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SUMMARY

In Arabidopsis, stamen elongation, which ensures male fertility, is controlled by the auxin response factor
ARF8, which regulates the expression of the auxin repressor IAA79. Here, we uncover a role for light in con-
trolling stamen elongation. By an extensive genetic and molecular analysis we show that the repressor of
light signaling COP1, through its targets HY5 and HYH, controls stamen elongation, and that HY5 - oppo-
sitely to ARF8 - directly represses the expression of /AA19 in stamens. In addition, we show that in closed
flower buds, when light is shielded by sepals and petals, the blue light receptors CRY1/CRY2 repress sta-
men elongation. Coherently, at flower disclosure and in subsequent stages, stamen elongation is repressed
by the red and far-red light receptors PHYA/PHYB. In conclusion, different light qualities — sequentially per-
ceived by specific photoreceptors — and the downstream COP1-HY5/HYH module finely tune auxin-induced
stamen elongation and thus male fertility.

Keywords: plant reproduction, light signaling, stamen, auxin, COP1, HY5, I1AA19, phytochrome, cryp-

tochrome, Arabidopsis thaliana.

INTRODUCTION

In self-pollinating plants such as Arabidopsis thaliana, sta-
men elongation is essential for male fertility as it is
required to allow the transfer of mature pollen grains onto
the pistil in open flowers.

In the stamen, pollen grains are formed and released in
the apical part, the anther, while during stamen growth the
radially structured filament provides mechanical support to
the anther, serves as a conduit for water and nutrients, and
anchors the stamen to the receptacle (Cardarelli and Cec-
chetti, 2014). In Arabidopsis, stamen growth is coordinated
with pistil development to allow self-pollination, and con-
sists of an early phase, when histo-specification and
microsporogenesis occur, followed by a late phase, which
includes elongation of stamen filaments, maturation of
pollen grains, anther dehiscence and release of mature pol-
len grains at flower opening (anthesis) (Alvarez-Buylla
et al., 2010). Stamen filaments elongate slowly when the
flower bud is closed (stages 10-11) and faster during
flower disclosure (stages 12-13); after anthesis they

continue to elongate until they become longer than the pis-
til at stage 14, when they reach their final length (Tashiro
et al., 2009). Filament cell elongation is triggered by auxin,
which is synthesized in the anther tapetum during the early
growth phase and subsequently transported to the fila-
ment during the late phase (Cecchetti et al., 2008, 2015,
2017; Ghelli et al, 2018). Among the different auxin
response factors, ARF6 and ARF8 play a major role in sta-
men development (Nagpal et al., 2005). Genetic and molec-
ular evidence indicates that the splice variant products
ARF8.4 and ARF8.2 have a specific effect on stamen elon-
gation and directly activate the expression of Aux/IAA19
(hereafter referred to as IAA19). In agreement, IAA19 is
expressed in stamens during late stamen development; the
gain-of-function mutant of 1AA19, msg2-1, is male sterile
due to altered stamen elongation, while the loss-of-func-
tion mutant msg2-21 is fertile due to defects in both sta-
men and pistil growth (Tashiro et al., 2009).

Similarly, hypocotyl elongation also requires auxin-stim-
ulated turnover of Aux/IAAs, such as IAA19 (Timpte et al.,
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1992; Nagpal et al., 2000; Tatematsu et al., 2004; Chapman
et al., 2012). However, hypocotyl elongation is also heavily
influenced by light, which affects auxin abundance and
responsiveness: indeed, hypocotyls undergo an initial phase
of cell elongation when the seedling is buried under the soil,
followed by light-repressed growth upon its emergence
(Huqg, 2018). Two types of photoreceptors, phytochromes
(PHYA-E) and cryptochromes (CRY1-2), are predominantly
responsible for mediating light-controlled growth in hypoco-
tyls (Sharrock and Quail, 1989; Ahmad and Cashmore, 1993;
Nagatani et al., 1993; Reed et al., 1993; Clack et al., 1994;
Bruggemann et al., 1996; Guo et al., 1999). Downstream of
the photoreceptors, CONSTITUTIVE PHOTOMORPHOGENIC
1 (COP1) (Deng et al., 1991; McNellis et al., 1994) represses
light signaling by forming a COP1/SUPPRESSOR OF PHYA-
105 (SPA) (Chen et al., 2010) ubiquitin ligase and promoting
proteolytic degradation of transcription factors such as
ELONGATED HYPOCOTYL 5 (HY5) (Osterlund et al., 2000),
its homolog HYH (Holm et al., 2002), LONG HYPOCOTYL IN
FAR RED 1 (HFR1) (Yang et al., 2005) and PHYTOCHROME
INTERACTING FACTOR 3-LIKE 1 (PIL1) (Luo et al., 2014).
IAA19 has emerged as one of the key intersection nodes of
light and auxin signaling in hypocotyls. In fact, PHYA, PHYB
and CRY1 negatively affect auxin response by binding and
stabilizing IAA19 and other Aux/IAAs (Reed et al., 1998; Xu
etal., 2018; Yang et al., 2018). COP1 promotes IAA19 expres-
sion and induces hypocotyl elongation (Pacin et al., 2016),
while HY5 (and most likely also HYH) directly represses
IAA19 expression to inhibit hypocotyl elongation (Jing et al.,
2013). IAA19is also a direct target of PIL1 and HFR1, which
act additively to repress IAA19 transcription (Luo et al.,
2014). The relevance of this intersection between light and
auxin for hypocotyl development is also indicated by the fact
that both light and auxin pathways require the conserved
protein complex COP9 signalosome (CSN) (Schwechheimer
etal., 2001; Franciosini et al., 2013).

Here, by means of genetic, molecular and phenotypic
analyses, we provide evidence for a role of light in con-
trolling stamen elongation and male fertility during late
flower development through the sequential perception of
different light qualities by cryptochromes and phy-
tochromes. Additionally, we demonstrate that, in analogy
with hypocotyls, COP1 modulates auxin-induced stamen
elongation through HY5, HYH and their target genes
such as IAA19.

RESULTS
COP1 promotes elongation of stamen filaments

Since COP1 represses light-regulated hypocotyl develop-
ment by promoting cell elongation (Deng et al, 1991),
we set out to assess if COP1 could also promote cell
elongation in the stamen. To this end, we compared sta-
men filament length of the hypomorphic cop7-4 and

cop1-6 mutant alleles (McNellis et al, 1994) with their
related wild type during late flower development (from
stages 10 to 15), when stamen filament cell elongation
accounts for 60-80% of the final stamen length (Fig-
ure 1). Stamen filaments (hereafter referred to only as fil-
aments) from both cop1 alleles were significantly shorter
than the wild-type ones throughout stamen development
(Figure 1b); in particular, at stage 14 when stamens
reach their maximum length (Tashiro et al., 2009), cop1-4
and copl-6 filaments were respectively 13% and 16%
shorter than the wild types. Flowers from both mutants
were, however, still able to self-pollinate, albeit to a les-
ser extent, as cop? flowers yielded about 50% of the
wild-type seed set (Figure S1a in the online Supporting
Information). To investigate the causes of these pheno-
typical defects we first established a quantitative relation-
ship between stamen and pistils in cop? mutants by
plotting filament length as a function of pistil length at
different developmental stages (stages 10-15) (Figure 1c).
As expected, wild-type stamens were shorter than the
pistil until anthesis and subsequently outgrew the pistil.
In contrast, most cop7-4 and copl-6 filaments were
unable to outgrow the pistil throughout stamen develop-
ment (Figure 1c), suggesting that the reduced stamen
length could account for the smaller number of seeds
set by these mutants. To confirm this hypothesis, we
performed an in vitro germination assay on both cop7-4
and cop1-6 pollen grains, and we cross-pollinated wild-
type pistils with cop7-4 and cop1-6 pollen grains (and
vice versa). As shown in Figure S1(b), the pollen germi-
nation capacity of cop? mutants was comparable to that
of the wild type, and siliques obtained by Qwild type x
dcopl crosses contained seed numbers comparable to
that observed in siligues obtained by the reciprocal
cross. Thus, the filament length defect, and not a reduc-
tion in pollen viability and/or ovule fertility, is responsi-
ble for the decreased fertility of cop7 mutants.

To confirm that the difference in filament length
between the wild type and cop? hypomorphs is due to a
reduction in cell elongation, we compared the length of
epidermal cells from wild-type, cop1-4 and cop1-6 fila-
ments at stage 14. We found that mutant epidermal cells
were on average 11% shorter than their wild-type counter-
part, while no significant differences were observed in the
number of filament epidermal cells among all genotypes
(Table S1).

These results indicate that COP1 promotes stamen elon-
gation by inducing filament cell expansion during late
flower development.

COP1 acts through HY5 and HYH to promote filament
elongation

To identify genes involved in COP1-mediated control of
stamen elongation, we performed a transcriptomic
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Figure 1. cop7-4 and cop1-6 mutant alleles exhibit short stamen filaments.

(a) Wild-type (Col-0), cop1-4 and cop1-6 flowers at stages 10-15. Top, whole flower; bottom, sepals and petals removed to show stamen length. Scale
bar =1 mm.

(b) Stamen filament elongation in wild-type (Col-0), cop1-4 and cop1-6 flowers at stages 10-15. Error bars are barely visible as they represent a low SEM value
calculated from six independent plants (at least n > 100 per data point). Asterisks indicate a significant difference (at least P < 0.05) from the wild-type value at
each specific stage, as determined by the two-tailed unpaired Student’s t-test.

(c) Correlation between pistil and stamen length in wild-type (Col-0), cop7-4 and cop1-6 flowers. The length of the four long stamen filaments is plotted as a
function of length of the pistil in each flower. Filaments longer than the pistil in each flower are located above the line drawn in each panel. Different stages are
indicated by increasing grey intensities, from stage 10 (light grey) to stage 15 (black); n indicates the number of filaments measured per genotype.

analysis of wild-type Columbia-0 (Col-0) and cop7-4 pooled Among 2208 differentially expressed genes, 1793 were
dissected stamens at stages 10-12, when pre-anthesis fila- found to be upregulated and 415 downregulated in the
ment elongation occurs. mutant (Table S2). Gene Ontology (GO) enrichment
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analysis revealed that about 24% of the GO classification
was related to responses to stimuli and included ‘photop-
erception and response’ as well as ‘plant hormone regula-
tion" (Figure S2). Several genes that are direct HY5 targets
(Kurihara et al, 2014), such as RBCS1A (RIBULOSE
BISPHOSPHATE CARBOXYLASE SMALL CHAIN 1A),
RBCS1B (RIBULOSE BISPHOSPHATE CARBOXYLASE
SMALL CHAIN 1B) and CHS (CHALCONE SYNTHASE) were
upregulated in cop1-4 stamens, and this was confirmed by
quantitative (q)RT-PCR analysis, pointing to an increased
activity of HY5 due to lack of COP1 (Figure 2a), and sug-
gesting that COP1 may promote stamen cell elongation by
triggering degradation of HY5. Consistently, we found 97
genes that were oppositely regulated in cop7-4 stamens
and hy5 seedlings (Chattopadhyay et al., 1998; Kurihara
et al., 2014) (Table S3). In addition, both HY5 and HYH tran-
scripts were upregulated in cop -4 stamens (Figure 2b); as
HY5 directly regulates HYH transcript levels as well as its
own expression (Zhang et al., 2017), it is conceivable that
this upregulation could be due to the constitutive accumu-
lation of HY5 and HYH observed in the cop? mutants
(Osterlund et al., 2000; Holm et al., 2002).

To provide genetic evidence that HY5 and HYH are
involved in stamen elongation, we compared filament
length in flowers of the single null mutants hy5-1, hyh and
of the double null mutant hy5 hyh (Figure S3a) with their
respective wild types [Landsberg erecta (Ler) and Was-
silewskija (Ws)]. The Ws stamens had growth kinetics simi-
lar to, albeit slightly slower than, Col-0 stamens
(Figure S3b). The Ler stamens elongated slowly in the ini-
tial stages and later resumed a Col-0-like elongation (Fig-
ure S3b), resulting in a slight decrease in filament length
during the final growth stages.

Growth kinetics of hy5-7 and hyh filaments revealed a
significant increase in their length in both single mutants
(Figure 2c); this increase was observed from stages 12 to

15 for hy5-1 (Figure 2d) and from stage 11 up to anthesis
(stage 13) for hyh (Figure 2d). Interestingly, hy5-1 and
hyh filaments at stage 13 were respectively 10% and 15%
longer, while hy5 hyh filaments were 40% longer than
their wild-type control, pointing to an additive effect of
the hy5 and hyh mutations (Figure 2c,d). Furthermore,
hy5-ks50 and hy5 hyh flowers set a number of seeds
comparable to their wild-type controls, while hyh flowers
set a slightly (but significantly so) higher amount (Fig-
ure S3c). This difference between the double and single
mutants can be explained by our observation that while
lack of HYH triggers a faster stamen elongation but has
no effect on pistil growth, mutations affecting both HY5
and HYH have a simultaneous effect on stamen and pistil
growth. As a consequence, in the hyh mutant, stamens
overgrow the pistil earlier, thus allowing self-fertilization
to occur more efficiently (see Figure 2¢,d). On the con-
trary, the normal seed set observed in the double mutant
hy5 hyh might be due to stamens and pistils both grow-
ing longer than the wild type, thus allowing self-fertiliza-
tion to occur normally.

All in all, these results indicate that HYH represses sta-
men elongation up to anthesis, while HY5 represses sta-
men elongation at and after anthesis, and suggest that the
defect in stamen elongation observed in cop7-4 mutants
might be due to the increased stability of HY5 and HYH. To
corroborate this notion, we compared filament length in
the wild type (Col-0) and the cop7-4 hy5-215 double
mutant, hereafter referred to as cop? hy5. Filament growth
kinetics revealed that the cop? hy5 mutant exhibits signifi-
cantly increased filament length at stages 13-15 (Figure 2e,
f), a phenotype similar to the hy5-7 mutant (compare Fig-
ure 2e,f with 2c,d), rather than to the short stamens of
copi1-4 (compare Figure 2e,f with Figure 1b,c). These
results indicate that COP1 acts upstream of HY5 (and pos-
sibly to HYH) in stamens.

Figure 2. COP1 controls filament elongation through HY5.

(a), (b) Expression of RBCSTA, RBCS1B and CHS (a) and HY5 and HYH (b) in pooled stamens at stages 10-12 from wild-type (Col-0) and cop1-4 flowers, as deter-
mined by (q)RT-PCR. All cDNA levels were examined relative to the level of ACTIN8 cDNA. Values are means + SD of nine data points obtained from three bio-
logical replicates that were each analyzed in triplicate. Asterisks indicate a significant difference from the wild-type value (**P < 0.01, ***P <0.001), as
determined by the two-tailed unpaired Student’s t-test.

(c) Correlation between pistil and stamen length in hy5-1, hyh, hy5 hyh and their relative wild-type controls (Ler, and Ws). The length of the four long stamen fil-
aments is plotted as a function of the length of the pistil in each flower. Filaments longer than the pistil in each flower are located above the line drawn in each
panel. Different stages are indicated by increasing grey intensities, from stage 10 (light grey) to stage 15 (black); n indicates the number of stamens measured
per genotype.

(d) Stamen filament elongation in hy5-1, hyh and hy5 hyh flowers at stages 10-15 compared with their related wild-type controls. Error bars are barely visible as
they represent a low SEM value calculated from six independent plants (at least n > 100 per data point). Asterisks indicate a significant difference (at least
P < 0.05) from the wild-type value at each specific stage as determined by the two-tailed unpaired Student’s t-test.

(e) Correlation between pistil length and stamen filament length in the double mutant cop? hy5 and its relative wild-type control (Col-0). The length of the four
long stamen filaments is plotted as a function of length of the pistil in each flower. Filaments longer than the pistil in each flower are located above the line
drawn in each panel. Different stages are indicated by increasing grey intensities, from stage 10 (light grey) to stage 15 (black). n indicates the number of sta-
mens measured per genotype.

(f) Stamen filament elongation in cop1 hy5 flowers at stages 10-15 compared with its related wild-type control (Col-0). Error bars are barely visible as they repre-
sent a low SEM value calculated from six independent plants (at least n > 100 per data point). Asterisks indicate a significant difference (at least P < 0.05) from
the wild-type value at each stage, as determined by the two-tailed unpaired Student’s t-test.
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To assess whether two other well-known COP1 targets
during hypocotyl growth, HFR1 and PIL1 (Yang et al., 2005;
Luo et al., 2014), have a role in stamen elongation, we pro-
duced hfr1 pil1 double mutants and compared their fila-
ment length with wild-type, hfr1-4 and pil1-1 flowers
(Figure S4a). Filament growth kinetics from the wild type
and single mutants were almost indistinguishable, while
hfr1 pil1 stamens exhibited a slight but significant
decrease in filament length only at stage 15 (Figure S4b).
These results indicate that HFR1 and PIL1 play only a mar-
ginal role during stamen elongation.

IAA19 acts downstream of COP1 in stamens

In stamens, IAA19 is involved in auxin-induced elongation
and is directly regulated by two splice variants of ARF8
(Ghelli et al., 2018). In agreement, the dominant auxin-in-
sensitive massugu2 (msg2-1) allele of /AA19, which accu-
mulates a stabilized form of IAA19, results in altered late
stamen elongation which accounts for the male sterility
and decreased seed production of this mutant line. In con-
trast, the msg2-21 loss-of-function mutant is fertile and has
a mild phenotype opposite to that of msg2-1 (Tashiro
et al., 2009). As in hypocotyls, where the COP1-HY5 mod-
ule regulates IAA19 (Jing et al., 2013; Pacin et al., 2016), we
hypothesized that this gene could act downstream of the
COP1-HY5 module to also modulate stamen elongation.
To validate this hypothesis, we first sought evidence for a
possible alteration of IAA79 expression in cop? stamens.
Quantitative RT-PCR analysis on wild-type (Col-0) stamens
indicated that IAA19 is expressed at stages 10-12, and its
expression further increases at stages 13 and 14 (Fig-
ure 3a). This expression profile is almost reversed in cop1-
4 stamens, where IAA19 expression is lower than that of
the wild type from stage 11 onwards (Figure 3b).

To support the notion that IAA19 acts downstream of
COP1, we generated the cop? msg2 double mutant. We
noticed that young adult plants at the F, generation show-
ing a cop1-4-like phenotype included lines homozygous for

cop1-4 and containing the msg2-1 mutation (Figure S5a).
We selected lines homozygous for both mutations (Fig-
ure Sbb,c) and compared their filament lengths with those
of cop1-4 and msg2-1 single mutants. As shown in Fig-
ure 3(c), msg2-1 stamens were consistently shorter than
the pistil until stage 14, after which they continued elongat-
ing, reaching wild-type lengths at stage 15. Unlike msg2-1
and similarly to copl-4, cop?T msg2 stamens show a
reduced filament length throughout late flower develop-
ment, without any further elongation at stage 15 (Fig-
ure 3c,d). In agreement, seeds set by the double mutant
were comparable in number to those of cop7-4 (Fig-
ure S1a). The phenotypic similarities between cop7-4 and
copT msg2 stamens, as well as the lack of an additive
effect of msg2 and cop? mutations in the cop? msg2 dou-
ble mutant, led us to conclude that COP1 and IAA19 act on
a similar pathway, and suggest that HY5 and HYH, by
repressing the transcription of IAA19, also prevent the
accumulation of the more stable IAA19 protein MSG2-1.
Indeed, IAA19 transcript is less abundant in cop? msg2
than in cop1-4 stamens (Figure 3e).

HY5 directly regulates JAA19 expression in stamens

To assess whether COP1 controls IAA19 transcription
through HY5 and HYH, we first analyzed the IAA79 expres-
sion level in hy5 hyh stamens and compared it with the
corresponding wild type (Ws). We found that the expres-
sion pattern of /AA79 in Ws stamens was comparable to
that of Col-0, with the exception of stage 14 (compare Fig-
ure 4a with Figure 3a); in contrast, /AA19 expression in
hy5 hyh stamens showed a substantial increase at stages
11-13 compared with the wild type (Figure 4b). Accord-
ingly, we found that HY5 and HYH expression in the wild
type decreased significantly at stages 11-12 (Figure 4c,d),
the same stages in which /AA79 expression is upregulated
in hy5 hyh (compare Figure 4c,d with 4b). These results
led us to conclude that HY5 and HYH repress IAA19 expres-
sion in stamens during late flower development. To

Figure 3. COP1 control of filament elongation involves IAA19.

(a) IAA19 expression in wild-type (Col-0) stamens at stages 10-14 as determined by (q)RT-PCR. /AA79 cDNA levels were examined relative to the levels of
ACTIN8 cDNA. Values are means £ SD of nine data points obtained from three biological replicates that were each analyzed in triplicate. Asterisks indicate a sig-
nificant difference (*P < 0.05, ***P < 0.001) from the value at stage 10, as determined by two-tailed unpaired Student’s t-test.

(b) IAA19 relative fold-change expression (QRT-PCR) in cop1-4 stamens. Values are means + SD of nine data points obtained from three biological replicates
that were each analyzed in triplicate and were normalized to the values of the wild-type, set at 1 as indicated by the dashed line. Asterisks represent a significant
difference (**P < 0.01, ***P < 0.001) from the wild-type value, as determined by the two-tailed unpaired Student’s t test.

(c) Correlation between pistil and stamen length in cop7-4, msg2-1 and cop1 msg2 and their related wild-type (Col-0) controls. The length of the four long sta-
men filaments is plotted as a function of length of the pistil in each flower. Filaments longer than the pistil in each flower are located above the line drawn in
each panel. Different stages are indicated by increasing grey intensities, from stage 10 (light grey) to stage 15 (black). n indicates the number of stamens mea-
sured per genotype.

(d) Stamen filament elongation in cop1-4, msg2-1 and cop1 msg2 flowers at stages 10-15 compared with their related wild-type controls (Col-0). Error bars are
barely visible as they represent a low SEM value calculated from six independent plants (at least n > 100 per data point). Asterisks indicate a significant differ-
ence (at least P < 0.05) between the single and double mutant at each stage, as determined by the two-tailed unpaired Student’s t-test.

(e) IAA19 relative fold-change expression (qQRT-PCR) in stamens at stages 10-14 from cop7-4, msg2-1 and cop1 msg2 flowers. Values are means + SD of nine
data points obtained from three biological replicates that were each analyzed in triplicate and were normalized to the values of the wild type, set at 1 as indi-
cated by the dashed line. Asterisks or circles indicate a significant difference (*P < 0.05, ***P < 0.001, °P < 0.05) from the value of cop1-4 or msg2-1 respectively,
at the same stage as determined by the two-tailed unpaired Student’s t-test.
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Figure 4. HY5 and HYH regulate /AA19 expression.

(a) Expression of /AA19 in stamens at stages 10-14 from wild-type (Ws) flowers as determined by (q)RT-PCR. /AA719 cDNA levels were examined relative to the
levels of ACTIN8 cDNA. Values are means £ SD of nine data points obtained from three biological replicates that were each analyzed in triplicate. Asterisks indi-
cate a significant difference (*P < 0.05, **P < 0.01) from the value at stage 10, as determined by the two-tailed unpaired Student’s t-test.

(b) IAA19 relative fold-change expression (QRT-PCR) in hy5 hyh stamens. Values are means + SD of nine data points obtained from three biological replicates
that were each analyzed in triplicate and were normalized to the values of the wild type, set at 1 as indicated by the dashed line. Asterisks represent a significant
difference (¥*P < 0.05, **P < 0.01) from the wild-type value, as determined by the two-tailed unpaired Student’s t-test.

(c), (d) Expression of HY5 (c) and HYH (d) in stamens at stages 10-14 from wild-type (Ws) flowers as determined by (q)RT-PCR. HY5 cDNA levels were examined
relative to the levels of ACTIN8 cDNA. Values are means £ SD of nine data points obtained from three biological replicates that were each analyzed in triplicate.
Asterisks indicate a significant difference (*P < 0.05, **P < 0.01, ***P < 0.001) from the value at stage 10, as determined by the two-tailed unpaired Student’s
t-test.

(e) Schematic diagram of putative HY5 binding sites in the /AA19 promoter. The upper black lines indicate fragments (i1, i2, i3, i4) amplified in the chromatin
immunoprecipitation-qPCR assay.

(f) Chromatin immunoprecipitation analysis of TAPa-HY5 binding to the /AA19 promoter. Chromatin immunoprecipitates were obtained from wild-type (Col-0)
and hy5-215 TAPa-HY5 inflorescences. Values are means + SD of nine data points obtained from three biological replicates that were each analyzed in triplicate.
Biological replicates were obtained by pooling inflorescences isolated from 50 independently grown plants for each genotype. Asterisks indicate a significant
difference (*P < 0.05) from the wild-type value, as determined by the two-tailed unpaired Student'’s t-test.

HY5-TAPa line (Rubio et al., 2005) which expressed the
HY5-TAPa fusion protein in inflorescences (Figure S6).
HY5 directly binds target genes with a G-box (CACGTG) in
their promoter sequence (Lee et al., 2007; Jing et al., 2013).

establish whether HY5 directly regulates IAA79 expression
in stamens, we performed a chromatin immunoprecipita-
tion (ChIP)-gqPCR analysis to investigate the in vivo binding
of HY5 to the IAA719 promoter, using an overexpressing
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We and others have identified G-boxes and ACGT-contain-
ing elements (ACE) in the IAA19 promoter (Lee et al., 2007;
Jing et al., 2013; Ghelli et al., 2018). In seedlings, HY5 binds
to the G-box located between nucleotides —169 and —163
(12) and to the ACE located between nucleotides +111 and
+115 (i3). The results of the ChIP-qPCR analysis using pri-
mers specific for three regions containing G-box or ACE
(Figure 4e), or a control which lacks HY5-specific recogni-
tion sequences (i4), showed that regions i2 and i3 were
about four-fold enriched in HY5-TAPa flower buds while i4
was not enriched (Figure 4f). This result showed that HY5 —
and likely also HYH - regulates /AA19 expression by bind-
ing directly to its promoter. Thus, COP1 promotes stamen
elongation by negatively acting on HY5 and HYH and on
their capability to repress IAA19 expression.

The direct repression effect of HY5 on IAA79, whose
expression is instead promoted by ARF8.4 and ARF8.2
(Ghelli et al., 2018), prompted us to assess if other stamen-
expressed genes are co-regulated by HY5 and ARF8. We
thus compared the cop1-4 transcriptome with that of arf8-7
(Ghelli et al., 2018); this revealed that among the 382 differ-
entially expressed genes in both mutants, 368 are concor-
dant and only 14 display opposite expression (Table S4).

These data suggest that HY5 and ARF8 oppositely con-
trol the expression of a large subset of downstream genes
involved in stamen development.

Photoreceptors have a negative affect on filament
elongation

The involvement of COP1, HY5 and HYH in stamen elonga-
tion suggests that light may have a regulatory role in this
process. The effect of cop? and hy5 hyh mutations on fila-
ment elongation from the inception of late development
(stage 10) suggests that light may start to affect stamen
growth when the flower bud is still closed. Indeed, our
transcriptomic and (q)RT-PCR analyses indicate that CRY1
and CRY2, as well as PHYA, are expressed in stamens at
stages 10-12 (Figure S7). On the other hand, PHYB and
PHYE, but not PHYD, are expressed in stamens at anthesis
(Goosey et al., 1997). To analyze the effect of cryp-
tochromes and phytochromes on filament elongation, we
measured filament length in the double mutants cry1 cry2
and phyA phyB and in the triple mutant phyB phyD phyE
(phyBDE) (Sharrock and Quail, 1989; Ahmad and Cash-
more, 1993; Nagatani et al., 1993; Reed et al., 1993; Brugge-
mann et al., 1996; Goosey et al., 1997; Guo et al., 1999). As
shown in Figure 5(a,c), cry1 cry2 filaments were longer (by
up to 20%) than their wild-type counterparts from stage 10
to stage 12; they still exhibited an increased length, albeit
to a lesser extent, at anthesis (11%) and at stage 14.
Accordingly, IAA19 transcript levels were significantly
lower than in the wild type at stage 10 and slightly but sig-
nificantly higher at stage 14 (Figure 5e). On the other hand,
phyA phyB filaments were comparable to the wild type up

Light and COP1 regulate stamen elongation 387

to stage 11, while they exhibited an increased length (18%
and 20% at stages 13 and 14, respectively) at subsequent
stages (Figure 5b,d). Accordingly, /AA19 transcript levels
were significantly altered mainly from stages 12 to 14, in
which they were up to four-fold higher than in the wild
type (Figure 5f). Interestingly, phyBDE filament length was
comparable to the wild type up to stage 12, while it was
13% shorter at subsequent stages (Figure 5b,d). Taken
together, these results suggest that cryptochromes
strongly repress stamen elongation when flower buds are
still closed, while PHYA and PHYB repress stamen elonga-
tion mainly when flower buds are open. In addition, the
comparison of the phyA phyB and phyBDE filament pheno-
types suggests that PHYE may promote stamen elongation
(Figure 5b,d). The altered expression of /AA19 at stages in
which phyA phyB filaments were longer than the wild type
are in agreement with this phenotypical defect.

The long filament phenotype observed in cryl cry2
closed flower buds prompted us to assess whether light
can penetrate through sepals and petals and reach the
developing stamens. According to previous published
data on flowers of the Ler ecotype grown under continu-
ous light (Smyth et al., 1990), in closed flower buds sta-
mens are shielded from light by the sepals up to stage
10, by sepals and partially by petals up to late stage 11
and by sepals and petals at stage 12, when flower buds
start opening. To assess whether this also holds true for
Col-0 flowers grown under long-day conditions, we ana-
lyzed flower buds from stages 10 to 13 before and after
the removal of one sepal and one petal. As shown in
Figure S8, in closed flower buds stamens are shielded
by sepals at stage 10 and by sepals and petals at stage
11, while the apical region of the bud is only shielded
by petals at stage 12. Thus, stamens are likely to be
subjected to complex changes in light quality and inten-
sity during their development in a similar fashion in Ler
and Col-0 ecotypes, with only a slight difference at stage
12, when part of the stamens is shielded only by petals
in Col-0 while petals are still hidden by sepals in Ler.
Due to the complexity of our biological system, we
could not test how monochromatic light conditions
directly affect stamen development; however, we deter-
mined the absorption spectra of sepals and petals by
collecting them from flower buds at different develop-
mental stages and measured the absorption from 300 to
800 nm. The absorption spectrum of sepals was compa-
rable to that reported for leaves (Shao et al., 2008) with
two major peaks in the blue and red wavelength regions
and did not qualitatively change at different develop-
mental stages (Figure 6a). Conversely, petals collected at
stages 10-11 absorbed mainly blue light, while those
collected from stages 12 to 14 absorbed all light wave-
lengths to the same extent, although an absorption pref-
erence for blue light was still observed (Figure 6b).
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Figure 5. Cryptochrome and phytochrome mutations affect stamen filament elongation and /AA19 expression.

(a), (b) Stamen filament elongation in cry1 cry2 (a) and phyA phyB and phyBDE (b) flowers at stages 10-15 compared with their relative wild-type controls. Error
bars are barely visible as they represent a low SEM value calculated from six independent plants (at least n > 100 per data point). Asterisks indicate a significant
difference (at least P < 0.05) from the wild-type value at each stage, as determined by the two-tailed unpaired Student’s t-test.

(c), (d) Correlation between pistil and stamen length in cry1 cry2 (c) and phyA phyB and phyBDE (d) and their related wild-type controls. The length of the four
long stamen filaments is plotted as a function of length of the pistil in each flower. Filaments longer than the pistil in each flower are located above the line
drawn in each panel. Different stages are indicated by increasing grey intensities, from stage 10 (light grey) to stage 15 (black). n indicates the number of sta-
mens measured per genotype.

(e), (f) IAA19 relative fold change expression (QRT-PCR) in stamens at stages 10-14 from cry1 cry2 (e) and phyA phyB (f) flowers. Values are means + SD of nine
data points obtained from three biological replicates that were each analyzed in triplicate and were normalized to the values of the wild type, set at 1 as indi-
cated by the dashed line. Asterisks indicate a significant difference (*P < 0.05, **P < 0.01) from the wild-type value as determined by the two-tailed unpaired
Student’s t-test.
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To determine the transmittance, i.e. the percentage of
light that can penetrate through closed flower buds, we
used a different experimental geometry in which we were
able to measure both transmitted and forward-scattered
light from petals and sepals at selected wavelengths. As
shown in Figure 6(c), sepals at stages 10-11 selectively
quenched blue and red light by 80% and 60%, respectively.
Similarly, petals decreased transmittance of mainly blue
and red light by 60% and 50%, respectively, at stages 10—
11, while they decreased all other wavelengths to a similar
minor extent (Figure 6¢). These results strongly suggest
that the amount of blue and red light reaching the stamens
within stage 10 flower buds is severely curtailed and that it
is further diminished at stage 11 due to the combined
effect of petals and sepals, which are fully developed at
this stage.

DISCUSSION

In previous work we have shown that stamen growth dur-
ing late flower development is caused by auxin-driven fila-
ment cell elongation mediated by ARF8.4 and ARF8.2
splice variants (Ghelli et al., 2018). Here, we report that
light controls stamen elongation and that light and auxin
signaling pathways intersect at IAA19 during late stamen
development. Interestingly, IAA19 had also emerged as
one of the intersection nodes of light and auxin signaling

Flower developmental stages:
10 1" 12 13

@@@me

H®>O00S
G

|

during hypocotyl cell elongation (Jing et al., 2013; Pacin
et al., 2016).

Through the analysis of two different mutant alleles of
the COP1 light-repressor gene, we show that COP1 pro-
motes stamen cell elongation via its targets HY5 and
HYH. Indeed, copi-4 stamens are shorter than the wild
type and accumulate transcripts known to be regulated
by HY5 and HYH, while hy5/hyh single and double
mutant stamens exhibit an opposite phenotype. HY5 and
HYH seem to be the main effectors of COP1-mediated
stamen elongation, since double mutant analysis shows
that COP1 acts upstream of HY5, while HFR1 and PIL1,
two additional targets of COP1 that are active in hypoco-
tyl growth, play only a negligible role in stamen elonga-
tion. Additionally, by means of ChIP-PCR, gRT-PCR and
genetic analysis, we provide several lines of evidence
showing that the COP1-HY5/HYH module regulates IAA719
expression. First, the [AAT9 transcript is oppositely
expressed in copl-4 and hy5 hyh stamens; second, HY5
binds to the G-boxes in the IAA19 promoter, as has also
been previously shown for elongating hypocotyl cells;
third, the phenotype of cop? msg2 stamens resembles
that of cop7, indicating that that COP1 and IAA19 act on
the same pathway. Indeed, comparison of cop7-4 and
arf8-7 transcriptomes shows that, beside IAA19, a larger
set of genes is concordantly regulated in the two

Figure 7. Model showing the role of photorecep-
tors and of the COP1-HY5/HYH module in stamen
elongation before and after flower bud disclosure.
Flower developmental stages are as described in
Smyth et al. (1990). The colored line underneath the
flowers indicates the stages in which CRY1/CRY2
(light blue) or PHYA/PHYB/PHYE (coral red) have an
effect on stamen elongation according to their
mutant phenotypes. The concomitant effect of
auxin through ARF8 splice variants (ARF8.4 and
ARF8.2) on IAA19 expression is also shown (red
lines and arrows).
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mutants, suggesting a counteracting effect of ARF8 and
HY5 on stamen development.

In Arabidopsis, COP1 and HY5/HYH activity is regulated
by light through a wide range of photoreceptors. Here we
found that light, acting sequentially through cryp-
tochromes (CRY1 and CRY2) and phytochromes (PHYA and
B), depending on the quality of the light perceived, affects
stamen elongation most likely through the modulation of
IAA19 levels. Indeed, growth kinetics of cry1 cry2 and phyA
phyB stamens revealed that CRY1 and CRY2 repress fila-
ment elongation mainly in closed flower buds, while PHYA
and PHYB repress filament elongation mainly in open
flower buds. Further, altered /AA719 expression correlates
with the phenotypic defects observed in these mutants.
Surprisingly, in cry1 cry2 low levels of IAA19 transcripts
correlate with the slightly increased filament length at
stages 10 and 11, when auxin concentration is high, while
in phyA phyB (and in cry1 cry2) high levels of IAA19 tran-
scripts correlate with increased filament length at stages
13 and 14, when auxin concentration is almost unde-
tectable (Aloni et al., 2006; Cecchetti et al., 2008, 2013).

Our results also suggest an opposite role of PHYE com-
pared with PHYA and PHYB, as the phyBDE mutant exhi-
bits shorter stamens at and after anthesis. As PHYE,
similar to the auxin receptors TIR1 and AFB1 and to the
auxin sensor DR5, is expressed in the junction region
between filament and anther (Cecchetti et al., 2008), which
is involved in filament elongation, its promoting action on
stamen elongation may possibly be correlated with auxin
accumulation.

In closed flower buds, light is first shielded only by sepals
(up to stage 10) and later by both sepals and petals (from
stages 11 to 13) (this work). By spectrophotometric analysis
we show here that sepals quench blue and, to a lesser
extent, red light, while a further reduction in light intensity
is caused by the additional shielding effect of petals. We
have previously shown that stages 10 and 11 correspond to
the ‘slow’ phase of stamen development, in which stamens
elongate slowly (Ghelli et al., 2018). The subsequent ‘rapid’
phase of stamen elongation occurs when the flower bud
partially opens and is thus directly exposed to light (Smyth
et al., 1990). As shown in the model proposed in Figure 7,
the initial slow stamen growth correlates well with the
repression exerted by cryptochromes at these developmen-
tal stages. Once the flower bud has opened, phytochromes
A and B start to negatively modulate stamen elongation up
to stage 14. Their effect is possibly counteracted by the pro-
moting effect of PHYE at the same stages. Indeed, indirect
evidence that external light can modulate stamen elonga-
tion via phytochromes has been obtained by Brock and
Weinig (2007), who showed an effect of different red:far-red
ratios on stamen length.

Here, we show that light negatively modulates stamen
elongation through the COP1-HY5/HYH module and that
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light and auxin pathways converge on IAA19, which there-
fore emerges as a marker of endogenous and environmen-
tal signals in stamens. This described effect of light reveals
an additional function of the flower bud in ‘selecting’ the
light quality perceived by the stamens and finely regulat-
ing stamen elongation, self-fertilization and seed yield.

Our findings thus show that the effect of light on growth
by elongation occurs via a similar molecular module in sta-
mens and in hypocotyls, although in the context of differ-
ent signaling complexities. In hypocotyls, COP1 acts on
several transcription factors and impinges on multiple
Aux/IAA factors; in stamens, COP1 modulates auxin signal-
ing by regulating a seemingly simpler set of factors which
includes HY5 and HYH. Very recently, CRY1 (and PHYB)
have been reported to interact directly with ARF8 (and
ARF6) proteins to inhibit auxin-induced hypocotyl elonga-
tion (Mao et al., 2020). Future work will reveal whether a
similar mechanism exists in stamen. As the COP1-HY5/
HYH module has been found to mediate thermomorpho-
genesis (Delker et al., 2014) as well as photomorphogene-
sis (Ang et al., 1998), our results provide crucial evidence
supporting the notion that this module has been recruited
multiple times during evolution to translate environmental
stimuli into distinct developmental processes.

EXPERIMENTAL PROCEDURES
Plant materials and growth conditions

Arabidopsis thaliana mutant lines cop 1-4, cop 1-6, hfr1-4, pil1-1, hfr1-4
pil1-1 (hfr1 pil1), msg2-1, cop1-4 msg2-1 (cop1 msg2), hy5-215 and
cop1-4 hy5-215 (cop1 hy5) are in the Columbia-0 (Col-0) background;
hy5-1, phyA-201 phyB-5 (phyA phyB) and phyBDE mutants are in the
Lerbackground; hyh, hy5-ks50 and hy5-ks50 hyh (hy5 hyh) are in the
Ws background; cry1 cry2 is in the Columbia-4 (Col-4) background.
The hy5-215 TAPa-HY5 line is in the Col-0 background. Seeds were
surface sterilized and stratified in the dark for 3 days at 4°C, then sown
and grown on solid Murashige and Skoog medium supplemented
with 1% sucrose for 10 days in a 16 h-light/8 h-dark cycle at 24/21°C
with a light intensity of 130 pmol m~ sec™". Seedlings were moved
to pots containing soil and plants were grown in the same growth
chamber until flowering (4 weeks).

Phenotypical and statistical analyses

Flower developmental stages were determined as previously
described (Cecchetti et al, 2008). For stamen growth kinetic
analyses, about 200 flower buds from six independent plants
per genotype were collected from stages 10 to 15. Petals and
sepals were removed to measure stamen filament and pistil
length. Filament length was determined as the distance from the
base of the stamen filament to the base of the anther. Pistil
length was determined as the distance from the base of the pis-
til to the tip of the stigma papillae. Images were acquired using
a stereomicroscope (Carl Zeiss, https://www.zeiss.com/) equipped
with a ProgRes C3 digital camera. The length of the four long
stamen filaments and the pistil was measured using IvMAGEJ
(https://imagej.nih.gov/ij/).

Images of stamen filament cells were acquired with a light
microscope (Motic BA410, https://www.motic.com/) equipped with
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a ProgRes C3 digital camera. Cell length was measured using
IMAGEJ.

Mean values were used to calculate the difference between
mutant and wild-type stamens. P-values were determined by Stu-
dent’'s ttest and differences were considered significant at
P <0.05. All graphs were generated with Excel. Differences in
length smaller than 5% were considered as an effect of natural
variation. A thin line is drawn in selected graphs passing through
the graph origin with a slope of 45°. Filaments longer than the pis-
til in each flower are located above this line.

Seed set and pollen fertility analyses

To establish the seed set, we collected siliques from mutant lines
and wild-type lines. We measured silique length and counted seed
number for each silique. Mean values were used to calculate the
difference between mutant and wild-type seed number. In vitro
pollen germination assays were performed as previously
described Cecchetti et al. (2013).

Generation of double mutants

To generate copT1-4 msg2-1 (cop1 msg2), the parental lines cop1-4
and msg2-1 were manually cross-pollinated. F1 heterozygous lines
were propagated and F, seeds were harvested. Lines of the F, gen-
eration were screened phenotypically followed by derived cleaved
amplified polymorphic sequencing (Neff et al., 1998) to identify
cop1-4 msg2-1 homozygous lines as previously described, using
DCAPS Finber 2.0 (http:/helix.wustl.edu/dcaps/) to select primer
sequences and restriction enzymes. The Msel and the Clal restric-
tion enzymes (Takara, https://www.takarabio.com/), were used to
digest cop1-4 and msg2-1amplification products, respectively.

To generate hfr1-4 pill-1 (hfr1 pill), the parental lines hfr1-4
(Salk_037727) and pil1-1 (SAIL_438_C01) were manually cross-pol-
linated. F; heterozygous lines were propagated and F, seeds were
harvested. F, lines were screened through PCR to identify hfr1 pil1
homozygous lines, which contain a T-DNA insertion in both hfr1-4
and pil1-1. The primers used are listed in Table S5.

Immunoblot analysis

Protein extracts from inflorescences were prepared using a previ-
ously described extraction buffer (Franciosini et al., 2015) with
minor modifications [extraction buffer 50 mm TRIS-HCI pH 7.5,
150 mm NaCl, 4 m urea, 0.1% Nonidet P-40, 10 mm EDTA pH 8,
1 mm phenylmethylsulfonyl fluoride and 1x plant protease inhibi-
tor cocktail (Sigma, https://www.sigmaaldrich.com/)] and sub-
jected to immunoblot analysis with an anti-Myc antibody (Sigma).
Immunoreactive bands were detected using enhanced chemilumi-
nescence (Clarity Western ECL blotting substrate; Bio-Rad, https:/
www.bio-rad.com/). Signals were detected with a ChemiDoc XRS
imaging system and analyzed with the ImaceLaB software (Bio-
Rad).

Preparation of RNA sequencing samples, sequencing, and
data mining

For each genotype, total RNA was extracted from pooled dis-
sected stamens at stages 10, 11 and 12, ensuring that all three
stages were equally represented. Two biological replicates were
collected. Total RNA extraction was performed using an RNeasy
Plant Mini Kit (Qiagen, https://www.giagen.com/). The RNA quality
was tested using a 2100 Bioanalyzer (Agilent, https:/www.agile
nt.com/). lllumina TruSeq cDNA libraries were prepared and
sequenced in 50-bp paired ends on an lllumina HiSeq 2000

platform (https://www.illumina.com/). The paired-end reads were
aligned to the TAIR10 reference transcriptome using Bowtie 2.2.7
(http://bowtie-bio.sourceforge.net/bowtie2/index.shtml). The Bow-
tie output was elaborated by SAMroots 0.1.19 (http://sam
tools.sourceforge.net) to obtain the number of mapped reads for
each gene. The expression level of each transcript was measured
by the RPKM (reads per kilobase of transcript, per million mapped
reads) method. To identify differentially expressed genes, mini-
mum read number and minimum fold change were used as
parameters. The minimum read number to pass the cut-off was
imposed to be more than five times the gene length. The mini-
mum fold change was calculated as the ratio between the mini-
mum RPKM value between the two repetitions of the cop7-4 and
the maximum RPKM value of the two repetitions of the wild type.
Only those genes that had a minimum fold change >1.7 were con-
sidered to be differentially expressed. The GO terms were directly
associated with the genes analyzed with VIRTUALPLANT 1.3 (http://vir
tualplant.bio.nyu.edu/cgi-bin/vpweb/) (Katari et al, 2010) and
those with a P-value < 0.01 were considered as enriched.

Quantitative RT-PCR

(q)RT-PCR was carried out as previously described (Cecchetti
et al., 2013; Franciosini et al., 2013). About 150 stamens were sam-
pled per stage from stages 9 to 14; total RNA was extracted using
an RNeasy Plant Mini Kit (Qiagen) and reverse-transcribed using a
QuantiTect Reverse Transcription Kit (Qiagen). SYBR Green-based
quantitative assays were performed by using a Rotor-Gene Q and
analyzed using Rotor-Gene Q 2.3.1 software. Each PCR reaction
was run in technical triplicates and repeated three times with two
different preparations of cDNA. Gene expression levels were nor-
malized to the levels of ACTINS. The primers used in these experi-
ments are listed in Table S5.

Chromatin immunoprecipitation-gPCR assay

The ChIP-gPCR procedure was performed on 35-day-old inflores-
cences as previously described (Jing et al, 2013; Ghelli et al.,
2018), with some modifications. Flower bud tissue (300-600 mg)
was cross-linked to DNA with formaldehyde. The chromatin was
sonicated to obtain an average DNA fragment size between 0.3
and 0.8 kb. The sonication efficiency was checked. Salmon sperm/
protein A beads were used to pull-down TAPa-HY5 proteins con-
tain an IgG in the tag, linked to chromatin. The ChIP-gPCR
products were used for (q)RT-PCR using the primers listed in
Table S5. Three independent biological replicates were performed
for statistical significance.

Sepals and petal absorption and transmittance
measurements

Petals and sepal absorption was measured using an Avalight-
DHS deuterium lamp coupled to an AvaSpec-2048 spectrometer
(Avantes BV, https://www.avantes.com/) through multimode opti-
cal fibers. Detached petals and sepals were held close to the tip of
the lamp fiber and the transmitted light was focused on the fiber
directed to the spectrometer. Measurements were collected via
the AvaSorT — Basic Software (Avantes BV). Absorption spectra for
all the samples were obtained as the logarithmic ratio between
the light intensities transmitted by the true samples and an empty
sample, both subtracted by a background electronic signal.
Absorption was measured for wavelengths in the 300-800 nm
interval.

Transmittance was measured illuminating detached petals or
sepals at different developmental stages by light from a 300 W
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Lambda XL Xe lamp (Sutter Instruments, https://www.sutter.com/)
coupled with a VF5 tunable filter wheel (Sutter Instruments). Trans-
mitted and forward-scattered light was recorded by a
10 mm x 10 mm aperture PD300 photodiode (Ophir Photonics,
https://www.ophiropt.com/) with automatic background subtraction.
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