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The number of currently known, described and accepted plant species is ca
374,000, of which approximately 295,00 (79%) are angiosperms. Almost 90% of
this huge number of flowering plants is pollinated by animals (mostly insects) via
nectar-mediated interactions. Notably, three-fourths of the leading global crop
plants produce nectar and are animal pollinated, which is estimated to account for
one-third of human food resources. Nectar can also be produced on tissues outside
of flowers, by so-called extrafloral nectaries, and commonly mediate interactions
with ‘body-guard’ ants and other pugnacious insects that defend the plant from
herbivores. Extrafloral nectar is present in almost 4,000 plant species, a majority of
them in the angiosperms. This brief summary on the occurrence of nectar in the
plant kingdom is just to highlight that nectar has a fundamental role in two basal
functions that allow the maintenance of our ecosystems: sexual plant reproduction
and protection of plants from herbivory. Despite playing essential ecological and
evolutionary functions, our current knowledge about nectar is largely incomplete;
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however, new research directions and perspectives on nectaries and nectars have
arisen in recent years.

In the last two decades, there were only a few ‘'moments’ in which nectar was the
main character in international meetings or in published books. In 2002, the first
(and only) international meeting "Nectar and nectary: from biology to biotechnology”
dedicated exclusively to nectar and nectaries was held in Italy (Montalcino,
Siena) and in 2003 the proceedings were published in a special volume of Plant
Systematics and Evolution (238, issue 1-4). In 2007, the book Nectar and Nectaries
was published (Springer) with most of the contributions provided by authors that
attended the meeting in Italy. Another book dedicated to nectar was published in 2015
(Nectar: Production, Chemical Composition and Benefits to Animals and Plants,
Nova Science Publishers) covering aspects mainly related to nectar chemical
composition and plant-pollinator interactions. Similarly, symposia focused on nectar
have been organized within the International Botanical Congress in 2011 and 2017.

Considering that the last few years has yielded essential developments in the
understanding of nectar biology, we thought now is the moment to further stimulate
research on this important topic. This aim has been met through 18 papers published
in our Research Topic New Perspectives on the Biology of Nectaries and Nectars, with
subjects spanning evolution and ecology to nectar chemistry and nectary structure.

Citation: Carter, C., Thornburg, R. W., Nepi, M., eds. (2019). New Perspectives on the
Biology of Nectaries and Nectars. Lausanne: Frontiers Media.
doi: 10.3389/978-2-88945-996-4
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Fabio C. S. Nogueira™?, Andreza R. B. Farias®, Fabiano M. Teixeira*, Gilberto B. Domont ™
and Francisco A. P. Campos**
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Label-free quantitative proteome analysis of extrafloral (EFN) and floral nectar (FN) from
castor (Ricinus communis) plants resulted in the identification of 72 and 37 proteins,
respectively. Thirty proteins were differentially accumulated between EFN and FN, and 24
of these were more abundant in the EFN. In addition to proteins involved in maintaining
the nectar pathogen free such as chitinases and glucan 1,3-beta-glucosidase, both
proteomes share an array of peptidases, lipases, carbohydrases, and nucleases. A total
of 39 of the identified proteins, comprising different classes of hydrolases, were found to
have biochemical matching partners in the exudates of at least five genera of carnivorous
plants, indicating the EFN and FN possess a potential to digest biological material from
microbial, animal or plant origin equivalent to the exudates of carnivorous plants.

Keywords: floral nectar, extrafloral nectar, carnivorous plants, Ricinus communis, proteomics

INTRODUCTION

Nectar is an energy rich substance secreted by glands situated at the base of flowers (floral nectar,
FN) or in other parts such as leaves, stems, rachis, etc. (extrafloral nectar, EFN) (Shah et al,
2016). While FN attracts pollinating insects, EFN attracts aggressive ants and other mutualists,
which in turn provide antiherbivore protection (Marazzi et al., 2013). Although these functional
aspects are widely recognized (Roy et al., 2017), the dynamic of the relation FN/pollinators and
EFN/mutualists is poorly known, especially the biochemical properties of the nectar which play
a role in the attraction of particular pollinator/mutualists. Additionally, little is also known about
the biochemical machinery involved in the secretion of nectar (Heil, 2015), and even less on the
proteins responsible for maintaining these carbohydrate rich energy sources free of pathogens (Park
and Thornburg, 2009; Heil, 2015; Roy et al., 2017). Up to now, only a limited number of studies have
presented data on the proteomes of EFN and EN (Orona-Tamayo et al., 2013; Seo et al., 2013; Zhou
etal., 2016). These studies demonstrated the worth of establishing the complete proteomes of EFN
and FN to acquire a better understanding of the preference of certain mutualists for a particular
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type of EFN or FN and paved the way for establishing that
proteins in nectars have roles which go beyond helping in keeping
the nectar pathogen free.

The notion that the proteome of EFN is larger than FN is
well established (Coulter et al.,, 2012) but it has not yet been
tested directly. Likewise, it is still not known whether nectars
from different sources possess a common set of proteins with
the general role of keeping it pathogen free and a variable
number of proteins conferring to a certain EFN or FN properties
underlying its acceptance/rejection by mutualist animals. Last of
all, the possibility that EFN and FN are involved in aspects of
plant biology other than pollination and defense have not been
investigated so far.

In order to address these questions, we have performed
a label-free quantitative proteome analysis of EFN and EN
from the castor plant (Ricinus communis) using nectar collected
from plants grown under similar temporal and environmental
conditions. Our analysis provides evidence for the presence
in EFN and EN of a wide array of hydrolases (peptidases,
carbohydrases, lipases, and nucleases) and a number of proteins
related to the dismantling of the cell wall of plants and fungi.
Additionally, we show that a sizable fraction of the proteins from
EFN and FN have counterparts in the proteomes of the exudates
of carnivorous plants.

MATERIALS AND METHODS

Acquisition of Floral (FN) and Extrafloral
(EFN) Nectar

Plants were grown under irrigation, in the experimental field of
the Agronomy School, Federal University of Ceard, Fortaleza,
Brazil. Nectar collection was performed daily from 6 to 8 a.m.
(1-3h after sunrise), by the use of a handmade glass syringe,
totalizing four and three biological samples for the FN and EFN,
respectively. The material collected was immediately centrifuged
(10,000 g), and sterile-filtered and kept at —20°C until used.

Protein Precipitation and Trypsin Digestion
Collected FN and EFN were submitted to protein precipitation
using cold acetone with 10% TCA as described (Vasconcelos
et al., 2005). Precipitated proteins from both FN and EFN were
solubilized in 7M urea, 2M thiourea. An aliquot was used to
determine protein concentration by the Qubit Protein Assay
Kit (Qubit® 2.0 Fluorometer, Thermo Scientific) according to
the manufacturer’s instructions. For protein digestion, 50 g
of proteins of each sample was reduced with dithiothreitol
at a final concentration of 10mM for 1h at 30°C, followed
by iodoacetamide alkylation at 40 mM final concentration for
30 min at room temperature in the dark. Samples were diluted
with 50 mM ammonium bicarbonate to 1 M urea concentration
and after trypsin addition (1:50, w/w, Sequencing Grade Modified
Trypsin, V5111, Promega), solutions were incubated at 35°C
for 18h. Tryptic hydrolysis was stopped with TFA at 0.1%
final concentration. After digestion peptides were concentrated
and desalted by custom-made chromatographic Poros 50 R2
(PerSeptive Biosystems) reverse phase tip-columns and dried on
vacuum concentrator (Thermo Scientific) (Gobom et al., 1999).

nLC-MS Analysis

Peptides resuspended in 0.1% formic acid were quantified by
the Qubit Protein Assay Kit. MS analysis was performed in
triplicates for each biological replicate from FN and EFN samples
in a nano-LC EASY-II coupled to an LTQ-Orbitrap Velos mass
spectrometer (Thermo Scientific). Two pg of peptides were
loaded in a precolumn (2 cm length, 100 um LD., packed in-
house with ReproSil-Pur C18-AQ 5 pm resin-Dr. Maisch GmbH
HPLC) and fractionated in a New Objective PicoFrit® Column
(25 cm length, 75 um LD., packed in-house with ReproSil-Pur
C18-AQ 3 pm resin-Dr. Maisch GmbH HPLC). Peptides were
eluted using a gradient from 95% phase A (0.1% formic acid, 5%
acetonitrile) to 40% phase B (0.1% formic acid, 95% acetonitrile)
for 107 min, 40-95% phase B for 5min and 95% B for 8 min
(total of 120 min at a flow rate of 200 nL/min). After each
run, the column was washed with phase B and re-equilibrated
with phase A. m/z spectra were acquired in a positive mode
applying data-dependent automatic MS and MS/MS acquisition.
MS scans (m/z 350-2,000) in the Orbitrap mass analyzer at
resolution 30,000 (at m/z 400), 1 x 10° AGC and 500 ms
maximum ion injection time, were followed by HCD MS/MS
of the 10 most intense multiply charged ions in the Orbitrap
at 10,000 signal threshold, resolution 7,500 (at m/z400), 50,000
AGC, 300 ms maximum ion injection time, m/z 2.5 isolation
width, 10 ms activation time at 30 normalized collision energy
and dynamic exclusion enabled for 30s with a repeat count
of 1.

Database Search

Raw data were inspected in Xcalibur v.2.1 (Thermo Scientific).
Database searches were performed using Proteome Discoverer
2.1 (Thermo Scientific) using Sequest™ algorithm against
Ricinus communis database downloaded from Uniprot database
March 2017. The searches were performed with the following
parameters: MS accuracy 10 ppm, MS/MS accuracy 0.1
Da, trypsin digestion with two missed cleavage allowed,
fixed carbamidomethyl modification of cysteine and variable
modification of oxidized methionine and acetyl at protein
N-terminus. Protein groups and, numbers of peptides were
estimated using Proteome Discoverer using false discovery rates
around 1% at protein and peptide level and peptide rank. Three
technical replicates were obtained for each FN and EFN samples,
constituted by four and three biological replicates, respectively.
Proteins were considered identified when present in at least two
technical replicates for each biological replicate and in at least two
biological replicates for each nectar sample. Proteins were filtered
by FDR less than 1% and the presence of at least one unique
peptide.

Data Analysis

Quantification was estimated using the workflow node Precursor
Ions Area Detector in Proteome Discoverer. The peak area
average of the most abundant distinct peptides of each protein
was used for its relative quantification. Proteins with peak
area averages present in at least two technical and two
biological replicates were used to generate the list of proteins
quantified. Normalization was executed using the total peptide
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amount where the total sum of the abundance values over
all peptides identified within a file is used to correct the
abundance in all files. Afterward, the values for the FN and
EFN runs were merged and the total median was determined.
A ratio of each protein between FN and EFN samples was
measured and a t-test was performed to evaluate significant
differences.

Proteins identified with the database description unclear or
as “putative uncharacterized protein” were submitted to manual
Blastp in Uniprot (http://www.uniprot.org/blast/) and NCBI
(https://blast.ncbi.nlm.nih.gov) websites. Proteins with high
identity were selected for the identification of uncharacterized
proteins. The subcellular localization was predicted by TargetP
(http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al.,
2000) and the Top Hit Domains present in the identified proteins
was evaluated by PFAM Batch sequence search (https://pfam.
xfam.org/search).

RESULTS

Label-free quantitative proteomics was employed to characterize
the proteins present in the extrafloral (EFN) and floral nectars
(FN) of castor plants (Ricinus communis). The proteomes of
EFN and FN are populated by 72 and 37 proteins, respectively
(Table 1, Table S1). For FN, 19, 11 and seven proteins were
present in two, three, and four biological replicates, respectively.
In the EFN, 62 and 10 proteins appeared in two and three
biological replicates, respectively. From these, 30 are shared by
both nectar types while 7 and 42 are restricted to FN and
EFN respectively. As assessed by the TargetP software, 70% of
the identified proteins have an N-terminal signal peptide for
the secretory pathway (Table S1). Among the proteins unique
to the EFN, 20 of them have biochemical counterparts in
the FN (Table 1); however, the EFN proteome has a greater
complexity in terms of diversity of kinds of enzymatic activities.
Beta-fructofuranosidase (B9R9R9) an enzyme known to balance
sucrose levels in the extrafloral nectar of several species is among
the proteins unique to the EFN.

Most of the proteins identified in this study are known
to possess defined biochemical activity and/or physiological
function in plants. Apart from 15 proteins, the remaining
64 can be tentatively sorted into the seven functional classes
as shown in Table1. Although a sizeable fraction of these
proteins was previously identified in EFN and/or FN from
other species, enzymes related to the dismantling of the cell
wall (four pectinesterases, two polygalacturonases and one
polygalacturonase inhibitor), protein hydrolysis (two xylem
serine proteinases and one carboxypeptidases) have not been
previously identified in any type of nectar.

The limited availability of the complete proteome of nectar
from different species precludes a more precise appraisal
regarding the distribution of these seven classes of proteins
into EFN and FN of other plant taxa. However, as seen
in Table1, 39 out of the 79 proteins listed have identical
predicted biochemical activities (biochemical matching partner)
in the exudates of five genera of carnivorous plants. Apart

from the proteins involved in defense functions, most of the
other enzymes display hydrolytic activity against proteins, chitin,
carbohydrates, lipids and nucleic acids as well as the capability of
hydrolyzing/modifying components of the cell wall of plants or
fungi. The presence of these enzymes provides evidence that the
EFN and EN possess the enzymatic machinery to promptly digest
biological material of microbial, plant or animal origin which
happens to land into the floral or extrafloral nectaries.

Floral and extrafloral nectars are thought to possess a set
of proteins that constitute the Carter-Thornburg nectar redox
cycle, whose concerted action protect the nectar from infection
(Liu and Thornburg, 2012). As Table 2 shows, only the EFN
has the complete set of proteins of the Carter-Thornburg
nectar redox cycle, while in FN only one enzyme (B9SAZS)
from this cycle could be identified, thus probably indicating
that FN has alternative modes to avoid microbial infection.
Both EFN and FN share a carbonic anhydrase (Table 1), that
may act to avoid abrupt changes in the nectar pH, thus
stabilizing the different enzymatic activities (see Table 2) in the
nectar.

Thirty proteins were differentially accumulated between EFN
and FN (Table S1), and from these, 23 were distributed among all
the seven functional classes shown in Table 1, while seven were
classified as proteins of unknown function. Of the differentially
expressed proteins, a total of 24 were more abundant in the
EFN. A desiccation-related protein (B9T0V6) displayed the
highest rate of differential expression, followed by a carbonic
anhydrase B9T346 and a glucan 1,3-beta-glucosidase (B9RJG5),
with a fold change of 17.4, 14.4, and 10.8 respectively. As
discussed below, the functional significance of the differential
expression of these proteins may bear relation to the persistent
nature of the extrafloral nectary as compared to the floral
nectary.

DISCUSSION

We present here a direct comparison between the proteomes
of EFN and FN from the same species, collected under
similar temporal and environmental conditions. It confirms
the greater complexity of the EFN, both in number of
proteins species and in terms of biochemical capability, which
probably underlies functional differences between the two nectar
types.

The mechanisms employed to create an environment hostile
to microbial infestation is a moot point in nectar biology
(Gonzélez-Teuber et al., 2009; Park and Thornburg, 2009; Heil,
2015; Roy et al,, 2017). The task of creating an environment
antagonistic to microbial infestation through the production of
hydrogen peroxide seems to be one of the chosen strategies
in EFN, as indicated by the presence in its proteome of a
full set of proteins from the Carter-Thornburg redox-cycle
(Table 2; Carter and Thornburg, 2004). The absence of these
proteins in FN shows that rather than to rely on the steady
production of hydrogen peroxide, the FN counts with a wide
array of hydrolases, which may act in concert to ward off
microbial growth. It should also be noted that in EFN the
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TABLE 1 | Functional classes of proteins identified in EFN and FN proteomes from castor plants (Ricinus communis), and the genera of carnivorous plants in which
counterpart proteins were identified.

Sample Accession Description Genus References

EFN BIT719 Aspartic proteinase nepenthesin-1, Dioneae, Nepenthes, Hatano and Hamada, 2008; Schulze
putative Cephalotus, Sarracenia et al., 2012; Lee et al., 2016; Rottloff
etal.,, 2016
EFN BO9RNR8 Aspartic proteinase nepenthesin-2, Dioneae, Nepenthes, Hatano and Hamada, 2008; Schulze
putative Cephalotus, Sarracenia et al., 2012; Lee et al., 2016; Rottloff
etal., 2016
EFN BISNP5 Carboxypeptidase Dioneae Schulze et al., 2012; Bemm et al.,
2016; Lee et al., 2016; Rottloff et al.,
2016
EFN B9S815 Serine carboxypeptidase, putative Dioneae, Nepenthes Schulze et al., 2012; Bemm et al.,
2016; Lee et al., 2016; Rottloff et al.,
2016
EFN B9T4J8 Xylem serine proteinase 1, putative - -
EFN BOR726 Xylem serine proteinase 1, putative - -
FN/EFN B9RNR9 Aspartic proteinase nepenthesin-2, Dioneae, Nepenthes, Hatano and Hamada, 2008; Schulze
putative Cephalotus et al., 2012; Lee et al., 2016; Rottloff
et al., 2016
FN/EFN BIT568 Serine carboxypeptidase, putative Dioneae, Nepenthes Schulze et al., 2012; Bemm et al.,
2016; Lee et al., 2016; Rottloff et al.,
2016
EFN B9S6S0 Class | chitinase, putative Dioneae, Nepenthes, Hatano and Hamada, 2012; Schulze
Cephalotus, Drosera et al., 2012; Lee et al., 2016; Rottloff
etal, 2016
EFN BIT8H9 Class IV chitinase, putative Dioneae, Nepenthes, Hatano and Hamada, 2012; Schulze
Cephalotus, Drosera et al., 2012; Lee et al., 2016; Rottloff
etal., 2016
EFN BORIP3 Hevamine-A, putative Dioneae, Nepenthes, Hatano and Hamada, 2012; Schulze
Cephalotus, Drosera et al., 2012; Lee et al., 2016; Rottloff
etal., 2016
FN/EFN BI9SBZ8 Chitinase, putative Dioneae, Nepenthes, Hatano and Hamada, 2012; Schulze
Cephalotus, Drosera etal., 2012; Lee et al., 2016; Rottloff
etal., 2016
EFN B9RIP2 Acidic endochitinase SE2, putative Dioneae, Nepenthes, Hatano and Hamada, 2012; Schulze
Cephalotus, Drosera etal., 2012; Lee et al., 2016; Rottloff
etal, 2016
FN B9SJ71 Hydrolase, acting on ester bonds, Dioneae, Nepenthes Schulze et al., 2012;
putative (phospholipase C2)
EFN B9SQQ6 Zinc finger protein, putative (gds/ Dioneae, Nepenthes Schulze et al., 2012; Rottloff et al.,
esterase/lipase) 2016
EFN B9RM21 Zinc finger protein, putative (gds/ Dioneae, Nepenthes Schulze et al., 2012; Rottloff et al.,
esterase/lipase) 2016
FN/EFN BIT8L6 Zinc finger protein, putative (gds/ Dioneae, Nepenthes Schulze et al., 2012; Rottloff et al.,
esterase/lipase) 2016
FN/EFN B9SZ66 Wound-induced protein WIN1 Dioneae, Nepenthes, Schulze et al., 2012; Bemm et al.,
(pathogenesis-related protein 4) Cephalotus 2016; Lee et al., 2016
FN/EFN B9SZ67 Wound-induced protein WIN1 Dioneae, Nepenthes, Schulze et al., 2012; Bemm et al.,
(pathogenesis-related protein 4) Cephalotus 2016; Lee et al., 2016
EFN BIT7M3 Alpha-glucosidase, putative Nepenthes Rottloff et al., 2016
EFN BORTU8 Basic 7S globulin 2 small subunit - -

(xylanase inhibitor)

(Continued)

Frontiers in Plant Science | www.frontiersin.org 9 April 2018 | Volume 9 | Article 549


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Nogueira et al.

Proteome of Nectars From the Castor Plant

TABLE 1 | Continued

Sample Accession Description Genus References
EFN BORIY8 Beta-glucosidase, putative Nepenthes Rottloff et al., 2016
EFN B9S377 Ceramidase, putative . -
EFN BIORYU9 Endoglucanase Nepenthes, Dionaea, Hatano and Hamada, 2012; Schulze
Cephalotus, Drosera, et al., 2012; Bemm et al., 2016; Lee
Sarracenia etal.,, 2016
EFN BI9T103 Glucan endo-1,3-beta-glucosidase, Nepenthes, Drosera Rottloff et al., 2016
putative
EFN B9SU04 Glucan endo-1,3-beta-glucosidase, Nepenthes, Drosera Rottloff et al., 2016
putative
EFN BI9SAU3 Pectinesterase - -
EFN BORD90 Pectinesterase - -
EFN BORFP1 Polygalacturonase, putative Dioneae, Nepenthes Schulze et al., 2012
EFN B9S447 Putative uncharacterized protein - -
(xylanase inhibitor)
EFN BIT2C7 Serine-threonine protein kinase Dionaea, Nepenthes Rottloff et al., 2016
(polygalacturonase inhibitor)
FN/EFN BIT6M9 Glucan endo-1,3-beta-glucosidase, Nepenthes Rottloff et al., 2016
basic isoform, putative
FN/EFN BO9RBES Glucan endo-1,3-beta-glucosidase, Nepenthes Rottloff et al., 2016
putative
FN/EFN BISMA9 Laccase - -
FN/EFN BORU20 Pectinesterase - -
FN/EFN BORA18 Pectinesterase - -
EFN BIT3Q0 Non-specific lipid-transfer protein Dioneae, Nepenthes, Schulze et al., 2012; Bemm et al.,
Drosera 2016; Rottloff et al., 2016
EFN BI9SRS0O Non-specific lipid-transfer protein Dioneae, Nepenthes, Schulze et al., 2012; Bemm et al.,
Drosera 2016; Rottloff et al., 2016
EFN BISE97 Peroxidase Dioneae, Nepenthes, Hatano and Hamada, 2012; Bemm
Cephalotus et al., 2016; Lee et al., 2016; Rottloff
et al., 2016
EFN BOR8I7 Multicopper oxidase, putative - -
FN/EFN BI9RCG6 Polygalacturonase, putative Dioneae Schulze et al., 2012
FN/EFN BORJG5 Putative uncharacterized protein Dioneae, Nepenthes Rottloff et al., 2016
(probable glucan
1,3-beta-glucosidase A)
FN/EFN BIORBC9 Structural constituent of cell wall, - -
putative
FN BI9SBL2 Multicopper oxidase, putative - -
FN/EFN B9S4B6 Peroxidase Dionaea, Nepenthes Hatano and Hamada, 2012; Bemm
et al., 2016; Lee et al., 2016; Rottloff
et al., 2016
EFN B9S9S6 Putative uncharacterized protein - -

FUNCTION IN DEFENSE

EFN

FN/EFN

EFN

EFN
FN/EFN
EFN

BO9RC64

BIRCE5

BITEY3

BOREW9
BO9SAZ8
BO9SAZ6

(fasciclin-like arabinogalactan protein

7

Osmotin, putative

Osmotin, putative

Monodehydroascorbate reductase,
putative

Superoxide dismutase [Cu-Zn]
Reticuline oxidase, putative
Reticuline oxidase, putative

Dioneae

Dioneae

Dionaea

Schulze et al., 2012; Bemm et al.,
2016; Rottloff et al., 2016

Schulze et al., 2012; Bemm et al.,
2016; Rottloff et al., 2016

Schulze et al., 2012

(Continued)
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TABLE 1 | Continued

Sample Accession Description Genus References

EFN B9SB02 Reticuline oxidase, putative - -

EFN BITOVS Putative uncharacterized protein Sarracenia Fukushima et al., 2017
(desiccation-related protein)

FN/EFN BITOV6 Putative uncharacterized protein Sarracenia Fukushima et al., 2017
(desiccation-related protein)

FN/EFN BIT346 Carbonic anhydrase, putative - -

FN/EFN BORC10 Glucose-methanol-choline (Gmc) - -
oxidoreductase, putative

FN/EFN BORGE3 Disease resistance protein RPM1, - -
putative

EFN BI9S7U9 STS14 protein (pathogenesis related Dionaea Schulze et al., 2012
protein PR-1)

CARBOHYDRATE METABOLISM

FN BI9RG0O9 Transaldolase, putative

EFN BI9R9R9 Beta-fructofuranosidase, soluble - -
isoenzyme |, putative

EFN BI9SRG1 Enolase, putative Nepenthes Leeetal., 2016

FN/EFN BORALO Glyceraldehyde-3-phosphate - -
dehydrogenase

FN/EFN BISP64 Phosphoglucomutase, putative - -

UNKNOWN FUNCTION

FN B9RQ33 5- - -
methyltetrahydropteroyltriglutamate—
homocysteine methyltransferase,
putative

FN B9S0I6 DNA binding protein, putative - -

FN BISKK5 Nucleoside diphosphate kinase - .

FN B9SCN6 Putative uncharacterized protein - -

FN/EFN BORWF4 Elongation factor 1-alpha - -

EFN BORJM9 Putative uncharacterized protein - -

EFN BI9RK70 Putative uncharacterized protein - -

EFN BI9RNV2 Early nodulin 55-2, putative - -

FN/EFN BORPP7 DUF26 domain-containing protein 2, - -
putative

FN/EFN BI9RS28 Mta/sah nucleosidase, putative - -

FN/EFN BI9RZI8 Alpha/beta hydrolase, putative - -

FN/EFN B9S225 Mta/sah nucleosidase, putative - -

FN/EFN BISXP3 Putative uncharacterized protein - -

FN/EFN B9T494 Auxin-induced in root cultures protein - -
12, putative

EFN BO9REFO Hydrolase, hydrolyzing O-glycosyl - -

compounds, putative

array of hydrolases is wider than in FN, indicating that EFN
may rely on at least two different strategies to avoid microbial
infection.

One of the most conspicuous evidence for the functional
distinction between EFN and FN is the absence in the FN
of a beta-fructofuranosidase. This enzyme is known to adjust
the carbohydrate composition of the extrafloral nectar to
exclude non-mutualistic ants (Heil et al., 2005; Gonzélez-
Teuber et al., 2009). The quantitative analysis we performed
(Table S1), provides further support for the biochemical
and functional differences between EFN and FN. Most of

the differentially expressed proteins were more abundant in
the EFN. A desiccation-related protein (B9TOV6), a carbonic
anhydrase (B9T346) and a glucan 1, 3-beta-glucosidase (B9R]G5)
were the most abundantly expressed. The desiccation-related
proteins are involved in promoting the tolerance of plants to
desiccation, although an alternative role as defense proteins
against microorganisms has been proposed (Zha et al., 2013).
Its differential accumulation in the EFN may be causally
related to the long period of time in which the extrafloral
nectary is metabolically active. The nectar produced at a given
period if not consumed is either evaporated or reabsorbed,
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TABLE 2 | The Carter-Thornburg redox cycle enzymes identified in the FN and
EFN of castor plants (Ricinus communis).

EFN BOREW9 Superoxide dismutase [Cu-Zn]

EFN/FN BI9T346 Carbonic anhydrase, putative

EFN BIT6Y3 Monodehydroascorbate reductase, putative

EFN BORTU8 xyloglucan-specific endo-f-1,4-glucanase inhibitor
EFN B9S447 xyloglucan-specific endo-f-1,4-glucanase inhibitor
EFN/FN B9SAZ8 Reticuline oxidase, putative

EFN B9SAZ6 Reticuline oxidase, putative

EFN B9SB02 Reticuline oxidase

leading to the periodical increase in the osmotic pressure of
the surface of the extrafloral nectary so that the presence
of this desiccation related protein would counterbalance the
detrimental biological effect of a high osmotic pressure. Carbonic
anhydrase is a metalloenzyme that catalyzes the interconversion
of CO, and HCO; and it is suggested to have a role in
the stabilization of nectar pH (Park and Thornburg, 2009),
thus propitiating the maintenance of the biochemical and
functional properties of the nectar proteins; buffering nectar
to a physiological pH would be essential if the enzymes in
the nectar are to remain active. Finally, glucan 1, 3-beta-
glucosidase (BORJG5) has asserted roles in plant development
and hold a well-characterized activity against phytopathogenic
fungi (Balasubramanian et al., 2012). Again, the long-lasting
nature of the extrafloral nectary as compared to the floral nectary
provides a reason for the differential abundance of this protein in
the EFN.

The wide array of peptidases, nucleases, lipases, cell wall
modifying enzymes and chitinases found in the proteomes of
EFN and FN, raises qualms about the contention that action
of nectar proteins is limited to prevent microbial growth in
the nectar. Apart from few proteins, notably the pectinesterases
and polygalacturonases, most of the proteins identified in the
proteomes of EFN and FN were previously identified in varied
biochemical analysis of nectars from the castor plant and from
other sources (see for example: Harper et al., 2010; Orona-
Tamayo et al., 2013; Seo et al, 2013; Millan-Caiongo et al.,
2014; Zha et al.,, 2016; Zhou et al., 2016). However, as these
studies were generally focused in the identification of proteins
that could have a role in maintaining the nectar a pathogen-free
environment, the significance of proteins other than the classical
pathogen-related proteins, was not reckoned worth of further
inquiry. Our proteome analysis support to the idea that one of
the roles of the nectar proteins is to prevent microbial growth,
keep the nectar pH at the physiological level and provide a pH-
balanced meal for visitors (Park and Thornburg, 2009). Although
some of the identified proteins are known to be involved in
defense reaction, most of the others cannot possibly be involved
either in pathogen control or pH maintenance and therefore
the adaptive role of these proteins is a question that warrants
investigation.

The widely held notion that nectar represents phloem
sap, does not find support in the data we present here.
The proteomes of FN and EFN have not much in common

with the proteomes of phloem, both in terms of number
and diversity of functions of the proteins (for reviews see
Carella et al., 2016; Rodriguez-Celma et al., 2016). In this
context, it is relevant to point out that studies dealing with
the transcriptome (Doering-Saad et al., 2006) and proteome
(Barnes et al, 2004) of the phloem sap of R. communis
indicated a much higher number and diversity of proteins than
that we found in our proteome analysis of FN and EFN of
R. communis.

As shown in Tablel, the proteomes of EFN and FN
share a number of peptidases, lipases, nucleases, carbohydrases,
and chitinases with the exudates of carnivorous plants. These
hydrolytic enzymes act to give to the exudates the capability
of digesting any prey that happens to be trapped, thus making
available to the host plant sources of nitrogen, phosphorous,
carbon, etc. (Ellison and Gotelli, 2009; Fukushima et al.,
2017; Thorogood et al, 2017). Also shared by EFN, EN
and the exudates are the proteins whose activity creates a
pathogen-free environment, notably glucanases and chitinases.
The identification of pectinesterases and polygalacturonases
both in EFN and FN, point out a heightened potential for
digesting complex carbohydrates of plant origin, including the
major constituents of the cell wall. It thus appears to be likely
that any biological material landing in the floral or extrafloral
nectaries are liable to be digested, resulting in the production
of nitrogen and carbon sources, which may be absorbed by
the nectary gland and distributed throughout the plant to
provide additional nutrition. This hypothesis begs for a careful
experimental testing.

It is usually claimed that carnivory has evolved independently
at least six times in five angiosperm orders and seems to be
restricted to 0.2% of plant species (Ellison and Gotelli, 2009).
However, following the report of a hitherto unknown type of
herbivory in underground leaves from three Philcoxia species
(Pereira et al., 2012), the authors suggested that carnivory may
not be a rare trait and that the number of carnivorous plants
is underestimated, thus giving support to a notion expressed
years before by Chase et al. (2009), which famously claimed that
“we are surrounded by murderous plants.” Therefore, whether
carnivory is a pervasive trait continues to be a contentious
issue, but the common features shown here between the
proteomes of EFN and FN of castor plants and the proteome
of exudates from carnivorous plants, adds a new twist to this
debate: as a result of nectar secretion, extrafloral and floral
nectaries are competent to digest biological material from
animal or plant origin which land on its surface. Considering
that these glands are widespread in the angiosperms and that
these proteome features may be shared many other nectars,
one is compelled to propose that we are indeed surrounded
by “murderous plants.” Whether the hydrolytic capabilities of
EFN and FN has any adaptive value and whether the carbon
and nitrogen sources generated are absorbed and systemically
distributed throughout the plants, are issues entreating cautious
experimentation.

Mass spectrometry raw data files are available at: PRIDE
Archive (https://www.ebi.ac.uk/pride/archive/) project accession
PXD009104.
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Nectar is a floral reward that sustains mutualisms with pollinators, which in turn,
improves fruit set. While it is known that nectar is a chemically complex solution,
extensive identification and quantification of this complexity has been lacking. Cucurbita
maxima cv. Big Max, like many cucurbits, is monoecious with separate male and female
flowers. Attraction of bees to the flowers through the reward of nectar is essential
for reproductive success in this economically valuable crop. In this study, the sex-
dependent variation in composition of male and female nectar and the nectaries were
defined using a combination of GC-MS based metabolomics and LC-MS/MS based
proteomics. Metabolomics analysis of nectar detected 88 metabolites, of which 40
were positively identified, and includes sugars, sugar alcohols, aromatics, diols, organic
acids, and amino acids. There are differences in 29 metabolites between male and
female nectar. The nectar proteome consists of 45 proteins, of which 70% overlap
between nectar types. Only two proteins are unique to female nectar, and 10 are
specific to male nectar. The nectary proteome data, accessible at ProteomeXchange
with identifier PXD009810, contained 339 identifiable proteins, 71% of which were
descriptively annotatable by homology to Plantae. The abundance of 45 proteins differs
significantly between male and female nectaries, as determined by iTRAQ labeling. This
rich dataset significantly expands the known complexity of nectar composition, supports
the hypothesis of H+-driven nectar solute export, and provides genetic and chemical
targets to understand plant—pollinator interactions.

Keywords: metabolomics, proteomics, nectar, Cucurbita, pumpkin, floral sex

INTRODUCTION

Nectar is the most common floral reward used by angiosperms to mediate a mutualistic
relationship with pollinators, and improves the plants reproductive success by promoting
outcrossing (Mitchell et al., 2009). In crops such as oilseed rape (Carruthers et al., 2017), sunflower
(Mallinger and Prasifka, 2017), and pumpkin (Nepi and Pacini, 1993), variations in nectar
composition and volume directly influence the frequency of pollinator visitation. Because 87 out
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of 115 global food crops are dependent on or achieve improved
fruit set through animal-mediated pollination (Klein et al.,
2007), a potential future breeding goal could target improved
nectar traits. However, in order to exploit this trait, a more
comprehensive understanding of nectar composition is needed.

Nectar is a complex solution that, depending on the
species, may contain some or all of the following constituents:
carbohydrates, amino acids, vitamins, alkaloids, phenolics,
terpenoids, lipids, metal ions, hormones, and proteins
(Richardson et al., 2015; Roy et al, 2017). The two most
predominant classes of metabolites are carbohydrates followed
by amino acids (Liittge, 1977). A system of nectar classification
based on the ratios of predominant sugars proposed by Baker and
Baker (1983) defines four classes of nectar: hexose-dominant,
hexose-rich, sucrose-dominant, and sucrose-rich. Different
clades of animals are attracted to different hexose-sucrose ratios
and nectar amino acid profiles (Baker and Baker, 1983; Gardener
and Gillman, 2002; Hendriksma et al., 2014; Nepi, 2014). Thus,
nectar ecology studies typically define nectar composition based
upon targeted analyses of predominant sugars and occasionally
the amino acids. To date, few studies have applied metabolomics
techniques to study nectar composition (Kram et al, 2008;
Bender et al., 2012, 2013; Noutsos et al., 2015). Metabolomics,
as used in this study, can potentially detect novel secondary
metabolites important for pollinator attraction and health,
which are instrumental in sustaining the ecosystem service of
pollination.

While most analyses have concentrated on small molecular
weight compounds, such as sugars, recent studies have revealed
an abundant and diverse proteome. Nectar proteins (nectarins)
studied thus far either display anti-microbial properties (Carter
and Thornburg, 2004; Kram et al., 2008; Hillwig et al., 2010,
2011; Zhou et al, 2016) or modify carbohydrates (Gonzélez-
Teuber et al., 2010; Nepi et al., 2011a, 2012). A nectar redox
cycle discovered in Nicotiana nectar is based on anti-microbial
nectarins that produce hydrogen peroxide, which inhibits
microbial infection of the nectary (Carter and Thornburg, 2000,
2004; Carter et al., 2007). On occasion, the microbial defense
function and carbohydrate modification reactions overlap. For
example, in Cucurbita pepo nectar the degradation of pathogen
elicitor xylans by B-xylosidases can suppress pathogen infection
(Nepi et al., 2011a, 2012).

Cucurbita maxima cv. Big Max is an ideal system to study
sex-dependent variations of nectar, because it is a monoecious
plant with unisexual flowers. Male flowers of C. maxima produce
three times less nectar than females and out-number the female
flowers 3:1 (Ashworth and Galetto, 2002). In both the male and
female flowers, nectariferous tissue lines the adaxial receptacle
surface. Secretion of sucrose-dominant nectar produced by
starch hydrolysis begins at dawn the day of anthesis and ceases
by noon at which point reabsorption of unconsumed nectar
occurs (Ashworth and Galetto, 2002). Detailed studies of nectar
dynamics in C. pepo have found significant sex-dependent
variation when comparing the nectar sugar concentration, nectar
volume, and rates of nectar production (Nepi et al., 2001).

The main objective of this study was to determine whether
sex-dependent variation occurs in nectar composition at the

level of both the metabolome and proteome, and secondarily
to define potential metabolic links between the proteomes
and the production of nectar metabolites. Thus, the combined
application of metabolomics and proteomics analyses better
define nectar biology of Cucurbita maxima cv. Big Max. The
nectar of male and female flowers was analyzed using a GC-
MS based untargeted metabolomics approach, as well as targeted
amino acid profiling. For the first time in cucurbits, the
proteomes were examined using LC-MS and iTRAQ (isobaric tag
relative and absolute quantitation) to measure nectary protein
expression. The collected omics-data were interpreted in the
context of two models of nectar secretion, the merocrine and
eccrine models (Roy et al., 2017).

MATERIALS AND METHODS

Plant Materials, Growth Conditions,

Sample Collection

Seeds of Cucurbita maxima cv. Big Max were sown in 4-inch peat
pots in a greenhouse. Approximately 2 weeks later, 17 seedlings
that were at the two-leaf developmental stage were transplanted
to a field plot located at the North Central Regional Plant
Introduction Station, Ames, IA, United States (42°00'40.8"N
93°39'46.9"W). Plants were enclosed by a4.5m x 12m X 2 m
polyethylene (natural amber) mesh cage to reduce accessibility by
insects and the consumption of nectar by pollinators. All nectar
and nectary samples were collected at anthesis between 8:00
am and 11:00 am. Flowers were removed from the plant before
collecting nectar using an AlphaPette™ pipette with sterile
tips. Nectary tissue was then dissected from the flower using a
sterile scalpel. Nitrile gloves were worn during all collections.
All samples were immediately flash-frozen and stored in liquid
nitrogen before long term storage at —80°C.

Nectar Metabolite Extraction and

Analysis

Untargeted Metabolomics

An untargeted metabolomics extraction method was adapted
from Schmidt et al. (2011). Each extraction used 20 pL of
nectar collected from a single flower. For biological replication
purposes, extracts were prepared from at least six independent
male and female flowers, and they were processed and analyzed
individually without pooling. Prior to the extraction, internal
standards (5 jLg nonadecanoic acid and 2 pg ribitol) were added
to the nectar sample. The mixture was immediately incubated
for 10 min with 3.5 mL of hot methanol (60°C) followed by
sonication for 10 min. Chloroform (3.5 mL) and water (3 mL)
were added and the mixture was vortexed after the addition of
each solvent. The mixture was centrifuged, and the top polar,
and bottom non-polar layers were recovered separately. The
entire non-polar layer (3 mL) and 2 mL of the polar layer were
transferred to individual 2 mL screw-cap glass vials and dried
overnight by lyophilization. The analysis of predominant sugars
(glucose, fructose, and sucrose) was conducted with a 1-pL
sample of nectar, which was spiked with 25 pg ribitol and the
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mixture was dried overnight by lyophilization. The dried polar
extracts and the predominant sugar preparations underwent
methoximation for 90 min with 20 mg mL~! methoxyamine
hydrochloride in pyridine at 30°C with continuous agitation.
All samples including the dried non-polar extracts were
silylated for 30 min at 60°C with BSTFA/TMCS (N,O-
Bis(trimethylsilyl)trifluoroacetamide/Trimethylchlorosilane).
The predominant sugar samples were diluted with 1 mL
pyridine. Samples were analyzed using a GC/GC-MS consisting
of an Agilent Technologies Model 6890 gas chromatograph
equipped with an Agilent HP-5ms Inert (30 m, 0.25 mm, 0.25
pm) column and a low thermal mass (LTM) oven, which was
coupled to Model 5975C mass spectrometer. GC was conducted
with a helium gas flow rate of 1 mL min~!, 1 nL injection, and
a temperature gradient of 80°-320°C at a rate of 5°C min~!.
A heart-cut method, which diverted gas flow to a secondary
LTM column at the elution times for fructose, glucose, and
sucrose, was utilized to analyze the minor components of the
polar extracts. Deconvolution and integration of resulting
spectra was performed with AMDIS (Automated Mass Spectral
Deconvolution and Identification System) software. Analyte
peaks were identified by comparing mass spectra and retention
indices to the NIST14 Mass Spectral Library and when possible,
to authentic standards to confirm chemical identification (Stein,
1999).

Targeted Amino Acid Analysis

Analysis of amino acids was performed using the Phenomenex
EZ:Faast™ kit for free amino acids (Torrance, CA,
United States). Each sample (60 WL nectar per extraction)
consisted of nectar pooled from four individual flowers. Six
replications were analyzed for each sex. Sample preparation
from solid phase extraction to derivatization were completed
according to the manufacturer with one adjustment: after
addition of the norvaline internal standard to each sample,
125 pL of 10% propanol/20 mM HCI was added to acidify the
sample. Following derivatization, samples were concentrated
under a stream of nitrogen gas before amino acids were analyzed
using an Agilent Technologies model 6890 gas chromatograph
coupled to a model 5973 mass selective detector capable of
electrical ionization (EI). The GC-MS instrument settings
followed the manufacturer’s recommendations.

Nectar Proteomics

Nectar samples were collected from three individual flowers of
both male and female flowers, and these samples were pooled
to average biological differences among the two flower types.
These pooled nectar samples were analyzed individually for both
male and female flowers. Nectar samples were first reduced
with dithiothreitol for 30 min at 37°C and alkylated with
iodoacetamide for 30 min at 37°C. Each sample was digested
with 2 g trypsin for 16 h at 37°C). Desalting was completed
using a Waters HLB Oasis column followed by concentration
in a Speed-Vac. Peptide mixtures were rehydrated to 50 pL
using a solution of 2% acetonitrile and 2% formic acid. Six
microliters were injected for LC-MS/MS analysis using a Thermo
Scientific EASY-nLC II system coupled to an LTQ Orbitrap

Velos Pro mass spectrometer equipped with a Nanospray Flex
source. The LC system utilized a Magic C-18AQ reversed-phase
pre-column (100 pm I.D., 2 cm length, 5 pm, 100 A) and in-
house prepared reversed-phase nano-analytical column packed
with Magic C-18AQ (75 pm L.D., 15 cm length, 5 pm, 100 A).
The solvent system consisted of buffers A (2% acetonitrile, 0.1%
formic acid) and B (90% acetonitrile, 0.1% formic acid) with
a 90 min linear gradient (0 min: 5%B; 90 min: 30%B; 2 min:
100%B; 8 min: 100%B) at a flow rate of 300 nL min~!. Orbitrap
nano-electrospray ion source was set to a voltage of 2.5 kV and
capillary temperature of 250°C. The scan m/z range was 400-
2000. The ten most intense ions (charge state 2-4 exceeding
50,000 counts) were selected for ion trap collision induced
dissociation (CID) and detection in centroid mode. Common
human keratin and porcine trypsin peptide masses were excluded
from MSMS selection during the analysis.

Nectary Proteomics

Protein Extraction and iTRAQ Labeling

Each biological replicate consisted of nectary tissue from
a single flower with a total of two female replicates and
five male replicates. To extract proteins, nectaries were
pulverized under liquid nitrogen and solubilized in 4 M
urea/0.1 M triethylammonium bicarbonate (TEAB). Proteins
were precipitated overnight in acetone and dissolved in 4 M
urea/0.1 M TEAB.

Protein concentrations were determined using a bicinchoninic
acid (BCA) protein assay. Ten volumes of acetone at —20°C
were used to precipitate 100 jLg of extracted protein overnight.
The resulting protein pellet was dissolved in 0.5 M TEAB/0.2%
sodium dodecyl sulfate for 4 h at 4°C before reduction
with 50 mM tris (2-carboxyethyl) phosphine hydrochloride
(TCEP) for 1 h at 60°C. Alkylation with 200 mM methyl
methanethiosulfonate (MMTS) at room temperature for 10 min
was completed prior to overnight in-solution digestion at 37°C
with 10 pg trypsin prepared in 100 mM TEAB. Digests were
dried in a Speed-Vac before rehydration with 30 pL of 0.5M
TEAB/50 pl isopropanol. iTRAQ labels were added to each
sample before being pooled and concentrated to a final volume
of approximately 100 pL using a Speed-Vac.

Chromatography and Mass Spectrometry

The iTRAQ labeled peptide sample was fractioned and
concatenated using an Agilent 1290 HPLC with a Waters XBridge
C18 column (250 mm x 4.6 mm, 5 pm, 300 A) and solvent
system consisting of buffers A (10 mM ammonium hydroxide,
pH10) and B (80% acetonitrile, 10 mM ammonium hydroxide,
pH 10). The column was equilibrated in buffer A at a flow rate
of 0.75 mL min~! before a gradient of 5-45% buffer B was
applied over 75 min. Fractions were collected every minute for
96 min, concentrated by lyophilization, and concatenated into
24 fractions by combining every 24th fraction. Fractions were
de-salted using C18 StageTips and rehydrated with 20 puL of 2%
acetonitrile/3% formic acid. For LC-MS/MS peptide sequencing,
5 pL aliquots of each fraction were injected into a Thermo
Scientific EASY-nLC II system coupled to an LTQ Orbitrap Velos
Pro mass spectrometer equipped with a Nanospray Flex source.
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The same columns, solvent system, and mass spectrometer
parameters as described for nectar peptide sequencing in the
previous section were used with the following adjustments.
Peptides were separated using a 120 min gradient (0 min: 5-% B;
100 min: 40-% B; 5 min: 80-% B; 2 min: 100-% B; 13 min: 100-%
B). The scan m/z range was set to 400-1800. The top 15 most
abundant ions with charge states of 2-4, exceeding 20,000 counts
were selected for HCD FT MS/MS fragmentation (FTMSMS
scans 2-16) and detection in centroid mode.

Proteomics Data Processing

The nectar and nectary proteome datasets were similarly
processed with raw files being created by XCalibur 3.0.63 software
and analyzed with Proteome Discoverer (v 1.4.0.228, Thermo
Scientific) and were searched against the Uniprot-SwissProt and
TrEMBL databases. Nectary dataset search parameters used an
MS/MS tolerance of 15 mmu, fixed modification: Methylthio
(C), iTRAQS8plex (K), and iTRAQ8plex (N-term), and variable
modifications: Oxidation (M), Deamidated (NQ), iTRAQ8plex
(Y). The resulting identified proteins underwent statistical
validation and filtering using the Scaffold (v 4.6.0 Proteome
Software, Inc., Portland, OR, United States) in which the peptide
threshold was set to 95% and the minimum number of peptides
was set at two. Proteins of non-plant origin were manually
removed from datasets. The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium' via
PRIDE (Vizcaino et al., 2016) partner repository, with the dataset
identifier PXD009810 and 10.6019/PXD009810.

Statistical Analyses

Relative metabolite concentrations between male and female
nectars were compared using a two-tailed independent samples
t-test with resulting p-values corrected for multiple testing using
the Benjamini and Hochberg’s method. A Mann Whitney test
with Benjamini and Hochberg method for multiple testing
correction was used to calculate p-values based on the log
fold change of protein abundance between male and female
nectaries. To visualize proteins with significant differences in
abundance between male and female nectaries, adjusted p-values
were negative log; transformed and plotted against the log, fold
difference of protein abundance between male and female in a
volcano plot.

Gene Ontology (GO) slimming analysis of nectary proteome
annotations was completed using GSEABase (Morgan et al,,
2017) with annotations mapped up to the generic GO slim set
of terms developed by GO Consortium (The Gene Ontology
Consortium, 2000, 2017). GO enrichment analysis of the nectary
proteome was implemented using topGO: Enrichment Analysis
for Gene Ontology (Alexa and Rahnenfuhrer, 2016) with prior
protein-to-GO term mapping completed using the UniProt GO
annotation database (Barrell et al., 2009). A Fisher’s exact test
was completed to test for enrichment of GO terms using nectary
proteins as the background and differentially expressed proteins
as the test group.

Thttp://www.proteomexchange.org/

RESULTS
Nectary Morphology

In both male and female flowers, the nectary tissue lines
the adaxial surface of the receptacle. Morphology and nectary
environmental exposure varies by sex. Nectariferous tissue
encircles the style column forming a trough for the accumulation
of the nectar (Figures 1A,B). This nectary position leaves female
nectar easily accessible to pollinators. The male nectariferous
tissue forms a bowl-like structure below the filaments with
the nectar only accessible through slits between pairs of fused
filaments (Figures 1D,E). Nectaries of both sexes heavily stained
black with Lugol indicating that the parenchyma tissue is
abundant in amylose-rich starch (Figures 1C,F).

GC-MS Identification of Nectar

Metabolites

Untargeted (GC/GC-MS) and targeted (amino acids) analysis of
the nectar metabolome of C. maxima led to the detection of
88 analytes, of which 40 could be chemically identified. Classes
of identified metabolites from highest to lowest concentrations
included sugars, amino acids, sugar alcohols, organic acids,
aromatics, esters, and diols. Untargeted metabolite profiling
of male and female flowers of C. maxima detected a total
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FIGURE 1 | Comparison of female (A) and male (D) Cucurbita maxima flower
and nectary morphology. Longitudinal sections of female (left) and male (right)
Cucurbita maxima flowers. Nectaries of both line the receptacle cavity (B,E)
and stain black in Lugol potassium iodide solution (C,F). n, nectary; sm,
stigma; sy, style; o, ovary; a, anther; f, flament. Scale bars for A and

D =50 mm; B, C, E, F =5 mm.
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of 54 analytes (Supplementary Table 1). Targeted profiling
of amino acids detected 34 metabolites with 16 identified as
proteinaceous amino acids and three as non-proteinaceous
amino acids (Table 1). Comparison of the molar percentage of
these analytes revealed that male nectar contains significantly
more non-essential amino acids, and female nectar has a higher
proportion of non-proteinaceous amino acids (Figure 2). A total
of 29 analytes were found to differ significantly in abundance
between male and female nectar (Figure 3). Of the 29 analytes,

TABLE 1 | Amino acids identified in Cucurbita maxima nectar reported as
mean + SE (n = 6).

Amino Acid Concentration (nM) % of total amino acid
Female Male Female Male

*Alanine 117 £ 14 212 £ 40 428 +£3.4 529+ 3.4
*Glycine 3.6+0.7 76+13 1.3+0.2 19+02
Serine 57+14 95+22 19+04 244+05
Proline 30.5+ 4.6 452 +£9.2 1.3+ 1.6 126+ 3.2
Asparagine 102+£18 7.7 +16 3.6+04 214+06
Aspartic acid 6.9+28 52+0.7 244+08 1.4+£02
Glutamic acid 119+24 125+ 1.6 4.44+09 33+05
Tyrosine 052+0.15 0.75+0.17 0.17+£0.04 0.19+0.04
*Tryptophan 0.23+0.07 0.57 £0.11 0.08+0.02 0.16 £0.03
Valine 119+17 144 +£25 43+04 3.6 £ 03
Leucine 34+04 48+14 1.2+0.1 1.1+£02
Isoleucine 11.9+2.0 11.8+28 4.44+0.7 29+0.6
Threonine 1.3+04 22+0.3 0.48 £ 0.11 0.59 £ 0.09
Methionine 1.4+03 19+0.6 0.51£0.10 0.45+0.09
Phenylalanine 11.56+1.8 140+1.7 4.2+06 3.6+0.3
Lysine 0.24+£0.09 0.72+0.31 0.09+0.03 0.19+0.08
B-Alanine 18127 156.5 +£ 31 46 +0.7 44 +141
GABA 329+43 21.8+44 121 +138 59+14
4-Hydroxyproline ~ 0.87 £0.66 054 +0.12 0.33+024 0.14+0.08

GABA, y-aminobutyric acid. *Indicates metabolites with significantly different
concentration between male and female nectar, p-value <0.05.

0 20 40 60 80 100
Total amino acid (%)
@ Essential

@8 Non-essential @@ Non-proteinaceous

FIGURE 2 | Amino acid categories of Cucurbita maxima male and female
nectars. Essential amino acids included tryptophan, valine, leucine, isoleucine,
threonine, methionine, phenylalanine, and lysine **p-value 0.004, *p-value
0.03. n = 6, with each replicate consisting of nectar pooled from four flowers.
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FIGURE 3 | Volcano plot of Cucurbita maxima nectar metabolome. Points
above the red FDR line represent metabolites with p-values <0.05. n = 6, with
each replicate consisting of nectar from single flowers.

12 were chemically identified, and whereas glucitol was only
detected in male nectar, both glycolic acid and phosphate were
exclusively detected in female nectar. Regardless of the flower
sex, C. maxima nectar was sucrose-dominant with a S/[G + F]
ratio above 1 (Figure 4). Sucrose concentration was significantly
greater in female nectars and contributes to a significantly higher
S/[G + F] ratio (p-value = 0.02, Figure 4).

Nectar Proteome

The pooled nectar proteome combined from three individual
male and female flowers consists of 45 detected proteins
(Supplementary Table 2), 33 of which are present in nectar
from both sexes. Two proteins are unique to female nectar
and 10 are unique to male nectar. Unique female nectar
proteins  include  galactinol-sucrose  galactosyltransferase
2 and cysteine proteinase inhibitor. In the male nectar,
eight of the ten unique proteins were characterized as
4-alpha-glucanotransferase, aconitate hydratase, enolase 1,
fructose-bisphosphate aldolase, invertase, polygalacturonase,
and different = 5-methyltetrahydropteroyltriglutamate-
homocysteine methyltransferases. Two unique proteins were
uncharacterized proteins from the Uniprot Trembl database.
More rigorous sampling in future proteomics analyses may
further expand upon these findings, representing the first effort
toward cataloging the nectarins of C. maxima male and female
nectar.

two

Nectary Proteome

A total of 339 proteins were detected in the nectaries of male
and female C. maxima flowers using iTRAQ (Supplementary
Table 3). To gain a broad overview of functional classifications
for the nectary proteome, GO slim analysis was implemented.
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FIGURE 4 | Comparison of Cucurbita maxima predominant sugars by flower sex. (A) Mean molar concentration + SE of the predominant sugars. (B) Ratios of the
disaccharide (sucrose) to the monosaccharides (glucose and fructose) and fructose to glucose for each flower sex. *p-value <0.05. n = 6, with each replicate
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FIGURE 5 | Pie chart of functional classification of proteins found in the nectaries of Cucurbita maxima. GO slim categories from the Gene Ontology Consortium
were used. Percentages following category name represent the percentage of annotations falling within that category from the top 48% of all GO annotations.
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This revealed a high abundance of proteins related to transport,
protein metabolism, carbohydrate metabolism, response to
stress, and amino acid metabolic process (Figure 5). Statistical
comparisons of relative protein abundance revealed that 45
proteins displayed differential expression between male and
female nectaries (p-value <0.05); 20 of these proteins were
more abundant in male nectaries and 25 were more abundant
in female nectaries. All 45 proteins have at minimum GO
annotation inferred by homology, and descriptive identities are
available for 38 of these significant proteins (Figure 6). GO
enrichment analysis was completed separately for male and
female abundant proteins at the three categories of ontology:
biological process, molecular function, and cellular component.
The most detailed enriched child GO terms for biological
process and molecular function are displayed in Figure 7.
Two cellular component terms, cytosol and cytoplasmic, are
female nectary-enriched, while no term is male nectary-enriched.

Complete lists of input GO IDs and enriched terms are listed
in Supplementary Tables 4 and 5, respectively. Female nectary-
enriched GO terms relate to transmembrane transport of ions,
magnesium ion binding, response to water deprivation, and
carboxy-lyase catalytic activity. Most male nectary-enriched GO
terms are related to phenylalanine ammonia-lyase, an enzyme
involved in phenylpropanoid biosynthesis (Figure 7). Additional
enriched GO terms include cellular oxidant detoxification,
negative regulation of cellular process, response to heat, and
membrane organization.

DISCUSSION

The synthesis and secretion of nectar is a highly dynamic
process, which is only recently beginning to be understood
through the robustness of “omics” technologies. Presently, there
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FIGURE 6 | Volcano plot of Cucurbita maxima nectary proteome determined
by iTRAQ using two female and five male biological replicates with each
replicate consisting of the nectary tissue from a single flower. Green points
above the red FDR line represent proteins with adjusted p-values <0.05.

are two competing models of nectar secretion supported by
ultrastructural analyses or molecular genetic studies. In the
first model, merocrine (granulocrine), pre-nectar metabolites are

transported symplastically through plasmodesmata until they
reach cells near the nectary surface, where they are packed
into ER or Golgi body vesicles for later fusion with the plasma
membrane and secretion. The second model, eccrine, depends
on plasma membrane localized pores and transporters instead of
vesicles for exporting nectar metabolites from the nectary cells
(Roy et al., 2017). This model is supported by the conservation of
SWEETY, a plasma membrane sucrose uniporter, within mature
nectaries of Brassicaceae and Solanaceae (Lin et al., 2014). Once
nectar is secreted, it is far from a complex static solution of
primarily sugars. Rather, nectar is in a dynamic equilibrium,
responsive to environmental conditions and can undergo post-
secretory modifications via the action of catalytic nectarins which
act on carbohydrates or generate anti-microbial agents such
as hydrogen peroxide (Carter and Thornburg, 2004; Gonzélez-
Teuber et al., 2010; Nepi et al., 2011a,b). The primary objective
of the current study was to examine potential sex-dependent
variation in C. maxima nectar composition at the level of the
metabolome and proteome extending existing knowledge of
biologically relevant sex-dependent nectar variation with regards
to nectar composition and rates of nectar production (Nepi
et al., 2001; Ashworth and Galetto, 2002). Secondarily, this study
aimed to propose metabolic links between nectar metabolites and
proteins present in the nectary and nectar proteomes.

Nectar Metabolomics
Compared to the nectar of male flowers, female nectar of
C. maxima has significantly more sucrose and a higher sucrose
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FIGURE 7 | Enriched gene ontology terms of nectary proteins that are differentially expressed between male and female flowers. Pie charts display the most specific
enriched GO terms associated with proteins of increased abundance in female or male nectaries. Numbers in parentheses are p-values calculated from a Fisher’s

exact test for enrichment.

hydrogen ion transmembrane transport (0.031)

transmembrane transport (0.036)

energy coupled proton transmembrane transport,

against electrochemical gradient (0.047)

response to water deprivation (0.047)

monovalent inorganic cation transmembrane transporter activity (0.016)
transmembrane transporter activity (0.015)
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cinnamic acid biosynthetic process (0.003)
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to hexose ratio. These findings contrast with previous studies
of C. pepo and C. maxima (Nepi et al,, 2001; Ashworth and
Galetto, 2002) that found little difference in abundances of the
three predominate sugars between male and female nectars. This
variation in the findings between the studies may be due to
differences in environmental growing conditions of the plants as
well as variation in species and cultivar. This may be particularly
significant in light of the fact that these sugars influence defining
characteristics of nectar, such as viscosity and its ability to attract
pollinators (Baker and Baker, 1983). A second sugar, galactose,
present at much lower concentrations than sucrose, glucose, and
fructose, was significantly less abundant in female nectar. Because
bees can easily judge sugar composition and nectar volume
(Hendriksma et al., 2014), the variation in both sucrose and
galactose content observed in C. maxima nectars may influence
the degree to which bees are more attracted to female flowers
(Ashworth and Galetto, 2002).

Amino acids are the second most common class of metabolites
that occur in nectar, but their concentrations are 100 to 1,000
times less than the predominant sugars (Roy et al., 2017). In
the present study, 16 proteinaceous amino acids and three non-
proteinaceous amino acids were identified in both male and
female nectar of C. maxima. Over 70% by mole of the identified
amino acids were accounted by alanine, proline, GABA, and
B-alanine. Although this is similar to the nectar of C. pepo (Nepi
etal,, 2012), there is a striking difference in the relative proportion
of proline and alanine; in C. pepo proline is the most abundant
amino acid followed by alanine (30% and 5% respectively) (Nepi
etal., 2012), in C. maxima nectar, their relative order is reversed,
with alanine being the most abundant amino acid (40%), followed
by proline (11%). Proline often occurs as an abundant nectar
amino acid, and has multiple effects on bees, including providing
a desirable flavor and serving as a muscle stimulant giving a quick
burst of energy for flight take-off (Carter et al., 2006; Teulier
et al,, 2016). The finding of two relatively high abundant non-
proteinaceous amino acids, GABA and B-alanine, in C. maxima
nectars agrees with commonly observed amino acid profiles
of floral nectars (Nepi et al, 2012). They are both thought
to promote insect flight, while GABA is also implicated as an
antimicrobial agent used by plants in response to wounding
(Chevrot et al., 2006). Since GABA is also a neurotransmitter
(Nepi, 2014), it is possible that it may directly influence bee
behavior.

The most significant differences between male and female
nectars, in regard to amino acids, was the relative abundance of
tryptophan, alanine, and glycine, which were specifically more
concentrated in male nectar. These amino acids appear to alter
bee feeding preferences, with tryptophan and alanine functioning
as bee attractants, while glycine is a deterrent (Bertazzini et al.,
2010; Hendriksma et al., 2014). Based on these previous studies,
it is unclear whether the statistically significant variation in
tryptophan, alanine, and glycine would influence bee feeding
preferences between male and female flowers. Studies are needed
to determine the biologically relevant ratio of the attractants
(alanine and tryptophan) to deterrents (glycine) needed to alter
bee preferences as mixtures of amino acids can have synergistic
effects on bee preferences. When the proportions of essential,

non-essential, and non-proteinaceous amino acids are compared
by sex, we found that the male nectar has a significantly higher
proportion of non-essential amino acids, largely due to increased
concentrations of alanine and glycine. Female nectar contained
more non-proteinaceous amino acids, specifically GABA (p-
value = 0.009) which as previously stated may confer anti-
microbial properties important in keeping the gynoecium free of
pathogenic infection.

In addition to sugars and amino acids, nectar often contains
a diversity of primary and secondary metabolites whose
functions are wide ranging and include pollinator rewards,
preservatives, and defense against pathogens (Stevenson et al.,
2017). In our study, additional primary metabolites (glucitol,
glycolic acid, and phosphate) and secondary metabolites
(4-methoxy-2-hydroxybenzyl alcohol, anisyl alcohol, butyl
caprylate, and gastrodigenin) displayed sex-dependent difference
in accumulation. To our knowledge, no nectar-specific functions
are reported for these metabolites, although the sex-dependent
accumulation of these metabolites may indicate that they
influence pollinator attraction to male and female flowers.
Specifically, glucitol was only detected in male nectar, whereas
glycolic acid and phosphate were restricted to female nectar.
Butyl caprylate, a fragrant ester, which was more abundant
in male nectar, has previously been detected in floral volatile
profiles of orchids (Kaiser, 1993). In female C. maxima nectar,
4-methoxy-2-hydroxybenzyl alcohol, anisyl alcohol, and
gastrodigenin are present at higher concentrations as compared
to male nectars. Anisyl alcohol, similar to butyl caprylate, is
not only a floral scent present in orchids (Kaiser, 1993) but also
occurs in anise, honey, and vanilla (Scognamiglio et al., 2012).
Gastrodigenin, also known as 4-hydroxybenzyl alcohol, is a
known antioxidant occurring in a variety of plants (Lim et al.,
2007).

Nectar Proteome
Prior characterization of nectarins have indicated that these
proteins function as either anti-microbials or as enzymes
that alter nectar carbohydrate chemistries. Consistent with
the latter observation, 9 of the 10 proteins that are unique
to male nectar are enzymes that act on carbohydrates, the
exceptions  being  5-methyltetrahydropteroyltriglutamate—
homocysteine methyltransferase. These carbohydrate-modifying
enzymes include invertase, which catalyzes the hydrolysis
of sucrose to glucose and fructose. Invertases have
previously been reported in other nectars and studied
extensively in Acacia extrafloral nectar and C. pepo floral
nectar (Heil et al., 2005; Nepi et al, 2012). Six of the
characterized male unique proteins (4-alpha-glucanotransferase,
5-methyltetrahydropteroyltriglutamate-homocysteine
methyltransferase, aconitate hydratase, enolase 1, fructose-
bisphosphate aldolase, and polygalacturonase) have not
previously been reported in nectar, but annotation data indicate
that they are either located in cytoplasm of cells or extracellular
space, supporting their detection in C. maxima nectar.

Female nectar contains two unique nectarins, a cysteine
proteinase inhibitor and galactinol-sucrose galactosyltransferase
2. The first of these has previously been reported in the
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floral nectar proteome of Liriodendron tulipifera (Zhou et al.,
2016), but the latter has not been reported in nectars. The
galactosyltransferase has the potential to modify the carbohydrate
profile of female nectar as it functions in galactose metabolism,
generating myo-inositol and raffinose from galactinol and
sucrose.

In addition to the sex-specific nectarins, 33 other proteins
were detected in the nectar proteome of both C. maxima flower
sexes. Several of these were previously reported in nectars of
other species, including malate dehydrogenase in petunia nectar
(Hillwig et al., 2011), B-glucosidase in nectar of Acacia hindsii and
A. collinsii EFN (Gonzélez-Teuber et al., 2010), a-galactosidase
in common tobacco nectar (Zha et al.,, 2012), and glutathione
S-transferase and a heat shock protein both of which occur
in the nectar of Liriodendron tulipifera (Zhou et al., 2016).
A second group of nectarins (i.e., adenosylhomocysteinase 1,
p-galactosidase, and a-glucan phosphorylase) were identified in
both male and female C. maxima nectars, but they had not
previously been reported in nectars of other species. These
proteins were also undetectable in the nectary proteome of
C. maxima flowers. The absence of these proteins in the proteome
of the nectary, where they are synthesized, may indicate that these
proteins are efficiently and rapidly secreted into the nectar. It is
also possible that the complexity of the nectary proteome masks
the identification of nectar proteins at their site of synthesis.

Nectary Proteome

The major functional classifications of the C. maxima nectary
proteome includes proteins involved in transport, protein
metabolism, carbohydrate metabolism, response to stress, and
amino acid metabolism (Figure 4), and these are similar to
those found in Acacia cornigera (Orona-Tamayo et al., 2013)
and Ricinus communis (Shah et al., 2016) extrafloral nectary
proteomes. These functional classifications are expected as
carbohydrates and amino acids are the most abundant nectar
metabolites and require extensive transport within the nectary.
GO enrichment analysis of nectary proteins with increased
female abundances indicate that female-enriched GO terms are
associated with proteins functioning as plasma membrane proton
pumps and central metabolism, specifically gluconeogenesis,
glycolysis, lipid metabolism, and the citric acid cycle. Proteins
associated with male nectary-enriched GO terms were related
to cinnamic acid biosynthesis and neutralization of superoxide
radicals and hydrogen peroxide. If pumpkin nectaries generate
high levels of reactive oxygen species (ROS), like tobacco (Carter
and Thornburg, 2004; Carter et al., 2007), it would not be
surprising if they also contain mechanisms to mitigate their
potentially damaging reagent.

As a whole, the nectary proteome in conjunction with
previous cucurbit nectary literature supports an eccrine model
of nectar secretion where plasma membrane (PM) H-*-ATPase
provides the energy for active transport of solutes into the
apoplasm of C. maxima nectaries. In the current study, functional
classification of nectary proteins and GO term enrichment
analyses both revealed an abundance of ATPase transmembrane
transporters specific for hydrogen ions, indicating the important
role of PM-H-T-ATPase in active C. maxima nectaries. This

finding agrees with the pressure-driven mass flow model of nectar
movement from parenchyma tissue into the apoplast, in which
PM-H-T"-ATPase provides energy for active transport of solutes
into the apoplast creating an osmotic gradient for the movement
of water through aquaporins. The resulting hydrostatic pressure
in the apoplast produces mass flow of nectar out of the nectary
tissue and to the surface (Vassilyev, 2010). Additionally, it has also
been suggested that nectar secretion in Cucumis sativus requires
PM-H-1-ATPase, as ATPase-specific activity peaks at anthesis
(Peng et al., 2004).

Previous ultrastructural analyses of C. pepo demonstrate that
the nectary cells are devoid of extensive ER and Golgi making the
vesicle dependent merocrine model unfavorable when compared
to the eccrine model (Nepi et al., 1996). While the eccrine model
may predominate, merocrine is still needed for vesicular-based
transport of nectarins, and may be important in C. maxima
nectaries as vesicle transport is frequency functional classification
of its proteome (Figure 4) (Roy et al., 2017). The eccrine
model of nectar synthesis and secretion that is supported by
molecular evidence from Brassicaceae and Solanaceae expresses
four metabolic processes: (1) starch degradation, (2) sucrose
synthesis, (3) export of sucrose into apoplasm via SWEETY,
and (4) extracellular hydrolysis of sucrose via CELL WALL
INVERTASE4 (CWINV4) (Ruhlmann et al.,, 2010; Lin et al.,
2014; Thomas et al., 2017). The C. maxima nectary proteome
determined herein supports the occurrence of the first two of
these processes, as both a B-amylase for starch hydrolysis and
sucrose-phosphate synthase that function in sucrose biosynthesis
are present. Homologs of SWEET9 and CWINV4 were not
identified within the nectary proteome under the specified data
filtering conditions. Moreover, as a transmembrane protein,
SWEET9 may not have been extracted from the nectary tissue
as the methodology was not ideal for extraction of membrane
proteins. CWINV4 may not be highly expressed in C. maxima
nectaries which produce a sucrose dominant nectar as compared
to the hexose dominant nectar produced by the Arabidopsis
nectaries; the expression of CWINV4 is essential for functional
development of nectaries in Arabidopsis (Ruhlmann et al,
2010).

Metabolic Links Between Nectar
Metabolites and Proteomes

Nectarins commonly alter nectar carbohydrates. In our
datasets, significant differences in carbohydrate abundance,
specifically galactose and sucrose, may be explained by the
unique presence of galactinol-sucrose galactosyltransferase
2 and invertase in the nectar of female and male flowers
respectively. Galactose is significantly less in female nectar
which also contains galactinol-sucrose galactosyltransferase
2 which is not found in male nectar. This enzyme utilizes
galactose as a substrate, leading to the production of
myo-inositol and raffinose, a primary transport sugar in
cucurbits (Zhang et al., 2010); this may explain why galactose
levels are lower in female nectar as compared to male.
A second potential example of post-secretory carbohydrate
alterations is suggested by the slight but statistically significant
reduction in sucrose content of male nectar which contains
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an invertase that is not detectable in female nectar. Invertases
catalyze the hydrolysis of sucrose to glucose and fructose. The
difference in sucrose concentration between male and female
nectar may only be slight due to the ability of the male nectary
to maintain a nectar equilibrium. In C. pepo for example, male
flowers can regulate water and sugar content to maintain nectar
homoeostasis during secretion (Nepi et al., 2011b). This ability to
regulate sugar content may nullify the impact of invertase within
the male nectar of C. maxima.

CONCLUSION

In this study, we demonstrated an existence of sex-dependent
variation in male and female floral nectaries and nectar of
C. maxima as determined by proteomics and metabolomics.
Nectar metabolites that varied in composition range from
carbohydrates, amino acids, and specialized metabolites, and
the nectarin profiles. Nectarins specific to a single nectar sex
were linked to observed differences in the nectar metabolomes.
Additionally, the nectary proteome supported aspects of the
eccrine model of nectar secretion and pressure-driven mass flow
utilizing PM-H-T-ATPase.
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Hang Sun® and Hong-Guang Zha'™

" College of Life and Environment Sciences, Huangshan University, Huangshan, China, ° Institute of Molecular Plant
Sciences, University of Edinburgh, Edinburgh, United Kingdom, ° Key Laboratory for Plant Diversity and Biogeography
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Floral nectar plays important roles in the interaction between animal-pollinated plants
and pollinators. Its components include water, sugars, amino acids, vitamins, and
proteins. Growing empirical evidence shows that most of the proteins secreted in nectar
(nectarines) are enzymes that can tailor nectar chemistry for their animal mutualists or
reduce the growth of microorganisms in nectar. However, to date, the function of many
nectarines remains unknown, and very few plant species have had their nectar proteome
thoroughly investigated. Mucuna sempervirens (Fabaceae) is a perennial woody vine
native to China. Nectarines from this species were separated using two-dimensional
gel electrophoresis, and analyzed using mass spectrometry. A L-gulonolactone oxidase
like protein (MsGuILO) was detected, and the full length cDNA was cloned: it codes
for a protein of 573 amino acids with a predicted signal peptide. MsGulLO has high
similarity to L-gulonolactone oxidase 5 (AtGulLO5) in Arabidopsis thaliana, which was
suggested to be involved in the pathway of ascorbate biosynthesis; however, both
MsGuILO and AtGulLO5 are divergent from animal L-gulonolactone oxidases. MsGulLO
was expressed mainly in flowers, and especially in nectary before blooming. However,
cloning and gene expression analysis showed that L-galactonolactone dehydrogenase
(MsGLDH), a vital enzyme in plant ascorbate biosynthesis, was expressed in all of
flowers, roots, stems, and especially leaves. MsGulLO was purified to near homogeneity
from raw MS nectar by gel filtration chromatography. The enzyme was determined to
be a neutral monomeric protein with an apparent molecular mass of 70 kDa. MsGulLO
is not a flavin-containing protein, and has neither L-galactonolactone dehydrogenase
activity, nor the L-gulonolactone activity that is usual in animal GulLOs. However, it has
weak oxidase activity with the following substrates: L-gulono-1,4-lactone, L -galactono-
1,4-lactone, D-gluconic acid-8-lactone, glucose, and fructose. MsGuILO is suggested
to function in hydrogen peroxide generation in nectar but not in plant ascorbate
biosynthesis.

Keywords: L-ascorbate biosynthesis, Floral nectar, L-gulonolactone oxidase like protein, L-galactonolactone
dehydrogenase, Mucuna sempervirens Hemsl, Nectarin

Abbreviations: ALO, D-arabinono-1,4-lactone oxidase; AsA, L-ascorbic acid; D-GluL, D-gluconic acid-8-lactone; FAD,
flavin adenine dinucleotide; GalLO, L-galactono-1,4-lactone oxidase; GIcUR, D-glucuronate reductase; GLDH, L-galactono-
1,4-lactone dehydrogenase; GulLDH, L-gulono-1,4-lactone dehydrogenase; GulLO, L-gulono-1,4-lactone oxidase; GUO, D-
gluconolactone oxidase; L-GalL, L-galactono-1,4-lactone; L-GulL, L-gulono-1,4-lactone; SEC, size exclusion chromatography.
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GulLO Like Protein in Bean Nectar

INTRODUCTION

L-Ascorbic acid (ascorbate, AsA), is a naturally occurring organic
compound belonging to the family of monosaccharides. This
compound has antioxidant properties, which help protect against
reactive oxygen species (ROS) derived from metabolic activity.
AsA also plays an essential role in eukaryotes as an enzyme
co-factor in hydroxylation reactions, contributing to diverse
processes such as the synthesis of collagen and the demethylation
of histones and nucleic acids (Mandl et al., 2009).

L-Ascorbic acid, also known as vitamin C, has multiple
applications as a therapeutic for human health, for example in
the treatment of common cold, wound healing, and cancer; it
is also the vitamin that prevents scurvy. In animals, AsA is
synthesized from glucose through intermediates D-glucuronate
and L-gulono-1,4-lactone; this is termed the animal pathway.
Humans, non-human primates, guinea pigs, bats, and some birds
cannot synthesize AsA because L-gulono-1,4-lactone oxidase
(GulLO), the terminal enzyme in the biosynthesis process, does
not function due to mutation (Chatterjee, 1973). Therefore, these
animals including humans need to acquire this vitamin from
fresh fruits and green vegetables. Plant-derived AsA is the major
source of AsA in the human diet.

L-Ascorbic acid is the most abundant and best characterized
water-soluble antioxidant in plants (Foyer and Shigeoka, 2011).
Within a plant, AsA mostly accumulates in in photosynthetic
organs. The concentration of AsA in cells in green tissues can be
up to 5 mM, representing 10% of the total soluble carbohydrate
pool (Smirnoff and Wheeler, 2000). As a critical metabolite in
plants, AsA has several essential functions in plant physiology,
participates in the detoxification of ROS, and has an important
role in promoting resistance to senescence and numerous
environmental stresses, such as high temperature, dehydration
stress, high light, ozone, UV-B radiation, and salt stress. Also,
AsA operates as a cofactor, taking part in the regulation of some
fundamental cellular processes (e.g., photoprotection, the cell
cycle, and cell expansion) and biosynthesis of important plant
hormones (e.g., including abscisic acid, jasmonic acid, ethylene,
and gibberellic acid) (Smirnoff, 2011; Liang et al., 2017).

The biosynthetic pathways of AsA differ between plants
and animal. Plants appear to have multiple pathways for AsA
biosynthesis. The primary and most elucidated pathway is
the “Wheeler-Smirnoff pathway” which is also called as “D-
mannose/L-galactose pathway” or “plant pathway” and start AsA
biosynthesis from glucose or mannose (Wheeler et al., 1998,
2015). All genes in this pathway have been identified and at the
last step of this pathway, AsA is formed from L-galactono-1,4-
lactone in an enzymatic reaction catalyzed by L-galactono-1,4-
lactone dehydrogenase (GLDH). Alternative AsA biosynthetic
pathways appear to exist in plants, involving galacturonate and
glucuronate, but not all enzymes of these pathways have been
identified, and little is yet known about their regulation (Bulley
and Laing, 2016).

The plant AsA biosynthetic pathway employs GLDH as the
terminal enzyme, whereas GulLO has this role in animals. GulLO
is deemed to be absent from most of Archaeplastida genomes
including higher plants (Wheeler et al., 2015). It is interesting

that overexpression of rat GulLO caused an increase in AsA
content in tobacco (Jain and Nessler, 2000), potato (Hemavathi
et al., 2010), tomato (Lim et al., 2012) and Arabidopsis (Lisko
etal., 2013). If fed L-gulono-1,4-lactone (L-GulL), detached bean
(Phaseolus vulgaris) and strawberry (Fragaria x ananassa) fruits
could convert it to AsA (Baig et al, 1970). GulLO enzyme
activity has been detected in hypocotyl homogenates of kidney
beans (Siendones et al,, 1999), cytosolic and mitochondrial
fractions of Arabidopsis cell cultures (Davey et al., 1999), and
potato tubers (Wolucka and Van Montagu, 2003). An enzyme
family exhibiting some similarity to animal GulLO has also been
reported in Arabidopsis (Maruta et al., 2010). Three putative
Arabidopsis GulLOs (AtGulLO2, 3, and 5) over-expressed in
tobacco BY-2 cell cultures increased AsA after feeding with L-
GulL (Maruta et al., 2010). Aboobucker et al. (2017) purified
a recombinant Arabidopsis GulLO enzyme (AtGulLO5) in a
transient expression system. They proved that AtGulLO5 is an
exclusive dehydrogenase with an absolute specificity for L-GulL
as substrate, thus differing from both existing plant GLDHs
and mammalian GulLOs. However, the catalytic efficiency of
AtGulLO5 was low.

These findings suggested that there might be an animal AsA
biosynthetic pathway analog existing in plants with GulLO as
the terminal enzyme. However, up to date, no spontaneous
GulLOs had been isolated from plants and no activity from
such plant GulLOs has been analyzed. In this study, for the
first time, we identified an AtGulLO homolog (named as
MsGulLO) in the nectar from Mucuna sempervirens Hemsl
(Fabaceae), a perennial woody climber bean species that is
widely distributed in subtropical regions of China, Bhutan,
North East India (West Bengal, Manipur, Sikkim), Japan and
Myanmar. We then cloned the full-length cDNA sequence of
MsGulLO and a L-galactono-1,4-lactone dehydrogenase gene
(named as MsGLDH) which was used as a reference in the gene
expression and phylogenetic analysis. The functional difference
between MsGulLO and MsGLDH will be discussed in the
context of their phylogenetic relationship and gene expression.
MsGulLO was purified to near homogeneity from the nectar
using size-exclusion chromatography and the enzymatic activity
was assayed in vitro. The possible role of MsGulLO in the nectar
is also discussed.

MATERIALS AND METHODS

Mucuna sempervirens Floral Nectar
Collection, pH, Hydrogen Peroxide, AsA,
Glutathione, Sugars, and Protein Content

Determination

Three M. sempervirens (MS) plants grown in greenhouse at
Huangshan University (Anhui province, China) were used in
this study. Raw nectar was collected from MS flowers in April
2017. Pooled nectar was filtered through 0.22 pm syringe
filters (Millipore) to remove dirt and pollen granules from
the samples, and stored at —80°C prior to use. The pH of
individual nectar samples from 15 flowers was measured by using
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a pH meter (Model FiveGo F2, Mettler Toledo) with an InLab
Micro Probe (Mettler Toledo). Total sugar concentration of MS
nectar samples was estimated as the Brix value, obtained with
a low-volume hand-held refractometer (Eclipse, Bellingham and
Stanley, Tunbridge Wells, United Kingdom). The determination
of sugars and L-gulono-1,4-lactone in MS nectar was performed
with an EClassical 3100 high-performance liquid chromatograph
(Elite, Dalian, China) equipped with a refractive index detector
(RI-201H, Shodex, Japan). The separation was performed using
a carbohydrate column (SC1011, Shodex, Japan), and purified
water was used as an eluent for analysis at a flow rate of
0.8 ml min~! at 85°C. The concentration of hydrogen peroxide
in MS nectar samples was measured using a commercially
available colorimetric assay kit (Sangon Biotech Co., Ltd.,
Shanghai, China) according to the manufacturer’s instructions.
The concentration of total and reduced AsA in nectar was
determined following the method of Kampfenkel et al. (1995).
Glutathione (GSH) and oxidized GSH (GSSG) in nectar were
measured with a GSH/GSSG Assay Kit (Beyotime Biotech Co.,
Ltd., Shaghai, China). Protein content in the nectar samples was
determined according to the method of Bradford (1976), using
bovine serum albumin as the standard.

Two-Dimensional Gel Electrophoresis
(2-DE) and Mass Spectrometry

Because of high protein concentration in MS nectar, filtered
nectar was directly used for 2-DE without further concentration.
Isoelectrofocusing (IEF) was carried out using a PROTEAN
i12 IEF system (Bio-Rad) and a 7-cm Immobiline Dry Strips
(linear pH 3-10, Bio-Rad) as described in Ma et al. (2017).
Second-dimension electrophoresis was carried out on 12%
polyacrylamide gels in a Mini-PROTEAN Tetra system (Bio-Rad)
following the manufacturer’s instructions. The 2-DE gels were
double stained with Coomassie Brilliant Blue G250 and silver
nitrate. Samples were run in triplicate.

For protein identification, spots of interest were manually
excised from 2-DE gels and subjected to in-gel digestion using
trypsin as the protease, followed by protein identification using
a 5800 tandem matrix-assisted laser-desorption ionization time-
of-flight mass spectrometer (Applied Biosystems, Foster City,
CA, United States). The combined mass spectrometry (MS)
and tandem MS (MS/MS) peak lists were analyzed using
GPS (Global Proteome Server) Explorer Software 3.6 (Applied
Biosystems) with a Mascot search engine (MASCOT version 2.3;
Matrix Science, London, United Kingdom), and searched against
the National Center for Biotechnology Information database
(NCBIprot 20170707). The taxonomic restrictions were set to
NCBI-Other green plants. The MS proteomics data have been
deposited to the ProteomeXchange Consortium via the PRIDE
(Vizcaino et al., 2016) partner repository with the data set
identifier PXD010067.

Cloning of MsGuILO and MsGLDH

For RACE, total RNA samples were isolated from the
stylopodium (which contains the nectary) from MS flowers
(stage S4 as shown in Figure 1) using a RNeasy Plant

Mini kit (Qiagen) with an on-column DNase treatment
according to the manufacturer’s protocol. The quality and
concentration of extracted RNA was assessed using a Nanodrop
Spectrophotometer (ND-2000, Thermo Fisher Scientific).

A protein detected by the above analysis was determined to
be an L-gulonolactone oxidase, here named as MsGulLO. To
clone the full-length ¢cDNA of MsGuILO, a combination of 3’
and 5 RACE PCR was performed using a SMARTer RACE
cDNA Amplification Kit (Clontech) following the manufacturer’s
instructions. A primer named as GulLO-F for 3’ RACE was
designed according to the well conserved regions in sequence
alignments of five GulLO genes from Cajanus cajan (accession
no. XM020368474), Glycine max (accession no. XM003548358),
Lupinus angustifolius (accession no. XM019600852), Medicago
truncatula (accession no. XM013589106), and P. vulgaris
(accession no. XM007135246).

To clone the reference MS GLDH cDNA (here named as
MsGLDH), a primer named as GLDH-F was designed for
3’ RACE according to the conserved motif sequences of five
GLDH genes from Glycine max (accession no. NM001249443),
Lupinus angustifolius (accession no. XM019572875), Medicago
truncatula (accession no. XM003590185), P. vulgaris (accession
no. XMO007145487), and Vigna angularis (accession no.
XM017559956). The primers for 5 RACE were then designed
according to the sequence data from 3’ RACE for both GULO
and GLDH. Products of RACE reactions were directly sequenced
without any cloning steps. The resulting sequence reads were
assembled to generate the full length ¢cDNA sequences of
MsGulLO and MsGLDH. Primer sequences used are detailed in
Supplementary Table S1. The full length sequences of MsGuILO
and MsGLDH were deposited in GenBank.

Analysis of Gene Expression

To investigate the relative expression of MsGulLO and MsGLDH
transcripts in different plant organs, total RNA samples were
extracted from petals, calyx, and stamens of flowers, all at
developmental stage S4 (Figure 1), and from stems, leaves,
and roots. RNA was also extracted from stylopodia containing
nectaries from flowers at five different developmental stages
(S1, S2, S3, S4, and S5; Figure 1). MS flowers secrete nectar
from stage 4 until they are pollinated (Zha HG; personal
observation). cDNA synthesis was performed according to the
manual using the Transcriptor First Strand cDNA Synthesis
Kit (Roche Diagnostics) with oligo(dT) primer. Quantitive PCR
was performed with the LightCycler 96 system (Roche Applied
Science) and FastStart Essential DNA Green Master (Roche
Diagnostics). The PCR conditions were as follows: 94°C for 5 min
and then 45 cycles of PCR (95°C for 155, 53°C for 15 s and 72°C
for 15 s). Gene-specific primers (GulLORTF and GulLORTR for
MsGULLO; GLDHRTF and GLDHRTR for MsGLDH), designed
according to the cloned full-length sequences, are listed in
Supplementary Table S1. The abundance of transcripts was
analyzed using the delta delta Ct (ddCt) method based on
relative quantification with normalizing to the housekeeping
gene: 18S rRNA. The bean 18S rRNA specific primers, 18SF and
18SR, were used for the amplification. We also tested the EF-
Io and actin genes to be used as reference genes in qPCR, and
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FIGURE 1 | Mucuna sempervirens plant. (A) Inflorescence, stems and leaves. (B) The structure of flower, with nectary indicated by an arrow. (C) Different
developmental stages of flower. S1 stage, very young flower (corolla less than 1.5 cm long); S2 stage, young flower (corolla ca 2.5 cm long, almost half the length of
the adult flower); S3 stage, near adult flower with more than 3 cm long corolla but without enlarged calyx and nectar production; S4 stage, adult flower with nectar in
enlarged calyx and keel; S5 stage, old flower with keel opened, and pistil and stamen no longer contained within the keel.

all showed similar expression patterns. All qPCR experiments
were repeated with three independent biological replicates and
amplicon specificity was checked by high-resolution melting
curve analysis.

Bioinformatics Analyses

The theoretical isoelectric point (pI), molecular weight,
and hydrophobicity of MsGulLO were calculated using the
ProtParam tool available through the ExPasy Web site!
(Gasteiger et al., 2005). Protein domains were predicted using
the Pfam database’ (Finn et al, 2016). N-terminal signal
peptide and cleavage sites were predicted using SignalP 4.1
server’ (Nielsen, 2017). Predictions of MsGulLO and MsGLDH
subcellular localizations were performed by the TargetP
webserver* (Emanuelsson et al., 2007) and YLoc® based on the
“YLoc-HighRes Plants model” (Briesemeister et al., 2010).

Phylogenetic Analysis

Twenty six terminal enzymes in the biosynthesis of AsA or
its analogs, including both animals and plant sources, were
retrieved from Swiss-Prot and used for phylogenetic analysis,
including MsGulLO, MsGLDH, plant GulLOs, plant GLDHs,
animal GulLOs, ALOs, GulLDH, GalLO, and GUO. Molecular
Evolutionary Genetics Analysis (MEGA) software version 7.0
was used for the construction of sequence alignments and
phylogenetic trees with the amino acid sequences (Kumar
et al., 2016). Evolutionary trees were inferred using Maximum
Likelihood method. The LG (Le and Gascuel, 2008) model,
with invariant sites and gamma distribution (LG + I + G) was

Uhttp://web.expasy.org/protparam/
Zhttp://pfam.xfam.org
Shttp://www.cbs.dtu.dk/services/SignalP/
*http://www.cbs.dtu.dk/services/TargetP/
>http://abi.inf.uni- tuebingen.de/Services/YLoc/

estimated as the best-fitting model of amino acid substitution
from the data. Bootstrap values were calculated using 1000
replications.

MsGuILO Purification and Enzymatic

Assays

MsGulLO was part-purified from raw MS nectar using SEC.
Briefly, 20 ml pooled MS floral nectar was used for MsGulLO
purification. The proteins in the nectar were concentrated
10 times by ultracentrifugal filtering with Amicon Ultra
centrifugal filters (cut-off 10 kDa; Millipore). Two milliliter
of the concentrate was then applied onto a Superdex 75
column (60 cm x 1.6 cm) equilibrated in 100 mM sodium
acetate buffer, pH 5.0. The column was run at a flow rate of
30 ml h™!, and 1 ml fractions were collected. Protein elution
was monitored by A280. Peak fractions were analyzed by SDS-
PAGE under non-reducing conditions, and fractions (fraction
26-28; Supplementary Figure S1) containing MsGulLO protein
of sufficient purity were pooled, and quantified. The isolated
protein was run on a denaturing SDS polyacrylamide gel and
subjected to mass spectrometry (MALDI-TOF/TOF) to ascertain
its purity, then stored at —80°C until further use.

Raw MS nectar and isolated MsGulLO’s L-galactono-1,4-
lactone dehydrogenase activity, were each tested for their ability
to reduce cytochrome C at 550 nm, following Aboobucker
et al. (2017). The degree of L-gulono-1,4-lactone oxidase
activity in MsGulLO was measured by monitoring AsA
production in the reaction using L-GulL as the substrate,
following Aboobucker et al. (2017). MsGulLO’s oxidase activity
was assayed spectrophotometrically using an o-dianisidine-
peroxidase coupled assay with L-GulL, L-GalL, D-GluL, glucose,
fructose, mannose, sucrose, xylose, arabinose, and AsA as
substrates according to Bergmeyer (1974). All assays were
performed in triplicates, and the mean = standard deviations are
presented.
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RESULTS

Mucuna sempervirens Floral Nectar
Contains AsA and Hydrogen Peroxide,
but Not L-Gulono-1,4-Lactone

Mucuna sempervirens secretes nectar from flower developmental
stage S4 (Figure 1C) until pollinated; in total ca. 50~150 pl
of nectar per flower. MS nectar was acidic with a pH value
of 53 £+ 0.2 and a total sugar concentration of 25.0 £ 5.2
Brix°(mean & SD, n = 15). HPLC showed that MS nectar in
this study was a sucrose rich type, containing sucrose, glucose,
and fructose at a ratio of 1: 0.22: 0.32. L-gulono-1,4-lactone
was not detected in MS nectar by HPLC using refractive index
detection. The concentration of hydrogen peroxide detected in
MS nectar was 62.1 £ 10.5 pM (mean =+ SD, n = 15). The
concentration of total and reduced AsA in MS nectar were
4.3+ 0.5and 2.4 + 0.4 pM (mean = SD, n = 6), respectively. Only
oxidized GSH (GSSG) was detected in MS nectar, and this had a
concentration of 0.74 £ 0.07 WM (mean =+ SD, n = 6). The mean
concentration of protein in MS nectar was 370 g ml~! (n=15)
which was almost ten times higher than reported Canavalia
gladiata and Nicotiana tabacum nectar protein concentration and
didn’t need to be concentrated before used for gel electrophoresis
analysis (Zha et al., 2012; Liu et al., 2013; Ma et al., 2017).

A Plant L-Gulonolactone Oxidase

Homolog Was Detected in MS Nectar

To identify MS nectar proteins, we performed 2D gel
electrophoresis of MS nectar, which yielded more than 10
spots in the gel after visualization by Coomassie Brilliant Blue
G-250 and silver staining (Figure 2). As we previously reported,
most of the MS nectar proteins were alkaline, and ranged in
molecular mass from 17 to 100 kDa (Zha et al., 2013). All
visible protein spots (19 in total) were subjected to tryptic
digestion and then analyzed by MALDI-TOF/TOF. Because
proteins might be truncated or modified during the process
of 2-DE, different spots in the gel could represent the same
protein. In this study, three proteins were successfully identified
by mass spectrometry (MALDI TOEF/TOF): L-gulonolactone
oxidase, a desiccation-related protein, and a pathogenesis-related
protein 1-like protein (Figure 2 and Supplementary Table S2).
From the first three spots, two peptides, QEDAIDFDITYYR
(MW 1648.67) and LYEDIIEEVEQLGIFK (MW 1937.91),
were identified; these matched the identity of L-gulonolactone
oxidases from Glycine max (accession no. XP_006604910),
Cajanus cajan (accession no. XP_020213315), and Malus
domestic (accession no. XP_008353193). Therefore, the protein
identified as an L-gulonolactone oxidase in MS nectar was
designated as MsGulLO.

MsGuilLO cDNA Cloning and Amino Acid

Sequence Analysis

Using a combination of 5 and 3'RACE methods, full-
length cDNAs encoding MsGulLO and MsGLDH were cloned
(accession numbers MF327592 and MGO021324, respectively).

3 pl 10
P T T —— T
150 1. L-gulonolactone oxidase (MsGulL0)
100
s 4
70
2, 3. L-gulonolactone oxidase (MsGulLO)
= 50“ o
e
~— 4. desiccation-related protein 3
o 5, desiccation-related protein
‘% 35 1 ’ ¥
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o 6. unknown
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FIGURE 2 | Mucuna sempervirens nectarines on 2D gel. Identified nectar
proteins on the gel, including MsGuILO, are indicated by arrows.

The MsGulLO gene consists of 1722 bp, and encodes a protein
of 573 amino acids. In a BLAST search, this gene showed high
identity with reported plant GulLOs, with the highest identity
(90%) with the sequence of Glycine max L-gulonolactone oxidase-
4 (accession no. XM_006604847). However, the closest match
with a well functional characterized animal GulLO (accession
no. P10867 from Rattus norvegicus) was only 27%. The full
amino acid sequence of MsGulLO was deduced from the cDNA
sequence, and subjected to a Pfam search which revealed an
ALO family domain at positions 375-520 (E-value: 5.6e~13) and
an FAD binding domain at positions 2-133 (E-value: 6.3¢~22).
However, in common with other plant GulLOs, MsGulLO
doesn’t have a FAD-binding motif in its N terminus (Leferink
et al, 2008; Aboobucker and Lorence, 2016). The mature
MsGulLO protein had a neutral isoelectric point of 6.72, and a
predicted molecular mass of 61,962.52 Da which is consistent
with the 2-DE results (Figure 2). The first 18 amino acids of
MsGulLO were predicted to form a signal peptide by SignalP,
which suggested that MsGulLO is a secreted protein. In addition,
TargetP and YLoc predicted that MsGulLO would enter the
secretory pathway, and become located in extracellular space.
Mature MsGulLO is predicted to be a stable and hydrophilic
protein, with an instability index (II) of 30.23, and a grand average
of hydropathicity (GRAVY) score of —0.315. These predictions
are in agreement with the hypothesis that MsGulLO is secreted
out from the nectary, and presents as a soluble protein in nectar.

The mass spectrometric data of MsGulLO confirmed the
presence of 17 peptides that matched the predicted masses
derived from the translated sequence of the MsGulLO gene
(Supplementary Table S3). These peptides covered 36.8% of the
total amino acid sequence of the mature MsGulLO protein. Thus,
we conclude that the MsGuILO gene encodes a plant L-gulono-
1,4-lactone oxidase homolog, MsGulLO.

The MsGLDH gene consists of 1752 bp, and encodes a
protein of 583 amino acids. The sequence of the MsGLDH
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gene showed high identity with reported plant GLDHs,
with the highest identity (93%) being to the sequence of
Cajanus cajan L-galactono-1,4-lactone dehydrogenase (accession
no. XM_020367752). The MsGLDH protein was alkaline
(theoretical pl: 8.46) and had a predicted molecular mass of
66,171.67 Da. Two ALO family domains at positions 255-
343 and 370-576 (E-value: 8.5¢ % and 8.8e™'?), and an FAD
binding domain at positions 4-135 (E-value: 2.5¢728) were
detected in this MsGLDH protein sequence by Pfam search.
However, unlike MsGulLO, MsGLDH was predicted to be
a mitochondrial protein, containing no signal peptide but a
FAD-binding motif in the N terminus. This prediction is in
agreement with plant GLDHs being localized in the mitochondria
(Aboobucker and Lorence, 2016). MsGLDH had an instability
index (II) of 44.97, which indicated that it is not theoretically
stable.

MsGuILO and Other Plant GulLOs Are
Divergent From Other Aldonolactone

Oxidoreductases

From the protein sequences available, an unrooted maximum
likelihood phylogenetic tree was produced (Figure 3). It
showed that those aldonolactone oxidoreductases that function
as terminal enzymes in the biosynthesis of AsA in different
organisms formed two distantly related clades. MsGulLO was
grouped with other plant GulLOs with strong support values.
Plant GLDHs, animal GulLOs, ALOs, GulLDH, GalLO, and GUO
from other organisms formed another clade. Based on this, we
speculated that so-called plant GulLOs have functions that are
distinct from animal GulLOs and other well-established terminal
enzymes in AsA biosynthesis. All seven GulLOs from Arabidopsis
thaliana (AtGulLOs) were incorporated in this analysis and
MsGulLO was closely related to the clade formed by AtGulLO
2,5, and 6. Transgenic analysis suggested that AtGulLO 5 played
roles in AsA biosynthesis (Maruta et al., 2010; Aboobucker et al.,
2017), which indicates that MsGulLO probably has a similar
function.

MsGulILO Is Mainly Expressed in the MS

Nectary
Expression analysis of the MsGulLO gene in MS leaf, stem,
root, petal, stamen, and nectaries at five developmental stages
was accomplished by qRT-PCR. The relative expression level
of MsGulLO was high in nectaries at developmental stage 3,
4, and 5 (Figure 4A). MsGulLO transcripts were also detected
in petal, stamen, and nectary at developmental stage 2, and in
much lower quantities in the stem; they were not detected in
the root, leaf, petal, or nectary at developmental stage 1. Our
results indicate that MsGulLO is mainly expressed in flowers,
and especially in the nectary. MsGulLO gene transcripts start to
accumulate in the nectary ahead of blooming, and before nectar
secretion, which demonstrates that it is synthesized before these
things happen.

However, MsGLDH showed a completely different expression
pattern to MsGulLO (Figure 4B). MsGLDH transcripts were
detected in all the tissues tested in this study. Unlike MsGulLO,

PlantGulLOs

PgGuo

Plant GLDHs

FIGURE 3 | Phylogenetic analysis of 26 terminal enzymes that are involved in
the biosynthesis of AsA or its analogs. The phylogenetic relationship was
reconstructed by using the Maximum Likelihood method and the Le and
Gascuel (2008) model by Mega 7.0. MsGuILO is indicated by a star. Plant
GulLOs, plant GLDHSs, and animal GulLOs are circled. Numbers on branches
indicate the bootstrap percentage values (>80%) calculated from 1000
bootstrap replicates. The species used in the unrooted phylogeny tree
construction are as follows, with names followed by accession number.
GulLOs from plants: Amborella trichopoda (AMtGulLO; W1PKS5), Arabidopsis
thaliana (AtGulO1 to AtGulO7; Q9C614, QBNQ6E6, QILYDS, QIFM82,
081030, 081032, and Q9FM84), Medicago truncatula (MtGuILO;
AOAO072TYF3), Mucuna sempervirens (MsGulLO; AOA290U7F5), Nicotiana
tabacum (NtGUILO; AOA1S4B1A6), Oryza sativa (OsGulLO; Q10164), Ricinus
communis (ReGulLO; BOSVF9), Triticum aestivum (TrAGUILO; AOAQ77RZP9);
GulLOs from animals: Bos taurus (BtGulLO; Q3ZC33), Rattus norvegicus
(RnGuILO; P10867), Sus scrofa (SsGulO; Q8HXWO); GLDHs from Arabidopsis
thaliana (AtGLDH; Q9SU56), Mucuna sempervirens (MsGLDH; AVYM41577),
Oryza sativa (OsGLDH; Q2QXY1); ALOs from Candida albicans (CaALO;
093852), Leishmania donovani (LAALO; C8CCV9), Saccharomyces cerevisiae
(SCALO; P54783). GUILDH from Mycobacterium tuberculosis (MtGuILDH;
POWITS). GalLO from Trypanosoma cruzi (TcGalLO; Q4DPZ5). GUO from
Penicillium griseoroseum (PgGUO; Q671X8).

the relative expression level of MsGLDH was low in nectaries
at developmental stage 3, 4, and 5, but high in developmental
stage 1 and 2 (Figure 4B). Therefore, MsGLDH is shown
to be constitutively expressed and its function might not be
related with nectary or flower development. It is consistent
with this that no MsGLDH was detected in MS nectar in this
study.
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MsGulLO Had No L-Gulono-1,4-Lactone
Oxidase or L-Gulono-1,4-Lactone
Dehydrogenase Activity in AsA

Biosynthesis

In this study, MsGulLO was isolated from MS nectar proteins
and other nectar components, such as sugars, using SEC,
and the elution profile of MS nectar proteins is depicted in
Supplementary Figure S1. MsGulLO containing fractions (no.
26-28) were pooled for subsequent analysis (Supplementary
Figure S1). The isolated MsGulLO migrated as one major band
in SDS-PAGE gel with a MW of 70 kDa with several very weak
bands (Figure 5). The mass spectrometric peptide fingerprinting

analysis proved that the part-purified protein was identical to the
MsGulLO protein identified from 2-DE gel (data not shown).
Both raw MS nectar and isolated MsGulLO showed no
GLDH and GulLO activity as animal GulLOs, and no AsA
was generated during the assay; this is consistent with
purified recombinant AtGulLO5 having no GulLO activity
(Aboobucker et al., 2017). AtGulLO5 was demonstrated to have
GLDH activity (Aboobucker et al., 2017), but this study showed
no GLDH activity for MsGulLO. Using an o-dianisidine-
peroxidase coupled assay, MsGulLO showed weak oxidase
activity toward L-GulL (0.08 % 0.02 units mg~!), L-GalL
(0.10 £ 0.02), D-GluL (0.08 % 0.02), glucose (0.08 & 0.02),
and fructose (0.06 4+ 0.01) (mean & SD, n = 3 in each case).
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L-GulL, L-GalL, and D-GIuL were not detected in MS nectar by
using HPLC with refractive index detection. MsGulLO showed
no oxidase activity to raffinose, mannose, sucrose, arabinose,
and AsA even though both sucrose and AsA were present in
MS nectar. Therefore, both glucose and fructose are probably
MsGulLO’s natural substrates.

DISCUSSION

AsA (vitamin C) is an enzyme co-factor in eukaryotes that also
plays an important role in protecting photosynthetic eukaryotes
against damaging ROS derived from the chloroplast (Wheeler
et al., 2015). In many animal lineages, L-gulonolactone oxidase
(GulLO) is the terminal enzyme in the AsA biosynthetic
“animal” pathway. Growing molecular and biochemical evidence
from photosynthetic eukaryote lineages has demonstrated an
alternative “plant” pathway, also called the “Smirnoff-Wheeler
pathway,” in which GulLO is functionally replaced with GLDH
(Wheeler et al., 2015). Another AsA biosynthetic pathway
existing in plants has been suggested in which the oxidation
of L-GulL to AsA is the final step, and GulLO is the terminal
enzyme (Maruta et al., 2010; Aboobucker et al, 2017). An
enzyme family in plants, which includes AtGulLO1~7 from
A. thaliana, was reported to exhibit some similarity to animal
GulLO (Maruta et al., 2010). Therefore, detailed characterization
of the plant GulLOs is important, but it remains very rare.
Maruta et al. (2010) reported that overexpression of AtGulLO
2, 3, or 5 in tobacco cell lines could result in increased AsA
levels after L-GuL feeding. However, they failed to obtain the

recombinant protein and test the enzymatic activity directly.
Until recently, the recombinant AtGulLO5 was firstly isolated
and characterized in vitro and demonstrated to be not an oxidase
but a dehydrogenase which could convert L-GulL to AsA with
an absolute specificity for L-GulL (Aboobucker et al., 2017). This
investigation also demonstrated that AtGulLO5 is different from
the existing plant GLDHs (specific to L-GalL) or mammalian
GulLOs.

Here we describe the characterization of an AtGulLO5
homolog, MsGulLO, from the legume Mucuna sempervirens
(MS), achieved by direct protein purification, enzymatic assays,
gene cloning, and expression analysis. Our data did not support
the hypothesis that MsGulLO and its plant homologs are
the terminal enzyme in the suggested alternative plant AsA
biosynthetic pathway. First, no L-gulonolactone oxidase or
dehydrogenase activity was detected. Adding L-GulL into MS
nectar or isolated MsGulLO did not result in any detectable
AsA generation, which likewise indicates that MsGulLO can’t
convert L-GulL to AsA (data not shown). In addition, no L-
GulL could be detected in MS nectar. Secondly, it is known that
flavin plays essential roles in both animal GulLO and plant GLDH
activity (Smirnoft, 2001). However, MsGulLO is not a flavin-
containing protein, and no flavin could be detected in MS nectar
by fluorescence analysis. The presence or absence of FAD from
the system had no effect on MsGulLO’s oxidase activity (data not
shown). The FAD-binding motif is not present in the protein
sequence of MsGulLO, AtGulLOs, or other so-called plant
GulLOs (Leferink et al., 2008; Aboobucker and Lorence, 2016).
This indicated that plant GulLOs might have different activity
and/or a distinct catalysis mechanism from animal GulLOs.
Thirdly, all plant GulLOs including MsGulLO and AtGulLOs
were predicted to be secretory proteins with a predicted signal
peptide. Our finding confirmed this prediction because MsGulLO
is secreted into nectar and mainly expressed in the flower and
nectary. However, animal GulLOs and plant GLDHs are not
secretory proteins (Wheeler et al, 2015). Plant GLDHs are
located in mitochondria, and have a different destination from
plant GulLOs. This also suggests that Plant GLDHs and GulLOs
carry out different functions in plants. Fourthly, even though
plant GulLOs share high sequence similarity with each other,
the identity between plant GulLOs and animal GulLOs is very
low, less than 30% (Aboobucker and Lorence, 2016). Phylogenetic
analysis also showed that plant GLDHs are far closer to animal
GulLOs than either are to plant GulLOs, which indicates that
plant GulLOs probably have a different evolutionary origin to
either, and perform a different physiological function. Fifthly,
AsA is mostly produced and accumulates in photosynthetic
organs in land plants, such as leaves (Gest et al., 2013). However,
in this study, no MsGulLO transcripts were detected in leaves.
Therefore, MsGulLO looks unlikely to be involved in AsA
biosynthesis.

The true function of MsGulLO in MS nectar remains unclear.
Isolated MsGulLO did show a weak glucose and fructose oxidase
activity, which could produce hydrogen peroxide using glucose
and fructose as the substrate. High concentrations of hydrogen
peroxide in nectar has been deemed to protect the nectary
from microorganism growth (Carter and Thornburg, 2004a;
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Nocentini et al., 2015; Roy et al, 2017). To our knowledge,
nectarin V (NEC5) from tobacco plants is the only protein
exhibiting glucose oxidase activity that has been identified in
nectar, and NECS5 is a flavin-containing berberine bridge enzyme-
like protein (Carter and Thornburg, 2004b). With the high
concentration of simple sugars present in tobacco nectar, the
likely function of NEC5 was to generate the antimicrobial
levels of hydrogen peroxide found therein; it hence plays an
important role in the “nectar redox cycle”(Carter and Thornburg,
2004a). Both MsGulLO and NECS5 have glucose oxidase activity,
but MsGulLO didn’t require FAD for its oxidase activity. We
determined that glucose, fructose and hydrogen peroxide all
coexist in MS nectar even though the concentration of hydrogen
peroxide was not as high as in reported tobacco nectar (Carter
and Thornburg, 2004a). Because the concentration of AsA was
ten times less than that of hydrogen peroxide in MS nectar,
it is doubtful that AsA could detoxify hydrogen peroxide in
the nectar. We also noticed that the concentration of hydrogen
peroxide in individual MS nectar samples from different flowers
could vary dramatically. It looks like that the generation of
hydrogen peroxide in nectar might be triggered by some external
stimulus, such as microorganisms introduced by pollinators or
wind, and that it is under rapid regulation. In addition, MsGulLO
has no ascorbate peroxidase activity, and we found that it could
not produce hydrogen peroxide using AsA as the substrate (data
not shown). Thus, we suggest that MsGulLO might function
in the generation of hydrogen peroxide in nectar using glucose
and fructose as substrate. However, the mechanism regulating
hydrogen peroxide metabolism in nectar is still unknown, and
hence requires further investigations. Even though AsA was
detected in MS nectar, we couldn’t find any evidence to link
MsGulLO’s activity with the generation of AsA.

CONCLUSION

In this study, an L-gulonolactone oxidase like protein (MsGulLO)
was identified in the floral nectar from MS (Fabaceae) by 2-DE
and mass spectrometry. The full length MsGuILO ¢cDNA was
cloned, and found to encode a protein of 573 amino acids with
a predicted signal peptide; it was hence predicted to enter the
secretory pathway. MsGulLO has high similarity to other plant
GulLOs, such as AtGulLO5 in A. thaliana which was suggested to
be involved in the pathway of L-AsA biosynthesis. Phylogenetic
analysis shows that MsGulLO and plant GulLOs are divergent
from animal L-gulonolactone oxidases, whose functions are well
characterized. MsGulLO was a secreted protein and expressed
only in flowers and especially in nectary before blooming.
However, cloning and gene expression analysis showed that

Aboobucker, S. 1, and Lorence, A. (2016). Recent progress on
the characterization of  aldonolactone oxidoreductases. Plant
Physiol. Biochem. 98, 171-185. doi: 10.1016/j.plaphy.2015.
11.017

Aboobucker, S. 1., Suza, W. P., and Lorence, A. (2017). Characterization of two
Arabidopsis L-gulono-1,4-lactone oxidases, AtGulLO3 and AtGulLO5, involved

MsGLDH, a validated vital enzyme in plant AsA biosynthesis,
was located in the mitochondria, whereas it is expressed in
flowers, roots, stems, and especially leaves. MsGulLO was purified
to near homogeneity from raw MS nectar by gel filtration
chromatography. The enzyme was determined to be a neutral
monomeric protein with an apparent molecular mass of 70 kDa.
MsGulLO is not a flavin-containing protein and has no regular
GulLO or GLDH activity, however, it does have oxidase activity
using glucose and fructose as natural substrates. MsGulLO
is suggested to function in maintaining the homeostasis of
hydrogen peroxide in nectar but to not be involved with AsA
biosynthesis in nectar or other tissues in the plant.
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Nectar Sugar Modulation and Cell
Wall Invertases in the Nectaries of
Day- and Night- Flowering Nicotiana

Kira Tiedge and Gertrud Lohaus*

Molecular Plant Science/Plant Biochemistry, University of Wuppertal, Wuppertal, Germany

Nectar composition varies between species, depending on flowering time and pollinator
type, among others. Various models of the biochemical and molecular mechanisms
underlying nectar production and secretion have been proposed. To gain insights into
these mechanisms, day- and night-flowering tobacco (Nicotiana) species with high or
low proportions of hexoses in the nectar were analyzed. Nectar and nectaries were
simultaneously collected, throughout the day and night. Soluble sugars and starch were
determined and the activity and expression level of cell wall invertase (CW-INVs) were
measured in nectaries. Nectaries and nectar of the five Nicotiana species contained
different amounts of sucrose, glucose, and fructose. CW-INV activity was detected
in the nectaries of all Nicotiana species and is probably involved in the hydrolysis of
sucrose in the nectary tissue and during nectar secretion. The larger differences in the
sucrose-to-hexose-ratio between nectaries and nectar in diurnal species compared to
nocturnal species can be explained by higher sucrose cleavage within the nectaries in
night-flowering species, and during secretion in day-flowering species. However, cell
wall invertase alone cannot be responsible for the differences in sugar concentrations.
Within the nectaries of the Nicotiana species, a portion of the sugars is transiently stored
as starch. In general, night-flowering species showed higher starch contents in the
nectaries compared to day-flowering species. Moreover, in night flowering species, the
starch content decreased during the first half of the dark period, when nectar production
peaks. The sucrose concentrations in the cytoplasm of nectarial cells were extrapolated
from nectary sucrose contents. In day-flowering species, the sucrose concentration in
the nectary cytoplasm was about twice as high as in nectar, whereas in night-flowering
species the situation was the opposite, which implies different secretion mechanisms.
The secreted nectar sugars remained stable for the complete flower opening period,
which indicates that post-secretory modification is unlikely. On the basis of these results,
we present an adapted model of the mechanisms underlying the secretion of nectar
sugars in day- and night-flowering Nicotiana.

Keywords: floral nectar, nectaries, cell wall invertase, tobacco, Nicotiana, sugar composition, diurnal/nocturnal

INTRODUCTION

Nectar is a sugar-rich solution which is produced by most angiosperm plants to fulfill extensive
functions, e.g., the attraction of pollinators and protection against herbivores (Brandenburg et al.,
2009; Gonzélez-Teuber and Heil, 2009; Adler et al., 2012). Nectar is produced by and secreted from
nectaries, which are highly specialized glands, and the surrounding tissue. In Nicotiana, all floral
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nectaries are located at the basal side of the gynoecium
(Bernardello, 2007) and during nectary development, B-carotene
is expressed, which results in an orange coloring (Horner
et al., 2007). The synthesis and secretion of floral nectar has
been the subject of several studies, and different models on
the biochemical and molecular mechanisms underlying nectar
secretion have been proposed (Ge et al,, 2000; Horner et al,
2007; Kram et al., 2009; Mosti et al., 2013; Stpiczynska et al,,
2014). But due to the enormous diversity of flowering plants,
there are still several variables that warrant further study (Roy
et al., 2017). A very basic theory of nectar secretion proposes
an apoplastic movement of metabolites from the phloem to
the nectary surface (Vassilyev, 2010). However, the metabolite
composition differs between the phloem sap and the nectar
(Lohaus and Schwerdtfeger, 2014), which does not support
the proposed apoplastic method of nectar secretion. Other
hypotheses propose that various enzymes and transport proteins
are involved in nectar production. For certain plant species, an
eccrine secretion mode has been proposed, wherein sucrose is
delivered from the phloem to the nectary parenchyma cells, and
there the sucrose is transiently converted to starch or exported
to the apoplast directly. A plasma membrane-localized sucrose
transporter SWEET9 is essential for this transport (Lin et al.,
2014). SWEETY functions as a facilitated diffusion transporter
for sucrose, and mutants lacking SWEET9 do not produce
nectar, e.g., in Nicotiana attenuata (Lin et al., 2014). Once
sucrose is exported from the nectary, it is then hydrolysed by
an extracellular cell wall invertase (CW-INV) into glucose and
fructose (Ruhlmann et al., 2010). In a third proposed secretory
mechanism, nectar metabolites are transported symplastically
to the outer nectary cells and then packed into vesicles, which
are produced by the endoplasmic reticulum (ER) or the Golgi
complex, to fuse with the plasma membrane and release the
nectar metabolites to the nectary surface (Fahn, 1979a,b). These
three models for nectar secretion are not necessarily mutually
exclusive, and other modes of nectar secretion can occur in
different plant species.

In some plant species, starch accumulates in the nectaries
and peaks approximately 24 h before anthesis and then declines
rapidly, which is the basis for the hypothesis that starch is one
source of sugars for nectar production before and during nectar
secretion (Nepi et al., 1996; Horner et al., 2007; Ren et al,
2007a,b). Genes encoding anabolic enzymes involved in starch
synthesis were found to be more highly expressed at the early
stages of nectary development, and genes encoding catabolic
enzymes were expressed at later stages (Ren et al, 2007a).
However, studies on lychee (Litchi chinensis) floral nectaries have
shown that the nectar sugar is composed of both phloem sap and
products of starch degradation in the nectaries (Ning et al., 2017).

Of the sugars found in nectar, the most prevalent are
sucrose and the hexoses glucose and fructose (Percival, 1961;
Baker and Baker, 1983; Tiedge and Lohaus, 2017). Given
that hexoses are typically not components of the phloem sap
(Lohaus and Schwerdtfeger, 2014), the proportion of hexoses in
nectar depends on the presence and activity of sucrose-cleaving
enzymes. Sucrose cleavage in plants can be catalyzed by at least
two types of enzymes: reversible sucrose cleavage is catalyzed

by sucrose synthase (SuS; EC 2.4.1.13), a glycosyltransferase;
and irreversible sucrose cleavage is catalyzed by invertases,
which catalyze hydrolysis (B-fructofuranosidases; EC 3.2.1.26).
Invertases exist in numerous isoforms with various subcellular
localizations and biochemical properties (Roitsch and Gonzélez,
2004). These enzymes can be classified into three groups: vacuolar
invertases (V-INVs), extracellular invertases (CW-INVs), and
neutral invertases (N-INVs). Whereas N-INVs have an alkaline
pH-optimum, V-INVs and CW-INVs are so-called “acidic
invertases” because they work most efficiently between pH 4.5
and 5.0. Extracellular invertases are non-soluble proteins that
are ionically bound to the cell wall (Sturm, 1999). A separate
gene encodes for each of the isoforms, which have a high
identity and share common features, e.g., the pentapeptide
NDPNG (BF-motif) close to the N-terminus of the mature
protein, and WECXDE, an amino acid sequence closer to the
C-terminus (Sturm and Chrispeels, 1990; Roitsch and Gonzdlez,
2004).

For some plant species, e.g., carrot (Daucus carota) and tomato
(Solanum lycopersicum), different organ- and development-
stage-specific expression patterns of acid invertase were shown
(Sturm et al., 1995; Godt and Roitsch, 1997). Usually, invertase
expression is increased in rapidly growing tissues with a high
demand for hexoses (Weschke et al., 2003). Interestingly, for both
carrot and tomato, the mRNA expression of an acidic invertase
was found to be specific to flowers and flower buds (Lorenz et al.,
1995; Godt and Roitsch, 1997). It was assumed that this flower-
specific extracellular invertase is essential for male and female
organ development, e.g., to supply the anthers with carbohydrates
(Dorion et al., 1996; Godt and Roitsch, 1997). More recently,
it was shown that CW-INV is also crucial for nectar secretion
in Arabidopsis (Ruhlmann et al., 2010). AtCWINV4 expression
was found to be highly up regulated in nectaries of A. thaliana
compared to other tissues (Kram et al,, 2009). Furthermore,
two independent cwinv4-mutant lines with greatly diminished
activity of total CW-INV in whole Arabidopsis flowers secreted no
nectar, although the nectary ultrastructure appeared to be similar
to that of wild-type plants (Ruhlmann et al., 2010).

The genus Nicotiana is highly diverse in terms of flower
morphology and pollination mode. In a study involving 20
Nicotiana species, the sugar concentration in the nectar of
several day- and night flowering species was measured (Tiedge
and Lohaus, 2017). The genus Nicotiana contains species with
sucrose-rich nectars as well as hexose-rich nectars, and the exact
nectar composition depends on the pollinator type, flowering
time, corolla length and other environmental factors (Tiedge and
Lohaus, 2017). The sucrose-to-hexose ratio ranged from 0.1 to 2.0
and was fairly consistent within a given species.

This finding raises the question of whether the sugar
composition in nectar is a result of the sugar composition in
the nectaries. Alternatively, a lower sucrose content in nectar
could reflect higher invertase activity in the nectaries and during
nectar secretion. Furthermore, we aimed to investigate potential
differences in invertase expression and activity over the course of
a day, in consideration of flower opening and nectar production
times. In addition to these pre-secretory and secretory processes,
post-secretory processes could also be responsible for varying
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sugar composition. In such a scenario, the nectar itself must
contain sugar cleaving enzymes.

To further investigate the mechanism underlying nectar
production and secretion, five tobacco species with varying
properties were examined. Two day-flowering species
(N. tabacum and N. africana) as well as two night-flowering
species (N. sylvestris and N. benthamiana) were included. Within
each category (day- or night-flowering), one species had a high
sucrose content and one species had a low sucrose content
(Figure 1). For reproduction, these species rely on pollination
either by diurnal birds (N. africana: sunbirds; N. tabacum:
hummingbirds), nocturnal moths (N. sylvestris), or otherwise
the species is primarily autogamous (N. benthamiana) (Tiedge
and Lohaus, 2017). Additionally, N. attenuata was chosen, which
opens its flowers at twilight both in the evening and in the
morning and is therefore less dependent on a specific pollinator
(Kessler and Baldwin, 2007). To investigate whether the nectar
sugar content primarily depends on pre-secretory processes,
the secretion process, or post-secretional modification, nectar
sugars were compared to nectary sugars at multiple time points
per day; additionally, the invertase activity and expression were
measured, and post-secretional activity was recorded.

MATERIALS AND METHODS
Plant Material

Nicotiana attenuata seeds were provided by the Max Planck
Institute for Chemical Ecology (Jena, Germany), N. benthamiana
seeds were provided by the University of Rostock (Germany),
N. africana and N. sylvestris seeds were provided by the Botanical
Garden of Ruhr University Bochum (Germany), and N. tabacum
seeds were provided by 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. Cultivation was
carried out with a 14-h-light/10-h-dark cycle, an irradiance of
approximately 300 wmol photons m~2 s~! and a temperature
regime of 25°C day/18°C night.

Collection of Nectaries and Nectar

Each sample (~100 mg) of nectary tissue comprised 20-50
nectaries, depending on the species. At each time point (2 p.m.,
8 p.m.,, 2 am., and 8 a.m.), three samples were taken. To collect
the nectaries, the gynoecia were extracted from the flowers, and
the nectary tissue was dissected with a scalpel and rinsed with
ultrapure water to remove external sugars. All samples were
immediately frozen in liquid nitrogen and stored at —80°C until
further analysis. The weight of a single nectary was calculated as
follows:

Weight per floral nectary [mg] = 100 mg / number of nectaries

collected per sample

For each species, at least three nectar samples were
taken from three plants at all four time points. The nectar
samples were collected with micropipettes, assayed for microbial
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FIGURE 1 | Nicotiana species arranged by flowering time and sucrose
content. The flower sizes are depicted to relative scale.

contamination according to Tiedge and Lohaus (2017) and stored
at —80°C until further analysis. In addition, nectar samples were
also analyzed by light-microscopy to exclude contamination with
pollen. The nectar samples used for post-secretional experiments
were left at room temperature for 12, 24, and 48 h. The water
content of the nectaries and leaves was determined by drying and
weighing those tissues. The following calculation was used:

Water content =1 — (dry weight [mg] / fresh weight [mg])

Analysis of Sugars and Starch in
Nectaries and Nectar

For the extraction of soluble metabolites from nectary tissue,
a  chloroform-methanol-water extraction was performed
(Nadwodnik and Lohaus, 2008). The analysis of sugars in nectar,
nectaries and leaves via HPLC was conducted according to
Lohaus and Schwerdtfeger (2014). Nectar was filtered (0.2 pm
nitrocellulose; Schleicher and Schuell, Germany) before HPLC
measurements to exclude contamination with pollen. An ion
exchange column (CarbopacTM PA10 4 mm x 250mm; Dionex
Corp, Sunnyvale, CA, United States) was eluted isocratically with
80 mM NaOH (JT Baker Chemicals). Sugars were detected with
a pulse amperometric detector with a gold electrode (ESA Model
5200, Coulochem II, Bedford, MA, United States). The pulse
setting was 50, 700, and —800 mV for 400, 540 and 540 ms,
accordingly. For external calibration, sugar standards (Sigma-
Aldrich, Germany) were measured in parallel. The evaluation of
the chromatograms was performed with an integration program
(Peaknet version 5.1, Dionex). Starch content of nectaries was
determined according to a modified protocol from Riens et al.
(1994).

Expression of CWINV

RNA from approximately 50 mg of nectariferous tissue was
isolated using a modified protocol from Logemann et al. (1987),
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where cetyltrimethylammonium bromide (CTAB) is used to
inactivate RNase activity and to form a complex with RNA
without adding guanidine. Synthesis of cDNA was performed
using the RevertAid™ First Strand cDNA Synthesis Kit (Thermo
Fisher Scientific, Sankt Leon-Rot, Germany) with oligo(dT);g
primers. Degenerated primers were designed to amplify CW-
INV sequences of the different Nicotiana species. The obtained
sequences were cloned with the pGEM®-T Easy Vector
System (Promega Corporation, Madison, IW, United States)
for sequencing, and suitable specific primers for quantitative
real-time polymerase-chain-reaction (qQRT-PCR) were selected.
For verification of the obtained primers and sequences,
amplification with proof read polymerase (Phusion High-
Fidelity DNA-Polymerase, Thermo Fisher Scientific, Waltham,
MA, United States) and blasting with known sequences from
NCBI (National Center for Biotechnology Information, Bethesda,
MD, United States) was performed. QRT-PCR analyses were
performed using a Maxima SYBR Green qPCR Master Mix
(Thermo Fisher Scientific, Waltham, MA, United States) and a
Mx3005P gPCR System (Agilent Technologies Inc., Waldbronn,
Germany). Efficiencies of the PCRs were calculated with slopes of
standard curves of twofold dilutions. For each species two stable
reference genes were used for normalization (Vandesompele
etal., 2002; Schmidt and Delaney, 2010; Liu et al., 2012). The first
sample of each experiment was used as a calibrator, which was set
to one, and further samples are given as relative expression levels
to the calibrator. For each condition three biological replicates
with two technical replicates each were tested. A list of the
primers used for each species can be found in Supplementary
Table 1.

Enzyme Assay for CWINV, Soluble Acid
Invertase, and Neutral Invertase

Proteins were extracted from 25 mg nectary tissue each as
described by Wright et al. (1998). CW-INV activity was assayed
according to Heineke et al. (1992). An aliquot of the protein
extracts was added to 0.6 M sucrose and 0.125 M sodium acetate,
pH 5.0. Soluble acid invertase activity was measured with the
soluble protein fraction. An aliquot of the protein extracts was
added to 0.6 M sucrose and 0.125 M sodium acetate, pH 5.0.
Soluble neutral invertase activity was measured with the soluble
protein fraction, too. An aliquot of the protein extracts was added
to 0.6 M sucrose and 0.125 M sodium acetate, pH 7.5. After
10 min, the reaction was completely stopped by boiling and
subsequently, the amount of glucose released was determined by
coupled optical enzyme assay. All enzyme assays were conducted
from six biological replicates with two technical replicates each.
About 5 LL of nectar were also used to assay invertase activity.

RESULTS

Sugar Concentrations in Nectar and
Nectaries During the Light and Dark

Period
The sugar content in both nectar and nectaries was primarily
composed of glucose, fructose, and sucrose. Other sugars,

including maltose, were not found in any of the samples. The
total sugar concentration in nectar ranged from 1042 £ 86
to 3183 + 186 mM, depending on the species and collection
time (Figure 2). The day-flowering species (N. africana and
N. tabacum) had the highest nectar sugar concentration during
the day, which decreased continuously at night. In the case
of night-flowering tobacco (N. benthamiana, N. sylvestris), the
lowest sugar concentration in nectar was also found in the first
half of the night period, but the concentration increased during
the second half of the night period. Day- and night-flowering
N. attenuata behaved like N. benthamiana (Figure 2).

By measuring the sugar content in the nectaries in micromole
per gram fresh weight and the water content of the nectaries,
it was also possible to determine the sugar concentration in the
nectaries. The total sugar concentration in the nectaries of all
species was lower than in the nectar, ranging from 72 £ 6 to
613 + 34 mM (Figure 2). The mean sugar concentration in the
nectar was approximately three to fivefold higher than in the
nectaries of day flowering species, and approximately eight to
10-fold higher in night flowering species and in N. attenuata.
In the day-flowering plants, the highest sugar concentration in
nectaries occurred either in the middle or at the end of the
light period (2 or 8 p.m.). The same phenomenon applied to
the mixed-type N. attenuata. In both night-flowering plants, the
sugar concentration in nectaries increased sharply in the middle
of the night at 2 a.m.

The leaves of these tobacco species also contained primarily
sucrose, glucose, and fructose. Independent of the flowering
time, the sugar content in leaves was higher at the end of the
light period than at the end of the dark period (Supplementary
Figure 1). When compared to nectaries or nectar, leaves had
a significantly lower sugar concentration (10-60 mM). These
results were derived from the sugar content per gram fresh weight
and the corresponding water content (78-94%; data not shown).

Nectar samples have been tested for microbial contamination.
However, no contaminations with yeast or bacteria in the
different Nicotiana species were found and therefore externally
induced changes in the nectar sugar profile due to microbial
activity can be excluded.

Sugar Composition in Nectar and
Nectaries During the Light and Dark

Period

While the ratios of the three sugars within a species remained
relatively constant, even during different collection times, the
sugar ratio between species varied greatly in some cases
(Figure 3). This phenomenon was observed for both nectar
and nectaries. In the nectar of N. africana, the percentage
of sucrose ranged from 3-8%, depending on the time of
day. Other species with a low sucrose-to-hexoses ratio in
nectar were N. attenuata and N. benthamiana, for which the
proportion of sucrose ranged from 6-9 and 10-13%, respectively.
Higher proportions of sucrose were found in N. tabacum and
N. sylvestris (16-23 and 42-49%). In general, glucose and
fructose were found to occur in similar proportions within a
species.
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FIGURE 2 | Sugar concentrations in nectaries and nectar. Mean values from
all measurements taken at one time point (n = 3) and the respective SDs were
plotted; light and dark periods are indicated by white and black bars.
(A) N. africana, (B) N. tabacum, (C) N. attenuata, (D) N. benthamiana, and
(E) N. sylvestris.

In nectaries, the distribution of sugars was also similar within
a species during the light and dark period. In relation to
nectar, the percentage of sucrose was higher in nectaries of all
Nicotiana species, with the exception of N. sylvestris at 2 a.m.
The percentage of sucrose was relatively low in N. attenuata
and N. benthamiana (10-28%), medium in N. africana and
N. tabacum (26-43%), and high in N. sylvestris (26-56%).
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FIGURE 3 | Sugar percentages in nectaries and nectar. All percentages were
calculated from mM; n = 3; light and dark periods are indicated by white and
black bars; one pair of bars indicates one time point of sampling, with the Left
bar representing nectar and the Right bar representing nectaries.

(A) N. africana, (B) N. tabacum, (C) N. attenuata, (D) N. benthamiana, and
(E) N. sylvestris.

To assess whether a percentage increase of a given sugar
in nectar was also reflected in the nectaries, the sugar
content in both compartments was correlated. For glucose,
no bivariate correlation was found (Pearsons r = 0.191,
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TABLE 1 | Nectary- and Nectar-sugar-ratios (calc. from mM) Data were derived
from Figures 2, 3, the values of all measuring points were averaged.

Species Nectary-sugar- Nectar-sugar- Difference
ratio ratio between the

[S/(G+F)] [S/(G+F)] ratios

N. africana 0.54 0.05 0.48

N. tabacum 0.61 0.24 0.37

N. attenuata 0.33 0.08 0.25

N. benthamiana 0.28 0.13 0.15

N. sylvestris 0.94 0.89 0.05

p = 0.420), whereas the percentage of both fructose and
sucrose between the nectar and nectaries was correlated
either highly significantly or significantly (fructose: Pearson’s
r = 0574, p = 0.008*% Pearson’s r = 0.481,
p=0.032%).

However, in all species, the mean sucrose-to-hexoses ratio
was higher in nectaries compared with nectar (Table 1). In
general, the difference between the sucrose-to-hexoses ratios in
nectaries and nectar was higher in light flowering species (A
0.37-A 0.48) compared with night flowering species (A 0.05-A
0.15).

Sucrose:

Starch Content in Nectaries

The starch content measured in nectaries ranged from
0.9 +£ 0.1 mg g~ ! FW up to 20 £ 1.5 mg g~ ! FW (measured
as glucose equivalent; Figure 4). The values were significantly
higher in night- than in day-flowering species (p = 0.025). The
lowest starch contents during the light and dark period were
found in the day-flowering species, as well as in N. attenuata.
Moreover, in these species, the starch content was lower during
the dark period and higher during the light period. In the
night-flowering Nicotiana species, the highest starch contents
were found both in the morning and in the evening (Figure 4).
At 2 a.m., the night flowering species showed the lowest starch
levels; thus, at the same time, the night-flowering species
presented the highest sugar concentration. Because starch in
plants is synthesized from glucose, it has been tested whether
there is a correlation between the glucose and starch content in
the nectaries, but no significant correlation was found between
glucose and starch content or between fructose or sucrose and
starch content.

Starch content in leaves ranged from 0.5 £ 0.1 to
40 + 48 mg g ! FW (measured as glucose equivalent;
Supplementary Figure 2). For all five species, the starch content
in the leaves was higher at the end of the light period
compared with the end of the dark period (Supplementary
Figure 2). The starch content of nectaries and leaves was not
correlated.

Invertase Activity in Nectaries

Cell wall invertases in nectaries were active during the light
as well as during the dark period. Measured activity ranged
from 0.003 £ 0.001 to 0.059 & 0.004 U mg~! FW (Figure 5).
Except for N. africana, the highest activity levels in all

species were found at the middle of the light period, and
then the activity decreased, regardless of when the plant
opens its flowers. The activity of CW-INV in nectaries did
not correlate with any of the sugars in the nectar or the
nectaries.

The CW-INV activity in the leaves ranged from 0.003 = 0.001
to 0.033 + 0.004 U mg~! FW (Supplementary Figure 3).
Therefore, the activity levels were similar to those in the nectaries.
CW-INV activity in the leaves fluctuated only slightly between
the light and dark periods.

Soluble acid invertases in nectaries were also active
during the light as well as during the dark period, but the
mean activity was about threefold lower when compared
to the CW-INV activity. Measured activity ranged from
0.003 =+ 0.001 to 0.013 & 0.007 U mg~! FW (Supplementary
Figure 4A). In the day-flowering species and in N. attenuata,
the highest activity levels were found at the middle of the
light period, whereas in the night-flowering species the
highest activity levels were found at the middle of the dark
period.

The activity of the soluble neutral invertase in the nectaries
of the different Nicotiana species was very low (Supplementary
Figure 4B). Measured activity ranged from 0.001 to 0.007 U mg ™!
FW and no significant differences between the species or the
sampling points were found.

Expression Levels of CWINV

The expression level of CW-INVs in the nectaries of the
five Nicotiana species was also measured. Therefore, the
expressed sequence tag (EST) of the CW-INV of each species
was cloned. Specific primers were designed and used for
quantitative RT-PCR. In the day-flowering and hexose-rich
species, N. africana, the relative expression of CW-INV was
very stable throughout the light and dark periods. In the
other Nicotiana species, the expression level was slightly higher
during the light period compared to the dark period, regardless
of flowing time or the percentage of hexoses in the nectar
(Figure 6). In most Nicotiana species, the course of the expression
level was consistent with the invertase activity, especially for
N. tabacum and N. sylvestris (Figures 6B,E), but less for
N. benthamiana (Figure 6D). A comparison of the invertase
expression level with the nectary sugar concentration revealed
a non-homogeneous pattern: In N. attenuata, nectary sugars
correlated strongly but not significantly with expression level
(glucose: Pearson’s r = 0.913, p = 0.458; fructose: Pearson’s
r = 0.917, p = 0.456; sucrose: Pearson’s r = 0.917, p = 0.455),
whereas in N. benthamiana, this correlation was strongly
negative (glucose: Pearson’s r = —0.887, p = 0.469; fructose:
Pearson’s r = —0.822, p = 0.497; sucrose: Pearson’s r = —0.963,
p = 0.437). For the remaining species, the correlation was
generally lower.

Post-secretional Nectar Changes

To test for changes of the nectar sugar composition after
secretion, nectar of all species was measured immediately after
sampling, as well as 12, 24, and 48 h later. The results showed that
the sugar concentrations were not changed significantly during
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this period (Figure 7). Minor fluctuations were likely caused
by the high dilution factor (1: 2000) used to measure nectar
with the HPLC. No invertase activity was found in any nectar
sample.

DISCUSSION

Floral nectar is synthesized and secreted by different types
of floral nectaries. Nectar composition varies between species,
possibly to reward different types of pollinators. Until now,
the plant-specific differences in nectar production and nectar
secretion that lead to different nectar composition have not been
fully understood.

Pre-secretory Modifications of Nectar
Sugars

The phloem supplies the nectaries with sucrose (Lohaus
and Schwerdtfeger, 2014). In contrast to phloem sap,
where no hexoses are found (Knop et al., 2001; Nadwodnik
and Lohaus, 2008), the nectar of the Nicotiana species
contains substantial amounts of glucose and fructose,
in addition to sucrose. Differences in the composition
of nectar and phloem may be due to either metabolic
processes in the nectaries during nectar secretion or
post-secretional modification. To clarify this question,
the sugar composition of the nectar and nectaries was
compared.
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In the case of night-flowering tobacco, the lowest sugar
concentration in nectar was observed in the first half of the
dark period (Figure 2). This could be due to the fact that the
nectar volume in these species is highest at this time (data not

shown), and, therefore, the high water content ensures dilution.
However, for day-flowering tobacco, the sugar concentration
was also found to be lower during the dark period compared
with the light period, even though the highest nectar volume
is during the day, which contradicts the previous assumption.
At night, phloem transport is reduced to approximately 40% of
the daily rate (Riens et al., 1994), which means that less sucrose
should arrive to the nectaries in darkness, and this could also
be a reason for the observed fluctuations in the nectar sugar
concentration. Therefore, it is generally easier for day-flowering
plants to supply their nectar with nutrients for their pollinators,
because they can process their metabolites directly from the
phloem sap; in contrast, night-flowering plants, at least partially,
have to store the metabolites (Figure 8). This finding corresponds
to the differences in the starch content observed in the nectaries
of day and night flowering species. In general, the night-
flowering species had a higher starch content in the nectaries
compared with the day-flowering species (Figure 4). Moreover,
in night flowering species, the starch content decreased during
the first half of the dark period, the time with high nectar
production.

Starch accumulation may function as a form of sugar storage
before anthesis (Weber et al., 1998), and starch degradation
has been observed to occur before flower opening to provide
additional sugar (Nepi et al., 1996; Horner et al, 2007; Ren
et al., 2007b). In potato tubers (Solanum tuberosum), starch
breakdown is triggered by decreased sucrose content (Hajirezaei
et al., 2003). In this study, no overall correlation between starch
and sucrose or hexoses in nectaries was observed, but in the
case of nocturnal species, where there is a severe decrease of
starch in the middle of the night, the sugar concentration was
found to be significantly increased. Apart from that, there was no
correlation between the starch content of the nectaries and leaves,
thus the starch metabolism in the nectaries appears to function
independently from the light-dependent starch metabolism of the
plant.

Total nectary sugar concentration is highest at the time of
flower opening, so sugar is likely provided for nectar production
(Figure 2). There is a high correlation between the proportion
of fructose and sucrose in nectaries and nectar. This suggests
that the nectar sugar composition is already partly determined
by the nectaries and is only partially adjusted during secretion.
For glucose, this correlation is much lower. This phenomenon
may be explained by the fact that some of the glucose is converted
into starch and stored in the nectaries until it is used (Ren et al.,
2007b).

Modulation During Nectar Secretion

The sugar concentration in nectar was three to 10-fold
higher than in the whole nectarial cells. An increase in
concentration due to evaporation can be neglected because
the analyzed species have very long and narrow flower tubes,
which protect the nectar from evaporation (Plowright, 1987;
Tiedge and Lohaus, 2017). This suggests that active sugar
transport is involved in nectar secretion, perhaps through
monosaccharide transporters (MSTs) and/or sucrose transporters
(SUTs). A monosaccharide/proton symporter (AtSTP1), which
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only transports glucose but not fructose, has been found in
Arabidopsis flowers (Sherson et al,, 2003). SUTs have already
been found in tobacco, as well, e.g, NtSUT3 in tobacco
pollen (Lemoine et al, 1999), but, so far, their occurrence
and function in flowers and nectaries is not completely
understood.

A class of transporters that are clearly involved in nectar
secretion are so-called SWEET sucrose transporters. In
Arabidopsis and Nicotiana, SWEET9 functions as a facilitated
diffusion transporter for sucrose (Lin et al., 2014), and there is
evidence that this transporter is more responsible for sucrose
efflux from nectarial cells than for sucrose uptake. As previously
mentioned, the sugar concentration in nectar relative to nectary

cells was three to fivefold higher in diurnal species and eight to
10-fold higher in nocturnal species. Unfortunately, until now,
nothing has been reported about the subcellular distribution of
sugars in the parenchyma cells of nectaries. Assuming that the
subcellular distribution of sucrose in nectarial cells is similar
to the distribution in leaves (up to 50% sucrose in the cytosol;
Nadwodnik and Lohaus, 2008) and the cytosolic compartment
comprises about 20% of the nectarial cells (Wist and Davis, 20065
Gaffal et al., 2007), the sucrose concentration in nectarial cells
can be extrapolated (Figures 2, 3). In day-flowering species,
the maximal sucrose concentration in the cytosol of nectarial
cells was approximately 300-400 mM, and the corresponding
concentration in nectar was approximately 100-300 mM. Similar
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results were obtained for N. attenuata. Therefore, it is possible
that facilitated diffusion transporters for sucrose mediate sucrose
efflux from nectarial cells (Figure 8). In night-flowering species,
the calculated concentration of sucrose in the cytosol of nectarial
cells was approximately 200 mM, whereas the corresponding
concentration in nectar was approximately 300-700 mM. In the
latter case, facilitated diffusion of sucrose from the nectarial cells
into the nectar is not possible. However, this does not exclude
the possibility that different cell types in the nectaries contain
different sugar concentrations and that facilitated diffusion of
sugars occurs only in certain nectarial cells, whereas in other
cells active sugar secretion may occur. This finding is in line
with findings in Arabidopsis, where SWEET9 was localized at the
basal part of the nectaries (Lin et al., 2014), and the conclusions
drawn from other research in this area, which propose a division
of nectary parenchyma into functional sub-domains (Roy et al,,
2017).

Besides sugar transporters, invertases also appear to be part
of the nectar metabolism. For this work, the expression of the
CW-INV was investigated exclusively in nectary tissue. Not
much is known about the regulation of CW-INV expression in
nectaries, but this enzyme has already been studied in other plant
organs. Invertase expression is regulated by multiple factors, for
example, by carbohydrates (Koch, 1996), phytohormones (Wu
et al., 1993), biotic and abiotic stress-related stimuli (Roitsch
et al., 2003), and proteinaceous inhibitors (Krausgrill et al.,
1996). So far, it has rarely been examined how nectar-related
invertase expression in nectaries is regulated. The invertase
found in N. attenuata is highly upregulated in parts of early
corollas, such as nectaries, ovaries and anthers. When the
flowering continues to ripen, the invertase expression decreases
(NaDH; Brockmoller et al., 2017). Most nectar is produced
during early flowering, while older flowers sometimes have
no nectar at all. This fact also suggests that invertase plays
a role in the production of nectar. For other Nicotiana
species, no organ-specific expression data about CW-INVs are
available yet. Sturm and Chrispeels (1990) found that carrot
cell suspension cultures grown on either glucose, fructose, or
sucrose have similar B-fructofuranosidase mRNA content, with
slightly higher levels of mRNA in cells grown on glucose
(Roitsch et al.,, 1995). In contrast, the expression of different
B-fructofuranosidase genes can be repressed by glucose (Kunst
et al.,, 1974; Sarokin and Carlson, 1984; Martin et al., 1987).
For tobacco, this phenomenon may only be applicable for
N. benthamiana, where there is a strong negative correlation
between the nectar sugars in general and invertase expression
levels. Furthermore, high expression levels resulting in high
CW-INV activity would have been expected. This seems to
be true especially for species with high sucrose content in
nectar (N. sylvestris and N. tabacum). Nevertheless, post-
transcriptional processes seem to be taking place, which
prevent the entire transcript from being converted into active
protein.

The activity of CW-INV in the nectaries of different Nicotiana
species (0.003-0.06 U mg~! FW; Figure 5) was similar to
the activity of CW-INV measured in other hexose-rich tissues
of different plant species (Weschke et al., 2003). Moreover,

an increased invertase activity would be expected in plants
with a high hexose concentration in the nectar (Ruhlmann
et al., 2010). However, for fobacco, this assumption is not
confirmed by the data, regardless of whether the species is
hexose-rich or not. The same applies to changes in the vacuolar
invertase activities (Supplementary Figure 4A). In day-flowering
species the vacuolar invertase activity was slightly higher in
the light period and in night-flowering species in the dark
period, regardless of whether the species is hexose-rich or not.
Furthermore, due to the low activity, the neutral invertase seems
to have only a relatively small influence on the hexose production.
There might be other mechanisms that play a role in the sugar
composition, for example, the in planta regulation of the sucrose
cleavage enzymes. In addition to sucrose cleaving enzymes, sugar
synthesis enzymes could also be involved in nectar production.
It has been shown that sucrose phosphate synthase is highly
expressed in some nectaries and that its expression can be
essential for nectar production (Lin et al., 2014).

For all five Nicotiana species, the sucrose proportion of
the total sugar concentration was always lower in the nectar
compared with the nectaries (Figure 3), perhaps due to the
extracellular hydrolysis of sucrose by CW-INVs. Differences in
the sucrose-to-hexose-ratio between the nectaries and nectar
were more pronounced in diurnal species compared with
nocturnal species (A 0.37-0.48 vs. A 0.05-0.15). Therefore, the
cleavage of sucrose during secretion must be stronger in diurnal
species (Figure 8). Due to the differences in sugar composition
between nectaries and nectar, especially in day-flowering species,
it can be assumed that the sugar composition is at least partly
modified during secretion, either by the selective transport of
sugars and/or the activities of sugar cleavage enzymes, like CW-
INVs.

Post-secretory Modifications

No changes in nectar sugar concentration were observed after
secretion in the tobacco species analyzed in this study and no
invertase activity was detectable in nectar. In acacia, a significant
post-secretional modification of extrafloral nectar by invertase
has been demonstrated (Heil et al., 2005). Invertase activity in the
nectar was also measured in Cucurbita pepo, but it was too low to
significantly change the sugar profile (Nepi et al., 2012). Although
other sugar-cleaving enzymes, such as glucosidase, have been
identified in the nectar of N. attenuata, no invertases have been
found in the tobacco nectar so far (Seo et al., 2013). This means
that the nectar sugar composition must be already determined
during the final stage of secretion, rather than undergoing post-
secretory modification.

CONCLUSION

Nectar sugar composition must be determined by metabolic
processes in nectaries as well as during secretion (Figure 8).
Sucrose is transported to the nectaries via the phloem. Within
the nectaries, sucrose is hydrolyzed into hexoses, and a portion
of the sugars is transiently stored as starch until anthesis,
especially in night-flowering species. At anthesis, starch is
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converted into sucrose and hexoses. Sugars are exported out
of the nectarial cells, likely by facilitated diffusion transporters
(day-flowering species) or active transporters (night-flowering
species). In the nectary tissue as well as during nectar secretion,
some of the sucrose is hydrolyzed into glucose and fructose by
the activity of CW-INVs, which explains the higher proportion
of hexoses in nectar in comparison to nectaries. Sucrose
cleavage is likely higher pre-secretional in night-flowering
(possibly by vacuolar invertases) and during secretion in day-
flowering species. Furthermore, post-secretional modification
of the sugar composition in nectar is not probable. However,
CW-INV alone cannot be responsible for the differences in
hexoses concentration, and, therefore, other enzymes seem
to play important roles in determining the nectar sugar
composition.
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Nectar Analysis Throughout the
Genus Nicotiana Suggests
Conserved Mechanisms of Nectar
Production and Biochemical Action

Fredy A. Silva’, Adel Guirgis'? and Robert Thornburg

" Department of Biochemistry, Biophysics and Molecular Biology, lowa State University, Ames, IA, United States,
2 Department of Molecular Biology, Genetic Engineering and Biotechnology Research Institute, University of Sadat City,
Sadat City, Egypt

We have evaluated the floral nectars of nine species from different sections of the
genus Nicotiana. These nine species effectively cover the genus. We found that the
nectary glands from these different species showed similar developmental regulation
with swelling of nectaries during the first half of development and a distinct color
change in the nectary gland as development approaches anthesis. When we examined
the composition of the nectar from these nine different species we found that they
were similar in content. Carbohydrate compositions of these various nectars varied
between these species with N. bonariensis showing the highest and N. sylvestris
lowest level of sugars. Based upon the amount of carbohydrates, the nectars fell
into two groups. We found that hydrogen peroxide accumulated in the nectars of
each of these species. While all species showed the presence of hydrogen peroxide
in nectar, the quantitative amounts of hydrogen peroxide which was very high in
N. rustica and N. bonariensis, suggesting be a common characteristic in short flower
Nicotiana species. We further found that the antioxidant ascorbate accumulated in
nectar and p-carotene accumulated in nectaries. -carotene was most high in nectaries
of N. bonariensis. We also examined the presence of proteins in the nectars of these
species. The protein profile and quantities varied significantly between species, although
all species have showed the presence of proteins in their nectars. We performed a
limited proteomic analysis of several proteins from these nectars and determined that
each of the five abundant proteins examined were identified as Nectarin 1, Nectarin 3, or
Nectarin 5. Thus, based upon the results found in numerous species across the genus
Nicotiana, we conclude that the mechanisms identified are similar to those mechanisms
found in previous studies on ornamental tobacco nectars. Further, these similarities are
remarkably conserved, throughout the genus Nicotiana.

Keywords: Nicotiana, floral nectar, nectaries, carbohydrate in nectar, nectary carotenoids, hydrogen peroxide,
proteins in nectar

Abbreviations: EST, expressed sequence tagged mRNA; Floral Nectary stages: S6, Stage 6 (immature; beginning of metabolic
switch); S9, Stage 9 (immature; pre-secretory, S12, Stage 12 (mature; anthesis); PE, post-fertilization; LxS8, an interspecific
cross of Nicotiana langsdorffii x N. sanderae long studied for nectar/nectary research.
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INTRODUCTION

The floral nectary is a unique organ that undergoes a complex
developmental pathway. Over the past two decades, we have
investigated the biochemistry of floral nectar and the floral
nectary gland. These studies have focused on an interspecific
cross of Nicotiana langsdorffii x N. sanderae (LxS8). This cross
has a number of advantages that permit the biochemical analysis
of these tissues. First, plants of this cross have very large nectary
glands and produce copious quantities of floral nectar. This
has permitted large-scale biochemical analyses of both floral
nectar and the floral nectary gland. These studies have shown
the floral nectar contains a limited array of proteins termed
Nectarins (Carter et al., 1999; Carter and Thornburg, 2004a;
Nagqvi et al., 2005; Park and Thornburg, 2009). These nectar
proteins function together in a novel biochemistry pathway
termed the Nectar Redox Cycle. The nectar redox cycle is
an oxidative cycle that produces very high levels of hydrogen
peroxide as a defense compound (Carter and Thornburg,
2004a).

In nectaries of Nicotiana, this oxidative process is initiated by
a NADPH oxidase (Carter et al., 2007) that produces high levels
of superoxide (Thornburg et al,, 2003) and subsequently, the
Nectarin 1 superoxide dismutase in Nectar Redox Cycle pathway
converts the superoxide into high levels of hydrogen peroxide, up
to 4 mM, in nectar (Carter and Thornburg, 2000), that is toxic
to multiple microorganisms (Carter et al., 2007). These levels
of hydrogen peroxide serve to protect flowers from microbial
infections (Thornburg et al., 2003).

In addition, we have also characterized the biochemistry of
the nectary gland during floral development. These studies have
shown that the nectary glands accumulate very high levels of
photosynthate that is stored as starch during the first 4-5 days of
floral development which is termed the growth phase (Ren et al,,
2007a). Subsequently, about floral stage 9, (about 24 h before
anthesis) there is shift in metabolism from starch anabolism to
starch catabolism (Ren et al., 2007a) that results in the release
of high levels of free sugar that flows into the biosynthesis
of antioxidants (ascorbate and B-carotene) (Ren et al., 2007b)
and into nectar via the sugar transporter SWEET9 (Lin et al.,
2014). This shift in metabolism is transcriptionally controlled
by a novel floral transcription factor, MYB305 (Liu et al., 2009).
MYB305 is expressed about floral stage 6 (Liu et al.,, 2009),
prior to the metabolic switch that leads to starch breakdown and
sugar production. Of note, knockdown of the MYB305 protein
in floral nectaries results in plants with reduced production
of antioxidants as well as reduced levels of sugar in floral
nectar.

Accompanying this maturation process, the nectary morphs
into the plant’s premier secretory organ. The primary component
of nectar secretions is a carbohydrate-rich material as a reward
for pollinator activity. In Nicotiana plants the secretion of nectar
begins about floral stage S10, and reaches a maximum at floral
stage S12. There are three main carbohydrates that make up the
nectar of most species (Bolten et al., 1979). The carbohydrates
produced not only enter the secretion pathway to form nectar,
but carbohydrates such as glucose, can also act as precursors for

the biosynthesis of important nectar/nectary compounds such
as ascorbate, oxalate and B-carotene that are crucial in redox
metabolism (Horner et al., 2007).

In addition to compensating pollinators for visiting, tobacco
nectar also shows defensive properties (Thornburg et al., 2003)
while some of these defenses are related to redox activity (Carter
and Thornburg, 2004b,c). There are also proteinaceous defenses
in the genus Nicotiana (Carter and Thornburg, 2000, Carter and
Thornburg, 2004a). The major nectar protein (NECI) begins
to be expressed about floral Stage 10 (Carter et al., 1999) and
nectar secretion itself begins prior to Stage 11 (Ren et al., 2007b).
Nectar from the interspecific cross produces a limited array
of proteins that function together to a developmental NADPH
oxidase is expressed initiating the Nectar Redox Cycle (Carter
and Thornburg, 2004a) just before anthesis at Stage 12 (Carter
et al., 2007).

To extend these observations, we have also examined the
nectar biochemistry from Petunia sp., a close relative of tobacco.
Those studies demonstrated that the nectar biochemistry of
petunia is significantly different that or ornamental tobacco. First,
petunia does not produce the high levels of hydrogen peroxide
that are found in tobacco nectars and second, the nectar proteins
found in petunia nectar are very different from those produced
in tobacco nectars (Hillwig et al.,, 2010b). Because petunia and
tobacco nectars are so very different, we initiated the current
work is evaluate nectar biochemistry throughout the genus
Nicotiana. We therefore have chosen a number of Nicotiana
species that broadly represent the breadth of the Nicotiana to
characterize their nectar production.

MATERIALS AND METHODS

Materials

The materials used in these studies were obtained from either
Fisher Chemical Co'. or Sigma Chemical Co®. and were of the
highest quality available.

Plant Materials

The tobacco species used for this study are shown in Table 3.
Seeds were obtained from the United States Department of
Agriculture National Genetic Resources Program’, plants were
grown from seed in the greenhouse and when approximately
15 cm tall, these plants were transplanted to individual 30 cm
pots containing a local potting mix. Plants were grown under 16 h
day/8 h night conditions until flowering. Flowers were staged as
described in (Koltunow et al., 1990).

Floral Anatomy

To evaluate the floral morphology of these different Nicotiana
sp., we characterized the size of the floral opening, where insects
enter, the floral size, depth of the floral tube. Analysis of each

!www.fishersci.com

2www.sigmaaldrich.com

3http://www.ars-grin.gov
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of these features was characterized from at least 10 flowers each
from three different tobacco plants.

Floral size was measured using a digital micrometer, placing
one tine at the base of the flower and the other at the corolla-floral
tube junction. Likewise, the floral opening was also measured
using a digital micrometer, placing both tines at opposite faces of
the corolla’s opening. The depth of the floral corolla was measured
by inserting a short length of monofilament fishing line (30# test)
until it stopped at the base of the gynoecium. The corolla-floral
tube junction was then marked on the line, and after removing
the line the depth of the corolla was measured.

Carbohydrate Analyses

Nectar was collected from flowers, in the first hours of the
day, as previously described (Carter et al.,, 1999; Naqvi et al,
2005). For quantitative analyses, 100 pL of raw nectar was
collected and diluted (1:1000) using double distillated water.
The samples were immediately returned to the laboratory for
carbohydrate quantification. The levels of sucrose, glucose, and
fructose were evaluated using the sucrose/D-glucose/D-fructose
determination kit (Boehringer Mannheim/r-Biopharm?*, catalog
no. 10716260035), according to the manufacturer’s directions.

Protein Quantification

Protein concentrations were determined by the dye-binding
method described by (Bradford, 1976), with bovine serum
albumin (BSA) as the standard.

SDS-PAGE

Protein profiles from raw nectar were analyzed by SDS-PAGE
according method described by (Laemmli, 1970).

Hydrogen Peroxide in Nectar

Hydrogen peroxide in nectar was evaluated using the FOX
reagent according by (Bleau et al., 1998; Hillwig et al., 2010b).
Twenty-five microliters of nectar was added to 975 WL of distilled
water. For analysis of HyO, 200 pL of diluted nectar was used in
the assay reaction with Fox reagent. The FOX reagent contained
sulfuric acid 1.2 mM, xylenol orange 0.1 mM, ferrous ammonium
sulfate 0.25 mM and sorbitol 0.1 mM. The H,O; concentration in
nectar was determined from a standard curve by measurement of
the absorbance 560 nm.

p-Carotene Analysis

To evaluate the levels of f-carotene in nectaries, we isolated
40 mg of nectary tissue from stage 12 flowers of each species. Care
was taken to insure that non-nectary tissue was excluded from
these samples as described (Horner et al., 2007). Carotenoids
were extracted from the homogenate using two 1 mL aliquots of
acetone followed by a 1 mL aliquot of hexane. The organic layers
were combined, dehydrated with anhydrous sodium sulfate,
evaporated to dryness, and taken up in 50-pL hexane for analysis.
Carotenoid levels were estimated by absorption at 450 nm. The
B-carotene was confirmed within each species by thin layer
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chromatography (TLC) on silica gel plates using an acetone:
hexane (9:1) mobile solvent as previously described (Horner
et al., 2007).

Ascorbic Acid Analysis

The ascorbic acid analysis was performed according method
described by Horner et al. (2007). For these analyses, either nectar
was harvested from stage 12 flowers of each species. For analysis
of raw nectar, 50 |LL of nectar was added to 150 pL of distilled
water. An aliquot of 50 uL was used for assay in a total volume of
2 ml of 1% oxalic acid. This was titrated to a pink endpoint with
0.05% 2,6-dichlorophenolindophenol (DCIP) in 0.1 M phosphate
buffer, pH 7.0. A standard curve using ascorbate 0-20 pg of
ascorbate was prepared to quantitate levels of ascorbate.

Mass Spectrometry (LC-MS/MS)

The proteomic analysis was performed to identify proteins in
nectars at the Iowa State University protein facility’. The nectar of
different species was initially analyzed by SDS-PAGE according
method described previously (Laemmli, 1970). Afterwards, the
selected bands were excised and the pieces transferred to a 0.6 mL
methanol, washed and then added 20 pl of 1% acetic acid.
Next, the proteins were digested in solution with trypsin/Lys-
C (Promega). The peptides were then separated by liquid
chromatography and analyzed by MS/MS by fragmenting each
peptide on Q Exactive™ Hybrid Quadrupole-Orbitrap Mass
Spectrometer from Thermo Scientific. Raw data were analyzed
using Thermo Scientific’s Proteome Discoverer Software and the
data searched using publically available databases. Bovine serum
albumin was used as an internal calibration standard.

Statistical Analysis

To perform the biochemical analysis we used three different
tobacco plants and the floral nectar or nectaries collected
from multiple flowers of each single plant to compose three
independent biological replicates. The one way ANOVA test was
performed to determine if there is a significant difference between
mean of the each specie from the total and Tukey’s test, at p < 0.05
significance level, was used to analyze the differences between
species. The statistical analysis was performed using the NCSS
statistical software®.

RESULTS

From earlier studies, we observed that the nectar of ornamental
tobacco differed significantly from the nectar of the closely related
petunia (Hillwig et al., 2010a). To investigate this observation, we
decided to examine the nectars from a variety of tobacco species
across the genus Nicotiana to determine whether differences
were observed within the tobacco genus. Because our earlier
work was done with a species cross that fell within the section
Alatae. Then based upon the phylogenetic studies of Bogani
et al. (1997), Chase et al. (2003), and Clarkson et al. (2004) we
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selected five additional Nicotiana sections to enhance diversity
within the genus Nicotiana. We obtained seed from numerous
species of these sections from the United States Department of
Agriculture National Genetic Resources Program’. These were
grown to maturity and based upon growth characteristics as well
as previously published analyses of pollinator preferences, we
chose the Nicotiana species shown in Table 1 for these analyses.

Once the selected plant species were growing and flowering,
we compared the floral characteristics of these species. For these
values, we measured floral opening (throat width), the corolla
length (floral base to corolla), and the depth of the floral corolla.
Our interests were to determine the size of a pollinating insect
that could enter the floral opening, as well as the depth of the
corolla to determine the minimum length of the pollinator’s
proboscis. This analysis shown in Table 2 illustrate that there are
different categories of flower size among our selected group. Long
flowers (>7 cm) include the N. alata and N. sylvestris (qs = 1.53,
p < 0.899). The shortest flowers (<2.5 cm) include N. rustica
(gs = 33.22, p < 0.01) and N. bonariensis (qs = 34.22, p < 0.01).
The intermediate sized flowers ranged from (2.5 cm to 5 cm)
encompass the remainder N. benthamiana (qs = 19.42, p < 0.01),
N. plumbaginifolia (qs = 20.44, p < 0.01), N. glauca (gs = 22.49,
p < 0.01), N. clevelandii (qs = 25.55, p < 0.01), and N. langsdorf{fii
(gs =29.22,p < 0.01). We also determined the depth of the corolla
and we found that the ratio of the corolla depth to the flower size
was different, from 68% in N. glauca to 90% in N. alata. Thus,
we found that the length of the floral tube is indicative of the
length of the pollinator’s proboscis required to reach any nectar
at the base of the flower. Also shown in Table 1 is the pollinator
syndrome that is used by these species. In species with long
flowers (N. alata and N. sylvestris) are preferred by hawkmoth,
while species with intermediate or short size flowers (N. glauca or
N. langsdorffii) are preferred by bird, hummingbird or bee.

Carbohydrate in Nectar

To begin analysis of nectar from these species, we examined
the nectar carbohydrate from each of the selected plant species.
Using a Sucrose/Glucose/Fructose analysis kit from Boehringer
Mannheim/r-Biopharm, we measured each of these components
and determined the molar ratios of each of these sugars in the
different nectars (Table 3). These carbohydrate composition data
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(Figure 1) show two different groups: Group 1 - N. glauca, N.
benthamiana, N. clevelandii, N. alata, N. sylvestris, N. rustica, and
N. plumbaginifolia composed mainly of night flowering Nicotiana
species showed the lower levels of sugars (<560 mM), while that
day flowering Nicotiana species N. bonariensis and N. langsdor{fii,
showed the higher levels of sugars content (>1000 mM ). For
most of these species such as, N. benthamiana, N. clevelandii,
N. sylvestris, and N. plumbaginifolia, the molar ratio of Glucose
to Fructose was very similar. However, for a few species, notably
the day flowering Nicotiana species, N. glauca and N. rustica,
there was significantly more Fructose than Glucose. Similar
observations have been made for these species (Tiedge and
Lohaus, 2017), and recent findings Tiedge and Lohaus (2017)
suggest that the differences in nectar sugars composition may
be implicated with different mechanisms of secretion between
day/night flowering Nicotiana species.

Nectary Carotenoids

After analyzing the floral characteristics and the carbohydrate
composition of the nectars, we then examined the gynoecium
and nectary gland of each of these species. Because of our
interest in the development of the floral nectary during the
process of floral growth, we examined the gynoecia of these
species at four different floral stages: Stage 6 (pre secretion),
Stage 9 (at the time of the metabolic switch, (Ren et al., 2007b),
Stage 12 (anthesis, with full nectar secretion) and the Post-
fertilization Stage (48 h after pollination). These stages are shown
in Supplementary Figures S1-S4. In all cases, the gynoecium and
nectary gland from each species increase in size and the color
changes from light yellow or lime green at the earliest stages
to a bright orange in nectaries of mature stages. The observed
changes were very similar to the development of the nectaries
of the interspecific cross LxS8 (Horner et al., 2007). Based upon
the obvious swelling of the nectaries and the noticeable color
changes, we hypothesized that similar developmental pathways
(involving carotenoid accumulation (Horner et al., 2007) and
starch buildup and breakdown (Ren et al., 2007b) likely exist in
these different Nicotiana species. One striking feature that we
observed was extreme levels of carotenoids that were present in
the nectaries of N. bonariensis. This is shown best by comparing
the color of N. bonariensis (Supplementary Figure S3, #15 and
#24) with similarly staged nectaries of the other species in
Supplementary Figure S3.

TABLE 1 | Nicotiana species selected for these studies.

Number Species Section Pollination syndrome Reference

1 N. rustica Paniculatae Moth Anon, 1972-2017a

2 N. glauca Noctiflorae Birds Ollerton et al., 2012

3 N. benthamiana Suaveolentes Open, moth, bee, other Anon, 1972-2017a

4 N. clevelandii Polydicliae Open, moth, bee, other Anon, 1972-2017b

5 N. sylvestris Petunoides Hawkmoth Mahr, 2013

6 N. plumbaginifolia Alatae Hawkmoth Kaczorowski et al., 2005
7 N. bonariensis Alatae Small moth Kaczorowski et al., 2005
8 N. alata Alatae Hawkmoth Kaczorowski et al., 2005
9 N. langsdorffii Alatae Hummingbird, bee Kaczorowski et al., 2005
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TABLE 2 | Floral characteristics among the selected Nicotiana sp. dimensions were determined as outlined in the Section “Materials and Methods.”

Species Floral opening (mm) Floral size (cm) Corolla depth (cm) Ratio (Cd/Fs) x 100%
N. rustica 51+0.7¢ 1.6+0.1¢ 1.3+0.29 81%
N. glauca 4.9+ 0.0° 3.7 £0.1b¢ 25+0.1° 68%
N. benthamiana 2.840.3° 43+05° 36+05° 84%
N. clevelandii 3.6 +£0.5° 3.1 & 0.2¢d 224+0.2° 71%
N. sylvestris 29+0.3° 7.8+0.6% 6.9 +£0.6% 88%
N. plumbaginifolia 3.1+£0.8° 41+0.3° 32+0.2° 78%
N. bonariensis 29+0.2° 1.4 +£0.1¢ 1.0+0.19 71%
N. alata 79+05% 8.1 £0.57 7.3+0.5% 90%
N. langsdorffii 5.7 +0.5° 2.4 4+ 0.2% 1.7+0.19 71%
Different letters mean significant differences between species within the same characteristics at p < 0.05 for significance level.
TABLE 3 | Free sugars composition in nectar of different Nicotiana species.
Species Sugar Concentration (mM) Sugar (%) Molar ratio Ratio

S G F Total S G F S G F F/G S/(G+F)
N. glauca 244 + 2d 720 79+ 2f 330 + 39 24 41 1+0 8+3 0.7 0.0 0.4 11.0 1.8
N. benthamiana 235+ 79 68 + 3° 78 + 1f 381 + 1f 28 + 1 7+1 8+1 0.7 0.4 0.4 1.0 0.9
N. clevelandi 226 + 59 88 + 2 95 + 2¢ 409 + 3° 22+ 3 9+2 10+ 1 0.7 0.5 0.5 1.0 0.7
N. sylvestris 148 + 3f 31+7 40+ 9 219 + 5 15+2 341 4 +1 0.4 0.2 0.2 1.0 1.0
N. alata 194 + 58 22 4+ 1f 63 + 29 279 £ 3" 1942 2+1 6+1 0.6 0.1 0.3 3.0 1.5
N. plumbaginifolia 286 + 2°¢ 141 £ 2¢ 150 + 19 577 + 2¢ 28 + 2 14 +1 15+ 1 0.8 0.8 0.8 1.0 0.5
N. rustica 236 + 49 31+ 3 191 £ 3° 458 + 49 23 4+ 1 341 19+ 1 0.7 0.1 1.1 10.0 0.6
N. langsdorffii 715+ 10 195 + 3P 239 + 70 1149 + 10 71+ 1 20+ 1 24 + 1 2.1 1.1 1.3 1.2 0.9
N. bonariensis 794 + 42 282 + 42 360 + 12 1436 + 12 79 41 28 +1 36 + 1 2.3 1.6 2.0 1.3 0.6

Different letters mean significant differences between species within the same characteristics at p < 0.05 for significance level.

To confirm our hypothesis that similar processes were
occurring in the nectaries of these different species, we
investigated the biochemistry of these different nectary glands.
In LxS8, the orange color arises from p-carotene that is
produced from isopentenyl pyrophosphate (IPP) arising from
the dimethylallyl pyrophosphate (DMAPP) pathway (Horner
et al., 2007). Therefore, we examined the level of B-carotene
that was present in the Stage 12 floral nectaries of each
species. As shown in Figure 2A, a bright orange pigment that
co-chromatographed with B-carotene (Rf = 0.95) was present
in the nectaries of each of the Nicotiana species. The amount
of B-carotene varied significantly between N. bonariensis and
other species showing the highest levels. Other species such as
N. sylvestris, N. benthamiana, and N. glauca showed much lower
levels of P-carotene. Note that several intermediate pigments
that were also yellow were also observed. These were identified
as lutein and xanthophyll by virtue of their Rgs = 0.80 and
0.17 (Schoefs, 2005). For each of the selected species, we
further spectroscopically quantified the level of B-carotene.
The results shown in Figure 2B, mirror the levels that were
chromatographically identified in Figure 2A. In this analysis,
N. bonariensis showed the highest levels of B-carotene (p < 0.001,
df = 17, n = 18), confirming the observations of nectaries shown
in the Supplementary Figure S3.

In addition to the presence of 3-carotene in the nectary gland,
the LxS8 interspecific cross also showed an additional antioxidant

present in soluble nectar, ascorbate (Carter and Thornburg,
2004b). To determine whether these Nicotiana species also
express this important nectar antioxidant, we evaluated whether
ascorbate was present in the nectar of these selected species. The
highest levels ascorbate was evidenced in N. alata and varied
significantly (p < 0.001, df = 25, n = 27) of the other species, while,
N. langsdorffii and N. sylvestris showed the lower levels, Figure 6.

Hydrogen Peroxide in Nectar

Previous analyses have demonstrated that LxS8 tobacco nectar
had high levels of hydrogen peroxide (Carter et al, 1999).
To determine whether other Nicotiana species also showed
high levels of hydrogen peroxide, nectars were collected and
their hydrogen peroxide content were measured with the FOX
reagent method as described in Section “Materials and Methods.”
As shown in Figure 3, the nectar of all species do indeed
contain hydrogen peroxide. However, two species, N. rustica and
N. bonariensis had very high levels of hydrogen peroxide, 2.14
and 1.84 umol.ml ™!, respectively. This could correlate with the
high levels of sugars that were found in these species, especially
in N. bonariensis. The high levels of sugar demonstrated in these
species (Table 3) could increase the attractiveness of pollinators,
having easier access to the nectar due to the floral characteristics
(Table 2) increasing the colonization by microorganisms. The
high levels of hydrogen peroxide would be a mechanism of
control of microorganisms in nectar. In the other species, we
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Group 1: @
N. sylvestris N. alata N. glauca
@ N. plumbaginifolia
N. benthamiana N. clevelandii N. rustica
Group 2:

N. langsdorffii

N. bonariensis

FIGURE 1 | Carbohydrate composition of selected tobacco species. Proportions of fructose (F), glucose (G), and sucrose (S) in nectar. The area of each circle
represents the total mass of sugar found in each nectar sample. Each segment represents the mean of three samples. Averages + standard deviation (N = 3). Al
characteristics of each nectar are present in Table 3. Group 1, total nectar carbohydrate < 560 mM, Group 2, total nectar carbohydrate > 1000 mM.

found that the level of hydrogen peroxide was lower. Reasons for
this are unclear, but may be related by altered regulation between
the species in these complex pathways.

Proteins in Nectar

To determine whether the different Nicotiana species also showed
the presence of proteins in their nectars, we quantitated the
amount of protein present in the nectars from each of these
species. As shown in Figure 4 the variability of nectar proteins
was quite large, with some species such as N. glauca and
N. sylvestris having very little protein in their nectars (0.044 pg
protein/pL of nectar) while other species such as N. clevelandii,
N. rustica, and N. bonariensis containing higher concentrations
of protein in their nectars (up to 0.778 pg protein/pL of
nectar).

Once we had confirmed that these species do indeed contain
nectar proteins, we next wanted to identify the nectar proteins
in these different species. First we investigated the profile of
proteins in nectars among the species. SDS-PAGE analysis
showed different profiles of the proteins in nectars Figure 5
distributed between 70 and 20 kDa. The protein profile of
N. rustica, N. bonariensis, N alata, and N. langsdor{fii were very
similar to the protein profile observed in the LxS8 interspecific
cross (Carter and Thornburg, 2004a) and suggested that the
nectarins found in LxS8 may also accumulate in nectar of

these other Nicotiana species. The protein quantification also
varied significantly (p < 0.001, df = 17, n = 27) among the
species.

Based upon the SDS PAGE protein gels, it initially appears
that there are many different proteins present in these different
Nicotiana species. Therefore, we excised five of these proteins
from the gel (identified by red spots) and following trypsin
digestion; we subjected them to proteomic analysis. The results of
this analysis is shown in Table 4 and in detail in Supplementary
Figures S5A-C. The spots 1 (from N. benthamiana) and 2 (from
N. clevelandii) shown in Table 4, were identified as Nectarin 1-
like superoxide dismutases although these proteins had showed
differences between the predicted molecular mass by SDS-PAGE
28 and 23 kDa, and the mass found by mass spectrometry
24.6 kDa. The different molecular weight likely is due the degree
of glycosylation of Nectarin 1 proteins as was showed previously
by Carter et al. (1999).

Furthermore, the data suggest that Nectarin 1 is one of
the main proteins found in the nectar of N. benthamiana
and N. clevelandii. The major protein identified in nectar of
N. plumbaginifolia was identified as Nectarin 5, spot 3, Table 4.
The theoretical molecular weight was 59.8, very similar to
obtained by SDS PAGE 60 kDa. The spots 4 from N. langsdor{fii
and 5 from N. sylvestris were identified as a Nectarin 3-like
protein.
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FIGURE 2 | Analysis of nectary-expressed carotenoids from different species of Nicotiana sp. (A) Silica gel thin-layer chromatogram (TLC) of carotenoids isolated
from stage 12 nectaries of N. glauca; N. benthamiana; N. clevelandii; N. plumbaginifolia; N. rustica; N. bonariensis and N. alata; N. langsdorffii; and N. sylvestris. The
origin, solvent front, and migration of various pigments are indicated. Solvent used was 9:1 acetone: hexane solvent. (B) Absorbance (450 nm) of B-carotene in
nectary extracts at stage 12. Averages + standard deviation (N = 3). Species evaluated: 1, N. glauca; 2, N. benthamiana; 3, N. clevelandii; 4, N. plumbaginifolia; 5,
N. rustica; 6, N. bonariensis; 7, N. alata; 8, N. langsdorffii; and 9, N. sylvestris. Different letters mean statistical differences between groups.
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FIGURE 3 | Hydrogen peroxide production in the floral nectar of the selected
Nicotiana species. Averages + standard deviation (N = 3). Species evaluated:
1, N. glauca; 2, N. benthamiana; 3, N. clevelandii; 4, N. plumbaginifolia; 5,
N. rustica; 6, N. bonariensis; 7, N. alata; 8, N. langsdorffii; and 9, N. sylvestris.
Different letters mean statistical differences between groups.

DISCUSSION

Because of previously observed significant differences between
the nectars of the genus Nicotiana (Carter and Thornburg, 2004a)
and the genus petunia (Hillwig et al., 2010a), we have investigated
the nectars of a broad group of Nicotiana species to determine
whether significant differences in nectars exist within this genus.
To attract their pollinators, the plants offer floral nectar secreted
into the floral tube at the base of the ovary that constitute a rich
source of sugars, amino acids, vitamins and other ingredients
which provides a rich reward to pollinators (Carter et al., 2006).
However, the selected species used in this study include several
different pollinator syndromes, Table 1.

It is known that several factors such as sugar composition,
amino acids, organic acids and inorganic ions can affect
the visitation of pollinators (Kessler and Baldwin, 2007; Afik
et al., 2014; Tiedge and Lohaus, 2017). In addition, another
important aspect as the floral biology can affect the access
of the pollinators (Ackermann and Weigend, 2006). Thus, we
conducted a study to understand the relationship between floral
biology and the biochemistry of nectar from different genus of
Nicotiana. As shown in Table 2, species like N. benthamiana,
N. clevelandii N. plumbaginifolia showed intermediate flowers
or in other species such as N. alata and N. sylvestris long
flowers. Due to the floral characteristics these species have access
to nectar more limited requiring specialized pollinators with
long proboscis like hawkmoth. On the other hand, species like
N. rustica, N. bonariensis, and N. langsdorffii showed short
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FIGURE 4 | Protein accumulation in the nectar of various Nicotiana sp.
Species evaluated: 1, N. glauca; 2, N. benthamiana; 3, N. clevelandii; 4,

N. plumbaginifolia; 5, N. rustica; 6, N. bonariensis; 7, N. alata; 8,

N. langsdorffii; and 9, N. sylvestris. Different letters mean statistical differences
between groups.
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FIGURE 5 | Patterns of nectar proteins by SDS-PAGE 12.5%. In each lane
was applied 1.25 ngP of raw nectar. Averages =+ standard deviation. The
standard profile was obtained from the analysis of three different independent
experiments (N = 3). The proteins were stained with Coomassie Blue.
Averages =+ standard deviation (N = 3).

flowers indicating that nectar can be more easily accessed
and has different composition. The nectar sugar concentration
also differed among Nicotiana species, being divided into two
groups. The sugars were higher in species with short flowers
such as N. bonariensis and N. langsdorffii , while that other
species showed lower concentrations (Figure 1). In species
with intermediate or long flowers, there was no observed
correlation between the floral length and the concentration
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FIGURE 6 | Quantity of ascorbate from nectar of nine tobacco species flowers
at stage 12. Averages =+ standard deviation (N = 3). Species evaluated: 1,
N. glauca; 2, N. benthamiana; 3, N. clevelandii; 4, N. plumbaginifolia; 5,
N. rustica; 8, N. bonariensis; 7, N. alata; 8, N. langsdorffii; and 9, N. sylvestris.
Different letters mean statistical differences between groups.

of sugar. Recently, (Tiedge and Lohaus, 2017) showed that
this correlation is associated with the floral opening period.
Day flowering Nicotiana species such as, N. rustica and N.
langsdorffii show higher level of sugar than night flowering
Nicotiana species. In addition of the floral biology, the nectar
sugar composition is another factor that can significantly affect
the visitation of pollinators (Torres and Galetto, 2002; Wolff,
2006; Witt et al., 2013). Sucrose represents one of the main
sugars found in nectar (Chalcoff et al., 2006). The analysis of
nectar carbohydrate composition from Nicotiana species Table 3
showed that sucrose was the major sugar in floral nectar in
all species analyzed. Three species, N. alata, N. glauca, and
N. sylvestris, showed molar ratio (S§/G + F) > 1.00. From these
species only N. glauca having intermediate-length flowers has
been described as diurnal flowering species, while N. alata and
N. sylvestris are night-flowering species. The higher sucrose to
hexose molar ratio was previously shown in nectar of long night-
flowering N. alata and N. sylvestris and common feature of night
Nicotiana flowering species (Tiedge and Lohaus, 2017). The high
content of sucrose in nectar of night-flowers or with long floral
tubes is associated with higher starch storage in nectaries and
different mechanisms of nectar secretion (Tiedge and Lohaus,
2017). Furthermore, the high content of sucrose is related to
decrease in viscosity, which facilitates suction by pollinators
with long proboscis (Nicolson et al., 2013; Tiedge and Lohaus,
2017). In addition, during the night with lower temperatures, the
evaporation effect is reduced and is not necessary high osmolarity
for nectar secretion. Thus, long flowered plants takes advantage
of these conditions to secrete sucrose, a carbohydrate with low

osmolarity (Witt et al., 2013). In addition to sucrose, the nectar
of Nicotiana species also presented glucose and fructose in their
composition and among the hexoses analyzed, fructose was the
predominant sugar (Table 3). In some Nicotiana species studied,
the fructose/glucose (F/G) molar ratio was higher or equal 1.0.
However, an extremely high molar ratio (F/G) of 11.0 was
observed in nectar of N. glauca, followed by N. rustica, with molar
ratio of 10.0 (Table 3). Recently a high molar ratio (F/G) of 12.6
for nectar of N. glauca was described, suggesting that this feature
is characteristic of this species. The high content of fructose
in nectars has been associated with increase sweetness, thus
increasing pollinator reward (Tiedge and Lohaus, 2017). Besides
the floral characteristics and carbohydrate composition of the
nectars, we also examined the biochemistry of nectary gland. In
all species, the nectary gland increased in size and changed color
as result of carotenoids accumulation Supplementary Figures
S1-S4. Carotenoids (b-carotene) were observed in nectaries,
and extreme levels were observed in nectaries of N. bonariensis
Figures 2A,B. In nectaries, the production of carotenoids and
ascorbate provides an antioxidant defense against the high level
of hydrogen peroxide found in nectar (Horner et al.,, 2007).
During development of nectaries, the high level accumulation of
carotenoids in the nectaries starts about stage 9 when nectaries
undergo a metabolic shift and starch are degraded to produce
glucose. This glucose is then available to the methylerythritol
phosphate (MEP) pathway, which leads to the production of
IPP, the carotenoid precursor. The high levels of carotenoids are
thought protect nectary cells from the severe oxidative processes
that occur as a result of the Nectar redox cycle (Carter and
Thornburg, 2004c).

In fact, the nectar of N. bonariensis showed one of the highest
content of sugars and hydrogen peroxide (Figure 3). Thus, the
high levels of carotenoids and other pigments such as lutein
and xanthophyll may function as an additional defense to high
level of hydrogen peroxide in nectar of this species. Similar
observation was found in nectar of N. rustica, species with short
flowers. In N. rustica, the hydrogen peroxide content showed the
highest levels among all species tested (Figure 3), however, there
appeared to be no correlation with the high levels of carotenoids
or ascorbate. Although, N. rustica has intermediate sugar content,
the short size flowers could facilitate the access pollinators
and growth of microorganisms. Thus, the highest hydrogen
peroxide content would be an additional nectar defense. The
ascorbate is another important antioxidant involved in the Nectar
Redox Cycle. Ascorbate was detected in nectar of all species,
however, N. alata showed the highest levels (Figure 6). Ascorbate
accumulates at high levels in nectaries at stage 12 (2 pg/nectary)
(Horner et al., 2007), composing the nectar during the secretion
process and integrating the Nectar Redox Cycle. As previously
described, the Nectar Redox Cycle is the remarkable biochemistry
pathway responsible for production of high levels of hydrogen
peroxide in nectar. The SDS-PAGE analysis showed different
profiles of the proteins in nectars Figure 6. N. plumbaginifolia,
N. langsdorffii, N. bonariensis, and N. alata from Alatae section
had similar profile. The proteomics analysis of the main protein
in nectar of N. plumbaginifolia identified as Nectarin 5, spot 3,
Table 4, being this protein was very evident Alatae section. This
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TABLE 4 | Proteins from Nicotiana species nectars by ESI-Q-TOF MS/MS.

Spot No. Theoretical *PEP Score *PSM Identified peptides Coverage (%) Accession Protein description
MW (kDa) pl
#1 24.6 6.54  28.89 515 KVNGFPCKTNFTA 24.89 Q94EG3 Nectarin-1
HSKVKVNGFPCKT
HPRASEMVFVMEG
SEMVFVMEGELDV
#2 24.6 6.54 559 42 IDYAPGGINPPHTHPR ~ 6.98 Q94EG3 Nectarin-1
#3 59.8 8.60 15.93 329 KSMEEDLFWAIR 2.25 Q9SA89 Berberine bridge like enzyme
(Nectarin-5)
#4 31.5 6.74 120.3 910 LVHESNNGKFWI 55.47 Q84UV8 Bifunctional monodehydro ascorbate
reductase and carbonic anhydrase
(Nectarin-3)
HLVHESNNGKFWW
YDEKSENGPANWG
SENGPANWGNIRP
GPANWGNIRPDWK
RPDWKECSGKLQS
PSEHTINGERFNL
TQYQLKQLHWHTP
SLTTPPCTEGVWW
HDGFETNARPTQP
PDPFLSMIENDLK
TNARPTQPENERY
RPTQPENERYINS
RQIKLLQEAVHDG
#5 31.5 6.74 28.30 35 LVHESNNGKFWVI 28.30 Q84UV8 Bifunctional monodehydro ascorbate
reductase and carbonic anhydrase
(Nectarin-3)
HLVHESNNGKFWW
SLTTPPCTEGVVW

*PEP score: Measures the significance of a single spectrum assignment with a specific PSM score. It is the probability of the PSM being incorrect, i.e., PEP of 0.01 means
there is a 1% chance of the PSM being incorrect. **PSM: peptide-spectrum match, a spectrum that matches to a peptide sequence.

is indicative that Nectarin 5 has a central role in the production
of peroxide in Alatae section. Other species such as N. glauca and
N. sylvestris had very little protein in their nectars, low abundance
without majority proteins. In ornamental tobacco nectar, the
nectarins are secreted as array of five proteins and accumulate
to almost 250 mg/ml in nectar (Carter et al.,, 1999). The low
abundance of proteins in the nectar N. glauca, N. sylvestris,
and N. benthamiana may be associated the low content of
hydrogen peroxide quantified these nectars. The very limited
production of hydrogen peroxide suggesting that a different
mechanism may exist for antimicrobial defense, as RNase
activities described to petunia nectar (Hillwig et al., 2010a).
Based upon these observations, we conclude that, although the
oxidative processes that were first identified and characterized in
the LxS8 interspecific cross, including the presence of hydrogen
peroxide in nectar as well as antioxidants in both soluble
nectar (ascorbate) and in nectary tissues (B-carotene) have been
identified in all species, there are species-specific differences
are found throughout the genus Nicotiana. Further, the major
nectar proteins that we identified from these species belonged
to the nectarin family of proteins (especially, Necl, Nec3, and
Nec5).
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Anthony J. Schmittt, Rahul Roy', Peter M. Klinkenberg, Mengyuan Jia* and
Clay J. Carter*

Department of Plant and Microbial Biology, University of Minnesota Twin Cities, St. Paul, MIN, United States

Over 75% of crop species produce nectar and are dependent on pollinators to
achieve maximum seed set, yet little is known about the mechanisms regulating nectar
secretion. The phytohormone jasmonic acid (JA) is recognized to be involved in several
plant processes including development and defense. JA was also recently shown to
positively influence nectar secretion in both floral and extrafloral nectaries. For example,
endogenous JA levels peak in flowers just prior to nectar secretion, but the details of
how JA regulates nectar secretion have yet to be elucidated. We have found that the
octadecanoid pathway does indeed play a role in the production and regulation of floral
nectar in Arabidopsis. Null alleles for several JA biosynthesis and response genes had
significantly reduced amounts of nectar, as well as altered expression of genes known
to be involved in nectar production. We additionally identified crosstalk between the JA
and auxin response pathways in nectaries. For example, the nectar-less JA synthesis
mutant aos-2 showed no auxin response in nectaries, but both nectar production and
the auxin response were restored upon exogenous JA and auxin treatment. Conversely,
coil-1, a JA-lle-insensitive receptor mutant, displayed no auxin response in nectaries
under any circumstance, even in older flowers that produced nectar. Surprisingly,
opr3-1, a mutant for 712-oxophytodienoate reductase 3 [an enzyme further down the
JA biosynthetic pathway that reduces 12-oxo phytodienoic acid (OPDA)], produced no
nectar in newly opened flowers, but did secrete nectar in older flowers. Furthermore,
a similar phenotype was observed in coi7-1. Cumulatively, these observations strongly
suggest an indispensable role for an octadecanoic acid- and auxin-dependent, but JA-
and COI1-dispensible, pathway in regulating nectar production in Arabidopsis.

Keywords: nectar, nectaries, jasmonic acid, auxin, F-box proteins, SWEET9

INTRODUCTION

Nectar is a major factor for enhancing plant-mutualist interactions. Nearly 90% of all plant species,
including 75% of domesticated crops, benefit from animal-mediated pollination, which is usually
facilitated by floral nectar (Klein et al., 2007; Calderone, 2012). Floral nectar is offered to increase
pollinator visitation, while extra-floral nectar is used to attract mutualist insects that provide
protection from herbivory (Heil, 2011). Despite the importance of nectar in attracting pollinators
to promote outcrossing and help plants achieve maximum seed set, relatively little is known about
the molecular regulation of nectar secretion.
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Arabidopsis thaliana flowers, although highly self-fertile,
surprisingly still produce nectar, which is thought to contribute to
outcrossing events in natural populations (Hoffman et al., 2003;
Kram and Carter, 2009). Due to the wealth of genomic resources
and its close relatedness to agriculturally important relatives in
the Brassicaceae family - that often require effective pollinator
visitation for achieving maximum seed set — Arabidopsis has
been an important model for studying the genetic and molecular
mechanisms required for nectary function (Kram and Carter,
2009). Arabidopsis flowers have two types of nectaries: median
and lateral. The lateral nectaries are located at the base of the
short stamen and secrete >99% of total floral nectar (Davis
etal.,, 1998; Kram and Carter, 2009). Median nectaries are located
at the base of petals and long stamens and produce little to
no nectar. Immature lateral nectaries accumulate starch, which
is then broken down at anthesis and the resulting sugars are
eventually secreted into the floral nectar (Stage 13-15; newly
opened flowers, pollen shed and nectar secretion) (Ren et al,
2007; Kram and Carter, 2009). The nectar produced by these
lateral nectaries of Arabidopsis (and most Brassicaceae species) is
hexose-rich (nearly all glucose and fructose) (Davis et al., 1998).

A few recent reports have enhanced our understanding of
nectar production. The current literature increasingly supports
an eccrine-based secretion model for floral nectar in the
Brassicaceae (Roy et al, 2017). Eccrine-based secretion relies
on plasma membrane-localized pores and transporters to export
nectar metabolites from parenchymal cells in the nectary. In one
model, nectary starch is degraded and re-synthesized into sucrose
by sucrose phosphate synthases (SPS) and other enzymes (Lin
et al., 2014). Next, the sucrose is exported into the apoplastic
space via the sucrose uniporter AtSWEET9 (Lin et al., 2014). In
the apoplastic space CELL WALL INVERTASE 4 (AtCWINV4)
catalyzes the hydrolysis of sucrose into hexose monomers,
glucose and fructose (Ruhlmann et al., 2010). This invertase
activity creates both a constant driving force for sucrose export
and a negative water potential causing water to move toward
sugars and create water droplets. Perhaps not surprisingly,
knockout mutants of SPS, SWEETY, and CWINV4 all lack
nectar production. Although we are beginning to understand
key genes involved in the process of nectar secretion, the
ways in which these processes are regulated is also still poorly
understood.

In order to support effective mutualist visitation and
proper pollination, floral nectar production must be carefully
coordinated with petal opening, pollen shed, stigma receptivity
and pollinator activity. Therefore, it is not surprising that floral
nectar production would require hormonal regulation to ensure
its production is tightly coordinated with these other important
processes. Even though proper regulation of nectar secretion
is essential to its overall function - effectively manipulating
pollinator visitation (Pyke, 2016) - the impacts of each of the
phytohormones has remained rather elusive in relation to nectar
production. Some studies have examined the relative impacts of
auxin (IAA, indole acetic acid) (Bender et al., 2013), gibberellins
(Wiesen et al., 2016), and jasmonic acid (JA) (Radhika et al., 2010)
with regard to their roles in regulating floral nectar secretion as
outlined below.

It is well established that auxin is an important phytohormone
that heavily regulates both developmental processes as well as
responses to biotic and abiotic stresses (Chapman and Estelle,
2009; Lokerse and Weijers, 2009; Leyser, 2010; Zhao, 2010;
Weijers et al., 2018). TAA activates transcriptional responses
through binding to the TIR1 F-box receptor, which leads to
the ubiquitin-mediated degradation of AUX/IAA transcriptional
repressors and the de-repression of auxin response factors (ARFs)
thus activating auxin response genes (Dharmasiri et al., 2005).
IAA is important for regulating proper floral development too
(Aloni et al., 2006). Furthermore, recent reports have shown
that auxin-related genes display nectary-enriched expression
profiles in the Brassicaceae (Kram et al., 2009; Hampton et al.,
2010). Interestingly, PIN6, an auxin efflux transporter, was shown
to have a positive effect on total nectar production as PIN6
overexpressers showed an increase in total nectar production and
PIN6 knockdown mutants show a decrease in nectar production
in Stage 14-15 flowers (Bender et al., 2013). When Arabidopsis
inflorescences were treated with exogenous auxin there was a
2 - 10-fold increase in total nectar production in Arabidopsis
and Brassica napus, whereas the auxin transport inhibitor NPA
decreased nectar output (Bender et al., 2013).

In addition to IAA, JA is another phytohormone known
to play important roles in plant flower development as well
as plant defense (Wasternack and Hause, 2013). JA is a lipid-
derived hormone whose biosynthesis occurs via the octadecanoic
pathway and begins with the cleaving of alpha-linolenic acid
(C18:3) off of lipid bilayers by phospholipases (e.g., Ishiguro
et al., 2001) (see Supplementary Figure S1 for diagram of full
synthetic pathway). The primary mode of JA signaling occurs
through a similar mechanism as described for IAA. JA signals
through the COI1 F-box protein that forms a Skp-Cullin-F-box
(SCF) ubiquitin ligase complex that leads to the ubiquitination
and degradation of JAZ repressors in the presence of jasmonoyl-
L-isoleucine (JA-Ile), the bioactive form of JA (Kelley and Estelle,
2012; Nagels Durand et al., 2016). Some previous reports have
shown that JA plays a role in the regulation of nectar production.
For example, JA levels in B. napus flowers peak just prior to
anthesis which, as previously mentioned, is coincidental with the
onset of nectar production (Radhika et al., 2010). Furthermore,
exogenous floral application of phenidone, a chemical inhibitor
of JA synthesis, lowered nectar production while exogenous JA
increased total nectar (Radhika et al., 2010). In tobacco, JAs
importance in regulating nectar secretion is also evident. Tobacco
flowers silenced for JA synthesis and response have no nectar and
show altered starch utilization (Liu and Thornburg, 2012; Wang
et al., 2014). For example, the JA-responsive transcription factor
NtMYB305 was shown to be required for nectary maturation
and nectar secretion (Liu et al., 2009; Liu and Thornburg, 2012;
Wang et al., 2014). These mutants also showed defects in starch
accumulation. Furthermore, Stitz et al. (2014) showed that JA-
Ile signaling through COIl is required for nectar production
in tobacco flowers. Although there is a small body of work
implicating that JA and auxin are involved in nectary maturation
and nectar secretion, the details as to exactly how these hormones
regulate these processes is still an area that requires further
investigation.
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Phytohormones do not work in isolation and the coordinated
interactions between JA, IAA, and GA make it difficult to study
the sole influence that each of these hormones may have on
nectary function. For instance, in Arabidopsis IAA acts through
ARF6 and ARF8 to induce JA synthesis leading to the expression
of MYB21 and MYB24 which together play important roles in
flower maturation (Nagpal et al., 2005; Reeves et al., 2012). To
add to the complexity of this hormonal coordination, gibberellin-
deficient flowers show reduced levels of JA and lower expression
of MYB21/24 (Cheng et al., 2009). Using combinations of JA
biosynthesis and response mutants, in addition to transgenic lines
with altered auxin levels, here we demonstrate that the crosstalk
between JA and IAA is essential for the regulation of nectary
function.

MATERIALS AND METHODS

Plant Material and Growth Condition

All plants were grown on peat-based medium with vermiculite
and perlite (Pro-Mix BX; Premier Horticulture) in individual
pots. Arabidopsis seeds were sterilized in a 33% bleach
solution + 0.01% Triton mix for 10 min and subsequently
washed five times with water before being planted. The plants
were either housed in a Percival AR66LX growth chamber with
16 h day/8 h night, photosynthetic flux of 150 jtmol m~2 sec™!
and at 23°C or in a growth room with same 16 h day/8 h
night cycle at 22°C. It should be noted that plants used for any
direct comparisons were grown at the same time, in the same
trays, under the same growth conditions to limit environmental
effects on nectar production. Arabidopsis seed for wild-type
(Col-0), dadi-1 (SALK_138439), and jarl-11 (CS67935) were
obtained from the Arabidopsis Biological Resource Center
(ABRC). DR5::GUS plants were previously described (Ulmasov
et al., 1997). Homozygous mutants of myb21-4, opr3-1, coil-1,
and aos-2 (SALK_017756) were provided by the Reed Group
at the University of North Carolina at Chapel Hill (Reeves
et al, 2012). Both coil-1 and myb21-4 are sterile and not
rescuable via exogenous JA application, as such they were
carried as heterozygous mutants by backcrossing to wild-type
Col-0 and subsequent selection for homozygous mutants in
downstream experiments. Jas9-VENUS (Stock N2105629) and
mJas-9 Venus (Stock N2105630) seeds were ordered from
Nottingham Arabidopsis Stock Center (NASC) and previously
described by Larrieu et al, 2015. All T-DNA mutants were
genotyped with gene specific primers (Supplementary Table S1)
flanking the T-DNA insertion site and the T- DNA specific
primer “LBb1.3” to screen for the T-DNA insert as described at:
http://signal.salk.edu/tdnaprimers.2.html.

Plants expressing the auxin synthesis gene iaaM under the
control of the nectary-specific SWEET9 promoter were generated
by PCR amplifying the iaaM gene out of Pseudomonas savastanoi
genomic DNA using the primer pair “iaaM ORF-F” and “iaaM
ORF-R” and then ligating it into the Xmal and Smel sites
downstream of the nectary-specific SWEET9 promoter in the
plant transformation vector pPMK1 (Bender et al., 2012). This
vector was subsequently given the name pPMK21. Agrobacterium

tumefaciens (GV3101) cells were transformed to carry the
pPMK21 vector and used to transform Arabidopsis using
the floral-dip method described by Clough and Bent (1998).
Transformed seedlings were selected on one half Muarshige and
Skoog medium plates with 50 pwg/ml kanamycin.

Hormone Treatment of Flowers

1-naphthalene acetic acid (1-NAA) (Cat #N0640) and methyl
jasmonate (Cat #392707) were obtained from Sigma-Aldrich. 1-
NAA stocks were prepared in ethanol. Treatment of flowers with
10 pM 1-NAA or 500 pM methyl jasmonate was conducted
by dipping the inflorescence tips in the appropriate hormone
solution dissolved in a 0.05% aqueous Tween 20 solution
the evening before testing nectar production. Flowers were
phenotyped for the production of nectar and anther dehiscence,
or RNA was isolated via the protocol described below.

Gene Expression Analysis

For qRT PCR analysis, RNA was isolated from tissues (minimum
of 10 flowers per biological replicate) with the Absolutely
RNA Miniprep kit according to the manufacturer’s instructions
(Agilent, Catalog #400800). RNA quality was confirmed by
spectrophotometric analysis and agarose gel electrophoresis. For
cDNA preparation, total RNA (500-1,000 ng) was used as
template for Promega’s Reverse Transcription System (Promega,
Catalog #A3500). 10 ng of the resulting cDNA was added
to the real time PCR reaction mix, which included 10 pl
of 2x Brilliant III Ultra-Fast QPCR Master Mix (Agilent
Technologies, Cat #600880), 0.4 wl of each forward and
reverse primer (10 uwM stock), 0.4 pl ROX dye (high),
and 6.8 pl nuclease-free H20. Primers were designed using
the online primer design tool “QuantPrime.” The Applied
Biosystems StepOnePlus thermocycler was used for real-time
PCR, and results were analyzed with Applied Biosystems
StepOne software (v2.3). Three biological replicates with a
minimum of two technical replicates were performed for each
experiment.

Histochemical Staining for Starch and
GUS

Starch staining was performed as described by Ruhlmann et al.
(2010). Freshly collected flowers were dipped in Lugols iodine
solution (Fischer, Cat # $93408) for 5 min after a 1-min vacuum
infiltration in the same. Sepals were removed carefully before
beginning staining to improve stain permeation. Flowers were
subsequently rinsed in deionized water twice to wash off excess
stain and subsequently imaged under a dissecting microscope.
GUS staining was performed as described previously (Jefferson
et al,, 1987). For GUS staining, flowers were dissected to remove
sepals and subsequently dipped in a GUS staining solution, kept
under 15 psi vacuum for 15 min and incubated at 37°C for 16 h.
The stain was subsequently removed and the flowers were washed
with 90% ethanol thrice, with each wash lasting 2-3 h. The final
wash was with 70% ethanol overnight. The flowers were then
transferred to deionized water and imaged under a dissecting
microscope.
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Microscopic Analysis

Flowers expressing mJas9-Venus or Jas9-Venus were viewed
either using an Olympus BX-53 fluorescence microscope (YFP
cube) or a Nikon Alsi spectral confocal microscope attached to
a Nikon TE2000 motorized inverted microscope (Nikon USA,
Melville, NY, United States) using the 514 nm laser line (laser
power 25.4). The emitted fluorescence signal was collected using
the 32-channel spectral detector at 6.0 nm spectral resolution
using the 20x objective (n.a. 0.75) with zoom setting of 4. Optical
sections were collected at 0.5 pm increments then spectrally
unmixed using Nikon Elements software ver. 5.1.2.

RESULTS

Exogenous Methyl Jasmonate Induces
Nectar Secretion in Arabidopsis JA
Synthesis Mutants

Jasmonic acid has been suggested to play a role in nectar
production (Heil, 2001; Radhika et al., 2010; Wang et al., 2014).
In order to examine the role of JA in Arabidopsis nectar
production, we first observed mutants of the JA biosynthesis
genes DELAYED ANTHER DEHISCENCE (DADI, AT2G44810)
and ALLENE OXIDE SYNTHASE (AOS, AT5G42650). AOS is
a single copy gene indispensable for JA synthesis (Park et al.,
2002), whereas DADI encodes a filament-specific phospholipase
involved in JA synthesis in flowers, but plants are not entirely
JA deficient (Ishiguro et al., 2001). The first two open flowers
(equivalent of Stage 14 in Col-0) of both aos-2 and dadl-1
produced no nectar while appearing to maintain proper nectary
morphology (Figures 1B,C). The mutants also exhibited male
sterility (data not shown), which was a previously known
phenotype to each mutant (Ishiguro et al., 2001; Park et al., 2002).
When these synthesis mutants were exogenously treated with the
volatile methylated form of JA, methyl jasmonate (MeJA), nectar
production was rescued in recent fully opened flowers (equivalent
to Stage 14 flowers in wild-type; Figures 1E,F). Wild-type plants
showed no obvious change in nectar volume in response to MeJA
treatment (Figure 1D). Since JA synthesis mutants are sterile,
their flowers do not quickly dehisce like wild-type, instead their
‘older’ flowers (third open flower and down from the meristem)
remain open. Interestingly, these ‘older’ open flowers in dadi-1
produced nectar, whereas those of aos-2 did not (Supplementary
Figures S1, S2). The relationship between nectar secretion in
‘young’ and ‘old’ flowers of JA synthesis and response mutants
is further explored below. Cumulatively, these results further
support an essential role for JA in regulating nectar production.

Exogenous Methyl Jasmonate and Auxin
Induce Nectar Secretion and Auxin

Responses in aos-2 Nectaries

Bender et al. (2013) previously showed that auxin homeostasis is
important for nectar secretion. Cross talk between auxin and JA is
also important for floral development (Nagpal et al., 2005; Varaud
et al., 2011; Reeves et al., 2012), therefore we hypothesized that
JA may be involved in crosstalk with auxin to regulate nectary

function and an altered auxin response would be observed in the
JA mutants. To further explore this hypothesis, aos-2 was crossed
into the auxin-responsive DR5:GUS reporter line and whole
flowers were subjected to histochemical GUS staining (Ulmasov
etal., 1997). In the wild-type background the DR5::GUS reporter
showed a strong auxin response in both the median and lateral
nectaries (Supplementary Figure S2A). However, there was no
signal in the nectaries of the aos-2 background, which produce
no nectar (Figures 2A,D). When flowers were treated with MeJA,
both nectar production and the nectary auxin response were
rescued (Figures 2B,E).

Since previous reports have shown auxin treatment can
increase nectar production (Bender et al., 2013), we decided
to test if exogenous application of 1-naphthaleneacetic acid
(NAA) - a synthetic membrane permeable auxin - could rescue
nectar production in JA mutants. As with MeJA, floral crowns
exogenously treated with 10 WM NAA displayed a restoration of
nectar production (Figure 2C).

Given the dramatic change of nectar production in these JA
biosynthesis mutants, we examined the expression of previously
characterized genes known to be involved in nectar production
in aos-2 flowers exogenously treated with either MeJA or NAA
(Figure 2G). Genes targeted for qRT-PCR analysis in JA mutants
included SWEETY, a sucrose transporter (Lin et al., 2014),
CWINV4, an invertase responsible for cleaving sucrose into
hexose sugars (Ruhlmann et al., 2010), PIN6, an auxin efflux
transporter (Bender et al., 2013) and MYB2I, an ortholog of
the JA-inducible tobacco transcription factor MYB305, which is
required for nectar secretion (Liu et al., 2009; Liu and Thornburg,
2012; Reeves et al., 2012; Wang et al., 2014).

SWEET?9 and PING6 transcripts were downregulated in nectar-
less mock treated aos-2 flowers relative to Col-0 (wild-type)
(Figure 2G), which in itself could explain the loss of nectar
production (Bender et al., 2013; Lin et al., 2014). Exogenous
treatment of MeJA restored nectar production (Figure 2E) and
induced the expression of SWEET9, CWINV4, and MYB21 by
~2-fold compared to wild-type and ~4-fold relative to the mock
treated aos-2 specifically for SWEETY (Figure 2G). aos-2 flowers
treated with exogenous NAA also produced nectar and restored
SWEETY transcript to wild-type levels, but MYB2I transcript
abundance was downregulated and had little effect on PIN6
transcript level relative to mock-treated Col-0 (Figure 2G).

Nectary-Derived Auxin Can Rescue
Nectar Secretion in aos-2

Exogenous auxin (NAA) restored nectar production in aos-2
flowers (Figure 2), but since NAA could only be applied to whole
flowers it was not clear if the auxin-dependent signaling was
limited to the nectaries. Thus, we decided to engineer transgenic
aos-2 that could produce high endogenous auxin specifically in
the nectaries by expressing the auxin biosynthesis gene iaaM
(Klee et al., 1987) under control of the nectary-specific SWEET9
promoter (Bender et al., 2013; Lin et al., 2014). This construct,
SWEET9pro::iaaM, was first transformed into wild-type plants.
The subsequent SWEET9pro::iaaM transgenic line was then
crossed into aos-2 and phenotyped. The first two fully open
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Col-0
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FIGURE 1 | Exogenous methyl jasmonate induces nectar secretion in Arabidopsis JA synthesis mutants. Mock treated wild-type flowers at Stage 14 (fully open)
secrete nectar (A), whereas the equivalent flowers of JA synthesis mutants (aos-2, B and dad7-17, C) do not. Exogenous application of MeJA (500 pM; D=F) induces
nectar secretion in JA synthesis mutant flowers (E,F). Arrowheads indicate the location of the lateral nectaries (LN) and dashed circles outline the presence of nectar

droplets.

flowers (‘young, Figure 3A) of aos-2 x SWEET9pro::iaaM did
not produce nectar (Figure 3C) similar to both the ‘young
and ‘old’ flowers of aos-2 alone (Figures 1B, 3B). The ‘old’
flowers (open flowers 3-5 of down from the meristem) of
aos-2 x SWEET9pro:iaaM did produce nectar (Figure 3D).
Hence the nectary-derived auxin eventually caused nectar to
be produced in the aos-2 background. It should be noted that
the anthers never dehisced in aos-2, either with or without
SWEET9pro::iaaM, so fertilization was not a cause of the auxin
signaling.

To determine if gene expression could account for nectar
secretion observed in aos-2 x SWEET9pro::iaaM, we first verified
that iaaM expression was induced in ‘old’ vs. ‘young flowers
(Figure 3E). We hypothesized that the low expression of SWEET9
in the aos-2 background (Figure 2G) would correspondingly
keep iaaM levels low in younger aos-2 x SWEET9pro::iaaM
flowers. The gradual increase in endogenous auxin, driven by
control of the SWEET9 promoter, subsequently would result
in a positive feedback loop and nectar production in ‘old’
aos-2 x SWEET9pro::iaaM flowers. Indeed, SWEET?9 transcripts
in aos-2 x SWEET9pro:iaaM flowers were significantly
downregulated in ‘young’ flowers, but upregulated >3-fold in
‘old’ flowers relative to Stage 14 Col-0 flowers (open and secreting
nectar) (Figure 3F). As a control, flowers from both ‘young’
and ‘old’ aos-2 not harboring the SWEET9pro::iaaM transgene
were examined for SWEET9 expression, which demonstrated
that SWEET9 is not induced in ‘old’ flowers not carrying
iaaM (Supplementary Figure S3), suggesting that SWEET9

expression in aos-2 x SWEET9pro::iaaM flowers is dependent
on endogenous auxin synthesis. These results cumulatively
support the hypothesis that endogenous auxin can rescue aos-2
nectar secretion phenotypes downstream of JA.

The JA Receptor COI1 Is Not Required
for Nectar Secretion, but Is Required for
the Nectary Auxin Response

In light of the apparent dependence of nectar secretion on JA,
an interesting phenotype was observed in the ‘old’ flowers of the
JA-biosynthesis mutants dadl-1 and opr3-1. Specifically, ‘young’
dadl-1 and opr3-1 flowers behaved similarly to those of the JA-
deficient aos-2 by not producing nectar, but their ‘old’ flowers
secreted large nectar droplets (Supplementary Figure S2B and
Figure 4A), unlike older aos-2 flowers (Figure 3B). However,
these results should be considered in the context of the fact
that neither dadl-1 nor opr3-1 are completely JA-deficient
[there is partial functional redundancy in the case of DADI
(Ishiguro et al., 2001)] and opr3-1 is a leaky mutant (Chehab
et al., 2011). Regardless of this fact, ‘young’ nectarless flowers
crossed with DR5:GUS displayed no nectary auxin response,
whereas the older flowers with nectar did have a robust
auxin response specifically in the nectaries, although only in
the median nectaries in the case of opr3-1 (Figure 4A and
Supplementary Figure S2B), again reinforcing a connection
between auxin signaling and nectar secretion downstream of
JA.
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FIGURE 2 | Exogenous methyl jasmonate and auxin induce nectar secretion
and auxin responses in aos-2 nectaries. Mock treated aos-2 flowers do not
secrete nectar (A) and lack the nectary auxin response (D) observed in
wild-type plants. Treatment of aos-2 flowers with either MeJA (500 M) or the
synthetic auxin NAA (10 wM) induces nectar secretion (B,C) and the nectary
auxin response (E,F). The expression of key genes involved in nectar
production were evaluated in whole aos-2 Stage 14 flowers after treatment
with MeJA or NAA by gRT-PCR (G). Data is presented as fold-change in
expression of each gene normalized to Col-0 (dashed line).

Previous reports have shown that the F-box protein
CORONATINE INSENSITIVE 1 (COIl), which is a
component of a JA receptor critical for JA-mediated signaling, is
indispensable for floral starch metabolism and nectar secretion
in tobacco flowers (Wang et al.,, 2014). Therefore, in addition
to our JA biosynthesis mutants, we examined the reportedly
JA-insensitive coil-1 in Arabidopsis. As also observed in aos-
2 x SWEET9pro::iaaM, dadl-1 and opr3-1, there was a distinct
difference in floral nectar secretion between ‘young and ‘old’
flowers. ‘Young’ coil-1 flowers (equivalent to Stage 14 in Col-0),
showed a nectar-less phenotype, whereas the ‘old’ flowers did
produce nectar (Figure 4B), suggesting the presence of a COI1-
independent pathway responsible for regulating certain aspects
of nectar secretion in Arabidopsis. Further support for the notion
of a COIl-dispensible route for nectar secretion comes from
the fact that both exogenous NAA and MeJA induced nectar
secretion in ‘young’ coil-1 flowers (Supplementary Figure S4).

We also examined a mutant of JASMONATE RESISTANT 1
(JAR1) (AT2G46370), jarl-11, which is deficient in the JARI
enzyme that conjugates JA to isoleucine in order to generate the
bioactive JA-Ile. JA-Ile interacts directly with COIl to mediate

JA signal transduction (Staswick and Tiryaki, 2004). Interestingly
jarl-11, which has previously been shown to accumulate JA-Ile
levels to only 10% of that in WT upon wounding (Suza
and Staswick, 2008), still produced nectar (Supplementary
Figure S5) suggesting that either the low levels of JA-Ile are
adequate for signaling nectar production or that there may be an
alternative signaling module involved for nectar secretion.

There were notable changes in the expression of essential
genes required for nectar production in the aos-2 mutant that
may account for the absence of nectar (Figures 2, 3). We thus
hypothesized that a similar pattern of gene expression may
be observed in opr3-1 and coil-1 that may cause the ‘young
and ‘old’ nectar phenotype. Young nectarless opr3-1 and coil-I
flowers showed a strong reduction in the expression of SWEET9
(required for nectar production), whereas older flowers with
nectar displayed a ~3-to-4-fold induction of SWEETY9, CWINV4,
and MYB2] relative to wild-type) (Figures 4C,D). Interestingly,
PING6 expression begins 3.5-fold higher in ‘young opr3-1 flowers
but drops off to wild-type levels in ‘old” flowers (Figure 4C). No
significant difference in PIN6 (auxin transporter) expression was
observed in either the ‘young’ or ‘old’ flowers of coil-1I relative to
Col-0 (Figure 4D). However, coil-1 x DR5::GUS failed to display
an auxin response in either ‘young (no nectar) or ‘old’ (with
nectar) flowers (Figure 4B). These results imply the presence of
a COIl-independent pathway for nectar secretion, but that COI1
is required for the auxin responses observed in the nectaries of
other JA-biosynthesis mutants.

JA Responses Are High in Nectaries
During Nectar Production as Revealed

by a Biosensor

A recently developed JA reporter system can be used to observe
jasmonate signaling in planta (Larrieu et al., 2015). In brief, this
system was created based on the knowledge that the Jas motif in
JAZ proteins is required for their degradation upon JA-induced
signaling, thus releasing the repression of JA-inducible genes
(Yan et al., 2009; Wasternack and Hause, 2013). The Jas motif of
AtJAZ9 was fused with VENUS, a fast maturing YFP and placed
under the control of the CaMV 35S promoter. These lines were
designated as Jas9-VENUS and robust studies confirmed their use
as a JA biosensor (Larrieu et al., 2015). A mutant version, mJas9-
VENUS, was also engineered such that it cannot be targeted for
degradation by COIl, even in the presence of bioactive JA-Ile
(Larrieu et al., 2015). Thus, Jas9-VENUS is rapidly degraded in
tissues undergoing active JA responses and an be monitored by
a reduction in fluorescence, whereas stabilized mJas9-VENUS is
not degraded.

We hypothesized that the JA signaling and response in the
nectaries of a Stage 14 flower would be high and thus lead to
active degradation of Jas9-VENUS, manifesting as no or very
low signal in a Jas9-VENUS line whereas the mJas9-VENUS line
would show a nuclear signal in the nectaries. To confirm that the
plants being tested indeed had a VENUS-dependent fluorescence
signal, 5-day-old seedlings grown on half strength MS media
were imaged with a fluorescence microscope. Seedlings with a
positive signal for both Jas9- and mJas9-VENUS signal in the
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FIGURE 3 | Endogenous auxin induces nectar secretion in aos-2. (A) Relative locations of ‘young’ and ‘old’ flowers in JA-synthesis mutants, like aos-2. ‘Old’ aos-2
flowers produced either no nectar (B) or a very faint glistening of fluid on the inner surface of the sepal. “Young’ aos-2 flowers expressing the auxin synthesis gene
iaaM under control of the SWEET9 promoter do not produce nectar (C), whereas the corresponding ‘old” flowers produce large nectar droplets (D). (E) iaaM
expression is strongly induced in ‘old’ aos-2 x SWEET9pro::iaaM flowers (QRT-PCR data normalized to ‘young’ flowers). (F) Expression of SWEET9 transcripts in

Col-0 and ‘young’ and ‘old’ aos-2 x SWEET9pro::iaaM flowers (QRT-PCR data normalized to Col-0 flowers).

roots (Figures 5E-H) were transplanted to soil. Fluorescence
imaging of Stage 14 flowers reveal a strong signal in the nuclei
of the nectaries of the mJas9-VENUS lines whereas the signal was
absent in the Jas9-VENUS nectaries (Figures 5A-D) suggesting
that JA signaling was active in nectaries during nectar production.
To confirm that the signal was not due to autofluorescence we
imaged Stage 14 mJas9-VENUS flower nectaries with a confocal
microscope and spectrally unmixed the image to differentiate
VENUS from autofluorescence (Supplementary Figure S6).
These results indicate that JA is acting as primary signal directly
in the nectaries and not in other proximal floral tissues that may
be transmitting secondary signals to the nectaries.

MYB21 Is Required for Nectar

Production

The transcription factor MYB21 is JA inducible and has
been shown to play a critical role in stamen maturation
and overall flower development (Stintzi and Browse, 2000;
Stracke et al., 2001; Mandaokar et al., 2006; Cheng et al., 2009;
Songetal., 2011). More specifically to nectar regulation, MYB305,
the tobacco ortholog of MYB21, was reported to directly play

a role in nectar production through the regulation of starch
metabolism in tobacco flowers (Liu and Thornburg, 2012; Wang
et al.,, 2014). MYB305 mutants accumulate lower levels of starch
in their nectaries and have reduced levels of nectar production
(Liu and Thornburg, 2012). Reeves et al. (2012) also showed that
20 nectary specific genes were down-regulated in the myb21-5
myb24-5 double mutant. Even with these reports in the literature,
there has yet to be a report on the role of MYB21 in Arabidopsis
nectary function.

myb21-4 is a null mutant previously described as having a
premature stop codon (Trp116*) (Reeves et al., 2012). As might
be expected, the flowers of these mutants produce no nectar
(Figure 6A). Perhaps unsurprisingly, nectar production was not
rescued by exogenous application of MeJA (Figure 6B) since
MYB21 is required downstream of JA signaling (Reeves et al.,
2012). To further elucidate what genes MYB21 may be regulating
we examined the expression of SWEET9, CWINV4, and PIN6
via qRT-PCR analysis. All three genes showed a severe reduction
in expression (>80%) (Figure 6C). Our data supports that the
activity of MYB21 in the floral nectary indeed works downstream
of JA and has a critical role in regulating the expression of several
genes known to be essential for nectar production.
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Starch Metabolism Is Altered in

Nectaries of JA Mutants

Starch metabolism has been shown to be important in the process
of proper nectary function (Paschold et al., 2008; Ruhlmann
et al,, 2010; Lin et al,, 2014; Wang et al., 2014). Starch buildup
is required in nectaries prior to nectar production and is
rapidly broken down to produce sucrose and hexoses during
the secretory phase. In tobacco, starch metabolism was severely
compromised in a coil mutant leading to an absence of nectar
production (Wang et al., 2014). We hypothesized that aos-2,
a JA biosynthetic mutant, would also display defects in starch
metabolism. To test this hypothesis, Stage 14 WT and aos-
2 flowers were stained with Lugol’s iodine and imaged under
a dissecting microscope. The distinct staining of the flower
peduncle with iodine suggests a buildup of starch whereas
lesser staining is consistent with the breakdown of the starch
for nectar production. Also, the stomata on the nectaries
stain distinctively when nectar secretion is occurring. Our

study correlates a breakdown of starch with nectar secretion
in the WT flowers (Figures 7A,B) whereas the aos-2 flower
peduncles have increased starch accumulation and a lack of
stomatal staining (Figures 7C,D), as expected by the nectarless
phenotype. The starch staining patterns observed in aos-2 are
very similar to those observed in cwinv4 and sweet9 mutants
(Ruhlmann et al., 2010; Lin et al., 2014). Furthermore, since coil
mutants in tobacco showed defects in nectary starch metabolism
and degradation (Wang et al,, 2014), we hypothesized there
may be starch defects in the Arabidopsis coil-1 mutant.
In the nectarless ‘young’ flowers of coil-1 we indeed saw
strong staining in both the peduncle and the nectary of the
flower (Figures 7E,F), whereas in the ‘old’ flowers that do
produce nectar, we see some breakdown of the starch in
the peduncle and a mobilization of starch products to the
guard cells of the nectary stomata (Figures 7G,H). This result
confirms JA’s role in starch breakdown and subsequent nectar
production.
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DISCUSSION

The Octadecanoic Acid Biosynthetic
Pathway Is Required for Nectary

Function

Arabidopsis mutants deficient in the octadecanoic pathway
did not secrete nectar (Figures 1-4), particularly in ‘young’
open flowers that are the equivalent of Stage 14 wild-type
flowers, which actively secrete nectar. Perhaps most telling, aos-
2 did not produce nectar droplets in either ‘young or ‘old’
flowers, although exogenous MeJA did restore nectar production
(Figures 1, 2). AOS is a single copy gene indispensable for

the jasmonate biosynthesis pathway. Interestingly, the ‘old’
flowers of dadI-1 and opr3-1 did eventually produce nectar,
which coincided with the expression of SWEETY9, a sucrose
transporter indispensable for nectar secretion (Lin et al., 2014).
These results could possibly be explained by the fact that
neither dadl-1 nor opr3-1 are completely JA deficient. DADI
encodes a phospholipase with extensive functional redundancy,
as demonstrated by the fact that dadl-1 mutants are defective
in anther dehiscence and pollen development but are still
able to accumulate JA upon wounding via the DADI leaf
homolog DONGLE (Ishiguro et al., 2001; Hyun et al., 2008).
OPR3 is reportedly essential for JA synthesis, but opr3-1
has a leaky phenotype when exposed to pathogen attack
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FIGURE 7 | Starch accumulation patterns in aos-2 and coi7-1 nectaries. Each pair of images are of the same flower at different magnifications stained for starch
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FIGURE 8 | Proposed model of jasmonic acid migration after synthesis in the filament and regulation of nectar secretion. (A) JA synthesized in the anther filament
migrates down the filament to the nectary to promote nectar secretion, and travels to the anther where it promotes the dehiscence of anthers and pollen maturation.
(B) JA regulation of nectar secretion. Under standard conditions, JA or its precursors are synthesized in the filament leading to the induction of MYB21 expression
which in turn is required for nectar secretion via the expression of SWEET9 and CWINV4. JA also regulates auxin responses within the nectaries, another hormonal
factor involved in nectar secretion. A possible role for a JA- and COI1-dispensible pathway via OPDA for nectar secretion is indicated; dashed arrows represent
hypothetical interactions based on limited data.

(Chehab et al., 2011). It was also recently reported that in the
absence of OPR3, OPDA could enter the B-oxidation route
to produce 4,5-didehydro-JA which can subsequently act as a
precursor to JA and JA-Ile (Chini et al., 2018). These results
perhaps suggest that JA may still be able to accumulate to
sufficient concentrations in dadl-1 and opr3-1 to restore the

necessary signaling to rescue nectar secretion. However, it is
important to note that anther dehiscence was not observed in
any of the JA synthesis or response mutants, in either young or
old flowers (data not shown). These results suggest that JA is not
accumulating to high levels in these mutants and indicate that
anther dehiscence is not required for nectar production.
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COI1 Is Dispensable for Nectar Secretion
in Arabidopsis

The presence of nectar in ‘old’ opr3-1 and coil-1 flowers
(Figure 4) could also indicate the presence of an octadecanoic
acid-dependent but JA- and COI1-dispensable signaling pathway
in relation to nectary function. The substrate for OPR3 is
cis-OPDA, which accumulates in opr3-1 instead of being
converted to JA (Supplementary Figure S1). cis-OPDA has
been reported to be a potent signaling molecule that can
regulate gene expression in either a COIl-dependent or COI-
independent fashion (Dave and Graham, 2012). For JA responses
to occur, JA-Ile is usually rapidly synthesized in response to
an environmental or developmental cue which then binds
the F-box protein COIl, which targets JAZ repressors for
degradation via the 26S proteasome (Sheard et al, 2010;
Pérez and Goossens, 2013; Wasternack and Hause, 2013).
This subsequently liberates the transcription factors that drive
JA-related gene expression. In the jarI-1I mutant, where
JA-Tle levels are severely compromised (Suza and Staswick,
2008), nectar production proceeds normally in ‘young’ flowers
(Supplementary Figure S5). This suggests that the low levels
of JA-Ile might suffice for nectar production or that nectar
production might not require the well-established COIl-
dependent JA regulation pathway in Arabidopsis. This latter
supposition further gains support from the observation that
nectar production proceeds normally in older flowers of the
coil-1 loss-of-function mutant. It is remarkable though that
younger coil-1 flowers produced no nectar even at Stages 13-14
when nectar secretion normally begins, indicating a COII-
dispensible pathway might require a time lag in responding
to OPDA- or JA-dependent signaling. This delayed nectar
phenotype is perhaps even more interesting in light of the reports
that JA-Ile/COI1 signaling in wild tobacco flowers (Nicotiana
attenuata) is required for nectar production (Stitz et al., 2014).
Overall, this discrepancy should be further explored across
species to better understand the conserved processes that are
essential for nectar regulation.

MYB21 Is the Apparent Ortholog of
Tobacco MYB305

MYB21 is a JA-responsive transcription factor previously
reported to be important for stamen elongation and floral
maturation (Reeves et al., 2012). It is also closely related to
tobacco MYB305 (NtMYB305) (Ren et al., 2007), which is
required for nectar production and the expression of nectary-
specific genes (Liu et al.,, 2009; Liu and Thornburg, 2012). In
our study, MYB2I expression was enhanced in aos-2 flowers
exogenously treated with MeJA, supporting its JA-inducibility
(Figure 2). myb21-4 flowers also did not produce nectar
and also lacked the expression of genes required for nectar
production - AtSWEET9, AtCWINV4, and AtPING all displayed
large decreases in expression in myb21-4 (Figure 6). SWEET9
acts as a sucrose transporter, putatively transporting sucrose out
of nectary parenchyma cells (Lin et al., 2014). After sucrose
export, CWINV4 converts this disaccharide into its hexose
monomers, glucose and fructose (Ruhlmann et al., 2010). Null

mutants for these genes phenocopy one another as neither
produce nectar, while maintaining normal nectary structure,
and have heavy starch accumulation in the floral receptacle
(Ruhlmann et al., 2010; Lin et al., 2014). The regulation of these
nectar sugar transporters and invertases is vital for proper nectar
production and secretion. Thus, MYB21 appears to regulate
both CWINV4 and SWEET9 expression, in addition to PING,
but it is currently unknown if MYB21 directly or indirectly
controls their expression. It was interesting to note the expression
of SWEET9 was strongly reduced in the younger flowers of
JA mutants such as aos-2, opr3-1, and coil-1 but gradually
increased in the older flowers or in response to endogenous and
exogenous auxin. These results suggest that SWEET9 expression
proceeds via a COI1-dispensable, but MYB21-dependent route
(Figure 8).

Crosstalk Between JA and Auxin
Pathways

There are a number of well-known interactions between auxin
(IAA) and JA in plants, both in terms of homeostasis and
downstream response (Pérez and Goossens, 2013; Wasternack
and Hause, 2013). One of the key discoveries of our study
was a further elucidation for the role of JA during nectar
production and how it coordinates with auxin responses. Our
study reveals that treatment of flowers with exogenous synthetic
auxin (1-NAA) can rescue nectar production defects in JA
biosynthetic mutants such as aos-2 and dadlI-1, which fail to
produce nectar in ‘young open flowers (Figure 2). We also
found that auxin responses in the nectaries of the ‘young’ open
flowers of dadl-1, aos-2 and opr3-1 were absent as revealed
by the DR5:GUS auxin reporter system. This suggests that
the octadecanoic acid biosynthetic pathway is required for
nectary auxin responses and subsequent nectar production.
Auxin responses reappeared in aos-2 flowers treated with MeJA
suggesting that jasmonates can increase auxin biosynthesis in the
nectaries. It remains to be tested whether free auxin levels are
indeed diminished in the mutant flowers and whether they do
increase after the MeJA treatment. However, we did demonstrate
that nectary-derived auxin biosynthesis (via SWEET9pro::iaaM)
can rescue nectar production in the aos-2 background, likely by
inducing SWEET9 expression (Figure 3). Cumulatively, these
results indicate that auxin acts downstream of JA to induce nectar
secretion.

The complete absence of an auxin response in coil-1 nectaries,
even after nectar production occurred in older flowers, is
particularly interesting (Figure 4). The possibility that nectar
production occurs independently of COIl in Arabidopsis has
been discussed previously. This suggests that nectar production
and a canonical auxin response via the TIR1 pathway in
the nectary are separable events. Both auxin and JA use
a similar mechanism of signaling by forming specialized
co-receptor complexes known as SKPI-Cullin-F-box protein
(SCF) E3 ubiquitin ligase complexes. TIR1 and COI1 act as the
F-box proteins providing specificity for auxin and JA in these
complexes, respectively. This complex subsequently binds their
target proteins, Aux/IAA (auxin) and JAZ (JA), respectively,
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which are then degraded via the ubiquitin-proteasome system
(Kelley and Estelle, 2012) thus allowing hormone specific
transcriptional activation to proceed. Both these hormones are
perceived by shared components of a SCF-E3 ligase system, and
it has been demonstrated that disruption in the complexes can
cause an impairment of hormonal responses (del Pozo et al.,
2002; Quint et al., 2005; Moon et al., 2007; Pérez and Goossens,
2013). Thus, there is a possibility that the loss of COI1 disrupts
the equilibrium of the shared aspects of the ubiquitin-proteasome
system thus affecting auxin signaling and responses too.

An Alternative Mechanism of JA

Involvement in Nectar Production?
We should also consider alternative routes of how jasmonates and
related oxylipins might affect nectar production. A potential for
JA regulation of nectar secretion via control of water movement
also exists. Proper timing of pollen release and nectar secretion
in flowering plants can be vital for reproduction, therefore, there
may be a close singular upstream mechanism between anther
dehiscence and nectar secretion. Baum et al. (2001) characterized
many male sterile mutants to be deficient in nectar production.
This same correlation between anther dehiscence/male-sterility
and nectar production was observed in different male sterile
mutants of our study. Ishiguro et al. (2001) determined that water
transport was halted in the vascular tissue of dadI-1 anthers
and suggested that JA regulates water transport in the male
organs. Later, Ruhlmann et al. (2010) suggested that the high
amount of nectar sugars leads to the flow of water out of the
nectary, creating the nectar droplet presented at the base of the
sepal. Perhaps water transport in the nectaries is disrupted by
the lack of JA which leads to the absence of nectar in the JA
synthesis and response mutants. Therefore, only when the proper
JA response can be restored in the JA synthesis mutants can the
water transport/nectar secretion be restored as well. However, the
molecular mechanism by which water flow is disrupted to dad1-1
stamens, and perhaps nectaries, is currently unknown.
Cumulatively, the results from this study implicate
the octadecanoic acid biosynthetic pathway and auxin as
indispensable regulators of nectar secretion independent of
COIl in Arabidopsis. We propose a model (Figure 8) in
which cis-OPDA may act as a signaling molecule upstream
of MYB2I and auxin responses leading to the expression of
SWEET9 and CWINV4. Still, certain aspects of the proposed
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Epidendrum, the largest genus of Neotropical orchids, contains both nectar-secreting
and nectarless species. Here, we compare the fine structure of the inner floral spur,
termed the cuniculus, in nectariferous (E. difforme, E. nocturnum, E. porpax, E. rigidum,
E. vesicatum) and seemingly nectarless (E. capricornu, E. ciliare, E. criniferum, E.
pseudepidendrum, E. radicans, E. xanthoianthinum) species. This is the first time for
such a detailed investigation of cuniculus structure to be undertaken for Epidendrum.
Our aim was to characterize features indicative of secretory activity and to ascertain
whether flowers presumed to be nectarless produce alternative pollinator food-rewards.
The cuniculus is formed by fusion of the basal part of the labellum and column
and extends alongside the ovary and transmitting tract. Our study indicates that
all investigated species produce nectar or nectar-like secretion to varying degrees,
and no alternative pollinator food-rewards were observed. Even though macroscopic
investigation of presumed rewardless species failed to reveal the presence of secretion
within the cuniculus, close observations of the cells lining the cuniculus by LM, SEM,
and TEM revealed the presence of cuticular blisters and surface material. Moreover,
the similarity of both the thick tangential cell walls (with the exception of E. vesicatum)
and organelle complement of cuniculus epidermal cells in both copiously nectariferous
species and those producing only small quantities of surface secretion confirmed the
presence of secretory activity in species generally regarded to be rewardless. The
secretory character was particularly obvious in the cells of the cuniculus of E. nocturnum,
but also in E. ciliare, E. radicans and E. xanthoianthinum, since electron-dense
cytoplasm and mitochondria, ER and secretory vesicles were abundant. Furthermore,
cell wall protuberances occurred in E. nocturnum, which was indicative of intense
transmembrane transport. This investigation highlights the need to examine more
closely whether Epidendrum spp. considered to lack food-rewards based solely on
macroscopic examination really are rewardless and deceptive.

Keywords: Epidendrum, Orchidaceae, nectar, nectary, secretory tissues, floral rewards, cuniculus
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INTRODUCTION

Orchids offer their pollinators a variety of floral food-rewards,
such as nectar, oil and edible trichomes, with many more
producing non-food rewards, such as fragrances, waxes and
resins. Based on analyses by Neiland and Wilcock (1998), the
presence of nectar in both temperate and tropical orchids can
increase their reproductive success (fruit set). In Orchidaceae,
nectar is the most common floral food-reward, and here,
perigonal nectaries located on the labellum predominate
(Bernardello, 2007; Davies and Stpiczynska, 2008). They may
occur in shallow depressions, as in Epipactis (Pais, 1987;
Kowalkowska et al., 2015), on the labellar callus, as in Maxillaria
anceps (Davies et al,, 2005), in the median furrow of the
labellum, as in Listera (van der Cingel, 2001) and Bulbophyllum
(Stpiczynska et al,, 2015, 2018), in the labellum base, as in
Cleistes (Pansarin et al., 2012), Elleanthus (Nunes et al., 2013)
and Psilochilus (Pansarin and Amaral, 2008a), but also on the
column, as in Maxillaria coccinea and Ornithidium sophronitis
(Stpiczynska et al, 2004, 2009), or in the mentum, as in
Dendrobium finisterrae (Kaminska and Stpiczynska, 2011).
However, the most frequently encountered type of nectary,
occurring both in this enormous family and also in other
angiosperms, is the nectary spur, which is present in at least
0.60% of angiosperm genera (Mack, 2013; Mack and Davis,
2015). Nectary spurs of various lengths occur as outgrowths
of the labellum in representatives of Aeridiinae (Davies and
Stpiczynska, 2008; Stpiczynska et al., 2011), Maxillariinae (Davies
and Stpiczynska, 2007), Orchidinae (Stpiczynska, 2003; Bell et al.,
2009), and Spiranthinae (e.g., Pansarin and Ferreira, 2015). In
Anacamptis pyramidalis f. fumeauxiana (Orchidinae), in addition
to the spur formed at the base of the labellum, two spurs
originating from lateral sepals are present (Kowalkowska et al.,
2012). In Laeliinae, the nectary, if present, is represented in
the majority of cases by a cuniculus - an atypical inner spur
formed by fusion of the column and labellum throughout their
length, and which runs deep alongside the transmitting tract and
ovary.

Regardless of taxonomic position and the presence or
absence of floral rewards, the spurs in Orchidaceae studied
to date were lined by flat epidermal cells (e.g., Schoenorchis
gemmata — Stpiczynska et al., 2011), or conversely, the epidermis
was papillose (e.g., Ascocentrum) or trichomatous (e.g.,
Angraecum germinyanum, Papilionanthe vandarum, Platanthera,
Dactylorhiza, Brassavola) (Stpiczynska, 2003; Davies and
Stpiczynska, 2008; Bell et al., 2009; Stpiczynska et al., 2010,
2011, respectively). Beneath the secretory epidermis occurred
one to several layers of small subepidermal parenchyma
cells. Published, detailed, microscopical analyses revealed
diverse sculpturing and variable thickness in the cuticle
overlying the secretory epidermal cells. Cuticular blisters were
observed in Platanthera (Stpiczynska, 2003) and Schoenorchis
gemmata (Stpiczynska et al, 2011), but pores were rarely
recorded (e.g., Brassavola flagellaris - Stpiczynska et al.,
2010). Cell walls were predominantly thin or of moderate
thickness, with the exception of ornithophilous Ascocentrum
curvifolium (Stpiczynska et al, 2011) and moth-pollinated

Brassavola flagellaris (Stpiczynska et al., 2010). The cells
were interconnected by numerous plasmodesmata. Generally,
the ultrastructure of secretory cells of the spur conformed
with that of typical nectary cells (Nepi, 2007). These cells
contained dense cytoplasm with numerous mitochondria, ER
profiles, dictyosomes and secretory vesicles (Stpiczynska, 2003;
Davies and Stpiczynska, 2008; Stpiczynska et al., 2010, 2011).
Additionally, they often contained plastids with prominent
starch grains (e.g., Ascocentrum - Stpiczynska et al., 2011),
or were completely starchless throughout the lifespan of the
flower (e.g., Gymnadenia - Stpiczynska and Matusiewicz,
2001). In Papilionanthe vandarum, starchless plastids contained
large deposits of phenolic-like material (Stpiczynska et al,
2011).

Epidendrum L. is the largest genus of tribe Epidendreae,
subtribe Laeliinae, and according to the APG IV website
(Stevens, 2001 onward), comprises 1425 species. It is distributed
from the southeastern United States of America to northern
Argentina (Hdgsater and Soto-Arenas, 2005). It comprises both
food-rewarding and food-deceptive species (Pansarin, 2003;
Pansarin and Amaral, 2008b; Pansarin and Pansarin, 2014, 2017).
Although its flowers are visited by a wide range of pollinators,
moths and butterflies are the most frequently recorded, and
according to Pinheiro and Cozzolino (2013), this kind of
specialization (together with certain novel vegetative characters)
may represent key innovations that led to the enormous degree
of speciation found in this genus. Ornithophily has been reported
for E. cinnabarinum, E. ibaguense, and E. pseudepidendrum (van
der Pijl and Dodson, 1969; van der Cingel, 2001). Orange-
red or yellow flowers are attributed to butterfly-pollinated
species, whereas whitish to pale green, highly fragrant flowers
are predominantly moth-pollinated (van der Pijl and Dodson,
1969; van der Cingel, 2001). In some moth-pollinated species,
scent is produced by osmophores (Pansarin and Pansarin, 2017).
Epidendrum densiflorum (= E. paniculatum) is pollinated by
both butterflies and Arctiidae moths (Pansarin, 2003), whereas
E. avicula, is pollinated by several species of micro-moths,
as well as Tipulidae or crane flies (Pansarin and Pansarin,
2017). In fact, many Epidendrum species have a long cuniculus
and are thus adapted for pollination by Lepidoptera (Pansarin,
2003; Pansarin and Amaral, 2008b; Fuhro et al., 2010; Pansarin
and Pansarin, 2017). Conversely, although other members of
Laeliinae have also long been considered to possess a cuniculus
(e.g., Dressler, 1993), some taxa, such as Amblostoma and
Lanium, both currently included in Epidendrum sensu lato, lack
this character (Pansarin and Pansarin, 2014, 2017). Study of
the reproductive biology of E. tridactylum, a member of the
Amblostoma group, demonstrated that this species produces
fragrant and rewardless flowers, and attracts dipterans that
drink the extra-floral nectar produced at the base of the floral
bracts (Pansarin and Pansarin, 2014). As in E. tridactylum,
the flowers of E. avicula lack a cuniculus, and the nectary is
located at the base of the labellum, inside a tube formed by the
labellum and column. As a consequence, insects possessing a
short but thin proboscis (i.e., flies and micro-moths) are the most
effective pollinators of these orchids (Pansarin and Pansarin,
2017).
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In the majority of Epidendrum spp., insects searching
for nectar insert their proboscides into the cuniculus. Since
the entrance to the cuniculus has a keyhole-like structure,
such behavior causes the pollinator to become temporarily
detained. The traumatized insect thus avoids revisiting the same
inflorescence, thereby reducing geitonogamy, or pollen loss in the
case of self-incompatible species (Dressler, 1981; Pansarin and
Pansarin, 2017). As in many other orchids, flowers of Epidendrum
are infrequently visited, and low fruit set is common (Adams
and Goss, 1976; Ackerman and Montalvo, 1990; Almeida and
Figueiredo, 2003; Pansarin and Amaral, 2008b; Fuhro et al., 2010;
Pinheiro et al., 2010, 2011).

Despite the presence of a cuniculus, nectar has only rarely
been found in Epidendrum, and to date, its presence has been
recorded only for E. difforme (Goss, 1977), E. compressum,
E. schlechterianum, E. strobiliferum (Braga, 1977) and E. avicula
(Pansarin and Pansarin, 2017).

It should be emphasized that reward-producing and
rewardless Epidendrum species have so far mainly been
distinguished by macroscopic observation for the presence
or absence of nectar within the inner spur (Almeida and
Figueiredo, 2003; Hagsater and Soto-Arenas, 2005; Pansarin
and Amaral, 2008b). Detailed structural studies of the cuniculus
are scarce, particularly in species where nectar appears to be
absent. This is the first time for such a detailed investigation
of cuniculus structure to be undertaken for Epidendrum.
For this study, we selected 11 species of Epidendrum that
differ in their type of pollination syndrome. The aim of this
research is to: (i) compare the structure of the cuniculus in
nectariferous species of Epidendrum and those regarded to be
nectarless; (ii) explore whether the presence of nectar and the
structure of the cuniculus are correlated; (iii) check whether
flowers assumed to be nectarless produce alternative pollinator
rewards.

MATERIALS AND METHODS

The majority of plants used in this study were grown at
the Botanic Garden of the University of Warsaw, Poland.
They include nectar-secreting Epidendrum difforme Jacq., E.
nocturnum Jacq., E. porpax Rchb. f., E. rigidum Jacq., and
seemingly nectarless E. capricornu Kraenzl., E. ciliare L.,
E. criniferum Rchb. £, E. pseudepidendrum Rchb. £, E. radicans
Pav. ex Lindl. and E. xanthoianthinum Hagsater. The sole
exception was the nectar-secreting E. vesicatum Lindl. which was
collected in the city of Blumenau, state of Santa Catarina, South
Brazil and cultivated at the LBMBP Orchid House, University of
Sdo Paulo, Ribeirdo Preto, Brazil. The species cultivated at the
Botanic Garden of the University of Warsaw were grown in a
glasshouse at 25°C, and those which flowered in autumn/winter
(Epidendrum capricornu, E. ciliare E. difforme, E. nocturnum,
E. porpax, E. rigidum) were provided with a photoperiod
comprising 12 h light and 12 h darkness. AGRO, PILA, MT
WLS400W-Z-00 lamps were used to supplement light during the
day. The study was conducted on 1-2 plants of each species, and 5
flowers each were used for microscopical analysis. Abbreviations

of authorities for plant names follow Brummitt and Powell (1992)
throughout.

The position of the cuniculus and the presence of nectar in
longitudinally sectioned flowers on the first day of anthesis were
determined by means of a Nikon SMZ100 stereomicroscope.
The structure of the tissues surrounding the cuniculus was
subsequently examined using light microscopy (LM), including
fluorescence microscopy (FM), scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The
number of vascular bundles supplying the tissues surrounding
the cuniculus was recorded based on transverse sections of the
flower taken at the level of insertion of the perianth segments. We
considered vascular bundles present in parenchyma surrounding
the cuniculus, but not those located near the transmitting
tract.

For microscopical observations, pieces of ovary, together
with the cuniculus, were excised and fixed in 2.5% (v/v)
glutaraldehyde/4% (v/v) formaldehyde in phosphate bufter (pH
7.4; 0.1 M) for 2 h at 4°C, washed three times in phosphate
buffer and post-fixed in 1.5% (w/v) osmium tetroxide solution
for 1.5 h at 0°C. The fixed material was then dehydrated using a
graded ethanol series, and infiltrated and embedded in LR White
resin (LR White acrylic resin, medium grade, Sigma). Following
polymerization at 60°C, sections were cut at 70 nm for TEM using
a Reichert Ultracut-S ultramicrotome and a glass or diamond
knife, stained with uranyl acetate and lead citrate (Reynolds,
1963) and examined using a FEI Tecnai Spirit G2 transmission
electron microscope, at an accelerating voltage of 90 kV.

Semi-thin sections (0.9-1.0 pm thick) were prepared for LM
and FM. For general histology, they were stained with a 1:1
solution of 1% (w/v) aqueous methylene blue: 1% (w/v) aqueous
azure IT (MB/AII) for 5-7 min.

Histochemical tests were used to detect the presence of
lipids and starch in the tissues by treating them with a
saturated ethanolic solution of Sudan IIT and with IKI solution,
respectively, followed by examination using a Nikon E-200 or
Nikon Eclipse 90i light microscope. The periodic acid-Schiff
(PAS) reaction was also employed to detect the presence of
insoluble polysaccharides (Jensen, 1962). Semi-thin sections were
also treated with auramine O (Gahan, 1984) and examined using
FM with FITC filter (excitation light 465-495 nm, barrier filter
515-555 nm) to detect the presence of lipid. A UV2B filter
(Nikon) was used to check for chlorophyll autofluorescence.
Micrometry and photomicrography were accomplished by means
of a Nikon Eclipse 90i (NIS-Elements AR software) or a
Stereozoom Leica S8 APO stereomicroscope, in conjunction
with a PC employing IM50 image analysis software. For
TEM images, the FEI Tecnai Spirit G2 TEM Imaging &
Analysis computer program was used. Thicknesses of cell wall
and cuticle were measured only for species on which TEM
analysis was performed, and the mean calculated (n = 10
measurements &+ SD).

For SEM, fixed pieces of the flower, cut longitudinally to
expose the cuniculus, were dehydrated and subjected to critical-
point drying using liquid CO;. They were then sputter-coated
with gold and examined using a Vega II LS scanning electron
microscope at an accelerating voltage of 10 kV.
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RESULTS

Species With Nectar Visible Upon

Macroscopic Observation

The cuniculus of the light-green flowers of Epidendrum difforme
was 10 mm long and contained nectar. The entire inner
surface of the cuniculus was coated with nectar. A droplet
of nectar was also visible on the adaxial surface of the
labellum (Figure 1A). The flowers did not produce perceptible
fragrance. Epidermal cells lining the cuniculus were flat along
the whole length of the cuniculus, with coarse cuticular ridges
(Figures 1B-E,G). Large deposits of secreted material were
present on their surface (Figure 1B). Transverse sections revealed
the thick (7.42 pm =+ 1.44), lamellate, cellulosic walls of
epidermal cells (Figures 1E-G), and the irregular outline of
the outer tangential wall. This was due to numerous wall
protuberances. The overlying cuticle was 1.02 wm = 0.12 thick
(Figures 1D,E,G). Deposits of electron-translucent material were
present beneath distensions of the cuticle, and similar material
also occurred on the surface of the epidermis (Figures 1D,G).
The underlying, single-layered, secretory parenchyma had only
slightly thickened tangential walls. Protoplasts of epidermal
cells were electron dense (Figure 1F) and these, in semi-thin
sections, stained intensely with MB/AII (Figure 1E). Protoplasts
of subepidermal parenchyma were also electron dense, but
contained relatively large vacuoles. Typical ground parenchyma
cells with thin cell walls, a thin layer of parietal cytoplasm,
and a large vacuole, occurred ventral to the cuniculus. Plastids
in epidermal, subepidermal and ground parenchyma cells only
occasionally contained minute starch grains. However, they
contained numerous electron-dense globules. Collateral vascular
bundles (three main and tree smaller bundles located alternately)
embedded in the ground parenchyma did not penetrate the
secretory tissue. Parenchyma cells contained intravacuolar
deposits of phenolic-like material (Figures 1C-E).

In Epidendrum nocturnum, the flowers are greenish-white
and fragrant. The cuniculus was 46 mm long and contained
copious nectar (Figures 2A,B). The epidermis enclosing
the cuniculus was composed of small, slightly convex cells
(Figures 2C-G). The hypodermal cells were also small, and
beneath these occurred typical ground parenchyma supplied
by three main collateral vascular bundles and several phloem
strands (Figure 2G). Epidermal and hypodermal cells possessed
thick (9.91 pm =+ 7.13), cellulosic, lamellate, tangential walls
(Figures 2E-I). Numerous protuberances projected from the
cell walls (Figure 2I). The cuticle overlying the epidermis
was relatively thin (0.60 pwm =+ 0.21), as seen in transverse
section (Figure 2F), and bilayered, the outer layer being
lamellate and electron dense (Figure 2H). Coarse cuticular
ridges and distensions were visible using SEM, and secretory
residues were present on the surface of the cuticle (Figure 2C).
Epidermal and subepidermal parenchyma cells contained dense
cytoplasm and large nuclei (Figures 2E,H-J). Dictyosomes,
mitochondria, ER profiles and numerous secretory vesicles were
present in the cytoplasm (Figures 2LJ). The plasmalemma
was invaginated, and the periplasmic space contained secretory

material (Figure 2I) or secretory vesicles. In epidermal cells,
plastids contained only minute starch grains (Figures 2LJ)
that were not detectable with the PAS reaction, but starch
was more abundant in the ground parenchyma adjacent to
vascular bundles (Figure 2G). Chloroplasts occurred exclusively
in ground parenchyma cells.

The cuniculus of the small, non-fragrant, brown-green flowers
of Epidendrum porpax was 6 mm long. It had a relatively
wide entrance, but tapered toward its base (Figures 3A,B).
Minute droplets of nectar were visible on the inner surface
of the cuniculus using a stereomicroscope, and nectar residues
were visible on the cuticle surface using SEM and LM
(Figures 3C-F). Epidermal cells lining the cuniculus were smaller
than those of the hypodermis, and only the outer tangential
walls of the epidermal cells were thickened (Figures 3D,H).
The cuticle overlying the epidermis was thin, ridged, and
occasionally distended (Figure 3E). Starch was absent from
the epidermis and subepidermal parenchyma, but present in
ground parenchyma cells (Figure 3F), whereas chloroplasts
occurred in the subepidermal parenchyma cells (Figure 3G).
Both epidermal and parenchyma cells contained intravacuolar
phenolic-like compounds (Figure 3H). Three collateral vascular
bundles ran through the ground parenchyma.

In the small, non-fragrant, green flowers of Epidendrum
rigidum, the cuniculus was 8 mm long, with a narrow entrance,
expanding basally (Figure 4A), and containing a small volume of
nectar. The cells lining the cuniculus were flat or slightly convex
(Figures 4B-G), thick-walled (5.97 wm =+ 1.30), and had a thick
(1.75 wm =+ 0.47), intact cuticle. Secreted residues were visible
on the cuticle using LM, SEM and TEM (Figures 4C,E,G,H).
Both inner and outer tangential walls of the small epidermal
cells, and those of 1-2 layers of the larger subepidermal cells,
were thickened (Figures 4B,E,F) and lamellate (Figures 4G,H),
the tissues closely resembling lamellar collenchyma. Cavities
present in the middle lamellae of epidermal cells contained
similar electron-dense material to that deposited on the surface
of the cuticle (Figures 4G,H). Epidermal and subepidermal
cells were similar in structure in that they both contained a
centrally located vacuole and parietal cytoplasm, together with
a large nucleus, and small plastids with osmiophilic, electron-
dense globules (Figures 4G,H). Mitochondria and ER arrays
were abundant in parietal cytoplasm, and secretory vesicles
fused with the plasmalemma. The cells were interconnected by
means of numerous primary pit-fields containing plasmodesmata
(Figure 4G), and such connections were also present between
epidermal, subepidermal, and ground parenchyma cells. Through
the parenchyma ran three vascular bundles (Figure 4D).
Starch was present in the ground parenchyma (Figure 4F),
and chloroplasts were present in the hypodermis and ground
parenchyma.

The cuniculus of the greenish-white flowers of Epidendrum
vesicatum measured ca. 10 mm in length (Figures 5A,B). The
flowers produced a pleasant fragrance at night. The lumen of
the cuniculus was oval in transverse section and tissues were
translucent. The flower produced copious amounts of nectar
which, owing to the transparency of the tissues, could easily
be observed (Figure 5C). Secretory tissue was dorsally located
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FIGURE 1 | Epidendrum difforme. (A) Inflorescence. Insert shows flower with droplet of nectar (arrow). (B) Convoluted cuticle on surface of epidermal cells with
nectar residue. (C) Transverse section through cuniculus showing small epidermal cells enclosing the lumen, and parenchyma cells with intravacuolar phenolic-like
contents (MB/Al). (D) Residues of nectar (arrow) on surface of cuticle. Note thick epidermal cell walls and intravacuolar material (auramine O). (E) Detail of epidermis
and subepidermal parenchyma (MB/AlI). (F) Protoplast of epidermal cell. Note the large nucleus and starchless plastid. (G) Detail of cell wall and cuticle with
associated surface secretion (arrows) of epidermal cells lining the cuniculus. Scale bars: A =1 cm; B,E = 20 pm; C = 500 pm; D = 50 um; FG =2 pm.
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FIGURE 2 | Epidendrum nocturnum. (A) Longitudinal section of anterior part of the flower showing cuniculus (arrow). (B) Detail of cuniculus with copious nectar.

(C) Epidermal cells with cuticle ridges and cuticular blisters with secretion (arrows). (D) Transverse section showing epidermis and subepidermal parenchyma of
cuniculus (MB/AIl). (E) Detail of thick-walled epidermal cells with thin cuticle. Arrow indicates cuticular blister and nectar residues (MB/AII). (F) Cuticle lining cuniculus
stained with Sudan lll. (G) PAS reaction stains thick walls of epidermis; large starch grains are located close to vascular bundles. (H) Detail of thick outer cell wall and
thin cuticle. Note dense protoplast of epidermal cell with large nucleus and plastids. (I) Protuberances (arrows) of thick cell wall of epidermal cell. The electron-dense
cytoplasm contains numerous ER profiles and plastids. (J) Detail of cytoplasm of epidermal cell with plastid containing minute starch grains. AB =2 mm; C,

E,F =50 pum; D =200 pm; G =100 pm; H=2 pm; ILd =1 pm.
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A

FIGURE 3 | Epidendrum porpax. (A) Longitudinal section of flower. Cuniculus indicated by arrow. (B,C) Details of cuniculus with small droplets of nectar (arrows).
(D) Epidermal cells with surface secretion and subepidermal parenchyma (unstained, hand-cut section,). (E) Surface of epidermis with nectar residue (arrow).

(F) Section stained with IKI; note starchless plastids. (G) Longitudinal section of cuniculus, the lumen visible at its top. Autofluorescence of chlorophyll located in
subepidermal and ground parenchyma on exposure to UV. (H) Thin cuticle of epidermal cells with secretory residues. Beneath the epidermis occur large, thin walled
parenchyma cells (auramine O). Scale bars: A =2 mm; B = 500 pm; C = 200 um; D,G = 100 um; E,F,H = 50 pm.

in the cuniculus (Figure 5D). This region lay adjacent and
parallel to the transmitting tract and ovary. The dorsal position of
secretory tissue was observed only in E. vesicatum. The remaining
area inside the cuniculus was non-secretory. Nectary tissue was
composed of epidermal cells and subepidermal parenchyma.
Epidermal cells enclosing the cuniculus in the nectary region

were convex with large, centrally located vacuoles and parietal
cytoplasm (Figures 5E,F). These cells had thin walls and a
thin layer of smooth cuticle (Figure 5E), in contrast to the
non-secretory area of the cuniculus, where cell walls were
associated with a thicker layer of cuticle (not shown). Treatment
with IKI revealed the absence of starch grains in nectary cells
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FIGURE 4 | Epidendrum rigidum. (A) Longitudinal section of flower showing cuniculus (arrow). (B) Detail of small, thick-walled epidermal cells with convoluted
cuticle, and larger subepidermal parenchyma cells. (C) Detail of cuticle with nectar residues (arrows). (D) Transverse section of ovary showing cuniculus enclosed by
epidermis and parenchyma containing vascular bundles (MB/Al). (E) Detail of collenchymatous epidermis and subepidermal parenchyma. Note thin cuticle with
secretory residues (arrows). (F) The PAS reaction stains cell walls and occasional starch grains in ground parenchyma. (G) Epidermal cell lining cuniculus, with large
nucleus and parietal cytoplasm containing osmiophilic globules. Secreted surface material occurs on the cuticle (arrow). Plasmodesmata in anticlinal cell wall marked
with arrowhead. (H) Detail of outer wall of epidermal cell lining cuniculus, showing cuticle with nectar residues (arrow) and cavity in middle lamella. Scale bars:

A =1mm; B,C,E =20 um; D,G =5 um; D =500 pm; F =50 um; H =2 um.

Frontiers in Plant Science | www.frontiersin.org 80 June 2018 | Volume 9 | Article 840


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Stpiczynska et al. Nectar-Secreting and Nectarless Epidendrum

FIGURE 5 | Epidendrum vesicatum. (A) Habit of the flower, cuniculus marked by arrow. (B) Lateral view of cuniculus. (C) Longitudinal section of cuniculus containing
copious nectar. (D) Transverse section of cuniculus stained with IKI showing secretory tissue (arrow) adjacent to the transmitting tract. (E) Transverse section of
secretory tissue stained with Sudan lll. Note the thin cuticle present on secretory cells. (F) Detail of transverse section stained with IKI; note papillose epidermal cells
and the absence of starch grains. Scale bars: A,B = 2mm, C,D = 1 mm; E,F = 20 um.

(Figure 5F). Three collateral vascular bundles supplied the toward its base (Figure 6B), and measured 15 mm in length.
ground parenchyma of the cuniculus (Figure 5D). The epidermal cells were conical close to the entrance, but
papillose toward the base of the cuniculus, particularly on

. . the side adjacent to the transmitting tract (Figures 6C-G,I).

Nectarless SpeCIGS With no Nectar The striate quticle of epidermal cellsg (0.90 Mmg:t 0.15 thick)
Visible on Macroscopic Observation lacked pores, but copious globular blisters were visible on
The cuniculus of the non-fragrant, pink flowers of Epidendrum its surface, when viewed by SEM and TEM (Figures 6C,H).
capricornu (Figure 6A) was wide at its entrance and tapered Blisters with underlying material were also visible in sections

Frontiers in Plant Science | www.frontiersin.org 81 June 2018 | Volume 9 | Article 840


https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Stpiczynska et al.

Nectar-Secreting and Nectarless Epidendrum

stained with auramine O (Figure 6I). The tangential walls
of both epidermal cells and the underlying parenchyma cells
were cellulosic and thick (2.54 wm =+ 1.02), but toward the
tapered end of the cuniculus, cell walls were thinner. TEM
observations indicated the presence of intravacuolar electron-
dense, phenolic-like material (not shown). Similarly, electron-
dense material was also observed to occur between the cellulosic
microfibrils of the outer, tangential cell wall, and beneath the
blistered cuticle (Figure 6H). Both epidermal and subepidermal
parenchyma cells possessed a large central vacuole and a thin
layer of parietal cytoplasm (Figures 6E,I), and accumulated
starch (Figure 6F). The cuniculus was supplied with three
collateral vascular bundles (Figure 6D).

The cuniculus of the white, fragrant flowers of Epidendrum
ciliare, measured 45 mm in length (Figure 7A). Epidermal
cells enclosing the cuniculus were flattened at its entrance and
papillose toward its base (Figures 7B-F). The cuticle present
on the epidermal papillae was ridged at their apices, but
finely striate on the sides of the papillae (Figures 7C,D), and
was 1.99 um =+ 0.52 thick. Despite the apparent absence of
nectar during macroscopic investigations, surface secretion that
resembled nectar and that coated the apical parts of the papillae
was visible under SEM (Figure 7D). It was also observed by
TEM to collect beneath the cuticular distensions (Figures 7G,H).
The epidermal cells and the underlying 3-4 layers of parenchyma
cells were smaller than those of the ground parenchyma cells
through which ran several vascular bundles. In transverse section,
epidermal cells and several layers of subepidermal cells were seen
to possess thick (4.44 pm =+ 0.99) tangential, cellulosic walls
(Figures 7E,EHL,I), Such walls were particularly pronounced
opposite the transmitting tract (Figure 7B). Numerous primary
pit-fields with plasmodesmata in anticlinal and periclinal
walls connected epidermal and subepidermal parenchyma cells
(Figures 7E,I). TEM investigations showed the cuticle to be
bilayered, having an outer lamellate layer and inner electron-
dense and reticulate layer. Both these layers were highly
convoluted (Figure 7H). The protoplasts of epidermal and
subepidermal cells were electron-dense and contained numerous
mitochondria, dictyosomes, ER profiles and secretory vesicles
(Figures 71,J). Small vacuoles containing vesicles or flocculent
material were present (Figure 7J), and the larger vacuoles of the
ground parenchyma had similar contents. The plastids contained
an electron-dense stroma and few lamellae. Generally, these
last organelles did not contain starch, but occasionally, starch
grains were observed in parenchyma cells adjacent to vascular
bundles. Chloroplasts were abundant in ground parenchyma
cells. Numerous collateral vascular bundles of variable size were
scattered throughout the ground parenchyma (Figure 7B). Lipids
were detected exclusively in the cuticular layer (Figure 7F).

Flowers of Epidendrum criniferum lacked fragrance, were
greenish-white and spotted with magenta. The cuniculus
measured 15.2 mm in length. It formed a wide reservoir below
the entrance (Figure 8A) and tapered distally. The cuniculus was
lined with flat or slightly convex epidermal cells that possessed
a convoluted or ridged cuticle (Figures 8B-H) 1.24 pm =+ 0.23
thick. Traces of secretory material were visible on the surface of
the cuticle, when viewed by SEM (Figure 8B). The epidermal

cells had thick tangential walls (4.34 wm =+ 1.03), whereas
those of the subepidermal and ground parenchyma were thin
(Figures 8D-G). Epidermal and subepidermal cells contained
a narrow layer of parietal cytoplasm and a large, central
vacuole containing globular material (Figure 8G). Strands of
cellulosic wall microfibrils occurred beneath the cuticular ridges
(Figure 8H). Starch was present in both subepidermal and
deeply located ground parenchyma cells (Figure 8E), whereas
chloroplasts occurred only in the latter. The cuniculus was
supplied with three collateral vascular bundles (Figure 8C).

The cuniculus of the orange and green, non-fragrant flowers
of Epidendrum pseudepidendrum was 38 mm long. It had a
very narrow entrance expanding to form a wider region at
the level of insertion of the perianth segments (Figure 9A).
The epidermis at the mouth of the cuniculus was papillose,
the papillae being longer toward its base (Figures 9B-G). The
cuticle overlying the papillae was thick (0.45 pm =+ 0.06) and
formed blisters and distensions (Figures 9C,E). Surface secretory
material was present apically and between cuticular ridges
(Figures 9E,EH,I). This material, which stained with Sudan III,
was also present in intercellular spaces (Figure 9G). The walls
of epidermal cells and 1-2 layers of the subepidermal tissue were
1.57 wm = 0.30 thick and cellulosic (Figures 9D-I). Three large
and several small collateral vascular bundles supplied the ground
parenchyma (Figure 9D). Observations using TEM revealed that
epidermal cells contained a large nucleus and electron-dense,
granular cytoplasm with mitochondria and secretory vesicles,
the last fusing with the plasmalemma (Figure 9I). Plastids
with starch and/or an electron-dense stroma were present in
subepidermal and ground parenchyma cells (Figures 9E]J),
whereas chloroplasts occurred only in ground parenchyma cells.
Lipid bodies were occasionally observed in epidermal cells.
Primary pit-fields with plasmodesmata (Figure 9J) were present
in periclinal walls between epidermal and subepidermal cells.

The cuniculus of the non-fragrant, orange flowers of
Epidendrum radicans measured 25 mm in length. The epidermal
cells at its entrance were papillose. Of the investigated taxa,
this species was unique in that the cuniculus was lined
with unicellular trichomes of average length 132 pm. These
epidermal trichomes arose from just below the entrance to the
cuniculus and were distributed along its length to the base
(Figures 10A-I). They had a smooth and thick (1.55 pm =+ 0.89)
cuticle (Figures 10C,H). Observations of the cuticle by means
of SEM, LM and TEM revealed the presence of surface
material, as well as cuticular distensions (Figures 10C,K). Cell
walls of trichomes were 1.21 pm =+ 0.25 thick. Epidermal
and subepidermal cells were small compared with those
of the underlying ground parenchyma, the cell walls being
only slightly thickened (Figures 10D-EI). These walls were
0.91 wm = 0.19 thick and had a thin cuticle (0.26 pm =+ 0.07).
The epidermal cells, including the unicellular trichomes, had
dense protoplasts containing a large nucleus and small vacuoles
(Figures 10E,H-J). Mitochondria, ER profiles, dictyosomes and
secretory vesicles were predominant in the cytoplasm of
trichomes and subepidermal parenchyma cells. The plastids
contained an electron-dense stroma, densely packed stacks of
lamellae and plastoglobuli, but no starch. Starch, however, was
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