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Summary

e Current models of floral nectar production do not include a contribution from photosynthe-
sis by green nectary tissue, even though many species have green nectaries. Manuka
(Leptospermum scoparium) floral nectaries are green, and in addition to sugars, their nectar
contains dihydroxyacetone (DHA), the precursor of the antimicrobial agent in the honey. We
investigated causes of variation in manuka floral nectar production, particularly the effect of
light incident on the nectary.

¢ Flower gas exchange, chlorophyll fluorescence, and the effects on nectar of age, tempera-
ture, light, sucrose, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), pyridoxal phosphate,
and "3CO,, were measured for attached and excised flowers.

e Flower age affected all nectar traits, whilst temperature affected total nectar sugar only.
Increased light reduced floral CO, efflux, increased nectar sugar production, and affected the
ratio of DHA to other nectar sugars. DCMU, an inhibitor of photosystem II, reduced nectar
sugar production. Pyridoxal phosphate, an inhibitor of the chloroplast envelope triose phos-
phate transporter, reduced nectar DHA content. Incubation of excised flowers with "*CO, in
the light resulted in enrichment of nectar sugars, including DHA.

¢ Photosynthesis within green nectaries contributes to nectar sugars and influences nectar
composition. Manuka nectar DHA arises from pools of triose phosphate that are modulated
by nectary photosynthesis.

Introduction

Floral nectar is a complex secretion produced by a specialized
tissue, the nectary, and awarded to animals in return for their
pollination services (Pacini & Nicolson, 2007). Nectar usually
contains sucrose, glucose, and fructose in varying proportions,
along with smaller amounts of a wide variety of other com-
pounds, including other sugars, amino acids, proteins, lipids
and secondary metabolites (Percival, 1961; Nicolson & Thorn-
burg, 2007; Roy eral, 2017). Nectar volume, concentration
and composition vary widely among species, with important
implications for plant—pollinator interactions (Chalcoff ezal,
2006; Wolff, 2006; Witt eral, 2013; Nepi, 2017; Parachnow-
itsch eral, 2019). Within species, nectar is usually consistent
in terms of the proportions of the dominant sugars, but can
also vary significantly in composition among flowers and indi-
vidual plants (Nicolson & Thornburg, 2007; Noe et al., 2019).
Much of this variation in nectar chemistry may be linked to
the mechanism responsible for nectar secretion — how it differs
between species, how it changes during flower development,
and how it is modulated by the environment (Roy ezal,

2017).
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Floral nectaries have evolved multiple times, and exhibit a vari-
ety of mechanisms for nectar secretion (Bernardello, 2007; Heil,
2011; Roy ezal, 2017). The best understood models for nectar
secretion are based on fast growing species with short-lived flow-
ers and rapid nectar secretion, including Arabidopsis (Kram &
Carter, 2009) and Nicotiana (Ren etal, 2007; Thornburg,
2007). These species exhibit an eccrine-based secretion of the
major nectar sugars, whereby sugar is exported across the plasma
membrane of the nectary parenchyma via membrane pores or
transporters (Lin et al., 2014), and their nectaries are either non-
green (Nicotiana), or pale green (Arabidopsis), and shaded within
the flower. Phloem supplied sugar accumulates as starch in amy-
loplasts or amylochromoplasts, and a brief surge of nectar secre-
tion (hours to 1 or 2d) at anthesis is supplied by starch
degradation (Horner ezal, 2007; Ren eral, 2007; Lin eral,
2014). Nectar production from starch may also be supplemented
by simultaneous direct import of sugars from the phloem (Sol-
haug eral., 2019). However, the nectaries of many other species
are green, contain chloroplasts rather than amyloplasts, and accu-
mulate little or no starch before or after anthesis (Davis ez al.,
1986; Davis etal, 1988; O’Brien etal, 1996; Vesprini etal.,
1999; Vezza etal., 2006; Nepi, 2007). Pacini eral (2003)
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associated these types of nectaries with longer lived flowers that
produce nectar more slowly and over extended periods (a few to
many days), and proposed that photosynthesis within the nectary
itself could supply some or all of the sugars required for nectar
production. Based on chlorophyll fluorescence, green nectaries
are theoretically capable of fixing a significant proportion of total
nectar sugars (Luttge, 2013), but there is no direct evidence that
de novo photosynthesis within green nectaries contributes to nec-
tar production (Roy eral, 2017). Nectary photosynthesis by
green nectaries could explain aspects of variation in nectar com-
position and the origin of particular nectar compounds.

Manuka (Leptospermum scoparium) is a perennial woody shrub
that produces long lived flowers with green nectaries (Fig. 1;
Clearwater eral, 2018). Manuka flowers are dish shaped with
the nectaries exposed to light on the upper surface of the gynoe-
cium when the flower opens (Fig. 1). In addition to fructose, glu-
cose and sucrose, the floral nectar of manuka and a subset of
other Leptospermum species contains small amounts of dihydrox-
yacetone (DHA) (Williams ez al., 2018), a three carbon sugar that
is the precursor of the nonperoxide antibacterial activity of
manuka honey (Adams ez al., 2008; Mavric ez al., 2008; Adams
etal., 2009). The DHA content of manuka nectar is highly vari-
able, with some of this variation attributed to plant genotype,
flower stage of development, temperature, and differential resorp-
tion of nectar components (Williams ezal, 2014; Clearwater
etal.,, 2018; Smallfield ez al., 2018; Noe et al., 2019). The source
and function of DHA in manuka nectar remains unknown
(Clearwater etal., 2018). Little or no starch is observed within
the manuka nectary before or after anthesis, and nectar is pro-
duced for around 14 d after anthesis (Clearwater eral, 2018;
Obeng-Darko, 2018). Clearwater ez al. (2018) proposed that the
source of DHA within manuka nectary secretory cells was cyto-
plasmic pools of DHA phosphate (and its triose-phosphate iso-
mer, glyceraldehyde 3-phosphate). Triose-phosphate is an
important intermediate in primary metabolism, and in green
plant cells triose phosphate is the product of the Calvin cycle that
is exported to the cytoplasm by chloroplasts while they are
exposed to light (Flugge, 1999). This hypothesis suggests that
exposure of the nectary to light should affect both total nectar
sugar production, and nectar DHA content. An alternative
hypothesis for the origin of DHA in manuka nectar is that it is a
metabolite produced by endophytic or nectar inhabiting
microbes (Williams ez al., 2014). A number of bacteria and fungi
are capable of producing DHA from a range of precursors
(Macauley ez al., 2001; Russmayer etal., 2015), and manuka is
known to host an extensive microbiome that influences plant
growth and chemistry (Wicaksono ez al., 2016; Wicaksono ezal.,
2017; Thrimawithana ez /., 2019).

The hypothesis tested in this study was that nectary photosyn-
thesis contributes to nectar production by manuka, and that nec-
tar amount and composition, including DHA content, are
influenced by treatments that affect photosynthesis. Previous
research demonstrated that stage of flower development influ-
ences nectar flow and composition (Clearwater ezal, 2018;
Smallfield ezal, 2018). We therefore conducted a more detailed

investigation of the effect of nectar sampling time, temperature
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Fig.1 Manuka (Leptospermum scoparium) floral nectary morphology and
anatomy. (a—e) Example of an L. scoparium cv. ‘Martinii' (L. ‘Martinii’)
flower imaged 1 d before anthesis (a), and the same flower on the day of
anthesis (b), 1 d after anthesis (c) and 4 d after anthesis (d) showing
accumulation of nectar and the darkening of the nectary surface from
green to red. (e) Half-flower slice of an L. ‘Martinii’ flower on the day after
anthesis, showing the green nectary tissue on the wall of the gynoecium
and staminophore (arrowheads). p, petal; st, stamen; sy, style. (f)
Unstained transverse hand-section of the staminophore on the day after
anthesis, with abundant green chloroplasts in the nectary parenchyma, a
nectary stoma, and accumulation of red pigmentation in the epidermis.
Druse crystals are also present (arrowheads). s, stomata; n, nectary
parenchyma; sn, sub-nectary parenchyma; e, epidermis. Bars, 5 mm (a—d),
1.5 mm (e), 50 um (f).

and light, on nectar production by attached flowers. Resampling
flowers with differing frequencies tested the effects of nectar
resorption. The effect of light incident on the nectary was further
investigated using excised flowers, after it was found that manuka
flowers produce nectar for at least 24 h after excision if incubated
under appropriate conditions. Flower CO, exchange, varied
lighting, sucrose supply and inhibitors of chloroplast activity were
used to test the role of photosynthesis in nectar and DHA pro-
duction, and >CO, was used as a tracer to determine whether
carbon assimilated by the flower itself was incorporated into nec-
tar sugars. Based on the results, a modified biochemical model of
nectary sugar production is proposed for species with green
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nectaries that incorporates the contribution of nectary chloro-
plasts to nectar sugars.

Materials and Methods

Plant materials and glasshouse conditions

Hermaphrodite flowers of the clonally propagated horticultural
cultivar  Leptospermum  scoparium cv. ‘Martinii’ (L. ‘Martinii’)
were used for all experiments. L. ‘Martinii’ is triploid and is
thought to be the result of a cross between L. scoparium ‘Keat-
leyii’ and L. scoparium ‘Nichollsii’ (Dawson, 2010). Leprosper-
mum scoparium cv. ‘Martinii’ was selected because it is highly
floral, has a long flowering period, and produces relatively large
and open flowers that facilitate nectar sampling (Clearwater ez al.,
2018). As observed in most other genotypes of L. scoparium, the

upper
L. ‘Martinii’ flowers, including the nectary tissue (referred to col-

surface of the gynoecium and staminophore of
lectively as the hypanthium), is green when the flower opens, but
begins to darken as red pigments accumulate in vacuoles of the
epidermis and underlying tissues within 1 to 2d of opening
(Fig. 1a—d). Chloroplasts are abundant in the green nectary
parenchyma located beneath the nectary stomata (Fig. le,f).
Plants for all experiments were kept in pots outdoors, before
being moved into the glasshouse and acclimatized for 1 wk prior
to starting experiments. Plants were 1 to 3 yr old and grown in 2
t0 91 pots.

The glasshouse was equipped with an automated control sys-
tem connected to heating, ventilation, evaporative cooling and
irrigation. Daylength was extended to 15 h using sodium vapour
grow lights during the flower age experiment, and 10 to 11 h dur-
ing the flower shading and temperature experiments. Glasshouse
environmental control was set to maintain daytime temperature
between 18 and 24°C, humidity above 50%, and nocturnal tem-
perature above 8-10°C, except during the temperature experi-
ment.

Nectar sampling

For all experiments, nectar was collected from flowers using a
rinsing (pipetting) method similar to that of Mallick (2000). An
auto-pipette was used to gently pipette 10 pl of distilled water
onto the open nectary surface, then re-collect the liquid into a
pre-weighed sample tube, without causing damage to the nectary
surface. The 10 pl rinse was repeated once so that 20 ul in total
was used to remove nectar from each flower. Sample tubes were
re-weighed, and the sample mass and volume determined by sub-
tracting the pre-weighed empty tube mass from the tube plus
sample mass and assuming a density of 1 gml™', based on the
observation that sugar content was 3% or less. Sample tubes were
stored at —20°C undil further analysis.

Flower age and frequency of nectar sampling

Nectar yield and composition were measured as a function of
flower age and the frequency of nectar removal. Flower buds were
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tagged and opening date recorded on 20 plants. An open flower
was defined as having the tips of two or more petals unfurled
from the underlying petals. Flowers were grouped into cohorts of
the same age, then into sample units of 10 to 12 flowers from
which nectar was pooled into a single sample. Sample units were
assigned to either 2, 4 or 6 d nectar sampling frequencies, and the
same flowers were sampled repeatedly in the afternoon using the
rinsing method until nectar production ceased after approxi-
mately 16 d. There were four to six sample units per sampling
frequency, and units were spread across plants.

Temperature effect on nectar flow

Fourteen plants in 9 1 pots (2-3 yr old, 60 cm in height) were
selected, and one nectar sampling unit of 10 newly opened flow-
ers of the same age was labelled per plant. At 4 d after flower
opening, with all 14 plants in a single room without heating, nec-
tar was removed at 4 p.m. from all flowers and discarded. The
plants were then distributed between three glasshouse rooms and
subjected to 24-h temperature profiles 2, 4 and 6°C above out-
side ambient temperature. After each 24 h period, nectar was re-
sampled from the same flowers and plants randomly assigned to
another room with a different temperature regime, for four con-
secutive days. Humidity and lighting were allowed to vary natu-
rally. The actual temperatures achieved in each room was used as
the independent variable for comparison with nectar production.

Shading flowers on-plant

Individual intact flowers were shaded 77z sizu on plants in the
glasshouse. On three plants, 21 flower buds were labelled per
plant, the opening date of each flower was recorded, and seven
flowers were randomly assigned to each of three treatment
groups: uncovered, covered with plastic film (transparent plastic
film, admitted light but decreased evaporation), or covered with
aluminium foil (excluded light and decreased evaporation).
Covered treatments were applied immediately after flower open-
ing and only the flower was covered, without covering of nearby
shoots or leaves. Flowers were left covered until a single nectar
sample was taken from each sample unit by rinsing the seven
flowers per treatment on each plant, between 5 and 9d after
flower opening,.

Flower photosynthesis

Carbon dioxide exchange by excised flowers, cut from the plant
2—6 d after anthesis, was measured with a differential photosyn-
thesis system (LI6400XT; Li-Cor, Lincoln, NE, USA) equipped
with a bryophyte chamber (LI16400-24) and light emitting diode
(LED) light source (LI6400-18A). Eight to ten flowers were
enclosed within the chamber at the same time, with their upper
gynoecial surfaces and nectaries facing upwards (towards the
light), and their cut pedicels submerged in water. Flower temper-
ature was maintained at 20 £ 1.5°C and relative humidity
between 50 and 70%. Preliminary measurements indicated that
gas exchange rates remained constant for at least 6h after

New Phytologist (2021) 232: 1703-1717
www.newphytologist.com



1706 Research

excision. Light and CO, response curves were recorded by vary-
ing the photosynthetic photon flux density (PPFD) between
2000 and 0 pmol m™~*s~ ", with reference CO, held constant at
400 ppm, and then later the reference CO, varied between 50
and 1200 ppm, with PPED held constant at 500 pmol m™*s™".
Response curves were repeated with new flowers seven times,
including twice with only flowers that had green hypanthiums,
and five times with only flowers that had darker (generally older)
hypanthiums. On three occasions, after completing measure-
ments on whole flowers, the nongreen stamens, petals and sepals
were removed and measurements repeated with only the gynoe-
cium and hypanthium inside the chamber.

A pulse amplitude modulated fluorometer (Mini-PAM; Walz,
Germany) was used to measure chlorophyll fluorescence of the
leaves and nectaries of attached flowers with red hypanthiums, as
described by Liittge (2013). The automated light response proce-
dure of the instrument was used to estimate the effective quan-
tum yield of photosystem II, and the apparent electron transport
rate of photosystem II, while PPFD was varied. Chlorophyll fluo-
rescence measurements were also used to monitor the photosyn-
thetic activity of the nectaries of excised flowers while they were
incubated with and without 100 uM 3-(3,4-dichlorophenyl)-1,1-
dimethylurea (DCMU; an inhibitor of photosystem II) added to
their water supply (see Excised flower experiments).

Excised flower experiments

For excised flower experiments, flowers were detached from
multiple plants, provided with distilled water or water contain-
ing sucrose (30g171) (vase solution; Burge eral, 1996), and
exposed to controlled levels of irradiance while they produced
nectar at a constant temperature of 20°C. Newly opened flowers
were labelled on the plant and harvested 3—4 d after opening,
with nectar removed and discarded using the rinsing method
immediately prior to excision. Flowers were excised at the base
of the receptacle and each placed in a hole in a plastic tray float-
ing in the incubation solution within a plastic container, so that
the receptacle was immersed in solution. The incubation cham-
bers were covered with a clear acrylic sheet to maintain a high
humidity, and white light supplied from above using dimmable
LED strip lighting. Irradiance was measured as PPFD at the
level of the flower using a quantum sensor. During the experi-
ments, kept in temperature-
controlled boxes with gynoecium temperature, measured using a
thermocouple, maintained at 20°C. Dark treatments were
achieved by wrapping individual incubation chambers in alu-

incubation chambers were

minium foil. To determine whether sucrose added to the incu-
bation solution could be incorporated into nectar, nectar sugars
were harvested from flowers incubated in the light and supplied
with either water or the sucrose solution prepared from cane
sugar (30 gl of C4 sucrose, naturally enriched in carbon-13
(**C) compared to sugars from C3 species such as L. scoparium).
Three nectar samples, each containing nectar pooled from 10
flowers, were collected per treatment. The cane sugar and har-
vested nectar samples were then analysed for '’C content, as
described later, to determine whether supplying C4 sucrose
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caused an increase in nectar sugar '>C content (a less negative
8'?C) compared to flowers not supplied with sucrose.

To test the effect of light on excised flower nectar production,
three irradiance were provided (no light,
27 pmol m™%s ™, and 88 pmol m s~ ') to flowers incubated in

levels of

30 g1~ sucrose solution. Nectar was collected after 24 h of incu-
bation, with three samples per irradiance level and five flowers
per sample. A separate factorial experiment examined the com-
bined effects of light (88 pmol m—?
supply on nectar production by excised flowers, with four treat-
ment combinations (light or darkness, combined with water or
sucrose, 30 g 171 and nine flowers per treatment, with nectar har-
vested and analysed individually from each flower after 24 h. A
second factorial experiment with the same design tested the effect
of light and DCMU (light or darkness, combined with water or
100 uM DCMU, without sucrose). The effect of pyridoxal 5'-
phosphate (PLP), an inhibitor of the chloroplast envelope triose
phosphate translocator (Boschetti & Schmid, 1998; Flugge,
1999), was tested by incubating nine flowers per treatment in 0,
1.5, 10 or 50mM solutions of PLP, with light
(88 pmol m s~ '). Whilst PLP is likely to have been degraded
gradually in the light (Ang, 1979), it is assumed that a proportion

s™!) and external sucrose

was available for uptake via the cut receptacle during the 24 h
incubation period.

To test whether CO, assimilated within the flower is incorpo-
rated into nectar sugars, flowers were incubated in the light as
described earlier, and supplied with '>CO as a gas in the sealed
incubation chamber, and simultaneously as 100 mM H'>CO;~
(98% enriched; Sigma-Aldrich, Sydney, NSW, Australia) added
to the incubation solution. Both liquid and gaseous routes of sup-
ply were used because the gas exchange measurements indicated
net outward diffusion of CO,, even when flowers were exposed
to light. The gas was supplied by including a separate dish of sat-
urated citric acid solution within the sealed incubation chamber,
then injecting 10 mg of H13CO37, dissolved in 250 ul of water,
into the dish through a hole in the chamber lid that was sealed
immediately afterward. The controls were flowers incubated with
no added CO, or HCO; ™, or with *CO, (non-enriched CO,
and HCO; ™). Twelve flowers were incubated per treatment, nec-
tar collected individually from each flower after 24 h, then bulked
into three samples (nectar from four flowers per sample) and
frozen for later analysis by gas chromatography-mass spectrome-

try (GC-MS).

Nectar analysis

Nectar was analysed using high-performance liquid chromatogra-
phy (HPLC) for sugar concentrations (fructose, glucose, sucrose,
and DHA). The HPLC system, eluted with ultrapure Barnstead
E-Pure water, consisted of: Alltech Elite Degassing system,
Waters 515 HPLC pump, Shodex KS guard, KS-801 and KS-
802 columns in series, and a Waters 410 refractive index detec-
tor. The relationship between HPLC peak area and concentration
was linear with R >0.98 for all standard curves. Total sugar
(Tsugar, in milligrams per flower) was calculated as the sum of
fructose, glucose, and sucrose. Nectar sugar ratios for DHA,
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fructose (F), glucose (G), and sucrose (S) were estimated as mg
mgfl.

Approximate nectar volume (NV) in microlitres per flower
was calculated by assuming an average 82.5% recovery of distilled
water during rinsing. This recovery was estimated by pipetting
and retrieving water from dry flowers without any nectar. Any
further volume above this amount was assumed to be nectar. In
reality, the efficiency of nectar sampling varies with nectar vol-
ume. For simplicity, nectar sugar yields were estimated without
attempting to correct for rinsing losses.

The '’C abundance of dried nectar sugars collected from flow-
ers incubated with and without C4 sucrose was measured using a
EuropaScientific 20/20 isotope analyser (Waikato Stable Isotope
Unit, Hamilton, New Zealand) with samples combusted, sepa-
rated by GC, and analysed by continuous-flow MS. Samples were
referenced to pre-calibrated C4 sucrose that had been cross refer-
enced to the Pee Dee belemnite, and the results expressed as

d13C.

Gas chromatography-mass spectrometry analysis of nectar
components

To test whether incubation of flowers in the presence of 13C0,
and H"’CO;" led to enrichment of nectar components with the
heavier isotope, nectar sugars and DHA were derivatized after the
method of Williams ez a/l. (2014); briefly, the sample was divided
into two parts, one of which was derivatized with 0-(2,3,4,5,6-
pentafluorobenzyl)hydroxylamine  hydrochloride ~ (PFBHA)
(derivatization grade, Fluka Analytical, Buchs, Germany) and
then per-O-trimethylsilylated using 1-(trimethylsilyl)imidazole
(TMSI, Thermo Scientific, Scoresby, Australia) for analysis of
the DHA and the other part was simply per- O-trimethylsilylated
for analysis of the sugars in their reducing form. The derivatized
samples were analysed using a Hewlett Packard HP 6890 Series
gas chromatograph fitted with a Phenomonex Zebron capillary
column ZB-5 (30 m x 0.320 mm x 0.25 um, crosslinked, 5%
phenyl polysiloxane and 95% dimethyl polysiloxane) and inter-
faced to a Hewlett Packard 5973 mass selective detector (1 amu
resolution). The carrier gas was helium. The following deriva-
tized ions were selected for investigation for DHA m/z414 [M —
CH,J%, 339 [M — TMSOH]" and 218 [M — CoFsCH,ON]"
and finally /2 103 [CH,OTMS]". For sugars, ions were chosen
based upon the fragmentation pathways developed by Kochetkov
& Chizhov (1967) for the methyl ether derivatives of reducing
sugars, m/z 361, 204 and 191 for glucose and for fructose m/z
204 and m/z 437, the latter is considered to be diagnostic for a
two-linked per- O-trimethylsilylated ketohexose (Karady & Pines,
1970). The presence of all the ions chosen was confirmed in spec-
tra of derivatized standards. Fragmentation pathways and struc-
tures for the heaviest derivatized ion for each of DHA, glucose
and fructose are provided in Supporting Information Fig. S1.

Data analysis

All statistical analyses were completed using R (R Core Team,
2020). One-way ANOVA was used to test for differences
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between nectar sampling frequencies for the flower age experi-
ment, and light levels and PLP concentration in excised flower
experiments. For the intact flower shading experiment a random-
ized complete block ANOVA design was used to test for differ-
ences between treatments with plant as the blocking variable.
Two-way factorial ANOVA were used for the light x sucrose and
light x DCMU excised flower experiments. For the temperature
effect experiment, multiple regression was used. Tukey’s HSD
(honestly significant difference) test was used for all post hoc pair-
wise comparisons, with pairwise comparisons presented when
main effects or their interactions were significant (£<0.05).
Results from the GC-MS analysis of nectar components were
examined using generalized linear models with Poisson errors,
and Pearson’s chi square to test for significant interactions
between treatment (water, '*CO, or '>CO,) and mass on the
abundances of isotopologues of each of the chosen ions.

Results

Effects of flower age and frequency of nectar sampling

Flower lifespan was approximately 16 d from opening until cessa-
tion of nectar production, with petal abscission beginning at 14 d
after opening. No nectar was visible immediately after opening,
but normally appeared within a day of opening. Nectar flow
increased and then decreased during the life of the flower, with a
maximum in Tsugar, DHA : Tsugar and nectar volume at 6d
after anthesis (Fig. 2a—c). DHA also reached a maximum at 6d
after anthesis, but the peak in DHA production was narrower
than for Tsugar, resulting in a pronounced rise and fall in
DHA : Tsugar (Fig.2a,b,d). The maximum in Tsugar was
reflected in the levels of fructose and glucose (making up most of
Tsugar) at 6 d after anthesis (Fig. 2a). In contrast to the hexoses
and DHA, sucrose levels were maximal at 4d after anthesis
(Fig. 2d). The fructose to glucose ratio (F: G) was also maximal
at 4 d after anthesis before steadily decreasing until 16 d (Fig. 2e).
The sucrose to Tsugar ratio (S: Tsugar) also decreased steadily
from 2 to 14 d (Fig. 2f). The variability of a number of the nectar
variables increased later in flower life as nectar volumes declined.

Nectar sampling frequency had no effect on cumulative Tsugar
(P=10.39) or nectar volume (P=0.11) over the entire flower life-
time (Table 1). Sampling at 6-d intervals resulted in small but
significant increases in DHA : Tsugar, S : Tsugar, S: F, and S: G,
compared to either 2-d and 4-d sampling (Table 1). Across all
nectar samples collected in this experiment, Tsugar and nectar
volume were well correlated (7*=0.86).

Temperature effect on nectar flow

In the temperature experiment, flower age (days after anthesis)
was a better predictor of all nectar variables than temperature
(Fig. 3a; Supporting Information Table S1). Mean temperature
from 8 a.m. to 5 p.m. on the day of nectar collection was signifi-
cantly correlated with some nectar variables (Tsugar, R =0.40,
P=0.03; F, ©=0.40, P=0.03; G, R=0.38, P=0.03; F:G,
R=0.37, P=0.03). Nectar variables were not significantly
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Table 1 Effects of nectar sampling frequency on nectar production by manuka (Leptospermum scoparium) flowers while intact on the plant.

2 d sampling 4 d sampling 6 d sampling
Tsugar (mg) 8.72+0.10 A 8.55+0.12 A 8.504+0.09 A ns
DHA (mg) 0.0990 +0.0017 AB 0.0970 +0.0016 A 0.106 £ 0.002 B o
DHA: Tsugar 0.0114 £ 0.0001 A 0.0114 £ 0.0001 A 0.0125 4 0.0002 B ok
F (mg) 5.01+0.06 A 4.90+0.06 A 4.87 £0.05 A ns
G (mg) 3.68+0.04 A 3.62+0.06 A 3.60+0.04 A ns
F:G 1.360 + 0.002 A 1.350 + 0.004 A 1.360 4+ 0.003 A ns
S (mg) 0.0311 4+ 0.0005 A 0.0314 4+ 0.0005 A 0.0326 +0.0003 A ns
S:Tsugar 0.00357 £ 0.00002 A 0.00368 + 0.00004 A 0.00383 4 0.00002 B o
NV (ul) 23.6+1.1 A 22.2+0.9 A 209+04 A ns

Nectar was collected from the same flowers every 2, 4, or 6 d. Values are the mean final total amounts or the ratios of final total amounts per flower
produced over the entire flower lifetime.

Tsugar, total sugar; DHA, dihydroxyacetone; DHA : Tsugar, the ratio of DHA to Tsugar; F, fructose; G, glucose; F: G, the ratio of fructose to glucose; S,
sucrose; S : Tsugar, the ratio of sucrose to Tsugar; NV, nectar volume; Values are mean + 1 SE; n=4-6 samples per treatment, 10-12 flowers per sample.
% P<0.001; **, P<0.01; *, P<0.05; ns, not significant. Letters (A or B) indicate significant pairwise differences between treatments (P <0.05).

correlated with temperature when average temperature for the  Light effect on nectar flow of attached flowers
entire 24-h period, the morning, or the night time hours were

used. Multiple regression with days after anthesis and tempera- Shading of individual flowers resulted in significant changes in all

nectar variables compared to unshaded treatments (Table 2).
Shaded flowers produced less sugar and DHA, but the reduction
in DHA was proportionally larger, resulting in a decreased
DHA : Tsugar in nectar of shaded flowers (Table 2). Reducing
evaporation with plastic film almost doubled nectar volume, but

ture from 8 a.m. to 5 p.m. as predictors resulted in a slightly bet-
ter model for Tsugar, F, G, F:G, and S, compared to using
simple regression (Table S1). Normalizing Tsugar by flower age
(using data from Fig. 2a) resulted in a stronger correlation with
temperature (Fig. 3b).

New Phytologist (2021) 232: 1703-1717 © 2021 The Authors
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Fig. 3 The effect of flower age and temperature on nectar production by intact manuka (Leptospermum scoparium) flowers on plants subjected to short-
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predictor of Tsugar and all other nectar traits. (b) Tsugar normalized for flower age as a function of temperature from 8 a.m. to 5 p.m. Values are the
mean + 1 SE; n=4 or 5 (four or five nectar samples from 10 flowers per sample).

Table 2 Nectar production by manuka (Leptospermum scoparium) flowers while intact on the plant and left either uncovered, covered in transparent film
(reduced evaporation but did not exclude light), or covered with opaque aluminium foil (reduced evaporation and exclusion of light).

Uncovered Clear plastic film Opaque foil

Tsugar (mg) 4.18+0.42 A 4.38+0.29 A 1.31+£0.33 B ok
DHA (mg) 0.0551 + 0.0049 A 0.0672 £ 0.0026 A 0.0116 £+ 0.0024 B o
DHA : Tsugar 0.0132 4+ 0.0002 A 0.0154 £ 0.0010 B 0.00904 + 0.00055 C *K
F (mg) 2.444+0.22 A 257+0.15 A 0.793 £0.190 B ok
G (mg) 1.73+£0.20 A 1.79+£0.14 A 0.516£0.147 B *K
F:G 1.42 £0.04 A 1.44 £0.03 A 1.57+£0.07 B *
S(mg) 0.0147 +£0.0033 A 0.0153 £ 0.0028 A 0.00358 +0.00149 B *K
S:Tsugar 0.00345 £+ 0.00056 A 0.00343 £+ 0.00042 A 0.00253 £+ 0.00039 B K
NV (ul) 9.73+£0.65 A 17.3+£0.8 B 4.23+0.8 C ok

Coverings were applied only to individual flowers, and not to the leaves. Values are the mean total amounts or ratios of total amounts of nectar

components per flower, produced over an average of 7 d from flower opening.

Tsugar, total sugar; DHA, dihydroxyacetone; DHA : Tsugar, the ratio of DHA to Tsugar; F, fructose; G, glucose; F : G, the ratio of fructose to glucose; S,
sucrose; S : Tsugar, the ratio of sucrose to Tsugar; NV, nectar volume; Values are mean + 1 SE; n =3 samples per treatment, 6-7 flowers per sample.
ik P <0.001; **, P<0.01; *, P<0.05. Letters (A, B or C) indicate significant pairwise differences between treatments (P <0.05).

had little effect on the total amounts or relative contributions of
the individual nectar sugars. Excluding light had an independent
effect on nectar production compared to reducing evaporation
alone, because nectar volume halved rather than increased, and
only shading affected all other nectar composition variables. The
nectary surface of shaded flowers were light green in colour at the
time of nectar collection (similar in appearance to a newly
opened flower), whilst in unshaded flowers it had become dark

red.

Photosynthesis occurs in manuka nectaries

Net assimilation of CO, by excised flowers exhibited a typical
saturating photosynthetic response to light, except that assimila-
tion remained negative even at the highest levels of PPFD
(Fig. 4a). Removing a proportion of the nongreen tissues (sepals,
petals and stamens) made this curve less negative, but did not
alter the response to light (Fig. 4a). Assimilation by excised flow-
ers was relatively insensitive to ambient CO, concentration (c,),
increasing from —2 to —1 pmol CO, m %s”
from 50 to 1200 pmol mol™' (data not shown). Electron

1 .
as ¢, was increased

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

transport rate, estimated from chlorophyll fluorescence measure-
ments, also exhibited a normal photosynthetic response to light
in both leaves and flowers, with the two organs reaching similar
potential rates of electron transport per unit area at saturation
(Fig. 4b). When chlorophyll fluorescence was compared between
flowers with green (younger or more shaded) and red (older or
more sun exposed) nectaries, there was no difference in the
response of electron transport to light (not shown). Incubation of
excised flowers with their cut peduncle in water containing
100 uM DCMU caused a collapse in the effective quantum yield
of photosystem II measured at the nectary surface within 1 h of
the start of incubation (Fig. 4¢). In contrast, the quantum yield
of flowers incubated in water remained unchanged after 24 h.

Nectar composition responds to light and supplied sucrose
in excised flowers

Nectar production by excised flowers was similar, but not identi-
cal, to attached flowers. Across all experiments, attached flower
nectar sugar composition was fructose (58-65%), glucose (37—
44%), DHA (0.2-1.6%), and sucrose (0.1-0.6%). Excised flower

New Phytologist (2021) 232: 1703-1717
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Fig. 4 The photosynthetic properties of manuka (Leptospermum
scoparium) flowers. (a) The response of net CO, assimilation (A) to
photosynthetic photon flux density (PPFD) by intact flowers, or flowers
with organs (sepals, petals and stamens) removed. Data were combined
for flowers with green (younger) and (older) red hypanthiums, with no
difference in photosynthetic response detected between the two forms
(n=7 response curves for intact flowers, three for organs removed). (b)
The response of electron transport rate (ETR) to PPFD by intact flowers
(red hypanthiums) and leaves (n =10 response curves). (c) The effective
quantum yield of photosystem Il (®ps),) as a function of time for excised
flowers incubated in water (control) or 100 pM 3-(3,4-dichlorophenyl)-
1,1-dimethylurea (DCMU). Values are the mean + 1 SE.

nectar composition was fructose (51-63%), glucose (35-44%),
DHA (1.0-3.5%) and sucrose (0.4—3.1%).

Excised flowers continued to produce nectar for at least 24 h
after excision. Tsugar, DHA, DHA : Tsugar, and nectar volume
all increased significantly with increasing PPFD during incuba-
tion (Fig. 5a—d), whereas F: G and S:Tsugar were unaffected
(Fig. Se,f). In a separate factorial experiment testing the effects of
light and supplied sucrose (30 glfl) on nectar production by
excised flowers, light increased Tsugar and DHA (£<0.05 for
both variables) but not DHA: Tsugar (2=0.28) (Fig. 6a—c).
Supplying sucrose increased Tsugar and decreased DHA : Tsugar
(P<0.05 and P<0.005, respectively), but did not affect DHA
(P=0.16) (Fig. 6a—). There was no significant interaction
between light and sucrose for any nectar variable (2> 0.05). The
3¢ signature of nectar solids collected from excised flowers
(—21.45 £ 0.46%,) supplied with C4 sucrose (—11.97%,) was
less negative (rtest, P<0.01, »=3) than the signature of nectar

New Phytologist (2021) 232: 1703-1717
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from intact flowers (—25.01 & 0.23%,,), indicating that a propor-
tion of the supplied sucrose was being incorporated into the nec-
tar produced by the excised flowers.

Inhibiting nectary photosynthesis affects nectar
composition

A factorial experiment testing the effects of light and 100 pM
DCMU on excised flower nectar production found a significant
interaction for Tsugar (2<0.001) and DHA (£<0.001), and a
near-significant interaction for DHA : Tsugar (P=0.06). Light
increased Tsugar (2<0.001) and DHA (P<0.001) both in the
presence and absence of DCMU, but did not affect
DHA : Tsugar (?=0.37). DCMU in the light decreased Tsugar
(P<0.05), DHA (2<0.01), and DHA : Tsugar (<0.05), but
had no effect in the dark (Fig. 6d—f). PLP supplied in the incuba-
tion solution in the light had no effect on Tsugar (Fig. 6g) at any
of the tested concentrations, but decreased DHA and hence
DHA : Tsugar at concentrations of 10 and 50 mM (Fig. 6h,i).

Carbon dioxide supplied to flowers is incorporated into
nectar sugars and DHA

Excised flowers incubated with '>CO, and H'>CO5~ produced
nectar DHA, fructose and glucose with clear increases in the pro-
portions of heavier isotopologues in their mass spectra (Fig. 7).
Significant interactions (P<0.001) were detected between the
effects of treatment (with or without added '>CO, and
H'’CO;7) and mass on isotopologue abundance for all of the
ions chosen as characteristic for the compounds of interest. This
result indicates strong mass shifts from natural '*C abundance
towards heavier isotopologues, caused by increased levels of sub-
stitution by the heavier '*C isotope, including substitution of up
to at least four of the carbons of glucose and fructose, and all
three of the carbons of DHA (Fig. 7). For the purposes of this
experiment, increases in the proportions of the positively dis-
placed isotopologue signals relative to the unenriched chosen ion
signal demonstrates incorporation of the inorganic label into nec-
tar DHA and sugars by photosynthesis within the excised flower.

Discussion

Nectary photosynthesis contributes to nectar sugars

Odur results provide strong evidence for a significant contribution
by nectary chloroplasts to floral nectar production by manuka.
The best supported models of nectar biosynthesis emphasize
phloem-supplied carbohydrates stored as starch in nectary
parenchyma, that is then hydrolysed to form the precursors of
nectar sugar immediately prior to anthesis (Roy ezal, 2017).
However, many flower parts are photosynthetic (Bazzaz etal.,
1979), and more species than not may have green nectaries that
are capable of contributing carbohydrates directly to nectar pro-
duction (Pacini eral., 2003; Liittge, 2013). In the present study,
the clear effects of light and inhibitors of photosynthesis on nec-
tar flow, and the rapid incorporation into nectar sugars of 3Co,

© 2021 The Authors
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supplied to the flower, provide direct evidence that nectary pho-
tosynthesis contributes a measurable proportion of the nectar
sugars produced by manuka. A role for nectary chloroplasts in
nectar production may explain many aspects of variation in nec-
tar composition within and between species that have green nec-
taries. For manuka, this includes an explanation for the origin of
nectar DHA: as a derivative of triose-phosphate produced by
chloroplasts in green nectary cells.

What is the role of nectary chloroplasts, and how much carbon
could their photosynthesis contribute to nectar production?
Liittge (2013) used chlorophyll fluorescence measurements to
demonstrate that the electron transport capacity of green nec-
taries was similar to that of leaves for the same species. The
potential electron transport rates for manuka leaves and floral
nectaries were also similar to each other, but net CO, assimila-
tion by manuka flowers was negative because the majority of tis-
sues within the gas exchange cuvette (including the gynoecium
and developing ovules) were nongreen. The reduction in respira-
tion with irradiance indicated a light saturated assimilation rate
for the nectary surface of approximately 5 pmol CO, m™2 57!
Scaling to hexose equivalents (Southwick, 1984; Liittge, 2013),
based on a 12hday and an average nectary surface area of 33
mm®, yields a maximum sugar production of 0.21 mg d~', or
approximately 20% of peak daily nectar production by flowers
from the same plants. Whilst significant, this indicates that nectar
production relies on a combination of assimilate imported via the
phloem and sugars fixed locally in the nectary.

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

PPFD (umol m2s™)
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Green nectaries and their chloroplasts are unlikely to be analo-
gous to green leaf tissue in their functioning. The anatomy of green
nectaries differs markedly from leaves, with a low proportion of
intercellular space (Davis ezal., 1986; Vesprini ezal., 1999; Vezza
etal., 2006; Nocentini ezal., 2012) and poorly developed grana
thylakoids compared to leaf chloroplasts (Nepi, 2007; Liittge,
2013). The insensitivity of nectary photosynthesis to ambient CO,
concentration (the present study) suggests that nectary chloroplasts,
unlike those of leaves, rely primarily on re-fixation of respired
CO,. In addition to supplying assimilate for nectar, another sug-
gested role for nectary chloroplasts is the production of reducing
equivalents and adenosine triphosphate (ATP) for the nectar redox
cycle and other respiratory demands (Liittge, 2013). We also pro-
pose that nectary photosynthesis could be involved in regulation of
sucrose biosynthesis from phloem-derived assimilate in response to
light (see later), even if the direct contribution to nectar from
assimilation within the nectary itself is not large. This mechanism
would contribute to coordination between nectar biosynthesis and
the foraging activity of diurnal pollinators. Finally, nectary chloro-
plasts may also supply reductant and carbon skeletons for the
biosynthesis of other nectar components, including the DHA pre-
sent in manuka nectar.

A model of nectar production by green nectaries

We propose a modified model of nectar production for long-
lived, green nectaries with nectary stomata that lack starch

New Phytologist (2021) 232: 1703-1717
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Fig. 6 Nectar total sugar (Tsugar), dihydroxyacetone (DHA), and DHA to total sugar ratio (DHA : Tsugar) for excised manuka (Leptospermum scoparium)
flowers in three experiments. (a—c) Factorial test of the effects of light and sucrose (30 gI™") supplied in the incubation solution. (d—f) Factorial test of the
effects of light and 100 uM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) supplied in the incubation solution. (g-i) The effects of pyridoxal 5'-
phosphate (PLP) supplied at a range of concentrations in the incubation solution. In all experiments, light+ indicates incubation with light at

88 umolm 257"

photosynthetic photon flux density (PPFD), and light— indicates incubation with no light. Values are the mean + 1 SE, n=9 flowers.

Values with different lowercase letters indicate significant differences between treatments or concentrations (Tukey's HSD, P <0.05).

accumulation (Fig. 8), by incorporating a role for nectary photo-
synthesis existing models of nectary carbohydrate
metabolism (Lin eral, 2014; Roy eral., 2017). Strong evidence
has been presented that the final stages of eccrine floral nectar

into

secretion usually involves sucrose synthesis by sucrose phosphate
synthase (SPS), efflux of sucrose via the sucrose transporter
SWEET?Y, and extracellular cleavage of sucrose to hexoses by cell
wall invertase (CWIN4) in the case of hexose-rich nectars (Roy
etal., 2017), like that produced by manuka. In our modified
model (Fig. 8), carbohydrates for nectar sugars are supplied from
nectary photosynthesis and from phloem-imported sugars, with-
out intervening storage as starch. As occurs in leaf mesophyll cells
during the day, dihydroxyacetone phosphate (DHAP) produced
by the Calvin cycle and exported from chloroplasts by the triose

New Phytologist (2021) 232: 1703-1717
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phosphate transporter can enter glycolysis, or contribute to sucrose
synthesis via gluconeogenesis and the hexose phosphate pool
(Buchanan, 2015). Increasing cytosolic triose phosphate and
decreasing inorganic phosphate (Pi) concentrations caused by illu-
mination are known regulatory signals in leaves that promote
upregulation of the gluconeogenic pathway and an enhanced flux
of locally-fixed carbon towards the hexose phosphate pool
(MacRae & Lunn, 2006). Elevated hexose phosphate and
decreased Pi concentrations should promote SPS activity via
allosteric and post-translational regulation, and increase the rate of
sucrose synthesis (Winter & Huber, 2000). These properties of
SPS provide a potential link between illumination, chloroplast
photosynthetic activity, and upregulation of nectar production
from both phloem and plastid derived sources of sugar.

© 2021 The Authors
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[lumination of nectary chloroplasts could act as an amplifier for
nectar production, in addition to driving photosynthetic assimila-
tion of a proportion of nectary sugars. Evidence for the role of light
in regulating nectar flow comes from the strong effect of excluding
light on total nectar sugars (40% to 80% reductions in nectar sug-
ars; Table 2; Figs 5, 6), and significant effects of light on all mea-
sured aspects of nectar composition (Table 2). This effect of light
was larger than the estimated potential contribution of nectary
photosynthesis to total nectar sugar production, and cannot be
attributed to light-independent endogenous circadian rhythms
because it was also observed in excised flowers held in continuous
light or darkness. It is also relevant to note that previous studies
have observed effects of illumination on floral nectar production
by a range of species and nectary types, but have manipulated or
measured illumination of the entire shoot or plant, including the
leaves, and have concluded that light driven alterations in phloem
transport to the nectary were responsible for changes in nectar flow

(e.g. Kenoyer, 1917; Shuel, 1952; O’Brien ez al., 1996).

© 2021 The Authors
New Phytologist © 2021 New Phytologist Foundation

Origin of dihydroxyacetone in Leptospermum

Recognition of the involvement of chloroplasts in nectar produc-
tion also provides a hypothesis for the potential origin of the
DHA present in the nectar of manuka and other species of Lep-
tospermum. Increases in nectar DHA in response to light, and
decreases in response to inhibitors of photosystem II and the
chloroplast triose phosphate transporter and external sucrose sup-
ply (Table2; Figs5, 6), suggest a connection between nectar
DHA and cytosolic or chloroplastic triose phosphate (DHAP)
pools. Light will increase triose phosphate concentrations and the
flux through these pools, whilst inhibition of photosynthesis and
external sucrose supply should have the opposite effect (MacRae
& Lunn, 2006). In this study it is not known whether PLP sup-
plied to excised flowers at high concentrations had a general
inibitory effect on cellular metabolism, rather than acting as a
specific inhibitor of the chloroplast triose phosphate transporter.
While this treatment did cause a decrease in nectar DHA content

New Phytologist (2021) 232: 1703-1717
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Fig. 8 A proposed model for floral nectar production by manuka (Leptospermum scoparium) and other species with green nectaries, combining elements
of established models (Wenzler et al., 2008; Lin et al., 2014; Roy et al., 2017), with results from the present study. In this model, the nectary contains
chloroplasts (green) but lacks starch accumulation by amyloplasts prior to anthesis. Sucrose (Suc) and raffinose (Raf) are transported to the nectary via the
phloem, and unloaded through an apoplastic pathway to the sub-nectary parenchyma. Sucrose uptake may involve sucrose uptake transporters (SUTSs), or
cleavage by cell wall invertase (CWIN) to glucose and fructose, followed by uptake by hexose transporters (HTs). The fate of raffinose (present in the
phloem of manuka and other Myrtaceae) is unknown, but likely involves cleavage to other sugars (e.g. Suc and galactose), before exiting the phloem (Ma
etal., 2019). Unloaded sugars then enter the hexose phosphate (HexP) pool and primary metabolic pathways (blue) in nectary parenchyma via sucrose
synthase (SuSy), hexokinase (HXK) or fructokinase (FRK). Photosynthesis by nectary chloroplasts also contributes to the cytoplasmic HexP pool through
export of dihydroxyacetone phosphate (DHAP) via the chloroplast-envelope triose phosphate transporter (TPT). DHAP is isomerized to glyceraldehyde-3-
phosphate by triose phosphate isomerase (TPI), and further converted to HexP by gluconeogenesis, or to pyruvate (Pyr) by glycolysis. Abundant
mitochondria and elevated respiratory activity within the nectary and other floral tissues create a CO, rich environment for photosynthesis. In manuka and
other species of Leptospermum, a fraction of the DHAP pool is dephosphorylated by an unknown enzyme (?) and diffuses in trace amounts into the
apoplast and nectar. Sucrose for nectar secretion is produced from HexP by the sucrose synthesis pathway, with sucrose phosphate synthase (SPS)
catalysing the key regulatory step. Sucrose is secreted to the nectary sub-stomatal space by the sucrose efflux transporter SWEET9 (59), and cleaved to
nectar hexoses by cell wall invertase (CWIN4). Osmotic gradients result in the accumulation of water (not shown) and exudation of nectar via nectary
stomata and their guard cells (GCs). The primary difference between this and earlier models is the inclusion of photosynthesis by chloroplasts, and their
contribution to sucrose biosynthesis by the same pathway that operates in leaf mesophyll cells in the light. As occurs in leaves, SPS activity and sucrose
synthesis can be upregulated by the effects of photosynthesis on levels of cytoplasmic phosphate (Pi) and triose phosphate (see text for further
explanation).

without affecting total nectar production (Fig.6), further photosynthesis (Fig. 7) provides strong evidence that nectar
research on the photosynthetic properties of the nectary is needed ~ DHA is derived, either directly or indirectly, from cellular pools
to determine how this effect arose. However, transfer of label of DHAP. This observation does not exclude a microbial origin
from CO, into all three carbons of nectar DHA by nectary for nectar DHA in manuka (Williams ezal, 2014), but the

New Phytologist (2021) 232: 1703-1717 © 2021 The Authors
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microbial explanation is less parsimonious because it requires that
a product of nectary photosynthesis be transferred to an endo-
phytic or nectar dwelling microbe, before conversion to DHA. A
role for nectary photosynthesis may also explain changes in hex-
ose, sucrose and DHA ratios with flower age as the consequence
of developmental changes in nectary photosynthetic activity and
the sources of sugars for nectar synthesis (phloem, temporary stor-
age or chloroplasts). The similar but narrower timing of the nectar
DHA maximum, compared to the other nectar sugars, suggests a
peak in nectary photosynthesis following the opening of the
flower and exposure of the nectary to light (Fig. 2). Nectar DHA
need not be entirely sourced from nectary photosynthesis, because
triose phosphate pools are part of normal cellular metabolism,
with or without photosynthesis. Therefore, nectar DHA was not
completely eliminated by darkening flowers (Table 2).

Whilst the results presented here provide evidence for a link
between nectary photosynthesis and nectar sugars, an origin for
nectar DHA from within nectary triose-phosphate pools still
requires an explanation for how DHAP is dephosphorylated to
form DHA. Furthermore, why is DHA only observed as a mea-
surable component of nectar within a sub-clade of the Leprosper-
mum genus (Norton eral., 2015; Williams eral., 2018), rather
than all species with green nectaries? Nectary photosynthesis
could be a more significant contributor to nectar flow in these
species, or it is possible that members of this Leptospermum clade
share an allele for a phosphatase with higher-than-normal activity
towards DHAP (Fig. 8). Sugar phosphatases are ubiquitous
(Buchanan, 2015), and lax specificity or variable levels of side
activity towards structurally similar substrates are not unusual
(Collard eral., 2016; Flugel ezal, 2017). Once produced, free
DHA is likely to exhibit higher membrane permeability than
DHA-P (Naftalin & Smith, 1987), and could enter the apoplast
and nectar in trace amounts by facilitated or simple diffusion
across the plasma membrane of nectary cells (Pavlovic-
Djuranovic et al., 2006; Gomes et al., 2009).

Effects of flower age, temperature and resorption

Flower age, light and temperature are important sources of varia-
tion in nectar production by manuka. The amount and composi-
tion of nectar was highly variable in all experiments, as previously
observed for manuka (Clearwater etal, 2018; Smallfield ezal.,
2018; Noe et al., 2019) and other species (Pacini & Nepi, 2007).
Like other species, an important cause of this variation in all nec-
tar variables was flower age, with more than two-fold changes in
Tsugar, DHA, and DHA : Tsugar from flower opening to the
end of nectar flow (Fig. 2). Increasing temperature had small but
positive effects on Tsugar, but was less important than light expo-
sure of the nectary. Nectar sampling frequency had no effect on
total sugar, and little effect on other nectar variables over the
flower lifetime, suggesting that stimulation of nectar flow by nec-
tar removal, and nectar resorption, were relatively unimportant
for the manuka genotype used in these experiments (Clearwater
etal., 2018). A combination of flower age and other environmen-
tal variables may therefore explain a significant proportion of the
high levels of plant to plant variability in nectar traits observed

© 2021 The Authors
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for wild and cultivated manuka (Williams ez 2/, 2014; Clearwater
etal., 2018; Noe etal., 2019). Future sampling protocols for
manuka nectar, a crucial aspect of plant selection for honey pro-
duction, should consider flower age as an influential determinant
of nectar amount and composition.

In conclusion, we have demonstrated a significant role for pho-
tosynthesis by nectary chloroplasts in nectar production in a
species with green nectaries. For manuka, this finding supports
the hypothesis that nectar DHA is derived from DHAP produced
as an intermediate in the metabolism of photosynthetic nectary
parenchyma. An important role for illumination of the nectary,
in addition to flower age and temperature, will be no surprise to
apiarists who observe that sunshine following rainfall are the best
conditions for high nectar flow during peak flowering in manuka
and other species with similar floral nectaries. Future studies of
the mechanism of eccrine floral nectar secretion would benefit
from the inclusion of a model species with green nectaries to
provide understanding of the importance of phloem import vs
storage and photosynthesis within the nectary itself for nectar
flow and composition. Further investigations of nectar produc-
tion by manuka should include a test of the hypothesized origin
of nectar DHA from within nectary primary metabolism, includ-
ing the potential role of a nectary sugar phosphatase in Leptosper-
mum species that share the nectar DHA trait.
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