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ABSTRACT: The lipid compositions of wheat, triticale, rye, and tritordeum straws were thoroughly analyzed using gas
chromatography—mass spectrometry (GC—MS). The major lipophilic compounds identified included n-fatty acids (1185—3538
mg/kg), p-diketones (891—2043 mg/kg), steroid compounds (1358—1954 mg/kg), high molecular-weight esters (444—1560 mg/
kg), and n-fatty alcohols (402—1825 mg/kg). Additionally, smaller amounts of n-alkanes (140—574 mg/kg), phytol and phytyl esters
(106—358 mg/kg), 2-hydroxyfatty acids (77—155 mg/kg), acylglycerides (41—277 mg/kg), tocopherols and tocopheryl esters (21—
67 mg/kg), and n-aldehydes (10—23 mg/kg) were detected. The abundance and wide diversity of lipophilic compounds present in
these agricultural residues highlight their great potential as a rich source of valuable phytochemicals for various industrial
applications, positioning cereal straws as highly attractive feedstocks in the context of the lignocellulosic biorefinery.
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1. INTRODUCTION compounds such as hydrocarbons, fatty alcohols, fatty acids,
steroids, aldehydes, and tocopherols, is currently gaining
attention for its potential applications across various industries,
including pharmaceuticals, nutraceuticals, cosmetics, food, and
chemicals.>”"? For example, plant sterols such as sitosterol or
campesterol are used extensively in the pharmaceutical and

From ancient civilizations to modern societies, cereals have
served as dietary staples and are considered the most important
crops in world agriculture. Their significance stems not only
from their ability to provide more food energy than do any other
crop, but also from their longstanding role as livestock feed since

the beginning of civilization." Cereals owe their success to nutraceutigil industries due to their cholesterol-lowering
several key advantages: exceptional adaptability to different properties, anti-inﬂamﬁmatory effects, and their prevention of
environments, high grain yields, and ease of harvesting and various types of cancer.'> Another highly valuable lipid family for
storage. In 2022, global cereal production amounted to 2942 the pharmaceutical and nutraceutical industries is tocopherols,
million tons,” considering only the main crops such as wheat, especially a-tocopherol (vitamin E), a powerful antioxidant
maize, rice, rye, oat, and barley. With the exponential growth of necessary for the maintenance of cell membranes and serving as
the world population, production is expected to continue rising.” protection against oxidative stress.'®

The harvesting of cereal crops generates large quantities of The aim of this study was to conduct a detailed analysis of the
straws, which can account for up to half of the plant’s total lipophilic profile of straws from four cereal species: wheat
weight. Cereal straws, traditionally considered agricultural (Triticum durum), triticale (XTriticosecale Wittmack), rye
waste, are now recognized for their potential in biorefineries (Secale Cereale)] and tritordeum (xTritordeum Ascherson et
due to their lignocellulosic composition. Typically, cereal straws Graebner). Wheat is among the most cultivated cereals
consist of 34—38% cellulose, 27—32% hemicelluloses, 12—17% worldwide, with durum wheat standing out as one of the most
lignin, S—7% ash, and 2—4% lipids.*”® Their abundance, low extensively cultivated varieties,'” and its lipophilic composition
cost, and widespread availability make them an exceptional has already been explored.” In contrast, triticale, a hybrid cereal

feedstock for meeting the needs of other industries, including
pharmaceuticals, cosmetics, biofuels, or the production of high-
value chemicals, in the context of the lignocellulose biorefi-
nery.”’™” Traditionally, biomass conversion industries have
focused on the carbohydrate fraction for paper or biofuel
production and the lignin fraction for the production of
chemicals and polymers.'® However, to establish a sustainable
and competitive global biobased circular economy employing
lignocellulosic biomass as a feedstock, it is crucial to utilize all
components of the biomass.'"'* In this context, the lipophilic
fraction of cereal straws, comprising a wide variety of chemical

derived from wheat and rye,'® remains underexplored, and to
date, only one study has explored the lipophilic profile of triticale
straw using supercritical carbon dioxide and hexane extractions,
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Figure 1. GC—MS chromatograms of the underivatized chloroform extracts from wheat (A), triticale (B), rye (C), and tritordeum (D) straws. Labels
for selected compounds are F(n), n-fatty acids; Ak(n), n-alkanes; Ad(n), n-aldehydes; Ah(n), n-fatty alcohols; W(n), high molecular-weight esters; a,
campesterol; b, stigmasterol; ¢, sitosterol; d, hentriacontane-14,16-dione; e, 25-hydroxyhentriacontane-14,16-dione.

but its primary focus was on optimizing extraction methods
rather than providing a comprehensive analysis of its lipophilic
profile."” Similarly, research on rye straw is limited and
incomplete, with only a few studies offering partial insights
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into its lipophilic composition.””*" Finally, as for tritordeum
straw, a hybrid cereal resulting from the crossing of wheat and
wild barley, its lipophilic profile has not yet been reported in the
literature. Therefore, this study aims to fill these gaps by
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Figure 2. GC—MS chromatograms of the TMS-derivatized chloroform extracts from wheat (A), triticale (B), rye (C), and tritordeum (D) straws.
Labels for selected compounds are F(n), n-fatty acids; Ak(n), n-alkanes; Ad(n), n-aldehydes; Ah(n), n-fatty alcohols; W(n), high molecular weight
esters; a, campesterol; b, stigmasterol; ¢, sitosterol; d, hentriacontane-14,16-dione; e, 25-hydroxyhentriacontane-14,16-dione; f, campesteryl 3f-p-
glucopyranoside; g, stigmasteryl 3-p-glucopyranoside; h, sitosteryl 3-p-glucopyranoside.

performing a comprehensive and comparative study of the
lipophilic components in wheat, triticale, rye, and tritordeum
straws. The findings will provide valuable insights for optimizing
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the valorization of these agricultural residues, highlighting their
potential as valuable sources of a wide range of phytochemicals
with significant industrial applications.
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Table 1. Identities and Abundances (mg/kg) of the Lipophilic Compounds Identified in Wheat, Triticale, Rye, and Tritordeum
Straws

compounds wheat triticale rye tritordeum
n-alkanes 366 + S 574 + 34 140 £ 3 319 £ 48
n-tricosane 1+0 8+0 tr. 1+0
n-pentacosane 4+0 13+1 3+0 S+1
n-hexacosane 1+0 S+1 1+0 1+0
n-heptacosane 21 + 1 50+9 12+0 17+ 5
n-octacosane 3+1 S+0 3+0 2+0
n-nonacosane 193 £1 155 £ 10 S3+2 104 + 10
n-triacontane 3+0 S5+0 4+0 2+1
n-hentriacontane (I) 125 + 1 292 + 11 3+1 152 + 25
n-tritriacontane 13+1 34 +2 10+ 0 29 + 4
n-pentatriacontane 2+0 S+£0 1+0 6+2
n-fatty alcohols 607 + 13 1825 + 71 402 + 22 495 + 41
n-eicosanol 6+ 1 10+ 1 1+0 6+ 1
n-docosanol 7+0 32+2 8+0 42 + 4
n-tetracosanol 16 +2 38+3 27 +1 31 +2
n-hexacosanol 31+0 101 + 2 217 + 10 48 £ 5
n-octacosanol (II) 478 + 8 1485 + S8 71 + 8 291 + 23
n-triacontanol 40 + 1 94 +3 29 +2 35+ 4
n-dotriacontanol 29 + 1 S7+2 49 + 1 42 +2
n-fatty acids 1631 + 66 3538 + 81 1185 + 63 1463 + 86
n-tetradecanoic acid 82 + 4 116 + 5 108 + 7 116 + 6
n-hexadecanoic acid (III) 517 + 28 810 + 10 416 + 21 475 £ 15
n-heptadecanoic acid 8§+1 303 17+ 0 12+2
cis,cis-9,12-octadecadienoic acid (IV) 210 + 1 653 + 9 66 + 4 89 +9
cis-9-octadecenoic acid 229 + 10 645 + 9 67 + 4 79+ S
n-octadecanoic acid 91+ 0 183 + 6 110 + 10 84 +3
n-nonadecanoic acid 18 +2 80 + 2 22+1 14 +1
n-eicosanoic acid 31+3 140 + 9 40+ 0 41 +3
n-heneicosanoic acid 6+0 13+1 8+1 16 +1
n-docosanoic acid 75 + 4 138 + 5 SS+3 62 +7
n-tricosanoic acid 19 +2 73+ 4 19+0 41 +£3
n-tetracosanoic acid 60 + 3 84 +1 42 + 4 59 +6
n-pentacosanoic acid 7+1 15+£0 11+2 11 +£2
n-hexacosanoic acid 38+1 65+ 3 45 +£2 67 £ 1
n-heptacosanoic acid 9+0 18 +1 S+0 13+2
n-octacosanoic acid 156 + 1 218 + 1 72 + 0 146 + 10
n-triacontanoic acid 60 + 4 190 + 10 33+3 106 + 8
n-dotriacontanoic acid 13+1 49+ 1 45+1 25+1
n-tetratriacontanoic acid 2+0 10+1 4+0 7+1
2-hydroxy fatty acids 80 + 4 1S5+ 6 77 £ 5 99 + 11
2-hydroxydocosanoic acid 9+0 23 +1 15+ 0 19 +2
2-hydroxytricosanoic acid 23 +2 38+0 16 + 1 18 + 4
2-hydroxytetracosanoic acid (V) 23+ 0 43+ 0 22 +2 31+3
2-hydroxy-15-tetracosenoic acid (VI) 19+1 38+ 4 20 + 22+ 1
2-hydroxyhexacosanoic acid 6+1 13+1 6+0 9+1
phytol and phytyl esters 302 + 21 358 £ 18 106 + 10 151 +7
phytol (VII) 57 +1 89 +1 26 + 1 38+2
phytyl tetradecanoate 26+ 0 72+ 2 11+1 18+1
phytyl hexadecanoate (VIII) 83+ 8 73+ 4 41 + 4 3+3
phytyl linoleate 101 + 10 78 + 4 1S+2 23+0
phytyl oleate 24 + 1 31+4 7x1 7x1
phytyl octadecanoate 7+1 7+2 2+0 8+0
phytyl eicosanoate 4+0 6+ 1 41 4+0
p-diketones 891 + 19 2043 + 103 1538 + 70 1427 £ 123
hentriacontane-14,16-dione (XI) 798 + 9 1879 + 83 1308 + 48 1333 + 95
25-hydroxy-hentriacontane-14,16-dione (X) 93 + 10 163 + 20 230 + 22 94 + 28
n-aldehydes 12+1 23+ 4 10+1 22 +2
n-docosanal 2+0 2+0 1+0 3+0
n-tetracosanal 2+0 2+0 1+0 2+0
n-hexacosanal 3+0 4+1 S+1 S+1
7285 https://doi.org/10.1021/acs jafc.4c12445
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Table 1. continued
compounds wheat triticale rye tritordeum
n-octacosanal (XI) 4+1 11+3 1+0 9+1
n-triacontanal 1+0 4+1 2+0 3+0
tocopherols and tocopheryl esters 67 + 4 SS5+7 21 + 4 40
a-tocopherol (XII) 39+3 38 + 8+2 22 +
B-tocopherol (XIII) +1 3+1 2+0 3+0
y-tocopherol (XIV) 8+0 7+0 S+1 6+1
a-tocopheryl dodecanoate tr. tr 1+0 2+0
a-tocopheryl tetradecanoate 2+0 1+0 tr. 1+0
a-tocopheryl hexadecanoate (XV) 5+0 2+0 3+1 1+0
P-tocopheryl dodecanoate 40 2+0 1+0 3+0
P-tocopheryl tetradecanoate 4+0 2+ tr. 1+0
P-tocopheryl hexadecanoate tr. tr. 1+0 1+1
monoglycerides” 26+ 1 75+2 23+1 40 £ 2
1-monopalmitin (1-P) (XVI) 11 +1 36+ 1 12+1 18+ 0
1-monolinolein (1-L) 4+0 13 + 3+0 S+1
1-monoolein (1-O) 3+0 S+0 2+0 2+0
2,3-dihydroxypropyl octadecanoate 2+0 S0 1+0 7+1
2,3-dihydroxypropyl eicosanoate tr. tr tr. tr.
2,3-dihydroxypropyl docosacanoate 1+0 4+0 1+0 2+0
2,3-dihydroxypropyl tetracosanoate 2+0 4+0 2+0 2+0
2,3-dihydroxypropyl hexacosanoate tr. tr tr. tr.
2,3-dihydroxypropyl octacosanoate 2+0 3+ 1+£0 3+0
2,3-dihydroxypropyl triacontanoate 1+0 3+0 1+0 1+0
diglycerides” 28 + 1 60 + 6 18 +1 30 + 4
1,2-Dg3$ (1,2-P2) 1+0 3+0 5+£0 4+0
1,3-Dg3s (1,3-P2) 1+0 4+1 3+0 6+1
1,2-Dg37 (1,2-PO + 1,2-PL) 2+0 8+1 1+0 4+0
1,3-Dg37 (1,3-PO + 1,3-PL) 7+0 20 +2 S+1 4+1
1,2-Dg39 (1,2-02 + 1,2-L2 + 1,2-OL) 12 +1 10 + 1 340 6+1
1,3-Dg39 (1,3-02 + 1,3-L2 + 1,3-OL) S£0 15+ 1 1+0 6+1
triglycerides” 72+3 142 £S5 n.d. 60 + 4
Tgs3 (P20 + P2S + P2L) 18+1 29+ 2 nd. 14+0
TgSS (PL2 + PLS + PO2 + PS2 + PLO + POS) 48 +1 83 +1 n.d. 39+ 4
Tg57 (L3 + 03) 6+1 30+2 nd. 740
high-molecular-weight esters 959 + 42 1560 + 97 444 + 30 572 + 34
esters Cyg 21 +3 23+ 1 S+0 17+ 1
esters Cyg Sx1 3+0 1+£0 3+0
esters Cyq 128 + 4 89 £S5 48 £ 2 50 +3
esters Cyy 11+1 9+1 4+1 7+1
esters Cy, 120 + 4 218 + 14 149 + 9 94 +2
esters Cy3 19+1 32+4 S+1 9+ 1
esters Cyy 311 +3 699 + 32 81+6 158 + 15
esters Cyq 1IS+1 16 + 0 S+1 13+0
esters Cyq4 108 + 10 104 + 3 64 + 6 65 + 4
esters Cyq 75 £ 4 142 + 13 42 +£2 S8+ 1
esters Cg 71+ S 117 £ 11 24 +0 49 + 2
esters Cg, 35+3 S0+ 6 16 £ 2 26 +1
esters Cgy 16 +1 26+1 n.d. 13+0
esters Cqq 24+ 1 32+6 n.d. 10+3
free sterols 860 + 12 1192 + 26 824 + 82 1010 + 82
cholesterol 20+0 17+ 1 8+2 24 +3
sitosterol (XVIII) 417 £ 0 684 + 9 496 + 48 563 + 49
campesterol (XIX) 196 + 1 224 + 6 202 + 12 189 + 9
stigmasterol (XX) 161 £ § 105 £ S 48 +2 147 + 10
stigmastanol 17+ 2 73 £3 3I9+7 S0+ 4
AS-avenasterol (XXI) 12+2 42 +1 n.d. 11 +2
cycloartenol (XXII) 18 +2 12+1 tr. S+0
24-methylenecycloartanol (XXIIT) 2+0 1+0 tr. 3+0
A-stigmastenol (XXIV) nd. n.d. 10+ 1 nd.
f-amyrin 17+ 1 30 £2 21+ 5 18+5
sterol esters 73 + 4 122 + 11 35+2 47 £ 1
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Table 1. continued
compounds wheat triticale rye tritordeum
campesteryl tetradecanoate tr. 4+1 3+0 3+0
campesteryl hexadecanoate 6+0 11+1 1+0 2+0
campesteryl oleate + campesteryl linoleate 6+1 9+1 tr. 1+0
stigmasteryl tetradecanoate S+1 S0 1+0 3+0
stigmasteryl hexadecanoate 6+1 16 + 2 tr. 3x+0
stigmasteryl oleate + stigmasteryl linoleate tr. tr. tr. tr.
sitosteryl tetradecanoate (XXV) 33+0 32+1 18+1 25+ 0
sitosteryl hexadecanoate 10 + 0 22 +2 S+0 6+ 1
sitosteryl oleate + sitosteryl linoleate 7x1 21 £3 +1 4+0
sterol glycosides 5SSO0 + 24 599 £ 15 481 + 18 649 + 12
cholesteryl 3f-p-glucopyranoside 8+1 10+ 1 3+0 11 +£2
campesteryl 3$-p-glucopyranoside 94 + 10 108 + 0 107 + 10 129 + 2
stigmasteryl 3-p-glucopyranoside 11§ +3 89 +3 58+3 114 + 1
sitosteryl 3f-p-glucopyranoside (XXVI) 273 + 6 328 +9 279+ 0 335+ 4
A-avenasteryl 3f-p-glucopyranoside 15+1 7+0 n.d. 9+1
A7-stigmastenyl 3f3-p-glucopyranoside n.d. n.d. 10 + 4 n.d.
campesteryl (6'-O-palmitoyl)-34-p-glucopyranoside 10 +1 12 +1 6+1 11+0
stigmasteryl (6'-O-palmitoyl)-3/-p-glucopyranoside 11+1 13+1 3+0 9+1
sitosteryl (6'-O-palmitoyl)-3/-p-glucopyranoside (XXVII) 24+ 1 32+0 15+ 0 311
steroid ketones 20+ 1 22 +2 7+2 26 +2
stigmastane-3,6-dione (XXVIII) 4+0 9+1 3+1 22 +1
ergost-4-en-3-one (XXIX) 10 + 1 8+1 3+1 11 +1
stigmasta-3,5-dien-7-one (XXX) 3+0 1+0 tr 2+0
stigmast-4-en-3-one (XXXI) 3+0 3+£0 1+0 2+0
steroid hydrocarbons 12+1 19 £ 4 11+2 14 +2
stigmasta-3,5,22-triene (XXXII) 6+1 11 +2 7+1 7+1
stigmasta-3,5-diene (XXXIII) 6+0 8§+2 4+1 7+1

“Labels for mono-, di-, and triglycerides: P, palmitic acid; L, linoleic acid; O, oleic acid; S, stearic acid.

2. MATERIALS AND METHODS

2.1. Cereal Straws. Wheat, triticale, rye, and tritordeum plants were
cultivated under field conditions in Cérdoba (Spain), in 2022. Upon
reaching optimal maturity, the plants were harvested and the straws
were carefully collected. The straws were air-dried at room temperature
until they reached a constant weight. Subsequently, they were ground in
an IKA knife mill with a 1 mm sieve to facilitate lipid extraction. For
each sample, S g of milled straw was precisely weighted and subjected to
Soxhlet extraction with acetone for 8 h. The resulting extracts were then
evaporated to dryness using a rotary evaporator until a constant weight
was achieved, yielding 2.2% for wheat, 3.7% for triticale, 2.5% for rye,
and 2.5% for tritordeum straws based on a dry material. The lipophilic
extractives were obtained by redissolving the dried acetone extract in
chloroform, yielding 1.5% for wheat, 2.5% for triticale, 1.7% for rye, and
1.9% for tritordeum. Each experiment was performed in triplicate to
ensure accuracy.

2.2. GC—MS Analyses. For the GC—MS analysis, the chloroform—
soluble fraction was analyzed both in their nonderivatized form and
after derivatization with N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA). The analyses were performed in a Shimadzu QP 2010
Ultra GC—MS equipment (Kyoto, Japan) using the experimental
conditions described elsewhere.””> Compound identification was
conducted by comparing their mass spectra with those in the NIST
library and, when possible, by comparison with authentic standards. To
determine the response factor for the different lipid families and to
quantify individual compounds, a mixture of authentic standards (all
purchased from Sigma-Aldrich) was used in a concentration range
between 0.3 and 1.1 mg/mL, including triacontane (98%), cholesta-
3,5-diene (95%), palmitic acid (99%), l-octacosanol (99%), Sa-
cholestan-3-one (98%), sitosterol (99%), sitosteryl 3f-p-glucopyrano-
side (75%), cholesteryl linoleate (98%), rac-glycerol 1-myristate (99%),
1,3-dipalmitin (99%), and glyceryl tripalmitate (99%). Quantification
results were given as the mean of three replicates to ensure accuracy and

replicability.
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3. RESULTS AND DISCUSSION

3.1. Lipophilic Profile of the Cereal Straws. The acetone
extraction yields from wheat, rye, and tritordeum straws were
similar, ranging from 2.2 to 2.5% of the dry material, with
triticale showing a significantly higher yield (3.7%). However,
the lipophilic content, measured as the chloroform—soluble
fraction, was lower, accounting for 1.5% in wheat, 2.5% in
triticale, 1.7% in rye, and 1.9% in tritordeum. The chloroform—
soluble fraction was subjected to GC—MS analysis, both
underivatized and after derivatization with BSTFA to enhance
the volatility of less volatile compounds. The use of medium-
length high-temperature capillary GC columns, combined with
the methodology described in previous studies,””** enabled the
simultaneous identification of a wide range of lipids within a
single chromatogram. These lipids ranged from low molecular-
weight compounds, such as n-alkanes and n-fatty acids, to high
molecular-weight compounds, including waxes and triglycer-
ides.

Figures 1 and 2 show the chromatograms of the lipophilic
extracts underivatized and after TMS-ether derivatization,
respectively. A wide array of lipophilic compounds was
identified and classified into two primary groups. The first
group comprises aliphatic compounds, including n-alkanes; n-
aldehydes; p-diketones; n-fatty acids; n-hydroxy fatty acids;
mono-, di-, and triglycerides; n-fatty alcohols; phytols;
tocopherols; and high-molecular-weight ester (waxes). The
second group consists of steroid compounds, including free
sterols, sterol hydrocarbons, sterol ketones, sterol glycosides,
and sterol esters. The identity and abundance of these lipophilic
compounds, expressed in milligrams per kilogram on a dry-
weight basis, are detailed in Table 1. Representative structures of
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Figure 3. Chemical structures of representative aliphatic compounds from various lipid families identified in the cereal straws, as referred to in the text.
I, n-hentriacontane; II, n-octacosanol; III, n-hexadecanoic acid; IV, cis,cis-9,12-octadecadienoic acid; V, 2-hydroxytetracosanoic acid; VI, 2-hydroxy-
15-tetracosenoic acid; VII, phytol; VIII, phytyl hexadecanoate; IX, hentriacontane-14,16-dione; X, 25-hydroxyhentriacontane-14,16-dione; XI, n-
octacosanal; XII, a-tocopherol; XIII, A-tocopherol; XIV, y-tocopherol; XV, a-tocopheryl hexadecanoate; XVI, 1-monopalmitin; XVII, hexadecanoic

acid, octacosyl ester.

the most abundant compounds are shown in Figures 3 (for
aliphatic compounds) and 4 (for steroid compounds). Figure §
shows a comparison of the abundance of the main lipophilic
compounds identified in the different cereal straws in terms of
total abundance (mg/kg).

In wheat straw, n-fatty acids were the most abundant
lipophilic family (1631 mg/kg; 24.9% of all of the identified
compounds), followed by high molecular-weight esters (959
mg/kg; 14.7%), p-diketones (891 mg/kg; 13.6%), and free
sterols (860 mg/kg; 13.1%). Triticale straw was characterized by
presenting the highest contents of n-fatty acids (3538 mg/kg;
28.6%), p-diketones (2043 mg/kg; 16.5%), n-fatty alcohols
(1825 mg/kg; 14.8%), and high molecular-weight esters (1560
mg/kg; 12.6%), which makes sense considering its higher total
lipophilic content. Rye straw was particularly rich in $-diketones
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(1538 mg/kg; 28.9%), with significant amounts of n-fatty acids
(1185 mg/kg; 22.2%), free sterols (824 mg/kg; 15.5%), and
sterol glycosides (481 mg/kg; 9.0%). Lastly, the lipophilic
profile of tritordeum straw was dominated by n-fatty acids (1463
mg/kg; 22.6%), followed by f-diketones (1427 mg/kg; 22.1%),
free sterols (1010 mg/kg; 15.6%), and sterol glycosides (649
mg/kg; 10.0%), as depicted in the histograms of Figure S.

3.2. Aliphatic Compounds. The aliphatic compounds
identified in the straw samples included a variety of n-alkanes, n-
aldehydes, p-diketones, n-fatty acids, n-hydroxy fatty acids,
glycerides, n-fatty alcohols, phytols, tocopherols, and high
molecular-weight esters. These compounds were found at
different concentrations, with the highest levels found in triticale
(10408 mg/kg), followed by tritordeum (4718 mg/kg), wheat
(5041 mg/kg), and rye (3964 mg/kg) (Table 1).

https://doi.org/10.1021/acs jafc.4c12445
J. Agric. Food Chem. 2025, 73, 7282—-7297


https://pubs.acs.org/doi/10.1021/acs.jafc.4c12445?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c12445?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c12445?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c12445?fig=fig3&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.4c12445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Agricultural and Food Chemistry

pubs.acs.org/JAFC

HO HO'
(Xvii (XIX)
J
HO HO
(XXI1)
o)

/\/\/\/\/\/\)J\o

(XXV)

XXV

)/
W
HO HO
(XX) (XX1)

(XX

HO
(XXIV)
OH
HO%O
HO
H
(XxvI)

[e]
(XXVIIT)

55 o

(o]

0
(XXIX) (XXX)

(XXXI)

(XXX OO

Figure 4. Chemical structures of representative steroid compounds from various lipid families identified in the cereal straws, as referred to in the text.
XVIII, sitosterol; XIX, campesterol; XX, stigmasterol; XXI, A3-avenasterol; XXII, cycloartenol; XXIII, 24-methylenecycloartanol; XXIV, A’-
stigmastenol; XXV, sitosteryl tetradecanoate; XXVI, sitosteryl 3/-p-glucopyranoside; XXVII, sitosteryl (6’-O-palmitoyl) 3/-p-glucopyranoside;
XXVIII, stigmastane-3,6-dione; XXIX, ergost-4-en-3-one; XXX, stigmasta-3,5-dien-7-one; XXXI, stigmast-4-en-3-one; XXXII, stigmasta-3,5,22-

triene; XXXIII, stigmasta-3,5-diene.

n-Alkanes were present in considerable amounts in triticale
(574 mg/kg; 4.6% of the total lipidic compounds), wheat (366
mg/kg; 5.6%), and tritordeum (319 mg/kg; 4.9%), whereas rye
contained significantly lower amounts (140 mg/kg; 2.6%)
(Figure S). These compounds ranged from n-tricosane (C,;) to
n-pentatriacontane (Cj;), with n-nonacosane (C,o) being the
most abundant in wheat (193 mg/kg) and n-hentriacontane
(C3;; I) being predominant in triticale (292 mg/kg) and
tritordeum (152 mg/kg); in rye, both alkanes were present in
equal amounts (53 mg/kg), as shown in Table 1. These results
are consistent with a previous study on wheat straw.” In a
previous study on triticale, only n-heptacosane (C,;), n-
nonacosane (C,,), and n-hentriacontane (C,;) were reported."

n-Fatty alcohols were also present in notable amounts, with
triticale showing the highest abundance (1825 mg/kg; 14.8% of
the total identified lipophilic compounds). In wheat, tritordeum,
and rye, fatty alcohols accounted for 607 mg/kg (9.3%), 495
mg/kg (7.6%), and 402 mg/kg (7.5%) (Figure S). The n-fatty
alcohols ranged from n-eicosanol (C,,) to n-dotriacontanol
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(Cs,), with an even carbon atom number predominance. n-
Octacosanol (C,g; II) was the most abundant n-fatty alcohol,
accounting for up to 1485 mg/kg in triticale, 478 mg/kg in
wheat, and 291 mg/kg in tritordeum. However, in rye straw, the
most abundant n-fatty alcohol was n-hexacosanol (C,g),
accounting for 217 mg/kg (Table 1). These findings are
consistent with previous studies on wheat straw." In the case of
triticale, only n-hexacosanol and n-octacosanol have been
previously documented,'® while there is a lack of previous
research reporting fatty alcohols in tritordeum and rye.

n-Fatty acids emerged as one of the most abundant lipid
families in straw, contributing significantly to the total lipophilic
content. They accounted for 3538 mg/kg (28.6% of all lipophilic
compounds) in triticale, 1631 mg/kg (24.9%) in wheat, 1463
mg/kg (22.6%) in tritordeum, and 1185 mg/kg (22.2%) in rye,
as depicted in Figure S. The distribution of n-fatty acids ranged
from n-tetradecanoic acid (Cj,) to n-tetratriacontanoic acid
(Cs4), with a predominance of n-hexadecanoic acid (C
palmitic acid, III), accounting for 810 mg/kg in triticale, 517
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mg/kg in wheat, 475 mg/kg in tritordeum, and 416 mg/kg in
rye. Moreover, significant amounts of unsaturated fatty acids,
such as cis,cis-9,12-octadecadienoic acid (Cyg.,, linoleic acid, IV)
and cis-9-octadecenoic acid (Ciq,;, oleic acid), were also
identified, with triticale showing the highest levels (653 and
645 mg/kg, respectively), followed by wheat (210 and 229 mg/
kg), tritordeum (89 and 79 mg/kg), and rye (66 and 67 mg/kg)
(Table 1). A similar trend was observed in previous work for
wheat.* In contrast, previous studies have reported higher
amounts of unsaturated fatty acids in triticale and rye, likely due
to the different extraction methods.'”*’

Minor amounts of 2-hydroxy fatty acids were also detected,
ranging from 155 mg/kg (1.2% of all lipophilic compounds) in
triticale to 99 mg/kg (1.5%) in tritordeum, 80 mg/kg (1.2%) in
wheat, and 77 mg/kg (1.5%) in rye. The most abundant was 2-
hydroxytetracosanoic acid (C,, V), found at 43 mg/kg in
triticale, 31 mg/kg in tritordeum, 23 mg/kg in wheat, and 22
mg/kg in rye (Table 1). 2-Hydroxy fatty acids have been widely
found in a variety of plants.”>*° Interestingly, an unsaturated 2-
hydroxy fatty acid, namely, 2-hydroxy-15-tetracosenoic acid
(VI), was detected for the first time in these straws, which
accounted for 38 mg/kg in triticale straw, 22 mg/kg in
tritordeum, 20 mg/kg in rye, and 19 mg/kg in wheat. This
compound was previously reported in the Caribbean urchin
Tripneustes esculentus.”’

Phytol, an unsaturated diterpene alcohol, and its esters were
also detected, accounting for 358 mg/kg (2.9% of the total
lipophilic content) in triticale, 302 mg/kg (4.6%) in wheat, 151
mg/kg (2.3%) in tritordeum, and 106 mg/kg (2.0%) in rye
(Figure 5). This is the first time that these compounds have been
reported in cereal straws. Although the content of phytol (VII)
was relatively low—89 mg/kg in triticale, 57 mg/kg in wheat, 38
mg/kg in tritordeum, and 26 mg/kg in rye—phytyl esters,
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formed by the esterification of phytol with different fatty acids,
were more abundant. These esters ranged from phytyl
tetradecanoate (C,) to phytyl eicosanoate (C,y), including
two unsaturated phytol esters, phytyl oleate (C,5,) and phytyl
linoleate (Cjg,,). Phytyl hexadecanoate (C,4; VIII) was the most
abundant phytyl ester in tritordeum and rye, with concen-
trations of 53 and 41 mg/kg, respectively. In contrast, phytyl
linoleate (C,g,) was the predominant one in wheat and triticale,
with concentration of 101 and 78 mg/kg, respectively (Table 1).
Phytol and its derivatives offer numerous health benefits,
including antioxidant, anti-inflammatory, anticancer, and
antimicrobial properties, and are used in the synthesis of
vitamins E and K1, making them highly valuable in the
pharmaceutical industry.””*°

p-Diketones constituted a significant portion of the lipophilic
extractives in the cereal straws analyzed. They accounted for
2043 mg/kg (16.5% of the total lipophilic compounds) in
triticale straw, 1538 mg/kg (28.9%) in rye, 1427 mg/kg (22.6%)
in tritordeum, and 891 mg/kg (13.6%) in wheat. Two f-
diketones were identified, hentriacontane-14,16-dione (IX) and
25-hydroxyhentriacontane-14,16-dione (X), with their mass
spectra shown in Figure 6. The fragmentation pattern of
hentriacontane-14,16-dione differed slightly from previous
reports,” likely due to the use of a different mass spectrometer
detector (Ton-trap versus quadrupole). The molecular ion at m/
z 464 suggests that the compound is a hentriacontanedione,
while the fragments at m/z 211, 225,239, and 251 correspond to
cleavages at adjacent positions of the carbonyl groups at C14 and
C16. This compound was found in relatively high amounts, with
concentrations of 1879 mg/kg in triticale, 1333 mg/kg in
tritordeum, 1308 mg/kg in rye, and 798 mg/kg in wheat (Table
1). Hentriacontane-14,16-dione has been previously reported in
wheat straw.*>"** In contrast, the mass spectrum of 25-
hydroxyhentriacontane-14,16-dione (Figure 6) lacks the mo-
lecular ion (m/z 480), likely due to the loss of a water molecule,
resulting in a fragment at m/z 462. As with hentriacontane-
14,16-dione, the fragments at m/z 211 and 253 are characteristic
of the carbonyl groups at C14 and C16 positions, while the
fragment at m/z 395 arises from a cleavage adjacent to the
hydroxyl group at C-25. 25-Hydroxyhentriacontane-14,16-
dione was present in lower amounts, with concentrations of
230 mg/kg in rye, 163 mg/kg in triticale, 94 mg/kg in
tritordeum, and 93 mg/kg in wheat (Table 1). This compound
has been previously detected in other grasses such as L. arenarius
and some Agropyron species.””>*

p-Diketones are natural antioxidants with a broad spectrum of
biological activities. A notable example is curcumin, a well-
known diketone extensively studied for its health benefits,
including its role in preventing cardiovascular and liver diseases,
hypertension, and obesity.”*® The characteristic keto—enol
tautomerism inherent to p-diketones renders them highly
versatile for applications in various industries. They serve as
substrates for catalyst manufacturing, medicines, cosmetic and
fuel additives, and even as chelating agents for environmental
protection.”” The substantial presence of #-diketones in the lipid
fraction of these cereal straws highlights the potential of these
inexpensive and abundant agricultural residues as a renewable
source for extracting this valuable family of lipophilic
compounds. In previous studies on wheat straw,” hentriacon-
tane-14,16-dione was the second most abundant compound
after n-octacosanol. In triticale, hentriacontane-14,16-dione was
the most abundant compound detected, and 25-hydroxyhen-
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Figure 6. Mass spectra of hentriacontane-14,16-dione (A) and 25-hydroxyhentriacontane-14,16-dione (B), identified among the lipophilic extractives

of the cereal straws.

triacontane-14,16-dione had only been found in the leaves of the
plant.*®

n-Aldehydes were also found in the cereal straws, albeit in
minor amounts, accounting for 23 mg/kg (0.2% of the total
lipophilic compounds) in triticale, 22 mg/kg (0.3%) in
tritordeum, 12 mg/kg (0.2%) in wheat, and 10 mg/kg (0.2%)
in rye, as shown in Figure 5. The n-aldehydes identified ranged
from n-docosanal (C,,) to n-triacontanal (Csy), with n-
octacosanal (C,g; XI) being the most abundant in triticale (11
mg/kg), tritordeum (9 mg/kg), and wheat (4 mg/kg) straws. In
contrast, the maximum for rye was n-hexacosanal, accounting for
S mg/kg (Table 1). Although aldehydes have traditionally been
overlooked due to their high reactivity and associated toxicity,
recent studies have demonstrated their potential in the
development of highly selective drugs®” and their excellent
antibacterial properties.*”*'

The analysis also revealed small amounts of both free and
esterified tocopherols. Notably, this study is the first to confirm
the presence of tocopherols in specific straw samples.
Tocopherols accounted for 67 mg/kg (1.0% of the total
lipophilic extract) in wheat, 55 mg/kg (0.4%) in triticale, 40 mg/
kg (0.6%) in tritordeum, and 21 mg/kg (0.4%) in rye (Figure S).
Their identification was confirmed by comparing their mass
spectra with previously published data.*” Among the tocopher-
ols, a-tocopherol (XII) was the most abundant, with
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concentrations of 39 mg/kg in wheat, 38 mg/kg in triticale, 22
mg/kg in tritordeum, and 8 mg/kg in rye (Table 1).
Additionally, f-tocopherol (XIII) and y-tocopherol (XIV)
were also detected, albeit in lower amounts. While a-, -, and
y-tocopherols were found in free form, only a- and f-
tocopherols were detected in esterified form, bound to various
n-fatty acids. The esterified tocopherols ranged from a- and j-
tocopheryl dodecanoate (C;,) to a- and f-tocopheryl
hexadecanoate (C;4), with only even-numbered carbon chain
homologues detected. Among these, a-tocopheryl hexadeca-
noate (XV) was the most abundant, especially in wheat (5 mg/
kg) and rye (3 mg/kg) (Table 1). Tocopherols are widely
known for their antioxidant properties and associated health
benefits, as documented in numerous studies.*>**
Acylglycerols, including mono-, di-, and triglycerides, were
detected in low amounts in the straw samples, accounting for
277 mg/kg (2.2% of the total lipophilic compounds) in triticale,
130 mg/kg (2.0%) in tritordeum, 126 mg/kg (1.9%) in wheat,
and 41 mg/kg (0.8%) in rye (Figure S). Monoglycerides
accounted for 75 mg/kg in triticale, 40 mg/kg in tritordeum, 26
mg/kg in wheat, and 23 mg/kgin rye (Table 1). Among these, 1-
monopalmitin was the most abundant, with a concentration of
36 mg/kg in triticale, 18 mg/kg in tritordeum, 12 mg/kg in rye,
and 11 mg/kg in wheat (Table 1). On the other hand,
diglycerides accounted for 60 mg/kg in triticale, 30 mg/kg in
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Table 2. Composition and Abundance (mg/kg) of the High Molecular-Weight Esters Identified in the Acetone Extracts from
Wheat, Triticale, Rye, and Tritordeum Straws

compound fatty acid:fatty alcohol wheat triticale rye tritordeum
esters Cyg 21+3 23+1 5+0 17+1
tetradecanoic acid, tetracosyl ester Cl14:C24 9=x1 7x0 20 6+0
hexadecanoic acid, docosyl ester C16:C22 12 +2 16 +1 3+ 11+1
esters Cyy Sx1 3+£0 1+0 3+£0
pentadecanoic acid, tetracosyl ester C15:C24 3+1 1+£0 tr. n.d.
hexadecanoic acid, tricosyl ester C16:C23 3+0 2+0 1+0 n.d.
heptadecanoic acid, docosyl ester C17:C22 n.d. n.d. n.d. 30
octadecanoic acid, heneicosyl ester C18:C21 tr. n.d. n.d. n.d.
esters Cy 128 + 4 89 £S5 48 +2 S0+3
tetradecanoic acid, hexacosyl ester C14:C26 7+2 12+0 23 +1 8+1
hexadecanoic acid, tetracosyl ester Cl16:C24 115+ 1 725 25+ 1 38+1
octadecanoic acid, docosyl ester C18:C22 4=x1 S0 n.d. 3x1
eicosanoic acid, eicosyl ester C20:C20 2+0 n.d. n.d. 2+0
esters Cy; 11+1 9+1 4+1 7+1
pentadecanoic acid, hexacosyl ester C15:C26 2+0 4+1 3+ n.d
hexadecanoic acid, pentacosyl ester Cl16:C25 7x1 S+0 1+0 7+1
heptadecanoic acid, tetracosyl ester C17:C24 2+0 n.d. n.d. n.d.
esters C,, 120 + 4 218 + 14 149 + 17 94 +2
tetradecanoic acid, octacosyl ester C14:C28 43+£2 95 +7 S+0 24+ 1
hexadecanoic acid, hexacosyl ester C16:C26 46 + 1 94 £ 6 127 + 13 44+ 1
octadecanoic acid, tetracosyl ester C18:C24 17+ 0 12+0 9x2 8+0
eicosanoic acid, docosyl ester C20:C22 14+1 16 £0 8§+2 15+0
docosanoic acid, eicosyl ester C22:C20 n.d. 1+0 n.d. 3+0
esters Cy3 19+1 32+4 Sx1 91
pentadecanoic acid, octacosyl ester C15:C28 14+1 22 +£2 n.d. 4+0
hexadecanoic acid, heptacosyl ester Cl16:C27 S0 10+ 2 n.d. Sx1
heptadecanoic acid, hexacosyl ester C17:C26 n.d. n.d. S+1 n.d.
esters Cy, 311 +£3 699 + 32 81 £8 158 + 15
tetradecanoic acid, triacontyl ester C14:C30 4+0 7+0 n.d. 3+0
hexadecanoic acid, octacosyl ester (XVII) C16:C28 241 + 10 639 + 26 27 +2 104 + 12
octadecanoic acid, hexacosyl ester C18:C26 6+2 15+2 23 +3 91
eicosanoic acid, tetracosyl ester C20:C24 37+ 4 23 +2 26+3 28 +1
docosanoic acid, docosyl ester C22:C22 IS5 1S+2 S0+0 12 +
tetracosanoic acid, eicosyl ester C24:C20 n.d. n.d. n.d. 3+0
esters Cy; 15+1 16 £ 0 S+1 13+1
hexadecanoic acid, nonacosyl ester C16:C29 12+1 7+0 4+1 S5+0
heptadecanoic acid, octacosyl ester C17:C28 3+0 9+0 1+0 8+1
esters Cyq 108 + 10 104 + 9 64 +7 65 + 4
hexadecanoic acid, triacontyl ester C16:C30 27 +2 30+3 n.d. 11+1
octadecanoic acid, octacosyl ester C18:C28 34 +2 36+£3 Sx1 12+1
eicosanoic acid, hexacosyl ester C20:C26 10£0 19+0 45 + 4 11+1
docosanoic acid, tetracosyl ester C22:C24 37+6 13+2 14 +2 24+ 1
tetracosanoic acid, docosyl ester C24:C22 n.d. 8+1 n.d. 7+0
esters Cyg 75+ 4 142 +£ 13 42 +£2 S8+1
hexadecanoic acid, dotriacontyl ester C16:C32 n.d. 11 +2 n.d. 8+0
octadecanoic acid, triacontyl ester C18:C30 n.d. 4+1 n.d. n.d.
eicosanoic acid, octacosyl ester C20:C28 49 +2 101 =7 8+0 26 + 1
docosanoic acid, hexacosyl ester C22:C26 n.d. 15+0 18 +2 15+0
tetracosanoic acid, tetracosyl ester C24:C24 10+0 13+3 17+ 0 11+0
hexacosanoic acid, docosyl ester C26:C22 16 + 2 nd. n.d. nd. +
ester Cy, 71 £S5 117 £ 11 24 +1 49 +£2
docosanoic acid, octacosyl ester C22:C28 S4+3 101 + 10 S+0 33+£2
tetracosanoic acid, hexacosyl ester C24:C26 17 £ 2 7+0 13+1 8+0
hexacosanoic acid, tetracosyl ester C26:C24 n.d. 9+1 S+0 8+0
esters Cg, 35+3 S0+6 16 £1 26 + 1
tetracosanoic acid, octacosyl ester C24:C28 29 +2 46 + 6 2+0 15+1
hexacosanoic acid, hexacosyl ester C26:C26 n.d. 4+0 141
octacosanoic acid, tetracosyl ester C28:C24 16 + 1 n.d. n.d. 6 +
ester Cg, 16 £ 1 26+ 1 n.d. 13+0
hexacosanoic acid, octacosyl ester C26:C28 16 + 1 26+ 1 n.d. 13+0
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Table 2. continued
compound fatty acid:fatty alcohol wheat triticale rye tritordeum
esters Cgq 24 +1 32+3 n.d. 10+ 3
octacosanoic acid, octacosyl ester C28:C28 24+ 1 32+3 n.d. 10+ 3

tritordeum, 28 mg/kg in wheat, and 18 mg/kg in rye (Table 1).
These were identified as a mixture of compounds formed from
different fatty acids (palmitic, oleic, and linoleic acids) attached
to different positions on the glycerol backbone, with 1,3-isomers
being more abundant than 1,2-isomers (Table 1). Lastly,
triglycerides were the most abundant acylglycerols found among
the straws, accounting for 142 mg/kg in triticale, 72 mg/kg in
wheat, and 60 mg/kg in tritordeum, but they were not detected
in rye straw. Triglycerides, as in the case of diglycerides, were
composed of mixtures of palmitic, stearic, oleic, and linoleic
acids. Three main peaks were identified, Tg53, TgSS, and TgS7.
Peak TgSS, which included palmitoyldilinolein (PL2), palmi-
toyllinoleoylstearin (PLS) + palmitoyldiolein (PO2), palmi-
toyldistearin (PS2), palmitoyllinoleoylolein (PLO) + palmitoy-
loleoylstearin (POS), was the most abundant, accounting for 83
mg/kg in triticale, 48 mg/kg in wheat, and 39 mg/kg in
tritordeum (Table 1).

High molecular-weight esters, commonly known as waxes,
were among the most abundant aliphatic compounds identified
in the four cereal straws. These waxes accounted for 1560 mg/kg
(12.6% of the total lipophilic compounds) in triticale, 959 mg/
kg (14.7%) in wheat, 572 mg/kg (8.9%) in tritordeum, and 444
mg/kg (8.4%) in rye (Figure 5). These compounds arise from
the esterification of various n-fatty acids and n-fatty alcohols,
resulting in long-chain ester waxes ranging from Cg to Cyg, with
a strong predominance of the even-atom carbon number
homologues. The identification of the different esters was
based on their mass spectra.”*> The mass spectra of these
compounds typically display one or more intense peaks
corresponding to protonated acid ions, offering valuable insight
into the acid moieties. The alcohol moieties are identified
through the molecular ion peak, which reveals the total number
of carbon atoms in the ester. By combining the information on
the ester’s total carbon count with the data on the acid moiety,
the identity of the alcohol moiety can be readily deduced by
subtraction. Quantification of each ester was achieved by
integrating the chromatographic peak areas of the characteristic
ions for each acid moiety. The detailed composition of the high
molecular-weight esters identified in the cereal straws is shown
in Table 2. The esterified n-fatty acids ranged from tetradecanoic
acid (C,,) to octacosanoic acid (C,g), while the esterified n-fatty
alcohols ranged from eicosanol (C,,) to dotriacontanol (Cs,).
Despite the high abundance of free linoleic and oleic acids in the
straw samples, the absence of unsaturated n-fatty acid forming
high molecular-weight esters was particularly striking. The most
abundant high molecular-weight ester was C,,, mainly
composed of hexadecanoic acid, octacosyl ester (C;4:Cy)
(XVII) in triticale (639 mg/kg), wheat (241 mg/kg), and
tritordeum (104 mg/kg). In rye, however, the most abundant
high molecular-weight ester was C,,, mainly composed of
hexadecanoic acid, hexacosyl ester (C,4:C,;), accounting for 127
mg/kg (Table 1). A similar pattern was observed in a previous
work on wheat straw.” Waxes are essential components in the
plant cuticle, acting as a protective barrier between the plant
surface and the external environment. They protect the plant
from pathogens, water loss, and ultraviolet radiation. Due to
these properties, waxes have a wide range of industrial
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applic:létigns, including in pharmacology as well as lubri-

3.3. Steroid Compounds. The steroidal compounds
identified in the selected cereal straws can be categorized into
the following families: free sterols, sterol esters, sterol glycosides,
steroid ketones, and steroid hydrocarbons. These compounds
were present at varying concentrations, with the highest levels
found in triticale (1954 mg/kg), followed by tritordeum (1746
mg/kg), wheat (1515 mg/kg), and rye (1358 mg/kg) (Table 1).

Free sterols were one of the major steroid families found in the
straws, constituting up to 1192 mg/kg (9.6% of all lipophilic
compounds) in triticale, 1010 mg/kg (15.6%) in tritordeum,
860 mg/kg (13.1%) in wheat, and 824 mg/kg (15.5%) in rye
(Figure S5). The most abundant free sterol was sitosterol
(XVIII), with concentrations of 684 mg/kg in triticale, $63 mg/
kg in tritordeum, 496 mg/kg in rye, and 417 mg/kg in wheat
(Table 1). Campesterol (XIX) and stigmasterol (XX) were also
found in significant amounts, with campesterol being more
abundant, reaching up to 224 mg/kg in triticale, 202 mg/kg in
rye, 196 mg/kg in wheat, and 189 mg/kg in tritordeum.
Stigmasterol was less abundant, accounting for 161 mg/kg in
wheat, 147 mg/kg in tritordeum, 105 mg/kg in triticale, and 48
mg/kg in rye (Table 1). Most of the sterols identified were
common across all cereal straws. However, certain sterols, such
as AS-avenasterol (XXI), cycloartenol (XXII), and 24-
methylenecycloartanol (XXIII), were absent in rye, whereas
A7-stigmastenol (XXIV) was detected exclusively in rye. These
differences likely arise from the close genetic relationship among
wheat, triticale, and tritordeum. These findings broaden the
range of sterols identified in cereal straws, which were previously
limited to campesterol, stigmasterol, and sitosterol in the
literature.”"”

Sterol esters were identified in lower amounts, accounting for
122 mg/kg (0.9% of all lipophilic compounds) in triticale, 73
mg/kg (1.1%) in wheat, 47 mg/kg (0.8%) in tritordeum, and 35
mg/kg (0.7%) in rye (Figure S). Sterol esters were formed from
three sterols—campesterol, stigmasterol, and sitosterol—
esterified to various long-chain fatty acids. The identities of
the sterol esters were determined through the prominent base
peaks in their mass spectra, which corresponded to the steroid
components (m/z 382 for campesterol, m/z 394 for
stigmasterol, and m/z 396 for sitosterol). Each of these sterols
was esterified with fatty acids ranging from tetradecanoic acid
(Cy4) to octadecanoic acid (C,3), including unsaturated oleic
(Cg.1) and linoleic (C,g,,) acids. Sitosterol esters were the most
prevalent, with sitosteryl tetradecanoate (C,,; XXV) being the
most abundant, with concentrations of 33 mg/kg in wheat, 32
mg/kg in triticale, 25 mg/kg in tritordeum, and 18 mg/kg in rye
(Table 1).

Sterol glycosides and acyl sterol glycosides made up the
second most abundant family of steroid compounds found in the
analyzed cereal straws. They accounted for 649 mg/kg (10.0% of
the total lipophilic compounds) in tritordeum, S99 mg/kg
(4.9%) in triticale, 550 mg/kg (8.4%) in wheat, and 481 mg/kg
(9.0%) in rye, as shown in Figure S. Sitosteryl 3f-p-
glucopyranoside (XXVI) was the most abundant sterol
glycoside, accounting for 335 mg/kg in tritordeum, 328 mg/
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Figure 7. Single-ion (m/z 204) chromatograms of wheat (A), triticale (B), rye (C), and tritordeum (D), showing the distribution of the different sterol
glycosides and acyl sterol glycosides. The identified compounds, and their corresponding structures shown at the bottom, are labeled as follows: (a)
cholesteryl 3f-p-glucopyranoside, (b) campesteryl 3f-p-glucopyranoside, (c) stigmasteryl 3f-p-glucopyranoside, (d) sitosteryl 3f-p-glucopyranoside
(XXVI), (e) A”-stigmastenyl 34-p-glucopyranoside, (f) A*-avenasteryl 34-p-glucopyranoside, (g) campesteryl (6’-O-palmitoyl) 3f3-p-glucopyrano-

side, (h) stigmasteryl (6’-O-palmitoyl) 3/-p-glucopyranoside, (i) sitosteryl (6’-O-palmitoyl) 3f-p-glucopyranoside (XXVII).

kg in triticale, 279 mg/kg in rye, and 273 mg/kg in wheat (Table
1). Campesteryl and stigmasteryl 3$-p-glucopyranosides were
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also detected in considerable amounts, accounting for 129 and
114 mg/kg in tritordeum, 94 and 115 mg/kg in wheat, 108 and

https://doi.org/10.1021/acs jafc.4c12445
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89 mg/kg in triticale, and 107 and 58 mg/kg in rye (Table 1).
Similar to free sterols, A’-avenasteryl 3/-p-glucopyranoside was
identified in wheat (15 mg/kg), tritordeum (9 mg/kg), and
triticale (7 mg/kg), while A”-stigmastenyl 3-p-glucopyranoside
was identified only in rye (10 mg/kg). Various acyl sterol
glycosides were identified in cereal straws. The identification of
these compounds was carried out by comparing the mass spectra
and retention time with authentic standards (as their TMS-ether
derivatives), as previously described.*® The most abundant one
was sitosteryl (6'-O-palmitoyl)-34-p-glucopyranoside (XXVII),
ranging from 32 mg/kg in triticale to 1S mg/kg in rye straw.
Campesteryl and stigmasteryl (6'-O-palmitoyl)-34-p-glucopyr-
anosides were also detected, although in much lower amounts
(Table 1). Figure 7 presents relevant sections of the single-ion
m/z 204 (the base peak for sterol glycosides and acyl sterol
glycosides) chromatograms of the four cereal straws, illustrating
the distribution of these compounds in the chloroform extracts
of the straws. Again, wheat, triticale, and tritordeum followed a
similar pattern due to their close relationship. Sterol glycosides
are highly valuable for their ability to reduce cholesterol
absorption in humans.*’ As with free sterols, the current findings
expand the range of these compounds in cereal straws beyond
those reported in previous work, namely, campesteryl,
stigmasteryl, and sitosteryl 3/3-p-glucopyranosides.”

Finally, minor amounts of steroidal ketones and steroid
hydrocarbons were detected. Steroid ketones accounted for 26
mg/kg in tritordeum, 22 mg/kg in triticale, 20 mg/kg in wheat,
and 7 mg/kg in rye (Table 1). The steroid ketones identified
were stigmastane-3,6-dione (XXVIII), ergost-4-en-3-one
(XXIX), stigmasta-3,5-dien-7-one (XXX), and stigmast-4-en-
3-one (XXXI), which had been reported in previous studies.”
Steroid hydrocarbons were found ranging from 19 mg/kg in
triticale, 14 mg/kg in tritordeum, 12 mg/kg in wheat, and 11
mg/kg in rye (Table 1). Only two compounds were identified,
stigmasta-3,5,22-triene (XXXII), which was present in higher
amounts (6—11 mg/kg), and stigmasta-3,5-diene (XXXIII),
which was found in lower amounts (4—8 mg/kg). These
compounds are likely degradation products of free and
conjugated sterols, as previously described.*’

In conclusion, the lipophilic extracts from straws of four cereal
species (wheat, triticale, rye, and tritordeum) were compre-
hensively analyzed. The predominant compounds identified
included n-fatty acids, p-diketones, steroid compounds, high
molecular-weight esters, and n-fatty alcohols. Series of n-alkanes,
phytol and phytyl esters, 2-hydroxyfatty acids, acylglycerides,
tocopherols and tocopheryl esters, and n-aldehydes were also
detected, albeit in lower amounts. These compound families are
highly promising in the nutraceutical, chemical, and pharma-
ceutical industries, presenting opportunities to extract valuable
phytochemicals of significant value from agricultural residues.
Triticale straw was distinguished by its exceptionally high levels
of key lipophilic compounds, including n-fatty acids, S-
diketones, n-fatty alcohols, free sterols, and high molecular-
weight esters. These values align with its notably high total
lipophilic content, underscoring its potential for diverse
applications in biobased industries. Particularly noteworthy
was the f#-diketone hentriacontane-14,16-dione, which emerged
as the most abundant compound in the four straw samples
analyzed. This compound holds significant potential for
numerous applications in various industries, making cereal
straw an optimal source for its extraction. Beyond potential
variations influenced by growing conditions and the environ-
ment, the findings of this study offer valuable information to
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enhance the value of these abundant and low-cost agricultural
residues, positioning them as versatile feedstock in lignocellu-
losic biorefineries.
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