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Abstract Nectaries and nectar have received much
research attention for well over 200 years due to their
central roles in plant—pollinator interactions. Despite this,
only a few genes have demonstrated impacts on nectary
development, and none have been reported to mediate de
novo nectar production. This scarcity of information is
largely due to the lack of a model that combines sizeable
nectaries, and high levels of nectar production, along with
suitable genomics resources. For example, even though
Arabidopsis thaliana has been useful for developmental
studies, it has been largely overlooked as a model for
studying nectary function due to the small size of its
flowers. However, Arabidopsis nectaries, along with those
of related species, are quite operational and can be used to
discern molecular mechanisms of nectary form and func-
tion. A current understanding of the machinery underlying
nectary function in plants is briefly presented, with
emphasis placed on the prospects of using Arabidopsis as a
model for studying these processes.
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Introduction

Nectar is a widely offered floral reward secreted by plant
organs, termed nectaries, to attract pollinators (Jolivet
1992). Significantly, there is a well-known correlation
between nectar quality (e.g., volume and composition),
pollinator visitation, and overall pollination efficiency in
multiple plant—pollinator systems (e.g., Baker and Baker
1973, 1982; Galliot et al. 2006a; Stuurman et al. 2004). A
relationship also appears to exist between floral and nectary
form and nectar quality (Davis et al. 1996, 1998; Davis
2001; Nepi 2007; Pacini and Nepi 2007). For example, in a
study examining the relationship between floral structures
and nectar-carbohydrate production, Davis (2001) identi-
fied several characteristics that seem to be associated with
high nectar-carbohydrate production. A thickened peduncle
with extensive vascularization, a receptacle with large
dimensions, and increased nectary size are among these
characteristics. With further study, plant lines exhibiting
enhanced nectar-carbohydrate production could be selec-
tively bred on the basis of the aforementioned structural
features.

Remarkably, the molecular events involved in the syn-
thesis and secretion of nectar, and even the development of
floral nectaries, are relatively poorly understood. Indeed, to
date, no genes have been reported to directly affect the de
novo production of floral nectar. Furthermore, only three
genes—CRABS CLAW (CRC), BLADE-ON-PETIOLE
(BOP) 1, and BOP2—have confirmed involvement in the
development of normal nectaries (Bowman and Smyth
1999; McKim et al. 2008). With this dearth of information
in hand, it is clear that many of the genes participating in
de novo nectar production are unknown. To address this
gap in knowledge, several research groups (including our
own) have initiated projects to elucidate the underlying
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mechanisms of nectary development and function in mul-
tiple systems (described in the following paragraphs).
Determining the molecular basis of nectar synthesis and
secretion can have broad implications, ranging from
understanding the co-evolution of plant—pollinator inter-
actions to increasing yields in multiple pollinator-depen-
dent crop species.

Our current understanding of nectary function at a
molecular level is relatively limited due to the fact that no
model plant, with a completely sequenced genome, offers a
substantial amount of nectariferous tissue or produces an
appreciable volume of nectar for empirical analysis. For
example, ornamental tobacco (Carter et al. 1999; Ren et al.
2007a) and petunia flowers (Stuurman et al. 2004), both of
which are extremely useful models for nectary studies,
have large nectaries that can produce in excess of 30 pL of
nectar per flower, which allows one to easily collect sam-
ples, yet these systems have relatively few genomics
resources when compared to model plants with completely
sequenced genomes. On the other hand, Arabidopsis tha-
liana is an outstanding model plant in terms of genetic and
genomic resources, but it produces extremely small vol-
umes of nectar from its minute nectaries. While Arabid-
opsis flowers are indeed diminutive, its nectaries are quite
functional and, despite the challenges associated with
collecting sufficient nectar or nectary samples, these organs
can be functionally studied at the molecular level. This
article aims to summarize past reports and current attempts
to elucidate molecular mechanisms underlying nectary
development and function in multiple plant species, with
an emphasis placed on Arabidopsis as a useful model
system for these purposes. Ecological and evolutionary
considerations pertaining to nectaries and nectar are not
discussed in depth here, but have been excellently reviewed
recently (Brandenburg et al. 2009).

Nectar composition

Floral nectar is mostly comprised of sugars, between 8 and
80% (w/w) depending on the species (Baker and Baker
1983), and also usually contains an array of additional
components, including: alkaloids (Deinzer et al. 1977),
amino acids (Baker and Baker 1973), flavonoids (Ferreres
et al. 1996), free fatty acids (Kram et al. 2008), glycosides
(Roshchina and Roshchina 1993), metal ions (Heinrich
1989), oils (Vogel 1969), organic acids (Baker and Baker
1975), phenolics (Ferreres et al. 1996), proteins (Carter and
Thornburg 2004), terpenes (Ecroyd et al. 1995), and
vitamins (Griebel and Hess 1990). The functions of these
non-sugar compounds vary considerably, ranging from
rendering nectar unpalatable to nectar thieves (Baker 1978)
to warding off microbial infection (Carter and Thornburg
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2004; Pichersky and Gershenzon 2002), as well as pro-
viding additional nutrition to pollinators (Rathman et al.
1990; Rusterholz and Erhardt 2000; Weber 1958).
Sucrose, glucose, and fructose are the most prevalent
carbohydrates found in nectar (Baker and Baker 1983).
Various nectars also contain other simple carbohydrates in
minor concentrations, which are thought to play a role in
providing supplementary nutrition to pollinators (Baker
and Baker 1983). Davis et al. (1998) previously demon-
strated that Arabidopsis nectar is hexose-dominant, with
the Columbia ecotype displaying a hexose (glucose +
fructose)-to-sucrose ratio close to 33.33. This is in direct
contrast to the carbohydrate found in Arabidopsis phloem
sap, which is almost exclusively comprised of sucrose (e.g.,
Deeken et al. 2002). The compositional differences
between nectar and phloem photosynthate in multiple
species imply that the phloem ‘pre-nectar’ is modified to
yield ‘mature’ nectar, and indeed this proposed process has
been supported by a number of studies (Davis et al. 1998;
Ren et al. 2007a; Wenzler et al. 2008). Interestingly, the
carbohydrate ratio of exuded nectar can differ according to
nectary type, within the same flower (i.e., lateral vs.
median nectaries; see following description). For the
Columbia ecotype, the glucose/fructose ratio of nectar
secreted by lateral nectaries averaged 1.15, but was only
0.9 for nectar secreted by median nectaries (Davis et al.
1998). This finding, a difference in carbohydrate ratio
between lateral and median nectaries, was consistent across
several Brassicacae species examined (Davis et al. 1998).
The mechanics controlling nectar composition and secre-
tion are currently under investigation by a number of
groups, with some prevailing notions described herein.

Nectary structure

As indicated earlier in this article, the floral organ
responsible for nectar synthesis and secretion is the nec-
tary. Nectaries can occur in different areas of flowers and
can take on diverse forms in different species, even to the
point of being useful for taxonomic classification (Fahn
1979a). Four general types of nectaries have been reported
to occur in Brassicaceae flowers, including: (1) annular: a
continuous ring of tissue fused to the ovary at the base of
the flower; (2) two-nectary type, with two lateral nectaries
at the floral base; (3) four-nectary type, with one pair each
of both lateral and median nectaries; and, (4) eight nectary
type, with two pairs each of both median and lateral
nectaries (Bernardello 2007; Davis et al. 1996, 1998).
Arabidopsis thaliana flowers generally contain four
nectaries, which, as alluded to earlier, consist of two
non-equivalent sets of organs (Fig. 1; Davis et al. 1998).
One of these sets is known as lateral nectaries and the other
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Fig. 1 Schematic of Arabidopsis thaliana nectarium. Arabidopsis
flowers have four nectaries that comprise the ‘nectarium’; two lateral
nectaries (LN) occur at the base of short stamens, and two bilobed
median nectaries (MN) occur in between the insertion points of two
long stamens. a Schematic of Arabidopsis flower with front sepal and
petals not shown (modified from Kram et al. 2009). b Schematic

as median nectaries (occasionally referred to as ‘medial
nectaries’). In Arabidopsis, the two lateral nectaries, which
are often bilobed, are longitudinally opposed to one another
just outside the base of each short stamen and are bounded
by petal insertion sites. Currently, there exists some debate
as to whether a single flower has two or four median
nectaries; regardless, the median nectaries almost always
appear bilobed, with each lobe occurring in between the
insertion points of a long stamen and a petal. Significantly,
even among nectaries sharing a common spatial orienta-
tion, nectary morphology can vary significantly, and
median and lateral nectaries occasionally appear to be
linked to one another by a narrow ridge of tissue (Davis
AR, in Bowman 1994).

Nectary vasculature also can significantly differ between
species; out of 366 species examined, 39.6% lacked any
vascularization, 47.8% were supplied exclusively by
phloem, and 12.6% contained both xylem and phloem
(Fahn 1979a). In Arabidopsis, both lateral and median
nectaries are well-differentiated organs, and while they are
subtended exclusively by phloem, the nectary parenchyma
itself generally contains little vasculature; furthermore,
only the lateral nectary is supplied by sieve tubes to an
appreciable extent (Davis AR, in Bowman 1994). As pre-
viously mentioned, median and lateral nectaries are not
equivalent—indeed, it is generally thought that only lateral
nectaries significantly contribute to the production of nec-
tar in most Brassica species (Davis et al. 1998; Nieuwhof
1969). Nectar volume measurements by Davis et al. (1998)
reveal that lateral nectaries produce 96—100% of the total
nectar carbohydrate secreted by Arabidopsis flowers, while
the poorly secreting median nectaries produce the

carpel

long
stamen stamen

cross-section of flower, from (a), with relative location of floral
organs indicated (modified from Davis et al. 1998). A narrow ridge of
tissue that occasionally connects median and lateral nectaries is
indicated with dashed lines. Lateral nectaries produce >95% of total
nectar in most Brassicaceae flowers, with median nectaries often
being, at best, weakly secretory

remaining 0-4%. Vascular differences between lateral and
median nectaries are likely at least partially responsible for
the disparity in nectar production by these organs (Davis
et al. 1986, 1996). Further descriptions of nectary ultra-
structure in relation to nectar production are described later
on.

While not the primary focus of this article, extrafloral
nectaries also play a role in providing rewards to insects.
However, in this circumstance, the role of the insect is not
to aid in pollination, but rather to defend the plant from
herbivory (Heil et al. 2001). As the function and anatomy/
physiology of floral and extrafloral nectaries are similar, it
is tempting to postulate that similar genetic programming
controls the development and functioning of these organs.
In evolutionary terms, it has even been suggested that floral
and extrafloral nectaries are closely linked (De la Barrera
and Nobel 2004). Unfortunately, Arabidopsis does not
possess extrafloral nectaries, so this plant model cannot be
used to gain insight on the similarities and differences of
floral and extrafloral nectaries. Further similarities between
floral and extrafloral nectaries are briefly discussed in the
following paragraphs.

Nectary development

Arabidopsis nectaries do not start developing until
~3.5 days before anthesis and undergo a rapid expansion
prior to flower opening (Smyth et al. 1990). It is known that
the YABBY family transcription factor CRABS CLAW
(CRC) is required for the initial development of nectaries
and carpels in Arabidopsis thaliana, and probably for many
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other dicots as well (Baum et al. 2001; Bowman and Smyth
1999; Lee et al. 2005a, b). These studies indicate that
several positive and negative regulators control CRC
expression; in particular, it has been proposed that B-class
(APETALA3 and PISTILLATA) and C-class (AGAMOUS)
genes along with SEPALLATA coordinate the activation of
CRC in nectaries and carpels (Lee et al. 2005a). Expression
of CRC persists at high levels in nectaries long after
development, and throughout the secretory process; thus,
CRC could potentially play an indirect role in the regula-
tion of nectar synthesis and secretion. However, since crc
mutants lack nectaries it is not understood what effect, if
any, this gene has on de novo nectar production. Signifi-
cantly, downstream CRC targets and mechanistic signaling
mechanisms regulating nectary development and function
are largely unknown at the moment. Like CRC, BOPI and
2 are transcription factors that are required for proper
nectary development. It was recently demonstrated that
bop1/2 double mutants fail to form normal nectaries, and
instead develop minor projections at the base of the sta-
mens that lack any typical nectary characteristics (McKim
et al. 2008). Since CRC expression is retained in bopl/2
double mutants, the lack of nectary outgrowth is not a
consequence of CRC deregulation, but instead BOP [ and 2
might be acting with CRC to promote normal nectary
development (McKim et al. 2008).

Nectary ultrastructure and nectar secretion

Nectaries undergo remarkable morphological and meta-
bolic changes during the course of floral development. For
example, it is known that pre-secretory nectaries in mul-
tiple species, including Arabidopsis, accumulate large
amounts of starch in amyloplasts (e.g., Fahn 1979a, b,
1988; Ge et al. 2000; Ren et al. 2007a). The ultimate
supplier of most pre-nectar sugars stored within these
plastids appears to be phloem (schematically shown in
Fig. 2), though some starch may be produced in situ via
photosynthesis (Davis et al. 1986). Just prior to anthesis
and nectar secretion, a rapid degradation of the starch
granules occurs, which likely provides much of the car-
bohydrate that is present in mature nectar (Peng et al. 2004;
Ren et al. 2007a; Zhu et al. 1997). However, transport of
simple sugars via phloem for secretion, without prior
storage in amyloplasts, is also likely in some species (e.g.,
Wenzler et al. 2008). In the latter instance, pre-nectar still
appears to be modified by nectaries prior to secretion
(Wenzler et al. 2008).

Even with the aforementioned knowledge in mind, the
specific mechanisms of how sugars and other metabolites
are transported, and ultimately secreted, are still in question
(a greatly generalized schematic is presented in Fig. 2). A
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prevailing view of merocrine-type secretion (apparently
used by the nectaries of most species, including Arabid-
opsis) suggests that pre-nectar metabolites derived from
vascular bundles are transported symplastically via plas-
modesmata to nectary parenchyma cells (Fig. 2, step 3)
where the sugars are temporarily stored as starch as
described earlier (step 4; also reviewed in: Fahn 1979a, b;
Pacini and Nepi 2007). In Arabidopsis, it appears that
CELL WALL INVERTASE 4 (CWINV4) helps to main-
tain a constant sink status in pre-anthesis nectaries via
extracellular hydrolysis of sucrose (step 1; also see Fig. 3;
Ruhlmann et al. submitted). When needed, starch grains are
degraded, their products modified by endoplasmic reticu-
lum and Golgi, and packaged into vesicles that fuse with
the plasma membrane via granulocrine-type secretion.
Indeed, ultrastructural analyses have repeatedly demon-
strated the presence of extensive ER and Golgi networks in
nectary secretory cells (Fahn 1979a, b, 1988; Ge et al.
2000; Zhu et al. 1997). Significantly, this theory does not
necessarily discount involvement of plasma membrane
transporters in generating nectar via direct eccrine-type
secretion. Indeed, discerning between granulocrine- and
eccrine-type secretion has not been easy up to this point, as
both mechanisms have been found to occur and can vary
between species (Wist and Davis 2006, 2008). Compli-
cating these analyses is the fact that simultaneous apo-
plastic flow of sugars supplied from sieve tubes, without
prior storage in amyloplasts, cannot be discounted (Pacini
and Nepi 2007). The specific point of secretion from the
nectary in most instances is thought to be modified sto-
mata, which remain permanently open and provide a direct
path out of the nectary (e.g., Fig. 4; Davis AR, in Bowman
1994; Zhu et al. 1995; Zhu and Hu 2002). It should also be
noted that a highly reticulated cuticle covers the nectary
epidermis in Arabidopsis (Davis AR, in Bowman 1994;
Nepi 2007), as is often the case for other species (Durkee
1983). Finally, it is important to mention that secretion by a
minority of nectary types is mediated by rupture of nectar-
containing cells through a process known as ‘holocrine’
secretion (reviewed in Durkee 1983). Moreover, nectar has
been demonstrated to be resorbed by nectaries in a
number of instances (reviewed in Nepi and Stpiczynska
2008).

Interestingly, due to dense staining patterns as observed
by transmission electron microscopy, it has been suggested
that Arabidopsis nectary parenchyma cells undergo
degeneration well before secretion (Zhu et al. 1997; Zhu
and Hu 2002); this conclusion is intriguing for a number of
reasons. In particular, GUS staining patterns (Tholl et al.
2005), RNA isolation and microarray experiments (Kram
et al. 2009), starch staining patterns (Ren et al. 2007a),
confocal microscopy studies (see data in upcoming para-
graphs), and other studies (Fallahi et al. 2008), suggest that
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Fig. 2 Nectar synthesis and secretion pathways in Arabidopsis and
related species. Sieve tubes supply Arabidopsis nectaries with pre-
nectar (sucrose and other metabolites), which can then take several
alternative routes prior to nectar secretion. (/) Phloem-derived
sucrose appears to be hydrolyzed into glucose and fructose by CELL
WALL INVERTASE 4 (CWINV4) in both pre- and post-anthesis
flowers, thus allowing nectaries to maintain a constant sink status
(Ruhlmann et al. submitted). The resultant hexoses then either (2)
move apoplastically toward stomatal apertures in actively secreting
nectaries or (3) are taken up by parenchyma cells and move
symplastically via plasmodesmata until (4) they are stored as starch

Fig. 3 Evaluation of nectar production in Arabidopsis flowers.
Gently peeling back the sepal allows for the easy determination of
relative increases or decreases in nectar production in Arabidopsis
flowers. a Nectar droplets accumulating within the sepal cups
surrounding lateral nectaries (LN) are consistently present in wild-

hexose-rich
nectar

CC = companion cell
CWINV = cell wall invertase
ST = sucrose transporter
HT = hexose transporter
GC = guard cell

EC = epidermal cell

O@ sucrose
Q glucose

@ fructose  PC = parenchymal cell

in pre-anthesis amyloplasts. Shortly before flower opening, (5) starch
stores are degraded to yield hexose monomers. The resultant sugars
(6) exit the parenchyma cells either via hexose transporters, which
translocate sugars into the apoplastic space (eccrine secretion), or are
packaged into vesicles that then fuse with the plasma membrane and
release the sugars into the apoplast (granulocrine secretion). It is also
likely that CWINV4 is involved in the cleavage of sucrose into
glucose and fructose in actively secreting cells. The mature hexose-
rich nectar ultimately results in water flow out of cells and the
resulting mixture is secreted through permanently open stomata

type plants (circled). b cwinv4 mutants do not secrete nectar (e.g.,
cwinv4-1, SALK_130163). Preliminary analyses indicate that other
nectary-specific gene mutants produce little or no nectar, whereas
some have increased nectar volumes
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Fig. 4 Analysis of Arabidopsis nectary structure and ultrastructure
via laser-scanning confocal microscopy. In vivo imaging of Arabid-
opsis nectaries is possible with GFP fusion proteins and fluorescent
dyes. In this example, laser-scanning confocal microscopy was used
to examine an Arabidopsis lateral nectary expressing plasma mem-
brane localized GFP (GFP:LTI6b; described in Cutler et al. 2000).
The image shown was compiled from a z-stack of 72 individual
photos. Sample preparation consisted simply of removing sepals from
the flower prior to imaging. Available software also allows the
creation of time-lapse movies to follow membrane and organelle
dynamics. Modified stomata are clearly visible and serve as the
presumed sites of nectar secretion

the parenchyma cells may not degenerate prior to nectar
secretion, or even shortly thereafter. Moreover, Arabidop-
sis nectaries are sites of auxin synthesis long after nectar
secretion has ceased, even up to the point of silique mat-
uration (Aloni et al. 2006).

As stated earlier, significant changes in intracellular
morphology, particularly in ER, Golgi, vacuoles, and
plastids, are known to occur in nectaries throughout
development. To date, and to our knowledge, all reports
of nectary ultrastructure have relied on thin sectioning of
nectaries followed by light or electron microscopy.
However, a significant advantage of Arabidopsis is that
nectaries are very small (~ 100 microns wide and deep)
and occur just inside the sepals at the base of the stamen
and petals. Thus, simple removal of sepals allows direct
access to nectary visualization without further dissection
(e.g., Fig. 3). To take advantage of these characteristics,
Arabidopsis nectary ultrastructure can be studied in vivo
by laser-scanning confocal microscopy (LSCM, Fig. 4).
We have examined a large number of transgenic Ara-
bidopsis lines expressing GFP and YFP fusions (Cutler
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et al. 2000; Di Sansebastiano et al. 2001; Grebe et al.
2003; Tian et al. 2004; Wang et al. 2004) via LSCM (e.g.,
Fig. 4). Each of these fusion proteins is targeted to a
specific subcellular location, and all have shown good
imaging results in nectaries. Plastids are also readily
imaged through chlorophyll autofluorescence. In addition
to these fluorescent transgenic lines, imaging can be
performed with fluorescent dyes such as Invitrogen’s
FM4-64 and FM1-43. With these fluorophores, we have
been able to image plasma membrane and endomembrane
compartments, as well as nectary morphology as a whole.
It is expected that observations made via LSCM might
help tease apart the general pathways of nectar secretion
by providing in vivo analysis of nectary ultrastructure and
organelle dynamics.

Molecular biology of nectaries

In addition to the transcription factors involved in nectary
development described earlier, a wide variety of nectary-
expressed genes have been identified, with putative func-
tions ranging from sugar and starch metabolism (Ge et al.
2000; Ren et al. 2007b) to protecting nectar from microbial
infection (Carter and Thornburg 2004; Kram et al. 2008;
Peumans et al. 1997), among other functions (Nelson et al.
1997; Song et al. 2000; Tholl et al. 2005; Thoma et al.
1994). Despite the various reports on nectary-expressed
genes, very little is known of the downstream mediators of
nectary development, nectar synthesis, and secretion.
Important work on petunia pollination syndromes has also
identified a single QTL involved in controlling nectar
volume and composition (Galliot et al. 2006a, b; Stuurman
et al. 2004), though the specific gene(s) involved in
mediating this phenomenon are currently unknown. While
information provided through the reports described earlier
is certainly valuable, a global picture of gene expression in
nectaries has long been lacking.

The absence of genetic information describing nectar
synthesis and secretion is rather astounding, especially
considering the significant role nectaries play in the
reproductive biology of many angiosperms. One of the
hurdles has been finding a suitable organism in which to
study nectary form and function—one that provides enough
sample for analysis but that also has ample genetic
resources available for rapid and functional analysis. To
address the lack of a global picture of gene expression in
nectaries, we recently demonstrated the feasibility of
manually dissecting nectaries from Arabidopsis and then
conducting transcriptomic studies (Kram et al. 2009). Still,
this process is laborious, as Arabidopsis flowers, and hence
nectaries, are very small. For each of the eight independent
biological replicates used for these transcriptomic analyses,
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approximately 200-300 nectaries, depending on nectary
type, were required (~ 2,000 nectaries total). More spe-
cifically, the Affymetrix® ATHI GeneChip array was used
to follow global changes in gene expression in Arabidopsis
nectaries at two developmental time points (pre-secretory
and secretory nectaries), as well as between median and
lateral nectaries. From these data, we were able to identify
over 70 highly nectary-enriched genes (20 of which are
listed in Table 1), with a significant subset being upregu-
lated at specific floral developmental stages. It is hypoth-
esized that these highly expressed and nectary-enriched
genes are required for nectary development and/or function
(e.g., see Fig. 3).

Logically, since sugars are the principal components of
floral nectar, we expected carbohydrate metabolism genes
to figure prominently in any list of nectary transcripts. In
fact, upon microarray analysis, this was our finding, as the
complete canonical sucrose biosynthetic pathway was
upregulated in mature lateral nectaries when compared

with non-nectary reference tissues (Kram et al. 2009). As
described earlier, various modifications appear to alter the
composition of phloem sap to yield mature nectar (Fahn
1988). Nectaries are sink tissues, but specific biochemical
and physiological processes are necessary to preserve this
status and maintain the net flow of carbohydrates from
source tissues into nectaries (Roitsch 1999; Sherson et al.
2003). Several enzymes (e.g., invertases, sucrose syn-
thases, and sugar transporters) are capable of altering the
carbohydrate composition of nectar. For example, sucrose
and other disaccharides can be directly transported across a
cell membrane (via transporters) into storage vacuoles, the
cytosol, or the apoplast. Alternatively, cell wall invertases
can hydrolyze sucrose into hexoses (glucose and fructose),
which can then be imported by monosaccharide/proton
symporters into sink cells. Indeed, Arabidopsis cell wall
invertase genes were almost universally upregulated in
mature lateral nectaries (compared with non-nectary ref-
erence tissues). CELL WALL INVERTASE 4 (AtCWINVA4,

Table 1 Some Arabidopsis genes displaying nectary-enriched expression profiles via microarray

Locus TAIR annotation

Fold difference over
reference tissue avg®

Probe set

ILN MLN MMN

AT2G30650 3-Hydroxyisobutyryl-coenzyme A hydrolase, putative

AT4G12530 Protease inhibitor/seed storage/lipid transfer protein (LTP) family protein

AT3G25810 Myrcene/ocimene synthase, putative
AT1G69180 Transcription factor CRC (CRABS CLAW)
AT2G39060 Nodulin MtN3 family protein

AT1G23300 MATE efflux family protein

AT5G24270 Calcineurin B-like protein, putative/calcium sensor homolog (SOS3)

ATI1G77110 Auxin transport protein, putative

AT1G17960 Threonyl-tRNA synthetase, putative/threonine-tRNA ligase, putative

AT5G38130 Transferase family protein

AT2G26580 Plant-specific transcription factor YABBY family protein
AT2G36190 Beta-fructosidase, putative/beta-fructofuranosidase, putative

AT5G42230 Serine carboxypeptidase S10 family protein
AT2G22680 Zinc finger (C3HC4-type RING finger) family protein

AT5G38120 4-Coumarate-CoA ligase family protein/4-coumaroyl-CoA synthase family protein

AT2G44480 Glycosyl hydrolase family 1 protein
AT1G23200 Pectinesterase family protein
AT5G06720 Peroxidase, putative

AT2G42830 Agamous-like MADS box protein AGLS5/floral homeodomain transcription factor (AGLS) 263988_at
AT1G19640 S-Adenosyl-L-methionine:jasmonic acid carboxyl methyltransferase (JMT)

267571_at 234.44 381.26 274091
254829_at 316.88 376.33 352.76
257637_at 293.02 317.00 294.25
260355_at 176.32 198.09 251.69

266201_at 174.09 193.32 179.31
263040_at  38.01 171.12 58.88
249783_at 127.08 132.06 151.92
264962_at 5291 84.81 90.87
255893_at 2395 7447 59.63
249541_at  16.75 70.03 57.07
245029_at  43.81 68.71 64.28
263905_at  65.77 66.63 62.00
249241_at  0.71 5338 34.80
265345_at  37.20 53.13 49.57
249540_at 38.12 5134 55.60
267391_at  1.06 50.02 18.52
264891_at  20.52 44.69 4221
250646_at 195 4240 36.01

1722 4237 37.65
261150_at  8.12  33.04 7.24

RNA isolated from manually collected Arabidopsis nectaries was labeled and then hybridized to the Affymetrix ATHI GeneChip®. The resultant
data were co-normalized with 13 non-nectary reference tissues and analyzed for nectary-enriched expression profiles (Kram et al. 2009)

* Twenty genes displaying the highest nectary-to-reference tissue probe signal ratios are displayed. All genes had a minimum threefold higher
probe signal intensity in nectaries than each individual reference tissue for at least one nectary type or developmental stage. ILN, immature
lateral nectary (stage 11-12, pre-secretory); MLN, mature lateral nectary (stage 14—15, secretory); MMN, mature median nectary (stage 14—15,

relatively non-secretory)
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At2g36190), in particular, is strongly upregulated in Ara-
bidopsis nectaries (see Table 1). Furthermore, cwinv4
mutants fail to secrete nectar, which is presumably a result
of disrupting the osmotic balance and sucrose gradient
within nectaries (Ruhlmann et al. submitted). Interestingly,
an ortholog to AtCWINV4 in B. rapa, BrCWINV4, also
displays a nectary-specific expression profile. This suggests
a conserved role for cell wall invertases in nectar secretion
within the Brassicaceae, and perhaps even outside it.

In a previous study by Ge et al. (2000), the nectary-
enriched gene PhNECI, from Petunia hybrida, was
implicated in nectar-carbohydrate metabolism and/or
transport. We found the Arabidopsis ortholog to PANECI,
nodulin MtN3 family protein (At2g39060), to be strongly
expressed in the floral nectaries of Arabidopsis as well
(Table 1). Furthermore, according to Ge et al. (2000),
Brassica napus plants transformed with a PhNECI::GUS
construct showed a complementary nectary-enriched
expression pattern that appeared to increase slightly with
nectary development. Immunolocalization of PhNECI1
seemed to indicate fusion of small “NEC1-dotted” vesicles
with the plasmalemma, coincident with nectar secretion.
As described earlier, one proposed mechanism for nectar
secretion is through fusion of vesicles with the plasma
membrane (Ge et al. 2000); upon initial inspection, Ge
et al. (2000) concluded that a granulocrine-type mechanism
of nectar transport appears to be occurring in petunia. GUS
expression also progressed from the nectary parenchyma of
petunia (expressed here prior to anthesis and the onset of
nectar secretion) to the epidermal cells once secretion had
begun and was highest immediately after starch hydrolysis.
During starch accumulation, GUS expression was limited
both in intensity and distribution (Ge et al. 2000). Con-
sidering the suggested involvement of PANECI in sugar
transport or metabolism, it will be very interesting to utilize
the genetic tools available for Arabidopsis to confirm or
invalidate this hypothesis.

Mining of the microarray data described earlier also
suggested that several hormone biosynthesis and response
pathways are upregulated in Arabidopsis nectaries, partic-
ularly those of auxin, jasmonic acid (JA), and gibberellins.
This is significant, as some effects of these hormones
on nectar production have been reported. For example,
the production of free auxin (IAA) by nectaries begins
immediately preceding anthesis and is a commonly
occurring phenomenon amongst flowering plants (Endress
1994). This general occurrence was further documented in
Arabidopsis by expression analyses of a known auxin-
response element (DRS5) fused to a GUS reporter construct,
which illuminated the initiation and progression of free
auxin production in nectary glands (Aloni et al. 2006). The
findings by Aloni et al. (2006) indicate that free IAA serves
two disparate functions in flower development—promoting
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floral organ development in host organs, while repressing
development in adjacent organs. Accordingly, anther-
derived IAA in immature Arabidopsis flowers was sug-
gested to limit nectar secretion until flower opening, and
upon anthesis, nectaries become the sites of most free
auxin synthesis in flowers (Aloni et al. 2006). Interestingly,
the highest levels of free auxin production in rosette leaves
occur in the hydathodes, which are principally water-
secreting glands (Aloni et al. 2003). Hydathodes are
believed to be the evolutionary precursors to extrafloral
nectaries (Elias and Gelband 1977) and floral nectaries
(Vogel 1998), all of which may share some similar
mechanisms of secretion.

The reports described earlier are consistent with the
finding that exogenous auxin application strongly reduced
nectar secretion in cultured floral nectaries of Euphorbia
pulcherrima and Antirrhinum majus (Matile 1956). Further
work on excised snapdragon flowers generally supported a
role for auxin in inhibiting nectar secretion while at the same
time causing ovary enlargement, particularly at post-fertil-
ization (Shuel 1959, 1964, 1978); however, in some instan-
ces, treatment with exogenous IAA resulted in an increase in
nectar production, suggesting a dual-role for auxin in nectar
production (Shuel 1964). Significantly, Shuel (1978) con-
cluded that exogenously applied auxin impacts the secretory
process itself, and not the movement of sugars to nectaries. In
light of these findings, it should be noted that auxin is gen-
erally synthesized in localized tissues (e.g., meristems,
nectaries) and then moved elsewhere via polarized fusion of
secretory vesicles with the plasma membrane (Robert and
Friml 2009; Weijers and Friml 2009). Thus, it is possible that
the polar transport of auxin synthesized within nectaries may
play a role in the directed secretion of nectar. Interestingly,
an Arabidopsis auxin-efflux carrier family protein, PIN6
(Atlg77110), displayed nearly nectary-specific expression
by microarray (Table 1; original data presented in Kram
et al. 2009), and RT PCR and promoter::GUS analyses
(Ruhlmann et al. in preparation).

The effect of JA on nectar secretion by extrafloral
nectaries can be pronounced; in one study on lima bean,
secretion levels from the extrafloral nectaries of artificially
wounded plants grown under controlled environmental
settings reached 3,000% (on leaves) and 2,000% (on floral
bracts) of control plant levels (Heil 2004). In separate field
studies on Macaranga tanarius, increases of 200-500% in
extrafloral nectary secretions were observed in response to
wounding and exogenous JA treatment (Heil et al. 2001).
Based upon anatomical and physiological similarities
(Durkee 1982), as well as suggested evolutionary related-
ness (De la Barrera and Nobel 2004), we hypothesize that
JA-induced production of nectar might not be limited to
extrafloral nectaries alone but might serve to modulate
floral nectar production as well. In this line of thought, we
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have identified a gene, S-Adenosyl-L-methionine:jasmonic
acid carboxyl methyltransferase (JMT, Atlgl9640;
Table 1), which is upregulated in all Arabidopsis nectaries,
but most strongly in mature lateral nectaries (Kram et al.
2009). This gene product catalyzes the formation of
methyljasmonate from jasmonic acid and is induced in
response to wounding (Seo et al. 2001). JMT is the Ara-
bidopsis ortholog of BcNTRI, a nectary-specific gene
identified in Brassica campestris L. ssp. pekinensis (Song
et al. 2000). In Brassica campestris, NTRI transcripts and
protein are specific to the nectaries (both lateral and
median). The temporal expression pattern of NTR! (mRNA
levels are low in early flower development, increase during
nectary development, and then rapidly decline following
flower opening) support involvement of NTR1 in nectary
maturation or nectar production rather than nectary
induction processes (Song et al. 2000).

Of note, in addition to its action in extrafloral nectaries
and its involvement in wound response, JA is required for
pollen maturation, anther dehiscence, and flower opening
(Ishiguro et al. 2001). It is also well known that anther
dehiscence and the initiation of nectar secretion are
coincident (Schmid and Alpert 1977), and that several
male-sterile homeotic mutants show defects in nectar pro-
duction (Baum et al. 2001). Cumulatively, these results
suggest a possible coordination of each of these events
through JA-modulated pathways. One suggested mecha-
nism for synchronization is through the involvement of JA
in controlling water transport processes throughout the
plant, or at the very least within and between specific floral
tissues (Ishiguro et al. 2001). For example, accumulation of
the proton-sucrose symporter, AtSUCI1, in anther vascula-
ture as this organ approaches its final developmental stages
(Stadler et al. 1999) has led to speculation that JA might
affect the expression of AtSUC, as well as other genes that
promote water flux throughout the stamen (Ishiguro et al.
2001). It is certainly tempting to hypothesize that similar
JA-regulated processes might be operating in both
extrafloral and floral nectaries to regulate water movement
and, consequently, nectar secretion.

Similar to JA, exogenous treatment with the active
gibberellic acid GAj3; has been reported to significantly
increase nectar volume and sugar content in Brassica sp.,
resulting in a concomitant increase in pollinator visitation
(Mishra and Sharma 1988). Significantly, gibberellin
activity in Arabidopsis has been linked to the regulation of
starch catabolism during seed germination (Pai et al. 1997).
Potentially, gibberellins could serve a similar role in nec-
taries to regulate starch metabolism and maintain the sink
status of nectaries, thus driving photosynthate transport
into and out of the nectary. Despite the significance of the
findings described earlier, it is important to note that the
precise molecular mechanisms of JA, GAj;, and auxin

involvement in nectar production are not currently
understood.

Evaluation of nectar production in Arabidopsis

To study the impact of individual genes on nectar pro-
duction, it is obviously necessary to observe and collect
nectar secretions. Unfortunately, precise quantification of
total nectar volume in Arabidopsis is difficult at best;
however, because the nectar clings to the inner surface of
sepals when gently peeled back (Fig. 3a), relative changes
in total nectar volume can be determined. We have found
this to be a crude, but consistent method for determining
relative changes in Arabidopsis nectar volume. This anal-
ysis has been used to preliminarily identify altered secre-
tion phenotypes in several nectary-specific gene mutants.
For example, as described earlier, we have identified CELL
WALL INVERTASE 4 (AtCWINV4) as an absolutely
required factor for nectar production in Arabidopsis, as
cwinv4 T-DNA mutants do not secrete nectar (Fig. 3b)
and also display altered starch accumulation patterns
(Ruhlmann et al. submitted). Significantly, Arabidopsis can
also be useful for studying aspects of nectary biology
besides nectar production, including the generation of floral
scents (Tholl et al. 2005), and hormonal impacts on floral
development (Aloni et al. 2006).

Regarding nectar collection and compositional analysis,
there is a single report of nectar being collected from
Arabidopsis flowers via paper wicks (Davis et al. 1998).
Although this study was performed in vitro, with the ped-
icels of mature floral buds placed in sucrose solution and
incubated under very high humidity, Davis et al. (1998)
were able to significantly increase the amount of nectar
carbohydrate available for harvest and subsequent analysis
in all three ecotypes investigated (e.g., Columbia—2.2x,
Landsberg—2.8x, and Wassilewskija—2.5x), along with
the actual volume of nectar. Under these conditions, the
normally poorly producing median nectaries sometimes
yielded sufficient volumes of nectar for compositional
analysis. Since the hexose-dominant nature of Arabidopsis
floral nectar was retained in samples collected from
sucrose-cultured flowers, this suggests that the normal
physiology of nectar production and secretion is being
maintained under in vitro conditions. As an alternative to
this method, we have determined that hand-drawn capillary
pipettes can be used to collect nectar from freshly har-
vested flowers grown under standard conditions. While
absolute volume is difficult to calculate—and highly
dependent on developmental stage, soil moisture, physiol-
ogy, and humidity—relative changes in volume between
samples (e.g., wild-type vs. mutant) can be determined.
Moreover, the nectar can be collected by expelling the fluid

@ Springer



244

Sex Plant Reprod (2009) 22:235-246

into a microcentrifuge tube containing water. Initial studies
to examine Arabidopsis nectar composition via non-tar-
geted metabolomics analyses are currently underway.

Concluding remarks: why does Arabidopsis produce
nectar?

Almost exclusively, Arabidopsis thaliana reproduces via
self-pollination; yet, its flowers still contain functional and
energetically demanding nectaries. To reconcile these
seemingly incompatible findings, it is important to note
that insects do indeed visit Arabidopsis flowers in their
native setting, and that outcrossing occurs at low but dis-
cernable levels (Hoffmann et al. 2003). In general, closely
related Brassica species do not share the autogamy of
Arabidopsis, but instead are highly dependent upon insect
pollinators to realize optimal reproductive success (Davis
et al. 1996; Nieuwhof 1963; Pearson 1933; Rahman 1940;
Vesely 1962). However, many Brassicaceae share similar
nectarium structure with Arabidopsis, and produce rela-
tively large volumes of nectar (Davis et al. 1996, 1998);
these commonalities hint at the possibility of conserved
machinery for nectary function within this plant family.
Moreover, Arabidopsis nectary development appears to
share common developmental mechanisms with much of
the eudicot clade (Lee et al. 2005b).

Of course, determining the impacts of individual genes
on nectary function within the context of reproductive
success in would be a herculean undertaking. Thus, to
complement the Arabidopsis studies described earlier, we
have also produced 11,101 expressed sequence tags (ESTs)
from Brassica rapa (oilseed rape) nectary cDNA libraries,
which have been useful for identifying many orthologs to
Arabidopsis nectary-enriched genes (Hampton et al. sub-
mitted). It is expected that B. rapa may be a useful parallel
system for examining genetic impacts on nectar quality,
pollinator visitation, and overall fecundity, with initial cues
being taken from findings in Arabidopsis. Consequently,
with all of the genetic information and genomic tools
available, Arabidopsis provides unique advantages (cou-
pled with several disadvantages) for studying nectary
development and function at a molecular level, thereby
retaining a high probability that findings will be widely
applicable to flowering plants. With the above in mind, we
have initiated large-scale studies to examine the mecha-
nisms by which nectary-specific genes are involved in
nectar synthesis and secretion throughout development.
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