Legume Science W ILEY

| oRIGINAL ARTICLE CEIEED

Characterisation of Volatile Compounds Associated With
the Flavour of Flatbreads: Effect of Sorghum, Cassava and
Whole or Dehulled Red and White Cowpea Flours

Rita Dankwa! (& | Sefater Gbashi? @ | Oluwafemi Ayodeji Adebo® ' | Heikki Aisala*® | Eugenie Kayitesi! 2 |
Henriette L. de Kock!

!Department of Consumer and Food Sciences, University of Pretoria, Pretoria, South Africa | 2Department of Biotechnology and Food Technology, Faculty
of Science, University of Johannesburg, Johannesburg, Gauteng, South Africa | 3Centre for Innovative Food Research (CIFR), Department of Biotechnology
and Food Technology, Faculty of Science, University of Johannesburg, Johannesburg, Gauteng, South Africa | *VTT Technical Research Centre of Finland
Ltd., Finland

Correspondence: Henriette L. de Kock (riette.dekock@up.ac.za)
Received: 17 June 2025 | Revised: 20 October 2025 | Accepted: 25 October 2025

Keywords: cassava | cowpea | flatbread | GC-TOF-HRMS | sorghum | volatile compounds

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 impairing wheat productivity. Heavy reliance on wheat imports by
SSA countries and the high cost of wheat and wheat products ne-
War and conflict situations in major wheat-producing areas have cessitate research on bakery products from locally available crops,
had drastic effects on wheat exports to sub-Saharan African (SSA) including sorghum, cassava and cowpea. However, these wheat
countries (Glauber 2023), while climate change is significantly 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
Goémez 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
(Beltrio Martins et al. 2022; Pico, Bernal, and Gomez 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; Pacynski et al. 2015; Pico, Martinez, 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 um, 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 um
was obtained by sifting 100g of flour for 10min in vibrating
sieves with mesh sizes of 500, 250, 212, 180 and 150 um stacked
in descending order. Sorghum flour with a particle size of
500 um 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 7h 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 7.5mL 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 (2.5g) were weighed into 20-mL dark-amber
headspace sampling vials. Extraction of the VCs from flatbreads

TABLE1 | 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
WWwcCf Whole white cowpea 100

DRCf Dehulled red cowpea 100

DwWCt Dehulled white cowpea 100

WHf Wheat (reference) 100

Sorghum and cowpea composite

XFSorg-WRC' Sorghum-whole red cowpea 70:30
XFSorg-WWCf Sorghum-whole white cowpea 70:30
XFSorg-DRC! Sorghum-dehulled red cowpea 70:30
XFSorg-DWC' 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-DWC Sorghum-cassava—dehulled white cowpea 35:35:30
Cassava and cowpea composite

CS-WRC! 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-pum
DVB/CAR/PDMS (Supelco Inc., Bellefonte, PA).

The samples were heated at 40°C for 20min with intermittent
agitation on for 10s and off for 1s at 250rpm. The fibre was ex-
posed to the sample's headspace for 20 min at an injection pen-
etration depth of 54mm. 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, Miilheim an der Ruhr, Germany)
that directly sampled 1 uL from the headspace using an air-tight
heated syringe.

Volatiles were injected in a splitless mode using helium as the
carrier gas, pumped at 1mL/min and desorbed for 60s. The
VCs were separated on an Rxi-5ms column (30m X0.25mm
ID X 0.25um, 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 70eV 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 70eV 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 (Alvarez et al. 2011; Heini6 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 | VCsIdentified 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

4 of 30

Legume Science, 2025



(sonunuo))

v surd ‘100ms ‘A1 €OT'TT LS80°TL ‘TOLOLS ‘S+SO'ch 820T0LT veoly QUBOOPEXOH %4
6TL°0T LS80'TL ‘TOLO'LS ‘b¥SO'E SEOT'THT 9THED aueddPUNIAYISN-€ 1T
6L9°01 00L0°69 ‘€290°9S ‘88€0°TH TL8T'891 ety aUBIIPAUIAYIOUW-9-[AYIBN-§ 0z
T19°01 €T0T°S8 ‘9S80°TL ‘TOLO'LS TI9T°€ST 8CHELD ouBIIPOPIAYIDN-C 61
z6v°01 €TOT'S8 ‘9S80T ‘SYSOE 820T OLT THLD suedapunAyIN-S ST
z6v°01 T0LO'LS ‘SYSO°EY ‘88€0°TH 6SSTOPT THED SUBIIPIAYIOWIJ-9T LT
8¢T°01 9680°€8 ‘P¥S0°L9 ‘¥#S0°SS LLST"89T reygely SUEBXAYO[IAI[AXaH 91
8¢T°01 9680°€8 ‘P¥S0°SS ‘88€0° T STLT'HST ©HY SUBXAYOAI[AIUdd ST
06T°0T LL80'S6 ‘6690°'T8 ‘€¥S0°LY 09ST'ZST B3t Lve) 3UA2IPO[IAD-T-[AYIDN-T v1
0€6'6 YYS0Ey ‘88€0°TY ‘TET0'6E 98¥0°61¢C LS i) auddap-1-[AIng-T (41
626’6 6690°'T8 ‘0LL0'69 ‘€¥S0°L9 866661 HD SUAIPBISPRINRI-6°T 4!
889°6 €TOT'S8 ‘T0LO'LS ‘vHSO°EY €9L0°TET THY auBIAPIAYIOWI-+C 1

QUBXaYO[IA(JAUYIAYIoUT
810°6 $£60°96 ‘00L0°T8 ‘v¥S0°L9 YOYT 8ET STHOTS -D-€-[AYIDN-1-519 01
€9L°8 TOLO'LS ‘€T90°9S ‘88€0° T S ZANVA THED auBO0IAYIPWERII- ¥ ¥ T T 6
1€9°8 9580°S6 ‘THS0'L9 ‘€0 T £880'4C1 oTH®D sudtpeldoy-¢ T-[AyPWId-§ ‘S 8
QUeBIIPEId0
(IAXeYAyIoWLI-G ‘S °€)SIq-T L
£56°8 9911'66 “v£L0"8S ‘00LO'LS Y6919 9BHD JAPOWRXOH-LT LI STV TT L
75S°8 “TOLO'LS ‘€790°9S ‘SHSO" € STET'ETT STH8D QUBINQIAYISOWIRIOI-€ €T T 9
0SS°8 T0LO'LS ‘€290°9S ‘v¥S0'EH YTET'ETT 026D sueydoyAyiowiq-sc S
871’8 LS80'TL ‘TOLO'LS ‘SYSO°EY LEIT THT vty SUBUOUAYIOWIJ-9T 12
SS0'8 9S80°'TL ‘TOLO'LS ‘b+SO'sY $L8T9ST vyt suedspun €

v 100ms Aynig S50'8 €T0T'S8 ‘9S80°TL ‘00L0O°LS 9TLT THT (295 ele} auede( 4

68 Y ¥¥S0°16 L8E0'S9 779026 SHLD suaIp-9‘p-e1day [z] oxids I
SU0qIed0IPAH
AOURIIY uondriasap (urw) 1Y (z/wr) syuowiSeaq (z/ax) Uor PaAIdSqQ B[NULIOJ JR[NIJ[OJAl  SSB[O [BITWIdYD puk punodwo) °oN

BUWOJIE JI0 INOARTH

aInjeralr

ul pajaodar uondrIosap INOAB[J puE dUIl) UONU}RI Sunedrpul SWYH-I10.L-09 £q pasK[eue s[opowt peaiqie[J (pa[[nyop pue s[oym) eadmod “eABssed ‘Jeaym ‘wnysios ur pajoajep spunodwo) | ¢ ATAV.L

5 of 30

Legume Science, 2025



(senunuo))
[eurorpawr
o) ‘[oyod[e uog 85T 96L0°St ‘8080°T€ ‘T890°61 00+0°9% 0°H*D [oueyig 1i%
S[0YOd[V
LES'6 T6¥0° TL ‘STH0°0S ‘080T°€Y €SETTHI [eXsRle) suouruOU-Z-([AY19WAX0IPAH)-¢ ov
Lymag oy
-yoead ‘pajuouLIof
3 “Asoayd Ay ‘K1ed 9¢5°6 8690°€6 ‘€60 TL ‘STHO'8S 88TT'LET 0%HD suouede(-T 6€
9 Lymig S€5°6 T6V0'TIL ‘STHO'8S “I8T0°EH 0SETTHT O8%'H®D SUOUBUON-T 8¢
auouaydoryl-(H)
I ageqqeD 016'L T6TO'9IT6200°09 ‘Y6L6TT 7620911 SO®H®D ¢-[Ayow-z-01pAyIq LE
a wooxysnut ‘K1933ng TS8'L 9580°1L ‘S¥SO'EH ‘LECO'LS 9611'8T1 0°'H®D aUOUBIOO-¢ 9¢
H SI[-WNIULISY 0TLL €€TO°LT ‘bTHOOL ‘08TO'SS S080°TIT (e}d35 o) suo-¢-uaidoH-1 s¢
2) Kymag Adeos $87°9 T6V0'TIL ‘STH0'8S ‘08T10°¢h 60L0'TET 0°'H®D auoueQ-T €
uouwreuurd
9V ‘Kdeos ‘Kynig ¥87°9 €650°'TL ‘STH0'8S ‘T8T0'EY 60T ¥1T O"™H%D suoue)ydoH-7 €¢
SL8°T ‘99L0°69 ‘8TLOTE ‘TIE0'EH 6L80°69 O%*H®D suouedord-z-o1oNFUL-TT'T 143
S9U0319]
Juareyjydeuouejout
B T-HT-IAYIOWRIRI-G ‘S T°T
TT0HT STETTOT ‘TTOT'EET ‘L8E0 T €L8T 0T ety -0IpAYBXOH-L9‘S b€ ‘T-(ST) 1€
d priut ‘Axem 806°€1 LS80'TL ‘TOLO'LS ‘b¥SO'Eh 0SLO'61C “H D aUBIAPLIU 0€
q I[-]ong LO6'ET LS80'TL ‘TOLO'LS ‘S¥SO'EY 080%°52¢ oty QuesodIq 6C
STSEl 9580°1L ‘TOLO'LS ‘P¥SO'EY 9¢10'TT 4% o) sueoapeIdayAyIoWend-S1°0T°9°C 9T
9zZT'ET 9580°€8 ‘P¥S0°SS ‘88E0°'TH 920T°Z81 £3¢ iSe) SUBXAYO[IAIIA120 17
T6T'TI LS80'TL ‘TOLO'LS ‘SYSO°€h 16L1°SST 43¢ %e) SUBIOO[AYIPWILLL-LE‘T 97
TSETT 9580°T1L ‘00LO'LS ‘b¥S0°Ey 0S61°691 8D suBdepUN[AYISWIJ-9T 4
o) suey[v 8P1'T1 SPTITIT ‘691166 ‘0601'86 620T°0LT 8CHELD SUBIIPLIL, 144
LYTTT 9580°TL ‘TOLO'LS ‘SYSO° €Y 8%00°69C [44 L} ourdopeRIdSYIAYIPWRIRLFT0T9‘T €€
ERLIEREIEN| uondridsap (urw) 1y (z/w) syuowiSeaq (z/ar) Uor PAAIdSqQ P[NULIOJ JE[NIJ[OJAl  SSB[O [BOIWIdYD puk punodwo) °‘oN

BUWOJE JI0 INOARTH

(ponunuo)) | ATAVL

Legume Science, 2025

6 of 30



(senunuo))
11T 8L90V¥ ‘YE€80°EY ‘Y9ES 0T S9€0°9t LovHED ayeurIo] [Ausylg 29
SI9ISH
9 aYI[-Aduoy ‘es0y 996'6 1290°76 ‘€¥S0°'T6 ‘L8€0°S9 LTLOTTT 01D [0YodTe [AyI9[Ausyd 19
1oaMmS ‘Asseid
bl ‘usa1d ‘Ayniy ‘rerolg 6£9'6 8LL0OT8 ‘€¥SO'LY ‘SHSO'EP 8911°001 o'y’ [0-T-UaxoH-Z-(7) 09
ore6 890°L6 ‘9580°S6 ‘€VS0'6L 8¢0T9C1 o"H®%) [ouryIoW(JAUS-1-)uadoPAIAYIF-S) 65
Aprnow
d ‘Ay31e0 ‘9[qRITA LOT'6 00L0°69 ‘€909 ‘88€0 ‘Tt 6990°T€T 0%'H®D [ou®BIQO-T 8¢
60L'8 1LS0°80T “€¥S0°6L ‘LYEO'LL 0066°LET t0tTH®D [orpauedoid-z T-[Auayd-1 LS
oruresyeq ‘A3nag
qD ‘OBWOIR JUBSBI[J 90L'8 0LS0'80T ‘S¥S0'6L ‘LSE0LL 0L5S0°80T O%H‘D [oyode [Kzudg 9
1oyoore [Ayjeuaydidusyd

00T'8 L£80°TTT ‘T9LO'TTT ‘9TSOH6 YL80°9€T (o} Elve) --KXOUIOIN-¢f sS

0 orreou ‘udaid K10 SYLL 1LS0°TL ‘LEEO'LS ‘880 T T60T°0TT O"H:D [0-¢-uado-T s
d SYI[-WOOIYSNA LyL'L 1LS0°TL ‘LEEO'LS ‘8EE0° T ¥S80°TET 0%'H®D [0-€-Ud30-T €S
N ‘woorysnur ‘Apoop 9MLL 0LSOTL ‘LESO'LS ‘YSOE 6LSTTIET 08%TH®D [0-€-USUON-T 149
a1 Kyyey ‘uvarn 609°L 8LL0"0L ‘00L0°69 ‘1290°89 ¥€60°0CT 0°'H:D [ouridoH-1 15

[OYOJT® 199MS
‘A3nig ‘sseid ‘usaid

oV ‘[0YodE ‘[ed1ayiy LS6°S TT90°9S ‘vrS0'EH ‘68£0°6C 99%0°Z0T O"'H%D [oueX3H-T 0S
1S6'S 00L0°69 ‘T290°9S ‘b¥S0°EH Y€60°t8 O"H%D [oueuad-T-[KYIDN- 6

T uaaIn 19L°S €7S0°L9 “bHS0°SS ‘880 T T590°L6 O°'H"D [0-T-UsXoH-¢-(q) 8t
d uEBdq Youdrg ST9°S 1620°76 ‘8010°19 ‘1566 "9t 7620°C6 SO®H®D [oury3d(OIYIAYIDIN)-T Ly
) Surpews [ennoN 888'Y LESOLS LECO'SY ‘T8I0 EY 9£90°06 0%"H"D [oIpaueIng-¢ T 9%
LSSV T6V0'IL ‘S6V0'LY ‘SS66°1E 87T6'TET 0%H'"D [0-1-Ua29puN-T St

€oT'E 6£60°69 ‘0680°EY ‘8TO0LT €LLOOL OSH®*D [0-z-ung-¢-[AYIBN-T a4

818°C 16L0'¥¥ ‘8€10°8T ‘€0¥0°91 1S90 v+ tO°H®D [ouBRYJOWAURIIXO-(Y) 134

o) paiseoy LT 0¥60°69 ‘v6L0° €Y “T990°8C £760'69 O%H"D [ouBINqopPAD (47
ERLIEREIEN| uondridsap (urw) 1y (z/w) syuowiSeaq (z/ax) Uor PAAIdSqQ P[NULIOJ JE[NIJ[OJAl  SSB[O [BOTWIAYD puk punodwio) °‘oN

BUWOJIE JI0 INOARTH

(ponunuo)) | ZHTIVL

7 of 30

Legume Science, 2025



(senunuo))
19189 [Ayuad
658'S L6S068 “‘T6YO'TL ‘PrSO'SH GSET'IET o%H%D “1Ay1ew-g ‘proe orouedoid 78
¥9L'8 00L0'LS ‘€290°9S ‘88€0° T TYLTTLT St0%®D 19383 1AIMqIp ‘proe snoinyng 18
9198 SITT'STT ‘€6v0°6S ‘T0LO'LS TSTT'9TT €OSHSD 19159 [AY)OW -0X0-7 ‘pIoe dloueIng 08
¥19'8 LTITT'STI ‘664065 ‘00L0°LS SS60°61¢ YOoTHSD ayeouedoxdip [o1p-1°1-ourdoig 6L
dyeuordoidoprureuordoid-g
G558 0LIT'66 ‘TOLO'LS TT90°9S ¥091°61¢ EONSIIDMHED -0I0N[J11-¢ ¢ €-0I0[Y0-T [AYIg 8L
d Teqoy ‘Aords “Aymnig 997'8 ¥€60'8 ‘729095 ‘0810°EY 6ETTIET [Zekdatie) 9)B1908 [AXoH LL
0LT'S 8LL0°T8 ‘€¥S0'LY ‘TSTO'EY LLTTLET [Telias i) 9181908 [0-1-UdXOH-Z-(7) 9L
691°8 LLLO'TS ‘€¥SO'LY ‘0810 €Y T90TIET O'THeD 9181308 [0-[-UXoH-¥ SL
(1Aoun-z-nqhyrow-€)1p-,0
STS'L €10T'L6 ‘9SSO'ES ‘SLLO'TS 6766'S9C YoreH D ‘0 ‘[oIpauRIUd-S ‘T YL
€95°L 8LLO0L ‘LEEOES ‘SYSO'EY STITO'SET [ZeXasie) areouedoid [KinqihyleN-¢ €L
PIURUWLISJ ‘AWBIID
0 ‘K1rep ‘AsaayD €0T'L 6¥90°S8 ‘TOLO’LS ‘06€0°6T LTSO'TET SO®'HD sreoryIPuERINgAYIPW-¢ [KYIPDN-S L
Kauim ‘oderd
d ‘uea1s “Ainig €90°L 8TT0'TL L0T0°09 ‘08T0"EH 86CT'IET £0°tH%D a1eOURINGAXOIPAY-€ TAYIT 1L
D) ruRURq YSaI] 9599 8L00°0L ‘TSTOSY ‘99¥0°TH LYSO'TET LO"HD 9)eI00E [A1Udd 0L
19) sddeaurd Ayniy j0oms €599 8LLO'0L ‘0STO'SY ‘99+0°TH v0'LS 0%H"D 91e1008 [AYIY 69
d1eouedoxdip-Ayjour-g
195°9 9880°601 ‘TH0'SL LESO'LS 0520'61¢ [(eX3s o] ‘[orpauedoid-¢‘1 89
91euordoxdoronfyrn
-€‘¢¢c-(oprureladeoIo[yo-z)
9279 8LL0°90T ‘LLSO'T6 ‘€¥SO'T16 7559°€TT LONEIIDTH D -z-(ourwre 1Azudq)-z 1Ay3d L9
€509 8LL0°0L ‘982019 ‘ISTO"EY 060T'TET (o123 oUAINQ-Z-SUBI)-AX0JOIBIT-+T 99
¥0€'S 8€€0°99 ‘79Z0°ES ‘7970’ T LTSO'v6 £OH D ajeu0qIed [Kuayd 14300 S9
dre[fxoqredouedoidodLo
0LT'€ 89L0°69 ‘€L00°SY ‘00L0"ST r60°69 o%°H D [Auk-z-09p1iL, ¥9
08LC 9€90°C9 ‘SE80°EY ‘Y080 T€ £780°69 CO%°H"D ajejR0RO0ION[JLI [AYIT €9
ERLIEREIEN| uondridsap (urw) 1y (z/w) syuowiSeaq (z/ax) Uor PAAIdSqQ P[NULIOJ JE[NIJ[OJAl  SSB[O [BOTWIAYD puk punodwio) °‘oN
BUWOJIE JI0 INOARTH
(ponunuo)) | ATAVL

Legume Science, 2025

8 of 30



(senunuo))

76981 8LLO'0L ‘TOLOLS ‘b¥SO'SH LTOE'LTT [Ze1435Cle) dreIne[[KINGIAYIRIN-T 101

¥69°81 ‘8LLO°0L ‘TOLO'LS ‘88€0°TH $8€8°5TT CO%*H%D 9Ye0UBISPIAXAYAYIH-T 001

19189 [AXUIAYIe-7
¥69°ST 9580°€8 ‘8LLO"0L ‘S8E0° T $L0S°STT Zelfokliztide] ‘IO O1}30BOIOIYIIJ 66
19189 [Adoxd Axo1pAyIp-¢z
SEY9T LTOT'TET ‘€6V0°1L ‘SPSO'Ey 0LOT'SST YOr'H D ‘proe oroueng 86
19189 1Ainqost ‘1AdoadosiAxoqied
YEP9T €6v0° TL ‘SPSO°SS ‘SPSOsh 6SLY'TLT (e R3S Ehe) -€-[AQIPWLI-HZ° ‘PIOB OIOUBIUD] L6
19189 [A3nqOSI “~AX0IpAY-¢
sl T6V0° 1L ‘P¥S0'SS ‘bSOl L¥YT0'61C O"H D -IAylewIn- 7 ‘pIo. dlouBIUS 96
19189 [AypowrjAusyd

L09°TT 1LS0°80T ‘€¥SO0'16 ‘L8E0'S9 0660°SLT oD ““[Ayjew-g ‘proe orouedord S6

q K9u0y ‘9501 ‘TeI0[] LEO'TT 7290701 ‘T#SO'T6 ‘08T10°EP TTTTIET tOHD 9181908 [AyI9[Ausyd-g ¥6
q ordde ‘srddeaurd YOI’ TT 8650°T0T ‘8650°88 ‘6020°09 6060°6CT [Zelias o) 91e0URI0 [AYIY €6
6L9°01 1L5S0°80T ‘€¥S0°T6 ‘C290°9S TPLO'TST 0%%H D 19180 [ApewrjAusyd ‘proe olouedaq  T6

S 199/ ‘[eIO[T 6L9°01 1LS0°80T ‘€¥S0'16 ‘TSTO"EP 9290°0ST 0D 9)e190 [AZUag 16

19189 [Axay
8LE°0T 8650°68 ‘T6VO'IL ‘t¥SOEH 6981°891 [ZeRias o) ““[Ayjouwr-g ‘proe orouedoid 06
19189 [AyuadiAyjow-¢7

9L£°0T €670°TL ‘T0L0'69 ‘TOLO'LS PEIT THL [Ze}ias ko) “1Ayrow- ‘proe orourdoid 68

11€°01 8LLOT8 ‘VPSO°LI ‘SHSO'EY €L66°79T LO%THD ajeoueing [A-1-UaxaH-¥-(Z) 83

578’6 8L00°0L ‘T8TOEY ‘9THO'ST 1226'vEL 085D 9je1008 [K1doH L8

Jmay adrrraao ‘Kisnwa
o) K3y ‘usais 1ead €TL6 00L0°69 ‘THP0°LS ‘LECO'LS TTET'LET 0%H%D ajeouedoid [AxoH 98
I SO ‘USAIS J09MG 0896 6690°€6 ‘00L0°69 ‘88E0° T 0166'TH1 ek s ie} 97e3008 [ATRUT] S8
91ewLIo] [AYIOWIP-L°E
089'6 10L0°€6 ‘T6V0° TL ‘88€0°TH 8SYI'6ET O%THD ‘[0-€-URIPRIOO-9°T ¥8
19389 [Ayuadoau
7668 9G80°'TL ‘TOLO'LS ‘b+SO'EH THTTIET YoreHtH [AXaY0sT ‘pIoe J1[BeXQ €8
ERLIEREIEN| uondridsap (urw) 1y (z/w) syuowiSeaq (z/ar) Uor PAAIdSqQ P[NULIOJ JE[NIJ[OJAl  SSB[O [BOIWIdYD puk punodwo) °‘oN
BUWOJE JI0 INOARTH
(ponunuo)) | ZHTIAVL

9 of 30

Legume Science, 2025



(senunuo))
X wnrueIds oreloN LLOTT S870°S8 ‘PPS0°SS ‘88€0° T 0vZT9€T 0% [eua02-z-(q) 611
prouelr ‘Inos
X d ‘uourdy “Asnay) 9,0°C1T $870°S8 ‘v¥S0°SS ‘88€0° T TTLO9YT 0%THD [euad9(-2-(2) 81T
19quInond ‘Kyjej
LD ‘MO[[®) ‘U1 S8S°0T YIF0'0L ‘b¥S0°SS ‘88€0° T SHTI8P1 0°TH%D [EUSUON-Z-(H) L1T
2) snn 9ST'T1 8LLOOL ‘PPSO'SS ‘S8E0°'TH 0S66'SHT 0% [euede( 9TT
SAITRALISP SINLT
¥6L'6 6866°99C ‘LL96'0ST ‘6L86'STT 20€0°€8T astoHtD ‘OpAysp[ezusqAx0IpAYId-§ T SII
QATJBALIDD SINLT
T6L°6 1866°99C ‘LL96°0ST ‘6L86'STT ¥0£0°€8T asto®HtH ‘OpAyaprezuaqAX0IpAYIQ-+T PIT
Adeos ‘sn1no
6] K17e] U9aI3 Axem vTLe T0L0'LS ‘TT90°9S ‘88€0° T SYTT'8PT 0%'H%D [eURUON €11
o K£nu ‘payseor Kneq ¥10'6 P$50°SS ‘88€0° Tt ‘68€0°6C €560°STT o''H®D [eu2300-2-(4) 48
0 1-Asuoy 978'8 1LSOTT ‘b¥SO° 16 ‘L8E0°S9 0.50°0ZT o%u®d SPAYSP[RISIBIUSZUSY 111
K1omory ‘usaid
0 NI-SIID TIT'S Y€LO'SS ‘bP0°8S ‘0LE0'SS LY90°TET 01D [eue10 01T
[owreIed ‘puowife A3Inu
0D J99MS ‘puow[e I)1g 06V'L 9€€0°SOT ‘98€0°LL ‘TETO'TS ¥Ir0°90T 0°H%D opAyaprezuag 60T
n ysalj ‘uaaid ‘A1eq 69¢°L T610°€8 ‘PPS0°SS ‘88€0°'TH S080°TTT O%"HD [eudndoH-z-(2) 80T
Kyrew ‘Kyyej
J1pAyopre ‘prouet
0 ‘9119894 ‘UdID 99 8LLO0L ‘6520t 68£0°6C TH80°IET O™ D reueidoyy LOT
Kyyey ‘Asaayd
1O ‘eURUR(Q ‘USIID L89S T610°€8 ‘9£€0°69 ‘88€0° T LTLO86 01D [eUSXH-T 901
g0 ‘Asse1d ‘usarn wetY 1LSO'TL “TTH0°9S ‘65TO0' 1 6560°101 o'y’ [euexoHq So1
2} Amig €997 9TL0°69 ‘€LLO VY ‘8650°TE 68€0' 1 O"H%D apAyap[eIdY Y01
LY9'T 6LT0°EY ‘¥696°TE ‘8500°8T LTLOYL O"H®D [ex0413 Ayl €01
sopAyapry
€0L'ST 8LL00L ‘00LO’LS ‘bSO EH ¥¥81°10C [TeXiss ! 19159 [£10008 ‘pIoe o0ouLIdPOd 70T
ERLIEREIEN| uondridsap (urw) 1y (z/w) syuowiSeaq (z/ar) Uor PAAIdSqQ P[NULIOJ JE[NIJ[OJAl  SSB[O [BOIWIdYD puk punodwo) °‘oN

BUWOJE JI0 INOARTH

(panunuo)) |

cHIdVL

Legume Science, 2025

10 of 30



(senunuo))
SOAIJRALISP SUIZUdY
$96'9 LYLO'TET ‘0810 ¥L ‘0920°LT S6TTIET CONMHOD ueydoydAnezy-,-p PET
urweip

doy ‘Apoom

[ ‘K1oddad “Aords 96¢ T €S0°T6 ‘00L0°69 ‘88€0° Tt SLIT 06T regsty sua[Aydohre)-d €eT

((Kyrar&yrour-1)-¢€-[Ay1ow-T

2} sny 7IS'8 160T'vET ‘9S80°611T ‘€HSO'16 160T°¥€T Yoty ‘Quozuag) suswAD-w (431

9} SNy ¥SL'8 160T+ET ‘SS80°61T “€¥S0°16 160T Y€1 lGsLle) suawA)-d €T
9jou-agueio

0 ‘SO -YSAI L8S'S 6690°€6 ‘THS0O'6L ‘1290°89 LYTT9ET IO susuowI-q 0€1

(QUuaUOWI]-T) UIXAYO[IKD
0 oruad19) ‘9jou-uowa] ¥85°8 6690°€6 ‘THS0O'6L ‘1290°89 LYTT'9€T Eis e} (Kuayio[AyIow-)-4-IAMION-T-(S) 621
sprouadid) pue suadiag,
LM d 1nos ‘A1eams ‘As9ay) 608°L S8TO'EL ‘L0T0°09 ‘T6S0 T 665068 eRlisge) pIoe dlouejuad 8T1
Aynay ‘“Asaoyd “yuadund

9} ‘mos ‘K13ej ‘Areams S08'L THYO'LS ‘S8TOEL LOTO°09 6870°L0T OY'H%D pIo® OI0UBXSH] LTT
£s93d ‘Inos

L ‘Kyyey ‘prouey 96L°L 0790°8ZT ‘STH0'8S ‘I8T10°EH SPLO'TET O"HD proe otoueldoy 971

Ayeams ‘Aureard
o ‘Kirep ‘AseayD €29°S 80T0°09 ‘S¥SO°EH ‘68£0°6C Trv0°L8 0%y D proe olouBINqAYISIN-€ STl
0 juadund ‘1nos $66'C L0T009 ‘TL66' VY ‘SETO'ST L0009 CO"HD pIoe 01120y $TT
PpIok 213998(0X0)
LEL'T 1950°69 ‘2090 ¥ ‘TLY0 1€ 1S¥6°9L YO'NYH®D [ourwe(jAuoqieoourwiy)] €T
spv
SpAyapIeqIedUAIpP-H1

€€6'CT TETO'TS ‘88€0°'TH “TETO'6E TH0T1°0ST 0"HD -eXaUO[OAAYIOWILI-9°9°T (44!

n‘o‘y Ayyey ‘pary-deaq 18Tl P$S0°SS L8E0 T ‘TETO'6E S6IT'ZST 0°™HD [euaIped_ -+*¢-(4°4) 121

v Aney ‘Guons P€9°CT L8E0"€S‘88E0 T “TETO'6E S6IT'TST 0D [BUSIPEIA-+'T 021

ERLIEREIEN| uondridsap (urw) 1y (z/w) syuowiSeaq (z/ar) Uor PAAIdSqQ P[NULIOJ JE[NIJ[OJAl  SSB[O [BOIWIdYD puk punodwo) °‘oN

BUWOJE JI0 INOARTH
(ponunuo)) | ATAVL

11 of 30

Legume Science, 2025



(senunuo))
S69'TT LETO'SET “8700°80T ‘€6L6°89 LETOSET SN°H‘D 9[0ZBIYI0SIZUSG - T SST
SS'8 9580°€8 ‘6LL0°0L ‘TOLO'LS 0186'89C S*F0%H D [1£10q-7 [)004X0IpAY-T ‘QUoyINS ST
¥9L'8 £610°65 ‘TOLO'LS ‘88€0°TH 9586761 S*0%TH®D 14mq-7 [A1nqAx0IpAY-Z ‘duoging €61
I Jo9q paiseoy TS8'L S080°66 ‘9S80°TL ‘06£0°6T 9080°66 SN°H"D S[OZBIYIAYRIN-+ ST
) I[-93eqqed payooD ¥9'L LT96'STT ‘0L96°8L ‘V6L6' VY L796'STT £°H%D aprydinsin [Ayrewiq ST
LS8'Y 8LLO'0L ‘€T90°9S ‘88€0°TH 87T6'TET N'TH D surprize[Adoid-u-g 0ST
udSoxyru pue anypns
Touayd ((Adoxdoxo-1)-
$68°91 106T°€€T LESTTET ‘TOLOLS 0672792 LO%tHD -(IAyIarAypowIp-T°1)S19-9C 6vT
Iepad ‘A1Imd
MEaVY “@I[-oa0[0 Ko1dg LLYTT 9L90°0ST ‘Ot0°SET ‘S8E0LL 9L90°0ST 015D [ouayd[LuIa-1-AXOYRN-C 8¥1
q 9YI[-9A0[ ‘201dS 18¢°CT 7€80°CST ‘L6SOLET ‘€9€0°CCT T€80°TST tOtH%D [ousydAxoyIow-z-[Ayig-+ L¥1
M Taqqnu “Kisnw ‘TeorpaN LLOTT ¥9+0°20T 209069 ‘¥1+0°8S 1290°82T SO suareydeN otT
suareyiydeuoip
€08°01 LS80°S6 ‘00L0°T8 ‘€¥S0°L9 LILT991 395 Ce) AyeoaplAyowiq-9c SP1
suoreyiydeuorpAyedop
681°01 €TI0T'601 ‘S£60°96 ‘9580°S6 09ST°ZST 0T -IAQISIN-R-sUDA ad!
8766 €TOT'60T ‘S£60°96 ‘9580°S6 09ST'ZST oyt uI[edspIAYIN-C 154!
d [eUIDIPAW ‘}22MS ¥95°6 0ZSO'HZT ‘S8T0'60T ‘vEE0'TS 0ZS0'vZT 0%HD [oudydAxoyIoN-¢ Wl
£5€°6 T60TvET LS80'61T ‘€S0 16 160THET kS ele) sudZUdqIAYISWIP- - [AYIH-T 54!
Tee'8 9896°SHT ‘L666°01T ‘6ZT0'SL $896'SHT qovHD AULZUQOIO[YII-€ T ovT
1€€°8 9896°SHT ‘L666°0TT ‘0£T0°SL $896'SHT qovH D SUAZUAQOIOTYII-*T 65T
1€€°8 9896°SHT ‘L666°0TT ‘TETOSL $896'SPT qo'HD aULZUQOIOTYII-T T 8¢T
ST0°8 ¥£60°02T ‘6690°SOT ‘98€0°LL ¥£60°0CT 355 e} SUAZUSIAYIOWILL-€TT LET
T6v'L S£60°0CT ‘6690°S0T ‘€8T0°LT S€60°0TT %D QUAZURQIAYIOW-Z-AYIT-T 9¢T
MY Kyured “oy1[-ouszuag €6EY 1290°26 ‘€¥S0'T6 ‘TETO'TS 1290°76 SHLD auan[o[, SET
ERLIEREIEN| uondridsap (urw) 1y (z/w) syuowiSeaq (z/ax) Uor PAAIdSqQ P[NULIOJ JE[NIJ[OJAl  SSB[O [BOTWIAYD puk punodwio) °‘oN
BUWOJIE JI0 INOARTH
(ponunuo)) | ZHTIIVL

Legume Science, 2025

12 of 30



(senunuo))
786'C 7880°'TET ‘8950°69 ‘9950°8T L89T'61C d%%D surydsoyd(jAyjoworonyLsiL,  €LT
¥S6°C 1880°St ‘96+0°€H ‘LTH0'8T 791T°69 YON®H D deoourq TLY
TUL8T S190°69 ‘0LLO ¥ ‘9950°8T TSLO'69 ON®IH*D SPIUIBIOIBOION[JILI-CTT 1L1
LSL'T 6VE0 VY ‘S8L0"8T ‘€600°9T 88€0° VP AH%D suAyia0Ionig 0LT
96L°T L080' Y ‘8S90°T€ ‘€186'6T 7880°9% 1S°HD QUE[IS[AYIOIN 691
869°C LSPO ¥ ‘LS90°TE ‘S9Z0°91 LT60°SY 0°H%D [0p1AID 89T
SL9'T 9880t ‘L980°h ‘SHTO'LT 71607 O'NYHD BOINAXOIPAH L9T
SNOJUB[[IISTIA
d Kyeaw ‘1oams ‘Kraqqny 796'11 19L0°TZT ‘€890°80T “+090°L0T 6THT¥91 INTHOD surzelAdiAylour-9-jAureosy-g 99T
d Koids ‘usarn 6€°6 8160°SET ‘PSSO61T ‘0VE0 TH ¥660°9€T INCTH®D aurzelAdiAy3eIq-9:C S91
d Ayyres ‘ojerod payeg 6€'6 8160°SET ‘S090°L0T ‘T¥E0' T S660°9¢T N8O surzeikdiAyrowip-s z-[Ay1g-¢ ¥91
Aypre9 100Mms
d “A1nu ‘pajseoy €0T'8 6£80°TT ‘S6¥0°08 ‘TFE0 T 6€80°CCT INOTHD surzelAdiAylowr-¢-1Ay1g-¢ €91
d ung 6T'S 6£80°CTT ‘PLSO'TS ‘0VE0'TH 6£80°ZC1 NOTHD surzerkdifyjeurrs], 791
d AnN 9608 T9L0°TTT ‘LTSO¥6 ‘96¥0°9S 6£80°CC1 INOTHAD surzelkdiAyrew-9-[Ay1g-7 191
d uroodod ‘eyI-Isnip STL9 €890°80T ‘€LS0°T8 ‘TFE0'T £890°801 INSHD surzeikdifyrewiq-sz 091
d u10ddod ‘pajseoy v6T°S LTSO¥6 ‘LTFO'LY ‘TETO'6E LTSO¥6 INOHD surzelKdiAylo N 6ST
souizeakdq
£191INnq ‘synu
Mmel ‘Ayyred ‘Asseid
9‘nN‘d ‘ueaq ULAID 6€6°L GEE0'TS ‘TOLOLS ‘98€0°ES 0vOT'8ET O''™H®D ueInyLJudd-g 8ST
pasIeuweIed
X0 ‘[BIO[J “J9aMmS ‘ONI]-WMY 6£6'L SPS0'Ey “88€0 T ‘TETO'6€ 0¥0T'8ET eRliste) suoueIng-z-(jAueing-z)-1 LST
sueanyg
.HSOZwE
Kyeour ‘9[qe1adon
‘INOPO AYI[-99JJ00
O ‘M A ‘Kroqqnu Kinydng S69°'TT 8€TO'SET ‘0£00°SOT ‘V6L6°89 8ET0'SET SN°H“D 9[0ZRBIY)oZUg 9GT
ERLIEREIEN| uondridsap (urw) 1y (z/w) syuowiSeaq (z/ax) Uor PAAIdSqQ P[NULIOJ JE[NIJ[OJAl  SSB[O [BOTWIAYD puk punodwio) °‘oN
BUWOJIE JI0 INOARTH
(ponunuo)) | zATAVL

13 of 30

Legume Science, 2025



(senunuo))
SL6'L T1S0°18T ‘00T0°S9T ‘8886°81C 99%0°S8T ISTOYCH®D SUEBXO[ISBNAI0PAIAYIaWLIO0 61
aurprifd [e-‘c]ojozexo
-He-o1pAyexay [[Ajounb-
vTs'L €TI0T'L6 ‘E60°96 ‘9S80°ES LEVI'0LT ONUDH D -JAuayd-z-0101Yy21d-8°9]-1 161
uesie
YoLL 6200°L6 ‘Y705 96 ‘T156°88 16ST°0€C BINTeNALSS Llie) (AxOTATISIAYIoWIPIAING-1427)SLLL 061
S19°L ¥€60°88 ‘729095 ‘I810°T€ 1290701 tO"H"D aplIpAyue d1uINg 68T
oYL €101°S8 ‘€290°9S ‘SHSO"€P SIIT'61T 071D auexay SIQAXO-,1°T 881
opLIpAyue
€€€°L STIT0'60T ‘¥0S6'Z6T ‘8€66°96 L186°89C ass0%°H%) O10ZUaqAXO[ATISIAYIOWIIL ] -€ L8T
apupAyue
€ee’L 9110'60T ‘€086°'Z6T ‘9S80°TL 0600°112 ass0%°H%) 010ZUaqAXOATISIAYIoWLL ] -1 981
LT8°9 LTPO'LY ‘6EE0'PS ‘€LT0"ST T080'1ET SCOA°H®D aprionyj [Kuoydnsaueyig 681
SPL'9 S090°L0T ‘0LE0°08 ‘T9TOES L6TTIET d°d spuionfejuad snioydsoyq ¥81
9L5°9 420 IST ‘SET0'EET ‘€S00°LL 20 1ST CON®H®D swrxo-[AuaydAxoy1o €8T
(1Auordoidoronyyeuad)
Y9 €101'S8 ‘€€60'7S ‘TOLO'LS 6911°66 LONOTILH %D SIQ-O°N ‘uriyeardiq 781
[ONAX-P-01IU-€-AXOIPLI}-G €T
9TH'9 €TI01°SS ‘€€60'+8 ‘TOLOLS 0€L0°LOT SON°H D -(eyeourdordAylowIq-z‘7)-¥ 181
19 7859°€TT ‘€S¥0°69 ‘LLTO'LT 0€57°5TT ENSTHD [rurpoid4) 081
auIZexo-z*1-Hz-1Ayeu-g
S¥9°'S 6975°St ‘9590°St ‘$880°€Y 0¥90°I€T ONID"™H'D -01pAyend) (JAusydoIo[yd-+)-9  6L1
Ly LEEO'SY ‘SOTO'LT “PTIE0'9T LYSO'TET oUD°H® D 138 [Ayrew [A30010[4IQ-T‘T 8L1
o1oze14d (JAusydoniu-)-s-[Ayrow
968°€ 8190°8T ‘6270°SY ‘I1S10°Eh €9£0°98 YOINOTH D -¢-[AY1e-1-(IAusydAx0100v-2)-+  LLI
808°€ €200°6L ‘VSO0'LL ‘€6L6' VY 6870°C6 ISC0®H%D [orpaueIs[ Ayl 9L1
9v0°¢ ‘8020°09 “€L66'FH ‘9€T0'ST 17€0°09 INSHD suIZeIPAYAYIoWIQ-T‘1 SLT
6€0°E TETT'69 ‘¥#90°69 ‘00SOLI 7550°69 N4 snmusukdord-z-oronyg-¢ VLI
ERLIEREIEN| uondridsap (urw) 1y (z/w) syuowiSeaq (z/ar) Uor PAAIdSqQ P[NULIOJ JE[NIJ[OJAl  SSB[O [BOIWIdYD puk punodwo) °‘oN
BUWOJE JI0 INOARTH

(ponunuo)) | ATAVL

Legume Science, 2025

14 of 30



(senunuo))
QUEXO0[ISe119)(AXO[IS[AYIoWLI})
SLI)-G S ‘c-[AyIomrexay
LTTST €1S0°18T ‘LS90°LYT ‘89¥0°€L 65S0T°90S asto®HslH -L°L°L‘T‘T‘T-AxodoxdosT-¢ 80¢
QUEXO0[ISe13)(AXO[IS[AYIoWLI})
SIQ-6 ‘c-[Ayjourexay
0€6'ET 9596°9Z€ ‘8¥96'TE ‘89¥0°EL 7S€0°STY 915L0% 18D -L°L°L‘T‘T‘T-Axodordosnig-6 g L0T
068°C1 T8I0’ THE ‘LS90°LYT ‘89¥0°EL SS80°vEY 1S°0%¢ D QUEXO[ISEXIYO[AIAYIowrIapod 90T
8ILTI YI60VIT ‘PPP0'TL ‘L6V0 b LOT'STT ON°'H®D aprweuLIoyAnqId-N ‘N S0z
QUEXO[IS1I) [AXO(TATISIAyIoWILI})][SIq
12L11 1SS0 TST ‘8S90°LYT ‘69¥0°EL 670°€8T SISTO%*H D -€“C-TAIPWERXOH-S GG T T‘T ¥0T
LTH'0T 6690°SSE “T666'99T ‘6910 €L 990°6S¢€ S1S50%¢ YD suexofiseiuadopAdjAylowedsd €02
(14-s-1oput [q-¢‘pJopLiAdiAyowiip
-8‘-0IpAYBXAY-q6 Y ¥*E T T)
G€5°6 T6V0'IL ‘STHO’'SS ‘08ST10°SH S129°€TT O®NID¥H "D -[-010[Y0- ‘Quo-T-urIng 70T
aueing(JAyjowoIoN[JLIy)-¢
SIE6 9LET'TET ‘490169 ‘9LTOLT T8TIET LD -0ION[JRUON-+ ¥ ¥ '€ € TTTT 102
8LT'6 $Z€0°L0T ‘TT00°T6T ‘9ST0°EET 1191612 fst0%tHD aueXO[ISLOAdAYIouexaH 002
S9L'8 €6¥0°6S ‘00L0°LS ‘€290°9S 9LLTTLI 0%H D 1£10g-1191 [AxY[Ay1e-7 ‘ToyIg 661
S9L'8 00LO’LS ‘€T90°9S ‘SSE0° T SLLT'TLT *0%'HD 91eU0qIRIIP [AINQ-1127-10 861
suedoidiAyyowtip-z‘z
YoL'8 T0LOLS ‘TT90°9S ‘88€0° T €586'9¢T 0%H°%D -(AxopeAyowrq-1°T)-1 L6T
suedoidifyowr-¢
¥19'8 LTTT'STT ‘€¥0°6S ‘T0LO'LS LOT'TET O%'H®D -(AxoyelAyewIQ-1°1)-T 961
(1Auaydoiongyejuad)
(IAyeidyIowip-1°7)
7SS°8 STET'ETT ‘691T°66 ‘00LO°LS SL99°€7T Sd%1°HD ‘aprion[j ororyjourydsoyd S6l
(1&-z-urprjozexo-¢ ‘1-jAusyd
€018 19L0°T21 ‘925076 ‘8ST0 v 8866'99C OIN°'H"D -S19-G-TAYI_W-)-T ‘9[011Ad v61
QUEXO[ISLI)-[AXO(JATISIAYIoWILI})] €
SL6'L Z1S0° 18T ‘00Z0°S9T ‘9886'SHT L9%0'SST (NI L5 e -TAIPWeXoH-G GG TT°T €61
ERLIEREIEN| uondridsap (urw) 1y (z/w) syuowiSeaq (z/ax) Uor PAAIdSqQ P[NULIOJ JE[NIJ[OJAl  SSB[O [BOTWIAYD puk punodwio) °‘oN
BUWOJIE JI0 INOARTH
(ponunuo)) | ATAVL

15 of 30

Legume Science, 2025



Reference
(Ali et al. 2022);

(Bento-Silva et al. 2021);

(Sohail et al. 2022);

description
(Cho et al. 2006); E

Flavour or aroma

(Song et al. 2019); U

(Morales and Aparicio 1999); M

17.127
(Fang and Qian 2005); T

17.913
18.997

RT (min)

(Galoburda et al. 2020); D

(Derail et al. 1999); L

(Ye et al. 2016); S

(Jia et al. 2019); C

Fragments (m/z)

73.0469, 147.0657, 355.0700
17.0340, 28.0310, 69.0642
28.0491, 69.0593, 131.0617

(Adebo, Njobeh, et al. 2018); K

http://www.thegoodscentscompany.com; R

(Pico, Hansen, and Petersen 2017); B

415.0363
131.1137
131.1287

Observed ion (in/z)

(X. Xu, Yu, et al. 2021);J

(Paraskevopoulou et al. 2012); Q

(Jianget al. 2021), Y

(Laukaleja and Koppel 2021).

Molecular formula
Ci16H4505Sig
C,BrF,

(Buettner and Schieberle 1999); T

(De Luca et al. 2021); P
(Fan et al. 2021); X

(Pico et al. 2015); H

bromomethane

Tris(trifluoromethyl)
2-methoxypropane

(Continued)
1,1,1,2,3,3,3-Heptafluoro-

mass-charge-ratio; Letters in Table 4.2.2 correspond to references found in literature. A

Compound and chemical class

(Huang et al. 2022); W

(Hinge et al. 2016); G
(Lindsay et al. 2022); O

209 Hexadecamethylcyclooctasiloxane

TABLE 2
No.
210
211
Note: m/z
N:

F
\%

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 (WRC)
on the left side of F1 from the dehulled red cowpea flatbread
(DRCY) 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 (WRCT and
DRCF) on top of F2 from the white cowpea flatbreads (WWCT,
DWCY) 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 Gomez 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 750-1100ppb, 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
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TABLE 3 | Comparison of mean peak area for compound chemical classes in whole and dehulled red and white cowpea flatbreads.

Flatbread
Whole cowpea Dehulled cowpea
Class of compounds No. 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: WWC, whole white cowpea; WRC, whole red cowpea; DWCF, dehulled white cowpea; DRC, dehulled red cowpea.
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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; WRC'=Whole red cowpea flatbread; DWC=Dehulled white cowpea flatbread;

DRCf=Dehulled red cowpea flatbread.

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 DRCY, as it was threefold more in the DRCf compared
to DWC'. Thus, dehulling the red cowpea for breadmaking
could potentially enhance its aroma.
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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 (DWC! and DRC!) had
more pyrazines compared to their counterparts (Table 3).
The DRC' compared to DWC' 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 CS. 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 XFSorg{ 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 (DRCY) on the right side from CS' 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 XFSorg’ and
WH' was not explained by the VCs. F2 separates CSf and DRCf

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

Class of Cassava Sorghum
compound 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 1 74,912 1 1,915,193
terpenoids
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: CS', cassava-only flatbread; XFSorg’, sorghum-only flatbread.

at the top from WRC 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

18 of 30

Legume Science, 2025



Pentangic acid

6 Acetic acid
Csf
™ gctar:jal l(Z)-z-Decer\al
-Decadienal -2,4- i
° (E)-2-Nonenal (E, E)-2,4-Decadienal
NorapatHepten-3-one
Hexanal

2-Heptanol e%t-al_?ﬁ\lonene

DRCf

3-Ethyl-2,5-dimethylpyrazine
Trimethylpyrazine 1-(2-fuganyl)-2-butanone

2,5-Dimethylpyrazine tha OE-Ca:yop viene
2-Ethyl-6-methylpyrazine 1] e?gﬁol
H noate

S-Methyl 3-methylbutanethioate

2,3-Butanediol
e

t""aphlthalen
(2)-2-Heptenal iazole
ydroxybutanoate

& (E)-2-Octenal g/-lsoamyl~64methylpyrazine

Phenyle ol
- 2-pentylfuran 1-Octen-3-ol
ES -—
© —
@

enzylalcoho
é > SBenzylalcohol
o~
[ XFSorgf

‘
WH
2 Linaut, Decane
Bty ety 2-(Methylthio)ethanol
-4
Hexyl acetate
Dimethyl t isLllfide2 2 ﬁhlegy[etr; llacetage

-Ethyl-3-methylpyrazine

& Bf_* 3 t?—‘bctan ne
Ethyl octanoate
B | L-limonene
Benzothiazole
-8
-10 8 6 4 2 4 6 8 10

0
F1(35.97 %)

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.

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-DRCI 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-
WWC!, XFSorg-WRC', XFSorg-DWC{, XFSorg-DRC'), whereas
1-hexanol was the most abundant alcohol in the cassava-cow-
pea flatbreads (CS-WWC, CS-WRC' and CS-DWC) except for
CS-DRCf. Among composite-flour flatbreads, 1-hepten-3-ol and
2-(methylthio) ethanol were detected in XFSorg-WWCf (2%) and
XFSorg-DRCT (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-DRC! 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
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Compounds

0.24

Benzothiazole

Furans

18.90

12.31

31.09

27.98

39.57

24.78

2-Pentylfuran

18.14

19.44 24.67

26.01

12.22

10.75

1-(2-Furanyl)-
2-butanone

0.68

3-Ethyl-2,5-

dimethylpyrazine

1.46

Methylpyrazine

Note: —=not detected. Please refer to Table 1 for the sample name.

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 WRC!
was found in only CS-WRCE. 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
Q?, R%Y, R?X 0f0.17, 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 ‘R?’ 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 3-21ppb 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
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FIGURE3 | (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.

3C). Precursors for 2-methoxyphenol (Mukherjee et al. 2021)
and 2-methoxy-4-vinyl phenol (Kili¢ and Yesiloglu 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 45pug/mL linoleic acid
emulsion prepared by mixing linoleic acid (155uL), 0.04 M po-
tassium phosphate buffer and (175ug) and Tween-20 (Kili¢ and
Yesiloglu 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 50ppb com-
pared to 6ppb 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, (FE)-2-decenal, eicosane, ben-
zeneacetaldehyde, 2,4-decadienal, (E,E)-2,4-decadienal and
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FIGURE3 | (Continued)

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 Gémez (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
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Iv 2006). Beany aroma impacted by hexanal has been reported
to be intense compared to l-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).
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3-Octanone ® |

(E)-2-Nonenal
Hept.:r&?é':sc?gfj" BSiBnene o Dimethy! trisulfide

Pentadecane ®

* Hexadecane t
2-(Methylthio) ethanol

® e Linalyl acetate
XFSorg-DRCf

o Sorghum aroma
® Tridecane

Beanyflavour /
Nutty flavour
" Nuttyaroma
p-Cymene
e

XFSorg-CS-DWCf " @ 1-(2-furanyl)- 2-butanone

® Heptanal

0.25 05 075 1
® Active

The CS-DRCf, CS-DWCf and WHT 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-DRC' at the top of t3 was
separated from WH' 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-DRCE
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-DRCH, thus reducing the level of the acids.
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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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Supporting Information section. Table S1: GC-TOF-HRMS chromato-
grams of flatbreads from sorghum, cassava starch and cowpea flours.
Figure S1: GC-TOF-HRMS chromatogram of red non-tannin sorghum
flatbread (XFSorg’). Figure S2: GC-TOF-HRMS chromatogram of cas-
sava starch flatbread (CSf). Figure $3: GC-TOF-HRMS chromatogram
of whole red cowpea flatbread (WRCY). Figure S4: GC-TOF-HRMS
chromatogram whole white cowpea flatbread (WWCY). Figure S5:
GC-TOF-HRMS chromatogram dehulled red cowpea flatbread (DRCY).
Figure S6: GC-TOF-HRMS chromatogram of dehulled white cowpea
flatbread (DWCY). Figure S7: GC-TOF-HRMS chromatogram wheat
flatbread (WH). Figure 8. GC-TOF-HRMS chromatogram sorghum-
whole red cowpea flatbread. Figure S9: GC-TOF-HRMS chromatogram
sorghum-dehulled red cowpea flatbread. Figure S10: GC-TOF-HRMS
chromatogram of sorghum-whole white cowpea flatbread. Figure S11:
GC-TOF-HRMS chromatogram of sorghum-dehulled white cowpea
flatbread. Figure S12: GC-TOF-HRMS chromatogram of sorghum-
cassava-whole red cowpea flatbread (XFSorg-CS-WRCY). Figure S13:
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chromatogram of sorghum-cassava-whole white cowpea flatbread
(XFSorg-CS-WWCY). Figure S15: GC-TOF-HRMS chromatogram
of sorghum-cassava-dehulled white cowpea flatbread (XFSorg-CS-
DWC). Figure S16: GC-TOF-HRMS chromatogram of cassava-whole
red cowpea flatbread (CS-WRC). Figure S17: GC-TOF-HRMS chro-
matogram of cassava-dehulled red cowpea flatbread (CS-DRCY). Figure
S18: GC-TOF-HRMS chromatogram of cassava-whole white cowpea
flatbread (CS-WWCY). Figure S19: GC-TOF-HRMS chromatogram of
cassava—-dehulled white cowpea flatbread (CS-DWCF). Table S2: Mean
peak area of volatile compounds detected in single-flour flatbreads.
Table S3: Mean values of volatile compounds differentiating flatbreads
from the white cowpea and red cowpea variety.
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