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ORIGINAL PAPERS

SODIUM AS AN ELEMENT INCREASING
NITROGEN PRODUCTIVITY - A CASE
STUDY ON SUGAR BEET

Przemyslaw Barlog

Chair of Agricultural Chemistry and Environmental Biogeochemistry
Poznan University of Life Sciences

Abstract

The objective of the study was to evaluate the effect of sodium-enriched nitrogen fer-
tilizers against the background of pre-sowing sodium fertilization on sugar beet productivi-
ty, including technological quality of taproots. A field experiment, completed in 2001-2003,
consisted of two main factors: (i) pre-sowing sodium application (0, 30 kg Na ha~! in the
form of NaCl), (il) a set of nitrogen fertilizing variants, composed of two sub-levels: one
consisting of four nitrogen rates (0, 90, 120, 150 kg N ha™!) and the other one comprising
three chemical N fertilizer forms [(i) ammonium nitrate, 34%, AN, (ii) mixture of ammo-
nium and sodium nitrates, 26%N + 6% Na (ASN1), (iii) mixture of ammonium and sodium
nitrates, 21%N + 13% Na (ASN2)]. Depending on a nitrogen rate, the fertilizers were ap-
plied on two or three dates. The first N rate was applied only as ammonium nitrate. The
in-season application of nitrogen and sodium as the 274 and the 3'd rate of nitrogen allo-
wed for discrimination of sodium rates, ranging from 0 to 44.2 kg Na ha™l. The effect of
soil applied sodium was significant in the 29 and 3™ year of study. The highest yields of
taproots and sugar, despite changeable weather conditions, were harvested on the 120 kg
N hal treated plot. The response of sugar beet plants to in-season applied sodium was
varied and depended on soil available sodium content and the course of weather during
the growing season. The strongest response occurred in 2003, characterized by both the
lowest amount of available soil sodium and shortage of water. The necessity of sodium
application, as a nutritional factor increasing yields of taproots and sugar, was clearly de-
monstrable under low soil sodium content (< 5 mg kg1 soil). Then, the optimum rate of
in-season applied Na in the form of ASN1 ranged from 14.8 to 29.5 kg Na ha~l. The ava-
ilable sodium content, from 10 to 12 mg kg! soil, defined the upper limit of sodium fertili-
zer application. At that sodium fertility level, 7.4 kg Na ha~! should not be exceeded. The
highest unit N productivity, as attributed to the 90 kg N ha~! treatment, responded positi-

dr hab. Przemystaw Bartég, Chair of Agricultural Chemistry and Environmental
Biogeochemistry, University of Life Sciences, Wojska Polskiego 71F, 60-625 Poznan, Poland,
e-mail: przembar@up.poznan.pl
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vely to soil and in-season applied sodium. Therefore, it can be concluded that soil and/or
in-season applied sodium can improve productivity of unit nitrogen, provided that a nitro-
gen rate will be reduced by up to 30 kg N ha=! in comparison to its optimum rate.

Key words: nitrogen rates, sodium nitrate, NaCl, sugar yield, nitrogen productivity.

SOD JAKO PIERWIASTEK ZWIEKSZAJACY PRODUKCYJNOSC AZOTU -
NA PRZYKLADZIE BURAKA CUKROWEGO

Abstrakt

Celem badan byta ocena wplywu nawozéw azotowych wzbogaconych w séd na tle
przedsiewnego nawozenia sodem na produkcyjno§é burakéw, witacznie zjakoscia technolo-
giczng korzeni. Eksperyment polowy (w latach 2001-2003) zawieral dwa czynniki nawozo-
we: (i) przedsiewne stosowanie sodu (0 i 30 kg Na ha-l, w formie NaCl), (ii) zestaw wa-
riantéw azotowych, ujetych w dwa podpoziomy. Pierwszy, wyznaczony przez dawki azotu
(0, 90, 120 i 150 kg N hal), oraz drugi, wynikajacy ze sktadu chemicznego testowanych
nawozow [(i) (saletra amonowa, 34% N (AN), (ii) mieszanina saletry amonowej i sodowe;j,
26% N + 6%Na (ASN1), (iii) mieszanina saletry amonowej i sodowej, 21% N + 13% Na
(ASN2)]. W zalezno$ci od dawki azotu, nawozy stosowano w dwoch lub trzech terminach.
Pierwsza dawke azotu, przedsiewnie, stosowano tylko w formie saletry amonowej. Nawozy
azotowe stosowane w drugiej i trzeciej dawce zawieraly rowniez so6d. W ten sposob zrozni-
cowano pogléwne dawki sodu w zakresie od 0 do 44,2 kg Na hal. Wplyw doglebowo za-
stosowanego sodu byt istotny w drugim i trzecim roku badan, prowadzac do wzrostu plonu
korzeni i cukru. Najwiekszy plon korzeni i cukru, niezaleznie od warunkéw pogodowych,
otrzymano stosujac 120 kg N ha~l. Reakcja buraka cukrowego na pogléwne nawozenie
sodem byla zmienna, warunkowana dostepnoscig tego sktadnika w glebie oraz przebiegiem
warunkow pogodowych. Najwiekszy przyrost plonu korzeni zanotowano w 2003 roku.
Stwierdzono wowczas najmniejszg zawarto$¢ przyswajalnego sodu w glebie oraz niedobér
wody w okresie wegetacji. Konieczno§¢é stosowania sodu jako czynnika zywieniowego zwiek-
szajacego plony korzeni i cukru ujawnita sie jednoznacznie w stanowiskach ubogich w przy-
swajalny s6d (<5 mg Na kg gleby!). W tych warunkach optymalna dawka sodu w formie
ASN1 wynosita od 14,8 do 29,5 kg Na hal. Zawarto§é przyswajalnego sodu w glebie od
10do 12 mg Na kg! wyznaczala gérny poziom stosowania nawozéw sodowych. W tym
zakresie wielkosé pogléwnej dawki sodu nie powinna przekraczaé¢ 7,4 kg Na ha=l. W wa-
riancie z 90 kg N ha~!, charakteryzujacym sie najwieksza produkcyjnoscia jednostkows
azotu, odnotowano wzrost tego wskaznika w reakcji na doglebowe i poglowne stosowanie
sodu. Mozna wiec stwierdzi¢, ze doglebowe i pogléwne nawozenie buraka cukrowego so-
dem prowadzi do zwiekszenia produkcyjnosci jednostkowej azotu. Warunkiem koniecznym
jest redukcja dawki tego sktadnika nawet o 30 kg N ha=! w poréwnaniu z dawks optymal-
ng uzyskang w warunkach bez nawozenia sodem.

Stowa kluczowe: dawki azotu, saletra sodowa, NaCl, plon cukru, produktywnosé azotu.

INTRODUCTION

Despite many potential ways to use sugar beet, including production
of bio-ethanol or bio-gas, in Europe this crop is predominantly grown to pro-
duce sugar (MARLANDER et al. 2003, VENTURI, VENTURI 2003). Harvested yields
of sugar depend on many natural and agro-technical factors, including weath-
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er conditions during the growing season. According to FRECLETON et al. (1999),
the weather is responsible for 26% to 79% of yield variability. Drought in
summer months (July and August) can be most detrimental to the final
yield of beets. Nevertheless, the negative impact of water shortage on the
growth of beet plants and sugar yield can be partly compensated for by
a highly sophisticated fertilization system, in which required nutrients, their
rate and application timing are managed properly (MARLANDER et al. 2003).

Potassium and sodium play the most important role in controlling the
response of sugar beet plants to water shortage (Grzesisz et al. 2002). The
effect of sodium on plants’ growth and yielding has long been a subject of
scientific controversy (ROMER et al. 2004). The key biological and physiologi-
cal functions of this element in sugar beet plants are related to its ability to
replace potassium in its ordinary functions. A classical example of its physio-
logical impact is regulation of the cell’s osmotic potential and turgor (Sus-
BARAO et al. 2003). Contribution of potassium ions to the cell’s total osmotic
potential, depending on the plant type, ranges from 53 to 96%. It is well
recognized that importance of other nutrients such as calcium, magnesium
and especially sodium increases when potassium deficit appears. Plants clas-
sified as halophytes compensate high external osmotic pressure by accumu-
lating sodium ions in the vacuole (FLowErs 1985). It is supposed that this
mechanism also works in sugar beet plants. Using data from hydroponics
experiments with fodder beets, SuBBARAO et al. (1999) showed that sodium
may replace up to 96% of the impact produced by potassium on the cell’s
osmotic potential. Therefore, sugar beet plants supplied with sodium instead
of potassium do not show symptoms of potassium deficiency (WAKEEL et al.
2009). Experiments conducted under water stress have revealed an increased
content of sodium in older leaves of sugar beet plants, which elevates the
rate of photosynthesis (Niazi et al. 2000). It is supposed that beet plants
under water stress but well supplied with sodium are able to transport
potassium to the most physiologically sensitive organs. Therefore, these find-
ings raise a question about the impact of sodium on sugar beet productivity
under conditions of water shortage in summer months.

One of the biggest controversies is stirred by the impact of sodium on
nitrate transport within the plant. Although potassium is a key nutrient
responsible for transport of nitrates in plants, sodium ions can increase their
accumulation in sugar beet plants. The same phenomenon has been ob-
served in the case of sulphate and chloride ions (SuBBARAO et al. 2003, HoFF-
MANN 2005). These findings underline the importance of sodium in control-
ling nitrogen use efficiency.

Sugar beet fertilization with sodium raises some doubts among agrono-
mists regarding its optimum rates and effect on the quality of taproots and on
sugar yield. In many scientific reports and papers, positive effects of sodium
are demonstrated (HANSEN 1994, FRECLETON et al. 1999, WAKEEL et al. 2010). Some
other reports underline the lack of response or even negative influence on
taproot quality (Von BrauNscHWEIG 1983, MILFORD et al. 2000, ROMER et al. 2004).
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The key objective of this study was to assess the effect of sodium ap-
plied to soil as pre-sowing fertilization and/or in the form of mixtures of
ammonium and sodium nitrates on nitrogen use efficiency, considered as
a prerequisite of good yields of taproots and sugar.

MATERIAL AND METHODS

Field investigations were conducted during three consecutive seasons:
2001, 2002, 2003, on a farm in Sadki (Poland: 52°08'N; 16°47’E). The experi-
mental design comprised two factors, as follows:

1) soil applied sodium: 0, 30 kg Na ha~! (as NaCl);

2) a set of nitrogen fertilizing variants, composed of two sub-levels: one consi-
sting of four rates of nitrogen fertilization (0, 90, 120 and 150 kg N ha~1) and
the other one comprising three types of nitrogen fertilizers: (i) ammonium
saltpeter (AN), (ii) mix of ammonium and sodium nitrate, 26% N + 6%Na
(ASN1), (iii) mix of ammonium and sodium nitrate, 21% N + 13%Na (ASN2).

The basic rate of sodium was applied two weeks before sugar beet sow-
ing. The first N rate of 60 kg N ha™! in the form of pure ammonium ni-
trate was applied before sugar beet sowing. The remaining rates of nitrogen
fertilizers, enriched with sodium, were applied in accordance to the experi-
mental design, at BBCH 14/16 and BBCH 19/37 stages of sugar beet (accord-
ing to MEIER et al. 2001). The composition of 10 nitrogen variants was as
follows: control — without nitrogen (0), 60,+30,y (ANgy); 60,+302an1
(ASN1g); 60 N+30agN9 (ASN2g)); 60,+60,N (AN;90); 60,N+60gN7
(ASN1,50); 60 N+60,gn9 (ASN2,54); 60,+60,7+30,Nn (AN 50);
60 AN+60,gN1+3045N7 (ASN15); 60,4N+60,gN9+3045N9 (ASN2,5). The rates
of sodium applied together with nitrogen were different, depending on the
composition of the carrier, i.e., type of nitrogen fertilizer. For ASN1, sodium
rates were it 7.4, 14.8 and 22.1 kg Na ha™! and for ASN2 they were 14.8,
29.5 and 44.2 kg Na ha™1.

The area of each treatment, replicated four times, was 54 m? (10 m x 12
rows). Field trials were established on fields cropped with spring barley in
the preceding year. Post harvest residues of the cereal and white mustard,
grown as green manure, were the only sources of the introduced organic
matter. Phosphorus and potassium were applied, irrespective of the treat-
ment, in rates of 21 kg P ha! (single super-phosphate, 19% P,05 i 0,2%
B), and 100 kg K ha=! (muriate of potash, 60% K,0).

The soil under the experiment was typical soil in Poland. It developed
from glacial loamy sands, was poor in organic matter but rich in basic ma-
cronutrient. Its fertility declined in the order: 2001 > 2002 > 2003. The
content of available sodium also decreased in that order. The amount of
mineral nitrogen (N = N-NH, + N-NOg,), measured down to 60 cm, was
high (Table 1).

min
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Table 1

Physical and chemical properties of soil

Soil layer | Clay | Corg P | K | Mg** | Na®™ | Nmins
Year 7y %1y | PHge 1
(m) (gkeg™ | (gkg™D (mg kg, (kg ha™)
0.0-0.3 80 9.2 74 132 | 231 | 40 | 102 98
2001
0.3-0.6 140 5.3 7.3 77 | 196 | 40 | 120 114
0.0-0.3 30 8.1 6.9 141 | 173 | 53 5.0 65
2002
0.3-0.6 110 3.8 6.6 41 107 | 66 | 42 67
0.0- 0.3 40 6.7 7.0 97 147 | 45 3.5 96
2003
0.3-0.6 110 2.5 6.0 41 97 44 2.5 78

Extracting solution: *lactate buffer, pH 3.55; **0.0125 mol CaCly; ***0.01 mol CaCl,

The weather conditions during the study showed high year-to-year variabil-
ity. The total of precipitations (in mm) from April to October was: 553 in 2001,
633 in 2002 and 412 in 2003. With respect to rainfall, the worst situation oc-
curred in 2003. The total amount of rainfall in August and September 2003 was
just 40 mm, while the required amount of water is estimated at 145 mm. In
2001 and 2002, the sum of precipitation in August and September was 150 and
169 mm, respectively, which satisfied the crop’s water requirement.

Sugar beet plants were harvested at the technological maturity growth
stage (BBCH 49) in the first decade of October from 16.20 m? (six rows per
6 m). The technological value of taproots, such as sugar content polarization
(S), a-amino-N (a-N), potassium (K) and sodium (Na), were determined us-
ing a Venema auto-analyzer (Type IIG). Sugar concentration was determined
in extracts (0.3% aluminium sulphate) by using the polarimetric method;
K and Na were assayed photometrically and -N was determined fluorimet-
rically with o-phthaldehyde (OPA). These basic characteristics of taproots were
then used to calculate some technological indices such as (BucHHOLZ 1995):

1) standard molasses loss, SML = 0.12 - (K+Na) + 0.24 - a-N + 1.08 (%);

2) recoverable sugar, RS = S — SML (%);

3) processing efficiency (recovery), PE = (100 - RS) - S™1 (%);

4) recoverable (white) sugar yield, Yg = (Yp - RS) - 10071 (t ha™1);

where: K — content of potassium in mmol 100~! g of fresh taproots;
Na — content of sodium in mmol 1001 g of fresh taproots; a-N — content of
a-amino-N in mmol 10071 g of fresh taproots; Yy — beet (taproots) yield in
tha1; S — polarimetric determined sugar content in beet in %.

The efficiency of N fertilizer was evaluated using two classical parameters:
1) partial factor productivity nitrogen, PFPy;:

YS -1
PFP; = —=(kg kg™ 7).
N DN 5
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Table 2
Effect of sodium chloride fertilization on sugar beet yield
Taproots yield Leaves yield Taproots/leaves

Year Treatment (t had) (t had) ratio

-Na 64.1¢ 32.7¢ 0.52 @
2001

+ Na 64.4 ¢ 304 ¢ 048 @

-Na 53.7¢ 232 ¢ 043¢
2002

+Na 56.4 b 25.1° 0.45 ¢

-Na 51.0¢ 239 ¢ 047¢
2003

+Na 56.1° 25.0 @ 0.44 ¢

-Na 56.2 ¢ 26.6 ¢ 047¢
Mean

+ Na 59.0 b 26.8 ¢ 0.46 ¢

Means with the same letter are not significantly different at @=0.05 (Tukey's test).
2) agronomic efficiency of fertilizer, AE:

YSmN)-YS(0) -1
AE,, = 28V 77 O (ko :
N DN ( g Kg ),

where: Yq = white (recoverable) sugar yield (kg ha~ Ly, Ygn) and Yg(g) — white
sugar yield with and without N-fertilization (kg ha=1); Dy — rate of
N (kg ha™1).

All sets of collected data were subjected to analysis of variance (Fisher-
Snedocor’s method) for each year separately and for the interaction between
year and experimental treatment, using computer software Statistica 9. In
the calculation procedure (analysis of variance), the nitrogen fertilizer rates
and chemical composition of tested fertilizers were considered as levels of
the same factor. For F-test showing significant differences, Tukey’s test
(HSD) at the probability level of « = 0.05 was additionally performed to
compare mean values. Stepwise variable selection was performed in order
to find out relationships between white sugar yield and other parameters.

RESULTS AND DISCUSSION

The three-year average values implicitly indicate that pre-sowing appli-
cation of sodium in the rate of 30 kg Na ha~! is a measure which increases
yields of sugar beets and recoverable sugar. The yield stimulating effect of
this nutrient was in fact achieved though an increase in the taproot yield.
A significant yield increase was found in two of the three years. In 2002, the
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relative increase was about 5% (p=<0.018), but in 2003 it went up to 10%
(p=<0.001). In the third year, the yield was reduced due to shortage of water
in August and September, as mentioned above. Yields of tops and taproot to
top ratios did not show any response to soil applied sodium despite the year-
to-year weather variability (Table 2). The same trend in the response of sugar
beet to sodium application has been observed by HANEKLAUS et al. (1998).

Table 3

Taproot and leaf yields depending on the rate and chemical composition of in-season applied
N-fertilizer; means for treatments with and without NaCl fertilization (t ha=1)

Taproots yield Leaves yield

Treatment

2001 2002 2003 | mean | 2001 2002 2003 | mean
0 59.5¢ | 4549 | 513¢ | 521¢ | 2789 | 181¢ | 195¢ | 21.8¢
ANy, 6259 | 5445 | 5199 | 562 | 284 | 2409 | 2530bc | 259ab
ASN1g, 67.790 | 573% | 5169 | 589°% | 347 | 2790 | 230 | 2850
ASN2, 6559 | 57.0% | 5499 | 592°% | 317e | 2209 | 25.109bc | 263
ANy, 679% | 5289 | 5559 | 5887 | 328c | 2299 | 235 | 264 ab

ASN1,,, 6467 | 589°% | 5770 | 604% | 303¢ | 27.8° | 298¢ | 2937
ASN2,,, 6237 | 59.6°% | 5729 | 5976 | 320¢ | 2550 | 26.70¢ | 28.1°
AN, 6597 | 5237 | 5199 | 5677 | 336¢ | 2419 | 2359 | 2719
ASN1,, 6447 | 5670 | 51.09 | 57409 | 333 | 2590 | 22300 | 2720b
ASN2,-, 6247 | 5560 | 5259 | 5689 | 31.1¢ | 2329 | 2549 | 26,67

Means with the same letter are not significantly different at a=0.05 (Tukey's test).

Positive effect of sodium application on sugar beet yield can be partly
explained by differences in the soil available content of both potassium and
sodium. In 2001, the content of both nutrients was high, providing good
conditions for supply of both nutrients. The content of soil available potassi-
um above 20 mg kg! soils is a prerequisite for a high rate of sugar beet
growth and yielding (WoJciEcHowskI et al. 2002). Absence of any response of
sugar beet to an available sodium content above 10 mg kg™! soil could be
used as an indicator of soil sodium self-sufficiency. Moderate response, as
found in 2002, and strong response in 2003 are related to an insufficient
content of available soil sodium and to the shortage of water that occurred
in 2003. These results are in agreement with those reported by Drycorr,
DURRANT (1976). There are some reports underlying increasing adaptability
of sugar beet plants to prolonged drought, provided that they are well sup-
plied with sodium (BrocH et al. 2006). Some authors stress that sodium is
much more effective in preventing the negative response of sugar beet to
water shortage than potassium (Drycort, DURANT 1976, HaMPE, MARSCHNER
1982).
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The effect of nitrogen treatments on sugar beet yields was significant in
all the three years at p<0.0447, p<0.00014 and p=<0.022 in 2001, 2002 and
2003, respectively (Table 3). In the present study, no significant interaction
has been found for the NaCl x N-treatments. The assessment of the re-
sponse of sugar beet to the applied nitrogen fertilizers involves first of all
an evaluation of the yields harvested on the control plot, i.e. without any
addition of external nitrogen. As presented in Table 1, the general level of
soil fertility was high, allowing high efficiency of soil mineral nitrogen (N
as presented below for the harvested quota of taproots (Yp):

Yp = 0.176N . +21.74 for R2 = 0.99 and n = 3, p = 0.001,

where: Yg — taproot yield, t ha-1; N_;, — mineral nitrogen, kg N ha! in
the soil layer 0-0.6 m.

min)’

Therefore, any differences between the control plot and experimental
treatments can be explained by the composition of nitrogen fertilizers and
weather in each of the growing seasons. In 2001, the highest yield of tap-
roots was harvested from the plot fertilized with 120 kg N ha~! in the form
of AN (Table 3). However, in comparison to the control plot, this increase
was only 14%. A positive effect but not a significant one was attributed to
sodium only when applied in the 90 kg N ha™! treatment. A higher rate of
nitrogen caused a slight yield decrease, but there are different explanations.
Some authors relate yield decrease to an antagonism between sodium and
other cations — calcium, magnesium (WAKEEL et al. 2009). In 2002, the high-
est yield of taproots was recorded in the plot fertilized with 120 kg N ha1,
but applied as ASN2. The relative yield increase compared to the control
plot was high, slightly above 30%. However, the same level of yield was
attributed both to all 90 kg N ha~! treatments and to 150 kg N ha~! treat-
ments with sodium. These data clearly indicate that sodium application to
soil poor in this nutrient can rise significantly yields of both taproots and
tops. In the third year (2003), characterized by excessive water shortage in
the late season, the highest yield increase versus the control was attributed
to the treatment consisting of 120 kg N ha~! and ASN1 fertilizer. The yield
averaged over years verifies the significant impact of sodium applied during
the season, irrespective of the year-to-year variability. The highest yield of
taproots was recorded in the treatment fertilized with 120 kg N ha~! in the
form of ASN1 (Table 3). However, the same level of yield was noted for the
90 kg N ha™! in the form of ASN1 or ASN2 and for the 120 kg N ha! in
the form of ASN2 (p<0.0011). It can be concluded that the optimum rate of
sodium applied in the season ranges from 14.8 to 29.5 kg Na ha~l. This
amount of sodium should be recommended on soil generally poor in sodium.
The results suggest that it is necessary to substitute, even partly, some
ammonium saltpeter by sodium nitrate (HENKENS 1971). In contrast, on soil
reach in sodium, the effect of applied sodium nitrate can be controversial,
as pointed out by ALLISON et al. (1994).
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This study showed distinctly that the technological quality of taproots
depends to a great extent on the course of weather during the growing
season and on applied N rates (Table 4). Both factors had the strongest
effect on the concentration of sugar and nitrogen compounds (a-N). At the
same time, these two taproot quality indicators showed a contrary response
to the annually changing weather conditions. Variation in the potassium
and sodium concentrations was much lower. Sodium applied to soil did not
affect taproot quality, thus indirectly revealing its positive impact on sugar
beet growth. A complex qualitative parameter called sugar loss achieved
a much higher value in 2002 than in the other two years. Its variation was in
accordance with changes in the concentration of ¢-N compounds (Table 4).

Sophisticated management of nitrogen on a sugar beet plantation should
take into account three aspects: (i) N fertilizer rate, (ii) N application tim-

Table 4
Response of sugar beet quality to experimental factors
Yoar Quality parameters
and levels polarization a-N K Na loss recovery
of treatments S SML PE
(%) (mmol kg*l) (mmol kg’l) (mmol kg*l) (%) (%)
Year
2001 17.65 ¢ 2340 402a 3.5¢ 216 | 87.89
2002 17.78 @ 24.1° 51.9 @ 540 2.33° 86.9 ¢
2003 20.53 0 19.0@ 57.8° 4.4 b 227ab | 8890
NaCl- fertilization
-Na 18.56 @ 225 49.1¢ 440 2.25 @ 87.8¢
+Na 18.75 ¢ 219 50.9 ¢ 450 2.26 @ 87.9¢
Treatments of N-fertilization
0 (without N) 19.34¢ 15.3¢@ 466 3.7¢ 2.04 @ 89.4°
ANy, 18.89 abe 21.2.ab 484 43¢ 2219 | 8g2a
ASN1,, 18.60 @b 23.3 ab 50.8 @ 4.1¢ 2.28 ab 87.6 ¢
ASN2,, 18.68 abe 20.7 ab 50.4 ¢ 4.7¢ 22290 | 880
ANy 18.82 abe 19.8 @b 50.2 ¢ 3.7¢ 2.199 | 883
ASN1,4, 18.60 @b 21.59b 49.8¢ 44° 223 | 880
ASN2;4, 18.58 ab 22.6 b 50.1¢ 52¢ 2.27 @b 87.7¢
ANy5, 18.47 ab 26.8° 50.0 @ 45 2.36° 87.1¢
ASN1,, 18.40 @b 25.7° 53.8 ¢ 53¢ 2.39 0 87.0¢
ASN2; 5, 18.16 ¢ 24.7° 49.8¢ 48¢ 2.31° 87.2¢

Means with the same letter are not significantly different at a=0.05 (Tukey's test).
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ing during the growing season, (iii) N fertilizer chemical composition. As
arule, all of these factors are important for recoverable sugar yield (MAR-
LANDER et al. 2003). This general observation is fully supported by the present
study. Nevertheless, the effect of nitrogen on taproot quality was to some
extent modified by applied sodium. Some key indicators of beet quality such
as sugar and «-N concentration showed a strong but contrary response to
increasing N rates. The effect of applied sodium on sugar concentration was
generally negative, decreasing in accordance with the increasing rates of
both N and Na. Plants fertilized with the highest N rate showed a very
high concentration of @-N compounds, which showed a tendency to decrease
in response to external supply of sodium (Table 4). Concentration of potassi-
um and sodium, in spite of raising rates of both nitrogen and sodium, did
not show any significant changes. However, it has been observed a serious
impact of both nitrogen and sodium fertilizers on sodium concentration in
taproots. Some qualitative parameters such as loss of sugar and sugar re-
covery showed a higher response to N than to sodium rates. At the same
time, both parameters were inversely related to changes in a-N concentra-
tion. The obtained results are not in agreement with a thesis presented by
HanekLUAS et al. (1998), who underline positive aspects of sodium applica-
tion on sugar beets yield but at the same negative on taproots quality.

Yield of recoverable sugar is considered as a product of yield of taproots
and their qualitative characteristics. This study showed that yield of tap-
roots explained 60%, 86% and 92% of sugar yield variability in 2001, 2002,
2003, respectively (Table 5). This simple comparison fully supports a hypoth-
esis proposed by Hanekluas et al. (1998) about the dominating effect of sodi-
um on taproot yield. However, analysis of the influence of these two yield
forming components on sugar yield variability showed a much more compli-
cated picture, as presented in Table 5. The two last equations (nos 11 and
12) indirectly indicate importance of sugar beet quality as a factor signifi-
cantly responsible for both N and Na rates (Table 5).

On average, the highest yield of recoverable sugar, up to 9.95 t ha1,
was harvested in 2001. Statistically, the same yield was recorded in 2003
(9.80 t ha1). Application of NaCl significantly influenced white sugar yield
in 2002 and 2003 (Figure 1). In 2001, the effects of tested N-fertlizers were
negligible, but addition of sodium, excluding the 90 kg N ha™! treatment,
showed negative impact on the harvested volume of sugar (Figure 2).
Nevertheless, the plot fertilized with nitrogen in the form of ASN1 should
be considered as interesting for future studies on nitrogen use efficiency in
sugar beet. In 2003, characterized by a low content of soil available sodium
and unfavorable growth conditions, sugar beet plants fertilized with 120 kg
N ha! and sodium in the rate of 22.1 kg Na ha! produced the highest
yield of sugar. In 2002, yields of sugar were much lower but the highest
ones occurred in the treatment of 120 kg N and 14.8 kg Na ha=1. In 2002,
the relative sugar yield increase due to sodium application was 7.3%
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Table 5

Recoverable sugar yield as a function of taproot yield, YB (t ha™) and sugar content,

S (%) depending on the year and treatment of NaCl fertilization

No Year Equation RZvalue n
1 soop | Ys=1841+01263Yy R2=0.60"* n =20
2. Y =-13.109 + 0.1556 Y + 0.7400 S | R2 = 0.99** n =20
3. sooy | V5= 04587 + 01460 Yy R2=0.86%* n =20
4. Yg =-12.171 + 0.1566 Y + 0.6778 S | R2= 0.99** n =20
5. soos | Ys=-0:8850+0.1933 Yy R2=0.46%* n =20
6. Yq=-13.264 + 0.1719 Y + 0.6744 S | R2= 0.99* n =20
7. Y = 3.2046 + 0.1077 Yg R2=0.46%* n =60
mean
8. Y =-10.886 + 0.1662 Yy + 05748 S | R2= 0.99** n =60
9. Na  |Yg=2.9766 +0.1094 Yy R2= 058" n =30
10, | FeAtmeNtS |y 107837 + 0.1666 Y, + 0.5677S | R%= 0.99** n =30
11. +Na  |Yg=3437+0.3339 S n =30
12, | eAtMents |y 107779 + 0.1634 Y, + 05780 S | R2= 0.99** n =30
, ¥* — significant level for p<0.01 and 0.001, respectively
12
11
b
0 ¢ = b
— a
£ 9 b =
£ a
-]
87
=S
g 71
o0
2 Na rate
6 (kg ha™)
5 - I 0kg
== 30 kg
4 T T
2001 2002 2003 mean
year

Fig. 1. Effect of NaCl fertilization on recoverable sugar yield (means for N-treatments).
Means with the same letter are not significantly different at @=0.05 (Tukey’s test)
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Fig. 2. Effect of nitrogen rate and type of fertilizers on recoverable sugar yield.
Means for treatments with and without NaCl fertilization.
Means with the same letter are not significantly different at @=0.05 (Tukey’s test)

(»p=<0.0013), but in 2003 it rose to 10.7% (p<0.0001). Yield of sugar, averaged
over years and soil applied sodium, raised in accordance to the N rate up to
120 kg N ha™! and Na rate up to 22.1 kg N ha! (Figure 2). These results
suggest indirectly presence of N and Na interaction, which became evident
only under relatively low N rates. The essential meaning of the above fig-
ures is higher productivity of applied N in the presence of sodium.

The interaction between nitrogen and sodium has been verified by us-
ing two indices, partial factor of nitrogen productivity (PFPy) and net agro-
nomic efficiency (AEy). The first index describes unit nitrogen fertilizer pro-
ductivity, which decreased significantly in response to increasing N rates
but at the same time increased in response to soil applied sodium (Table 6).
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Table 6

Response of indices of nitrogen fertilizer efficiency to in-season applied nitrogen and sodium
(means for the years 2001-2003)

Treatment Partial factor productivity, PFPN Agronomic N efficiency, AEN
of (kg kg™ (kg kg1

fertilization -Na +Na mean -Na +Na mean
ANy, 98.1 109.5 103.8@ 24 4.9 3.6
ASN1,, 102.4 109.7 106.1 @ 6.7 5.1 59¢
ASN2,, 105.7 109.8 107.8 @ 10.0 5.2 7.6
AN5, 80.0 82.3 81.2°% 6.4 0.2 3.3¢
ASN1,y, 83.1 81.3 8220 11.3 2.8 7.1¢
ASN2,,, 78.9 83.0 81.0° 7.1 4.6 59¢
ANy5, 60.4 60.8 60.6 ¢ 2.9 -2.0 0.5¢
ASN1,5, 57.2 64.7 60.9 ¢ -0.2 1.9 0.8
ASN2,5, 56.1 63.4 59.8 ¢ -1.3 0.6 -0.3¢@
Mean 80.2 ™ 85.0" 82.6 50™m 26M 3.8

Means with the same letter are not significantly different at a=0.05 (Tukey's test).
Type of statistical differences: m —n ® soil applied sodium; @ — ¢ ® N x Na treatments

Explicit interaction between soil applied sodium and nitrogen treatments,
also including sodium, has not been found. However, plants fertilized with
sodium and 90 kg N ha~! showed an increasing trend of unit N productivity,
irrespective on broadcast applied sodium, The same positive trends are at-
tributed to the 150 kg N treatment, but the PFPy values were much lower.
It could be therefore suggested that some of the applied nitrogen fertilizer
can be successfully replaced by sodium. This hypothesis in illustrated in
Figure 3, which shows that soil applied sodium allows one to decrease the
optimum N rate by up to 30 kg hal. The results are in agreement with
the data reported by HanseN (1994), who found that sodium applied in the
rate of 60 kg Na ha—1 allowed a decrease in the optimum rate of fertilizer
nitrogen from 120 to 80 kg N ha~l. The other indicator of fertilizer N pro-
ductivity, that is AEy;, did not show any response to the tested factors. How-
ever, the highest and positive trends should be attributed only to the 90 kg
N ha! treatment (Table 6).

The study clearly revealed that the available sodium content (10-12 mg
Na kg! soil) is sufficient to cover sugar beet requirements with respect to
this element. However, a small rate of sodium up to 7.4 kg ha! (as sodium
nitrate) can increase efficiency of applied nitrogen fertilizer, but the N rate
should be reduced. Sugar beet plants cultivated under conditions of a low
amount of soil available sodium should be fertilized, applying sodium ferti-
lizers before sowing and during plant vegetation. The pre-sowing sodium
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Fig. 3. Recoverable sugar yield response to N rates against the background of soil applied
sodium (means for N-fertilizers). Vertical bars represent 0.95 confidence intervals
at the ¢=0.05 level

application is a key factor affecting the N unit productivity, provided that N
rates are significantly reduced. Under conditions dominating in Poland,
a sodium rate should not be higher than 30 kg ha™!.

CONCLUSIONS

1. The expected response of sugar beet and recoverable sugar yields to
sodium fertilizers can be revealed only under conditions of low soil available
sodium and water shortage during the growing season.

2. Response of qualitative characteristics of storage roots to sodium ap-
plication is weak, showing a slight negative effect of sodium nitrate on sug-
ar, but positive one on a-N concentration.

3. In-season application of fertilizer sodium can increase productivity of

unit fertilizer nitrogen, but only under low amount of externally applied
nitrogenous fertilizer.

4. The positive effect of soil applied sodium on nitrogen unit productivi-

ty is a basis for reduction in the nitrogen fertilizer rate in sugar beet pro-
duction.
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Abstract

Actinidia arguta and Actinidia purpurea are fruit-bearing vines that have been ga-
ining increased recognition among consumers who expect tasty, natural food produced in
an unpolluted environment. The berries of these plants, known as Chinese gooseberries,
are smaller than the well-known kiwi fruit, have smooth skin and contain many valuable
bioactive substances. The quality of food quality can be characterized, among others, by its
content of mineral components, of which many are present in the fruits of these species.

The aim of the study was to determine the response of Ukrainian cultivars of Actini-
dia arguta and Actinidia purpurea grown in north-eastern Poland to weather conditions
in phenological phases, expressed as a change in the content of macroelements in fruit.
A correlation was found between the sum of temperatures and of precipitation in pheno-
logical phases in 2006-2011 and the content of macroelements in fruits of the following
cultivars: Figurnaja, Kijewskaja Gibrydnaja, Kijewskaja Krupnoplodnaja, Purpurowa Sado-
waja and Sientiabrskaja. The research demonstrated that the concentrations of Ca, N, P,
Mg and Na in fruit of the examined actinidia cultivars were significantly affected, positive-
ly or negatively, by the interaction between the cultivars and meteorological factors in in-
dividual phenophases. It was found that the content of macroelements in fruits of cv. Ki-
jewskaja Krupnoplodnaja, Purpurowa Sadowaja and Sientiabrskaja was not significantly
dependent on the daily temperatures in any of the examined phenophases. However, the-
se cultivars significantly responded to the content of phosphorus, nitrogen, magnesium and
sodium, depending on the sum of precipitation in the two first phenophases. For the culti-

dr inz. Anna Bieniek, Chair of Horticulture, University of Warmia and Mazury in Olsztyn,
Prawochenskiego 21, 10-720 Olsztyn, Poland, e-mail: anna.bieniek@uwm.edu.pl
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var Figurnaja, sums of temperatures in the phase from fruit setting to harvest were a fac-
tor significantly affecting the magnesium content. On the other hand, the sodium content
in fruits of this cultivar was significantly negatively correlated with the sum of temperatu-
res in the phase between the beginning of flowering and fruit setting.

Key words: Actinidia arguta, Actinidia purpurea, climate factors, phenology, macroele-
ments, correlation, cultivars, fruits.

ZAWARTOSC MAKROELEMENTOW W OWOCACH UKRAINSKICH ODMIAN
AKTINIDII OSTROLISTNEJ I PURPUROWEJ W ZALEZNOSCI OD WARUNKOW
POGODOWYCH W FAZACH FENOLOGICZNYCH

Abstrakt

Aktinidia ostrolistna i purpurowa naleza do owocodajnych pnaczy, ktére w ostatnich
latach zyskujg coraz wigksze uznanie konsumentéw oczekujacych smacznej, naturalnej zyw-
nosci wyprodukowanej w nieskazonym $rodowisku. Jagody tych roslin, zwane chinskim
agrestem, sg mniejsze od dobrze znanego owocu kiwi, majg gladka skorke, zawierajg wiele
cennych substancji bioaktywnych. Jako$¢ zywnos$ci mozna scharakteryzowa¢ m.in. uwzgled-
niajac zawarto$¢ sktadnikow mineralnych, ktore sg takze obecne w owocach tych gatunkow.

Celem pracy bylo okres§lenie zmian zawartoSci makroelementéow w owocach ukrain-
skich odmian aktinidii ostrolistnej i purpurowej uprawianych w péinocno-wschodniej Pol-
sce w zaleznoSci od warunkow pogodowych w fazach fenologicznych. Wykazano korelacje
miedzy sumg temperatur i opadéw w fazach fenologicznych w latach 2006-2011 a zawarto-
$cig makroelementow w owocach odmian Figurnaja, Kijewskaja Gibrydnaja, Kijewskaja
Krupnoptodnaja, Purpurowa Sadowaja i Sientiabrskaja. Stwierdzono, ze koncentracja Ca,
N, P, Mg i Na w owocach badanych odmian aktinidii zalezata istotnie dodatnio lub ujemnie
od wspotdziatania odmian z czynnikami meteorologicznymi w poszczegélnych fenofazach.
Zawarto$¢ makroelementow w owocach odmian Kijewskaja Krupnoptodnaja, Purpurowa
Sadowaja i Sientiabrskaja nie zalezala istotnie od sum temperatur dobowych w zadnej
z omawianych fenofaz. Odmiany te reagowaly natomiast istotnie na zawarto$é fosforu, azotu,
magnezu i sodu w zaleznosci od sum opadéw w dwoch pierwszych fenofazach. W przypad-
ku odmiany Figurnaja czynnikiem istotnie dodatnio oddzialujacym na zawarto$¢ magnezu
byly sumy temperatur w fazie od zawigzywania owocéw do ich zbioru. Zawartosé¢ sodu
w owocach tej odmiany byla istotnie ujemnie skorelowana z sumg temperatur w fazie od
poczatku kwitnienia do zawigzywania owocow.

Stowa kluczowe: Actinidia arguta, Actinidia purpurea, czynniki klimatyczne, fenologia,
makroelementy, korelacja, odmiany, owoce.

INTRODUCTION

Hardy kiwifruit [Actinidia arguta (Siebold et. Zucc.) Planch. Ex Migq.)]
and actinidia charta [Actinidia purpurea Rehd. (A. arguta var. purpurea
(Rehd.) C. F. Liang] are relatively young orchard plants. The first selections
and varieties of those species emerged as late as in the mid 20t century.
Most cultivars of Actinidia arguta and Actinidia purpurea have been select-
ed or cultivated in China, New Zealand, North America, but also in Europe
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(WiLLiams et. al. 2003). In 1981, several varieties of those species were se-
lected in the Botanical Garden in Kiev (Ukraine). Five of those varieties
have been cultivated since 1996 in the garden of the University of Warmia
and Mazury in Olsztyn (BiENIEK 2012a). Starting from this year, a cultivation
programme will be carried out in the Warsaw University of Life Sciences
(SGGW) to obtain new cultivars with features adapted to the climatic condi-
tions of Poland (LarocHa, Krura 2007). Adaptation of Ukrainian cultivars to
the Polish climatic conditions also requires extensive experimental research
before they can be recommended for production. As shown by the research
carried out to date (BIENIEK 2012a, Kawrecki et al. 2001, 2004), cultivars se-
lected in Ukraine and Russia are capable of producing fruits of the quality
no worse than Chinese actinidia (kiwifruit). LaTtocua (2010), who examined
other varieties of actinidia at the SGGW, found the highest content of most
biologically active compounds in fruits of A. arguta and A.purpurea hybrids,
although the content of mineral components was lower in the fruits of those
genotypes than in A. arguta. As demonstrated by LarocHa (2010) and LaTocHA
and JaNnkowski (2011), actinidia fruits satisfy the requirements of consumers,
who expect tasty, natural food produced in an unpolluted environment. Ac-
cording to DANILCENKO et al. (2011), quality of food can be also described by
its content of macroelements. They are necessary for proper growth and
good health of bones and teeth. They ensure electrical transfer and act as
cofactors in oxygen transport. Macroelements play an important role in en-
zymatic reactions, as well as in the protection of cells and lipids in biologi-
cal membranes (Kang et al. 2007, EkzHoLMA et al. 2007).

The research concerning determination of the mineral composition con-
tent of fruits of Actinidia arguta and Actinidia purpurea and their hybrid
forms has been conducted by Bieniek (2012b), FErcUsoN and FErGuUsoN (2003),
Latocua and Krura (2008), LatocHA (2010), SKRIPCZIENKO and Moroz (2002).
These authors recommend fruit of the above species as a rich source of K,
Fe, Cu and Mg. Many authors report that the concentration of mineral com-
ponents in fruit depends on the cultivar, climatic and soil conditions, har-
vest dates (MILoOSEVIC, MiLoSEVIC 2012) and the level of irrigation and fertili-
zation (JAROSZEWSKA 2011). Fluctuations in the content of individual mineral
components in fruits in consecutive seasons, found in the research by LaTto-
cHA (2010) and BieNiek (2012b), can provide evidence for the significant effect
of environmental conditions on their accumulation level. The climate in Po-
land is quite varied both year-to-year and within one year (OLESEN et. al.
2007), the fact which can cause differentiation of the mineral composition of
fruit. Phenophases are the reflection of plant adjustment to a moderate cli-
mate, in which only some seasons favour their growth and development. In
some research institutions, phenological observations are treated as a spo-
radic element of research, and only a few experimental stations have data
on the dates of beginning and duration of phenological phases of fruit trees
(LicznarR-MaraNczUK 2004, after KRONENBERG 1985). However, observations car-
ried out under specific local geographical conditions indicate very high dif-
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ferences in subsequent years of research as regards the commencement and
duration of phenological phases of the flowering period due to the weather
conditions (LiczNAR-MArANCZUK 2004).

The aim of the study was to determine the response of Ukrainian culti-
vars of Actinidia arguta and Actinidia purpurea to the weather conditions
during the phenophases manifested by a change of the content of macroele-
ments in fruits.

MATERIAL AND METHODS

The study examined the effect of sums of mean daily temperatures and
of precipitation in phenological phases in 2006, 2008, 2009, 2010 and 2011 on
the content of macroelements (K, Ca, N, P, Mg, Na) in fruits of Ukrainian
cultivars of Actinidia arguta and Actinidia purpurea and their hybrid forms
grown in the garden of the Teaching and Experimental Station of the Uni-
versity of Warmia and Mazury in Olsztyn. The research was carried out on
vines of the following cultivars: Sientiabrskaja (Actinidia arguta variety), Pur-
purowaja Sadowaja (Actinidia purpurea) and hybrid forms of Actinidia argu-
ta and Actinidia purpurea: Figurnaja, Kijewskaja Gibrydnaja and Kijewskaja
Krupnoptodnaja. Each cultivar was planted in five replications, and each
shrub made a replication. Plants were grown in two rows with A-shape sup-
ports, in a 1.5 x 2 m spacing. The support was 4 m high. Five vines of the
variety Weiki of Actinidia arguta were used as pollinators for those culti-
vars. In 2006-2011, plants were in their tenth to fifteenth years of vegeta-
tion. The research results of 2007 were not included because flowers of the
examined cultivars were damaged by winter frosts and, consequently, chem-
ical analyses of fruits were impossible. From the establishment of the ex-
periment to the end of 2011, the plants did not require fertilization or chem-
ical protection against diseases and pesticides or additional irrigation during
the vegetation period. In the years of the study, 10-cm-thick bedding of bark
of coniferous trees was spread around the shrubs. Plants grew on class IV
soil of cereal-fodder strong complex. This is a highly loamy sand with the
pH 6.85-7.52. The mineral composition of the soil was as follows: N — 9.66,
P — 148.84, K — 57.83, Mg — 84.18 mg kg! d.m.

On the basis of observations in 2006-2011, the following developmental
periods were determined for each cultivar: 1) bud swelling, 2) beginning of
flowering, 3) fruit setting, 4) fruit harvest.

The period between the bud swelling and the beginning of flowering
was the first phenological phase (1-2), the second phase was the period be-
tween the beginning of flowering and fruit setting (2-3) and the third was
the time between fruit setting and harvest (3-4). In each of those phases,
the values of temperatures and precipitation were added up. Tables 1 and 2



27

}SeAIRY puk Sur)jes Jmay usemjaq porred ayj) oseyd [eordojousyd pary) oY) ur seanjeradure) Jo swns — -¢ IS

{(Sunyyes 3y pue SULIOMO[J Jo Sutuurdaq a3} ueamjaq porred o)) oseyd [eordojouayd puooss oy} ut seanjetodwe) Jo swns — ¢-7 .S
{(Surremory jo Suruurdeq oyj pue Sur[ems pnq a3} usamiaq porrad oyy) aseyd [eorSojouayd jsa1y oY) ur seanjeradure) Jo swns — z-T [S
{UoT)RIAGD pIERpUR)S — (IS

:suorjeue[dxy
L'S6 G'99¥T | T'803T | 6'€S€ET T°€9 G619 L'18¢€ €'LSY 8'L8 §'gss 0'05¢ ¥'e9¥ eflexsiqenuorg
. . . . . . . . . . . . elemopeg
126 G'99¥T | 2’8031 | 0'9¥¢€T €¥s G619 L'18¢€ 697 LS8 §'gsg 0'05¢ 365¥ efemorndn,g
. . . . . . . . . . . . eleupopdoudn.ryy
€891 | T'E€V9T | L'€33T | L'LOVI ¥'66 ¥'99¢ ¥'12¢ T16¥ 0'SL €989 ¥'68¢ ¥'98¥ eflexsmolisy
. . . . . . . . . . . . eleupLiqry
8TOT | G'99%T | &'803T | 0°G9ET €6L 8765 L'18¢€ 6'309 ] §'gss 0'05¢ §yey elexsmolrsy
¥'L8 G'99¥T | €T93T | T'T9¢T 3¢9 0'8¢¢ L'18¢€ £'88¥ 098 §'gss 0'05¢ 0°LS¥ efewinsry
as ‘Xeur ‘Ut ueouwr as ‘Xeuwr urua ueouwa das ‘Xeuwx “ura ueoux
TeAnny
7€ 1S €6 LS ¢TLS

vaundund DIPIUIIY PUD DINSLD DIPIUIIOY JO

sreAny[no uerurenyn) Jo seseyd [eorSojousyd Surmp uk)zs[Q Ul TT0Z-9003 JO Soanjesoduray Jo SWNS WNWIXBW PUB WNWIUTW ‘UBIA]

T 99BL




28

T o1qey, Jo £o31

<B4 1¥%9% ST¥I ¢113 ¥'39 9'991 9'L3 818 g'LG 1891 L9 8'L8 eleysiqenuarg

) . . . . . . . . . . . elemopeg
<B4 1¥%9% ST¥I ¢113 ¥'39 9'991 9'L3 818 g'LG L1891 L9 8'L8 sfemomdin,g

) . . . . . . . . . . . eleupojdoudn.yy
g¥e §LYG €531 9503 6'9S 6'GLT $'38 LG8 L'LS %891 L9 g'68 efesEmolis]

. . . . . . . . . . . . eleupLiqu
L'8¢ 1¥%9% 0°LST 7915 839 9'991 9'L3 ¥'e8 ¥'LS L1891 L9 TL8 efesEmoliy]
L'8¢ 1¥%9% 0°LST 7915 839 9'991 9'L3 7'e8 ¥'LS L1891 L9 TL8 elewnsiy
Qm ‘Xewx .QEH ugouwx Qw ‘Xew .Qﬂa ugowx Qw ‘Xew .QME ugowx

IeAnyn)
$-¢ dS €6 ds %1dS

paundund DIPIULIIY PUD DINSID DIPIUIIIY JO

sIeA)NO ueruren|n jo seseyd esrSojousyd Surmp uk)zs|Q ur I10g-900% JO (dS) uoreidmaid Jo swns WNWIXew PUe WNWIUTW ‘URIA

g °19EL




29

present the mean, minimum and maximum values, as well as standard de-
viation for those meteorological factors. The method of calculating the sum
of temperatures expresses the empirical relations between plant develop-
ment and the amount of heat they received in a given phenophase. It as-
sumes a constant value of sums of temperatures for a specific phase of
a given species (MIKKELSEN 1981).

Data originating from the Station of the Institute of Meteorology and
Water Management in Olsztyn were used in calculations. Tables 3-8 show
the values of the correlation coefficient between thermal conditions and pre-
cipitation in established phonological phases and the macroelement content
in fruits for each cultivar.

Table 3

Correlation between the potassium content in fruits and the sum of air temperatures

and precipitation in 2006-2011 in Olsztyn during phenological phases of Ukrainian cultivars
of Actinidia arguta and actinidia purpurea

Cultivar
Factor | urnaja g;{ggg; &ﬁj(j;jﬁgfaja ngp;;vg;;j 2| Sientiabrskaja
ST 1-2 -0.252 0.211 -0.134 0.079 -0.365
SP 1-2 -0.391 -0.531 -0.457 -0.366 0.374
ST 2-3 -0.035 -0.159 -0.094 0.001 0.973
SP 2-3 0.546 0.608 0.633 0.757 0.845
ST 3-4 0.283 -0.472 -0.152 -0.530 -0.743
SP 3-4 -0.348 0.255 -0.464 -0.054 -0.873
Key cf. Table 1
Table 4

Correlation between the calcium content in fruits and the sum of air temperatures
and precipitation in 2006-2011 in Olsztyn during phenological phases of Ukrainian cultivars
of Actinidia arguta and Actinidia purpurea

Cultivar
P Figumaga | ewlaia | Kiewslaja | Purparonaia | gionighrsia
ST 1-2 -0.340 -0.377 0.041 0.156 0.914
SP 1-2 -0.791 -0.781 -0.580 -0.298 0.384
ST 2-3 -0.557 -0.682 -0.214 -0.599 -0.532
SP 2-3 -0.350 -0.453 -0.275 -0.320 -0.227
ST 3-4 0.090 0.232 0.566 0.185 0.060
SP 3-4 0.612 0.929* 0.764 0.760 0.280

Asterisks indicate correlation coefficient significant at ¢=0.05;
Key cf. Table 1
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Table 5

Correlation between the nitrogen content in fruits and the sum of air temperatures
and precipitation in 2006-2011 in Olsztyn during phenological phases of Ukrainian cultivars
of Actinidia arguta and Actinidia purpurea

Cultivar

T pigumaja | Kievlaia | Kiewskaja | Parpuronaia | gieniiohrekaja
ST 1-2 -0.710 0.920* -0.723 0.457 0.730
SP 1-2 -0.767 0.408 0.152 0.238 1.000*
ST 2-3 -0.272 0.440 0.551 0.583 0.573
SP 2-3 -0.389 0.671 0.143 0.935% 0.809
ST 34 0.504 -0.911* 0.431 -0.828 -0.896
SP 3-4 0.507 0.042 -0.622 -0.433 -0.776
Asterisks indicate correlation coefficient significiant at @=0.05;
Key cf. Table 1

Table 6

Correlation between the phosphorus content in fruits and the sum of air temperatures
and precipitation in 2006-2011 in Olsztyn during phenological phases of Ukrainian cultivars
of Actinidia arguta and Actinidia purpurea

Cultivar
| Figumaja | Kiewlaia | Kiewskaja | Parpuronaia | gioniohrekaja
ST 1-2 -0.566 -0.591 -0.370 -0.626 0.692
SP 1-2 -0.518 -0.402 -0.904* -0.396 0.007
ST 2-3 -0.741 -0.294 -0.648 -0.699 -0.812
SP 2-3 -0.860 -0.941* -0.521 -0.957* -0.578
ST 3-4 0.484 0.667 0.527 0.919 0.433
SP 3-4 0.727 0.579 0.217 0.481 0.622

Asterisks indicate correlation coefficient significiant at @=0.05;
Key cf. Table 1

The content of macroelements was determined after fruit harvest at the
harvest maturity stage. Chemical analyses were carried out in three repli-
cations. Tests were prepared directly after fruit harvest using 0.5 kg of ran-
domly-selected fruits of each cultivar dried at 105°C. The dried material
was ground in a laboratory mill. Macroelements in fruits of actinidia were
determined after digestion (1 g ground plant material) by wet mineraliza-
tion (Hy,SO, using a oxidant H,0,). The mineralized material was trans-
ferred to 200 cm? flasks. The following values were determined in the pre-
pared samples:
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N — by the distillation method;
P- colorimetrically, by the vanadium-molybdenum method;
K, Ca, Na — by atomic emission spectroscopy ESA;

— Mg - by atomic absorption spectroscopy ASA.

The analyses were carried out on the basis of certified material CTA-
-VTL-2. The content of macroelements was determined according to Polish
Norms PN-91/R-04014.

The following determination errors were included: N — 3%, P — 4.5%,
K-2%, Ca — 2.8%, Na — 7%, Mg — 1.5%.

Table 7

Correlation between the magnesium content in fruits and the sum of air temperatures
and precipitation in 2006-2011 in Olsztyn in phenological phases of Ukrainian cultivars
of Actinidia arguta and Actinidia purpurea

Cultivar

T Figumaga | ewlaia | Kijewslaja | Purparonaia | gienigh s
ST 1-2 -0.782 -0.031 -0.608 -0.422 0.746
SP 1-2 -0.087 0.355 0.434 0.272 1.000*
ST 2-3 0.021 0.193 0.218 -0.013 0.553
SP 2-3 -0.465 -0.732 -0.732 -0.840 0.794
ST 34 0.888* 0.291 0.400 0.726 -0.885
SP 3-4 -0.451 0.240 -0.308 -0.074 -0.760
Asterisks indicate correlation coefficient significiant at @=0.05;
Key cf. Table 1

Table 8

Correlation between the sodium content in fruits and the sum of air temperatures
and precipitation in 2006-2011 in Olsztyn during phenological phases of Ukrainian cultivars
of Actinidia arguta andAactinidia purpurea

Cultivar
] Figumaga | Sewlaia | Kijewslaja | Purparonaia | gionighrsiaa
ST 1-2 -0.787 -0.826 -0.417 -0.637 -0.983
SP 1-2 -0.802 -0.520 -0.952* -0.247 -0.841
ST 2-3 -0.883* -0.670 -0.698 -0.360 -0.044
SP 2-3 -0.470 -0.788 -0.435 -0.531 -0.367
ST 3-4 0.784 0.800 0.439 0.642 -0.518
SP 3-4 0.538 0.402 0.041 0.241 0.316

Asterisks indicate correlation coefficient significiant at @=0.05;

Key cf. Table 1



32

A detailed list of the macroelements and their content in fruits of the
examined actinidia cultivars in individual years of the experiment has been
published in BIENIEK (2012b). This study presents the mean content of the
discussed elements in fruits of the examined actinidia cultivars in 2006-2011
(Table 9). The significance of differences was calculated using Tukey’s HSD
test at a level of significance @=0.01. In order to determine the relation
between the content of macronutrients in fruits and weather conditions in
phonological phases, linear correlation were analysed. The significance of
the correlation coefficients was set at ¢=0.05. Calculations were performed
with Statistica 9.1 software.

Table 9
The mean contents (g kg~ d.m.) of macroelements in fruits of Actinidia cultivars
in 2006-2011

Cultivar K Ca N P Mg Na
Figurnaja 12.31¢ 3.13¢@ 9.43° 2.99¢ 0.67° 0.720
Kijewskaja Gibrydnaja 16570 3.03¢ 8.96 @ 3.03¢ 0.68°% 0.60 @
Kijewskaja 18.83¢ | 3510 953% | 328% | 061c | 066%
Krupnoptodnaja

Purpurowaja Sadowaja 19.62 4 3.88¢ 9.90 ¢ 3.13 ab 0.73¢ 0.59 @
Sientiabrskaja 16425 | 48649 12.214 4.14°¢ 08149 0.66 ab

Means followed by the same letters do not differ at «=0.01.

RESULTS AND DISCUSSION

As shown in Table 1, the mean sum of daily temperatures and sum of
minimum and maximum temperatures of 2006-2011 in the phase between
bud swelling to the beginning of flowering were the highest for Kijewskaja
Krupnoptodnaja — the cultivar started vegetation at the latest date. For the
other cultivars, in the corresponding phenophase, the value of sums of min-
imum and maximum temperatures was the same. The lowest mean sum of
daily temperatures was observed for cv. Kijewskaja Gibrydnaja, but in the
next phenological phase, from the beginning of flowering to fruit setting,
this meteorological factor showed a higher value. In addition, the sum of
maximum temperatures was the highest for this cultivar, while the sum of
minimum temperatures was the same as for other cultivars, except Kijews-
kaja Krupnoptodnaja. The lowest mean sum of temperatures in the period
between fruit setting to harvest was recorded for Purpurowaja Sadowaja.
This cultivar was distinguished by the earliest date of fruit ripening (BIENIEK
2012b). The sums of the minimum and maximum temperatures for the cul-
tivars Kijewskaja Gibrydnaja, Purpurowaja Sadowaja and Sientiabrskaja in
the examined phenophase showed the same value.
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As shown by the analysis of sums of precipitation in individual phases of
vegetation of the selected actinidia cultivars in 2006-2011, Kijewskaja
Krupnoptodnaja stood out with its varied values of sums of mean precipita-
tion in each of the examined period of development (Table 2). In the first
two phenological phases, this value was the highest but in the last one, it
was the lowest. The biggest differences, both in the mean sum of precipita-
tion and in sums of minimum and maximum precipitation, were recorded in
the phase between fruit setting and harvest. In that phenological phase,
Purpurowaja Sadowaja and Sientiabrskaja had the same values of mean
sums of precipitations, as well as the minimum and maximum sums of pre-
cipitation. Another pair of cultivars with the same properties was composed
of Figurnaja and Kijewskaja Gibrydnaja. The cultivar Kijewskaja Krupnoptodna
was distinguished by its variable values of the discussed factor.

Based on the data provided in Table 9, it can be claimed that the exam-
ined macroelements occur in actinidia fruits in the following, decreasing
content: K>N>Ca>P>Mg>Na. Tables 3-8 show values of the correlation coef-
ficient between thermal conditions and precipitation in the determined pheno-
logical phases and the content of macrooelements in fruits for each cultivar.

Potassium was the only macroelement for which no significant correla-
tions were found as regards its content in fruits and the other examined
factors (Table 3). Positive correlation coefficients for all the examined varie-
ties in the phase between the beginning of flowering and fruit setting may
also confirm a favourable relationship between the amount of precipitation
in the phenological phase and the content of this element in fruit (Table 3).
The highest mean potassium content in 2006-2011 was accumulated by fruit
of Purpurowaja Sadowaja (Table 9), for which sums of precipitation in the
period between the beginning of flowering and fruit setting had a positive
effect on the accumulation of potassium (Table 3). Potassium is the second
most important (after nitrogen) macroelement ensuring good growth and
yielding of plants. As shown by the yield analysis for this cultivar in 2001-
2009, it was also one of the most prolific varieties (BIENIEK 2012a). Potassi-
um is also required for obtaining good fruit colour, accumulation of acids
and good taste.

Table 4 shows significant positive correlation between the calcium con-
tent in fruit from cv. Kijewskaja Gibrydnaja and the sum of precipitation in
the phase between fruit setting to harvest. In the examined phenophase,
both sums of precipitation and sums of temperatures showed a favourable
effect on the growth of calcium content in fruits of all the analysed culti-
vars. On the other hand, in the phase between the beginning of flowering
and fruit setting, sums of temperatures and precipitation had a negative
effect on the content of calcium in fruits of all the examined cultivars. In
the phase between bud swelling and the beginning of flowering, positive
correlation coefficients for both sums of temperature and sums of precipita-
tion were recorded only for Sientiabrskaja. This cultivar was characterized
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by the highest total content of calcium in fruit. The lowest Ca content was
found in fruits of Kijewskaja Gibrydnaja and Figurnaja cultivars (Table 9).
Calcium is transferred from fruit to wood. In England, it was found that in
the last three weeks before harvest, 20% of calcium was transferred from
apples to other plant organs due to dry weather. Stress conditions during
plant growth under very dry weather make water with Ca drain away from
fruit to leaves. At the same time, low soil moisture reduces Ca availability
for plants.

In the current experiment, a significant positive correlation coefficient
was found for the interaction between sums of temperatures in the phase
between bud swelling and the beginning of flowering and the content of
nitrogen in fruits of cultivar Kijewskaja Gibrydnaja (Table 5). As reported by
Tromp and Ovaa (1971), in spring, just before bud bursting, nitrogen reserves
are activated in shoots, which is manifested inter alia by intensive protein
decomposition. On the other hand, sums of temperature in the phase be-
tween fruit setting and harvest had a significant negative effect on the con-
tent of this element in fruits of this cultivar. Significant positive values of
the correlation coefficient for the content of nitrogen in fruit also confirm
the relationship between the sum of precipitation in the phase between bud
swelling and the beginning of flowering for cv. Sientiabrskaja, and in the
phase between the beginning of flowering and fruit setting for fruits of cv.
Purpurowaja Sadowaja. On the other hand, a negative value of the correla-
tion coefficient in the subsequent phenophase, between fruit setting and har-
vest confirms the negative effect of sums of precipitation on the content of
nitrogen in fruits of Kijewskaja Krupnoptodnaja, Purpurowaja Sadowaja and
Sientiabrskaja. In addition, during the same phenological phase, the content
of nitrogen in fruit was negatively affected by the sums of temperatures,
particularly in case of Kijewskaja Gibrydnaja, where the correlation was
significant, in fruit of Purpurowaja Sadowaja and Sientiabrskaja, where the
effect was weaker. Fruits of the latter cultivar had the highest content of
nitrogen (Table 9). Favourable sums of temperatures and precipitation in
the first two phenological phases could have a significant effect on the con-
tent of this element in fruit of this cultivar, which is confirmed by the posi-
tive correlation coefficients (Table 5). Values of all correlation coefficients in
these phases were negative only for cv. Figurnaja.

As regards the phosphorus content, significant negative correlations were
observed for Kijewskaja Gibrydnaja and Purpurowaja Sadowaja and the sums
of precipitation in the phase from the beginning of flowering to fruit setting,
and for Kijewska Krupnoptodnaja and the sum of precipitation in the phase
between bud swelling and the beginning of flowering (Table 6). Additional
correlation coefficients, for all the cultivars, between sums of precipitation
and temperatures in the phase between fruit setting to their harvest indi-
cate the favourable effect of the examined meteorological factors on the
growth of phosphorus content in fruits. The lowest content of phosphorus
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was found in fruits of Figurnaja and Kijewskaja Gibrydnaja (Table 9). In this
study, correlation coefficients in the first two phenological phases, both for
sums of temperatures and precipitation, obtained for these cultivars were
all negative, which could have affected the final content of this element in
fruit. The highest content of phosphorus was found in fruits of Sientiabrska-
ja (Table 9). The increase of phosphorus in fruits of this cultivar may have
resulted from the favourable course of climatic conditions in the first and in
the last phenological phase. Phosphorus affects the formation of flower buds.
In the differentiation period, tree buds accumulate significant amounts of
organic phosphorus, and a shortage of this element highly reduces the
number of flower buds (TavLor, GOUBRAN 1975). It is important that the level
of phosphorus should be at an optimum level in plant tissues both in the
year of fructification and in the preceding year (BouLp, ParriTT 1973). For
the above cultivar, the role of phosphorus has not been elucidated. BIENIEK
(2012a) demonstrated that Sientiabrskaja is unsuitable for cultivation in cli-
matic conditions of the 6 USDA zone, since it binds the fewest flower buds
and produces the lowest yields.

Table 7 demonstrates that the effect of sums of temperatures in the
phase between fruit setting and harvest had a highly significant positive
influence on the magnesium content in fruit of Figurnaja cultivar, and the
sum of precipitation in the phase between bud swelling to the beginning of
flowering produced such influence on Sientiabrskaja.

Sientiabrskaja was also the cultivar with the highest content of magne-
sium in fruits (Table 9). As follows from Table 7, positive values of all corre-
lation coefficients in first two phenological phases were found only for this
cultivar. Lower content of magnesium was found in fruits of the hybrid forms
of actinidia than in fruits of Actinidia arguta or Actinidia purpurea (Table 9).
However, no significantly negative effect of the sums of temperatures or
precipitation on concentration of this element in fruit of the examined culti-
vars was found in any of the phenological phases (Table 7). As regards the
sodium content (Table 8), an opposite, significantly negative relation was
found between sums of temperatures in the phase from the beginning of
flowering and fruit setting for cv. Figurnaja, and between sums of precipita-
tion in the phase between bud swelling to the beginning of flowering for cv.
Kijewskaja Krupnoptodnaja.

HoruBowicz (1970) demonstrated the role of N, P, Ca and K elements in
the regulation of flowering and fruiting. The experiment discussed in this
study demonstrated that sums of temperatures and precipitation in the phase
between fruit setting and harvest had a positive effect on the development
of Ca and P content in fruit of all the examined cultivars.

The influence of temperature and its effect on the growth and develop-
ment of various species of plants has been analysed in both Polish and for-
eign literature (CHMIELEWSKI et al. 2004, DracaNska et al. 2008, KALBARCZYK
2009, KaLBARCZYK, KaLBARCZYK 2012, KawECKI, BIENIEK 2008, LicZNAR- MALANCZUK
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2004, MI1LoSEVIC, MILOSEVIC 2012, SKOWERA et al. 2007, Tao et al. 2008). SNEL-
GAR et al. (1992) and Tivavon and STRIK (2004) examined the effect of shading
on flowering and fruiting of Actinidii arguta Ananasnaja in Oregon (USA).
The response of cultivars in terms of the content of macroelements in fruit
depending on weather conditions in phenological phases has not been ana-
lysed in research publications; therefore it is difficult to refer to literature
data. LatocHa (2010) found that the content of mineral components in fruit
depends mainly on the genetic features of the plant. This research demon-
strated that the concentration of Ca, N, P, Mg and Na in fruits of Ukrainian
cultivars of actinidia significantly depended (positively or negatively) on the
relations between cultivars and meteorological factors in specific phenophases.

CONCLUSIONS

1. The content of mineral components in fruits of cultivars Kijewskaja
Krupnoptodnaja, Purpurowa Sadowaja and Sientiabrskaja did not significant-
ly depend on the sums of daily temperatures in any of the phenophases
discussed. However, these cultivars responded significantly to the content of
phosphorus, nitrogen, magnesium and sodium depending on the sum of pre-
cipitation in the first two phenophases.

2. For cv. Figurnaja, the sum of temperatures in the phase from fruit
setting to their harvest was a factor significantly influencing the content of
magnesium. The content of sodium in fruits of this cultivar was significant-
ly negatively correlated with the sum of temperatures in the phase from
the beginning of flowering to fruit setting.

3. The phase between fruit setting and harvest had a favourable effect
on the content of calcium and phosphorus in fruits of Ukrainian cultivars of
actinidia grown in north-eastern Poland.
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Abstract

The knowledge of interactions between nitrogen and other nutrients and trace ele-
ments is the key to improving the uptake of nutrients. A study on a grapevine cultivar
called Bianca was carried out in the Garlicki Lamus vineyard located in Garlica Murowana
(near Krakow, Poland) in 2010-2011. The plants were treated with three nitrogen doses
(0,50 and 100 kg N ha™l) supplied as ammonium nitrate in a single application at three
weeks pre-flowering. Samples of leaf petioles and blades, as well as grapes were taken.
After wet microwave digestion in HNOgs, some nutrient elements: B, Cu, Fe, Zn, Mn, Mo
and Na, as well as trace elements: Al, Ba, Cd, Cr, Li, Ni, Sr, Ti and V were measured
using the ICP-OES technique. Concentrations of microelements in the grapevine tissues
were in the optimum (B, Cu, Fe, Zn and Mo) or high (Mn) range of content reported for
‘full bloom’ plants. N fertilizers enhanced leaf accumulation of trace elements such as Ti
and V or depressed the uptake of some elements like B, Mn, Ba, Cd and Sr. Analyzed leaf
blades contained higher amounts of Fe, Mn, Al, Ni, Pb, Ti and V than petioles. In contrast,
petioles had more B, Zn, Mo, Cd, Ba, Li and Sr. Increased N fertilization diminished Cd
and Ti (only at 50 kg N ha™l) in grape must; the reverse was true for Ba and Sr. The
vintage strongly influenced grape mineral content. During warmer and wet year 2010, hi-
gher amounts Al, Cu, Fe and Ti were measured in fruits. The dry season in 2011 incre-
ased the content of Mn, B, Cd, Cr and Ni in fruits.
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WPLYW NAWOZENIA AZOTEM NA ZAWARTOSC PIERWIASTKOW SLADOWYCH
W WINOROSLI ODMIANY BIANCA

Abstrakt

Doswiadczenie prowadzono w latach 2010-11 w winnicy Garlicki Lamus potozonej
w Garlicy Murowanej k. Krakowa. Krzewy winoros§li nawozono trzema dawkami azotu
(0, 50 i 100 kg N hal) w postaci saletry amonowej. Nawéz podawano jednorazowo na
3 tygodnie przed kwitnieniem roslin. Do oznaczern pobierano prébki lisci (osobno blaszki
iogonki) oraz owoce. Po mineralizacji mikrofalowej w HNOj oznaczono, z wykorzystaniem
spektrometrii ICP-OES, nastepujace mikroelementy: B, Cu, Fe, Zn, Mn, Mo i Na oraz pier-
wiastki §ladowe: Al, Ba, Cd, Cr, Li, Ni, Sr, Ti 1 V. Zawarto§¢ mikroelementéw w liSciach
byta optymalna (B, Cu, Fe, Zn i Mo) lub wysoka (Mn) w poréwnaniu z liczbami graniczny-
mi dla owocujacych winnic. Nawozenie azotem wptyneto na zwiekszenie akumulacji Ti i V
w liSciach lub ograniczenie zawartosci niektérych pierwiastkéw: B, Mn, Ba, Cd i Sr. Anali-
zowane blaszki liSciowe zawieraly wiecej Fe, Mn, Al, Ni, Pb, Ti i V niz ogonki lisciowe.
Natomiast ogonki akumulowaty wieksze ilosci B, Zn, Mo, Cd, Ba, Li i Sr. Poziom nawoze-
nia azotowego wplynal na zmniejszenie zawartosci Ba i Sr w moszczu winogron. Warunki
podczas wegetacji (rocznik) mialy istotny wplyw na sktad mineralny zaréwno lisci, jak i owo-
cow. Podczas cieplejszego, ale rownocze$nie mokrego sezonu 2010 stwierdzono wyzsza za-
warto$¢ Al, Cu, Fe i Ti w owocach. Suchy rok 2011 wptynal na zwiekszenie poziomu Mn,
Ba, Cd, Cr i Ni w gronach.

Stowa kluczowe: analiza czeSci wskaznikowych, status odzywienia, mikroelementy, czyn-
niki Srodowiskowe.

INTRODUCTION

Nutrition is an important aspect of vineyard management. Nitrogen fer-
tilization increases vegetative growth and crop yield (BtLL, RoBiNnsoN 1999,
SrayD et al. 2000, ExBic et al. 2010). It also influences various parameters in
vine production, such as fruit set, fruit quality and the quality of vine (TREE-
BY et al. 2000, RoDRIGUE-LOVELLE, GAUDILLCRE 2002, Amiri, Farranr 2007). Ex-
cess nitrogen leads to high vigour, increased fruit yield and modified juice
composition (i.e. pH and concentrations of organic acids and esters), but
may also create favorable conditions for diseases such as bunch stem necro-
sis and Botrytis cinerea bunch rot (KELLER et al. 2004).

The fundamentals of nitrogen nutrition in grapevine are well known
(WapE et al 2001). Nitrogen is a critical nutrient during grapevine rapid
shoot growth in the spring, through bloom and early development of ber-
ries. ScHALLER (2000) indicates that N use efficiency in vineyard is low. The
researcher demonstrated that the maximum N demand is reached after
bloom, mainly at the end of June/beginning of July. Shifting of the fertiliza-
tion date from early spring to the phenological stage “3-5 leaves unfolded”
resulted in good synchronization between N applied and demanded by the
plant. Grapevine has alow nitrogen demand compared with other fruit crops
(VAN LEEUWENA, SEGUIN 2006, SCHREINER et al. 2006). SpayD et al. (2000) showed
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that application of 112 kg N ha~! was sufficient to obtain juice N concentra-
tions suitable for healthy yeast fermentation. However, this level of fertili-
zation resulted in excessive vine growth, fruit shading and delayed fruit
ripening. Thus, application of no more than 50 kg N ha™! is recommended
for most vines varieties (RoBINsoN 1999). However, amounts of N fertilizer
differ in respect of the variety, yield, soil type, crop residues and irrigation
efficiency. For white wine production, nitrogen supply should be at least
moderate to obtain high aroma potential in grapes (PEYROT DES GACHONS et
al. 2005).

A change in one of the soil nutrient levels can interfere with the plant
availability and uptake of other nutrients. Therefore, the effects of one nu-
trient on uptake or use of another, as well as their interactions should be
considered in a complete nutrient management program (FAGERIA, BALIGAR
2005, Faceria 2009). Nitrogen application in a vineyard can modify absorp-
tion of other nutrients by grapevine. High N level can reduce the availabili-
ty of B, K and Cu. On the other hand, increased N levels create a demand
for more magnesium (BELL, RoBiNsoN 1999). Application of N-fertilizers to
soils can also affect bioavailability of trace elements in soil (BasTta et al.
2005). Nitrogen fertilizers induce some direct and/or indirect changes, which
affect the dynamics of availability of metals in soils. Mineral N fertilizers
containing ammonium can acidify the soil solution and depress the pH of
the rhizosphere, thus enhancing the availability of metals (DiaTTA, GRZEBISZ
2006).

Plant nutrient analysis is an important tool used to determine the sta-
tus of plant nutriention and fertilizer requirements. FaLLanI et al. (2005)
demonstrated that the French Diagnostic Foliar Laboratory at Montpellier
relied on the status of leaf tissue status (blade and petiole) sampled twice:
at bloom and at the end of veraison. In California, petiole tissues alone
sampled at bloom time are often used for assessment of the plant nutrition-
al status. RoBiNsoN (2000) reported that petiole nitrate-N determination is
recommended in the Australian grape industry. However, the author con-
cluded that petiole analysis does not give a good picture of nitrogen status
except in very high yielding vineyards. In Poland, petiole or blade sampling
are currently used and standards for these methods are adapted from other
countries. These analytical techniques and standards may not be appropri-
ate under Polish conditions with a relatively severe climate, considered mar-
ginal or unsuitable for growing grapes of European origin for wine produc-
tion. There is a regional effect on quantities of nutrients grapevine needs
(MackeNzIE, CHRISTY 2005, GREENOUGH et al. 2005, Pacueco et al. 2010). The
uptake of nutrients by plants is strongly influenced by environmental fac-
tors (rainfall, temperature and soil condition) and controlled by the plant’s
metabolic demand (MARCHNER 1995). Nevertheless, little is known about the
uptake of trace elements by grapevine under different environmental condi-
tion and management practice. Microelements and other trace elements, for
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example copper, chromium, molybdenium, cadmium or mercury, at high con-
centrations may be toxic to humans (McLAUGHLIN et al. 1999). We lack infor-
mation on the relationship between leaf and fruit mineral status. Such knowl-
edge could help to choose appropriate sites for vineyards and to understand
better the soil and plant interactions. These interactions as well as the spe-
cific nutrient needs of particular cultivars would enable us to establish site-
specific fertilization plans to promote vineyard sustainability.

As grapevine cultivation becomes increasingly popular in colder regions
of Europe, we have decided to assess the influence of different nitrogen
fertilization levels on content of micro- and trace elements in leaves and
fruits of grapevine in southern Poland.

MATERIAL AND METHODS

Site characteristic

The study was carried out at the Garlicki Lamus vineyard located in
Garlica Murowana (near Krakow, Poland, coordinates: 19°56’E oraz 50°08’'N)
in 2010-2011. The site of the experimental vineyard had long-term average
annual precipitation of 576 mm with an average minimum temperature of -
2.9°C (in January) and the maximum temperature of 17.8°C (in July). On-
farm rooted grapevine (Vitis sp. L.) shoots of cv Bianca planted in 2007 were
used for this investigation. The cultivar is a hybrid of Seyve Villard x Bouvier.
This Hungarian variety is moderately vigourous and highly productive.
It bears white grapes, with high sugar content and good acidity. As the
grapevine is resistant to fungal diseases, the cultivar is recommended for
establishing organic vineyards. Grapevines were planted along the north-
south orientation, with 3.5 m inter-row and 0.9 in-row spacing, respectively.
They were trained as Casenave’s horizontal cordon with one arm. Plants
were cane-pruned to 10 nodes per 1 meter of canopy, with vertically posi-
tioned shoots. The average yield ranged from 2.5 to 4.0 t ha=! in 2010 and
2012, respectively.

The experiment was arranged in a randomized complete-block design
with four replications of five vines per block. The plants were treated with
three nitrogen doses (0, 50 and 100 kg N ha~l) as ammonium nitrate in
a single application at three weeks pre-flowering. Fertilizers were applied
within a radius area around each vine. No other macro- and micronutrients
were added to the vines in this experiment.

The vineyard soil was characterized as silty clay loam (18% of sand,
43% of silt, 39% of clay) with the pH of about 5.6 and total organic matter
content equal 1.68%. The soil available content of phosphorus and magnesi-
um (measured according to the universal method) was in the medium to
optimum range (20.8-45.7 mg P dm™3, 56.4-79.0 mg Mg dm™3). The soil avail-
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able potassium (128.4-163.7 mg K dm™3) and calcium content (463.7-
-630.4 mg Ca dm™3) was below the optimum ranges (200-250 mg K dm=3 and
1000-2000 mg Ca dm™3 of soil, respectively). Average amounts of available
soil microelements (extracted with 1 M HCl) were within the optimum
range for manganese, copper and zinc. However, soil samples contained less
available boron than considered as optimal (0.49 to 0.59 mg B kg compared
to recommended 1.3-4.3 mg B kg! soil). The content of other available soil
elements varied from: 837 to 1003 mg Al kg1, 33.5-35.9 mg Ba kg1, 0.47-
-0.57 mg Cd kg1, 0.79-0.92 mg Cr kg1 and 13.9-15.1 mg Pb kg L.

Weeds between grapevine plants were controlled by application of glypho-
sat (Roundup, Monsanto) in mid-June every year. The plant protection was
carried out according to the recommendations for commercial vineyards. In
the wet year 2010, an incident of Botrytis cinerea infection was observed,
but it was not severe enough to affect the grapevines.

Tissue analysis

During the subsequent seasons, samples of leaf petioles, leaf blades as
well as grapes were taken. Ten leaves per plant were sampled from a cor-
don on both sides of a vine plant, from the inner and outer canopy layers.
Collected samples were taken from recently matured, full-size leaves at the
full bloom period in each year, around 15 June in 2010 and 13 June in 2011.
Leaves of five vine plants in each block were combined to make a compos-
ite sample of 50 leaves. Petioles were separated from blades and their dry
matter content was measured. Plant samples were washed in distilled water
before forced-air oven drying at 60°C. Samples were comminuted in a grind-
er. After wet microwave digestion in HNO4 (CEM 5-Express microwave), the
samples were analysed for the following nutrients: B, Cu, Fe, Zn, Mn, Mo,
and trace elements: Al, Ba, Cd, Cr, Li, Ni, Sr, Ti and V, using the ICP-OES
technique (Prodigy Teledyne, Leeman Labs. spectrometer).

Grapes were harvested on 15/20 October in 2010 and 2011, respectively.
Berries showing average growth and maturation were sampled for each treat-
ment. The grapes were washed in distilled water and stalks were removed
after drying at room temperature. Must was made in a laboratory press.
The same procedure (wet digestion) was employed for fruit and tissues anal-
yses.

Soil analysis

For determination of soil nutrients, soil samples were collected at
0-20 cm depth. Samples were dried at 60°C for 48 hours and passed through
a 1 mm mesh sieve. The grain-size distribution was analyzed by Casagrande’s
aerometric method modified by Proszynski (Ostrowska et al. 1991). This pro-
cedure is regulated by the PN-R-04032 standard (Polish norm) applied main-
ly for agricultural soil analysis in Poland. Total organic carbon (TOC) with
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wet oxidation followed by titration with ferrous ammonium sulfate was meas-
ured by Tiurin’s method (OsTrRowsKA et al. 1991). Soil pH was determined by
adding deionized water at the soil to water ratio equal 1:2. The available
microelements (Cu, Fe, Zn, Mn, B) and trace elements (Al, Ba, Cd, Cr, Li,
Ni, Sr, Ti and V) were measured in 1 M HCI extractant (OsTRowskaA et al.
1991) using the ICP-OES technique. This soil extractant and procedure are
currently used to estimate availability and critical levels for micronutrient
cations in Poland.

Climatic condition

In 2010, air temperatures were near the average for Krakow area from
April to September (Figs 1a and 1b). Rainfall during the growing season in
2010 was high, especially in May and September. This vintage was warmer
and much wetter than the following year. The vintage of 2011 grew in a dry,
especially in May, and colder season. In 2011, the average temperature from
April to September was 12.9°C against 14.7°C in 2010.

Statistical analysis

We tested the data and found some significant interactions between years
and N doses and leaf samples. Data were analyzed using Statistica 9.0 soft-
ware (Statsoft Inc.). All results were subjected to 3-way analysis of variance
(MANOVA). The least significant difference (LSD) multiple range test was
used to compare means for significant main effects.

RESULTS AND DISCUSSION

Tissue analysis in a vineyard is a very effective tool for monitoring min-
eral nutrition. In the present work, concentrations of all microelements in
the grapevine tissues were in the optimum (B, Cu, Fe, Zn, Mo) or high
range (Mn) as compared with the content reported for ‘full bloom’ plants
(Table 1). High Mn levels, especially in leaf blades, indicate low pH values
and increased Mn availability in acid soil.

Strong impact of the climatic conditions on mineral acquisition, trans-
port, and finally plant accumulation was observed. Extremely wet but warmer
year 2010 favoured higher accumulation of B, Al, Cd, Li, Sr, Ti and V as
measured in blades and petioles (Tables 1 and 2). On the contrary, colder
but dryer year 2011 stimulated higher content of Fe, Mn, Zn, Mo, Ba, Cr
and Ni. The process of absorption and root metabolism is undoubtedly con-
ditioned by ambient temperature. High temperature activates chemical and
biological processes in soil and increases solubility of trace elements. Ac-
cording to GREENOUGH et al. (2005), concentrations of trace elements are cor-
related strongly with Degree Days, indicating that more heat results in in-
creased evaporation, water uptake and higher elemental concentration in
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Fig. 1. Climate diagrams for 2010 (a) and 2011 (b), according to WALTHER and LieTa (1970)

grapevine. Similarly to temperature, rainfall has an effect on the composi-
tion of grapevine. Low soil moisture diminishes ions diffusion. On the other
hand, the influence of soil moisture on the plant’s elemental uptake is de-
pendent on soil nutrient availability. Generally, plants take up trace ele-
ments dissolved in the soil solution (KaBata-PEnpias 2011). In the study of
Porro et al. (2010), the Ca, Mg, S, Mn and B content in leaves and in
berries was significantly changed due to water stress. Low levels of these
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Table 1

Leaf blade and petiole micronutrient content (mg kg d.m.) in grapevine grown
under different N fertilization in 2010-2011

Year (lljgc}i):i) s;(:l?)fie B Cu Fe Mn Zn Mo
0 42.3 124 100.0 156.3 20.7 0.000
50 blades 31.2 10.3 97.3 111.0 17.3 0.006
100 30.3 10.5 101.3 144.5 20.7 0.043
2010 0 36.0 11.5 27.5 68.1 37.1 0.129
50 petioles 324 12.1 30.6 63.6 39.1 0.098
100 32.7 12.2 27.0 87.6 325 0.133
0 29.2 12.0 117.3 396.7 48.7 0.233
50 blades 29.8 10.6 121.2 289.6 51.9 0.198
100 29.9 114 109.5 370.0 50.9 0.120
2ot 0 33.2 12.1 30.6 135.7 62.2 0.316
50 petioles 32.9 11.8 30.6 63.1 62.9 0.243
100 33.0 12.0 30.4 99.0 63.3 0.10
2010 34.1 11.5 63.9 105.2 27.9 0.068
vear 2011 314 11.6 73.3 225.7 56.7 0.237
ON 35.2 12.0 68.8 189.2 42.2 0.170
Means N dose 50N 31.6 11.2 69.9 131.8 42.8 0.136
100N 315 11.5 67.1 175.3 419 0.151
Jeaf sample blades 32.1 11.2 107.8 2447 35.0 0.100
petioles 334 12.0 29.4 86.2 49.5 0.205
year (A) 2.16 ns 4.01 24.21 3.00 0.027
N doses (B) 2.65 ns ns 29.65 ns ns
leaf sample (C) ns 0.67 4.01 24.21 3.00 0.027
LSD AxB 3.75 ns ns ns ns ns
p=0.05
AxC ns ns 5.67 34.23 ns ns
BxC ns ns ns ns ns ns
AxBxC ns ns ns ns ns 0.066

elements were found both in leaves and in berries of water-stressed plants.
FaLran1 et al. (2005) found differences in the Fe blade and petiole concentra-
tion between years. The authors explained this phenomenon as an effect of
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efficient Fe uptake by a more extensive root system created in a year with
favourable growth conditions.

In this study, differences in the grape must from the two seasons were
found for boron (4.72 and 3.88 mg B kg! f.w.), copper (0.63 and 0.41 mg Cu
kg1 f.w.), iron (2.14 and 1.54), manganese (1.28 and 1.82), aluminium (1.10
and 0.44 mg Al kg~! f.w.), chromium (2.41 and 27.7 ng Cr kg~! f.w.), nickel
(58.3 and 56.3) and titanium (36.4 and 28.3 pg Ti kg~! f.w. in the wet 2010
versus the cold but drier 2011, respectively. The content of lead and vana-
dium in grape juice was under the limit of detection with an ICP spectrom-
eter (Pb <1 ppb, and V <0.07 ppb).

Interactions between nutrients in crop plants are probably among the
most important factors affecting yields of plant crops (MarcHNER 1995). The
nitrogen fertilization applied in our experiment significantly influenced the
content of microelements and trace elements in leaf blades and petioles. No
N-treatments (control with 0 N) resulted in the highest boron and manga-
nese content. In addition, a tendency towards increased copper and molyb-
denum levels in blades and petioles in control plants was noted. Surprising-
ly, also the highest cadmium amount was measured for the control in both
years and for both petioles and blades. Similar observations albeit on Brassica
plants were reported by DomaGaLA-SWIATKIEWICZ et al. (2009). N fertilizer con-
taining ammonium significantly decreased the B and Mo content, although
the environmental factors considerably modified this tendency. WoLr et al.
(1983) showed that increasing N concentration caused increased iron levels
in grape tissues. FaLrani et al. (2005) found positive correlation between
nitrate-N and Cu blade content. AMir1, FaLLAHI (2007) showed that nitrogen
application did not affect B in grapevine petioles, despite increasing the Mn
content. Generally, the lowest content of the trace elements (except Al) was
proven for a fertilization treatment with 50 kg N ha=l, which could be at-
tributed to the worst yielding in this treatment and consequently the strong-
est vegetative growth of grapevine, which in turn might have affected the
other patterns of elemental accumulation.

In the present study, significant interaction was determined between
climatic conditions during the years of the experiment and N fertilization
versus the nickel, strontium and titanium concentrations in tissue samples.
In the wet year 2010, an N-dose of 100 kg ha™! significantly increased these
elements in blades and petioles in relation to the other treatments. The
same trend was observed in 2010 for Mo and Ba in both blades and petioles,
and for Mn, Al, Li, Pb and V in grapevine petioles. In the dry 2011, two
elements only, that is Cr in petioles and V in blades, increased under the
effect of 100 kg N ha~! fertilization (Tables 1 and 2). Ropricurz-OTRIZ et al.
(2006) reported that N fertilizers which contain ammonium can strongly af-
fect accumulation of heavy metals in yield. The acidification of the rhizo-
sphere induced by N supply and by plants (enhanced net excretion of pro-
tons or of organic acid) are of particular importance in the acquisition of Fe,
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Zn, Mn and Ni in soil (KaBata-PEnDIAS 2011). The nickel concentration in
leaves of plants grown on uncontaminated soil ranges from 0.05 to 5 mg Ni
kg™l d.m. and is the lowest of any element. In our study, the Ni measured
content ranged from 0.97 to 3.78 mg kg1 d.m. (Table 2). The content of
strontium in edible plants is highly variable and seems to be the highest in
vegetables leaves (45-74 mg kg1 f.w.). In cv. Bianca grapevine, the Sr con-
centration in leaf tissues varied from 34.6 to 66.6 mg kg~! d.m. Strontium
occurs in soils as a bivalent cation and is easily taken up by plants (KaBaTa-
PEnDIAS, PENDIAS 1999). The solubility of Ti in soils is very limited, and the
phytoability of this element is low. The titanium content in food plants rang-
es from 0.13 to 6.7 mg kg! d.m. The lowest values are in prepared cereals
and fruits (KaBara-PEnDIAS 2011). In our study, the Ti concentration in grape-
vine leaves ranged between 0.14 to 2.59 mg kg~! d.m.

The analysed leaf blades contained higher amounts of iron (107.8 mg),
manganese (244.7 mg), nickel (2.68 mg), lead (1.48 mg), titanium (1.81 mg)
and vanadium (0.09 mg V kg! d.w.) as compared to petioles (29.4 mg,
86.2 mg, 1.60 mg, 0.51 mg, 0.36 mg and 0.06 mg V kg1 d.w., respectively) —
Tables 1 and 2. In contrast, petioles had more copper (12.0 mg vs. 11.2 mg),
zinc (49.5 mg vs. 35.0 mg), molybdenum (0.205 mg vs. 0.100 mg), Cd (0.267
mg vs. 0.114 mg), lithium (0.084 mg vs. 0.052 mg) and strontium (56.2 mg
vs. 44.0 mg kg1 d.w. for petioles and blades respectively). A similar effect
was obtained RoMERO et al. (2010), who found higher concentration of micro-
nutrients in grapevine leaf blades, except Zn. Also FavLrani et al. (2005)
demonstrated that concentrations of blade Fe and Mn were higher, while
blade Zn was lower than in petioles in all of the six examined cultivars.
These researchers showed positive correlations between micronutrient con-
centrations in leaf blades and concentrations of the same elements in peti-
ole tissues.

The chemical composition of grapes depends of many factors, including
the cultivar, climatic condition (rainfall, temperature), soil parameters, and
vineyard management (VAN LEEUWENA, SEGUIN 2006). Environmental factors
such temperature and available water have a significant effect on the nutri-
ent concentration in grapes (CozzoLiNo et al. 2010). Trace elements in grape-
vine fruits are very important, especially for the quality of wine and wine
authenticity determination (BAXTER et al. 1997, TavLor et al. 2002, GREENOUGH
et al. 2005). Generally, the concentration of these elements in fruits and
wines is a result of their uptake by plants from soil (GaLGANOA et al. 2008).
However, several factors besides climatic conditions, such as viticultural tech-
niques and vine production process can modify the chemical composition of
wine and alter the relationship between wine and soil composition. In this
context, nitrogen nutrition of grapevine is of great importance (BELL, HEN-
SCHKE 2005).

In the present study, the N fertilization influenced composition of ele-
ments in grape juice, although the results were inconsistent. The differen-
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Table 3
Mean microelement concentration (mg kg d.m.) in the must from grapevine
grown under different N fertilization in 2010-2011

Year (lljg ‘ifas_el) B Cu Fe Mn Zn Mo
0 4.50 0.648 2.46 1.40 0.783 0.008
2010 50 4.70 0.584 1.98 1.14 0.701 0.008
100 4.98 0.653 1.98 131 0.689 0.010
0 3.36 0.415 1.55 1.75 0.888 0.003
2011 50 4.08 0.325 1.55 1.94 0.898 0.014
100 4.22 0.477 1.53 1.76 0.877 0.027
Means 2010 4.72 0.628 2.14 1.28 0.724 0.008
year 2011 3.88 0.406 1.54 1.82 0.888 0.015
Means 0 3.92 0.531 2.00 1.57 0.836 0.005
N-dose 50 4.38 0.455 1.77 1.54 0.852 0.011
100 4.60 0.565 1.76 1.54 0.782 0.018

year (A) 0.80 0.061 0.429 0.342 ns ns

LSD p=0.05 N-dose (B) ns 0.074 ns ns ns ns

AxB ns ns ns ns ns ns

ces should not be only attributed to environmental factors, but also to the
vigour and yielding of grapevine in response to different nitrogen fertiliza-
tion regimes. While the Cd accumulation in fruits was enhanced by an in-
creased N rate, a reverse tendency was proven for Ba and Sr. Also, the Cu
and Ti level in must was differentiated. For plots fertilized with 50 kg N ha1,
the highest Ti and the lowest Cu amounts in grape must were measured
(Tables 3 and 4). However, for the other investigated elements, no influence
of a nitrogen rate was recorded. The vintage had great impact on the min-
eral content of grapes. The year 2010 favoured fruit accumulation of Cu,
Fe, Al and Ti, whereas the climatic conditions in 2011 increased the content
of Mn, Ba and the investigated heavy metals (Cd, Cr and Ni; Table 4). Mac-
KENZIE, CHRISTY (2005) found that grape juice properties including Baumé lev-
el and titratable acidity are clearly correlated with several plant available
trace elements in soil. Most notable of these were Ca, Sr, Ba, Pb and Si.
These authors concluded that soil chemistry had some influence on wine
grape composition and such knowledge could be taken advantage of for bet-
ter vineyard management.
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Table 4

Mean trace elements concentration (ug kg—! d.m., except for Al) in grapevine juices under
different N fertilization in 2010-2011

Year (kl\; i‘;s_el) Al Ba cd Cr Ni Sr Ti
0 112 | 953 | 642 | 4.16 | 655 | 2258 | 426
2010 50 118 | 633 | 516 | 1.00 | 479 | 1505 | 329
100 101 | 583 | 615 | 208 | 618 | 1519 | 338
0 052 | 127.1 | 572 | 2893 | 524 | 2639 | 119
2011 50 040 | 869 | 7.62 | 31.19 | 1147 | 1886 | 56.3
100 039 | 766 | 12.83 | 22.85 | 121.8 | 1392 | 1638
Means 2010 110 | 723 | 591 | 241 | 583 | 1761 | 364
year| 2011 044 | 969 | 872 | 2766 | 963 | 1972 | 283
Means 0 082 | 1112 | 6.07 | 1654 | 59.0 | 2449 | 273
N-dose 50 079 | 75.1 | 639 | 16.10 | 81.3 | 1695 | 446
100 070 | 675 | 950 | 1246 | 918 | 1456 | 253
year (A) | 0283 | 266 | 152 | 09 | 326 | ns 6.53
LSD p=0.05 N-dose (B) ns 32.6 1.96 ns ns 30.5 8.28
AxB ns ns | 277 | ns ns | 436 | 1155
CONCLUSIONS

Balanced nutrient supply is one of the most important factors in in-
creasing crop yields and their quality. Plant productivity is directly linked
with nutrient availability and uptake. The knowledge of interactions of nu-
trients and trace elements can help to improve efficiency of nutrient up-
take. The present study focused on the effect of nitrogen fertilization on
microelements and trace elements in grape plants (leaves and berries). The
Cu, Zn, Fe, B and Mo concentrations in the leaves (blades and petioles) of
cv. Bianca grapevine were within an optimal range (Mn — high) of content
reported for Vitis vinifera plants. This experiment showed that on slightly
acid soils mineral N fertilizers containing ammonium can enhance the up-
take of trace elements such as Ti and V. Nitrogen fertilization depressed
the uptake of some elements like B, Mn, Ba, Cd and Sr. The analysed leaf
blades contained higher amounts of Fe, Mn, Ni, Pb, Ti and V than petioles.
In contrast, petioles had more Zn, Mo, Cd, Li and Sr. Increased N fertiliza-
tion diminished Ba and Sr must accumulation. Moderate fertilization en-
hanced Ti and decreased Cu fruit content. The vintage strongly influenced
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leaf as well grape mineral content. During the warmer and wetter year
2010, higher amounts of B, Cd, Sr, Ti and V in leaves and Al, Cu, Fe and Ti
in grape must were determined. The dry season in 2011 increased the leaf
Fe, Mn, Zn, Mo, Ba, Cr and Ni content as well as the amounts of Mn, Ba
and heavy metals (Cd, Cr, Ni) in fruits.
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Abstract

This study was conducted in 2007-2010, on a farm near Srem (south of Poznan, Po-
land). A field experiment was set up in a randomized block design with four replications
for each combination tested. The effects of differentiated rates of phosphorous and potas-
sium applied together with a fixed level of nitrogen and magnesium fertilization were in-
vestigated. During the experiment, the winter wheat grain yields were high and signifi-
cantly different between both between fertilizer treatments and when compared with the
control. Correlation analysis on relationships between grain yield and nutrient content in
wheat leaves at the beginning of stem elongation stage (BBCH31) showed significant rela-
tionships for phosphorous, calcium, magnesium, zinc and manganese. Regression analysis
proved that the content of zinc in leaves at the BBCH31 stage was the main factor which
determined winter wheat grain yield. Furthermore, mineral fertilization significantly incre-
ased the content of protein and gluten when compared with the control objects, whereas
no significant differences were observed among the fertilized objects. Statistically signifi-
cant relationships were found between leaf content of N, P, Mg, Zn and Mn at BBCH31
and the accumulation of protein and gluten in wheat grain. Protein and gluten in grain
depended on the content of magnesium in leaves at the beginning of stem elongation sta-
ge. Weather conditions as a factor significantly influenced grain size uniformity while mi-
neral fertilization had no influence on this trait.

Key words: winter wheat, phosphorus and potassium rates, gluten, protein, grain size
uniformity.
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WPLYW ZROZNICOWANEGO NAWOZENIA FOSFOREM I POTASEM NA PLON
I JAKOSC PSZENICY OZIMEJ

Abstrakt

Badania przeprowadzono w latach 2007-2010 w gospodarstwie rolnym w okolicach Sre-
mu. Doswiadczenie polowe zalozono w uktadzie blokéw losowych w czterech powtérzeniach
dla kazdej kombinacji. Czynnikiem badanym byly zréznicowane dawki fosforu i potasu, przy
stalym poziomie nawozenia azotem i magnezem. Plony ziarna pszenicy ozimej w latach ba-
dan byly wysokie i istotnie réznily sie zarowno wzgledem obiektu kontrolnego, jak i wa-
riantow nawozonych. Analiza korelacji miedzy plonem ziarna a zawartoscig skladnikow w li-
Sciach w fazie poczatku strzelania w zZdzbto (BBCH 31) wykazala istotne zaleznosci
w przypadku fosforu, wapnia, magnezu, cynku i manganu. Analiza regresji dowiodla, ze
glownym sktadnikiem decydujacym o plonie ziarna pszenicy byta zawarto$é cynku w lisciach
w fazie BBCH31. Nawozenie mineralne w poréwnaniu z wariantem kontrolnym istotnie
wplyneto na zwiekszenie réwniez zawarto$ci biatka i glutenu, natomiast nie stwierdzono
istotnych réznic miedzy obiektami nawozonymi. Wykazano istotng zaleznosé miedzy zawar-
toscig N, P, Mg, Zn, Mn w lisciach w fazie BBCH 31 a akumulacjg biatka i glutenu w ziar-
nie. Zawarto§¢é biatka i glutenu w ziarnie pszenicy w najwiekszym stopniu byta determino-
wana przez zawarto§¢ magnezu w liSciach na poczatku strzelania w Zdzblo. Czynnikiem
istotnie réznicujacym wyrownanie ziarniakéw byly warunki pogodowe, natomiast nawoze-
nie mineralne nie mialo wptywu na ksztaltowanie tej cechy.

Stowa kluczowe: pszenica ozima, dawki potasu i fosforu, gluten, biatko, wyréwnanie
ziarna.

INTRODUCTION

Achievement of the basic goal of fertilization, which is high, stable and
good quality yields, requires that phosphorous and potassium should not
demonstrate their suppressing effects at any of the plant development stag-
es. Among the nutrients which affect grain quality, nitrogen is most often
indicated (Enpaie, WaiNes 2001, Sui et al. 2010). Doubtless, application of
higher nitrogen rates results in higher yields, although technological pa-
rameters of such yields still raise controversies. Besides stimulating yields,
high rates of nitrogen can cause worse quality of gluten in grain by increas-
ing the share of low-molecular gliadin (Woobing et al. 2000). For the sake
of attaining the producer’s and the processor’s economic and technological
targets, it is important to elaborate such mineral fertilization rates that
allow plants to produce high yield, close to the crop’s yielding maximum
capacity, with good quality characteristics. The risk of yield decline can be
minimized by application of mineral fertilization balanced in terms of all
nutrient elements (OBORN et al. 2005). The influence of phosphorus and po-
tassium is mainly an aggregate of the functions played by nutrients in miti-
gating negative effects of biotic and abiotic stresses. Plants provided with
sufficient amounts of phosphorus and potassium are less vulnerable to wa-
ter deficiency, low temperatures and pathogen attacks (Ma et al. 2006). Po-
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tassium and phosphorus yield-stimulating functions are different, which
stems from their differentiated influence on the plant growth during the
vegetation period. These two mineral elements together shape nitrogen
management in high-yield cultivation technologies (MaRSCHNER 1986). Potas-
sium is an indispensable component during the main stages of protein bio-
synthesis. Its deficiency leads to a decrease of protein amount produced by
a plant, and this effect occurs regardless of the nitrogen nutrition level and
accumulation of non-protein nitrogen, the presence of which fosters fungal
infections (Rice 2007). Furthermore, potassium deficiency impedes nitrogen
uptake and, as a result, the growth of leaf assimilation surface; it also re-
duces the uptake and transport of nitrates in plants (MARSCHNER et al. 1996).
Many researchers have undertaken to evaluate effects of P and K rates on
plant yields, but until now information on yield quality traits has been scarce.
Relevant literature lacks consistent data concerning the influence of a phos-
phorus-potassium fertilization level on the technological value of bread wheat
cultivated on sites rich in P and K. In this study, a hypothesis was made
that differentiated fertilization with P and K before sowing would influence
bread wheat yield along with the content of protein and gluten.

The aim of the field study was to evaluate the response of winter wheat
in terms of yield volume and quality to optimal and reduced rates of potas-
sium and phosphorus fertilization.

MATERIAL AND METHODS

The study was carried out in 2007-2010, on a farm in Wieszczyczyna,
avillage near the town of Srem, Poland, 52°02' N 17°05'E. The research
was based on a one-factor experiment conducted on cv. Kris winter wheat.
This wheat cultivar belongs to class B of bread wheat varieties. The experi-
ment was part of a long-term research project started in 2000. The trials
were set up in a randomized-block design with four replications. The experi-
mental factor was differentiated mineral fertilization with phosphorus and
potassium. The experiment was carried out on lessive soil, developed from
loam, and lying shallow on glacial till. The soil used in the study was classi-
fied as representing quality class IIIb in the Polish soil valuation system. It
was rich in available phosphorus (92 mg P kg™! of soil), but the content of
available potassium ranged from medium to low (120-80 mg K kg!) and
that of magnesium was medium (37 mg Mg kg™1). The soil reaction was
slightly acidic (pH 5.94 1M KCl). Every year, winter wheat was grown after
maize. All crop cultivation practices were carried out according to the opti-
mal ones under given agronomic conditions. Taking into account the soil
fertility, unit uptake and expected yield of 7 t ha™! during the whole study,
an optimal mineral fertilization level (W100) was determined. Every year,
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the phosphorus rate was 35 kg ha™!, and the potassium dose was 100 kg
ha1 in treatment W100, except in 2007, when the K fertilization level was
higher (133 kg K ha1). Determination of the optimal rate (W100) was per-
formed with the use of NawSald software (IUNG, Putawy, Poland). Based on
phosphorus and potassium fertilization levels, which were balanced with re-
gard to nitrogen, the other tested P and K rates were determined by reduc-
ing P and K fertilization down to 25% (W25) and 50% (W50) of the optimum
balanced treatment (W100). Additionally, control variants were established,
where either phosphorus (WKN) or potassium (WPN) was not applied and
constant levels of nitrogen and magnesium were maintained. In accordance
with the experimental design, fertilization with phosphorus, potassium and
magnesium was carried out at the same rate after harvesting preceding
crops. Potassium was applied as potassium chloride salt (60% K,0), phos-
phorus as single superphosphate and magnesium as kieserite (27% MgO). In
the WP1 treatment, phosphorus was applied as Partially Acidulated Phos-
phate Rock. The WP1 treatment was considered an alternative to single
superphosphate as a source of phosphorus. Rock phosphate was also used. It
contained 10.2% of phosphorus and its acidification was 50% (i.e. the amount
of sulphuric acid used up during the technological processing to obtain the
end product was 50% of the amount necessary for production of single su-
perphosphate). Fertilization with nitrogen as ammonium nitrate at a total
rate 180 kg N ha~! was carried out four times and divided as specified:
(I) before autumn sowing 30 kg (kg N ha=1); (II) before the onset of spring
growth 60 kg N ha™l; (III) 3 weeks after application of the second N dose
30 kg N ha™l, and (IV) at the beginning of the earing stage 30 kg N ha1.

At the beginning of the stem elongation stage (BBCH-31), plants were
sampled from all experimental plots for chemical analyses (from 1 linear
metre). Plants collected with a harvester from an area of 20 m?2 were used
for assessments of grain yield. The plant material was prepared as required
for determination of the nutrient content (with atomic absorption spectros-
copy) and the following parameters were determined: total protein content
(%N x 5.75 — Kjeldahl’s method, PN-75A-04018), gluten content (in an Infra-
analyser 500) and grain uniformity (standards by the Agency of Agricultural
Market).

The results were statistically analyzed with one-factor ANOVA. The years
of the experiment were regarded as a random factor and the PK fertiliza-
tion level was a fixed factor. Multiple regression analysis with choice of the
best subset of variables was applied for evaluation of cause and effect rela-
tionships between the parameters analyzed. The statistical analyses were
performed with the use of Statistica© 10 software.
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RESULTS AND DISCUSSION

Grain yield

During the whole experiment, the wheat grain yields were high com-
pared to average winter wheat crops achieved in the last ten years in Po-
land. The average wheat grain yield obtained from the fertilized treatments
was 6.6 t ha™l, 32% higher than from the control (Figure 1). Although the
tested wheat cultivar showed a weak response in yield to increasing P and
K rates, this did not mean that its nutrient requirements were low, espe-

grain yield (tha 1)
O DO o UTOY ~1 00

KA WPN WKN W25 WPN50 WKN50 W100 W100P
treatments

Fig. 1 Yield of grain winter wheat according to phosphorus and potassium fertilization
a,b,c — letters indicate statistical differences between treatments, p < 0.05

cially in view of the nutrient uptake (data can be provided by the authors).
Wheat responded to a 10-year-long absence of phosphorus and potassium
fertilization by a slight yield decrease. Bigger yield appeared in the treat-
ment without phosphorous fertilization (WKN) than without potassium ap-
plication (WPN). BATTEN et al. (1984) found that high-yield winter wheat va-
rieties had high requirements with regard to phosphorus, hence this plant
should be cultivated on soils rich in phosphorus or else adequately supple-
mented with high rates of this element. The lack of response of yields pro-
duced by wheat as well as other plants to pre-sowing fertilization with phos-
phorus has been confirmed elsewhere (Gas 2008, 2010, Rost et al. 2008).
Reports on long-term fertilization with phosphorus indicate that a decrease
of yield due to absence of phosphorus fertilization becomes demonstrable af-
ter longer time (MosKAL et. al. 1999, StePIEN, MERCIK 1999, Kunzova, HEJcMAN
2010). Potassium is rarely referred to in the world’s literature as an element
limiting plant production, although it is most often pointed out as the main
nutrient shaping the quality of products (UsHERwooD 1985, WHITEHEAD 2000).

Wheat grain yield significantly depended on plant nutrition at the begin-
ning of stem elongation stage (BBCH 31) — Table 1. Regression analysis
showed significant positive influence of leaf content of nitrogen, potassium,
magnesium and zinc on wheat grain yield (equation 1). Negative relation-
ship was observed only in the case of copper. The level of plant nutrition
with phosphorous, calcium, manganese and iron at that plant development
phase had no considerable effect on grain yield.
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Table 1
Correlation coefficients between yield of winter wheat, quality parameters
and nutrients content in critical state (n=128)
Nutrient
Variable
N P K Mg Ca Zn Cu Mn Fe
Yield 0.11 | 0.221*| 0.165 | 0.335% | -0.220*| 0.458% | -0.16 | 0.363* | 0.203*

Gluten content | 0.211* | 0.335% | -0.07 | 0.379*% | -0.08 |[-0.217*| 0.264* | 0.216* | 0.289*
Protein content | 0.238%| 0.253* | -0.01 | 0.283* | -0.07 |-0.176*| 0.132 | 0.241* | 0.307

Grain

- . 0.085 | -0.433*| 0.289* | -0.492* | 0.303* | 0.266* | -0.183* | -0.209* | -0.301*
uniformity

*correlation significant at p < 0.05

(1) Y(t ha™l) = 0.12(Zn) + 6.64(Mg) + 0.43(N) + 0.77(K) — 0.57(Cu) + 1.65
R2=10.49; n =128; p < 0.000

Zinc content in winter wheat leaves at the beginning of stem elongation
stage determined wheat grain yield, and explained 36.4% of the variability
(equation 2).

(2) Yt ha™l) = 0.195(Zn) + 2.88 R? = 36.4%; n = 128; p < 0.000

The increase in the zinc content in plants at the beginning of stem
elongation by 1 mg kg~! resulted in an increase in the wheat grain yield by
an average 195 kg ha=L.

Statistically significant interaction between the experimental factor and
years of observations was found. Most advantageous weather conditions for
wheat yielding were observed in 2009, whereas the lowest wheat yields were
obtained in 2008. The difference in yields between the extreme years was
33%. The irregular distribution of precipitations in the months when the
most intensive plant growth takes place (April, May and June) was the main
reason for limited nutrient uptake from soil and, consequently, the observed
yield reduction.

Evaluation of grain quality

The qualitative cereal analysis comprised three features: protein con-
tent, gluten content and grain size uniformity. The amount and quality of
protein substances are two of the main criteria of wheat technological use-
fulness. The winter wheat variety tested in this study, cv. Kris, belongs to
the quality group B, which means that its genetically conditioned parame-
ters such as protein or gluten content are on a medium level (between
quality wheat and forage wheat) (Gacek 2002). Regardless of the year of
observation, treatment-specific differences in the analyzed parameters were
mainly demonstrated by the significance of the comparison of the absolute
control treatment (no NPK fertilization) with the other treatments (Table 2).
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Table 2

Effect of phosphorus and potassium fertilization on technological quality grain
of winter wheat

Factors Feature
gluten content protein grain uniformity
(%) (%) (%)

2007 21.95d 10.94¢ 88.91a
Years 2008 28.84a 13.10a 56.66d
2009 24.33c 11.77b 74.48b
2010 25.58b 12.106 64.69c
control (KA) 19.86b 10.176 78.32a
WNK 26.24a 12.38a 70.08a
WNP 26.14a 12.33a 71.44a
W25 25.74a 12.01a 67.58a
Treatments WPN50 25.62a 12.11a 72.94a
WEKN50 26.36a 12.39a 67.69a
W100 25.59 1203a 70.90a
P \2131821;}{) 25.84a 12.23a 72.53a

Interaction: " % I

yearxtreatments

* signifficantly different;
a,b,c, - letters indicate statistical differences between treatments, p< 0.05

Differentiation of P and K rates had no significant influence on protein and
gluten accumulation in grain. The content of gluten indicated a proven line-
ar relationship with the total protein content (Figure 2). Relationships be-
tween the total grain protein content and the grain content of gluten are
very complex and largely determined by the variety (GrzeBisz, Gas 2009).
The content of gluten observed in this study was at the threshold level for
bread winter wheat (26%), which corresponds to at least 12.0% accumula-
tion of protein in grain, The content of protein in the control variant was
lower than the standard value, and equalled 10.2%. Fertilization is one of
the main factors which determine both the volume of wheat yields and the
amount of protein and gluten in wheat grain (FLYNN et al. 1987, SHEWRY et
al. 1995). The results of GALANTINI et al. (2000) indicated that fertilization did
not increase dry matter, but significantly influenced nutrient accumulation
in grain. The results of the present study showed that increasing phospho-
rus rates had no direct effect on raising the content of protein and gluten in
grain, whereas within the locations which had not been fertilized with phos-
phorus (treatment WNK) or potassium (treatment WNP) for ten years,
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Fig. 2. Gluten content in grain as function of protein content

a tendency was observed for a slight increase in values of the analyzed pa-
rameters when compared to the variant with an optimum nitrogen balance
(W100). Dick et al. (1985) reported a protein content decrease in barley grain
under influence of potassium fertilization. The effect of potassium on the
quality traits of plant products is revealed indirectly, through activation of
certain enzymes responsible for basic and specific metabolic processes in
plants (Szczeraniak 2004). The effect of phosphorus on the content of protein
in grains has not been defined unambiguously in literature, hence the issue
remains problematic. Available information concerns the volume of yield rath-
er than its quality. It is generally believed, however, that phosphorus slight-
ly affects grain proteins in winter wheat (CAMBELL 1996, BATTEN et al. 1999,
1992, BENBELLA, PAULSEN et al. 1998). During the present study, no differenc-
es were observed in the analyzed parameters with regard to the form of
phosphorus fertilizer applied. The content of protein in grain is directly con-
nected with the overall available nitrogen, both from mineral fertilizers and
from mineralization processes in soil. Besides, the wheat grain protein con-
tent is strongly connected to temperature, especially at the phase of grain
filling (PopoLska, SutEk 2003, BupzyNski et al. 2004, SHi et al. 2010).

Quality parameters, such as protein and gluten content as well as grain
size uniformity, were strongly influenced by the weather conditions. The
ANOVA test showed statistical significance of the interaction between the
year and the rate of PK fertilization in determination of the tested parame-
ters (Table 2). An average protein content in the fertilized treatments fluc-
tuated within a very narrow range from 12.01 to 12.4. OLsonN (1984) empha-
sized that the factors which increased grain yield often caused a decrease of
protein content, since yield increase resulted in the dilution effect. Accord-
ing to this author, additional phosphorus or moderate rates of nitrogen can
counteract such processes. BErEcz (2001) pointed out that the influence of
phosphorus fertilization on wheat quality parameters depended largely on
the N:P ratio. The issue of interaction between nitrogen and phosphorus is
referred to in many publications (SUMMER, FArRINA 1986, Kim 2003, PrysTUPA et
al. 2004, Sapras 2006].
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The highest amounts of gluten and protein in wheat grain were ob-
served in 2008, which was characterized by low precipitation and high tem-
perature (Table 3). Wheat plants produced relatively less vegetation matter
under water stress caused by drought and therefore a larger pool of nitro-
gen was accumulated in grain. High temperature causes fast hydrolysis of
leaf proteins so that the stage of grain filing lasts shorter, which generates
lower weight of grain but high grain protein content (CORBELLINI et al. 1998,
DanieL, TriBor 2002, FLAGELLA et al. 2010). Also, HAJHEIDARI et al. (2007) ob-
served an increase in the content of gliadins in bread wheat varieties under
water stress consistently with an increase in protein content. According to
TriBobD et al. (2003), differences in the composition of the protein fraction at
plant maturity due to post-anthesis temperatures or drought after the flo-
wering phase, and are primarily caused by differences in the amount of
nitrogen accumulated during the grain filling phase. occurs mainly because of
differences in the total quality of nitrogen accumulated during grain filling.

Another feature assessed was grain size uniformity. Differentiation of
mineral fertilization had no significant effect on variability of this feature,
although the effect of weather conditions (Table 2) is noteworthy. In 2008
and 2010, grain uniformity observed on all treatments was below the stand-
ard value (< 75%). Poor grain uniformity indicates high sensitivity of the
tested wheat variety to weather conditions at the stage of grain filling. Al-
though the quality standards for the content of protein and gluten (the Agen-
cy of Agricultural Market norms) were met, poor grain uniformity in 2008
and 2010 disqualified the grain yield for milling.

Table 3

Weather conditions during vegetation of winter wheat

Vegetation Months
season

Aug | Sept| Oct |Nov| Dec | Jan | Feb | March| Apr | May |June | July

Temperature (°C)

2006/2007 | 181 | 17.1| 11.1| 66 | 45 | 46 | 0.9 6.1 10.1 | 15.2 | 19.2 | 18.7
2007/2008 | 18.7| 131| 79 | 26| 1.1 | 20 | 4.0 4.1 85 | 142| 18.7| 19.8
2008/2009 | 186 | 13.1| 90 | 55| 1.1 | -3.3 | -0.3 3.8 111 | 134 | 159 | 196
2009/2010 | 19.1| 14.7| 73 | 62| -1.0 | -7.0 | -1.7 3.6 89 | 123 | 176|219
Multi-year | 17 | 13.1| 83 | 32| 04 | -12 | -04 3.2 7.8 | 136 | 16.6 | 18.3

Precipitation (mm)
2006/2007 | 148 | 23 35 | 47 | 42 86 49 50 6 78 66 | 112
2007/2008 48 23 15 | 34 | 26 65 41 44 5 42 48 | 126
2008/2009 48 23 15 | 34 | 26 72 23 34 38 17 12 | 46
2009/2010 62 16 61 18 | 20 25 49 56 19 69 | 101 | 86
Mult-year 64 45 40 | 42 | 36 30 39 36 51 62 74 | 64
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Plant nutrition and yield quality

According to GrzeBisz et al. (2003), the basic question in discussions on
the effect of fertilization on agricultural produce quality is the assessment
of reactions between the plant nutritional status and the quality of plant
products. Regression analysis on the relationship between leaf nutrient con-
tents at the BBCH31 stage (in literature referred to as the critical phase;
BiEraMaNN, 1992) and the content of protein (equation 3) and gluten (equa-
tion 4) in wheat grain showed positive relationships for nitrogen, magnesi-
um, phosphorus and iron, but negative one for zinc. The equations support-
ed the presumed hypothesis on the effect of phosphorus on grain qaulity.

(3) Y = 0.67N + 6.62Mg + 4.67P + 0.01Fe — 0.10Zn + 7.75
R2=0.46;n = 128; p < 0.000
(4) Y = 2.10N + 20.30Mg + 14.73P + 0.03Fe — 0.35Zn + 13.05
R2=0.48; n = 128; p < 0.000

The stepwise multiple regression analysis with backward elimination and
choice of best variable sub-sets showed that protein and gluten content in
grain was determined most strongly by the content of magnesium (equa-
tions 5 and 6).

(5) Y(% protein) = 6.50(Mg) + 10.90 R2 = 15.41%; n = 128; p < 0.000

(6) Y(% gluten) = 19.15(Mg) + 22.08 R2 = 14.74%; n = 128; p < 0.000

The plant nutritional status at the BBCH31 stage significantly influenced
grain size uniformity (Table 1). Regression analysis showed significant posi-
tive relationship only for zinc (equation 7).

(7)Y = 1.44Zn — 122.8Mg — 5.73Cu — 0.09Cu + 99.18
R2 = 55.08%; n = 128; p < 0.000

CONCLUSIONS

1. On soils rich in phosphorus and potassium, winter wheat yielding re-
sponse to different P and K rates was significantly differentiated, which im-
plies that this crop has high demand for nutrient-rich soils.

2. Mineral fertilization significantly increased the protein and gluten con-
tent in grain only in comparison with the control, and the differentiation of
P and K rates had no effect on the differences between the treatments.

3. Significant relationship was found between the plant nutritional sta-
tus at the beginning of stem elongation phase (BBCH 31) and bread wheat
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quality. Regression analysis showed that the protein and gluten content were
most strongly dependent on the content of magnesium in wheat leaves at
this plant development stage.

4. Weather conditions constituted a factor which significantly differenti-
ated grain size uniformity, while mineral fertilization had no influence on
this feature.
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Abstract

The study was conducted in 1998-2000, in the Olsztyn Lakeland, on permanent gras-
sland communities with at least 5% share of the following leguminous and herbaceous
species. Trifolium pratense, Trifolium repens, Lotus corniculatus, Lathyrus pratensis, Lo-
tus uliginosus, Vicia cracca, Taraxacum officnale, Achillea millefolium, Plantago lance-
olata, Alchemilla vulgaris, Heracleum sibiricum and Cirsium oleraceum. In total, 444 plant
samples were analyzed, including 123 collected on organic soils. The objective of this study
was to determine the accumulation of potassium, calcium and magnesium by selected spe-
cies of grassland legumes and herbs, in view of the abundance of the above elements in soil.

The analyzed organic soils were characterized by low abundance of potassium and
moderate abundance of magnesium, whereas the mineral soils had a very low or low po-
tassium content and a very high or high magnesium content. The habitats varied widely
with respect to the calcium abundance. The biomass of the analyzed plant species conta-
ined high concentrations of potassium, magnesium and calcium. Plants collected from mi-
neral soils contained more potassium and less magnesium than those growing on organic
soils. Taraxacum officinale and Achillea millefolium were rich in potassium, Achillea mil-
lefolium, Lotus uliginosus, Heracleum sibiricum, Vicia cracca, Taraxacum officinale and
Cirsium oleraceum had a high magnesium content, whereas Cirsium oleraceum, Herac-
leum sibiricum and Alchemilla vulgaris accumulated the largest amounts of calcium. The
ability of dicotyledonous plants to accumulate high concentrations of calcium and magne-
sium resulted in a low K:(Ca+Mg) ratio.

Key words: grasslands, legumes, herbs, potassium, magnesium, calcium, soil.
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GROMADZENIE POTASU, WAPNIA I MAGNEZU PRZEZ WYBRANE GATUNKI
ROSLIN MOTYLKOWATYCH I ZIOL LAKOWYCH

Abstrakt

Badania przeprowadzono w latach 1998-2000 na terenie Pojezierza Olsztynskiego. Ba-
daniami objeto zbiorowiska roslinne trwatych uzytkéw zielonych z co najmniej 5% udzia-
tem wybranych gatunkow roslin motylkowatych i ziot: Trifolium pratense, Trifolium re-
pens, Lotus corniculatus, Lathyrus pratensis, Lotus uliginosus, Vicia cracca, Taraxacum
officinale, Achillea millefolium, Plantago lanceolata, Alchemilla vulgaris, Heracleum sibi-
ricum, Cirsium oleraceum. Lacznie przebadano 444 préby roslinne, w tym 123 pochodzace
z gleb organicznych. Celem pracy byto okreslenie zawarto$ci potasu, wapnia i magnezu
w wybranych roslinach motylkowatych i ziotach na tle zasobnosci tych pierwiastkow w glebie.

W badanych siedliskach gleb organicznych stwierdzono niskg zasobno§é w potas, Sred-
nig w magnez, za§ w glebch mineralnych — bardzo matg i mata zawarto$¢ potasu oraz duza
i bardzo duza magnezu. Stwierdzono réwniez duze zréznicowanie siedlisk pod wzgledem
zasobnosci w wapn. Roslinno$¢ zawierata duzo potasu, magnezu i wapnia, przy czym rosli-
ny pochodzace z siedlisk gleb mineralnych zawieraly wiecej potasu, a mniej magnezu niz
pochodzace z gleb organicznych. Sposrod badanych gatunkéw bogate w potas byty Taraxa-
cum officinale i  Achillea millefolium, duza zawarto§¢ magnezu stwierdzono u Achillea
millefolium, Lotus uliginosus, Heracleum sibiricum, Vicia cracca, Taraxacum officinale
i Cirsium oleraceum, za$ najwiecej wapnia gromadzity Cirsium oleraceum, Heracleum sibi-
ricum i Alchemilla vulgaris. Zdolno$¢ roslin dwuliSciennych do gromadzenia duzych iloSci
Ca i Mg wplyneta na niskg wartos¢ stosunku K:Ca+Mg).

Stowa kluczowe: uzytki zielone, motylkowate, ziota, potas, magnez, wapn, gleba.

INTRODUCTION

Habitat conditions have a significant effect on the quantitative and qual-
itative composition of grassland communities comprising numerous species
of grasses, legumes, sedges (Cyperaceae), herbs and weeds. The characteris-
tics of grassland habitats are an important consideration since they affect
the chemical composition of green forage (TrRaBA, WYLUPEK 1998, TRzASKOS et
al. 1998, TraBA, WoLANSKI 2003, GRZEGORCZYK et al. 2004, 2011). According to
TrABA (1997), forage obtained from grasslands with a high share of dicotyle-
donous plant species is a rich source of phosphorus, magnesium, calcium
and sodium, but it has a low potassium content. Herbs present in the phy-
tomass used as livestock feed contribute to preventing microelement defi-
ciencies, thus increasing the biological value of feed to adequately meet the
nutritional requirements of animals (BENEDYCKI et al. 1999).

The objective of this study was to determine the accumulation of potas-

sium, calcium and magnesium by selected species of grassland legumes and
herbs, in view of the abundance of the above elements in soil.
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MATERIAL AND METHODS

The study was conducted in 1998-2000, in the Olsztyn Lakeland, on per-
manent grassland communities with at least 5% share of the following legu-
minous and herbaceous species. Trifolium pratense, Trifolium repens, Lotus
corniculatus, Lathyrus pratensis, Lotus uliginosus, Vicia cracca, Taraxacum
officnale, Achillea millefolium, Plantago lanceolata, Alchemilla vulgaris, Hera-
cleum sibiricum and Cirsium oleraceum. In total, 444 plant samples were
analyzed, including 123 collected on organic soils (Table 1). The chemical
analyses of soil samples were performed by standard methods: potassium -
by Egner-Riehm method, magnesium — by Schachtschabel method, calcium
— by a universal method proposed by Nowosielski. Plant samples were as-
sayed for potassium and calcium content by flame photometry, and for mag-
nesium content — by atomic absorption spectrometry (AAS).

Table 1
Number of analyzed plant samples
Species Habitat
mineral soil organic soil
Lathyrus pratensis 29 13
Lotus corniculatus 23
Lotus uliginosus 22 29
Trifolium pratense 25
Trifolium repens 26
Vicia cracca 20 14
Achillea millefolium 33 19
Alchemilla vulgaris 31 17
Cirsium oleraceum 18 31
Heracleum sibiricum 29
Plantago lanceolata 32
Taraxacum officinale 33
Total 321 123

RESULTS AND DISCUSSION

The chemical analyses of samples collected in grassland habitats showed
that the average available potassium content of organic and mineral soils was
very low or low, at 139.1-300.2 mg kg~! (Figure 1) and 49.7-110.2 mg kg1,
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Fig. 1. Potassium content of soil (means and 95.00% confidence interval)

respectively. The communities with Alchemilla vulgaris on organic soils and
the communities with Heracleum sibiricum on mineral soils were most abun-
dant in potassium. Low potassium concentrations noted at many sampling
sites corroborate the findings of Micuna (1997), who reported potassium defi-
ciency in 85.5% of grassland soils in north-eastern Poland.

The analyzed plant species were characterized by a high potassium con-
tent of phytomass, except for Lotus uliginosus growing on organic soils,
whose potassium content reached 14.3 g kg~l. Plant species collected from
organic soils, more abundant in potassium, contained less potassium than
those collected from mineral soils (Figure 2). Particularly high potassium
concentrations were noted in Taraxacum officinale on mineral soils, which
accumulated significantly more potassium than the other analyzed species.
The biomass of Achillea millefolium was also characterized by a high potas-
sium content. In general, herbs accumulated greater amounts of potassium
than legumes, which is why the presence of the former in grassland sward
increased the potassium content of forage. The potassium content of grass-
land vegetation varied over a wide range, from 6.0 to 80.0 g kg ! d.m.,
depending on species. Herbaceous plants accumulated high amounts of po-
tassium, in excess of 80.0 g kg~! d.m. Forage from permanent grasslands
usually provides more potassium than needed by animals. The optimum po-
tassium content of grassland feeds is 17.0 g kg~! d.m., and potassium con-
centrations above 30.0 g kg~! d.m. are considered undesirable in grassland-
based feeding regimes (JANKOWSKA-HUFLEJT et al. 2009).

Organic soils contained significantly more magnesium than mineral soils,
and average magnesium abundance at sampling sites ranged between 572.1
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Fig. 2. Potassium content of plants (means and 95.00% confidence interval)

and 711.5 mg kg1 (Figure 3). The average available magnesium content of
mineral soils was very high or high, reaching 68.0 to 149.3 mg kg l. In
organic soils, the highest magnesium levels were noted in grasslands com-
munities with Alchemilla vulgaris and Cirsium oleraceum. The communities
with Achillea millefolium, Lathyrus pratensis, Vicia cracca and Lotus uligi-
nosus were less abundant in magnesium. The differences in magnesium con-
centrations between organic soil habitats were statistically non-significant,
while considerable differences were observed within habitats. In mineral soils,
smaller differences in magnesium abundance were noted between plant com-
munities, and higher magnesium levels were reported from the habitats of
Lathyrus pratensis, Vicia cracca, Lotus uliginosus and Cirsium oleraceum.
The habitats of Plantago lanceolata were characterized by the lowest mag-
nesium content. The above relationships were also described by TraBA and
Woranski (2003), and Kirczak (2000).

The magnesium abundance of soil was reflected in the magnesium con-
tent of plant dry matter. Plant species collected from organic soils contained
significantly more magnesium than those obtained from mineral soils
(Figure 4). In general, all analyzed species had a high magnesium content.
In the majority of cases, magnesium concentrations in plant dry matter
were higher than the optimum magnesium content determined by FaLkowski
et al. (2000). In organic soils, the largest amounts of magnesium were accu-
mulated by Achillea millefolium, Lotus uliginosus, Heracleum sibiricum and
Vicia cracca. No significant differences in magnesium abundance were found
between those species, while there were considerable differences between
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sampling sites. Smaller differences in the magnesium content of plants were
observed on mineral soils. No significant fluctuations in magnesium levels
were noted, except for Cirsium oleraceum and Lotus uliginosus. Taraxacum
officinale and Cirsium oleraceum from mineral soil habitats had a high mag-
nesium content, whereas Lotus corniculatus was characterized by the low-
est magnesium concentrations. High magnesium levels in the biomass
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of common dandelions and cabbage thistles were also reported by ALBERSKI
(2004), and Kozi.owskl and SWEDRZYNSKI (1996).

Substantial differences in the calcium abundance of soil in grassland
habitats were noted in the present study (Figure 5). The calcium content of
organic and mineral soils varied from 1404.6 to 1895.3 mg kg ~!, and from
662.5 to 1089.1 mg kg 1, respectively. In organic soils, the habitats of Achil-
lea millefolium were most abundant in calcium, while the communities with
Lathyrus pratensis were poorest in calcium. In mineral soils, the highest
calcium abundance was noted in the habitats of Lotus corniculatus and Lathy-
rus pratensis, whereas the communities with Plantago lanceolata and
Alchemilla vulgaris were less abundant in calcium.
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Fig. 5. Calcium content of soil (means and 95.00% confidence interval)

Fodder plants should contain 7 g kg1 calcium. In our study, the aver-
age calcium content of plant dry matter was higher than the levels consid-
ered optimal for high-quality feeds. The cabbage thistle was characterized
by a particularly high calcium content (40.6-42.0 g kg ~! d.m.). Regardless of
the soil type, this species accumulated significantly higher amounts of calci-
um than the other studied species (Figure 6). ALBERSKI (2004) also reported
high calcium concentrations in Cirsium oleraceum. A high calcium content
of biomass was noted in Heracleum sibiricum (33.6 g kg~1) from mineral soil
habitats, and in Alchemilla vulgaris (24.0 g kg™1) from organic soil habitats.
The remaining species were marked by similar calcium levels, ranging from
14.1 to 20.6 g kg ~1 d.m. Our results are partially consistent with the fin-
dings of TraBA (1997). According to the cited author, forage from grasslands
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Fig. 7. K: (Ca+Mg) equivalent ratio (means and 95.00% confidence interval)

with a high share of dicotyledonous plants is usually abundant in magnesi-
um and calcium, and poor in potassium. In the present experiment, plants
contained also large amounts of potassium.

A synthetic criterion for feed quality assessment is the K: (Ca+Mg) ra-
tio, which should remain within the 1.8-2.2 range. Values higher than 2.2
may be indicative of grass tetany. In the analyzed dicotyledonous plants, the
average value of the K: (Ca+Mg) ratio ranged from 0.3 to 1.3, thus being far
too low (Figure 7). Dicotyledonous plants accumulate considerable amounts
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of calcium and magnesium, and relatively low amounts of potassium, which
had a direct effect on the above ratio (Trzaskos et al. 1998). A lower
K: (Ca+Mg) ratio was characteristic for PLANTS growing on organic soils.
Among the studied species, significantly higher values of the above ratio
were noted for Taraxacum officinale and Achillea millefolium, due to the fact
that these species accumulated significantly higher concentrations of potas-
sium than the other species.

CONCLUSIONS

1. The organic soils were characterized by low abundance of potassium
and moderate abundance of magnesium, whereas the mineral soils had
avery low or low potassium content and a very high or high magnesium
content. The habitats varied widely with respect to calcium abundance.

2. The biomass of the analyzed plant species contained high concentra-
tions of potassium, magnesium and calcium. The plants collected from min-
eral soils contained more potassium and less magnesium than those grow-
ing in organic soils.

3. Taraxacum officinale and Achillea millefolium were rich in potassium,
Achillea millefolium, Lotus uliginosus, Heracleum sibiricum, Vicia cracca,
Taraxacum officinale and Cirsium oleraceum had a high magnesium content,
whereas Cirsium oleraceum, Heracleum sibiricum and Alchemilla vulgaris
accumulated the largest amounts of calcium.

4. The ability of dicotyledonous plants to accumulate high concentrations
of calcium and magnesium resulted in a low K: (Ca+Mg) ratio.
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Abstract

The aim of the present study was to evaluate the effect of chemical crop protection
on the content of N, P, K, Mg, Zn, Cu, Mn, and Fe in grain of 8 spelt wheat cultivars
(Franckenkorn, Badengold, Schwabenspelz, Oberkulmer Rotkorn, Ostro, Ceralio, Schwa-
benkorn, and Spelt I.N.Z.). Chemical protection involved application of a fungicide, two her-
bicides and a retardant. No plant protection agents were used in the control treatment.
The above spelt cultivars were grown in a monoculture on medium heavy mixed rendzina
soil. The study was carried out in 2009-2011, at the Bezek Experimental Farm, which be-
longs to the University of Life Sciences in Lublin.

Among the spelt wheat cultivars compared, grain of cv. Ostro was characterized by
the highest content of nitrogen, phosphorus and manganese, whereas grain of cv. Franc-
kenkorn contained the largest amounts of potassium and magnesium. The highest amo-
unt of zinc was found in grain of cv. Oberkulmer Rotkorn and that of copper — in grain of
cv. Spelt I.N.Z., while grain of cv. Schwabenkorn was found to be the richest in iron. Irre-
spective of the cultivar, chemical plant protection significantly increased the copper content
in spelt grain and simultaneously decreased the magnesium content. The content of N,
Mg, Zn, Cu, and Mn in grain decreased in the successive years of the study.

Key words: spelt wheat, cultivars, chemical protection, grain chemical composition.
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WPLYW CHEMICZNEJ OCHRONY LANU NA ZAWARTOSC
WYBRANYCH PIERWIASTKOW W ZIARNIE PSZENICY ORKISZ
(TRITICUM AESTIVUM SSP. SPELTA)

Abstrakt

Celem badan byla ocena wptywu chemicznej ochrony tanu na zawartosci N, P, K, Mg,
Zn, Cu, Mn i Fe w ziarnie 8 odmian pszenicy orkisz (Franckenkorn, Badengold, Schwa-
benspelz, Oberkulmer Rotkorn, Ostro, Ceralio, Schwabenkorn, Spelt I.N.Z.). Ochrona che-
miczna polegata na zastosowaniu fungicydu, dwoch herbicydow oraz retardanta. W obiek-
cie kontrolnym nie stosowano zadnych S§rodkéow ochrony roslin. Wymienione odmiany
orkiszu uprawiano po sobie na $rednio ciezkiej redzinie mieszanej. Badania przeprowadzo-
no w latach 2009-2011 w Gospodarstwie Doswiadczalnym Bezek nalezacym do Uniwersyte-
tu Przyrodniczego w Lublinie.

Sposréd porownywanych odmian pszenicy orkisz najwiekszg zawarto$é azotu, fosforu
i manganu stwierdzono w ziarnie odmiany Ostro, natomiast najwiecej potasu imagnezu
zawieralo ziarno odmiany Franckenkorn. Najwiekszg zawarto$¢ cynku stwierdzono w ziar-
nie odmiany Oberkulmer Rotkorn, miedzi — w ziarnie odmiany Spelt I.N.Z., zas zelaza
w ziarnie odmiany Schwabenkorn. Niezaleznie od odmiany, chemiczna ochrona roslin istot-
nie wpltyneta na zwiekszenie zawartosci miedzi w ziarnie orkiszu i jednocze$nie zmniejsze-
nie zawartoSci magnezu. Zawartos§¢ N, Mg, Zn, Cu oraz Mn w ziarnie zmniejszata sie¢ w ko-
lejnych latach badan.

Stowa kluczowe: pszenica orkisz, odmiany, ochrona chemiczna, sktad chemiczny ziarna.

INTRODUCTION

The interest in spelt cultivation is growing continually. It is stimulated
by the introduction of eco-friendly technologies and by consumers’ growing
interest in new products (SULEwWSKA 2004ab, TYBURSKI, ZUK-GOLASZEWSKA 2005,
SuLEWSKA et al. 2008). Spelt is more resistant to diseases and environmental
stresses than common wheat (BAUMGARTEL-BLASCHKE 1992). On the other hand,
it has traits typical of wild wheat varieties, such as a brittle rachis, poor
threshing and a significant height, which makes it more vulnerable to lodg-
ing. As a result, it is difficult to grow spelt wheat on a large scale (CAMPBEL
1997). Owing to the enclosing glumes, spelt grain does not need to be
dressed before sowing (WINZELER, RUEGGER 1990). Hence, it can be successful-
ly grown at both conventional and ecological farms (PaLys, KURASZKIEWICZ,
2003, ANDRUSzCzAK et al. 2011, KwikcIiNska-PoprpE et al. 2011).

For consumers and with respect to the nutritional value of raw materi-
al, the content of elements in quality wheat grain is an important trait
(STaNISEAWSKA-GLUBIAK et al. 1996, CzuBa, 2000, GEMBARZEWSKI 2000, Kocox 2005,
STANISEAWSKA-GLUBIAK, KORZENIOWSKA 2007, KorzENIOWSKA 2008). Spelt wheat is
characterized by better biochemical composition of grain compared to com-
mon wheat cultivars (CamMpBELL 1997, SULEWSKA et al. 2008). Generally, it con-
tains more gluten-rich protein and also has more zinc, copper and selenium
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(BAUMGARTEL-BLASCHKE 1992, GRELA 1996, RacHON, Szumiro 2009). The linoleic
acid is predominant in the composition of fatty acids in spelt grain. This
grain contains more vitamins from the groups A, E and D. The largest
amount of gamma- and alpha-tocopherols is found in the composition of vi-
tamin E and their content is higher than in wheat grain (TYBURSKI, ZUK-
-Goraszewska 2005). Moreover, spelt bread is often tolerated by people who
have been found to be allergic to wheat products (CamMPBELL 1997). Spelt grain
gives a guarantee that grain of high vigour and high nutritional value is
obtained (TYBURSKI, ZUK-GOLASZEWSKA 2005).

The application of chemical plant protection agents, in particular herbi-
cides, in cereal growing technology has become an indispensable element in
modern agriculture. At the same time, this creates a need to control their
effects on yield quality, since these compounds may affect plant metabolic
processes and cause changes in grain quality (NARKIEWICZ-JODKO et al. 2002,
Murarczyk et al. 2010).

The aim of the present study was to evaluate the effect of chemical
crop protection on the content of some macro- and micronutrients in grain
of eight spelt wheat cultivars.

MATERIAL AND METHODS

In 2009-2011, a field study was conducted at the Bezek Experimental
Farm near Chetm (N: 51° 19; E: 23° 25), which belongs to the Department
of Agricultural Ecology of the University of Life Sciences in Lublin. The
experiment was established on medium heavy mixed rendzina soil originat-
ing from chalk rock, with the grain-size distribution of medium silty loam.
This soil is classified as soil quality class IIIb and defective wheat complex.
It was characterized by alkaline pH (pH in 1mol KCIl — 7.35), a high content
of phosphorus (117.8 mg kg™! of soil) and potassium (242.4 mg kg1 of soil)
as well as a very low magnesium content (19.0 mg kg! of soil). The organic
carbon content was 24.7 g kg~l. The total rainfall from April to August in
2009, 2010, and 2011 was higher than the long-term average. In particular,
the year 2010 was characterized by high rainfall during this period. Worth
noticing is very high total rainfall in June 2009, July and August 2010 as
well as in July 2011. The mean air temperatures in all the years were
higher than the long-term average (Table 1).

The experiment evaluated the effect of chemical crop protection on the
content of some macro- and micronutrients in grain of eight spelt wheat
cultivars (Franckenkorn, Badengold, Schwabenspelz, Oberkulmer Rotkorn,
Ostro, Ceralio, Schwabenkorn, and Spelt I.N.Z.) grown in the same plots
year after year. Common wheat was the forecrop for the experiment, while
spelt wheat was grown in a monoculture. Tillage was done in accordance
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Table 1

Rainfall and air temperatures in April-August in 2009-2011 as compared to the long-term
means (1974-2010) according to the Meteorological Station at Bezek

Months
Years Apr | May | Jun | Jul | Aug Total
rainfall (mm)

2009 10.1 86.8 180.5 50.8 46.9 375.1
2010 20.4 72.4 94.4 156.0 141.9 485.1
2011 30.6 40.8 88.5 178.9 38.5 377.3
Mean for 1974-2010 379 574 76.9 81.6 69.8 323.6
temperature (°C) mean

2009 11.2 13.0 16.2 19.9 18.1 15.7
2010 9.0 14.5 17.6 20.8 19.7 16.3
2011 9.9 14.2 18.2 18.8 184 15.9
Mean for 1974-2010 7.8 135 16.3 18.2 17.6 14.7

with the generally accepted agronomic recommendations. After the harvest
of the forecrop, skimming and harrowing were done. Pre-sowing ploughing
with harrowing was performed about 3 weeks before spelt sowing. Harrow-
ing was also carried out immediately before sowing. Spelt spikelets were
sown in the middle of October at a rate of 350 kg per hectare.

The experiment was set up in a split-plot design with 3 replications and
the harvest plot area was 8 m2. Mineral fertilization was as follows (in kg of
nutrient per hectare): N 60 (20+40); P 26.2; K 83. Phosphorus fertilizers in
the form of granulated triple superphosphate, potassium fertilizers in the
form of 60% potassium salt, and 20 kg N ha™! in the form of ammonium
nitrate were applied before spelt sowing. A dose of 40 kg N ha~! was incor-
porated in the spring at the stem elongation stage (BBCH 32-34).

Chemical plant protection included the application of the following agents:
Alert 375 SC (the content of active substances: flusilazole 125 g 11, a com-
pound from the triazole group; carbendazim 250 g "1, a compound from the
benzimidazole group) applied against diseases at the stem elongation stage
(BBCH 32-34) at a rate of 11 ha™1; Mustang 306 SE (the content of active
substances: florasulam 6.25 g 171, a compound from the triazolopyrimidine
group; 2,4-D EHE 300 g I"!, a compound from the phenoxy acid group) used
to control dicotyledonous weeds, as well as Attribut 70 WG (the content of
active substances: propoxycarbazone 70%, a compound from the sulfonyl-
amino-carbonyl-triazolinone group; methyl ester of 2-benzoic acid sodium salt)
against monocotyledonous weeds applied at the tillering stage (BBCH 24-29)
at rates of 0.4 1 ha™! and 60 g ha™!, respectively; Stabilan 750 SL (the active
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substance chlormequat chloride 750 g 171) applied at the stem elongation
stage (BBCH 32-34) at a rate of 2 1 ha™l. Plots where no chemical plant
protection agents were used served as the control treatment.

The elements were determined based on collective samples from three
replications using the following methods: total N by Kjeldahl method; P by
colorimetry; K by flame photometry; Mg, Cu, Zn, Mn, Fe by atomic absorp-
tion spectrometry (AAS). The results were statistically analysed by analysis
of variance for three-way classification and least significant differences were
calculated using Tukey’s confidence half-intervals with a 5% error risk. The
calculations were performed using ARStat software developed by the Com-
puting Centre of the University of Life Sciences in Lublin.

RESULTS AND DISCUSSION

The nitrogen content in grain of cv. Badengold was significantly lower
than in grain of the cultivars Schwabenspelz, Franckenkorn, Ceralio,
Oberkulmer Rotkorn, Schwabenkorn, and Ostro. At the same time, grain of
the cultivars Schwabenkorn and Ostro was distinguished by a higher con-
tent of nitrogen compared to cv. Spelt I.N.Z. (Table 2). In the study of Parys
and LaBupa (1997), the lowest N content was found in grain of the spelt
wheat cultivar Baulénder Spelz (16.52 g kg1), whereas this content was the
highest in grain of cv. Loge (22.75 g kg1). Stanistawska-GruBiak and KORrze-
NIowsKA (2011) determined the N content in grain of winter wheat cultivars
at a level ranging from 18.5 to 21.1 g kg™, thus being slightly lower than
in the case of the spelt cultivars under evaluation.

Grain of the spelt cultivars Franckenkorn and Ostro was found to have
a significantly higher P content in comparison to the cultivars Badengold,
Schwabenspelz, and Spelt I.N.Z (Table 2). Parys and LaBupa (1997) found a
higher phosphorus content (from 7.36 to 8.79 g kg™1) in spelt grain. On the
other hand, the content of this element in spelt grain determined by GRELA
(1996), i.e. from 4.16 to 4.39 g kg1, and by RacHox and Szumiro (2009), i.e.
from 4.20 to 4.60 g kg1, was similar to the results obtained in the present
experiment. GEMBARZEWSKI et al. (1995) determined the average P content in
winter wheat grain at a level of 3.8 to 4.3 g kg~l. In turn, Kraska (2011)
found the P content in grain to be from 3.69 to 5.88 g kg 1.

Grain of the cultivar Franckenkorn was characterized by a significantly
higher K content in comparison with cv. Oberkulmer Rotkorn and, at the
same time, by a higher Mg content than cv. Badengold. In the studies of
GRELA (1996) and of RacHoN and Szumiro (2009), the K content in spelt grain
was higher (4.39-5.52 g kg~! and 4.30-4.40 g kg1, respectively,), while the
magnesium content was similar to that obtained in the present experiment.
Kraska (2007) as well as Kraska and Parys (2008, 2009) found a distinctly
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lower content of N, P, and Mg in wheat and winter triticale grain than that
determined in the spelt cultivars under evaluation. In another study (Kraska
2011), the K content in spring wheat grain (4.02-4.16 g kg~1) was higher,
while the magnesium content was lower (1.03-1.18 g kg1) than in grain of
the spelt cultivars compared in our experiment.

The cultivar Oberkulmer Rotkorn was distinguished by a significantly
higher zinc content in grain in comparison with the cultivars Badengold,
Franckenkorn, Ceralio, and Schwabenspelz (Table 3). In the study of Parys
and LaBupA (1997), the Zn content in grain of the evaluated spelt wheat
cultivars was much lower and ranged from 16.0 to 25.0 mg kg1. In the
present study, the zinc content in grain was in the range from 38.07 to
47.58 mg kg1, while in the study of RacHoN and Szumito (2009) it ranged
from 31.5 to 37.0 mg kg~1. GreLA (1996) found a distinctly higher content of
zinc only in grain of cv. Bauldnder Spelz (51.30 mg kg1).

The Cu content in grain of the cultivars Oberkulmer Rotkorn, Franck-
enkorn and Spelt I.N.Z was significantly higher than in grain of cv. Baden-
gold (Table 3). GReELA (1996) as well as Parys and LaBupa (1997) showed
a higher Cu content in spelt grain (10.97 mg kg~! and 8.0 mg kg1, respec-
tively), whereas RacHoN and Szumiro (2009) found markedly less Cu (2.85-
-2.99 mg kg1). Korzentowska and STANISEAWSKA-GLUBIAK (2011) determined the
average Cu content in 10 winter wheat cultivars at a level of 2.42-2.59 mg
kg‘l. GEMBARZEWSKI et al. (1995) report that Polish wheats contain on aver-
age 3.1-3.4 mg of copper in 1 kg of grain, thus much less than in the present
study. In turn, in the research of Kraska (2011) the Cu content in spring
wheat grain was from 3.06 mg kg1 to 5.68 mg kg1, depending on the
conditions in a particular year.

The highest Mn content was found in grain of the cultivar Ostro, where-
as the lowest one in grain of cv. Badengold (Table 3). The Mn content deter-
mined in spelt grain by GreLa (1996) ranging from 38.30 mg kg~! (cv. Rou-
quin) to 64.20 mg kg1 (cv. Bauldnder Spelz) was higher, while that obtained
by Parys and LaBupa (1997) was clearly lower than estimated in the present
study. In turn, RacaoN and Szumito (2009) determined the Mn content in
grain of the tested spelt wheat lines at a level ranging from 37.0 to 41.6 mg
kgl. The manganese content in grain was similar to that given by GEM-
BARZEWSKI et al. (1995) for winter wheat grain (35-47 mg kg~!) and markedly
higher, except for cv. Badengold, than the one obtained on the same soil by
Kraska (2011) in spring wheat grain (18.38-28.20 mg kg™1).

The genetic factor did not differentiate significantly the Fe content in
spelt grain. A trend was only observed towards a lower Fe content in grain
of cv. Badengold compared to grain of the other cultivars (Table 3). RacHoN
and Szumiro (2009) estimated the Fe content in spelt grain at 32.2-33.9 mg
kg1, thus at a similar level to that obtained for cv. Badengold. The highest
Fe content determined by Patys and LaBupa (1997) in grain of cv. Bauldnder
Spelz (32 mg kg™!) was lower than the one found in the spelt cultivars
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compared. In turn, Kraska (2011) assessed the Fe content in spring wheat
grain at a level ranging from 23.12 to 42.60 mg kgL

Differences in the content of individual elements in spelt grain deter-
mined by various authors could have resulted from the genetic traits of the
compared cultivars and different climatic, soil and agronomic conditions un-
der which the particular cultivars were grown.

The copper content in spelt grain from the treatments where chemical
crop protection was used was significantly higher than in grain from the
plots where no plant protection agents were applied (Table 3). A reverse
relationship was found with respect to magnesium, whose content in grain
from the plots without chemical protection was significantly higher than in
grain obtained from the chemically protected plot (Table 2). At the same
time, the applied chemical plant protection agents did not have any signifi-
cant effect on the content of N P, K, Zn, Mn, and Fe in grain. Nevertheless,
under the influence of chemical crop protection, there was a tendency to-
wards a lower content of P, K, and Fe in grain compared to the treatment
without chemical protection (Tables 2, 3). On the other hand, however,
areverse trend was found with regard to the content of N, Zn, and Mn.
Brzozowska and Brzozowski (2002), Kraska (2007) as well as Kraska and Parys
(2008, 2009) found no effect of herbicide application on the content of N, P,
K, Mg in winter wheat and winter triticale grain. In the study of ANDRUSZ-
czAK et al. (2009), however, the applied herbicides decreased the N content
in winter wheat grain.

In each successive year of spelt monoculture cropping, the content of N,
Mg, Zn, Cu, and Mn in grain decreased significantly (Table 4). This could be
attributable to the deterioration of the soil chemical properties as a result
of spelt monocropping. WEsor.owski and Kwiatkowski (2000) as well as WoZNIAk
(2004) draw attention to the fact that an increasing proportion of cereals in

Table 4
Chemical composition of spelt grain during the study years
Year
Specification LSDp =0.05
2009 2010 2011
N content in grain (g kg d.m.) 26.36 22.86 21.62 0.766
P content in grain (g kgt d.m.) 4.63 4.64 4.26 0.157
K content in grain (g kgl d.m.) 2.83 3.89 3.74 0.197
Mg content in grain (g kg d.m.) 1.69 1.59 141 0.089
Zn content in grain (mg kg d.m.) 58.03 39.28 25.64 2.983
Cu content in grain (mg kg d.m.) 6.99 4.63 3.16 0.442
Mn content in grain (mg kg d.m.) 43.71 28.89 22.83 2.078
Fe content in grain (mg kg d.m.) 45.18 32.83 33.53 2.696
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a crop structure leads to adverse soil changes and raise the infection rate
with stem base diseases over time, which in turn affects both grain yield
and grain quality. The P content in grain in 2009 and 2010 was significantly
higher than in 2011, whereas the K content in the first year of the study
was lower than in the next two years. In turn, the Fe content was higher
in 2009 than in 2010-2011 (Table 4).

CONCLUSIONS

1. The evaluated spelt wheat cultivars differed in the content of macro-
and microelements in grain. Among the cultivars compared, grain of the
cultivar Ostro was characterized by the highest content of N and P, while
grain of cv. Franckenkorn had the highest content of K and Mg. Grain of
cv. Oberkulmer Rotkorn contained the largest amount of Zn; grain of cv.
Spelt I.N.Z had the highest amount of Cu, whereas grain of the cultivars
Ostro and Schwabenkorn was found to have the highest amount of Mn and
Fe, respectively.

2. Chemical crop protection involving the application of two herbicides,
a fungicide, and a growth regulator significantly increased the copper con-
tent in spelt grain compared to the treatment in which no chemical plant
protection agents were used, but it had a negative impact on the magnesi-
um content.

3. In the last year of the study, the content of all the investigated ele-
ments in grain, except for potassium, was lower than in the first year of
investigation.
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TISSUE MINERAL LEVELS IN RATS FED
HIGH-FRUCTOSE DIET
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Abstract

Chromium(III) plays an important role in carbohydrate and lipid metabolism, thus sup-
plements containing this element are broadly advertised as efficient agents improving blo-
od glucose levels or even reducing body mass. However, their hypoglycemic potential de-
pends on the chemical form, bioavailability, dosage and the duration of treatment.
Chromium(IIT) supplementation is generally considered safe although some data point to
interaction of this ion with other elements. Thus, the aim of this study was to evaluate
the effect of chromium(III) supplementation on tissue mineral content in rats fed high-
fructose diets. Nine-week old male Wistar rats were fed ad libitum with a standard diet
(control) or a high-fructose diet to induce insulin resistance. Next, supplementary dosages
of chromium(III) propionate complex (1.0 and 5.0 mg Cr kg~! b.w. day™!) were introduced
and rats were fed those diets for 4 weeks.

It has been found that supplementary chromium(III) did not affect tissue calcium, iron
and zinc levels, but significantly increased hepatic magnesium and copper level, while de-
creasing splenic copper level in rats fed high-fructose diets. Higher chromium(III) dosages
increased content of this element in kidneys.

In conclusion, short-term supplementation of chromium(III) propionate complex affects
mineral homeostasis in the tissues of rats fed high-fructose diets; however, the mechani-
sms of such interactions are only partially known.

Key words: chromium(III) propionate, supplementation, minerals, high-fructose diet.
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WPLYW SUPLEMENTACJI DIETY PROPIONIANEM CHROMU(III)
NA POZIOMY TKANKOWE PIERWIASTKOW U SZCZUROW
KARMIONYCH DIETA WYSOKOFRUKTOZOWA

Abstrakt

Chrom(III) odgrywa znaczaca role w metabolizmie weglowodanow i lipidéw, co sprawi-
to, ze suplementy zawierajace ten pierwiastek sa szeroko reklamowane jako skuteczne
Srodki poprawiajgce poziom glukozy we krwi, a nawet obnizajace mase ciata. Aczkolwiek
potencjat hipoglikemiczny suplementéw chromu(IIl) zalezy od ich formy chemicznej, biodo-
stepnosci, dawki oraz czasu podawania. Ogélnie suplementacja chromem(IIl) uwazana jest
za bezpieczng, chociaz nieliczne dane wskazujg na mozliwosé interakeji chromu(Ill) z in-
nymi pierwiastkami. Z tego wzgledu celem badan byla ocena wplywu suplementacji Cr(III)
na tkankowe poziomy pierwiastkéw u szczuréw karmionych dieta wysokofruktozowas.
Szczury Wistar w wieku 9 tygodni karmiono ad libitum dietg kontrolna lub dieta wysoko-
fruktozowa w celu wywotania insulinoopornosci. Nastepnie do diet dodano dawki komplek-
su chromu(III) z kwasem propionowym (1,0 i 5,0 mg Cr kg™! m.c. na dzie) i karmiono
szczury tymi dietami przez 4 tygodnie.

Stwierdzono, ze dawki chromu(IIl) nie wplywaly na tkankowe poziomy wapnia, zelaza
i cynku, ale znaczaco podwyzszaly poziom magnezu i miedzi w watrobie, jednoczesnie obni-
zajac poziom miedzi w §Sledzionie u szczuréw karmionych dieta wysokofruktozows. Ponadto
wyzsze dawki chromu(III) wpltywaly na wzrost zawartoSci tego pierwiastka w nerkach.

Podsumowujac, krotkotrwata supplementacja kompleksem chromu(IIl) z kwasem pro-
pionowym wplywa na homeostaze pierwiastkow u szczuréw karmionych dieta wysokofruk-
tozowa, jednakze mechanizm tych interakcji jest poznany tylko czeSciowo.

Stowa kluczowe: propionian chromu(IIl), suplementacja, sktadniki mineralne, dieta
wysokofruktozowa.

INTRODUCTION

Several minerals, owing to their function as cofactors of enzymatic proc-
esses involved in the metabolism of carbohydrates and lipids, play a crucial
role in insulin resistance and diabetes. Some (zinc and magnesium) partici-
pate in insulin production, secretion and action on the cellular level (Bar-
BAGALO et al. 2003, EMDIN et al. 1980). Also disturbances in carbohydrate me-
tabolism, mainly high blood glucose level, can affect mineral indices in the
body. Insulin resistance or diabetes affect absorption, excretion and tissue
levels of some elements. One of these elements is chromium (III), which
has been shown to play an important role in metabolic disorders associated
with insulin resistance and hyperglycemia, including type 2 diabetes melli-
tus (VINcENT 2000). This role probably involves potentiation of insulin signal-
ing and consequently various Cr(III) compounds have been introduced to
dietary supplements for the treatment of diabetes and its complications.
However, their hypoglycemic potential depends on the chemical form, bioa-
vailability, dosage and duration of treatment.
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The use of Cr(III) compounds as dietary supplements requires examina-
tion of its safety for animals and humans. In our latest publication (STANIEK
et al. 2010) we provided experimental evidence that the chromium(III) pro-
pionate complex (CrProp) is of low acute toxicity in rat. In another study
a high-fructose diet was used to induce insulin resistance in laboratory ani-
mals. It was shown (KrOL, Krespcio 2010) that supplemental CrProp given
orally at dosages of 1 and 5 mg kg~! b.w. day! for 8 weeks to Wistar rats
fed high-fructose diets is able to ameliorate insulin resistance symptoms, at
the same time not causing toxic effects. However, supplementary Cr(III),
administered at excessive dosages or over a long period of time, can accu-
mulate in internal organs and affect mineral homeostasis in animals and
humans (CaMPBELL et al. 1997, LamsoN, Praza 2002, KroL, Kresecio 2010, 2011).

The aim of this study was to evaluate the effect of 4-week CrProp sup-
plementation on mineral homeostasis in rats fed high-fructose diets.

MATERIAL AND METHODS

The experiment was performed on 9-week old male Wistar rats (n=32)
divided into 4 groups (8 animals each). The control group was fed ad libitum
a standard AIN-93M diet (0.1 mg Cr kg! b.w. day™!), while three groups
were fed high-fructose diets (60% w/w) for 4 weeks to induce insulin resis-
tance. Then supplementary Cr(III) (in the form of chromium(III) propionate,
CrProp) dosages (1.0 and 5.0 mg Cr kg b.w. day 1) were introduced to
those diets. Two groups of rats were fed those diets for another 4 weeks,
while the other two with control and high-fructose diets with a standard
Cr(IIT) level. After 4 weeks, at the end of study, rats were sacrificed to
collect blood and internal organs for biochemical analyses. Organs were
washed in saline, weighed and stored at -20°C until analyzed. All the proce-
dures used in this study were approved by the Animal Bioethics Committee
of Poznan, Poland (Approval # 37/2007). Tissue samples were digested by
wet mineralization in a microwave system (MARS-5, CEM). The content of
Ca, Mg, Fe, Zn and Cu in the liver, kidneys and spleen was determined by
the flame atomic absorption spectrometry method (AAS-3, Carl-Zeiss, Ger-
many), while Cr content in organs was assayed using a graphite furnace
AAS technique (AAS-5, Jenoptic). The accuracy of quantitative determina-
tions of these elements was assured by simultaneous analysis of the certi-
fied reference material (Pig Kidney BCR® No 186, Brussels, fortified with
Cr standard).

All results are presented as means + standard deviation. Significance of
differences of means was calculated using the one-way ANOVA and Tukey’s
tests. Means were considered statistically different at p < 0.05. All calcula-
tions were made using the Statistica (ver. 7.0) program (StatSoft, Inc.,
Tulsa, USA).
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RESULTS AND DISSCUSION

Insulin resistance and diabetes are states that alter the metabolism
of minerals, mainly due to imbalances in carbohydrates metabolism and oxi-
dative stress. In this study, insulin resistance was induced by feeding rats
a high-fructose diet. This state was assessed by comparing the HOMA - In-
sulin Resistance index in the control group and high-fructose diet fed group
(data not shown). The effect of high-fructose diet on tissue mineral content
is presented in Tables 1, 2 and 3. It has been shown that a high-fructose
diet given for 8 weeks affected mineral accumulation in the rat organs. In
particular, rats fed for 8 weeks a high-fructose diet had a decreased hepatic
Cu level (by 13%), while splenic Cu level increased (by 27%). Additionally,
a fructose diet slightly reduced the kidney Fe content. The tissular Ca, Mg,
7Zn and Cr concentrations remained constant in rats fed high-fructose diets
with a standard Cr level.

Table 1
Content of minerals in liver of experimental rats
Mineral Experimental group
(mg kg d.m.) c H-FRU H-FRU + 1 Cr | HFRU + 5 Cr
Mg 156 + 34 146 = 28 153 = 37 148 + 34
Ca 707 + 582 739 x 51% 837 = 850 833 = 870
Fe 316 = 37 351 = 50 296 + 57 348 + 38
Zn 100 + 9 103 + 10 9485 106 + 10.7
Cu 22.9 = 2,50 19.9 + 2.7¢ 225 = 2.9 23.7 = 2.1b
Cr 0.71 = 0.18 0.48 = 0.06 0.66 = 0.18 0.68 = 0.19

Abbreviations: C — control group, H-FRU — high-fructose diet fed group with 0.1 mg
Cr kglb.m. day!, HFRU + 1 Cr — high-fructose diet fed group with 1 mg Cr kg1
b.m. day~!, H-FRU + 5 Cr — high-fructose diet fed group with 5 mg Cr kg1 b.m.
day~1; means in a row with different letters differ significantly (p<0.05)

Chromium(III) is an element involved in carbohydrate metabolism. An
increasing body of evidence supports the hypothesis that Cr is necessary to
the proper functioning of the insulin receptor; however, the mechanism by
which it improves blood glucose or lipid levels is still being investigated.
Despite several advantages of Cr supplementation in diabetics, there are
some concerns about its safety. There are some examples of research on
humans, in which the authors suggested that ingestion of a high Cr supple-
mental dosage (above 1200 mg Cr per day) might cause dermatitis (FOWLER
2000) or renal impairment (CERULLI et al. 1999). Other adverse effects have



Content of minerals in kidney of experimental rats

Table 2

Mineral Experimental group
(mg kg! d.m.) c H-FRU H-FRU + 1 Cr | H-FRU + 5 Cr
Mg 230 = 37 193 = 52 156 + 31 171 = 32
Ca 764 = 89 826 + 58 934 + 62 887 + 53
Fe 368 = 58 337 £ 59 339 = 37 359 + 35
Zn 812+ 7.3 82.6 + 8.8 79.9+ 4.9 80.4 + 8.2
Cu 394 +6.8 35.5+6.2 30.8 + 2.8 33.3 +3.1
Cr 0.57 = 0.23% 0.66 = 0.36% 0.86 + 0.18° 1.35 = 0.33¢
Abbreviations: cf. Table 1
Table 3
Content of minerals in spleen of experimental rats
Mineral Experimental group
(mg kg™ d.m.) c H-FRU H-FRU + 1 Cr | H-FRU + 5 Cr
Mg 145 + 42 134 = 38 138 = 32 136 = 35
Ca 612 = 73 564 + 63 639 = 73 662 = 71
Fe 2571 = 638 2398 + 310 2744 + 638 2624 + 441
Zn 41.1+42 423 7.2 48.1 £ 6.3 43.3 £ 6.0
Cu 8.71 = 1.81% 11.1 = 2.09° 5.63 = 0.81¢ 6.62 + 0.80¢
Cr 5.30 = 1.22 490 =141 5.11 = 1.37 4.92 + 1.39

Abbreviations: cf. Table 1

not been observed. On the other hand, another aspect that should be taken
into account during Cr(III) supplementation is its possible interaction with
other minerals.

This study investigated the effect of 4-week CrProp supplementation on
tissue content of minerals in rats fed high-fructose diets (Tables 1, 2 and 3).
Supplementary CrProp (1 and 5 mg kg! b.w. day™!) did not affect tissue Ca,
Fe and Zn levels, but significantly increased hepatic Mg level (by 13%) and
hepatic Cu content (by 13 and 19%, respectively), while decreasing splenic
Cu (by 40 and 50%, respectively) in rats fed high-fructose diets. Moreover,
CrProp given in a higher dosage (5.0 mg kg! b.w. day 1) doubled the Cr
content in the kidneys.

The Cr(III) — Fe interaction seems most likely, since these elements
have the same transport protein, i.e. transferrin. Some studies have con-
firmed a relationship between an increased dietary Cr(III) intake and iron
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stores, especially if high Cr(III) dosages were used (LampsoN, 2002, CAMPBELL
et al. 1997). For example, in our previous study, we confirmed that 8-week
CrProp supplementation (in dosages of 1 and 5 mg kg! b.m.) decreased the
Fe kidney concentration (KroL, Krejpcio 2010). Similarly, in a study by Crop-
FELDER et al. (2005) a reduced kidney Fe level was observed in obese type
2 diabetic rats after supplementation of 1000 ng Cr kg~! b.w. day1. Similar-
ly, the same dosages used in another experiment normalized an increased
liver Fe content in rats fed high-fat diets and injected with streptozotocin
(KroL, Kresecio 2011). However, DogucaN et al. (2009) did not report any
changes in tissue Fe concentration in a similar animal model of type 2
diabetes after 10 weeks of chromium(III) histidinate supplementation. In that
study, Fe levels in analyzed tissues did not change, probably due to short
supplementation period. To the authors’ best knowledge such interaction
has not been noticed in human studies, when Cr(III) compounds were given
in dosages of 200 to 1000 ng Cr day! for at least 2 months (CAMPBELL et al.
1997, 2002, VorrE et al. 2001, KroL et al. 2011).

The mechanism of Cr(III) interaction with other elements is unknown
although such a relationship has been reported in animal studies. RHEE et
al. (2004) proved that in diabetic prone BHE/cdb rats Cr deficiency increased
Zn content in the liver, while decreasing Cu tissue content and enhancing
Mg and Fe accumulation in the liver.

In the study by Docucan et al. (2009) mentioned above, Cr(III) supple-
mentation decreased Cu and increased Zn content in the liver and kidneys
of fat-fed and streptozotocin-treated type II diabetic rats. These data corre-
spond well with results of SciBor, Zaporowska (2007), who found that an aque-
ous solution containing 0.42 mg Cr kg~! b.w. day! given for 12 weeks in-
creased Zn content in the kidneys of healthy Wistar rats. Additionally, there
was no influence on Cr, Fe or Cu levels in either the liver or kidneys of
these animals. In another study (SAaHIN et al. 1999), pregnant rabbits supple-
mented with chromium(III) picolinate had a decreased Cu concentration in
their liver and kidneys, while Zn levels in those organs increased.

In human subjects, there were no changes in Zn or Cu indices after
Cr(III) supplementation for a period of up to 12 weeks in patients with type
2 diabetes as well as moderately obese subjects (ANDERSON et al. 2001, VOLPE
et al. 2001, KrOL et al. 2011).

CONCLUSION

On the basis of the results, it can concluded that CrProp supplementa-
tion disturbs mineral homeostasis in the rats’ organs. In particular, CrProp
given for 4 weeks in dosages of 1 and 5 mg kg b.w. day! affects Mg, Cu
and Cr levels, although it does not influence tissue Ca, Fe and Zn content
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in rats fed high-fructose diets. Based on the results, it should be said that
the most important issue in Cr(III) supplementation and its interaction with
other elements in the body is the dosage used and the duration of supple-
mentation.
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Abstract

Magnesium is a macronutrient involved in numerous physiological and biochemical
processes in an animal organism. This study aimed at evaluating the influence of Mg sup-
plementation of feed for fatteners on physical, chemical and sensory properties of their
meat. The experiment was conducted on 30 Pulawska breed fatteners divided into two
groups: experimental and control. The former group was daily supplemented with 1 g
MgCl, 6HoO for 30 days before slaughter. After slaughter (when fatteners had gained
105 kg + 0.4 kg of body weight), samples of ham muscle (musculus adductor femoris) were
taken for determinations of the meat quality.

Magnesium supplementation had a positive effect on pH; and pH,, of meat. Decre-
ased free water percentage, re-emission and green colour share, accompanied by an incre-
ase in the red colour proportion in ham meat, occurred owing to magnesium (these diffe-
rences were important statistically). Another finding was a higher level of hematin in meat
from the experimental animal group. As for the general chemical composition of meat from
the experimental group, dry matter and glycogen content increased. No effect of magne-
sium supplementation was observed in the sensory quality assessment of meat. Magne-
sium added to feed caused slower decomposition of muscular glycogen, thus preventing
a substantial decrease in the meat pH after slaughter. The meat of fatteners from the expe-
rimental group was characterized by superior technological indices.

Key words: magnesium, meat quality, fatteners.
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WPLYW DODATKU MAGNEZU ZASTOSOWANEGO W ZYWIENIU TUCZNIKOW
RASY PULAWSKIEJ NA WLASCIWOSCI FIZYCZNE 1 CHEMICZNE MIESA

Abstrakt

Magnez jest makroelementem biorgcym udziat w wielu procesach fizjologicznych i bio-
chemicznych w organizmie zwierzat. Celem pracy bylo okreslenie wplywu dodatku Mg w pa-
szy podawanej tucznikom na wskazniki fizyczne, chemiczne oraz ocene sensoryczng miesa.
Badaniami objeto 30 szt. tucznikéw rasy putawskiej, ktore podzielono na dwie grupy: eks-
perymentalng i kontrolng. Grupa eksperymentalna otrzymywata przez 30 dni przed ubo-
jem dodatek magnezu w ilosci 1g MgCl,-6H,0 dziennie. Po uboju tucznikéw (po osiagnie-
ciu masy ciata 105 kg =+ 0,4 kg) pobrano probki z mieénia szynki (musculus adductor
femoris) do badan cech jakosci miesa.

Dodatek magnezu wplynat pozytywnie na pH; i pHy, miesa. Pod wplywem magnezu
nastgpito zmniejszenie procentowej zawartosci wody luznej, reemisji oraz udziatu barwy zie-
lonej, natomiast stwierdzono wyzszy udzial barwy czerwonej w miesie szynki (réznice istot-
ne statystycznie). Wykazano takze wiekszg zawarto$¢ hematyny w miesie zwierzat z grupy
doswiadczalnej. W podstawowym skladzie chemicznym miesa z grupy eksperymentalne;j
wzrosta ilo$¢ suchej masy i zawartos¢ glikogenu. Nie zaobserwowano wpltywu dodatku Mg
na ocene sensoryczng miesa. Dodatek magnezu do paszy spowodowat spowolnienie rozkta-
du glikogenu mie$niowego, co zapobieglto znacznemu spadkowi pH miesa po uboju. Stwier-
dzono, ze mieso tucznikow z grupy do$wiadczalnej miato korzystniejsze wskazniki techno-
logiczne.

Stowa kluczowe: magnez, jakos¢ migsa, tuczniki.

INTRODUCTION

Magnesium is a macronutrient present in bodies of mammals. It is in-
volved in many physiological and biochemical processes in an animalorgan-
ism, and participates in about 300 enzymatic reactions by playing the role of
an activator of numerous enzymes. Magnesium has a positive effect on the
colour and water absorption capacity of meat. It also inhibits lipid oxidation
in stored pork. Supplemented magnesium decreases post-slaughter glycoly-
sis evoked by stress, thus preventing a considerable pH decrease (APPLE et
al. 2000, D’souza et al. 1999, 2000, RosExvoLD, ANDERSEN 2003).

The aim of this study was to assess the effect of Mg in feed given to
fatteners on the nutritional value and selected meat quality traits.

MATERIAL AND METHODS

The experiment comprised 30 Pulawska breed fatteners divided into two
groups: experimental (E) and control (C). Animals were fed a complete mix-
ture according to Standards of Swine Feeding (12.5 MJ of ME and 150 g
protein). The experimental group was supplemented with an active form of
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magnesium (Mg) (absorption 98%) at the amount of 1 g MgCl,-6H,0 daily
added to feed for 30 days before slaughter. Animals were slaughtered at the
body weight of 100 kg. The evaluation of ham meat (musculus adductor
femoris) was carried out using normalized samples taken from right halves.
The following were determined: pH (45 min. and 24 h after the slaughter)
applying a pH STARTER CPU device, percentage of free water according to
Ponsa and N1nNivaArRA’s method (1957), pork colour using a leukometer, fat
content in meat with the Soxhlet method (according to PN-ISO 1444:2000.),
dry matter (ASM) according to the drier method (PN-ISO 1442:2000), ash
with the combustion method (according to PN-ISO 936:2000), total protein
with Kjeldahl method (according to PN-75/A-04018). The total content of
hematin dyes was determined according to HorNSEY'S method (1956). The
shear force of meat was measured using a versatile SZ type device that is
analogous to a Warner-Bratzler apparatus. Meat samples were measured
after thermal processing (70°C for 1 h) by recording the force necessary to
break muscle fibers (kG). Meat columns measuring 5 x 1 x 1 cm (height x
width x length) and with a cutting section surface area of 1 cm? were sub-
ject to the cutting test. Muscle fibers were arranged perpendicularly to the
cutting surface. Mean value for a sample was calculated from taking 5 repli-
cates. Meat samples for the glycogen level determination were collected di-
rectly after slaughter and stored during the transport in dry ice at about -
20°C. Next, glycogen was determined on the basis of the quantity of glucose
released during glycogen hydrolysis according to Bertrand method (PN-67/A-
-86430) by isolating the animal polysaccharide from tissues (muscles) and
hydrolyzing glycogen for the final evaluation of its level (in g 100 g1 of
tissue). The glycogen isolation, its hydrolysis to glucose and determination
of the analyzed polysaccharide content were performed as proposed by Goob
et al. (1933). The sensory assessment of ham was performed by means of
the point scoring method, which evaluated the scent, tenderness, juiciness
and tastiness (BARYLKO-PIKIELNA 1975).

The content of minerals were analyzed by flame atomic absorption spec-
trometry — AAS-PSAA Varian AA280 FS (Official methods...2000).

Statistical analysis of the results included calculations of mean values
(x) and standard deviation (SD). The significance of differences between the
control and experimental mean values was verified applying a single-factor
variance analysis of Duncan’s test with the aid of Statistica 6.0 software.

RESULTS AND DISCUSSION

Physical parameters of muscle tissues from the experimental group
of Pulawska breed hogs, supplemented with magnesium in a diet, differed
substantially from the control group, which did not receive extra magnesi-
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um (Table 1). Magnesium supplementation prevented a considerable pH de-
crease: pH,, equalled 5.83 compared to 5.72 for the control group. The ele-
ment caused some decrease in the percentage of free water content and
ham re-emission, as well as shares of green and blue colours. On the other
hand, the share of red colour in meat significantly increased: 46.55% in the
experimental versus 44.90% in the control group. A higher hematin content
was also found in meat from the experimental animals. It helped to stabi-
lize the intensity of meat’s natural colour. The shear force of ham muscles
attained a lower value for experimental fatteners, administered magnesium,
than for the control group.

Table 1

Influence of magnesium supplementation administered to Pulawska breed fatteners
on physical properties of ham

Experimental group Control group
Specification

x SD x SD
pH, 6.32 0.45 6.20 0.50
pH,y, 5.83 0.56 5.72 0.51
% of free water 17.254 1.45 22.864 1.62
% of re-emission 24.320 1.09 25.209 0.83

Share of colours (%):
rp red 46.558 0.77 44.908 0.88
gy green 27.03C 0.73 28.24C 0.64
by blue 26.40 0.82 26.85 0.59
Hematin (ug g 54.21 8.76 50.11 9.12
Shear force (N) 53.95 6.49 59.70 7.88

Mean values marked the same capitals in a row differ significantly at p<0.01.
Mean values marked the same small letters in a row differ significantly at p<0.05.

The content of dry matter and the level of glycogen increased in meat
of swine from the experimental group (Table 2). All the above changes in
meat of the experimental animals occurred owing to less intensive glycoge-
nolysis and glycolysis processes, the fact that was confirmed by partial inhi-
bition of glycogen decomposition in meat, and which induced a slight in-
crease of the pH; and pH,, values in ham from the experimental swine as
compared to the control group. The results of the sensory assessment of
ham (Table 3) indicate its high consumption value: all the evaluated parame-
ters scored above 4 points. No significant differences between the experimen-
tal and control group in meat’s minerals composition was found (Table 4).

Among many traits which characterize meat quality, its pH value, which
determines other physical features, provides some important information
(Ko¢win-Popsiabnea et al. 2006). Stasiak and Kamyk (2001) reported some de-
pendences between pH value and re-emission % (W) and percentage of free
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Table 2

Influence of magnesium supplementation administered to Pulawska breed fatteners
on chemical properties of ham

Experimental group Control group
Specification

x SD x SD
Dry matter (%) 22.39 0.75 21.97 0.95
Crude ash (%) 1.15 0.05 1.14 0.04
Total protein (%) 20.20 0.96 19.91 1.04
Crude fat (%) 0.69 0.04 0.65 0.03
Glycogen (g 100 g1 of tissue) 0.854 0.08 0.704 0.11

Mean values marked the same capitals in a row differ significantly at p<0.01.

Table 3
Results from sensory assessment of ham (in points)
Specification Experimental group Control group
Scent:
intensity 4.3 4.3
desirability 4.4 4.3
Tenderness 4.1 4.0
Juiciness 4.0 4.0
Tastiness
intensity 4.2 4.1
desirability 4.3 4.3

water. STRzYZEWSKI et al. (2008) found similar tendencies. Analogous correla-
tions were also observed for muscle tissue samples studied in the present
study and involving Pulawska breed swine, both from the control and exper-
imental group. Lower pH values in ham from the examined swine breed
corresponded to higher re-emission (W) and free water coefficients (%); the
achieved physical parameters were characteristic for normal quality meat:
pH; = 6.0; pHy, = 5.5 (PrzyBYLSKI et al. 2012). And inversely, lower re-
emission (W) and free water coefficients (%) corresponded to higher pH val-
ues of the fattener’s ham, which proves that glycogenolysis and glycolysis
were slower. As the present results indicate, magnesium — by inhibiting
glycogenolysis and glycolysis — slows down the decrease in the ham pH; and
pH, , which improves the indices of re-emission (W) and free water content,
and this ensures better meat quality. The achieved indices of re-emission
(W) and percentage of colours provided evidence for stabilization of meat’s
natural colour after magnesium supplementation. D’Souza et al. (1999, 2000)
reported similar results achieving higher pH values for meat after the
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Table 4
Mineral composition of ham (mg kg—1)
Specification Experimental group Control group
X SD b4 SD
Ca 64.18 9.13 65.17 7.41
K 3327.28 28.99 3378.19 37.25
Na 426.21 19.57 418.56 22.47
Mg 266.18 25.32 254.77 28.34
Zn 25.42 1.95 25.07 2.45
Fe 22.45 2.34 21.32 2.11
Cu 0.67 0.11 0.71 0.17

slaughter, lower percentage of free water content, and meat colour stabiliza-
tion. Some of the references cited in this paper and dealing with the influ-
ence of magnesium on the fattener’s meat quality do not reported positive
impact of this element on pork (water holding capacity, lightness, colour); in
some cases, the effect depended on the duration of magnesium supplemen-
tation and age of slaughtered animals (FREDERICK et al. 2004, 2006). Retarded
decrease of the glycogen content by delaying the progress of glycogenolysis
in meat owing to magnesium supplementation could support discussions on
physical changes in ham reported both in this article and in the in litera-
ture. Magnesium supplementation induced some changes which slowed down
glycogen decomposition, manifested as a slower pH; and pH,, decrease in
meat from the experimental animals compared to the control group.

CONCLUSIONS

1. Magnesium added to a diet for 30 days before slaughter slowed down
muscle glycogen decomposition and prevented a substantial pH decrease in
meat after slaughter, which contributed to stabilization of the colour and
improvement of meat quality.

2. Meat of the experimental fatteners was characterized by lower indi-
ces of re-emission, percentage of free water content and shear force.

3. No significant influence of magnesium supplementation on the chemi-
cal composition of ham was recorded.
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Abstract

The reduction of sulphur emissions achieved over the last 20 years has led to sulphur
deficit in soil, which decreases crop yields and deteriorated yield quality. Sulphur fertilisa-
tion affects both plants and physicochemical soil properties. The total carbon content in
soil affects the capacity and quality of the sorption complex, which in turn determines the
buffer capacity. The content of available forms of phosphorus, potassium and magnesium
in soil has strong influence on the soil fertility. The uptake with yield and the acidification
of soil, which intensifies the processes of retardation and nutrient leaching, result in de-
pletion of those nutrients in soil.

In 2005-2007, an experiment was carried out at the Experiment Station of the Facul-
ty of Agriculture and Biotechnology, the University of Technology and Life Sciences in Byd-
goszcz, to assess the effect of sulphur fertilisation on the content of total carbon and ava-
ilable forms of phosphorus, potassium and magnesium in soil. Sulphur fertilisation was
applied in the ionic form, i.e. sodium sulphate (VI), and in the elemental form. The rates
were 0, 20, 40, 60 kg S ha™l. The results demonstrated that increasing sulphur rates con-
siderably decreased the content of available forms of phosphorus, potassium and magne-
sium in soil. A significant increase was also found in the total carbon content in soil after
fertilisation with 20 and 40 S kg ha‘l_ Interestingly, the organic carbon content in soil
clearly depended on the form of applied sulphur: sulphate (VI) or elemental.

Key words: sulphur, fertilization, total carbon, phosphorus, potassium, magnesium.
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ZAWARTOSC WEGLA OGOLEM ORAZ PRZYSWAJALNYCH FORM FOSFORU,
POTASU I MAGNEZU W GLEBIE W ZALEZNOSCI OD DAWKI I FORMY SIARKI

Abstrakt

Redukcja emisji siarki w ostatnim 20-leciu doprowadzila do deficytu tego pierwiastka
w glebie, co spowodowalo zmniejszenie plonéw i pogorszenie ich jakosci. Nawozenie siarkg
wptywa nie tylko na rosliny, ale rowniez oddzialuje na wtasciwosci fizykochemiczne gleb.
Zawartosé¢ wegla ogélem w glebie decyduje o pojemnosci i jako$ci kompleksu sorpcyjnego,
od ktorego zaleza zdolnos$ci buforowe. Zawartosé przyswajalnych form fosforu, potasu i ma-
gnezu w glebie w znacznym stopniu decyduje o jej zyzno$ci. Wynoszenie z plonem oraz
zakwaszenie gleb, ktore intensyfikuje procesy uwsteczniania i wymywania skitadnikéw po-
karmowych, powoduje zubozenie gleb w te skladniki.

W latach 2005-2007 na terenie Stacji Badawczej Wydzialu Rolnictwa i Biotechnologii
UTP w Bydgoszczy realizowano badania, ktorych celem byla ocena wplywu nawozenia siar-
ka na zawarto$¢ wegla ogotem i przyswajalnych form fosforu, potasu oraz magnezu w gle-
bie. Nawozenie siarkg stosowano w formie jonowej — siarczan (VI) sodu oraz w formie
elementarnej: 0, 20, 40, 60 S kg ha~l. Wykazano, iz wzrastajace dawki siarki powodowaly
znaczace zmniejszenie zawartosci przyswajalnych form fosforu, potasu i magnezu w glebie.
Stwierdzono takze istotny wzrost zawartosci wegla ogétem w glebie po nawozeniu 20 i 40
kg S ha‘l_ Warto zaznaczyé, ze zawarto$é wegla organicznego w glebie byla wyraznie uza-
lezniona od formy siarki stosowanej w badaniach — siarczanowej (VI) lub elementarne;.

Stowa kluczowe: siarka, nawozenie, wegiel organiczny, fosfor, potas, magnez.

INTRODUCTION

Sulphur is an essential nutrient in plants. Being incorporated into some
organic compounds, it functions as a building block of matter (BEDNAREK et
al. 2008). Until the early 1990s, it had been thought that the amount of
sulphur introduced into soil with fertilisers and atmospheric pollution satis-
fied the requirements of crops for this nutrient (SzuLc et al. 2004). Later,
however, some economic changes and eco-friendly actions resulted in a very
high reduction of sulphur emissions to the atmosphere, causing sulphur def-
icit in soil (MoTowicKA-TERELAK, TERELAK 2000). Sulphur deficit or excess in
soil can limit the yielding of crops (McGRATH et al. 1996, Kaczor et al. 2004)
and the soil capacity for meeting the sulphur requirements of plants. Soil is
the key source of sulphur for plants, which absorb it from soil as sulphate
(VI). At present, over half of the soils in Poland are poor in available sul-
phur forms (KoziL.owska-STRAWSKA, Kaczor 2004). Sulphur fertilisation affects
both the plant growth and development and the physicochemical properties
of soil (Kukocka 2004, Kaczor, 1.Aszcz-ZAKORCZMENNA 2009, SKWIERAWSKA, ZAWARTKA
2009). In view of the above, this research has been launched to evaluate the
effect of two sulphur forms and their rates on the content of total carbon
and available forms of phosphorus, potassium and magnesium in soil.
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MATERIAL AND METHODS

The research was performed in 2005-2007, at the Experiment Station of
the Faculty of Agriculture, located in Wierzchucinek near Bydgoszcz. The
experiment was set up as a two-factor multiple experiment (3) in a split-plot
design with 3 replications. It was run on Haplic Luvisol soil, assessed as
good rye complex of agricultural usability in the Polish soil valuation sys-
tem. The following crops were grown:
experiment 1: spring barley in 2005, narrow-leaf lupine in 2006 and mustard in
2007,

experiment 2: narrow-leaf lupine in 2005, mustard in 2006 and spring barley in
2007,

experiment 3: mustard in 2005, spring barley in 2006 and narrow-leaf lupine in
2007.

The experimental factors consisted of:

factor I — sulphur form: S elemental sulphur and sodium sulphate (VI);
factor II — sulphur rate: 0, 20, 40, 60 S kg ha™1.

In 2007, after the harvest of crops, soil from the arable layer (0-20 cm)
was sampled and the following were determined: the content of total carbon
with Tiurin method, available phosphorus and potassium form with Egner-
-Riehm method (DL) and available forms of magnesium with Schachtschabel
method.

The results were statistically verified with the analysis of variance at
the significance of @=0.05 and the boundary differences were estimated with
Tukey’s test.

RESULTS AND DISCUSSION

Literature reports imply an invariably positive relationship between the
content of sulphur and humus in soil, being the basic source of that ele-
ment for plants (SpycHAJ-FaBISIAK et al. 2004, Szurc et al. 2004). The present
results have demonstrated that sulphur fertilisation at the rates of 20 and
40 S kg ha™! resulted in a significant increase in the content of total carbon
in soil: by 6.2% and 1.7%, respectively, as compared to the control (Table 1).
Interestingly, the lowest sulphur rate (20 S kg ha1) significantly increased
(by 3.2% to 9.2%) the amount of total sulphur in soil of all the experiments.
Significant increases in the content of that sulphur form in soil were noted
following the application of 40 S kg ha™! (experiment II) and 60 S kg ha1
(experiment III), which suggests that low sulphur rates (20-40 kg ha™1) are
essential for humification processes in soil to run properly. The research
demonstrated that the form of sulphur significantly modified the amount of
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Table 1
Content of total carbon in soil (g kg™
) Form Doses of sulphur (kg S ha™)
Experiment of sulphur 0 20 0 50 Mean
NagSO, 5.82 6.00 5.76 5.46 5.76
I S elemental 5.46 5.64 5.40 5.34 5.46
mean 5.64 5.82 5.58 5.40
LSDg 1-0.073,I1 -0.140,IinII —n.s,IlinI—n.s.
NagSO, 5.64 6.18 6.06 5.78 5.92
II S elemental 5.88 6.00 5.94 5.74 5.89
mean 5.76 6.09 6.00 5.76
LSDg I-ns,Il1-0167,IinIl -n.s,IIinI—n.s.
NagSO, 6.24 6.96 6.36 6.60 6.54
111 S elemental 6.84 7.32 6.96 7.02 7.04
mean 6.54 7.14 6.66 6.81
LSDg 1-0.094,11-0.181,IinII —n.s,IlinI—n.s.
Na,SO, 5.90 6.38 6.06 5.95 6.07
Mean S elemental 6.06 6.32 6.10 6.03 6.13
mean 5.98 6.35 6.08 5.99
LSDg 1-0.046,11 - 0.089,IinII —n.s,IlinI—n.s.

total carbon in soil and the difference in the mean values was 0.06 units.
KLikockA (2004) showed that sulphur rates of 25 and 50 S kg ha=! did not
modify the amount of total carbon in soil.

According to Kozrowska-STRAWSKA (2007), excessive amounts of sulphur
introduced into soil result in a decrease in the value of soil pH, which can
stimulate changes in the content of available forms of nutrients. The effect
of the content of available forms of phosphorus in soil on its reaction is
common knowledge. In the present research, it was found that sulphur fer-
tilisation, irrespective of the form, limited the availability of soil phosphorus
to plants (Table 2). As for the control, there was a significant decrease in
the content of P available in soil, ranging from 2.54 mg P kg1 of soil at
the rate of 20 kg S ha! to 4.18 mg P kg™! of soil at the rate of 60 kg S ha™L.
The form of sulphur applied did not differentiate much the content of avail-
able phosphorus forms in soil.

The content of available forms of potassium in soil, depending on the
sulphur fertilisation, ranged from 175.3 mg K kg1 to 217.1 mg K kg!
(Table 3). The form of sulphur, whether sulphate or elemental sulphur, did
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Table 2
Content of available phosphorus in soil (g kg™
) Form Doses of sulphur (kg S ha™)
Experiment of sulphur o 20 0 50 Mean
NagS0O, 66.16 64.27 64.64 61.58 64.12
I S elemental 64.49 63.55 63.08 63.28 63.60
mean 65.32 63.91 63.86 62.43
LSDg I-n.s,11-2326,IinIl —n.s.,IIinI—n.s.
NagSO, 62.79 59.29 56.68 58.28 29.26
II S elemental 63.80 59.22 57.55 58.55 59.58
mean 63.30 59.26 56.72 58.42
LSDg I-n.s,I1-2935,IinIll —n.s.,IIinI—n.s.
NagS0O, 79.74 76.98 75.02 74.78 76.63
111 S elemental 79.81 78.26 76.85 75.29 77.55
mean 79.78 77.62 75.94 75.04
LSDg I-n.s,l1-2481,IinII-n.s,ITinI—n.s.
Na,SO, 69.56 66.85 65.45 64.88 66.68
Mean S elemental 69.37 67.01 65.57 65.71 66.91
mean 69.47 66.93 65.51 65.29
LSDg I-ns,I1-1301,IinII-n.s,ITinI —n.s.

not differentiate significantly the content of available potassium in soil. The
rates of sulphur increasing from 20 through 40 to 60 kg ha™! resulted in a
significant decrease in the content of available potassium in soil, as com-
pared with the control, by 7.5%, 3.6% and 3.7%, respectively. Identical rela-
tionships were observed in experiments II and III.

The relevant literature reports show that sulphur intensifies the proc-
esses of leaching of alkaline-forming nutrients deep down into the soil pro-
file (MoTowICKA-TERELAK, TERELAK 1994, SrycHAJ-FABISIAK 2000, SKWIERAWSKA et
al. 2006). These processes can lead to the depletion of soluble forms of po-
tassium and magnesium in soil (MURAWSKA et al. 1999, SpycHAJ-FABISIAK 1999).
Kaczor and tLaszcz-ZAKorRcZMENNA (2009) claim that a decrease in the content
of available forms of potassium and magnesium in soil induced by sulphur
fertilisation was caused by a higher uptake of these elements by crops.

The present study has demonstrated that sulphur fertilisation, depend-
ing on the rate, decreased significantly the content of available forms of
magnesium in soil from 1.1% to 3.6% (Table 4). According to the mean val-
ues, no significant effect of the sulphur fertiliser form on the content of
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Table 3
Content of available potassium in soil (g kg™
) Form Doses of sulphur (kg S ha™)
Experiment of sulphur o 20 0 50 Mean
NagSO, 177.8 180.2 182.7 175.3 179.0
I S elemental 175.3 175.3 177.6 177.9 176.5
mean 176.5 177.8 180.2 176.6
LSDg I-n.s,lI-n.s,linll-n.s,ITinI—-n.s.
NagS0O, 195.1 182.8 180.4 182.7 185.2
II S elemental 197.5 180.4 182.8 180.2 185.2
mean 196.3 181.6 181.6 181.58
LSDy I-n.s,l1-629,Iinll -n.s,IIinI—n.s.
Nag S0, 216.9 209.0 207.0 207.0 210.0
111 S elemental 217.1 209.4 209.5 206.9 210.4
mean 217.0 209.2 208.3 210.0
LSDg I-ns,l1-562,Iinll-n.s,,IIinI-n.s.
Na,SO, 196.6 190.7 190.0 188.3 191.4
Mean S elemental 196.6 188.3 190.0 188.3 190.8
mean 196.6 189.5 190.0 188.3
LSDy I-n.s,l1-481,IinIll -n.s,IIinI—n.s.

available Mg in soil was determined, which was analogous to phosphorus
and magnesium. However, a significant effect was attributed to the sulphur
form on magnesium content in soil, and the values reported ranged from
0.73 Mg mg kg1 of soil to 1.66 Mg mg kg1 of soil.

CONCLUSIONS

1. The sulphur rates of 20 kg S ha™! as well as 40 kg S ha™! increased
significantly the content of total carbon in soil.

2. Sulphur demonstrated an unfavourable effect on the content of avail-
able forms of phosphorus, potassium and magnesium in soil.

3. The sulphur form, sulphate or elemental, did not affect the content of
organic carbon in soil or the availability of phosphorus, potassium and mag-
nesium.
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Table 4
Content of available magnesium in soil (g kg™
Experiment Form Doses of sulphur (kg S ha™) Mean
of sulphur 0 20 40 60
NagS0O, 44.89 43.11 42.67 42.67 43.34
I S elemental 45.33 46.67 44.89 43.11 45.00
mean 45.11 44.89 43.78 42.89
LSDg 1-0466,11 -0.894,IinIl —n.s,IIinI—n.s.
NagSO, 43.11 42.67 43.11 41.34 42.56
II S elemental 41.78 40.89 41.34 40.45 41.12
mean 42.44 41.78 42.22 40.90
LSDg 1-0442,11 -0.849,IinII —n.s,IIinI—n.s.
NagS0, 52.89 53.33 52.00 52.89 52.78
II1 S elemental 53.78 52.08 51.17 51.17 52.05
mean 53.34 52.70 51.58 52.03
LSDg 1-0725,11-1391,IinII —n.s,IIinI—n.s.
Na,SO, 46.96 46.37 45.93 45.63 46.22
Mean S elemental 46.96 46.55 45.80 4491 46.06
mean 46.96 46.46 45.86 45.27
LSDg I-n.s,l1-0449,IinII—n.s,ITinI—n.s.
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Abstract

This study has been undertaken to investigate the effect of different membrane sepa-
ration processes (nanofiltration, nanofiltration with diafiltration, and ultrafiltration) on the
content of macro- and microelements in acid whey from tvarog cheese (white cheese) pro-
duction and on bioavailability of calcium and phosphorus in rats’ diets with 20 or 40% con-
tent of spray dried whey. The use of nanofiltration and ultrafiltration processes in whey
concentration did not cause differences in the content of Ca, Mg, P, Fe, nor Zn in the end
product. Compared to nanofiltration and ultrafiltration, the introduction of diafiltration to
the nanofiltration process was observed to reduce the content of Ca from over 14 to less
than 10 mg g!, and that of phosphorus from 8.3 and 7.4 to 5.9 mg g, although the
biggest reduction was noted in the content of monovalent Na and K. The changes in the
mineral composition of whey did not affect coefficients of Ca bioavailability in diets for
rats. By substituting Ca in a standard mineral mixture with a 20% addition of whey con-
centrate, coefficients of the apparent absorption of this element were increased from 36.4%
to 42.8-44.6%, and coefficients of its apparent retention from 33% to 38.5-41.7%. The 40%
addition of whey concentrates lowered Ca bioavailability coefficients compared to the diets
with the 20% whey concentrate content, but not in respect of the control diet. The applica-
tion of nanofiltration with diafiltration for whey concentration deteriorated phosphorus ab-
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sorption from the diet with 40% of whey, which was indicated by decreased values of the
apparent retention coefficient and absolute retention of P in the body of rats within 5 days,
i.e. from 35.2 to 18.5% and from 98.8 to 64.5 mg, respectively, compared to the control
diet.

Key words: acid whey, calcium, phosphorus, bioavailability.

SKELAD MINERALNY I BIODOSTEPNOSC WAPNIA I FOSFORU Z SERWATKI
KWASOWEJ KONCENTROWANEJ PRZEZ SEPARACJE MEMBRANOWA

Abstrakt

W pracy analizowano wplyw réznych proceséw separacji membranowej (nanofiltracji,
nanofiltracji z diafiltracja i ultrafiltracji) na zawarto$¢ makro- i mikroelementow w kwaso-
wej serwatce potwarogowej oraz biodostepno$¢ wapnia i fosforu w dietach szczurow z 20 lub
40% zawartoScig suszonej serwatki. Zastosowanie nanoflitracji i ultrafiltracji w procesie za-
geszczania serwatki nie zréznicowato zawartosci Ca, Mg, P, Fe i Zn w produkcie konco-
wym. W poréwnaniu z nanofiltracja i ultrafiltracja, zastosowanie diafiltracji przy nanofiltra-
¢ji zredukowalo zawartoéé Ca z ponad 14 do ponizej 10 mg g, a fosforu z 8.3 i 7.4 do
5.9mg g!, a najbardziej zmalala zawartosé jednowartosciowych Na i K. Odnotowane zmia-
ny w sktadzie mineralnym serwatki nie wptynely na wskazniki biodostepnosci Ca w die-
tach szczuréw. Zastgpienie Ca ze standardowej mieszanki mineralnej 20% dodatkiem kon-
centratu serwatki kwasowej wplynelo na zwigkszenie wspétczynnikow absorpcji pozornej
tego pierwiastka z 36.4% do 42.8-44.6%, a wspotczynnika retencji pozornej z 33% do 38.5-
-41.7%. Dodatek 40% pogorszyl wskazniki biodostepnosci Ca w stosunku do diet z 20%
udziatem koncentratu serwatki, jednakze nie w stosunku do diety kontrolnej. Zastosowa-
nie nanoflitracji z diafiltracja do zageszczania serwatki pogorszyto wykorzystanie fosforu
z diety zawierajacej 40% serwatki, skutkujace obnizeniem wspoéiczynnika retencji pozornej
z 35.2 do 18.5% oraz bezwzglednej retencji P w ciele szczuréow z 98.8 do 64.5 mg w ciggu
5dni, w stosunku do diety kontrolne;j.

Stowa kluczowe: serwatka kwasowa, wapn, fosfor, biodostepnosc.

INTRODUCTION

Processed acid whey subjected may become a food component providing
low-molecular milk proteins as well as macro- and microelements to diet.
Concentration of whey through membrane filtration and dehydration facili-
tates the use of its valuable ingredients, thus improving nutritive and sen-
sory properties of food products, including bread. Supplementation of wheat
and wheat-rye bread with a dry whey commercial concentrate increases con-
centrations of minerals as well as the content and biological value of pro-
tein (WRoNKOWSKA et al. 2012). Enrichment of food products with calcium is
especially desirable, although the bioavailability of this element from dairy
products is very high (GREGER et al. 1987).

Recently, valuable components have been separated from highly hydrat-
ed materials with the use of membrane techniques. The concentration proc-
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ess affects the content and ratios between mineral components. The biggest
changes in the composition of whey solids occur after separation processes
which employ ultra- and nanofiltration membranes. Ultrafiltration, usually
performed at 20-25 kDa cut-off value, is used in order to increase the con-
centration of whey proteins while simultaneously reducing lactose and the
content of mineral compounds (YOrRGUN et al. 2008, DusHkova, DiNkOvV 2009).
Therefore, ultrafiltrated whey concentrates contain an increased amount of
proteins of high nutritive value (SmiTHERs 2008). Nanofiltration enables par-
tial demineralization of whey and removal of both salt and lactic acid from
acid whey (NGUYEN et al. 2003, SUAREzZ et al. 2006). This process improves the
composition of whey concentrate by partial removal of monovalent ions re-
sponsible for salty taste and low nutritive value. Depending on the molecu-
lar cut-off value of a membrane, the pH of whey as well as its processing
characteristics, the total content of minerals in whey solids can be reduced
by 30-70% (RicE et al. 2005, SuArez et al. 2006). Nanofiltrated whey concen-
trate contains an increased amount of Ca2+, Mg?* and phosphorus, whereas
the concentration of monovalent ions like in NaCl, which negatively affect
the quality of food products, is reduced (NGUYEN et al. 2003). This effect is
enhanced if nanofiltration is combined with diafiltration, but in this case
some lactose is lost due to dilution (KeLry, KeLry 1995, SUAREZ et al. 2006).
Nonetheless, little information is available on effects of particular membrane
techniques on the mineral composition of whey and bioavailability of the
most important components, i.e. bioelements.

In view of the above, the objective of this study has been to determine
the effect of different processes of membrane separation (nanofiltration, na-
nofiltration with diafiltration, and ultrafiltration) on the content of macro-
and microelements in experimental concentrates of acid whey from tvarog
cheese (white cheese) production and on the bioavailability of elements vital
for health, including calcium and phosphorus.

MATERIAL AND METHODS

Material

Whey after lactic fermentation and acidic coagulation of milk proteins
during tvarog manufacture was used as raw material for production of lig-
uid concentrate with a high content of non-denaturized proteins. Physical
membrane separation methods were used: nanofiltration (N), nanofiltration
with diafiltration (ND), ultrafiltration (U). The retentates were dehydrated
by spray drying (A/S Niro Atomizer Type P-6.3, Denmark) at the inlet/outlet
temp. of 190/86°C. Powdered dried concentrates were used in this study.
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Membrane separation processes

Acid whey (pH 4.4) was cooled to 5°C immediately after production.
Membrane separation processes were performed using a pilot scale system
with 18 tubular membranes in series forming a separation area of 0.85 mZ2.
The flow rate through the module was maintained from 26.1 L min~! to
34.8 L min~! depending on the membrane type and pressure values. An
AFC 30 (PCI) membrane capable to retain 75% CaCl,, was used in the nano-
filtration (N) and nanofiltration with diafiltration (ND) experiments. Each
process was carried out in a batch mode under the pressure of 1.7-3.2 MPa,
achieving the concentration of total solids in the retentate of approximately
18-20%. In the ND separations, the retentate from regular N concentration
was diluted with demineralized water added in the amount equal to the
volume of extracted permeate. The diluted solution was then concentrated
in a replicated N process. A EM006 type membrane (6 kDa cut-off) was ap-
plied in ultrafiltration (U) experiments. The process was carried out at the
pressure of 1.21-1.32 MPa. The resulting retentates were used as the mate-
rial for further experiments.

Analysis of the content of elements

The content of elements was determined using the atomic absorption
spectroscopy (AAS) method. Samples were wet-mineralized in a mixture of
nitric and perchloric acids (3:1). Potassium was assayed with the photomet-
ric flame method and phosphorus was investigated with the colorimetric
molybdate method with hydroquinone and sodium sulphate (IV). For the
validation of calcium determinations, solution of lanthanum chloride was
added to all samples in the amounts providing 0.5% concentration of La3+.

Evaluation of Ca and P bioavailability

The bioavailability of Ca and P, indicated by coefficients of apparent ab-
sorption and retention, was analyzed using 48 Wistar rats from a 4-week
experiment that evaluated physiological effects of diets with 20% or 40%
content of acid whey concentrates. In a balance experiment, each group
included 8 rats kept in individual cages. The body weight of the rats reached
320 g. The diet for rats was a modified standard AIN-93 diet (REEVES 1997)
(Table 1). In order to balance the Ca content in diets in respect of the Ca
content in whey concentrates, the quantity of this element was regulated by
adjusting the content of the mineral mix. In the diets with 20% of whey
concentrates, the content of the mineral mix was ca 5 g kg, and in those
containing 40% of whey concentrates, the added mix dose was higher (Ta-
ble 1). The content of P in the control diet was 2 g kg1, while in the exper-
imental diets it was increased through addition of whey concentrates.

In the fourth week of the experiment, a daily collection of faeces and
urine was continued for 5 days from rats kept in balance cages. The collect-
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Table 1

Composition of experimental diets containing spray dried acid whey concentrates after
nanofiltration (N), nanofiltration with diafiltration (ND) and ultrafiltration (U)

Component (%) Diet

C Ny NDy, Uy, Ny ND,, Uy
Casein 20.0 17.6 174 15.8 15.2 14.8 11.6
DL-methionine 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Cellulose 5.0 5.0 5.0 5.0 5.0 5.0 5.0
Saccharose 10.0 - - - - - -
Acid whey - 20 20 20 40 40 40
Soybean oil 8.0 8.0 8.0 8.0 8.0 8.0 8.0
Mineral mix 3.5 3.5 3.5 3.5 3.5 3.5 3.5
Vitamin mix 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Maize starch 52.2 44.6 44.8 46.4 27.0 274 30.6
Ca source (g k)
Mineral mix 5 2.94 1.97 2.98 5.87 3.93 5.77
Acid whey - 2 3 2 - 1.0 -
Total 5.0 4.94 4.97 4.98 5.87 4.93 5.77

ed samples were averaged and determined for the content of Ca and P by
calculating quantities of these elements in diets and in excreted faeces for
5 days. The coefficient of apparent absorption was calculated as the differ-
ence between intake of minerals and their quantity excreted with faeces.
The coefficient of apparent retention was calculated as the difference be-
tween the quantity of minerals absorbed (digested) with a diet and excreted

with urine and expressed in absolute (as mg/5 days_l) or relative (%)
values.

Statistical analysis

Results of the physiological response of the treated animals are ex-
pressed as means and pooled standard error (SEM). Statistical comparisons
were done transversely among different dietary groups. Data were analyzed
by one-way ANOVA with one factor (diet) or by two-way ANOVA with two
factors (diet and dose). If significance was observed (P<0.05), Duncan’s mul-
tiple range test was used to identify differences in the effect of individual
diets. Calculations were made with Statistica 6.0 software (StatSoft Corpora-
tion, Krakow, Poland).
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RESULTS AND DISCUSSION

The mineral composition of the acid whey concentrates produced experi-
mentally differed depending on the applied method of membrane filtration
applied prior to the dehydration of the product (Table 2). Similar results of
the analyzed micro- and macroelements were achieved using nanofiltration
and ultrafiltration. Significantly lower concentrations of most of the elements
were noticed in the acid whey concentrate obtained by the coupled process
of nanofiltration and diafiltration. At a lower content of Ca and P in this
product (ND), the quantitative ratio between these elements was 1.7:1. In
turn, in the concentrate after nanofiltration (N), this ration was 1.8:1, where-
as in the concentrate after ultrafiltration (U) it was close to 2.0:1 (Table 2).
The coupling of diafiltration with nanofiltration caused a decrease in the
content of monovalent elements (Na, K), and in that of the microelement
7Zn. Such an effect of diafiltration used for acid whey concentration was also
reported by Roman et al. (2009, 2012).

Table 2
Mineral composition of the spray dried acid whey
Type of spray dried acid whey
N ND U
Ca (mg g 14.68 9.83 14.42
P (mgg? 8.25 5.86 7.38
Na (mg g™ 2.36 0.64 3.06
K (mg g™ 8.16 2.48 9.17
Mg (mg g™ 1.58 1.16 1.42
Zn (pg g b 51.2 40.9 4738
Fe (ug g™ 23.2 25.7 20.9

Explanations see Table 1

Bioavailability of dietary supplements, including minerals, can be de-
fined as the proportion of the administered substance capable of being ab-
sorbed and available for use or storage (SRINIvasAN 2001). The bioavailability
of calcium from foods, including dairy products, is influenced by many fac-
tors, including its intake and content of other dietary components, which
either facilitate or inhibit transport through intestinal walls (GUEGUEN, PoIN-
TILLART 2000).

During the balance test, an unexpected decrease was observed in the
intake of some diets (Ug, and ND,), which resulted in a significantly lower
Ca intake when compared to the control group (Table 3). Simultaneously,
differences were noted in Ca excretion with faeces proportionally to its in-
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Table 3
Calcium balance in an in vivo experiment
Group Caintake | Cafecal | Ca urinal Ca absorption Ca retention
(mg/5 days) | (mg/5 days) | (mg/5 days) (mg) (%) (mg) (%)
Control 4385 278.9 14.83 159.6 36.4 144.8 33.0
2-way Anova
N20 429 8% 243.0 13.23 186.8* 43.9% 171.6%* 40.9%
ND20 417.0% 238.5% 17.85 178.5% 42.8% 160.6* 38.5%
U20 378.35% 209.8* 11.17 168.5% 44.6* 157.3% 41.7%
N40 463.4¢ 259.4 21.99% 204.0% 44.3* 180.0%* 39.5%
ND40 381.75% 215.3* 29.60* 166.4* 43.4* 136.8* 35.7
U40 442.6% 260.6 22.18% 182.0%* 40.8 159.8% 35.8
SEM 8.817 6.446 1.568 4.626 0.797 4.602 0.890
Acid whey (W)
N 446.6% 251.2 17.61° 1954 441 177.8¢ 40.2
ND 399.4b 226.9 23.722 172.5 43.1 148.8° 37.1
U 410.5, 235.2 16.68° 175.3 42.7 158.6%® 38.8
P values 0.039 0.245 0.046 0.089 0.780 0.028 0.343
Dosage (D)
20 4084 230.4 14.08° 178.0 43.8 163.9 40.4
40 429.2 245.1 24.59¢ 184.1 42.8 159.5 37.0
P values 0.170 0.222 <0.001 0.488 0.591 0.609 0.061
P (W x D) 0.032 0.052 0.865 0.347 0.483 0.258 0.566

SEM - Standard error of the mean (SD for all rats divided by square root of rat number,

n = 48);

ab Data with different superscripts in the same column differ significantly at P<0.05
(two-way ANOVA followed by Duncan's multiple range test);
*Data significantly different from the control group at P<0.05 (¢-test procedure).

take, but excretion with urine was different. In all the groups of rats receiv-
ing diets with whey concentrates, the absorption of Ca from the gastrointes-
tinal tract was higher than in the control group. The difference appeared in
the quantity of absorbed Ca and/or value of apparent absorption coefficient.
The two-factor analysis demonstrated alike coefficients of Ca absorption from
the diet, irrespective of the dose/type of the applied whey concentrate. The
inclusion of whey concentrates to diets affected a significant increase in co-
efficients of Ca retention in rat bodies against the control, especially at dose
20%. The two-factor statistical analysis demonstrated that the application of
the studied whey concentrates in the diet had a similar effect on Ca reten-
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tion coefficients. Additionally, a higher content of Ca in diets (40%), reduced
apparent retention to an extent close to statistical significance (p=0.061).
This indicates that the 40% dose of the analyzed concentrates does not yield
a beneficial effect in Ca bioavailability.

The present experimental results corresponded to findings of other au-
thors, who demonstrated that calcium bioavailability from organic sources,
milk in particular, was superior to that of mineral calcium (RANHOTRA et al.
1997, ToBa et al. 1999). Some reports also showed that an increasing con-
tent of Ca in a diet was accompanied by its reduced retention (BucHOWSKI,
MiLLER 1991, ScHaaFsMA 1997). Such a tendency occurred in our experiment
when the rats were fed a diet with a 40% content of N and U concentrates,
and the content of calcium exceeded the level of 5 g kg~! recommended in
standard diets for rats (REEVES 1997). In the reported experiment, coefficients
of apparent absorption and apparent retention of Ca accounting for 40.8-
-44.6% and 35.7-41.7%, respectively, were high. Their values corresponded
with results of other experiments with similar content and sources of Ca in
diets (Howr, BEECHER 1981, Campos et al. 1998, Kr.oBUKOWSKI et al. 2006).

The intake of phosphorus was significantly higher in the groups of ani-
mals fed the diets containing whey concentrates than in the control group
(Table 4). This was due to an additional source of P in respect of the P level
in the standard mineral mix (Table 1). Simultaneously, it was demonstrated
that P excretion with faeces was significantly higher and, to a large extent,
proportional to its content in the diet. The increased content of P in diets
as a result of whey concentrate supplementation was the reason for a sig-
nificant increase in phosphorus absorption from the gastrointestinal tract
and in coefficients of apparent phosphorus digestibility. The significance of
differences in absorption coefficients versus the control group was not con-
firmed for all the treatments except 40% whey supplementation in the ND
and U groups. Apart from the ND,, group, absolute increase was noted in
the content of phosphorus retained in the rat’s body, yet the coefficient of
its apparent retention was observed to decrease. Results of the two-factor
statistical analysis demonstrated that the coefficients of apparent digestibili-
ty of P were alike, irrespective of differences in its intake and the applied
membrane separation method. No statistically significant differences were
noted in the value of phosphorus apparent retention coefficient as affected
by the method of whey concentrate production.

Dairy products are claimed to be a rich source of easily available phos-
phorus and to assure an optimal ratio between calcium and phosphorus,
taking into account demands of human and animal bodies (TsuchiTa et al.
1995). Hence, in the present study, despite a higher level of phosphorus in
diets owing to added whey concentrate, the coefficients of apparent digesti-
bility of P were high and ranged from 57 to 60%, compared to the value of
54% achieved in the control diet. In contrast, significantly lower values were
noted for coefficients of apparent retention of P from diets containing whey
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Table 4
Phosphorus balance in an in vivo experiment
Group P intake P fecal P urinal P absorption P retention
(mg/5 days) | (mg/5 days) | (mg/5 days) (mg) (%) (mg) (%)
Control 227.6 105.5 42.29 122.1 53.7 79.8 35.2
2-way Anova
N20 347.1% 139.6% 118.5% 207.5% | 60.1% 89.0% 25.9%
ND20 312.8% 124.8% 103.2% 188.0% | 59.9% 84.4% 27.0
U20 296.7* 117.9 94.25% 1788 | 60.3* 84.5% 28.5
N40 439.8* 176.9% 162.2% 262.9% | 60.0% | 100.7% | 23.0%
ND40 344.3% 148.7% 131.1% 195.6% 56.6 64.5% 18.5%*
U40 375.1% 159.3% 127.8% 215.8% 57.3 88.0% 23.2%
SEM 10.250 5.206 5.001 6.733 | 0.827 | 4.289 1.181
Acid whey (W)
N 393.5¢ 158.2 140.49 235.3¢ | 60.1 96.9 24.5
ND 328.50 136.7 117.2b 191.8° 58.3 74.6 22.7
U 335.90 138.6 111.0° 197.30 58.8 86.3 25.8
P values <0.001 0.072 0.003 0.002 | 0.682 0.16 0.528
Dosage (D)
20 318.9% 127.4° 105.3° 191.5° 60.1 86.2 27.1a
40 386.4¢ 161.6a 140.4¢ 224.8¢ | 580 84.4 21.6b
P values 0.000 0.000 0.000 0.002 | 0221 | 0836 | 0.019
P (W x D) 0.122 0.651 0.602 0252 | 0700 | 0287 | 0.603

SEM - Standard error of the mean (SD for all rats divided by square root of rat number,
n = 48);

ab Data with different superscripts in the same column differ significantly at P<0.05
(two-way ANOVA followed by Duncan's multiple range test);

*Data significantly different from the control group at P<0.05 (¢-test procedure).

concentrates (18.5-28.5 vs 35.2%), which resulted from a higher supply of P
with these diets. A similar tendency was observed by Campos et al. (1998),
who reported that despite a larger uptake of phosphorus at the intestinal
level, the phosphorus balance decreased as a result of increased urinary
excretion. The same tendency was signalled in the case of calcium, showing
that an increasing Ca content in a diet resulted in its diminished uptake
(Bucaowskl, MILLER 1991, ScuaarsMa 1997). The absolute retention of P from
the diets containing whey concentrates, except for ND,, group, was compa-
rable or even higher than in the control group. The inferior phosphorus
retention from the concentrate after nanofiltration coupled with diafiltration
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was probably due to the diminishing amount of monovalent elements, sodi-
um and potassium, in the end product. Elevated intake of both of these
elements in a diet may increase urinal excretion of other elements, in par-
ticular calcium (Kaup, GREGOR 1990). In the present study, the decrease in
the Na and K content had no beneficial effect on the bioavailability of the
analyzed elements. This could have resulted from the fact that the content
of P in the diets containing whey concentrates exceeded the value of 3 g
kg1, which is an accepted standard value of nutritional demands of young
rats (REeves 1997).

CONCLUSION

1. The application of nanofiltration and ultrafiltration processes did not
cause differences in the mineral composition of acid whey concentrates,
whereas the application of nanofiltration with diafiltration reduced contents
of Ca and as well as these of Na and K in the finished product, compared to
the concentrate after nanofiltration and ultrafiltration.

2. Differences in the chemical composition of acid whey concentrates had
no effect on the coefficients of calcium bioavailability in diets for rats, but
lowered phosphorus absorption from the acid whey concentrate produced by
nanofiltration with diafiltration.

3. Supplementation of rats’ diets with dry acid whey concentrates at
alevel of 40% led to inferior coefficients of the Ca and P bioavailability,
mostly due to the increased intake of these elements in excess of the nutri-
tional demands of the rats.
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Abstract

Interaction of antihypertensive drugs with minerals can occur during digestion in the
digestive tract of patients. The aim of this study was to estimate the influence of hypoten-
sive drugs on the bioavailability of magnesium, iron, zinc and copper from shelled pea du-
ring in vitro enzymatic digestion.

The degree of release of magnesium, iron, zinc and copper from shelled pea was de-
termined with and without (the control) addition of hypotensive drugs. Four antihyperten-
sive drugs in standard doses (one tablet per sample) were analysed: Metocard (8-blocker),
Cardilopin (Ca-antagonist), Apo-perindox (angiotensin-converting-enzyme inhibitor ACE-I)
and Indapen (diuretic). The samples were subjected to enzymatic digestion under in vitro
conditions. The content of minerals in shelled pea before and after enzymatic digestion
was determined by flame atomic absorption spectrometry (AAS).

It was found that Indapen (indapamide) significantly decreased the release of magne-
sium, iron and zinc from shelled pea. The degree of release of magnesium was lower in
samples with Metocard (metoprolol) than in the control. The release of copper was signifi-
cantly reduced by Cardilopin (amlodipine).

Indapamide, metoprolol and amlodypine decreased the release of minerals from pea
in vitro enzymatic digestion of shelled pea.

Key words: food-drug interaction, mineral bioavailability.
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WPLYW WYBRANYCH LEKOW HIPOTENSYJNYCH NA BIODOSTEPNOéC
SKELADNIKOW MINERALNYCH Z GROCHU LUSKANEGO W PROCESIE
TRAWIENIA ENZYMATYCZNEGO IN VITRO

Abstrakt

Podczas trawienia moze doj$¢ do interakcji miedzy lekami hipotensyjnymi a skladnika-
mi mineralnymi w przewodzie pokarmowym pacjentéw. Celem pracy bylo okreslenie wpty-
wu lekow hipotensyjnych na biodostepno$é magnezu, zelaza, cynku i miedzi z grochu tu-
skanego w warunkach trawienia enzymatycznego in vitro.

Stopien uwolnienia magnezu, zelaza, cynku i miedzi z grochu luskanego oceniano
w probkach z dodatkiem i bez dodatku (proba kontrolna) lekow hipotensyjnych. Analizowa-
no cztery leki hipotensyjne w dawkach standardowych (jedna tabletka w probie): meto-
card (B-bloker), cardilopin (antagonista wapnia), apo-perindox (inhibitor konwertazy angio-
tensyny (ACE-I)) i indapen (diuretyk). Probki poddano trawieniu enzymatycznemu
w warunkach in vitro. Zawarto$¢ sktadnikéw mineralnych w grochu tuskanym przed ipo
trawieniu enzymatycznym okreSlono za pomocg spektrofotometrii atomowo-absorpcyjnej

(AAS).

Stwierdzono, ze indapen (indapamid) istotnie zmniejszyl uwalnianie magnezu, zelaza
icynku z grochu luskanego. Stopien uwalniania magnezu byl nizszy w prébkach zmeto-
cardem (metoprolol) niz w probkach kontrolnych. Uwalnianie miedzi bylo istotnie mniejsze
pod wptywem cardilopinu (amlodypina).

Indapamid, metoprolol i amlodypina zmieniaja stopienn uwolnienia sktadnikéw mineral-
nych z grochu tuskanego w procesie trawienia enzymatycznego in vitro.

Stowa kluczowe: interakcje zywnos$é-lek, biodostepnosé sktadnikéw mineralnych.

INTRODUCTION

Disorders in the mineral budget of patients with hypertension have been
observed in several studies (KesTELOOT et al. 2011, SULIBURSKA et al. 2011b). It
is known that many nutritional and non-nutritional factors influence absorp-
tion of minerals from food, their excretion and metabolism. Both in vitro
and in vivo studies show that bioavailability of minerals depends on the food
content of various antinutrients, such as oxalic acid, phytates, dietary fi-
bres and polyphenols, which act as mineral binders or chelators (OATWAY et
al. 2001, SanpBERG 2002, SKIBNIEWSKA 2002). The degree of mineral release
from food products also depends on the processing technology (Suliburska et
al. 2009a)

Experimental results show that drugs can also affect the mineral status
in patients. Hypotensive drugs influence specially the levels of magnesium,
potassium, sodium and calcium in the organism. Treatment with ACE-I and
loop diuretics results in a decrease in the serum concentration of magnesi-
um and high losses of this element with urine. However, it has also been
shown that lisinopril saves magnesium in patients with congestive heart
failure (OLaDAPO, FALASE 2000). It was found that thiazides had a beneficial
effect on calcium metabolism in elderly individuals (O1T et al. 2008). GoLic
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et al. (1998) found that treatment of hypertensive patients with captopril
or enalapril may result in zinc deficiency.

Interaction of antihypertensive drugs with minerals can occur during
digestion in the digestive tract of patients. The aim of this study was
to estimate the influence of selected hypotensive drugs on the bioavailabili-
ty of magnesium, iron, zinc and copper from shelled pea during in vitro
enzymatic digestion.

MATERIAL AND METHODS

Food sample

The experimental material was shelled pea, purchased on the local mar-
ket (the city of Poznan, 2010). Food samples were ground in an electrical
mill under laboratory conditions and passed through sieves to divide into
fractions with particles having the maximum diameter of less than 2 mm.
Samples were dried at 105°C.

Drugs

In the experiment, four antihypertensive drugs were used: Metocard
(B-blocker), Cardilopin (Ca-antagonist), Apo-perindox (ACE-I) and Indapen
(diuretic). Characteristics of the drugs are shown in Table 1.

Table 1
Characteristics of the drugs
Drug Active substance D(;ieb(s)f;‘;rfive Antigglf ;rctlzrézive )
(mg/1 tablet)
Metocard metoprolol 475 B-blocker
Cardilopin amlodipine 10.0 Ca-antagonist
Apo-Perindox perindopril 3.34 ACE inhibitor
Indapen indapamide 1.5 diuretic

Enzymatic digestion

Samples were divided into five groups: the control, Metocard, Cardilo-
pin, Apo-perindox and Indapen. The control samples comprised only the prod-
uct without any drugs. One tablet of a given drug was added the other
samples.

In vitro enzymatic digestion was performed according to SKIBNIEWSKA et
al. (2010). In the experiment, one dose of each drug (equivalent of 1 tablet)
was analyzed. Each tablet of a given drug was crushed in a mortar and
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mixed with a sample (2 g) of finely ground shelled pea in conical beakers,
filled with deionised water (20 ml) and shaken for 10 min. In order to cre-
ate suitable conditions for pepsin activity, pH was brought to 2 using 0.1 M
HCI aqueous solution (Suprapure, Merck). Afterwards, pepsin solution (0.5 ml
100 ml1) was added to the homogenate. Next, the samples were placed in
a thermostat shaker (37°C) for 2 hours. During the incubation, pH was main-
tained or corrected by addition of 6 M HCI aqueous solution whenever nec-
essary. After 2 hours, the digested samples were treated with 6% NaHCO4
aqueous solution (Extrapure, Merck) to bring pH to 6.8-7.0, subjected to
pancreatin solution (10 ml/40ml of homogenate) and placed in a thermostat-
ic shaker (37°C) for 4 hours. Afterwards, the digested samples were centri-
fuged for 15 min (4000 rpm min~1) and clear solution was quantitatively
transferred to quartz crucibles, where it was treated with a mixture of con-
centrated nitric (65% w/w) and perchloric (70% w/w) acids (2:1 v/v) (Su-
prapure, Merck). The samples were placed in a thermostatic block and heat-
ed until complete mineralization.

Control samples were also prepared, in which the product was digested
without any addition of the drugs. For each drug, a reagent sample was
made, which contained one tablet of a given drug and reagents. All samples
were subjected to enzymatic digestion.

In order to determine the total content of minerals in native products,
food samples (2 g) were ashed in a muffle furnace at 450°C until complete
mineralization and then dissolved in 1N nitric acid. All samples were ana-
lyzed in triplicate.

Determination of minerals

The content of minerals in native, in vitro digested food products (with
and without drugs) was determined by atomic absorption spectrometry (AAS-3,
Zeiss spectrometer) with air-acetylene flame, after diluting each sample ade-
quately with deionized water (for Fe, Zn, Cu) or with LaCl3 (0.3% solution,
for Mg). The methods were validated by simultaneous assays of the refer-
ence material (Soya Bean Flour, INCT-SBF-4), at the accuracy 93.1%, 97.2%,
94.5% and 103.1% for Mg, Fe, Zn and Cu, respectively. The content of min-
erals in food products was expressed in mg 100 g~! dry mass, while the
degree of release for a mineral (its potential bioavailability) was expressed
as a percentage of the mineral released vs its total content.

Statistical analysis

The experimental results were given as means = SD of three parallel
measurements. The statistical analysis was carried out using Statistica 7.0
software and Anova was performed at the significance level a¢=0.05.
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RESULTS AND DISCUSSION

Table 2 shows the total content of minerals in shelled pea. This table
also presents the amount of minerals (mg) released from 100 g of products
(the control sample). This index may reflect their potential bioavailability.

Table 2
Content of minerals in shelled pea and amount released in digestion process
(mg 100 g1 d.w.).
Parameters Mg Fe Zn Cu
Content 90.2+0.6 3.37+ 0.03 5.66+ 0.03 0.67+0.01
Amount released 85.6+0.5 1.07+0.03 2.75+0.01 0.60+0.01

Table 3 presents the degree of release of minerals in samples with or
without the drugs. In some cases, the analysed drugs affected the degree of
release of minerals from pea. It was found that Indapen caused a markedly
lower release of magnesium, iron and zinc from shelled pea when compared
with the control sample. The amount of available copper was significantly
lower in samples with Cardilopin than in samples without any drugs. Moreo-
ver, Metocard markedly reduced the release of magnesium from the product.
Apo-perindox did not affect the release of analysed minerals from shelled pea.

Like all chemical compounds, pharmaceuticals may interact with nutri-
ents. These interactions can lead to reduced or increased release of miner-
als from food and may affect the bioavailability of minerals.

ACE inhibitors, e.g. captopril and enalapril, have functional groups such
as sulphydryl groups or carboxyl groups, whose capacity for binding zinc
determines the mineral status of the organism (GoLik et al. 1998). Angi-
otensin converting enzyme inhibitors bind metal ions (iron, copper and zinc)
and through this mechanism drugs may interfere with metal-catalyzed reac-
tions (free radical generation) or metal absorption and excretion (FERNANDES
et al. 1996, LEARrY et al. 1992). In our previous study, we observed some
interaction between perindopril and magnesium and iron (SULIBURSKA et al.
2011a). Contrary to that finding, in the present experiment, perindopril did
not markedly affect the release of minerals from shelled pea.

In this study, metaprolol decreased the concentration of magnesium in
the supernatant after digestion. No information was found in literature which
would indicate direct interaction between metoprolol and magnesium or other
elements. However, another S-blocker — carvedilol — is a metal chelator and
exhibits antioxidant activity (OETTL et al. 2001). It was also found that pro-
pranolol (a S-blocker) and verapamil (a Ca-antagonist) have significant inhib-
itory impact on peroxidation in tissues in the presence of iron ions (ARUOMA
et al. 1991).
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Several studies have shown that administration of indapamide is associ-
ated with hyponatremia and other electrolytic disorders, especially hypoma-
nesemia and depressed zinc in the organism (KHEDUN et al. 1995, Pak 2000,
Yong et al. 2011). It is known that indapamid forms complexes with copper
when the conditions are suitable (Rabr 2003). Under the in vitro digestion
performed in this study, indapamid did not result in the release of copper,
but decreased the release of the other minerals, i.e. magnesium, zinc and
iron. In our previous study, indapamid affected potential bioavailability of
copper from buckwheat (SuLIBURSKA et al. 2011a). Moreover, in another ex-
periment we found out that amlodipin and indapamid induced an evident
increase in the activity of pepsin (SULIBURSKA et al. 2009a). Higher activity of
digestive enzymes can influence the release of minerals from complexes with
other components in shelled pea. Both Cardilopin (amlodipine) and Indapen
(indapamid) significantly decreased the release of some minerals from the
product.

These differences, observed in our previous and the present experiments,
may have been caused by the fact that buckwheat groats and pea differ
significantly in terms of their composition. Pea contains much more pro-
teins and ﬁber/ but less fat than buckwheat groats (PEriaco et al. 1998,
CHRISTA, SORAL-SMIETANA 2008). Individual ingredients in a product may inter-
act with drugs, thus affecting the release of minerals. Moreover, the differ-
ences in the results from our experiments on buckwheat and pea may be
due to their effect on pH. Buckwheat is acidic and this can enhance the
effects of indapamine and amlodipine on pepsin. In contrast, pea is alkaline
and the effect of these drugs on pepsin in its presence could be weakened.

CONCLUSIONS

1. Indapamide, amlodipine and metoprolol affected the release of magne-
sium, iron, zinc and copper from shelled pea in vitro enzymatic digestion.

2. Hypotensive drugs may diminish the potential bioavailability of min-
erals.
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Abstract

Gastrointestinal cancers have a complex and multifactorial etiology and their imme-
diate cause remains to be discovered. Elements such as zinc, copper or manganese, which
are important components of antioxidant enzymes, may affect malignant processes.

The objective of this study was to determine zinc, copper and manganese concentra-
tions in the blood, cancerous and healthy control tissue of patients operated on for gastro-
intestinal malignancies as well as to assess the effect of surgical removal of the tumour on
the concentration of these elements.

The study included 68 patients who underwent surgery for gastrointestinal cancers.
Patients were divided into three groups according to tumour location: group I — oesopha-
geal cancer, group II — gastric cancer and group III — colorectal cancer. Study material
consisted of venous blood samples obtained from patients before the surgery and on the
seventh day after the surgery; tissue samples were taken during the surgery.

The study has demonstrated that the malignant disease process causes changes in
trace element status both in plasma and in cancerous tissues. Copper concentrations were
elevated both in patients’ plasma and in cancerous tissues, while a decrease was observed
in zinc and manganese concentrations in comparison with control tissue. The surgery af-
fected levels of these elements to various degrees corresponding to the location of remo-
ved tumour.
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STEZENIE Zn, Cu I Mn W OSOCZU I TKANCE NOWOTWOROWEJ RACJENTOW
LECZONYCH OPERACYJNIE Z POWODU NOWOTWOROW ZLOSLIWYCH
PRZEWODU POKARMOWEGO

Abstrakt

Nowotwory przewodu pokarmowego maja zlozong i wieloczynnikowg etiologie, a ich
bezposrednia przyczyna nie jest znana. Pierwiastki, takie jak: cynk, miedZz i mangan, moga
wplywaé na procesy nowotworowe, gdyz sa waznymi elementami sktadowymi enzyméw an-
tyoksydacyjnych.

Celem badan bylo oznaczenie stezenia cynku, miedzi i manganu we krwi oraz w tkan-
ce nowotworowej i kontrolnej pacjentow operowanych z powodu nowotworéw przewodu
pokarmowego, a takze ocena wplywu operacyjnego usunigcia nowotworu na badane steze-
nia pierwiastkow.

Badaniem objeto 68 chorych operowanych z powodu nowotworéow zlosliwych przewo-
du pokarmowego. Chorych podzielono na 3 grupy, biorac pod uwage umiejscowienie nowo-
tworu: I — rak przelyku, IT — rak zotadka, III — rak jelita grubego.

Material do badan stanowita krew zylna pobierana od chorych przed zabiegiem opera-
cyjnym oraz w 7. dobie po operacji, a takze wycinki tkanek pobierane podczas zabiegu ope-
racyjnego.

Badania dowiodly, ze proces nowotworowy powoduje zmiany w statusie pierwiastkow
§ladowych zaréwno w osoczu, jak i w tkance nowotworowej. Stezenie miedzi w osoczu cho-
rych wzrastalo, podobnie jak i w tkance nowotworowej, natomiast stezenie cynku i man-
ganu malalo w poréwnaniu z kontrola. Zabieg operacyjny wplywal w réznym zakresie na
stezenia pierwiastkow, co bylo zalezne od umiejscowienia usuwanej zmiany nowotworowe;j.

Stowa kluczowe: cynk, miedZ, mangan, antyoksydanty, rak przetyku, rak zotadka, rak
jelita grubego, leczenie operacyjne.

INTRODUCTION

Gastrointestinal cancers have a complex and multifactorial etiology and
their immediate cause remains to be discovered. Nowadays, neoplasms are
believed to be induced by DNA damage resulting in mutations and abnor-
malities of cell division. Previous studies have demonstrated that inflamma-
tory states and cancerous processes are associated with the so-called oxida-
tive stress, or imbalance between the generation of reactive oxygen species
and antioxidant concentrations as well as the response of defense enzymes
(BarTosz 2006, ZyskA, KucHARZEWSKI 2007).

Such chemical elements as for instance zinc, copper or manganese, con-
stitute important components of antioxidant enzymes; they are involved in
DNA biosynthesis and stimulate the immune system; consequently, they may
affect cancerous processes (PuzaNnowska-TARASIEWICZ et al. 2009).
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Zinc has anticancer properties; its antiproliferative and proapoptotic ef-
fect has been demonstrated in in vitro studies. The antioxidant effect of zinc
is also relevant. Zinc ions protect protein sulfhydryl groups against oxida-
tion. Its antioxidant effect is also associated with the induction of metal-
lothioneins, i.e. proteins with the capacity to remove reactive oxygen spe-
cies (KNYCHALSKA-KARWAN et al. 1999, ZaBOROWSKA et al. 2005, Bartosz 2006).
An essential component of Cu/Zn superoxide dismutase, zinc is involved in
the elimination of free radicals.

Copper may impair DNA synthesis by displacing zinc necessary to the
process. Deficiency of this element also affects the elements of antioxidant
defense system in a direct as well as indirect manner (OLSzZEWSKI et al. 2003,
Yaman et al. 2007, Habr et al. 2010).

Copper is a cofactor in Cu/Zn superoxide dismutase (CuZnSOD) crucial
to the process of removing free radicals. Low copper concentrations cause
decreased activity of CuZnSOD, CAT, GPx, ceruloplasmin and glutathione
(BERGER et al. 2001, Skrzvcki et al. 2008). Copper may be a diagnostic factor
in the cancerous process — persistent lack of changes in serum copper con-
centrations is a good prognostic factor while elevated copper levels may be
a sign of the recurrence of malignancy (DoBrowoLsKI et al. 2000, DARADO et
al. 2005).

A component of superoxide dismutase (Mn-SOD), manganese is involved
in the process of eliminating free radicals generated during metabolic chang-
es in cells (Nozok et al. 2003, Kot, ZAREBA 2005).

The objective of the study was to determine zinc, copper and manga-
nese concentrations in the blood, cancerous and healthy control tissues of
patients operated on for gastrointestinal malignancies as well as to assess
the effect of surgical removal of the tumour on the concentration of these
elements.

MATERIALS AND METHODS

The study included 68 patients operated on for gastrointestinal malig-
nancies at the Second General, Gastroenetrology and Digestive Neoplasm
Surgery Clinic in the teaching clinical hospital SPSK1 in Lublin.

Control blood samples were collected from 21 healthy people undergoing
regular checkups.

The study was approved by the Bioethics Committee at the Medical Uni-
versity in Lublin (decision no. KE-0254/222/2007).

Patients were divided into three groups according to tumour location:
group I — oesophageal cancer (10 subjects), group II — gastric cancer (35
subjects) and group III — colorectal cancer (23 subjects).
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Blood samples were collected before the surgery and on the seventh day
after the surgery. Two tissue samples were also obtained from each subject
during the surgical treatment: one from cancerous tissue and a control sam-
ple from a most distant margin of healthy tissue.

Concentrations of zinc (Zn), copper (Cu) and manganese (Mn) were de-
termined in the plasma and in tissue homogenates by the atomic absorption
spectroscopy method (AAS) with the use of a Pye-Unicam atomic absorption
spectrophotometer.

Samples of plasma or tissue (0.5 g) were placed in quartz crucibles and
dried at 80-90°C for twelve hours. Next, they were ashed in a muffle fur-
nace at 450°C. The ash was dissolved in a 5% HCI solution, placed in volu-
metric flasks and filled up to a defined volume with double-distilled water.
Quantifications were made at wavelengths specific to particular elements,
i.e. 213.856 nm for Zn; 324.754 nm for Cu; 257.610 nm for Mn. Plasma
concentrations of the elements were given in pumol 1!, and tissue concen-
trations in pg g1 protein.

The software package Statistica v. 7.1 was used to perform statistical
analysis of the results of the study.

RESULTS AND DISCUSSION

Plasma copper concentrations in the subjects ranged between 7.66 and
11.53 pmol 17! and they were statistically lower than in the control group
(15.40 pumol 1-1) both prior to and after the surgery. Zinc concentrations
before the surgery were similar to those on the seventh day after the sur-
gery; statistically significant differences were observed in groups II and III
(Table 1). Moreover, statistically significant differences (p<0.05) were observed
in zinc concentrations in all the three groups of patients in relation to the
tumour location.

Similar results have been obtained in the study by Drozpa et al. (2008),
where characteristically lower zinc concentrations were detected in the plas-
ma of patients suffering from sigmoid colon cancer or rectal cancer com-
pared with the control group.

7n concentrations in cancerous tissues ranged between 1.39 and 2.79 ng g1
protein and were lower than in control tissues (1.43-3.22 ng g~! protein). No
appreciable differences were observed in cases of oesophageal cancer, while
7Zn levels in cancerous tissues were lower than in control tissues in colorec-
tal cancer in a statistically significant way (Table 2). This confirms the re-
sults obtained by REDDY et al. (2000, 2003) for gastric and kidney malignan-
cies. Lower zinc concentrations in laryngeal cancer were also detected by
NiepzieLska et al. (2000).
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Table 1

Plasma Zn concentration in patients undregoing surgery for oesophageal (group I),
gastric (IT) and colorectal cancer (IIT)

Plasma Zn concentration (umol 1)
I 7.93 1.39 6.10 - 10.0 0.001 0.647
Before 11 10.23 0.71 9.20 - 11.50 0.000 0.000 0.000
II1 11.53 0.95 10.10 - 13.10 0.008 0.008
I 7.66 0.84 6.90 - 9.20 0.001 0.647
Zdi:i, 1I 11.53 1.18 10.00 - 13.80 0.003 0.000 0.000
II1 10.23 1.45 7.70 - 12.30 0.002 0.008
K 15.40 3.80 6.80 - 19.10

S; —level of statistical significance when comparing Zn concentration in groups (I, II, III)
with the control group;
Sy — level of statistical significance when comparing plasma Zn concentration in groups
(I, I1, IIT) before the surgery and on the 7th day after the surgery;
Sz — level of statistical significance plasma Zn concentration of patients in relation to tumour

location.

Table 2

Mean Zn concentration in tissues of patients undregoing surgery for oesophageal

(group I), gastric (II) and colorectal cancer (I1I)

7Zn concentration in cancerous tissue (ug g1 protein)

Groups ran
* SD of variability S1 Sy
I 1.39 0.27 1.03-1.81 0.789
Cancerous I 2.79 1.93 1.06 - 10.10 0.232 0.024
tissue

11 1.61 0.93 0.45 - 3.82 0.001

I 1.43 0.56 0.77 - 2.53 0.789

Control tissue I 2.99 1.79 0.94 - 7.36 0.232
11 3.22 191 0.83 - 8.00 0.001

S;—level of statistical significance when comparing Zn concentration in cancerous and control

tissue;

Sy — level of statistical significance of Zn concentration in cancerous tissue relation to tumour

location.
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As a component of Cu/Zn superoxide dismutase, zinc is involved in the
process of inactivation of reactive oxygen species. Plasma zinc concentra-
tions change when metabolic activity of the body is increased; a decline is
observed in malignancies in various locations (NIEDZIELSKA et al. 2000, Droz-
DA et al. 2008). Low zinc levels both in plasma and in cancerous tissues may
be linked to partial depletion of antioxidant barrier in oxidative stress, i.e.
cancer.

Plasma copper concentrations in subjects were within the normal range
except for group I, in which the average plasma copper concentration before
the surgery was markedly lower and amounted to 44.7 pmol 1-1. Plasma
copper concentrations in patients suffering from gastrointestinal cancers were
lower (13.7-15.9 umol 1-1) compared with the control group (17.1 pmol 171).
Plasma copper concentrations (44.7 pmol 171) were nearly three-fold as high
as in the control group only in patients suffering from oesophageal cancer.

A comparison of copper concentrations before and after the surgery dem-
onstrated that there was a statistically significant decrease after surgical
treatment of oesophageal cancer. Statistically significant differences between
copper concentrations in all the three groups were observed with regard to
tumour location (Table 3).

Table 3

Plasma Cu concentration in patients undregoing surgery for oesophageal (group 1),
gastric (IT) and colorectal cancer (I1I)

Plasma Cu concentration (umol 1)
I 44.7 9.7 26.8 - 57.2 0.000 0.000
Before II 13.8 1.3 11.8 - 15.7 0.035 0.880 0.000
II1 159 0.8 14.8 -17.3 0.400 0.128
I 15.7 0.8 14.2 - 16.8 0.328 0.000 0.017
Day 11 13.7 2.2 99-173 0.034 0.880
IIT 15.2 1.23 13.8-17.3 0.209 0.128
K 17.1 4.7 10.6 - 23.5

S, — level of statistical significance when comparing Cu concentration in groups (I, IT, III)
with the control group;

Sy — level of statistical significance when comparing plasma Cu concentration in groups
(I, II, IIT) before the surgery and on the 7th day after the surgery;

S5 — level of statistical significance plasma Cu concentration in relation to tumour location

Copper concentrations in cancerous tissues ranged between 10.3 and
36.7 ng g1 protein, and in control tissue between 6.3 and 22.6 ng g~! pro-
tein. In the cancerous tissue of the oesophagus, copper levels were twice as
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low as in control tissues, while in the other cancers, tissue copper concen-
trations were higher. The differences were statistically significant (p<0.05).
Statistically significant differences between copper levels were also observed
in regard to tumour location (Table 4).

Table 4

Mean Cu concentration in tissues of patients undregoing surgery for oesophageal (group 1),
gastric (IT) and colorectal cancer (I1I)

Cu concentration in cancerous tissue (ng g! protein)
I 11.6 3.8 64-17.1 0.000
Cat‘l‘::lfgus 11 36.7 16.9 89-683 0.000 0.000
II1 10.3 3.0 42-154 0.001
I 22.6 7.3 104 -39.8 0.000
Control tissue II 21.8 74 75-374 0.000
II1 6.3 1.8 31-11.2 0.001

S, —level of statistical significance when comparing Cu concentration in cancerous and control
tissue;

Sy — level of statistical significance Cu concentration in cancerous tissue in relation to tumour
location.

The study carried out by WitkowskI et al. (1993) and NIEDZIELSKA et al.
(2000, 2004) has also demonstrated that copper concentrations were lowered
in the cancerous tissue of the larynx and oesophageal. However, the study
conducted by DARADO et al. (2005) has shown that copper levels were higher
in cancerous tissues than in healthy tissues in the large bowel and, as ob-
served by YamaN et al. (2007), also in the stomach.

Low plasma copper concentrations and high tissue copper concentrations
may be associated with the repositioning of copper from blood to tissues as
a result of malignant processes. Elevated plasma copper concentrations cor-
relating with its low concentrations in cancerous tissues in oesophageal can-
cer remain to be explained.

Plasma manganese concentrations in subjects suffering from cancer
ranged between 1.27 and 1.81 umol 171 and were lower than its concentra-
tions in the control group (3.03 pmol 171), which was statistically significant.

Mn levels before the surgery did not significantly differ from its levels
on the seventh day after the surgical treatment, but there was a statistical-
ly significant (p<0.05) increase in manganese concentrations on the seventh
day after the surgery in comparison to its values before the surgery in
group II. Moreover, statistically significant differences in manganese levels
prior to the surgery between groups I, IT and III were observed (Table 5).
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Table 5

Plasma Mn concentration in patients undregoing surgery for oesophageal (group I),
gastric (IT) and colorectal cancer (ITI)

Plasma Mn concentration (umol )
I 1.64 0.51 0.90 - 2.20 0.000 0.538
Before I 1.27 0.33 0.80 - 1.80 0.000 0.001 0.042
I11 1.50 0.33 0.90 - 1.80 0.000 0.928
I 1.50 0.34 0.90 - 1.80 0.000 0.538
7 day I 1.81 0.57 0.90 - 2.70 0.000 0.001 0.110
after
ITI 1.51 0.34 0.90 - 1.80 0.000 0.928
K 3.03 3.30 2.50 - 3.50

S; —level of statistical significance when comparing Mn concentration in groups (I, IT, III) with
the control group;

Sy — level of statistical significance when comparing plasma Mn concentration in groups (I, II,
III) before the surgery and on the 7t day after the surgery;

S5 — level of statistical significance plasma Mn concentration in relation to tumour location.

Manganese concentrations in cancerous tissues ranged between 0.23 and
1.72 pg g'! protein and were similar to its concentrations in control tissues
(0.30-1.33 pg g1). Statistically significant differences were observed only in
manganese concentrations in cancerous tissues depending on the location of
cancer (Table 6).

Table 6

Mean Mn concentration in tissues of patients undregoing surgery for oesophageal (group I),
gastric (IT) and colorectal cancer (I1T)

Mn concentration in cancerous tissue (ng g~! protein)
I 0.23 0.08 0.15-0.36 0.201
Cancerous II 0.89 0.65 0.33-3.33 0.210 0.000
tissue

II1 1.72 0.72 0.65 - 3.25 0.066

I 0.30 0.14 0.16 - 0.58 0.201

Control tissue II 1.06 0.94 0.29 - 4.50 0.210
II1 1.33 0.70 0.68 - 3.46 0.066

S; — level of statistical significance when comparing Mn concentration in cancerous and control
tissue;

Sy — level of statistical significance Mn concentration in cancerous tissue in relation to tumour
location.



143

As a component of superoxide dismutase (MnSOD), manganese is in-
volved in the process of eliminating free radicals generated in metabolic
changes. Its low plasma levels may be linked to low MnSOD activity in the
course of malignant disease processes caused by intense oxidative stress
and overproduction of free radicals.

CONCLUSIONS

1. Malignant disease processes cause changes in trace element status
both in plasma and in cancerous tissue.

2. Copper concentrations are elevated in plasma and in cancerous tissue
of the patients, while zinc and manganese concentrations are low compared
with the control group.

3. Surgery affects concentrations of the elements to various degrees,
depending on the location of removed cancer (oesophageal cancer, gastric
cancer, colorectal cancer).
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Abstract

Selenium, one of non-metals, has attracted great interest among many researchers
over the last years. Properties of selenium were first mentioned back in the 12th century.
Selenium exists in two forms, organic and inorganic one. But whatever the form of sup-
plementation, it is an essential micronutrient conditioning many vital functions. Large-sca-
le research has shown that it has many important properties, including antioxidant ones,
for living organisms. It is incorporated in many enzymes and proteins. Numerous studies
on this element have demonstrated its beneficial effects, mainly on the cardiovascular and
nervous systems. It also contributes to reduction in the incidence of many neoplastic dise-
ases. However, despite numerous desirable effects of this element in the human body, it
should be remembered that selenium is also a toxic substance with a narrow therapeutic
index. Its excessive consumption contributes to the development of a condition called sele-
nosis. The recommended dose of selenium, depending on the patient’s age, ranges from 25
to 70 pg 24 h~l. However, selenium in excess of 700 pg 24 h~! shows strong toxicity. The-
refore, adequate selenium supplementation is crucial. Nonetheless, despite numerous stu-
dies on selenium and its biological role, this trace element still raises many unresolved
questions.

Key words: selenium, qualities of selenium, selenium deficiency, excess of selenium.
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SELEN W MEDYCYNIE I LECZNICTWIE
Abstrakt

Selen, ktory zaliczany jest do grupy niemetali, na przelomie ostatnich lat stat sie pier-
wiastkiem budzacym zainteresowanie wielu badaczy. Wtasciwosci selenu byly opisywane juz
w XII wieku. Selen wystepuje w dwoch formach, organicznej oraz nieorganicznej. Jednak
bez wzgledu na przyjmowang forme, jest niezbednym mikroelementem warunkujgcym wie-
le funkcji zyciowych. W badaniach wykazano, iz ma on niezwykle istotne dla organizmu
zywego wlasciwosci, m.in. antyoksydacyjne. Wchodzi w skilad wielu enzymow i biatek. Licz-
ne badania nad tym pierwiastkiem udowodnily jego korzystny wplyw m.in. na uklad serco-
wo-naczyniowy i nerwowy. Przyczynia si¢ on takze do zmniejszenia wystepowania wielu
nowotworéw. Jednak pomimo wielu zalet tego pierwiastka nalezy pamietaé o tym, iz jest
rowniez substancjg toksyczna, o waskim indeksie terapeutycznym. Jego nadmierne spozy-
cie przyczynia sie do rozwoju choroby okreslanej jako selenoza. Zalecane dawki selenu,
w zaleznosci o wieku pacjenta, wahaja sie od 25 do 70 ng 24 h™l, natomiast w dawce po-
wyzej 700 pg 24 h™l wykazuje on silne wlasciwosci toksyczne. Dlatego niezwykle wazna
jest odpowiednia suplementacja selenu, bowiem pomimo licznych badan, nadal pozostaje on
nie do konca poznanym pierwiastkiem.

Stowa kluczowe: selen, wlasciwosci selenu, niedobér selenu, nadmiar selenu.

HISTORY OF SELENIUM

Selenium was discovered in 1817 by a Swedish scientist J.J. Berzelius,
who was analysing slime in a chamber that served for production of sulphu-
ric acid. Initially, it was misidentified as well-known tellurium. However,
detailed analysis showed that it was a completely different element, un-
known up to that moment. Because of its frequent co-occurrence with tellu-
rium (from the Greek name Tellus — earth), it was called selenium (from
Greek Selene — moon).

But the earliest descriptions regarding proprieties of selenium and its
toxicity date back to the 12th century (REID et al. 2004).

The Venetian merchant and traveller Marco Polo, travelling along the
Silk Route, reached China. There, in a mountainous area, he found a sele-
nium-rich plant, which — when eaten by cattle — caused their hooves to drop
off. In his diaries, he described different states presenting toxicity of this
element such as hair loss, tooth loss or sialorrhea. However, despite the
unfavourable influence of selenium on living organisms, trace amounts of
selenium are essential for maintaining proper functions of the human body.
In 1973, selenium was found to have antioxidant properties because of its
presence in the active centre of glutathione peroxidase. This finding gener-
ated an increased interest in the role of this element in living organisms as
well as in its side effects resulting from excess or deficiency of the element
(Mckenzie 2000, Zagropzki 2000a, b).
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Bioavailability of selenium depends on many factors, but mainly on its
form, which conditions its assimilation. It may occur in an inorganic form
as selenites (MeySeOg) or selenates (Mey,SeO,) and in an organic form as
selenomethionine (SeMet) and selenocysteine (SeCys). It is the best absorbed
in the organic form as well as in the presence of vitamin A, D and E (Hara-
TAKE 2007, HoLBEN, SMITH 1999, KaBATA-PENDIAS, PENDIAS 1999, ZAPOROWSKA
2002).

The recommended dose of selenium (RDA — Recommended Dietary Al-
lowances) is 25 ng/p.d. for children, 50 ng/p.d. for women and 70 ng/p.d. for
men (BovLe, HoLBEN 2004, Panel on Dietary...1996, 2000, ScHoLL, ReLLy 2000,
ZAPOROWSKA 1997).

The threshold between the due and a toxic dose is small. Daily con-
sumption of selenium below 0.1 mg kg1 b.w. may induce symptoms of its
deficiency, whereas quantities above 1.0 mg kg~! b.w. may have toxic effects
on the human organism.

An essential and safe dose of selenium in the human organism is from
55 to 200 ng 24 h1, depending on the place of residence. Many authors
underline that consumption of selenium in the above doses has a preventive
effect in the course of different neoplastic diseases (DrRakE 2006). Doses of
selenium above 700 pg 24 h™! are defined as toxic for the human organism
(SENCZUK 1994, WIECKOWSKI 1995).

Recommended daily consumption of selenium is different depending
on the geographical region. The recommended dose of selenium in Great
Britain is 75 ng a day for men and 60 ng a day for women. In the United
States, the supply of selenium slightly exceeds due doses and is 90 ng a day,
although in Finland the intake of selenium is even higher: 125 ng a day
(BERGQVIST et al. 2003, McKENZIE et al. 1998).

Therefore, adequate Se supplementation is very important. Protein prod-
ucts like milk, meat, fish, sea food and also cereal products or nuts are the
main dietary sources of selenium (B’'HyMER, CarRUso 2006, CABRERA et al. 1996,
HarATARE et al. 2007, Parpra et al. 2006, Ravman 2000, VENTURA et al. 2007).

Supply of this element can occur indirectly, owing to soil fertilization
with selenium or animal fodder enrichment. Other forms of Se supplemen-
tation are direct ones, that is together with vitamins and other microele-
ments. Some researchers suggest superiority of the organic form of seleni-
um over the inorganic one (LEESON et al. 2008, REzaNKA, SIGLER 2008, SLAVIK
et al. 2008, TavLoR et al. 2009).

However, irrespective of the form, selenium is an indispensable microe-
lement, needed to maintain normal life functions.
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PROPERTIES OF SELENIUM

Selenium belongs to non-metals. It is similar to sulphur in its proprie-
ties. It occurs in three allotropic forms as silver-grey fragile metal, red amor-
phous body and glassy grey and pink solid body. In nature, it exists in two
forms: organic and inorganic. The organic form is more easily accessible to
the human body than the inorganic one.

Dihydrogen selenide, selenium dioxide, selenous acid (IV), selenic acid
(VI), sodium selenite (IV), sodium selenate (VI) are the most common inor-
ganic forms, although for living organisms the most important organic sele-
nium compounds are selenocysteine, methylselenocysteine, selenomethio-
nine, methylselenomethionine, selenocystyne, selenourea, selenoniocholine,
selenobetaine (PyrzyNskaA 1996, WEsorowski, ULEwicz 2000).

Selenium is widespread in nature. Penetrating from the atmosphere to
oceans, seas and lakes, it is absorbed by plants and then, through the food
chain, it reaches animals and humans. Plants can store Se in amino acids
(Mast.owska et al. 1998, WacHowicz 1993, WEsorowskl, ULEwIicz 2000).

Selenium supplied with food or through the respiratory system is at-
tached to erythrocytes and plasma proteins: albumins and globulins, and
then it is distributed to tissues. It is mainly eliminated with urine and some
amounts are also removed from the body with sweat and exhaled air
(WEesorowski, ULEwicz 2000).

The best-known metabolic pathway of selenium compounds delivered
with food is reduction of selenites (IV) to hydrogen selenide HySe and then
its methylation. In a non-enzymatic route: selenite (IV) reacts with glutath-
ione (GSH) and is transformed into selenodiglutathione (GS - Se - SG), which
in the presence of glutathione reductase undergoes transformation to seleno-
glutathione (GS - SeH). Hydrogen selenide, an indirect metabolite of the
reaction, is then ethylated and eliminated with urine. It can also be used
for synthesis of selenoproteins (DARAGA, SzyMANSKA 2003).

The main function of selenium is its inclusion in numerous proteins
and enzymes. Selenium-dependent enzymes are glutathione peroxidase, se-
lenoproteine P, selenoproteins as well as tetraiodothyronine 5’-deiodinase
(Bruk, HiLL 1994). It has been discovered that over half of selenium in the
blood serum occurs as selenoprotein P. Selenoprotein P is the protein trans-
porting and storing selenium; it has the ability to bind to special biological
receptors and it shows antiradical activity (Bruk, HiLL 1994, TavLor 1995,
Van CAUWENBERGH et al. 2004).

Selenoproteins W occur mainly in muscles and in the spleen, heart and
brain (VANDELAND et al. 1993).

Selenium influences activities of selenium-dependent proteins, which are

indispensable to the proper functioning of immunological system, mainly lym-
phocytes T' (McKENZIE et al. 1998)
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DEFICIENCY AND EXCESS OF SELENIUM

Medical literature contains much information on the role of selenium in
the human organism. The physiological role of selenium in a human body,
demand for this element, its influence on the development of various dis-
eases and pathological conditions have been studied.

It has been shown that development of tumours, fully manifested AIDS
symptoms in patients with the HIV virus or pathologies of the cardiovascu-
lar system are more common in patients with low values of selenium (ALLo-
VENA et al. 1995, ComBs et al. 1997, ComBs, Gray 1998, Comss 2005, REILLY
1998, TavLor 1995, ZIMMERMAN 2007).

Numerous studies confirm that after absorption in the alimentary tract
selenium is distributed with red blood cells and its highest concentration
occurs in the thyroid. It is the main component of thyronine 5’-deiodinase,
an enzyme catalyzing conversion of thyroxine T4 into its active form of
3,3",5-triiodothyronine (T3). Thus, selenium deficiency causes decrease in tri-
iodothyronine in the blood and symptoms of hypothyreosis, which manifests
itself through dry skin, hypersensitivity to cold, wrong heart functioning
and disturbed fat metabolism (obesity) (BEHNE, KyriakoruLOs 2001, BERRY et
al. 1991, FroriaNczyR 1996, HORDYJEWSKA, PASTERNAK 2004, SENCZUK 1994).

Therefore, production of triiodothyronine, an active thyroid hormone, in
the presence of the enzyme deiodinase, of which selenocysteine is the main
component, depends on the proper level of selenium in the human organ-
ism (Duntas 2006).

Duntas et al. (2003) tried to resolve the problem whether the selenium
concentration in blood can affect autoimmune thyroiditis. Patients with au-
toimmune thyroiditis were divided into two groups. For 6 months, one group
was given selenometionine in the dose of 200 mg as well as L-thyroxine and
the other group received placebo. In the first group, a decrease in the count
of antibodies against thyroidal peroxidase was observed: by about 46% after
3 months and about 55.5% after 6 months. It the second group, the analo-
gous decrease was 21% after 3 months and 27% after 6 months. Combina-
tion of selenomethionine with L-thyroxine was proven to produce beneficial
effects in treatment of the autoimmune thyroid disease.

A low level of thyroid hormones unfavourably influences the functioning
of nervous tissue, decreases intellectual efficiency and causes emotional dis-
orders such as depression. A low level of selenium has also been implied in
Alzheimer’s disease. It is mainly connected with the harmful influence of
free radicals on mitochondria (Ravman 2000).

Selenium plays an unusual role in the proper functioning of the cardio-
vascular system. It is connected mainly with its antioxidant function. The
protective role of this element against prooxidants results from its presence
in the active centre of antioxidant enzymes like glutathione peroxidase (GSH-
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-Px) (HARTIKAINEN 2005, McKENZIE et al. 2002, NAVARRO-ALARCON et al. 2000, VAN
CAUWENBERGH et al. 2004).

Atherosclerotic changes as a side effect of the vascular endothelium dys-
function are the background of all cardiovascular disorders. High concentra-
tion of LDL fraction, excessive activity of shear stress, arterial hyperten-
sion, diabetes, hyperhomocysteinemia, anoxaemia, free radicals and also
mechanical damage have adverse effects on the endothelium (NARUSZEWICZ,
ZAPOLSKA-DownNar 2006).

More intensive oxidation processes as well as elevated generation of
free radicals induced by enzymes such as NADPH oxidase, xanthine oxi-
dase, cyclooxygenase as well as nitrogen oxide synthase in sites affected by
arteriosclerosis intensify the destructive changes in the endothelium (Sko-
CZYNSKA 2006).

Positive effects of selenium use were noticed by Huang et al. (2002)
while analysing the relation of Se supplementation with changes in blood
vessels. Examinations were conducted on Wistar rats with selenium defi-
ciency. They were fed with selenium for 13 weeks. A significantly lower
blood selenium concentration, decrease in glutathione peroxidase activity as
well as decrease in the HDL and plasma prostacyclins concentrations were
stated in the group of selenium-deficient rats in comparison with the con-
trol. However, such parameters as the level of lipid peroxides, cholesterol
LDL fraction, total cholesterol as well as the thromboxane concentration
significantly increased. The lumen of the aorta in selenium-deficient rats
was observed with scanning electron microscopy and numerous damages to
the endothelium cells were found. They were swollen, contained a vacuole
in the cytoplasm and demonstrated lack of integrity in the most severely
damaged places. Selenium and selenoproteins were reported to play an ex-
tremely important role in the cytoprotective activity against the unfavoura-
ble influence of cholesterol on endothelium cells. This is highly important
because maintenance of the proper structure of vessels is absolutely neces-
sary for preventing atherosclerotic changes (HuanG et al. 2002).

According to other researchers, the unfavourable influence of choleste-
rol on the endothelium of vessels remains an important clinical problem.
Selenium and selenoproteins are hoped to be factors preventing arterioscle-
rosis development (Wu, Huancg 2006).

The human organism possesses many mechanisms controlling free radi-
cal formation. Glutathione peroxidase (the GSH - the Px) is an important
element of the defence system (KoHRrLE et al. 2000).

Peroxidase occurs in 4 isoforms. The first form is classic peroxidase
(GPx), which is found in the cytosol and participates in reactions of hydro-
gen peroxide and organic hydroxides reduction. However, it cannot reduce
lipid hydroxides. The second form is glutathione peroxidase (PH - GPx), which
occurs in the cytosol, too, and is partly attached to the cellular membranes.
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It can reduce phospholipid hydroxides. The third isoform is glutathione per-
oxidase (GPx), also called extracellular peroxidase, located in the plasma. It
catalyzes reactions of lipid hydroxides and hydrogen peroxide reduction. The
fourth isoform of peroxidase, most recently discovered, is gastric peroxidase
(GI - GPx) (JAESCHKE et al. 2002, Sa1rTo et al. 1999).

Glutathione peroxidase is a tetrameric protein of the molecular mass of
84 kDa. Each of the four subunits contains selenocysteine in its catalytic
centre. The highest activity of peroxidase was found in the liver, blood and
lungs, and the lowest appeared in the brain and eye lenses. Glutathione
peroxidase is part of an enzymatic system connected with glutathione
(ConEN 1993, FLoHE 1988).

Glutathione peroxidase (GSH - Px) is an antioxidant enzyme, which in
the presence of reduced glutathion (GSH) catalyzes reduction of hydrogen
peroxide (H,0O,) to water or organic peroxides (ROOH) to appropriate alco-
hols (ROH), thus participating in the antioxidant defence of the cardiovascu-
lar system.

Glutathione peroxidase breaks the route of phospholipase A2, prevent-
ing the liberation of phospholipids of arachidic acid, which in the presence
of cyclooxygenase and lipooxygenase could be metabolized to prostaglandins.
Thus, the production of inflammatory process mediators, which affect ad-
versely the cardiovascular system, is limited.

Activation of inflammatory potential within a cell can be also modified
by products of lipid peroxidation. They modify the physical proprieties of
cellular membranes by enhancing their permeability to hydrogen ions. The
multiradical process of lipid oxidation is partly dependent on excessive gen-
eration of reactive forms of oxygen. Lipid peroxidation can be initiated by
hydroxyl, alloxil, alkyl radicals, ozone, nitrogen oxide and dioxide, sulphur
dioxide or hypochlorite. Glutathione peroxidase acts protectively on the en-
dothelium of vessels by reducing the peroxynitrite anion (BArTosz 2003, SHEV-
CHUK et al. 2002, SKoczyNsKA 2006).

Beneficial influence of glutathione peroxidase was also noted in relation
to cholesterol hydroxides or its esters or oxysterols. Oxysterols show apop-
totic activity on cells of vessels in smooth muscles. Studies conducted on
rats state that oxysterol-induced apoptosis is inhibited by increased activity
of selenium-dependent enzymes (TanG et al. 2005).

Therefore, maintenance of a proper level of selenium in blood serum is
essential for the correct functioning of the antioxidant enzyme glutathione
peroxidase.

Numerous studies concerning evaluation of selenium influence on the
occurrence of cardiovascular system pathology were conducted. TaNGUY et al.
(2004) in experiments conducted on Wistar rats examined whether selenium
consumption influences the degree of necrosis of the heart muscle caused
by transient ischaemia. Animals were divided into two groups. For 10 weeks,
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one group received a high dose of selenium (1.5 mg Se kg!) and the other
group — a low selenium dose (0.05 mg Se kg™1). The rats’ coronary arteries
were ligated for 30 minutes in order to cause ischaemia. The conclusions of
the experiment were as follows: infarct size in the group of animals receiv-
ing the higher selenium dose was about 25% smaller in comparison with
the group receiving the lower selenium supplementation, and the ratio of
reduced glutathione to its oxidised form was more beneficial in the first
group.

Selenium attracts attention of researchers all around the world. A Ger-
man research team has tried to estimate the influence of the blood serum
selenium concentration in patients with stable angina pectoris or severe
coronary syndrome on distant prognosis. Six-year-long observations of
a group of 1,700 persons enabled the researchers to conclude that the blood
serum selenium level in patients who died because of cardiovascular disor-
ders was low. Therefore, a low level of selenium was stated to correlate
with cardiovascular future (LuBos et al. 2010).

The influence of selenium supplementation on glutathione peroxidase
and thioredoxin reductase was analyzed in an experiment carried out on
Wistar rats. Male rats were fed a diet including 0, 50, 240 and 1000 mg of
sodium selenate kg~! b.w. Then, a 22.5-minute heart muscle ischaemia inci-
dent followed by 45 minute-long reperfusion were induced. The examina-
tions resulted in the following conclusions: the heart muscle of animals with
selenium deficiency was more vulnerable to damage in comparison with the
control group. However, supplementation with higher selenium doses caused
intensification of the activity of glutathione peroxidase and thioredoxin re-
ductase as well as acceleration of repair processes in the ischaemic heart
muscle. Decrease in the enzymatic activity was closely correlated with im-
pairment of repair functions in the heart after ischaemia and reperfusion
(VENARDOS et al. 2004).

Disturbed balance between production and removal of reactive oxygen
forms leads to development of oxidative stress, which plays an essential role
in pathogenesis of numerous illnesses. Its intensification is noted in myo-
cardial infarction or ischaemia after reperfusion. Glutathione peroxidase par-
ticipates in reduction of the unfavourable influence of stress on cardiomyo-
cytes. Venardos et al. examined influence of selenium supplementation on
mRNA expressions of glutathione peroxidase and thioredoxin reductase in
the rat ischaemic myocardium. In the experiment, rats were fed with vari-
ous doses of selenium for 5 weeks. Then, RNA was extracted by the PCR
quantitative method. Selenium rich diet was found to contribute to increase
in activities of the examined enzymes of the antioxidant system in compari-
son with the control group, which did not receive selenium supplementa-
tion. Therefore, selenium improves the tolerance to ischaemia after reper-
fusion by modulating mRNA expression of thioredoxin and peroxidase (VENARDOS
et al. 2005).
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The relationship between selenium deficiency and the range of ischae-
mic heart disease has been studied in rat models.

Arterial hypertension, stable coronary disease, myocardial infarction or
arteriosclerosis are still a serious health problem. They affect more and
more young persons, limiting their professional activity. Therefore, it seems
to be essential to perform studies to explain causes of these states.

Smoking cigarettes is undoubtedly one of the risk factors of ischaemic
heart disease development. The relationship between low blood selenium
concentration and the risk of infarct was estimated by researchers from
New Zealand. Examinations were carried out in reference to tobacco smok-
ing as a risk factor of heart diseases. And the conclusion of the study was
that a decrease in the blood selenium level with simultaneous smoking is
a risk factor of ischaemic heart disease (BEAGLEHOLE et al. 2001).

However, not all investigations confirm a strong relationship between
blood selenium concentration and a risk of myocardial infarction occurrence.

Another health problem implicated as resulting from a low blood serum
selenium level is Keshan and Kashin-Back diseases, which cause changes in
the osteoarticular system leading to cartilage degeneration within upper and
lower limbs (L1 et al. 1985, NELsoN et al. 1996, Xu et al. 1991, ZHAI et al.
1990).

Keshan disease is defined as a childhood cardiomyopathy. First, the symp-
toms of the disease were observed in Keshan, a province in China, where
the selenium concentration in local soils was extremely low. The disease
afflicts children and women at child-bearing age. It attacks the heart mus-
cle, leading to an increase in the heart size and occurrence of numerous
necrotic focuses. Against the background of these changes, the development
of congestive heart failure occurs (X1a 1994, Zaporowska 2002).

Low selenium levels contribute to the development of another disease,
Friedreich disease (FRDA), i.e. hereditary ataxia. Foyer found many histo-
logical similarities between Friedrich disease and Keshan disease (FRYER
2002).

The crucial role in the pathogenesis of ataxia is attributed to the mito-
chondrion. As a result of mutations in the first intron of FXN gene, encod-
ing a mitochondrial protein called frataxin, an excessive number of repeti-
tion of three nucleotides GAA occurs. Consequently, the absence of frataxin
causes iron accumulation in mitochondria and thereby more intensive oxi-
dative stress (CooPER, ScHAPIRA 2003, Lobr et al. 2006).

Thus, disturbances in the functioning of the mitochondrial respiratory
chain, oxidative damage and accumulation of iron play an important role in
the pathogenesis of ataxia (CooPER, ScHAPIRA 2007). Friedrich ataxia, a degen-
erative disease, apart from producing a devastating effect on the nervous
system, affects the heart (GonzALEZ-CABO et al. 1997).
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Another important issue is the role of selenium in preventing neoplasic
diseases. Selenium as an antioxidant, reduces lipids and limits DNA and
RNA peroxidation processes, thus having a protective effect against genetic
damage. Being a component of numerous redox enzymes, cytochrome b and
¢, selenium is involved in metabolic processes at the cellular level. All types
of macromolecular damage resulting from oxidative stress contribute to can-
cer development. The protective effect of selenium is not only limited to the
action of the antioxidant enzyme glutathione peroxidase. Other selenopro-
teins, such as selenomethionine or selenocysteine, have protective proper-
ties. Selenium has beneficial influence on health during many stages of car-
cinogenesis, both at both initiation and during tumour growth, by blocking
the synthesis of DNA in cancer cells (Bartosz 2003, Er-Bavoumy 1994,
Mastowska et al. 1998). Selenomethionine and selenocysteine are components
available in many foodstuffs such as cereals, broccoli and garlic.

While analysing the causal relationship between selenium and cancer,
Whanger noted significant relationships. The level of blood plasma selenium
in patients with malignant cancer is significantly lower than in the healthy
control group. However, inconsistent results were provided by tests deter-
mining the selenium level in nails and its relationship with the incidence of
cancer (WHANGER 2004).

Consuming selenium-rich foods significantly reduces the risk of cancer.
Beneficial effects of a diet rich in broccoli and therefore in selenium have
been reported. This was confirmed by an experiment in which rats with
a chemically induced colon cancer were fed with selenium-rich diet. A 50%
decrease in incidence of irregular crypts compared with the control group
was stated. Consumption of selenium-enriched plant food also reduced the
incidence of breast cancer (FINLEY 2003, FINLEY et al. 2005).

Reactive oxygen species, which contribute to the development of oxida-
tive stress, can be generated as a result of external factors (UV light, ionis-
ing radiation, etc.) as well as internal ones (defensive reactions of the im-
mune system). Their increased concentration in an organism activates
a series of reactions leading to pathological changes in the structure of DNA
and mutations. Thus, it seems very important to know all the available
forms of defence and reduce the incidence of cancer.

Numerous reports on the effects of antioxidants on the development of
cancer can be found in the literature.

The Nutritional Prevention of Cancer Trial group tried to determine
whether selenium supplementation affects the incidence of prostate cancer.
Cases of men whose initial plasma selenium concentration was low and the
PSA ratio (prostate specific antigen) lower or equal to 4 ng/mL were ana-
lysed in details. The conclusion of that study was that selenium supplemen-
tation has a beneficial effect on decreasing the incidence of prostate cancer
in the examined group (DurriELD-LiLLICO et al. 2003).
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Similar conclusions were drawn by researchers from Canada. They de-
termined the impact of mineral supplementation including selenium and anti-
oxidant vitamins on the incidence of prostate cancer in SU.VI.MAX study.
Men were divided into two groups, with normal and elevated PSA. In the
group of men with normal baseline PSA receiving selenium-enriched diet,
statistically significant reduction in the incidence of prostate cancer was
found. However, in men with elevated PSA no such relationship was veri-
fied. Moreover, they were observed to present an increased incidence of
cancer. Thus, the earlier hypothesis that consumption of antioxidant vita-
mins and minerals, including selenium, reduced the risk of prostate cancer
has been confirmed (MAYER et al. 2005).

The study conducted in Holland on 59 thousand men born between 1955
and 1969 evaluated the level of selenium in segments of nails. After 6 years
of observations, it was found out that a higher selenium intake may reduce
the risk of prostate cancer (VAN DEN BranDT et al. 2003).

However, not all studies verify the correlation between selenium intake
and incidence of prostate cancer. Peters et al., when examining a group of
about 35 thousand men, tried to find out if there was a relationship be-
tween selenium and vitamin E intake and reduced incidence of prostate
cancer. They found out that vitamin E and selenium supplementation is not
related to the risk of cancer (PrTERS et al. 2008).

Neoplastic prostatic hyperplasia is a serious clinical problem. But begin
prostate hyperplasia, which is characterized by the following symptoms: hi-
peruresia, nocturia, inability to stop micturition, dysuria, etc, is another
serious and common disorder. Therefore, it seems worth investigating the
problem whether selenium supplementation may have beneficial effects on
the human health in the case of lower urinary tract pathology. ROHRMANN et
al. (2004) determined the protective effect of selenium in begin prostatic
hyperplasia. The study covered a group of 2,497 aged over 60, who demon-
strated symptoms of begin prostatic hypertrophy. Before the test, concentra-
tions of vitamins A, C and E, carotenoids and selenium had been deter-
mined. The control group were men without dysuric symptoms. The results
demonstrated that the concentration of selenium was much lower in the
group with the lower urinary tract pathology than in the control group. In
contrast, men with a higher selenium concentration showed the symptoms
of dysuria significantly less often. Thus, selenium was claimed to exert pro-
tective effects on prostate cancer as well as beneficial effects on benign pro-
static hyperplasia patients (ROHRMANN et al. 2004).

Clinical problems discussed above are more common in men over the
age of 50. But in the group below 50 years of age, infertility is frequently
a clinical problem. Many external factors, environmental or nutritional ones,
lead to a reduction in the number of sperm cells in semen. Selenium sup-
plementation was found to have positive influence on sperm motility and
consequently on sexual functions. Research conducted by Ammar-L. Keskes
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on a group of 54 infertile men was designed to determine the effect of sele-
nium and vitamin E supplementation on the improvement of sperm param-
eters. Vitamin E in a dose of 400 mg and selenium in a dose of 200 ug were
given to 28 men for 3 months. The marker of lipid peroxidation, i.e. concen-
tration of malondialdehyde (MDA), was determined in the study. Selenium
and vitamin E supplementation caused a significant decrease in the MDA
level and thus improved sperm motility. The authors emphasize the protec-
tive effect of selenium on semen quality, indicating a high potential of this
element use in infertility treatment (KeEskes-AMMAR et al. 2003).

Similar conclusions were reached by Safarinejad MR et al. while exam-
ining 468 men with infertility, who were given 200 ug of selenium and 600 mg
of N-acetylcysteine for 26 weeks. Supplementation with selenium and
N-acetylcysteine positively correlated with improvement of sperm quality
(SAFARINEJAD, SAFARINEJAD 2009).

Thus, selenium supplementation may be a significant factor in improv-
ing sperm condition and decreasing infertility among men.

By analogy to prostate cancer in men, breast cancer is an extremely
serious and dangerous disease in women. It is the most frequently occur-
ring cancer among women. Genetic predisposition as well as hormonal and
environmental factors underlie tumour development. Many carcinogens have
direct impact on the tumour transformation, which is then modulated by
hormones. Due to a high incidence of breast cancer, particularly among wom-
en over 50 years of age, it becomes essential to search for any factors which
could prevent the disease. Japanese researchers assessed the impact of eat-
ing selenium-enriched vegetables and tried to determine the role of seleni-
um in chemoprevention of cancer. Japanese radishes grown on a medium
enriched in selenium were given to rats with artificially induced breast can-
cer (by administration of 10 mg or 14 mg DMBA 7,12-dimethylbenz () an-
thracene). The experiment showed that the incidence of breast cancer was
statistically significantly lower in the group eating the selenium-enriched
diet than in the control group. They suggest that consumption of selenium-
enriched products can be an effective diet component in the prevention of
breast cancer (YamaNosHITA et al. 2007).

Selenium is hoped to be a dietary component that can prevent develop-
ment of tumours. Many studies have shown positive correlations between
selenium-enriched diet and reduction in the frequency of tumour occurrence.
However, not all examinations have yielded consistent results.

Influence of selenium supplementation on the prevention of basocellular
cancer of skin was studied by a team of scientists from New York. About
1,300 persons from the eastern part of the United States participated in
randomized examination. They were given selenium in the dose of 200 ng
a day. The results showed that selenium supplementation was ineffective in
prevention of basocellular cancer. Moreover, it was demonstrated to increase
the risk of planoepithelial cancer (DUFFIELD-LILLICO et al. 2003).
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Beneficial effects of selenium supplementation can result from its de-
toxification role. It reduces toxicity of xenobiotics and heavy metals by af-
fecting their metabolism in a living organism. Glutathion and co-operating
enzymes e.g. glutathione peroxidase, in which selenocysteine is the catalytic
centre, play an unusually important role in cells (LukasiEwicz-Hussian 2003).

Selenium beneficially influences the metabolism of cadmium, reducing
its immunotoxicity (BoscoLo et al. 2004). It also reduces the toxicity of mer-
cury in the human organism by forming quite stable chemical bonds with
this heavy metal (Bukowska 2003).

The protective influence of selenium against ionization and UV radia-
tion in alleviation of the side-effects of chemotherapy and nitrosoamine poi-
sonings has also been reported (Mckanzie 2000, Micke et al. 2004). Research
also shows that selenium is an unusually important vestigial element in
many cases of diseases.

However, it should be remembered that it is also a toxic substance of
a narrow therapeutic index. First records about the toxic influence of seleni-
um can be found in the diaries of Marco Polo written in the 12th century.
Numerous investigations have shown that excessive consumption of seleni-
um has unfavourable influence on the human organism, causing selenosis.
Selenium toxicity symptoms, as J.K. MacFarquhar et al. stated, are diar-
rhoea (78%), fatigue (75%), hair loss (72%), pain of joints (70%), change of
colour of nails and their fragility (61%) as well as nausea (58%) (MACFARQUHAR
et al. 2010, ZAWIERTA et al. 1997). Full-blown selenosis is most common in
Venezuela, Colombia, United States and in China (LEE et al. 1996, ZIMMERLI
et al. 1997).

The mechanism of the toxic activity of selenium is connected with the
competent cooperation of the element with sulphur, causing disorder of its
metabolism. In the synthesis of mercapto acids selenium from selenite (IV)
can displace sulphur and enter into reactions with thiol groups. Large quan-
tities of selenium disturb the metabolism of methionine, catalyze oxidation
of hydrosulphurs and cause inhibition in protein synthesis (THOMsON 2004,
ViLra et al. 1999). The excess of selenium interferes with processes of cate-
cholamine amine alkylation and stimulates the synthesis of toxic alkylose-
lenic compounds (MASLOWSKA, JANIAK 1991).

Despite numerous intensive investigations on selenium, in many aspects
the element remains unknown. Many metabolic routes as well as a range of
its action within cells await examination. Therefore, elucidation of the sele-
nium physiology and pathology is a challenge for many researchers.



158

REFERENCES

ArLoveNA C., Dousser B., May T., DuBois F., Canton P., BELLEVILE F. 1995. Relationship of trace
element, immunological markers, and HIV1 infection progression. Biol. Trace Elem.
Res., 47(1-3): 133-138.

B’uymER C., Caruso J.A. 2006. Selenium speciation analysis using inductively coupled pla-
sma-mass spectrometry. J. Chromatogr. A, 1114: 1-20.

Bartosz G. 2003. The other face of oxygen. Free radicals in nature. Wyd. Nauk. PWN,
Warszawa, 227-245. (in Polish)

BEAGLEHOLE R., JACKSON R., WATKINSON J., ScraGG R., YEE R.L. 1990. Decreased blood selenium
and risk of myocardial infarction. Int. J. Epidemiol., 19: 918-922.

Beune E.M., Kyriakorouros A. 2001. Mammalian selenium-containing proteins. Ann. Rev.
Natur., 21: 453-473.

BeraqvisT A.G., CaEE C.M., LurcHKA L., RycHLIK J., StaLLiNgs V.A. 2003. Selenium deficiency
associated with cardiomyopathy: A complication of the ketogenic diet. Epilepsia, 44:
618-620.

BerrY M.J., Banu L., LarsEN P.R. 1991. Type-I iodothyronine deiodinase is a selenocysteine-
-containing enzyme. Nature, 349: 438-440.

Boscoro P., D1 Giampaoro L., REaLE M. 2004. In vitro modulation of selenium and zinc on
immune effects of cadmium. Macro and trace elements. 22. Workshop. Jena. Schubert-
Verlag, Leipzig, 31-36.

BoviLe M.A., HoLBeN D.H. 2004. Dietary Reference Intakes (DRI) — Estimated Energy Require-
ment (EER), Recommended Dietary Allowances (RDA), and Adequate Intakes (Al) for
Water, Energy, and the Energy Nutrients. National Academies of Sciences.

Bruk R.F., HiL. K.E. 1994. Selenoprotein P a selenium- rich extracellular glycoprotein.
J. Nutr., 124: 1891-1897.

Bukowska P. 2005. Fractions of hlutathione and a factor decreasing its concentration. Med.
Pr., 56: 69-80. (in Polish)

CaBrera C., Lorenzo M.L., D.E. Mena C., Lorez M.C. 1996. Chromium, copper, iron, mangane-
se, selenium and zinc levels in dairy products: in vitro study of absorbable fractions.
J. Food Sci. Nutr., 47(4): 331-339.

ConeN H.J., Avissar N. 1993. Molecular and biochemical aspects of selenium metabolism and
deficiency. Prog. Clin. Biol. Res., 380: 191-202.

ComBs G.F., Crark L.C., TurnBuLL B.W. 1997. Reduction of cancer risk with an oral supple-
ment of selenium. Biomed. Environ. Sci., 10: 227-234.

Comss G.F., Gray W.P. 1998. Chemopreventive agents: selenium. Pharmacol. Ther., 79: 179-192.

ComBs G.F. 2005. Current evidence and research needs to support a health claim for sele-
nium and cancer prevention. J. Nutr., 135: 342-347.

CoopPER J.M., ScHaPIRA A.H. 2007. Friedreich’s ataxia: coenzyme QI10 and vitamin E therapy.
Mitochondrion, 127-135.

CooPER J.M., ScuaPiRa A.H. 2003. Friedreich’s ataxia: disease mechanisms, antioxidant and
coenzyme Q10 therapy. Biofactors, 18(1-4): 163-171.

Daraca A., SzymaNska J.A. 2003. Selenium and some selenium compounds in pharmaceutical
and cosmetic formulas. Pol. J. Cosmetol., 1: 26-34. (in Polish)

Drake E.N. 2006. Cancer chemoprevention: selenium as a prooxidant, not an antioxidant.
Med. Hypotheses, 67: 318-322.



159

DurrieLp-Lirnico A.J., DaikiN B.L., REip ML.E., TurnsuLL B.W., StAaTE E.H., JAocoBs E.T., MARSHALL
J.R., Crark L.C. 2003. Nutritional Prevention Of Cancer Study Group: Selenium supple-
mentation, baseline plasma selenium status and incidence of prostate cancer: an analy-
sis of the complete treatment period of the Nutritional Prevention of Cancer Trial. Int.
BJU, 91: 608-612.

DurrieLp-LirLico A.J., State E.H., REip M.E., TurnBuLL B.W,. WiLkINs P.A., ComBs G.F., PARK
H.K., Gross E.G., GrRaaam G.F., STrRaTTON M.S., MARSHALL J.R., CLARK L.C. 2003. Nutritional
Prevention Of Cancer Study Group: Selenium supplementation and secondary preven-
tion of nonmelanoma skin cancer in a randomized trial. J. Natl. Cancer, 95(19): 1477-
-1481.

Duntas L.H., ManTzou E., KouTtras D.A. 2003. Effects of a six month treatment with selenome-
thionine in patients with autoimmune thyroiditis. Eur. J. Endocrinol., 148(4) 389-393.

Duntas L.H. 2006. The role of selenium in thyroid autoimmunity and cancer. Thyroid,
16(5): 455-460.

Ei-Bavoumy K. 1994. Evaluation of chemopreventive agents against breast cancer and pro-
posed strategies for future clinical intervention trials. Carcinogenesis, 15: 2395-2420.

FINLEY J.W., SigriD-KEcK A., RoBBINS R.J., HiNTzE K.J., FINLEY J.W., SigriD-KECK, RoBBINS R.dJ.,
Hintze K.J. 2005. Selenium enrichment of broccoli: interactions between selenium and
secondary plant compound. J. Nutr., 135(5): 1236-1238.

FinLey J.W, 2003. Reduction of cancer risk by consumption of selenium-enriched plants:
enrichment of broccoli with selenium increases the anticarcinogenic properties of broc-
coli. J. Med. Food, 6(1): 19-26.

Froue L. 1988. Glutathione peroxidases. Basic Life Sci., 49: 663-668.

FroriaNczyYK B. 1996. Effect of micronutrients on metabolism. Mag Med., 7: 47-49. (in Polish)

FryEr M.J. 2002. Rationale for clinical trials of selenium as an antioxidant for the treat-
ment of the cardiomyopathy of Friedreich’s ataxia. Hipotezy Med., 58(2): 127-132.

GonzALEZ-CaBO P., Lrorens J.V., Parau F., Morto M.D. 2009. Friedreich ataxia: an update on
animal models, frataxin function and therapies. Adv. Exp. Med. Biol., 652: 247-261.

GreLA E.R., SEmBraTOWICZ I. 1997. Organic selenium compounds. Med. Wet., 53: 385-386. (in
Polish)

HarATAKE M., TakAHASHI J., ONO M., Nakavama M. 2007. An assessment of Niboshi (a processed
Japanese anchovy) as an effective food source of selenium. J. Health Sci., 53: 457-463.

HarmixaineN H. 2005. Biogeochemistry of selenium and its impact on ford chain quality and
human health. J. Trace Elem. Med., 18: 309-318.

Horeen D.H., SmitH A.M. 1999. The diverse role of selenium within selenoproteins: a review.
J. Am. Diet Assoc., 7: 836-843.

HorpvsEwska A., PasTerNAK K. 2004. Selenium and its role in the human organism. Bromat.
Chem. Toksykol., 37: 9-18. (in Polish)

Huance K., Liv H., CuEN Z., Xu H. 2002. Role of selenium in cytoprotection against cholesterol
oxide-induced vascular damage in rats. Atherosclerosis, 162(1): 137-144.

JAESCHKE H., GORES G.d., CEDERBAUM A.I., HINsON J.A., PESSAYRE D., LEMASTERS J.J. 1999. Mecha-
nism of hepatotoxicity. Toxicol. Sci., 65: 166-176.

KaBaTa-PenDIAs A., Penpias H. 1999. Biochemistry of trace elements. PWN, Warszawa. (in
Polish)

KeskEs-AMMAR L., FEkI-CHAKROUN N., ReBAI T., SAHNOUN Z., GHOzzI H., HAMMAMI S., ZcHAL K., FKk1
H., Damaxk J., Banrour A. 2003. Sperm oxidative stress and the effect of an oral vitamin E
and selenium supplement on semen quality in infertile men. Arch. Androl., 49(2): 83-94.

KoHRLE J., BRIGELIUS-FLOHE R., Bock A., GARTNER R., MEYER O., FLoHE L. 2000. Selenium in
biology: facts and medical perspectives. Biol. Chem., 381: 849-864.



160

Lee B.J., Park S.I., Park J.M., Cuirtum H.S., HatrieLp D.L. 1996. Molecular biology of sele-
nium and its role in human health. Mol. Cells, 6: 509-520.

Leeson S., Namkung H., Caston L., Durosoy S., ScHIEGEL P. 2008. Comparison of selenium levels
and sources and dietary fat quality in diets for broiler breeders and layer hens. Poult.
Sci., 87: 2605-2612.

L1 G.S., Wanc F., Kanc D., L1 C. 1985. Keshan disease: an endemic cardiomyopathy in China.
Hum. Pathol., 16: 602-609.

Lop1 R., TonoN C., CALABRESE V., ScHAPIRA A.H. 2006. Friedreich’s ataxia: from disease mecha-
nisms to therapeutic interventions. Antioxid. Redox Signal., 8(3-4): 438-443.

Lusos E., SnniNG C.R., ScaNaBEL R.B., WiLp P.S., ZeLLER T., RurPrECHT H.dJ., BickeL C., LACKNER
K.J., PeETz D., Loscarzo J., MUNZEL T., BLANKENBERG S. 2010. Serum selenium and progno-
sis in cardiovascular disease: results from the Athero Gene study. Atherosclerosis,
209(1): 271-277.

Lukaszewicz-HussaiN A. 2003. Role ofglutathione and glutatione-bond enzymes in antixo-
idant processes in a human body. Med. Pracy, 54: 473-479. (in Polish)

MAcFARQUHAR J.K., BRoussarDp D.L., MeLstroM P., HurcHINsON R., WoLKIN, MARTIN C., BURK R.F.,
Dunn J.R., HamMmMonD R., ScHAFFNER W., JoNES T.F. 2010. Acute selenium toxicity associated
with a dietary supplement. Arch. Intern. Med., 170(3): 256-261.

Masrowska J., GAWLOWSKA A., Baranowskr W. 1998. Role and level of selenium in food products.
Biul Magnezol., 3: 146-154. (in Polish)

Mastowska J., JANIAK J. 1991. Testing the level of selenium in selenium yeast, raw material
for selenium yeast production and production waste. Bromatol. Chem. Toksykol., 24:
221-226. (in Polish)

Mckenzie R.C., RAFFERT T.S., BECKETT G.J. 1998. Selenium: an essential element for immune
function. Immunol. Today, 19: 342-345.

Mckenzie R.C., ArRTHUR J.R., BECKETT G.J. 2002. Selenium and the regulation of cell signal-
ling, growth and survival:molecular and mechanistic aspects. Antioxid. Redox Signal.,
4: 339-351.

Mckenzie R.C. 2000. Selenium, ultraviolet radiation and the skin. Clin. Exp. Dermatol., 25:
631-636.

MEever F., Garan P., DouviLLE P., Bairati 1., KeGLE P., BErTrAIS S., Estaquio C., HErRCBERG S. 2005.

Antioxidant vitamin and mineral supplementation and prostate cancer prevention in
the SU.VI. MAX trial. Int. J. Cancer, 116(2): 182-186.

Micke O., BunTzEL J., BRUNS F., SCcHULLER P., GLATZEL M., ScHONEKAES K.G., KisTERs K., MUCKE R.
2004. Selenium in oncology — current status and future perspectives. Macro and trace
elements. 22 Workshop. Jena, Schubert-Verlag, Leipzig, 1480-1489.

NaruszeEwicz M., ZAPoLSKA-DowNAR D. 2006. Molecular causes of arteriosclerosis. Pol. Prz.
Chir., 7: 821-846. (in Polish)

Navarro-ALARCON M., Gin. HErNANDEZ F., Gi. HERNANDEZ A. 2005. Selenio, manganese, cromo,
molibdeno, yodio y otros oligoelementos minoritarios. In: Trado de nutrcion. Tomo I.
Bases fisiologicas y bioquimicas de la nutricion. Ed. GiL. HErNANDEZ A., Madrid, Accion
Medica, 997-1036.

Navarro-ArarcoN M., Lopez-MarTiNEz M.C. 2000. Essentiality of selenium in human body:
relationship with different diseases. Sci. Total. Environ., 249: 347-371.

NEeLsoN R.L., ABcariaN H., NELson T.M., Misumr A., Kako H., Rizk S., Sky-Peck H. 1996. The
effect of dietary selenium deficiency on acute colorectal mucosol nucleotoxicity induced
by several carcinogens in the rodent. Am. J. Surg., 172: 85-88.

Panel of Dietary Antioxidants and Related Compounds. Dietary reference intakes for vita-
min C, vitamin E, selenium and beta-carotene and other carotenoids. 1996. Washing-
ton, DC, National Academy Press., 284-324.



161

Panel on Dietary Antioxidants and Related Compounds, Subcommittee on Upper Reference
Levels of Nutrients, Subcommittee on Interpretation and Uses of DRIs, Standing Com-
mittee on the Scientific Evaluation of Dietary Reference Intakes, Food and Nutrition
Board Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium, and Carotenoids.
2000. National Academy Press, Washington, DC, USA

Papra E.C., Parras A.C., Sural P.F. 2006. Selenium content in selected foods from the Greek
market and estimation of the daily intake. Sci. Total Environ., 372: 100-108.

Perers U., LittmMaN A.J., KristaL A.R., PaTTERSON R.E., PoTTER J.D., WHITE E. 2008. Vitamin E
and selenium supplementation and risk of prostate cancer in the vitamins and lifestyle
(VITAL) study cohort. Cancer Causes Control, 19(1): 75-87.

PyrzyNska K. 1996. Speciation analysis of some organic selenium compounds. Analyst, 121:
77-83.

Rayman M.P. 2000. The importance of selenium to human health. Lancet, 356: 233-241.

Remp M.E., StraTTON M.S., LiLLico A.J., Fakin M., NataraJaN R., Crarx L.C. 2004. A report of
high dose selenium supplementation: response and toxicities. J. Trace Elem. Med. Biol.,
18: 69-74.

RemiLy C. 1998. Selenium: A new entrant into functional food arena. Trends Food Sci.
Technol., 9: 114-118.

Rezanka T., SieLer K. 2008. Biologically active compounds of semi-metals.
Phytochemistry, 69: 585-606.

RonrmaNN S., Smir E., Giovannucct E., Pratz E.A. 2004. Association between serum concentra-
tions of micronutrients and lower urinary tract symptoms in older men in the Third
National Health and Nutrition Examination Survey. Urology, 64: 504-509.

SAFARINEJAD M.R., SAFARINEJAD S. 2009. Efficacy of selenium and/or N-acetyl-cysteine for
improving semen parameters in infertile men: a double-blind, placebo controlled, ran-
domized study. Urol. J., 181(2): 741-751.

Sarro Y., Havasar T., Tanaka A., WATANABE Y., Suzuki M., Sarto E., TakauasHI K. 1999. Selenopro-
tein Pin human plasma as an extracellular phospholipid hydroperoxide glutathione
peroxidases. Isolation and enzymatic characterization of human selenoprotein. Pol. J.
Biol. Chem., 274: 2866-2871

Scrorr T.O., RemLy T.M. 2000. Trace element and mineral nutrition in human pregnancy.
In: Clinical nutrition of the essential trace elements and minerals. BoGpEN J.D., KLEVAY
L.M., ed. Totowa (NJ)7 Human Press, 115-138.

SeENczuk W. 1994. Toksykologia. PZWL, Warszawa, 347-350.

Suer L. 2001. Role of thyroid hormones in the effects of selenium on mood, behavior, and
cognitive function. Med. Hyp., 57: 480-483.

SuevcHUK LN., CHEKULAYEV V.A., CHEKULAYEVA L.V. 2002. The role of lipid peroxidation and
protein degradation in the photodestruction of ehrlich ascietes carcinoma cells sensiti-
zed by hematoporphyrin derivative. Exp. Oncol., 24: 216-224.

SkoczyNska A. 2006. Participation of free radicals in pathogenesis of arteriosclerosis and
arterial hypertension. In: Antioxidants in food, health, technological, analytical and
molecular aspects. Ed. W. GrasEk. WNT, Warszawa. (in Polish)

Sravik P., ILLEk J., Brix M., Hravicova J., Rasmon R., JiLEk F. 2008. Influence of organic versus
inorganic dietary selenium supplementation on the concentration of selenium in colo-
strums, milk and blood of beef cow. Acta Vet. Scand., 50: 43-48.

Tanc R., Liv H., Wanc T., Huang K. 2005. Mechanisms of selenium inhibition of cell apopto-
sis induced by oxysterols in rat vascular smooth muscle cells. Biochem. Biophys. Arch.,
441(1): 16-24.



162

Tancuy S., MoreL S., BERTHONNECHE C., TourekTsiaN M.C., DE LorGERIL M., Ducros V., TosAkr A.,
DE LEeiris J., BoucHEr F. 2004. Preischemic selenium status as a major determinant of
myocardial infarct size in vivo in rats. Antioxid. Redox, 6(4): 792-796.

Taylor E.-W. 1995. Selenium and cellular immunity. Evidence that selenoproteins may be
encoded in the +1 reading frame overlapping the human CD4, CDS8, and HLA-DR
genes. Biol. Trace Elem. Res., 49: 85-95.

Tavror J.B., REynoLDs L.P., REDMER D.A., CaToN J.S. 2009. Maternal and fetal tissues selenium
loads in nulliparous ewes fed supranutritional and excessive selenium during mid- to
late pregnancy. J. Anim. Sci., 87: 1828-1834.

THieLE R., WAGNER D., GasseL M., WINNEFELD K., PLEISSNER J., PFEIFER R. 1997. Selenium substi-
tution in acute myocardial infarct. Med. Klin. (Munich), 92 Suppl (3): 26-28.

TraomsoN C.D. 2004. Assessment of requirements for selenium and adequacy of selenium
status: a review. Eur. J. Clin. Nutr., 58: 391-402.

Van CAUWENBERGH R.v., ROBBERECHT H., VAN VLASLAER V., DEELSTRA H. 2004. Comparison of the
serum selenium content of healthy adults living in the Antwerp region (Belgium) with
recent literature data. J. Trace Elem. Med. Biol., 18: 99-112.

Van DEN Brannt P.A., ZEEGERS M.P., Bopk P., GoLbBouM R.A. 2003. Toenail selenium levels and
the subsequent risk of prostate cancer: a prospective cohort study. Cancer Epidemiol.
Biomarkers Prev., 12(9): 866-871.

VENarDOS K., Asaton K., HeaDRICK J., PERKINS A. 2005. Effects of dietary selenium on post-
ischemic expression of antioxidant mRNA. Biochem. Cell Mol., 270(1-2): 131-138.

VENARDOS K., HaRRISON G., HEADRICK J. 2004. Effects of dietary selenium on glutathione peroxi-
dase and thioredoxin reductase activity and recovery from cardiac ischemia-reperfu-
sion. J. Trace Elem. Med. Biol., 18(1): 81-88.

VENDELAND S.C., BEILSTEIN M.A., CHEN C.L., JENSEN O.N., Barorsky E., WHANGER P.D. 1993.
Purification and properties of selenoproteiny W from rat muscle. J. Biol. Chem., 268:
17103-17107.

VENTURA M.G., FrEITas M.D., Pacueco A., VAN MEERTEN T., WoLTeERBEEK H.T. 2007. Selenium
content in selected Portuguese foodstuffs. Eur. Food Res. Technol., 224: 395-401.

ViLLa Eriaza 1., Navarro Brasco 1., MARTIN PEREz A. 1999. Elementos traza. In: Tratado de
nutricion. HERNANDEZ RODRIGUEZ M., SASTRE GALLEGO A. Madrid, Diaz de Santos., 229-247.

WacHowicz B. 1993. Selenium in plants. Wiad. Bot., 37: 87-89. (in Polish)

Wesorowskl M., ULewicz B. 2000. Selenium — a trace element essential for humans, its presen-
ce, biological role and toxicity. Farm. Pol., 56: 1004-1019. (in Polish)

WaanGerR P.D. 2004. Selenium and its relationship to cancer: an update. Br. J. Nutr., 91(1):
11-28.

Wikckowskl S. 1995. Eco-assessment of nutrition, food and food ingredients. PWN, Warsza-
wa, 76-77. (in Polish)

Wu Q., Huane K. 2006. Effect of selenium compounds on the damage induced by oxysterol
on rat arterial walls. Biol. Trace Elem. Res., 112(3): 273-282.

Xia Y (1994). Keshan disease and selenium status of populations in China. In: Selenium in
biology and medicine. Ed. R.F. BUurk. Springer-Verlag, New York, 181-196.

Xu L.Q., Sen WX, Xionc Q.H., Huanc H.M., ScHraMEL P. 1991. Selenium in Kashin-Beck
disease areas. Biol. Trace Elem. Res., 31: 1-9.

YamanosHITA O., IcHIHARA S., Hama H., IcHIHARA G., CHIBA M., KamMisiMA M., TAREDA 1., NaRAJIMA T.
2007. Chemopreventive effect of selenium-enriched Japanese radish sprout against bre-
ast cancer induced by 7,12-dimethylbenz/ajanthracene in rats. Tohoku J. Exp. Med.,
212(2): 191-198.



163

Zacronzkl P. 2000a. Selenium in human nutrition. Part 1. Content of selenium in food,

recommended and actual selenium consumption. Bromat. Chem. Toksykol., 33, 209-
-214. (in Polish)

ZAaGroDzKl P. 2000b. Selenium in human nutrition. Part II. Selenium supplementation —
biochemical implications. Bromat. Chem. Toksykol., 33: 295-298. (in Polish)

ZApPorOWSKA H. 2002. Micronutrients in lives of animals and humans. Wyd. UMCS Lublin. (in
Polish)

ZAWIERTA J., WIECZOREK P., MAcHALINSKA B. 1997. Selenium — an essential and toxic element.
Biul. Magnezol., 2: 130-138. (in Polish)

Zua1 S.S., KivBrouGH R.D., MENG B., Hax J.Y., Levois M., Hou X., YiNn X.N. 1990. Kashin-Beck
disease: a cross-sectional study in seven villages in the People’s Republic of China.
J. Toxicol. Environ. Health, 30: 239-259.

ZmimERLI B., HaipmManN M., SiEBER R. 1997. Selenostatus der schweizerischen bevilkerung. 1.
Biologische wirkungen, bedarf und toxizitdt von selen. Gebiete Lebensm. Hyg., 88: 732-
-775.

ZmiMERMAN T., ALBRECHT S., LauscHkeE H., Lubwic K. 2007. Reaktive Sauerstoffspezies in der
Pathogenese gastrointestinaler Tumoren. Eine V erlaufsstudie. Med. Klin. 1995, suppl.
1, 15-18. (a processed Japanese anchovy) as an effective food source of selenium. J. He-
alth Sci., 53: 457-463.






J. Elem. s. 165-186 DOI: 10.5601/jelem.2013.18.1.14

HEALTH-PROMOTING PROPERTIES
OF SELECTED MILK COMPONENT'S

Jan Micinskil, Grzegorz Zwierzchowskil,
Ireneusz M. Kowalski?, Jézef Szarek?

1Department of Cattle Breeding and Milk Evaluation
2Chair of Rehabilitation
3Chair of Pathophysiology, Forensic Veterinary Medicine
and Administration
University of Warmia and Mazury in Olsztyn, Poland

Abstract

The human diet should be a rich source of nutrients, energy and tissue-building ma-
terials. Bovine milk is one of the few food products of animal origin that meet the above
requirements. It contains proteins rich in readily available amino acids, fatty acids, vita-
mins, micronutrients and macronutrients, such as calcium, magnesium, phosphorus, so-
dium, iodine, potassium, chlorine and small quantities of iron.

This study discusses the positive effects of bovine milk on human health, resulting
from its composition and high nutritive value. We have reviewed numerous publications
and reports indicating that milk contains readily available amino acids, unsaturated fatty
acids which are vital components of the human diet, as well as macronutrients and micro-
nutrients that regulate biochemical processes in the body. Particular attention has been
paid to the anti-carcinogenic, antioxidant, anti-sclerotic, anti-inflammatory and antibacte-
rial properties of milk, which is also known to lower blood pressure and strengthen the
immune system.

The health benefits delivered by selected minerals contained in milk are also descri-
bed. Calcium content largely determines the nutritional value and heat stability of milk, as
well as its suitability for cheese production. Milk calcium is easily absorbed, and it is cha-
racterized by a high level of physiological activity due to a favorable calcium to phosphorus
ratio of 1.2:1. Milk contains 0.75 g-1.10 g dm™3 of phosphorus, and phosphorus concentra-
tions are generally stable and independent of the nutritional regime of cows. The magne-
sium content of milk is determined in the range of 100 to 150 mg dm™. In milk, magne-
sium is found in the form of soluble compounds (75% of total Mg) as well as colloidal
compounds (phosphates, citrates). Magnesium concentrations are correlated with the cal-
cium content of milk. The magnesium to calcium ratio determine milk’s heat stability. Milk
contains 1.35 to 1.55 g dm™3 of fully ionized potassium. The sodium content of milk is
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determined at 350-600 mg dm=3, and chlorine levels are noted in the range of 0.80-1.40 g
dm™3. Sodium chloride stabilizes the osmotic pressure of milk (including lactose). Milk con-
tains trace quantities of iron (0.42 to 0.45 mg kg1).

Key words: milk, proteins, fatty acids, macronutrients, micronutrients, amino acids, hu-
man diet.

PROZDROWOTNA WARTOSC WYBRANYCH SKEADNIKOW MLEKA
Abstrakt

Dieta czlowieka powinna zawiera¢ produkty bogate w sktadniki odzywcze, budulcowe
i energetyczne. Jednym z nielicznych surowcow pochodzenia zwierzecego spelniajacym wy-
mienione warunki jest mleko krowie. W swoim sktadzie zawiera biatka bogate w tatwo
przyswajalne aminokwasy, kwasy tluszczowe, witaminy oraz mikro- i makroelementy, ta-
kie jak wapn, magnez, fosfor, sod, jod, potas, chlor oraz w nieduzej ilosci zelazo.

Celem pracy bylo wykazanie wartosci odzywczej mleka w aspekcie jego bogatego skta-
du i pozytywnego wplywu na zdrowie czlowieka. Na bazie literatury wykazano, ze mleko
zawierajac tatwo przyswajalne aminokwasy, niezbedne dla czlowieka nienasycone kwasy
ttuszczowe oraz makro- i mikroelementy pozytywnie wplywa na wiele przemian bioche-
micznych w organizmie. Zwrécono szczegélng uwage na udokumentowanie wlasciwosci
antynowotworowych, antyoksydacyjnych i przeciwmiazdzycowych mleka, a takze dziatanie
przeciwzapalne, antybakteryjne, obnizajace ciSnienie krwi i wzmacniajace uklad odporno-
Sciowy.

W pracy podano takze znaczenie dla zdrowia czlowieka wybranych pierwiastkow, tj.
wapnia, fosforu, magnezu i zelaza. Podano, ze wapn decyduje o wartosci odzywczej mleka,
jego stabilno$ci cieplnej i przydatnosci do produkeji serow. Jednoczesnie wykazano, ze cha-
rakteryzuje sie dobrg przyswajalnoscig i aktywnosScig fizjologiczna ze wzgledu na korzystny
dla organizmu czlowieka stosunek do fosforu, wynoszacy 1,2:1. Ponadto ukazano zawar-
tos¢ w mleku niektorych pierwiastkow w kontekscie aspektow warunkujacych te zalezno-
$ci. Okreslono, ze poziom fosforu w mleku jest staly i niezalezny od zywienia, w granicach
0,75-1,10 g dm™3. Zawarto§¢ magnezu w mleku wynosi od 100 do 150 mg dm=3. Pierwia-
stek ten wystepuje w formie zwigzkow rozpuszczalnych (75% ogolnej ilosci Mg) oraz kolo-
idalnej (fosforany, cytryniany). Ilo§¢ magnezu jest skorelowana z iloScig wapnia w mleku.
Stosunek ten decyduje o stabilnosci cieplnej mleka. Zawarto$¢ potasu w mleku waha sie
od 1,35 do 1,55 g dm= w formie catkowicie zjonizowanej. Zawartosé sodu w mleku wynosi
350-600 mg dm™3, a chloru 0,80-1,40 dm™3. Rola chlorku sodowego polega na utrzymaniu
ciSnienia osmotycznego mleka (wraz z laktoza) na stalym poziomie. Mleko zawiera niewie-
le zelaza (od 0,42 do 0,45 mg kg‘l).

Stowa kluczowe: mleko, biatka, kwasy tluszczowe, makroelementy, mikroelementy, amino-
kwasy, dieta czlowieka.

INTRODUCTION

According to current scientific knowledge, the human diet should incor-
porate around 60 nutrients that are essential for growth, development and
functioning of the body. Human breast milk and bovine milk are nutrition-
ally the richest foods of animal origin (PrzyBoJEWSKA, RAFaLSKI 2003). For adult
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humans, milk and dairy products are a vital source of energy, tissue-build-
ing nutrients and components that play a regulatory role in the body
(SeveriN, WENSHUT 2005). As demonstrated by research studies, the bioactive
components found in milk prevent obesity and cancer, and they offer a vari-
ety of health benefits for consumers (Parop1r 1997, Barr 2003, ZEMEL 2003).
Humans are quite special in this respect as no other mammals consume
milk regularly after reaching adulthood (Arakawa et al. 1999).

The biological value of milk is determined by the content of bioactive
components that offer health benefits (REKLEWSKA et al. 2005, WonG et al.
2006). Recent years have witnessed a growing interest in functional foods,
including milk (Warp, GERMAN 2004). Milk contains biologically active sub-
stances, including proteins, peptides, amino acids, sugars, vitamins, enzymes,
sterols, phospholipids and fatty acids which regulate biochemical processes
in the human body. Milk is also a source of polyunsaturated fatty acids
(PUFA), which have anti-carcinogenic, antioxidant, anti-sclerotic, anti-inflam-
matory and antibacterial properties. PUFAs effectively lower blood pressure
and reinforce the immune system (Bartowska et al. 2005, STANTON et al.
2005, KroL et al. 2006, WonG et al. 2006).

Milk provides a plethora of bioactive ingredients for incorporation into
functional food products. This has come at a time when consumers want
more from food than just basic nutrition, including the prevention of life-
style diseases through a healthy diet. Using milk as a model system could
prove invaluable for developing designer foods or even ‘designer milk’,
a concept that has been discussed in a review by SaBikui (2007). However, it
should be noted that many of the physiological effects observed for the bio-
active components of milk have only been proven in vitro or in animal
models and have yet to be proven in humans. Another major challenge faced
by food scientists and manufacturers alike is the cost-effective large-scale
production of milk bioactive ingredients. For example, while the potential
for milk proteins and peptides as ingredients in functional food products has
been well documented on a vast scale, their large-scale production and com-
mercialization are still limited. Major efforts are now underway to develop
methods to ensure optimal activity of these agents in food systems and their
subsequent utilization in the body. One group has recently cloned the
11-residue antimicrobial peptide from bovine lactoferrin (BL-11) and the
12-residue hypotensive peptide from asl-casein (C-12) in the dairy starter
culture Streptococcus thermophilus, which is utilized in the production of
yoghurt and various cheeses (RENYE, SomkuTI 2008). Multiple repeats of the
hypocholesterolemic peptide IIAEK, derived from bovine milk S-lactoglobu-
lin, have been introduced into the five variable regions of soybean progly-
cinin AlaB1lb and when expressed in E. coli have demonstrated the large-
scale production of a small peptide of fewer than 10 amino acids (PraK et al.
2006, Prak, Ursumi, 2009). The potent antihypertensive peptide derived from
ovalbumin, RPLKPW (novokinin), has recently been incorporated into the
soybean through transgenesis (Yamapa et al. 2008). Through such appro-
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aches, milk bioactive peptide sequences may even be incorporated into food
proteins of non-dairy origin. However, using molecular genetic approaches
to increase the bioavailability or production of therapeutic peptides is per-
haps an unrealistic goal, considering the strict regulations governing the
use of genetically modified organisms in the food industry in certain parts
of the world. The existing modern technologies applicable for the isolation
of bioactive native proteins and peptides from milk are beyond the scope of
this review but have been discussed in detail by KorHONEN and PIHLANTO
(2003, 2007).

This study discusses the nutritive value and the positive health effects
of bovine milk based on a review of scientific evidence.

Milk tolerance

Most consumers tolerate milk and its nutritional components, but some
adult humans are unable to digest milk due to lactose intolerance. This
defect results from an absence of lactase, an enzyme produced by the small
intestine which hydrolyzes lactose into glucose and galactose. Nearly 70% of
the worldwide population is lactose intolerant. The above applies to approxi-
mately 5% Caucasians, whereas other ethnic groups are much more severe-
ly affected (around 90% Chinese adults, 85% Aboriginal Australians, more
than 45% indigenous Africans). In Poland, lactose intolerance affects 1.5%
infants and children and 20-25% adults. The latest population research advo-
cates the production of lactose-free milk and recommends that lactose-intol-
erant people should limit their milk consumption (JAcKSoN, Savaiano 2001,
Krir et al. 2011).

Nutritional value of milk

Milk is one of the most nutritionally complete foods in the human diet.
Its high nutritive value can be attributed to its unique chemical composition
which supports optimal digestion and absorption. The nutritional value of
milk is determined by its energy value, digestibility, assimilability and bio-
logical properties. Milk dry matter contains nutrients that are vital for the
growth and healthy functioning of the human body: lactose, protein, fat,
minerals and vitamins. The energy content of milk is a sum of individual
energy contributing components — 49% fat, 40% milk sugar and 11% pro-
teins. The composition of milk varies subject to the breed of dairy cows,
their nutritional regime, successive lactation, lactation stage, season and
herd management practices (WALSTRA et al. 1999).

Proteins and peptides

The nutritive value and processing suitability of milk are determined
mainly by its protein content. The major protein fractions in milk are ca-
sein and whey proteins, including immunoglobulins, a-lactalbumin, B-lac-
toglobulin, lactoferrin and transferrin (SEVERIN, WENSHUI 2005) — Table 1.
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Table 1

Concentration and biological activity of major bovine milk proteins (Séverin, WENSHUI 2005,
WALSTRA, JENNESS 1984, YamaucHr 1992, KORHONEN et al. 1998)

Protein Concent_rla tion Function
(gL
Total caseins ion carrier (ca, po4, fe, zn, cu), precursor
26.0 . . .
of bioactive peptides
a-casein 13.0 precursor of bioactive peptides
B-casein 9.3 precursor of bioactive peptides
Kk-casein 3.3 precursor of bioactive peptides
Total whey protein 6.3 anti-carcinogenic, weight management
p-Lactoglobulin 3.2 retipoll carrier, binding fatty acids, possible
antioxidant
a-Lactalbumin 19 lactose synthesis in mammary gland, ca carrier,
: immunomodulation
Immunoglobulins 07 immune protection
(A, M, and G) :
Serum albumin 04
. antimicrobial, antioxidant, immunomodulation,
Lactoferrin 0.1 . .
iron absorption
Lactoperoxidase 0.003 antimicrobial
antimicrobial, synergistic effect with
Lysozyme 0.0004 immunoglobulins and lactoferrin
Miscellaneous 0.8
1.2 function unknown; precursor of bioactive protein
Proteoseepeptone 1 e .
and peptide in vitro
Glycomacropeptide 1.2 antiviral, bifidogenic

Milk proteins contain a full range of exogenous amino acids, whose con-
centrations exceed the recommended daily protein intake for adults formu-
lated by the Food and Agriculture Organization of the United Nations (FAO)
in 1990. The protein content of milk varies from 2.6% to 5.3%, depending
on genetic and environmental factors (MiciNskI et al. 2008). Protein levels in
milk largely determine cheese yield per 100 kg of milk. Casein accounts for
78% of all milk proteins, and the casein content of milk ranges from 2.2%
to 3.6% (Grega 1999). There are five main casein fractions: asl-casein,
as2-casein, f-casein, y-casein, and k-casein (PikuL 2004). Bovine milk pro-
teins are also functional food components that deliver nutritional and health
benefits (PikuL 2004). In the group of six milk protein fractions, two poly-
morphic forms, S-lactoglobulin and x-casein, are genetic markers for quanti-
tative trait loci which determine the chemical composition of milk and
cheese yield (ALEANDRI et al. 1990, LitwiNczUK et al. 2006).
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Milk also contains whey proteins, including -lactoglobulin (2-4 g dm™3)
and a-lactalbumin (1.0-1.5 g dm=3) (MicHALSK1, JANUEL 2006). They are a rich
source of lysine, methionine and cysteine, as well as essential amino acids
such as threonine and tryptophan. All bovine milk proteins, including ca-
sein, are an abundant source of lysine, an essential amino acid which is
found in very small quantities in cereals. The consumption of milk, hard
cheese or cottage cheese with bread supplements lysine-deficient wheat pro-
teins with this essential amino acid. As a result, cereal proteins become
wholesome building blocks that are absorbed by the body and used to build
new tissue (ZMARLICKI 2006). Whey amino acids are commonly used in the
production of food supplements for athletes, elderly consumers and recover-
ing patients. As foreign antigens, bovine milk proteins may cause an aller-
gic reaction in humans (ZwierzcHowsKI et al. 2011). Their anti-mutagenic and
anti-carcinogenic properties have been demonstrated in an in vitro study
(ZmarLIcKI 2006).

The medicinal properties and uses of milk proteins have been exten-
sively studied (MADUREIRA et al. 2007, ZiMecki, KruzeL 2007). Research results
show that whey, containing lactoferrin, §-lactoglobulin and serum albumin,
contributes to suppressing the growth of neoplastic cells (Parop1 2007) and
accelerates their apoptosis (SVANBORG et al. 2003). The utilization of whey as
a functional food ingredient for weight management is attracting much in-
terest (Lunovyy et al. 2007). The special membrane structure surrounding
milk micro-lipid droplets, composed of a lipid bilayer and proteins, termed
the milk fat globule membrane (MFGM), has also shown potential as a ther-
apeutic agent against many pathological conditions (SpiTSBERG 2005). One of
the proteins isolated from MFGM, referred to as the fatty acid binding pro-
tein (FABP), has been shown to inhibit some breast cancer cell lines (SpiTs-
BERG, GOREWIT 1997a, 2002). In addition, the onco-suppressor protein BRCA1
has also been found in both bovine and human MFGM (SPITSBERG, GOREWIT
1997b). Wane et al. (2001) also demonstrated that glycoproteins of MFGM
were capable of inhibiting the infection of Helicobacter pylori in a BALB/cA
mouse model, and the hemagglutination and adhesion of Helicobacter pylori
in HeLa S3 monolayers.

Bioactive peptides which exert numerous physiological responses can also
be generated from milk proteins in the gastrointestinal tract. Such bioactive
peptides are latent or encrypted within native protein precursors, thus pro-
teolysis is required for their release (GoBBETTI et al. 2004). Bioactive pep-
tides have been generated from most of the major proteins in both bovine
and human milk (SEveriN, WENSHUI 2005). Bioactive milk peptides were first
described in 1950, when MELLANDER (1950) reported that ingestion of casein-
derived phosphorylated peptides led to enhanced vitamin D-independent calcifi-
cation in rachitic infants. While bioactive peptides can be generated from
a variety of foods, milk proteins are generally regarded as a very rich source of
those peptides and, as a result, have become fundamental constituents of sev-
eral commercially available functional food products and ingredients (Table 2).
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Table 2

Compositions and concentrations of oligosaccharides in bovine milk, bovine colostrum
and human milk (MeHr, KeLLy 2006, Kunz, RupLorr 200), GopAL, GiLL 2000,

Naramura, UrasHiMa 2004

Oligosaccharide Bozr;nl(?_rlr)lilk C(E(;)S‘;:l;lllin Huznaﬂl_{l)lﬂk
C) g

Lactose 40 - 50 40 - 50 55-170
Neutral oligosaccharides
Lacto-N-tetraose trace - 05-15
Lacto-N-fucopentaose I - - 12-15
Lacto-N-fucopentaose 11 - - 03-1.0
Lacto-N-fucopentaose 111 - - 0.01-0.2
Lacto-N-difucohexaose I - - 0.1-0.2
Lacto-N-novopentaose NR*
N-acetylgalactosaminylglucose NR*
N-acetylgalactosyl-lactose NR*
a-3'-galactosyl-lactose NR*
f-3'-galactosyl-lactose NR*
6'-galactosyl-lactose NR*
N-acetyl-lactoseamine NR*
N-acetyl-galactosaminyl-lactose
NeuAc(a2e6)lactose 0.03 - 0.06 0.019 0.3-05
NeuAc(a2e3)lactose 0.095 0.1-0.3
N-glycoylneuraminyl-lactose
NeuAc-lacto-N-tetraose a trace - 0.03-0.2
NeuAc-lacto-N-tetraose ¢ trace - 0.1-0.6
NeuAc2-lacto-N-tetraose trace - 0.2-0.6
6-Sialyl-lactosamine 0.047
3-Sialyl-galactosyl-lactose trace

(3 pmol LY
Disialyl-lactose 0.028
Sialyl-lactose-1-phosphate trace

(3 pmol L1)
Sialyl-lactose-6-phosphate 1 u:liieL—l)
3-Glycolyl-neuraminyl-lactose trace

(2 pmol LY
6-Glycolyl-neuraminyl-lactose NR
GlecNAcb(1-3)Galb(1-4) - - -
GleNAch(1-3)Galb(1-4)Gle - - -

* NR - oligosaccharides detected and structurally characterized, but concentration not

reported
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Bioactive peptides from milk can be divided into the following categories
based on their physiological effect on the body or the protein from which
they have been derived: antihypertensive, antithrombotic, opioid, casein
phosphopeptides (CPPs), antimicrobial, cytomodulatory, immunomodulatory,
and miscellaneous peptides (HavEes et al. 2007).

Antithrombotic peptides that interfere with the formation of thrombi
have also been identified in milk (ZiMecki, KruzeL 2007). Enzymatic hydroly-
sis of k-casein has resulted in some of the most antithrombotic peptides to
date from food sources. Thrombosis is a pathological condition that results
in clot or thrombus formation in arteries, veins or the ventricles of the
heart. It is interesting that comparisons can be drawn between the mecha-
nisms involved in milk clotting, defined by the interaction of k-casein with
chymosin. and the mechanisms of blood clotting, defined by the interaction
of fibrinogen with thrombin (RutHERFURD, GILL 2000).

The so-called opioid peptides can also be found in bovine milk. Opioid
peptides show pharmacological similarities to opium. Caseins (asl-, as2,-
- and k-) and whey proteins are potential sources of opioid peptides. How-
ever, the major opioid peptides are fragments of -casein, called S-casomor-
phins (CLARE, Swaiscoop 2000). Similar proteins have also been reported from
human f-casein fractions. On the other hand, all k-casein fragments, known
as casoxins, behave as opioid antagonists (SEVERIN, WENsHUI 2005). Opioid
peptides have also been found encrypted within the primary sequence of
whey proteins such as lactoferrin, §-lactoglobulin, and bovine serum albu-
min (BELEM et al. 1999). B-casomorphins are resistant to the action of
gastrointestinal enzymes and have been associated with the following activi-
ties: antihypertensive, immunomodulatory, antidepressant, anti-secretory and
anti-diarrheal (PiaLANTO 2001). Opioid peptides are thought to be biologically
very potent; potentially, micromolar amounts may be sufficient to exert phy-
siological effects (MEISEL, FI1TzZGERALD 2000).

Milk is a rich source of antimicrobial proteins and peptides, capable of
exerting antimicrobial activities comparable to antibiotics. This effect is due
to the synergistic activity of naturally occurring peptides and defense pro-
teins besides immunoglobulins, such as lactoferrin, lactoperoxidase and
lysozyme and is greater than any individual contribution (CLARE et al. 2003,
StvERIN, WENsSHUI 2005). The potent properties of these agents can be reflected
by the example of bovine lactoferrin, which has displayed strong antiviral
activity against HIV and the human cytomegalovirus, the latter of which is
thought to act synergistically in patients with acquired immunodeficiency
syndrome (FLoris et al. 2003).

Milk fat

Milk fat is a concentrated source of energy (48% of the total energy
value of milk), responsible for the pleasant flavor of milk. Owing to its high
digestibility and nutritional value (up to 99%), bovine milk fat plays an im-
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portant role in human nutrition, although its fatty acid profile is less than
ideal (BARLOWSKA, LiTwiNczUuk 2009).

Fat is not a homogenous substance, and it comprises fat globules which
are dispersed in the aqueous phase of milk to form an emulsion. Fat glob-
ules contain triacylglycerols that account for 98% of milk fat. Their mem-
brane consists of glycoproteins, 1.1% phospholipids, monoacylglycerols (0.16-
-0.38%), diacylglycerols (0.28-0.59%), free fatty acids (0.1-0.4%), sterols (0.42%),
carotenoids and fat-soluble vitamins (GOrskA et al. 2006).

Bovine milk fat is characterized by one of the most complex structures
among all natural fats. According to various authors, it contains from 400
(JENSEN 2002) to around 500 fatty acids (REKLEwWsKA, BERNATOWICZ 2003), of
which only 15 have more than a 1% share of the total fat content, but their
combined composition (by weight) accounts for approximately 95% of the
total fatty acid profile. Around 36 fatty acids and their isomers have more
than a 0.1% share of the fatty acids profile in milk. The remaining fatty
acids are found in trace quantities (Parop1 2004).

Fatty acids — functional components of milk, whose properties are de-
termined by the length of the hydrocarbon chain and the number of unsatu-
rated bonds, have a decisive impact on fat quality. They are synthesized by
ruminal microflora from acetate, S-hydrobutyrate, triacylglycerols, lipopro-
teins and, in smaller quantities, from sterols, phospholipids and free fatty
acids. The nutritive value of milk is also determined by the presence of
minerals essential for human health (Bobkowskr et al. 2004, Paropr 2004,
Barrowska et al. 2005).

Fatty acids which are chain compounds with 4 to 16 carbon atoms are
synthesized by the glandular tissue of the udder, whereas fatty acids with
a longer chain are produced in the blood plasma. The diet of dairy cows can
by manipulated to affect the content of milk fat (BARLowska, Litwmiczuk 2009).

Bovine milk contains approximately 70% saturated fatty acids and 30%
unsaturated fatty acids. The latter are composed of monounsaturated fatty
acids (MUFAs) in around 83% and polyunsaturated fatty acids in 17% (Brzoska
et al. 1999).

The unique value of bovine milk fat can be attributed to short-chain
and medium-chain fatty acids (14% share of total fatty acids), which provide
a source of energy for muscles, heart, liver, kidneys, blood platelets and the
nervous system. The above fatty acids do not increase blood lipid levels and
they do not contribute to the risk of obesity (BaArRLowska, LiTwiNczuk 2009).
Butyric acid plays an important role in the prevention and treatment of
colorectal cancer. It stilts the development of neoplastic cells by inhibiting
DNA synthesis in their nuclei. Short-chain fatty acids contribute to the treat-
ment of colorectal diseases, including inflammatory bowel disease and ulcer-
ative colitis (PRZYBOJEWSKA, RAFALSKI 2003).

Long-chain fatty acids contain 16 and more carbon atoms, and they have
an estimated 56-68% share of the total fatty acid profile in bovine milk
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(P1suLEwskt 2000, Barrowska et al. 2006). This group of fatty acids comprises
mostly palmitic acid (C16:0 — 25-30% of total fatty acids) and stearic acid
(C18:0) (PisureEwskt 2000, Koranowskr 2007). Lauric acid (C12:0) and myristic
acid (C14:0) contribute to the risk of cardiovascular disease (SUNDRAM et al.
1994). Stearic acid (C18:0) has a neutral effect. This unsaturated fatty acid
is easily converted into oleic acid (C18:1, an unsaturated fatty acid) in the
body, and it has been shown to lower blood cholesterol levels. Similarly as
lauric acid and myristic acid, also palmitic acid increases the levels of low-
-density lipoproteins (LDL) and total cholesterol, it contributes to platelet
aggregation and the risk of arterial thrombosis. Excessive consumption of
palmitic acid increases the risk of cardiovascular disease and atherosclerotic
heart disease (WILKE, CLANDININ 2005).

The remaining bovine milk fatty acids contain one or more double bonds.
Monoene fatty acids have an estimated 30% share of the fatty acid profile,
including oleic acid with a 25% share. According to research, the above fatty
acids effectively counteract atherosclerosis (REKLEWSKA et al. 2005).

Milk fat contains approximately 3% essential fatty acids (EFAs) which
are not synthesized by the body and therefore have to be supplied with
food. In the process of dehydrogenation and chain elongation, EFAs are con-
verted into polyunsaturated fatty acids (PUFAs) which contain 2 to 6 double
unsaturated bonds. There are two distinct PUFA families, omega-3 (n-3) and
omega 6 (n-6). a-linolenic acid and linoleic acid are heads of the respective
families. The proportions of omega-6 to omega-3 fatty acids consumed in the
diet should be balanced, and the ideal n-6/n-3 fatty acid ratio is 4-10:1.
Essential fatty acids that deliver the greatest health benefits are C18:2
(linoleic acid) (n-3), C18:3 (a-linolenic acid) (n-3) and the resulting long-chain
fatty acids (containing more than 18 carbon atoms and more than 3 unsatu-
rated bonds), including arachidonic acid (C20:4, n-6), eicosapentaenoic acid
(C20:5, n-3) and docosahexanoic acid (C22:6, n-3) (SmmorouLos 2002, DYMNICKA
et al. 2005, MicINSKI et al. 2012).

The discussed fatty acids are essential components in the diet of infants
and children in the first months of life. They play an important role in the
development of the central nervous system and the retina. EFAs are bioac-
tive components that lower cholesterol levels and reduce the risk of athero-
sclerosis. Those prostaglandin precursors are found in cell membrane phos-
pholipids, and they have crucial cellular functions (REKLEWSKA, BERNATOWICZ
2003).

Oleic acid (n-9 family) is one of the most functionally important fatty
acids that delivers a variety of health benefits. Oleic acid inhibits the up-
take of cholesterol from ingested foods, lowers LDL levels, reduces blood
viscosity and lowers blood pressure. Other fatty acids with health-promoting
effects include linoleic acid (n-6 family) and the resulting arachidonic acid
(prostaglandin and leukotriene precursor), as well as fatty acids of the n-3
family (eicosapentaenoic acid and docosahexanoic acid). Cell membrane phos-
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pholipids contain n-6 and n-3 polyunsaturated fatty acids. When released
from phospholipids, they become a substrate for the synthesis of eicosa-
noids, including prostaglandins (PG), prostacyclins (PGI), thromboxanes
(TXA), leukotrienes (LT) and lipoxins (TURLEY, STRAIN 1993, SmMorPouLos 2002).

The health effects delivered by polyunsaturated fatty acids can be largely
attributed to the activity of eicosanoids, which regulate cardiovascular func-
tion, blood pressure, coagulation, plasma triacylglycerol concentrations, im-
mune response, inflammatory processes, proliferation and development of
neoplastic cells, hormone and neurotransmitter activity, gene expression,
renal function and pain sensation. Eicosanoids prevent ischemic heart dis-
ease, they boost immunity, transport lipids, including cholesterol, and lower
cholesterol levels in peripheral blood (KorLanowskr 2007, KowaLski et al. 2010,
ZWIERZCHOWSKI et al. 2011).

A deficiency of unsaturated fatty acids can adversely affect growth and
development, including weight loss and lower daily gains; it may promote
the pathogenesis of many diseases, impair cholesterol transport, increase
capillary brittleness and reduce the contractility of the cardiac muscle. Ade-
quate amounts of unsaturated fatty acids in the diet of pregnant women con-
tribute to increasing the birth weight of infants, support the development of
the baby’s central nervous system, and reduce the risk of allergies and atopic
ailments. Unsaturated fatty acids are considered essential for neural and reti-
nal development in newborn babies (BARLOWSKA, LitwiNczuk 2009).

Polyunsaturated fatty acids include conjugated dienes of linoleic acid
(CLA) whose double bonds may exhibit cis- and trans-type configuration. CLA
is an intermediate product of biohydrogenation of polyunsaturated fatty
acids by Butyrivibrio fibrisolvens bacteria in the rumen (BARLOwSKA, LITWIN-
czUKk 2009). In a study investigating the CLA content of butter, BAumaN et al.
(2000) isolated bonds with three configuration types: cis-trans, trans-trans
and cis-cis. In the above experiment, the CLA content of milk fat was deter-
mined at 5.30 g kg1, and the identified forms had a 85.8%, 9.4% and 4.8%
share of total CLA, respectively. According to Parop1 (2004), the CLA content
of milk fat may exceed 30.00 g kg1, with a predominance of biologically
active isomer cis-9, trans-11. Bovine milk products contain 2.90-11.30 g CLA
kg1 of fat, and cis-9, trans-11 CLA has a 73-93% share of this group of fatty
acids. Cheese is the richest source of CLA.

CLA has many important functional properties — it impairs the growth
of skin, breast, colorectal and gastric cancer cells. The cis-9, trans-11 isomer
shows the highest levels of biological activity, whereas the trans-10, cis-12
isomer is believed to prevent the development of obesity (Bawa 2003, WaNa,
JoNEs 2004). CLA helps prevent osteoporosis, reduces blood sugar levels,
boosts immune system function, lowers total cholesterol and LDL cholesterol
levels, and improves the LDL/HDL ratio in the blood plasma, thus contrib-
uting to the prevention of ischemic heart disease and atherosclerosis (REK-
LEWSKA, BERNATOWICZ 2003).
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Cholesterol accounts for 0.2-0.4% of total milk lipids. Average cholester-
ol concentrations are noted at 12 mg in milk with a 3.5% fat content, whereas
butter contains 240 mg cholesterol per 100 g fat. In milk lipids, around 90%
of cholesterol occurs in free form, whereas the remaining cholesterol is
esterified with linoleic acid (18:2), palmitic acid (16:0) and oleic acid (18:1)
(ZEGarskA 1998). Low density lipoproteins (LDL), high-density lipoproteins
(HDL) and very low-density lipoproteins (VLDL) account for 60%, 30% and
10% of total cholesterol in milk lipids, respectively. Saturated fatty acids
have varied effects on cholesterol concentrations. Fatty acids which contain
4 to 10 carbon atoms and stearic acid reduce blood cholesterol levels. Lauric
acid (C 12:0) and myristic acid (C 14:0) increase the risk of cardiovascular
disease, and so does palmitic acid, but only in elderly people (ZEGaRsKA 1998,
Paropr 2004).

Milk appears to protect against diabetes. The ingredient responsible is
trans-palmitoleic acid, found in milk, cheese, yoghurt and butter, which can-
not be synthesized in the human body and has to be supplied by food. On
the other hand, eating dairy products may contribute to excessive weight
gain and lead to the development of obesity-related diseases, including dia-
betes, particularly in elderly people (BarRLOWSKA, LiTwiNczUuk 2009).

While milk fat serves as a source of energy for the neonate of each
species, it is also a source of bioactive agents which can influence all as-
pects of physiology from the immune system to the CNS. In addition, its
components exert both antibacterial and antiviral activities. In the future
transgenesis may provide an approach towards altering the fatty acid com-
position of milk. The expression of a rat stearoyl-CoA desaturase gene un-
der the control of the bovine g-lactoglobulin promoter in transgenic dairy
goats altered the fatty acid composition of milk, resulting in a less saturat-
ed and more monounsaturated profile (REH et al. 2004). However, milk fat,
unlike other components, is more pliable in that its content can be manipu-
lated through the diet. The ability to manipulate the content of certain fatty
acids, such as CLA, has enabled scientists to directly enhance the therapeu-
tic properties of milk and dairy products (MiLLs et al. 2011).

Oligosaccharides

Infants and young children digest milk (lactose) easily since they pos-
sess specific bacterial flora. The majority of adults, however, lose this ability.
Researchers from the University of California in Davis and from the Utah
State University (USA) have analyzed the genomes of intestinal bacteria in
children and adults. They demonstrated that human milk oligosaccharides
(HMOs) are resistant to enzymatic hydrolysis, but they are degraded by
some Bifibobacterium longum strains. Bifibobacterium longum subsp. infantis
dominates in breastfed infants, and Bifibobacterium longum subsp. longum,
specialized for plant-derived carbon metabolism, is found in adults (MiLLS et
al. 2011).
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The origin of lactobacilli and bifidobacteria that colonize the neonatal
gut had in the past been attributed to contamination of the infant with
maternal microorganisms upon passage through the birth canal. However,
recent studies provided clear evidence that human milk is a direct source of
both lactobacilli (MARTIN et al. 2007) and bifidobacteria (MARTIN et al. 2009).
MARTIN et al. (2006) successfully tracked a Lactobacillus salivarius isolate,
which was shown to have potential probiotic properties, from the feces of
a one-month-old breast-fed infant to the breast milk of the respective moth-
er through the use of DNA finger-printing. Moreover, in a related study, an
analysis of the probiotic potential of another three Lactobacillus isolates from
breast milk indicated that each strain had probiotic properties comparable
to those of strains commonly used in commercial probiotic products (MARTIN
et al. 2005).

A total of 40 oligosaccharides identified in bovine milk are used to pro-
duce infant formulas. Most of those oligosaccharides are composed of short
oligomeric chains (Tao et al. 2008). Fructo-oligosaccharides and galacto-
-oligosaccharides (FOS and GOS) are highly effective in promoting the growth
of bifidobacteria and suppressing the development of pathogenic bacteria in
the gastrointestinal tract of newborns and adults (Clostridia and Escherichia
coli) (BoeEaM et al. 2005, Fanaro et al. 2005).

FOS are found in vegetables and fruit, such as onions, asparaguses,
artichokes and tomatoes (CRITTENDEN, PLAYNE 1996). GOS are produced through
the enzymatic conversion of lactose contained in bovine milk (MONTSERRAT,
SANTAMARIA-ORLEAN 2001). In 1905, Tissier (1905) demonstrated that Bifidobac-
terium bifidum is the predominant bacterial species in the intestines of
breastfed infants. Gyoray et al. (1974) isolated glycans from milk, which ena-
bled to identify all oligosaccharides (NiNoNEUVO et al. 2006) — the most im-
portant bioactive components of milk (Table 2). Also recent research find-
ings indicate that breastfeeding provides protection against pathogens, and
that the use of infant formulas supplemented with the GOS/FOS mixture is
an adequate alternative (BAKKAR-ZIERIKZEE et al. 2005, KnoL et al. 2005). The
incidence of respiratory inflammation (p = 0.01), atopic dermatitis (p = 0.01),
fever (p = 0.00001) and antibiotic use (p = 0.05) has been shown to be lower
among two-year-olds who were fed formulas supplemented with GOS in the
amount of 8 g dm3 for the first six months of their life (Moro et al. 2008,
Van HorreN et al. 2009).

It has been estimated that human milk contains 7-12 g dm™ oligosac-
charides (BoeaM, StanL 2007), about 5-10% of the lactose concentration. Milk
has a high and relatively stable lactose content (4.5-5.2%), and it also con-
tains trace amounts of glucose and galactose. Lactose is fully synthesized
from blood glucose by mammary gland cells. Glucose enhances calcium and
phosphorus absorption from food, and it effectively prevents rickets (LiTwiN-
czUK et al. 2006).
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A comparison of the oligosaccharide content of human milk with milk
from other animal species indicates that human milk is unique in terms of
the complexity and content of oligosaccharides (Kunz et al. 2000, BoEHM, STAHL
2007). HMOs reach the maximum concentration in the colostrum (above
20 g dm=3) after which they remain at a stable level in mature milk (ap-
prox. 12-14 g dm=3) (Coppa et al. 1999). Bovine milk, on the other hand,
contains very low levels of oligosaccharides, around 1 g dm™3 (MONTREUIL
1960). In addition to lactose, bovine milk contains trace quantities of glu-
cose and galactose. Glucose promotes the absorption of calcium and phos-
phorus from milk, thus preventing rickets in children (KozIKOWSKI,
PrzyByrLowicz 1994, LiTwiNczUK et al. 2004).

Interestingly, milk oligosaccharides have been shown to play a signifi-
cant role in the induction the inflammatory immune response. Inflamma-
tion is a complex multi-step process providing a non-specific defense mecha-
nism against tissue injury. During the inflammatory process, injured tissue
cells release chemical signals called inflammatory mediators that activate
the endothelium of nearby capillaries. This activation results in the release
of cell surface adhesion molecules referred to as selectins, which are glyco-
protein in nature, and essential for the formation of plateletneutrophil com-
plexes — PNC (Kannaar 2002, Ley 2003, RHEE et al. 2003). These heterogene-
ous cell aggregates represent a large subpopulation of neutrophils with
a greater capacity for phagocytosis and increased production of reactive oxy-
gen species — ROS (PETERs et al. 1999).

Calcium and vitamins in milk

Milk lipids are also abundant in vitamins A, D, E and K. One liter of
milk covers 25% of the daily recommended intake of -carotene and vitamin
A, and 10% of RDI values for vitamins D and E (PErczyNskA 1996, SCHOROEDER
et al. 2003). The vitamin A content of bovine milk lipids ranges from ap-
prox. 0.60 to approx. 2.00 mg in 100 g of fat, and it is affected by the cow’s
feeding period (ZEGARSKA 1998). Vitamins A, E and S-carotene boost the im-
mune system, and they play a significant role in growth, reproduction and
vision.

As demonstrated by ZemEL (2005), calcium found in bovine milk helps us
stay slim. It has been suggested that dietary calcium exerts this effect on
weight through the calcitrophic hormones, parathyroid hormone and 1,25
(OH) 2 D (ZEmEL 2004). These hormones have been shown to respond to low-
-calcium diets and exert coordinated regulatory effects on human adipocyte
lipogenic and lipolytic systems (ZEMEL 2004). Dairy products may supply
580 mg calcium daily. For optimal results, high calcium intake should be
accompanied by an increase in blood vitamin D levels. At high milk con-
sumption, vitamin D concentrations may reach 30 nanograms per milliliter.
Researchers from the Ben-Gurion University in Beer-Shera, the USA and
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Germany have found that increased calcium intake and high blood levels of
vitamin D contribute to weight loss.

Dietary calcium sources, including milk, exert markedly greater effects
in attenuating weight than supplemental calcium (ZEMEL 2005). In a study by
ZEMEL (2004), 32 obese adults were maintained on balanced calorie-deficit
diets — 500 kcal/d and 400-500 mg Ca/d (group I) and 800 mg Ca/d (group
II), or a diet high in dairy products (3-4 servings of milk, yogurt, or cheese
daily; total calcium intake of 1.20-1.30 g/d). Over the 24-wk trial, group I
subjects lost 5.4% of their body mass, compared with 8.6% and 10.9% in
groups II and III, respectively (differences significant at p < 0.01).

The greater effect observed for dairy calcium has been attributed to
additional bioactive components which have been assigned to the whey por-
tion of milk (Causky, ZEMEL 2003, ZEMEL 2005). ACE-inhibitory (Angiotensin
Converting Enzyme) activity has been postulated as increasing the fat-re-
ducing effects of dairy calcium, since angiotensin-II regulates, in part, adi-
pocyte lipogenesis (PFEUFFER, SCHREZENMEIR 2007). Moreover, branched-chain
amino acids (BCAA, leucine, isoleucine and valine) have also been implica-
ted in the process, since in addition to protein synthesis, these amino acids
also play specific metabolic roles as energy substrates and in the regulation
of muscle protein synthesis (LaymMan 2003). As already discussed in this re-
view, MCFAs (Medium Chain Fatty Acids) have been shown to have a posi-
tive effect on weight reduction. However, not all studies have concluded
that dietary calcium or dairy calcium has a positive effect on obesity, and
the controversy relating to the results of clinical trials has been discussed
in the following reviews (BarBa, Russo 2006).

Longer term trials are required to thoroughly investigate the effects of
dietary calcium as changes in fat mass may be too small to detect in short
periods of time. In addition, several other dietary factors must be consid-
ered such as total energy intake, dietary protein content and vitamin D
status. Moreover, nutrigenomics has been proving that different populations
and different individuals demonstrate variable responses to the same die-
tary components. BARBA and Russo (2006) have suggested that the complex
composition of dairy foods may be responsible for this biological variability.
Overall, the evidence suggests that dairy foods have an important role to
play in weight regulation. In the future, a better understanding of the mech-
anisms involved in dairy calcium and weight loss will enable reliable recom-
mendations for dairy calcium consumption which will potentially help re-
duce the development of obesity in many individuals.

Drinking milk after exercise has positive effects in both children and
adults. Milk supplies carbohydrates, electrolytes, calcium and vitamin D. Ca-
sein and whey contained in milk encourage muscle gain and regeneration.
Eating large quantities of dairy products may help achieve longevity. A study
involving 4000 human subjects has shown that individuals eating adequate
amounts of dairy products (cheese, milk, butter), beginning in early child-
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hood, are less likely to have a stroke later in life. Surprisingly, although
many dairy products contain fat and cholesterol, their consumption by chil-
dren does not increase the risk of heart diseases in adults, and it reduces
mortality rates by 1/4. Therefore, children should drink a glass of milk eve-
ry day, eat yoghurt and cheese, and switch to skim milk and milk products
at a later age (BarLowska, LitwiNczuk 2009).

Minerals in milk

Milk is a rich source of minerals, mainly calcium, phosphorus, sodium,
potassium, chlorine, iodine, magnesium and, in small quantities, iron. Cal-
cium is the key mineral component in milk. Its content largely determines
the nutritional value and heat stability of milk, as well as its suitability for
cheese production. The average calcium content of bovine milk falls in the
range of 0.60-1.20 g dm=3 (milk calcium is easily absorbed and is character-
ized by a high level of physiological activity owing to a favorable calcium to
phosphorus ratio of 1.2:1). Milk contains 0.75-1.10 g dm=3 of phosphorus,
and phosphorus concentrations are generally stable and independent of the
nutritional regime of cows. The magnesium content of milk is determined
in the range of 100 to 150 mg dm™ In milk, magnesium is found in the
form of soluble compounds (75% of total Mg) as well as colloidal compounds
(phosphates, citrates). Magnesium concentrations are correlated with the cal-
cium content of milk. Magnesium levels and the magnesium to calcium ra-
tio determine milk’s heat stability (NaJERA et al. 2003, KroL et al. 2006,
LitwiNczuk et al. 2006).

Milk has a high content of potassium, sodium and chlorine. It contains
1.35 to 1.55 g dm™3 of fully ionized potassium. The sodium content of milk
is determined at 350-600 mg dm™3, and chlorine levels are noted in the
range of 0.80-1.40 g dm=3 (KROL et al. 2006). Sodium chloride stabilizes the
osmotic pressure of milk (including lactose). A drop in lactose levels result-
ing from, for example, mastitis, increases the rate of NaCl diffusion from
blood. Milk contains trace quantities of iron — 0.42 to 0.45 mg kg~! (GORsKa,
OPRZADEK 2004).

Summary

As a rich source of minerals and nutrients, milk is one of the key components of the
human diet. Milk proteins contain readily available amino acids such as lysine, methionine
and tryptophan. Milk lipids are abundant in essential fatty acids, and they are characteri-
zed by an optimal ratio of omega-3 to omega-6 fatty acids. Bovine milk is also rich in re-
adily available macronutrients and micronutrients (calcium, phosphorus, chlorine, magne-
sium) which support an array of critical biochemical functions in the human body.

Milk is the natural food which has evolved under selective pressure to meet the nu-
tritional needs of mammalian offspring. Today scientists, members of the Milk Genomics
Consortium, are going beyond an analysis of individual milk components to examine the
genomics of milk, i.e. the genes that code the composition of milk (GErmMAN et al. 2006),
with the expectation that such an approach will help describe the principal biological defi-
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nition of mammalian nutrition. The future for milk research therefore looks brighter than
ever and no doubt will continue in this direction as scientists learn more about milk, yet
highly organized food which should serve as a model system for creating superior functio-
nal food products (MiLLs et al. 2011) .
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