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A novel cell-ablation strategy for studying plant

development

ROBERT B.GOLDBERG, PAUL M. SANDERS anpo THOMAS P.BEALS
Department of Cell, Molecular, and Developmental Biology, University of California, Los Angeles,

California 500951606, U.5. 4.

SUMMARY

The processes controlling the differentiation of plant cells are not well understood. Two alternative, but
not mutually exclusive, mechanisms probably play a major role in plant-cell differentiation. One
mechanism utilizes a position-independent, cell-autonomeous differentiation process. The other, employs
a position-dependent, cell-cell interaction process that requires signals from neighbouring cells. Cell
ablation studies can be used to distinguish between these two models of plant-cell differentiation. In this
article we outline a new cell-ablation strategy that utilizes promoters with distinct, but ovetlapping, cell
specificities that are fused with cytotoxic and andeytotoxic structural genes. We present preliminary
chservations on how this strategy can be used to dissect the events controlling anther developrent.

1, INTRODUCTION

Approximately ten years ago a Discussion Meeting of
the Royal Society was held on the subject of ‘Differ-
ential gene expression and plant development’ (Leaver
et of. 1986). At this meeting, lectures were presented on
a variety of topics, including the identification of cell-
specific genes, gene regulation during seed devel-
opment, hormone-induced gene expression, light con-
trol of plant-gene transcription, identification of cis-
control regions mediating plant-gene transcription,
and other gene expression-oriented topics (Leaver et al.
1986). The study of plant development from a
mechanistic point of view was in its infancy, and most
plant molecular biology laboratories were gathering
the genes and probes needed to dissect the processes
controlling plant-gene activity. A major issue then
{and now} was the molecular events that programme
the developmental-specific expression of plant genes.
Genetic approaches to dissecting plant development,
transposon- and T-DNA-tagging procedutes to identify
plant genes, and use of Arabidepsis as a model organism
were not yet entrenched in the mainstream. The
generation of transgenic plants by T-DNA trans-
formation to Investigare plant genes was just gaining
momentum, and procedures such as P-glucuronidase
(GUS) promoter fusions, particle-gun bombardment,
antisense gene-inhibition, m siftx mRNA localization,
and the polymerase chain reaction (PcrR} were either
not vet invented or were not adapted for widespread
use in plant molecular biology laboratories.

What a difference a decade has made! Technological
advances in molecular hiology procedures that can be
applied o developmental studies have been spectacular
{Davidson 1994), plant-gene transfer systems have
become highly efficient (Gasser & Fraley 1992), and
the exploitation of genetic systems in Arabidepsis and
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maize has provided new insights into the genes and
regulatory pathways controlling a wvariety of plant
developmental events. Genes have been isolated and
characterized that play major roles in impertant plant
pracesses, such as flowering (Coen & Meyerowitz
1991; Okamuro ¢ al. 1993, Yanofsky 1995}, light
control (Millar et af. 1995}, disease resistance (Min-
drinos et al. 1994; Witham ef of. 1994), embryogenesis
(Goldberg e al. 1994; Jtirgens ¢ al. 1994; Meinke
1995), and hormone signalling {Chang et ai. 1993). In
addition, genetic screens in Arabidopsis and maize have
identified scores of other genes that play major roles in
plant development (Meinke 1995). Many of these
genes will soon be isclated by using powerful tagging
and/or map-based cloning strategies that are &urrently
being employed by plant laboratories around the
globe (Walbot 1992; Tanksley ef af. 1989). Insights
obtained from the molecular processes controlling
plant development are being rapidly adapted for use in
the applied sector and crops that have been genetically
engineered for traits such as male fertility control
{Mariani ef af. 1990, 1992) and delayed fruit ripening
(Qeller et af. 1991}, among athers, are being produced
commercially. In fact, the future has never looked so
exciting and promising with respect to understanding
plant development from a mechanistic point of view
and applying this knowledge to agriculture.

Plant development presents many novel processes
and problems that are unique in the biological world
{Walbot 1985; Goldberg 1983; Chasan & Walbot
1993). Some of these processes are listed in table 1.
Plants have an alternation of spore- and gamete-
forming generations, utilize a double-fertilization pro-
cess, respond in remarkable ways to environmental
signals such as light and terpetature, have cells that
remain totipotent and give rise to mature, fertile
plants, undergo marphogenesis without cell movement,

© 1995 The Royal Society and the authors



6 R.B. Goldberg and others A new ablation strategy
and possess meristems that differendiace continuously
inte major crgan systems. Clearly, there 1s no shottage
of fascinating developmental problems to tackle,
investigate and solve.

One major unsolved problem is the process
contralling the differenviacion of plant cells. That is,
how do highly specialized cells that establish the form
and function of a plant acquire specific developmental
fates? Not only is this process poorly understood, but,
with the exception of trichomes {OQppenheimer et af.
1991 ; Hiilskamp ef al. 1994}, the genes and regulatory
networks mediating most plant-cell differentation
events have not yet been identified, isolated and
studied. Although much progress has been made in

Table 1. Unique features of higher plant development

alternation of spore- and gamete-forming generations
spores produced by meiosis; gametes formed by mitosis

double fertilization resulting in a seed with a diploid
zygote and triploid endosperin

major organ-forming events occur continuously from
meristems after embryogenesis; embryo does not contain a
germn line

embryos become dehydrated and enter a dormane state
within the seed

differentiated cells can be totipotent and give rise to fertile,
mature plants

cells are glued together by walls; morphogenesis accurs by
differential cell division and expansion races and by
division in different cell planes; cell movement does not
play a role in morphogenesis

environmental factors trigger specific developmental events

crgss section

Stamen -

anther

— filament

Meiosis and Spaore
Formation
ANTHER STAGE +1

Tetrad of
Microspores §

Paollen Grain
Differentiation

Pollen Grain

understanding how plant organ systems are specified,
especially those present in flowers (Yanofsky 1995), cell
differentiation mechanisms after that peint remain
unknown. For example: (i) how do specific plant cells
differentiate in space and time so that a three-
dimensional organ is formed containing a precise
pattern of tissues that perform specialized functions;
(i} what genes choreograph this process; and (i) how
do cell-specifier genes interact with the regulatory
circuits that activate unique gene sets in the specialized
cell types? In this article we outline how anather
development can be used to dissect plant cell differ-
entiation processes and how a novel cell ablauon
strategy using chimeric cytotoxic and anticytoxic genes
can be used to uncover the underlying mechanisms.

2. ANTHERS ARE AN EXCELLENT SYSTEM
FOR STUDYING PLANT-CELL
DIFFERENTIATION

The stamen is the male reproductive organ in higher
plants. Stamens are specified autonomously from
primordia that emerge on the third whorl of the floral
meristem (Coen & Meverowitz 1991 ; Okamuro et al.
1993; Yanofsky 1995}, The stamen specification pro-
cess is controlled by the interaction of three homeotic
genes that are found in widely divergent plant taxa:
AGAMOQUS/PLENA, APETALAS3/DEFICIENSI,
and PISTILLATA/GLOBOSA (Coen & Meyerowitz
1991 ; Okamuro et ¢f. 1993 ; Yanofsky 1995). Mutations
in any one of these genes lead to flowers with either
petals or carpels in their third whorl; that s,
stamenless, male sterile plants (Coen & Meyerowitz,

ANTHER STAGE -1

’ Micraspore
Mather Cell

ANTHER STAGE +12

St

(ramnant)

Anther Dehiscence and Pollen Release

Figure 1. A generalized overview of tobacce anther structure and function. Schematic representations are based on
light micrascopy studies of anther development (Koltunow ef of. 1990). C, CCC, E, En, T, St, and V refer ta
connective, circular cell cluster, epidermis, endothecium, tapetum and vascular bundle, respectively.
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Table 2. Tissue and cell types in a tobacco anther

cell or tissue type* function

reproduction

microspore mother cells  meiosis; spore-formation; pollen
development; sperm cell
differentiatian

micraspore release fram tetrads;
pollen wall formation; nutrients

for pollen development

tapctum

support and metabolism

connective anther structural integrity and
' morphology; cannect anther to
) filament
epidermis ~structure and support; gas

exchange, prevent water loss
connect anther to flower and
filament; nutrient and water

supply

vascular bundle

support and dehiscence

circular cell cluseer® dehiscence; calcium crystal
tormation

structural layer of anther wall;
fibrous band formation,
dehiscence

structure of anther wall; fibhrous
band formation; dehiscence

pollen release; dehiscence

endothecium

middle layers

stomium

* Cells and tissues present in a stage-1 robacco anther (see
figure 1). Adapted fram Goldberg ¢t al. {1993) and the
histological studies of Koltunow 2 af. (1990). .
® Prominent in solanaceous anthers. Nat visibly detected in
cruciferous anthers such as Arabidopsis, but may have
functional counterparts. Also referred ta as erystal-containing
idioblasts {Trull et af. 1991}, intersporangial septum (Bonner
& Dickinsen 1989} and hypodermal stamium (Horner &
Wagner 1992).

1991). The stamen identity genes encode MADS-hox-
class transcriptional activators that set in motion a
cascade of events required for stamen cell-differ-
entiation and morphogenesis {Coen & Meyerowitz
1991; Okamuro et af. 1993; Yanofsky 1995). The
nature of downstream genes and proteins that mediate
critical events in stamen development are not vet
known.

Figure | shows that the stamen consists of two
compartments: the anther and the filament. The
differentiation of the anther and filament appears to be
controlled by distinct genes because mutant plants
have been identified that have stamens with normal
filaments hut defective anthers {Chaudhury 1993;
Goldberg ¢t af. 1993, Chaudhury ¢f ol 1994). The
filament anchars the stamen to the flower and elevates
the anther to a level above that of the pistil, or female
reproductive system, se that self-pollination can occur.
The filament consists primarily of vascular tissues that
supply the anther with water and nutrients. It is not
known what processes regulate filament growth and
ensure that maximum elopgation occurs just before
flower opening and pollen release; however, growth
hormeones are known to play a role in this process
(Biddenton & Raobinson 1993).

Phil. Trans. R. Soc. Lond. B (1995)
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Asshown in figure |, and summarized in table 2, the
anther contains a variety of highly specialized tissues
and cell types that are required for structure, metab-
olism and growth, microspore formation, pollen de-
velopment, and pollen release at flower opening.
These tissues form within specific reglons, ar territories,
during anther development (see figure 1). The two
bilateral halves of the anther, or theca, are joined
together by connective tissue and are anchored ta the
filament by a centralized bundle of vascular tissue.
Each theca contains two microsporangia, or locules,
that are positioned across from each other and carry
out male reproductive pracesses. Microspore mather
cells differentiate within the micrasporangia, undergo
meiosis and form hapleid microspores. The micraspaores
divide by mitosis and differentiate into male gameto-
phytes, or pollen grains, that contain the two sperm
cells. Each microsporangia is surrounded by a layer of
tapetal cells that is required for microspore release from
tetrads, pollen wall formation, and pollen development
(see figure 1). Targeted ablation of the tapetum by
chimeric cytotoxic genes (Koltunow e¢f al. 1990;
Mariani et al. 1990, 1992 ; Paul ¢¢ al. 1992), ar mutations
in critical tapetal-cell functions (Chaudhury 1993;
Chaudhury ¢ al. 1994), lead to pollenless, male sterile
plants. Each theca also contains an outer wall of cell
layers, designated as the middle layers and endo-
thecium, that is contiguous to each microsporangia
(see figure 1). These tissues provide structural support
for the anther and play key roles in dehiscence and
pellen release (see table 2). Positianed at the bound-
aries between the two micrasporangia is the stomium
and circular cell-cluster region that breaks at de-
hiscence and allows pollen grains to be released from
the anther at flower opening (see figure 1). How
differentiated cells and tissues form within specific
anther regions and what gene regulatory networks
control this process remain to be determined.

3. ANTHER DEVELOPMENT CAN BE
DIVIDED INTO TWO PHASES: CELL
DIFFERENTIATION AND DEHISCENCE

Anther development can be divided into two general
phases (Koltunaw et af. 1990; Goldberg et al. 1993). As
shown in figure 2, morphogenesis and histodiffer-
entation events occur during phase | of anther
development. The bilateral form of the anther is
established, cell and tissue specification oceur, micro-
sporangia differenciate, and melosis gives rise to
haploid tetrads of microspores. The partioning of the
stamen into anther and filament compartments also
occurs during phase | {Koltunow et af. 1990; Goldberg
¢t al. 1993). By the end of phase 1 a miniature anther
has formed which contains all of the cells and tissues
required for pollen grain development and release {see
figures 1 and 2).

A dramatic switch in anther cell activities occurs
during phase 2. The anther enlarges and is pushed
upward in the flower by elongation of the filament
(Koltupnow et al. 1990). Microspores undergo mitosis
and differentiate into pollen grains. Cell degeneration
and death occur within the tapetum, connective, and
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Figure 2. Cell lineages and major events that occur during tobacco anther development. Cells derived from the LI,
L2, and L3 primardia layers at different anther stages were inferred from the histological studies of Satina & Blakestee
(1941), Joshietal. {1967}, Koltunow et al. (1990}, and P. M. Sanders, S. H. Tu & R._ B. Goldberg, unpublished results.

Adapted from Goldberg e af. {1993).

circular-cell cluster regions, and, at flowering opening,
the stomium breaks releasing the mature pollen grains
(see figures | and 2). Pollen grain differentiation,
anther cell death, filament extension, and breakage of
the anther wall are exquisitely timed and coordinated
sa that they are complete by the end of phase 2 when
the flower opens {see figure 2). The molecular events
that cause the anther to switch from a histo-
differentiation and morphogenesis programme (phase
I} to a cell degeneration and dehiscence programme
(phase 2} are not known.

4. ANTHER CELL TYPES CAN BE TRACED
TO SPECIFIC STAMEN PRIMORDIA CELL
LAYERS

Stamen primordia consist of three cell layers,
designated as L1, L2, and L3, that are derived from
analogous layers of the floral menstem (see figure 2,
and also Satina & Blakeslee 1941; Huala & Sussex
1993). Cytachimera studies with Datura, a close relative
of tobacco, in which L1, L2, and L3 layers differed in
ploidy and cell size indicated that cach layer gives rise
to specific anther cell and tissue types {Satina &
Elakeslee 1941). Figure 2 shows the anther cell lineages
that are inferred from histological observations ta be
derived from the L1, L2, and L3 layers {Satina &
Blakeslee 1941; Koltunow et 4/ 1990; Goldberg ¢t al.
1993). For example, the epidermis and stomium are
derived from the L1 layer; microspores, pollen grains,
and sperm cells are derivatives of the L2; the tapetum
is formed from hoth the L2 and L3 layers; and the

Phil. Trans. R Soc. Lond. B (1995)

connective and vascular tissues differentiate from L3,
Although this scheme 1s tentative, 1t shows that each
layer 1s committed to follow a fixed differentiation
pathway during anther development; that is, once the
floral primordia are specified to become stamens, the
L1, L2, and L3 layers have predictable fates. No
information exists with respect to the precise mech-
anisms and genes that control the differentiation of
diverse anther cell types derived from each primordizl
cell layer.

The developmental fate of cells within the LI, L2,
and L3 layers appears to depend, in part, upon their
position within the floral primordia; that is, the cells
that they are contiguous to {Sussex [989; Huala &
Sussex 1993). This fate 15 fixed as long as the cell
maintains its position within a given layer. For
example, rare divisions that permit L2 cells to invade
the L1 layer cause these cells to follow an LIl, or
epidermal pathway (Sussex 1989; Huala & Sussex
1993). Thus the cells of each layer appear to be
‘conditionally specified’ and have the potendal to
follow more than one differentiation pathway (David-
son 1989, 1991). This is in contrast to a cell that is
‘autonomously specified’ and follows one predeter-
mined developmental pathway regardless of its position
{Davidsan 1989, 1991). Conditional specification
implies that ‘localized interactions’ between neigh-
houring cells of a given layer determine the fate of an
individual cell {Davidson 1991), and that intercellular
signalling mechanisms operate within the floral pri-
mordia. It follows then that if the position of a cell
changes with respect to primordial cell layers a new



signal is received that directs the cell down a different
developmental pathway {Davidson 1991). The nature
of signalling mechanisms that operate within floral
organ primordia are not yet understood. However,
these signalling mechanisms are probably coupled to
the action of homeotic specifier genes that direct the
primordia to follow a particular organ pathway (for
example, stamens).

5. CELL ABLATION STUDIES WITH
CYTOTOXIC GENES CAN BE USED TO
INVESTIGATE ANTHER CELL-
DIFFERENTIATION

Although cell interaction processes appear to operate
within the primordia L1, L2, and L3 layers, it is not
known the extent to which position-dependent and
position-independent events direct the differentiation
of functionally diverse cell types during subsequent
stages of anther development (see figure 2). Nor is it
known how these specialized cells and tissues differ-
entiate within spatially restricted territories of the
anther {see figures | and 2). For example, whar causes
L2-derivatives ta form archesporial cells in four specific
regians of the developing anther and not m others?
What directs cells within the centre of the young
anther ta hecome the vascular bundle? What mech-
anisms direct archesporial-daughter cells to follow two
different developmental pathways: one reproductive
and one non-reproductive? Finally, what events
control the differentiation of parietal cells into several
functionally distinct cell layers that are contiguous to
each locule?

Cell ablation studies with either 2 microbeam laser
{Sulston et al. 1983) or cytotaxic genes (Palmiter ez al.
1987} can be used to distinguish between pasition-
dependent and pasition-independent cell-differentia-
tion processes. For example, if a cell type produces a
signal that is required for the differentiation of a
neighbouring cell, then the targeted ablation of the
signal-praducirig cell should black and/or alter the
developmental path of the neighbouring cell. Om the
other hand, if a given cell type develops autonomously,
then the selective destruction of contiguous cells should
have no effect on its development. Although cell
ablation experiments ger se cannot identify genes that
direct and participate in the specification events, they
can provide important clues as to the types of genes
and proteins involved (for example, signal-trans-
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duction malecules versus cytoskeletal components). In
addition, they can yield important information with
respect to the functions carried out by specialized cell
types as well as the lineages from which they are
derived.

{a) Targeted ablation of the tapetum leads to male
stevile plants

One example of the usefulness of cell ablation studies
is the selective destruction of tapetal cells by cell-
specific cytotoxic genes during anther development
{Roltunow et al. 1990; Mariani ez af. 1990, 1992, Paul
et al. 1992). Figure 3 shows that a tohacco anther-
specific mRINA, designated as TA29, is localized
specifically within the tapetal cell layer surrounding
each locule {Koltunow et al. 1990; Mariani ef «f. 1990),
This mRNA is not present at detectable levels in other
floral or vegetative organ systems (Koltunow et af
1990). The TA29 mRNA accumulates within the
tapetum during stages | to 3 of anther development
{see figures 3a, &) and then is destroyed at later stages
during the tapetal cell degeneration process (see figure
3¢). The TA29 gene encodes a glycine rich protein
with properties similar to cell-wall proteins suggesting
that it is 2 companent of the pollen wall {Seurinck et a,
1990; Koltunow et ¢f. 1990). This gene is under strict
transcriptional control and a 122 b.p. promoter region
{—207 to —85) programmes its tapetal-specific tran-
scription during anther development (Koltunow ef «f.
1990). :

Figure 4 shows bright-field photographs of develop-
ing tobacco anther cross sections that contained a
1.5 kb TAZ29 promater region (—1477 to +31) fused
to either the diphtheria toxin A-chain (I)YTA)} gene or
to twa different RNase genes {(RNase T'l and barnase)
(Koltunow et af. 1990; Mariani ¢ ol 1990). Anthers
containing the chimeric TA29/cytotoxic genes develap
normally and undergo a normal dehiscence process
{see figure 4). These anthers, however, do not produce
pollen grains and are male sterile due to the selective
destruction of the tapetal cell layer by stage 1 (see
figure 4; Koltunow ¢ af, 1990; Marian) et ol. 1990).
Thee results indicate that the tapetum is essential for
pollen development and that it is not required for
events that occur during phase 2 of anther development
{for example, dehiscence, see figures 1, 2, That is,
tapetal cells function antonomously after they are
formed in phase 1 (see figure 2). '

Figure 3. Localization of TA29 mRNA during tobacca anther development at stage 1 {2}, stage 3 (#), and stage 6
(¢). Data taken from Koltunow of af. {1990],

Phil. Trans. B. See. Lond. B (1995)
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Stage

Figure 4. Selective ablation of anther tapetal cells with chimeric cytatoxic genes. The TA29 promoter was fused with
either the DTA gene (Kaoltunow et al. 1990} or two different RNase genes (Mariani ¢f 2f. 1990) and the chimeric
TA2S/cytatoxic genes were transferred to tobaceo plants (Koltunaw ¢ af. 1990; Mariani ez al. 1990). Data were taken
from Koltunaw ef al. {1990) for TA29/DTA anthers; however, results were identical using TA29/RNase genes
(Mariani et af. 1990]. A, G, GCC, E, En, MMC, P, P§, §, 8p, T, and V refer to archesporial cells, connective, circular-
cell cluster, epidermis, endathecium, microspore mother cells, parietal layer cells, pollen sac, stomium, sporogencous
cells, taperum and vascular bundle, respectively.

Phil. Trans. R Sec. Lond. B {1995)



(b} Cell ablation studies with cytotoxic genes
require cell-specific promoters

One advantage of using the TA29 promater for cell
ablation studies with cytotoxic genes is its absolute cell
specificity (see figures 3 and 4; Koltunow et af. 1990;
Mariani et af. 1990). Normal-looking transgenic plants
are generated readily from tissue culture and only the
tapetal cells are destroyed by the cytotoxic gene
product (Koltunow e al. 1990; Mariani ef al. 1990). By
contrast, figure 5 shows that many tobacco anther-
specific genes do not have the same exclusive cell
specificity as that of the TA29 gene (Koltunow et al.
1990; Goldherg ef af. 1993).

For example, the TA5 mRNA which encodes a
thiol endopeptidase is represented in the stomium,
circular cell cluster, and connective regions of the
anther {Koltunow ef al. 1990). Although the precise
function of the TA56 gene is not known, it appears to
be a marker for cell-specific degeneration events that
accur before dehiscence and release of pollen graing
from the anther at flowering opening {see figure 1}.
Figure 6 shows that the TA6 mRNA accumulates first
within the circular cell cluster region {see figures 6¢, £},
then in the stomium {see figure €g), and finally in the
connective late in anther development {see figures
6g, &) (Koltunow et al. 1990). These temporal and
spatial mRNA accumulation patterns are due to the
regulated transcriptional activity of the TA36 gene
within these cell types during anther development

DEVELOPMENTAL STAGE
mRNA 14 2 3 4 5 & 7 8 9 1o N 12

PR e L L L L L L L !

TA13 TA36
TA29 TA32
TA26

TA20

. TA39

TASS5

TASE

CCC

Figure 5. Regulation of gene expression during tobacco
anther development. Taken from Goldberg ef 2/, {1993) and
the data of Koltunow et af. {1990) and T. P. Beals & R. B.
Goldberg, unpublished results.

Phil. Trans. R. Soc. Lond. B (1995)
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Figure 6. Localization of TA56 mRNA during tobaceo
anther development at stage 1 {{a) and ()}, stage 3 ({#) and
(£}, stage 8 ({¢) and {g}}, and stage 11 {(4) and (A)). Bright-
field photographs of anther cross sections are shown in (g)
through {d}, whereas dark-field i sitx mRNA localization

results are shown in (2) through (4). Data taken from.
Koltunow et al. {1990}. C, CCC, E, En, 8, and TDS represent
connective, circular cell cluster, epidermis, endothecium,
stomium and tetrads, respectively.

(T. P. Beals & R. B. Galdberg, unpublished results).
Transformation of tobacco plants with a cytotoxic
TA56/barnase gene failed to produce transgenic plants
indicating that the TA36 promoter is active within
regenerating callus cells as well, a result verified using
a TA5S6/GUS marker gene {T.P Beals & R.B.
Goldberg, unpublished results). These data indicate
that the lack of promater cell specificity can cause
serious problems in regenerating transgenic plants with
a given chimeric cytotoxic gene. In addition, even if
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Barnase: extracellular

~, fibanuclease Barnase/Barstar

Complex

ACTIVE

Barstar: intracellular
intibitor of
Barnase

inactive

Figure 7. Schematic representation of the formation of a
barnase/barstar protein complex.

transgeme plants are obtained using these promoters,
ablation of multiple cell types makes 1t difficult to
determine whether position-dependent or cell-auton-
amous events govern the differentiation of a specific
anther cell type.

(¢} Use of the barnase/barstar gene spstem for cell
ablotion studies i

To avercome the difficulty in obtaiming promoters
with absolute cell specificity for targeted ablation
studies using cytatoxic genes, we adapted a strategy
used by us and our collaborators at Plant Genetic
Systems (Gent, Belgium) to genetically engineer crop
plants for male ferality contral (Mariani et af. 1992).
Figure 7 presents a schematic representation of twa
proteing, designated as barnase and barstar, that are
produced by the bactenia Bacilius amyloliguefaciens
{Hartley 1989). Barnase 15 a 110 amino acid extra-
cellular RNase that is secreted by the hacteria and used
either as a digestive enzyme for nutritional purposes ar
as a defense toxin, or both (Hartley 1989). By contrast,
barstar 1s an 89 amino acid intracellular inhibitor of
barnase that is produced constitutively by the A,
amyloliguefaciens bacteria (Hartley 1989). Barstar binds

Promoter 1 Anti-cytotoxic
' Promoter 1

Barstar

)
Promoter 2

Figure 8. A cell ablation strategy using promaoters with overlapping cell specificities,

Phil. Trans. R. Sac. Lond. B (1995)

specifically with barnase forming inactive barnase/
barstar complexes (see figure 7} (Hartley 1989}, The
Ky of a barnase/barsiar complex has been estirnated
to be approximately 107'% M, indicatng that, once
formed, barnase/barstar complexes are highly stable
and rarely dissociate (J. Leemans, Plant Genetic
Systems, personal communication]. Genetic crosses
hetween male sterile plants containing a TA29/barnase
gene and male fertile plants containing 2 TA29 /barstar
gene produce male fertile plants with both chimeric
genes; that 1s, the TA29/barstar gene is a dominant
restorer of male fertility (Mariam ¢t af. 1992}, This
result indicates that stable barnase/barstar complexes
can form specifically within tapetal cells of the anther,
and that these complexes neutralize the cytotoxic
effects of barnase restoring tapetal cell function and
male fertility (Mariani ez al. 1992). Hybrid oilseed rape
plants generated by using parent lines containing the
TA29/barnase and a TA29/barstar genes are currently
in field production ({J.Leemans, Plant Genetic
Systems, personal communication).

Figure 8 shows how the barnase/barstar gene system
can be coupled with plant promaoters that are active in
multiple cell types to ablate a specific target cell.
Suppose two gene promoters have been identified,
designated as promoter 1 and promoter 2, that
programme transcription within distinct, but over-
lapping, sets of cell types. Promoter | is active within
hlue-coloured cells. By contrast, promater 2 is active in
a subset of these cells (red-coloured) as well as in a
different cell type {brick-red-coloured). Cell ablation
studies can be used to determine the function of brick-
red-coloured cells and whether these cells provide a
signal needed for the differentiation of their red-
coloured cell-neighbours. However, if a plant is
transformed with a cytotoxic promoter 2/barnase gene
alone, both the red-coloured and brick-red-coloured
cells will be destrayed. Thus no information will be
abtained with respect to the interaction between these




cell types or the function of the brick-red-coloured
cells. On the other hand, if the cytotoxic promaoter
2/barnase gene is introduced into a plant together with
an anticytotoxic promoter 1/barstar anticytotoxic
gene, anly the brick-red-coloured cells will be ablated.
Red-colaured cells will be pratected from the cytotoxic
effects of barnase by the formation of barnase/barstar
complexes in these cells {dark-coloured cells). This
strategy suggests that a combination of cytotoxic and
anticytotoxic genes driven by promoters with multiple
cell-specificities can be used to ablate specific cell types,

There are several advantages of using the barnase/
barstar system for cell ablation studies. First and
foremost, it is not necessary to use premoters that are
active exclusively within a target cell type. The target
cell anly has to be included within the set of cell types
the promaoter is active 1n. Second, the range of patential
target cells that can be studied using ablation experi-
ments is increased significantly. In principle, any cell
type that a promater is active in can be ablated
selectively, if other promoters are available with
overlapping, but distinct, cell specificities. Third,
anticytotoxic barstar genes can be used as ‘prophyl-
actics’ to protect regenerating transgenic plant cells
and/or other cell types from the toxic effects of a
potentially ‘leaky’ cytotoxic barnase gene. Finally, the
interprecation of cell ablation results is simplified
because non-target cells can be protected from being
ablated by the presence of barstar. Thus if a non-target
cell type fails to function and/or differentiate normally
‘the most likely explanation is that a critical signal
required for these processes was lost by destruction of
the target cell type.

6. THE STOMIUM AND CIRCULAR-CELL
CLUSTER REGIONS CAN BE USED TO
DISSECT ANTHER CELL
DIFFERENTIATION PROCESSES

One of the most important events i plant re-
production is the release of pollen grains from the
anther when the flower opens. Plants which have
anthers that fail to dehisce are functionally male sterile
{Goldberyg et /. 1993 ; Dawson et af, 1993). The anther
splits open at dehiscence within the stomium region
that is located between the two locules of each theca
{see figure 1). Figure 94 shows that the stomium
differentiates from founder cells derived fraom the L1
primardia cell layer (see figure 2), A fully differentiated
tobaceo stomium consists of a notch-like structure only
three to four cells layers thick embedded in the
interlocular wall (see figure 6¢). The electron micro-
graph presented in figure 95 shows that stomium cells
can be distinguish from epidermal neighbours by their
small size and reduced vacuoles. The stomium 1s the
weakest point of the anther wall and breaks as a
consequence of cell degeneration, water loss, and
mechanical forces that are timed to occur within this
region precisely as the flower opens (Bonner &
Dickenson 1989). What mechanisms cause stominm
cells ta differentiate from L1 founder cells within the
interlocular region of the anther remains to he
determined.
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A unique island of highly specialized cells, desig-
nated as the circular-cell cluster {see Table 2; Goldherg
¢t al. 1993), also differentiates within the interlocular
region of the tobacco anther (see figure 1). The
circular-cell cluster differentiates from L2 layer cells
that are adjacent to L1 cells destined to become the
stomium (see figure 9). Cells of the circular-cell cluster
divide and elongate into large, column-like cells,
accumulate calcium oxalate erystals, and then undergo
a cell degeneration and death process (see figures 4, 6,
and 9). The destruction of the circular-cell cluster
unites both locules into a single pollen chamber (see
figure 4). This enables pollen grains produced by each
lacule to be released from a common stomium region at
dehiscence (see figure 1). The precize function of the
circular-cell cluster is not known ; however, it probably
plays a major role in events that cause anther rupture
at the stomium (Bonner & Dickinson 1989). The
pracesses that control circular-cell cluster differ-
entlation and trigger its cell death programme are not
known.

The stomium and the circular-cell cluster provide a
novel opportunijty to dissect the events responsible for
the differentiation of two functionally related cell types
that are contiguous to each other within the anther (see
figures 6 and 9). Cells destined to become the stomium
and circular-cell cluster are in intimate contact with
each other and are specified from adjacent L1 and L2
founder cells at approximately the same time during
phase | of anther development {see figures 2, 9).
Development of the stomium and eircular-cell cluster is
not complete, however, until the early stages of phase
2 (see figure 9). Although division and expansion of
cells within the circular-cell cluster occur just before
the completion of stomium development, the differ-
entiation of these two highly specialized cell types
appears to be coordinated in space and time {see figure
9). This suggests that these cells might be interacting
with each other as well as with other contiguous cell
types in their immediate neighbourhood. For example,
it is possible that founder cells of the circular-cell
cluster produce a signal that induces the differentiation
of the adjacent stomium region, or vice versa, Targeted
ablation of the circular-cell cluster should provide
important clues as to the extent to which position-
dependent and for cell-autonamous events are involved
in the development of the circular-cell cluster and
stomium regions. Selective destruction of the circular-
cell cluster should also provide ingight into the
functional role this unique collection of cells plays in
the anther dehiscence process.

7. ABLATION OF THE CIRCULAR-CELL
CLUSTER AND STOMIUM PRODUCGES
ANTHERS THAT FAIL TO DEHISCE

As pointed out abaove, the TA56 thiol endopeptidase
gene is expressed within the circular-cell cluster as well
as in the stomium and connective at different times of
anther development (see figures 3 and 6). The activity
of the TA56 promoter in anther cell types is listed in
table 3. Using a cytotoxic TAS6/barnase gene in
combination with anticylotoxic barstar genes with
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Figure 9. Differentiation of stomium and circular-cell cluster regions during tobacca anther development. () A
schematic representation of stomium and circular-cell cluster differentiation. Cartaans represent anther cross sections
abserved at the light and electron microscape levels (Koltunow ef af. 1990; P. M. Sanders, T. P. Beals, 8. H. Tu and
R. B. Goldberg, unpublished results). Bright-field photographs showing stomium and circular-cell cluster
differentiation events are presented in figure 6. (4} An electran micrograph of the stomium/circular-cell cluster region
in a stage 2 anther. G, CCC, En, Ep, and St represent connective, circular-cell cluster, endathecium, epidermis, and

stommium, respectively. Bar equals 20 pm.

Table 3. Gene promoters used in anther cell ablation studies

{8, CCC, C, En, and T refer to stomium, circular-cell cluster, connective, endothecium and tapetum, respectively.)

activity in anther cell types®

promoter plant length®  § CCC

En C T references

TALE tabacco 0.83 + + + + 4+ + +

TPI12 tobacco 2 + 4+ + ++++

Lectin soybean 4 + +

+ + Kaoltunow et «f. (1990)
T. P Beals & R. B.
Goldberg, unpublished

results

Drews et al. {1992)
T. P. Beals & R. B,
Goldberg, unpublished

resulis

Galdberg ¢ af. {1983)

Olkamura ¢ af. {1986)

R. Yadegari, T. P. Beals &
R. B. Goidberg,
unpublished results

+++ +++

* kb,

® Promoter activities were assayed using chimeric GUS reporter genes in transgenic tobacco plants. These promaters are also
active 1n other organ systerns and/or developmental stages at varying levels (T. P. Beals, R. Yadegari & R. B. Goldberg,

unpublished results).

different promoter specificities and /or strengths should
permit the selective ablation of either the circular-cell
cluster, the stomium, or both (see figure 8). In addition,
becatse the TAY6 promater is active within callus cells,
anticytotoxic barstar genes can be used to protect
regenerating transgenic plants from the toxie effects of
barnase.
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(@) Barnase{barstar complexes form within diverse
anther cell types

We knew from previous experiments with TA29/
barnase and TA29/barstar genes that barnase/barstar
complexes could form within the tapetum (Mariani e
al. 1992). However, we wanted to determine whether
these complexes could form within ather anther cell
types such as the connective, stomium, and circular-
cell ciuster. As shown in figure 10, we introduced the
TA56/harnase gene intc tobacca plants using an
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Figure 10. Transformation of tobacco plants with Agre-
dagterivm Ti-plasmids containing chimeric cytatoxic and
anticytotoxic genes. The transcriptional activities of the
TA56, TP12, and lectin promaters in tobaceco anther cells are
listed in table 5.

Agrobacterium Ti-plasmid that also contained a TP12/
barstar gene. TPI2 is the tobacco homologue of the
patatin gene expressed in potato tubers (Drews of al
1992). TP12 is expressed primarily in petats but is also
active within the anther (Drews ¢ af. 1992). Table 3
shows that the TP12 promoter is highly active in most
anther cell types. In addition, this promoter 1s active
within callus cells (T. P. Beals & R.B. Goldberg,
unpublished results),

Transgenic plants were generated that contained
bath the TA36/barnase and TP12/barstar genes (see
Figure 10). Thus the anticytotoxic TP12/barstar gene
neutralized the toxic activity of the TA5S6/barnase
gene in regenerating callus cells. As shown schem-
atically in figure |1, the development of the circular-
cell cluster and stomium region in these plants was
normal and identical to that which occurred in wild-
type plants (see figure 9¢). Figures 124 and & show that
wild-type tobacco anthers split along the stomium at
dehiscence and released mature pollen grains. Figures
12¢, d show that the dehiscence process also cccurred
normally in plants containing the TAS6/barnase and
TP12/barstar genes, except that these anthers lacked
pollen grains and were male sterile. We conclude from
this experiment, that barnase/barstar complexes can
form in several different anther cell types and that
anther development in plants with the TA36/barnase
and TP12/barstar genes is normal.

{b) Barnase selectivity ablates the stomium and
ecirenlar-cell cluster

In the secand experiment we introduced the TA36/
harnase gene into tobacco plants together with a
lectin/barstar gene (see figure 10). The soyhean lectin
promoter is highly active in tobacco embryos (Oka-
muro et af. 1986; R. Yadegari & R.B. Goldberg,
unpublished results). However, as shown in table 3, it

is also active at weak to moderate levels in tohacco

anthers {T. P. Beals, R. Yadegari & R. B. Goldherg,
unpublished results). Transgenic plants were generated
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that contained both the TA56/barnase and lectin/
barstar genes (see figure 10). Thus like the
TP12/barstar gene, the lectin/barstar gene can protect
regenerating callus cells fram the cytotoxic effects of
TA56/barnase gene activity, By contrast with the
TA36/barnase + TP12/barstar plants, figure 11 shows
that both the circular-cell cluster and the stomium
were ablated i the anthers of TAS6/barnase+
lectin/barstar plants. As shown in figures 122 and f, the
selective ablation of stomium and creular-cell cluster
region resulted In anchers that failed to dehisce. These
results indicate that the stominm/circular cell-cluster
region is essential for anther dehiscence, and that the
targeted ablation of specific anther cell types can be
accomplished using the barnase/barstar gene system
coupled with promaters that have overlapping cell
specificities {see figure 8.

{¢) Selective ablation of the civeular cell cluster

Figure 5 shows that the tobacco TA20 gene is
expressed in most anther cell types except the circular-
cell cluster (Koltunow ¢t af. 1990]. We are currently
using the TAS56/barnase gene in combination with a
TA20/barstar gene to specifically ablate the circular-
cell cluster. Transgenic plants containing both of these
genes should provide clues as to the function of the
arcular-cell cluster and whether cell—cell interaction
processes play a role in the differentiation of the
stomium and circular-cell cluster regions.

Llectin barstar
TAS6 barnase

TP12 barstar
TAS4 barmnase

Clrcular ol
cluster Inticls

Figure [1. A schematic representation of stomium and
circular-cell cluster differentiation in anthers containing a
cytotoxic TA56/barnase gene and either an anti-cytotoxic
TP12/harstar gene or an anti-cytotoxic lectin/barstar gene.
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=4 : : . L

Figure 12. Dehiscence of tobacco anthers in wild-type plants
{fa) and {4)), transgenic plants containing the TAS&/
barnase + TP12/barstar genes ({¢) and (4)), and transgenic
plants containing the TAS6/barnase + lectin/barstar genes
({e) and (). Stage 6 anthers {{a}, (¢) and ()], stage 12
anthers {{6}, (d) and (/).
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