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Small RNAs (sRNAs) are hypothesized to contribute to hybrid vigor
because they maintain genome integrity, contribute to genetic
diversity, and control gene expression. We used Illumina sequenc-
ing to assess how sRNA populations vary between two maize
inbred lines (B73 and Mo17) and their hybrid. We sampled sRNAs
from the seedling shoot apex and the developing ear, two rapidly
growing tissues that program the greater growth of maize
hybrids. We found that parental differences in siRNAs primarily
originate from repeat regions. Although the maize genome
contains greater number and complexity of repeats compared
with Arabidopsis or rice, we confirmed that, like these simpler
plant genomes, 24-nt siRNAs whose abundance differs between
maize parents also show a trend of down-regulation following
hybridization. Surprisingly, hybrid vigor is fully maintained when
24-nt siRNAs are globally reduced by mutation of the RNA-depen-
dent RNA polymerase 2 encoded by modifier of paramutation1
(mop1). We also discovered that 21–22-nt siRNAs derived from
a number of distinct retrotransposon families differentially accu-
mulate between B73 and Mo17 as well as their hybrid. Thus, maize
possesses a unique source of genetic variation for regulating
transposons and genes at a genomic scale, which may contribute
to its high degree of observed heterosis.
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In animals, plants, and fungi, hybridization frequently produces
offspring more vigorous than their parents. The phenomenon

of hybrid vigor, or heterosis, depends on genetic variation be-
tween parents and altered genetic states in their offspring. Shull,
who conducted the first genetic analyses of the phenomenon in
maize (1), stressed 60 y ago that multiple mechanisms likely
contribute to different examples of hybrid vigor (2). Advance-
ments in our understanding of genome structure (3, 4) and gene
regulation make this statement even more relevant today. New
sources of genetic variation continue to be uncovered (5), along
with regulatory systems whereby hybridization combines variants
with nonadditive phenotypic effects on growth, metabolism, and
environmental response.
Small RNAs (sRNAs) regulate gene expression and maintain

genome integrity (6, 7), both of which are impacted by hybrid-
ization. The relative ease of self-propagation, hybridization, and
developmental staging of different generations in plants makes it
feasible to investigate the variation in sRNAs between parents
and their progeny. Studies in Arabidopsis (8–10), rice (11), and
wheat (12) have used sRNA sequencing because the technology
catalogues the various size classes of sRNAs and the relative
abundance (i.e., normalized reads of a sequence signature) of
specific sRNAs or sRNA classes among genotypes. Collectively,
these studies find genetic variation in 24-nt siRNAs, reductions
of 24-nt siRNAs following hybridization, and nonadditive ex-
pression of key regulatory microRNAs (miRNAs) and their gene
targets. Each of these observed properties for sRNAs fit the
genetic principles known and hypothesized to contribute to hy-
brid vigor in plants (13).
The magnitude of hybrid vigor in maize is relatively high and

observed throughout its life cycle, which has made the species an

excellent model for studying the phenomenon (14). Moreover,
hybrid maize has been an important application of heterosis. The
maize genome differs from model plant species such as rice and
Arabidopsis by the presence of many classes of high-copy repeats,
particularly transposable elements (TEs), whose activities are
silenced by siRNAs. Accordingly, maize possesses unique fea-
tures of sRNA production, such as an abundant class of 22-nt
siRNAs that is derived from retrotransposons through a pathway
distinct from the generation of 24-nt siRNAs by RNA-dependent
RNA polymerase 2 (RDR2) (15). To learn more about how
hybridization impacts sRNAs in maize, we sequenced sRNAs
from the seedling shoot apex and developing ear of two maize
inbred lines (B73 and Mo17) and their hybrids. We chose these
genotypes because of (i) their high degree of hybrid vigor, (ii)
they represent the major heterotic groups deployed in historical
and current North American corn breeding, and (iii) the exten-
sive genomics resources that exist for the parental lines. We also
investigated whether the genetic contribution of RDR2-medi-
ated amplification of transcriptional gene silencing contributes to
the hybrid vigor displayed by B73×Mo17.

Results
sRNA Sequencing of B73, Mo17, and Their Hybrids. To investigate
differences in sRNA profiles between maize parents and their
hybrids, we sampled (i) seedling shoot apex tissues at 11 d after
sowing (DAS) and (ii) developing ear tissues at the time when the
12th leaf had fully expanded (i.e., V12), from B73, Mo17, and their
hybrids (Fig. 1 A and B). The hybrids showed heterosis for size
when the tissues were sampled (Fig. S1). We chose to study the
shoot apex because it is enriched for meristematic tissue, where
cell proliferation occurs, rates of organ initiation are determined,
and organ size is specified. We also examined the developing ear
because it is also enriched in meristematic tissue and is undergoing
rapid growth, and also because the mature ear shows the highest
degree of heterosis (16). Furthermore, comparison of sRNA
profiles for developing shoots and ears may reveal if sRNA pro-
duction or activity is influenced by accumulated physiological
differences that occur during vegetative development.
sRNA libraries were made for each genotype from RNA

extracted from pooled shoot apices or developing ears and se-
quenced by using the Illumina sequencing by synthesis platform
(Materials and Methods) (Table S1). After processing the sRNA
data and combining sequences across the libraries (Matrials and
Methods), we identified a set of 95,665 distinct sRNAs repre-
senting 3,134,719 reads for the shoot apex and a set of 118,625
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distinct sRNAs representing 3,132,802 reads for the developing
ear (Dataset S1). As expected, more sRNAs catalogued from
a given parent matched its own genome sequences compared
with those from the other parent (Table S1).
The sRNA populations are enriched for repeat-associated

siRNAs (rasiRNAs) as shown by the large percentages of ret-
rotransposon derived siRNAs, sRNAs matching ribosomal DNA
elements, and siRNAs with a high copy number (>10 locations)
in the B73 genome (Fig. S2A). miRNAs account for 16% of the
shoot apex sRNA population but only 2% of the developing ear
sRNA population (Fig. S2A). The miRNA profiles of the two
tissues differ dramatically and consist of a few highly abundant
miRNAs (Fig. S2B). Some miRNAs appear to accumulate
nonadditively, most notably microRNA168 (miR168), which in-
creased approximately twofold in the hybrids for both tissues.
However, in additional replicated experiments using a quantita-
tive real-time PCR (qRT-PCR) assay for miR168, we found that
it accumulates to similar levels in the parents and hybrid during
the course of early shoot and ear development (Fig. S3A).
The expression of microRNA156 (miR156) declines during

early maize shoot development to promote vegetative phase
change (17). Mo17 and B73×Mo17 both transition to the adult
phase earlier than B73 (Fig. S3B). Thus, we were initially sur-
prised to see that miR156 is more abundant in Mo17 compared
with B73 at 11 DAS, whereas both reciprocal hybrids had lower
abundance than B73. After controlling for differences in plas-
tochron length (i.e., the rate of leaf initiation), the expression of
miR156 at the three-leaf stage did in fact reflect the shorter ju-
venile phase of Mo17 and the B73×Mo17 hybrid relative to B73
(Fig. S3C). The differences among the genotypes disappeared as
miR156 levels declined and shoots transitioned to the adult
vegetative phase. The data demonstrate that observed differ-
ences in the rate of development for hybrids compared with
parents can be detected as differences in expression of miRNAs
that control the rate of organ initiation and shoot maturation.

Hybrids Combine Parental Differences in siRNA Populations. We
found that differences between parents and hybrids in sRNA
populations primarily result from the hybrids inheriting distinct
siRNAs from each parent. The sRNA length profile is similar to
those previously reported in maize (15, 18) and does not differ
among genotypes (Fig. S2C), which indicates that hybridization
does not alter biogenesis of different sRNA size classes. The
relative difference in abundance between 24-nt sRNAs and the
other lengths is larger in the ear than in the shoot apex, possibly
because the expression of mop1 is higher in the ear compared
with the seedling (18).
To investigate siRNAs, we removed sRNAs matching miRNAs,

ribosomal DNA, or tRNA from the datasets and retained only
those that mapped to either the B73 or Mo17 genome and had the
characteristic siRNA length (21–24-nt). The vast majority (ear,
82%; shoot apex, 90%) of this siRNA population was sampled
from each of the genotypes or in one of the parents and hybrids

(Fig. 2). Few siRNAs are unique to one parent, present in parents
but not hybrids, or found in hybrids but not parents. Therefore,
hybridization does not create new siRNAs; instead, hybrids pos-
sess a more complex siRNA population than either parent by
inheriting siRNAs from both parents.
To further characterize the inheritance of parental differences

in sRNAs, we calculated d/a ratios [ratio of dominance (hybrid
relative to midparent) to additive (midparent) gene action] (19)
for 21–24-nt siRNAs that map to only one parent’s genome and
were observed from RNA of that genotype at an abundance of at
least five reads per million (rpm), but not detected in the other
parent. The distributions of d/a values for the shoot apex suggest
that these siRNAs are primarily inherited in additive manner;
however, in the developing ear, the d/a values are strongly biased
to below midparent levels (Fig. S4). Most of the siRNAs exhib-
iting this behavior are 24-nt (B73, 91%; Mo17, 92%). We also
observed this bias in developing ear samples taken from low
nitrogen field plots (Fig. S4 E and F). Again, most of the siRNAs
exhibiting this behavior are 24-nt (B73, 92%; Mo17, 93%).

Parental Differences in siRNAs Primarily Originate from Repeats. We
used an approach similar as Johnson et al. (20) to identify the
types of genetic features in which parental differences in siRNAs
originate. We grouped 21- to 24-nt siRNAs that overlapped
(≤100 bp) and mapped to both the B73 and the Mo17 genomes
into clusters based on their location within the B73 genome
(Materials and Methods). The abundance of siRNAs that mapped
to more than one location was repeat-normalized before the
summation of a clusters’ total siRNA abundance (i.e., rpm-
repnorm). The siRNA clusters may contain sequences ranging in
size from 21 to 24 nt but are referred to by their most common
siRNA length (21, 22, or 24-nt) and are characterized by the
genetic feature annotated at the location of their match in the
B73 genome. For each tissue, we analyzed the siRNA clusters
that had an abundance of at least 5 rpm-repnorm in one of the
genotypes. This data are available in Dataset S1. The 21-nt
clusters accounted for less than 1% of the clusters in both tissues.
In the shoot and ear, the proportion of 21-nt and 22-nt

siRNAs in a cluster are positively correlated (shoot, r= 0.51; ear,
r = 0.46; P < 0.0001), whereas the proportions of 21-nt and 22-nt
siRNAs in a cluster are negatively correlated with 24-nt siRNAs
(shoot, r = −0.71 and r = −0.95, respectively; ear, r = −0.68 and
r = −0.79, respectively; P < 0.0001). The 22-nt clusters have
a longer mean length (668 bp) and are more abundant (7 rpm)
than the 24-nt clusters (89 bp and 5 rpm; Wilcoxon rank-sum P <
0.0001). The 24-nt clusters are more likely to be located near
genes than 22-nt clusters, which are instead found in repetitive
sequences (Fig. 3 A and D). To investigate clusters exhibiting
large parental differences, we ordered the clusters by their de-
gree of parental fold change and selected clusters within the top
10% of these values (Fig. 3 B and E). In both tissues, these
clusters primarily map to repeats (Fig. 3 A and D). When addi-
tional replicate sRNA sequence datasets were examined for the
parental genotypes, we detected clusters in the same genomic
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Fig. 1. Summary of actively growing and highly proliferative tissues in-
vestigated for maize inbred and hybrid sRNA sequencing experiment. (A) At
11 DAS, tissues enriched for the shoot apex were collected by removing
emerged leaves and sampling the bottom 1 cm of the remaining leaf tissue.
(B) When the shoot had elongated 12 fully-expanded leaves (i.e., at V12), the
top developing ear was excised.
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Fig. 2. Global differences in sRNAs between parents and hybrids result from
parents passing on different populations of distinct siRNAs. Venn diagrams
show percentage of total 21- to 24-nt siRNA abundance accounted for by
each genotypic group for shoot apex (A) and developing ear (B).

Barber et al. PNAS | June 26, 2012 | vol. 109 | no. 26 | 10445

G
EN

ET
IC
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/sd01.xlsx
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/pnas.201202073SI.pdf?targetid=nameddest=ST1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/pnas.201202073SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/pnas.201202073SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/pnas.201202073SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/pnas.201202073SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/pnas.201202073SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/pnas.201202073SI.pdf?targetid=nameddest=SF3
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/pnas.201202073SI.pdf?targetid=nameddest=SF2
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/pnas.201202073SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/pnas.201202073SI.pdf?targetid=nameddest=SF4
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1202073109/-/DCSupplemental/sd01.xlsx


location, with the same high parent and in the top 10% of the
parental differences for 39% and 25% of these shoot apex and
developing ear clusters, respectively. Comparing the top 10%
clusters for all four sRNA sequencing datasets, we found 18
siRNA clusters in the shoot apex that matched 20 clusters in the
developing ear. Based on proximity (<250 bp), we collapsed
these clusters into 10 genomic regions. Interestingly, eight of
these regions consisted only of 22-nt clusters and are located in
genomic intervals containing sequences annotated as high-copy
retrotransposon families (Table S2).

We calculated the deviation from the midparent abundance
for each siRNA cluster to investigate how the clusters behave
following hybridization. Fig. 3 C and F show deviation from
midparent values for the clusters arranged in increasing order of
the parental fold change of the clusters. In the shoot apex,
siRNA clusters appear to be inherited in an additive manner
(Fig. 3C). In contrast, siRNA clusters in the ear show larger
deviations above and below midparent values, but trend to below
midparent levels as the degree of difference in siRNA cluster
abundance between the parents increases (Fig. 3F). A similar
trend was observed for the developing ear samples taken from
the low nitrogen plots (Fig. S5C). In both developing ear data-
sets, this trend is more strongly observed for the 24-nt clusters.

Parental Differences in Retrotransposon siRNA Activity Are Driven by
21-nt and 22-nt siRNAs. To further investigate global differences in
siRNA abundance for retrotransposon families between the
parents, we mapped 21-nt, 22-nt, and 24-nt siRNAs that perfectly
matched the B73 or Mo17 genomes onto the characterized ret-
rotransposons present in the Zea repeats database. Fig. 4 shows
the retrotransposon families that had an abundance of at least
100 rpm in one of the genotypes. The production of specific
siRNA lengths and the overall abundance of siRNAs from these
retrotransposon families are similar across the two tissues. The ji
and cinful families have the highest total abundance. The fami-
lies can be grouped into those that produce primarily 22-nt
siRNAs (cinful, rire1, giepum, ji, misfit), those that produce both
22-nt and 24-nt siRNAs (zeon, grande), and those that produce
primarily 24-nt siRNAs (huck1, milt, opie).
Parental differences in the abundance of siRNAs for cinful,

zeon, rire1, giepum, grande, and ji were consistent in both tissues.
We used a χ2 test to determine if these differences between B73
and Mo17 were associated with a particular length in siRNA. We
used the tissues as biological replicates for the parental geno-
types, requiring the significant difference to be observed in the
same direction in both tissues. The difference in abundance for
cinful, grande, and ji between B73 and Mo17 is contingent on the
21-nt and 22-nt lengths, whereas the parental difference for
giepum, rire1, and zeon1 is contingent on only the 22-nt length
(Bonferroni-corrected P < 0.01). Significant differences between
B73 and Mo17 for retrotransposon families were observed for
24-nt siRNAs, but they were either not significant in both tissues
or occurred in different directions in the tissues. In additional
sRNA sequencing experiments, we again observed these signifi-
cant contingencies between the parental difference in abundance
and siRNA length (21-nt, cinful, ji; 22-nt, cinful, rire1, giepum,
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Fig. 3. Parental differences in siRNA regions primarily originate from
repeats and deviate less from midparent in the shoot apex compared with
the developing ear. Shown are the 22-nt and 24-nt siRNA clusters with at
least 5 rpm-repnorm for shoot apex (A–C; n = 1,306) and developing ear (D–
F; n = 5,110). Clusters are arranged in ascending order of parental fold
change. (A and D) Classification of clusters based on type and genetic fea-
ture. (B and E) Degree of parental difference for siRNA clusters (log10 of
high parent abundance divided by low parent abundance). Clusters below
the horizontal gray line have parental differences that fall within the top
10% of the values for all of the clusters (shoot apex, 8.9-fold; ear, 9.5-fold).
(C and F) Deviation from midparent values for siRNA clusters (log2 of F1
abundance divided by midparent abundance).
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grande, ji; Fig. S6). Therefore, the differences in siRNA abun-
dance for these retrotransposon families primarily result from
21- to 22-nt siRNAs.
The parental differences in abundance for 21- to 22-nt siRNAs

from specific retrotransposon families may reflect differential
transcription of source sequences and subsequent processing into
sRNAs, or could indicate down-regulation of complementary
mRNA targets by posttranscriptional activities. We performed
qRT-PCR to differentiate between these two scenarios for the
cinful family, which had a greater abundance of 21-nt and 22-nt
siRNAs in B73. In the shoot apex, we found that cinful mRNA
levels increase from the three- to four-leaf stage (Fig. S3D). At
the four- and five-leaf stages, B73 has significantly higher levels
of cinful mRNA than Mo17, and the hybrid appears to track the
higher parent. For the V10 to V13 growth stages in the de-
veloping ear, we found that B73 has higher levels of cinful
mRNA than Mo17, and the hybrid has levels between the
parents. Thus, at least for cinful in B73, 21- to 22-nt siRNAs
accumulate in proportion to retrotransposon-derived mRNAs.

Loss of mop1 Does Not Suppress Hybrid Vigor for B73×Mo17. RDR
genes function as the amplification components of RNA silencing
pathways, producing dsRNA from single-stranded precursors to
sustain silencing (21). Loss ofmop1, an RDR2 orthologue in maize
(22), has drastic phenotypic effects, such as stunting, delayed
flowering, and feminization of tassels (23). The mop1 mutation
dramatically reduces the abundance of a large population of 24-nt
siRNAs, but does not affect 22-nt siRNAs (15). Therefore, the
mutation provides a genetic system to test the contribution of
mop1-dependent 24-nt siRNAs for hybrid vigor in maize.
The mop1-1 loss of function allele (22) was introgressed into

the B73 and Mo17 inbred backgrounds, and reciprocal hybrids
from WT and mop1-1 mutant parents were generated. The pa-
rental inbreds and reciprocal hybrids were each grown in a rep-
licated field trial. To verify the expected effects of mop1-1 on
24-nt siRNA accumulation, we used qRT-PCR to measure the
amount of two 24-nt siRNAs previously documented to have
reduced abundance in the developing ear from mop1-1 mutant
plants (15). Fig. 5A shows that the levels of the two 24-nt siRNAs
are significantly reduced in the developing ear for the mop1-1
mutants. We found that, for all genotypes, mop1-1 significantly
reduces plant height and cob weight, and also delays flowering
(Table S3). Stover biomass significantly decreases for the mutant
compared with normal inbreds. Although mop1-1 impacted the
mean genotypic values of these traits in the parents, the mutation
did not suppress the heterotic behavior of B73×Mo17 or
Mo17×B73. Vigor for vegetative and reproductive tissues was
readily observed for mutant hybrids (Fig. 5B). The hybrid per-
formance observed in the mutant is no less than the WT plants

and is even enhanced for days to 50% shed, cob weight, and
stover biomass (Fig. 5C).

Discussion
Core Components of sRNA Biogenesis and Hybrid Vigor. Dosage
changes in key regulatory genes have been proposed to explain
the nonadditive phenotypes of hybridization (13). sRNAs are
good candidates for such factors because they regulate gene ex-
pression via binding to complementary RNAs. However, the
results obtained from sRNA sequencing indicate that key com-
ponents to sRNA biogenesis do not change following hybridiza-
tion of B73 and Mo17, and conversely, dramatic changes in the
production of RDR2-dependent 24-nt siRNAs have little impact
on the degree of hybrid vigor displayed by B73×Mo17. Among
miRNAs, we might expect changes in miR168 abundance to have
the greatest molecular effects because it functions as a core reg-
ulator of sRNA accumulation through its posttranscriptional
regulation of ARGONAUTE 1 (AGO1) (24). In wheat, Kenan-
Eichler et al. (12) attributed a global decrease in 24-nt siRNAs
following allopolyploidization to a twofold increase in miR168
abundance in the allopolyploid. From our sRNA sequencing data,
we also observed an approximate twofold increase in miR168
abundance in the hybrids for both tissues. However, by using
a more sensitive qRT-PCR assay and greater biological replica-
tion, we found that miR168 does not differentially accumulate
among B73, Mo17, and their hybrid (Fig. S3A), which is consis-
tent with our finding that 24-nt siRNAs are not globally decreased
relative to other sizes in the hybrids (Fig. S2C). Although there is
evidence that suggests miRNAs are nonadditively expressed fol-
lowing hybridization in plants (8, 11), another study did not find
strong examples (9). It is important to remember that the in-
creased size of hybrids relative to their parents occurs in the
context of normal developmental programs for organ initiation,
morphogenesis, and differentiation. This principle led East (25)
to suggest that genes controlling development are not important
to hybrid vigor. Because many miRNAs regulate developmental
processes that continue to operate normally in hybrids, they might
not be expected to be key drivers of hybrid vigor. However, as we
demonstrate here for miR156, miRNAs can certainly respond to
hybridization (Fig. S2B).
In maize, loss of the RDR2 orthologue mop1 reduces global

levels of 24-nt siRNAs (15) alters the expression of thousands of
genes and TEs (26) and has drastic consequences for the growth
and development of inbred lines (Table S3) (23). However, we
found that loss of mop1 does not result in a decrease of hybrid
vigor displayed by B73×Mo17 or Mo17×B73 for vegetative or
reproductive traits (Fig. 5 B and C). The magnitude of hybrid
vigor was even enhanced for days to 50% anthesis, cob weight,
and stover biomass. Because the effects of mutations frequently

0
0.2
0.4
0.6
0.8

1

B
73

M
o1

7
B

73
xM

o1
7

B
73

M
o1

7
B

73
xM

o1
7

Wild type
mop1-1

∆∆
C

t

24-A 24-B

** **

*** ***

* *

C

0
1
2
3
4
5
6

pl
an

t h
ei

gh
t 

(c
m

)
50

%
 sh

ed
 

(d
ay

s)
50

%
 si

lk
 

(d
ay

s)
co

b 
w

ei
gh

t 
(g

)
st

ov
er

 
bi

om
as

s (
g)

hy
br

id
s/

in
br

ed
s

A
gr

on
om

ic
 

T
ra

it

B73xMo17 wild type
B73xMo17 mop1-1
Mo17xB73 wild type
Mo17xB73 mop1-1

**** p-value < 0.1
**** p-value < 0.05
**** p-value < 0.01

BA

M
o1

7

B
73

B
73

x
M

o1
7

M
o1

7

B
73

B
73

x
M

o1
7

Wild type mop1-1

Fig. 5. Loss of mop1-1 reduces 24-nt siRNAs in the developing ear but does not suppress hybrid vigor for B73×Mo17. (A) ΔΔCt values for siRNAs 24-A and 24-
B using microRNA172 as the reference. RNAs were assayed from developing tissue (top ear from V10–V12 plant growth stage) from WT and mop1-1 field
grown plants. Error bars represent ±2 SEM of the ΔΔCt values for four individual ears. (B) Vegetative and reproductive growth for WT and mop1-1 mutant
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depend on genetic background, we caution direct comparisons of
our results with findings from other studies of mop1 mutants (15,
26). However, we did confirm via qRT-PCR that 24-nt siRNAs
were reduced in each of the genotypes also homozygous for
mop1-1 (Fig. 5A). Therefore, we conclude that mop1-dependent
24-nt siRNAs are not required for the hybrid vigor of measured
traits for this specific cross.

Hybridization and 24-nt siRNAs. We found that hybridization does
not alter sRNA populations globally in either of two rapidly de-
veloping tissues that dictate organ number and size (Fig. S2C).
Instead, hybridization combines parental differences in siRNAs,
producing an offspring that is more complex than either parent.
Our sRNA sequencing results show that the hybrid inherits nearly
all the differences in siRNA populations between B73 and Mo17
(Fig. 2). These 21- to 24-nt siRNAs mainly match repeat regions
of the B73 genome (Figs. 3 and 4). Most of the 24-nt siRNAs are
likely involved in the transcriptional regulation of TEs through
RNA-directed DNA methylation (6), but they could also in-
fluence gene expression in cis, as 24-nt siRNA regions were found
to occur within or near genes (Fig. 3). In the ear but not the shoot
apex, we note that the 24-nt siRNAs and siRNA clusters that
differ between parents tend to accumulate to levels below mid-
parent levels (Fig. 3 and Figs. S4 and S5). We attribute the greater
degree of nonadditive inheritance in the ear to its more hetero-
geneous population of cells produced later in development, when
cumulative physiological effects may have greater impact (13).
Similar to this work, reductions of 24-nt siRNAs following

hybridization or polyploidization have been documented in
a number of plant species (8, 9, 11, 12). If this is a general trend,
a simple explanation for our observation that mop1 mutants do
not display reduced hybrid vigor may be that reductions in RDR2
produce a similar regulatory outcome to hybridization, namely
reduced production of 24-nt siRNAs. Prior studies have reported
global and local reductions in 24-nt siRNAs, which could reflect
different approaches to processing and analysis of the raw sRNA
sequencing data or the different tissues investigated. In Arabi-
dopsis thaliana, Groszmann et al. (9) connected the reduction in
24-nt siRNAs to changes in gene expression in the hybrid that
were mediated through a loss of DNA methylation. If hybrid-
ization functions to reduce or reset parental differences in 24-nt
siRNAs, presumably, siRNA accumulation and epigenetic regu-
lation are reestablished in some manner in subsequent gen-
erations of inbreeding. Recently, de novo variation in 21- to 24-nt
siRNA abundance was found in F2-derived lines of a cross be-
tween a wild and a modern tomato cultivar and in introgression
lines of the wild germplasm into the modern background (27).
The authors note that the reestablishment of siRNAs in sub-
sequent generations following hybridization could have important
consequences in plant breeding if they have phenotypic effects.

Retrotransposons and Posttranscriptional Regulatory Variation. Un-
like previous studies comparing sRNAs between parents and
their hybrids in plants (8–12), we found significant parental
variation in 21- to 22-nt siRNAs derived from specific retro-
transposon families (Fig. 4, Fig. S6, and Table S2). This differ-
ence likely reflects our choice to investigate actively dividing
tissues, whereas other studies (8–12) sequenced sRNAs from
mature tissues or even whole seedlings, in which transcription of
TEs is less likely to be observed. For example, Shen et al. (10)
noted at least a fivefold enrichment in sRNA associated with
genes compared with those associated with TEs. This difference
between the studies may also reflect the different impact that
TEs have played on the genome biology of the species. In fact,
very few TEs have been identified in Arabidopsis that produce
21- to 22-nt siRNAs (28). As we observed from our data (Fig. 4
and Table S2), this is not the case in maize. Previous work has
found that ∼10% of the ESTs sequenced from the shoot apical

meristems of B73 and Mo17 were derived from retrotransposons
(29), indicating they are transcriptionally active in stem cell
populations at a level that could represent a metabolic cost to
growth or rates of cell division. Maize differs from other plant
species by containing a relatively high population of 22-nt
siRNAs that does not depend on the RDR2/mop1 siRNA bio-
genesis pathway. Therefore, the impact of hybridization on
sRNAs appears to depend on the content and organization of
the genomes being investigated. We note that the genomes of
many crop plants for which heterosis is important exhibit the
complexity of repeats and paleoploidy characteristic of maize
rather than minimal genomes of Arabidopsis or rice.
Based on their length and sequence similarity to the retro-

transposon families from which they are derived, these siRNAs
may act posttranscriptionally to degrade aberrant RNA tran-
scribed from retrotransposons. If this were the case, we would
expect an inverse relationship between mRNA levels and siR-
NAs for the retrotransposon families that differ between B73
and Mo17. When examined for the cinful retroelement, B73 has
a higher abundance of cinful mRNA, 21-nt siRNAs, and 22-nt
siRNAs compared with Mo17 (Fig. S3D). However, in the
seedling shoot apex, we did see an increase in cinful expression as
the shoot matured. This developmental shift corresponds to
a decrease in miR156 (Fig. S3C), which, together with micro-
RNA172 (miR172), controls phase change in maize (17, 30). It
has been previously suggested in maize that a relaxation of TE
silencing may be associated with vegetative phase change, so that
the genome can recognize TEs and reinforce their silencing
through sRNA pathways before reproductive development (31).
Our findings illustrate that the connection between rasiRNA

levels and steady-state TE RNA levels is difficult to assess. First,
assaying a single time point may not reveal down-regulation of
TE RNA in rapidly growing tissues because TE silencing may be
responding to developmental cues. Second, there may be a lag
phase or possibly tissue preference to where down-regulation
occurs. Because of the complexity of repetitive elements, feed-
back regulatory loops may exist that complicates the relation-
ships between rasiRNA and target RNA levels, as has been
documented for miR168 and AGO1 in Arabidopsis (24). Third, it
is possible that the 21- to 22-nt siRNAs may have another pur-
pose besides genome defense, and may possibly target genes.
Ohtsu et al. (29) proposed that the expression of retro-
transposons in dividing tissues may allow for the derivation of
siRNAs that target genes with homologous sequences in their
untranslated regions. Recently, direct evidence for this hypoth-
esis has been obtained in Arabidopsis, in which a 21-nt siRNA
derived from an Athila retrotransposon is produced in pollen
cells and posttranscriptionally regulates the UBP1b gene that
mediates stress response (28).
The relationship between retrotransposons and hybrid vigor is

unclear, but the high degree of hybrid vigor displayed by maize
compared with other plant species has been attributed to its
highly repetitive genome (14). Genetic variation between parents
is a requirement for hybrid vigor, and the two have a positive
association on the average (25). East argued that the effects of
hybrid vigor cannot be compared across genera because the rel-
ative degree of genetic differences likely varies (25). As we have
demonstrated through sRNA sequencing, the retrotransposon
portion of the maize genome provides an additional way for two
inbred parents to differ by creating 21- to 22-nt populations of
rasiRNAs. If TE-derived siRNAs can posttranscriptionally regu-
late endogenous genes as shown in Arabidopsis, the retro-
transposon-derived 21- to 22-nt siRNAs in maize may serve as
a significant source of regulatory variation acting at the post-
transcriptional level. In a hybrid, the combination of divergent
populations of 21- to 22-nt rasiRNAs may generate observed in-
dividual siRNA abundances falling between parental levels.
However, given their putative function, new trans regulatory
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interactions mediated by these distinct 21- to 22-nt siRNAs could
cause pleiotropic, developmentally dynamic, and synergistic mo-
lecular changes that contribute to the nonadditive phenotypic
responses to hybridization in maize. Considering its immense
genetic diversity and highly repetitive genome, genetic variation
in a regulatory system mediated by TE-derived siRNAs could be
a significant contributor to the dramatic vigor of maize hybrids.

Materials and Methods
Plant materials and experimental designs are described in SI Materials
and Methods. Total RNA was isolated from plant tissues as described in
the SI Materials and Methods. Library construction, sequencing, and

analyses of sRNA sequences are described in SI Materials and Methods.
The sRNA sequence data have been deposited in the Gene Expression
Omnibus database.
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