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Abstract

This study investigated trentioxidant and antimicrobial propertiesendogenous phenolic
compounds irDriental Brassica junceadeandyellow (Sinapis albdmustard seeds. Phenolics in
selected Canadian mustard products (seeds/ powder/ flour) werdezktraimgAccelerated

Solvent Extraction (ASE) and thaiorresponding sinapate profiles were established through
HPLC-DAD analysis The antioxidant capacity of each extract was assessed by DPPH assay and
correlated with the total phenolic contemPC) measured using thEolini Ciocalteau method.
Sinapine was t he miaaglldthe sapgdies analyisad,ovithcnegiighle amouwhts
ofsi napi ¢ ac ioabntentTeRpeessed as sanppic aced equivalents (SAE), ranged from
5.36 x 16 + 0.66 to 14.44 0.43 x 18 ug SAE/g dry weight of the samples, with the highest in

the yellow mustard seed extract and lowest in Oriental mustard powder. The level decreased in
the following order: yellow mustard seed > Oriental mustard seed > yellstand bran >

Oriental mustard bran > yellow mustard powder > Oriental mustard powder. Extracts from
yellow mustard seeds had the highest TPC (27 BE+ 1.01 pg SAE/Y while Oriental mustard
powder showed the lowest TPC with 4440°+ 0.92 ug SAE/gThe DPPHradical scavenging
activity of mustard methanolic extracemnged betweeB6% and 69%ith the following order

for bothv a r i: groundemaistard seed > mustard bran > mustard poWwderantioxidant

activities of the extracts correlated witteir TPC ¢orrelation coefficientsvere0.72) This

study conQanramdeidant hyael | ow and Orient al mustard

S 0 u r ceedsgenmmids phenolic compounds.

The antimicrobial effectiveness of Oriental (1071 ppm sinapine) and yellow (1200 ppm
sinapine) mustard seed phenolic extracts, and of sinapic acid standard in two different
concentrations (1200, 3000 ppm) against five strais obli0157:H7 02-0627, @-0628, 02



0304, 063581and non motile 02840) and three strains bf monocytogeng$LM-3, GLM-4,

2i 243)were investigated using minimum inhibitory concentration (MIC) assay. The MICs were
determined with a microdilution method usi@gwell microplateplatforms.Thetested
concentrations of sinapine and sinapic atahdarchad no antibacterial activity against &ll

coli O157:H7andL. monocytogenestrains at 35 °C and pH 7.

The effect of various preeatments such as microwave irradiation (20 1309 W ) and
also 2 h soaking with 70% methanol (with and without acidification) on the sinapates gnadfile
contents of selected defatted mustard produete investigated. Microwave irradiation did not
affect the phenolic profile significantly as thaapine content of yellow mustard braéh&7x 10°
+0.47ug SAE/Q, yellow mustard powderd.31x 10°+0.01pug SAE/Q, Oriental mustard bran
(7.28< 10°+0.06ug SAE/Q, and Oriental mustard powddr2(19< 10°+2.07ug SAE/Q were
similar to their corresporiiglg untreated samplesowever, the soaking process, irrespective of
its pH, significantly reduced the sinapine content in all investigated samples. Soaking in acidified
70% methanol resulted in further decreases in the sinapine values to reach 4,71382 &
10°, 3.25 x 18and 10.01 x 1ug SAE/g in yellow mustard bran, yellow mustard powder,

Oriental mustard bran and Oriental mustard powder, respectively.

KeywoMdst ard, ASE, pHh eoh@lb7iHZIs. monscytagengsat e s ,
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Chapter 1

General introduction

Mustard seeds have been used as condiments for thousands o€geadsa is one of the
most important producers and exporters of the crop world@tincey, 2013)The average
value of Canadian mustard seed exports is aroli28 ghillion dollas per yearBenfey et al.,
2005)and accounts fanore than 57% of the international spimarket share. The three major
types of condiment mustard seeasyellow, brown and Oriental atlurrently cultivated in
CanaddClancey, 2013)Oriental and browwarietiesbelong to théBrassica junceaspecies of
Brassicacedamilyandc ont ai n hi gher amo u nyellewtgoé belorigxte d oi | |,
the Sinapis albaspeciesvhich normally halower concentrations of oil, but higher protein
content ad stronger mucilage properti@Sui and Eskin, 1998hough mustard seeds are
mainly used as condimeniggrious products including cooking oil, ground seeds, powder/flour,

bran and prepared mustard pastes are commercially available in the market.

Endogenous phenolic compounds from plant materials have received considerable
attention due to their biological activities and health benefits over the past few years. Phenolic
compounds are an extensive group of plant secondary metabolites which fasction
antioxidants, defensive or signaling compou¢islasundram et al., 2006; Parr and Bolwell,
2000) Sinapic acid and iderivatives (SADs) are the predominant phenolic compounds in
BrassicaceaspeciesVar i ous health benefits such as antio
anixety, -iannfdl aanmntait ohrayv ea chte evni taitetsr(iNviultiefdo rtoov itih ea nS

Abr am@did)| ,The antioxidant and antimicrobi al pr



derivatives are of s [Bmapic &cid bas beantreportedstabe ann t h i

effective antioxidan( Ki kuzaki et al ., 2002; Natell a et
2014; Zou et al., 2002yith antimicrobialactivity against variou§&sram-negative Escherichia

coli, Enterobacter aeroges, andPseudomonas fluorescéradGram-positive Bacillus

subtilis Bacillus cereusStreptococcus lactindStreptococcus cremojibacteria(Barber et

al., 2000; Engelst al., 2012; Lyon and McGill, 1988; Nowak et al., 1992; Tesaki et al., 1998)

Traditional techniques such salid/liquid extractiorhave been utilized for extracting
phenolic compounds from mustard seed products and other member8dsbieacedamily.
However, conventional methods of extracti@mve many drawbacks such as long extraction
times and high solvent consumpti@Xila et al., 2011; Luthria et al., 2004)o overcome the
limitations of traditional methods of extraction, various techniques have beeloged over the
past few year§Ajila et al., 2A.1; CarabiadVartinez et al., 2005; Richter et al., 1998hesuch
techniquas Accelerated Solvent Extraction (ASE), an automated extraction technique that
rapidly performs solvent extraction using a combination of high temperatur20®T) and
high pressure (145@175 psi). Maintaining the extraction solvent in its liquid state at high
temperature, results in a more efficient extraction procedure, shortened extraction time, and a
lower solvent consumption by increasing the solvent diffusion rates trensfer and the
solubility of target compound@\jila et al., 2011; Co et al., 2009; Luthria et al., 2004; Mustafa
and Turner, 2011)ASE technique has be successfully used for extracting polyphenols from a
variety of plant material@onoli et al., 2004; Caca@nd Mazza, 2006; Co et al., 2009; Hossain

et al., 2011; Okuda et al., 2009)

S

al



Based on the available literatumeyustardseedsare rich sources of endogenous phenolic
compounds with antioxidaigMayengbam et al., 2014, Khattab et al., 2010; Thiyam et al., 2006)
and antimicrobial activities that could be use@aatural preservative ithefood industry
(Ni T i forovil an ®ubiabtalazdtEngels et al2 Z0J2Bqwever, few
studes have investigated tirdividual identity quantiyy andantioxidantactivity of phenolics
derived frommustard seed commercial products. Also, no studydported the extraction of
mustard phenolics using ASE technique. In the above context, the major objectives of this
research were to:

U ldentify tamel mhamal if @rieatal @Brassicanudceadeandyellow

(Sinapis albamu st ard seepr cwhbumanes ci ¢l udi ng grounc

br an f usiaghighiperforsance liquid chromatography (HRD@D) technique.

0 Devedmpi mproved Accelerated Solvent ExtracHt

endogenoucsompmewmmds cfrom the studied product

0 Evaltulag eanti oxi chast apdteeh &k ltvisotfr o .
U0 Asstehe ant pot emfo btatheé yel |l ow and Oriental
eXxtr actpsatahgofgicensl tcr o b e s EscherchiaucdlandlLipteria

monocytogene@-igure 1.1)

0O lnvestigate thetetbaemendos (miteowntveprerad

the phenolmusctp@anraf icdoreondsurcctisa l
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Chapter 2

Literature Review: Mustard Seeds and their Phenolic Compounds

2.1 Mustard seed
Mustard seedsave been useaks condimentfor more than 5,000 years in ancient
cultures such as Romans, Egyptian, Sumerian and Chinese. With almost 529,000 tons production

per year, mustari$ considered as the major spice in international t(@tencey, 2013)

The nustard plant is a member of tBeassicaceaéamily, also known as crucifers or
thecabbage family, which beacharacteristic four petgkellow flowersas well as tiny round
edibleseedsDifferent varieties omustard includ white or yellowmustard(Sinapisalba);
Oriental, brown or Indian mustarBrassica juncep and black mustardfassica nigra. Food
cropssuch as rapeseed, canola, cabbage, brotaalip, cauliflower, radish, horseradiahd

wasabi aralsomembers of th&rassicaceadéamily (Cartea et al., 2010a)

Mustard is arannualcool season plant that requires long daysaaredatively short
growing seasarDepending on the seeding time and growing conditlogyellow variety of
mustard seeximature in85 to 95 dayswhereas Oriental and brown types req@iseto 105 days
Mustard isusuallycultivated in rotation with small grainsduascerealcrops.ln comparison to
otherBrassicaceaenembers such as canpfaustard seehgs havea higher tolerance to harsh
growing conditios such as drought, frost and heat. However, excessive moisture and heat stress
while flowering can result ialower seed yield ilBrassicacrops. Mustard seeds can gromder
both rainfed andirrigation system&utaremainly produced mder irrigagéd condtionsin

western Canad@enfey et al., 2005)



Considering the favorable growing conditiomstard is mainly cultivated in the northern
hemisphere. Canada is the mimsportant producer of mustard with 28%vedrid production,
followed mainly by countries such as Nepal, Myanmar, Ukraine and Russia (Figure 2.1).
Canada is also the dominant exporter of mustard seed with an average of 57% of the
international spice market shg@ancey, 201Band almosfi28 million dollars annual economic
value Canadian mustard seed is mainly exported to the United States with an average of 43%,
followed by Germany and Belgium at 19% each, and also Japan and the Netherlands at 4% each
(Benfey et al., 2005)Asian countries use mustard seed mainlyilsged cops while European
countries, Canada and the United States ysanitarily for the condiment and spice trade

(Clancey, 2013)

Although Canada is a major producer of pure mustard seed globally, it is a minor crop
accounting for only 3% of all specialty crop production in Canada with an average of 160,000
tonnes annual productiq€lancey, 2013)Yellow, brown and Oriental are three types of
condiment mustard that are mainly grown in Canadacantprisealmost 57%, 22% and 16% of
the total production area, respectiv@Blancey, 2013)The Pairie Provincesof Saskatchewan
and Al berta are Canadads primary mustard seed
(hectares) and production (metric tonnes) for western Canadian mustard from 2005 toi2015. It
estimatedhat more than 75% of seeded area (131,827 ha) belong to Saskatchewan, with an
average of almost 120,000 metric tons annual production. Alla¢stesupplies about 38,000
tonnes of mustard seed per year, using 37,691 ha of its prairie rd@omsrnment of Canada,
2015) Yellow, brown and Oriental are three types of condiment mustard that are mainly grown
in Canadand account for almost 57%, 22% and 16% of the total production area, respectively

(Clancey, 2013)
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Table0-1 Seeded area (hectares) and production (metric tonnes) for western Canadian mustard
(from 2005 to 2015).

Alberta Saskatchewan Prairie provinces
Year
Seeded area Production  Seeded Production Seeded Producti
(ha) (tonnes) area (tonnes) area on
{ha) {ha) (tonnes)
2005 32,300 31,100 161,800 152,700 194,100 183,800
2006 25,200 25,600 108,600 82,600 133,800 108,200
2007 34,400 29,500 151,800 95,300 186,200 124,800
2008 40,400 37,200 149,700 123,900 190,100 161,100
2009 48,500 47,700 163,900 160,600 212,400 208,300
2010 40,500 47,700 149,700 134,300 190,200 182,000
2011 25,400 26,800 107,300 103,200 132,700 130,000
2012 38,400 35,900 97,100 82,700 135,500 118,600
2013 38,500 37,200 109,300 117,300 147,800 154,500
2014 34,600 59,400 147,700 138,600 202,300 198,000
2015 36,400 31,900 103,200 915,00 139,600 123,400
Average 37,691 37,273 131,827 119,120 169,518 153,882

Data surce: Statistics Canad&overnment of Canada, 2015)



2.1.1 Processing of mustard and mustard seed products

Figure 2.2 shows the pradtion process cdfommerciaimustard seed products. After
harvest, mustard seeshould be dried to an appropriate moisture content of 9% and then stored
at temperatures lower than 20 °C. The drying process is essential to prevent mold growth,
increase shielife and guarantee longime storage. Partial drying of the crop starts immediately
on the farm and theis completed at the processing plants. Drying temperature should not be
higher than 43 °C, otherwise it might damage the gBedfey et al., 2005; Cui and Eskin,

1998)

Prior to milling and processing the mustard seeds into various praaiettsas flour,
bran and ground mustard, the crop is usually partially deoleated to facilitategheng process.
Mustard flour is a fine powder obtained from #e®d kernel (endosperntiis preparedy
successivenilling and sifting to remove the & (testa and aleurone layer) from the interior part
(embryo and cotyledongf the seed. Mustard flours are used primarily to give mustard flavour
to a product and for their functionality as emulsifi@fsey are commonly used bsdingagent
in dressing, sauces, pickles and processed meat products, especially sadsatgsl bran is
the by-productfrom flour production, which is widely used as a natural thickener in sauces and
dressingsThe majorityof the functional properties ohustard brasuch & waterbanding,
emulsifying, and stabilizing are mainly attributed to the presewatérsoluble polysaccharides
in its structureGround mustard is another commercial productigiatoduced from grinding
the whole mustard seed including the kerneél laran partsit is widely used in processed meat
products such as, salami, bologna, and frankfurters for flavoring, emulsifying;hiraderg and
also as a bulking agent for the inexpensive replacement of meategittable protein sources.

Ground mustards also used in the productionmitkles sauces and dressingdtogether, the



mucilaginous compounds of the bran ga#y an important role in the functional properties of

ground mustargdCui and Eskin, 1998)

Mustard oil is cold extracted from mustard seedsch depending on the mustard
variety, contain between 29% and 36% fixed oil. Residues from the extracted seed kernels are
known as "pressake” Well refined mustard oil has pleasurable flavour witr@vnish yellow
colour. In the European countries and North America where mustard seed is primary used as
condiment, only small portions are cold pressed for extracting the oil. Hovuevesan
countries such as Indimustard seed is more likely used to produce mustard cooki(@uoil

and Eskin, 1998)
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Figure2-2 Processing diagram of mustard seed's commercial pro@utand Eskin, 1998)
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2.1.2 Mustard Components

Mustard seeds are rich sources of energy, having on aver&§¥@8xed oil, 2936%
proteinand 1218% carbohydrateontent.Minor compounds such as minerals, isothiocyanates,
and phytinarealso present in mustard seeds (Table 22pending on the vaty of mustard,
area of cultivation and condition of growth, the chemical composition of thevaras
considerably. Usually, Oriental and browarieties ofmustard seedsont ai n hi gher am
fi xed oiYellowwvaretes haae sower conceations of oil and higher protein and
mucilage.(Cui and Eskin, 1998)he average oil and protein contents for Oriental, brown and
yellow mustard crops harvested between 2002 and 2011 are summarized in TERilen2eds,
2012) Also, thechemical composition varies significantly aodimg to the type of mustard
products. For instanc#our product contains higher concentration of oil and proteirA3%
and 3035%, respectively), whereas, the bran fraction is considered a rich source of fibre (15%)

with lower amounts of oil (7%) arrotein (1316%)(Cui and Eskin, 1998)

Mustard seeds, like other oilseed crops, are also rich sources of natural antioxidants that
prevent theoxidation of theoil such as phenolic compounds and tocophdfaisarowicz et al.,

1996)

2.1.3 Mustard allergy

In spite of beingrich source oflietary bioactive nutrient&kudrappa, 2009), mustard
seed and its products are among the most important food allergens, especaliytries where
the consumption of mustard seed is higirch as Francén young children mustard seed
products are the fourth most common food allergen soliheeprinciple allergens from yellow

and oriental mustard seeds are storage proteins @Btlabumin class known as Sin a 1 and Bra
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] 1, respectively. These proteins are highly heat stable and resistant to digestion by trypsin and

other digestive enzymes (Monsalve et al., 2001; Rance, 2003).

Table0-2 Mustard seed componen(€ui and Eskin, 1998)

Component Percent

Protein 238 0%
Fi xed Oi 2B 6 %
Carbohydr 1218%
Mi ner al s 4 %

Phytin 2-3 %

|l sot hiocy 0.-28. 3%

Table2-3 Mean oil and protein content of western Canadian mustard seeds2@DD2

(Siemens, 2012)

Must Brdduc Oi | % Protei
Or i eMwutsatlar d 41. 9% 26. 8%
Browmust ar d 39. 3% 26. 8%
Yel |l ow Mus- 30. 3% 32. 0%
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2.2. Phenolics

Phenolic compounds are a large grouploftochemicals that occur naturally in a wide
varietyof plants and contain at least one aromatic ring and different numbers of hydroxyl
substituents. They are produced from phenylalanine as secondary metabolite derivatives through
the shikimate pathway i phenylalanine ammonigaseas the first key enzyme. Their
structure can vary from a singlimged phenolic compound to a very complicated polyphenol
with high degree of polymerization. Phenolic compounds play various physiological and
ecological rolesn the growth and reproduction of plasuch as antrolling growth hormones,
facilitating pollination by attracting insects, apibviding protectbn against herbivores, insects,
and pathogens such as fungi, bacteria and vi(@sea et al., 20)0In epidemiological studies
phenolic compounds were associated with many health benefits suchiaflamtnatory, anti
bacterid, anti-allergic, cardio protective, and amtarcinogenic activityCartea et al., 2010;
Crozier et al., 20090ne of the kewctiors of dietaryphenolics is their antioxidaaictivity
(Fukumoto and Mazza, R00 ; P o d s nwhiehksattribut@dtdhgirredox properties, free
radical scavenging, chain breaking, metal chelating, and other biological ac{Rites€vans

et al., 1996; Shahidi et al., 1992)

Polyphenadd are classified into various categories as displayed in Figure 2.3. Flavonoids,
lignans, tannins, and phenolic acids are the four dominant phenolic compotimelglant
kingdom. Phenolic acids are divided into two groups: hydroxycinnamic acids and
hydraxybenzoic acids. Hydroxycinnamatase phenylpropanoid compounds characterized by the
C6-C3 structure. The major derivatives ofmamic acid which occur widely in various crops

including fruits, vegetables, cereals, legumes and oilseeds are caffeic, fecolumaric, and

14



sinapic acids, which mainly exist as conjugates of sugar or other hydroxycinnami(Shatli

and Chandrasekara, 2009; Shahidi and Naczk, 2004)

2.2.1 Sinapates
Sinapic acid and its derivatives (sinapates) have been reportedharbeteristic
phenolic compounds in oilseed crops belonginBrassicaceapecies such aapeseed, canola
(Brassica napus ) and mustardRrassica juncea/ Sinapisalpg Ni | i f orovi | and Ab
2014) Singic acid(3, 5-dimethoxy4-hydroxycinnamic acid) can be foundhoth free and
esterified forms. Sinapine, the choline ester of sinapic acid, and sinapoyl gluc<$el
glucopyranosyl sinapate), the sugar ester of sinapic acid, are two common sinapoyl esters in oil
seedsCanol-vohy( 4yr i ngo ldgrivatie ofaihapimacidwhich ishpeoduced
mainly as aresult of thé¢ e ¢ a r b o x sinapec tadidaumdehe& €ombination of high
temperature and pressure in the oil extraction process. Figure 2.4 shows the chemical structure of

some sinapic acid derivativésNi [ i f or ovi I and Abramovil|, 2014)
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Figure0-3 Phenolic compound classgshahidi and Chandrasekara, 2009; &tisdnd Naczk, 2004)
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Figure0-4 Structure of sinapic acid and related compounds.
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Sinapineesterwas reported to be threajor formof sinapateaccounting for almos0%
of the total phenolic content in canola se@tiszlowska et al., 1990%imilar results were noted
by Khattab et al. (2010) where sinapicenstituted more thar0% and 87% of éntotal
phenolics in canola seeds and canola press cakes, respectively. Sinapic acid was detected only in
trace amount@hattab et al., 2010y able 2.4shows the amounts of sinapic acid and its
derivatives in differenBrassicacea®ilseed crops.

The contribution of sinapine, sinapoyl glucose and sinapic acid to the total phenolic
content of rapeseed press cake was estimated to be 55% to 70%, 14% to 27% and 6% to 14%,
respectively(Thiyam et al., 2006)

In mustard meal, sinapic acid represented over 73% of free phenolic acids and about 80
99% of the total pheslic acids(Das et al., 2009)This wasin agreementvith the results from
Thiyam and others (2006) whaentified sinapines the main sinapic acid derivative accounting

for more than 90% of the total phenolic qumunds in mustard meal extracts.
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Table0-4 Contents of sinapic acid and its derivatives in s@rassicacea®ilseed crops.

Source Sinapine Sinapic acid Sinapoyl glucose Reference
(mg/g) (mg/g) (mg/g)

Canola flour (Brassica campestris) 12.03 0.39 ND*

(Cai and Arntfield, 2001)
Canola meal (Brassica campestris) 11.38 0.24 ND
Rapeseed meal (Brassica rapa) 5.04 0.45 ND (Vuorela et al., 2003)
Canola seeds (Brassica napus L.) 8.59-11.89 0.09-0.28 1.13-6.65
Canola press cakes 9.90-11.31 0.29-0.44 2.37-4.01

(Khattab et al_, 2010)

Canola meals 6.11-10.11 0.32-0.41 1.35-1.99
Rapeseed seeds (Brassica napus L.) 10.70 0.59 5.82
Indian mustard seeds (Brassica juncea) 10.94 0.15 0.5
Oriental mustard seed meal (Brassica juncea) NRP 2.66¢ ND (Engels et al., 2012)
Canola seeds (Brassica napus) 8.35 0.15 5.45

(Mayengbam et al., 2014)
Mustard seeds (Brassica juncea) 10.17 0.19 0.66

2Not detected.

®Not reportedsinapine was detected as the dominant phenolic compound. However, the exact amount was not reported.

“the amount of sinapic acid in crude extract wegmorted after alkaline hydrolysis.

19



Sinapic acid has been reportedbean effective antioxidan{Kikuzaki et al., 2002;
Natella et al., 1999: Nilif or dnconiparisoniotilebr a mo v
hydroxycinnamic acids, the antioxidant activity of sinapic acid was reported higher than ferulic
acid andp-coumaric, but lower than caffeic acid with tledldwing order: caffeic acid > sinapic
acid > ferulic acid >-coumaric aciqHotta et al., 2002; Jin et al., 2018&jkuzaki et al.(2002)
evaluated th®PPH radical scavenging activity sihapic acid (33.%) to becloseto butylated
hydroxytoluene (BHT)Z9. 2 %) and c¢ otacppharohgt.8%6) and caffeldcid

(49.6%).

Thiyam et al. (2006) found thattieP PHE s c a v e n ginapigacidwas highaért y o f
than its derivatives with the following order: sinapic acid >sinapoyl glucose>sinapine. This
reduction in the antioxidant activityagsmainly attributedo the addition othe glucose moiety
to sinapic acid in sinapoyl glucose and the further esterditatf sinapic acid in sinapinghese
werein accordanceo previousstudiesvheretheDPPHE r adi cal eof6®venging
sinapoyl sucrose, a sinapoyl glycoside with sucrose as its sugar maetyreportedo be
lower thansinapic acidFabre et al., 2000However alater study showed no significant
differences between the radical scavenging activity of free sinapic acid (89%) and its sinapoyl

glucosides, methyl-®©-sinapoytU-D-glucose (96%]Kylli et al., 2008)

Theantimicrobial activityof sinapic acid against vario@anmnegative Escherichia
coli, Enterobacter aerogess, Pseudomonas fluorescgradGram-positive Bacillus subtilis
Bacillus cereuslListeria monocytogeneStreptococcus lactiStreptococcus cremotis
Staphylococcus aure)bacteriahave beemeported for a range @bncentrationgBarber et al.,
2000; Engels et al2012; Lyon and McGill, 1988; Nowak et al., 1992; Salih et al., 2000; Tesaki

et al., 1998)Table 2.5 summarizghe minimal inhibitory concentrations (MICs) of mustard
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phenolic extracts and sinapic acid standard against vdoodsspoilageind pathogaic bacteria

in related studies.

Table0-5 Reported mmimal inhibitory concentrations (MICs) of mustard phenolic extracts and

sinapic acid

Bacterial strains MIC Source Reference

Erwinia carotovora 1 mg/mL (or 1000 ppm) Sinapic acid standard (Lyon and McGill, 1988)

Escherichia coli 2.2 mM (or 493.26 ppm)

Yellow mustard seed (Tesaki et al., 1998)

2.0 mM (or 896.84 ppm) phenolic extracts

Salmonella enteritidis

Staphylococcus aureus 1.9 mM (or 425.99 ppm)

Bacillussubtilis 2 mM (or 448.42 ppm)
Synthesised sinapic acid (Barber et al., 2000)
Escherichia coli 4 mM (or 896.84 ppm)
Pseudomonas syringae 8 mM (or 1796.68 ppm)
Bacillus subtilis 0.3 g/L (or 300 ppm)
Escherichia coli 0.7 g/L (or 700 ppm)
Staphylococcus aureus 0.3 g/LL (or 300 ppm) Sinapic acid standard
Listeria innocua 0.3 g/L (or 300 ppm)
Listeria monocytogenes 0.2 g/L (or 200 ppm) (Engels et al., 2012)
Pseudomonas fluorescens 0.6 g/L (or 600 ppm)
Bacillus subtilis, 0.1 g/L (or 100 ppm)
Escherichia coli 0.1 g/L (or 100 ppm)
Staphylococcus aureus 0.1 g/L (or 100 ppm) Oriental mustard seed (Engels et al., 2012)

Listeria innocua
Listeria monocytogenes
Pseudomonas fluorescens

0.1 g/L (or 100 ppm)
0.1 g/L (or 100 ppm)
> 0.1 g/L (or 100 ppm)

phenolic extracts
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2.3 Extraction of phenolic compounds

Polyphenols can be applied in various products such as functional foods, nutraceuticals,
cosmetics or pharmaceuticals for different purposes. The first step to utilize phenolic compounds
in any industry is to extract the targeted compound from its origiasix and then analyse, and
characterize it. Therefore, developing effective methods with optimized protocols for higher

efficiency in extraction is a crucial stéfijila et al., 2011)

Solvent extraction is the most common technique used to extract phenolic compounds
from various food, plant and biological samples. It is applicable for solid, semi solid and liquid
materials and ean appropriate recovery for phenolic compounds. Howénaglitional
methods for extraction usually requiosg extraction times with lalbmus work,large amounts
of sampleshigh quantities of extraction solvents, along with increased financial costs and
adverse effects on human and environmental hefitb, sometimeshe targeted phenolic
compound might degrades a result oéxposured high temperature, light and oxygéhjila et
al., 2011;Luthriaa et al., 2004 5oxhlet extraction is the major conventional technique used for
the extraction of phenolic compounds frawide range of sourcd€arabiasMartinez et al.,

2005) In an attempt to oveome the limitations of traditional methods of extraction, various

modern techniques such astomatedoxhletextraction, microwav@assisted extraction (MAE),
ultrasonieassisted extraction (UAE), supercritical fluids extraction (SFE) and accelerated

solvent extraction (ASE) have been develofd@gila et al., 2011; Carabiaklartinez et al.,

2005; Richter et al., 1996Among them, ASE and SFE, especially when water is used as

extraction solventarec onsi der ed 06 gr e e more endgronmentallyfrigndle s t hat

because in addition to shortening the extraction time, they significantly reduce the amount of
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solvent consumption and therelegsen the negative side effect of sorbents and organic

solvents on the environment and also human h@ditistafa and Turner, 2011)

2.3.1 Accelerated solvent extractiGhSE)

ASE is amautomated extraction technique that rapidly performs solvent extraction using a
combination of high temperatu¢g0i 200°C)and pressurél45Q 2175 psi) The technologyvas
first introduced at the Pittcon Conference by Dionex Corporation in 198bria et al., 2004;
Mustafa and Turner, 2011} is also categorized as pressurized liquid extraction (PLE),
pressurized fluid extréion (PFE) and higipressure solvent extraction (HPSE}he literature.
Additionally, ASE is referred to as higbmperature water extraction (HTWE), pressurized hot
water extraction (PHWE) and sehtical water extraction (SWEandbecauseavater is used
as the extraction solvent thesulttendsto be mordienvironmentally friendly (Carabias

Martinez et al., 2005; Luthria et al., 2004ystafa and Turner, 2011)

ASE ha many advantages over conventional methods of extraction, including higher
efficiency in extraction, shortenextraction time and reduced solvent consump#an
instance10 g of sample can be extracted in about 12 min us8if, wheread takes up to 24 h
usingtraditional ®xhlet(Luthria et al., 2004)Table 26 showstherequiredamount of time,

solvent, anatoststo extracta10 g sample usindSE compagdto other extraction methods.
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Table2-6 Amount of time, solvent and expenses per extraction using various extraction
techniquegbased on 10 g sample)

Extraction method Time Solvent (mL) Cost (8)
Soxhlet 4-48 hr 200-500 27
Automated Soxhlet 1-4 hr 50-100 16
Sonication 30 min-2hr 100-300 24
Super Critical Extraction 30 min-2 hr 8-50 23
Accelerated Solvent Extraction 12-18 min 15-40 14

Data source (Dionex, 205)
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Sample preparation in ASE systeasually includes size reduction and drying. Samples
with particle sizes larger than 1 mm should be fined using sieving or grinding to enlarge surface
interaction and thereby facilitate solvent penetration into the sample matrix and also enhance
analyte difusion into the extraction solvent. Wet samples should also be dried as moisture may
result inasignificant reduction in the extraction efficiency, particularly when solvents used for
extraction are nopolar. All samplesvereeither mixed with drying agnts such as diatomaceous
earth and sodium sulphate, or dispersed with Ottawa Sand, or dried using vacuum ovens,

lyophilisation or freeze&lrying (CarabiasMartinez et al., 2005; Luthria et al., 2004)

Usually in ASE, stainless steel extraction caligfilled with 1-50 g solid or semisolid
samplewhich are subjected xtraction under high pressure and temperature conslitging
appropriate aqueous or organic solvent. Afterwatdsextracted samplesereflushed with
clean solvent, and finally purged apdssednto a glass collection vial via compressed nitrogen
gas.Figure2.5 shows a diagram of how an ASE system wd@Aqila et al., 2011 Luthria et al.,

2004)
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Figure0-5 Schematic diagram of an ASE system. Adopted fiumthria et al., 2004; Richter et al., 1996)

ASE automaticdy operates thextraction as follows: -lloadingthe extraction cell 2Filling the @ll with extraction solvent-3Heating and pressurizing: heating
the cell by direct contact with the ovéh) andmaintainingthe extraction solvenis their liquid state by applyingigh pressur€1500 psi)via the pump (B). 4-
Staticextraction by holdingthe sample appropriate pressusnd temperature for-50 min Analyte diffusion from the matrix into the solvesgcurmainly
during this phaseb- Flushing:by flushing the fesh solvent over the sample and eritires the previous volumexhaustsnto the collection vial6- Purging:

the whole system is purged with compressed nitrogen gas to force all of the fminetite cell into the collection vesseider arninert nitrogenlayer. 7-

Extractedsamples are ready for analysis.
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Temperature and pressure are among the most important parameters that affect the
efficiency of extraction in ASE. Elevated tearpture facilitatethe release ahetargeted
analytes by providing the required thermal energy to overcome and disrupt the adhesive
interactions lfydrogen bondingvan deWaals forcesand dipole attraction) between the analyte
and sample matrix. Furthermore, at higher temperature, the solvent penetration into the sample
matrix is easier due to the lower viscositytlué extraction solvent. Also, increased temperature
reduces thsurfece tensiorof the solvent and matrix and consequently impsakie solubility of
both targeted analyte and extraction solvent, which leads to a considerable increase imdhe rate
mass transfesind diffusion By increasing the pressure, ASE is able to maintain extraction
solvents in a liquid state at temperatures higher than their atmospheric boiling points and thereby
enhancsethe extraction efficiency significantfyuthria et al., 2004; Mustafa and Turner, 2011,

Richter et al., 1996)

Accelerated solvent extraction was initially used for thedastction of environmental
pollutants in sewage sludge, water sediments andGaibbiasMartinez et al., 2005)
Nowadays, it is sweessfully used for laboratory extractions of many produdisepolymer,
food, nutraceutical, cosmetic and pharmaceutical indugtrighbria et al., 2004; Mustafa and
Turner, 2011)In terms of food and nutraceuticaise ASE approaclinas proven usefufor
extracting polyphenols and antioxidants from various natural products. For extraple,
efficiency ofextractingphenolic antioxidantdom canola meal using pressurized liquid
extractionwas reported to be considerabigher tharhot water or ethanolic extraction
(Hassasroudsari et al., 2008)milarly, pressurized liquid extractiomas able to recover higher
amounts ofisoflavonedrom soybeans compaalto conventional methods of extraction Buas

Soxhlet stirring, shaking, vortexing and sonicatiuuthria et al., 2007)ASE was also used
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successfully in extractingarotenoids from micro algdelerrero et al., 2004)phenolics from

barley flour(Bonoli et al., 2004)lignans from flaxsee@Cacace and Mazza, 200§)olyphenols
from apple and peach pomadgeslil et al., 2007) Betulin and antioxidats from birch barKCo
et al., 2009) quercetin from yellow oniondindahl et al., 201Q)as well asantioxidants from

rosemary, oregano and marjoréidossain et al., 2011)

Therefore considering the advantages of ASE over the conventional methods of
extractionin terms of analyte recovery, time and solvent consumption gtibe@ompounds from

yellow and Qiental mustard seeds were extracted using ASE in this study.
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2.4 Foodborne pathogens

Producing safe food products for consumershiggen a great challenge fitve food
industry and health authorities over the past few decades. According to a report from the United
States Centres for Disease Control and Rrisme (CDC), foodborn@athogensause
approximately 48 million ilinesses, 128,000 hospitalizations, and 3000sdedltle United
States every yedBcallan et al., 20115imilarly, in the European Union more than 5600
foodborne outbreaks with approximately 70,000 ilinesses, 7200 hospitalisations and more than

90 deats were reported in 201(ECDC,2013)

In Canada, it has been estimated that 4 million people (1 in 8 Canadians) suffer from
foodborne illnesses every ygdihomas and Murray, 2014)he annual economic burden of
acute bacterial foodborne diseas&s reported to be more than 1.1 billawilarsfor 1 million
cases in Canada and 7 billidallarsfor about 5.5 million cases in the United Stgiesdd,
1989) Contaminated food supplies are responsible for the transmission of more than 200 types
of known foodborne illness. A variety of pathogenic microorganisms such as viruses, bacteria,
toxins, parasites, and prions are the main causes of foodborne diseaskemisoning
symptoms vary with the source of contaminafimm mild and seHimiting vomiting and

diarrhea to severe and litereatening neurological conditio(Bryan, 1982)

Escherichia colO157:H7 and.isteria monocytogenesme among the most important
pathogenic microorganisms that cause foodborne ilinesses worl{fragalaki et al., 2013)

Escherichia coliO157:H7 and.isteria monocytogenesan be found in a wide variety of foods.
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2.4.1.Escherichia colO157:H7
Escherichia coli (Ecoli) defined as a Gramegative, facultative anaerobic, redaped
bacteria belonging to thenterobacteriaceaéamily andthe genugkscherichiaThe
microorganism is usually found as a part ofcthe mmon mi cropora in the | a
of human and animalSingleton, 1999)The optimal growth temperature and pH Eorcoliare
37 eC and pH b golveeak, 49949Howeved, b cbli iFaci@ resistanandhas
theability to survive in the extreme low pH (pH<3) environmenth&fgastric systeniLim et

al., 2010)

MostE. colistrains are harmlessd considered an important part of a healthy human
gastrointestinal tract. However, soserotypeslike enterohaemorrhagiEscherichia
coli (EHEC), are pathogenand can cause a wide range of clinical illnesses, from food
poisoning and gastrointestinal diseases to meningitis, urinary tract infections, and septicaemia in
humars (Piérard et al., 2012[. coliO157:H7 is the most frequently isolated serotype of EHEC
that causes severe illnesses in hasifaim et al., 2010) EHEC serotype O157:H7 was first
described as a foodborne pathogen after the bloody diarrhea outbreak4Ji8 staies
Michigan and Oregon, in 198@&hich affected more than 48 persons as a result of the

consumption of contaminated hamburgétgey et al., 1983)

NowadaysE. coliO157:H7is well recognized as one of the most comrfamdborne
pathogens worldwide. The overall inciderf E. coli O157:H7infections is less than other
common enteric bacterial pathogens sucGampylobacteandSalmonellaspecies. However,
themortality and hospitalization rate$ E. coliO157:H7illnessesareconsiderably higher
(Mead et al., 1999According to a report from the United States Centres for Disease Control

and Prevention (CDCE. coliO157:H7infections cause nearly 73,500 illnesses, 2,200
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hospitalizations, and 60 cases of death in the United States eve(iygaaret al., 1999)
However,due to thénigher concern and awarenessohsumers and food service operators
towards food safety, artabtter detection and investigation of the pathogen outbréeks,
incidence ofE. coliO157:H7 witnessed a reducing pattern in the United States in recent years
(Centers for Disease Control and Prevention (CDC), 20449, the Canadian National Enteric
Surveillance Program (NESP) reported that the numbEr obli O157:H7infectiors had

declined significantly from 3 casesrd0,000 in 2006 to 1.18 cases per 100,000 in 2010
(NESP, 2012)Although theprevalence oE. coliO157: H7infection has decreased
considerably in North America over the past few years, the high economic cost of foodborne
illness needs extra attention to control this pathogen. According to the reported studies, the
annual cost oE. coliO157: H7infections, ncluding the medical care and unproductivity, was
estimated to be approximately 400 and 21 million dollars in the United $fatexzen et al.,

2005)and Canadé&Grier and Schmidt, 2013)espectively.

E. coliO157: H7is not only the emerging causefobd bornediseases, but also the
major cause of haemorrhagic colifgst diarrhedhaemolytic uremic syndrome, and acute renal
failure in children.The pathogen has a low infectious dd3epending on the individual
susceptibility to diseas&0 to 100 organisms are sufficient to deveatbpical infections. Young
children, éderly, andimmunocompromised patients are more vulnerabke woli O157:H7

infections(Peacak et al., 2001)

E. coliO157:H7 hathe ability to survive the low pH @ahestomach (pH 1.5 to 3.0)
while crossing the gastric syst€age and Liles, 2013¢olonize the epithel cells of the
gastric surface, pass mucosal layers, enter the blood flow, secret toxins, attack the tissues causing

illnesses and dysfunctions in the targeted orgatisedfost(Piérard et al., 2012) ike other
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foodborne pathogensymptoms oE. coliO157: H7infection may vary from simple stomach
cramps andliarrheato severe clinical symptoms such as seaddominal pain, fever, vomiting
and bloodydiarrheain haemorrhagic colitis angost diarrhed@aemolytic uremic syndron(&u

and Brandt, 1995)

E. coliO157: H7has various virulence factors, including the ability to produce Shiga
toxins, the presence aflocus of enterocyte effacement, and the possessitire pO157
plasmid, that playyan important role in its pathogeniciflyim et al., 2010) The locus of
enterocyte effacement encodes protdias causattaching and effacing lesions which are
responsible for the suppression of microvilli and the adherence of bacteria to stinahte

epithelial cell membran@age and Liles, 2013)

E. coliO157:H7is a zoonotic pathogen whose predominant reservoirs are healthy cattle
and other ruminant@iérard et al., 2012. coliis excreted into the environment via fecal
sheddingConsumption of contaminated food products and wattre predominantosirce for
E. coli 0157:H7infection inhumansHowever, the pathogen can occasionbfiyransferredy

direct contact from person to pergduim et al.,2010)

Undercooked ground beef and raw milk are the most common vehicles that have been
associated witlk. coli O157:H7outbreakgDoyle, 1991) However, avarietyof contaminated
food products such as beef jerky, salami, yogurt, unpasteurized apple juice, spinach and lettuce

havealsobeen implicated ift. coli O157:H7occurrencgLim et al., 2010; Rhee et al., 2003)
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2.4.2Listeria monocytogenes

L. monocytogenesas first identified byMurray et al.(1926) It is a small (length:-2
em, wi dtmh ;-sh@peddGrarmositive,facultative anaerobic bacteriutmt belongto
theListeriaceadamily containing the.isteria genugGray and Killinger, 1966)Among various
species otisteria, two, includingL. ivanoviiandL. monocytogenesye pathogenic for animals.
However,L. monocytogends the only onavhich causeslisease in humar{Allerberger, 2003)
L. monocytogendas well adapted to the natural environmand can tolerate a wide spectrum of
pH (4.3 to 9.8, temperatures (0.5 to 45 °C), and even high concentrations of NaCl (10%).
However, pH 7.0 andtemperature ranging from 30 to 37 °C are the optimum condition for the
growth of organism. Therganismgrows parallel to each other and produsmall milky
colonies that aremooth almost flattenedndglistening(Gray and Killinger, 1966; Low and

Donachi, 1997)

L. monocytogenesas described as a potential foodleypathogen that causes severe
infection in humasin theearly 1980s, whea significant listeriosis outbreak involving 41
individuals and 18 cases of death, mainly among pregnant women and new born children,
occurred in Nova Scotia, Canada. Consumption of coleslaw containing cabbage contaminated
with L. monocytogenesas identified as the main source for the outb(&aklech et al., 1983)
Sincethen, several listeriosis outaks have been reported worldwide, &nd
monocytogenesave been officially recognized as one of the most virulent foodborne pathogens.
Although rare, the case fatality rate of listeriosigasy high with approximately 2@ 30% of
cases resulting in deafAllerberger, 2003)

Listeria monocytogenesgas reported to cause approximately 23,000 casdiaesses

and 5500 dea#in the world in 201@de Noordhout et al., 2014According to the United States
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Centres for Disease Control and Prevention, foodborne listeriosis results in more than 2,500
illnesses, 2,30@0spitalizations, and 500 dea#mnually in the United Stat¢blead et al.,

1999) In Canada, the prevalence of listeriosis infection increased fropei B000,000 cases

in 1996 to 4.2 cases per 1,000,00Q@®7.Several majooutlreaksof listeriosis were recorded

in Canada during this time. However, ayfehe most important outbreaks of this pathogen
occurred in 2008 i different provinces including Alberta, Britisbolombig Manitoba, New
Brunswick, Ontario, Quebec and Saskatchewan, as a result of consuming contaminated deli
meat. The later outbreak resulted in 57 cases of illness and 23 ideatasinghe incidere of

foodborne listeriosis to 7.2 cases per 1,000,00@082Clark et al., 2010; Farber et al., 2011)

Symptoms of listeriosis infection can vary from mild detfiting gastrontestinal signs
(fever, cramps, vomiting, ardlarrheg and/or influenzdike symptoms to severe classical
listeriosis such aseningitis, endocarditis, abortion, sepsis, and encephaltiish can result in
death in some cases. Older individuals, immunocompromised patients, pregnant wdroem,
children and neonates are at higher figkseverdisteriosisinfection (Allerberger and Wagner,

2010; de Noordhout et al., 2014)

Consumption of contaminated food productthis predominant roatfor L.
monocytogenesansmissionHowever, the pathogen can rarelyttansferredy direct contact
from infected animals to humais from person to persdillerberger, 2007)In cortrast to
many foodborne pathogeris,monocytogends able to tolerate and continue growth in high
concentratios of salt, low water activity, acidic conditisandatlow temperatures. Therefore, it
can be isolated from wide variety of food produetpecially processed and refrigerated ones

(Allerberger and Wagner, 201lostlisteriosisoutbreaks have been associated et yto-
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eat foods such as soft cheesebareeat, sausage, jellied pork, and other meat and poultry

products(Clark et al., 2010; Eleimat, 2015; Farber et al., 2011)

L. monocytogends an intracellular pathogen that is capable of multiplication within
phagocyticcells (macrophages) and also sorm-phagocytigepithelial and endothelial) cells
of the hostListeriosisinfection usually starts in the gastrointestinal tract of thé Ader
passing through the stomathe organism is able woss the intestinahucosal layers, enter the
lymph and the blood stream, and ingaells of the targeted tissué&3nceenteringthe cell the
pathogerescapsthe vacuole byysingthe phagosomal membrania secretingporeforming
listeriolysin O proteinsAfter leavingthe phagocyticvacuole L. monocytogenagplicates and
grows in thecytoplasm and eventually spreathtracellularly between cells. Variougulence
factorsplay rolesin the pathogenicity of.. monocytogenesiowever, its ability secrete
listeriolysin O proteins, which facilitate both pdoemation and alsescaping from the vacuole,
and its ability to escape the intracellulethality of the immune system bgell-to-cell spread are
among the most importawmirulence featuregAllerberger, 2007; Low and Donachi, 1997)

Theantimicrobialactivity of mustard products and thésothiocyanates (nephenolic
bioactive)againsimportart foodborne pathogersich a€. coliO157:H7andL.
monocytogenewasreportedpreviously(Cordeiro et al., 2014; Lin et al., 2000; Olaimat and
Holley, 2013) whereascorresponding reports on thaustardphenoliccompoundsrelacking
Thereforethis study investigated thantimicrobialpropertiesof yellow andOriental mustard

seed phenolic extracts against different strairtbese two microorganisrs.
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Chapter 3

Manuscript 1: In vitro antioxidant activity of endogenous phenolic

compounds from commercial mustard products andvasabi

Fahmi R., Eskin N.A.M, Eck, P, and ThiyamHollander U.

3.1 Abstract

Sinapic acid derivatives (SADs) and their antioxidant activity were investigated in two
different varieties of western Canadian mustards, OrierBahs6ica juncede and yellow
(Sinapis alby and compared to wasabi powdPhenolic extracts from two different mustard
seeds, bran and flour and wasabi powder were obthinAdcelerated Solvent Extraction (ASE)
and the SADs quantified ifPLC-DAD. The antioxidant capacityf @ach extract was assessed
by a modified DPPH assay and correlated with the total phenolic come@) (measured using
the Folini Ciocalteau method.Si napi ne was t he manatlthe gathples ol i ¢
analysed, with negligible amounts®fi n acpiidc aand it s ot her cogtédnycosi d:
expressed as sinapic acid equivalents (SAE), ranged fromx 26°2 0.33 to 14.44: 0.43x 10°
Mg SAE/g dry weight of the samples, with the highest in the yellow mustard seed extract and
lowest inwasabi powder. The level decreased in the following order: yellow mustard seed >
Oriental mustard seed > yellow mustard bran > Oriental mustard bran > yellow mustard powder
> Oriental mustard powder wasabi powder Extracts from yellowmustard seeds hadhet
highest TPC (17.6410°+ 1.01 pug SAE/Y while Oriental mustard and wasabi powder showed

the lowest TPC with 4.14 10° + 0.92 and 2.7x 10° + 0.33 ug SAE/g respectively. The
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antioxidant activities of the extracts correlatedsitively with their TPCwith a correlation
coefficientO 0. 78t udli sonfirmed that Canadian yell ov

t heir product sendager®usipherolc canpounds es o f

3.2 Introduction

Canada is one of the most important producers and exporters of mustard seeds worldwide
(Clancey, 2013)Bothyellow (Sinapis albgand Oriental Brassica juncegevarietiesof mustard
belong to thdBrassicacedamily (Oram et al., 2005Andare sources of bioactive substances
such as glucosinolatesdphenolic compounds. Phenolics are an extensive group of plant
secondary metabolites which function as antioxigladgfensive or signalling compounds
(Balasundram et al., 2006; Parr and Bolwell, 208@)apic acid and its derivatives (SADs) are
predominant phenolics iBrassicaceaspeciesVar i ous heal th benefits su
antimicrobiafanxartiy¢cambemmaamtriy activities ha
the BSAD$§i forovil anHEktradtbr, identification and gRadtifichtjon of
these constituents from residyabcessingnatrials could add agronomic value. Other products
of mustard, such as mustdtdur, have also been reported to possess antioxidant activity
(Shahidi et al., 1994 5inapic acid derivatives including sinapine and sinapic acid (Figure 3.1)
werereported ashe major watesoluble phenolics in mustard meal and flour extraction
(Dabrowski and Sosulski, 1984; Dubie et al., 2018inapic acidvas reported to comprigseore
than73% of free phenolic acids and about®6 of the total phenolic acids in mustardah
(Das et al., 2009)

Wasabi (Vasabia japonicdMatsum) or Japanese horseradish, a perennial plant belonging

to theBrassicaceadamily (Depree et al., 1999as also included inthisstudf. he cr op i s
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mainly used as a condi ment , ireJapgadesercuisif®ultaha e s h f
and Savage, 2008Reportson thee n d o g pherwlic sompounds in wasabi products are very

limited. Howeverf ew studies have reported the presence
(Depree et al., 199%osoya et al., 2005; Yoshida etal.,200bhe current study i S

identify and quantify the sinapic acid const.i

Conventional methods of extraction suctsakd/liquid extractiorhave been used
extensively forextrating phenolicconstituentgrom various food and plant sourcékwever,
drawbacks such as long extraction times, laborious veorksumindarge quantities of solvents
and high expens@jila et al., 2011; Luthria et al., 200lavedrawn the attention to utding
innovativetechniquesuch a#Accelerated Solvent Extraction (ASBSE is an automated
extraction technique that rapidly performs solvent extraction using a combination of high
temperatur€50i 200°C)and pressurfl450 2175 psi)Ajila et al., 2011; Kaufmann and
Christen, 2002)By maintainingthe solvents irtheir liquid state at high temperatuyt@etarget
compounds solubility, mass transfer and solvent diffusion rate increase, while solvent viscosity
and surface tension decrease. This resultsnora efficient extractioprocedureshortened
extraction time, and a substantial reduction in solaedtsample volumg€o et al., 2009;
Denery et al., 2004; Hossain et al., 2011; Luthria et al., 2@®E has been successfully used
for extracting polyphenols from a variety of plant materials sualosesmary, oregano and
marjoram(Hossain et al., 201 1betulin(Co et al., 2009andbarley flour(Bonoli et al., 2004s

well asphenolic antioxidantdom canola mea{Hassasroudsari et al., 2009)

Here we report aomparative profile of sinapic actterivativesn yellow and Orental

mustard seedsheir commercial byproducts (bran goolwder), and wasabi powdén
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i mproved extraathiS&En t medualnso dlea/seil nogp eéhétotall n addi ti

phenolic contentand n waint f @ x i d a ntt heeg b tusingfoknaCiocatted and

DPPH methodare reported

3.3 Materials andlethods
Materials
Yellow mustard seeds (YMS), yellow mustard powder (YMP), yellow mustard bran
(YMB), Oriental mustard seeds (OMS), Oriental mustard powder (OMP), Oriental mustard bran
(OMB) and Wasabi powder weseipplied bySakai Spic€Canada) CorpLethbridge, AB All
samples were stored atin polyethylene bags until used. The standard sinapicCa&ih, 2
2-di (4-tertoctylphenyl}1-picrylhydrazyl free radical (DPPH), and Fol@iocalteu 6 s p hen ol
reagent were purchased from SigAddrich (St. Louis, MD, USA). All other chemicals used

were of analytical grade.

Oil and moisture contents

The al contentin different yellow and Oriental mustard commercial products and wasabi
powderwere measuredsing the Soxtec 2050 (Foss Tecator, Foss North Amé&azen Prairie,
MN, USA) according tdFOSFA method(FOSFA, 1998) Samples (3) each) were put in the
thimbles which were then loaded in the Soxtec (unit at 135°C). Thdrjge aluminum cups
were then inserted into the extraction unit and 35 rmbh-bexane added to each sample. The
system was programmed as follows: boiling (15 min), rinsing (60 min) and recovery (20 min).

Samples were extracted in two cycles. To determine the moisture constudigdproductsl g
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of each mustard sample was @dan the moisture analyzer for 4 min at 130 °C. Based on the
initial and final weight of the sample, the moisture content was calculated as percentage. All

analyss weredone in triplicate.

HPLC-DAD analysis of sinapates
The phenolic profiles of the different extracts were determined by a reyanasd HPLE
DAD analysis using an HPLC system (Ultimate 3000; Dionex, Sunnyvale, CA, USA), consisting
of a diode array detector and other accessories. Solvent A, 90% metharou&acidified
with o-phosphoric acid (1.2%) and solvent B, 100% methanol acidifiedoaptiosphoric acid
(0.1%) were used as mobile phases in a gradient elution, in where the concentration of mobile
phase B (%, indicated in brackets) changed in theviatlg sequences at specified time periods
(min) 0 (10), 7 (20), 20 (45), 25 (70), 28 (100), 31 (100) anl@p(Khattab et al., 201018
column; Synergi 4 FusieRP 80 A; 150 x 4.0 mm 4 _m (PhenomeriEsrance CA, USA
was used for the separation of SADs. Both the mobile phases and phenolic extratittereere
through04% m syringe filters prior to use. Other c
which included: flow rate (1 ml/min), column compartment temperaturéG2and
wavelengths of analysis (270 nm and 38@). The contents of sinepacid and its derivatives
were quantified based on a calibration curve with the sinapic acid standard in appropriate
dilutions (0.05" 0.5 mg/ml)by plotting each concentration against the obtained atea
samples were injected in duplicate aedultswe r e expressed as €g sinapi

SAE) based on calculation of its standard curve.
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Extraction of Phenolic Compounds

) Accelerated Solvent Extraction (ASE)

Phenolics in mustard products were extracted using an Accelerated $ottraction (ASE

300, Dionex, Sunnyvale, CA, USA). Mustard seeds were sieved and ground for 30 sec in a
coffee grinder. Fifteen grasof ground samples were mixed carefully with 15 g of Ottawa sand
using a spatula. Two filter papers were placed at therhasfeeach sample cell followed by

filling it with sample up to top level of the cell. Cell caps were hand tightened securely for both
sides and each cell was placed in the ASE cell holder. Samples were defattedhesiagen
(100%) at 2 3 eextractiom bflphemokec dompoyindg ulsing analytical grade

met hanol (100 %) atC. The3fipaCextradtién@empedatiré foracongaridos 0
between different products was adjusted according to the optimized extraction temperature from
ground mutard seeds. Other extraction conditiarese kept constant as followin§500 psi
pressure, two static cycles (5 min for each), 60% flush volume and 1 min purging.
Approximately 100 ml extract were obtained from each 15 g sample.

i) Conventional extraain

Phenolics of defatted yellow and Oriental mustard seeds were also extracted using a
conventional method of extraction according to Thiyam et al. (2006). In bgedf each sample
was extracted three times in aqueous methanol (70%) assisted ksouitation (1 min)

followed by centrifugation at 5000 g under refrigerated conditions for 10 min. The
supernatants from all three extractions were combined and filtered using Whatman No. 1 filter
paper. The pooled extracts were made up to a total vadfi@@ mL with 70% methanol. All the

extractions were conducted in triplicate.
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Total content of phenolic compounds

All samples were analyzed for total phenolic content (TPC) W=igiCi ocal t eaubs
phenol reagent according to the procedure outline8vilginand Hillis (1959) with slight
modifications. Briefly, aliquots (0.2 ml) of each extraarediluted to 0.5 ml with distilled
water, and mixed with FoliltCi ocal t eauds phenol reagebhmL (0.5 |
19% sodium carbonate aften@n. The absorption was recorded at 750 nm using a DU 800
UV/Visible Spectrophotometer (Beckman Coulter Inc., Mississauga, ON, Canada) after 60 min
incubationinthed ar k. Sinapic acid was used for calibr

singpicaci d equi valents (eg SAE) .

Free-radical-scavenging activity

All samples were analyzed for antioxidant activity usimgDPPH assay. The DPPH
radical scavenging activity of extracts was determined following the procedure described by
Schwarzandothef(s2 001) with slight modifications. Bri
added to ethanolic DPPH (2.95 mL, 0.1 mM) solution and vortexed thoroughly for 30 sec in a
covered test tube. The content was allowed to stand at room temperature for 10 min before
measuring the absorbance at 516 nm using the DU 800 UV/Visible Spectrophotometer. The
absorbance of control gAand sample (4 was used to calculate scavenging effect (%), which is
the percentage change in absorbanceNd with respect to A(Schwarz et al., 2001)

Inhibition % = [1- (As/ A)] i 100
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Data expression and analysis

Means and standard deviations were based on duplicate values. Data on phenolic content of
mustard fractions and their antioxidant activity were statistically interpreted using one factor
ANOVA. For multiple comparisons, Tukey mean separation was followed using SPSS for

Windows version 18.0 (2010). Significaglevel was defined using the value P<0.05.

3.4 Results and iBcussion
Oil and moisture contents of different yellow and Oriental mustardcommercial products

Table 3.1 summarizes the oil content for the different yellow and Oriental mustard
products and wasabi powder. The percentage of oil in yellow and Oriental mustard seeds was
26.706 + 0.14 and 32.2% * 0.26, respectively. In both variet, the oil content for powder
products was significantly lower than the corresponding seeds but higher than the bran fraction.
Data clearly indicated a higher percentage of oil in the Oriental mustard products compared to
that of yellow mustard. The lomeamount of oil was observed for wasabi powder (< 5.#7%

0.24).

Identification and quantification of phenolic constituents from commercial mustard
products using the HPLGDAD

Phenolic components were identified based on their retention times, UV spadtra
comparison with the sinapic acid reference compowwth nustard products angvasabi
powder contained significant amounts of sinapatégure 32 shows the HPLEAD

chromatogram of phenolic extracts froyellow (A) and Oriental mustard seeds (&) two
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different wavelengths (330 and 270 nnfi n a wiasséd e maj or phdamabbthda ¢ com
samples analysed, with only negligible amountsof na pi ¢ aci d HBhesdresultss gl vy
are in agreement with previous stud{@aibie et al.2013; Mayengbam et al., 2014; Thiyam et

al., 2006) Table 3.2shows the phenolic content (0> ug SAE/g samples) of differeryellow

and Oriental mustard products and wasabi extracts at 330maddition to the sinapine peak,

several unknown peaksene detected at wavelength 270 and 330 nm in the above mentioned
products. &ble 3.3 summarizes the retention time and spectra for some of the unknown peaks in

the phenolic extract forhe different samplesAbsorbance spectra of each detected peak is
included inAppendix| (a-h).

S n a pcomtent, expressed as sinapic acid equivalents (SAE), ranged from
2.67x13 £ 0.33 to 14.4410°+ 0.43 ug SAE/g dry weight of the samples, with the following
decreasingorder of yellow mustard seed ®riental mustard seed > yellow mustard bran >
Oriental mustard bran > yellow mustard powder > Oriental mustard powdasabi powder
(Table 3.2. Overall, it can be concluded that ground seed contained a higher content of
phenolics than the correspondibigan or powder. These results showed that yellow mustard is a
much better source of endogenous phenolic compounds than Oriental mustard in terms of the
presence of sinapates. In the case of wasabi, howevesg thesfirst study to report the presence

of sinapic acid derivatives, which had the lowest level among all samples analysed.

ASE of phenolic compounds from mustard products
The automated pressurized liquid extraction AB& 300, Dionexsystem was used to
extract phenolic compounds from yellow and Oriental mustard seeds with methanol. In order to

optimize the ASE method, the effect of different temperaturstabte pressure of extraction
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process (1500 psi) was investigated (Figure f&8yround yellow and Oriental mustard seeds.
Significant increases in the sinapinelgifrom both yellow (from 4.73 x fdo 14.44x 16 pg
SAE/g) and Oriental (from 3.43x3® 9.80 x18ug SAE/g) mustard seed extrabigincreasing
the temperaturefar oom t emper at ur e ( 2 3 eThis mighbbe attbditede C we r
to the enhanced solubility of phenolic compounds as a resedtsiér solvenpenetration of the
plant matrix and higher rates of mass transf@idossain et al., 2011; Luthria et al., 2004)
Sinapine content, the major phenolic compound of both yellow and Oriental mustard seed
extracts reached a plateauat 2@ wi t h no change with increased
Therefore, 100 eC was consider ed HEehktractiamfot i ma |
obtaining extracts with higher phenolic capacity for all studied products including yellow and
Oriental branpowderand ground seeds. .

A comparison between the conventional method of extra¢tian3 argl BJE at an
optimised temperatar of 100 eC for yellow and Orient al n
significant increase in the amount of extracted sinapine was observed using ASE for both
varieties. The higher efficiency of ASE in extracting targeted phenolic compounds wag mainl
attributed to the increasadlass transfer, higher solvent diffusion rate, decreased solvent

viscosity and lower surface tensi@hila et al., 2011)

Total phenolic content of various mustard product extracts

The FolinCiocalteau method was used to evaluate the tpkanolic content (TPC) in
methanolic extracts of all the mustard products and wasabi powder (FigurérRC values,
expressed as sinapic acid equivalents (SAE), ranged fromx @1+ 0.33 to 17.61x

10° + 1.01 pug SAE/g dry weight of the samples,wiihe following decreasingrder ofyellow
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mustard seed > Oriental mustard seed > yellow mustard bran > Oriental mustard bran > yellow
mustard powder > Oriental mustard powdevasabi powder. As mentioned, sinapine was the
principle phenolic compound il studied productsStrong positive correlation between the
concentration of sinapine and obtained TPC (r = 0.98ppendix| (Table 1),Overall, yellow
mustard products were higher in total phenolics than the Oriental products. Also, the bran was
considerably higher in total phenolics than biyfes ofpowder.

According to Table 3.2, the amounttofal phenolics estimated by HPLGAD were

lower than that determined by the Folthocalteau methodFigure 3.5)n yellow mustard

products. In fact, FoliinCiocalteau assays a general method thate asur es sampl ebs r

capacity and detects not only phenolics, but also othephenolic compoundsatare

naturally present in mustard seed, such as glucosinolates, sulfur dioxide, carbohydrates, amino
acids. Such compounds can participate in the oxidataeiction reaction of the Folin

Ciocalteau assay and affect the total phenolics meas{8egdlowskaCzerniak et al., 2015)On

the other handhe Folini Ciocalteau assayndicatediower total phenolic conterst(Figure 3-5)

in comparison to the sinapif€able 3.2 values in the Oriental mustard seed and bran extracts
Thatmightbe attributedo the presencef otheroxidantsin the Oriental mustard products that

had the ability tacompete with thé&olin-Ciocalteau reagenandto interferewith measuring the

e x t r @edutirsg@apacitin an inhibitory manner

Antioxidant activity of extracts from commercial mustard products
One of the most common and reliable assays for measuring the antioxidant activity of
phenolic compounds in plant extracts is the DPPHd{&Benyt1-picrylhydrazyl) radical

scavenging methodCo etal.,2009) DPPH i s a stable free radi
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diphenytb-picrylhydrazine by reacting witAnantioxidant (hydrogen donoand changeom
purple to yellow; the reaction progress is conveniently monitored by a spectrophotataeter
wavelength of 516 nnThe results were expressed as percentage oHD&dHcalelimination.
Decreasing of the DPPH solution absorbance indicates an increase of the DPPH radical
scavenging activitgnd antioxidanpotentialof studied extractslhe antioxidant activity othe
sinapic acid standard wésst comparedo other $ablished antioxidants such ascarbic acid,

gallic acid and gercetina aic o n ¢ e nt ri 4 PO @ /nFigoré 3.6) The radical scavenging
activity of thesinapic acid standai@8%) washigherthan quercetin (65.99%) and comparable

to gallic acid (88.54%) and ascorbic acid (96.93%gure 37 showsthe radicalscavenging

activity of various mustard products and wasabi powdeomparisorio the sinapic acid
standard88%). Thepercentage afadical scavengingctivity of differentextractsranged
betweer27%and69%with the following orderyellow mustard seed > Oriental mustard seed >
Oriental mustard bran > yellow mustard bran > yellow mustard powder > Oriental mustard
powder> wasabi powdeExtracts of mustard ground seeds were the most effective DPPH
radical scavengers, with 69.49% and 66.74% inhibition, respectively. Phenolic extracts of
Oriental (54.98%) and yellow bran (47.67%) products were more effective in radical saaveng
compare to the corresponding powder products with almost 3615 hi bi t i on. Wasab
methanolic extract resulted in lower radical scavenging activity (26.70%) compared with other
tested compound®.osi t i ve Pear s on 0 sfouhdibeteeanrTPCanr r el at i on s
antioxidant activity(r = 0.72), as shown iAppendix| (Tablel), indicating thagntioxidant

activity might be directly correlated with phenolic compounds due to the presence of their

hydroxyl groupgJun et al., 2014)
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3. 5 Conclusions
Accelerated solvent extraction using methanol provides an efficient method for the
extraction of phenolics of mustard seed products and wasabi.gAb i mum t emper at ur e
was recorded as the best extraction temperature to recover sinapieraa@tives from these
products. ®t h yel |l ow and Ori ent al v aendogenouselsenotici mu st
compoundsSinaping(sinapoyl cholinejvas themajoridentified sinapatein all mustardextracts,
with significant variation between the two seed varieties and their protiusta.s al so t he
pr edomihreanrotl i ¢ compound i n wasabi powder whi ch
p a pThe extracts rich in sinapirsso displayed significant radieatavenging activityStrong
positive correlation between the sinapine concentratioraatidxidant activity of various
extracts, indicated sinapineas the major contributor to the antioxidant potential of these
productsin addition to antioxidant activityhe inhibitoryeffects ofsinapineon activity
of acetylcholinesterageasvarious health benefits, biological and therapeutic applications
(Niliforovil anldisekitentéhatexiracts from n0stadl eed products could
be useful ingredients in the food industry and for the development of functional foods. In the
same context, future work will be focused on examining the antimicrobial activity of mustard
extracts from various food products as a natural preservativeilbit ispoilage and prolong shelf

life of food products.
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Table3-1 Oil and moisture (w/w) contents of diffeteyellow and Oriental mustard commercial

products and wasabi powder.

Products Oil content % Moisture %
(Dry weight ba

Yellow mustard seed 26.70 £ 0.1 6.92 £0.16
Y ellow mustard powder 15.18 £ 0.01 7.24 £0.47
Y ellow mustard bran 8.73+0.10 8.56+ 0.37
Oriental mustard seed 32.22+0.B 6.71 + 0.36
Oriental mustard powder 16.31+0.19 7.97 £0.64
Oriental mustard bran 10.51+£0.16 8.21+041
Wasabi powder 5.77 £ 0.24 7.66 £0.28

All data are expressed as mean + standard deviation (n=3).
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Table0-2 Phenolic contents 1 300y S/AGgE dr y  w efidiffenentyetos anid ©rjental
obt ai

mustard products and wasabi .extracts
Products Sinapine Sinapic Acid Unidentified
Yellow mustard seed 14.44+ 0.43? 0.05+ 0.0 1.26+ 0.04°
Yellow mustard bran 10.99+ 1.8P 0.14+ 0.02° 1.79+0.30°
Yellow mustard powder 6.41+ 0.75° 0.07+ 0.01¢ 0.56+ 0.07¢
Oriental mustard seed 9.8+ 0.17° 0.21+0.012 3.27+0.062
Oriental mustard bran 9.57+0.12° 0.11+0.00°°¢ 3.46+0.042
Oriental mustard powder 5.36+ 0.66° 0.10+ 0.01°¢ 1.98+0.24°
Wasabi powder 2.67+0.33¢ 0.04+0.01¢ 0.8+0.10¢

ned

All data are expressed as mean * standard deviation. Values with different superscripts were

significantly

di fferent

" Sinapic acid equivalents (SAE).
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Table0-3 Retention time, area, and UV spectra of detected peaks in various mustard phenolic extracts usibdBIRLC

wavelength®f 270nmand330nm

Peak Retention Time PeakArea Srmax Detection Identity Product*
(min) (mAU*min) (nm) wavelength (nm)

1 5.32 74.33 201-207-258 270 Unidentified YMS
(Appendixl, a)

2 9.02 28.91 208259 270 Unidentified YMS
(AppendixI, b)

3 11.81 117.86- 472.48 200238328 330, 270 Sinapine YMS, OMS, WP
(Appendixl, c)

4 14.53 12.75 213242-330 330, 270 Unidentified YMS
(AppendixI, d)

5 13.32 28.29 200239329 330, 270 Unidentified OMS
(Appendixl, e)

6 17.09 1.43-6.14 200-236-324 330 Sinapic acid YMS, OMS, WP
(Appendixl, f)

7 22.43 11.94 200239329 330 Unidentified OMS
(AppendixI, g)

8 24.56 10.78- 29.02 202-232-322 330 Unidentified OMS, WP

(AppendixI, h)

“Yellow mustard seed (YMS), yellow mustard powder (YMP), yellow mustard bran (YMB), Oriental mustard seed (OMS), Oriental

mustard powder (OMP), Oriental mustard bran (OMB)waadabi powder (WP).
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Sinapic acid

Sinapine

Figure0-1 Chemical structures of sinapic acid and its choline ester, sina|
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