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Abstract

The manufacture of food during distribution, a concept known as “made-in-transit” (MIT) manu-
facture, has the potential to expand the distribution range, extend shelf-life, and provide the customer
with the freshest possible product. Benefits for the manufacturer include maximising throughput while
minimising manufacturing space and inventory. This concept is new, with mushrooms being the only
MIT food developed so far. The feasibility of developing an MIT product from a fermented food was re-
viewed using yoghurt as a model system. Through the alteration of some of the yoghurt manufacturing
parameters (e.g. milk base formulation, heat treatment, starter culture composition and fermentation
temperature) it is possible to develop this form of yoghurt production. A predictive microbiology ap-
proach is suitable for predicting the effects of both time and temperature on designing and predicting
the fermentation process. This review demonstrates the potential of the MIT concept for a fermented

food.
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1 Fundamental features of MIT

Made-in-transit (MIT) is a supply chain concept
in which the production or manufacture of a per-
ishable food occurs partially or completely dur-
ing transportation (Jaworska, ). The MIT
concept transforms manufacture where manufac-
ture is merged with distribution. This has the
potential to change the role of transportation
from simply relocating material to include manu-
facture (Jaworska, ). Jaworska ( ). In
such processes transportation has been described
as a productive creator of value by taking a to-
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tal chain perspective from the outset and skip-
ping, merging or reversing the order of events.
The MIT concept is an example of convergent
technology where two or more activities are com-
bined into one. Traditionally, product shelf-life
is reduced by the time taken for transportation.
While, the MIT concept avoids this loss of shelf-
life and provides an opportunity for the consumer
to harvest the fresh end product themselves.
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2 Application and advantages of
MIT

One application of this concept is the growth
of mushrooms which can occur in packs within
5 to 7 days during transportation. If packages
arrive prematurely at the retailer’s facility, the
last part of growth could occur there (Jaworska,

). Consumers may wish to purchase before
the “ready by” date and pick product units that
suit their need, based on their planned time of
consumption. The MIT concept has the poten-
tial to make use of a “ready by” date in pref-
erence to a “use by” date. This ensures that
the consumer receives a fresh product ideal for
consumption. There are several other benefits of
MIT (Jaworska, , );

1. Reduced factory manufacturing and inven-
tory space

2. Growth-enabling technology replacing post-
harvest technology for plant produce

3. Expanding the distribution range of the
product by making use of the manufactur-
ing time for transportation

4. Extending the shelf-life as the product ar-
rives at the retailer’s facilities in a fresher
state than would be possible if manufacture
and distribution occurred in the normal se-
quence.

5. Preventing overproduction and consequent
waste, when applied to on-demand supply
chains, and

6. Providing higher quality, freshness and
nutrient-rich products to the consumer.

3 Challenges of MIT

Jaworska ( ) mentioned that experts have
raised a concern about the ability of the prod-
uct to stand the vibration of transport. In the
case of mushrooms, one concern was that the
bodies of the mushrooms during growth may be
too brittle and this may result in damage during
the transportation. It was hypothesized by an-
other researcher that any damage may depend on
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the stage of development. The diverse species of
mushroom mean the some may be more tolerant
than others to vibration during transportation
(Jaworska, ).

Other challenges of producing MIT product are;
producing a consistent product, applying special
packaging to ensure ideal conditions for manu-
facture, controlling the conditions surrounding
the package (i.e. environment) and changing the
standard system of production and distribution.
Many of the systems are in place but not being
used in the right way for MIT. For example, con-
tainers are available with the capacity to control
the environment (humidity, temperature, carbon
dioxide levels) to preserve freshness of product
rather than being set to enable manufacture (Ja-
worska, ).

As MIT is considered a new concept, research on
potential applications is limited. Yet, some of the
issues facing manufacturers for product distribu-
tion could possibly be resolved through applying
the MIT concept. For instance, New Zealand
is a long way from world markets and this is a
challenge for NZ manufacturers to market their
product outside New Zealand. The MIT concept
would allow food manufacturers to make use of
the time a product is in transit to distant mar-
kets. As much food is discarded as it exceeds the
‘best before’ date in the market (Kleijnen & Van
der Vorst, ) and home (Parfitt, Barthel, &
Macnaughton, ), product manufactured us-
ing the MIT concept may avoid some wastage of
food.

4 Potential of MIT in food system

To the authors’ knowledge, the concept of MIT
is currently only applied to mushrooms. There
is potential to apply the MIT concept to many
foods. Such foods need to be capable of transfor-
mation or maturity during transport. Potential
foods most suited to MIT are fermented prod-
ucts like cheese, salami, fermented drinks and
yoghurt (Table 1). Among all fermented prod-
ucts, yoghurt and cultured dairy products are
the fastest growing dairy categories worldwide
(Oneil, Kleyn, & Hare, ). In one article
the Fonterra Brands Managing Director (Anony-
mous, ) mentioned that yoghurt is not only
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well received locally but has a potential to be
applied in markets outside New Zealand. Hence,
yoghurt could be a suitable model of fermented
product to be manufactured using the MIT con-
cept, extending the distribution of yoghurt from
New Zealand. Yoghurt has a worldwide market
as a fermented product yet has a short shelf-life.
As yoghurt has a rapid fermentation time, it
was selected as a suitable food for this feasibility
study as results could be obtained in a short time
frame (Nor-Khaizura, ).

To apply the MIT concept to yoghurt, fermen-
tation needs to be carried out during distribu-
tion. Generally, the fermentation lasts for 6 to
12 h in the processing plant, which, for the MIT
concept, would only allow only a short distribu-
tion of the product. Manipulation of crucial fac-
tors including milk base composition, heat treat-
ment, starter culture composition and inoculum
size (Tamime & Robinson, ) could extend
the fermentation to give a yoghurt that could be
used to test the feasibility of the MIT concept
(Nor-Khaizura et al., ).

4.1 Yoghurt

Yoghurt is one of the best known and most popu-
lar cultured milk products internationally. Data
provided by the USDA reveals that yoghurt con-
sumption in the US gradually increased from
1954 to 2005 (Figure 1). Various factors influence
the consumption of fermented milk, particularly
yoghurt. These include the availability of milk,
food habits, level of income, advertising, range of
fermented milk products available in the market,
distribution system and general acceptability of
other dairy products (Kurmann, ).
Yoghurt is produced by the growth of Strepto-
coccus thermophilus and Lactobacillus delbrueckii
subsp. bulgaricus in heated milk (Kosikowski &
Mistry, ) incubated at the optimum condi-
tions of 40 to 45°C for 2 to 3 hours (Tamime &
Robinson, ). During this time, the starter
culture metabolizes lactose in the milk, produc-
ing the lactic acid which reduces the pH of milk
to pH within 4.6 to 4.2 (Tamime & Robinson,
). This is the major determinant in produc-
ing the characteristics of yoghurt terms of the
flavour and texture. Damin, Alcantara, Nunes,
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and Oliveira ( ) described the texture of yo-
ghurt resulting from the curdling of milk that
occurs when casein becomes unstable and coag-
ulates to form a firm gel. This gel is composed
of strands of casein micelles and whey entrapped
within this matrix. This matrix consists of, 1)
the disulphide bonding between k-casein and de-
natured whey protein and 2) casein aggregation
when the pH decreases to the isoelectric point
of casein. Lactic acid also plays a major role
in the preservation of the product by creating a
pH that limits the growth of many microorgan-

isms, including pathogens (Walstra, ). The
shelf-life of yoghurt is about 20 days under re-
frigeration. (Oneil et al., ).

Yoghurt can be categorized due to its physical,
chemical or flavour properties. Physically, yo-
ghurt may be a set yoghurt with firm gel, a
stirred yoghurt with smooth gel in which the gel
has been broken or as drinking yoghurt with a
viscous liquid (Spreer, ; Tamime & Robin-
son, ). Chemically, yoghurt may be a full,
low or non-fat product. Flavour may be de-
scribed as plain or natural or with fruit and other
flavourings (Tamime & Robinson, ). Com-
mercially, yoghurt processing involves the stan-
dardisation of milk, homogenization, heat treat-
ment, inoculation of starter culture, fermenta-
tion, cooling and packaging. To adapt the MIT
system to yoghurt processing, yoghurt fermen-
tation could be carried out during distribution.
Since the current fermentation time is very short,
less than 12 h, an extended fermentation would
be required in order to expand the yoghurt dis-
tribution and shelf-life. There are a number of
challenges in preparing an MIT yoghurt, in par-
ticular controlling the growth of contaminants
and ensuring the final product is acceptable in
terms of the physical and flavour characteristics.
The steps in yoghurt manufacture, including milk
standardization, heat treatment, starter culture
composition and inoculum level, and fermenta-
tion temperature could be altered to extend the
fermentation time. These factors will affect the
acidification and gelation processes (Peng, Serra,
Horne, & Lucey, ).
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Table 1: Examples of Fermented foods: substrate, cultured microorganism(s) and country

Product Substrate Cultured Microorganism(s) Main Market

Yoghurt Milk Streptococ.;s thermophilusj Lactobacillus Worldwide
delbrueckii subsp. Bulgaricus

Acidophilus milk Milk Lactobacillus acidophilus Several countries

Lactic acid bacteria (L. lactis, S. thermophilus, L. shermanii,
Propionibacterium) sometimes moulds (Penicillium spp.)
Lactic acid bacteria (lactobacﬂl_l, pedlococc_l) Catalase positive cocci Europe and United State
(S. carnosus, S. xylosus, M. varians) sometimes yeasts and/or moulds
Aspergillus oryzae or A. soyae, Lactobacillus,

Cheese Milk Worldwide

Fermented sausages Meat

satce beans a hes S The Orie ape hina, Philippines
Soy sauce Soybeans and wheat Zygosaccharomyces rousii ¢ Orient (Japan, China, Philippines)
Bread Wheat, rye, other grains Saccharomyces cerevisiae, other yeasts, lactic acid bacteria Worldwide
Lactic aci ia Ln. me. i L. brevis, L. .
Sauerkraut Cabbage actic acid bacteria Ln. mesenteroides, brevis, L. plantarum, Worldwide
L. curvatus, L. sake
. . Cabbage, vegetables, X X X
Kimchi Lactic acid bacteria Korea

sometimes seafood, nuts

Source: Adapted from Doyle, Beuchat, and Montville (1997) and Jay (2000)
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Figure 1: Per capita yoghurt consumption in United State from year 1954 to 2005 (Source: Economic
Research Service, USDA
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4.2 Factors affecting yoghurt
fermentation

Milk standardization

The main and most crucial ingredient in yo-
ghurt processing is milk. Milk composition is
described in terms of milk fat and milk solids
not fat (MSNF) which consists of protein, lac-
tose and minerals. Standardization of fat and
MSNF content in milk is essential in yoghurt
manufacture as this influences the quality and
consistency of the end product. The fat content
of yoghurt varies, from as low as 0.1 to 10 g per
100 g depending on the type of yoghurt; full,
medium or low-fat yoghurt (Tamime & Robin-
son, ). The percentage of MSNF (mainly
lactose, protein and mineral matter) in milk for
yoghurt manufacture depends on the legal stan-
dards of the country in which the product will be
sold or the physical or flavour of the end product.
The major component in milk is water (84.5 to
87.7%) (Swaisgood, ). Next is lactose (4.9
to 5.0%), the major carbohydrate of milk. Lac-
tose is essential in yoghurt production by pro-
viding the nutrition or energy source for the yo-
ghurt starter bacteria. Fat 3.4 to 5.1%), imparts
richness or smoothness to dairy products and di-
rectly provides an excellent mouthfeel. Protein
(3.3 to 3.9%) plays an important role in the for-
mation of the coagulum, influencing the consis-
tency or viscosity of yoghurt (Tamime & Robin-
son, ). The level of protein is proportional
to the viscosity of yoghurt. The major proteins
of milk are caseins and whey proteins. Caseins
are insolubilized protein and begin to precipitate
when the pH of milk is reduced to pH 4.6. The
soluble portion at pH 4.6 is known as whey pro-
teins consisting of albumins and globulins (Chan-
dan & O’Rell, ).The total solids content of
the milk base influences the yoghurt firmness
(Penna, Converti, & De Oliveira, ; Tamime
& Deeth, ; Nor-Khaizura et al., ). The
milk base protein content (Tamime, Kalab, &
Dayvies, ; Trachoo & Mistry, ) and pro-
tein type (Cho, Lucey, & Singh, ; Penna et
al., ; Sodini, Remeuf, Haddad, & Georges,
; Tamime et al., ) are important factors
in determining yoghurt texture.
The use of a reconstituted yoghurt milk base pre-

pared from dried dairy ingredients is an alterna-
tive to standardised fresh milk. Skim milk pow-
der (SMP) is widely used to prepare a yoghurt
milk base (Isleten & Karagul-Yuceer, ).
These authors also mentioned that the sensory
properties of reconstituted milk ideally should be
similar to fresh skim milk. The use of SMP is
preferable to whole milk for the manufacture of
fermented milks due to problems with oxidized
flavours (McKenna, ; McKenna & Anema,
). The milk powder should be free from any
inhibitory agents and have good microbiological
and physical quality. Some specific requirements
for SMP include a whey protein nitrogen index
of 4.5-5.9; cysteine number, 38-48; thiol number,
7.5-9.4 and heat number, 80-83 (Wilcek, ).
In the preparation of reconstituted skim milk
from SMP, the hydration time is crucial in or-
der to achieve the proper re-equilibration of the
minerals, which requires around 3 h (Anema &
Li, ). The normal practice is to rehydrate
the powder to about 12 g per 100 g solid non-
fats (SNF) (Tamime & Robinson, ). The
Codex Standards (FAO/WHO, ) state that
fermented milk products including yoghurt, must
contain a minimum of 2.7% milk protein (%
m/m) and less than 15% milk fat (% m/m).
To ensure the characteristics in yoghurt, sta-
bilizers are often added into the yoghurt milk
base. Stabilizers can improve the body and tex-
ture, viscosity or consistency, appearance and
mouthfeel. Yoghurt coagulum is often subject
to mechanical treatment during manufacture,
for example stirring the coagulum in the fer-
mentation tank for stirred yoghurt production,
mixing to incorporate the fruit or flavours into
the coagulum and subsequent post-fermentation
treatment of the coagulum (e.g. pasteurization,
UHT) (Tamime & Robinson, ). Stabilizers
can avoid defects during stirring. Other func-
tions of stabilizers incorporated into the yoghurt
mix listed by Chandan and O’Rell ( ) are
as follows: minimise whey separation and bind
free water, maintain gel structure after pump-
ing, mixing and cooling, and increase shelf-life of
the product. Ingredients that are usually added
as yoghurt stabilizers are starch, gelatin, guar
gum, locust bean gum, carrageenan, pectin and
xanthan gum. The addition of stabilizers is not
suitable for plain yoghurt as they may affect the

1JFS ‘ October 2018 ‘ Volume 7 ‘ pages 117-135



product aroma and flavour (Tamime & Robin-
son, ) and may affect the consumer percep-
tion of yoghurt (Amatayakul, Sherkat, & Shah,

Yoghurt texture can be improved by increasing
the milk total solids by three methods 1) con-
centrating the milk base through evaporation, 2)
reverse osmosis (RO) and 3) fortification with
dried dairy ingredient such as skim milk powder
(SMP), skim milk concentrate (SMC) or butter-
milk powder (BMP) (Sodini et al., ).
Many studies have been carried out to en-
hance the texture of yoghurt by fortification
with dried dairy protein such as skim milk
powder (Damin et al., ; Guzman-Gonzalez,
Morais, Ramos, & Amigo, ), buttermilk
powder (Trachoo & Mistry, ), whey pro-
tein concentrates (Damin et al., ; Guzman-
Gonzdlez et al., ; Lucey, Munro, & Singh,
; Patocka, Cervenkova, Narine, & Jelen,
; Remeuf, Mohammed, Sodini, & Tissier,
), whey protein isolates (Isleten & Karagul-

Yuceer, ; Patocka et al., ), milk pro-
tein concentrate (Guzmdan-Gonzélez et al., ),
sodium caseinate (Damin et al., ; Isleten

& Karagul-Yuceer, ) and other milk-protein
based ingredients (Lankes, Ozer, & Robinson,

; Rohm & Schmid, ) These ingredients
have gained acceptance as a feasible way to in-
crease total solids in low-fat and non-fat yoghurt
(Tamime & Robinson, ). Sodini et al. ( )
also mentioned that the effect of milk base pro-
tein enrichment could be influenced by the heat
treatment of the milk base.

Fortification with dried dairy
ingredient

Increasing the total solids content in low-fat and
non-fat yoghurt will prevent poor firmness and
surface whey separation (Lucey, ). Skim
milk powder (SMP) is dried non-fat milk and
is the most commonly used fortification ingre-
dient to increase the total solid content of the
yoghurt milk base. Yoghurt fortified with SMP
was observed to have a dense matrix, composed
of short micellar chains and small micellar clus-
ters (Tamime et al., ). Buttermilk powder
(BMP) is the by-product of sweet cream butter
manufacture. BMP can act as an emulsifier due
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to the high content of phospholipids (Tamime &
Robinson, ). Yoghurt manufactured from a
milk base fortified with BMP has been reported
as acceptable (Trachoo & Mistry, ).

Whey protein concentrates (WPC) or isolates
(WPI) are the by-products from cheese manu-
facture and often added to a yoghurt milk base
(Penna, Baruffaldi, & Oliveira, ). The addi-
tion of WPC to the yoghurt milk base can reduce
syneresis, increase yoghurt viscosity (Kailasapa-
thy & Supriadi, ) and water holding capac-
ity (Remeuf et al., ), yet, the undesirable
flavour of WPC can limit its application in food
(Damodaran, ).

Milk protein concentrate (MPC) is a concen-
trated milk product containing 40-90% of milk
protein and sodium caseinate (NaCN) consist-
ing mainly of casein. Both are produced by ini-
tially separating of whole milk into cream and
skim milk. For the MPC, the skim milk is con-
centrated using ultrafiltration then the product
is spray dried. NaCN is produced from casein
that has been precipitated from milk using ren-
net enzyme. This casein is washed and the pu-
rified casein protein is treated with sodium hy-
droxide to produce a soluble casein compound,
NaCN. The addition of MPC (Soukoulis, Panagi-
otidis, Koureli, & Tzia, Jand NaCN (Isleten
& Karagul-Yuceer, ) to the milk base an im-
prove yoghurt texture and reduce syneresis in
set yoghurt. Sodium caseinate has a high pro-
tein content with emulsification and water bind-
ing properties that contribute to the texture of
yoghurt (Isleten & Karagul-Yuceer, ).
Yoghurt fermentation time, is influenced by the
protein components of yoghurt milk base (Puva-
nenthiran, Williams, & Augustin, ). The
addition of WPC and NaCN does reduce the
fermentation time (Damin et al., ; Lucey,
Teo, Munro, & Singh, ), yet the opposite
effect has been observed for SMP (Damin et
al., ). The latter is similar to the finding
obtained of Isleten and Karagul-Yuceer ( ),
where the addition of dried dairy ingredients in-
cluding whey isolate, SMP and NaCN did not af-
fect the fermentation time, although these com-
ponents greatly influenced the yoghurt texture.
This may be explained the buffering effect of the
increased solids content in yoghurt milk, mean-
ing more acid development by the starter cul-
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tures was necessary to achieve the casein isoelec-
tric point (Lee & Lucey, ).

The influence of fortification material on the fer-
mentation time may also depend on the starter
cultures used (Isleten & Karagul-Yuceer, ).
Using a probiotic as single starter culture (L.
acidophilus LA5 or L. rhamnosus LR35) forti-
fication of milk bases with SMP, MPC and ca-
sein hydrolysate increased the fermentation rate
and increased the texture of the yoghurt. This
was less pronounced in yoghurt prepared with
mixed culture starters (probiotic with S. ther-
mophiles) (Sodini, Lucas, Oliveira, Remeuf, &
Corrieu, ). For the single culture, the ad-
dition of dried dairy ingredient really influenced
the fermentation time with the shortest time pro-
duced with milk fortified with casein hydrolysate
(Oliveira, Sodini, Remeuf, & Corrieu, ; So-
dini et al., ).

For yoghurt texture, yoghurt fortified with NaCN
is reported to have a stronger gel than the unfor-
tified control and WPI-fortified yoghurts (Isleten
& Karagul-Yuceer, ). Yoghurt enriched with
NaCN produced a coarse texture when assessed
visually using a spoon (Tamime et al., ).
This was possibly due to large casein particles
and a robust micellar chain. They found the yo-
ghurt firmness made from a milk base fortified
with NaCN was 30% higher than that from a milk
base fortified with SMP, although the former had
lower total solid content, 12.8% rather than 16%.
The yoghurt rheology was also influence by the
fortification of the milk base with dried dairy in-
gredients in yoghurt prepared using probiotic cul-
tures (Sodini et al., ). They found the high-
est texture in yoghurt manufactured with added
MPC and lowest in yoghurt with added casein
hydrolysate. Peng et al. ( ) mentioned that
the yoghurt texture based on physicochemical
properties related to the nature and type of pro-
tein interactions are not well understood. Possi-
ble interactions in the yoghurt are hydrophobic
and electrostatic interactions, hydrogen bonding,
steric repulsion and dissolution of colloidal cal-
cium phosphate (CCP), which collectively influ-
ence the yoghurt physical and rheological prop-
erties (Peng et al., ). Dissolution or solubil-
isation of CCP could weakened casein-casein in-
teraction and may contribute to soft gel (Peng et
al., ). Generally, the casein-based powders

are more effective than whey protein products in
producing a firmer yoghurt (Bhullar, Uddin, &
Shah, ; Dave & Shah, ).
The milk base used may stimulate probiotic
growth, providing some advantage in manufac-
turing yoghurts containing probiotics. For ex-
ample, casein hydrolysate stimulates the growth
of L. acidophilus LA5 (Sodini et al., ). Dif-
ferent casein hydrolysates may also have different
influences on the growth of starter or probiotic
cultures, and this is believed to be due to vari-
ations in the amino acid and peptide composi-
tion. Two casein hydrolysates (CH1 contain 73.2
of total nitrogen and CH2, 74.6) used to fortify
a yoghurt milk base produced different result,
with CH2 producing higher growth of starter cul-
ture and shorter fermentation time (Sodini et al.,
). This could be due to slightly higher to-
tal nitrogen content in CH2. The opposite find-
ing was obtained by several researchers (Isleten
& Karagul-Yuceer, ; Soukoulis et al., ),
with no major effect of milk base fortification on
the starter culture growth when using the yo-
ghurt cultures S. thermophiles and L. delbrueckii
subsp. bulgaricus. In general, the starter and
milk base interactions appear to have a major
influence on yoghurt manufacture.

Heat treatment

Heat treatment is one of the crucial stages in
yoghurt manufacture. The major purpose of
heating is to eliminate all the pathogenic and
spoilage microorganisms. In addition, the de-
struction of competitive microorganisms pro-
vides a favourable condition for yoghurt bacte-
ria to grow (Chandan & O’Rell, ). In the
industry, the yoghurt mix is usually heated at
90°C with a minimum holding time of 30 min
(N. Kusumaningrum, personal communication,
May 10, 2009). For a high temperature-short
time (HTST) pasteurization, the equivalent tem-
perature and time combination is 73°C for 15 s,
while ultra-high temperature (UHT) treatment
uses temperatures more than 90°C and as high as
148°C for 2 s (Chandan & Shahani, ). Treat-
ment at 90-95°C with a holding time of 5-10 min
has also been found to be satisfactory (Labropou-
los, Palmer, & Lopez, ; Mottar, Bassier, Jo-
niau, & Baert, ; Parnell-Clunies, Kakuda,
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& Deman, ; Schmidt, Vargas, Smith, &
Jezeski, ). In yoghurt manufacture it is im-
portant that 70-95% of the whey protein is de-
natured to enhance water absorption. This en-
sures yoghurt with a smooth consistency and
high viscosity (Chandan & O’Rell, ). The
heat treatment of the yoghurt mix is normally
achieved using industrial heat exchangers.

Heating milk also needed for changes in the
physicochemical properties of the milk con-
stituents which are relevant in yoghurt making
(Tamime & Robinson, ). p-lactoglobulin, is
the main whey protein that is denatured dur-
ing heating (Lee & Lucey, ). This shifts the
yoghurt gelation point towards higher pH val-
ues (Lucey, Tamehana, Singh, & Munro, ),
producing a higher isoelectric point at pH 5.3.
Denaturation of S-lactoglobulin up to 60% in-
fluences the yoghurt texture. Further denatura-
tion, between 60 to 90% of S-lactoglobulin, has
less effect on the yoghurt texture. Therefore,
the heat treatment of milk base contributes to
the fermentation time (Labropoulos et al., ;
Parnell-Clunies et al., ; Shaker, Jumah, &

Abu-Jdayil, ) and firmness of yoghurt (Au-
gustin, Cheng, & Clarke, ; Dannenberg &
Kessler, ).

The use of UHT as a heat treatment for the
yoghurt milk base is not common. Yet, the
sterilization effect of UHT is vital to prevent
the growth of contaminating bacteria during the
longer fermentation necessary for the produc-
tion of MIT yoghurt. UHT can destroy all mi-
croorganisms including spores, inactivate some
enzymes and affect the chemical changes, colour
and flavour of milks (Fox, Mcsweeney, & Paul,
), producing an astringency flavour (Har-
walkar, Boutinmuma, Cholette, Mckellar, & FEm-
mons, ). UHT of milk is a continuous
heating process at 135 to 150°C for 2-8 sec
(Krasaekoopt, Bhandari, & Deeth, ) and can
be direct or indirect. Most studies use indirect
UHT processes. This is due to a better texture
and viscosity of yoghurt produced using the in-
direct compared with the direct method (Mottar
et al., ).
There are several advantages in using UHT for
yoghurt manufacture (1) better process control
and sanitation, (2) energy and time savings, (3)
high microbial quality, (4) longer shelf-life for

124 ‘ Nor-Khaizura et al.

the product (Labropoulos et al., ; Schmidt
et al., ) and (5) stimulation of the growth
and activity of yoghurt cultures (Smith, Schmidt,
& Adams, ). The quality of yoghurt made
from UHT milk compared with conventionally
heated milk has been extensively reviewed by
Krasaekoopt et al. ( ) (Table 2).

Briefly, yoghurt made from UHT milk has (a)
lower viscosity and gel strength, (b) less synere-
sis, (c) a similar flavour to product manufactured
from a pasteurized milk base, (d) minor differ-
ences in the microstructure (e) different texture
that might be due to different denaturation ef-
fects of UHT heating and conventional heating
on the whey protein, (f) improved texture when
fortified with SMP, (e) enhanced the pH reduc-
tion (De Brabandere & De Baerdemaeker, ).

Starter culture composition

The commercial process of yoghurt manufacture
uses a defined mixture of lactic acid bacteria.
The combination of Streptococcus thermophiles
and Lactobacillus delbrueckii subsp. bulgaricus
(STLB) is normally used as the starter culture.
These starter cultures are thermophilic bacteria
with an optimum growth at a temperature of
37 to 45°C, homofermentative and some strains
can produce exopolysaccharide (EPS) (Tamime
& Robinson, ). The rationale for selecting
the combination of starter cultures is to achieve
the desired flavour and texture characteristics.
The culture is added to the milk base either by
direct inoculation using concentrated, frozen or
freeze-dried cultures or indirect inoculation using
a pre-cultured inoculum at levels from 1 to 5%
(Sodini et al., ).

The Codex standard defines yoghurt as a milk
product obtained by the fermentation of milk,
or products obtained from milk, by the action
of suitable microorganisms resulting in a reduc-
tion of pH, with or without coagulation (isoelec-
tric precipitation) (FAO/WHO, ). The suit-
able microorganisms for yoghurt, according to
Codex, are as follows; symbiotic cultures of S.
thermophiles and L. delbrueckii subsp. bulgari-
cus. Alternative yoghurt cultures mentioned in
the Codex standard include a mixture of S. ther-
mophiles and any Lactobacillus species. More-
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Table 2: Comparison on the quality of yoghurt produced by UHT and pasteurized milk

Evaluation Yoghurt produced from UHT milk Vs pasteurized milk (conventional) References

Yoghurt produced using UHT milk has a weaker gel, lower viscosity and
less shear time compared with conventional processes. Mottar, Bassier, Joniau, and Baert (1939);
Yoghurt made from UHT milk fortified with 16, 18 and 20% of low heat skim (Parnell-Clunies, Kakuda, and Deman (1986);
milk powder has delayed gelation with lower viscosity. 20% of the total solids fortified —(Krasaekoopt, Kew, Bhandari, and Deeth (2002);
in UHT milk have a similar viscosity to 16% total solids in conventional processes. Krasaekoopt, Bhandari, and Deeth (2001))

Texture (Firmness and/or (Labropoulos, Palmer, and Lopez (1951);

Apparent viscosity)

The microstructure studied by SEM and TEM shows a minor difference between
yoghurts produced by UHT milk and conventional processing.
In conventional yoghurt, micelles tend to fuse and form a dense network that

(Parnell-Clunies, Kakuda, Deman, and Cazzola (1958);

Parnell-Clunies, Kakuda, and Smith (1957))

Microstructure may result in firm gel texture and high viscosity. Compared with UHT yoghurt,
the low gel strength and viscosity and loose microstructure could be due to the (Krasaekoopt, Bhandari, and Deeth (2003)
filamentous appendages that disrupt the fusion of casein particles by forming
floccules by particle to particle attachment in UHT yoghurt.
UHT yoghurt was observed to have less syneresis compared with (Savello and Dargan (1997);
conventionally processed yogurt. Schmidt, Vargas, Smith, and Jezeski (1955))
Syneresis This could be due to the increase in water holding capacity (WHC) by Kinsella (1931);

denaturation, whereas increased exposure of charged groups and increased
surface area enhances protein-water interactions.

Parnell-Clunies, Kakuda, and Deman (1956))

UHT processing was reported to produce less denature whey protein

compared to conventional process.

Denaturation of whey protein yHT and conventionally heated milk are observed to have similar levels

of denaturation of whey protein

(Labropoulos, Palmer, and Lopez (1951);
Krasaekoopt, Bhandari, and Deeth (2004))
(Dargan and Savello (1990);

Mottar, Bassier, Joniau, and Baert (1939)

over, other microorganisms than those constitut-
ing the specific starter culture(s) specified above
may be added (FAO/WHO, 2003).

Many types of lactobacilli and bifidobacteria
have been used. These bacteria may be added
as a probiotic or adjunct culture with the stan-
dard bacteria for yoghurt manufacture. The se-
lection of the starter cultures can also affect the
growth of probiotics, depending on protocooper-
ation, inhibition or competition (Dave & Shah,
1997; Saxelin et al., 1999). Probiotic bacteria
(Lactobacillus spp. e.g. L. acidophilus, L. ca-
sei, Bifidobacterium spp. and Enterococcus spp.)
are usually added for producing a health promot-
ing yoghurt. Probiotic bacteria have a beneficial
effect on intestinal function and promote good
health (Sanders, 1999). Some probiotic bacte-
ria are claimed to aid lactose digestion (Vesa et
al., 1996), prevent travellers’ diarrhoea (Oksanen
et al., 1990) and enhance the immune activity
(Meydani & Ha, 2000). Certain levels of probi-
otic bacteria are required for these functions. For
instance, the occurrence of travellers’ diarrhoea
can be reduced with 10° cfu day~! of strain L.
acidophilus GG (Oksanen et al., 1990). There-
fore, it is important to maintain a high number
of probiotic bacteria in yoghurt after manufac-
ture in order for them to function as probiotics.
For yoghurt fermentation time, the yoghurt
starter culture of S. thermophiles and L. del-
brueckii subspp. Bulgaricus produce a very short

fermentation time, 2 to 3 h at 40 to 45°C
(Tamime & Robinson, 2007). Yet, most probi-
otic bacteria grow slowly in milk and the rate of
acid production is usually too slow to support
adequate fermentation in yoghurt (Shah, 2000).
Several other researchers have also reported that
probiotic bacteria produce poor acidification in
milk when compared to yoghurt starter cultures
(Almeida, Tamime, & Oliveira, 2008; Marshall
& Tamime, 1997; Oliveira et al., 2001; Saxelin et
al., 1999; Sodini et al., 2002). This could be due
to a lack of proteolytic activity in probiotic bacte-
ria (Klaver, Kingma, & Weerkamp, 1993; Lucas,
Sodini, Monnet, Jolivet, & Corrieu, 2004).

Starter culture composition has a great effect
on fermentation time. When the mixed starter
culture (S. thermophiles (ST) with probiotic, L.
acidophilus (STLA) or L. rhamnosus (STLR))
were used, the fermentation time decreased two
to three times compared to using a single culture
of probiotic bacteria, L. acidophilus (LA) or L.
rhamnosus (LR) (Dave & Shah, 1997; Oliveira
et al., 2001; Sodini et al., 2002). Sodini et al.
(2002) observed that a mixed culture of STLA
produced a fermentation time of approximately
4 to 8 h compared with LA by itself which had
a fermentation time of 8 to 13 h. In another
study, Damin, Minowa, Alcantara, and Oliveira
(2008) found the shortest fermentation time to
reach pH 4.5 was obtained with milk fermented
by S. thermophiles with L. bulgaricus (5.4 h),
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and that the fermentation time was longer time
when S. thermophiles was co-cultured with Bi-
fidobacterium lactis (8.3 h) and L. acidophilus
(9.3 h); the differences between them were sig-
nificant (p < 0.05). The combination of STLA
was found to extend the yoghurt fermentation
to 168 h when incubated at 25°C compared to
STLB (Nor-Khaizura et al., ).

Probiotics tend to grow slowly in yoghurt milk
base, do not compete well with many starter
strains and the probiotics show poor stability
during storage. This may be due to competition
between lactobacilli, slowing the growth of probi-
otic lactobacilli (Sodini et al., ). Mixed cul-
tures of S. thermophilus and a probiotic such as
L. acidophilus showed that the former predom-
inates under all culture conditions used (Dave
& Shah, ; Oliveira et al., ; Vinderola,
Gueimonde, Delgado, Reinheimer, & los Reyes-
Gavilén, ). Probiotic growth was better
when a single culture was used instead of a mixed
culture (Sodini et al., ). However, Dave and
Shah ( ) observed no difference in single or
mixed culture for L. acidophilus growth.

The starter culture can influence yoghurt firm-
ness (Hassan, Frank, Schmidt, & Shalab, ;
Hess, Roberts, & Ziegler, ; Rohm & Ko-
vac, ) depending whether or not the culture
strain is an exopolysaccharide (EPS) producer.
This is due to the EPS which has a large molec-
ular mass, interacting with casein or physically
preventing casein micelles from coming into close
contact, therefore, restricting the increase of yo-
ghurt firmness (Sodini et al., ). Some probi-
otic cultures also influence the rheological param-
eters, with higher values found in yoghurt with
the single culture more than with mixed culture
(Sodini et al., ). This contradicts Oliveira et
al. ( ), where they observed the culture com-
position did not affected the yoghurt texture.

Inoculum level

The inoculum level of starter culture may in-
fluence the acidification process, and conse-
quently the fermentation time (Nor-Khaizura et
al., ) and yoghurt gelation (Lee & Lucey,

; Peng et al., ). Lowering the inocu-
lum level decreases the acidification rate (Kristo,
Biliaderis, & Tzanetakis, ; Sebastiani, Gel-

126 ‘ Nor-Khaizura et al.

somino, & Walser, ). This also affects
the rheology of yoghurt, which decreases under
longer fermentation (Kristo et al., ). Higher
inoculum levels increase the rheology of yoghurt
(Lee & Lucey, ). The permeability, pore
size and whey separation of the yoghurt gel is in-
creased with a long fermentation time due to a
lower inoculum (Lee & Lucey, ). However,
according to Sodini et al. ( ), the inoculum
level has a small effect. Ronnegard and Dejmek
( ) found not much effect on the yoghurt vis-
cosity when the inoculum level varied between 1
to 5%.

Fermentation temperature

The fermentation temperature affects the yo-
ghurt fermentation time and texture. Fermen-
tation temperatures higher (43.5 and 45°C) than
the optimal (42°C) for standard commercial yo-
ghurt cultures, were reported not to affect pH de-
velopment compared with lowering the tempera-
ture (40.5 and 39°C) where the pH drop slowed
(De Brabandere & De Baerdemaeker, ).
Lowering the fermentation temperature causes a
systematic decrease in the time required to reach
the final pH of 4.5, which can be explained by a
decrease in the metabolic activity of the bacteria
(Haque, Richardson, & Morris, ). Mortaza-
vian et al. ( ) observed that fermentation at
37°C required approximately 6.17 h, compared
with 40 and 44°C requiring 5.26 and 4.39 h, re-
spectively. At even lower fermentation tempera-
tures (e.g. ~30°C), the fermentation time can be
extended up to 12 h and good quality of yoghurt
is produced (Lucey et al., ). Using probi-
otic bacteria, the fermentation temperature has
a similar influence on the pH reduction in milk.
Ostlie, Treimo, and Narvhus ( ) reported af-
ter 48 h of fermentation, depending on probiotic
strains (L. aciophilus LAS5, L. acidophilus 1748,
L. reuteri SD2112, L. johnsonii LAl and Bifi-
dobacterium animalis BB12), pH decreased from
6.7 to 4.1-5.1 at a fermentation temperature of
30°C, to 3.8-4.7 at 37°C and 3.8-4.5 at 45°C. Fur-
ther lowering the fermentation temperature to
25°C using the combination of STLA extended
the fermentation time to 168 h, but the yoghurt
texture was defective (Nor-Khaizura et al., ).
At the typical fermentation temperature for yo-
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ghurt, 42°C or higher, yoghurt has a fast gelation
time. This causes the yoghurt gel network to be
more prone to rearrangements and these changes
may lead to greater whey separation (Lucey,

; Mellema, Walstra, van Opheusden, & van
Vliet, ). The yoghurt microstructure shows
that gels fermented at 42°C have less branches,
coarser, thinner strands and larger pores com-
pared to gels fermented at 30°C (Lucey et al.,

). Yoghurt incubated at a lower temperature
(e.g. <40°C) has a slightly longer gelation time,
and the product is normally firmer, more viscous,
less prone to syneresis and with less lumpy or
grainy defects on stirring the coagulum during
cooling (Lee & Lucey, ; Lucey, ). A
few studies observed, that stirred yoghurt vis-
cosity was higher at lower incubation temper-
atures (<40°C) compared with higher temper-

atures (>40°C) (Lee & Lucey, ; Martin,
Skokanova, Latrille, Beal, & Corrieu, ; So-
dini et al., ). The micrograph structure of

yoghurt fermented at lower temperatures showed
a highly cross-linked and branch protein net-
work and small pores (Lee & Lucey, ; Lee
& Lucey, ). However, when yoghurt is fer-
mented at lower temperatures (e.g. 25°C) us-
ing the probiotic bacteria as co-culture (STLA),
the texture was defective compared to yoghurt
fermented with the standard co-culture (STLB)
(Nor-Khaizura et al., ).

4.3 Possible mechanism of
yoghurt gelation during the
long fermentation

During long fermentation, the acidification rate
becomes slower. This condition directly increases
the yoghurt gelation or coagulation. Lucey et
al. ( ) describe the increased coagulation as
a two-step phenomenon. Aggregation of heated
milk base is expected to begin at higher pH, at
about pH 5.3 (isoelectric pH of S-lactoglobulin)
and continue to pH 4.6 (isoelectric pH of casein).
During the long fermentation time, the elapsed
time between these two pH levels is also long.
At the first step of coagulation, the number of
bonds created is higher due to the time needed
to reach to pH 4.6. Therefore, at the second
step of coagulation, rearrangement (further ag-

gregation of strands and clusters) occur in gel
network, causing whey separation and the for-
mation of larger pores (Peng et al., ). This
was exhibited in the microstructure of yoghurt
made with a long fermentation time, where large
strands and fewer apparent interconnections in
the strands were seen compared to the fine struc-
ture and more branches in yoghurt prepared over
a short fermentation time (Peng et al., )
Based on Nor-Khaizura ( ), two possible for-
mulations for MIT set yoghurt and standard set
yoghurt were tested for the sensory using trained
panelists (descriptive test) and untrained pan-
elists (acceptance test). The finding showed no
significant differences (p > 0.05) between the two
MIT set yoghurts on descriptive test yet they
were significantly different (p < 0.05) to the stan-
dard set yoghurt. The yoghurt attribute that
assessed were appearance, aroma, texture and
taste. For the acceptance test, MIT set yoghurts
scored better than standard set yoghurt for over-
all acceptance.

5 Tool to assist in preparing an
MIT product

Predictive microbiology or modelling can be used
to assist in monitoring and predicting the fer-
mentation as well as designing the best condi-
tions for fermentation to fit with the require-
ments of an MIT food. Predictive microbiology
describes microbial responses to different envi-
ronmental conditions, which enable an objective
evaluation of the effect of processing, distribu-
tion and storage operations on the microbiologi-
cal safety and quality of foods (McMeekin, Olley,
Ratkowsky, & Ross, ). Predictive microbiol-
ogy is cost effective compared to the traditional
microbiological testing to determine shelf-life and
safety. Whiting ( ) classified predictive food
microbiology according to three levels - primary,
secondary and tertiary models. Primary mod-
els describe the change in the bacterial number
with time under particular environmental and
cultural conditions. The response can be mea-
sured directly by total viable count (TVC), toxin
formation, substrate level or metabolic products
and indirectly by absorbance, optical density or
impedance. This generates information on the
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generation time, lag phase duration, exponen-
tial growth rate and maximum population den-
sity (Whiting, ; Whiting, ; Whiting &
Buchanan, ). Secondary models describe the
response of one or more parameters of the pri-
mary model (e.g. generation time) in accordance
with one or more changes in cultural or environ-
mental conditions (e.g. pH, water activity, rela-
tive humidity, temperature). Tertiary models are
the application of one or more primary and sec-
ondary models, incorporated into a user-friendly
computer package.

The important aspects of practical model devel-
opment are the range of characteristics investi-
gated (growth, death, survival, toxin formation
etc.). Variables consist of temperature, water ac-
tivity, pH, nitrate concentration, gaseous atmo-
sphere, organic acid or other preservative concen-
trations (Ross, Dalgaard, & Tienungoon, ).
Reproducible responses are important for devel-
oping predictive microbiology in order to be able
to predict future behaviour (McMeekin et al.,

There are several examples of predictive microbi-
ology research conducted in dairy manufacture.
Roupas ( ) reported that statistical mod-
elling accurately predicted curd pH and moisture
during cheese making. The author added that
mathematical models that can predict the cell
growth and lactic acid production would be very
useful in determining the quality of cheese. The
modelling provided improved control in gelation
during the cooling of rennet casein gels, and the
structure and quality of dairy products such as

processed cheese (Zhong & Daubert, ).
In yoghurt processing, Soukoulis et al. ( )
and De Brabandere and De Baerdemaeker ( )

proposed the use of predictive modelling as a
monitoring system during yoghurt fermentation.
Due to the complexity of the fermentation and
the many factors involved in yoghurt coagulation,
the mechanisms involved remain poorly under-
stood (Peng et al., ). Prediction of fermen-
tation is difficult, so it is a common practice to
control it empirically (Soukoulis et al., ). In
industry, pH measurement is used to control yo-
ghurt manufacture, as acidification is the param-
eter for monitoring fermentation (De Brabandere
& De Baerdemaeker, ).

The fermentation based on pH reduction could
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be illustrated with a three phase process 1) lag
phase (slow pH reduction), 2) logarithm phase
(rapid pH reduction) and 3) slowdown of acidi-
fication rate (Soukoulis et al., ). This three
phase process forms a sigmoidal fermentation
curve. The curve is dependent on many parame-
ters (De Brabandere & De Baerdemaeker, )
such as the yoghurt milk base, fortification ingre-
dients, heat treatment, starter culture composi-
tion and fermentation temperature (Soukoulis et
al., ). The modified Gompertz model was
shown to be excellent to describe the pH reduc-
tion (Soukoulis et al., ; De Brabandere & De
Baerdemaeker, ) and viscosity development
(Soukoulis et al., ) during yoghurt fermen-
tation. This supports continuously monitoring
pH during yoghurt fermentation as a useful tool
for checking product quality and for predictive
or corrective purposes (Soukoulis et al., ).
Other than modelling, other monitoring systems
suggested include a combination of near infrared
(NIR) and the electronic nose (Cimander, Carls-
son, & Mandenius, ; Navratil, Cimander, &
Mandenius, ).

6 Potential and challenges for
yoghurt as an MIT product

Based on the information on the manufacture of
yoghurt presented in this review, should be possi-
ble to prepare MIT yoghurt. Yoghurt is an ideal
product to investigate the development of MIT
fermented foods as the fermentation period and
shelf-life for the standard product are relatively
short. This means that results from experiments
are produced in a relatively short time frame,
compared for the ripening of cheese, for example.
In addition, using the MIT concept, it is possible
to extend the shelf-life and distribution of this
relatively short shelf-life product. In order to
prepare an MIT product, the fermentation needs
to be extended. This may present challenges in
terms of the product texture, flavour and pos-
sible contamination. Possible ways to overcome
these problems are fortification and UHT treat-
ment of the yoghurt base. The MIT process will
be best for products that undergo the transfor-
mation in the final package. Therefore, it could
minimize the hygiene issue during processing in
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the transit. To design and predict the fermenta-
tion of yoghurt under different conditions, predic-
tive microbiology or modelling is an appropriate
tool.
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