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Abstract

The natural porosity of eggshells allows hen eggs to become contaminated with microbes from the 

nesting material and environment. Those microorganisms can later proliferate due to the humid 

ambient conditions while stored in refrigerators, causing a potential health hazards to the 

consumer. The microbes’ volatile organic compounds (mVOCs) are released by both fungi and 

bacteria. We studied mVOCs produced by aging-eggs likely contaminated by fungi and fresh-eggs 

using the non-invasive detection method of gas-phase sampling of volatiles followed by gas 

chromatography/mass spectrometry (GC/MS) analysis. Two different fungal species 

(Cladosporium macrocarpum and Botrytis cinerea) and two different bacteria species 

(Stenotrophomas rhizophila and Pseudomonas argentinensis) were identified inside the studied 

eggs. Two compounds believed to originate from the fungi itself were identified. One fungus-

specific compound was found in both egg and the fungi: trichloromethane.
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INTRODUCTION

Eggs are a nutritious and inexpensive food and are an important part of the human diet 

worldwide (1). Though the eggs of other avian species are popular in many countries, 

chicken (Gallus gallus domesticus) eggs are the focus of the United States poultry industry 

(2). Eggs offer high-quality protein including all nine essential amino acids and numerous 

essential nutrients in an economical energy package. One large egg provides only 3% of the 

Daily Value (DV) for energy, but 10% of the DV for protein. Thus, eggs can play a key role 

in a well-balanced diet (3), and are also a good source of many vitamins and minerals.

The physical structure of an egg is comprised of the yolk, albumen, shell membranes, and 

shell (4). Microbes are prevented from entering an egg by the cuticle, hard outer shell, inner 

shell membrane, and outer shell membrane (5). The cuticle itself is a 10 µm thick layer of 

protein and carbohydrates that coats the outside of the shell, and it provides protection by 

increasing shell strength and preventing the passage of materials through the shell pores. 

Other enzymes are also present in the egg white and help defend against pathogens that may 

infect the developing embryo.

Each shell has approximately 7,000–17,000 pores, whose diameter normally ranges from 9–

35µm. The vast majority of eggs (~90%) are microbiologically sterile at oviposition (6), but 

they are quickly exposed to potential contamination sources such as nesting material, dust, 

and feces (2, 5, 6). Three potential routes of infection for eggs have been well described in 

the literature: trans-ovarian infection occurs while the ovum or yolk is still connected to the 

ovary; oviducal when the albumen is infected as the egg passes through the oviduct (e.g. 

Salmonella enteritidis); and trans-shell when microbes are able to move into the inner 

surface of the shell (7).
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As mentioned, physical pores in the outer shell allow a potential route of entry for either 

fungi or bacteria, and this can lead to both health hazards and a foul smell and taste of the 

egg. For example, some species of fungi produce toxins that can affect the central nervous 

system or cause kidney and liver (8). Detecting contamination is an important aspect of 

public health protection for consumers. Volatile organic compounds (VOCs) are produced by 

microbes as they proliferate, and these chemicals are emitted back into the environment 

through the eggshell. In published studies, 349 bacteria and 69 fungi are known volatile 

emitters (9). However, there are approximately 100,000 microbe species that have been 

described or sequences, and potentially millions more that scientists suspect are present, but 

are not characterized as yet (10, 11). In this work, we show data on gas phase fungal 

metabolites produced inside hen eggs and their correlation with the fungi species-specific 

VOCs. Detection of such metabolites may offer a non-invasive approach for detection of 

pathogen contamination and have important practical implications for the egg and food 

industry.

MATERIALS AND METHODS

Egg preparation

Six eggs were obtained from the campus facility Meat Lab (University of California Davis, 

USA). Two of the eggs were fresh while four were stored in a humid ambient refrigerator for 

forty days. Some of the old eggs presented internal pathogen contamination (Figure 1). 

Before samplings, eggs were carefully cleaned with deionized water (Evoqua, Denver, CO, 

USA) and dried gently with Interstate® windshield towels (VWR, Visalia, CA, USA).

Eggs were placed inside Qorpak Kaptclean™ Glass Sample Jars, with a neck size of 70 mm, 

a cap of PTFE, and a capacity of 240 mL (Coleparmer, Vernon Hills, IL, USA). These wide-

mouth Kaptclean® glass jars are pre-cleaned for semi-volatiles, pesticides, PCBs, and 

metals. A side hole was drilled using a 1.5 mm diamond electroplated drill (UKAM 

Industrial Superhard Tools, Valencia, CA, USA) in the cap to allow the introduction of the 

sampling fiber.

The vials were cleaned in a vacuum over at 160 °C for 3 h and then purged with dry air (78–

80% N2, 20–22% O2, H2O ≤ 7 ppmv) (Airgas; Sacramento, CA, USA). The eggs were 

placed in jars and sealed with caps. All samples (with and without eggs inside) were taken 

after flushing the vials with the dry air for 2 min. Once all measurements were done, all eggs 

were opened to check if the fungus was present and an aseptic sample of each was taken for 

fungal and bacteria identification.

Egg VOCs sampling and analysis with GC/MS

Solid-phase microextraction (SPME) fibers of 75 µm thickness PDMS/CAR (black hub) 

(Supelco, Bellefonte, PA USA) were placed inside the vials through the cap holes (Figure 

2A). The headspace was statically sampled for 30 min. Prior to sampling, the fibers were 

conditioned at 300 °C for 1 h. Clean SPME blanks were analyzed to check for artifacts and 

contaminations.
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The VOC samples collected using SPMEs were analyzed with a Varian 3800 Gas 

Chromatograph / Mass Spectrometer (GC/MS) (Varian, Walnut Creek, CA, USA) with a 

CombiPAL autosampler system (CTC Analytics; Lake Elmo, MN, USA) and a liquid 

nitrogen cooling system for cryofocusing. The analytical column was a Factor Four VF-5ms 

30 M × 0.25 mm with a film thickness of 0.25 µm. For the analysis, the SPME fibers were 

inserted into the heated port of the gas chromatograph equipped with Merlin MicroSeal™ 

and collected compounds were desorbed at 300 °C for 1 min. The GC profile for the analysis 

was set as follows: cryofocusing for 1 min at temperature −10 °C; then ramp at 50 °C/min to 

40 °C; then ramp to 100 °C; then ramp at 5 °C/min to 180 °C; then ramp at 10 °C/min to 

250 °C; and finally ramp at 20 °C/min to 280 °C hold for 5 min to bake/purge the column. 

The helium carrier gas was set to a constant 1 mL/min flow. The scanned mass-to-charge 

range of the quadrupole trap mass analyzer was set to 35–250 Th.

Fungal VOCs sampling and analysis with GC/MS

Fungal isolates obtained from the interior surface of the eggs shell (see Isolates section 

below) were placed on 9 cm-diameter Petri plates containing acidified potato dextrose agar 

(APDA), and sampled after 7 days of incubation at 25 °C to allow for the growth of the 

colonies. SPME fibers of 75 µm thickness PDMS/CAR (black coating) (Supelco, Bellefonte, 

PA, USA) were inserted into the Petri-dishes through a small hole on one side (Figure 2B). 

The headspace was sampled for 30 min in all cases. Prior to sampling, the fibers were 

conditioned at 300 °C for 1 h. The clean SPME blanks were periodically analyzed to check 

for artifacts and contaminations. The SPMEs were analyzed using the same GC/MS protocol 

as for the eggs volatiles analysis.

GC/MS data analysis and interpretation

Data analysis and mass spectral interpretations were carried out using MS Data Review 

version 6.6 software (12) and automated mass spectral deconvolution and identification 

system (AMDIS) version 2.64 software with medium resolution and high sensitivity and 

shape requirements. MS matching was performed against NIST 05 and Wiley 09 databases. 

The MS fragmentation patterns of deconvolved (if necessary) peaks were matched to library 

entries. The matches with forward and reverse scores of 800 and above were presumed to be 

correct; those in 300–800 range were considered “tentative”. In addition, Kovats retention 

indices were also calculated for each peak for chemical identification confirmation in 

addition to MS patterns (Kovats mixes of C6-C9 (Test Mix #1) and C10-C25 (DRO Mix) 

from Restek (Bellefonte, PA USA) were run using the GC analysis protocol described 

above). For the majority of the identified compounds, the Kovats indices were found to 

match within ~20 units and below. Two of the compounds identified by MS, although they 

had high forward and reverse scores, were found to have poor Kovats match (greater than 

100 units discrepancy). These compounds were deemed unidentified. Only peaks that 

appeared exclusively in the eggs or fungi profiles were considered, while any peaks that 

appeared in any of the blanks (vials, Petri dishes, clean SPMEs) were disregarded. Any 

compounds that are known to be external contaminants such as siloxanes (column, septa 

bleed) or phthalates (contaminants from plastic) were also disregarded.
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Microbe Isolates

Samples of bacteria and fungi from individual eggs were identified. For fungal isolation, 

pieces of internal egg tissue (8 mm3) were placed on 9 cm-diameter Petri plates containing 

acidified potato dextrose agar (APDA). After the plates were incubated at 25 °C for one 

week, hyphal tips were transferred to APDA plates to maintain fungal isolates in pure 

cultures. For bacterial isolation, pieces of internal egg tissue (8 mm3) were macerated in 500 

µL deionized water and streaked onto 9 cm-diameter Petri plates containing King's medium 

B agar (KB) which were then incubated at 27 °C for one week. Individual bacterial colonies 

were transferred to obtain pure cultures. All fungal and bacterial isolates were maintained on 

APDA or KB, respectively, at room temperature (24 ± 1) °C.

Colonies typical of Cladosporium and Botrytis were frequently observed on APDA. 

Colonies of Cladosporium were gray-olive with conidiophores that were macronematous, 

erect, oblong, branched, and 1 to 5 septate; ramoconidia were cylindrical or oblong with 0 to 

2 septa. Colonies of Botrytis were white to grayish with conidia that were light brown and 

subglobose to broadly ellipsoidal. In addition, black sclerotia formed on the medium after 

approximately 14 days. Species identification was based on colony morphology and DNA 

sequence data.

DNA extraction

DNA was extracted from mycelia of fungal cultures on APDA and bacterial colonies on KB. 

To extract fungal DNA, two tufts of hyphae approximately 15 mg in total from each fungal 

culture were collected with sterile forceps and placed into a 1.5 mL cryogenic tube 

containing three sterile glass beads and 500 µL of OmniGenX extraction buffer (E&K 

Scientific; Santa Clara, CA). To extract bacterial DNA, a sterile bacterial loop was used to 

transfer cells from one bacterial colony on King’s B into 1.5 mL tubes containing the buffer. 

After the samples were macerated on a Vortexer Genie 2 (VWR; Radnor, PA) at maximum 

speed for 10 min, the manufacturer’s directions for the OmniGenX PureSpin gDNA 

Purification Kit (E&K Scientific; Santa Clara, CA) solid tissue sample DNA extraction were 

followed.

Internal transcribed spacer sequences for identification of fungi

The sequence of the internal transcribed spacer (ITS) region was determined for all fungal 

isolates. ITS primers were: ITS4 (5’ TCC TCC GCT TAT TGA TAT GC 3’) and ITS5 (5’ 

GGA AGT AAA AGT CGT AAC AAG G 3’) (13). PCR reactions consisted of 12.5 µL of 

2X Mean Green Master Mix (Syzygy Biotech; Grand Rapids, MI), 1 µL of each 10 µM 

primer and 2 µL of genomic DNA in a 25 µL reaction. Amplification reactions were 

performed in a thermocycler (PTC-100; MJ Research, Watertown, MA) under the following 

conditions: 40 cycles of 94 °C for 2 min, 55 °C for 2 min and 72 °C for 2.5 min followed by 

a final extension at 72 °C for 10 min. A negative control of water template and positive 

control of known fungal DNA were included in the PCR run. Five µL of each sample were 

visualized by UV light after electrophoresis on a 1.5% agarose gel and staining with 

ethidium bromide.
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16S sequences for the identification of bacteria

The sequence of the small subunit of the bacterial ribosome, 16S rDNA, was amplified from 

bacteria cultured from the egg samples. The 16S primers were (14): FP1 (5’ AGA GTT 

TGA TCC TGG CTC AG 3’) and RD1 (5’ ACG GTT ACC TTG TTA CGA CTT 3’). PCR 

reactions were prepared and visualized as above and the thermocycler settings were as 

follows: 95 °C for 30 s followed by 35 cycles of 94 °C for 1 min, 55 °C for 1 min and 72 °C 

for 1 min.

Sequencing and isolate identification

PCR products were purified with a GeneJET PCR Purification Kit (Thermo Fisher 

Scientific, Inc.; Waltham, MA) following the manufacturer’s instructions. A 24 µL sample of 

40–68 ng/µL of PCR product and 12 µL of each 3µM primer, ITS4, and ITS5 or FP1 and 

RD1, were sent to Quintara Biosciences (Richmond, CA) for sequencing. Sequences were 

manually checked and identified using NCBI BLAST results. For Cladosporium and 

Botrytis, a BLAST search of the 500 bp sequences revealed over 97% similarity with a 

sequence of Cladosporium macrocarpum and Botrytis cinerea, respectively. For 

Stenotrophoma and Pseudomonas, a BLAST search of the 800 bp sequences revealed over 

99% similarity with a sequence of Stenotrophomas rhizophila and Pseudomonas 
argentinensis, respectively.

RESULTS

Microbes or fungi volatiles, even if they originated from inside the eggs can be measured by 

taking advantage of the porosity of the egg shells using a non-invasive technique of volatile 

detection that avoids breaking the eggs themselves. Volatiles in the head space of the studied 

eggs were sampled using a SPME fiber for 30 min and analyzed by a GC/MS. All eggs were 

opened after the VOCs analysis to check if the fungus was present and an aseptic sample of 

each was taken for fungal and bacteria identification. From the half dozen eggs analyzed, 

three of the four old eggs stored in humid conditions showed the presence of fungi (Figure 

1). Fungal growth was not observed in any of the fresh eggs.

Identification of VOCs from the eggs with GC/MS

As described in the Materials and Methods section, headspace volatiles above the eggs was 

sampled with SPME fibers placed inside a vial which was flushed for 2 min with dry air. 

Also, empty vials flushed with the dry air were analyzed, as blank measurements. In Figure 

3, the chromatograms for a fresh egg and an egg containing fungi are shown. The 

abundances of emitted volatiles of the eggs containing fungi are notably higher across the 

board than the ones without.

In total, up to 60 unique compounds originated from the eggs and were not found either in 

the chromatograms of the vials blanks or the SPME blanks. From those compounds, 31 have 

been identified (Table 1) and 29 compounds have been either tentatively identified or not 

identified. (Electronic Supplementary Material (ESM) Table S1). Table 1 also shows for 

each compound its presence in the microbes volatile organic compound database (mVOC) 

(9), and the microbe species (fungi and/or bacteria) that produces it.
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The compounds are classified into 6 groups: fungi (present only in the eggs containing 

fungi); healthy (present only in the eggs not containing the fungi, both fresh and old); all 

(present in all eggs); old (present only in the old eggs both containing the fungi and not); 

fresh (present only in the fresh eggs); and other (not exclusive to any of the above groups). 

Following this classification, the following number of compounds were found: 17 for the 

“fungi” group, 7 for the “healthy” group, 2 for the “all” group, 24 for the “old” group, 4 for 

the “fresh” group and 28 for the “other” group. Some of the detected compounds may be of 

exogenous origin, e.g. from petroleum products. However, since they were not detected in 

any of the blanks, they are presumed to originate from the samples, although they may not 

be engendered by the microorganism activity.

To establish which of the compounds reported in Table 1 were originated from the fungal 

species, we performed a volatile analysis of the fungal isolates grown on Petri-dishes as 

reported in the Material and Methods section. Only 2 compounds, trichloromethane and p-

benzoquinone were found and identified as potential metabolites for Cladosporium 
macrocarpum and Botrytis cinerea. Other detected compounds, such as benzene, 

ethylbenzene, benzonitrile are commonly occurring contaminants and therefore may be of 

exogenous origin.

DISCUSSION

The low amount of mVOCs detected in comparison with other SPME-GC-MS fungal 

volatile experiments (15, 16) is expected if we consider that these unique VOCs are detected 

only when they have passed through the eggshell, which reduces the abundances and total 

number of compounds that could be detected in the headspace. To counteract this, the 

experiments were done with eggs stored for a longer period of time than the usual one for 

egg consumers (~15–20 days), to give more time to any microbe contamination to proliferate 

inside the eggs to promote more robust metabolites detection.

Metabolites from fungi-infected eggs

Seventeen compounds were found exclusively in the eggs containing fungi. From those, five 

were identified (Table 1): methanethiol; trichloromethane; dimethyl sulfoxide; hexyl acetate; 

and valencene. These volatiles are indeed expected to be produced by bacterial and fungal 

pathogens. Methanethiol has been reported to be produced by different bacteria and fungi 

species (9) including yeast (17) and produces a smell like rotten cabbage. Dimethyl 

sulfoxide (DMSO) can be a precursor and/or a degradation product of dimethylsulfide (18). 

Dimethylsulfide can be formed via lyase enzyme action on 3-dimethylsulfoniopropanoate 

(DMSP), but it a photochemical route by oxidation of dimethylsulfide is also possible (19). 

This has been shown to happen for purple phototrophic bacteria such as Rhodovulum 
sulfidophilum (20). Dimethylsulfide was also detected in this study, but it is classified in the 

“other” category and detected in almost all eggs, with the exception of one fresh egg. As 

DMSP and its degradation products, including dimethylsulfide, are common metabolites 

associated with multiple organisms including algae and bacteria, these findings are 

consistent with microorganism activity. It should be noted that these compounds can be 

involved in both catabolic and anabolic pathways. For example, both dimethylsulfide and 
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methanethiol can be used by bacteria to produce sulfur-containing amino acids and proteins. 

DMSO is assumed to be released as a side product of oxidative radical chemistry within the 

egg. From the compounds detected, only valencene has been reported to be exclusively 

produced by different fungi species (9).

The identified microbe species found inside the studied eggs included two fungi species, 

Cladosporium macrocarpum and Botrytis cinerea, and two bacterial species, 

Stenotrophomas rhizophila, and Pseudomonas argentinensis. Cladosporium spp. is a 

widespread mold with ambient spores found in many areas (21), and it can be allergenic 

mold in cooler climates (22). It is a well-known trigger for asthmatic attacks (23). There are 

about 500 species of Cladosporium (24), and some are known to produce VOCs associated 

with distinctive mold odors (25). However, no reports on specific Cladosporium 
macrocarpum volatile metabolites have previously been published in the literature.

Botrytis cinerea found all over the world, with the most prevalent of the species belonging to 

the genus Botrytis (26). Botrytis cinerea is found in soil, although it is not usually the most 

abundant fungi observed in field sampling. Botrytis cinerea is a gray mold that can affect 

soft fruit, like strawberries and raspberries (27), especially during post-harvest food 

processing. One available report studied the changes of the volatile content of strawberries 

infected with Botrytis cinerea (28), however, the authors did not establish specific volatiles 

associated with the Botrytis cinerea itself. There are reports of the role of volatiles emitted 

by post-harvested fruits in the development of Botrytis cinerea (29) and also of different 

antifungal activities of essential oils against Botrytis cinerea (30); however, to the best of our 

knowledge, no specific studies on the Botrytis cinerea volatiles themselves have been 

reported.

To investigate which VOCs reported here were specifically produced by the fungi we 

observed, both fungal isolates were grown on 9-cm Petri dishes and their volatile content 

was analyzed. Only two distinct metabolites that could be directly attributed to the fungal 

cultures were identified. Only one of these compounds was found in both eggs infected with 

fungi and fungal isolates: trichloromethane (also known as chloroform). Even though 

chloroform is not listed in the microbes database mVOC (9), it has been reported in the 

headspace of different fungal species (31). In fact, it has been suggested that fungi are 

important sources of elevated concentrations of chloroform in soil air, although it is still not 

clear which enzymes are responsible for the production of chloroform and other chlorinated 

compounds (31). This compound may not be an ideal biomarker in certain circumstances 

because trichloromethane is commonly used as a solvent and is frequently considered a 

contaminant. However, in the present study it was not present in any of the blanks, so it is 

unlikely to come from a contamination and is most likely of biogenic origin. The 

benzoquinone may originate from exogenous sorces of result from chemical transformations 

of other fungal metabolites as the quinones in general are naturally occur in fungi. For 

example, oosporein has been found to confer fungal virulence via inhibiting insect immunity 

(32).

With regard to our bacterial species that were identified, Stenotrophomonas spp. is present in 

soil, plants and the environment across the world. S. rhizophila is one of the 
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Stenotrophomonas species that can actually be beneficial to plants (33), and it has been 

reported to have antifungal properties (34, 35). Kai et al. (36) reported the volatiles from 

different Stenotrophomonas strains, but only two compounds, β-phenylethanol, and 

dodecanal were reported produced by S. rhizophila. Although neither of these compounds 

was found in our study, we have observed several similar compounds, including several 

aldehydes and aromatic/aliphatic alcohols.

Pseudomonas argentinensis was first reported in 2005 and was found in grasses from 

Córdoba, Argentina (37). However, it has also been identified in a hog farm sprayed field 

(North Carolina, USA) (38), in animals (cats from Grenada, West Indies) (39), and in 

humans as a skin infection (Jerusalem, Palestine) (40). No reports on Ps. argentinensis 
volatile metabolites have been published in the literature to date.

Bacterial and fungal species are known to interact, and this can alter their pathogenicity (41). 

Schoonbeek et al. (42) showed the interaction of B. cinerea with soil bacteria can reduce B. 
cinerea pathogenicity. One the compounds found in this study, Hexyl acetate, reportedly has 

a significant inhibitory effect against bacterial strains (43), so it is possible that this 

compound is affected by a bacterial-fungal interaction. It is well known that multiple 

microorganisms exchange chemical cues (44), such as quorum sensing to control bacterial 

colony proliferation. Although outside the scope of our initial study, we speculate that 

analogous interactions and chemical cue exchanges may occur between species studies in 

our egg work. Future studies should be planned to examine this possibility.

Metabolites from all eggs

Two common compounds were found and identified in all of the eggs (Table 1): 2-Pentanone 

and 1-Pentanol. 1-Pentanol was reported in a study from Paraskevopoulou et al. (45) where 

the authors analyzed the headspace of a mixture of egg yolk and whey protein isolate 

obtained from milk. To further elucidate if those compounds are due to the egg or to the 

present bacterial contamination, further volatile analysis should be done.

Metabolites from healthy eggs

Up to 7 common compounds were found to belong to the “healthy” eggs (present only in the 

eggs not containing the fungi, both fresh and old). From those, 4 were also classified as 

peaks found in “fresh” eggs and are discussed below. From the remaining 3 peaks, 2 were 

identified (Table 1): 2-butanone and (E)-2-nonen-1-ol. As those compounds are only found 

in the fungi-free eggs, and not in the fungi-contaminated ones, those mVOCs were most 

likely released by either the bacteria found in the eggs (S. rhizophila and/or P. argentinensis), 

as they are reported to be produced by bacteria (9), or they could also be due to the eggs 

themselves when they are not fighting a fungal infection. The (E)-2-nonen-1-ol peak was 

also classified as “old”, meaning that it could be a unique mVOC from the degradation of 

the egg, bacterial activity or other processes associated with loss of freshness.

Metabolites from fresh eggs

Up to 4 common compounds were found in all of the fresh eggs. From those, only 2 were 

identified (Table 1): 2-butanol and N,N-dimethylformamide. Even though the 2-Butanol 
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compound is reported in the mVOC database as produced by fungi, it has also been found to 

be produced by lactic acid bacteria (46). N,N-dimethylformamide is released by 

Paenibacillus polymyxa (47), a bacterium found in the soil, roots, and rhizosphere of various 

crop plants. Given that both S. rhizophila and/or P. argentinensis bacteria are found in the 

rizhosphere, it is possible that they produce the N,N-dimethylformamide (DMF) compound. 

However, at the same time, DMF is widely employed in textile and pharmaceutical 

industries as a ubiquitous solvent so its detection may be of exogenous origin. It was found 

that some bacterial species are capable of biodegradation of DMF thus removing it from the 

environment (48). Further studies needed to establish the exact origin of these compounds in 

our particular samples.

Metabolites from old eggs

Up to 24 common compounds were found in the “old” eggs group. From those, 17 were also 

classified as “fungi” and 1 as “healthy”, which have been discussed above. From the 

remaining 6 peaks, only three were identified (Table 1): Ethyl 2-methylbutyrate, 3-octanol, 

and 5-ethenyl-5-methyloxolan-2-one. These compounds are common flavorant compounds 

and all three have been reported in food products: bilberry, apple and wine for Ethyl 2-

methyl butyrate (49); mentha species oils, soybeans and wine for 3-octanol; and for lavender 

oil (50), grapes and wine (51) for 5-ethenyl-5-methyloxolan-2-one (also referred as lavender 

lactone). Different microbes are reported to produce those compounds. The volatile ethyl 

ester ethyl 2-methyl butyrate is produced by different species of bacteria and fungi (9), and 

the aliphatic alcohol 3-octanol has only been reported from fungi (9). The 5-ethenyl-5-

methyloxolan-2-one may be an oxidation metabolite of linalool oxide (furanoid) (52), 

although it has been obtained by fermenting linalool by a Pseudomonas (53). Even though 

we did not detect linalool, it has been reported to be produced by different bacteria and fungi 

species (9). These compounds have been found in all the “old” eggs including the fungi-

infected and uninfected ones. It is possible for those compounds to originate from various 

sources, including degradation of the egg itself, such as oxidation of fatty acids or end 

products of fermentation by bacteria.

Other metabolites

Up to 28 compounds were classified as “other” metabolites, and 18 of those were identified 

(Table 1). In this group belong the compounds that do not belong exclusively to any of the 

above groups. Relevant is the presence of the sulfur containing compound dimethylsulfide, 

which can be produced by the oxidation of methanethiol (one of the identified fungi 

metabolites) and has been reported from different bacterial and fungi strains (9). 

Dimethylsulfide has a cabbage-like smell. Other compounds were found in the headspace of 

a mixture of egg yolk and whey (45): pentanal, heptanal, and phenol. One interesting 

observation is the occurrence of esters, both in the “old” and in the “other” group. The esters 

have great biological significance and often occur naturally, as discussed above, albeit 

predominantly in plant systems. Some of the bacteria, such as Acinetobacter species 

(commonly occurring in soil) are known to utilize wax esters as a storage compound for 

energy (54). Such compounds would be highly non-volatile and not amenable to detection 

using gas-phase sampling utilized in this work unless degraded to shorter-chain compounds 

via oxidation or enzymatic reactions. At the same time, fungi are known to produce small 
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esters along with other small molecules such as ketones, alcohols, and hydrocarbons (55). 

The fact that the ester compounds were not particular to the “fungi” group indicates the 

variability of the VOC distributions between different eggs, likely due to the inherent 

variability of fungal species, stages of development and, possibly, interaction with other 

microorganisms. To further elucidate the biological significance and origin of the 

compounds belonging to the “other” category further experiments must be done with both 

egg and microbes-microbes co-cultures headspaces.

Final remarks

Different volatile organic compounds released by fungi and bacteria colonies inside 

unbroken hen eggs were found. Two different fungal species (Cladosporium macrocarpum 
and B. cinerea) and two different bacterial species (S. rhizophila and Ps. Argentinensis) were 

isolated from inside the studied eggs. These species commonly occur in soil and are saprobic 

on plants, which may indicate that the eggs were likely trans-shell contaminated while 

resting in the hen’s nest. One compound, trichloromethane, was found in both egg and 

fungal isolates grown in Petri dish experiments, and its source, therefore, is presumed to be 

from fungal activity. Barring potential interference from use of chlorinated solvents, this 

compound may be a very convenient biomarker of fungal contamination as the halogenated 

metabolites are distinctly different from other biogenic volatiles and rarely occurs in nature. 

However, prior to any practical use of this compound by the poultry industry to discriminate 

old egg batches, further studies to validate these findings should be carried out and also with 

different storage times to study the evolution of mVOCs while fungal colonization of the 

eggs, the decomposition process and possible catabolism interferences with fungal 

contamination. As discussed above, some compounds that are consistent with catabolism 

have been observed. Also, eggs from different places, which can be in contact with different 

microbe loads that may result in different volatiles, should be studied to further elucidate the 

applicability of this methodology. In addition, it is possible that some of the metabolites both 

may differ at different time points of pathogen contamination and serve as a guide to 

pinpoint the source of infection. Further studies will be required to assess this as well; 

mapping of VOC distributions as the eggs proceed from fresh stage to different stages of 

microbial development under varying conditions (temperature, humidity, initial microbial 

load etc.) is essential for practical utility of the approach.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fungi found inside a hen eggshell.
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Figure 2. 
Schematic representation of the headspace (HS) sampling methodologies with SPME used 

with A) eggs inside a vial and B) fungi isolates grown on 9 cm-diameter Petri dishes.
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Figure 3. 
Representative chromatograms of two analyzed eggs, egg 2 (fungi) and egg 5 (fresh). A 

zoomed portion of the chromatogram (insert) shows the identified trichloromethane peak for 

the fungi egg.
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