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Number of seeds per silique (NSS) is an important determinant of seed yield potential in Brassicaceae crops, and it is controlled
by naturally occurring quantitative trait loci. We previously mapped a major quantitative trait locus, qSS.C9, on the C9
chromosome that controls NSS in Brassica napus. To gain a better understanding of how qSS.C9 controls NSS in B. napus, we
isolated this locus through a map-based cloning strategy. qSS.C9 encodes a predicted small protein with 119 amino acids,
designated as BnaC9.SMG7b, that shows homology with the Ever ShorterTelomere1 tertratricopeptide repeats and Ever
Shorter Telomere central domains of Arabidopsis (Arabidopsis thaliana) SUPPRESSOR WITH MORPHOGENETIC EFFECTS
ON GENITALIA7 (SMG7). BnaC9.SMG7b plays a role in regulating the formation of functional female gametophyte, thus
determining the formation of functional megaspores and then mature ovules. Natural loss or artificial knockdown of BnaC9.
SMG7b significantly reduces the number of functional ovules per silique and thus, results in decreased seed number, indicating
that qSS.C9 is a positive regulator of NSS in B. napus. Sequence and function analyses show that BnaC9.SMG7b experiences a
subfunctionalization process that causes loss of function in nonsense-mediated mRNA decay, such as in Arabidopsis SMG7.
Haplotype analysis in 84 accessions showed that the favorable BnaC9.SMG7b alleles are prevalent in modern B. napus
germplasms, suggesting that this locus has been a major selection target of B. napus improvement. Our results represent the
first step toward unraveling the molecular mechanism that controls the natural variation of NSS in B. napus.

Elite Brassica spp. (majorly Brassica napus) with low
erucic and glucosinolate content is the third leading
source of both vegetable oil and oil extraction meal
worldwide (Rondanini et al., 2012). Yield enhancement
has been one of the most important goals of B. napus

production and genetic improvement. As a complex
quantitative trait, the seed yield of a B. napus plant is
comprehensively determined by three components:
number of seeds per silique (NSS), number of siliques
per plant, and seed weight, all of which are typical
quantitative traits (Clarke and Simpson, 1978). Al-
though there is rich variation for each of the three
components (Zhang et al., 2012a), it is critical to balance
the three traits during the breeding program, because
significant negative correlations among themhave been
extensively observed (Shi et al., 2009; Zhang et al.,
2011). Thus, it is highly desirable to identify the genes
responsible for each component and subsequently,
understand the genetic mechanisms underlying the
natural variations. Toward this goal, a large number of
quantitative trait loci (QTLs) associatedwith these yield
components in B. napus has been identified in different
mapping populations (Quijada et al., 2006; Udall et al.,
2006; Chen et al., 2007, 2011; Li et al., 2007; Radoev
et al., 2008; Shi et al., 2009; Basunanda et al., 2010; Fan
et al., 2010; Zhang et al., 2011, 2012b; Yang et al., 2012;
Cai et al., 2014; Qi et al., 2014). Among these QTLs, 24
are reported to be associated with NSS, and they are
distributed on the majority of B. napus chromosomes
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(A1, A2, A5, A7–A9, C1–C4, C6, C7, and C9), explaining
phenotypic variances ranging from 0.78% to 57.77% of
each mapping population (Radoev et al., 2008; Shi et al.,
2009; Chen et al., 2011; Zhang et al., 2011, 2012b; Qi et al.,
2014). However, no yield-relatedQTLs have been cloned
thus far because of the complexity of the genome of al-
lotetraploid B. napus and the relatively limited genomic
sequence information before the release of B. napus.
In spermatophytes, ovules deriving within the car-

pel’s ovary provide the structural support or enclosure
for female gametophytes (FGs) and develop into seeds
after fertilization (Shi and Yang, 2011). Thus, to some
degree, ovule numbers determine NSS and thereby,
contribute to the final seed yield in crop plants (Galbiati
et al., 2013). From an agronomic perspective, the
number of ovules can be attributed to two components:
the number of ovule primordia and the developmental
rate from the ovule primordium initiation to a func-
tional ovule (Li et al., 2014). It has been suggested that
transcription factors and auxin synthesis play impor-
tant roles in ovule primordial formation (Reyes-Olalde
et al., 2013), whereas after the birth of the primordia,
meiosis, a key event during ovule development, largely
determines the formation of a functional ovule. Meiosis
gives rise to a functional megaspore that further de-
velops into an FG, which plays a critical role in every
step of the seed formation from the direction of the
pollen tube (Higashiyama, 2002) and the completion of
double fertilization (Lord and Russell, 2002) to the ini-
tiation and accomplishment of seed development
(Chaudhury and Berger, 2001; Chaudhury et al., 2001).
Two key processes are completed duringmeiosis: one is
the chromosome exchange between parents that gener-
ates genetic variations in the daughter generations, and
one is the two rounds of cell division that produce four
haploid gametes. The molecular mechanisms involved
in meiotic recombination have been widely investigated
(Jones et al., 2003; Hamant et al., 2006; Liu andMakaroff,
2006; Mercier and Grelon, 2008); however, relatively
little is known about the control of cell cycle transition
underlying meiotic division in plants (Cromer et al.,
2012; Wijnker and Schnittger, 2013; Zhao et al., 2014).
Although meiotic cell cycle progression is known to

rely on the quantitative and qualitative aspects of
cyclin-dependent kinase (CDK)-cyclin complexes in
Saccharomyces cerevisiae, Schizosaccharomyces pombe,
Drosophila spp., and mammals, which of the Arabi-
dopsis (Arabidopsis thaliana) cyclins constitutes the core
CDK complex with CDKA;1 or possibly, other CDKs
remains unclear (Cromer et al., 2012; Harashima et al.,
2013). Emerging findings have characterized a reg-
ulatory network including the interactions among
SUPPRESSORWITHMORPHOGENETICEFFECTSON
GENITALIA7 (SMG7), THREE DIVISION MUTANT1
(TDM1), and TARDY ASYNCHRONOUS MEIOSIS
(TAM) in Arabidopsis, which modulates the cyclin-
CDK activity to drive the progression from anaphase
II to meiotic exit (Bulankova et al., 2010). Among these
members, SMG7 proteins, as defined by the N-terminal
Ever Shorter Telomere1 (EST1) domain, were initially

identified as participating in nonsense-mediated mRNA
decay (NMD); however, in Arabidopsis, an unusual cell
cycle arrest in anaphase II was observed in a hypo-
morphic allele of smg7, indicating its pivotal function in
meiosis exit (Riehs et al., 2008).

Using a double-haploid population derived from the
F1 cross between two accessions (Y106 and HZ396)
differing significantly in NSS (27.36 3.7 and 11.06 2.6,
respectively), we previouslymapped amajor QTL (qSS.
C9) controlling NSS on the B. napus C9 chromosome
(Zhang et al., 2011, 2012b). In this study, we report the
fine mapping, map-based cloning, and initial char-
acterization of this gene. We also showed that qSS.C9
has experienced positive selection during B. napus
improvement. Our work sheds light on the molecular
mechanism of natural variations of NSS and suggests a
significant implication for B. napus yield improvement.

RESULTS

Phenotypic Characterization of Near-Isogenic Line(HZ396)
and Near-Isogenic Line(Y106)

To investigate the effect of qSS.C9 on the grain yield
of B. napus, we previously established a pair of near-
isogenic lines (NILs), designated as NIL(HZ396) and
NIL(Y106), and a heterozygote by selfing a BC3F1 plant
heterozygous for qSS.C9, which was obtained by
backcrossing a low-NSS parent HZ396 to a high-NSS
parent Y106 three times (Zhang et al., 2012b). A mo-
lecular marker assay showed that NIL(Y106) carried a
small region between the markers SRC9-298 and SRC9-
397 from Y106, while containing approximately 97.2%
genetic background of HZ396. To further evaluate the
effects of qSS.C9 on single-plant yield, we further
compared the performances of three yield components
between NILs in the BC5F3 families. The results showed
that NIL(Y106) displayed an extremely significant in-
crease in NSS over NIL(HZ396) but substantial de-
creases in thousand-seed weight (TSW) and number of
siliques per plant (Fig. 1, A–C). In addition, the silique
length was significantly reduced in NIL(HZ396), but
comparable numbers of primary branches were found
between NILs (Fig. 1, D and E). Collectively, NIL(Y106)
outyielded NIL(HZ396) by 6.77 g of seeds (58.7%) per
plant (Fig. 1F). Thus, our results indicate that qSS.C9 is
an elite allele for B. napus yield potential through the
increase of NSS.

Map-Based Cloning of qSS.C9

qSS.C9 was previously mapped to a genomic region
between the markers SRC9-22 and SCC9-005 on the
B. napusC9 chromosome,which could delimit a syntenic
interval of 1,005 kb on the Brassica rapaA10 chromosome
(Zhang et al., 2012b), 911 kb on the Brassica oleracea C9
chromosome, and 800 kb on the B. napus C9 chromo-
some. To finemap and clone qSS.C9, we developed three
unique markers (SCC9-136, SRC9-298, and SRC9-397)
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from the candidate region (Fig. 2A); however, SRC9-298
and SRC9-397 remained cosegregatedwith qSS.C9 in the
population used previously (Zhang et al., 2012b). To
further narrow down the candidate region of qSS.C9, we
field planted a BC4F2 population consisting of 17,554
individuals. From this population, 97 recombinants be-
tween the markers SRC9-298 and SRC9-397 were iden-
tified, and their genotypes at the qSS.C9 locus were
deduced byprogeny testing (Fig. 2, A andB; Supplemental
Table S1). Finally, the candidate region of qSS.C9 was
restricted between SRC9-397 and SRC9-298 (Fig. 2, A
and B), corresponding to a DNA fragment of 140,
280, or 262 kb on the B. rapa A10 chromosome, the
B. oleracea C9 chromosome, or the B. napus C9 chro-
mosome, respectively (Fig. 2C).

Because the B. napus C9 chromosome was evolution-
arily derived from the C9 chromosome of B. oleracea,
we used the reference genome of B. oleracea to annotate
the qSS.C9 candidate region before the release of the
B. napus reference genome. According to the B. napus
database (http://brassicadb.org/brad/index.php),
there are 45 predicted genes in the 280-kb candidate
region of B. oleracea. We scanned the predicted
proteins and concluded that 16 of them are unlikely to be
associated with the trait of NSS according to the avail-
able function annotations. For each of the remaining 29
genes, we comparatively sequenced the genomic frag-
ment covering the promoter region and the complete
coding region from both homozygous NILs. The results

showed that two predicted genes inNIL(Y106) thatwere
individually homologous to Bol043637 and Bol043640
were deleted in NIL(HZ396), whereas no reproducible
DNA polymorphism was observed for the other genes.
Bol043637 encodes a small protein homologous to the
Arabidopsis SMG7 gene that carries the EST1 domain.
Previous research revealed that the disruption of
AtSMG7 can cause embryonic lethality in Arabidopsis
(Riehs et al., 2008; Bulankova et al., 2010). Bol043640
encodes a protein with unknown function homologous
to the Arabidopsis Real Interesting New Gene (RING)/
U-box superfamily protein. Moreover, we developed
one (STC9-114) and two polymorphic markers (STC9-
108 and STC9-164) based on the genomic sequences of
Bol043640 and Bol043637, respectively, all of which were
cosegregated with qSS.C9 in the recombination events
described above (Fig. 2A). To characterize the genomic
sequence around the candidate genes in B. napus, we
further screened a B. napus bacterial artificial chromo-
some (BAC) clone library constructed from high-NSS
accessions (195-14A) by using SRC9-397 and STC9-108
and successfully identified a BAC clone (HBnB016G24)
with a 210-kb insert. From this clone, approximately a
50-kb continuous sequence covering the homologs of
Bol043637 and Bol043640 was obtained, which shows
overall good microcollinearity with the corresponding
region of B. oleracea C9 chromosome, while displaying
obvious structural variations from the B. napus C9 or
B. rapa A10 chromosome (Fig. 2D). Interestingly, a local

Figure 1. Yield-related traits of NIL(HZ396) and NIL(Y106). A, Silique length. B, NSS. C, TSW. D, Number of primary branches.
E, Silique per plant. F, Yield per plant. All phenotype data in A to F were measured from plants grown under normal cultivation
conditions. Data are given as means 6 SEM (n = 30). A two-tailed Student’s t test was used to generate the P values.
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fragment duplication eventwas observed inHBnB016G24
relative to B. oleracea (Fig. 2D), which resulted in two
homologous copies of SMG7 (hereafter designated as
BnaC9.SMG7b andBnaC9.SMG7c). Byusing theBAC insert
sequence as a reference, we obtained the corresponding

sequences from both homozygous NILs by PCR
amplification. Sequence comparison showed that
the fragments from both NILs were highly identical
to the fragment from the BAC insert, whereas a 6.1-kb
fragment harboring BnaC9.SMG7b and a 5.8-kb

Figure 2. Map-based cloning of qSS.C9. A, Fine mapping of the qSS.C9 region with 17,554 BC4F2 plants. B, Genotypes and
phenotypes of the recombinants. The NSS phenotype of each recombinant was determined by progeny testing (Supplemental
Table S1). C, Physical maps of the qSS.C9 candidate region in different reference genomes and the target BAC clone
HBnB016G24. D, Gene distribution in the partial candidate region of HBnB016G24 and the reference genomes. Annotated or
predicted genes are indicated by rectangles with arrows. Lines connect homologous genes from the region showing perfect
microsynteny between different genomes or HBnB016G24. Other homologous (or duplicated) genes are marked in the same
color. The two genes denoted by dashed-line boxes were deleted in HZ396. Bar = 1 kb.
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fragment harboring BnaC9.RING (a homolog of Bol043640)
that existed in NIL(Y106) were deleted in NIL(HZ396)
(Fig. 2D). These facts strongly suggest that BnaC9.SMG7b
or BnaC9.RING, especially the former, was likely the tar-
get of qSS.C9.

To validate this prediction, we cloned the 5.3-kb
genomic fragments from NIL(Y106) that covered the
predicted BnaC9.SMG7b into the binary vector
pCAMBIA3300 and introduced the construct into
HZ396 by Agrobacterium spp.-mediated transformation.
In the resulting T0 generation, we observed that all five
transgene-positive plants carrying BnaC9.SMG7b had
higher NSSs than the transgene-negative plants (Fig. 3,
A–C). Further analysis of phenotypes and genotypes
confirmed that the transgenic events were cosegregated
with the higher NSS in the T1 progeny (Supplemental
Table S2). In addition, to suppress the expression level of
BnaC9.SMG7b, we transformed an RNA interference
(RNAi) construct for BnaC9.SMG7b into an inbred line
(7-5), which has the same sequence as Y106 in BnaC9.
SMG7b and typically displays a high NSS (28.1 6 0.6).
Compared with the transgene-negative plants, the
T0-positive plants had significantly reduced NSS
(P , 0.01; Fig. 3, D–F), which is consistent with the
lowered expression level of BnaC9.SMG7b in the
transgene-positive plants. Furthermore, correlation
analysis indicated that the expression level of BnaC9.
SMG7b in the T1 families was positively correlated
with NSS (Supplemental Table S3). Meanwhile, we
transformed a complementation construct contain-
ing the predicted BnaC9.RING into HZ396; however,
no significant difference in NSS was observed between
the T0 transgene-negative and transgene-positive plants
(Supplemental Fig. S1). Taken together, these results
confirm that BnaC9.SMG7b gene is the target gene for
qSS.C9.

qSS.C9 Encodes a Small Protein Showing Homology
to AtSMG7

The full-length complementary DNA (cDNA) of
BnaC9.SMG7b is 1,666-bp in length, which is composed
of four exons and consists of a 750-bp 59 untranslated
region, a 357-bp open reading frame, and a 559-bp 39
untranslated region (Fig. 4A). Surprisingly, the predicted
BnaC9.SMG7b only encodes a small protein of 119
amino acids and contains a conserved EST1-central
domain (CD), as indicated by PROSITE analysis (http://
prosite.expasy.org/).However, relative to itsArabidopsis
homolog SMG7 (1,059 amino acids in length), the EST1-
CD was greatly reduced in length, and the N-terminal
EST1-tertratricopeptide repeat domain (TPR) and the re-
gion following EST1-CD were nearly completely missed
(Supplemental Fig. S2). To understand the possible
evolutionary process of BnaC9.SMG7b, we searched
the protein sequences showing homology to SMG7
from the Phytozome database (www.phytozome.net)
and the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov/); 42 SMG7 homologs

were collected from 6 monocot species and 22 dicot
species, and they encode proteins varying from 55 to
1,059 amino acids in length. The SMG7 homologs can be
divided into three main branches on the phylogenetic
tree (Fig. 4B). Although BnaC9.SMG7b falls in the
same branch as most of the dicot SMG7 homologs, it
has themost distant relationshipwith any of the SMG7
homologs.

To understand the origination and evolution of BnaC9.
SMG7b in greater detail, we performed BLAST analysis
using the protein sequence of BnaC9.SMG7b as a query.
Aside from BnaC9.SMG7b, 12 homologs of BnaC9.SMG7b
were identified from four species of Brassicaceae, in-
cluding two from B. rapa, three from B. oleracea, five from
B. napus, and two from Arabidopsis. Neighbor-joining
cluster analysis using coding sequences grouped all
BnaC9.SMG7b homologs into two groups: BnaC9.SMG7b
and its 10 homologs from Brassicaceae were classified
into one large group with AtSMG7 (group I), whereas
AtSMG7L was individually located in the other group
(group II; Supplemental Fig. S3), suggesting that
AtSMG7L might have evolved after the divergence be-
tween Arabidopsis and B. napus. In clades 1 and 3 from
group I, each of the B. napus BnaC9.SMG7b homologs
corresponds to a highly similar copy from the corre-
sponding B. rapa or B. oleracea chromosome, and all of the
homologs derived from AtSMG7 (At5g19400) are located
in the ancestral karyotype R block, indicating that these
copieswere directly inherited from their diploid ancestors
and are the products of whole-genome triplication.
However, BnaC9.SMG7b was localized in clade 2, where
another two homologous copies (BnaC9.SMG7c and
BolC9.SMG7b) were identified only from the C9 chro-
mosome of B. napus or B. oleracea. Moreover, collinear
comparison revealed that both BnaC9.SMG7b and BnaC9.
SMG7c originated from BolC9.SMG7b, and the flanking
regions of all of these three homologs belong to the
R block (Supplemental Fig. S4). Thus, the above results
suggest that the location of the three BnaC9.SMG7b ho-
mologs from clade 2 in the R blockmight be because of a
fragment insertion in the C9 chromosome BnaC9.SMG7b.

To determine whether the duplication status of
BnaC9.SMG7b and BnaC9.SMG7c is universal in natural
B. napus, B. rapa, and B. oleracea accessions, we analyzed
295 B. napus accessions (including HZ396 and Y106), 22
B. rapa accessions, and 50 B. oleracea accessions by the
codominant marker (STC9-164) to specifically distin-
guish between BnaC9.SMG7b and BnaC9.SMG7c. The
results showed that, except for eight accessions that did
not harbor BnaC9.SMG7b and nine accessions that did
not harbor BnaC9.SMG7c, all other B. napus accessions
contained both of these highly homologous copies.
Meanwhile, none of the B. rapa accessions harbored
either of the two highly homologous copies, and all
B. oleracea accessions contained the BnaC9.SMG7b ho-
mologous copy BolC9.SMG7b. Collectively, these facts
show that BnaC9.SMG7b is derived from a gene dupli-
cation event of BolC9.SMG7b, which is a B. oleracea
genome-specific gene emerging after the divergence of
B. rapa and B. olearacea.
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Expression Pattern and Subcellular Localization of
BnaC9.SMG7b

To investigate the expression profile of BnaC9.SMG7b,
quantitative real-time PCR (qPCR) analysis was per-
formed using the total RNA extracted from various or-
gans of NIL(Y106). The results indicated that relatively
low expression of BnaC9.SMG7bwas observed in young
leaves and pedicels, with extremely low transcript ac-
cumulation in stamens; in contrast, overall high but
variable expression levels were detected in developing
pistils before and after anthesis (Fig. 5A). To examine
BnaC9.SMG7b activity in greater detail, a BnaC9.SMG7b
promoter-GUS fusion construct was transformed into

Arabidopsis wild-type plants. The expression of GUS in
the transgenic plantswas detectedmainly in the vascular
tissue of various organs, including cotyledons, rosette
leaves, roots, young pedicels, and pistils, before and after
pollination but not in stamens, petals, stems, andmature
siliques (Fig. 5, B–E). Consistent with the qPCR analysis,
GUS activity was gradually enhanced in the pistils be-
fore anthesis and decreased after anthesis. Although a
previous study has indicated that AtSMG7 regulates
both male and female meiosis cell cycles in Arabidopsis
(Riehs et al., 2008), the distinct expression pattern of
BnaC9.SMG7b in the stamen and pistil suggests that
BnaC9.SMG7b might play an exclusive role in mega-
sporogenesis but not in microsporogenesis in B. napus.

Figure 3. Functional analysis of BnaC9.SMG7b. A, Plant and silique phenotypes of the low-NSS parental HZ396-null and BnaC9.
SMG7b-transgenic T0 lines (SS06). B, Comparison of NSS among NIL(Y106), HZ396-null, and BnaC9.SMG7b-transgenic T0 lines. The
statistical significancewas at P, 0.01 based on a two-tailed Student’s t test. Error bars represent the SDs. C, Expression ofBnaC9.SMG7b
in the transgenic B. napus lines as revealed by reverse transcription (RT)-PCR. D, Silique phenotypes of 7-5-null and 7-5 RNAi-
transformed T0 plants. E, Comparison of NSSs between 7-5-null and 7-5 RNAi-transformed T0 plants. F, Expression ofBnaC9.SMG7b in
flower budswas analyzed by qPCR.BnACTIN7was used as a control. A two-tailed Student’s t test between the transgenic plants and the
negative control was used to generate the P values in E and F. Error bars represent SDs from three independent RNA samples.
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This speculation is supported by the fact that the stamen
development and pollen viability were not affected in
NIL(HZ396) (Supplemental Fig. S5).

Processing bodies (P bodies) are small cytoplasmic foci
that contain all NMD factors, including SMG7 in eukary-
otes (Eulalio et al., 2007; Riehs, 2009; Kulkarni et al., 2010;
Mérai et al., 2013). To investigate the subcellular localiza-
tion of BnaC9.SMG7b, we fused the coding region of
BnaC9.SMG7b with the coding region of an enhanced
GFP driven by a Cauliflower mosaic virus 35S promoter.
This chimeric plasmid and aPbodiesmarker (Arabidopsis
DECAPPING COMPLEX PROTEIN1 [AtDCP1]; Mérai

et al., 2013) were cotransformed into Arabidopsis proto-
plasts. The results showed that the BnaC9.SMG7b-GFP
fusion protein was colocalized with the marker in the
P bodies (Fig. 6), suggesting that BnaC9.SMG7b should
retain some conserved functions of SMG7.

BnaC9.SMG7b Promotes the Meiotic Cell Cycle

There were no significant differences in ovule number
between NIL(HZ396) and NIL(Y106) before anthesis
(Supplemental Fig. S6), suggesting that the decrease of

Figure 4. Gene structure and phylogenetic analysis of BnaC9.SMG7b. A, BnaC9.SMG7b gene structure. Black lines represent
introns. Black bars represent exons, and white bars represent 59 and 39 untranslated regions. Bar = 100 bp. B, Phylogenetic tree
of the plant SMG7 protein. The bootstrap neighbor-joining phylogenetic tree was constructed using Geneious 4.8.3. The
lengths of the branches refer to the amino acid variation rates. Cc, Citrus clementina; Cg, Capsella grandiflora; Cp, Carica
papaya, Cr, Capsella rubella; Csa, Cucumis sativus; Csi, Citrus sinensis; Eg, Eucalyptus grandis; Gm, Glycine max; Gr,
Gossypium raimondii; Hv, Hordeum vulgare; Lu, Linum usitatissimum; Mg, Mimulus guttatus; Mt, Medicago truncatula; Nt,
Nicotina tabacum; Os, Oryza sativa; Pp, Prunus persica; Pt, Populus trichocarpa; Pui, Panicum virgatum; Pvu, Phaseolus
vulgaris; Rc, Ricinus communis; Sb, Sorghum bicolor; Si, Setaria italica; Sl, Solanum lycopersicum; Sp, Salix purpurea; St,
Solanum tuberosum; Tc, Theobroma cacao; Zm, Zea mays.
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NSS in NIL(HZ396) should not result from fewer ovule
primordia per silique but from defects in late ovule or
early seed development. Further observation of the
pollen germination and pollen tube behavior showed
that most pollen tubes could grow into the style nor-
mally, but some of them failed to enter the embryo sacs
successfully in NIL(HZ396) (Supplemental Fig. S7).
Considering the fact that the FG plays a central role in
pollen tube guidance during fertilization (Ray et al.,
1997), these results indicate that some ovules in NIL
(HZ396) possibly failed to form the normal FGs or even

the functional megaspores. Therefore, we first compared
the morphology of FG at the stage of FG5 (Christensen
et al., 1997) between NILs by confocal laser-scanning
microscopy. As expected, we found that normal FGs
appeared in most of the ovules (96.5%) in NIL(Y106) but
in only 34.4% of ovules in NIL(HZ396) (Supplemental
Table S4). We also compared the initial ovule numbers
per silique of both NILs with the corresponding NSSs
(Supplemental Table S5). The ratio (65.6%) of abnormal
FGs was highly close to the proportion (69.8%) of abor-
tion ovules per silique inNIL(HZ396), indicating that the

Figure 5. Expression patterns of
BnaC9.SMG7b. A, qPCR analysis of
BnaC9.SMG7b. 1O to 5O indicate
ovaries from NIL(Y106) with ,1,
1 to 2, 2 to 3, 3 to 4, and 4 to 5 mm
before pollination, respectively;
1 to 7 d indicate ovaries from NIL
(Y106) grown for 1, 3, 5, and 7 d
after pollination, respectively.
BnACTIN7 expression was used as
a control. Error bars represent SEs
from three independent RNA sam-
ples. L, Leaves; P, pedicels; S, sta-
mens. B to E, Representative
histochemical analysis of GUS ex-
pression in tissues under the control
of the BnaC.SMG7b promoter in
the transgenic Arabidopsis T2
plants. B, Seedling 7 d after germi-
nation. C, Rosette leaf. D and E,
Inflorescence and mature silique.
At least five independent trans-
formants were subjected to histo-
chemical GUS assays. Bars = 1 mm
(B) and 2 mm (C–E).
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defective FGs should be responsible for the reduction of
NSSs in NIL(HZ396). Moreover, morphologically ab-
normal FGs (or no FGs) can be observed from the very
beginning stage (FG1) to the middle-late stage (FG5;
Christensen et al., 1997) in the ovules of NIL(HZ396)
(Fig. 7; Supplemental Table S4).

Because the FG (FG1) develops directly from the
functional megaspore, we further examined whether
the arrested FGs in NIL(HZ396) result from abnormal
functional megaspore. Above all, we investigated the
megasporogenesis between two NILs by staining cal-
lose in the cell plates of megasporocyte undergoing
meiosis in ovules with aniline blue (Rodkiewicz, 1970).
The dynamic callose pattern as indicated by aniline blue
can be used to monitor the female meiotic division
progression in Arabidopsis (Qin et al., 2014). Compa-
rable frequencies of aniline blue-stained callose bands
were observed between NIL(HZ396) and NIL(Y106)
throughout all meiosis stages (Fig. 8; Supplemental
Table S6), indicating that meiosis in the majority of the
megasporocytes of both NILs can progress at least to

anaphase II. However, because of the technique limi-
tation in observing the very short period from anaphase
II to the formation of a functional megaspore in
B. napus, it remains to be clarified exactly when the de-
velopmental abnormity occurs in some ovules of NIL
(HZ396). Nevertheless, our results clearly showed that
BnaC9.SMG7b plays an important role in determining
the differentiation of a haploid gametophyte, but the role
is specifically restricted to ovules, because we observed
identical and normal pollen development in both NILs
(Supplemental Fig. S5).

The Arabidopsis SMG7 controls the female fertility
and then NSS by regulating the cell cycle progression
out of meiosis II (Riehs et al., 2008). To understand
whether BnaC9.SMG7b may function in a similar
manner, ovaries with a length ,1 mm from NIL
(HZ396) and NIL(Y106) were collected to analyze the
changes inmeiotic gene expression by RNA sequencing
(RNA-seq). First, to confirm that these differentially
expressed genes (DEGs) from the RNA-seq and bio-
informatics analyses were essentially differentially

Figure 6. Subcellular localization of BnaC9.SMG7b. Colocalization of BnaC9.SMG7b-GFP (A) and AtDCP1-RFP (B) in the
P bodies. The bright-field image (C) and merged image (D) are also shown. Bars = 10 mm.

Figure 7. Confocal laser-scanning microscopy analysis of ovule development in NIL(Y106) and NIL(HZ396). Normal FGs in NIL
(Y106) and NIL(HZ396) (A–E) and abnormal FGs in NIL(HZ396) (F–J). A and F, FG1; B and G, FG2; C and H, FG3; D and I, FG4;
and E and J, FG5. Bars = 50 mm.

2752 Plant Physiol. Vol. 169, 2015

Li et al.

http://www.plantphysiol.org/cgi/content/full/pp.15.01040/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01040/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01040/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01040/DC1


expressed, in total, 10 genes were selected randomly
from the DEGs for qPCR assays. For all of the 10 genes,
qPCR analysis revealed the same expression trends as
the RNA-seq data, which confirmed the reliability of
RNA-seq data (Supplemental Fig. S8; Supplemental
Table S7). Second, in total, 79 putative meiotic gene
families were identified from the RNA-seq data
according to the previous results (Wijnker and
Schnittger, 2013; Mercier et al., 2015). Among them, 20
gene families showed down-regulated expression in
NIL(HZ396), and only one (Brassica napus S-phase-kinase-
associated protein1 [BnSKP1]) showed up-regulated
expression in NIL(HZ396) (Supplemental Table S8).
The 21 meiotic genes were further confirmed by qPCR
assay (Fig. 9). According to the function annotations of
these differentially expressed meiotic gene families,
they can be divided into two groups. The first group
includes 11 members that are involved in some key
meiotic events, such as entry into meiosis, sister chro-
matid cohesion, double-strand break repair, cross over
and noncross over outcome, and assembly of synapto-
nemal complex; the second group contains nine gene
families that are involved in cell cycle control (Fig. 9).
Especially, except for BnSKP1, which is a negative
regulator of cell cycle, the Arabidopsis orthologs of all
of the other eight members (Brassica napus B-TYPE
CYCLIN3.1 [BnCYCB3;1], Brassica napus PARALLEL
SPINDLE1 [BnJASON],Brassica napusMALEMEIOCYTE
DEATH1 [BnMMD1], Brassica napus OMISSION OF
SECOND DIVISION1 [BnOSD1], Brassica napus
PARALLEL SPINDLE1 [BnPS1], Brassica napus SOLO
DANCERS [BnSDS], BnaTAM, and BnaTDM1) from the

second group were reported to positively regulate the
cell cycle (Wijnker and Schnittger, 2013; Mercier et al.,
2015). Taken together, our results show that the func-
tion of BnaC9.SMG7b in FG differentiation likely de-
pends on the positive regulation of female meiotic cell
cycle-related genes.

BnaC9.SMG7b Is Not Involved in NMD

Other than the function in progression out of meiosis
II, AtSMG7 is also involved in the NMD, one of the
approaches to eliminate the transcripts containing
premature termination codon (PTC; Riehs et al., 2008;
Riehs-Kearnan et al., 2012). To identify whether BnaC9.
SMG7b is also involved in NMD in B. napus, we ana-
lyzed the different types of alternative splicing (AS)
events between NIL(HZ396) and NIL(Y106) from the
RNA-seq data. The results indicate that no significant
difference was observed in any type of the AS events
(Supplemental Fig. S9). We further investigated the
expression levels of two different transcripts of a single-
copy gene (BnaA03g28670D) by qPCR analysis and
found that the accumulation of PTC-containing tran-
scripts (+PTC) and normal transcripts (2PTC) is not
significantly elevated in NIL(HZ396) compared with
NIL(Y106) (Fig. 10). Consistently, we did not detect
obvious difference in vegetative growth between the
two NILs (Supplemental Fig. S10), which is regarded as
the major negative effect of NMD deficiency in Arabi-
dopsis (Hori and Watanabe, 2005; Arciga-Reyes et al.,
2006; Yoine et al., 2006; Riehs et al., 2008; Riehs-Kearnan

Figure 8. Typical meiotic divisions of megasporogenesis in NIL(Y106) (A–C) and NIL(HZ396) (D–F). A and D, Callose staining in
the transverse cell plate of dyads. B and E, Two callose bands in triads. C and F, Three callose bands in tetrads. Bars = 50 mm.
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et al., 2012). Therefore, these data indicate that BnaC9.
SMG7b is not involved in the NMD process.

Sequence Polymorphisms of BnaC9.SMG7b in
B. napus Germplasms

To understand whether the deletion or potential se-
quence variation in BnaC9.SMG7b is associated with
NSS in natural B. napus populations, we sequenced the

3.48-kb BnaC9.SMG7b genomic fragment (covering the
1.25-kb promoter region and the 2.23-kb gene region) in
76 randomly selected lines containing BnaC9.SMG7b
and measured the NSSs of these lines and the eight
accessions in which BnaC9.SMG7b was deleted as de-
scribed above (Supplemental Fig. S11; Supplemental
Table S9). According to the sequence variations of
BnaC9.SMG7b, four haplotypes were identified from
these B. napus accessions (Supplemental Fig. S11). The

Figure 9. Expression level of meiotic genes in NIL(HZ396) and NIL(Y106). Total RNAwas extracted from ovaries during meiotic
stages with length,1 mm before pollination. A two-tailed Student’s t test was used to generate the P values. Error bars represent
SDs from three independent RNA samples.

Figure 10. NMD efficiency in NIL(Y106) and NIL(HZ396). A, AS of BnaA03g28670D without PTC (2PTC) and with PTC (+PTC)
results in a PTC in the second exon. Black lines represent introns. Black bars represent exons, and white bars represent 59 and 39
untranslated regions. Expression of the BnaA03g28670D transcripts inNIL(Y106) andNIL(HZ396) as revealed byRT-PCR (B) andqPCR
(C). Three independent RNA samples from each NIL were analyzed. BnACTIN7 was used as a control. Error bars represent SDs.
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first haplotype (HAP1) characterized by the deletion of
BnaC9.SMG7b was observed in NIL(HZ396) and seven
other lines. The second haplotype (HAP2) appeared
in 69 lines with the same sequence as BnaC9.SMG7b
inNIL(Y106). The third haplotype (HAP3) was found in
six accessions carrying only one nucleotide change in
the promoter region relative to HAP2. The fourth
haplotype only existed in one accession, which dis-
played five single-nucleotide polymorphism variations
relative to HAP2, but none of the nucleotide changes
affected the BnaC9.SMG7b coding sequence. Further
statistical analysis indicated that HAP2 or HAP3
showed a significantly higher value of NSS than HAP1,
but no significant difference was observed between
HAP2 andHAP3 (HAP4was not analyzed, because it is
an extremely rare allele; Supplemental Table S10).
Therefore, the presence/absence of BnaC9.SMG7bmight
be an important factor that affects the natural variation
of NSS in B. napus, whereas the single-nucleotide poly-
morphism in the promoter region of BnaC9.SMG7b has
no effect on NSS variation.

DISCUSSION

Through transgenic complementation and RNAi and
microscopy observations, we cloned and primarily
characterized BnaC9.SMG7b, which underlies a major
QTL controlling NSS in Brassica spp. BnaC9.SMG7b
functions during the stage from female meiosis ana-
phase II to the formation of a functional megaspore and
subsequently, determines the generation of functional
FGs. The natural deletion or reduction of BnaC9.SMG7b
expression will lead to a decreased NSSs, indicating it
as a positive regulator of NSS. Our results show that,
although BnaC9.SMG7b encodes a small protein ho-
mologous to AtSMG7, BnaC9.SMG7b shows clear se-
quence and functional divergences from AtSMG7.
Analysis of the sequence variations of BnaC9.SMG7b
among natural populations showed that the elite allele
of BnaC9.SMG7b has been nearly fixed in modern
B. napus accessions.
As a key step in the lifecycle of sexually reproducing

eukaryotes, the completion of meiosis depends on the
transition of themeiotic cell cycle (d’Erfurth et al., 2010).
CDKA;1 is the only CDK that has been proposed to play
a central role in meiosis (Dissmeyer et al., 2007;
Bulankova et al., 2010). TAM, as amain cyclin, drives the
cell from G2 into the first meiosis by promoting the ac-
tivities of the core CDK complexes and promotes entry
into the second meiosis by antagonizing the inhibitory
effects of SMG7 and TDM1. TAM can also form an active
complex with CDKA;1 to phosphorylate OSD1, which
is another regulator to promote meiotic progression
through Anaphase Promoting Complex/Cyclosome in-
hibition (Cromer et al., 2012). SMG7 down-regulates
CDK activity in anaphase I and is required after the
first meiotic division for full chromatin decondensation
(Bulankova et al., 2010). In anaphase II, SMG7 acts
through TDM1 to promote meiotic exit and then the

transition to mitotic G1 by down-regulating CDK ac-
tivity again (Bulankova et al., 2010). Based on the above
participants in meiotic cell cycle regulation in Arabi-
dopsis, a molecular model was proposed and com-
plemented: the meiotic progression in Arabidopsis
pollen mother cells is driven by cyclin-CDK activity
modulated by the regulatory interactions among TAM,
SMG7, TDM1, and OSD1 (Bulankova et al., 2010;
Cromer et al., 2012). In this study, we showed that the
deletion of BnaC9.SMG7b possibly resulted in a similar
defect in female meiotic progression regulation, al-
though the cytological detail of the arrested embryo
sacs in NIL(HZ396) remains to be clarified. Further-
more, the expression levels of BnCYCB3;1, BnSDS,
BnTAM, BnOSD1, and BnTDM1 were significantly de-
creased during female meiosis in the absence of BnaC9.
SMG7b. These data collectively suggest that BnaC9.
SMG7b likely also plays a conserved and important role
in meiotic cell cycle regulation, similar to SMG7 in Ara-
bidopsis, and the regulatory model is also applicable for
female meiosis in B. napus. In addition to these cyclin-
CDK activity-related genes, four cell cycle-related genes
(JASON, PS1, MMD1, and SKP1) showed different ex-
pression levels between NIL(HZ396) and NIL(Y106) by
RNA-seq and qPCRanalyses (Fig. 9; Supplemental Table
S8). JASON is required for metaphase II spindle orien-
tation through positively regulating PS1 expression
(d’Erfurth et al., 2008; De Storme and Geelen, 2011).
Because the smg7 mutation exhibits delayed chromo-
some decondensation and aberrant rearrangement of the
meiotic spindle in anaphase II (Riehs et al., 2008), SMG7
may interact with JASON and PS1.MMD1 and SKP1 are
involved in both chromatin structure and the 26S ubiq-
uitination pathway (Yang et al., 1999, 2003; Reddy et al.,
2003; Smalle and Vierstra, 2004; Wang and Yang, 2006;
Zhao et al., 2006). Observation of the aniline blue-stained
callose bands of NILs indicates that the chromosome
organization and progression are normal (Fig. 8).
Therefore, the deletion of BnaC9.SMG7b likely leads to
abnormal programmed cell death inNIL(HZ396), which
induces the abnormal expression of MMD1 and SKP1.

Functional divergence of duplicated genes provides a
source of evolutionary novelties in polyploids, includ-
ing pseudogenization, neofunctionalization, and sub-
functionalization (Force et al., 1999; Conant and Wolfe,
2008; Liu and Adams, 2010). Our study showed that an
obvious subfunctionalization occurred in BnaC9.
SMG7b, because it only assumes the role as a positive
regulator of female meiotic exit but discards its function
during male meiotic exit and NMD decay compared
with SMG7 in Arabidopsis (Riehs et al., 2008; Bulankova
et al., 2010; Riehs-Kearnan et al., 2012). There are
two possible reasons for this functional divergence of
BnaC9.SMG7b. First, the N-terminal EST1-TPR domain
of SMG7 contains a phospho-Ser binding domain that is
required for the early steps of NMD (Fukuhara et al.,
2005; Mérai et al., 2013), whereas this conserved do-
main is nearly completely deleted in BnaC9.SMG7b
(Supplemental Fig. S2). This observation also indicates
that the EST1-TPR domain is actually not necessary for
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the meiotic cycle progression, and AtSMG7 does not
antagonize CDK activity by mediating the dephospho-
rylation of the CDK-cyclin-B substrates during anaphase
as suggested previously (Riehs et al., 2008). Second, the
promoter sequence of BnaC9.SMG7b has been greatly
modified compared with the corresponding sequence in
AtSMG7; BnaC9.SMG7b is not expressed in anthers and
shows no effect on the development of male reproduc-
tion units. Similarly, although BnaC9.SMG7b and BnaC9.
SMG7c have highly conserved amino acid sequences
(Supplemental Fig. S2) and predicted gene structure and
are both located in P bodies (Supplemental Fig. S12),
they further experienced a process of subfunctionaliza-
tion,whichwas indicated by the clear sequence variation
in the promoter regions and the distinct expression and
regulation patterns of genes in the reproductive organs
(Supplemental Fig. S13). In combinationwith the normal
male fertility in bothNIL(HZ396) andNIL(Y106),BnaC9.
SMG7b and BnaC9.SMG7c may specifically function in
female and male meiotic cell cycle progression, respec-
tively, whereas other homologous BnSMG7 copies may
be mainly involved in NMD decay, although they can
complement the function of BnaC9.SMG7b to some ex-
tent. In polyploid crops, the functional divergence of
duplicated genes may be an important source of quan-
titative trait variation, such as the flowering time regu-
lation in B. napus (Wang et al., 2009).

After polyploidization, a series of common events,
including gene loss, chromosome rearrangement, and
tandem duplication, occurred continually throughout
the evolutionary history of Brassicaceae species (Wang
et al., 2011; Cheng et al., 2013; Liu et al., 2014; Chalhoub
et al., 2014). From the ancestral precursor to modern
BnaC9.SMG7b, SMG7 homologs in B. napus also expe-
rienced these evolutionary events. First, whole-genome
triplication produced three copies of SMG7 homologs
in the Brassica spp. diploid ancestor, and the one located
in the medium fractionated subgenome (Wang et al.,
2011) was deleted before the divergence of B. rapa and
B. oleracea. Subsequently, a new copy of SMG7 was
generated through a local duplication of BolC9.SMG7a
and transported to the R block of the same C9 chromo-
some. A sequence divergence occurred in this B. oleracea-
specific copy, resulting in the production ofBolC9.SMG7b.
After the formation of B. napus through wide hybridiza-
tion between B. rapa and B. oleracea, BolC9.SMG7b further
experienced a tandem duplication event and gave rise to
BnaC9.SMG7b and BnaC9.SMG7c. Finally, there are six
copies of SMG7 in the B. napus genome. Based on these
analyses, we proposed a model to describe the possible
evolutionary process from AtSMG7 to its homologs in
B. napus (Supplemental Fig. S4).

Four types of haplotypes at the BnaC9.SMG7b locus
have been found among natural accessions. HAP1,
which represented the absence of BnaC9.SMG7b as
revealed in HZ396, greatly reduced NSS compared
with any of the other three haplotypes, whereas no
significant difference in NSS was observed between
HAP2 and HAP3 (Supplemental Table S10). Therefore,
the presence of BnaC9.SMG7b in the B. napus genome is

an important factor for the increase of NSS in natural
accessions. Thus, the natural variations at BnaC9.
SMG7b can actually be divided into two groups. One
group is represented byHZ396, in which BnaC9.SMG7b
is completely deleted. The other group, including
accessions possessing HAP2 to HAP4, carries a
functional BnaC9.SMG7b allele. Because of the great
contribution on NSS, BnaC9.SMG7b might have
undergone positive selection during the yield im-
provement of modern B. napus breeding accessions,
and therefore, BnaC9.SMG7b is ubiquitous in most of
the germplasms (97.3%) analyzed. However, consis-
tent with previous reports that the trait of NSS is
negatively correlated with the trait of TSW (Shi et al.,
2009; Zhang et al., 2011), we also observed an ex-
tremely low NSS together with a significantly high
TSW in HZ396 (Fig. 1). Thus, it is reasonable that
several accessions without BnaC9.SMG7b are still
retained among modern B. napus breeding acces-
sions, likely as the byproduct of artificial selection of
high TSW. Certainly, it would be interesting to de-
termine in the future if the negative correlation be-
tween NSS and TSW is caused by BnaC9.SMG7b itself
or a tightly linked neighboring member. In addition,
even in the presence of BnaC9.SMG7b, a wide range
of NSS variations was also observed among inbreeding
accessions (Supplemental Table S11), showing that
unique QTLs that control NSS variations are present in
these lines. In future studies, we expect to identify these
QTLs by using populations derived from parental lines
with distinct differences in the numbers of both initial
ovules and arrested ovules.

MATERIALS AND METHODS

Plant Materials

NILs (BC3F2) segregating at qSS.C9 were successfully constructed using a
low-NSS inbred line HZ396 (recurrent parent) and a high-NSS inbred line Y106
(donor parent; Zhang et al., 2012b). Based on the NILs, a BC4F2 population
consisting of 17,554 individuals was further developed in 2011 to 2012 to fine
map qSS.C9. All of the identified individuals with recombination events at the
qSS.C9 locus were further determined by progeny testing in 2012 and 2013. To
compare the yield-related traits between NILs, we randomly selected NIL
(Y106) and NIL(HZ396) BC5F2 plants homozygous at qSS.C9 to produce the
BC5F3 families, and 30 plants from each family were used for trait evaluation.
In total, 293 Brassica napus accessions, including 190 materials from an asso-
ciation mapping population (Cai et al., 2014) and 103 inbreeding lines, were
used to evaluate the duplication status (BnaC9.SMG7b and BnaC9.SMG7c).
Eighty-two of these accessions, listed in Supplemental Table S8, were ran-
domly selected for haplotype analysis; 22 Brassica rapa accessions and 50
Brassica oleracea accessions were used to evaluate the origin and evolution of
BnaC9.SMG7b.

Plant Growth Conditions and Treatments

The B. napus plants used for genetic mapping and haplotype analysis were
grown in normal growing seasons in the Experimental Station of Huazhong
Agricultural University. The planting density was 20 cm between plants within
rows and 25 cm between rows. Regular field management was conducted
according to local agricultural practices. Arabidopsis (Arabidopsis thaliana)
plants and transgene-positive and -negative B. napus plants were all pot grown
in a greenhouse at 20°C to 22°C under 40% to 50% humidity and long-day
conditions (16-h-light/8-h-dark cycle).
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Measurements of NSS and Other Yield-Related Traits

Harvested B. napus was air dried and stored at room temperature before
testing. NSS and silique length were estimated as a mean from 10 well-
developed siliques sampled from the primary branch in the middle of the
harvested individual (Zhang et al., 2011). The seed weight for each plant was
estimated by the average of three measurements of 1,000 well-filled seeds (Fan
et al., 2010). The number of primary branches was measured as the number of
effective primary branches (Shi et al., 2009). The number of siliques per plant
was the number of well-filled, normally developed siliques on each harvested
individual (Shi et al., 2009). Yield per plant was measured as the average dry
weight of seeds of the harvested individuals in a plot (Shi et al., 2009).

BAC Screening, Sequencing, and Annotation

Aunique BACclone librarydesignated asHBnBwas constructed, containing
61,440 clones with a mean insert size of 140 kb and 9.2-fold redundant repre-
sentation of the genome of B. napus. BAC clone plasmid DNA was prepared
using the Macherey-Nagel NucleoBondXtra Midi Kit. The target BAC clones
were identified through a two-stage PCR screening method with SRC9-397 and
STC9-108 (Crooijmans et al., 2000). The target BAC clone was sheared to frag-
ments ranging from 6 to 8 kb and then subcloned into the plasmid PUC118 to
obtain a library containing 1,536 subclones. Then, we used PCR screening and
end sequencing to construct a clone contig spanning the markers STC9-108 and
SRC9-397 and further determined their sequences by Sanger sequencing. The
Web site-based software FGENSH (http://www.softberry.com) was applied to
predict the putative genes from partial sequences of the BAC clone. The ge-
nomic or coding sequences of predicted genes were submitted to the B. napus
database (http://brassicadb.org/brad/index.php) and the Genoscope Ge-
nome Database (www.genoscope.cns.fr/brassicanapus) for homology search
and basic function analysis.

cDNA Preparation and 59- and 39-RACE

Total RNAwas extracted fromvarious plant tissues using anRNAextraction
kit (RNeasy Plant Mini Kit; QIAGEN). The first-strand cDNA was synthesized
using 2mg of RNA and 200 units of M-MLV reverse transcriptase (Promega Kit)
in a volume of 25 mL. The 59- and 39-RACE reactions were performed using the
SMARTer RACE Amplification Kit (Clontech) according to the manufacturer’s
instructions.

Constructs and Transformation

To prepare the BnaC9.SMG7b complementation construct, we amplified a
5,306-bp fragment spanning from 1,252 bp upstream of the translation start
codon to 1,823 bp downstream of the termination codon of BnaC9.SMG7b from
NIL(Y106). The correct fragment, confirmed by sequencing, was then cloned
into the binary vector pCAMBIA3300 (Supplemental Fig. S14A; Supplemental
Table S12). To prepare the RNAi construct, we cloned a 174-bp PCR fragment
from the second exon of BnaC9.SMG7b cDNA into the pFGC5941 vector in both
the sense and antisense orientations (Supplemental Fig. S14B; Supplemental
Table S12). To prepare the BnaC9.RING complementation construct, we
amplified a 6,126-bp fragment spanning from 2,625 bp upstream of the
translation start codon to 1,590 bp downstream of the termination codon of
BnaC9.RING and inserted the correct fragment into the binary vector
pFGC5941 (Supplemental Fig. S14C; Supplemental Table S12). To prepare the
ProBnaC9.SMG7b-GUS construct, we amplified the BnaC9.SMG7b promoter region
(from 2140 to 22,205 bp) from NIL(Y106) and inserted the correct fragment
into pMDC162 upstream of the GUS coding sequence (Supplemental Fig. S14D;
Supplemental Table S12). These constructs were introduced into the host cells
Agrobacterium tumefaciens GV3101. The complementation constructs were
transformed into the low-NSS parent HZ396, whereas the RNAi construct was
introduced into a high-NSS inbred line (7-5) by Agrobacterium spp.-mediated
transformation (Cardoza and Stewart, 2003). The ProBnaC9.SMG7b-GUS construct
was introduced into wild-type Arabidopsis (Columbia-0) by floral dipping
(Clough and Bent, 1998). The T2 plants were grown for GUS staining.

Expression Analyses

The reverse-transcribed products from various tissues were used as tem-
plates for qPCR/RT-PCR assay using the STC9-300 and STC9-333 primers to
examine the expressions of BnaC9.SMG7b and BnaC9.SMG7c, respectively

(Supplemental Table S12). qPCR was conducted in a total volume of 25 mL
containing 2 mL of reverse-transcribed product, 0.2 mM gene-specific primers,
and 12.5mL of Go Taq qPCRMasterMix (Promega Kit) using the ABI 7500 Real-
Time PCR System according to the manufacturer’s instructions. The measure-
ments were obtained using the relative quantification method (Livak and
Schmittgen, 2001). The BnACTIN7 (AF111812) gene and Arabidopsis ACTIN7
(At5g09810) were used as the internal controls for B. napus and Arabidopsis
genes, respectively. All expression level data obtained by qPCR were based on
three biological samples and three replicates for each sample.

Histochemical GUS and Callose Staining

Eleven independent T2 lines were subjected for histochemical GUS assays.
Various organs of the transgenic plants were incubated at 37°C overnight in
5-bromo-4-chloro-3-indolyl-b-glucuronic acid solution and then cleaned in 75%
(v/v) ethanol. The treated tissues were observed on an Olympus IX-70 Mi-
croscope equipped with Nomarski Optics. To observe callose formation during
meiotic cytokinesis, pistils from NILs were first fixed in formaldehyde-acetic
acid for 1 h at room temperature. After washing with distilled, deionized water,
the tissues were incubated in sodium hydroxide solution (6 M) for 12 h. The
tissues were washed with distilled, deionized water again and then transferred
into 0.1% (w/v) aniline blue with 0.14 M K2HPO4 (pH 8.2) for 24 h. Ovules were
dissected from the pistils, mounted in antifade mounting medium, and then
viewed and photographed on a fluorescent microscope using a UV filter.

Subcellular Localization

The BnaC9.SMG7b and BnaC9.SMG7c coding sequences without the termi-
nation codon (TAA) were amplified by PCR using the primer STC9-368 from
NIL(Y106). The amplified cDNA fragments were inserted downstream of the
Cauliflower mosaic virus 35S promoter throughXmaI and BamHI restriction enzyme
sites in framewithGFP in the pGY1-EGFP vector. TheAtDCP1 (At1g08370) coding
sequence without the termination codon (TGA) was amplified by PCR using the
primer STC9-391 and inserted intoa premadeRed Fluorescent Protein (RFP) vector
in luminal-binding protein (BiP)-RFP (Peng et al., 2014) through a BglII restriction
enzyme site to generate a fluorescent protein marker for the P bodies
(Supplemental Table S12). The BnaC9.SMG7b/c-GFP fusion construct and
P bodies protein marker (AtDCP1-RFP) were cotransformed into Arabidopsis
protoplasts by polyethylene glycol/calcium-mediated transformation (Yoo
et al., 2007). Fluorescence signals were detected by confocal laser-scanning
microscopy and visualized using a Leica Microsystem LAS AF. All fluores-
cence experiments were independently repeated at least three times.

Confocal Microscopy of Megagametogenesis

Pistils from NILs were fixed in formaldehyde-acetic acid for 1 h, with the
initial 30 min of fixation performed under a house vacuum (approximately 200
torr), and subsequently kept in 70% (v/v) ethanol overnight at 4°C. The tissues
were then incubated in different solutions as follows: 2% (w/v) potassium
aluminum for 20min, 4% (w/v) Suc solutionwith 10mgL21 eosin for 10 to 12 h,
and 2% (w/v) potassium aluminum for 20 min. Pistils were then dehydrated in
a graded ethanol series (20% steps for 30 min each). After dehydration, the
tissues were first cleared in a 1:1 mixture of methyl salicylate:ethanol for 1 h and
then cleared in 100% methyl salicylate for 24 h. Ovules dissected out and
mounted in 30% (v/v) glycerol were observed using a confocal laser-scanning
microscope and visualized using a Leica Microsystem LAS AF with an excita-
tion wavelength of 559 nm and detection wavelengths of 603 to 637 nm.

RNA-Seq

TotalRNAextracted fromovarieswith lengths,1mmbeforepollinationwas
collected for transcriptomic analysis. Total RNA was isolated using an RNA
extraction kit (RNeasy Plant Mini Kit; QIAGEN). RNA quality was determined
using an Agilent Bioanalyser 2100 (Agilent Technologies, Inc.), and the con-
centration was measured using an ND-2000 (NanoDrop Technologies). RNA-
seq was performed by Novogene Bioinformatics Technology Co., Ltd.

Sequence Tag Preprocessing and Mapping

Sequence tag preprocessing was performed according to a previously de-
scribed protocol with some modifications. FrommRNA sequencing, 30,322,517
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and 31,937,078 raw reads were obtained from NIL(HZ396) and NIL(Y106),
respectively; after dirty raw reads were removed, 24,556,999 (80.99%) and
25,805,093 (80.8%) clean reads remained, respectively. To identify genes cor-
responding to reads in each library, the clean reads were aligned to the B. napus
reference genome (http://www.genoscope.cns.fr/brassicanapus/) using the
TopHat2 software with a maximum allowance of two nucleotide mismatches.

Gene Expression Calculation and AS Event Statistics

Gene expression was calculated using the reads per kilobase transcriptome
per million mapped reads method with the HTSeq software (union model). AS
events were analyzed using the ASprofile software.

Computational and Database Analyses

Homologs of the BnaC9.SMG7b protein sequence were searched using the
BLASTP program of the Phytozome database (www.phytozome.net), The
Arabidopsis Information Resource database (http://www.arabidopsis.org),
the National Center for Biotechnology Information (http://www.ncbi.nlm.nih.
gov/), the B. napus database (http://brassicadb.org/brad/index.php), and the
Genoscope Genome Database (http://www.genoscope.cns.fr/brassicanapus/).
The phylogenetic trees for the plant SMG7 homologs and Brassicaceae SMG7
orthologs were constructed using MEGA 4.0 (http://www.megasoftware.net/).
The amino acid sequences were aligned using Geneious 4.8.3.

Sequence data from this article have been deposited in the NCBI GenBank
database under accession numbers KT947110, BnaC9.SMG7b full length
genomic and protein sequence from NIL(Y106); and KT947111, BnaC9.SMG7c
full length genomic and protein sequence from NIL(Y106). The transcriptome
data for ovary has been deposited in NCBI Sequence Read Archive database
(accession number, SRR2820655).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. NSSs in NIL(Y106), HZ396, and BnaC9.RING-
transgenic T0 lines.

Supplemental Figure S2. Comparison of the amino acid sequences of
Brassicaceae SMG7.

Supplemental Figure S3. Phylogenetic tree of the Brassicaceae SMG7
proteins.

Supplemental Figure S4. Origin and evolution analysis of the SMG7 ho-
mologs.

Supplemental Figure S5. Flower phenotype and pollen fertility of NIL
(HZ396) and NIL(Y106).

Supplemental Figure S6. Quantitative analysis of ovule numbers in NIL
(HZ396) and NIL(Y106).

Supplemental Figure S7. Fluorescence micrographs of pollen tube germi-
nation and growth in NIL(HZ396) and NIL(Y106).

Supplemental Figure S8. qPCR confirmation of the DEGs between NIL
(HZ396) and NIL(Y106).

Supplemental Figure S9. Statistics of AS events in NIL(HZ396) and NIL
(Y106).

Supplemental Figure S10. Ten-week-old NIL(HZ396) and NIL(Y106)
plants.

Supplemental Figure S11. Gene structure and natural variations of BnaC9.
SMG7b.

Supplemental Figure S12. BnaC9.SMG7c subcellular localization.

Supplemental Figure S13. Expression patterns of BnaC9.SMG7c by
RT-PCR.

Supplemental Figure S14. Schematic presentation of transgenic constructs.

Supplemental Table S1. Progeny testing of the seven recombinants occur-
ring in the interval between SRC9-298 and SRC9-397 in the autumn of
2012 in Wuhan, China.

Supplemental Table S2.NSSs in five T1 BnaC9.SMG7b-transgenic B. napus
lines.

Supplemental Table S3. NSSs and BnaC9.SMG7b expression level in Ri2-8
and Ri2-14 T1 families of 7-5 RNAi-transformed plants.

Supplemental Table S4. Confocal laser-scanning microscopy observations
of NIL(Y106) and NIL(HZ396) ovules.

Supplemental Table S5. Quantitative analysis of initial ovule number and
NSSs in NIL(Y106) and NIL(HZ396).

Supplemental Table S6. Meiosis during megasporogenesis in NIL(Y106)
and NIL(HZ396).

Supplemental Table S7. Part of DEGs expression quantification in NIL
(HZ396) and NIL(Y106) by RNA-seq.

Supplemental Table S8. Meiotic genes expression quantification in NIL
(HZ396) and NIL(Y106) by RNA-seq.

Supplemental Table S9. qSS.C9 genotypes, haplotypes, and NSSs in 84
accessions.

Supplemental Table S10. NSSs in three haplotypes.

Supplemental Table S11. Quantitative analyses of initial ovule number
and NSSs in 15 B. napus germplasms.

Supplemental Table S12. Summary of primers used in this study.
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