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ABSTRACT

Har d-to-cook phenomenon in cowpeas. effect of micronisation and hot-air roasting on
storage quality

By

Kimondo Ndungu

Supervisors: Prof. A. Minnaar

Prof. M. N. Emmambux

Cowpea Yigna unguiculata(L.) Walp.) is one of the most important grain uete in sub-
Saharan Africa. It is an important source of afédile dietary proteins for the low-income
populations. Cowpeas develop hard-to-cook (HTQ@¢ateduring storage at high temperature-
high humidity (HTHH) conditions experienced in theggions. Cowpeas with HTC defect are
characterised by long cooking time that lead toeased energy demands that add constraints on
the consumers with limited resources. The maireahje of this work was to determine the
effect of micronisation and hot-air roasting asatgtgies in the control of HTC defect
development.

A preliminary study determined the effect of accated storage conditions of 40 and 80%
relative humidity for 40 days on HTC defect develgmt among 3 cowpea types. The
accelerated conditions simulate the HTHH storageditons. The 3 cowpea typeBgchuana
white, AgripienkandMae—e—tsiliwangstored at these HTHH conditions developed HT@&clef
as shown by the increased cooking time. The iiser@a cooking time was not observed in the
control cowpeas stored af@. The increase in cooking time differed among3@wpea types
and this indicated varying degree of susceptibilityiTC defect. HTC defect development at the
accelerated HTHH conditions was shown to be dued@ased phytase activity that resulted in

decreased phytate content and decrease in watdrlesqectin. This was in agreement with the
3
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“phytase-phytate-pectin” theory. The role of ligration was not established during HTHH
storage conditions since peroxidase activity aguliti content did not increaségripienkwhich

had the highest increase in cooking time was ssdefor the heat pre-treatment study.

Cowpeas of thé\gripienktype were pre-conditioned to 25% moisture before beingonised

or hot-air roasted at 151 for 5 minutes. Phytase activity was reduced 0% 7and 45% by
micronisation and roasting pre-treatments respelstiv After HTHH storage the cooking time
increased by >430%, 243% and 92% for the controgsted and micronised cowpeas
respectively. Micronised cowpeas had the lowesteise in cooking time. Therefore, HTC
defect was controlled but not prevented by the peattreatments. Micronised cowpeas which
had the lowest phytase activity has higher phytatd water soluble pectin contents when

compared to both roasted and control cowpeas.

The mechanism of HTC defect control by the heattgatments was attributed to partial
phytase inactivation which decreased the rate phyigydrolysis and liberation of divalent
cations available to bind to pectin in the midddenklla. There was higher content of water
soluble pectin and lower content of chelator s@yteéctin in the heat pre-treated cowpeas than
in the control after HTHH storage. Increase inlatoe soluble pectin indicated formation of
pectates that limit the rate of cell separationirdurcooking. Based on these findings, cell
separation during cooking was investigated furti@onfocal laser scanning microscopy showed
that there was more cell separation in the heatrpeted cowpeas when compared to the control
after HTHH storage. The control cowpeas showed mmahicell separation even after 2 hours of
cooking. The ease in cell separation in the hestngated cowpeas was due to presence of more
soluble pectin in the middle lamella when compatethe control that had more chelator soluble
pectin. Micronised cowpeas had more cell separattben compared to the hot-air roasted

cowpeas.
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Differential scanning calorimetry of cowpea flouskowed that HTHH did not lead to an
increase in gelatinisation temperatureg @hd T,) or gelatinisation enthalpgd) in control,
micronised and hot-air roasted cowpeas. Incraafigese thermal properties is suggested to lead
in increased cooking time. The pasting viscosibiethe cowpea flours decreased after heat pre-
treatments but HTHH conditions did not alter theceaisities of either the control or heat pre-
treated cowpeas. Therefore the changes in stheeimél and pasting properties due to HTHH

storage were not observed.

This study indicates that HTC defect developmens Wapendent on phytase activity during
HTHH storage. The effectiveness of micronisation doot-air roasting in preventing HTC
defect was dependent on the degree of phytasava@ah. Micronisation was more effective
than hot air roasting in controlling the developmehHTC defect due to a higher degree of

phytase inactivation.
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1 INTRODUCTION AND PROBLEM STATEMENT

Cowpea Vigna unguiculataL. Walp) is a leguminous plant widely cultivated the tropics
(Chavan, Kadam & Salunkhe, 1989). The adaptati@owpeas to low rainfall (Ehlers & Hall,
1997) and marginal soils (Hall, Cisse, Thiaw, Eldwkhlers, Ismail, Fery, Roberts, Kitch &
Murdock, 2003) render them a nutritious legumeul-Saharan Africa. Cowpea seeds are a rich
and inexpensive source of dietary proteins (AlagamMdustapha, Dabak & Ubom, 2012) in often
low-income regions of sub-Saharan Africa with protdeficient diets. Cowpeas are important
in alleviating protein energy malnutrition when qaemented with cereal-based diets (Igbal,
Khalil, Ateeq & Sayyar Khan, 2006). One of the ardjmitations in dry whole cowpea grains
utilisation is long cooking time and thus, high ejyedemands (Stanley & Aguilera, 1985). This
limitation is further exacerbated by development‘ludrd-to-cook” (HTC) defect that occurs
during storage at high temperature (36€35and high humidity (60-80%). HTC cowpea seeds
are characterised by longer cooking times in atigiracceptable softening for consumption
(Aguilera, 2000). HTC defect reduces the accefitpbdf stored legumes since prolonged
cooking increases time and energy demands on tther wasourced populations of sub- Saharan

Africa.

Several mechanisms have been proposed to explairdelielopment of HTC although the
contribution of each mechanism to the overall pssae not clear (Aguilera, Stanley & Baker,
2000). Most of the proposed mechanisms of HTCterdture implicate increased enzymatic
activity during storage at high temperature andchhiglative humidity. The two main theories
reported in literature are the “phytase-mineral amderal-pectin interactions” (Jones & Boulter,
1983; Galiotou-Panayotou, Kyriakidis & Margaris, 08) and “lignification mechanisms”
(Hincks, McCannel & Stanley, 1987).

Refrigeration of legume seeds of low moisture confe 10%) at low temperatures’® seems
to be an effective way of controlling HTC defecvd®pment (Garruti & Bourne, 1985; Berrios,
Swanson & Adeline Cheong, 1999) due to reducedraazactivities. However, refrigeration is

costly and may not be accessible in developing tms Preventative techniques such as heat

15
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pre-treatments and gamma irradiation before HTHagfe have failed to completely prevent
the defect development (Plhak, Stanley, HohlbergAduilera, 1987; Cunha, Sgarbieri &
Damasio, 1993). Heat pre-treatments already imgagsd include treatments with sand roasting
of beans (Aguilera & Stanley, 1985; Plhak al, 1987; Rivera, Hohlberg, Aguilera, Plhak &
Stanley, 1989), microwave heating of beans (Plta&l, 1987; Cunhaet al, 1993) retorting of
beans (Molina, Baten, Gomez-Brenes, King & Bressafir6) and steaming of beans and
cowpeas (Molinaet al, 1976; Affrifah, Chinnan & Fang, 2006). Howevegne of the pre-
treatments has totally prevented the hardening gghenon during storage probably as a result

of residual enzyme activity.

Micronisation (Infrared heating), a relatively nbweay of heat processing, has been shown to
reduce the generally long cooking times of legusesh as cowpeas (Mwangwela, Waniska &
Minnaar, 2006) and lentils (Arntfield, Scanlon, Melmson, Watts, Cenkowski, Ryland &
Savoie, 2001). Infrared (IR) heating is reportedé more effective than conventional heating
methods due to its superior heating propertiesdS&kHdanzawa, 1994; Fasina, Tyler, Pickard,
Zheng & Wang, 2001; Krishnamurthy, Khurana, Soojinjdayaraj & Demirci, 2008).
Therefore micronisation, a technique not previouslgd as a pre-treatment in the prevention of
HTC defect has a potential to be a more effectwat Ipre-treatment strategy in comparison to
the already studied techniques. Affrifah (20043ated that a shortcoming of most of the heat
pre-treatment studies is that the role of inackbvabf enzymes such as phytase in preventing the
HTC defect was not experimentally investigated.rtfi@rmore, the mechanisms through which
the reductions in HTC defect development were aguieare not clearly reported in these
studies. These studies fail to investigate thecotfbf the heat pre-treatments on physico-

chemical characteristics suggested to lead to Haf€atl development.

There is still need for strategies to prevent Hfedt development since most of the strategies
used do not completely prevent development of #fea. The potential of micronisation in the

prevention of HTC defect needs to be evaluatedcamdpared to conventional heat treatments

16
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such as hot-air roasting. It is critical to undansl the prevention mechanisms, which would

lead to designing of more effective strategies.

17
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2 LITERATURE REVIEW

2.1 Physical, Structure and chemical composition of cowpeas

Cowpea seeds are small dicotyledonous seeds @reiiff colours, shapes and sizes. The
length ranges from 2 to 12 mm Chavan & Kadam (1989). 3é&ed shape isormally
globular to kidney shaped (Henshaw, McWatters, @Qguie & Phillips, 1996). The cowpea
seed colour ranges from white, brown, red, pumlblack with some varieties being speckled
or mottled (Taiwo, 1998; Affrifah & Chinnan, 200&jami, 2005). A cowpea seed has two
major structural parts; the seed coat and the edtyl seed weight fractions are 85 - 90%
cotyledon and 8.5-10% seed coat (Deshpande & DaianodE990).

The seed coat or testa is the outer protectiver lafy¢he cowpea seed. The seed coat is
important as it is the first point of interactioetiveen the seed and the external environment.
The seed coat influences important physico-chenpoaperties of the cowpea seed which
impacts on its utilization as human food. Somthefproperties such as seed coat thickness are
known to affect the rate of water uptake whichumtinfluences the cooking quality of the
seeds (Penicela, 2011).

Like all leguminous seeds, the cowpea seed hascotgedons which are the major parts
with respect to weight and volume. The parenchgelss are the main storage sites
containing protein bodies and starch granules (MaWatters & Phillips, 1992a) and are
surrounded by a cell wall. The proximate compositof cowpeasTable 2.} shows
considerable variations in proximate compositioa thuvariations in cultivar, soil, climate and
agricultural practices (Hsieh, Pomeranz & Swand892). Starch is the most abundant single

carbohydrate fraction in cowpeas ranging from 26%39% (Longe, 1983).

2.2 Physico-chemical changes during cooking of cowpeas

Like for most legumes, cowpea seeds are mainlyapeelpfor consumption by cooking. The
cooking of whole cowpea seeds is normally donedijnly the seeds at atmospheric pressure and

temperature. Boiling of the seeds can be donecttijreor after hydration (soaking) as
18
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practiced in Latin America. In easy-to-cook cowqethe process of cooking leads to
softening of the seeds until they attain a textivat is considered acceptable to
consumers (Affrifah & Chinnan, 2005).

Table 2.1 Proximate composition of cowpeas

Parameter (%) Hsieh et al. Taiwo Phadi Mwangwela
(1992) (1998) (2004) (2006)
Moisture 7.38-15.34 8.50-11.00 8.60 8.9-12.1
Ash 3.68-4.36 a 3.50 a
Protein 21.68-28.68 24.6-25.10 22.30 24.0-28.3
Lipid 0.3-1.44 2.50-5.10 1.40 a
Carbohydrate 65.92-73.17 54.20-58.60 64.20 a

a No reported values

Cowpeas like other legumes are judged to be cookexh they attain a soft texture. The time
required for the seeds to attain this textureeferred to as the cooking time. In literature,
wide ranges in cowpea cooking times agported: 24 to 62 min (Jackson & Varriano-
Marston, 1981), 36 to 56 min (Demooy & Demooy, 19Kl to 160 min (Akinyele,

Onigbinde, Hussain & Omololu, 1986), 57 to B8n (Mwangwelaet al, 2006) and3 to

216 min (Penicela, 2011) During cooking, flavoudevelopment and inactivation of anti-
nutritional factors also take place (Chavan & Kadaf89). The cooking time required to attain
an acceptable soft texture is an important chatatiteinfluencing consumer acceptability of
legumes (Deshpande & Damodaran, 1990). This iauseclong cooking time means more
energy demands, which is a challenge to scarceimsb region of sub-Sahara Africa that

consume legumes as a staple.

During cooking of legumes, the seed is hydratedraadied simultaneously causing structarad
physico-chemical changes. Three main transitiamaacromolecules are reported during
cooking: solubilisation and or degradation of nedthmella pectin, starcgelatinisation,
and cytoplasmic protein denaturation (Stanley & Weya, 1985). Watewuptake and
hydration is necessary for these changes to talteepl It is generally agreemmong
researchers that one of the main determinantsxairé properties of cooked legumes is the

separation of adjacent parenchyma cells at the Imilddnella (Stanley & Aguilera, 1985).
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The middle lamella (Figure 2.1) is the region betwéhe double wall formed by two adjacent
cells known to cement individual cells of the cetybn (Stanley & Aguilera, 1985). The
middle lamella is composed mainly of heat-labiletpe (Jackman & Stanley, 1995vhich
determine the physical strength of the tissue (8ya& Aguilera, 1985).During cooking,
heat induced dissolution/degradation of the pewtakens the intercellular adhesion which

permits the separation of adjacent cells (Aguil2®)0); (llker & Szczesniak, 1990); (Bernal-

Lugo, Parra, Portilla, Pena-Valdivia & Moreno, 1997
_Primary wall EELL 1
Theee |

2
.o m:cm'-w wall

__/ 3 - Migdie tmelia

PFilant cell wall layers:
Middle lamella
Primary wall X
Secondary wall -—i|—~

Figure 2.1 Schematic representation of a plant cell andrestréssion electron micrograph of
the cell wall showing the middle lamella (Chandko11)

Texture softening in cooked legumes is dependenthercells separating (Stanley &
Aguilera, 1985). In cowpeas, cell separation along the middle lsanellring cooking has
been reported (Sefa-Dedeh, Stanley & Voisey, 19@gnley & Voisey, 1978); (Liu,
Hung & Phillips, 1993a) The heat induced degradation of pectin invoblesolymerisation
of the pectin polymer via the bed) €limination of the methyl esterified polygalacmic acid
(Liu, Phillips & McWatters, 1993b); (Brett & Waldnp 1996)). Thep eliminative reaction
(Figure 2.2) involves the breakage of glycosidiad®adjacent to carboxyl groups (letal,
1993a); (Bernal-Luget al, 1997). The solubilisation/degradation of pedsiniependent on
its composition. Foinstance, less esterified middle lamella pectirsable to form CH
cross links formingcalcium pectates that are insoluble, thus impaiciely separation (Bhatty,
1990).
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Figure 2.2 Depolymerisation of a partially esterified pectg@alacturonan chain by
eliminative reaction

Starch, one of the major macromolecular constitiehtowpeagKerr, Ward, McWatters &
Resurreccion, 2001) contributes to the soft textfreooked legume seeds when it is
gelatinised (Aguilera & Stanley, 1985); (Yousif, tda& Deeth, 2007). Gelatinisation occurs
in the presence of adequate water and heat; thehsgmanules absorb water, swell up and
lose their crystalline order (Biliaderis, 1991}t hias been suggested that the swelling of
starch granules promotes cell expansion which esadle cell to separate from the adjacent
ones (Jarvis, 1998). During cooking, after theyeof water via the cell wall, much of the
water is absorbed by protein. Hydration of thet@rothus facilitates hydration within the
cotyledon cell. Cowpea protein has been showneteelatively hydrophilic absorbing about
1.24 g of water per g of protein (Mwasaru, MuhampBakar & Man, 1999). Cooking
causes the denaturation of proteins, which involyes unfolding of the protein molecule
possibly increasing the exposed hydrophobic sikeslihg to aggregation and possible gel
formation (Clark, Kavanagh & Ross-Murphy, 2001)rotein thermal properties such as
denaturation temperatures are suggested to infuenoking time of legumes. Starch
gelatinisation and protein gelation are both wakependent processes. Starch gelatinisation

temperatures are lower than the protein denaturatimperatures, therefore there is minimal
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competition for water between the two processesigfe@t al, 2007). However, it has been
suggested that low protein denaturation tempersitaoelld lead to prolonged cooking time
due to less water being available for starch gakstion (Yousifet al, 2007); (Liu,
McWatters & Phillips, 1992a).Since starch granules are embedded in proteinaest
low protein denaturatioremperatures would mean increased water competiyothe
proteins therefore limitingtarch gelatinisation and resulting in hard texdlioeg cooking
time (Liu et al, 1992a)

Some legumes fail to soften under normal cookingdd@ns, thus requiring longer cooking
times to achieve tenderness. Two common textweBdats associated with cooking of
legumes are the hard-shell and the hard-to-coo&cti¢Stanley & Aguilera, 1985). The
focus of the current research is on the hard-td-pb@nomenon.

2.3 Hard-shell defect

Hard-shell defect is defined as hardening of tredseoat (Stanley, 1992). Hard-shell is
characterisedby inability of seeds to imbibe water and hydratel thus they do not soften
during cooking(Agbo, Hosfield, Uebersax & Klomparens, 1987; Stgnl1992; Mullin &
Xu, 2001) The hydration capacity of common beans is iralgnsroportional to the occurrence
of hard-shell defect (Antunes & Sgarbieri, 197Bard-shell is associated with impermeability
of the seed coat and generally regarded as a satdlefect since it is eliminatedth
either seed coat removal or mechanical scarifinatidhe seeds (Shehata, 1992 ard-shell

is found in both freshly harvested and stored leggrains. Theoccurrence of the
defect in freshly harvested seeds is influencedheyseed size, genetics, growthmatic
conditions and degree of maturity (Shehata, 1992gume crops thatxperience a period
of low moisture and high temperatures during thalfmaturation stage are more prone to the
hard-shell defect (Mullin & Xu, 2001). Hard-shilprevalent in the northern latitudes where

legume grains are stored at high temperaturesamdhbimidity (Liu, 1995).

2.4 Hard-to-cook phenomenon

Hard-to-cook defect is distinguished from hard-shelthat the seeds with HTC defect

hydrate normally but fail to soften under normabkiong conditions thus leading to longer

cooking times (Shehata, 1992). HTC defect occuring storage under high temperature -

high relative humidity conditions (Aguilera & Rivaer1992a). These storage conditions,
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normally experienced in tropical climates, leachtwdened beans within a few months. The
defect is further accelerated by storing legumeh wihigh moisture of above 13% (Aguilera &
Stanley, 1985). The HTC defect thus reduces thareercial acceptability of stored beashge

to high energy cost required for the beans to aegan acceptable texture to the
consumers. Salvador (2007) observed that cowpessdsunder High Temperature and High
Humidity (HTHH) conditions increased the cookingné from 89 to more than 270 min.
Legume varieties within the same species exhibdferdinces in the severity of the defect
development. Cowpea varietielstogwe-oKgotshengBechuana whiteand Mae-a-tsilwane
stored at 42 °C and 67% RH for 21 days had a 72% &nd 30% increase in cooking time
respectively (Salvador, 2007). These differericesiTC defect among legume species or
within varieties of the same species are dugemotypic differences and growth conditions
that affect cooking characteristics. For instardiéferences in phytate content due to soil
mineral composition could affect the HTC defect elepment in beans susceptibility
(Paredes-Lopez, Montes-Rivera, Reyes-Moreno & @ardloejo, 1989Db).

There are several mechanisms/theories proposegptaire the hard-to-cook phenomenon in
legumes. These multiple mechanisms are proposée tof enzymatic and non-enzymatic
nature. The suggested mechanisms include: formatiansoluble pectates in the middle
lamella (Rodriguez & Mendoza, 1990; Galiotou-Pamayat al, 2008), lignification of the
middle lamella (Hinckset al, 1987; Rodriguez & Mendoza, 1990; Garcia, Filiséfdaeta
& Lajolo, 1998a), degradation of cell membranas tb lipid oxidation (Varriano-Marston
& Jackson, 1981; Liet al, 1992a),pectin-phenolic acids interactions (Garcia & Lajolo
1994; Maurer, Ozen, Mauer & Nielsen, 20G)d poor starch gelatinisation (Let al,
1992a; Garciat al, 1998a; Yousif, Batey, Larroque, Curtin, Bekes &efh, 2003).However,
the contribution of each mechanismHd C is not clearly understood and still a subjett o
study (Aguilera, 2000). Severahzymes i.e. phytase, peroxidase, pectin esteligexygenase

and protease have been implicated in HTC phenomas shown ifiable 2.2
The two main hypotheses reported are the “phytaseral and mineral-pectin interaction”
and “lignification of the cell wall”. These two pgtheses will be reviewed with reference to

studies conducted in cowpeas and other legume® rdlk of starch, protein and phenolic

acids in HTC defect development will also be readw
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Table 2.2 Possible enzymes implicated in HTC defect devekamum

Enzyme Reaction HTC defect mechanism References
Phytase Hydrolysis of phytate to inositol aréhytate losing its chelating abilityGaliotou-Panayotou et al. (2008),
orthophosphate thus divalent cations released to binéffrifah & Chinnan (2005)
to pectin.

Pectin esteraseRemoval of methyl groups in pectifexposed carboxyl groups of pectihiu, Phillips & Hung (1992b), Kilmer,

exposes carboxyl groups crosslinking with divalent cations Seib & Hoseney (1994), Jones & Boulter
(1983)
Peroxidase Polymerisation of monolignols tdgnification of the middle lamella, Hincks & Stanley (1987), Hohlberg &

lignins, phenolic acids crosslinking tghenolic acids bound to soluble pectifstanley (1987), Riverat al.(1989)

cell wall polysacharides e.g. pectins

Lipoxygenase Conversion of lipids to polaDegradation of cell membranes, soluiRichardson & Stanley (1991), Shewfelt

oxygenated polymers leakage & Erickson (1991)

Proteases Hydrolysis of storage proteins Free dronmmino acids that areHohlberg & Stanley (1987)

lignin precursors
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24.1 Phytase-mineral and mineral-pectin interaction

Bean cooking quality is partially determined by tftae of dissolution of the pectin in the
cotyledon middle lamella during cooking (Hincks &aBley, 1986; Liuet al, 1993a). There is
agreement in literature that the “phytase-minenal mineral-pectin interaction” theory offers one
of the most plausible mechanisms in HTC defect ldgweent. According to this theory, during
storage of legumes in high humidity and high terapee, phytase activity is stimulated (Galiotou-
Panayotowet al, 2008) leading to hydrolysis of phytate. Phytat¢he salt form of phytic acid
with mono- and divalent cations (Reddy, 1989). @&kdag to Galiotou-Panayotoet al. (2008),
phytate chelates divalent cations such & & Md* preferentially over the weak carboxylic
groups in pectin due to the six stropigosphate groups in phytate. On hydrolysis, tlegation
potential of phytate is lowered and phytate reledbe bound cations. The cations migrate to the
middle lamella and crosslinkith the free carboxyl groups in the pectin molectbrming
covalent bonds (Galiotou-Panayoteual, 2008). The cation binding mechanism of pectins is

theorised as the “egg-box” model (Figure 2.3)

0 Q )

Figure 2.3 lonic bonding of pectin network by calcium (Cosgrp2006)

Pectin in the middle lamella acts as an adhesivevden the parenchyma cells in the

cotyledon (Yousifet al, 2007) and therefore its solubility is importamt determining the

cooking quality and softening of the cotyledon. eTpectin which holds adjacent cells
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together exists mainly in water soluble form (GalisPanayotoet al, 2008). However, oaross-
linking with the divalent cations, insoluble peetste.g. calcium or magnesiyectates, are
formed. These pectates are not easily soluble eatirty, therefore, restricting cell separation
during cooking (Hentges, Weaver & Nielsen, 1991).

2.4.1.1 Phytic acid/phytate

Phytic acid (nyoinositol 1,2,3,4,5,6, hexakisphosphate) is thenary source of inositol and

the chief storage form of phosphorus in plant s@eal$, Ockenden, Raboy & Batten, 200Phytic
acid is an important mineral storage compound ampkeeds due to its stroegelating
characteristic due to the multiple negatively ckdrgphosphate groups. Phytic acid binds
polyvalent cations more strongly than monovaletiboa (Graf, 1986). The phytic acid molecule

consists of an inositol ring with 6 phosphate gsattached (

Figure2.4).

Py

Figure 2.4 Structure of phytic acid -myo-inositol-1,2,3,4 $éxakis phosphate (Igbat al,
2006; Schlemmer, Frglich, Prieto & Grases, 2009)

In mature seeds, phytic acid occurs primarily asomplex salt of mono- and divalent cations,
therefore the term phytate (Reddy, 1989). Vanein phytate content of seeds are influenced
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by cultivar/variety, climatic conditions, and seasof growth, location, soil type, fertiliser
application and irrigation. In dicotyledonous seediost of the phytates are located in the
cotyledons and not in the seed coat (Reddy, 19BBinost of the reported works in the literature,
there is a relationship between the developmentHDE defect and phytate levels. Several
researchers have reported an increase in cookimg with decreasing levels of phytate (Bhatty,
1990; Liu, 1995; Reyes-Moreno, Okamura-Esparza, idmta-Rodelo, Gomez-Garza & Milan-
Carrillo, 2000a; Coelho, de Mattos Bellato, Sanf@dega & Tsai, 2007) Legume grains with
higher phytate content haveshaorter cooking time when compared to those ofveeto
content (Aguilera & Stanley, 1985; Vindiola, SeibHbseney, 1986; Reddy, 1989}.is
postulated that the higher content of phytate ptesianore chelation of divalent cations that
would otherwise bind to pectin in the middle laraefVan Buggenhout, Sila, Duvetter, Van
Loey & Hendrickx, 2009). Therefore, higher phytai@entent promotes easier dissolution of
pectic substances at the cotyledon cell walls feptlh softening. During accelerated storage of
cowpeas at high temperature (42°C) and high redtwmidity (67 % RH) phytate content of
cowpeas was significantly lower than those kept ¥ (Salvador, 2007). These findings were
consistent with those of (Reyes-Moreabal, 2000a) who observed a significant decrease
phytate content during storage of chickpeas at heghperature (25 °C) and high relative
humidity (65% RH). (Kon & Sanshuck, 1981) repori@dne-thirds loss of phytic acid
content in common beans stored at high temperg82€C) and high moisture conditions
(16%) for 10 months in comparison to storage attemvperature (22C) and low moisture (10.5
%). Bhatty & Slinkard (1989) reported a 91% inceeaslentil hardness after 5 weektdrage at
50 °C and 95% relative humidity with 38% decrease igtate content. Theecrease in
phytate content is suggested to occur due to higsatrolysis by phytase.

2.4.1.2 Phytase

Phytases catalyse the hydrolysis of phytate int@-mgsitol, cations and inorganic phosphate
(Viveros, Centeno, Brenes, Canales & Lozano, 2@83hown on Figure 2.3?lant phytases of
seeds of higher plants are generally of 6hghytases (EC 3.1.3.2¢Konietzny & Greiner,
2002). These types of phytase preferentially atatithe phytatelephosphorylation at the C6
carbon. The characterisation andvivo function of phytases is not fully knowiKonietzny &
Greiner, 2002) The classification of phytases is based onrthetio capability of these enzymes

to release phosphate from phytékonietzny & Greiner, 2002) The knowledge on legume
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phytases is limited and only a few phytases frogbsan seeds, faba beans, lupin seeds mung
bean seeds and scallion leaves appear to havepoeied to homogeneity and characterised
(Greiner, 2002). In general most isolated planttaées activity are optimum at an acidic pH
(4.0 to 5.6) (Dveédkova, 1998) and moderate temperature (aroufi@p@sreiner, 2002).
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Figure 2.5 Phytate hydrolysis by the enzyme phytase intoiiolpsphosphorus, and other

divalent elements (Lei & Porres, 2003)

According to Maga (1982), phytase appears to hittleedffect on phytate in dry or dormaseed.
However, during HTHH conditions increased phytastviay with correspondinglecrease in
phytate content was observed (Kyriakidis, GalioRarayotou, Stavropoulou & Athanasopoulos,
1998; Hotz & Gibson, 2007). The cause of the iaseel activity of phytase is not certain but
suggested to be due tte novosynthesis, activation of intrinsic enzyme or b@thu, Rafiq,
Tzeng & Rob, 1998; Hotz & Gibson, 2007). Increaghygtase activity during HTHH storage has
been reported in cowpeas (Affrifah & Chinnan, 20@Bd common beans (Mafuleka, Ott,
Hosfield & Uebersax, 1993). However, phytdserolyses phytate into myo-inositol hence
reducing its chelating potential with subsequeldgase of bound cations (Yousf al, 2007). In
HTC development it is suggested that the releasedleht cations diffuse to the cell wall

forming insoluble pectates that reduce cell semaraihus, contributing to increased cooking time.
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2.4.2 Lignification in legumes during High Temperature and High Humidity (HTHH)

storage

Lignification of the cell wall during storageinder HTHH conditions is one of the
mechanisms postulated to cause HTC defect in leggerds (Hincket al, 1987; Del Valle &
Stanley, 1995). Deposition of lignin-like mateiialcotyledon cell walls could lead HTC defect
development by restricting water movement withia ttotyledons or byncreased rigidity of
the cell wall thus impairing swelling and sepanatiglincks et al, 1987). The Lignin matrix
around the polysaccharide components could alsaentiak cell wallhydrophobic and water
impermeable (Medoua & Mbofung, 2006). Post-hanhgstin formation could occur as a
stress response to adverse environmental cond{fitalslonado, Molina-Garcia, Sanchez-Ballesta,
Escribano & Merodio, 2002) It is postulated that the HTHH storage condgidngger lignin
synthesis by the seed as a stress response tduwbesa conditions (Hincks & Stanley, 1987;
Martin-Cabrejas, Esteban, Perez, Maina & Waldr@9,7}.

According to Ros Barcelo (1997) lignins are compt=eil wall phenolic heteropolymers
covalently associated with both polysaccharidasd proteins. Lignins comprise of

polyphenolic polymers built from the oxidative paigrisation of the three cinnamyl alcohols

/IGH:GH jH;EH /Ic-l-t;m
TeHOH
: ¢ i Gt qulm
o OH oH OH
d-cournany| aloohol  conifenyl alcohol sinapyl alcohol
* polymerization # poby s ralon + pohymarization
i ~e ~==Bignii- -~ = BN = =
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rurmisEring comnvantion b
| OCHy  HyG DCH;
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Iyammxypheiyl reskooe gualacyl rasidus Sy rinapy] reesichus

(monolignols); p-courmaryl, coniferyl and sinapyt@hol via the phenylalanine pathwélyuo,
Xu & Yan, 2008). This leads to formation of hydypkenyl (H), guaiacyl (G)syringyl(S)
units respectively within the lignifRos Barcelo, 1997s shown in

Figure2.6.
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Figure 2.6 Structures of the three monolignols and the residderived from them. The

numbering convention used is shown on the left (iféne MacKay & Sederoff, 1998)

The characteristics and structures of lignins agéli variable and differ among cell walls, cell
type, tissues, plant organs and species (Ros Bart@97; Grabber, Ralph, Lapierre & Barriere,
2004). Lignin formation has been reported to imeolhree enzymes; phenyalalanine ammonia
lyase (PAL), cinnamyl alcohol dehydrogenase (CA®) peroxidase (POD) (Whetten, MacKay
& Sederoff, 1998). Lignification is thought to kmontrolled by PAL, which catalyses the
deamination of phenylalanine to transcinnamate. @Aflyses the conversion of coniferaldehyde
into coniferyl alcohol and POD catalyses the polgisaionof monolignols to lignins (Imberty,
Goldberg & Catesson, 1985). However, the acexéént of regulation of the lignification
pathways by each of these enzymes are differediifferent tissues and presently not clear even in
legumes (Luoet al, 2008). The lignification hypothesis was first proposed @¥arriano-
Marston & Jackson, 1981Mafulekaet al. (1993) observed that there was minimal quantiativ
data critically investigating the role of lignifitan in HTC defect development. Most studies
postulate lignification as a possible mechanismheratthan providing actual experimental
observation. In the lignification theory, storagelegumes under HTHH causes degradation of
proteinsthus yielding aromatic amino acids and small poptukes (Hohlberg & Stanley,
1987; Martin-Cabrejagt al, 1997). The aromatic amino acids then migrate to the middle
lamella where the lignification process takes pladdohlberg & Stanley (1987) reported an
increase in free aromatic amino acids in HTC blbekns Phaseolus vulgar)sas a result of
hydrolysis of storage proteins. Significant amowftthese amino acids specifically phenylalanine
and tyrosine could lead to lignin formation the cell wall (Hohlberg & Stanley, 1987)
Deamination of phenylalanine or tyrosine XL or tyrosine ammonia lyase respectively
would lead to formation of trans-cinnamic andhsgp-coumaric acids (Goodwin & Mercer,
1983; Garcieet al, 1998a; Whettewrt al, 1998). These lignin precursors (monolignols) could
then bepolymerised into lignins in the presence of POOhe cell wall (Hohlberg & Stanley,
1987).
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Qualitatively, Hincks & Stanley (1987) investigatélde presence of lignin by staining
extracted cell wall material of black bean cotyleslowith potassium permanganate. Lignin
presence was observed using a transmission eleatioroscope based on the reduction of
potassium permanganate by lignin to manganese dgioXihey found a heavier deposition of
manganese dioxide in cell corners, secondary walld middle lamella of hard beans
indicating lignification. Using a similar stainingchnique Bhatty (1990) reported darker and regular
staining of the middle lamella of HTC lentils andnlin content was significantly higher for the
HTC lentils. Garcieet al. (1998a) observed thickened cell wall junctionscelf wall isolates of
HTC black beans using scanning electron micrograpbeever the phlorogluconical -HCI staining

test for lignin was negative.

Quantitative determination of lignin by Srisuma, raerschmidt, Uebersax,
Ruengsakulrach, Bennink & Hosfield (198B)wever showed no significant difference in
lignin content in both seed coat and cotyledonscell Navy beans. Mafulekat al. (1993)
reported increased lignin content of both decomidawhite and red bean®haseolus
vulgaris) during storage for four months at high tempemt@md humidity. However there was a
decrease in lignin content when the storage timg wereased from 4 to 8 months which was
attributed to possible lignin-protein cross linkindQRedbeans had higher lignin content and
higher hardness values compared to white béatisating possible differences in phenolic
contents due to genotype differences. Nasar-AdBasnmer, Siddique, White, Harris & Dods
(2008) observed a 3 fold increase in lignin coneuning storage of faba beans afGdor 12
months. Bhatty (1990) differed with the suggestioat partial lignification of the cell wall could
hinder water permeation across cells since the dtiulr coefficient of both HTC lentils and
control was generally similar. Although lignifiean is proposed as one of the main mechanism
leading to HTC defect development, experimentatisti investigating this theory are few.
Further research work is required to understanddieeof lignin in HTC defect development.
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2.4.2.1 Peroxidase

Although both qualitative and quantitative testvéhadentified presence of lignin in HTC
legume grains, studies of peroxidase enzyme leaditignification have been contradictory. For
instance, Paredes-Lopetal.(1989b) observed the activity of peroxidases (P@MTC beans
(stored at 30C and 85% RH) to be lower by 30-50% than that ofticd beans (stored at £&
and 35%). Plhalet al. (1987) had reported earlier that hilglvels of POD activity were not
observed to relate to increased hardening or tteeafibean hardening. Hohlberg & Stanley
(1987) also reported no difference in peroxidaswiaicin control bean samples stored at low
temperature/humidity15 °C, 35% RH) and highemperature/humidity (36C, 85% RH)
conditions. Although peroxidases are proposedtalyse the polymerisation of monolignols to
lignins, no studies have shown a specific POD izpme to be involved in lignin formation
(Ostergaard, Teilum, Mirza, Mattsson, Petersen,izlet, Mundy, Gajhede & Henriksen, 2000).
The observation that lignin biosynthesis pathways actual extent of regulation by enzymes
is complex and presently not knoWiRos Barcelo, 1997; Luet al, 2008) would explain

the inconsistencies in correlatiegzyme activity to lignin formation.

2.4.3 Involvement of phenolic compoundsin the middle lamella

The “phytase-mineral and mineral-pectin interacti@md “lignification” theories in HTC
defect in legumes suggest formation of new intéwast or bonds in the middle lamella
polymers that make cell separation difficult duriogoking. Researchers have proposed that
phenolic compounds other than lignin in the midtienella may also form insoluble
complexes with pectin and proteins that could impail separation (Srisumat al, 1989).
Srisumaet al. (1989) observed increased free hydroxycinnamidsaduringHTHH storage of
beans with no increase in lignin content. The @ase in freenydroxycinnamic acids was
associated with increased hardening (Sriseta, 1989). The free hydroxycinnamic acids could
have been synthesizett novofrom free aromatic aminacids liberated from hydrolysis of
proteins during HTHH storag&risumaet al, 1989) Hohlberg & Stanley (1987) reported an
increase of aromatic amino acids as a resulstofage proteins hydrolysis during HTHH
storage of beans. Aromatic amino acids such asyhdlanine and tyrosine are immediate

precursors of hydroxycinnamic acids ¢fC; molecules) biosynthesis via phenylalanine and

32

© University of Pretoria



=
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Quef) YUNIBESITHI YA PRETORIA

tyrosine ammonia lyases (Whettenal, 1998). It is suggested that the increase in fiteenolic
acids observed during HTHH storage copldmote protein-phenol interaction in the middle
lamella therefore resulting in increasprbtein hydrophobicity (Srisumat al, 1989). Free
phenolic acids have a high affinity for interactimgth proteins. Thencreased protein
hydrophobicity could inhibit water imbibition regtting water uptake andmpairing cell
separation during cooking (Srisumet al, 1989; Machado, Ferruzzi & Nielsen, 2008;
Pirhayati, Soltanizadeh & Kadivar, 2011}t is proposed that free phenolic acids provides
phenolic compounds for cross-linking to pectin iiddbe lamella and/or proteins that could result
in HTC defect development (Srisuretial, 1989; Garciaet al, 1998a). However, there seem to
be no experimental study investigating the rolepb&nol-protein interaction in HTC defect

development.

Garciaet al. (1998a) observed that phenolic acids bound towater soluble pectin fraction
were three times higher in HTC beamhéseolus vulgar)sthan in control beans. Mauret al.
(2004) also observed more phenolic compounds in the tolpbctin fraction of HT(eans
when compared to control. The observation of nieralic acid bound to solublgectin in
HTC beans could inhibit cell separation during dagkas a result of crosslinking (Garaaal,
1998). Ferulic acid has been implicaiedcross-linking cell wall polysaccharides leadittg
increased inter cell adhesi@Brett & Waldron, 1996)). Hydroxycinnamic acidseaeported to
cross-link plant cell wall polymersespecially polysaccharides and lignin (Ralph, Blnze
Marita, Hatfield, Lu, Kim, Schatz, Grabber & Steamh 2004). Ferulic acids esterified to
pectin can form diphenyl or ethbonds between the hydroxyl groups of phenolic campgs
and the hydroxyl groups on polysaccharides (Stigadenunsi & Lajolo, 2011). According
to Garcia, Filisetti, Udaeta & Lajolo (1998b)epence of more ferulic acid bound to soluble
pectin, if involved in cross-links with other polecharides could ultimately lead to changes in
cell adherence therefore leading to HTC defectrogaring cell separation upon cookinghs
reported, resistance to softening even in the poesef chelating agents e.g. EDTA, suggests that
crosslinking of pectic polymers via calcium ions the only factor limiting cell cell separation
during thermal treatment of plant parenchyma c@Harker & Waldron, 1995; Waldron, Ng,
Parker & Parr, 1997; Marry, Roberts, Jopson, Huxhaamnvis, Corsar, Robertson & McCann,
2006). According to Waldroet al. (1997), lack of thermally induced cell separationplant
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tissues often suggests “secondary thickening asdcaged lignification”. However in non-
lignified, thin walled plant tissues, failure tofm or extremely slow softening during cooking of
parenchyma-rich plant tissues has been reportedd(@veet al, 1997). The mechanism leading
to thermal stability of these tissues has beenesigd to be linked to the presence of ferulic acid
dimers that crosslink cell wall polymers such astipe(Parker & Waldron, 1995; Waldraat al,
1997). This crosslinking is suggested to resolinfithe activity of cell wall peroxidase (Biggs &
Fry, 1987; Wallace & Fry, 1995; Brett & Waldron,98). Although increased phenolic acid
bound to pectin has been observed during HTHH géooh beans (Garciet al, 1998b; Maureet

al.,, 2004), there are no studies showing the propopessible crosslinks with other

polysaccharides in the middle lamella.

244 Theroleof starch and protein in HTC development

According to Hentgest al. (1991) starch could contribute to HTC phenomenzabse of
alterations observed in starch. In a study to stigate possible changes on starch as a
result of the HTC phenomena in common bedPisaéeolus vulgar)s Garcia & Lajolo
(1994) observed more birefringence in starch gesof HTC beans. Differential scanning
calorimetry (DSC) thermograms showed a 10% incr@aserch gelatinisation temperature
between the control (64.2C) and HTC beans (72.9C). Such an increase could be
attributed to an increase in starch granule crysiigi or lower water availability which is
necessary for gelatinization (Yousf al, 2007). Chemically hardened kidney beans were
shown to exhibit high transition temperatures anth&lpy of gelatinisation of starch (Kaur
& Singh, 2007). However, Hohlberg & Stanley (1988und no differences for melt
temperature, gelatinisation energy in isolatedcstas a result of storage time or conditions.
In the parenchyma cells in the cotyledon of cowg®ad, starch granules are embedded 