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Fig. 5. ORCS6 acts downstream of BRP4 during male gametogenesis. (A) gRT-PCR analysis of cell division-related genes in WT and transgenic
proBRP4:BRP4 RNAI inflorescences. The data are from three biological replicates and are presented as means+SD (Student’s t-test, **P<0.01). Note
the decreased expression of ORC6 in the L3 and L7 plants. (B) Alexander staining of mature pollen (MP) from WT and transgenic proBRP4:0RC6 RNAI
plants. Bars, 20 m. (C) DAPI staining of pollen at the bicellular and tricellular stages from transgenic proBRP4:0RC6 RNAI anthers. The red arrow shows
abnormal uninucleate pollen, the green arrow shows bicellular-like pollen, and the yellow arrow shows shrunken pollen with no DAPI staining. Bars,

20 m. (D) Percentage of abnormal pollen in transgenic proBRP4:0RC6E RNAi L4 and L5 anthers. BP, bicellular pollen; TP, tricellular pollen. At the BP
stage, about 1500 pollen grains were examined, and approximately 2500 pollen grains were examined at the TP stage. (E) DNA content analysis of WT
generative-cell nuclei at prophase (n=42) and undivided generative-like cell nuclei at anthesis in proBRP4:0RC6 RNAI L4 (n=57) and L5 (n=53).

cell-cycle progression during male gametogenesis. BRP4 is
predominantly expressed in male gametophytes at anther
development stages 6-8, when microspores are forming and
then being released. Transgenic plants harbouring a native
promoter-driven BRP4 RNAi construct displayed a pollen
developmental defect. Moreover, our investigations suggested
that this pollen defect resulted primarily from the impaired
cell-cycle progression before and after PMI, which led to
the production of underdeveloped pollen that subsequently

aborted. Therefore, our findings show that BRP4 plays an
important role in the mitotic cell-cycle progression during
male gametogenesis.

BRP4 may function distinctly from other TFlIB-related
members

In Arabidopsis, the TFIIB subfamily has eight members:
TFIIB1, TFIIB2, and six BRP proteins (Knutson, 2013).
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However, BRP4 appears to be unique member among the
TFIIB subfamily proteins of Arabidopsis. BRP4 has a long
B-finger and B-linker domain at its N terminus, which may
be important for the selection of transcription start sites and
promoter opening (Kostrewa et al., 2009). Our observation
that only transgenic plants overexpressing BRP4 exhibited
the small aerial organ phenotype also supports the notion
that BRP4 may mediate a biological process distinct from the
other TFIIB subfamily proteins of Arabidopsis. Moreover,
unlike the expression of the other TFIIB genes, which are
ubiquitous or restricted to the reproductive organs and seeds,
BRP4 is expressed predominately in developing male game-
tophytes and in the tapetum from anther development stages
6-8 and in mature pollen. The abundant BRP4 expression in
developing pollen was reported previously in an expression
profile analysis (Honys and Twell, 2004). Our observations
strongly suggest that BRP4 plays important roles in male
mitotic cell-cycle progression. Additionally, previous tran-
scriptome analysis of anther development stages 4-7 showed
that both BRP4 and TFIIBI are expressed at these stages, but
only BRP4 was obviously downregulated in the sporocyte-
less (spl) and excess male sporocytesl (emsl) mutants. BRP4
was designated previously as a reproductive preferential
gene, implying that BRP4 may be involved in EMS-mediated
anther development (Ma et al., 2012).

BRP4 affects male gametogenesis, possibly by
influencing the cell-cycle progression

In Arabidopsis, most of the identified factors involved in
male gametogenesis affect the cell division progression of
either microspore or generative cells. Our work demon-
strated that BRP4 participates in the regulation of cell-
cycle progression in both microspores and generative cells.
Surprisingly, the expression levels of genes known to be
involved in the mitotic cell-cycle progression of male game-
tophytes were comparable in the inflorescences of WT and
proBRP4:BRP4 RNAi plants, suggesting that the role of
BRP4 in regulation of mitotic cell-cycle progression is not
dependent on the expression of these genes. Consistent with
this, our further analysis indicated that ORC6 might be
downstream of BRP4, and that the knockdown of ORC6
expression in Arabidopsis phenocopied the mitotic defects
observed in BRP4 RNAi male gametophytes. This implied
that ORC6 acts downstream of BRP4, and, at least in part,
participates in BRP4-mediated male gametophyte develop-
ment. ORC6 encodes a subunit of the ORC, which is required
for the initiation of eukaryotic DNA replication, altera-
tions to chromatin structure, and transcriptional silencing
(Bell, 2002; Collinge et al., 2004). ORC6 expression peaks
at the G1/S phase (Diaz-Trivino et al., 2005). Consistently,
our DNA content analyses of generative-like cells in both
proBRP4:BRP4 RNAi and proBRP4:ORC6 RNAi plants
support the notion that DNA synthesis is impaired in these
cells. Therefore, it is likely that BRP4 participates in the
regulation of mitotic cell-cycle progression of male game-
tophytes, at least in part, through the ORC6-mediated cell-
cycle regulatory machinery.

Supplementary data

Supplementary data are available at JXB online.

Supplementary Fig. S1. Alignment and phylogenetic anal-
ysis of BRP4 and TFIIB-related proteins.

Supplementary Fig. S2. Expression pattern and subcellular
localization of BRP4.

Supplementary Fig. S3. Characterization of transgenic
proBRP4:BRP4 RNAi and proACT11:BRP4 RNAi plants.

Supplementary Fig. S4. Identification of genes down-
stream of BRP4.

Supplementary Fig. S5. Generation and characterization
of transgenic proBRP4:ORC6 RNAi plants.

Supplementary Table S1. The primers used for expression
analysis in this study.

Supplementary Table S2. The primers used for the genera-
tion of DNA constructs in this study.

Acknowledgements

We thank Dr Kezhen Yang and Dr Huaqin Gong for technical help with the
DAPI staining assay, and Mr Xuelei Lin for help with the phylogenetic analy-
sis. This work was supported by grants from the National Natural Science
Foundation of China (30800599 and 31121065) and the Ministry of Science
and Technology of China (2009CB941500).

References

Alexander MP. 1969. Differential staining of aborted and nonaborted
pollen. Stain Technology 44, 117-122.

Bell SP. 2002. The origin recognition complex: from simple origins to
complex functions. Genes & Development 16, 659-672.

Berger F, Twell D. 2011. Germline specification and function in plants.
Annual Reviews Plant Biology 62, 461-484.

Borg M, Brownfield L, Khatab H, Sidorova A, Lingaya M, Twell
D. 2011. The R2R3 MYB transcription factor DUO1 activates a male
germline-specific regulon essential for sperm cell differentiation in
Arabidopsis. Plant Cell 23, 534-549.

Borg M, Brownfield L, Twell D. 2009. Male gametophyte
development: a molecular perspective. Journal of Experimental Botany
60, 1465-1478.

Brownfield L, Hafidh S, Borg M, Sidorova A, Mori T, Twell D. 2009a.
A plant germline-specific integrator of sperm specification and cell cycle
progression. PLoS Genetics 5, e1000430.

Brownfield L, Hafidh S, Durbarry A, Khatab H, Sidorova A,
Doerner P, Twell D. 2009b. Arabidopsis DUO POLLENS is a key
regulator of male germline development and embryogenesis. Plant Cell
21, 1940-1956.

Cavel E, Pillot M, Pontier D, Lahmy S, Bies-Etheve N, Vega D,
Grimanelli D, Lagrange T. 2011. A plant-specific transcription factor
[IB-related protein, pBRP2, is involved in endosperm growth control. PLoS
One 6, 17216,

Chen YH, Li HJ, Shi DQ, Yuan L, Liu J, Sreenivasan R, Baskar R,
Grossniklaus U, Yang WC. 2007. The central cell plays a critical role in
pollen tube guidance in Arabidopsis. Plant Cell 19, 3563-3577.

Clough SJ, Bent AF. 1998. Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana. The Plant
Journal 16, 735-743.

Collinge MA, Spillane C, Kbéhler C, Gheyselinck J, Grossniklaus U.
2004. Genetic interaction of an origin recognition complex subunit and the
Polycomb group gene MEDEA during seed development. Plant Cell 16,
1035-1046.

Curtis MD, Grossniklaus U. 2003. A gateway cloning vector set for
high-throughput functional analysis of genes in planta. Plant Physiology
133, 462-469.

¥T0Z ‘92 A2 |\ uo SO ‘Auelog Jo ainiisu| e /Bio'sfeutnolpioyxogx(y:dny wouy papeojumoq


http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru140/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru140/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru140/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru140/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru140/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru140/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/eru140/-/DC1
http://jxb.oxfordjournals.org/

Diaz-Trivino S, del Mar Castellano M, de la Paz Sanchez M,
Ramirez-Parra E, Desvoyes B, Gutierrez C. 2005. The genes encoding
Arabidopsis ORC subunits are E2F targets and the two ORC1 genes are
differently expressed in proliferating and endoreplicating cells. Nucleic
Acids Research 33, 5404-5414.,

Durbarry A, Vizir |, Twell D. 2005. Male germ line development in
Arabidopsis. duo pollen mutants reveal gametophytic regulators of
generative cell cycle progression. Plant Physiology 137, 297-307.

Feng G, Qin Z, Yan J, Zhang X, Hu Y. 2011. Arabidopsis ORGAN SIZE
RELATED1 regulates organ growth and final organ size in orchestration
with ARGOS and ARL. New Phytologist 191, 635-646.

Friedman WE. 1999. Expression of the cell cycle in sperm of Arabidopsis:
implications for understanding patterns of gametogenesis and fertilization
in plants and other eukaryotes. Development 126, 1065-1075.

Guindon S, Gascuel O. 2003. A simple, fast, and accurate algorithm to
estimate large phylogenies by maximum likelihood. Systematic Biology 52,
696-704.

Gusti A, Baumberger N, Nowack M, Pusch S, Eisler H, Potuschak T,
De Veylder L, Schnittger A, Genschik P. 2009. The Arabidopsis thaliana
F-box protein FBL17 is essential for progression through the second
mitosis during pollen development. PLoS One 4, e4780.

Honys D, Twell D. 2004. Transcriptome analysis of haploid male
gametophyte development in Arabidopsis. Genome Biology 5, R85.

Hu Y, Xie Q, Chua NH. 2003. The Arabidopsis auxin-inducible gene
ARGOS controls lateral organ size. Plant Cell 15, 1951-1961.

Huang SR, An YQ, McDowell JM, McKinney EC, Meagher RB. 1997.
The Arabidopsis ACT11 actin gene is strongly expressed in tissues of the
emerging inflorescence, pollen, and developing ovules. Plant Molecular
Biology 33, 125-139.

Imamura S, Hanaoka M, Tanaka K. 2008. The plant-specific TFIIB-
related protein, pBrp, is a general transcription factor for RNA polymerase .
EMBO Journal 27, 2317-2327.

Iwakawa H, Shinmyo A, Sekine M. 2006. Arabidopsis CDKA; 1,
a cdc2 homologue, controls proliferation of generative cells in male
gametogenesis. The Plant Journal 45, 819-831.

Jing Y, Cui D, Bao F, Hu Z, Qin Z, Hu Y. 2009. Tryptophan deficiency
affects organ growth by retarding cell expansion in Arabidopsis. The Plant
Journal 57, 511-521.

Kim HJ, Oh SA, Brownfield L, Hong SH, Ryu H, Hwang |, Twell
D, Nam HG. 2008. Control of plant germline proliferation by SCF=-"
degradation of cell cycle inhibitors. Nature 455, 1134-1137.

Knutson BA. 2013. Emergence and expansion of TFIIB-like factors in the
plant kingdom. Gene 526, 30-38.

Kostrewa D, Zeller ME, Armache KJ, Seizl M, Leike K, Thomm M,
Cramer P. 2009. RNA polymerase lI-TFIIB structure and mechanism of
transcription initiation. Nature 462, 323-330.

Lagrange T, Hakimi MA, Pontier D, Courtois F, Alcaraz JP, Grunwald
D, Lam E, Lerbs-Mache S. 2003. Transcription factor IIB (TFIIB)-related
protein (pBrp), a plant-specific member of the TFIIB-related protein family.
Molecular and Cellular Biology 23, 3274-3286.

Liu J, Zhang Y, Qin G, et al., 2008. Targeted degradation of the
cyclin-dependent kinase inhibitor ICK4/KRP6 by RING-type ES ligases

is essential for mitotic cell cycle progression during Arabidopsis
gametogenesis. Plant Cell 20, 1538-1554.

LiuY, Cui S, Wu F, Yan S, Lin X, Du X, Chong K, Schilling S,
Theissen G, Meng Z. 2013. Functional conservation of MIKC*-type

BRP4 mediates male gametogenesis | 2531

MADS box genes in Arabidopsis and rice pollen maturation. Plant Cell 25,
1288-1303.

Liu YG, Mitsukawa N, Oosumi T, Whittier RF. 1995. Efficient isolation
and mapping of Arabidopsis thaliana T-DNA insert junctions by thermal
asymmetric interlaced PCR. The Plant Journal 8, 457-463.

Luo G, Gu H, Liu J, Qu LJ. 2012. Four closely-related RING-type E3
ligases, APD1-4, are involved in pollen mitosis Il regulation in Arabidopsis.
Journal of Integrative Plant Biology 54, 814-827.

Ma X, Feng B, Ma H. 2012. AMS-dependent and independent regulation
of anther transcriptome and comparison with those affected by other
Arabidopsis anther genes. BMC Plant Biology 12, 23.

McCormick S. 1993. Male gametophyte development. Plant Cell 5,
1265-1275.

Nicholas KB, Nicholas HBJ. 1997. GeneDoc: a tool for editing and
annotating multiple sequence alignments. EMBNEW.NEWS 4, 14.

Nikolov DB, Chen H, Halay ED, Usheva AA, Hisatake K, Lee DK,
Roeder RG, Burley SK. 1995. Crystal structure of a TFIIB-TBP-TATA-
element ternary complex. Nature 377, 119-128.

Niu QK, Liang Y, Zhou JJ, Dou XY, Gao SC, Chen LQ, Zhang XQ, Ye
D. 2013. Pollen-expressed transcription factor 2 encodes a novel plant-
specific TFIIB-related protein that is required for pollen germination and
embryogenesis in Arabidopsis. Molecular Plant 6, 1091-1108.

Park SK, Howden R, Twell D. 1998. The Arabidopsis thaliana
gametophytic mutation gemini pollen1 disrupts microspore
polarity, division asymmetry and pollen cell fate. Development 125,
3789-3799.

Pina C, Pinto F, Feijo JA, Becker JD. 2005. Gene family analysis of the
Arabidopsis pollen transcriptome reveals biological implications for cell
growth, division control, and gene expression regulation. Plant Physiology
138, 744-756.

Qin G, Gu H, Zhao Y, et al., 2005. An indole-3-acetic acid carboxyl
methyltransferase regulates Arabidopsis leaf development. Plant Cell 17,
2693-2704.

Roeder RG. 1996. The role of general initiation factors in transcription by
RNA polymerase Il. Trends in Biochemical Sciences 21, 327-335.

Rotman N, Durbarry A, Wardle A, Yang WC, Chaboud A, Faure JE,
Berger F, Twell D. 2005. A novel class of MYB factors controls sperm-cell
formation in plants. Current Biology 15, 244-248.

Sanders PM, Bui AQ, Weterings K, Mclintire KN, Hsu YC, Lee PY,
Truong MT, Beals TP, Goldberg RB. 1999. Anther developmental
defects in Arabidopsis thaliana male-sterile mutants. Sexual Plant
Reproduction 11, 297-322.

Tanaka I. 1997. Differentiation of generative and vegetative cells in
angiosperm pollen. Sexual Plant Reproduction 10, 1-7.

Twell D, Park SK, Lalanne E. 1998. Asymmetric division and cell-fate
determination in developing pollen. Trends in Plant Science 3, 305-310.

Weigel D, Ahn JH, Blazquez MA, et al., 2000. Activation tagging in
Arabidopsis. Plant Physiology 122, 1003-1013.

Zhou JJ, Liang Y, Niu QK, Chen LQ, Zhang XQ, Ye D. 2013. The
Arabidopsis general transcription factor TFIIB1 (AtTFIIB1) is required for
pollen tube growth and endosperm development. Journal of Experimental
Botany 64, 2205-2218.

Zuo J, Niu QW, Chua NH. 2000. An estrogen receptor-based
transactivator XVE mediates highly inducible gene expression in transgenic
plants. The Plant Journal 24, 265-273.

¥T0Z ‘92 A2 |\ uo SO ‘Auelog Jo ainiisu| e /Bio'sfeutnolpioyxogx(y:dny wouy papeojumoq


http://jxb.oxfordjournals.org/

