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FOOD PRODUCTION TECHNOLOGY

ON THE POSSIBILITY TO GROW HIGH-SELENIUM WHEAT
IN THE KUZNETSK BASIN

N. I. Davydenko* and L. A. Mayurnikova

Kemerovo Institute of Food Science and Technology,
bul’v. Stroitelei 47, Kemerovo, 650056 Russia,
*e-mail: nat1861@yandex.ru

(Received March 17, 2014; Accepted in revised form March 24, 2014)

Abstract: Selenium is an indispensable biologically active trace element; being part of the most important enzymes
and hormones, it participates in most metabolic processes and has antioxidant properties. The Kuznetsk Basin
(Kemerovo oblast) is a region where selenium deficiency is associated with adverse environmental conditions in
addition to natural factors; as a result, the population experiences a severe shortage of this trace element. Fortified
foods of mass consumption can be a major source of selenium, especially for socially disadvantaged strata. This
paper shows the possibility of obtaining wheat with high selenium content in grain in the regional context. It is
proved that the most significant factors that ensure wheat with good technological properties are the method, the
phase, the amount and multiplicity of selenium application, and the simultaneous introduction of enriching
supplements and complex mineral additives. The threshold quantities of selenium supplements are established.

Keywords: selenium, enrichment, wheat, climatic conditions, soils, Kemerovo oblast, technology, grain quality

UDC 664:631
DOI 10.12737/4089

INTRODUCTION

The Kuznetsk Basin is a region with well-developed
chemical, metallurgical, and coal industries. Despite the
environmental improvements observed in the past years,
the situation remains unfavorable. As is known, an
unfavorable environment increases the need for various
micro- and macroelements to support body functions in
aggressive conditions, including the need for selenium, an
indispensible biologically active microelement, which is
part of major enzymes and hormones; it participates in the
majority of metabolic processes and has antioxidant
properties [1, 2, 3, 4, 5, 6, 7]. Another important role of
selenium is antagonism to heavy metals: mercury, arsenic,
and cadmium and, to a lesser extent, to lead and thallium.
[8, 9]. Thus, the population of Kemerovo oblast needs
adequate selenium consumption; in addition, enriched
staple foods can become a major source of selenium,
especially for disadvantaged strata.

The adequate consumption of selenium by the human
organism, according to various sources, is considered 50—
200 mcg/day [9, 10]. Selenium deficiency develops if the
human body receives 5 mcg/day of selenium or fewer, the
toxicity threshold being 5 mg/day. Russia, according to the
methodological recommendations 2.3.1.2432-08 "Norms
of Physiological Requirements in Energy and Food
Substances for Various Groups of the Population of the
Russian Federation," has established requirement levels of
30-75 mcg/day. The physiological requirements are 55
mcg/day for adult women, 70 mcg/day for adult men, and
10-50 mcg/day for children. The upper permissible
requirement level is 300 mcg/day.

At present, the main ways of selenium metabolism in
the human organism have been decoded: in natural

conditions, selenium enters the human organism mainly as
selenium-containing amino acids, selenomethionine
(Se—Met) and selenocysteine (Se—Cys); the artificial
introduction of selenium into a selenium-deficient
organism is possible in the form of sodium selenite or
sodium selenate [11].

The main cause of selenium deficiency is its shortfall in
humans who live in a biogeochemical province with a low
level of this element in foods, soils, and drinking water [9].
The Kuznetsk Basin is among such territories.

The selenium content in phytogenic foods depends on
the plant type, the development stage, the geochemical
characteristics of a vegetation period, the amount of the
element available in soil, microorganism activity, and
precipitation. The selenium content in zoogenic foods
depends on the amount of the bioaccesible element in feeds
[12].

Among foods most rich in selenium are cereal grains
and products of their processing (brown bread, wheat,
oats), mushrooms, nuts, garlic, horse radish, spinach,
onions, pumpkins, strawberries, black currants, and
cranberries; as well as meat and fish products [8, 12, 13,
14].

There are the following ways of solving the problem of
selenium deficiency in humans.

The use of products with initially (naturally) high
selenium contents, including foods imported from
selenium-rich regions and countries.

The United States with its both selenium-rich and
selenium-poor territories solves this problem by food
haulage. There is an efficient practice of importing wheat
from selenium-rich regions of Australia, Canada, and the
United States, which leads to its increased level in the
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blood of New Zealanders, Lithuanians, and Finns, whose
soils are poor in this trace element [9, 15, 16].

It is possible to increase the selenium level in plants
by enriching fertilizers with various selenium
compounds. There is a practice of using fertilizers with
various selenium forms [11, 17, 18, 19, 20]. However,
this method may lead to intoxication during soil liming;
therefore, the level of selenium in soils should be
strictly controlled [11, 12, 21].

Finland's experience is illustrative. The optimization
of the population's selenium status was accomplished at
the national level in various ways: by introducing long-
term fertilizer programs, by using biologically active
and selenium-containing additives (primarily, baker's
yeast enriched with selenium), and by purchasing grain
from selenium-endemic countries (the United States,
Canada, and Australia) [16, 22]. Slovenia enriches plant
products with selenium by spraying plants with sodium
selenate solutions; however, the share of selenium
adsorbed by plants is low, only about 2-3% of the
amount applied. There is a positive practice of enriching
grain varieties in Australia [23]. The advisability of
enriching corn with selenium was shown in the
Republic of Malawi (East Africa) [24].

Taking into account the low selenium status of the
region and relying on the available best practices of
solving this problem, we set the goal of this work as to
probe into the possibility of obtaining high-selenium
wheat grain in the natural and climatic conditions of the
Kuznetsk Basin.

- 2000 P. -

OBJECTS AND METHODS OF RESEARCH

During the development of a high-selenium wheat
technology, we chose as the object of enrichment the In
Memory of Aphrodite wheat variety, which was bred by
the Kemerovo Research Institute of Agriculture and which
is now undergoing variety testing.

Sodium selenite and sodium selenate were tested as
enriching additives (EAS).

Grain quality was assessed by the following indicators:
color and smell, vitreousness, gluten quantity and quality,
acidity, moisture contents, the general and fractional
contents of trash and grain impurities, the content of small
grains and grain sizes, the content of wheat grains damaged
by chinch bugs, the content of foreign metal matters,
infestation with pests, and ash contents.

The grain was analyzed by safety indicators at the test
laboratory of the Kemerovo Interregional Veterinary
Laboratory.

The quantitative content of selenium was determined
by the inversion voltammetry method at the STAL
analytical voltammetric complex (OOO YuMKh, Tomsk,
Russia) using a mercury—graphite electrode, formed in situ
(relative to a chlorine-silver electrode). The experiments
were conducted with a 5-tuple replication, and the results
were processed statistically.

RESULTS AND DISCUSSION

The field experiment was carried out at the Kemerovo
Research Institute of Agriculture in 2009-2012 jointly with
A.V. Myakashkina [25]. A diagram of the experiment to
obtain high-selenium wheat is given in Fig. 1.

(2011 -

Fig. 1. Diagram of the experiment to grow high-selenium wheat.
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The choice of wheat as the object of selenium
enrichment was affected by the fact that this is a
valuable grain crop capable of accumulating selenium
and transforming it into an organic form,
selenomethionine; there is a positive foreign experience
in this sphere.

The following factors affecting
accumulation in plants were identified:

Raw material

1. The choice of wheat variety. As is known, the
amount of selenium accumulated in grain depends on
the quality and quantity of gluten protein. We chose the
In Memory of Aphrodite wheat variety as the object of
enrichment, which was bred at the Kemerovo Research
Institute of Agriculture and which is characterized by
high gluten qualities, as well as by a good resistance to
diseases and pests in the conditions of the Kuznetsk
Basin.

Variety characteristics: Lutescens; the mass of 1000
grains is 34-39 g; the number of kernels in an ear is
24.7-26.7. It is a middle-early variety. Against the
infection background, it is poorly infected by dust-
brand, powdery mildew, and middle leaf rust, having a
high standability. The wet gluten content is 28%.
Productivity is 3.26-4.02 t/ha.

2. The choice of the enriching selenium-
containing additive. Sodium selenite was chosen as the
selenium additive due to the following advantages:

— good water solubility;

— the ability to embed into organic compounds;

— favorable influence on biochemical processes in
plants: all methods of treatment with sodium selenite
(preplanting, extraroot, and binary) stimulate the
extension of the leaf surface and footstalk; as a result,
selenium increases the content of chlorophyll, the main
photosynthetic  pigment, and accelerates plant
development, increasing plant biomass; and

— cost effectiveness (currently the cheapest selenium
form).

3. The choice of the complex mineral additive was
predetermined by the fact that selenium embeds into
gluten protein; consequently, the higher the gluten
content in grain, the more selenium the wheat can
accumulate (up to 50% on average). We assumed that
the application of a fertilizer that increased gluten would
increase the cumulative properties of wheat in relation
to selenium. In this context, we investigated the
influence of a complex mineral additive, Master Osobyi
(@ fully soluble microcrystalline fertilizer (Na-18:P-
18:K-18+micro), which contains microelements in the
EDTA chelate form (Zn, Cu, Mn, Fe) and which is
stable in a wide pH range. It can be used in the most
sophisticated irrigation systems and for foliar
application; it does not contain sodium, chlorine, and
carbonates and has a very high degree of chemical
purity, which is a decisive factor of efficient nutrition
and foliar dressings, increasing NPK fixation by plants
from soil and fertilizer).

Technology

It represents a totality of enrichment parameters: the
method, the phase, and the multiplicity of application of
the selenium-enriching additive. Several ways of
enriching plants with selenium are known:

— applying selenium salts to soil (root irrigation),

selenium

— applying selenium-containing fertilizers,
— surface sprinkling with selenium salts, and
—applying selenium salts during seed sprouting.

Analysis of the existing methods of EA application
allowed us to identify the following advantages of
surface sprinkling:

— enriching plants with selenium through leaves at
certain stages of development produces a larger effect
than the use of fertilizer, because a plant during
vegetation accumulates the largest dose of
microelements, which allows us to obtain very high
selenium contents in the ready product;

— the soil is not contaminated with selenium salts;

— surface sprinkling is the most economically
advantageous way;

— the possibility to use this method does not depend on
the properties of the soil where a plant grows; and

— extraroot enrichment makes it possible to deliver the
necessary amount of a microelement directly into the
plant, where it joins the metabolism several hours after
the treatment.

The selenium additive was applied at two phases:
the booting stage and the milk-ripe stage on the basis of
biochemical processes during plant growth.

Soil and climatic conditions

Soil type influence on selenium contents in plants

The selenium content, as well as that of many other
microelements in plants, depends on soil type. For
normal selenium accumulation, plants need a fertile soil,
the environment's neutral reaction, and the absence
(small amounts) of heavy metals.

In the Kuznetsk Basin, three soil-evaluation zones
were identified: low-, medium-, and high-bonitet soils
(soil bonitation (from Latin Bonitas, goodness) is a
relative evaluation of soils by their productivity).

By the degree of soil erosiveness, the Kuznetsk
Basin falls into zones 1V, V, VI, and VII, which are
characterized by medium-to-small deflation, weak-to-
strong washout, and, starting from zone VI, the soils are
susceptible to the development of erosion processes.
Table 1 shows data about the possibility of enriching
plants with selenium depending on soil type, erosion
zone, and soil bonitet, all other conditions being equal.

The analysis of soil characteristics has shown that
the following six districts of the oblast are the most
favorable for growing high-selenium wheat: Leninsk-
Kuznetskii, Promyshlennovskii, Topki, Yurga, and
Kemerovo. Chernozem and gray forest soils with their
good fertility, high extent (7) of agricultural
development, large plow land area, and bonitet prevail
in these districts. The other districts are suitable for
growing fortified stock, but, taking into account soil
erosion and washout, there is the probability of a
reduced efficiency of fortification.

Influence of climatic conditions on selenium
accumulation

Since the gluten content in grain is 30% dependent
on favorable climatic conditions, the growing of high-
quality grain needs a sufficient amount of moisture, a
relatively high air temperature, and intensive insolation.
In addition, each plant-development phase requires its
own temperature regime and rainfall. Table 2 gives
aggregate data about climatic conditions in the
Kuznetsk Basin in the 2009-2011 summer periods.
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Table 1. Characteristics of the Kuznetsk Basin' soils by district

. Soil erosion Soil bonitet - suitable/unsuitable
Soil type District X
zones zones for enrichment

Chernozem and gray forest soils IV zone High Belovo ++
Chernozem and gray forest soils IV zone High Leninsk-Kuznetskii ++
Chernozem and gray forest soils IV zone High Promyshlennovslii ++
Chernozem and gray forest soils VI zone High Prokopyevsk +
Chernozem and gray forest soils IV zone High Topki ++
Chernozem and gray forest soils IV zone High Yurga ++
Podzolized chernozem IV zone Medium Kemerovo ++
Ssc?i(IjS-DOdZOI and podzolized gray forest V zone Medium Yaya +
Ssc?i(IjS-DOdZOI and podzolized gray forest V zone Medium Mariinsk +
Ssc?i(IjS-DOdZOI and podzolized gray forest V zone Medium Tyazhinskii +
SS(;)itljs—podzol and podzolized gray forest VI zone Medium Tisul' +
SSgi?S-podzol and podzolized gray forest VIl zone Medium Novokuznetsk +
Podzolized gray forest soils IV zone High Krapivinskii +
Podzolized gray forest soils V zone Medium Izhmorskii +
SS(;Jitljs—podzol and podzolized gray forest VIl zone Medium Chebula +
Sod-podzol, light-gray and gray soils. V zone Low Yashkino +

+ + well-suited for enrichment, + poorly suited for enrichment

Table 2. Meteorological conditions in the Kuznetsk Basin, 2009-2011

May June July August
Indicators Ten-day | per | Ten-dayperiods | Per |Ten-dayperiods| per | 1cNddY | Per
periods month month month periods month
1123 1 2 3 1 2 | 3 11213

Average annual air
temperature, °C
Average annual
precipitation, mm

71193127 9.7 |15.0| 16.1 | 17.8 | 16.3 | 18.9 |18.9|18.7| 18.8 |17.5|15.7|13.1| 154

1311517 | 43 | 16| 22 25 63 16 |24 24| 64 |21 |17 21| 59

Air temperature, °C

2009 9.314.3|11.4| 11.7 |16.2| 12.2 | 13.4 | 13.9 | 18.6 |20.8|18.2| 19.1 |17.4|14.7|16.1| 16.1
2010 6.2|6.4(12.7| 8.6 |159| 185 | 15.6 | 16.7 | 16.9 [18.9|15.3| 17.0 |15.3|13.8|16.9| 15.4
2011 6.2|6.4(12.7| 8.6 |159| 185 | 15.6 | 16.7 | 16.9 |18.9|15.3| 17.0 |15.3|13.8|16.9| 15.4
Precipitation, mm
2009 22| 9 | 24| 55 |54 12 | 36 102 24 |12 136 | 72 | 38| 7 |17 ] 62
2010 719 113] 29 |5 1 17 23 53 | 39|44 ] 136 |48 20| 5 | 73
2011 719 113] 29 |5 1 17 23 53 | 39|44 ] 136 |48 |20| 5 | 73
Hydrothermal index
2009 1] 13 2.4 1.3 1.3
Hydrothermal index
2010 1.00 0.46 2.60 1.53
Hydrothermal index
2011 1.00 0.46 2.60 1.53
The 2009 vegetation period was characterized by in July (the norm being 64 mm) and 62 mm of rainfall
good moisture provision until the heading phase of the in August (the norm being 59 mm). The average daily
grain crops. Precipitation in June and May was 55 and temperatures in July exceeded the norm, creating, in
102 mm, respectively, which was above the norm by combination with reduced humidity, an "uncomfortable"
28-63%. The temperature was slightly below the norm atmosphere for plant development and increasing the
but sufficient for forming good quantitative indicators probability of obtaining dry feeble grain. The ripening
of wheat quality. The second half of vegetation was of spring wheat by calendar days went until September
more arid compared to the first half: 72 mm of rainfall 15. The hydrothermal index (HTC), the ratio of
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precipitation to evaporated moisture, during the period
of grain formation and filling was 1.3.

The 2010 vegetation period was characterized by
insufficient moisture provision until the heading phase
of grain crops. The rainfall in June and May was 23 and
29 mm, respectively, which was 63-67% of the norm, in
consequence of which the quantitative characteristics of
the grain suffered. In the second half of vegetation, an
abundant rainfall was observed: 136 mm in July (the
norm being 64 mm) and 124 mm in August (the norm
being 59 mm). The low average daily temperatures in
July, limited sunshine, and excessive moisture increased
the length of the vegetation period of grain crops. The
ripening of spring wheat by calendar days went until
September 15 and longer. Ripening unevenness was
observed; 50% and more of stalks were behind in
development phases the main haulm stand. The HTC
during grain formation and filling was 1.53— 2.60.

The 2011 vegetation period was characterized by
insufficient moisture provision during the planting—
tillering period of grain crops, which largely affected
the formation of the reproductive organs. During the
tillering period of spring wheat, HTC = 0.2-0.6, which
affected negatively the formation of wheat productivity.
Moisture shortages in May and June were accompanied

by high temperatures, by 2—3°C higher than the norm.

The flowering period (the beginning of milk ripeness)
was characterized by high average daily temperatures,
19.50C, and nonproductive rainfall, 2.0 mm; HTC = 1.1.
This did not provide the kernels with the necessary amount
of moisture, which, in turn, affected gluten quality. During
the grain filling period, a sufficient moisture provision was
observed; HTC = 1.3; and the number of sunshine hours
was 20 below the norm. The harvest time was
accompanied by periodic rains.

Thus, the most favorable period for growth, grain
development, and gluten accumulation was the summer of
20009.

Analysis of sensitivity of grain quality to
fortification methods

Test results of 2009

The goal of the experiments in 2009 was to prove the
hypothesis of the possibility of wheat fortification by the
example of the In Memory of Aphrodite variety in the
conditions of Kemerovo oblast. Moreover, of special
interest was to establish the effect of EAs on productivity.

The results of field tests (Table 3) confirmed this
hypothesis: the findings showed that the In Memory of
Aphrodite wheat variety was suitable for enrichment with
selenium by the surface sprinkling method in the
conditions of Kemerovo oblast.

Table 3. Enriching additive's effect on wheat yields and selenium contents in grain, 2009

Indicator Sample no.

No. 1 (Control) No. 2 No. 3
Introduction method = Surface spraying Surface spraying
Concentration of Na,SeO; solution, % 0 0.025 0.05
Amount of sodium selenite applied, g/ha

0 75 125

Total amount of sodium selenite
introduced per 1 ha 0 60 g/250 L 125 g/250 L
Planting date May 20, 2009
Harvesting date 15.09.2009 r.
Yield, t/ha 2.72 £ 0.024 2.75 +0.024 2.80 + 0.024
Amount of selenium in grain, mg/kg 0.010 £ 0.002 0.015 £ 0.0037 0.027 £ 0.0037

In their quality, the samples are competitive with the
control group and correspond to the requirements for
commercial grain. It was established that wheat samples
treated with sodium selenite exceeded the control group
by their linear dimensions: by up to 25% in length and
by up to 50% in width. The difference compared to the
control group of an indicator such as the mass of 1000
grains was about 3%, the acidity decreased with the
increased concentration of the salt applied.

The application of sodium selenite affected the
productivity insignificantly; the samples treated with
sodium selenite showed a positive tendency to increase
productivity.

The mathematical treatment of the data obtained by
the correlation analysis method (after Pearson) show the
reciprocal  influence  of  various  qualitative
characteristics on one another: indicators such as gluten
and selenium contents in grain are interdependent and
directly proportional; i.e., the more the gluten in grain,
the larger the selenium content is.

Test results of 2010

At this stage, we studied the effect of irrigation

multiplicity and the presence of fertilizer, as well as
determined the optimal amount of sodium selenite to
apply. To this end, we simulated 14 wheat samples that
differed in all the above characters.

The evaluation of the grain quality of these wheat
samples showed that, by organoleptic indicators, all the
experimental samples were as good as the control
group. The data about the quantity and quality of gluten
in the samples are given in Table 4.

In the table results, we can trace a dependence of gluten
quantity on the multiplicity of sodium selenite application
and on the use of the Master Osobyi complex mineral
additive. All other conditions being equal, the application
of this additive contributes to an increase in the gluten
amount by 10-17% on average.

In the table results, we can trace a dependence of gluten
quantity on the multiplicity of sodium selenite application
and on the use of the Master Osobyi complex mineral
additive. All other conditions being equal, the application
of this additive contributes to an increase in the gluten
amount by 10-17% on average.
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Table 4. Grain yields and selenium contents, 2010

Amount of Irrigation Amount of .
Sample no. Na,SeOs, multiplicity, fertilizer Amount_of Sel‘iE'um Yields, t/ha
applied, g/ha times applied, kg/ha I grain, mgrkg
Sample no. 1 0 1 0 0.01£0.015 2.69 +0.74
Sample no. 2 0 1 4 0.01 £0.015 2.74 +£0.248
Sample no. 3 224 1 0 0.017 +0.021 2.76 £ 0.248
Sample no. 4 224 1 4 0.023 + 0.009 2.83 +£0.496
Sample no. 5 112 2 0 0.020 + 0.004 2.76 £ 0.248
Sample no. 6 112 2 4 0.023 + 0.009 2.90 + 0.248
Sample no. 7 374 1 0 0.033 +0.009 2.6 =0.496
Sample no. 8 374 1 4 0.040 + 0.007 2.7+0.496
Sample no. 9 187 2 0 0.030 £ 0.002 3.0+2.484
Sample no. 10 187 2 4 0.049 + 0.004 3.32+£2.484
Sample no. 11 500 1 0 0.047 £ 0.002 1.5+0.248
Sample no. 12 500 1 4 0.050 + 0.007 1.5+0.248
Sample no. 13 250 2 0 0.042 £ 0.012 2.78 £2.484
Sample no. 14 250 2 4 0.051 + 0.004 2.85+2.484

In the table results, we can trace a dependence of
gluten quantity on the multiplicity of sodium selenite
application and on the use of the Master Osobyi
complex mineral additive. All other conditions being
equal, the application of this additive contributes to an
increase in the gluten amount by 10-17% on average.

After a onetime application of sodium selenite at a
high concentration (500 g/ha), a grain class reduction was
observed, probably, due to the negative influence of high
concentrations of sodium selenite on plant development;
after a two-time application of sodium selenite, the
concentration of selenium in the solution was significantly
lower, which positively affected plant growth and
development, and samples treated with sodium selenite at
stage 2 contained by 5-11% more gluten, the difference
with the control group reaching 17%.

In 2010 the use of sodium selenite also affected the
linear dimensions of wheat grains: as the salt concentration
increased to 374 g/ha, the grain dimensions increased (the
length, up to 7%, the width, up to 30%); in addition, three
factors influenced this indicator: the amount of sodium
selenite applied, the multiplicity of its application, and the
use of fertilizer. After a onetime application of sodium
selenite at a concentration of 500 g/ha, the biometric
characteristics of grain deteriorated, and the grain became
hollow. After the application of the same amount of salt at
stage 2, the indicators did not decrease but rather increased
compared to the control group by 16-25 %. The application
of the complex mineral additive also affects this indicator:
the linear dimensions of the grain exceeded those of the

Table 5. Grain yields and selenium contents, 2011

samples not treated by fertilizer.

The largest amount of selenium accumulated by wheat,
0.051 mg/kg (sample 14), was obtained during surface
sprinkling of plants with sodium selenite in the amount of
250 g/ha. The second largest in selenium content was
sample 12; however, a onetime EA application led to the
inhibition of plant growth and reduced productivity. Sample
10 also showed good results although the amount of
selenite used was much lower, which was economically
more profitable. Moreover, this sample had the highest
productivity.

Since the selenium content in the grain of samples 14,
12, and 10 was approximately the same (within the
experimental error), we may assume that the two-time
application of sodium selenite in the amount of 187 g/ha
together with the use of the complex mineral additive is
optimal (sample 10).

Test results of 2011

The main goal of research in 2011 was to confirm the
data obtained in 2010. In addition, it was interesting to
study plant growth and development from wheat grains
with the high selenium content of the 2010 harvest, as well
as to evaluate the effect of seed soaking in a sodium selenite
solution before planting.

All the samples showed sufficiently good qualitative
results, but the samples treated only with surface sprinkling
had better indicators than the samples with seeds soaked
before planting. The results of determining selenium
contents in the wheat of 2011 and wheat productivity are
given in Table 5.

Amount of Application Amount of Amount of
Sample no. Na,SeOs, applied, | multiplicity, fertilizer selenium in grain, Yields, t/ha
g/ha times applied, kg/ha mg/kg

Sample no. 1 0 0 0 0.01 £0.015 2.69+0.74
Sample no. 2* 0 0 0 0.015+£0.015 2.74 +£0.248
Sample no. 3** 187 1 0 0.020 + 0.024 2.76 £ 0.248
Sample no. 4* 187 1 0 0.037 +£0.024 2.83 +£0.496
Sample no. 5** 187 2 0 0.052 + 0.049 2.76 £ 0.248
Sample no. 6 187 2 4 0.087 £ 0.024 2.90 +0.248
Sample no. 7 187 3 0 0.085 £ 0.024 2.6 +0.83

* seed from the 2010 crop grain, ** seed soaked in a sodium selenite solution before planting

8




ISSN 2310-9599 (Online). Foods and Raw Materials Vol. 2, No. 1, 2014

It follows from the table data that the 2011 results on [ y . ( Favorable
ife cycle emparature,
wheat

Sacondary
actions

the whole confirm the data obtained in 2009-2010: the medkm smblent
two-time treatment of wheat with sodium selenite in the '
amount of 187 g/ha leads to an in increase in
productivity by 7-30%; moreover, the application of the
Master Osobyi mineral additive helps increase the
ability to accumulate selenium by more than 60%.
Sample 7 decreased its productivity by 13%; we may
assume that EA application in amounts of more than
500 g/ha even in series leads to the inhibition of plant
development and the reduction of productivity.

The 2011 results also showed the inadvisability of
using high-selenium seed for planting: the selenium
content in grain grown from it was higher than in the
control group but fairly low, 0.015 mg/kg (before planting, I
0.030 mg/kg); we may assume that selenium was used (I:‘_mu» H ==
during plant growth and development. Seed soaking in a e [ =L

[ o J

10-12°C,
50-60%

Blaoming stage

sodium selenite solution before planting led to an L{ pr— 15{._5:{:, -
insignificant increase of selenium in the finished grain.
Our research has shown that it is possible to grow high- _ \ T

selenium wheat in the conditions of the Kuznetsk Basin. The — o
result of the 2009-2011 research was a technology of 41—\— Precipitation 250 |—| 125 |—|"¥
fortifying wheat with selenium, which is given in Fig. 2 and —_—

the main elements of which are the life cycle of plant growth Note: * 1430°C is the sum of positive temperatures
and .c.jevelopment, the most favorable_ _ meteorqlog_lcal (above 5°C) during the vegetation period (75-110 days)
conditions, and the phases of EA and fertilizer application.
The novelty of the proposed high-selenium wheat method
was confirmed by a Russian patent.

Fig. 2. Technology of enriching wheat with selenium.
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EFFECT OF VACUUM DRYING ON MICROSTRUCTURE
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Abstract: Both theoretical and applied studies on microstructure of cheese immediately after a technological cycle
and dry cheese obtained by vacuum drying are described. The aim of the microstructure studies is a more
comprehensive evaluation of the product quality. Images of cheese upon high- and low-temperature secondary
heating at different magnification were studied. The effect of drying on cheese microstructure was investigated.
Analysis and identification of various components in the cheese mass using microstructure studies were performed.
Calcium phosphate depositions were detected with electron microscopy. Calcium lactate was detected in mature

cheese.
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shrinkage, pores
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INTRODUCTION

Vacuum drying, performed at residual pressure
above the water triple point, is one of the most advanced
methods of food products dehydration. In Russia, it has
been widely used in chemical, pharmaceutical, medical,
food, and other industries, that is, in the areas where
materials are especially sensitive to the effects of high
temperatures [1-4].

Vacuum dryers allow for a product of high purity
and quality. In function of the material properties and
requirements to the final product, time of drying and
temperature modes vary. Vacuum drying proceeds in
two stages. During the first stage, drying rate is constant
and the material temperature is close to the temperature
of water saturation at given pressure. During the second
stage, the rate of drying decreases and the material
temperature increases approaching the temperature of
the heat transfer medium. Intensity of heat transfer in
the second stage decreases sharply. Increase in the rate
of water evaporation in vacuum dryer may be achieved
by increase in the temperature of the heat transfer
medium or decrease of pressure [2, 5].

Considering cheese as a subject of vacuum drying, it
should be noted that changes in cheese properties in the
process of drying depend on both physicochemical
properties, structure, and forms of moisture deposition
in the material on one hand and thermophysical
characteristics accounting for mass and energy transfer
features on the other. Major structural elements of
cheese are macrograins, layers between them,
microvoids, and micrograins [6, 7]. Protein network
forms the basis of each macrograin, while micrograins
are embedded into its cells as lipid or lipoid drops or
depositions of crystals [8, 9].
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All structural components of cheese undergo deep
changes in the course of maturation, producing texture
and pattern typical of the cheese variety [5, 10-12].

Knowledge on changes in capillary structure of
cheese mass in the course of ageing and further storage is
required for correct design of the drying process.

In connection with the entry of large volumes and
assortment of domestic and imported dairy products,
including the concentrated ones, in the market, thorough
and comprehensive control of the source composition and
how it meets the requirements of the current standards is
needed. Today, the main document regulating the dairy
products, including cheese, is the Technical regulations of
milk and dairy products, according to which evaluation of
quality and identification of milk processing products
proceed basing on the major physicochemical,
organoleptic, and microbiological parameters. For the
most thorough control of the dairy products source
materials, different methods are used.

Internationally, histology methods of composition
identification are used to control quality and exclude the
possibility of adulteration of dairy products [13-16].

Today, one of the modern methods is scanning
electron microscopy, allowing for investigation of
structure of aged cheese prior to realization and dry
cheese, upon vacuum drying [17, 18].

MATERIALS AND METHODS

The semi-solid rennet cheese varieties Sovetskii,
Gollandskii, and Ozernyi were the subjects of the study.
Vacuum drying of cheese was performed on an INEI-6M
freeze-dryer (Laboratory of methods and instruments for
biochemical  analysis, Institute  for  Biological
Instrumentation, Russian Academy of Sciences) (Fig. 1).
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(a), outside appearance;
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(b), principal scheme of the freeze-dryer:
1, freezer; 1.1, condenser; 1.2, solenoid valve; 1.3,
drying filter; 1.4, thermostatic expansion valve; 1.5, cut-
off valve; 1.6, receiver; 1.7, compressor; 2, vacuum
unit; 2.1, vacuum pump; 2.2, desublimator;
2.3, evapg)rator;

(c), sublimation unit design:
1, control panel; 2, pressure release valve; 3, drying
chamber lid; 4, evaporator; 5, product shelf; 6, drying
chamber; 7, refrigerator unit bucket; 8, refrigerator unit;
9, vacuum pump; 10, vacuum pump flexible tubing; 11,
incandescent lamp; 12, desublimator; 13, desublimator
lid; 14, fixator of the drying chamber lid.

Fig. 1. «INEI-6M» freeze-dryer.
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The refrigerator unit of the sublimation dryer is
designed to remove moisture evaporating from the
product in the process of drying through condensation
on the surface of evaoprator, since the temperature of
the latter one is much lower than the dew point
temperature (—(35-45)°C). Because of this, partial
pressure over the surface of evaporator is lower than the
partial pressure of water vapor in the drying chamber
under conditions of residual pressure of 10-100 Pa in
the system.

The process of drying consists of the following
stages. The product is placed on the shelfs 5, which are
put into the drying chambers 6. The chambers are
closed with the lids 3. The refrigerator unit 8 is turned
on using the control panel 1; then, the instrument takes
approximately 10-15 min to reach the freezing out
mode. The freezing out mode is detected by the
evaporator temperature 4 (the temperature should not
be higher than —35°C), then the vacuum pump 9 is
turned on, and the drying mode starts. Due to the low
pressure in the chambers, the product is freezed and
sublimation starts. Then, incandescent lamp 11 is
turned on and the product is heated to remove residual
water [19, 20].

Microstructure studies and elaboration of the
electron microscopy techinque application to cheese
samples were performed on a JEOL JSM-6390 LA
(JEOL, Japan) scanning electron microscope.

RESULTS AND DISCUSSION

Quality of the material being dried depends on the
preparation of the material, rate, and evenness of
drying. For maximum retaining of all the initial
properties of the product, the material should be of
high quality, since high-quality products are more
appropriate by their physicochemical composition,
and their structure is undamaged; therefore they
would be more fully-featured when dried. In this
connection, only the high-quality cheese was used for
drying. Figure 2 presents cross section of freeze-
dryed cheese.

Upon vacuum drying, cheese dimensions
practically did not change and it became porous.
Prior to drying, linear dimensions of Sovetskii and
Gollandskii cheese samples were 117 and 120 mm,
and after drying, 114 and 115 mm, respectively.
Diameter of the Ozernyi cheese prior to drying was
130 mm, and after drying, 124 mm. Linear shrinkage
of cheese in the process of vacuum drying occurs
only by 3-5%. Mass fraction of water in cheese
samples did not exceed 5%. Vacuum drying was
performed at 2—-3 kPa.

Figures 3-8 present images of microstructure of
Sovetskii, Gollandskii, and Ozernyi cheese samples
before and after the vacuum drying. For convenience of
microstructure analysis and comparison of capillary
structure of the cheese mass, the same magnification,
that is, 50, 200, and 2000-fold magnification, was used
for all samples.
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Fig. 2. End. Cross sections of cheese of different
varieties before (a, ¢, and e) and after (b, d, and f)
freeze-drying: (a, b) cheese variety Sovetskii;
(c,d) Gollandskii; and (e, f) Ozernyi.
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Fig. 3. Microstructure of the Sovetskii cheese sample
prior to drying: (a) magnification of 50%; (b) 200x%; and
(c) 2000x.

Structure, texture, and pattern of cheese
characterize the correctness of the development of
biochemical and physicochemical processes upon
cheese production. The structure of the dense product
is the size and spatial arrangement of individual
particles or components.

Each type of cheese has its own microstructure, but
in general, the structure of all rennet cheese varieties
contains the same structural elements. Its macrograins
contain various inclusions, or micrograins.

Fat globules from 50 to 300 um in size are evenly
spread over the cheese surface. At magnification of
1000x and 2000x, cell-like structure of the cheese mass
is observed. The cell-like structure is formed by protein
matrix with capillaries of 10-12 pum retaining moisture.
After vacuum drying, structure of cheese unfolds. In dry
cheese, due to low water content of 4—7 %, structure and
capillaries, which were not detected in the microimages
of cheese before drying, are better seen.
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Fig. 4. Microstructure of the Gollandskii cheese sample prior to drying: (a) magnification of 50x; (b) 200x; and (c) 2000x.
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(b)
Fig. 8. Microstructure of the dried Ozernyi cheese sample: (a) magnification of 50%; (b) 200%; and (c) 2000x.
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After the dryer has reached the residual pressure
mode, heating is turned on, water boils rather soon at
the low pressure, and leaves the protein mass of the
cheese. Intensive vapor formation and moisture
diffusion from the cheese surface occur. Size of
capillaries containing the moisture do not change after
drying and even become larger, reaching 5-15 pm.

After drying, fat globules merge into larger shapes
with size reaching from 100 to 700 um, that is, fat
globule size in the dry cheese is almost twice as large as
in cheese before drying. Studies on microstructure of
different solid cheese varieties proved that no shrinkage
of cheese occurs upon vacuum drying.

Electron microscopy revealed calcium phosphate
depositions in cheese. In the course of microstructure
studies of cheese sample before and after drying,
individual particles contained in cheese ionized in the
electron beam and produced g by low on the
microimages (Fig. 9).

Fig. 9. Depositions of calcium salts in Kostromskoi
cheese sample: (a) before and (b) after drying.
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To identify the particles, analysis of element
distribution over the cheese mass was performed. Maps
of element distribution in cheese before and after drying
were obtained. In the maps of element distribution, sites
of phosphate and calcium localization are distinctly
seen. Locations of phosphate and calcium overlap. Also,
these sites overlap with the glowing particles in the
images.

Calcium phosphate shows weak conductivity. Under
the effect of electron beam it is ionized and produces
glowing in the images. In dry cheese, calcium phosphate
concentrates and the particles increase in size. Particles
of calcium phosphate in Kostromskoi cheese sample
before drying were of 10-12 pum and evenly spread.
After drying, calcium phosphate particles increased in
size to 20-30 um. In dry cheese, calcium phosphate is
concentrated and the particles are aggregated. It
concentrates the most in pores and microvoids of the
cheese.

Calcium phosphate is present in cheese in the form
of accumulations of crystal micrograins. Crystal
micrograins are round-shaped formations (Fig. 10),
comprising wedge-like crystals, 20—30 pm in diameter.

Fig. 10. Calcium phosphate in a sample of dry
Kostromskoi cheese.

In mature cheese of the Kostromskoi or Rossiiskii
variety, calcium lactate was detected (Fig. 11).
Formation of calcium lactate should be associated with
the process of cheese ripening, since it only occurs in
mature cheese. Size of calcium lactate particles in
Kostromskoi and Rossiiskii cheese samples was 200 X
150 um. Figure 12 presents images of calcium lactate in
Rossiiskii cheese sample.

Fig. 11. Calcium lactate in mature cheese samples: (a) Kostromskoi and (b) Rossiiskii.
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Fig. 12. Calcium lactate in Rossiiskii cheese sample at magnification of a, 500, and b, 1500x.

Therefore, images of cheese microstructure obtained
with a scanning electron microscope allowed
investigation of cheese structure before and after drying
and their comparison. Structure of cheese is a protein
matrix pierced with capillaries containing moisture; fat
globules are contained in the protein matrix and on
surface of cheese. Capillaries are of round and oval
shape. The number and size of the capillaries influence
the cheese pattern, which is characterized by shape and

arrangement of holes and voids. Calcium phosphate
depositions were detected using the electron microscopy.
Calcium phosphate particles in cheese before drying are
10-12 um big. After drying, they increase to 20-30 um.
Calcium phosphate particles in the dry cheese
concentrate and agglomerate into larger particles. The
highest concentration of calcium phosphate is reached in
pores and microvoids of the dry cheese. In mature
cheese samples, calcium lactate was detected.
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Abstract: A country that owns high-performance computing facilities and mathematical modeling algorithms is able
to provide its competitiveness in all the sectors of economy. The application of mathematical modeling is
environmentally safe and cost effective and increases the technical and general culture of production. First of all, this
concerns the development of new technologies. That is why the creation of new products in both the pharmaceutical
and food industries is already impossible without the use of mathematical modeling. Today this is a necessity, the
fulfilment of which has already been specified in relevant technical regulations. The simultaneous use of both
mathematical methods and experiment provides not only the reduction of time, energy, and financial expenditures, but
also the acquisition of additional information and the establishment of a direction of studies. This considerably reduces
the time between the generation of an idea and its implementation in the form of a product. The technologies of the
use of L-phenylalanine ammonia-lyase for the achievement of certain objectives in medicine, biotechnology,
agriculture, and food industry have been developed by now. The insufficient application of algorithmic and
mathematical approaches by researchers for development and analysis can be considered as a factor limiting the active
use of biotechnological methods in the production of this enzyme. The description of microbial biosynthesis
mechanisms by classical mathematical methods encounter some difficulties due to the combined effect of numerous
chemical, physical, biological, engineering, and other factors. Another important thing is the more profound study of
the kinetics of microbiological synthesis susceptible to both internal and external effects. The batch cultivation of
pigmented yeast has been studied by probabilistic methods. A stochastic model providing the system study of the
biosynthesis of L-phenylalanine ammonia-lyase by pigmented yeast has been formulated. The cultivation of
microorganisms is described by the birth-and-death process. The mathematical expectation and dispersion of the
number of population members are proposed as efficiency characteristics. The dependence between the amount of
synthesized enzyme and the birth and death rates of a cultivated population is derived through the concentration of
cultivated microorganism biomass and the birth and death rates of its members.

Key words: cultivation of microorganisms, biosynthesis of enzyme, probability, stochastic model, mathematical
expectation, dispersion, differential equations
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INTRODUCTION quality at minimum expenditures.

Microbiological synthesis products (enzymes) find Since the synthesized enzyme is extracted from a
wide application in various branches of petrochemical, cultivated biomass or a cultural liquid, it is necessary to
food, and processing industries,  medicine, perform a series of studies on the effect of the birth and
pharmacology, etc. The principal stages of death rates of cultivated population members on the
fermentation are the selection of a producing strain and amount of formed biomass. The consumption of time
the determination of conditions for its cultivation, in this project will be reduced by constructing a
during which the microbiosynthesis of a certain mathematical model, which adequately describes the
enzyme proceeds. Fermentation is most often process of fermentation.
implemented as a continuous process (maintaining the The objective of this work is to construct
cultivation conditions throughout the entire period of mathematical models providing the system description
its duration), but many metabolites can be obtained of the microbial cultivation and biosynthesis of the
only via batch synthesis with the withdrawal of a target enzyme and to study the kinetic regularities
product at the end of the process. The regularities governing the duration of batch cultivation.

governing the formation of an enzyme complex

strongly depend on many process parameters OBJECTS AND METHODS OF STUDY

(physicochemical, engineering, biological, and other Biokinetic regularities were studied using the
factors [1-7]), the adjustment of which provides the cultivation of the Escherichia coli strain, a recombinant
efficient organization of this process. The technology Rhoodesporidium foruloides L-phenylalanine
of such a process usually ensures the simultaneous ammonia-lyase producer, grown at the Research
attainment of a maximum of both productivity and Institute of Bioengineering of the Kemerovo Institute
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of Food Science and Technology [8-10]. The
submerged batch cultivation of yeast in a fermenter
was performed following the existing producer
recommendations (in a culture medium containing
(g/1): glucose, 20.0; peptone, 10.0; yeast extract, 5.0),
at a temperature of 26°C for 24 h in the regime of non-
controlled pH. Control measurements were performed
every half hour beginning from the moment of
pitching. The biomass and protein concentrations were
determined from the absorbance in compliance with the
manufacturer’s manuals for an UV-1800
spectrophotometer (Shimadzu, Japan) [9].

Mathematical models were constructed using the
tools of probability and stochastic process and
queueing theories, in particular, the birth-and-death
process [11-20] together with the differential
equation generation method designed immediately for
the derivation of the mathematical expectations and
dispersions of random values [21-24].

The process of biokinetics is considered as a
dynamic system of flows. This allows it to be described
as a queueing system represented by a labeled graph of
states (Fig. 1). The source of arrivals (birth of
population members) is assumed to be inexhaustible
and characterized by the parameter x4 The death of
population members is considered to be the service of
arrivals and characterized by the parameter A. The state
C,, is understood to mean a system state, in which the
population size is equal to n. The transition from the
state C,, to the state C,,q means that the population

size has increased by unity, and the transition from C,

to C,,_1 means the death of one population member. It

has been assumed that the fraction of cells dying per
time unit is averagingly the same independently of the
start moment of time counting [2, 25, 26]. The kinetics
of the growth and death of a microorganism population
is described with an exponential distribution [18, 19,
21].

Model. Let x be the intensity of a flow of arrivals
to a queueing system. The number k of arrivals to a
system is a random value §obeying the Poisson law

t
P =kp= L (”) ,
where the intensity u is determlned as the average
number of population members born per unit time,
te[0,:), k=0,12,...

An arrival that has just entered the system is
immediately served. The service time is a random
value 7 distributed in compliance with the exponential
law

Pin<t)=1—-eM,
where A= 1/¢,, is the intensity of service, and t,, is
the average arrival service time determined as the
average life of a population member.
It is required to find the mathematical expectation
M;(t) (average value) of the random parameter

characterizing the number of cultivated population
members at a time moment t under the condition that
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their number is M;(0)=i at an initial time moment
and the dispersion is D(t), D(0)=0, te[0,),

i=0,12,...
" 2u np (mtDu
== =O=
;
2 A
Fig. 1. Labelled graph of states C,, n=0,1,2,..., , fora

system S, where x4 and A are the parameters
characterizing the process.

The formulated model is described by the birth-
and-death process formalized with the cognominal set
of equations, which correspond to the labelled graph of
states in Fig. 1 [11, 22]. Let us introduce the generating

I
function F(z,i,t):ZZkPk (t), where B (t) is the
k=0
probability that the system is in the state C,,
n=0,1,2,.., at a time moment t €[0,o), and apply it
to the set of birth-and-death equations. Performing

necessary rearrangements, we obtain the partial
differential equation [11, 21, 22, 24]

%F(z,t,i)+(z —1)M§F(z,t,i) — u(z-DF (L),

with the initial condition
F(Ot,i) =z'
(z is the complex variable, and | z|<1), from which we
obtain the set
dM, (1)
AM. (t
—at " (0 =4,

dD(t)
dt

+2AD(t) = <Mi2(t>—Mi<t))— 2

—24(M}? (t)—Mi<t))+2ﬂMi(t).

in compliance with the definition and method [21-24]
for the generation of equations just for momenta.

The solution of set (2) with consideration for the
initial conditions

M;(0)=i, D(0)=0
has the form [21, 23, 24]:
K o[ H)
M. (1) =% —-—|-e", 3
O=44[i-4)-e ®

D(t) = (1—e‘“)-(%+i -e‘“j. @)

The amount of the target microorganism cultivation
product is determined from the dependence [25, 26]

dP(t dX(t
FO_ 20w, @
where X(t) is the biomass concentratlon, P(t) is the
product concentration, and « and S are the size
constants of growing and non-growing associates in g/g
and g/(g h), respectively.
RESULTS AND DISCUSSION
The batch cultivation of pigmented yeast has been
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modelled. A microorganism population member is
understood to mean 1 gram of biomass in a unit
cultural solution volume at each time moment t,
te[0,0). Since x and A are the average population
growth and death rates per unit time, respectively, they
can be determined by considering the studied process
as pure birth [11, 12]. From Eq. (1) at A=0 we
similarly obtain

%F(z,t,i):y(z—l)F(z,t,i) (6)
From Eq. (6) we obtain the differential equation
dM; (1)
a7
the solution of which at the initial condition
M;j(to) =My
has the form
Mo(t)ZILl't-l-Mo, (7)

g o
—

Biomass concentration, g/l
w N
\

The growth of a population during the batch
cultivation of microorganisms has a complicated
character: the growth of the amount of biomass is
intensively accelerated within a short time period
(exponential growth phase) after initial relative
constancy [1-6]. For this reason, the death of
population members during this process period was
neglected. Denoting the initial and finite time moments
characterizing the exponential growth phase (with a
maximum population growth rate) as t; and t,

respectively, we determined this interval for our
sampling as (3, 3.5). The further increase in the
duration of cultivation is accompanied by the death of
population members, thus decelerating the growth of
the biomass concentration (Fig. 2a). The average
growth rate of population members g =0.4094g/(l h)
was determined using Eq. (7) My(t) = 0.4094-t+1.2876
and the equation of a line passing through two points
(Fig. 2b).

6
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=]
g 4 ~
= e
8 3 /7
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o
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0
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— 3

(b)

Fig. 2. Biomass concentration versus cultivation duration: (1) experimental data, (2) exponential growth curve

Mo ep(u(t-1p)) . (3) Mo ().

The comparison of experimental and theoretical
values of Mg(t) enable us to estimate the average

deviation between them on the interval from t; to t, h,
where t, is the time moment, at which the death of
population members begin to prevail over their birth,

and to calculate A=0.112 g/(I h) from it as the
average number of dead population members per unit
time.

Let M(t) be the average concentration of the
biomass of cultivated microorganisms at a time moment
t, te[tg, o) ; then, using the solution of set (2) with the
initial conditions

M(tp) =My, D(to) =0,
we obtain [21, 23, 24]

M(t):%-;—(l\/lo_%j.eﬂ(t—to)’ 8)

D(t) = 1— aA(t) _(%_FMO.e—A(t—to)j’ ©)

The found parameters «, A, and ty were substituted

into Egs. (8) and (9). The obtained results of modeling
with consideration for the mean square deviation
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are plotted in Fig. 3.
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Fig. 3. Protein concentration versus cultivation duration:
(1) experimental data, (2) M(t), (3,4) M (t) £ /D(t) .

In the considered variant, cultivation for more than 8
h is unreasonable and leads to additional time and
energy expenditures. This is explained by a high death
rate of population members, as the deviation between
theoretical and experimental values in this case is more
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than half the theoretical “ideal” biomass concentration.
Moreover, it is desirable to restrict the process of
cultivation by 6.0 + 0.5 h for our strain characterized by
the synthesis of a higher target product fraction with
respect to the cultivated biomass [8-10]. A more precise
value of t, can be obtained after analyzing the quality
and amount of the target fermentation product. The
proposed model gives a rather adequate description up
to 12 h of cultivation (calculation error does not exceed
10%). The use of the standard deviation alone enables
the estimation of the interval, into which experimental
biomass concentrations almost reliably (with a
probability > 0.95) fall in the case of cultivating the
considered microorganism strain under the earlier
defined conditions.

The biosynthesis of the target product (enzyme) was
analyzed from the viewpoint of the dependence between
the concentrations of the yeast biomass and the product
of its activity (produced enzyme). Let us use Eq. (5) and
modify it taking into account Eq. (3) as

dP(t) ~ dM
a  ° d
where ¥, is the product yield with respect to the

formed biomass, mg/g, and Jp

coefficient, mg/(ml h).
The solution of Eq. (10) has the form

P(O)=yp (M(t)—Xo)+6p (t-1o)+P, 11)

The average fraction of synthesized protein per unit
weight of the formed biomass of the pigmented yeast
strain under the earlier selected cultivation conditions is

Vs =0.27 mg/g (corresponding to a nearly 33.5%

expression for cultivation without induction [8, 10]).
Our studies show that the averaged parameter

0, =0.11 mg/(ml h) for different pigmented yeast

strains, including the strain considered in this work.
Note that the calculation error is up to 9.0% for the
considered strain (from 5 to 12% for other strains), if

the parameter o, is considered to be nonsignificant.

The use of the averaged value of this parameter has
allowed the calculation error to be decreased, in some
cases, by three times. We defined this parameter as the
fraction of the target product (protein), which passes
into solution from the biomass of dead species
(microorganisms both accumulate the enzyme inside
and secret it into a cultivation solution during their life
activity). It appears that this parameter directly depends
on both the intensity of the death of population
members (2) and the amount of enzyme accumulated
inside a microorganism. The experimental and
theoretical dependences P(t)=0.27(M(t)-M;)+0.11(t—
~to)+Po of the concentration of formed enzyme
(L-phenylalanine ammonia-lyase) in the cultivation of

pigmented yeast on the interval [t,t,] are plotted in

Fig. 4. An increase in the cultivation duration above 6.0
h reduces the amount of both biomass and enzyme. The
target product loss is more than 5% of the maximum

amount for 8 h of cultivation and nearly 15% for 10 h of

t(t)+6P,P(tO):P o (10)

is the correction
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cultivation in addition to energetic and material
expenditures. It is obvious that the duration must not
exceed 5.5-6.0 h for our strain. Further refinement is
possible during the activity studies of the produced
enzyme. The parameter t,, at which not only the
maximum amount of the target microorganism
cultivation product, but also its highest quality is
attained, is uniquely determined in this case.
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Fig. 4. Target biosynthesis product concentration versus
cultivation duration: (1) experimental data, (2) P(t) .

The constructed stochastic model has allowed us to
find the mathematical expectation and dispersion of the
number of microorganism population members at an
arbitrary moment of cultivation, to determine the
recommended duration of fermentation, and to describe
the amount of the synthesized enzyme. A method of
estimating the parameters of this model has also been
developed.

The batch cultivation of pigmented yeast was
modeled using the well-known Markovian “birth-and-
death” process. However, the Markovian process proved
to be insufficient for the system study of the process of
cultivation, as its characteristic property, such as the
absence of aftereffects, was violated [24]. The use of
heuristic equation (5) transformed into Eq. (10) after
modernization has allowed us to solve the formulated
problem. Naturally, the proposed model has some
shortcomings, e.g., very high dispersion, and is sewed
of two processes, but the application of numerical
method in this case gives only a quantitative results and
does not reflect the depth of study.

Hence, the system study of the cultivation of
pigmented yeast has been performed. The relationship
between the synthesized enzyme amount and the birth
and death rates of a cultivated population has been
derived through the concentration of the biomass of
cultivated microorganisms and the birth and death rates
of its members. The proposed model has provided the
quantitative description of the biosynthesis of L-
phenylalanine ammonia-lyase and the selection of a
recommended duration for the cultivation of a
producing strain for the efficient organization of
biosynthesis.
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Abstract: The information available on high technology in food industry is systematized. Different approaches to the
development and integration of scientific knowledge are discussed. According to the European Institute for Food
Processing (EU-IFP), there are three possible areas where a breakthrough in food science can occur: biotechnology
(BIOTECH), nanotechnology (NANO), and information and communication technology (ICT). A transition is
expected of high technology in food industry to convergent technologies in a combination with cognitive science
(COGNITIVE). The four components of high technology are analyzed using food industry examples. We believe that
the transfer of scientific knowledge into food industry can facilitate the technological development of the Russian

agroindustrial complex.
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INTRODUCTION

The modern pace of scientific progress and the
generation of new ideas breaks ahead of their practical
application. Scientific findings in various areas of
knowledge, including in food industry, do not get a
chance to be transformed into a new technology. Thus,
the development of a conceptual approach to the
implementation of new discoveries in industry is
required. The term high technology (high tech/hi-tec)
dates back to the 1950s, when it was used initially in
atomic energy research [1]. Later it found use in
research papers on economics and finance [2]. In 1971,
Robert Metz abbreviated it to high-tech [3, 4]. The term
was used to denote the leading technologies of its time.
The branches of industry that are most dependent on
science are usually labeled high technology. According
to the presentation (http://www.highte-cheurope.com)
of the first European Institute for Food Processing (EU-
IFP), there are three subdivisions of high-tech:
biotechnology (BIOTECH), nanotechnology (NANO),
and information and communication technology (ICT).

The project leading to the establishment of the EU-
IFP was named HighTech Europe (HTE). It was a joint
initiative of European research institutions and
industrial associations. This project can be seen as a
new era in the history of food industry; it will promote
research and development needed to establish a lasting
integration of scientific findings with experimental
engineering and/or technological developments and the
subsequent transfer of knowledge from scientists to
industrialists. What are the strategic areas of
development in food industry?

The core of the development of HighTech in food
processing is the presence of an lighthouse watcher, or
the principles of evaluation and description of food
industry to create a comprehensive database. The
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objective is to combine the potential sources of
innovation with the needs of the industry, keeping in
mind the ethical and social dimension. The lighthouse
watcher comprises the following building blocks:
scientific knowledge, the needs of the industry,
personnel policy, and a sustainable development plan.

Scientific knowledge is a key factor in the
development of HighTech in food industry. The three
main blocks within the project (BIOTECH, NANO, and
ICT) will determine the development strategy for food
processing. These areas have the greatest innovation
"strength™ and are a promising source of the future high-
tech food production. The strategic goal is to link
together a chain for the transfer of HighTech
knowledge, which can lead the way into the future of
food industry. The structure combines scientific
knowledge (universities) with intermediate centers
and/or high-tech pilot institutions that can transfer
technology to private entrepreneurs through regional
organizations and industrial associations.

We think that this list is clearly lacking the
membrane technology (MT), which has literally “broke
into” food industry, e.g., dairy production, in recent
years. It should find a proper place among high
technologies, at least along with bio- and
nanotechnology, or as an indispensable part of the latter
(biomembrane and nanomembrane technologies). Being
naturally connected with them, the MT can also be
interpreted and viewed (used) as a hanobiomembrane
technology. This is the exact direction taken by the
members of our leading federal research school
7510.2010.04 Living Systems. By the way, the same
route is followed by many teams at research institutes of
the Russian Academy of Sciences and higher education
institutions. A good example is Kemerovo
Technological Institute of Food Industry (KTIFI), which
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has successfully systematized virtually all the branches
of food industry for Siberia and Central Asia.
Anticipating the development of high-tech, the US
National Science Foundation and the Department of
Commerce named the new technologies convergent
technologies [5, 6, 7]. Cognitive research (COGNITIVE)
compliments to the three research areas listed above. The
convergence of technologies is reflected in the increasing
interdependence of the four fields and their combined
influence on society. Cognitive studies play a systemic role
in the convergence of technologies; i.e., they are a means
to check the consistency of products and services to the
psychophysiological and ergonomic characteristics of man
[8]. Figure 1 shows the architecture of convergent
technologies according to the Albright Strategy Group [6].
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Fig. 1. Architecture of convergent technologies [6].

Biotechnology. The term biotechnology refers to any
technology involving biological systems, living organisms,
or derivatives thereof that is used to make or modify
products and processes for a specific purpose [9]. This field
is widely applied in food technology and, given the modern
level of science, merges with the other two fields (NANO
and ICT).

It should be noted that, by the decision of the Federal
Government of the Russian Federation of April 2012,
Russia adopted a Comprehensive Program on
Biotechnology for the period until 2020. The program was
developed in accordance with the decision of the
Government Commission on High Technology and
Innovation [10]. The program emphasizes that the key
areas in the innovative development of a modern economy
are information technology, nanotechnology, and
biotechnology. The program is designed, inter alia, to
stimulate production and consumption in the existing
domestic markets, especially in the agricultural and food
sector. It should be noted that the program highlights,
among other priorities, agricultural and food
biotechnology. The agricultural section of the program is
closely related to the food section; its priorities include
biological protection of plants, creation of plant varieties
using biotechnology methods, molecular breeding of
animals and birds, creation of transgenic and cloned
animals, soil biotechnology and biofertilizers, biological
products for animal husbandry and stock raising, animal
feeding protein, processing of agricultural waste, and
biological ingredients in premixes and feeds.
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The priority area on food biotechnology covers the
production of dietary protein; enzyme preparations for food
production; engineering of pre-, pro-, and synbiotics;
functional foods including therapeutic, preventive, and
pediatric foods; and development of food ingredients,
including vitamins and functional mixtures. It mentions, as
a separate item, deep processing of raw materials, which is
believed to drastically reduce the amount of waste in food
industry. These issues call for a separate discussion within
individual branches of food industry. They can be found in
every issue of this journal and in the specialized journal
Food Industry Technology and Equipment published by
the KTIFI.

Nanotechnology in food industry has been formalized
only in the past few vyears. The concept was
phenomenologically introduced by Richard Feynman at a
conference at the California Institute of Technology in
1979. At that conference he presented a paper "There's
plenty of room at the bottom,” which dealt with
possibilities of manipulating individual atoms and
molecules and controlling the creation of materials on a
nanometer scale with the prospect of technical, industrial,
and  biological  applications  [11].  Afterwards,
nanotechnology delivered a breakthrough not only in
physics, chemistry, materials and engineering sciences,
environmental monitoring, manufacturing sector, and
quantum computing but also began to be widely used in
clinical research and biotechnology. The studies were
focused on new phenomena, properties, synthesis methods,
and structures on a scale of 1 to 100 nm [12].

Most of the materials do change their properties on a
nanoscale. The properties depend on the projected position
of each atom or molecule [13]. Nanotechnology has close
connections to other sciences and technologies, including
biotechnology, chemistry, physics, and engineering.
Nanotechnology can be used in health care, biology,
biochemistry, agriculture, and food industry [14]. The US
Department of Agriculture (USDA) was the first to
promote the application of nanotechnology in agriculture
and food industry by publishing a corresponding plan in
2003.

Nanotechnology has a great potential to revolutionize
agriculture and food industry. Products manufactured on a
nanoscale may influence the safety, bioavailability, and
nutritional properties of food and enable molecular
synthesis of new products and ingredients [15, 16]. The
main prospects of nanotechnology in food manufacturing
and agriculture are to improve safety in food and
processing industries, increase the ability of plants to
absorb nutrients, improve the taste and nutritional value of
foods, optimize the methods of food delivery, pathogen
detection, and functional food creation, and contribute to
the protection of the environment and improvement of the
economic efficiency of storage and transportation. When
used in food production, nanotechnology can help deal
with the issues related to the development of new
functional materials, processing of raw materials on a
micro- and nanoscale, and development of new
approaches, as well as machines and equipment, for food
processing [17]. Possible applications of nanotechnology
in food processing are shown in Table 1.
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Table 1. Application matrix of nanoscience and nanotechnology in the main areas of food science and technology [17]

nanomaterials (nanobiopolymeric starch),

and nanolaminates

Application Purpose and fact Approaches
area
Nanoparticles, nanoemulsions,
Design of nanocomposites, nanobiocomposites | Novel materials with self-assembling, self-healing,

and manipulating properties

Nanosensors
and
nanobiosensors

Quality control and food safety

Detection of very small amounts of chemical
contaminants

Monitoring and tagging of food items

Electronic nose and tongue for sensor evaluation

Food born pathogen identification by measurement

of nucleic acid, protein or any other indicator metabolite
of microorganism

Nanofiltration

Selective passage of materials on the basis of shape
and size

Nanoscale enzymatic reactor

Improved understanding of process

Heat and mass transfer;
nanofabrication

Enhanced heat resistance of packages

Processing

Nanocapsules for modification
of absorption

Nanoceramic pan to reduce time of roasting and amount
of consumed oil, reduction of trans fatty acids due

to usage of plant oil instead of hydrogenated oil and
finally resulted in safe nano food development of
nanocapsules that can be incorporated into food to deliver
nutrients to enable increased absorption of nutrients

Packaging

Nanocomposites application as barriers, coating, release
device, and novel packaging modifying the permeation
behavior of foils, increasing barrier properties
(mechanical, thermal, chemical, and microbial),
improving mechanical and heat-resistance properties,
developing active antimicrobial surfaces, sensing as well
as signaling microbiological and biochemical changes,
developing dirt repellent coatings for packages

New products Delivery

Nanomyecells for targeted delivery of nutrients (nutrition
nanotherapy). Nanocapsulation for controlled release
of nutrients, proteins, antioxidants, and flavors

Formulation

Production of nanoscale enzymatic reactor for
development of new products.

Nutritional value enhancement by omega 3 fatty acid,
haemo-, licopene, beta-carotine, phytosterols, DHA/EPA

Evaluation

Enzyme and protein evaluation as nanobiological system
for development of new products

DNA recombinant technology

Recombinant enzyme production in nanoporous media
with special numerous applications

Since nanotechnology is promoted using a variety
of strategies and new approaches based on the
formation, interpretation, and prediction of structural
and physicochemical properties of nanoparticles and
nanomaterials, one needs the third building block-ICT-
of the HighTech food industry concept.

Information and communication (computer)
technologies have been little known in food industry
so far. Studies in the field of computer technology,
computer science, and molecular modeling have been
the key to the development of procedures in
nanobiotechnology and  nanoinformatics.  These
techniques can be used to create high-quality concepts
and project design assumptions. Now bioinformatics is
used as a computer tool for DNA and protein sequence
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data analysis, and nanoinformatics is used to describe
particles and materials in  nanobiotechnology
applications through their modeling in different states at
the atomic level by means of computational chemistry
strategies. A major challenge is, of course, to safely
insert foreign objects into the intricate system of the
human body. Computer methods are a natural
opportunity to accelerate the development of innovation
in life sciences. The computational approach is
important in the early stages of project development on
a nanoscale. It can be used to predict the structures of
nanotransport systems for specific drugs or molecular
devices [18, 19]. Large molecular systems are currently
used as vehicles or platforms because they can be
divided into different chemical groups depending on
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their properties (solubility, affinity, and selectivity) and
used for different types of cells [18, 19, 20].

In recent years, computational molecular design has
become an extremely important area in the studies of new
materials [21]. This outcome has become possible due to
the increase in processing power and the integration of
methods of computational chemistry [22].

Computational chemistry is a powerful tool for the
design, modeling, simulation, and visualization of
nanomaterials [22] and nanoparticles such as dendrimers
[23, 24, 25, 26, 27], metal nanoparticles [28, 29, 30],
nanocapsules [31], nanospheres [32], and quantum dots
[20]. These nanoparticles are used in nanomedicine as
carriers, sensors, and early disease detection systems [20,
23, 24]. Owing to the recent discoveries in computational
chemistry, it has been possible to build computerized
nanomolecule models. The latter can be used by
experimental researchers as a method to design new
nanostructures [33]. The main advantage of computer-
aided nanodesign is that it allows one to explore,
relatively quickly and at low cost, a large number of
engineered structures in order to, inter alia, test their
stability and predict their properties [34].

Cognitive Technologies. This area has its roots in
computer technology. Currently, the term cognitive is
undergoing a transformation: its meaning is being
broadened to embrace the connotations of knowledge and
behaving like an intelligent being. The concept of
cognitive studies that is developed by B.M. Velichkovskii
[8] considers this area as an interdisciplinary field in its

origin, methods, and prospects of practical use. In the
coming convergence of technologies, cognitive studies
play a systemic role since they enable the testing of
products by means of the psychophysiological
characteristics of humans. The central objective is to
create cognitive technologies, i.e., high-tech tools,
materials, and procedures that improve case analysis
carried out by a human and increase the effectiveness of
human activity. As applied to food industry, a notable
example is the development of functional foods that
influence human cognition and psychophysiology in
general [35]. These developments [36] can be already
discussed in the context of cognitive studies. The
prospects of these technologies are intertwined with those
of bionics and devices such as the electronic nose and
electronic tongue [37] that are used to test products and
improve their safety [37].

Thus, being based on the four pillars of the modern
progress—biotechnology, nanotechnology, information
technology, and cognitive technologies, including
membrane technologies, the food technology is becoming
a growth point of high-tech both in Russia and
worldwide.

The world biotech industry is developing at a rapid
pace; in one or two decades, there will be solutions and
products suitable for mass use. We hope that by that time
Russia will have an environment for the development of
biotechnology and will be among the stakeholders and
beneficiaries of high technology in general and food
high-tech in particular.

REFERENCES
Atomic power for Europe, The New York Times, Feb. 4, 1957, p. 17.

Berdyugin, D.V., Evaluation of the science and technology potential of high-tech industries in China, lzvest.

1.

2. Metz, R., Market place: keeping an eye on big trends, The New York Times, Nov. 4, 1969, p.64.
3.

I

GEA, 2008, no. 5 (61).

4. Metz, R., Market place: so what made E.D.S. plunge? The New York Times, Nov. 11, 1971, p. 72.
5. Converging Technologies for Improving Human Performance Nanotechnology, Biotechnology, Information
Technology and Cognitive Science. NSF/DOC-Sponsored Report, Roco, M.C. and Bainbridge, W.S., Eds., Arlington:

National Science Foundation, 2002, p. 482.

6. Managing Nano-Bio-Info-Cogno Innovations: Converging Technologies in Society, Bainbridge, W.S. and Roco,

M.C., Eds., New York: Springer, 2005.

7. Canton, J., NBIC convergent technologies and the innovation economy: challenges and opportunities for the 21st
century, in Managing Nano-Bio-Info-Cogno Innovations: Converging Technologies in Society, New York: Springer,

2006.

8.  Velichkovskii, B.M., Vartanov, A.V., and Shevchik, S.A., Systemic role of cognitive studies in the development
of converging technologies, Vestn. Tomsk. Gos. Univ., 2010, no. 334, pp. 186-191.
9. The Convention on Biological Diversity, United Nations, 1992.http://www.cbd.int/convention/articles/default.st-

ml?a=cdb-02.

10. Comprehensive Program for Biotechnology Development in the Russian Federation for the Period until 2020 (VP-
P8-2322), Apr. 24, 2012, no. 1853p-P8, Moscow: RF Gov., 2012.
11. Drexler, K.E., Nanotechnology: the past and the future, Science, 1992, vol. 255, no. 5042, pp. 268—269.

12. Tomalia, D.A., The dendritic state, Materials Today, 2005, vol. 8, no. 3, pp. 34-46. doi: 10.1016/S1369-
7021(05)00746-7.

13. Roco, M.C., Mirkin, C.A., and Hersam, M.C., Nanotechnology research directions for societal needs in 2020:
summary of international study, J. Nanoparticle Res., 2011, vol. 13, no. 3, pp. 897-919. doi: 10.1007/s11051-011-0275.
14. Doyle, M., Nanotechnology: a brief literature review, in Food Research Institute: Briefings, Univ. Wisconsin-
Madison, 2006, pp. 1-10. http://fri.wisc.edu/docs/pdf/FRIBrief_Nanotech_Lit_Rev.pdf .

15. Aguilera, J.M., Why food microstructure? J. Food Eng., 2005, vol. 67, nos. 1-2, pp. 3-11.

16. Blundell, J.E. and Thurlby, P.L., Experimental manipulations of eating advances in animal models for studying
anorectic agents, Pharm. Therapeut., 1987, vol. 34, no. 3, pp. 349-401.

25



ISSN 2310-9599 (Online). Foods and Raw Materials Vol. 2, No. 1, 2014

17. Rashidi, L. and Khosravi-Darani, K., The applications of nanotechnology in food industry, Crit. Rev. Food. Sci.
Nutr., 2011, vol. 51, no. 8, pp. 723-730. doi: 10.1080/10408391003785417

18. Tentony, L., A model-based approach to the assessment of physicochemical properties of drug delivery materials,
Comput. Chem. Eng., 2003, vol. 27, no. 6, pp. 803-812. doi: 10.1016/S0098-1354(02)00266-1

19. Thierry, B., Drug nanocarriers and functional nanoparticles: applications in cancer therapy, Curr. Drug Deliv.,
2009, vol. 6, no. 4, pp. 391-403. doi: 0rg/10.2174/156720109789000474

20. Kang, W., Chae, J., Cho, Y., Lee, J., and Kim, S., Multiplex imaging of single tumor cells using quantum-dot-
conjugated aptamers, Small, 2009, vol. 5, no. 22, pp. 2519-2522. doi: 10.1002/smll.200900848

21. Rickman, J. M. and LeSar, R., Computational materials research, Ann. Rev. Mater. Res., 2002, vol. 32, no. 1. doi:
10.1146/annurev.mr.32.010101.100002

22. Gao, H., Modelling strategies for nano- and biomaterials, in European White Book on Fundamental Research in
Materials Science, Germany: Max Planck Inst., 2001, pp. 144-148.

23. Belting, M. and Wittrup, A., Macromolecular drug delivery: basic principles and therapeutic applications,
Mol. Biotech., 2009, vol. 43, no. 1, pp. 89-94. doi: 10.1007/s12033-009-9185-5

24. Belting, M., Wittrup, A., Developments in macromolecular drug delivery, Methods Mol. Biol., 2009, vol. 480, pp.
1-10. doi: 10.1007/978-1-59745-429-2_1.

25. Diekmann, S. and Lindhorst, T., Dendrimers, Rev. Mol. Biotech., 2002, vol. 90, pp. 157-158.
doi: 10.1016/S1389-0352(01)00074-5

26. Newkome, G. and Shreiner, C., Poly(amidoamine), polypropylenimine, and related dendrimers and dendrons
possessing different 1-2 branching motifs: an overview of the divergent procedures, Polymer, 2008, vol. 49, no. 1,
pp. 1-173. doi: 10.1016/j.polymer.2007.10.021

27. Jang, W. D., Kamruzzaman Selim, K. M., and Lee, C., Bioinspired application of dendrimers: from biomimicry to
biomedical applications, Prog. Polymer Sci., 2009, vol. 34, no. 1, pp. 1-23. doi: 10.1016/j.progpolymsci.2008.08.003
28. Lee, W., Piao, L., Park, C., Lim, Y., Do, Y., Yoon, S., and Kim, S., Facile synthesis and size control of spherical
aggregates composed of Cu20 nanoparticles, J. Colloid Interface Sci., 2010, vol. 342, no 1, pp. 198-201.
doi: 10.1016/j.jcis.2009.10.027

29. Murali Mohan, Y., Vimala, K., Thomas, V., Varaprasad, K., Sreedhar, B., Bajpai, S., and Mohana Raju, K.,
Controlling of silver nanoparticles structure by hydrogel networks, J. Colloid Interface Sci., 2010, vol. 342, no. 1,
pp. 73-82. doi: 10.1016/j.jcis.2009.10.008.

30. Prasad, K. and Jha, A., Biosynthesis of CdS nanoparticles: an improved green and rapid procedure, J. Colloid
Interface Sci., 2010, vol. 342, no.1, pp. 68—72. doi: 10.1016/j.jcis.2009.10.003

31. Fan, D. and Hao, J., Magnetic aligned vesicles, J. Colloid Interface Sci., 2010, vol. 342, no. 1, pp. 43-48.
doi: 10.1016/j.jcis.2009.10.013.

32. Lee, H., Yang, H., and Holloway, P., Functionalized CdS nanospheres and nanorods, Z. Phys. B: Condens. Matter,
2009, vol. 404, no. 22, pp. 4364-4369, doi: 10.1016/j.physh.2009.09.020.

33. Bewick, S., Yang, R. and Zhang, M., Complex mathematical models of biology at the nanoscale. Wiley
Interdiscip. Rev. Nanomed. Nanobiotech., 2009, vol. 1, no. 6, pp. 650-659. doi: 10.1002/wnan.61.

34. Shapiro, B., Bindewald, E., Kasprzak, W., and Yingling, Y., Protocols for the in silico design of RNA
nanostructures, Methods Mol. Biol., 2008, vol. 474, pp. 93-115. doi: 10.1007/978-1-59745-480-3 7.

35. Tkachenko, E.I. and Uspenskii, Yu.P., Pitanie, mikrobiotsenoz i intellekt cheloveka (Nutrition, Microbiocenosis,
and Human Intellect), St. Petersburg: Spets. Literatura, 2006.

36. Zhilenkova, O.G., Shenderov, B.A., Klodt, P.M., Kudrin, V.S., and Oleskin, A.V., Dairy products as a potential
source of compounds modifying consumer behavior, Moloch. Prom-st., 2013, no. 10, c. 45-49.

37. Baldwin, E.A., Bai, J., Plotto, A., and Dea, S., Electronic noses and tongues: applications for the food and
pharmaceutical industries, Sensors, 2011, vol. 11, no. 5, pp. 4744-4766. doi: 10.3390/s110504744.

XD

26



ISSN 2310-9599 (Online). Foods and Raw Materials Vol. 2, No. 1, 2014

ACID HYDROLYSIS OF CASEIN

M. G. Kurbanova* and S. M. Maslennikova

Kemerovo State Institute of Agriculture,
ul. Markovtseva 5, Kemerovo, 650056 Russia,
*e-mail: kurbanova-mg@mail.ru

(Received February 14, 2014; Accepted in revised form February 26, 2014)

Abstract: Protein hydrolysates have a high biological and nutritional value and are widely used in various sectors of
the food, medical, and pharmaceutical industries. This article deals with the chemical hydrolysis of the milk protein
casein in the presence of hydrochloric or sulfuric acid and reports the hydrolysis parameters minimizing the loss of
amino acids. In casein hydrolysis, peptide bonds of protein molecules break to form di- and tripeptides and free
amino acids, enhancing protein absorption by the body. Inadequate intake of digestible forms of protein leads to
disruption of growth processes and impairs the immune resilience of the human body. To avoid the decomposition of
labile amino acids, hydrolysis was performed with triply distilled 6 M hydrochloric or sulfuric acid in a vacuum in
sealed ampoules for 4, 8, or 24 (+0.05) h at a temperature of 110 + 5°C and a substrate-to-acid ratio of 1 : 15, 1 : 20,
or 1 :25. The compositions of the casein hydrolysates obtained at various hydrolysis times are presented. For a more
detailed evaluation of the properties of the casein hydrolysates, the hydrolysis time effect on the molecular weight
distribution of proteins and peptides has been investigated. The problem of obtaining protein hydrolysates with the

desired composition and properties remains topical.
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INTRODUCTION

Protein hydrolysates are the products of the
hydrolytic decomposition of proteins. They consist
mainly of separate amino acids, their sodium salts, and
polypeptide residues. During hydrolysis, the peptide
bonds in protein molecules break to yield di- and
tripeptides and free amino acids, thus increasing protein
assimilation in the living organism. Mixtures of various
peptides are more rapidly and more completely
absorbed in the digestive tract than proteins themselves.
In addition, protein hydrolysates may contain various
physiologically active peptides necessary for regulation
of a number of essential functions of the living
organism. Note that peptides contained in hydrolysates
can possibly exert a favorable effect on the absorption
of some essential micronutrients. Protein hydrolysis is
used to produce preparations for the following
applications: blood substitution and parenteral nutrition
in  medicine; protein deficiency compensation,
resistance  enhancement, and improvement of
youngsters” development in veterinary; sources of
amino acids and peptides for bacterial and culture
growth media in biotechnology. Casein hydrolysates
contain peptides that are capable to form stable
coordination compounds (chelates) with calcium ions
and to considerably raise the absorbability of the latter
[2-4]. Again there are data indicating that
phosphopeptides  of  B-casein, like  «k-casein
glycomacropeptide and peptides of whey proteins,
markedly increase the bioavailability of iron and can be
considered as favorable factors in anemia prophylaxis.

In view of this, milk protein hydrolysates are
widely used in the food, medical, pharmaceutical, and
fragrance  industries as  rich  sources  of
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nonmacromolecular amino
acids, and proteins.

The chemical methods employed in the hydrolysis of
milk proteins are facile and do not require use of
uncommon or expensive enzymes, but they need severe
processing conditions. The production of protein
hydrolysates by acid hydrolysis is carried out above
100°C at pH 1-2 using inorganic (hydrochloric,
sulfuric, orthophosphoric) acids. The rate of release and
destruction of individual amino acids depends mainly
on the nature of the protein.

The peptide bonds (H-N-C=0) forming the polymer
chain of a protein molecule undergo hydrolysis in the
presence of an acid or alkali. This causes polymer chain
scission and can finally lead to the constituent amino
acids. The peptide bonds occurring in a-helices or -
structures are more resistant to hydrolysis and various
chemical treatments than the same bonds in single
chains [1]. Investigating the chemical hydrolysis of
casein, we revealed considerable structural changes in
protein subunits. In addition, spectroscopic data indicate
that oxyacids, dicarboxylic acids, and other compounds
undergo decomposition and racemization as well,
though to a lesser extent. Some authors reported that
terminal structural deformations take place in
nonmacromolecular peptides, which are biologically
active compounds, to make them unrecognizable by cell
receptors [4, 5, 7]. However, the following advantages
of acid hydrolysis are noted in some reports: protein
breakdown proceeds to a sufficient extent, and any
bacterial contamination of the hydrolysate (including by
metabolism products) is ruled out.

Here, we report a promising method of the acid
hydrolysis of casein and characterize the resulting
hydrolysates.

nitrogen compounds,
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OBJECTS AND METHODS OF STUDY

The substrate was edible casein containing 85 wt %
protein. In order to avoid the decomposition of the
resulting labile amino acids, acid hydrolysis was
performed using triply distilled 6 M hydrochloric or
sulfuric acid in a vacuum in sealed ampoules at 110 +
5°C for (4-24) £ 0.05 h. After the experiment time was
over and the hydrolysis process was complete, the
ampoules with the resulting casein hydrolysates were
cooled and unsealed and their contents were transferred
into a small conical or round-bottom flask. Hydrochloric
or sulfuric acid was evaporated to dryness using a rotary
evaporator at 40-65°C. For more complete removal of
hydrochloric (sulfuric) acid from the hydrolysates, 1.5
mL of water was introduced into the flask and
evaporation was repeated. This operation was done two
times.

Total nitrogen was quantified on a RAPID N
ELEMENTAR protein analyzer according to European
standards. The total protein content was calculated by
multiplying the total nitrogen content by a conversion
factor of 6.38.

Amino nitrogen was determined
spectrophotometrically using 2,4,6-
trinitrobenzenesulfonic acid (TNBS). This method is
based on spectrophotometric determination of the
chromophores resulting from primary amine--TNBS
reactions. The degree of hydrolysis was determined as
the ratio of amino nitrogen to total nitrogen. The
molecular weight distribution of proteins and peptides
in the hydrolysates was estimated by Laemmli’s protein
electrophoresis method.

RESULTS AND DISCUSSION

Some experiments were intended to find rational
casein hydrolysis conditions that would maximize
amino acid survival in the hydrolysate. As distinct from
some globular proteins, caseins are readily
decomposable by chemicals because, even in their
native state, they are in a low-ordered conformation that
is like a disordered structure of denaturated globular
proteins [3]. This is explained by the very low
proportion of o-helices and by the low structural
organization of the main casein components. This fact is
due to the high proline content of these proteins (8.5 to
16%), which apparently deforms the helix into a
disordered ball [1, 6].

The compositions of the casein hydrolysates
obtained by treating casein with 6 M hydrochloric acid
are presented in Table 1.

The data listed in Table 1 demonstrate that, at a
substrate-to-acid ratio of 1 : 25 and a temperature of 110
+ 5°C, the hydrolysis process is directed in the right
way and proceeds to a sufficient extent. The degree of
hydrolysis is 32.75 + 2.29% in 4.00 + 0.05 h and 65.50
+ 4.59 % in 8.00 £ 0.05 h and reaches its maximum
value of 96.20 = 6.73% in 24.00 = 0.05 h. As the
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substrate-to-acid ratio is decreased to 1 : 15 and 1 : 20,
the degree of hydrolysis in 24.00 =+ 0.05 h falls to 82.69
+5.79 and 92.99 + 6.50%, respectively. This is possibly
due to the polypeptide chain being insufficiently
strongly attacked by the hydrochloric acid solution. It
was also discovered that ammonia accumulates as the
hydrolysis time is extended. For example, as the
hydrolysis time is lengthened from 4.00 to 24.00 h at
substrate-to-acid ratios of 1 : 15, 1 : 20, and 1 : 25, the
ammonia weight fraction increases from 0.015 to
0.095%, from 0.034 to 0.156%, and from 0.085 to
0.200%, respectively.

The same trend is observed for the weight fraction of
.amino nitrogen. This is obviously due to the increase in
the number of cleaved amide bonds in separate amino
acids. For the sake of comparison, we carried out casein
hydrolysis with 6 M sulfuric acid under the same
conditions. The results of these experiments are
presented in Table 2.

The data listed in Table 2 suggest that, as the
hydrolysis time is extended, amino nitrogen and
ammonia accumulate and the degree of hydrolysis
increases. The intensity of the process increases with an
increasing volume of the acid. For example, the degree
of hydrolysis at a substrate-to-acid ratio of 1 : 15 and a
hydrolysis time of 24.00 + 0.05 h is 74.42 + 5.20%,
while the degree of hydrolysis at substrate : acid =1 : 25
and a hydrolysis time of 24.00 + 0.05 h is 88.52 +
6.19%.

In the sample with substrate : acid = 1 : 15, the weight
fraction of ammonia increases by a factor of 1.78; as the
substrate-to-acid ratio is increased to 1 : 20 and 1 : 25, the
ammonia weight fraction grows by a factor of 2.81 and
3.49, respectively. This finding is not in conflict with data
obtained by other researchers [3-5, 7]. Thus, we have
ascertained that casein hydrolysis proceeds more rapidly
and more efficiently under the action of 6 M hydrochloric
acid.

In order to evaluate the properties of the resulting
acid hydrolysates in greater detail, we studied the
hydrolysis time effect on the molecular weight
distribution of proteins and peptides in the
hydrolysates. The results of these experiments are
presented in Table 3.

Some experiments demonstrated that the amount
of proteins and peptides accumulated is proportional
to the hydrolysis time. For example, at a hydrolysis
time of 4.00 + 0.05, 8.00 = 0.05, and 24.00 £ 0.05 h,
the reaction mixture consists mainly of peptides with
a molecular weight of >20, 5-20, and <5 kDa,
respectively, at any substrate-to-acid ratio.

The same trend is observed in casein
hydrolysis with 6 M sulfuric acid (Table 4). For
example, at a substrate-to-acid ratio of 1 : 15 and a
hydrolysis time of 4.00 £ 0.05 h, the proportion of
peptides with a molecular weight of over 20 kDa is
14.24%.
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Table 1. Compositions of the casein hydrolysates obtained by treating casein with 6 M hydrochloric acid

. Weight fraction, % .
Hydrolysis time, h total nitrogen ammonia amino nitrogen Degree of hydrolysis, %
Initial casein sample 13.32+0.93 0 0 0

Substrate : acid=1:15

4,00+ 0.05 0.015 + 0.001 0.076 + 0.005 19.48 + 1.36

8.00 +0.05 13.32+£0.93 0.062 + 0.004 0.310 + 0.022 39.30 + 2.75

24.00 £ 0.05 0.095 + 0.007 1.976 +£0.138 82.69+5.79
Substrate : acid=1:20

4,00+ 0.05 0.034 +0.002 0.136 +0.010 26.15+1.83

8.00 +0.05 13.32+£0.93 0.138 +0.010 0.550 + 0.039 52.38 + 3.67

24.00 £ 0.05 0.156 + 0.011 3.126 + 0.219 92.99 + 6.50
Substrate : acid = 1: 25

4,00+ 0.05 0.085 + 0.006 0.284 +0.020 32.75+2.29

8.00 +0.05 13.32+0.93 0.144 + 0.024 1.148 +0.0080 65.50 = 4.59

24.00 £ 0.05 0.200 + 0.070 3.880 £ 0.272 96.20 + 6.73

Table 2. Compositions of the casein hydrolysates obtained by treating casein with 6 M sulfuric acid

Weight fraction, %
Hydrolysis time, h _total ammonia amino nitrogen Degree of hydrolysis, %
nitrogen
Initial casein sample 13.32+0.93 0 0 0
Substrate : acid=1:15
4.00 £ 0.05 0.014 +0.001 0.068 + 0.004 17.54 £1.23
8.00 +0.05 13.32+0.93 | 0.056 = 0.004 0.279 + 0.02 35.37 £ 2.47
24.00 £ 0.05 0.356 + 0.025 1.778 £ 0.12 74.42 £5.20
Substrate : acid=1:20
4.00 £ 0.05 0.031 +0.002 0.122 +0.008 23.54 £ 1.64
8.00 + 0.05 13.32+0.93 | 0.124 +0.008 0.495 + 0.034 47.14+3.30
24.00 + 0.05 0.140+0.01 2.813+0.19 88.19+6.17
Substrate : acid=1:25
4.00 £ 0.05 0.077 + 0.005 0.256 = 0.01 29.48 +2.06
8.00 + 0.05 13.32+£0.93 0.099 + 0.02 1.033 +0.07 58.95 +4.12
24.00 + 0.05 0.190 + 0.006 3.492 +0.24 88.52 £6.19

Table 3. Molecular weight
hydrochloric acid

distribution of the proteins and peptides resulting from casein hydrolysis in 6 M

Hydrolysis time, h Relative content, %, at a given molecular weight, kDa
’ >20 | 10-20 | 5-10 | <5

Substrate : acid=1:15

4.00 + 0.05 14.02 £ 0.98 38.50 + 2.69 26.00 +1.82 21.48 +1.50

8.00 £ 0.05 6.02 + 0.42 14.12 +0.98 37.06 £ 2.59 42.80 +2.99

24.00 + 0.05 0+0.07 7.02 £ 0.49 8.42 +£0.59 84.56 +5.92
Substrate : acid=1:20

4.00 + 0.05 12.72 +0.89 26.25+ 1.84 30.40 + 2.13 30.63+2.14

8.00 £ 0.05 4.02+0.28 10.12+0.71 33.06 £2.31 52.80 + 3.69

24.00 + 0.05 0+0.06 2.10+0.15 3.52+0.25 94.38 + 6.61
Substrate : acid =1 : 25

4.00 + 0.05 10.27 £ 0.72 20.42 +1.43 40.80+1.94 28.51+1.36

8.00 £ 0.05 3.73+0.26 7.53+0.53 21.62 +1.51 67.12 + 4.69

24.00+0.05 0+0.06 0.52 +£0.03 1.87 £ 0.13 97.61 + 6.83
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Table 4. Molecular weight distribution of the proteins and peptides resulting from casein hydrolysis in 6 M sulfuric acid
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Hvdrolvsis time. h Relative content, %, at a given molecular weight, kDa
ydroly ' >20 | 10-20 | 5-10 | <5

Substrate : acid=1:15

4.00 + 0.05 14.24 +0.99 39.19+2.74 27.95+1.96 18.62+1.30

8.00 + 0.05 8.17 £ 0.57 15.06 + 1.05 38.58 +£2.70 38.19 + 2.67

24.00 £ 0.05 0+0.08 7.12+0.50 1592 +1.11 76.96 = 5.39
Substrate : acid=1: 20

4.00 + 0.05 12.24 +0.86 29.19 + 2.04 32.95+2.30 25.62+1.79

8.00 + 0.05 7.17 £0.50 12.06 + 0.84 30.58 = 2.14 50.19 +3.51

24.00 £ 0.05 0+0.08 1.92+0.13 7.12+0.50 90.96 = 5.39
Substrate : acid=1:25

4.00 + 0.05 10.45+0.73 17.20+1.20 41.84+2.93 30.51+2.14

8.00 + 0.05 3.41+£0.23 8.56 + 0.59 25.91+1.81 62.12 + 4.35

24.00 £ 0.05 0+0.06 3.92+0.27 5.47 +0.38 90.61 +6.34

As the hydrolysis time is increased, the amount of

peptides with a molecular weight of over 20 kDa
decreases to 8.17 = 0.57%, and disappears entirely in
24.00 + 0.05 h owing to the attack of the chemical
agent on the polypeptide chain and the buildup of
nitrogen-containing compounds with a lower molecular

1.3, specifically from 76.96 = 5.39 to 90.61 + 6.3%.
Note also that, as the hydrolysis time is extended,
free amino acids build up intensively, and sulfuric acid,
a dibasic one, ensures severer hydrolysis conditions
than hydrochloric acid. The largest amount of amino
acids accumulates in 24 h at a substrate-to-acid ratio

weight. As a consequence, the proportion of peptides of 1:25.
with a molecular weight of <5 kDa increases to become
18.62 + 1.30% at a hydrolysis time of 4.00 + 0.05 h
and, as the hydrolysis time is extended to 24.00 + 0.05
h, their amount increases further by a factor of 4.1 to
become 76.96 + 5.39%. It was observed that, as the
concentration of the chemical agent is raised, the
degree of hydrolysis increases and this leads to an
increase in the proportion of peptides with a molecular
weight of <5 kDa. For example, at a hydrolysis time of
24.00 £ 0.05 h, the proportion of peptides with a
molecular weight of < 5 kDa increases by a factor of

CONCLUSIONS

Our experiments demonstrated that the 24-h-long
hydrolysis of casein at the optimal substrate-to-acid
ratio, which is 1 : 25, affords casein hydrolysates with
a high degree of hydrolysis and the maximum amount
of amino acids accumulated. It should be taken into
account that the proportion of peptides with a
molecular weight of <5 kDa is 90.61 + 6.34% in the
hydrolysis with sulfuric acid and 97.61 + 6.83% in the
hydrolysis with hydrochloric acid.
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Abstract: The connection between buckwheat grain quality and the changes of the acid number of fat (AN) and grain
acidity after eight months of storage has been investigated. Parameters of buckwheat with different content of
moisture, germinated grains, and spoiled grains were determined. The studies performed have shown that oxidative
damage to buckwheat grain increases concomitantly to the increase of humidity and content of germinated and
spoiled seeds. All three defects of grain (increased humidity and increased content of germinated and spoiled seeds)
accelerate the hydrolysis of grain lipids, and this leads to an increase of the acid number of fat. AN can be considered
an indicator of grain freshness and should be introduced as an indicator of buckwheat quality for inward inspection of
grain.
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INTRODUCTION capable of active resistance to various adverse
Buckwheat is the second most popular grain (after influences, ~ cereal is more vulnerable to
rice) on the Russian market. It accounts for over 20% microorganisms, moisture and heat, and therefore it
of total consumption. All buckwheat on the Russian becomes spoiled much easier and faster than grain.
market is produced domestically. Biochemical processes occurring during storage of
Buckwheat (Fagopyrum esculentum Moench.) is cereals are primarily m_amfest_ed as lipid changes.
the most common cereal crop in the Altai region: in The content of lipids in buckwheat reportedly
2012, buckwheat cultivation area occupied more than varies from 1.5 to 4.0 % [5], being maximal in the
420 thousand hectares in this region, this amounting embryo (7-14 %) and minimal in the shell (0.4-0.9 %)
to almost half of the total cultivation area of [6]. Analysis of the neutral lipid fraction revealed the
buckwheat in Russia. Altai region ranks first in the predomination of palmitic (16:0), oleic (18:1), and
production of buckwheat in Russia. Grain from this linolenic acid (18:2) residues in the triglycerides (16,
region is supplied to all regions of Russia, and the 42, and 32%, respectively) [7]. The rate of oxidation
volume of production amounted to 119 thousand tons for linolenic acid is twice higher than that for oleic
in 2012 [1]. acid, and 20 times higher than that for palmitic acid
However, deterioration of the quality of incoming [8]. Lipid oxidation impairs the organoleptic
grain was observed during the recent years. Operational characteristics of grain. _
experience at OAO “Biiskii elevator” showed that the _ Rancidification is caused by the hydrolysis of
harvested buckwheat grain often remained in floor lipids; the extent of this process depends on such
storage for several months prior to the post-harvest parameters as grain humidity and the content of
treatment and contained large amounts of moisture, sprouted and spoiled grains, in which the process of
spoiled, and sprouted grains upon submission for hydrolysis had already started. Organoleptic detection
processing [2]. of the beginning of cereal spoilage is impossible,
This is due to the deterioration of farming since distinctive and easily identifiable changes in
conditions and standards and the lack of post-harvest appearance and odor do not occur during the initial
processing resulting in spoilage of grain and changes in stage. Measurements of the acid number of fat (AN)
its technological properties [3, 4]. reported by L.G. Priezzheva included the
Quality of the raw grain has a considerable effect investigation of rice groats, millet, peeled rye flour,
on the storage ability of buckwheat. Deterioration of and top grade wheat flour; changes in the AN during
grain quality due to adverse environmental influences the guaranteed shelf life of Gercules oat flakes were
resulting in germination, spoilage, or frost damage, reported in [9]. o
decreases the storage ability of the grain and makes the The aim of the present work was to investigate the
cereals produced from this grain more prone to effect of humidity and the proportion of sprouted and
spoilage upon storage. spoiled buckwheat grains on the_ _changes of acid
In contrast to grain, which is alive and therefore number (AN) of the fat and grain acidity.
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OBJECTS AND METHODS OF STUDY

Buckwheat batches (moisture content up to 20% by
mass, sprouted grain content up to 4.0%, spoiled grain
content up to 1.6%) stored at the manufacturer’s
facilities without post-harvest handling were the
objects of the present study.

Batches of buckwheat grain of Dialog variety
harvested in the foothill area of Altai region were
selected for the study. Samples were collected from
batches of buckwheat harvested in 2012 and stored at
the manufacturer’s facilities for eight months. Samples
from batches of grain harvested in 2013, stored for one
month or less, and lacking spoiled and sprouted grains
were used for comparison. Samples were collected at
the grain handling center, and a representative sample
was formed and used for the study. The analysis of
acidity and AN in grain samples differing with regard
to humidity and the content of spoiled and sprouted
grains was of especial interest for the present study.
The quality parameters were assessed using
conventional methods.

The method of acidity assessment was based on the
ability of grain components to neutralize alkali and
involved titration of an aqueous slurry of ground grain.

Fifty grams of grain were selected from the
composite sample and ground until the fragments
passed through a sieve with openings of 0.8 mm in
diameter. Ground grain was transferred onto a glass
plate; a smooth layer was formed and pressed down by
another glass plate to obtain a 3—4 mm thick layer. A 5-
g sample of ground grain was transferred into a flask,
mixed with 100 cm® of distilled water, and stirred until
all clumps disappeared. Phenolphthalein (5 drops of a
3% solution) was added to the suspension; the mixture
was stirred and titrated with 0.1 M sodium hydroxide.

Acidity (X) was expressed in degrees of acidity as
the volume of 1 mole/dm® sodium hydroxide solution
required to neutralize the acid in 100 g of the product
and calculated according to formula 1 of the
conventional procedure.

X = Vx100/mx10 , 1)

where V is the volume of exactly 0.1 M alkali solution
required for titration, cm®; m is the mass of the ground
grain sample, g; 1/10 is the factor used to convert the
volume of 0.1 M sodium hydroxide solution to
moles/dm?.

The acid number of fat was determined according
to a procedure involving the extraction of fat from
ground grain by hexane, solvent removal, drying of the
fat, and titration of the fatty acids extracted by a 0.1 M
KOH solution.

For this, 2 g of phenolphthalein were dissolved in
40 cm? of ethanol in a 100 cm® volumetric flask.

Potassium hydroxide (5.6 g) was dissolved in 500
cm?® of distilled water in a 1000 cm® volumetric flask,
and the solution was cooled to room temperature.

The solution containing alcohol and ether was
prepared by mixing the required amount of ethyl
alcohol and diethyl ether at a ratio of 1:1, adding five
drops of phenolphthalein, and titrating with 0.1 M
KOH until a weak pink coloration appeared.
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Fifty grams of grain were taken from the composite
sample and ground in a laboratory mill until the
fragments passed through a sieve with openings of 0.8
mm in diameter. Ten grams of the ground product were
mixed with 50 cm® of hexane and stirred with a
magnetic stirrer for 10 minutes. The mixture was
allowed to stand for 10 minutes to separate the
precipitate and the solvent.

The top (hexane) layer of the supernatant was
decanted through a paper filter into a flask containing
calcium chloride. Hexane was completely removed
from the flask using a rotary evaporator at 70 °C, and
afterwards the flask was placed into an oven, dried at
70 °C for one hour, cooled to room temperature for 30
minutes in a desiccator over calcium chloride, and
weighed on a laboratory balance. The weight of the fat
was calculated as the difference in the weight of the
flask kept in a desiccator and the weight of the flask
containing the extracted fat. All the extracted fat was
dissolved in 10 cm® of ethanol-ether mixture, five
drops of phenolphthalein solution (concentration 2
glem®) were added, and the mixture was titrated with
potassium hydroxide until a weak pink coloration
appeared and persisted for 30 s.

Acid number of the fat in the sample under
investigation, mg KOH/g fat, was calculated according
to formula 2 of the conventional procedure.

AN =5.611 AK/m, )

where 5.611 is a constant calculated as the weight of
KOH contained in 1 cm® of 0.1 mole/dm? solution; A is
the volume of 0.1 M KOH used for titration, cm®; K is
the correction coefficient for the titer of 0.1 M KOH;
m is the mass of the extracted fat after drying, g.

Since the hydrolysis of fat occurring during the
decay of reserve substances in grain begins earlier than
that of proteins and carbohydrates, the AN assay is a
more sensitive indicator of acceptable grain quality
[10]. Analyses performed in the laboratory showed that
the organoleptic parameters of the grain batches
investigated complied to the existing requirements.

Batches of buckwheat grain received from the
growers were divided into three groups:

1 - with moisture content ranging from 11.0 to
20.0%;

2 - with the content of germinated seeds ranging
from 0 to 4.0 %;

3 - with the content of damaged grains ranging
from 0 to 1.6 %.

All other parameters of the samples conformed to
the existing requirements. Germinated seeds were not
detected and the content of spoiled grains did not
exceed 0.2% in samples of the first group; moisture
content in the samples of the second and third groups
did not exceed 14.5 %.

RESULTS AND DISCUSSION

The level of unground buckwheat consumption is
fairly stable, and the demand for it is expected to grow
in the near future. Increasing production volumes in
Russia provide for the domestic market demand for
buckwheat; domestic production of buckwheat is
sufficient to satisfy the demand completely.
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The quality of cereal products is an important factor
for competition on the market. Wholesale consumers of
unground buckwheat have recently come up with a
number of critical remarks concerning the significant
deterioration of cereal quality within the guaranteed
period of shelf life. Organoleptic parameters of the
cereal deteriorate, uncharacteristic odors appear, taste
changes occur, and the cereal eventually becomes
moldy and unfit for consumption. Moisture content in
the grain is one of the main factors affecting the storage
ability of the grain. High humidity is the main cause of
poor conservation of wet and humid grain, as well as
the products of processing of such grain.

Grain humidity is an important indicator of its
quality. Grain can easily absorb and release moisture,
since it has a capillary porous structure. Moist grain
breathes intensively, and the concomitant enzymatic
processes lead to adverse changes of the quality of the
original grain. Such grain can easily germinate and is
vulnerable to microorganisms.

The quality of cereals is directly dependent on the
quality of grain from which the cereals were produced.
However, the existing requirements are not sufficient
for the assessment of grain freshness, especially in the
initial period of grain deterioration when the changes
of the organoleptic characteristics are slight.
Buckwheat freshness is characterized by the maximal
value of buckwheat AN, at which the product still
retains its characteristic organoleptic parameters. At
higher AN values, the product acquires an unusual
odor, taste and color. Therefore, the AN value, which
characterizes the degree of lipid hydrolysis resulting in
the formation of free fatty acids, can be used to
characterize the freshness of grain and predict changes
in the quality parameters during grain storage.
Accumulation of free fatty acids in grains reduces the
quality of cereals.

Research conducted at Biisk Institute of
Technology during the last few years showed that the
AN of buckwheat grain supplied for the production of
unground buckwheat ranges from 4.2 to 16.5 mg
KOH/g; such grain meets the existing requirements and
is accepted for processing and buckwheat grain
production. Results of the measurements of fat AN and
grain acidity for buckwheat grain of varying quality are
reported in the present article.

All the measurements were conducted in 10
replicates and processed statistically. The effect of the
content of moisture, germinated grains, and spoiled
grains on the acidity and AN was investigated for
buckwheat grain. The average values are reported in
the present article.

The effect of moisture content (by mass) on
indicators of oxidative damage in grain stored for one
month is illustrated by Fig. 1. This grain was analyzed
as it was received by the processing facility; no
sprouted or spoiled grains were detected in the
batches.

Grain acidity decreases with increasing moisture
content, and increases as the content of spoiled and
sprouted grains increases; this can be attributed to
different mechanisms of the biochemical processes.
Increasing humidity results in the dilution of acids,
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while spoilage processes result in an increase of acid
concentration.

The results show that an increase in humidity in the
fresh grain leads to a 1.3-fold increase in AN and a 1.5-
fold decrease in acidity. The currently existing
requirements allow unground buckwheat production
from grain with a moisture content below 16 % (at
groats mills equipped with dryers), and this
corresponds to a threshold AN of 9 mg KOH/g.
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Fig. 1. Effect of moisture content on acidity and AN.

The effect of moisture content on AN parameters
after 8 months of storage is illustrated by Fig. 2.
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Fig. 2. Effect of moisture content on acidity and AN.

The data show that a 2.1-fold increase in humidity
of the stored grain leads to a 1.6-fold increase in AN
and a 2.1-fold decrease in acidity. The currently
existing requirements allow unground buckwheat
production from grain with a moisture content below
16 % (at groats mills equipped with dryers), and this
corresponds to a threshold AN of 8.2 mg KOH/g.

Comparison of the results illustrated by Figures 1
and 2 reveals the identical character of processes in
samples stored for 1 and 8 months, with an increase of
AN and a decrease of acidity that can be attributed to
protein hydrolysis processes resulting in the formation
of amino acids.

The effect of the content of sprouted grains on
oxidative spoilage of buckwheat grain is illustrated by
Fig. 3.
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The data shows that a 4.0-fold increase in the
content of sprouted grains results in a 1.3-fold increase
of AN and a 1.1-fold increase in acidity. The currently
existing requirements allow cereal production from
grain with a content of germinated seeds below 3% (by
mass), and this corresponds to a threshold AN of 8 mg
KOH/g.
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Fig. 3. Effect of the content of sprouted grains on
oxidative deterioration of buckwheat.

The effect of the content of spoiled grains on
oxidative deterioration of buckwheat grain is illustrated
by Fig. 4.
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Fig. 4. Effect of the content of damaged grains on
oxidative deterioration of buckwheat.

The data presented shows that a 1.6-fold increase in
the content of damaged grains results in a 1.3-fold
increase of the AN and a 1.1-fold increase in acidity.
The currently existing requirements allow the production
of third-grade unground buckwheat from grain
containing 1.2 mass. % of damaged seeds at the highest,
this being equivalent to a threshold AN value of 7.5 mg
KOH/g.

The direction of changes related to the content of
sprouted and spoiled grains is the same for acidity and
AN, in contrast to the previous case. This change in the
shape of the curves can be explained by the replacement
of chemical hydrolysis processes by biochemical
processes occurring during germination and spoilage of
buckwheat and resulting in increases of grain acidity and
AN.

Notably, the acidity of the grain cannot objectively
characterize buckwheat quality due to opposite changes
concomitant to quality deterioration. Grain acidity
reportedly increases after drying of moist and wet grain.

All three factors (increased humidity or a high
content of germinated or damaged grains) accelerate
lipid hydrolysis in the grains, and this leads to an
increase of the acid number of fat. AN can be regarded
as an indicator of grain freshness, and it must be
included into the range of buckwheat quality parameters
assessed during input control. The data obtained suggest
that AN is related to the history of grain storage and
general quality of the grain.

Use of AN as an indicator will eliminate the need to
control such parameters as humidity, the content of
sprouted grains, and the content of damaged grains, and
will allow for the use of one parameter in the monitoring
of the proper storage conditions that ultimately
determine organoleptic characteristics of buckwheat
grain processing products; at the same time, the amount
of work required for input control will be reduced.

The experiments performed yielded four threshold
values of AN for the assessment of buckwheat quality,
namely, 9.0, 8.2, 8.0, and 7.5. The minimal value, i.e. 7.5
mg KOH/g, should serve as a unified threshold value.

Thus, buckwheat grain with an AN higher than 7.5
mg KOH/g should not be accepted for processing for the
production of unground buckwheat cereal.
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