
Contents lists available at ScienceDirect

Phytochemistry Letters

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

GC–MS detection of plant pigments and metabolites in Roman Julio-
Claudian wall paintings

Angelo Gismondia,⁎, Lorena Canutia, Giulia Roccob, Marcella Pisanib, Alessandra Ghellic,
Margherita Bonannob, Antonella Caninia

a Department of Biology, University of Rome ‘Tor Vergata’, via della Ricerca Scientifica 1, Rome, 00133, Italy
bDepartment of History, Humanities and Society, University of Rome ‘Tor Vergata’, via Columbia 1, Rome, 00133, Italy
c Segretariato Regionale del MiBACT per la Calabria, Via Scylletion 1, Roccelletta di Borgia (CZ), 88021, Italy

A R T I C L E I N F O

Keywords:
Dyestuff
Colouring substances
Gas-chromatography mass-spectrometry
Vegetal hues
Ancient frescoes

A B S T R A C T

For the first time, plant pigments were detected in Roman frescoes. Indeed, only sporadic papers proved the
application of natural hues in ancient paintings and none of them relative to Roman art. Therefore, eight dif-
ferently coloured fragments of Julio-Claudian wall paintings, collected from Terme degli Stucchi Dipinti archae-
ological site (Rome, Italy), were subjected to GC–MS analysis, obtaining detailed chemical profiles. Vegetal dyes
(ie. Indigotin, Neronine, Alizarin) or colourless metabolites ascribable to plant species (ie. Basella rubra, Sesanum
radiatum, Lamium purpureum) were detected. Plant waxes, oils (ie. Brassicaceae) and resins (ie. Pinaceae) were
found to be preferred as binders or protective coatings instead of animal glues (ie. collagen, egg). Several natural
molecules, typically associated to plant organisms (ie. Lamiaceae and Citrus species), were also identified. These
data suggest the predominant role of plant extracts in ancient art and increase the knowledge about organic
materials of Roman frescoes, facilitating modern restorers’ activities.

1. Introduction

In the last decades, modern urban activities led to the identification
of numerous archaeological sites in the South-Eastern suburbs of Rome
(Italy), an area between Colli Albani volcanic hills and the ancient
border of the city. Among them, remains of villae, funerary edifices, pit
burials, water pipelines and agricultural fields were detected (Ashby,
1991; Avilia, 2007; Coletti and Pacetti, 2007; Ciceroni, 2008; Gioia and
Volpe, 2009). These findings gave back a wealth of data about antique
Roman communities which lived outside the old walls. Above all, great
attention was paid to a residential complex found, in June 2013, by the
Soprintendenza Speciale per i Beni Archeologicidi Roma, near the
University of Rome ‘Tor Vergata’ (coordinates: 41.837485 N;
12.627976 E) (Bonanno et al., 2017, 2018). The building was dated
back to Late Republican period (2nd-1st century B.C.), although traces
of successive architectural transformations to the original plan were
associated to Julio-Claudian Age (1st century A.D.). The complex,
placed near a still visible paved Roman road, included a large agri-
cultural plot, as suggested by the existence of parallel tuff trenches
which could be linked to grapevine or cereal cultivations in rows, and a
thermal zone, named Terme degli Stucchi Dipinti (Fig. S1A and B). This
last archaeological area, of about 500m2, was made up of, at least, 13

different rooms. Indeed, starting from a praefurnium, located in the
Northern side of the structure and characterized by the presence of a
wood-fired furnace which operated at high temperature (400–700 °C), a
sequence of adjacent rooms was arranged, according to a rectangular
apsidal plan, in order to favour a sophisticated circulation system of
heat and steam. In particular, during the excavations, a laconicum or
sudatio (similar to a modern sauna), a calidarium equipped with hot tubs
and tegulae mammatae, a tepidarium where temperature decreased, a
frigidarium and a small covered natatio for cold baths were discovered
and identified (Fig. S1A) (Bonanno et al., 2017). In this context, pot-
tery, coins, glass and metal objects, bones and shells were unearthed, as
well as interior decorations (ie. mosaic floors, fragments of painted
stuccoes and frescoes).

Wall paintings of Terme degli Stucchi Dipinti were spectacularly co-
loured and represented both geometric motifs, as evidenced in laco-
nicum area, and more complex and realistic images (ie. in calidarium).
This evidence clearly confirmed the well-known propensity of Roman
artists in decorating the interior of edifices (Bragantini, 2004; Malgieri,
2013).

Literature reporting data about composition and structure of wall
paintings is not abundant. In general, it demonstrates that colours used
for antique paintings derived from inorganic compounds, containing
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metal, minerals and salts, while organic matrixes (ie. eggs, waxes, plant
resins) were essentially applied as binders or protecting coatings
(Andreotti et al., 2006; Daniilia et al., 2007; Herrera et al., 2009; Duran
et al., 2010; Cuní, 2016). Indeed, although plant extracts contain nat-
ural dyes (Barnett et al., 2006; Eastaugh, 2008; Colombini and
Modugno, 2009; Orna, 2012) and were the first colouring substances
employed by human civilizations for their art creations, only sporadic
scientific works proved the presence of plant pigments in ancient
paintings (Leona et al., 2006; Casadio et al., 2010; Abdel-Ghani et al.,
2012; López-Montalvo et al., 2017) and none of them was related to
Roman wall paintings. For these reasons, in order to support the theory
that Romans actually used plant extracts as colours for their paintings, a
qualitative gas-chromatographic mass-spectrometry (GC–MS) analysis
was performed on Julio-Claudian fresco fragments, found in Terme degli
Stucchi Dipinti archaeological site, obtaining the profiles of organic
molecules detectable in these samples. However, the inorganic com-
position of these ancient materials was not studied in the current work
because a lot of information about it already exists in literature (Edreira
et al., 2001; Edwards et al., 2003; Edreira et al., 2003; Mazzocchin
et al., 2003a,b, 2004; Mazzocchin et al., 2007; Edwards et al., 2009).

2. Materials and methods – experimental

Eight different monochromatic fragments of Julio-Claudian fresco
paintings were collected, using specific restoration tools (i.e. trowel,
sieve, scalpel), in Terme degli Stucchi Dipinti archaeological site (Rome,
Italy) (Fig. S1C), during the excavations 2013–2014. Samples were
named with a letter, which indicated the respective room (reported in
Fig. S1A) where they were found, and a number, discriminating frag-
ments of different colour. All methodological procedures were carried
out paying attention to avoid exogenous environmental contamination,
following the same guidelines reported in Gismondi et al. (2016) for
ancient DNA analysis. In particular, under a sterile vertical laminar flow
hood (Heraeus HERAsafe HS12 Type), samples were subjected to UV-
light for 10min and washings with 5% sodium hypochlorite, sterile
water and 100% ethanol. After drying, the surface of each sample was
strongly scraped by a scalpel, producing a coloured powder. Four mg of
paint powder were solubilized in 1mL of 100% ethyl acetate and put in
agitation overnight. Then, the sample was centrifuged at 13.000 rpm
for 10min and the relative supernatant was recovered, filtered
(0.45 μm) and completely dried out on a vacuum concentrator (Ep-
pendorf – AG 22331 Hamburg, Concentrator Plus). Finally, the pellet
was resuspended with 50 μL of 100% ethyl acetate and analyzed by a
GC–MS instrument (QP2010, Shimadzu, Japan). Two μL of extract were
injected in each run. Gas chromatograph was equipped with a Rtx-5MS
column (length: 30m; diameter: 0.25mm; thickness: 0.25 μm) and an
oven set according to the following program: initial temperature at
150 °C for 1min, gradient of 5 °C/min up to 300 °C, final step at 300 °C
for 10min. Helium was used as carrier gas at a constant column flow of
1.0 mL/min. Mass spectrometer presented the next parameters: electron
impact (EI) at 0.70 eV; scanning from 50 to 600m/z; ion source tem-
perature at 300 °C; interface temperature at 280 °C; solvent cut time
2min. To produce the molecular profiles of each sample, all compounds
detected by GC–MS analysis were identified comparing their mass
spectra to those registered in the NIST library (v. 14), a mass spectro-
metry database associated with the instrument. Only the molecules
which showed a similarity value higher that 85% with NIST library
standards were considered acceptable. Each sample was analyzed, at
least, in triplicate and no significant difference among replicates was
revealed. Relative quantitation of the molecules detected in each
sample was performed by measuring the percentage area (relative
abundance percentage) of the chromatographic peak of each com-
pound, with respect to the total area (considered as unit, 100%) of all
chromatographic peaks identified in the same extract, as reported in
Giovannini et al. (2016). All data were expressed as mean value of the
independent replicates and the maximum deviation for each of them

was always calculated to be lower than 5% of the respective molecule
peak area. As negative controls, five fragments of wall of the same ar-
chaeological context, which were not painted and did not constitute
portions of fresco, were sampled, decontaminated, as previously de-
scribed, and subjected to the analysis. None of them revealed significant
chromatographic peaks; rarely, GC profiles showed infinitesimal traces
of generic hydrocarbons which could represent degradation forms of
organic environmental contaminants preserved to the cleaning proce-
dures. Pure ethyl acetate was also injected in GC–MS, as blank control:
no signal was detected in this case, except that those relative to this
specific molecule.

3. Results and discussion

In plant tissues, colours are linked to the presence of secondary
metabolites, such as phenols and alkaloids. These molecules play a
crucial role in protecting plants from biotic and abiotic environmental
factors and promoting their propagation. In particular, the attraction of
pollinators and animals responsible for seed dispersal is essentially due
to these pigments (Gismondi et al., 2017). Although plant extracts are
natural dyestuffs, the application of these substances in antique art-
works is quite rare, as documented by the limited amount of literature
works reporting it (Leona et al., 2006; Casadio et al., 2010; Abdel-Ghani
et al., 2012; López-Montalvo et al., 2017). Indeed, it was well-known
that they are easily prone to chemico-physical degradation and not
persistent over time (Edwards et al., 2000).

According to this evidence, the main purpose of the present work
was the scientific confirmation of the hypothetical use of plant dyes in
ancient Roman art. To do it, eight fragments of Roman Julio-Claudian
fresco paintings were collected from Terme degli Stucchi Dipinti archae-
ological site (Rome, Italy) (Fig. S1A, B). Two of them were yellow-ochre
(e1 and d3), three samples appeared on red tonalities (d1, a3 and a4),
another one seemed to be between dark grey and violet (a2) and the last
two were light blue (d2 and a1) (Fig. S1C). The coloured surface of the
specimens was adequately cleaned up, isolated, solubilized, purified
and analyzed by GC–MS (Fig. S2), in order to identify the organic
compounds present in the original matrixes and measure their con-
centrations. The choice of such type of chemical approach was due to
the fact that, firstly, we did not have any idea of the compounds which
made up these materials; therefore, the use of an instrument able to
identify both polar and apolar molecules, by using molecular database
(NIST library), represented the best option. Similarly, the application of
ethyl acetate extraction method, as described in Materials and Methods
section, was due to the fact that such type of solvent could be able to
solubilize a wide variety of chemical compounds. The molecular profile
of each sample was reported, in detail, in Table S1. The relative
abundance percentage of each substance was also shown (Table S1).
Negative and blank controls were performed, as reported in experi-
mental section, to confirm our data.

To better characterize the composition of the wall paintings, all
detected molecules per fresco fragment were clustered in chemical
classes (Table 1). Among samples, total amount and nature of the
substances revealed by chromatographic technique were very variable,
starting from the poorest specimens, such as a1 and a2 which presented
only 20 different compounds, arriving to the richest ones, as in the case
of d2 and e1. In general, the most abundant groups of molecules were
alkanes/alkenes, alcohols and fatty acids, while the less representative
were sugars, derivatives of aminoacids and aldehydes.

In all frescoes, a great number of alkanes/alkenes (ie. tetradecene,
octadecene, tetracontane derivatives, cycloalkanes) was found. Surely,
they derived from the degradation of organic materials (ie. plant cells,
animal products) employed for the preparation of basal matrixes
(Ribechini et al., 2008, 2009; Duran et al., 2010).

Similarly, the detection of a large variety of alcohols could be as-
sociated to degradation, transformation and oxidation processes which
occurred on fresco molecules over time (Andreotti et al., 2006).
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A significant portion of the extracts was represented by fatty acids,
as evidenced in Table S1. In particular, Erucic acid, a monounsaturated
omega-9 fatty acid (22:1 ω9) also known as brassidic acid, was one of
the most reachable molecules in the samples. It clearly demonstrated
that this compound represented one of the principal ingredients of the
analyzed frescos. Moreover, since Erucic acid is produced in plants,
mainly in species of Brassicaceae family, the detection of this molecule
strongly confirmed the habit of Roman artists to add vegetable pre-
parations to their painting materials. In fact, the semi-siccative prop-
erties of brassica oil were already well-known to ancient Romans which
used it to solubilize pine resins, a natural binder widely used in wall
paintings, obtaining a more malleable adhesive (Ribechini et al., 2009).
In support for this hypothesis, GC–MS analysis also revealed different
terpenic molecules, such as Dihydroabietic acid, Abietic acid and Re-
tene (detected in half of the specimens), which are peculiar indicators
of Pinaceae glues (Andreotti et al., 2006; Ribechini et al., 2009; Osete-
Cortina, 2011). Only d1 extract, which also presented the lower number
of fatty acids among all specimens (Table 1), did not contained Erucic
acid, replacing it with another plant fatty acid, the trans-11-Icosena-
mide.

The ubiquitous identification of other typical vegetal fatty acids,
such as derivatives of Hexadecanoic acid (Palmitic acid), Dodecanoic
acid (Lauric acid), Octadecenoic acid (Oleic acid), Tetradecanoic acid
(Myristic acid) and cis-Vaccenic acid (Table S1), further corroborated
the application of plant oils and waxes in the preparation of the samples
(Andreotti et al., 2006; Ribechini et al., 2008b; Katsibiri and Howe,
2010; Osete-Cortina, 2011; Corso et al., 2012; Cuní et al., 2012). In
addition, as fresco extracts did not reveal any specific markers (ie.
Hydroxyproline, Cholesterol) for animal proteinaceous binders (ie. egg,
collagen, casein) (Andreotti et al., 2006; Daniilia et al., 2007), except
that d2, d3 and a2 fragments where Hydroxyproline was detectable, it
could be assumed that plant glues played a fundamental role in the
production of Roman wall paintings, compared to animal ones.

Different secondary metabolites were also found in the samples,
validating again the use of plant derivatives in Roman painting tech-
niques. Among all, indole and indole epoxide resulted very interesting,
being the basal chemical structures of various alkaloids, including in-
digotin (Table S1). Indigotin is a blue dye, naturally produced in leaves
of Isatis tinctoria and Indigofera spesies, whose extraction method was
known by Egyptians, Romans (Abdel-Ghani et al., 2012) and Greeks
(Brysbaert and Vandenabeele, 2004). It was curious to notice that these
indolic compounds were present only in light blue samples (d2 and a1),
suggesting that the colour of these frescoes could be probably due to
that specific plant pigment. In the same context, it was also observed
that only d2 extract contained a Neronine derivative, an yellowish al-
kaloid synthesized in Galanthus pancratium longiflorum and Nerine krigeii
bulbs (Amaryllidaceae family), which maybe could have been used to
soften indigotin dark blue. Although this hypothesis can be reasonable,

it is important to consider the possibility that this effect might be due to
the interaction of the indigotin with clay and calcareous components
present in the inorganic matrix of the samples (Doménech-Carbó et al.,
2013; Doménech-Carbó et al., 2014).

Another important result was obtained by studying the reddish wall
paintings d1 and a3, where the Alizarin (1,2-dihydroxyanthraquinone)
and its derivative, 1-Methyl-alizarin, were identified (Table S1). Indeed,
the famous colouring properties of these anthraquinones, extracted
from roots of Madder genus (ie. Rubia tinctorum, Rubia peregrina and
Rubia cordifolia), easily justified the red shades of these fresco samples
(Mazzocchin et al., 2003a; Casadio et al., 2010). On the other hand,
with great surprise, the GC–MS profile of a4 specimen, whose hue was
likewise dark red, did not show such type of pigments. However, the
detection of two other molecules, Tetrahydro-22-desoxy-tomatillidine
and 3-Eicosyne (Table S1), testified the possible addition of ruddy plant
extracts to the matrix of this fresco. In particular, the Tomatillidine
derivative, a steroidal alkaloid with a pyrrolidinyl side-chain, indicated
the potential presence of juice of African spiny Solanaceae plants (the
same family of tomato and Sanguinaria genus) (Ripperger and
Schreiber, 1981; Southon and Buckingham, 1989; Vorontsova et al.,
2013; Ng and Smith, 2016), while the second compound supported the
possible use of Basella rubra tissues (Malabar spinach), being abundant
in this species which has stems and fruits rich of betalains, purple and
scarlet anthocyanins (FooDB, 2013; Kumar et al., 2015).

About a2 wall painting, the chromatographic analysis revealed
three different plant metabolites which could be linked to the grey-
violet colour of this fragment. Two of them, a Secoyohimban derivative,
typically produced by Sesanum radiatum (black sesame), and the
Benzaldehyde, copious in almond oil and seeds, would explained the
origin of the grey tone (Table S1). Indeed, dark varieties of sesame
might be potential sources of deep pigments and the peach-black, ob-
tained by calcination of Prunus sp. seeds, was already widely employed
as dye at Roman times (International Correspondence Schools, 2008;
Ogunlesi et al., 2010). The third molecule, the Germacrane (Table S1),
was a sesquiterpene deriving from degradation of Germacrene, a sec-
ondary metabolite abundant in Lamium purpureum. Since flowers and
even pollen of this last species are light purple, the hypothesis that the
extract of this plant could be used as dyestuff in a2 fresco may not be
excluded.

No specific natural dye was detected in yellow-ochre samples (e1
and d3). Nevertheless, only these samples and d2 extract showed ter-
penic compounds typical of Lamiaceae species and/or Citrus fruits (ie.
Citronellol epoxide, Citronellyl isobutyrate, o-Menthan-8-ol, D-
Limonene, hexahydro-Nerolidol, 1,2-Dihydrolinalool) (Table S1).
Obviously, these compounds cannot be considered responsible for the
peculiar colour of these fragments.

Curiously, only two samples (d2 and d3) revealed in their bio-
chemical spectra the presence of Phytol, an acyclic diterpenic alcohol
constituent of chlorophylls (Peisker et al., 1989). On the contrary, all
fresco extracts contained at least a basal precursor, or a degraded form,
of phenolic or alkaloid compounds (ie. Hydrocinnamic acid derivatives,
Piperidinone derivatives, Benzyl sydnone, Benzene derivatives) (Table
S1).

Finally, GC–MS analysis detected some sugars (ie. Xylose, Glucitol
and Mannitol derivatives) in d2 and e1 specimens. Particular attention
should be paid to the identification of a Galactose derivative in the wall
painting e1 (Table S1), suggesting the use of milk or plant sugary ex-
tracts, as binder or solvent for pigments (Daniilia et al., 2007;
Mazzocchin et al., 2010; Lluveras-Tenorio et al., 2012).

It is important to remark how the current results do not exclude the
possibility that also inorganic substances, undetectable by GC–MS,
could have been employed for the preparation of Terme degli Stucchi
Dipinti wall paintings. Surely, traces of cinnabar, hematite, Egypt blue
(cuprorivaite), red or yellow ocher might be surely found in the present
samples, being widely applied in Roman art (Edreira et al., 2001;
Edwards et al., 2003; Edreira et al., 2003; Mazzocchin et al., 2003a;

Table 1
Chemical groups identified in fresco samples. For each samples, all molecules detected
by GC–MS were clustered in principal chemical classes.

Chemical groups Fresco sample Tot

e1 d1 d2 d3 a1 a2 a3 a4

Alkanes/Alkenes 7 13 13 5 5 2 6 6 57
Alcohols 5 1 7 3 4 1 7 9 37
Fatty acids 7 2 7 5 5 9 5 7 47
Benzene derivatves 11 2 0 3 0 2 2 0 20
Terpens 2 1 6 6 3 1 1 0 20
Sugars 4 0 2 0 0 0 0 0 6
Derivatives of aminoacids 0 0 1 2 0 1 0 0 4
Other plant metabolites 1 1 5 2 2 1 3 2 17
Aldehydes 1 0 0 0 0 0 1 1 3
Others 1 2 3 1 1 3 1 11 23
Total molecules 39 22 44 27 20 20 26 36
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Mazzocchin et al., 2003b; Mazzocchin et al., 2004; Mazzocchin et al.,
2007; Edwards et al., 2009). According to it, further investigations
should be performed on these ancient remains, although our pre-
liminary research opens new perspectives on such type of art materials.

4. Conclusions

In conclusion, eight differently coloured fragments of Julio-
Claudian frescoes were subjected to GC–MS analysis, in order to de-
termine all their organic components. This research: i) produced a de-
tailed biochemical profile for each sample; ii) confirmed the key func-
tion of plant waxes, oils (ie. Brassicaceae) and resins (ie. Pinaceae) as
binders or protective coatings; iii) revealed a low use of animal glues
(ie. milk); iv) scientifically demonstrated, for the first time, the use of
plant pigments (ie. alizarin) as dyestuffs in Roman wall paintings; v)
detected a great variety of other natural molecules (ie. terpenic, phe-
nolic and alkaloid derivatives) ascribable to several plant species. All
these data strongly suggest the wide, essential and predominant role of
plant extracts in the production of Roman frescoes. However, the most
important goals of the present research were the increase in knowledge
regarding raw organic materials employed in antique wall paintings
and the facilitation that it could provide to modern restorers during
their preservative activities on Roman frescoes.
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