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AtHB1 is an Arabidopsis (Arabidopsis thaliana) homeodomain-leucine zipper transcription factor that participates in hypocotyl
elongation under short-day conditions. Here, we show that its expression is posttranscriptionally regulated by an upstream open
reading frame (uORF) located in its 59 untranslated region. This uORF encodes a highly conserved peptide (CPuORF) that is
present in varied monocot and dicot species. The Arabidopsis uORF and its maize (Zea mays) homolog repressed the translation
of the main open reading frame in cis, independent of the sequence of the latter. Published ribosome footprinting results and the
analysis of a frame-shifted uORF, in which the repression capability was lost, indicated that the uORF causes ribosome stalling.
The regulation exerted by the CPuORF was tissue specific and did not act in the absence of light. Moreover, a photosynthetic
signal is needed for the CPuORF action, since plants with uncoupled chloroplasts did not show uORF-dependent repression.
Plants transformed with the native AtHB1 promoter driving AtHB1 expression did not show differential phenotypes, whereas
those transformed with a construct in which the uORF was mutated exhibited serrated leaves, compact rosettes, and, most
significantly, short nondehiscent anthers and siliques containing fewer or no seeds. Thus, we propose that the uncontrolled
expression of AtHB1 is deleterious for the plant and, hence, finely repressed by a translational mechanism.

Plants, as sessile organisms, have evolved complex
traits to cope with the surrounding environment and
show high resilience to external perturbations that are
somehow buffered by the regulatory interaction of de-
velopmental networks. Transcription factors (TFs) play
key roles in such networks by acting as mediators be-
tween the perception of environmental factors and the
cellular responses.

Six percent of plant genes encode TFs, which are
classified in different families and subfamilies (for re-
view, see Ribichich et al., 2014). This classification is
basedmainly on their DNA-binding domain structures.
Among these families, the homeodomain-leucine zip-
per (HD-Zip) TF family has been assigned roles in the
responses to biotic and abiotic stresses as well as in

developmental processes (Capella et al., 2015a; Ribone
et al., 2015a). The family has been divided into four
subfamilies, denoted I to IV, based on structural and
functional features. Members of subfamily I were
identified in several plant species and related to dif-
ferent stress responses but also with processes such as
leaf senescence and morphology (Vlad et al., 2014),
stem elongation, hypocotyl elongation, venation pat-
terning, and pollen hydration (Wang et al., 2003;
Manavella et al., 2006; Ré et al., 2014; Capella et al.,
2015b; Ribone et al., 2015b; Moreno Piovano et al.,
2017). Besides the HD-Zip domain, HD-Zip I TFs con-
tain conserved motifs in their C and N termini (Arce
et al., 2011). In vitro and in vivo experiments in different
plant species showed that the HD-Zip I C termini have
key functional roles (Hofer et al., 2009; Arce et al., 2011;
Sakuma et al., 2013). A motif similar to the AHA (aro-
matic and large hydrophobic residues in an acidic
context) transactivation motif was identified at the end
of the C termini and was functionally characterized for
Arabidopsis (Arabidopsis thaliana)AtHB1,AtHB7,AtHB12,
and AtHB13 members (Capella et al., 2014).

Most Arabidopsis HD-Zip I proteins were resolved
as pairs in phylogenetic trees. Some of these pairs ex-
hibited cross regulation and overlapping functions in
certain conditions (Ré et al., 2014; Ribone et al., 2015b).
This was not the case for AtHB1, which belongs to clade
III and does not have a paralog (Arce et al., 2011). This
HD-Zip I TF was shown to interact with AtTBP2 both
in yeast two-hybrid and in vitro pull-down assays
(Capella et al., 2014). The expression of this gene was
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repressed in NaCl-treated plants and in plants sub-
jected to low temperatures but was induced by dark-
ness (Henriksson et al., 2005). In tobacco (Nicotiana
tabacum) plants grown in absolute darkness, AtHB1
overexpression caused constitutive photomorphogen-
esis (Aoyama et al., 1995). More recently, it was dem-
onstrated that AtHB1 expression is significant in
hypocotyls and roots and that this expression is regu-
lated by PIF1 (Phytochrome-Interacting Factor1) to
promote hypocotyl elongation under a short-day re-
gime (Capella et al., 2015b). The analysis of athb1 and
pif1mutants, as well as their double mutants, indicated
that PIF1 and AtHB1 regulate genes involved in cell
wall synthesis. Notably, AtHB1 overexpressor lines
never exhibited expression levels higher than 53 the
endogenous levels, suggesting a posttranscriptional
regulatory mechanism. Such a mechanism was evi-
denced when rdr6-12 mutant plants, which have non-
functional small RNA-silencing machinery, were
transformed with the same constructs as wild-type
Columbia-0 (Col-0) plants. Those rdr6-12/AtHB1
plants exhibited high transcript levels and differential
phenotypes (Romani et al., 2016), indicating that a si-
lencing mechanism is taking place when AtHB1 is an
overexpressed transgene.
It is well known that the 59 untranslated region (UTR)

of mRNAs can contain different regulatory elements
such as loops, protein-binding sites, internal segments
for ribosome entry, and upstream open reading frames
(uORFs; Somers et al., 2013). These uORFs are located
upstream from the main open reading frame (mORF)
and, following the model of Kozak (1987, 2002) for
translation initiation, their first AUG codon starting
from the CAP is recognized by the ribosome to com-
mence translation. Hence, when a uORF exists, its AUG
is the initiation codon, triggering a less efficient mORF
translation in most cases.
In eukaryotic organisms, about 20% to 50% of the

transcripts have uORFs. However, those that encode
conserved peptides occur in less than 1% of transcripts.
In these cases, the uORF is called CPuORF (for Con-
served Peptide uORF; Jorgensen and Dorantes-Acosta,
2012). The analysis of Arabidopsis and rice (Oryza sat-
iva) transcriptomes allowed the identification of 26 dif-
ferent CPuORFs (Hayden and Jorgensen, 2007), most of
which are present in regulatory genes. Although the
function of the CPuORFs is not yet well studied, a few
reports have indicated that these sequences modulate
the translational efficiency of the downstreammORF in
combination with small signal molecules (Rahmani
et al., 2009; Ivanov et al., 2010; Alatorre-Cobos et al.,
2012; Guerrero-González et al., 2014; Laing et al., 2015).
For example, the translation of the basic helix-loop-
helix TF SUPPRESSOR OF ACAULIS5 LIKE3
(SACL3) is blocked by a uORF in the absence of ther-
mospermine (Katayama et al., 2015). Genes that do not
encode TFs, like the Arabidopsis polyamine oxidase-2,
also were shown to be regulated by a uORF, and in this
case, the amino acid sequence was crucial for this reg-
ulation (Guerrero-González et al., 2016). Similarly, a

noncanonical uORF represses GDP-L-Gal phosphoryl-
ase, the major control enzyme of ascorbate biosynthe-
sis, when ascorbate concentration is high (Laing et al.,
2015).

A uORF encoding a conserved peptide was identi-
fied previously in the 59 UTR of AtHB1 and called
CPuORF33 (At3G01472.1; Hayden and Jorgensen,
2007). Thus, it is conceivable that AtHB1 expression is
regulated through mRNA translation. Indeed, by using
in vitro translation approaches, it was shown recently
that many CPuORFs, including CPuORF33, have the
ability to cause ribosomal arrest (Hayashi et al., 2017).
However, the physiological role of CPuORF33 and
whether its mechanism of action also is functional in
vivo remain unresolved.

Here, we show that AtHB1 translation is repressed
in vivo by a mechanism involving CPuORF33. Our re-
sults indicate that this element acts via a ribosome
stalling mechanism, independently of the sequence of
the mORF downstream of the uORF. The CPuORF33
exerts its repressive effect only in aerial tissues except in
darkness. Moreover, the maize (Zea mays) CPuORF33
homolog showed a conserved function. Finally, we
show that such a fine and sophisticated regulation is
essential for the plant in order to avoid aberrant and
lethal phenotypes caused by the uncontrolled expres-
sion of AtHB1.

RESULTS

AtHB1 Has a Conserved Open Reading Frame in Its
59 UTR

Ten years ago, Hayden and Jorgensen (2007) re-
vealed the presence of a conserved encoded peptide
upstream from the main coding sequence of AtHB1,
located in its 59UTR. To investigate if such a sequence/
peptide has a biological function, we carried out an
in silico analysis of AtHB1 homologs from other plant
species. Using the AtHB1 protein sequence as a query
against the National Center for Biotechnology Infor-
mation nonredundant protein sequences database, a
search with BLASTP allowed the retrieval of 45 differ-
ent nucleotide sequences encoding AtHB1 homologs
belonging to 43 plant species, including monocots and
dicots (Supplemental Table S1). These homologous se-
quences were assessed for the presence of ORFs up-
stream of the mORF; only ORFs starting with ATG and
containing at least 24 bp were considered. This analysis
led to the identification of 44 different uORFs, all of
them belonging to the previously identified group
14 (Hayden and Jorgensen, 2007). An alignment of
these sequences indicated a high degree of conservation
and a difference in peptide length between monocots
and dicots (Fig. 1). In monocot AtHB1 homologs, the
peptide had 38 amino acids, whereas in dicots, the
length varied between 29 and 30. Accordingly, a phy-
logenetic tree resolved two clades (Fig. 1B). Nucleotide
sequences also were conserved, but to a lesser extent
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than the amino acid sequences (Supplemental Fig. S1).
A BLAST analysis performed using either the monocot
or the dicot consensus peptide did not find any other
plant peptide or proteinwith sufficiently high similarity.

The Kozak rule describes the optimal sequence
around the initiator AUG for an efficient translation
(Kozak, 1986) and has been verified by different studies
(Zur and Tuller, 2013). Important positions include
position 23, with an A or G, and position +4, with a G,
which can be summarized as (A/G)XXATGG. This rule
is generally fit by the sequence context of AUGs from

uORFs having a single initial AUG as well as those
AUGs aligned to them but belonging to uORFs having
two initial AUGs (Supplemental Fig. S2).

A further analysis ofAtHB1 (and its homologs) uORF
sequences indicated that the length is another con-
served trait, although other characteristics of these se-
quences also were interesting. For example, no overlap
between the uORF and the mORF was observed in any
case. Additionally, other properties of the sequence
traits were assessed, but no remarkable features were
found. Among the tested properties were the distances

Figure 1. The predicted amino
acid sequence of CPuORF33 is
highly conserved between spe-
cies. A, Schematic representation
of the AtHB1 gene. In gray, exons;
in light gray, the 59 and 39 UTRs;
in green, the CPuORF33; the in-
trons are shown as simple lines. B,
At left, a phylogenetic tree con-
structed using the predicted
uORF amino acid sequences of
44 AtHB1 homologs from dif-
ferent species, available in pub-
lic databases. Twomain clades can
be distinguished: dicotyledonous
and monocotyledonous plants.
At right, an amino acid sequence
alignment. C, Amino acid se-
quence logo of CPuORF33. The
sequence logo resulted from the
alignment of the uORF amino
acid sequences of 44 AtHB1
homologs from different species.
Letter height corresponds to the
frequency in the alignment.
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between the CAP and the uORF starting site and be-
tween the uORF stop codon and the mORF AUG
as well as the phase of the uORF and the mORF
(Supplemental Fig. S3). The high sequence similarity
between species strongly suggested a regulatory role
for the CPuORF33. However, no motifs or a strong in-
dication of secondary structure were found for the
encoded peptide (data not shown).

CPuORF33 Represses the Expression of AtHB1

In light of the observations described above, we
presumed that the CPuORF33 could play a regulatory
role in the expression of AtHB1 and its homologs. To
address this hypothesis, two genetic constructs were
generated (Fig. 2A): in the first, the expression of the
mORF of AtHB1 was controlled by the 1,415-bp up-
stream region from its ATG (PromAtHB1:AtHB1), and
in the second, two point mutations (T→C) deleting
both ATGs at the beginning of CPuORF33 were in-
troduced (PromAtHB1mut:AtHB1). These constructs
were used to transform Col-0 Arabidopsis plants. T1
plants transformed with PromAtHB1:AtHB1 did not
exhibit phenotypic differences with respect to the
wild-type control. In contrast, those transformed with
PromAtHB1mut:AtHB1 presented serrated leaves, short
siliques with fewer or no seeds, and a notable delay in
bolting and entry to the senescent stage. A similar
phenotype was observed in plants expressing AtHB1 at
high levels (Romani et al., 2016). Notably, the T2 gen-
eration of PromAtHB1mut:AtHB1 plants recovered the
wild-type phenotype (Fig. 2B). To understand this ob-
servation, AtHB1 transcript levels were quantified in
both generations (T1 and T2), with results high in T1
and clearly low in T2, even lower than in the wild type,
indicating that a silencing mechanism was in action
(Supplemental Fig. S4). For this analysis, 15 single-copy
lines were used; these lines were selected on the ba-
sis of herbicide resistance segregation in the T1 gen-
eration. Notably, this silencing observed in T2 plants
was independent of CPuORF33, since both geno-
types transformed with either PromAtHB1:AtHB1 or
PromAtHB1mut:AtHB1 exhibited lower transcript levels
in T2 compared with T1.
Silencing mediated by small RNAs, and triggered by

the overexpression of the transgene, has already been
described for the HD-Zip I-encoding genes AtHB1 and
AtHB12 when driven by the constitutive 35S cauli-
flower mosaic virus (CaMV) promoter (Romani et al.,
2016), but, to our knowledge, this is the first time this
silencing has been observed using the endogenous
promoter.
To gain further insights into the molecular mech-

anism explaining the phenotypes regarding the
CPuORF33, rdr6-12 mutant plants were transformed
with the same constructs. These plants have a mutation
in the gene encoding the RNA-dependent RNA poly-
merase6 (RDR6), which is absolutely necessary to dis-
play the small RNA-mediated silencing cascade. As

shown in Figure 2, the phenotype of the rdr6-12 plants
transformed with PromAtHB1:AtHB1 was indistin-
guishable from that of plants transformed with
the empty vector, whereas those transformed with
PromAtHB1mut:AtHB1 exhibited serrated leaves in
both T1 and T2. Quantification of transcript levels
in these new transgenic plants indicated high over-
expression of the transgene in T1 and T2 (Supplemental
Fig. S4). These results strongly indicated that the small
RNA silencing mechanism is independent of the uORF.
In addition, AtHB1 expression levels were similar
comparing Col-0 and rdr6-12 plants without further
transformation (Supplemental Fig. S5), indicating that
the silencing mechanism is only displayed as a result of
AtHB1 overexpression. Considering that the plants
transformed with PromAtHB1mut:AtHB1 and those
transformedwith 35S:AtHB1 in the rdr6-12 background
exhibited almost identical phenotypes, it can be con-
cluded that those possessing the mutated version of the
uORF are overexpressing AtHB1.

CPuORF33 Is Capable of Repressing the Translation of
Different mORFs

Considering the differential phenotypes shown by
PromAtHB1mut:AtHB1 plants compared with those
transformed with the construct bearing the native
uORF, we found it reasonable to assume that the uORF
is repressing AtHB1 at the translational level. Sup-
porting this hypothesis, a recent report has shown that
CPuORF33 can arrest ribosomes during mRNA trans-
lation in vitro (Hayashi et al., 2017). Moreover, we
did not observe significant differences in AtHB1 tran-
script levels between plants transformed with the na-
tive or mutated CPuORF33 when the average levels
from independent transgenic lines were calculated
(Supplemental Fig. S4C). Unfortunately, AtHB1 protein
levels were not detectable by western blots in Col-0
plants, despite using antibodies against two different
tags (hemagglutinin [HA] or His).

Upon discarding CPuORF33 action at the transcrip-
tional level, we decided to assemble new genetic con-
structs in which the expression of the GUS reporter
genewas driven by theAtHB1 promoter and the 59UTR
with the native or mutated uORF (PromAtHB1:GUS
and PromAtHB1mut:GUS). Arabidopsis Col-0 and
rdr6-12 plants were transformed with these constructs,
and several independent single-copy lines were ob-
tained. Considering that the different insertion points
for each independent line could lead to different ex-
pression levels, lines transformed with each of the
constructs and showing similar GUS transcript levels
(in 14-d-old plants) were selected and taken as pairs.
These paired plants were analyzed by histochemistry,
resulting in the detection of GUS activity in the same
tissues (hypocotyls, vascular tissue of the roots, and
leaves) for both constructs, but with a strong difference
in the signal intensity (Fig. 3). Plants transformed with
PromAtHB1:GUS had aweak expression, whereas those
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transformed with the construct in which the uORF was
mutated exhibited a strong GUS color, especially in the
leaf lamina (Fig. 3, B and C).

Consistent with the observations performed by histo-
chemistry, the quantified GUS enzymatic activity was
higher in the extracts obtained from PromAtHB1mut:GUS
plants than in those from PromAtHB1:GUS plants (Fig.
3C). These results were independent of the genotype
used (Col-0 or rdr6-12), indicating the action of a small
RNA-independent mechanism for translational repres-
sion (Supplemental Fig. S6).

CPuORF33 Represses the Translation of the mORF by a
Ribosome Stalling Mechanism

There are several knownmechanisms bywhich uORFs
control translation. Among them, nonsense-mediated

decay (NMD) and ribosome stalling are the most stud-
ied. We then considered which mechanism was taking
place in the regulation exerted by CPuORF33 on AtHB1
translation.

In view of the preceding findings, it was unlikely that
NMD was taking place. To confirm this and discard
the possibility of NMD occurrence, insertional mutant
plants of UPF1 and UPF3 (upf1-5 and upf3-1, respec-
tively), genes encoding key proteins for NMD, were
grown under standard conditions. AtHB1 transcripts
were evaluated in these mutants, and the levels were
similar to thosemeasured inCol-0 controls (Supplemental
Fig. S7), indicating that CPuORF33 translational control
was not mediated through NMD.

To investigate whether CPuORF33 is capable of act-
ing in trans at the transcriptional level, endogenous
AtHB1 transcript levels were assessed in rdr6-12mutant

Figure 2. AtHB1 overexpressor plants bearing a
uORF mutated in the putative start codons present
abnormal phenotypes. A, Schematic representa-
tion of the native AtHB1 promoter (PromAtHB1)
and a mutated version (PromAtHB1mut), both in-
cluding their 59 UTRs. Two single nucleotides,
located within the first two codons of the uORF,
were mutated (T→C) and are signaled in red. B,
Illustrative photographs of 30-d-old Col-0 plants
transformed with PromAtHB1:AtHB1 and Pro-
mAtHB1mut:AtHB1 comparedwith control plants
transformed with an empty pCambia vector. C,
Illustrative photographs of 30-d-old rdr6-12 mu-
tant plants transformed with PromAtHB1:AtHB1
and PromAtHB1mut:AtHB1 compared with con-
trol plants transformed with an empty pCambia
vector. Two independent transgenic lines for each
genotype were analyzed. First (T1) and second
(T2) generations are shown in the top and bottom
rows, respectively.
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plants transformed either with PromAtHB1:AtHB1 or
with PromAtHB1mut:AtHB1. To be sure that the quan-
tified transcripts corresponded to the endogenous
AtHB1, reverse transcription (RT)-quantitative real-
time PCR (qPCR) assays were performed with prim-
ers annealing in the 39 UTR, which is absent in the
constructs used to transform these plants. AtHB1 tran-
script levels were similar in both genotypes, suggesting
that CPuORF33 is not able to act in trans at the tran-
scriptional level (Supplemental Fig. S8).
Once NMD and trans-action were discarded as pos-

sible mechanisms exerted by CPuORF33, ribosome
stalling was analyzed. Recently, ribosome footprinting
analyses with Arabidopsis mRNAs were performed by
three different research groups (Juntawong et al., 2014;
Merchante et al., 2015; Hsu et al., 2016). These studies
permit the identification of transcript regions protected
by ribosomes from nuclease action (Ingolia et al., 2009).
We used these data to inspect if CPuORF33 is, in fact,
translated and whether it generates the stalling of the
ribosomes. Among these ribosome footprinting exper-
iments, those described by Juntawong et al. (2014) and
Hsu et al. (2016) were the most informative for the case
of AtHB1. Those authors used seedlings grown under
long-day regimes, similar experimental conditions to
those used in our experiments, whereas Merchante
et al. (2015) used etiolated seedlings.
The analyses of the data are shown in Supplemental

Figure S9. The results indicated that the uORF had a
higher occupation density compared with other 59
UTRs and with the mORF. Weak peaks upstream from
the CPuORF33 also were detected, and, considering the
absence of AUGs in this region, they indicated that
uORFs starting at non-AUG codons (Laing et al., 2015)

should not be discarded. However, the differences in
translation efficiency suggest that their relative impor-
tance with respect to CPuORF33 is much lower.

Furthermore, the CPuORF33 did not exhibit a nor-
mal distribution but presented a peak at the end of the
uORF, suggesting ribosome stalling. It is important
to note that three different experiments resulted in
similar results, showing clearly different ribosome
footprinting profiles when compared with that of
AtHB13, another TF from the same HD-Zip I family
(Supplemental Fig. S9). A ribosome stalling process
implies the interaction between the nascent peptide
and the ribosome. Hence, we decided to test the im-
portance of the CPuORF33 amino acid sequence by
generating an additional genetic construct in which
the frame of the uORF was shifted. In order to make
the analysis independent of the transcriptional activity
of the AtHB1 promoter, the native and mutated 59
UTRs of AtHB1 were cloned downstream of the 35S
CaMV constitutive promoter driving the expression of
the GUS reporter gene (35S:native-uORF:GUS and 35S:
FS-uORF:GUS, respectively). A schematic representation
of these constructs is shown in Figure 4A. In the 35S:FS-
uORF:GUS construct, the nucleotide sequence exhibits
minimal changes, whereas the amino acid sequence is
completely altered. Col-0 plants were transformed using
these genetic constructs, and theGUS expression pattern
was analyzed by histochemistry. As shown in Figure 4B,
the uORF with the shifted frame was unable to repress
GUS expression.

To further test the importance of the amino acid se-
quence, different mutations were generated in the
uORF sequence. They were cloned upstream from the
GFP mORF, and yeast cells were transformed with

Figure 3. Mutations in CPuORF33 en-
hance the translation of different down-
stream mORFs. A, Transcript levels of GUS
in 14-d-old seedlings of Col-0 plants
transformed with native PromAtHB1:GUS
or PromAtHB1mut:GUS. Three indepen-
dent lines of each genotype are shown,
paired according to their transcript levels.
Transcript levels in whole rosettes were
measured by RT-qPCR, and the values were
normalized with the smaller absolute value
using the DDCt method. The y axis is shown
in log2 scale. B, GUS expression analyzed
by histochemical detection of GUS enzy-
matic activity in 14-d-old plants. C, GUS
activity evaluated by fluorometry in whole-
rosette protein extracts from the same
plants as in A. Error bars indicate SD of five
biological replicates. Student’s t tests were
performed, and P , 0.05 is signaled with
asterisks.

Plant Physiol. Vol. 175, 2017 1243

CPuORF33 Represses AtHB1 Translation

http://www.plantphysiol.org/cgi/content/full/pp.17.01060/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01060/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01060/DC1
http://www.plantphysiol.org/cgi/content/full/pp.17.01060/DC1


these constructs. Protein extracts were analyzed by
western blots, indicating reduced levels of GFP when
the native uORF was used (Supplemental Fig. S10). In
contrast, no repression was observed when the amino
acid sequence of the uORF was altered significantly
(from residues 3–25 or 3–29). Interestingly, changes on
the N-terminal end of the CPuORF33 partially re-
pressed GFP levels, indicating that certain amino acids
are more important than others for translational re-
pression (Supplemental Fig. S10). Altogether, these re-
sults supported the ribosome stalling mechanism and
its dependence on the amino acid sequence encoded by
the uORF.

The Activity of CPuORF33 Is Tissue Specific

In view of the described observations, we wondered
whether CPuORF33 activity depended on the tissue,
developmental stage, or growth condition. To address
this question, Col-0 plants transformedwith 35S:native-
uORF:GUS or 35S:GUS were analyzed in detail by
histochemistry (Fig. 5A). Cotyledons of 5-d-old seed-
lings, fully developed leaves, and inflorescences of
plants transformed with 35S:native-uORF:GUS, grown
under an LDP, clearly showed CPuORF33 repression
(Fig. 5). However, leaf primordia and roots of the same
plants exhibited the same GUS staining as those trans-
formed with 35S:GUS. These observations indicated
that the action exerted by CPuORF33 was tissue

specific. Similar results were obtained when plants
transformed with 35S:native-uORF:GUS were com-
pared with plants transformed with 35S:FS-uORF:GUS
(data not shown). Ribosome sequencing assays per-
formed in roots and aerial tissue by Hsu et al. (2016)
were consistent with our observations (Supplemental
Fig. S11).

This phenomenon could be the result of an alter-
native splicing event or the presence of a secondary
transcription start site (TSS) that prevents the inclusion
of the complete CPuORF in the mature mRNA. Indeed,
the inspection of publicly available TSS results from
whole Arabidopsis roots using the paired-end analysis
of TSS protocol indicated that the AtHB1 locus pre-
sented a second TSS with a weak peak pattern between
locus positions 194 and 403 (Peak_40644; Supplemental
Fig. S12A; Morton et al., 2014). This TSS would exclude
from the mRNA the CPuORF start codon, which is at
position 163. To further investigate this hypothesis, we
used published RNA sequencing data to compare the
mRNA profiles between shoots and roots and found no
strong indication of alternative splicing and disparate
results for a secondary TSS (Supplemental Fig. S12,
B–E). To test the secondary TSS hypothesis in our
conditions, the tissue differential presence of a shorter
AtHB1 transcript excluding the CPuORF start codon
was tested by RT-qPCR in roots and shoots using
two sets of oligonucleotides (Supplemental Fig. S12A).
A within-tissue ratio of amplification products was

Figure 4. Ribosome footprinting pattern and mutations in the uORF amino acid sequence suggest ribosome stalling at the
CPuORF33. A, Schematic representation of the constructs used in Arabidopsis transformation, showing the nucleotide (top) and
amino acid (bottom) sequences of the native and mutated uORF. FS, Frame shift; black, 35S CaMV promoter; white, AtHB1 59
UTR; light blue, CPuORF33; gray, GUS ORF; stars, single-base modification; arrowhead, insertion introduced. B, Illustrative
photograph of 20-d-old leaves transformed with the indicated constructs and analyzed by GUS histochemisty.
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calculated and compared between shoots and roots, but
the results indicated no significant differences (data not
shown). In consequence, although there is some evi-
dence supporting the existence of a secondary TSS, this
would not be the key mechanism explaining the tissue
specificity observed for the activity of the CPuORF.

CPuORF33 Repression Activity Is Triggered by Light in
Aerial Tissues

As mentioned above, CPuORF33 was active in aerial
tissues and inactive in roots (Fig. 5). Thus, an attractive
hypothesis was that CPuORF action could be triggered
somehow by light. In order to test this, 35S:native-
uORF:GUS transformed plants were grown during 6 d
in complete darkness or under the LDP and GUS ac-
tivity was evaluated by histochemistry. As shown in
Figure 6A, cotyledons of seedlings grown in darkness
were completely stained, indicating a lack of uORF re-
pression under this condition, whereas the opposite
scenario was obtained under the LDP. Moreover, the
effect of illumination was not reverted in these plants
after 2 d of darkness (Fig. 6B). Similar results were
obtained using 15-d-old plants placed in darkness for
an additional 5 d (Supplemental Fig. S13).
To determine whether CPuORF33 repression

activity was the result of the illumination quality, 6-d-
old seedlings transformed with 35S:native-uORF:GUS
were grown under the LDP exposed to blue, red, or

white light. All these treatments resulted in similar
observations (i.e. CPuORF33 actively repressed GUS
activity in aerial tissues; Supplemental Fig. S13). Ad-
ditional treatments with abscisic acid, indole-3-acetic
acid, and GAs also were carried out on dark-grown
seedlings, indicating that none of these hormones was
able to modify CPuORF33 repression (data not shown).
Considering the hypothesis of a chloroplast signal as
the switch to activate CPuORF33, 35S:native-uORF:
GUS seedlings grown in complete darkness over 6 d
were treated with dichlorophenyl dimethylurea
(DCMU) and transferred to light conditions for an ad-
ditional 24 h. Notably, the repression action of
CPuORF33 was avoided, as GUS activity was clearly
detected in cotyledons (Fig. 6C), indicating that a signal
from coupled chloroplasts is responsible for initiating
CPuORF33 activity.

The Homologous Maize CPuORF Also Functions as a
Translational Repressor

Monocot plants exhibit an insertion of seven amino
acids in the C termini of the CPuORF, which makes
them longer than those of dicot plants (Fig. 1A). To
evaluate whether this longer peptide resulted in a dif-
ferent function, we decided to clone a monocot uORF
and analyze its activity. To this end, themaize 59UTR of
the AtHB1 homolog (ZmHB115) was cloned between
the constitutive 35S CaMV promoter and the GUS re-
porter gene. Arabidopsis plants were then transformed
and analyzed by GUS histochemistry (Fig. 7). The re-
sults indicated that the maize uORF represses GUS
translation in the aerial portions of the plant, similar to
the inhibition seen for the Arabidopsis CPuORF33.
Notably, like its Arabidopsis homolog, the maize uORF
also exhibited tissue-specific activity and did not func-
tion as a repressor in roots (Fig. 7).

Aiming to elucidate if this uORF is active in maize,
data obtained from ribosome footprinting analyses
performed with samples of 14-d-old maize seedlings
were examined (Supplemental Fig. S14; Lei et al., 2015).
As expected, translation seemed to be stalled in the
uORF region, and fewer ribosomes were detected in
themORF (Supplemental Fig. S14), supporting both the
proposed ribosome stalling mechanism and the con-
servation between species of the uORF’s function.

The Absence of a Tightly Regulated Expression of AtHB1
Causes Severe Deleterious Effects

It was surprising to discover such a sophisticated
mechanism repressing AtHB1 expression, especially
because we were not able to detect strong differential
phenotypes in athb1mutants and, certainly, no lethality
in Col-0 plants transformed with 35S:AtHB1 (Capella
et al., 2015b).

To understand such phenomena, we decided to
further analyze rdr6-12 plants transformed with
PromAtHB1mut:AtHB1, in which neither ribosome

Figure 5. CPuORF33 repression action depends on the tissue and en-
vironmental conditions. Illustrative photographs show organs/tissues of
plants revealed byGUS histochemisty. A, Five-day-old seedling transformed
with 35S:GUS grown under long-day photoperiod (LDP). Bar = 2 mm. B,
Five-day-old seedling transformedwith 35S:native-uORF:GUS grownunder
LDP. Bar = 2 mm. C, Hypocotyl detail of B. Bar = 500 mm. D, Ten-day-old
seedling transformed with 35S:GUS grown under LDP. Bar = 2 mm. E, Ten-
day-old seedling transformed with 35S:native-uORF:GUS grown under
LDP. Bar = 2mm. F,Hypocotyl detail of E. Bar = 500mm.G, Root detail of
E. Bar = 200 mm. H, Inflorescence of a plant transformed with 35S:GUS.
Bar = 5 mm. I, Inflorescence of a plant transformed with 35S:native-
uORF:GUS. Bar = 5 mm.
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stalling nor small RNA silencing was possible. As
controls, we used rdr6-12 plants transformed with an
empty vector or with PromAtHB1:AtHB1.

Hypocotyl length was analyzed in these plants, since
this developmental trait is affected by AtHB1 (Capella
et al., 2015b). As expected, rdr6-12 plants transformed
with PromAtHB1mut:AtHB1 showed longer hypocotyls
than the other transformed plants (Fig. 8A). In parallel,
plants from the three genotypes were grown on soil
under standard conditions. PromAtHB1mut:AtHB1
plants exhibited compact rosettes, a delay in bolting,
and, more importantly, a strongly altered flower mor-
phology. Pistils were reduced, anthers were extremely
short and nondehiscent, and siliques were small and
had fewer or no seeds. In several lines, the analysis of a
second generation was not possible because T1 plants

were sterile (Fig. 8B). Altogether, these results could
explain why such a sophisticated mechanism acts to
repress the overexpression of this TF (i.e. unregulated
increased expression of AtHB1 led to an infertile,
delayed, and aberrant phenotype).

DISCUSSION

The adaptation of plants throughout evolution in-
volved the loss and the acquisition of genome DNA
sequences including the conservation of key elements.
Many such conserved regulatory elements must be
fundamental for plant development, reproduction,
and/or survival. Here, we demonstrated that a highly
conserved genetic element, the CPuORF33, is important
to avoid plant sterility.

Figure 6. Light-dependent CPuORF33
repression action in cotyledons is not
reverted in darkness but avoided by
DCMU. Illustrative photographs show
seedlings transformed with 35S:GUS
or 35S:native-uORF:GUS and revealed
by GUS histochemistry. A, Left, 6-d-old
seedling transformed with 35S:native-
uORF:GUS grown under LDP. Center,
6-d-old seedling transformedwith 35S:
GUS grown in darkness. Right, 6-d-old
seedling transformedwith 35S:native-
uORF:GUS grown in darkness. Bars =
2 mm. B, Left, 8-d-old 35S:native-
uORF:GUS seedling grownunder LDP.
Right, 6-d-old 35S:native-uORF:GUS
seedling grown under LDP and then
transferred for an additional 2 d to
darkness. Bars = 2 mm. C, Left, 6-d-
old 35S:native-uORF:GUS seedling
grown in darkness and treated with
ethanol (EtOH) during24hunder LDP.
Right, 6-d-old 35S:native-uORF:GUS
seedling grown in darkness and trea-
ted during 24 h with 50 mM DCMU
under LDP. Bars = 2 mm. Insets show
cotyledons in more detail.
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Although uORFs are present in a considerable
number of mRNAs (Hayden and Bosco, 2008;
Nagalakshmi et al., 2008; Calvo et al., 2009), it is re-
markable that only a small portion of these varied ge-
netic elements has been conserved between species, and
only a few members within this group were assigned a
function. Here, we show that CPuORF33 negatively
regulates AtHB1 translation during plant development
and that this regulatory mechanism is conserved in
maize. Hence, it is tempting to suggest that a similar
scenario occurs in other species with AtHB1 homologs.
Notably, in all the available DNA sequences encoding
AtHB1 homologs that have known 59UTRs, either from
monocot or dicot species, CPuORF33 was identified.
Considering that the number of sequences increases
continuously, it would be interesting to repeat this
analysis in the near future.
Besides the high conservation of the nucleotide se-

quence, it is important to note that the amino acid se-
quence is even more conserved, indicating that the
peptide, and not the RNA, is the active element. This
suggestion also was supported by the absence of
overlap between CPuORF33 and the mORF. This
characteristic is relevant to allow ribosome reinitiation
and the translation of the mORF. Overlap of the
CPuORF and the mORF was described as being linked
to NMD regulating the abundance of many gene tran-
scripts involved in plant development, including TFs,
RNA processing factors, and stress response genes
(Kalyna et al., 2012).
According to previous reports, the regulation exerted

by eukaryotic uORFs on transcript levels of the mORF
occurs through several different mechanisms of action,
but most uORFs exert their effects in a sequence-
independent manner (Calvo et al., 2009). In contrast,
certain uORFs control translation of the mORF in a
peptide sequence-dependent manner (Ito and Chiba,
2013; von Arnim et al., 2014). Among the possible re-
pressionmechanisms exerted by uORFs, NMD is the one
acting in the regulation of AdoMetDC1, which causes
polyamine-responsive ribosomal arrest, the SAC51 gene
encoding a basic helix-loop-helix TF, andAtMHX, which
encodes a vacuolar magnesium-zinc/proton exchanger
(Bender and Fink, 1998; Imai et al., 2006; Combier et al.,
2008; Saul et al., 2009; Uchiyama-Kadokura et al., 2014).

On the other hand, other mechanisms displayed by
uORFs regulate RNA translation; among them are ri-
bosome stalling (Wiese et al., 2004; Rahmani et al., 2009;
Alatorre-Cobos et al., 2012), ribosome reinitiation (Wang
andWessler, 1998), a combination of both (Hanfrey et al.,
2005), and others not well understood (Kwak and Lee,
2001). Among the possible mechanisms of CPuORF33
action, wewere able to show that this particular element
repressed AtHB1 translation in cis.

During translation, ribosome movement along the
mRNA molecule can be stopped either by a stable
secondary structure in the mRNA or by the nascent
translated peptide. Both cases can be observed in ribo-
some footprinting experiments as an evident increase in
the number of reads in a particular region. The ribo-
some footprinting analyses for the 59 UTR of AtHB1
showed a clear coverage peak ;40 bp upstream of the
uORF stop codon, suggesting the stalling of ribosomes
in this region. This peak should not be confused with
the one caused by the deceleration of ribosome move-
ment during translational termination, which appears
;16 pb upstream of the stop codon (Juntawong et al.,
2014; Hou et al., 2016). Taking into account the high
conservation observed in the amino acid sequences of
CPuORF33 homologs, not so evident at the nucleotide
level, it is tempting to speculate that the ribosome
stalling is caused by the nascent peptide and not by a
secondary structure in the mRNA. Supporting this
conclusion, the repressive activity of the uORF was lost
when frame-shift mutations were introduced, in both
plants and yeast, even though there are only minor
changes in the RNA sequence.

In this work, we demonstrated the importance of the
peptide structure of the CPuORF33 for in vivo trans-
lational repression, most likely by ribosome stalling. In
this mechanism, the interaction between the polypep-
tide being synthesized and the ribosome tunnel can
regulate the translation rate. The tunnel allows the
formation of secondary structures like a-helix or zinc
finger motifs (Nilsson et al., 2015). A recent report by
Ebina and coworkers (2015) identified 16 novel uORFs
in which the amino acids located at the C termini were
crucial in determining their repressive action. In order
to test the functionality of the CPuORF33 C terminus,
its peptide sequence was changed by two point

Figure 7. The uORF of the maize
AtHB1 homolog functions as a
translational repressor. Illustrative
photographs show 14-d-old plants
revealed by GUS histochemisty. At
left, Arabidopsis plants transformed
with 35S:GUS grown under LDP. At
right, three independent lines of
Arabidopsis plants transformed
with 35S:maize59UTR:GUS grown
under LDP. Bars = 500 mm.
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mutations: one located at amino acid 24 (H→Q) and
the second one deleting the stop codon, which adds
30 additional amino acids (mut59UTR). However, no
differences were observed in plants transformed with
35S:mut59UTR:GUS compared with those transformed
with the native 59UTR (data not shown). This indicates
that CPuORF33 is more likely a class II uORF in which,
according to Takahashi et al. (2012), the C terminus is
not relevant for its action.

In contrast with our results, using an in vitro system,
Hayashi et al. (2017) showed that CPuORF33 (called
At3g01470 by the authors) arrests ribosomes in a
peptide sequence-independent manner. A plausible
explanation for this discrepancy could be that the
sequence-dependent ribosome arrest activity needs a
certain biomolecule to be absent in the in vitro system.
An alternative explanation could be that, as in the
in vitro assay, an N-terminal GST fusion protein was
used, such that the 3D structure of the CPuORF33 could
have been affected.

There are some reports showing that the ribosome
stalling mechanism involves small molecules like as-
corbate, boron (as H3BO3 in solution), phosphocholine,

or Suc (Rahmani et al., 2009; Alatorre-Cobos et al., 2012;
Laing et al., 2015; Tanaka et al., 2016). Further studies
will be necessary to reveal whether those or other mol-
ecules are necessary for CPuORF33 action. Nonetheless,
even when unidentified molecules were necessary for
AtHB1 repression, such molecules are normally present
in plant leaves and flowers, since we observed the re-
pression exerted by CPuORF33 in these tissues, espe-
cially when using stably transformed plants with the
35S:native-uORF:GUS and 35S:FS-uORF:GUS constructs,
which make the analysis independent of transcriptional
regulation. Moreover, and in view of the tissue-specific
action of CPuORF33, one could speculate that such
molecules, which also could be proteins, are not present
in roots and apical meristems.

Considering the differences between the roots and
aerial parts of the plant, and also those between dark-
ness and light, chloroplast functionality was assessed
for its capacity to regulate CPuORF33 using DCMU
(a known photosynthesis uncoupler). This treatment
was able to inhibit CPuORF repressor action (Fig. 6).
Additionally, several molecules related to photosyn-
thesis, including sugars and hormones, were tested

Figure 8. Expression levels of AtHB1
are fine-tuned due to the detrimental
effects for plant reproduction and
survival generated by its over-
expression. A, Hypocotyl lengths of
plants grown under a short photope-
riod for 5 d. Control plants of Col-0
and rdr6-12 backgrounds are shown as
well as the same plants transformed
with PromAtHB1:AtHB1 (PromAtHB1:
At1) and PromAtHB1mut:AtHB1
(PromAtHB1mut:At1). Two inde-
pendent lines for each genotype are
shown. An ANOVA test was per-
formed, and pairwise differences were
evaluated with Tukey’s posthoc test;
different groups aremarkedwith letters
at the 0.05 significance level. B, Illus-
trative photographs of rdr6-12 plants
transformed with PromAtHB1:AtHB1
and PromAtHB1mut:AtHB1. Rows are
as follows: I, 25-d-old rosette leaves of
control and transformed plants (four
independent lines are shown for each
genotype); II, front photographs of the
same plants as in I; III, flowers of 40-d-
old plants; IV, siliques of the same
plants.
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with negative results. Further investigation will be
needed to reveal which is the chloroplast signal re-
sponsible for this effect.
Another mechanism that might be potentially re-

sponsible for the tissue-specific action of CPuORF33
was considered. A secondary TSS in AtHB1 was found
by Morton et al. (2014) and was defined as a region
located downstream of the uORF start codon
(Supplemental Fig. S12A). Transcripts starting at this
region, therefore, would lack the full uORF, preventing
the stalling of ribosomes and allowing the uninhibited
expression of the mORF. However, the comparison of
RNA transcript profiles between roots and shoots using
publicly available data was not conclusive, and our
qPCR assays comparing these tissues did not support
this mechanism. In consequence, the presence of a sec-
ondary TSS would not be able to explain the tissue
specificity of uORF activity. Nonetheless, we cannot rule
out that this TSS could be functional in bypassing the
repressive action of the uORF under certain conditions,
as reported for other uORFs (Pumplin et al., 2016).
The second mechanism repressing AtHB1 expression

described in this work is mediated by small RNAs, al-
though this might function only when it is expressed as
a transgene. It is already known that, above a certain
threshold, the expression of several transgenes, like
GUS, GFP, or Streptomycin Phosphotransferase, is si-
lenced by such a mechanism, being threshold depen-
dent on the gene (Schubert et al., 2004; Rajeevkumar
et al., 2015). Two different mechanisms acting to silence
transgenes have been described: transcriptional gene
silencing and posttranscriptional gene silencing. In the
first, a DNA segment encoding a certain mRNA is
methylated, inhibiting transcription, whereas in the
second, the mRNA is degraded by small interfering
RNA after the formation of the mRNA (Matzke et al.,
2001). Posttranscriptional gene silencing occurs during
plant development and aftermeiosis initiation, whereas
transcriptional gene silencing occurs during meiosis
and is heritable (Vaucheret and Fagard, 2001). Since the
repression of AtHB1 in transgenic plants takes place in
the second generation, transcriptional gene silencing is
likely the silencing mechanism. However, it is unusual
that such silencing was displayed when the over-
expression was controlled by a native promoter, since
this scenario has been observed only with constitutive
promoters like the 35S CaMV. These observations in-
dicate thatAtHB1 overexpression is tightly regulated to
avoid expression above the threshold and that this
threshold is very close to endogenous transcript levels.
Moreover, AtHB1 was not silenced when the construct
used to perform the transformation did not have the
AtHB1 coding sequence (data not shown), indicating
that the silencing is caused by AtHB1 transcript or
protein levels but not by the promoter itself.
We can conclude that the CPuORF33 present in the 59

UTR of the Arabidopsis HD-Zip TF AtHB1 and its homo-
logs in at least 43 other species exerts a strong tissue- and
condition-specific regulation at the translational level by
ribosome stalling in order to avoid an aberrant phenotype.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown directly on soil in
a growth chamber at 22°C to 24°C under LDP (16 h light), at an intensity of
approximately 120 mmol m22 s21, in 8- 3 7-cm pots. Short-photoperiod con-
ditions were used only to evaluate hypocotyl length as indicated in the corre-
sponding figure legend.

Arabidopsis ecotype Col-0, and the mutants athb1-1 (SALK_123216C), upf3-1
(SALK_025175), and upf1-5 (SALK_112922), all in the Col-0 ecotype background,
were obtained from the Arabidopsis Biological Resource Center (http://www.
arabidopsis.org). Mutant rdr6-12 seeds (Peragine et al., 2004) were kindly pro-
vided byDr. PabloManavella from the Instituto deAgrobiotecnología del Litoral.
pKGWFS7 PromAtHB1:GUS plants were described previously (Capella et al.,
2015b). Homozygous lines were selected after two complete growth cycles.

DCMU Treatments

Seeds were surface sterilized and then plated in petri dishes with 0.53
Murashige and Skoogmedium supplementedwith vitamins (PhytoTechnology
Laboratories). Plates were placed at 4°C during 2 d and transferred to the
growth chamber (22°C–24°C under LDP) for the periods indicated in the cor-
responding figure legends. Another group of plates was transferred to the same
chamber but inside a dark box. For DCMU treatments, these plants were vac-
uum infiltrated with 50 mM DCMU solution; then, the liquid reagent was dis-
carded and plants were placed under LDP for an additional 24 h.

Genetic Constructs

pCambia HA-AtHB1 was described previously (Capella et al., 2015b).

PromAtHB1mut:GUS

This constructwasassembledbyPCRamplificationandoverlappingwith the
oligonucleotides (Higuchi et al., 1988) listed in Supplemental Table S2 using as
probe the pKGWFS7 PromAtHB1:GUS construct. The amplification PCR pro-
duct was cloned in pBluescript SK2. This last construct was restricted with
BglII and HindIII and finally inserted in pKGWFS7 PromAtHB1:GUS, replacing
the wild-type sequence. The correct insertion was verified by sequencing.

PromAtHB1:AtHB1 and PromAtHB1mut:AtHB1

The native andmutated versions of theAtHB1 promoter were amplified using
specific oligonucleotides (Supplemental Table S2) and pKGWFS7 PromAtHB1:GUS
and pKGWFS7 PromAtHB1mut:GUS as templates, respectively. The PCR products
were cloned into the SalI and XbaI sites of pMTL22, and then the obtained clones
were digested with BamHI and XbaI. Finally, these products were cloned into the
BglII and XbaI sites of pCambia HA-AtHB1, replacing the 35S CaMV.

35S:Native-uORF:GUS

The AtHB1 59 UTR was amplified by PCR using as template the pCambia
PromAtHB1:AtHB1 clone and specific oligonucleotides (Supplemental Table S2). The
amplification product was then cloned into the XbaI and BamHI sites of pBI121.

35S:FS-uORF:GUS

The indicated mutations were introduced by PCR amplification and over-
lapping with the oligonucleotides listed in Supplemental Table S2 and using as
probe the pCambia PromAtHB1:At1 clone. The PCR product was cloned into the
XbaI and BamHI sites of pBI121.

35S:ZmHB115-59UTR:GUS

The ZmHB115 59 UTR was amplified by PCR using genomic DNA as tem-
plate and specific oligonucleotides (Supplemental Table S2). The amplification
product was then cloned into the XbaI and BamHI sites of pBI121.

pADH::yeGFP and pADH::NLS::yeGFP

The yeast enhanced GFP (yeGFP), with or without the SV40 nuclear locali-
zation signal (NLS), was amplified by PCR using as template the pYM25 vector
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and specific oligonucleotides (Supplemental Table S2). The amplification pro-
ducts were then cloned into the BamHI and SalI sites of YCplac22 pADH.

pADH::uORF::yeGFP and pADH::FS-uORF::yeGFP mutant constructs,
native-uORF and FS-uORF, were amplified using specific oligonucleotides
(Supplemental Table S2) and the 35S:native-uORF:GUS and 35S:FS-uORF:GUS
clones as probes. By Gibson cloning (New England Biolabs), the PCR pro-
ducts were cloned into pADH::yeGFP, previously restricted with BamHI.
Finally, the indicated mutations (FS1, FS2, and FS3) were introduced by
QuikChange II Site-Directed Mutagenesis (Agilent), using pADH::FS-
uORF::yeGFP as template.

Stable Arabidopsis Plant Transformation

Transformed Agrobacterium tumefaciens strain LBA4404 was used to obtain
transgenic Arabidopsis plants by the floral dip procedure (Clough and Bent,
1998). Transformed plants were selected on the basis of their specific resistance
in petri dishes with 0.53 Murashige and Skoog medium supplemented with
vitamins (PhytoTechnology Laboratories) and the appropriate selector chemi-
cal (50 mg L21 kanamycin or 25 mg L21 hygromycin). The seeds were surface
sterilized, plated, and, after 2 d of incubation at 4°C, placed in a growth
chamber at 22°C to 24°C.

The insertion of each transgene was checked by PCR using genomic DNA as
templatewith specific oligonucleotides listed in Supplemental Table S2. Three or
four positive independent lines for each construct were further reproduced, and
homozygous T3 and T4 plants were used in order to analyze the expression
levels of the specific transgene and plant phenotypes. T1 plants were used in a
specific experiment as indicated in the corresponding figure legend.

RNA Extraction and Analysis

Total RNA for transcript level evaluation by RT-qPCR was isolated from
Arabidopsis leaves using the Trizol reagent (Invitrogen) according to the
manufacturer’s instructions. One microgram of RNA was reverse transcribed
using oligo(dT)18 and Moloney murine leukemia virus reverse transcriptase II
(Promega). For the alternative TSS assay, a different oligonucleotide
(AtHB1qPCRR) was used for RT. qPCR was performed with the Mx3000P
Multiplex qPCR system (Stratagene) in a 20-mL final volume containing 2 mL of
SYBRGreen (43), 8 pmol of each primer, 2mMMgCl2, 10mL of a 1:15 dilution of
the RT reaction, and 0.1 mL of Taq Platinum (Invitrogen). Fluorescence was
measured at 72°C during 40 cycles. Specific primers were designed
(Supplemental Table S2). Quantification of mRNA levels was performed by
normalization with the ACTIN transcript levels (ACTIN2 and ACTIN8)
according to the DDCt method (Pfaffl, 2001). All the reactions were performed
with, at least, three replicates. For a better visualization of the results, the y axes
of the figures containing transcript evaluation are represented on a logarithmic
scale.

Histochemical GUS Staining

GUS staining was performed as described by Jefferson et al. (1987). Plants
were immersed in GUS staining buffer (1 mM 5-bromo-4-chloro-3-indolyl-GlcA
in 100 mM sodium phosphate, pH 7, 0.1% (v/v) Triton X-100, and 100 mM

potassium ferrocyanide), vacuum was applied for 5 min, and then plants were
incubated at 37°C for 12 h. Chlorophyll was cleared from the plant tissues by
immersion in 70% ethanol.

Phenotype Analyses

Plants were grown as described above and photographed using a Panasonic
DMC-FH4 camera. Flowers and siliques were detached and photographedwith
a Nikon SMZ800 stereomicroscope. Hypocotyl length measurements were
carried out as described (Capella et al., 2015b).

In Silico Sequence Analysis

To retrieve nucleotide sequences, initially a BLASTP search was conducted
with the full-length sequence of the AtHB1 TF against the National Center for
Biotechnology Information nonredundant protein sequence database (default
parameters were used; January 18, 2016; Altschul et al., 1990). Sequence re-
dundancy was checked using the skipredundant program of the EMBOSS
package (Rice et al., 2000), and the results were manually inspected and

curated. After this filtering, full mRNA-containing hits were selected for
further analysis.

The amino acid sequence of CPuORF33 was analyzed for the prediction of
secondary structure using Jpred 4 (http://www.compbio.dundee.ac.uk/
jpred4; Drozdetskiy et al., 2015) and for known motifs using hmmscan
(https://www.ebi.ac.uk/Tools/hmmer/search/hmmscan; Finn et al., 2015),
including all HMM databases (Pfam, TIGRFAM, Gene3D, Superfamily, and
PIRSF).

The uORF nucleotide and amino acid sequences were alignedwith ClustalW
(Larkin et al., 2007; Goujon et al., 2010) using Multiple Alignment Mode,
iterated in each step, and the following parameters: gap extension, 0; gap
opening, 15; negative matrix, off; DNA transition weight, 0.5; delay di-
vergent seq, 30; protein weight matrix, Gonnet series; DNA weight matrix,
IUB. Identity and IUB quality were used for protein and DNA analysis,
respectively.

A maximum likelihood phylogenetic tree was constructed using the Clus-
talW alignments, the JTT+I+G model (Jones et al., 1992; Reeves, 1992; Yang,
1993), and 100 bootstrap repeats.

Ribosome Footprint Analysis

Ribosome footprint sequence reads were obtained from Juntawong et al.
(2014; SRX345243, SRX345250, SRX345242, and SRX345246), Merchante et al.
(2015; SRX976546, SRX976568, SRX976713, and SRX976714), Lei et al. (2015;
SRX845439, SRX845455, SRX847137, and SRX847138), and Hsu et al. (2016;
SRX1756756, SRX1756757, SRX1756758, SRX1756759, SRX1756760, SRX1756761,
SRX1756762, SRX1756763, SRX1756764, SRX1756765, SRX1756766, and SRX1756767).
Reads of nonstressed plants were used in this analysis. The coverage was
computed for the entire read in RNA sequencing samples and for nucleo-
tide 13 in each read for ribosome sequencing samples. Translation effi-
ciency was calculated as the relationship between the read count in the
ribosome sequencing sample and the read count in the total RNA sample
for each ORF.

RNA Profile Analysis

The raw reads from the studies analyzed were retrieved from the Gene
Expression Omnibus repository. The corresponding accession numbers are
GSE68560 (Mancini et al., 2016), GSE61545 (Liu et al., 2016), and GSE87760
(W. Schmidt and L. Grilletes, unpublished data). Reads were first processed to
remove adapters and low-quality bases using Trimmomatic version 0.36
(Bolger et al., 2014) with the suggested options: LEADING:3 TRAILING:3,
SLIDINGWINDOW:4:15 MINLEN:36, with MAXINFO:90:0.4 and removing
Illumina adapter sequences using the ILLUMINACLIP option. The quality of
reads before and after trimming was evaluated with FastQC (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/).

Processed readsweremapped to theArabidopsis genome (TAIR10; Lamesch
et al., 2012) using Tophat2 version 2.1.1 (Kim et al., 2013) with the default set-
tings. Duplicate reads were removed with MarkDuplicates from the picard
toolkit version 2.7.0 (http://picarDsourceforge.net/). The results were
inspected graphically with IGV (Thorvaldsdóttir et al., 2013), which was also
used to obtain the Sashimi plots. The comparison of RNA profiles was carried
out with RNAprof software version 1.2.6 (Tran et al., 2016) only for the AtHB1
locus.

Yeast Cell Culture, Transformation, and Immunoblotting

Saccharomyces cerevisiae DF5 MATa cells were grown and transformed as
described (Capella et al., 2014). Cells were cultured to exponential growth in
synthetic minimal medium lacking Trp; one OD600 was collected, and total cell
protein extracts were prepared by TCA precipitation. Proteins were resolved on
NuPAGE 12% gels (Invitrogen) and analyzed by standard immunoblotting
techniques using mouse monoclonal antibodies against GFP (B-2; Santa Cruz
Biotechnology) and Pgk1 (22C5; Invitrogen) and horseradish peroxidase-rabbit
anti-mouse antibody (Invitrogen).

Accession Numbers

Accession numbers are as follows: AtHB1 (At3G01472.1) and ZmHB115
(GRMZM2G021339).
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Nucleotide sequence alignment of the coding
sequences of the peptides listed in Figure 1B.

Supplemental Figure S2. The context of the second ATG codon fits the
Kozak rule better.

Supplemental Figure S3. The length of the uORF is the most conserved
feature, differing only between monocotyledonous and dicotyledonous
plants.

Supplemental Figure S4. AtHB1 overexpression is impaired by a mecha-
nism involving small interfering RNA.

Supplemental Figure S5. AtHB1 expression is only impaired while AtHB1
is overexpressed.

Supplemental Figure S6. The negative regulation exerted by CPuORF33 in
not dependent on small RNAs.

Supplemental Figure S7. CPuORF33 action is not mediated by NMD.

Supplemental Figure S8. Transgenic expression of CPuORF33 does not
affect the expression of endogenous AtHB1.

Supplemental Figure S9. Comparative ribosome footprinting profile of
AtHB1 and AtHB13 transcripts.

Supplemental Figure S10. CPuORF33 represses translation in a sequence-
dependent manner in the heterologous yeast system.

Supplemental Figure S11. Comparative ribosome footprinting profile of
AtHB1 transcripts in root versus shoots.

Supplemental Figure S12. AtHB1 potentially has a secondary TSS that
could explain the activity of the differential CPuORF in certain cases.

Supplemental Figure S13. Histochemical detection of GUS in 35S:native-
uORF:GUS plants grown under different light regimes.

Supplemental Figure S14. Ribosome footprinting profile of the transcripts
of the maize AtHB1 homolog ZmHB115.

Supplemental Table S1. Species used in the bioinformatic analysis, and
the accession numbers of the corresponding sequences.

Supplemental Table S2. Oligonucleotides used in this work.
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