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Dear Editor,
Stamen filament elongation is a strictly controlled process,
crucial for efficient self-pollination in autogamous plants. In
Arabidopsis (Arabidopsis thaliana), stamen primordia emer-
gence is followed by differentiation of filaments and anthers
around Stage 7 of flower development and by fast filament
elongation during Stages 10–13, when the flower opens
(Smyth et al., 1990; Cardarelli and Cecchetti, 2014). The re-
pression of genes encoding Class I KNOX homeodomain
transcription factors at early stages of flower development is
necessary for correct stamen development in Arabidopsis
(Tabata et al., 2010; Rubio-Somoza and Weigel, 2013). A lit-
erature survey, however, indicated that the promoter of the
Class I KNOX gene KNOTTED1-LIKE in ARABIDOPSIS
THALIANA1 (KNAT1), also named BREVIPEDICELLUS (BP;
Venglat et al., 2002), is active in elongated stamen filaments
(Ori et al., 2000; Wang et al., 2006), raising the possibility of
an additional role of this transcription factor during late sta-
men development.

We analyzed flowers from plants that contain the
pKNAT1::GUS reporter (Ori et al., 2000) and observed that
KNAT1 promoter activity in elongated filaments is

noticeable at flower Stage 13 or later (Figure 1A), suggesting
that the repression of Class I KNOX genes at early stages of
stamen development is followed by reactivation of KNAT1
around anthesis. We then analyzed stamen length in Stage
13 flowers from bp-1, a loss-of-function mutant in KNAT1,
and in plants that constitutively express KNAT1
(35S::KNAT1; Ori et al., 2000). bp-1 plants showed a slight,
but significant increase in stamen length, while overexpres-
sion of KNAT1 strongly affected filament elongation
(Figure 1, B and C), indicating that KNAT1 is a repressor of
this process. Measurement of cell length in stamens from
35S::KNAT1 plants suggested that KNAT1 affects cell elonga-
tion (Figure 1D). The mild effect of the bp-1 mutation on
stamen length may be explained by functional redundancy
with other Class I KNOX genes. Analysis of available global
gene expression data from flowers at different developmen-
tal stages indicated that SHOOTMERISTEMLESS (STM), like
KNAT1, is induced at late stages of flower development,
while KNAT2 and KNAT6 remain in a repressed state
(Figure 1E). Analyses of RNA levels from stamens at pre-
and post-anthesis stages indicated that the induction
at later stages takes place in these organs (Figure 1F).
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Figure 1 KNAT1 is expressed during late stamen development and inhibits stamen filament elongation. A, GUS histochemical staining of flowers
from plants carrying the pKNAT1::GUS construct at different developmental stages. Flowers were incubated in 1 mM 5-bromo-4-chloro-3-indolyl-
beta-D-glucuronic acid, 50 mM sodium phosphate (pH 7.0), and 0.1% (v/v) Triton X-100 at 37�C during 24 h. Representative images are shown.
Scale bars: 1 mm. B, Stamen length of bp-1 and 35S::KNAT1 flowers at Stage 13, compared with their corresponding wild-type lines (ecotypes Ler
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Then, KNAT1 may act redundantly with STM to limit sta-
men growth at post-anthesis stages. In addition, we ob-
served an induction of STM in stamens of the bp-1 mutant
relative to wild-type (Supplemental Figure S1), which may
partially compensate for the absence of KNAT1 expression.
Altogether, these results may explain the mild phenotype of
bp-1 plants.

Defects in the synthesis of gibberellins (GA) affect stamen
filament elongation (Rieu et al., 2008). Class I KNOX proteins
were implicated in the repression of the GA biosynthesis
gene GA20OX1 in the shoot apical meristem (Hay et al.,
2002). As shown in Figure 1G, KNAT1 overexpression caused
a strong decrease in GA20OX1 transcript levels in flowers at
Stage 13, suggesting that KNAT1 may repress stamen fila-
ment elongation by modulating GA biosynthesis.
Accordingly, the amount of the DELLA protein RGA, which
is negatively associated with GA levels (Silverstone et al.,
2001), was lower in bp-1 than in wild-type flowers, while
treatment with the GA synthesis inhibitor paclobutrazol
strongly increased RGA levels in both backgrounds
(Figure 1H). Notably, treatment of 35S::KNAT1 flowers with
GA was ineffective in restoring stamen filament elongation,
which is different from what is observed with the GA-
deficient mutant ga1 (Figure 1I and Supplemental Figure
S2). This implies that other factors are involved, even if a
role of KNAT1 in GA metabolism during stamen develop-
ment cannot be ruled out.

Recently, we described that members of the Class I
TEOSINTE BRANCHED1/CYCLOIDEA/PROLIFERATING CELL
FACTOR transcription factor family (TCP) stimulate late sta-
men filament elongation (Gastaldi et al., 2020). We then
sought possible connections between KNAT1 and Class I
TCPs. Transcript levels of TCP15, a Class I TCP gene, were re-
duced in 35S:KNAT1 plants and increased in bp-1 plants
(Figure 2A). In addition, bp-1 plants that express a strong re-
pressor form of TCP15 (TCP15-EAR; Uberti-Manassero et al.,
2012) under the control of the TCP15 promoter showed
short stamens (Figure 2B), while overexpression of TCP15 re-
stored stamen filament elongation in 35S::KNAT1 plants
(Figure 2, C and D). These results indicate that TCP15 most

likely acts downstream of KNAT1. Interestingly, TCP15 over-
expression rescued the short-stamen phenotype of
35S::KNAT1 plants but did not modify the development of
crinkled leaves characteristic of these plants (Figure 2D), in-
dicating that not all KNAT1 overexpression phenotypes de-
pend on TCP15.

Class I TCPs are inhibited by DELLA proteins and partici-
pate in the regulation of several processes by GA (Davière
et al., 2014; Resentini et al., 2015; Lucero et al., 2017). TCP15
acts downstream of GA to stimulate stamen filament elon-
gation, suggesting that GA may link KNAT1 to TCP15 action
(Gastaldi et al., 2020). However, the fact that GA treatment
did not rescue the short-stamen phenotype of 35S::KNAT1
plants while TCP15 overexpression did, led us to evaluate
the existence of additional mechanisms, like the regulation
of TCP15 expression at the transcriptional level. KNAT1 and
TCP15 are expressed in similar stamen tissues, predomi-
nantly in the vascular system of filaments (Supplemental
Figure S3). In addition, the TCP15 promoter has two adja-
cent putative KNOX binding sites (TGACAG) at about –500
bp from the transcription start site (Figure 2E). Similar
sequences were previously shown to be essential for regula-
tion of the maize (Zea mays L.) GA catabolism gene GA2ox1
and the Arabidopsis organ boundary gene CUC1 by Class I
KNOX proteins (Bolduc and Hake, 2009; Spinelli et al., 2011),
raising the possibility that TCP15 is a direct KNAT1 target.
Therefore, we assessed binding of KNAT1 to the TCP15 pro-
moter in vivo by chromatin immunoprecipitation (ChIP) us-
ing pKNAT1::KNAT1-GFP plants (Zhao et al., 2015). A TCP15
promoter fragment that includes the TGACAG sites
(–537/–406) and an additional fragment located further up-
stream (–1806/–1685) were preferentially immunoprecipi-
tated by anti-GFP antibodies, unlike fragments located
downstream of the TCP15 coding region or within the PP2A
gene, used as negative controls (Figure 2F). Further analysis
of the TCP15 promoter region showed the presence of
sequences with similarity to TGACAG at –1905 (TGACTG),
–1801, and –1579 (both TGACAA), which may explain the
observed interaction with the upstream promoter region.
Nevertheless, the results show that KNAT1 binds to the

Figure 1 (Continued)
and Nossen [NO], respectively). C, Scanning electron microscope (SEM) images of 35S::KNAT1 and wild-type (Nossen) flowers, obtained as de-
scribed in Gastaldi et al. (2020). Sepals and petals were removed to allow visualization of the stamens. Scale bars: 1 mm. D, Cell length in stamens
of 35S::KNAT1 flowers at Stage 13, compared with the corresponding wild-type line. Cell length was analyzed in SEM images of the central portion
of stamens (mean±SE; n = 59–67 cells from 7 stamens from different flowers). A representative image is shown on the right. Scale bars: 100 mm. E,
Relative transcript levels of Class I KNOX genes in flowers at different developmental stages. Data were obtained from Ryan et al. (2015). F,
Relative KNAT1, STM, and KNAT2 transcript levels in stamens from flowers at pre- and post-anthesis stages. KNAT6 expression could not be effi-
ciently detected. G, Relative GA20OX1 transcript levels in 35S::KNAT1 and wild-type flowers at Stage 13, determined by RT-qPCR. H, Immunoblot
analysis of protein extracts from Stage 13 bp-1 and wild-type (Ler) Stage 13 flowers with anti-RGA antibodies (Agrisera, Vännäs, Sweden; dilution
1:1,000). Flowers were treated with 10 mM PAC or mock solution 4 h before collecting them from the plants. Antibodies against cytosolic glyceral-
dehyde-3-phosphate dehydrogenase and Ponceau S staining were used for the control of loading. I, Stamen length of wild-type, 35S::KNAT1 and
ga1 (SALK_109115) flowers at Stage 13 after treatment with either 100 mM GA3 or mock solution. In B and F, flowers were photographed using a
Leica MZ10F stereomicroscope equipped with a digital camera and filament length was determined using Image J software. Only the four long sta-
mens in each flower were considered. Bars indicate the mean±SE (n = 46–123 stamens, depending on the line). In F and G, bars indicate the
mean±SE of three biological replicates. In B, D, F, and G, asterisks indicate significant differences with wild type (B, D, G) or with Stage 10 flowers
(F) (P5 0.05; Student’s t test). In I, different letters indicate significant differences (P5 0.05; ANOVA).
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Figure 2 KNAT1 targets TCP15 to modulate stamen filament elongation. A, TCP15 transcript levels in bp-1 and 35S::KNAT1 flowers at Stages 13–
15, relative to their corresponding wild-type lines, determined by RT-qPCR. The bars indicate the mean±SE of three biological replicates. Asterisks
indicate significant differences with wild-type plants (P5 0.05; Student’s t test). B, SEM images of flowers from plants that express TCP15-EAR un-
der the control of the TCP15 promoter in a bp-1 background. Arrows point to stamens. Scale bars: 2 mm (left), 0.5 mm (right). C, Stamen length
of Stage 13 flowers from wild-type, 35S::KNAT1 and 35S::KNAT1 35S::TCP15 plants. Bars indicate the mean±SE (n = 10–15 stamens, depending on
the line). Asterisks indicate significant differences with wild-type plants (P5 0.05; Student’s t test). KNAT1 expression levels in the different lines
are shown in Supplemental Figure S5. D, Representative images of 35S::KNAT1 and 35S::KNAT1 35S::TCP15 plants. Arrows in the upper and lower
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TCP15 promoter in vivo. In addition, we performed an elec-
trophoretic mobility shift assay (EMSA) with a fragment rep-
resenting the region containing the TGACAG sites at –500
and extracts prepared from wild-type or 35S::KNAT1 plants.
A specific retarded band (Figure 2G) was observed when us-
ing extracts from wild-type and 35S::KNAT1 plants.
Moreover, the intensity of the retarded band was substan-
tially enhanced with extracts from 35S::KNAT1 plants
(Figure 2G). This implies that either KNAT1 itself or a tran-
scription factor that is induced or activated by KNAT1 over-
expression binds to the TCP15 promoter. Further analysis
indicated that binding was efficiently competed by an oligo-
nucleotide containing the KNOX binding sites but not by a
similar oligonucleotide in which these sites were mutated
(Figure 2G), strongly suggesting that KNAT1 is the protein
that binds to this region of the TCP15 promoter. Altogether,
the ChIP and EMSA results indicate that TCP15 is directly
regulated by KNAT1.

In summary, we uncovered a role of KNAT1 during late
stages of stamen filament elongation and identified TCP15
as a direct KNAT1 target. Reactivation of KNAT1 expression
in elongated filaments probably plays a role in limiting
growth during post-anthesis phases. Tashiro et al. (2009)
showed that stamen growth is accelerated about 10-fold
during late pre-anthesis stages and then slows down to ac-
commodate pistil growth when the stamen reaches the top
of the pistil. We postulate that KNAT1 participates in this
process through direct repression of TCP15 and, possibly,
through changes in GA and DELLA protein levels
(Figure 2H). The relevance of limiting stamen growth after
anthesis remains unclear. We analyzed the number of seeds
per silique in the bp-1 mutant along two different experi-
ments and found a slight but significant decrease in this pa-
rameter in the bp-1 mutant relative to wild type in one of
the experiments (Supplemental Figure S4A). Considering
that the bp-1 mutant shows slight phenotypic alterations
probably due to redundancy with other Class I KNOX genes,
we also analyzed two lines of 35S::TCP15 plants, which also
show increased stamen growth (Gastaldi et al., 2020).
Differences in the mean number of seeds per silique were
more pronounced in this case (Supplemental Figure S4B),
suggesting that limiting stamen growth may have an effect

on seed production. Further analysis is required to support
this hypothesis and to evaluate if the differences in seed
production are relevant for plant fitness and reproductive
efficiency.

Supplemental data
The following materials are available in the online version of
this article.

Supplemental Figure S1. Expression levels of Class I
KNOX genes in stamens from bp-1 flowers.

Supplemental Figure S2. Flowers of wild-type,
35S::KNAT1 and ga1 plants after treatment with either gib-
berellin (GA3) or mock solution.

Supplemental Figure S3. Histochemical analysis of
KNAT1 and TCP15 expression in stamen filaments.

Supplemental Figure S4. Seed production in siliques
from bp-1 and 35S::TCP15 plants.

Supplemental Figure S5. KNAT1 expression levels in
wild-type, 35S::KNAT1 and 35S::KNAT1 35S::TCP15 plants.
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