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The Arabidopsis nectary is an ABC-independent floral structure
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SUMMARY

In contrast to the conservation of floral organ order in  genes, their proper development requires the down-
angiosperm flowers, nectary glands can be found in various regulation of B class gene activity. WhileCRABS CLAWis
floral and extrafloral positions. Since inArabidopsis the  essential for nectary gland formation, its ectopic expression
nectary develops only at the base of stamens, its is not sufficient to induce ectopic nectary formation. We
specification was assayed with regard to the floral homeotic show that in Arabidopsis multiple factors act to restrict
ABC selector genes. We show that the nectary can form the nectary to the flower, and surprisingly, some of these
independently of any floral organ identity gene but is factors are LEAFY and UNUSUAL FLORAL ORGANS
restricted to the ‘third whorl’ domain in the flower. This

domain is, in part, specified redundantly byLEAFY and

UNUSUAL FLORAL ORGANS Even though nectary Key words: Nectary, flower developmeBRABS CLAW

glands arise from cells previously expressing the B class Arabdidopsis thaliana

INTRODUCTION (Bowman, 1997; Ambrose et al., 2000; Kyozuka et al., 2000).
In contrast, the location of nectaries within flowers is variable,
Nectaries are secretory structures that produce nectar, wath nectaries arising at any position along the receptacle or
carbohydrate-rich solution composed mainly of sugars. Nectassociated with any of the four floral organs (Brown, 1938).
generally serves as a reward for pollinators or for protectoSor example, in species of the Brassicaceae the nectary is
(e.g., ants) against herbivores, or in carnivorous plants as a IUmind at the base of the stamens (Knuth, 1908; Arber, 1931a;
for animal prey (Fahn, 1988; Schmid, 1988; Owen and Lennomorris, 1941; Davis et al., 1986), in the Solanaceae, the nectary
1999). Owing to the importance of nectaries in pollinationjs found at the base of the gynoecium, and in species of the
their location within flowers is under selection so that theiMalvaceae, nectary glands are found on the abaxial side of the
relative position within the flower ensures the deposition ofnvolucure bracts as well as the adaxial side of sepals (Butler
pollen on the stigma by a particular pollinator. et al., 1972). Studies usirrabidopsishave shown that the

In the Brassicaceae, the floral nectary is located such thétur groups of floral organs (sepals, petals, stamens and
the nectary glands are positioned at the base of stamearpels) are specified by three classes of genes; class A
filaments (Knuth, 1908; Arber, 1931a; Norris, 1941; Davis efAPETALA1l (AP1) and APETALA2 (AP2], class B
al., 1986) and the nectar is composed mainly of glucose afdPETALA3 (AP3) and PISTILLATA (PI)] and class C
fructose (Davis et al., 1994). Arabidopsisthe nectary glands [AGAMOUS(AG)] (Coen and Meyerowitz, 1991; Weigel and
subtend the abaxial side of the stamen filaments (Davis, 199¥)eyerowitz, 1994). A class genes alone specify sepals, A and
and exhibit different morphology and physiology depending class genes specify petals, B and C specify stamens and C
upon their location (Davis et al., 1998). In comparison to thelass alone specifies carpels. Most of these genes belong to the
medial glands, the lateral glands are larger, always innervategoup encoding MADS box transcription factors and have been
with sieve tube members, produce more nectar and haveshown to specify the identity of floral organs in other plant
higher glucose to fructose ratio. Anabidopsis CRABS CLAW species also (Carpenter and Coen, 1990; Schwarz-Sommer et
(CRQ is the only gene known to be essential for nectaryl.,, 1990; Ambrose et al., 2000). Based on preliminary
formation; incrc mutants, no nectary glands develop (Bowmanobservations of nectaries in some of the floral homeotic
and Smyth, 1999CRCencodes a putative transcription factor mutants, it has been suggested that the nectary is position
and is expressed in the nectary throughout its developmemtependent and not dependent on the presence of stamens
consistent with a role in the specification and/or differentiatiofBowman et al., 1991; Davis et al., 1993; Bowman and Smyth,
of the nectary. 1999).

Within the angiosperms, the relative order of floral organs The objective of this study is to investigate the influence of
(sepals, petals, stamens and carpels) along the receptaclehis floral homeotic genes and regulators of floral development
invariant, leading to the suggestion that the genetic programn the formation of the nectary. Results from our analyses
that specifies the identity of these organs is conservedemonstrate thaCRC is necessary but not sufficient for
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nectary formation, suggesting other factors are responsible foccupy lateral positions and four medial positions. The medial
nectary formation along witGRC In Arabidopsisthe nectary  glands are oblong and smaller than the lateral ones. The lateral
is formed in the third whorl and is position dependent, beinglands consist of two oblong confluent parts or are sometimes
independent of both the ABC floral homeotic genes and thiarge and disk-shaped, the width of which is slightly greater
type of organ occupying the whorl in which the nectary resideshan the diameter of the stamen filaments (present study)
Factors required for both formation of third whorl nectary(Davis, 1994). The epidermal cells of the glands have a distinct
promotion and its restriction to this domain include upstreansuticle with a reticulate pattern of thickenings (Fig. 1C). The
regulators of floral meristem architecture and organ whonlidge of tissue between the lateral and medial glands (Fig.
boundary maintenance. 1D,E), as well as the region between the medial glands does
not exhibit this cuticle pattern, but these regions are considered
part of the nectary on the basis of the patternC&C

MATERIALS AND METHODS expression (Bowman and Smyth, 1999). Modified stomata
(i.e., permanently open) (Davis and Gunning, 1993) can be
Growth conditions, marker lines found on all lateral glands on the abaxial side near the tip and

All mutant and transgenic lines were analyzed in the Landsbbecta ~ on the abaxial side of most of the medial glands (Fig. 1C).

background, unless otherwise noted. Plants were grown in an 18-hourEach nectary gland is composed of two tissues: the
light/6-hour dark regime. The enhancer trap IEiE668was a gift  epidermis (composed of guard cells and non-guard cells) and
by Eshed et al. (Eshed et al., 1990)IL::GUS (Gu et al., 1998) and parenchyma cells are densely cytoplasmic with starch

SHP2::GUS(Columbia) (Savidge et al., 1995) were kindly provided L : . - .
by Marty Yanofsky. TJ2791 (Columbia) (Campisi et al., 1999) was agzontalmng plastids (Fig. 1F). Within the basal region near the

gift from Tom JackKNAT2::GUS(C-24) was a gift from Jan Dockx. receptacle of the lateral and some of the medial glands are sieve
A599-1 (Columbia) was a gift from Gary DrewGRC:GUSand  tubeé members that are connected to the phloem of the
SHP1::GUSlines contain transcriptional fusions of approximately 8 receptacle vascular bundles (Fig. 1G). The estimated number
kb and 3.5 kb of sequence, respectivelpfihe putative translational Of cells in a lateral nectary gland at anthesis is approx. 2000

start site with thg3-glucuronidase (GUS) reporter gene. and in a medial gland is approx. 400.
_ The first morphological signs of nectary gland formation
Microscopy appear during stage 9 (stages according to Smyth et al.) (Smyth

Anatomical and SEM analyses were carried out according to thg 5|, 1990). At this stage, all other floral organs have begun to
method of Baum and Rost (Baum and Rost, 1996) and Siegfried et gleqjire their characteristic morphology. The glands originate
(Siegfried et al., 1999), respectively. During the infiltration step, tissu rom periclinal divisions in the L2 layer of the receptacle (Fig.

was allowed to infiltrate for 2 weeks at 4°C to alleviate the proble ith the lateral alands initiating bef h dial aland
of tissue separating from the plastic during sectioning. Samples werd 1) With the lateral glands initiating before the medial glands.

first stained for GUS activity (McConnell and Barton, 1998) and therf* lateral gland initiates as two protrusions by two localized
cleared in 70% ethanol overnight and observed using a Zzeig€gions of cell divisions, followed by further divisions in an
dissecting stereoscope or processed as above prior to sectionigxpanded domain (Fig. 11,J). Prolonged cell divisions in two
Sections were photographed using dark-field optics on an Olympuscalized regions will result in two oblong confluent glands,
Vanox photomicroscope. For bright-field microscopy, tissue sectionghile a short period of localized division, followed by divisions
were stained using the PAS reaction (Baum and Rost, 1996). SE] an expanded area would produce a disc-shaped organ.
images were captured electronically and compiled in PhotoShogoncomitant with the formation of the glands is the
(Adobe). differentiation of an accompanying ridge of tissue connecting
In situ hybridization the glands. Topographically, the ridge of tissue starts at the
In situ hybridizations were preformed as previously described (VieIIe[‘nec“""I gland, continues underneath the associated filament and

Calzada et al., 1999FRG, AP3 and Pl probes were generated as then down the receptacle to connect with the lateral gland (Fig.
previously described (Bowman and Smyth, 1999; Jack et al., 1992K). The curved nature of the ridge reflects the fact that the

Goto and Meyerowitz, 1994). medial and lateral stamens are not located in the same plane
. along the receptacle. Stomata become evident by stage 10 (Fig.
Genotyping Ify-6 and ufo-2 1K) followed by the first signs of cuticle formation. The

Both alleles were identified using CAPS markers according to thpresence of starch in the parenchyma cells is evident from the

method of Lee et al. (Lee et al., 1997), Michaels and Amasinearliest signs of nectary gland development (Fig. 1H,J).
(Michaels and Amasino, 1998) and Blazquez et al. (Blazquez et al.,

1997). Molecular markers of nectary development and the
role of CRC
Since nectary glands are small and variable in their
RESULTS development, both morphological and molecular markers were
) utilized in our analyses (Table 1). Two marker lines,
Development and morphology of nectaries CRC::GUSand ET668, were chosen to represent the early and

The nectary irArabidopsisis composed of two distinct parts: middle stages of nectary development, respectively. GUS
the nectary glands themselves (from which nectar is secretesfpining of line ET668 is confined to the nectary from the time
and a ridge of tissue connecting each of the glands (Fig. 1A,B)f gland initiation and expression continues beyond anthesis
The nectary occupies the entire circumference of the receptadl@ough stage 17 (at which stage all sepals, petals and stamens
situated within the third whorl. Nectary glands are positionedhave abscised but the fruit is still green). Expression is in both
on the abaxial side of each of the six stamens, of which twihe gland and the ridge of tissue between lateral and medial
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Fig. 1. SEM (A-D,l,K and O) and sectiol
(E-H,J,L-N and P) of nectary
development. (AArabidopsisflower
before anthesis, stage 12-13 highlightir
nectary glands (arrows). (B) Higher
magnification of A showing lateral and
medial nectary glands with intervening
ridge (r) of tissue (arrow). (C) Close-up
lateral nectary gland showing reticulate
pattern of the cuticle and modified
stomata. (D) Close-up of medial nectar
gland and intervening medial region
without characteristic nectary gland
cuticle. (E) Transverse section of two
medial nectary glands and intervening
region (arrow). (F,G) Transverse and
longitudinal section of a lateral nectary
gland, respectively. Arrows indicate sie'
tube members (stm) and arrowheads
indicate guard cells (gc). In G the necte
gland is expressinGRC::GUS In E and
F starch appears as dark grains within
cells of the nectary gland and interveni
region. (H) Transverse section of the
flower receptacle of a stage 9 flower.
Arrows point to newly formed periclinal
divisions of the L2 layer. (I) Morphology
of a young lateral nectary gland from a
stage 10 flower. (J) Transverse section
stage 9-10 flower receptacle showing tl
early developmental anatomy of a later
nectary gland. The gland is composed
two small protrusions from the receptac
(K) Close-up of a medial and lateral
nectary gland with intervening ridge of
tissue (arrows) from a stage 13 flower.
(L,M) Two serial consecutive sections ¢
stage 7/8 flower showinGQRCexpression
There is no expression in the medial
domain in the region between the two
medial stamens. (N) Transverse section of two medial nectary glands taken just within the receptacle of a stage 12 fltacts.tReueps
present in between the two glands and is expre€R@::GUS(arrow). (O) A stage 18rc mutant flower. The nectary glands are absent. (P)
Transverse section through a stage 13 flower receptacleroflmutant showing three cell layers expressiRC::GUS(red crystals), there is
no expression in the middle of the medial domain. In, lateral nectary gland; mn, medial nectary gland; Ist, lateral stamestiahssamen; |,
lateral domain; m, medial domain; pe, petal. Scale bargui0f@r A,B,D-H,K,N and O; 5@um for | and J; 2qum for C.

glands with faint staining detected between medial gland$Vithin the receptacle, expression is restricted to three cell
Plants carrying th€RC::GUStransgene show staining in the layers deep and 4-6 cell layers high. Carpel expression of the
nectary anlagen of stage 7/8 flowers with continued expressi@@RC::GUSmarker line is similar to the previously described
throughout the nectary beyond stage 17. While GUS is alsexpression pattern of the gene (Bowman and Smyth, 1999).
detected in the carpelS€RCwas chosen as it has been shown Other marker lines exhibiting nectary expression were
to be required for nectary development (Bowman and Smytlexamined (Table 1) and their expression patterns define three
1999). CRC expression is initially detected in two crescent-categories: (1) expression initiates when glands develop and
shaped domains with no expression in the region in betwedarminates by anthesiKNAT2::GUS and AG::GUS); (2)

the medial nectary glands (i.e., the medial domain; Fig. 1L,M)expression initiates when glands develop and continues past
By stage 10, expression is present throughout the nectaanthesis $HP1::GUS SHP2::GUSand FUL::GUS) and (3)
glands, including the accompanying ridges of tissue, and thexpression initiates late in nectary gland development and is
medial domain in between each of the two pairs of mediahaintained in glands of anthesis stage flowers (YJ103, YJ86,
nectary glands (Fig. 1N). No visible signs of nectary glandvJ73, TJ2791 and A5991-1). These expression patterns likely
differentiation are evident i@ERCmutants (Fig. 10) (Bowman reflect developmental stages of nectary gland differentiation.
and Smyth, 1999). Expression@RC::GUSIn flowers ofcrc-  Nectary expression in all of the marker lines examined is
1 at anthesis is in two horseshoe-shaped domains, similar &olished ilCRCmutants, suggesting theRCacts upstream

the pattern observed in stage 7/8 of wild-type flowers (Fig. 1Phf these genes in the nectary.
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Table 1. Genes expressed in the nectary glands Table 2. Floral plan and nectar secretion in different
Gene/enhancer trap Nectary expression pattern (duration) genetic baCkgrounds
KNAT2::GUS Stage 9to 14 Nectar
AG:GUS Stage 9, decreasing by stage 13 Genotype/allele Reference Floral plan secretion
SHP1::GUS Stage 9, continuing past stage 14 wild type Se PaiSt Ca Yes
SHP2::GUS Stage 9, continuing past stage 14 cre-1 a Se Pe St Ca No
AGL8::GUS Stage 9, continuing past stage 14 apl-1 b Se -nSt Ca Yes
YJ-103 Light expression in stage 13-14 flowers ap2-2 c Ca —nSt Ca Sometimes
YJ-86 Stage 12 becoming restricted to the tip of the pi-1 d Se SeiCa Ca Infrequent
outgrowth during stage 14 ap3-3 e Se SeiCa Ca Infrequent
YJ-73 Stage 13, continuing past stage 14 ag-1 d (Se Pav*Pe), No
TJ-2791 Stage 10, continuing past stage 14 ap2-2 pi-1 c Ca/LV* —n— Ca No
a599-1 Stage 11, continuing past stage 14 ap2-2 ag-1 c (CalLv StPa*St/Pe)  No
CRC::GUS Starts in the nectary anlagen of stage 7/8 flowering ;-1 ag-1 c (Se Se) No
the continuing beyond stage 17 ap3-3 ag-3 f (Se Se) No
ET668 Stage 9 continuing beyond stage 17 ap2-2 pi-1 ag-1 c (Ca/Lv —N-)n No
Ify-6 g Se SevCa Ca No
ufo-2 h Se SevCa Ca No
SinceCRChas been shown to be required for nectary glanisup-1 ! Se PenStNSt... Yes
formation (Bowman and Smyth, 1999), we tested whether it325:AP3 ! Se Penst Sy/Ca Yes
. - . . : ; - 5S::PI k Se/Pe PaSt Ca No
misexpression 1Is sufficient to induce ectoplc nectaries. N 35S B Kk Pe PexSt St No
ectopic nectaries were observed3®S::CRCplants, and the 35s:B ap2-2 k St StnSt St No
nectary in these flowers appeared relatively normal. ThiAP3:AG I Se SnSt Ca Yes
indicates thaCRCis necessary but not sufficient for nectary ggggig o1 m gz’g;ggﬁtgf KI%S
format[on, implying the existence of other factors that promotizs.jrq ap2-2 f Ca NSNSt Yes
(or inhibit) nectary development. 35S-LFY n Se PaiSt Ca Yes
o 35S:CRC 0 Se PauSt Ca Yes
Nectary development is independent of other floral 35S::B ufo-2 Ify-6 f Se/Pe Pe Pe/St St No
organ identities apl-1 35S::UFO f Se —NStNSt Sometimes
. . . . e ap1-1 35S::CRC f Se —nSt Ca Sometimes
To examine the possible relationships between a specific 0rg355:. g0 355::CRC f Se/Pe PaiStNSt Yes

identity and nectary formation iArabidopsis a variety of
mutant backgrounds with altered floral organ identity were Se, sepals; Pe, petals; St, stamens; Ca, carpeisctary; Ca/Lv,
examined for the presence of a nectary. The morphologgg&‘ﬂ'r?sidafg‘gsr? Slts/!agélsé?miggldo%e;?:r;\ sr?épev sepaloid petals; S/Ca,
anatomy and gene expression patterns of nectary marke_rs *Nectary outgrgwtﬁs are r;opt found in every reiteration; **the lateral first
the various mutant backgrounds were analyzed, along With whorl organs are leaf-like and are located farther down on the pedicel and are
functional assay for nectar secretion. The various backgrouninot transformed into carpef35S::Bis used to denote both transgenes;
along with the summarized results are presented in Table 2. F35a51ﬁ\5’:a;ef;d:r?§g':nl h 1069 Bowman and Smyvih. 1999: b. Irish and
the sake of Charaaenza’?lon’ neCtar.y glands were defmed Sugsex, 1990; Bowm)iatn,et aI.,Y1993; c, Bowman )(;t él., 19é1;’d, Bowman et
receptacle outgrowths with expression of both marker line,| "1959; e, Jack et al., 1992; f, present study; g, Weigel et al., 1992; h, Levin
ET668 and CRC::GUS Unless otherwise mentioned, the and Meyerowitz, 1995; Wilkinson and Haughn, 1995; |, Bowman et al., 1992;
outgrowths had the unique cuticular thickening and modifie«?chltﬂg aelt ai.é;?%; jl,_gzc:tztl ali,ggwrl]; I\(Nggé?gr?;?u ”lvsl?éiroggzs, 10996; l,
stomata typical of the wild-type nectary. ac X m, " o, , + 0,

To exar>r/1Fi)ne whether starzgn formati{)n is a prerequisite fc22Wman and Smyth, 1999, Eshed et al., 1999.
nectary development, their presence was assayed in mut:
flowers where stamens are replaced by other floral orgar
Flowers of bothpi-1 and ap3-3 have sepals in the first two ‘flowers’ (reiterations), glands may be present or not. Thus, the
whorls, followed by fused third and fourth whorl carpels (floralnectary develops in the third whorl irrespective of whether this
formula=se, se, ca, ca) (Bowman et al., 1989; Jack et al., 1998yhorl is occupied by stamens, sepals or petals.
Nectary glands inpi-1 mutants are located in the region In ap2-2 flowers, carpels occupy the first whorl, second
between the second whorl sepals and the central carpels, amdorl organs fail to develop, a reduced number of stamens
are oblong in shape even in the lateral domain (Fig. @iA).  occupy the third whorl and carpels occupy the fourth whorl
flowers always have lateral glands and sometimes possessch that in many flowers, no second or third whorl organs are
medial glands; the glands are reduced in size when comparpresent (ca;, st, ca) (Bowman et al., 1991). However, even in
to wild type.ap3-3flowers generally have larger glands thanthese cases, nectary glands are present in the lateral positions
those found irpi-1 (Fig. 2B). Mostap3-3flowers have both between the two medial first whorl carpelloid organs (Fig. 2D).
lateral and medial glands though not all glands have stomat&8ometimes nectary glands develop along the margin of the first
Unlike pi-1 flowers,ap3-3flowers have disk-shaped as well aswhorl medial organs instead of between them (Fig. 2E). The
oblong lateral glands. lag-1flowers ([se, pe, pg] (Bowman morphology of the glands is variable; they either resemble
et al., 1989), nectary glands are present between the secamild-type lateral glands or exhibit an aberrant morphology
and third whorl petals (Fig. 2C). The morphology of the gland¢Fig. 2E). Inap2-2 pi-1flowers the first whorl lateral organs
is variable, being either a bulb-like or disk-like with multiple are leaf-like and all other organs are carpels that tend to fuse
glands sometimes occurring on one side of the receptacle (Fig.one another (Iv/ca, ca, ca) (Bowman et al., 1991). Nectary
2F). The presence of stomata is also variable. In the inngtands are found interior to the lateral first whorl organs. Here
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Fig. 2. SEM of nectary glands
from the ABC single, double and
triple mutants. (Api-1, (B) ap3-3
(C)ag-1, (D,E)ap2-2 (F) an
example of a disk-shaped nectary
in ag-1,(G) ap2-2 pi-1,(H,I) ap2-2
ag-1, (J,K)ap2-2 pi-1 ag-1White
arrows and black asterisks indicate
nectary glands; In, lateral nectary
gland; mc, medial carpel. Scale
bars, 10Qum in A-C,E-K; 250um

in D.

too, the glands are variable in shape (Fig. 2G) and stomata magctaries implies that nectaries can develop independently of
be absent. Thus, the presence of nectary glands does mstdamens, in particular, and of other floral organs in general and,
require the concomitant development of a third whorl organ.furthermore that nectary development can be independent of
In ap2-2 ag-ldouble mutants the coordination betweenthe ABC homeotic selector genes. However, the lack of
whorls and organ primordia initiation is partially restored.nectaries ipi agandap3 agdouble mutants and their presence
Thusap2-2 ag-Iflowers have a floral ground plan of carpelloid in the ap2 pi agtriple mutant implicates roles for the ABC
leaves in the first whorl followed by two whorls of staminoid genes in patterning the floral whorls.
petals, and this pattern is reiterated in internal whorls ([ca/lv, While nectary formation is separable from stamens, it is still
st/pe, st/pe) (Bowman et al., 1991). In these double mutantspossible that the presence of stamens can promote nectary
more nectary glands per reiteration are present compaagd to formation. To examine this possibility, flowers with multiple
1 mutant alone (Fig. 2H,l). The morphology of the glands iswvhorls of stamens were studied. Plants carrying B681:AP3
variable, from short oblong structures to disk-shaped glandsand 35S::PI transgenes (referred to &5S::B hereafter)
Flowers lacking both B and C functiongi-1 ag-1;, ap3-3  produce flowers with two outer whorls of petals and two inner
ag-3 are composed of only sepals (Bowman et al., 1989; Jadkhorls of stamens (pe, pe, st, st) (Krizek and Meyerowitz,
et al.,, 1997). No signs of nectary formation were found inl996). In these flowers nectary glands are located subtending
flowers of either of these genotypes. Based on the pattern thfird whorl stamens but are not found subtending stamens
primordia initiation and the presence of internodal elongatiomccupying the fourth whorl (Fig. 3A). Likewise, iap2-2
between every two whorls, it is suggested that these flowers a88S::Bflowers, in which all four floral whorls are occupied by
composed of first and second whorls only (Bowman et alstamens (Krizek and Meyerowitz, 1996), nectary glands are
1991). Thus, the absence of a nectary could be consideresstricted to the third whorl (albeit at a lower frequency than
either as synergism between the single mutants or as abseimte5S::B flowers) and not in other floral whorls (Fig. 3B).
of the region of the floral meristem from which the nectaryExpressingAG under the control of thé\P3 promoter also
arises. results in the ectopic development of stamens (se, st, st, ca)
When A, B and C class activities are all compromised, as ifJack et al., 1997), and again, nectary glands only subtend the
ap2-2 pi-1 ag-iflowers, all flower organs are carpelloid leaf- third whorl stamens in these flowers.
like organs (Bowman et al., 1991). The floral ground plan was o N
interpreted to be (ca/lw, -), such that the second and third Nectary formation is position dependent
whorl organs fail to develop and the flower consists ofThe genotypes discussed above demonstrate that nectary and
reiterations of carpelloid leaf-like structures occupyingstamen formation are separable. Moreover, they suggest that
repeated first whorl positions. In addition, the organs tend tthe nectary forms in the third whorl of the flower, irrespective
fuse to one another during ontogeny, both within whorls andf the floral organ which occupies the third whorl. This
between whorls. As a consequence, reiterations appear as ringierpretation could explain why no nectary glands are formed
around the receptacle when the organs are removed. In this pi-1 ag-1 and ap3-3 ag-3double mutants since the third
triply mutant background, nectary glands are observed in sonvehorl does not appear to develop in flowers of this genotype.
of the reiterations, generally appearing at least in the laterdlherefore we examined genotypes in which ectopic third
domain in the first reiteration (Fig. 2K). The nectary glandsvhorls develop. Irsuperman-1(sup-J flowers, the boundary
were smaller and less frequent than those found in the doubihetween the third and fourth whorls is disrupted such that the
mutant ap2-2 ag-1flowers, and glands sometimes lackedthird whorl is reiterated multiple times (Schultz et al., 1991;
stomata (Fig. 2J). That trep2-2 pi-1 ag-ltriple mutant has Bowman et al., 1992; Sakai et al., 1995).slp-1 flowers,
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nectary glands subtend all stamens (Table 2). In addition, thexpressed in the nectary glands wilds not. Consistent with
glands subtending the outermost stamens are greatly enlargbd hypothesisAP3is expressed throughout nectary primordia
relative to wild-type nectary glands (Fig. 3C). A similar patternbut its expression subsequently becomes restricted to the base of
was seen in flowers of plants ectopically expresSiNySUAL  the nectary glands (Fig. 3G,H). In contrd3t,mRNA was not
FLORAL ORGANSUFO) which will be described later. detected in the wild-type nectary (not shown). This result is
Thus, we conclude that nectary development is tightlhcongruous with the observation that ectdpliexpression results
associated with a region of the flower that in wild-type willin nectary glands that have a mosaic appearance: the base has
give rise to the third whorl (referred to simply as the ‘thirdfilament characters while the apical end has nectary characters.
whorl" hereafter), but independent of the presence of any typehese results suggest that while the nectary is part of the third

of floral organ. whorl where both B class genes are normally expressed early
] ) during flower developmen®| and to some exterAP3 are
Complex relationships between the B class genes actively suppressed in cells giving rise to nectary glands.

and nectary gland morphology

While nectary gland formation does not depend on stamebFY and UFO are required for the establishment of
development, in wild-type flowers, absence of a stamethe third whorl
correlates with aberrant morphology of the associated glandEAFY (LFY) and UFO have been implicated as positive
When a lateral stamen is missing, the associated gland risgulators ofAP3 and Pl and in establishing the whorled
altered to resemble a medial gland in appearance, e.g., fig. pattern of the flower (Levin and Meyerowitz, 1995; Wilkinson
in Bowman and Smyth (Bowman and Smyth, 1999). Similarlyand Haughn, 1995; Lee et al., 1997; Parcy et al., 1998; Honma
in B class mutants, stamens are not present and most nectand Goto, 2000). In the flowers If§y mutants the outer four
glands have a medial-gland-like appearance. Nectaries ofgans are whorled and sepal-like, while the second and third
plants carrying th85S::Btransgenes are also altered comparedvhorl organs arise in a spiral phyllotaxis and are mosaics with
to wild type. In these plants, the lateral
glands are usually oblong and displa
mosaic of cell types. The basal portion
these  structures resemble stal
filaments, based on the appearance o
cuticle. However, the apical regic
exhibit an appearance similar to wild-ty
nectary glands, based on their cutic
thickenings and the presence of o
stomata. In addition, whileET668 is
expressed throughout wild-type nect
glands, its expression is limited to
apical end of35S::Bnectary glands (Fi
3D). Not all 35S::B flowers have medi
glands but in cases where they are pre
their morphology resembles that of
lateral glands.

To further understand the influence of
B class genes on nectary developrr
plants ectopically expressing eith&P3 or
Pl individually were studied. In plar
ectopically expressingP3 nectary glanc
appear like those observed in wild-t
flowers though they are slightly missha
(Fig. 3E). In plants ectopically express
Pl there are one or two nectary glar
oblong in shape, in each of the lat
domains and generally none in the me
domains (Fig. 3F). The glands have
mosaic appearance, as do the ne
glands of35S::Bflowers. The characteris )
T el T g e oot () St s, e Smora s

; ; ; ; ‘ zed usi i ial. (A,
resFrlcted tothe e}plcal.re'glon Whlle the b 358:):/PI (358::’98”) expressed in wild type arap2-2mutant, respecti\ye?y. (C) Lateral
region has a cuticle similar to filaments e .

o . nectary glands from sup-1mutant. (D) Longitudinal section of a lateral nectary gland from
addition, ET668.'S ex_p_ressed only at the a plant expressingsS::AP3 35S::PIET668GUS expression is mainly seen at the tip of the
of the glands. Since it is suggested K88  nectary gland. (E,F) SEM of nectary glands from wild-type plants expre3581gAP3and
and Pl act as a heterodimer (Jack et  35s::P| respectively. (G,H) In situ localization AP3mRNA in young and older nectary
1994; Riechmann et al., 1996), our res  glands, respectively, as seen in transverse section. In, lateral nectary gland; mst, medial
suggest that in wild-type flower&P3 is stamen; Ist, lateral stamen; Scale bard@0in A-E and 5Qum in F.
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characteristics of sepals and carpels (H
and Sussex, 1992; Weigel et al.,, 19
Flowers ofufo mutants have characterist
of Ify, ap3andpi flowers, with sepals, peta
stamens, carpels, filaments, or mo
combinations of these organ types bt
produced in the second and third wh
(Levin and Meyerowitz, 1995; Wilkinsc
and Haughn, 1995). Simultaneous ect
expression ofAP3 and Pl in Ify or ufo
mutants restores petals and stamens,
phyllotaxy inlfy flowers, and the eliminatic
of filamentous organs inufo flowers, is
not completely corrected (Krizek a
Meyerowitz, 1996). Since the nectary
associated with the third whorl of the flov
and not simply with the presence of stam
we investigated the effects 0O andLFY
loss- and gain-of-function alleles on tr
whorl establishment, as assayed by
presence of nectary glands.

In Ify-6 flowers, nectary glands, if prese
are found in the lateral domain, are redt
in size, resemble those foundgil flowers
and do not posses modified stomata ( \ 4 o &
4AB). In ufo-2flowers, glands are found & W35S L NS 355::"B" Ify-6 ufes2

?LhearI%tTrEilfsdﬁgnam anlg. res4e(r:nblle thOSpIG' Fig. 4. SEM of nectary glands from gain- and loss-of-function allelds=dfandUFO.
fy-6 flowers (Fig. 4C). In gener:  \"gyir "6 (C) ufo-2 (D) 35S:.LFY, (E) 35S::UFQ (F)Ify-6 355::AP3 35S::PI
more glands are found urfo-2flowers thar  (355:7")(G) Ify-6 ufo-2 355::AP3 35S::Pbt, stamen: pe, petal, r, nectary ridge;
inIfy-6. Inlfy-6 ufo-2double mutant flower  grrows, nectary glands. Scale bars, 160

no evidence of nectary development

observed. Ectopically expressibgY, using
the CaMV 35S promoter, in wild-type plants produces flowersinfused carpels form interior to the second whorl, all of the
with a normal floral ground plan but the nectary glands exhibitinfused carpels are subtended by nectary glands (Table 2).
normal to extremely aberrant morphology (Fig. 4D). To further characterize the involvementWfO andLFY in
Flowers of35S::UFOplants have sepals or petaloid sepalsestablishing the ‘third whorl’ domain of the flower, their
in the first whorl, followed by petals in the second whorl, andactivity was compromised, either singly or doubly, in the
usually two whorls of stamens (Lee et al., 1997). Interior tgresence of ectopic B class activity. lfp-6 35S::Bflowers,
the stamens, occasional reduced carpels are present. Nectpejals and stamens were restored but formation and normal
glands subtend both the third and fourth whorl stamens (Fignorphology of nectary glands were not (Fig. 4F). Similarly,
4E) in a manner reminiscent sfip-1flowers. The amount of while ectopic expression of B class genes inufa-2
nectary gland tissue is greatly increased such that the glanbackground restores the development of petals and stamens, it
surround the base of the stamens in the lateral domain wherdads to rescue nectary development. Finally,lfyx6 ufo-2
glands in the fourth whorl cover all areas of the exposeflowers ectopic B class gene expression restores petal and
receptacle. These results suggest that ectopic expressionstémen development, but no evidence of nectary development
UFO is sufficient for the reiterative development of the thirdis observed (Fig. 4G). It should be noted that it is formally
whorl. This activity ofUFO is independent of B class activity, possible that the function of the 35S promoter is sufficient to
since in35S::UFO pi-1flowers, where multiple whorls of restore partial B class function (e.g. restoration of stamens)

Fig. 5. Ectopic nectary-like glands and
misexpression o€ERC (A) Misexpression of
CRC::GUSat the base of flower pedicels in a
Ify-6 mutant plant (arrows). (B) Ectopic necta
like structure and stipule-like structure along
pedicel of arap1-1primary flower. (C) An

Eﬂ :
ectopic nectary-like structure located atthe k. ___7

of a flower pedicel on the abaxial side ofagri-1 35S::CR®lant. (D) Ectopic nectary-like structures positioned at the base of a flower pedicel
in a35S::CRC 35S::UF®lant. n, nectary gland-like structure; s, stipule-like structure. Scale bangml00
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but is insufficient to restore other functions (e.g. nectanfoss of nectary glands (Bowman and Smyth, 1999), we believe
development). Thus, a partially redundant roleWsiO and  its expression provides a reliable marker for identifying cells
LFY in the establishment of the third whorl is implicated, andspecified to become the nectary. Base&TC expression in
this function is separable from the activation of B class genestage 7-8 flowers, the nectary develops from two crescent-
) ] shaped groups of cells occupying the region between the petals
Multiple factors restrict the nectary to the flower and stamens in the third whorl of the flower. At later stages,
While in Arabidopsis the nectary is flower specific, in other CRC expression defines a ring of tissue around the entire
species nectaries may develop outside the flower. In owircumference of the receptacle. One interpretation is that the
investigation of the nectary ifrabidopsisfloral mutants, initial expression pattern in two crescent-shaped regions
ectopic GUS staining was detecteddRC::GUSandET668 represents the initial allocation of cells to be specified as the
lines in locations other than the nectary (and carpel tissues irectary, and subsequently, cells in the regions between the two
the case o€RC::GUS. In backgrounds odipl-1, Ify-6, ufo-2 sets of medial nectary glands are recruited@R&dependent
35S::UFQ and multiple combinations thereof, misexpressiormanner to become nectary tissue.
of CRC::GUSwas observed at the base of the flower pedicel Presently,CRC is the only gene known to be absolutely
(Fig. 5A). In ap1-1 Ify-6 and ap1-1 ufo-2double mutants, required for nectary gland formation #rabidopsis in all
nectary outgrowths were found in multiple whorls of theknown alleles of CRC mutants, nectary glands are absent
flower. However, in these plants, the normal whorledBowman and Smyth, 1999). The expressio€BICprecedes
phyllotaxy of the flower was replaced by a spiral arrangemergny visible signs of nectary gland development and continues
of organs and it was difficult to assign the nectaries to a thi® be expressed in the nectary gland after nectar secretion
specific whorl. In addition, in some cases, nectary outgrowthseases. Ectopic expression@RCthroughout the plant does
were also located on the stem in these genotypes. not induce ectopic nectaries, and in these plants, the placement
To test whethelCRC is limiting in apl-1 and 35S::UFO  and morphology of the nectary glands is normal. Therefore,
plants,35S::CRC apl-Band35S::CRC 35S::UF(lants were CRCis required but is not sufficient for nectary formation. As
examined. The addition dERC caused ectopic structures to CRC::GUSis detected in nectary gland-less mutants, other
occasionally develop at the base of flower pedicels in positiorgenetic factors acting upstream @RC specify where in the
corresponding to wher@RCwas missexpressed apl-land plant nectary tissue arises. Subseque@RC expression is
35S::UFO plants. These ectopic structures expressedequired for the recruitment of receptacle cells to be included
CRC::GUSandET668and had a rudimentary nectary cuticle in the nectary and the differentiation of the nectary tissues.
but no stomata were observed (Fig. 5C,D). It can be concludedIn addition to the morphological differences between the
that CRC is limiting for the differentiation of nectary nectary and its surrounding tissue, expression patterns of
characteristics but not for the formation of nectary glands. Whilseveral genes also demarcate the nectary from the surrounding
these results do not represent a thorough survey for suppress@septacle. For examplET668andCRC::GUSare expressed
of nectary formation, they provide a glimpse of the complexn the nectary during all stages of its development but not in
mechanisms that restrict the nectary to a specific position.  the receptacle. The expression patterns of the marker lines, in
Lastly, inapl-1plants expression dERC::GUSandET668 regards to the nectary (excdfilAT2::GUS)are restricted to
was also found half way up along the pedicel of the primarthe nectary gland and not the receptacle and may reflect
flower. The tissues along the pedicel that ectopically express thedevelopmental stages of nectary gland development.
nectary marker lines also exhibit morphological characteristics dNAT2::GUSis also expressed in the receptacle suggesting
nectary glands. The nectary gland-like structures along ththat it may have a more general role. While many of the genes
pedicel have modified stomata and an immature nectary glamdentified as expressed in nectaries Amabidopsis are
cuticle (Fig. 5B). However, secreted nectar has never bedranscription factors (Table INECTARIN Ifrom Nicotiana
observed around these structures. In most cases, stipule-lige. and NECTARIN1 from Brassica campestrisL. ssp.
structures are found accompanying these nectary-like structurggkinensis encode nectary expressed proteins likely required
Since first whorl organs are often separated from the other flordluring aspects of nectar secretion (Carter et al., 1999; Song et
organs inapl-1 mutants as a result of pedicel elongational., 2000). While all nectary gene expression observed in
(Bowman et al., 1993), these structure may represent displacAdabidopsids dependent d€RCactivity, whether any of these
first whorl organs, with nectaries in their axils suggesting that thgenes are direct targets @RCremains to be determined.
nectaries themselves could be third whorl nectaries that are
displaced along the pedicel. Alternatively, the structures could Bdectaries are independent of other floral organs and
ectopic reduced bract-like organs with axillary nectaries. Arbelinked to the third whorl
(Arber, 1931b) notes that similar stipule-like structures,The presented results demonstrate that nectary identity is
sometimes referred to as squamules, likely represent the stipuladependent of floral ABC gene function except where they
for the non-existent bracts in other Brassicaceae species. appear to canalize proper flower architecture and the formation
of the third whorl nectary zone. In the floral ABC single,
double and triple mutants (excqutl ag-1andap3-3 ag-},

DISCUSSION nectary glands are present even though the identity of the other
] ) floral organs is altered. This is exemplified in homeotic mutants
Wild-type nectaries and the role of  CRC in which the third whorl is occupied by organs other than

The nectary ofArabidopsisflowers is composed of a ring of stamens, and yet nectary glands are still presenmi-1nand
receptacle tissue out of which arise six glands on the abaxiap33 flowers, the third whorl is occupied by carpels rather
side of the stamens. Because mutation€RC result in the than stamens, and nectary glands are still present. Likewise in
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ag-landap2-2 ag-ldouble mutants in which the third whorl of AG in the formation of the third whorl is only uncovered
organs are petals and staminoid-petals, respectively, nectampen B class activity is also compromised (Bowman et al.,
glands are present, albeit their morphology and physiology i5991). Loss of A class activity also results in alterations in the
altered. Furthermore, in flowers in which stamens develop iformation of organ primordia in the outer whorls (Komaki et
ectopic positions, the location of the nectary is not alteredal., 1988; Kunst et al., 1989; Irish and Sussex, 1990; Bowman
Wild-type plants ectopically expressingP3 alone or in et al.,, 1991; Bowman et al., 1993). In additiokP2 is
combination withPl produce stamens in the third and fourthabsolutely required for second whorl organ primordia
whorls, but nectary glands are only present at the base of tfrmmation in aag pibackground and appears to suppress third
third whorl stamens. Changing the identity of the second whowhorl formation in this background (Bowman et al., 1991).
petals to stamens by ectopically expressh@ or changing However, the suppression of third whorl formationAR®2 is

the identity of all whorls to stamens by ectopically expressingontext dependent since additional third whorls do not form in
the B class genes in @ap2-2 mutant background does not outer whorls of35S::UFO ap2-2mutants. Thus, all three
change the location of the nectary; in all these genotypes tlntasses of floral homeotic genes appear to have complex roles
nectary is only found in the third whorl. Converselysipp-1  in patterning floral organ numbers and/or whorls, in addition
mutants in which the third whorl is reiterated (Schultz et al.to their roles in specifying identity. These two activities,
1991; Bowman et al., 1992; Sakai et al., 1995) nectary gland®wever, are largely independent as exemplified by alleles in
are found subtending all stamens. This suggests that umhich the roles can be genetically separated.

Arabidopsis genetic factors associated with the third whorl are SinceCRCis not sufficient for nectary development, there
responsible for the initial placement of the nectary and that th@ust be other factors that either suppress or promote nectary
subsequent development and morphology of the nectary glanftsmation. Three factors that restrict the expressio€RC

is under control ofCRGdependent genetic programs. Thus,within the flower aréAP1, LFY andUFO. In ap1-1, Ify-6, ufo-
nectary development is independent of the presence or identi2yand 35S::UFO plants,CRCis expressed in the axils of the
of the floral organs. That nectaries develoffyiraplplants, in  pedicels while it is not expressed there in wild-type plants.
which flower meristem specification is compromised, furtheHowever,CRCis only limiting for the differentiation of nectary
supports the independence of nectary development from tloharacteristics in these backgrounds, implying other as yet

specification of floral organ identity. unidentified genetic components necessary for the formation of
ectopic nectaries. That nectary tissue differentiates in these

UFO, LFY and AP1 act to promote floral third whorl backgrounds, but not in wild type, wh@RCis ectopically

nectary growth and repress extrafloral nectaries expressed implies that these genes also regulate other factors

UFO andLFY appear to act upstream to help establish the thirdequired for nectary development. In some speci€apparis
whorl tissues from which stamens and nectary glands aris@Capparidaceae; phylogenetically closely related to the
Because the nectary is present in the fourth wh@b8f:UFO  Brassicaceae) extrafloral nectaries develop in the axils of the
and35S::UFO pi-1plants but is not present in the fourth whorl pedicels (Zimmerman, 1932) in a position similar to that in the
of plants expressing35S::B we propose thaB5S::UFO  above Arabidopsismutant genotypes, and it is tempting to
reiterates the third whorl and is not merely activating B classpeculate that a similar genetic mechanism is responsible for
genes as previously proposed (Lee et al., 1997; Samach et #he formation of extrafloral nectaries in these species.
1999). Thus, gain-of-functiodFO alleles appear to result in )
ectopic development of additional third whorls with theNectary evolution
accompanying nectary growth zone, similar to that observed idnlike the floral organs, whose relative positions are conserved
sup mutants (Schultz et al.,, 1991; Bowman et al.,, 1992)across angiosperms, the nectary is not located in the same
Conversely, loss-of-functionfo alleles, when combined with position in all plants, consistent with our results that the nectary
Ify mutations result in a loss of the nectary, perhaps as a residtnot specified by the combinatorial action of the ABC genes.
of failure to establish the third whorl. Ectopically expressingThe ABC model of floral organ identity specification appears
the B class genes irfo Ify flowers restores stamens and petals¢o hold for widely divergent species within the eudicots as
but not the nectary, indicating th&tFO and LFY act to well as grasses, and this genetic network canalizes floral
promote third whorl establishment independent of therchitecture to some extent, resulting in a conserved floral
activation of B class genes. How these interactions arergan order (Bowman, 1997; Ambrose et al., 2000; Kyozuka
accomplished at the molecular level is as of yet unclear. et al., 2000). Since the nectary is independent of the ABC floral
That the third whorl does not appear to developiiagand  homeotic genes it is not constrained by the limitations of the
ap3 agdouble mutants, implicates the B and C class genes iABC genetic network, and thus, it is potentially ‘free’ to move
the establishment of the third whorl. A role in floral meristemabout the flower over evolutionary time in response to selection
determinacy has been noted for the B class genes previousinposed by interactions with pollinators. Consistent with this
For example, B class loss-of-function mutations result in @he nectary can be found on the receptacle associated with any
reduction in the number of third and/or fourth whorl organs irof the floral organs or associated with any of the floral organs
both Arabidopsisand Antirrhinum (Bowman et al.,, 1989; themselves in various taxa (Brown, 1938). However, the
Sommer et al., 1990; Bowman et al., 1991; Trobner et al., 1998uestion then remains as to what specifies a nectary? Ectopic
Jack et al., 1992). Conversely, additional third (or interiorexpression of CRC does not produce ectopic nectaries
whorl organs develop when B class genes are ectopicalsuggesting that other factors are requiredrabidopsisthose
expressed interior to the third whorl, either by means ofactors are associated with the third whorl which is, in part,
transgenes or due tsup mutations (Schultz et al., 1991; established by the action &fFO andLFY. In other species
Bowman et al., 1992; Krizek and Meyerowitz, 1996). The rolenectaries are located elsewhere within the flower or even
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outside the flower and it is believed both floral and extrafloratoen, E. S. and Meyerowitz, E. M(1991). The war of the whorls — genetic
nectaries arose independently a number of times (Brown, interactions controlling flower developmeNature353 31-37.

; e di ; ; avis, A. R.(1994). Wild type nectary morphology and The floral homeotic
1938)' Given this dlverSIty of nectary morph0|09y and IocatlorP geneAGAMOUS nectaries. InArabidopsis An Atlas of Morphology and

within the plar_1t, it is_"kEIy_th_at t_he mechanism for specifying Developmen{ed. J. L. Bowman), pp. 172-177 and 224-225. New York:
the nectary inArabidopsisis just one of a number of  Springer-Verlag.
mechanisms for specifying the nectary position within a planavis, A. R., Haughn, G. W. and Sawhney, V. K(1993). Preliminary

it it i i investigation of the netary in floral mutants Afabidopsis thaliana In
agg('j ?gdl'r[g)r?]gltlg’ r:;éfapofjg:%rnrv;eggmc IS umversa”y Pollination in the Tropicgeds. G. K. Veeresh, R. Uma Shaankar and K. N.
u p yd lation. Ganeshaiah) as the Proceedings of the International Symposium for
. . . . Pollination in the Tropics (August 8-13, 1993) pp. 9-14. Bangalore:
John (Stan) Alvarez's help in some SEM dissections and critical |nternational Union of the Study of Social Insects.
review of the manuscript is greatly appreciated. We thank Ji-Youn@avis, A. R. and Gunning, B. E. S(1993). The modified stomata of the floral
Lee, John Emery, Sandy Floyd, Nathaniel Hawker and members of nectary ofVicia-FabaL..3. physiological aspects, including comparisons
the Charles Gasser laboratories for thoughtful discussions. We thankwith foliar stomataBot. Actal06, 241-253.
Marty Yanofsky, Tom Jack, Jan Dockx, Gary Drews and Hong Ma foPavis, A. R., Peterson, R. L. and Shuel, R. W1986). Anatomy and
supplying seeds of the various marker lines; Detlef Weigel for \é%s{chat;g%gfztngfloral nectariesBrbissica napugBrassicaceaefan. J.
supplylp_g seeds expressing 38820 and 35SLFY; and Tom Jack Davis, A. R., Pylatuik, J. D., Paradis, J. C. and Low, N. H1998). Nectar-
_and KQJ' QOtO for_ S_”F’P'y'”g th_AP3 andPI clones for p_rObeS used_ carbohydrate production and composition vary in relation to nectary
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