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Abstract: Plant food is usually rich in health-promoting ingredients such as polyphenols, carotenoids,
betalains, glucosinolates, vitamins, minerals and fibre. However, pre- and post-harvest treatment,
processing and storage can have significant effects on the concentration and composition of these
bioactive ingredients. Furthermore, the plant food matrix in fruits, vegetables, grains, legumes, nuts
and seeds is very different and can affect digestibility, bioavailability, processing properties and
subsequently the nutritional value of the fresh and processed food. The Special Issue ‘Foods of Plant
Origin’ covers biodiscovery, functionality, the effect of different cooking/preparation methods on
bioactive (plant food) ingredients, and strategies to improve the nutritional quality of plant food by
adding other food components using novel/alternative food sources or applying non-conventional
preparation techniques.

Keywords: plant food; composition; nutrients; vitamins; phytochemicals; fibre; processing;
preservation; functional properties; health

It is now well accepted that the consumption of plant-based foods is beneficial to human health.
Fruits, vegetables, grains, nuts, seeds and plant derived products can be excellent sources of minerals,
vitamins and fibre, and have usually a favourable ‘nutrient:energy ratio’. Furthermore, plant foods are
also a rich source of phytochemicals such as polyphenols, carotenoids and betalains, with potential
health benefits for humans. Many epidemiological studies have made a direct link between the
consumption of plant foods and health. Human intervention studies have also shown that higher
intake/consumption of plant foods can reduce the incidence of metabolic syndrome and other chronic
diseases, especially in at risk populations like obese people. In addition to its health benefits, plant
foods are also used as functional ingredients in food applications such as antioxidants, antimicrobials,
natural colorants and improving sensory and textural properties. Thirteen quality papers, one review
and twelve research papers are published in this special edition.

Nur Atirah A Aziz and Abbe Maleyki Mhd Jalil [1] reviewed the nutritional value and potential
health benefits of indigenous Durian (Durio zibethinus Murr.), an energy-dense seasonal tropical fruit
grown in Southeast Asia.

Akter et al. [2] studied the antimicrobial activity of Terminalia Ferdinandiana (Kakadu plum),
a native Australian fruit rich in antioxidants. The presented results clearly demonstrated a strong
antimicrobial activity of Terminalia ferdinandiana fruit and leaf extracts, and potential applications as
natural antimicrobials in food preservation.

Thirty five tropical fruits and vegetables were screened for folate by stable isotope dilution assay
(SIDA) and liquid chromatography mass spectrometry (LC-MS/MS) by Striegel and colleagues [3].
The total folate content varied from 7.82 μg/100 g (horned melon) to 271 μg/100 g fresh weight (yellow
passion fruit). This study showed that some of the investigated tropical fruits and vegetables have the
potential to improve the dietary supply of folate, which is regarded as a critical vitamin.

Foods 2019, 8, 555; doi:10.3390/foods8110555 www.mdpi.com/journal/foods1
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Phan and colleagues examined the nutritional characteristics and antimicrobial activity of
Australian grown feijoa (Acca sellowiana) [4] and garlic (Allium Sativum L.) [5]. Feijoa fruit could be
identified as a valuable dietary source of vitamin C, flavonoids and fibre. Furthermore, the feijoa-peel
extracts showed strong antimicrobial activity against a wide range of food-spoilage microorganisms
and may have the potential to be used as a natural food preservative. The distribution of bioactive
compounds within garlic (clove vs. skin) was determined in the second paper of Phan et al. [5], to
obtain a better understanding of the potential biological functionality of the different garlic tissues.
Overall, the Australian grown garlic cultivars were rich in bioactive compounds and exhibited a strong
antioxidant and antimicrobial activity. Industrial applications as a condiment and/or natural food
preservative should be explored further.

The effect of traditional blanching methods on colour, phenolic metabolites and glucosinolates in
Chinese cabbage (Brassica rapa L. subsp. chinensis) was investigated by Managa et al. [6], whereas Baenas
and colleagues [7] studied the influence of common domestic cooking methods on the degradation of
glucosinolates and isothiocyanates in novel Cruciferous foods. Both papers demonstrate that different
cooking methods or practices can have a significant impact on the health-promoting compounds in
these foods, and subsequently affect their nutritional quality.

Strategies to improve the nutritional quality of plant foods by incorporating other food
components or using novel/alternative food sources were explored in four other papers [8–11].
Ballaster-Sanchez et al. [8] developed healthy and nutritious bakery products by the incorporation of
quinoa. Tumuhimbise and colleagues [11] could improve the nutritional, functional, physico-chemical
and sensory properties of orange-fleshed sweet potato flour, whereas Nochera and Ragone [10]
developed a nutritious and gluten-free breadfruit flour pasta product. The retention of pro-vitamin A
in different food products from new biofortified cassava varieties was the focus of the study conducted
by Eyinla and colleagues [9].

The effect of non-conventional/innovative drying methods (microwave vacuum drying, instant
controlled pressure drop-drying and conductive hydro-drying) on in vitro starch digestibility in three
different cooked potato genotypes was assessed by Larder et al. [12]. The impact of emitting diode
(LED) treatments on the functional quality of three types of fresh-cut sweet peppers (yellow, red and
green) was investigated by Maroga and colleagues [13]. The authors could demonstrate that red
LED (yellow and green sweet peppers) and blue LED (red sweet pepper) lights maintained phenolic
compounds, important functional ingredients in sweet peppers, by increasing phenylalanine ammonia
lyase activity.

We hope that this Special Issue will further promote the interest in plant food and its crucial role
in a diverse, sustainable and healthy diet.

Conflicts of Interest: The authors declare no conflict of interest.
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Bioactive Compounds, Nutritional Value, and
Potential Health Benefits of Indigenous Durian
(Durio Zibethinus Murr.): A Review

Nur Atirah A Aziz and Abbe Maleyki Mhd Jalil *
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Kuala Nerus 21300, Malaysia; atirah_aziz@ymail.com
* Correspondence: abbemaleyki@unisza.edu.my; Tel.: +60-9-668-8907

Received: 23 January 2019; Accepted: 6 March 2019; Published: 13 March 2019

Abstract: Durian (Durio zibethinus Murr.) is an energy-dense seasonal tropical fruit grown in
Southeast Asia. It is one of the most expensive fruits in the region. It has a creamy texture and
a sweet-bitter taste. The unique durian flavour is attributable to the presence of fat, sugar, and
volatile compounds such as esters and sulphur-containing compounds such as thioacetals, thioesters,
and thiolanes, as well as alcohols. This review shows that durian is also rich in flavonoids (i.e.,
flavanols, anthocyanins), ascorbic acid, and carotenoids. However, limited studies exist regarding the
variation in bioactive and volatile components of different durian varieties from Malaysia, Thailand,
and Indonesia. Experimental animal models have shown that durian beneficially reduces blood
glucose and cholesterol levels. Durian extract possesses anti-proliferative and probiotics effects in
in vitro models. These effects warrant further investigation in human interventional studies for the
development of functional food.

Keywords: durian; esters; thioacetals; thioesters; volatile compounds; polyphenols; propionate

1. Introduction

Durio zibethinus Murr. (family Bombacaceae, genus Durio) is a seasonal tropical fruit grown in
Southeast Asian countries such as Malaysia, Thailand, Indonesia, and the Philippines. There are
nine edible Durio species, namely, D. lowianus, D. graveolens Becc., D. kutejensis Becc., D. oxleyanus
Griff., D. testudinarum Becc., D. grandiflorus (Mast.) Kosterm. ET Soeg., D. dulcis Becc., Durio sp.,
and also D. zibethinus [1]. However, only Durio zibethinus species have been extensively grown and
harvested [2]. In Malaysia, a few varieties have been recommended for commercial planting such as
D24 (local name: Bukit Merah), D99 (local name: Kop Kecil), and D145 (local name: Beserah). In Thailand,
durian species were registered based on local names such as Monthong, Kradum, and Puang Manee.
There are similar varieties between Malaysian and Thailand but with different name as follows: D123
and Chanee, D158 and Kan Yao, and D169 and Monthong [3]. Similar to Thailand, durian varieties in
Indonesia are registered based on their local names, such as Pelangi Atururi, Salisun, Nangan, Matahari,
and Sitokong [1,4].

The durian fruit shape varies from globose, ovoid, obovoid, or oblong with pericarp colour
ranging from green to brownish [1] (Figure 1). The colour of edible aril varies from one variety to the
others and fall in between the following: yellow, white, golden-yellow or red [5]. It is eaten raw and
has a short shelf-life, from two to five days [5,6]. Fully ripened durian fruit has a unique taste and
aroma, and is dubbed “king of fruits” in Malaysia, Thailand, and Singapore. The unique taste and
aroma is attributed to the presence of volatile compounds (esters, aldehydes, sulphurs, alcohols, and
ketones) [6,7].

Foods 2019, 8, 96; doi:10.3390/foods8030096 www.mdpi.com/journal/foods5
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Figure 1. (A) Durian tree with fruit. (B) Durian fruit with its spiny rind. (C) Durian aril (flesh).

Hundreds of volatile compounds have been identified in Malaysian, Thailand, and
Indonesian durian varieties such as esters (ethyl propanoate, methyl-2-methylbutanoate, propyl
propanoate), sulphur compounds (diethyl disulphide, diethyl trisulphide and ethanethiol), thioacetals
(1-(methylthio)-propane), thioesters (1-(methylthio)-ethane), thiolanes (3,5-dimethyl-1,2,4-trithiolane
isomers), and alcohol (ethanol) [6,7]. However, the bioactivity of these compounds has not yet been
thoroughly explored. A study by Alhabeeb et al. (2014) showed that 10 g/day inulin propionate ester
(a synthetic propionate) releases large amounts of propionate in the colon. This subsequently increases
perceived satiety (increased satiety and fullness, decreased desire to eat) [8]. Chambers et al. (2015)
showed that the same propionate ester (400 mmol/L) increased peptide YY (PYY) and glucagon-like
peptide 1 (GLP-1) in primary cultured human colonic cells. This study also showed that 10 g/day of
inulin-propionate ester reduced energy intake (14%) compared with the control (inulin) [9].

Durian is also rich in polyphenols such as flavonoids (flavanones, flavonols, flavones, flavanols,
anthocyanins), phenolic acids (cinnamic acid and hydroxybenzoic acid), tannins, and other bioactive
components such as carotenoids and ascorbic acid [10–25]. Current epidemiological studies have
suggested that polyphenols decrease the risk of chronic diseases (e.g., cardiovascular diseases, cancers
and diabetes) [26–30]. However, polyphenols might act synergistically with other phytochemicals [26].
However, currently, there are limited studies exploring the health benefits of bioactive components
in durian. Hence, we aimed to review the nutritional and bioactive compounds present in durian
varieties from Thailand, Indonesia, and Malaysia, as well as to explore the potential health benefits
of durian.
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2. Nutritional Composition of Different Durian Varieties

The energy content of durian is in the range of 84–185 kcal per 100 g fresh weight (FW)
(Table 1) [6,18,19]. This range is somewhat similar to that of the United States Department of
Agriculture (USDA), Malaysian, and Indonesian food composition databases [20–22]. Durian aril of
the Thailand variety of Kradum showed the highest energy content at 185 kcal compared with other
durian varieties [6,12,13]. Indonesian variety of Hejo showed the lowest energy content at 84 kcal per
100 g FW of durian aril [6]. The higher and lower energy contents are attributed to the difference in
carbohydrate content. The carbohydrate content varies between different durian varieties in the range
between 15.65 to 34.65 g per 100 g FW [6,12,13]. The range of carbohydrate content is similar to that of
USDA, Malaysian and Indonesian food composition data, at 27.09 g, 27.90 g, and 28.00 g per 100 g FW,
respectively [31–33]. The energy content of durian is the highest compared with other tropical fruits
such as mango, jackfruit, papaya, and pineapple [31].

Table 1. Nutritional composition of durian aril (flesh) of different durian varieties (g per 100 g
fresh weight).

Durian Variety
Indonesian Variety Thailand Variety Unknown

Variety [31]
Unknown

Variety [32]
Unknown

Variety [33]Ajimah Hejo Matahari Sukarno Monthong Chanee Kradum Kobtakam

Nutrients
Energy (kcal)
[6] * [31–33] 151 84 163 134 134–162 145 185 145 147 153 134

Carbohydrate (g)
[6] * [12,13,31–33] 28.90 15.65 34.65 27.30 21.70–27.10 20.13 29.15 21.15 27.09 27.90 28.00

Protein (g)
[6] * [12,13,31–33] 2.36 1.76 2.33 2.13 1.40–2.33 3.10 3.50 2.86 1.47 2.70 2.50

Fat (g)
[6] * [12,13,31–33] 2.92 1.59 1.69 1.86 3.10–5.39 4.48 4.67 4.40 5.33 3.40 3.00

* For [6], energy was calculated by Atwater factor (1 g protein = 4 kcal, 1 g carbohydrate = 4 kcal, 1 g fat = 9 kcal) [34].

Protein content of different durian varieties is in the range of 1.40 to 3.50 g per 100 g FW [6,12,13].
This range is similar to that of USDA, Malaysian, and Indonesian food composition data, at 1.47 g,
2.70 g, and 2.50 g per 100 g fresh weight (FW), respectively [31–33]. Durian contains a high amount
of fat and is in the range of 1.59 to 5.39 g per 100 g FW, a figure comparable to the data from USDA,
Malaysian, and Indonesian food composition databases at 5.33 g, 3.40 g, and 3.00 g of fat per 100 g FW,
respectively [6,12,13,31–33]. The fat content of durian is somewhat comparable to one-third of ripe
olives [31]. Total sugar of Malaysian, Thailand, and Indonesian durian varieties is in the range of 7.52
to 16.90 g, 14.83 to 19.97 g, and 3.10 to 14.05 g per 100 g FW, respectively (Table 2). The Thailand variety
of Kradum showed the highest total sugar, at 19.97 g per 100 g FW. Sucrose was the predominant sugar
in durian, with 5.57 to 17.89 g per 100 FW, followed by glucose, fructose, and maltose. However, the
Malaysian variety of D24 contains higher amounts of fructose than glucose.

7
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Table 2. Sugar composition of different durian varieties (g per 100 g fresh weight).

Sugars
Fructose
[13,35,36]

Glucose
[13,35,36]

Sucrose
[13,35,36]

Maltose [13,35]
Total Sugar [6]

* [13,35,36]

Malaysian Variety

Durian Kampung 1.60 2.21 12.58 0.51 16.90
D2 1.66 2.51 7.70 NA 11.87
D24 0.76 0.73 6.03 NA 7.52

MDUR78 1.82 2.77 8.02 NA 12.61
D101 1.29 1.97 5.57 NA 8.83
Chuk 1.28 1.87 10.65 NA 13.80

Thailand Variety

Monthong 0.15 0.74 13.69 0.25 14.83
Chanee 0.26 0.58 15.71 0.00 16.55
Kradum 0.33 0.71 17.89 1.04 19.97

Kobtakam 0.10 0.45 17.30 0.26 18.11

Indonesian Variety

Ajimah NA NA NA NA 14.05
Hejo NA NA NA NA 3.10

Matahari NA NA NA NA 8.14
Sukarno NA NA NA NA 8.12

* Total sugar is the sum of each individual sugar except for [6], NA, not available.

Table 3 shows fatty acid compositions of different durian varieties. Thailand durian
varieties showed higher monounsaturated fatty acids (MUFA) than saturated fatty acids (SFA) and
polyunsaturated fatty acids (PUFA), with exception of Monthong. Palmitic acid (16:0) was the major
SFA, in the range of 84.57 to 1696.00 mg per 100 g FW, while oleic acid (18:1) was the major MUFA
found in the matured or fully ripened durian (64.89 to 2343.30 mg per 100 g FW). However, each study
used a different technique for fatty acid analysis. Gas chromatography was used by Charoenkiatkul
et al. (2015) while high pressure liquid chromatography was used by Haruenkit et al. (2010) [13,14].
Both MUFA and SFA might be involved in various metabolic pathways, including the regulation of
transcription factors and the expression of multiple genes related to inflammatory processes [37–39].

Table 3. Fatty acid (FA) composition of different durian varieties (mg per 100 g fresh weight).

Thailand Variety Monthong Chanee Kradum Kobtakam

Fatty Acid Name Nomenclature Fatty Acids Composition

Decanoic (Capric) [14] C 10:0 0.11–0.19 NA NA NA
Dodecanoic (Lauric) [13] C 12:0 3.07 16.00 16.68 9.63

Tetradecanoic (Myristic) [13,14] C 14:0 1.50–30.70 64.00 41.70 32.10
Hexadecanoic (Palmitic) [13,14] C 16:0 84.57–1473.60 1696.00 1626.30 1508.70

cis-9-Hexadecenoic (Palmitoleic) [13] C 16:1 122.80 192.00 125.10 160.50
Octadecanoic (Stearic) [13,14] C 18:0 3.48–61.40 64.00 83.40 96.30

cis-9-Octadecenoic (Oleic) [13,14] C 18:1 n-9 64.89–1074.50 1952.00 2376.90 2343.30
cis-9,12-Octadecadienoic (Linoleic) [13,14] C 18:2 n-6 10.78–184.20 128.00 125.10 160.50

cis-6,9,12-Octadecatrienoic (γ-Linolenic) [13] C 18:3 n-6 184.20 384.00 208.50 96.30
Eicosanoic (arachidic) [14] C 20:0 0.58 NA NA NA

Saturated FA (SFA) [14] 1565.70 1824.00 1751.40 1669.20
Monounsaturated FA (MUFA) [14] 1228.00 2144.00 2543.70 2503.80
Polyunsaturated FA (PUFA) [14] 337.70 480.00 375.30 256.80

NA, not available.

Table 4 shows the mineral compositions of ripe Thailand durian. Durian is high in potassium in
the range from 70.00 to 601.00 mg per 100 g FW [11,13,14,31–33]. This is comparable to potassium-rich
fruit such as banana, with the value of 358.00 mg per 100 g FW [31]. Phosphorus, magnesium, and
sodium are in the range of 25.79 to 44.00, 19.28 to 30.00, and 1.00 to 40.00 mg per 100 g FW, respectively.
Durian is also a source of iron, copper, and zinc with the range of 0.18 to 1.90, 0.12 to 0.27 and 0.15 to
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0.45 mg per 100 g FW, respectively. The Thailand variety of Chanee showed the highest level of iron,
zinc and potassium among the studied durian [12,19–22,29]. Durian also contains vitamin A, different
types of vitamin B, and vitamin E [13–15,31–33].

Table 4. Mineral and vitamin contents of different durian varieties.

Durian Variety
Thailand Variety Malaysian Variety Unknown

Variety [31]
Unknown

Variety [32]
Unknown

Variety [33]Monthong Chanee Kradum Kobkatam Unknown [15]

Macrominerals (mg per 100 g fresh weight)

Calcium
[13,14,31–33] 4.298–6.134 5.44 3.75 3.21 NA 6.00 40.00 7.00

Phosphorus
[13,14,31–33] 25.79–33.59 32.96 36.70 37.56 NA 39.00 44.00 44.00

Sodium
[13,14,31–33] 6.14–15.66 11.84 19.60 21.51 NA 2.00 40.00 1.00

Potassium
[13,14,31–33] 377.00–489.42 539.20 439.52 438.17 NA 436.00 70.00 601.00

Magnesium
[13,14,31–33] 19.28–24.87 23.36 23.35 22.79 NA 30.00 NA NA

Microminerals (mg per 100 g fresh weight)

Iron [13,14,31–33] 0.18–0.23 0.45 0.33 0.36 NA 0.43 1.90 1.30
Copper

[13,14,31–33] 0.13–0.15 0.27 0.23 0.17 NA NA NA 0.12

Manganese [14] 0.23–0.26 NA NA NA NA NA NA NA
Zinc [13,14,31,33] 0.15–0.21 0.45 0.37 0.32 NA 0.28 NA 0.30

Vitamins (μg per 100 g fresh weight)

A (RAE) NA NA NA NA NA 2.00 NA NA
B1/Thiamine NA NA NA NA NA 374.00 100.00 100.00
B2/Riboflavin NA NA NA NA NA 200.00 100.00 100.00

B3/Niacin NA NA NA NA NA 1074.00 NA 13650.00
B6/Pyridoxine NA NA NA NA NA 316.00 NA NA

E/Tocopherol or Tocotrienol (μg per 100 g fresh weight)

α-tocopherol NA NA NA NA 3774.00 NA NA NA
γ-tocopherol NA NA NA NA 1013.00 NA NA NA
δ-tocopherol NA NA NA NA 11.00 NA NA NA
δ-tocotrienol NA NA NA NA 1.00 NA NA NA

NA, not available; RAE, retinol activity equivalent.

Table 5 shows soluble, insoluble, and total dietary fibres in Thailand durian varieties. However,
there are limited data available for Indonesian and Malaysian varieties. The total dietary fibre is in the
range from 1.20 to 3.39 g per 100 g FW for Thailand Monthong variety. However, it must be noted that
different analyses were used between studies. Soluble dietary fibre varied from 0.74 g (Puang Manee)
to 1.40 g (Monthong) per 100 g FW while insoluble dietary fibre is in the range from 0.60 g (Kan Yao) to
2.44 g (Chanee) per 100 g FW [10,12,16].

Table 5. Soluble, insoluble, and total dietary fibre in different durian variety (g per 100 g fresh weight).

Type of Fibre Soluble [10,12,16] Insoluble [10,12,16]
Total Dietary Fibre

[10–13,16,31–33]

Thailand Variety
Monthong 0.40–1.40 0.80–1.92 1.20–3.39

Chanee 1.14 2.44 2.91–3.58
Kradum 0.77 1.64 2.41–3.17
Kan Yao 1.01 0.60 1.61

Puang Manee 0.74 1.95 2.69
Kobtakam NA NA 2.41

Unknown variety NA NA 3.80
Unknown variety NA NA 0.90
Unknown variety NA NA 3.50

NA, not available.
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3. Bioactive Compounds and Antioxidant Capacity

Total polyphenols content of ripe durian is in the range of 21.44 to 374.30 mg gallic acid
equivalent (GAE) per 100 fresh weight (FW) (Table 6). The Thailand variety of Monthong showed
the highest polyphenols content with 374.30 mg GAE per 100 FW compared with other durian
varieties [10–14,17–21]. Total flavonoid content of different durian varieties is in the range of 1.90
to 93.90 mg catechin equivalent (CE) per 100 g FW [10–12,14,16–22]. This review found three
main flavonoids, namely flavanones (hesperetin and hesperidin), flavonols (morin, quercetin, rutin,
kaempferol, myricetin), and flavones (luteolin and apigenin). Hesperetin was quantified in Thailand
durian variety in the range of 260.99 to 1110.23 μg per 100 g FW [16]. The predominant flavonol was
quantified in Monthong as quercetin with 2549.30 mg per 100 g FW [18–20]. Morin, a type of flavonol,
was also detected in mature and ripe durian variety of Monthong in the range from 110.00 to 550.00 μg
per 100 g FW [19]. Rutin and kaempferol were quantified in the range of 163.90 to 912.05 μg per 100 g
FW and 131.64 to 2200.00 μg per 100 g FW, respectively [18]. Lowest and highest myricetin contents
were quantified in Kradum and Monthong, at 320.00 μg and 2159.27 μg per 100 g FW, respectively [19,23].
The main flavones were identified in durian as luteolin and apigenin in the range of 279.29 to 509.09
μg and 509.09 to 791.94 μg per 100 g FW, respectively [16,18,19,23]. The total flavanol content is in
the range of 0.13 mg to 5.18 mg CE per 100 g FW [11,12,14,17–21]. The anthocyanins content is in the
range 0.32 to 633.44 mg cyanidin-3-glucoside equivalent (CGE) per 100 g FW [18,19,22].

Phenolic acids in durians belong to hydroxycinnamic acid (caffeic, p-coumaric, ferulic, p-anisic
acid) and hydroxybenzoic acid (gallic and vanillic acid) derivatives. Cinnamic acid, caffeic acid,
p-coumaric acid, and p-anisic acid were quantified in Monthong variety in the range of 600.00 to 660.00
μg, 31.08 to 490.00 μg, 29.22 to 600.00 μg, and 1.48 μg per 100 g FW, respectively [19,21]. Ferulic acid
was identified in Chanee, Puang Manee, and Monthong in the range of 215.95 μg, 158.67 μg and 414.40
μg per 100 g FW, respectively [18,21]. Gallic acid is the main hydroxybenzoic acid identified in Chanee,
Monthong, and Puang Manee, at 1416.00, 2072.00, and 4760.10 μg per 100 g FW respectively [18].

Total carotenoids content was higher in Thailand compared with Malaysian variety in the range
of 222.88 μg to 6000.00 μg and 5.13 μg to 8.22 μg BCE per 100 g FW, respectively [11,17,24]. Thailand
durian varieties contain minor amount of β-carotene, α-carotene, β-cryptoxanthin, lycopene, lutein,
and zeaxanthin [13,18,24,25]. Carotenoid content varies in durian and depending on factors such as
variety, part of the plant, degree of maturity, climate, soil type, growing conditions and geographical
area of production [40]. Tannins have been identified in Monthong variety in the range from 29.60 to
296.00 μg per 100 g FW [11,14,21,22]. Ascorbic acid content in the Malaysian variety is in the range
from 1.93 to 8.62 mg per 100 g FW [17]. The Thailand variety of Monthong variety showed the highest
ascorbic acid, with 347.80 mg per 100 g FW [14].

10



Foods 2019, 8, 96

T
a

b
le

6
.

Bi
oa

ct
iv

e
co

m
po

un
ds

of
di

ff
er

en
td

ur
ia

n
va

ri
et

ie
s

(m
g/

μ
g

pe
r

10
0

g
fr

es
h

w
ei

gh
t)

.

B
io

a
ct

iv
e

C
o

m
p

o
u

n
d

s

D
u

ri
a
n

V
a
ri

e
ty

M
a
la

y
si

a
n

V
a
ri

e
ty

T
h

a
il

a
n

d
V

a
ri

e
ty

U
n

k
n

o
w

n
V

a
ri

e
ty

[2
3
]

C
ha

er
P

ho
y

Ya
h

K
an

g
A

ng
Ji

n
D

1
1

U
n

k
n

o
w

n
C

ha
ne

e
K

an
Ya

o
P

ua
ng

M
an

ee
K

ra
du

m
M

on
th

on
g

K
ob

ta
ka

m

P
o

ly
p

h
e
n

o
ls

To
ta

lp
ol

yp
he

no
ls

[1
0–

13
,1

6–
22

]
67

.1
2

m
g

G
A

E
80

.4
5

m
g

G
A

E
97

.7
8

m
g

G
A

E
71

.1
3

m
g

G
A

E
99

.0
0

m
g

G
A

E
21

.4
4–

32
1.

20
m

g
G

A
E

28
3.

30
m

g
G

A
E

31
0.

50
m

g
G

A
E

94
.1

8–
27

1.
50

m
g

G
A

E
56

.1
8–

37
4.

30
m

g
G

A
E

94
.1

8
m

g
G

A
E

79
.1

5
m

g
G

A
E

F
la

v
o

n
o

id
s

To
ta

lfl
av

on
oi

ds
[1

0,
12

,1
8,

29
,3

2,
34

–3
9]

22
.5

6
m

g
C

E
22

.2
2

m
g

C
E

22
.5

0
m

g
C

E
20

.5
8

m
g

C
E

N
A

1.
90

–8
1.

60
m

g
C

E
3.

51
–7

2.
10

m
g

C
E

3.
24

–1
8.

10
m

g
C

E
4.

48
–1

9.
80

m
g

C
E

4.
49

–9
3.

90
m

g
C

E
N

A
N

A

Fl
av

an
on

e

H
es

pe
re

ti
n

[1
6]

N
A

N
A

N
A

N
A

N
A

32
1.

15
μ

g
26

0.
99

μ
g

64
0.

79
μ

g
11

10
.2

3
μ

g
56

2.
98

μ
g

N
A

N
A

H
es

pe
ri

di
n

[1
9]

N
A

N
A

N
A

N
A

N
A

N
A

N
A

N
A

N
A

20
0.

00
μ

g
N

A
N

A

Fl
av

on
ol

Q
ue

rc
et

in
[1

8–
20

]
N

A
N

A
N

A
N

A
N

A
2.

22
m

g
2.

44
m

g
2.

18
m

g
N

A
1.

20
–2

54
9.

30
m

g
N

A
N

A
M

or
in

[1
9]

N
A

N
A

N
A

N
A

N
A

N
A

N
A

N
A

N
A

11
0.

00
–5

50
.0

0
μ

g
N

A
N

A
R

ut
in

[1
8]

N
A

N
A

N
A

N
A

N
A

49
2.

41
μ

g
N

A
73

3.
20

μ
g

16
3.

90
μ

g
91

2.
05

μ
g

N
A

N
A

K
ae

m
pf

er
ol

[1
6,

19
]

N
A

N
A

N
A

N
A

N
A

47
9.

09
μ

g
64

4.
80

μ
g

43
0.

18
μ

g
13

1.
64

μ
g

83
0.

26
–2

20
0.

00
μ

g
N

A
13

10
.0

0
m

g
M

yr
ic

et
in

[1
9]

N
A

N
A

N
A

N
A

N
A

N
A

15
59

.5
6
μ

g
96

4.
47

μ
g

21
59

.2
7
μ

g
32

0.
00

–2
08

7.
83

μ
g

N
A

10
10

.0
0

m
g

B
io

ac
ti

ve
C

om
po

un
ds

D
u

ri
a
n

V
a
ri

e
ty

M
a
la

y
si

a
n

V
a
ri

e
ty

T
h

a
il

a
n

d
V

a
ri

e
ty

U
n

k
n

o
w

n
V

a
ri

e
ty

[2
3
]

C
ha

er
P

ho
y

Ya
h

K
an

g
A

ng
Ji

n
D

1
1

C
ha

ne
e

K
an

Ya
o

P
ua

ng
M

an
ee

K
ra

du
m

M
on

th
on

g
K

ob
ta

ka
m

F
la

v
o

n
o

id
s

Fl
av

on
e

Lu
te

ol
in

[2
1]

N
A

N
A

N
A

N
A

36
4.

92
μ

g
27

9.
29

μ
g

50
9.

09
μ

g
28

7.
69

μ
g

33
8.

22
μ

g
N

A
N

A
A

pi
ge

ni
n

[2
1]

N
A

N
A

N
A

N
A

73
9.

42
76

3.
83

μ
g

50
9.

09
μ

g
79

1.
94

μ
g

62
0.

00
–6

65
.8

9
μ

g
N

A
N

A
To

ta
lfl

av
an

ol
s

[1
1,

12
,1

4,
17

–2
0]

N
A

N
A

N
A

N
A

0.
15

m
g

C
E

0.
13

m
g

C
E

0.
15

m
g

C
E

0.
13

m
g

C
E

0.
18

m
g

C
G

E–
5.

18
m

g
C

E
N

A
N

A

To
ta

la
nt

ho
cy

an
in

s
[1

5,
17

,3
8]

N
A

N
A

N
A

N
A

0.
38

m
g

C
G

E
0.

34
m

g
C

G
E

0.
37

m
g

C
G

E
0.

32
m

g
C

G
E

0.
39

–6
33

.4
4m

g
C

G
E

N
A

N
A

P
h

e
n

o
li

c
A

ci
d

s

C
in

na
m

ic
ac

id
[1

9]
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A
60

0.
00

–6
60

.0
0
μ

g
N

A
15

10
.0

0
m

g
C

af
fe

ic
ac

id
[1

9,
21

]
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A
31

.0
8–

49
0.

00
μ

g
N

A
N

A
p-

C
ou

m
ar

ic
ac

id
[1

9,
21

]
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A
29

.2
2-

60
0.

00
μ

g
N

A
N

A

Fe
ru

lic
ac

id
[1

8,
21

]
N

A
N

A
N

A
N

A
21

5.
95

μ
g

N
A

15
8.

67
μ

g
N

A
41

4.
40

μ
g

N
A

N
A

p-
A

ni
si

c
ac

id
[2

2]
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A
1.

48
μ

g
N

A
N

A
G

al
lic

ac
id

[1
8]

N
A

N
A

N
A

N
A

14
16

.0
0
μ

g
N

A
47

60
.1

0
μ

g
N

A
20

72
.0

0
μ

g
N

A
N

A
V

an
ill

ic
ac

id
[1

9,
22

]
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A
20

.7
2–

30
0.

00
μ

g
N

A
N

A

11



Foods 2019, 8, 96

T
a

b
le

6
.

C
on

t.

B
io

ac
ti

ve
C

om
po

un
ds

D
u

ri
a
n

V
a
ri

e
ty

M
a
la

y
si

a
n

V
a
ri

e
ty

T
h

a
il

a
n

d
V

a
ri

e
ty

C
ha

er
P

ho
y

Ya
h

K
an

g
A

ng
Ji

n
D

1
1

U
n

k
n

o
w

n
[1

5
]

C
ha

ne
e

K
an

Ya
o

P
ua

ng
M

an
ee

K
ra

du
m

M
on

th
on

g
K

ob
ta

ka
m

C
a
ro

te
n

o
id

s

To
ta

lc
ar

ot
en

oi
ds

[1
1,

17
,2

4]
7.

10
μ

g
BC

E
5.

13
μ

g
BC

E
6.

02
μ

g
BC

E
8.

22
μ

g
BC

E
N

A
44

00
.0

0–
60

00
.0

0
μ

g
N

A
N

A
N

A
22

2.
88

–1
16

7.
00

μ
g

N
A

β
-C

ar
ot

en
e

[1
3,

20
,2

1,
24

,2
5]

N
A

N
A

N
A

N
A

20
1.

00
μ

g
84

.5
4–

44
29

.0
0

μ
g

54
.1

7
μ

g
32

0.
87

μ
g

23
2.

44
–2

50
.2

0
μ

g
35

.9
2–

42
50

.0
0
μ

g
38

5.
84

μ
g

α
-C

ar
ot

en
e

[1
3,

20
,2

1,
24

,2
5]

N
A

N
A

N
A

N
A

37
.0

0
μ

g
47

.2
3–

13
29

.0
0

μ
g

8.
61

μ
g

38
.5

5
μ

g
52

.5
4–

79
.0

9
μ

g
7.

79
–3

43
.0

0
μ

g
26

3.
54

μ
g

β
-C

rp
to

xa
nt

hi
n

[1
3,

16
]

N
A

N
A

N
A

N
A

7.
00

μ
g

17
.5

8
μ

g
4.

87
μ

g
17

.8
0
μ

g
26

.8
0
μ

g
5.

85
μ

g
N

D
/N

A

Ly
co

pe
ne

[1
3,

16
]

N
A

N
A

N
A

N
A

12
.0

0
μ

g
11

.6
2
μ

g
1.

38
μ

g
17

.4
7
μ

g
6.

91
μ

g
2.

80
μ

g
N

D
/N

A
Lu

te
in

[1
3,

16
,2

4,
25

]
N

A
N

A
N

A
N

A
11

.0
0
μ

g
14

.0
0–

41
.2

8
μ

g
7.

21
μ

g
18

.1
6
μ

g
32

.3
5–

54
.2

1
μ

g
7.

96
–4

1.
75

μ
g

72
.2

3
μ

g
Z

ea
xa

nt
hi

n
[1

3,
16

,2
4,

25
]

N
A

N
A

N
A

N
A

37
.0

0
μ

g
0.

09
–3

7.
47

μ
g

11
.3

7
μ

g
20

.2
1
μ

g
49

.4
4
μ

g
0.

14
–1

1.
95

μ
g

N
D

/N
A

Ta
nn

in
s

[1
6,

18
,2

1,
22

]
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A
N

A
29

.6
0–

29
6.

00
μ

g
N

A
A

sc
or

bi
c

ac
id

[1
1,

14
,1

7,
20

–2
2]

2.
41

m
g

2.
21

m
g

1.
93

m
g

2.
56

m
g

25
.1

8
m

g
N

A
N

A
N

A
N

A
54

.7
6–

34
7.

80
m

g
N

A

N
A

,n
ot

av
ai

la
bl

e;
G

A
E,

ga
lli

c
ac

id
eq

ui
va

le
nt

;C
E,

ca
te

ch
in

eq
ui

va
le

nt
;C

G
E,

cy
an

id
in

-3
-g

lu
co

si
de

eq
ui

va
le

nt
;N

D
,n

ot
de

te
ct

ed
;B

C
E,

β
-c

ar
ot

en
e

eq
ui

va
le

nt
.

12



Foods 2019, 8, 96

Durian is rich in bioactive polyphenols and hence, exerts antioxidant potential. Table 7
shows antioxidant capacity of durians based on 1-diphenyl-2-picrylhydrazyl radical (DPPH), ferric
ion reducing antioxidant power (FRAP), oxygen radical absorbance capacity (ORAC), cupric
reducing antioxidant capacity (CUPRAC), hydrophilic oxygen radical absorbance capacity (H-ORAC),
and 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid (ABTS) assays [12–15,18,22,23,40,41].
Antioxidant activities of Thailand durian varieties were in the range from 97.93 to 1366.16 μM Trolox
equivalents (TE) per 100 g FW for DPPH assay, 71.84 to 749.08 μM TE per 100 g FW for FRAP assay,
1903.40 to 2793.90 μM TE per 100 g FW for ORAC assay, 427.65 to 1075.60 μM TE per 100 g FW for
CUPRAC assay, and from 265.86 to 2352.70 μM TE per 100 g FW for ABTS assay [12–14,18,41,42].
Antioxidant activity of the unknown Malaysian durian variety was 1838.00 μM TE per 100 g FW, as
determined using H-ORAC assay [15]. Antioxidant activity of unknown durian (Chinese study) was
498.00 μM TE per 100 g FW as assayed using ABTS [23].

Table 7. Antioxidant activities of different durian varieties (μM Trolox equivalents per 100 g
fresh weight).

Type of Antioxidant
Activity Assay

DPPH
[12–14,22,40,41]

FRAP
[12–14,18,22]

ORAC [13]
CUPRAC

[12,14,18,22]
ABTS

[12,14,18,22,41]
H-ORAC [15]

Thailand Variety

Monthong 97.93–1366.15 71.84–749.08 1903.40 427.65–1075.60 265.86–2352.70 NA
Chanee 128.00–245.60 232.10–457.43 2304.00 955.40 2091.40 NA
Kradum 250.20 667.20 2793.90 806.50 1773.20 NA
Kan Yao 209.09 204.70 NA 845.50 1843.60 NA

Puang Manee NA 244.90 NA 924.90 2020.40 NA
Kobtakam 192.60 513.60 2343.30 NA NA NA

Malaysian Variety

Unknown NA NA NA NA NA 1838.00

Unknown Variety

Unknown [23] NA NA NA NA 498.00 NA

NA, not available; DPPH, 1,1-diphenyl-2-picrylhydrazyl radical; FRAP, ferric ion reducing antioxidant power;
ORAC, oxygen radical absorbance capacity; CUPRAC, cupric reducing antioxidant capacity; H-ORAC, hydrophilic
oxygen radical absorbance capacity; ABTS, 2,2’-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid.

4. Volatile Components

Durian is rich in volatiles esters, alcohols, ketones and sulphur (Table 8). These volatile compounds
gave durian a unique flavour and taste. Chin et al. (2007) reported 39 volatile compounds in the three
Malaysian durian varieties, D2, D24 and D101 [7]. A total of 44 volatile compounds were identified in
Indonesian durian varieties of Ajimah, Hejo, Matahari, and Sukarno [42]. The main volatile component
in durian is sulphur. Ethanethiol, propanethiol, diethyl disulphide, ethyl propyl disulphide, ethyl
propyl disulphide, and diethyl trisulphide were the predominant sulphur compounds identified in
Malaysian durian variety. The sulphur compounds in Malaysian varieties were 97% higher than
Indonesian variety.
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The volatile sulphur compounds (VSCs) have a smell resembling onion [43]. Durians
from Indonesia have lower VSCs and contributed to the less sulphuric odour in Hejo and
Sukarno. Sukarno has sweet odour, while Hejo has the mildest sulphuric odour among the
studied durians varieties in Indonesia [6]. There were an additional 12 VSCs identified in
Indonesian variety of Cane, Kodak, and Bobo [44]. The VSCs were identified as S-ethyl thioacetate,
1-hydroxy-2-methylthioethane, methyl 2- methylthioacetate, dimethyl sulfone, S-ethyl thiobutyrate,
ethyl 2-(methylthio) acetate, 2-isopropyl-4-methylthiazole, S-isopropyl 3-(methylthio), S-methyl
thiohexanoate, 5-methyl-4-mercapto-2-hexanone benzothiazole, 3,4-dithia-2-ethylthiohexane, and
S-methyl thiooctanoate, 3,5- dimethyltetrathiane.

Ethanol was the predominant alcohol compound in Malaysian and Indonesian varieties in the
range from 590.00 to 720.00 ng per g and 419.90 to 1091.30 ng per g fresh weight (FW), respectively.
Another three alcohols were detected in durian as 2-methyl-1-butanol, 3-methyl-1-butanol and
2,3-butanediol in Malaysian and Indonesian durian [7,45]. Weenen et al. (1996) detected additional
alcohols in durian Cane, Kodak, and Bobo from Indonesia as hexadecanol, 9-octadecen-1-ol (cis and
trans), and isobutyl alcohol [44]. Voon et al. (2007) and Chin et al. (2008) detected 1-propanol, 1-butanol
and 1-hexanal in Malaysian variety of Chuk, D101, D2, MDUR78, and D24 [45,46].

3-Hydroxy-2-butanone (a ketone) was identified in the Indonesian variety in the range of 56.20
to 84.20 ng per g FW [7,42]. Durian Matahari showed the highest amount of 3-hydroxy-2-butanone
with 84.20 ng per g FW and the lowest in Hejo with 56.20 ng per g FW [42]. 3-Hydroxy-2-butanone
(common name: acetoin) has a pleasant yogurt creamy odour and a fatty butter taste. It is present
in vinegar and alcoholic beverages [47]. Another ketone was identified as 2-hydroxy-3-pentanone in
durian varieties from Indonesia, Kodak, Cane, and Bobo [44]. However, 2-hydroxy-3-pentanone has an
unfavourable odour like fishy and earthy [48]. For aldehydes, acetaldehyde detected in Indonesian
variety of Hejo, Matahari, and Ajimah in the range of 33.90 to 62.20 ng per g FW [42]. Acetaldehyde
contributed to the fruity and sweet aroma in durian [49].

Esters are the second most abundant bioactive compounds in durian after sulphur. Esters were
the volatiles that contributed to the sweet odour to durian, more than aldehyde, while aldehyde
contributed more to the fruity note. The major ester compounds in Malaysian durian varieties (D101,
D2, and D24) were characterized as propyl 2-methylbutanoate, ethyl propanoate, propyl propanoate
and methyl 2-methylbutanoate [7]. Ethyl 2-methylbutanoate was detected as major ester in Indonesian
varieties of Hejo, Matahari, and Ajimah [42]. Ethyl propanoate, methyl propanoate, propyl propanoate,
ethyl 2-methyl propanoate and 3-methylbutyl propanoate volatiles have similar structure and differ
only in the number of carbon atoms (ethyl, methyl) [50]. Ethyl propanoate is the major ester detected
in Malaysian and Indonesian durians in the range of 0.00 to 3110.00 ng per g FW. It was noted
that Malaysian durian variety showed much higher content of ethyl propanoate than Indonesian
variety [7,42].

5. Health Benefits of Durian

Durian is rich in macronutrients (sugars and fat) and micronutrients (potassium), dietary
fibres, and bioactive and volatile compounds. An intake of one serving size of durian aril (155 g)
contributes to 130 to 253 kcal and is equivalent to one large pear and four small apples without
skin, respectively [6,31–33]. Durian is energy-dense due to sugar and fat content and hence, might
contribute to daily energy intake and will also increase postprandial blood glucose.

5.1. Effects of Durian on Blood Glucose

Durian is high in sugar, but supplementation of 5% freeze-dried Monthong (Thailand variety) in
1% cholesterol-enriched diets in rats for 30 days did not raise the plasma glucose level compared with
control diet [41]. In humans, Robert et al. (2008) showed that durian had the lowest glycaemic index
(GI = 49) compared with watermelon (GI = 55), papaya (GI = 58), and pineapple (GI = 90) [51]. The low
GI value for durian might be due to the presence of fibre and fat. Fibre slows digestion in the digestive
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tract and will slow down the conversion of the carbohydrate to glucose, thus lower the GI of food [52].
Fat does not have a direct effect on blood glucose response, but it may influence glycaemic response
indirectly by delaying gastric emptying, and thus slowing the rate of glucose absorption [53].

Durian is rich in potassium and is similar to potassium-rich fruit, i.e., banana [31]. A meta-analysis
study showed that there was a linear dose-response between low serum potassium and risk of type 2
diabetes mellitus [54]. Chatterjee et al. (2017) demonstrated that potassium chloride supplementation
reduced the worsening effect of fasting glucose in African-Americans compared with placebo [55].
Collectively, the evidence has shown that potassium content in durian might play a role in the
regulation of blood glucose. The effect of durian on blood glucose has not been thoroughly explored
both in animal and human studies, and hence, warrants further investigation. Potassium might play
a role in glucose homeostasis but might also have negative implications in certain conditions. For
instance, those with chronic kidney disease (CKD), diabetes mellitus (DM), and heart failure (HF) or
on pharmacological therapies may develop hyperkalaemia [56].

5.2. Cholesterol-Lowering Properties of Durian

Anti-atherosclerotic properties of durian aril have been reported in experimental rat
models [10,11,20,22,40,41]. Previous in vitro and in vivo studies investigated the health benefits of
durian (Monthong variety) on lipid profiles [10,11,22]. Haruenkit et al. (2007) showed that rats fed with
durian significantly (p < 0.05) reduced postprandial plasma total cholesterol (TC) and low-density
lipoprotein cholesterol (LDL-C) with 14.9% and 21.6%, respectively, compared with control group [10].
Gorinstein et al. (2011) showed a reduction in the levels of plasma TC (12.1%), LDL-C (13.3%),
and triglycerides (TG) (14.1%) compared with the control group [11]. The results were consistent
when tested with other durian from Thailand varieties (Chanee and Kan Yao) compared with control.
Leontowicz et al. (2011) showed that rats supplemented with ripe durian had significantly lowered TG
(26.3%), but not significant in TC (4.8%) and LDL-C (6.3%). Histological analysis demonstrated that
ripe durian protected the liver and aorta from exogenous cholesterol loading and protected the intimal
surface area of the aorta [20]. Durian also demonstrated the ability to hinder postprandial plasma lipids
compared with snake fruit and mangosteen [10,11,22]. Previous studies have showed that propionate
(0.6 mmol/L) inhibited fatty acid and cholesterol synthesis in isolated rat hepatocytes [57]. In our
review, three different propionate esters were identified, i.e., ethyl propionate, methyl propionate and
propyl propionate. These esters could be a potent inhibitor for free fatty acids and cholesterol synthesis
but this warrants further investigations. However, these esters are highly volatile and could be easily
vaporized during sample processing and storage [57].

5.3. Anti-Proliferative Activity

The polyphenol and flavonoid contents of durian are in the range of 21.44 to 374.30 mg GAE
and 1.90 to 93.90 mg CE per 100 g FW. The mechanisms of action of polyphenols strongly relates to
their antioxidant activity. Polyphenols are known to decrease the level of reactive oxygen species
in the human body [58]. The phenolic groups present in the polyphenol structure can accept an
electron to form relatively stable phenoxyl radicals, thereby disrupting chain oxidation reactions in
cellular components [59]. On the other hand, polyphenols could induce apoptosis and inhibit cancer
growth [60–63]. There are many studies pointing out an essential role of polyphenolic compounds as
derived from vegetables, fruits, or herbs in the regulation of epigenetic modifications, resulting in the
antiproliferative protection [64]. Jayakumar and Kanthimathi studied the anti-proliferative activity of
durian using a breast cancer cell line (MCF-7). This study showed that durian fruit can be considered
as potential sources of polyphenols with protective effects against nitric oxide-induced proliferation of
MCF-7 cells, an oestrogen receptor-positive human breast cancer cell line [65]. At a concentration of
600 μg/mL, durian fruit extracts inhibited MCF-7 cell growth by 40%. However, an in vivo study is
needed to confirm this effect.
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5.4. Probiotic Effects

Durian aril is rich in sugar with total sugar content between 3.10 to 19.97 g per 100 g FW. The
moisture content of durian aril is 56.1 g to 69.3 g per 100 g FW and pH between 6.9 to 7.6 [5,13,31].
These could be an optimum condition for bacteria fermentation. Durian aril is fermented after being
left at room temperature for a few days and turns sour and watery. In Malaysia, underutilised durian
aril is fermented (spontaneous and uncontrolled) to a product known as Tempoyak [66]. Tempoyak is
widely used as seasoning in cooking. According to Leisner et al. (2001) lactic acid bacteria (LAB)
are the predominant microorganisms in Tempoyak [67]. The LAB microorganisms were identified
as Lactobacillus plantarum. However, other species including Lactobacillus fersantum, Lactobacillus
corynebacterium, Lactobacillus brevis, Lactobacillus mali, Lactobacillus fermentum, Lactobacillus durianis,
Lactobacillus casei, Lactobacillus collinoides, Lactobacillus paracasei and Lactobacillus fructivorans were also
reported in Tempoyak [67–70]. Khalil et al. (2018) and Ahmad et al. (2018) recently demonstrated
the potential of Tempoyak as a source of probiotics. The study by Khalil et al. (2018) isolated seven
Lactobacillus strains that belonged to five different species of the genus Lactobacillus, including one
Lactobacillus fermentum (DUR18), three Lactobacillus plantarum (DUR2, DUR5, DUR8), one Lactobacillus
reutri (DUR12), one Lactobacillus crispatus (DUR4), and one Lactobacillus pentosus (DUR20) from Tempoyak.
These strains were able to produce exopolysaccharide (EPS) and had great potency to withstand the
extreme conditions, either at low pH 3.0, in 0.3% bile salts or in in vitro model of gastrointestinal
conditions [69]. EPS has the prebiotic potential to positively affect the gastrointestinal (GIT) microbiome
and may reduce cholesterol [70]. Ahmad et al. (2018) isolated Lactobacillus plantarum from Tempoyak and
showed good probiotic properties including acid and bile salt tolerance, antioxidative, antiproliferative
effects, and remarkable adhesion on colon adenocarcinoma cell line (HT-29 cell lines) [71].

6. Conclusions

Durian is rich in macronutrients (sugars and fat) and micronutrients (potassium), dietary fibre,
and volatile compounds. Durian is an energy-dense fruit due to high sugar and fat content and,
hence, might contribute to daily energy intake and increase postprandial blood glucose. Durian
is also rich in bioactive polyphenols and hence possessed strong in vitro antioxidant capacity.
However, the bioactivity of these polyphenols in animal or human studies is still scarce and
needs further investigation. The major volatile compounds have been identified in the Malaysian,
Thai, and Indonesian durian varieties as esters (ethyl propanoate, methyl-2- methylbutanoate,
propyl propanoate), sulphurs (diethyl disulphide, diethyl trisulphide and ethanethiol), thioacetals
(1-(methylthio)-propane), thioesters (1-(methylthio)-ethane), thiolanes (3,5-dimethyl-1,2,4-trithiolane
isomers), and alcohol (ethanol). Both in vitro and in vivo animal studies showed that durian possessed
anti-hyperglycaemic, anti-atherosclerotic, anti-proliferative, and probiotic effects. Durian is rich in
bioactive compounds, and hence can be used as an active ingredient for the development of functional
foods. Further human interventional studies are warranted to explore the health benefits of functional
foods prepared with durian.
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Abstract: Terminalia ferdinandiana (Kakadu plum) is a native Australian plant containing
phytochemicals with antioxidant capacity. In the search for alternatives to synthetic preservatives,
antioxidants from plants and herbs are increasingly being investigated for the preservation of food.
In this study, extracts were prepared from Terminalia ferdinandiana fruit, leaves, seedcoats, and
bark using different solvents. Hydrolysable and condensed tannin contents in the extracts were
determined, as well as antioxidant capacity, by measuring the total phenolic content (TPC) and free
radical scavenging activity using the 2, 2-diphenyl-1-picrylhydrazyl (DPPH) assay. Total phenolic
content was higher in the fruits and barks with methanol extracts, containing the highest TPC,
hydrolysable tannins, and DPPH-free radical scavenging capacity (12.2 ± 2.8 g/100 g dry weight
(DW), 55 ± 2 mg/100 g DW, and 93% respectively). Saponins and condensed tannins were highest in
bark extracts (7.0 ± 0.2 and 6.5 ± 0.7 g/100 g DW). The antimicrobial activity of extracts from fruit and
leaves showed larger zones of inhibition, compared to seedcoats and barks, against the foodborne
bacteria Listeria monocytogenes, Bacillus cereus, Methicillin resistant Staphylococcus aureus, and clinical
isolates of Pseudomonas aeruginosa. The minimum inhibitory concentration and minimum bactericidal
concentration in response to the different extracts ranged from 1.0 to 3.0 mg/mL. Scanning electron
microscopy images of the treated bacteria showed morphological changes, leading to cell death.
These results suggest that antioxidant rich extracts of Terminalia ferdinandiana fruits and leaves have
potential applications as natural antimicrobials in food preservation.

Keywords: Kakadu plum; Terminalia ferdinandiana; antioxidants; antimicrobial activity; food
preservation; phytochemicals; polyphenols

1. Introduction

Antioxidants from plants and herbs are progressively being used as alternatives to synthetic
antioxidants (like butylated hydroxyanisole, butylated hydroxytoluene, and propyl gallate) to preserve
food [1]. The use of synthetic antioxidants is tightly regulated due to the health risks such as potential
organ toxicity and carcinogenicity associated with overuse [2]. In addition to being used as natural food
preservatives, the use of plant antioxidants as functional food ingredients and/or supplements is also
growing, based on new findings regarding their potential biological activities [3]. In particular, plant
phytochemicals have received substantial research attention based on their ability to act as reducing
agents, hydrogen donors, and singlet and triplet oxygen quenchers [4]. Food safety is an important
international concern, as food spoilage, due to bacteria and fungi, causes considerable economic
loss worldwide [5]. Due to recent outbreaks of emerging pathogens, such as Listeria monocytogenes,
and rising worldwide impacts of foodborne illness, consumer concerns over food safety and food
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formulation have increased [1,5], along with the demand for non-toxic natural food preservatives [5].
Many plant extracts possess antimicrobial activity, however inherent variations in bioactivity and
concentration places some limitations on the use of plant extracts in food products [6]. However,
plant phytochemicals, such as polyphenols, alkaloids, and polypeptides, are known to retain the
microbiological and chemical quality of fresh and processed foods [7].

Terminalia ferdinandiana Exell., commonly called Kakadu plum, billy goat plum, gubinge, or salty
plum, is a native flowering Australian plant from the Combretaceae family [8]. This endemic Australian,
semi-deciduous plant grows in the tropical rangelands of the Northern territory, the Kimberley area
of Western Australia, and in some northern parts of Queensland (Figure 1) [9,10]. The fruits are
smooth-skinned, fleshy ovoid drupes with a short beak that become yellow-green when ripe (Figure 1).
There are about 250 species of the genus Terminalia from the family Combretaceae growing in tropical
regions across the globe [11]. Among them, approximately 30 species or subspecies of Terminalia are
endemic to Australia [9,10]. A high degree of phytochemical variability exists amongst different species
and subspecies due to genetic diversity, soil and climate conditions, fruit ripening stage, storage, and
other post-harvest conditions [12].

Figure 1. (A) Distribution of Terminalia ferdinandiana from the Australasian Virtual Herbarium website.
(https://avh.ala.org.au) showing �West Australian, � Northern Territory and � Queensland locations.
(B) Mature tree; (C) leaves and fruits; (D) seeds; and (E) bark.

Due to increasing commercial demand from local and international food industries, T. ferdinandiana
products are often stored for long periods. Subsequently, the bioactivity and safety of these products
must be ensured following long-term storage. A study by Sultanbawa et al. [13] investigated the safe
storage of T. ferdinandiana extracts and not only confirmed the retention of bioactivity over a period
of 18 months in frozen storage (−20 ◦C), but also identified chemical markers for determining the
end-of-storage life of T. ferdinandiana extracts.

Studies focused on the bioactivities of the various phytochemicals in T. ferdinandiana fruit and
leaves have identified ellagic acid, gallic acid, ethyl gallate, chebulic acid, corilagin, hydroxycinnamic
acid, ascorbic acid, α-tocopherol, lutein, tannins, chebulagic acid, exifone, punicalin, castalagin,
appanone A-7 methyl ether, xanthotoxin, and phthalane [14–16]. The objective of the present study
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was to determine the potential of T. ferdinandiana extracts as antioxidants and antimicrobial agents in
food preservation.

2. Materials and Methods

2.1. Chemicals

Methanol anhydrous (99.8%), ethyl alcohol (pure), acetone (HPLC grade ≥99.9%), n-hexane
(99%), Folin–Ciocalteu’s phenol reagent, gallic acid monohydrate (American Chemical Society (ACS)
reagent), 2, 2-Diphenyl-1-picrylhydrazyl (DPPH), n-butanol anhydrous (99.8%), potassium phosphate
tribasic (regent grade ≥98%), vanillin, sulfuric acid (99.9%), saponin from Quillaja bark (sapogenin
content ≥10%), potassium iodate (99.7–100.4%), tannic acid, and catechin analytical standard were
obtained from Sigma-Aldrich (Castle Hill, New South Wales, Australia). Sodium carbonate anhydrous
was obtained from Chem-supply, Bedford St, Gillman, South Australia, AU; chloroform (high purity
solvent) and trolox were obtained from Merck KGaA, Darmstadt, Germany; HCl (Trace metal grade)
was obtained from Fisher Scientific, United States Fisher HealthCare, Veterans Memorial Dr. Houston,
Texas, USA. Standard plate count agar (American Public Health Association) (PCA) (CM0463), potato
dextrose agar (PDA) (CM 0139), nutrient broth (CM 001), and tryptone soya yeast extract broth (TYSEB)
(CM 129B) were purchased from Oxoid Ltd, Basingstoke, UK. Grade AA (6 mm) discs were purchased
from GE Healthcare Life Sciences, Whatman, UK.

2.2. Sample Collection and Processing

Ripe and mature fruits of T. ferdinandiana (total harvest of 5000 kg) were collected from over
600 trees, from native bushland covering a land area of 20,000 km2 in the Northern Territory, Australia,
in 2015. A voucher specimen, AQ522453, was deposited at the Queensland Herbarium. A portion
of the collected fruits were processed by Sunshine Tropical Fruit Products, Nambour, Queensland,
Australia, to provide a seedless puree, along with the separated seeds, which were stored at −80 ◦C
until further analysis. The puree was then freeze-dried and milled to provide a uniform powder that
was stored at −20 ◦C and used throughout this study. The freeze-dried puree will be referred to as
fruits/fruit extract. The frozen seeds were thawed and washed several times with double distilled
water to remove the pulp residue. The seeds were then oven-dried for 48 h at 40 ◦C. After drying,
the seeds were individually cracked using an Engineers vice size 125 (DAWN tools and Vices Pty Ltd,
Heidelberg West, Victoria, Australia) to release the kernels from the seedcoats. The seedcoats were
processed and analyzed separately in a previous study [17]. The separated seedcoats were hammer
milled and used for this study. Leaves and bark were also collected from the same region during the
same fruit harvest and were freeze-dried and milled. The milled freeze-dried powders of leaves and
bark were used throughout this study.

2.3. Preparation of Kakadu Plum Extracts

Accelerated solvent extraction (ASE) (Dionex ASE 200 system, Dionex Corp., Sunnyvale, CA,
USA) was performed to prepare the extracts for antioxidant and antimicrobial assays [18]. Briefly,
10 mL stainless steel extraction cells were assembled and fitted with a 27 mm cell filter at the bottom
end. Aliquots (1.0 g) of freeze-dried powders of fruits and leaves, and dried powders of seedcoats
of T. ferdinandiana were mixed with diatomaceous earth (approximately four to five times the weight
of the powders to fill the cells completely) and placed in the cells. Five different solvents were used:
methanol, ethanol, acetone, hexane, and distilled water. The ASE unit was operated under the following
conditions: 60 ◦C for methanol and ethanol, 50 ◦C for acetone and hexane, and 75 ◦C for distilled water;
preheat 5 min; static time 5 min, eight extraction cycles, rinse volume 25% with fresh extraction solvent;
and purged with 150 psi for 60 sec. The cells containing the samples were prefilled with the respective
extraction solvent, pressurized, and heated with the extracts collected into 60 mL amber glass vials.
MiVac sample concentrator (GeneVac Inc., New York, NY, USA) was used to concentrate and dry the
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extracts. The temperatures for solvent evaporation were controlled as follows: methanol and ethanol
extracts at 50 ◦C, acetone and hexane extracts at 45 ◦C, and water extracts at 70 ◦C. The concentrated
extracts were weighed and stored at −20 ◦C until analysis.

2.4. Antioxidant Capacity

2.4.1. Total Phenolic Content

The total phenolic content (TPC) of the various solvent extracts of T. ferdinandiana tissues was
determined by spectrometry using the Folin–Ciocalteu reagent [19]. The extracts (25 μL) were added
to the 96-well plate and 125 μL freshly prepared Folin–Ciocalteu reagent and 125 μL sodium carbonate
(7.5% w/v) were also added to the wells. The mixture was incubated in the dark for 30 min at room
temperature. Absorbance was measured at 750 nm using a Tecan Microplate Reader (Tecan Infinite
M200, Tecan Trading AG, Mannedorf, Switzerland) with Magellan Software (version 6.4, Tecan Trading
AG). Results were expressed as g gallic acid equivalents (GAE)/100 g dry weight (DW).

2.4.2. DPPH Radical Scavenging Activity

The DPPH radical scavenging activity assay was performed as per the previously described
method [19]. Methanol (200 μL) was used as blank. Control wells contained 100 μL of methanol
and 100 μL of DPPH (0.15 mM). Samples (100 μL) and 100 μL of DPPH (0.15 mM) were added to the
appropriate wells. The plates were shaken for 15 sec and incubated for 40 min at room temperature and
were kept in the dark. Trolox standards at different concentrations (5–35 μM/L) were treated as samples.
Absorbance was measured at 517 nm using a Tecan Microplate Reader with the percentage radical
scavenging activity of each extract calculated from the standard curve, using the formula described
previously [20]; Percentage of radical scavenging activity = (ControlAbs-SampleAbs / ControlAbs)
× 100%.

2.5. Determination of Total Saponin Content

Saponin extracts were prepared as previously described by Xi, et al. [21], with modifications.
Briefly, 0.5 g powdered T. ferdinandiana fruits, leaves, seedcoats, and barks were extracted three times
with 80% ethanol at a ratio of 1:10 w/v under reflux at 80 ◦C for 1 h. The combined alcohol extract
was concentrated, suspended in distilled water, and then partitioned successively with chloroform
(ratio 1:3 v/v) and n-butanol saturated with water (ratio 1:3 v/v, three times). The n-butanol extract
was combined and evaporated using a rotary evaporator at 60 ◦C to give a solid residue. Prior to the
assay, the extracts were solubilized in 0.5 M phosphate buffer (pH 7.4). The total saponin content of
each extract was determined using the method described by Xi et al. [21]. The extracts (50 μL) were
mixed with 500 μL of vanillin (8% w/v) and 5 mL of sulphuric acid (72% w/v). The mixture was then
incubated for 10 min at 60 ◦C and cooled in an ice water bath for 15 min. The absorbance was read at
538 nm. Saponin from quillaja bark was used as a reference standard, with the total saponin content of
each extract expressed as g quillaja saponin equivalents (QSE)/100 g DW).

2.6. Determination of Condensed Tannin Content

The condensed tannins in the T. ferdinandiana tissues were determined using the vanillin/HCl
assay described by Ahmed, et al. [22]. The extract (500 μL) was mixed with 3 mL of vanillin reagent
containing 4% concentrated HCl and 0.5% vanillin in methanol in a 15 mL falcon tube. The mixture
was allowed to stand for 15 min at room temperature and the absorbance was then recorded at 500 nm.
Methanol was used as the blank. An appropriate standard curve was prepared using catechin, with
concentrations ranging from 0.02 to 2.5 mg/mL w/v. The amount of condensed tannins in the extracts
was expressed as g catechin equivalents (CaE)/100 g DW.

26



Foods 2019, 8, 281

2.7. Determination of Hydrolysable Tannin

The hydrolysable tannins in the T. ferdinandiana tissue extracts were determined using the
potassium iodate assay previously described by Hoang, et al. [23]. Briefly, 50 μL of 1 mg/mL w/v
extract was added to a 96-well plate with 150 μL of 2.5% w/v potassium iodate. Absorbance was
measured at 550 nm after 15 min, using a Tecan Microplate Reader (Tecan Infinite M200) with Magellan
Software (version 6.4). Tannic acid was used as a standard and results were expressed as mg tannic
acid equivalents (TAE)/100 g DW.

2.8. Antimicrobial Activity

2.8.1. Foodborne Microorganisms

Foodborne microorganisms, including pathogenic and clinical isolates, were chosen for this study.
A total of 4 g positive bacteria—Staphylococcus aureus (NCTC 6571) (National Collection of Type Cultures,
Health Protection Agency Centre for Infection, London, UK), methicillin resistant Staphylococcus aureus
(MRSA) clinical isolates (CI) (Royal Brisbane and Women’s Hospital, Herston, Queensland, AU),
Bacillus cereus (ATCC 10876) (Microbiologics Inc., St. Cloud, MN, USA), and Listeria monocytogenes
(ATCC 19111) (The University of Queensland, Brisbane, AU)—and 2 g negative bacteria—Pseudomonas
aeruginosa (ATCC 10145) (Microbiologics Inc., St. Cloud, MN, USA), and Pseudomonas aeruginosa clinical
isolates (CI) (ATCC 9001) (Royal Brisbane and Women’s Hospital, Herston, Queensland, AU)—were
tested. Bacteria were maintained on plate count agar (PCA) medium at 4 ◦C and sub-cultured on PCA
medium at 37 ◦C for 24 h.

2.8.2. Disc Diffusion Assay

The ASE of fruits, leaves, seedcoats, and barks of T. ferdinandiana were diluted with 20% ethanol to
prepare a final concentration 10 mg/mL w/v extract, except for the water extracts, which were diluted
with reverse osmosis (RO) water. The zone of inhibition was determined using the Kirby–Bauer assay
modified by Dussault, et al. [24]. The zone of inhibition was measured using a digital calliper 150 mm
(ALDI, Australia). RO water and 20% ethanol were used as the negative controls. A standard antibiotic
solution, oxytetracycline (0.06 mg/mL; Sigma-Aldrich, St. Louis, MN, USA), was used as positive
control. All experiments were performed in triplicate and the antimicrobial activity was evaluated by
measuring the inhibition zones against the tested microorganisms.

2.8.3. Determination of Minimum Inhibitory Concentration and Minimum Bactericidal Concentration

The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
of the extracts were determined by the microplate dilution method [25]. Different concentrations
of the extracts were prepared using 20% ethanol and added to the microtiter wells to obtain final
concentrations of 4, 3.5, 3, 2.5, 2, 1.5, 1, and 0.5 mg/mL. Nutrient broth (NB) (200 μL) was used as
a control to ensure the broth was sterile, whilst 50 μL bacterial culture (1 × 105 colony forming unit
(CFU)/mL, as determined by colony counting after serial dilution and plating) and 150 μL nutrient
broth were used as the negative control. Aliquots (100 μL) of extracts (1–8 mg/mL) were added to
a 96-well microplate. A total of 50 μL bacterial culture and 50 μL NB were also added to the wells
to make the final volume 200 μL. Six replicates were prepared for each concentration of the extracts
and the positive antibiotic control solution (0.0625 mg/mL oxytetracycline). The microplates were
incubated at 37 ◦C with visual observation of bacterial growth performed after 24 h. The MIC values
were identified as the minimum concentration at which no visible bacterial growth was recorded [18].
The MBC was observed as the lowest concentration that completely inhibited the bacteria. A 50 μL
aliquot from all wells showing no visible bacterial growth in the MIC assay [26] was applied to PCA
plates and incubated at 37 ◦C for 24 h. The MBCs of the extracts were measured by observing the
viability of the initial bacterial inoculum.
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2.8.4. Scanning Electron Microscopy

The methicillin resistant S. aureus, clinical isolates of P. aeruginosa, L. monocytogenes, and B. Cereus
strains were grown for 7 h in tryptone soya yeast extract broth (TSYEB) at 37 ◦C. Methanolic ASE of
T. ferdinandiana fruits and leaves were reconstituted in 75 μL 20% v/v ethanol, added to 1 mL bacteria
and broth samples, and incubated for 24 h at 37 ◦C. The negative control was comprised of 75 μL 20%
v/v ethanol. The samples and controls were washed three times in sterile phosphate buffered saline and
fixed in 3% v/v glutaraldehyde [27]. Glutaraldehyde-fixed samples were fixed again in 1% v/v osmium
tetroxide and dehydrated with ethanol. Samples were adhered to coverslips coated with poly-L-lysine
(1 mg/mL) and dehydrated in the same manner, before being dried in a critical point dryer (Tousimis
Research Corporation, Rockville, MD, USA) according to manufacturer’s instructions. Coverslips were
attached to stubs with double-sided carbon tabs and coated with gold using a sputter coater (Agar
Scientific Ltd, Essex, UK), following the manufacturer’s instructions. Samples were imaged in a Jeol
Neoscope JCM 5000 (Jeol Ltd., Tokyo, Japan) at an accelerating voltage of 10 kV and for high resolution
images in a Jeol JSM 7100F (Jeol Ltd., Tokyo, Japan) field emission scanning electron microscopy (SEM)
at an accelerating voltage of 1 kV.

2.9. Statistical Analysis

All values were expressed as mean ± SD (n = 3). Statistical analysis of the results was performed
using two-way ANOVA, followed by Tukey’s multiple comparison post hoc tests, with significant
differences observed at p < 0.05 using GraphPad Prism version 8 (La Jolla, CA, USA).

3. Results and Discussion

3.1. Extraction Yields

The ASE yields from the T. ferdinandiana tissues are presented in Figure 2 and vary depending
upon the plant tissue and solvent used. The yield variations observed from the same tissues following
different ASE methods could be attributed to the varying polarities of compounds present in the various
tissues [1]. A yield of 45% was achieved from fruit and bark powders using methanol extraction,
whilst ethanol produced extract yields of 59% and 26% from barks and fruit powders, respectively.
Water extraction produced similar yields from fruits, leaves, and barks, ranging from 30–40%. Acetone
and hexane produced comparatively lower extract yields to other solvents, except from leaves, where
acetone produced an extract yield similar to ethanol. The variable yields achieved by the different ASE
methods could be due to the solubility of the phytochemicals in the different tissues, as well as the
duration, temperature, and pH of the extraction conditions, along with the particle size of the sample
and the solvent-to-sample ratio [28].

Figure 2. Yield (%) of the accelerated solvent extraction (ASE) of Terminalia ferdinandiana. Results are
shown as the mean of triplicate experiments ± SD.
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3.2. Antioxidant Capacity

3.2.1. Total Phenolic Content

The total phenolic contents (TPC) of all extracts are presented in Table 1 and ranged from 0.04–24 g
GAE/100 g DW. In the T. ferdinandiana fruits extracts, TPC ranged from 0.38–12 g/100 g DW. The barks
and leaves also contained high TPC, ranging from 0.04–2 g/100 g DW. The highest TPC was measured
in methanol ASE from the fruit and leaves, followed by ethanol > acetone >water > hexane. In the
bark ASE, ethanol produced the highest TPC, followed by methanol > water > acetone > hexane. The
seedcoat extracts produced the lowest TPC overall, however had similar trends to the bark extracts,
with ethanol >methanol ≈water > acetone > hexane.

Table 1. Total phenolic contents in T. ferdinandiana tissues.

Total Phenolic Content (GAE g/100 g DW)

Fruits Leaves Seedcoats Barks

Methanol 12.2 ± 2.9 a, w 11.7 ± 0.5 a, w 0.2 ± 0.0 x 18.0 ± 2.0 a, y

Ethanol 11.6 ± 1.0 a, w 8.8 ± 0.5 b, x 0.3 ± 0.0 y 23.5 ± 0.5 b, z

Water 5.2 ± 0.2 b, w 4.2 ± 0.4 b, c, x 0.2 ± 0.0 y 6.7 ± 0.2 c, w

Acetone 8.0 ± 0.2 b, w 5.2 ± 0.2 c, w 0.1 ± 0.0 x 3.5 ± 0.0 d, z

Hexane 0.4 ± 0.0 c 0.2 ± 0.0 d ND 0.04 ± 0.0 e

Results are expressed as mean ± SD; (n = 3). Mean values of each column with different letters are significantly
different (at p < 0.05). a, b, c, d, e; denote significant differences of extraction solvents within same tissue. w, x, y, z;
denote significant differences of the same extraction solvent across tissues.

The variation in TPC observed in the different extracts could be due to the variable solubility
of polyphenols in different solvents, as well as the complex structure of the cellular macromolecules
within different plant tissues. The enrichment of phenolic compounds in the extracts also depended on
the solvent and the process of extraction [29]. For example, it is possible that hexane primarily extracted
non-polar components, such as chlorophyll, waxes, and terpenoids from the tissues producing the
lowest TPC. Regardless of the method used to prepare extracts from the different T. ferdinandiana
tissues, the TPC content in the extracts indicates enrichment with phenolic compounds, which are
potent scavengers of free radicals in vitro, and are believed to provide in vivo antioxidant protection
against biomolecule damage and peroxidation of cellular membranes [30].

3.2.2. DPPH radical Scavenging Capacity

2, 2-diphenyl-1-picrylhydrazyl (DPPH) is a stable free radical widely accepted as a tool for
estimating the free radical-scavenging capacity of an antioxidant. The effect of an antioxidant on DPPH
radical scavenging is determined by the ability of the antioxidant to donate hydrogen [31]. The ASE
extracts of T. ferdinandiana tissues were assayed for DPPH radical scavenging capacity. Results are
presented in Table 2, showing that ASE extracts from the different tissues produced similar results,
except for hexane ASE, which showed very low radical scavenging activity. Plant antioxidants are
mostly water-soluble and present as glycosides located in the cell vacuole [32]. This is consistent with
the findings in Table 2, where polar solvents produced extracts with greater antioxidant potential than
non-polar solvents.

29



Foods 2019, 8, 281

Table 2. The 2, 2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity of T. ferdinandiana tissues.

DPPH Radical Scavenging Activity (%)

Accelerated solvent extracts
(ASE) of T. ferdinandiana Fruits Leaves Seedcoats Barks

Methanol 93.4 ± 0.3 a, x 89.4 ± 0.5 a, x 93.0 ± 0.2 a, x 84.7 ± 0.1 a, y

Ethanol 94.3 ± 0.1 a,x 91.8 ± 0.2 a,y 88.0 ± 0.2 b,y 85.8 ± 0.2 a,z

Water 93.7 ± 0.2 a, x 84.0 ± 0.5 b, y 90.9 ± 0.2 b, x 79.6 ± 0.2 b, y

Acetone 91.5 ± 0.4 a, w 79.2 ± 0.3 c, x 74.2 ± 0.3 c, x 85.5 ± 0.3 a, y

Hexane 12.9 ± 0.9 b, w 68.7 ± 0.4 d, x 2.1 ± 1.3 d, y 77.5 ± 3.8 b, z

Results are expressed as mean ± SD; (n = 3). Mean values of each column with different letters are significantly
different (at p < 0.05). a, b, c, d; denote significant differences of extraction solvents within same tissue. w, x, y, z;
denote significant differences of the same extraction solvent across tissues.

3.3. Determination of Total Saponins

Saponins are bitter tasting, water-soluble triterpenoids found in various plants. Saponins have
been found to possess in vitro anti-inflammatory activities [33], however the bitter taste may limit
applications when present in higher quantities. The increased consumer demand for natural products
with beneficial physicochemical and biological properties makes steroidal and triterpenoid saponins
promising compounds for industrial applications [34]. The major sugar moieties of saponins are
glucose, arabinose, galactose, glucuronic acid, xylose, and rhamnose [35]. Saponin-containing plants
used for human consumption include soybeans, pulses, peas, chickpea, lentils, oats, potatoes, pepper,
tomatoes, onions, garlic, tea, asparagus, cucumber, pumpkins, squash, gourds, melons, watermelons,
sugar beet, yam, sunflower, and cassava [36,37]. The saponin content of lentils ranges from 3.7 to
4.6 g/kg, green peas 11 g/kg, chickpeas 60 g/kg, oats 1 g/kg and spinach 47 g/kg DW [37]. The saponin
contents of T. ferdinandiana tissues are presented in Table 3. The slightly bitter taste of T. ferdinandiana
fruits might be due to the presence of low amounts of saponins. Barks were highest in saponins,
whereas no saponins could be detected in the seedcoats.

3.4. Determination of Condensed and Hydrolysable Tannins

Tannins are higher molecular weight polyphenolics, found mostly in plants used as food and
feed [38]. Tannins are usually divided into two groups—hydrolysable and condensed tannins.
The degree of tannin polymerization has been found to directly correlate with radical scavenging
capacity [39,40]. The antioxidant effects of tannins are mostly attributed to free radical scavenging
capacity, chelation of transition metals, inhibition of pro-oxidative enzymes, and lipid peroxidation [39].
Tannins have varying degrees of hydroxylation, and their molecular size is sufficient to form complexes
with proteins [41].

Condensed tannin contents of T. ferdinandiana tissues are presented in Table 3, showing that
bark has the highest content compared to leaves, which have the lowest content. Fruits were found
to contain 0.8 g condensed tannins/100 g DW. The hydrolysable tannin contents of T. ferdinandiana
tissues are shown in Table 4. The hydrolysable tannin content of the tissues ranges between 0.1 and
120 mg/100 g DW of the plant material. Leaves contain more tannins than fruits for all solvent extracts.
Very low levels of tannins were observed in all seedcoat extracts, except for the acetone ASE. The
highest amount of hydrolysable tannins was found in leaves (Table 4). These results suggest that the
level of hydrolysable tannins is greatly influenced by the tissue type, solvents (different polarities), and
extraction conditions (Table 4). The results of the present study indicate that tannins in T. ferdinandiana
fruit extracts were predominantly condensed tannins.

Using regression analyses, the correlations between TPC, DPPH radical scavenging values, saponin
content, and the condensed and hydrolysable tannin content of the fruits, leaves, seedcoats, and barks
were explored. The antioxidant capacity and tannin content of the fruits were positively correlated with
the antioxidant capacity and tannin content of the leaves (pearson R2 = 0.9736, p < 0.0001), seedcoats

30



Foods 2019, 8, 281

(pearson R2 = 0.6886, p = 0.0001), and barks (pearson R2 = 0.7728, p < 0.0001). The saponins content of
the tissues was positively correlated with the condensed tannins (pearson R2=0.9922, p < 0.05).

Table 3. Saponins and condensed tannins in T. ferdinandiana tissues.

T. ferdinandiana Tissues
Saponin Content
(QSE g/100 g DW)

Condensed Tannin Content
(CaE g/100 g DW)

Fruits 0.4 a ± 0.0 0.8 a ± 0.1
Leaves 0.3 ± 0.1 0.02 b ± 0.0

Seedcoats ND 0.1 a ± 0.0
Barks 7.0 b ± 0.2 7.0 c ± 0.7

Results are expressed as mean ± SD; (n = 3). ND = not detected. Mean values of each column with different letters
are significantly different (p < 0.05).

Table 4. Hydrolysable tannins in T. ferdinandiana tissues.

Hydrolysable Tannin Content (TAE mg/100 g DW)

ASE Fruits Leaves Seedcoats Barks

Methanol 55.3 ± 1.6 a,w 120.8 ± 2.3 a, x 0.9 ± 0.0 a, y 16.5 ± 0.2 a, z

Ethanol 33.3 ± 0.8 b, w 81.4 ± 1.4 b, x 1.42 ± 0.0 a, y 20.4 ± 0.2 b, z

Water 7.5 ± 0.4 c, w 52.0 ± 0.5 c, x 1.42 ± 0.1 a, y 13.6 ± 0.0 c, z

Acetone 10.8 ± 0.7 d, w 66.5 ± 1.1 d, x 27.1 ± 1.8 b, y 4.9 ± 0.0 d, z

Hexane 0.1 ± 0.1 e, w 3.1 ± 0.2 e, x 2.6 ± 0.2 a, x 0.2 ± 0.4 e, w

Results are expressed as mean ± SD; (n = 3). Mean values of each column with different letters are significantly
different (p < 0.05). a, b, c, d, e; denote significant differences of extraction solvents within same tissue. w, x, y, z;
denote significant differences of the same extraction solvent across tissues.

3.5. Antimicrobial Activity

3.5.1. Disc Diffusion Assay

Plant derived antimicrobials can effectively reduce or inhibit pathogenic and spoilage
microorganisms and have the potential to be an alternative to synthetic antimicrobials [6]. The use
of natural antimicrobial agents in food processing to extend the shelf-life of food products is well
documented [6]. Consumer concern over synthetic preservatives in food products has contributed
to the search for preservatives from natural sources. The antimicrobial activities of extracts
from T. ferdinandiana tissues prepared with different solvents were determined against different
microorganisms, with the inhibition zone measured in mm, and presented in Table 5 and illustrated in
Figure 3. Overall, methanol extracts were found to be the most effective against the organisms tested
and showed a broad spectrum of antimicrobial activity against the tested bacteria. The antimicrobial
activity of the methanol extracts was similar to the acetone extracts, whilst water extracts from fruit,
leaves, and bark were found to be active against S. aureus, MRSA, P. aeruginosa CI, and B. cereus. Fruit
and leaf extracts were found to have similar zones of inhibition against the tested organisms, with
MRSA, L. monocytogenes, and B. cereus the most sensitive bacteria among those tested. S. aureus was
inhibited less compared to MRSA. Seedcoat extracts were found to be the least active against the
microorganisms tested.

Herbal remedies formulated from whole plants are gaining more interest, as they are safer than
synthetic options. The antimicrobial activity from T. ferdinandiana extracts against different microbial
strains supports the scientific rationality of using plants/plant tissue in traditional medicine [42]. The
inhibition of the growth of six bacterial strains by the fruit and leaf extracts could be due to the
presence of antioxidant phytochemicals, mainly polyphenols, in the extracts. The T. ferdinandiana
results support several other studies, showing the antimicrobial activity of plant extracts due to the
presence of polyphenolic compounds in the extracts [26,43]. Polyphenols, particularly tannins and
flavonols, are known to possess antimicrobial activity and can suppress the growth of microorganisms
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by various mechanisms, such as the inhibition of biofilm formation, host-ligand adhesion reduction,
and the neutralization of bacterial toxins [44].

In the present study, we found that T. ferdinandiana tissue extracts are high in TPC and tannins.
Other species of Terminalia plants, such as Terminalia arjuna, Terminalia bellerica, Terminalia chebula,
Terminalia sambesiaca, Terminalia Kaiserana and Terminalia sericia, are also high in tannins and other
polyphenols [45–47]. Previous reports on the antimicrobial properties of Terminalia plants were
supported by the presence of a vast range of phytochemicals, including polyphenols and tannins [48–50].
Tannins inhibit bacterial growth by binding to bacterial enzymes and interfering with phosphorylation,
and sometimes forming complexes with transition metal ions, which are important for bacterial
growth [51].

Figure 3. Antimicrobial activity (zones of inhibition) of ASE extracts of T. ferdinandiana tissues against
various organisms. FM and FE against MRSA (A and B), FA and FM against Staphylococcus aureus
(C and D), FE and FM against Bacillus cereus (E and F), LA and LM against MRSA (G and H), LM and LA
against B. cereus (I and J). FM; Fruit methanol extract, FE; Fruit ethanol extract, FA; Fruit acetone extract,
LA; Leaf acetone extract, LM; Leaf methanol extract; MRSA; Methicillin resistant Staphylococcus aureus.
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3.5.2. Determination of Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal
Concentration (MBC)

MIC and MBC values of the extracts of T. ferdinandiana tissues against the tested microbial
strains are shown in Table 6. In general, the MIC and MBC values of the extracts against the tested
microorganisms ranged from 1.0 mg extract/mL to 3.0 mg/mL, with L. monocytogenes, B. cereus, and
MRSA the most sensitive among the tested microorganisms. Different tissues extracted with different
solvents showed variable inhibitory effects. For example, the MIC of S. aureus was 1 mg/mL against
bark ethanol extracts, whereas the MIC in response to bark water extracts was 3 mg/mL. The MIC of
P. aeruginosa, P. aeruginosa CI, L. monocytogenes, and B. cereus ranged from 1 to 2 mg/mL of extracts,
however for S. aureus and MRSA, 3 mg/mL was needed for inhibition.

Overall, the ethanol and acetone extracts were the most effective at inhibiting the growth of
the microorganisms compared to methanol and water extracts. It is interesting to note that even
though the antioxidant capacity and phenolic content of the methanol and water extracts was found
to be higher than the ethanol extracts, the acetone extracts showed lower antioxidant capacity and
phenolic contents overall. The phytochemicals responsible for antioxidant capacity may not be the
only compounds contributing to antimicrobial activity, it is possible that other phytochemicals with
antimicrobial potentials are exerting antimicrobial activities.

Table 6. The minimum inhibitory concentration (MIC) and minimum bactericidal concentration (MBC)
of the extracts of T. ferdinandiana tissues.

Tested Microorganisms MIC (mg/mL)

FM LM SM BM FW LW BW FE LE SE BE FA LA BA

Staphylococcus aureus 1.5 2 3 1 1 2
MRSA 3 2.5 1 2.5 3 3 3 3 1

Pseudomonas aeruginosa 1 1 1 1 1
Pseudomonas aeruginosa

CI
1 1 1

Bacillus cereus 1.5 1 1 1.5 1 1 1 1 1 1 1
Listeria monocytogenes 1 1 1 1 2 1 1 1

MBC (mg/mL)

FM LM SM BM FW LW BW FE LE SE BE FA LA BA

Staphylococcus aureus 1.5 1 2 1 1 2
MRSA 3 3 1 2 2 3 2 3 1

Pseudomonas aeruginosa 1 1 1 1 1
Pseudomonas aeruginosa

CI
1 1 1

Bacillus cereus 1.5 1 1 1 1 1 1 1 1 1
Listeria monocytogenes 1 1 1 1 2 1 1 1

MIC and MBC values ranges between 1–3 mg/mL. CI—clinical isolates, FM—fruit methanol, LM—leaf methanol,
SM—seedcoat methanol, BM—bark methanol, FW—fruit water, LW—leaf water, SW—seedcoat water, BW—bark
water, FE—fruit ethanol, LE—leaf ethanol, SE—seedcoat ethanol, BE—bark ethanol, FA—fruit acetone, LA—leaf
acetone, BA—bark acetone. Controls did not inhibit the growth of any of the tested microorganisms.

3.5.3. Scanning Electron Microscopy

The antimicrobial effects of T. ferdinandiana fruit and leaf extracts on the morphology of MRSA,
B. cereus, L. monocytogenes, and P. aeruginosa CI cells were determined by scanning electron microscopy,
as illustrated in Figures 4 and 5. All bacterial cells treated with the extracts at the MIC were damaged
compared to the control cells (20% v/v ethanol). The control cells had a smooth surface, with the outer
layer of the bacteria relatively intact (Figure 4A,D and Figure 5A,D). By contrast, the damaging effects
of the fruit and leaf extracts on bacterial cell walls were evident compared to the appearance of the
control cells (Figure 4B,C,E,F and Figure 5B,C,E,F). Almost all the bacterial cells treated with the fruit
and leaf extracts showed the disintegration of the outermost layer and, in some cases, the outermost
layer had disappeared (Figures 4F and 5E,F).
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Figure 4. Antimicrobial activity of methanolic ASE of T. ferdinandiana fruits and leaves. Scanning
electron microscopy (SEM) images of methicillin resistant Staphylococcus aureus control (A), effect of
fruit extracts (B), effect of leaf extracts (C), and clinical isolates of Pseudomonas aeruginosa control (D),
effect of fruit extracts (E) and effect of leaf extracts (F). Samples were imaged in a Jeol JSM 7100F field
emission SEM at an accelerating voltage of 1 kV.

Figure 5. Antimicrobial activity of methanolic ASE of T. ferdinandiana fruits and leaves. SEM images
of Listeria monocytogenes treated with control (A), fruit extracts (B), and leaf extracts (C), and Bacillus
cereus treated with control (D), fruit extracts (E), and leaf extracts (F). Samples were imaged in a Jeol
Neoscope JCM 5000 at an accelerating voltage of 10 kV.

The antimicrobial mechanisms or exact target sites for natural antimicrobials have not been
identified yet and warrant further investigation [6]. However, it is thought that terpenoids and
phenolics are involved in membrane disruption, phenolic acids and flavonoids cause metal chelation,
coumarin interferes with the genetic material, and alkaloids inhibit the growth of microorganisms [52].
Phytochemicals are also reported to be involved in membrane disruption and, in turn, cause leakage
of cellular content [53]. It was observed that plant phytochemicals interfere with active transport
mechanisms and possibly dissipate cellular energy in adenosine triphosphate (ATP) form [54].
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In Figure 5B,C, some of the extract-treated L. monocytogenes cells underwent splitting, a change in
cell morphology due to deep wrinkling and distortion. Therefore, it is postulated that fruit and leave
methanol extracts have antimicrobial activity against L. monocytogenes. Antioxidative polyphenols
might have been involved in causing lesions in the cytoplasmic membrane, which in turn may
have caused leakage of intracellular contents, impairment of microbial enzymes, and potentially
cell death [53]. This evidence suggests that T. ferdinandiana fruits extracts may effectively inhibit
L. monocytogenes in food products.

To visualize the effects of T. ferdinandiana fruit and leaf methanol extracts, SEM images of B. cereus
cells treated with MIC doses of extracts were taken and are presented in Figure 5. The fruit and leaf
extracts altered the cell morphology (Figure 5E,F) in comparison to controls (Figure 5D). The control
bacterial cells appeared whole and distinct from one another, whilst the bacterial cells treated with
both the fruit and leaf extracts were deformed. In particular, the cell wall of B. cereus treated with leaf
extracts appeared to be degraded (Figure 5F).

A change in cell morphology was observed in P. aeruginosa clinical isolates incubated with
T. ferdinandiana fruit and leaf extracts, as shown in Figure 4E and 4F. The cell surface morphology of
P. aeruginosa control cells was intact and smooth (Figure 4D) compared to cells incubated with the MIC
of T. ferdinandiana fruit extracts, which changed to granular with the appearance of blisters (Figure 4E).
Treatment with leaf extracts was even more pronounced, as evidenced by the loss of cellular orientation
(Figure 4F). These results suggest that T. ferdinandiana leaf extracts are more active than fruit extracts in
promoting P. aeruginosa cell death caused by cell membrane disintegration and cell atrophy, indicating
that the active compounds present in T. ferdinandiana leaf extracts may act on the cell membrane or
extracellular proteins, resulting in the inhibition of bacterial cell growth.

Scanning electron microscopy images of MRSA (Figure 4B,C) treated with T. ferdinandiana
extracts also showed partial disintegration of the bacterial cell surfaces and reduced residual cellular
content. Cell surfaces also appeared rougher after T. ferdinandiana extract treatment. The potent
antimicrobial activity observed in the T. ferdinandiana extracts in the present study can therefore be
attributed to the presence of numerous phytochemicals in the plant, especially ascorbic and ellagic acid,
as previously reported [15]. In the presence of T. ferdinandiana extracts, bacterial cells grew as isolated
colonies, compared to control cells. The antimicrobial activity of plants is mostly attributed to their
principal phenolic components, which exhibit significant bactericidal activity against MRSA. A reaction
between phenolic compounds and bacterial membrane proteins was suggested to be involved in
their antimicrobial action, which can weaken the cell wall or damage the cytoplasmic membrane
directly [55].

These results indicate that antimicrobial compounds are contained in T. ferdinandiana leaves and
fruit and act by damaging bacterial cell walls or inducing cell lysis. It is possible that the antimicrobial
compounds present in T. ferdinandiana extracts readily enter the cells through these lesions, whilst
also facilitating the leakage of cell contents. That is, when microbial cell walls or membranes become
compromised, possibly by interacting with phenolic compounds, low molecular weight substances,
such as K+ and PO4

3−, tend to leach out first, followed by the loss of other intracellular molecules,
such as proteins, DNA, RNA, and other higher molecular weight materials [56]. These antimicrobial
compounds may even react with bacterial DNA, ultimately resulting in cell death. Some researchers
have reported that bioactive compounds derived from plants have antimicrobial effects on cells through
reduced oxygen uptake, reduced cellular growth, inhibition of lipid, protein, and nucleic acid synthesis,
changes in the lipid profile of the cell membrane, and inhibition of microbial cell wall synthesis.
Cox et al. [57] reported that slight changes in the structural integrity of cell membranes can affect cell
metabolism and lead to cell death.

A wide variety of phenolic compounds, including tannins, gallic acid, ellagic acid, corilagin,
geraniin, tannic acid, punicalagin, castalagin, and punicalin, have been reported to be present in
the Terminalia genus [58]. Antimicrobial activity of these compounds has also been reported against
a number of microorganisms, such as MRSA, S. aureus, P. aeruginosa, Genus vibrio, Escherichia coli,
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Candida Albicans, and Aspergillus fumigatus [59]. Previous reports on the phytochemicals present in
T. ferdinandiana include gallic acid, apionic acid, gluconolactone, chebulic acid, ferulic acid, exifone,
corilagin, punicalin, castalagin, and chebulagic acid [14,60]. High levels of ellagic acid and ascorbic acid
have also been reported in T. ferdinandiana [15]. T. ferdinandiana fruit is currently marketed commercially
as a functional ingredient in the form of a freeze-dried powder in the food industry, however, other
tissues such as leaves have not yet been considered as functional (food) ingredients.

4. Conclusions

The contamination of food by microorganisms is a worldwide public health problem. To avoid
these problems, plant-derived natural preservatives could offer a safer alternative. To date, this is the
first study to extensively investigate the antimicrobial properties of T. ferdinandiana extracts, revealing
that extracts of T. ferdinandiana fruit and leaves possess significant in vitro antimicrobial properties
against common foodborne bacteria. The antimicrobial properties of this plant were also supported by
the presence of significant antioxidant and tannin contents. Overall, the results of our present study
showed that T. ferdinandiana fruit and leaves have great potential as natural preservatives in the food
industry. However, further research on the bioactive compounds present in T. ferdinandiana extracts is
needed to determine the compounds responsible for the antimicrobial properties.
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51. Macáková, K.; Kolečkář, V.; Cahlíková, L.; Chlebek, J.; Hošt’álková, A.; Kuča, K.; Jun, D.; Opletal, L.
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Abstract: As the popularity of tropical fruits has been increasing consistently during the last few
decades, nutritional and health-related data about these fruits have been gaining more and more
interest. Therefore, we analyzed 35 samples of tropical fruits and vegetables with respect to folate
content and vitamer distribution in this study. The fruits and vegetables were selected by their
availability in German supermarkets and were grouped according to their plant family. All fruits
and vegetables were lyophilized and analyzed by stable isotope dilution assay (SIDA) and liquid
chromatography mass spectrometry (LC-MS/MS). The results vary from 7.82 ± 0.17 μg/100 g in the
horned melon to 271 ± 3.64 μg/100 g in the yellow passion fruit. The yellow passion fruit is a good
source for meeting the recommended requirements, as just 110 g are needed to cover the recommended
daily intake of 300 μg folate for adults; however, longan fruits, okras, pete beans, papayas, mangos,
jack fruits, and feijoas are also good sources of folates. In conclusion, the study gives a good overview
of the total folate content in a broad range of tropical fruits and vegetables and shows that some of
these fruits definitely have the potential to improve the supply of this critical vitamin.

Keywords: folate; tropical fruits; subtropical fruits; vegetables; indigenous food; stable isotope dilution
assay; LC-MS/MS

1. Introduction

Tropical or exotic fruits are usually known as fruits which grow in tropical or subtropical
climates [1]. Besides well-known fruits such as banana, kiwi, or pineapple, which have been available
in supermarkets all over the world for quite some time, more and more tropical fruits have become
increasingly popular in recent years [2]. These tropical fruits include for example pitaya, mango, and
jack fruit [3,4]. Their popularity is mainly due to the diversity of fruits regarding the exotic taste and
smell and unusual shape and colors. Optimized transport systems such as insulated and refrigerated
containers ensure the optimum temperature for the tropical fruits during long journeys or daily flights,
guaranteeing a short transport time and facilitating exportation worldwide [4,5]. Due to their growing
popularity, these fruits are also becoming increasingly interesting in terms of their ingredients and
nutritional benefits [6]. In general, regular consumption of fruits can be preventive against different
diseases like heart disease, diabetes type II, and obesity and can also provide a significant amount of
vitamins, minerals, fiber, and phytochemicals such as polyphenols and carotenoids [1,7,8]. Apart from
the highly abundant phenolic compounds and the antioxidant properties of exotic fruit, their other
bioactive compounds such as vitamins should be investigated. So far, some exotic fruits have already
been analyzed with respect to their total folate content [9–11], but there is still a gap regarding folate
data in indigenous food. With respect to the influence of different environmental factors, such as
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for example climate, geographical variations, and seasons [11,12] on the total folate content, it is
fundamental to provide a broader data basis.

Folate is an important vitamin in human metabolism. It functions as a coenzyme and is needed
for one carbon transfers and synthesis in nucleotide and amino acid pathways [13,14]. Folate cannot be
synthesized by the human body, and therefore must be supplied by food or supplements. As there is a
tendency towards suboptimal intake, particularly in Europe the risk for some diseases has increased [15].
For young women of childbearing age in particular it is important to get enough folate since a deficiency
is associated with a higher risk for neural tube defects in newborns [16]. Therefore, supplementation
with folic acid is highly recommended before and during pregnancy. An insufficient intake of folate
can also cause other chronic diseases such as Alzheimer’s, autism, and cardiovascular disease [17–20].
This is attributed to a limited conversion of homocysteine to methionine, which leads to a consistent
increase of the homocysteine level [17]. Consequently, it is crucial to have a reliable analytical method
to provide accurate food-folate data, which can be used for dietary recommendations.

Liquid chromatography mass spectrometry (LC-MS/MS) methods using stable isotope dilution
assay (SIDA) have stood the test of time over conventional methods such as microbiological assays and
high performance liquid chromatography (HLPC-UV) methods. The use of an isotopologic internal
standard compensates for analyte degradation, analyte conversion, or losses during extraction as well
as matrix effects and ion suppression during LC-MS/MS measurements [21]. As the group of folates
consists of different vitamers which show different stabilities and conversion reactions, SIDA is a solid
and specific method for folate analysis and for the determination of the folate pattern in food. In the
following study a broad range of tropical fruits and vegetables were analyzed regarding their total
folate content and vitamer profiles. The investigated vitamers were folic acid (PteGlu), tetrahydrofolate
(H4folate), 5-methyltetrahydrofolate (5-CH3-H4folate), 5-formyltetrahydrofolate (5-CHO-H4folate),
and 10-formylfolic acid (10-CHO-PteGlu). The analyzed tropical fruit samples were of mango, pitaya,
papaya, kaki, guava, feijoa, okra, horned melon, lucuma, salak, tamarillo, lonkong, longan, passion
fruit, cherimoya, tamarind, pete beans, Chinese jujube, prickly pear, and jack fruit. All fruits were
analyzed by SIDA and LC-MS/MS according to the method of Striegel et al. [22].

2. Materials and Methods

2.1. Samples

A broad range of tropical and subtropical fruits and vegetables was investigated in the present
study. All fruits were purchased at the eating ripe stage in local supermarkets near Munich, Germany
except feijoa, which was supplied by Produce Art, Salisbury, QLD, Australia. The countries of origin
where possible are listed in Appendix A. The fruits were immediately cut into small pieces and
lyophilized. All fruits were thoroughly blended with a commercial hand mixer and extracted.

2.2. Sample Extraction

The sample extraction was performed as described previously with slight modifications [22].
Briefly, 50–100 mg of initially homogenized fruit and vegetable samples were weighed into Pyrex bottles
and equilibrated with 10 mL of buffer for extraction (200 mmol/L 2-(N-morpholino)ethanesulfonic acid
hydrate (MES), 114 mmol/L ascorbic acid, and 0.7 mmol/L DL-dithiothreitol (DTT), pH 5.0). Internal
standards [13C5]-PteGlu, [13C5]-H4folate, [13C5]-5-CH3-H4folate, and [13C5]-5-CHO-H4folate were
added to the samples in amounts adjusted to the expected content of analytes to fall in the given
calibration range. For deconjugation, 2 mL of chicken pancreas (1 g/L in 100 mmol/L phosphate buffer,
1% ascorbic acid) and rat serum (400 μL–800 μL, amount adjusted to receive complete deconjugation)
were added to the samples and were incubated overnight at 37 ◦C. Samples were purified by strong
anion-exchange (SAX, quaternary amine, 500 mg, 3 mL) solid–phase extraction (SPE) using buffer for
equilibration (10 mmol/L phosphate buffer, 1.3 mmol/L DTT) and 2 mL buffer for elution (5% sodium
chloride, 1% ascorbic acid, 100 mmol/L sodium acetate, and 0.7 mmol/L DTT).
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2.3. Instrumental Conditions

All LC and MS conditions were as previously described [22]. Briefly, the concentration and purity
of unlabeled analytes, which were prepared new before each extraction, were determined using a
Shimadzu HPLC/DAD system (Shimadzu, Kyoto, Japan) equipped with a reversed phase column
(C18 EC, 250 × 3 mm, 5 μm, 100 Å, precolumn: C18, 8 × 3 mm, Machery-Nagel, Düren, Germany).
The mobile phases for gradient solution were (A) 0.1% acetic acid and (B) methanol.

LC-MS/MS measurements of samples were performed on a Shimadzu Nexera X2 UHPLC system
(Shimadzu, Kyoto, Japan) equipped with a Raptor ARC-18 column (2.7 μm, 100 × 2.1 mm, precolumn:
2.7 μm, 5 × 2.1 mm, Restek, Bad Homburg, Germany). The mobile phases for the binary gradient
consisted of (A) 0.1% formic acid and (B) acetonitrile with 0.1% formic acid at a flow rate of 0.4 mL/min.

The LC was interfaced with a triple quadrupole ion trap mass spectrometer (LCMS-8050, Shimadzu,
Kyoto, Japan). Samples were measured in the ESI positive mode as previously described [22].

2.4. Method Validation

The validation data of the method are described in a previously published paper [22]. Briefly,
for determining the limits of detection (LOD) and quantification (LOQ) we used a folate-free matrix
of sugar and pectin. The major ingredients of fruits and vegetables are dietary fibers and sugar,
which are similar to the used matrix for validation. Therefore, the validation is also deemed valid
for tropical fruits and vegetables. The LOD and LOQ values for PteGlu were 0.33 μg/100 g and
0.96 μg/100 g, for H4folate they were 0.25 μg/100 g and 0.76 μg/100 g, for 5-CH3-H4folate they were
0.17 μg/100 g and 0.51 μg/100 g, and for 5-CHO-H4folate they were 0.32 μg/100 g and 0.93 μg/100 g,
respectively. Recoveries of all analytes were in a range between 81.9% and 114%. Inter-injection
precisions were between 1.92% and 4.46%, intra-day precisions were between 2.44% and 2.74%, and
inter-day precisions were between 3.04% and 5.06%. Quantitation of 10-CHO-PteGlu was performed
using [13C5]-5-CHO-H4folate as internal standard. The LOD and LOQ were estimated using the
response factor of 5-CHO-H4folate as a reference value. 10-CHO-PteGlu proved to be detectable more
sensitively than 5-CHO-H4folate and we calculated an estimated LOD of 0.14 μg/100 g and a LOQ of
0.40 μg/100 g.

3. Results and Discussion

Different tropical foods, among them various fruits and several vegetables, were analyzed for
their total folate content and vitamer profiles based on fresh weight. The most abundant folate
vitamers in food, namely 5-CH3-H4folate, 5-CHO-H4folate, 10-CHO-PteGlu, H4folate, and PteGlu
were determined. The fruits and vegetables analyzed in this study were selected according to their
availability in German supermarkets and food markets. In this paper, the fruits were grouped according
to their plant family whenever possible.

3.1. Folate Content in Mango

Various mango fruits were analyzed for their total folate content as well as their vitamer
distribution (Table 1). Mango (Anacardiaceae, Magnifera indica) is originally from India, however,
in the course of time mangos have been cultivated in the tropical forests worldwide. We analyzed
five different varieties of mango and found total folate contents ranging between 55.8 ± 0.73 and
74.5 ± 2.09 μg/100 g. The predominant vitamer was 5-CH3-H4folate (88.3–90.9%), followed by low
amounts of 5-CHO-H4folate (4.62–6.30%). Akilanathan et al. [11] examined different varieties of
mangos and found similar, partly higher folate contents of between 60.0 and 138 μg/100 g. The highest
folate content was found in the smallest and unripe fruit. Our findings were similar to those of
Akilanathan et al., with the highest folate content in the fruit with the smallest size and lower folate
contents in fruits with bigger sizes. Further investigations are warranted to elucidate the relationship
between fruit size and folate content.
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Table 1. Total folate content (μg/100 g, calculated as PteGlu) in mangos.

5-CH3-H4folate 5-CHO-H4folate 10-CHO-PteGlu H4folate PteGlu Total Folate

Mango varieties (Magnifera indica)

Ataulfo (1) 67.7 ± 1.54 3.44 ± 0.07 0.84 ± 0.12 1.90 ± 0.18 0.57 ± 0.29 74.5 ± 2.09
(2) 61.2 ± 2.10 3.56 ± 0.07 0.57 ± 0.04 2.96 ± 0.30 0.82 ± 0.30 69.1 ± 1.96

Keith (3) 54.5 ± 1.24 3.84 ± 0.01 0.51 ± 0.03 1.56 ± 0.03 0.54 ± 0.00 60.9 ± 1.86
Thai-mango (4) 53.7 ± 0.08 3.64 ± 0.09 0.65 ± 0.02 1.63 ± 0.12 0.78 ± 0.27 60.4 ± 0.22

Palmer (5) 49.2 ± 1.02 2.97 ± 0.16 0.68 ± 0.13 1.69 ± 0.27 1.18 ± 0.06 55.8 ± 0.73

(1)–(5) were different mango varieties (Appendix A); data are means ± SD (n = 3).

3.2. Folate Content in Guavas

A selection of guavas (Myrtaceae, Psidium) of various origins, among them feijoa (feijoa sellowiana),
also named pineapple guava, were analyzed for their folate profiles (Table 2). The different guavas
were analyzed unpeeled and showed similar folate contents (43.1 ± 5.16 μg/100 g–47.9 ± 0.57 μg/100 g).
Since all guavas are eaten peeled and unpeeled, whole Australian grown feijoa fruits as well as pulp and
peel were analyzed separately. The whole fruit appeared to have a folate content of 91.0 ± 1.98 μg/100 g,
the pulp was lower in folate with 64.4 ± 2.57 μg/100 g, and the peel showed the highest content of
103 ± 4.32 μg/100 g. By contrast, the USDA states a folate content of 49 μg/100 g for guavas [23] and
23 μg/100 g for feijoas [24]. However, Akilanathan et al. [11] analyzed two different varieties of guavas
and found also very different values ranging between 49.0 and 211 μg/100 g. The main vitamer in all
guavas and feijoas analyzed was 5-CH3-H4folate.

Table 2. Total folate content (μg/100 g, calculated as PteGlu) in guavas.

5-CH3-H4folate 5-CHO-H4folate 10-CHO-PteGlu H4folate PteGlu Total Folate

feijoa (Feijoa sellowiana)

peel 89.9 ± 3.46 5.56 ± 0.07 0.86 ± 0.42 5.74 ± 1.03 0.72 ± 0.08 103 ± 4.32
whole fruit 82.9 ± 2.31 4.02 ± 0.10 0.75 ± 0.10 2.96 ± 0.18 0.51 ± 0.15 91.0 ± 1.98

pulp 57.0 ± 1.13 4.27 ± 1.02 0.73 ± 0.09 1.67 ± 0.17 0.62 ± 0.26 64.4 ± 2.57

guava (Psidium)

(1) 41.5 ± 0.50 1.31 ± 0.86 0.43 ± 0.26 1.39 ± 0.11 3.28 ± 0.08 47.9 ± 0.57
(2) 31.2 ± 1.16 8.13 ± 0.52 1.61 ± 0.07 2.36 ± 0.25 3.04 ± 0.00 46.3 ± 0.45
(3) 28.9 ± 3.14 7.20 ± 0.11 2.23 ± 0.40 1.99 ± 0.22 2.77 ± 0.00 43.1 ± 5.16

(1)–(3) are different guava varieties, data are means ± SD (n = 3).

3.3. Folate Content in Papayas

Papayas (Caricaceae, Carica papaya) are popular fruits, originally coming from the American
tropics, however, nowadays papayas are grown widely in the tropics and subtropics worldwide.
We analyzed two papaya fruits as well as seeds and pulp separately. The results are shown in Table 3.
The papaya fruits revealed total folate contents of 61.6 ± 3.01 μg/100 g and 90.7 ± 1.24 μg/100 g.
The folate content of the seeds (25.6 ± 5.91 μg/100 g and 41.2 ± 1.91 μg/100 g) was lower than that of the
pulp (56.3 ± 1.48 μg/100 g and 90.8 ± 1.91 μg/100 g). Since the percentage share of seeds is very small
compared to the pulp, the folate content of the pulp did not differ from the folate content of the whole
fruit. Compared with different varieties analyzed in previous studies, our results are substantially
higher. Akilanathan et al. [11] analyzed two different papaya varieties using microbiological assays and
only found 11.0 μg/100 g and 23.0 μg/100 g. In the USDA (United States Department of Agriculture)
data base, papaya is listed with a folate content of 37.0 μg/100 g [25]. The discrepancy of the analyzed
folate content with Akilanathan et al. [11] can possibly be traced back to the differing determination
method. The latter group used a microbiological assay with PteGlu as calibration standard. As already
discussed in the introduction usually there are no significant differences between the quantification
methods, but the accuracy of the microbiological assay can vary with the chosen calibrant [26]. As the
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main vitamer in papayas was 5-CH3-H4folate, PteGlu as a calibrant might have led to inaccuracies.
Furthermore, an incomplete deconjugation could have led to underrated results, which we can exclude
as we automatically test for deconjugation efficiency in each run. Apart from the methodological
differences, the geographical origin and the different varieties can also be responsible for the inequality.
Regarding the vitamer distribution, 5-CH3-H4folate was again the main vitamer in both fruits.

Table 3. Total folate content (μg/100 g, calculated as PteGlu) in papayas.

5-CH3-H4folate 5-CHO-H4folate 10-CHO-PteGlu H4folate PteGlu Total folate

papaya (Carica papaya) varieties

(1) 72.2 ± 0.48 5.62 ± 0.12 1.48 ± 0.18 11.4 ± 0.33 n.a. 90.7 ± 1.24
Formosa (2) 48.9 ± 0.89 3.79 ± 0.77 1.61 ± 0.23 6.95 ± 1.15 0.39 ± 0.07 61.6 ± 3.01

papaya pulp

(1) 73.9 ± 0.56 3.81 ± 0.01 1.50 ± 0.01 11.6 ± 0.77 0.05 ± 0.00 90.8 ± 1.91
Formosa (2) 42.4 ± 0.49 4.40 ± 0.00 1.54 ± 0.09 7.62 ± 0.26 0.41 ± 0.00 56.3 ± 1.48

papaya seeds

(1) 22.8 ± 0.38 9.90 ± 0.46 5.80 ± 0.40 2.06 ± 0.09 0.63 ± 0.06 41.2 ± 1.79
Formosa (2) 13.2 ± 2.42 6.38 ± 0.51 4.41 ± 0.72 1.28 ± 0.36 0.32 ± 0.16 25.6 ± 5.91

(1) and (2) are different papaya varieties, data are means ± SD (n = 3).

3.4. Folate Content in Jack Fruit

Jack fruit (Moraceae, Artocarpus hereophyllus), with its well flavored yellow pulp, is originally from
India and is now indigenous in the tropics worldwide. The folate contents of two individual fruits
were 83.6 ± 5.50 (1) μg/100 g and 52.9 ± 2.61 (2) μg/100 g, and therefore in a similar range to mangos
(Table 4). Jack fruit seeds of fruit (1), which are embedded in the pulp and consisted of approximately
around 10–15% of the total fruit had 51.1 ± 2.17 μg/100 g total folate. Furthermore, we analyzed
commercially bought jack fruit chips and found 192 ± 3.38 μg/100 g total folate. The main vitamer
in all analyzed jack fruit samples was 5-CH3-H4folate. The USDA specifies a total folate content
for jack fruit of 24.0 μg/100 g and, consequently, we found a considerably higher folate content [27].
Akilanathan et al. [11] indicated a total folate content of 35 μg/100g, which is also a little lower than
the analyzed content in the present study. As already discussed, the discrepancy in the total folate
content can be caused by the different methods, the environmental impact and the variety of the fruits.
Of note is the varying moisture content of the analyzed fruits compared to the literature, which can
be caused by different ripening state or the different varieties. The moisture content of jack fruit (1)
was 71.7% and that of jack fruit (2) was 79.7%, which may contribute to the rather high difference in
folates of both fruits. In comparison to our samples, the moisture content of the jackfruit analyzed
by Akilanathan et al. [11] was 76.0%, and stated by USDA as being 73.5% [27]. Due to the lack of
information about the variety of the jackfruits, the reason of the different total folate content may only
be assumed.

Table 4. Total folate content (μg/100 g, calculated as PteGlu) in jack fruits, jack fruit seeds, and jack
fruit chips.

5-CH3-H4folate 5-CHO-H4folate 10-CHO-PteGlu H4folate PteGlu Total Folate

jack fruit (Artocarpus hereophyllus)

chips 126 ± 0.00 18.1 ± 0.15 20.0 ± 0.80 2.97 ± 0.48 24.9 ± 1.95 192 ± 3.38
(1) 71.0 ± 4.48 9.15 ± 1.35 2.16 ± 0.38 1.05 ± 0.28 0.27 ± 0.13 83.6 ± 5.50
(2) 37.8 ± 1.09 3.85 ± 0.76 4.64 ± 0.36 2.15 ± 0.11 0.81 ± 0.07 52.9 ± 2.61

seed (1) 31.4 ± 2.13 10.3 ± 1.81 8.77 ± 1.97 0.69 ± 0.35 n.a. 51.1 ± 2.17

(1) and (2) are different jack fruits varieties, data are means ± SD (n = 3).
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3.5. Folate Content in Other Tropical Fruits

The total folate content and vitamer profiles in a selection of mainstream and non-mainstream
tropical fruits and vegetables is presented in Table 5. Three different pitayas (Cactaceae, Hylocereus
cacti) were examined and total folate contents from 18.7 ± 0.11 μg/100 g, to 36.0 ± 0.53 μg/100 g
were found. Chew et al. [9] also analyzed the folate content of commonly consumed Malaysian
foods using microbiological assays and found a much lower folate content in dragon fruit of only
3 μg/100 g. A similar folate content of 23.8 ± 0.44 μg/100 g was found in prickly pear (Cactaceae,
Opuntia ficus-indica). Salak (Arecaceae, Salacca zalacca), mainly grown in Asia but also in European
Mediterranean regions, had a total folate content of 27.3 ± 2.09 μg/100 g. However, in a previous study,
Salak was found to have a very low folate content of 6 μg/100 g [9]. The very popular fruits from the
Longan-tree (Sapindaceae, Dimorcarpus longan) were also analyzed, having 67.8 ± 0.12 μg/100 g total
folate. In contrast, Longkong (Meliaceae, Aglaia dookoo), which is present throughout South East Asia,
appeared to be much lower in folate with only 15.9 ± 0.67 μg/100 g. Kaki (Ebenaceae, Diospyros kaki)
can be eaten peeled or unpeeled. A folate content of 40.5 ± 1.33 μg/100 g and 50.5 ± 0.09 μg/100 g
was found for peeled and unpeeled fruit, respectively. Chew et al. [9] analyzed a Korean persimmon
(Pisang kaki) and again found a much lower folate content of only 6 μg/100 g, which is approximately
seven times lower than our results. Lucuma (Sapotaceae, Pouteria lucuma), a fruit species mainly
originating from South America, was found to have 41.8 ± 5.37 μg/100 g total folate. Since the fruit
is eaten fresh or as flour, we calculated the total folate content also on a dry weight basis (209 ± 5.37
μg/100 g).

Several fruits belonging to the Passifloraceae family were also analyzed and found to be very high
in folates. Among them, sweet granadilla (Passiflora ligularis) had a folate content of 64.0 ± 1.70 μg/100 g,
passion fruit (Passiflora edulis) of 136 ± 21.7 μg/100 g, and yellow passionfruit (Passiflora flavicarpa) with
271 ± 3.64 μg/100 g was highest in total folate.

Tamarind (Fabaceae, Tamarindus indica) was quite low in folate with 11.4 ± 0.70 μg/100 g, whereas
pete beans (Fabaceae, Parkia speciosa) were substantially higher with 100 ± 3.26 μg/100 g. The popular
fruit Chinese jujube (Rhamnaceae, Ziziphus jujuba), mainly coming from China, had a folate content of
22.7± 0.23μg/100 g. Cherimoya (Annonaceae, Annona cherimola) was found to have 48.4 ± 0.57 μg/100 g
total folate. Two different batches of okras (Malvaceae, Abelmoschus esculentus), also known as Lady’s
Finger, appeared to be a good natural source of folate with 101 ± 7.62 μg/100 g and 109 ± 3.91 μg/100 g,
respectively. Okra as a good source of folate was already confirmed previously. Ismail et al. [10] found
100 μg/100 g total folate in okra analyzed by HPLC-UV. Devi et al. [28] found also a relative high folate
content of 81 μg/100 g. Horned melons, also known as kiwano (Cucurbitaceae, Cucumis metuliferus),
contained 7.82 ± 0.17 μg/100 g and 10.2 ± 0.31 μg/100 g total folates. The USDA listed horned melon as
having a total folate content of 3.00 μg/100 g [29]. Furthermore, tamarillo, also known as tree tomato
(Solanaceae, Solanum betacea), had a relative low folate content of 16.4 ± 0.60 μg/100 g.

5-CH3-H4folate was the main vitamer in most of the analyzed fruit and vegetable samples, except
in salak, tamarind and one of the horned melon samples. The relative amounts of the individual
vitamers (individual vitamer vs. total folate content in %) were as follows: 5-CH3-H4folate (14.9% to
94.8%), 5-CHO-H4folate (3.17% to 41.3%), 10-CHO-PteGlu (0.48% to 48.1%), H4folate (0.71% to 13.6%),
and PteGlu (0.52% to 22.9%).

Table 5. Total folate content (μg/100 g, calculated as PteGlu) in different tropical fruits and vegetables.

5-CH3-H4folate 5-CHO-H4folate 10-CHO-PteGlu H4folate PteGlu Total Folate

yellow passion fruit
(Passiflora flavicarpa) 257 ± 0.14 8.57 ± 1.93 1.75 ± 0.05 1.92 ± 0.04 1.73 ± 0.69 271 ± 3.64

passion fruit (Passiflora edulis) 127 ± 14.0 5.29 ± 0.73 0.96 ± 0.16 1.38 ± 0.06 1.64 ± 0.46 136 ± 21.7
okra (Abelmoschus esculentus) 87.1 ± 3.55 13.3 ± 0.33 3.42 ± 0.18 4.31 ± 1.89 0.94 ± 0.40 109 ± 3.91
okra (Abelmoschus esculentus) 76.4 ± 7.63 9.19 ± 0.33 11.5 ± 1.92 0.99 ± 0.13 2.41 ± 0.37 101 ± 7.62
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Table 5. Cont.

5-CH3-H4folate 5-CHO-H4folate 10-CHO-PteGlu H4folate PteGlu Total Folate

pete beans (Parkia speciose) 70.2 ± 2.74 15.8 ± 1.40 5.65 ± 0.19 6.67 ± 0.23 1.66 ± 0.25 100 ± 3.26
longan (Dimorcarpus longan) 60.9 ± 0.37 3.76 ± 0.34 0.32 ± 0.12 2.47 ± 0.06 0.40 ± 0.08 67.8 ± 0.12

sweet granadilla
(Passiflora ligularis) 52.4 ± 0.14 7.24 ± 0.72 1.58 ± 0.17 1.81 ± 0.06 0.98 ± 0.11 64.0 ± 1.70

kaki (Diospyros kaki) unpeeled 41.1 ± 0.10 3.77 ± 0.06 3.73 ± 0.06 1.47 ± 0.08 0.40 ± 0.24 50.5 ± 0.09
cherimoya (Annona cherimola) 23.8 ± 1.95 19.5 ± 2.63 2.57 ± 0.17 0.41 ± 0.25 2.11 ± 0.18 48.4 ± 0.57

lucuma (Pouteria lucuma) 32.7 ± 1.10 5.66 ± 3.52 0.46 ± 0.16 1.95 ± 0.17 1.11 ± 0.66 41.8 ± 5.37
kaki (Diospyros kaki) peeled 30.9 ± 0.31 5.73 ± 0.31 2.25 ± 0.10 1.53 ± 0.03 0.09 ± 0.01 40.5 ± 1.33
dragon fruit/pitaya (white)

(Hylocereus undatus) 23.8 ± 0.29 4.90 ± 0.09 5.47 ± 0.00 1.61 ± 0.07 0.23 ± 0.07 36.0 ± 0.53

salak (Salacca zalacca) 8.24 ± 0.51 10.5 ± 1.05 3.42 ± 0.04 1.64 ± 0.21 3.49 ± 0.25 27.3 ± 2.09
prickly pear

(Opuntia ficus-indica) 16.9 ± 0.50 3.39 ± 0.30 1.16 ± 0.35 0.88 ± 0.10 1.49 ± 0.15 23.8 ± 0.44

pitaya (red)
(Hylocereus costaricensis) 13.0 ± 0.81 5.45 ± 0.90 3.74 ± 0.70 1.10 ± 0.10 0.50 ± 0.04 23.8 ± 0.88

chinese jujube (Ziziphus jujuba) 7.79 ± 0.20 4.45 ± 0.23 5.57 ± 0.83 0.32 ± 0.18 4.52 ± 0.56 22.7 ± 0.23
pitaya (yellow)

(Hylocereus megalanthus) 10.7 ± 0.18 3.83 ± 0.04 3.09 ± 0.26 0.85 ± 0.01 0.26 ± 0.02 18.73 ± 0.11

tamarillo (Solanum betacea) 12.2 ± 0.53 2.23 ± 0.06 0.64 ± 0.04 0.91 ± 0.00 0.49 ± 0.00 16.4 ± 0.60
longkong (Aglaia dookoo) 9.39 ± 0.38 2.73 ± 0.14 1.00 ± 0.34 2.02 ± 0.07 0.81 ± 0.30 15.9 ± 0.67

tamarind (Tamarindus indica) 1.69 ± 0.24 1.24 ± 0.09 5.48 ± 0.76 0.37 ± 0.39 2.61 ± 0.15 11.4 ± 0.70
horned melon

(Cucumis metuliferus) 3.30 ± 0.02 4.21 ± 0.05 1.05 ± 0.06 0.84 ± 0.15 0.82 ± 0.06 10.2 ± 0.31

horned melon
(Cucumis metuliferus) 5.38 ± 0.07 1.34 ± 0.17 n.a. 1.06 ± 0.07 0.04 ± 0.02 7.82 ± 0.17

Data are means ± SD (n = 3).

4. Conclusions

Total folate as well as the vitamer profile were analyzed in a broad range of tropical fruits
and vegetables using LC-MS/MS and SIDA. The results clearly demonstrate that tropical fruits and
vegetables can contribute to the daily supply with folate. Among the samples studied, varieties from
passion fruit appeared to have the highest folate contents. It is also notable that longan fruits, okras,
pete beans, papayas, mangos, jack fruits, and feijoas can be considered as good sources of folates.
Particularly for some passion fruits such as Passiflora flavicarpa, a daily consumption of only 110 g would
cover the recommended daily requirement for adults of 300 μg folate [30]. This content is surprisingly
high for a tropical fruit. However, it cannot outcompete the folate concentration in the “king of fruits”
Durian, with up to 440 μg/100 g total folate [31]. Moreover, several indigenous fruits and vegetables
have not been analyzed before or have been analyzed using error-prone methods. To the best of our
knowledge, lucuma, pitaya (red and yellow), longkong, prickly pear, longan, tamarind, pete beans,
Chinese jujube, cherimoya, and tamarillo have been described for the first time regarding their total
folate content. For all other fruits listed here, only scattered information about the total folate content
is published. Being able to distinguish between the individual folate vitamers, LC-MS/MS and SIDA
offer the most selective methods and are of choice for folate analysis. Due to the different stability of
folate vitamers when exposed to light, heat, and oxygen, a known vitamer distribution can help to
estimate the stability of folates in food. Assessing the absorption properties of different vitamers, high
percentages of H4folate are lost during digestion. Consequently, fruits and vegetables containing high
amounts of H4folate might be less bioaccessible [32]. The distribution of five common folate vitamers
of the most fruits listed here are described for the first time.

In summary, this work presents an important overview of the total folate content and vitamer
profiles in a broad range of tropical fruits and vegetables. Therefore, this work also generated crucial
nutritional data about a broad range of indigenous fruits and vegetables. This is particularly the case
for plant food originating from regions with high biodiversity like the tropics. Moreover, some of the
fruits we have analyzed (e.g., feijoa) revealed very attractive sensory properties. However, as our
study is far from being representative or covering the majority of tropical fruits, further bioprospecting,
particularly on traditional “ethno food”, is necessary.
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Moreover, we have not yet investigated the impact of maturity, climate, harvest season, and soil
properties as well as pre- and post-harvest treatment, which can have a significant effect on the total
folate content in fruits and vegetables. Therefore, follow-up studies taking these considerations into
account are warranted.
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Appendix A

Table A1. List of countries of origin and number of fruits analyzed of all fruits listed in the publication.

Fruit Country of Origin (Variety) Number of Fruits Analyzed

guava (Psidium) (1) Columbia 1
guava (Psidium) (2) Singapore 1
guava (Psidium) (3) Vietnam 1

feijoa (Feijoa sellowiana) Australia 6
mango (Magnifera indica) (1) Mexico (variety Ataulfo) 1
mango (Magnifera indica) (2) Mali 1
mango (Magnifera indica) (3) Puerto Rico (variety Keith) 1
mango (Magnifera indica) (4) Thailand (variety Thaimango) 1
mango (Magnifera indica) (5) Brazil (variety Palmer) 1

papaya (Carica papaya) (1) Columbia 1
papaya (Carica papaya) (2) Brazil (variety Formosa) 1

jack fruit (Artocarpus hereophyllus) (1) Singapore 1
jack fruit (Artocarpus hereophyllus) (2) Singapore 1
pitaya (red) (Hylocereus costaricensis) Vietnam 1

pitaya (yellow) (Hylocereus megalanthusi) Columbia 1
Dragon fruit /pitaya (white) (Hylocereus undatus) unknown 1

prickly pear (Opuntia ficus-indica) unknown 1
salak (Salacca zalacca) Bali 1

longan (Dimorcarpus longan) Vietnam 1
longkong (Aglaia dookoo) Thailand 1

kaki (Diospyros kaki) peeled unknown 1
kaki (Diospyros kaki) unpeeled South Africa 1

lucuma (Pouteria lucuma) Columbia 1
sweet granadilla (Passiflora ligularis) unknown 1

passion fruit (Passiflora edulis) unknown 1
yellow passion fruit (Passiflora flavicarpa) unknown 1

tamarind (Tamarindus indica) unknown several
pete beans (Parkia speciose) unknown several

chinese jujube (Ziziphus jujuba) unknown 1
cherimoya (Annona cherimola) unknown 1
okra (Abelmoschus esculentus) Singapore several
okra (Abelmoschus esculentus) Thailand several

horned melon (Cucumis metuliferus) unknown 1
horned melon (Cucumis metuliferus) unknown 1

tamarillo (Solanum betacea) unknown 1
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Abstract: The present study determined the chemical composition, bioactive compounds and
biological properties of Australian grown feijoa (Acca sellowiana), including whole fruit with peel, fruit
peel and pulp, in order to assess the nutritional quality and antimicrobial activity of this emerging
subtropical fruit. Polyphenolic compounds and vitamins were determined by UHPLC-PDA-MS/MS,
showing that the feijoa fruit not only contains high amounts of antioxidant flavonoids, but is also a
valuable source of vitamin C (63 mg/100 g FW (fresh weight)) and pantothenic acid (0.2 mg/100 g FW).
Feijoa fruit is also a good source of dietary fibre (6.8 g/100 g FW) and potassium (255 mg/100 g FW).
The edible fruit peel possesses significantly (p < 0.05) higher amounts of antioxidant flavonoids and
vitamin C than the fruit pulp. This is most likely the reason for the observed strong antimicrobial
activity of the peel-extracts against a wide-range of food-spoilage microorganism. The consumption
of feijoa fruit can deliver a considerable amount of bioactive compounds such as vitamin C, flavonoids
and fibre, and therefore, may contribute to a healthy diet. Furthermore, the potential use of feijoa-peel
as a natural food perseverative needs to be investigated in follow-up studies.

Keywords: Acca sellowiana; feijoa fruit; proximate composition; polyphenols; vitamins; minerals;
antimicrobial activity

1. Introduction

Obesity, type 2 diabetes and cardiovascular disease are major chronic diseases in the developed
world. Increased intake of fresh fruit and/or high-quality fruit products, resulting in increased
consumption of bioactive compounds such as polyphenols, carotenoids, vitamins and dietary
fibre, has been suggested as one approach to reduce the incidence of these conditions. The feijoa
(Acca sellowiana) belongs to the family Myrtaceae and is commonly known as pineapple guava or
guavasteen since it is related to the guava genus Psidium guajava L. [1]. The feijoa is native to South
America around the highlands of the Uruguay and Brazilian border, but nowadays is widely distributed
and cultivated in many countries, including Australia. The fruit of feijoa was described as a smooth
and soft green skin fruit, with the juicy flesh being divided into a clear, gelatinous seed pulp and a
firmer, slightly granular, opaque flesh nearer the skin [2]. However, the fruit has remained relatively
unknown to many people around the world to this day.

Recent studies have reported that feijoa is a good source of vitamins (e.g., vitamin C), polyphenols,
dietary fibre and essential minerals (e.g., potassium) [3]. For polyphenols, phenolic acids and flavonoids
(e.g., flavone, catechin, quercetin-glycoside, procyanidin B1 and B2) have been found and identified as
the major phenolic compounds in the feijoa fruits [4–6]. Interestingly, the bioactive components are
not only present in the pulp, but also found at a relatively high level in the other biological tissues
of the plant such as peel, leaf and flower bud [6–9]. Although the feijoa fruit peel is edible and can
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be a rich source of functional ingredients such as polyphenols and pectin fibre [4], it is considered
as a by-product of food processing. Furthermore, feijoa is rich in characteristic aroma and volatile
compounds such as methyl benzoate, ethyl butanoate and ethyl benzoate [10], giving this fruit an
‘unique’ flavour profile.

Apart from unique nutritional and sensory qualities, feijoa fruit also shows potential biological
activity. Zhu [3] has published a comprehensive review that summarized the health-related properties
of the feijoa plant both in vitro and in vivo. For example, feijoa fruit demonstrated antioxidant activity
in male Sprague Dawley rats [11] and anti-inflammatory effects and superoxide anion generation in
male Wistar rats [12]. Whilst information about the health benefits reported from in vivo studies is
relatively limited, in vitro studies have shown a wide-range of biological properties such as anticancer,
antidiabetic, antimicrobial, antioxidant and anti-inflammatory activities of the feijoa plant [5,6,13–15].

As feijoa fruit has become more popular and cultivated in Australia for fresh consumption and
processing, a better understanding of its nutrient and phytochemical composition and subsequent
potential bioactivity is crucial. Australia, compared to other countries and continents, has a ‘unique’
natural environment, which can have a significant impact on the nutritional quality and bioactivity
of fruits and vegetables. Therefore, the aim of the present study was to determine the nutritional
characteristics of Australian grown feijoa fruit, its antioxidant and antimicrobial properties, to generate
important information for a better assessment of its nutritional ‘value’.

2. Materials and Methods

2.1. Materials

Ready-to-eat fresh feijoa fruits (approximately 5 kg; Supplementary Figure S1) were harvested
randomly in Victoria (Australia) and provided by Produce Art Ltd. (Rocklea, QLD, Australia). Whole
fruits, pulp and peel (after manual separation), were freeze-dried at −50 ◦C for 48 h (CSK Climatek,
Darra, QLD, Australia) and ground to powder (Supplementary Figure S1). The powdered samples
were stored at −35 ◦C until further analysis.

Commercial phenolic standards ((+/−)-catechin, ellagic acid, vanillic acid, p-coumaric acid, ferulic
acid; ascorbic acid), α-tocopherol, sugar, and organic solvents (HPLC grade) were purchased from
Sigma-Aldrich (Castle Hill, NSW, Australia).

Cultures of Staphylococcus aureus strain 6571 and Escherichia coli strain 9001 were obtained from the
National Collection of Type Cultures (NCTC, Health Protection Agency Centre for Infection, London,
UK), and Candida albicans (strain 90028) was sourced from the American Type Culture Collection
(ATCC, In Vitro Technologies Pty Ltd., Noble Park, VIC, Australia).

2.2. Proximate Analysis

The proximate composition of the whole fruit powder was analysed by Symbio Alliance
Laboratories (Eight Mile Plains, QLD, Australia), a National Association of Testing Authorities (NATA)
accredited laboratory that complies with the International Organization for Standardization/the
International Electrotechnical Commission (ISO/IEC) 17025:2005. The analysis were carried out
according to NATA approved in-house methods or appropriate Association of Official Analytical
Chemists (AOAC) methods. Analysis of protein by AOAC method 990.03 [16]; fat by AOAC
method 991.36 [17]; saturated, mono-unsaturated, poly-unsaturated and trans-fatty acids by gas
chromatography with flame-ionization detection (in-house method CFH068.2); ash by AOAC method
923.03 [18]; minerals and heavy metals by inductively coupled plasma spectrometry (in-house methods
ESI02 and ESM02, respectively); total dietary fibre by enzyme digestion and spectrophotometric
in-house method (CF057); energy based on calculation from proximate data (in-house method CF030.1);
crude fibre by AOAC method 962.09 [17]; dry matter using air-oven (in house method CF006.1); and
selected B-vitamins by high performance liquid chromatography (in-house method CHF363).
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2.3. Measurement of Physico-Chemical Parameters

In order to measure the physico-chemical parameters, the fresh fruits (with peels) were blended
into a puree using a Laboratory Blender Waring 8010S (Waring® Laboratory Science, Torrington,
CT, USA). The puree was used for the determination of total soluble solids (TSS) using a digital
refractometer HI 96,804 HANNATM (Hanna Instruments Ltd., Leighton Buzzard, UK), pH and total
acid content (TA; titrimetric method) using an automated titration system Metrohm 795 Karl Fischer
Titrator System (Metrohm, Herisau, Switzerland).

2.4. Extraction and Analysis of Individual Polyphenols

2.4.1. Extraction of Free Phenolic Compounds

Extraction of free phenolic compound was carried out as per the previously reported method [19],
with a few minor modifications. Approximately 500 mg powdered samples were extracted with 80%
methanol containing 1% HCl (v/v) on a reciprocating shaker (RP1812, Paton Scientific, Adelaide, SA,
Australia) for 15 min in the dark at room temperature. Ultra-sonication was subsequently applied to
the samples for 15 min, followed by centrifugation (3,900 rpm for 5 min; Eppendorf Centrifuge 5804,
Hamburg, Germany). Supernatants were retained, whilst the residues were re-extracted twice with the
procedure described above. The supernatants were combined and subjected to U(H)PLC-PDA-MS
analysis and the total phenolic content (TPC) assay. The extraction was conducted in triplicate.

2.4.2. Extraction of Bound Phenolic Compounds

Bound phenolic compounds were extracted according to the method described by Adom and
Liu [20] with slight modifications. Briefly, the residues obtained in 2.4.1. were subjected to alkaline
hydrolysis for 1 h while shaking. After that, the samples were acidified to pH 2.0 (using concentrated
HCl) and then ethyl acetate was added to further purify the released phenolic compounds. The ethyl
acetate extracts were collected and dried under nitrogen at 40 ◦C in a dry block heater (DBH30D, Ratek
Instruments Pty Ltd., Melbourne, VIC, Australia) and re-dissolved in 50% methanol containing 1%
formic acid for further analysis.

2.4.3. U(H)PLC-PDA-MS Analysis

Analysis of individual (main) phenolic acids and flavonoids (free and bound) by UPLC-PDA
followed the method of Gasperotti et al. [21], using a Waters AcquityTM UPLC-PDA System (Waters,
Milford, MA, USA). The compounds were separated on a Waters HSS-T3 column (100 × 2.1 mm
i.d; 1.8 μm) maintained at 40 ◦C, with aqueous 0.1% formic acid (eluent A) and 0.1% formic acid in
acetonitrile (eluent B). The gradient program (time (min), % B) was: (0.0, 5); (3.0, 5); (4.3, 20); (9.0, 45);
(11.0, 0); (14.0, 0) with a flow rate of 0.4 mL/min.

Detected peaks in the feijoa samples were identified by a Thermo high resolution Q Exactive
mass spectrometer equipped with a Dionex Ultimate 3000 UHPLC system (Thermo Fisher Scientific
Australia Pty Ltd., Melbourne, VIC, Australia). A full scan in negative (ESI) ionization mode was
acquired at a resolving power of 70,000 full width half maximum, followed by an MS2 scan range
of m/z 100–1200 for the compounds of interest. The Thermo XcaliburTM software (Thermo Fisher
Scientific) was used for data acquisition. The detected peeks were identified by matching spectrum,
retention time, and MS data obtained from literature. External calibration curves were constructed
from the polyphenolic standard solutions (0–2 mg/10 mL in methanol) for quantification, except for
dihydroxyflavone, which was quantified as mg of catechin equivalent.
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2.5. Total Phenolic Content (TPC)

The TPC was determined in the ‘free’ and ‘bound’ extracts as previously reported [22,23], using
a micro-plate absorbance reader (Sunrise Tecan, Maennedorf, Switzerland) at 700 nm. TPC was
expressed as mg of gallic acid equivalents (GAE).

2.6. Analysis of Sugar

Sugar analysis was performed as previously reported [24,25], with a few minor modifications.
Briefly, 1 g of powdered samples were incubated with hot water (60 ◦C) for 30 min in a sonication
bath maintained at 60 ◦C, followed by centrifugation at 3900 rpm for 10 min. The supernatants were
collected and subjected to Solid Phase Extraction (SPE; Bond Elut LRC-C18, 500 mg, Part No: 12113027,
Agilent Technologies, Santa Clara, CA, USA). A Shimadzu HPLC Class VP system (Shimadzu Corp.,
Kyoto, Japan) coupled with a Shimadzu ELSD-LT detector was employed. ELSD parameters were set
as follows: N2 low-flow nebulizer pressure 350 KPa, temperature 47 ◦C, gain 4. Sugar components
were separated using a Luna C18-NH2 column (250 × 4.6 mm, 5 μm, Phenomenex, Lane Cove West,
NSW, Australia) at 40 ◦C, with an isocratic elution (aqueous acetonitrile; 88%, v/v) at a flow rate of
2.5 mL/min.

2.7. Analysis of Vitamin E (Alpha-Tocopherol)

Extraction of α-tocopherol was performed according to the method described by Chun et al. [26]
with slight modifications. Briefly, 0.5 g feijoa powder samples were extracted with ethanol containing
0.1% (w/v) butylated hydroxytoluene (BHT), followed by saponification using 30% KOH (w/v) in MeOH
for 30 min in the dark at room temperature, while shaking at 100 rpm. NaCl 10% (w/v) was added
to the tubes and the sample was extracted 4 times with a mixture of hexane/ethyl acetate (85:15, v/v)
containing 0.1% BHT. The upper phase was collected and evaporated until dryness (under nitrogen
stream). The dry extract was re-dissolved in ethanol containing 0.1% BHT prior to UHPLC-MS/MS
analysis. A Shimadzu UHPLC system (Shimadzu Corp., Kyoto, Japan) equipped with a Shimadzu 8060
triple-stage quadrupole mass spectrometer was employed. The ESI source was operated in positive
mode with multiple reaction monitoring (MRM) to identify and quantify α-tocopherol. Mass transition
429.3→ 165.2 (CE at −21 eV) was used for quantification. An isocratic flow of 0.1% formic acid in
methanol at the flow rate of 0.17 mL/min was used to elute α-tocopherol through a Waters C18 BEH
column (2.1 × 100 mm i.d, 1.7 μm; Waters, Milford, MA, USA) at 30 ◦C.

2.8. Analysis of Vitamin C (Ascorbic Acid)

Ascorbic acid (L-AA) extraction and analysis was conducted following the method published by
Campos and co-workers [27], with slight modifications. Briefly, 200 mg feijoa powder sample was extracted
with 3% meta-phosphoric acid containing 8% acetic acid and 1 mM ethylenediamine-tetraacetic acid
(EDTA). The reduction of dehydroascorbic acid (DHAA), which was also present in the extracts/samples,
to L-AA was performed following the method of Spinola et al. [28], prior to UPLC-PDA analysis.
Total vitamin C (L-AA + DHAA) was determined using a Waters UPLC-PDA system and a Waters
HSS-T3 column (100 × 2.1 mm i.d; 1.8 μm; 25 ◦C), with aqueous 0.1% formic acid as the mobile phase
(0.3 mL/min) and isocratic elution. An external calibration curve of L-AA was used for quantification.

2.9. Antimicrobial Screening Test

Agar well diffusion assay was performed against the selected microorganisms. Isolated microbial
colonies were grown on plate count agar plates (for S. aureus and E. coli) or potato dextrose agar
(PDA) plates (for C. albicans) at appropriate growth temperatures (37 ◦C for bacteria and 30 ◦C for the
fungi), for 16 h. The microbial growth was then diluted in sterile Phosphate Buffered Saline (PBS)
and adjusted to an absorbance reading of 0.1 at 600 nm (corresponds to an inoculum of 104 CFU/mL)
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using a spectrophotometer (Genesys 20, Thermo Fisher Scientific Australia Pty Ltd., Melbourne,
VIC, Australia).

Freeze dried powders (approximately 1 g) of whole feijoa fruit, pulp or peel, were extracted
twice with 10 mL water or methanol. Following the extraction, the water and methanolic extracts
were evaporated at 60 ◦C and 40 ◦C, respectively in a miVac sample Duo concentrator (Genevac Ltd.,
Ipswich, UK) until dryness. Aqueous methanol solution 20% (v/v) was used to freshly reconstitute the
dry extracts prior to antimicrobial test.

For the antimicrobial assay, Mueller Hinton Agar (MHA) plates (Oxoid CM0337, Thermo Fisher
Scientific, Melbourne, VIC, Australia) were impregnated with the adjusted microbial cultures aseptically.
Wells of 11 mm diameter were made aseptically onto the inoculated plates. A volume of 100 μL of each
of the extracts was added to the wells. The assay also included a mixture of penicillin and streptomycin
(1 μg each) (Gibco, Life Technologies, Melbourne, VIC, Australia) and 10 μg amphotericin B (Sigma
Aldrich Inc, Sydney, NSW, Australia) that were used as ‘antibiotic control ’ for bacteria and fungi,
respectively. The aqueous methanol 20%, used for re-suspending, was also included to evaluate the
effect of extracted solvent on the microbial growth. Plates were incubated overnight at the appropriate
growth temperature.

At the end of the incubation period, the diameters of the inhibition zones formed around each
well were determined and presented in mm. The zone of inhibition was categorized as low (1–6 mm),
moderate (7–10 mm), high (11–15 mm), and very high antimicrobial activity (16–20 mm) [14].

2.10. Statistical Analysis

A one-way analysis of variance (ANOVA), using Minitab 17 for Windows (Minitab Pty Ltd.,
Sydney, NSW, Australia) was applied to test significant differences between the whole fruit, the pulp and
the peel. Means were compared using Tukey’s least significant difference test at a 5% significance level.

3. Results and Discussion

3.1. Physico-Chemical Parameters

The physico-chemical parameters of the feijoa whole fruit puree are summarized in Table 1.
The total acid (TA) content and total soluble solids (TSS) are important factors for fruit quality, whilst
the ratio TSS:TA (or ripening index) is usually used for determination of the taste and palatability of
the fruit and consequently the consumer acceptability. TSS and pH are in agreement with literature
data [13,29,30]. However, the TA content was lower than the reported values of 12 feijoa cultivars grown
in Italy [13], but was higher than that of the feijoa accessions grown in Brazil [29] and Colombia [30],
probably reflecting differences in cultivars, growing conditions/environment, maturity and storage.
The moisture content of the fresh feijoa is also in the same range as reported in the literature.

Table 1. Physico-chemical parameters of fresh feijoa whole fruit puree.

Parameters Fresh Whole Fruit Puree * Literature Data

TSS (%) 13.9 ± 0.1
10.08–12.89 [13]

9.3–12.5 [29]
11.19–13.35 [30]

pH 3.1 ± 0.03
2.45–3.68 [7]
3.2–3.4 [29]

TA (g citric acid Eq/100 g) 2.0 ± 0.05
4.05–6.7 [13]
0.9–1.5 [29]

1.58–1.93 [30]

TSS: TA 7.2 ± 0.2
1.9–3.35 [13]
8.5–12.1 [29]

Moisture content (%) 80.3 ± 0.8 83.3 [3]

Eq: equivalent; (*) Data are means ± SD (n = 3).
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3.2. Proximate Analysis

Only the freeze-dried whole fruit powder was analyzed for total energy, protein, fat, minerals,
dietary fibre, heavy metals, dry matter and ash content. The proximate results of the present study are
similar to that reported in the literature, as shown in Table 2.

Table 2. Proximate of the feijoa whole fruit powder.

Proximate Composition
Quantity

per 100 g DW
Quantity

per 100 g FW *
Literature Data [3]

per 100 g FW

Energy 1203 kJ 237 kJ n/a
288 Cal 57 Cal 61 Cal

Protein 3.7 g 0.73 g 0.71 g
Fat Total fat content 2.2 g 0.43 g 0.42 g

Saturated fatty acids 0.6 g 0.12 g 0.104 g
Monounsaturated fatty acids 0.3 g 0.058 g 0.056 g
Polyunsaturated fatty acids 1.3 g 0.26 g 0.136 g

Trans fatty acids <0.1 g <0.02 g 0 g

Dietary fibre Total dietary fibre
Crude fibre

34.6 g
20.4 g

6.8 g
4.01 g

6.4 g
n/a

Ash 3.5% 0.01 g n/a

Data area means of duplicate analysis; DW: Dry weight; FW: Fresh weight; (*) Results in DW converted to FW based
on the moisture content given in Table 1; (n/a): Not available.

The results of proximate analysis showed that feijoa is a good source of dietary fibre with
34.6 g/100 g DW (Table 2), being equivalent to 6.8 g/100 g FW (calculated based on the moisture content
given in Table 1). According to Food Standards Australia New Zealand, if a serving of the food
contains at least 4 g of dietary fibre, it can be considered as a good source of dietary fibre. Based on
this, feijoa is definitely a valuable fruit for a healthy diet. The high dietary fibre content of the feijoa
whole fruit powder might be mainly derived from the peel. The adequate intake (AI) for dietary fibre
in Australia and New Zealand is 25–30 g/day for adults [31], which means that a serving size of 250 g
feijoa (whole) fruit can deliver 50% of the AI for adults. It is well documented that an adequate intake
of dietary fibre is essential for a healthy gut and has also been related to a reduced risk for developing
common ‘life-style diseases’ such as heart disease, certain cancers and type 2 diabetes. However,
the protein (0.73 g/100 g FW) and fat (0.43 g/100 g FW) content of this powder sample are relatively low.
Interestingly, the proximate data of the Australian grown feijoa fruits (Table 2) are similar to that in the
USDA Food Composition Database reported by Zhu [3].

3.3. Minerals and Heavy Metals

The analyzed minerals and heavy metals are summarized in Table 3. Potassium was found to be
highest among the seven minerals tested, followed by calcium, magnesium, sodium, iron, zinc and
iodine. Furthermore, the potassium content in the Australian grown feijoa fruit was higher than that
reported by Zhu [3] (255 mg/100 g FW versus 172 mg/100 g FW). Relevant (nutrition) information
in regard to AI, RDA, EAR and UL are also provided in Table 3. Aluminium was found to be
highest (0.25 mg/kg FW) among the six heavy metals tested followed by lead, arsenic and chromium
(both <0.005 mg), mercury and cadmium (both <0.002 mg). As shown in Table 3, the levels of heavy
metals found in the Australian grown feijoa fruits are considerably lower than the reported ULs.
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Table 3. Minerals and heavy metals in the powdered feijoa whole fruit sample.

Minerals and Heavy Metals
Quantity per

kg DW
Quantity per

kg FW *
Relative Percentage per

100 g FW � Nutrition Information **

Minerals Sodium (Na) 96 mg 18.87 mg 0.15 1.3 g/day AI [32]
Potassium (K) 13,000 mg 2,556 mg 5.4 4.7 g/day AI [32]

Iron (Fe) 12.8 mg 2.5 mg 3.1 8 mg/day RDA [32]
Calcium (Ca) 940 mg 185 mg 1.5 1200 mg/day AI [32]

Magnesium (Mg) 614 mg 121 mg 3.5 350 mg/day EAR [32]
Zinc (Zn) 4.3 mg 0.9 mg 0.82 11 mg/day RDA [32]
Iodine (I) 0.4 mg 0.08 mg 8.4 95 μg/day EAR [32]

Heavy metals Mercury (Hg) <0.01 mg <0.002 mg 5 μg/kg BW/week UL [33]
Lead (Pb) 0.11 mg 0.022 mg 25 μg/kg BW/week UL [33]

Cadmium (Cd) <0.01 mg <0.002 mg 2.5 μg/kg BW/week UL [34]
Arsenic (As) <0.025 mg <0.005 mg -

Aluminium (Al) 1.29 mg 0.25 mg 1.0 mg/kg BW/week UL [35]
Chromium (Cr) <0.025 mg <0.005 mg 25-35 μg/kg day AI [32]

Data area means of duplicate analysis; DW: Dry weight; FW: Fresh weight; � Relative percentage in relation to the
nutrition information given in the adjacent column; * Results in DW converted to FW based on the moisture content
given in Table 1; ** RDA: Recommended Dietary Allowance; AI: Adequate Intake; UL: Tolerable Upper Intake Level;
EAR: Estimated Average Requirement; BW: Body weight; (-): Not available.

3.4. Sugar Components

Sugar is not only important for the ‘pure’ sweetness of fruits, but also for its flavor and sensory
attributes and subsequent consumer acceptance. Therefore, a detailed sugar analysis is necessary to
better understand the relationship between the individual sugar profile in a fruit and its impact on
aroma and taste. Individual sugar components and the total sugar content are summarized in Table 4,
showing that sucrose is the main sugar in feijoa whole fruit and pulp with up to 50% of the total sugar
content. Previously, Oksana et al. [36] reported a similar sugar profile and sugar concentrations in
18 different feijoa fruits that varied in ripening stage and fruit mass (Table 4). Unlike other common
fruits such as grapes or guava, in which glucose and fructose are major sugars [37,38], feijoa fruit is
similar to strawberry with sucrose as the main sugar component [24]. The contents of sucrose and total
sugar in the peel were significantly (p < 0.05) lower than in the whole fruit and pulp (Table 4).

Table 4. Sugar content in feijoa fruit (g/100 g).

Sugar Components Whole Fruit Pulp Peel Literature Data (Whole Fresh Fruit)

Fructose
11.9 ± 0.4 a * 12.3 ± 0.6 a 12.2 ± 0.1 a

(2.3) ** (2.3) (2.3) 1.4–4.3 g/100 g FW [36]

Glucose
13.4 ± 0.5 a 13.7 ± 0.4 a 13.2 ± 0.3 a

(2.6) (2.7) (2.6) 0.07–1.5 g/100 g FW [36]

Sucrose
25.9 ± 1.0 b 29.0 ± 0.9 a 11.5 ± 0.3 c

(5.1) (5.7) (2.3) 2.15–5.9 g/100 g FW [36]

Total sugars 51.2 ± 1.3 b 55.0 ± 1.6 a 36.9 ± 1.5 c
(10.1) (10.8) (7.3)

Data are means ± SD (n = 3); Calculated based on * DW: Dry weight and ** FW: Fresh weight; Different letters at the
same row indicate significant differences at α = 0.05.

3.5. Total Phenolic Content (TPC)

The TPC results (free, bound and total) are summarized in Figure 1. After conversion to
fresh weight, the TPC in Australian grown feijoa fruit was higher than that reported in several
previous studies: 515 mg GAE/100 g FW (present study) versus. 93–251 mg GAE/100 g FW [13]
and 197–359 mg GAE/100 g FW [39], but relatively similar to the reported TPC for flesh, peel and
whole fruit of New Zealand grown feijoa cultivars [6]. Again, different cultivars/genotypes, growing
conditions/environment, locations, maturity as well as pre-and post-harvest treatment of the fruits are
most likely the reasons for the observed difference in TPC.
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Figure 1. Total phenolic content (TPC): (A) Free, (B) Bound and (C) Total (free + bound) in powdered
feijoa whole fruit, pulp and peel. The TPC was calculated on dry weight basis. Data are means ± SD
(n = 3). Different letters in the same figure indicate significant differences at α = 0.05.

Interestingly, the free-TPC was considerably higher than the bound-TPC in the whole fruit, pulp
and peel. This may affect the bioaccessibility (matrix-release) and subsequently, the bioavailability of
feijoa fruit polyphenols (potentially more bioaccessible and better bioavailable). However, this needs
to be substantiated in follow-up studies using in vitro digestion models and human clinical trials.
The feijoa peel had the highest TPC (p < 0.05), indicating a high content of bioactive (poly)phenols
which is in agreement with previous finding [6]. The potential utilization of feijoa peel as a source of
functional ingredients for food and nutraceutical applications should be investigated further.

3.6. Individual Phenolic Compounds

Results from chromatographic and mass spectrometric analysis show that dihydroxyflavone
(m/z 253), catechin (m/z 289) and ellagic acid (m/z 301) could be identified as the main free phenolic
compounds in the powdered feijoa fruit samples (Figure 2), whereas dihydroxyflavone, vanillic acid
(m/z 167), p-coumaric acid (m/z 163), ferulic acid (m/z 193) and ellagic acid were the main bound
polyphenolics. Interestingly, dihydroxyflavone (free and bound) was found predominantly in the peel
of the feijoa fruit, with up to 90% of the total amount (Figures 3 and 4). Consistent with the TPC results,
the concentrations of individual phenolics were significantly (p < 0.05) higher in the peel compared to
the fruit pulp. These findings are in agreement with recent studies that have also identified flavone,
catechin and ellagic acid as the major phenolic compounds in feijoa fruit [5,6,40]. It has been reported
that 7,8-dihydroxyflavone exerts strong neuroprotective effects in monkeys [41], is effective in early
brain trauma recovery in male rats [42], and has potential anticancer activity [40]. However, further
studies on the potential health benefits of feijoa fruit in humans and the exact mode of action of its
bioactive compounds are warranted.
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Figure 2. Representative UHPLC-PDA chromatograms of (A) feijoa pulp and (B) feijoa peel showing
the (main) phenolic compounds detected in the respective extracts.

Figure 3. Free (main) phenolic compounds, including (A) catechin, (B) dihydroxyflavone, (C) ellagic
acid, and (D) total amount of free polyphenols in the powdered feijoa fruit samples. Data are
means ± SD, n = 3. Different letters in the same figure indicate significant differences at α = 0.05.
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Figure 4. Bound (main) phenolic compounds, including (A) vanillic acid, (B) dihydroxyflavone,
(C) p-coumaric acid, (D) ferulic acid, (E) ellagic acid, and (F) total amount of bound polyphenols in the
powdered feijoa fruit samples. Data are means ± SD, n = 3. Different letters in the same figure indicate
significant differences at α = 0.05.

3.7. Vitamins

The results of the vitamin analysis are summarized in Tables 5 and 6. B-vitamins are crucial in many
metabolic and physiological processes and can act as coenzymes in the energy metabolism (vitamin B1,
B2, B3, B5 and B7), production of new cells (vitamin B6 and B12), protein metabolism (vitamin B6),
and are essential for a functioning nervous system (vitamin B1, B3 and B12) [43]. Pantothenic acid
(vitamin B5) was highest among the seven B-vitamins tested and a 250 g serve of feijoa fruit would
deliver almost 14% of the RDI for adults (Table 5).

Table 5. Selected B-vitamins in feijoa whole fruit powder.

Vitamins
Quantity (per 100 g) * Nutrition Information [31] (RDI

for Adults)Whole Fruit (DW) Whole Fruit (FW)

B1 (Thiamin) <5.0 μg <1 μg 1.1–1.2 mg/day
B2 (Riboflavin) <5.0 μg <1 μg 1.6 mg/day

B3 (Niacin) 270 μg 53.1 μg 14–16 mg/day
B5 (Pantothenic acid) 1100 μg 216.3 μg 4–6 mg/day

B6 (Pyridoxine) 190 μg 37.4 μg 1.7 mg/day
B7 (Biotin) <5.0 μg <1 μg 25–30 μg/day

B12 (Cyanocobalamin) <5.0 μg <1 μg 2.4 μg/day

Data are means of duplicate analysis; * Results in DW converted to FW based on the moisture content given in
Table 1; RDI: Recommend Dietary Intake.
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Table 6. Vitamin C and E in the powdered feijoa fruit samples.

Sample
Vitamin C (L-AA +DHAA) Literature Data

(mg/100 g FW)

Vitamin E (α-Tocopherol) Literature Data
(mg/100 g FW)(mg/100 g DW) * (mg/100 g FW) * (mg/100 g DW) * (mg/100 g FW) *

Whole fruit
powder 319.2 ± 2.5 b 62.8 ± 0.4 b

32.9 [43]
1.41 ± 0.11 b 0.28 ± 0.02 b 0.16 [43]

27.9–39.9 [7]

Pulp powder 281.1 ± 0.6 c 51.8 ± 0.1 c 38.7–92.5 [13] 0.27 ± 0.03 c 0.05 ± 0.01 c n/a

Peel powder 469.4 ± 4.3 a 95 ± 0.6 a 63.5–101 [13] 2.27 ± 0.14 a 0.45 ± 0.03 a n/a

* Data are means ± SD (n = 3); DW: Dry weight; FW: Fresh weight; Results in DW converted to FW based on the
moisture content given in Table 1; Different letters at the same column indicate significant differences at α = 0.05;
n/a: Not available.

The vitamin C content of feijoa fruit was considerably higher than previously reported data
(Table 6). According to the obtained results, 100 g fresh feijoa fruit (containing the fruit peel) would
supply 140% (62.8 mg) of the RDI of vitamin C for adults (45 mg/day [31]). Besides vitamin C, feijoa also
contained vitamin E (α-tocopherol). It has been shown that a high intake of vitamin E is correlated with
a reduced risk to develop non-communicable diseases [44]. Alpha-tocopherol, the most biologically
active form of vitamin E, was found as the main tocopherol constituent in the feijoa fruit samples.
Other tocopherol-forms were also present in the feijoa samples (data not shown), however, in very
low concentrations (at or below the limit of quantification) and therefore not quantified. To the best of
our knowledge, there is no previous investigation on the vitamin E content in feijoa pulp and peel.
The available data from the USDA (Table 6) do not provide clear information whether the analyzed
fruit contained the peel or not. Previously, the presence of α-tocopherol (qualitative analysis only) in
lipid extracts of feijoa leaves has been reported [45].

Based on the present results, Australian grown feijoa fruit can be considered as an ‘excellent’
source of vitamin C, but is not a major source of vitamin E like tomatoes (containing up to 8 mg vitamin
E/100 g FW [46]). The RDI for vitamin E for adults is 7–10 mg/day [31]. Furthermore, the peel sample
had significantly (p < 0.05) higher vitamin C and vitamin E levels than the feijoa pulp. This ‘trend’ was
similar to that already observed in the TPC/polyphenol-results.

3.8. Antimicrobial Activity

Antimicrobial efficacy of water and methanolic extracts of feijoa whole fruit, pulp and peel were
determined against three microorganisms: A Gram-positive S. aureus, a Gram-negative E coli and
a fungi C. albicans (Supplementary Figure S2). The inhibition zones varied from 11.9 to 23.4 mm
(Table 7), suggesting a ‘high’ to ‘very high’ antimicrobial activity of feijoa-extracts against the three
microorganisms tested. However, the water extracts of feijoa failed to show any activity against E. coli
and C. albicans. Overall, the methanolic extracts of feijoa peel had the strongest antimicrobial activity
of all samples/extracts, followed by the methanolic extracts of feijoa whole fruit.

Table 7. Inhibition zones of the methanolic and water extracts from different tissues of feijoa fruit.

Samples
E. coli S. aureus C. albicans

MeOH Water MeOH Water MeOH Water

Whole fruit powder 11.9 ± 0.2 b * - 23.1 ± 0.8 b 20.1 ± 0.1 b 15.5 ± 1.2 a -

Pulp powder - - 22.7 ± 0.3 b 18.9 ± 0.2 c - -

Peel powder 14.7 ± 1.1 a - 26.5 ± 0.2 a 23.4 ± 0 a 15.6 ± 3.2 a -

Antibiotic control 29.2 55.8 27.1

Methanol (20%, v/v) - - -

Data are means ± SD, n = 3; MeOH: Methanolic extracts; (*) Different letters in the same column indicate significant
difference at α = 0.05; (-) No zone of inhibition was observed. The zone of inhibition was categorized as low (1–6
mm), moderate (7–10 mm), high (11–15 mm), and very high antimicrobial activity (16–20 mm).
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S. aureus is an important pathogen responsible for causing foodborne diseases in humans. S. aureus
produces enterotoxins leading to food poisoning in humans [47]. Typically, humans are asymptomatic
carriers of enterotoxigenic S. aureus and carry it in nose, throat, and skin. Therefore, food handlers can
be an important source of food contamination. E. coli is an important food related pathogen. The genus
Candida comprises of ~200 species of fungi with distinguished morphological, biochemical and genetic
characteristics. They are known to be opportunistic pathogens, affecting mainly immunocompromised
individuals [48,49]. This study included C. albicans as reference fungi to assess the efficacy of feijoa
extracts against fungi.

Antimicrobial assessment indicated that methanolic extracts of feijoa tissues have broad
antimicrobial efficacy. The strong antimicrobial efficacy of the methanolic feijoa peel-extract is
in agreement with Motohashi et al., [9], who also reported a significant inhibitory effect of methanolic
extracts from feijoa peel against S. aureus, E. coli and C. albicans. Future studies are warranted to
identify individual bioactive compounds, released in different extracted solvents, that might contribute
to observed antimicrobial activity.

The results also indicate that the Gram-positive S. aureus was more susceptible to the tested
extracts compared to the Gram-negative E. coli. The difference in susceptibility between Gram-positive
and Gram-negative to feijoa extracts, can be attributed to the difference in the bacterial morphology.
Gram-negative bacteria like E. coli, contains an outer phospholipid membrane, which can act as an
effective barrier against hydrophobic molecules from penetrating the cell wall [50]. This complex outer
layer of Gram-negative bacteria allows them to be more resistant to plant extracts and essential oils
with antimicrobial activity

The antimicrobial efficacy of the feijoa samples could be attributed to the presence of bioactive
phytochemicals. As mentioned before, feijoa peel showed the strongest antimicrobial efficacy among
the tested samples, which correlates well with our observation that the feijoa peel in its powdered or
fresh form possesses the highest polyphenol and vitamin C concentration.

4. Conclusions

Our findings suggest that Australian grown feijoa fruits are a valuable source of dietary fibre,
minerals (potassium), polyphenols (e.g., flavones), vitamin C and B5, and exhibit a broad spectrum
of antimicrobial activity. The fruit peels have potential to be utilized for the extraction of functional
ingredients for the food and nutraceutical industries. The observed broad spectrum of antimicrobial
activity of feijoa fruit extracts is promising with regard to the potential use as natural food preservatives.
The assessment of the digestive stability, bioaccessibility (matrix release), bioavailability and subsequent
bioactivity both in vitro and in vivo are strongly recommended to get a better understanding of the
nutritional value of feijoa, an emerging fruit in the Australian fresh fruit market.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/9/376/s1,
Figure S1: Feijoa samples: fresh fruit and freeze-dried fruit powder, Figure S2: representative photos showing the
inhibitory activity of feijoa extracts (water and methanol) against gram-positive and gram-negative bacteria and
yeast. Samples tested included (2.1)–Whole fruit powder, (2.2)–Pulp powder, (2.3)–Skin powder, and (2.4)–Fresh
whole fruit puree.
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Abstract: This study systematically evaluated the main bioactive compounds and associated biological
properties of two Australian grown garlic cultivars and commercial non-Australian grown garlic
(for comparison purposes only). Additionally, the distribution of bioactive compounds in garlic
skin and clove samples was determined to obtain a better understanding of the potential biological
functionality of the different garlic parts. The identification and quantification of bioactive compounds
was performed by ultra-high performance liquid chromatography with mass spectrometry and
photodiode array detection (UHPLC-PDA-MS). A principal component analysis was applied to
assess the correlation between the determined bioactive compounds and antioxidant capacity as
well as antimicrobial activity. The content of phenolic compounds (free and bound forms) in the
garlic skin samples was significantly (p < 0.05) higher than that of the garlic cloves, and was also
higher (p < 0.05) in the Australian grown cultivars compared to the commercial non-Australian
grown garlic. Anthocyanins were found in the skin samples of the Australian grown garlic cultivars.
The organosulfur compounds were higher (p < 0.05) in the cloves compared to the skin samples
and higher (p < 0.05) in the Australian grown cultivars compared to the studied commercial sample.
As the richer source of bioactive compounds, the Australian grown garlic cultivars exhibited a
significantly (p < 0.05) higher antioxidant capacity and stronger (p < 0.05) antimicrobial activity
than the commercial non-Australian grown garlic. The potential of garlic cultivars rich in bioactive
compounds for domestic and industrial applications, e.g., condiment and natural food preservative,
should be explored further.

Keywords: Australian grown garlic; Allium sativum L.; polyphenols; organosulfur compounds;
antioxidant capacity; antimicrobial activity

1. Introduction

Garlic (Allium sativum L.) has been known as “aroma” vegetable, which is widely used as a
food ingredient in many countries and different cultures as a result of its characteristic flavor and
potential health benefits. Many studies have shown evidence of a significant reduction of the risk
of developing chronic diseases (e.g., cardiovascular, cancer, obesity, diabetes, high blood pressure,
platelet aggregation, cholesterol lowering) associated with garlic consumption [1–5]. Together with
therapeutic functions, garlic possesses additional biological activities such as antibacterial, antifungal,
and antioxidant properties [6–8], resulting in garlic being one of the most important vegetables
worldwide [9].

It has been suggested that the biological and health properties of garlic are derived from its
polyphenols and organosulfur compounds. Garlic possesses γ-glutamyl-S-alk(en)yl-L-cysteines
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and S-alk(en)yl-L-cysteine sulfoxides, particularly L-alliin as the major sulfur-containing compound
in intact garlic [2]. Under different physical treatments (e.g., cutting, crushing, or chewing), the
enzyme alliinase, released from the vacuole, lyses the S-alk(en)yl-L-cysteine sulfoxides to liberate the
majority of the characteristic aroma thiosulfinate compounds such as allicin, diallyl sulfide, and diallyl
disulfides [10,11]. These volatile compounds are extremely unstable and rapidly decomposed to form
other sulfur-containing compounds, which might not be the genuinely active compounds of garlic [12].

In addition to organosulfur compounds, garlic contains a diverse range of phenolic compounds
such as phenolic acids [13–15] and anthocyanins [16,17]. Whilst organosulfur compounds are extremely
unstable and susceptible to further transformation, recent attention has been placed on polyphenols
due to their potential role in health-related benefits for humans [1]. Apart from its phenolic and
organosulfur compounds, garlic is also rich in vitamins and minerals [18]. However, it should be
noted that the content of these bioactive compounds can vary depending on the genotype, agronomic
conditions, environmental factors, maturity, and post-harvest conditions [18–20]. It has been reported
that the total phenolic content decreases with the increase in organosulfur compounds and terpenoid
substances in mature garlic bulbs [15].

The available information on the phytochemical composition, tissue distribution (clove versus
skin) and bioactive properties of Australian grown garlic is very limited. Therefore, the aim of the
present study was (i) to generate crucial nutritional data, including the proximate composition, minerals,
heavy metals, polyphenols, and organosulfur compounds of Australian grown garlic, (ii) to determine
the distribution of polyphenols and organosulfur compounds within garlic (cloves versus skin), (iii)
to evaluate the antioxidant and antimicrobial activities, and (iv) to prove the potential correlations
between observed biological activities and determined bioactive compounds using principal component
analysis (PCA).

2. Materials and Methods

2.1. Materials

Fresh Australian grown garlic (Cultivars X and Y) were supplied from field samples grown in
St. George, Queensland, Australia. The cultivars X and Y were breeding lines that are being trialed
in Queensland and not available for commercial production yet. Commercial non-Australian grown
garlic (product of China) was purchased from a local supermarket in Brisbane, Queensland, Australia,
and was included for comparison. Fresh garlic samples were separated into cloves and skin and then
freeze-dried at −50 ◦C for 48 hours (CSK Climatek, Darra, Queensland, Australia). The lyophilized
materials were then ground to a very fine powder using a milling machine (Foss Cyclotec Sample Mill,
Mulgrave, Victoria, Australia), and stored in airtight containers at −35 ◦C for further analysis.

Phenolic standard compounds and L-alliin were HPLC grade and purchased from Sigma-Aldrich
(Castle Hill, New South Wales, Australia).

The following microbial cultures, included Gram-positive bacteria (Bacillus cereus ATCC 10876,
Listeria monocytogenes ATCC 19111; American Type Culture Collection, In Vitro Technologies Pty
Ltd., Noble Park Victoria, Australia, and Staphylococcus aureus NCTC 6571; National Collection of
Type Cultures, Health Protection Agency Centre for Infection, London, UK), Gram-negative bacteria
(Pseudomonas aeruginosa ATCC 10145, Escherichia coli NCTC 9001), and yeasts (Candida albicans ATCC
10231 and Rhodotorula mucilaginosa from the Culture Collection of the Centre for Nutrition and Food
Sciences, The University of Queensland, Queensland, Australia) were used for the antimicrobial test.

Plate count agar medium (PCA) (Oxoid, CM0325, Thermo Fisher Scientific Pty Ltd., Scoresby,
Victoria, Australia) and potato dextrose agar medium (PDA) (Oxoid, CM0139 Thermo Fisher Scientific
Pty Ltd.) were used to determine the antibacterial and antifungicidal activity, respectively.
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2.2. Proximate Analysis

Proximate analysis were performed on the freeze-dried powder of the edible garlic cloves at Symbio
Alliance Laboratories (Eight Mile Plains, Queensland, Australia), which is a National Association of
Testing Authorities (NATA) accredited laboratory that complies with International Organization for
Standardization/the International Electrotechnical Commission (ISO/IEC) 17025:2005. The analysis
was done according to the NATA approved in-house methods or the Association of Official Analytical
Chemists (AOAC) methods as follows: Protein by AOAC method 990.03 (AOAC, 1997); fat by AOAC
method 991.36 (AOAC, 1999); saturated, monounsaturated, polyunsaturated, and trans fatty acids by
gas chromatography with flame-ionization (in-house method CFH068.2); moisture by AOAC method
934.01 (AOAC, 1990); ash by AOAC method 923.03 (AOAC, 2000); minerals and heavy metals by
inductively coupled plasma mass spectrometry method (ICP_MS); total sugar, total dietary fiber, and
available carbohydrates by high performance liquid chromatography with refractive index detection
(in-house methods CFH001.1, CF057, and CF029.1, respectively); energy based on calculation from
proximate data (in-house method CF030.1); crude fiber by AOAC method 962.09 (AOAC, 1990); dry
matter by in-house method CF006.1 using an air-oven.

2.3. Analysis of Polyphenols and Organosulfur Compounds

2.3.1. Extraction of Free Compounds

The extraction of polyphenolic and organosulfur compounds was carried out as reported previously
by Inchikawa et al., [21], with few modifications. Briefly, 1 g of garlic clove powder or 0.5 g of garlic
skin powder were homogenized with 5 mL of 80% methanol containing 0.01 N of HCl for 30 s at
maximum speed (IKA Ultra-Turrax T-25 Digital Homogenizer, Staufen, Germany). The homogenate
was subsequently placed in an ultra-sonic water bath at room temperature for 30 min to support the
release of bioactive compounds, followed by centrifugation at 2500 rpm for 5 min at room temperature
(Eppendorf Centrifuge 5804, Hamburg-Eppendorf, Germany). Supernatants were retained, whilst the
residues were re-extracted with 80% methanol containing 0.01 N of HCl and applied to ultra-sonication
for another 10 min and centrifuged, as described above. Finally, the supernatants were combined
and filtered through 0.2 μm membrane filters (GHP Acrodisc, Pall, Cheltenham, Victoria, Australia)
for chromatographic analysis using ultra-high performance liquid chromatography coupled with
photodiode array detection or mass spectrometry (UHPLC-PDA or UHPLC-MS), oxygen radical
absorbance capacity (ORAC), and total phenolic content (TPC) measurements. The extractions were
conducted in triplicate.

2.3.2. Extraction of Bound Phenolic Compounds

The extraction of bound phenolic compounds followed the method described by Adom and
Liu [22] with modifications. Briefly, the residues obtained from the free phenolics extraction were
subjected to alkaline hydrolysis by 2M of NaOH and shaken for 1 h at 200 rpm, using a reciprocating
shaker (RP1812, Paton Scientific, Victor Harbor, South Australia, Australia). Then, the samples were
acidified to pH 2.0 with concentrated HCl. Subsequently, ethyl acetate was added and mixed on
a vortex for 30 s to extract the released bound-phenolic compounds into the organic solvent phase.
The samples were centrifuged at 1500 rpm at room temperature for 5 min, and the upper phase
was retained, while the lower phase was subjected to another three rounds of extraction with ethyl
acetate, as described above. Supernatants were combined and dried under nitrogen at 40 ◦C in a dry
block heater (DBH30D, Ratek Instruments Pty Ltd., Boronia, Victoria, Australia). The extracts were
re-dissolved in 50% methanol containing 1% formic acid for further analysis.

2.4. Total Phenolic Content and Antioxidant Capacity

Total phenolic content (TPC) was measured by employing a Folin–Ciocalteu assay as reported
previously [23], using a micro-plate absorbance reader (Sunrise, Tecan, Maennedorf, Switzerland) at
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700 nm. TPC is expressed as milligrams of gallic acid equivalents per gram of sample (mg GAE/g),
based on the standard curve obtained from the gallic acid at different concentrations (0 mg/L, 21 mg/L,
42 mg/L, 63 mg/L, 84 mg/L, and 105 mg/L). ORAC assay was performed followed the method developed
previously [24], using a micro-plate reader (VICTOR3 2030 multilabel counter, PerkinElmer, Waltham,
MA, USA) equipped with fluorescent filters (excitation at 485 nm and emission at 520 nm). Antioxidant
capacity is presented as μMol of Trolox equivalents per gram of sample based on the standard curve
obtained from the Trolox standard at different concentrations (0 μMol, 6.25 μMol, 12.5 μMol, 25 μMol,
50 μMol, and 100 μMol).

2.5. Quantification of Polyphenols and Organosulfur Compounds

2.5.1. Phenolic Acids

Phenolic acid extracts, including free and bound forms, were analyzed using a Waters AcquityTM

UPLC-PDA System (Waters, Rydalmere, New South Wales, Australia). The compounds were separated
on a Waters HSS-T3 column (100 × 2.1 mm i.d; 1.8 μm) maintained at 40 ◦C, with 0.1% formic acid
in Milli-Q-water (v/v) as eluent A and 0.1% formic acid in acetonitrile (v/v) as eluent B. The gradient
program is as follows: 3 min, 5% B; 4.3 min, 20% B; 9 min, 45% B; 11 min, 100% B; 14 min, 100% B, and
17 min, 5% B. The flow rate was at 0.4 mL/min. Phenolic acids were quantified at 280 nm using the
external calibration curves of phenolic acid standards, including p-hydroxybenzoic acid, vanillic acid,
caffeic acid, p-coumaric acid, ferulic acid, and sinapic acid.

2.5.2. Anthocyanins

Anthocyanins in the garlic skin samples were analyzed using an Agilent 1290 Infinity UPLC-PDA
System (Agilent Technologies, Santa Clara, CA, USA), following the methods of Gasperotti et al. [25]
and Fredericks et al. [26]. A Waters C18 BEH column (100 × 2.1 mm i.d; 1.8 μm) maintained at 60 ◦C
was used to separate the compounds, using 1% formic acid in Milli-Q water (eluent A) and 1% formic
acid in acetonitrile (eluent B). The gradient program (time (min), % B) was (0.0, 8); (6.0, 15); (7.0, 90);
(8.0, 90); (15.0, 8), with a flow rate of 0.45 mL/min. Anthocyanins were quantified at 520 nm, with an
external calibration curve of cyanidin-3-glucoside (Cya-3-glc).

2.5.3. Organosulfur Compounds

Organosulfur compounds were analyzed and quantified according to the method developed by
Ichikawa et al. [21], with modifications. A Waters BEH-Amide column (100 × 2.1 mm i.d; 1.7 μm) at
25 ◦C was used to separate the compounds, with 0.1% formic acid in Milli-Q water (eluent A) and 0.1%
formic acid in acetonitrile (eluent B). 80% B was used isocratically, with a flow rate of 0.15 mL/min.
The organosulfur compounds were quantified at 210 nm using an external calibration curve of L-alliin.

2.5.4. Identification of Polyphenols and Organosulfur Compounds

Peak identities of the detected phenolic acids, anthocyanins, and organosulfur compounds were
confirmed using a Thermo high resolution Q Exactive mass spectrometer equipped with a Dionex
Ultimate 3000 UHPLC system (Thermo Fisher Scientific Pty Ltd.). A full scan in both positive and
negative (ESI) ionization mode was acquired at a resolving power of 70,000 full width half maximum.
For the compounds of interest, a MS scan range of m/z 100–1200 was selected. Negative ionization
mode was employed for all the phenolic acids, while positive ionization mode was applied for the
identification of anthocyanins and organosulfur compounds. A data processing method using Thermo
XcaliburTM software (Thermo Fisher Scientific Pty Ltd.) was employed to confirm the identities of
individual compounds.
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2.6. Antimicrobial Screening Test

Freeze-dried garlic skin powder (1 g) and garlic clove powder (2 g) were extracted with hot water
(80 ◦C) or methanol (60 ◦C) for eight cycles using a Dionex™ Accelerated Solvent Extraction (ASE)
system (Dionex™, Sunnyvale, CA, USA). Following the extraction, the water and methanol extracts
were evaporated at 60 ◦C and 40 ◦C, respectively in a centrifugal vacuum concentrator (miVac sample
Duo concentrator) (Genevac Inc, New York, NY, USA) until dryness. Ethanol 20% (v/v) was used to
reconstitute the extract precipitates prior to antimicrobial activity testing.

Fresh microorganism colonies that had been revived from stock cultures for 24 h or 48 h (depending
on growth) were dissolved into saline solution to reach the final absorbance reading of approximately
0.1 at 540 nm. The obtained bacterial solution was used to inoculate the standard agar plates. The disc
diffusion method was applied for the antimicrobial activity test by placing a sterilized Whatman No. 1
Filter paper disc (13 mm i.d) onto the agar plates that had been inoculated with fresh bacterial solutions.
One hundred μL of the reconstituted extract solutions from both the ASE water and methanolic extracts
were added to the filter paper discs in triplicate. A negative control (ethanol 20%) was also included
in the test. The agar plates were incubated at 37 ◦C for 24 h or 48 h (depending on growth), and the
inhibition zones were recorded.

2.7. Statistical Analysis

A one-way analysis of variance (ANOVA), using Minitab 16 for Windows (Minitab Inc., State
College, PA, USA), was applied to test the variances of measurements. A p value of 0.05 or less was
used to determine significant differences. Chemometric data analysis was performed for data matrix,
including six samples with triplicate values and 36 variables, using Unscrambler®X 10.3 (CAMO
Software Inc., Magnolia, TX, USA). Data was normalized to similar weights for all the variables
prior to principal component analysis (PCA). The PCA score plot and correlation loading plot were
calculated for sample grouping and general evaluation of the correlation between the variables and
sample characteristics.

3. Results and Discussion

3.1. Proximate

The results of the proximate analysis of garlic cloves show that all three samples have a relative
similar composition, except for the protein content, which was higher in the Australian grown cultivars
compared to the non-Australian grown garlic (22–23% DW versus 16.8% DW) (Table 1). In contrast, the
total carbohydrate and sugar content in the Australian grown garlic were lower than in the commercial
non-Australian grown garlic. The slight difference in the proximate composition probably reflects the
differences in cultivars, growing conditions, and locations, as reported previously [27]. The minerals
and heavy metals of all the samples were found to be in the range of the regulatory limits, as shown in
Table 1.
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3.2. Total Phenolic Content (TPC)

Figure 1 shows significant (p < 0.05) differences in the free, bound, and total TPC of the garlic
samples studied. Overall, the free TPC was higher than the bound TPC; meanwhile, the free, bound,
and total TPC were greater in the skin samples compared to the cloves, except for the free TPC in
the commercial non-Australian grown garlic. Furthermore, the total TPC in the skin samples of the
Australian grown garlic cultivars was significantly (p < 0.05) higher than in the commercial sample
tested, whereas the cloves had a significant (p < 0.05) lower total TPC than the studied commercial
garlic. The TPC results in the present study are in the same range as reported in the literature [15,27,32]
and also in agreement with the findings of Nuutila et al. [33], who reported that the TPC in garlic skin
is higher than in the cloves. Interestingly, the TPC of the Australian grown garlic was comparable with
that of other garlic cultivars reported such as Spanish Roja, Chinese Spring, and California White [34].

b b

c c

a a

c c c

ab b

c

d d

b

a a

Figure 1. (A) Free, (B) bound, and (C) total (free + bound) TPC of different garlic cultivars and tissues.
Data present mean ± SD (n = 3). Different letters in the same figure indicate significant difference at
α = 0.05.

3.3. Bioactive Compounds

3.3.1. Phenolic Acids and Anthocyanins

Several phenolic acids and anthocyanins could be identified and quantified in the ‘free and
bound’ extracts (Tables 2 and 3) and were predominantly found in the garlic skin samples (Table 3).
These findings support the obtained TPC results, which demonstrated a higher content of phenolic
compounds in the skin compared to the cloves. The phenolic acid concentrations (free and bound) in
the skin samples of the Australian grown garlic cultivars were significantly (p < 0.05) higher than in
the commercial non-Australian grown garlic, whereas the cloves of the selected commercial sample
contained more (p < 0.05) phenolic acids than the Australian grown cultivars. However, the amount
of individual phenolic acids in the cloves of all the garlic samples was much lower than that in the
garlic skin samples, as shown in Table 3. The main phenolic compounds found in the Australian
grown garlic in the present study were slightly different to the polyphenolics of nine commercial garlic
varieties grown in different countries [35]. This again reflects the impact of cultivars and environmental
conditions on the polyphenolic composition in garlic.

Anthocyanins could only be detected in the skin samples of the Australian grown garlic with
cyanidin-3-(6’-malonyl)-glucoside as the main anthocyanin in both cultivars (Table 3). The available
information about the anthocyanins present in garlic is very limited. However, our findings are in
agreement with previous studies [36,37], confirming that cyanidin-3-(6’-manolyl)-glucoside is the main
anthocyanin in garlic leaves (skin).
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Table 2. Characteristics of phenolic acids and anthocyanins detected in the garlic samples. UHPLC:
ultra-high performance liquid chromatography with photodiode array detection.

Tentative Identified
Compound

Retention Time
(min)

UHPLC-PDA max 
(nm)

[M–H]–m/z Previous Reports

Phenolic acids

Vanillic acid 3.6 280 167.0338 [14,27]
Caffeic acid 3.8 280 179.0438 [14,27,38]

p-Coumaric acid 4.6 280 163.0401 [13]
Ferulic acid 5.1 280 193.0495 [13,27,38]
Sinapic acid 5.3 280 223.0603 [13,14,27]

Anthocyanins [M–H]+ and fragment
MS2

Cyanidin-3-(6’-malonyl)-glucoside) 3.5 520 535.1024, 287.0550 [17,36,37]

Cyanidin-based compound 5.2 520 862.2545, 538.1505,
287.0550 [16,37]

Pelargonidin-based
compound 5.4 520 447.3906, 271.2058

Table 3. Content of phenolic acids and anthocyanins in the garlic samples studied.

Phenolic
Compounds

Non-Australian Garlic Australian X Garlic Australian Y Garlic

Clove Skin Clove Skin Clove Skin

Free phenolic acids (mg/100 g DW)

Vanillic acid - 0.6 ± 0.06 a - 0.4 ± 0.02 b - 0.5 ± 0.02 b
Caffeic acid 0.1 ± 0.01 c (*) 0.6 ± 0.17 b 0.11 ± 0.04 c 0.9 ± 0.02 ab 0.13 ± 0.02 c 0.9 ± 0.02 a

p-Coumaric acid - - - 8.0 ± 0.3 a - 5.7 ± 0.4 b
Ferulic acid - 1.7 ± 0.04 c - 15.2 ± 0.8 b - 30.5 ± 1.2 a

Sum 0.1 ± 0.01 d 2.9 ± 0.2 c 0.11 ± 0.04 d 24.4 ± 0.9 b 0.13 ± 0.02 d 37.5 ± 1.5 a

Bound phenolic acids (mg/100 g DW)

Vanillic acid 0.02 ± 0.01 c 1.0 ± 0.06 a - 0.2 ± 0.01 b - 0.3 ± 0.03 b
Caffeic acid 0.04 ± 0.02 d 0.5 ± 0.04 c 0.02 ± 0.001 d 0.9 ± 0.04 b 0.02 ± 0.001 d 1.3 ± 0.05 a

p-Coumaric acid 0.05 ± 0.001 d 4.0 ± 0.28 c 0.2 ± 0.01 d 16.1 ± 0.3 b 0.14 ± 0.02 d 33.2 ± 0.5 a
Ferulic acid 0.07 ± 0.001 d 2.5 ± 0.05 c 0.1 ± 0.02 d 21.7 ± 0.6 b 0.11 ± 0.02 d 37.4 ± 0.5 a
Sinapic acid 0.4 ± 0.01 d 3.0 ± 0.34 c - 6.9 ± 0.3 a - 3.9 ± 0.2 b

Sum 0.6 ± 0.04 d 11.0 ± 0.7 c 0.3 ± 0.03 d 45.9 ± 0.6 b 0.4 ± 0.01 d 76.1 ± 1.1 a

Anthocyanins (mg Cya-3-glc equivalents/100 g DW)

Cyanidin-3-(6’-malonyl)-
glucoside - - - 0.2 ± 0.02 a - 0.2 ± 0.01 a

Cyanidin-based
compound - - - 0.03 ± 0.001 a - 0.02 ± 0.001 a

Pelargonidin-based
compound - - - 0.1 ± 0.01 a - 0.09 ± 0.01 a

Sum 0.3 ± 0.02 a 0.3 ± 0.02 a

(*) Data are mean ± SD (n = 3); different letters at the same row indicate significant differences at α = 0.05. (-): Not
detected or presented in traces.

3.3.2. Organosulfur Compounds

Three different organosulfur compounds could be identified by UHPLC-PDA-MS, including
L-alliin, an alliin isomer, and methiin (Table 4). L-alliin was the predominant compound contributing
to more than 90% of the total amount of organosulfur compounds in the garlic cloves (Figure 2). This is
in agreement with a previous study, identifying L-alliin as the main organosulfur compound in garlic
bulb [2]. Overall, L-alliin was found at significantly (p < 0.05) higher levels in the garlic cloves than
in the garlic skin samples. However, the concentrations of L-alliin and total amount of organosulfur
compounds were significantly (p < 0.05) higher in the Australian grown garlic cultivars than that in
the commercial non-Australian grown garlic (both cloves and skin; Figure 2). An isomer of L-alliin
was also identified in the garlic samples, but at a very low concentration (Table 4 and Figure 2). This
obtained result is in agreement with the findings reported by Ichikawa et al. [21]. Furthermore, the
profile of organosulfur compounds in the garlic samples investigated in the present study was similar
to that reported by Horníčková et al. [39], who investigated 58 different garlic genotypes, with L-alliin
being found as the predominant compound, followed by an alliin isomer and methiin as the minor
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ones. The characteristic distribution of bioactive compounds between the garlic cloves and skin (more
organosulfur compounds in the cloves, but more phenolic compounds in the skin) may also affect the
bioactive properties of these various garlic tissues.

Table 4. Characteristics of organosulfur compounds detected in the garlic samples.

Tentative Identified
Compound

Retention Time
(min)

UPLC-PDA max 
(nm)

[M–H]–m/z Previous Reports

L-alliin
Alliin isomer

Methiin

5.8
7.6
9.0

210
210
210

178.0532, 88.0398
178.0532, 88.0398

152.0375

[21,40,41]
[21]

[21,41]

b

c

a a

c c

a

d

c

d

b

d

a

a

a

b

c

a a

c
c

Figure 2. Total amount of organosulfur compounds (A) and individual organosulfur compounds,
including L-alliin (B), alliin isomer (C), and methiin (D) in different garlic samples. Data present mean
± SD (n = 3). Different letters in the same figure indicate significant differences at α = 0.05.

3.4. ORAC Assay

Figure 3 presents the ORAC results of the garlic clove and skin samples and shows a potential
correlation between ORAC and the determined bioactive phytochemicals. The highest ORAC
antioxidant capacity was found in the garlic clove samples (Figure 3). Particularly, the ORAC values
of the Australian grown garlic cultivars were higher than those of the commercial non-Australian
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grown garlic (p < 0.05 for the skin samples and p > 0.05 (trend) for the cloves). In addition, the ORAC
data had the strongest positive correlation with the organosulfur compounds (R2 = 0.646), which was
considerably higher than the correlation with the TPC (R2 = 0.2421), phenolic acids (R2 = 0.0304), and
anthocyanins (R2 = 0.0228) (Figure 3). This suggests that L-alliin is most likely responsible for the
observed antioxidant capacity determined by ORAC. These results are in agreement with previous
publications, which reported a strong correlation between antioxidant capacity and organosulfur
compounds in a broad range of Allium vegetables, including garlic, onion, chive, shallot, Chinese leek,
and hooker chive [42–44]. Furthermore, the superoxide and hydroxyl radical scavenging capacity of
common organosulfur compounds, including L-alliin, allyl cysteine, allyl disulfide, and allicin have
been previously demonstrated in the study by Chung [45].

Figure 3. (A) Antioxidant capacity (Oxygen radical absorbance capacity—ORAC) and correlation
between ORAC values and the determined (free) phytochemicals in the analyzed garlic samples: [B]
ORAC vs. free total phenolic content (TPC), [C] ORAC vs. free total phenolic acids, [D] ORAC vs. total
anthocyanins, and [E] ORAC vs. total organosulfur compounds. Different letters in Figure A indicate
significant differences in antioxidant capacity among the samples tested at α = 0.05 (n = 3).
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3.5. Antimicrobial Activity

Garlic has been proved to be effective against a wide range of microorganisms [46]. The results of
the antimicrobial activity testing of the methanolic and water extracts of the different garlic samples
(cultivars and tissues) are presented in Table 5. Generally, there is variation in the antimicrobial activity
between the Australian grown garlic and the commercial non-Australian grown sample and between
different garlic tissues. The garlic clove samples clearly showed a stronger antimicrobial activity
(extended inhibition zone) compared to the skin samples (Table 5), which is most likely due to the
relatively high concentrations of organosulfur compounds (mainly L-alliin, which is a well-known
strong antibacterial reagent) presenting in the garlic cloves. In addition, the results indicated a better
antimicrobial effect induced by the methanolic extract of both the Australian grown garlic glove
and skin samples (particularly cultivar X) compared to the studied commercial sample. While the
skin samples of Australian grown garlic showed limited inhibitory effects to several bacteria and
yeast, the commercial non-Australian grown garlic skin sample did not show inhibitory effects to any
microorganism tested (Table 5). This suggests a promising application for the development of natural
food preservatives from the extracts of the garlic cloves and garlic skin (potential utilization for the
Australian grown garlic).

Table 5. Antimicrobial activity of different garlic samples against food-related microorganisms
(inhibition zone in mm).

Microorganism

Negative
Control

(20% Ethanol)
Non-Australian Garlic Australian X Garlic Australian Y Garlic

Clove Skin Clove Skin Clove Skin

Water extraction

B. cereus - - - 21.7 ± 1.2 a * - 21.9 ± 1.3 a -
L. monocytogenes - 32.9 ± 0.5 a - 33.9 ± 1.2 a - 33.5 ± 1.5 a -

P. aeruginosa - - - - - - -
C. albicans - 23.9 ± 0.7 a - 23.5 ± 3.7 a 16 ± 0.5 b 24.5 ± 0.8 a 22.7 ± 1.3 a

R. mucilaginosa - 27.2 ± 1.2 ab - 27.1 ± 0.4 b 17.6 ± 2.4 d 30.7 ± 0.8 a 23.4 ± 0.8 c
S.aureus - 18.9 ± 0.5 c - 19.1 ± 1.1 c 22 ± 0.6 b 24.8 ± 0.6 a -

E. Coli - 16.9 ± 0.1 a - 15.8 ± 0.7 a 16.8 ± 0.6 a
Possibly
partial

inhibition
-

Methanolic extraction

B. cereus - 22.7 ± 0.6 c - 30 ± 1.8 a - 25.6 ± 1 b 13.3 ± 0.5 d
L. monocytogenes - 24.9 ± 0.7 a - 25 ± 1.5 a 19.2 ± 0.4 b 20.6 ± 0.8 b 19.2 ± 0.7 b

P. aeruginosa - - - 13.5 ± 0.4 a - 14.0 ± 0.5 a -
C. albicans - 38.3 ± 1.6 ab - 40.9 ± 1.5 a 21.3 ± 1.1 c 37.1 ± 0.7 b 23.9 ± 1.2 c

R. mucilaginosa - 37.3 ± 0.9 a - 37 ± 0.4 a 24.0 ± 2.2 c 32.0 ± 1.1 b 27.3 ± 0.9 c
S. aureus - 27.3 ± 4.7 ab - 34.3 ± 2.1 a 20.5 ± 0.3 bc 30.0 ± 3.6 a 19.4 ± 0.5 c
E. Coli - 19.8 ± 0.1 b - 23.9 ± 0.6 a - 19.6 ± 0.5 b -

* Data expressed as mean ± SD (n = 3). Mean values of each row with different letters are significantly different
(p < 0.05). (–) Denotes that no zone of inhibition was observed. Criteria for antimicrobial activity: <10 mm, weak;
10–15 mm, moderate and >15 mm, strong.

The inhibitory effect is also found to be dependent on the type of solvent used for the extraction. For
example, the methanolic extracts showed a greater inhibitory zone to most of the tested microorganisms
(p < 0.05) compared to the water extracts of the corresponding samples (Table 5). The obtained
results were not surprising, as methanol has been reported to be more efficient in the extraction
of bioactive compounds in a garlic matrix compared to water [47,48]. The results of antimicrobial
activity are in agreement with the results reported by the others that aqueous extracts of commercial
freeze-dried garlic powder or fresh garlic cloves showed inhibitory effects to food-related bacteria,
yeasts, fungi, and viruses. A strong inhibitory activity could be observed against Candida albicans and
Listeria monocytogenes, but was less effective against Escherichia coli and Staphylococcus aureus [49,50].
These findings of antimicrobial activity warrant future studies determining/identifying the individual
bioactive compounds that are responsible for the observed antimicrobial activity.
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3.6. Multivariate Data Analysis

The PCA score plot (Figure 4) classifies the samples studied in three distinguished groups: the
clove samples of the three garlic cultivars, the skin samples of the Australian grown garlic, and the skin
sample of the commercial non-Australian grown garlic. This finding supports the UHPLC-PDA-MS
results, which could show significant (p < 0.05) differences in the phytochemical profiles between garlic
skin and cloves as well as the Australian grown garlic and commercial non-Australian grown garlic.
Furthermore, the anthocyanins that are only present in the skin samples of the Australian grown garlic
also contributed to the differentiation between Australian grown garlic skin and studied commercial
garlic skin (PCA score plot, Figure 4).

Figure 4. Principal component analysis (PCA) score plot classifies the samples into three distinguished
groups (Aus: Australian).

The PCA correlation loading plot (PC1 versus PC2; Figure 5) helps correlate the samples and the
variables measured. The PCA model predicts that the skin samples of the Australian grown garlic
cultivars have a positive correlation with the determined phenolic compounds (both free and bound)
as well as associated bioactive properties (ORAC and antimicrobial activity). In contrast, the skin
sample of the commercial non-Australian grown garlic shows a negative correlation with almost all the
measured variables, except for vanillic acid (Variable No. 3 and 20; Figure 5), indicating a lower total
phytochemical content and subsequently limited exertion of bioactive properties. On the other hand,
L-alliin, alliin-isomer, and the total organo-sulfur compounds correlate well with the clove samples of
all three garlic cultivars studied. In addition, there is a positive correlation between the antimicrobial
activity against a wide range of food-related microorganisms (e.g., B. cereus and P. aeruginosa; variables
No. 27, 29, and 34) and the garlic clove samples (all the cultivars), predicting that the clove tissue and
its bioactive phytochemicals are potential efficient antimicrobial ‘agents’.

78



Foods 2019, 8, 358

Figure 5. PCA loading plot describes all variables analyzed including polyphenols, organosulfur
compounds, and associated bioactive properties.

Numbers listed in the PCA loading plot (Figure 5) are representing multiple variables as follows:
(F: Free; B: bound, W: water extract; MeOH: Methanolic extract).

1. TPC-F 10. L-Alliin 19. Sinapic acid_B 28. L. monocytogenes_W 

2. ORAC 11. Allin isomer 20. Vanillic acid_B 29. P. aeruginosa_W 

3. Vanillic acid_F 12. Methiin 21. Total Phenolic acids_B 30. C. albicans_W 

4. Caffeic acid_F 13. Total organosulfur compounds 22.Total Anthocyanins 31. R. mucilaginosa_W 

5. p-Coumaric acid_F 14. Total Phenolic acids_F 23. S. aureus _W 32. B. cereus_MeOH 

6. Ferulic acid- F 15. TPC_B 24. E. coli_W 33. L. monocytogenes_MeOH 

7. Cyanidin-3-(6’-malonyl)-glucoside 16. Caffeic acid_B 25. S. aureus_MeOH 34. P. aeruginosa_MeOH 

8. Cyanidin-based compound 17. p-Coumaric acid_B 26. E. coli_MEOH 35. C. albicans_MeOH 

9. Pelargonidin-based compound 18. Ferulic acid_B 27. B. cereus_W 36. R. mucilaginosa_MeOH 

4. Conclusions

This study uncovered significant differences in the profiles of bioactive phytochemicals in different
garlic cultivars as well as garlic tissues (skin and cloves). Both the skin and cloves of the Australian
grown garlic cultivars were higher in bioactive phytochemicals than the commercial non-Australian
grown garlic, which was an import from overseas. Furthermore, the garlic cloves could be identified
as a rich source of organosulfur compounds (mainly L-alliin), resulting in a high antioxidant capacity
and strong antimicrobial activity. Anthocyanins were only present in the skin of the Australian
grown garlic, suggesting potential for the utilization as a by-product. However, detailed follow-up
studies are warranted with more samples, quantity, and cultivars, in order to elucidate the potential of
phytochemical-rich garlic for domestic and industrial applications (e.g., natural food preservatives),
but also to further assess the nutritional value of garlic in a diverse and healthy diet.
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Abstract: Non-heading Chinese cabbage (Brassica rapa L. subsp. chinensis) is a widely consumed leafy
vegetable by the rural people in South Africa. Traditional blanching methods (5%, 10% or 20% lemon
juice solutions in steam, microwave treatments and hot water bath at 95 ◦C) on the changes of colour
properties, phenolic metabolites, glucosinolates and antioxidant properties were investigated in this
study. Blanching at 95 ◦C in 5% lemon juice solution maintained the chlorophyll content, reduced the
difference in colour change ΔE, and increased the total phenolic content and the antioxidant activities
(ferric reducing-antioxidant power assay (FRAP) and Trolox equivalent antioxidant capacity (TEAC)
assay). The highest concentration of kaempferol-dihexoside, kaempferol-sophoroside, kaempferol
hexoside, and ferulic acid was noted in samples blanched in 5% lemon juice, at 95 ◦C. However,
concentrations of kaempferol O-sophoroside-O-hexoside was highest in raw leaf samples. Supervised
Orthogonal Projections to Latent Structures Discriminant Analysis (OPLS-DA) and the UPLC-MS and
chemometric approach showed the acid protocatechuoyl hexose unique marker identified responsible
for the separation of the blanching treatments (5% lemon juice at 95◦ C) and raw leaves. However,
other unidentified markers are also responsible for the separation of the two groups (the raw leaves
and the hot water moist blanched samples) and these need to be identified. Blanching at 95 ◦C in
10% lemon solution significantly increased the glucosinolate sinigrin content. Overall blanching at
95 ◦C in 5% lemon juice solution can be recommended to preserve the functional compounds in
Nightshade leaves.

Keywords: Brassica vegetables; bioactive compounds; postharvest processing; kaempferol; sinigrin

1. Introduction

Non-heading Chinese cabbage (Brassica rapa L. subsp. chinensis), a leafy vegetable, is widely
consumed in Venda, Limpopo Province, South Africa [1]. Chinese cabbage is an indigenous African
leafy vegetable and it is grown in smallholder cropping systems or in-home gardens. Since the
indigenous African leafy vegetable is an inexpensive source of dietary minerals, trace elements and
antioxidant phytochemicals, it can be introduced in diet diversification programmes. Chinese cabbage
leaves contain Ca (1020 g kg−1 FW), Fe (26 g kg−1 FW) [2], total glucosinolates (10.926 μmol g−1

DW) [3], and phytochemicals such as β-carotene (2305 × 10−5 g kg−1 FW) and kempferol (0.2002 to
0.25 g kg−1) [2]. Glucosinolates are the precursors of the isothiocyanates that are responsible for cancer
preventative effects [4]. Thus, it has been proven in in vivo and in vitro studies that Brassicaceae species
are capable of the detoxification of carcinogens and the prevention thereof due to their antioxidant
activities [4]. The isothiocyanates are responsible for their anticancerogenic [5], anti-inflammatory [6]
and antidiabetogenic [7] properties. African vegetables are bitter when eaten in raw form [8]. Therefore,
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traditionally Chinese cabbage is cooked using various cooking methods such as boiling, steaming or
moist cooking (blanching). Traditionally cooked Chinese cabbage is consumed as a side dish with a
thick starchy maize meal. However, cooked leaves of Chinese cabbage are currently used in Southern
African cuisine as a filling for pastries or burgers. While cooking (thermal processing) reduces the
bitterness of the Chinese cabbage [9], extensive cooking procedures can affect the composition of the
functional compounds and their bioavailability, and as a result this could affect their biological activity
and health benefits, more particularly, causing heat-induced myrosinase inactivation and the reduced
production of isothiocyanates [9,10]. However, the extent of the loss of isothiocyanates is dependent
on the type of processing method and the duration thereof [11].

Furthermore, in East African traditional brassica crops, the predominant
flavonoid glycosides are monoacylated kaempferol di-, tri- and tetraglycosides such as
kaempferol-3-O-sinapoyl-sophoroside-7-O-diglucoside and, therefore, benefit human health
due to their anticancer and anti-inflammatory activities [11]. Therefore, the objectives of this study
were to determine the impact of traditionally used moist cooking on colour, phenolic compounds,
glucosinolates and antioxidant activity in Chinese cabbage (Brassica rapa L. subsp. chinensis).

2. Materials and Methods

2.1. Plant Material

Chinese cabbage (Brassica rapa L. subsp. chinensis) leaves were obtained from the Tshiombo
irrigation scheme in Venda, Limpopo, South Africa. The leaves were harvested at the 8-leaf stage
reached after 60 to 95 days of planting [1]. Leaves free from dirt and damage caused by pests or
decay were selected. Thereafter, the leave samples (50 g) were washed with tap water and the leaves
were subsequently blanched using a hot water bath, microwave and steam according to the methods
described below.

2.2. Moist Cooking Treatment

Chinese cabbage leaves (50 g) were subjected to the following blanching treatments;

(i) blanching at 95 ◦C in water bath [thermostatically regulated water bath (PolyScience, Niles, IL,
USA)] for 5 min in water, or in 5%, 10% or 20% lemon juice solutions;

(ii) a microwave treatment (Defy) (household) working at 2450 MHz–900 W for 5 min in water, or in
5%, 10% or 20% lemon juice solutions;

(iii) steaming in stainless steel steamer pot for 5 min in water or in 5%, 10% or 20% lemon juice
solutions at 100 ◦C.

The pH of the 5%, 10% or 20% solutions were 4.2–4.4, 3.3–3.4 and 2.2–2.5, respectively.
Thereafter the samples from the selected treatments were subjected to a detailed analysis of

the antinutritive compounds, total phenols, and phenolic metabolites and antioxidant properties.
The selected samples were snap frozen in liquid nitrogen and stored at −80 ◦C for all the biochemical
analyses. The raw snap frozen samples were included as the control in this study. Each treatment had
a set of ten replicates.

2.3. Chemicals

Acetone hexane, dimethylsulfoxide (DMSO), methanol, acetonitrile, formic acid, chlorogenic
acid (≥95%), catechin (≥95%), luteolin (≥95%), epicatechin (≥95%) and rutinn (≥95%), sodium
acetate (≥95%), ferulic acid (≥95%), rutin (≥95%), kaempferol O-sophoroside-O-hexoside
(≥95%), myrectin-O-arabinoside (≥95%), 2,4,6-tris(2-pyridyl)-1,3,5-triazine, hydrochloric acid
(HCl), ferric chloride (FeCl3), Trolox, 2,2′-azobis(2-amidinopropane) hydrochloride (ABAP),
2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate), phosphate, sodium chloride (NaCl), ammonium
hydroxide (NH4OH), Folin–Ciocalteu reagent, sodium carbonate (Na2CO3), gallic acid,
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1 methoxyglucobrassicin, 4-methoxyglucobrassicin and sinigrin were purchased from Sigma Aldrich,
Johannesburg, South Africa.

2.4. Colour Measurement

The colour of the Chinese cabbage leaf was measured using a Minolta CR-400 chromameter
(Minolta, Osaka, Japan). In the International Commission on Illumination (CIE) CIE colour system,
colour coordinate a* can be related to the red and green colours when it has a positive or negative value.
Similarly, colour coordinate b* can be described as a yellow colour when it is positive. The colour
changes (ΔE) were calculated using the following formula [12].

E∗ab =

√(
L∗1 − L∗2

)2
+
(
a∗1 − a∗2

)2
+
(
b∗1 − b∗2

)2
where L1*, a1*, b1* are the values for raw sample values. L2*, a3*, and b3* are the values of the sample
subjected to different blanching treatments. Measurements were taken at three points on the per
replicate and ten replicate samples per treatment were used for the determination of colour changes.

2.5. Chlorophyll

The chlorophyll a (Chl a) b (Chl b), and total chlorophyll were determined without modifications
using leaf samples (0.2 g) ground with 2 mL of acetone and hexane 4:6 (v/v) and extracted for 2 h.
Afterwards, the sample mixture was centrifuged for 10 min at 4 ◦C (9558× g). Thereafter, the resulting
supernatant was decanted, and a portion of the solution was measured at 470, 646 and 662 nm
(Biochrom Anthos Zenyth 200 Microplate Reader; SMM Instruments, Biochrom Ltd., Johannesburg,
South Africa). The Chl a and Chl b contents were determined according to equations: Chl a = 15.65A662
− 7.340A646 and Chl b = 27.05A646 − 11.21A662. The content of Chl a + Chl b gives the total chlorophyll
content and it was expressed in mg per 100 g on a fresh weight basis [2].

2.6. Total Phenol and Predominant Metabolic Profile

2.6.1. Total Phenol Content

Snap frozen Chinese cabbage (0.2 g) was homogenized in 2 mL of 80% methanol (v/v), and then
centrifuged at 10,000× g for 10 min at 4 ◦C using Hermle Labortechnik, Germany. Total phenolic
content was determined using the modified method of Singleton, Orthofer and Lamuella-Raventós
(1999). An aliquot of 9 μL of supernatant extract was mixed with 109 μL of Folin–Ciocalteu reagent
then followed by 180 μL of 7.5% Na2CO3. The total of the phenolic compounds was calculated using
gallic acid and the results were expressed as mg 100 g−1 gallic acid equivalents (GAEs) on a fresh
weight basis.

2.6.2. Predominant Metabolic Profile

The detection and quantification of predominant metabolites were carried out using the
Quadrupole time-of-flight (QTOF) mass spectrometer (MS) UPLC–Q-TOF/MS (Waters, Milford, MA,
USA). The conditions for separation of the phenolic compounds are similar to Ndou et al. [13].

Due to the unavailability of the calibration standards for all the compounds, the identification
was carried out by means of quantification against the calibration curves set up using chlorogenic acid,
catechin, luteolin, epicatechin and rutin as described by Stander et al. [14]. Four different cocktails
were made at each level to facilitate the identification of the isomers and compounds with similar
elemental formulas as described by Stander et al. [14]. Cocktails were prepared in methanol (50%) in
H2O containing formic acid (1%) solution. The main peaks in each chromatogram were quantified
by setting up the TargetLynx processing method (part of MassLynx). Extracted mass chromatograms
were defined for each compound, based on the retention time and accurate mass obtained from the
high-resolution mass spectrometer [13]. Due to the unavailability of the calibration standards for all the
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compounds identified, these were semi-quantitatively measured against calibration curves set up using
chlorogenic acid, catechin, luteolin, epicatechin and rutin [13]. Extracted mass-retention time pairs for
each compound were defined in the TargetLynx method and the closest eluting calibration compound
(chlorogenic acid, catechin, epicatechin, or rutin) was set as the calibration reference compound.
A range of calibration standards containing from 1 to 200 mg/L chlorogenic acid, catechin, epicatechin
and rutin were injected using the same method of Stander et al. [14] for the samples. The data was
then reprocessed using the established TargetLynx method to produce integrated peak areas for each
compound, which were then interpolated off the calibration curves for the reference compounds. Based
on the masses of the plant material extracted, the volumes of extraction solvent used, and the dilutions
employed, the concentrations of the compounds in the plant material was calculated by the TargetLynx
software as previously shown by Stander et al. [14].

Chlorogenic acid, catechin, epicatechin ferulic acid, rutin, ranging from 1 to 200 mg/L were injected
as calibration standards using the same method of Stander et al. [14]. The data was then reprocessed
using the established TargetLynx method to produce integrated peak areas for each compound, which
were then interpolated off the calibration curves for the reference compounds. The concentrations of
the compounds in the plant material was calculated by the TargetLynx software based on the masses of
the extracted plant material, the volumes of extraction solvent used, and the dilutions employed as
described previously in our research [13].

2.7. Total Antioxidant Capacities Were Determined Using the Following Assays

The ferric reducing-antioxidant power assay was executed following the method described by
Mpai et al. [15]. Nightshade leaf samples (0.2 g) were homogenized in 2 mL of sodium acetate buffer
at a pH of 3.6. The ferric-reducing ability was estimated by mixing a 15 μL aliquot of leaf extract,
with 220 μL of FRAP reagent solution (10 mmol L−1 2,4,6-tris(2-pyridyl)-1,3,5-triazine (TPTZ)) acidified
with concentrated HCl, and 20 mmol L−1 FeCl3]. The absorbance was read at 593 nm and the reducing
antioxidant power content was calculated using a standard curve of Trolox and expressed μmol Trolox
equivalent antioxidant capacity (TEAC) g−1 FW.

For the determination of the ABTS assay, the 2.5 mM 2,2′-azobis (2-amidinopropane) hydrochloride
(ABAP) and 20 mM 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonate) ABTS 2 stock solution in 100 mL
of phosphate buffer (100 mM phosphate and 150 mM NaCl, pH 7.4) were mixed and incubated at 60 ◦C
for 6 min without any modifications as described by Egea, Sánchez-Bel, Romojaro, and Pretel [16].

To produce the ABTS radical anion, the mixture was held in darkness for 16 h at 25 ◦C and
afterwards diluted with 0.1 mM phosphate buffer (pH 7.0) to obtain an absorbance at 734 nm
(1.1 ± 0.002 units). Thereafter, the radical solution (285 μL) was added to the sample extract (15
μL) and the decrease in absorbance observed at 734 nm for 6 min was used to calculate the Trolox
equivalent antioxidant capacity (TEAC). Calibration curves were constructed for each assay using
different concentrations (0–20 mg) of Trolox. The antioxidant activity (ABTS assay) was expressed as
μmg of TEAC g FW−1.

2.8. Glucosinolate

Samples were prepared by extracting 5 g of sample with 15 mL of extraction solvent (50%
MeOH in 0.1% formic acid). After sonication in an ultrasonic bath for 1 h, the samples were
centrifuged at 14,000× g for 5 min. A clear sample was transferred to 2 mL glass vials for analysis.
A Waters Synapt G2 Quadrupole time-of-flight (QTOF) mass spectrometer (MS) connected to a Waters
Acquity ultra-performance liquid chromatograph (UPLC) (Waters, Milford, MA, USA) was used for
high-resolution UPLC-MS analysis. Electrospray ionization was used in the negative mode with a
cone voltage of 15 V, desolvation temperature of 275 ◦C, desolvation gas at 650 L h−1, and the rest of
the MS settings optimized for best resolution and sensitivity. Data were acquired by scanning from m/z
100 to 1200 m/z in the resolution mode as well as in the mass spectrometry (MS) E represents collision
energy MSE mode. In the MSE mode, two channels of MS data were acquired—one at a low collision
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energy (4 V) and the second using a collision energy ramp (40–100 V)—to obtain fragmentation data as
well. Leucine enkaphalin was used as the lock mass (reference mass) for accurate mass determination
and the instrument was calibrated with sodium formate. Separation was achieved on a Waters Acquity
BEH (Ethylene-bridged hybrid) C18, 2.1 × 100 mm, 1.7 μm column. An injection volume of 2 μL was
used and the mobile phase consisted of 0.1% NH4OH in water (solvent A) and acetonitrile containing
0.1% NH4OH acid as solvent B. The gradient started at 100% solvent A for 0.3 min and changed to
3% B over 3 min in a linear way. It then went to 28% B at 9 min, followed by 100% B after 9.1 min,
with a wash step of 0.9 min at 100% B, followed by re-equilibration to initial conditions for 3 min.
The flow rate was 0.3 mL min−1 and the column temperature was maintained at 55 ◦C. Glucosinolates
were quantified in a relative fashion against sinigrin, with calibration standards ranging from 10 to
100 mg L−1. Other glucosinolates, including 1 and 4-methoxyglucobrassicin, were identified on the
basis of accurate mass elemental composition and fragmentation patterns.

2.9. Statistical Analysis

A completely randomized design was adopted with ten replicates per treatment and the
experiments were repeated twice. A factorial type (4 × 4 or 42) experiment was conducted, which
includes the different types of moist cooking and the control (raw, steam, microwave and hot water
bath) and the type of blanching media (water, 5% lemon juice, 10% lemon juice or 20% lemon juice) on
the change of colour difference, chlorophyll content. Two-way analysis of variance (ANOVA) was used
to analyse the mean differences between different blanching treatments at a significance level of p < 0.05.
Interaction between “the moist cooking methods” and the “type of blanching media” was investigated
in this study for parameters such as colour difference and chlorophyll content. After selecting the best
method of moist cooking (hot water bath) the different types of blanching media (water, 5% lemon
juice, 10% lemon juice), one-way ANOVA was performed on total phenolic compounds, predominant
phenolic compounds, antioxidant activities (FRAP and TEAC assay) and sinigrin content. Means were
compared among treatments by the least significant difference (LSD) test with p < 0.05 considered to
indicate statistical significance. The data were analysed using the Genstat for Windows 13th Edition
(2010) (VSN International, Hempstead, UK).

3. Results

3.1. Colour Difference, Chlorophyll Content

Moist cooking blanching (dipping) in 5% or 10% lemon juice solution, at 95 ◦C in a water bath,
significantly minimised the difference in colour change (ΔE) (Figure 1). All the other moist cooking
blanching treatments adopted in this study revealed a significantly high difference in colour change (ΔE)
due to the olive brown colour of the leaves (Figure 1). The total chlorophyll content was significantly
reduced during steam, hot water bath and microwave blanching when 20% lemon juice solution was
used as the blanching medium.

Similarly, blanching in 5% lemon juice solution, at 95 ◦C in a water bath, significantly retained
the total chlorophyll content followed by the 5% lemon juice solution (water bath) at 95 ◦C (Figure 2).
Overall, microwave and steam blanching in both 10 and 20% lemon solution significantly reduced the
total chlorophyll content (Figure 2).

Therefore, Chinese cabbage leaves blanched in 5% or 10% lemon juice solution and water, as
a blanching medium at 95 ◦C in a hot water bath, were selected for further analysis of phenolic
compounds and antioxidant activity.
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Figure 1. Effect of different types of moist cooking blanching treatments on colour difference (ΔE) in
Chinese cabbage leaves. Bars with the same alphabetic letter per moist cooking treatment are not
significantly different at p < 0.05).

Figure 2. Effect of different types of moist cooking blanching treatments on total chlorophyll content in
Chinese cabbage leaves. Bars with the same alphabetic letter are not significantly different at p < 0.05).

3.2. Total Phenolic Compounds and Phenolic Components

Blanching in a water bath at 95 ◦C using water as a blanching medium significantly increased the
total phenolic content in Chinese cabbage compared to the raw leaves (Figure 3). However, with an
increasing concentration of lemon juice, a declining trend in total phenolic content was noted (Figure 3).
When 10% lemon juice was used as blanching medium, the total phenolic content was maintained at
similar levels as raw leaves (Figure 3).

Total ion chromatograms of the Chinese cabbage samples subjected to different blanching
treatments and blanching media in the Electrospray ionization (ESI) mode by UPLC–Q-TOF/MS were
illustrated in Table 1 and Figure S1.
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Figure 3. Effect of different types of moist cooking blanching treatments on total phenol content in
Chinese cabbage leaves. Bars with the same alphabetic letter are not significantly different at p < 0.05.

Table 1. Tentative peak assignment of the metabolites contained in Chinese cabbage leaves subjected to
moist cooking blanching treatments using different types of blanching medium.

Retention Time M−H M−H Formula Error (ppm) MSE Fragments UV Tentative Identification

0.8 195.0493 C6H11O7 −6.2 227 Gluconic acid
0.8 133.0127 C4H4O5 −7.5 Malic acid
0.92 191.0181 C6H7O7 0.6 155.127,111 280 Quinic acid

2.464 315.0707 C13H15O9 −2.9 153.109 306 Protocatechuoyl-hexose

2.72 771.1898 C33H39O21 −0.6 609.285 265.347 Kaempferol 3-O-sophoroside
7-O-hexoside

3.08 609.1463 C27H29O16 1.1 447.285 265.341 kaempferol-dihexoside
3.47 431.1916 C20H31O10 −0.2 385.153,97 330 Unknown
3.6 609.1488 C27H29O16 5.3 285.255 264.340 Kaempferol 3-O-sophoroside
4.14 447.0947 C21H19O11 4.2 285.255,99 264.350 Kaempferol hexoside
4.3 449.0743 C20H17O12 5.1 363.157,97 364.350 Myricetin 3-O-arabinoside
5.89 269.0488 C15H10O5 −0.2 151.133,119,97 262 Apigenin
6.37 327.2166 C18H31O5 1.5 229. 211,171,97 weak unknown
6.85 329.2328 C18H33O5 0.2 211.171,97 270 unknown
7.73 307.191 C18H27O4 0.3 235.121 311 unknown
7.91 307.1913 C18H27O4 1.3 235.220,121,99 240 unknown
8.25 305.1747 C18H25O4 −2.6 249. 135 319 unknown
9.90 291.1958 C18H27O3 −0.7 277.265,121 280 unknown

10.37 293.211 C18H29O3 −2.4 255.185,143 280 unknown
12.07 591.2595 C34H39O9 0.2 515.325,183,149 409 unknown

The differences between the phenolic metabolic profiles of the different hot water bath blanching
treatments and blanching media compared with that of the raw leaves were evident when using
an unsupervised Principal Component Analysis (PCA) approach using the data generated by the
UPLC–Q-TOF/MS analysis. Figure 4A showed the PC 1 and PC 2 explaining 41% and 17% of the
variance and illustrating good statistical separation among the various adopted moist cooking blanching
treatments. The PCA plot, which has three groups based on the metabolites, demonstrated that the
blanching treatments influenced the metabolites in Chinese cabbage leaves. Group 1 included the hot
water bath blanching at 95 ◦C using water or 5% lemon juice solution as the blanching medium for 5
min, and Group 2 included blanching using a hot water bath with 10% lemon juice solution as the
blanching medium for 5 min (Figure 4A). However, to explain the two groups blanching in a hot water
bath and steaming in water or 5% solution of lemon juice and to identify the potential characteristic
markers (metabolites) responsible for discrimination between the treatments, supervised Orthogonal
Projections to Latent Structures Discriminant Analysis (OPLS-DA) was performed. The potential
markers were chosen based on the weightage of their contribution towards the variation and correlation
within the data set. This model showed greater reliability and validity (variance recorded at 8.98%)
(Figure 4A). In the S-plot, the points are Exact Mass/Retention Time pairs (EMRTs) plotted by covariance
(x-axis) and correlation (y-axis) values (Figure 4B). The S-plot helped to identify the EMRT pairs that
contributed towards the most significant difference between the raw Chinese cabbage leaves and those
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subjected to hot water blanching treatment (Figure 4). The loadings from a two-class OPLS-DA model
(Hot water vs. Raw) are shown here in an S-Plot format for Raw (Figure 5). The points are Exact
Mass/Retention Time pairs (EMRTs) plotted by covariance (x-axis) and correlation (y-axis) values.
The upper right quadrant of the S-plot shows those components which are elevated in the control
group, while the lower left quadrant shows components elevated in the treated group. The farther
along the x-axis, the greater the contribution to the variance between the groups, while, the farther
the Y axis, the higher the reliability of the analytical result. Some of the most important EMRTs are
tabulated and plotted below. The candidate markers responsible for the observed trend in the S-plot
are shown in Tables 2 and 3. Based on Tables 2 and 3, the protocatechuoyl—hexose is the only phenolic
compound successfully identified as a marker of the difference in the phenolic profiles of raw Chinese
cabbage. This compound was not found in the blanched leaves. This was confirmed by the quantitative
analysis that showed a disappearance of this compound in hot water blanching. Other unidentified
compounds (markers) that were responsible for the observed separation will be identified as part of
our future work.

The UPLC–Q-TOF/M analysis helped to identify 10 compounds: gluconic acid (m/z 195.0493,
λ 227), malic acid (m/z 133.0127), quinic acid (m/z 191.0181, λ 280), protocatechuoyl—hexose (m/z
315.0707, λ 306), kaempferol 3-O-sophoroside 7-O-hexoside (m/z, λ 265.347), kaempferol-dihexoside
(m/z 609.1463, λ 265.341), kaempferol 3-O-sophoroside (m/z 609.1488 λ 264.340), kaempferol hexoside
(m/z 447.0947, λ 264,350), and myricetin 3-O-arabinoside (m/z 449.0743, λ 364,350), as shown in Table 1
and Figure S1.

Table 2. Exact mass/retention time pairs responsible for the separation of raw Chinese cabbage leaves.

Retention Time Mass P(1)P p(corr)(1)P

9.92_291.1957 9.92 291.1957 0.237452 0.971414
10.38_293.2110 10.38 293.211 0.2061 0.995988
8.27_305.1753 8.27 305.1753 0.231893 0.998607
7.74_307.1916 7.74 307.1916 0.168101 0.991243
2.46_315.0707 2.46 315.0707 0.2004 0.998301
6.37_327.2171 6.37 327.2171 0.237674 0.87965
6.85_329.2318 6.85 329.2318 0.146947 0.969433
3.85_385.1121 3.85 385.1121 0.166316 0.981166
3.47_431.1912 3.47 431.1912 0.19889 0.989573
3.47_483.1625 3.47 483.1625 0.13382 0.953158
10.88_555.2839 10,88 555.2839 0.175476 0.902287

Table 3. Exact mass/retention time pairs responsible for the separation of all hot water-blanched
Chinese cabbage leaves irrespective of the type of blanching medium.

Primary ID Retention Time Mass P(1)P p(corr)(1)P

4.02_193.0497 4.02 193.0497 −0.21239 −0.912351
4.01_223.059 4.01 223.0599 −0.29435 −0.984697

3.48_325.0552 3.48 325.0552 −0.15576 −0.984697
4.01_339.0712 4.01 339.0712 −0.19615 −0.984697
2.90_963.2412 2.90 963.2412 −0.25714 −0.984697
3.13_977.2561 3.13 977.2561 −0.16666 −0.984697
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(A) 

(B) 

Figure 4. (A) Score plot of principal component analysis (unsupervised) based on UPLC–Q-TOF/MS
spectra of different moist cooking blanching treatments. Group 1 included the hot water bath blanching
at 95 ◦C using water or 5% or 10% lemon juice as blanching medium for 5 min. Group 2 included
the raw leaves. (B) Loading of Principal component analysis based on UPLC–Q-TOF/MS spectra of
different moist cooking blanching treatments.
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Figure 5. Score plot of orthogonal partial least squares discriminant analysis of ultra-performance
liquid–quadrupole time-of-flight (QTOF) mass spectrometer (MS) (UPLC–Q-TOF/MS) spectra of hot
water bath blanching treatments and raw samples. Each sample set includes three replicates.

The UPLC–Q-TOF/MS quantified phenolic profile obtained for raw Chinese cabbage showed
the highest content of quininic acid (209 mg kg−1), kaempferol O-sophoroside-O-hexoside
(50.4 mg kg−1), ferulic acid (50.3 mg kg−1) and protocatechuoyl—hexose (46 mg kg−1), followed by
kaempferol-dihexoside (8.0 mg kg−1), kaempferol hexoside (20.8 mg kg−1) and myrectin-O-arabinoside
(20.3 mg kg−1) (Table 4). Different concentrations of lemon juice blanching media affected the
concentrations of the phenolic compounds (Table 4). Hot water bath blanching using 10%
lemon juice as the blanching medium significantly reduced the concentration of kaempferol
O-sophoroside-O-hexoside, kaempferol-dihexoside, kaempferol-sophoroside, kaempferol hexoside
and myrectin-O-arabinoside compared to the raw Chinese cabbage samples (Table 4). Therefore, using
10% lemon juice blanching medium at 95 ◦C must be avoided. However, a 5-fold increase in the quinic
acid concentration was noted in samples blanched in water or 5% lemon juice at 95 ◦C compared with
the raw samples (Table 4), whereas, the 10% lemon juice blanching medium at 95 ◦C showed an 8-fold
increase in quinic acid compared to the raw samples (Table 4). The ferulic acid concentration was
significantly the highest during blanching in water or 5% lemon juice at 95 ◦C. Protocatechuoyl hexose
was detected in only the raw samples (Table 4). The highest concentrations of kaempferol-dihexoside,
kaempferol hexoside were obtained during blanching in 5% lemon juice at 95 ◦C (Table 4), whereas the
highest concentration of kaempferol-dihexoside, kaempferol-sophoroside and kaempferol hexoside
was noted in samples blanched in 5% lemon juice at 95 ◦C (Table 4). The highest concentrations of
kaempferol O-sophoroside-O-hexoside and myrectin-O-arabinoside were detected in the raw Chinese
cabbage samples (Table 4). The ferulic acid content did not change significantly when water or 5%
lemon water was used as the blanching medium (Table 4).
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3.3. Antioxidant Activity

The FRAP and TEAC assays showed that the leaf samples blanched with 0.5% lemon water as a
blanching medium had the strongest antioxidant capacity compared with the other samples and the
raw leaves (Figure 6A,B). At the same time, the lowest antioxidant activity was noted in the unblanched
leaf samples (raw leaves) (Figure 6). Moreover, the antioxidant capacity of the samples blanched with
10% lemon juice medium was the lowest among the three tested blanching treatments (Figure 6A,B).

B 

Figure 6. Effect of different types of moist cooking blanching treatments using a hot water bath at 95 ◦C
on antioxidant capacity: (A) ferric reducing-antioxidant power assay (FRAP) and (B) Trolox equivalent
antioxidant capacity (TEAC) assay in Chinese cabbage leaves. Bars with the same alphabetic letter for a
specific phenolic compound are not significantly different at p < 0.05.

The concentration of glucosinolate sinigrin in freshly harvested Chinese cabbage (Brassica rapa L.
subsp. chinensis) was almost 1.5 μg g−1 (Figure 7). The concentration significantly increased with the
concentration of lemon juice (lower pH) at 95 ◦C (Figure 7). Furthermore, 1-Methoxy glucobrassicin
was detected at lower concentrations than 0.1 μg g−1. However, 1-methoxy glucobrassicin increased
up to 0.3 and 0.6 μg g−1 with increasing concentrations of lemon juice at 5% and 10%, respectively
(data not presented). The total ion chromatogram in the ESI negative mode for glucosinolate sinigrin
related to different blanching medium during hot water bath is given in Figure S2.
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Figure 7. Effect of different types of moist cooking blanching treatments using a hot water bath at 95 ◦C
on the concentration of predominant glucosinolate sinigrin. Bars with the same alphabetic letter are
not significantly different at p < 0.05.

4. Discussion

The primary parameter that determines the consumer purchasing power of a food product is
colour [17]. Consumers like to purchase leafy vegetables that are fresh and green in colour. Green
peppers blanched in lemon juice or vinegar lost their green colour and chlorophyll content due to
the acidity of the treatments. However, it is important to note here that the increase in concentration
of lemon juice in water played a major role in determining the colour change [18]. Also, the lower
pH environment of the 20% lemon juice blanching medium would have facilitated the conversion
of chlorophyll to pheophytins and was responsible for the loss of green colour as reported by
Gunawan et al. [19]. The pheophytin and pheophorbide are produced because of the replacement of
the magnesium ion in the porphyrin ring by hydrogen ions in the presence of a low pH medium [20].
Thus, the increase in colour difference was due to the change of the green colour to olive brown due
to the formation of pheophytin and pheophorbide [20]. However, pheophytin was not quantified in
this study. Furthermore, blanching inactivates the chlorophyllase enzyme responsible for the rapid
degradation of the green colour [21]. Blanching in a hot water bath in 5% lemon juice acidic solution
had improved the retention of total chlorophyll content mainly due to the improved extractability
of the chlorophyll because of the matrix changes. The higher temperature, 95 ◦C, during hot water
blanching could result in a greater rupturing of cell structure, which would have led to better solvent
access and extraction [22]. A similar increase in chlorophyll content during blanching was reported in
coriander leaves [23].

Thermal blanching treatments were shown to inactivate the polyphenol oxidase activity that
uses the polyphenols as substrates for the browning reaction [24]. Also, the lower pH was shown to
improve the extraction yield of phenolics [25], which could be responsible for the observed increase in
total phenols compared to that of the raw Chinese cabbage leaves in this study (Figure 3). However,
some researchers have shown a decrease in total phenolic compounds due to thermal degradation and
leaching into the water [26]. The degree of the degradation of polyphenols depends on the processing
time, heat and the portion size of the vegetables [27]. Some researchers have shown that warm
treatments did not affect the level of polyphenols or kaempferol in onions, green beans and peas [28].
Furthermore, thermal treatments can inactivate the oxidative enzymes that are responsible for the
oxidation of antioxidants and as a result can increase the antioxidant activity [29]. Also, according to
the literature, thermal treatments have shown a significant increase in antioxidant activity in pepper,
green beans, spinach, broccoli [30], tomato [31], broccoli cauliflower [32] possibly due to the increased
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discharge of antioxidant constituents from the matrix or the formation of redox-active secondary plant
metabolites or breakdown products [33]. Furthermore, the total phenolic content and the antioxidant
activity in sweet potato leaf polyphenols were higher in a neutral and weak acid pH solvent system
and in neutral and weak acid solvent systems [34]. There was an increase in quinic acid in mild
acidic condition with increasing temperature [34]. In this study, an increase in quinic acid in mild
acidic conditions with increasing temperatures could have induced the significant changes of the total
phenols [34]. Therefore, using a high acid concentration and thermal treatments must be avoided
during the moist cooking of Chinese cabbage. Also, the strong acidic conditions and temperatures were
reported to affect the quinic acid derivatives (esters) especially in chlorogenic acids where the reduce
the number caffeoyl groups demonstrated a decreased antioxidant activity of molecule [35]. Quinic
acid can be used as a flavour enhancer due to its characteristic astringent taste. Kaempferol glycosides
were predominantly detected in Brassica cultivars. In Ethiopian kale (B. carinta), which is a popular
indigenous vegetable in East Africa, belongs to the same Brassicaceae family and contains higher
levels of coumaroyl-glucoside and a higher number of kaemperol and isorhamnetin diglycosides [36].
However, in Chinese cabbage (Brassica rapa L. subsp. chinensis), isorhamnetin diglycosides were
not detected.

Cauliflower blanched in water at 100 ◦C for 3 min was reported to reduce the total
kaempferol content [37]. An increase in the concentration of the lemon juice (acidic conditions)
at 95 ◦C affected the changes in the concentrations of the different kaempferol glycosides
(kaempferol-dihexoside, kaempferol hexoside) and some are glycosylated with sophorotrioses—the
kaempferol O-sophoroside-O-hexoside and myrectin-O-arabinoside in this study. A catalytic reverse
shift reaction of kaempferol and myrectin glycosides or the release of bound phenolics into free
phenolic derivatives [37] could possibly have taken place for the increase during blanching in 5% lemon
solution at 95 ◦C. However, further investigations are needed to prove this hypothesis. Furthermore,
the thermostability of flavonoids was reported to be dependent on their glycosylation and acylation
status and an increase in non-acylated quercetin compounds was shown during thermal processing
especially baking [38]. Also, the disappearance of protocatechuoyl hexose blanching treatment (heat)
could possibly have been due to the ruptured phenol–sugar bond and resulted in the formation of the
simple phenolic structure of the aglycone [38].

Similarly, an increase in quercetin-4′-O-monoglucoside and quercetin-3′-O-diglucoside in onions
were shown to increase at higher temperatures, at 120 ◦C, in different onion cultivars—Colossal,
Sunpower, Chairman, and 110,455 [39]. A low acidic medium during food processing that was reported
to increase the flavone glycosides and the conversion of apiin to apigenin 7-O-glucoside in celery
juice was reported at pH 5 [40]. It is important that the moist cooking blanching at pH 5 could
facilitate the increase in kaempferol glycosides and potentially modulate its intestinal absorption
and metabolism [40]. However, further investigations are needed to confirm its bioavailability for
intestinal absorption. Kaempferol has shown numerous health benefits, mainly with anticarcinogenic,
antiinflammatory, anti-obesity, and antiviral properties and its activities [38].

The total glucosinolate content in different cauliflower varieties such as cv. ‘Aviso’, ‘Dania’ (white
varieties), ‘Grafitti’ (purple), ‘Emeraude’ (green) and ‘Celio’ (green pyramidal) were lost by 55% and
42% during blanching and boiling, respectively [41]. Similarly, in red cabbage, Brassica oleracea L.
ssp. capitataf. rubra cv. ‘Autoro’, the glucosinolate content was reduced by 64%, 38% and 19% during
blanching, boiling and steaming respectively [42]. However, steaming showed the least effect on the
antioxidant constituents in cauliflower varieties [41]. Probably during blanching or boiling at higher
concentrations, functional compounds are leached into the processing water [41]. Chinese cabbage
(Brassica rapa L. subsp. chinensis) contains sinigrin as the predominant glucosinolate in this study. On
the one hand, the blanching treatment was reported to reduce the total glucosinolate content of cabbage
and 53% loss of sinigrin was reported during cooking, mainly due to leaching effects [43]. The blanching
treatment was reported to reduce the total glucosinolate content of cabbage and a 53% loss of sinigrin
was reported during cooking, mainly due to leaching effects [43]. On the other hand, the thermal process
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was suggested to reduce the formation of isothiocyanate, which possesses many health benefits such
as antimicrobial, anti-inflammatory, antithrombotic and chemopreventive effects [44]. Ethopian kale
(B. carinata) contains higher concentrations of glucosinolate aliphatic alkenyl glucosinolate 2-propeny,
which has a chemo preventive property [43]. Therefore, the pH and temperatures during the different
food preparation methods are important to maintain the biologically active isothiocyanate. In addition,
the highest activity of myrosinase was reported in broccoli at pH 6.5–7.6 and in Brussels sprouts at pH
8 [45]. At the same time, the optimum temperature for myrosinase activity in broccoli and Brussels
sprouts was reported to be 30 and 50 ◦C, respectively [45,46]. However, moist cooking blanching at
95 ◦C in 5% lemon juice could have inactivated the thermolabile endogenous myrosinase and the lower
pH of the lemon solution could have prevented further hydrolysis during cell lysis in the process.
However, further investigations are needed to elucidate the mechanism. Similarly, short blanching for
5 min in boiling water and fermentation with probiotic strain Lactobacillus paracasei LMG P22043 at a
final pH of 4.12 reduced the loss of glucosinolates [43].

5. Conclusions

It is evident from this study that the moist cooking blanching affected the colour, chlorophyll
content, phenolic and glucosinolate components and antioxidant properties. Moist cooking blanching
using 20% lemon water significantly affected the colour, chlorophyll content, phenolic component and
sinigrin glucosinolates and the antioxidant properties. However, moist cooking blanching using 5%
lemon water significantly retained the colour and chlorophyll content and increased the concentration of
kaempferol glycosides, gluconic acid, sinigrin glucoside and antioxidant activity. Further investigations
are needed to explain the changes in the concentrations of kaempferol derivatives during moist cooking
blanching using 5% lemon water and to investigate the biological effects.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/9/399/s1.
Figure S1: Comparison of UPLC–Q-TOF/MS chromatogram illustrating the changes in phenolic compounds in (A)
Raw Chinese cabbage leaves, blanching treatment using hot water bath at 95 ◦C using (B) 5% lemon juice as (C)
using water as blanching (D) 10% lemon juice as blanching medium. The chromatograms of three replicates of
each treatment (raw sample, 5% lemon juice, water, 10% lemon juice) were included. The relative peak intensity
is normalized, and peaks are expressed as the percentage highest peak intensity; Figure S2: Comparison of
UPLC–Q-TOF/MS chromatogram illustrating the changes in sinigrin (aliphatic glucosinolate) in (A) Raw Chinese
cabbage leaves, blanching treatment using hot water bath at 95 ◦C using (B) 5% lemon juice as (C) using water as
blanching (D) 10% lemon juice as blanching medium. The relative peak intensity is normalized, and peaks are
expressed as the percentage highest peak intensity.
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Abstract: Brassica vegetables are of great interest due to their antioxidant and anti-inflammatory
activity, being responsible for the glucosinolates (GLS) and their hydroxylated derivatives, the
isothiocyanates (ITC). Nevertheless, these compounds are quite unstable when these vegetables are
cooked. In order to study this fact, the influence of several common domestic cooking practices on
the degradation of GLS and ITC in two novel Brassica spp.: broccolini (Brassica oleracea var italica
Group x alboglabra Group) and kale (Brassica oleracea var. sabellica L.) was determined. On one hand,
results showed that both varieties were rich in health-promoter compounds, broccolini being a good
source of glucoraphanin and sulforaphane (≈79 and 2.5 mg 100 g−1 fresh weight (F.W.), respectively),
and kale rich in glucoiberin and iberin (≈12 and 0.8 mg 100 g−1 F.W., respectively). On the other hand,
regarding cooking treatments, stir-frying and steaming were suitable techniques to preserve GLS and
ITC (≥50% of the uncooked samples), while boiling was deleterious for the retention of these bioactive
compounds (20–40% of the uncooked samples). Accordingly, the appropriate cooking method should
be considered an important factor to preserve the health-promoting effects in these trending Brassica.

Keywords: Brassica; stir-frying; steaming; boiling; HPLC-DAD-ESI-MS/MS; UHPLC-QqQ-MS/MS;
sulforaphane; iberin

1. Introduction

There is epidemiological evidence of the benefit of consuming cruciferous foods on the reduction of
risk of major chronic and degenerative diseases, such as cancer and cardiovascular and obesity-related
metabolic disorders, due to their phytochemical composition [1,2].

Glucosinolates (GLS) are characteristic bioactive compounds of Brassica vegetables and can be
classified as aliphatic, aromatic, or indoles based on their precursor amino acid and the types of
modification to the variable R group [3]. In intact plant tissues, GLS are stored physically separated
from compartments containing myrosinase enzymes (thioglucohydrolase, E.C. number 3.2.1.147),
which are responsible for the hydrolysis of GLS to their respective bioactive isothiocyanates (ITC)
and indoles.

There is growing evidence that ITC exert antioxidant, anti-inflammatory and multi-faceted
anticancer activities in cells, through the in vivo inhibition of inflammation pathways and activation of
detoxification enzymes [2,4]. Therefore, the highest benefit of cruciferous foods occurs when they are
consumed raw, avoiding the degradation of the enzyme myrosinase by cooking or processing. The
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hydrolysis of GLS to ITC and indoles is crucial for the health-promoting activities related to cruciferous
consumption, and is produced after the loss of the cellular integrity because of tissue disruption, by
crushing or chewing, or by the action of the gut microbiota [5,6].

However, the formation of ITC could be dramatically decreased due to different processing
techniques, as the excessive heat exposure that may increase the degradation of GLS by myrosinase,
and, consequently, significantly altering the ITC and indole levels [7,8]. In this respect, during the past
decade, the effects on GLS contents of domestic culinary methods, such as steaming, microwaving,
boiling and stir-frying, have been widely studied, mainly in broccoli, Brussels sprouts, cauliflower or
cabbage [7–10]. These processing methods induce significant changes in the biochemical composition
of crucifers, temperature and time being two crucial factors to be considered on the degradation rate
of bioactive compounds while cooking. Other factors that may affect the stability of GLS are the
endogenous myrosinase activity and the food matrix [11].

In recent years, the consumption of trending Brassica vegetables such as broccolini, a hybrid
between conventional broccoli (Brassica oleracea var. italica) and Chinese kale (B. oleracea var. alboglabra),
and kale (Brassica oleracea var. sabellica L.), has become a popular alternative to other members of this
family, such as broccoli or cauliflower. Such vegetables also include health-promoting compounds, are
softer, have a more acceptable flavor and taste, and have similar nutritional values [12,13]. Only a few
publications have shown the GLS profile of broccolini [14–16], while kale, has been more extensively
analyzed and shown to have a significant difference in its individual GLS profile, depending on the
cultivar and geographical origin [17,18].

In this work, the total and individual GLS content and the presence of the characteristic ITCs
(sulforaphane and iberin present in broccolini and kale, respectively), before and after being cooked
by different methods (stir-frying, steaming, and boiling), have been studied in broccolini and kale as
novel Brassica varieties with potential therapeutic effects.

2. Materials and Methods

2.1. Plant Materials

Broccolini (Bimi® Brassica oleracea var. italica x var. alboglabra) and kale (Brassica oleracea var.
sabellica L.) were purchased from the local market in Murcia, Spain, and transported under refrigeration
conditions directly to the laboratory. Then, vegetables were cut into uniform pieces (≈3 cm diameter
and ≈10 cm stalk for broccolini samples, and strips ≈3–4 cm in width for kale without stem), mixed and
sorted into 200 g samples to perform the different cooking methods: steaming, stir-frying and boiling
(always in triplicate). Cooking conditions were determined by the nutritionists of our group based on
traditional gastronomy. Additionally, an informal tasting panel (three trained people) assessed the
final processed food in terms of sensorial features [19,20]. All the samples were cooked for 15 min,
regardless of the cooking method, in order to make their effects comparable. Water (850 mL) was
heated at 100 ◦C in a stainless-steel cooking pot, without pressure, and vegetables were added when
water started to boil. For steaming, distilled water (500 mL) was added to a stainless-steel steamer,
which was covered with a lid until reaching 98 ◦C ± 2◦C; then the vegetables were introduced, with
the temperature maintained during the whole process. Finally, 15 mL of extra virgin olive oil was
preheated to 120 ◦C in a sauce pan, for stir-frying, and then samples were added [20]. Each process
was performed three times for the three cooking methods. After, samples were separately collected,
drained, cooled on ice, flash frozen in liquid nitrogen, and stored at −80 ◦C prior to analysis.

2.2. Extraction and Determination of Glucosinolates (GLS)

The extraction, determination and quantification of glucosinolates were carried out according to
Baenas et al. (2014) [21]. Briefly, freeze-dried samples (100 mg) were extracted with 1 mL methanol 70%
for 30 min at 70 ◦C, with shaking every 5 min using a vortex stirrer, and centrifuged (17500× g, 15 min,
4 ◦C). Supernatants were collected, and methanol was completely removed using a rotary evaporator.
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After suspending the samples in 1 mL MilliQ-H2O, GLS were first identified following their MS2

[M−H]− fragmentations in Reverse Phase High Performance Liquid Cromatography (HPLC) equipped
with diode array dectector (DAD) coupled to mass spectrometer (MS) using Electro spray ionization
(ESI) in negative mode for the analyses (HPLC-DAD-ESI-MSn Agilent Technologies, Waldbronn,
Germany). Then, GLS were quantified using an HPLC-DAD 1260 Infinity Series (Agilent Technologies,
Waldbronn, Germany) method in accordance with the order of elution already described for their
identification and UV-Vis characteristic spectra. Water:trifluoroacetic acid (optima LC/MS from Fisher
Scientific Co., Fair Lawn, NJ, US) (99.9:0.1, v/v) and acetonitrile (LC-MS-grade quality from HiPerSolv
Chromanorm, BDH Prolabo, Leuven, Belgium) were used as mobile phases A and B, respectively,
with a flow rate of 1 mL min−1. The linear gradient started with 1% of solvent B, reaching 17%
solvent B at 15 min up to 17 min, 25% at 22 min, 35% at 30 min, and 50% at 35 min, which was
maintained up to 45 min. The separation of intact GLS was carried out on a Luna C18 100A column
(250 × 4.6 mm, 5 μm particle size; Phenomenex, Macclesfield, UK). Chromatograms were recorded at
227 nm, using sinigrin and glucobrassicin (Phytoplan, Germany), as external standards of aliphatic
and indole GLS, respectively.

2.3. Extraction and Determination of Isothiocyanates (ITC)

The determination and quantification of ITC was carried out as defined by Baenas et al. (2017) [22].
In short, freeze-dried samples (50 mg) were extracted with 1.6 mL of MilliQ-H2O for 24 h at room
temperature. Then, samples were centrifuged (17500× g, 5 min) and supernatants were collected for
ITC measurements. The sulforaphane (SFN) and Iberin (IB) were analyzed following their Multiple
Reaction Monitoring (MRM ) transitions by a UHPLC-QqQ-MS/MS method (Agilent Technologies,
Waldbronn, Germany), according to Rodriguez-Hernández et al. (2013) [23]. The mobile phases
employed were solvent A (H2O/ammonium acetate 13 mM (pH 4) (with acetic acid); 99.99:0.01, v/v) and
solvent B (acetonitrile/acetic acid; 99.99:0.1, v/v). The flow rate was 0.3 mL min−1 using the following
linear gradient: 60% of solvent B up to 0.7 min, 73% at 0.71 min up to 1 min, 100% at 1.01 min up to
3.5 min, and 60% at 3.51 min. Chromatographic separation was carried out on a ZORBAX Eclipse Plus
C18 column (2.1 × 50 mm, 1.8 μm) (Agilent Technologies, Waldrom, Germany).

2.4. Statistical Analysis

Regarding statistical methods, all assays were conducted in triplicate. Data were processed
using the SPSS 15.0 software package (LEAD Technologies, Inc., Chicago, IL, USA). We carried out a
multifactorial analysis of variance (ANOVA) and Tukey’s multiple range test to determine significant
differences at p-values <0.05.

3. Results and Discussion

3.1. Glucosinolates Content of Vegetables: Effects of Cooking Methods

In this work, broccolini and kale were selected as novel little-studied food matrices. These
vegetables showed distinct profiles and great differences in GLS content (Figure S1). The GLS profile
of these vegetables, along with their retention times and molecular ions [M–H]− (m/z) are shown in
Table 1.

Fresh broccolini presented a total amount of 178 ± 3.4 mg GLS 100 g−1, the predominant GLS
being the aliphatic glucoraphanin (GRA) (44% of the total) and the indole glucobrassicin (GB) (40%),
followed by the indole neoglucobrassicin (NEO) (24%), the aliphatic progoitrin (PRO) (18%), the
indoles 4-methoxyglucobrassicin (MGB) (8.5%) and 4-hydroxiglucobrassicin (HGB) (5%), and trace
amounts (below the Limit of Quantitation (LOQ) of gluconapin, glucosinalbin, glucobrassicanapin
and gluconasturtin (Table 2). These results are similar to those found in broccolini vegetable [15] and
broccolini seeds [16].
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Table 1. List of glucosinolates detected in Brassica vegetables.

Glucosinolate Semi-Systematic Name Rt (min) [M-H]− (m/z) Broccolini Kale

Glucoiberin 3-methylsulfinylpropyl-gls 4.0 422 0 1 +
Progoitrin 2-hydroxy-3-butenyl-gls 4.2 388 + 0

Glucoraphanin 4-methylsulfinylbutyl-gls 4.6 436 + +
Sinigrin 2-propenyl-gls 5.7 358 0 +

Gluconapin 3-butenyl-gls 7.8 372 + +
4-Hydroxyglucobrassicin 4-hydroxy-3-indolylmethyl-gls 11.0 463 + +

Glucosinalbin 4-hydroxybenzyl-gls 13.6 424 + 0
Glucobrassicanapin 4-pentenyl-gls 17.2 386 0 +

Glucobrassicin 3-indolylmethyl-gls 20.0 447 + +
Gluconasturtin 2-phenylethyl-gls 22.1 422 + +

4-Methoxyglucobrassicin 4-methoxy-3-indolylmethyl-gls 23.5 477 + +
Neoglucobrassicin N-methoxy-3-indolylmethyl-gls 25.8 477 + 0

1 “0” indicates absence and “+” indicates presence of the individual glucosinolate.

Table 2. Individual aliphatic, indole and total glucosinolates (mg 100 g−1 F.W.) present in broccolini
and kale in fresh and cooked samples.

Glucosinolates
Broccolini

Fresh Steaming Stir-frying Boiling

Progoitrin 31.76 ±6.6 1

Glucoraphanin 78.74 ±11.6 a 58.37 ±4.3 b 56.27 ±3.5 b 16.86 ±6.3 c

4-Hydroxiglucobrassicin 9.61 ±1.1 a 4.68 ±2.4 b 3.33 ±1.2 b 1.30 ±1.5 b

Glucobrassicin 72.11 ±4.5 a 27.07 ±6.4 b 10.08 ±1.5 c 7.16 ±1.9 c

4-Methoxyglucobrassicin 15.10 ±0.7 a 5.69 ±2.1 b 4.17 ±0.3 b 1.68 ±0.5 c

Neoglucobrassicin 43.55 ±3.3 a 21.51 ±4.5 b 8.84 ±0.7 c 5.93 ±1.3 c

Aliphatic 110.49 ±7.8 a 58.37 ±4.3 b 56.27 ±3.5 b 16.86 ±6.3 c

Indolic 68.26 ±5.1 a 31.88 ±9.0 b 16.34 ±1.8 c 8.91 ±3.3 c

Total 178.76 ±3.4 a 90.24 ±13.1 b 72.60 ±4.7 b 25.77 ±8.9 c

Glucosinolates
Kale

Fresh Steaming Stir-frying Boiling

Glucoiberin 11.58 ±1.3 a 8.05 ±0.1 b 9.32 ±0.6 a 3.45 ±0.1 b

Sinigrin 37.27 ±6.6 a 4.09 ±0.5 c 6.60 ±0.2 b 2.09 ±0.5 c

4-Hydroxiglucobrassicin 1.34 ±0.2 b 1.51 ±0.2 b 2.81 ±0.4 a 0.46 ±0.2 c

Glucobrassicin 2.44 ±0.3 b 3.32 ±0.2 b 6.13 ±0.9 a 0.55 ±0.1 c

4-Methoxyglucobrassicin 1.90 ±0.1 a 2.14 ±0.5 a 2.85 ±0.8 a 0.57 ±0.1 b

Aliphatic 48.85 ±7.8 a 12.14 ±0.6 c 15.92 ±0.8 b 5.54 ±0.6 d

Indolic 5.68 ±0.6 b 6.96 ±0.2 b 11.79 ±1.6 a 1.58 ±0.2 c

Total 54.54 ±7.3 a 19.11 ±0.3 c 27.71 ±0.9 b 7.12 ±0.7 d

1 Mean values (n = 3) ± standard deviation (SD). Different lower-case letters indicate statistically significant
differences among cooking treatments. Statistically significant at p < 0.05. F.W.: fresh weight.

On the other hand, kale showed lower content of GLS (54.5 ± 7.3 mg 100 g−1), sinigrin (SIN) being
the main aliphatic GLS in uncooked samples (68 % of the total), followed by glucoiberin (GIB) (21%),
and the indoles GB (4.4%), MGB (3.5%) and HGB (2.4%) (Table 2). Similar GLS profiles and contents
were previously found in kale samples, the aliphatic SIN and GIB being the predominant GLS [24–26].

Both cruciferous vegetables presented higher contents of aliphatic than indole GLS (Figure S1),
according to previous reports of B. oleraceae and B. rapa varieties [24,27], the presence of these aliphatic
GLS being related to potent anti-cancer effects in cells. This is due to the bioactivity of their hydrolysis
compounds (isothiocyanates), such as iberin, sulforaphane and allyl isothiocyanates [28].

Total GLS content in broccolini and kale, after cooking, showed differences due to the method used,
with boiling the most unfavorable method for the degradation of these bioactive compounds (>85%
loss in both varieties). When comparing steaming and stir-frying methods, in broccolini samples no
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significant differences were found, with the GLS loss around 50% compared to the uncooked samples.
Nevertheless, the stir-frying treatment preserved 50% of the total GLS in kale samples, while steaming
preserved just 35% (Table 2). These results are in agreement with previous publications using broccoli
samples [29,30]; in contrast, some authors reported almost no changes in GLS concentration after
steaming of broccoli [19,31]. According to previous reports, the vegetable matrix is a determining factor
in the degradation rate of bioactive compounds during processing, as well as other plant-intrinsic
factors, such as activity of myrosinase and the presence of specifier proteins, and extrinsic postharvest
factors (e.g., domestic preparation or mastication) [11].

Uncooked broccolini presented large quantities of glucoraphanin (78 mg 100 g−1 F.W.) (Table 2),
similar to those found in broccoli, but higher than what has been previously described for other Brassica
oleracea vegetables, such as cauliflower and Brussels sprouts [32–34]; more than 70% of this GLS was
maintained after steaming and stir-frying (57 mg 100 g−1 F.W.), according to Vallejo et al. (2002). This is
of special interest as, so far, this is one of the most studied aliphatic GLS, due to the health-promoting
properties of SFN, its derived isothiocyanate [35]. In addition, the indole GLS glucobrassicin accounted
for almost 40% of the total GLS in broccolini. This is also remarkable as the hydrolysis of this compound
toindole-3-carbinol, which undergoes self-condensation in the stomach to form 3,3′-diindoylmethane
(DIM), provides anticarcinogenic activities [36].

In kale samples, the main GLS, sinigrin, was dramatically degraded after steaming or stir-frying
(>80%), while glucoiberin was better preserved, rendering a 60% preservation after steaming and 80%
after stir-frying (Table 2). Our results agree with previous reports that showed glucoiberin as the main
aliphatic GLS in processed kale, as well as in a beverage made of apple juice with added freeze-dry or
frozen kale [37] and after blanching, boiling or freezing kale [32].

Regarding indole GLS in kale, it is worth mentioning that after stir-frying, the contents
of 4-hydroxiglucobrassicin, glucobrassicin and 4-methoxyglucobrassicin were statistically higher
(two-fold) compared to fresh samples, while after steaming no statistically differences were found
(Table 2). This fact could be supported by different mechanisms, such as a higher chemical extractability
of GLS after moderate thermal treatments, resulting in a higher extraction of GLS in the laboratory [38],
or due to a limited hydrolysis of GLS with stir-frying, as vegetables are only partially in contact with
the sauce-pan. This was suggested by Verkerk et al. (2001), who found an increase in indole GLS
(three–five-fold) after chopping broccoli and red cabbage [39].

In general, aliphatic GLS were better conserved after cooking methods compared to indole GLS,
according to other authors [30,40], who showed indole GLS more sensitive to heat and to diffusion
in cooking water while boiling. According to our results, steaming and stir-frying allowed the
preservation of higher quantities of bioactive compounds, probably explained by the lack of water in
direct contact with the vegetable, thus confirming previous work where the greater losses of these
compounds were due to high temperatures in cooking water and leaching of compounds [19,34].

3.2. Isothiocyanate Content of Vegetables: Effects of Cooking Methods

Concerning ITC content, the concentration of sulforaphane (SFN) in broccolini samples and the
content of iberin (IB) in kale samples were studied, according to the presence of their parental GLS,
glucoraphanin and glucoiberin, respectively. In addition, both ITC were selected because of their
documented relation to anti-inflammatory and anticancer activities in human cell lines [41,42]. Our
results indicated a significant reduction of ITC contents after cooking, the highest being losses after
boiling (Figure 1). The amount of SFN in raw samples of broccolini was 2.4 mg 100 g−1 F.W., decreasing
after steaming (by 20%), stir-frying (by 36%), and boiling (by 88%) (Figure 1a). These results are
interesting as they have not been described by other authors before, with Martinez-Hernandez et al.
(2013) showing huge loses of SFN (>99%) in broccolini (kai lan-hybrid broccoli) after cooking, perhaps
due to different processing treatments and analytical methods [29]. In addition, SFN contents were
reported in broccoli florets after cooking by Jones et al. (2010), who showed loses of this ITC ranged
from 20 to 50% after steaming, microwaving and boiling, these contents being lower than those shown
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in the present work after steaming and stir-frying [43]. Other authors have studied the effect of boiling
on other Brassica spp., such as Brussels sprouts [44] or broccoli heads [45], where the presence of SFN
was not found. This fact highlighted broccolini to be a variety that has to be more deeply investigated
regarding the influence of processing on its composition and potential health effects [46,47].

Figure 1. Isothiocyanate content in vegetables after cooking treatments: (a) sulforaphane content in
broccolini samples; (b) iberin content in kale samples. F.W.: fresh weight. Mean values (n = 3) ± SD.
Levels of statistically significant differences among treatments are the following: no differences at
p > 0.05 (n.d.); significant at p < 0.05 (*); significant at p < 0.01 (**); significant at p < 0.001 (***).

In uncooked kale samples, the iberin content (0.8 mg 100 g−1 F.W.) was similar to that reported
for cabbage [48] and higher than for turnip [49]. This ITC was better conserved when cooked under
stir-frying conditions, showing a loss of only 17% of the total (Figure 1b). The values of this ITC in
the cooking samples varied from 0.7 to 0.3 mg 100 g−1 F.W. This is, as far as we are aware, the first
publication showing the effect of cooking methods on the iberin content in kale.

It is worth noting that sulforaphane, from broccolini, and iberin, from kale, were still present in
the samples after being processed, so the enzyme myrosinase was still able to hydrolyze the GLS in the
cooked samples. This loss of the ITCs during cooking could be explained by different mechanisms:
(1) The enzyme myrosinase could be denatured during the high temperature treatments, resulting
in a lower conversion of GLS to ITC during and after mastication [50]; (2) the loss of GLS at high
temperatures or leached out into the boiling water would decrease the amount of ITC found in the
processed vegetables [34]; and, (3) ITC could be volatilized while cooking [31]. It is also important to
note the role of temperature in cooking processes, as mild heating (60–70 ◦C) selectively inactivates
epithiospecifier proteins (ESP), while retaining myrosinase activity, avoiding the formation of nitrile
products from GLS and increasing the formation of ITC [51]. Therefore, the multifactorial conditions
affecting the ITC formation need further research to enhance the health benefits of Brassica consumption.
According to recent research, cooked Brassica vegetables could also be consumed with an additional
source of myrosinase, such as daikon radish, rocket or rape sprouts, promoting the hydrolysis of GLS to
the bioactive ITC [52]. Finally, it is important to highlight that the gut microbiome has myrosinase-like
activity, enhancing the formation of ITC after consumption of cooked Brassica [5].

4. Conclusions

Cooking broccolini and kale affected GLS and ITC concentrations, with individual GLS being
directly affected according to the cooking method. Steaming and stir-frying treatments are generally
better for preserving the total GLS content, compared to the boiling method. Broccolini is a good source
of glucoraphanin and sulforaphane, with steaming being a better method for preserving those bioactive
compounds. On the other hand, stir-frying is preferred when cooking kale, as these samples present
higher contents of bioactive compounds than when cooked under the other conditions. An increased
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bioavailability of dietary ITC may be achieved by avoiding excessive cooking of vegetables, mainly
boiling, as greater formation of ITC may be achieved with active plant myrosinase in raw Brassica foods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/7/257/s1,
Figure S1: Identification of glucosinolates in fresh Brassica samples following their MS2 [M−H]− fragmentations in
HPLC-DAD-ESI-MSn.
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Abstract: The use of quinoa could be a strategy for the nutritional improvement of bakery products.
The inclusion of this pseudocereal, with its suitable balance of carbohydrates, proteins, lipids and
minerals, could contribute to attaining the adequate intake values proposed by the FAO (Food and
Agriculture Organization) and/or EFSA (European Food Safety Authority) for suitable maintenance
and improvement of the population’s health. Bakery products made with white, red or black
royal quinoa significantly improved the contribution to an adequate intake of polyunsaturated
fatty acids (linoleic and linolenic acids) and dietary fibre, which produced an improvement in the
soluble/insoluble fibre ratio. There was also an increase in the contribution to the average requirement
of Fe and Zn, although the increase in the phytate/mineral ratio would make absorption of them
more difficult. Inclusion of flour obtained from the three quinoas studied slightly improved the
protein quality of the products that were prepared and positively affected the reduction in their
glycaemic index.

Keywords: Chenopodium quinoa; bakery products; DRIs/DRVs (Dietary Reference Intakes/Dietary
Reference Values) and AI (Adequate Intake); FAO (Food and Agriculture Organization); EFSA
(European Food Safety Authority); protein quality; polyunsaturated fatty acids; dietary fibre; mineral
availability; glycaemic index estimation

1. Introduction

Quinoa is a native pseudocereal of Latin America that now has great consumer acceptance in
Europe and throughout the world. Because of its suitable balance of carbohydrates, proteins, lipids
and minerals and its bioactive compound content, it has been proposed that it should be included as a
strategy to improve the nutritional quality of bakery products made with refined flours [1,2]. Not only
would the incorporation of quinoa flour in formulations increase the protein content but it could also
improve the biological value of the proteins in these formulations, since quinoa proteins contribute
essential amino acids that are limiting in wheat flours (such as lysine and threonine), and they are
more digestible [3]. It could also lead to an increase in the unsaturated fatty acid content and an
improvement in the omega 3/omega 6 fatty acid relationship. The main unsaturated fatty acids in
quinoa are linoleic and α-linolenic acids, a precursor of long-chain polyunsaturated fatty acids (PUFAs),
which are essential fatty acids [1,4]. Moreover, its high fibre and mineral contents could help to attain
the daily requirements of these substances and of calcium, iron and zinc in the diet [1]. However,
mineral bioavailability does not depend only on the concentration of the mineral in question in the
food (such as Ca, Fe or Zn); there are compounds such as phytates that form complexes with di- and
trivalent minerals and prevent their absorption [5]. Because of the high proportion of dietary fibre
in wholemeal flours made from quinoa and other grains, their inclusion in bread formulations could
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have a beneficial effect by improving gastrointestinal transit and reducing levels of cholesterol and
as a source of prebiotics, among other functions of dietary fibre [6]. On the other hand, there are
studies that propose strategies to reduce the glycaemic response in bakery products by the use of
whole grains and by incorporating the external parts of the grain [7]. Diets with a high glycaemic
index (GI) are associated with the development of metabolic dysfunction and predisposition to type 2
diabetes, as well as with problems of overweight/obesity [8].

The dietary reference intakes (DRIs) proposed by the FAO/WHO (Food and Agriculture
Organization/World Health Organization) for the world population, also known as dietary reference
values (DRVs) proposed by EFSA (European Food Safety Authority) for the European population,
are a set of nutrient reference values that indicate the quantity of a nutrient that must be consumed
regularly to maintain the health of a healthy person (or population). The main aim of the first reference
values, proposed in the early 1940s, was to prevent nutritional deficiencies in the population [9].
However, nutrient reference intake values also focus on preventing illness and on promoting health [10].
There may be differences in the reference values proposed by the two organisations because they are
based on the average intakes of the population in question, taking their food behaviour into account.
These reference values have become a fundamental tool for evaluating the nutrients provided by a
food when it is ingested.

The aim of this study was to make a detailed analysis of the chemical composition of the raw
materials and the products developed, including the nutritional profile of products in which wheat flour
was replaced with whole white, red or black quinoa flour. The contribution made to the DRIs/DRVs of
nutrients such as linoleic acid, linolenic acid, calcium, iron, zinc and dietary fibre by the ingestion of a
bakery product with quinoa was investigated and the impact on the glycaemic index was estimated.

2. Materials and Methods

2.1. Materials

White, red and black quinoa seeds (organic “quinoa real”, royal quinoa), marketed by ANAPQUI
(La Paz, Bolivia), were purchased from Ekologiloak (Bizkaia, Spain). The three types of quinoa seeds
were ground separately to obtain the corresponding flour by using a commercial blender three times
for 30 s at room temperature (Aromatic, Taurus, Oliana, Spain) and were stored at 14 ◦C. Dehydrated
yeast (Saccharomyces cerevisiae, Maizena, Spain) was used as a starter and commercial wheat flour from
a local supermarket (Carrefour, Spain) was used for the breadmaking process.

2.2. Breadmaking Procedure

The control bread dough formula consisted of wheat flour (500 g), dehydrated yeast (1.0 g/100 g
flour), sodium chloride (1.6 g/100 g flour) and distilled water (70.8 g/100 g flour). Whole quinoa flour
was incorporated in the bread dough formula at a proportion of 25 g/100 g flour. The breadmaking
procedure was performed as described in a previous paper [11]. Measurements were carried out
in triplicate.

2.3. Proximate Chemical Composition

Proximate analysis of moisture, dietary fibre, starch and phytic acid (myo-inositol
1,2,3,4,5,6-hexakisphosphate) of the raw materials and breads was performed according to approved
methods 925.09, 991.43, 996.11 and 986.11, respectively [12]. Protein determination was carried out
by the Dumas combustion method (N conversion factor 5.7) according to ISO/TS 16634-2 [13]. Lipid
and ash contents were determined according to Official Methods 30-10 and 08-03, respectively [14].
Measurements were carried out in triplicate.
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2.4. Amino Acid Analysis

Samples (1 g) were hydrolysed with 4 mL of 6 N HCl. The solutions were sealed in tubes under
nitrogen and incubated in an oven at 110 ◦C for 24 h. Amino acids were determined in the acid
hydrolysis, after derivatisation with diethyl ethoxymethylenemalonate, by high-performance liquid
chromatography (HPLC) Model 600E multi-system with a 484 UV–Vis detector (Waters, Milford,
MA, USA) with a 300 mm × 3.9 mm reversed-phase column (Novapack C18, 4m; Waters) at 18 ◦C);
acetonitrile in binary gradient, the detection at 280 nm, with D-L aminobutyric as standard, Sigma
Chermical Co. St. Louis, MO, USA) according to the method of Alaiz et al. [15]. The amino acid
composition was expressed as grams of amino acid per 100 g of protein. Measurements were carried
out in triplicate.

2.5. Essential Amino Acid Index

The essential amino acid index (EAAI) was calculated according to Motta et al. [16], applying the
following equation:

EAAI = 10log EAA (1)

where

EAA = 0.1[log
(

a1

a1s
× 100

)
+ log

( a2

a2s
× 100

)
+ . . . log

( an

ans
× 100

)
] (2)

a1, . . . , an are the amino acid contents in the sample, and a1s, . . . , ans are the essential amino acid
requirements in the protein standard [17].

2.6. Fatty Acid Composition

The samples were transesterified to convert fatty acid methyl esters (FAMEs), following the
methodology previously described by Garces and Mancha [18]. The fatty acid composition and
quantification were determined using an Agilent Technologies chromatograph (Santa Clara, United
States) with a capillary column (100 m × 0.25 mm i.d. (internal diameter) × 0.25 μm film thickness) and
a flame ionisation detector according to IUPAC (International Union of Pure and Applied Chemistry)
Method 2.302 [19]. Measurements were carried out in triplicate.

2.7. Mineral Composition

The total Ca, Fe and Zn concentrations in samples were determined using a flame absorption
spectrometer at the Analysis of Soils, Plants and Water Service at the Institute of Agricultural Sciences,
Madrid, Spain. Each sample (0.5 g) was placed in a Teflon perfluoroalkoxy vessel and digested by
means of HNO3 (4 mL, 14 M) and H2O2 (1 mL, 30% v/v) attack. Samples were irradiated at 800 W
(15 min at 180 ◦C) in a Microwave Accelerated Reaction System (MARS, Charlotte, NC, USA). At the
end of the digestion programme, the digest was placed in a polypropylene tube and made up to final
volume with 5% HCl. Measurements were carried out in triplicate.

2.8. In Vitro Digestion and Glycaemic Index (GI)

In vitro starch digestion and glycaemic index estimation were performed according to the modified
method reported by Sanz-Penella et al. [7]. The hydrolysis index (HI) was calculated from the area
under the curve (AUC) from 0 to 120 min for samples as a percentage of the corresponding area
of reference (wheat bread) (HI = AUCsample/AUCwheat bread × 100). The glycaemic index (GI) was
calculated with the equation GI = 0.549 × HI + 39.71 used by Laparra et al. [20] for the inclusion
of Latin American crops in bread. The measurements were carried out in triplicate. The predicted
glycaemic load (pGL) was calculated for a 100 g bread portion from the glucose-related GI according
to pGL= glycaemic index × total carbohydrates/100, taking into account the total carbohydrates of
each sample [21].
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2.9. Statistical Analysis

One-way ANOVA and Fisher’s least significant differences (LSD) were applied to establish
significant differences between samples. All statistical analyses were carried out with the Statgraphics
Plus 16.1.03 software (Bitstream, Cambridge, MN, USA), and differences were considered significant at
p < 0.05.

3. Results and Discussion

3.1. Raw Material and Bread Chemical Composition

The protein contents of the raw materials did not reveal significant differences between the quinoa
flours or with the control flour (Table 1). The control flour had a slightly lower protein content in
comparison with other coloured quinoa varieties reported in the literature [22]. These differences could
be due mainly to the use of a lower protein conversion factor (N × 5.7) than the one generally used in
the literature (N × 6.25). The quinoa nitrogen-to-protein conversion factor used in the literature varies
from 5.70 to 6.25 [1]. In this regard, the European Union proposes setting a single value, but so far,
the value has not been agreed [23].

In the bread formulations, replacing 25% of the wheat flour with whole quinoa flour produced a
significant increase in the protein content in breads made with red and black quinoa in comparison
with the control sample (Table 1). The lipid contents in the quinoa flours were significantly higher than
those of the wheat flour, basically because the germ had been removed from the wheat flour (Table 2).
However, it must be pointed out that the lipid contents of quinoa grains are higher than those of whole
wheat flour mainly because of the greater proportion of the germ in relation to the other anatomical
parts of the quinoa grain [1]. In the comparison of varieties, the lipid contents were significantly higher
in the white and red quinoas than in the black variety (Table 2).

The results are in agreement with the values found in the literature, which range between 4.1 and
9.7 g/100 g, indicating great variability between quinoa varieties [1]. The predominance of unsaturated
fatty acids in quinoa seeds is well known [1], and therefore, the greater lipid content in bakery products
made with quinoa could help to improve the saturated/unsaturated fatty acids ratio in Western
diets [24].

The ash analysis did not reveal significant differences (p < 0.05) between the various quinoa
flours or between the products made with them (Table 3). The same tendency was observed with
the total dietary fibre (TDF) contents of the quinoa flours, which were significantly higher than those
of the wheat flour (Table 4). Although the comparison in this study was made with refined wheat
flour, it has been reported in the literature that quinoa grain generally has a higher total dietary fibre
content than wheat grain [1]. Even though there were no significant differences between white and
red quinoa with regard to the dietary fibre content (SDF, soluble dietary fibre; IDF, insoluble dietary
fibre; and TDF), an increasing tendency was observed in the quinoa flours: white<red<black (Table 4).
Diaz-Valencia et al. [22] reported similar behaviour with regard to the total fibre content of coloured
quinoas from Peru. The dietary fibre content of the bakery products showed a content that was related
to the contents of the various raw materials, with black quinoa bread having the highest total dietary
fibre content (Table 4). Soluble/insoluble relationships close to 1:2 have demonstrated a more effective
physiological action [25]. The bakery products that showed a ratio close to the recommended value
were the ones made with red and white quinoa (Table 4). The improvement in the ratio in the bakery
products could have a hypocholesterolaemic effect, attributable to the higher SDF content, as reported
by Konishi et al. [26] in their study of the effect of quinoa seed pericarp on mice. It has also been
reported that SDF reduces gastric emptying, the glucose absorption rate and postprandial insulin,
and therefore, an increase in the content of this fibre in bakery products could help to improve the
control of glycaemia in blood [27]. With regard to the intake of total dietary fibre, both the FAO and
EFSA propose an adequate intake (AI) of 25 grams per day for adults [28,29].
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Table 3. Mineral (Fe, Ca, Zn) content, phytate level ratio in raw materials and breads, phytate/mineral
molar ratio and average requirement contributions.

Parameter Units a Flours

Control White Quinoa Red Quinoa Black Quinoa

Ash g/100 g 0.41 ± 0.19 a 2.37 ± 0.02 b 2.32 ± 0.04 b 2.5 ± 0.03 b
Ca mg/100 g 20.3 ± 1.6 a 30.4 ± 1.4 c 22.9 ± 1.2 b 33.0 ± 0.8 d
Fe mg/100 g 0.57 ± 0.07 a 2.5 ± 0.3 b 2.21 ± 0.05 b 2.24 ± 0.07 b
Zn mg/100 g 0.65 ± 0.11 a 1.8 ± 0.1 b 1.97 ± 0.09 c 1.87 ± 0.07 bc

InsP6 mg/100 g 2.9 ± 0.4 a 15.7 ± 1.5 b 15.2 ± 1.0 b 16.9 ± 2.5 b

Breads

Control White Quinoa Red Quinoa Black Quinoa

Ash mg/100 g 1.04 ± 0.08 a 1.50 ± 0.01 b 1.51 ± 0.06 b 1.61 ± 0.01 b
Ca mg/100 g 20.5 ± 1.1 a 21.7 ± 1.9 ab 22.0 ± 1.0 ab 23.5 ± 0.2 b

Fe mg/100 g 0.69 ± 0.08 a 1.2 ± 0.1 c 1.18 ± 0.03
bc 1.08 ± 0.01 b

Zn mg/100 g 0.60 ± 0.05 a 1.1 ± 0.1 b 1.09 ± 0.05 b 1.08 ± 0.03 b
InsP6 mg/100 g 1.3 ± 0.1 a 3.6 ± 0.3 b 3.71 ± 0.05 b 4.0 ± 0.3 b

InsP6/Ca < 0.24 mol/mol 0.06 0.16 0.17 0.17
InsP6/Fe < 1.0 mol/mol 1.83 2.86 3.14 3.70

InsP6/Zn < 15.0 mol/mol 2.1 3.19 3.40 3.70

AR contribution mg/day

Ca
FAO 1000 3 3 3 3
EFSA 750 2 2 2 2

Fe
FAO 14 5 9 8 8
EFSA 11/16 6/4 11/8 11/7 10/7

Zn

FAOHigh 4.2/3 14/20 27/37 26/36 26/36
FAOModeratete 7.0/4.9 9/12 16/23 16/22 15/22

FAOLow 14.0/9.8 4/6 8/11 8/11 8/11
EFSA300 9.4/7.5 6/8 12/15 12/15 11/14
EFSA600 11.7/9.3 5/6 10/12 9/12 9/12
EFSA900 14/11 4/5 8/10 8/10 8/10
EFSA1200 16.3/12.7 4/5 7/9 7/9 7/8

Values are expressed as mean ± standard deviation (n = 3). Values followed by the same letter in the same line
are not significantly different at 95% confidence level. a Dry matter AR (average requirement) contribution (%) for
a daily average intake of 100 g of bread. AR in mg per day for males/females ≥18. EFSA: European Food Safety
Authority. FAO: Food and Agriculture Organization. The FAO considers three levels of bioavailability of zinc,
depending on the phytate (InsP6) content in the diet (high, FAOhigh; moderate, FAOmoderate; and low bioavailability,
FAOlow) [30]. EFSA contemplates four levels of phytate intake per day (300, EFSA300; 600, EFSA600; 900, EFSA900
and 1200 mg per day, EFSA1200) [29].

Mean consumption of 100 g of bread made with quinoa flour helped to attain 34%–43% of the
daily adequate intake of fibre in adults, and black quinoa bread was the one that produced the highest
percentage contribution, increasing the contribution by 19% in comparison with the control sample
(Table 4).

117



Foods 2019, 8, 379

Table 4. Dietary fibre content in raw materials and breads and contribution to adequate intake.

Parameter Units a Flours

Control White Quinoa Red Quinoa Black Quinoa

IDF g/100 g 3.9 ± 0.7 a 11.26 ± 0.01 b 13.9 ± 0.7 bc 17.4 ± 2.3 c
SDF g/100 g 1.11 ± 0.01 a 3.37 ± 0.01 c 3.9 ± 0.7 c 2.25 ± 0.01 ab
TDF g/100 g 5.0 ± 0.7 a 14.63 ± 0.02 b 17.8 ± 1.5 b 19.7 ± 2.3 b

Breads

Control White Quinoa Red Quinoa Black Quinoa

IDF g/100 g 4.8 ± 0.7 a 6.38 ± 0.01 b 6.9 ± 0.7 b 9.1 ± 0.7 c
SDF g/100 g 1.07 ± 0.01 a 2.13 ± 0.01 bc 2.7 ± 0.7 c 1.6 ± 0.7 ab
TDF g/100 g 5.9 ± 0.7 a 8.51 ± 0.01 b 9.6 ± 1.5 bc 10.66 ± 0.01 bc

SDF:IDF g/g 1:4.5 1:3.0 1:2.6 1:5.7
AI contribution % 24 34 38 43

Values are expressed as mean ± standard deviation (n = 3). Values followed by the same letter in the same line are
not significantly different at 95% confidence level. a Dry matter. SDF:IDF: 1:2 ratio of soluble/insoluble dietary fibre
(Jaime et al., 2002) [25]. AI (adequate intake) contribution (%) for a daily average intake of 100 g of bread. AI in g
per day for dietary fibre in adult ≥18 is 25 (EFSA, 2017).

The starch values of the quinoa flours were significantly lower than that of the wheat flour [11].
However, whole flours have a lower percentage of starch than refined flours, and the quinoa grains
used in this study had even lower starch contents than the levels reported for flours of whole cereals
such as wheat, barley and corn [1]. The starch content of the white variety was significantly higher than
that of the red and black varieties [11]. Similar results were found in the literature for white quinoa
grown in Holland or in Peru [22,31]. With regard to the starch contents of the bakery products, no
significant differences were observed, but there was a similar tendency to the one seen in the analysis
of the raw materials, with the starch content in the breads made with quinoa decreasing to a level of
25% (Table 5). This reduction could lead to a decrease in the glycaemic load of products made with
quinoa flour, as described below [21].

Table 5. Effect of quinoa flour addition on glycaemic index and glycaemic load.

Parameter Units
Breads

Control White Quinoa Red Quinoa Black Quinoa

Starch a % 66.2 ± 1.3 b 61.8 ± 1.7 a 62.6 ± 1.1 a 60.0 ± 2.6 a
AUC 5362 ± 172 c 4578 ± 128 a 4572 ± 28 a 4917 ± 141 b

TSH90
b % 82 ± 9 a 73 ± 5 a 71 ± 4 a 71 ± 4 a

GI b % 95 ± 1 c 86 ± 1 a 86.5 ± 0.2 a 90 ± 1 b
pGL b % 28.0 ± 0.5 d 20.1 ± 0.3 b 23.31 ± 0.08 c 19.4 ± 0.3 a
HC c SH/min 96 ± 15 a 97 ± 7 a 95 ± 11 a 76 ± 6 a

Slope-LB c SH/min 0.13 ± 0.05 a 0.35 ± 0.03 b 0.36 ± 0.09 b 0.19 ± 0.03 a

Values are expressed as mean ± standard deviation (n = 3). Values followed by the same letter in the same line
are not significantly different at 95% confidence level. AUC: area under the curve of starch digestion, TSH90: total
starch hydrolysed at 90 min, GI: glycaemic index. pGL: predicted glycaemic load, w.b.: wet basis, HC: hydrolysis
coefficient, SH: starch hydrolysed, a Dry basis, b Wet basis, c Slope and coefficient of hydrolysis calculated for each
sample using Lineweaver–Burk’s transformation of the TSH accumulation curves.

3.2. Amino Acid Composition

The amino acid contents of the raw materials and the breads are shown in Table 1. The predominant
amino acid in the quinoa flours was glutamic acid, and it was significantly lower than in the wheat
flour. Similar results have been found in cultivars in various regions [1,16]. The sulfur-containing
amino acids (methionine and cysteine) had the lowest levels in the flours analysed, as also reported
by other researchers [16]. In general, the essential amino acid contents in quinoa were higher than
those reported in most whole cereal grains, such as wheat, barley, rice and/or corn [3]. Consequently,
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one would expect that the incorporation of 25% of these flours in bread formulations would produce
a significant increase (p < 0.05) in the essential amino acid contents. In fact, the concentrations of
histidine, threonine and lysine increased significantly in comparison with the control sample.

However, although the incorporation of 25% of quinoa flour produced a general improvement in
the amino acid profile of the bakery products developed, the improvement did not reach the value
suggested by the FAO [32] for lysine (4.5 g/100 g of protein). The improvement in the nutritional
quality of the protein provided by the quinoa raw materials and the bakery products prepared with
quinoa was evaluated by calculating the EAAI (Table 1). The EAAI values of the quinoa flours were
slightly higher than that of the wheat flour, indicating a protein of greater nutritional quality (Table 1).
However, the incorporation of 25% of quinoa flour in the breads produced almost no change in the
EAAI values in comparison with the control sample. Apparently, there were also no losses during
baking, taking the lysine values of the raw materials as a reference for the theoretical calculation (data
not reported). An increase in the percentage of quinoa flour (over 50%) could attain the lysine values
proposed by the FAO [32].

3.3. Fatty Acid Composition

The analysis of the fatty acid profile of the raw materials showed higher levels in the quinoa flours
than in the control flour (Table 2). A noteworthy result was the significantly lower concentrations
of palmitic, stearic and oleic acids in the black quinoa flour in comparison with the other quinoas,
mainly due to the lower lipid contents of the flour of this variety. However, there were no significant
differences in the essential fatty acid contents in the various varieties of quinoa; linoleic acid was the
main fatty acid (over 50%), followed by oleic acid (over 20%), as reported in the literature [1]. The higher
concentrations of monounsaturated fatty acids (MUFAs) and polyunsaturated fatty acids (PUFAs) in
the quinoa flours in comparison with the wheat flour produced a significant change (p < 0.05) in the
lipid profile of the bakery products developed. Accordingly, intake of these products could help to
reduce the risk of suffering certain diseases. It has been reported that replacing saturated fatty acids
(SFAs) with polyunsaturated fatty acids (PUFAs) and/or monounsaturated fatty acids (MUFAs) in
intake helps to reduce the LDL cholesterol concentration and the total cholesterol/HDL cholesterol
ratio, and therefore the risk of suffering heart disease [32]. Consequently, adequate intakes of 2.5 E%
(percentage of energy intake) per day [32] or 4 E% per day [29] of the energy intake have been proposed
for linoleic acid (LA), and 0.5 E% per day for linolenic acid (ALA) [29,32]. The lipid profile analysis
showed a significant increase in LA and ALA in the breads with quinoa, which generated an increase
in the contribution to AIs (Table 2).

Consumption of 100 g of bread with quinoa would contribute up to 15 E% (according to the FAO)
or up to 9 E% (according to EFSA) of LA and up to 8 E% of ALA [29,32]. The saturated/unsaturated
acid ratio is an indicator for nutritional and functional analysis [24]. In the present study, the
saturated/unsaturated fatty acids ratio of the products made with quinoa was higher than that of
the control bread, mainly because of their high linoleic and oleic acid contents, which could help to
reduce the incidence of cardiovascular diseases [33]. Omega 6 (n-6) and omega 3 (n-3) fatty acids are
essential for humans and can only be biosynthesised from their ALA and LA precursors [1]. There
is no scientific rationale for recommending a specific n-6 to n-3 ratio, or LA to ALA ratio, if intakes
of n-6 and n-3 fatty acids lie within the recommendations established or previously reported [28,29].
However, in order to facilitate labelling, adequate intake values of 10 g of LA/day and 2 g of ALA/day
have been proposed for adults, from which it is possible to establish a ratio of 5:1 [34]. The current
n-6/n-3 ratio in Western diets has been estimated as lying in the range of 14:1–20:1 [33]. Accordingly,
intake of the products developed in the present study could help to improve the imbalance in Western
diets and thus help to achieve the recommendations of the international organisations.
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3.4. Mineral and Phytate Composition

There were no significant differences in the Fe contents of the quinoa flour, whereas the Ca
content was significantly higher in the black quinoa, followed by the white and red quinoas (Table 3).
The red quinoa had the highest Zn content, followed by the black and white quinoas. Studies
on other pseudocereals found higher Ca and Mg contents in coloured genotypes [35]. However,
Diaz-Valencia et al. [22] did not find a colour effect in their study with various varieties of quinoa.
The variability of the mineral contents in the grains can be explained by the agroecological conditions
in which they are grown, especially the soil [3]. The values reported in the present work are of the same
order as those reported for other quinoas and, in general, for other whole grains [1]. It is known that
minerals in wheat and other cereals are located mostly in the outer parts of the grain [36]. Accordingly,
as was to be expected, the quinoa flours had significantly higher mineral contents than the control,
which caused the same tendency in the breads made with those flours. The analysis of the bakery
products with quinoa showed a significant increase in mineral contents with the exception of Ca, which
was only significant in the product made with black quinoa (p < 0.05). The increase in the Fe and Zn
contents in the products made with quinoa could have a significant impact on the consumer, helping
to attain the DRIs/DRVs proposed by the FAO/EFSA, respectively [29,30]. The contribution of minerals
to the diet made by the bakery products is shown in Table 3. Ingestion of 100 g of bread made with
quinoa did not improve the contribution to the average requirement (AR) for Ca, but it increased the
contribution to the AR of Fe by 4%–5% (ARFAO: 14 mg/day; AREFSA: 11/16 mg/day) in comparison
with the white bread. With regard to Zn, various studies have demonstrated the negative effect of
phytic acid on the bioavailability of this mineral and other di- and trivalent minerals [1]. Phytates are
negatively charged at physiological pH and can therefore form insoluble complexes with cations in the
digestive tract, thus reducing their bioavailability [5]. Because of this inhibitory effect, particularly
for Zn, the FAO and EFSA have both proposed various ARs for the consumption of phytates in the
diet. The FAO [30] considers three levels of bioavailability of zinc, depending on the phytate content
in the diet (high, moderate and low bioavailability), whereas EFSA [29] contemplates four levels
of phytate intake per day (300, 600, 900 and 1200 mg per day). The incorporation of 25% of whole
quinoa flour in bakery products generated an increase of ~13%/17% (FAO) and ~6%/7% (EFSA) in the
contribution to the AR of Zn for males/females, respectively, in comparison with the control sample
in diets with high bioavailability (phytate/zinc < 5). In diets with high consumption of phytates or
low bioavailability (phytate/zinc ≥15) the contribution increased by only ~4%/5% (FAO) and ~3%/4%
(EFSA) for males/females, respectively.

The significantly higher (p < 0.05) phytic acid content of the quinoa flours with respect to the
wheat flour caused an increase in the phytic acid content in the breads made with quinoa (Table 3).
The reduction in the phytate content in the products made in comparison with the raw materials was
basically due to the activity of phytases, which are activated during the kneading and fermentation
stages and the first stages of baking, causing hydrolysis of the phytates to myo-inositol with a lesser
degree of phosphorylation [37]. Phytate/mineral molar ratios are a useful tool for predicting the
inhibitory effect on the bioavailability of minerals in humans [38]. Phytate/Ca ratios greater than 0.24 in
a food indicate that after ingestion the bioavailability of that mineral could be compromised. In the case
of Fe, the bioavailability is compromised if the phytate/Fe ratio is greater than 1. Similarly, absorption
of Zn is drastically reduced when the phytate/Zn ratio is greater than 15 [38]. The breads made with
25% of quinoa flour had phytate/Fe ratios greater than 1 (2.9–3.70), which would negatively affect
absorption of this mineral. However, the phytate/Ca ratios in the products with quinoa were less than
0.24, and the phytate/Zn ratios were less than 15 in the formulations with inclusion of quinoa flour,
thus improving the bioavailability of these two minerals, mainly because of the greater contribution of
these minerals, despite the higher concentration of phytates in the quinoa flour (Table 3).
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3.5. Glycaemic Index

The analyses performed for the glycaemic index estimation are shown in Table 5. After 90 min of
digestion of the wheat bread it showed 82% of hydrolysed starch. The TSH90 (total starch hydrolysed at
90 min) was reduced by 9%–11% in the breads with quinoa. The wheat bread showed the significantly
(p < 0.05) highest glycaemic index (GI) percentage in comparison with the breads made with whole
quinoa flour (Table 5). Furthermore, significantly higher values were observed in the GI of the breads
made with black quinoa compared with those made with white and red quinoa. In the literature,
a reduction of ~5% was reported in the GI of bread made with 100% of quinoa in comparison with the
reference control bread [21]. With regard to the predicted glycaemic load (pGL), significant differences
were observed between all the bread samples analysed (Table 5), with the bread made with black
quinoa being the sample that showed the smallest pGL. The Lineweaver–Burk plot, widely accepted
and established for calculating the kinetic parameters of starch hydrolysis, was used to transform
cumulative curves into linear curves [7]. With this method it is possible to calculate the reciprocal
values of (% of starch hydrolysis) and time. The inclusion of 25% of quinoa did not produce significant
changes in the hydrolysis coefficients (Table 5). However, the values of the slope of the curve in the
Lineweaver–Burk plot showed a smaller slope, indicating faster hydrolysis of starch, in the wheat
bread in comparison with the breads with quinoa. This may have been because the fibre and other
compounds present in quinoa, such as polyphenols, affected the glucose uptake kinetics, as reported
by other researchers [7,39].

Moreover, in vivo studies have indicated that breads formulated with different sources of dietary
fibre or mixtures of them in baked products have a hypoglycaemic effect in humans owing to the
reduction in the rate of absorption of carbohydrates from the diet because of the formation of a viscous
gel in the small intestine [40]. In this context it must be emphasised that the glycaemic response of
foods depends on the texture and size of the particles, but also on the type of starch, the degree of its
gelatinisation, the type of association/interaction with other components of the food, and the type of
processing of the food. Therefore, the differences found in the products with quinoa were due not only
to an effect of dilution of starch as a result of the inclusion of a whole flour but also to the different
properties of quinoa starch, among other factors.

4. Conclusions

Replacement of 25% of wheat flour with white, red or black quinoa flour produced a general
improvement in the nutritional profile of the bakery products developed in this study in terms of an
improvement in the contribution to adequate intake of fibre, general increase in protein content with a
slight improvement in the amino acid profile, especially in lysine, and an increase in lipid content with
an improvement in the saturated/unsaturated fatty acids ratio due to the higher content of linoleic
acid in the quinoa flours, helping to attain adequate intake of linoleic and linolenic acids. The mineral
content of the quinoa flours produced an improvement in the contribution to the average requirements
of Fe and Zn made by the breads with addition of quinoa, although an increase in the phytate/mineral
ratio might compromise absorption of these minerals. The breads with quinoa flour also produced
a reduction in the glycaemic index and the predicted glycaemic load, with a tendency for the starch
hydrolysis rate to decrease.
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Abstract: Vitamin A deficiency (VAD) and under nutrition are major public health concerns in
developing countries. Diets with high vitamin A and animal protein can help reduce the problem of
VAD and under nutrition respectively. In this study, composite flours were developed from orange
fleshed sweet potato (OFSP), amaranth leaves and skimmed milk powders; 78:2:20, 72.5:2.5:25, 65:5:30
and 55:10:35. The physico-chemical characteristics of the composite flours were determined using
standard methods while sensory acceptability of porridges was rated on a nine-point hedonic scale
using a trained panel. Results indicated a significant (p < 0.05) increase in protein (12.1 to 19.9%),
iron (4.8 to 97.4 mg/100 g) and calcium (45.5 to 670.2 mg/100 g) contents of the OFSP-based composite
flours. The vitamin A content of composite flours contributed from 32% to 442% of the recommended
dietary allowance of children aged 6–59 months. The composite flours showed a significant (p < 0.05)
decrease in solubility, swelling power and scores of porridge attributes with increase in substitution
levels of skimmed milk and amaranth leaf powder. The study findings indicate that the OFSP-based
composite flours have the potential to make a significant contribution to the improvement in the
nutrition status of children aged 6–59 months in developing countries.

Keywords: functional properties; orange fleshed sweet potato; vitamin A; porridge; skimmed milk

1. Introduction

Under nutrition affects millions of people globally, especially in developing countries [1].
The cause of under nutrition is mainly an inadequate nutrient intake or absorption to cover needs
for energy, growth and to maintain a healthy immune body system. Micronutrient deficiencies are
a form of undernutrition and occur when the body lacks one or more micronutrients such as iron,
iodine, zinc, vitamin A or folate. These deficiencies usually affect growth and immunity but some
cause specific clinical conditions such as anaemia (iron deficiency), hypothyroidism (iodine deficiency)
or xerophthalmia (vitamin A deficiency). Vitamin A [2] and iron deficiencies [3] are the major public
health concerns in resource poor communities. Macronutrient deficiencies are also common and
usually occur as protein energy malnutrition. The persistent high levels of macro and micronutrient
deficiencies in developing countries are attributed to the dependence on plant based foods and lack of
nutrient diversity [4]. Plant based foods are relatively cheaper and can be afforded by most households
in developing countries. However, they have a relatively lower protein quality and limited nutrient
bioavailability. Inadequate intake of quality protein and micronutrients such as iron and vitamin A [2]
might have contributed to the widespread of macro and micronutrient malnutrition manifested in
children aged 6–59 months [5]. Many programs have been implemented to reduce vitamin A, iodine [6]
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and iron deficiencies in developing countries. One of the programs that has been implemented to
reduce micronutrient deficiencies is the use of bio-fortified sweet potatoes such as orange fleshed
sweet potatoes (OFSP) and beans respectively [7,8]. Indeed in many areas, OFSP have been used in the
formulation of complementary diets due to their high content of naturally bio-available β-carotene [9].
Studies have indicated that OFSP flour is rich in β-carotene (100–1600 mg RAE/100 g for varieties in
Africa) [10], energy (293 to 460 kJ/100 g) [11] and significant amounts of iron, zinc and manganese [12].
Although OFSP and its products may have many positive attributes and is cheaper than other crops,
it is limited in other micronutrients such as calcium, sodium, potassium, phosphorus and quality
proteins [13]. Therefore, OFSP alone cannot be adequate in combating the different types of nutrient
deficiencies afflicting the vulnerable communities in developing countries. Thus, there is a need
to enhance the macro and micronutrient profile of OFSP using locally available foods. Green leafy
vegetables such as amaranth have been documented to contain essential micronutrients such as
β-carotene, vitamin C, iron, calcium, zinc and proteins [14].

Amaranth leaves are considered as one of the principal leafy vegetables in tropical areas with
high annual production [15]. However, they are mainly used as salads and sauces by adults in most
areas [16]. On the other hand, skimmed milk powder is an excellent source of proteins (34 to 37%)
and is rich in calcium (1257 mg/100 g) [17]. Milk protein is the source of all the essential amino acids
with high protein digestibility [18]. Therefore, addition of skimmed milk and amaranth leaves powder
to orange fleshed sweet potato flour could be a better option to provide a better overall essential
amino acid balance and micronutrients. This could help to overcome the global protein calorie and
micronutrient malnutrition challenges respectively. The aim of this study was therefore to develop
a nutrient enhanced OFSP-based composite flour incorporating skimmed milk and amaranth leaf
powders that is suitable for children aged 6–59 months.

2. Materials and Methods

2.1. Source of Raw Materials and Laboratory Reagents

Orange fleshed sweet potatoes (NASPOT 13 variety, maturity; 5 months) and amaranth leaves
were obtained from the National Crop Resources Research Institute (NaCRRI), Namulonge, Uganda.
Skimmed milk powder was purchased from Pearl Dairies, Mbarara District, Uganda. All the materials
were delivered to the laboratory at the School of Food Technology, Nutrition and Bioengineering,
Makerere University for further processing. Laboratory reagents were purchased from Neo Faraday
Laboratory Supply, Kampala, Uganda.

2.2. Preparation of OFSP Flour and Amaranth Leaves Powder

The OFSP roots were manually washed, peeled, blanched in hot water in a water bath (Grants
Instrument Ltd., Shepreth, UK) maintained at 90 ◦C for 2 min [19] and cut into thin pieces using a hand
grater with holes of diameter of 0.6 cm. Amaranth leaves were washed with potable water to remove
surface soil. The amaranth leaves were dipped in 5% saline solution for 15 min. The amaranth leaves
and grated OFSP were separately spread on solar drier trays and dried in a locally made solar drier
(KENTMARK Ltd, Kampala, Uganda; tunnel dryer maximum, visqueen UV 4; 6250062, temperature
56 ± 2 ◦C) for 24 h. The dry OFSP pieces and amaranth leaves were separately milled into fine powders
using a locally fabricated hammer mill. The OFSP flour and amaranth leaves powder were separately
packaged in aluminum laminated packages [20] and stored in the freezer before they were mixed to
produce composite flours.

2.3. Composite Flour Preparation

The five different combinations of orange fleshed sweet potato, amaranth leaves and skimmed
milk powders (Table 1) were determined with Nutri-survey software and used in the composite flour.
The selection of proportions of each ingredient used in composite flour was based on the nutritional
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requirements of children aged 6–59 months and took into consideration the effect of amaranth leaves
powder on the color of the resultant porridge [21,22]. Orange fleshed sweet potato flour was blended
with amaranth leaves and skimmed milk powder by using a mixer (Lilaram Manomal and Sons,
Vadodara, Gujarat, India). The composite flour samples were packaged in aluminum laminated
packages and stored in plastic buckets at room temperature (25 ± 5 ◦C). The OFSP-based composite
flour samples were randomly given codes GT1, GT2, GT3 and GT4 (Table 1).

Table 1. Different proportions (%) of OFSP, amaranth leaves and skimmed milk powders used in
composite flours.

Sample Code OFSP Flour Amaranth Leaves Powder Skimmed Milk Powders

OFSP (Control) 100.0 0.0 0.0
GT1 78.0 2.0 20.0
GT2 72.5 2.5 25.0
GT3 65.0 5.0 30.0
GT4 55.0 10.0 35.0

2.4. Nutrient Composition of OFSP-Based Composite Flours

The proximate composition of OFSP and OFSP-based composite flours were carried out according
to AOAC official method for nutrient analysis [23]. Moisture content was determined by the oven
method; protein content was determined by Kjeldahl method (nitrogen content multiplied by 6.25);
fat content was determined by using petroleum ether extraction; and crude fiber was determined by
digesting defatted samples with diluted acid (1.25%) sulfuric acid solution for 30 min at boiling point
followed by digestion with 1.25% sodium hydroxide solution for the same duration. The carbohydrate
component was determined by difference while the energy content was determined by using the
Atwater factor (carbohydrate and protein values were each multiplied by 4 kcal/g, whereas fat values
were each multiplied by 9 kcal/g).

The amount of calcium, zinc, iron and phosphorus in the composite flours was measured using
an atomic absorption spectrophotometer (AAS) [24]. About 5 g of flour was placed in a previously
weighed porcelain crucible and heated. The resulting white ash was weighed, dissolved in 10 mL of 1:1
nitric acid (prepared by dissolving 5 mL of nitric acid in 5 mL of distilled water), filtered into a 50 mL
volumetric flask and diluted with distilled water to the 50 mL mark. The solutions were then taken to
an atomic absorption spectrophotometer (Atomic Absorption Spectrophotometer, Shelton, CT, USA)
and the absorbance read at 470 nm which was later used to determine the concentrations of calcium,
zinc, iron, magnesium and copper. Standard stock solutions of calcium, zinc, iron, magnesium and
copper were also prepared from AAS grade chemicals by appropriate dilution. Calibration curves
were obtained by plotting the concentration against the absorbance for the calcium, zinc, iron, sodium,
and potassium measurements. Calibration equations were derived and concentrations of calcium, zinc,
iron and phosphorus were expressed as mg/100 g.

The vitamin A (RAE) content of flours was estimated by acetone-petroleum ether extraction
followed by spectrophotometric measurement and total carotenoids divided by 12 according to
the modified Rodrigues-Amaya and Kimura method of total carotenoids analysis [25]. Extraction of
carotenoids was performed by grinding of composite flours in a mortar using a pestle, filtration through
a filter funnel filled with glass wool and separation from acetone to petroleum ether. The petroleum
eluent adjusted to a specific volume was read at 450 nm in a spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA) for the concentration of total carotenoids. Vitamin A (RAE) was
obtained by dividing total carotenoids by 12 and results expressed as micrograms per 100 g of dry
weight (μg/100 g). All analyses were carried out in triplicate and measured on a dry weight basis.
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2.5. Determination of Physico-Chemical and Functional Properties Of OFSP-Based Composite Flours

The bulk density, water and oil absorption capacities of the OFSP-based composite flours were
determined as described by reference [26]. About one gram of flour was mixed with 10 mL of distilled
water and 10 mL of oil respectively in a test tube and vortexed for about 5 min. The samples were
allowed to stand at 30 ◦C for 30 min and then centrifuged at 10,000 rpm for 30 min using centrifuge
(ThermoFisher scientific, Waltham, MA, USA). The volume of supernatant in a graduated cylinder was
then noted. Density of water was taken to be 1 g/mL and that of oil to be 0.93 g/mL. The water/oil
absorbed (V) was calculated as the difference between the initial water/oil used (V0) and the volume
of the supernatant obtained after centrifuging (V1). Thus V= V0 − V1 and mass = density × volume.
The percentage of water/oil absorbed by the flour was expressed on a % basis. For bulk density,
approximately 2 g of the flour (m) was gently introduced into a dry 10 mL graduated cylinder without
compacting. The cylinder was carefully tapped to compact the sample. The apparent volume (V) was
recorded to the nearest graduated unit. The bulk density of flours was expressed as g/mL.

The swelling power and solubility of the flours were determined according to the method
described by reference [27]. About one gram (1 g) of sample was weighed, transferred into a clean
dry test tube and added to 50 mL of distilled water. The mixture was vortexed for about 5 min.
The resulting slurry was heated at 60 ◦C for 30 min in a water bath (Grants Instrument Ltd., Shepreth,
UK) while shaking the tubes every after 5 min. The mixture was cooled to room temperature and
centrifuged at 2200 rpm for 15 min. Supernatant was carefully removed and starch sediment weighed.
About 5 mL of aliquot of the supernatant was taken into pre-weighed dish and dried to a constant
weight at 120 ◦C for 4 h. The residue obtained after drying was taken to be the amount of starch
solubilized in water. The swelling power and solubility of the sample were expressed as percentages.

Pasting characteristics of the porridge from the composite flours were determined using a Rapid
Visco Analyzer (Perten Instruments AB, Kungens Kurva, Sweden) according to the methods described
by reference [28]. Peak viscosity, trough, breakdown, final viscosity, setback, peak time and pasting
temperatures were read from the pasting profile with the aid of thermocline for Windows software
connected to a computer [29]. The viscosity was expressed in centipoises (cP).

2.6. Contribution of Porridge from Composite Flours to Recommended Dietary Allowance (RDA) Of Children
Aged 6–59 Months

Percentage contribution to recommended dietary allowance was expressed as a % of RDA.

%RDA =
X
Y
× 100 (1)

where X is the amount of nutrient analyzed and Y is the RDA for a given nutrient/variable.

2.7. Sensory Evaluation of Composite Flour Porridges

Porridges were prepared by separately adding 200 g of OFSP and OFSP-based composite flours in
250 mL of cold water. The resulting paste was added to 550 mL of boiling water and cooked for 15 min
with constant stirring. The prepared porridge was kept in coded thermos vacuum flasks. The sensory
attributes of porridges were evaluated by thirty (30) trained panelists comprising of students and staff
in the School of Food Technology, Nutrition and Bio-Engineering, Makerere University. The ages of
panelists ranged from 18 to 45 years and there were 16 females and 14 males. Each panelist sat in an
individual booth and was provided with hot porridge samples in plastic disposable cups marked with
3-digit random codes. Each panelist was provided with drinking water to rinse the palate after each
taste. The sensory attributes of porridges that were evaluated included general appearance, color, taste,
aroma, thickness, and overall acceptability. The attributes were rated on a nine-point hedonic scale
(like extremely = 9 to dislike extremely = 1).
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2.8. Statistical Analysis

All experimental determinations were carried out in triplicate and subjected to statistical analysis
of variance (ANOVA) using XLSTAT software version 2017 (Addinsoft, New York, NY, USA) to
determine variation between means of OFSP-based composite flours for their nutrient composition,
sensory, physico-chemical and functional properties. A multiple factor analysis (MFA) was run to
determine correlation between sensory attributes of porridges from different OFSP-based composite
flours. Significance variation was accepted at p < 0.05. The Fisher Least Significant Difference (LSD)
test was done to determine the significant difference between the two means of the properties of flours.
Experimental results were expressed as the means ± standard deviations (SD).

3. Results and Discussion

3.1. Nutrient Composition of Orange Fleshed Sweet Potato-Based Composite Flours

The moisture, ash, protein, fat, carbohydrate, fiber and energy contents of OFSP-based composite
flours on dry weight basis are presented in Table 2. The moisture content of OFSP and OFSP-based
composite flours ranged from 5.4 to 5.9%. The moisture content of OFSP and OFSP-based composite
flours was slightly higher than the moisture content (<5%) recommended by Codex standards for
complementary foods but below the critical moisture (12%) content for flours. The low moisture
content of the OFSP and OFSP-based composite flours is attributed to proper drying and handling.
Therefore, the OFSP-based composite flours would be stable on the shelves for longer periods due
to their low moisture contents. On the other hand, a moisture content ranging from 6.9 to 10.9% in
different varieties of OFSP flours was reported by reference [30]. This implies that the OFSP-based
composite flours in this study would be more shelf-stable than those reported by reference [30].

Table 2. Proximate (%) and energy (kcal/100 g) composition of orange fleshed sweet potato-based
composite flours on dry weight basis (except moisture content).

Sample Moisture Content Ash Crude Protein Crude Fat Total Carbohydrates Crude Fiber Energy

OFSP 5.8 ± 0.2 a 2.7 ± 0.0 d 4.1 ± 0.3 e 0.4 ± 0.1 d 86.0 ± 0.3 a 1.2 ± 0.4 e 389 ± 0.0 a

GT1 5.7 ± 0.2 a 4.0 ± 0.3 c 12.1 ± 0.5 d 0.7 ± 0.0 c 76.7 ± 0.8 b 1.5 ± 0.0 d 387 ± 0.1 a

GT2 5.7 ± 0.3 a 4.3 ± 0.1 c 13.9 ± 0.4 c 1.1 ± 0.4 b 73.6 ± 0.5 c 2.2 ± 0.3 c 386 ± 0.0 a

GT3 5.4 ± 0.6 a 4.6 ± 0.2 b 17.0 ± 0.6 b 1.1 ± 0.1 b 71.6 ± 1.6 c 2.5 ± 0.0 b 383 ± 0.0 a

GT4 5.9 ± 0.7 a 5.3 ± 0.2 a 19.9 ± 0.4 a 1.4 ± 0.4 a 67.8 ± 0.0 d 3.2 ± 0.4 a 379 ± 0.0 a

p-value 0.694 <0.001 <0.001 <0.005 <0.001 <0.05 0.283

Means and standard deviations of triplicate determinations. Means in the same column with different superscripts
(a,b,c,d,e) are significantly (p < 0.05) different. Samples GT1, GT2, GT3 and GT4 are orange fleshed sweet potato-based
composite flours with skimmed milk powder at substitution levels 20%, 25%, 30% and 35% respectively while
amaranth leaves powders were 2%, 2.5%, 5% and 10% respectively.

The carbohydrate content of OFSP-based composite flours significantly (p < 0.05) decreased from
86.0 to 67.8%. The decrease in carbohydrate content is attributed to the dilution effect of skimmed
milk (49.5–52.0%) [31] and amaranth leaf powders (28.2%) [32], which are low in total carbohydrates.
However, the carbohydrate content of the OFSP-based composite flours is within the range (45 to
65%) recommended for infant feeding, making it suitable for use in the preparation of porridges for
children aged 6–59 months. According to Amagloh and Coad [33], carbohydrate content of sweet
potato, skimmed milk powder and maize based complementary foods was in the range 50.25 to 58.92%,
which are lower than those reported in this study. A similar trend (64.8 to 57.1%) was also reported by
Nkesiga and Okafor [34] with the addition of amaranth leaves powder in yellow maize flour at 20%
substitution level. The higher carbohydrate content reported in this study could be due to differences
in the proportions of ingredients used.

There was no significant difference between the energy content of OFSP and OFSP-based
composite flours (p > 0.05) (Table 2). This might be explained by the fact that the ingredients added
to OFSP did not have a lot of carbohydrates and therefore could not significantly alter the energy
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content of OFSP flour [35]. Findings in this study indicated a higher energy content compared to
350–360 kcal/100 g reported by [34] in yellow maize flour supplemented with 20% amaranth leaf
powder. The higher energy content reported in this study may be explained by the high fat and
carbohydrate contents recorded (Table 2). The energy content of OFSP-based composite flours is
approximately half the total energy required for healthy breastfed infants; 615 kcal/day from 6 to
8 months of life, 686 kcal/day from 9 to 11 months and 894 kcal/day from 12 to 23 months [36].
Therefore, the OFSP-based composite flours are suitable for use in making porridges for children aged
6–59 months.

Study findings further indicated that addition of skimmed milk and amaranth leaf powder
significantly (p < 0.05) increased the ash content of OFSP-based composite flours from 2.7 to 5.3%.
The significant increase in the ash content in OFSP-based composite flours may be attributed to
addition of amaranth leaf powders because they are reported to be rich in minerals (10.6% ash) [32].
Findings in this study are in agreement with those of Nkesiga and Okafor [34] who reported an increase
in ash content in yellow maize flour from 1.3 to 4.6% with addition of 20% amaranth leaf powder.
Thus, the OFSP-based composite flours would contribute to the recommended dietary allowances
(RDA) of minerals required by children aged 6–59 months.

The protein content of OFSP-based composite flours significantly (p < 0.05) increased from 4.1
to 19.9%. The protein content of GT3 and GT4 was higher than the protein value (15%) stipulated in
the Codex standard of complementary foods. Therefore, GT3 and GT4 comply with the permitted
levels (15%) of formulated complementary foods [37]). This observation could be due to the fact that
blending of two or more plant and animal-based food materials increases the nutrient density of the
food product [38]. Therefore, the addition of skimmed milk (34–37% protein) and amaranth leaves
(32.5% protein) increased the protein content of OFSP-based composite flours. According to Mahmoud
and Anany [39], an increase in the protein content (17.9%) of a complementary food formulated from
rice, fib beans, sweet potato flour, and peanut oil was reported. This was probably due to incorporation
of legumes (fib beans and peanut), which are rich in proteins.

There was a significant increase (p < 0.05) between the fat content of OFSP-based composite flours.
The increase in fat content of OFSP-based composite flour is attributed to increase in levels of skimmed
milk powder added to OFSP flour. Findings from this study showed a lower fat content (0.7 to 1.4%)
than that (3.87 to 5.17%) reported by Tadese et al. [40] in flat-bread prepared from blends of maize
and OFSP flours. This is because maize flour has higher fat content (6.95%) [40] than skimmed milk
powder (1.5%). The low-fat content of OFSP-based composite flours may be better for longer storage
of the OFSP-based composite flours if properly packaged and stored in areas with low humidity
and temperature.

The crude fiber content of OFSP-based composite flours significantly (p < 0.05) increased from
1.2 to 3.2%. This is attributed to higher levels of amaranth leaf powder added that is reported to
have higher fiber content (18.11%) [32] than OFSP flour (2.57%) [24]. Findings from this study are
in agreement with those reported by Beswa et al. [32], who observed an increase in the crude fiber
content of extruded pro-vitamin A bio-fortified maize snacks with addition of 1 and 3% amaranth leaf
powder. The crude fiber content of the OFSP-based composite flours was within the recommended
Codex Standards (5%) for complementary foods. Therefore, the composite flours are suitable for use in
complementary feeding of children aged 6–59 months.

The results for mineral and vitamin A (μg RAE) content of OFSP-based composite flours are
presented in Table 3. The vitamin A (μg RAE) content of OFSP and OFSP-based composite flours
decreased from 1989.8 to 145.7 μg RAE/100 g with increase in the substitution levels of amaranth
leaves and skimmed milk powders. The decrease in vitamin A (μg RAE) content of OFSP flour was
significantly (p < 0.05) different from that of OFSP-based composite flours. This could be attributed
to the dilution effect due to addition of skimmed milk powder that has low levels of vitamin A
(μg RAE). Findings from this study showed that vitamin A concentrations were higher than those
reported by Amagloh and Coad [33] in orange fleshed sweet potato-based infant food (226.24 μg
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RAE/100 g). In addition, Kidane et al. [41] reported 1924 μg RE/100 g in orange fleshed sweet potato
flour, which was slightly lower than that reported in this study. The differences in vitamin A (μg RAE)
observed in this study and those reported in other studies [33,41] are attributed to drying temperatures
and time.

Table 3. Mineral and vitamin A (μg RAE) content of orange fleshed sweet potato-based composite
flours on dry weight basis.

Sample
Vitamin A (μg

RAE/100 g)
Fe (mg/100 g) Ca (mg/100 g) P (mg/100 g)

OFSP flour 1989.8 ± 1.2 a 4.8 ± 0.4 e 45.5 ± 0.4 e 69.2 ± 0.2 e

GT1 1447.3 ± 1.1 b 19.6 ± 0.6 d 321.2 ± 0.2 d 253.7 ± 0.2 d

GT2 563.8 ± 0.4 c 24.5 ± 0.1 c 394.3 ± 0.4 c 299.4 ± 0.9 c

GT3 343.9 ± 0.2 d 48.8 ± 0.1 b 506.2 ± 0.1 b 345.2 ± 0.4 b

GT4 145.7 ± 1.4 e 97.4 ± 0.2 a 670.2 ± 0.3 a 388.3 ± 0.4 a

p-value <0.001 <0.001 <0.0001 <0.001

Means and standard deviations of triplicate determinations. Means in the same column with different superscripts
(a,b,c,d,e) are significantly (p < 0.05) different. Samples GT1, GT2, GT3 and GT4 are orange fleshed sweet potato-based
composite flours with skimmed milk powder at substitution levels 20%, 25%, 30% and 35% respectively while
amaranth leaves powders were 2%, 2.5%, 5% and 10% respectively.

Study findings also indicated a significant (p < 0.05) increase in iron (4.8 to 97.4 mg/100 g),
calcium (45.5 to 670.2 mg/100 g) and phosphorus (69.2 to 388.3 mg/100 g). The increase in iron,
calcium and phosphorus content of OFSP-based composite flours is attributed to the addition of
amaranth leaves powder because they are reported to be rich in these minerals [32]. In addition,
the high calcium content reported in this study is attributed to the addition of skimmed milk powder
(1257 mg/100 g) [31].

3.2. Contribution of Energy and Protein Content Of Porridge Prepared from 200 G Of OFSP-Based Composite
Flours in 800 mL Of Water Towards RDA for Children Aged 6–59 Months

Table 4 shows the contribution of OFSP-based composite flours to the RDAs of energy and protein
for children aged 6–59 months. The study findings indicated that the protein contribution to the RDA
reduced with an increase in the age of children. For children 0.5–1 year, the porridge from OFSP-based
composite flours contributes 86.4 to 142.1% of the RDA for protein but it contributes only 50.4 to 82.9%
for children aged 4–6 years. The energy contribution was 45.5 to 44.6% for children 0.5–1 year and 21.5
to 21.1% for children 4–6 years (Table 4).

Table 4. Contribution (%) of energy and protein content of porridge from 200 g of OFSP-based
composite flours in 800 mL of water towards RDA for children aged 6–59 months.

Variable Age Group (years) RDA a Contribution (%) of OFSP-Based Composite Flours to RDA

OFSP GT1 GT2 GT3 GT4

Energy (kcal/day) 0–0.5 650 59.9 59.5 59.4 58.9 58.3
0.5–1 850 45.8 45.5 45.4 45.1 44.6
1–3 1300 29.9 29.8 29.7 29.5 29.2
4–6 1800 21.6 21.5 21.4 21.3 21.1

Protein (g/day) 0–0.5 13 31.5 93.1 106.9 130.8 153.1
0.5–1 14 29.3 86.4 99.3 121.4 142.1
1–3 16 25.6 75.6 86.9 106.3 124.4
4–6 24 17.1 50.4 57.9 70.8 82.9

Samples GT1, GT2, GT3 and GT4 are orange fleshed sweet potato-based composite flours with skimmed milk
powder at substitution levels 20%, 25%, 30% and 35% respectively while amaranth leaves powders were 2%, 2.5%,
5% and 10% respectively. a Food and Nutrition Board, (1989).

131



Foods 2019, 8, 13

The high contribution of the OFSP-based composite porridges to RDAs for protein and energy are
due to their reported high concentrations in the composite flours (Table 2). In addition, the contributions
of protein that are above the RDA are non-toxic to the body because it was slightly above the protein
requirement [32]. However, it is recommended that protein intake should not be more than twice the
RDA for protein [37]. Reduction in the contribution of energy and protein to the RDA with an increase
in age is due to an increase in the body’s needs during growth. For example, energy is needed for
metabolic activities and body maintenance while protein is needed for growth and development in
children. In order to meet the protein and energy RDAs of the older children, an intake of more than
100 mL of the OFSP-based composite porridge is recommended.

3.3. Contribution (%) of Calcium, Iron and Vitamin a Of Porridge from OFSP-Based Composite Flours Towards
the RDA for Children Aged 6–59 Months

Table 5 shows the calcium, iron and vitamin A contribution (%) of porridge from OFSP-based
composite flours to the recommended dietary allowances for children aged 6–59 months. Findings
from this study showed that the porridge from composite flours contributed more than 100% of the
required iron. However, the porridge from OFSP flour only contributed 48% of the RDA for iron
in children aged 6–59 months. The results further indicate that the mean calcium contributions of
composite flours were between 45.9% and 95.7% of the RDA for children aged 6–59 months. Findings
further show that the vitamin A contribution was above 100% in OFSP, GT1 and GT2 while those of
GT3 and GT4 were below 100%. The high contributions of iron zinc, calcium and vitamin A were due
to high concentrations as indicated in Table 3. Iron and vitamin A are non-toxic in the body [37,42]
and therefore their high contribution levels in the OFSP-based composite flour have no health concern.
Therefore, adoption of the OFSP-based flours and their proper preparations may greatly contribute to
the reduction of mineral and vitamin A deficiencies among children aged 6–59 months.

Table 5. Contribution (%) of calcium, iron and vitamin A of porridge from OFSP-based composite
flours towards the RDA for children aged 6–59 months.

Sample
Contribution to RDA

Ca Fe Vitamin A

OFSP flour 6.5 48.0 442
GT1 45.9 196.0 322
GT2 56.3 245.0 125
GT3 72.3 488.0 76
GT4 95.7 974.0 32

RDA (mg/100 g) 700.0 10.0 0.45

Samples GT1, GT2, GT3 and GT4 are orange fleshed sweet potato-based composite flours with skimmed milk
powder at substitution levels 20%, 25%, 30% and 35% respectively while amaranth leaves powders were 2%, 2.5%,
5% and 10% respectively. The recommended levels of the nutrients considered adequate for most healthy children
aged 6–59 months [32].

3.4. Physico-Chemical and Functional Properties of Orange Fleshed Sweet Potato-Based Composite Flours

Table 6 presents the physico-chemical and functional properties of orange fleshed sweet
potato-based composite flours on dry weight basis. The functional properties determine the application
and use of food materials for various food products. The decrease in solubility of flours was not
significant (p = 0.423) while swelling power significantly (p = 0.048) decreased from 0.9 to 0.5%.
The non-significant decrease in solubility of OFSP-based composite flours is attributed to the dilution
effect of sugars in the flours by addition of skimmed milk and amaranth leaves powder that have lower
sugar content than OFSP flour. According to reference [43], high sugar content favors the formation of
hydrogen bonds, increasing solubility. Therefore, the low solubility of OFSP-based composite flours
is due to low sugars. As such, the developed composite flours are less soluble in water due to low
sugars but would still be soluble due to high protein content that exposes hydrophilic groups during
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porridge making. The study findings are in agreement with those of reference [44], who reported a
solubility of 3.12% in orange flesh sweet potato-sorghum-soy blend at a ratio of 40:40:20.

Table 6. Physico-chemical and functional properties (%) of orange fleshed sweet potato-based
composite flours on dry weight basis.

Sample Solubility (%)
Swelling

Power (%)
Water Absorption

Capacity (%)
Oil Absorption

Capacity (%)
Bulk Density

(g/mL)

OFSP flour 2.9 ± 0.3 a 0.9 ± 0.2 a 62.8 ± 0.4 a 25.4 ± 0.4 d 0.6 ± 0.1 a

GT1 2.7 ± 0.3 a 0.7 ± 0.1 ab 59.1 ± 0.1 b 60.7 ± 0.3 c 0.5 ± 0.0 b

GT2 2.3 ± 0.0 a 0.6 ± 0.1 b 58.5 ± 0.5 c 60.5 ± 0.1 c 0.6 ± 0.0 a

GT3 2.1 ± 1.3 a 0.5 ± 0.0 b 58.0 ± 0.1 c 68.1 ± 0.7 b 0.6 ± 0.1 a

GT4 1.5 ± 0.8 a 0.5 ± 0.1 b 58.0 ± 0.5 c 73.5 ± 0.7 a 0.6 ± 0.1 a

p-value 0.423 0.048 < 0.001 < 0.001 0.017

Means and standard deviations of triplicate determinations. Means in the same column with different superscripts
(a,b,c,d) are significantly (p < 0.05) different. S GT1, GT2, GT3 and GT4 are OFSP-based composite flours with
skimmed milk powder at substitution levels 20%, 25%, 30% and 35% respectively while amaranth leaves powders
were 2%, 2.5%, 5% and 10% respectively.

The swelling power indicates the degree of water absorption of the starch granules in the flour
during heating [45]. As a result of water absorption and heat, starch granules swell resulting in
a viscous paste. There were no significant (p > 0.05) differences in the swelling power among the
composite flours but significant (p = 0.048) difference was observed between composite flours and
OFSP flour (control). The increasing levels of amaranth leaves and skimmed milk powders decreased
the swelling power of composite flours. This is probably due to reduction in the number of starch
granules due to lower carbohydrate content (Table 2) as a result of the addition of skimmed milk
and amaranth leaf powders. The low swelling power of the composite flours makes them suitable
for use in the preparation of gruels used as weaning foods, as they will result in porridges of low
viscosity desirable for children due to the low volumes of their stomachs. Findings from this study are
consistent with those of reference [46] that reported a decrease in swelling power in sweet potato-based
composite flour with an increasing amount of soybean flour being added.

Water absorption capacity is the ability of flour to absorb water and swell, for improved
consistency in food. It is desirable for food systems to improve yield and consistency and to give
body to the food. The water absorption capacity (WAC) of OFSP and OFSP-based composite flours
significantly (p < 0.05) decreased from 62.8 to 58.0%. On the other hand, there was no significant
(p > 0.05) decrease in WAC between samples GT2, GT3 and GT4. The high WAC recorded for the
OFSP flour could be due to its small and uniform particle size, giving a higher surface area and
high capillarity in the flour [47]. The values of the water absorption capacity obtained for the flours
correspond with the swelling power and solubility. This implies that the low WAC of the OFSP-based
composite flours obtained in this study will be desirable for making thinner gruel with a high caloric
density per unit value. The oil absorption capacity (OAC) of OFSP and OFSP-based composite flours
significantly (p < 0.05) increased from 25.4 to 73.5% (Table 6). Oil absorption is important because
oil acts as a flavor retainer and increases the mouth feel of foods, improves palatability and extends
the shelf-life of foods, especially in bakery or meat products where fat absorptions are desired [48].
The increase in OAC in OFSP-based composite flours is attributed to the high protein content due to
the addition of skimmed milk and amaranth leaves powders. The high protein content of composite
flours enhanced hydrophobicity by exposing more polar amino acids to the fat. This observation is
consistent with the reports of reference [46], who observed an increase in OAC of composite flours
prepared by blending sweet potato flour with maize flour, soy bean flour and xanthan gum from 2.03
to 2.2 g/g. This is probably due to the addition of skimmed milk and amaranth leaves powders that
are rich in proteins. The high OAC of the composite flours indicates that the flours could also be used
in making bakery products for infants.
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The bulk density of the flours ranged from 0.5 to 0.6 g/mL. The bulk densities obtained in this
study were insignificantly (p > 0.05) very low and this indicates that the flours would be advantageous
in the preparation of complementary foods. The study findings are in agreement with those of
reference [44] who reported a bulk density of 0.6 g/mL in orange flesh sweet potato, sorghum and
soybean blend. Bulk density is a measure of heaviness of a flour sample and this gives an indication
that the relative volume of the composite flours in a package will not reduce excessively during storage.

Figure 1 shows the pasting properties of OFSP-based composite flours. The results indicated that
OFSP flour recorded the highest peak (1046.5 cP) and final (191.5 cP) viscosities. The peak and final
viscosities of the composite flours decreased with increasing levels of substitution of skimmed milk
and amaranth leaves powders. The decrease in peak viscosity was from 464.0 to 180.0 cP, while that
of final viscosity was from 122.5 to 116.5 cP. The decrease in peak and final viscosities of composite
flours compared to OFSP flour is attributed to the high fiber contents of the composites due to addition
of amaranth leaves powders. Fiber competes with starch for the limited amount of water available
in a food system [49] thus reducing the viscosity. The final viscosity is the change in viscosity after
holding cooked starch at 50 ◦C and it indicates the ability of starch to form a viscous paste or gel after
cooking and cooling [43]. The results in Figure 1 indicate that composite flours had lower final and
peak viscosities than OFSP flour. This is nutritionally beneficial in infant formulas since a less viscous
porridge is a better weaning food for children.

Figure 1. Rapid Visco-Analyzer pasting curves for OFSP and OFSP-based composite flours. Samples
A, B, C and D are orange fleshed sweet potato-based composite flours with skimmed milk powder at
substitution levels 20%, 25%, 30% and 35% respectively while amaranth leaves powders were 2%, 2.5%,
5% and 10% respectively.

The setback or viscosity of cooked paste is the viscosity after cooling the paste to 50 ◦C. The extent
of increase in viscosity on cooling to 50 ◦C reflects the retrogradation tendency, a phenomenon that
causes the paste to become firmer and increasingly resistant to enzyme attack [50]. It thus has an
effect on digestibility. Higher setback values are synonymous with reduced paste digestibility [51],
while lower setback during cooling of the paste indicates a lower tendency for retrogradation and
subsequently higher digestibility. The low setback values for the OFSP-based composite flours indicate
that their pastes would have higher stability against retrogradation than OFSP flour. The lower set
back viscosities also imply that the porridge when consumed by children would be easy to digest.

The pasting temperature of OFSP-based composite flours increased from 77.9 to 79.9 ◦C while the
pasting time ranged between 3.7 and 3.8 min with an increase in substitution levels of skimmed milk
and amaranth leaf powders. The pasting temperatures were significantly (p < 0.05) higher than that of
OFSP flour (74.3 ◦C). This provides an indication of minimum temperature required for cooking the
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porridge from the flours. The high pasting temperature of OFSP-based composite flours implies that
more energy will be required for cooking porridge from OFSP-based composite flours than for flour
from OFSP.

3.5. Sensory Acceptability of Porridges from OFSP-Based Composite Flours

Table 7 presents results from the mean sensory scores of porridge from OFSP-based composite
flours. The degree of liking for the general appearance of porridges from composite flours decreased
from 7.4 to 3.7 with an increase in the substitution levels of skimmed milk and amaranth leaves
powders. Porridge from GT2 had the highest score (7.4) while that from GT4 had the lowest score
(3.7). There were no significant (p > 0.05) differences in the scores for the appearance of porridge from
GT1 and 633 OFSP flours, GT2 and OFSP flour. This could be attributed to the low levels of amaranth
leaves powder added. However, significant (p < 0.05) differences were observed between GT1, Gt2,
GT3 and GT4 (Table 7). This is attributed to the increased levels of amaranth leaves powder added
to the OFSP flour. The scores for the color of porridges from composite and OFSP flours followed
the same trend as that of general appearance. This is probably because color is one of the attributes
assessed under appearance.

Table 7. Sensory acceptability of porridges from OFSP-based composite flours.

Sample Code
General

Appearance
Color Aroma Taste Thickness

Overall
Acceptability

GT1 6.5 ± 1.6 b 6.2 ± 1.9 a 6.0 ± 1.8 ab 5.8 ± 1.9 b 6.6 ± 1.7 a 5.6 ± 2.3 bc

GT2 7.4 ± 1.3 a 6.8 ± 2.1 a 6.7 ± 1.9 a 6.8 ± 2.0 a 6.9 ± 1.9 a 6.8 ± 1.9 a

GT3 4.9 ± 2.2 c 4.6 ± 2.1 b 5.2 ± 1.7 b 5.3 ± 2.0 c 6.4 ± 2.1 a 5.3 ± 2.03 bc

GT4 3.7 ± 2.5 d 3.3 ± 2.4 c 3.9 ± 2.1 c 4.2 ± 2.2 d 5.9 ± 1.8 a 4.6 ± 2.4 c

OFSP Flour 7.1 ± 1.3 ab 6.8 ± 1.9 a 6.0 ± 2.1 ab 5.8 ± 2.2 b 6.8 ± 2.0 a 6.2 ± 1.5 ab

p-value <0.001 <0.001 <0.001 <0.001 0.272 0.001

Means and standard deviations of 30 trained panelists. Means in the same column with different superscripts (a,b,c,d)
are significantly (p < 0.05) different. Samples GT1 GT2, GT3, GT4 and OFSP-based composite flours with skimmed
milk powder at substitution levels 20%, 25%, 30%, 35% and 0% respectively while amaranth leaves powders were
2%, 2.5%, 5%, 10% and 0% respectively.

The scores for the aroma of porridges from composite flours ranged between 3.9 and 6.7. Porridge
from GT2 had the highest score while GT4 had the lowest score. Significant differences in the scores
were noted between GT2, GT3 andGT4 then OFSP flour and GT4. This is attributed to the increase in
the levels amaranth leaves powder added. A similar trend was also observed in the scores of taste
for the porridges. The scores for thickness of porridges from composite flours ranged from 5.9 to 6.9.
There were significant (p < 0.05) differences in the scores of thickness for porridges from GT2 and GT4.
The overall acceptability expresses how the consumer or the panelist generally accepts the product.
It was observed that porridge from GT2 was the most accepted (6.8) while that from GT4 was the least
accepted (4.6). The high score for the overall acceptability of porridge from GT2 could be due to the
familiarity of taste, aroma and color. Findings from this study were in agreement with those reported
by other researchers [40] whereby overall acceptability scores of 5.72 to 6.96 in porridges from orange
flesh sweet potato, sorghum and soybean blend were recorded.

3.6. Correlation between Sensory Attributes of Porridges from OFSP-Based Composite Flours

Figure 2 shows the correlation between the sensory attributes of porridges from OFSP-based
composite flours. The map shows that the aroma is highly related to general appearance and it is
correlated with the first factor (F1). It can also be confirmed that the general appearance, color and
aroma are highly correlated with the first axis. It is also observed that all the sensory attributes are
spread in the two of the four quadrants. On the other hand, the second factor (F2) is highly correlated
with overall acceptability. Sample GT2 has the highest coordinate on the first axis and is highly related
to the second factor (Figure 2), which is highly related to taste and overall acceptability. Therefore,
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sample GT2 was the most highly accepted, likely due to the low levels of amaranth leaves powder.
Furthermore, GT1 is in the direction of color and general appearance. Color and general appearance
being the most important factors in determining acceptability of the food product would confirm that
sample GT1 was most preferred in terms of these two attributes. This is attributed to very low levels
of amaranth leaves powder added that might have not imparted a significant change in the color of
OFSP flour. In contrast, porridge from samples GT3 and GT4 has the worst ratings. This observation is
consistent with what was earlier observed, which is that no sensory attribute was in this quadrant.
A zero correlation was observed between thickness and other sensory attributes for all porridges.
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OFSP-based composite flours.

136



Foods 2019, 8, 13

4. Conclusions

Incorporation of skimmed milk and amaranth leaves powders resulted in nutrient enhanced
orange fleshed-based composite flours with improved nutritional, physico-chemical and functional
properties. This study showed that production of OFSP flours enriched with amaranth and skimmed
milk powders has potential to contribute to the reduction of malnutrition among children aged
6–59 months in developing countries.
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Abstract: Breadfruit (Artocarpus altilis) is grown throughout the tropics. Processing the perishable
starchy fruit into flour provides a means to expand the use of the fruit. The flour can be used to develop
new value-added products for local use and potential export. The purpose of this investigation was
to develop a pasta product using breadfruit flour, test the sensory qualities of the breadfruit pasta
product by sensory evaluation, and evaluate the nutritional composition. ‘Ma’afala’, a popular
and widely distributed Polynesian cultivar was used for the study. Nutritional labeling shows that
the breadfruit pasta product is high in carbohydrates (73.3%/100 g) and low in fat (8.33/100 g).
Sensory evaluation indicates that 80.3% of the panelists (n = 71) found the pasta acceptable while
18.3% disliked the pasta. The breadfruit pasta product can provide a nutritious, appealing and
inexpensive gluten-free food source based on locally available breadfruit in areas of the world where
it can be easily grown.

Keywords: ‘Ma’afala’; Artocarpus altilis; gluten-free pasta; underutilized crop; value-added product;
indigenous crop cultivar

1. Introduction

Breadfruit (Artocarpus altilis (Parkinson) Fosberg) is cultivated in more than 90 countries [1,2]
throughout the tropics, yet is generally considered an underutilized crop. It is a rich source of
carbohydrates, fiber, vitamins, minerals and flavonoids [2–10], and contains complete protein [11].
It is also gluten free [6,7]. With its great potential to increase food production in a sustainable and
regenerative manner, breadfruit could become an important crop to address food insecurity issues
in many tropical areas. Since the pioneering work on breadfruit flour by Loos et al. [12], Arcelay
and Graham [13], and Nochera and Caldwell [14], numerous studies have focused on developing
and evaluating products using locally grown breadfruit flour as a substitute for imported wheat
flour [7,15–20].

In the past decade, the interest in gluten-free products has accelerated efforts to use breadfruit
in value-added products such as chips, fries, dips, baked goods, desserts, and beverages. It has
also driven interest in processing breadfruit into flour. Breadfruit flour products will expand and
complement existing and potential markets for the fresh or processed fruit [2].

The emerging breadfruit flour industry currently involves researchers, farmers, cooperatives, and
entrepreneurs in Hawaii, Samoa and American Samoa, the Caribbean, Central America, and West
Africa who are producing small quantities of flour for local use and for export [2]. Regulatory issues
regarding the use of breadfruit flour in North America have been addressed, including US Food and
Drug Administration (FDA) approving an application for breadfruit flour to be granted “Generally
Recognized as Safe” status [21].

The main purpose of this investigation was to develop a nutritious pasta product using only
breadfruit flour and no additional flours. The flour was made from ‘Ma’afala’ a Polynesian cultivar
of breadfruit. ‘Ma’afala’ is a popular and commonly grown cultivar indigenous to Samoa and Tonga
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and grown in many other Polynesian and Micronesian islands [22]. This cultivar was selected for
micropropagation [1,23] and global distribution based on its excellent horticultural and nutritional
attributes, fruit quality, seasonality, and yields [1,10,24,25]. In the past decade, through the Breadfruit
Institute’s “Global Hunger Initiative”, thousands of ‘Ma’afala’ trees have been introduced to more than
40 countries [26]. The fruit produces high quality flour containing 7.6% protein, which is similar to rice
(7.4%), and higher than many tropical staples. ‘Yellow’ and ‘White’, the cultivars typically cultivated
outside of the Pacific region, contain 5.3% and 4.1% protein, respectively [7].

As with other non-cereal and non-grain flours, breadfruit flour does not contain gluten.
Glutenin and gliadin are the major protein constituents in gluten. This protein network is responsible
not only for volume, texture, viscoelasticity, and rheological properties, but also for cohesiveness and
binding properties [27,28]. An anticipated challenge considered when undertaking this investigation
was selecting appropriate ingredients that would provide the required binding capacity and deliver a
cohesive breadfruit pasta product.

Pasta is a popular commercial food product because of its ease of preparation, palatability,
versatility, low cost, nutritional value, and long shelf life. Pasta products can be prepared at home or
by food service operations, and also provide a practical, portable, and stable storage form. Wheat flour
has been extensively used in the production of alimentary pastas such as macaroni, spaghetti, and
other noodle forms. Noodles are an important food product throughout the world [29,30].

Pasta products have previously been developed utilizing a composite mixture of breadfruit and
wheat flour [29–31], or breadfruit and cassava flour [32]. Our study is the first to develop a pasta
product using only breadfruit flour and to determine its sensory qualities and nutritional value.

2. Materials and Methods

2.1. Harvest and Preparation of the Breadfruit Flour

The breadfruit cultivar, ‘Ma’afala’—see [33,34] for fruit attributes—was utilized for the
development of the breadfruit pasta. Mature fruit was harvested by hand from trees in McBryde
Garden in the National Tropical Botanical Garden, Kalaheo, Kauai, Hawaii. Washed breadfruit was
peeled, and the pulp was sectioned and dried at 80 ◦C for 24 h. Dried pulp was ground in a mill
(Waring) to produce flour that passed through an 80 mesh (180 μm) sieve.

2.2. Preparation of the Breadfruit Pasta Product

Other than the breadfruit flour, all the ingredients (tapioca starch, salt, psyllium powder, xanthan
gum, and coconut oil) were purchased commercially. The dry ingredients were combined in the hopper
of a pasta extruder (Arcobaleno AEX 18 pasta extruder). With the machine running slowly, the oil
was added followed by the water. The mixture was kneaded for about five minutes resulting in a
coarse and crumbly batter. The batter was then extruded using an orecchiette pasta die (Figure A1).
The resulting breadfruit pasta was dried in a food dehydrator at 54 ◦C for about six hours. The recipe
formulation is listed in Table 1.

Table 1. Breadfruit pasta product ingredients.

Ingredients Grams (g) Source

Breadfruit Flour 275 McBryde Garden, NTBG, Kauai, Hawaii
Tapioca Starch 178 Harvest Foods, West Michigan

Salt 14 Harvest Foods, West Michigan
Psyllium Powder 9 Harvest Foods, West Michigan

Xanthan Gum 9 Harvest Foods, West Michigan
Water 295 Tap water

Coconut Oil 28.3 Harvest Foods, West Michigan
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2.3. Chemical and Nutritional Analyses of the Breadfruit Pasta Product

Proximate analysis (crude fiber, ash, moisture) was determined for the breadfruit pasta product
according to procedures outlined by AOAC, 2005.08 [35]. Nutrition labeling (calories, calories from
total fat, total fat, fatty acids (saturated, trans and poly/mono unsaturated fat) cholesterol, sodium, total
carbohydrate, dietary fiber, sugars, protein, vitamin D, calcium, and iron) was performed according
to procedures outlined by AOAC, 2005.08 [35]. The gluten content analysis of the breadfruit pasta
product was performed according to procedures outlined by AOAC, IR061201.2006 [36].

2.4. Sensory Evaluation of the Breadfruit Pasta Product

The breadfruit pasta product was tested for acceptability of taste using a hedonic test according to
Larmond [37] and Meeilgard [38]. The product was evaluated by 71 untrained panelists. A nine-point
verbal category hedonic scale was used: 1, dislike extremely; 5, neither like nor dislike; 9, like extremely.
The scale was presented as a line numbered 1–9 with the beginning, middle, and end parameters
specified. The pasta was presented without additives. Data obtained from the taste panel were
analyzed using the Z test for one proportion.

The study was approved by the Human Research Review Committee at Grand Valley State
University, Allendale, Michigan. Informed consent was obtained from each participant.

3. Results and Discussion

A nutritious breadfruit pasta product was successfully developed. Tapioca starch
(Manihot esculenta), and fibers such as psyllium (Plantago ovata) and xanthan gum
(Xanthomonas campestris) were incorporated into the breadfruit flour mixture to provide texture,
cohesiveness and binding capacity [28,39–43]. Tapioca starch was primarily utilized because of its
gluten-free nature, water-holding capacity, and pasting and gelling properties which contribute
to texture [40]. Psyllium fiber is usually used as a laxative; however, it can provide strong gelling
and binding properties due to its content of arabinose and xylose polysaccharides [42]. Gums and
hydrocolloids are mostly polysaccharides. They can also improve texture. Xanthan gum improves the
cohesion of starch granules, thereby contributing to the structure of the product [28,39]. Coconut oil
was used as it is readily available throughout the tropics. Oils can also contribute to the binding
capacity of the mixture [28], and salt and oil contribute to taste.

Corn starch was not used as it can potentially be an allergen [44]. When potato or rice flours were
added to the mixture, potato flour produced a dryer, thicker dough, and rice flour resulted in a sticky
dough. It was not possible to extrude either mixture into a pasta product.

Results of label analyses based upon proximate analyses are presented in Table 2. Each 2 oz (40 g)
serving of breadfruit pasta provided 3.7 g of dietary fiber. Similar results were obtained for a breadfruit
bar [16]. There is variability among the reported fiber content of breadfruit [2,10,16]. This may be
dependent upon species, maturity, processing, or the type of analysis used for determination of fiber.
Ragone and Cavaletto [2] and Turi et al. [10] reported that 100 g of cooked breadfruit can contain up to
7.37 g crude fiber. Fiber has been demonstrated to reduce the incidence of degenerative diseases such
as cancer, cardiovascular disease and diabetes [45].

Previous studies have reported that breadfruit is gluten free [6,10]. Analyses of the breadfruit pasta
product showed that the pasta contained less than 20 ppm of gluten. According to the FDA, a product
must contain less than 20 ppm in order for it to be considered gluten free [46]. Breadfruit offers
great potential for use in food product development for those who suffer from celiac disease and
gluten allergies.

Sensory evaluation results are presented in Figure 1. The 9-point scale was collapsed to a 2-point
scale: those who responded “Like Slightly, Like Moderately, Like Very Much or Like Extremely” as
Group 1 (LIKE), and those who responded “Dislike Slightly, Dislike Moderately, Dislike Very Much or
Dislike Extremely” as Group 2 (DO NOT LIKE). The grouping allowed estimation of the proportion of
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the population who like the breadfruit pasta using the one-sample Z-test. For this sample, 57 of the
71 indicated that they liked the breadfruit pasta. We can report with 95% confidence that the proportion
of people who like the breadfruit is somewhere between 71% and 89.5% [0.8028 ± 1.96 × sqrt
(0.8028 × (1 − 0.8028)/71) = (0.710, 0.895)]. Since the confidence interval excludes 50%, there is
sufficient evidence to conclude that the majority of the tasters liked the breadfruit pasta.

Table 2. Nutritional label analysis.

Analysis Unit
Result per

100 g
Result per Serving

Size 2 oz. Dry (40 g)
Label

Declaration
% Daily

Value

Calories - 378 151 150
Total Fat g 8.33 3.33 3.5 4

Saturated Fat g 6.9 2.8 3 14
Trans Fat g <0.1 <0.1 0

Polyunsaturated Fat 1 g 0.3 0.1 0
Monounsaturated Fat 1 g 1.2 0.5 0

Sodium mg 12 5 0 0
Cholesterol mg <1 <1 0 0

Total Carbohydrate g 73.3 29.3 29 11
Dietary Fiber g 9.3 3.7 4 13

Sugars g 1.26 0.5 Less than 1
Protein g 2.32 0.93 Less than 1

Vitamin D mcg <0.1 <0.1 0 0
Calcium mg 86 34 30 2

Iron mg 1.48 0.59 0.06 4
Potassium mg 826 330 330 8

Ash 1 % 4.58
Moisture 1 % 11.4

1 = Non-mandatory or voluntary label declarations.

 
Figure 1. Overall Acceptability of Taste.

4. Conclusions

The major purpose of this investigation was to develop a nutritious, appealing, and inexpensive
pasta product based on locally available breadfruit in areas of the world where it can be easily grown,
test its sensory qualities, and evaluate its nutritional properties. This research study demonstrated
that a breadfruit pasta product can be developed using only breadfruit flour, in this case using flour
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processed from the fruit of the Polynesian cultivar, ‘Ma’afala’. Sensory analyses showed acceptability,
so this breadfruit pasta is a promising value-added product that could potentially compete with other
pasta products on the market.

The glycemic index (GI) reflects the degree to which a food raises the blood glucose [47].
Studies have demonstrated that cooked breadfruit has a low to moderate GI; hence, it can prevent
hyperinsulinemia [10,47–49]. To date, there have been no published studies on the GI of products
developed from breadfruit flour [47]. Therefore, it is recommended that the GI be determined for
newly developed breadfruit products.

The data from this project can help guide efforts in developing new products in which breadfruit
flour replaces wheat flour. A recommended first step is to similarly prepare and evaluate breadfruit
pasta made from flour processed from other cultivars, such as the widely grown ‘Yellow’ or ‘White’.
Diversifying the uses of breadfruit in food product development will continue to enhance its utilization
and market potential
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Abstract: Plant breeding efforts in sub-Saharan Africa (SSA) have produced biofortified cassava with
high carotenoid content to address vitamin A deficiencies (VAD). Since carotenoids in foods are easily
depleted during processing, the retention of β-carotene in some newly released cassava varieties
is under query. From four of these new varieties, two commonly consumed products (gari and its
dough) were processed according to standard methods. Retention of β-carotene was then probed
after applying fermentation periods of a day and three days. The possible contribution of the products
to Vitamin A intake in children, adolescents, and women was also assessed. The concentration of
β-carotene in fresh Cassava roots ranged from 5.32 to 7.81 μg/g. The percentage retention ranged
from 14.4 to 29.3% and 10 to 21.7% in gari fermented for one and three days respectively. The impact
of varietal difference and length of fermentation was significant on retention in the intermediate and
final products (p < 0.001). When compared with dietary intake data, cooking biofortified gari into its
dough reduced Vitamin A intake in most varieties. We conclude that processing Cassava into gari
(especially its dough) could hinder the retention of β-carotene however some varieties have retention
advantage over others irrespective of the initial concentration in their fresh roots.

Keywords: Cassava; gari; retention; beta-carotene; vitamin A intake

1. Introduction

Vitamin A deficiency (VAD) is still a prevailing public health challenge in many sub-Saharan
countries [1]. While several interventions have attempted to reduce this burden, few have provided
the promise of sustainable impact on a large scale when compared with biofortification of crops [2,3].
The main advantage of biofortification rests on the selection of crops which are usually staples of
selected populations, thus increasing their adaptability [4]. This is true of a crop like cassava in
Africa where it is a widely used and consumed staple especially in underdeveloped populations [5–9].
Another advantage of biofortification is that unlike other interventions that may seek to deliver a high
instant dosage of micronutrient through food supplementation/fortification, biofortifying staples will
consistently contribute to daily micronutrient intake, so far, the crop is consumed [10].

Thus cassava, which is a chief source of dietary carbohydrate in local diets, when biofortified
with increased levels of carotenoids, can now offer other nutritional benefits, such as contributing
to improved functioning of visual and immune systems [11], and possible inhibition of carcinogenic
pathways [12]. In Nigeria, where a strong breeding effort exists, there have been releases of high
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Foods 2019, 8, 177

pro-vitamin A content cassava varieties since 2011 [13,14]. These varieties also popularly referred to
as “yellow cassava” which are being promoted in various communities and are gaining momentum
across the country [15]. These successes have diffused into neighboring countries within sub-Saharan
Africa (SSA) with a release of similar varieties to combat VAD in burdened populations.

However, retention of carotenoids is still a challenge during the processing of fresh yellow cassava
roots into commonly consumed products mainly due to the sensitive nature of carotenoids to light,
heat and physical handling [16,17]. Thus, the retention of total carotenoids is usually dependent on
the prevalent processing method and the variety being used. The former being difficult to control
especially in large scale processing which is common in SSA

While previous studies have highlighted the retention of total carotenoids in cassava
products [13,17,18] few studies have specifically examined the effects of processing on β-carotene—the
principal carotenoid in biofortified cassava [19–21]. Also, studies examining β-carotene retention
at each step of processing of cassava into commonly consumed local products are scarce [17,20,21].
Another justification for this probe is that, even though there is a report on retention in fermented
dough made from biofortified Cassava [20], no study has evaluated β-carotene retention in high
carotenoid content varieties, which were most recently released in 2014, especially when processed
into commonly consumed products (gari and its dough). Gari is a roasted granule obtained through
processing (fermenting, grating, dewatering, and frying) of fresh cassava roots, and its dough “eba” is
obtained by cooking gari in hot water to the constant dough. These products constitute a major part of
the dietary intake of cassava products in Nigeria and SSA [22,23].

In this study, β-carotene concentrations and their retention, in gari and its dough “eba” were
studied under two fermentation periods. The study also evaluated the possible contribution of these
products to Vitamin A intake by comparing β-carotene concentrations in yellow varieties with dietary
data of analogous products from the white cassava variety.

2. Materials and Methods

2.1. Experimental Design

A laboratory experimental design was used to evaluate the concentrations and retention of total
β-carotene in four varieties of biofortified cassava and their products. Comparison of laboratory results
with dietary data of cassava products (white variety) was used to estimate the contributions of yellow
cassava products to the Recommended Dietary Allowance (RDA) of vitamin A in selected respondents.

2.2. Harvesting and Processing

Matured roots (aged between 11 and 12 months) of four recently released yellow-fleshed cassava
varieties—TMS 0593, TMS 0539, NR 0220, and TMS 1371—were harvested from the research farm of
International Institute of Tropical Agriculture (IITA), Ibadan, Nigeria. Large and small roots were
selected in a proportional manner across all varieties. The total weight ranged between 5 kg and
7 kg. Damaged roots were sorted out. The roots were then peeled, washed, and processed into
commonly consumed cassava products—gari and its dough. Two processing batches were carried
out by fermenting the grated mash for one day and three days as explained in Figure 1. The same
experimental conditions were applied uniformly across both processing steps. Gari frying was carried
out at 165 ◦C for 12 min. The dough was prepared by introducing the gari into hot (boiled) water and
stirred until a smooth textured dough was achieved.
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Figure 1. Schematic diagram of steps involved in the processing of fresh raw cassava roots into Garri
and Eba using two fermentation periods [24–27].

2.3. β-Carotene Extraction and HPLC Analysis

The extraction and instrumentation were carried out using HarvestPlus methods [28] with slight
modifications to the sample weight, which varied across each step of processing. Waters HPLC
system (Water Corporation, Milford, MA, USA) consisting of a guard-column, C30 YMC Carotenoid
column (4.6 × 250 mm, 3 μm) supplied by YMC Korea Co., Ltd., Sungnam-si, Korea, Waters 626 binary
HPLC pump, 717 autosampler, and a 2996 photodiode array detector (PDA) was used for β-carotene
quantification. Chromatograms were generated at 450 nm (Appendix C) and subsequent identification
of cis and trans isomers of β-carotene was done. The modifications to the extraction and the full
description of the instrumentation applied were adapted from literature where they have been fully
described [29,30].

2.4. Dry Matter Content

An oven-drying method was used to determine dry matter content. Samples (fresh cassava roots,
intermediate, or final products) were oven-dried for 20 to 24 h at 105 ◦C until a constant weight was
achieved. Weight before and after drying was taken and used to calculate the lost weight and the dry
matter content [31].

2.5. True Retention Calculation

After adjustments were made for weight and moisture content changes, percentage true retention
was calculated as reported [20,32,33]. Refer to Appendix A for sample calculation.
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2.6. Dietary Intake Assessment

Retrospective dietary intake data from 100 primary school children, 102 female and 100 male
in-school adolescents, and 108 adult women were used for the study. The data was obtained from
dietary intake assessments which used a multipass 24-h dietary recall method to elicit information from
selected respondents. These assessments are periodically carried out by the Department of Human
Nutrition of the University of Ibadan, Nigeria, and are always collected under the full guidance and
approval of the University’s ethics review committee. The mean portion sizes (in grams) of commonly
consumed cassava products (gari and its dough) were extracted from the full dietary survey data and
averaged using a spreadsheet.

2.7. Estimation of Possible Contribution to Vitamin A Intake

Mean portion size (in grams) of the commonly consumed cassava products from white variety
gari and its dough was compared to β-carotene concentrations in the similar products from yellow
cassava varieties and was used to calculate possible contribution to Estimated Average Requirement
(EAR) for vitamin A intake. The age range of the children whose dietary intake data was considered
was 4–8 years. The adolescents ranged from 14 to18 years old and the women were aged between 20
and 50 years. The EAR values were extrapolated from the Dietary Reference Intake Tables [34]. EAR
values were 275 μg for children, 630 μg for adolescent males, 485 μg for adolescent females, and 500 μg
for women. The bioconversion factor of 12 μg to 1 Retinol Activity Equivalent (RAE) was applied [34].
Refer to Appendix B for sample calculation.

2.8. Statistical Analysis

Data of analytical values were expressed as Mean ± Standard deviation (SD). The Statistical
interaction between varieties and different processing methods on β-carotene concentrations and
corresponding retention of intermediate and final products were evaluated using a linear regression
analysis while means separation was analyzed using Duncan’s Multiple range test. The level of
significance was set at p < 0.05. IBM SPSS Statistics for Windows, version 20 (IBM Corp., Armonk, NY,
USA) was used for the statistical analyses.

3. Results and Discussion

3.1. β-Carotene Concentrations and Retention

The β-carotene (μg/g) concentrations in fresh weight basis (FWB) and their percentage true
retention starting from the fresh roots through intermediate to final products (gari and its dough) are
presented in Tables 1 and 2. The concentration in fresh roots ranged from 5.32 μg/g to 7.81 μg/g in
TMS 1371 and NR 0220, respectively. For the grated mash, after fermenting for one day, the mean
percentage retention for the four varieties was 87.35%, ranging from 76% to 97.7% in TMS 0539 and
TMS 0593, respectively. The mean β-carotene concentration of the dewatered mash was 10.94 μg/g.
The true retention values further reduced in the dewatered mash with the range being 16.8% to 31.6%.
This was the same trend observed until the final products (gari and cooked dough) were obtained.
However, there was a substantial decrease in the mean of β-Carotene concentrations of gari (16.34 μg/g)
and dough (2.89 μg/g). Table 2 shows the β-carotene (μg/g) concentrations and their percentage true
retention starting from the fresh roots through intermediate to final products (gari and dough) after the
grated mash was fermented for three days. Mean retention after three days fermentation was 86.19%.
This ranged from 72 to 93% in TMS 1371 and NR 0220, respectively.
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The mean β-carotene concentration of the dewatered mash was 5.12 μg/g, which is slightly higher
than that of the fresh roots. The true retention values further reduced in the dewatered mash with
the range being 19.2 to 42.7%. The largest decrease in true retention during processing was found in
the retention capacities of the varieties from the mash (G2% and G6%) to those from the dewatered
mash (G3% and G7%) in one day and three days fermentation, respectively. This could be attributed to
a loss of moisture and soluble solids which results in increased concentration of carotenoid content
compared to the weights of the cassava in the obtained in the two steps. This observation is consistent
with literature findings on retention during cassava processing, where a reduction in moisture content
during processing steps resulted in a large drop in the retention of carotenoids [17,18,21,24].

A slight change in the retention range from the dewatered to the sieved mash could also be
due to a slight reduction in the weight after sieving of larger size particles. The changes observed
in the fried gari are attributed to the exposure to heat during frying which concentrates the cassava
granules and conversely causes further loss of β-carotene. Production of gari, which is the most
popular product of cassava processing in sub-Saharan Africa has importance when considering the
bioefficacy of biofortified cassava consumption in vitamin A deficient populations since extended
roasting could result in higher carotenoid loss [19]. This study optimized the roasting process by frying
for 12 min as suggested in the literature [35]. Further studies on more varieties may be needed to
ascertain how newer varieties may behave at different frying temperatures since genotypes vary in
retention ability during processing [36]. Similar to products from one-day fermentation batch, there
was a sharp decrease in the mean of β-carotene concentrations of gari and its dough (from 3-day
fermentation), which reduced from 14.52 μg/g and 6.13 μg/g.

There was an observed decrease in the retention of β-carotene from the beginning of processing
to the final products (gari and its dough), irrespective of fermentation periods of one day or three
days. This is explained by the degradation of β-carotene during processing [37]. It has also been
reported that processing of yellow-fleshed cassava into consumable products can result in major or
minor losses of carotenoids through the interactions of physical factors, like heat, light, oxygen, food
enzymes, or a combination of all [16–18]. These observed losses could also be due to carotenoids
isomerization and oxidation which is the breakdown of trans-carotenoids to their cis isomers due to
increased contact with moisture, heat treatment, and exposure to light [38,39]. More recent findings
confirm these depletion patterns in Cassava products consumed in Sub-Saharan Africa [21,40].

Despite the similarity in the trend of β-carotene loss, there are some marked differences in the
retention and concentration values obtained from fermentation for one day and fermentation for
three days as probed in this study. They include the slightly lower retention values of the mash
fermented for three days (G6) over the mash fermented for one day (G2). This slight reduction in
the percentage true retention is consistent with literature which establishes a lowered percentage
true retention of carotenoids with longer fermentation [29,41]. Another peculiar observation was the
major reduction in percentage true retention and concentration when gari is cooked into its dough.
This decrease in retention is observed between gari and its dough, where retention values reduce to
less than 10%, except for 1371 fermented for three days that showed 16.57%, thus signifying a critical
loss in the β-carotene content in the dough produced from gari. This loss may be due to the depletion
in carotenoid content after using hot water to make the dough where the gari is introduced into hot
water and stirred continuously until the dough has a smooth texture. Another explanation could be
the increased moisture content (in eba) which affects dry matter.

3.2. Statistical Interaction between Varieties and Processing Methods

Table 3 shows the statistical interaction of varieties and the different fermentation methods on
β-carotene concentrations (μg/g) and the percentage true retention in intermediate and final products.
Each stage behaves independently of the other except for the concentrations of grated mash and the
percentage retention of sieved cassava mash. There is no significance in the interactive effect of methods
on β-carotene concentration at the fermentation stage. While longer fermentation had a minimal effect
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on percentage true retention values across the processing steps, it had a significant statistical effect
on the concentration of β-carotene in all intermediate products and final products—gari and dough.
The results of statistical comparisons show that the factors affecting the retention of carotenoids in gari
and its dough during processing are not singular. There is dependence on not only the processing
method but also the variety. These effects are important (especially the change in fermentation period)
considering the common practice of gari production that involves at least three days of fermentation
of the grated mash [25,26]. Even though fermenting for a day resulted in comparative advantage,
the difference in sensory qualities may be questionable. The non-significance of retention in the mash
from the two fermentation plans is expected since the fermentation of the two batches started at the
same time.
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3.3. Dietary Intake and Possible Nutrient Intake

The Nigerian Food Consumption survey [42] reported a high consumption frequency for Cassava
food products, thus providing a basis for comparisons with the portion sizes of products from the
already existing white variety. The average portion size distribution as presented in Table 4 shows
the comparisons of the dietary intake of children, adolescents, and women in southwestern Nigeria.
The consumption of cassava products in the sampled respondents shows that gari had the least mean
portion size across the three age groups—children (116 g), adolescents (120 g and 119 g), and women
(87 g)—when compared with the cooked dough: children (236 g), adolescents (352 g and 345 g), and
women (598 g).

Table 4. Mean with standard deviation (in grams) of common cassava products (gari and eba) consumed
by children, adolescents, and women.

Product Children Adolescents (Male) Adolescents (Female) Women

Gari(grams) 116 ± 30.4 120.4 ± 46.7 119.4 ± 46.7 87 ± 24.9
Eba(grams) 236 ± 106.6 352 ± 120.7 345.1 ± 120.7 598 ± 259.3

The results also show that the dough is consumed more in terms of portion size compared to gari
across all groups surveyed. Estimation of possible contributions of biofortified gari and its dough to
the estimated average requirement of vitamin A in children, adolescents, and women assumes similar
portion sizes will be consumed if the respondents were served the new products.

Variety NR 0220 gave the highest contribution from gari across all age groups ranging from
13.7 to 33.2% in women and children respectively. While variety NR 0220 was the second highest
contributor to vitamin A intake, variety TMS 1371 made into eba is estimated to contribute highest to
nutrient intake. In adolescent boys it could provide 17.6%, while for women it could provide 37% of
EAR of vitamin A. Comparatively, the contribution of eba was lower in all age groups and varieties
considered in this study when compared to the contribution of gari. The exceptions were variety TMS
1371 for adolescent males and women. Considering the β-carotene levels in gari (μg/g) presented in
Tables 1 and 2, the estimated contribution of gari was expectedly higher than that of the dough for all
age categories. This suggests that if gari is consumed frequently, it may better contribute to vitamin A
intake compared to eba. The physical nature of gari is a major advantage and this could make it a
useful vehicle since it is dry and contains more nutrients per weight when compared to the dough
which has a lesser dry matter per weight. The lowest portion size for gari consumption was observed
with women showing that it may not be the best vehicle for improving vitamin A intake in women.
Although the β-carotene levels decline significantly during cooking gari into the dough, the remainder
of carotenoids in the dough has the possibility of contributing to pro-Vitamin A intake [43]. This is full
comparisons are described in Table 5.

Even though the consumption of the dough is higher in weight across all age groups, the impact
of the drop in retention and concentration when cooking gari into its dough is noticeable in Table 5
with most of the varieties considered in this study. From these observations, the concentrated nature of
gari per unit weight confirms that it may be a more viable vehicle of dietary pro-Vitamin A content
than its dough. This, therefore, implies that extensive processing may be a hindrance in the utilization
of these new crops. High depletion of β-carotene levels after cooking was similarly observed from
reported literature [40]. Even though the impact of consuming gari and its dough on vitamin A serum
concentrations is not yet fully established in VAD populations, the results presented give a hint that
the newly released varieties of Cassava have a chance of reducing the burden of VAD in sub-Saharan
populations where it is still endemic. Scaling up the adoption and utilization of these new varieties
will reduce the VAD burden. Another point worthy of note is that since β-Carotene values had to
be converted to retinol activity equivalents before estimation of Vitamin A intake, it should also be
noted that the higher theoretical bioconversion ratio of 12 μg:1 RAE [34] as against a lower ratio of
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about 4.5 μg:1 RAE reported in a bioavailability study of Biofortified cassava porridges [44] could
have resulted in the low estimates presented for vitamin A intake in this study. This uncertainty
supports an urgent need for scale-up and assessment of the impact of introducing these products in
sub-Saharan Africa.

Table 5. Estimated percentage contributions of cassava products to estimated average requirement
(EAR) of vitamin A.

Variety *Gari (%) Eba (%)

Children

TMS 0593 25.3 10.8
TMS 0539 26.5 12.3
NR 0220 33.2 15.7

TMS 1371 29.4 27.1

Adolescents (Male)

TMS 0593 11.5 7.1
TMS 0539 12.1 8.0
NR 0220 15.0 10.2

TMS 1371 13.3 17.7

Adolescents (Female)

TMS 0593 14.8 9.0
TMS 0539 15.5 10.2
NR 0220 19.4 13.0

TMS 1371 17.2 22.5

Women

TMS 0593 10.4 15.2
TMS 0539 11.0 17.1
NR 0220 13.7 21.9

TMS 1371 12.1 37.8

* = Gari processed from three-day fermentation.

From a recent survey of factors affecting the adoption of cassava varieties [45], numerous
determinants could influence the adoption of new cassava varieties and result in the farmers’ favoritism
for agronomic and economic qualities above nutritional information. However, these challenges should
not deter dissemination efforts since, in the local diet, the dough is usually commonly consumed
with soups and stews which have substantial carotenoids content [46]. This combination as obtained
in a meal could contribute to increased micronutrient intake which compensates for the depleted
β-carotene content.

4. Conclusions

Biofortification of cassava varieties presents a viable and promising intervention for tackling
vitamin A deficiencies in disease-burdened populations of sub-Saharan Africa. This study provides
evidence that retention of β-carotene in biofortified cassava is not only dependent on genotype,
but also on the processing method. While this study proves that short fermentation can result in
improved retention of β-carotene content, further studies may be needed to ascertain the effect of a
short fermentation period on the organoleptic properties of gari and its dough since increased time
of fermentation has been established to increase the desired sourness in gari made from the white
variety [47]. This study also highlights a challenge in providing substantial pro-vitamin A content
across age groups when considering locally practiced processing methods, which result in products
with lowered retention. This can, however, be managed by nutrition education targeted at improving
dietary diversity. Also, since further breeding of varieties with higher β-carotene content is ongoing,
it is expected that these efforts can provide varieties with higher pVA content which will result in an
increased contribution of pro-vitamin A to usual nutrient intake. It is anticipated that the information
presented will be useful when the questions of bioavailability and bioefficacy after consumption of
these popular cassava products are raised.
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Appendix A

Calculation of % true retention according to Murphy et al. (1975)

Nutrient content per g of processed food × weight after processing × 100
Nutrient content per g of raw food × weight of food before processing

(1)

The weight was then adjusted for moisture content (dry matter)
Example

Calculation of % TR of G6 (gari mash of three days) for Variety 1371 in Table 2
β-Carotene of raw = 212 μg/g β-Carotene of G6 mash = 198 μg/g
Weight of raw = 600 g Weight of G6 mash = 560 g
Dry matter of raw = 28% Dry matter of G6 mash = 23%

%TR =
560 × 0.23 × 198
600 × 0.28 × 212

× 100
1

= 71.60% (2)

Appendix B

2. Calculation of contribution of gari to EAR of vitamin A in Children (Table 4)
Variety 1371
EAR for Children (4–8 years) = 275 μg/day
Mean Portion Size = 116 g
1 g = 8.37 μg (From G9 on Table 2) 116 g = 970.92 μg
RAE (Retinol Activity Equivalents) using a bioconversion of 12 μg to 1 RAE

RAE =
970.92

12
= 80.91 g (3)

% EAR =
80.91
275

× 100 = 29.42% (4)

Appendix C

(A) 

13-Cis-  carotene 

Trans- -carotene 

9-Cis-  carotene 

Figure A1. Cont.
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(B) 

(C) 

Trans- -carotene 

9-Cis-  carotene 13-Cis-  carotene 

13-Cis-  carotene 

Trans- -carotene 

9-Cis-  carotene 

(D) 

Trans- -carotene 

13-Cis-  carotene 

9-Cis-  carotene 

Figure A1. Showing chromatograms of isomers of beta-carotene from fresh cassava roots of (A) TMS
0593, (B) TMS 0539, (C) NR 0220, and (D) TMS 1371.
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Abstract: Potatoes (Solanum tuberosum L.) are a good dietary source of carbohydrates in the form of
digestible starch (DS) and resistant starch (RS). As increased RS content consumption can be associated
with decreased chronic disease risk, breeding efforts have focused on identifying potato varieties
with higher RS content, which requires high-throughput analysis of starch profiles. For this purpose,
freeze drying of potatoes has been used but this approach leads to inaccurate RS values. The present
study objective was to assess the starch content (RS, DS and total starch (TS)) of three cooked potato
genotypes that were dried using freeze drying and innovative drying techniques (microwave vacuum
drying, instant controlled pressure drop drying and conductive hydro-drying) relative to freshly
cooked potato samples. Depending on the genotype, all drying methods showed one or more starch
measures that were significantly different from freshly cooked values. The combination of ultrasound
and infrared assisted conductive hydro-drying was the only method identified to be associated with
accurate assessment of DS and TS content relative to fresh samples. The drying treatments were
all generally associated with highly variable RS content relative to fresh controls. We conclude that
freshly cooked samples must be used for selecting varieties with a high proportion of RS starch as
drying of cooked potatoes leads to unreliable RS measurements.

Keywords: Solanum tuberosum L.; starch; digestibility; freeze-drying; microwave vacuum drying;
conductive hydro-drying; instant controlled pressure drop; processing

1. Introduction

Potatoes (Solanum tuberosum L.) are an important worldwide staple food crop, which serves as
a good dietary source of carbohydrates, vitamin C, several B vitamins, antioxidants, minerals and
protein [1–7]. The major carbohydrate component in potatoes is starch, which ranges from 70 to 90% on
a dry mass basis, depending on genotype and environmental factors such as growing conditions [8–10].
Potato starch in its raw form is inedible but is digestible by humans when cooked [11]. Potato starch
is composed of amylose and amylopectin, which are digested at different rates. Amylose is a linear
polysaccharide molecule with glucose units linked by α1-4 bonds whereas amylopectin has both
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α1-4 and α1-6 bonds, which form branches that diverge from the main section [12]. The process
of gelatinization occurs when the hydrogen bonds between amylose and amylopectin are broken
following application of sufficient heat and water, which disrupts the starch granule [11]. During
the above process, water molecules become bonded to the exposed hydroxyl groups of amylose
and amylopectin. These new bonds lead to the swelling of the starch granules due to water uptake.
The resulting disruption of starch grains and their starch structures leads to increased starch solubility.
When there is a cooling period, starch molecules reassociate slowly but not with the same pre-heating
level of organization, in a process called retrogradation [12–14]. Retrograded starch is generally more
resistant to digestion with faster retrogradation occurring with amylose, due to its lack of branches as
compared to amylopectin. The degree to which starch is digested determines the rate and extent of
glucose release into the blood stream and can be calculated as glycemic index (GI) [11]. As intake of
high GI foods has been associated with an increased risk of type-2 diabetes, cardiovascular disease
and obesity [11,14], research has focused on identification of potato genotypes with relatively low
starch digestibility [8]. Assessment of potato starch digestibility solely by measurement of amylose
and amylopectin content is not sufficient as previous work has shown that starch digestibility and
proportions of either amylose or total starch content were not correlated in cooked potatoes [2].
There are a variety of other intrinsic factors that can determine the rate of digestion of starch such as
the degree of starch phosphorylation [15].

Another approach to assess the GI of potatoes is to classify the starch in terms of its degree of
digestibility based on digestible starch (DS) and resistant starch (RS) content [8]. The DS component is
composed of both rapidly digestible starch (RDS) and slowly digestible starch (SDS). As the names
suggest, RDS is digested first. SDS is also completely digested in the small intestine although more
slowly for reasons not yet fully understood [16]. RS can be defined as the starch portion that cannot be
digested by enzymes in the small intestine and so reaches the colonic regions where it is fermented by
colonic microbiota [17]. For this reason, it is classified as an insoluble dietary fiber [8,18]. The proportion
of RS directly affects the glycemic impact of potatoes [19]. A greater dietary intake of RS is also associated
with decreased risk of non-communicable diseases such as obesity and cardiovascular diseases [4,8,20].
Due to the high consumption of potatoes worldwide, selecting potato genotypes with greater RS
concentrations concurrent with lower DS content can result in a relatively large impact on human
health [3]. Towards this goal, it is important to standardize high-throughput methods used to process,
prepare and analyze the starch quality of potatoes to support breeding efforts aimed at improving the
starch quality of potato table stock.

Freeze-drying (FD) has commonly been used prior to starch quality assessment for both research
and industry [21]. Lyophilized potato samples must be adjusted for their original tuber moisture
content by calculating starch on a dry mass basis as moisture is a confounding variable for glucose
release measurements [22]. Samples lyophilized by FD are dried to completion, before they are stored
at −80 ◦C. A major concern regarding starch quality measurements is that FD of raw [21] or cooked [23]
potato either overestimates or underestimates measurements of starch digestibility as compared to
fresh potato samples. Previous work by our group and others has demonstrated that FD caused
significant cracks and fragmentation of the starch granule cell wall integrity [23,24], which affects
the permeability of the dried cooked potato starch to enzymatic digestion [23]. The change in starch
digestibility occurs regardless whether FD is used on previously cooked potato tubers or if raw potatoes
are FD, rehydrated and then cooked prior to analysis [23]. The effect of FD on starch estimates of
RS, DS or total starch (TS) was shown to be genotype dependent [23]. RS values were either greatly
underestimated or overestimated relative to freshly cooked potatoes depending on genotype after
FD [23]. Consequently, FD was considered to lead to inaccuracies in estimating RS for genotype
screening purposes. Differences in starch granule composition such as amylose content as well as starch
granule surface area and size between varieties have been shown [25,26]. Furthermore, differences
among amylose/amylopectin ratios, starch gelatinization properties, RS content and GI were observed
between modified potatoes and mother line controls [18]. Therefore, genotypic differences in starch
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content and granule size in terms of sensitivity to drying could contribute to previously observed
variability in starch estimates between varieties after drying [23].

Alternative drying technologies to FD are required for high throughput sample processing of
cooked potatoes for accurate determination of starch quality. In that regard, recent novel food drying
technologies have been developed as an alternative to FD, that are equivalent or superior in terms of
preservation of heat-sensitive nutritional components. These include instant controlled pressure drop
drying (Déshydratation par Détentes Successives in French, DDS), microwave vacuum drying (MVD)
and conductive hydro-drying (CHD). The DDS process involves subjecting a sample to multiple rounds
of pressure-drops until a desired moisture content is achieved [27]. Swell drying combines conventional
hot air drying and DDS to reduce drying time and allow for a more efficient drying process, while
retaining product quality [28,29]. MVD involves direct heating by microwaves emitted onto a sample
coupled with a low-pressure environment created by a vacuum [30,31]. The vacuum creates a pressure
gradient that favors a rapid migration of the vapor to the outside of the product, allowing for rapid
drying and a decreased use of heat during the drying process [32]. A comparison between drying
methods demonstrated that MVD outperformed FD for the retention of physico-chemical properties
related to polyphenols, antioxidant capacity and physical parameters such as color and texture of dried
food products [31]. CHD, also known as Refractance Window Drying (RWD), involves the spreading
of moist samples over a semi-transparent Mylar plastic sheet that rests on a hot water bath typically
set to 90–95 ◦C. The system uses hot water to transmit thermal energy to the material being dried in
an efficient manner, both in regard to energy consumption and drying uniformity compared to other
drying methods such as FD [33,34]. Samples using CHD are dried to completion. The term RWD was
based on a presumed heat transfer mechanism that was proven to be negligible. Thus, the term CHD
is more scientifically accurate to describe this technology.

The present study involved an investigation of the capacity of the above innovative drying
processes to contribute to accurate assessment of starch digestibility of dried cooked potatoes in
comparison to digestibility measures from freshly cooked potato samples. The tested drying methods
included FD, DDS, MVD and CHD. Three well-characterized potato genotypes were subjected to
in vitro starch digestion to assess for the DS, RS and TS content of the cooked potato samples after
undergoing various drying treatments. Fluorescence microscopy and scanning electron microscopy
(SM) were carried out to visually assess the effects of the drying methods on starch granule integrity.

2. Materials and Methods

2.1. Source Material

Organically grown potato tubers from three genotypes were obtained from the Bon Accord Seed
farm operated by Potatoes NB (Grand Falls, NB). The genotypes ‘Russet Burbank’ (RB), ‘Atlantic’
(ALT) and ‘Yukon Gold’ (YG) were used. Thirty pounds (13.6 kg) of each genotype were obtained and
subsequently stored in a cold room (4–10 ◦C) until use.

2.2. Cooking

Potato genotypes were individually processed and analyzed. For each genotype, the potatoes
were washed and whole tubers were separated into four replicates, with ten tubers per replicate.
For each replicate, potato tubers were cooked in boiling water until they reached acceptable softness,
defined as when a stainless-steel knife could easily penetrate the tubers, which was validated with a
meat thermometer indicating an internal temperature above 90 ◦C [23]. Upon cooking, the potatoes
from each replicate pot were chopped using a standard kitchen knife into pieces less than 0.5 cm and
cooled for 24 h at 4 ◦C.
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2.3. Moisture Content

Before and after each drying treatment, the cooked tubers were weighed, which was calculated
as previously described [23]. The calculated moisture content of freshly cooked samples was used to
adjust starch measurements to dry weight. Adequate drying time for each treatment was determined
in preliminary tests to ensure that samples were completely dried. The absence of any change in
weight post-drying indicated that the samples were dried completely.

2.4. Drying Treatments

For each genotype and replicate, the cooked potato material was equally divided into five main
treatments: fresh (control), FD, MVD, DDS and CHD. CHD was further subdivided into four treatments:
CHD using a 82 ◦C water bath and infrared light (CHD1), CHD at 82 ◦C using an ultrasound water
bath (CHD2), a combination of the two above CHD treatments (a 82 ◦C ultrasound water bath coupled
with infrared light; CHD3), also known as ultrasound and infrared assisted conductive hydro-drying
(UIACHD). Additionally, standard conductive hydro-drying using 95 ◦C water bath (CHD4) was tested.
Between 10–20 g of cooked potato material was dried per treatment. A small fraction (~1–5 g) of each
replicate and treatment was saved for microscopy. Material that was not used for immediate starch
analysis was stored at −80 ◦C until analysis. For each drying treatment, samples were dried completely.

For the fresh treatment, starch analysis on cooked tubers was completed immediately after 24 h
cooling to ensure complete retrogradation of starch. FD samples were completed at −50 to −60 ◦C and
0.85 mBar (0.64 mm Hg) (Gamma 1-16 LSC, Christ, Osterode am Harz, Germany) using previously
established conditions [23]. After drying, samples were ground using a coffee grinder (CBG100SC,
Black and Decker, Towson, MD, USA) and stored at −80 ◦C until starch digestibility analysis. Samples
for MVD were shipped overnight to Enwave (Enwave Energy Corporation, Vancouver, BC, Canada) in
an insulated plastic container with ice packs, and dried using the Enwave Microwave-vacuum dryer
similar to References [35–37]. The microwave drying technology is comprised of a vacuum system, a
microwave system, a sample chamber, as well as a ventilation/exhaust system. Inside the chamber,
a container with the sample to be dried is placed and agitated during the drying process, while the
proprietary microwave unit irradiates the sample material, dehydrating it. Adjusting the pressure
within the chamber, which is controlled by the vacuum system, allows for increased dehydration in less
time at a lower temperature compared to conventional microwave drying methods. Potato samples
were dried using a microwave power of 2000 W for 15 min, followed by 1000 W for 55 min at 33 mBar.
Afterwards, the chamber was vented and the access door opened to acquire the dried sample product.
The DDS protocol was adapted from Godbout et al. (2016) [29]. The drying apparatus consisted of a
pressure system and two electrovalves. The volume of the drying chamber was 0.34 L and was adapted
from an oxygen pump (Parr-1108R, Moline, IL, USA). High-pressure was generated by a compressed
air distribution network with 30% relative humidity. Gauges (Ashcroft, Stratford, CT, USA) measured
pressure, both within and outside of the chamber. Low pressure was fixed as atmospheric pressure.
The duration of each phase was regulated by the opening and closing of solenoid valves (Omega
SV6003, Laval, QC, Canada). All components were connected with 2 inch perfluoroalkoxy tubes
using plastic and stainless-steel Swagelok® tubing fittings. The DDS drying consisted of 720 cycles of
pressure variation per hour over 6 h, for a total of 4320 cycles. During each cycle, a primary (outer)
valve was opened for 1 s to allow the pressure to increase within the chamber to 75 psi. Afterwards,
the value was closed for 1 s and the samples slightly heated. The secondary (inner) valve was opened
for 1 s, causing a pressure drop within the chamber and then closed for 2 s. The total drying cycle
lasted 5 s and was completed at 27.5 ◦C. Once MVD and DDS drying was completed, the materials
were sent back to McGill University and these were ground to a powder with a coffee grinder and
stored at −80 ◦C until starch analysis.

Four different CHD setups of a batch laboratory scale ultrasound and/or infrared assisted
conductive hydro-dryer were constructed according to References [34,38]. Setups for CHD treatments
1 to 3 consisted of a 28 kHz ultrasonic water bath (Beijing Ultrasonic, Beijing, China)) at 82.5 ◦C water
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temperature and 50% ultrasound power (166 W). A piece of Mylar sheet with 0.2 mm thickness was
formed to fit over the water bath and an incandescent infrared lamp (Philips, Salina, KS, USA) with
a reflector held over the dryer. The infrared lamp was connected to a dimer to adjust its power to
139 W. An electric fan with adjustable speed was used to provide lateral airflow (1 m/s) to remove
vapors from the drying materials. A laboratory scale RWD [33] was also fabricated using a water bath
(GCA Corporation 25AT-1, Precision Scientific Group, Chicago, IL, USA) for the CHD4 setup. The
same type of Mylar sheet and the same airflow speed was used as previously described [33]. The
water temperature was set to 95.0 ± 0.5 ◦C using a digital thermostat. All potato tuber samples for
CHD treatments were dried for 5.5 min. Cooked and cooled potatoes for CHD drying were further
cut into very small pieces (1–2 mm) and then spread onto the Mylar plastic membrane by rolling the
potato material under a wax paper using a 50 mL Falcon tube to reach an approximate thickness of 1
mm. Dried samples were removed from the Mylar membrane, ground to a fine powder and stored at
−80 ◦C until starch analysis. The membrane was washed with 70% ethanol between samples.

2.5. Starch Digestibility Assessment

Starch content (RS, DS and TS) was assessed using the Megazyme Resistant Starch assay kit
(K-RSTAR) (Megazyme Int. Ireland Ltd., Wicklow, Ireland) as described previously [23]. The assay kit
uses the methods developed Englyst et al. (1982; 1985; 1986; 1992) [39–42] but also further optimized by
the works of Goni et al. (1996), Akerberg et al. (1998) and Champ et al. (1992) [43–45]. The application
of the Megazyme Resistant Starch assay kit has been accepted by the AOAC International and AACC
International Associations (AOAC Official Method 2002.02; AACC Method 32-40.0). Standard errors
of ± 5% are expected for samples with more than 2% w/w RS.

In brief, samples (100 mg of the dried sample or 0.5 g of the fresh sample) were digested with
4.0 mL of pancreatic α-amylase containing dilute Aspergillus niger amyloglucosidase; AMG) for 16 h
at 37 ◦C in a shaking water bath (Versa bath S 224, Waltham, MA, USA) at 200 strokes/min. Samples
were then centrifuged at 1500× g for 10 min and the supernatant (DS portion) and pellet (RS portion)
separated. DS samples were diluted to 100 mL with 100 mM sodium acetate buffer (pH 4.5). Aliquots of
0.1 mL with 10 μL of AMG (300 U/mL) were incubated for 20 min at 50 ◦C. Afterwards, 3.0 mL reagent
enzyme mixture (glucose oxidase plus peroxidase and 4-aminoantipyrine; GOPOD), was added and
further incubated for 20 min at 50 ◦C. D-Glucose content was determined by measuring the absorbance
with a spectrophotometer (DU640, Beckman, CA, USA) at 510 nm. The buffer and GOPOD reagent
were used as blank and D-glucose (1 mg/mL), as standards for starch content determination. The pellet
(RS portion) was washed once with 99% v/v ethanol and twice with 50% v/v ethanol. For each wash, the
samples were centrifuged at 1500× g for 10 min and the supernatant decanted. The pellet (RS portion)
was resuspended using 2 M KOH buffer for 20 min in an ice water bath, on a magnetic stirrer. Exactly
0.1 mL of AMG (3300 U/mL) was added along with 8 mL of sodium acetate buffer (1.2 M) and 100 μL
of AMG (3300 U/mL) and incubated for 30 min in a 50 ◦C water bath. After centrifugation, aliquots of
0.1 mL were treated with 3.0 mL of GOPOD reagent and incubated for 20 min at 50 ◦C. D-Glucose
content was measured as described above for the DS portion. Each absorbance measurement was
completed in duplicate. The glucose content of the collected supernatant and the digested pellet was
calculated as per the kit instructions and summed (DS + RS) to calculate total starch (TS) content.
Calculations included the conversion of absorbance to glucose content, weight and volume correction
and a factor to convert the measured D-glucose content to anhydro-D-glucose that occurs in starch.
For each genotype and treatments, 4 biological replicates were used (n = 4). All starch content was
calculated on a dry mass basis in terms of a 100 g portion size (g/100 g DW), then calculated as %
difference from the fresh control.

2.6. Fluorescent Microscopy

Fluorescent microscopy was used to visualize the surface structure of freshly cooked and cooled
potato as well as the dried samples. In brief, each sample was transferred to glass slides with
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2 drops of distilled water. To look at starch granule surfaces, a single drop of Calcofluor-white (1 g/L)
(Sigma-Aldrich, Cat No. 18909) was added to the slide and allowed to react for 2 min. To view granule
surfaces, the slides were viewed under dark field with an excitation wavelength of 365 nm. Image
collection was performed at magnifications of 175× with a photomicroscope assembly (Leica EC3
camera mounted on a Leica DM2000 microscope with LASEZ (Leica Microsystems, Version 2.0.0,
Buffalo Grove, IL, USA) imaging software).

2.7. Scanning Electron Microscopy (SM)

A Hitachi TM3000 (Hitachi High-Technologies, Tokyo, Japan) SM was used to visualize the surface
structure of dried potato samples. A small layer of dried potato powder was mounted on a thin layer of
carbon tape. Images were captured using TM3000 software (Hitachi High-Technologies, Version 02-03,
Tokyo, Japan) using “Compo” and “Shadow1” image modes at 100×, 500× and 1000×magnification
and obtained at 5 kV.

2.8. Statistical Analysis

Statistical analyses were completed using Jmp Pro 13.2.1 (SAS Institute Inc, Cary, NC, USA)
and figures using Origin(Pro) (2018b, OriginLab Corporation, Northampton, MA, USA). Within each
genotype, Dunnett’s test was used to compare drying treatments with the fresh treatment as the control.
Outliers were determined using Grubbs’ test and excluded from the dataset if p < 0.05. Data was
reported as the mean % difference between treatment and control ± standard error of the mean (SEM)
and p < 0.05 was considered significant.

3. Results

3.1. Starch Profile

Genotype differences were observed in DS content after drying treatments. No statistical difference
between the fresh control and FD were observed with ALT and YG, although for RB, DS was
overestimated by 9.3 ± 2.1% with FD (p < 0.05) in comparison to fresh samples (Figure 1). DS values
after MVD were significantly underestimated (p < 0.05) relative to controls by 26.5 ± 4.6, 25.9 ± 1.4%
and 27.0 ± 2.6% for genotypes ALT, RB and YG respectively. DDS treatment was not significantly
different from the fresh control in the genotype YG but DS content was significantly (p < 0.05) lower
by 23.5 ± 7.0% and 34.5 ± 1.1% in ALT and RB, respectively. No significant changes in DS content
were observed for all genotypes after CHD, except for CHD2 which led to an underestimation of DS
(p < 0.05) in RB by 10.2 ± 1.5%. For all DS measurements, the observed differences were greater than
the sensitivity of the kit used (see Supplementary Data, Figure S1).
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Figure 1. Digestible starch (DS) (percent difference) compared to fresh controls for Atlantic (ATL) (a),
Russet Burbank (RB) (b) and Yukon Gold (YG) (c) potato cultivars. Baseline DS content of freshly
cooked controls were 72.32 ± 3.05, 66.67 ± 0.920 and 69.98 ± 1.68 (g/100 g DW) for ALT, RB and YG
respectively. Different drying treatments were assessed and compared to a fresh control using Dunnett’s
test. Data is presented as mean ± SEM. For each genotype, * indicates statistically significant (p < 0.05)
difference in comparison to control (fresh).

Although not statistically significant, the RS content of ALT, RB and YG was overestimated
(25.8 ± 2.1%, 46.4 ± 25.6% and 22.3 ± 20.0%, respectively) after FD (Figure 2). No significant
differences in RS content were observed after MVD and DDS drying for any of the genotypes. CHD
treatments were all associated with underestimated RS content, although the sensitivity to different
CHD treatments varied with genotype. CHD1 (p < 0.05) was shown have underestimated RS content
in YG by 42.9 ± 6.1%, whereas RS content was underestimated for every genotype with the CHD2 and
CHD4 treatments. CHD3 showed no statistical difference between the fresh controls for ALT, RB and
YG. For all RS measurements, the observed differences were greater than the sensitivity of the kit used
(see Supplementary Data, Figure S2). The starch content that remained undigested (RS) for fresh and
FD samples aligned with previously published literature [8,23,46].
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Figure 2. Resistant starch (percent difference) compared to fresh controls for Atlantic (a), Russet
Burbank (b) and Yukon Gold (c) potato cultivars. Baseline RS content of freshly cooked controls were
6.20 ± 0.44, 5.98 ± 0.45 and 6.91 ± 0.23 (g/100 g DW) for ALT, RB and YG respectively. Different drying
treatments were assessed and compared to a fresh control using Dunnett’s test. Data is presented as
mean ± SEM. For each genotype, * indicates statistically significant (p < 0.05) difference in comparison
to control (fresh).

The calculated percent differences in RS content between the fresh controls and drying treatments
appeared to be the most variable, as compared to DS and TS (Figures 1–3). For example, the greatest
percent difference observed for RS was 47.0 ± 5.4% with CHD4 from RB, whereas the greatest deviation
in observed DS content was 34.5 ± 1.0% with DDS from RB.

As seen with DS measurements, the effect of drying on TS content varied by genotype. No statistical
difference between the fresh control and FD were observed with ALT and YG, although the TS content
of RB was significantly (p < 0.05) overestimated by 12.3 ± 4.0% (Figure 3). Both MVD and DDS
showed significant (p < 0.05) underestimation of TS content. Specially, the TS values after MVD
were significantly underestimated (p < 0.05) for ALT, RB and YG relative to controls by 17.0 ± 8.3%,
25.3 ± 1.9%, 24.9 ± 3.3%, respectively. DDS treatment led to underestimated TS content in ALT and RB
by 19.5 ± 7.1% and 31.1 ± 1.1%, respectively whereas no statistical difference was found in YG.
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Figure 3. Total starch (percent difference) compared to fresh controls for Atlantic (a), Russet Burbank (b)
and Yukon Gold (c) potato cultivars. Baseline TS content of freshly cooked controls were 78.52 ± 3.32,
72.65 ± 0.93 and 76.90 ± 1.90 (g/100 g DW) for ALT, RB and YG respectively. Different drying
treatments were assessed and compared to a fresh control using Dunnett’s test. Data is presented as
mean ± SEM. For each genotype, * indicates statistically significant (p < 0.05) difference in comparison
to control (fresh).

Based on the above starch profiles, TS, DS and RS content were significantly affected by all
drying treatments in an unpredictable, cultivar-dependent manner. Similarly, previous work involving
FD has also indicated that drying affects the digestibility of each cultivar in a different manner so
that predictions could not made as to whether digestibility measurements would be either over- or
under-estimated relative to control [23].

In the present study, assessment of RS in the genotypes appeared to be statistically unaffected
by FD but still showed a major percent increase among the genotypes in RS content ranging from
22–46% relative to fresh controls. Likewise, no significant differences were observed in any of the
starch measurements relative to controls for the CHD3 treatment for any of the genotypes; however,
RS values among the three genotypes ranged from 21–35% lower than fresh samples.

3.2. Microscopic Observations

Freshly cooked potato samples demonstrate relatively intact swollen starch granules, which were
uniformly stained with Calcofluor-white under fluorescent microscopy for all genotypes (Figure 4).
Previous work has demonstrated that cooked potato starch granules remain intact although enlarged.
The increase in starch granule size can be attributed to the swelling pressure that occurs during
gelatinization of the starch within the cell during cooking [23,24]. No SM images were available
for fresh samples since this technique requires the samples to be dried for imaging. FD was also
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investigated using microscopy, due to the common use of this method in industry prior to nutritional
assessments. As observed previously, FD caused cracks and fragmentation of the starch granule cell
wall integrity [23,24], which was observed under both fluorescent microscopy and SM (Figures 4
and 5). FD can alter the starch granule integrity and so lead to an increased permeability of potato
starch to enzymatic digestion. Similar structural damage induced by drying of raw potatoes has been
associated with increased starch digestibility [21,47]. Samples dried by CHD3 were also assessed by
fluorescent microscopy and SM since no significant differences were observed in any of the starch
measurements relative to controls for any of the genotypes. The starch granule surface of potatoes
after CHD3 was more intact for all genotypes as compared to FD, although some cellular damage to
structure integrity and shearing was observed for all genotypes (Figures 4 and 5). Although RS content
was underestimated after CHD3 treatment, this drying method has been reported as a promising
alternative to drying heat sensitive samples and could provide a less costly alternative to FD [34].

 
Figure 4. Fluorescent microscopy of three potato genotypes (rows) and three treatments (columns):
fresh, freeze-dried (FD) and conductive hydro-drying (CHD3) at 175×magnification. For all cultivars,
freshly processed potatoes show relatively intact starch granules with smooth walls (column 1) whereas
FD (column 2) and CHD3 (column 3) showed granules with relatively less integrity and some cracking.
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Figure 5. Scanning electron microscope (SM) images of three potato genotypes (rows) and two
treatments (columns): freeze-dried (FD) and conductive hydro-drying (CHD3), at two magnifications
(100× and 500×). For all cultivars, FD showed extensive cellular damage (columns 1 and 2), whereas
CHD3 showed less granule damage although sheering can be observed (columns 3 and 4).

4. Discussion

All starch quality content (TS, DS and RS) measurements were affected by drying treatments in
a genotypic-dependent manner. This finding is mostly likely due to inherent differences in starch
structure and content that can vary between genotypes [23,25,26], which could lead to their variable
responses to the drying treatments [23]. Although samples were dried to completion and compared on
a dry weight basis, minor differences in end-point moisture content could contribute to the observed
differences in starch content and vary by genotype. The results showed that the DDS and MVD
treatments are not appropriate drying tools for the investigation of starch profiles of cooked potatoes
since major differences in starch profiles were observed relative to fresh samples. FD is a common
drying method used for quantification of TS, DS and RS content of potatoes [2,8,22,46,48,49]. In the
present study, genotype-dependent variations in starch profiles were observed with FD. Although
the effect of FD on the estimation of DS and TS content of ALT and YG was not statistically different
relative to fresh controls, RB that was FD showed significantly greater DS and TS content relative to
fresh controls. These results are in agreement with previous work indicating that FD is not a reliable
tool for screening starch profiles among potato genotypes [23]. Previous results have shown that FD
can mechanically damage the starch granule cells of potato starch and so alter the permeability of starch
grains to enzymatic digestion [21,47]. The above phenomena could be genotype dependent, most
likely due to the inherent differences in starch characteristics among varieties. Protein aggregation
could explain the measured differences in starch profiles as starch-protein complexes can interfere
with starch digestibility [50–52]. It is conceivable that the disruption of starch granules as shown by
microscopy for the various drying treatments could have enhanced formation of the above complexes
and led to the distorted measurement of TS versus fresh values (Figure 3).

All the CHD treatment combinations showed genotype-dependent differences in RS, DS and TS.
CHD3, otherwise known as UIACHD, showed no statistical differences in DS, RS and TS compared to
control. Although not significant, the percent difference in RS using CHD3 was still high (34.9 ± 7.7%).
Future studies, however, could consider the use of UIACHD towards drying of cooked potatoes for
high-throughput screening of DS or TS content as these measures showed minimal variations relative
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to the fresh controls. Microscopic analysis showed that the structural integrity of potato samples after
UIACHD was significantly less disturbed than FD, although both methods showed differences in
comparison to fresh samples. UIACHD can be considered as a possible alternative to FD as UIACHD
is faster, more energy efficient and less costly [33,34]. Due to the association of RS with decreased
risk of chronic diseases [4,8,20], starch assessments have recently focused to select potato genotypes
with the greatest RS content. RS content, however, generally showed the greatest variability following
the drying treatments and so caution is needed when interpreting results obtained from dried potato
samples for RS analysis.

After investigation of multiple non-conventional drying methods, it is apparent that for accuracy
of starch profile measurements, use of freshly cooked samples is still important, particularly with
respect to RS content. The UIACHD method, however, shows promise as a drying process towards
accurate evaluation of the DS and TS content of cooked potatoes and so this technology could be
further investigated in that regard. Screening genotypes for optimal starch profiles using fresh cooked
potato samples is a difficult process due to the seasonal demands of harvested food crops, particularly
since storage time/conditions are confounding variables that affect the nutritional content of potatoes.
Hence, identification of other drying alternatives for high-throughput RS analysis is a key next step to
support the commendable initiatives by potato breeders to identify table stock with improved starch
profiles for consumers.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/9/382/s1,
Figure S1: Absorbance values of DS for Atlantic (S1a), Russet Burbank (S1b) and Yukon Gold (S1c) potato cultivars.
Data is presented as mean ± SEM, Figure. S2: Absorbance values of RS for Atlantic (S2a), Russet Burbank (S2b)
and Yukon Gold (S2c) potato cultivars. Data is presented as mean ± SEM.
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Abstract: The influence of emitting diode (LED) treatments for 8 h per day on functional quality of
three types of fresh-cut sweet peppers (yellow, red, and green) were investigated after 3, 7, 11, and
14 days postharvest storage on the market shelf at 7 ◦C. Red LED light (660 nm, 150 μmol m−2 s−1)
reduced weight loss to commercially acceptable level levels (≤2.0%) in fresh-cuts of yellow and green
sweet peppers at 7 and 11 d, respectively. Blue LED light (450 nm, 100 μmol m−2 s−1) maintained
weight loss acceptable for marketing in red fresh-cut sweet peppers up to 11 d. Highest marketability
with minimum changes in color difference (ΔE) and functional compounds (total phenols, ascorbic
acid content, and antioxidant activity) were obtained in yellow and green sweet pepper fresh-cuts
exposed to red LED light up to 7 and 11 d, respectively, and for red sweet pepper fresh-cuts exposed
to blue LED light for 11 d. Red LED light maintained the highest concentrations of β carotene,
chlorophyll, and lycopene in yellow, green, and red sweet pepper fresh-cuts up to 7 d. Similarly, blue
LED light showed the highest increase in lycopene concentrations for red sweet pepper fresh-cuts up
to 7 d. Red LED (yellow and green sweet peppers) and blue LED (red sweet pepper) lights maintained
phenolic compounds by increasing phenylalanine ammonia lyase activity. Thus, the results indicate a
new approach to improve functional compounds of different types of fresh-cut sweet pepper.

Keywords: photo technology; shelf life; Capsicum annuum L.; postharvest quality; bioactive
compounds; antioxidant activity

1. Introduction

Light-emitting diode (LED) lights are becoming increasingly popular in horticulture because of
their energy efficiency, cost effectiveness, long life, nonresidual and nontoxic effects, small size, and
low heat production on exposed surfaces [1]. Because of these advantages, the use of LED lighting
during storage (cold rooms) or transportation (refrigerated trucks) could be an alternative solution to
reduce postharvest losses and maintain product quality and shelf life [2].

The most important aspect of LEDs is the ease to control and maintain a specific monochromatic
spectrum, favoring photomorphogenic responses such as growth and synthesis of secondary metabolites
in plants [1]. The use of LED light with a high red to far red (R:FR) light ratio was shown to increase
lycopene synthesis in tomatoes [3]. White-blue LED lights improved flavonoid and antioxidant activity
(FRAP and ABTS+) in brussels sprouts (outer leaves) and carotenoid contents in broccoli during
postharvest storage [4,5]. Furthermore, the significant effect of LED lights on growth and metabolism
of several postharvest pathogens and food contaminants have been proven previously [6]. Therefore,
using light manipulation to improve or maintain the antioxidants in postharvest storage is regarded as
a chemical-free green energy technology [1].
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Sweet or bell peppers (Capsicum annuum L., family Solanaceae) are a widely consumed vegetable
and provide a rich source of ascorbic acid, flavonoids, phenolic acids, and carotenoids, known as
antioxidants, with numerous health benefits [7]. The composition of antioxidants in sweet pepper
depends on many factors such as variety, cultivation conditions, the degree of ripeness at harvest, and
postharvest handling. Sweet peppers contain high concentrations of total phenols, which decrease
as the fruit ripens [8]. Moreover, sweet peppers are produced in different colors such as red, yellow,
orange, green, white, and purple, commonly known as less pungent pepper varieties [9].

Minimal or fresh processing of fresh produce is becoming much more common than using the
intact product in foodservice and retail markets as a convenience product, as consumer preferences
towards ready-to-use or ready-to-eat vegetables are increasing. The fresh-cut processing of sweet
peppers consists of a cutting operation, which keeps the plant tissue metabolically active and highly
perishable, shortening its shelf life and limiting its marketability [10]. In addition, changes in texture,
color, and functional compounds in fresh-cut products occur during storage or marketing.

To our knowledge, no information is available on the application of LED lights on fresh-cut sweet
pepper types to improve its quality parameters and bioactive compounds during postharvest storage
(at the market shelf). Our preliminary investigation with increasing LED exposure times affected the
sensory quality and weight loss at 7 ◦C (unpublished data). Therefore, the objective of this study was
to investigate the effect of 8 h exposure to red and blue LED lights, primarily (1) on the weight loss,
marketability, and color difference; secondly (2) on the retention of lipophilic pigments (chlorophyll in
green sweet pepper, β-carotene in yellow sweet pepper, and lycopene in red sweet pepper); thirdly
(3) on the accumulation of antioxidants (total phenols, quercetin, and ascorbic acid) and antioxidant
activities (FRAP); and finally (4) to improve the understanding of the influence of LED lights on the
activity of phenylalanine ammonia lyase (PAL) on the accumulation of phenolic compounds, which
may offer a new approach to enhance the antioxidant levels in fresh-cut sweet peppers during display
at the market shelf at 7 ◦C. The PAL enzyme converts phenylalanine to ammonia and trans-cinnamic
acid during the first step in the phenylpropanoid pathway [11].

2. Materials and Methods

2.1. Plant Material and Light-Emitting Diode (LED) Light Treatment

Three sweet pepper cultivars—cv. ‘California Wonder’ (green), ‘King of the North’ (red), and
‘Citrine F1 Hybrid’ (yellow)—were harvested at commercial maturity from a farm that supplies
regularly to the Tshwane Fresh Produce Market (Pretoria West, South Africa). The sweet peppers
were transported to the laboratory within 3–4 h after harvest. Sweet peppers that were free from
decay, defects, or damages were selected and cut into rings (3 cm thick) using a sharp sterile knife
and thereafter dipped in 0.1 mL L−1 NaOCl (pH 2.5~3) for 5 min. The fresh-cut rings were rinsed
with sterile water, and the excess water was removed by blotting with sterile tissue paper. Yellow,
red, or green sweet pepper samples of 125 g each were packed separately in black polystyrene trays
and wrapped with biaxially oriented polypropylene (BOPP) film without sealing (atmosphere gas
composition) in order to reduce the moisture loss. Each type of LED treatment consisted of 20 replicate
tray packs per storage time and were placed in a random position in a line. The tray packs were
held at 7 ◦C for 85%relative humidity (RH) for up to 3, 7, 11, and 14 days to simulate cold storage at
supermarkets, and samples were withdrawn at designated intervals for the analysis. During cold
storage, fresh-cut yellow, red, and green sweet peppers were subjected to either red LED (660 nm,
150 μmol m−2 s−1) or blue LED (450 nm, 100 μmol m−2 s−1) light for 8 h per day, based on our
previous trials. Exposure to 8 h white light (white cool fluorescent lamps; Phillips, Fluotone 40 W) and
continuous darkness for the designated storage time were included as controls. After withdrawing
the samples at designated intervals, the 10 replicate treatments for each time range were evaluated
for weight loss, overall marketability, and color change (ΔE) over time. The other 10 replicates per
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treatment were snap-frozen in liquid nitrogen and held at −80 ◦C to determine changes in bioactive
compounds and PAL enzyme activity.

2.2. Weight Loss

The initial weight of 5 replicate pepper rings was standardized to weigh 100 g on day 0, before the
LED storage trials. On each sampling time (3, 7, 11, and 14 days), a standard scale (Milton Keynes, UK)
was used to record the weight. The differences in weight between the sampling days were calculated
with reference to the initial weight and expressed as percent weight loss.

Overall Marketability

A panel of 30 individuals (15 men and 15 women), aged 25–30, who were familiar with sweet
pepper and consumed it on a regular basis, assessed the overall marketability of a randomized selection
of samples. Ten replicate punnets per treatment were randomly presented in uncovered and unlabeled
tray packs. Evaluation was performed on overall marketability, mainly based on the absence of
discoloration due to browning, using a 5 point hedonic scale (5 = excellent, absence of browning,
marketable at the supermarkets that meet stringent quality standards; 4 = good, 5%–10% discoloration,
marketable; 3 = average 25% discoloration, limited marketability; 2 = poor, 50%, unmarketable; 1 =
100% unmarketable [12].

2.3. Color Change (ΔE)

A Minolta CR-400 chromameter (Minolta, Osaka, Japan) calibrated with a standard white tile
was used to measure the color values of fresh-cut sweet peppers. Three measurements were recorded
per fresh-cut sample. In the CIE color system, a* values describe the intensity of redness (+) and
greenness (−), and b* values describe the intensity of yellowness (+) or blueness (−). The L* values
describe lightness (black = 0, white = 100). The color changes were quantified in the L* (lightness),
color coordinates a*, and b* values using the following formula [13]:

ΔE∗ab =

√
(L∗2 − L∗1)

2 + (a∗2 − a∗1)
2 + (b∗2 − b∗1)

2 (1)

2.4. Phytochemical Contents

2.4.1. Ascorbic Acid Content

The ascorbic acid content was determined using the 2,6-dichlorophenolindophenol dye titration
method [12] for the different samples. These results were expressed as grams of ascorbic acid per
kilogram FW (fresh weight).

2.4.2. Chlorophyll Content

The total chlorophyll content was determined from extractions of 50 mg pepper samples in
50 mL methanol [12]. Centrifugation of the resulting mixture was performed using a centrifuge
(Hermle Labortechnik, Wehingen, Germany) at 6000× g for 5 min at 4 ◦C. The chlorophyll a (Chl a)
and chlorophyll b (Chl b) contents were determined by measuring the absorbance of the resulting
supernatant at 646 and 662 nm (microplate reader SpectrostarNano, BMG-LABTEC, Ortenberg,
Germany). The total chlorophyll content was calculated and expressed as grams of chlorophyll per
kilogram FW.

2.4.3. Lycopene and β-Carotene Contents

Lycopene and β-carotene were extracted in 2 mL acetone:n-hexane (4:6), as previously
described [12], using snap-frozen samples (0.5 g) of red and yellow fresh-cut sweet peppers. After
centrifuging at 6000× g for 5 min at 4 ◦C, the resulting supernatant (200 μL) was used to determine the
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absorbances at 663, 645, 505, and 453 nm (Microplate Reader, Zenyth 200 rt Biochrom Ltd., Cambridge,
UK). The acetone:n-hexane (4:6) solvent was used as blank reference. The lycopene and β-carotene
contents were calculated using the following formulas [14]:

Lycopene [g kg−1 FW] = −0.0458A663 + 0.204A645 + 0.372A505 − 0.0806A453; (2)

β-carotene [g kg−1 FW] = 0.216A663 − 1.220A645 + 0.304A505 − 0.452A453. (3)

2.4.4. Total Phenolic and Flavonoid Contents

Total phenolic and flavonoid contents were determined, as described previously [12], by
homogenizing 1 g sweet pepper fruit pericarp in 10 mL acetone:ethanol (1:1 v/v) for 10 min. Aliquots
of pepper extract (9 μL) were mixed with 109 μL of Folin–Ciocalteau reagent, and the results were
expressed as milligrams of gallic acid equivalent (GAE) per 100 g FW.

The flavonoid content was determined with quercetin as standard, using the method described
previously [12], with 12.5 μL of pepper extract and 7.5 μL of 5% NaNO2. Aliquots of 15 μL of 10%
AlCl3 were added after 5 min incubation, and thereafter 50 μL of 1 M NaOH was added after 6 min.
The absorbance was read at 510 nm (Microplate Reader, SpectrostarNano, BMG-LABTEC, Ortenberg,
Germany). Flavonoid content was calculated using a standard curve of quercetin and expressed as
grams of quercetin equivalents per kilogram FW.

2.4.5. Antioxidant Activity

The ferric reducing antioxidant potential (FRAP) assay was performed without modifications [15].
A fresh sample (5 g) was homogenized with methanol:water (4:1 v/v). A FRAP solution (0.3 mM
sodium acetate, 10 mM 2,4,6-tripyridyl-s-triazine (TPTZ), and 20 mM FeCl3 (10:1:1 v/v/v) (950 μL;
pH 3.6) at 37 ◦C was mixed with 50 μL of the sample mixture. A calibration curve for quantification of
FRAP antioxidant activity was constructed using Trolox solution (10–250 mg L−1), and results were
expressed as kilomoles of Trolox equivalent antioxidant capacity (TEAC) per kilogram FW.

2.4.6. Phenylalanine Ammonia Lyase (PAL)

Borate buffer (150 mM, pH 8.8) of 150 μL containing 5 mM β-mercapto-ethanol and 2 mM
Ethylenediamine tetraacetic acid (EDTA) were for used to determine the PAL [16]. The enzyme extract
(75 mL) was incubated with 150 mL of borate buffer at 50 mM, pH 8.8, in the presence of 20 mM
phenylalanine for 60 min at 37 ◦C. After completion of the incubation, 75 mL of 1 M HCl was added
in order to stop the reaction. The final cinnamate production was determined at 290 nm using a
microplate reader (SpectrostarNano BMG-LABTEC, Ortenberg, Germany). The PAL enzyme activity
was expressed as nmol kg−1s−1.

2.5. Statistical Analysis

LED lights were arranged on shelves at 7 ◦C in a randomized, complete block design. The research
was conducted separately for each fresh-cut sweet pepper cultivar with 10 replicates stored under
each LED light treatment, including the controls, and storage time because of the seasonal availability
of the sweet peppers. The data were subjected to two-way analysis of variance (ANOVA) to see the
interaction effect of two independent factors (storage time and LED treatments) by a generalized linear
model with the Statistical Analysis System (SAS) software program version 9.0 (SAS Institute Inc.,
Cary, NC, USA). Means of LED light treatments and the controls on storage time were separated by
Least Significant Difference (LSD 5%). All experiments were repeated thrice.
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3. Results

3.1. Commercial Value and Overall Marketability

The weight losses of fresh-cut yellow, green, and red sweet peppers under different LED lights
for 8 h exposure per 24 h, related to storage periods, are expressed in percentages (Figure 1A–C). The
weight loss increased significantly for three types of fresh-cut sweet peppers during 14 days exposure
to white light at 7 ◦C (Figure 1A–C)

(A) 

 
(B) 

 
(C) 

Figure 1. Effect of light-emitting diode (LED) treatments on weight loss of (A) yellow, (B) green, and
(C) red sweet pepper fresh-cuts. R—Red, B—Blue, W—White light; Control—Darkness. Data include
0, 3, 7, 11, and 14 days storage time. Different letters above each bar indicate significant differences
(p < 0.05) using Fisher’s Least Significant Difference (LSD) test.
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Yellow sweet pepper fresh-cuts exposed to white light and darkness (control) revealed significantly
higher weight loss compared to those exposed to blue and red LED light from 3 to 14 day (Figure 1A).
In green sweet pepper fresh-cuts, blue and red LED light treatments significantly reduced weight
loss up to day 11 compared to white light and darkness (control) (Figure 1B). However, the red LED
lights kept the weight loss almost to 3% in green sweet pepper fresh-cuts on day 14. In red sweet
pepper fresh-cuts, the blue and red LED lights significantly reduced weight loss after 3, 7, and 14 days
compared to those exposed to white light and stored in darkness (control) (Figure 1C). Therefore, it
can be concluded that commercially acceptable weight loss (≤2.0%) was maintained for fresh-cuts of
yellow and green sweet pepper up to days 7 and 11, with 8 h exposure with red LED light, respectively
(Figure 1A,B). In red fresh-cut sweet peppers, blue LED light to for 8 h helped to reach the commercially
acceptable weight loss (≤2.0%) up to day 11 (Figure 1C).

Marketability of the three different types of fresh-cut sweet peppers was affected differently by the
LED lights (Figure 2A–C). Marketability was determined based on the browning observed on the three
types of fresh-cut sweet peppers. The best marketability (scale 5) was obtained in yellow sweet pepper
fresh-cuts exposed to red LED light up to day 7 (Figure 2A), and these fresh-cut sweet peppers showed
absence of browning similar to day 0. Exposure to blue LED and white lights were of average quality
(scale 3) with limited marketability as there was 25% browning on the 7th day, and those stored in
darkness (control) showed 50% browning and became unmarketable (scale 2) (Figure 2A). The red LED
lights retained the highest marketability (scale 5) of green sweet pepper fresh-cuts up to 7 days without
any browning and are most suitable for the supermarkets that meet stringent quality standards. But
those exposed to blue LED light and stored in darkness (control) showed 5%–10% browning and were
regarded as still marketable (scale 2) at the urban fresh produce markets. The green sweet pepper
samples exposed to red LED light were still marketable but showed 5%–10% browning (scale 2) on the
11th day. On the 14th day, the marketability was limited as there was 25% browning (scale 3) (Figure 2B).
Samples exposed to blue LED light and white light showed limited marketability on the 7th day (scale
3) and became of unmarketable quality with 50% browning (scale 2) on the 11th day. In contrast, the
samples stored in darkness (control) showed limited marketability (scale 3) on the 11th day and became
unmarketable (scale 1) because there was 100% browning on day 14 (Figure 2B). On the other hand, red
sweet pepper fresh-cuts exposed to blue LED light showed the highest marketability (scale 1) because
there was an absence of browning up to the 11th day, similar to day 0 samples (Figure 2C). However,
on day 14, the fresh-cuts became unmarketable (scale 3) because there was 25% browning. All samples
exposed to red LED lights remained marketable without browning up to the 11th day (Figure 2C).

(A) 

Figure 2. Cont.
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(B) 

 
(C) 

Figure 2. Overall marketability of (A) yellow, (B) green, and (C) red sweet pepper fresh-cuts exposed
to LED light treatments. Where 5 = highly marketable and 0 = unmarketable. R—Red, B—Blue,
W—White light; Control—Darkness. Data include 0, 3, 7, 11, and 14 days storage time. Different letters
above each bar indicate significant differences (p < 0.05) using Fisher’s LSD test.

The total color difference (ΔE) was kept to a minimum, almost similar to day 0, in yellow and
green sweet pepper fresh-cuts exposed to red LED light on the 3rd and 7th days, respectively, especially
because of the reduced browning (Figure 3A). Although, on the 11th day, the total color difference (ΔE)
significantly increased in green sweet pepper fresh-cuts, mainly because of the observed browning
(scale 2), and the total color difference (ΔE) was significantly lower on day 14 (Figure 3B).

Essentially, both red and blue LED treatments adopted in this study kept the total color change
(ΔE) to a minimum and maintained the original appearance as day 0 in red sweet pepper fresh-cuts on
the 3rd day (Figure 3C). On days 3, 7, 11, and 14, the samples stored under blue LED light showed a
minimum total color change (ΔE) more or less similar to day 0 samples (Figure 3C). The red LED lights
showed an increase in the total color change (ΔE) mainly because of the observed browning (scale 3)
on day 7 (Figure 3C). But those samples held under the red LED lights significantly reduced the color
difference (ΔE) on day 11 because there was an absence of browning (scale 5) (Figure 3C).
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(A) 

(B) 

(C) 

Figure 3. Total color changes in (A) yellow, (B) green, and (C) red sweet pepper fresh-cuts exposed to
LED treatments. R—Red, B—Blue, W—White light; Control—Darkness. Data include 0, 3, 7, 11, and
14 days storage time. Different letters above each bar indicate significant differences (p < 0.05) using
Fisher’s LSD test.

3.2. β-Carotene, Chlorophyll, and Lycopene

Yellow sweet pepper fresh-cuts exposed to red LED light retained their initial β-carotene levels
up to the 7th day. Thereafter, the readings declined significantly on the 11th and 14th days (Table 1). It
is noteworthy that on the 11th and 14th day, 10.37%–14.62% of β-carotene was lost in samples exposed
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to red LED light, which was significantly lower than samples stored in the dark (control), showing
losses around 35.37% and 61.32% on the 11th and 14th day, respectively (Table 1). However, samples
exposed to blue LED and white lights already lost around 17.45% and 25.4% of β-carotene by the 7th
day, respectively (Table 1).

Table 1. Influence of red or blue LED lights and storage times from 0 to 14 days on β-carotene content
in yellow sweet pepper, chlorophyll content in green sweet pepper, and lycopene content in red sweet
pepper fresh-cuts at 7 ◦C.

LED Lights and Storage Time (d) β-Carotene (g kg−1) Chlorophyll (g kg−1) Lycopene (g kg−1)

Red LED light x 0 day 0.212 a ± 0.01 3.19 a ± 0.02 0.165 a ± 0.03
Red LED light x 3 days 0.213 a ± 0.01 3.19 a ± 0.05 0.167 a ± 0.06
Red LED light x 7 days 0.214 a ± 0.02 3.00 a ± 0.03 0.168 a ± 0.01
Red LED light x 11 days 0.190 b ± 0.01 2.7 b ± 0.04 0.166 a ± 0.02
Red LED light x 14 days 0.181 b ± 0.04 1.75 c ± 0.08 0.160 ab ± 0.03
Blue LED light x 0 days 0.212 a ± 0.01 3.19 a ± 0.01 0.165 a ± 0.02
Blue LED light x 3 days 0.187 b ± 0.05 3.12 a ± 0.05 0.165 a ± 0.01
Blue LED light x 7 days 0.175 b ± 0.10 2.70 b ± 0.02 0.162 a ± 0.02

Blue LED light x 11 days 0.143 c ± 0.08 2.70 b ± 0.02 0.140 b ± 0.10
Blue LED light x 14 days 0.141 c ± 0.03 1.87 c ± 0.10 0.138 b ± 0.08

White light x 0 day 0.212 a ± 0.02 3.19 a ± 0.02 0.165 a ± 0.01
White light x 3 days 0.175 b ± 0.06 3.07 a ± 0.07 0.165 a ± 0.07
White light x 7 days 0.158 b ± 0.03 2.43 b ± 0.01 0.120 b ± 0.12c
White light x 11 days 0.141 c ± 0.02 1.86 c ± 0.04 0.115 c ± 0.07
White light x 14 days 0.089 d ± 0.02 1.70 c ± 0.08 0.114 c ± 0.05

Darkness x 0 days 0.212 a ± 0.02 3.19 a ± 0.01 0.165 a ± 0.03
Darkness x 3 days 0.184 b ± 0.03 3.07 a ± 0.06 0.113 c ± 0.14
Darkness x 7 days 0.140 c ± 0.07 1.75 c ± 0.05 0.106 cd ± 0.05
Darkness x 11 days 0.137 c ± 0.04 1.74 c ± 0.03 0.099 d ± 0.02
Darkness x 14 days 0.082 d ± 0.03 1.68 c ± 0.09 0.093 d ± 0.01

Values are means ± standard deviation of ten replicates. Mean values with same alphabetic letters in a column for a
specific parameter are not significantly different according to LSD tests (p < 0.05).

All treatments adopted in this study helped to retain the total chlorophyll content in green sweet
pepper fresh-cuts on the 3rd day. However, samples exposed to red LED light on 7 days storage clearly
retained the highest concentration of chlorophyll, similar to the concentrations observed on day 0
(Table 1). On the 7th day, samples exposed to blue LED light, white light, and held in darkness (control)
lost around 15.36%, 23.82%, and 45.14% of chlorophyll content, respectively (Table 1).

The lycopene content of the fresh-cut red sweet peppers was maintained at similar concentrations
as day 0 samples on day 3 in all treatments other than the control (darkness) (Table 1). However, from
day 7 up to day 14, the red LED light showed optimal retention of lycopene content at levels similar
to day 0 in red sweet pepper fresh-cuts (Table 1). Blue LED light also favored retention of lycopene,
similar to red LED light on the 7th day. However, the red LED light clearly improved retention of
lycopene on the 11th and 14th day compared to blue LED or white light and the control (darkness).
On the 11th and 14th day, the lowest lycopene concentration was observed in the control samples
(darkness) (Table 1). Almost 40% and 42% of lycopene was lost in red sweet pepper fresh-cuts stored
in white light and darkness, respectively, on the 14th day (Table 1).

3.3. Ascorbic Acid, Total Phenols, Flavonoids, and Antioxidant Activity

Yellow and green fresh-cut samples exposed to red LED light showed the highest concentration
of ascorbic acid on days 3 and 7, with concentrations similar to those detected in samples from day
0 (Table 2). Ascorbic acid content in the yellow sweet pepper fresh-cut samples stored in darkness
(control) decreased significantly and showed the lowest levels on the 11th and 14th days (Table 2).
The concentration of ascorbic acid in fresh-cut green sweet pepper samples exposed to red LED light
declined significantly after the 7th day onwards. Also, the ascorbic acid content in fresh-cut green
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sweet pepper samples exposed to blue LED light, white light, and held in darkness (control) declined
by day 7. The ascorbic acid concentrations in fresh-cut green sweet pepper samples exposed to blue
LED light, white light, and held in darkness (control) did not vary significantly on days 11 and 14
(Table 2). In red sweet pepper fresh-cuts, blue LED light helped to retain the ascorbic acid content up
to day 11. Samples exposed to white light on day 14 and held in darkness (control) on days 11 and 12
showed lower concentrations of ascorbic acid (Table 2).

At the same time, it is interesting to note that 16.45%, 20.25%, and 26.5% of ascorbic acid was lost
on day 7 in fresh-cut yellow sweet peppers exposed to blue LED light, white light, and those held in
darkness (control), respectively (Table 2). In green sweet pepper fresh-cuts, 27.27%, 32.32%, and 33.83%
of ascorbic acid was lost on day 7 when exposed to blue LED light or white light or held in darkness
(control), respectively (Table 2). Similarly, in red sweet pepper fresh-cut samples exposed to red LED
light, white light, and those held in darkness (control) lost 14.28%, 29.71%, and 44.57% of ascorbic acid,
respectively (Table 2).

Total phenolic content increased significantly to the highest level on the 7th day in yellow sweet
pepper samples exposed to red LED light (Table 2). But in green fresh-cut sweet peppers, the highest
concentration of total phenolic compounds was obtained in samples exposed to red LED light on days
3 and 7 during storage. In red sweet peppers, the blue LED light exposure caused a significant increase
in total phenols from the 3rd to the 11th day (Table 2).

In yellow sweet pepper fresh-cut samples exposed to blue LED and white light, the concentrations
of total phenolics were significantly lower than those exposed to red LED light on day 11 (Table 2).
However, on day 14, samples exposed to white light and held in darkness for 14 days showed
significantly lower concentrations of phenolic content than the yellow sweet pepper fresh-cuts exposed
to blue or red LED lights (Table 2). It is noteworthy that in green sweet pepper fresh-cuts held in
darkness (control) for 11 and 14 days and red sweet pepper fresh-cuts stored under similar conditions
for 14 days showed significantly lower concentrations of total phenols (Table 2).

Similar observations were noted in red sweet pepper fresh-cuts exposed to blue LED light on the
7th and the 11th day (Table 2). At the same time, the concentration of total phenols in yellow and green
sweet pepper fresh-cuts samples stored in darkness (control) for 3 days showed similar concentrations
as those samples from day 0. Thereafter, on day 7, the total phenol concentration declined, and a
nonsignificant difference in concentration was observed in those samples on day 7 and 11. All three
types of pepper samples stored in darkness (control) showed moderately lower concentrations of total
phenolic content on the 7th day (Table 2).

The flavonoid quercetin content showed the highest concentration on the 3rd and 7th day in
yellow sweet pepper fresh-cuts exposed to red LED light (Table 2). However, in green sweet pepper
fresh-cuts exposed to red LED light , the highest concentration of quercetin content was noted on the
7th day. In red sweet pepper fresh-cuts, the quercetin content was significantly highest on the 7th and
11th day under blue LED light (Table 2). It must be noted that the total phenols and flavonoid quercetin
concentration were lower in all three types of sweet pepper fresh-cuts on day 0. Unlike in yellow and
green sweet pepper fresh-cuts, the red sweet pepper fresh-cuts held in the darkness (control) for 0 to 3
days showed significantly higher concentrations of quercetin content compared to the 11 and 14 days
samples (Table 2).
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The total antioxidant capacity showed a significant increase in yellow and green sweet peppers
exposed to red LED light on the 7th day (Figure 4A–B), whilst in red sweet pepper fresh-cuts, the total
antioxidant capacity was highest on days 7 and 14 in samples exposed to blue LED light (Figure 4C).
The yellow sweet pepper samples stored in darkness (control) showed the lowest antioxidant capacity
compared to all the light treatments from the 7th day onwards, but in green and red sweet pepper
fresh-cuts, after day 3 there was no significant difference in antioxidant capacity observed (Figure 4A–C).

 
(A) 

 
(B) 

 
(C) 

Figure 4. Antioxidant activity in (A) green sweet pepper, (B) yellow sweet pepper, and (C) red sweet
pepper fresh-cuts exposed to different LED light treatments for 8 h at 7 ◦C. R—Red, B—blue, W—white
light; Control—Darkness. Data include 0, 3, 7, 11, and 14 days storage time. Different letters above
each bar indicate significant differences (p < 0.05) using Fisher’s LSD test.

3.4. PAL Activity

The PAL activity in the yellow and green peppers exposed to red LED light was highest on the 7th
day and declined significantly afterwards (Figure 5A,B). However, a different trend regarding PAL
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activity was noted in red peppers exposed to blue LED light, showing a gradual increase, and on day
11, a significant increase in activity was observed with a subsequent decline thereafter (Figure 5C). A
gradual decline in PAL activity was visible in all sweet pepper fresh-cuts stored in the dark (control)
(Figure 5A–C). The decline in PAL activity was significant after the 3rd day in yellow and green sweet
peppers exposed to red LED light (Figure 5A,B). In red sweet pepper fresh-cuts, the PAL activity
increased significantly on the 3rd day, remained stable, and thereafter declined significantly on the 7th
day (Figure 5C).

 
(A) 

(B) 

(C) 

Figure 5. Phenylalanine ammonia lyase (PAL) activity in (A) yellow sweet pepper, (B) green sweet
pepper, and (C) red sweet pepper fresh-cuts exposed to different LED light treatments and storage
times from 0 to 14 days for 8 h at 7 ◦C. R —Red, B—Blue, W—White light; D—Darkness (control).
Data include 0, 3, 7, 11, and 14 days storage time. Different letters above each bar indicate significant
differences (p < 0.05) using Fisher’s LSD test.
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4. Discussion

It is evident from this study that LED light treatments can be employed in a storage system to
extend the shelf life of fresh-cut sweet peppers by controlling physiological processes and biochemical
reactions. Weight loss is referred to as moisture loss generally associated with the respiration of
fresh-cut produce; hence, the implemented breakpoint for maintaining the quality of fresh produce is
critical when the moisture content drops by 5% [17]. The difference in weight loss observed in darkness
(control) among the different types of sweet peppers could be attributed to the differences in varying
thicknesses of epidermal and hypodermal layers [18]. In addition, in this study, the fresh-cut sweet
peppers were packaged in commercial cling film in tray packs, and continuous white light could have
probably caused an increase in moisture loss due to an increased rate of respiration rather than the effect
of the light on the stomatal openings observed in leafy vegetables such as broccoli [19]. The red LED
light reduced weight loss, probably because of the reduced rate of respiration, and prevented water
loss during respiration in the fresh-cut sweet peppers. However, respiration needs to be determined in
this study to prove the impact of LED lights on the rate of respiration in fresh-cut peppers. Since the
red and blue LED lights played a major role in reducing the weight loss and the color differences in
fresh cuts of green or yellow and red sweet peppers, respectively, red and blue LED lights are beneficial
in extending the shelf life of the fresh cuts of green or yellow and red sweet peppers at the retail shelf
or during storage.

The effect of LED lights on the rate of respiration in banana was reported previously [20]. Bananas
exposed to red LED light reduced the rate of respiration than those exposed to blue LED, especially
after 11 days [20]. Furthermore, several studies indicated that the LED lights delayed senescence of
broccoli [21] better than the samples kept in the dark.

The multiple photoreception system (chlorophylls, carotenoids, phytochrome, cryptochrome,
phototropins) in a plant organ, the quality of the selected LED lights, and the exposure time all play
a role in determining the degree of influence of selected LED lights on physiological processes and
biochemical reactions [20,21]. Furthermore, the postharvest response of different light spectra can
vary within cultivars [12]. Higher ratios of R:FR spectral lights increased the lycopene content in
tomatoes [3]. In contrast, moderate (red light) R:FR (far red light) ratios of spectrum lights were shown
to increase the lycopene content in sweet peppers [12]. However, in this study, the exposure to red
LED light increased the lycopene content on the 11th day in red fresh-cut sweet peppers (Figure 5A).
Phytochrome facilitated red light induced carotenoid and lycopene synthesis in tomatoes [22]. Red
LED lights induced the gene expression and carotenoid synthesis in the flavedo of Satsuma mandarin
(Citrus unshiu Marc.) [21]. Similarly, the biosynthesis of β-carotene in yellow sweet pepper fresh-cuts
induced by red LED lights up to 7 days (Figure 4B) could possibly be due to similar inductions of gene
expression in the carotenoid synthesis pathway, but detailed investigations to prove this argument
need to be carried out in the future. Although carotenoid synthesis is reported to occur under light
conditions, photo-oxidation could destroy them [23], which could probably be the reason for the lower
β-carotene and lycopene contents on day 14 in the fresh-cut yellow sweet peppers exposed to white
light in this study (Figure 5B). Red and blue light were reported to improve the chlorophyll content in
plant leaves, but red-light exposure was reported previously to delay the degradation of the chloroplast
ultrastructure [24]. This could be the reason for the observed higher chlorophyll content noted in the
fresh-cut green sweet peppers on day seven under red LED light (Figure 5B).

Exposure to blue/red LED lights induced secondary metabolites (phenols and flavonoids) via
phenylalanine ammonia-lyase enzyme (PAL), the primary step of the phenyl propanoid pathway
(Hao et al., 2003). The phytochrome photoreceptors that have two interconvertible forms, the inactive
Pr and the active Pfr, have a sensitivity peak in the red (564–580 nm) [25] and blue (440–450 nm)
light spectrum absorbed by the cryptochrome and phototropin photoreceptors [26,27]. Therefore, the
blue or red LED lights possibly could have activated the phytochrome system in yellow and green
sweet peppers (until day 7), and cryptochrome and phototropin in red sweet pepper (until day 11),
which promote the concentration of sugars (soluble carbohydrates), the precursors for the biosynthesis
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of ascorbic acid, or polyphenolic compounds, such as phenolic acids, thereby improving the visual
quality (chlorophyll, lycopene, and carotenoids) and extending the shelf life. However, an in-depth
investigation is needed to understand the mechanisms. Antioxidant properties of pea [28,29] and
cabbage [17] have been improved by LED red/blue light compared to white light. Therefore, LED lights
(red or blue) in the storage system improved the nutritional quality of the fresh-cut sweet peppers
to the benefit of consumers. At the same time, increased biosynthesis of phenolics under red LED
(green and yellow sweet pepper fresh-cuts) and blue LED light (red sweet pepper fresh-cuts) improved
antioxidant properties and extended the shelf life by delaying senescence of the yellow and red sweet
peppers, since antioxidants participate in scavenging the free radicals formed during the metabolic
pathways [30].

Broccoli heads exposed to blue LED light during postharvest storage showed lower ascorbic acid
content compared to red light, and a similar observation was noted in this study [21]. Higher light
irradiance levels stimulated the biosynthetic pathway of ascorbic acid biosynthesis [31].

5. Conclusions

Application of red LED lights for 8 h per day during storage at 7 ◦C was beneficial to retain the
commercial quality, bioactive compounds, and antioxidant activity as well as extend the shelf life of
fresh-cut yellow and green sweet pepper up to 7 d. Exposure to blue LED light can be recommended
for fresh-cut red sweet peppers up to 11 days. Thus, the use of suitable LED light in the postharvest
environment could be a novel approach for the fresh-cut industry to reduce postharvest losses of
fresh-cut sweet peppers at the retail shelf.
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