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ABSTRACT  Stamens undergo a very elaborate development program that gives rise not only to 
many specific tissue types, but also to the male gametes. The specification of stamen identity is 
coordinated by a group of homeotic genes such as APETALA3 (AP3) and PISTILLATA (PI), AGAMOUS 
(AG) and SEPALLATA (SEP1-4)  genes. Genome-wide transcriptomic comparisons between floral buds 
of wild-type and ap3 mutants led to the identification of the REM22 gene, which is expressed in 
the early stages of stamen development. This gene is member of the plant-specific B3 DNA-binding 
superfamily. In this work, we dissect the spatio-temporal expression pattern of REM22 during the 
early stages of stamen development. To this end, both in situ hybridization analyses as well as in 
vivo fluorescence strategies were employed. At stage 4 of flower development, REM22 is expressed 
exclusively in those undifferentiated cells of the floral meristem that will give rise to the stamen 
primordia. At stage 5, REM22 expression is restricted to the epidermal and the subepidermal layers of 
anther primordia. Later, this expression is confined to the middle layer and the differentiating tapetal 
cells. After stage 10 when all the tissues of the anther have differentiated, REM22 expression is no 
longer detectable. Furthermore, we examined the pREM22::GUS-GFP marker line in an inducible 
system where the ectopic AG function is used to promote microsporogenesis. The data support the 
idea that REM22 expression is a useful marker to study the early stages of stamen development.
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Fig. 1. Expression pattern of REM22 during 
early stages of wild-type Arabidopsis flower 
development. (A) Stage 3 flower showing ex-
pression of REM22 in L1 and L2 cells. (B) Stage 
5 flower showing REM22 expression in L1 and L2 
cells. (C) Stage 6 flower showing strong REM22 
expression in the archesporial cells and a weaker 
signal in the epidermis. (D) Stage 8 flower bud 
longitudinal section, showing higher expression of 
REM22 in ISP than OSP. REM22 is also expressed 
in L1 and L2 of the carpel primordia (arrows). (E) 
Stage 8 flower bud cross section showing REM22 
expression in carpels and stamens. (F) Stage 9 
flower buds, REM22 shows a high expression in 
tapetal cells, but it is expressed also in the middle 
layer cells. Numbers at the upper-right corner of 
the figures indicate approximate flower stage. 
L1, layer 1; L2, layer 2; ca, carpel; se, sepal; st, 

stamen; ar, archesporial cells; ep, epidermis; osp, outer secondary parietal cell; isp, inner secondary parietal cell; en, endothecium; ml; middle layer; t, 
tapetum. Scale bar: 25 m. Arrows indicate regions of expression in specific tissues of stamen and carpel.
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REM22 reporter lines display expression similar to in situ 
hybridization expression patterns
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Fig. 2. Confocal microscopy analysis of REM22 promoter activity in 
wild-type plants. (A) wild-type inflorescence projection of pREM22::GUS-
GFP showing weak GFP signal at stage 4 flower bud (arrows) and strong 
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REM22
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REM22

GFP signal at later stages (stage 5 to 7) of flower development. 
Cell membranes were marked with the dye FM4-64 and GFP 
fluorescence can be seen as a green signal. (B) wild-type inflores-
cence of pREM22::GUS-GFP showing GUS staining in stamens 
(arrows). ca, carpel; st, stamen.

Fig. 3. Confocal microscopy of REM22 promoter activity in 
pREM22::GUS-GFP plants at early stages of stamen develop-
ment. (B,E,H,I) GFP fluorescence can be seen as a bright green 
signal. (A,D,GJ) Cell membranes marked with the dye FM4-64, 
shown in red. (C,F,I,L) Merged confocal images from A/B, D/E, 
G/H and J/K figures. (C) Predominant localization of GFP signal 
in L1 and L2 cells in the third whorl of a stage 5 flower bud. 
(F) GFP signal in epidermis and archesporial cells at a stage 6 
flower bud. (I) GFP signal in epidermis and primary parietal cell 
at stage 7 flower bud. (L) stage 9 flower buds shows a strong 
GFP signal in the tapetum layer and a weak signal in the middle 
layer. (M) Diagram depicting cell lineages during wild-type anther 
development. The green boxes enclose cell types were the 
expression of REM22 is observed. The bar below the diagram 
shows stages of flower and anther development described 
by Smyth et al., (1991) and Sanders et al., (1999), respectively 
(adapted from Alves-Ferreira et al.; 2007). Numbers at the 
upper-right corner of the figures indicate approximate flower 
stage. L1, layer 1; L2, layer 2; ca, carpel; se, sepal; st, stamen; 
ar, archesporial cells; ep, epidermis; pp, primary parietal cell; 
sp, sporogenous primary; en, endothecium; ml; middle layer; 
t, tapetum; m, microspore. Scale bar: approximately 50 m.
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Spatial and temporal expression patterns of 
pREM22::GUS-GFP in the inducible AGAMOUS func-
tion system
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Fig. 4. Confocal microscopy of pREM22::GUS-GFP promoter activity in p35S::AG-
GR, ag background. GFP fluorescence can be seen as a bright green signal in (B,E,K). 
(A,D,G,J) Cell membranes marked with the dye FM4-64 are shown in red. (C,F, I,L) 
Merged confocal images of A/B, D/E, G/H and J/K. (C) Inflorescence of p35S::AG-GR, 
ag/ pREM22::GUS-GFP line under continuous DEX treatment showing GFP signal 
at stage 5 and 6 flower bud. (F) p35S::AG-GR, ag treated with DEX at a late stage 
of flower development showing GFP signal in staminoid petals in different stages 
of development. (I) p35S::AG-GR, ag/ pREM22::GUS-GFP not treated with DEX at 
late stage showing no change in petals and no GFP expression. (L) Inflorescence 
of p35S::AG-GR, ag/ pREM22::GUS-GFP showing GFP signal at stages 5 flower bud 
without the presence of functional AG protein. Numbers in (C,L) indicate the flower 
stage. L1, layer 1; L2, layer 2; se, sepal; pe, petal; ep, epidermis; en, endothecium; 
ml, middle layer; t, tapetum; m, microspore. Scale bar: 50 m. 
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Fig. 5. Gene regulatory network controlling early stages of stamen development in Arabidopsis thaliana. Genes that respond to circadian clock 
genes, floral-promotion genes, floral meristem identity genes, stamen identity genes and genes necessary for stamen tissue differentiation are shown. 
Individual genes are represented by horizontal lines with bent arrows and gene symbols. For each gene, upstream inputs and downstream targets are 
indicated. Activators are connected to their target by arrow, repressors by blunted lines. White circles represent protein interactions. Arrows with “signal” 
symbolize that gene or protein interactions are responsible for triggering the development of the next step. The green area represents the expression 
domain of the REM22 marker gene. Diagram was generated using BioTapestry (Longabaugh et al., 2005) and is based on published data (see text).
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