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Sperm cells are passive cargo of the pollen tube in
plant fertilization
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Sperm cells of seed plants have lost their motility and are trans-
ported by the vegetative pollen tube cell for fertilization, but
the extent to which they regulate their own transportation is
a long-standing debate. Here we show that Arabidopsis
lacking two bHLH transcription factors produces pollen
without sperm cells. This abnormal pollen mostly behaves
like the wild type and demonstrates that sperm cells are
dispensable for normal pollen tube development.

Seed plants have conquered almost every habitat on earth due to
the development of special characteristics that are adaptive to new
environments, for example, the formation of a vasculature, roots,
guard cells and, in particular, specialized reproductive systems to
protect gametes and to ensure fertilization success1. Male reproduc-
tive organs generate pollen grains, which produce pollen tubes, each
consisting of a vegetative cell that engulfs two immotile sperm cells2.
This structure is also known as the male germ unit3. Due to the
absence of a motility system, sperm cells of flowering plants rely
on directional growth of the pollen tube toward the egg apparatus,
which is deeply embedded in the maternal tissues of the ovary
and ovule, respectively1. Once the pollen tube tip recognizes the
egg apparatus, it ruptures to release the sperm cells for double ferti-
lization: one sperm cell fuses with the egg cell to initiate embryo
development and the other one fuses with the central cell to
develop into an endosperm1. The whole process of pollination
and fertilization in plants requires tightly controlled spatiotemporal
cell–cell communication events for robust pollen tube growth and
directional guidance1. It is assumed that the tube cell plays provoca-
tive roles in cell–cell communication4, but whether and to what
extent sperm cells also contribute to these events has been a long-
standing debate. Previous research in the model plant Arabidopsis
thaliana (Arabidopsis), for example, has shown that the vegetative
nucleus of the male germ unit precedes sperm cells during the
journey5, suggesting a passive feature of sperm cell transport.
However, in maize, sperm cell movement is highly dynamic and
changes positions during tube growth6, indicating a more active
role. Similarly, in the Arabidopsis wit12 and wip123 mutants,
sperm cells precede the vegetative nucleus and pollen tube percep-
tion appears defective7. To ultimately elucidate the extent to
which sperm cells contribute to the regulation of the pollen tube
journey, mutants that generate pollen tubes lacking sperm cells
are required. Here, we report the identification of such a novel
mutant and demonstrate a negligible role of the sperm cells in
pollen tube growth and male–female communication.

We studied three related basic helix-loop-helix (bHLH) tran-
scription factor genes in Arabidopsis, DEFECTIVE REGION OF
POLLEN 1 (DROP1, At2g24260), DROP2 (At4g30980) and

DROP3 (At5g58010) (Fig. 1a), which were previously reported to
function in root hair development and called LRL (Lj-RHL1-
LIKE), (ref. 8). RNA sequencing (RNA-seq) data9 shows that
DROP1 is mostly expressed in seeds and DROP2 in pollen grains
and tubes (Fig. 1a). Single knockout mutants for each gene exhibit
normal development (Supplementary Fig. 1a–j) and a typical
Mendelian segregation ratio (Supplementary Table 1). However,
we could not identify drop1−/− drop2−/− double mutants.
Reciprocal crosses showed that male transmission of either drop1
+/− drop2−/− or drop1−/− drop2+/− mutants was completely
blocked (Supplementary Table 1). The homozygous drop1−/−
drop2−/− mutations were only detected when either DROP1 or
DROP2 was transformed to complement the heterozygous plants
(Supplementary Fig. 2). Thus, DROP1 and DROP2 appear redun-
dantly essential for male transmission in Arabidopsis.

Developmental defects in drop1+/− drop2−/− mutants occur
mainly in pollen mitosis II (Supplementary Fig. 3a–d). Half of
mature pollen grains from drop1+/− drop2−/− and drop1−/−
drop2+/− heterozygous plants were unviable and aberrant in mor-
phology. Of these, approximately 40% contained one vegetative-
like nucleus lacking condensed sperm cells and approximately
60% did not contain any nucleus (Fig. 1b–e). We next crossed the
mutant quartet1 (qrt1) (ref. 10) with both heterozygous mutants
for tetrad analysis. In the wild type (WT), all four mature pollen
grains of qrt1 were tri-cellular (Supplementary Fig. 4), whereas in
either drop1+/− drop2−/− qrt1 or drop1−/− drop2+/− qrt1, two
(50%) of the four mature pollen grains were tri-cellular while the
other two showed abnormal shapes, either like a water-drop con-
taining one nucleus or collapsed lacking a nucleus (Fig. 1f–i).
Because 50% of pollen grains are expected to be drop1+ drop2−
or drop1− drop2+ and looking normal in these mutants, the abnor-
mal pollen grains must be homozygous drop1− drop2−.Notably, the
single-nucleated drop1− drop2− pollen showed aberrant mor-
phology: cell walls were deformed and accompanied by cytoplasmic
protrusions (Fig. 1c,j,k).

To clarify the identity of the vegetative-like nucleus in the mutant
pollen grains, we crossed drop1−/− drop2+/− with two double
marker lines, ProLAT52:GFP/ProHTR10:HTR10-RFP (ref. 11)
(Fig. 1l) and ProLAT52:H2B-GFP/ProDUO1:tdTomato (Fig. 1n),
which label the vegetative cell and its nucleus in green and the
sperm nuclei in red. In contrast to WT pollen (Fig. 1l,n), mono-
nucleated drop1− drop2− pollen expressed the vegetative cell
markers only (green in Fig. 1m,o). Another vegetative nucleus
marker, ProWIP1::WIP1-tdTomato (ref. 7), was also detectable in
both WT and drop1− drop2− pollen (Fig. 1p,q). These results
clearly demonstrate the identity of the single vegetative nucleus in

1State Key Laboratory for Protein and Plant Gene Research, Peking-Tsinghua Center for Life Sciences at College of Life Sciences, Peking University,
Beijing 100871, China. 2Cell Biology and Plant Biochemistry, Biochemie-Zentrum Regensburg, University of Regensburg, 93053 Regensburg, Germany.
3The National Plant Gene Research Center (Beijing), Beijing 100101, China. 4The Waksman Institute of Microbiology, Rutgers the State University of New
Jersey, Piscataway, New Jersey 08854, USA. †These authors contributed equally to this work. *e-mail: qulj@pku.edu.cn

BRIEF COMMUNICATION
PUBLISHED: XX XX 2017 | VOLUME: 3 | ARTICLE NUMBER: 17079

NATURE PLANTS 3, 17079 (2017) | DOI: 10.1038/nplants.2017.79 | www.nature.com/natureplants 1

Sperm cells are passive cargo of the pollen tube in
plant fertilization
Jun Zhang1†, Qingpei Huang1†, Sheng Zhong1†, Andrea Bleckmann2, Jiaying Huang1, Xinyang Guo1,
Qing Lin1, Hongya Gu1,3, Juan Dong4, Thomas Dresselhaus2 and Li-Jia Qu1,3*

Sperm cells of seed plants have lost their motility and are trans-
ported by the vegetative pollen tube cell for fertilization, but
the extent to which they regulate their own transportation is
a long-standing debate. Here we show that Arabidopsis
lacking two bHLH transcription factors produces pollen
without sperm cells. This abnormal pollen mostly behaves
like the wild type and demonstrates that sperm cells are
dispensable for normal pollen tube development.

Seed plants have conquered almost every habitat on earth due to
the development of special characteristics that are adaptive to new
environments, for example, the formation of a vasculature, roots,
guard cells and, in particular, specialized reproductive systems to
protect gametes and to ensure fertilization success1. Male reproduc-
tive organs generate pollen grains, which produce pollen tubes, each
consisting of a vegetative cell that engulfs two immotile sperm cells2.
This structure is also known as the male germ unit3. Due to the
absence of a motility system, sperm cells of flowering plants rely
on directional growth of the pollen tube toward the egg apparatus,
which is deeply embedded in the maternal tissues of the ovary
and ovule, respectively1. Once the pollen tube tip recognizes the
egg apparatus, it ruptures to release the sperm cells for double ferti-
lization: one sperm cell fuses with the egg cell to initiate embryo
development and the other one fuses with the central cell to
develop into an endosperm1. The whole process of pollination
and fertilization in plants requires tightly controlled spatiotemporal
cell–cell communication events for robust pollen tube growth and
directional guidance1. It is assumed that the tube cell plays provoca-
tive roles in cell–cell communication4, but whether and to what
extent sperm cells also contribute to these events has been a long-
standing debate. Previous research in the model plant Arabidopsis
thaliana (Arabidopsis), for example, has shown that the vegetative
nucleus of the male germ unit precedes sperm cells during the
journey5, suggesting a passive feature of sperm cell transport.
However, in maize, sperm cell movement is highly dynamic and
changes positions during tube growth6, indicating a more active
role. Similarly, in the Arabidopsis wit12 and wip123 mutants,
sperm cells precede the vegetative nucleus and pollen tube percep-
tion appears defective7. To ultimately elucidate the extent to
which sperm cells contribute to the regulation of the pollen tube
journey, mutants that generate pollen tubes lacking sperm cells
are required. Here, we report the identification of such a novel
mutant and demonstrate a negligible role of the sperm cells in
pollen tube growth and male–female communication.

We studied three related basic helix-loop-helix (bHLH) tran-
scription factor genes in Arabidopsis, DEFECTIVE REGION OF
POLLEN 1 (DROP1, At2g24260), DROP2 (At4g30980) and

DROP3 (At5g58010) (Fig. 1a), which were previously reported to
function in root hair development and called LRL (Lj-RHL1-
LIKE), (ref. 8). RNA sequencing (RNA-seq) data9 shows that
DROP1 is mostly expressed in seeds and DROP2 in pollen grains
and tubes (Fig. 1a). Single knockout mutants for each gene exhibit
normal development (Supplementary Fig. 1a–j) and a typical
Mendelian segregation ratio (Supplementary Table 1). However,
we could not identify drop1−/− drop2−/− double mutants.
Reciprocal crosses showed that male transmission of either drop1
+/− drop2−/− or drop1−/− drop2+/− mutants was completely
blocked (Supplementary Table 1). The homozygous drop1−/−
drop2−/− mutations were only detected when either DROP1 or
DROP2 was transformed to complement the heterozygous plants
(Supplementary Fig. 2). Thus, DROP1 and DROP2 appear redun-
dantly essential for male transmission in Arabidopsis.

Developmental defects in drop1+/− drop2−/− mutants occur
mainly in pollen mitosis II (Supplementary Fig. 3a–d). Half of
mature pollen grains from drop1+/− drop2−/− and drop1−/−
drop2+/− heterozygous plants were unviable and aberrant in mor-
phology. Of these, approximately 40% contained one vegetative-
like nucleus lacking condensed sperm cells and approximately
60% did not contain any nucleus (Fig. 1b–e). We next crossed the
mutant quartet1 (qrt1) (ref. 10) with both heterozygous mutants
for tetrad analysis. In the wild type (WT), all four mature pollen
grains of qrt1 were tri-cellular (Supplementary Fig. 4), whereas in
either drop1+/− drop2−/− qrt1 or drop1−/− drop2+/− qrt1, two
(50%) of the four mature pollen grains were tri-cellular while the
other two showed abnormal shapes, either like a water-drop con-
taining one nucleus or collapsed lacking a nucleus (Fig. 1f–i).
Because 50% of pollen grains are expected to be drop1+ drop2−
or drop1− drop2+ and looking normal in these mutants, the abnor-
mal pollen grains must be homozygous drop1− drop2−.Notably, the
single-nucleated drop1− drop2− pollen showed aberrant mor-
phology: cell walls were deformed and accompanied by cytoplasmic
protrusions (Fig. 1c,j,k).

To clarify the identity of the vegetative-like nucleus in the mutant
pollen grains, we crossed drop1−/− drop2+/− with two double
marker lines, ProLAT52:GFP/ProHTR10:HTR10-RFP (ref. 11)
(Fig. 1l) and ProLAT52:H2B-GFP/ProDUO1:tdTomato (Fig. 1n),
which label the vegetative cell and its nucleus in green and the
sperm nuclei in red. In contrast to WT pollen (Fig. 1l,n), mono-
nucleated drop1− drop2− pollen expressed the vegetative cell
markers only (green in Fig. 1m,o). Another vegetative nucleus
marker, ProWIP1::WIP1-tdTomato (ref. 7), was also detectable in
both WT and drop1− drop2− pollen (Fig. 1p,q). These results
clearly demonstrate the identity of the single vegetative nucleus in

1State Key Laboratory for Protein and Plant Gene Research, Peking-Tsinghua Center for Life Sciences at College of Life Sciences, Peking University,
Beijing 100871, China. 2Cell Biology and Plant Biochemistry, Biochemie-Zentrum Regensburg, University of Regensburg, 93053 Regensburg, Germany.
3The National Plant Gene Research Center (Beijing), Beijing 100101, China. 4The Waksman Institute of Microbiology, Rutgers the State University of New
Jersey, Piscataway, New Jersey 08854, USA. †These authors contributed equally to this work. *e-mail: qulj@pku.edu.cn

BRIEF COMMUNICATION
PUBLISHED: XX XX 2017 | VOLUME: 3 | ARTICLE NUMBER: 17079

NATURE PLANTS 3, 17079 (2017) | DOI: 10.1038/nplants.2017.79 | www.nature.com/natureplants 1

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

SUPPLEMENTARY INFORMATION
VOLUME: 3 | ARTICLE NUMBER: 17079

NATURE PLANTS | DOI: 10.1038/nplants.2017.79 | www.nature.com/natureplants � 1

http://dx.doi.org/10.1038/nplants.2017.79


Supplementary Fig 1 | drop1, drop2 and drop3 single mutants do not have defects in pollen 
development. a, Schematics to show gene structure and T-DNA insertion sites in DROP1, DROP2

and DROP3 genes. Black box, exons; black line, introns; black triangle, T-DNA insertion sites. 

The rp/fp primers were used to amplify the insertional alleles, whereas FP/RP primers were used 

to confirm reverse transcription. b, RT-PCR to evaluate the expression level of DROP genes in 

their respective mutants. mRNAs were extracted from opening flowers and RT-PCR was 

performed for 35 cycles. c-j, Histochemical staining to evaluate mature pollen activity and 

development in wild-type and drop mutants. c, e, g, i, Alexander’s staining for pollen viability. d, f, 

h, j, DAPI staining to visualize DNA. Scale bars, 20 μm (c, e, g, i); 10 μm (d, f, h and j).
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Supplementary Fig 2 | drop1-/- drop2-/- double mutants can be fully rescued by 
DROP1pro:DROP1-GFP and DROP2pro:DROP2-GFP. a, Schematics of complementation 
constructs. b, Genotyping PCR to show the presence of DROP1pro:DROP1-GFP or 
DROP2pro:DROP2-GFP constructs in complemented drop1-/- drop2-/- mutant plants. 
DROP1pro:DROP1-GFP or DROP2pro:DROP2-GFP were transformed into drop1+/- drop2+/-.
Multiple independent homozygous drop1-/- drop2-/- mutations were identified (bottom two panels) 
from T3 transgenic plants that were complemented by the GFP-fusion constructs. c, Alexander’s 
staining of pollen from rescued drop1-/- drop2-/- plants. d, DAPI staining of pollen grains from
the rescued drop1-/- drop2-/- plants. Scale bars, 20 μm (c, d).
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Supplementary Fig 3 | drop1- drop2- pollen start to exhibit nuclear division defects from 
the microspore stage. a-c, DAPI staining of drop1+/- drop2-/- pollen at the designated stages. 

Red arrow indicates abnormal pollen grains with faint nucleus-like signals, which would 

eventually disappear (b, c); blue arrow indicates the WT-looking pollen but contains only one 

nucleus. d, Schematic diagram and statistical analysis of developmental defects in drop1+/-

drop2-/- mutants. Scale bars, 10 μm (a-c).
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Supplementary Fig 4 | Mature pollen grains of the qrt1 mutant. This picture is merged 
from a bright-field and a DAPI-staining UV image. Blue arrows indicate tri-cellular pollen grains.

Scale bars, 10 μm.
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Supplementary Fig 5 | DAPI-staining of manually-picked drop1- drop2- pollen grains. a, b,
Manually-picked wild-type (a) and drop1- drop2- pollen grains (b). c, e, Bright field images of 

manually picked wild-type (c) and drop1- drop2- pollen grains (e). d, f, DAPI staining of (c) and 

(e), respectively. Scale bars, 5 μm.
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Supplementary Fig 6 | drop1- drop2- pollen show normal growth and guidance in vivo and 
in vitro. a-d, Aniline blue staining to show in vivo pollen tube growth of wild-type (a) and drop1-

drop2- mutant (d). Wild-type and drop1- drop2- pollen were deposited on emasculated wild-type 

pistils and after 12 hours, the pistiles were stained to visualize tube growth. White arrow indicates 

a pollen tube entering the micropyle (arrowhead). b, e, Bright field images show targeted growth 

of WT (b) and drop1- drop2- (e) pollen tubes towards detached ovules in semi-in vivo pollen tube 

guidance assays. c, f, DAPI staining of plant materials used in (b, e), respectively, reveals the 

identity of sperm cells in WT pollen tubes (red arrowheads in c), but not in the mutants (f). 

Asterisk indicates the micropyle; yellow arrowhead indicates the vegetative nucleus. Scale bars, 

20 μm (a-f).
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Supplementary Fig 7 | Genes involved in pollen tube growth and guidance are 
up-regulated in drop1- drop2- semi-in vivo pollen tubes. Relative expression levels of genes in 

the wild-type were detected by high-throughput RNA-sequencing using semi-in vivo pollen tubes.

Relative expression levels of genes in drop1- drop2- mutant were detected by single-cell 

RNA-sequencing in semi-in vivo pollen tubes. RPKM, Reads Per Kilobases per Millionreads.
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Supplementary Table 1∣Genetic analysis of drop mutants
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Supplementary Table 2 | List of primers. Names and sequences are listed in pairs as they 
have been used.

DROP1-CDS-F ATGATGAACTCTTCTCTTCTAACTC

DROP1-CDS-RSC TCACGCTTTCGAAACGGATA

DROP1-CDS-RNSC CGCTTTCGAAACGGATACGG

DROP2-CDS-F CACCATGAACTCCTCGTCTCTTCT

DROP2-CDS-R SC TCACGGCTTGGAAACGGAGGGA

DROP2-CDS-R NSC TCACGGCTTGGAAACGGAGGGA

DROP1-lp GAAGACGACCTCTCGGTCAC

DROP1-rp GGGGTAATTCTTTTACAGAG

DROP1-lp2 TGGCTTCGTTCAGAGAACAC

DROP2-lp TTGGTGCTCCGTCATCTTCG

DROP2-rp AACAGATGCAGAATTGCTAACAAGG

DROP2-lp2 CCAAAGTGTACGCAAATACG

DROP1-FP GGACAAACGCAAACGCAAAC

DROP1-RP GAAGACGACCTCTCGGTCAC

DROP2-FP AGTATCGCCGAACGGTTACG

DROP2-RP TTGGTGCTCCGTCATCTTCG

DROP3-FP ACCAGTTCCATCATCCTCAG

DROP3-RP GCATTGAGCCGTCCTCCTGC

DROP1-progene-BP-F
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAGTGAACAC

GCCAACACAAG

DROP1-progene-BP-R-NSC
GGGGACCACTTTGTACAAGAAAGCTGGGTCCGCTTTCGAA

ACGGATACGG

DROP2-progene-BP-F
GGGGACAAGTTTGTACAAAAAAGCAGGCTTCAGAACGCGG

CGGAGGAAGAA

DROP2-progene-BP-R-NSC
GGGGACCACTTTGTACAAGAAAGCTGGGTCCGGCTTGGAA

ACGGAGGGAG
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SUPPLEMENTARY METHODS

Total RNA isolation and RT-PCR. Total RNAs were extracted from inflorescence 
tissue of 10-days-bolting plants using Plant Total RNA Isolation Kit (GeneMark, 
Beijing). RNA reverse-transcription, cDNA synthesis and RT-PCR were conducted 
according to the protocols previously described1. The primers DROP1-FP/RP and 
DROP2-FP/RP were used to amplify the fragment spanning the T-DNA insertion site 
in drop1 and drop2 mutants, respectively.

Plasmid construction and plant transformation. To generate the 
DROP1pro:DROP1-GFP and DROP2pro:DROP2-GFP construct, native promoters
and full length genomic regions of DROP1 and DROP2 were amplified by primers 
DROP1-progene-BP-F / DROP1-progene-BP-R-NSC and DROP2-progene-BP-F /
DROP2-progene-BP-R-NSC, respectively (Supplementary Table 2), using total 
genomic DNA from Arabidopsis as template and then cloned into the pDONR221-D
(Invitrogen) vector to generate pDONR221-DROP1pro:DROP1 and 
pDONR221-DROP2pro:DROP2 by BP reaction. For complementation, 
pDONR221-DROP1pro:DROP1 and pDONR221-DROP2pro:DROP2 plasmids were 
cloned into a GATEWAY-compatible destination vector PK7FWG0, which was 
modified from PK7FWG2 (Department of Plant Systems Biology, VIB-Ghent 
University, Ghent, Belgium) through LR reaction (Invitrogen). Constructs were then 
transformed into Agrobacterium tumefaciens GV3101, using a freeze-thaw procedure. 
Arabidopsis transformation and transgenic plant screening were conducted as 
reported2.

DAPI staining. DAPI staining was performed as the protocol described previously1.
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