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Abstract

*Corresponding author: Vera Thoss, School of British bluebells (Hyacinthoides non-scripta (L.) Chouard ex Rothm.) were
Chemistry, Bangor University, Bangor, LL 57 UW, Wales, studied for their carbohydrate content, phenology and biomass allocation and
UK the associated physiological changes. Carbohydrate content of different parts
of the plant, including roots, bulbs, leaves, scapes and flowers, were studied as
total non-structural carbohydrates. Biomass and carbohydrate analysis results
showed greater allocation to bulbs compared to any other vegetative part.
Analysis of fructans in the bulbs showed the presence of large proportions of the
polysaccharide comprising about 77% DW in mid-June 2014. The lowest fructan
content of 41% DW was found at the start of re-growth in January-February
2015. The mono and disaccharide pool in the bulbs showed high concentrations
at the start of the growth period suggesting depolymerisation of fructans at this
stage and their mobilisation to the growing shoots. MALDI-TOF analysis of
bulb fructans showed the dominance of DP3 and DP4 chain fructans with the
presence of other longer chains up to DP9 at the end of the vegetative stage in
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July until shoot emergence in March.

Keywords: Bluebells (Hyacinthoides non-scripta); Seasonal variation;
Fructans; Mono- and disaccharides

Introduction

Carbohydrates are the starting materials for the bio-economy as
the current reliance of petroleum as feedstock for the chemical industry
needs to reduce in order to dampen climate change [1]. Hence a better
understanding of carbohydrates in plants, particularly the production
and allocation of carbohydrates and their specific chemical form,
such as fructans, starch or cellulose, are important knowledge that
underpins the sustainable use of renewable resources. This study
investigate a perennial bulbous plant British bluebells (Hyacinthoides
non-scripta (L.) Chouard ex Rothm.) For its carbohydrate content
and composition [2,3]. Compared with most temperate zone plants,
bluebells are unusual in their phenology with growth beginning in
late summer, above ground emergence in winter and flowering in
early spring. Dormancy is during the summer months. Reproduction
is predominantly through seeds and the seeds were already identified
as a potential feedstock for the supply of oil [4].

Throughout their life, plants are challenged by competition from
other plants, herbivory, climate and availability of resources. The
survival, success and dominance of a plant in a specific ecological
niche has evolved through the adaptation of its physiological traits
that is reflected in its chemical makeup. The effects of environmental
parameters, such as the availability of sunlight, nutrient supply, habitat
and competition, on British bluebells were studied by Blackman
and Rutter in their paper series [5-9]. Sunlight was identified as the
limiting factor that influences the growth, function and uptake of N, P
and K nutrients. The effect of competition from other plants reflected
the amount of sunlight available for bluebells in the different habitats.
Bluebells are woodland species where they exploit sunlight available
in early spring, and most of the annual growth is achieved before the
tree canopy is closed and light intensity decreases [2]. The open tree

canopy can provide protection from heat loss during the cold nights
in spring [10]. In the south - west of England and Wales bluebells are
also found accompanied by bracken [9]. The rate of assimilation and
hence the growth of bluebell in bracken communities is often higher
than it is in woodlands [11]. The co-existence of the two plants might
be down to a number of factors including that the active growth phase
of bluebell is completed before the formation of the bracken canopy,
which means more availability and higher intensities of light during
active growth. Additionally, the heavy shade cast by the bracken
canopy will suppress the growth of other species and hence decreases
competition on resources [9]. Temperature, as another major factor
controlling the start of different phenological phases of the plant’s
life [12,13], triggers change and interconversion of carbohydrates
[14] for regrowth, leaf emergence, flowering and seed production
and germination [15]. One successful survival strategy adapted by
perennial plants is the availability of secure reserves of carbohydrates
represented as either starch or fructan in underground storage organs,
such as rhizomes, tubers or bulbs. While starch or sucrose is most
often stored, a smaller proportion of flowering plants (about 15%)
are found to store fructans as their main reserve [16,17]. Bluebell
bulbs contain 50% of dry weight as fructan. In addition, fructans were
found to comprise 73% of the vacuolar carbohydrate concentration in
the shoots with no significant presence of starch [18]. Hence bluebells
belong to the small proportion of plants that store fructan as the main
reserve carbohydrate.

Besides being a source of carbon and energy during growth,
fructans offer a number of other benefits. Vacuolar fructan synthesis,
that entails the addition of fructose units to a terminal glucose, lowers
sucrose concentration in the cell and thus reduces osmotic pressure
and prevents sugar-induced feedback inhibition of photosynthesis
[19]. Fructans are mainly present in plants in regions exposed to
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seasonal drought or frost, therefore its accumulation has been linked
to stress resistance [16]. When fructans and starch coexist in a plant
it is found that starch is mainly consumed during growth while the
fructan reserves undergo much less change. This has been interpreted
as that the plant mainly uses up the starch as a source for carbon and
energy during re-sprouting and early growth, while fructans can
be involved in additional functions such as osmotic regulators and
controlling water flux and in stress tolerance [16,20,21]. This work
assesses the content and composition of carbohydrates in bluebells
in a bluebell-bracken dominated plant community by identifying
and quantifying the different types of sugars present, following
their allocation to different organs and their variation in response to
different physiological changes throughout the plant’s life cycle.

Materials and Methods

Chemicals

Formic acid, HCI (both analytical reagent grade), and methanol,
acetonitrile, hexane and water (HPLC grade) were purchased form
Fisher Chemical, UK. 1-Kestose >99%, pyridine 99.8%, fructose
>99%, glucose >99.5%, fructose >99%, sucrose >99.5% and
hydroxylamine hydrochloride 99% (reagent plus grade) were from
Sigma-Aldrich. The silylation reagent was N, O-bis (trimethylsilyl)
trifluoroacetamide: trimethylchlorosilane (BSTFA: TMCS (99:1))
and obtained from Supelco. Ethyl palmitate 295% was from SAFC,
USA.

Sample collection

Bluebell plants were collected in an area located at 250m above sea
level in the Snowdonia National Park (Llanberis, United Kingdom).
The site is classified as rough grazing for agricultural purposes, with
well-drained and infertile soils, and falls under the upland vegetation
type U20a (Pteridium aquilinum-Gallium saxatile community U20,
Anthoxanthumodoratum sub-community U20a) [22]. It forms part
of a Manod Association (Cranfield University 2015). On the site a
grid measuring approximately 40 x 25m and divided in 144 quadrants
was applied. At each sampling occasion, alternate quadrants were
sampled in duplicate by using a stainless steel (5mm thick) square
hollow section measuring 20cm by 20cm wide and 30cm long. The
collection scheme followed the plant growing pattern and thus weekly
from the start of above ground growth to end of flowering (March-
June), fortnightly at the end of the flowering season until dormancy
(June-August) and once a month during the subterranean phase
of the plant’s life (September- December). Samples were collected
always at the same time, between 9:00 am and 11:00 am to minimise
the effect of diurnal variation.

In the laboratory, the bluebell plants were separated, washed with
deionised water to remove dirt and soil. The plants were then divided
into roots, bulbs, leaves, scapes and flowers for Total Non-Structural
Carbohydrate (TNC) analysis or divided into shoots (leaves, scapes
and flowers) and bulbs (bulbs and roots) for mono-, di-saccharides
and fructan analysis. Samples were then freeze-dried using CHRIST
Alpha 1-2 LD plus freeze-dryer connected to Vaccubrand, Germany,
vacuum pump. The difference between Fresh Weight (FW) and Dry
Weight (DW) was used to calculate the dry matter content. The
freeze-dried samples were finally ground into a fine powder using a
porcelain mortar and stored at -20°C until further analysis.

Total Non-structural Carbohydrates (TNC)

All plant parts were analysed in duplicate for total non-structural
carbohydrates. Approximately 20mg of powdered freeze-dried
sample was placed in a 25mL glass vial and mixed with 5mL of 2M
HCI prepared in 50% methanol (MeOH). The vials were closed
and heated on a block heater (Stuart, SBH130D/3) at 95°C for 2 h.
The reaction mixture was then filtered (Qualitative filter papers,
Fisherbrand) and made up to 10mL with 50% MeOH. Carbohydrate
content was measured as Hydroxymethylfurfurals (HMF) after
injecting (20pL) into a Dionex Ultimate 3000 High Performance
Liquid Chromatography system equipped with a UV-VIS diode array
variable wavelength detectorand an Intersil ODS-3 column(5pum,
4.6mm x 150mm). A gradient elution scheme was applied using water
and Acetonitrile (MeCN) both acidified with 0.1% Formic Acid (FA)
from 0 t0100% MeCN in 30 min. Samples were monitored at 280nm.
A series of 1-kestose solutions with concentrations ranging from
0.125 - 2.0mgmL"* were hydrolysed under the same conditions and
used to construct the calibration curve. The software Chromeleon7
was used for system operation and data analysis.

Mono- and disaccharides

Mono and disaccharides were analysed following the methods
described by [23] and [24] whereby, mono- and disaccharides are
converted into oxime-trimethyl silyl ethers and analysed by Gas
Chromatography Mass Spectrometry (GC-MS). The method was
optimized for bluebell samples in terms of initial sample processing
and preparation, reaction time and temperature and finally the
extraction and clean-up of the product.

Duplicate samples of approximately 5mg of freeze-dried
powdered bulb were mixed in 2mL glass vials with 100uL of pyridine
containing 0.5mgmL" of fructose as procedural standard, followed by
100uL of a solution containing 50mg mL"* of NH20H. HCI in dry
pyridine. The vials were heated on a block heater at 60°C for 3 h with
occasional gentle mixing and then left to cool to room temperature
(~20°C) before 100uL of BSTFA: TMCS (99:1) was added. The
resulting solution was left to react at room temperature for 30 min.
Thereafter the reaction product was extracted by adding 700uL of
hexane containing 0.1mgmL™" of ethyl palmitate as internal standard,
vortex-mixed for 1 min then 500puL de-ionised water was added
to wash off inorganic salts and decompose any excess unreacted
reagents. The solution was vortex-mixed for another minute and
submitted for GC-MS analysis.

The GC-MS instrument used in the study was a Thermo Scientific
1300 Chromatograph equipped with a TriPlus RSH autosampler
and an ITQ 900 MS detector. The sample was injected onto a TR-5
column (30m x 0.25mm ID x 0.25um). The following instrumental
parameters were used: inlet temperature 250°C, split flow 30mL min-
!, split ratio 20 and carrier flow rate 1.5mL min. The temperature
program started at 172°C (1 min hold) up to 210°C with a step of
10°Cmin'(1 min hold), then increased to 220°C with a step of
20°Cmin™ (1 min hold) and finally up to 280°C with a ramp of 10°C
min' and 1.5 min holding time. As the sample vials contained
both organic (hexane) and aqueous layers, the injector needle was
set to draw 1.0uL sample at a depth of 17mm from the vial cap in
order to avoid reaching the aqueous layer. Peaks were identified by
comparison with reference compounds. The calibration standards
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Figure 1: Dense bluebell carpet in flower on field site.

used were glucose (0.005 -0.1mgmL™"), fructose (0.025 - 0.5mg mL™")
and sucrose (0.0125 - 0.25mg mL"). Relative response (area of peak/
internal standard) was used in constructing the calibration curve and
calculating analyte concentrations.

Fructans

MALDI-TOF analysis: Bluebell bulbs were analysed using
MALDI-TOF spectrometry for the numbers, chain length
and ratios of the fructooligosaccharides. Matrix preparation:
18mgmL" of 2, 5-Dihydroxybenzoic acid (DHB) dissolved in a
solution of water: MeCN (3:1). Another solution of 16mg mL" of
2,4,6-Trihydroxyacetophenone monohydrate (THAP) was prepared
in a mixture of 0.1pL Trifluoroacetic acid (TFA): MeCN (1:1) to be
used as seeding layer.

Sample preparation: To 10mg of freeze-dried and powdered bulb
samples, 1000uL of water was added, the mixture was vortex-mixed
for 1 min then centrifuged at 6000 rpm for 10 min. the supernatant
was analysed for fructooligosaccharides by mixing an aliquot of
it with an equal volume of DHB. Prior to applying the samples to
the metal target, (1IpL) of THAP was applied as a seeding layer,
allowed to dry at room temperature, then the sample: matrix mixture
(0.5pL) was dispensed onto it. Using THAP as a seed layer enhanced
the formation of a homogenous crystalline bed that helped better
distribution of the sample: matrix mixture. Samples were analysed
using Reflex IV MALDI-TOF mass spectrometer Bruker Daltonics.
The automatic collection (AutoX) feature was used and 240 laser
shots were taken per spot.

Quantification using enzymatic assay: In order to analyze
fructans, Duplicate 20mg aliquots of freeze-dried powdered bluebell
bulbs and leaves were mixed with 8mL of hot deionised water, stirred
and heated at 80°C for 15 min. The solution was allowed to cool to
room temperature (20°C) and made up to 10mL with distilled water.
The analysis of fructans was performed using a fructan HK enzyme kit
(Megazyme International, Ireland). An aliquot of 20uL of centrifuged
sample was incubated with 20uL of sucrase/maltase enzyme mixture
in order to allow hydrolysis of sucrose and low DP maltosaccharides
(if present) into glucose and fructose. After incubation, 50uL of
100mM sodium acetate buffer solution (pH 4.5) was added and
vortex-mixed. The resulting mixture was denoted solution A.

Two20uL aliquots were taken from this solution and transferred
into a 96-well quartz microplate (Falcon, UK). Tenmicroliters of
fructanase and indo-inulinase mixture was added to the first and
10uL of buffer pH 4.5 solution to the second. The microplate was
wrapped with cling film and incubated in an oven at 40°C for 30 min
so as to assist the hydrolysis of fructans into glucose and fructose.
After the incubation period, 200uL of de-ionised water, 20uL of
buffer pH 7.6 and 10puL of NADP+/ATP were added to both aliquots.
The absorbance of the plate was recorded after 3-5 min (A1), then
the reaction was started by adding 10pL of a mixture of hexokinase,
phosphoglucose isomerase and glucose-6-phosphate dehydrogenase
(HK/PGI/G-6-PDH) previously diluted 1:4 with a buffer solution
(pH 7.6). The plate was left to stand at room temperature for 15 min
and the absorbance was then recorded (A2). The sample absorbance
(Al and A2) at 340nm wavelength was recorded using a BioTek
Power Wave TM XS Microplate Spectrometer operated by Gen5’
software. Path length correction was applied during the analysis to
correct for the solution depth. The values for fructans were calculated
as the differences between concentrations of Al and A2 which were
calculated according to the formula:

o MWL 009 A (g/L)

exdxv 0.02
Where:

A% = final volume (mL)
MWt = molecular weight of glucose or fructose (180.16g mol™*)

€ = extinction coeflicient of NADPH at 340nm (6300L mol
lcm—l)

d = light path (cm)
v = sample volume (mL)

0.09/0.02 = volumes of solution A (0.09mL) from which 0.02mL
aliquot was incubated with fructanase and indo-inulinase

Results

Phenology

Figure 2 illustrates phenological changes in all bluebell plant
parts. For 2014, the first sample was collected in March where the
average shoot height was 10cm above ground. Flower primers were
also visible during this week. Plant heights slowly increased in the
following two weeks and reached up to 13.2cm after which the plants
exhibited a rapid growth and on April 16" the leaves length was
21.6cm and scapes became visible at a height of 9.7cm. The average
weight of the total vegetative growth per bulb increased from 2.13
to 7.74g. Over the next month the leaves and scapes grew up to an
annual average height of 30 and 40cm, respectively and total weight
averaging around 8g per bulb. Anthesis started on May 1**and by the
first week in June fruits had formed while seeds were ripe in mid-July.
Senescence started in the first week of June with the leaves beginning
to turn yellow. The leaves disappeared completely by the end of
the month followed by the scapes two weeks later, thus ending the
above-ground growth stage. Re-sprouting started in December of the
following year and shoots grew to an average under-ground height of
1.4cm. The subterranean growth continued at a slow rate and over the
following two months shoots grew up to 5cm.
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Figure 2: The phenology of bluebells observed during 2014-2015. A, Leaf and stalks heights for 2014, and shoots heights for 2015 samples. Error bars are SEM,
n=2. B, the different phenological stages of the plant’s life with the most significant characteristics.
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Figure 3: TNC in underground organs (A: roots and B: bulbs) calculated per dry weight basis for 2014 samples. The area between the dashed lines represents
the time of root death during dormancy. The Error bars are SEM, n=2 each analysed in triplicates. The % DW of each part is plotted on the secondary axis. Error
bars are SEM for n=2.

The bulbs showed changes during different stages of the plant’s  bulb tissues, the current year’s bulb started its growth and build-up of
annual life represented by variations in the percentage of Dry Weight  reserve. This was seen as an increase in DW from 12% in mid-April
(DW), shape and texture of the bulbs. DW was less than 10% in March ~ to a maximum of 29.6% over a period of 4 weeks. The DW remained
24", increased slightly in the following week and remained around  more or less constant over the following month then it started to
12% for 3 weeks. In mid-April, with the start of rapid growth, the  decrease gradually around the end of the vegetative growth. The bulbs
previous year’s tissues of the bulbs started to become wrinkly and pale  entered a short period of dormancy for 2-3 weeks from the end of
indicating that the reserves had been consumed and the tissues that  July until mid-August characterized by the disappearance of roots.
contained them were ready to be shed. Concurrent with sheddingold  (Figure 2) shows the onset and duration of different phenological

Submit your Manuscript | www.austinpublishinggroup.com J Plant Chem and Ecophysiol 1(1): id1005 (2016) - Page - 04



Vera Thoss

Austin Publishing Group

Figure 4: TNC in above ground organs (A: leaves, B: scapes and C: flowers)
calculated per dry weight basis for 2014 samples. Error bars are SEM,
n=2 each analysed in triplicates. The %DW of each part is plotted on the
secondary axis with SEM bars of n=2.

stages, dry weight of bulbs over the period of the experiment and
average vegetative growth represented by leaf and scapes height.

Total non-structural carbohydrates

The TNC content of the bulbs was found to be always higher than
the other plant parts (Figure 3). The minimum values measured were
at the start of growth 654mg g'! DW, while a maximum value of 824mg
¢! DW was reached on 8" May with the value remaining constant
for the following week then starting to decrease gradually towards
the end of the growth season. The roots showed a pattern similar to
that of the bulbs featuring low THC at the start of growth followed
by an increase to reach a maximum of 189mg g! DW in mid-May
then a gradual decrease in the following month. The maximum TNC
content in the roots 320mg g! DW was measured on July 17% (the
last week before dormancy). Amongst the above ground vegetative
organs (Figure 4), the scapes showed relatively higher TNC values at
the start of growth at 224mg g' DW compared to 64 and 75 mg g’
DW for leaves and flowers respectively. The TNC of scapes remained
higher than that of leaves until the start of anthesis in the first week
of May then decreased sharply afterwards towards the end of the

— FrUCtOse

— Gl

Cose

Figure 5: Seasonal variation of mono- and disaccharides in A, bluebell bulbs
and B, Bluebell shoots. Error bars are SEM of n=2.

vegetative growth. The flowers showed a pattern characterized by two
distinctive maxima: one at the time of peak anthesis in mid-May and
the second during seed ripening when it reached a maximum on June
12", The high similarity between the TNC patterns in both bulbs and
roots is evident from the results, which could be due to the proximity
of the two tissues.

Mono and disaccharides

Analysis of the mono and disaccharides using GC MS (Figure
5) showed the presence of the three sugars: fructose, glucose and
sucrose. The most abundant sugar of this pool in the bulbs during the
start of the season and up to the middle of April was fructose followed
by sucrose. The highest fructose concentration detected was 100mg
g' DW in March 24*. Only small amounts (about 2mg g' DW) of
glucose were detected at the same time. The high amounts of fructose
dropped quickly to 6mg g DW by the start of May leaving sucrose as
the main carbohydrate in the bulbs throughout the season. Fructose
concentrations raised again by the end of October in preparation for
re-sprouting. In the leaves, Glucose was the major sugar present and
both fructose and sucrose were of relatively equal and much lower
quantities. The only exception of this was during the first two weeks
when sucrose was higher than both glucose and fructose. Glucose
concentrations in the leaves showed an increase proportional to the
increase in the tissue weight. April 24" which was the point in time
that characterized the fast growth in leaves was also the point where
glucose amounts changed from 29 - 107mg g DW in only two weeks.
Furthermore it coincided with the transition of fructose from being
the dominating sugar in the bulbs to its first low value at 16mg g
DW.

Fructans: MALDI-ToF analysis of the fructan fraction in bulbs
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Figure 6: The percentage content of fructan oligomers in bluebell bulbs
analysed by Maldi-ToF spectrometry.

mg gt D

Fructans mgg!' DWW

Figure 7: Seasonal variation of fructans in A, bluebell bulbs and B, bluebell
shoots. Values are means with SEM for at least n=2.

revealed the dominance of short-chain fructooligosaccharides.
Shorter chain DP3 (Degree of Polymerization) and DP4 were the
most common oligomers in all the samples tested (Figure 6). Longer
chains up to DP9 were found at the start of growth in March-April
and disappeared in April-May to be detected again in the later stages
of the growth season and after shoot death. Trace amounts of DP11-
DP13 were also detected.

Dry weight based calculations of the amount of fructans in the
bulbs revealed changes in their profile throughout the year (Figure
7). The concentration was relatively low from end of March to end of
April. Bulb fructans start to increase concurrently with the growth of
the above ground vegetation. Fructan concentrations reached 708mg
¢! DW in May 8" and this value remained above 700 mg g' DW
until June 19% after which it started to fluctuate with the general trend

being downwards towards the end of the year (Figure 7). Sugar levels
started to decrease: this is the time when leaves die and a portion of
bulb carbohydrates might be drawn through the scapes for fruits
and seeds ripening. Fructan levels increased again during dormancy
probably due to recycling of materials from the other dying organs.
The minimum fructan values in the bulbs in December and January
coincided with the high values in the newly-emerging, under-ground
shoots. Shoot fructans showed a pattern similar to the mono and
disaccharides. Fluctuations could be seen during the above-ground
phase which could refer to periods of no or little photosynthesis
allowing fructan depolymerisation and their translocation from the
shoots to the bulbs.

Discussion

The change in composition and content of carbohydrates over the
annual life cycle was determined by the different phenological stages.
The resources required for early growth in the shoots (leaves, scapes
and flowers) were withdrawn from the reserve carbohydrates in the
bulbs. The mobilisation of carbohydrates from the bulbs took place
by the depolymerisation of fructans as shown through the increase in
fructose (Figure 5) and depolymerised fructan (Figure 6) during slow
shoot growth. Hydrolyzing enzymes, Fructan Exo-Hydrolases (FEH)
s release terminal fructose units leaving behind shorter chain lengths
of fructan. The monosaccharides thus formed are released to the
cytoplasm where they are converted into sucrose by sucrose synthase
to be exported to the growing organs as the supply of carbon and
energy from photosynthesis is not yet sufficient to meet the demand
[19,25]. Glucose and sucrose concentrations in the bulbs showed
homeostasis through their constant concentration through the period
of observation. The shoots, on the other hand, reflected the rate of
photosynthesis with increasing glucose concentrations at higher
biomass periods (Figure 5). Export to bulbs (characterized by build-
up of fructans and increase in %DW) started once the leaves reached
their highest content of dry matter on 24" April. At this point of time
the scapes were at about half their annual heights and anthesis had
not started yet. However, the amount of photosynthate seemed to be
sufficient to meet the demands from both the growing above ground
organs and refilling the underground reserves in bulbs indicated by
an increase in bulb TNC, DW and fructan contents.

The flowers showed a pattern characterized by two distinctive
maxima: one at the time of peak anthesis in mid-May and the
second during seed ripening when it reached a maximum on June
12 (Figure 4). Anthesis is a distinctive stage in bluebell phenology
characterized by the formation of a carpet of blue-purple flowers
(Figure 1). An increase in simple sugars specifically fructose in the
flowers is required to produce the osmotic driving force necessary for
petal expansion during anthesis [26,27]. Once the fruits are formed,
the petals start to wither and dry down which explains the decrease
in TNC and the increase in DW content at this time. Seed capsule
expansion was accompanied by an increase in TNC that could also be
considered a factor involved in tissue expansion and taking up water
since the tissue dry weight decreases at this stage. The final stage is
the ripening of seeds which was accompanied by decrease in TNC
and desiccation of the seed capsules [28,29]. The leaves start to show
aging signs from the start of June to mark leaf death by the end of the
month followed by the scapes two weeks later. Based on TNC values,
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carbohydrate levels in the scapes appear to be lower than those in the
flowers in this period. This suggests the utilization of carbohydrates
from another source, most likely the bulbs.

Enzymatic assay of fructans in bulbs showed the presence of
fructans in relatively high concentrations reaching over 70% DW
in bulbs. MALDI-ToF analysis showed that short chained DP3 and
DP4 were the most common fructooligomers. Bluebells sole reliance
on fructans gives an ecological advantage as fructans are utilised for
multiple functions: Fructan-rich aqueous solutions are viscous and
give support for expanding leaves via cell elongation, rather than new
cell formation, thus saving energy in two aspects. In addition, bluebell
bulbs are contractile, meaning that they descend deeper into the soil
during each growth period (up to 30cm) [2]. The flexibility endowed
to bulbs through the high fructan content enables this adaptation.
Formation of longer polymers usually takes place in the subterranean
stage, while depolymerisation is associated with early growth
and the mobilisation of carbohydrates from reserve [19,25,30].
The accumulation of polysaccharides in the leaves is the result of
supply from photosynthesis exceeding both cell’s demand of sugars
and export rate. The storage is temporary as the polysaccharides
accumulated during the day are depolymerised and transported
during the next dark period [31].

As the main reserve organ, bulbs contribute significantly to
the survival of the plant during the unfavorable cold months and
re-growth in spring. Based on fructan analysis results, bluebells
consumed about 47% of the reserve during the subterranean stage.
The highest decrease occurred at the start of the season prior to
shoot emergence and was concurrent with the increase in mono- and
disaccharide levels. The amount of reserve consumption by bluebells
is relatively low in comparison with Galanthus nivalis L (snowdrops)
that store both fructan and starch. The latter was found to use up
40 and 30% of its fructan reserve in addition to the depletion of the
starch reserve by 92 and 79% for the same period [32]. Bluebell bulbs
accumulate fructans mainly and starch is only found in trace amounts
[18], yet the utilization of the reserve is not much higher than in
snowdrops. The sole reliance on fructans might impact on the overall
ability of bluebells to accumulate biomass, which have been described
as having an “extremely slow rate of growth” even under optimum
condition with only doubling their weight in one season [6].

The biosynthesis and accumulation of fructans provides other
beneficial characteristics over starch in plants under seasonal periods
of stress. Temporarily stored fructans in photosynthetic tissues are
not prone to rapid turnover that support fructan metabolism being
tailored for plants subjected to cold temperatures and uncertainty
of the available sunlight. Carbon stores with short supply lines are
advantageous in conditions not favoring photosynthesis. Fructan
degradation takes place by the action of one enzyme (FEH) only that
targets terminal fructose moieties one at a time. From the plant’s
perspective, less energy is required for the synthesis of different
enzymes as in the case of starch which is being hydrolysed by multiple
enzymes targeting different locations [33].

The high fructan content is associated with the presence of large
vacuoles [18]. The existence of such an organelle in the tissue can act
as an energetically cheap means of increasing cell size through water
absorption and expansion rather than protein building. Similarly,

tissue expansion is employed during the early shoot growth.
Increasing the cell size in leaves serves to increase the surface area
and thus increases the efficiency of photosynthesis [34]. Vacuoles
push the cytoplasm contents against the cell wall, which could also
facilitate photosynthesis by bringing the green plastids closer to the
surface of a leaf cell. They also provide structure and rigidity to the
tissues through turgor pressure, which is again, energetically efficient
strategy in herbaceous plant requiring only small proportions of
lignin in their cell walls [35].

Conclusion

In conclusion, bluebells solely rely on fructans and their
comprising monosaccharides at all times during growth and
dormancy. Fructans support the phenology of bluebells in view of
reducing energetic demands during early growth through utilising
cell expansion (instead of new cell formation), access to stored
fructose (relying on one enzyme only), and more plasticity to access
favourable ecological niches (contractile roots). Thus fructans play a
key role in the maintenance of this iconic perennial flowering bulbs
that carpets woodland floors for a brief period in early spring on the
British Isles.
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