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Abstract

This study evaluated the impact of three distinct diets; perennial ryegrass (GRS), perennial
ryegrass/white clover (CLV) and total mixed ration (TMR), on the sensory properties and
volatile profile of whole milk powder (WMP). The samples were evaluated using a hedonic
sensory acceptance test (n = 99 consumers) and by optimised descriptive profiling (ODP)
using trained assessors (n = 33). Volatile profiling was achieved by gas chromatography
mass spectrometry using three different extraction techniques; headspace solid phase
micro-extraction, thermal desorption and high capacity sorptive extraction. Significant differ-
ences were evident in both sensory perception and the volatile profiles of the WMP based on
the diet, with WMP from GRS and CLV more similar than WMP from TMR. Consumers
scored WMP from CLV diets highest for overall acceptability, flavour and quality, and
WMP from TMR diets highest for cooked flavour and aftertaste. ODP analysis found that
WMP from TMR diets had greater caramelised flavour, sweet aroma and sweet taste, and
that WMP from GRS diets had greater cooked aroma and cooked flavour, with WMP derived
from CLV diets having greater scores for liking of colour and creamy aroma. Sixty four VOCs
were identified, twenty six were found to vary significantly based on diet and seventeen of
these were derived from fatty acids; lactones, alcohols, aldehydes, ketones and esters. The
abundance of δ-decalactone and δ-dodecalactone was very high in WMP derived from
CLV and GRS diets as was γ-dodecalactone derived from a TMR diet. These lactones appeared
to influence sweet, creamy, and caramelised attributes in the resultant WMP samples. The dif-
ferences in these VOC derived from lipids due to diet are probably further exacerbated by the
thermal treatments used in WMP manufacture.

Whole milk powder (WMP) contains 26 to 40% (w/w) fat, and is generally manufactured from
raw milk and processed by pasteurisation, concentration, evaporation and spray-drying. WMP
is an important ingredient for a wide range of food products as it can be reconstituted to pro-
duce milk drinks, infant milk formula, yoghurts, milk chocolate and ice cream, amongst others
(USDEC, 2005).

WMP sensory characteristics can be influenced by animal diet, heat treatment and other
processing and storage conditions (water activity, moisture, packaging, light and temperature:
Baldwin et al., 1991; Birchal et al., 2005; Faulkner et al., 2018; Clarke et al., 2020a).
Pasture-based farming systems are widely practiced in Ireland for the majority of lactation,
allowing for the creation of a low-cost, animal welfare friendly, natural feed source to produce
high-quality milk products, which are considered more organic and healthier by consumers
(Whelan et al., 2017). However, feeding concentrates, such as total mixed ration (TMR)
and housing cows indoors is widely implemented in most developed countries mainly for eco-
nomic reasons (Haskell et al., 2006). Numerous studies have explored the composition of milk
from different breeds and feeding systems which have demonstrated that pasture-derived milks
have higher levels of polyunsaturated fatty acids (PUFA) and conjugated linoleic acid (CLA)
and lower levels of saturated fatty acids compared with those derived from TMR diets
(O’Callaghan et al., 2019; Kalač and Samková, 2010). A diet of fresh pasture significantly
increases levels of β-carotene, enhancing a yellow colour, particularly obvious in butter pro-
ducts derived from pasture, but also apparent in milk and milk powders. Some studies have
shown that volatiles generated indirectly through rumen metabolism from forage can also
have a sensory impact on milk. For example, p-cresol probably contributes to the ‘barn-yard’
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aroma/flavour of cow milk derived from pasture (Faulkner et al.,
2018; Kilcawley et al., 2018) and it is likely that some volatiles are
directly transferred from diet (Villeneuve et al., 2013).

Thermal processing conditions can also alter the volatile pro-
file of milk products. For example, increases of aldehydes and
methyl ketones derived from lipid oxidation (decarboxylation or
light induced oxidation) of β-keto acids after heat treatment
(Vazquez-landaverde et al., 2006; Hougaard et al., 2011), sulphur
compounds formed by oxidation of methanethiol (Contarini
et al., 1997), esters from heat-catalysed esterification reactions
(Faulkner et al., 2018), increases in γ-lactones derived from
hydroxy fatty acids after heat processing (Yoshinaga et al.,
2019), increases in ketones formed by β-oxidation of saturated
fatty acids (Li et al., 2012), Maillard reaction products such as
benzaldehyde, furans, maltol, acetaldehyde, 3-methylbutanal,
2-methylbutanal, 2-methylpropanal and possibly acetophenone
(Calvo and de la Hoz, 1992) and the degradation of β-carotene
resulting in the formation of toluene and xylenes (Zepka et al.,
2014). Several ketones, aldehydes and sulphur compounds have
been reported to increase during ultra-high temperature treatment
and sterilisation of milk (Soukoulis et al., 2007; Al-Attabi et al.,
2009; Zabbia et al., 2012). Many of these VOCs can be perceived
as off-flavours and can be problematic in products such as WMP,
and potentially even carry through into the final product applica-
tions resulting in consumer complaints (Hough et al., 2002).
Storage time was also shown to have an effect on losses of
VOCs in milk powders and this could be due to metabolic and
enzymatic reactions post pasteurisation, or chemical reactions
(Contarini et al., 1997; Clarke et al., 2020b).

Therefore, VOC and sensory profiling of milk and milk pro-
ducts, especially powders such as WMP, is necessary for quality
and shelf life purposes. Sensory profiling when undertaken in
association with VOC analysis can provide useful additional
information in relation to the association between VOCs and sen-
sory properties. VOC profiling is predominately undertaken using
gas chromatography mass spectrometry (GC-MS) and recent
studies have shown the importance of extraction method choice
in relation to VOC profiling of WMP (Cheng et al., 2021) and
the impact of diet on the oxidative and sensory shelf life of
WMP (Clarke et al., 2021). Three distinct VOC extraction techni-
ques were utilised in this study in order to obtain a more complete
VOC profile; headspace solid phase micro-extraction (HS-SPME),
thermal desorption (TD) and a high capacity sorptive extraction
(Hi-Sorb) procedure by direct immersion (DI). The aim of this
study was to investigate the effect of three distinct diets (GRS,
CLV and TMR) on the sensory and VOC profile of WMP.

Materials and methods

Whole milk powder manufacture

Raw milk from 54 Friesian cows was split into 3 groups (n = 18) at
the Teagasc Moorepark dairy farm, Teagasc, Animal & Grassland
Research Centre, Fermoy, Co. Cork, Ireland. Each group of 18
cows were given separate diets; outdoor pasture grazing on peren-
nial ryegrass (Lolium perenne) denoted as GRS, outdoor pasture
grazing on perennial ryegrass supplemented with white clover
(Trifolium repens) denoted as CLV, and indoors on total mixed
rations (TMR) consisting of grass silage, maize silage and concen-
trates, which was a replication of the study outlined in detail by
O’Callaghan et al. (2016). Raw whole milk (approximately 1000
kg) was collected from cows on each dietary treatment. The

preparation of the WMP was as outlined in Cheng et al. (2021).
The milk was not standardised, but the average fat contents of
the milk from each diet in triplicate were quite similar (GRS
27.9%, CLV 28.2%, TMR 28.2%). WMP samples were stored at
room temperature in sealed 900 g aluminium vacuum cans until
analysis (all analysis was undertaken within the designated shelf
life of the samples).

Sample preparation

Prior to sensory and VOC analysis WMP from each dietary treat-
ment (GRS, CLV and TMR) at <2 months was dissolved at 10%
solids (w/v) using ultra-pure deionised water and stored at 4°C
overnight to ensure solubility without overhead lights to prevent
light-induced off-flavour formation as outlined in Cheng et al.
(2020) in the preparation of SMP for sensory analysis. VOC ana-
lysis and sensory analysis were performed the following day.

To monitor the performance of each extraction procedure, an
internal standard (IS) of 2-phenyl-D5-ethanol and 4-methyl-2-
pentanol (Merck., Arklow, Wicklow, Ireland) at 20 mg/l in ultra-
pure water, was added (50 μl) to each WMP sample prior to
extraction.

Volatile organic compound extraction

The extraction procedures for HS-SPME, TD and DI-HiSorb were
identical to those described by Cheng et al. (2021).

GC–MS analysis

The GC–MS system was an Agilent 7090A GC and Agilent 5977B
MSD (Agilent Technologies Ltd., Cork, Ireland) using a non-
polar column DB5 (60 m × 0.25 mm × 0.25 μm) (Agilent
Technologies Ltd., Ireland). The column oven was held at 40°C
for 5 min, then increased to 230°C at 5°C/min and held at 230°C
for 35 min, yielding a total run time of 60 min. The carrier gas
was helium held at a constant flow of 1.2 ml/min. The ion source
temperature was 220°C and the interface temperature was set
at 260°C. The mass spectrometer was in electronic ionisation
(70 V) mode with the mass range scanned between 35 and
250 amu. Analysis was undertaken using Mass Hunter
Qualitative Analysis Software (Agilent Technologies Ltd) with tar-
get and qualifier ions and linear retention indices for each com-
pound compared an in-house library based on mass spectra
obtained from NIST 2014 mass spectral library MS searching
(v.2.3, Gaithersburg, MD, USA), and an in-house library created
using authentic compounds with target and qualifier ions and linear
retention indices for each compound using Kovats index. Spectral
deconvolution was also performed to confirm identification of com-
pounds using Automated Mass spectral Deconvolution and
Identification System (AMDIS). Batch processing of samples was
carried out using MetaMS (Wehrens et al., 2014). MetaMS is an
open-source pipeline for GC–MS-based untargeted metabolomics.
The peak areas of the analytes were normalised to the peak areas
of the IS (4-methyl-2-penanol) at first and then expressed as a
percentage of the total.

To monitor the performance of the GC-MS operating condi-
tions, an external standard (ES) solution was added at the start
and end of each GC-MS sample run, the peak areas were moni-
tored to ensure they were within a specified tolerance (10% coef-
ficient of variation) to ensure that both the extraction and MS
detection were performing within specification during the
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analysis. The ES was comprised of 1-butanol, dimethyl disul-
phide, butyl acetate, cyclohexanone, and benzaldehyde (Merck,
Ireland) at 10 mg/l with 2-phenyl-D5-ethanol (Merck, Arklow,
Co., Wicklow, Ireland) added at 5 mg/l in ultra-pure water. For
the HS-SPME technique, 10 μl of ES was added to the sample
in a 20 ml amber HS- SPME vial (Apex Scientific Ltd.,
Maynooth, Ireland). For TD and DI-HiSorb, the ES (10 μl) was
added to the TD tube containing the sample extract for both
TD and DI-HiSorb extracts.

Sensory analyses

All sensory analyses was undertaken at the sensory facility within
the School of Food and Nutritional Science, University College
Cork, Co. Cork, Ireland, according to International Standards
(ISO 11136, 2014).

Milk consumers residing in Cork (Ireland, n = 99) (70 : 30
male/female, age 18–50 years), participated in the consumer test

(hedonic attribute testing). The consumers consisted of students
and staff from Sensory Group, School of Food and Nutritional
Science, University College Cork, Co. Cork, Ireland. Consumers
were regular self-reported consumers of milk, had experiences
in drinking powdered milk products, and were non-rejecters of
milk. Participants used the sensory hedonic descriptors
(Table 1) provided to them for three different WMP samples
(CLV, GRS and TMR) presented in triplicate at 10% solids
(w/v). For consumer testing, samples were dispensed into 30 ml
inert plastic tumblers provided with three digit codes presented
simultaneously but with randomised order to prevent first order
and carry-over effects (Macfie et al., 1989). Samples were taken
from the refrigerator (4°C) and served after 15 min at 12°C tem-
perature. Participants were first asked to evaluate the overall
appearance and colour of the sample. The appearance of each
sample was scaled using a 1–9 hedonic scale, where 1 = dislike
extremely and 9 = like extremely. They were then asked to taste
the sample and evaluate their overall impression using a 9-point

Table 1. Sensory terms for the affective (consumer acceptance testing) and optimised descriptive profiling (ODP) of whole milk powder

Descriptor Explanation Scale

Consumer Acceptance Testing

Appearance-Liking The liking of appearance 0 = extremely dislike 10 = extremely like

Flavour-Liking The liking of flavour 0 = extremely dislike 10 = extremely like

Aroma-Liking The liking of aroma 0 = extremely dislike 10 = extremely like

Texture-Liking The liking of texture 0 = extremely dislike 10 = extremely like

Overall acceptability The acceptability of the product 0 = extremely unacceptable
10 = extremely acceptable

Colour-Liking The liking of colour 0 = extremely dislike 10 = extremely like

Optimised Descriptive Profiling

Appearance-colour Appearance-Ivory to orange colour 0 = Pale, 10 = Yellow

Sweet aroma The smell associated with dairy sweet milky products 0 = none, 10 = extreme

Creamy aroma The smell associated with creamy/milky products 0 = none, 10 = extreme

Cooked aroma The smell associated with cooked milk products 0 = none, 10 = extreme

Oxidised aroma The smell associated with rancid or oxidised products 0 = none, 10 = extreme

Painty aroma The smell associated with rancid paint type notes 0 = none, 10 = extreme

Chalky texture Chalk like texture in the mouth 0 = none, 10 = extreme

Powdery texture Powdery texture in the mouth 0 = none, 10 = extreme

Viscosity Thick texture in the mouth 0 = none, 10 = extreme

Sweet taste Fundamental taste sensation of which sucrose is typical 0 = none, 10 = extreme

Cream flavour The flavour associated with creamy/milky products 0 = none, 10 = extreme

Dairy sweet flavour The flavours associated with sweetened cultured dairy products such as fruit yoghurt 0 = none, 10 = extreme

Dairy fat flavour Intensity of fat flavour 0 = none, 10 = extreme

Oxidised flavour The flavour associated with rancid or oxidised products 0 = none, 10 = extreme

Rancid butter The flavour associated with rancid or oxidised butter 0 = none, 10 = extreme

Painty flavour The flavour associated with rancid paint type notes 0 = none, 10 = extreme

Fruity/Estery flavour The flavours associated with fatty acid ethyl esters 0 = none, 10 = extreme

Cooked flavour The flavour associated with cooked milk products 0 = none, 10 = extreme

Off-flavour Off-flavour (Rancid) 0 = none, 10 = extreme

Astringent after-taste Fundamental taste sensation of which aluminium sulphate is typical 0 = none, 10 = extreme
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hedonic scale. The assessors were asked to assess using a 9-point
hedonic scale the liking of flavour, freshness, liking of appearance,
liking of aroma, overall acceptability, cooked flavour, thickness,
creaminess, aftertaste, intensity of aftertaste and quality.

Optimised descriptive profiling (ODP: da Silva et al., 2012,
2013) was undertaken with trained panellists at University
College Cork, Ireland (n = 33). These assessors were presented
with all samples simultaneously, but with randomised order to
prevent first order and carry-over effects (Macfie et al., 1989).
Assessors used the consensus list of sensory descriptors as
described by Cheng et al. (2020) which were measured on a 10
cm line scale with the term ‘none’ used as the anchor point for
the 0 cm end of the scale and ‘extreme’ for the 10 cm end of
the scale (Table 1). Sensory terms, which were the main sensory
dimensions, were pre-selected from the sample set using an expert
sensory panel (n = 10). Assessors evaluated the intensity of each
attribute for each sample on the scales. Attributes were presented
along with the table describing the sensory terms (Table 1). All
samples were prepared in the same manner as the consumer ana-
lysis study and presented in duplicate.

Statistical analysis

Statistical analyses for data relating to volatile analysis were car-
ried out using one way-ANOVA. The level of significance for cor-
relation was set at P < 0.05. To classify WMP samples in a
supervised multivariate model, partial least-squares discriminant
analysis (PLS-DA) was performed. Unsupervised hierarchical
clustering analysis (HCA) was used to show the patterns in the
VOC profile and is presented as a heatmap (Online
Supplementary Fig. S1). Consumer acceptance data obtained
from sensory analysis was evaluated by one-way ANOVA using
differences of perception related to diet as the primary factors.
Analyses were carried out at only one time point and where nor-
mally distributed were analysed using one-way ANOVA with post
hoc. The SPSS V23.0 (IBM Statistics Inc., Armonk, NY) was used
for one-way ANOVA. Principal component analysis (PCA) plots
of the volatile and diet data were used to demonstrate correlations
between the VOC and the different diet attributes. These were
constructed using the ‘factoextra’ and ‘FactoMinoR’ packages in
R (v 3.4.1). The Unscrambler X software, version 10.3 (Camo
Software, Oslo, Norway) was used for ANOVA-PSLR (APLSR)
analysis of WMP data from different diets and variance of OPD
sensory data. Analysis of variance (ANOVA) with post hoc
Tukey significant test was applied to OPD data, working at an
alpha level of 0.05. The correlations between sensory attributes
and VOC were also analysed by PLSR. PLSR were performed
with VOC data as the X-matrix and sensory attributes as the
Y-matrix. Regression coefficients were analysed by Jack-knifing
to derive significance indicators for the relationships determined
in the quantitative APLSR (data not shown). Metabolic Analyst
4.0 (McGill University, Montreal, QC, Canada) software was
used to perform the HCA graph (Chong et al., 2018).

Results

Volatile analysis

The volatile compounds identified in the WMP from the three
different diets (GRS, CLV and TMR), using three extraction
methods are listed in Table 2. Results are expressed as percentage
abundance of each VOC per extraction method based on the

recovery in relation to the recovery of the IS for that extraction
method. A total of 64 VOCs were identified in these WMP
derived from all three diets by HS-SPME, TD and DI-HiSorb.
Distinct differences in the VOCs profiles were evident between
the different extraction techniques, which highlights the effective-
ness of each extraction technique for particular chemical classes.
The same trends in relation to individual VOCs were evident
across the different extraction techniques where a VOC was iden-
tified by one or more extraction technique. Eight lactones, 5 alde-
hydes, 3 ketones, 3 terpenes, 2 alcohols, 2 esters, 1 acid, 1
hydrocarbon and 1 sulphur compound varied significantly (P <
0.05 or P < 0.01) in the WMP based on cow diet (Table 2).

Seven VOCs were significantly more abundant in WMP
derived from CLV; 1-pentanol (P < 0.05) and 3-methyl-butanal,
δ-octalactone, α-pinene, 3-carene, acetic acid and ethyl-benene
(P < 0.01). Four VOCs were significantly more abundant in the
WMP derived from GRS; methyl-hexanoate (P < 0.05) and buta-
nal, 2,3-octanedione and 2-nonanone (P < 0.01). Five VOCs were
significantly more abundant in the WMP derived from TMR;
γ-dodecalactone GRS (P < 0.05) and dimethyl sulphide, D-limon-
ene, heptanal and ο-xylene (P < 0.01). Another eight VOCs were
significantly more abundant in WMP derived from both CLV
and GRS in comparison to WMP derived from TMR; δ-decalac-
tone and δ-dodecalactone (P < 0.05) and δ-tridecalactone, hexa-
nol, hexanal, δ-hexalactone, δ-nonalactone and δ-undecalactone
(P < 0.01). Another VOC, pentanal, was significantly (P < 0.01)
more abundant in WMP derived from GRS in comparison to
WMP from TMR, but was not statistically different to WMP
derived from CLV (nor was there any statistical difference
between WMP from CLV or TMR). Similarly diacetyl was signifi-
cantly higher (P < 0.01) in WMP derived from CLV than from
WMP derived from TMR, but was not statistically different to
WMP from GRS (WMP from GRS and from TMR were also
not statistically different). These associations are more clearly
represented in the PCA plots (Fig. 1a and b) and by the HCA
heatmap (online Supplementary Fig. S1), where it is evident
that both the WMP derived from GRS and CLV diets are more
comparable, but distinctly separate from WMP derived from
TMR diets (Fig. 1a and b).

Sensory evaluation

The sensory attributes identified in the WMP derived from CLV,
GRS and TMR diets by consumer acceptance are shown in Fig. 2.
Five significant sensory differences (P < 0.05) were observed
between the WMP derived from these diets; creaminess, aftertaste,
cooked-flavour, quality and liking of flavour. The WMP derived
from CLV diets scored statistically (P < 0.05) highest for liking
of flavour, creaminess and quality. The WMP derived from
TMR diets scored significantly highest (P < 0.05) for cooked-
flavour and aftertaste. The WMP derived from GRS diets did
not score significantly different for any of the sensory attributes
in comparison to WMP samples derived from either CLV or
TMR diets.

The ODP evaluation of WMP from different diets is shown in
the PCA plot (online Supplementary Fig. S2). The significance
(P-value) of regression coefficients and average results
(ANOVA) for the ODP attributes for WMP from different diets
(CLV, GRS and TMR) are illustrated in Table 3. The assessors
rated WMP derived from CLV diets as significantly greater for lik-
ing of colour (P < 0.05) and creamy aroma (P < 0.05) in compari-
son to the WMP-derived TMR diets. The WMP derived from
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Table 2. The volatile compounds in the whole milk powders derived from different diets, grass (GRS), grass/clover (CLV) and total mixed ration (TMR) by GCMS from three volatile extraction procedures

DI-HiSorb TD HS-SPME

Compounds CAS no. REF RI CLV GRS TMR P-value CLV GRS TMR P-value CLV GRS TMR P-value

Alcohol

Ethanol 64-17-5 426 0.34 0.42 0.05 NS ND ND ND ND ND ND

1-Pentanol 71-41-0 768 0.65a 0.55b 0.44c *** 3.03a 2.03b 1.13c *** 0.68a 0.61b 0.33c ***

1-Hexanol 111-27-3 868 ND ND ND 0.86a 0.67a 0.47b * 0.71a 0.52a 0.11b *

1-Hexanol,2-ethyl 104-76-7 1030 1.45 1.36 1.17 NS 8.10 6.94 6.50 NS ND ND ND

α-Terpineol 10482-56-1 1192 ND ND ND 0.26 0.25 0.27 NS ND ND ND

Aldehyde

Acrolein 107-02-8 470 1.95 1.59 2.10 NS ND ND ND ND ND ND

Butanal 123-72-8 596 0.76b 1.53a 0.50b * ND ND ND ND ND ND

Butanal, 3-methyl- 590-86-3 654 ND ND ND 3.65a 2.47b 2.03c * 7.99a 5.59b 2.46c *

Pentanal 110-62-3 697 0.38ab 0.43a 0.21b * ND ND ND ND ND ND

Hexanal 66-25-1 801 6.45a 6.21a 2.34b * 13.65a 11.3a 3.13b * 10.9a 9.40a 2.97b *

Heptanal 111-71-7 901 2.54b 2.66b 5.03a * 20.5b 20.20b 24.98a * 8.53b 8.45b 12.69a *

Benzaldehyde 100-52-7 960 0.87 1.11 1.40 NS 1.38 1.31 2.74 NS 0.43 0.34 0.45 NS

Octanal 124-13-0 1004 1.29 1.31 2.40 NS 4.16 2.90 4.22 NS 0.80 0.42 0.51 NS

Benzeneacetaldehyde 122-78-1 1048 0.46 0.43 0.33 NS ND ND ND ND ND ND

2-Octenal,(E)- 2548-87-0 1057 0.61 0.55 0.42 NS 0.29 0.18 0.43 NS ND ND ND

Nonanal 124-19-6 1106 6.07 6.20 7.32 NS 17.67 21.10 16.01 NS 1.00 1.04 1.08 NS

2-Nonenal,(E)- 18829-56-6 1160 0.38 0.46 0.45 NS 0.23 0.18 0.19 NS ND ND ND

Decanal 112-31-2 1205 1.76 1.43 1.38 NS 1.64 2.44 1.18 NS ND ND ND

2-Decenal,(E)- 3913-81-3 1266 0.24 0.31 0.35 NS 0.14 0.14 0.35 NS ND ND ND

Undecanal 112-44-7 1309 0.21 0.28 0.29 NS 0.21 0.25 0.15 NS ND ND ND

Dodecanal 112-54-9 1401 0.43 0.56 0.67 NS 0.14 0.27 0.47 NS ND ND ND

Hydrocarbons

Benzene 71-43-2 669 1.18 1.55 1.18 NS 6.10 11.62 6.40 NS 2.52 2.27 1.14 NS

Toluene 108-88-3 763 0.35 0.61 0.42 NS 3.97 4.21 2.74 NS 0.40 0.86 0.24 NS

p-Xylene 106-42-3 867 ND ND ND 2.52 2.99 3.90 NS ND ND ND

o-Xylene 95-47-6 900 ND ND ND 1.01b 1.09b 1.58a * ND ND ND

Phenol 108-95-2 995 0.70 0.67 0.63 NS 0.65 0.70 0.64 NS ND ND ND
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Benzyl alcohol 100-51-6 1037 ND ND ND 0.26 0.17 0.25 NS ND ND ND

Ketone

Diacetyl 431-03-8 596 ND ND ND 0.36a 0.33ab 0.24b * ND ND ND

Hydroxyacetone 116-09-6 657 1.36 0.64 1.09 NS ND ND ND ND ND ND

2-Pentanone 107-87-9 687 1.53 1.41 1.19 NS 6.94 7.70 8.47 NS 5.25 6.29 5.02 NS

2-Butanone 108-10-1 740 ND ND ND 7.30 7.10 7.49 NS 1.79 1.35 1.11 NS

Methyl Isobutyl Ketone 108-10-1 740 0.53 0.49 0.43 NS 1.07 0.87 0.84 NS 0.15 0.33 0.23 NS

2-Heptanone 110-43-0 891 6.26 6.28 6.06 NS 7.29 8.92 9.69 NS 17.00 19.1 12.38 NS

2,3-Octanedione 585-25-1 967 0.17b 0.19a 0.11c * ND ND ND ND ND ND

2-Octanone 111-13-7 992 0.38 0.38 0.37 NS 0.60 0.36 0.68 NS ND ND ND

3,5-Octadien-2-one 38284-27-4 1072 ND ND ND 0.50 0.60 0.90 NS 0.21 0.10 0.13 NS

2-Nonanone 821-55-6 1094 2.76b 2.83a 2.69b * 1.31b 1.79a 1.63b * 2.32b 2.54a 2.13b *

2-Undecanone 112-12-9 1294 0.47 0.40 0.40 NS 0.16 0.14 0.14 NS ND ND ND

2-Tridecanone 593-08-8 1480 0.34 0.31 0.15 NS ND ND ND ND ND ND

2-Pentadecanone 2345-28-0 1689 0.55 0.47 0.18 NS ND ND ND ND ND ND

2-Heptadecanone 2922-51-2 1878 0.56 0.61 0.46 NS ND ND ND ND ND ND

Lactone

γ-Crotonolactone 497-23-4 916 0.12 0.27 0.17 NS ND ND ND ND ND ND

δ-Hexalactone 823-22-3 1084 0.11a 0.12a 0.06b * ND ND ND ND ND ND

δ-Octalactone 698-76-0 1288 0.92a 0.75b 0.23c * ND ND ND ND ND ND

δ-Nonalactone 3301-94-8 1404 0.15a 0.16a 0.09b * ND ND ND ND ND ND

δ-Decalactone 705-86-2 1506 31.00a 32.10a 21.90b *** ND ND ND 0.43a 0.38a 0.28b ***

δ-Undecalactone 710-04-3 1627 0.21a 0.20a 0.08b * ND ND ND ND ND ND

γ-Dodecalactone 2305-(05)-7 1674 4.20b 2.80c 34.64a *** ND ND ND ND ND ND

δ-Dodecalactone 713-95-1 1719 44.50a 45.99a 29.64b *** ND ND ND ND ND ND

δ-Tridecalactone 7370-92-5 1778 1.45a 1.46a 0.72b * ND ND ND ND ND ND

Sulphur compounds

Dimethyl sulphide 75-18-3 510 ND ND ND ND ND ND 1.00b 1.61b 2.42a *

Dimethyl disulphide 624-92-0 739 0.55 0.51 0.50 NS 5.16 4.21 4.48 NS 0.95 0.41 0.29 NS

Terpenes

α-Pinene 80-56-8 930 ND ND ND ND ND ND 3.28a 1.65b 0.86c *

3-Carene 13466-78-9 1009 ND ND ND ND ND ND 2.92a 1.74b 0.89c *

D-Limonene 5989-27-5 1022 0.25b 0.25b 0.54a * 0.53b 0.67b 2.34a * 0.14b 0.08b 0.37a *

(Continued )
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Table 2. (Continued.)

DI-HiSorb TD HS-SPME

Compounds CAS no. REF RI CLV GRS TMR P-value CLV GRS TMR P-value CLV GRS TMR P-value

Longifolene 475-20-7 1432 ND ND ND 0.23 0.13 0.13 NS ND ND ND

Acids

Acetic acid 64-19-7 629 0.37a 0.17b 0.15b * ND ND ND ND ND ND

Esters

Methyl butanote 623-42-7 724 ND ND ND 2.02 2.03 1.93 NS 1.81 2.30 3.19 NS

Methyl pyruvate 108-10-1 740 0.12 0.20 0.14 NS ND ND ND ND ND ND

Ethylbenzene 100-41-4 851 ND ND ND 1.15a 0.42b 0.47b * ND ND ND

Methy hexanoate 106-70-7 922 ND ND ND ND ND ND 1.49c 5.45a 3.12b ***

Furans

Furan,2-methyl- 534-22-5 604 0.97 0.89 0.90 NS ND ND ND 8.82 7.59 6.35 NS

2-Furanmethanol 98-0-0 850 1.04 0.36 0.38 NS ND ND ND ND ND ND

Furfural 98-01-1 852 0.56 0.29 0.23 NS ND ND ND ND ND ND

RI: Retention index. REF RI: Reference retention index. CAS no: Chemical Abstracts Service Number. One-way ANOVA statistical analysis :* and *** denote significant differences at P < 0.05 and P < 0.01, respectively. Values in the same row not sharing the
same superscript (a,b,c) specify significant difference in peak area % value carried out by Tukey post hoc test.
Results are expressed as percentage abundances for each extraction technique based on the recovery of the internal standard (2-phenyl-D5-ethanol).
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GRS diets scored statistically (P < 0.01) higher for cooked aroma and
cooked flavour and WMP derived from TMR diets highest for car-
amelised flavour (P < 0.05), sweet aroma and sweet taste (P < 0.01).

OPD sensory and volatile data correlations

APLSR was conducted to study the relationships of the individual
VOCs with the sensory descriptors as used in the ODP study.

Fig. 1. Principal component analysis: (a) Three kinds of feeding system of grass (GRS), grass/clover (CLV) and total mixed rations (TMR). Scores and loadings are
based on the average of three repetitions for each feeding diets. (b) Variables: the relative percent amount of 64 volatile compounds. Colour gradient: low = white,
mid = blue and high = red, midpoint set 1.0.
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The X-matrix was composed of 64 VOCs, whereas the Y-matrix
consisted of the sensory attributes from OPD (Fig. 3). When
the two PLSs were taken into account, 63% of the VOCs explained
36% of the variation among the sensory data and diets. All var-
iances were placed between the inner (r2 = 0.5) and outer ellipses
(r2 = 1.0), thereby indicating that the APLSR model sufficiently
described the associations between descriptors and VOCs. The
centre ellipsoid in Fig. 3 indicates 50% of the explained variation.
Many VOC were located inside the ellipsoid, which means they
did not greatly contribute to the model. Figure 3 demonstrates
that the WMP samples are separated along PLS1, with the
WMP derived from TMR on the right side and the WMP derived
from GRS and CLV on the left side. This highlights again that
WMP derived from TMR diets is more distinct than the WMP
from both the CLV and GRS diets.

Discussion

The source of many of these VOCs in WMP is varied and prob-
ably a combination of some or all of the following; direct transfer
from the diet, rumen metabolism, metabolism in the raw milk,
created during heat processing or by auto chemical reactions.
However, some trends were evident. Seventeen of the twenty six
VOCs that were significantly different based on diet in these
WMP samples are derived from fatty acids either by lipid oxida-
tion, thermal degradation or β-oxidation and lactonisation (buta-
nal, pentanal, hexanal, hexanal, 1-pentanol, 1-hexanol,
2-nonanone, 2,3-octanedione, δ-hexalactone, δ-octanolactone,
δ-nonalactone, δ-decalactone, δ-undecalactone, δ-dodecalactone,
δ-tridecalactone, γ-dodecalactone). It is well established that dif-
ferent diets have a significant impact on the fatty acid profile of
cow’s milk (Kalač and Samková, 2010; O’Callaghan et al.,

2016), hence it is logical that VOCs derived from fatty acids are
also likely to be significantly impacted. Such differences may be
further exacerbated by subsequent thermal treatment during pro-
cessing to WMP enhancing lipid oxidation and Maillard and lac-
tonisation reactions (Calvo and de la Hoz, 1992; Havemose et al.,
2006; Kilcawley et al., 2018; Clarke et al., 2021).

Straight-chain aldehydes are major contributors to off-flavours
in dairy products (Barrefors et al., 1995). Previous studies have
also found that the abundance of methyl ketones also from
lipid oxidation were correlated to the severity of heat treatment
in milk and associated with off-flavour development that can be
carried over to final product applications (Nursten, 1997). Only
one methyl ketone, 2-nonanone was significantly different based
on diet, and most abundant in WMP derived from GRS. The
ketone 2,3-octanedione, which is also a product of lipid oxidation,
has previously been shown to be higher in milk derived from pas-
ture (Coppa et al., 2011) as found in this study. Two primary alco-
hols, 1-pentanol and 1-hexanol are also products of lipid
oxidation. 1-Pentanol is derived from the primary aldehyde pen-
tanal and was significantly correlated with the WMP from CLV
diets, in agreement with previous studies on milk (Faulkner
et al., 2018; Clarke et al., 2020a). Villeneuve et al. (2013) found
levels of 1-pentanol were significantly higher in milk derived
from pasture and silage than from hay, however, other studies
have not found an impact of diet on levels of 1-pentanol (Coppa
et al., 2011). 1-Hexanol, derived from hexanal (Zhang et al.,
2016) was significantly higher in the WMP derived from TMR
diets, in agreement with that found by Faulkner et al. (2018) and
Clarke et al. (2020b) in milk, but other studies did not find an
impact of diet on levels of 1-hexanol in milk (Villeneuve et al.,
2013). Esters are probably present as a result of microbial activity
in the rumen, post-pasteurisation microbial contamination or

Fig. 2. Hedonic sensory analysis of whole milk powder drink derived from different feeding systems of grass (GRS), grass/clover (CLV) and total mixed rations (TMR).
The whole milk powder samples were assessed by consumers (n = 99) familiar with milk using blind replicates in a full balanced block design, where consumers
evaluated all samples in duplicate. The error bars represent standard mean error within replicates. Columns with different letters (a–c) for each attribute are stat-
istically different (P < 0.05) carried out by ANOVA and Tukey post hoc test.
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heat-catalysed esterification during thermal-treatment (Manzocchi
et al., 2021; Vazquez-Landaverde et al., 2006). Only two fatty
acid esters were found in these WMP samples and only methyl
hexanoate varied with diet. Methyl hexanoate was found to be sig-
nificantly more abundant in WMP derived from GRS diets.

The significant difference in the abundance and presence of
lactones in the WMP derived from these diets is especially inter-
esting due to their potential positive sensory impact (the abun-
dance of 8 of the 9 lactones identified varied with diet).
Lactones are cyclic compounds, formed through metabolism
and/ or thermal degradation of δ- and γ-hydroxyacids and are
known to contribute to sweet, creamy and fatty flavours in milk
powders (Yoshinaga et al., 2019; Ianni et al., 2020). The recovery
of lactones was mostly achieved using the DI-HiSorb extraction
method, which is a sorptive extraction technique particularly use-
ful for extracting lactones in contrast to other extraction methods
(High et al., 2019; Cheng et al., 2021). Some studies have stated
that milk from cows fed hay (timothy) was characterised by
higher contents of γ-lactones than silage-fed and pasture-fed
derived milk (Villeneuve et al., 2013; Bovolenta et al., 2014).
This may be why γ-dodecalactone is significantly more abundant

in WMP from TMR in this study. The proliferation of both
δ-decalactone and δ-dodecalactone in these samples, but espe-
cially in WMP derived from CLV and GRS diets, might also relate
to changes in the fatty acid profile and hydroxy acid content due
to the different diets (Villeneuve et al., 2013; Ianni et al., 2020). As
thermal treatments increase the levels of free hydroxy acids it may
be assumed that dietary differences in lactone contents are exacer-
bated during the spray drying process for the preparation of the
WMP (Calvo and de la Hoz, 1992).

The remaining VOC that were significantly different based on
diet and not derived from lipids were 3-methyl-butanal, dimethyl
sulphide, α-pinene, 3-carene, D-limonene, ethylbenzene,
o-xylene, acetic acid, and diacetyl. The only Strecker degradation
product was 3-methyl-butanal which was significantly more
abundant in WMP derived from CLV diets and is a product of
leucine metabolism, or also possibly directly transferred from
the diet (Faulkner et al., 2018). Strecker derived VOCs can also
be involved in the Maillard reaction, and some have previously
been shown to be indicators of severely heat-treated milk and
UHT milk (Calvo and de la Hoz, 1992; Belitz et al., 2004).
Previous studies have identified 3-methyl-butanal in milk, but it

Table 3. ODP (Optimised Descriptive Profiling) evaluation by assessors of whole milk powder produced by different diets, grass (GRS), grass/clover (CLV) and total
mixed rations (TMR)

Beta Coefficients ANOVA

CLV GRS TMR CLV GRS TMR P-value

Colour 0.174*** 0.116* −0.290 5.47a 5.78a 3.18b ***

Sweet aroma −0.037 −0.025 0.062 4.07c 4.57b 4.85a *

Creamy aroma 0.038 0.025 −0.064 4.41a 4.03b 3.72b *

Cooked aroma 0.036 0.024 −0.061 3.74b 4.32a 3.54b *

Oxidised aroma 0.017 0.011 −0.029 1.86 2.10 1.73 NS

Painty Aroma 0.002 0.001 −0.003 1.38 1.39 1.47 NS

Chalky texture −0.010 −0.007 0.017 3.06 3.10 3.23 NS

Powdery texture −0.040 −0.026 0.066 2.99 3.47 3.80 NS

Viscosity −0.013 −0.009 0.022 4.23 4.19 4.39 NS

Sweet taste −0.032 −0.021 0.054 5.00b 4.97b 5.53a *

Sour taste −0.016 −0.010 0.026 1.94 2.05 2.20 NS

Salty taste −0.009 −0.006 0.015 1.62 1.48 1.67 NS

Creamy flavour −0.034 −0.023 0.057 5.12 5.08 5.59 NS

Dairy sweet flavour −0.015 −0.010 0.024 5.02 4.84 5.18 NS

Carmelised flavour −0.061* −0.040 * 0.101 2.95b 3.09b 4.03a ***

Oxidised flavour −0.012 −0.008 0.020 2.26 2.50 2.53 NS

Rancid butter −0.021 −0.014 0.036 1.95 2.01 2.27 NS

Painty flavour 0.009 0.006 −0.016 1.64 1.61 1.51 NS

Grassy/Hay 0.014 0.009 −0.023 2.46 2.47 2.27 NS

Cooked flavour 0.005 0.003 −0.008 5.84ab 7.67a 4.81b *

Off flavour −0.001 −0.001 0.001 2.08 2.08 2.10 NS

Astringency −0.009 −0.006 0.014 1.80 1.56 1.80 NS

ANOVA values are the average results. One-way ANOVA statistical analysis :* and *** denote significant differences at P < 0.05 and P < 0.01, respectively. Values in the same row not sharing the
same superscript (a, b,c) specify significant difference in sensory attribute value carried out by Tukey post hoc test.
Correlation relationships and ANOVA analysis with sensory attributes observed in whole milk powder. Positive and negative values indicate positive and negative correlations between the
diets and sensory attributes, respectively.
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was not impacted by diet (Bendall, 2001; Faulkner et al., 2018).
Dimethyl sulphide was significantly higher in WMP derived
from TMR than from GRS or CLV diets. Dimethyl sulphide is
mainly derived from methionine, but the impact of diet is unclear
(Clarke et al., 2020b), possibly because many sulphur compounds
are so reactive and thermally labile (Vazquez-Landaverde et al.,
2006; Hougaard et al., 2011). Zabbia et al. (2012) also highlighted
that Maillard reactions during heat treatment of milk also gener-
ate sulphur- and nitrogen-containing compounds. It is likely that
any potential differences due to diet may also be exacerbated by
thermal-treatments during the production of the WMP.

Only a minority of terpenes or VOC derived from carotenoids
were present in these WMP samples. Terpenes, are directly trans-
ferred from feed (Kalač, 2011), but also generated through metabol-
ism of sesquiterpenes in rumen or in milk (Fedele et al., 2004). The
monoterpenes, α-pinene and 3-carene were significantly more
abundant in WMP derived from CLV diets, and D-limonene was
significantly more abundant in WMP derived from TMR.
Previous studies have highlighted changes in terpene content due
to diet and season (Prache et al., 2005; Engel et al., 2007). ο-
Xylene is also potentially derived from β-carotene degradation or
possibly from direct transfer from diet (Kilcawley et al., 2018). In
this study, ο-xylene was significantly higher in WMP derived from
TMR diets. Ethylbenzene, another product of carotenoid degradation
(Zhang et al., 2016) was significantly higher (P < 0.01) in WMP
derived from a CLV diet, but a previous study did not show any
impact of diet on ethylbenzene levels in milk (Coppa et al., 2011).

WMP derived from CLV had significantly more acetic acid
compared to WMP from either GRS or TMR diets. Acetic acid
is primarily a product of carbohydrate metabolism or can be

produced from the metabolism of amino acids, but is also
known to be directly transferred from feed (Kilcawley, 2017;
Clarke et al., 2020b). Most studies have found acetic acid in
milk, but the dietary impact varies (Croissant et al., 2007;
Villeneuve et al., 2013). Diacetyl was significantly more abundant
in WMP derived from GRS diets. Diacetyl is widely found in milk
and is a result of pyruvate metabolism or direct transfer (Moio
et al., 1996).

In terms of consumer acceptance testing, creaminess, after-
taste, cooked-flavour, quality and flavour were significantly differ-
ent in these WMP based on diet. WMP from CLV was
significantly higher for quality, which is probably related to the
fact that it was also highest for creaminess and flavour, but signifi-
cantly lowest for cooked flavour, and aftertaste. Diet is known to
influence the composition and distribution of fat and protein in
milk, which can impact creamy and smooth perception (Frøst
and Janhøj, 2007). O’Callaghan et al. (2016) found that milk
derived from a CLV diet had a higher level of fat and protein
than milk derived from a TMR diet. In this study, WMP derived
from CLV diets scored significantly higher for creaminess, which
is probably related to the impact of diet on fat content and distri-
bution. Clarke et al. (2020b) also found similar results where a
trained descriptive panel scored creaminess significantly higher
in pasteurised milk derived from CLV diets in comparison to
milk derived from GRS and TMR diets. It is also plausible that
the very abundant lactones (δ-decalactone, δ-dodecalactone and
γ-dodecalactone) that differed due to diet also impacted creamy
perception (Karagül-Yüceer et al., 2001; Villeneuve et al., 2013).
It is difficult to explain a relationship between aftertaste in
WMP and the impact of diet, although it may be associated

Fig. 3. ANOVA-PLSR correlation loadings plot of sensory attributes (aroma and flavour) by OPD analysis and volatile compounds (X-matrix) in the WMP from the
three distinct diets, grass (GRS), grass/clover (CLV) and total mixed rations (TMR). Ellipses represent r2 = 0.5 and 1.0, respectively.
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with cooked flavour as both were significantly higher (P < 0.05) in
WMP derived from TMR diets. The development of cooked/milky
flavour in UHT milk has been suggested to be derived from milk
protein denaturation, particularly serum protein, and possibly
also linked to volatile sulphur compounds (Deeth, 2010; Zabbia
et al., 2012). However, as mentioned, only dimethyl sulphide was
found to be significantly different (P < 0.01) in this study based
on diet, but at greatest abundance in WMP derived from TMR.

The ODP assessors found a significant impact of cow diet
(CLV, GRS and TMR) on WMP for colour, caramelised flavour,
sweet aroma, sweet taste, creamy aroma, cooked aroma and
cooked flavour. WMP derived from CLV and GRS diets was sig-
nificantly higher for liking of colour compared to WMP derived
from TMR diets (Table 3). This result is similar to that reported
by Faulkner et al. (2018) for pasteurised milk, and due to higher
β-carotene contents. The correlation of the colour of dairy pro-
ducts and β-carotene content has been extensively highlighted
and reviewed by Martin et al. (2005). ODP data also clearly iden-
tified that both sweet aroma, and sweet taste scored significantly
higher for WMP derived from TMR diets. This result is similar
to that obtained by Villeneuve et al. (2013), who found sweet fla-
vour higher in milk from cows fed hay as opposed to pasture and
silage, as did Croissant et al. (2007), when comparing milk from
Jersey and Holstein cows fed TMR vs. pasture. Villeneuve et al.
(2013) speculated that this may be due to the abundance of
γ-lactones, which corresponds well with this study where
γ-dodecalactone was present at significantly higher abundances
in WMP from TMR and is characterised with a sweet, green
odour (Karagül-Yüceer et al., 2001). Carmelised flavour was
also significantly higher in WMP derived from TMR diets and
may also be linked to Maillard reactions (Kilcawley et al., 2018),
and/ or to the greater abundance of γ-dodecalactone. Both cooked
aroma and cooked flavour were significantly higher in WMP
derived from a GRS diet compared to WMP from TMR and
CLV diets. This is different to that found in the consumer accept-
ance part of this study, and in previous studies (Clarke et al.,
2020b; Manzocchi et al., 2021). The only VOC significantly
higher in just GRS WMP were butanal and methyl hexanoate nei-
ther of which are associated with cooked flavour. The significant
difference in creamy aroma which was higher in WMP derived
from CLV than from TMR and GRS diets, similar to that found
in the consumer part of this study. As mentioned, this may relate
to differences in fat particle-size distribution, fat globule floccula-
tion or fat coalescence due to the presence of lower-melting-point
fatty acids and lactones due to diet (Richardson et al., 1993;
Villeneuve et al., 2013; O’Callaghan et al., 2016; Faulkner et al.,
2018). However, previous studies have not found that diet
impacted creamy perception in milk (Manzocchi et al., 2021).

The WMP derived from GRS diets was positively correlated to
cooked aroma and with butanal, 2-pentanone, decanal, undeca-
nal, 2-nonanone, γ-crotonlactone, methyl hexanoate and 2-hepta-
decanone. It is difficult to associate these individual VOCs with
cooked aroma as none have previously been directly associated
with this attribute. The WMP derived from CLV diets was posi-
tively correlated with creamy aroma, dimethyl disulphide, 2-unde-
canone, ethyl benzene, 2-ethyl-1-hexanol, 1-pentanol, α-pinene,
3-carene and 3-methyl-butanal. None of these VOCs would typ-
ically be associated with cream attributes. However, WMP derived
from both GRS and CLV were also associated with many δ lac-
tones that are probably influencing the creamy aroma, especially
as some were very abundant. The WMP derived from TMR
diets was positively associated with carmelised flavour, sweet

aroma and oxidised flavour, but also with dimethyl sulphide,
ο-xylene, p-xylene, hexanal, 1-hexanol, γ-dodecalactone,
D-limonene, heptanal and dodecanal (obtained from the jack-
knife uncertainty test, Fig. 3). Sweet taste has previously been
found to be a dominant sensory descriptor for WMP derived
from TMR diets (Clarke et al., 2021) and sweet has also been
associated with concentrate diets, like TMR and γ-lactones
(Villeneuve et al., 2013). Chen et al. (2017) also found that greater
abundances of γ-lactones corresponded with higher scores for the
sweet, vanilla and caramel descriptors.

In conclusion, significant differences were evident in the sen-
sory perception and volatile profile of the WMP based on the diet.
Consumers rated the overall acceptability, flavour, creaminess and
quality of the WMP derived from CLV higher than WMP derived
from GRS or TMR diets. Consumers also found that WMP
derived from TMR diets scored higher for cooked flavour and
aftertaste. The familiarity of the consumers in this study with pas-
ture derived dairy products maybe a factor influencing these
results. ODP analysis with trained assessors found that colour
was one of the most discriminatory sensory attributes for these
WMP based on diet and was significantly positively correlated
to WMP derived from CLV diets. Overall ODP analysis found
that WMP from all three diets differed, but that WMP from
both pasture diets (CLV and GRS) were more closely related,
which was confirmed by VOC analysis. The different VOC extrac-
tion techniques used provided a more comprehensive volatile pro-
file of these WMP samples, with sixty four individual VOCs
identified. Similar trends were evident for those VOCs which
were extracted by each technique in relation to the impact of
diet. However, DI-HiSorb extracted significantly more VOCs
than TD or HS-SPME, but was especially beneficial for extracting
lactones. This proved to be very useful as the abundance of some
δ-lactones (δ-decalactone and δ-dodecalactone) and
γ-dodecalactone were very high. Both δ-decalactone and
δ-dodecalactone were significantly more abundant in WMP
derived from CLV and GRS diets, with the abundance of
γ-dodecalactone significantly higher in WMP from TMR diets.
γ-Dodecalactone was probably influencing the sweet aroma and
flavour and possibly carmelised flavour associated with WMP
from TMR, with δ-decalactone and δ-dodecalactone probably
influencing the positive association of creamy aroma with the
WMP from the CLV diet. ODP analysis did not find any negative
sensory attributes associated with lipid oxidation in these samples,
and this is probably due to the fact that they were analysed not long
after manufacture, therefore, potential differences did not have suf-
ficient time to develop. It was also apparent that by far most of the
significant differences in relation to VOCs in these samples in rela-
tion to diet were those primarily derived from fatty acids; lactones,
primary and secondary aldehydes, alcohols, ketones and an ester.
In hindsight this is not surprising as diet has such a significant
impact on the fatty acid profile of milk and is, therefore, likely to
impact on subsequent VOCs from this source. This study has
also highlighted that differences in VOC due to diet are probably
exacerbated by thermal treatment and thus another important con-
tributory factor in WMP manufacture.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S0022029922000589.
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