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Arabidopsis AtBECLIN 1/AtAtg6/AtVps30 is essential for pollen
germination and plant development
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Pollen germination on the surface of compatible stigmatic tissues is an essential step for plant fertilization. Here we
report that the Arabidopsis mutant bcll is male sterile as a result of the failure of pollen germination. We show that the bcl1
mutant allele cannot be transmitted by male gametophytes and no homozygous bc// mutants were obtained. Analysis of
pollen developmental stages indicates that the bc// mutation affects pollen germination but not pollen maturation. Molecu-
lar analysis demonstrates that the failure of pollen germination was caused by the disruption of AtBECLIN 1. AtBECLIN
1 is expressed predominantly in mature pollen and encodes a protein with significant homology to Beclin1/Atg6/Vps30
required for the processes of autophagy and vacuolar protein sorting (VPS) in yeast. We also show that 4tBECLIN 1 is
required for normal plant development, and that genes related to autophagy, VPS and the glycosylphosphatidylinositol

anchor system, were affected by the deficiency of AtBECLIN 1.
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Introduction

Eukaryotic cells have evolved two major sophisticated
intracellular constituent recycling mechanisms to maintain
homeostasis, i.e., the ubiquitin-mediated proteosome sys-
tem that commits degradation of specific, short-lived pro-
teins, and autophagy that takes care of the turnover of bulk
cytoplasmic contents including less-specific, long-lived
proteins and even organelles [1, 2]. In autophagy, cyto-
plasmic constituents are sequestered in double-membraned
vesicles (designated as autophagosomes) and delivered to
the vacuole/lysosome for degradation. Molecular genetic
analysis in yeast showed that the biosynthetic cytoplasm
to vacuole targeting (Cvt) pathway was topologically and
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morphologically similar to the degradative autophagy
pathway, and identified at least 27 autophagy-related (A7G)
genes involved in these two pathways [3-6].

The orthologs of most of these yeast Atg proteins have
been found in animals and plants, indicating that the au-
tophagic process is highly conserved in yeast and higher
multi-cellular organisms. It was reported that autophagy
plays essential roles in response to starvation stress.
For example, nutrient starvation induces a high level of
autophagy and mutations of some A7G genes affect the
differentiation process of sporulation under nutrient limita-
tion conditions in yeast. Autophagy was also shown to be
involved in normal development. Disruption of the Atg6
ortholog in nematodes arrests larval development at early
stages [7] and a loss-of-function mutation in Beclin 1/Atg6
is embryonic lethal in mice [8]. In addition, autophagy is
involved in human diseases including cancer, muscular dis-
orders and neurodegenerative diseases [8-10]. For instance,
decreased Beclin 1 expression results in high frequency of
breast, ovarian and prostate cancers [8, 11]. Until recently,
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however, very little was known about autophagy in plants.
In Arabidopsis, there are at least 36 ATG-like genes, some
of which have been characterized by genetic analysis [6].
Disruption of either AtAtg7, AtAtg9, AtAtg3, AtAtg4a/b,
AtAtgS5, AtAtgl8a or AtVTII 2 results in similar phenotypes,
such as increased chlorosis, premature leaf senescence and
hyposensitivity to limited nitrogen or carbon nutrition [12-
17]. This suggests that these 4TG-like genes are required
for normal senescence and nutrient recycling. Recently, it
was reported that NDBECLIN [ was essential for restriction
of the hypersensitive response (HR) and programmed cell
death (PCD) during disease resistance [6, 18, 19]. How-
ever, to date there is no evidence that A7G-like genes are
involved in pollen germination.

In higher plants, pollen, i.e., the male gametophyte, de-
velops in the anthers, and becomes mature pollen after the
microgametogenesis phase and two consecutive mitoses.
On a compatible stigma, the desiccated pollen hydrates
for germination; the pollen tube protrudes from the pollen
grain and rapidly grows through the style and enters into
the ovule to achieve double fertilization [20, 21]. Many
mutations that interfere with the production of pollen have
been obtained and described in many plant species. Most
of these mutants show a sporophytic requirement and
are nuclear recessive, and thus the mutant locus can be
transmitted by pollen or embyo sacs to form homozygous
progeny [22, 23]. By contrast, mutations of genes essential
for pollen function can only be transmitted by the embryo
sac, and thus can only be recovered as heterozygotes [24].
These mutations show non-Mendelian segregation and this
segregation distortion has been used successfully to identify
several pollen mutants, such as kinky, limpet pollen (now
named ingressus) and halfiman [25-29]. Assiduous screen-
ing based on morphology or staining characteristics of pol-
len has successfully isolated additional male gametophytic
mutants, such as sidecar pollen, gemini pollen, raring-to-go
(rtg), gum and mud [30-34]. In addition to mutant screens,
analysis of T-DNA insertion lines, RNA interference lines
or antisense lines corresponding to particular genes has
also been adopted to determine the function of the genes
expressed in pollen [35-37]. For instance, the Arabidopsis
gene NPG1 encoding a pollen-specific calmodulin-binding
protein was found to be essential for pollen germination
[38], whereas a plant Rho-like GTPase (Rop), a plasma
membrane Ca** pump ACA9 and the homolog of yeast
Vps52p are shown to play important roles in pollen tube
growth [39-41]. Mutations in ADL1C, encoding a dynamin-
like protein required for plasma membrane functions [42],
and in an apyrase gene, are shown to result in an inability of
the homozygous pollen to germinate [43]. Other examples
include the glycosylphosphatidylinositol (GPI) biosynthetic
pathway genes SETHI and SETH2 and an inositol poly-

phosphate kinase gene A¢t/PK2o that are all required for
pollen germination and tube growth [44, 45].

In this study, ~8 000 independent Arabidopsis trans-
formants from our T-DNA mutant collection [46] were
screened by determining the segregation of the seedling
DL-Phosphinothricin (PPT)-resistance phenotype con-
ferred by the T-DNA. Here we describe the isolation,
genetic transmission, and phenotypic characterization of
the hcll mutant. Phenotypic analysis showed that the bc/l
mutant appears to produce structurally and morphologically
normal pollen grains, but that bc/l pollen fails to germi-
nate. The pollen germination defects of bc/l are caused
by the disruption of the gene 4¢3g61710, which encodes
a protein homologous to Atg6/Vps30/Beclin 1 in yeast or
mammals. We also observed that AtBECLIN [-deficent
plants displayed retarded growth, dwarfism and early se-
nescence. These results suggest that AtBECLIN 1 plays an
essential role in both pollen germination and normal plant
development.

Materials and Methods

Plant material, growth conditions and mutant screening

The T-DNA insertion mutant collection was generated as de-
scribed previously [46]. The first selfing progeny of the T1 generation
were grown on the 2MS medium containing 10 pg/mL of PPT for
a week and segregation ratios for PPT-resistance were calculated to
identify mutants with a gametophyte defect.

Primers for identification of T-DNA mutants

The flanking sequence of the T-DNA insertion site was identified
by thermal asymmetric interlaced PCR (TAIL-PCR) [47]. The arbi-
trary degenerate primers and specific primers used in TAIL-PCR were
as described previously [46]. The primers P1 (5'-GAG CAG GAA
ACAACAACCAACT-3"), P2 (5'-GGC CTT GGA GAATTA GGA
TTG G-3"), LS4 (5'- TTG GTAATT ACT CTT TCT TTT CCT CC
-3")and LBb1 (5'-GCG TGG ACC GCT TGC TGC AAC T-3') were
designed for co-segregation analysis of bc/l and SALK 109281.

Plant crosses

For genetic transmission analysis, heterozygous bcll was re-
ciprocally crossed with wild-type. The seeds obtained were grown
on 2MS medium plus 10 pg/mL PPT for a week and the number
of PPT-resistant and PPT-sensitive seedlings were calculated for
transmission efficiency [27].

To generate the +/bcll grtl/qrtl double mutant, the flowers of
heterozygous bcl/l plants were emasculated before maturation and 2 d
later pollinated with gr¢/ pollen. F2 progeny were screened on /2MS
medium with 10 pg/mL of PPT and pollen from PPT-resistant plants
was examined under the microscope for the gr¢1 phenotype.

Constructs and transformation

The open reading frame (ORF) of ATBECLIN [ was amplified
from Arabidopsis pollen cDNA with primers BCL-1 (5'- ATG
AGG AAA GAG GAG ATT CCA G -3') and BCL-2 (5'- GAT TCA
GTC TAT CAC GAG TTT CTA AGT-3"), and BCL-1 and BCL-3
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(5-AGT TTT TTT ACA TGA AGG CTT ACT AGA GTC-3') were
used for amplifying the ATBECLIN I coding region without a stop
codon. The ATBECLIN I promoter was amplified from Arabidopsis
genomic DNA with primers BCP-1 (5'-CAT GTT CTG AGA CAA
TTC TCT AGC-3') and BCP-2 (5'-CTC CTC TTT CCT CAT CGC
TCT C-3"). GFP was amplified from pIRES-GFP (CLONTECH)
with primers GFP-1 (5'- ATG GTA GAT CTG ACT AGT AAA GG
-3") and GFP-2 (5'- AGC TGG TCA CCA ATT CAC ACG T -3").
The products were cloned into the EcoR 'V site of pBluescript SK+
(pBS) in both sense and anti-sense orientations. The pBS plasmid
carrying sense ATBECLIN 1 (pBCL1) was digested by Xba 1 and
Kpn 1 and cloned into the plant binary vector fragment pQG110
[48] to generate p35SPBCL. pBCPBCLGFP was constructed by
the ligation of pQG110/Hind 11I-Xba 1, pBS plasmids carrying the
antisense ATBECLIN 1 promoter/Hind I1I-Pst 1, pBS plasmids car-
rying sense ATBECLIN I without the stop codon/Pst 1-Sal 1 and
pBS plasmids carrying antisense GFP/Sal 1-Xba 1. The p35SPBCL
and pPBCPBCLGFP plasmids were transformed into +/bc// and TO
seeds were screened on the 2MS medium supplemented with PPT
and kanamycin.

For expression pattern analysis, a 782-bp promoter sequence of
ATBECLIN 1 was amplified with primers BCP-1 and BCP-3 (5'-
CGC TCT CCC AGT TTT TGT GG-3') and cloned into pBS/EcoR
V. The construct pPBCPGUS was obtained by ligating EcoR 1- Hind
I pCAMBIA1381Xa with EcoR I- Hind II1 pBS with a sense insert
of the ATBECLIN I promoter sequence. The pPBCPGUS was trans-
formed into wild-type Arabidopsis and TO seeds were screened on
the /2MS medium with hygromycin.

Phenotypic analysis by microscopy, cytochemistry and pollen
germination

The inflorescences from wild-type and +/bcll heterozygous
plants were collected and fixed in 4% (v/v) glutaraldehyde in 25
mM sodium phosphate buffer (pH6.8). After dehydration through a
concentration-increasing ethanol series, the samples were embedded
into Historesin (Leica, Wetzlar, Germany). Sectioning was performed
using a Leica microtome and the sections mounted on slides. Sections
of 5 um were stained with 0.25% (w/v) toluidine blue O (Sigma) and
observed under an Olympus BX51 microscope (Olympus, Tokyo,
Japan). Digital images were captured with a SPOT camera (Diag-
nostic Instruments, Inc., Sterling Heights, MI, USA) and processed
using Adobe Photoshop.

For scanning electron microscopy (SEM), mature flowers of +/
bcll grtl/grt] were fixed in pure methanol for 5 min and then washed
with 100% ethanol before being mounted and coated as described
[49]. SEM analysis was carried out using a Hitachi S-450 scanning
electron microscope (Hitachi, Japan).

For cytochemical analysis of pollen, solutions of 4,6-diamidino-2-
phenylindole (DAPI) and rhodamine 123 (Sigma) were prepared and
used as described previously [50], and Alexander stain was prepared
also as described previously [51]. Mature pollen were stained with
DAPI, Alexander stain or rhodamine 123 respectively, and observed
with epifluorescence or differential interference contrast (DIC) under
an Olympus BX51 microscope (Olympus, Tokyo, Japan). More than
3 000 pollen tetrads from at least ten different mutant lines were
examined. Pollen tubes in pistils were stained using aniline blue as
described previously [35].

In vitro pollen germination was assayed either in liquid medium
for pollen tetrads from +/bcll qrtl/grtl or grtl/qrt]l mutants or
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on solid medium. The germination medium was used as described
previously [52]. For statistical analysis of the germination ratios,
each assay was repeated at least three times, and pollen grains were
collected from more than 10 different plants each time. Pollen grains
were incubated at 25 °C and 100% humidity on solid medium for 10
h. Pollen tetrads were germinated in 10 pL liquid medium, dropped
on slides, and incubated at 25 °C and 100% humidity for 20 h.

Affymetrix microarray analysis

Wild-type and pBCPBCLGFP bcll/bcll plants were grown for
about 45 d under the same conditions as those described above.
30-40 homozygous bcll plants harboring pPBCPBCLGFP or wild-
type plants, without roots, were pooled and homogenized in liquid
nitrogen. Total RNA was isolated independently from three aliquots
of 100 mg tissue separated from homogenized tissues using TRIzol
reagent (Invitrogen). RNA was purified using RNeasy mini kits
(Qiagen). RNA from three independent purifications was pooled and
used for microarray hybridization with Arabidopsis whole genomic
microarrays (ATH1, Affymetrix) according to manufacturer’s in-
structions. Data images were analyzed using A ffymetrix Microarray
Suit (version 5.0) software. After invariant normalization, log2 ratio
analysis was carried out and genes showing a significant difference
(P<0.05) between wild-type and pBCPBCLGFP bcll/bcll plants
were selected. Biochemical pathways were analyzed using the
software KOBAS [53].

Real-time RT-PCR analysis

Roots, stems, leaves, flowers and siliques were collected from
about 45-day-old Arabidopsis (Col-0) plants. Mature pollen was col-
lected by washing the opening flowers with water, filtering through a
6-micron mesh, and centrifugation. After treatment with RNase-free
DNase (TaKaRa, Japan), 5 pg of total RNA was reverse-transcribed
in a reaction of 20 pL using Superscript 1l reverse transcriptase
(Invitrogen, Carlsbad, CA). The first strand cDNA was used as the
template for real-time PCR amplification. Specific primer pairs
used in real-time PCR were designed as shown in Supplementary
information Table S1. Real-time PCR amplification was performed
on a MJ Research thermocycler using the DyNAmo SYBR Green
qPCR kit (Finnzymes) [54]. The expression levels of different genes
were normalized to the constitutive expression level of UBQ11. Each
real-time PCR experiment with different primer pairs and/or different
templates was replicated three times. The relative gene expression

levels were calculated by the 2"**" method [55].

RESULTS

The bell mutant lacks functional pollen

We screened about 8 000 T2 lines from our T-DNA col-
lection [46] for mutants defective in gametophyte develop-
ment by analyzing the segregation of the T-DNA insertion
that confers DL-Phosphinothricin (PPT)-resistance. One
mutant line, later named bcll, exhibited a segregation
ratio of 1:1 (PPT-resistant:PPT-sensitive) for its progeny
(Table 1), suggesting that the T-DNA is inserted in a gene
essential for the formation of viable gametophytes. To de-
termine which gametophyte, male or female, was affected
in the mutant, reciprocal crosses between wild-type and

251



@ AtBECLIN 1 controls Arabidopsis pollen germination

252

Table 1 T-DNA transmission analysis of bc/l and SALK 109281

Line Resistant Sensitive Ratio Transmission efficiency (%)
bcll self-fertilized 1341 (PPTR®) 1368 (PPT) 0.980 (PPT® : PPT) /

bell () x wild-type (&) 329 (PPT®) 344 (PPT) 0.956 (PPT® : PPT) 95.6

wild-type () x bcll (3) 0 (PPTY) 225 (PPT) 0 (PPT® : PPT) 0

SALK 109281 self-fertilized 415 (Kan®) 422 (Kan®) 0.983 (Kan"® : Kan®) /
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the heterozygote mutant were conducted. As shown in
Table 1, 95.6% of the mutated allele was passed to the next
generation via the female gametes but none via the male
gametes, indicating that the gene disrupted by the T-DNA
insertion is specifically required for pollen development
or viability.

AtBECLIN 1 encodes a protein with homology to Beclin
1/Atg6/Vps30

To analyze the molecular nature of bcll, we identified
the flanking sequences of the T-DNA insertion site by
TAIL-PCR [47]. The T-DNA was inserted in the second
intron of the gene Ar3g61710 (Figure 1A) and Southern
blots indicated that there was only a single T-DNA insertion
in bcll (data not shown). To examine whether the T-DNA
insertion co-segregated with the phenotype, the genotype
of'the T3 progeny was analyzed with primers that amplify
an 837-bp fragment for the wild-type allele and a 600-bp
fragment for the T-DNA insertion allele (Figure 1A). All
of the T3 PPT-resistant plants tested were heterozygous
(Figure 1B). The T4 progeny of these heterozygous plants
were also found to display a 1:1 ratio (PPT-resistant:
PPT-sensitive). These results indicate that the bc// mutant
phenotype co-segregates with the T-DNA insertion in the
gene At3g61710. We obtained an additional allele of bcl1,
SALK 109281, that has a T-DNA insertion in the second
intron of 4¢t3g61710, 54-bp away from the insertion site
in bcll (Figure 1A). Like bcll, the selfing progeny of
SALK 109281 heterozygous plants exhibited a distorted
segregation ratio of approximately 1:1 (415:422) for kana-
mycin-resistance (Table 1), and no homozygous progeny
were obtained (data not shown). These results suggest that
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disruption of 43g61710 is correlated with a pollen-defec-
tive phenotype.

To further investigate whether the pollen-defective
phenotype is caused by the T-DNA insertion in 4¢3g61710,
we examined the expression level of 4¢3g61710 in wild-
type and heterozygous plants by real-time quantitative
PCR. This experiment showed that the transcription level
of At3g61710 was reduced by about half in heterozygous
plants (Figure 1C). We then transformed heterozygous
bcll plants with the coding region of At3g61710 driven
by either a CaMV 35S promoter (construct designated as
p35SPBCL) or the At3g61710 promoter (construct desig-
nated as pPBCPBCLGFP) (Figure 1D). We obtained viable
T2 transgenic plants in the homozygous bc/l background,
with both the p35SPBCL and pBCPBCLGFP constructs
(Figure 1D), in which the pollen-defective phenotype had
been rescued (Figure 1E) and seed fertility was normal
(Figure 1F). These results indicate that the T-DNA inser-
tion in At3g61710 is responsible for the pollen defects in
the bcll mutant.

At3g61710 encodes a protein that is 69% identical to
Nicotiana benthamiana NbBECLIN 1 [18], 31% identical
to a human tumor suppressor Hsbeclin 1 [11], and 26%
identical to a yeast autophagy-related protein Atg6/Vps30
[56,57]. At3g61710 has been reported to be able to comple-
ment the autophagy-defective phenotype in datg6/vps30
yeast [ 18], and therefore is the ortholog of yeast A1g6/Vps30
in Arabidopsis.

Pollen germination rather than early pollen development
was abolished in bcll
In order to reveal the cause of the pollen defect in bcll,

Figure 1 Identification of be/l and SALK 109281 mutants. (A) Schematic representation of T-DNA insertion sites in bc// and SALK
109281. Exons of AtBECLIN 1 are represented by blue boxes, introns by dark red boxes. The T-DNA insertion site in bc/] mutant
is indicated by a green “X” and that in SALK 109281 by a red diamond. The numbers 0, 803, 857 and 2 777 indicate the position of
the “A” of the “ATG” start codon, the T-DNA insertion sites in bc/l and SALK 109281, and the “G” of the “TAG” stop codon in the
BCL]I gene, respectively. The bar and NPTII genes are represented by the purple and green boxes with arrows. The arrow direction
indicates the transcriptional orientation of the genes. The red arrow tetrad represents the four 35S enhancers from pSKI015. The line
arrows represent the primers used in co-segregation analysis. LB, T-DNA left border; bar, Basta resistance gene; 4 enhancer, CaMV
35S enhancer tetrad; RB, T-DNA right border; NPTII, kanamycin resistance gene. (B) Cosegregation analysis of the T-DNA inser-
tion and the phenotype of distorted segregation of PPT resistance. P1 and P2 amplify an 837-bp fragment from wild-type while P1
and LS4 amplify a 600-bp fragment from the T-DNA insertion allele in the bc// mutant. Marker, A EcoR I/Hind III marker. (C) Real-time
quantitative PCR analysis of A#BECLIN I expression with the mature pollen cDNA from wild-type and +/bcll. (D) Complementa-
tion of bell phenotypes by transformation of A#BECLIN 1 cDNA driven by the CaMV 35S promoter or its own promoter. Upper part
shows the schematic representation of constructs used in the transformation experiments. LB, T-DNA left border; polyA, CaMV 35S
polyA; Kan®, kanamycin resistance gene NPTII; 35S-P, CaMV 35S promoter; BCLI-P, promoter of the AtBECLIN 1 gene; BCLI,
OREF of the AtBECLIN 1 gene without the stop codon; GFP, ORF of green fluorescent protein gene; Ter, NOS terminator; RB, T-
DNA right border. Lower part shows genotyping of transgenic plants using PCR with primers P1, P2 and LS4. Homozygous bcl/
lines could be obtained in the progeny of p35SPBCL and pBCPBCLGEFP transgenic plants. (E) Aniline blue staining indicates that
the pollen of homozygous bcll lines harboring p35SPBCL can germinate in vivo, suggesting that AtBECLIN 1 can complement the
pollen germination phenotype of bcll. (F) The setting of seeds was unaffected in p35SPBCL bcl1/bcll plants.
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Figure 2 Phenotypic analysis of pollen from the bc// T-DNA insertion mutant. (A) Sections of anthers at different developmental
stages from the bc/] heterozygous mutant. Stage 6, stage 7, stage 9 and stage 11 were shown (from left to right) [58]. (B) Sections
of anthers of different developmental stages from wild-type plants. The stages shown were the same as those in (A). The pollen
development of +/bcl1 plants, including meiosis of the microspore mother cell, tetrad formation, microspore release, and mitosis, is
not different from that of wild-type. (C) SEM analysis of a pollen tetrad from +/bcll grtl/qrtl plants. (D) DAPI staining of a pollen
tetrad from +/bcll qrel/qrtl plants. (E) Alexander’s staining of a pollen tetrad from +/bcl1 grti/qrtl plants. (F) RDM 123 staining of
a pollen tetrad from +/bcll grtl/qrtl plants. (G) and (H) /n vitro germination of pollen from wild-type, +/bcll, SALK 109281 and
pBCPBCLGFP bcll/bcll plants. (I) and (J) In vitro germination of pollen tetrads from grt1/qrt1 and +/bcll grtl/grtl plants. Tetrads
from the grtl/grt] mutant can generate one to four pollen tubes, whereas those from +/bcll grtl/grtl plants can only produce one
or two pollen tubes.
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we first examined pollen development through all stages
in +/bcll heterozygous plants. It appeared that pollen de-
velopment in +/bcl1, including meiosis of the microspore
mother cell, tetrad formation, microspore release, and
mitosis, was not affected (Figure 2A and 2B)[58]. These
results suggest that the microgametogenesis phase of pol-
len ontogeny is not affected in the bc// mutant. To further
confirm this conclusion, we crossed +/bcll heterozygous
plants with the grt//qrt] mutant, and obtained +/bcll
qrtl/qrtl plants for tetrad analysis. The grt1/qrt] mutant
will produce fully functional pollen grains in the form of
tetrads because the gene coding for a pectin methyles-
terase has been mutated and it has been used previously
for identifying mutants with pollen defects [59-61]. The
anthers of +/bcll grtl/qrtl plants should produce tetrads
with two wild-type ATBECLIN I and two mutated genes.
SEM analysis showed that all four pollen grains in the tet-
rads from +/bcll qrti/qrtl plants are similar in appearance
including the size and the shape (Figure 2C). In addition,
neither DAPI (4',6-diamidino-2-phenylindole ) (Figure
2D) nor Alexander (Figure 2E) staining reveals any differ-
ences [51], and staining with thodamine 123 showed no
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Figure 3 The expression pattern of AtBECLIN 1. (A) to (D) GUS
staining of plants transformed with a construct in which the GUS gene
is driven by the AtBECLIN I promoter. (E) Expression analysis of A¢-
BECLIN I in mature pollen and other organs by real time quantitative
PCR. AtBECLIN 1 is expressed predominantly in mature pollen.
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Figure 4 Characterization of an AtBECLIN [-deficient Arabidopsis
mutant. (A) 7-day-old wild-type and pBCPBCLGFP bcll/bcll
(AtBECLIN 1-deficient) plants. The AtBECLIN I-deficient plants
display shorter roots. (B) 50-day-old wild-type and AtBECLIN I-
deficient plants. The AtBECLIN I-deficient plants display earlier
leaf senescence, smaller leaves, dwarfism, and fewer flowers. (C)
30-day-old wild-type and AtBECLIN I-deficient plants. (D) Rosette
leaves from 30-day-old wild-type (upper) and AtBECLIN 1-deficient
plants (bottom). A/BECLIN I-deficient plants produced less leaves
and these leaves showed earlier senescence. (E) Expression of the
AtBECLIN 1 gene was determined using real-time quantitative PCR.
Expression of AtBECLIN I in pBCPBCLGFP bcll/bcll plants was
about three-fold lower than in wild-type. Bars=5 mm in (B) and 1 mm
in all other panels.

differences in the mitochondrial distribution and viability
(Figure 2F) [50]. These results clearly indicate that the
bcll mutation does not affect meiosis and other steps of
pollen development.

We then examined the germination ratio of mature pollen
from wild-type, +/bcll and SALK 109281 heterozygous
plants, and pBCPBCLGFP bcll/bcll plants in vitro. In
contrast to wild-type pollen for which the germination
rate ranged from 61% to 75%, only 33% to 37% of pollen
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Table 2 Expression analysis of membrane trafficking genes in wild-type and AtBECLIN I-deficient plants determined using microarray

AGI accession number

product

AtBECLIN I-deficient plants VS wild-type (fold)

Vacuolar protein sorting-related

AT4G20110 vacuolar sorting receptor 7.0
AT1G30900 vacuolar sorting receptor 5.3
AT3G52850 vacuolar sorting receptor 3.5
AT4G29380 AtVpsl5 3.5
AT2G17790 AtVps35 3.0
AT1G60490 AtVps34 2.3
AT2G05170 AtVpsll 2.3
AT5G39510 AtVTIL1 2.3
AT2G27600 AtVps4 2.1
AT2G38020 AtVpsl16 2.1
AT2G34940 vacuolar sorting receptor 2.1
AT3G51310 AtVps35 2.0
AT2G14720;AT2G14740 vacuolar sorting receptor 2.0
Exocytosis-related

AT3G09530 EXO070-H3 43
AT5G49380 EXO084b 2.6
AT1G71820 SEC6b 2.5
AT3G10380 SEC8 2.3
AT4G02350 SEC15b 2.3
AT1G47560;AT1G47550 SEC3a 2.1
AT1G76850 SEC5a 2.1
Autophagy-related

AT3G61960 AtAtgl 3.5
AT4G29380 AtVpsl5 35
AT5G61500 AtAtg3 2.8
AT5G06140 AtAtg20 2.8
AT2G15900 AtAtg20 2.3
AT1G60490 AtVps34 23
AT5G45900 AtAtg7 2.0
AT3G06420 AtAtg8h 2.0
AT2G37840 AtAtgl 2.0
AT3G61710 BCL1/AtAtg6/AtVps30 -3.2
AT5G05150 AtAtgl8 -7.5

grains from +/bcll and SALK 109281 heterozygous plants
germinated (Figure 2G and 2H). To further confirm this,
we examined the germination of the tetrads of the grt1/grtl
mutant and +/bcll qrti/qrt] double mutant in vitro. As
shown in Figure 2I and 2J, out of the hundreds of tetrads
we analyzed, we found that each tetrad from the grtl/qrtl
mutant could generate one to four pollen tubes, whereas
tetrads from +/bcll grti/qrtl plants could only produce one
or two pollen tubes, suggesting that pollen germination is

indeed affected in the bc// mutants.

ATBECLIN 1 is predominantly expressed in pollen

To examine the expression pattern of the AtBECLIN 1
gene, a 782-bp promoter fragment of AtBECLIN [ was am-
plified to drive the expression of B-glucuronidase (GUS),
and this construct was transformed into Arabidopsis. The
results showed that, although some activity was detected
in the germinating seeds and hypocotyls (Figure 3A and
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3B), strong GUS activity was detected in anthers and
mature pollen (Figure 3C and 3D). Real-time quantitative
RT-PCR analysis further confirmed that the expression
level of AtBECLIN 1 is highest in mature pollen among the
tissues examined (Figure 3E), suggesting that AtBECLIN
1 is expressed in mature pollen preferentially.

AtBECLIN 1 is essential for plant development

Although the heterozygous bcll and SALK 109281
mutants grew normally, some pBCPBCLGFP transgenic
plants in the bcli/bcll background, i.e., pBCPBCLGFP
bcll/bcll, displayed a range of phenotypic abnormalities
including short roots, early leaf senescence, small leaves,
dwarfism, fewer flowers and low fertility (Figure 4A-4D).
Real-time quantitative RT-PCR analysis revealed that the
expression level of AtBECLIN I was three-fold lower in
these pPBCPBCLGFP bcll/bcll lines compared to wild-type
(Figure 4E). These data indicate that, in addition to delay-
ing leaf senescence as seen for NbBECLIN [ in tobacco
[18], AtBECLIN I is also important for other development
processes such as leaf development and fertility (Figure
4A-4D).

Alteration of gene expression caused by the deficiency of
AtBECLIN 1

In order to investigate the molecular mechanism behind
the phenotype caused by loss of AzBECLIN [ function, we
performed microarray analysis on pBCPBCLGFP bcll/bcll
plants which displayed severe growth and developmental
defects including early leaf senescence and low fertility
(Figure 4) using the Arabidopsis whole genome Affyme-
trix microarray chip (see methods). Real-time RT-PCR
analysis showed that the expression of pathogenesis-related
genes such as PRI, EDSI, EDS5 and SENI was greatly
increased, confirming the fidelity of the microarray data
(Supplementary information, Table S2, Figure 5A, 5B and
SE) [18]. The microarray data showed that 2 184 genes
were up-regulated and 886 genes were down-regulated in
the pBCPBCLGFP bcll/bcll plants, based on a two-fold
threshold, compared to wild-type plants (Supplementary
information, Table S3 and S4).

Because AtBECLIN 1 is the ortholog of Atg6/Vps30
which is essential for autophagy and vacuolar protein
sorting (VPS), we first focused on analyzing those genes
involved in membrane trafficking. As shown in Table 2,
fourteen VPS-related genes including AtVps34 and AtVps15
(Figure 5C) and eight exocytosis-related genes including
SECS were up-regulated in the AtBECLIN I-deficient lines
compared to wild-type (Table 2, Figure 5D), suggesting
that membrane trafficking including VPS and exocytosis is
affected. Taking into consideration the fact that disruption
of'a VPS-related gene Vps52 [41] or an exocytosis-related
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Figure 5 Real time quantitative PCR confirmation of gene expression
changes identified by microarray analysis between wild-type and
pBCPBCLGFP bcll/bcll plants. (A) and (B) Selected pathogenesis-
related genes were found to be up-regulated in homozygous bc/l
lines harboring pBCPBCLGFP. (C) and (D) Expression of AtVps34,
AtVps15 and some ATG-like genes is up-regulated in pBCPBCLGFP
bcll/bcll plants. (E) Expression of SEN/ is up-regulated in pPBCPB-
CLGFP bcll/bcll plants. This result is consistent with the early leaf
senescence phenotype in AtBECLIN I-deficient plants. (F) SETH1
and GPI anchor protein genes are down-regulated in pBCPBCLGFP
bcll/bcll plants.

gene SECS [62] leads to pollen germination and pollen
tube growth defects, the altered expression levels of VPS
and/or exocytosis-related genes might contribute to the
pollen germination defect in bc// mutant. Interestingly, all
but one of the eleven autophagy-related genes were also
found to be up-regulated when AtBECLIN 1 expression
was low (Table 2). Genes involved in phosphatidylinosi-
tol (PI) metabolism and signaling were also significantly
disturbed in pBCPBCLGFP bcll/bcll plants. As shown
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Table 3 Differential expression of phosphatidylinositol metabolism and signaling genes in wild-type and AtBECLIN I-deficient plants de-

termined using microarray and KOBAS analysis

AGI accession number

Gene annotation

AtBECLIN I-deficient plants VS wild-type

(fold)

AT4G17660 protein kinase 18.4
AT3G56600 phosphatidylinositol 3- and 4-kinase family protein 8.6
AT5G64000 inositol polyphosphate 1-phosphatase 7
AT5G57630 CBL-interacting protein kinase 21 6.5
AT1G76040 calcium-dependent protein kinase 6.1
AT1G44130 nucellin protein 53
AT1G74740 calcium-dependent protein kinase 4
AT4G28860 casein kinase 4
AT5G09290 inositol polyphosphate 1-phosphatase 3.7
AT4G09570 calcium-dependent protein kinase 3.5
AT4G29380 protein kinase family protein 3.5
AT3G47480 calcium-binding EF hand family protein 32
AT5G12480 calmodulin-domain protein kinase isoform 7 (CPK7) 32
AT5G62550 expressed protein 32
AT1G48260 CBL-interacting protein kinase 17 (CIPK17) 3
AT1G78290 serine/threonine protein kinase 3
AT3G51330 aspartyl protease family protein 3
AT1G26270 phosphatidylinositol 3- and 4-kinase family protein 2.8
AT4G38690 1-phosphatidylinositolphosphodiesterase-related 2.8
AT5G19010 mitogen-activated protein kinase (MPK16) 2.8
AT5G25910 disease resistance family protein 2.6
AT1G30270 CBL-interacting protein kinase 23 (CIPK23) 2.5
AT1G35670 calcium-dependent protein kinase 2 (CDPK2) 2.5
AT3G09920 phosphatidylinositol-4-phosphate 5-kinase family protein 2.5
AT3G17510 CBL-interacting protein kinase 1 (CIPK1) 2.5
AT3G19420 expressed protein 2.5
AT4G32250 protein kinase family protein 2.5
AT5G03320 protein kinase 2.5
AT5G26920 similar to calmodulin-binding protein 2.5
AT1G05840 aspartyl protease family protein 23
AT1G14370 protein kinase (APK2a) 23
AT1G34260 phosphatidylinositol-4-phosphate 5-kinase family protein 23
AT1G50700 calcium-dependent protein kinase 23
AT1G60490 phosphatidylinositol 3-kinase (PI3K) 2.3
AT2G17290 calcium-dependent protein kinase isoform 6 (CPK6) 2.3
AT2G32850 protein kinase family protein 23
AT2G41100 calmodulin-related protein 3(TCH3) 23
AT3G13670 protein kinase family protein 23
AT4G21940 calcium-dependent protein kinase 2.3
AT4G33240 phosphatidylinositol-4-phosphate 5-kinase family protein 23
AT4G35600 protein kinase family protein 23
AT5G19450 calcium-dependent protein kinase 19 (CDPK19) 2.3
AT5G57580 calmodulin-binding protein 23
AT5G63650 serine/threonine protein kinase 23
AT1G06390 shaggy-related protein kinase (ASK9) 2.1
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Table 3 Differential expression of phosphatidylinositol metabolism and signaling genes in wild-type and A4¢tBECLIN I-deficient plants de-
termined using microarray and KOBAS analysis (continuous)

AGI accession number Gene annotation AtBECLIN I-deficient plants VS wild-type

(fold)
AT1G64460 phosphatidylinositol 3- and 4-kinase family protein 2.1
AT1G64470 ubiquitin family protein 2.1
AT1G71010 phosphatidylinositol-4-phosphate 5-kinase family protein 2.1
AT1G73800 calmodulin-binding protein 2.1
AT1G73805 calmodulin-binding protein 2.1
AT2G17220 protein kinase 2.1
AT2G26980 CBL-interacting protein kinase 3 (CIPK3) 2.1
AT3G14270 phosphatidylinositol-4-phosphate 5-kinase family protein 2.1
AT4G24400 CBL-interacting protein kinase 8 (CIPKS) 2.1
AT4G35310 calcium-dependent protein kinase 2.1
AT5G25930 protein kinase family protein 2.1
AT1G03930 protein kinase (ADK1) 2
AT1G04440 casein kinase 2
AT1G10900 phosphatidylinositol-4-phosphate 5-kinase family protein 2
AT2G02800 protein kinase (APK2b) 2
AT2G19470 casein kinase 2
AT2G46500 phosphatidylinositol 3- and 4-kinase family protein 2
AT3G51850 calcium-dependent protein kinase 2
AT3G53030 protein kinase family protein 2
AT5G25440 protein kinase family protein 2
AT5G35980 protein kinase family protein 2

in Table 3, sixty-six of these genes were up-regulated. We
further examined the expression of genes related to the
glycosylphosphatidylinositol (GPI) anchor system, which
was previously reported to be essential for pollen germina-
tion [44]. SETH1, one of the genes encoding a GPI anchor
biosynthetic enzyme, was found to be down-regulated
(Table 4, Figure 5F). Furthermore, out of the 47 GPI an-
chor protein (GAP) genes expressed in mature pollen [44],
sixteen including AtAGP22, FLA12, GPDL and COBLS
were down-regulated whereas five genes were up-regulated
(Table 4, Figure 5F). Taken together, these results suggest
that, in addition to autophagy and VPS-related genes being
affected by bcll, the alteration in both PI metabolism and
signaling and the GPI anchor system may also contribute
to the failure of pollen germination and abnormal plant
development in bc// mutants.

Discussion

Autophagy is an important intracellular process that
recycles the cytoplasmic constituents including organelles
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either for growth under hostile conditions or for normal
development [2, 3, 9]. Although well demonstrated in
yeasts and animals, knowledge about autophagy in plants is
limited [3]. In this paper, we have identified an Arabidopsis
insertion mutant in which the AtBECLIN 1/AtAtg6 gene, the
ortholog of the yeast autophagic gene 47g6, was mutated.
The failure of bcll pollen to germinate and the retarded
growth of AtBECLIN [-deficient mutants suggested that
this gene is essential for pollen germination and normal
plant development.

In yeast, Atg6 plays important roles in recruiting au-
tophagic proteins including Atg18, Atg20, Atg24 and Atg27
to the pre-autophagosome structure (PAS) [4]. Loss of
function of the BECLIN 1/Atg6 ortholog results in embryo
lethality in mice and nematodes [8, 63]. BECLIN 1/Atg6
orthologs are also required for normal dauer morphogenesis
and life-span extension in nematodes [7]. Liu et a/. (2005)
reported that NbBECLIN [-silenced tobacco, generated
using the VIGS method, exhibits leaf senescence and HR
PCD outside the infection site during TMV inoculation. In
this paper, we demonstrated that AtBECLIN 1 is essential
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Table 4 Differential expression of SETHI and GAP genes expressed in mature pollen in wild-type and AtBECLIN 1-deficient plants deter-

mined using microarray analysis

AGI accession number Gene annotation

AtBECLIN [-deficient plants
VS wild-type (fold)

AT2G34980 SETH1 -1.9
AT5G53250 arabinogalactan-protein (AGP22) -5.7
AT4G28280 similar to GPI-anchored protein -4.3
AT5G58050 glycerophosphoryl diester phosphodiesterase family protein -4.3
AT3G16860 phytochelatin synthetase-related -4.0
AT5G60490 fasciclin-like arabinogalactan-protein (FLA12) -3.3
AT5G49270 phytochelatin synthetase-related protein -23
AT1G48940 plastocyanin-like domain-containing protein -2.1
AT1G55330 arabinogalactan-protein (AGP21) -2.0
AT3G58100 glycosyl hydrolase family protein 17 -2.0
AT4G08670 protease inhibitor/seed storage/lipid transfer protein (LTP) family protein -1.9
AT4G16140 proline-rich family protein -1.7
AT3G20865 arabinogalactan-protein (AGP) -1.7
AT1G24520 anther-specific protein agpl -1.6
AT3G61980 serine protease inhibitor -1.6
AT5G14380 hydroxyproline-rich glycoprotein family protein -1.5
AT2G46330 arabinogalactan-protein (AGP16) -1.5
AT1G65240 aspartyl protease family protein 1.7
AT1G56320 expressed protein 1.7
AT5G64790 glycosyl hydrolase family 17 protein 2.0
AT5G20230 plastocyanin-like domain-containing protein 2.1
AT1G05840 aspartyl protease family protein 23

for pollen germination (Figure 2G and 2H). This is a new
finding compared to other reports about the functions of
ATG-like genes in Arabidopsis. T-DNA insertion in the
AtAtg7, AtAtg9, VTII2 and AtAtg5 genes led in all cases
to accelerated leaf senescence under nutrient-limiting con-
ditions, but pollen germination was not affected [12-14,
17]. The double mutant atg4a4b-1 and the RNAi-silenced
AtATG18a Arabidopsis plants displayed similar phenotypes
[15,16]. NbBECLIN I-silenced tobacco plants also exhibit
earlier leaf senescence [18]. None of these mutants were
found to have pollen defects, except that atarg9-1 mutant
plants had reduced seed productivity under nitrogen-defi-
cient conditions [13]. These results imply that autophagy
may not contribute to the pollen germination defects in
+/bcll plants. In yeast, Atg6, together with Vps34 and
Vpsl5, forms two PI 3-kinase complexes with either Atg14
or Vps38 and these two complexes play important roles in
autophagy or VPS, respectively [64-69]. It was previously
reported that VPS and exocytosis were involved in pollen
germination and tube growth [41, 62]. Our microarray

data showed that many VPS- and exocytosis-related genes
were up-regulated in 4tBECLIN [-deficient plants (Table
2). Therefore, the pollen germination defect in bcll could
possibly be attributed to the changes in VPS and exocytosis
caused by loss-of-function in AtBECLIN 1/AtAtg6 and/or
the corresponding PI 3-kinase complex.

Several ATG genes have been identified in plants in
recent years, but the molecular mechanisms underpinning
the phenotypes of loss of function mutants of these ATG
genes have not been elucidated [12-17]. In this paper we
intend to draw a map of transcriptional changes resulting
from the deficiency of AtBECLIN I through Affimetrix chip
analysis. The results showed that the expression of almost
three thousand genes was altered. Dozens of pathogenesis-
related genes were strongly up-regulated and this result is
consistent with the fact that NbBECLIN 1 affects tobacco
disease responses. However, it is unknown how AtBECLIN
1 regulates so many genes. Maybe some pathways such as
the altered phosphatidylinositol metabolism and signaling
pathway play an important role in the regulation process
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and result in pleiotropic phenotypes in the AtBECLIN 1-
deficient plants. The previous studies showed that P1(4,5)P,
could conjugate with Rac GTPase in plant cells [70, 71].
The plant Rho-like GTPase (Rop) and Rac-like GTPase
were reported to be important for pollen tube growth and
pollen germination [38, 39, 71-74]. Phosphoinositides such
as PI(4,5)P,, InsP;, and inositol 1,3,4,5-tetrakisphosphate
were also reported to be vital for pollen germination and
pollen tube growth. Loss-of-function for either an inositol
polyphosphate kinase gene At{/PK2a in Arabidopsis or
PLCI in Petunia inflate would result in defect in pollen
germination or pollen tube growth, respectively [44, 45].
In our microarray data, AtBECLIN [-deficiency resulted in
up-regulation of many genes encoding proteins involved in
PI metabolism and signaling, e.g. PI 3-kinase, PI 4-kinase,
PI-phosphate 5-kinase and PLC (Table 3), and down-regu-
lation of two Rac-like GTP-binding protein genes RAC2
(AT5G45970) and RAC7 (AT4G28950) (Supplemental
Table 4). These results suggest that many Pl-related
pathways have been affected by AtBECLIN [ deficiency,
which may all result in pollen germination defect. Some
genes related to cellular trafficking were also affected in
pBCPBCLGFP bcll/bell plants. During pollen germination
and pollen tube growth, cellular trafficking is critical for
cell wall deposition and cell shape remodeling [75-77]. For
example, inactivation of some syntaxins, which function in
endomembrane transport vesicle fusion, resulted in inviable
pollen [78]. Vacuole biogenesis, VPS, and exocytosis are
also reported to be essential for pollen germination and tube
growth [41, 62, 79]. It is thus possible that the alteration of
the cellular trafficking system may contribute to the failure
of pollen germination in hc// mutants.

The expression of AtBECLIN 1 is ubiquitous in roots,
stems, leaves, flowers and siliques in addition to pollen and
is already detectable in germinating seeds. This expression
pattern implies that AtBECLIN I may play other important
roles. The +/bcll mutant caused pollen malfunction, and
thus the complete knock-out bc// homozygous mutant was
not obtainable. The heterozygous bc/l mutant is similar to
wild-type at all stages of development and growth. Thus
though we have identified a function for AtBECLIN 1 in
pollen development, we can not reveal any other functions
through the analysis of heterozygous bc// mutant plants.
Fortunately, we found pBCPBCLGFP, bcli/bcll plants had
a lower level of expression of AtBECLIN [ than heterozy-
gous bcl/l mutants and displayed a pleiotropic phenotype
including retarded growth rate, short roots, small leaves,
carly leaf senescence, dwarfism and low fertility under
normal growth conditions. These results indicate that un-
like other identified ATG genes, AtBENCLIN1/AtAtg6 plays
more essential roles in both sporophytes and gametophytes
of plants. This is consistent with previous studies showing
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that the AtBENCLINI ortholog is essential for the normal
development of mice and nematodes [8, 63].
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