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ABSTRACT
This study characterised the volatile compounds in flatbreads prepared from red non-tannin sorghum flour, cassava starch, 
whole and dehulled red and white cowpea flours and composite flours (30% cowpea flour and varying combinations of cassava 
starch and sorghum flour). Compounds were extracted using solid-phase microextraction (SPME) and determined by GC-TOF-
HRMS. A wheat flatbread was used as the standard. Compounds that were correlated with aroma and flavour attributes were 
identified. Volatile compound classes included hydrocarbons, aldehydes, alcohols, acids, esters, ketones, benzene derivatives, sul-
phur- and nitrogen-containing compounds, terpenes and terpenoids. Adding sorghum flour to the composite reduced the genera-
tion of aldehydes and contributed 2-methoxyphenol and 2-methoxy-4-vinylphenol to the flatbreads. The cassava starch presented 
acetic acid and aldehydes, which contributed to the fermented and green aroma of cassava–cowpea composite-flour flatbreads. 
The cowpea variety influenced the volatile profile of flatbread. The red cowpea flatbreads had more 1-octen-3-ol, phenylethyl 
alcohol and decane, different from the white cowpea flatbreads. Soaking and dehulling the cowpeas reduced flour hexanal 
levels while increasing 1-hexanol and 1-octen-3-ol in derived flatbreads. Cowpea flatbreads were characterised by pyrazines, 
with higher levels contributed by dehulled flour. The main compounds responsible for beany flavour were dimethyl trisulphide, 
hexanal, nonanal, 1-octen-3-ol, 2-pentylfuran, heptanal and 1-(2-furanyl)-2-butanone. Characterising the aroma compounds of 
flatbreads prepared from sorghum, cassava and cowpea flours offers valuable insights that manufacturers can apply to improve 
the sensory quality of bread products made from these flours to meet specific consumer demands and preferences and diversify 
bread flour options.

1   |   Introduction

War and conflict situations in major wheat-producing areas have 
had drastic effects on wheat exports to sub-Saharan African (SSA) 
countries (Glauber  2023), while climate change is significantly 

impairing wheat productivity. Heavy reliance on wheat imports by 
SSA countries and the high cost of wheat and wheat products ne-
cessitate research on bakery products from locally available crops, 
including sorghum, cassava and cowpea. However, these wheat 
alternatives introduce flavour challenges (Dankwa et al. 2021).
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Aroma is an important aspect of bread flavour influencing con-
sumer acceptance (Dong and Karboune 2021; Pico et al. 2015). 
Volatile compounds (VCs) contribute to aroma, and their pres-
ence largely determines the flavour quality of products (Small 
et al. 1997; Spence 2021). Gas chromatography has been widely 
used to analyse VCs of bread. Fan et al. (2021) found a higher 
number of VCs and concentration of volatiles in cooked sor-
ghum than in corresponding raw sorghum flour, signifying 
the effect of the cooking process on the formation of new com-
pounds. Fan et al.  (2021) also found that for boiled sorghum, 
some varieties (e.g., Bazley and Liberty) contained more VCs 
than others (Apollo, Buster, G44 and MR43). Flatbreads pre-
pared from dehulled cowpea flours were described as nuttier 
than those from whole flours (Dankwa et al. 2021). The effect of 
dehulling of legume flours such as faba bean (Rajhi, Boulaaba, 
et al. 2022), pea (flour and cooked forms) (Azarnia et al. 2011) 
and lentil (Rajhi, Baccouri, et al. 2022) on VC profiles has been 
reported, but not yet in cowpeas. Rajhi, Boulaaba, et al. (2022) 
found that dehulling faba bean decreased levels of monoter-
penes and increased levels of alcohols. Azarnia et al. (2011) re-
ported reduced total area values of VCs in dehulled pea flour 
and its cooked form compared to cooked whole pea flour. The 
change in the composition of volatiles due to dehulling will 
most probably influence the overall flavour of food products 
where the flour is used.

Flours used in preparing bread are the key raw materials that 
contain VCs that influence the generation of the final bread 
aroma and flavour (Boeswetter et  al.  2019; Pico, Bernal, and 
Gómez 2017). Khrisanapant et al. (2019) used headspace solid-
phase microextraction gas chromatography–mass spectrom-
etry (HS-SPME-GC-MS) and reported 80 VCs in raw cowpea, 
with hydrocarbons and ketones found in lower percentages 
than aldehydes and alcohols. Specifically, they found hexanal, 
4-(1-methylethyl)-benzaldehyde and 1-hexanol to have high per-
centage (%) of relative abundance in cowpea. Nonetheless, there 
is no published research on VCs in cowpea-based bread nor on 
the effect of dehulling cowpea.

Lu et  al.  (2020), using an electronic nose, reported nitrogen 
oxides, sulphur compounds, ammonia, aromatics and alkanes 
in cassava flour short biscuits. The researchers, however, did 
not provide details on the individual compounds within the 
groups. Sayaslan et al. (2000) using GC reported high contents 
of hexanal, 2-ethyl-1-hexanol, 2-propanol and methylbenzene 
among aldehyde, alcohols and benzene compounds in cassava 
starch.

To prepare good-quality non–gluten-containing bread with sim-
ilar sensory (good flavour and texture) and nutritional proper-
ties to wheat bread, several non–gluten-containing flours such 
as corn, rice, oat, teff, buckwheat, amaranth, quinoa and po-
tato starch with different functionalities are typically employed 
(Beltrão Martins et  al.  2022; Pico, Bernal, and Gómez  2017; 
Rybicka et al. 2019). Sorghum, cassava and cowpea flours pro-
vide a source of starch, protein, fats, minerals, fibre and pheno-
lic compounds that will affect the generation of VCs and impart 
specific flavour to products, e.g., flatbreads prepared from the 
flour. VCs influencing the flavour of wheat bread products have 
been reported by several researchers (Gancarz et al. 2021; Hor 
et  al.  2021; Pacyński et  al.  2015; Pico, Martínez, et  al.  2017). 

Studying the volatile profiles of flatbreads prepared from other 
flours that can be used for breadmaking in African countries 
is important to determine the contributions of each flour to the 
aroma and flavour of the flatbread.

In previous research (Dankwa et  al. 2021), sorghum, cassava 
and cowpea single flours were composited to prepare flatbreads 
with protein content close to wheat flour. Flatbread prepared 
from 100% sorghum was described by a trained sensory panel as 
having a prominent sorghum aroma and bitter taste. The study 
also reported differences in the beany aroma intensity of flat-
breads prepared from whole and dehulled red and white cowpea 
varieties. The red cowpea flatbreads smelled less beany than 
the white cowpea flatbreads. From these results, it was hypoth-
esised that the cowpea variety would affect the volatile com-
pound composition of flatbread. This may provide insights on 
the more suitable variety of cowpeas for bakery product develop-
ment. Published research on VC profiles of bread prepared from 
one or a combination of sorghum, cassava and cowpea flours is 
yet to be reported.

This study is, therefore, a follow-up research to characterise 
VCs in sorghum, cassava and whole and dehulled cowpea flat-
breads prepared from single and composite flours using GC-
TOF-HRMS with a view to relate the compounds to flavour and 
aroma properties of the flatbreads. Aroma influences consumer 
perception and acceptance of baked products. In cowpea-based 
breads, it is often the earliest sensory cue perceived after appear-
ance, even before the food is tasted or chewed. Aroma signifi-
cantly contributes to the overall flavour experience and comes 
primarily from VCs.

With no prior knowledge of the volatile composition of sor-
ghum, cassava and cowpea flatbreads, untargeted analysis was 
performed to allow comprehensive characterisation of a broad 
range of compounds. The volatile profiles of composite-flour 
flatbreads were compared to those of wheat.

2   |   Materials and Methods

2.1   |   Materials

Similar to the previous study (Dankwa et  al.  2021), red, non-
tannin sorghum meal (King Korn super fine sorghum; Mabele, 
Tiger Consumer Brands Limited, Johannesburg, South Africa) 
of particle size 500 μm, white bread wheat flour (Premier FMCG 
Limited, Johannesburg, South Africa) and sunflower oil were 
obtained from a local supermarket (Shoprite, Pretoria, South 
Africa). The red non-tannin sorghum flour was utilised due 
to its commercial availability in the South African market and 
its superior protein digestibility compared to tannin sorghum 
(Waniska 2000). Sorghum flour with a particle size of 500 μm 
was obtained by sifting 100 g of flour for 10 min in vibrating 
sieves with mesh sizes of 500, 250, 212, 180 and 150 μm stacked 
in descending order. Sorghum flour with a particle size of 
500 μm has been found to reduce dry appearance and residual 
particles in sorghum flatbreads. Cassava starch was sourced 
from DADTCO (Dutch Agricultural Development and Trading 
Company, Inhambane, Mozambique). White cowpea seeds 
(Bechuana white variety) and red cowpea seeds (Glenda variety) 
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were sourced from Agrinawar Agricol Pty, Pretoria, South 
Africa. Dehulled cowpea flours were prepared as described 
by Dankwa et al. (2021). Whole cowpea seeds in 250-g batches 
were soaked, manually dehulled and dried for 7 h at 45°C in a 
forced-air convection oven to obtain the dehulled cowpea flours.

2.2   |   Methods

2.2.1   |   Preparation of Flatbread From Single Flours 
and Composite Flours

The procedures described by Dankwa et  al.  (2021) were em-
ployed in preparing the single flours, composite flours and their 
corresponding flatbreads. Flatbreads were prepared by measur-
ing 20-mL bottled spring water into a pre-coded plastic cup. Ten 
grams of flour was added and mixed with a battery-operated 
handheld frother until a homogeneous batter was formed. A 
Teflon-coated pan was greased with 1.25-mL sunflower oil 
using a basting brush and heated on an induction stove (ZC-6C1, 
Snappy Chef Trading Limited, Pretoria, South Africa) at control 
level P3. The batter was restirred, and 7.5 mL was dispensed 

into the marked area of the pan, cooked for 1 min per side and 
turned with a spatula and cooked for another minute on the op-
posite side.

Flatbreads (Table 1) prepared from seven single flours (wheat, 
sorghum, cassava starch, red and whole white cowpea, whole 
red cowpea, dehulled white cowpea and dehulled red cowpea 
flours) and 12 composite flours were analysed using GC-TOF-
HRMS. The same batch of flour stored at −20°C used for the 
sensory characterisation study by Dankwa et  al.  (2021) was 
subsequently used for the volatile characterisation of the 
flatbreads.

2.2.2   |   Extraction of VCs Using SPME Fibre Coated 
With Divinylbenzene/Carboxen/Polydimethylsiloxanes 
(DVB/CAR/PDMS) and GC-TOF-HRMS Analysis

The samples were prepared and analysed according to the pro-
cedure described by Adebo, Gbashi, et  al.  (2022). Briefly, flat-
bread samples (2.5 g) were weighed into 20-mL dark-amber 
headspace sampling vials. Extraction of the VCs from flatbreads 

TABLE 1    |    Description of flatbread samples used for GC-TOF-HRMS analysis.

Sample group and sample abbreviation Description Composition (%)

Single flatbread

XFSorgf Sorghum 100

CSf Cassava starch 100

WRCf Whole red cowpea 100

WWCf Whole white cowpea 100

DRCf Dehulled red cowpea 100

DWCf Dehulled white cowpea 100

WHf Wheat (reference) 100

Sorghum and cowpea composite

XFSorg-WRCf Sorghum–whole red cowpea 70:30

XFSorg-WWCf Sorghum–whole white cowpea 70:30

XFSorg-DRCf Sorghum–dehulled red cowpea 70:30

XFSorg-DWCf Sorghum–dehulled white cowpea 70:30

Sorghum, cassava and cowpea composite

XFSorg-CS-WRCf Sorghum–cassava–whole red cowpea 35:35:30

XFSorg-CS-WWCf Sorghum–cassava–whole white cowpea 35:35:30

XFSorg-CS- DRCf Sorghum–cassava–dehulled red cowpea 35:35:30

XFSorg-CS-DWCf Sorghum–cassava–dehulled white cowpea 35:35:30

Cassava and cowpea composite

CS-WRCf Cassava–whole red cowpea 70:30

CS-WWCf Cassava–whole white cowpea 70:30

CS-DRCf Cassava–dehulled red cowpea 70:30

CS-DWCf Cassava–dehulled white cowpea 70:30
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was performed using SPME fibre coated with 1-cm 50-/30-μm 
DVB/CAR/PDMS (Supelco Inc., Bellefonte, PA).

The samples were heated at 40°C for 20 min with intermittent 
agitation on for 10 s and off for 1 s at 250 rpm. The fibre was ex-
posed to the sample's headspace for 20 min at an injection pen-
etration depth of 54 mm. The SPME device was transferred to 
the inlet port of the Pegasus GC-TOF-HRMS system (LECO 
Corporation, St Joseph, Michigan, USA), operating in high reso-
lution and equipped with a Gerstel MPS multipurpose autosam-
pler (Gerstel GmbH & Co. KG, Mülheim an der Ruhr, Germany) 
that directly sampled 1 μL from the headspace using an air-tight 
heated syringe.

Volatiles were injected in a splitless mode using helium as the 
carrier gas, pumped at 1 mL/min and desorbed for 60 s. The 
VCs were separated on an Rxi-5ms column (30 m × 0.25 mm 
ID × 0.25 μm, Restek, Bellefonte, USA). The inlet and transfer 
temperatures were 250°C and 225°C, respectively, and were 
programmed as described by Adebo, Gbashi, et al. (2022). The 
mass spectral data acquisition was 13 spectra/s, with a mass-to-
charge ratio range of 30–350 m/z, an ion source temperature at 
250°C and an electron ionisation set at 70 eV as recommended 
by the manufacturer. Flatbreads were analysed in triplicate, 
and empty vials were used as blanks. Quantification of the 
compounds was not done in this study. Gas chromatography 
with an electronic ionisation source at 70 eV uses high-energy 
electrons, which leads to the production of ion fragments that 
aid in the determination of the compounds using spectral li-
braries. Moreover, GC-HRTOF-MS is a highly sensitive equip-
ment that can detect unknown compounds without standards, 
and so the contents of the compounds were based on their 
peak areas. A similar methodology has been used in studies by 
Adebo, Njobeh, et al. (2018) and Oladimeji and Adebo (2024).

2.2.3   |   GC-TOF-HRMS Data Processing and Analysis

VCs were tentatively identified for the flatbread samples. The 
raw data obtained from the ChromaTOF-HRT software (LECO 
Corporation, St Joseph, Michigan, USA) were filtered using a 
signal-to-noise ratio (S/N) of 100 to identify the peaks (analytes) 
from the background noise. Compounds were identified by search-
ing their mass spectral fragmentation with reference spectra in the 
mainlib, replib, Leco-Fiehn Rtx5 database of the National Institute 
of Standards and Technology (NIST) library on ChromaTOF-HRT 
and comparing their retention times (RTs) and similarity indexes. 
Compounds with a similarity match of less than 70% to the NIST 
library, unknown peaks and solvent peaks were excluded using 
the DataPrep Solutions software. Data obtained from the empty 
vial were directly subtracted using the same software. A total of 
283 compounds was identified across all the samples, with 80 of 
them being associated with flavour or aroma characteristics from 
literature. VCs that occurred at least twice in the three replications 
were used in calculating the mean peak area.

2.2.4   |   Statistical Analysis

VCs detected in flatbreads were classified according to their 
chemical families. The 80 VCs associated with flavour or 

aroma characteristics were used in the analysis. The princi-
pal component analysis (PCA) of a Pearson correlation ma-
trix of standardised VC mean peak areas of cowpea flatbreads 
and single-flour flatbreads was performed with XLSTAT 2022 
(Lumivero, Denver, Colorado). The quantification of flavour 
compounds calculated based on peak areas and relative concen-
tration has also been reported by Adebo, Njobeh, et  al.  (2018) 
and Kewuyemi et al. (2020).

In this study, a two-sample t-test at p < 0.05 was used to com-
pare specific compounds (decane, 1-octen-3-ol and phenylethyl 
alcohol) that significantly contribute to compound level differ-
ences between the two cowpea varieties. The relative percentage 
mean peak area of a compound to the total mean peak area of 
compounds was calculated for the VCs in wheat flatbread and 
composite-flour flatbreads.

Mean intensities for aroma properties (earthy aroma, sorghum 
aroma, beany aroma, green aroma, nutty aroma and fermented 
aroma) and flavour attributes (beany flavour, bitter flavour, nutty 
flavour and fermented flavour) obtained by a trained sensory panel 
and reported earlier (Dankwa et  al.  2021) were correlated with 
the relative percentage mean peak area of VCs using partial least 
squares regression (PLSR) analysis. The predictors and response 
variables were centred and standardised, and the model was 
cross-validated using the jackknife (LOO) method in XLSTAT. 
Variable importance in the projection (VIP) values were used to 
identify VCs that contributed to discriminating the sensory char-
acteristics of the composite-flour flatbreads. PLSR has been used 
in studies to predict the relationship between VCs and sensory at-
tributes in food products (Álvarez et al. 2011; Heiniö et al. 2003; 
Juric et al. 2003). VIP values from PLSR were set at 0.8 (Chong and 
Jun 2005; Seisonen et al. 2016) to obtain good correlations.

3   |   Results and Discussion

3.1   |   VCs Identified in Wheat, Sorghum, Cassava 
and Cowpea Flatbreads

Table  2 presents the compounds in sorghum, cassava starch, 
cowpea and wheat flatbread models in order of RT and their 
chemical classes. The VCs include hydrocarbons (31), ketones 
(9), alcohols (21), esters (41), aldehydes (20), acids (6), terpene 
and terpenoids (5), benzene derivatives (15), furans (2), pyra-
zines (8), a vitamin (1), sulphur and nitrogen compounds (7) and 
miscellaneous compounds (45). The mass spectra of the iden-
tified VCs and chromatograms obtained for the flatbreads are 
provided as Supporting Information S1.

3.2   |   Effect of Cowpea Variety and Dehulling on 
the Aroma Profiles of Cowpea Flatbreads

Forty-five compounds were detected only in the cowpea flat-
breads. Table 3 lists the total mean peak area for each chemical 
class detected in the whole and dehulled red and white cowpea 
flatbreads.

The red cowpea flatbreads (WRCf, DRCf) had more hydrocar-
bons (Table 3), a higher number and level of alcohols and esters 
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compared to the white cowpea flatbreads (Table 3). The peak area 
of ketones, furans, terpenes and terpenoids was larger for the red 
than for the white cowpea flatbreads. The terpenes and terpenoids 
are plant metabolites synthesised during plant growth (De Flaviis 
et al. 2021). No aldehyde was detected in the cowpea flatbreads.

Figure 1 further shows the differences in compounds extracted 
from the whole and dehulled red and white cowpea flatbreads. 
Decane, tridecane and hexadecane were the hydrocarbons de-
tected. Alkanes like decane, tridecane and hexadecane may be 
derived from oxidative decomposition of lipids in the flours from 
the lipoxygenase pathway (Eriotou et al. 2021; Rajhi, Baccouri, 
et al. 2021).

F1 and F2 explain 84% of the variation in the cowpea flatbreads 
(Figure 1). F1 separates the whole red cowpea flatbread (WRCf) 
on the left side of F1 from the dehulled red cowpea flatbread 
(DRCf) on the right. The WRCf had abundant hexyl acetate, 
benzyl acetate, pentyl acetate, ethyl octanoate, 2-pentylfuran, 
2-phenylethyl acetate, 2-ethyl-3-methylpyrazine, dimethyl 
trisulphide, 3-octanone, benzothiazole, m-cymene and L-
limonene. F2 separates the red cowpea flatbreads (WRCf and 
DRCf) on top of F2 from the white cowpea flatbreads (WWCf, 
DWCf) based on significantly higher levels (p < 0.05) of pheny-
lethyl alcohol, 1-octen-3-ol and decane in the red cowpea flat-
breads (p-values are supplied in Supporting Information S3).

1-Octen-3-ol has a fruity, buttery, mushroom-like aroma, whereas 
phenylethyl alcohol has a spicy, rose-like aroma (Pico, Bernal, 
and Gómez 2017) and decane exhibits a fruity, sweet aroma (Pico 
et al. 2015). The twofold increase of 1-octen-3-ol and decane and 
a higher level of phenylethyl alcohol in red compared to white 
cowpea flatbreads could contribute to reducing the perception of a 
beany aroma in the red cowpea flatbreads and potentially explain 
the more intense beany aroma of the white cowpea flatbreads.

1-Octen-3-ol and phenylethyl alcohol have been reported to have an 
odour threshold of 1 and 750–1100 ppb, respectively (Leffingwell 
and Associates  1991), whereas the odour threshold in water for 
alkanes such as decane could be higher and may not have a signif-
icant sensory impact as a result. The 1-octen-3-ol with a very low 
odour threshold could be the main compound differentiating the 
two cowpea varieties since its level was higher than phenylethyl 
alcohol in the red cowpea. Similar findings from Toya et al. (1974), 
Sun et al. (2022) and Lee and Shibamoto (2000) support this ob-
servation. Toya et al. (1974) found 1-octen-3-ol contents to differ 
in three cultivars of bush snap bean (Phaseolus vulgaris L.) in their 
raw and processed forms. Sun et al. (2022) found that an increase 
in 1-octen-3-ol in a fermented soybean beverage reduced the beany 
and green aroma to mushroom-like and aromatic compared to a 
soybean beverage from raw soybean with a lower 1-octen-3-ol con-
tent. Furthermore, Lee and Shibamoto (2000) reported the inhibi-
tory effect of 1-octen-3-ol on the oxidation of hexanal into hexanoic 
acid in mung bean and soybean extracts, further elucidating the 
role of high levels of 1-octen-3-ol in limiting further oxidation and 
reducing the beany aroma of legumes.

In this study, two furan compounds, 2-pentylfuran and 
1-(2-furanyl)-2-butanone, were detected in the cowpea flat-
breads. In soybean oil (Ho et  al. 1978) and pea (Zhang 
et al. 2020), 2-pentylfuran has been characterised as beany and N
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grassy whereas 1-(2-furanyl)-2-butanone has a sweet, floral, 
caramelised-like aroma and is a Maillard reaction (MR) product 
resulting from the thermal degradation of sugars and has been 
identified in roasted coffee (Ribeiro et al. 2009).

The aroma character of 1-(2-furanyl)-2-butanone could be more 
intense in DRCf, as it was threefold more in the DRCf compared 
to DWCf. Thus, dehulling the red cowpea for breadmaking 
could potentially enhance its aroma.

TABLE 3    |    Comparison of mean peak area for compound chemical classes in whole and dehulled red and white cowpea flatbreads.

Class of compounds No.

Flatbread

Whole cowpea Dehulled cowpea

WWCf WRCf DWCf DRCf

Hydrocarbons 3 494,338 1,112,264 — 1,031,150

Alcohols 12 2,638,695 4,120,324 8,789,068 32,472,374

Esters 10 1,312,328 10,305,018 770,315 3,653,487

Ketones 3 54,919 1,860,264 295,710 —

Acids 1 — — — 301,368

Sulphur compounds 3 — 202,843 — 77,188

Terpenes and Terpenoids 3 2,892,608 5,327,625 291,233 1,292,025

Benzene derivatives 1 13,281 — — 33,022

Furans 2 — 2,480,063 798,495 2,612,641

Pyrazines 7 45,493 84,083 163,098 1,584,336

Note: — = not detected; No. = total number of compounds found within the class.
Abbreviations: WWCf, whole white cowpea; WRCf, whole red cowpea; DWCf, dehulled white cowpea; DRCf, dehulled red cowpea.

FIGURE 1    |    Principal component analysis biplot of compounds associated with cowpea flatbread models from whole and dehulled red and 
white cowpea flours. WWCf = Whole white cowpea flatbread; WRCf = Whole red cowpea flatbread; DWCf = Dehulled white cowpea flatbread; 
DRCf = Dehulled red cowpea flatbread.
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Pyrazines are important compounds formed in MR that can 
positively influence the flavour of food products (Ribeiro 
et  al.  2009). The dehulled flatbreads (DWCf and DRCf) had 
more pyrazines compared to their counterparts (Table  3). 
The DRCf compared to DWCf had the highest mean peak 
area for pyrazines. It seems that the higher pyrazine con-
tent in dehulled cowpea flatbreads could explain why the 
100% dehulled cowpea flatbreads of the red and white cow-
pea varieties were nuttier than the whole cowpea flatbreads. 
2-Ethyl-6-methylpyrazine and 3-ethyl-2,5-dimethylpyrazine 
were detected in dehulled cowpea flours. Paraskevopoulou 
et  al.  (2012) described 2-ethyl-6-methylpyrazine as nutty and 
3-ethyl-2,5-dimethylpyrazine as baked in wheat bread enriched 
with lupin protein flour. Dehulling cowpeas is known to de-
crease the polyphenol content (Timitey et al. 2021), and this may 
explain why the dehulled cowpeas had more pyrazines than the 
whole cowpeas. According to Jinap et al. (2004), higher concen-
trations of polyphenols in cocoa limited the formation of pyra-
zines in roasted cocoa beans by binding and reducing the levels 
of free amino acids and reducing sugar degradation participat-
ing in MR. A similar observation was also reported in a model 
bread made from wheat flour with added phenolic compounds 
(Mildner-Szkudlarz et al. 2017).

Benzothiazole, dimethyl trisulphide and pyrazines found in cow-
pea flatbreads are products of MR as a result of the application 
of heat. Dimethyl trisulphide, with a cooked cabbage-like aroma, 
has been reported in cooked red kidney beans (Mishra et al. 2017) 
and is a product of the oxidation of sulphur-containing amino 
acids such as methionine and cysteine in Strecker degradation 
during MR (Kubec et al. 1998; Mishra et al. 2017). Benzothiazole 
was found in only WRCf and not in the dehulled counterpart, and 
this observation suggests that benzothiazole may be present due 
to the presence of the seed coat of the red cowpea variety.

3.3   |   Aroma Compounds in Cassava Starch 
and Sorghum Flatbreads

Eighteen compounds were found in cassava flatbread. Table  4 
presents the mean peak area for the chemical classes found for 
cassava and sorghum flatbread. Aldehydes, acids and furans were 
abundant in CSf. In XFSorgf, six compounds were detected. The 
levels of acetic acid and aldehydes were far greater than the levels 
of ketones in cassava flatbread. Also, the total VC compound con-
tent was lower in XFSorgf than in the cassava flatbread.

3.4   |   Comparison of Compounds in Flatbreads 
Derived From Single Flours

The 53 compounds detected across all the single-flour flatbreads 
(Supporting Information S2) are compared and visualised using 
PCA (Figure 2). F1 and F2 explained 65% of the variation among 
the single-flour flatbreads. F1 separates the dehulled red cow-
pea flatbread (DRCf) on the right side from CSf on the left side. 
The dehulled red cowpea flatbread had more pyrazines and 
alcohols compared to the other single-flour flatbreads. Among 
the single-flour flatbreads, sorghum flatbread was close to 
the reference wheat (Figure  2). The closeness of XFSorgf and 
WHf was not explained by the VCs. F2 separates CSf and DRCf 

at the top from WRCf at the bottom (Figure  2). The CSf had 
more acids (acetic acid, pentanoic acid), aldehydes ((E,E)-2,4-
decadienal, 2,4-decadienal, hexanal, nonanal, octanal, hep-
tanal, (E)-2-octenal, (E)-2-nonenal) and ketones (2-heptanone, 
1-hepten-3-one) and D-limonene compared to flatbreads from 
sorghum, wheat and cowpea flours. Although the cassava starch 
had low fat content, almost negligible (not reported), abundant 
aldehydes were detected for cassava starch flatbread. The alde-
hydes observed in starches may have been formed in their tu-
bers and absorbed by the starch during wet milling (Sayaslan 
et al. 2000). Misharina (2002) reported the sorption of VCs by 
amylose and amylopectin in cassava starch and other starches.

The level of acetic acid and aldehydes was far greater than the 
levels of ketones (1-hepten-3-one and 2-heptanone) in cassava 
flatbread. The presence of 1-hepten-3-one (geranium-like) and 
2-heptanone (fruity) could impact cassava-only flatbread with a 
fruity aroma due to their lower odour threshold. The higher level 
of acetic acid generated in the cassava flatbread may be due to a 
higher content of free starch and glucosidase activity in the cas-
sava, which may undergo glycolysis as a result of the application 
of heat to produce sugars needed for the formation of acetic acid in 
the MR. Pentanoic acid can occur naturally or be formed from fer-
mentation (Goldberg and Rokem 2019). The pentanoic acid found 
in the cassava starch flatbread may be generated by fermentation 
during the extraction of the starch from the cassava tubers.

3.5   |   Effect of Sorghum, Cassava Starch 
and Cowpea Flours on Aroma Compounds 
of Flatbreads Prepared From Sorghum, 
Cassava and Cowpea Composited Flours 
and the Relationship With Sensory Characteristics

Table 5 compares the relative % mean peak area for VCs detected 
in flatbreads from sorghum, cassava and cowpea composite 

TABLE 4    |    Comparison of mean peak area for aroma compounds 
chemical classes in cassava and sorghum flatbreads.

Class of 
compound

Cassava Sorghum

No. CSf No. XFSorgf

Hydrocarbons 0 — 1 785,344

Alcohols 2 327,065 2 974,313

Aldehydes 10 7,154,846 0 —

Esters 0 — 0 —

Ketones 2 981,434 0 —

Acids 2 6,884,202 0 —

Benzene derivatives 0 — 1 91,160

Terpenes and 
terpenoids

1 74,912 1 1,915,193

Furans 1 4,007,865 1 91,160

Total 19,430,324 3,857,170

Note: — = not detected; No. = total number of compounds found within the class.
Abbreviations: CSf, cassava-only flatbread; XFSorgf, sorghum-only flatbread.
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flour or wheat flour. Sixty compounds were detected in the 
composite-flour flatbreads. Of the 60 compounds, 39 were found 
in cassava–cowpea flatbreads, 28 in sorghum–cowpea flat-
breads and 41 in sorghum–cassava–cowpea flatbreads.

Among the ester compounds, hexyl acetate and pentyl ace-
tate, detected in the cowpea-only flatbread, dominated the 
composite-flour flatbreads. The CS-DRCf had the highest total 
ester content (41%) of the flatbreads prepared from composite 
flours. Hexyl acetate dominated the total esters in CS-DRCf. 
Three alcohols, 2,3-butanediol, 1-hexanol and 1-octen-3-ol 
were the main alcohols that contributed greatly to the total 
alcohols in the composite-flour flatbreads. The 1-hexanol 
level was between 2 and 9%. The 2,3-butanediol was the most 
abundant alcohol in the sorghum–cowpea flatbreads (XFSorg-
WWCf, XFSorg-WRCf, XFSorg-DWCf, XFSorg-DRCf), whereas 
1-hexanol was the most abundant alcohol in the cassava–cow-
pea flatbreads (CS-WWCf, CS-WRCf and CS-DWCf) except for 
CS-DRCf. Among composite-flour flatbreads, 1-hepten-3-ol and 
2-(methylthio) ethanol were detected in XFSorg-WWCf (2%) and 
XFSorg-DRCf (2%), respectively.

The aldehydes, hexanal, 2,4-decadienal, nonanal and heptanal 
found in the cassava-only flatbread were more prominent in 
the flatbreads prepared from the cassava-containing composite 

flours. Cassava–whole red cowpea flatbread (CS-WRCf) was 
the only flatbread with eicosane, a fuel-like aroma comprising 
0.2% of the aroma compounds. Sorghum–cassava–cowpea and 
cassava–cowpea flatbreads had higher levels of aldehydes than 
sorghum–cowpea flatbreads. The total aldehyde was least in 
sorghum–cowpea flatbreads (0.1%) compared to the cassava–
cowpea flatbread and sorghum–cassava–cowpea flatbread 
(Table 5). Acetaldehyde was the only aldehyde detected in sor-
ghum–cowpea flatbread. The CS-DRCf and XFSorg-CS-WRCf 
had the lowest level of aldehydes among the cassava–cowpea 
and sorghum–cassava–cowpea flatbread groups.

In general, cassava–cowpea flatbreads were characterised by a 
higher relative % mean peak area of acids, furans, terpenes and 
terpenoids compared to sorghum–cowpea and sorghum–cas-
sava–cowpea flatbreads. Although pentanoic acid and acetic 
acid were detected in the cassava-only flatbread, compositing 
cassava and cowpea led to the formation of other acids (hex-
anoic acid and 3-methyl butanoic acid). Of all the acids in the 
flatbreads, acetic acid was generally higher in cassava–cowpea 
flatbreads compared to sorghum–cassava–cowpea flatbreads 
and was not detected in the sorghum–cowpea flatbreads. 
Interestingly, acids contributed by the cassava starch were not 
detected in CS-DRCf (Table  5). The 1-(2-furanyl)-2-butanone 
found in the cowpea flatbreads was also detected in all three 

FIGURE 2    |    Principal component analysis biplot showing aroma compounds characterising sorghum, cowpea, and cassava starch flatbreads 
WHf = Wheat flatbread; XFSorgf = Sorghum flatbread; CSf = Cassava flatbread; WWCf = Whole white cowpea flatbread; WRCf = Whole red cowpea 
flatbread; DWCf = Dehulled white cowpea flatbread, DRCf = Dehulled red cowpea flatbread.
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flatbread groups prepared from the composite flours. The 
2-pentylfuran was higher in the cassava–cowpea flatbreads 
compared to the sorghum–cassava–cowpea flatbreads.

Among the benzene derivatives, terpenes and terpenoids found 
for the single flatbreads, only 2-methoxyphenol and L-limonene 
were detected in the composite-flour flatbreads. Dimethyl tri-
sulphide was prominent in all three flatbread groups prepared 
from the composite flours, irrespective of whether they con-
tained red or white cowpea in the whole or dehulled form. The 
dimethyl trisulphide level in the three flatbread groups was 
less than 1%. The benzothiazole that was detected in WRCf 
was found in only CS-WRCf. Of the 7 pyrazines detected in 
cowpea-only flatbreads, only 2 pyrazines, methylpyrazine and 
3-ethyl-2,5-dimethylpyrazine were detected in flatbreads from 
the composite flours.

Figure 3A, 3B and 3C present the VCs associated with the sen-
sory descriptions of the flatbreads. The first four components ex-
plain 82% of the total variation in the flatbreads with cumulated 
Q2, R2Y, R2X of 0.17, 0.83 and 0.52, respectively.

Forty-six VCs were found with VIP ≥ 0.8. Fifteen com-
pounds (3-methylbutanoic acid, pentanoic acid, 
4-ethyl-2-methoxyphenol, 2-nonanone, 2-heptanone, cyclobuta-
nol, dihydro-2-methyl-3(2H)-thiophenone, 2-hexenal, benzalde-
hyde, phenylethyl alcohol, p-cymene, heptanoic acid, decanal, 
3-ethyl-2,5-dimethylpyrazine and methylpyrazine) had VIP val-
ues < 0.8. The goodness of fit ‘R2’ for PLSR models was 0.76 for 
sorghum aroma, 0.77 for earthy aroma, 0.78 for beany aroma, 
0.80 for green aroma, 0.87 for nutty aroma, 0.83 for fermented 
aroma, 0.82 for beany flavour, 0.83 for bitter flavour, 0.87 for 
nutty flavour and 0.92 for fermented flavour.

Sorghum aroma on the right side of component 1 (t1) in the 
upper quadrant was associated with 2-methoxyphenol (smoky, 
medicinal, sweet), 2-methoxy-4-vinylphenol (spicy and clove-
like) and decane (Figure  3A). These three compounds were 
detected to be closely related to sorghum aroma character-
ising flatbreads containing 70% or 35% red non-tannin sor-
ghum. Among the three compounds, 2-methoxyphenol and 
2-methoxy-4-vinylphenol are the main compounds that 
may contribute to sorghum aroma. The odour thresholds of 
2-methoxyphenol and 2-methoxy-4-vinylphenol in water have 
been reported as 3–21 ppb and 3 ppb, respectively (Leffingwell 
and Associates  1991), which are lower compared to decane. 
Alkanes do not contribute much to flavour or aroma but may, 
however, influence the flavour and aroma-imparting charac-
teristics of other VCs by controlling their release (Chigwedere 
et al. 2019; Fu et al. 2022). 2-methoxy-4-vinylphenol has been 
reported to contribute to the overall aroma of boiled sorghum 
grains (Chen et al. 2021). In addition, Cao et al. (2020) reported 
both 2-methoxyphenol and 2-methoxy-4-vinylphenol to contrib-
ute to the aroma of liquor prepared from some Chinese sorghum 
cultivars. 2-methoxy-4-vinyl phenol is reported as the product 
of thermal decomposition of p-coumaric acid and ferulic acid 
(Hu et  al.  2020; Maga and Katz  1978; Miraji et  al.  2022) and 
2-methoxyphenol is also a product from ferulic acid (Maga and 
Katz 1978). Flatbreads prepared from 70% sorghum flour had the 
least aldehydes among the composite-flour flatbreads, the cas-
sava–cowpea flatbreads having the highest (Figure 3A, 3B and C
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3C). Precursors for 2-methoxyphenol (Mukherjee et  al.  2021) 
and 2-methoxy-4-vinyl phenol (Kiliç and Yeşiloğlu 2013) are re-
ported to be strong antioxidants and thus may potentially limit 
the formation of aldehydes in flatbread containing sorghum. 
A study by Mukherjee et al. (2021) revealed strong antioxidant 
activity for arabinogalactan-protein of fruit gum grafted chem-
ically with ferulic acid. p-Coumaric acid was found to have 
71% effect on reducing lipid oxidation in 45 μg/mL linoleic acid 
emulsion prepared by mixing linoleic acid (155 μL), 0.04 M po-
tassium phosphate buffer and (175 μg) and Tween-20 (Kiliç and 
Yeşiloğlu 2013).

Nutty aroma and nutty flavour on the side of t1 were closely related 
to 2-methoxyphenol (Figure  3A) and 1-(2-furanyl)-2-butanone 
(Figure 3 C). 2-methoxyphenol was described as smoky, burnt 
(Yin et  al.  2021) and sweet which may explain an association 
with nuttiness. 1-(2-furanyl)-2-butanone so far not reported 
in bread, has been described as caramelised by Laukaleja and 
Koppel  (2021) in roasted coffee. The caramelised nature of 

the 1-(2-furanyl)-2-butanone may impact the nuttiness of the 
flatbreads.

The earthy aroma on the right side of t1 was closely related to 
2-pentylfuran (Figure 3A) and 2-octanone (Figure 3C) whereas 
the fermented aroma and flavour on the left of t1 were re-
lated to hexanoic acid, acetic acid and 2-hexenal (Figure  3C). 
2-pentylfuran has been described in the literature as earthy 
(Ali et  al.  2022) whereas 2-octanone is soapy and fruity (Pico 
et al. 2015). Other researchers have also described 2-octanone as 
earthy, weedy and woody in mushrooms (X. Xu, Xu, et al. 2019). 
2-octanone has an odour threshold in water of 50 ppb com-
pared to 6 ppb for 2-pentylfuran. 2-pentylfuran, compared to 
2-octanone, may have a greater impact on earthy aroma due to 
its high level and low odour threshold.

Green aroma was related to octanal, nonanal, benzothiazole, 
(E)-2-octenal, (Z)-2-decenal, (E)-2-decenal, eicosane, ben-
zeneacetaldehyde, 2,4-decadienal, (E,E)-2,4-decadienal and 

FIGURE 3    |    (A) Partial least square regression loading plot illustrating the volatile compounds (X-matrix) and intensities of aroma and flavour at-
tributes evaluated by a trained panel (Y-matrix) associated with the first two components (t1 and t2). The t1 and t2 explained 33% and 29%, respective-
ly, of the total variation. The percentages of the variances in X and Y explained by each variable are indicated on the t1, t2 axes. Flatbread is denoted 
in green, sensory attributes = blue; volatile flavour and aroma compounds are denoted in red. Please refer to Table 1 for the abbreviations used for the 
different flatbreads. (B) Partial least square regression correlation loading plot illustrating the volatile compounds (X-matrix) and intensity of aroma 
and flavour attributes evaluated by a trained panel (Y-matrix) associated with first and third components (t1 and t3). The t1 and t3 explained 33% and 
15% respectively of the total variation. The percentages of the variances in X and Y explained by each variable are indicated on t1 and t3. Flatbread 
is denoted in green, sensory attributes = blue; volatile flavour and aroma compounds are denoted in red. Please refer to Table 1 for the abbreviations 
used for the different flatbreads. (C) Partial least square regression correlation loading plot illustrating the volatile compounds (X-matrix) and inten-
sity of aroma and flavour attributes evaluated by a trained panel (Y-matrix) associated with the first and fourth components (t1 and t 4). The t1 and t4 
explained 33% and 5%, respectively, of the total variation. The t1, t2, t3 and t4 explained a total variation 82% in the flatbreads. The percentages of the 
variances in X and Y explained by each variable are indicated on t1 and t4. Flatbread is denoted in green, sensory attributes = blue; volatile flavour 
and aroma compounds are denoted in red. Please refer to Table 1 for the abbreviations used for the different flatbreads.
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2-pentylfuran (Figure  3C), hexanal (Figure  3B). Green aroma 
was more associated with flatbreads with 70% cassava starch. 
Green aroma compounds identified were octanal, benzothi-
azole, (E)-2-decenal, (Z)-2-decenal, eicosane, 2-pentylfuran, 
D-limonene and (E)-2-octenal. Five of the green aroma com-
pounds are aldehydes. Pico, Bernal, and Gómez (2017) reported 
that bread made from wheat, potato or corn starches had higher 
amounts of lipid oxidation compounds compared to corn, oat, 
amaranth, rice, teff, buckwheat and quinoa. Aldehydes pos-
sess very low odour thresholds, even at low concentrations (Di 
Donfrancesco and Koppel  2017) and could significantly con-
tribute to green aroma intensity. From literature, benzothiazole 
has been described as sulphury, rubbery and vegetable (Huang 
et al. 2022). PLSR revealed a close association of cassava–whole 
cowpea flatbreads with benzothiazole, suggesting a greener 
aroma contribution by the whole than the dehulled cowpea 
to cassava–cowpea flatbread. Octanal has been described as 
citrus-like, green, flowery; (Z)-2-decenal as citrusy, lemon, 
sour, rancid; eicosane as fuel-like; 2-pentylfuran as grassy; D-
limonene as fresh citrus with orange-note; and nonanal with a 
green fatty note. The (E)-2-octenal and (E)-2-decenal have also 
been described with green notes in cooked sorghum grain by 
Chen et al. (2021). 2-pentylfuran may have a greater impact on 
green aroma notes in the cassava–cowpea flatbreads due to its 
low odour threshold.

The beany aroma in the composite-flour flatbreads was related 
to 1-octen-3-ol, nonanal, hexanal (Figure 3C) and 2-pentylfuran 

(Figure 3A). Beany flavour on the bottom side of t4 was related to 
dimethyl trisulphide, L-limonene and 1-(2-furanyl)-2-butanone 
(Figure 3B) and heptanal (3C). 2-pentylfuran was associated with 
the beany aroma in the flatbreads which may have resulted from 
the cowpea addition. 2-pentylfuran has been reported as beany 
in legume-based products such as soymilk (Min et al. 2005) and 
pea milk (Zhang et al. 2020). Chambers and Koppel (2013) re-
ported that volatiles might have different perceptions in differ-
ent matrices. The different sensory characteristics associated 
with a VC could result from differences in the concentration of 
the compound. Vara-Ubol et al. (2004) demonstrated that varied 
pentane concentrations possessed different sensory characteris-
tics. Future studies could determine the specific concentrations 
of VCs in the single-flour flatbreads at which they impart dif-
ferent sensory characteristics. Additionally, the concentrations 
alone may not be the sole determining factor of sensory char-
acteristics of flatbreads, but the presence of other VCs may in-
fluence the perception and intensity of a compound's sensory 
characteristics.

VCs identified in this study to contribute to the beany aroma 
in the composite-flour flatbreads were 1-octen-3-ol, nonanal, 
hexanal and 2-pentylfuran, which had been reported by other 
researchers (Fischer et  al.  2022; Mishra et  al.  2017; Murat 
et  al.  2014; Yoo and Chang  2016; Zhang et  al.  2020) to con-
tribute beany characteristics in different legume-containing 
foods. Nonanal, hexanal and 1-octen-3-ol may exhibit beany 
aroma in combination with other volatiles (Bott and Chambers 

FIGURE 3    |     (Continued)
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Iv 2006). Beany aroma impacted by hexanal has been reported 
to be intense compared to 1-octen-3-ol and 2-pentylfuran 
(Fischer et  al.  2022; Zhang et  al.  2020). Beany flavour was 
linked to dimethyl trisulphide, heptanal, L-limonene and 
1-(2-furanyl)-2-butanone. Boatright and Lei  (1999) reported 
dimethyl trisulphide impacting beany characteristics to soy 
protein isolate. Dimethyl trisulphide has been reported to 
have a very low flavour threshold in water (0.005–0.01 ppb) 
(Leffingwell and Associates  1991) and may greatly influ-
ence beany flavour of flatbread containing cowpea. Xiang 
et al. (2023), also reported heptanal in pea protein as a beany 
compound. Limonene is not usually considered to contribute 
to beany flavour, but was associated with beany flavour due to 
higher contents in cowpeas.

2-methoxy-4-vinylphenol at the right side of t1 was the 
main compound associated with bitter flavour (Figure  3C). 
Although bitterness is a taste perception, it may be possible 
that 2-methoxy-4-vinylphenol influences bitter taste perception 
since 2-methoxy-4-vinylphenol is derived from p-coumaric acid. 
p-coumaric acid has been reported by Huang and Zayas (1991) 
to impart a bitter taste on taste characteristics at 48 ppm and in 
combination with ferulic acid at 20 ppm.

Fermented flavour and aroma in the flatbreads were linked 
to acetic acid, hexanoic acid and 2-hexenal which have been 
described as sour. Hexanoic acid (Suo et  al.  2020), acetic acid 
(Amann et  al.  2022) and 2-hexenal have been reported in fer-
mented foods (Wang et al. 2008).

The CS-DRCf, CS-DWCf and WHf are in the same quadrant 
at the bottom of t2. They were associated with lower levels of 
acetic acid and sorghum aroma compounds (2-methoxyphenol, 
2-methoxy-4-vinylphenol and decane) compared to the other 
flatbreads (Figure 3A). However, CS-DRCf at the top of t3 was 
separated from WHf at the bottom based on higher levels of 
esters and 1-octen-3-ol (Figure  3C). The pyrazines detected 
in cowpea flatbreads were not detected in the composite-
flour flatbreads prepared at a 30% cowpea inclusion except 
for 3-ethyl-2,5-dimethylpyrazine detected in XFSorg-DRCf. 
Pyrazine formation may possibly be limited through polyphe-
nol binding to proteins, starch, or carbohydrates in MR during 
the heating process. An alternative method to promote pyrazine 
formation in the composite-flour flatbreads could be by roasting 
the cowpea seeds or flours before compositing.

For wheat flatbread, a higher level of 1-hexanol than the other 
alcohols was expected. J. Xu et al.  (2017) had reported similar 
observations in heat-treated waxy and normal wheat flours. The 
cassava–dehulled cowpea flatbreads were closer to the wheat 
flatbread. This is possibly due to them having a lower number 
of different VCs compared to the flatbreads with sorghum added 
or whole cowpea. Additionally, the cassava–dehulled cowpea 
flatbreads had, comparatively, undetectable or lower levels of 
acetic acid compared to the cassava–whole cowpea flatbreads. 
The cassava–dehulled red cowpea flatbread was the closest to 
the wheat flatbread. The higher level of alcohols in the dehulled 
red cowpea may have favoured the formation of more esters in 
CS-DRCf, thus reducing the level of the acids.

FIGURE 3    |     (Continued)
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4   |   Conclusions

This study documents VCs of flatbreads prepared from sor-
ghum, cassava and cowpea flours and highlights the effect of 
cowpea variety and dehulling on the aroma profiles of cowpea 
flatbreads. High levels of 1-octen-3-ol in cowpeas potentially 
masked the beany aroma of 100% cowpea flatbread. Dehulling 
cowpeas can affect aroma by increasing alcohols, esters and 
pyrazines in flatbreads. VCs linked to aroma and flavour attri-
butes of flatbreads revealed that sorghum, cassava and cowpea 
composite-flour flatbreads contain potentially attractive com-
pounds that differ from the reference wheat flatbread. Overall, 
about 46 VCs contributed to the flavour of sorghum–cassava 
and cowpea composite-flour flatbreads. As expected, phenolic 
compounds, 2-methoxyphenol and 2-methoxy-4-vinylphenol 
contributed sorghum aroma to flatbreads. The beany flavour 
of cowpea in the composite-flour flatbread was associated 
with hexanal, 1-octen-3-ol, nonanal, dimethyl trisulphide, 
2-pentylfuran, 1-(2-furanyl)-2-butanone and heptanal. 
Cassava-dehulled red cowpea and cassava–dehulled white 
cowpea flatbreads were closest to wheat flatbread, character-
ised by fewer VCs. Information on VCs of the red and white 
cowpea varieties, red non-tannin sorghum and cassava starch 
flatbreads would be useful to food product developers seek-
ing to utilise the flours in food products. The insights could 
facilitate the realisation of industrial production of flavour-
attractive flatbreads from sorghum, cassava and cowpea 
composite flours. Follow-up research to determine consumer 
acceptance of cassava–dehulled cowpea flatbreads compared 
to wheat flatbread, is needed.
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