suppressed by system-
specific nuclear restorer genes (Chase 2007; Chen and Liu 2014).
Many restorers encode members of the pentatricopeptide repeat
(PPR) protein family. This is a highly expanded gene family in
plants, with over 400 members in Arabidopsis (Lurin et al. 2004).
Almost all are targeted to plastids or mitochondria, where they
function as site-specific RNA binding proteins that mediate key
organelle gene expression processes of transcription, processing,
splicing, editing, or translation (Barkan and Small 2014; Manna
2015). Restorers and restorer-like PPR proteins comprise a separate
clade from other mitochondria-targeted PPRs. Moreover, genes
encoding PPRs that fall into this clade are often found in clusters of
duplicated genes that have undergone rapid evolution and
diversifying selection. PPR-encoding restorer genes are therefore
considered to be the result of adaptive evolution for the silencing of
specific mitochondrial CMS genes (Dahan and Mireau 2013; Fujii et
al. 2011; Gaborieau et al. 2016; Melonek et al. 2016).

CMS-S maize offers a different paradigm for fertility restoration
comparedtothosedescribedabove.InthisgametophyticsystemofCMS
andfertilityrestoration,themolecularandcellulareventsthatdetermine
pollen fertility occur in the developing haploid male gametophyte. In
S cytoplasm, pollen containing a nuclear restorer allele will function,
whereas pollen without a restoring allele will collapse (Buchert
1961). While there are native restorers for S-cytoplasm maize, Rf3
(Buchert 1961) and Rf9 (Gabay-Laughnan et al. 2009), CMS-S
maize is the only system where restorers are reported to arise in real
time through genetic mutation (Gabay-Laughnan et al. 1995;
Laughnan and Gabay 1973, 1978). These are observed as fertile
tassel sectors or entirely fertile tassels on CMS-S maize plants, and
are recovered by crosses with the pollen from these sectors. While
each new restorer rescues CMS-S pollen function, many also
condition a homozygous-lethal phenotype with respect to seed
development (Laughnan and Gabay 1978). These restorer-of-fertility
lethal (rfl) mutations include recessive, loss-of-function mutations
(Wen et al. 2003) that are hypothesized to disrupt the expression of
CMS-S in pollen at the expense of mitochondrial functions essential
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cellular signaling molecules (Jacoby et al. 2012; Schwarzlander and
Finkemeier 2013). Mitochondrial processes depend upon the
coordinated function of the mitochondrial and nuclear genomes

;.(Colas des Francs-Small and Small 2014), with over 2000 nuclear

genes encoding proteins that are translated in the cytosol and
imported into the mitochondria (Emanuelsson et al. 2000).

CMS systems establish a link between mitochondrial function
and pollen development, and also exemplify interactions between
nuclear and mitochondrial genetic systems. CMS is a mitochondria-
encoded failure to produce or release functional pollen (Horn et al.
2014). This is a common type of mutation in the angiosperms (Laser
and Lersten
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to seed development. Consistent with this hypothesis, the
spontaneous  rfll-1  allele cosegregates with loss of
mitochondriaencoded ATP synthase subunit 1 (ATP1) (Wen et al.
2003). The rfl seed phenotypes provide a convenient means of testing
allelism between independent rfl mutants. The collection of
spontaneous rfl mutants currently includes 41 nonallelic mutants (S.
Gabay-Laughnan, unpublished data). Restorer-of-fertility viable
(rfv) mutations that do not condition seed lethality have also been
recovered (Laughnan and Gabay 1978). The rfl and rfv mutants
contrast to the native restorers, which have genetic features consistent
with adaptive evolution for the silencing of CMS-S. Rf3 is a
dominant (gain-of-function) allele (Kamps et al. 1996) that is present
in Mexican landraces and in the teosinte progenitor of modern maize
(Gabay-Laughnan et al. 2004). Moreover, the rf3 locus maps to a
cluster of related PPR protein genes (Xu et al. 2009).

The loss-of-function nature of the 1fl (and possibly rfv) mutants
indicates that such mutants could be induced by transposon
mutagenesis. Transposon-induced mutants would facilitate gene
cloning and identification by transposon-tagging strategies (Brutnell
2002; Walbot 2000). The maize Ac-Ds (Lazarow et al. 2013),
En/Spm (Cone et al. 1986; O’Reilly et al. 1985), and Mu (McCarty
et al. 2013; WilliamsCarrier et al. 2010) elements have all been used
to generate novel mutants and to subsequently clone the tagged
genes. Here, we exploited the features of CMS-S along with maize
transposable element tools to generate and further characterize a
collection of these unusual fertility restorer alleles.

MATERIALS AND METHODS

Genetic materials and nomenclature

The maize stocks used in this work are summarized in Table 1. In
genetic
(http://www.maizegdb.org/nomenclature, accessed 8 May, 2017),
loci are indicated in lowercase italics (e.g., the rf3 locus). Alleles at
a locus are also indicated in italics, with the first letter capitalized for
dominant alleles (e.g., the Rf3 allele). We adopted the symbol rfl for
homozygous-lethal restorers (Wen et al. 2003). Homozygous-viable
restorers that arise via mutation are designated rfv, although the
dominant or recessive nature of these alleles cannot be known for
certain without functional tests performed in diploid pollen (Kamps
et al. 1996). The symbol and a laboratory number that indicates the
year of isolation and the field row number identify restorer alleles

maize nomenclature

that have yet to be mapped or tested for allelism with those already
mapped. Plant mitochondrial genes are also indicated in lowercase
italics (e.g., the atpl gene). The corresponding protein product is
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indicated in uppercase without italics (e.g., the ATP1 protein). The
normal cytoplasm of maize, which does not induce pollen sterility, is
designated N. The S male sterility-inducing cytoplasm is designated
CMS-S or, briefly, S. Since there have been numerous independent
recoveries of S-type cytoplasms, subgroups or subtypes of CMS-S
have been given unique letter designations [Beckett 1971; Sisco et
al. 1985; reviewed in Gabay-Laughnan et al. (1995)]. The subtypes
of CMS-S used in this study were S, ML, R, and VG.

Mutant screens
Mutant screens of CMS-S Ac-Ds and CMS-S En/Spm stocks for new
restorer mutants were conducted at the University of Illinois research
farm in Urbana-Champaign, IL. For mutant screen 1, we developed
Mol7 Ac-Ds transposon-active stocks in both N and CMS-S
cytoplasms, as outlined in Supplemental Material, Figure S1 in File
S1. CMS-S Mol7 exhibits a very low rate of spontaneous reversion
to pollen fertility (Gabay-Laughnan and Chase 2000). We therefore
expected a low rate of background, spontaneous restorer mutations
in the Mo17-converted transposon stocks. We screened 1241 CMS-
S Ac-Ds-carrying plants for new restorer mutants. For mutant screen
2, En/Spm stocks were developed in S and N cytoplasms, as outlined
in Figure S2 in File S1. We searched 1433 CMS-S plants (an
estimated 1239 carrying En/Spm) for restorer mutants. In both of
these screens, CMS-S seeds carrying active transposons were not
bulked but were instead planted one ear per row. This allowed for the
identification of possible ear sectors, i.e., multiple kernels carrying
the same mutation. In our screens, the plants are male-sterile and the
desired mutants are male-fertile. Plants were screened daily at
maturity to identify plants with fully fertile tassels or those with
sectors of pollen fertility. Plants carrying putative restoring alleles
were crossed as pollen parents onto ears of CMS-S pollen-sterile
testers to confirm and recover any pollentransmissible nuclear
mutations that restored male fertility in the presence of CMS-S.
Mutant screens of CMS-S Mu transposon-active stocks were
conducted at the University of Florida Plant Science Research Unit
located in Citra, FL. A color-converted B73 (ccB73) UniformMu
resource was

Table 1 Genetic materials
Cytoplasm Nucleus?®
Stock
N-H109 Nb H109
N-ccB73 Mu-on¢ N ccCB73 Mu-on
N-Mo17 N Mo1l7
S-Mo17 CMS-S Mo17
S-Mo17/B73 CMS-S Mo17/B73¢
S-Mo17 Rf3-CE1 CMS-S Rf3-CE1¢/rf3-Mo17
N-Oh545 N Oh545
VG-W23 CMS-Sf w23
ML-W64A CMmS-Sf W64A
al-ml N al-ml:l¢sh2 En(Spm)/alSh2_"
al-m4 N al-mé4::Ds'Sh2/al-s Sh2; Ac/

N, normal cytoplasm; CMS-S, cytoplasmic male sterility type S.
a
Nuclear genotypes do not carry restorers for CMS-S unless indicated.
b
Normal cytoplasm that does not induce pollen sterility.
C
Color-converted, transposon Mu-active derivative of the B73 inbred line. d
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Mo17-B73 hybrid nucleus. e

Rf3-CE1 was backcrossed to Mo17 for 17 generations. f

VG and ML are subgroups of CMS-S.
g

Nonautonomous element transposes in response to the autonomous En(Spm).
h

No En(Spm) present.
|

Nonautonomous element transposes in response to the autonomous Ac. j

No Ac present.

developed, originally for the recovery of seed development mutants,
as outlined in Figure S3A in File S1. We subsequently investigated
this resource as a source of Mu transposon-induced rfl mutants, as
outlined in Figure S3B in File S1. The ccB73 version of UniformMu
was selected for this screen because the B73 inbred line is known to
maintain CMS-S pollen sterility. To confirm maintenance of pollen
sterility in the ccB73 UniformMu background, CMS-S Mol7 was
pollinated with ccB73 UniformMu, Mu-active plants grown from
two ears that were not segregating seed mutants. Thirty progeny from
each of the two resulting families were grown and examined for
pollen fertility. The largely pollen-sterile families confirmed that
fertility restorers were not uniformly present in the ccB73
UniformMu background. We subsequently grew plump kernels from
22 N-cytoplasm ccB73 UniformMu, Muinactive ears segregating for
independent, seed-lethal mutants and crossed the resulting plants
with pollen-sterile CMS-S Mo17/B73 hybrid plants. In mutant screen
3, 22 progeny families of 15 plants each (one family tracing back to
each of the 22 ccB73 UniformMu ears) were grown and screened for
pollen fertility. Pollen-shedding plants were backcrossed as pollen
parents onto ears of CMS-S Mo17/B73 hybrid plants to confirm and
recover any pollen-transmissible nuclear mutations that restored
pollen fertility in the presence of CMS-S.

Mutant classification

CMS-S plants heterozygous for new restorer mutants were self- or
sibpollinated to test for homozygous viability vs. homozygous
lethality of the new restorer allele. Restorers were assigned to the rfl
class if the resulting ears segregated 1:1 for aborted and normal seeds
counted on the ear. The 1:1 segregation is diagnostic because, in S
cytoplasm, only the pollen carrying a restoring allele (here an rfl
mutant) will function. Pollen carrying the nonrestoring allele is
collapsed (Buchert 1961). New restorers were designated rfv if self-
or sib-ears had full, normal seed sets. In a few cases, classifications
were in question because of poor seed sets (possibly due to rfl
mutants conditioning semisterile seed set lethality) or the segregation
of, 50% aborted kernels (possibly due to a seed-lethal mutant loosely
linked to a restorer mutant). In each of these cases, the rfv assignment
was ruled out based upon the absence of plants homozygous for
fertility restoration when seeds from self- or sib-progeny ears were
grown. Homozygosity and heterozygosity were determined based
upon microscopic examination of pollen, as described by Gabay
Laughnan et al. (2009) or by Kamps et al. (1996). Homozygous
restored plants have pollen fertility approaching 100%, whereas
heterozygous restored plants produce 50% collapsed pollen. Given
CMS-S parent plants heterozygous for an rfv allele (i.e., rfv/Rfv),
self- or sib-progenies are expected to segregate 1:1 for rfv/Rfv
heterozygous:rfv/rfv homozygous restored genotypes.
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Tests of allelism
Theseed-lethaltraitwasusedasthebasisfortestsofallelismamongstable,
independent rfl mutants that conditioned obvious lethal-kernel
phenotypes. Crosses between CMS-S plants heterozygous for rfl and
anonrestoring allele are predicted to produce ears segregating 1:1 for
aborted and normal seeds if the two mutants are alleles of the same
gene, and ears with a full set of normal kernels if the two mutants
affect different genes.

Placement of restorer alleles on chromosomes

The waxy1 (wx1)-marked reciprocal translocation series was used to
test restorer alleles recoveredin screens 1 and 2 for linkage with the
long arm of chromosome 2 (2L), the known location of Rf3
(Laughnan and Gabay 1978), rfl1 (formerly RfIII), and rfl2 (formerly
RfVI) (Gabay-Laughnan et al. 1995). The translocation series was
obtained from the Maize Genetics Cooperation Stock Center,
Urbana, IL. The translocation lines employed in our studies do not
carry restorer alleles for S cytoplasm. The use of wxlmarked
reciprocal translocations to ascertain the chromosome location of
restorer alleles was previously described (Laughnan and Gabay-
Laughnan 1994). Briefly, CMS-S plants carrying an unplaced
restorer allele are crossed with nonrestoring pollen from plants
carrying a wxl-marked translocation. CMS-S plants heterozygous
for a restorer exhibit 50% aborted pollen grains due to gametophytic
fertility restoration (Buchert 1961). Maize plants heterozygous for a
reciprocal translocation also exhibit 50% pollen abortion (Patterson
1994). CMS-S plants heterozygous for both a restorer allele and a
reciprocal translocation exhibit 75% aborted pollen. These are the
plants of interest that were crossed as pollen parents onto wx1/wx1
tester plants. The proportion of waxy kernels on the resulting ear is a
function of the recombination between the restorer and wx1.

Immunoblotting of pollen proteins

Pollen was recovered from CMS-S plants heterozygous for restoring
and nonrestoring alleles, and the starch-filled, restored pollen was
physically separated from the collapsed, nonrestored pollen by
sucrose density gradient centrifugation, as described by Wen and
Chase (1999). Starch-filled, restored pollen pellets descend through
70% sucrose, whereas the nonrestored pollen, which collapses prior
to appreciable starch accumulation, floats. For this reason, the
restored and nonrestored pollen samples reflect distinctly different
stages and programs of pollen development, and do not constitute

294 | S. Gabay-Laughnan et al.

Figure 1 Tassel sectors of pollen
fertility leading to the recovery of
new restorer alleles. Pictures of
pollen-fertile tassel sectors on
cytoplasmic male sterility type S
maize plants were taken during
screen 1. Pollen from these sectors
led to the recovery of (A) rfv-99-
1139, (B) rfv-99-1181, and (C) rfv-
99-23.

developmentally comparable samples. Pollen recovered from N-
cytoplasm Mo17 tassels was also pelleted through 70% sucrose to
recover comparable developmental stages of control pollen for
molecular comparisons, although it must be noted that these controls
contain a genetically distinct cytoplasm. Pollen pellets of 0.25 g were
frozen and stored at 280 until protein extraction. Total detergent-
soluble proteins were extracted from frozen pollen pellets,
fractionated by denaturing gel electrophoresis, transferred to
nitrocellulose, immunodetected, and imaged as described in File S1.
The primary antibodies used in this work are described in Table S1
in File S1.

Data availability

The ccB73 UniformMu stock and stocks carrying the stably inherited
rfv and rfl alleles are available by request to the corresponding author.
File S1 contains all supplemental materials, including the detailed
methods used to create our mutant screening populations (Figures
S1-S3 in File S1), a detailed description of the antibodies used for
immunoblotting (Table S1 in File S1), replication data for
immunoblotting experiments (Figures S4 and S5 in File S1), seed
abortion frequency data (Tables S2 and S3 in File S1), and
recombination data for chromosome 2-linked restorer genes (Table
S4 in File S1).

RESULTS

Restorer mutations isolated from Ac-Ds and En/Spm transposon-
active backgrounds

Mutation frequency: In the screen of 1241 progeny plants carrying
AcDs (mutant screen 1), 12 plants with tassel fertility were identified
and crossed as pollen parents onto CMS-S male-sterile tester plants.
This represented a rate of mutation of just under 1%. Although tassel
sectors were small (Figure 1), 10 of these crosses were successful and
the progeny were analyzed for pollen fertility. Three of the new
mutants shed little pollen, while seven had good to excellent pollen
shed. Eight mutants were successfully crossed onto the CMS-S
W64A and/or CMS-S Mol7 inbred nuclear backgrounds for
continued analysis. In the screen of 1239 En/Spm plants (mutant
screen 2), 27 plants with tassel fertility were identified and crossed
as pollen parents onto CMS-S tester plants. These crosses produced
22 families that were grown and examined for pollen fertility. Of
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these, two did not show any evidence of fertility restoration, seven
shed only small amounts of pollen, and the remaining 13 had fair to
good pollen shed. The latter 13 restorers were crossed into the CMS-
S W64A and/or CMS-S Mol7 inbred nuclear backgrounds for
continued analysis. Thus, just over 1% of the putative En/Spm-
induced mutations represented alleles producing adequate
restoration. The eight screen 1 and 13 screen 2 restorer mutants that
were successfully carried forward into CMS-S W64A or CMS-S
Mo17 are listed in Table 2.

Mutant classification: The new restorer alleles were analyzed for
viability of the homozygote on the basis of seed set on ears produced
by self- or sib-crosses of CMS-S plants heterozygous for a new
restorer allele. Four of the eight screen 1 restorers were homozygous
viable (rfv); the self- or sib-crosses produced ears with full seed set.
Three were homozygous lethal (rfl), with the self- or sib-crosses
producing ears segregating 50% aborted or missing kernels, and one
could not be classified with certainty. Ten of the 13 screen 2 restorers
were rfv mutants and three were rfl mutants. Screens 1 and 2 therefore
predominantly produced mutants of the rfv class.

Mapping and tests of allelism: The wxl-marked reciprocal
translocation series was used to test each of the new restorer alleles
for linkage with chromosome 2L, the known location of three
different restorer loci: rf3, rfll (formerly RfIIl), and rfl2 (formerly
RfVI). This strategy located rfv-99-1181, rfl-00-3379, and rfl-99-114
on this chromosome arm. The clear mutant kernel phenotypes
associated with rfl2-1 and rfl-99-114 provided the basis for a positive
test of allelism between these chromosome 2L-linked mutants
(Figure 2, A—C). Crossing the two mutants produced ears segregating
50% mutant and 50% normal kernels, as observed for ears produced
by self- or sib-crosses of each mutant (Tables S2 and S3 in File S1).
The two mutants were therefore allelic, and the rfl-99-114 mutant
was renamed rfl2-99-114.

In the absence of a seed phenotype, the genetic relationship
between the two fertility-restoring alleles Rf3 and rfv-99-1181 was
examined by determining the genetic distance between these two loci
on chromosome 2L. CMS-S plants having Rf3 and Rfv-99-1181 on
one chromosome, with rf3 and rfv-99-1181 on the homologous
chromosome (heterozygous for each of the two restorer alleles Rf3
and rfv-991181), were pollinated with an N-cytoplasm nonrestoring
plant. The resulting progeny were grown, and the frequency of
pollen-sterile progeny was determined. Pollen-sterile progeny are the
CMS-S rf3-Rfv-991181 recombinant class, and the frequency of
these recombinants represents half of the recombination distance
between the two restorers. The CMS-S Rf3-rfv-99-1181, double
restorer recombinant class cannot be phenotypically distinguished
from the nonrecombinant progeny that carry a single restoring allele.
Four pollen-sterile recombinants recovered from 488 progeny
demonstrated 1.6 cM separation between these loci on chromosome
2L. This strategy also demonstrated recombination distances of 19.8
cM between Rf3 and rfl1-1, 21.4 ¢cM between Rf3 and rfl2-1, and 2.2
cM between rfll-1 and rfl2-99-114, defining two clusters of restorers
separated by 20 cM on chromosome 2L (Table S4 in File S1). Other
screen 1 and screen 2 restorers not linked to chromosome 2L remain
unmapped.
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Genetic instability of restorers arising in transposon-active lines: Of
the 21 restorer mutations carried forward from screens 1 and 2, 15
were genetically unstable (Table 2). Male-sterile progeny plants were
recovered at frequencies of 57-100% after crossing CMS-S plants
carrying these restorer alleles as pollen parents (Table 3). This was
unexpected

Table 2 Restorer mutants recovered from Ac/Ds and En(Spm) transposon-

Stable Restoration in

Allele Transposon Source Mo17-S2
rfv-99-23 al-m4 (Ac/Ds) —
rfv-99-50 al-m4 (Ac/Ds) —
rfl-99-78 al-m4 (Ac/Ds) —
rfl-99-114 (rfl2-99-114) al-m4 (Ac/Ds) +
rfv-99-1139 al-m4 (Ac/Ds) —
rfl-99-1151-9 al-m4 (Ac/Ds) —
rf?°-99-1157 al-m4 (Ac/Ds) -
rfv-99-1181 al-m4 (Ac/Ds)
rfv-00-3305 al-m1(En/Spm)
rfv-00-3333 al-m1(En/Spm) —
rfv-00-3336 al-m1(En/Spm) +
rfv-00-3337-6 al-m1(En/Spm) -
rfv-00-3337-8 al-m1(En/Spm) -
rfv-00-3356 al-m1(En/Spm) 6
rfv-00-3362 al-m1(En/Spm) 6
rfv-00-3364-2 al-m1(En/Spm) -
rfv-00-3364-9 al-m1(En/Spm) 6
rfv-00-3365 al-m1(En/Spm) -
rfl-00-3376 al-m1(En/Spm) 6
rfl-00-3379 al-m1(En/Spm) +
rfl-00-9050 al-m1(En/Spm) +

active, CMS-S maize stocks a

Progeny after one or two backcrosses of restored pollen onto a Mo17-S seed parent
were: all pollen sterile (2); segregating predominantly pollen-sterile plants (6); or
segregating predominantly pollen-fertile plants (+). b

? indicates that the effect of the allele on seed phenotype could not be ascertained

with certainty.

because in S cytoplasm, pollen function requires the presence of a
restoring allele that should be transmitted to all progeny. Crosses
were performed with eight independent screen 2 mutants to
determine whether this genetic instability was the result of
suppressible mutations that depend upon the presence of an
autonomous transposable element for the mutant phenotype to be
expressed (Table 3). Male-sterile progeny were recovered regardless
of the presence or absence of autonomous Spm in the CMS-S seed
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parent. Moreover, once fertility restoration was lost, the introduction
of autonomous Spm through a normal-cytoplasm pollen parent did
not effectively reestablish fertility restoration (Table 3). The genetic
instability of these restoring alleles made further genetic and
phenotypic studies of these mutants largely unfeasible, and prompted
additional mutant screens.

Restorer mutations recovered from Mu transposonactive
backgrounds

Mutation frequency: In screen 3, a ccB73 UniformMu transposon
resource, initially developed to screen for mutant kernel phenotypes,
was exploredasasourceofCMS-
Sfertilityrestorers.Initially,ccB73UniformMu
plantsweretestedtoensurethatarestoreralleleforCMS-
Swasnotuniformly present in this background. CMS-SMol7 plants
were pollinated withccB73 UniformMu Mu-active plants. When two
families of 30 progeny each were examined for pollen fertility, each
family included 29 pollen-sterile and one pollen-fertile plant. The
predominantly pollen-sterile progeny indicated that fertility restorers
were not uniformly present in the ccB73 UniformMu genetic
background. The two exceptional pollen-fertile progeny plants were
successfully crossed as pollen parents onto CMS-S Mo17 ears. The
resulting progeny were pollen-fertile and were carried forward as
new restorer mutants 1fl-04-229 and rfl-04-230.

Mutant screen 3 subsequently utilized the ccB73 UniformMu
material as a source of additional restorer mutants by exploiting the
observation that restoration of male fertility is often associated with
seed lethality. Twenty-two ccB73 UniformMu ears segregating for
seed lethality were screened for the presence of rfl alleles. Plump,
stable bronze-pigmented (Mu-inactive) kernels were grown from
these ears, and the resulting plants were crossed as pollen parents
onto pollensterileCMS-SMo017/B73 hybrid plants.Eight of the
resulting22families included individuals that shed functional pollen.
When these individuals were crossed as pollen parents to CMS-S
Mo17/B73 pollen-sterile plants, progeny producing functional pollen
were recovered in each case. Including the two mutants recovered
from our first crosses between CMS-S Mo17 and ccB73 UniformMu,
screen 3 yielded 10 independent restorer mutants (Table 4).

Mutant of CMS-S plants
heterozygous for each of the screen 3 mutants demonstrated that
seven were rfl mutants. With one exception, the self-pollinated ears
segregated 50% mutant kernels (Table S2 in File S1). The mutant
kernels on these ears generally demonstrated a gradation of
phenotypes ranging from empty pericarp (emp) to defective kernel
(dek), with some vestiges of endosperm and embryo (Figure 3). For
one mutant (1fl-06-85), the selfpollinated ears were well set, but
routinely segregated only 15%, rather than the expected 50%, lethal
kernels. However, examination of pollen samples from 10 viable
progeny revealed no plants that were homozygous for fertility
restoration. In the absence of selection against the restoring allele on
the maternal side, this class should comprise 50% of the progeny
from a CMS-S rfv/Rfvself- or sib-pollination. The rfl designation was
therefore retained for this mutant. Three of the 10 independent
restorer mutants isolated from screen 3 were rfv mutants, as
demonstrated by the full seed set on self-pollinated ears (data not
shown).

classification:  Self-pollinations

296 | S. Gabay-Laughnan et al.

Mapping and allelism: Seed-lethal phenotypes were exploited for
tests of allelism among the seven rfl mutants recovered from screen
3. The rfl2-1 and rfl2-99-114 alleles were also included in this effort
(Table 5). Pairwise crossing among all of the mutants provided
genetic evidence that most were nonallelic. Complementation of
nonallelic mutants was demonstrated by the full seed set on the
progeny ears. The example of a cross between mutants rfl-04-229 and
rfl-04-230 is shown in Figure 2, D-F. The only new positive allelism
tests were those between rfl2-1 and rfl-06-78, and between rfl2-99-
114 and rfl-06-78, renamed rfl2-06-78 (Figure 2, G-I and Table S3
in File S1). The seven rfl mutants recovered from the screen of 24
ccB73 UniformMu families therefore defined six new rfl loci.

Molecular features of restored pollen

We hypothesize that the rfl mutants restore pollen fertility to CMS-S
pollen by disrupting mitochondrial functions that are not essential to
pollen function, but that are required for seed development. This
hypothesis was investigated by targeted immunoblotting of
mitochondrial respiratory proteins in restored CMS-S pollen, as
compared to N-cytoplasm pollen without restorer alleles, to
determine whether distinctive mitochondrial protein phenotypes
accompanied fertility restoration by rfl or rfv mutants. Sucrose
density gradient centrifugation was used to separate nonrestored
CMS-S pollen, collapsed at the early bicellular stage, from starch-
filled restored pollen at the late bicellular stage. Collapsed and
restored CMS-S pollen were not developmentally comparable
samples. Starch-filled, N-cytoplasm pollen without restorers was
prepared for comparison to the restored CMS-S pollen, although
different mitochondrial genotypes complicated these comparisons.
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Two mitochondrial protein features distinguished the restored
CMS-S pollenfromcomparablystagedN-

Mutant 2

Mutant 1

cytoplasmpollenwithoutrestorers(Figure 4 and Figure 5). First, the
abundance of nuclear-encoded, mitochondrial alternative oxidase
(AOX) was increased relative to that of the mitochondria-
encodedcytochromeoxidasesubunitll(COXII)intherestoredCMS-S
samples. Second, the abundance of mitochondria-encoded ATP1 was
decreased relative to that of the nuclear-encoded ATP synthase
subunit 2 (ATP2) in the restored CMS-S samples. These features
were observed in both rfl- and rfv-restored pollen and were confirmed
in a set of biological replicate samples (Figures S4 and S5 in File S1).
Additionally, while the abundance of nuclear-encoded ATP2 was
consistent among the N-cytoplasm and restored CMS-S pollen
samples, reduced accumulation of mitochondriaencoded ATP6
and/or ATP9 was observed in several restored CMS-S pollen
genotypes. This feature was observed for each of the rfl restorers
examined, but was inconsistent between the rfl2-06-78 replicates
(Figure 5 and Figure S5 in File S1). Among the homozygous-viable
restorers, this effect was seen in CMS-S pollen restored by Rf3 or
rfv1-1. In the latter case, the restored pollen accumulated only one-
eighth of the ATP6 and ATP9 observed in the Mo17 N-cytoplasm
pollen (Figure 4 and Figure S4 in File S1).

-=:G3:Genes | Genomes | Genetics

DISCUSSION

Mutant screens for cloning restorer genes in maize
Pl'ogeny Figure 2 Tests of allelism among rfl
mutants. (A-C) A positive test of
allelism based on the homozygous-
lethal kernel phenotypes of (A)
rfl2-1 and (B) rfl99-114, which
when crossed (C), failed to
complement and restore normal
seed set. (D—F) A negative test of
allelism based on the homozygous-
lethal kernel phenotypes of (D) rfl-
04230 and (E) rfl-04-229, which
when crossed (F), complemented
to restore full seed set. (G-I) A
positive test of allelism based on
the homozygous-lethal kernel
phenotypes of (G) rfl2-99-114 and
(H) rfl-06-78, which when crossed
(), failed to complement and
restore normal seed set.

CMS-S maize presents a unique opportunity to screen for
transposoninducedloss-of-
functionrestorerstofacilitatecloningbytransposontagging.

This strategy differs from the conventional, targeted screening for
loss-offunction mutants in a specific, dominant restorer gene. In
contrast to the screen for a tagged Rf2 allele conducted by Schnable
and Wise (1994), in which populations of male-fertile maize plants
were screened for malesterile exceptions, we looked among
populations of male-sterile plants for exceptional male fertility. One
male-fertile plant in a field of male-sterile plantsis muchmore
easilyobservedthan asingle male-sterile plant ina field of male-fertile
plants. Schnable and Wise (1994) detasseled the male-fertile plants
to facilitate the identification of male-sterile exceptions. This
laborintensive approach was unnecessary in our system.
Furthermore, the targeted transposon mutagenesis of a dominant
restorer results in pollen sterility. By necessity, the mutation must be
recovered through the female gamete, so the insertion event must
occur early enough in plant development to be recovered through the
ear. In our screen, restorers were successfully recovered from small
pollen sectors. Finally, the untargeted strategy allowed by CMS-S
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resulted in the recovery of multiple independent restorer alleles in
screens of 1000 plants, in contrast to the screening of several
thousand plants required in a targeted screen.

Genetic instability of restorer alleles

Although screens of CMS-S Ac-Ds and En/Spm populations initially

recovered novel restorers at the rate of 1%, the majority of restorers
Table 3 Effects of autonomous Spm on the unstable restorer

Pollen-Fertile Progeny/Total Progeny

Cross 1
Allele CMz;SIfrf Cross 2 Cross 3 Cross 4
~MS-S Spm CMS-S  CMS-S rf -off
[Family] X X X
CMS-Srf  CMS-S rf N Spm

alleles
rfv-00-3337-6 [1] 3/12 1/13 0/13 0/14
rfv-00-3337-6 [2] 1/13 1/12 4/13 2/14
rfv-00-3337-6 [3] 0/11 4/12 2/14
rfv-00-3337-6 [4] 6/13 2/13
rfv-00-3337-8 [1] 10/14 7/13 2/8 0/11
rfv-00-3337-8 [2] 3/11 0/12 0/10 1/12
rfv-00-3337-8 [3] 1/12
rfv-00-3356 [1] 6/11 0/9 2/12 0/11
rfv-00-3356 [2] 5/12 2/11 0/13
rfv-00-3356 [3] 8/11 3/13
rfv-00-3362 [1] 6/12 6/14 3/12 1/12
rfv-00-3362 [2] 9/12 2/11 4/12 3/13
rfv-00-3362 [3] 11/14 2/11 2/13
rfv-00-3362 [4] 7/9
rfv-00-3364 [1] 9/11 3/13 2/14 0/13
rfv-00-3364 [2] 5/13 3/15 1/13 2/13
rfv-00-3364 [3] 0/13
rfl-00-3376 [1] 5/14 0/12 1/12 0/13
rfl-00-3376 [2] 5/11 1/11 2/10 1/14
rfl-00-3376 [3] 10/12

CMS-S, cytoplasmic male sterility type S.

recovered in these screens were unstable. An exception was the rfl2-
99114 mutant discussed below. One possible explanation for mutant
instability is the recovery of suppressible, transposon-insertion
mutations, in which an insertion only conditions an altered phenotype
in the presence of an autonomous element of the same transposable
element family (Barkan and Martienssen 1991; Grant et al. 1990).
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However, the introduction of autonomous Spm into eight unstable
screen 2 restorer mutant stocks did not restore fertility. An alternative
explanation for restorer mutation instability might be that many of
the screen 1 and screen 2 loss-of-function restoring alleles arose
through epigenetic silencing events that did not persist for multiple
generations. Regardless of the cause, the instability of most screen 1
and screen 2 mutants made further genetic and molecular
characterization impractical. This, along with the use of Mu
transposons for the cloning of numerous maize genes (McCarty et al.
2013; Williams-Carrier et al. 2010), led us to develop and
subsequently focus on the mutants from screen 3. These mutants
proved to be much more stable, possibly because the development of
ccB73 included selection against epigenetic instability, as observed
in the anthocyanin pathway.

Restorer mutants recovered from Mu transposonactive lineages
W22 UniformMu is a powerful maize genetic resource for forward
(Hunter et al. 2014) and reverse (McCarty et al. 2013) genetic
screens. Here, a parallel resource was established in the ccB73
background. B73 is known to maintain rather than restore pollen
fertility in S cytoplasm, hence ccB73 UniformMu was also a
promising source of new rfl mutants. In screen 3, ccB73 UniformMu
families segregating lethal-kernel mutants were selected for
subsequent rfl mutant screening. For this reason, the frequency of
mutants recovered in screen 3 cannot be compared to the frequencies
observed in screens 1 and 2. Nevertheless, the screen 3 strategy was
highly efficient. First, the preliminary screen of two CMS-S Mol7 -
ccB73 UniformMu (Mu-active) progenies, performed

Table 4 Restorer mutants recovered following pollination of
CMS-S plants with ccB73 UniformMu

Allele? Stable Restoration in CMS-S Mo17/B73
rfl-04-229 + rfl-04-230 + rfl-06-73-11

+rfl-06-76 +  rfl-06-78  (rfl2-06-78)

+ rfl-06-81 + rfl-06-85 + rfv-06-86+ rfv-
06-88 + rfv-06-89+

Progeny after one or two backcrosses of restored pollen onto a CMS-S Mo17/ B73
hybrid seed parent were: all pollen sterile (2); segregating predominantly pollen
sterile plants (6); or segregating predominantly pollen-fertile plants (+). a
Pollen parents were grown from plump, stable bronze-colored kernels on ccB73
UniformMu ears segregating for mutant kernels.

to test whether CMS-S restorers were uniformly present in the ccB73
UniformMu background, recovered two new nonallelic restorers:
rfl04-229 and rfl-04-230. Subsequently, crosses of plants from 22
ccB73 UniformMu (Mu-inactive) families segregating for lethal-
kernel mutants yielded three independent rfv mutants and five
nonallelic rfl mutants. We did not investigate whether the rfl mutants
recovered were allelic to the

original lethal-kernel mutants segregating on the ears sourced for
screen 3. Nevertheless,throughtherecovery oftwo rflmutantsfromthe
preliminary test for restorer activity and the recovery of rfv mutants
from the subsequent screen, we see that prior selection of lethal-
kernel mutants is not essential for the recovery of new restorer
mutants from the ccB73 UniformMu resource.
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Mapping and allelism of new restorers

Our study uncovered additional restorer mutants mapping to
chromosome 2L, where the native Rf3 (Kamps and Chase 1997;
Laughnan and Gabay 1978; Xu et al. 2009), spontaneous rfll-1
(formerly RfIII) (Gabay-Laughnan et al. 1995; Wen et al. 2003), and
spontaneous rfl2-1 (formerly RfVI) (Gabay-Laughnan et al. 1995)
are located. Recombination distances between Rf3 and rfv-99-1181,

Rf3 and rfll-1, Rf3 and rfl2-1, and rfll-1 and rfl2-99-114
demonstrated two clusters of restorer gene loci an estimated 20 cM
apart on 2L: one including the rf3 and rfv-99-1181 loci and a second
that included the rfl1 and rfl2 genes.
Theobviouslethal-kernelphenotypesassociatedwithmanyoftherfl

mutants provided a convenient means to test for allelic mutations.
Pairwise crosses among nine such mutants, eight recovered in our
screens and the spontaneous rfl2-1, demonstrated that rfl-99-114
(now rfl2-99-114) and rfl06-78 (now rfl2-06-78) were allelic to each
other and also to rfl2-1. All pairwise crosses among these mutants
gave consistent, positive tests of allelism. All other mutant
combinations resulted in genetic complementation defining them as
nonallelic. Given that the current collection of spontaneous rfl
mutants includes 41 nonallelic mutants (S. Gabay-Laughnan,
unpublished data), complementation (nonallelism) among nine

-=:G3:Genes | Genomes | Genetics

Figure 3 Variable seed-lethal
phenotypes conditioned by rfl
mutants. Scanned images of

longitudinally split kernels that
were isolated from a single, self-
pollination progeny ear of a
cytoplasmic male sterility type S
plant heterozygous for mutant (A)
rfl2-99-114, (B) rfl2-06-78, (C) rfl-
04-229, (D) rfl-04-230, (E) rfl-06-73,
(F) rfl-06-76, (G) rfl-0681, and (H)
rfl-06-85. In each panel, a
nonmutant sibling kernel is shown
on the right with representative
mutant kernels ranging from
defective kernel to empty pericarp
phenotypes shown to the left.
Scale bar, 1 cm.

mutants would be expected. However, the recovery of independent
rfl2 alleles by spontaneous mutation (rfl2-1) and in two of three
transposon screens was unexpected. This finding demonstrated that
the rfl2 locus was unstable and frequently altered to create an rfl2
allele, possibly by mechanisms other than transposon insertion, as
discussed below.

In the case of rfv mutants, there is no functional test of allelism

equivalent to that provided by the lethal-kernel phenotype. If two
mutants map to different regions of the genome, allelism can be
excluded.
However, if the mutants map to the same region of the genome, they
can only be tested to see if they can be separated by recombination,
for example, as for the Rf3 and rfv-99-1181 restorers. At this time,
the allelic relationships of rfv-06-86, rfv-06-88 and rfv-06-89 remain
unresolved.

Loss-of-function and gain-of-function restorer alleles
‘Whiledominancerelationshipscannotbedeterminedinhaploidpollen,
such relationships can be resolved in pollen derived from tetraploid
maize. Studies of this type demonstrate that restoring alleles can be
dominant, as in the caseof Rf3 (Kamps etal.1996),or recessive, as in
the case of rfll-1 (Wen et al. 2003). The homozygous-lethal
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phenotype conditioned by rfll-1 is consistent with its recessive
nature, and with our model in which rfl mutations restore fertility to
CMS-S pollen by interfering with mitochondrial functions that are
expendable in the pollen but essential to seed development. While
this model presents a straightforward explanation for the nature of
the rfl mutations, other more complex scenarios are possible, and
kernel phenotypes need not always reflect the dominant or recessive
nature of a restorer allele. An rfv allele might result from a recessive,
loss-of-function mutation in a pollen-expressed gene that has a
functional paralog in the developing kernel. The unstable rfl2 locus
might be the result of clustered genes encoding PPR proteins. Such
clusters can undergo recombination to produce novel ppr genes that
gain the function of fertility restoration (Gaborieau et al. 2016;
Melonek et al. 2016). Such a recombination event could, at the same
time, delete a ppr gene having an essential function in seed
development. The result would be a tightly linked dominant restorer
and recessive lethal-kernel mutation. Alternatively, a recombination
event could simply delete an essential ppr gene to create a straight-
forward rfl mutation. In either recombination scenario, the rfl2 mutant
alleles would not result from transposon insertions, and mapbased
cloning (Gallavotti and Whipple 2015) would be the logical approach
for the identification and characterization of the rfl2 locus.

Mitochondrial functions in pollen development

Two mitochondrial protein features identified here generally
distinguished restored CMS-S pollen from comparably staged N-
cytoplasm pollen without restorers. First, the relative abundance of
AOX and COXII respiratory proteins was reversed such that AOX
was more abundant in restored CMS-S pollen. Second, the relative
abundance of ATP1 and ATP2 was reversed such that ATP1 was less
abundant in restoredCMS-

Table 5 Tests of allelism among stable rfl mutants based on seed phenotype

isogenic rfv/rfv CMS-S and rfv/rfv N-cytoplasm genotypes will
allow the effects of cytoplasm and restorer to be distinguished.
Individual restorer mutants were, however, associated with
distinctive mitochondrial protein losses that demonstrated a
surprising plasticity of maize pollen function with respect to
respiratory protein composition. Notably, pollen restored by Rf3
contained little ATP9, and pollen restored by rfv1-1 was depleted of
ATP6 and ATP9. Pollen restored by rfl alleles accumulated reduced
levels of one or both proteins. Although pollen development is
considered to be an energy-demanding process (Warmke and Lee
1978), CMS-S maize pollen carrying these restoring alleles was
capable of effecting fertilization, despite lacking a conventional
complement of mitochondrial respiratory proteins. In these cases, the
accumulation of AOX might be critical to pollen function. AOX is a
terminal oxidase that bypasses two of three phosphorylation sites in
the mitochondrial respiratory chain (Vanlerberghe 2013). The
mitochondrial accumulation of AOX is upregulated under conditions
of respiratory, biotic, and abiotic stress, in what is considered to be a
major mechanism of metabolic homeostasis (Rogov and
Zvyagilskaya 2015; Saha et al. 2016;
Vanlerbergheetal.2013).Theincreasedexpressionofmaizegenesencod
ing AOX proteins is seen in many of the lethal-kernel mutants
associated with mitochondrial dysfunction (Cai et al. 2017; Chen et
al. 2017; Wang et al. 2017; Xiu et al. 2016; Yang et al. 2017), and in
all major organs of maize plants in which essential mitochondrial
functions are compromised by
nonchromosomalstripemutations(Karpovaetal.2002).InrestoredCMS
-S pollen, the AOX to COXII ratios demonstrated a greater potential
for, and possibly reliance upon, the alternative pathway of respiration
when function
ofcytochromepathwayand ATPsynthasewascompromisedbytheCMS-

Mutant® rfl2-1 rfl2-99-114-7 rfl-04-229 rfl-04-230 rfl-06-73-11 rfl-06-76-2 rfl-06-78-6 rfl-06-81-7 rfl06-85-2
rfl2-1 X Yes NP NP No No Yes NP NP
rfl2-99-114-7 Yes X No No No No Yes NP No
rfl04-229 No No X No No No No No No
rfl04-230 No No No X No No No NP No
rfl06-73-11 NP NP NP No X No No NP NP
rfl06-76-2 NP NP No No No X NP No NP
rfl2-06-78-6 NP Yes No No No No X No No
rfl06-81-7 No No NP No No NP NP X No
rfl06-85-2 No NP NP NP No No No NP X

X, self-combination; Yes, mutants are allelic; NP, cross not performed or progeny ears not recovered; No, mutants are not allelic.

a

Pollen-parent restorer alleles are indicated in column headings and seed-parent restorer allele is indicated in column 1.

Spollen.Becausethesefeaturesarecommontomostorall
oftherestoredgenotypes,theymightreflectdifferencesinmitochondrial
genotypesratherthantheeffectsoffertilityrestoration. Unfortunately, it
is not possible to compare the molecular features of comparably
staged CMS-S and CMS-S 1fl pollen. CMS-S pollen is collapsed at
the young bicellular stage, but it cannot be effectively separated from
CMS-S 1fl pollen until the restored pollen has reached the late starch-
filling stage. In the case of the rfv restorers, the creation of near-
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S mitochondrial genotype or by the mechanism of fertility
restoration.
Theseobservationsareconsistentwithobservationsofpollenfunctio
n in other species. The lily pollen tube, for example, adapts to and
continues
growthinthepresenceofmitochondrialrespiratoryinhibitors(Obermey
er et al. 2013; Rounds et al. 2010). In petunia and tobacco pollen,
aerobic fermentation through a pyruvate dehydrogenase bypass
comprised of pyruvate decarboxylase and aldehyde dehydrogenase is
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active during normal pollen tube growth (Gass et al. 2005; Mellema
et al. 2002). This bypass has been hypothesized to support pollen
fertility in maize (Tadege et al. 1999). The metabolic pathways
utilized for pollen maturation and function in restored CMS-S maize
require further investigation, and will provide additional insights into
the mitochondrial requirements and alternative metabolic strategies
that support pollen development and fertility.
Mechanisms of fertility restoration
The mitochondrial events leading to CMS-S pollen collapse are not
well understood, but aspects of mitochondrial gene expression are
required to execute this phenotype. A 1.6-kb mitochondrial transcript
encoding two novel open reading frames, orf355 and orf77, is
associated with the expression of CMS-S (Gabay-Laughnan et al.
2009; Matera et al. 2011; Zabala et al. 1997), and the mitochondrial
C-to-U RNA editing process further modifies the orf77 sequence to
predict orfl7 (Gallagher et al. 2002). No translation products of the
1.6-kb RNA have as yet been detected, so it is not clear whether the
transcript itself or a protein product is responsible for the CMS-S
phenotype. Orfl7 predicts a peptide highly similar to the C-terminal
transmembrane domain of the mitochondrial ATP9 subunit
(Gallagheretal.2002).Theassociationofseveralrestorerswiththereduce
d accumulation of this subunit supports models of CMS-S involving
the expression oforf17. The loss ofmitochondria-encoded respiratory
proteins in restored CMS-S pollen indicates that compromised
mitochondrial gene expression processes constitute a mechanism of
fertility restoration. Such a mechanism could silence the expression
of the CMS-S gene or genes at the expense of mitochondrial
respiratory gene expression, but because of pollen metabolic
flexibility, this restored pollen can still effect fertilization.

Mitochondrial functions in seed development

We hypothesize that the seed-lethal phenotypes of the rfl mutants
stem from mitochondrial dysfunction, potentially the result of the
same compromised mitochondrial gene expression that rescued the
CMS-S pollen. This hypothesis is consistent with other maize
mutants that are known to disrupt mitochondrial gene expression and
to condition seed lethality. A recent forward genetic screen
investigated 12 maize seed mutants and identified four that
cosegregated with Mu insertions in genes predicting mitochondria-
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targeted proteins. These included three PPR proteins and a
transcription termination factor (Hunter et al. 2014). Also in maize,
numerous mutations in the broader class of ppr genes (those that are
not members of the restorer-of-fertility-like class) have been reported
to disrupt kernel development. These mutations commonly condition
defects in specific plant mitochondrial C-to-U RNA editing events
required for transcripts to encode correct protein sequences (Liu et
al. 2013; Qi et al. 2017a; Sun et al. 2015; Wang et al. 2017; Yang et
al. 2017), or cause defects in specific plant mitochondrial RNA
splicing events (Cai et al. 2017; Chen et al. 2017; Qi et al. 2017b;
Xiu et al. 2016; Yang et al. 2017) leading to the loss of mitochondrial
translation products. Others affect the accumulation or translation of
specific mitochondrial transcripts (Gutiérrez-Marcos et al. 2007; Lee
et al. 2017; Manavski et al. 2012).

While not all maize seed-lethal mutants have a direct connection

to mitochondrial dysfunction, those that do point to the importance
of mitochondrial function in seed development. Embryos in kernels
withmitochondrialdefectsareoftenobservedtoarrestatthetransitionsta
ge.
Figure 4 Mitochondrial protein accumulation in developing N-cytoplasm
pollen and CMS-S pollen carrying homozygous-viable restorer alleles.
Proteins were immunodecorated and detected following denaturing gel
electrophoresis. Sample 1 contained 1 mg of protein extracted from N-
cytoplasm Mo17 pollen mitochondria. Samples 2-5 contained 10, 5, 2.5, and
1.25 mg of N-cytoplasm Mo17 pollen total protein extract, respectively.
Samples 6-10 contained 10 mg of total protein extract from S-cytoplasm
pollen restored by Rf3, rfvl-1, rfv-06-86, rfv-06-88, and rfv-06-89. The
proteins detected are labeled on the left of each panel, with apparent
molecular weights on the right. AOX, alternative oxidase; ATP1, ATP2, ATP6,
and ATP9, ATP synthase subunits 1, 2, 6, and 9, respectively; CMS-S,
cytoplasmic male sterility type S; COXII, cytochrome oxidase subunit 2.

Figure 5 Mitochondrial protein accumulation in developing N-cytoplasm
pollen and CMS-S pollen with rfl restorers. Proteins were immunodecorated
and detected following denaturing gel electrophoresis. Sample 1 contained
1 mg of protein extracted from N-cytoplasm Mol7 pollen mitochondria.
Samples 2-5 contained 10, 5, 2.5, and 1.25 mg of total protein extract from
N-cytoplasm Mo17 pollen, respectively. Samples 6-10 contained 10 mg of
total protein extract from S-cytoplasm pollen restored by rfl-06-73, rfl-0676,
rfl2-06-78, rfl-06-81, and rfl-06-85, respectively. The proteins detected are
labeled on the left of each panel, with apparent molecular weights on the

Volume 8  January 2018 | Restorer-of-Fertility Mutants | 301



right. AOX, alternative oxidase; ATP1, ATP2, ATP6, and ATP9, ATP synthase
subunits 1, 2, 6, and 9, respectively; CMS-S, cytoplasmic male sterility type
S; COXII, cytochrome oxidase subunit 2.

Mitochondriaareabundantinthebasalendospermtransferlayer(BETL)
cells ofnonmutantmaizekernels(BecraftandGutierrez-
Marcos2012),anddefects in the development of the BETL cells are
characteristic of mutants that compromise mitochondrial function.
These observations led to models in which functional mitochondria
are required for BETL cell differentiation and/or development, and
in which functional BETL cells are needed for proper endosperm and
perhaps embryo development (Chen et al. 2017; Chettoor et al. 2015;
Manavski et al. 2012; Wang et al. 2017). Related to this point,
emp6/emp6 embryos, deficient in a mitochondrial plant organelle
RNA recognition protein, fail to develop normally even in the
presence of nonmutant endosperm (Chettoor et al. 2015), indicating
that there are mitochondrial functions that are specific to embryo
development.

Whether a seed-lethal mutation also conditions fertility
restoration in S-cytoplasm pollen depends upon the expression
pattern of the nonmutant form of the gene, whether there are paralogs
with duplicate or overlappingfunctionsand expressionpatterns,and
whether the mutation affects mitochondrial processes central to the
expression of CMS-S. The emp4 mutant does not restore pollen
fertility in S cytoplasm (S. GabayLaughnan, unpublished data), but
this gene is not highly expressed in developing maize anthers
(Gutiérrez-Marcos et al. 2007). By the same logic, not all restorers
that compromise mitochondrial function condition seed lethality. In
the case of rfvl-1, associated with depletion of key ATP synthase
subunits, the function of paralogous genes might explain the viable
homozygous mutant seed phenotypes.

Conclusions
CMS-Smaize presents a novelparadigm offertility restoration that
allows the recovery of multiple, nonallelic restorer mutations. The

lethal-kernel ~ phenotypes and pollen mitochondrialprotein
phenotypes conditioned by these mutants demonstrate that most
differ fundamentally from the gainof-

functionrestorersthatevolvedinconcertwithotherCMSsystems. The
UniformMulinesconstituteaforwardgeneticresourcethatcanbeusedto
further expand the collection of CMS-S restorer mutations, and also
to identify additional lethal-kernel mutants that can be examined for
fertility restoration in a reverse-genetics approach. Mu insertion
alleles provide a route to molecular cloning of multiple CMS-S
restorer loci. Cloning, along with detailed molecular and cellular
characterization of these mutants, will advance our understanding of
S male sterility, and the roles of mitochondria in the development and
function of the maize male gametophyte.

ACKNOWLEDGMENTS

We thank John Baier and Brandon Futch for assistance with maize
field pollinations. This work was supported the United States
Department of Agriculture National Research Initiative Competitive
Grants Program awards 00-35300-9409, 2005-35301-15710, 2010-
04228, and 2011-6700330215, and by the U.S. National Science
Foundation awards I0S0077676, I0S-1116561, and 10S-1025976.

302 | S. Gabay-Laughnan et al.

LITERATURE CITED

Barkan, A., and R. A. Martienssen, 1991 Inactivation of maize transposon Mu
suppresses a mutant phenotype by activating an outward-reading promoter
near the end of Mul. Proc. Natl. Acad. Sci. USA 88: 3502-3506. Barkan, A.,
and 1. Small, 2014 Pentatricopeptide repeat proteins in plants. Annu. Rev.
Plant Biol. 65: 415-442.

Beckett, J. B., 1971  Classification of male-sterile cytoplasms in maize (Zea

mays L). Crop Sci. 11: 724-726.

- G3 Genes | Genomes | Genetics



Becraft, P. W., and J. Gutierrez-Marcos, 2012 Endosperm
development: dynamic processes and cellular innovations underlying
sibling altruism.

WIREs Dev. Biol. 1: 579-593.

Brutnell, T. P., 2002 Transposon tagging in maize. Funct. Integr. Genomics
2:4-12.

Buchert, J. G., 1961 The stage of the genome-plasmon interaction in the
restoration of fertility to cytoplasmically pollen-sterile maize. Proc. Natl.
Acad. Sci. USA 47: 1436-1440.

Cai, M., S. Li, F. Sun, Q. Sun, H. Zhao et al., 2017 Empl0 encodes a
mitochondrial PPR protein that affects the cis-splicing of nad2 intron 1
and seed development in maize. Plant J. 91: 132—144.

Carlsson, J., M. Leino, J. Sohlberg, J. F. Sundstrom, and K. Glimelius, 2008

Mitochondrial regulation of flower development. Mitochondrion
8: 74-86.

Chase, C. D., 2007  Cytoplasmic male sterility: a window to the world of
plant mitochondrial-nuclear interactions. Trends Genet. 23: 81-90.

Chen, L., and Y.-G. Liu, 2014  Male sterility and fertility restoration in
crops. Annu. Rev. Plant Biol. 65: 579-606.

Chen, X., F. Feng, W. Qi, L. Xu, D. Yao etal., 2017  Dek35 encodes a
PPR protein that affects cis-splicing of mitochondrial nad4 intron 1 and
seed development in maize. Mol. Plant 10: 427-441.

Chettoor, A. M., G. Yi, E. Gomez, G. Hueros, R. B. Meeley et al., 2015

A putative plant organelle RNA recognition protein gene is
essential for maize kernel development. Integr. Plant Biol. 57: 236-246.

Colas des Francs-Small, C., and I. Small, 2014 Surrogate mutants
for studying mitochondrially encoded functions. Biochimie 100: 234-
242.

Coneg, K. C., F. A. Burr, and B. Burr, 1986 Molecular analysis of the maize
anthocyanin regulatory locus C1. Proc. Natl. Acad. Sci. USA 83: 9631—
9635.

Dahan, J., and H. Mireau, 2013 The Rf and Rf-like PPR in higher plants, a
fast-evolving subclass of PPR genes. RNA Biol. 10: 1469-1476.

Davila, J. I, M. P. Arietta-Montiel, Y. Wamboldt, J. Cao, J. Hagmann et al.,
2011 Double-strand break repair processes drive evolution of the
mitochondrial genome in Arabidopsis. BMC Biol. 9: e64.

Emanuelsson, O., S. Brunak, G. von Heijne, and H. Nielsen, 2000

Predicting subcellular localization of proteins based on their
N-terminal amino acid sequence. J. Mol. Biol. 300: 1005-1016.

Fujii, S., C. S. Bond, and I. D. Small, 2011 Selection patterns on restorer-like
genes reveal a conflict between nuclear and mitochondrial genomes
throughout angiosperm evolution. Proc. Natl. Acad. Sci. USA 108: 1723—
1728.

Gabay-Laughnan, S., and C. D. Chase, 2000 Transposon tagging of nuclear
genes that control mitochondrial gene expression. Maize Genet. Coop.
Newslett. 74: 73.

Gabay-Laughnan, S., G. Zabala, and J. R. Laughnan, 1995 S-type

cytoplasmic male sterility, pp. 395-427 in Advances in Cellular and

Molecular Biology of Plants, Volume 2, Molecular Biology of the

Mitochondria, edited by Levings, C. S., III, and 1. K. Vasil. Kluwer,

Dordrecht, The Netherlands. Gabay-Laughnan, S., C. D. Chase, V. M. Ortega,

and L. Zhao,

2004 Molecular-genetic characterization of CMS-S restorer-of-fertility
alleles identified in Mexican races of maize and teosinte. Genetics 166:
959-970.

Gabay-Laughnan, S., E. V. Kuzmin, J. Monroe, L. Roark, and K. J. Newton,
2009 Characterization of a novel thermosensitive restorer of fertility for
cytoplasmic male sterility in maize. Genetics 182: 91-103.

Gaborieau, L., G. G. Brown, and H. Mireau, 2016 The propensity of
pentatricopeptide repeats genes to evolve into restorers of cytoplasmic
male sterility. Front. Plant Sci. 7: e1816.

-=:G3:Genes | Genomes | Genetics

Gallagher, L. G., S. K. Betz, and C. D. Chase, 2002 Mitochondrial RNA
editing truncates a chimeric open reading frame associated with S
malesterility in maize. Curr. Genet. 42: 179-184.

Gallavotti, A., and C. J. Whipple, 2015 Positional cloning in maize
(Zea mays subsp. mays, Poaceae). Appl. Plant Sci. 3: e1400092.

Gass, N., T. Glagotskaia, S. Mellema, J. Stuurman, M. Barone et al.,

2005 Pyruvate decarboxylase provides growing pollen tubes with a
competitive advantage in Petunia. Plant Cell 17: 2355-2368.

Grant, S. R., A. Gierl, and H. Saedler, 1990 En/Spm encoded tnpA protein
requires a specific target sequence for suppression. EMBO J. 9: 2029—
2035.

Gualberto, J. M., D. Mileshina, C. Wallet, A. K. Niazi, F. Weber-Lofti et al.,
2014 The plant mitochondrial genome: Dynamics and maintenance.
Biochimie 100: 107-120.

Gutiérrez-Marcos, J. F., M. Dal Pra, A. Giulini, L. M. Costa, G. Gavazzi et
al, 2007 empty pericarp4 encodes a mitochondrion-targeted
pentatricopeptide repeat protein necessary for seed development and plant
growth in maize. Plant Cell 19: 196-210.

Hanson, M. R., and S. Bentolila, 2004 Interactions of mitochondrial
and nuclear genes that affect male gametophyte development. Plant Cell
16: S154-S169.

Horn, R., K. J. Gupta, and N. Colombo, 2014 Mitochondrion role in
molecular basis of cytoplasmic male sterility. Mitochondrion 19 Pt B:
198-205.

Hunter, C. T., M. Suzuki, J. Saunders, S. Wu, A. Tasi et al., 2014 Phenotype

to genotype using forward-genetic Mu-seq for identification and functional

classification of maize mutants. Front. Plant Sci. 4: e545. Jacoby, R. P., L. Li,

S. Huang, C. P. Lee, A. H. Millar et al., 2012 Mitochondrial composition,

function and stress response in plants. J. Integr. Plant Biol. 54: 887-906.

Kamps, T. L., and C. D. Chase, 1997 RFLP mapping of the maize game-
tophytic restorer-of-fertility gene, Rf3, and aberrant pollen transmission
of the nonrestoring allele, rf3. Theor. Appl. Genet. 95: 525-531.

Kamps, T. L., D. R. McCarty, and C. D. Chase, 1996 Gametophyte genetics
in Zea mays L.: Dominance of a restoration-of-fertility allele (Rf3) in
diploid pollen. Genetics 142: 1001-1007.

Karpova, O. V., E. V. Kuzmin, T. E. Elthon, and K. J. Newton, 2002

Differential expression of alternative oxidase genes in maize
mitochondrial mutants. Plant Cell 14: 3271-3284.

Laser, K. D., and N. R. Lersten, 1972 Anatomy and cytology of
microsporogenesis in cytoplasmic male sterile angiosperms. Bot. Rev. 33:
337-346.

Laughnan, J. R., and S. J. Gabay, 1973 Mutations leading to restoration
of fertility in S male-sterile cytoplasm in maize. Theor. Appl. Genet. 43:
109-116.

Laughnan, J. R., and S. J. Gabay, 1978 Nuclear and cytoplasmic
mutations to fertility in S male-sterile maize, pp. 427-446 in Maize
Breeding and Genetics, edited by Walden, D. B.. John Wiley & Sons
New York

Laughnan, J. R., and S. Gabay-Laughnan, 1994 The placement of genes using
waxy-marked reciprocal translocations, pp. 255-257 in The Maize
Handbook, edited by Freeling, M., and V. Walbot. Springer-Verlag, New
York.

Lazarow, K., D. My-Linh, and R. Kunze, 2013 Molecular biology
of maize Ac/Ds elements: An overview, pp. 59—82 in Plant transposable
elements: Methods and Protocols, Methods in Molecular Biology, Vol.
1057, edited by Peterson, T.. Springer Science+Business Media, New
York.

Lee, K., J. H. Han, Y.-I. Park, C. Colas des Francs-Small, I. Small et al.,
2017 The mitochondrial pentatricopeptide repeat protein PPR19 is
involved in the stabilization of NADH dehydrogenase 1 transcripts and
is crucial for mitochondrial function and Arabidopsis thaliana
development. New Phytol. 215: 202-216.

Volume 8  January 2018 | Restorer-of-Fertility Mutants | 303



Linke, B., and T. Borner, 2005 Mitochondrial effects on flower and pollen
development. Mitochondrion 5: 389-402.

Liu, Y.-J., Z.-H. Xiu, R. Meeley, and B.-C. Tan, 2013 Empty pericarp5

encodes a pentatricopeptide repeat protein that is required for mitochondrial

RNA editing and seed development in maize. Plant Cell 25: 868—883. Lurin,

C., C. Andrés, S. Aubourg, M. Bellaoui, F. Bitton et al., 2004 Genome-wide

analysis of Arabidopsis pentatricopeptide repeat proteins reveals their

essential role in organelle biogenesis. Plant Cell 16:

2089-2103.

Manavski, N., V. Guyon, J. Meurer, U. Wienand, and R. Brettschneider,
2012 An essential pentatricopeptide repeat protein facilitates 59
maturation and translation initiation of rps3 mRNA in maize
mitochondria.

Plant Cell 24: 3087-3105.

Manna, S., 2015 An overview of pentatricopeptide repeat proteins and their
applications. Biochimie 113: 93-99.

Maréchal, A., and N. Brisson, 2010 Recombination and the maintenance of
plant organelle genome stability. New Phytol. 186: 299-317.

Matera, J. T., J. Monroe, W. Smelser, S. Gabay-Laughnan, and K. J. Newton,
2011 Unique changes in mitochondrial genomes associated with
reversions of S-type cytoplasmic male sterility in maize. PLoS One 6:
€23405.

McCarty, D. R., M. Suzuki, C. Hunter, J. Collins, W. T. Avinge  etal.,
2013  Genetic and molecular analysis of uniformMu transposon
insertion lines, pp. 157-166 in Plant Transposable Elements: Methods
and Protocols, Methods in Molecular Biology, edited by Peterson, T..
Springer Science+Business Media, New York.

Mellema, S., W. Eichenberger, A. Rawyler, M. Suter, M. Tadege et al.,
2002 The ethanolic fermentation pathway supports respiration and
lipid biosynthesis in tobacco pollen. Plant J. 230: 329-336.

Melonek, J., J. D. Stone, and I. Small, 2016 Evolutionary  plasticity — of
restorer-of-fertility-like proteins in rice. Sci. Rep. 6: €35152.

Obermeyer, G., L. Fragner, V. Lang, and W. Weckwerth, 2013 Dynamic
adaption of metabolic pathways during germination and growth of lily
pollen tubes after inhibition of the electron transport chain. Plant Physiol.
162: 1822-1833.

O’Reilly, C., N. S. Shepherd, A. Pereira, Z. Schwarz-Sommer, 1. Bertram et
al., 1985 Molecular cloning of the al locus of Zea mays using the
transposable elements En and Mul. EMBO J. 4: 877-882.

Patterson, E. B., 1994 Translocations as genetic markers, pp. 361-363 in
The Maize Handbook, edited by Freeling, M., and V. Walbot.
SpringerVerlag, New York.

Qi, W., Z. Tian, L. Lu, X. Chen, X. Chen et al., 2017a Editing of
mitochondrial transcripts nad3 and cox2 by Dek10 Is essential for
mitochondrial function and maize plant development. Genetics 205:
1489-1501.

Qi, W, Y. Yan, X. Feng, M. Zhang, and R. Song, 2017b Mitochondrial
function and maize kemel development requires Dek2, a
pentatricopeptide repeat protein involved in nadl mRNA splicing.
Genetics 205: 239-249.

Rogov, A. G., and R. A. Zvyagilskaya, 2015 Physiological role of alternative
oxidase (from yeast to plants). Biochemistry (Mosc.) 80: 400—407.

Rounds, C. M., P. K. Hepler, S. J. Fuller, and L. J. Winship, 2010 Oscillatory
growth in lily pollen tubes does not require aerobic energy metabolism.
Plant Physiol. 152: 736-746.

Saha, B., G. Borovskii, and S. K. Panda, 2016 Alternative oxidase and plant
stress tolerance. Plant Signal. Behav. 11: e1256530.

Schertl, P., and H.-P. Braun, 2014 Respiratory electron transfer pathways in
plant mitochondria. Front. Plant Sci. 5: e163.

Schnable, P. S., and R. P. Wise, 1994 Recovery of heritable,
transposoninduced, mutant alleles of the rf2 nuclear restorer of T-
cytoplasm maize. Genetics 136: 1171-1185.

304 | S. Gabay-Laughnan et al.

Schwarzlander, M., and 1. Finkemeier, 2013 Mitochondrial  energy  and
redox signaling in plants. Antioxid. Redox Signal. 18: 2122-2144.

Sisco, P., V. E. Gracen, L. Everett, E. D. Earle, and D. R. Pring, 1985 Fertility
restoration and mitochondrial nucleic acids distinguish at least five
subgroups among cms-S cytoplasms of maize (Zea mays L.). Theor.
Appl. Genet. 71: 5-15.

Sun, F., X. Wang, G. Bonnard, Y. Shen, Z. Xiu et al., 2015 Empty pericarp7
encodes a mitochondrial E-subgroup pentatricopeptide repeat protein that
is required for ccmFy editing, mitochondrial function and seed
development in maize. Plant J. 84: 283-295.

Tadege, M., L. Dupuis, and C. Kuhlemeir, 1999 Ethanolic fermentation: new
functions for an old pathway. Trends Plant Sci. 4: 320-325.

Vanlerberghe, G. C., 2013 Alternative oxidase: A mitochondrial respiratory
pathway to maintain metabolic and signaling homeostasis during abiotic
and biotic stress in plants. Int. J. Mol. Sci. 14: 6805-6847.

Walbot, V., 2000 Saturation mutagenesis using maize transposons. Curr.
Opin. Plant Biol. 3: 103-107.

Wang, G., M. Zhong, B. Shuai, J. Song, J. Zhang et al., 2017 E+ subgroup
PPR protein defective kernel 36 is required for multiple mitochondrial
transcripts editing and seed development in maize and Arabidopsis. New
Phytol. 214: 1563-1578.

Warmke, H. E., and S.-L. J. Lee, 1978 Pollen abortion in T cytoplasmic male-
sterile corn (Zea mays): A suggested mechanism. Science 200: 561-563.

Wen, L.-Y., and C. D. Chase, 1999 Mitochondrial gene expression in
developing male gametophytes of male-fertile and S male-sterile maize.
Sex.

Plant Reprod. 11: 323-330.

Wen, L.-Y., K. L. Ruesch, V. M. Ortega, T. L. Kamps, S. Gabay-Laughnan
et al., 2003 A nuclear restorer-of-fertility mutation disrupts
accumulation of mitochondrial ATP synthase subunit a in developing
pollen of S male-sterile maize. Genetics 165: 771-779.

Williams-Carrier, R., N. Stiffler, S. Belcher, T. Kroeger, D. B. Stern et al.,
2010 Use of Illumina sequencing to identify transposon insertions
underlying mutant phenotypes in high-copy Mutator lines of maize. Plant
J.

63:167-177.

Xiu, Z., F. Sun, Y. Shen, X. Zhang, R. Jiang et al., 2016 EMPTY

PERICARPI6 is required for mitochondrial nad2 intron 4 cis-splicing,

complex I assembly and seed development in maize. Plant J. 85: 507-519.

Xu, X.-B., Z.-X. Zhang, D.-F. Zhang, Y. Liu, W.-B. Song et al., 2009

Isolation and analysis of rice Rfl-orthologous PPR genes co-segregating

with Rf3 in maize. Plant Mol. Biol. Report. 27: 511-551.

Yang, Y.-Z., S. Ding, H.-C. Wang, F. Sun, W.-L. Huang et al., 2017

The pentatricopeptide repeat protein EMP9 is required for
mitochondrial ccmB and rsp4 transcript editing, mitochondrial complex
biologists and seed development in maize. New Phytol. 214: 782-795.

Zabala, G., S. Gabay-Laughnan, and J. R. Laughnan, 1997 The nuclear gene
Rf3 affects the expression of the mitochondrial chimeric sequence R
implicated in S-type male sterility in maize. Genetics 147: 847-860.

Communicating editor: R. Dawe

- G3 Genes | Genomes | Genetics



