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Grain characteristic, chemical composition, and functional properties of rye were measured in 19
different cultivars grown in one location in up to 3 years. The cultivars included 8 adapted hybrids, 7
adapted population cultivars, and 4 nonadapted population cultivars. The results showed a significant
influence of both harvest year and genotype on grain characteristics, chemical composition, and
functional properties of the grain. Multivariate data analysis confirmed that the variations in the data
were explained by yearly and genotype differences. Calculations of variance components showed
that the variations in plant height, harvest yield, and protein content were mainly due to genotype
differences and to a lesser extent to differences among harvest years. The kernel weight, hardness
index, and content of dietary fiber components, however, were more strongly influenced by the harvest
year than by the genotype. Differences in starch properties measured by falling number (FN),
amylograph peak viscosity, and temperature at peak viscosity were more strongly influenced by harvest
year. The water absorption was strongly influenced by genotype effects, compared to yearly
differences. FN and amylograph peak temperature were positively correlated (r = 0.94). No correlation
was found between the water absorption and the relative proportion of water-extractable arabinoxylan
(AX) compared to the total AX content. However, the degree of ferulic acid cross-linking showed a
negative correlation (r = —0.70) with the water absorption.
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INTRODUCTION Rye is a hardy crop, and the production of rye is environ-

A substantial part of the world rye harvest is used for bread Mentally friendly. Compared to wheat, rye can advantageously
baking, especially in central, northern, and eastern EuropeanP® grown in organic farming, due to reduced requirements of
countries where>3 million tonnes of rye is used for bread- fertilizer and pe_st|C|de_s. Grain yields of rye, parUcuIarIy those
making per year (1). Thus, rye bread plays an important role in of the new hybrid cultivars, are comparable to wheat yields on
the nutrition of populations with high rye consumption, although 900d soils and superior on poor soils where wheat performs
the intake of rye has been declining for several yeajsThe badly (6, 7). The term “population cultivar” designates rye
nutritional benefits of a high rye consumption include positive Cultivars bred by traditional breeding methods, compared to
effects on digestion and decreased risk of heart diseasehybrid cultivars that are produced by the newer non-GMO
hypercholesterolemia, obesity, and non-insulin dependent dia-hybrid breeding methods (8).
betes, and probably rye also has a protective effect against some The test weight or weight of grain per unit volume is used
hormone-dependent cancer typ2s4). WHO (5) has declared as an index of rye grain quality, and minimum test weight
that those diseases are among the diseases that create the greatspecifications are an integral part of the rye grading systems of
health problems in the European region. the European Community (EC) and other rye-producing coun-
. tries (6. The minimum test weight requirement for intervention
65 g%;?fggﬂ%ﬁ‘(%ﬁi“g‘_or (telephoriel5 35 28 32 41, fax-45 3528 32 of rye in the European Union (EU) is 68.0 kg/h@)(The kernel

%Depaﬁmem of Dairy and Food Science, KVL. weight of rye, measured as the weight of 1000 kernels, depends

*Present address: The Danish Veterinary and Food Administration, on grain density and size, and the kernel weight of rye grown
M%rglﬂa?tﬁggfo%ig?i’éﬁﬁ?; Soborg, Denmark. in different countries ranged between 15.7 and 33.7 g/1000
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The main chemical constituents of the rye grain are starch, Only a few studies have dealt with the relative contribution
dietary fiber (DF), protein, and mineral matter (ash). The starch of genotype and environment to the chemical composition and
content is limited mainly to the endosperm, and contents quality parameters of rye grain. Gan et ak5) found a
between 57.1 and 65.6 g/100 g of dry matter (dm) are reported significant effect of genotype and environment on the extract
in rye (6, 10). The DF components are found as cell-wall Vviscosity of winter rye. Rattunde et al2§) investigated the
constituents in all parts of the kernel, and the total content of variation and covariation in milling and baking quality among
DF reported in rye grain is between 14.7 and 20.9 g/100 g of 38 winter rye single crosses, grown in three environments in
dm (10—15). Approximately 25% of the total DF components One year, and found a significant influence of the genotype. In
are water-extractable (WE). Pettersson et &6)(reported a  another study with rye, Wilde and Weipei27) found that
range of variation in the proportion of WE to total DF of 25— environmental effects had by far the most important influence
30%, whereas the variation found among the samples used inon the FN, amylograph peak viscosity, and peak temperature
the present study was 232% (15). The main constituents of ~ Of rye compared to the effects of genotype and covariation. In
rye dietary fiber are arabinoxylans (AX) or pentosans. The total & recent publication, significant effects of both _harvest year and
content of AX reported in rye is between 6.5 and 12.2 g/100 g Y& genotype on the content and composition of DF were
of dm (17). The content of protein reported in rye cultivars, demonstrated (28). With regard to the content of DF compo-
grown in different countries, was between 9.0 and 15.4 g/100 N€Nts, the yearly differences contributed more than genotype
g of dm, and the ash content was between 1.61 and 2.24 g/10¢° the total variation. The degree of branching of the total and
g of dm (). The only low molecular weight sugar found in WE AX, however, was strongly influenced by the genotyps)(
considerable amount in rye was sucrose (0.7 g/100 g), wheread" @ corresponding study of grain samples from the same study,

lower contents €0.1 g/100 g of dm) of glucose, fructose significant differences in the content of phenolic acids were
raffinose, and stacﬁyose were measured (18), ' " found among cultivars and harvest yea289); Some charac-

. . h K all of i . teristic differences in dough yield and bread volume among
Ryg grain contains enzymes that attac all 0 Its mMajor ¢ itivars of rye have also been report@d), whereas replicated
constituents, and especially the starch-degrading amylases playy,gies used to quantify the relative influence of genotype and

a key role in relation to the baking quality of the flo@)(The harvest year on these parameters have not been published with

activity of the amylases is measured by the falling number (FN) rye.

method. Rye that is sound and not sprout-damaged normally ~ The main purpose of the present study was to determine the

has a FN in the range of 150 s, and in dry years the FNs are gjative contributions of genotype (cultivar) and harvest year

~300 s and higher@). The minimum FN requirement for 4 the total variation in grain characteristics, chemical composi-

intervention of rye in the EU was 100 8)( A FN thatis o0 tjon, and functional properties related to the baking quality of

low results in pasty and unacceptable bread. Problems with low rye - Another aim was to find correlations between grain

FN in rye have been reduced considerably due to the breedingcharacteristics, chemical composition, and functional properties

of new cultivars with better resistance to preharvest sprouting of the grain by means of traditional correlation analysis as well

(19). A high content of pentosan has been suggested to have as multivariate data analysis.

protective effect against enzymatic breakdown of stagf)).(

The starch quality and the breakdown through activity of pMATERIALS AND METHODS

o-amylase are also measured by the amylograph test. The

maximum viscosity of a ryeislurry heate.d n the a.mylograph same location (The Danish Institute of Agricultural Sciences, located

and the temperature at maximum viscosity, Wh'Ch_ IS “F’m_‘a”y at Rgnhave, Denmark; UTM 549238 eastern, 6090270 northern) in three

reached between 62 and 76 (21), are used as quality criteria.  growing seasons (1996/1997, 1997/1998, and 1998/1999). The cultivars
The water absorption of rye flour is measured by the included 8 hybrids (Rapid, Esprit, Amando, Ursus, Avanti, Apart,

farinograph method. This quality parameter is correlated to the Marder, and Farino) and 11 population cultivars (Petkus II, Dominator,

amount of water that can be added to the dough and therebyMOttOr Quadrigaz Nikita, Hacada, Amilo, Tsulpan3, Pons_i, Akusti, and

determines the economically important dough and bread yield Anna). The hybrids Marder and Farino were not grown in 1996/1997.

. . The cultivars Tsulpan3, Ponsi, Akusti, and Anna were not adapted to
aChIeV.ed from a given amount of flour. The lack of glut.en the Danish climate, whereas the other 15 cultivars were adapted. The
formation in a rye dough makes the role of the swelling

. - ) nonadapted cultivars are suited for growth in the northern parts of
substances (mainly AX) highly important for the dough structure scandinavia and Russia, where the climate is colder than in Denmark.
(6). The water absorption is dependent on the content andThus, the performance of these varieties might not be optimal in the
properties of AX. Especially the proportion of water-extractable Danish climate. The cultivars were included in the study in order to
(WE) AX to total AX is considered to be important for water increase the genetic variability.

absorption (2223). The role of the rye proteins for the water ~ Each cultivar was grown in four replicated plots of 18 sive in a
absorption of rye whole meal and rye flour is probably low fully randomized block design. Grain samples from each plot were

: : . harvested, milled, and analyzed separately, and original seed material
compared to wheat as a higher proportion of the rye proteins was used each year. Seeding rates were adjusted to give 300 ptants/m

are water soluble (23). However, Dorfer (24) found that the ;,'1996/1997 and 1998/1999 and 250 planfsml997/1998. Fertilizer
addition of a protease to rye slurry caused a significant reduction (150 kg of N/ha in 1996/1997 and 130 kg of N/ha in the two following

of the viscosity. years) was given in three applications. Pesticides and growth regulators
In the milling and baking industry it is a well-known fact Were used according to normal practice. The use of pesticides and
that rye quality can be highly different from one year to another. _growth regulators was constgnt from year to year. The soll qt Rgnhave
Relatively litle attention, however, has been paid to the 'S @ sandy loam. The hybrids were grown as pure hybrids, where
. . . . commercial hybrids today are mixed with 10% of population varieties
differences in rye grain quality due to rye genotypes. Contrary

. . : - L in order to reduce the infection by erg@&).
to the situation with wheat, the milling and baking industry The climate conditions of the three years were in contrast with one

normally do not have specific preferences regarding the rye another. The summer of 1997 and the harvest period in August were
cultivar. In addition, plant-breeding efforts with rye have not relatively warm and dry. The summer and the harvest time in 1998,
been as intensive as with wheat. however, were rainy, and the summer of 1999 was very warm. The

Rye SamplesNineteen different cultivars of rye were grown at the
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degree of lodging was high in 1997 field plots, which is why the Functional Properties. Falling Number and Amylograph Measure-
nitrogen supply was lowered from 150 g/ha in 1996/1997 to 130 g/ha ments.The FN was determined according to ICC standard BZj.(
in the two following years. In 1998, the degree of lodging was also Amylograph measurements were performed with a Viscograph E
high, but this was explained by the wet climate of that year. In 1999, (Brabender OHG, Duisburg, Germany) according to ICC standard
practically no lodging occurred except for the cultivar Tsulpan3. method 126/1 (32). The maximum viscosity in Brabender units (BU),
Measurements of harvest yield, plant height, test weight, kernel temperature at maximum viscosityQ), and temperature at the
weight, grain hardness index, protein content, FN, amylograph mea- beginning of gelatinization (°C) were registered.
surements, and water absorption were performed on 17 cultivars from ~ Water AbsorptionThe water absorption of rye whole meal was
all three harvest years and on the varieties Marder and Farino from themeasured as described in the standard methods (ICC method 115/1)
1998 and 1999 harvests. Seven cultivars (Esprit, Amando, Ursus, (32, 34) with some modifications: 200 g of flour (14% moisture basis)
Tsulpan3, Anna, Amilo, and Motto) grown during the three years were was mixed in a 300 g farinograph bow! (at 30 rpm) with demineralized
selected for performance of baking tests from which the results will water to a final dough consistency of 38010 BU after 10 min of
be published in a separate paper. These selected cultivars were alsgneading time. The water absorption was calculatecasy — 200)/
used for measurements of content of low molecular sugars. Starch and2, wherex = water added (mL) ang = actual amount of flour added
ash contents were measured in 17 varieties from the 1997 harvest. Allaccording to the correction table for 14% moisture content (AACC
measurements were performed at least in duplicate on each grain sampléethod 82-24) (35).

(plot). Results are presented as mean valissandard deviation (SD) Statistical Analysis. All statistical analyses were performed by
of at least two plots from the same cultivar and year. means of SAS software, version 8.2, SAS Institute Inc., Cary, NC.
Plant Height, Harvest Yield, and Grain Characteristics. Plant The significant effects of genotype (cultivar), harvest year, and their

height (cm) from the soil surface to the base of the spike was measuredinteractions on the quality parameters were determined by a two-way
at maturity on plants from each plot. The harvest yield of each plot analysis of.variance anql covariance (GLM procedure) on data from
was measured and calculated as hkg of grain/hectare (ha) at 85% dryjthe 17 cultivars grown in all three years. A general model for the
matter content. The 1000-kernel weight (g) was determined as the mearstatistical analysis was

of three samples of 200 kernels and calculated as weight per 1000

kernels. Test weight was determined as the weidht & of grain. X =1+ 7+ Y+ G + (Y x G)j + €

Kernel hardness index was measured by the Single Kernel Character-

ization System 4100 (Perten Instruments, Huddinge, Sweden). whereX; was the observation within thigh year {;) of thejth genotype
Milling of Grain Samples. Grain samples were milled on ahammer  (G)) in the kth replicate (3), « was the overall mean, (X G); was the

type cyclone mill (laboratory mill 120, Perten Instruments) with 2 0.5 interaction, andej was an error term. Variance components were

mm sieve (for measurements of protein, ash, starch, and low molecularca|culated by means of the procedure VARCOMP (SAS) using the

weight sugars) and with an 0.8 mm sieve (for measurements of FN restricted maximum-likelihood method (REML). Significance levels

and amylograph viscosities). Rye grain for measurements of water jn the paper refer to the test results in a fixed effects model, whereas,

absorption was milled to rye whole meal on a disk mill (type MHA  for the calculation of variance components, genotype and year were

600 for 1997 and 1998 samples and type 400 for 1999 samples) (Unitedtreated as random factors.

Milling Systems, Copenhagen, Denmark). The particle size distribution  Effects of genotype within each harvest year were tested by a one-

of the whole meal was as follows>1 mm, 0.7—1.4%; 500-1000  \ay analysis of variance. Significant differences among mean values

#m, 20.6—24.5%; 250—50@m, 24.4-26.3%; 160—25@m, 9.4— were found by a multiple test (Tukeyst test; P < 0.05). Pearson

10.1%; and=160um, 38.6—43.8%. The particle size distribution was  correlation coefficientsrf were calculated between all of the measured

similar to th_at of commermal Danish rye whole meal. The _content of parameters [including the DF data reported earli) across cultivars

dry matter in the milled samples was measured according to ICC anq years]. All measurements presented in the paper were performed

standard 110/1 (32). All values were calculated on a dry matter basis. op, replicate experimental units (plots), and data are presented as mean
Chemical Analysis.Protein, Ash, and Starchhe content of raw value + standard deviation (SD).

protein was determined in the grain samples by Kjeldahl determination  Multivariate Data Analysis. A principal component analysis (PCA)

(ICC method 105/1)32). Ash content was determined according t0  was performed on all samples and all variables according to the method

ICC method 104/132). The content of starch was measured according of Martens and Nees36) using the software Unscramble&7). The

to the enzymatic colorimetric method as described by Bach Knudsen content of total DF, which was reported by Boskov Hansen etl), (

et al. (33). was included in the PCA. The aim of the PCA algorithm was to
Low Molecular Weight Sugarsihe content of glucose, fructose, determine the latent factors or principal components (PCs) in the data

saccharose, and maltose was determined by HPLC. The milled grainset, which described most variation. On the basis of vector algebra the

sample (1.0 g, particle size 0.5 mm) was mixed with internal standard ~ data material was compressed into scores for principal components,

(1.0 mL of erythritol solution, 20 mg/mL) and extracted with warm  which were plotted on a score plot. Scores placed near each other

ethanol (9.0 mL, 96%, 86C). The suspension was mixed by using an indicate that the samples act similarly. The included variables were

Ultra-Turrax T-25 (Janke and Kunkel GmbH) and centrifuged (3000 expressed as loadings and plotted together with the scores in a biplot.

rpm, 30 min, room temperature) in a Sorvall RC-5 centrifuge (Dupont A score placed near a loading indicates a high influence by the variable.

Instruments). The extract was filtered through a QudbMinisart filter.

Sugars were separated by HPLC (Varian Chromatography Systems,resyLTs

Walnut Creek, CA) with a Supelcosil LC-NHolumn (25 cnt+ 4.6

cm; 5um, no. 58338) and acetonitrile/water (82:18) as eluent (1.2 mL/  Plant Height, Harvest Yield, and Grain Characteristics.

min). Sugars were quantified by refractive index detection (Varian Star The measured parameters plant height, harvest yield, and grain

9040, Varian Chromatography Systems). All extracts were prepared characteristics showed a large range of variation among cultivars

in duplicate on each grain sample. (Table 1) and less variation among harvest yediable 4). A
Dietary Fiber Componentdhe content and composition of dietary  sjgnificant influence of harvest year, genotype, and covariation

fiber, including total, WE, and water-unextractable (WUE) DF, mixed- \yas found Table 4). Characteristic differences in plant height

linkage -glucan, and fructan was determined in samples from all 19 and harvest yield were found among adapted hybrids, adapted

cultivars from which the seven sele_cted cultivars were analyzed all thrge opulation cultivars, and nonadapted population cultivaable
years. The methods of the dietary fiber measurements as well as detaile

data on DF in the samples are described by Boskov Hansen &53l. ( )- ) )

Only selected data from the DF analyses are presented in this paper. Plant Height.The plant height ranged between 135 and 194
For more details on the DF content and composition, please refer to cm. Hybrid cultivars were generally slightly lower than adapted
the previous publication (15). population cultivars and much lower than nonadapted cultivars
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Table 1. Characteristics of Rye Grain from Different Cultivars Grown under the Same Conditions in 1996/1997, 1997/1998, and 1998/1999

harvest yield plant ht kernel wt test wt
(hkg/ha) (em) (9/1000 kernels) (g/L of grain) hardness index

cultivar group® 1997 1998 1999 1997 1998 1999 1997 1998 1999 1997 1998 1999 1997 1998 1999
Rapid H 95.2 84.7 90.3 152 150 144 31.6 28.8 39.9 766 752 794 45.8 46.6 55.3
Esprit H 93.4 89.3 1012 154 151 143 29.9 275 36.9 769 740 793 41.1 417 47.0
Amando H 84.9 80.3 90.8 155 153 135 273 25.9 32.6 767 744 785 51.1 56.6 54.7
Ursus H 89.2 89.5 1041 145 148 140 29.4 26.0 36.1 755 730 794 435 46.7 51.5
Avanti H 99.7 946 1041 149 148 138 31.0 27.3 34.6 760 739 786 48.6 51.2 57.3
Apart H 84.4 81.1 93.8 151 155 146 321 28.6 37.0 774 750 794 46.0 48.0 56.2
Marder H - 81.7 96.1 - 146 140 - 245 319 - 734 790 - 48.4 52.3
Farino H - 89.5 1034 - 143 135 - 25.9 343 - 738 796 - 40.6 48.9
Petkus Il P 72.3 68.2 68.0 158 160 149 311 28.0 36.8 764 743 796 43.3 45.8 50.8
Dominator P 78.3 76.5 87.2 157 158 148 28.8 27.3 355 766 751 802 43.0 46.1 55.3
Motto P 79.8 717 785 161 165 146 331 30.0 371 781 754 792 46.9 46.1 52.2
Quadriga P 78.8 73.7 89.3 145 148 140 28.6 254 33.0 776 752 806 46.6 46.2 55.2
Nikita P 77.3 74.5 83.5 151 156 149 32.8 29.1 37.0 761 747 798 44.9 45.2 52.2
Hacada P 68.3 69.8 85.7 159 164 151 29.3 284 36.5 772 753 804 443 436 53.6
Amilo P 80.8 725 79.6 155 159 159 318 29.1 37.0 779 753 794 48.8 48.0 54.6
Tsulpan3 P1 61.7 53.7 51.4 155 168 144 30.5 25.1 343 748 719 726 47.4 525 491
Ponsi Py 61.5 51.3 58.3 168 179 158 25.7 204 28.9 743 702 756 46.2 50.0 51.8
Akusti Py 52.4 56.2 67.4 168 178 151 27.0 22.3 27.6 771 737 782 435 478 495
Anna P1 56.9 52.8 59.9 180 194 173 28.7 23.9 28.6 747 715 756 45.1 471 47.6
S |g n Ifb *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk *kk
LSD value® 15.0 73 8.9 5 7 23 5.1 2.3 29 31 18 9 5.7 53 38
nd 4 4 4 4 4 4 4 4 4 4 4 4 3 4 4
group means

H 91.1 86.3 98.0 151 149 140 30.2 26.8 354 765 741 791 46.0 475 52.9

P 76.5 724 81.7 155 158 149 30.8 28.2 36.1 771 750 799 454 459 53.4

P1 58.1 53.5 59.3 168 179 156 28.0 22.9 29.8 752 718 755 45.6 49.3 495

aH, hybrid; P, population cultivar; P1, nonadapted population cultivars. ® Significance level for the effect of genotype within each harvest year: ***, P < 0.1%; **, P =
0.1-1.0%; *, P = 1.0-5.0%; ns, nonsignificant (P > 5%). © Least significant difference between means in the same column. ¢ n = number of grain samples (plots) analyzed
from each cultivar. € The cultivar was not grown in 1997.

(Table 1). Genotype effects were high (52% of total variance), = Chemical Composition.Protein ContentThe protein content
compared to yearly effects (23%) and covariance (7%) (Table ranged from 8.0 to 11.3 g/100 g of diigble 2). The cultivar
4). Anna had the highest protein content (1:611.3 g/100 g of
Harvest Yield Harvest yields ranged from 51 t0104 hkg/ha dm), whereas the lowest content was measured in the hybrid
among all varieties and harvest years (Table 1). The harvest cultivar Farino (7.9 g/100 g of dm). The protein content was
yield was influenced the most by the rye genotype, which significantly influenced by both genotype and harvest year;
accounted for 80% of the variation, whereas yearly differences however, the influence of the genotype was very high (67%)
contributed only 8% of the total varianc&gble 4). Adapted (Table 4). The nonadapted cultivars generally had the highest
hybrid cultivars produced 10—20% higher yields compared to protein content and the adapted hybrid cultivars the lowest
adapted population cultivars, whereas nonadapted populationprotein content (Table 2).
cultivars produced much lower harvest yields than adapted Starch and Ash Conterithe starch content of the 17 cultivars
cultivars (Table 1). The highest yields were achieved in the harvested in 1997 ranged between 57.0 and 62.5 g/100 g of dm
warm summer of 1999, with a mean harvest yield among the (Table 2), and significant differences were found among the
17 cultivars of 82 hkg/ha compared to 77 hkg/ha in 1997 and genotypes. In general, grain from the nonadapted cultivars with
73 hkg/ha in 1998 (Table 4). high protein content contained less starch (58.0 g/100 g of dm)
Test Weight and Kernel Weighthe test weight ranged from  compared to adapted hybrids (60.7 g/100 g of dm) and adapted
702 to 806 g/L, and weight per 1000 kernels ranged from 20.4 population cultivars (61.5 g/100 g of dm).
g (Ponsi, 1998) to 39.9 g (Rapid, 1999%aple 1). Test and The ash content ranged from 1.8 to 2.2 g/100 g of dm among
kernel weights were highly influenced by both harvest year (63 the 17 cultivars harvested in 199Table 2), and significant
and 65%) and genotype (23 and 25%fle 4). The test weight  differences were found among the genotypes. The nonadapted
and kernel weight were highest in 1999 (786 g/L, 35 g/1000 cultivars showed a slightly higher ash content than adapted
kernels) and lowest in 1998 (740 g/L and 27 g/1000 kernels) hybrids and adapted population cultivars.
(Table 4). Generally, the adapted cultivars had higher test weight Low Molecular Weight Sugar§&ucrose was the low molec-
and kernel weight than the nonadapted cultivarable 1). ular weight sugar found in highest amount in the rye samples,
Grain Hardness IndexGrain hardness index ranged from but the concentration was rather low (6@.7 g/100 g of dm)
41 to 57 Table 1). As a mean of the three harvest years Esprit (data not shown). No significant difference in sucrose content
had the softest kernels, whereas Avanti was the cultivar with was found among harvest years or groups of cultivars. Only
the hardest kernelsTéble 1). The variation in grain hardness traces 0.1 g/100 g of dm) of fructose, glucose, and maltose
index was most influenced by the harvest year (51%), with a could be detected in the samples (data not shown).
lower influence of the genotype (19%) (Table 4). The mean  Dietary Fiber. The content of AX ranged from 8.7 to 11.5
value of grain hardness index was highest in 1999 £53) 0/100 g of dm, and the proportion of WE AX relative to total
and lowest in 1997 (46 1). AX varied between 26 and 39% among cultivars and harvest
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Table 2. Content of Protein, Total Arabinoxylan (AX), Water-Extractable (WE) AX, Proportion of WE to Total AX, Ash, and Starch in Different Rye
Cultivars Grown under the Same Conditions in 1996/1997, 1997/1998, and 1998/1999

protein total AX WE AX WE/total AX® ash starch
(9/100 g of dm) (9/100 g of dm) (9/100 g of dm) (%) (9/100 g of dm)  (g/100 g of dm)

cultivar group® 1997 1998 1999 1997 1998 1999 1997 1998 1999 1997 1998 1999 1997 1997
Rapid H 8.9 8.6 8.4 8.0 10.0 - 2.7 33 - 34 34 - 1.9 61.6
Esprit H 9.1 8.2 8.1 8.8 9.9 10.0 2.7 3.2 3.0 31 33 30 18 60.7
Amando H 9.7 9.0 8.9 9.6 9.7 105 3.6 3.8 33 37 39 31 1.9 60.1
Ursus H 8.6 8.1 8.6 8.7 10.7 100 30 34 2.6 34 32 26 1.9 59.9
Avanti H 8.6 8.1 8.0 8.6 9.6 - 3.0 35 - 33 36 - 1.8 61.0
Apart H 9.1 8.8 8.3 8.9 10.2 - 3.4 3.7 - 38 36 - 1.9 60.8
Marder H - 8.9 8.7 - 10.3 926 - 34 33 - 33 34 - -
Farino H - 7.9 7.9 - 104 100 - 4.0 31 - 38 31 - -
Petkus Il P 9.6 9.2 9.0 9.0 8.9 - 30 27 - 33 30 - 18 60.6
Dominator P 9.4 8.5 8.1 9.0 10.0 - 3.2 35 - 35 35 - 1.9 62.5
Motto P 9.2 8.9 8.9 8.3 9.0 8.9 3.1 3.0 2.9 37 34 33 18 61.0
Quadriga P 8.7 8.4 8.1 8.8 9.4 - 35 3.0 - 40 32 - 1.9 61.8
Nikita P 9.5 8.8 8.7 9.1 9.8 - 33 35 - 36 36 - 18 60.7
Hacada P 9.3 8.9 8.4 8.8 8.7 - 35 3.1 - 40 36 - 1.8 62.2
Amilo P 9.4 9.3 9.2 9.0 105 10.9 3.0 2.9 4.0 33 27 36 1.9 61.5
Tsulpan3 Py 104 9.9 10.6 9.0 10.5 9.6 3.4 3.0 2.7 38 29 27 2.2 57.8
Ponsi Py 10.5 9.8 9.9 9.0 12.1 - 2.9 3.7 - 32 31 - 1.9 59.1
Akusti Py 112 102 9.4 8.5 10.8 - 29 32 - 34 29 - 2.0 57.0
Anna Py 11.3 103 10.0 9.3 115 10.9 35 35 3.8 38 31 34 2.0 58.3
Slgnlfb *kk *kk *kk * * ns *% ns ns *% ns ns *% *kk
LSD value® 0.8 1.2 12 12 31 38 09 - - 9 - - 04 3.8
nd 3 2 2 3 2 2 3 2 2 3 2 2 3 3
group means

H 9.0 85 84 88 101 100 31 35 3.0 35 35 30 1.9 60.7

P 9.3 8.8 86 88 95 99 32 31 35 36 33 35 1.9 61.5

Py 10.8 100 100 90 112 102 3.2 34 3.2 36 30 31 2.0 58.0

aH, hybrid; P, population cultivar; P, nonadapted population cultivars. ® Significance level for the effect of genotype within each harvest year: ** P < 0.1%; **, P =
0.1-1.0%; *, P = 1.0-5.0%; ns, nonsignificant (P > 5%). © Least significant difference between means in the same column. ¢ n = number of grain samples analyzed from
each cultivar; —, not measured. © Proportion of WE AX to total AX content (%).

years (Table 2). A significant influence of genotype (20%) and combined with high amylograph viscosities. The cultivar Farino
harvest year (38%) was found on the total content of AX, had very high viscosity in 1999, but not a very high peak
whereas no significant differences were found in the content of temperature. Corresponding to the effects on the FN, the

WE AX or the proportion of WE AX to total AX (Table 4). gelatinization temperatures for Amilo and Ponsi were least
The content of other dietary fiber components (e.g., total DF influenced by the rainy weather conditions in 1998, whereas
and mixed linkages-glucan) has been reported earlidi5), the cultivars Anna, Apart, Tsulpan3, and Rapid showed low
Please refer to that paper for more detailed information on the peak viscosities and temperatures at peak viscosity below 62
DF content and composition of the rye samples. °C (Table 3). No general differences were seen in amylograph
Functional Properties. Falling Number.The FN of the grain parameters between the different groups of cultiv@ieb(e 3).
samples ranged from 82 s (Tsulpan3) to 358 s (Amil@hle Water AbsorptionThe water absorption of rye whole meal

3). The FN was most influenced by harvest year, which ranged from 63.8 to 70.6%/l éble 3). The cultivars Amando
accounted for 77% of the total variance, whereas the effect of and Tsulpan3 generally had high water absorption values,
genotype accounted for only 11%dable 4). The mean FN was  whereas other cultivars, such as Nikita, had low water absorption
only 129 s in the rainy summer of 1998 compared to 242 s in capacities. The water absorption was mostly influenced by
1997 and 287 s in 1999. The cultivars Amilo and Ponsi were genotype effects (42%) and less by yearly variations (16%)
least influenced by the weather conditions, whereas the FNs of(Table 4). The average water absorption was lowest in 1997
the cultivars Anna, Apart, Tsulpan3, and Rapid were dramati- (65.9%) compared to 1998 (66.9%) and 1999 (67.1%).
cally lowered in the rainy summer of 1998 due to higher  Correlations. Grain Characteristics and Chemical Composi-
activities ofa-amylases (Table 3). No differences were found tion. In general, the high-yielding adapted rye cultivars had
among the three groups of cultivars (Table 3). bigger kernels, with a higher content of starch and lower contents
Amylograph Gelatinization PropertieShe amylograph peak  of protein, ash, and dietary fiber compared to low-yielding
viscosity ranged from 387 to 1114 BU, the temperature at peak nonadapted cultivars, which had higher contents of protein. As
viscosity varied between 61.0 and 78Q, and the temperature  could be expected, the harvest yield was positively correlated
at the beginning of gelatinization ranged between 49.2 and 52.7with kernel weight { = 0.46), test weightr(= 0.53), and
°C (Table 3). Yearly differences accounted for 49—70% of the content of starchr(= 0.45). The content of protein in the grain
total variance of the amylograph parameters, whereas thewas negatively correlated with harvest yietd< —0.78), kernel
estimated influence of genotype was only-28% (Table 4). weight (r= —0.32), and test weight (= —0. 37), and similar
The mean maximal viscosity was as low as 498 BU in the rainy correlations were found between the ash content and harvest
summer of 1998 compared to 637 BU in 1997 and 843 BU in yield (r = —0.50) and test weight (= —0.31), whereas no
1999. The cultivars Amilo and Ponsi had very high gelatinization correlation between ash content and kernel weight was found
temperaturesX73°C) in the warm summers in 1997 and 1999 (data not shown).
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Table 3. Falling Number and Amylograph Data of Rye Grain from Different Cultivars Grown under the Same Conditions in 1996/1997, 1997/1998,

and 1998/1999

falling no. amylograph viscosity gelatinization temp temp at beginning water absorption
(s) (BU) (°C) of gelatinization (°C) (mL/100 g of wholemeal)

cultivar group® 1997 1998 1999 1997 1998 1999 1997 1998 1999 1997 1998 1999 1997 1998 1999
Rapid H 193 94 240 517 445 637 656 610 683 497 50.0 51.7 67.1 68.5 66.9
Esprit H 218 131 304 593 533 900 66.3 630 721 504 51.0 52.4 65.2 66.7 65.6
Amando H 145 117 307 472 552 854 63.1 622 725 501 49.3 50.9 68.4 70.6 704
Ursus H 241 110 317 795 488 1114 672 636 721 502 51.1 51.7 65.0 64.8 66.5
Avanti H 251 175 329 752 612 985 68.3 668 720 505 50.3 51.3 66.1 64.6 66.9
Apart H 244 94 237 615 387 740 672 616 683 495 50.4 51.5 66.5 67.2 69.6
Marder H - 160 266 - 535 752 - 63.1  69.7 - 51.6 52.8 - 67.9 67.6
Farino H - 133 323 - 657 1379 - 638 722 - 50.7 52.2 - 66.5 65.9
Petkus Il P 224 131 299 548 439 826 670 638 731 511 50.8 51.7 65.0 64.9 67.6
Dominator P 219 117 256 538 433 685 673 634 683 517 51.1 52.2 64.4 66.0 68.1
Motto P 249 110 277 716 508 863 701 631 706  50.6 50.7 52.5 63.8 66.8 66.6
Quadriga P 242 120 259 609 536 769 69.0 630 694 515 50.9 52.0 65.2 66.6 66.7
Nikita P 209 124 297 504 421 784 673 632 723 522 50.1 51.5 65.1 65.1 65.1
Hacada P 251 116 304 734 533 951 69.1 645 717 506 50.1 51.5 65.7 65.8 65.9
Amilo P 358 230 311 826 629 819 73.6 684 742 492 50.1 52.3 66.4 67.2 67.8
Tsulpan3 Py 211 82 257 609 437 812 66.2 612 693 507 50.9 52.7 67.7 69.3 70.6
Ponsi Py 332 233 318 798 619 949 76.7 717 756 511 51.5 52.4 65.6 67.5 65.8
Akusti Py 258 123 296 594 443 899 699 650 727 510 50.8 52.6 65.9 68.5 65.2
Anna Py 272 95 265 607 455 742 693 618 707 502 50.0 52.0 67.2 67.3 65.9
Slgnlfb *kk *kk *kk *kk * *kk *kk *kk *kk *% *kk *kk *% ns *%
LSD value® 96 44 31 203 292 199 4.6 43 25 25 0.8 09 34 6.4 45
nd 3 4 4 3 2¢ 28 3 2¢ 2¢ 3 2¢ 2¢ 2 28 2¢
group means

H 215 127 290 624 526 920 66.3 631 709 501 50.5 51.8 66.4 67.1 67.4

P 250 135 286 639 500 813 69.0 642 714 510 50.8 52.0 65.1 66.1 66.8

Py 268 133 284 652 488 850 705 649 721 508 50.8 52.4 66.6 68.1 66.9

aH, hybrid; P, population cultivar; P, nonadapted population cultivars. ® Significance level for the effect of genotype within each harvest year: ** P < 0.1%; **, P =
0.1-1.0%; *, P = 1.0-5.0%; ns, nonsignificant (P > 5%). © Least significant difference between means in the same column. ¢ n = number of grain samples (plots) analyzed
from each cultivar; —, not measured. & Nonbaking cultivars: measurements on one plot from each cultivar.

Table 4. Grain Characteristics, Chemical Composition, and Baking Quality Parameters of Rye Whole Meal from 17 Different Cultivars Grown in the
Same Location in Denmark in 1996/1997, 1997/1998, and 1998/1999

grain quality and chemical composition,

analysis of variance and

range of means of harvest years® variance components® (%)
variation? 1997 1998 1999 year (Y) genotype (G) covarY x G

grain characteristics

yield (hkg/ha) 51-104 77+14 73+13 82+ 16 ** (8) ***(80) **% (5)

plant ht (cm) 135-194 157+9 161+ 13 148 +9 o (23) ** (52) *(7)

test wt (g/L) 702-806 765+ 11 740+ 15 786 + 21 * (63) * (23) **k(7)

kernel wt (g) 20-40 30+2 27+3 35+3 *** (65) i (25) **% (B)

hardness index 41-57 46+1 48+3 53+3 % (51) % (19) (17)
chemical composition (g/100 g of dm)

protein 8.0-11.3 96+08 9.0+0.7 89+0.7 e (17) *(67) *(4)

total dietary fiberd 15.4-20.9 16.1+0.7 179+12 189+15 % (49) ** (14) ns

total arabinoxylan (AX) 8.7-115 9.1+04 102+£0.8 10.1+0.7 % (38) **(20) ns

WE AX¢ 2.6-4.0 3203 33+03 32%06 ns ns ns

WE/total AX (%)? 26-39 35+3 32+4 31+4 ns ns ns
baking quality parameters

FN (s) 82-358 242 + 49 129 + 44 287+29 e (TT) e (11) **x (8)

amylograph max viscosity (BU) 387-1114 637 +112 498+ 75 843 +118 ***(70) *** (15) **(7)

gel temp (°C) 61.0-76.7 68.4+3.1 64.0+28 714+21 ** (63) % (23) ** (6)

gel start (°C) 49.2-52.7 50.6 +0.8 505+ 0.6 519+05 % (49) *(13) ns

water abs (%) 63.8-70.6 65.9+12 66.9+ 17 67.1+17 ** (16) ** (42) ns

aRange of variation among cultivars and harvest years. ® Mean + SD; n = 17. ¢ Influence of genotype (G), harvest year (Y), and covariation (G x Y): *** P < 0.1%;
* P = 0.1-1.0%; * P = 1.0-5.0%; ns, nonsignificant (P > 5.0%); variance components in parentheses. Relative contribution to the total variance (=100%). Difference
to 100% = replication and error variance contribution. ¢n = 7 (data from seven cultivars: Esprit, Amando, Ursus, Tsulpan3, Anna, Amilo, and Motto).

Functional PropertiesThe FN was positively correlated to
kernel weight = 0.59) and the content gf-glucan in the

fiber, total AX, or the proportion of WE AX to total AX (data

correlation with amylograph peak viscosity £ 0.78) and

temperature at peak viscositly € 0.94; data not shown). The
grain (r = 0.64), whereas no correlation was found between content of 5-glucan was also positively correlated with the
the FN and the contents of protein, ash, starch, total dietary amylograph peak viscosity & 0.52) and temperature at peak

viscosity ¢ = 0.50). The starch content measured in samples

not shown). As expected, the FN showed a strong positive from harvest 1997 was not correlated to amylograph data (data
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Figure 1. Biplot (PC1:PC2) for all samples and variables (loadings not shown, see Figure 2). Samples harvested in 1997 are in italic; 1998, underlined;

and 1999, in bold.

not shown). The contents of protein, ash, and dietary fiber

components had no influence on the amylograph properties.
The water absorption of rye whole meal was positively

correlated with grain hardness index= 0.57; data not shown).

59:1 in 1998 samples. A much higher degree of ferulic acid
cross-linking was found in 1997 samples, with a mean molar
ratio of arabinose to ferulic acid dehydrodimers of 297:1
compared to the molar ratio of 423:1 in 1998 samples (15).

No correlation was found between harvest yield, kernel weight, This lower degree of cross-linking found in the 1998 samples
or test weight of the grain and the water absorption of rye whole might explain the higher water absorption of rye wholemeal
meal. The water absorption showed also no correlation with from 1998 grain samples compared to grain from 1997 (Table
the content of protein, ash, starch, or ferulic acid in the grain 3). A negative correlation (= —0.34; n = 20) was found

[contents of ferulic acid and other phenolic acids in the samples between the degree of cross-linking of the AX, measured as

have been reported by Andreasen et 38B)]. Only a weak
positive overall correlation was found between the water
absorption and the content of total DF= 0.31) and total AX

(r = 0.33). Contrary to statements made by Drews (22) and
Weipert £3), no correlation was found between the water
absorption and the proportion of WE AX to total AX. The ara/
xyl ratio of the total AX was also not correlated with water
absorption, whereas the ara/xyl ratio of WUE AX showed a
significant negative correlation with water absorptian=
—0.32). A positive correlation between the total AX content
and the water absorption within the same cultivar was found
for some of the cultivars, whereas other cultivars showed no
increase in water absorption with increasing AX content. The
cultivars that showed a positive correlation between the total
AX content and water absorption were Amando={ 0.52;
n=7), Amilo (r = 0.64;n = 7), Akusti = 0.83;n = 3),
Farino ¢ = 0.77;n = 4), Nikita (r = 0.54; n = 3), Motto

(r = 0.59; n 6), Rapid ¢ = 0.94; n 3), Tsulpan3

(r = 0.41;n = 7), Quadriga i = 0.98;n = 4), and Ponsi

(r = 0.78;n = 4). Thep-glucan content of the grain was not
correlated with the water absorption. The amount of fructan,
which was relatively high in the rye sample$5f, was not

the amount of diferulic acid in relation to the content of
arabinose in the DF, and the water absorption (data not shown).
The cultivar Motto had a lower water absorption than the other
cultivars but the same degree of cross-linking. When the data
for Motto (two samples) were eliminated, the correlation
coefficient ¢) between the degree of cross-linking and the water
absorption of the measured cultivars in 1997 and 1998 was
—0.70 (n= 18). No correlation was found between the degree
of cross-linking and the relative proportion of WE to total AX
in the samples (Table 2).

Multivariate Data Analysis. The results of the PCA from
all data confirm and visualize the results of the variance analysis.
Figure 1 shows the relative position of the cultivars from each
of the three harvest years in a plot of the first and second PCs,
which describes most variation (52% of the total variance). The
samples divide roughly into three groups according to the
different harvest years. The effect of genotype is also clearly
seen as the different cultivars are roughly placed in the same
position relative to each other within each harvest year. The
samples harvested in the rainy summer of 1998 are placed in
the left part of the plot, whereas the samples harvested in the
very warm summer in 1999 are nearer to the top right corner.

correlated with any of the measured baking quality parameters Intermediate are the samples harvested in the warm and dry

(data not shown).

The content of ferulic acid and ferulic acid dimers was
measured in the 17 cultivars from 1997 and in four cultivars
from 1998 (Ponsi, Tsulpan, Esprit, and Motto), which were
selected for their different contents in 1997 harv@$)( The
molar ratio of arabinose to ferulic acid was 48:1 in 1997 and

summer in 1997Figure 2 shows the same cultivars according
to groups, H (adapted hybrids), P (adapted population cultivars),
and R (nonadapted population cultivars) together with the
loadings of the included variables. Within the circles illustrating
the harvest year ifrigure 2 the nonadapted cultivars {Pare
placed nearer the top left part of the plot, whereas the adapted
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Figure 2. Biplot (PC1:PC2) for all samples and variables divided after groups. Loadings are underlined (for further explanation see Table 1). H, hybrid;
P, adapted; P;, nonadapted.

cultivars (P and H) are placed in the bottom and right parts of cultivars found in this study is in accordance with findings by
the plot. The division according to year of harvest and groups Wilde and WeipertZ7). The role of the rye proteins in relation
was even clearer when a PCA was performed if the variables to breadbaking is considered to be low, as no gluten network is

yield and plant height were included (plot not shown). formed in a rye dough2Q, 40). The relevance of the observed
differences in protein content in relation to the baking perfor-
DISCUSSION mance of the grain is not known. No correlation was found
between the total protein content and the water absorption of
Plant Height, Harvest Yield, and Grain Characteristics. the grain. The ash content probably has no technological

The high range of variation in harvest yield, plant height, kernel importance. The low content of low molecular weight sugars
weight, and grain hardness index found in this study illustrates found in the present study has also been reported by other
the high diversity of the rye plant and kernels due to genetic authors (12,18). The content of starch measured in this study
and yearly differences (Tablesdnd4). The harvest yield and is in accordance with findings by other autho. (

plant height were mostly influenced by the rye genotype (52—  Functional Properties. The variation in the starch properties
80% of the total variance). Kernel weight, test weight, and grain FN, amylograph viscosity, and gelatinization temperature found
hardness index, however, were influenced more by yearly in this study (Table 3) is in accordance with the range of
variation compared to variation among cultivars. In a study of variation reported by other authoms, @1). The high influence
the impact of weather on yield components of winter rye over of the harvest year compared to genotype effects confirms the
30 years, Chmielewski and KohB89) observed that the kernel  high susceptibility of the rye starch quality to weather conditions.
weight was negatively influenced by high temperature and Although significant differences were found among the cultivars,
drought during the ripening stage as this weather situation only minor differences were found among the three groups of
reduced the duration of the grain-filling period. Warm and sunny cultivars, which indicates that the high-yielding hybrid cultivars
weather in the autumn and an early start of the growing seasonhave starch properties similar to those of population cultivars.
after winter increased the crop density, kernel number, and yield A high influence of the environment on starch properties (FN,
(39). As expected, the harvest yield of hybrid cultivars was 10 amylograph peak viscosity, peak temperature) was also reported
20% higher than that of population cultivars, which has also py wilde and Weipert (27), who found that estimates of
been reported by GeigeB)( Plant heights were greatly different  genotype and covariation effects were only-72%.5% of the
even though growth regulator was used on all cultivars each total variance among rye grain from different cultivars and
year. The kernel weight and test weight were relatively high |ocations in Germany. Selection of young material in the
compared to data reported by Seibel and WeigrtThe grain breeding programs is mainly based on FN, which may also affect
hardness index of rye has not been reported earlier, but thethe amylograph properties. No correlation was found between
present results show that grain hardness can vary considerablthe FN and the total AX content, but a positive correlation
between rye cultivars and harvest years. existed between the FN and the contentfeglucan in the

Chemical Composition.The most important variance com- samples. As reported earlier, the content/flucan was
ponent for the protein content measured in the present studypositively correlated with kernel weighil$). Thus, it seems
was the genotype, compared with much lower effects of harvestthat cultivars with high3-glucan content and big kernels tend
year and interaction. The lower protein content of modern hybrid to have a higher protection against low FN.
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The water absorption of the rye samples showed a large range
of variation among cultivars and harvest years. The water
absorption was mostly influenced by the genotype compared
to a much lower yearly variation. As the water absorption is
related to the content and properties of the DOR,(23),
especially AX, one could speculate that differences in content
or structure of DF components are responsible for the differences
in water absorption. A significant influence of the genotype was
found on the content of DF and AXL). With inclusion of all
samples, only a weak positive correlation was found between
the total amount of DF or AX and the water absorption of the
flour. Some cultivars, however, showed a positive correlation
between the total content of AX and the water absorption. This
indicates that not only the amount but also the “quality” of the
AX is important in regard to the water absorption. The relative
proportion of WE AX to total AX showed a high range of
variation (26—39%), which is in accordance with the findings
of Bengtson et al.42) (19.8-37.5) and Weipert41) (20.7#
31.5%), but no correlation was found between this proportion
and the water absorption of the flour. The observed high
influence of the genotype on the viscous properties of the grain
was most likely caused by differences in AX structure, such as
the degree of branching and/or ferulic acid cross-linking of AX
molecules, as well as the molecular size of the AX. The negative
correlation found between the water absorption and the ara/xyl
ratio of the WUE AX together with the high genotype influence
on the ara/xyl ratio of the WUE AX1(5) confirms that these

parameters are important. The results show that a high degree

of branching of the WUE AX and a high degree of ferulic acid
cross-linking of the AX are related to a low water absorption
of the rye whole meal. The molecular size of AX was not
measured in this study but might also be important. Arabinoxy-
lan molecules of various molecular sizes have been reported
within the WE AX (43) and solubilized WUE AX fractions of
rye grain (44). Furthermore, Gan et &5] found that the rye
extract viscosity was dependent on the genetic variation of rye,
and Scoles et al.46) found that it was correlated with the
proportion of high molecular weight>500 kDa) AX in the

WE AX. The fact that the water absorption of rye is much more
dependent on the rye genotype than on yearly variation means
that bakeries could benefit from selecting a specific rye cultivar
with a relatively high water absorption for their production.

ABBREVIATIONS USED

dm, dry matter; AX, arabinoxylan; DF, dietary fiber; SD,
standard deviation.
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