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Antisense Expression of the Peptide Transport Gene AtPTR2-B
Delays Flowering and Arrests Seed Development in Transgenic
Arabidopsis Plants’

Wei Song, Serry Koh, Mihaly Czako, Laszlo Marton, Eliana Drenkard, Jeffrey M. Becker, and Gary Stacey*

Center for Legume Research (W.S., 5.K., G.S.), Department of Microbiology (W.S., S.X., J.M.B., G.S.), and
Ecology and Evolutionary Biology (G.S.), The University of Tennessee, Knoxville, Tennessee 37996-0845;
Department of Biological Sciences, The University of South Carolina, Columbia, South Carolina 29208 (M.C.,
L.M.); and Department of Genetics, Harvard Medical School, and Department of Molecular Biology,
Massachusetts General Hospital, Boston, Massachusetts 02114 (E.D.)

Previously, we identified a peptide transport gene, AtPTR2-8,
from Arabidopsis thaliana that was constitutively expressed in all
plant organs, suggesting an important physioloegical role in plant
growth and development. To evaluate the function of this trans-
porter, transgenic Arabidopsis plants were constructed expressing
antisense or sense AtPTR2-B. Genomic Southern analysis indicated
that four independent antisense and three independent sense
AtPTR2-B transgenic lines were obtained, which was confirmed by
analysis of the segregation of the kanamycin resistance gene carried
on the T-DNA. RNA blot data showed that the endogenous
AtPTR2-B mRNA levels were significantly reduced in transgenic
leaves and flowers, but not in transgenic roots. Consistent with this
reduction in endogenous AtPTR2-B mRNA levels, all four antisense
lines and one sense line exhibited significant phenotypic changes,
including late flowering and arrested seed development. These phe-
notypic changes could be explained by a defect in nitrogen nutrition
due to the reduced peptide transport activity conferred by
AtPTR2-B. These results suggest that AtPTR2-B may play a general
role in plant nutrition. The AtPTR2-B gene was mapped to chromo-
some 2, which is closely linked to the restriction fragment length
polymorphism marker m246.

Peptide transport systems mediate the uptake of small
peptides in an energy-dependent manner (Payne and
Smith, 1994). These transport systems have been exten-
sively studied in prokaryotes, fungi, and animals (Becker
and Naider, 1980, 1995; Ganapathy and Leibach, 1991;
Payne and Smith, 1994). In bacteria peptide transport has
been found to be mainly involved in utilizing peptides as
sources of nitrogen and carbon. A few reports have shown
that the peptide transport system is also involved in other
cellular processes, such as cell wall recycling (Goodell and
Higgins, 1987), chemotaxis (Manson et al, 1986), and
sporulation (Mathiopoulos et al., 1991; Perego et al., 1991).
In animals peptide transport has been shown to mediate
the absorption of small peptides in the small intestine
(Matthews, 1991), suggesting a vital role in protein nutri-
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tion. In addition, some peptide analogs, such as p-lactam
antibiotics and bestatin, have been found to be transported
by this transport system (Brandsch et al., 1994), implying
clinical applications of the intestinal peptide transport
system.

There is no clear picture of the physiological significance
of peptide transport in planta. It has been reported that
isolated scutella from germinating barley (Hordeum vulgare)
seeds have the ability to transport small peptides that are
released from endosperm into the embryo, and are subse-
quently hydrolyzed to amino acids for growth (Sopanen et
al., 1977; Higgins and Payne, 1978; Salmenkallio and So-
panen, 1989). Also, the isolation of plant peptide-con-
jugated hormones (Andreae et al,, 1955; Winter and Thi-
mann, 1966) implies the possible involvement of a peptide
transport system in the regulation of plant hormone activ-
ity (Higgins and Payne, 1982). Peptide transport systems
may be involved in the movement of such hormone-
peptide conjugates within the plant. In addition, several
phytotoxins produced by plant pathogens are modified
peptides (Willis et al,, 1991). It is possible that peptide
transport systems could transport small peptide phytotox-
ins such as the dipeptide tabtoxin, produced by Pseudomo-
nas syringae pv tabaci (Gross, 1991), or the tripeptide
phaseolotoxin, produced by Pseudomonas phaseolicola
(Mitchell, 1976; Mitchell and Bieleski, 1977). Recently, we
have isolated two unique peptide transport genes from
Arabidopsis thaliana. However, only one of these genes,
AtPTR2-B, accumulates mRNA to a significant level. Our
results indicate that AtPTR2-B is highly expressed in sil-
iques, flowers, roots, leaves, stems, and germinating seeds
(Song et al., 1996), suggesting an important role in plant
growth and development.

To study the in vivo role of the peptide transport gene
AtPTR2-B in plants, we created transgenic Arabidopsis
plants expressing antisense or sense constructs of AtPTR2-B
under the control of the cauliflower mosaic virus 355 RNA

Abbreviations: BA6, BAS, BA21, and BA27, independent trans-
genic Arabidopsis thaliana lines expressing AfPTR2B in an antisense
orientation; BS1, BS2, and BS9, independent transgenic A. thaliana
lines expressing AtPTR2B in a sense orientation; cM, centimorgan.
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promoter. A number of transgenic plants with reduced
AtPTR2-B mRNA accumulation were identified. Consis-
tently, these transgenic plants exhibited delayed flowering
and an arrest of seed development.

MATERIALS AND METHODS

Construction of Binary Ti Plasmids Containing
Antisense or Sense cDNAs

The plasmids containing the truncated AtPTR2-B gene
were constructed starting with a pBluescript SK-2B con-
taining the complete cDNA clone of AfPTR2-B (Song et al.,
1996). To clone AtPTR2-B into the Xbal site of the plant
expression vector pGA941 (with the 355 RNA promoter
sequence and kanamyecin resistance gene nptll [An et al,,
1988; Czako and An, 1991]), AtPTR2-B was subcloned se-
quentially into pUC19 and pBluescript SK. The Sacl-Xbal
fragment of AtPTR2-B from pBluescript SK-2B, which has a
100-bp deletion of the coding region and lacks 230 bp from
the 3’ noncoding region of the AtPTR2-B ¢cDNA, was in-
serted between the Sacl and Xbal restriction sites of pUC19.
The EcoRI and Sall fragment containing AtPTR2-B was then
excised from pUC19 and cloned into pBluescript SK. The
Xbal fragment containing AtPTR2-B was liberated and in-
serted into the Xbal site of pGA941. The sense and anti-
sense orientation of AtPTR2-B in pGA941 was determined
by restriction enzyme digestion analysis. The sense gene
construct was designated pGA-2BS and the antisense gene
construct was designated pGA-2BA.

Transformation of Agrobacterium tumefaciens

The pGA941 plasmids containing the antisense or sense
AtPTR2-B construct were transformed into Escherichia coli
MC1000 (Casadaban and Cohen, 1980; this strain gives a
higher efficiency of transformation than other strains test-
ed), and transformants were selected on Luria broth me-
dium containing kanamycin (10 ug/mlL) and tetracycline
(3 ng/mL) (Czako and An, 1991). The plasmids were then
isolated and transformed into A. tumefaciens strain EHA105
(Hood et al.,, 1993) by electroporation (Sambrook et al.,
1989). Transformants were selected on YEP medium (for 1
L, 10 g of Bacto-peptone, 10 g of Bacto-yeast extract, 5 g of
NaCl, and 15 g of agar, pH 7.0) containing tetracycline (3
pg/mL), kanamycin (10 ug/mL), and rifampicin (25 pg/
mL). The plasmids were isolated from the A. tumefaciens
transformants by the alkaline lysis method (Sambrook et
al., 1989) and then digested with Xbal, BamHI, or EcoRI to
confirm that no changes occurred in the plasmid DNA.

Plant Transformation and Analysis of Transgenic Plants

Transformation of Arabidopsis thaliana was performed by
root-explant transformation as previously described (Mar-
ton and Browse, 1991). The regenerated plants from A.
tumefaciens-treated roots were selected on kanamycin-
containing medium (75 pg/mL). Transgenic plants were
transferred to soil and grown in a Percival plant growth
chamber (MFG Co., Boone, 1A) (21-24°C, 16 h of light and
8 h of dark). Genomic DNA was isolated by the cetyltrim-
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ethylammonium bromide method (Rogers, 1985) and di-
gested with BamHI for detection of the transgenic sense
AtPTR2-B or with EcoRI for detection of the transgenic
antisense AtPTR2-B. Genomic Southern analysis was done
as described in Sambrook et al. (1989). A >2P-labeled
AtPTRZ-B-specific DNA probe (Notl fragment from pBlue-
script SK-2B) was obtained using a random hexamer-
primed labeling kit (Promega). For northern analysis, total
RNA was extracted from leaves, roots, and flowers using
the TRIzol Reagent kit, (GIBCO-BRL). To measure the
mRNA level of the host gene AtPTR2-B in plants, a 330-bp
Sacl/ Notl fragment (from pBluescript SK-2B) derived from
the 3’end of AtPTR2-B was radiolabeled as a probe. The
transgenic AtPTR2-B gene lacks this sequence. As a control
for RNA loading, membranes were hybridized with a 285
rRNA-encoding ¢cDNA probe (Takaiwa et al., 1984). The
amount of the endogenous AtPTR2-B mRNA in the sam-
ples was determined by densitometry analysis of the auto-
radiograms using a computing densitometer (model 325 E,
ImageQuant, Molecular Dynamics, Sunnyvale, CA; quan-
titation by volume integration). The intensity of a mRNA
signal was expressed as a percentage of the wild-type
signal occupied among all signals compared. In every case,
signals were corrected for RNA loading based on hybrid-
ization with a 285 rDNA probe.

Seed Germination and Segregation of
Kanamycin Resistance

Seeds were sown to a density of 50 to 100 seeds per plate
on G-H medium (Marton and Browse, 1991; for 1L, 3.1 g of
Gamborg's By salts, 3 mL of 6% [w/v] KH,PO,, 30 g of Suc,
and 10 g of agar, pH 5.6-5.8). Parafilm-sealed plates were
placed at room temperature in the dark for 2 d before
transferring to the growth chamber, with a photoperiod of
16 h of light and 8 h of dark. Plates lacking kanamycin
selection were used to measure germination frequency.
Seedlings were individually transferred aseptically to
plates containing 75 wg/mL kanamycin, sealed, and placed
back in the light. After 10 d plates were scored for kana-
mycin sensitivity, as characterized by chlorosis and death.

Microscopic Analysis

For scanning electron microscopy, green siliques were
dissected under the stereomicroscope and fixed in 3% glu-
taraldehyde in 0.025 M sodium phosphate buffer (pH 7.0) at
4°C for 12 to 16 h. The samples were then rinsed in the
same buffer briefly and postfixed in 1% OsO, in 0.05 M
sodium cacodylate buffer (pH 7.0) at 4°C for 12 to 24 h.
After rinsing with 0.025 M sodium phosphate buffer (pH
7.0), the samples were dehydrated in a graded ethanol
series (25-100%) at 4°C. The treated siliques were critical-
point-dried using liquid CO, and mounted on scanning
electron microscopy stubs. The mounted specimens were
coated with gold:palladium (60%/40%) and observed with
a scanning electron microscope (Autoscan, ETEC, Hay-
ward, CA) at 20 kV. Photographs were taken using type 55
Polaroid film.
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To observe embryo development at different stages, ste-
reomicroscopic analysis was performed. Seeds were re-
moved from siliques at the different stages of development,
dissected and examined using a stereomicroscope with the
magnifications of 10X to 15X.

Phenotypic Analysis of Transgenic Plants

The average weight per seed was determined by weigh-
ing 5 samples of 100 seeds each, and the average seed
number per silique was measured by counting the seed
number of 30 siliques. The length of siliques was deter-
mined by measuring 30 siliques for each transgenic line.

Seed development in siliques was analyzed by dissecting
the siliques and examining the seeds under a dissecting
stereomicroscope (10X).

Chromosome Number

The chromosome number was determined by aceto-
orcein staining of flattened root tips (Berlyn and Miksche,
1976). Briefly, young (2-3 weeks old) seedlings grown on
G-H medium were incubated in 0.15% colchicine for 3 h at
22°C. Plants were fixed in an ethanol:glacial acetic acid (3:1,
v/v) solution for 1 h at 22°C. Fixation was repeated over-
night at 4°C, and these samples were gradually rehydrated
from 50% ethanol to water. Samples were transferred into
a 45% aceto-orcein, 1 N HCl solution for 5 to 10 min and
placed onto a new glass slide in a drop of dilute 45%
aceto-orcein stain. Root tips were removed and flattened as
previously described (Berlyn and Miksche, 1976). The chro-
mosome preparation was analyzed by a phase-contrast
microscope (1000X, Zeiss) and photographed using T-MAX
400 film (Kodak).

Mapping

Genomic DNA was isolated from A. thaliana ecotypes
Landsberg erecta and Columbia and digested separately
with the restriction enzyme BamHI, Bcll, Hpal, or Xbal. The
digested genomic DNA was then subjected to electrophore-
sis and blotted to a neutral nylon membrane (Sigma).
Southern blots were hybridized with a **P-labeled AtPTR2-
B-specific cDNA probe to detect a polymorphism between
the two ecotypes. Polymorphisms were detected for Hpal,
Bell, and Xbal restriction enzymes, and Xbal was selected
for the mapping.

AtPTR2-B was mapped using 98 recombinant inbred lines
generated from the cross between the Columbia (Col-0) and
Landsberg erecta ecotypes (Lister and Dean, 1993). The
AtPTR2-B-specific ¢cDNA probe was prepared using a
random-priming kit. Blots with Xbal-digested DNA from the
98 recombinant inbred lines were prepared as described
previously (Ausubel et al., 1995). The filters (GeneScreen
Plus, DuPont-New England Nuclear) were hybridized and
washed according to the manufacturer’s recommendations,
exposed to phosphor imager screens (Molecular Dynamics)
and developed. The segregation of the marker in the recom-
binant inbred lines was followed as previously described by
Lister and Dean (1993).

RESULTS
Detection of Transgenic Antisense and Sense DNA

To determine whether the genomic DNA of the putative
transformants contained the transgene DNA, genomic
Southern-blot hybridization was carried out using a
AtPTR2-B-specific probe. Because the wild-type genomic
DNA generated a single band when digested with EcoRI or
BamHI, the transgene AtPTR2-B was distinguished from
the endogenous AtPTR2-B due to the different sizes of their
genomic DNA fragments (Fig. 1). Screening 10 antisense
and sense transformants, respectively, generated four in-
dependent antisense lines, namely BA6, BA8, BA21, and
BA27, and three independent sense lines, BS1, BS2 and BS9.
BAS8, BA21, and BS1 contained one copy of AtPTR2-B-
containing T-DNA, whereas BA6, BA27, BS2, and BS9 con-
tained two copies of T-DNA (Fig. 1). The copy number of
T-DNA was further confirmed by the segregation analysis
of kanamycin resistance conferred by the nptll gene carried
within T-DNA (data not shown).

Decreased Levels of AtPTR2-B mRNA because of Antisense
Gene Inhibition

The effect of AtPTR2-B antisense gene expression upon
the steady-state levels of the endogenous AtPTR2-B mRNA
was analyzed. Total RNA was extracted from the leaves,
roots, and flowers of transgenic plants. The RNA was
probed with a 330-bp Sacl/Notl fragment of AtPTR2-B. This
fragment is absent from the transgene and will only detect
the endogenous mRNA. As shown in Figure 2, AtPTR2-B
mRNA levels were significantly reduced in leaves (Fig. 2A).
Similar results (30-80% reduction) were found for mRNA
extracted from flowers of the transformed lines containing
the antisense construct (data not shown). The reduced

A Eg 8 98 a
172}
Fad &R 3 kb
57
53
endogenous 48
AtPTR2-B 36
B
kb
endogenous &
AtPTR2-B 3.7
5.0
4.6
4.0

Figure 1. Southern analysis of antisense and sense AtPTR2-B plant
DNAs hybridized with a AtPTR2-B-specific probe. A, The genomic
Southern blot of sense plants digested with BamH!. Lane 1, Wild type
(WT); lane 2, BS1; lanes 3, 4, and 5, BS2; lane 6, BS9. B, The
genomic Southern blot of antisense plants digested with EcoRI. Lane
1, Wild type (WT); lane 2, BA6; lanes 3 and 4, BA8; lane 5, BA21;
lane 6, BA27.
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Figure 2. Northern analysis of endogenous AtPTR2-B mRNA in
leaves (A) and roots (B) from antisense and sense Arabidopsis plants.
Twenty micrograms of total RNA from the wild-type and transgenic
plants was separated on formaldehyde/agarose gels, blotted onto
nitrocellulose membranes, and probed with a *?P-labeled 330 bp of
AtPTR2-B cDNA. Approximate transcript size is given to the right.
The membrane was reprobed with a 285 rRNA-encoding DNA probe
to ensure equal loading in each well. The intensity of the signals was
measured using a densitometer, and the data were normalized to
compare the difference in signal intensity among the samples. Lane
1, Wild type (WT); lane 2, BA6; lane 3, BA8; lane 4, BA21; lane 5,
BA27; lane 6, wild type (WT); lane 7, BS1; lane 8, BS2; lane 9, BS9.

mRNA levels varied among these transgenic lines, with
BA21 showing the most significant reduction in AtPTR2-B
mRNA (60-80%). Surprisingly, AtPTR2-B mRNA levels
were not significantly reduced (approximately 10%) in ex-
tracts of the root tissue (Fig. 2B).

Endogenous AtPTR2-B mRNA Levels Vary among Plants
Transformed with the Sense Construct

The RNA gel-blot data, as shown in Figure 2, indicate
that the endogenous AtPTR2-B mRNA in leaves was re-
duced approximately 40% in line BS2, as compared with
the wild type. This reduction (30-40%) was also found in
the AtPTR2-B mRNA levels from flowers (data not shown).
In contrast, lines BS1 and BS9 showed wild-type levels of
endogenous AtPTR2-B mRNA. We propose that reduction
of AtPTR2-B expression in line BS2 is due to co-suppression
(Dougherty and Parks, 1995). As shown below, consistent

Plant Physiol. Vol. 114, 1997

with this idea, the phenotypes of the BS2 line resemble that
of the antisense transgenic plants.

Reduced Levels of AtPTR2-B mRNA Correlate with
Delayed Flowering

One of the earliest phenotypic changes observed among
the transgenic lines was late flowering (Fig. 3). Control
wild-type plants and those transformed with the pGA941
vector alone started flowering after approximately 3 weeks
of vegetative growth. In contrast, flowering of the antisense
lines and the sense line BS2 was delayed for 7 to 15 d. The
sense lines BS1 and BS9 flowered at the same time as the
controls. Moreover, prior to initiating flowering, the late-
flowering plants produced rosette leaves 3-fold larger than
those of the controls (Table I), although the number of the
rosette leaves was the same. After transition to flowering,
the late-flowering lines generated bigger inflorescence stems
and flowers, as well as more cauline leaves (data not
shown). However, the flower structure of the late-flowering
plants was similar to that of the controls.

Altmann et al. (1994) reported that a significant propor-
tion (13-38%) of transgenic Arabidopsis plants obtained by

Figure 3. The late-flowering phenotype of AtPTR2-B transgenics. A,
Left side shows the wild-type plant, whereas the right side shows the
antisense BA8 line. B, The wild-type plant is the left plant on the
bottom row, the vector control plant is the left plant on the top row,
whereas the remaining plants represent individual antisense
AtPTR2-B lines (middle top, BA8; middle bottom, BA6; right top,
BA21; and right bottom, BA27).
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Table I. Leaf analysis of AtPTR2-B transgenics: T, plants

Line? Mean Leaf Weight®
mg
Wild type 45.2 + 6.5¢
pGA941¢ 359 * 14.8
AtPTR2-B antisense
BA6 141.4 * 21.6
BAS 106.3 £ 20.7
BA21 123.7 £ 22.2
BA27 106.3 £ 16.5
AtPTR2-B sense
BS1 41272
BS2 135.2 + 20.5
BS9 42,5+ 8.5

2 T, transgenic plants were obtained from T, seeds germinated on
kanamycin-containing medium and then transferred to the soil.
Therefore, all T, transgenic plants analyzed were homozygous or
heterozygous and resistant to kanamycin. b Mean leaf weight of
the AtPTR2-B transgenic lines BA6, BA8, BA21, BA27 and BS2 is
significantly different from the mean leaf weight of wild-type and
pGA941 vector controls (t = 19.016, df = 18, and P < 0.001), as
well as different from the transgenic lines BS1 and BS9 (t = 0.336,
df =.18, and 0.1 < P < 0.999). A two-sample Student’s t test was
used to test for the significant differences between sample means
(Steel and Torrie, 1980). €sp was derived from the average of
10 leaves taken from at least two independent plants for each line.
4 pGA941 vector control.

A. tumefaciens infection of root explants were tetraploid or
aneuploid. The tetraploid transgenic plants obtained
showed late flowering and larger leaves. Because these
phenotypes were also found with our AtPTR2B transgenic
plants, we sought to confirm the diploid (2n = 10; Heslop-
Harrison and Maluszyuska, 1994) chromosome number of
our A. tumefaciens-mediated transgenic plants. This analy-
sis consistently showed 10 * 3 chromosomes in flattened
roots from the wild type and each of the transgenic plant
lines (data not shown). We conclude that the phenotypes
observed in the AtPTR2B plants are not due to tetraploidy
but are the result of transgene expression.

Arrested Seed Development Correlates with Decreased
AtPTR2-B mRNA Levels

As described above, peptide transport has been sug-
gested to play an important nutritional role in supplying
nitrogen to the plant embryo (Higgins and Payne, 1973).
Our previous results indicate that AtPTR2-B mRNA is
highly expressed in young siliques (Song et al., 1996),
suggesting its role in seed development. Therefore, reduc-
tion of AtPTR2-B mRNA levels might affect seed matura-
tion. To test this hypothesis, the reproductive organs (flow-
ers and siliques) of the control and transgenic plants were
examined. The transgenic flowers did not show any visible
differences from those of the control, except for their
slightly bigger size (data not shown). Table II shows that
the transgenic lines produced siliques the same length as
the controls, indicating that the reduction in AtPTR2-B

Table 1l. Morphometric analysis of siliques and seeds of AtPTR2-B transgenics: T, plants

s Mean Silique Mean Seed No. Seed N(.)'. per Mean Weight
Line Length P per Silique® cm of Silique per Seed®
Length?
cm »E
Wild type 1.2+0.2f 40 + gf 33 14.4 + 0.98
pGA941 1.2 £0.2 45+ 8 38 15.3 0.7
AtPTR2-B antisense
BA®& 1.2 +0.1 225 18 35.6 £ 0.6
BAS8 1.2 x0.2 167 13 36.2 £0.7
BA21 1.2 0.2 216 18 37.4*0.6
BA27 1.2 = 0.1 17 %7 14 340+ 0.8
AtPTR2-B sense
BS1 1.2+0.2 349 29 15.2 0.8
BS2 1.2x0.2 22*7 18 27.6 £ 0.6
BS9 1.2x0.2 37*+7 31 14.6 = 0.6

2 Seeds resulting from self-pollination of T, plants.

b Mean silique length of AtPTR2-B transgenic

lines is not significantly different from the mean silique length of wild-type and pGA941 vector controls
(t=0, df=58,and 0.5 < P < 0.999). A two-sample Student’s t test was used to test for the significant

differences between sample means (Steel and Torrie, 1980).

¢ Mean seed number per silique of

AtPTR2-B antisense transgenic lines and BS2 is significantly different from the mean seed number of
wild-type and pGA941 vector controls (t = 8.884, df = 58, and P < 0.001), as well as different from

transgenic lines BS1 and BS9 (t = 1.546, df = 58, and 0.5 < P < 0.999).

4 Mean seed number per

silique length of AtPTR2-B antisense transgenic lines and BS2 is significantly lower than the mean seed
number per silique of wild-type and pGA941 vector controls, as well as different from transgenic lines

BS1 and BS9.

© Mean seed weight per seed of AtPTR2-B antisense transgenic lines and BS2 is

significantly different from the mean seed weight per seed of wild-type and pGA941 vector controls (t =
27.848, df = 8, and P < 0.001), as well as different from the transgenic lines BS1 and BS9 (t = 0.844,

df =8, and 0.5 < P < 0.999).
five samples of 100 seeds each line.

5D was derived from average of 30 siliques.

8 sD is average of
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mRNA did not appear to affect silique formation and
growth. However, the seed number per silique was signif-
icantly decreased in the antisense plants and the sense
plant BS2 when compared with that of the controls, imply-
ing that reduced AtPTR2-B mRNA expression affects seed
development. In contrast, the sense plants BS1 and BS9,
expressing normal levels of AtPTR2-B mRNA, produced a
similar number of seeds per silique as the controls. The
seed weight per seed was significantly greater in the anti-
sense and BS2 lines when compared with the controls or
the BS1 and BS9Y lines. This suggests a similar import of
nutrients into the transgenic and control siliques, which is
then utilized in the antisense transgenic lines to produce
fewer seeds.

The fact that the siliques formed by the transgenics and
the controls were of the same length, but that fewer seeds
were produced in the transgenics, suggests that silique
elongation and seed development are independent events
with regard to AtPTR2-B expression. To further address the
role of AtPTR2-B in seed development, young and mature
siliques were dissected and examined by stereomicroscopy
and scanning electron microscopy. As shown in Figure 44,
the transgenic mature siliques contained healthy and
aborted seeds, which were easily distinguished from each
other by the differences in seed shape and size; the aborted
seeds (shrinkage likely due to dehydration) were signifi-
cantly smaller than the healthy seeds (Fig. 4B), and the
early-developed seeds, such as heart-stage embryo-
containing seeds in young siliques, did not show a signif-

Figure 4. Scanning electron micrographs of siliques. A, Siliques
formed on the wild-type (top) and BA21 transgenic line (bottom). The
magnification is 13X (bar = 0.77 mm). B, Wild-type seeds (left) and
aborted seeds (right) formed by the transgenic line BA21. The mag-
nification is 125X (bar = 0.08 mm).

Plant Physiol. Vol. 114, 1997

icant difference in seed size and shape (data not shown).
Table III summarizes the number of the healthy and
aborted seeds per silique. Siliques on the control plants
contained an average of 45 healthy seeds and 2 aborted
seeds, but at least one-half of the seeds were aborted in
siliques of the antisense lines and line BS2 (20 aborted
seeds on average per silique).

Mapping of AtPTR2-B

A Xbal polymorphism between Landsberg erecta and Co-
lumbia was used to map the AtPTR2-B gene, using the
collection of recombinant inbred lines generated by Lister
and Dean (1993). AtPTR2-B maps to chromosome 2 at 10.5
cM close to the RFLP marker m246 at 14.1 cM (Fig. 5; data
are accessible at http:/ /nasc.nott.ac.uk/new_ri_map.html).

DISCUSSION

In the past decades peptides and peptide-like com-
pounds and their corresponding transport systems have
received little attention in plants. However, several lines of
evidence have demonstrated that peptide transport not
only exists in plants, but may participate in central physi-
ological processes such as nutrition. The finding of signif-
icant amounts of peptides and their putative transport
among different organs, such as long distance transport via
the phloem and xylem, suggest that there are peptide trans-
porters present in the plasma membrane of these cells
(Higgins and Payne, 1982). Moreover, plant cells presum-
ably have different peptide transport systems to corre-
spond to various peptides and their identified analogs,
such as peptide-hormone conjugates (Klambt, 1960; Thur-
mann and Street, 1962; Bewley et al., 1986), phytotoxins
(e.g. tabtoxin and phaseolotoxin; Walton, 1990; Willis et al.,
1991), and the dialanine-based herbicide, bialaphos (Damm
et al., 1993). Consistent with this idea, it was found that
phaseolotoxin can be transported via the oligopeptide
permease system in E. coli and Salmonella typhimurium
(Staskawicz and Panopoulos, 1980).

Peptide transport so far has been characterized only in
barley grains and broad bean leaf tissues. In barley seeds
this process occurs in the scutellum tissue, which is respon-
sible for the transport of peptides resulting from the hydro-
lysis of seed proteins in endosperm to the embryo (Sopanen
et al., 1977; Higgins and Payne, 1978). Jamai et al. (1994)
reported that a peptide transporter also exists in mature
leaves from broad bean and that it may be responsible for
the exchange of nitrogenous compounds. Our recent isola-
tion of two unique Arabidopsis peptide transport genes,
AtPTR2-A (Steiner et al., 1994) and AtPTR2-B (Song et al.,
1996), provides direct evidence for the presence of peptide
transporters in plants. Differences in kinetic characteristics
and expression patterns further suggest that these two pep-
tide transporters play different physiological roles in planta.
The high level of expression of AtPTR2-B in all Arabidopsis
organs implies that AtPTR2-B has a central role in plant
growth and development.

To assess the in vivo role of AtPTR2-B, Arabidopsis
plants were transformed with an antisense or sense con-
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Table lll. Seed maturation in siliques of T, AtPTR2-B transgenics

Line? Healthy Seed No. Aborted Seed No. Ratio
per Silique per Silique (Healthy:Aborted)

wild type 45 + 6P 2+ 2 22.5:1
pGA941 49 £ 2 3+2 16.3:1
AtPTR2-B antisense

BA6 25+ 4 23 x4 11

BA8 132 35+5 1:2.6

BA21 14+ 4 398 1:2.9

BA27 21 22 18 =5 . 1.2:1
AtPTR2-B sense

BS1 38*6 3+3 12.5:1

BS2 21 =5 279 1:1.2

BS9 34 £ 2 2+2 19.1:1

2 Siligues were generated from T, self-fertilized plants.

from three independent plants each line.

b sp was derived from 10 siliques taken

struct of the AtPTR2-B ¢DNA under the control of the
cauliflower mosaic virus 355 RNA promoter. In several
transformant lines reduced amounts of AtPTR2-B mRNA
were found. The reduction in AtPTR2-B expression corre-
lated with marked effects on seed development and time of
flowering.

As suggested previously, peptide transport may play a
nutritional role in seed development (Higgins and Payne,
1982). Thus, we examined seeds collected from wild-type
and transgenic plants at different stages of development
under the stereomicroscope. The wild-type plant produced
normal and healthy seeds, whereas some of the seeds
formed by the antisense and BS2 transgenic plants were
arrested in development. In the latter case, no differences
in seed shape and color were observed in the transgenic
siliques before or at the heart stage of embryo develop-
ment. However, after the heart or torpedo stage, arrested
seed development was observed in the transgenic siliques.
At this point, some seeds contained green and intact em-
bryos that were easily distinguished from other parts of the
seed, whereas the aborted seeds appeared white and

Chromosome Map
2 Position
—+- atpTR2-8 10.5
—H— m246 14.1
—H- g4532 22.4
—~ m216 35.9
il GpPA1 48.4
—T g4514 80.0
U

Figure 5. Map position of AtPTR2-B. The map position of the
AtPTR2-B gene was determined using 98 recombinant inbred lines,
as described in “Materials and Methods.”

empty. After entering the mature cotyledon stage of devel-
opment, these two types of seeds could be easily separated
from each other. The normal seeds appeared as healthy as
those in the wild-type siliques, whereas the aborted seeds
were much smaller. These observations suggest that the
arrest in seed development occurred after the heart or
torpedo stage of embryo development and are consistent
with the speculation that the peptide transporter may be
involved in the import of nitrogen into the embryo, which
occurs mainly during the maturation stage of seed devel-
opment (Bewley and Black, 1986). The reduction in the
level of the AtPTR2-B transporter as a result of antisense
expression might affect the import of nitrogenous nutrients
into seeds, thus arresting normal seed development.

Genetic mapping places the AtPTR2B gene at 10.5 cM on
chromosome 2, close to the restriction fragment length
polymorphism marker m246 at 14.1 ¢cM. A search of the
Arabidopsis mutant database revealed the presence of two
known embryo defective mutants, emb34 and emb93, that
map close to this location. The T-DNA insertional mutant
emb93 maps at 11 cM on chromosome 2 on the classical map
(Castle et al., 1993; Franzmann et al., 1995). Embyro devel-
opment in emb93 is blocked at the transition from the
globular to cotyledon stage of seed development. This
phenotype compares favorably to our preliminary analysis
of the blockage of seed development in the AtPTR2B anti-
sense lines. The EMS-generated mutant emb34-1 and the
allelic x-ray mutant emb34~2 map some 4 cM to the other
side of marker m246 with respect to AtPTR2B. However,
the map positions of both emb93 and emb34 are with respect
to the classical map and, therefore, their positions may not
coincide directly with the map generated with the recom-
binant inbred lines. Therefore, although the phenotype of
the A{PTR2B antisense plants and map location of
AtPTR2B close to known embryo defective mutations are
an interesting coincidence, more work will be required to
show whether these mutants do indeed identify the
AtPTR2B locus.

Our previous studies showed that toxic peptides, such as
Ala-ethionine and Leu-ethionine, effectively inhibited root
growth, and that this inhibition could not be reversed by
the addition of amino acids (Steiner et al., 1994), suggesting,



934 Song et al.

that the plant roots must have a peptide transporter, We
expected that the antisense AtPTR2-B plants would allow
us to test the role of this transporter in the uptake of toxic
peptides by roots. However, these antisense plants showed
little reduction in endogenous AtPTR2-B mRNA root ex-
pression when compared with the wild-type plants. Con-
sistent with these measurements, root elongation of the
sense and antisense plants was inhibited in the presence of
the toxic peptide Leu-ethionine (data not shown). There-
fore, the transporter mediating toxic peptide uptake in
roots remains to be identified. It was a surprising finding
that antisense expression of AtPTR2-B reduced expression

of the endogenous gene in leaves and flowers, but not in .

roots. However, antisense inhibition is rarely 100% and the
degree of inhibition can vary in different tissues (Van der
Krol et al., 1988).

The initiation of flowering is a complex process that is
regulated by a combination of developmental programs
and responses to environmental signals (Lang, 1965; Vince-
Prue, 1975). The transition to flowering in Arabidopsis is
promoted by long-day photoperiods and vernalization and
is also affected by growth temperature, nutrient availabil-
ity, and light quality (Bowman, 1994). Analysis of various
mutants affected in flowering indicates that the transition
to flowering may be promoted by more than one pathway
(Koornneef et al., 1991). Surprisingly, our transgenic plants
exhibited a typical late-flowering phenotype followed by
strong leaf growth. This change correlated with the re-
duced AtPTR2-B expression. The delayed flowering seen in
the transgenic plants may simply be due to the nutrient
defect caused by reduced peptide transport activity. How-
ever, the possibility that AtPTR2-B-mediated transport
may be involved in a pathway that regulates the transition
to flowering cannot be excluded.

Received January 13, 1997; accepted March 23, 1997.
Copyright Clearance Center: 0032-0889/97/114/0927/09.
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