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A B S T R A C T   

Seeds of ten Andean lupin (Lupinus mutabilis Sweet) ecotypes were collected from different regions of Peru and 
treated with an aqueous debittering method. Both untreated and treated seeds were analyzed by using LC-MS to 
investigate flavonoid profiles of different ecotypes and impact of debittering process on these compounds. 
Thirteen isoflavones (mainly as glycosides of genistein and methoxy-genistein) and eight flavones (glycosylated 
apigenins and methyl-luteolins) were characterized as the main flavonoids in the seed samples. The untreated 
lupin seeds contained 187–252 mg/100 g (dry weight) of flavonoids. The main difference among lupin ecotypes 
was observed in the levels of genistein-malonylhexoside, methoxy-genistein-malonylhexoside, and methyl- 
luteolin-malonylhexoside. After the debittering treatment, the total flavonoid content in the seeds was 
decreased to 125–203 mg/100 g dry weight, the aglycones of genistein, methoxy-genistein, and methyl-luteolin 
being the key distinguishing compounds of ecotypes. The aqueous treatment was effective in degrading flavonoid 
glycosides and releasing the corresponding aglycones.   

1. Introduction 

As a native legume in Europe and South America, lupin (Lupinus spp.) 
is a promising source of plant-based proteins. The seed of lupin has been 
considered as an important alternative to soybean, since it has a high 
protein content (33–55 % of dry seeds, mostly as globulins) and its 
proteins have similar properties as soybean proteins (size, appearance, 
and protein composition) (Lo et al., 2021). Lupin is rich in lysine but 
lacks cysteine and methionine. This amino acid profile is an ideal 
complement to cereals (high in cysteine and methionine, low in lysine), 
which improves the protein quality in vegetarian diet (Shrestha et al., 
2021). Besides these macronutrients, bioactive compounds, such as 
flavonoids, phytosterols, tocopherols, and triterpenes, are also abundant 
in lupins, which may provide therapeutic health benefits due to their 
anti-oxidative, anti-inflammatory, anti-bacterial, and anti-carcinogenic 

effects (Arnoldi et al., 2015; Khan et al., 2015). 
L. albus (white lupin), L. luteus (yellow lupin), L. angustifolius (nar

row-leafed or blue lupin) and L. mutabilis (Andean lupin) are four species 
commonly cultivated nowadays (Lucas et al., 2015). In comparison with 
the other three species, L. mutabilis Sweet (also called “tarwi” or “cho
cho”) is cultivated mostly in the Andean region of South America. Its 
seeds are rich in proteins, but the alkaloid content in L. mutabilis is also 
higher than that detected in other species (Carvajal-Larenas et al., 2016; 
Gulisano et al., 2019). Alkaloids in lupins (mostly as quinolizidine al
kaloids) provide a bitter taste and more importantly, exert acute 
toxicity. As observed in many cases, the patients who accidentally ate 
unripe/un-debittered lupin seeds suffered from neurological (such as 
weakness, dizziness, mydriasis, anxiety, confusion, malaise, loss of co
ordination, visual disturbances, or dry mouth), cardiovascular (dys
rhythmias) and gastrointestinal (nausea or vomiting) symptoms (Koleva 
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et al., 2012). Therefore, in the Andean region, a traditional water deb
ittering process is commonly used before consumption of L. mutabilis to 
reduce toxic alkaloid levels in seeds. The treatment using cold or warm 
water for several hours can largely remove alkaloids from the seeds 
(Carvajal-Larenas et al., 2013). Further processing of debittered seeds as 
drying, milling, or extrusion is applied to develop more suitable in
gredients of high nutritional value for modern food industry (Córdova- 
Ramos et al., 2020). 

Aside from proteins and alkaloids, flavonoids are also key compo
nents affecting the application of L. mutabilis Sweet in the food industry. 
These compounds have positive effects on cardiovascular health 
(Ciumărnean et al., 2020), but they may also possess certain disadvan
tages in food products. For example, apigenin C-glycosides could 
interact with lupin globulin proteins and form flavonoid–protein com
plex, which might impair digestibility of lupin proteins (Czubinski et al., 
2012). Genistein conferred the bitter taste to the foods by activating 
human bitter taste receptors (Roland et al., 2011). Monitoring the total 
quantity of flavonoids, as well as the changes in their composition, will 
assist food industry to choose optimal L. mutabilis seeds for developing 
novel foods. Nevertheless, up to date, only a few studies have suggested 
that aqueous debittering process can alter flavonoid composition in L. 
mutabilis seeds, and the variation in flavonoid profile may also be 
associated with the geographic locations where lupins are cultivated 
(Brandolini et al., 2022). In the current research of this field, a thorough 
determination of flavonoid profile in L. mutabilis seeds is often missing. 
As lacking accurate characterization of these compounds, the impacts of 
geographic areas and debittering process remain unclear. 

Therefore, in the present study, we collected the seeds of ten eco
types of L. mutabilis Sweet that were cultivated in Southern, Central, and 
Northern Peru. The aim of our study was to investigate the diversity of 
flavonoids among the seeds of different ecotypes, and the impact of 
debittering treatment (soaking, boiling, and washing with water) on the 
flavonoid composition. The raw and the debittered seeds were both 
analyzed with liquid chromatography tandem mass spectrometry (LC- 
MS) to determine flavonoid profile (mainly as isoflavones and flavones) 
at the molecular level. As the novelty, we provided accurate charac
terization of flavonoids in L. mutabilis seeds. Through systematic com
parison using statistical models, the study filled the knowledge gap in 
flavonoid diversity among L. mutabilis ecotypes. We also revealed the 
pattern of changes in flavonoid composition triggered by aqueous deb
ittering process. This novel knowledge will offer important reference for 
developing new products from Andean lupins. 

2. Materials and methods 

2.1. Plant materials 

Ten ecotypes of Andean lupin (L. mutabilis Sweet) were collected in 
different regions of Peru, as shown in Supplemental Table 1. The eco
types were chosen based on their geographic distribution, production 
area, and commercial interest. The seeds of Andean lupin were har
vested in year 2017. The harvesting time was defined by local producers 
according to the color of optimally ripe pods. After harvesting, all seeds 
were stored in a cold room (around 10 ◦C) until moved to the laboratory. 

2.2. Chemicals 

Reference standards of apigenin, chrysoeriol, genistein, and tector
igenin were purchased from Extrasynthese (Genay, France). Acetic acid 
was purchased from Merck Group (Darmstadt, Germany). The solvents 
of LC and MS grade (acetonitrile, methanol, and formic acid) were 
purchased from VWR International Oy (Espoo, Finland). 

2.3. Aqueous debittering of lupin seeds 

The method of aqueous debittering treatment was described in our 

previous study (Cortés-Avendaño et al., 2020). Briefly, 1 kg of seeds of 
each ecotype were soaked with water at a solid/water ratio of 1:6 (w/v) 
for 12 h (at room temperature). The soaked seeds were further boiled for 
1 h (seeds/water, 1:3, w/v) while the water was changed once after 30 
min. After boiling, the seeds were washed with running water for 5 days. 
Both treated and untreated seeds were dried at 50 ◦C for 18 h and ground 
into fine powder (particle sides between 100 and 500 μm). All powder 
samples were stored at − 20 ◦C until analysis. 

2.4. Extraction of free flavonoids 

The extraction of free-formed flavonoids from lupin seeds was con
ducted based on previous method with modification (Liu et al., 2014; 
Tian et al., 2017). The lupin seed powders were defatted with n-hexane 
for 4 h. All defatted powders were dried at room temperature to remove 
hexane (Adeloye et al., 2020). Subsequently, 0.4 g of untreated powder 
samples or 1 g of treated samples was mixed with 3 × 5 mL of acidified 
methanol (methanol: acetic acid, 99:1, v/v) and homogenized using T25 
digital Ultra-Turrax high-performance disperser (IKAWerke GmbH & 
Co.KG, Staufen, Germany) at a speed of 10,600 rpm (for 3 min in the 
first-time extraction and for 1 min in the second and third extraction). 
The mixture was centrifuged at 18,000 × g for 30 min (Sorvall Tc-6 
Centrifuge H400, Du Pont, Newtown, CT, United States) and the su
pernatant was collected. The supernatants from three-time extraction 
were combined and evaporated to completely dry by using a rotary 
evaporator (at 35 ◦C, vacuumed). The residues were re-dissolved in 4 mL 
of methanol and filtered through 0.22 μm filters before the following 
analyses. 

2.5. Identification of flavonoids by HPLC-DAD-ESI-MS 

The flavonoid characterization in lupin samples was performed by 
using a Waters Acquity ultra performance liquid chromatography 
(UPLC) system equipped with 2996 DAD detector, an electrospray 
ionization interface (ESI) and a Waters Quattro Premier mass spec
trometer (Waters Corp., Milford, MA, United States). The liquid chro
matographic separation was carried out with a binary elution method at 
25 ◦C (Tian et al., 2019). A Phenomenex Aeris peptide XB-C18 column 
(150 × 4.60 mm, 3.6 µm, Torrance, CA, United States) was applied. The 
extracts of 10 µL was injected into LC system at a flow rate of 1 mL/min. 
Water (A) and acetonitrile (B) were used as mobile phase, both con
taining 0.1 % (v/v) of formic acid. The LC gradient was set as: 0–15 min 
with 8–10 % solvent B, 15–20 min with 10–13 % B, 20–25 min with 
13––16 % B, 25–30 min with 16–18 % B, 30–35 min. with 18–20 % B, 
35–40 min. with 20–22 % B, 40–45 min with 22–25 % B, 45–50 min with 
25–60 % B, 50–55 min with 60–8 % B, 55–57 min with 8 % B. For MS 
and MS2 analyses, both positive and negative ion scans were applied. 
The analytical parameters were described in our previous research (Tian 
et al., 2017). 

2.6. Quantification of flavonoids by HPLC-DAD 

The quantification of identified compounds was carried out by using 
a Shimadzu liquid chromatography system (Shimadzu Corp., Kyoto, 
Japan), consisting of a SIL-10A autosampler, a CTO-10 column oven, 
two LC-10ATvp pumps, and an SPD-M10AVP diode array detector 
(DAD). The chromatographic condition was the same as that applied in 
the LC-MS identification. Chromatograms were recorded at 260 nm (for 
isoflavones) and 340 nm (flavones). The quantification was conducted 
in triplicates. The content of each identified compound was calculated 
with calibration curves of external reference standards. Approximately 
1 mg of reference compounds were dissolved in 10 mL methanol and 
diluted to four different concentrations. The calibration curves were 
constructed by plotting the peak areas at the recorded wavelengths of 
HPLC chromatogram as a function of the concentrations. Detailed in
formation of calibration curves is given in Supplementary Table 2. 
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2.7. Statistical analysis 

The contents of identified compounds were expressed as mean ±
standard deviation. Statistical difference among phenolic contents was 
performed with one way-ANOVA and Tukey’s post hoc test (p < 0.05) by 
using IBM SPSS Statistics 26 for Windows (SPSS Inc., New York, Unite 
States). Principal component analysis (PCA) and hierarchical clustering 
heatmap were applied to investigate variation in flavonoid contents 
among samples. The PCA models with full cross validation were created 
by Unscrambler 11 (Camo Process AS, Oslo, Norway). The heatmap was 
performed using open-source platform of MetaboAnalyst 5.0 
(https://www.metaboanalyst.ca/). The data used in the heatmap was 
normalized with auto-scaling in average values. 

3. Results and discussion 

3.1. Characterization of flavonoids in lupin seed samples 

Flavonoids in lupin seed extracts were characterized by comparing 
maximum UV absorption, LC retention time, typical MS ions, and MS 
fragmentation pattern with external reference standards and data from 

previous literatures (Aisyah et al., 2016; Kachlicki et al., 2016; Muth 
et al., 2008; Siger et al., 2012; Stobiecki et al., 2010). As a result, 21 
compounds were identified from the samples. Both isoflavones (13 
compounds) and flavones (8 compounds) formed the major flavonoids 
in the lupin seeds. The LC chromatograms of the extracts are given in 
Supplemental Fig. 1 and the MS data of identified phenolics is shown in 
Table 1. 

The isoflavones were identified in the lupin extracts primarily as 
genistein (4′,5,7-trihydroxyisoflavone) and its glycosides with mono-, 
di-, and tri-saccharides as sugar moieties (Table 1). Certain saccharides 
(such as hexose) were acylated with malonic acid or acetic acid, showing 
the ion of [M+H-162-86]+ or [M+H-162-42]+ in the MS spectra. For 
identified genistein glycosides, it was likely that the sugar substitution 
might have occurred only on hydroxyl groups of genistein, since the ion 
of [M+H-120]+ was not found in the MS2 spectra of any genistein de
rivatives identified. This assumption is based on the study of Waridel 
et al. (2001) where O-glycosides of flavonoids did not produce [M+H- 
120]+ fragment ions in comparison with their C-glycosylated counter
parts. For flavones, glycosylated apigenins were the major flavones in 
the seeds of Lupinus species, as reported previously (Dueñas et al., 2009; 
Siger et al., 2012; Wojakowska et al., 2013). Yet, in this study, the seed 

Table 1 
Identification of flavonoids in lupine samples by HPLC-DAD-ESI-MS.  

Peak 
No. 

Identification UV 
(nm)** 

[M+H]+/ 
[M− H]− in MS 
(m/z) 

[A+H]+/[A− H]− and other ions in MS 
(m/z) 

Product ions of [M+H]+ or other ions in 
MS2 (m/z) 

Identification by 
* 

1 genistein 4′,7-O- 
diglucoside 

260,330 595/593 271/431,269 595 → 271 UV, MS, 
literature1,2,3 

2 methoxy-genistein- 
pentoside-pentoside- 
hexoside 

260,327 727/725 595,463,301/593,461,299 301 → 286,269,241,229,213,199,153 UV, MS 

3 apigenin-pentoside-6,8-di- 
C-glucoside 

271,337 727/725 595,577/ 
605,593,473,455,383,353,335,269  

UV, MS 

4 apigenin 7-O- 
apiofuranosyl-6,8-di-C- 
glucoside 

270,337 727/725 595,577/ 
605,593,473,455,383,353,335,269  

UV, MS, 
literature4 

5 genistein 7-O-glucoside 260,330 433/431 271/269 433 → 271,253,243,241,215,153 UV, MS, 
literature1,2,3,5 

6 methoxy-genistein- 
hexoside 1 

261,330 463/461 301/299 463 → 
301,286,269,241,229,213,199,153  

7 genistein 4′-O-glucoside 260,330 433/431 271/269 433 → 271,253,243,241,215,153 UV, MS, 
literature1,2 

8 genistein 7-O- 
xylosylglucoside 

265,330 565/563 433,271/269 433 → 271,153 UV, MS, 
literature3 

9 methoxy-genistein- 
hexoside 2 

260,330 463/461 301/299 463 → 
301,286,269,241,229,213,199,153 

UV, MS 

10 methyl-luteolin-hexoside 1 267,345 463/461 301/299 463 → 301,286,258 UV, MS 
11 methyl-luteolin-hexoside- 

pentoside 
270,345 595/593 463,301/461,299 595 → 301,286,258 UV, MS 

12 methyl-luteolin-hexoside 2 268,347 463/461 301/299 463 → 301,286,258 UV, MS 
13 genistein-malonylhexoside 265,335 475/473 519,271/269  UV, MS 
14 methoxy-genistein- 

malonylhexoside 
261,330 549/547 505,301/503,299 549 → 301,286,269,241,153 UV, MS 

15 methyl-luteolin- 
malonylhexoside 

267,345 549/547 505,301/503,299 549 → 301,286,258 UV, MS 

16 genistein-acetylhexoside 261,330 475/473 271/269  UV, MS 
17 methoxy-genistein- 

acetylhexoside 
262,330 505/503 301/299 505 → 301,286,269,241,153 UV, MS 

18 methyl-luteolin- 
acetylhexoside 

268,343 505/503 301/299 505 → 301,286,258 UV, MS 

19 genistein aglycone 261,330 271/269  271 → 253,197,169,153 UV, MS 
20 methoxy-genistein 

aglycone 
262,330 301/299 -/284,269 301 → 

286,269,241,229,213,201,187,153 
UV, MS 

21 methyl-luteolin aglycone 268,346 301/299 -/284,269 301 → 286,258,229,203,187,153 UV, MS  

* Reference literatures are: 
1 Aisyah et al. (2016). 
2 Stobiecki et al. (2010). 
3 Muth et al. (2008). 
4 Siger et al. (2012). 
5 Kachlicki et al. (2016). 
** λmax is marked in bold font 

Y. Tian et al.                                                                                                                                                                                                                                     

https://www.metaboanalyst.ca/


Food Chemistry 442 (2024) 138411

4

extracts of L. mutabilis contained only two apigenin derivatives, identi
fied as apigenin 7-O-apiofuranosyl-6,8-di-C-glucoside and apige
nin-pentoside-6,8-di-C-glucoside (Table 1). 

Six unknown compounds (compounds 2, 6, 9, 14, 17, and 20) were 
found in the treated and untreated lupin seeds, each of which showed a 
typical UV maximum absorption of isoflavone at 260 nm (Table 1 and 
Supplemental Fig. 1). Compound 20, as shown in Supplemental Fig. 2, 
produced [M− H]¡ ion at m/z 299 and [M+H]+ ion at m/z 301, which 
suggested it might be a derivative of genistein substituted with a 
methoxy group (–OCH3) at benzene ring. The compound was further 
confirmed not to be tectorigenin (4′,5,7-trihydroxy-6-methoxyiso
flavone) due to different retention time shown in LC chromatogram. 
Compound 20 might have been 3′-O-methylorobol (4′,5,7-trihydroxy-3′- 
methoxyisoflavone), which was previously isolated from the leaf ex
tracts of white lupin (L. albus, cv. Kievskij Mutant) (Tahara et al., 1984). 
It is also possible that compound 20 may have been a methylated de
rivative of 2′-hydroxygenistein (2′,4′,5,7-tetrahydroxyisoflavone), since 
2′-hydroxygenistein (and its varying glycosides) has been identified 
from the roots, seeds, and leaves of lupin species of Mexican and Euro
pean origins (Aisyah et al., 2016; Kachlicki et al., 2005; Stobiecki et al., 
2010; Wojakowska et al., 2013). Other unknown isoflavones (such as 
compounds 2, 6, 9, 14 and 17) detected from the lupin samples might 
have been O-glycosides of compound 20. By showing a similar MS 
fragmentation pattern, all these compounds generated the ions at m/z 
301, 286, 269, and 241, which were also observed in the MS2 spectrum 
of compound 20 (Table 1). 

Unknown compounds 10, 11, 12, 15, 18, and 21 were tentatively 
identified as flavones for exhibiting a maximum UV absorption at 

approximately 340 nm (Table 1 and Supplemental Fig. 1). As shown in 
Supplemental Fig. 3, compound 21 produced [M− H]¡ ion at m/z 299 
and [M+H]+ ion at m/z 301, which suggested it might be chrysoeriol 
(luteolin 3′-methyl ether) as suggested in previous research(Muth et al., 
2008; Stobiecki et al., 2010; Wojakowska et al., 2013). Nevertheless, 
this was later proved as incorrect by a LC co-injection (containing both 
seed extract and reference standard of chrysoeriol), where chrysoeriol 
was eluted later than compound 21 in the chromatographic separation. 
Dueñas et al. (2009) suggested that the unknown compound was dio
smetin (luteolin 4′-O-methyl ether), which was isolated in the seeds of L. 
angustifolius. Yet, our study was not able to confirm this due to lack of 
reference standard. Compounds 10, 11, 12, 15 and 18 all produced the 
ions at m/z 301, 286, and 258 in their MS2 spectra, indicating they could 
be glycosides of compound 21 (Table 1). The sugar moieties of these 
unknown compounds might be linked to the different hydroxy groups of 
compound 21. 

3.2. Diversity of flavonoid profile in lupin seeds before debittering process 

Table 2 shows the contents of flavonoids identified from the seed 
extracts of ten lupin ecotypes. In the untreated seeds, the total content of 
identified flavonoids varied from 187 (‘Cajamarca’, E1) to 252 mg/100 g 
of dry seeds (‘Compuesto blanco semi precoz INIA’, E6). The value was 
calculated as the sum of the contents of all isoflavones and flavones 
obtained from HPLC quantification. Isoflavones were the main flavo
noids presented in the lupin seeds, representing 77–84 % of total fla
vonoids. The highest content of isoflavones were detected from the seeds 
of ‘Compuesto blanco semi precoz INIA’ (E6, 212 mg/100 g dry weight, 

Table 2 
Concentration (mg/100 g dry weight) of identified flavonoids in the extracts of untreated lupin seeds.   

Ecotypes 

E1 E2 E3 E4 E5 E6 E7 E8 E9 E10 

Total flavonoids 186.6 ±
1.1a 

241.0 ±
6.3efg 

242.1 ±
3.8fg 

224.5 ±
3.8def 

206.6 ±
8.9bc 

252.4 ±
0.6g 

246.6 ±
6.9g 

223.5 ±
3.2cde 

198.4 ±
4.9ab 

220.2 ±
4.9cd  

Total isoflavones 152.8 ±
0.9a 

201.2 ±
6.1cd 

201.8 ±
3.2d 

184.1 ±
3.5b 

159.5 ±
7.8a 

212.2 ±
0.4d 

208.2 ±
6.0d 

185.8 ±
3.0bc 

163.7 ±
4.3a 

183.4 ±
4.3b 

Ge-diGlu 7.2 ± 0.0a 18.5 ± 0.2e 17.8 ±
0.5de 

14.0 ± 0.3c 19.2 ± 1.3e 15.6 ±
0.2c 

17.8 ±
0.8de 

16.0 ± 0.6cd 15.7 ± 0.6c 11.5 ± 0.4b 

methoxyGe-Pent-Pent- 
Hex 

6.1 ± 0.2a 18.0 ± 0.6e 14.7 ± 0.3d 12.2 ± 0.2c 10.6 ± 0.6b 21.1 ± 0.0f 17.8 ± 0.1e 24.7 ± 0.3g 17.1 ± 0.3e 14.6 ± 0.2d 

methoxyGe-Hex 1 22.6 ±
0.1a 

62.3 ± 2.1d 55.2 ± 0.6c 45.9 ± 0.6b 46.0 ± 1.8b 70.3 ±
0.2e 

69.3 ± 2.0e 63.8 ± 2.2d 56.7 ± 2.4c 55.1 ± 1.2c 

Ge-Glu 2 4.5 ± 0.2cd 5.9 ± 0.2f 4.7 ± 0.1de 4.1 ± 0.1bc 5.7 ± 0.2f 4.9 ± 0.1de 4.0 ± 0.0bc 3.7 ± 0.2b 2.8 ± 0.1a 5.1 ± 0.1e 

methoxyGe-Hex 2 2.9 ± 0.1b 7.0 ± 0.2f 2.5 ± 0.0a 3.1 ± 0.1b 3.7 ± 0.2c 7.7 ± 0.0g 7.2 ± 0.2f 5.3 ± 0.1e 2.4 ± 0.0a 4.8 ± 0.1d 

Ge-malonylHex 34.5 ±
0.6e 

15.7 ± 0.9b 30.9 ± 0.8d 30.1 ± 0.7d 19.1 ± 1.4c 12.5 ±
0.1a 

20.7 ± 0.7c 11.2 ± 0.1a 10.7 ± 0.6a 15.8 ± 0.6b 

methoxyGe- 
malonylHex 

65.9 ±
0.4e 

46.0 ± 1.4c 62.6 ± 1.1e 63.7 ± 1.5e 30.5 ± 1.5a 46.1 ±
0.4c 

52.2 ±
2.1d 

41.9 ± 0.5bc 38.0 ± 0.8b 51.6 ± 2.1d 

Ge aglycone 3.9 ± 0.1a 10.3 ± 0.1e 5.6 ± 0.1bc 4.6 ± 0.2ab 12.8 ± 0.6f 10.7 ±
0.1e 

7.7 ± 1.0d 6.2 ± 0.2c 6.5 ± 0.1cd 7.6 ± 0.0d 

methoxyGe aglycone 5.2 ± 0.1a 17.5 ± 0.6f 7.8 ± 0.2b 6.4 ± 0.1a 12.0 ±
0.6cd 

23.4 ±
0.1g 

11.5 ± 0.7c 13.0 ± 0.2de 13.8 ± 0.3e 17.2 ± 0.1f  

Total flavones 33.8 ±
0.3a 

39.8 ±
0.5de 

40.3 ± 0.6e 40.4 ± 0.3e 47.1 ± 1.3f 40.2 ±
0.2e 

38.4 ±
0.9cde 

37.8 ± 0.2cd 34.7 ±
0.7ab 

36.8 ±
0.6bc 

Ap-Pent-diGlu 7.0 ± 0.1c 8.5 ± 0.3d 6.3 ± 0.1b 9.9 ± 0.2e 10.1 ± 0.3e 8.2 ± 0.0d 6.4 ± 0.1bc 5.1 ± 0.0a 6.2 ± 0.1b 6.6 ± 0.2bc 

Ap-Apio-diGlu 13.1 ±
0.2b 

17.7 ± 0.1d 11.1 ± 0.2a 17.6 ± 0.3d 18.0 ± 0.5d 16.4 ±
0.0c 

12.6 ± 0.2b 10.8 ± 0.1a 11.3 ± 0.3a 12.7 ± 0.3b 

methylLu-Hex-Pent 1.1 ± 0.0a 1.3 ± 0.0b 1.7 ± 0.0g 1.3 ± 0.0b 1.5 ± 0.0cd 1.5 ±
0.0cde 

1.6 ± 0.0de 1.7 ± 0.0fg 1.6 ± 0.0ef 1.5 ± 0.0c 

methylLu-Hex 2 3.5 ± 0.0a 4.9 ± 0.1b 7.7 ± 0.0ef 4.0 ± 0.1a 8.1 ± 0.4f 6.1 ± 0.1c 7.9 ± 0.2f 9.8 ± 0.2g 7.2 ± 0.3de 7.0 ± 0.1d 

methylLu-malonylHex 8.0 ± 0.1cd 5.9 ± 0.1a 12.2 ± 0.3e 6.4 ± 0.1ab 8.1 ± 0.4cd 6.6 ± 0.1ab 8.5 ± 0.4d 8.7 ± 0.2d 6.9 ± 0.0b 7.7 ± 0.1c 

methylLu-acetylHex 1.0 ± 0.0a 1.4 ± 0.0ef 1.3 ± 0.0c 1.2 ± 0.0b 1.3 ± 0.0c 1.4 ± 0.0d 1.4 ±
0.0def 

1.6 ± 0.0g 1.5 ± 0.0f 1.4 ± 0.0de 

Statistical differences are based on one way-ANOVA and Tukey’s post hoc test (p < 0.05); significant differences are shown with different superscript letters a–g. 
The L. mutabilis ecotypes (E) are Cajamarca (E1), Altagracia (E2), Paton grande (E3), Cholo fuerte (E4), Huanuco I (E5), Compuesto blanco semi precoz INIA (E6), H6 
INIA (E7), Moteado beige (E8), Andenes INIA (E9), and Yunguyo (E10). 
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DW), followed by ‘H6 INIA’ (E7, 208 mg/100 g DW) and ‘Paton grande’ 
(E3, 202 mg/100 g DW). In contrast, ‘Cajamarca’ (E1), ‘Huanuco I’ (E5), 
and ‘Andenes INIA’ (E9) were low in isoflavones (153–164 mg/100 g 
DW). Despite the variation in total content, the isoflavones in the lupin 
seeds were presented mostly as methoxy-genistein-malonylhexoside 
(methoxyGe-malonylHex) and a derivative of methoxy-genistein- 
hexoside (methoxyGe-Hex 1). The contents of these two compounds 
accounted for 48–60 % of the total content of isoflavones. Flavones were 
found in the lupin seeds at lower levels in comparison with isoflavones. 
The total content of identified flavones was in a range of 34–47 mg/100 

g of dry seeds, apigenin 7-O-apiofuranosyl-6,8-di-C-glucoside (Ap-Apio- 
diGlu) being the dominant. 

Previous study on flavonoid composition of L. mutabilis Sweet seed is 
scarce. Czubinski et al. (2021) extracted flavonoids from L. mutabilis 
seeds of certain sweet cultivar with 80 % aqueous methanol and 
analyzed the extracts by using a LC-ESI-MSn method. The MS results 
suggested that no isoflavones were presented in the seed extract, which 
was not in accordance with our study. The major compounds detected in 
the extract were apigenin-6.8-di-C-β-glucopyranoside (36 mg/100 g dry 
matter, DM) and apigenin 7-O-β-apiofuranosyl-6.8-di-C- 

Fig. 1. PCA models for comparison of flavonoid profile among lupin seed extracts: untreated seeds (A, all ecotypes; B, the ecotypes without E1, E3, and E4) and 
treated seeds (C, all ecotypes; D, the ecotypes without E1). The abbreviation of compounds used in the figure are: Ge, genistein; methoxyGe, methoxy genistein; Ap, 
apigenin; Lu, luteolin; methylLu, methyl luteolin; diGlu, 4′,7-O-diglucoside; Glu 1, 7-O-glucoside; Glu 2, 4′-O-glucoside; Apio, Apiofuranoside; Xyl, xyloside; Hex, 
hexoside; malonylHex, malonylhexoside; acetylHex, acetylhexoside; and Pent, pentoside. 
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β-glucopyranoside (81 mg/100 g DM). Two unknown flavone de
rivatives were also observed at a low amount, the identification of which 
was made based on typical UV absorption at both 271–273 nm and 
323–348 nm (Czubinski et al., 2021). Brandolini et al. (2022) investi
gated three genotypes of L. mutabilis Sweet (‘Altagracia’, ‘Andenes’, and 
‘Yunguyo’) that were cultivated in different regions of Peru. The ob
tained seed extracts (using 80 % aqueous methanol) contained approx
imately 300 mg/100 g DM of free flavonoids, presenting mostly as 
derivatives of genistein (accounting for 44 % of total flavonoids), cate
chin (32 %), diosmin (diosmetin 7-O-rutinoside, 8 %), apigenin (6 %), 
and naringenin (4 %). Yet, it was noticed that the flavonoid compounds 
were identified only by comparing UV spectrum and retention time with 
reference standards. For each derivative of genistein, catechin, diosmin, 

apigenin, or naringenin, no compositional information was provided. 
Therefore, the results may not be comparable to those obtained in our 
study. 

The diversity of isoflavones and flavones among the seeds of lupin 
ecotypes was revealed by statistical models. In the PCA model of Fig. 1A 
(containing 67 % of chemical varieties in PC-1 and PC-2), the studied 
ecotypes were classified into different groups (as shown in the score 
plot). It is noticed that the grouping of the studied ecotypes is not always 
in accordance with their cultivation sites (Supplemental Table 1). The 
ecotypes from higher latitudes (‘H6 INIA’, ‘Moteado beige’, ‘Andenes 
INIA’, and ‘Yunguyo’) are close to each other. Yet, ‘Altagracia’ was 
separated from ‘Cajamarca’ and ‘Paton grande’ although they were all 
grown at lower latitudes. This indicates that the geographic location 

Fig. 1. (continued). 
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may not be the only factor influencing chemical profile of lupin seeds. 
For the identified flavonoids, the seeds of ‘Cajamarca’, ‘Cholo fuerte’, 
and ‘Paton grande’ had considerably high levels of methoxy-genistein- 
malonylhexoside and genistein-malonylhexoside (Ge-malonylHex), 
which explained positive correlation with these two compounds in the 
loading plot. Another positive correlation was observed between ‘Paton 
grande’ and methyl-luteolin-malonylhexoside (methylLu-malonylHex) 
as a higher content of which detected from the seed samples. The rest of 
the ecotypes were compared in the model of Fig. 1B. The samples of 
‘Altagracia’ and ‘Compuesto blanco semi precoz INIA’ strongly associ
ated with methoxy-genistein (methoxy-Ge aglycone) and a methoxy- 

genistein hexoside isomer (methoxyGe-Hex 2) along PC-1 (with 41 % 
of variables included, Fig. 1B). Higher level of flavones detected in the 
‘Huanuco I’ seeds, which was ascribed to the abundance of apigenin 7-O- 
apiofuranosyl-6,8-di-C-glucoside and its isomer (Ap-Pent-diGlu). The 
derivatives of methyl-luteolin were concentrated mainly in the sample 
of ‘Moteado beige’, such as methyl-luteolin-acetylhexoside (methylLu- 
acetylHex), methyl-luteolin-hexoside-pentoside (methylLu-Hex-Pen), 
and methyl-luteolin-hexoside (methylLu-Hex 2). Only a few studies have 
reported the potential influence of lupin ecotype on phenolic profile in 
seeds. The studies in this field have focused mostly on other Lupinus 
species rather than L. mutabilis Sweet. Ferchichi et al. (2021) compared 

Fig. 1. (continued). 
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phenolic composition in the methanol extracts (using 80 % of methanol) 
of L. albus (including two ecotypes), L. luteus (three ecotypes), and 
L. angustifolius (two ecotypes) seeds, to determine the effect of Tunisian 
ecotypes on these compounds. The results from LC-MS analysis sug
gested that different geographical origins led to a variation in the con
tents of benzoic acids, hydroxycinnamic acids, flavones, flavanones, and 
flavonols (21 compounds in total). The main differentiation in flavones 
was observed in morin dihydrate, luteolin 7-O-glucoside, luteolin, hes
peretin 7-O-rutinoside (hesperidin), apigenin 7-O-glucoside, and api
genin 7-O-apioglucoside (apiin). The chemical diversity among lupin 

seeds of different ecotypes might be associated with the environment of 
lupin cultivation. Ferchichi et al. (2021) also reported the origins of 
lupin samples (geographical location) in their study, as well as the 
climate and the soil characteristics in each origin. Yet, the authors did 
not investigate the relationship between environmental factors and 
phenolic profile in lupin seeds, despite of a clear variation observed in 
geographical origins, such as annual rainfall, soil pH, and soil texture 
(Ferchichi et al., 2021). 

Fig. 1. (continued). 
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3.3. Diversity of flavonoid profile in lupin seeds after debittering process 

The contents of all identified flavonoids in the extracts of treated 
lupin seeds are given in Table 3. Approximately 125–203 mg/100 g DW 
of flavonoids were quantified from the extracts of debittered seeds. Like 
in untreated seeds, isoflavones still formed the major group of flavonoids 
in the treated samples, accounting for 88–92 % of total content of fla
vonoids. After aqueous debittering process, the seeds of ‘Compuesto 
blanco semi precoz INIA’ (E6) contained the highest level of isoflavones 
(185 mg/100 g DW), whereas the sample of ‘Paton grande’ (E3) had the 
lowest (110 mg/100 g DW). As the major isoflavone in the debittered 
seeds, the content of methoxy-genistein (aglycone) represented 23–59 % 
of total content of isoflavones. Genistein aglycone was also rich in most 
of treated samples (12–31 % of total isoflavones). A considerably low 
level of flavones (12–22 mg/100 g DW) remained in the lupin seeds after 
the debittering treatment. The aglycone of methylated luteolin became 
the main compound of flavones (3–11 mg/100 g DW). 

The diversity of flavonoid composition also appears in the seeds after 
aqueous debittering treatment. As shown in the plots of Fig. 1C 
(including 72 % of chemical variables in PC-1 and PC-2), the treated 
sample of ‘Cajamarca’ correlated strongly with varying glycosides of 
genistein, methoxy-genistein, and apigenin. Strong correlations of 
‘Cajamarca’ were also found with methyl-luteolin-malonylhexoside, 
methyl-luteolin-acetylhexoside, and methyl-luteolin-hexoside isomer 
2. On the contrary, the seeds of other ecotypes after the debittering 
process were highly associated with the aglycones of genistein, 
methoxy-genistein, and methyl-luteolin. Aside from ‘Cajamarca’, the 

rest of ecotypes were further compared with the model in Fig. 1D, where 
70 % of variables was contained in the first two PCs. The debittered seed 
of ‘Paton grande’ contained low contents of isoflavones and flavones, 
and thus showed negative correlations with the most identified com
pounds along PC-1 and PC-2. The samples of ‘Altagracia’, ‘H6 INIA’, and 
‘Cholo fuerte’ were close to each other in the score plot of Fig. 1D, which 
was due to high levels of genistein 7-O-glucoside (Ge-Glu 1), genistein 4′- 
O-glucoside (Ge-Glu 2), methoxy-genistein-hexoside (methoxyGe-Hex 
1&2), and methoxy-genistein-pentoside-pentoside-hexoside (methox
yGe-Pent-Pent-Hex). The seeds of ‘Huanuco I’ and ‘Compuesto blanco 
semi precoz INIA’ had similar flavonoid profile after the treatment, both 
of which were rich in genistein, methoxy-genistein, and methyl-luteolin 
aglycones. Strong correlations of ‘Huanuco I’ and ‘Compuesto blanco 
semi precoz INIA’ were also found with genistein-malonylhexoside, 
methyl-luteolin-malonylhexoside, and methyl-luteolin-acetylhexoside. 
In addition, the PCA models of treated seed samples suggested that no 
clear relationship was found between cultivation sites and flavonoid 
composition. The compositional diversity among debittered seeds may 
not be attributed to the variation in geographic areas. 

Like that of untreated seeds, the flavonoid profile of debittered seeds 
of L. mutabilis ecotypes has also seldom been reported. Estivi et al. 
(2022) assessed 33 ecotypes of L. mutabilis with HPLC to reveal the 
impact of geographic location on the chemical composition of the seeds. 
Although phenolic identification in this study was performed based only 
on the comparison of LC retention time and UV spectrum with limited 
numbers of reference standards, it was confirmed that L. mutabilis seeds 
contained high levels of flavonoids (mostly as derivatives of genistein 

Table 3 
Concentration (mg/100 g dry weight) of identified flavonoids in the extracts of treated lupin seeds.   

Ecotypes 

treated E1 treated E2 treated E3 treated E4 treated E5 treated E6 treated E7 treated E8 treated E9 treated E10 

Total flavonoids 161.4 ±
0.5de 

191.5 ±
1.8f 

125.2 ±
3.0a 

148.5 ±
1.6b 

185.0 ±
1.4f 

203.2 ±
2.8g 

156.1 ±
1.6cd 

152.4 ±
2.6bc 

161.6 ±
0.5de 

163.6 ±
1.5e  

Total isoflavones 142.8 ±
0.6cd 

176.4 ±
1.7f 

109.5 ±
2.7a 

136.1 ±
1.5b 

163.5 ±
1.4e 

185.2 ±
2.7g 

139.9 ±
1.6bc 

134.2 ±
2.3b 

144.8 ±
0.4cd 

147.1 ±
1.2d 

Ge-diGlu 3.8 ± 0.0 h 0.6 ± 0.0e 0.0 ± 0.0a 1.3 ± 0.0f 0.1 ± 0.0b 0.2 ± 0.0c 1.5 ± 0.0g 0.1 ± 0.0ab 0.1 ± 0.0b 0.5 ± 0.0d 

methoxyGe-Pent-Pent- 
Hex 

3.4 ± 0.1g 0.7 ± 0.1d 0.0 ± 0.0a 1.0 ± 0.0e 0.2 ± 0.0b 0.4 ± 0.0c 1.4 ± 0.0f 0.4 ± 0.0c 0.3 ± 0.0b 0.7 ± 0.0d 

Ge-Glu 1 14.7 ± 0.2 h 5.8 ± 0.0e 2.4 ± 0.0b 12.4 ± 0.2g 0.3 ± 0.0a 0.5 ± 0.0a 7.0 ± 0.1f 2.5 ± 0.0b 3.3 ± 0.0c 3.6 ± 0.0d 

methoxyGe-Hex 1 32.8 ± 0.2g 16.2 ±
0.0e 

4.8 ± 0.2a 22.9 ± 0.3f 8.8 ± 0.2b 12.9 ± 0.3d 22.2 ± 0.3f 8.5 ± 0.0b 10.3 ± 0.0c 10.9 ± 0.1c 

Ge-Glu 2 1.9 ± 0.0e 2.3 ± 0.0f 0.4 ± 0.0a 2.8 ± 0.0g 2.2 ± 0.0f 1.5 ± 0.0d 2.2 ± 0.1f 1.4 ± 0.0d 1.1 ± 0.0c 0.9 ± 0.0b 

Ge-Xyl-Glu 0.7 ± 0.0cd 0.9 ± 0.0e 0.2 ± 0.0a 0.6 ± 0.0b 0.3 ± 0.0a 0.8 ± 0.0e 1.1 ± 0.0f 0.7 ± 0.0d 0.7 ± 0.0bc 0.6 ± 0.0b 

methoxyGe-Hex 2 3.1 ± 0.0ef 3.6 ± 0.1g 0.5 ± 0.0a 3.2 ± 0.0f 2.0 ± 0.0b 2.8 ± 0.0d 3.0 ± 0.1e 2.5 ± 0.0c 1.8 ± 0.0b 2.0 ± 0.1b 

Ge-malonylHex 5.5 ± 0.3f 2.2 ±
0.1bcd 

1.5 ± 0.0a 2.6 ± 0.1d 3.3 ± 0.0e 3.4 ± 0.1e 1.7 ± 0.1ab 2.7 ± 0.2d 2.4 ± 0.2cd 2.0 ±
0.1abc 

methoxyGe- 
malonylHex 

11.3 ± 0.2f 2.9 ± 0.1c 1.8 ± 0.1b 3.5 ± 0.0d 3.6 ± 0.1d 4.2 ± 0.1e 2.7 ± 0.0c 3.0 ± 0.0c 1.8 ± 0.1b 1.3 ± 0.2a 

Ge-acetylHex 5.7 ± 0.3f 1.5 ± 0.0d 1.3 ± 0.1cd 3.0 ± 0.1e 0.7 ± 0.1a 0.6 ± 0.0a 1.4 ± 0.0cd 1.1 ± 0.0bc 0.9 ± 0.0ab 1.0 ± 0.0ab 

methoxyGe-acetylHex 10.1 ± 0.2f 2.8 ± 0.0b 2.1 ± 0.0a 5.5 ± 0.1e 3.3 ± 0.1c 4.2 ± 0.0d 3.0 ± 0.0bc 2.2 ± 0.0a 2.0 ± 0.0a 2.2 ± 0.1a 

Ge aglycone 17.3 ± 0.1a 43.9 ± 0.6f 33.7 ± 0.7d 26.7 ± 0.4b 43.4 ± 0.6f 44.7 ± 0.4f 30.7 ± 0.5c 31.1 ± 0.7c 35.4 ±
0.2de 

36.0 ± 1.2e 

methoxyGe aglycone 32.5 ± 0.1a 92.8 ± 1.0f 60.7 ± 1.9c 50.5 ± 0.7b 95.4 ± 0.9f 108.9 ±
2.5g 

62.1 ± 0.6c 78.0 ± 1.7d 84.8 ± 0.4e 85.6 ± 0.4e  

Total flavones 18.6 ± 0.1e 15.2 ±
0.1b 

15.7 ±
0.3bc 

12.4 ± 0.1a 21.6 ± 0.3f 18.0 ± 0.1e 16.2 ±
0.1cd 

18.2 ± 0.3e 16.8 ± 0.2d 16.5 ± 0.3d 

Ap-Pent-diGlu 1.5 ± 0.0 h 0.8 ± 0.0f 0.5 ± 0.0a 1.0 ± 0.0g 0.7 ± 0.0d 0.8 ± 0.0e 0.6 ± 0.0b 0.6 ± 0.0c 0.6 ± 0.0b 0.6 ± 0.0bc 

Ap-Apio-diGlu 2.9 ± 0.0 h 2.3 ± 0.1g 0.6 ± 0.0a 2.0 ± 0.0f 1.5 ± 0.0d 1.7 ± 0.0e 1.2 ± 0.0b 1.4 ± 0.0c 1.2 ± 0.0b 1.3 ± 0.0c 

methylLu-Hex 1 0.6 ± 0.0fg 0.6 ± 0.0de 0.5 ± 0.0a 0.5 ± 0.0b 0.6 ± 0.0e 0.6 ± 0.0e 0.6 ± 0.0g 0.6 ± 0.0f 0.5 ± 0.0cd 0.5 ± 0.0c 

methylLu-Hex-Pent 0.8 ± 0.0c 0.7 ± 0.0a 0.8 ± 0.0c 0.7 ± 0.0a 0.8 ± 0.0d 0.8 ± 0.0c 0.8 ± 0.0c 0.8 ± 0.0c 0.8 ± 0.0c 0.7 ± 0.0b 

methylLu-Hex 2 6.3 ± 0.1 h 3.4 ± 0.1bc 2.4 ± 0.1a 3.4 ± 0.0bc 4.5 ± 0.1f 3.3 ± 0.1b 5.3 ± 0.1g 4.0 ± 0.0e 3.9 ± 0.1de 3.6 ± 0.2cd 

methylLu-malonylHex 1.9 ± 0.0f 0.5 ± 0.0a 0.9 ± 0.0cd 0.8 ± 0.0b 1.4 ± 0.1e 1.3 ± 0.1e 1.1 ± 0.0d 1.0 ± 0.0d 0.8 ± 0.0bc 0.8 ± 0.0b 

methylLu-acetylHex 1.6 ± 0.0f 1.0 ± 0.0a 1.2 ± 0.0d 1.1 ± 0.0bc 1.4 ± 0.0e 1.3 ± 0.0e 1.1 ± 0.0c 1.1 ± 0.0c 1.0 ± 0.0ab 1.0 ± 0.0a 

methyl-Lu aglycone 2.9 ± 0.0a 5.9 ± 0.0b 8.9 ± 0.3e 3.1 ± 0.0a 10.8 ± 0.2f 8.2 ± 0.1cd 5.6 ± 0.1b 8.7 ± 0.2de 8.0 ± 0.1c 7.9 ± 0.1c 

Statistical differences are based on one way-ANOVA and Tukey’s post hoc test (p < 0.05); significant differences are shown with different superscript letters a–h. 
The L. mutabilis ecotypes (E) are Cajamarca (E1), Altagracia (E2), Paton grande (E3), Cholo fuerte (E4), Huanuco I (E5), Compuesto blanco semi precoz INIA (E6), H6 
INIA (E7), Moteado beige (E8), Andenes INIA (E9), and Yunguyo (E10). 
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and diosmetin) after debittering process. The results suggested a di
versity of these compounds among the debittered seeds. Higher contents 
of genisteins and diosmetins were observed in certain ecotypes culti
vated in the central regions of Peru (Junin and Huanuco), such as ‘H6 
INIA BP’ (130 mg/100 g DM), ‘Huanuco II’ (120 mg/100 g DM), and 
‘Moteado beige’ (116 mg/100 g DM). The debittered seeds of ‘Alta
gracia’ and ‘Paton grande’ (harvested in La Libertad, Northern Peru) 
contained lower levels of these compounds (69 and 58 mg/100 g DM, 
respectively). In agreement with our results, no significant correlation 
was found between geographical areas and phenolic compounds in 
debittered seeds (Estivi et al., 2022). This may have been due to the fact 
that the seed samples were collected in only one harvesting year, which 
is not sufficient to discover the effect of environmental factors on 
phenolic profile. The genotype of L. mutabilis may also play a role in 
regulating flavonoid composition of lupin seeds. Estivi et al. (2022) re
ported that the debittered seeds collected even from the same region 
showed different profile of flavonoids. Similar findings were also 
observed in our study when comparing the samples from regions of La 
Libertad (‘Altagracia’ and ‘Paton grande’) or Junin (‘Compuesto blanco 
semi precoz INIA’, ‘H6 INIA’, and ‘Moteado beige’). Unfortunately, our 
study could not provide any information on gene expression of the 
studied ecotypes. The effect of L. mutabilis genotype remained unknown. 
Moreover, the quality of soil used in lupin cultivation is also responsible 
for changes in flavonoid profile in debittered L. mutabilis seeds. Urrego- 
Pava and Coy-Barrera (2023) evaluated the impacts of both silty loam 
and sandy clay loam on nutrients and bioactive compounds in 
L. mutabilis ecotypes (from Cajica and Pasto, Colombia). Compared to 
sandy clay loam, the silty loam soil was superior in pH, humidity satu
ration, organic matter, and total nitrogen, which enhanced the accu
mulation of isoflavones (characterized with LC-MS) in the debittered 
seeds of L. mutabilis Sweet; however, the use of silty loam soil was not 
effective in increasing total content of phenolic compounds in the 
samples (Urrego-Pava & Coy-Barrera, 2023). 

3.4. Impact of aqueous debittering treatment on flavonoid profile of lupin 
seeds 

The applied debittering treatment was effective in reducing flavo
noid levels in lupin seeds. Fig. 2 suggests that the impacts of the treat
ment varied among lupin ecotype and the type of flavonoids. In most 
seed samples, a clear decrease in total content of isoflavones was 
observed after the treatment (Fig. 2A). ‘Paton grande’ (E3) showed the 

largest reduction. The total content of isoflavones in the treated ‘Paton 
grande’ seeds was 46 % lower than that detected in the untreated ones. 
High decrease (26–33 % of reduction rate) was also found in the samples 
of ‘H6 INIA’(E7), ‘Moteado’ (E8), and ‘Cholo fuerte’ (E4). ‘Cajamarca’ 
(E1) showed a decrease of 7 % in total isoflavones. Interestingly, similar 
levels of isoflavones were detected in both treated and untreated seeds of 
‘Huanuco I’ (E5; 163.5 ± 1.4 vs.159.5 ± 7.8 mg/100 g DW, Table 2 & 
Table 3). As another major group of flavonoids, flavones in lupin seeds 
were mostly removed during debittering process. After the treatment, 
the level of total flavones in the seeds decreased by 56 % on average 
(Fig. 2B). The seeds of ‘Cholo fuerte’ (E4) had the highest decrease rate 
(69 %). The lowest decrease was still found in ‘Cajamarca’ (E1) seeds 
where approximately 45 % of flavones were reduced during the 
treatment. 

A hierarchical clustering heatmap was applied to visualize compo
sitional diversity among treated and untreated lupin seeds. As shown in 
Fig. 3, the seed samples obtained before and after debittering were 
classified into two clusters based on the contents of twenty-one identi
fied flavonoids. The red zones on the map represented high amounts of 
compounds. Isoflavones and flavones present in the untreated seeds 
were primarily in the form of glycosylated derivatives; however, in the 
treated samples, the aglycones of genistein, methoxy-genistein, and 
methyl-luteolin became the major flavonoids. This suggests that the 
debittering process may cause the cleavage of C- or O-glycosylated 
linkage to release the corresponding flavonoid aglycones. The variation 
was also observed among glycosylated isoflavones and flavones. The 
untreated seeds were rich in tri- and di-glycosides of genistein, methoxy- 
genistein, apigenin, and methyl-luteolin with pentoside-pentoside- 
hexoside, pentoside-hexoside-hexoside, hexoside-hexoside, or 
hexoside-pentoside as sugar moieties. After the debittering treatment, 
these tri- and di-glycosylated derivatives were mostly removed, whereas 
high content of genistein 7-O-xylosylglucoside (Ge-Xyl-Glu) appeared in 
the most treated seeds. The applied treatment led to a significant 
decrease in the content of genistein 4′-O-glucoside (Ge-Glu 2). As its 
isomers, genistein 7-O-glucoside (Ge-Glu 1) was detected only in the 
treated seed samples. Moreover, the debittering process might also have 
an impact on the acylation of isoflavone glycosides. Genistein and 
methoxy-genistein were presented in the untreated lupin seeds mostly as 
malonylhexoside. Yet, in the samples after the treatment, acetylhexoside 
became the main sugar moiety of isoflavones. The debittering-induced 
variation in flavonoids of Andean lupin seeds has also been observed 
previously. As reported by Brandolini et al. (2022), after applying the 

Fig. 2. The reduction rate of identified isoflavones (A) and flavones (B) after debittering treatment. Statistical differences are based on one way-ANOVA and Tukey’s 
post hoc test (p < 0.05); significant differences are shown with different superscript letters a-g. The L. mutabilis ecotypes (E) are Cajamarca (E1), Altagracia (E2), 
Paton grande (E3), Cholo fuerte (E4), Huanuco I (E5), Compuesto blanco semi precoz INIA (E6), H6 INIA (E7), Moteado beige (E8), Andenes INIA (E9), and 
Yunguyo (E10). 
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same debittering treatment as in our study, over 70 % of free flavonoids 
were removed from the seeds of three L. mutabilis genotypes. Clear 
decrease was found in the contents of naringenin derivatives (reduced 
by 94 %), apigenin derivatives (90 %), diosmin derivatives (71 %), and 
genistein derivatives (around 50 %); whereas the level of genistein 
aglycone in the debittered samples was 8-fold more than that detected in 
the raw seeds. However, in the study of Brandolini et al. (2022), most of 
the compounds were identified as the derivatives of naringenin, apige
nin, diosmin, or genistein by using a reversed phase HPLC-DAD system. 
The characterization was conducted based on the similitude in their UV 
absorption spectrum with reference standards. No accurate information 
is available on their molecular structures. 

The aqueous debittering process is originally designed to reduce 
alkaloid level in lupin seeds. After 17–144 h of soaking, boiling, and 
washing in water, the alkaloid content in lupin seeds was decreased by 
93–99 % (Carvajal-Larenas et al., 2016). Varying alkaloid compounds 
may response differently to aqueous treatment. Our previous study 
evaluated the profile and residual levels of quinolizidine alkaloids in the 
L. mutabilis seeds of the same ecotypes as studied in the present research 
after aqueous debittering process. The results obtained from GC–MS 
analysis showed that, among eight alkaloid compounds present origi
nally in the seed samples, only lupanine and sparteine remained in the 
samples (at an amount of 1.2–1.4 mg/100 g DM) after the debittering 
process (Cortés-Avendaño et al., 2020). Recent studies have shown that 
the aqueous debittering process can also alter the profiles of chemical 
components in lupin seeds other than alkaloids. Villacrés et al. (2020) 
proposed that applying aqueous debittering treatment resulted in a 
remarkable decrease in some anti-nutritional compounds of L. mutabilis 
Sweet, such as nitrates, tannins, phytic acid, and trypsin inhibitors. It 
should be highlighted that the process can affect the content of essential 
nutrients and health-promoting compounds in lupin seeds. Carvajal- 
Larenas et al. (2016) reported that the L. mutabilis seeds obtained after 
debittering treatment had higher content of crude proteins than the 
untreated ones; however, the levels of crude lipids, fibres, and carbo
hydrates were decreased after aqueous processing. The aqueous 

debittering resulted in a slight increase in fatty acid content in 
L. mutabilis seeds, but it did not significantly alter the composition of 
fatty acids. This treatment could enhance the accumulation of calcium, 
iron, and zinc in the L. mutabilis seeds, whereas a considerable amount of 
potassium and magnesium were lost during the process (Carvajal-Lar
enas et al., 2016). Moreover, after debittering, higher content of 
tocopherol (mostly as γ-tocopherol) and lower level of ascorbic acid 
were both detected in the seeds, but carotenoid content (mainly as lutein 
and zeaxanthin) seemed not to be affected by the treatment (Brandolini 
et al., 2022; Villacrés et al., 2020). 

Since aqueous debittering improved the nutritional value of seeds 
through removal of anti-nutritional agents and enrichment of essential 
nutrients and health-related bioactive components (Carvajal-Larenas 
et al., 2016), the debittered seeds of L. mutabilis could be used either as 
ready-to-eat foods or as functional ingredients in food products. Flavo
noids in the debittered seeds may possess their significant effects of 
reducing the risk of cardiovascular and neurodegenerative diseases, and 
providing potent bioactivities against oxidation, cancers, and multiple 
parasites (Rees et al., 2018; Yang et al., 2018). In our study, we found the 
seeds of L. mutabilis ecotypes after debittering process still varied 
significantly in both composition and concentration of flavonoids. 
Although debittering process causes a large reduction of flavonoids in 
lupin seeds, it may be rational to select the debittered seeds containing 
the lower flavonoid content as potential ingredients used in foods. This 
is due to the concern that high levels of flavonoids may reduce the 
bioavailability of proteins and minerals in lupin seeds. Previous research 
has shown the interaction of dietary flavonoid with proteins and min
erals (Kamiloglu et al., 2021). Both proteins and metal ions form stable 
complexes with flavonoids and may diminish the digestion and ab
sorption of each other in human gastrointestinal tract (Halake et al., 
2016; Li et al., 2021). In addition, flavonoids are often perceived as 
having undesirable bitter taste, since some of these compounds activate 
human bitter receptors (such as hTAS2R14 and hTAS2R39) (Roland, 
Van Buren, & Gruppen et al., 2013). Using the ecotype rich in flavonoids 
might have a negative effect on consumers’ acceptance of lupin-derived 

Fig. 3. Hierarchical clustering analysis of isoflavones and flavones in the extracts of untreated and treated lupin seeds. The abbreviation of compounds used in the 
figure includes Ge, genistein; methoxyGe, methoxy genistein; Ap, apigenin; Lu, luteolin; methylLu, methyl luteolin; diGlu, 4′,7-O-diglucoside; Glu 1, 7-O-glucoside; 
Glu 2, 4′-O-glucoside; Apio, Apiofuranoside; Xyl, xyloside; Hex, hexoside; malonylHex, malonylhexoside; acetylHex, acetylhexoside; and Pent, pentoside. The 
L. mutabilis ecotypes (E) are Cajamarca (E1), Altagracia (E2), Paton grande (E3), Cholo fuerte (E4), Huanuco I (E5), Compuesto blanco semi precoz INIA (E6), H6 
INIA (E7), Moteado beige (E8), Andenes INIA (E9), and Yunguyo (E10). 
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products. Therefore, before the optimal concentration and composition 
of flavonoids are determined with thorough investigation on protein 
bioavailability and sensory property of lupin debittered seeds, the 
ecotype of ‘Paton grande’ (E3) containing low flavonoid content may be 
the best option for further investigation of applying L. mutabilis Sweet in 
novel food development. 

4. Conclusion 

The flavonoid profile in the seeds of L. mutabilis Sweet was investi
gated on the molecule level by using a LC-MS method. Isoflavones and 
flavones formed the major groups of flavonoids in L. mutabilis seeds; 
however, the selected 10 ecotypes exhibited a large variation in contents 
and composition of both groups. The compositional diversity of lupin 
ecotypes was found mainly in the levels of dominant compounds of 
isoflavones and flavones. This might have been ascribed to both culti
vating condition and genotype of lupin samples. An aqueous debittering 
process was applied, initially aimed at reducing the alkaloid level in 
lupin seeds by soaking, boiling, and washing with water. Our study 
showed that the debittering treatment was an effective approach of 
altering isoflavone and flavone composition, as well as decreasing the 
total flavonoid contents in the seeds. The seeds of different ecotypes 
showed varying behavior in response to the treatment by showing sig
nificant deviation in contents of individual compounds. Due to the 
presence of isoflavones and flavones, the debittered lupin seeds could be 
potentially used in food products for possessing multiple health- 
beneficial functions. Future studies should include the evaluation on 
sensory property and bioaccessibility of debittered seeds to assist the 
development of lupin-derived food products. 

To our best knowledge, this is the first study to systematically 
investigate flavonoid profile in seeds of L. mutabilis ecotypes and reveal 
the impact aqueous debittering process on flavonoid composition in the 
lupin seeds. This knowledge is essential for food industry selecting 
optimal seeds and for farmers breeding new cultivars of Andean lupins. 
Besides yields, micronutrient contents, and removal of anti-nutritional 
components, the quality of health-promoting phytochemicals in L. 
mutabilis seeds and related products should be emphasized more in the 
future. 
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Appendix A. Abbreviation used 

The Abbreviation used in the study are Ge, genistein; methoxyGe, 
methoxy genistein; Ap, apigenin; Lu, luteolin; methylLu, methyl 
luteolin; diGlu, 4′,7-O-diglucoside; Glu 1, 7-O-glucoside; Glu 2, 4′-O- 
glucoside; Apio, Apiofuranoside; Xyl, xyloside; Hex, hexoside; malo
nylHex, malonylhexoside; acetylHex, acetylhexoside; and Pent, 
pentoside. 

Appendix B. Supplementary material 

The supplemental materials include: 1) Information of the Andean 
lupin ecotypes (Supplemental Table 1); 2) Information of external 
standards applied in flavonoid quantification (Supplemental Table 2); 3) 
LC chromatogram of flavonoids in the extracts of treated and untreated 
lupin seeds (Supplemental Fig. 1); 4) Information of compound 20 
(methoxy-genistein aglycone, Supplemental Fig. 2); and 5) Information 
of the compound 21 (methyl-luteolin aglycone, Supplemental Fig. 3). 
Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.foodchem.2024.138411. 
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