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pleiotrophic developmental defects in Nicotiana benthamiana
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Abstract The Arabidopsis bypass] mutant (bpsl) exhibits
defective shoot and root growth that is associated with
constitutive production of a root-derived carotenoid-related
signal (Van Norman et al., Curr Biol 14:1739-1746, 2004).
Since the identity of the signal and the function of BPS1 are
still unknown, we investigated effects of BPS1 depletion in
Nicotiana benthamiana to elucidate BPS1 function in plant
growth and development. The predicted protein of NbBPS1,
a BPSI homolog of N. benthamiana, contains a central
transmembrane domain, and a NbBPS1:GFP fusion protein
was mainly associated with the endoplasmic reticulum.
Virus-induced gene silencing (VIGS) of NbBPS1 resulted in
pleiotrophic phenotypes, including growth retardation
and abnormal leaf development. At the cellular level, the
plants exhibited hyperproliferation of the cambial cells
and defective xylem differentiation during stem vascular
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development. Hyperactivity of the cambium was associated
with an elevated auxin and cytokinin response. In contrast,
the leaves had reduced numbers of cells with increased cell
size and elevated endoreduplication. Cell death in NbBPSI
VIGS leaves started with vacuole collapse, followed by
degeneration of the organelles. Interestingly, these pheno-
types were mainly caused by silencing of NbBPSI in the
aerial parts of the plants, different from the case of the
Arabidopsis bpsI mutant. These results suggest that NbBPS1
plays arole in the control of cell division and differentiation
in the cambium of N. benthamiana, and BPS homologs may
have a diverse function in different tissues and in different
species.

Keywords Cell death - Endoreduplication -
ER targeting - Hyperproliferation - Promoter-GUS
fusion - Virus-induced gene silencing

Introduction

The mechanisms by which cell division is integrated into
differentiation and development in the meristems and lat-
eral organ primordia of plants represent a major challenge
to plant biologists. Recent studies indicate that develop-
mental signals influence meristem size by controlling the
rate of cell division, and that cell cycle components influ-
ence meristem patterning and maintenance (Gutierrez
2005; Ramirez-Parra et al. 2005). Phytohormones have
long been known to act as long-range signals that integrate
developmental, genetic, and environmental information to
regulate cell division and differentiation. In particular,
auxins and cytokinins directly influence the cell cycle
regulators, while other hormones such as brassinosteroids
and abscisic acids also affect cell cycle progression

@ Springer


http://dx.doi.org/10.1007/s11103-008-9384-7

424

Plant Mol Biol (2008) 68:423-437

(Dewitte and Murray 2003; Ramirez-Parra et al. 2005;
Gegas and Doonan 2006; Cho et al. 2007).

Recent studies provide evidence for a novel class of graft-
transmissible molecules through which roots influence shoot
branching and leaf development (Booker et al. 2004; Van
Norman et al. 2004). The Ramosus (rms) mutants of pea and
the More Axillary Branching (max) mutants of Arabidopsis
show increased shoot branching, and the bushy shoot phe-
notype is reversed by grafting mutant shoots to a wild-type
rootstock (Foo etal. 2001; Stirnberg et al. 2002; Sorefan et al.
2003) indicating that these genes are required for production
of a long-range graft-transmissible signal that inhibits
branching. The MAX4 and RMS] genes encode proteins that
are homologous to carotenoid cleavage dioxygenases
(CCDs), suggesting that the MAX- and RMS-dependent
inhibitor of branching is a carotenoid-derived molecule
(Sorefan et al. 2003).

The Arabidopsis bypass1 (bpsI) mutant, a recessive mutant
with shoot and root defects, was originally identified in a
screen for leaf vein pattern defects (Van Norman et al. 2004).
The bpsI mutant phenotype is temperature-dependent, being
more severe at lower temperature. The BPS1-dependent signal
is graft-transmissible, and furthermore, the bpsI phenotype is
partially rescued by supplementation with fluridone, an
inhibitor of the carotenoid biosynthetic enzyme phytoene
desaturase, whereas none of the classical plant hormones can
correct the mutant phenotype (Van Norman et al. 2004). Based
on these results, the authors proposed that BPS1 function is
required to prevent constitutive production of a carotenoid-
related root-derived signal that inhibits shoot development.
The BPSI gene encodes a protein with no homology to any
functionally characterized proteins. The mobile signal is nei-
ther ABA nor the MAX-dependent hormone, and requires
synthesis of f-carotene and its derivatives, but its identity
remains unknown (Van Norman and Sieburth 2007).

In this study, we investigated the cellular function of
BPS1 in N. benthamiana by virus-induced gene silencing
(VIGS). VIGS of NbBPSI, a BPS1 homolog of N. benth-
amiana, resulted in arrested growth and abnormal plant
development, correlated with altered activity of the cam-
bium. The uncontrolled proliferation of the cambial cells
was associated with an elevated auxin/cytokinin response.
The effects of NbBPS1 deficiency on the target tissues of
N. benthamiana are discussed in relation to the mobile
carotenoid-derived signal.

Materials and methods
Virus-induced gene silencing

Nicotiana benthamiana plants were cultivated in a growth
room (24°C) under a regime of 16 h light and 8 h dark.

@ Springer

NbBPS1 cDNA fragments were PCR-amplified and cloned
into the pTVO0O vector containing part of the TRV2 genome
using BamHI/Apal sites (Ratcliff et al. 2001). As a control
for VIGS, a green fluorescent protein (GFP) cDNA sequence
was also cloned into the pTV00 vector. VIGS was performed
as described previously (Park et al. 2005; Kim et al. 2006).

Semiquantitative Reverse Transcription (RT)-PCR

Semiquatitative RT-PCR was performed with 10 pg total
RNA isolated from the fourth leaf above the infiltrated leaf
as described (Kim et al. 2006). To detect endogenous
NbBPSI and NbBPS2 transcripts, we used the following
primer sets: BPS1-UTR, (5'-caacaatgtacacaaacaaatgg-3’
and 5'-atactcgaggttataaattgatctgtcage-3'); BPS1-C2, (5'-gg
gcecggttcacgagacttgett-3' and 5'-atactcgaggttataaattgatctgt
cage-3'); BPSI-N, (5'-gggcccteccacaggaaccacace-3' and
5'-ggatcctee gtecaatgaagaacg-3'); BPS1-Cl, (5'-gggeccege
aatgtatggagtgagget-3’ and 5'-atactcgaggttataaatt gatctgt-
cage-3'); BPS2-C, (5'-gggcccgaagcatttgttgatettcgega-3' and
5'-atactcgaggttataaattgatctg tcage-3'); BPS2-UTR, (5'-atag
aattcgtctctaacctagcacaageg-3' and 5'-atactcgaggttataaattga
tct gtcage-3').

Subcellular localization of NbBPS1

A NbBPS1 cDNA fragment corresponding to the full-length
protein was cloned into the 326-GFP plasmid (Lee et al.
2001) using BamHI sites to generate the NbBPS1:GFP
fusion protein. The NbBPS1:GFP and the BiP:RFP fusion
constructs were introduced into N. benthamiana protoplasts
by PEG-mediated transformation, and their expression was
monitored 24 h after transformation by fluorescent micros-
copy. Similarly, bZIP28:GFP (Liu et al. 2007) was
transformed to N. benthamiana protoplasts to show its
expression pattern in the ER. GFP and RFP vectors were
cotransformed into N. benthamiana protoplasts and the
fluorescent signal was observed by confocal laser scanning
microscopy as described (Cho et al. 2004).

Histochemical analyses

Transmission electron microscopy, scanning electron
microscopy, tissue sectioning, and light microscopy were
carried out as described by Ahn et al. (2004) using the fourth
or fifth leaf above the infiltrated leaf of the VIGS lines.

Flow cytometry

Suspensions of nuclei were obtained by chopping leaves and
stems of the VIGS plants with a sharp razor blade in nuclei-
stabilizing buffer (100 mM TRIS, 50 mM NaCl, 0.1%
Triton X-100, pH 7). Propidium iodide (Sigma Chemical
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Co.) and DNase-free RNase (Boehringer Mannheim) at final
concentrations of 50 ug ml~" and 25 pg ml™", respectively,
were added to the nuclei suspension 30 min before analysis.
Nuclear DNA content was measured using FACS-scan flow
cytometer (FACSCalibur, Becton-Dickinson) and CellQuest
S/W program (version 3.1).

Measurement of mitochondrial membrane potential

TMRM (Tetramethylrhodamine methyl ester; Molecular
Probes) was added to the protoplasts isolated from the fourth
leaf above the infiltrated leaf of the VIGS lines to the final
concentration of 200 nM. After incubation for 1-2 min at
25°C, the protoplasts were transferred to microscope slide
wells and observed with a confocal microscope (Carl Zeiss
LSM 510) with optical filters (543 nm excitation, 585 nm
emission) to visualize the red fluorescent probe. Quantitative
images were captured and data were analyzed using the LSM
510 software (version 2.8).

Localization of lignin

Leaf samples were incubated in a phloroglucinol-HCl
solution for 2 min at room temperature and pressed gently
between a slide and a coverslip for observation.

Results
Phylogenetic analysis of BPS1 homologs

The full-length NbBPS1 cDNA encodes a polypeptide of
352 amino acids with a predicted molecular mass of
39348.75 Da (Fig. 1a). The N. benthamiana EST database
contains a close homolog of NbBPS1, designated NbBPS2.
NbBPS1 exhibits 83% nucleotide and 86% amino acid
sequence identity to NbBPS2 in the coding region, but no
sequence homology in the 3’-untranslated region (3’-UTR).
The NbBPS1 protein sequence was aligned with NbBPS2,
Arabidopsis BPS1, At4g01360 and At2g46080, and the
related sequences from tomato and rice (Fig. la). The
alignment indicates that this group of proteins is evolu-
tionarily conserved, although the rice homolog is longer
due to additional sequences in the middle and at the
C-terminus. The predicted NbBPS1 and NbBPS2 proteins
as well as the tomato and rice homologs have a single trans-
membrane domain (residues 195-217 in NbBPS1) based
on TMHMM (http://www.cbs.dtu.dk/services/TMHMM/)
(Fig. 1e) and PSORT (http://psort.hgc.jp/) programs, indi-
cating membrane association of the proteins. Interestingly,
none of the Arabidopsis BYPASS genes (BPSI, At4g01360
and At2g46080) showed strong probability for the trans-
membrane domain. The phylogenetic tree of NbBPSI

based on Molecular Evolutionary Genetics Analysis
(MEGA) (http://www.megasoftware.net/) (Tamura et al.
2007) indicates that NbBPS1 and NbBPS2 are grouped
with the tomato and rice BPS homologs (Fig. 1b).

Expression of NbBPSI and NbBPS2

The tissue-specific expression pattern of NbBPSI and
NbBPS2 was investigated by semiquantitative RT-PCR
using NbBPSI- and NbBPS2-specific primers (Fig. lc, d).
In N. benthamiana plants at 60 days after sowing (DAS),
both NbBPSI and NbBPS?2 transcripts were detected in all
of the tissues examined, including roots, stems, open
flowers, flower buds, and leaves (Fig. 1d). In seedlings at 7
DAS, transcript levels of both genes were higher in roots
than in shoots (Fig. 1c).

Subcellular localization of NbBPS1

We examined the subcellular localization of the NbBPS1
protein by expression of NbBPS1:GFP, in which full length
NbBPS1 (M1 to K352) was fused to green fluorescent pro-
tein (GFP). The DNA construct containing NbBPS1:GFP
under the control of the CaM V35S promoter was introduced
into protoplasts isolated from N. benthamiana seedlings.
Since it was predicted that NbBPS1 would be targeted to the
endoplasmic reticulum (ER), a BiP:RFP construct encoding
a fusion protein between the ER lumenal binding protein
BiP and red fluorescent protein (RFP) was cotransformed
into the protoplasts. After incubation at 25°C for 24 h, gene
expression was examined by confocal laser scanning
microscopy. The green fluorescent signal of NbBPS1:GFP
was localized in a reticular membranous network through-
out the cytoplasm of the protoplasts, and the signal was
overlapped with the BiP:RFP signal, suggesting that
NbBPS1 is mainly targeted to the ER (Fig. 2a). We further
demonstrated that the NbBPS|1 localization pattern is similar
to that of an ER resident protein bZIP28 (Fig. 2b).
GFP:bZIP28 construct in which GFP was fused to the N-
terminus of Arabidopsis bZIP28, an ER membrane-associ-
ated transcription factor (Liu et al. 2007), was transiently
expressed in N. benthamiana protoplasts. The protoplasts
exhibited green fluorescence in a network-like pattern
throughout the cytoplasm similar to that of NbBPS1:GFP.
As a control, GFP and RFP vectors were cotransformed into
N. benthamiana protoplasts, and the fluorescence was
localized in the cytosol in a diffused pattern (Fig. 2c).

VIGS phenotypes and suppression of endogenous
transcripts

To induce gene silencing of NbBPSI, we cloned two dif-
ferent NbBPS1 cDNA fragments into the TRV-based VIGS
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«Fig. 1 Analysis of gene sequences, expression, and protein targeting.
(a) Schematic of NbBPS1 protein structure and sequence alignment.
The predicted single transmembrane domain (TM) is indicated.
Deduced amino acid sequences of NbBPS1 and NbBPS2 are aligned
with three Arabidopsis BPS homologs, BPSI, At2g46080, and
At4g01360, and related sequences from rice (BPS1-Os) and tomato
(BPS1-Le). The numbers indicate amino acid residues. Residues that
are conserved between the sequences are boxed in black or light gray
based on the degree of conservation. The transmembrane domain is
indicated by the overline. (b) Phylogenetic tree of NbBPS1 and
related sequences based on Molecular Evolutionary Genetics Analysis
(MEGA) (http://www.megasoftware.net/) (Tamura et al. 2007). The
tree branches are labeled with the percentage support (only when
>50%) for the partition based on 1,000 bootstrap replicates. The scale
bar equals a distance of 0.1. (¢) Semiquantitative RT-PCR analysis of
NbBPSI and NbBPS2 expression in shoots and roots of N. benth-
amiana at 7 days after sowing (DAS). The PCR primers correspond to
the 3’-untranslated region of NbBPSI and NbBPS2. Actin mRNA
levels were included as a control. (d) Semiquantitative RT-PCR
analysis of NbBPSI and NbBPS2 expression in N. benthamiana tis-
sues at 60 DAS using the same PCR primers as for Fig. 1c. (e) A plot
for probabilities of a transmembrane domain in the NbBPS1 protein
sequence analyzed by TMHMM program (http://www.cbs.dtu.dk/
servicess TMHMMY/). >90% probability of a transmembrane domain
was predicted for residues 195-217

vector pTVO00 (Kim et al. 2006), and infiltrated N. benth-
amiana plants with Agrobacterium containing each
plasmid (Fig. 3a). TRV:BPS1(U) and TRV:BPS1(C) con-
tained a 278 bp 3'-untranslated (UTR) region and a 605 bp
C-terminal region of the NbBPS1 cDNA, respectively. The
TRV:GFP control contained the green fluorescent protein
cDNA. VIGS with each of the BPSI constructs resulted in
growth retardation (Fig. 3b), visible at 10 days after infil-
tration, followed by the production of clusters of
malformed yellowish leaves with abnormal vascular pat-
terning at the shoot apex (Fig. 3b, c). The length and the
mass of the root were only mildly affected (Fig. 3d; results
not shown). Interestingly, in contrast to the NbBPSI 3'-
UTR, VIGS with a 104 bp NbBPS2 3'-UTR produced no
visible VIGS phenotype (Fig. 3g).

The effect of VIGS on endogenous NbBPS1 mRNA levels
was examined by semi-quantitative RT-PCR using leaf RNA
(Fig. 3f). RT-PCR using BPS1-C2 primers showed signifi-
cantly reduced PCR product in the TRV:BPSI(C) and
TRV:BPS1(U) lines relative to the TRV:GFP lines, indi-
cating that the endogenous level of NbBPSI transcripts is
greatly reduced in those plants. PCR with BPS1-UTR
primers revealed high levels of viral genomic transcripts
containing the 3/-UTR region of NbBPSI in both
TRV:BPS1(C) and TRV:BPS1(U) lines. These results
demonstrate that the aberrant phenotypes observed in these
lines correlate with the suppression of NbBPS1 expression.

We next tested whether VIGS with NbBPSI cDNAs
caused cross-silencing of NbBPS2 (Fig. 3f). Using BPS2-
UTR primers corresponding to the 3'-UTR of NbBPS?2,
little PCR product was amplified in the BPS1(C) VIGS
plants, whereas control levels of PCR products were

(a) NbBPS1:GFP / BiP:RFP

GFP RFP Merged
GFP:bZIP28
Chlorophyll Merged
GFP / RFP
Chlorophyll

Fig. 2 Localization of NbBPS1 in the endoplasmic reticulum (ER).
(a) The NbBPSI1:GFP and the BiP:RFP fusion constructs were
cotransformed into N. benthamiana protoplasts, and their expression
was monitored at 24 h after transformation by fluorescent micros-
copy. BiP is an ER lumenal binding protein. (b) The bZIP28:GFP
construct was transformed into N. benthamiana protoplasts to show its
expression in the ER using fluorescent microscopy. Chloroplasts were
visualized by chlorophyll autofluorescence. (¢) The control GFP and
RFP vectors were cotransformed into N. benthamiana protoplasts and
the expression was observed by confocal laser scanning microscopy.
Chlorophyll autofluorescence was pseudo-colored blue

produced in the BPS1(U) VIGS plants. Therefore NbBPS2
expression was silenced by the coding region of NbBPS]I,
but not by its 3’-UTR. This result correlates with the degree
of sequence homology between the two genes in the coding
and the 3’-UTR regions. We also examined whether
NbBPS1 was silenced in the roots of the NbBPS1 lines
(Fig. 3d, e). RT-PCR with BPS1-C1 and BPS1-N primers
revealed that endogenous NbBPSI transcript levels were
not reduced in either NbBPS1 VIGS line, while the BPS1-
C1 primers amplified viral genomic transcripts containing
the C-terminal region in TRV:BPS1(C) lines (Fig. 3e),
indicating that the abnormal phenotype observed in these
lines was caused by NbBPS1 silencing in the aerial organs.
We next examined whether NbBPS2 was silenced in
the TRV:BPS2(U) lines that lacked visible phenotypes
(Fig. 3g, h) using BPS2-C primers corresponding to the
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Fig. 3 VIGS constructs, (a)
phenotypes, and suppression of

NbBPS1 transcripts. (a)

Schematic of the NbBPS1

cDNA structure and two VIGS

constructs containing the cDNA TRV:BPS1(U)
fragments (marked by bars). TRV:BPS1(C)
The box indicates the protein- )

coding region of NbBPSI. The Primersets
positions of the BPSI-UTR, BPS1-UTR
BPSI-C2, BPSI1-CI, and BPSI-

N primer sets that were used in BPS1-C2
RT-PCR analyses are also BPS1-C1
shown. (b) VIGS phenotypes. BPSL.N

Photographs of the plants were

taken at 30 days after (b)
infiltration (DAI). (c¢) Leaf

morphology at 30 DAL (d)

Comparison of the root length at

30 DAL The bars are marked

5 cm apart. (e) Semiquantitative

RT-PCR analysis of endogenous

NbBPSI mRNA levels in roots

using BPS1-C1 and BPS2-N

primers. (f) Semiquantitative

RT-PCR analysis of the

NbBPSI mRNA levels in the (©)
leaf using RNA extracted from

the fourth leaf above the ,‘?\\]

oAl

VIGS constructs

1 NbBPSI 352 aa
—] o
> <«
—»> «
- «
-> «

TRV:BPS1(U) 1= & 3 & & &

infiltrated leaves and BPS1-
UTR, BPS1-C2, and BPS2-UTR
primer sets. The BPS2-UTR
primers correspond to the 3'-
UTR of the NbBPS2 gene. (g)
Lack of VIGS phenotypes in the
TRV:BPS2(U) line containing
an 104 bp 3'UTR sequence of )
NbBPS2. (h) Semiquantitative

RT-PCR analysis to examine <&
the specificity of gene silencing.
The BPS1-C2 and BPS2-C
primers were used

coding region (upstream primer) and 3’-UTR (downstream
primer) of NbBPS2. RT-PCR results suggest that VIGS
using the 3'-UTR of NbBPS1 and NbBPS2 specifically
silenced NbBPSI and NbBPS2 respectively, without cross-
silencing each other (Fig. 3h). Since the TRV:BPS1(C)
lines frequently showed more severe phenotypes than the
TRV:BPS1(U) lines (Supplementary Fig. 1a), the lack of
phenotype in the BPS2(U) VIGS line may be caused by
incomplete silencing of NbBPS2 due to the short (104 bp)
NbBPS2 3'-UTR sequence (Fig. 3h).

Hyperactive cambium in the stem and the petiole
The stem of the TRV:BPS1 plants appeared to be thicker

than that of the control TRV:GFP plants. The stem from
TRV:GFP, TRV:BPS1(U), and TRV:BPS1(C) lines was
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cross-sectioned freehand where the fourth leaf above the
infiltrated leaf was attached, stained, and observed under
light and fluorescence microscopy (Fig. 4a—f). All of the
VIGS plants exhibited a continuous ring of vascular tissues
with the typical bicollateral organization of xylem and
phloem. Based on staining patterns with phloroglucinol
(Fig. 4a—c) and aniline blue (Fig. 4d—f), a continuous
cambium underwent periclinal division leading to radial
files of secondary xylem, and phloem fibers were also
observed in the TRV:GFP control (Fig. 4d). TRV:GFP
controls exhibited a smooth boundary defining the interface
of the cambium and the cell files of the xylem, indicating
that cambial cell divisions and differentiation of the pre-
cursor cells into the xylem are coordinated (Fig. 4d).
Surprisingly, both TRV:BPS1(U) (Fig. 4b, e) and TRV:
BPS1(C) lines (Fig. 4c, f) contained a large non-lignified
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Fig. 4 Hyperproliferation of the cambial cells. (a—f) Transverse
sections of the stem from TRV:GFP (a, d), TRV:BPS1(U) (b, e), and
TRV:BPS1(C) (c, f) lines, taken where the fourth leaf above the
infiltrated leaf was attached, were stained with phloroglucinol (a—c)
and aniline blue (d-f), and observed by light and fluorescence
microscopy. The arrows indicate a large non-lignified cell mass in the
cambium (b, ¢). x, xylem; ¢, cambium; ep, external phloem. Scale
bars = 1 mm in (a—c); 200 pm in (d—f). (g—j) Thin sections of the
stem vascular tissues from TRV:GFP (g), TRV:BPS1(U) (h) and the
TRV:BPS1(C) (i, j) lines were observed under light microscopy. The
red and black arrows indicate round cell clusters (i, j) and dividing
cells in the cortex and the epidermis (j), respectively. Scale
bars = 200 um in (g—j)

cell mass in the cambium, resulting in an enlargement of
the stele throughout the stem. The boundary of the xylem
was erratic with discontinuous xylem cell files in
TRV:BPS1(C) lines (Fig. 4f). The abnormal vasculature
was also observed at the subapical position of the stem
(results not shown). Semiquantitative RT-PCR with BPS1-
C2 primers using RNA extracted from the stem of
TRV:BPS1(C) and TRV:BPS1(U) lines indicated that the
observed stem phenotype is caused by silencing of NbBPS1
(Supplementary Fig. 1b).

The altered vasculature of TRV:BPSI stems was
examined in detail using thin sections. TRV:BPS1(U)
stems exhibited an unusually active cambium with hyper-
proliferating cells dividing at random direction (Fig. 4h,
cf. control in 4 g). In more severe cases, as in TRV:BPS1(C)
lines, multiple round cell clusters were formed in the
cambium as well as in the pith (Fig. 4i, j; cf. control in 4g).

Furthermore, this uncontrolled proliferating activity was
also detected in other cell layers including the cortex and
the epidermis (Fig. 4j). The phloem was no longer dis-
cernable among the dividing cells, and the pith was
substantially shrunken due to the hyperactive cell division
in TRV:BPS1 stems (Fig. 41, j). Similarly, excessive cell
division was also observed in the vascular tissues of the
petiole in the TRV:BPS1(U) and TRV:BPS1(C) lines (data
not shown). Taken together, these results indicate that
NbBPS1 plays a critical role in the control of the cambial
activity in the stem and the petiole of N. benthamiana.

Defective xylem differentiation

The cell mass present in the vascular tissues of the
TRV:BPS1 stem was examined further by transmission
electron microscopy (Fig.5). The TRV:GFP control
exhibited the typical morphology of phloem, cambium, and
xylem in the stem vasculature (Fig. Sa—e). Figure 4e shows
a tracheary element (TE) with the secondary wall being
formed and the primary wall being degraded and modified.
The TRV:BPS1 stems showed highly proliferated but ran-
domly organized cell files (Fig. 5f—0). The majority of the
cells in the cell mass from the TRV:BPS1(U) (Fig. 5f—j)
and TRV:BPS1(C) stems (Fig. 5k—o0) seemed to be xylem
cells arrested at various stages of differentiation, since the
secondary growth most actively produces xylem in tobacco.
Some cells had undergone autolysis, entirely lacking the
tonoplast, cytoplasm, and organelles (Fig. 5g—j), while
others still had fragmented cytoplasm that was undergoing
degeneration after rupture of the vacuole (Fig. 5Sm-o).
Many cells accumulated osmiophilic materials (Fig. 5g—i, 1).
The initial deposition of the secondary cell wall was
observed in some cells (Fig. 5j), but in general the sec-
ondary cell-wall thickening in xylem was significantly
delayed in the TRV:BPS1 stems (Fig. 5g—j, 1-0). These
results suggest that NbBPS1 deficiency stimulated cambial
cell proliferation but inhibited its subsequent differentiation
in N. benthamiana stem.

Hyperproliferation of the cambial cells is correlated
with increased auxin and cytokinin levels and/or
signaling

We next generated transgenic N. benthamiana plants car-
rying ARR5::GUS and DR5::GUS reporter genes. The
ARRS5 promoter is derived from a response regulator gene
of the two-component system that is transcriptionally
upregulated by cytokinin (D’Agostino et al. 2000). The
DRS5 promoter is responsive to auxin due to the presence of
highly active synthetic auxin response elements (Ulmasov
et al. 1997). ARR5::GUS activity was detected in the shoot
and root apical meristems, and in vascular tissues of
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Fig. 5 Defective xylem differentiation. Thin sections of vascular
tissues from the TRV:GFP (a—e), TRV:BPS1(U) (f-j), and TRV:
BPS1(C) stems (k—o0) were examined using transmission electron
microscopy. The brackets indicate the examined area (a, f, k). x,

N. benthamiana seedlings at 7 days after germination
(Fig. 6a—d), similar to the expression pattern observed in
Arabidopsis (D’ Agostino et al. 2000). DR5::GUS activity
was detected in the root apical meristems, developing
vascular tissues in the cotyledon, and the tip of a young
primordium (Fig. 6m-o0), also observed in Arabidopsis
(Aloni et al. 2003). DR5::GUS expression was induced by
TIAA in the vascular tissues of the hypocotyl and the root
(Fig. 6p). To investigate whether the uncontrolled cell
division in the TRV:BSP1 cambium is associated with
increased auxin/cytokinin levels and/or signaling, NbBPS1
VIGS was carried out in DR5::GUS and ARR5:GUS
transgenic backgrounds. At 20 days after infiltration, the
fully expanded leaf and the stem of the TRV:GFP control
in either a DR5::GUS or ARR5::GUS background displayed
little GUS staining (Fig. 6e—g, q; results not shown),
whereas TRV:BPS1(C) lines exhibited strong ARR5::GUS
activity in the vascular tissues of the stem and the petiole
(Fig. 6h-1), and strong DR5::GUS activity in the vascular
tissues of the stem (Fig. 6r-u). Interestingly, DR5::GUS
expression was detected in the whole vascular bundle in the
stem (Fig. 6r—u), while ARR5::GUS expression was fre-
quently detected in the outermost boundary of the cambium
(Fig. 6j, k) and the cortex (Fig. 6j, 1). This increased
DR5::GUS and ARR5::GUS activity may indicate that
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xylem; ¢, cambium; ep, external phloem; fe, tracheary element; sw,
secondary wall. Scale bars = 200 pm in (a, f, k); 10 pm in (b, d, g,
m, n, 0); 20 um in (¢, 1); 2 pm in (h—j); 1 pm in (e)

abnormally increased auxin/cytokinin levels and/or sig-
naling contribute to the hyperactivity of the cambium.
Alternatively, promoter activities of DR5 and ARR5 might
have been stimulated due to the vascular defects.

Cell enlargement and enhanced endoreduplication
in the TRV:BPS1 leaf

In contrast to the reduced size of the stem vascular cells
due to stimulated cell division, the leaf cell size increased
in TRV:BPS1 lines (Fig. 7b, d, f; cf. control in 7a, c, e).
Transverse leaf sections revealed that TRV:GFP control
leaves had the typical leaf structure of dicotyledonous
plants with distinct adaxial and abaxial epidermal layers
(Fig. 7a). In the TRV:BPS1(C) lines, the typical dorso-
ventral organization of the palisade and spongy mesophyll
cells was mostly maintained, but the lamina was thicker
due to the increased cell size in all layers (Fig. 7b).
Scanning electron microscopy of both adaxial and abaxial
epidermal layers of the TRV:BPS1(C) lines also showed
enlarged cells (Fig. 7d, cf. control in 7c; data not shown) as
did light microscopy of the peeled abaxial epidermis
(Fig. 71, cf. control in 7e). The epidermal cell morphology
remained normal. The relative area of leaf protoplasts from
the TRV:BPS1(C) lines was enlarged ~2.2-fold compared
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ARR5::GUS

Fig. 6 Increased auxin and cytokinin levels and/or response. VIGS
was performed using transgenic N. benthamiana plants carrying the
ARR5::GUS or the DR5::GUS fusion genes. (a—d) Transgenic N.
benthamiana plants carrying the ARRS::GUS fusion gene exhibited
GUS staining in the shoot apex, the root apex, and developing
vascular tissues at 7 days after sowing (DAS). (e=g) Control VIGS in
the ARR5::GUS plants resulted in no visible GUS staining in the
leaves and the stems at 20 days after infiltration (DAI). (h-1) BPS1(C)
VIGS in the ARR5::GUS plants caused strong GUS expression in the
vascular tissues of the petiole (h, i) and the stem (j) at 20 DAL

with TRV:GFP (Fig. 7g). Considering that the leaf size of
the TRV:BPS1(C) lines was similar to or smaller than the
control, the enlargement of cell size suggests a reduction in

Specifically, the GUS activity was concentrated in the outer boundary
of the cambium (k) and the cortex (I). (m—p) Transgenic N.
benthamiana plants carrying the DR5::GUS fusion gene exhibited
GUS staining in the tip of the leaf primordium, the root apex, and
developing vascular tissues at 7 DAS (m-o). IAA (1 pM) induced
GUS expression in the vascular tissues of the seedlings (p). (q)
Control VIGS in DRS5::GUS plants resulted in no visible GUS
staining in the stem at 20 DAL (r-u) BPS1(C) VIGS in DR5::GUS
plants caused GUS expression in the whole stem vasculature at 20
DAI

leaf cell numbers. It has been reported that reduced cell

division is frequently compensated for by an increase in
cell expansion, and cell enlargement has been used as an

@ Springer



432

Plant Mol Biol (2008) 68:423-437

indicator of reduced cell division in plants (Donnelly et al.
1999; De Veylder et al. 2001; Kessler and Sinha 2004).
Further study would reveal an underlying mechanism of
the growth arrest and cell size increase in the leaf of the
TRV:BPS1 plants.

Endoreduplicating cells undergo iterative DNA repli-
cation without subsequent mitosis resulting in a higher-
ploidy nucleus, a phenomenon associated with cell
enlargement in plants (Joubeés and Chevalier 2000;
Sugimoto-Shirasu and Roberts 2003). Using flow cytome-
try, we measured and quantified the ploidy levels in nuclei
isolated from mature leaves or stems of TRV:GFP and
TRV:BPSI1 lines (Fig. 7h—k). In TRV:GFP control leaves,
almost all nuclei had a ploidy level of 2C, consistent with
previous studies in N. tabacum and N. benthamiana (Ko-
sugi and Ohashi 2003; Park et al. 2005). However, nuclei
from the independent TRV:BPS1(U) and TRV:BPS1(C)
lines exhibited increased numbers of nuclei with a ploidy
level of 4C and some nuclei even reached 8C (Fig. 7h, j).
Thus, BPS1 deficiency led to increased ploidy levels in the
leaves, which correlated with cell enlargement. In contrast,
there was no increase in the level of endoreduplication in
the stem cells, which were not enlarged (Fig. 7i, k).

The cell death phenotype in the TRV:BPS1 leaf

The NbBPS1 VIGS plants did not show obvious exterior
necrotic lesions, but microscopic examination of the leaves
revealed abnormalities in cell structure (Fig. 8). Using
confocal laser scanning microscopy, defects in chloroplasts
and mitochondria could be observed in leaf protoplasts
within 2 weeks after infiltration (Fig. 8a—c). In both
TRV:BPS1(C) and TRV:BPS(U) lines, almost all of the
protoplasts exhibited significantly reduced chloroplast
numbers (about 26% and 28% of those in the TRV:GFP
control, respectively) (Fig. 8a, b). Mitochondria in leaf
protoplasts were examined by TMRM staining, which indi-
cates mitochondrial membrane potential (Fig. 8a, c). The
TMRM fluorescence of protoplasts from TRV:BPS1(C) and
TRV:BPS(U) leaves was significantly lower than in leaves
from the TRV control, suggesting reduced mitochondrial
numbers and/or membrane potential. Transmission electron
microscopic analysis of the leaf cells from the TRV:BPS1(C)
lines showed degenerating organelles and other cellular
structures (Fig. 8e—i; cf. control in 8d). The vacuoles were
ruptured (Fig. 8e), and numerous vesicle-like structures
were formed from the plasma membrane (Fig. 8h, i).

Discussion

The Arabidopsis bypassl (bpsl) mutant exhibits defective
growth and abnormal leaf and root development (Van
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Fig. 7 Cell enlargement and increased endoreduplication. The fourth»
leaf above the infiltrated leaf from the VIGS lines was used. (a=b)
Light micrographs of transverse sections through the central part of
the leaf from TRV:GFP (a) and TRV:BPSI(C) (b) lines. Scale
bars = 100 pm. (c—d) Scanning electron micrographs of the abaxial
epidermis from TRV:GFP (¢) and TRV:BPS1(C) (d) lines. Scale
bars = 20 pm. (e—f) Light micrographs of the abaxial epidermis of
TRV:GFP (e) and TRV:BPS1(C) (f) lines. Scale bars = 100 pum. (g)
Representative leaf mesophyll protoplasts from TRV:GFP (top, left)
and TRV:BPS1(C) lines (top, right). Scale bars = 20 pum. The size of
90-100 protoplasts was analyzed by light micrography and displayed
as bar graphs (bottom). (h) Ploidy distribution of leaf nuclei from
representative TRV:GFP and TRV:BPS1(C) lines. Nuclei were
stained with propidium iodide and analyzed by flow cytometry. (i)
Ploidy distribution of the stem nuclei from representative TRV:GFP
and the TRV:BPS1(C) lines. (j) Quantification of the ploidy levels in
(h). (k) Quantification of the ploidy levels in (i)

Norman et al. 2004). Based on grafting experiments, it has
been proposed that BPS1 function is required to inhibit
production of root-derived carotenoid-related signaling
molecules that are capable of arresting shoot growth (Van
Norman et al. 2004). Production of this signal has been
shown to require synthesis of f-carotene and its deriva-
tives, but the identity of the signal is unknown (Van
Norman and Sieburth 2007). During VIGS analysis in
N. benthamiana, we found that silencing of NbBPSI
induced severe growth defects, and further investigated
how NbBPSI1 deficiency affects different target tissues.
Although many vascular mutants have been identified in
plants, only a few demonstrate increased cambial activity.
The Arabidopsis high cambial activity (hca) mutation
results in a continuous ring of xylem and phloem in the
stem as a consequence of increased cambial cell division in
both the fascicular and interfascicular regions (Pineau et al.
2005). Moreover, hca mutants exhibit an altered auxin and
cytokinin response, in particular an enhanced sensitivity to
cytokinin, indicating that HCA is involved in the control of
vascular organization by regulating the auxin-cytokinin
sensitivity of vascular cambium. The HCA gene has not
been cloned (Pineau et al. 2005). The continuous vascular
ringl (covl) mutation significantly increases vascular tis-
sue development in the stem at the interfascicular region
(Parker et al. 2003). The Arabidopsis covl mutant displays
normal vascular patterns in other organs and auxin sensi-
tivity was not affected. The COVI gene encodes a
membrane protein of unknown function, although COV1 is
thought to be involved in an auxin-independent mechanism
that negatively regulates the differentiation of vascular
tissues in the stem (Parker et al. 2003). Ectopic expression
of ATHB-8, which encodes a member of the homeodomain-
leucine zipper (HD-Zip) III family of transcription factors,
in Arabidopsis increases xylem production caused by
stimulated vascular cell differentiation (Baima et al. 2001;
Jung and Park 2007). The procambial cells differentiate
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Fig. 8 Cell death phenotypes in the leaf. (a) Confocal laser scanning
microscopy of chloroplasts and mitochondria at 14 DAI To visualize
mitochondria, leaf protoplasts were stained with 200 nM TMRM.
Scale bars = 10 um. (b) The average number of chloroplasts per
protoplast in the TRV:GFP control was 56. Data points represent
means = SD of thirty individual protoplasts, expressed as a

precociously into primary xylem, and the transition to
secondary growth occurs prematurely in the stems of the
transgenic plants, indicating that ATHB-8 is a positive
regulator of proliferation and differentiation of procambial
and cambial cells (Baima et al. 2001). Compared with the
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percentage of the TRV:GFP control. (¢) Mitochondrial membrane
integrity was measured by TMRM staining. Data points represent
means = SD of thirty individual protoplasts. PIV, pixel intensity
values. (d-i) Transmission electron micrographs of leaf mesophyll
cells from TRV:GFP (d) and TRV:BPS1(C) (e-i) lines. Scale
bars = 10 um in (d, f, g); 2 um in (e, h); 0.5 pm in (i)

vascular mutants and the ATHB-8 overexpressing plants
described above, the NbBPS1 VIGS plants exhibited a
more dramatic increase in cambial activity, leading to
production of a large mass of xylem cells, which appeared
to be arrested at various stages of differentiation. This
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phenotype does not mimic any of the vascular mutant
phenotypes identified to date and may suggest a novel
mechanism of action for NbBPS1 in the control of vascular
development.

Hyperproliferation of the cambial cells in NbBPS1
VIGS lines was correlated with increased auxin-cytokinin
levels and/or signaling (Fig. 6). Auxin plays a critical role
in the control of cambial activity and development of pri-
mary and secondary vascular tissues by regulating both
radial and longitudinal vascular patterning (Ye 2002;
Fukuda 2004; Scarpella and Meijer 2004). Auxin efflux
carrier PIN1, involved in polar auxin transport, and
PINOID and MONOPTEROS, involved in auxin response,
are all required for vascular development (Gélweiler et al.
1998; Hardtke and Berleth 1998; Christensen et al. 2000).
Cytokinin also appears to be involved in vascular differ-
entiation (Ye 2002). The Arabidopsis wooden leg (wol)
mutation resulted in a reduced number of procambial cells
in the embryo and exclusive xylem differentiation in the
vascular tissue (Méhonen et al. 2000, 2006). WOL/CRE]
encodes a histidine kinase that functions as a cytokinin
receptor, and is preferentially expressed in the procam-
bium. These observations suggest that cytokinin regulates
vascular development by controlling procambial cell divi-
sion. Furthermore, during xylogenesis of Zinnia elegans
cultures, differentiation from the dedifferentiated cells to
procambium-like cells requires both auxin and cytokinin
(Fukuda and Komamine 1980). In this study, NbBPSI1
deficiency led to an enhanced auxin/cytokinin response in
the cambium, which subsequently resulted in the activation
of extensive cambial cell division. The mechanism under-
lying the altered hormonal response caused by NbBPSI
down-regulation is not known. Surprisingly, cell prolifer-
ation was occasionally stimulated in nonmeristematic
tissues including the cortex, the pith, and the epidermis of
the stem (Fig. 4), accompanied by increased ARR5 pro-
moter activity in these tissues (Fig. 6). Cytokinin is not
only essential for progression through the cell cycle, but
also plays a role in releasing cells that are arrested at the
GO state (den Boer and Murray 2000; Francis 2007). It is
possible that enhanced cytokinin level and/or sensitivity in
the nonmeristematic tissues induce cell cycle entry in
NbBPS1 VIGS lines.

Differentiation of the overproduced xylem cells was
defective in the NbBPS1 VIGS lines (Fig. 5). The differen-
tiation process of tracheary elements (TEs) involves two
main events: secondary wall formation and programmed cell
death (PCD) (Fukuda 2004; Nieminen et al. 2004). A critical
step in TE PCD is the transcriptional activation of PCD-
specific genes including various hydrolytic enzymes that are
transported to the vacuole for activation. The cell death
program in TEs is tightly coupled with secondary wall
deposition, and to date no mutation has separately affected

these two processes, indicating that these two programs are
molecularly interdependent (Fukuda 2004). In Z. elegans
cell cultures, approximately 6 h after secondary wall thick-
enings become visible the central vacuole rapidly collapses
leading to enzymatic degradation of cell contents including
nuclear and chloroplast DNA (Groover and Jones 1999;
Obara et al. 2001). However, in the NbBPS1 VIGS lines, the
majority of the overproduced xylem cells appeared to
undergo autolysis without secondary wall thickening
(Fig. 5). Some cells exhibited numerous cytosolic frag-
ments, possibly in the process of vacuole collapse or in a
stage soon thereafter, while other cells appeared to be cleared
of any recognizable structures and contained only the
osmiophilic remains. Secondary wall synthesis was not
evident in either situation. Thus, NbBPSI1 deficiency
appeared to disrupt the coordination of secondary wall
thickening and PCD during TE differentiation, resulting in
premature vacuolar rupturing and release of the hydrolytic
enzymes. Furthermore, the finding that many cells were in
the middle of the degeneration process indicates that the
PCD process itself did not progress normally, since TE
autolysis has been shown to be rapid (Groover and Jones
1999; Obara et al. 2001).

VIGS of NbBPSI resulted in growth arrest of
N. benthamiana. The growth arrest in the NbBPS1 VIGS
lines is likely caused by the abnormal stem vasculature.
According to previous reports, lack of Arabidopsis BPS1
function may lead to production of novel root-derived
carotenoid-related signaling molecules that inhibit shoot
growth (Van Norman et al. 2004; Van Norman and
Sieburth 2007). However, it has been shown that VIGS
does not work efficiently in the root due to the inefficient
invasion of root systems by viruses including TRV
(Valentine et al. 2004). Furthermore, Fig. 3e showed that
NbBPS1 was not silenced in the root of the NbBPS1 VIGS
lines. Thus, the NbBPS1 VIGS phenotypes such as growth
arrest and cambium hyperproliferation are presumably
caused by silencing of the gene in the aerial parts of the
plant. NbBPSI and NbBPS2 transcripts were consistently
detected in all N. benthamiana tissues tested (Fig. 1d). The
phenotypic effects by NbBPSI down-regulation in the
aerial organs indicate that mechanism of NbBPS1 function
is somewhat different from that of Arabidopsis BPS1.

NbBPS1:GFP fusion protein was mainly localized in the
ER (Fig. 2). The NbBPSI1 protein has a central trans-
membrane domain (M195 to A217) based on TMHMM
(http://www.cbs.dtu.dk/servicess TMHMM/) and PSORT
(http://psort.hgc.jp/) programs (Fig. le), and it was pre-
dicted that the N-terminal half would be exposed to the
cytosol (http://psort.hgc.jp/). Supplementation with fluri-
done, an inhibitor of the carotenoid biosynthetic enzyme
phytoene desaturase, partially rescued the NbBPS1 VIGS
phenotype (Supplementary Fig. 2), indicating that NbBPS1
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deficiency in the aerial organs also leads to accumulation of
the carotenoid-related signal. The production of the mobile
carotenoid-derived signal requires cleavage of carotenoid
precursors, mainly catalyzed by carotenoid cleavage
dioxygenases (CCDs). Although many of the CCD
enzymes are localized in the plastid, some of the enzymes
are located in the cytosol or attached to the outer envelope
of the plastid (Bouvier et al. 2003; Simkin et al. 2004). ER-
localized NbBPS1 may interact with carotenoid cleavage
enzymes localized in the cytosol or attached to the plastid
outer envelope, and regulate their activities. While the
molecular nature of the carotenoid-related signal remains
unknown, in this study we have shown that the signaling
molecules differentially affect cell proliferation activity in
the cambium and the shoot apex, possibly by modulating
auxin/cytokinin levels and/or response. Interestingly, the
MAX-dependent apocarotenoid hormone controls shoot
branching by regulating auxin transport (Bennett et al.
2006). Identification of the mobile carotenoid-derived
signal, and characterization of the biochemical function of
BPS1 proteins and their interaction with hormone signaling
pathways would give further insight into the mechanism by
which BPS1 regulates development of plant organs.
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