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To evaluate the effect of genotype, year, and location on protein, lipid, tocol, and lutein content
and on fatty acids composition of wholemeal flour, five einkorns (Triticum monococcum L. ssp.
monococcum) and one control bread wheat were cropped in Italy for two years in four different
locations. Genotype and year exerted major effects on protein, tocotrienol, and lutein contents, while
tocopherol and lipid contents were influenced only by the genotype. The concentrations of linoleic,
oleic, and palmitic acids (the most abundant among the 14 fatty acids identified), as well as of
saturated (SFA), monosaturated (MUFA), and polyunsaturated (PUFA) fatty acids, differed between
einkorns and control and, to some extent, years were constant across locations. Notwithstanding the
environmental variation, all einkorns consistently showed higher protein (on average, +59%), lipid
(+50%), tocotrienol (+88%), total tocol (+46%), lutein (+483%), and MUFA (+53%) content, along
with lower SFA (—21%) and PUFA (—8%) than the bread wheat control.
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INTRODUCTION

The quality of cereals and derived products is deeply influenced
not only by genetic factors but also by the cropping environment,
i.e., climate, soil composition, light intensity, fertilization, pests,
and diseases, etc. Stress conditions, such as water deficit and high
temperatures, stimulate the formation, in plant cells, of chemical
compounds which trigger destructive oxidizing processes like
chlorophyll decoloring, lipids peroxidation, and nucleic acids
damage (/). As a reaction mechanism, the plant synthesizes
antioxidant protectants such as a-tocopherol (2). Changes in
the quantity and composition of antioxidants and protective
pigments, therefore, reflect the impact of environmental stresses
on plant metabolism (3). Experiments carried out in canola
indicate that tocols are strongly influenced by temperature
(4, 5) and solar radiation (4). In wheat, temperatures above
32 °C depress phenol content, iron chelation, and antioxidant
activity (6—8); conversely, cooler years increase tocol content (9)
while cooler and wetter seasons improve lutein quantity (10).

Fatty acids are compounds important from nutritional and
technological perspectives; their composition varies among cer-
eals (/1) and has been proposed as a useful discriminant not only
for durum and bread wheat (/2) but also for varieties, geogra-
phical origin, and crop years (13).

Einkorn (Triticum monococcum L. subsp. monococcum), a
diploid hulled wheat closely related to durum and bread wheat,
isa cereal with high protein (/4), carotenoid (15, /6), and tocol (/6)
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contents. A lower toxicity toward celiac patients than other
Triticum species has often been reported (/7—20). These considera-
tions suggest a possible utilization of einkorn flour for the devel-
opment of new or special foods such as bakery products, baby
food, or products with superior nutritional quality (/14—16,21,22).

The aim of this research was therefore to evaluate the influence
of genotype, year, and cropping location on proteins, lipids, and
lipophilic antioxidants (tocols and lutein) content, as well as
on fatty acids composition of einkorn and bread wheat whole
meal flour.

MATERIALS AND METHODS

Samples. Five einkorn accessions were cropped during the 2005—2006
and 2006—2007 growing seasons in four different environments, using a
randomized complete block design with three replications. Einkorns
Monlis and ID331 were selected because of their good breadmaking
properties, ID1395 is a high yielding accession, while SAL9832 and
SAL9838 are free-threshing breeding lines. One well adapted, broadly
cropped local bread wheat cultivar, Blasco, was cultivated as the control.
The four environments were: (1) Sant’Angelo Lodigiano (Po plain,
northern Italy), standard cultural practices; (2) Sant’Angelo Lodigiano,
organic farm and organic cultural practices; (3) Leno (Po plain, northern
Italy), organic farm and organic cultural practices; (4) Montelibretti (near
Rome, central Italy) standard cultural practices. More information on the
four environments and on crop management are presented in Table 1;
mean temperature and total rainfall during the crucial flowering and seed-
setting months (April, May, and June, 2006 and 2007) are depicted in
Figure 1.

Grain and Flour Characteristics. Recently harvested seeds of
einkorns Monlis, ID331, and IDI1395 were dehulled with an Otake
FC4S thresher (Satake, Japan); dehulling was not required for the
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Table 1. Cropping Locations, Agronomic Management, and Yield Information
Sant’Angelo Lodigiano Sant'Angelo Lodigiano Leno Montelibretti
latitude 45°13'N 45°13' N 45°20' N 42°07'N
longitude 09°25' E 09°26' E 10°11" E 12°41' E
altitude (m) 73 73 66 232
soil sandy sandy sandy loam sandy loam
agrotechnique traditional organic organic traditional
2005—2006
planting date 10 Nov 2005 28 Oct 2005 17 Nov 2005 18 Dec 2005
harvesting date 17 July 2006 15 July 2006 16 July 2006 11 July 2006
fertilization 13 Mar. 2006 15 Mar. 2006 17 Mar. 2006 7 Mar. 2006
N (kg/ha) 64 80 80 80
fertilizer ammonium nitrate Endurance N8¢ Endurance N8 ammonium nitrate
yield (t/ha + se)
einkorns 1.584 + 0.140 1.288 £ 0.073 0.679 +0.133 1.792 £ 0.150
Blasco 6.463 + 0.166 6.536 + 0.185 3.316 + 0.097 5.773 4+ 0.354
2006—2007
planting date 4 Nov 2006 26 Oct 2006 6 Oct 2006 15 Nov 2006
harvesting date 17 July 2007 18 July 2007 11 July 2007 26 June 2007
fertilization 22 Feb 2007 29 Jan 2007 1 Feb 2007 6 Mar 2007
N (kg/ha) 80 80 80 54
fertilizer ammonium nitrate Endurance N8“ Endurance N8 ammonium nitrate
yield (t/ha + se)
einkorns 2.497 £+ 0.085 1.668 + 0.048 0.751 4 0.087 2.108 & 0.154
Blasco 6.738 + 0.317 6.561 & 0.239 3.505 + 0.122 4,990 + 0.370
“Organic fertilizer (Unimer, Vidor, TV, ltaly).
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Figure 1. Mean temperature and total rainfall during the months of April, May, and June 2006 and 2007 at S. Angelo Lodigiano, Leno, and Montelibretti.

free-threshing einkorns SAL9832 and SAL9838 or for the bread wheat ¢v
Blasco. The seeds were ground with a Cyclotec 1093 lab mill (Foss Tecator,

Denmark), obtaining a whole meal flour with particle size <200 um. The
samples were stored under vacuum at —20 °C until analysis.
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Table 2. Mean Square Values and Significance for Mixed-Model (Year Random, Location and Genotype Fixed) ANOVA of Proteins, Lipids, Tocols, and Lutein

Content in Whole Meal Flour of Five Einkorn Accessions and of Bread Wheat cv Blasco, Cropped in Two Years and Four Locations

source of variation df proteins lipids o-tocopherol o-tocotrienol p-tocopherol p-tocotrienol total tocols lutein
year (Y) 1 163.54¢ 0.07 0.00 47.90¢ 0.50 1491.76¢ 2143.18¢ 15.71¢
location (L) 3 34.04 1.1 24.99 33.60 3.91 165.97 612.21 6.21
YxL 3 23.85¢ 0.38¢ 7.87¢ 23.44¢ 2.38¢ 21.25¢ 155.86¢ 0.70
repetition (YL) 8 0.02 0.02 0.27 0.22 0.15 3.46 7.83 0.05
genotype (G) 5 155.27¢ 5.61¢ 82.41° 410.87° 27.49° 945.48° 2150.83¢ 105.93¢
einkorn vs control (1) 670.43¢ 25.16¢ 0.79 1256.63¢ 99.99¢ 3644.47¢ 7212.91¢ 436.37¢
within einkorns (4) 26.48¢ 0.72 102.81¢ 199.43¢ 9.36“ 285.73 885.30¢ 23.32¢
YxG 5 2.69° 021" 2.70° 5.59° 1.03" 77.49° 112.91° 3.68°
LxG 15 3.76¢ 0.13 2.67 5.75 0.58 20.97 71.71¢ 0.87
YxLxG 15 1.34¢ 0.18¢ 2.05¢ 3.88¢ 0.37 11.25¢ 26.28¢ 1.27¢
pooled error 40 0.01 0.05 0.23 0.28 0.23 2.50 7.01 0.04

“xp < 0.05.7*p < 0.01.“**p < 0.001.

Table 3. Mean Square Values and Significance for Mixed-Model (Year Random, Location and Genotype Fixed) Factorial ANOVA of Fatty Acids Composition in
Whole Meal Flour of Five Einkorn Accessions and of Bread Wheat cv Blasco, Cropped in Two Years and Four Locations

source of variation df palmitic stearic oleic” linoleic gadoleic linolenic SFA MUFA PUFA
year (Y) 1 15.16¢ 0.52¢ 138.56¢ 18.99¢ 5.147 0.01 27.447 89.71¢ 18.30¢
location (L) 3 0.25 0.31 4.44 32 0.647 0.14 1.41 2.02 4.40
YxL 3 1.18° 0.04¢ 5.05¢ 1.45° 0.02 0.02 1.92° 4.69¢ 1.21¢
repetition (YL) 8 0.12 0.01 0.18 0.12 0.03 0.01 0.14 0.27 0.16
genotype (G) 5 66.517 0.12 254,367 60.587 0.62 0.22 80.457 258,947 55.847
einkorn vs control M 291.457 0.31 1173.98¢ 278.81¢ 0.14 0.35 352.467 1213.97¢ 259.35¢
within einkorns @) 10.27¢ 0.08 24.46" 6.03 0.73 0.19 12.45° 20.18° 4.97
YxG 5 0.88¢ 0.13¢ 3547 3.36¢ 0.25¢ 0.07¢ 1.15¢ 3514 4.08¢
LxG 15 0.41 0.03 1.68 1.18¢ 019 0.05 0.73 1.07 1.567
YxLxG 15 0.447 0.02° 0.78¢ 0.29 0.08¢ 0.03¢ 0.78¢ 0.69¢ 0.29
pooled error 40 0.13 0.01 0.10 0.15 0.01 0.01 0.15 0.12 0.18

“(C18:1n9 + C18:1n7). **p < 0.05. “**p < 0.01. “**p < 0.001.

The following determinations were performed: dry matter (method
44—15) (23); protein (N x 5.7; method 46—10) (23); total lipids (g/100 g),
measured gravimetrically after Soxhlet extraction (using ethyl ether as the
solvent) of the acid hydrolyzed sample (method 136) (24); tocol content by
NP-HPLC (76, 25); carotenoid content by RP-HPLC (/6). Fatty acids
composition was determined by gas chromatography of fatty acid methyl
esters prepared by following the procedure reported by Liebich et al. (26).
Briefly, 0.1—0.2 g of fat extract were weighed in a 10 mL screw-cap Pyrex
tube, 2 mL of methanol—toluene (4:1, v/v), and 200 uL of acetyl chloride
were added, the mix was methylated at 100 °C for 1 h in the closed tube and
cooled for 5 min at —20 °C. Afterward, 5 mL of K,CO; at 6% (w/v) were
added and the mix was centrifuged at 1006g (3000 rpm) for 5 min with a
Centrikon T-42K centrifuge (Kontron Instruments, Betchley, UK); the
supernatant was collected in a 2 mL vial using a Pasteur pipet. Gas
chromatographic analysis of methyl esters was performed using a HRGC
5160 instrument (Carlo Erba Instruments, Milan, Italy). The capillary
column used was a 60 m x 0.25 mm i.d., 0.25 um, SP-2340 (Supelco,
Bellefonte, PA). The operative conditions were as follows: carrier, H, at 90
kPa; oven temperature, 177 °C for 18 min, increased to 205 °C (2.3 °C/min),
205 °Cfor 2 min, increased to 210 °C (2 °C/min), 210 °C for 30 min; injection
temperature 240 °C; flame ionization detector temperature, 250 °C.

All measurements were performed twice; the results are presented as
means on a dry matter base (DM); fatty acids are reported as relative
percentage (%).

Statistical Analysis. Data from all locations were combined and
evaluated by analysis of variance (ANOVA). The ANOVA was performed
with the software MSTAT-C v. 2.1 (Michigan State University, East
Lansing, MI) following a mixed-model factorial approach where year was
random while location and genotype were fixed (27). The genotypic
variance was further split into “einkorn vs control” and “within einkorns”,
to ascertain differences between 7. monococcum and T. aestivum, as well as
to assess intraeinkorn variation. Pearson’s correlations of the means were
determined using the software SYSTAT 5.03 for Windows (SYSTAT Inc.,
Evanston, IL).

The fatty acid ANOVAs were performed on actual values as well as on
arc sin transformed data; the two approaches gave almost identical results;
therefore, to avoid too many decimals, the ANOVA from the original
results is presented.

RESULTS AND DISCUSSION

The results of the mixed-model factorial ANOVA for protein,
lipid, tocols, and lutein content are presented in Table 2, while for
the six most abundant fatty acids as well as for the saturated (SFA),
monounsaturated (MUFA), and polyunsaturated (PUFA) fatty
acid groups are shown in Table 3. Genotype (G) and year (Y) had
significant effects on the contents of protein, tocotrienols, total
tocols, lutein, and the most abundant fatty acids (palmitic,
oleic, and linoleic), while lipids and tocopherols were influenced
merely by the genotype. The cropping location (L) influenced only
gadoleic acid content. No differences were detected between
traditional and organic management techniques (data not shown).

The genotype was often the most important factor of variation,
as shown by its frequently large mean square estimates as well as
by the substantial percentage of total variability explained (not
shown). For kernel quality traits such as proteins, pigmentation,
and rheological parameters, a similar conclusion was reached by
Souza et al. (28) after cropping seven bread wheats for three years
in four locations and under two nitrogen fertilization levels. On
the other hand, Bergman and Xu (29) tested seven rice cultivars in
four states during two years and noticed that growing environ-
ment had a greater effect on tocopherols, tocotrienols, and
y-oryzanol levels than did genotype.

The year effect was of primary importance for proteins,
p-tocotrienol, total tocols, stearic, and gadoleic acids, while the
significant Y xL, GxY, GxL, and GxY x L interactions were
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Figure 2. Mean contents of total proteins, total lipids, tocols, and lutein in wholemeal flours of one breadwheat cv Blasco and five einkorn accessions cropped

in two years and four locations. Error bars represent standard errors.

always much lower in magnitude in comparison to the main
effects. The partitioning in an “einkorn vs control” component
and a “within einkorns” component showed that most of the
genetic variance was attributable to the differences existing
between the species T. monococcum and the T. aestivum control;
nevertheless, the “within einkorns” variation was significant for
protein, tocols (excluding f-tocotrienol), lutein, palmitic, oleic,
SFA, and MUFA, therefore indicating the existence of sizable
differences for these traits among the five einkorns studied.

Because the influence of the location was not significant for
almost all the variables, Figure 2 reports the mean content over
the four locations of total proteins, total lipids, tocols, and lutein
for each year and all the genotypes. Einkorns showed higher
protein (19.2 vs 12.1 g/100 g) and lipid (4.2 vs 2.8 g/100 g) contents
than the bread wheat Blasco. Analogous results for protein
concentrations are reported in literature for einkorn as well
as for different T. aestivum samples (14, 21, 30). With regards to
lipid content, in einkorn values ranging from 2.4 to 3.0 g/100 g
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are described, significantly superior to those of bread wheat
(1.7 g/100 g) (30) but much lower than the results reported in
this research. This discrepancy may be a consequence of their
different lipids extraction method because the acid hydrolysis of
the sample, as applied in the current research, achieves higher fat
yields than a straight extraction with solvents; furthermore, the
acid hydrolysis step leads to a more complete extraction of
the fatty acids from the cereal matrix, thus allowing their better
characterization by gas chromatography (3/). For this reason,
the official method (24) requires a preliminary acid hydrolysis of
the samples.

The higher protein and lipid contents of einkorn are partially
attributable to the smaller size of T. monococcum seeds, which
increases the ratio (bran + germ)/endosperm (32); nevertheless,
protein concentration is significantly higher than that of bread
wheat even in the endosperm (32). A sizable variation for protein
content (on average, from 17.7 to 20.5 g/100 g) was observed
among einkorn accessions; lipid content, instead, showed a more
limited range (from 4.0 to 4.4 g/100 g).

With regard to antioxidants, o and 8 homologues of tocopher-
ol and tocotrienol were detected in all accessions but their
proportions varied (Figure 2). The a-tocopherol content was
similar among samples, but Blasco had more S-tocopherol while
the einkorns were richer in tocotrienols, the most abundant
homologues, preferentially located in the outer layers of the
seed (32) and therefore in total tocols, confirming the results
reported in literature (16, 33). A relevant within-einkorns varia-
tion for all homologues and total tocols was recorded, with
cv Monlis and free-threshing line SAL9832 showing the highest
total values every year. The carotenoid lutein was more abundant
in einkorn than in the control bread wheat (7.0 vs 1.1 mg/kg DM):
a superior lutein content in 7. monococcum than in T. aestivum
has been described by different authors (10, 16). A high within-
einkorn variability (from 5.9 to 8.9 mg/kg DM on average) was
observed, with cv Monlis showing the highest value in both years.

The fatty acids analysis showed 14 compounds. Table 4 pre-
sents, for each year, the mean values over locations for Blasco and
over genotypes and locations for einkorn. Even if the ANOVA
sometimes showed significant differences among einkorn acces-
sions, years, and locations, the standard errors indicated varia-
tions around the average that, from an analytical point of view,
were of little relevance; the only really important factor of
variation was therefore einkorn vs Blasco. Minimal albeit sig-
nificant differences in fatty acids profiles were detected between
spring and winter wheats (/2), while cropping year was the
discriminating factor (13).

In einkorn, linoleic (C18:2n6), oleic (C18:119 + C18:1x7), and
palmitic (C16:0) acids were by far the most abundant (on average,
50.9, 24.8, and 16.6%, respectively). A survey of minor cereals
detected 12 different fatty acids in einkorn (/7), while an analo-
gous assessment of hulled wheats spotted 10 fatty acids in
T. monococcum (30); in both studies, linoleic, oleic, and palmitic
were the most plentiful fatty acids, with percentages similar to our
results. Linoleic acid was also the most abundant fatty acid in
Blasco (55.4%), followed by palmitic (21.3%) and oleic (15.4%)
acids; this ranking, with small variations in the relative percen-
tages, is in perfect accordance with previous bread wheat
results (12, 34—37). In einkorns and Blasco, similar concentra-
tions were observed for gadoleic (C20:1n11) and linolenic
(C18:3n3) acids, while stearic acid (C18:0) was slightly more
abundantin the control bread wheat (1.3 vs 1.2%). The remaining
eight fatty acids showed minimal concentrations (in total, less
than 1.85%); their ANOVAs are not presented.

The different relative compositions were reflected in the higher
MUFA (27.8 vs 18.2%) and lower PUFA (52.8 vs 57.2%) and

Hidalgo et al.

Table 4. Mean Value (+ Standard Error) of Fatty Acids Composition in Whole
Meal Flour of Bread Wheat cv Blasco and of Five Einkorn Accessions,
Cropped in Two Years and Four Locations

bread wheat (Blasco) einkorn

fatty acid 2006 2007 2006 2007

myristic ~ C14:0 0.3140.036 1.11+£0.061 0.2540.008 0.81+0.024
C15:.0 0.12£0.007 0.15+0.006 0.11+0.002 0.14+0.003
palmitic ~ C16:0 21.14+025 215+017 1624014 17.1+£0.14
C16:1n9  0.0940.005 0.09+ 0.003 0.1040.002 0.09 +0.002
palmitoleic C16:1n7 0.124-0.003 0.14+0.006 0.17£0.004 0.1840.004
margaric  C17:0 0.11+£0.004 0.11+£0.002 0.11+0.003 0.1140.003
stearic C18:0 1.34+0.02 13+£004 134002 1.1£0.04
oleic C18:1n9* 157+046 151+£024 2624021 2344023
linoleic C18:2n6 558+0.25 551+£029 5024013 515+0.15
arachidic ~ C20:0 0.21+£0.008 0.20+0.005 0.19+0.005 0.16+0.005
gadoleic ~ C20:1nm11 244006 29+011 25+0.04 3.040.07
linolenic ~ C18:3n3  1.9+£0.02 1.7+0.07 19£0.03 20+0.03
behenic ~ C22:0 0.2740.019 0.24+£0.008 0.2640.010 0.19+0.005
lignoceric  C24:0 0.52+0.018 0.42+0.036 0.47+0.012 0.3540.011

SFA 2404023 251£022 189+0.15 19.940.19
MUFA 18.3+0.40 1824032 2894019 26.6+0.21
PUFA 5774025 56.8+0.32 5224013 53.4+0.16

“*(C18:1n9 + C18:1n7)

SFA (19.4 vs 24.5%) of einkorn with respect to Blasco, suggesting
an interesting fatty acids composition for 7. monococcum. From a
nutritional point of view, a high MUFA concentration in the
foods, coupled with a low SFA content, contributes to the
prevention of cardiovascular diseases (3§) because the MUFA
influence lipids and cholesterol synthesis, reducing thrombosis
and atherosclerosis risks (39), while from a technological per-
spective, the high MUFA and low PUFA contents provide better
stability to oxidation (40) and longer shelf life.

The 2006 spring was characterized by high temperatures and
drought throughout the late growth stages of wheat (Figure 1),
including seed setting and maturation; these conditions limited
pathogen diffusion and led to sound seeds but low yields. The
2007 spring, on the other hand, was characterized, during the late
growth and ripening stage, by high temperatures coupled with
persistent rain (Figure 1). As a result, while the early maturing
Blasco showed similar production levels in both years, einkorn
yields were generally higher in 2007 (Table 1) but kernels quality
was poorer because of diseases and pregermination bouts. In
terms of quality, in 2007, there was a significant protein increase
in the seeds, along with a higher lutein concentration in three
einkorns out of five (Figure 2). Significant lutein variation among
years, with exceptionally high values in the wettest year, is
described in literature (/0). Total tocols content in einkorn
showed a marked decrease between 2006 and 2007 (on average,
from 79.3 + 1.97 to 68.1 £+ 2.42 mg/kg DM) as a result of a
significant decrease in both tocotrienol homologues; Blasco,
instead, did not present any significant variation. Cropping
temperature is the most important single factor for tocols content
in canola (5) as well as in soybean, where a 1 °C temperature
variation already modifies the metabolism of tocols (47). In our
research, however, the temperatures were similar in the two years
(Figure 1) and the only major climatic difference was rainfall
quantity (Figure 1); interestingly, a reduction in barley tocols
concentration during humid, hot years is described (9). The
general opposite behavior of lutein and tocotrienols in einkorn
(Figure 3) could be linked to the synthesis pathways of both
compounds (42). Tocotrienols are synthesized by the condensa-
tion of homogentistic acid and geranylgeranyl-PP, while toco-
pherols derive from the condensation of homogentistic acid and
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phytyl-PP. Geranylgeranyl-PP is also a precursor of carotenoids,
therefore environmental conditions that stimulate Iutein synthesis
might contribute to hinder tocotrienols production. However, not
all einkorns showed a significant lutein increase in 2007 (Figures 2
and 3), suggesting that other and more complex pathways might
be implicated.

Only small differences were observed for fatty acid percentages
between 2006 and 2007 (Table 3); overall, the relative MUFA
percentage diminished slightly (on average, from 28.9 to 27.2%)),
with the concomitant increase of SFA (from 18.9 to 19.6%) and
PUFA (from 52.2 to 53.2%).

The analysis of the correlations among variables, performed
only with the five einkorns in order to avoid species bias, showed
many significant, but modest, values. Among the few correlations
with r > 0.6, the most interesting were those between lipids and
o-tocopherol (r = 0.62), total tocols and MUFA (r = 0.66), and
total tocols and SFA (r =—0.64). These results are justified by the
biochemical activity of tocols in plants, which is the protection of
unsaturated fatty acids from oxidation. A positive correlation
between MUFA (C16:1 and C18:1) and tocols in several seed oils
was reported (43); however, no relationship between SFA and
tocols was noticed (43).

Genotype and year exerted major effects on almost all the
variables studied. Notwithstanding the environmental variation,
all einkorns consistently showed greater proteins (on average,
59%), lipids (50%), tocotrienols (88 %), total tocols (46%), lutein
(483%), and MUFA (53%) content, along with lower PUFA
(—8%) and SFA (—21%) than the bread wheat control. Interest-
ingly, while the year-to-year variation for endosperm-abundant
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compounds (protein, tocotrienols, and lutein) was relevant, for
germ-abundant compounds it was limited (fatty acids) or non-
significant (lipid and tocopherol). These results open the door to
the selection of einkorn lines rich in lipids and monosaturated
fatty acids, with steady composition profiles. The examination of
a larger number of einkorn accessions is required to identify
accessions with even higher mono- and polyunsaturated fatty
acids contents.
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