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Rationale: Alkylresorcinols (AR) are cereal-specific biomarkers and have recently been
found in archaeological pots. However, their low concentrations and high susceptibility
to degradation make them difficult to detect using conventional gas chromatography
mass spectrometry (GC/MS). Here we describe the development of a more sensitive
liquid chromatography mass spectrometry (LC/MS) method to detect these compounds.
Method: A method based on the use of ultra-high-performance liquid
chromatography (UHPLC) coupled to an Orbitrap mass analyser was established and
validated for the detection of low-concentration ARs in pottery. During the
preliminary experiments, UHPLC-Q/Orbitrap MS (ultra-high-performance liquid
chromatography-quadrupole/Orbitrap mass spectrometry) was demonstrated to be
more sensitive, and a wide range of AR homologues in cereal extracts were detected,
unlike UHPLC-QTOFMS (ultra-high-performance liquid chromatography-quadrupole
time-of-flight mass spectrometry) and GC/MS. The developed method was utilised
to profile AR homologue distribution in modern cereal samples and reanalyse
AR-containing pots from the archaeological site of Must Farm.

Results: A highly sensitive LC/MS method with a limit of detection (LOD) of
0.02 pg/g and a limit of quantification (LOQ) of 0.06 pg/g was used to profile ARs in
five modern cereal grains. The obtained LOD is 250 times lower than that obtained
using the conventional GC/MS approach. AR 21:0 was the most abundant
homologue in all four Triticum spp.—einkorn, emmer, Khorasan wheat and common
wheat. Meanwhile, AR 25:0 was the predominant homologue in barley, potentially
enabling differentiation between wheat and barley. The developed LC/MS-based
method was successfully used to analyse ARs extracted from Must Farm potsherds
and identified the cereal species most likely processed in the pots—emmer wheat.
Conclusion: The described method offers an alternative and more sensitive approach
for detecting and identifying ARs in ancient pottery. It has been successfully utilised
to detect AR homologues in archaeological samples and discriminate which cereal

species—wheat and barley—were processed in the pots.
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1 | INTRODUCTION

Cultivation of cereals (e.g., wheat and barley) is thought to have been
a major driver of population growth and sedentism during the spread
of the Neolithic in Europe,® but their relative economic importance
and social significance are debated.~® Apart from the direct recovery
of botanical and faunal remains in archaeological deposits, chemical
analysis of residues from ceramic cooking vessels is an essential line
of evidence for investigating ancient food production systems. Such
studies have tended to focus on animal products,**® although the
chemical identification of cereal remains associated with ceramic
artefacts remains a challenge due to their relatively low quantities of
chemically stable lipid compounds.’

Alkylresorcinols (ARs) have been recently recognised as
biomarkers for the presence of cereals in archaeological pottery
from cold climates (e.g., the Alps)!® and in anoxic conditions
(e.g., waterlogged environments).'*'*2 They are a class of phenolic
lipids characterised by a nonpolar odd-numbered alkyl side chain
attached to a polar resorcinol ring (Figure 1A).2% ARs are reported
to be present in high concentrations in rye and wheat, and in low

concentrations in barley and millet, 23715

with alkyl chains ranging
from 15 to 27 carbon atoms. The shorthand naming convention for
AR homologues is based on the length of the alkyl chain (e.g., the
homologue with a 17-carbon alkyl chain is referred to as AR 17:0).
Additionally, their survival in ancient pots depends highly on burial
contexts, with anoxic environments providing the most ideal
conditions.2°12 Detecting these phenolic lipids in archaeological
deposits offers a means to determine the spread of cereal

exploitation by prehistoric communities,*®¢

especially when
botanical remains are poorly preserved or were not adequately
collected in archaeological excavations.

Analysis of ARs has typically been carried out using gas
chromatography mass spectrometry (GC/MS)-based methods. 101217
Their high susceptibility to degradation during cooking and microbial

attack in burial environments!®t7-1?

make these phenolic lipids
elusive. Several strategies have been developed to increase the
probability of detecting ARs using GC/MS. These include optimisation
of the extraction process, application of enrichment steps for ARs and
utilisation of targeted approaches, such as selected ion monitoring

(SIM).112°  Gas chromatography-quadrupole time-of-flight mass

(A) (B)

spectrometry (GC-Q/TOFMS) has also been used to increase the
sensitivity of the approach.!%121”

Whereas GC/MS is becoming a conventional method for AR
identification in archaeological ceramics,'®**” liquid chromatography
mass spectrometry (LC/MS) has been extensively used for decades for
AR profiling and quantification in modern cereals.2*?* High-performance
liguid chromatography-diode array detector/fluorescence detector-
multi-stage mass spectrometry (HPLC-DAD/FLD-MS") was used by
Ziegler et al.2® to analyse the total AR concentration of various Triticum
spp. with different ploidy degrees. Ploidy level refers to the number of
chromosome sets in a cell, with prefixes indicating the number of sets in a
given organism and the symbol ‘x’ indicating the number of
chromosomes in a set (e.g., diploid [2x] has two sets of chromosomes).
The study revealed that the relative abundance of AR homologues
differed significantly among hexaploid (common wheat), tetraploid
(Khorasan wheat and emmer) and diploid (einkorn) species.?® This
information could be valuable in distinguishing between different types of
wheat species.?®

LC-TOF and LC-Orbitrap have been increasingly utilised because of
their high selectivity, accurate mass measurement (<5 ppm) and high
mass resolution (>20 000 FWHM [full width at half maximum]).>>?®
Some key advantages of LC/MS-based methods include minimal sample
preparation, fast scan speed and remarkable sensitivity. The main
drawback of these high-resolution methods is the relatively high
analytical cost (associated with the overall high facility cost), but where
this technique is available, it can enable the detection of ARs in modern
specimens with much lower concentrations than the conventional
GC/MS approach. The utilisation of these techniques in characterising
ARs from archaeological pottery has not been reported before; this study
therefore aims to determine the efficacy of an LC/MS approach for
archaeological ARs.

Preliminary experiments comparing the performance of high-
temperature GC/MS, UHPLC-Q/TOFMS and UHPLC-Q/Orbitrap MS
were conducted to assess their sensitivity and selectivity in detecting
AR homologues in five modern cereal species. Of the three
approaches, UHPLC-Q/Orbitrap MS was found to be the most
sensitive. We, therefore, used this instrumentation to develop and
validate a more sensitive approach to detect and identify AR
homologues in modern cereal species and archaeological pottery. We

present an LC/MS approach that can rapidly and accurately quantify

OH TMS\O
resorcinol
ring
(polar)
TMS .
7-12 ) CH,
\ ) H H FIGURE 1 (A) General structure of
kvl sid hai alkylresorcinol and (B) the characteristic base
alkyl side chain fragment ion of TMS (trimethylsilyl)-derivatised
(nonpOIar) m/z 268 alkylresorcinol at m/z 268.
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the components detected to establish AR homologue distribution in

modern cereal and total archaeological lipid extracts.

2 | MATERIALS AND METHODS

21 | Chemicals and materials

The 5-n-docosylresorcinol (AR 22:0; purity: >98%) standard was
purchased from ReseaChem Life Sciences (Burgdorf, Switzerland).
The silylating agent, N,O-bis(trimethylsilyl)trifluoroacetamide with
trimethylchlorosilane (BSTFA/TMCS, 99:1, v/v), was obtained from
Thermo Fisher Scientific Inc. (lllinois, USA), and the internal standards,
n-tetratriacontane (C34, >98%) and n-hexatriacontane (C36, >98%),
were purchased from Scientific Laboratory Supplies Ltd (Nottingham,
UK). HPLC-grade isopropyl alcohol was obtained from Sigma-Aldrich
(Darmstadt, Germany). HPLC-grade methanol, dichloromethane and
hexane were obtained from Fisher Scientific (Leicestershire, UK).
HPLC-grade acetic acid was provided by VWR (Leicestershire, UK).

Five cereal species, four of which are varieties of Triticum spp.
(wheat), were collected and assessed (Table S1). The Khorasan, emmer
and einkorn varieties were sourced and stone-milled by Shipton Mill Ltd
(Gloucestershire, UK). Meanwhile, dehulled bread wheat, purchased from
Bobby's Healthy Shop Karowi Ltd (Devon, UK), and barley grains,
produced by the University of Highlands and Islands (Orkney, UK), were
crushed in the laboratory to a fine homogenised powder using a
dichloromethane-washed mortar and pestle. These cereal species were
chosen because they are relevant to our study site—the Late Bronze Age
site of Must Farm, Cambridgeshire, UK.2”

To test the efficacy of this approach on archaeological material,
archaeological ceramics were selected from the site of Must Farm.
The site's stratigraphy reveals two main events—the construction of
structures and the creation of middens, followed by their collapse due
to a fire.?” The Late Bronze Age site showed excellent anoxic
preservation due to a wetland setting.2” Excavations revealed four
roundhouses (structures 1, 2, 3 and 5) dating to 1000-800 cal BC.
The analysed potsherds were from structure 1, and archaeobotanical
analysis of the same roundhouse structure revealed the charred
remains of flax, barley and emmer wheat,?” indicating that this
structure was used to store plant resources. Lipid extraction was
undertaken on 80 ceramic powdered samples from the Must Farm
assemblage.?” The powdered samples were collected by drilling into
the cleaned surface of the interior wall of the sherds using a low-
speed electric drill equipped with an abrasive tungsten drill bit. Eight

sherds (Table S2) are discussed here in relation to AR detection.

2.2 | Sample preparation

The extraction of lipids from cereals was carried out according to the
published methodology.2® Briefly, cereal powder (~300 mg) was placed
in sterilised 8-mL glass culture tubes and spiked with 10 pg of the
internal standard (C34 alkane). The powdered sample was extracted
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thrice under sonication with 5 mL of dichloromethane/methanol (2:1,
v/v). After centrifugation, the successive AR-containing supernatants
were combined and evaporated under nitrogen flow. The same
method,?® with one modification, was used to extract lipids from the
archaeological pots. Instead of using a smaller amount of powdered
sample, ~1 g of ceramic powder was used. The dried cereal and Must
Farm total lipid extracts (TLE) were stored at —20°C until further sample
purification process and chromatographic analyses.

Sample purification was performed to increase sensitivity by
concentrating any ARs and removing interferences that may cause
coeluting peaks and high background noise. Such interferences include
the animal fats that often exist in ancient pots in high concentration,
making the detection of low-content ARs more challenging.** Moreover,
purification through solid-phase extraction (SPE) protects the LC column
from contaminants (e.g., ceramic fine powder).?’ Accumulation of these
inorganic contaminants leads to an increase in operating pressure,
affecting chromatographic selectivity.*°

The purification protocol involved sample cleanup using silica
filters and AR enhancement using commercial SPE columns, as
previously described.!! The protocol was applied with minor
modifications. The filter for the sample cleanup was prepared by
packing a 3-mL glass column (1 cm i.d.) with 0.5 g of activated silica
and conditioned using 5 mL of dichloromethane/methanol (2:1, v/v).
The dried TLEs of cereals and archaeological potsherds were
redissolved in 2 mL of dichloromethane/methanol (2:1, v/v), and an
aliquot (1 mL) was passed through the prepared filter and eluted using
3 x 2 mL of dichloromethane/methanol (2:1, v/v). The solvent was
then removed under nitrogen flow.

The extracts were reconstituted in 1 mL of hexane and
introduced into a preconditioned SPE column (Isolute NH2, Biotage,
500 mg, 6 mL) after being spiked with 1 pg of AR 22:0 standard. AR
22:0 was utilised because it was not reported in cereals before but
was detected in quinoa.®! The column was preconditioned using 6 mL
of hexane. Potential interferences, such as nonpolar lipids, were
eluted first using 6 mL of hexane (fraction A) and 6 mL of
dichloromethane (fraction B). Then, the targeted ARs were eluted
using 6 mL of methanol (fraction C). All fractions were collected and
evaporated to dryness using nitrogen flow. Prior to chromatographic
analyses, serial dilutions of the purified cereal extracts (fraction C)
were prepared: 1:10, 1:100, 1:1000, 1:2000 and 1:10 000.

2.3 | Sample derivatisation and GC/MS conditions
The derivatisation step and GC/MS analysis were previously
described.?®? The dried, purified and diluted cereal extracts were
reconstituted in 50 uL of hexane and derivatised using a silylating
agent, BSTFA/TMCS (99:1, v/v). The vial was gently flushed with
nitrogen, sealed and heated at 70°C for 60 min. Then, the sample was
evaporated to dryness under a nitrogen flow, removing the excess
silylating agent. The resulting residue was reconstituted in 90 pL and
10 pg of the second internal standard (C36 alkane), transferred to a
2-mL GC vial with insert and used for GC/MS analysis.
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The silylated samples were injected into a Clarus 690 gas
chromatograph coupled to a Clarus SQ 8 T mass spectrometer
(PerkinElmer) in electron ionisation mode (70 eV). The separation was
performed on a DB-5HT (5%-phenyl)-methylpolysiloxane column
(30m x 0.250 mm x 0.10 um, J&W Scientific, Folsom, CA, USA).
Helium was used as the carrier gas at a flow rate of 1.0 mL/min. The
oven temperature was set at 50°C for 2 min and then increased to
375°C at a rate of 10°C/min, where it was held for 15 min. The
spectra were obtained in full-scan (m/z 50-610) and SIM (m/z
73, 268, 464, 492, 520, 548, 576 and 604) modes. The latter mode
was applied to target ions of AR homologues.

24 | UHPLC-Q/TOFMS conditions

An ACQUITY I-Class UHPLC separation system (Waters, UK) coupled
to a maXis HD QTOF mass spectrometer (Bruker, UK) equipped with
an electrospray ionisation interface was used for the analysis of the
serially diluted extracts. The purified cereal residues were
reconstituted in 300 pL of methanol/isopropanol (7:3, v/v) and
were analysed in duplicate, modifying the reported method
elsewhere.?* Briefly, ARs were isolated using a reversed-phase C18
ACQUITY HSS T3 column (2.1 x 100 mm, 1.8-um particle size)
(Waters) at 40°C with methanol/water (8:2, v/v) as solvent A and
methanol/isopropanol (7:3, v/v) as solvent B. Both solvents were
acidified with 0.1% acetic acid. The binary elution gradient was
programmed as follows: 0-2 min (0% solvent B), 2-14 min (0%-100%
solvent B), 14-16 min (100% solvent B), 16-16.1 min (100%-0%
solvent B) and 16.1-17 min (0% solvent B). The flow rate and
injection volume were set to 0.5 mL/min and 2 pL, respectively. Data
were collected in negative electrospray mode and scanned between
m/z 40 and 1000. The source settings were as follows: capillary

voltage, 3 kV; drying gas heater, 300°C; and drying gas flow, 8 L/min.

2.5 | UHPLC-Q/Orbitrap MS conditions

The same LC separation system described in Section 2.4 was coupled
to an Orbitrap Fusion Tribrid mass spectrometer (Thermo, UK). The
purified cereal and archaeological residues were reconstituted in
300 uL of methanol/isopropanol (7:3, v/v) and were analysed
in duplicate. The mass spectrometer was operated in negative mode
at 60 000 resolution (FWHM) for MS1 data and a scan range of
120-1200 m/z. The spectra were obtained at a spray voltage of
2500V and sheath, auxiliary and sweep gas settings of 50, 10 and
1 arbitrary units, respectively. The collected data were analysed using

Xcalibur, version 4.0.27, software.

2.6 | Method validation

The method used in the study was validated for linearity, limit of
detection (LOD) and limit of quantification (LOQ) following the

guidelines of the International Conference of Harmonisation (ICH).38
According to the ICH guidelines,®® LOD refers to the lowest amount
of analyte in the sample that can be detected and is not necessarily
quantifiable as an exact value. LOQ, on the contrary, is the lowest
detectable amount of analyte that can be quantified.

Linearity was tested on the standard solutions of AR 22:0, and
the calibration curve was obtained by analysing standard solutions at
seven concentration levels between 0.0025 and 0.5 ng/pL. A lower
set of standard solutions was used to obtain a linear response. It was
constructed by plotting the peak area (y) versus the seven
concentrations of AR 22:0 (x) with least square linear regression. LOD
and LOQ were calculated based on the standard deviation of the
signals and the slope of the calibration curve. The values were

obtained using the following equations from the ICH3:
LOD =3.3(SD/S) (1)

LOQ=10(SD/S) (2)

where SD is the standard deviation of the response and S is

the slope of the calibration curve.®®

3 | RESULTS AND DISCUSSION

3.1 | Comparison of the three instruments

The performance of UHPLC-Q/Orbitrap MS, UHPLC-Q/TOFMS and
GC/MS was first assessed by detecting the presence of AR
homologues in five cereal species to determine the most appropriate
instrumentation for AR analysis. The latter used a GC system to
separate the lipids of interest. The remaining two used an LC system,
and thus, a derivatisation step is not required.

ARs were analysed using GC/MS after they were converted to
their respective trimethylsilyl (TMS) ethers. TMS derivatives of AR
provide characteristic electron mass spectra with a distinct base
fragment at m/z 268 (Figure 1B), which is due to the McLafferty
rearrangement of the phenolic ring.2° Moreover, GC/MS analysis was
performed in SIM mode, which results in better sensitivity as it lowers
the detection limit>** by monitoring only the targeted ions—m/z
73, 268, 464, 492, 520, 548, 576 and 604. These molecular ions
correspond to the bis-TMS derivatives of saturated AR homologues
(Table 1) and, together with the base ion m/z 268, confirm the
identity of the targeted compounds. The SIM (m/z 268)
chromatogram of common wheat samples (Figure 2A) shows the
presence of saturated ARs. The mass spectra (Figure 2B) further
substantiate their identities. Meanwhile, AR homologues were
identified using LC/MS-based methods by examining their respective
accurate masses (Table 1), retention times and fragmentation
patterns. The saturated and unsaturated AR homologues were
quantified using AR 22:0 (0.002-200 ng/pL) as an external calibration
standard, and the total AR concentration was obtained by calculating

the sum of the saturated and unsaturated AR homologues. Figure 3A
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TABLE 1

Molecular formula

AR homologue (underivatised) mass (m/z)
AR 17:1 Co3H350; 345.2799
AR 17:0 Ca3H100; 347.2956
AR 19:1 Ca5H420, 373.3112
AR 19:0 Co5H440; 375.3269
AR 21:1 Co7H460, 401.3425
AR 21:0 Co7H450, 403.3582
AR 22:0° CogHs500; 417.3738
AR 23:1 Co9Hs500; 429.3738
AR 23:0 Co9H5,0, 431.3895
AR 25:1 C31Hs540; 457.4051
AR 25:0 C31Hs60; 459.4208

Note: The silylating agent utilised was BSTFA/TCMS (99:1, v/v).

[M-H]~ theoretical

Rapid WILEY 50f 13
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Molecular formulas and accurate masses used to identify underivatised and derivatised ARs.

Molecular formula Bis-TMS theoretical

(derivatised) mass (m/z)
C29H540,Si, 490.3663
Ca9H560,Si> 492.3819
C31Hs50,Si, 518.3975
C31Hg002Si> 520.4132
C33He20,5i2 546.4289
C33He40,Si2 548.4445
Cz4He605Siz 562.4602
C3s5Hg602Sin 574.4602
C35Heg02Sin 576.4758
C37H700,Si, 602.4915
C37H720,Si, 604.5071

Abbreviations: AR, alkylresorcinol; BSTFA, N,O-bis(trimethylsilyl)trifluoroacetamide; TMCS, trimethylchlorosilane; TMS, trimethylsilyl.

2Standard used to quantify AR homologues.

shows the UHPLC-Q/Orbitrap MS chromatogram of common wheat
extract, and the obtained MS spectra (Figure 3B) established the
identification of the homologues.

Preliminary results revealed that LC/MS is a more effective
technique for AR detection and identification in modern cereals.
Overall, UHPLC-Q/Orbitrap MS was the most sensitive instrument
among the three techniques and was able to detect a wider range
of AR homologues (Table S3). In particular, it detected more types
(saturated, unsaturated and oxidised forms) and numbers of AR
homologues even in a more diluted concentration than UHPLC-Q/
TOFMS and the conventional GC/MS in SIM mode (see
Supplementary Discussion). UHPLC-Q/Orbitrap MS is 10- and
100-fold more sensitive than UHPLC-Q/TOFMS and GC/MS,
respectively (Figure S1). Moreover, analysis time using the LC/MS-
based instrument is six times less than that using the GC/MS. We
note, however, that usage of high-resolution techniques
(i.e., TOFMS and Orbitrap MS) costs approximately thrice as much
per sample as the conventional GC/MS, although this cost will, of
course, depend on the facility. Given these observations, it was
therefore decided to develop and validate a protocol based on a

UHPLC system coupled to an Orbitrap.

3.2 | Method validation using the
UHPLC-Q/Orbitrap MS

The 7-point calibration curve of AR 22:0 standard solutions was linear
over the whole concentration range, resulting in a coefficient of
determination (R?) >0.999 (Figure S2). The linear range was
0.002-0.5 pg/g, and the regression equation was y = 1.36E
+ 07x + 6.19E + 04. The calculated LOD and LOQ values were 0.02
and 0.06 pg/g, respectively. The main validation parameters are

summarised in Table 2. The obtained results demonstrate that the

LC/MS-based method exhibited greater sensitivity compared to the
conventional GC/MS-based method. The LOD of the developed method
is 250- and 10-fold lower than the LOD reported using GC/MS and GC-
Q/TOFMS, respectively.!**32* This observation is mainly due to
Orbitrap's superior sensitivity and high-resolution capabilities.>

3.3 | AR characterisation in modern cereals

3.3.1 | Triticum spp

Ten AR homologues (five saturated and five unsaturated ARs;
Figure S3) were identified in wheat extracts, and their relative
contributions are summarised in Table 3. The dominant saturated
homologues were AR 19:0, AR 21:0 and AR 23:0, with AR 21:0 being
the predominant homologue in all four species (Figure 4A), which
agreed with previous reports of analyses of modern cereals.?®>?4 The
percentage of AR 21:0 ranged from 31.5% (common wheat) to 48.3%
(Khorasan wheat). AR 23:0 was the second most abundant
homologue in the tetraploid (emmer [24.0%] and Khorasan wheat
[25.3%)]) and diploid (einkorn [23.0%)]) species, followed by AR 19:0,
AR 25:0 and AR 17:0. In contrast, the hexaploid common wheat
contained higher contributions of AR 19:0 (27.8%), followed by AR
23:0, AR 25:0 and AR 17:0. The overall trends of AR homologues in
each wheat species are presented in Figure 4. AR 21:0 is the most
abundant homologue, and the trends observed in common wheat,
emmer and einkorn species agreed with previously reported data?324
(analysis of AR compositions in Khorasan wheat has not yet been
reported). The relative abundance of AR 17:0 of the common wheat
was at most seven times higher (5.9%) than that in the other species
(0.8%-1.2%). Such highly variable differences in the relative
abundance of AR homologues among the Triticum species have been

previously reported.®®
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FIGURE 2 (A) GC/MS (gas chromatography mass spectrometry) SIM (selected ion monitoring) (m/z 268) chromatogram of TMS
(trimethylsilyl)-derivatised ARs (alkylresorcinols) detected in purified common wheat samples. (B) The presence of five saturated homologues—AR
17:0, AR 19:0, AR 21:0, AR 23:0 and AR 25:0—was confirmed by their mass spectra. IS, internal standard. [Color figure can be viewed at

wileyonlinelibrary.com]
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To assess the cereal's ploidy level, the ratio of several AR
homologues was calculated and discussed (Table 3). In particular, the
ratio of AR 17:0 to AR 21:0 discriminates between Triticum species,36
and Pedrazzani et al.2* reported that this ratio substantially decreased
as follows: hexaploid > tetraploid 2 diploid. The ratios for common
wheat (0.19 + 0.01), Khorasan wheat (0.03 = 0.00), emmer (0.02
+ 0.00) and einkorn (0.04 + 0.00) were in agreement with the values
and trends reported in the literature.?*343” This proved that the ratio
could be used as an authenticity feature to distinguish Triticum
further
concentration between diploid, tetraploid and hexaploid wheat
the AR 21:0/AR 23:0 ratio has been
hypothesised to be a marker of antifungal activity in living crops®® and
related to the
hexaploid > tetraploid > diploid species.?* In the present study, the

species. This demonstrated the differences in AR

species.”®  Meanwhile,

is also ploidy level, following the trend:
hexaploid common wheat (2.60 + 0.22) showed the highest ratio,
followed by Khorasan wheat (1.91 + 0.01) and emmer (1.69 + 0.10),
which are both tetraploid species. Finally, the diploid einkorn (1.45
+ 0.02) had the lowest ratio. These values agree with those in
previous studies,®’ proving the stability of this marker despite the
variability in AR 21:0 and AR 23:0 concentrations.

The relative contribution of unsaturated AR homologues was also
calculated (Table 3). Common wheat was the only species that yielded

five unsaturated ARs, with AR 19:1 (7.2%) having the highest

TABLE 2 Validation parameters of various instruments reported
in the literature.

Instrument LOD (ug/g) LOQ(ug/g) References
GC/MS 5 - 13
GC-Q/TOFMS 0.2 = 11
UHPLC-Q/Orbitrap MS ~ 0.02 0.06 This study

Abbreviations: GC/MS, gas chromatography mass spectrometry; GC-Q/
TOFMS, gas chromatography-quadrupole time-of-flight mass
spectrometry; LOD, limit of detection; LOQ, limit of quantification;
UHPLC-Q/Orbitrap MS, ultra-high-performance liquid chromatography-
quadrupole/Orbitrap mass spectrometry.

concentration (Figure 4B). The remaining wheat species had very low
concentrations, with AR 17:1 <LOD. The small relative contribution of
unsaturated ARs compared to their saturated counterparts has also
been observed elsewhere.?>?* The explanation for this observation is
unclear, but the genetic background of AR accumulation in wheat
could possibly explain the scarcity of unsaturated AR homologues in

different Triticum species.?>?*

3.3.2 | Hordeum vulgare L.

Five of the saturated ARs (AR 17:0, AR 19:0, AR 21:0, AR 23:0 and
AR 25:0) and only one of the unsaturated ARs (AR 19:1) were
detected in the barley samples (Table 3). Unlike the wheat species, the
predominant AR homologue in barley was AR 25:0, followed by AR
21:0, AR 19:0, AR 23:0, AR 19:1 and AR 17:0, which agreed with
previous data.®® Moreover, the observed lower detection of AR
homologues is not surprising as they are approximately 10 times less
concentrated in barley than in wheat species.*®

3.3.3 | Saturated AR homologue distribution

Due to the inherently low concentration of unsaturated ARs in cereal

species?>24

and their high susceptibility to oxidation during vessel use
and burial,* only the distribution patterns of saturated ARs were
discussed and analysed. The obtained results corroborated the
observation that the distribution of saturated AR homologues is
markedly different between the different cereal species (Table 4). For
instance, all Triticum species (common wheat, spelt, einkorn and
emmer) showed AR 21:0 as the dominant homologue 131423243743 |y
contrast, AR 25:0 is the predominant AR in barley,***2 and AR 19:0 is
the most abundant AR homologue in rye.!#?24344 Thys, these
patterns can be utilised to differentiate cereal species from each other
in modern samples. Moreover, the distribution patterns remain
unchanged irrespective of whether LC- or GC/MS-based (Figure S4)

methods were used. 1314174445

TABLE 3 Mean distribution of AR homologues in five different cereal species (mean of duplicates) and SD in parentheses detected and

identified using UHPLC-Q/Orbitrap MS.

AR homologue content (%) (SD) AR ratio
Species 17:0 19:0 21:0 23:0 25:0 17:1 19:1 21:1 23:1 25:1 17:0/21:0 21:0/23:0
Einkorn 1.2(0.0)0 15.0(0.4) 33.5(0.3) 23.0(0.5) 13.1(1.4) <LOD 1.3(0.0) 4.2(0.1) 51(0.00 3.6(0.1) 0.04(0.00) 1.45(0.02)
Emmer 0.8(0.0) 13.8(0.3) 40.5(0.4) 24.0(1.2) 15.0(04) <LOD 1.0(0.0)0 2.8(0.0 1.5(0.0) 0.7(0.0) 0.02(0.00) 1.69(0.10)
Khorasan 1.2(0.1) 12.7(0.2) 48.3(0.9) 25.3(0.6) 9.8(1.2) <LOD 0.9(00) 15(0.00 04(0.0) <LOD 0.03 (0.00) 1.91(0.01)
wheat
Common 5.9(0.3) 27.8(0.8) 31.5(0.5) 12.2(0.8) 84(14) 09(0.00 7.2(0.3) 4.8(0.2) 1.0(0.0) 0.3(0.0) 0.19(0.01) 2.60(0.22)
wheat
Barley 0.02(0.0) 12.7(0.3) 33.8(0.1) 9.2(0.8) 44.2(1.3) <LOD 0.09 (0.0) <LOD <LOD <LOD - -

Note: The total AR concentration was expressed as the sum of the individual saturated and unsaturated homologues.
Abbreviations: AR, alkylresorcinol; LOD, limit of detection; SD, standard deviation; UHPLC-Q/Orbitrap MS, ultra-high-performance liquid chromatography-
quadrupole/Orbitrap mass spectrometry.
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different purified cereal species. 50 (A)
The ARs were detected and
identified using UHPLC-Q/
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performance liquid ::
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Orbitrap mass spectrometry). % 30 -
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3.4 | Application to archaeological pottery
To explore the application of the developed UHPLC-Q/Orbitrap MS
method in an archaeological context, the presence and distribution of
AR homologues were determined in pottery from the Must Farm site.
GC/MS analysis of the Must Farm TLEs enabled the detection of
multiple compounds with varying contributions (Figure 5A). Detailed
information on the organic residue analysis results is published
elsewhere.?” A SIM approach targeting ions of AR homologues was
applied in all of the samples to search for the cereal-specific
biomarker. Eight extracts showed the possible presence of ARs

(Figure 5B). However, identification and distribution profile

T
Emmer Khorasan Wheat Common Wheat Barley

Species

assessment of AR homologues using the conventional GC/MS was
not possible due to the small peak sizes and the presence of several
interfering peaks. To remove these interferences and concentrate AR
in the extracts, the purification step was applied to all the TLEs.
However, when the extracts were analysed using GC/MS in SIM
mode, no AR peaks were detected in the purified and derivatised
samples, likely due to the very low concentrations of ARs, which this
conventional approach was not able to detect. The probable
explanation for the peaks detected in the unpurified extracts is that
they belong to other interferences coeluting with AR homologues.
When these interferences were removed after purification, no peaks

were observed, but we know that AR homologues were present in the
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purified samples because they were detected and identified using followed by AR 23:0 and AR 25:0. Additionally, AR 19:0 was detected

UHPLC-Q/Orbitrap MS (Figure 6; Table S4). in the same sample, but its concentration was too low to quantify

The presence of AR homologues was confirmed using the (Table S4). Four out of the eight extracts showed only the AR 21:0
developed LC/MS-based method (Figure 6) in all but one of the Must homologue, and apart from the dominant homologue, two samples
Farm extracts (except for MUS 2830), with AR 21:0 being the most also featured AR 23:0. Meanwhile, AR 17:0 was not detected in any
dominant homologue. In one sample, the dominant AR 21:0 was samples. The absence of AR 17:0 and the minimal presence of AR

TABLE 4 Reported distribution of the saturated AR homologues in different cereal species analysed using GC/MS- and LC/MS-based
protocols.

Species Ploidy level AR homologue relative distribution References

Common/bread wheat (Triticum aestivum spp. Hexaploid (6x) ~ AR 21:0 > AR 19:0 > AR 23:0 > AR 17:0 > AR 25:0  This study?*?*%”
aestivum)

Spelt (T. aestivum spp. spelta) 23, 24, 37

Tritordeum (x Tritordeum martinii) Hexaploid (6x) AR 21:0 > AR 23:0 > AR 19:0 > AR 25:0 > AR 17:0 23, 24,37

Durum (Triticum turgidum spp. durum) Tetraploid (4x) 23

Khorasan wheat (T. turgidum spp. turanicum) This study

Emmer (T. turgidum spp. dicoccum) This study?32437

Einkorn (Triticum monococcum spp. monococcum) Diploid (2x)

Barley (Hordeum vulgare L.) - AR 25:0 > AR 21:0 > AR 23:0 > AR 19:0 > AR 17:0 This study**4?

Rye (Secale cereale L.) = AR 19:0 > AR 21:0 > AR 17:0 > AR 23:0 > AR 25:0 14, 22,43, 44

Abbreviations: AR, alkylresorcinol; GC/MS, gas chromatography mass spectrometry; LC/MS, liquid chromatography mass spectrometry.
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FIGURE 5 (A) GC/MS (gas chromatography mass spectrometry) TIC (total ion chromatogram) and (B) SIM (selected ion monitoring, m/z 268)
chromatograms of the unpurified and TMS (trimethylsilyl)-derivatised MUS 2835 sample showing some of the detected molecular compounds
(Cn:x, fatty acids with carbon length n and number of unsaturations x) and the possible presence of AR (alkylresorcinol) (*). UHPLC-Q/Orbitrap
MS (ultra-high-performance liquid chromatography-quadrupole/Orbitrap mass spectrometry) analysis identified these three peaks as AR 21:0, AR
23:0 and AR 25:0 homologues. Detailed information on other identified lipid compounds can be found elsewhere.?” 1S, internal standard.
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FIGURE 6 Relative distribution of AR (alkylresorcinol) homologues in eight purified Must Farm TLEs (total lipid extracts). The ARs were
detected and identified using UHPLC-Q/Orbitrap MS (ultra-high-performance liquid chromatography-quadrupole/Orbitrap mass spectrometry).

[Color figure can be viewed at wileyonlinelibrary.com]

19:0 can be attributed to the shorter-chain homologues being more
susceptible to degradation when subjected to heat, such as during
cooking or fire incidents.'* However, lipid residue analysis of the
samples revealed that the pots were not subjected to protracted
heating at high temperatures, suggesting that they were not used as
cooking vessels.?” The absence of AR 17:0 and AR 19:0 then is likely
due to their inherently low concentration in the cereal grain to
begin with.

Preservation through charring and anoxic waterlogging at the site
of Must Farm resulted in exceptional archaeobotanical and
carpological records.?” Charred emmer wheat and barley remains
were recovered from the roundhouse structure (structure 1) at the
site presumed to store plant resources.?’” As discussed in
Section 3.3.3, AR distribution patterns can be used for cereal species
discrimination in modern samples.2%127143¢ |ts usage, however, has to
be executed with care when dealing with archaeological samples
because the AR homologues' concentration and distribution may
change over time.*234% Previous studies have demonstrated that
these distribution patterns are relatively stable and can be used for
species identification in archaeological material, at least as old as the
4th millennium BCE.2%1236 |f 5o, the pattern observed in this study
suggests that a Triticum species was processed rather than barley, the
other relevant cereal crop at the settlement.?” This conclusion is
based on the dominance of AR 21:0, a characteristic of wheat species,

and the presence of AR 25:0, the predominant homologue in barley,

in only one sample. Furthermore, the carpological evidence?’
obtained from structure 1 has the potential to significantly narrow
down the wheat species from which the detected AR homologues
originated. Based on the available evidence, it is reasonable to
conclude that emmer wheat is the most likely origin of the detected
homologues.

The results obtained here represent that this study is the first to
successfully detect and identify a cereal-specific biomarker, typically
found in very low concentrations in archaeological pots, using an
LC/MS-based method. Additionally, the findings provide significant
evidence that AR homologues and their distribution patterns can be

remarkably preserved under favourable conditions.

4 | CONCLUSION

A highly sensitive LC/MS-based method for the detection and
identification of ARs in modern and archaeological extracts was
developed and validated. The LOD achieved is 250-fold lower than
that of the conventional GC/MS. The protocol involves the
enhancement of ARs and the removal of interfering lipids using an
SPE column. The described method was successfully utilised to detect
AR homologues in archaeological samples and determine their relative
abundance. The observed distribution pattern (preserved by the site's

waterlogged conditions) indicates the processing of Triticum species,
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most likely emmer wheat, based on the excellent archaeological
remains at the site of Must Farm.

Although some factors still need to be considered (e.g., modifying
AR extraction by introducing an internal AR standard'? to estimate
AR loss during the extraction process and quantify AR homologues),
the developed method shows great potential as an alternative
approach for targeted lipid biomarker detection in archaeological

materials, particularly for samples with low concentrations.
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