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Anther development leading to pollen maturation, anther dehiscence and pollen dispersal depends upon
the precise timing of programmed cell death (PCD) in specified anther tissues. The PCD necessitates a
properly tuned transcriptional regulation of some crucial genes. However, the detailed genetic regulation
of this PCD in rice anther is yet to be deciphered. Recently, we have established that the OsHFP, a structur-
ally novel hemopexin fold protein of rice is a flower-specific heme binding protein, and plays a role in
chlorophyll degradation. Here, we report the spatio-temporal transcriptional regulation of the OsHFP gene,
which is proposed to be involved in anther PCD. The OsHFP was immunodetected in rice anthers, and
OsHFP-related proteins were also found to be present in anthers of other monocot (lily) and dicot (tobacco)
plant species. Unique cis-acting elements, possibly involved in the activation and anther-specificity of the
OsHFP promoter were identified based upon in silico prediction and in planta expression profiling of the
reporter gene driven by the OsHFP promoter (2051 bp) and its two deleted versions (1057 bp and
437 bp). The temporal regulation of the OsHFP promoter in different developmental stages of tobacco

Keywords:

Anther dehiscence
cis-Regulatory elements
gusA reporter gene
Hemopexin fold protein
Programmed cell death

anther implies the physiological function of this protein in anther PCD.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Among the different floral organs of a complete flower, anther is
the site for male gametogenesis. Like any other biological process,
anther development involves coordinated and complex interac-
tions of several gene products that have distinct and overlapping
functions in plant system. In tobacco, around 25,000 different genes
including 10,000 unique transcripts have been reported to be ex-
pressed during anther development [1,2], indicating the intricacy
of genetic regulation involved in the process. Successful anther
development requires the formation and eventual disintegration
of specialized tissue layers through perfect spatio-temporal regula-
tion of various genes including some crucial ones. The developmen-
tal events in tobacco anther have been exhaustively studied and
broadly divided in two phases; in the first phase, different specified
tissue layers required for pollen formation (i.e., epidermis, endothe-
cium, connective layer, stomium, etc.) differentiate, whereas in the
second phase theses tissue layers degenerate through programmed
cell death (PCD) leading to pollen maturation, anther dehiscence
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and pollen dispersal [3]. Both the phases are equally important
for successful reproduction in angiosperms as the inability of the
functional pollen to be dispersed through anther dehiscence is anal-
ogous to male-sterility (inability to produce functional pollen).
However, the detailed genetic control underlying the coordinated
anther dehiscence program in rice (Oryza sativa) is yet to be charac-
terized. The first reported gene related to the anther dehiscence
program in rice is ANTHER INDEHISCENCE1 (AID1) encoding a single
MYB DNA-binding domain protein [4].

In our recent study, we have reported the identification and
preliminary characterization of a heme binding and structurally
novel hemopexin fold protein OsHFP from rice [5]. The single copy
OsHFP gene has been documented to be expressed specifically in
flower buds, and the OsHFP plays a role in chlorophyll degradation.
On the basis of the biochemical and physiological properties, we
also anticipated a certain but yet to be characterized role of OsHFP
in anther development of rice. In the present study, we further
extend our investigation on the physiological role of OsHFP during
anther development through characterizing its promoter region.
Spatio-temporal regulation of the OsHFP promoter, as established
through functional validation by transgenesis, deletion analysis
and in silico characterization implies the involvement of OsHFP in
PCD during the anther dehiscence of rice. To the best of our
knowledge, this is the first report that highlights the involvement
of a novel hemopexin fold protein in anther PCD.
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2. Materials and methods
2.1. Bioinformatics analysis

Amino acid sequences of the hemopexin fold proteins of plant
origin were obtained from the NCBI database after BLAST search
using OsHFP as the query sequence. The GenBank accession num-
bers of the proteins are - O. sativa hemopexin fold protein (OsHFP):
JX233809, Vigna radiata seed albumin (VrAlb): CAA50008, Phaseolus
vulgaris albumin-2 (PvAlb-2): ADR30065, Medicago truncatula
albumin-2 (MtAlb-2): XP_003627739, M. truncatula hemopexin
(MtHpx): ABE87586, M. truncatula pierisin (MtPierisin):
AET02245, Pisum sativum albumin-2 (PsAlb-2): PO8688, P. sativum
anther-specific protein (PsASP/END1): AAM12036. The PDB IDs of
the other three OsHFP-related proteins are: Vigna unguiculata
hemopexin fold protein (VuHFP/Cp4): 30YO, Lathyrus sativus seed
albumin (LS-24): 3LP9, Cicer arietinum albumin (CaAlb): 3V6N.
Multiple sequence alignment was carried out in Clustal W [6] and
phylogenetic analysis was performed in the Phylogeny.fr web
service [7]. Frequency distribution of the different cis-regulatory
elements present in the OsHFP promoter region was analyzed in
the PLACE database [8].

2.2. Immunolocalization of OsHFP and related proteins in anthers

Immunolocalization of OsHFP and its related proteins in the
anther tissues of rice, lily and tobacco was carried out as described
elsewhere [9] with minor modifications. Anti-OsHFP primary
antibody [5] and FITC conjugated anti-rabbit secondary antibody
(G Bioscience) were used in optimized dilutions. Samples incubated
in pre-immune sera in place of primary antibody were used as —ve
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control. Anther cross-sections were finally imaged in Fluo View
FV1000 confocal microscope (Olympus).

2.3. Preparation of recombinant plasmids for plant transformation

Detailed description on the preparation of recombinant plas-
mids for plant transformation is given in Supplementary informa-
tion (Si. 1). Schematic diagrams of the recombinant plasmids are
presented in Supplementary Fig. Sf1.

2.4. Plant transformation and analysis of transgenic lines

Rice and tobacco transformation was carried out as described
previously [10]. Detailed description is given in Supplementary
information (Si. 2).
2.5. Histochemical GUS assay

Histochemical GUS assay was carried out taking tissues from
different parts of the control and transgenic plant lines as
described previously [11]. Plants transformed with the appropriate

Agrobacterium strain harboring the blank pCAMBIA1391Z plasmid
(Cambia, Australia) were used as control.

3. Results and discussion

3.1. The OsHFP is a novel anther-specific protein in rice and OsHFP-
related proteins exist in anthers of other plant species

Multiple amino acid sequence alignment was carried out taking
OsHFP-related plant protein sequences to address the distinctive-
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Fig. 1. The novel OsHFP is an anther-specific protein of rice. (A) Multiple amino acid sequence alignment based phylogram showing the OsHFP as a unique protein in respect
to other related plant proteins. (B) Fluorescence microscopy showing immunolocalization of OsHFP using anti-OsHFP antibody in rice anther tissues, where OsHFP is
predominantly localized in the connective tissues. (C) Immunolocalization of OsHFP-related protein(s) in the anther tissues of lily using anti-OsHFP antibody. (D)
Immunolocalization of OsHFP-related protein(s) in the anther tissues of tobacco using anti-OsHFP antibody. The pre-immune sera samples represent —ve control in (B), (C)

and (D).
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ness of OsHFP. The analysis revealed a considerably high sequence
similarity with a low level of sequence identity among these pro-
teins (Supplementary Fig. Sf2). The phylogram, generated on the
basis of the sequence alignment showed that the OsHFP is quite
unique from all the other proteins taken under consideration
(Fig. 1A). The findings revealed that most of the OsHFP-related pro-
teins belong to the class seed-albumin. Among them, crystal struc-
ture of the LS-24 protein from L. sativus has been deciphered, and a
possible biological role of LS-24 in plant stress response on the ba-
sis of oligomeric state-dependent hemin/spermine binding prop-
erty has been postulated [12]. The OsHFP-related protein PA2
(PsAlb-2) from pea has been documented to be involved in poly-
amine biosynthetic pathway [13]. Interestingly, the hemopexin
fold bearing protein VuHFP (Cp4) from V. unguiculata is capable
of binding spermine but not hemin [14]. These observations are
very significant, indicating that the heme binding property of plant
hemopexin fold proteins have significant physiological implication.

Apart from the seed-albumin class proteins, the OsHFP showed
significant sequence similarity (overall identity 26%) with the C-
terminal region of MtHpx, the hemopexin protein from M. trunca-
tula. Interestingly, the OsHFP was found to share sequence similar-
ity (overall identity 23%) with the M. truncatula pierisin protein, a
type of protein that acts as an inducer of apoptosis in animal sys-
tem [15]. Furthermore, the biologically active heme molecule has
been proposed to play important role in PCD of plants [16-18].
Naturally, the heme binding protein OsHFP could be speculated
to be involved in plant PCD, in a similar or different manner.

The OsHFP shared considerable sequence similarity (overall
identity 36.8%) with the anther-specific protein PsASP (PsEND1)
from pea (P. sativum) [19]. This observation, along with the flower
bud specific expression of OsHFP [5] indicated the possibility of the
protein to be localized in rice anther. Immunolocalization indeed
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revealed the presence of OsHFP in the anther tissues of rice, pre-
dominantly in the connective tissues (Fig. 1B). Existence of OsH-
FP-related protein(s) in the anther of other plant species was also
investigated, taking lily (Lilium spp.) as a monocot and tobacco
(Nicotiana tabacum) as a dicot representative. Immunological
cross-reactivity revealed the presence of OsHFP-related proteins
in both the systems, particularly in the connective tissues, epider-
mis and endothecium of lily (Fig. 1C) and tobacco (Fig. 1D) anthers.
The results indicate that OsHFP-related proteins might be evolu-
tionary conserved in playing a crucial role in anther development
of both monocot and dicot plants.

3.2. The promoter region of the OsHFP gene drives reporter gene
expression in anther tissues

The OsHFP has been documented to play a role in chlorophyll
degradation [5], nullifying the feasibility of over-expression based
gain-of-function analysis of OsHFP in stable transgenic plants.
Hence, in order to establish the physiological role of the OsHFP
in anther development, the promoter region of the gene was func-
tionally characterized in details as the spatio-temporal regulation
of a gene reflects its possible biological function. The ~2 kb puta-
tive promoter region (annotated hereafter as FLP version), repre-
senting the —2051 to +3 part of the OsHFP gene (where +1
represents the translation start site) was functionally analyzed
through transgenesis in rice and tobacco systems. Selected inde-
pendent T; transgenic lines of rice and tobacco were verified through
PCR (Fig. 2A and C, respectively) followed by gusA gene expression
analyses. The FLP version of the OsHFP promoter was found to
drive GUS expression in flower bud and anther tissues of the
transgenic rice lines (Fig. 2B). The FLP promoter was further found
to be active in transgenic tobacco lines showing GUS expression
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Fig. 2. The ~2 kb (FLP version) OsHFP promoter activity in transgenic rice and tobacco lines. (A) PCR based verification of FLP transgenic rice lines (T; generation) using gusA
gene-specific primers. (B) Expression profiling of FLP promoter in transgenic rice line showing predominant GUS expression in the flower bud and anther tissues. (C) PCR
based verification of FLP transgenic tobacco lines (T; generation) by gusA gene-specific primers. (D) Expression profiling of FLP promoter in transgenic tobacco line showing
predominant GUS expression in connective tissues of anther. In both (A) and (C), transgenic lines contain the gusA gene-specific 558 bp amplicon. Lanes C and M represent
—ve control and Hinfl digested pUC18 plasmid as standard molecular weight marker, respectively.
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Fig. 3. Functional analysis of the deleted versions of the OsHFP promoter in transgenic tobacco lines. PCR based verification of AP1 and AP2 transgenic tobacco lines (T,
generation) showing the presence of AP1 fragment-specific 460 bp amplicon (A) and AP2 fragment-specific 1080 bp amplicon (B). Lanes C and M represent —ve control and
Hinfl digested pUC18 plasmid as standard molecular weight marker, respectively. (C) Summarized representation of the reporter gene expression profiles in case of FLP, AP2
and AP1 transgenic tobacco lines along with the control, as revealed by histochemical GUS assay. Detectable GUS expression is indicated by red asterisk mark. White box in
the schematic diagrams of the corresponding promoter fragments indicates the presence of catalase intron within the coding DNA sequence of the gusA gene. The FLP
promoter is found to drive anther-specific expression (2nd panel from the top) whereas the AP2 promoter is found to be active in anther, leaf and roots tissues of transgenic
tobacco lines (3rd panel from the top). The AP1 promoter fails to be active in transgenic tobacco lines (bottom panel).

predominantly in the anther tissues and negligibly in sepals and
petals (Fig. 2D). However, GUS expression was not detected in
leaves, roots and female reproductive part (i.e., stigma). The results
indicate that the OsHFP promoter is regulated in rice and tobacco in
a similar manner. In silico analysis of the FLP version of OsHFP pro-
moter revealed the presence of 11 common cis-regulatory ele-
ments (Supplementary Table St1) found in the promoter regions
of male gamete- and tapetum-specific genes of rice [20]. However,
the OsHFP was found to be absent in the tapetum cells of rice an-
thers as revealed by immunolocalization (Fig. 1B). In agreement to
this observation, the OsHFP promoter was active primarily in the
connective tissues but not in the tapetum cells of the anthers, as
revealed in the transgenic tobacco lines (Fig. 2D). Interestingly,
the OsHFP promoter does not contain any of the specific elements
present in the promoter region of male gamete- and tapetum-spe-
cific genes of rice [20], which might result in the difference in spa-
tial regulation of the OsHFP promoter.

3.3. Functional characterization of the OsHFP promoter through
deletion reveals the presence of unique cis-regulatory elements

Analysis of the distribution of these 11 common regulatory ele-
ments in the FLP version of the OsHFP promoter suggested two pos-
sible deletions of the same. The abundance of the 11 common
regulatory elements in the last 1057 bp part of the OsHFP promoter
is ~50% of the same in the FLP promoter version (considering both
+and — strand). Similarly, the last 437 bp part of the FLP promoter
version was found to contain all the 11 common representative
elements at least once in the + strand. These two deleted versions
of the FLP promoter were annotated as AP2 (representing —1057
to +3 part of the OsHFP gene) and AP1 (representing the —437 to

+3 part of the OsHFP gene) promoters. Frequency distribution of
the 11 common regulatory elements in the FLP, AP2 and AP1 pro-
moters is represented in Supplementary Fig. Sf3.

Further functional characterization of the OsHFP promoter was
carried out in planta through analysis of the reporter gene expres-
sion driven by the two deleted versions of the promoter. Indepen-
dent transgenic tobacco lines were verified (Fig. 3A and B), and
analyzed through histochemical GUS assay. A comparative GUS
expression profiling of the FLP, AP2 and AP1 versions of the OsHFP
promoter is summarized in Fig. 3C. The AP1 promoter was found to
be inactive in the transgenic tobacco plants as GUS expression was
not observed in different plant parts (Fig. 3C, bottom panel). On the
other hand, the AP2 promoter was found to be active but not an-
ther-specific, as GUS expression was observed in the anther, leaf
and root tissues of the concerned transgenic tobacco lines
(Fig. 3C, 3rd panel from the top). Thus, only the FLP promoter ver-
sion was able to drive the reporter gene expression selectively in
anther (Fig. 3C, 2nd panel from top).

Occurrence of different cis-acting regulatory elements was fur-
ther analyzed on the basis of this differential regulation of the FLP,
AP2 and AP1 versions of the OsHFP promoter. Comparative analy-
sis between the regulatory elements present in the FLP and AP2
promoters revealed the presence of 26 unique regulatory elements
(Supplementary Table St2, Supplementary Fig. Sf4A) in the FLP ver-
sion, i.e. the elements present in the FLP version but not in the AP2
version. In a similar manner, 27 unique regulatory elements (Sup-
plementary Table St3, Supplementary Fig. Sf4B) were identified in
the AP2 version, i.e. the elements present in the AP2 version but
not in the AP1 version. On the basis of the tobacco transgenesis
data, the 26 unique elements present in the FLP version might play
a role in regulating the tissue-specificity of the OsHFP promoter.
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Fig. 4. Temporal regulation of the OsHFP promoter in transgenic tobacco lines. Histochemical GUS assay of the anthers from transgenic tobacco lines reveals developmental
stage-specific regulation of the FLP version (~2 kb) of the OsHFP promoter. Lengths of the flower buds, from which anthers were taken for analysis, are mentioned at the
bottom of each individual image. The promoter is found to be predominantly active in the connective tissues at late developmental stages of anther. C, T and VB represent

connective tissue, tapetum, and vascular bundle, respectively.

Among them, the CARGCWS8GAT is quite important. The CAR-
GCWSGAT is a variant of the CArG element involved in binding
with the MADS domain protein Agl15 (AGAMOUS-like 15) [21].
Interestingly, promoter region of the anther-specific gene PSEND1
contains three putative CArG elements [19], and the authors re-
ported that deletion of one of these three putative CArG elements
resulted in loss of the anther-specific activity of this promoter.
From this point of view, presence of a CArG variant as an element
responsible for anther-specificity in the OsHFP promoter is quite
significant.

In a similar way, the unique 27 elements present in the AP2
version might be essential for the activation of the OsHFP pro-
moter. These include regulatory elements responsive to calcium,
sugar, phytohormone (gibberellin), elicitors (pathogen), salicylic
acid, a few transcription factors and dehydration. Involvement of
calcium in rice anther development is prominent from a compara-
tive study on the distribution of the same in the fertile and sterile
anthers of a photo-period sensitive genic male-sterile line [22].
Large vacuoles containing calcium oxalate appear before the an-
ther dehiscence in tobacco [23]. Furthermore, role of calcium in
the structural stability of the OsHFP has already been highlighted
in our earlier study [5]. In this context, possible activation of the
OsHFP promoter through calcium responsive elements is physio-
logically significant.

3.4. The OsHFP promoter is specifically active in anther tissues
undergoing PCD

Anther-specific expression by the FLP version of the OsHFP pro-
moter was found not to be constitutive throughout the different
developmental stages of the anthers as revealed from the detailed
analysis of transgenic tobacco lines. Histochemical GUS assay re-
vealed that the FLP promoter is active in the transgenic tobacco an-
thers collected from the flower buds of length > 13.5 mm,
whereas no GUS expression was observed in the anthers collected
from the flower buds of length 6.9 mm (Fig. 4). During different
developmental stages, GUS expression was observed in the con-
nective tissues, epidermis and vascular bundle of the anther but
not in the tapetum cell layers. As per the tobacco anther develop-
ment program [24], the OsHFP promoter was found not to be
switched-on upto the developmental stage —1. Activation of the
OsHFP promoter was observed at a specific developmental stage
after the microspore separation and in the subsequent develop-

mental stages (Fig. 4). The developmental stages, when OsHFP pro-
moter is active, are characterized by gradual degradation of
tapetum and connective tissues through PCD, pollen maturation
and finally anther dehiscence to release the functional pollens.
During the last stage of anther development (45 mm flower bud,
Fig. 4), when degradation of connective tissue is almost complete,
the reporter gene expression was found to be localized in the vas-
cular bundle of the anther. It is important to mention here that the
spatio-temporal regulation of OsHFP promoter is significantly sim-
ilar to that of PCD in tobacco anther tissues. Thus, the transcrip-
tional regulation of the gene advocates a role of OsHFP in PCD
during the second phase of anther development.

Taken together, the present study establishes the involvement
of a novel hemopexin fold protein OsHFP in rice anther develop-
ment. The OsHFP promoter, characterized in the present study, is
found to be active during the second phase of anther development
(that leads to anther dehiscence) but not in the first phase. The
temporally regulated transcriptional activation of the promoter
in heterologous plant system, i.e. transgenic tobacco lines indicates
the OsHFP gene to have a certain physiological role during the late
developmental events in rice anther. Furthermore, the promoter
drives reporter gene expression specifically in the anther tissues
undergoing PCD. The spatio-temporal regulation of the OsHFP pro-
moter during anther development, supplemented by several prop-
ositions and observations including the involvement of heme in
regulating plant PCD, the heme binding property of OsHFP and
the capacity of OsHFP to degrade chlorophyll (the most important
visible marker of plant PCD) strongly suggest the involvement of
OsHFP in PCD during anther dehiscence of rice. However, the pre-
cise molecular mechanism of OsHFP in anther PCD is yet to be
established. In addition, the present study characterized and estab-
lished the activity of the novel anther-specific OsHFP promoter in
rice (monocot) as well as in tobacco (dicot) systems. Our findings
promise that the OsHFP promoter would be a useful genetic ele-
ment in developing transgenic male-sterile lines in different crops
for hybrid seed production.
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