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Metabolic and transcriptomic analyses

of nectaries reveal differences in the
mechanism of nectar production between
monocots (Ananas comosus) and dicots
(Nicotiana tabacum)
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Abstract

Background Nectar is offered by numerous flowering plants to attract pollinators. To date, the production and
secretion of nectar have been analyzed mainly in eudicots, particularly rosids such as Arabidopsis. However, due to
the enormous diversity of flowering plants, further research on other plant species, especially monocots, is needed.
Ananas comosus (monocot) is an economically important species that is ideal for such analyses because it produces
easily accessible nectar in sufficient quantities. In addition, the analyses were also carried out with Nicotiana tabacum
(dicot, asterids) for comparison.

Results We performed transcriptome sequencing (RNA-Seq) analyses of the nectaries of Ananas comosus and
Nicotiana tabacum, to test whether the mechanisms described for nectar production and secretion in Arabidopsis
are also present in these plant species. The focus of these analyses is on carbohydrate metabolism and transport
(e.g., sucrose-phosphate synthases, invertases, sucrose synthases, SWEETs and further sugar transporters). In addition,
the metabolites were analyzed in the nectar, nectaries and leaves of both plant species to address the question of
whether concentration gradients for different metabolites exist between the nectaries and nectar The nectar of

N. tabacum contains large amounts of glucose, fructose and sucrose, and the sucrose concentration in the nectar
appears to be similar to the sucrose concentration in the nectaries. Nectar production and secretion in this species
closely resemble corresponding processes in some other dicots, including sucrose synthesis in nectaries and sucrose
secretion by SWEETO. The nectar of A. comosus also contains large amounts of glucose, fructose and sucrose and

in this species the sucrose concentration in the nectar appears to be higher than the sucrose concentration in the
nectaries. Furthermore, orthologs of SWEET9 generally appear to be absent in A. comosus and other monocots.
Therefore, sucrose export by SWEETs from nectaries into nectar can be excluded; rather, other mechanisms, such as
active sugar export or exocytosis, are more likely.
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Conclusion The mechanisms of nectar production and secretion in N. tabacum appear to be largely similar to those
in other dicots, whereas in the monocotyledonous species A. comosus, different synthesis and transport processes are

involved.

Keywords Ananas, Floral nectar, Nectaries, Tobacco, Nicotiana, Sugar composition, Transcriptome, SWEETs

Background

Floral nectar contains several compounds, mainly sugars
such as glucose, fructose and sucrose but also, smaller
amounts of amino acids, inorganic acids and secondary
compounds [1-3]. The nectar composition varies greatly
depending on the plant species and is often related to
the type of pollinator [4—6]. Floral nectar is produced by
specialized glands called nectaries [7]. To date, different
models for nectar production and secretion, such as the
eccrine or granulocrine model have been proposed [8, 9].

For some plant species, including Arabidopsis, an
eccrine secretion mode has been described, wherein
various transport proteins and enzymes are involved in
nectar production [10, 11]. Three types of sugar trans-
porters could be involved in sugar uptake into and export
from the nectaries. Sugar Transporter Proteins or Hex-
ose Transporters (STPs/HTs) are H*/monosaccharide
symporters and these proteins are commonly found in
plant sink organs, where they are located in the plasma
membrane [12]. Sucrose Uptake Transporters (SUTs) are
H*/sucrose symporters that are categorized into four or
five types based on sequence homology and biochemical
properties [13, 14]. Most SUTs are found in the plasma
membrane, but SUT4-type proteins are also localized
in the tonoplast [14]. Sugar Will Eventually Be Exported
Transporters (SWEETs) are uniporters and they are
divided into four clades. Members of clade I and II
mainly transporting hexoses and those of clade III mainly
transporting sucrose, while clade IV contains tonoplast-
localized hexose transporters [15, 16].

Because most nectaries are non-photosynthetic sink
tissues, they rely on phloem-derived sugars from source
tissues, such as leaves [17, 18]. Sucrose is either sym-
plasmically transported from the phloem through plas-
modesmata into the nectary parenchyma cells or can
be transported into the apoplasm. In cucumber, CsS-
WEET?7a is highly expressed in the receptacle and nec-
tary tissues of flowers just before anthesis and it may
play a role in phloem unloading of sucrose into the apo-
plasm [19]. From the apoplasm, sucrose could be actively
taken up into the nectaries through the activity of sugar
transporters such as SUTs or after hydrolysis by cell wall
invertases by STPs/HTs [18].

In various plant species, starch accumulates in the
parenchyma cells of nectaries in the early stages of nec-
tary maturation [20—22]. During nectar secretion, starch
is converted into sugars [20, 23, 24] and various enzymes
are involved in this process, e.g. Sucrose Phosphate

Synthase (SPS; E.C. 2.4.1.14) [11]. In addition to nec-
tar sugars derived from starch degradation in nectaries,
phloem-derived sucrose can be used directly for nectar
production without prior storage as starch, as shown for
tobacco [20] or squash [22].

The phloem sap of many plant species contains mainly
sucrose, whereas hexoses are typically present only in
very small concentrations [17, 25]. The proportion of
hexoses in nectar therefore depends on sucrose-cleaving
enzymes in the nectaries or during secretion. In plants,
Sucrose Synthases (SUS; glycosyltransferase; EC 2.4.1.13)
catalyze the reversible conversion of sucrose and UDP
into fructose and UDP-glucose. Whether sucrose degra-
dation or sucrose synthesis is promoted in vivo depends
on the concentrations of the substrates and products [26].
Sucrose synthases exist in different isoforms with vari-
ous biochemical properties and they have been observed
either in the cytosol or associated with the plasma mem-
brane [26]. Invertases (INVs; S-fructofuranosidases; EC
3.2.1.26) catalyze the irreversible sucrose hydrolysis into
glucose and fructose. Invertases can be classified into
three groups: neutral/alkaline invertases (NINVs), vacuo-
lar invertases (VIN'Vs), and extracellular invertases which
are bound to the cell wall (CWINVs) [27, 28]. Sucrose
hydrolysis during nectar secretion by CWINV4 has been
shown in Arabidopsis and other plant species [11, 29].

For the export of sucrose from nectaries into nectar,
the plasma membrane-localized sucrose transporter
SWEETY is essential, e.g. in Arabidopsis [11]. SWEET9
functions as a bidirectional and facilitated diffusion
transporter for sucrose and its activity is dependent on
the sucrose concentration gradient [11]. Therefore, the
export of sucrose is only possible if the cytosol of the
parenchyma cells of the nectaries contains higher sucrose
concentrations than the nectar. The question still remains
whether AtSWEET? is able to secrete such high amounts
of sugar and whether other mechanisms are also involved
in this process [30]. In plant species with hexose-domi-
nant nectar, e.g. in Brassicaceae such as Arabidopsis or
Brassica, the extracellular hydrolysis of sucrose into hex-
oses by CWINV4 could be the driving force for sucrose
efflux [11, 29]. However, this does not apply to species
that secrete nectar with high sucrose concentrations;
they require alternative mechanisms for sucrose efflux.
This may include the production of very high concentra-
tions of sucrose in the nectaries, similar to the concen-
tration in the nectar, due to induced sucrose synthesis
during secretion and/or a reduced sucrose degradation
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[22]. In addition, the sucrose concentration may be very
high in certain parts of nectaries, especially in cells that
secrete nectar.

Extracellular sucrose hydrolysis also increases the
osmotic gradient, which allows the secretion of water
from nectaries into nectar [11, 29]. It is not yet known
whether plant aquaporins, known as Plasma membrane
Intrinsic Proteins (PIPs) [31], which enable rapid move-
ment of water molecules across cell membranes, are also
involved in water secretion in nectaries [9].

The granulocrine secretion mode has also been dis-
cussed for some plant species, in which sugar secretion is
mediated by exocytosis [7, 32]. According to this model,
metabolites are packaged into vesicles in the outer cells of
nectaries by dictyosomes or the Endoplasmic Reticulum
(ER). The vesicles then fuse with the plasma membrane
and release the metabolites to nectar [7]. SNARE-domain
containing proteins are characterized by a particular
SNARE motif (soluble N-ethylmaleimide-sensitive factor
adaptor protein receptors). They play an important role
in vesicle-associated membrane fusion events in trans-
port processes, including exocytosis [33]. Monocots and
dicots encode many SNARE proteins, which are divided
into different classes: Qa, Qb, Qc, and Qb+Qc, which are
t-SNAREs (target membrane-associated SNAREs), and
R-type SNAREs, which are v-SNAREs (vesicle-associ-
ated SNAREs) [34]. One could hypothesize that SNAREs
might be involved in the secretion of nectar sugars by
exocytosis, but experimental evidence of this is still
lacking.

Most experiments on nectar production and secretion
have been carried out with eudicots, particularly Ara-
bidopsis (Brassicaceae). However, due to the enormous
diversity of flowering plants, further research on other
plant species, especially monocots, is needed [9]. There-
fore, to compare the mechanism underlying nectar pro-
duction and secretion in monocots and dicots, pineapple
(Ananas comosus L. Merr.; Bromeliaceae) and tobacco
(Nicotiana tabacum L., Solanaceae) were chosen for the
experiments. Both species are economically important
and produce easily accessible nectar in sufficient quan-
tities. A. comosus is a diploid species with a relatively
small genome size of 526 Mb [35], whereas N. tabacum
is an allotetraploid species with a large 4.5 Gb genome
containing a high proportion of repetitive elements [36].
Furthermore, N. tabacum uses the C3 photosynthetic
pathway and A. comosus is a CAM plant.

During the evolution of flowering plants, monocots
branched off from their dicot relatives very early (prob-
ably about 140-150 million years ago) [37]. The first
Bromeliaceae (Poales, monocots) may have originated
around 125 million years ago [38], but it is believed that
the Bromeliaceae did not undergo major diversification
until about 20 million years ago [39, 40]. However, the
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evolutionary history of the plant family is still a matter
of debate [40]. Among the dicots, the Solanaceae (aste-
rids, dicots) probably separated from the Brassicaceae
(rosids, dicots) about 120 million years ago [41], with
the genus Nicotiana only splitting off from other Solana-
ceae approximately 24 million years ago [42]. Due to the
early separation of the plant groups, for example, a differ-
ent development of the nectaries is to be expected. In A.
comosus and other bromeliads, floral nectar is produced
by septal nectaries which are located in the basal part
of the ovary and are formed by incomplete fusion of the
carpels [43]. In Ananas ananassoides, the septal nectaries
are not vascularized, but they are connected to numerous
vascular bundles in the ovaries [32]. In N. tabacum and
other Solanaceae the floral nectar is produced by gynoe-
cial nectaries which are located on the basal side of the
gynoecium [44].

To gain further insight into the molecular mechanisms
involved in nectar production and secretion by Nicotiana
tabacum and Ananas comosus, RNA-Seq analyses were
performed to examine the nectary transcriptome. The
focus of these analyses was on carbohydrate metabolism
and transport. For comparison, RNA-Seq analyses were
also carried out on the leaves of both plant species and
furthermore, the metabolites in the nectar, nectaries and
leaves of both plant species were analyzed to address the
question of whether concentration gradients for differ-
ent metabolites exist between the nectar and nectaries.
During nectar production, the cleavage of sucrose to hex-
oses is necessary; therefore, the activities of the involved
enzymes were also determined.

Methods

Plant material

N. tabacum (‘Badischer Burley E’) seeds were obtained
from NiCoTa (Rheinstetten, Germany). Each plant was
potted in a single 5 L pot with compost soil and grown in
a greenhouse at the University of Wuppertal (Germany).
Cultivation was carried out with a 14-h-light/10-h-dark
cycle, an irradiance of approximately 300 pmol photons
m~2 s and a temperature regime of 25 °C day/18°C
night.

Ananas comosus plants grown in tropical glasshouses
in the Zoological-Botanical Garden Stuttgart (Germany)
and at the University of Wuppertal (Germany) were used
for the different analyses. The plants were grown in Brill
Pro Verde substrate (Georgsdorf, Germany) enriched
with 30% pine bark under the same cultivation conditions
as those used for the tobacco plants.

Collection of leaf tissue, nectaries and nectar

For each tissue (leaf, nectary, nectar) at least three sam-
ples of Ananas comosus and Nicotiana tabacum were
collected. To minimize the influence of flower age on
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nectar [45] and to compare the different plant tissues
with nectar, all samples of plant material were harvested
3—4 h after anthesis. All the samples were immediately
frozen in liquid nitrogen and stored at -80 °C until fur-
ther analysis.

For the leaf material, samples (~200 mg) were taken
from leaves with a razor blade.

Each sample (~100 mg) of nectary tissue comprised
20 to 30 nectaries, depending on the species. To collect
the nectaries from Ananas comosus, the gynoecia were
extracted from the flowers, and the septal nectary tissue
was dissected with a scalpel and rinsed with ultrapure
water to remove external sugars [46, 47]. The nectary tis-
sue of Nicotiana tabacum was dissected with a scalpel
from the flower at the base of the ovary, as this is recog-
nizable by its orange color caused by p-carotene. After-
wards, the tissue was also washed with ultrapure water to
remove external sugars [48].

After anthesis, each nectar sample was collected from
a single flower using a micropipette [6]. Each nectar sam-
ple was analyzed separately and no nectar samples were
pooled. The volume of nectar from the flowers varied
between 10 and 50 pl. To avoid possible pollen contami-
nation, the nectar samples were examined microscopi-
cally,. Furthermore, microbial contamination was
evaluated according to an assay for microbial contamina-
tion [5]. The test revealed no microbial contamination in
the nectar samples from either species.

Water content of the nectaries and leaves

Leaves and nectaries were weighed, dried and reweighed
to determine the water content in these tissues. The
water content was calculated from the ratio between the
dry weight and the fresh weight [48].

Extraction of soluble metabolites from leaf and nectary
tissue

Chloroform-methanol-water extraction has been used
to extract soluble metabolites, such as sugars and amino
acids, from nectaries or leaves [45]. For this purpose,
200 mg of milled leaf material and 100 mg of milled nec-
tary material frozen in liquid nitrogen were used.

Analysis of sugars and free amino acids in nectar, nectary,
and leaf tissues

The collected nectar samples, extracted nectaries, and
extracted leaf tissue were analyzed by using HPLC to
determine the concentration and composition of sugars
and amino acids.

The concentrations of the different sugars in the plant
materials were determined via an ICS-5000 HPIC system
(Thermo Fisher Scientific). For the analysis, the sugars
were eluted isocratically using an anion exchange column
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and a pulse amperometric detector for data collection
[17].

An Ultimate 3000 HPLC system (Thermo Fisher Sci-
entific) was used for the detection of amino acids. After
separation on a reversed-phase column (Merck LiChro-
CART"® 125-4 using Superspher® 100 RP-18 endcapped),
free amino acids (alanine, arginine, aspartate, asparagine,
glutamate, glutamine, glycine, histidine, isoleucine, leu-
cine, lysine, methionine, phenylalanine, proline, serine,
threonine, tryptophan, tyrosine, valine) in the different
plant materials were analyzed by a fluorescence detector.

By using a calibration curve for each component, the
chromatograms were evaluated by an integration pro-
gram (Chromeleon 7.2). By measuring the sugar content
in the leaves and nectaries in umol g~ ! fresh weight (FW)
and the water content of the leaves and nectaries, it was
also possible to determine the sugar concentration (mM)
in both tissues [6, 48].

Analyses of starch in leaves and nectaries

The insoluble residues of the chloroform-methanol-water
extraction of leaf and nectary tissue samples as described
above were treated with KOH, a-amylase and amyloglu-
cosidase to cleave the starch into glucose [49]. Aliquots
(50 pl) of each incubation mixture were analyzed spec-
trophotometrically for glucose [49]. The starch content
was calculated as milligrams of glucose equivalent per
gram of fresh weight.

Enzyme assays for cell wall invertase (CWINV), vacuolar
invertase (VINV) and neutral invertase (NINV)

To measure the enzyme activity of the three different
invertases, a protein extraction was first carried out on
50 mg of nectary material [48]. The invertase reaction of
CWINV was conducted with an aliquot of insoluble pro-
tein extract added to 0.6 M sucrose and 0.125 M sodium
acetate (pH 5.0). For vacuolar and neutral invertases, an
aliquot of soluble protein extract was added to 0.6 M
sucrose and 0.125 M sodium acetate, pH 5.0 (VINV) or
pH 7.5 (NINV). To stop the enzyme reaction the solution
was boiled for 10 min. Afterwards, the amount of glucose
released during each reaction was quantified optically
by the reactions of hexokinase and glucose-6-phosphate
dehydrogenase [50]. The activity of the enzymes was cal-
culated as the activity in the sample minus the activity
in the blank. Blanks in which the reaction mixture was
immediately inactivated by heat without incubation were
used.

Analysis of sucrose synthase (SUS) enzyme activity

The cleavage of sucrose was investigated to determine
the activity of Sucrose Synthases (SUSs). The soluble and
insoluble proteins were extracted from 50 mg of fine-
milled nectary tissue [51]. The extracted protein fraction
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was added to 100 mM sucrose, 4 mM UDP, and 20 mM
HEPES (pH 7.0) to incubate this solution for the cleavage
of sucrose. After 40 min of incubation at room tempera-
ture, the enzymatic reaction was stopped by boiling the
solution for 10 min. The products of the incubation were
determined by coupled optical enzymatic assays [52].
The activity of the enzyme was calculated by the activity
in the sample minus the activity in the blank. Blanks in
which the reaction mixture was immediately inactivated
by heat without incubation were used.

RNA isolation, library preparation and sequencing
Approximately 50 mg of nectary tissue and 200 mg of
leaf tissue were milled to a fine powder in liquid nitrogen.
Three tissue samples each of A. comosus and N. tabacum
were extracted using a modified protocol [53]. Denatur-
ing agarose-gel electrophoreses was used to assess the
integrity of the extracted RNA. Furthermore, the purity
and concentration were verified by a UV-vis spectropho-
tometer at 260 and 280 nm (NanoDrop™ One, Thermo
Fisher Scientific). DNase I digestion and RNA cleaning
were performed with an RNA Clean & Concentrator Kit
(Zymo Research Europe). The concentration and integ-
rity of the RNA were verified using a Qubit™ RNA HS
Assay Kit (Invitrogen) and denaturing agarose-gel elec-
trophoreses, respectively. Afterwards, poly-A enrichment
was carried out with 1 pg of this RNA using an mRNA
isolation method (NEBNext® Poly(A) mRNA Magnetic
Isolation Module). Library preparation was performed
using the NEBNext® Ultra™ II DNA Library Prep Kit for
[lumina® using 11 PCR cycles according to the manu-
facturer’s instructions. A Qsepl Bio-Fragment Ana-
lyzer (BiOptic Inc.) with a Standard DNA Cartridge Kit
was used to check the library for adaptor contamination
and size distribution. The prepared libraries were multi-
plex sequenced on an Illumina NovaSeq 6000 platform
in paired-end mode. The reads were demultiplexed and
the adapter and quality trimming were carried out with
the software tool Trimgalore (version 0.6.5, www.bioin-
formatics.babraham.ac.uk), which uses the tool Cutadapt
Wrapper (version 1.18, www.cutadapt.readthedocs.io)
[54].

Analysis and visualization of transcriptome data

The trimmed sequences of A. comosus and N. tabacum
were paired and subsequently mapped with the mem-
ory-efficient tool Bowtie2 to the corresponding genome
using Geneious Prime® software (version 2024.0.4,
www.geneious.com) [55]. For the pineapple sequences,
the whole-genome shotgun sequence of Ming et al,
2015 [56], and for the tobacco sequences, the genome
sequence of Edwards et al., 2017 [57], were used. The
mapped reads were used to calculate normalized expres-
sion levels for RNA from each sample and tissue. This
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allows the TPM (transcripts per million) to be deter-
mined for each gene as a measure of the level of tran-
scription. These values were used to compare the genes
within a gene group. The number of mapped reads for
a gene depends on the expression level, the gene length
and the sequencing depth. To compare the nectary and
leaf tissues of each species, DESeq2 (1.42.1) in Geneious
Prime® software was used to normalize their dependen-
cies and calculate the differential expression between the
two samples [58]. As a result of this calculation, the fold
change (Fc) in expression between the sample condition
A (leaf) and sample condition B (nectary) was expressed
as a log2 ratio. In this way it is possible to compare the
expression levels of a gene set between different tissues
of a species. The genes of each species had to meet the
following criteria: (1) log2 ratio>1 or log2 ratio < -1 to
be considered differentially expressed between the com-
pared tissues. Differential expression was considered to
be statistically significant if the adjusted p value was less
than 0.05. To visualize the differentially expressed gene
loci, a volcano diagram was created with the fold change
plotted against the absolute confidence. In addition,
Principal Component Analysis (PCA) was performed to
visualize the variation between the gene expression levels
of samples and to assess the quality of the experimental
design. Furthermore, the transcript levels (TPMs) of the
different genes involved in nectar production and secre-
tion in each sample (leaf and nectary) were used to plot
an expression heatmap of N. tabacum and A. comosus to
visualize the variation between samples and genes. An
expression heatmap was generated with the R software
(version 4.4.0, www.r-project.org). The TPM data used
from the leaf and nectary samples were normalized for
each species using the ‘scale()’ function of R software,
where each element of the data matrix was scaled by sub-
tracting the mean of the matrix and dividing by the stan-
dard deviation.

Verification with qRT-PCR

To verify the RNA-seq results, qRT-PCR analyses were
also performed for the sucrose transporters SUT1, SUT2
and SUT4 in Ananas comosus (Supplementary Fig. 1G).
SUT-expression levels in leaves and nectaries were ana-
lysed using the Maxima SYBR Green/ROX qPCR kit
(Thermo Fisher Scientific, Vilnius, Lithuania) and Ari-
aMX Real-time PCR-System (Agilent, Waldbronn, Ger-
many) according to Miehe et al., 2023 [59].

Gene Ontology (GO) enrichment analysis

Since the two genomes used for A. comosus and N.
tabacum do not have comprehensive annotations, the
eggNOG-mapper tool (www.eggnog-mapper.embl.de)
was used for rapid functional annotation [60, 61]. The
application of this tool added the corresponding Gene
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Fig. 1 Composition of sugars, starch, and sum of amino acids in leaves, nectaries, and nectar. The metabolites are separated in the boxplot diagram (A-H)
by the three tissues (leaf, nectary, nectar), and between Nicotiana tabacum and Ananas comosus. The shown data include four samples for each tissue of
each species (n=4). Different letters represent significant differences in metabolites between leaves, nectaries, and nectar (Tukey's HSD; p < 0.05). Data

is available in Supplementary Table S2 and S3

Ontology (GO) terms to the genes, providing informa-
tion on the functions of the genes. These data were used
as background GO data for the GO enrichment analy-
sis. In general, the analysis revealed GO terms that were
over- or underrepresented in a gene set. These terms are
grouped into three categories: molecular function, cel-
lular component, and biological process. Therefore, for

each species, genes with a log2 ratio greater than 1 and
less than —1 were used separately in the analysis. The bio-
informatics platform tool TBtools-1I was used to perform
a GO enrichment analysis [62]. As a result, each gene set
was visualized by plotting the absolute confidence (-log10
adjusted p value) of the GO terms in relation to three
categories.
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Table 1 Sugar ratios in leaves, nectaries and nectar (calc. from
mM) the data were derived from Fig. 1, and the values of all the
measuring points were averaged

Species Leaf-sugar-ratio Nectary-sugar- Nectar-
[S/(G+F)] ratio [S/(G+F)] sugar-
ratio[S/
(G+F)]
N. tabacum 4.2 049 0.26
A. comosus 14 022 0.30

Phylogenetic analysis

The software Mega (version 11.0.13, www.megasoftware.
net) [63] with the maximum likelihood method and 1,000
bootstrap iterations was used to construct the phyloge-
netic trees for the respective gene groups. The accession
numbers used to identify the genes from Arabidopsis
thaliana, Nicotiana tabacum, Oryza sativa, and Ananas
comosus in the NCBI database can be found in Supple-
mentary Table S9-S12.

Statistical analysis

The significance between metabolite and starch concen-
trations and enzyme activities, was determined in two
groups by using ¢-tests, and in more than two groups
using one-way ANOVA, followed by Tukey post-hoc
tests. Statistical analyses were performed with R software
(version 4.4.0, www.r-project.org).

Results
Sugar, starch and amino acid concentrations in leaves,
nectaries, and nectar
Nicotiana tabacum and Ananas comosus are day-flow-
ering species and nectar, nectaries and leaves were col-
lected from plants of both species 3—4 h after anthesis.
The concentrations of sugars, starch and amino acids in
the nectar, nectaries, and leaves of N. tabacum and A.
comosus are shown in Fig. 1. In both plant species, the
leaves, nectaries, and nectar contained mainly of glu-
cose, fructose and sucrose. The sugar concentrations in
the nectar were determined in millimolar (millimole per
liter). To allow easier comparisons between nectar and
nectaries, the sugar concentrations in the nectaries were
also calculated (in millimolar concentrations) by measur-
ing the sugar content in the nectaries in micromoles per
gram fresh weight and the water content of the nectaries
(Supplementary Table S1). Sugar concentrations in leaves
were also calculated in this way. The concentration of the
sum of sugars was highest in nectar, followed by nectar-
ies, and lowest in leaves (Fig. 1A, B). The mean sugar con-
centration for both species was about five- to nine-fold
higher in the nectaries (310, 228 mM) than in leaves (57,
25 mM) and about three- to five-fold higher in the nectar
(907, 1063 mM) than in the nectaries.

The leaves of N. tabacum contained more sucrose
than hexoses, and the sucrose-to-hexoses ratio (4.2) was
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Table 2 Activities of sucrose-cleavage enzymes in the nectaries
of N. tabacum and A. Comosus. The results are presented as the
means+ SDs of at least three samples from different plants. The
data are available in supplementary table S2 and S3

N. tabacum A. comosus
Enzyme activity (U g~ FW)
Invertases
Cell wall (CWINV) 31.6+90 47403
Vacuolar (VINV) 1.6+1.1 1.1+£05
Neutral (NINV) 0.7+05 21411
Sucrose synthase 38+07 0.9+0.1

approximately nine-fold higher than that in the nectaries
(0.49). In nectar, the ratio was lower (0.26) than that in
nectaries, meaning that nectar contained more hexoses
than sucrose compared to nectaries (Table 1; Fig. 1C).
In A. comosus, the sucrose-to-hexoses ratio was approx-
imately five-fold higher in leaves (1.4) than in nectaries
(0.22), whereas in nectar, the ratio was slightly higher
(0.30) than in nectaries. This means that nectar con-
tained more sucrose than hexoses compared to nectaries
(Table 1; Fig. 1D).

In N. tabacum, the starch content in nectaries was
2.0£0.8 mg g~' FW and in A. comosus 2.0£0.4 mg g~*
FW (measured as glucose equivalent; Fig. 1E, F). The
starch content was much higher in the leaves of both spe-
cies (10-33 mg g~} FW)).

The amino acid concentrations in leaves and nectar-
ies were derived analogously to the sugar concentrations
from the amino acid contents in micromole per gram
fresh weight and the corresponding water contents (Sup-
plementary Table S1). The highest amino acid concentra-
tion was found in nectaries of both species (Fig. 1G, H),
with the concentration in the nectaries of N. tabacum
(15656 mM) being much higher than in A. comosus
(30.1£6.3 mM). In the leaves of both species, the amino
acid concentration was in the lower millimolar range
(3.3, 1.0 mM), and the lowest concentration was found in
nectar (1.5, 1.0 mM).

Activity of invertase (INV) and sucrose synthase (SUS) in
the nectaries

The activities of the sucrose cleavage enzymes invertase
and sucrose synthase were determined in the nectaries
of both species. The measured cell wall invertase activity
in nectaries was 31.6+9.0 U g~! FW in N. tabacum and
4.7+0.3 U g~! FW in A. comosus (Table 2). This means
that the activity in N. tabacum was seven-fold higher
than that in A. comosus. Soluble acid invertases and
soluble neutral invertases were also active in the nectar-
ies, but the measured activities were lower (less than 2 U
g ! FW each) and no differences were found between N.
tabacum and A. comosus (Table 2). In the nectaries of N.
tabacum the Sucrose Synthase (SUS) activity was 3.8+£0.7
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U g~ ! FW, whereas a four-fold-lower activity of 0.9+0.1
U g ! FW was measured in the nectaries of A. comosus
(Table 2).

Overall gene expression profiles in the nectaries and leaves
of N. tabacum and A. comosus

To link different genes to nectar production and secre-
tion, the gene expression profiles of the nectaries as
opposed to the leaves of A. comosus and N. tabacum
were collected via RNA-Seq analyses. Comparison of the
individual expression levels revealed in a log2 ratio (fold
change) for 87% of the genes in the N. tabacum genome
and 97% in the A. comosus genome. DESeq2 analysis
was conducted to identify the most highly Differentially
Expressed Gene (DEG) loci, which were visualized in a
volcano plot for each species (Supplementary Fig. S1A,
D). To count as differentially expressed, genes of each
species had to meet two criteria to be defined as DEGs:
(1) log2 ratio>1 (which are genes showing higher expres-
sion in nectaries than leaves) or log2 ratio < -1 (which
are genes showing higher expression in leaves than nec-
taries) and (2) adjusted p value<0.05. This eliminates
variation at low expression levels, but also eliminates
outliers at high expression levels. The orange dots in the
volcano plots represent genes that fulfil this requirement,
whereas the black dots represent genes that do not fulfil
at least one requirement (Supplementary Fig. S1A, D). In
general, both volcano plots show many DEGs. If the log2
ratio (fold change) is positive, the DEG is up-regulated
in the nectary tissue, meaning that the genes are more
highly expressed in nectaries than leaves. Conversely,
a negative log2 ratio indicates that the DEGs are down-
regulated in the nectary tissue, meaning that the genes
are more highly expressed in leaves than nectaries. In N.
tabacum, more DEGs are down-regulated (6491 genes)
than up-regulated (4978 genes) in the nectaries com-
pared to the leaves. According to the volcano plot of A.
comosus, more DEGs appeared to be up-regulated (5924
genes) than down-regulated (4365 genes) in the nectar-
ies compared to the leaves (Supplementary Fig. S1C, F).
Principal Component Analysis (PCA) also revealed that
the nectar and leaf samples of both species were very
different from each other while showing minimal varia-
tion between replicates at the same time (Supplementary
Fig. S1B, E). For both species, the first Principal Compo-
nent (PC1) accounted for 99% of the variation, whereas
the second Principal Component (PC2) accounted for
less than 1%. To further test the reliability of the RNA-
Seq data and the DEGs, the expression levels of the
transcription factor gene CRABS CLAW (CRC) were
examined. CRC belongs to the YABBY family and its
expression is associated with the development of carpels
and nectaries [64]. In N. tabacum and A. comosus, CRC
was highly up-regulated in the nectaries (log2 ratio <6).
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Furthermore, both RNA-Seq and qRT-PCR showed that
the sugar transporter AcSUT1 and AcSUT4 were more
highly expressed in nectaries than in leaves, whereas
AcSUT2 was more highly expressed in leaves (Supple-
mentary Fig. S1G, Fig. S2, Table S6). In the heatmap for
each species, the transcript levels of different genes are
shown (Supplementary Fig. S2). Only genes related to
carbon metabolism, sugar transport or nectar secretion
have been included here (SPS, INV, SUS, SUT, SWEET,
STP, PIP, SNARE). A large number of genes with differ-
ent expression levels were detected in the samples, so
the dendrogram of the heatmap shows a total separation
of the leaf and nectary samples for N. tabacum and A.
comosus (Supplementary Fig. S2A, B).

Gene ontology (GO) enrichment analysis

Since there were no database entries for the two genomes
(N. tabacum and A. comosus) in which the genes were
associated with the GO terms, a corresponding GO
background data file had to be created to perform the
GO enrichment method. For N. tabacum, 41% of the
genes in the transcriptome had corresponding GO terms
and for A. comosus, 42%. On the basis of these annota-
tions, GO enrichment was performed to verify the simi-
larities or differences of each gene set with respect to
its molecular function, cellular component or biological
process. Two gene sets were used for each species. In
one gene set, genes were up-regulated in the nectaries
(log2 ratio>1) and in the other gene set they were down-
regulated in the nectaries, indicating that they were up-
regulated in the leaves (log2 ratio < -1). As shown in
Fig. 2, the enriched GO terms included molecular func-
tion, cellular component, and biological processes. In
the GO enrichment analysis of N. tabacum nectaries,
the “transporter activity” was the most enriched in the
category of molecular functions, “endoplasmic reticu-
lum” and “membrane” in the category of cellular compo-
nents and “response to chemical’, “catabolic processes”
and “flower development” in the category of biological
processes (Fig. 2A). For the nectaries of A. comosus, the
GO terms enriched in the three categories differed from
those for N. tabacum (Fig. 2C). In A. comosus, “structural
molecule activity” was most enriched in the category of
molecular functions, “external encapsulating structure’,
“cell wall” and “plasma membrane” were enriched in the
category of cellular components and “anatomical struc-
ture development’, “cell growth” and “cell differentiation”
were enriched in the category of biological processes.
In both plant species, the up-regulated genes in nectar-
ies and leaves differed considerably. Numerous genes
with GO term up-regulated in leaves of N. tabacum and
A. comosus were related to cellular components such as
“chloroplasts and thylakoids” or to “photosynthesis” as a
biological process (Fig. 2B, D).
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(A) Nicotiana tabacum genes up-regulated in nectaries (log2 ratio > 1)
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(B) Nicotiana tabacum genes up-regulated in leaves (log2 ratio < -1)
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(C) Ananas comosus genes up-regulated in nectaries (log2 ratio > 1)
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(D) Ananas comosus genes up-regulated in leaves (log2 ratio < -1)
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Fig. 2 Gene Ontology (GO) enrichment analysis of Nicotiana tabacum and Ananas comosus. Gene ontology describes three aspects: molecular function
(blue), cellular component (orange), and biological process (yellow). The genes or gene sets that were up-regulated according to these three aspects of
the gene ontology. Different expressed genes (DEGs) in Ananas comosus (A, B) and Nicotiana tabacum (C, D ) were used in the enrichment analyses, with
a log?2 ratio greater than 1 (A, C) and less than —1 (B, D). In the graphs the absolute confidences (-log10 adjusted p value) of the GO terms related to
molecular function (blue), cellular component (orange), and biological process (yellow) were plotted

Expression levels of genes involved in sugar metabolism in
nectaries and nectar secretion

After analyzing the entire transcriptomic dataset, various
genes related to sugar metabolism in nectaries and nec-
tar secretion were analyzed in more detail. The analyses
included sucrose phosphate synthases, sucrose cleavage
enzymes such as invertases and sucrose synthases; sugar
transporters such as SWEETS; sucrose transporters
(SUTs); hexose transporters (MST/HT) and aquaporins
(Plasma membrane Intrinsic Proteins, PIPs). Moreover,
the expression of SNARE-genes was analyzed, because
the corresponding proteins might be involved in exocy-
tosis (granulocrine excretion). For each group of genes,
the transcript expression in the nectaries relative to that

in the leaves is shown as the log2 ratio (Supplementary
Table S7, S8). If the log2 ratio is positive, the gene is up-
regulated in the nectaries, and if it is negative, it is down-
regulated in nectaries and thus up-regulated in leaves.
For the comparison of leaves and nectaries, the transcrip-
tion levels of the different genes are also shown in Tran-
scripts Per Million (TPM) for each species (Figs. 3, 4, 5,
6, 7, 8, 9 and 10). In general, TPM is normalized to the
gene length and represents the abundance of a transcript
within a population of sequenced transcripts. Moreover,
phylogenetic analyses were performed for the selected
genes (Supplementary Fig. S3-S10). For this purpose, in
addition to the corresponding genes of A. comosus and N.
tabacum, the corresponding genes of another dicot and
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(A) Transcription levels of SPS genes in Nicotiana tabacum:
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(B) Transcription levels of SPS genes in Ananas comosus:
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Fig. 3 Transcription levels of Sucrose-Phosphate Synthase (SPS) in N. tabacum and A. comosus. The results are separated for each species (A: N. tabacum;
B: A. comosus). The two charts for each species (A, B) show the different TPM values for each SPS gene in the leaves and nectaries (mean +SD, n=3). Error
bars indicate the standard deviation. The significant difference between the genes in leaves and nectaries are indicated by asterisks (t-test, p < 0.05). These
charts only allow the comparison of this gene group within the leaves or nectaries of a species. Data is available in Supplementary Table S5 and S6

another monocot plant, Arabidopsis thaliana and Oryza
sativa, were included (Supplementary Table S9-S12).

Sucrose-phosphate synthase (SPS)

Transcripts of two different SPS genes were found in
N. tabacum (Fig. 3A). In the nectaries of N. tabacum
NtSPSB had the highest TPM level and its expression was
strongly up-regulated in the nectaries compared to the
leaves (Fig. 3A). Transcripts of four SPS genes were found
in A. comosus (Fig. 3B), with AcSPS1, the closest ortholog
to AtSPSIF (Supplementary Fig. S3), showing the high-
est TPM level. In Arabidopsis, AtSPS1F and AtSPS2F are
essential for nectar production, because sps1f/2f mutants
fail to secrete nectar [11]. However, the expression of

AcSPSI was up-regulated in leaves compared with that
in nectaries. In contrast, the expression of AcSPS4 and
AcSPSS was up-regulated in the nectaries, although both
the TPM levels in the nectaries were lower than those in
the AcSPS1 (Fig. 3B; Supplementary Table S6).

Invertase (INV)

Numerous invertase genes, including 10 neutral (NINV),
three vacuolar (VINV), and three cell wall invertases
(CWINV) were differentially expressed in N. tabacum
(Fig. 4A). However, the TPM levels of several invertase
genes were rather low, especially for CWINV (Fig. 4A).
This also applies to NeCWINV2, the closest ortholog to
AtCWINV4 which is required for nectar production in
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(A) Transcription levels of INV genes in Nicotiana tabacum:
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Fig. 4 Transcription levels of different invertases (NINV, CWINV, VINV) inN. tabacum and A. comosus. The results are separated for each species (A: N. taba-
cum; B: A. comosus). The two charts for each species (A, B) show the different TPM values for each INV gene in the leaves and nectaries (mean+SD, n=3).
Error bars indicate the standard deviation. The significant difference between the genes in leaves and nectaries are indicated by asterisks (t-test, p <0.05).
These charts only allow the comparison of this gene group within the leaves or nectaries of a species. Data is available in Supplementary Table S5 and S6

Arabidopsis (Supplementary Fig. S4) [29]. Compared the monocot group (Supplementary Fig. S4). In addition,
with those in N. tabacum, a smaller number of inver- AcCWINV3 was the only invertase, whose expression
tase genes were expressed in A. comosus, one NINV, one  was up-regulated in the nectaries compared to the leaves
VINV, and two CWINVs (Fig. 4B). The highest TPM  (Fig. 4B; Supplementary Table S6).

level was found for AcCWINV3 (Fig. 4B), which belongs

to the same clade as AtCWINV4 of Arabidopsis, but in
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(A) Transcription levels of SUS genes in Nicotiana tabacum:
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(B) Transcription levels of SUS genes in Ananas comosus:
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Fig. 5 Transcription levels of Sucrose Synthase (SUS) in N. tabacum and A. comosus. The results are separated for each species (A: N. tabacum; B: A. co-
mosus). The two charts for each species (A, B) show the different TPM values for each SUS gene in the leaves and nectaries (mean +SD, n=3). Error bars
indicate the standard deviation. The significant difference between the genes in leaves and nectaries are indicated by asterisks (t-test, p <0.05). These
charts only allow the comparison of this gene group within the leaves or nectaries of a species. Data is available in Supplementary Table S5 and S6

Sucrose synthase (SUS)

Phylogenetic analyses revealed that plant SUS genes can
be divided into three separate clades, in which both dicots
and monocots are represented (Supplementary Fig. S5).
In N. tabacum, transcript abundance analysis showed
that of the six SUS genes, almost all were up-regulated in
the nectaries, in particular NtSusI was much more highly
expressed in the nectaries than in the leaves (Fig. 5A;
Supplementary Table S5). Furthermore, the TPM level of

NtSUS1 in the nectaries was at least 100-fold higher than
the TPM levels of the other sucrose synthases (Fig. 5A).
Transcripts of four SUS genes were found in A. comosus
(Fig. 5B) and the highest TPM level was detected in the
nectaries for AcSUS1 followed by AcSUS3 (Fig. 5B). How-
ever, both genes were up-regulated in leaves compared
with those in nectaries but AtSUS1.1, which belongs to
the same clade as NtSUS1, was up-regulated in nectaries
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(A) Transcription levels of SWEET genes in Nicotiana tabacum:
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Fig. 6 Transcription levels of Sugars Will Eventually Be Exported Transporters (SWEET) in N. tabacum and A. comosus. The results are separated for each
species (A: N. tabacum; B: A. comosus). The two charts for each species (A, B) show the different TPM values for each SWEET gene in the leaves and nec-
taries (mean+SD, n=3). Error bars indicate the standard deviation. The significant difference between the genes in leaves and nectaries are indicated
by asterisks (t-test, p < 0.05). These charts only allow the comparison of this gene group within the leaves or nectaries of a species. Data is available in
Supplementary Table S5 and S6
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(A) Transcription levels of SUT genes in Nicotiana tabacum:
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Fig. 7 Transcription levels of Sucrose Uptake Transporters (SUT) in N. tabacum and A. comosus. The results are separated for each species (A: N. tabacum;
B: A. comosus). The two charts for each species (A, B) show the different TPM values for each SUT gene in the leaves and nectaries (mean+SD, n=3).
Error bars indicate the standard deviation. The significant difference between the genes in leaves and nectaries are indicated by asterisks (t-test, p <0.05).
These charts only allow the comparison of this gene group within the leaves or nectaries of a species. Data is available in Supplementary Table S5 and S6

(Fig. 5B; Supplementary Fig. S5; Supplementary Table
S5).

SWEETs

Phylogenetic analyses of the SWEETs revealed that A.
thaliana and O. sativa, like N. tabacum and A. comosus
contain numerous SWEETs in different clades (Supple-
mentary Fig. S6). Several SWEET genes were expressed
in the leaves and nectaries of N. tabacum (Fig. 6A). NtS-
WEET9 (clade III), the closest ortholog to AtSWEET9
in Arabidopsis, which is essential for sucrose secretion
in the nectaries of A. thaliana [11], showed the highest
TPM value in nectaries of N. tabacum (Fig. 6A). Fur-
thermore, the expression of NtSWEET9 was strongly

up-regulated in nectaries compared to leaves (Fig. 6A;
Supplementary Table S5). N(SWEET7 had the second
highest TPM in the nectaries (clade II; Fig. 6A). NtS-
WEET7 clustered with AtSWEET?7 from Arabidopsis and
CsSWEET7a from Cucumis sativus (Supplementary Fig.
S6).

In A. comosus, numerous SWEET genes were also
expressed, with about half of which were up-regulated in
the nectaries, whereas the other half were up-regulated
in the leaves (Fig. 6B; Supplementary Table S6). However,
no orthologs of AtSWEET9 or NtSWEET? (clade III) was
found in A. comosus (Supplementary Fig. S6). Among the
SWEETs of clade III, the highest TPM value was found
for AcCSWEETI1, but this gene was up-regulated in the
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(A) Transcription levels of STP genes in Nicotiana tabacum:
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Fig. 8 Transcription levels of Sugar Transport Proteins (STP) in N. tabacum and A. comosus. The results are separated for each species (A: N. tabacum; B:
A. comosus). The two charts for each species (A, B) show the different TPM values for each STP gene in the leaves and nectaries (mean+SD, n=3). Error
bars indicate the standard deviation. The significant difference between the genes in leaves and nectaries are indicated by asterisks (t-test, p < 0.05). These
charts only allow the comparison of this gene group within the leaves or nectaries of a species. Data is available in Supplementary Table S5 and S6

leaves but not in the nectaries (Fig. 6B; Supplementary
Table S6). In the case of the SWEETs belonging to clade
11, the expression of all SWEETs was up-regulated in the
nectaries compared to the leaves (Fig. 6B; Supplemen-
tary Table S6). The TPM level of AcSWEETS (clade II)
was the highest among the whole group of SWEETS in
A. comosus (Fig. 6B). These results suggest that at least
SWEET-mediated sucrose export (clade III SWEETSs)
may not be as important in the nectaries of A. comosus as
in dicotyledons. Therefore, the expression levels of other

sugar transporters, sucrose uptake transporters (SUTSs)
and monosaccharide transporters (STPs/HTs) were also
tested.

Sucrose transporters (SUTs)

Different types of Sucrose Uptake Transporters (SUTSs)
were expressed in N. tabacum and A. comosus (Fig. 7;
Supplementary Fig. S7). In N. tabacum, the highest TPM
value was found for NtSUT1I (type I), but the expression
of NtSUTI was up-regulated in the leaves compared to
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(A) Transcription levels of PIP genes in Nicotiana tabacum:
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(B) Transcription levels of PIP genes in Ananas comosus:
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Fig. 9 Transcription levels of aquaporins (PIP) in N. tabacum and A. comosus. The results are separated for each species (A: N. tabacum; B: A. comosus). The
two charts for each species (A, B) show the different TPM values for each PIP gene in the leaves and nectaries (mean+SD, n=3). Error bars indicate the
standard deviation. The significant difference between the genes in leaves and nectaries are indicated by asterisks (t-test, p <0.05). These charts only allow
the comparison of this gene group within the leaves or nectaries of a species. Data is available in Supplementary Table S5 and S6

the nectaries (Fig. 7A; Supplementary Table S5). In leaves
of several dicotyledons, type I SUTs facilitate the active
uptake of sucrose into the phloem [13]. In contrast, the
expression of NtSUT4 (type I1I) was up-regulated in nec-
taries of N. tabacum (Fig. 7A). Type III SUTs are func-
tionally diverse and facilitate, for example, the active
transport of sucrose from the vacuole into the cytoplasm
[13].

In A. comosus, the highest TPM value was found
for AcSUT1 (type IIB, Supplementary Fig. S7) and the

expression of AcSUTI was strongly up-regulated in the
nectaries compared to the leaves (Fig. 7B; Supplementary
Table S6). The monocot-specific type IIB contains SUTs
that have a similar function to type I SUTs in dicots [13].

Sugar transporter proteins (STPs)

In plants, many STPs, which are H*/monosaccha-
ride transporters that mediate the transport of hexoses
across the plasma membrane in various plant cells, are
expressed (Supplementary Fig. S8) [12]. In the nectaries
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(A) Transcription levels of SNARE genes in Nicotiana tabacum:
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(B) Transcription levels of SNARE genes in Ananas comosus:
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Fig. 10 Transcription levels of soluble N-ethylmaleimide-sensitive-factor attachment receptor (SNARE)-domain-containing proteins in N. tabacum and A.
comosus. The results are separated for each species (A: N. tabacum; B: A. comosus). The two charts for each species (A, B) show the different TPM values for
each SNARE gene in the leaves and nectaries (mean+SD, n=3). Error bars indicate the standard deviation. The significant difference between the genes
in leaves and nectaries are indicated by asterisks (t-test, p < 0.05). These charts only allow the comparison of this gene group within the leaves or nectaries

of a species. Data is available in Supplementary Table S5 and S6

of N. tabacum, the highest TPM values were found
for NtSTP23 and NtSTP24 and the expression of both
genes was up-regulated in the nectaries compared to the
leaves (Fig. 8A; Supplementary Table S5). In A. como-
sus, the expression of more than half of the STPs was
up-regulated in the nectaries compared with the leaves
(Fig. 8B; Supplementary Table S6). However, the highest

TPM value in the nectaries of A. comosus was found for
AcSTPI (Fig. 8B).

Plasma membrane intrinsic proteins (PIPs)

Phylogenetic analyses revealed numerous PIP genes are
represented in monocots and dicots, including N. taba-
cum and A. comosus (Supplementary Fig. S9). Moreover,
in both N. tabacum and A. comosus, the expression of



Gottlinger et al. BMC Plant Biology (2024) 24:940

almost all PIPs was up-regulated in the nectaries com-
pared with the leaves (Fig. 9A, B; Supplementary Table
S5 and S6). The highest TPM value in the nectaries of N.
tabacum was found for NtPIP2-1, followed by the closest
homologs NtPIPI-3 and NtPIP2-3 (Fig. 9B; Supplemen-
tary Fig. S9). In the case of A. comosus, the highest tran-
script expression level was found for AcPIP2-4, followed
by AcPIPI-2 (Fig. 9B).

N ethylmaleimide-sensitive factor adaptor protein receptor
(SNARE)-domain-containing proteins

In plants, SNAREs can be divided into five clades (Qa,
Qb, Qc, Qb+Qc, and R) and their primary function is
to mediate the fusion of vesicles with the target mem-
brane, which is part of exocytosis. Phylogenetic analyses
revealed that both dicots and monocots contain a larger
number of SNARE genes (Supplementary Fig. S10). Many
SNARE genes are expressed in both in N. tabacum and in
A. comosus, and in both plant species the expression of
up to three quarters of the SNARE genes was up-regu-
lated in the nectaries (Fig. 10A, B; Supplementary Table
S6). In the case of A. comosus this is especially true for for
AcSYPI123 (Fig. 10B; Supplementary Table S6). However,
one difference between the two-plant species was that
transcripts of members of the clade Qb+Qc were found
only in A. comosus (Fig. 10A, B; Supplementary Table S5
and S6).

Discussion

In Arabidopsis, which produces hexose-dominant nectar,
several steps important for nectar secretion have been
described, including sucrose synthesis by AtSPSIF/2F
after the degradation of starch stored in nectaries, the
export of sucrose by AtSWEET9, and sucrose hydrolysis
during secretion by AtCWINV4 [11, 29, 65]. The nectar
composition and type of floral nectaries vary depending
on the plant species. For this reason, different plant spe-
cies also use different modes of nectar production and
secretion. To date, knowledge about nectar production in
dicot species, especially rosids (e.g. Arabidopsis, Brassica,
Cucurbita), is far greater than in monocot species. There-
fore, in this study, the nectaries and nectar of N. tabacum
(asterids) and A. comosus (monocot) were analyzed to
test whether the mechanism described for Arabidopsis is
also present in these plant species.

Gene expression profiles and GO enrichment analysis of N.

tabacum and A. comosus

Transcriptome sequencing (RNA-Seq) is an effec-
tive means of studying the molecular mechanisms of
non-model plants and other organisms without whole-
genome information [65-67]. However, sequencing
depth, also called coverage depth, is an important factor
for the quality of RNA-Seq analyses. The coverage depth
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must be selected so that even weakly expressed genes in
the samples are well captured [68, 69]. For the human
genome, multiple biological replicates with 20-50 mil-
lion reads per sample are recommended to capture all
expressed genes [70]. The RNA-Seq analyses of N. taba-
cum and A. comosus yielded between 40 and 107 million
reads per sample and three biological replicates were
generated for each tissue and plant species (Supplemen-
tary Table S4). Another possible limitation could be that
the entire nectary tissue was analysed rather than the
different cell types of the nectaries, for example only the
nectar-secreting cells. Therefore, it is possible, that the
expression level of some genes in certain cell types is
higher or lower than the determined expression level for
the entire nectary tissue.

In N. tabacum and A. comosus, the differences in gene
expression between the nectaries and leaves were evalu-
ated. On the basis of initial studies with volcano plots,
PCA, and expression heatmaps the data revelaed that
the genes differed significantly between the nectaries
and leaves (Supplementary Fig. S1, S2). More genes were
up-regulated than down-regulated in the nectaries com-
pared to the leaves. Due to their up-regulation in the
nectaries, it can be assumed that a large number of genes
are involved in flower growth and in the production and
secretion of nectar, although this can vary depending on
the flowering/nectar production stage [71, 72]. Further-
more, the strongly up-regulated expression of CRABS
CLAW (CRC) in the nectaries demonstrated the verac-
ity of the RNA-Seq data from the studied samples. In
addition, the analyses of the sucrose transporters SUT1,
SUT2 and SUT4 of A. comosus by qPCR (Supplementary
Fig. 1G) showed the same trends in the expression levels
as the expression levels based on the transcriptome data
(Supplementary Fig. S2, Supplementary Table S6). Based
on these results and the use of multiple biological repli-
cates (n=3) as well as the low deviation of the datasets,
the results of RNA-Seq can be considered robust [73].

The differential expression of the genes was also
reflected in the GO enrichment analysis. Biological pro-
cesses for flower development, reproduction, and polli-
nation, for example, can be found in the nectaries using
the GO terms, and photosynthesis, as well as response
reactions to light stimulus, can be found in leaves (Sup-
plementary Fig. S2). GO enrichment analyses in other
species revealed similar results for the same tissue; for
example, photosynthesis-related GO terms were found
in the leaves of Angelica glauca [74]. Furthermore,
expressed genes of the floral transcriptome of Arabidop-
sis could also be linked to flower development, reproduc-
tion and pollination [75].
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Nectar production and secretion in N. tabacum

Phloem unloading and sugar transport into the nectaries

A model of nectar production and secretion in N. taba-
cum is shown in Fig. 11A. During nectar secretion there
is an increased need for carbohydrates in nectaries [9].
The phloem supplies the nectaries with sucrose either
symplastically via plasmodesmata or sucrose is first
transported into the apoplasm and then actively taken up
into the nectaries. Apoplasmic unloading may be medi-
ated by the reversal of SUTs, SWEET uniporters and/
or other unidentified transporters [18, 76]. Unloaded
sucrose can then either be taken up into nectary cells by

Page 19 of 26

SUTs or hydrolyzed by CWINV to hexoses, which are
taken up by hexose transporters (e.g. STPs). However, it
is not yet clear which phloem unloading mode and sugar
uptake mechanisms exist in nectaries.

In cucumber (Cucumis sativus), CSSWEET7a was
highly expressed in flowers shortly before anthesis, and
this protein was detected in the vascular tissues (phloem)
of the receptacle and nectary [19]. These results, indi-
cate that CsSWEET7a is involved in phloem unload-
ing and sugar partitioning in these tissues [19]. In N.
tabacum, the transcript expression levels of N(ESWEET7
and NtSWEET4, the closest orthologs to CsSWEET7a

(A) Model of nectar secretion in N. tabacum

(B) Model of nectar secretion in A. comosus
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Fig. 11 Models of nectar sugar secretion in Nicotiana tabacum (A) and Ananas comosus (B). SWEET: Sugar will eventually be exported transporter; SUT:
Sucrose transporter; STP: Sugar transport protein; CWINV: Cell wall invertase; SPS: Sucrose-phosphate synthase; INV: Invertase; SUS: Sucrose synthase. The

number of molecules corresponds to the concentration
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(Supplementary Fig. S6), were also much higher in the
nectaries than in the leaves (Fig. 6A; Supplementary
Fig. S2). However, these SWEETs belong to clade II and
transport mainly hexoses [77], whereas the phloem con-
tains up to 1,000 millimolar sucrose and only low con-
centrations of hexoses [25]. In root tips, SUTs are located
in the phloem, where they are expected to function in
an efflux mode [76]. Sucrose transporters could also be
involved in phloem unloading in nectaries [19], such as
NtSUTI, whose transcripts were found in the nectaries
(Fig. 7A; Supplementary Fig. S2). Some of the sucrose
released to the apoplasm may be hydrolyzed into hex-
oses by CWINV [76]. The transport of hexoses from
the apoplasm to the cytoplasm of nectary cells could be
mediated by monosaccharide transporters (STPs). The
transcript expression levels of several monosaccharide
transporters (STPs), especially NtSTP23/24, were higher
in nectaries than in leaves of N. tabacum (Fig. 8A).

Nectary starch

Depending on the plant species, a certain portion of the
sucrose delivered by the phloem is split into glucose and
fructose in the nectaries [45, 48]. In some species, a por-
tion of the glucose produced is temporarily stored in
nectaries as starch, which is converted back to sugar dur-
ing nectar secretion (Fig. 11A) [20, 23]. In Arabidopsis,
sucrose-phosphate synthase genes (SPS1F/2F) are highly
expressed in nectaries, and this enzyme may be involved
in the re-synthesis of sucrose [65]. Moreover, sucrose
synthesis was found to be important during nectar secre-
tion, as Arabidopsis plants lacking sucrose phosphate
synthases (spsIf/2f mutants) were unable to secrete nec-
tar [11].

In N. tabacum, the starch content in the nectaries was
much lower than in the leaves (Fig. 1E). A previous study
revealed that the starch content in nectaries of day-flow-
ering Nicotiana species such as N. tabacum was generally
lower than that in the nectaries of night flowering species
[48]. At night, the phloem transport of sucrose is reduced
to about half of the daily rate [25, 78]. This means that
less sucrose is probably supplied to the nectaries at night
and that less sucrose is available directly for nectar pro-
duction. Therefore, night flowering species may store
more starch in the nectaries during the light period. At
night, the stored starch is converted to sucrose, which is
then used for nectar production. The reason may be that
more sucrose is transported by the phloem and released
to the nectaries during the day than at night [25, 78]. In
day flowering species, such as N. tabacum, more phloem
derived sucrose could be used directly for nectar sugar
production. Nevertheless, starch degradation in nec-
taries also occurs in day-flowering species [22, 48]. The
transcript expression level of NtSPSB was higher in the
nectaries than in leaves of N. tabacum (Fig. 3B) and this
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enzyme might be involved in the re-synthesis of sucrose
from starch in the nectaries.

Sucrose cleavage enzymes in the nectaries

While the phloem sap of most plant species contains
up to 1,000 millimolar sucrose and only small amounts
of hexoses, the sucrose-to-hexoses ratio in the nectar-
ies of N. tabacum was much lower (0.49; Table 1). This
means, that a large portion of the sucrose has been split
into glucose and fructose. Various cleavage enzymes
can be involved in in this process, such as invertases or
sucrose synthases (Fig. 11A). Several invertases were
expressed in the nectaries of N. tabacum, but the expres-
sion level was not very high (Fig. 4A). Similar results were
shown by another study [79], which analyzed the relative
expression of cytosolic, vacuolar and cell wall invertases
at different nectary developmental stages in N. tabacum.
In contrast, the expression level of a sucrose synthase
(NtSUSI) was very high in the nectaries of N. tabacum
(Fig. 5A). There is evidence that sucrose synthases, rather
than invertases, are the much more important cleavage
enzymes in sink organs of several plant species [26] and
SUS activity plays a crucial role in sink strength [51]. Pol-
len tubes of N. tabacum contain two isoforms of SUS and
by immunohistochemical localization, one was found in
the cytosol and associated with the plasma membrane,
whereas the other was recognized only as being associ-
ated with the plasma membrane [80]. In N. tabacum nec-
taries, SUS may also be more involved in sucrose cleavage
than invertases. In addition, the measured SUS activity in
the nectaries of N. tabacum was higher than the activity
of NINV (Table 2).

The sucrose-to-hexoses ratio in the nectar of N. taba-
cum was lower (0.26) than that in the nectaries (0.49),
indicating that nectar contains more hexoses than
sucrose compared to nectaries (Table 1). However, since
the sugar composition in the phloem and in the nectaries
differs much more than the composition in the nectaries
and nectar, the sugar composition in the nectar is already
largely determined by the metabolism in the nectaries
and is only partly changed during secretion [48]. For sev-
eral plant species with hexose-dominant nectar, such as
Arabidopsis thaliana or Brassica rapa, it has been shown
that cell wall invertases (CWINVs) are important for nec-
tar secretion [29]. In addition, the hydrolysis of sucrose is
also required to create an osmotic gradient large enough
to allow water secretion [29]. The expression levels of var-
ious CWINVs in the nectaries of N. tabacum were rather
low (Fig. 4A). In contrast, the CWINVs were still active
at the same time (Table 2). In N. tabacum the expression
of a cell wall invertase increased in the early flower devel-
opmental stages, but the expression decreased in the
later stages [79]. Additionally, in the nectaries of Cucur-
bita pepo, the expression of CyCWINV4 was high before
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anthesis but very low after anthesis [81]. During the dif-
ferent developmental stages of N. tabacum nectaries, the
transcription of the CWINYV genes is probably decreased
before the enzyme activity declines. In addition to tran-
scriptional regulation, the activity of the enzyme in vivo
might also be regulated by several previously unknown
mechanisms.

Water secretion

A higher sugar concentration in nectar than in nectaries
is necessary to create an osmotic gradient large enough
to sustain water secretion [11]. It is assumed that plasma
membrane intrinsic proteins (PIPs) may be involved
in the rapid movement of water from nectary cells into
nectar, but experimental evidence for this has yet to be
provided [9]. However, in Arabidopsis, the expression of
several aquaporins was increased compared with that in
other tissues [65]. In N. tabacum the expression levels of
several PIPs were also much higher in nectaries than in
the leaves (Fig. 10A). Therefore, it can be assumed that
these transporters may be involved in water secretion.

SWEETs and sugar transport into nectar

In N. tabacum the sucrose concentration in nectar was
only slightly higher than that in nectaries (Fig. 1C).
Analyses of other day-flowering Nicotiana species also
revealed that the sucrose concentration in the cyto-
sol of nectary cells was slightly higher or similar to the
sucrose concentration in the nectar [48]. At these sucrose
concentrations, transport into the nectar can occur via
facilitated diffusion transporters such as SWEET9 [11,
82]. The importance of SWEET9 for nectar secretion has
been demonstrated as Arabidopsis or Nicotiana attenu-
ata mutants lacking SWEET9 fail to produce nectar [11].
In N. tabacum nectaries, the transcript level of NtS-
WEET9 was very high (Fig. 6A). Therefore, SWEET9 in
N. tabacum is likely also involved in sucrose efflux from
nectary cells into nectar. Since SWEET? is a facilitated-
diffusion transporter, it cannot secrete sugar at higher
levels than those present in nectary cells [30]. Therefore,
a sucrose concentration gradient must exist between nec-
tary cells (symplasm) and nectar (apoplasm), and a high
sucrose concentration must be maintained in the nectar-
ies during nectar secretion [11]. Sucrose can either be
synthesized in nectaries and/or delivered by the phloem.
In addition, sugars can be released from the vacuole to
increase the sugar concentration in the cytosol of nectary
cells via sucrose transporters, e.g. NtSUT4 (Fig. 11A).
The transcript expression level of NtSUT4 was high in
the nectaries of N. tabacum (Fig. 7A).
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Sugar production and sugar secretion in the nectaries of A.
comosus

A comparison of A. comosus and N. tabacum revealed
numerous differences, both in the metabolite concentra-
tions in nectar and nectaries as well as in the expression
levels of various genes. A model of nectar production and
secretion in A. comosus is shown in Fig. 11B.

Nectary starch

Compared with that in N. tabacum the starch content
in the nectaries of A. comosus was rather low (Fig. 1F).
Microscopic analyses of Ananas ananassoides also
showed that the starch reserves in the nectaries were
almost completely hydrolyzed a few hours after anthesis
[32]. Similar to various dicots [11], SPS might be involved
in the re-synthesis of sucrose in A. comosus, as SPS was
expressed in their nectaries, although not very strongly
(Fig. 3B).

Sucrose cleavage enzymes in the nectaries

Like other monocots, the sugar contained in the phloem
sap of A. comosus probably consists almost exclusively
of sucrose, which is delivered to the nectaries [17, 25].
Some of the sucrose must be cleaved there because the
sucrose-to-hexoses ratio in nectaries was much lower
than in phloem sap (Fig. 1D; Table 1) and the corre-
sponding enzymes, invertases or sucrose synthases, were
active in the nectaries. (Table 2). Notably, the in vitro
activity of sucrose synthase was measured in the direc-
tion of sucrose degradation, but the enzyme could also be
involved in sucrose synthesis under in vivo conditions in
nectaries [83].

SWEET9 is not present in the nectaries of monocots

The concentrations of both, hexoses and sucrose, in
nectar were much higher than those in nectaries of A.
comosus (Fig. 1D), which is consistent with the results
for several other bromeliads [47]. However, it must also
be noted that the measured metabolite concentration in
the whole nectaries may differ from the concentrations
in subdomains of the nectaries that are directly involved
in nectar secretion [11]. In the nectaries of A. comosus,
similar to those of A. ananassoides, a distinction can
probably be made between the epithelium and nectary
parenchyma [32], but the sugar concentrations in these
cell types are not yet known.

While SWEETY was found in members of asterids (e.g.
Nicotiana) and rosids (e.g. Arabidopsis), orthologs of
SWEET?9 appear to be absent in monocots such as Musa
acuminate (banana) or A. comosus, both of which have
septal nectaries (Fig. 6B) [11]. In contrast, in A. como-
sus, SWEETI11 (clade III), and SWEETS, SWEET6 (both
clade II), and SWEET15 (clade IV) were highly expressed
in the nectaries (Fig. 6B), suggesting that monocots may
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use other SWEETs for sugar efflux. The sequence of
AcSWEET11 was more similar to that of AtSWEET9 than
that of the other SWEETs and both clustered in clade III,
whose members preferably mediate sucrose transport
(Supplementary Fig. S6) [84]. However, the expression
of AcCSWEET11 was up-regulated in the leaves and not in
the nectaries, which speaks against a particular impor-
tance in the transport of sucrose from the nectaries into
the nectar (Fig. 6B; Supplementary Table S6). In addition
to a function in leaves, AcSWEET11 may play a criti-
cal role in fruit ripening in A. comosus [85]. In contrast,
the expression of SWEETs of clade II were up-regulated
in nectaries, for example AcSWEET5 and AcSWEET6,
which showed the highest transcript levels (Fig. 6B).
Clade II members transport hexoses [84], making it
unlikely that AcCSWEET5 and AcSWEET®6 are involved
in sucrose transport in nectaries of A. comosus. Clade
IV members, such as AcSWEET15 can also be excluded,
because they are located in the vacuole membrane and
transport fructose [84]. In summary, SWEETs are likely
not directly involved in the transport of sucrose from
nectary cells into nectar in A. comosus.

In addition, since SWEETs function as facilitated dif-
fusion transporters and the sugar concentration in nec-
tar is probably higher than in nectaries of A. comosus
(Fig. 1D), sugar secretion cannot be mediated exclu-
sively by this type of transporters [30]. Therefore, other
mechanisms must be involved in nectar secretion, such
as the active transport of sugars [30]. To date, the pos-
sible involvement of active sugar transporters, for exam-
ple Sugar Transport Proteins (STPs; H"/monosaccharide
symporters) or sucrose transporters (SUTs), in sugar
secretion in nectaries has been postulated but not yet
investigated [48, 86]. High transcript levels of several
STPs, particularly AcSTP1, were found in the nectar-
ies of A. comosus (Fig. 8B). AcSTP1 expression was sig-
nificantly higher in nectaries than in leaves. In the case
of SUTs, AcSUT1 showed the highest transcription level
and AcSUT1 was also much more expressed in nectaries
than in leaves (Fig. 7B). SUTs are H*/sucrose symporters
and for them to function in an efflux mode, the outward-
directed chemical potential difference of sucrose across
the plasma membrane must exceed the inward-directed
proton motive forces [87]. Since the pH in the cytoplasm
of nectary cells is probably neutral and slightly acidic in
nectar [88, 89], and the sucrose concentration in nectar
is also higher than in nectaries (Fig. 1D), it is unlikely that
SUTs are involved in the active export of sucrose into
the nectar. In conclusion, although active sugar export
appears necessary, it is not fully known which transport-
ers are involved in the secretion of sucrose from nectary
cells into the nectar of A. comosus and further experi-
ments are needed to answer this question (Fig. 11B).
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Sucrose cleavage enzymes in the nectaries

The sucrose-to-hexoses ratio in the nectar of A. comosus
(0.30) was slightly higher than that in the nectaries (0.22;
Table 1). Similar results were shown for other bromeli-
ads with sucrose-rich nectar [40]. Therefore, the activ-
ity of sucrose cleavage enzymes in A. comosus appears
to play a less important role in nectar secretion than in
plant species with hexose-rich nectar, such as N. taba-
cum (Fig. 1C, D) or with hexose-dominant nectar, such
as Arabidopsis [29]. This corresponds to a lower activity
of CWINYV in the nectaries of A. comosus than in those of
N. tabacum (Table 2). In species with hexose-dominant
nectar, sucrose cleavage during nectar secretion may
also be involved in creating a sufficient osmotic gradient
to maintain water secretion [29]. Since sucrose cleavage
during nectar secretion is probably rather low in A. como-
sus, other mechanisms are required to create a sufficient
osmotic gradient. Similar to N. tabacum, the transcrip-
tion levels of several PIPs were also much higher in nec-
taries than in leaves of A. comosus (Fig. 9; Supplementary
Table S5, S6). However, whether these transporters are
involved in water secretion remains to be investigated.

Evidence of a granulocrine secretion mode in A. comosus
On the basis of on ultrastructural analyses of the nectar-
ies of A. ananassoides, it was hypothesized that metab-
olites are packaged into vesicles by the Endoplasmic
Reticulum (ER) in the nectary cells [32]. The metabolites
are released into the nectar after the vesicles fuse with
the plasma membrane, the so-called granulocrine secre-
tion [7]. The main function of SNAREs is to mediate the
fusion of vesicles with the target membrane, which is part
of exocytosis [33]. Many SNARE genes were expressed
in A. comosus, and the expression of most SNARE genes
was up-regulated in the nectaries, for example AcSYP123
(Fig. 10B). Many genes whose GO term is related to the
cell wall, such as “external encapsulating structure’, were
also up-regulated in A. comosus nectaries (Fig. 2). More-
over, transcripts of members of the clade Qb+Qc were
found only in A. comosus but not in N. tabacum (Fig. 10).
However, further studies are needed to clarify whether
SNAREs play a role in nectar secretion in A. comosus.
Notably, the granulocrine type of secretion does not
exclude involvement of plasma membrane transporters
[10]. Moreover, the proposed models of nectar secre-
tion are not necessarily mutually exclusive and it may
be possible that different types of nectar secretion occur
depending on the developmental stage or environmental
conditions [90].

Nectar production and secretion in relation to pollination
type

Correlations between nectar composition and prefer-
ences of pollinators have been demonstrated for various
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plant groups, including Nicotiana and bromeliads [5, 6].
Both A. comosus and N. tabacum are day-flowering spe-
cies that are pollinated by hummingbirds due to their
nectar sugar composition and flower morphology [5,
91]. Hummingbird pollination evolved multiple times
independently in different angiosperm groups and has
probably contributed, along with other mechanisms, to
increased rate of plant diversification [92]. In bromeli-
ads, pollination by hummingbirds probably began around
23 million years ago and numerous gains and losses of
hummingbird pollination are known during the evolu-
tion of bromeliads [92]. In addition, although the general
pollination type is the same (trochilophilous pollina-
tion), there are different hummingbird species with dif-
ferent beak morphologies in distinct geographic regions
and they may be adapted to the flowers of certain plant
species [93]. The continuous nectar production through-
out the day in flowers of Ananas ananassoides visited by
hummingbirds may be related with the structure of the
nectaries, which have a large size, a labyrinthine surface,
xylem and phloem. These properties could allow a rapid
nectar renewal [32]. This may also apply to A. comosus
with its septal nectaries, but also to N. tabacum with its
large gynoecial nectaries. However, whether differences
in nectar production in monocotyledonous and dicotyle-
donous plants also influence the type of pollination of the
plant species requires further investigation.

Conclusion

The results revealed that the mechanisms of nectar pro-
duction and secretion differ greatly between dicots and
monocots. While many similarities were found between
N. tabacum and Arabidopsis, major differences were
found for A. comosus, including the absence of SWEET9
in monocots. Transcriptomic analyses of the nectaries of
A. comosus enables many further investigations that will
lead to a better understanding of nectar production in
monocots. Furthermore, this study may be the beginning
of the investigation of the molecular mechanisms associ-
ated with granulocrine nectar secretion, e.g. the role of
SNAREs in nectar secretion.
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