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1 Abstract A study of the literature indicates that chloroplasts synthesise a range of molecules,
; 2 many of which have nutritional value for humans, but as yet no one has established the
i 3 nutritional credentials of chloroplasts recovered from plant cells. Chloroplast-rich-fractions
2 4  (CRFs) were prepared from green plant species and the macro- and micro-nutrient composition
; 5 compared with the whole leaf materials (WLMs). The results indicated that, on a dry weight
18 6 basis, CRF material from a range of green biomass was enriched in lipids and proteins, and in
11 7 arange of micronutrients compared with the WLM. Vitamins E, pro-vitamin A, and lutein were
ig 8 all greater in CRF preparations. Of the minerals, iron was most notably concentrated in CRF.
}i—,‘ 9  Spinach CRFs possessed the highest a-tocopherol (62 mg 100 g , dry weight (DW)), B-
is 10  carotene (336 mg 100 g* DW) and lutein (341 mg 100 g* DW) contents, whilst grass CRFs
ig 11 had the highest concentration of alpha-linolenic acid (ALA) (69.5 mg g*!). The higher
g‘i 12 concentrations of a-tocopherol, B-carotene, lutein, ALA and trace minerals (Fe and Mn) in
22 13 CRFs suggest their potential use as concentrated ingredients in food formulations deficient in
gi 14  these nutrients.
25
2 1o
28

29 16 Key words Chloroplasts - Beta-carotene -Lutein - Alpha-tocopherol - Alpha-Linolenic acid -
31 17 lron

35 19  Introduction

37 20

21 It is well established that the global population is continually increasing, thereby creating
40 22 increasing pressure on finite food resources. In the year 2050, the world’s fast growing
42 23  population is anticipated to reach 9.1 billion, with a shrinking food supply, particularly
44 24  impacting developing countries (FAO, 2009). This will exacerbate the already limited access
46 25  tohealthy plant-based foods by those on low incomes.

ig 26 Epidemiological studies suggest that high dietary intakes of fruits and vegetables is associated
‘518 27 with reduced risks of developing a range of chronic diseases, including cancer and

o1 28  cardiovascular diseases (Dauchet et al., 2006, Mirmiran et al., 2009). Antioxidant vitamins such
53 29  astocopherols (vitamin E), B-carotene (pro-vitamin A) and ascorbic acid (vitamin C) are found
55 30 in high concentrations in fruits and vegetables (Bergquist et al., 2006, Singh et al., 2016). It is
57 31 suggested that these antioxidant-rich compounds are involved in the protection against these
32 chronic diseases (Rice-Evans and Miller, 1995, Abuajah et al., 2015).


http://www.editorialmanager.com/jfst/viewRCResults.aspx?pdf=1&docID=18129&rev=1&fileID=435074&msid={81C65B6E-34A2-4D4D-A7D5-4782AF7F6027}
http://www.editorialmanager.com/jfst/viewRCResults.aspx?pdf=1&docID=18129&rev=1&fileID=435074&msid={81C65B6E-34A2-4D4D-A7D5-4782AF7F6027}

©CO~NOOOTA~AWNPE

33
34
35
36
37
38
39
40
41

42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

61

62
63
64

Chloroplasts are a type of semi-autonomous organelle found in leaves which are responsible
for photosynthesis, the process where sunlight energy is converted into chemical energy. By
structure, chloroplasts are lens-shaped bodies with a diameter of approximately 5-10 um (Gross,
1991). Although photosynthesis has been studied extensively in chloroplasts, and it is
recognised that this organelle is responsible for the biosynthesis of a range of molecules, such
as; amino acids, fatty acids, tocopherols, carotenoids, plant hormones etc. (Gross, 1991, Walker
and Barber, 1976), no one has recovered chloroplasts to evaluate their credentials as particulates
rich in a range of nutrients that can be recovered from green biomass using a physical process

without the need for solvents.

Green leafy biomass (vegetables, underutilised plants, and field waste) represents a potentially
valuable source of a range of micro and macro (lipids, proteins and carbohydrates) nutrients.
They consist largely of water (80-90%) and fibre; chloroplasts make up about 10-20% of the
total solids, so isolating the chloroplasts should lead to increased nutritional content per unit
mass compared with the fresh leaf. Consumption of liberated chloroplasts may deliver a further
benefit over eating whole leaves: recent research has shown that the bioavailability of
micronutrients from plant material, such as carotenoids, is inhibited due to the need to liberate
them from the cellulosic food matrix (Eriksen et al., 2017), and that the plant cell wall is a
limiting factor for nutrient bioaccessibility (Grundy et al., 2015, Palmero et al., 2013). The
intake of liberated chloroplasts should therefore boost micronutrient release during digestion
(bioaccessibility) and hence increase bioavailability (uptake into the body).

Therefore we hypothesise that the liberation of intact, chloroplasts from plant cells of abundant
green biomass (which could be food waste or biomass not currently used in the food chain), is
a simple way to concentrate nutrients without the need of using solvents. Furthermore, due to
their concentration of nutrients, liberated and stabilised chloroplasts (even a non-pure/crude
preparation) could be used as a functional food ingredient/fortifying agent at relatively low

levels of addition to food/feed formulations.

Recovering nutritionally-rich fractions of chloroplasts from unconventional plants which have
a composition comparable to those of well-known sources, such as spinach and kale, could

create new, sustainable, functional food ingredients from green plants, provided that any
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toxicity issues of non-conventional plants are resolved. This approach may provide a way to
ensure that poorer societies have access to food rich in valuable micronutrients. There are also
a range of commercial opportunities to use isolated chloroplasts in food and feed formulations.
But despite the apparent nutritional credentials of chloroplasts, no reports appear to have been
published on their potential as functional food ingredients. Therefore, the aim of this study was
to recover and concentrate a range of vital nutrients in the form of chloroplasts (more precisely
chloroplast-rich fractions (CRFs)) and comparing their nutritional potential to their equivalent
whole leaf material (WLM). Four green leafy plant species were selected as a model for
conventional (spinach and kale) and unconventional (nettles and grass) materials for functional
food ingredients.

Materials and Methods

Sample (Green Materials) Preparation

Spinach (Spinacia oleracea) and kale (Brassica oleracea var acephala) were obtained from
local supermarkets. Whereas, nettles (Urtica dioica) and grass (Paspalum notatum) were
freshly harvested from the grounds of the School of Biosciences Campus. When samples were
brought to the laboratory, they were washed with tap water, cut into smaller pieces and split
into two portions; one designated to make chloroplast-rich fractions (CRFs) and the other for
whole leaf materials (WLMs).

Whole Leaf Material (WLM)

WLMs (100 g) were frozen at -80 °C for a couple of hours prior to freeze drying (Edwards
Freeze Dryer, Super Modulyo) for 48 h at -60 °C. During the freeze drying process samples
were protected from light exposure. Samples were then ground to homogeneous powder (1
mm) using mortar and pestle under dim light and stored in a tightly closed plastic containers at

room temperature.
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Chloroplast-Rich Fraction (CRF)

Green leaf tissues (100 g) were homogenised in a kitchen blender for 30 s with 0.3 M sucrose
solution in the ratio of 1:6 (w/v). The homogenate was then filtered by pressing through a
double-layered cheese cloth. The filtrate was centrifuged (Thermo Jouan CR3i multifunction
centrifuge) at 1300 RCF for 10 minutes at 4 °C. The supernatant was decanted off from the
chloroplast pellet and centrifuged again under the same conditions. The resulting supernatant
was discarded and the chloroplast pellets were weighed. Chloroplast pellets were frozen at -80

°C prior to freeze drying and stored same conditions as those of WLMs.

Determination of Moisture Content

Three samples of each of the materials were weighed in trays and then placed in an oven at 105
°C and reweighed after 24 hours. The moisture content was then calculated gravimetrically
using the following equation (Eq.1).

wet sample(g) — Dry sample
Moisture content (%) = [ ple(g) Y ple ()] %X 100 (Eq.1)
wet sample (g)

Determination of sucrose (for CRFs) content

A 0.1 g sample was diluted with 10 mL distilled water and centrifuged (Thermo Jouan CRa3i
multifunction centrifuge) at 2400 RCF for 5 min at 4 °C. The samples were then filtered through
0.45 pm syringe filters into amber HPLC tubes. A set of sucrose standards was prepared (7.5-
0.5 mg mL™). The sucrose was analysed using HPLC (Jasco AS2055 sample + Pu-980 pump,
Japan) coupled with a refractive index detector (Jasco RI-2031 Plus Intelligent RI Detector,
Japan), and resolved using a Phenomenex Luna 5um NH2 (100A 2 mm id x 25 cm) column
with 80% acetonitrile in water (HPLC grade) as the mobile phase. The injection volume was
10 pL and the mobile phase flow rate was set at 0.7 mL min™. When sucrose was quantified,
residual sucrose in CRFs was adjusted for i.e. the values were normalized and all values

presented in the subsequent results of CRFs are non-sucrose.
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Determination of Ash Content

Ash content was determined according to 1ISO (2002). Samples (0.5 g) from CRFs and WLMs
were placed into pre-weighed silica crucibles in duplicate. The crucibles were then placed in a
muffle furnace (Carbolite, AAF1100) and ignited for 8 h at 550 °C. The following day, samples
were removed from the muffle furnace and crucibles reweighed.

The ash content was calculated as:

Weps = W(c+rps) -We

Wis = W(c+is)-Wc

% Ash = W s*100/Weps

Where symbols refer to the weight of freeze dried samples (Wrps), the crucible with freeze

dried sample (W(c+Fps)-), weight of the crucibles (Wc) and the ignited sample (Wis).

Analysis of Protein

Protein content of freeze dried CRFs and WLMs was determined using a N2 based protocol.
Samples were placed in a tared tin capsule and precisely weighed using a 4 digit balance.
Samples ranged in weight from 2 to 3 mg. Two standards (Sulphanilamide STD) were also
weighed. All samples, along with the standards, were run on an Organic Elemental Analysis
Eager Experience (Flash 200, Fisher Scientific). The Nitrogen values were automatically

calculated and then converted to protein using 6.25 as a conversion ratio.

Amino Acid Analysis

Amino acid concentrations in CRF and WLM were determined by oxidising samples with a
hydrogen peroxide/formic acid/phenol mixture. Excess oxidation reagent was decomposed with
sodium metabisulphite. The oxidised samples were then hydrolysed with 6M HCI acid for 18 h at
110 °C under nitrogen. The pH of the hydrolysate was then adjusted to 2.2 with 7.5M NaOH.
Aliquots of these samples were transferred to 20 mL centrifuge tubes and centrifuged (Biofuge
stratos) at 2917 RCF for 2 min; this was then syringe filtered through 0.22 um filters into glass
vials. The amino acids were separated by ion exchange chromatography (Pharmacia Biochrom,
Cambridge) using sodium citrate buffers and determined by reaction with ninhydrin using
photometric detection at 570 nm (440 nm for proline).
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Lipid Extraction

Lipids were extracted from the freeze-dried materials (CRFs or WLMSs) using a modified Folch
et al. (1957) technique. Samples (0.1g freeze dried) were dissolved with 1.2 mL (Chloroform:
methanol 2:1) and vortexed (1 min). To this 0.5 mL of a 0.9% NaCl solution was added, and
the mixture was vortexed again before being centrifuged, using a Thermo Jouan CRS3i
multifunction centrifuge (1300 RCF for 10 minutes at 4 °C). The lower phase, containing the
lipids and chloroform, was transferred to a clean vessel. A further 1.2 mL of chloroform:
methanol (2:1) was added to the residue, vortexed and centrifuged again. The lipid phase was
removed and pooled with the original lipid layer before a third sequence was completed. Pooled
lipids were centrifuged again to separate the lipids from any residual contents, and then dried
under a flow of N.. The combined lipid extracts were then weighed and quantified

gravimetrically.

Chlorophyll and Total Carotenoid Analysis

The pigment content (Chlorophylls a and b, as well as total carotenoids) of the lipid extracts
was analysed using a spectrophotometer (CARY 50 Probe UV-visible). Total lipids (from
section entitled Lipid Extraction) were dried and dissolved in 1 mL acetone (HPLC grade) and
further diluted by a factor of 1:1000. An aliquot of this solution was added to a glass cuvette.
Samples were exposed to selected wavelengths (661.6 nm for chlorophyll (a), 644.8 nm for
chlorophyll (b) and 470 nm for total carotenoids) and the absorbance recorded using acetone as
the blank. Pigment concentrations (ug mL™) were calculated using equations by Lichtenthaler
and Buschmann (2001).

Analysis of Fatty Acid Composition

Fatty acid profile of the CRFs and WLMs was determined by esterification of total lipid
extracts, from section entitled Lipid Extraction, to fatty acid methyl esters (FAMES) and
analysed using gas chromatography-mass spectrometry (GC-MS). The dried lipid extracts were
dissolved in 2 mL of chloroform; 100 pl (10 mg mL?) of methyl pentadecanoate (internal
standard) was then added to 1 mL of the lipid extract in chloroform. Esterification was achieved
through the addition of 200 pL of trimethylsulfonium hydroxide. The solution was then left, to

6
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ensure complete conversion, for 10 minutes before injection onto the GC-MS (Thermo
Scientific, DSQII). GC conditions and column were based on standard protocol developed in

our laboratory.

Vitamin E (Tocopherols) Analysis

Vitamin E content of freeze dried CRFs and WLMs was determined by measuring the
concentration of a, B, Y and d-tocopherols by HPLC (using an Agilent 1100 series) with
Fluorescence detector using a modification of the method of Rogers et al. (1993). Samples were
prepared through the addition of 800 pL of methanol (containing 1% butylated hydroxytoluene
(BHT)) to 0.1 g freeze dried CRFs or WLMs. The material was physically broken up to assist
in the solvent extraction using a mini bead beater (MBB-607EUR) at maximum speed (3450
rpm) for 1 min. The tube was then transferred to a centrifuge (Thermo Heraeus Fresco 21) and
spun at 16200 RCF for 5 min at 4°C; 400 uL of the supernatant was transferred into a clean
vessel. A further 800 pL of methanol was added to the MBB tube, and the process repeated to
ensure quantitative recovery of tocopherols. The pooled supernatants (2 mL total) were dried
under a flow of nitrogen gas, and methanol (containing 1% BHT) (2 mL) was added and
vortexed before being syringe filtered (0.45um) into an Eppendorf tube. This was centrifuged
at 16200 RCF for 5 min at 4 °C, and the supernatant was transferred to an amber HPLC vial.

Samples (10 pL) were injected through a security guard-column (C18, 4 um, 3.9x20 mm) and
separated on a Zorbax RX-C8 5 um (250 x 4.6 mm) column with the oven set at 20°C. A
gradient system of two mobile phases was employed; the first solvent (A) contained 45:45:5:5
Acetonitrile: Methanol: Isopropanol: 1% Acetic Acid solution and the second solvent (B)
contained 25:70:5 Acetonitrile: Methanol: Isopropanol. The flow rate of the mobile phase was
setat 0.8 mL min starting with 100% solvent A. After 6 min of solvent A running isocratically,
the mobile phase changed linearly to 100% solvent B over 10 min. This was held for 12 min
before being returned to the initial conditions. Detection of tocopherols, was achieved at
excitation and emission wavelengths of 298 and 328 nm and quantitation achieved using the
linear formula produced from a calibration curve of external standards (4-100 pg mL™) in

methanol containing 1% BHT.
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Pro-vitamin A (-carotene) and Lutein Analysis

The B-carotene content of the freeze dried CRFs and WLMs was analysed using HPLC (Agilent
1100) with Photo Diode Array (PDA) detection using a method slightly modified from Kimura
and Rodriguez-Amaya (2002). Material (0.1 g) was mixed with cold acetone containing 0.1%
BHT (2 mL) to which 0.4 g of anhydrous sodium sulphate was added. The mixture was gently
shaken for 30 s, and then centrifuged, (Thermo Jouan CR3i multifunction centrifuge) at 4°C for
5 min at 1350 RCF. The supernatant was then syringe filtered (0.45 um) into a clean vessel. A
further 2 mL of the acetone solution was added to the remaining salt pellet and centrifuged
again, which were pooled together with the original fraction. This step was repeated until the
supernatant became colourless or pale green. The collected extracts were dried under N.. The
dried lipid extract was then dissolved in 10 mL of the acetone solution and syringe filtered (0.45
pm) into an amber HPLC vial.

The flow rate of the mobile phase (Acetonitrile: Methanol: Ethyl Acetate) was set at 0.5 mL
mint. Two gradient mobile phases were used from 95:5:0 to 60:20:20 in 20 min, maintaining
this proportion until the end of the run. Re-equilibration took 15 min. Samples were injected at
avolume of 10 pL through a Sentry guard-column (Waters, Nova-Pak C18, 4 um, 3.9%x20 mm),
and separated using Waters Spherisorb S30DS (3 um, 4.6x15 cm) column, with the
temperature set at 22°C; carotenoids were detected at 454 nm. The concentration of $-carotene
and lutein was determined using a linear equation created using a calibration curve produced

from a range of external (B-carotene/lutein) standards (10-100 pg mL™2).

Mineral Analysis

In preparation for mineral analysis, an acid digestion was conducted by adding 20 mL
concentrated HNOs to 0.2 g of CRFs or ground WLMs. This was heated gently whilst stirring
occasionally. After approximately 30-60 min when the sample had been reduced to
approximately 5 mL, the flask was removed and left to cool (in the fume cupboard) for several
minutes. Small quantities of deionised water were then added to each flask and the solution was
filtered through a Whatman No 42 (equivalent) filter paper and diluted up to 50 mL using

deionised water.
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Multi-element analysis of the diluted solutions was undertaken by inductively coupled plasma
mass spectrometry (ICP-MS) (Thermo-Fisher Scientific iCAP-Q; Thermo Fisher Scientific)

using appropriate standards.

Statistical analysis

Experiments were performed in triplicate. i.e. three separate samples for each experiment and
the statistical analysis was carried out using the Minitab V. 17 statistical package (Minitab Inc.,
PA, USA) using post-hoc analysis of variance (ANOVA) and according to Fishers’ test with
statistical significance at p<0.05.

Results and Discussions

Sucrose and Moisture Content

The percentage of residual moisture and sucrose in the freeze dried CRFs and WLMs samples
were determined. The moisture contents of the raw materials (i.e. WLMSs) before the CRFs
preparation were 94+0.2%, 82+0.5%, 77+0.8%, and 80+1.2%, whereas, that for the CRFs were
79+0.3%, 82+0.4%, 70+0.7% and 72+0.5%, respectively for spinach, kale, stinging nettles and
grass. The concentration of sucrose used for the improvement of CRFs recovery was also
calculated from the HPLC data. The sucrose content of the CRFs ranged between 30% (kale)
and 37% (stinging nettles).

Moisture and sucrose values were taken into account when expressing nutrient concentration
values relative to total leaf dry solids (non-sucrose CRF DW.) to accurately calculate the

contents of the nutrients analysed.

Proximate Protein, Lipid, Carbohydrate and Ash Content

Protein, lipid, carbohydrate (CHO) (determined by difference) and ash contents from freeze
dried CRFs and their parent WLMs from a range of green tissues were measured and are
presented in Table (1). The results show that CRFs contained more lipid and protein than the

WLMs with lower CHO content except for CRF of stinging nettles, which did not follow the
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trend of the other three plant species and, in turn, showed lower protein and high CHO content.
Lower ash content in CRFs compared to WLMs was also observed.

Among the selected green materials spinach and kale showed similar values in terms of lipid
and protein content (Table 1). Although protein content for CRFs of nettles (18.3%) was lower
than grass CRFs, nettles and grass results were roughly similar for the rest of the parameters
shown in Table 1. There is a scarcity of published data in the literature for the proximate
composition of total leaves and chloroplasts from these selected green vegetables, except for
spinach, which, as a result, was used as reference for analytical purposes. Care must be taken
on making these comparisons since our material is not pure chloroplasts, hence the term ‘CRF”.
A previous study (Singh et al., 2001) reported protein content of spinach (26.5%) on dry weight
(DW) that is lower than our current value, However, Kahlon et al. (2007) reported a spinach
protein content of 38.2% D.W, showing closer agreement with this study (Table.1). In addition,
protein content in the WLMs of grass (23%) is similar to that of Jancik et al. (2008) (21.1%).

Lipid (including lipid soluble pigments such chlorophylls, carotenoids, tocopherols etc.)
content in the green materials of this study (DW), ranged between 29.8-36.9%, and 12.5-19.3%
respectively for CRFs and WLMs (Table 1). Around 10% of the dry weight of green leaves of
higher plants is represented by lipids, where they are found concentrated in the membranous
organelles, particularly in the plastids, such as chloroplasts (Walker and Barber, 1976). Lipids
also have been noted to make up 35% of chloroplast dry weight, and 50% of the photosynthetic
thylakoid membranes (Myers and Graham, 1956).

Although quite high CHO content was found for certain CRFs and WLMs (Table 1), in most
cases CHO contents was reduced after the chloroplast recovery process. This is due to the
separation of cell wall material from liberated chloroplasts. However, CRFs are a crude
preparation of chloroplasts; some of these fractions (derived from nettles and grass) were found
to contain a white layer that looks like starch under polarised light (data not given). The
estimated CHO value (42%) for WLFs of nettles (for example) in Table (1) is slightly higher
than that reported by Adhikari et al. (2015) (37.4%), with very similar ash content (16.2%) as
found in this study (16.4%). Further, our spinach WLM CHO content (26.6%) is in agreement
with that of Kahlon et al. (2007) who found a value of 29% on a DW basis, suggesting that
these estimations are roughly within the normal range of CHO content in nettles and spinach.

10
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Chlorophyll and Total Carotenoid Content

Total chlorophyll and carotenoid concentrations of freeze dried CRFs and WLMs are shown in
Table 2. Spinach WLM chlorophyll content is 7.8 mg g™* DW, which is in line with the literature
value of 6.5 mg g DW (Kidmose et al., 2005). The total carotenoid content (xanthophylls and
carotenes) for CRFs presented in Table 2 is about 15 mg g*. Of this, p-carotene, a pro-vitamin

A carotenoid, accounted for 22%.

A measure of chlorophyll concentration provides an indirect indication of the concentration of
chloroplasts in the sample of interest. In addition, nutrient concentration could be measured as
a function of chlorophyll content which allows one to gauge the concentration of candidate

nutrients relative to the actual chloroplast material instead of the total dry matter.

Amino Acid Composition

The amino acid profiles after hydrolysis of freeze dried CRFs and WLMs are shown in Fig. 1.
In general, CRFs showed broader amino acid profiles compared to WLMs. Among the amino
acids, glycine and leucine levels were higher in CRFs, but glutamate and glycine were the
dominant amino acids in WLMs (Fig. 1) and tryptophan showed the lowest level (traces) in
both cases. Freeze-dried spinach leaves could be used as a representative example of amino
acid distribution in these materials for analytical purpose. Amino acid profile in freeze dried
spinach WLMs was in good agreement with that of Eppendorfer and Bille (1996). For instance,
the values of glutamate and glycine (238 and 199 umol g?) in this study and those values
reported by Eppendorfer and Bille (1996) for glutamate and glycine (292 and 195 pumol gt)

were similar and both of the amino acids were the dominant ones in both findings.

Whilst humans can produce some amino acids, we are dependent on external sources for the
so-called “’essential’” amino acids. This is because humans lack the enzymes required for the
biosynthesis of these amino acids. In addition, some non-essential amino acids like tyrosine
become essential if its precursor (phenylalanine) is deficient in the diet. The essentiality itself
is dependent on the age group, for instance, arginine is essential for young but not for adults.
The failure to obtain an adequate amount of even a single amino acid out of the 10 essential

amino acids has serious health implications and could lead to the degradation of the body’s

11
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proteins. Unlike carbohydrates and fats, excess amino acids are not stored by the body for later
use, consequently the amino acids must be in the food every day.

Fatty Acid Composition

Fatty acid composition of the CRFs and WLMs are presented in Fig. 2. Of the selected green
materials, grass showed the highest o-linolenic (ALA) acid content (69.5 and 44.4 mg g™* DW,
respectively for CRFs and WLMs), followed by spinach (57.8 and 32.5 mg g™t DW), kale (50.2
and 23.6 mg g DW) and nettles (33.7 and 31.8 mg g1 DW).
As a result of the lower amounts of ALA in nettles and kale, they displayed higher proportions
of linoleic (C18:2) (12.6 and 19.2 mg g* DW) and palmitic acids (C16:0) (13.6 and 21.9 mg g°
1 DW) compared to linoleic acid of spinach CRF (5.8 mg g* DW) and grass CRF (13.7 mg g*
DW) both showing lower linoleic acid than nettles and kale.
Fatty acid biosynthesis in higher plants proceeds from de novo production of palmitate followed
by addition of C2 units in conjunction with monenoic and polyenoic desaturation, particularly
when the plant is very young (Poincelot, 1976). On a dry mass basis, CRFs were significantly
higher in fatty acids (mainly ALA) compared with WLMs except for nettles (see Fig.2).
Interestingly, CRFs from grass exhibited high and comparable values of ALA to those of
conventional green leaves (spinach and kale). Ingredients with potential nutritional value could
therefore be obtained in the form of chloroplasts from unconventional sources such as grass and
nettles. ALA is an essential fatty acid (omega-3) that mammals, humans included, cannot
produce de novo and is precursor of eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA). Studies suggested that an increase of ALA consumption elevates tissue EPA and, in

some cases, DHA content (Barcel6-Coblijn and Murphy, 2009).

Vitamin E (a-tocopherol)

Vitamin E, expressed as a-tocopherol from freeze dried CRFs and WLFs is presented in Fig. 3.
Out of four different standards analysed for vitamin E (o, B, Y and 3- tocopherols), a-tocopherol
was the only component detected in quantifiable amounts; others were either trace or not
detected at all. Since a —tocopherol is the major form of vitamin E existing in nature, and the
most biologically active (Bjorneboe et al., 1990), only a-tocopherol data was considered in this

study. Among the analysed material, spinach CRFs (Fig. 3) exhibited the highest a-tocopherol
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(62 mg 100 g* dry weight (DW)), followed by nettles; with kale and grass showing the lowest
a-tocopherol content. In contrast, for the WLM, nettles exhibited higher a-tocopherol values
than spinach (Fig. 3). It should be noted, though, that a-tocopherol content in spinach CRFs and
nettles was not significantly different (p > 0.05). Previous studies on vitamin E content of
various vegetables and fruits reported slightly higher values of a-tocopherol in nettles than in
spinach (Piironen et al., 1986). Overall all CRFs contained significantly higher a-tocopherol
concentrations than the parent WLMs (Fig. 3).

Pro-vitamin A (f-carotene) and Lutein

The content of B-carotene and lutein in different CRFs and their WLMs is presented in Fig. 3.
The data showed that both [-carotene and lutein were highly concentrated in the CRFs
compared with the WLMs, and B-carotene ranged from 247-336 and 67-87 mg 1009 DW,
for the CRF and WLM, respectively, whilst lutein concentration ranged from 214-341 and 75-
100 mg 100g™* DW in the CRF and WLM material, respectively. The highest B-carotene and
lutein contents was recorded in spinach CRFs (336 and 341 mg 100 g DW), whilst nettles had
the highest p-carotene and lutein in the WLMs (87 and 100 mg 100 g DW). As with a-
tocopherol data, no significant difference (p>0.05), between spinach and nettles CRFs for 3-
carotene content, was apparent (Fig. 3). CRFs of kale and grass, with significantly lower
(p<0.05) B-carotene content than spinach and nettles, exhibited comparable (p>0.05) B-carotene
values as shown in Fig. 3.

The B-carotene values in spinach (WLMs) when calculated in terms of FW was 4.59 mg 100 g
L+ this is in agreement with the value of 4.65 mg 100 g (FW) reported by Huck et al. (2000).
The lutein content of spinach WLM in this study (87 mg 100 g* (DW) corresponds to 5.2 mg
100 g FW; this compares with 9.1 and 5.8 mg 100 g of fresh spinach leaf reported by the
following authors respectively: Bergquist et al. (2006) and Hart and Scott (1995). It should be
noted, though that Bergquist et al. (2006) found this value from spinach obtained from the farm
right before the analysis and, hence, fresh compared to the rest of the literature or this study,
which used spinach from the supermarket.

During the entire procedure, namely isolation of CRFs and preparation of WLMs, carotenoid

extraction, and chromatographic analysis, precautions were taken to minimise the exposure of
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samples to light and air to preserve the pigments (the carotenoids) which are highly degradable
compounds if exposed to light and oxygen.

Besides [B-carotene and lutein, other unidentified carotenoids supposed (according to the
literature) to be mainly violaxanthin and neoxanthin were detected. Bergquist et al.(2006)
reported that baby spinach leaves contained four carotenoids namely, lutein, violaxanthin, 3-
carotene and neoxanthin; lutein being the major (39%) among the four. Since carotenoids and
tocopherols are both lipid-soluble molecules synthesised in chloroplasts (DellaPenna and
Pogson, 2006), it is reasonable that CRFs showed higher a-tocopherol, p-carotene and lutein
values than WLMs (Fig. 3).

A remarkable reference nutrient intake (RNI) contribution of vitamin A by CRFs that is three
times greater than WLMs was found in this study. The RNI contributions per g freeze dried
CRFs and WLMs of B-carotene expressed as retinol equivalents (RE) ranged between 63-86%
and 19-25%, respectively. Intakes of vitamin A are normally expressed in terms of retinol
equivalents (RE), the biological activity associated with one pg of all-trans retinol. Despite
ongoing discussions in the literature for carotene conversion rates, 6 g of all-trans p-carotene
or 12 ug of other pro-vitamin A carotenoids, have been retained as the conversion values
equivalent to 1 RE (FAO and WHO, 2005).

Lutein does not possess pro-vitamin A activity, but lutein and its coexisting isomer, zeaxanthin
are reported to be very important for eye health. Studies suggest that lutein and zeaxanthin play
a vital role in the reduction of risk of macular degeneration and cataracts; their concentration in
the macula lutea is believed to protect from blue light to reach the under lying structures in the

retina and their antioxidant potential is well recognized (Abdel-Aal et al., 2013).

Mineral Composition

The mineral content of CRFs and WLMs (Table 3) of four green leafy tissues was examined.
The mineral matrix of these materials is predominantly comprised of K, Ca, P, Naand Mg. The
materials also consisted of substantial amounts of iron (Fe), associated with trace occurrence of
Mn and Zn. Mg is generally significant in all green vegetables as a result of its association with
chlorophylls, however, the abundance of K, Ca, P and Na indicate the mineral-rich nature of
these materials. Similar findings of the abundance of these minerals in spinach leaves and stems

were previously reported by Bhattacharjee et al (1998). The data of spinach total leaf minerals
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presented in Table 3 is consistent with that of Lisiewska et al. (2009). For instance, spinach
WLMs values (mg 100 g DW) of K (1195.6), Ca (676.8), P (298.2), Fe (31.4) and Cu (2.0)
in Table 3 corresponding to 802.8, 146.5, 54.1, 1.0 and 0.1 mg 100 g* (FW), respectively, was
comparable to the raw spinach values (596.0, 163.3, 66.8, 1.58 and 0.1 mg 100 g* (FW),
respectively for K, Ca, P, Fe and Cu) reported by Lisiewska et al. (2009).

Major minerals such as K, Ca, P and Mg mostly showed decreased values in CRFs compared
to their corresponding WLMs (Table 3). This could be further supported by the higher ash
content in WLMs compared to CRFs (Table 1) as major minerals account for the highest
proportion in the studied green tissues, which in turn, contributed to their masses
gravimetrically after ashing. Interestingly, Na concentration in WLM of spinach 644 mg 100
mg? was reduced to around 21 mg 100 mg™ (30 times reduction) after CRF recovery from
spinach. In contrast to this, values of trace minerals such as Fe and Mn increased in almost all
samples of CRFs (e.g. 31.4 and 7.7 mg 100 g DW, respectively for Fe and Mn of spinach
CRF) as compared to those of WLMs (e.g. 16.0 and 5.1 mg 100 g DW, respectively for Fe
and Mn).

Conclusion

This study accomplished the characterisation of certain macro and micro- nutrients in isolated
chloroplast rich fractions and their parent whole leaf materials. Prior to this, there had been very
limited data on nutritional composition, notably of vitamins and minerals, from chloroplasts.
Total proteins and lipids were significantly (p<0.05) greater in CRFs compared to WLMs.
Compounds such as, a-tocopherol, B-carotene, lutein and iron, as well as total carotenoids were
all present in greater concentrations in CRFs than they were in the WLMs. CRFs with high
nutritional value were also recovered from unconventional green plants (stinging nettles and
grass). Excessive amounts of other green materials rich in those nutrients pea vine, for instance,
are also routinely produced as a waste globally. The high values of fatty acids (mainly the ®-3
a-linolenic acid), pro-vitamin A, lutein and minerals in these green tissues have the potential to
be used as functional food ingredients which could benefit those with a sub-optimal intake of
these nutrients i.e. the poor in developing countries, provided that safety concerns of the
unconventional ingredients are resolved. The bioaccessibility and in vitro / in vivo digestibility

of specific compounds in these materials are being further studied in other undergoing projects.
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Table

Table 1. Proximate composition of CRFs and WLMs from selected green leaves

CRF (% DW) WLM (% DW)
Spinach Kale Nettles Grass Spinach Kale Nettles Grass
Protein  42.6+0.1"®  44.1+2.74 18.3+1.1°¢ 30.2+0.2°F 35.3+4.5°°  36.6+4.85¢  28.0£0.3FF  23.1+1.2F¢
Lipid 36.9+1.3*  36.1+1.74 29.8+1.58 30.4+2.7% 19.3+1.6° 17.0+0.6° 13.4+0.4° 12.5+0.3°
Ash 4.1+0.0° 2.4+0.0°F  2.1+0.0¢ 1.8+0.0F 18.8+0.24 14.5+0.18 16.4+0.08 8.8+2.5C
CHO 16.4 174 49.8 37.6 26.6 31.9 42.2 55.6

Abbreviations, CRF: Chloroplast rich fractions; WLM: whole leaf material DW: dry weight; CHO: carbohydrates. Carbohydrates were
calculated by difference (100- [protein + lipid + ash]). Data was analysed by one-way ANOVA according to Fishers’ test with statistical
significance at p<0.05 to assess differences of the samples. Values with the same superscripts for each row are not significantly different
at P>0.05.

Table 2. Chlorophyll and carotenoid levels and pigment ratios of CRFs and WLMs

Plant CRF (mg g DW) WLM (mg g DW)
atb C alb atb/c atb c a/b atb/c
Spinach 73.8+27.0 14.7+4.6 2.2 5.02 7.8+£1.6 2.2+40.2 3.2 3.5
Kale 54.0+7.1 7.3t1.2 3.0 7.39 8.2£1.0 1.7£0.3 3.0 4.8
Nettles 57.2+13.0 9.310.3 2.2 4.22 10.0£14 2.01£0.2 3.2 5.0
Grass 48.1+12.0 74114 21 6.5 10.9+3.1 1.1+0.1 1.1 9.9

Abbreviations, a + b: total chlorophylls a and b; c: total carotenoids, CRF: Chloroplast rich fractions;
WLM: whole leaf material; DW: dry weight.



Table 3. Major and trace mineral composition (mg 100 g*) of freeze dried WLMs and CRFs from selected leaf tissues

Na Mg P K Ca Mn Fe Cu Zn

CRFs

Spinach 21+5¢ 337+24¢P 298+42P 1196+68° 677+15PF 7.7+0.68¢ 31.4+3.1%%  2.0+0.14 3.6+0.58
Kale 39+118¢ 322+17PE 628+1118¢  518+95F 920+30°P 6.5+0.7¢ 25.749.1"8  0.5+0.1¢ 3.6+0.28
Nettles 63+28¢ 396+198¢ 370+54° 872+64PF 1736+11°¢ 7.9+0.68¢ 42.1+12A 1.08+0.18¢  3.6+0.28
Grass 44+28¢ 232+28F 436+94¢P 1195+234° 354+4F 12.0£3.48¢  37.0+0.6"®  1.1+0.4° 4.0+0.78
WLFs

Spinach 644+11~  398+3° 8741497 12949+403*  2364+86° 5.1+0.1°¢ 16.0+0.48 1.7£0.078 14.9+0.6"
Kale 9 +378 372+11BP 75646318 4169+958 2601+63° 2.5+0.0¢ 12.2+0.18 0.5+0.0¢ 2.4+0.08
Nettles 21+11¢ 7374304 416+4778 2947+73¢ 6249+188" 14.1+0.58 21.1+0.5%8  1.0+0.08¢ 3.1+0.28
Grass 32+258¢ 244+31FF 615+228¢ 4383+4178 523+90FF 32.8+2.9% 12.1+3.18 1.2+0.1B¢ 3.8+0.58

Data were the mean + SD of 3 separate experiments. Element data displayed is in mg per 100 g DW. Data was analysed by one-way ANOVA according to
Fishers’ test with statistical significance at p<0.05 to assess mineral differences of the samples. VValues with the same superscripts for each column are
not sianificantly different at P>0.05; DW: dry weiaht; for CRFs and WLM: refer to Table 1.
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Fig.1 Amino acid profile of non-sucrose freeze dried CRFs and WLM from (A) spinach, (B) kale, (C) stinging
nettles and (D) grass. Data were the mean + SD of 3 separate experiments and was analysed by one-way
ANOVA according to Fishers’ test with statistical significance at p<0.05 to assess differences of the samples;
Cys: Cysteine; Asp: aspartic acid (aspartate); Met: Methionine; Thr: Threonine; Ser: Serine; Glu: Glutamic
acid (glutamate); Gly: Glycine; Ala: Alanine; Val: Valine; lle: Isoleucine; Leu: Leucine; Tyr: Tyrosine; Phe:
Phenyalanine; Lys: lysine; His: Histidine; Try: Tryptophan; Arg: Arginine; Pro: Proline. With essential
amino acids in bold.
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Fig. 2 Fatty acid composition of CRFs and WLMs from four green plants. Data were the mean + SD of
3 separate experiments and was analysed by one-way ANOVA according to Fishers’ test with statistical
significance at p<0.05 to assess differences of the samples; CRFs: chloroplasts rich fractions; WLMs:
whole leaf materials; SP: spinach; KA: Kale; NT: nettles (stinging); GR: grass.
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Fig. 3 Alpha-tocopherol, B-carotene and lutein content of freeze dried CRFs and WLMs from selected leaf tissues. Data
were the mean + SD of 3 separate experiments and was analysed by one-way ANOVA according to Fishers’ test with
statistical significance at p<0.05 to assess differences of the samples. CRF: chloroplast rich fractions, WLM: whole leaf
material SP: spinach; KA: Kale; NT: nettles (stinging); GR: grass; a-Toc: a-Tocopherol; B-car: B-carotene; Lut: lutein.
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