
Stable carbon isotope and accurate mass studies for source determination 
and identification of cochineal insects and lake pigments

Eugenia Geddes da Filicaia a,b,*,1, Richard P. Evershed b, Ian D. Bull b, David A. Peggie a

a Scientific department, The National Gallery, Trafalgar Square, London WC2N 5DN, UK
b Organic Geochemistry Unit, School of Chemistry, University of Bristol, Cantock's Close, Bristol BS8 1TS, UK

A R T I C L E  I N F O

Keywords:
Artworks
Chromatography
Isotope
Organic materials
Mass spectrometry
Colourants
Cochineal

A B S T R A C T

Differentiation between the main types of cochineal dyestuffs, used as a principal red colourant throughout 
history, remains challenging. Nonetheless, accurate cochineal source identification would provide corroborating 
evidence to historical accounts, unveiling ancient practices and historical trade routes. Herein, stable carbon 
isotope analysis is proposed, for the first time, as a tool for source investigation of colourants on cultural heritage 
objects. Through bulk analysis, the isotopic signatures of Mexican, Armenian, and Polish cochineal insects were 
confirmed to reflect those of their host plants (CAM, C4, and C3, respectively). Compound-specific isotope 
analysis (CSIA), widely used for provenancing archaeological lipids, was then utilised to investigate the insect 
lipid extracts, revealing that Mexican, Armenian, and Polish cochineals have distinct fatty acid profiles and 
isotopic signatures. A new protocol, based on direct inlet pyrolysis-gas chromatography-combustion-isotope ratio 
mass spectrometry (DIP-GC-C-IRMS), was developed to target a known biomarker of the main colourant carminic 
acid (CA), thereby obtaining the isotopic signature of the colourant itself. Although Armenian cochineal har
vested from C3 plants has not yet been investigated, results so far reveal distinct CA δ13C values (δ13CCA) for 
Armenian and Mexican cochineal lakes and paint replicas, suggesting that this method may be able to differ
entiate between the three main cochineal sources. The presence of the known marker in similar red insect- 
derived lakes (kermes and lac) was also investigated. In addition to providing the first example of CSIA of 
lake pigments, this is the first study that utilises DIP-GC-QTOF-MS/MS as a complementary technique. By of
fering additional structural information for CA derivatives, a structure and mechanism of formation for a newly 
identified biomarker is proposed.

1. Introduction

Cochineal dyestuff, derived from certain insects, has been used 
throughout history as a principal red colourant for textiles and lake 
pigments in paintings, along with other anthraquinone-based insect- 
derived dyes, such as kermes and lac. Traditionally, the two most 
widespread sources of cochineal lakes are divided between ‘New World’ 
cochineal (from the Dactylopius genus, mainly Dactylopius coccus), 
originally cultivated in Mexico and the Peruvian Andes, and ‘Old World 
cochineal’. This latter name, although popular, is misleading as the in
sects belong to a completely different genus called Porphyrophora, and 
refers mainly to Armenian cochineal (Porphyrophora hamelii) and Polish 
cochineal (Porphyrophora polonica). These Porphyrophora insects, along 
with Kermes vermilio and Kerria lacca were the main sources of red dye in 

ancient Europe [1].
However, around the 1550s, a transition occurred towards the pre

dominant use of Dactylopius coccus, due to trade with the Americas. [2]. 
This insect contains 10–12 times more colourant than kermes [3], and a 
much higher concentration (up to 20% of dry weight) of the main col
ourant, carminic acid (CA), compared to Porphyrophora, which contain 
only 0.8% and 0.6% for Armenian and Polish insects, respectively [4]. 
As a result, fewer insects were required for dyeing, causing the price to 
fall and the demand to grow. In addition, the Porphyrophora insects have 
a high fat content (30% and 16%, for Armenian and Polish cochineal, 
respectively), which interferes with extraction of the colourant. The 
insects must first be delipidated, a step not required for Mexican 
cochineal [4]. Dactylopius coccus thus became one of the most important 
commercial products in the Atlantic until the 19th century [5]. Although 

* Corresponding author at: Organic Geochemistry Unit, School of Chemistry, University of Bristol, Cantock's Close, Bristol BS8 1TS, UK.
E-mail address: e.geddesdafilicaia@bristol.ac.uk (E. Geddes da Filicaia). 

1 Present address: Conservation & Science, The Art Institute of Chicago, 111 S Michigan Ave, Chicago, IL 60603, U.S.A.

Contents lists available at ScienceDirect

Microchemical Journal

journal homepage: www.elsevier.com/locate/microc

https://doi.org/10.1016/j.microc.2026.117349
Received 9 December 2025; Received in revised form 23 January 2026; Accepted 9 February 2026  

Microchemical Journal 223 (2026) 117349 

Available online 11 February 2026 
0026-265X/© 2026 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:e.geddesdafilicaia@bristol.ac.uk
www.sciencedirect.com/science/journal/0026265X
https://www.elsevier.com/locate/microc
https://doi.org/10.1016/j.microc.2026.117349
https://doi.org/10.1016/j.microc.2026.117349
http://creativecommons.org/licenses/by/4.0/


historical accounts report that New World cochineal completely 
substituted the Old World insects in a matter of decades, some contro
versies exist regarding the manner and timing of this transition, espe
cially concerning the Asian trade, for which historical evidence is scarce 
[3,6,7].

The analysis of dyes used on cultural heritage objects has been shown 
to provide essential information for understanding how artworks have 
been created, and for guiding best practice in their conservation [8,9]. 
Organic colourants in painting and textile fragments are typically ana
lysed by liquid chromatography (LC), coupled to a diode-array (DAD) or 
MS detector. With this technique it is usually possible to determine the 
main colourant in the red dyestuff, allowing identification amongst the 
main types. Textiles often retain minor components or dye precursors, 
many of yet unknown structures, which, detected by LC-based tech
niques, have been used to discriminate between insect species 
[4,10–12]. However, this method presents considerable limitations 
[1,13], and studies in the last decade have found that the amount and 
type of these minor components is dependant on various factors, such as 
fibre type [3] and extraction protocol [14]. Although other, less-invasive 
techniques are employed to discriminate between red dyestuffs, they do 
not appear to differentiate between cochineal species [12]. These 
include surface-enhanced Raman spectroscopy [15–20], and newer 
ambient mass spectrometry techniques such as direct analysis in real 
time (DART)-MS [21,22].

Hence, differentiation between Mexican, Polish, and Armenian 
cochineal sources remains elusive, particularly when analysing samples 
from paintings, where the method of preparation of the lake pigments 
means that minor dye components are no longer present. Scientific ev
idence to support the historical accounts concerning changes in the use 
of Mexican and European cochineal is therefore lacking [5,14]. None
theless, this type of information may contribute to the reconstruction of 
the past cultural, economic, and social histories of a nation [23]. Ac
curate cochineal source identification would provide crucial proof of 
historical accounts, and could reveal changing patterns of use due to the 
trade in Mexican cochineal [3].

Given the difficulties outlined with current analytical protocols, a 
discrimination method based only on the principal colourant is prefer
able. Neither the carbon isotopic signature of cochineals nor the car
minic acid derived from them has, until now, been investigated. Even so, 
it is expected to closely track that of their host plants, which, as a 
consequence of distinct photosynthesis mechanisms, varies significantly 
between Mexican and European insects. More specifically, as insects 
feeding on these plants constitute the successive trophic level, their δ13C 
values should be about 1‰ more enriched than those of the plants 
[24,25]. The same is true for any derivative compounds. Cacti, host 
plants of Mexican cochineal, are known CAM plants [26,27], and are 
thus expected to possess carbon isotopic signatures distinct from those of 
the Porphyrophora host plants.

Dactylopius coccus grows and feeds on pads of prickly pear cacti 
(Opuntia ficus-indica), while Porphyrophora lives mainly underground on 
the roots and culm bases of plants such as grasslands, steppes, and sol
onchaks near rivers. Porphyrophora polonica, when harvested on a large 
scale, was gathered from the roots of Scleranthus perennis, a perennial 
knawel. In comparison, Porphyrophora hamelii lives on the roots, rhizo
somes, and culm bases of two types of grasses, Aeluropus littoralis and 
Phragmites australis [2]. The metabolic pathway of Scleranthus perennis, a 
plant often found in steppes, has not been widely investigated to date. 
However, given that C3 plants constitute over 90% of all plants, and that 
they prefer temperate climates [28], Scleranthus perennis may be pre
sumed to be part of this category. Phragmites australis, a better studied 
plant, has been classified in the literature as a C3 plant, despite exhib
iting some structural features of C4 plants in young specimens [29]. 
Lastly, Aeluropus littoralis is a halophytic grass belonging to the C4 group. 
This is common for plants occurring in areas of drought and high 
salinity, as the C4 lineages are typically more likely to develop salt 
tolerance [30]. Although some δ13C value overlap between C4 and CAM 

plants is common, both of these may usually be distinguished from C3 
plants on the basis of their carbon isotopic signature [31].

As a consequence of the different host plant types of the main 
cochineal insect species, stable carbon isotope analysis of cochineal lake 
pigments may allow unambiguous identification of dye source. Herein, 
the isotopic signature of cochineal dyestuffs and their biological sources, 
investigated with isotope ratio (IR) MS techniques, is reported, exem
plifying the first application of IRMS for the study of organic colourants. 
After employing elemental analysis (EA)-IRMS to determine the bulk 
stable isotope composition of Mexican, Armenian, and Polish cochineal 
insects and host plants, published methods for compound-specific 
isotope analysis (CSIA) of fatty acids (FAs) were applied to study the 
isotopic imprint of the otherwise discarded insect lipids. Successively, a 
protocol based on the same technique, namely direct inlet pyrolysis-gas 
chromatography-combustion-IRMS (DIP-GC-C-IRMS), was developed 
for CSIA of CA from lake pigments. Complementary structural infor
mation of CA markers was obtained through GC-quadrupole time of 
flight-MS (GC-QTOF-MS).

2. Materials and methods

2.1. Samples and chemicals

All solvents used were HPLC grade (Rathburn Chemicals). A CA 
(Sigma Aldrich, > 90% purity) standard solution (3 mg mL− 1) was 
prepared in methanol (MeOH). Cochineal host plants Aeluropus littoralis 
(n = 2), Opuntia ficus indica (n = 2), Phragmites australis (n = 3), and 
Scleranthus perennis (n = 5) were provided by the Herbarium, Kew 
Gardens (Table S1). Given the current protected status and rarity of 
Polish and Armenian cochineal insects, this preliminary research mainly 
used Mexican cochineal species. These originated from the Economic 
Botany Collection, Kew Gardens (EBC, n = 5) and from the National 
Gallery (NG, n = 8), while Polish (n = 1) and Armenian (n = 1) cochineal 
insects were provided by the NG (Table S2). Mexican and Armenian lake 
pigments (1 of each) were prepared at the NG (see 2.2.3.). Other lake 
samples (1 Mexican cochineal, 1 kermes, and 1 lac) originate from the 
NG, prepared there prior to this research, along with the historical paint 
swatch and cochineal-dyed silk thread analysed (Table S3).

2.2. Standard and sample preparation protocols

2.2.1. Delipidation of cochineal insects
All cochineal insects were delipidated prior to analysis. The devised 

protocol was adapted from El Hajj et al. [32]. One (or two, if small) 
whole insects were placed in a glass vial with n-hexane (5 mL). The vial 
was agitated (1 min) using a Vortex mixer, and left to stand (30 min). 
The insect was removed with tweezers, rinsed (with n-hexane), and 
allowed to dry, while the liquid was discarded. The insect was then 
ground with a mortar and pestle, and transferred to a new glass vial with 
n-hexane (5 mL). After stirring (1 min), the powder was allowed to 
sediment, then the solution was decanted to a third glass vial which was 
heated (50 ◦C) to aid evaporation of the solvent. More n-hexane (5 mL) 
was added to the insect powder, the vial was agitated (1 min), then left 
to stand (1 h). This step was repeated, before decanting the solution into 
the same (third) vial, as above, and left to evaporate (at 50 ◦C). More n- 
hexane was added (5 mL) to the insect powder, and left to stand over
night. The solution was decanted in the same (third) vial, and stored in 
the fridge. All solvent was allowed to evaporate from the insect powder, 
which was stored until further analysis.

2.2.2. Preparation of trimethylsilylated (TMS) derivatives of total lipid 
extracts (TLEs) from cochineal insects

Cochineal lipid extracts (1 mL) were placed in a glass vial, from 
which the solvent was evaporated (N2, 40 ◦C). Derivatisation was un
dertaken with N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) with 
1% trimethylchlorosilane (TMCS) (20 μL, 70 ◦C, 1 h), following 
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published protocols [33,34]. After removal of excess BSTFA (under N2), 
the lipids were resolubilised in n-hexane, and screened by HT-GC with 
flame ionisation detection (FID) before HT-GC–MS analysis.

2.2.3. Cochineal lake preparation
Mexican cochineal lake pigment was prepared following the protocol 

in Kirby et al. [35]. Potassium carbonate solution (0.1 M, 600 mL) was 
added to a beaker containing cochineal insects (NG7, 0.6 g) ground to a 
fine powder. The red-purple solution was boiled (15–20 min), filtered, 
and heated to 45–50 ◦C. At this temperature Potash alum (20 g in 
distilled H2O, 100 mL) was added dropwise, while constantly stirring the 
mixture, until the pH reached 6–7, and no more effervescence was 
observed. The precipitate was left to settle overnight. The pigment was 
filtered, washed (distilled H2O), and left to dry (first in open air, then in 
a desiccator). The dry pigment was then ground to powder and stored.

Armenian lake pigment was prepared as described below, modifying 
the method from Kirby et al. [35]. Insects (0.6 g) were delipidated ac
cording to the protocol above, then gently boiled in distilled H2O (50 
mL, 1 h), while being periodically crushed to encourage release of the 
colourant. After having slightly cooled the solution was filtered, then 
heated (35–40 ◦C) following the addition of potassium carbonate (0.33 
g). Potash alum (1.2 g in distilled H2O, 10 mL) was added dropwise, 
while stirring, to the solution (maintained warm, max. 45–50 ◦C) until 
the pH reached 7. The precipitate was left to settle overnight. Excess 
liquid was removed using a graduated pipette, then the precipitate was 
transferred and centrifuged in a centrifuge tube. After removing as much 
as possible of the excess liquid, the wet lake was tipped onto a watch 
glass. The pigment was left to dry (first in open air, then in a desiccator). 
The dry pigment was then ground to powder and stored.

2.2.4. Thermally-assisted hydrolysis and methylation (THM)

2.2.4.1. Tetramethylammonium hydroxide (TMAH). For Py-GC-MS, DIP- 
GC-MS and DIP-GC-C-IRMS CA standard analyses, an aliquot of the so
lution (10 μL, 3 mg mL− 1) was placed in a GC vial with an equal volume 
of TMAH, heated (60 ◦C, 1 h), then placed in a clean thermal separation 
probe (TSP) or pyrolysis tube (1–2 μL) and analysed after screening on a 
GC-FID. For DIP-GC-QToF-MS analyses, the solution was first diluted by 
addition of MeOH (5–10 μL). For DIP-GC-MS and DIP-GC-QTOF-MS 
analyses of solid samples, these were placed directly in the TSP tube, 
to which TMAH (1 μL) was added before analysis.

2.2.4.2. Trimethylsulfonium hydroxide (TMSH). For DIP-GC-MS and 
DIP-GC-C-IRMS analysis of cochineal lipid extracts, these (1 mL) were 
placed in a GC vial, from which the solvent was allowed to evaporate 
under a gentle stream of N2. The lipids were resolubilised in MeOH (0.5 
mL), then transferred to a TSP tube (0.5–1 μL) with TMSH (1 μL, 0.25 
M). For DIP-GC-QTOF-MS analysis, the lipids (2 μL) were further diluted 
in MeOH (200 μL), before being transferred to a TSP tube (0.5–1 μL) 
with TMSH (1 μL, 0.02 M). Analysis was undertaken after the solvent 
was allowed to evaporate at room temperature, and after screening by 
GC-FID.

2.2.4.3. 3-(trifluoromethyl)phenyltrimethylammonium hydroxide (TMTF 
TH). For analysis of CA with TMTFTH, the protocol utilised at the NG 
for analysis of paint samples was used. This involved placing an equal 
amount of standard solution and of TMTFTH, usually 20 μL each, in a 
Reactivial (ThermoScientific). After heating the solution (4 h, 70 ◦C), an 
aliquot (1 μL) was injected into the GC-FID for screening, before analysis 
by GC–MS.

2.2.5. DIP-GC-MS and DIP-GC-C-IRMS analysis of cochineal lakes
Cochineal lake pigment (1–2 mg) was placed in a small Reactivial 

with boron trifluoride (BF3, 4% in MeOH, 25 μL), agitated with a Vortex 
mixer (30 s), and left to stand overnight. After the vial was stirred 

(30–60 s) and centrifuged (3000 rpm, 2 min), excess BF3 was allowed to 
evaporate aided by heat (70 ◦C). Diethyl ether was added (30 μL), the 
vial was agitated and centrifuged as before, and ether was removed via 
pipette. The extraction was repeated twice more. MeOH (40 μL) was 
added to the residue in the Reactivial, which was heated (75 ◦C, 30 min), 
then agitated and centrifuged once more. The supernatant was removed, 
using a pipette, to a GC vial, from which MeOH was evaporated by 
heating (80 ◦C). TMAH (10 μL) was added to the residue in the GC vial, 
which was heated (60 ◦C, 1 h). The solution (2 μL) was transferred to a 
TSP tube and analysed by DIP-GC–MS or DIP-GC-C-IRMS.

2.3. Instrument methods

For EA-IRMS, HT-GC-FID, HT-GC–MS, GC–MS, and Py-GC–MS 
methods please see SI2.

2.3.1. DIP-GC-MS
Analysis was carried out on an Agilent Technologies 7890 A GC 

coupled to an Agilent Technologies 5975C MSD (Agilent Technologies, 
Santa Clara, CA, USA), single quadrupole MS. The GC was equipped with 
a non-polar fused silica capillary column (30 m × 0.25 mm i.d. × 0.25 
μm film thickness) with a BPX5 stationary phase (5% phenyl 
polysilphenylene-siloxane, SGE). Solid or liquid samples were loaded 
onto a quartz tube in the TSP with TMAH or TMSH, then introduced in 
the multimode inlet (MMI) in splitless mode. The initial temperature 
was 50 ◦C, set to rise to 350 ◦C at a rate of 900 ◦C min− 1. The inlet was 
held at this temperature for 3 min before cooling to 250 ◦C at a rate of 
25 ◦C min− 1, where it was held for 40 min. The oven temperature pro
gramme began at 40 ◦C, was increased to 200 ◦C (at 10 ◦C min− 1) and 
then to 310 ◦C (at 6 ◦C min− 1) with a final hold time of 20 min. Helium 
(He) was used as carrier gas at constant flow (1.2 mL min− 1).

The MS was set to acquire in full scan mode (m/z 50–650) at 0.2 scan 
s− 1, and was operated at an electron ionisation (EI) potential of 70 eV. 
The MS transfer line temperature was set to 280 ◦C, the ion source 
temperature to 230 ◦C, and the quadrupole to 150 ◦C. Data acquisition 
was undertaken using Agilent Technologies Chemstation, and data 
processing with Agilent Technologies MassHunter software (version 
10.0) and the AMDIS deconvolution software (NIST, version 2.66). 
Peaks were identified using a combination of mass spectral information, 
GC retention times (RTs), and comparison to the NIST mass spectral li
brary (Mass Spectral Search Program version 2.0 and NIST 08 MS Li
brary), published datasets, and NG databases. An n-alkane ‘ladder’ (with 
a characteristic bell-shaped peak profile) standard, containing C7–C40 
saturated alkanes, was used to monitor instrument performance.

2.3.2. DIP-GC-QTOF-MS
Analysis was carried out on an Agilent Technologies 7890B GC 

coupled to an Agilent Technologies 7200 Accurate Mass QTOF MS 
(Agilent Technologies, Santa Clara, CA, USA). The GC was equipped 
with a non-polar fused silica capillary column (30 m × 0.25 mm i.d. ×
0.25 μm film thickness) with a BPX5 stationary phase (5% phenyl 
polysilphenylene-siloxane, SGE). Solid or liquid samples were loaded 
onto a quartz tube in the TSP and introduced into the MMI in splitless 
mode. The initial temperature was 50 ◦C, set to rise to 350 ◦C at a rate of 
900 ◦C min− 1. The inlet was held at this temperature for 1 min before 
cooling to 250 ◦C at a rate of 25 ◦C min− 1, where it was held for 40 min. 
The oven temperature programme was the same as in 2.3.1. Helium (He) 
was used as carrier gas at constant flow (1.2 mL min− 1).

The MS was set to acquire in full scan mode (m/z 50–1050) with an 
acquisition rate of 5 spectra s− 1 and an acquisition time of 200 ms 
spectrum− 1, and a solvent delay of 6.5 min. The emission current was 
2.1 μA. The MS was operated at an EI potential of 70 eV for standard 
ionisation experiments. For MS/MS experiments, low energy ionisation 
was utilised, with N2 as the collision gas with collision energy of 10 eV 
(or 20 for m/z lower than 80). In this case, the mass range was set to (m/z 
50–300), the acquisition time to 300 ms spectrum− 1. The MS transfer 
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line temperature was set to 320 ◦C, the ion source temperature to 230 ◦C, 
and the quadrupole to 150 ◦C. Data acquisition was undertaken using 
Agilent Technologies Chemstation, and data processing with Agilent 
Technologies MassHunter software (version 10.0). Peaks were identified 
using a combination of mass spectral information, GC RTs, and com
parison to the NIST mass spectral library (Mass Spectral Search Program 
version 2.0 and NIST 08 MS Library), published datasets, and NG da
tabases. An in-house quality control standard containing fatty acid 
methyl esters, or FAMEs (C14:0, C15:0, C16:0, C18:0 and C20:0) and an n- 
alkane ‘ladder’ standard (as in 2.3.1.) were used to monitor instrument 
performance.

2.3.3. DIP-GC-C-IRMS
Analysis was carried out on an Agilent Technologies 8890 GC 

coupled to an Elementar isoprime precisION IRMS via an Elementar GC5 
combustion interface, using a combustion reactor containing CuO pel
lets and Ag wool (Elementar Analysensysteme GmbH, Hanau, Ger
many), maintained at 850 ◦C. The GC was equipped with a non-polar 
fused silica capillary column (30 m × 0.25 mm i.d. × 0.25 μm film 
thickness) with a BPX5 stationary phase (5% phenyl polysilphenylene- 
siloxane, SGE). Solid or liquid samples were loaded onto a quartz tube 
in the TSP, introduced in the MMI in splitless mode. The inlet and oven 
temperature programmes were the same as in 2.3.1. Helium (He) was 
used as carrier gas at constant flow (2 mL min− 1).

The IRMS was equipped with three Faraday cups collecting for the 
masses m/z 44 (12C16O2), 45 (13C16O2 and 12C17O16O) and 46 
(12C18O16O), with a solvent delay of 12 min. Data acquisition and pro
cessing were undertaken using the lyticOS software (Elementar, version 
5.0.4.118). Reference CO2 and in-house quality control standard con
taining FAMEs (C11:0, C13:0, C16:0, C18:0, C21:0, and C23:0) of known δ13C 
values were used to monitor instrument performance. The FAME stan
dard was also used for correction of determined δ13C values using a two- 
point normalisation. Correction of δ13C values due to the addition of C 
atoms from derivatisation of FAs is detailed in an earlier publication 
[36]. All analyses were performed in duplicate, the reported δ13C values 
are the calculated mean values.

3. Results and discussion

3.1. Bulk δ13C values of cochineal insects and their host plants

The stable carbon isotopic signature of CA, cochineal lake pigments, 
and of cochineal insects has never been investigated before, while evi
dence on the δ13C value of the plants supporting the insects is scarce. 
This implies the need for extensive fundamental work to establish iso
topic relationships in these connected systems. Given the rarity and 
ethical implications involved with the harvest and use of European co
chineals, specimens of host plants for the three cochineal types were 
investigated first. Specimens were chosen on the basis of geographical 
area, giving precedence to those originating within or close to the native 
regions of harvest of the three cochineal types [2]. The bulk δ13C values 
for all plants (listed in Table S4), plotted in Fig. S1, fall within the range 
of expected plant types.

Aeluropus littoralis, as a known C4 plant, exhibited the least depleted 
δ13C values, of − 11.2‰ (± 0.7) and − 10‰ (± 0.2) for AL1 and AL2, 
respectively. Opuntia ficus indica revealed δ13C values towards the less 
depleted end of the CAM range, calculated to be − 14.5‰ (± 0.1) for OF1 
and − 13.9‰ (± 0.1) for OF2. The stable isotopic signature of Phragmites 
australis presented a wide variability in δ13C values, determined to be 
− 22.3‰ (± 0.1), − 23.7‰ (± 0.9), and − 28.8‰ (± 0.1) for PC1, PC2, 
and PC3, respectively. Although all within the expected C3 range, PC1 
and PC2 are notably less depleted in 13C than PC3, lying at the edge of 
the C3 range, towards C4 plants. As noted in the literature, δ13C value 
variability with the same plant species might be due to other factors 
affecting the photosynthesis process, such as water availability, tem
perature, and humidity [31]. Nonetheless, the hybrid C3/C4 character of 

this plant [29] likely contributes significantly to this substantial 
discrepancy. Lastly, EA-IRMS results confirmed the hypothesis that 
Scleranthus perennis belongs to the C3 plant category, with all five 
specimens analysed falling well within the range for δ13C values of these 
plants, with a narrow variability. Notably, SP1–4 exhibited identical 
values (− 27.8 or − 27.9‰) with a minimal SD (0.1–0.2‰, with the 
exception of SP1, for which SD = 1.1‰), while SP5 was about 2‰ more 
enriched (− 26.0‰ ± 0.1).

These results strongly suggest that some distinction amongst cochi
neal insects on the basis of stable carbon isotopic composition is indeed 
possible. In particular, Mexican cochineal and Armenian cochineal 
harvested from Aeluropus littoralis, despite presenting similar isotopic 
signatures which might preclude distinction from each other, should be 
clearly distinguishable from Polish cochineal and from Armenian 
cochineal living on Phragmites australis. Although these last two insect 
types are expected to both display C3 δ13C values, differentiation be
tween them may still be possible, given that the majority of Phragmites 
australis samples exhibited notably less depleted δ13C values than 
Scleranthus perennis.

EA-IRMS analysis of delipidated cochineal insects (δ13C values listed 
in Table S5) yielded comparable isotopic signatures to those of the host 
plants of the insects. Fig. 1 shows that for Mexican cochineal the δ13C 
values ranged between − 13.3‰ ± 0.1 (NG7) and − 9.5‰ ± 0.04 (NG6). 
As for their host plant Opuntia ficus indica, these values correspond to the 
more 13C-enriched end of the CAM plant range. The δ13C value obtained 
for AC, − 12.6‰ ± 0.1, falls in the C4 plant range, suggesting that this 
particular insect lived on Aeluropus littoralis rather than on Phragmites 
australis. Lastly, PC, displaying a δ13C value of − 28.4‰ ± 0.1, exhibited 
a decidedly C3 plant character, coherent with that of its host Scleranthus 
perennis. From these results, Polish cochineal may thus be clearly 
differentiated from Armenian and Mexican cochineals through their 
bulk δ13C values, while the Armenian and Mexican insects are not 
distinguishable.

3.2. Compound-specific δ13C values of fatty acids extracted from 
cochineal insects

Porphyrophora and Dactylopius insects have been noted in the liter
ature to present considerably different chemical compositions [37], of 
which, apart from the notably higher lipid and lower CA content in 
Porphyrophora, not much is known. The bulk δ13C values, therefore, 
cannot be used as proxies to estimate differences in δ13C values of CA 
(δ13CCA) amongst insect type. Thus, compound-specific isotopic infor
mation is required to further understand if cochineal insect types may be 
distinguished by their δ13C values.

Methods for extraction of CA from cochineal insects are known in the 
literature, but, in the case of Armenian and Polish cochineal, the yield is 
unsurprisingly poor [4,10]. However, due to the substantial fat content 
in Porphyrophora species [37], and ease of extraction of this component, 
high concentrations of lipids may be obtained from even one insect. As 
defatting was a necessary step prior to EA-IRMS analysis, this provided 
an ideal opportunity to use this otherwise discarded material to deter
mine whether differentiation of cochineal insects is possible through 
CSIA of their FAs. Furthermore, assuming that CA is biosynthesised in 
the same manner in both Porphyrophora and Dactylopius, δ13CFA values 
may be utilised as proxies to infer differences in δ13CCA values amongst 
Mexican, Armenian, and Polish cochineals.

Thus, the hydrolysed TLEs of the ground insects, analysed by DIP- 
GC-QTOF-MS, revealed a similar lipid profile for all Mexican co
chineals analysed (see Fig. S2a for the partial total ion chromatogram, 
TIC, for NG7). This was dominated by FA14:0, followed by FA16:0, FA18:0, 
FA18:2 and FA18:1, and a lower concentration of FA20:0. Interestingly, 
Armenian and Polish cochineals yielded a different FA profile, with the 
notable absence of FA14:0. Instead, both TICs (see Fig. S2b and c), were 
dominated by FA18:0, and a lower concentration, in particular for Polish 
cochineal, of FA16:0 and FA20:0. The main difference between the TICs of 
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the lipid extracts between these Porphyrophora insects is the presence, in 
the case of Armenian cochineal, of a considerable amount of FA8:0 and 
FA10:0. Conversely, these FAs are absent from the lipid profile of Polish 
cochineal.

In order to understand the complex lipid composition of the three 
insect types, the TLEs were also analysed by HT-GC-MS. Polish cochineal 
presented the simplest profile (Fig. S3c), composed almost exclusively of 
FA18:0, with minor amounts of FA20:0 and saturated C18- 
monoacylglycerol (MAG18:0). The TIC obtained from Armenian cochi
neal lipids (Fig. S3b), however, was remarkably different, and was 
dominated by diacylglycerols (DAGs), with lower amounts of MAG8:0, 
FA18:1 and FA18:0, and MAG18:0. The principal peaks have been assigned 
to DAG26:0, composed of FA18:0 and FA8:0, and DAG28:0, composed of 

FA18:0 and FA10:0. These complex lipids, undergoing hydrolysis, are 
mainly accountable for the FA8:0, FA10:0, and FA18:0 peaks observed in 
Fig. S2b. In the TIC from the TLE of Mexican cochineal (Fig. S3a), the 
main peak corresponds to FA14:0, which is also responsible for the acyl 
chains of the other two most abundant lipids, DAG28:0 and TAG42:0. 
Lastly, FA12:1, FA12:0, and MAG14:0 are present in lower concentrations.

FA δ13C16:0 and δ13C18:0 values, obtained from DIP-GC-C-IRMS of 
fifteen cochineal lipid extracts and plotted in Fig. 2a (and listed in 
Table S6), revealed an isotopic signature consistent with the photosyn
thesis mechanism of the host plant of the respective insect. Unsurpris
ingly, given that lipids are notoriously more depleted than other 
biomolecular classes [38], the FA δ13C16:0 and δ13C18:0 values were more 
depleted than the bulk δ13C value obtained from the corresponding 

Fig. 1. Bulk δ13C values for Armenian (purple square), Mexican (pink circles), and Polish (orange triangle) cochineal insects (mean value, n = 3). The error bars 
represent the SD on either side (±) of the value. The plot includes δ13C value ranges for C3 (orange), CAM (pink), and C4 (purple) plants, and illustrates, through 
colour-coding, which of these categories each insect reflects with their isotopic signature. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)

Fig. 2. (a) FA δ13C values (δ13C18:0 against δ13C16:0) obtained from the lipid extracts of thirteen Mexican (pink), one Armenian (purple), and one Polish (orange) 
cochineals. (b) Corresponding Δ13C values (Δ13C against δ13C16:0). The error bars represent the SD on either side (±) of the value. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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insect. The FA δ13C16:0 and δ13C18:0 values, therefore, are consistent with 
the photosynthesis mechanism of the host plant of the respective insects. 
Specimen EBC2, a cochineal ‘cake’ prepared with unknown ingredients, 
was excluded from the present discussion.

For all lipids extracted from Mexican cochineals, FA δ13C16:0 values 
ranged between − 23.3‰ ± 0.3 (NG5) and − 14.3‰ ± 0.5 (NG6), while 
FA δ13C18:0 values fell between − 18.0‰ ± 0.5 (NG5) and − 11.5‰ ± 0.2 
(NG6). The δ13C values for the Armenian cochineal lipids were deter
mined to be − 19.7‰ ± 0.5 and − 18.1‰ ± 0.6 for FA16:0 and FA18:0, 
respectively, while Polish cochineal lipids exhibited a FA δ13C16:0 value 
of − 28.6‰ ± 0.6 and a FA δ13C18:0 value of − 27.9‰ ± 0.3. As a result, 
due to the overlap in C4 and CAM δ13C values, it is not possible to 
distinguish Armenian from Mexican cochineal lipids in Fig. 2a. Never
theless, Polish cochineal lipids, of decidedly C3 character, are clearly 
separated from the other two types. In addition, by applying the Δ13C 
proxy (Δ13C = δ13C18:0 – δ13C16:0) [39,40], plotted in Fig. 2b against the 
FA δ13C18:0 value, Armenian cochineal is better separated from the 
Mexican insects. The latter displayed considerably higher Δ13C values 
(all listed in Table S6) than the two Porphyrophora species. Specifically, 
the New world insects exhibited Δ13C values ranging between 2.3‰ ±
0.4 (EBC3) and 6.8‰ ± 0.4 (NG4), while the Δ13C value for Armenian 
cochineal was 1.6‰ ± 0.8, and the one for Polish cochineal was even 
lower, at 0.7‰ ± 0.7.

FA C20:0 is another lipid present in all three insects, generally dis
playing similar or slightly more depleted δ13C values than FA C18:0. By 
substituting this FA with FA C20:0 in Fig. 2, and using the new proxy 
Δ13C20:0 = δ13C20:0 – δ13C16:0 (δ13C20:0 and Δ13C20:0 values are also listed 
in Table S6), better separation may be observed between the three 
cochineal species (Fig. S4). In particular, the Armenian cochineal, with a 
Δ13C20:0 value of 0.2‰ ± 0.5, is better distinguished from the Mexican 
insects, which exhibited Δ13C20:0 values ranging between 1.9‰ ± 0.3 
(EBC3) and 8.0‰ ± 0.5 (EBC4). Lastly, the Δ13C20:0 value for Polish 
cochineal lipids, − 1.0‰ ± 0.7, was slightly lower than the Δ13C value. 
Interestingly, the different Δ13C and Δ13C20:0 values exhibited by Dac
tylopius and Porphyrophora insects suggest distinct biosynthetic path
ways for FAs in these genera, and, possibly, even within the Dactylopius 
genus. FAs found in insects are either directly assimilated from the diet 
or biosynthesised de novo [41,42] utilising plant sugars and amino acids 
[43,44], or result from a combination of the two. Thus, although insect 
FA profiles are influenced by various aspects (such as insect life stage, 
species, and sex), diet plays a key factor [43].

It should be noted that the exact species of the Mexican insects 
analysed is not known. All insects were catalogued with general names 
such as ‘Dactylopius’ or ‘American cochineal’, however, although only 
Dactylopius coccus (the domestic cochineal) has been mentioned thus far, 
this is only one of a total of nine species which make up the American 
cochineal genus Dactylopius. All contain CA and live on cacti of the 
Opuntia genus [2], and may thus have been used for dyeing and pre
paring lake pigments. In any case, early classification of many red scale 
insects is shrouded in confusion, so that historical accounts may be 
unreliable for correct insect identification. Often, the same name was 
used for different species, and even different genera (as already dis
cussed in the case of Porphyrophora insects). The wide distribution in FA 
δ13C and ΔC20:0 values observed by the New World insects may thus be 
due to the presence of more than one Dactylopius species.

For the purpose of the present research, distinction between 
Mexican, Armenian, and Polish cochineals is more important than 
distinction within Dactylopius species, which would nonetheless be 
extremely interesting for subsequent consideration. It is obvious that 
this preliminary study is heavily biased towards the New World insects, 
and that more Armenian and Polish insects need to be analysed in order 
to determine the significance of the Δ13C and Δ13C20:0 proxies for spe
cies differentiation. The present results, however, suggest that the lipid 
profiles of Mexican, Polish, and Armenian cochineals, combined with 
their FA δ13C values, allow differentiation between all three cochineal 
types. In particular, the absence of FA C14:0 from Armenian cochineal 

permits distinction from the Mexican insect, despite their analogous FA 
δ13C values. On the other hand, even though the Armenian and Polish 
insects display a more similar FA profile, these present distinct δ13C 
values. Although Armenian cochineal harvested from Phragmites aus
tralis is predicted to present a comparable isotopic composition to Polish 
cochineal, the absence of FA C8:0 and FA C10:0 from the lipid profile of 
the latter may still permit differentiation between them. Lastly, Polish 
cochineal and Mexican cochineal may be easily distinguished, as they 
exhibit dissimilar isotopic signatures as well as FA profiles.

3.3. Method development for GC-MS-based analyses of carminic acid

Although organic colourants are seldom analysed by gas chroma
tography, Fabbri et al. [45] and Poulin [46] demonstrated that it is 
indeed possible to investigate these compounds with this technique. 
Both methods used THM to investigate cochineal dyestuffs, but, whereas 
the first paper employed Py-GC-MS with TMAH, the more recent pub
lication describes a GC-MS protocol based on TMTFTH derivatisation. 
Replicating both methods in the present investigation, CA was identified 
through the presence of the same marker, compound A (Fig. S5), and a 
potential, previously unreported, marker (compound B). Although the 
relative intensity of compound A was notably higher with the TMTFTH 
protocol, this reagent produces more peaks than TMAH, which can 
complicate GC-C-IRMS analyses. Trials with TMAH:CA (1:1) solutions 
analysed by GC-MS yielded inconsistent derivatisation of the colourant 
(Fig. S6a), attributed to the low inlet temperature (300 ◦C). Trials with 
TMSH were unsuccessful. To improve derivatisation of the target com
pound, the contact time between the analyte and the reagent was 
increased, resulting in a higher relative intensity for the peaks relating to 
the CA markers (Fig. S6b). Finally, heating the mixture (60 ◦C, 1 h) 
caused compound A to become the principal peak in the TIC, as illus
trated by Fig. S6c.

Initial trials with Py-GC-MS yielded poor results, regardless of py
rolysis temperature (300, 350, 500, and 700 ◦C were tested in addition 
to 610 ◦C) and CA concentration. However, considerable improvements 
were noticed when the instrument was upgraded from a CDS pyroprobe 
to a Drop-In-Sample-Chamber (DISC). Crucially, in this configuration, 
the interface sits at 300 ◦C, activating pyrolysis almost immediately after 
the analysis is started. Previously, a 30 s delay was present before firing 
of the probe, where the transfer line to the GC remained closed while the 
interface (sitting at 50 ◦C) was brought to temperature. The target 
compounds were therefore believed to have been vented away while the 
interface was heating. This is supported by the improvement of results 
after the addition of the DISC system, and the fact that higher amounts of 
A and B were obtained at a low pyrolysis temperature (350 ◦C) for both 
solid and solubilised CA. DIP-GC-MS, where the probe sits directly inside 
the GC inlet, minimising sample loss, was thus deemed the most suitable 
technique for this analysis. Indeed, in the resulting TIC, shown in Fig. 3, 
compounds A and B are present in considerable intensity, and only a few 
other peaks are observed. MS information on these peaks, along with 
numbered peaks in subsequent TICs, is detailed in Table S7.

3.4. DIP-GC-C-IRMS for stable carbon isotope analysis of carminic acid 
from cochineal lakes

3.4.1. Structural study and proposed mechanism of formation of carminic 
acid markers

Compound A has been previously identified as trimethyl-5-methoxy- 
3-methylbenzene-1,2,4-tricarboxylate, through interpretation of its 
standard EI mass [45,46]. Indeed, Fabbri et al. [45] seem to be the first 
to propose this structure, which they highlight to be only tentative. 
Using compound A for δ13C value determination requires that the cor
rect structure of the compound is known, in particular given that a 
correction for added carbon is required. GC-QTOF-MS, with its accurate 
mass and tandem MS capabilities, was therefore exploited to investigate 
whether the observed fragmentation patterns were in agreement with 
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the published structure for compound A. Furthermore, having noted the 
persistent presence of compound B in the TICs of CA, fragmentation 
studies were extended to this possible CA marker. The experimental and 
calculated m/z for the two compounds, and the difference between them 
(dppm), are listed in Table S8.

The standard EI mass spectrum of compound A, shown in Fig. 4, 
reveals a molecular ion at m/z 296.0891, corresponding to a molecular 
formula, C14H16O7, coherent with the structure for trimethyl-5- 
methoxy-3-methylbenzene-1,2,4-tricarboxylate. The fragment ions 
observed in the standard EI and product ion mass spectra (Fig. S7), are 
also consistent with the proposed published structure of compound A. 
On the basis of the data, the major fragmentation pathways have been 
identified, as illustrated in Fig. 4. The fragmentation pattern was char
acterised by losses of CO and CH3O radicals, often accompanied by loss 
of hydrogen, characteristic of benzene tricarboxylic acid methyl ester 
derivatives [47–49], and of methoxy benzoate esters [50]. The presence 
of the molecular ion and protonated ions in the mass spectra is also 
consistent with a tricarboxylic acid methyl ester structure [49].

The base peak, at m/z 178.0618, may result from loss of two acetate 
groups from the molecular ion. Alternatively, through loss of a methoxy 
radical from one acetate group, the second most abundant fragment ion, 
at m/z 265.0703, is obtained. The methoxy radical could also be lost 
from the ether group on the benzene ring, however, previous in
vestigations on methoxybenzoic acids and phenols highlighted minimal 
loss of the CH3O radical, observing that oxygen atoms directly attached 
to the ring are strongly bound [51]. Further loss of MeOH may then 
yields the ion observed at m/z 233.0441.

The mechanism of formation (Fig. S8) begins, as for typical THM 
reactions, with a high-temperature hydrolysis through reaction with the 
strongly alkaline TMAH reagent [52]. Hydrolytic scission, in this case, is 
believed to occur at one of the carbonyl Cs of the middle ring (2) of the 
anthraquinone structure of CA, resulting in the opening of ring 2 and 
addition of a hydroxy group to the carbonyl C. Ultimately, the molecule 
is split to form 5-hydroxy-3-methylbenzene-1,2,4-tricarboxylic acid 
(from ring 3), which is then deprotonated, forming tetra alkyl ammo
nium salts. Eventually, these decompose into their alkyl derivatives, 

Fig. 3. Partial DIP-GC–MS TIC of CA, highlighting markers A and B. FAs are present as FAMEs. See Table S7 for information on numbered peaks.

Fig. 4. Standard EI mass spectrum of compound A, with accurate mass and corresponding molecular formula for main fragment ions. The principal (pink) and 
secondary (orange) proposed fragmentation pathways (based on MS/MS) are indicated. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.)
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resulting in compound A.
Nonetheless, Ishida et al. [53] have shown that the TMAH solvent 

may contribute to the THM reaction in the derivatisation of polyesters. 
Thus, an alternative mechanism for formation of A in the presence of 
TMAH in MeOH (Fig. S9), would involve the reaction proceeding by 
methanolysis, whereby MeOH, deprotonated by TMAH, acts as a 
nucleophile to the carboxylic Cs on ring 2, opening that ring and causing 
complete scission of ring 3 from 1. Through this pathway, the precursor 
of compound A is thus released from the CA molecule with two methyl 
ester groups. Ishida et al. [53] also found that methanolysis was more 
effective with carboxylic rather than phenolic sites. Accordingly, 
through this mechanism, MeOH may also be responsible for formation of 
the third methyl ester in A, through nucleophilic substitution of OH on 
the carboxyl group at position 4. Methylation of the phenolic group at 
position 5, on the other hand, more likely occurs through direct reaction 
with TMAH (Fig. S8).

The EI mass spectrum of compound B displays a (presumed) mo
lecular ion at m/z 276.0981, which is also the base peak (Fig. S10). This 
accurate mass corresponds to the molecular formula C15H16O5, 
requiring the structure to have eight degrees of unsaturation. In com
bination with the high number of C atoms, and relative low number of H 
atoms, this suggests a highly conjugated ring structural core, such as a 
naphthalene-based compound. Bound saccharide moieties in C-glyco
sides, such as CA, have been demonstrated to be quite stable to hydro
lysis, in contrast to O-glycosides [54]. It is thus hypothesised that, as 
observed for A, cleavage between the sugar moiety and the anthraqui
none core is not a favoured process, and does not occur in the formation 
of B. Instead, given that CA displays keto-enol tautomerism [55], com
pound B is proposed to be derived from one of the eight quinoid tau
tomers of the chromophore.

Specifically, if we consider the 1,4-anthraquinone derivative to un
dergo derivatisation by TMAH in a similar manner to the 9,10-anthra
quinone derivative, we may obtain compound B, methyl 3-hydroxy- 
5,8-dimethoxy-1-methyl-2-naphthoate (Fig. S11). Compound B, in 
contrast to A, is not fully derivatised, and retains a hydroxyl group, 
which have been noted to occasionally avoid methylation in these types 
of reactions [52]. In particular, OH groups on the β‑carbon relative to 
carbonyl groups of similar anthraquinone colourants, alizarin, xantho
purpurin, and flavokermesic acid (FK), have been observed to avoid 
derivatisation in THM reactions [46]. Similarly, in B, it is logically the 
OH on the β‑carbon relative to the carbonyl group which avoids 
methylation. This may be explained not only by steric hindrance, but 
also by the fact that the other two hydroxyl groups are involved in ring 
opening during THM, and are thus more prone to further reaction.

The standard EI mass spectrum of compound B, characterised by a 
molecular ion and base peak, does not present significant fragmentation. 
This suggests a highly stable molecule, coherent with the naphthoate- 
based structure of B. Similarly to A, the fragmentation pattern is char
acterised by the loss of small molecules such as MeOH, CH3O and CH3 
radicals. The main proposed fragmentation pathways, indicated in 
Fig. S10, were reconstructed with the aid of the product ion mass spectra 
(Fig. S12). The principal pathway, yielding the second most abundant 
ion in the mass spectrum, involves loss of a methoxy radical, possibly 
from the acetate group. The resulting fragment at m/z 245.0780 would 
contain a CO cation, typical of these structures [47,50,56], stabilised by 
the naphthalene core. Alternatively, the molecular ion may lose a 
methyl radical, resulting in a fragment at m/z 261.0720. Further frag
mentation causes expulsion of CO, generating a peak at m/z 233.0781, 
while subsequent loss of MeOH yields a fragment ion at m/z 201.0553. 
To confirm the proposed structure, NMR studies on the isolated or 
synthesised compound should be carried out.

3.4.2. Method development for analysis of lake pigments
A protocol extracting the colourant directly from lake pigments, and 

thus suitable for the analysis of CA from painted objects, was developed. 
The preparation of lake pigments inherently involves purification of the 

insect extract, thereby bypassing the problem arising from interfering 
secondary components (such as lipids and polysaccharides) observed 
from GC-MS analysis of CA directly extracted from the insect [57]. 
Lastly, by targeting the prepared pigment, the quantity of CA present in 
Mexican and Armenian lakes will be more comparable than if the col
ourant was extracted from the insects themselves (which typically yields 
a very poor yield for Armenian and Polish cochineals), as the analogous 
pigment preparation procedure entails a similar alum:pigment ratio.

Despite the encouraging results obtained for GC-MS analysis of the 
CA standard based on THM with TMAH, application of the same pro
tocols to lake pigments resulted in a low relative intensity for the peak 
corresponding to compound A, precluding GC-C-IRMS analysis of the 
colourant. Mainly, this is ascribed to the strong interaction between the 
inorganic mordant and the CA, which TMAH alone is not able to over
come (at least not at an inlet temperature of 300 ◦C). In Dactylopius 
coccus, CA has been shown to be present as a potassium salt, formed 
through ionic and hydrogen bonds between the metal ions and the hy
droxyl and carboxyl oxygens of the colourant [58]. Although the exact 
bonding with alum is not clear, the lake pigment is believed to mimic 
these interactions with the aluminium cation [59,60].

Thus, an alternative protocol based on DIP-GC-MS and, in particular, 
DIP-GC-C-IRMS analysis, was developed, where lakes and oil paint 
replicas were reacted with BF3 prior TMAH derivatisation. In the first 
step, used to analyse lake-containing paint samples by HPLC-DAD, the 
reagent acts as a Lewis acid, breaking apart the binder network and 
releasing the dyestuff from the inorganic substrate [61]. Despite obvious 
improvement in the detection of compound A, the DIP-GC-MS TICs still 
presented a predominance of lipids, believed to hamper derivatisation of 
the colourant by preferentially reacting with TMAH. However, including 
a diethyl ether extraction after reaction with BF3 proved successful in 
removing some of the lipids, allowing better derivatisation of the 
chromophore. Indeed, compound A dominates the resulting DIP-GC-MS 
TIC (Fig. S13), while the neighbouring FA18:1, at risk of coelution, has 
been completely removed. Furthermore, a new compound (9) is now 
evident in the TIC. Present at considerable concentration, this has been 
identified as tetramethyl ether-D-gluconic acid lactone, and is believed 
to be directly derived from the sugar moiety of CA.

Application of the protocol to the Armenian cochineal lake, ACL, 
resulted in a similar DIP-GC-MS TIC (Fig. S14), where compound A was 
present as one of the most abundant peaks. Notable differences between 
the TIC traces include a high concentration of saccharides in the 
Armenian lake extract (identified by characteristic fragment ions such as 
m/z 45, 101, 129), and, mirroring the distinct lipid profiles of the in
sects, the absence of FA14:0. Lastly, the developed protocol was tested on 
a paint swatch, prepared with cochineal lake and linseed oil (MCP), and 
a cochineal-dyed silk thread (MCS). Encouragingly, the TICs obtained 
from DIP-GC-MS analysis (Fig. S15) were similar to those obtained for 
the lake pigments, highlighting its potential for the analysis of cultural 
heritage objects.

Poulin (2018) reported that GC-MS analysis of lac results in a 
different marker from compound A, while, information on the pyrolytic 
products resulting from THM of kermesic acid (KA) have not been found 
in the literature. Interestingly, THM of FK with TMTFTH has been 
described to yield a partially methylated derivative, as previously 
mentioned, with no cleavage of the anthraquinone core [46], which 
instead, occurs for both CA and laccaic acids (LAs). If this phenomenon 
is related to the bulkiness of the molecule, KA might be expected to 
behave similarly to FK, differing from the latter only by an extra hy
droxyl group on the anthraquinone ring.

Nonetheless, both A and B were identified in the TIC derived from DIP- 
GC-MS analysis of kermes lake (Fig. S16, peak information may be found 
in Table S7). Moreover, another, unknown, compound (24), which might 
be specific to KA, was found to coelute to some extent with A. Lac lake, on 
the other hand, produced a different profile (Fig. S17) with various un
known compounds, presumed to be related to the LAs. Amongst these, 
tetramethyl-5-methoxybenzene-1,2,3,4-tetracarboxylate, the marker 
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identified by Poulin [46], was present in low concentration. These results, 
and the absence (from every lake analysis) of the FK derivative discussed 
previously, suggest that the anthraquinone cores of both KA and FK are 
hydrolysed in this THM reaction, probably as a consequence of the higher 
alkalinity of TMAH compared to TMTFTH. They also highlight that com
pounds A and B are not specific to CA, although this may be dependent on 
the THM reaction conditions.

3.4.3. Compound-specific δ13C value determination of carminic acid
A correction factor, δcorr, may be used in the mass balance equation 

to account for any added carbon and kinetic isotope effect (KIE) arising 
during derivatisation [62]. Additionally, as the δ13C value of CA is 
derived from the δ13C value of its marker A, the correction factor also 
takes into account the cleavage of the molecule. The value for δcorr may 
be determined by rearranging the mass balance equation to: 

δcorr =
ndAδdA − nAδA

nd 

where δdA, the δ13C value for the derivatised compound A, was 
determined through DIP-GC-C-IRMS of the CA standard. The robustness 
and reproducibility of the derivatisation reaction were confirmed 
through repeated DIP-GC-C-IRMS analyses (n = 6), yielding a mean 
δ13CA value of − 29.6‰ and a narrow standard deviation of 0.3‰.

The δ13C value of the underivatised compound A (δA), was assumed 
to be equal to the δ13C value of the CA standard, determined by EA-IRMS 
as − 15.7‰ ± 0.1 (n = 5). In reality, given that CA incorporates a 
monosaccharide moiety, which tend to be more enriched in 13C than 
lipids and proteins, the two values may exhibit some variation, 
depending on the biosynthetic pathway of CA. Nonetheless, the δ13C 
value of compound A is expected to be closer to that of CA than the δ13C 
value of the glucose fraction would be, since the targeted marker con
tains a higher number of original C atoms than the sugar moiety. In any 
case δcorr, determined to be − 64.3‰ ± 0.3, serves also to account for 
any discrepancy between the δ13C values of CA and its derivative A.

The δ13C value of compound A, and thus of CA, derived from 
Mexican and Armenian cochineal lakes (MCL1 and ACL), and an oil- 
bound cochineal lake paint swatch (MCP), are plotted in Fig. 5. 
Another Mexican cochineal lake (MCL2) and a kermes lake (KL) from the 
NG collection were also investigated. Although the latter has also been 
found to yield compound A, it is believed that its isotopic signature 
would be distinctive from Armenian and Mexican cochineal, given that 
Kermes vermilio, harvested from oak trees, should exhibit C3 δ13C values. 
Indeed, the δ13CA value of KL, plotted in Fig. 5 alongside the other 

samples, was found to be − 36.2‰ (± 0.3), which lies at the most 
depleted end of the C3 δ13C value range. At this stage, given that com
pound A coelutes, to some extent, with 24, this value should only be used 
as an indication, and more research should be carried out to determine 
the accurate δ13CA value.

Nonetheless, consistent with previously discussed δ13C values, 
Mexican and Armenian δ13CA values are coherent with the plant types 
hosting the respective insects, and are distinctively separated from the 
δ13CA KA value. Specifically, CA from Mexican cochineals displayed 
similar isotopic composition, with δ13CA values of − 9.2‰ ± 0.8, 
− 11.5‰ ± 0.3, and − 12.8‰ ± 0.3 for MCP, MCL1, and MCL2, 
respectively. Interestingly, Armenian CA displayed a notably more 
depleted δ13CA value of − 16.6‰ ± 1.0. The difference in isotopic 
signature of CA from the Armenian cochineal and the Mexican cochineal 
NG7, used to make the analysed pigments, is markedly greater than the 
difference between their δ13CFA and bulk δ13C values. Remarkably, CA 
from NG7 is significantly more enriched in13C than its lipids, whereas 
CA from AC, in comparison, displays a milder enrichment. This is 
particularly well described by the difference between the δ13CA and the 
FA18:0 δ13C values, Δ13CA (listed in Table S9). Whereas for Armenian 
cochineal this is only 1.5‰ (± 1.2), for NG7 Δ13CA was calculated to be 
4.7‰ (± 0.4).

Although more research is required to understand the significance of 
these values, this difference suggests that the colourant might be bio
synthesised by distinct pathways in the Dactyolpius and Porphyrophora 
insects. Given the similar δ13C values exhibited by CA and FAs in Por
phyrophora, the compounds might share some of the same precursors, 
which could imply a PKS pathway for CA formation. On the other hand, 
in Dactylopius, CA is significantly less depleted than the FAs. In this case, 
the colourant displays more similar values to those expected for carbo
hydrates, possibly suggesting a chorismate/O-succinyl benzoic acid 
pathway of formation. Nonetheless, these preliminary results indicate 
that CA originating from Armenian and Mexican cochineals might be 
distinguished on the basis of its isotopic signature, despite the similar 
bulk δ13C values displayed by their host plants, or even by the insects 
themselves.

3.4.4. Implications for aged cultural heritage samples
Before the method may be applied to precious cultural heritage 

samples, the extent of cochineal species differentiation through CSIA 
should be further assessed. In particular, a wider pool of cochineal in
sects of the European variety needs to be investigated. In addition, the 
developed method for CSIA of CA from lake pigments requires further 

Fig. 5. Compound-specific δ13C values of compound A (δ13CA) for Armenian (purple square) and Mexican cochineal (pink circles), and Kermes (orange diamond) 
lakes. The error bars represent the SD on either side (±) of the value. The plot includes δ13C value ranges for C3 (orange), CAM (pink), and C4 (purple) plants, and 
illustrates, through colour-coding, to which of these categories each specimen belongs to. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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adaptation. The sample size utilised in this preliminary study (1–2 mg) 
was purposefully large to ensure a reliable first measurement, but can 
likely be reduced in further determinations. However, more testing 
needs to be carried out to determine the minimum sample required for 
the IRMS measurement to be valid, and therefore, to determine its 
applicability to typical amounts obtainable from precious cultural her
itage objects (in the sub-mg range). Added challenges arise from the 
degradation phenomena that typically accompany these aged objects, 
resulting in a lower amount of surviving colourant compared to modern 
painted replicas.

However, a significant advantage of CSIA is the fact that pollutants 
and other contamination present in the complex heterogeneous matrix 
of aged cultural heritage samples would not interfere with the mea
surement, as only one compound is targeted. Although peak purity is 
vital for correct IRMS analysis, this can, and should, be monitored by 
undertaking DIP-GC-MS contemporaneously to DIP-GC-C-IRMS. If coe
lution is observed, as has been noted for the analysis of kermes lake, this 
may often be corrected for by adaptation of the method, for example by 
using a longer GC column, or with a different stationary phase or a 
narrower diameter [57,63]. The latter, in particular, would result in 
more focused peaks, permitting a reduction in required sample. Addi
tionally, further research should include more investigation into the 
derivatisation reaction of CA in lakes, to ensure that no significant 
fractionation arises from the complex inorganic matrix. Lastly, another 
possible limitation to consider pertains to the effect of degradation on 
δ13C values of CA, which has not yet been assessed. Nevertheless, 
degradation studies on other compounds (FAs and miliacin) in oxic and 
anoxic conditions have shown that, despite a reduction in concentration, 
there is no significant change in their δ13C values [39,64–66]. Similar 
conclusions were drawn from the analysis of modern and aged animal 
glues in paintings [57], highlighting an advantage, rather than a limi
tation, of CSIA in the context of degraded samples.

4. Conclusions

This paper proposes, for the first time, CSIA to investigate dyestuffs 
in painted cultural heritage objects, offering a novel approach to 
distinguish between cochineal sources and address a persistent chal
lenge in the field of heritage science. By targeting chromophore markers 
through DIP-GC-C-IRMS, a method was established to determine the 
δ13C value of the main colourant in cochineal lake pigments, CA, 
providing the first example of CSIA of this type of compounds.

Starting from bulk isotopic investigations with EA-IRMS, Mexican, 
Polish, and Armenian cochineals were confirmed to reflect the isotopic 
imprint of their host plants. Mexican cochineals and Armenian cochineal 
(living on Aeluropus littoralis) exhibited similar δ13C values coherent 
with, respectively, CAM and C4 plants. Polish cochineal, however, pre
sented a distinctive signature, reflecting the C3 character of its host 
plant. CSIA applied to the TLEs of the insects, obtained during sample 
preparation for EA-IRMS, revealed that the cochineal FA δ13C values 
reflect the bulk isotopic composition. Used as a proxy to predict the 
significance of the CA δ13C values, these results indicate that Polish 
cochineal could be easily distinguished from the other two types using 
the isotopic signature of the chromophore. In addition, Armenian, Pol
ish, and Mexican cochineals were found to display distinct lipid com
positions, which, in combination with their FA δ13C values, allowed 
differentiation between all three insect types.

Building on this, CSIA of the main colourant CA was undertaken 
directly from Armenian and Mexican cochineal lakes by targeting the 
marker trimethyl-5-methoxy-3-methylbenzene-1,2,4-tricarboxylate 
(compound A). Additional structural information was provided by GC- 
QTOF-MS, supporting the published structure of A and adding confi
dence in its use for CSIA. Additionally, a possible structure (methyl 3-hy
droxy-5,8-dimethoxy-1-methyl-2-naphthoate) was proposed for a 
tentative new marker, B. Although A and B were also found to arise from 
kermesic acid, the δ13C value of the common marker A permits 

distinction between KA and CA.
The isotopic signature of CA from Mexican cochineal lake was found 

to be significantly more enriched in 13C than for Armenian cochineal, 
indicating that it might be more significant than FA δ13C values to 
distinguish between insect types. Indeed, the CA δ13C and FA δ13C 
values in the two insects revealed different relationships, with the 
Mexican CA δ13C value exhibiting a notably lower depletion compared 
to its FA δ13C values. Although more research on a wider pool of insects 
is necessary, this difference may denote a specific CA isotopic signature 
for each biological source, which, crucially, would enable differentiation 
between Mexican, Armenian, and Polish cochineals through CA δ13C 
values.
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chromatographic determination of some anthraquinone and naphthoquinone dyes 
occurring in historical textiles, J. Chromatogr. A 863 (1999) 235–241, https://doi. 
org/10.1016/S0021-9673(99)00980-2.

[9] I. Degano, E. Ribechini, F. Modugno, M.P. Colombini, Analytical methods for the 
characterization of organic dyes in artworks and in historical textiles, Appl. 
Spectrosc. Rev. 44 (2009) 363–410, https://doi.org/10.1080/ 
05704920902937876.

[10] J. Wouters, A. Verhecken, The coccid insect dyes: HPLC and computerized diode- 
array analysis of dyed yarns, Stud. Conserv. 34 (1989) 189–200, https://doi.org/ 
10.2307/1506286.
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