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The prevention of fertilization through self-pollination (or pollination by a close relative)
in the Brassicaceae plant family is determined by the genotype of the plant at the
self-incompatibility locus (S locus). The many alleles at this locus exhibit a dominance
hierarchy that determines which of the two allelic specificities of a heterozygous genotype
is expressed at the phenotypic level. Here, we uncover the evolution of how at least 17 small
RNA (sRNA)–producing loci and their multiple target sites collectively control the
dominance hierarchy among alleles within the gene controlling the pollen S-locus
phenotype in a self-incompatible Arabidopsis species. Selection has created a dynamic
repertoire of sRNA-target interactions by jointly acting on sRNA genes and their target
sites, which has resulted in a complex system of regulation among alleles.

S
porophytic self-incompatibility (SI) is a
genetic system that evolved in hermaph-
roditic plants to enforce outcrossing (by
preventing self-fertilization) and involves
a polymorphism in which multiple alleles

are maintained and display dominance-recessivity
relations. In the genus Arabidopsis, SI is con-
trolled by a single genomic region “the S locus,”
which contains two tightly linked genes that en-
code the pollen S-locus cysteine-rich (SCR) and

stigma S-locus receptor kinase (SRK) recognition
proteins, whose ligand-receptor molecular dock-
ing leads to self-pollen rejection (1–4). The pollen
recognition phenotype is controlled by the dip-
loid paternal parent’s genotype, but even though
most plants are heterozygous at this locus (5), the
pollen recognition phenotype is typically deter-
minedby one of the two alleles only, according to
the alleles’ relative positions in a hierarchy or
network of dominance-recessivity interactions

between S alleles (6). Selection is expected to
favor genetic elements (“dominance modifiers”),
which establish dominance-recessivity interac-
tion rather than codominance, because individ-
uals with a codominant genotype can produce
pollen rejected by more potential mates than
would occur in a dominant-recessive system (7, 8).
On the basis of modeling (8), the large non-
recombining region composing the S locus (9–11)
is a strong candidate region for hosting such ge-
netic elements.
Until recently, the dominance modifiers as-

sumed in models (7, 8) remained hypothetical. A
particular small RNA (sRNA) has been identified
(12) within the S locus of dominant alleles in
Brassica (called Smi). This sRNA acts as a trans-
modifier of the gene controlling pollen specificity
via de novo methylation of the promoter of re-
cessive alleles, which leads to transcriptional si-
lencing of recessive alleles by dominant alleles
(13, 14). However, the mechanism in the more
complex dominance-recessivity networks in spe-
cies that have many levels in the dominance
hierarchy (15, 16) is unknown. Indeed, balancing
selection typically leads to the maintenance of
a large number of S alleles in self-incompatible
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Fig. 1. Models for the control of dominance-recessivity by sRNA-target
interactions in amultiallelic system. (A) Two models were tested to explain
how a simple mechanistic model (12) can be generalized to a multiallelic system.
Under model 1, dominant S alleles carry a larger set of sRNA precursor genes,
whereas, under model 2, the same linear hierarchy is achieved by a larger set of
sRNA targets carried by recessive S alleles. Under model 1, sRNA targets of
recessive alleles are also more “generalist” than those of dominant alleles,
whereas, under model 2, it is the sRNA precursors of the dominant alleles
that are more generalist. (B to E) Likelihood distributions of Bayesianmodels if

one assumes no correlation or allows for some level of correlated evolution
between: (B) dominance and the number of sRNAs precursors expressed; (C)
dominance and sRNA generalism, defined as the average number of targets used
per sRNA precursor; (D) dominance and the number of target sites; and (E)
dominance and target sites generalism, defined as the average number of distinct
sRNA precursors using each target.The Bayes factor (BF) comparing bothmodels
is given on each panel as asterisks, as well as the distribution of correlation co-
efficients. *BF > 2: evidence for the dependent model, **BF > 5: strong evidence,
and ***BF > 10: very strong evidence (38).
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species, and the >50 S alleles observed in out-
crossing Arabidopsis species (17) are predicted
to form up to 1225 distinct heterozygous geno-
types. In Brassica, class II alleles similarly show a
linear dominance hierarchy that cannot be ex-
plained by the action of Smi alone (12, 18). Under
the mechanistic model involving sRNAs and
their targets within the SCR gene, two hypotheses
could explain an allelic series ofn distinct S alleles
in a linear dominance hierarchy. First, the most-
dominant allelemight producen – 1 distinct sRNAs,
each specifically targeting a givenmore-recessive
S allele, whereas the next-most-dominant allele
might produce sRNAs targeting all S allelesmore
recessive than itself, and so on (with the bottom
recessive producing no sRNAs but having targets
for all more-dominant alleles). This model pre-
dicts that the top dominant allele produces the
largest number of sRNAs and that the bottom
recessive allele carries the fewest but is targeted
by the largest number of sequences; we refer to
this as model 1 (Fig. 1A). Alternatively, the most
dominant allele might produce a single sRNA,
as in Brassica (12), and all subsequent more-
recessive S alleles might carry a specific target
that interacts with the most-dominant allele in
a manner that results in nonexpression (Fig. 1A);
the next allele in the hierarchy (that is recessive
to the top dominant, but dominant to other clas-
ses) might produce a different sRNA, whose tar-
get sequence is present in all alleles recessive to
itself, and so on. This model (model 2 in Fig. 1A)
predicts that only a single sRNA is produced in
all but the most-recessive allele, where the most-
recessive allele carries the largest number of

target sequences (each targeted by a different
dominant allele).

Results

Phenotypic characterization of the
dominance network

To determine the mechanisms of S-allele domi-
nance in the self-incompatible plant Arabidopsis
halleri, we first phenotypically characterized the
dominance network between six S alleles, by cross-
ing each of the 15 heterozygous genotypic com-
binations to both of its respective “tester” lines
(i.e., lines that express a single S allele) (19).
Overall, combining these results with those from
previous studies (16), we determined all possible
pairwise relations and observed dominance in
14 cases (93.3%) and codominance for a single
case (Fig. 2A). The resulting network is fully tran-
sitive and takes the form of a simple linear hier-
archy with two alleles at the top of the hierarchy
(Ah13 and Ah20) (Fig. 2B).

S locus–specific sRNA
precursor genes

We then examined the highly differentiated
nonrecombining region within the S locus (9)
(Fig. 3A) and deep-sequenced sRNA populations
of floral buds (19) from 11 individuals carrying
the six S alleles in various heterozygous combi-
nations. Applying a set of criteria for annotating
plant micro-RNA (miRNA) genes (19, 20), we
identified a total of 17 sRNA precursor sequences
among the six tested alleles (Fig. 3B and fig. S2),
with an average of about 2.8 sRNA precursors per
allele (Fig. 3B). Given the large number of S alleles

segregating in natural populations of A. halleri
(17), this is fewer than expected if dominant al-
leles targeted each individual recessive allele by a
distinct sRNA gene (as predicted from model 1).
The 17 expressed motifs (Fig. 3B) can be clas-

sified into eight distinct families on the basis of
sequence divergence (fig. S3). Three of these
families (mir1887, mir4239, and mir867) have
clear homology to miRNA genes annotated in the
A. thaliana genomeandare present in themiRBase
database (21), although it is unclear whether they
should be considered bona fide miRNA genes,
especially because it has been suggested that
Smimight achieve silencing through a different—
largely uncharacterized—sRNA pathway (22). In
A. thaliana, these miRNA genes were all in the
region flanked byAt4g21350 andAt4g21380, which
contains the relics of the degenerate S locus (23).
Although their function has not been assessed
so far, our results suggest that these motifs may
have served as modifiers of S-allele dominance,
consistent with the fact that theA. thaliana S locus
has only recently undergone degeneration (24).
The five other families we identified have no ho-
mology to any sequence in miRBase.

Identification and functional validation
of sRNA-target interactions

The model proposed in Brassica was from ob-
servations of specific targeting of the promoter
region of recessive SCR alleles involving sequen-
ces in recessive alleles showing similarity with
the 24–nucleotide (nt) sRNA produced by dom-
inant ones (12). We therefore searched for simi-
larities between sRNA sequences produced by
the 17 sRNA precursors identified above and
sequences within 1 kilobase (kb) on either side
of the six SCR alleles, where the majority of reg-
ulatory elements and, thus, potential target sites
of the sRNAs are most likely to be found (25–27).
In total, with stringent alignment criteria (28)
(alignment threshold = 18), we identified poten-
tially strong signals for 21 pairwise sRNA-SCR
interactions (Fig. 3B and fig. S4), greater than
expected on the basis of randomized sequences
with nucleotide composition identical to that of
real SCR sequences (fig. S5). Thus, SCR sequences
appear to be highly enriched in sRNA target sites.
We focused on one specific sRNA-target in-

teraction to validate in planta the regulatory
effect of the sRNA gene on its target. The SI
system can be transferred in A. thaliana, a self-
fertile species, by transformation with the SRK-
SCR genes from self-incompatible Brassicaceae
(29), and the SI response is particularly robust
and stable on stage 13 stigmas from the C24 eco-
type (30, 31).We thus transformed C24A. thaliana
plants with either AhSRK01 or AhSCR01, i.e.,
the female and male determinants, respectively,
of the most recessive S allele, Ah01 (19). Pollen
from the hemizygous AhSCR01-transformed line
was rejected on stage 13 stigmas from theAhSRK01-
transformed line but was functional onwild-type
(WT) stigmas, which demonstrated a reconstructed
SI response (Fig. 4A and table S1) (19). We then
tested the effect of the mirS3 sRNA precursor
gene produced by Ah20 (Ah20mirS3), which we
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Fig. 2. Phenotypic network of dominance-recessivity interactions between alleles. (A) Dominance
network obtained by controlled crosses and comparison with the molecular model. Below the diagonal,
the proportion of compatible crosses on female tester lines of the column allele is given first for each
heterozygote combination, followed by the proportion of compatible crosses on female tester lines of the
row allele. Numbers in parentheses indicate the number of replicate crosses to determine the proportion
in each type of crosses. Superscripts indicate the source of the data: 1, present study; 2, (16). Above the
diagonal, pairwise dominance interactions, as inferred from the crosses, are represented in red and
codominance in green. Blue arrows indicate that the column allele is producing a sRNA that is predicted
to target the row allele. Yellow arrows indicate that the row allele is producing a sRNA that is predicted to
target the column allele (Smith and Waterman stringency threshold = 18). (B) Controlled crosses (de-
tailed in Fig. 2) can be represented as a linear dominance hierarchy among the six S alleles.
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predicted to be the genetic element causing dom-
inance of Ah20 over Ah01 (Figs. 2A and 3B). We
generatedAh20mirS3A. thaliana transgenic lines,
which we crossed with the AhSCR01 line to obtain
hybrid plants containing the two transgenes in
hemizygous state (i.e., as biologically relevant for
S alleles) (table S1) (19). Pollen from these hybrid
plants could germinate onAhSRK01 stigmas,which
showed that the presence of Ah20mirS3 was
sufficient to abolish the SI response conferred
by AhSCR01 alone (Mood’s median test P value =
2.2× 10−4 and3.2× 10−5 on two replicateAh20mirS3
insertion lines) (Fig. 4A). Finally, we produced a
mutated AhSCR01 line (AhSCR01*) in which we
introduced a set of four point mutations specif-
ically in the Ah20mirS3 predicted target (located
in the intron ofAhSCR01) (Figs. 3B and4B), which
we crossed with lines containing Ah20mirS3. As
expected, pollen from the AhSCR01* Ah20mirS3
hybrid plants was insensitive to the effect of
Ah20mirS3 andwas rejected onAhSRK01 stigmas.
Hence, our data demonstrate that our predicted
target site for AhSCR01was necessary for the reg-
ulatory effect of Ah20mirS3 (Fig. 4B). Note that
sRNA target sites within introns of genes have al-
ready been observed and validated experimentally,
in a different context (32). Overall, our validation
procedure provides direct experimental support

to identify sRNA genes and their target sites, al-
though a complete experiment involving all 21
predicted sRNA-target interactions would argu-
ably be required to fully validate the proposed
regulatory mechanism between the six S alleles.

Power and accuracy of the
molecular model

We evaluated power and accuracy of our model
of dominance-recessivity interactions by com-
paring molecular predictions with the pheno-
typic observations from controlled crosses. With
two exceptions, most (93.1%) of the predictions
connect a sRNA produced by a dominant allele
to a target present in amore-recessive allele above
the proportion expected by chance alone (about
63 to 79%, obtained by 100,000 random permu-
tations) (fig. S6), which suggests that our molec-
ular prediction of target sites is reliable, with a low
false-positive rate. Overall, 13 of the 14 dominance-
recessivity relations observed in our tests (93%)
were predicted by at least one sRNA targeting
prediction (Fig. 2A), which suggests that sRNAs
can explain the majority of the interactions we
observe at the phenotypic level. Thus, a simple
molecular model explaining the control of dom-
inance through factors closely linked to the S locus
can predict observed dominance phenotypes.

A single interaction (Ah04>Ah03) remains un-
explained by this simple mechanism. We thus
enlarged our search to sRNA reads in the S locus
that are not derived from hairpins. Because of the
high transposable element (TE) content of the
S locus (9), such small interfering RNAs (siRNAs)
are particularly abundant in the region. Collective-
ly, siRNAs seem to target dominant alleles about
as frequently as recessive alleles (fig. S6) and are
very close to random expectations, which suggests
that, even though some of them may indeed regu-
late dominance, most of them are probably derived
from the TE control machinery with no specific
role in controlling dominance-recessivity interac-
tions. In the case of the unexplained Ah04>Ah03
interaction, none of the siRNAs produced by Ah04
is predicted to target AhSCR03 (fig. S7). It is possi-
ble that another sRNA, whose low abundancemay
remain undetected, is controlling dominance of
Ah04 over Ah03.

Dominance and recessivity—More
sRNAs or more targets?

Given the diversity of both sRNA precursors and
their targets, we asked whether the position of
S alleles along the dominance hierarchy is ex-
plained bymodels 1 or 2 (Fig. 1A), i.e., by number
or by “generalism” (the ability of their resulting
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Fig. 3. Regulatory network determined from sRNAs and their predicted
targets in A. halleri. (A) Flowchart of the annotation procedure of sRNA pre-
cursors. (B) Repertoire of sRNAs precursors and their predicted targets.
sRNA precursors carried by each S allele are represented on the left. Pre-
cursor families are color-coded, and the correspondence between colors and
precursor families is given in the box on the bottom left. sRNA targets on the
SCR gene (T1 kb) are represented on the right. S alleles are displayed ac-
cording to their position along the dominance hierarchy represented on Fig. 2B

(dominant alleles on top, recessive alleles at the bottom). Red boxes on the
target side correspond to the two exons on SCR, with arrows giving the direction
of transcription. For clarity, length variation of the SCR intron is not represented.
A line joins a precursor with a target whenever the precursor produces a sRNA
that is predicted to use that target (based on an alignment threshold of 18). Black
and red lines represent targeting relations that are and are not consistent with
the phenotypic network, respectively. The star symbol indicates the sRNA-target
interaction that we functionally validate in Fig. 4 (Ah20mirS3 on AhSCR01).
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sRNAs to target a broader spectrum of S alleles)
of the sRNA precursors and the targets they
carry. Taking the phylogeny of the S alleles into
account, we compared with Bayes factors (BFs)
if the sRNA precursors or their inferred targets
evolve in a correlated manner with dominance
or if they are independent. We detected an asym-
metry between the functional evolution of sRNAs
and that of their targets. Overall, we confirmed
that sRNA precursors in dominant S alleles are
predicted to target more S alleles than those of
recessive alleles [BF = 21.7***, correlation coef-
ficient (r) = 0.99] (fig. S8) [for the explanation
of asterisk indications, see the legend to (Fig. 1)].
However, dominant S alleles do not do this by
increased total numbers of sRNA precursors
[BF = 0.78 (not significant), r = 0.33] (Fig. 1B)
but rather by greater sRNA precursor general-
ism (BF = 3.53*, r = 0.64) (Fig. 1C). In contrast,
the observed increased degree to which reces-
sive alleles are targeted by sRNAs (BF = 21.7***,
r = –0.99) (fig. S8) appears to have involved both
increased total numbers of targets (BF = 5.87**,
r = –0.81) (Fig. 1D) and increased generality of
each target (BF = 5.94**, r = –0.84) (Fig. 1E).
Overall, our results support model 2, with the
addition that several sRNA precursors cooper-
ate to provide the full targeting spectrum of

dominant alleles. However, targets carried by
recessive alleles have wider spectra than those of
more-dominant alleles, a feature of model 1.

Evolution by gain and loss

To infer the evolutionary changes in the reg-
ulatory network in a broader phylogenetic con-
text,we inspected the repertoire of sRNAprecursors
and their targets on a set of 14 additional S alleles
from bacterial artificial chromosome (BAC) se-
quences for the S locus [(9, 10, 33) and this study].
sRNA precursor genes were inferred from se-
quence similarity with the 17 sRNA genes ex-
amined, plus the Smi sRNA precursor of Brassica
(12). Overall, the 20 S alleles yielded 86 putative
sRNA genes with sequence similarity to either
Smi or one of the eight sRNA families (Fig. 5
and fig. S3). From the six S alleles for which
small RNA–sequencing (sRNA-seq) data were
available, 23 sequence motifs were detected
from this homology search. Hence, six motifs
were present in addition to the 17 sRNA pre-
cursors in Fig. 3B but not supported by sRNA
reads, which suggested that some of these ele-
ments may be expressed at levels too low to
detect by sRNA-seq. Notably, although signifi-
cant hits of Smimotifs were identified in seven
different A. halleri S alleles, none of them was

expressed at a detectable level. In some S alleles,
several of these “silent” motifs have as many pre-
dicted targets as expressed motifs from the same
family (fig. S9), but on average, these motifs tend
to have fewer predicted targets than those that
are expressed (fig. S9). This finding suggests that
these sRNA genes may have undergone func-
tional degeneration with decreased targeting
ability, which may suggest a turnover of active
sRNA genes on the S alleles.
The presence or absence of the 86 putative

sRNA genes was consistent with the phylog-
eny of the different alleles from the SRK gene,
which suggested that interallelic recombination
at the S locus in SI lineages is infrequent (9–11).
Accordingly, ancestral states reconstruction infer-
red the most likely scenario of gains and losses
of the different precursors in a Bayesian frame-
work (Fig. 5 and fig. S10) (19). This reconstruc-
tion indicates that some sRNA precursor families
(mirS2, mirS3, and mir4239) are ancient and
can be traced back to the most recent com-
mon ancestor of all extant S alleles. In con-
trast, several precursor families seem to have
evolved more recently, during the diversifica-
tion of this species’ S alleles (mirS1, mir867,
mirS4, and mirS5) and are found only in the
two lineages of more-recessive alleles [classes II
and III, according to (15)] (Fig. 5). For the two
remaining families (mirSmi and mir1887) an-
cestral reconstruction indicates multiple inde-
pendent origins on different alleles, although
horizontal transfer by occasional recombination
between S alleles may also potentially explain
this pattern. Repertoires of precursors on the dif-
ferent S alleles were also modified in the course
of evolution by repeated deletions, and we infer
at least eight independent deletion events. Fi-
nally, some precursor families seem to have been
expanded by duplication, as several S haplotypes
have multiple paralogs of a given sRNA precur-
sor family (up to four mir4239 precursors on
allele Al13) (Fig. 5).
Reconstruction of ancestral states is more

challenging for the sRNA targets, because of
their more-variable phylogenetic distribution.
From our analyses, we observed that evolution of
the newly arisenmir867precursor—from the com-
mon ancestor of Ah04, Ah10, and Al16—and
acquisition of themirS4 precursor by Ah04 are
both associated with the acquisition of their
cognate targets on the respective branch from
the same ancestral node, which indicated that
allelic diversification was closely followed by
the emergence of sRNA-target interactions. At
least one target is also inferred to be ancient
(that of mirS3 in the intron of SCR), which sug-
gested that there may be functional constraint
over evolutionary times. No putative target could
be identified for mirS1 and mirS5, which may
control dominance over currently unidentified
alleles known to exist in the species (17, 34).

Evolutionary conservation of the sRNA genes

To evaluate functional constraints of the sRNA
motifs, we compared sequence divergence be-
tween functional orthologs of the S-locus region
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Fig. 4. In planta functional validation that Ah20 controls phenotypic expression of SCR01
through specific targeting bymirS3. (A)Ah20mirS3 is sufficient to abolish the SI response of AhSCR01.
(B) The mutated target makes AhSCR01* insensitive to the effect of Ah20mirS3. Pollen compatibility was
estimated by the number of germinated pollen grains per stigma. Incompatible crosses (SI) are colored in
yellow-orange, compatible controls (SC) in green, and tests of themir-target interactions in blue (see table
S1). Mir-target interactions were tested on hybrids produced from two Ah20mirS3-independent insertion
lines, named lines 6 and 12. Thick bars represent the median, boxes the interquartile range, whiskers
extend out 1.5 times the interquartile range, and individual points are outliers.The number of replicates (n)
is indicated above each cross. (A) (Top) The most abundant targeting sRNA produced by the Ah20mirS3
precursor is aligned with the SCR01 predicted target; in (B), it is aligned with the mutated target. Mis-
matches are represented by “x,” and G:U wobbles by “o.”Mutated bases are underlined.
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in A. halleri, A. lyrata, and A. thaliana (17). As a
whole, this nonrecombining region includes
large amounts of noncoding and repetitive se-
quences and displays extremely high levels of
sequence divergence (9) (fig. S11). However, the
two protein-coding genes in the region, SCR
and SRK, as well as the set of sRNA precursors,
form islands of sequence conservation, even in
the comparison with A. thaliana, over at least
10 million years, which suggests that substantial
functional constraints exist on these motifs, at
least comparable to that acting upon the protein-
coding genes controlling SI specificity.

Conclusions

The molecular mechanisms of genetic domi-
nance (and its flip side, recessivity), integral to
Mendel’s discoveries, have been strongly de-
bated. For deleterious mutations, this debate
was largely resolved by the understanding that
physiological properties of metabolic pathways
rather than dominance modifiers (i.e., genetic
elements controlling the dominance of genes)
explain many, if not all, dominance-recessivity
interactions in genomes (35). For balanced poly-
morphisms, however, dominance modifiers could
evolve under natural selection in theoretical
models (36, 37), and our analysis now provides a
molecular basis for most of the control of dom-
inance levels for SI. Although regulatory networks

have typically been viewed as arising between
genes in a genome, we present a surprisingly
complex example of a regulatory network among
alleles at a single genetic locus. Moreover, as
predicted theoretically, the sRNA genes that
we identified as involved in the control of dom-
inance are found within the S-locus region.
An interesting question is how natural selec-

tion has shaped the genetic elements controlling
this network. Although our empirical results
support the theoretical predictions cited above,
there is a major difference between the single
dominance modifiers assumed by the models
and the system of interacting sequences that
produce the actual SCR dominance relations in
A. halleri; the system of sRNAs and their targets
entails a coevolutionary process between the two
interacting partners, which is not found in pre-
vious models (7, 8). Such a coevolutionary pro-
cess could potentially correspond either to an
evolutionary arms race (with dominant S alleles
accumulating sRNA genes, whereas recessive
ones escape silencing by mutations in their tar-
gets) or to a mutualistic system. One can argue
that the latter is more likely because the models
show that natural selection on this type of SI
system mostly acts against codominance and that
dominance and recessivity are both equally advan-
tageous (7, 8). When such data will be extended
to more alleles, it will be interesting to compare

the results with further theoretical expectations
based on evolutionary arms race or mutualistic
interactions models.
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VALLEYTRONICS

Ultrafast generation of
pseudo-magnetic field for valley
excitons in WSe2 monolayers
Jonghwan Kim,1* Xiaoping Hong,1* Chenhao Jin,1 Su-Fei Shi,1,2 Chih-Yuan S. Chang,3

Ming-Hui Chiu,4 Lain-Jong Li,3,4 Feng Wang1,2,5†

The valley pseudospin is a degree of freedom that emerges in atomically thin
two-dimensional transition metal dichalcogenides (MX2). The capability to manipulate it, in
analogy to the control of spin in spintronics, can open up exciting opportunities. Here,
we demonstrate that an ultrafast and ultrahigh valley pseudo-magnetic field can be
generated by using circularly polarized femtosecond pulses to selectively control the valley
degree of freedom in monolayer MX2. Using ultrafast pump-probe spectroscopy, we
observed a pure and valley-selective optical Stark effect in WSe2 monolayers from the
nonresonant pump, resulting in an energy splitting of more than 10 milli–electron volts
between the K and K′ valley exciton transitions. Our study opens up the possibility to
coherently manipulate the valley polarization for quantum information applications.

A
tomically thin layers of transition metal
dichalcogenides (MX2) have emerged as
an exciting two-dimensional semiconduc-
tor platform for nanoelectronics and opto-
electronics (1, 2). In particular, a pair of

degenerate bands are present at the K and K′
valleys in the momentum space of hexagonal

MX2 monolayers, giving rise to a valley degree
of freedom that is analogous to electron spin (3).
Recent polarization-resolved photoluminescence
(PL) studies show that the valley pseudospin in
MX2 can couple directly to the helicity of excita-
tion photons (4–7) and that the pseudospin po-
larization between two valleys exhibits coherent

behavior (7). It raises the intriguing prospect of
valleytronics, which exploits the valley degree of
freedom to carry information (1, 3–9).
Just as spin manipulation is essential in spin-

tronics, the capability to control the valley pseu-
dospin is essential for valleytronics based on
MX2 materials. In spintronics, the electron spin
can be manipulated through any external per-
turbation that breaks the energy degeneracy of
two orthogonal spin polarizations. This can be
achieved either through an external magnetic field
(10, 11) or through a pseudo-magnetic field gen-
erated by other stimuli. For example, circularly
polarized light can produce a pseudo-magnetic
field that can be used to manipulate electron
spins in semiconductor quantumwells and quan-
tum dots (12, 13) through the optical Stark effect.
(The optical Stark effect, a well-established phe-
nomenon in atomic physics and quantum optics,
describes the energy shift in a two-level system
induced by a nonresonant laser field.) It is high-
ly desirable to realize similar control of valley
excitons in MX2 by using light-induced pseudo-
magnetic field for valleytronics.
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Fig. 1. Valley exciton transitions in monolayer WSe2.
(A) The optical reflection spectrum of aWSe2 monolayer
on a sapphire substrate at 77 K. It shows strong A- and
B-exciton resonances at 1.68 and 2.1 eV, respectively.
(Inset) Optical microscopy image of the sample. Scale
bar, 25 mm. (B) Polarization-resolved PL spectra of a
WSe2 monolayer at 77K. For a 1.8-eVexcitation laser with
left circular polarization, the PL spectra showaprominent
emission peak at the A-exciton resonance (1.68 eV), and
the PL intensity with left circular polarization (red curve)
is about four times stronger than that with right circular
polarization (blue curve). It demonstrates that valley-
polarized A-exciton population can be created by circu-
larly polarized resonant excitation and it can be detected
with polarization-resolved PL spectroscopy.
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