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Abstract 

Nectar plays a vital role in plant reproductive success by attracting pollinators.  Although 
much is known about the structural aspects of nectaries as well as the chemical 
composition of nectar from a host of species, there is little understanding on how a plant 
controls its nectar phenotype at a molecular level.  Plant hormones, such as jasmonic 
acid, gibberellic acid, and auxin, are essential for proper development and their influence 
on nectar secretion was the focus of some early studies, but produced conflicting results.  
With our group’s identification of auxin-related genes preferentially expressed in 
Arabidopsis thaliana nectaries, it became clear that auxin might have an important role in 
regulating nectar secretion in the Brassicaceae. For example, multiple mutants for an 
irregular auxin efflux protein, PIN6, from Arabidopsis thaliana were identified.  Distinct 
phenotypes and nectar outputs were identified with the various PIN6 mutants, including a 
mutant with a 30% increase in nectar sugar output (pin6-1) and a mutant with trace nectar 
sugar output (pin6-2).  A positive correlation of nectar volume with PIN6 gene 
expression was found.  Additionally, Arabidopsis thaliana, Brassica rapa, and various 
other flowers were cultured in solutions containing auxin and auxin transport inhibitors to 
determine auxin’s influence on nectar production in these species.  PIN6 is essential for 
nectar secretion in A. thaliana and proper cellular auxin transport is needed to maintain 
typical nectar volumes, as well as for the expression of multiple key auxin genes.  
Manipulation of local auxin concentrations in the nectaries could potentially lead to the 
development of plants with traits that increase attractiveness to pollinators.   
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Introduction  

I. Nectar and Nectaries   

A plant’s ability to reproduce is dependent on the fact that it is entirely immobile.  

Plants do not have ability to move from place to place to increase their chances of finding 

a mate and producing offspring (seed).  However, plants have developed ingenious 

methods to ensure successful reproduction.  These methods involve often tightly evolved 

relationships with specific pollinators.  Plant pollinators range from small wasps to large 

mammals and their role in plant reproduction is invaluable to a plant’s life cycle.  In turn, 

the plant must offer an enticement or a reward for a potential pollinator.  This reward 

largely comes from a plant secretion called nectar.  Nectar is mainly a sugary substance 

that many plants produce in order to attract pollinators.  Although considered to be 

mainly just “sugar-water” in the early years of nectar and pollination biology research, 

nectar composition has been found to be much more complicated, highlighting its 

complex role in plant-pollinator evolution.     

a. Nectar 

 The intricate composition of nectar starts with its most abundant ingredient: 

carbohydrates.  The main sugars found in most nectar are sucrose, glucose, and fructose.  

Nectars are usually classified as “sucrose-rich” or “hexose-(glucose and fructose) rich”.  

Whether nectar is either sucrose or hexose rich is highly conserved among certain plant 

families.  For example, nectars from many species of the Brassicaceae consistently have a 

ratio of 1.0-1.2 of glucose to fructose, with little sucrose present (Davis et al 1998).  

There are exceptions, such as the Bromeliaceae family, in which closely related species 
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can offer either sucrose-dominated or glucose-dominated nectar (Baker and Baker 1983; 

Kromer et al. 2008).  The sugar ratio of nectar can have a strong influence on the types of 

pollinators visit a flower.  Some pollinators, such as butterflies and bees, prefer hexose-

rich nectar, while hummingbirds have been found to prefer sucrose-rich nectar (Baker 

and Baker 1983).  Also influencing pollinator preference are additional components that 

have been discovered in nectar.  These include: amino acids, lipids, antioxidants, 

proteins, alkaloids, and phenolics (Baker and Baker 1983).  For example, amino acids 

and lipids are considered to serve as additional nutritional reward for pollinators.  

Proteins in nectar have only been recently discovered and most serve an enzymatic 

function involved protecting the plant from microbial infections (Carter and Thornburg 

2004).  While favorable chemicals typically attract the correct pollinator, alkaloids and 

phenolics serve as “toxics”, discouraging the visitation of a greedy nectar robber 

(Gonzalen-Teuber and Heil 2009).  

b. Nectaries  

In addition to the complicated nature of nectar composition, nectary structure and 

position shows great diversity across the plant kingdom.  The nectary is the plant 

glandular organ from which the nectar is actively released and presented.  While most 

nectaries are located in or around the floral organ to help facilitate cross-pollination, there 

are many examples of plants having extra-floral nectaries (Elias 1983).  Nectary 

ultrastructure typically has four cell layers.  The first and outermost layer is the 

epidermis; similar to the waxy tissue layer that covers most of the plant.  Located beneath 

the epidermis is the dense, glandular secretory tissue.  This is the part of the nectary 
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where the nectar is created and refined; therefore, the cells located in this layer are often 

dense with mitochondria to help aid this energetic process.  Another striking feature of 

this layer is the overwhelming presence of the endoplasmic reticulum, although the exact 

role of the ER is still not yet understood in nectar secretion.  The subglandular tissue 

layer supports the glandular layer, mainly by storing starch in preparation for nectar 

release.  The final layer, the vascular tissue, supplies the carbohydrates for the starch 

stores.  Most carbohydrates utilized by the nectary come from phloem sap.  However, 

nectar is quite distinct compared to its phloem origin (Durkee 1983) indicating that 

phloem undergoes many modifications within the nectary before it is finally released as 

nectar.   

 Nectar appears to travel through the nectary in two ways: via the symplast or the 

apoplast.  In the apoplastic model, sugars unloaded from the phloem stay mainly in the 

plant’s apoplast, or the extracellular spaces.  In the symplastic model, sugars are unloaded 

from the phloem and are then transported into the nectary parenchyma cells where they 

are shuttled from cell to cell through plasmodesmata (Nepi 2007).  Two different 

secretion mechanisms have been proposed to facilitate the movement of the sugar out of 

the parenchyma cells.  During granulocrine secretion, carbohydrates are packaged and 

transported in vesicles originating from the endoplasmic reticulum.  These vesicles fuse 

with cell plasma membranes, releasing their sugar molecules into apoplastic spaces.  The 

other, eccrine secretion, individual sugar molecules are transported across plasma 

membranes.  Nectar is typically released through modified stomata, called stomates, on 

the nectary surface.  Stomates differ from stomata because their guard cells have been 
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found to be continually open (Davis and Gunning 1992), while stomatal guard cells are 

subjected to changes in turgor pressure.  Since stomates remain open, it is predicted they 

play a minimal role in controlling nectar release.  

Another model of nectar secretion has recently appeared in the nectar biology 

community, the pressure-driven mass flow of nectar in the nectary apoplasm (Vassilyev 

2010).  Briefly, pre-nectar sugars are transported from the phloem into the subglandular 

symplastic spaces by diffusion.  In other words, pre-nectar is loaded into the cytoplasm 

via plasmodesmata.  Active transporters pump these sugars into the apoplastic spaces 

between the secretory cell walls.  This influx of sugars (“solutes”) into the apoplastic 

space creates a concentration gradient allowing water to move into the spaces as well.  

This increase in water causes an increase in pressure that pushes the sugars and water to 

the outside of the nectary.  Although this model explains how sugars could move through 

the nectary tissue, it doesn’t account for the modification of pre-nectar.  It also neglects 

how the various amino acids, proteins, and other chemicals could also be released with 

the sugars.  

The method of nectar secretion may vary significantly between species.  

However, it is generally accepted that that nectar carbohydrates are subject to many 

modifications during the secretion process.  Starch is stored in large plastids in the 

nectary’s subglandular cells (Pacini et al. 2003).  In the plant model Arabidopsis thaliana, 

starch builds up during early floral and nectary development until antithesis, when the 

starch is modified and broken down into the carbohydrates that typically constitute nectar 

(Ren et al. 2007).  This build up of starch in the developing nectary also explains why 
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nectar typically has relatively higher sugar content than plant phloem (de la Berrera and 

Nobel 2004; Ren et al. 2007).  Important for this build-up of starch is the enzyme 

CELLWALL INVERTASE 4 (CWINV4).  CWINV4 hydrolyzes sucrose into glucose 

and fructose and it was discovered to be essential for nectar secretion in A. thaliana 

(Rulhmann et al. 2010).  cwinv4  knockout flowers, in addition to secreting no nectar, 

display a buildup of starch in the floral receptacle rather than in the nectary.  Again 

indicating starch accumulations in the nectary are involved in nectary function and nectar 

secretion.     

Although nectar is mainly a combination of carbohydrates, significant amounts of 

amino acids and even entire proteins have been found in many types of nectar.  A classic 

survey of 266 flowering plants showed diverse amino acid content and a correlation 

between pollinator-type and amino acid concentration (Baker and Baker 1973).   Amino 

acids provide additional nutritional reward for pollinators and help to solidify pollinator-

plant relationships.  For example, synthetic nectars rich in proline appear to be preferred 

by honeybees (Carter et al. 2006). Whole proteins have also been found in nectar in 

various flowering species. Some of the earliest proteins discovered were lectin and 

alliinase from leek flowers (Peumans et al. 1997).  These proteins both have defense 

related properties (chemical defense and anti-insect) and early speculations implicated 

them in providing pathogen protection (Peumans et al. 1997).   The possibility of plants 

becoming infected is quite high due to the likelihood of pollinators carrying possible 

pathogens.   
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c. Genetics of nectary development and function 

Although nectary ultrastructure and nectar chemical quality has been extensively 

studied, little is known about the genetics controlling these characteristics.  Early studies 

hinted at the genetic influence of nectar volume in alfalfa (Barnes and Furgala 1978).  

Similarly, a mapping of the quantitative trait loci (QTL) in two related species of Petunia 

that differed highly in flower size and nectar volume, found that species specific traits 

were highly polygenic, or were controlled by more than one gene indicating the complex 

genetic control of nectar “phenotype” (Galliot et al. 2006).  Nectaries in A. thaliana were 

found to be under genetic control of CRABS CLAW, which is highly expressed in the 

nectary throughout all stages of development and essential for the formation of nectaries 

(Bowman and Smyth 1999).  

Since nectaries are typically located within the flower, other candidate genes 

predicted to be involved in nectary development were the floral ABC homeotic genes. 

Combinations of the ABC genes control the development of the different floral organs. 

Single, double and triple mutants in A. thaliana in the ABC homeotic genes still had the 

nectaries present in their flowers; however, in some mutants the nectary morphology and 

physiology were changed (Baum et al. 2001).  It appears that the floral ABC genes have 

some influence on the development of the nectary but are not necessary.  Also, ectopic 

expression of CRABS CLAW was unable to stimulate nectary formation, indicating that 

there are other factors involved in nectary development (Baum et al. 2001), which were 

later found to include several MADS box proteins, APETALA3, PISTALLATA and 

AGAMOUS (Lee et al. 2005).  Transcription factors, BLADE-ON-PETIOLE 1 and 2 are 
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also predicted to a have a role in nectary formation and development (McKim et al. 

2008).      

 A variety of putative sugar transporters were considered to have a role in nectars’ 

movement through the nectary and eventual release.  One of the earliest candidates was 

NEC1, initially characterized in Petunia hybrida (Ge et al. 2000).  GUS staining of NEC1 

was strongest in nectaries that were actively secreting nectar and was initially 

hypothesized to have a role in starch hydrolysis and sugar transport due to its 

transmembrane motif.  NEC1 was also required for proper anther dehiscence (Ge et al. 

2001).  NEC1 falls into the SWEET protein family, which recent work has implicated as 

important sugar transporters (Chen et al. 2010). AtSweet1 was identified as glucose 

transporter that had the ability to move glucose across both the plasma and ER 

membrane.  In addition, some SWEET protein family members have been found to be 

involved in sugar mobilization during leaf senescence (Quirino et al. 2001). Although 

much more work remains to be done to identify to determine the role that SWEET family 

proteins play in sugar transport in the nectaries, they are excellent candidates for what 

may be facilitating nectar secretion and sugar movement. 

   

d. Arabidopsis and Brassica sp. as models for nectar production 

  The Brassicaceae (including Arabidopsis) typically have four nectary glands, two 

median and two lateral.  Lateral nectaries are located at the bases of the short stamens of 

the flower, while median nectaries are located at the bases of the long stamens.  The 

majority of the nectar is secreted by the lateral nectaries, while the median counterparts 
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release very little.  This observation is due to the fact that lateral nectaries are heavily 

supplied with phloem elements, transporting more carbohydrates to these nectaries 

compared to median nectaries (Davis et al. 1998). Another Brassicaceae, Brassica rapa, 

has been emerging in the plant biology community, due to its striking genetic similarity 

(85%) to A. thaliana and the availability of fast growing cultivars (Williams and Hill 

1986).  However, unlike A. thaliana, B. rapa relies on pollinators for cross-pollination 

and produces an ample amount of nectar.  B. rapa has a similar nectary arrangement as A. 

thaliana, with four nectary glands in which 95% of hexose-rich nectar is released from 

the lateral nectaries (Davis et al. 1998).  Nectar for these species is typically secreted late 

morning to mid-afternoon when the flower is fully open.    

To uncover additional genes that may have a role in controlling nectary 

development and nectar section, A. thaliana nectary tissues were isolated and their gene 

expression profiles were compared to other tissues.  This study found over 270 genes that 

are upregulated in the nectaries compared to the other tissues examined (Kram et al. 

2009).  The types of genes found encompassed a variety of biological functions, 

including those discussed above such as sugar transporters and invertases.  However, 

there are also a variety of transcription factors and genes involved in hormonal 

regulation, cell trafficking, and lipid metabolism, as well as genes that have no known 

function in A. thaliana.  This study revealed the complexity of nectar production and 

secretion.   

 This sweeping microarray study could be completed because the whole genome 

of A. thaliana has been sequenced which gives invaluable information concerning gene 
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characterization and function.  It is part of the Brassicaceae family, which also 

encompasses important agricultural crops such as mustard, cauliflower, cabbage, turnip, 

and broccoli, among others.  A. thaliana does produce nectar, although in much smaller 

volumes compared to other flowering plants that have been studied.  Its minute nectar 

production is more than likely due to the fact that it is a self-fertilizing plant and does not 

need to attract pollinators for cross pollination, although a 0.84% outcrossing rate was 

found in wild populations, indicating that the plant relies on pollinators for some of its 

reproductive success (Hoffmann et al. 2003).  In addition, an expressed sequence tag 

analysis of Brassica rapa median and lateral nectaries uncovered over 4,000 sequence 

orthologs to A. thaliana, providing a genetic basis for future studies involving B. rapa 

nectaries (Hampton et al. 2010).  

 

II. Hormonal Regulation of Nectar  

Microarrays have produced a lengthy list of candidate genes that may be involved 

in nectar production and secretion (Kram et al. 2009).  Several of these genes are 

involved in hormonal regulation and response within Arabidopsis, including genes 

involved with the regulation and action of auxin, gibberellic acid, and jasominc acid, 

three important plant hormones.  Plant hormones play a wide variety of roles in 

phototropism, gravitropism, pathogen defense, cell elongation, and senescence, among 

other functions (Taiz and Zeiger 2006).  Auxin, the universal plant growth hormone, has 

been shown to be vital for plant development.   It was initially discovered as a substance 

that directed gravitropism and phototropism in roots and shoots, respectively (Woodward 
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and Bartel 2005).  It has also found be play roles in plant polarity, vascular tissue 

development, and cell elongation.  Similarly, gibberellic acid has a major role in plant 

growth, as well as seed germination and stamen development.  Another important plant 

hormone is jasmonic acid, a chemical defense signal that initiates the plant’s Systemic 

Acquired Response.   

Among the genes identified in the microarray study, jasomonic acid 

methyltranferase (JMT) may have a role in regulating jasmonic acid within the nectary 

due to its upregulation in A. thaliana nectaries (Kram et al. 2009).   Studies have shown 

its possible role in regulating secretion in extrafloral nectaries.  Treatment with jasmonic 

acid (JA) increased nectar secretion from extrafloral nectaries of Macaranga tanarius  

(Heil et al. 2001).  A more recent study showed JA levels within the flower peaked 

directly before the height of nectar production and application of additional JA lead to an 

increase in nectar output from Brassica napus flowers (Radhika et al. 2010).  There is 

little knowledge of gibberellic acid’s (GA) function in nectar production; however, with 

the identification of genes such as gibberellin 2-oxidase6 in the A. thaliana nectary, GA 

may have a role.  Studies have found conflicting results regarding the role of GA. 

increasing nectar secretion in Brassica campestris and Brassica oleracea (Mischra and 

Sharma 1988), but decreasing it in Nigella damascene (Rama and Greyson 1978).  

Research concerning the influence of auxin on nectar secretion has reported 

conflicting findings.  Early studies reported auxin’s inhibitory affect on nectar secretion 

in Euphorbia pulcherrima, Abutilon striatum, and Antirrhinum majus flowers (Matile 

1956; Shuel 1964).   Conversely, another report showed increase in nectar volume with 
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application of synthetic auxins in two types of Brassica (Mischra and Sharma 1988).  

These classic studies on hormonal regulation of nectar secretion in various flower species 

provide invaluable information on how these types of studies can be done; however, it is 

surprising that it has not been considered further in recent years.  Currently, much more is 

known about how a plant synthesizes, transports, and utilizes its various growth 

hormones.  Integration of current genetic information and plant physiology can provide 

insight into how the plant is possibly hormonally regulating its nectar secretion.   

 Auxin’s role in floral development has been more extensively studied compared 

to its influence on nectar secretion.  Its possible effect was initially described in a pin1-1 

mutant of Arabidopsis thaliana where flowers failed to appear at all, or had an extremely 

altered appearance compared to wild-type flowers (Okada et al. 1991).  It was further 

described with the discovery of a family of auxin biosynthetic genes, YUC.  A. thaliana 

defect in YUC genes had a similar phenotype to the pin1-1 mutant, suggesting auxin is a 

required ingredient for proper floral development (Cheng et al. 2006).  A more specific 

study of auxin’s influence on floral development used a DR5::GUS (auxin responsive) 

reporter construct to visualize where free auxin was being shuttled or synthesized during 

various floral stages.  Interestingly, the highest levels of auxin were in the anthers during 

early stages.  Decreases in their auxin levels in later stages suggest that auxin-rich anthers 

prohibit the formation of other floral organs until the flower is developmentally ready 

(Aloni et al. 2006).  The later and final floral stages show little or no auxin expression in 

the anthers.  The anthers may also play a role in synching nectar secretion with anthesis, 
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however free auxin is also expressed in developing nectaries and it continued to be 

expressed when the nectaries are active in secreting nectar (Aloni et al. 2006).  

 

III. Auxin’s action in Arabidopsis thaliana 

Indole-3-acetic acid (IAA) is the primary, naturally occurring auxin chemical for 

most plants.  There are two generally accepted pathways for IAA synthesis: Tryptophan-

dependent and Tryptophan-independent (Woodward and Bartel 2005; Ljung et al. 2002).  

Many biosynthetic enzymes have been identified in the Trp-dependent pathway, however 

much more research is needed to discern all the intermediate compounds and additional 

enzymes needed.  Auxin is synthesized mainly in the developing leaves, cotyledons, and 

root and shoot meristems.  Its synthesis appears to be tightly regulated depending on the 

developmental stage of the plant (Ljung et al. 2001; Aloni et al. 2006).  Since IAA is only 

synthesized in certain tissues at certain times, plants have developed a mechanism in 

which to transport IAA through its cells.  This type of transport, called polar auxin 

transport (PAT), creates auxin “gradients” which affect various developmental processes 

(Taiz and Zeiger 2006).  Early studies discovered that pin mutants in A. thaliana showed 

a similar phenotype as those plants that were treated with various polar auxin transport 

inhibitors (Okada et al. 1991).   

An auxin transport protein, PIN1, was soon characterized after this observation 

and its role in regulating polar auxin transport was soon discovered (Galweiler et al. 

1998).  Interestingly, the protein was found mainly on the basal side of the plasma 

membranes and additional studies showed colocalization with other PIN proteins, leading 



   13 

 

to the conclusion that PIN proteins were acting as auxin efflux carriers.  These proteins 

were somehow transporting auxin out of one cell into an adjacent cell or cells (Delker et 

al. 2008).  Other polar auxin transport proteins found include the influx protein AUX1 as 

well as the MULTIDRUG RESISTANCE/P-GLYCOPROTEIN (MDR/PGP) family, 

which have been found to act in both influx and efflux (Geisler and Murphy 2006).  

Auxin can enter the cell passively in its protonated, hydrophobic form, but is also actively 

pumped in with by AUX1 with an H+ transporter.  Once auxin is in the cytosol, it is 

deprotnated and is actively transported out by the PIN and PGP proteins (Taiz and Zeiger 

2006).  The cellular source of energy for auxin efflux is not yet known.      

 The basal polarity of PIN proteins occurs via a proposed two-step process.  First, 

the proteins are synthesized and are trafficked indiscriminately to the membrane, and 

then through endocytosis, they are cycled to endosomal compartments, followed by being 

transferred to the specific membrane to obtain polarity (Geldner et al. 2001; Dhonukshe 

et al. 2008).  Auxin appears to have a role itself in triggering PIN polarity via the 

AUX/IAA signaling pathway (Sauer et al. 2006), further supporting the canolization 

hypothesis of auxin influence on cell polarity (Sachs 1991).  Auxin also been shown to 

control gene expression via the ARF (auxin response factor) and AUX/IAA family of 

proteins (Parry and Estelle 2006).  ARFs have been identified as both transcriptional 

activators and repressors, while AUX/IAA proteins have a role in negatively regulating 

ARFs (Parry and Estelle 2006).  AUX/IAA proteins also act as substrate for the SCFtir1 F-

box protein.  SCFtir1, involved in protein degradation, is needed for the auxin response or 

the activation of auxin regulated genes (Kepinski and Leyser 2004).  It also has recently 
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been shown that auxin can also serve a substrate for SCFtir1 function, allowing for very 

fast and efficient degradation of AUX/IAA proteins, leading to quicker transcriptional 

activation of auxin regulated genes (Dharmasir et al. 2005; Kepinski and Leyser 2005).  

Overall, these results suggest that auxin is controlling plant development by directly 

promoting and activating gene expression.            

 The other major auxin transporting proteins are the MULTIDRUG 

RESISTANCE/P-GLYCOPROTEIN family.  PGP1 in A. thaliana directly exports auxin 

out of the cell and exhibits non-polar and polar localization depending on the cell type 

(Geiseler et al. 2005).  In contrast, PGP4 has been identified as an auxin importer in A. 

thaliana roots (Terasaka et al. 2005).  It has also been found that PIN and PGP proteins 

can interact on the plasma membrane.  Early reports suggested that PGP proteins might 

help stabilize the membrane for PIN proteins (Noh et al. 2003).  It was eventually 

discovered that certain PIN and PGP proteins directly interact in planta (Blakeslee et al. 

2007).  Specifically, PIN1 colocalized with PGP1 and PGP19 in shoots, while PIN1 and 

PIN2 appeared with both in the roots.  TWISTED DWARF1, an FKBP-like 

immunophilin, has been indentified to interact with PGP1 and PGP19 and is 

hypothesized to facilitate PGP1 and PGP19 transport activities, as TWISTED DWARF1 

A. thaliana mutants had a reduction in polar auxin transport (Geisler et al. 2003).  These 

studies indicate that a suite of transporters that are interacting in complex protein-protein 

systems may facilitate polar auxin transport. 

 Various genes involved in auxin response and transport are also highly expressed 

in A. thaliana nectaries (Table 1; Kram et al. 2009).  WES1, an IAA-amido synthase that 
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conjugates aspartate (Asp) and other amino acids to auxin, is induced by biotic and 

abiotic stressors (Park 2007).  Auxin’s role in plant defense is a fairly new discovery, and 

much remains to be discovered.  However, perhaps WES1 is helping to conjugate auxin in 

the nectaries, helping to “turn-off” the action of auxin.  AUXIN REPONSE FACTOR10 

(ARF10) is needed for proper root cell differentiation by suppressing WOX5 transcription 

(Ding and Friml 2010).  In the nectaries, it could be playing in a role in the auxin 

response and regulating what genes are turned on in the presence of auxin.  PGP7 and 

PGP21 were also found upregulated in A. thaliana nectaries.  These are both in the clade 

II group of A. thaliana PGP proteins (Geisler and Murphy 2006).  PGP21 appears to be 

closely related to PGP4, while PGP7 branches off and is in a distinct cluster with PGP9.  

The sequence homology between PGP21 and PGP4 may indicate functional similarity as 

well, and PGP21 may act as an auxin importer within nectary cells.  The function of 

PGP7 is a little bit more difficult to define; however, more than likely its function is 

importing or exporting auxin.    

 An auxin efflux carrier, PIN6, is also expressed at high levels within the A. 

thaliana mature lateral nectaries.  PIN6 is one of the few Arabidopsis PIN proteins that 

remain to be closely studied.  The PINs that have been extensively studied (PIN1, 2, 4 

and 7) have been found to be integral membrane proteins that have a long hydrophilic 

loop in the middle of their amino acid sequence (Zazimalov et al. 2009).   These are the 

PINs that have been found to be localized at the plasma membrane and have a role in 

polar auxin transport. In PIN5 and PIN8, however, this hydrophilic loop significantly 

reduced, while PIN6 has it partly reduced (Mravec et al. 2010).  Even though it is 
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considered an “irregular” PIN protein, it still has the ability to transport auxin (Petrasek et 

al. 2007).  PIN5 appears to be located in the endoplasmic reticulum of Arabidopsis cells 

(Mravec et al. 2009), which differs from the plasma membrane bound traditional PIN 

proteins.  This study also showed that PIN5, PIN6 and PIN8 appeared to be located in the 

ER in Tobacco BY-2 cells.  The presence of PIN5 on the ER indicates that it may be 

playing a role in intracellular auxin homeostasis.  It could be directing auxin from the 

cytosol into the lumen of the ER, fluctuating local auxin concentrations and the cellular 

availability of auxin for polar transport (Mravec et al. 2009).  PIN6 may have a similar 

role.   
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IV. Study Impact 

Nectar has a large, underappreciated role in agriculture.  Many crops rely on 

pollinators for fruit and seed set.  A recent estimate estimates that one third of our food is 

from animal-pollinated crops (Klein et al. 2007). 87 of the 115 leading global crops rely 

on pollinators, and 43 of those crops are highly dependent on insect pollinators, 

especially the honeybee (Klein et al. 2007).  The importance of pollinators in the 

cultivation of crops becomes heightened due to the recorded, marked decline of 

worldwide bee populations due to habitat loss, loss of floral diversity, and the 

introduction of parasites (Goulson et al. 2008).  We have some understanding on how 
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nectar attracts certain pollinators.  The balance of sucrose and hexoses, amino acids, 

volume, and other chemicals are all nectar characteristics that influence pollinator 

preference.  Understanding at the molecular level how the plant controls these 

characteristics could lead to the engineering of plants that are highly desirable for 

pollinators.   

 Studies that have considered pollinator preference for different nectar phenotypes 

have been limited, many exclusively examining pollinator attraction to specific 

carbohydrate contents.  Certain honeybees (Apis mellifera L) were found to prefer nectar 

with a sucrose content of 30-50% in preference to fructose or glucose (Waller 1972).  

Other shorter tongue honeybees and butterflies prefer a hexose-dominated nectar (Baker 

and Baker 1983).  It has been suggested that nectar carbohydrate compositions in the 

Bromeliacae are actually influenced by pollinator preferences rather than phylogenic 

relationships because of years of co-evolution (Kromer et al. 2008).  Nectar volume has 

also been considered.  Flowers pollinated by larger animals such as bats, birds, and 

hawkmoths produce a greater volume of nectar compared to flowers frequented by 

smaller pollinators such as bees and butterflies (Cruden et al. 1983).  However, these 

larger nectar volumes also mean a lower carbohydrate concentration, resulting in more 

dilute nectar (Baker and Baker 1983).  Larger nectar volumes also typically mean a weak 

amino acid concentration, as these animals can usually acquire necessary nutrients from 

feeding on insects.  In contrast, many smaller pollinators rely on nectar for amino acids, 

and their concentrations are typically higher (Baker and Baker 1983).  For example, it 

appears that bees prefer nectar with a 4 to 6 mM proline content, which is an essential 
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amino acid needed during insect flight (Carter et al. 2006).  Honeybees may also prefer 

flowers with increased nectar volumes.  Onion flower umbels that produced greater 

volumes of nectar compared to other lines, showed an increase in honeybee visitation 

leading to higher seed yield (Silva and Dean 2000).  It has been well established that 

nectar volume and sugar content can influence pollinator preference and visitation to a 

certain plant, however, how the plant control these nectar “phenotypes” is not known.  

 Improved seed and fruit yields are potential outcomes with increased pollinator 

visitation.  Early studies found improved fruit yield and quality in blackcurrant, 

strawberries, and raspberries with multiple pollinator visits (Free 1968).  Similarly, 

commercial tomatoes also benefit from frequent bee visitors (Morandin et al. 2001).  The 

seed yield of Brassica napus, or canola, was increased by 46% with the presence of 

multiple hives of honeybees (Sabbahie et al. 2005).  Developing the ability to manipulate 

plant traits (i.e. nectar) in order to attract more pollinators to important crop species could 

have a large impact on agriculture.  However, whenever anything is being genetically 

manipulated, precautions must be taken.  Slight changes in nectar volume and content can 

lead to complete shifts in pollinator preference.  One study compared the nectar from a 

transgenic sweet orange (Citrus sinensis) that contained an antimicrobial peptide to a 

non-transgenic orange.  It was found that in fact small differences in the primary and 

secondary metabolite composition of the different nectars could affect the visitation of 

pollinators and nectar robbers (Junior et al. 2008).  Therefore, once nectar is directly 

manipulated, the full impact it would have in the environment must be considered.   



   20 

 

     Even though there are some precautions to be considered, understanding the 

molecular mechanism of nectar production and secretion could lead to valuable insights 

on how plants interact with their environment.  The presentation of nectar is the plant 

communicating with the living things around it, announcing that is sexually mature and 

ready to cross-pollinate to produce seed.  It has been well established that nectar is very 

chemically complex. No two species appear to be exactly the same, and nectar influences 

the types of pollinators that visit the flower.  We now have an extensive list of candidate 

genes in A. thaliana that may have a role in nectar presentation to begin the process of 

determining the pathway.  An interesting player is the growth hormone, auxin, which has 

been well established as an important chemical for plant development.  Studies 

concerning its impact on nectar have been very limited, but it may have an essential job 

in guiding nectary development and nectar release.  These types of studies have the 

potential to positively impact agriculture.    

 PIN6, an auxin transporter, was found to be upregulated in A. thaliana nectaries 

(Kram et al. 2009).  The focus of this study was to determine the specific influence of 

PIN6 on nectary development and nectar secretion in A. thaliana.  In addition, this study 

aims to determine the effect of auxin and polar auxin transport inhibitors on nectar 

secretion in A. thaliana, B. rapa, and other non-model species.  Lastly, is to determine 

how PIN6 may be affecting the expression of other genes present in A. thaliana flowers 

and nectaries, specifically, other genes involved in auxin homeostasis and transport.     
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Materials and Methods 

 

Plant Growth and Conditions  

 The Colombia-0 ecotype was the genetic background for all Arabidopsis thaliana 

used in this study.  Rapid-cycling Brassica rapa (CrGC 1-33) was used for the BrPIN6 

tissue expression analysis as well as the flowering culturing experiments.  Plants were 

grown in individual pots with peat-based growth medium with vermiculite and perlite 

(Pro-Mix BX; Premier Horticulture, Rivière-du-Loup, Quebec, Canada).  Growth 

occurred under standard conditions: 16 hour day/ 8 hour night cycle with a 

photosynthetic flux of 150 µmol m-2 s-1 and a temperature of 23° C.  All plants were 

grown in Percival AR66LX environmental chambers.      

 

 

Isolation of PIN6 and PGP7 TDNA Homozygous Lines  

 Three T-DNA mutants, SALK_08171, SALK_046393, and CS9371 were 

confirmed homozygous for a TDNA insert in AT1g77110 (PIN6) via PCR with GoTaq 

Green Master Mix (Promega), genomic DNA from individual plants, and T-DNA 

specific primers (Table 2).  The lines were renamed pin6-1, pin6-2, and pin6-3, 

respectively.  Five T-DNA mutants, SALK_003968, SALK_057927, SALK_097118, 

SALK_141713, and SALK_010326 were confirmed homozygous for an insert in 

AT5g46540 (PGP7).  Only one line, SALK_003968, was used for the experiments in this 

study and renamed pgp7-1, as it was the only line that was also a confirmed RNA 
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knockout.  All T-DNA genotyping primers were designed from the iSct Primers tool 

from the Salk Institute Genomics Analysis Laboratory (Table 2; http://signal.salk.edu).  

All lines were acquired from the Arabidopsis Biological Resource Center (Columbus, 

OH).   

  

Phenotyping PIN6 Mutants 

 Mature flowers (Stage 13-14) of pin6-1, pin6-2, and pin6-3 were observed for 

phenotypic differences with Wild-Type flowers.  Flowers were examined under 

magnification under an AmScope with LED-144B-YK illumination.  Nectaries were 

examined from each PIN6 line (and Wild-Type) via the JEOL Ltd. (Tokyo, Japan) JSM-

6490 scanning electron microscope located in the Scanning Electron Microscope Lab at 

the University of Minnesota-Duluth.  Flowers were manually dissected to remove 

unneeded floral organs (sepals and petals), and then flash frozen with liquid nitrogen and 

examined under low vacuum conditions (~65 kPA) with an accelerating volt of 15 kV.   

  

RNA Isolation  

 Flowers (25-30) were collected from individual plants of pin6-1, pin6-2, pin6-3, 

pgp7 and Wild Type (Colombia).  Collections were repeated six times, creating six 

independent tissue samples from each plant line.  Tissue was homogenized and RNA was 

extracted from the flower samples following the Absolutely RNA Miniprep protocol 

(Agilent).  RNA quality was considered by spectrophotometric analysis at 260 nm and 

280 nm as well as agarose gel electrophoresis.   
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 Flowers of Brassica rapa were dissected and the various floral organs (petals, 

sepals, carpels, stigmas, stamens, immature lateral and mature nectaries, and mature 

lateral and mature nectaries) were separated and stored in RNAlater (Qiagen) at -80° C 

until isolation.  Cotyledons, roots, shoots, and leaves were also collected.  RNA was 

isolated from each tissue as described above.   

 

RT-PCR  

 Total RNA (200 ng) was used as template for the Reverse Transcription System 

(Promega).  The resulting cDNA (1 µl) was amplified in PCR reactions with GoTaq 

Green Master Mix (Promega) following manufacturer’s recommended guidelines.  Gene 

expression was analyzed on a 1% agarose gel with Sybr Safe (Invitrogen).  PCR reactions 

were repeated three times to confirm accuracy.  Primer design for the tissue expression 

analysis and auxin related gene expression is located in Table 2.   

 

Quantitative Real-Time PCR 

Total RNA (100 ng) from pin6-1, pin6-2, pin 6-3, and wild-type A. thaliana 

flowers was used as template in cDNA synthesis via the QuantiTech Reverse 

Transcription kit (Qiagen).   Successfully synthesized cDNA (50 ng) was added to the 

real time PCR reaction setup which included 12.5 µl of 2x Rotor-Gene SYBR Green PCR 

Master Mix (Qiagen), 2.5 µM forward primer, 2.5 µM reverse primer to a final reaction 

volume of 25 µl.  Primers were designed based on the Roche Universal Probe Library 

(www.roche-applied-science.com) using the accession numbers At1g77110 (PIN6) and 
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At1g49240 (ACTIN8) (Table 2).  Standard curve reactions were prepared by serial 

dilutions of shoot cDNA and ACTIN8 primers.  The standard curve, pin6, and wild-type 

reactions were set up in triplicate and incubated at 95° C for 5 minutes then underwent 40 

cycles of 95° C for 5 seconds followed by 60° C for 10 seconds in a Rotor-Gene 3000 

Light Cycler.  SYBR Green florescence was detected during the 60° C incubation step.  

Standard reaction analysis was performed with Rotor-Gene 6 software.   PCR reactions 

underwent six separate trials.  The three most efficient trials were chosen for final 

comparison.     

 

Nectar Sugar Collection and Analysis  

 Nectar from ten pin6-1, pin6-2, and pin6-3 and wild-type flowers (Stage 13-14) 

was collected with small wicks cut from Whatman No. 1 filter paper under a dissecting 

microscope.   Nectar droplets were only collected from the lateral nectaries.  Completed 

wicks were placed in 500 µl of nuclease-free water, and stored at -20° C until further 

analysis.  Nectar collection was repeated ten times for each Arabidopsis line.   

 To determine relative differences in nectar volume, glucose concentrations were 

analyzed from each nectar sample by combining 862.5 mM NaPO4, PH 7.4, 1 unit of 

horseradish peroxidase (Sigma), 10 units of glucose oxidase (Sigma), and 100 µl of 

Ampliflu Red (Sigma) in an enzyme reaction mix to a total volume of 2.6 ml. Eluted 

nectar samples were combined with 25 µl of the Amp-Red enzyme mix into 100 µl 

reactions.  Samples were incubated at room temperature for 30 minutes in the dark.   
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Absorbance was measured at 560 nm using the UV-Vis option on a Nanodrop 

Spectrophotometer.   

 

 

Brassica rapa, Arabidopsis thaliana, and Non-Model Species Auxin Inhibitor Assay   

Brassica rapa flowers actively producing nectar were chosen for treatment with 

either alpha-naphthaleneacetic acid (NAA, MP Biomedicals), N-1-Naphthylphthalamic 

acid (NPA, Supelco), or 2, 3, 5-triiodobenzoic acid (TIBA, Sigma) in 10% sucrose 

solutions.  The control treatment was a 10% sucrose solution.  Freshly cut pedicels were 

placed in 100 mM solutions containing one of the chemical treatments with 10% sucrose 

in 1.5 ml microcentrifuge tubes covered in Parafilm.  Three flowers were used per 

treatment and the assay was repeated three times.  Flowers were placed in a dark, humid 

environment for 20 hours (Davis et al. 1998).  Arabidopsis thaliana flowers were 

cultured similarly, except using freshly cut peduncles.  Peduncles were chosen based on 

the number of inflourences nearing stage 13 or 14, which averaged between four and five 

for every three peduncles treated.  Following the 20-hour incubation, nectar was collected 

from the lateral nectaries in A. thaliana and lateral and median nectaries in B.rapa by 

paper wick as described above.   Relative nectar sugar content was determined using the 

Amp-Red glucose assay described above.   

Asclepias curassavica, Kahleria amabilis, Mandevilla splendes, and Nicotiana 

tabacum flowers grown in the greenhouses at the University of Minnesota-Duluth 

(Duluth MN) were also subjected to treatment with NAA, NPA, and TIBA.  After a 20-
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hour incubation, nectar was collected via paper wicks and glucose levels were measured 

as described above.   

     

Brassica rapa Nectar Volume Assay  

             Brassica rapa flowers were cultured in NAA, NPA, and TIBA treatment 

solutions as described above.  A 10% sucrose solution served as the control.  Nectar was 

collected from the lateral and median nectaries by a 2 µl micropipette (Drummond 

Scientific).  Sometimes more than one micropipette was needed.  The distance the nectar 

traveled in the pipette was measured with a ruler to the closest millimeter.  This distance 

was used to estimate nectar volume based on the pipette’s dimensions.     
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Results  

 

A number of genes involved with auxin homeostasis and response were identified 

as being expressed in A. thaliana nectaries (Table 1; Kram et al. 2009).  To investigate 

the hypothesis that auxin has a part in nectary function, A. thaliana mutated in certain 

auxin genes were isolated and examined for nectary and nectar differences.  A. thaliana 

and B. rapa flowers were also treated with auxin and auxin transport inhibitors to 

determine auxin’s effect on nectar secretion.  Polar auxin transport appears to be needed 

for nectar secretion, and possible alterations of auxin concentrations in the nectary 

influences auxin-related gene expression and total nectar production.   

 
 
 
 
PIN6 and PGP7 are Nectary Enriched Genes 
 
 To verify the finding of Kram et al. 2009, expression of PIN6 and PGP7 was 

investigated in various tissues of Arabidopsis thaliana and Brassica rapa via RT PCR to 

confirm their enrichment in the nectaries. In A. thaliana, the highest levels of PIN6 gene 

expression was found in the immature lateral nectaries (ILN), the mature lateral nectaries 

(MLN), and the mature median nectaries (MMN) (Figure 1).  It also showed some 

expression in the stamen and shoot tissues as well as slightly more expression in the root 

and stigma (Figure 1).  PIN6 gene enrichment was also found in the nectaries of B. rapa, 

including the immature median nectaries (IMN), ILN, MLN, and MMN (Figure 2).  

There appeared to be more expression of PIN6 in the median nectaries compared to the 

lateral nectaries of B. rapa.  PGP7 expression in A. thaliana is also enriched in MLN as 
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well as the pistil (Figure 3).  The other nectary types were not examined due to the lack 

of ILN and MMN RNA available.    
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PIN6 Mutants  
 

To begin to assign a biological function to PIN6, multiple homozygous T-DNA 

mutants of were isolated and named pin6-1, pin6-2, and pin6-3 (Figure 4A).  

Homozygous mutants were isolated as previously described (Alonso et al. 2003).  pin6-

1’s T-DNA insert is located in the fifth intron (near the 3’ end of the gene), while pin6-2 

and pin6-3 have their inserts in the second intron (near the middle of the gene) (Figure 

4A). A PGP7 mutant (pgp7-1) was also isolated and will be described later. 

 

pin6 Mutant Phenotypes 

             

            Gross Morphology 

 Morphological and developmental examination of flowers from pin6-1 and pin6-3 

showed no noticeable differences from wild-type flowers; however pin6-2 had a 
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noticeable altered flower phenotype (Figure 4B).  pin6-2 petals failed to fully expand and 

flowers typically lacked the two short stamen (Figure 4B).  Closer examination of the 

lateral nectaries from pin6-1, pin6-2, and pin6-3 via scanning electron microscope (SEM) 

revealed that pin6-2 nectary structure and size was altered compared to wild-type lateral 

nectaries.  pin6-2 lateral nectaries appeared smaller than wild-type, while also losing the 

bi-lobed characteristic typical of lateral nectaries (Figure 4B).  Closer examination of the 

lateral nectaries of pin6-1 and pin6-3 revealed no noticeable morphological differences 

compared to wild-type.         

    

             PIN6 Expression  

 PIN6 expression was examined in the homozygous T-DNA mutant lines (pin6-1, 

pin6-2, and pin6-3) by quantitative real-time PCR.  Expression of PIN6 in pin6-1 was 

significantly greater than wild-type  (~1.7-fold increase, p-value < 0.001; Figure 5, black 

bars). Conversely, expression in pin6-2 was pin6-3 was significantly decreased compared 

to wild-type (p-values < 0.001), with pin6-2 being an apparent knockout mutant (Figure 

5, black bars).   
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            Nectar Sugar Content 

Nectar droplets were collected from the lateral nectaries of each PIN6 mutant line 

and analyzed to determine relative total glucose content, which is a measure of total 

nectar production.  The sole carbohydrates in Arabidopsis nectar are glucose and 

fructose, and occur in nearly a 1:1 ratio (Davis et al. 1998). Therefore, it was presumed 

that flowers that secreted greater amounts of glucose produced more total nectar.  pin6-1 

(overexpression mutant) secreted higher levels of nectar sugar compared to wild-type (p-

value < 0.005; Figure 5, gray bars).  Overall, pin6-1 had a 30% increase in nectar sugar.  

Conversely, pin6-2 flowers (knockout mutant) secreted almost no nectar, and nectar 

sugar levels were significantly decreased compared to wild-type levels (p-value < 0.005).  

pin6-3 (knockdown mutant) also had significantly decreased levels of nectar sugar (p-

value < 0.005), however, slightly more than the level found in pin6-2 (Figure 5, gray 

bars).  Overall, it appears that PIN6 gene expression level positively correlates with the of 

amount nectar sugar secreted from the flowers from each mutant line. For example, the 

PIN6 overexpresser (pin6-1) has higher amounts of nectar sugar, while the PIN6 

knockout (pin6-2) has trace amounts of nectar, while the down-regulated mutant (pin6-3) 

has an intermediate level of total nectar sugar (Figure 5).   

 

Effects of Auxin and Auxin-Transport Inhibitors on Nectar Production  

 PIN6 belongs to a small family of auxin-efflux proteins, and has been shown to 

transport auxin in vitro (Petrasek et al. 2006). In addition, localized accumulation of 
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auxin in nectaries has been described (Aloni et al. 2006). To determine auxin’s possible 

influence on nectar secretion in A. thaliana and B. rapa, flowers from each species were 

cultured in 10% sucrose solutions of either a synthetic auxin (1-naphthylene acetic acid, 

NAA), or one of two polar auxin transport inhibitors: N-1-napthylphthalamic acid (NPA) 

or 2,3,5-triiodobenzoic acid (TIBA).  NPA and TIBA appear to inhibit polar auxin 

transport by blocking the cycling of PIN proteins to the plasma membrane (Geldner et al. 

2001).  However, TIBA is considered a weaker inhibitor (Katekar and Geissler 1980).     

Wild-type A. thaliana flowers cultured with NAA displayed a dramatic increase 

of total nectar sugar compared to those flowers cultured in the control treatments (p-value 

< 0.005; Figure 6A).  In contrast, wild-type flowers cultured with NPA secreted 

significantly lower levels of nectar sugar compared to the control treatment (p-value < 

0.005).  pin6-1 flowers cultured in NAA had a significant decrease in nectar sugar (p-

value < 0.005; Figure 6B) relative to the control water treatment.  While pin6-2 and pin6-

3 flowers saw no significant changes in their nectar sugar in any of the treatments (Figure 

6C and D).    

 A similar culturing experiment was performed on mature B. rapa flowers; 

however, separate nectar samples were collected from the lateral and median nectaries 

(due to the fact that B. rapa median nectaries produce collectible amounts of nectar).  A 

similar treatment effect was found on B. rapa nectar secretion as was found on A. 

thaliana wild-type flowers.  NAA treatment significantly increased nectar sugar levels 

from both lateral and median nectaries compared to the control treatment (p-value < 0.05; 

Figure 7A and B).  NPA decreased nectar sugar output from lateral and median nectaries 
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(p-value < 0.05 and 0.005, respectively) while treatment with TIBA decreased nectar 

sugar levels in only the median nectaries of B. rapa (p-value < 0.005).    
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Flowers from various non-model plants were chosen for NAA/NPA/TIBA 

culturing studies as described above.  Most flowers examined did not show a significant 

change (p < 0.05) in their nectar sugar when cultured with NAA, NPA, or TIBA 

compared to the control treatment, including flowers from Asclepias curassavica and 
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Kahleria amabilis (Figure 8A and B).  However, in Mandevilla splendes, NPA slightly 

decreased nectar sugar levels, similar to the effect observed in A. thaliana and B. rapa 

flowers (Figure 8C).  In Nicotiana tabacum, NPA has the opposite effect by slightly 

increasing nectar sugar levels (Figure 8D).   
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B.rapa Nectar Volume Assay  

 To determine whether the treatment effects we were observing with auxin and the 

auxin transport inhibitors were actually increasing or decreasing nectar volume (a 

combination of sugar and water), rather than just the sugar content, B. rapa nectar was 

collected by micrcocapillary pipette from both the lateral and median nectaries.  Flowers 

cultured in NAA had a significant increase in nectar volume compared to the control 

treatment (p-value < 0.002), while flowers cultured in TIBA showed a significant 

decrease in nectar volume (p-value < 0.002; Figure 9). Thus, total sugar content appeared 

to positively correlate with total nectar volume.   
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Auxin-Related Gene Expression is Altered in pin6-2 

 The expression of various auxin-related genes was examined in the pin6 and pgp7 

mutant backgrounds via RT PCR.  PGP7 expression in pin6-2 was found to be decreased 

compared to wild-type expression levels indicating that PIN6 is somehow required for the 

expression of PGP7 (Figure 10A).  pgp7 expression also appeared altered in pin6-1, 

showing up a slightly decreased levels compared to wild type.  Reversely, PGP7 is not 

needed for PIN6 expression (Figure 10B).  
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The other genes considered, including essential transporters for polar auxin 

transport (PIN1, AUX1, and PGP1) were also decreased in the pin6-2 background (Figure 

11A), with typical levels displayed in the other mutants.  PIN1 is characterized as an 

essential auxin efflux transporter (Galweiler et al. 1998), while AUX1 is involved with 

transporting auxin into the cell (Marchant et al. 1999).  PGP1 is another auxin transporter 

also responsible for transporting auxin out of the cell (Geisler et al. 2005).  All are 

present in A. thaliana wild-type flowers and presumably facilitate polar auxin transport in 

the organ.  The expression of other auxin related genes found to be upregulated 

specifically in the A. thaliana nectaries was even more noticeably altered compared to the 

genes mentioned previously.  Expression of PGP21, ARF10, and WES1 was severely 

reduced in pin6-2 (Figure 11B).  Interestingly, the expression of these genes was also 

altered in pin6-1.  Normal expression levels were found in pin6-2 and pgp7 when 

compared to wild-type.    
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Discussion  

 

PIN6 is required for nectar production 

PIN6, an auxin transporter that is highly enriched in nectaries (Figure 1), is vital 

for nectar secretion in Arabidopsis thaliana.  It also may have a function in nectar 

secretion in Brassica rapa, since PIN6 is highly expressed in the immature and mature 

median and lateral nectaries (Figure 2).  The three separate PIN6 mutants characterized in 

this study had differing gene expression profiles when examined with quantitative PCR, 

with each mutant having a different level of gene expression compared to PIN6 

expression in wild-type flowers (Figure 5).  The PIN6 overexpresser, pin6-1, contains a 

T-DNA insert at the 3’ end of the PIN6 gene sequence (Figure 4A).  Regulation of a gene 

at the 3’ end of the sequence is rare, but does occur (e.g., Sunker and Zhu 2004).  This 

insert may disrupt the 3’ untranslated region (UTR) of the gene, and some 3’ UTRs in A. 

thaliana contain miRNA regulator elements (MREs), which influence the regulation of 

gene expression after transcription.  miRNAs are a class of small RNAs that bind to 

MREs and can repress gene expression by promoting mRNA degradation and chromatin 

modification as well as suppressing protein translation (Sunker and Zhu 2004).  

 In Arabidopsis, sixty-nine miRNAs have been identified and two, miR156 and 

miR157, were found to aid in the repression of a SBP box gene, SPL3, by binding to a 

MRE in its 3’ UTR (Gandikota et al. 2007).  When this MRE was disrupted it led to an 

abundance of SPL3 gene transcripts.  When the MRE was intact, SPL3 protein levels 
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were undetectable, indicating the miRNAs are somehow inhibiting SPL3 mRNA 

translation.  A similar response could be possibly be occurring in pin6-1 which may have 

an interrupted 3’ UTR based on the location of its T-DNA insert.  A deregulation could 

be occurring leading to the increased amount of PIN6 gene transcripts in pin-1 we 

observed (Figure 5).        

The PIN6 RNA knockout mutant, pin6-2, has a T-DNA insert near the 3’ end of 

the second intron, located near the middle of the gene sequence (Figure 4A).  This insert 

appears to prevent the expression of PIN6.  This is the first study to characterize a PIN6 

knockout in A. thaliana, and although the plant appears to develop normally, its flowers 

and lateral nectaries are altered (Figure 4B).  With the knockout of PIN6, nectar secretion 

is severely diminished (Figure 5) indicating that it has some role in this process.  No 

other PINs have been implicated in the nectar secretion process, so this is a novel 

function for this gene family.  However, PIN1 is needed for proper floral development 

(Okada et al. 1991) and auxin and proper polar auxin transport is needed for the 

formation of floral primordia and proper floral organ identity (Cheng and Zhao 2007).  

The PIN6 downregulated mutant, pin6-3, has a T-DNA insert close to that of pin6-2.  

However, pin6-3 still has some expression of the PIN6 gene, although significantly lower 

than wild-type (Figure 5).  

A comparison of total nectar sugar with gene expression levels from each PIN6 

mutant revealed a positive correlation between the two (Figure 5).  pin6-1 has higher 

levels of PIN6 transcripts as well as higher levels of total nectar sugar, while pin6-2 has 

little expression of PIN6 and very little total nectar sugar, while pin6-3 falls in-between 
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for both characteristics.  This correlation again indicates that PIN6 has an important 

influence on nectar secretion in A. thaliana.  The fact that pin6-3 flowers appear 

morphologically normal suggests that simple changes in nectary ultrastructure are not 

responsible for the differences in nectar output. Since PIN6 is an auxin transporter, it 

could be controlling localized concentrations of auxin in the nectaries.  These fluctuating 

concentrations could be leading to variable total nectar secretion sugar levels.  

 

The role of auxin in nectar production 

Relatedly, exogenously applied auxin and auxin transport inhibitors appeared to 

have an effect on nectar secretion in A. thaliana and B. rapa.  Wild-type A. thaliana 

flowers cultured with a synthetic form of auxin (NAA) had a significant increase in total 

nectar sugar compared to those cultures in 10% sucrose solution with no treatment 

(Figure 6A).  Those cultured with a polar auxin transport inhibitor (NPA) had a 

significant decrease in total nectar sugar, indicating that proper polar auxin transport is 

required for nectar secretion.  PIN6 mutant nectar secretion was minimally affected by 

the treatments except for a significant decrease in total nectar sugar from pin6-1 flowers 

when cultured with additional auxin and a slight increase when cultured with TIBA, an 

auxin transport inhibitor (Figure 6B).  It appears that disruption of wild-type auxin 

concentration levels leads to altered nectar secretion in pin6-1.  Nectar secretion from 

pin6-2 was still nonexistent, even with treatment with exogenous auxin (Figure 7C, 

notice absorbance levels), again possibly indicating that PIN6 and polar auxin transport is 

required for nectar secretion in A. thaliana.  
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In B. rapa, nectar from cultured flowers was able to be collected from lateral and 

median nectaries separately.  NAA and NPA had similar effects on both nectaries, by 

increasing and decreasing total nectar sugar, respectively, following the trend observed in 

A. thaliana (Figure 7A and B).  Additionally, NAA increased nectar volume in B. rapa 

(Figure 8).  This is the first time this auxin effect has been observed in B. rapa (as well as 

A. thaliana).  Treatment of NAA was found to increase nectar volume, nectar sugar 

concentration, dry nectar sugar mass, insect abundance, and seed yield in two related 

species of Brassica, Brassica campestris and Brassica oleracea (Mishra and Sharma 

1988).  Brassica rapa response to treatment with NAA corresponds with observations 

made on other Brassica species, however whether it prompts increased insect attraction 

and seed yield remains to be investigated.    

To determine if auxin’s role in controlling nectar secretion is conserved, it effects 

on the nectars from several non-model species were examined. Nectar secretion from 

non-model plant species that were treated with NAA, NPA, and TIBA was not 

significantly changed (Figure 9).  In Asclepias curassavica, the nectar is held in cup-like 

petal structures that are directly exposed to the environment (instead if being protected by 

sepals as in A. thaliana and B. rapa), making it susceptible to evaporation and changes in 

the environment.  Therefore, in studies like these, it is important to consider the flower 

structure and how the nectar is presented to ensure the culture is successful and accurate.  

In the other flowers that were treated, Mandevilla splendes and Nicotiana tabacum, NPA 

induced a weak response in nectar secretion. Specifically in Nicotiana tabacum, it 

increased total nectar sugar, an opposite effect of what was found in A. thaliana and B. 
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rapa. Studies involving other species than those in the Brassicaceae have showed a 

variety of responses when treated with auxin, including increases and decreases in nectar 

sugar (Matile 1956; Shuel 1959).  Therefore, it appears that auxin has a species-specific 

effect on nectar secretion and cannot be characterized into an all-encompassing influence.  

Although auxin is the universal plant hormone, plants will utilize it differently based on 

their developmental needs.  Endogenous levels of auxin in the nectary before treatment 

could vary significantly from those found in the A. thaliana and B. rapa and strongly 

influence how additional auxin or auxin transport inhibitors affect nectar secretion.  

 

Other auxin-related genes expressed in nectaries 

P-glycoprotein 7 (PGP7) is also enriched in the nectaries of A. thaliana (Figure 

3).  The P-glycoproteins are a subfamily of the Multidrug Resistance/ABCD family of 

transporters and 22 have been found in the Arabidopsis genome (Geisler and Murphy 

2007).  Although some PGPs have been characterized as auxin transporters, flowers from 

pgp7 knockout mutant showed no phenotypic differences with wild-type, and their nectar 

secretion was not affected unlike the PIN6 mutants we characterized (data not shown).  

Since PGP7 is from such a large transporter family, other PGPs may be functionally 

compensating for PGP7.  Indeed, PGP21 is another P-glycoprotein was found to be 

upregulated in A. thaliana nectaries that could be compensating for PGP7 (Kram et al. 

2009).  

 PGP7 expression is altered in pin6-2, indicating that PIN6 (or the action of PIN6) 

is needed for proper PGP7 expression (Figure 10A).  Similarly, PIN6 seems to be 
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required for proper expression of a variety of genes vital for polar auxin transport 

including PGP1, AUX1, and PIN1 (Figure 11A, pin6-2 lane).  Gene expression of auxin 

related genes in pin6-2 is even more altered in genes specific to the A. thaliana nectary 

(Figure 11B).  Without PIN6, there is little expression of PGP21, WES1, and ARF10.  

How PIN6 is affecting the expression of these genes remains to be determined, but PIN6-

regulated auxin levels could be altering expression of these genes.  Auxin induces gene 

expression of PIN1, PIN3, PIN7 and AUX1 in roots, which is believed to help further 

solidify auxin gradients essential for proper development (reviewed in Chapman and 

Estelle 2009).  A similar response could be occurring in A. thaliana flowers, as pin6-2 

flowers and nectaries do not properly develop (Figure 4B).  The altered gene expression 

of these genes could also promote in the interruption of nectar secretion we are observing 

in the pin6-2 mutant.   

 

 

 

Study Conclusions  

 

Arabidopsis thaliana, with its fully sequenced genome, is an essential tool for 

discovering the molecular mechanisms of nectar secretion.  Although A. thaliana does 

not secrete large amounts of nectar, it is still visited by pollinators in wild populations 

(Hoffmann et al. 2003), so nectar is likely needed for the outcrossing that does occur.  

Brassica rapa, although not fully sequenced, requires pollinators for seed production and 
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secretes a appreciable amount of nectar.  Known protein encoding sequences from B. 

rapa share a 85% homology with A. thaliana (Schmidt et al. 2001), allowing much of the 

research accomplished in A. thaliana to be extended to B. rapa.  Nectar is the primary 

reward for pollinators and has become increasingly recognized as a vital attractant for 

animal-pollinated crops.  An understanding of the molecular mechanism of nectar 

secretion can lead to the development of plants with attractive traits.   

Nectar secretion appears to be regulated at a hormonal level.  Multiple studies 

have implicated auxin, jasmonic acid, and gibberellic acid in the nectar secretion process 

(Shuel 1959; Mischa and Sharman 1988; Raman and Greyson 1978).  However up to this 

point, a mechanism of hormonal regulation of nectar secretion has been unknown.  Auxin 

is either being directly synthesized in or shuttled to the nectary of A. thaliana, even while 

the flower is fully open and actively secreting nectar (Aloni et al. 2006), which indicates 

the possibility of auxin having a role in A. thaliana nectar secretion.  With the 

identification of an auxin transporter, PIN6, in A. thaliana nectaries, a mechanism can 

now begin to be formed concerning the hormonal control of nectar secretion.  

Polar auxin transport is very important for the generation of localized auxin 

concentrations in A. thaliana and it appears that it is also important for nectar secretion.  

NPA, an auxin transport inhibitor, noticeably decreased nectar sugar secretion from A. 

thaliana and B. rapa (Figure 6 and 7).  Polar auxin transport is also important for the 

formation of various organs including leaves (Reinhardt et al. 2008), flowers (Oka et al. 

1999), and lateral roots (Benkova et al. 2003), and could be providing a similar function 

in the nectary organ.  Indeed, pin6-2 nectaries appeared smaller and less developed than 
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wild-type implying that PIN6 and proper auxin concentrations are needed for complete 

nectary development (Figure 4).    

PIN6 and auxin appear to be very important for not only proper floral nectary 

development in A. thaliana, but also nectar secretion.  Gene expression levels of PIN6 

positively correlate to levels of nectar sugar (Figure 5).  It appears these varying levels of 

PIN6 gene expression are affecting localized concentrations of auxin within the nectary.  

Overexpression of PIN7 lead to the increase of auxin transport in tobacco BY-2 cells, 

indicating that levels of PIN7 gene expression directly influences on how much auxin is 

transported (Perasek et al. 2006).  A similar response could be happening with the PIN6 

mutants.  Perhaps with overexpression of PIN6 (pin6-1) there is an increased 

accumulation of auxin within the nectary leading to the increase in total nectar sugar 

released.  On the other hand, the PIN6 knockout (pin6-2) leads to a decrease in auxin 

accumulation in the nectary, resulting in little nectar released.  However, this reasoning 

depends on where auxin is being synthesized in the nectary and surrounding floral organs 

and how PIN6 is shuttling this auxin to influence nectar secretion.   

 

 

Future Directions  

 

To begin to form a more concrete understanding of the molecular mechanism of 

hormonal regulated nectar secretion, it is important to know where PIN6 is located in the 

cell.  It could have differing functions depending on its subcellular location in the 
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nectary.  For example, is it a more traditional PIN proteins located on the polar plasma 

membrane, directing auxin out of the cell?  Or is it similar to the irregular PIN5 and 

located in the endoplasmic reticulum, influencing cytoplasmic concentrations of auxin.  

Of primary importance is important to understand how PIN6 is shuttling auxin in the 

nectary.  Fusing PIN6 to a GFP reporter protein and transforming the resulting construct 

into wild-type A. thaliana and all mutant lines in this study (pin6-1, pin6-2, pin6-3, and 

pgp7) would allow us to visualize PIN6’s location in the nectary and perhaps determine 

whether the PIN6 overexpressor mutant has varying levels of PIN6 protein that could be 

affecting local auxin concentrations.  An additional method to visualize relative local 

auxin concentrations is to transform a DR5::GUS construct into each of the mutants and 

wild-type.  DR5 is an auxin responsive promoter and when fused to GUS will show us in 

what tissues auxin is being synthesized or transported.  These kinds of studies would 

uncover how PIN6 controls auxin concentrations in the nectary.   

Since B. rapa relies heavily on nectar to attract pollinators for reproductive 

success, it would be beneficial to begin to study nectary specific genes in B. rapa as well 

as other Brassica species.  To begin this transition, we have generated B. rapa RNAi 

vector constructs to begin looking at the function of some of these nectary specific genes 

(Appendix I).  Once transgenic B. rapa plants are engineered, further insights will 

undoubtedly follow concerning how this important plant family regulates it nectar 

secretion.  Specifically, looking at whether a PIN6 knockout has a similar phenotype in 

B.rapa as in A. thaliana.   
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It appears that PIN6 affects the expression of other genes (Figure 10A and 11).  

Collecting nectaries exclusively from pin6-2 and performing a genome-wide gene 

analysis, could uncover additional genes that are affected when PIN6 is not present.  Loss 

of certain genes or the upregulation of others could provide more insight into the floral 

and nectar phenotypes we are observing in pin6-2.  Similarly, there are other methods to 

artificially overexpress PIN6 in A. thaliana, to discover if we see an increase in total 

nectar sugar as we observed in pin6-1.  Overall, these studies help to solidify the PIN6 

function in nectar secretion, providing an increased understanding of hormonal regulation 

of the active process.  

One of the final directions of studies like these is to discover and manipulate plant 

traits that would confer increased pollinator visitation, whether it is an increase in nectar 

volume or changes to nectar sugar and amino acid content.  Once a few candidate plants 

(specifically in Brassica sp.) have been engineered, they can be observed in field study 

projects to see whether pollinators actually prefer these plants with altered nectar 

characteristics.  Also, it is important to determine if these transgenic plants can survive in 

non-laboratory conditions.  Undoubtedly, the manipulation of nectar characteristics will 

take resources (i.e. sugar and water) from other plant organs, such as roots and leaves, 

which may affect the overall development and health of the plant.      
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Appendix I 

Brassica rapa RNAi constructs 

 Recent sequence information from Brassica rapa nectaries (Hampton et al. 2010) 

gives us the ability to begin engineering transgenic B. rapa that are silenced in important 

nectary genes.  RNAi is the preferred method for generating transgenic plants and 

Agrobacterium tumefaciens is used to deliver the RNAi vector construct.  RNAi vector 

constructs typically contain an inverted cDNA repeat of the gene of choice that creates a 

double-stranded RNA (dsRNA) product.  This dsRNA is cut by the plant’s endogenous 

Dicer protein into small interfering RNA (siRNA), which in turn directly silences the 

gene.   

 To create the initial inverted cDNA repeat, I utilized the pHANNIBAL vector 

(Wesley et al. 2001).  pHANNIBAL contains a strong constitutive promoter called the 

cauliflower mosaic virus 35S (CaMV 35S), an intron to separate the inverted repeat 

sequence and to create the hairpin needed for the dsRNA product, and a terminator from 

A. tumefaciens (Figure 12).  The sense and antisense arms of the inverted repeat 

sequences are cloned into pHANNIBAL by multiple cloning sites that flank the intron.  

The entire RNAi cassette (promoter, sense cDNA, intron, antisense cDNA, and 

terminator) can then be cloned into the binary vector pART27, which contains T-DNA 

borders allowing for integration into the plant genome and the NPTII gene to allow 

transgenic selection by kanamycin (Gleave 1992).  All RNAi constructs attempted were 

successfully cloned into pART27 (Figure 13).  
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Brassica rapa RNAi Vector Construction  

Select segments (300-500 bp) of nectary-enriched genes (PIN6, CWINV4, JMT, 

CRC and CUPIN) were amplified as described above in Materials and Methods with 

B.rapa nectary cDNA.  Primers for the PCR reaction contained restriction sites, which 

were incorporated into the final amplified gene product, creating the sense and antisense 

strands of the final RNAi construct (Table 3).  The PCR products were purified using the 

QIAquick PCR Purification Kit (Qiagen) and underwent digestion with the sense or 

antisense restriction enzymes (NEB BioLabs) following the manufacturer’s instructions.  

 pHANNIBAL was first digested with the sense restriction enzymes and then gel 

purified with the QIAquick Gel Extraction Kit (Qiagen).  The sense digested 

pHANNIBAL and gene products were the cloned together with: 10X Ligase Buffer, 10 

mM ATP, and 2 µl of Ligase (NEB BioLabs) and incubated overnight at room 

temperature.  A portion of the ligation reaction (0.5-1.0 µl) was transformed into NEB 10 

β electrocompetent E. coli cells.  The cells recovered at 37° C for 1 hour and were spread 
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on TB with ampicillin (Fisher) agar plates and incubated at 37° C overnight for 

screening.   

Possibly transformed colonies of E. coli were picked, isolated, and grown in TB 

culture with ampicillin overnight at 37° C.  Plasmids of each bacterial culture were 

isolated using the QIAprep Spin Miniprep Kit (Qiagen).  Plasmids were digested with the 

sense restriction enzymes and screened on a 1% agarose with Sybr Safe gel.  Those 

plasmids that appeared to have the correct size sense DNA fragment then underwent 

restriction digestion with the antisense enzymes.  Ligation was repeated as described 

above except with the antisense digested gene products.  Transformation and subsequent 

screening for the correct antisense insert was also repeated as described above.   

Once the sense and antisense gene product appeared to be inserted into the 

pHANNIBAL vector, it was then digested with NotI (NEB BioLabs) to release the RNAi 

cassette following manufacturer’s protocol.  The RNAi cassette was cloned into pART27 

that also had been digested with NotI. Again, this construct was transformed into E. coli 

NEB 10 β electrocompetent cells and underwent screening with TB with kanamycin 

(Fisher) agar plates.  Possible transformed colonies were isolated and their plasmids 

screened by digesting them with both the sense and antisense restriction enzymes.  Those 

pART27 plasmids that appeared to have both strands were sent to University of 

Minnesota BioMedical Genomics Center (St. Paul, MN) to be sequenced for 

confirmation.   
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Brassica rapa Transformation with Agrobacterium      

pART27 plasmids with both the sense and antisense strands of the gene of interest 

were transformed into Agrobacterium by incubating at 50° C for 5 minutes.  The cells 

were recovered at 28° C for 2-4 hours and grown on TB agar plates with gentamicin (Cell 

Gro), rifampin (Fisher), kanamycin (Fisher) at 28° C for four days.  Plasmids from select 

Agrobacterium colonies were isolated and screened for pART27 construct.  Those 

Agrobacterium that appeared to be transformed were then used in the subsequent 

infection of B. rapa cotelydons. 

Transformation of B. rapa followed the protocol developed by Bhalla and Singh 

2008.  The only exceptions were 40 ul of NAA and 20 ul of BAP were used in the 

Cocultivation, Callus Induction and Shoot Initiation Mediums instead of the volumes 

used in the given protocol.   

 

Confirmation of B. rapa RNAi Construct   

 RNAi vector constructs were cloned into pART27 for eventual transformation 

into B. rapa for various genes including: PIN6, CWINV4, JMT, CRC, and CUPIN.  All 

RNAi cassettes were successfully cloned into pART27 (Figure 13) and sense and 

antisense sequences confirmed by DNA sequencing with pART27 vector specific 

primers.  All RNAi vector constructs were successfully transformed into Agrobacterium 

tumefaciens and appeared to replicate with the growth of Agrobacterium.  Transformation 
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of B. rapa with Agrobacterium containing the PIN6 and CWINV4 RNAi construct was 

attempted.       
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