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DELLA activity is required for successful pollen development in
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Summary

e Excessive gibberellin (GA) signalling, mediated through the DELLA proteins, has a negative
impact on plant fertility. Loss of DELLA activity in the monocot rice (Oryza sativa) causes
complete male sterility, but not in the dicot model Arabidopsis (Arabidopsis thaliana) ecotype
Landsberg erecta (Ler), in which DELLA function has been studied most extensively, leading
to the assumption that DELLA activity is not essential for Arabidopsis pollen development. A
novel DELLA fertility phenotype was identified in the Columbia (Col-0) ecotype that necessi-
tates re-evaluation of the general conclusions drawn from Ler.

e Fertility phenotypes were compared between the Col-0 and Ler ecotypes under conditions
of chemical and genetic GA overdose, including mutants in both ecotypes lacking the DELLA
paralogues REPRESSOR OF ga1-3 (RGA) and GA INSENSITIVE (GAI).

e Ler displays a less severe fertility phenotype than Col-0 under GA treatment. Col-0 rga gai
mutants, in contrast with the equivalent Ler phenotype, were entirely male sterile, caused by
post-meiotic defects in pollen development, which were rescued by the reintroduction of
DELLA into either the tapetum or developing pollen.

e We conclude that DELLA activity is essential for Arabidopsis pollen development. Differ-
ences between the fertility responses of Col-O and Ler might be caused by differences in

downstream signalling pathways or altered DELLA expression.

Introduction

The phytohormone gibberellin (GA) regulates stamen develop-
ment in numerous flowering plants (Pharis & King, 1985). GA
is necessary for filament elongation and pollen development in
Arabidopsis  (Arabidopsis  thaliana) and rice (Oryza sativa)
(reviewed in Plackett ezal, 2011): anther development arrests
prematurely in mutants unable to synthesize or perceive bioactive
GA in these two species and tomato (Nester & Zeevaart, 1988;
Jacobsen & Olszewski, 1991; Goto & Pharis, 1999; Cheng ez al.,
2004; Aya ez al., 2009). Expression analyses suggest that GA sig-
nalling occurs in the anther tapetum and developing microspores
(Hirano eral, 2008; Hu eral, 2008). GA signalling in rice
anthers acts through the transcription factor OsGAMYB (Aya
eral., 2009), with downstream targets regulating tapetum secre-
tory functions and programmed cell death (PCD). Two GAMYB
homologues in Arabidopsis, MYB33 and MYBG65, have similar
functions (Millar & Gubler, 2005), suggesting that GA regula-
tion of stamen development is conserved between monocots and
dicots.

GA signalling acts through the degradation of DELLA pro-
teins (reviewed in Harberd eral, 2009; Ueguchi-Tanaka &
Matsuoka, 2010; Sun, 2010), a class of transcriptional regulators
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belonging to the GRAS (for GA INSENSITIVE (GAI), REPRES-
SOR OF gal-3 (RGA) and SCARECROW (SCR)) superfamily
(Pysh eral., 1999) that otherwise inhibit GA-dependent changes
in the expression of downstream target genes (Cao eral., 2006;
Zentella et al, 2007; Hou ez al., 2008). DELLA loss-of-function
mutants display constitutive growth responses which mimic treat-
ment with exogenous GA (Silverstone etal., 1997; lkeda etal.,
2001). DELLA-dependent transcriptional regulation is mediated
through protein—protein interactions with multiple classes of tran-
scription factors, the first described example of this being the
sequestration of PHYTOCHROME INTERACTING FACTOR
(PIF)3 and PIF4 to inhibit hypocotyl elongation during photo-
morphogenesis (de Lucas ez al., 2008; Feng ez al., 2008).
Although most recent investigations have concentrated on the
effects of GA deficiency or insensitivity on stamen development,
excessive GA signalling also negatively affects Arabidopsis fertil-
ity. Wild-type Columbia (Col-0) and GA biosynthetic mutants
set fewer seeds per silique when grown under exogenous GA
treatment (Jacobsen & Olszewski, 1993; Rieu etal, 2008a,b).
Arabidopsis possesses five DELLA paralogues (Dill & Sun,
2001), and studies on their function have been conducted mainly
in Landsberg erecta (Ler). It has been shown recently that a basal
level of fertlity persists in the Ler ecotype, even in the global
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mutant, which carries mutations in all five DELLA paralogues
(Fuentes etal., 2012). By contrast, loss-of-function mutants in
the monocot species rice and barley (Hordeum vulgare), which
each possess single DELLA orthologues, are reported as sterile
(Lanahan & Ho, 1988; Ikeda ez /., 2001).

In this article, we report the creation of a novel rga gai loss-
of-function mutant in the Col-0 ecotype, rga-28 gai-td1, which
display complete male sterility, contrary to the phenotype of Ler
DELLA mutants. Plants in which DELLA activity was not
impaired did not display such severe fertility phenotypes when
grown under exogenous GA treatment. Loss of ERECTA (ER)
function from the Col-0 DELLA loss-of-function mutant rgaz-28
gai-td1 did not restore fertility, and so cannot explain the pheno-
typic differences between Col-0 and Ler DELLA mutants. These
findings highlight hitherto unsuspected ecotypic differences in
floral developmental responses to GA, and imply potential differ-
ences in GA signal transduction or downstream transcriptional
networks between Col-0 and Ler.

Microscopic analysis of 7¢a-28 gai-tdl anthers identified
post-meiotic developmental defects leading to the collapse of
immature pollen. Reintroduction of RGA rescued male ferdlity,
confirming the necessity of DELLA activity to pollen develop-
ment in Col-0. Surprisingly, it was found that the expression of
RGA separately in either the tapetum or developing microspores
was sufficient to restore pollen development, raising the prospect
of post-meiotic communication between these two distinct and
physically separate cell lineages downstream of the DELLA

proteins.

Materials and Methods

Plant material and growth conditions

Experiments were performed in either the Arabidopsis thaliana
(L.) Heynh. Col-0 or Ler ecotype, as specified. Plant growth con-
ditions and exogenous 100 pM GAj treatment were as described
in Rieu eral. (2008b). The rga-28 allele has been described previ-
ously in Tyler ezal. (2004). rga-30 was identified from the SALK
collection (SALK_137951) (Alonso et al., 2003), gai-td1 from the
SAIL collection (SAIL_82_F06) (Sessions etal., 2002), and gai-
td2 (SK14663) and gai-td3 (SK20878) from the SK population
of activation tagged lines (Robinson eral, 2009) (Supporting
Information Fig. S1). The rga-24, rga-t2 and gai-16 alleles have
been described previously (Peng ezal., 1997; Dill & Sun, 2001;
Lee etal, 2002). rga-28 gai-tdl, rga-28 gai-td2, rga-28 gai-td3,
rea-30 gai-tdl, rga-30 gai-td2 and rga-30 gai-td3 double-mutant
lines were established by crossing and were verified by genotyping

PCR (Table S1).

Transgenic lines

The RGA CDS lacking a stop codon was cloned into pENTRI11
as a Sall-Nodl restriction fragment and subsequently fused in
frame with green fluorescent protein (GFP) in the pGWB450
vector (Nakagawa eral, 2007) via Gateway LR recombination
(Invitrogen, Carlsbad, CA, USA).
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Published fragments of the L7P12 (Ariizumi et al., 2002) or
LAT52 (Twell etal., 1989) promoter sequence were introduced
as Xbal restriction fragments. Segregating r¢a-28 gai-td1/+ popu-
lations were transformed via Agrobacterium, with subsequent
selection of T transformants by kanamycin resistance. T indi-
viduals homozygous for both 7g2-28 and gai-tdI were identified
by genotyping PCR (Table S1). Single insertion transgenic lines
descended from these individuals were identified in the T, gener-
ation using 3 : 1 Mendelian segregation, with the presence of the
transgene confirmed by PCR.

Phenotypic characterization

Growth characterization experiments were performed using a
blocked split plot design (Gomez & Gomez, 1984) with GA
treatment applied across whole trays (main plot) and genotypes
being randomized within trays (split plot). Phenotypic measure-
ments were performed as described in Rieu ez 4/ (2008b), using a
population of 144 plants (2= 12). Three siliques were harvested
from the primary inflorescence of each plant for seed counts. The
fertility of individual floral positions was scored on the basis of
silique elongation by the end of flowering.

Microscopy

Pollen viability was assessed using Alexander cytoplasmic stain
(Alexander, 1969) on whole anther squashes; pollen developmen-
tal progression was determined by staining isolated stamens using
2.0 pugul™" 4',6-diamidino-2-phenylindole (DAPI, Sigma) in
aqueous solution (Tarnowski ezal, 1991) and observed using a
UV light microscope (Nikon, Tokyo, Japan). Embedding of
inflorescence tissues for sectioning was performed as described in
Vizcay-Barrena & Wilson (2006). Two-micrometre-thick sec-
tions were observed with a Zeiss Axiophot light microscope (Carl
Zeiss Ltd, Welwyn Garden City, UK) with an attached Retiga
EXi camera system (QImaging, Surrey, BC, Canada).
Paclobutrazol (PAC)-treated inflorescences (1 mM PAC, 0.06%
Tween-20) were used in confocal microscopy of transgenic lines
to enhance DELLA stabilization and thus GFP intensity. Fluores-
cence was detected using a Leica SP2 confocal laser scanning
microscope (Leica Microsystems, Wetzlar, Germany), exciting
fluorescence at 488 nm with an argon laser. GFP excitation was
collected between 500 and 515 nm, and chlorophyll excitation
was collected between 660 and 700 nm. Images were processed
using Leica SP2 Image Analysis software.

Statistical analysis

All statistical analysis was performed using the Genstat software
package (2010, 13th edition, ©VSN International Ltd, Hemel
Hempstead, UK). Phenotypic characters were analysed by analy-
sis of variance (ANOVA), using a transformed scale where neces-
sary (natural logarithm for vegetative internode and silique
lengths), to meet the assumptions of a normal distribution and
homogeneity of variance, and taking into account the blocked
split plot design. The main effects of genotype and GA treatment
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and the interaction between these factors were assessed by F tests.
GA treatment did not have a significant effect on flowering time
(P=0.096), but genotype was strongly significant (2<0.001).
For all other characters, a significant interaction (2<0.001) was
detected between genotype and GA treatment. The binary char-
acter of silique set was analysed by modelling the proportion of
plants (z=12) for each genotype by GA treatment combination
having set a silique at each inflorescence position, using a general-
ized linear model (GLM) (McCullagh & Nelder, 1989) with a
logit link function. Following ANOVA or GLM, comparisons
were made between pairs of genotypes or GA treatment condi-
tions within a single genotype using least significant differences
(LSDs) based on the appropriate degrees of freedom (df) with a
significance threshold of either 5% or 1%, as specified. Means (in
figures) are otherwise presented with individual standard errors

(SE).

Results

Loss of functional RGA and GAI causes complete sterility in
the Col-0 ecotype, but not in Ler

Exogenous GA treatment is known to reduce seed set (per
silique) in the Arabidopsis Col-0 ecotype (Jacobsen & Olszewski,
1993; Rieu et al., 2008a,b). In addition, we found that GA treat-
ment reduces the frequency of silique set in Col-0 (Fig. 1a,b),
although this phenomenon was unpredictable, with flowers
immediately adjacent to infertile positions often setting fully fer-
tile siliques (Fig. 1b). Unexpectedly, a novel DELLA loss-of-func-
tion double mutant generated in the Col-0 background, rgz-28
gai-td1, was completely infertile under control growth conditions
(Fig. 1¢). The equivalent mutant in the Ler ecotype, rga-24
gai-16, has been shown previously to be fertile, albeit at reduced
levels (Dill & Sun, 2001). The association of this phenotype with
the loss of both RGA and GAI in the Col-0 background was con-
firmed by combining other rgz and gai loss-of-function alleles.
All combinations proved infertile (Fig. S1).

To further investigate the interaction between GA overdose,
ecotype and fertility, lines with reduced DELLA signalling (rga-
28 gai-td1 and the comparable Ler mutant, rga-24 gai-16; Dill &

Fig. 1 Differential fertility of Arabidopsis thaliana Col-0 and Ler rga gai
mutants. (a—c) Primary inflorescences showing silique set of wild-type
Col-0 under (a) control growth conditions and (b) 100 M GA; treatment,
and (c) rga-28 gai-td1 (Col-0). White arrowheads indicate infertile silique
positions. (d) Mean number of seeds per silique (n =36, + SE) under
control conditions and GA; treatment. Letters indicate significant
difference (P <0.01) of a genotype within a single GA treatment from
control wild-type (black) and GA-treated wild-type (grey), respectively.
Genotypes marked with different letters are significantly different from
one another. Asterisks indicate significant difference (P <0.01) between
GA treatments within the same genotype. Pairwise comparisons were
made using 1% least significant differences (LSDs) on a log-transformed
scale (8.782 on 121 df between genotypes, 9.717 on 71 df between GA
treatments). (e, f) Mean frequency of successful silique set on the primary
inflorescence (n =12, + SE) of wild-type and rga gai mutant genotypes in
Col-0 (e) and Ler (f) under control growth conditions and GA treatment.
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Sun, 2001) or altered GA biosynthesis (355::GA200x1 (Col-0)
and the Col-0 ga2ox quintuple loss-of-function mutant, herein
referred to as ga2ox; Coles etal., 1999; Rieu eral., 2008a) were
characterized under both control growth conditions and GA
treatment. Increasing bioactive GA through genetic manipulation
reduced seed set (2<0.01; Fig. 1d), but neither this nor further
exogenous GA treatment reduced seed set to the extent displayed
by either rga gai mutant (P<0.01). Further reductions in seed set
in the two genetically GA-overdosed lines when under GA treat-
ment (£<0.01) suggest that GA responses in these lines are not
fully saturated. rga-24 gai-t6 (Ler) was confirmed as partially fer-
tile under our growth conditions compared with the wild-type
(P<0.01; Fig. 1d). Seed set in this mutant was further reduced
by GA treatment (£<0.01), but still remained more fertile than
rga-28 gai-td] (Col-0; P<0.01). The remaining capacity of the
rga-24 gai-16 (Ler) reproductive tissues to respond to GA could
be explained by the presence of at least one additional DELLA
paralogue in this ecotype.

Interestingly, although seed number was not significanty dif-
ferent between Col-0 and Ler wild-type under control growth
conditions (P> 0.05; Fig. 1d), Ler seed set under GA treatment
was far more robust, being reduced to 77.30% of the untreated
wild-type compared with 53.69% in Col-0 (£<0.01), despite
indications from the similarity in seed set between GA-treated
Col-0 wild-type, 355::GA200x1 and ga2ox (P>0.05) that GA
treatment was sufficiently strong to saturate downstream
responses. Similar conclusions can be drawn when considering
the frequency of silique set across the primary inflorescence: GA
treatment reduced the mean probability of silique set in Col-0 to
0.76 £0.02 compared with a control value of 0.97 £0.01
(Fig. 1e), whereas the fertility of Ler was unaffected (0.96 £ 0.01
compared with 0.99 £0.01; Fig. 1f). Genetic GA overdose
induced similar reductions in Col-0 silique set to GA treatment
(Fig. S2), none of which were as severe as the infertile rga-28
gai-td1 (Col-0) phenotype (Fig. le). Rare rga-28 gai-td1 (Col-0)
siliques contained single seeds that probably resulted from
uncontrolled cross-pollination. By contrast, early infertilicy of
rga-24 gai-t6 (Ler) quickly recovered (Fig. 1f) to a mean silique
set frequency of 0.83 £0.03 from the 12th flower position
onward. GA treatment had no discernible effect on ferdility in
this Ler mutant. Other differential growth responses between
Col-0 and Ler were identified in a broader phenotypic character-
ization (Table S2), most notably the number and elongation of
vegetative internodes, with the loss of RGA and GAI affecting
each ecotype differently and each 7gz gai mutant responding
differently to GA treatment. This includes some phenotypic
differences remaining under GA treatment.

Greater loss of fertility in 7ga gai mutants compared with that
when manipulating bioactive GA content might reflect different
underlying causes of infertility. Reduced fertility of two GA bio-
synthesis mutants, ga20oxI ga20ox2 (Rieu etal, 2008b) and
ga3ox] ga3ox3 (Hu etal., 2008), has been attributed to mis-
matched growth between the stamens and pistil, creating a
mechanical block to pollination. However, non-linear modelling
of Col-0 floral organ growth during flower opening (Fig. S2,
Table S3, Methods S1), comparing control growth conditions
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and GA treatment, found no effect on stamen length relative to
the pistil (over 100% at flower opening), nor on the timing of
anthesis (£>0.05; 5.45+091h and 4.47 +£1.37h before
flower opening under control and GA-treated conditions, respec-
tively). Therefore, reduced fertility under GA treatment cannot
be explained by a mechanical barrier to pollination.

It was noticed that anthers from GA-treated flowers appeared
to be smaller than those in untreated flowers. Modelling Col-0
anther length (taken as a linear measurement from the anther—
filament junction to the anther tip) in the same experimental
population found that GA treatment caused a consistent signifi-
cant reduction in anther size over the developmental period mea-
sured (<0.05; Fig. S2, Table S3), suggesting that GA treatment
has a direct negative effect on anther development.

Sterility in rga-28 gai-td1 is caused by pollen lethality

Loss of RGA or GAI separately did not affect silique set when
compared with wild-type Col-0 (Fig. 2a), indicating that these
paralogues act redundantly to promote fertility. In contrast with
wild-type Col-0, 7¢a-28 and gai-tdl flowers (Fig. 2b—d, f-h),
rga-28 gai-tdl double-mutant flowers exhibited a pollenless phe-
notype (Fig. 2e,i). rga-28 gai-tdI flowers set siliques when polli-
nated manually with wild-type Col-0 pollen, indicating that
infertility of 7ga-28 gai-td1 (Col-0) inflorescences is caused by
male sterility. The same pollenless phenotype was observed
when 7¢a-28 gai-tdl was recapitulated in the gidla-1 gidlb-1
gidIc-1 (Col-0) triple GA receptor mutant background (Grif-
fiths ez al., 2006; herein referred to as gidI; Fig. 2m,q). Insensi-
tivity of gidl to GA signalling causes constitutive inhibition of
GA responses by DELLA proteins, and thus the pollenless phe-
notype is necessarily dependent on downstream DELLA signal-
ling. Infertility of gidl stamens caused by arrested floral
development (Fig. 2j,n; Griffiths ezal., 2006) was overcome by
loss of RGA alone (Fig. 2k,0), but not GAI (Fig. 2L,p). Pistil,
stamen and petal size were all reduced in rga-28 gai-td] gidl
compared with rga-28 gai-td1 (Fig. 2e,m), suggesting that other
DELLA paralogues repress aspects of Arabidopsis floral growth
and development. A separate gid! triple mutant, gidla-1 gidlb-
1 gidlc-2, has been reported previously as non-flowering
(Willige ez al., 2007; Ragni eral., 2011), but, under our growth
conditions, this mutant flowered at a similar time to gidla-1
gid1b-1 gidlc-1 and displayed a very similar floral phenotype
(Fig. S3).

Pollen development is negatively affected in rga gai
mutants in both Col-0 and Ler

The partial fertility of Ler rga gai mutants (Fig. 1d,f) was also
investigated, examining the floral phenotypes of rga-24 gai-t6
(which also carries transparent testa 1, tt1) and the independent
line rga-12 gai-t6. The stigmas of newly opened mutant flowers
bore visibly less pollen than wild-type Ler (Fig. 3a—c), consistent
with previous observations by Dill & Sun (2001). Under micro-
scopic examination, individual empty locules were identified in
rga-24 gai-t6 and rga-t2 gai-t6 anthers (Fig. 3e,f). This indicates
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Fig. 2 rga-28 gai-td1 (Arabidopsis thaliana Col-0) is male sterile. (a)
Primary inflorescence phenotypes of rga-28 gai-td1 combinatorial mutant
lines (as specified). White arrowheads indicate infertile silique positions.
(b-i) Floral phenotypes of the mutant lines in (a), showing newly opened
flowers (b—e) and whole anthers (f-i). Anthers have been stained to
determine pollen viability (see the Materials and Methods section): dark
red colouring indicates viable pollen. Black arrowheads indicate empty
locules. (j-q) Floral phenotypes of rga-28 gai-td1 combinatorial mutant
lines in the gid7 GA-insensitive mutant background (as specified), showing
newly opened flowers (j-m) and whole anthers (n-q). Anthers have been
stained to determine pollen viability: dark red colouring indicates viable
pollen. Black arrowheads indicate empty locules.

that pollen development is disrupted by the loss of RGA and
GAI function in both ecotypes, but with a less severe impact on
Ler male ferdlity. The expression of additional DELLA para-
logues in Ler anther tissues could potentially explain this (see the
Discussion section). However, the global DELLA (Ler) quintuple
mutant, which is reported to lack functional DELLA protein
(Feng eral., 2008), produces viable pollen and displays a similar
degree of fertility to rga-24 gai-t6 (Fig. S4; Fuentes etal., 2012),
suggesting that the differences between Col-0 and Ler regulating
pollen development lie downstream of the DELLAs.

Col-0 and Ler demonstrate distinct growth habits, including
striking differences in floral cluster architecture (Fig. S5), attrib-

Wild type rga-28 gai-td1 rga-28 uted, in part, to loss of the ER leucine-rich repeat receptor-like
(Col-0) (Col-0) (Col-0) gai-td1 kinase (LRR-RLK) in Ler (Torii etal, 1996). ER promotes sta-

(Col-0) men development in conjunction with ERECTA-LIKE (ERL)-1
and -2 (Shpak ez al., 2004). To determine whether fertility differ-
ences between Col-0 and Ler rga gai mutants relate to the ER
locus, the Col-0 null allele er-105 (Torii et al., 1996) was intro-
gressed into rga-28 gai-td1 (Col-0). The introduction of er-105
resulted in an inflorescence phenotype resembling Ler in all
mutant combinations (Figs 3g, S5), but er-105 rga-28 gai-tdl
remained infertile (Fig. 3g). Flowers of er-105 (Fig. 3h,1), er-105
rga-28 (Fig. 3i,m) and er-105 gai-td1 (Fig. 3j,n) produced pollen
and were self-ferdlizing, but er-105 rga-28 gai-td1 flowers were
pollenless (Fig. 3k,0). Fertility differences between Col-0 and Ler
rga gai mutants do not appear to be associated with ER.

Wild 28 -td/1 -28
(ICol-)g;e ggCZI-O) ?gclal-O) ;gaitm rga-28 gai-td1 (Col-0) male sterility is caused by a post-
(Col-0) meiotic defect in pollen development

Anther and pollen development in 7¢2-28 gai-td1 (Col-0) were
examined microscopically to identify the cause of pollen lethality.
Pollen mother cells (PMCs) were visible in both wild-type and
mutant anthers (Fig.4a,b). Successful tetrad formation and
microspore release were observed in wild-type anthers (Fig. 4c,
m), whereas, by contrast, although some tetrads in rga-28 gai-td1
anthers apparently progressed successfully to the free microspore
stage (Fig.4n), abnormal meiotic products were frequently
observed (Figs 4d, S6). Post-meiotic rga-28 gai-td1 pollen devel-
opment was also abnormal: wild-type microspores progressed

through pollen mitosis to maturity (Fig. 40,q,s,u), but micro-

gid1 rgq-28 gal;td1 rg§-28 spore nuclear polarization before pollen mitosis was not observed
(Col-0) gid1 gid1 ga/;jt;” in 7¢a-28 gai-td1 (Fig. 4p), and microspores subsequently degen-
gi

erated (Fig. 4r,t).
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WiI type rga-24 gai-té rga-t2 gai-t6
(Ler) (Ler tt1) (Ler)

er-105 er-105 er-105 er-105
(Col-0) rga-28 gai-td1 rga-28 gai-td1
(Col-0) (Col-0) (Col-0)

er-105  er-105  er-105 er-105
(Col-0) rga-28 gai-td1 rga-28 gai-td1
(Col0)  (Col-0)  (Col-0)

Fig. 3 rga gai (Arabidopsis thaliana Ler) mutants retain male fertility.

(a—f) Floral phenotypes of wild-type Ler, rga-24 gai-t6 and rga-t2 gai-t6,
showing newly opened flowers (a—c) and whole anthers (d—f). Anthers have
been stained to determine pollen viability: dark red colouring indicates
viable pollen. Black arrowheads indicate empty locules. (g) Primary
inflorescence phenotypes of er-105 rga-28 gai-td7 combinatorial mutant
lines. White arrowheads indicate infertile silique positions. (h-o) Floral
phenotypes of mutants described in (g), showing newly opened flowers
(h—k) and whole anthers (I-0). Anthers have been stained to determine
pollen viability: dark red colouring indicates viable pollen. Black arrowheads
indicate empty locules.
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At the free microspore stage of anther development (stages
8-9; Sanders et al., 1999), large amounts of particulate material
accumulated in 7ga-28 gai-td1 locules (Fig. 4£h), suggestive of
defective pollen wall formation. rga-28 gai-td1 tapetal cells were
enlarged relative to their wild-type equivalents (Fig. 4a—d), and
the onset of tapetal breakdown appeared to be slightly delayed
(Fig. 4e,f). Both microspores and tapetum had degenerated in
rga-28 gai-tdl anthers by stage 11 (Fig. 4h). The endothecium
underwent apparently normal secondary thickening in 7gz-28
gai-td] anthers (Fig. 4h,j). We also observed that synchronous
development between locules within the same anther was lost
in some 7ga-28 gai-tdl stamens (Fig.SO), suggesting that
DELLA activity might act to coordinate development between
locules.

Pollen lethality in rga-28 gai-td1 is complemented by the
reintroduction of RGA into either the tapetum or develop-
ing microspore

To confirm the requirement for DELLA activity for successful
pollen development, and to identify the site of DELLA activity
within the developing anthers, complementation of the rgz-28
gai-td] phenotype was attempted by expressing GFP-tagged
RGA (Fig. 5a) in two separate anther tissues under the tapetally
expressed Arabidopsis LIPID TRANSFER PROTEIN 12
(LTP12) promoter (Ariizumi ez al., 2002) or the tomato LAT52
promoter (Twell ezal, 1989), expressed in developing pollen
(Twell ez al., 1990; Eady et al., 1994; Roy ez al., 2011). A total of
27 LTPI12:RGA::GFP and 29 LAT52::RGA::GFP transgenic T,
plants were isolated in the rga-28 gai-td1 background from three
separate transformations with each construct. To our surprise, T
plants expressing either construct in the rgaz-28 gai-td1 homozy-
gous mutant background exhibited self-fertility. Three indepen-
dent homozygous lines carrying single T-DNA insertions were
established for each construct and the expression of each trans-
gene in inflorescence tissue was verified by reverse transcription-
polymerase chain reaction (RT-PCR) (Fig. S7).

The fertility of T3 individuals was variable, but generally
reduced compared with the wild-type early in flowering, with
silique set recovering more robustly later (Fig. S8). T individu-
als generally set copious siliques and seed, and therefore reduced
fertility exhibited by subsequent generations might be caused by
silencing. In contrast with pollenless r¢a-28 gai-tdl anthers
(Fig. 5b), viable pollen was observed in mature anthers of all
lines (Fig. 5c—h). Tissue-specific expression of RGA-GFP was
tested by fluorescence microscopy. In L7P12 lines, strong post-
meiotic GFP fluorescence was detected exclusively in the tape-
tum (Fig. 5i), with no visible signal in the developing pollen or
other anther tissues. GFP intensity under LA752 expression was
far weaker than in L7PI12, even with stabilization of RGA-GFP
using PAC treatment (see the Materials and Methods section).
GFP fluorescence in LAT52 transgenic lines was detected only
in the nuclei of developing pollen (Fig. 5j), supported by com-
parison against autofluorescence in wild-type anthers under the
same confocal settings (Fig. S9). LAT52::RGA::GFP anthers

were examined for tapetal GFP expression in earlier anther
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Fig. 4 Microscopic analysis of rga-28 gai-td1
(Arabidopsis thaliana Col-0) pollen
development. (a—j) Sections through wild-
type (a, ¢, e, g, i) and rga-28 gai-td1 (Col-0)
(b, d, f, h, j) anthers, encompassing
developmental stages 5-6 (a, b), 7 (c, d), 8-9
(e, ), 11 (g, h) and 13 (i, j), as defined by
Sanders et al. (1999). E, endothecium; dM,
degenerating microspore; dT, degenerating
tapetum; M, microspore; P, pollen; PMC,
pollen mother cell; T, tapetum; Td, tetrad.
(k—u) 4',6-Diamidino-2-phenylindole (DAPI)
fluorescence imaging of pollen nuclei in wild-
type (k, m, 0, q, s, u) and rga-28 gai-td1
(Col-0) (I, n, p, r, t) during development,
showing tetrad formation (k-n), free
unicellular microspores (o, p), polarized
microspores (q), bicellular pollen (s) and
mature tricellular pollen (u). rga-28 gai-td1
(Col-0) microspores do not polarize (p), and
subsequently degenerate (r, t).

(Col-0)

developmental stages, but no fluorescence above background
levels was observed (Fig. S9). Segregating fluorescence in the
pollen of hemizygous T, individuals (Fig. S9) supports the
assumption of exclusively post-meiotic expression under LA752.
These data suggest that independent expression of DELLA pro-
tein in either developing pollen or the surrounding tapetal cells
is sufficient to rescue pollen development and fertility of rga-28

gai-td1 (Col-0).

Discussion

Loss of the DELLA paralogues RGA and GA/ affects Arabid-
opsis fertility more seriously in the Col-0 ecotype than in
Ler

The majority of past genetic analysis of Arabidopsis DELLA
function has been conducted using loss-of-function mutants in
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Wild type
(Col-0)

rga-28 gai-td1
(Col-0)

(Col-0)

the Ler ecotype, the results of which suggested that DELLA activ-
ity is not strictly required to maintain fertilicy (Dill & Sun, 2001;
Fuentes efal, 2012) and that DELLA proteins act simply to
inhibit Arabidopsis floral and stamen development until allevi-
ated by GA signalling (Dill & Sun, 2001; Cheng ezal., 2004;
Tyler ez al., 2004). In this article, we describe a novel, male-sterile
phenotype associated with loss of functional RGA and GAI in
the Col-0 ecotype, in contrast with published 7gz gai mutants in
Ler, which retain some, albeit reduced, fertility (Dill & Sun,
2001).

The Col-0 phenotype corresponds closely to that in rice and
barley, where loss of the sole DELLA orthologue results in steril-
ity (Lanahan & Ho, 1988; Ikeda eral, 2001). The barley
mutant, slenderl, has been described as pollenless (Lanahan &
Ho, 1988), which was also found to be the cause of sterility in
the Col-0 mutant 7¢a-28 gai-tdl. This suggests a conserved

requirement for DELLA activity in maintaining pollen
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Fig. 5 Reintroduction of REPRESSOR OF ga1-3 (RGA) rescues Arabidopsis
thaliana pollen development in rga-28 gai-td1. (a) Schematic diagram of
RGA-green fluorescent protein (GFP) transgenic fusion protein. (b) rga-28
gai-td1 anther phenotype. (c-e) Anther phenotype of three independent
LTP12::RGA::GFP (rga-28 gai-td1) transgenic lines. (f-h) Anther
phenotype of three independent LAT52::RGA::GFP (rga-28 gai-td1)
transgenic lines. Anthers were stained to determine pollen viability: dark
red colouring indicates viable pollen. (i, j) Anther tissue localization of
RGA-GFP under the LTP172 (i) and LAT52 (j) promoters. P, pollen; T,
tapetum.

development between dicots and monocots that was not previ-
ously appreciated based solely on the analysis of Ler phenotypes.
A closer inspection of two Ler rga gai mutants identified a partial
sterility phenotype, with individual anther locules devoid of pol-
len, suggesting that RGA and GAI regulate the same anther
developmental processes in both Col-0 and Ler, but their loss in
Ler has far less consequence for fertility. A similar phenomenon
was observed under exogenous GA treatment, with the fertility of
wild-type Ler inflorescences remaining much higher than those
of Col-0. The GA responses of Col-0 and Ler also differed in
other developmental pathways, most obviously in inflorescence
architecture. Although some differential GA responses between
Col-0 and Ler might be explicable through starting differences in
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the levels of endogenous GA, their phenotypes remained signifi-
cantly different under otherwise saturating GA concentrations (as
indicated by the phenotypic similarity of GA-treated Col-0, 35S::
GA200x1 and ga2ox). Furthermore, altered GA content cannot
explain the continued fertility of the Ler DELLA global mutant
(Fuentes etal, 2012), where all DELLA repression of down-
stream GA signalling has supposedly been lost.

Neither GA treatment nor genetic manipulation of GA bio-
synthesis replicated the phenotypic severity of rga gai mutants,
probably because the DELLA protein is never completely
depleted by GA signalling in planta, a hypothesis supported by
past experimental studies (Tyler ezal., 2004; Feng eral., 2008).
GA signal transduction and GA biosynthesis are linked through
homeostatic regulation (Zentella eral, 2007), with DELLA
expression up-regulated by GA signalling in both rice and
Arabidopsis (Itoh eral, 2002; Ariizumi eral., 2008). The
hypothesis that reduced fertility under GA treatment can be
explained by a purely mechanical barrier to pollination was not
supported by the modelling of Col-0 floral organ growth.
Instead, it was found that anther size is specifically reduced under
GA treatment, suggesting that disrupted anther development
could underlie the fertility effects of both GA overdose and loss
of DELLA function. DELLA loss-of-function mutants, including
the Ler global mutant, also demonstrate a reduction (but not
complete loss) specifically in female fertility (Dorcey et al., 2009;
Fuentes ez al, 2012). As such, the reductions in seed set observed
outside of male-sterile lines in this study were probably caused
both by impaired male and female reproductive processes.

DELLA expression differs between Col-0 and Ler stamen
tissues

Arabidopsis carries five DELLA paralogues, the expression pat-
terns of which are unknown. The differences in ferdlity
between Col-0 and Ler rga gai mutants might be caused by
the expression of at least one of the remaining DELLA para-
logues, RGA-LIKE (RGL)1, RGL2 or RGL3, in Ler anthers to
maintain pollen development. The additional presence of
RGL1 and RGL2 (but not RGL3) in developing Ler pollen is
supported by transcriptome data (Honys & Twell, 2004;
Table S4), and loss of RGL2 has been shown to reduce pollen
number in Ler anthers and also to significantly rescue pollen
production in the partially GA-insensitive gai-1 (Ler) back-
ground (Kay ezal., 2013).

A comparison of past analyses highlights differences in the
functional importance of DELLA paralogues between Col-0 and
Ler during floral development. In the GA-deficient gal-3 (Ler)
background, loss of functional RGA and GAI is not sufficient to
overcome microspore developmental arrest (Dill & Sun, 2001;
King etal., 2001; Cheng etal., 2004), requiring the combined
loss of RGA, RGL1 and RGL2 (Cheng ez al., 2004). By contrast,
loss of RGA alone was sufficient to overcome arrested microspore
development in gal-3 (Col-0) (Tyler eral, 2004), suggesting
greater functional redundancy between DELLA paralogues dur-
ing Ler stamen development. Successful pollen production by the
rga-28 gidl quadruple mutant, in contrast with pollenless rga-28
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gai-td]1 gidl, argues for a function for GAI in Col-0 pollen devel-
opment redundant with RGA. Reduced floral organ growth in
rga-28 gai-td1 gidl relative to rga-28 gai-td1, including the sta-
men filament, suggests that at least one other DELLA paralogue
regulates Col-0 floral development. RGA and GAI were found to
be the dominant DELLA paralogues regulating Col-0 vegetative
development (Fig. S10), as also observed in Ler (Dill & Sun,
2001; Cheng et al., 2004; Tyler et al., 2004).

Differences apparently exist between the GA responses of
Col-0 and Ler beneath the level of DELLA activity

The Ler DELLA global mutant, which carries mutations in all five
paralogues, but nevertheless remains partially fertile (Fuentes
eral., 2012), suggests that at least some differences in the rga gai
pollen phenotype observed between Col-0 and Ler are caused by
genetic variation downstream of the DELLA proteins. Successful
pollen production by the global mutant, albeit reduced, was con-
firmed by this study (Fig. S4). The theoretical possibility remains
that the global mutant expresses some DELLA protein: the
T-DNA insertion in the rg/l-1 allele disrupts the promoter
region, but not the coding sequence (Lee ez al., 2002). As yet, no
Col-0 equivalent to the global mutant is available for comparison.

Significant genomic variation has been reported between
Col-0 and Ler, including altered gene transcripts and gene expres-
sion patterns (Gan ez al., 2011), some of which could potentially
relate to GA signal transduction or downstream response path-
ways. ER protein itself indirectly regulates responses downstream
of GA signalling, antagonizing SHORT INTERNODES (SHI),
a zinc-finger transcription factor that negatively regulates GA
responses (Fridborg ez al., 2001). However, loss of functional ER
did not rescue fertility or pollen development in the rga-28 gai-
td1 (Col-0) background.

Loss of DELLA activity in Arabidopsis anthers disrupts post-
meiotic pollen development

The defects in pollen production in both Col-0 and Ler rga gai
mutants suggest that DELLA activity in stamens does not merely
inhibit development, but is also necessary for successful pollen
production. Potentially, DELLA proteins might coordinate
development between different anther tissues through inhibition
at developmental ‘checkpoints’ until the necessary conditions to
proceed are met. Pollen is heavily dependent on the surrounding
tapetum for nutrition and the production of pollen wall compo-
nents (Scott ¢t al., 2004), and disruption of tapetal PCD results
in pollen abortion (Kawanabe ez al., 2006). Experiments in rice
have demonstrated that GA signalling regulates both tapetal
PCD and pollen wall synthesis (Aya eral., 2009). Cheng ez al.
(2004) identified malformed pollen in the gal-3 rga-12 gai-t6
rgll-1 rgl2-1 (Ler) mutant, which they suggested was caused by
the overproduction of pollen wall material. Coordination of
anther development by DELLA is supported by our observation
of desynchronized development between locules in rga-28 gai-td1
anthers (Fig. S7), which might explain the locule specificity of
male sterility in 7ga gai (Ler) mutants. DELLA activity might also
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positively regulate pollen development directly: in floral tissues,
43% of DELLA transcriptional targets were up-regulated by the
induction of DELLA expression (Cao ¢t al., 2000).

rga-28 gai-td] anthers displayed defects in both microspore
and tapetum developmental processes. Phenotypically normal
tetrads and free microspores were observed, although other defec-
tive meiotic products suggest perturbation to meiosis in some
instances. Aberrant pollen development in rga-28 gai-td1 first
becomes visible at the polarized microspore stage. Although the
precise cause of pollen lethality in rgz-28 gai-td1 could not be
determined, the accumulation of free material in mutant locules
is suggestive of defective pollen wall formation through aberrant
tapetum function. However, whether this phenomenon is causa-
tive remains unclear, and potential intrinsic defects in microspore
development (or a combination of both microspore and tapetal
defects) should not be excluded. In rice pollen, SLENDER
RICET (SLRI) is up-regulated specifically during meiosis and in
tetrads (Hirano ezal, 2008; Tang etal., 2010), suggesting that
GA signalling is tightly regulated during meiosis. Similar resolu-
tion is not yet available for Arabidopsis, but A2DELLA expression
has been identified in both unicellular and bicellular Ler pollen
(Honys & Twell, 2004; Table S4). Arabidopsis pollen develop-
ment was rescued by the reintroduction of RGA under two sepa-
rate promoters, L7P12and LAT52, both of which first express in
post-meiotic tissues at or before the point at which the mutant
pollen phenotype manifests, during the unicellular microspore
stage (L7P12, Ariizumi et al., 2002) and in individual microsp-
ores within tetrads (LAT52, Francis et al., 2007). These indicate
that, at the least, microspore development can be rescued by the
reintroduction of DELLA signalling beyond the completion of
meiosis. Other anther wall processes, such as endothecium sec-
ondary thickening and stomium development, occurred in a
timely fashion in the rga-28 gai-td1 locule, suggesting that anther
wall maturation is not exclusively dependent on RGA and GAI,
but the possibility cannot be excluded that normal anther wall
development was maintained by other DELLA paralogues.

Expression of RGA in either the tapetum or developing
pollen rescued rga-28 gai-td1 fertility

Suppression of pollen lethality in 7ga-28 gai-td1 under either pro-
moter was surprising, as each has been shown previously to
express exclusively in separate tissues, L7P12 in the tapetum
(Ariizumi eral., 2002) and LAT52 in developing pollen (Twell
etal, 1990; Eady etal., 1994; Francis etal, 2007; Roy etal,
2011). Although the expression domains of native DELLAs in
Arabidopsis anther tissues are unresolved, in rice, SLRI is
expressed simultaneously in both the tapetum and pollen (Hir-
ano etal., 2008; Tang eral., 2010). No fluorescence or pheno-
typic evidence (e.g. dwarfing; Fig. S8) was found to suggest that
RGA was expressed outside of the previously published expres-
sion patterns for L7P12 or LAT52. Nevertheless, the possibility
cannot be entirely discounted that the observed complementation
of defective pollen development under either promoter is an arte-
fact caused by leaky basal expression in other anther tissues, and
that DELLA activity is only required in the tapetum or pollen.
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One foreseeable mechanism for this could be inheritance by
otherwise mutant microspores of DELLA protein from pre-
meiotic anther cell lineages. A similar phenomenon has been
hypothesized to explain the successful creation of theoretically
lethal GA-insensitive gidl mutants (Griffiths ez al., 2006). That
said, segregation of LAT52-driven fluorescence was observed in
pollen produced by hemizygous T, individuals (Fig. S9), suggest-
ing that LAT52-expressed RGA is not present in PMCs.

If the independence of LTP12- and LAT52-driven expression
is accepted, the rescue of pollen development by RGA in either
the tapetum or pollen suggests that communication occurs
between these two cell types downstream of DELLA activity.
Such communication has been demonstrated during cell fate
specification, where the PMC-secreted ligand TAPETUM
DETERMINANT 1 (TPD1) interacts with the tapetum receptor
EXTRA SPOROGENOUS CELLS/EXCESS MICROSPORO-
CYTES (EXS/EMS) (Yang eral., 2003, 2005; Jia eral., 2008)
and, later in development, microspores may communicate with
surrounding somatic cells via the extracellular protein MTR1
(Tan ezal., 2012). The GAI transcript itself has been reported as
a mobile signal (Ruiz-Medrano ezal, 1999; Haywood eral.,
2005).

The outcome of these comparative analyses is that it can no
longer be assumed that experimental results from one ecotype are
necessarily representative of all. Ecotypic differences also repre-
sent an additional and useful tool for the elucidation of genetic
pathways, such as those underlying GA regulation of Arabidopsis
pollen development.
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