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In plants, microRNA (miRNA)-target complementarity has long been considered the predominant factor determining the
silencing outcome of the miRNA-target interaction, although the efficacy of such interactions have rarely been appraised in
plants. Here, we perform in planta silencing efficacy assays on seven Arabidopsis MYB genes, all of which contain conserved
miR159-binding sites of analogous complementarity. These genes were found to be differentially silenced by miR159; MYB81,
MYB97, MYB101, MYB104, and DUO1 were all poorly silenced, whereas MYB33 and MYB65 were strongly silenced. Curiously,
this is consistent with previous genetic analysis defining MYB33 and MYB65 as the major functional targets of miR159. Neither
the free energy of miR159-target complementarity, nor miRNA binding site accessibility, as determined by flanking region AU
content, could fully explain the discrepancy of miR159 silencing efficacy. Instead, we found that MYB33 and MYB65 were both
predicted to contain a distinctive RNA secondary structure abutting the miR159 binding site. The structure is composed of two
stem-loops (SLs) that are predicted to form in MYB33/65 homologs of species as evolutionary distant as gymnosperms.
Functional analysis found that the RNA structure in MYB33 correlated with strong silencing efficacy; introducing mutations
to disrupt either SL attenuated miR159 efficacy, while introducing complementary mutations to restore the SLs, but not the
sequence, restored strong miR159-mediated silencing. Therefore, it appears that this RNA secondary structure demarcates
MYB33/65 as sensitive targets of miR159, which underpins the narrow functional specificity of Arabidopsis miR159.

MicroRNAs (miRNAs) are small 20- to 24-nucleotide
(nt) RNAs that guide the RNA-Induced Silencing
Complex to target mRNAs and mediate their silencing
through a combination of transcript degradation and
translational repression (Axtell, 2013). In plants, miRNAs
have been shown to be involved in a multitude of critical
developmental events and stress responses, and are often
referred to asmaster regulators of gene expression. Central
to understanding miRNA function has been identifying
their target mRNAs (Sun et al., 2014). In plants, it is clear
that high sequence complementarity between a miRNA
and its target mRNA is compulsory for a miRNA-target

interaction (Mallory et al., 2004; Schwab et al., 2005;
Addo-Quaye et al., 2008; German et al., 2008), with
most experimentally validated miRNA-target pairs
having very few mismatches (Schwab et al., 2005; Liu
et al., 2014). Consequently, miRNA-target comple-
mentarity has been the cornerstone of plant miRNA
biology, determining miRNA target prediction (Dai and
Zhao, 2011), the design of artificial miRNAs (amiRNAs;
Schwab et al., 2005), the design of artificialmiRNAdecoys
such as target MIMICs (Todesco et al., 2010), or the iden-
tification of endogenous targetMIMICs (Karakülah et al.,
2016). However, bioinformatic prediction of target genes
often fails to accurately predict functionally relevant tar-
gets,where fromnumerous predicted targets, only a select
few appear functionally significant (for review, see Li
et al., 2014a). Likewise, it has been reported that amiRNAs
with high complementarity to their intended targets per-
formwith considerable variability in plants (Li et al., 2013;
Deveson et al., 2013). Finally, differentmiRNAdecoys that
contain identical miRNA binding sites work with widely
varying efficacies (Reichel et al., 2015). These and other
observations argue that miRNA-target interaction is not
simply a product of complementarity, but additional fac-
tors are required for functional miRNA-target interactions
(Wang et al., 2015).

In animals, it has long been known that the contex-
tual sequence features in which a miRNA-binding site
resides can strongly impact silencing. For example,
miRNA-binding site accessibility was shown to be im-
portant, where introduction of mutations to decrease
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predicted accessibility disrupted efficient regulation,
with impacts being as strong as mutations within the
binding site itself (Kertesz et al., 2007). Furthermore, it
has been shown that for certain animal miRNA-target
interactions, strong regulation only occurs when the
binding sites are within specific sequence arrangements
or contexts (Didiano and Hobert, 2006; Vella et al.,
2004). Other factors impacting the efficiency of regula-
tion include RNA-binding proteins (RBPs), which can
either attenuate or facilitate the access of the miRNA to
its binding site (Kedde et al., 2010). Factors such as these
have been studied less in plants, but evidence is accu-
mulating that sequence context of miRNA binding sites
may also be important in plants. First, Gu et al. (2012)
found a synonymous codon bias favoring AU-richness,
and hence reduced RNA secondary structure, around
predicted miRNA target sites in several plant species.
Second, Li et al. (2012) have found that miRNA binding
sites in Arabidopsis (Arabidopsis thaliana) are generally
less structured than their flanking regions, indicating a
preference for high accessibility. Indeed, Fei et al. (2015)
found that target site accessibility may explain select
regulation of only a few targets from a large number of
predicted target genes. Therefore, it would be of interest
to functionally test these potential factors on miRNA-
target interactions.
In plants, the Arabidopsis miR159 family has been ex-

tensively studied as a model for plant miRNA-mediated
gene regulation (Palatnik et al., 2003, 2007; Allen et al.,
2007, 2010). The family has two major isoforms, miR159a
and miR159b, which are strongly expressed throughout
Arabidopsis (Palatnik et al., 2007; Li et al., 2016). Such
expression is consistent with a loss-of-function mir159ab
double mutant that displays strong pleiotropic develop-
mental defects. In Arabidopsis, miR159 is bioinformati-
cally predicted to regulate more than 20 targets, including
eight genes encoding conserved R2R3 domain MYB
transcription factors (Palatnik et al., 2007). Despite this,
genetic analysis revealed that miR159-mediated regula-
tion of only two of the predicted target genes, MYB33
and MYB65, account for the developmental defects of
mir159ab, as all defects are suppressed in a myb33.
myb65.mir159ab quadruple mutant (Allen et al., 2007).
This defined the functional specificity of Arabidopsis
miR159 being restricted to MYB33 and MYB65, but
also raised the question of the functional significance
of miR159-mediated regulation of the additional bio-
informatically predicted targets, including those that
have a strongly conserved miR159 binding site (Allen
et al., 2007, 2010). Curiously, this narrower functional
specificity as defined by genetics has also been found in
other plant and animal miRNA systems, suggesting the
functional scope of miRNA-mediated silencing is nar-
rower thangenerally assumed (Seitz, 2009; Li et al., 2014a).
For miR159, it is likely that multiple factors contribute

to this apparent narrow functional specificity, including
nonoverlapping transcriptional domains of the miR159
and MYB target genes (Allen et al., 2007), whether reg-
ulation of other targets is important under certain un-
tested growth conditions or certain miR159 isoforms

have become obsolete (Allen at al., 2010). However, one
untested hypothesis is thatMYB33 andMYB65 are more
sensitive to miR159 regulation than the other MYB
target genes. Recently, we have shown that factors
beyond complementary govern the efficacy of the
miR159-MYB33 silencing outcome (Li et al., 2014b).
This not only included the miR159:MYB33 transcript
stoichiometry, but also the sequence context of the
miR159 binding site in MYB33. We showed that
mutation of nts that immediately flank the miR159-
binding site attenuated silencing to a similar extent to
mutating nts within the binding site itself (Li et al.,
2014b). This is further evidence that sequence com-
plementarity alone does not guarantee strong miRNA
regulation and that additional factor(s) are at play
impacting miRNA-mediated regulation in plants.

Here, by carrying out in plantamiR159 efficacy assays,
we show thatMYB33 andMYB65 are indeedmuchmore
sensitive tomiR159 regulation than the otherMYB genes
with conserved miR159 binding sites. Neither flanking
AU content nor predicted accessibility of the miR159
binding site underlie this sensitivity. Rather,MYB33 and
MYB65 are shown to share a predicted RNA secondary
structure consisting of two stem-loops that partially
overlapwith the miR159 binding site. Structure-function
analysis demonstrates that both these stem-loops are
required for efficient miR159 mediated silencing of
MYB33. We hypothesize that having strong RNA stem-
loops adjacent to a miRNA binding site may facilitate
accessibility of the binding site to the miRNA, which in
turn promotes efficient silencing of the target gene.

RESULTS

Conserved MYB Gene Family Members Have Different
Sensitivities to miR159 Silencing

Despite bioinformatics predicting miR159 to target
approximately 20 genes in Arabidopsis, including eight
MYBgenes that contain conserved, highly complementary
miR159 binding sites, miR159 appears functionally spe-
cific for MYB33 and MYB65 (Allen et al., 2007; Fig. 1A).
Although many possible factors likely underlie this ap-
parent functional specificity (Allen et al., 2010), here we
investigate whether MYB33 and MYB65 are more sensi-
tive to miR159-mediated regulation compared to these
other conserved MYB targets. To investigate this, we car-
ried out in planta miR159-silencing efficacy assays. Here,
each targetwas fused to the 35S promoter to constitutively
transcribe each target individually in Arabidopsis. Multi-
ple primary transformants were then obtained for each
35S-MYB transgene and their phenotype scored. If the
MYB transcripts are efficiently silenced by miR159, no
developmental abnormalities will be observed, as endog-
enous miR159 appears to be widely expressed through-
out Arabidopsis (Palatnik et al., 2007; Allen et al., 2007; Li
et al., 2016). Conversely, if theMYB transcripts are poorly
silenced by miR159, constitutive MYB expression will
result in developmental abnormalities (Fig. 1B), with their
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frequency and severity in the primary transformant
populations acting as a measure of silencing. As these
MYB genes differ in their amino acid sequence, scoring
for each 35S-MYB (wild-type miRNA binding site)
transgenic populationwas compared to a corresponding
miR159-resistant 35S-mMYB (mutated miRNA binding
site) transgenic population, with the difference in fre-
quency and severity of phenotypic abnormalities acting
as a measure of miR159 silencing efficacy.

35S-MYB and 35S-mMYB transgenes were generated
for MYB33, MYB65, MYB81, MYB97, MYB101, MYB104,
and DUO1, and then individually transformed into Ara-
bidopsis. Multiple Arabidopsis primary transformants
were selected for each construct, followed byphenotyping
to assess developmental abnormalities. Phenotypic se-
verities of 35S:MYB rosettes were placed into three broad
categories; No Phenotypic (N) abnormalities, where the
plant appears indistinguishable fromwild-type;Mild (M),
where the plant contains one or more moderately curled
leaves; and Severe (S), where the plant has strongly curled
leaveswith the abaxial (bottom) side of twoormore leaves
visible from an aerial view (Fig. 1B). Multiple primary
transformants (.35) were scored as to negate the impact
of transgene position effects.

The majority of 35S-MYB33 and all of 35S-MYB65
primary transformants were phenotypically indistin-
guishable from wild type. By contrast, all 35S-mMYB33
and 35S-mMYB65 transformants resulted in develop-
mental defects (Fig. 1C). Additionally,CP1, amarker gene
ofMYB protein activity (Alonso-Peral et al., 2010; Li et al.,
2016), was measured in pooled primary transformant
lines, as miR159-mediated silencing ofMYB targets has a
strong translational repression component, such that
MYB mRNA levels do not accurately reflect silencing (Li
et al., 2014a, 2014b). A strong difference in CP1 mRNA
levels were found for the MYB33/mMYB33 and the
MYB65/mMYB65 pairs (Fig. 1D). The stark difference in
both developmental phenotypes and CP1 levels demon-
strated that bothMYB33 andMYB65 are strongly silenced
by miR159.

For the other fourGAMYB-like genes,MYB81,MYB97,
MYB101, andMYB104, no such stark differencewas seen
for theMYB/mMYB pairs. First, expression of all four of
these 35S-MYB genes could result in plants with severe
phenotypic defects, resembling mMYB33 and mMYB65
transgenic lines or the mir159ab mutant (Supplemental
Fig. S1). For 35S-MYB81, 35S-MYB97, and 35S-MYB101
primary transformants, the majority displayed pheno-
typic defects. For 35S-MYB104 primary transformants
lines, the majority displayed no phenotypic defects;
however, some 35S-MYB104 transformants displayed
severe phenotypes (Fig. 1C). More importantly, for each
MYB gene, the frequency and the severity of phenotypes
in the 35S-MYB primary transformants populations
were only slightly lower than the corresponding 35S-
mMYB populations. Although this difference implies
that MYB81, MYB97, MYB101, and MYB104 are still
miR159-regulated, such small differences would argue
that these genes are poorly silenced by miR159. Sup-
porting this notion for MYB81, MYB97, and MYB101

are the CP1 levels, which are strongly up-regulated in
the 35S-MYB populations compared to wild type
(Col-0), and which have smaller differences between
theMYB/mMYB pairs, relative to theMYB33/mMYB33
and MYB65/mMYB65 pairs (Fig. 1D). For MYB104, the
low frequency of severe phenotypes in the 35S-mMYB
populations and low CP1 levels indicate that this gene
does not trigger this pathway as strongly as the other
genes. However, again the lack of difference between the
35S-MYB104 and 35S-mMYB104 populations strongly
argues that this gene is poorly silenced bymiR159 (Fig. 1,
C and D). In 35S-MYB81/97/101 transformants,MYB33
andMYB65 levels remained unchanged, confirming that
the observed phenotypes were due to the poor miR159-
mediated silencing of MYB81/97/101 (Supplemental
Fig. S2).

Finally, DUO1 encodes an atypical R2R3 MYB tran-
scription factor that does not belong in the GAMYB-like
family clade, but nevertheless its miR159 binding site is
highly conserved (Palatnik et al., 2007). All 35S-mDUO1
primary transformants (n = 55) exhibited phenotypic
defects of reduced rosette size but with downward
curled leaves (Fig. 1E), suggesting DUO1 activates differ-
ent developmental pathways compared to the GAMYB-
like family members. Interestingly, all 35S-DUO1 plants
(n = 54) exhibited similar phenotypic defects to the 35S-
mDUO1 plants and similar activation of a downstream
gene, MGH3 (Fig. 1F). The lack of a large difference be-
tween the 35S-DUO1 and 35S-mDUO1 primary trans-
formant populations again implies that DUO1 is also
poorly silenced by miR159 relative to MYB33/MYB65.

In summary, the seven MYB genes that contain con-
served miR159-binding sites appear to fall into two dis-
tinct categories regarding the efficacy of miR159 silencing;
MYB33 andMYB65 appear to be very efficiently silenced,
whereas MYB81, MYB97, MYB101, MYB104, and DUO1
appear poorly silenced. Given that the latter five genes
have highly conserved miR159 binding sites that appear
to be of equivalent complementarity to miR159 binding
sites of MYB33/65, the difference in silencing efficacies
seems surprising.

The DG Free Energy of a miRNA-target Interaction Is Not
an Absolute Determinant of Silencing Efficacy

Possibly explaining the stronger silencing of MYB33/
MYB65 is their stronger DG free energy interaction with
miR159 compared to the otherMYB genes (Supplemental
Fig. S3), with the exception of MYB104, which has the
strongest free energy, but is poorly silenced. To investigate
this, we mutated the miR159 binding site of MYB81 to
make it identical to themiR159 binding site ofMYB33, and
investigated whether this modified 35S-MYB81 transgene
(MYB81-33) was now as strongly silenced as MYB33. As
the protein sequence of MYB81-33 differs fromMYB81, a
miR159-resistant version (MYB81-m33) that was identical
in amino acid sequence toMYB81-33wasused as a control
to ensure these amino acid changes did not impact protein
activity (Fig. 2A).
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The incorporation of the miR159 binding site from
MYB33 into MYB81 improved silencing, as greater than
60% of MYB81-33 primary transformants had no phe-
notype as compared to less than 20% ofMYB81 primary
transformants (Fig. 2B). As the proportion of phenotypic

categories was highly similar between MYB81-m33 and
mMYB81 (Fig. 2B), this difference between MYB81-33
and MYB81 cannot be attributed to an altered protein
activity. However, silencing ofMYB81-33was still not as
strong as for MYB33, as a much greater proportion of

Figure 1. MYB target genes are differentially silenced by miR159. A, Sequence of miR159-binding sites in GAMYB-like and
DUO1 transcripts. Nucleotides underlined represent the cleavage site, lower-case blue letters represent mismatches to miR159a,
and G:U pairing is shown in uppercase blue letters. B, Different phenotypic categories based on 35S-GAMYB-like expression;
none (indistinguishable fromwild-type), mild (display of some leaf curl), and severe (two or more leaves showing the abaxial side
from an aerial view). Scale bar represents 1 cm. C, Percentage of 35S:MYB and 35S:mMYB primary transformants showing None,
Mild, and Severe phenotypes. n = the number of primary transformants. D, Transcript levels of theMYB-downstream gene CP1 in
35S:MYB and 35S:mMYB primary transformants measured by qRT-PCR. RNA was extracted from two independent biological
pools of 30 to 50 randomly selected, 15-d-old primary transformants. Col-0 and mir159ab were used as controls, and mRNA
levels were normalized to CYCLOPHILIN. The two measurements are shown as dots, with the bar representing the mean. E,
Phenotypic characteristics of 40-d-old 35S:DUO1 and 35S:mDUO1 primary transformants. Scale bar represents 1 cm. F,
Transcript levels of the DUO1-downstream geneMGH3 in 35S:DUO1 and 35S:mDUO1 primary transformants. Measurements
are the average of three technical replicates.
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MYB81-33 plants exhibited mild and severe defects
when compared to MYB33 transformants (Fig. 2B).

To support this data, we performed transcript profil-
ing on the MYB81 transgenes and the downstream
marker gene of MYB protein activity, CP1 (Alonso-Peral
et al., 2010). Consistent with miR159 having a strong

translational repression component of silencing itsMYB
targets (Li et al., 2014a, 2014b), MYB81 transcript levels
do not reflect the differences in phenotypic severities
of the different transgenic lines (Figs. 2C and S3B). By
contrast, CP1 levels tightly correlated with phenotypic
severity, being highest in the lines carrying miR159-
resistant versions (mMYB81 and MYB81-m33), followed
by MYB81, and lowest in MYB81-33 (Figs. 2C and S3B).
Therefore, consistent with the phenotypic severities, the
highMYB81 transcript levels inMYB81-33 plant are being
strongly repressed, as indicated by CP1 levels.

Finally,MYB33 transcript levels inMYB81,mMYB81,
MYB81-33, and MYB81-m33 transformants remained
unchanged, confirming that the observed phenotypes
were due to miR159-mediated silencing of the respec-
tive MYB81 transgenes (Supplemental Fig. S3). There-
fore, although incorporation of the MYB33 miR159
binding site into MYB81 has improved silencing, both
morphological and molecular data indicated thatMYB81-
33 is still not being as strongly silenced as MYB33,
implying there are factors other than complementarity
impacting silencing.

Flanking AU Content Does Not Correlate with Efficacy of
miR159-mediated Silencing of MYB33

One possible factor impacting silencing is target site
accessibility. Gu et al. (2012) previously established a
link between the AU-richness of a target site’s local
region and its predicted accessibility. Based on this, we
generated variants of a MYB33 genomic clone with ei-
ther elevated AU content (MYB33-AUplus) or elevated
GC content (MYB33-GCplus) within the vicinity (ap-
proximately 50 nts both 59 and 39) of the miR159 target
site, changing only bases in wobble positions so that the
protein sequence remains unaltered (Fig. 3A). To pre-
dict the accessibility of the miR159 binding site within
these MYB33 variants, the theoretical energy cost of
unpairing all nucleotides in a 51-nucleotide window
comprising each miRNA-binding site plus 17-nucleotides
upstream and 13-nucleotides downstream (ΔGopen) was
used, because the predicted accessibility of this window
was shown to correlate most faithfully with animal
miRNAperformances (Kertesz et al., 2007) and is used by
the psRNATarget server (Dai and Zhao, 2011). As antici-
pated, ΔGopen values for the miR159 target site in these
constructs were decreased for MYB33-AUplus (17.78
kcal/mol) and increased for MYB33-GCplus (26.45
kcal/mol) relative to wild-type MYB33 (21.97 kcal/mol;
Fig. 3B). Each construct was transformed into wild-
type Arabidopsis, as was the MYB33 transgene and
the miR159-resistant version, mMYB33 as controls. As
done previously, the efficacy of miR159-mediated si-
lencing was measured by scoring the frequency and
severity of developmental abnormalities in primary
transformants (Fig. 1B).

Consistent with previous experiments (Fig. 1C; Allen
et al., 2007), the vast majority of MYB33 primary trans-
formants were indistinguishable fromwild type, whereas
the majority of mMYB33 primary transformants had

Figure 2. Lowering DG free energy of a miRNA-target interaction can
improve silencing efficacy. A, Nucleotide and amino acid changes in-
troduced to generatemMYB81,MYB81-33, andMYB81-m33 compared
to MYB81. The miR159 binding sequences are marked in red. Amino
acid changes aremarked in green, and nucleotide changes in blue. B, The
number of primary transformants ofMYB33,MYB81,mMYB81,MYB81-
33, and MYB81-m33 falling into each phenotypic category (none, mild,
or severe), as a percentage of the total number of transformants generated
for each construct (n). C, Transcript levels ofMYB81 and CP1 in primary
transformants of MYB33, MYB81, mMYB81, MYB81-33, and MYB81-
m33 measured by qRT-PCR. RNA was extracted from pools of rosette
tissue of 10 to 15 randomly selected, 3- to 4-week-old primary trans-
formants. Col-0 was used as wild-type control and mRNA levels were
normalized to CYCLOPHILIN. Measurements are the average of three
technical replicates.
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severe developmental abnormalities (Fig. 3C). For
both the MYB33-AUplus and MYB33-GCplus constructs,
the majority of primary transformants exhibited mild or
severe developmental abnormalities, indicating poor si-
lencing ofMYB33. Surprisingly, therewas little difference
between the two constructs in terms of the frequency and
severity of phenotypes retrieved, with a slightly higher
proportion of affected individuals obtained for MYB33-
AUplus (Fig. 3C). AlthoughMYB33 transcript levels were
elevated in all transgenic lines, CP1 levels were signifi-
cantly higher in bothMYB33-AUplus andMYB33-GCplus
compared to MYB33 plants (Fig. 3D). However, com-
pared to mMYB33 plants, both the phenotypic scoring
and CP1 levels indicate that both MYB33-AUplus and
MYB33-GCplus are still being miR159 regulated, albeit
poorly compared to MYB33. In all cases, MYB65 levels
were unchanged, confirming that the observed deregu-
lation of miR159-mediated silencing was specific to
MYB33 (Supplemental Fig. S4).
That the mutation of nucleotides flanking the miR159

target site leads to attenuated silencing in both the
MYB33-AUplus and MYB33-GCplus constructs further

reiterates the importance of target site context for miRNA
efficacy. However, this attenuation occurred regardless of
whether G/C or A/U composition was increased or de-
creased. As such, it suggests that a particular sequence of
nucleotides is required for strong silencing of MYB33,
rather than a general increase of A/U nts around the
miR159 binding site.

The miR159 Binding Site of MYB33 and MYB65 Abuts a
Strongly Predicted RNA Secondary Structure

Another factor that is known to influence miRNA
regulation in animals, but has not been given much
attention to in plants, is RNA secondary structure.
Comparison of the predicted RNA secondary struc-
ture ofMYB33 andMYB65 using the Vienna RNA fold
server revealed that these genes have highly similar
RNA structures (Fig. 4A). Of particular interest are
two stem-loop structures immediately upstream of the
miR159 binding site (termed “SL1” and “SL2”). These
structures, which have high base-pairing probabilities,
are predicted to be present inMYB homologs of closely

Figure 3. Changes to AU content perturb miR159 silencing ofMYB33. A,MYB33 transgenes with elevated AU content (MYB33-
AUplus) and elevated GC content (MYB33-GCplus) in the vicinity of the miR159 target site (bold) were generated, changing only
nucleotides occupying wobble positions. B, As a measure of their accessibility, ΔGopen values were calculated for the miR159
target site in each construct using the Vienna RNAupweb server. These values are a prediction of the energy required to unpair all
nucleotides in a 51-nucleotide window comprising the miR159 binding site plus 17 nts 59 and 13 nts 39. C, The number of 24-d-
old primary transformants of AUplus andGCplus falling into each phenotypic category (none, mild, or severe), as a percentage of
the total number of transformants generated for each construct (n). Primary transformants of an endogenous MYB33 transgene
(MYB33) or a miR159-resitant MYB33 transgene (mMYB33) were grown in parallel as controls. D, MYB33 and CP1 transcript
levels, normalized to CYCLOPHILIN mRNA abundance, were measured in total RNA samples derived from 30 to 50 randomly
selected 8-d-old transformants for each construct. Data are the averaged of three technical replicates.
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related species, such asArabidopsis lyrata, and in that of
more distantly related species such as wheat (Triticum
aestivum), the basal angiosperm Amborella and the
gymnosperm Larix (Fig. 4B). To investigate this further,
nucleotide sequence alignments were performed on
MYB33 homologs from dicotyledonous and monocoty-
ledonous species separately, and then all species com-
bined (Supplemental Fig. S5). From these alignments,
consensus sequences were determined for the region of
the MYB33 homologs that are predicted to form the
stem-loop regions (Figs. 4C and S5). The nucleotides
forming the stems of these structures were found to be
the most strongly conserved nts in this region, and
among the most highly conserved nucleotides in the
entire gene (Supplemental Fig. S5D), with the sequences
forming the stem of SL1 and the sequences forming the
base of SL2 appearing very strongly conserved (Figs. 4C
and S5). However, the consensus sequence of the upper
part of SL2 varies between MYB33 homologs from di-
cotyledonous and monocotyledonous species of plants,
but in both instances, the sequences are still able to form
stems, arguing that RNA secondary structure is being
selected for in this region (Fig. 4C). Supporting this, of
the 25 conserved nts predicted to form stems in this
predicted Arabidopsis MYB33 RNA structure, 12 nts
correspond to synonymous codon position regarding
the amino acid sequence of the MYB33 protein (Fig. 4D).
Together, this argues that selection of these conserved
nts is occurring mainly at the RNA secondary structure
level, not at the protein level. Given their proximity to
the miR159 binding site, it possibly suggests that these
predicted structures have functional significance re-
garding miR159-mediated silencing. By contrast, SL1
and SL2 are not predicted to form in the other Arabi-
dopsisGAMYB-like genes andDUO1 (Supplemental Fig.
S6), suggesting their presence may be associated with
strong silencing.

The Predicted RNA Secondary Structure of the MYB33
mRNA Correlates with Strong miR159-mediated Silencing

To test whether these predicted SL1 and SL2 struc-
tures have an impact on miR159-mediated silencing,
mutations disrupting these structures, but not changing
the amino acid sequence or the miR159 binding site, were
introduced into a MYB33 genomic clone (MYB33-mSL).
Moreover, another construct containing mutations to re-
store SL1 and SL2 (MYB33-rSL) was generated (Fig. 5A).
This construct, even though containing predicted SL1 and
SL2 structures identical to MYB33, has a different nucle-
otide and amino acid sequence (Supplemental Fig.
S7). To ascertain that these changes are not affecting
MYB33 protein activity, a control construct with a
miR159-resistant binding site (mMYB33-rSL) was gen-
erated (Supplemental Fig. S7). These constructs, as well
as a wild-type MYB33 positive control, were individu-
ally transformed intomyb33plants andmultiple primary
transformants were selected and classified according
to their phenotypic defects shown as defined above
[None (N), Mild (M), and Severe (S)]. Consistent with

previous results, the vast majority (98%) of MYB33
plants did not show any phenotypic abnormalities,
demonstrating that MYB33 is strongly silenced by
miR159 (Fig. 5, B and C). However, the majority of
MYB33-mSL plants showed either mild (28%) or severe
(49%) phenotypes (Fig. 5, B and C), indicating that
miR159 regulation of this construct has been strongly
disrupted. In contrast, 91% (61/67) ofMYB33-rSL plants
displayed a wild-type phenotype, suggesting that re-
storing SL1 and SL2 leads to the restoration of strong
silencing. Analysis of mMYB33-rSL plants revealed that
85% (23/27) of plants had severe phenotypes, confirm-
ing that the low level of phenotypic defects in MYB33-
rSLplants is not due to an inactive protein. Therefore, the
prediction of SL1 and SL2 formation inMYB33 correlates
with its strong silencing by miR159.

Next, MYB33 mRNA levels were measured in the
different phenotypic categories ofMYB33,MYB33-mSL,
and MYB33-rSL transgenic plants. Levels of MYB33
transcriptwill dependent on at least two factors: first, the
strength of transcription of the transgene; second, the
strength ofmiR159-mediated silencing, which includes a
transcript cleavage/degradation mechanism, as well as
a translational repression mechanism (Li et al., 2014b).
Consistent with the transcript cleavage mechanism,
mMYB33-rSL plants with a severe phenotype have
high levels of miR159-resistant mMYB33-rSL transcript.
However, MYB33-rSL plants with a mild phenotype
have an even higher level of MYB33 transcript, and
much higher than the corresponding levels in MYB33-
mSL plants (Fig. 5D). This supports the notion that the
MYB33-rSL transcript is being much more strongly
miR159-regulated than the MYB33-mSL transcript, as
much higher transcript levels are required to result in
the same phenotypic outcome. Together, these data
demonstrate that the potential SL1 and SL2 structures
promote strong silencing of MYB33.

Mutations of Either Putative SL1 and SL2 Structure
Attenuates Strong MYB33 Silencing

To investigate which of the conserved nts are re-
quired for strong silencing, the nts corresponding to
SL1 or SL2 were synonymously mutated individually.
For SL1, this corresponded to seven nts in a region that
was 40 nts to 60 nts upstream of the miR159 binding
site, and the construct was termed MYB33-mSL1 (Fig.
6A). The mutations for SL2 corresponded to six nts that
were more proximal, being 11 nts to 29 nts upstream of
the miR159 binding site, and the construct was termed
MYB33-mSL2 (Fig. 6A). BothMYB33-mSL1 andMYB33-
mSL2 encoded a MYB33 protein identical to wild-type
MYB33. Additionally, the mutations were predicted to
result in a RNA secondary structure that does not
disrupt the nonmutated SL (Fig. 6B). Constructs were
transformed into Arabidopsis and transformants plan-
ted out alongside MYB33 controls.

For MYB33-mSL1, despite the distal nature of the
mutations to the miR159 binding site, these mutations
were able to perturb miR159 regulation. Compared to
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MYB33 primary transformants that displayed no pheno-
typic defects, greater than 60% of MYB33-mSL1 primary
transformants displayed mild or severe phenotypic de-
fects (Fig. 6C). For the more proximal mutations in SL2, a
more severe perturbation of miR159 regulation was ob-
served, where approximately 90% of transformants dis-
played mild or severe phenotypes (Fig. 6C). Consistent
with this, both MYB33 and CP1 transcript levels were
higher in MYB33-mSL2 than in MYB33-mSL1 plants (Fig.
6D). Together, these morphological and molecular data
argue that both SL1 and SL2 are required for strong
miR159-regulation of MYB33.

An Artificial Predicted RNA Stem-Loop Abutting the
miR159 Binding Site Promotes Silencing

The above experiments raise the question as to what is
the function of these sequences in promoting silencing.

We speculate that if nts that are adjacent to a miRNA-
binding site form a stem structure, these nts are then
unavailable to base-pair with nts of the miRNA-binding
site, thus making the miRNA-binding site highly acces-
sible for the miRNA. In an attempt to gain some insight
into this possibility, we made an additional SL2 mutant
in which six nts were changed, but an alternative long
stem-loop was predicted to be formed, which we called
MYB33-mSL2-2 (Fig. 7, A and B). Interestingly, despite
the nt changes that alter the predicted RNA secondary
structure, this transgene was found to be as strongly si-
lenced as wild-type, as no phenotypic defects were seen
in greater than 100 primary transformants (Fig. 7C).
Even though all six nt changes resulted in synonymous
amino acid substitutions, amiR159-resistant versionwas
made (mMYB33-SL2-2; Fig. 7C) to ensure a functional
protein is being made. As most mMYB33-SL2-2 trans-
formants had a severe phenotype, the lack of phenotypes

Figure 4. MYB33/65 is predicted to con-
tain highly similar RNA stem-loop struc-
tures abutting the miR159 binding site that
appear strongly conserved. A, MYB33 and
MYB65 transcripts contain two highly
similar predicted stem-loop structures (SL1
and SL2) as determined by the Vienna
RNAfold web server using a 221-bp win-
dow of the coding regions (the miR159
binding site plus 100 bp immediately 59
and 39). The miR159 binding sites are
outlined in black and the cleavage sites are
indicated with arrows. Conserved nucleo-
tides are labeled with asterisks. B, RNA
secondary structures similar to SL1 and SL2
are also predicted to form in MYB33 homo-
logs of Arabidopsis lyrata, wheat (Triticum
aestivum), the basal angiosperm, Amborella
trichopoda, and the gymnosperm, Larix
kaempferi (Lamb.). The miR159 cleavage
sites are indicatedwith arrows. Conserved
nucleotides are markedwith asterisks. The
heatmaps indicate the probability of second
structure formation, from low (purple) to
high (red). C, MYB33/MYB65 homologs
from a diverse range of species contain
conserved nucleotides corresponding to
the predicted stem regions. Consensus se-
quences of MYB33 homologs from dicots,
monocots, and all species combined, as in-
dicated by alignments and histograms gen-
erated using Jalview (Waterhouse et al.,
2009). D,Many of the conserved nucleotide
positions correspond to both synonymous
and nonsynonymous nucleotides, implying
conservation is not selected for at the pro-
tein level. Boxed nucleotides correspond to
conserved stem positions as shown in C,
and underlined nucleotides correspond to
synonymous positions.
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seen in MYB33-SL2-2 transformants is due to strong
miR159-silencing. Supporting this strong silencing of
MYB33-SL2-2, even though high levels of its transcript ac-
cumulated, it appears to be totally silenced as CP1 mRNA
levels remained low inMYB33-SL2-2 plants (Fig. 7D).

DISCUSSION

Here,we have assessed the efficacy ofmiR159-mediated
silencing in planta against multiple MYB target genes in
Arabidopsis that contain conserved miR159 binding sites.
Contrary to thepossibility thatmiR159 regulates conserved
MYB targets with equivalent efficacies, we show that there
are dramatic differences in silencing. Although slight dif-
ferences inmiR159-binding sites can in part explain these
differential efficacies, a predicted conserved RNA sec-
ondary structure, consisting of two stem-loops that is

associated with the miR159-binding site, was shown to
confer efficient silencing of MYB33. This provides the
rationale of the why the nts flanking themiR159-binding
site of MYB33 are important in miRNA-mediated regu-
lation (Li et al., 2014b), as the GAAGmotif just upstream
of the miR159 binding site was mutated, and this se-
quence composes the base of SL2 (Fig. 4). Moreover, this
study represents, to our knowledge, the first evidence
that RNA secondary structure can strongly impact
miRNA-mediated silencing in plants. Such a factor be-
yond complementary likely contributes to the narrow
functional specificity of miR159 (Allen et al., 2007).

Differential miR159-mediated Silencing of MYB
Family Members

Many plant miRNAs are predicted to target multiple
paralogous members of gene families (Jones-Rhoades,

Figure 5. Predicted stem-loop structures correlate with strong miR159-mediated silencing of MYB33. A, Synonymous mutations
were introduced intoMYB33 to disrupt the stem-loop structures (SL1 and SL2) resulting inMYB33-mSL. Complimentary mutations
were then introduced to restore SL1 and SL2, generating MYB33-rSL. RNA secondary structures were predicted using the Vienna
RNAfold web server. The heat maps indicate the probability of second structure formation, from low (purple) to high (red). The
miR159 binding site is outlined in black. B, Number of primary transformants ofMYB33,MYB33-mSL,MYB33-rSL, andmMYB33-
rSL falling into each phenotypic category, as a percentage of the total number of transformants analyzed for each construct (n). C, qRT-
PCR analysis ofMYB33mRNA levels in plants expressingMYB33-mSL,MYB33-rSL, andmMYB33-rSL. Wild-type (Col-0),myb33,
mir159ab, andMYB33 plants were used as controls. All measurements are relative toCYCLOPHILIN. RNAwas extracted from four-
week-old primary transformants using tissue from whole plants. Measurements are the average of three technical replicates.
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2012), including that of multiple GAMYB-like family
members in many different species (Tsuji et al., 2006;
Yang et al., 2014). However, how silencing varies among
family members has not been extensively studied. Here,
we have performed in planta efficacy assays on the
GAMYB-like family members, as well as another MYB
gene with a conserved miR159-binding site, DUO1.
Despite all these target genes containing miR159-
binding sites that satisfy the widely accepted empiri-
cal parameters required for strong regulation (Schwab

et al., 2005; Liu et al., 2014), we found that the strength
of silencing varied dramatically, with MYB33 and
MYB65 beingmuchmore sensitive than the otherMYB
genes. As miR159-guided cleavage products have been
detected for MYB81, MYB97, MYB101, MYB104, and
DUO1 (Palatnik et al., 2007; Alves et al.; 2009; Allen et al.,
2010), these are experimentally validated targets of
miR159. However, given that only subtle differences
were observed between the wild-type and miR159-
resistant transgenes for all of these MYB targets, our

Figure 6. Mutation of nucleotides corresponding to SL1 or SL2 attenuate miR159-mediated silencing ofMYB33. A, Synonymous
mutations were introduced into the MYB33 gene to generate MYB33-mSL1 (blue) and MYB33-mSL2 (orange). The SL1 and SL2
sequences are indicated by black boxes. B, Predicted RNA secondary structure of MYB33, MYB33-mSL1, and MYB33-mSL2.
Structures were predicted via the Vienna RNAfold web server. The heat map indicates the probability of second structure for-
mation, from low (purple) to high (red). The miR159 binding site is outlined in black. The altered mSL1 and mSL2 structure are
outlined in blue and orange, respectively. The mutated nucleotides in mSL1 and mSL2 as shown in Figure 6A, are indicated with
arrows. C, Number of primary transformants falling into each phenotypic category, as a percentage of the total number of
transformants analyzed for each construct (n). D, qRT-PCR measurement of MYB33 and CP1 mRNA levels in primary trans-
formants of MYB33, MYB33-mSL1, and MYB33-mSL2. myb33 plants were used as a control. All measurements are relative to
CYCLOPHILIN. RNAwas extracted from two independent biological replicates, each being composed of rosette tissue sampled
from 30 to 50 primary transformants. The two measurements are shown as dots, with the bar representing the mean.
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in planta assays argue that these genes are weakly
regulated by miR159, supporting genetic experiments
that they are not major functional targets. Given that
all these MYB targets have retained strong comple-
mentarity to miR159, the variability in silencing must
be considered surprising.

Several studies have previously assessed the varia-
tion in silencing of related target genes. First, quanti-
tative transient assays inNicotiana benthamiana to assess
silencing efficacy of multiple family members of targets
genes found that efficacy can vary dramatically among
different family members, where subtle differences
in complementarity can dramatically change efficacy
(Liu et al., 2014). However, in this system the miRNA
binding sites were taken out of their endogenous se-
quence context and placed in the ORF or UTR of lucifer-
ase; therefore, what impact sequence context is having
on these targets will be lost. In another study, different
Medicago miRNAs were overexpressed in Arabidopsis,
with each miRNA potentially able to target a large
number of NB-LRR family members (Fei et al., 2015).
However, all were found to only target a surprisingly
few NB-LRR genes (, 4%) that differences in com-
plementarity (or target score) could not explain (Fei
et al., 2015). Such an observation adds further weight
that factors in addition to complementarity have a
large impact on a miRNA-target interaction.

AU Content and Predicted Accessibility Does Not
Correlate with Silencing Efficacy

Previously, a synonymous codon bias favoring
AU-richness (and hence reduced secondary struc-
ture) around predicted miRNA target sites has been
identified in several plant species (Gu et al., 2012). In-
deed, an enrichment of single-stranded RNA at pre-
dicted miRNA target sites was found in Arabidopsis,
indicating a preference for high accessibility (Li et al.,
2012). However, increasing the AU content and pre-
dicted target accessibility around the miR159-binding
site of MYB33 attenuated silencing to a similar extent
as increasing the GC content. This argues that a spe-
cific nucleotide sequence flanking the miR159 binding
site is important for regulation, not just the AU content
per se. Previously, no correlation between amiRNA
efficacy and predicted target site accessibility was
observed (Li et al., 2013; Deveson et al., 2013), arguing
that existing evidence is insufficient to support the no-
tion that this parameter is a reliable predictor of miRNA
efficacy in plants. Supporting this, the mainstream plant
miRNA target prediction tool (psRNAtarget; http://
plantgrn.noble.org/psRNATarget/) incorporates tar-
get accessibility into its algorithm, which then ranks

Figure 7. An artificial stem-loop structure replacing mSL2 in MYB33
promotes silencing. A, Synonymousmutationswere introduced into the
MYB33 gene to generate MYB33-mSL2-2 (purple). B, Predicted RNA
secondary structure of MYB33 and MYB33-mSL2-2. Structures were
predicted via the Vienna RNAfold web server. The heat map indicates
the probability of second structure formation, from low (purple) to high
(red). The miR159 binding site is outlined in black. The altered mSL2-2
structure is outlined in purple. The mutated nucleotides in mSL2-2 as
shown in Figure 7A, are indicated with arrows. C, Number of primary
transformants falling into each phenotypic category, as a percentage of
the total number of transformants analyzed for each construct (n). D,
qRT-PCR measurement of MYB33 and CP1 mRNA levels in primary
transformants of MYB33, MYB33-mSL2-2, and mMYB33-mSL2-2.
myb33 plants were used as controls. All measurements are relative to
CYCLOPHILIN. RNA was extracted from two independent biological

replicates, each being composed of rosette tissue sampled from 10 to
15 primary transformants. The two measurements are shown as dots,
with the bar representing the mean.
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miR159a targets (MYB101, DUO1, MYB104, MYB33,
and MYB97 lowest) and miR159b targets (MYB101,
DUO1, MYB104, MYB97, MYB120, and MYB33 lowest)
in an order not consistent with our in planta miRNA
silencing efficacy assays. So, although programs such as
this can predict the functional targets of miRNAs where
high complementarity appears a prerequisite to strong
silencing, the ranking of the targets, with regard to si-
lencing efficacy, may have little meaning.

A Conserved RNA Secondary Structure Element Promotes
Silencing Of MYB33

Wepresent two lines of evidence for the existence of a
predicted RNA secondary structure that is important
for miR159 efficacy. First, experimental, where we have
carried out a structure/function analysis in which strong
miR159-regulation correlateswith the predicted formation
of the RNA secondary structure. Secondly, bioinformatic,
where these structures, or variations thereof, are strongly
predicted to reside in MYB33 homologs of numerous an-
giosperm and gymnospermplant species (Fig. 4, B andC),
arguing that these structures have been integral in the
miR159-MYB regulatory relationship over a longperiod of
time. Interestingly, even though SL1 is more distal to the
miR159 binding site, it appears more conserved than SL2,
which varies in its consensus sequence between monocot
and dicot species at the top of the predicted stem (Fig. 4C).
However, the both consensus sequences are still predicted
to form stems (59-AGCC and 59-GGCU for dicots and 59-
AGGCCCA and 59-UGGUCCU for monocots; Fig. 4C).
This variation again argues that a RNA secondary struc-
ture is being strongly selected-for immediately adjacent to
the miR159 binding site. Currently, no other miRNA bind-
ing site has been associated with a potential RNA structure,
and very little is known about the role of RNA secondary
structure in controlling plant gene expression.
Consistent with the conservation of nts corresponding to

the stems of the RNA structures, we found that disrupting
either predicted SL1 or SL2 disrupted efficient silencing of
MYB33. Curiously, although more distal, the nts corre-
sponding to SL1 appearmore tightly conserved than the nts
of the stem of SL2 (Fig. 4). The impact of the SL1 mutations
must be considered surprising: seven synonymous muta-
tions 40 nts to 60 nts upstream of the binding site would not
be predicted to impact miRNA silencing with any accessi-
bility program; for instance, the widely used target site ac-
cessibilityprogramofKertesz et al. (2007) assesses 17nts and
13 nts upstream and downstream of the binding site, re-
spectively. Our result alone would suggest that a miRNA
target site (binding site plusflankingnts) canbemuch larger
than previously considered, and again highlights that cur-
rent bioinformatic accessibility prediction programs likely
need refinement to generate more accurate predictions.

Possible Function of the Predicted RNA Structural Element
of MYB33

We have not determined how these predicted struc-
tures are promoting silencing. One obvious possibility

is that the stem-loop structures in the vicinity of the
miR159 binding site maintain binding site accessibility
for the miRNA, where if adjacent sequences are forming
strong stem structures, they are less likely to base-pair
with binding site nts, thereby keeping the binding site
accessible. Supporting such a notion is theMYB33-mSL2-
2 construct, which is predicted to form a different SL2,
but appears as strongly silenced as the wild-typeMYB33
gene. Thiswould argue that the presence of a stem per se
is important, rather than the precise structure of the
stem. However, this does not dismiss the possibility that
RBPs interact with the stem-loop structures that poten-
tially promote silencing. In humans, the RBP Pumilio1
binds to the p27mRNA,which introduces a local change
in p27 RNA structure and thereby enables efficient
binding of miR-221 andmiR-222 leading to p27 silencing
(Kedde et al., 2010). Whether such regulatory processes
occur for miR159-mediated regulation of MYB33 will
require further investigation, but it is interesting to note
that the efficacy ofmiR159-mediated regulation ofMYB33
appears tissue dependent (Alonso-Peral et al., 2012), rais-
ing the possibility that an RBP-RNA interaction may
mediate such differential regulation. Also uncertain is
whether engineering these RNA secondary structures
into the poorly regulated MYB genes would improve
their silencing or if these structures only promote si-
lencing in theMYB33/65 context. If the former, the use
of such structures may possibly have biotechnological
applications, where engineering their presence into a
miRNA-binding site may increase the sensitivity of the
target to miRNA-mediated gene silencing.

MiRNA Target Recognition Is Still Poorly Understood

Presently, studies that have investigated the efficacy
of miRNA-target interaction have focused solely on com-
plementarity (Schwab et al., 2005; Iwakawa and Tomari,
2013; Liu et al., 2014). However, this article reinforces that
miRNA target recognition is a complex process involving
multiple factors, which are far from fully appreciated.
Consistent with strong sequence complementarity being
a prerequisite for miRNA recognition, we have shown
that replacing the miR159 binding site in MYB81 with
that of MYB33, which increases the free energy when
bound to miR159, results in more efficient regulation.
However, this change alone does not renderMYB81 as
strongly silenced asMYB33, where it appears that both
strong free energy of miR159 binding and the stem-loop
structures is required for strong silencing. Therefore, our
study adds to the evidence that factors beyond comple-
mentarity, including target site structure, play a vital role
in miRNA regulation. Just as miRNA-target comple-
mentarity or miRNA abundance can impact silencing
efficacy and directly affect major plant traits (Todesco
et al., 2012; Houston et al., 2013), our data would predict
that sequence context likely has such impacts.

How common such potential RNA secondary struc-
tures are in controlling plant miRNA-mediated gene
regulation is yet to be determined. One possible con-
straint on such structures arising is that most canonical
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miRNA-binding sites reside in coding regions, where
the amino acid sequence may limit the possibility of such
structures occurring. Thereby, RNA secondary structures
may be more likely to arise for miRNA-binding sites that
reside in noncoding regions, or regions where the amino
acid sequence conservation is not critical. Nevertheless, it
is becoming clearer that the flanking sequences ofmiRNA
binding sites can strongly impact miRNA-mediated si-
lencing. Although algorithms used to predict targets and
design amiRNAs take accessibility into account, it is clear
that such analysis is rudimentary and will need much
refinement to enable the development of more accurate
miRNA target prediction programs.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia-0 (Col-0) was used in
all experiments and is referred to as wild type. The myb33 mutant is in ecotype
Col-6 with a glaborous1 background mutation leading to a no-trichome phe-
notype (Millar andGubler, 2005). Themir159abmutant is in a Col-0 background
and represents a T-DNA insertion loss-of-function mutant, which was de-
scribed in Allen et al. (2007).

After harvesting, seeds were dried and sterilized using a vapor-phase
method, where seeds were placed into a desiccator jar and exposed to chlorine
gas, which was prepared by mixing 100 mL commercial bleach with 3 mL
concentrated HCl, for 3 to 4 h. Sterilized seeds were either sown on soil (Debco
Plugger soil mixed with Osmocote Extra Mini fertilizer at 3.5 g/L), or on agar
plates containing Murashige & Skoog Basal Medium (2.2 g/L, pH 5.8), and
stratified for 48 h at 4°C in the dark. Plantswere grown in 22°C growth cabinets
under long day conditions (16-h light/8-h dark, 150 mmol/m2/s).

Generation of 35S:MYB and 35S:mMYB Constructs

MYB gene sequences were amplified with gene-specific primers that con-
tained attB1 and attB2 recombination sites to allow integration into a Gateway
donor vector. PCR amplification was performed using high-fidelity KOD Hot
Start DNA Polymerase (Novagen) with the following cycling conditions:
1 cycle of 95°C/2 min, 35 cycles of 95°C/20 s, 55°C/10 s, 70°C for 20 s/kb
extension time according to amplicon size, and 1 cycle of 70°C for 10 min. PCR
products were analyzed by agarose gel electrophoresis and products of the
desired sizes were excised from the gel and purified using the Wizard SV Gel
and PCR Clean-Up System (Promega). The BP reactions were performed with
Gateway BP Clonase II enzymemix (Invitrogen), to integrate the purified PCR
products into the pDONOR/Zeo vector (Invitrogen) to generate pENTRY-
MYB vectors. Entry vectors were screened by restriction enzyme digestion
and verified by sequencing.

The pENTRY-mMYB,MYB81-33 andMYB81-m33 constructs were obtained
by performing site-directed mutagenesis of the miR159 binding site on the
confirmed pENTRY-MYB vectors. A mutagenesis approach based on Liu and
Naismith (2008) was used, where each pair of forward and reverse primers
contained nonoverlapping sequences at the 39 end and complementary sequences
at the 59 end to minimize primer dimerization and enable primers to use the PCR
products as the template. The nonoverlapping sequences were larger than the
complementary sequences and had a 5°C to 10°C higher Tm. PCR reactions were
then performed using KODHot Start DNA Polymerase (Novagen) with 50 ng of
plasmid template, 100 ng of forward primer, and 100 ng of reverse primer, at the
cycling conditions recommended by the manufacturer. The PCR products were
analyzed by agarose gel electrophoresis and digested with 2 mL DpnI enzyme at
37°C for 3 to 4 h. After digestion, the PCR products were purified using the
Wizard SV Gel and PCR Clean-Up System (Promega) and transformed into
Escherichia coli Alpha-Select Gold Efficiency competent cells (Bioline), and clones
were confirmed by restriction-enzyme digestion and sequencing.

All entry clones were recombined into the Gateway destination vector
pGWB602V (Nakamura et al., 2010) via LR reactions using Gateway LRClonase II
enzyme mix (Invitrogen), to generate the corresponding binary vectors expressing
35S:MYB. Binary vectors were verified by restriction-enzyme digestion.

Generation of MYB33-AU/GCplus and (m)MYB33-m/rSL Constructs

To generate MYB33-AU/GCplus and MYB33-m/rSL, a 787-bp genomic
fragment of MYB33 containing the respective mutations was synthesized by
IntegratedDNATechnologies. Synthesized fragmentswere sequenced to verify
their integrity and then cloned into a 4356-bp MYB33 genomic fragment in the
pDONR/Zeo vector (Li et al., 2014b) using the restriction enzymes BspEI and
StuI. For the construction of MYB33-mSL1, MYB33-mSL2, and MYB33-mSL2-2,
site-directed mutagenesis with primers containing the respective mutations
was performed on confirmedMYB33 entry vectors (MYB33 genomic fragment in
pDONR/Zeo). FormMYB33-rSL andmMYB33mSL2-2, site-directedmutagenesis
using primers that contain mutations in the miR159 binding site was performed
on confirmed MYB33-rSL and MYB33-mSL2-2 entry vectors, respectively.

Entry vectors were confirmed by restriction-enzyme digestion and se-
quencing and recombined into the destination vector pMDC123 (Curtis and
Grossniklaus, 2003) through Gateway LR reaction. Binary vectors were verified
through restriction-enzyme digest.

Transformation of Arabidopsis

All binary vectorswere transformed into theAgrobacterium tumefaciens strain
GV3101 by electroporation (Hellens et al., 2000), and the integrity of the vectors
was confirmed by restriction-enzyme digestion on the extracted plasmids.
Using the floral dip method (Clough and Bent, 1998), 35S:MYB and 35S:mMYB
constructs were transformed into Col-0, whereas MYB33-AU/GCplus,
MYB33 m/rSL, mMYB33 rSL, MYB33-mSL1, MYB33-mSL2-1, MYB33-mSL2-2,
and mMYB33-mSL2-2 constructs were transformed into myb33.

Seeds were harvested after about 6 weeks and sterilized as described above.
Transformants were selected by growing seeds on agar plates containing
Murashige& Skoog BasalMediumand antibiotics for selection.After 7 to 10 d of
growth, transformants were identified and transplanted onto soil.

Transcript Analysis

TRIzol (Invitrogen) was used for RNA extraction of tissues from plants at
different growth stages. The extraction procedure was carried out as per
manufacturer’s instructions except for the following modifications: (1) ap-
proximately 500 mg of plant material was used with 1 mL of TRIzol reagent for
each extraction, (2) homogenization of tissues was carried out using a mortar
and pestle, (3) the chloroform extraction step was repeated once, and (4) pre-
cipitation of RNAwas carried out overnight at220°C tomaximize the recovery
of RNAs. The quality and integrity of purified RNA was then examined by
agarose gel electrophoresis. RQ1 RNase-Free DNase (Promega) was used to
treat RNA samples for qRT-PCR. A quantity of 20 mg to 100 mg of total RNA
was treated for each sample following the protocol provided, with the addition
of RNaseOut Recombinant RNase Inhibitor (Invitrogen) at a concentration of
1 mL/10 mg RNA. Treated RNAwas then purified using the RNeasy Plant Mini
Kit (QIAGEN) following the manufacturer’s instructions and the integrity of
RNAwas examined on a 1% agarose gel. cDNA synthesis was carried out using
SuperScript III Reverse Transcriptase (Invitrogen) and an oligo(dT) primer
according to the manufacturer’s protocol. For each sample, 500 ng to 5 mg of
total RNA was used. The 20 mL reaction was then diluted 50 times in nuclease-
free distilled water and used for subsequent qRT-PCR. For qRT-PCR, 10 mL of
SensiFAST SYBR No-Rox mix (Bioline) with 0.8 mL of forward and reverse
primers at 10 mM eachwas added to 9.2mL of cDNA. All qRT-PCR reactions (for
both reference and genes of interests) were carried out on a Rotor-Gene Q real-
time PCR machine (QIAGEN) in triplicate, under the following cycling condi-
tions: 1 cycle of 95°C/5min, 45 cycles of 95°C/15 s, 60°C/15 s, and 72°C/20 s of
fluorescence was acquired at the 72°C step. A 55°C to 99°C melting cycle was
then carried out. CYCLOPHILIN5 (At2g29960) was used to normalize mRNA
levels using the comparative quantitation program in the Rotor-Gene Q soft-
ware package provided by QIAGEN. The value for each gene represents the
average of triplicate assays.

Accession Numbers

Sequence information of the genes studies in this article can be found at The
Arabidopsis Information Resource database using the following accession
numbers; MYB33 (At5g06100), MYB65 (At3g11440), MYB101 (At2g32460),
MYB104 (At2g26950), MYB97 (At4g26930), MYB81 (At2g26960), DUO1
(At3g60460).

Zheng et al.

1776 Plant Physiol. Vol. 174, 2017
 www.plantphysiol.orgon August 22, 2017 - Published by Downloaded from 

Copyright © 2017 American Society of Plant Biologists. All rights reserved.

http://www.plantphysiol.org


Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Expression of all GAMYB-like genes in rosettes
result in similar phenotypic defects.

Supplemental Figure S2. MYB33 and MYB65 transcript levels are unal-
tered in MYB81, MYB97, and MYB101 plants.

Supplemental Figure S3. DG free energy of miR159-MYB target interac-
tions and MYB81, CP1, and MYB33 transcript levels in various MYB81
transgenic lines.

Supplemental Figure S4. MYB65 transcript levels remain unaltered in
MYB33-AUplus and MYB33-GCplus transgenic lines.

Supplemental Figure S5. Sequences corresponding to the stems of SL1 and
SL2 are strongly conserved among MYB33 homologs of diverse plant
species.

Supplemental Figure S6. Predicted RNA secondary structures of MYB
genes.

Supplemental Figure S7. The generation of the MYB33-mSL, MYB33-rSL,
and mMYB33-rSL constructs and their analysis in transgenic plants.
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