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around the world based on them.

Faculty of Engineering

Department of Process and Life Science Engineering
Division of Biotechnology and Applied Microbiology

ISBN 978-91-8096-118-9

Printed by Media-Tryck, Lund 2025 %/// NORDIC SWAN ECOLABEL 3041 0903




Characterisation and bioconversion of Andean seeds' macromolecules into
bioactive food ingredients






Characterisation and bioconversion
of Andean seeds' macromolecules
Into bioactive food ingredients

Gabriela Ibieta Jimenez

[LUND

UNIVERSITY

DOCTORAL DISSERTATION

Doctoral dissertation for the degree of Doctor of Philosophy (PhD) at the Faculty
of Engineering at Lund University to be publicly defended on Friday, 7" of
November 2025, at 09.00 in the lecture Hall B, Kemicentrum, Lund.

Faculty opponent
Professor Katleen Raes, Department of Food Technology, Safety and Health,
Ghent University — Campus Kortrijk, Belgium.



Organization: LUND UNIVERSITY Document name: Doctoral thesis
Date of issue: 2025-11-07

Author(s): Gabriela Ibieta Jimenez

Sponsoring organization: Swedish International Development Cooperation Agency (SIDA)

Title and subtitle: Characterisation and bioconversion of Andean seeds' macromolecules into bioactive
food ingredients

Abstract: The global demand for sustainable, plant-based food systems has increased significantly over
the past decade and is projected to continue rising. Andean seeds are interesting contributors, not only
for their high nutritional value but also for their ability to grow naturally in very harsh conditions. Among
these Andean seeds, four have gained interest due to their nutritional value and potential industrial
applications: tarwi (Lupinus mutabilis), caflihua (Chenopodium pallidicaule), quinoa Real (Chenopodium
quinoa), and tara (Caesalpinia spinosa).

Although many studies have been conducted on Andean seeds, more information is still needed. Even
if all the benefits are scientifically proven, there may still be a problem in raising awareness about this.
In this sense, this thesis work aims first to characterise two of the main types of macromolecules present
in the natural composition of Bolivian Andean seeds, polysaccharides and proteins. Then, the thesis aims
to convert these macromolecules into smaller bioactive compounds by using enzymes and
biotransformation with lactic acid bacteria (LAB), which are biotechnologies with minimal environmental
impact. Tara's galactomannan was structurally characterised, including the first determination of its
refractive index increment (dn/dc). The non-digestible polysaccharide fractions from cafiihua and tarwi
(cellulose and hemicellulose) were characterized and then hydrolyzed to produce fermentable
oligosaccharides, which demonstrated prebiotic activity by in vitro stimulating the growth of L. casei, L.
rhamnosus, and P. freudenreichii.

Among the Andean seeds studied in this thesis, tarwi stands out for its high protein content; proteomic
analysis revealed the presence novel and nutritionally valuable proteins. Moreover, the amino acid
composition of its proteins exhibits a valuable precursor: L-glutamic acid, which can be irreversibly
converted into y-aminobutyric acid (GABA). This well-established inhibitory neurotransmitter plays a
pivotal role in the central nervous system. GABA production was achieved in tarwi, cafiihua, and quinoa
seeds via recombinant glutamate decarboxylase (GAD) enzymes from L. brevis, and through
fermentation, which also yielded beneficial metabolites, including lactic and acetic acid, as well as
essential amino acids.

This thesis makes significant contributions to the valorisation of Andean seeds by uncovering their
potential as sources of bioactive compounds through sustainable biotechnological processes. It provides
a detailed characterisation of native polysaccharides and proteins and demonstrates their transformation
into bioactive compounds. These findings not only advance the understanding of the functional properties
of Andean seed macromolecules but also open new avenues for their application in the formulation of
health-promoting food products. By linking molecular characterisation with microbial biotransformation,
the thesis lays the groundwork for the development of high-value ingredients and supports the integration
of Andean seeds into global innovation and commercialisation efforts.

Key words: Andean seeds, characterisation, bioconversion, carbohydrates, proteins, functional foods.
Language: English Number of pages: 76

ISBN (printed version): 978-91-8096-118-9

ISBN (digital version): 978-91-8096-120-2

Recipient’s notes Price Security classification

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation,
hereby grant to all reference sources permission to publish and disseminate the abstract of the above-
mentioned dissertation.

Signature Date 2025-09-29



Characterisation and bioconversion
of Andean seeds' macromolecules
Into bioactive food ingredients

Gabriela Ibieta Jimenez

UNIVERSITY



Copyright

Pages 1-76 © 2025 Gabriela Ibieta Jimenez

Paper 1 © 2023 The authors. Scientific reports journal. Published by Springer Nature

Paper 2 © 2025 The authors. (Manuscript unpublished)

Paper 3 © 2025 The authors. (Manuscript unpublished)

Paper 4 © 2025 The authors. (Manuscript unpublished)

Paper 5 © 2025 The authors. LWT — Food Science and Technology journal. Published by Elsevier Ltd.
Paper 6 © 2025 The authors. (Manuscript unpublished)

Cover image by William Déra & Gabriela Ibieta Jimenez

Published by:

Division of Biotechnology and Applied Microbiology
Department of Process and Life Science Engineering
Faculty of Engineering

Lund University

ISBN (printed version) 978-91-8096-118-9
ISBN (digital version) 978-91-8096-120-2

Printed in Sweden by Media-Tryck, Lund University,
Lund, 2025

N E Media-Tryck is a Nordic Swan Ecolabel

K o,

55’ % certified provider of printed material

= ///p Read more about our environmental
v’l’, work at www.mediatryck.lu.se .
rmeme MADE IN SWEDEN ==



To the curiosity that inspires science



Table of Contents

AN ] 1 - Uod ST 10
Popular SCIENCE SUMMIAKY ......ccccveieiieeieeie st eteste e sre st s re st sre e sbe e aesre e 12
Popularvetenskaplig sammanfattning ...........ccccocoveviiiiic i 14
Resumen cientifico POPUIAK ... 16
[T 0] il o1 011 USSR 18
AULNOT CONTITDULIONS. .....oviiiiciiiice e e 19
Publications not included in the thesis ..........ccociiiiiiiiiii s 20
ADDIEVIALIONS ....o.viiiesc ittt nre s 21
INEFOAUCTION ... 22
Amis and scope of the theSIS ... 23
Bolivian Andean seeds, sustainable production, and nutritional potential.....26
Tarwi (Lupinus mutabilis).........cccccveviiiiiiiiiiiieeccce e 26
Quinoa real (“royal quinoa’) (Chenopodium quiN0a).........ccccevvervvrvereerennne 28
Cafiihua (Chenopodium pallidicaule) ............ccocvvineieiciieeee 29

Tara (Caesalpinia SPIN0SA) ......cccccveieieiiciisie e e 30
Polysaccharides from ANdean SEEAS ..........cceveiririiirienenereeeee e 32
CharacteriSation ..........cccvveiiiiiece e 32
Galactomannan from tara.........cccceeveeviee i 32

Cellulose and hemicellulose from cafinua...........ccccoeevviiniiieienenenns 34

Cellulose and hemicellulose from tarwi ..........cccoceeeeieieeenenieeienee 36
Bioconversion of polysaccharides into functional food ingredients ............ 38
Enzymatic transformations...........cccoovevviiinenineneeese e 38

Enzymatic production of fermentable oligosaccharides..................... 38

LAB fermentation of XOS and COS.........ccooviieiiveieniieere e 44

Proteins from ANdean SEEAS ..........c.oiiiieriieere e 46
Characterisation of tarwi Protein..........c.ccoocvieeieiieeieneseee e 46
Soluble protein extraction and characterisation............c.ccccoevevevennene 49

Bioconversion of proteins into functional food ingredients...........ccccccce.e.e. 51



Enzymatic conversion of L-glutamic acid into GABA in Andean seeds

............................................................................................................. 52

Production of GABA by fermentation with L. brevis.............cccccoou.... 54

Potential of obtained products as functional food ingredients.............cc.cc..c.... 56
Fermentable 0ligosacCharides ............ccoeoiiiiiiiininccece e 56
Xylooligosaccharides (XOS) ......ccoviieivieeresieeiene e 57
Cellooligosaccharides (COS) ..o 57
Short-chain fatty acids (SCFAS).....cccciiieieieeie e 58
GABA-enriched functional fOOdS ..........cccocvieereiiriieiiree e 59
CONCIUSIONS ...ttt st e et 61
FULUIE PEISPECTIVES......eevieiiiiiieiete sttt 62
ACKNOWIEAGEMENTS .....oiciiiiict ettt st re e 64

LR L] (=] =T (o= T TR 66



Abstract

The global demand for sustainable, plant-based food systems has increased
significantly over the past decade and is projected to continue rising. Andean seeds
are interesting contributors, not only for their high nutritional value but also for their
ability to grow naturally in very harsh conditions. Among these Andean seeds, four
have gained interest due to their nutritional value and potential industrial
applications: tarwi (Lupinus mutabilis), cafiihua (Chenopodium pallidicaule),
guinoa Real (Chenopodium quinoa), and tara (Caesalpinia spinosa).

Although many studies have been conducted on Andean seeds, more information is
still needed. Even if all the benefits are scientifically proven, there may still be a
problem in raising awareness about this. In this sense, this thesis work aims first to
characterise two of the main types of macromolecules present in the natural
composition of Bolivian Andean seeds, polysaccharides and proteins. Then, the
thesis aims to convert these macromolecules into smaller bioactive compounds by
using enzymes and biotransformation with lactic acid bacteria (LAB), which are
biotechnologies with minimal environmental impact. Tara's galactomannan was
structurally characterised, including the first determination of its refractive index
increment (dn/dc). The non-digestible polysaccharide fractions from cafiihua and
tarwi (cellulose and hemicellulose) were characterized and then hydrolyzed to
produce fermentable oligosaccharides, which demonstrated prebiotic activity by in
vitro stimulating the growth of L. casei, L. rhamnosus, and P. freudenreichii.

Among the Andean seeds studied in this thesis, tarwi stands out for its high protein
content; proteomic analysis revealed the presence novel and nutritionally valuable
proteins. Moreover, the amino acid composition of its proteins exhibits a valuable
precursor: L-glutamic acid, which can be irreversibly converted into y-aminobutyric
acid (GABA). This well-established inhibitory neurotransmitter plays a pivotal role
in the central nervous system. GABA production was achieved in tarwi, cafihua,
and quinoa seeds via recombinant glutamate decarboxylase (GAD) enzymes from
L. brevis, and through fermentation, which also yielded beneficial metabolites,
including lactic and acetic acid, as well as essential amino acids.

This thesis makes significant contributions to the valorisation of Andean seeds by
uncovering their potential as sources of bioactive compounds through sustainable
biotechnological processes. It provides a detailed characterisation of native
polysaccharides and proteins and demonstrates their transformation into bioactive
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compounds. These findings not only advance the understanding of the functional
properties of Andean seed macromolecules but also open new avenues for their
application in the formulation of health-promoting food products. By linking
molecular characterisation with microbial biotransformation, the thesis lays the
groundwork for the development of high-value ingredients and supports the
integration of Andean seeds into global innovation and commercialisation efforts.
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Popular science summary

In recent years, an increasing number of people worldwide have begun seeking
healthier and more sustainable food options. One exciting source of nutrition comes
from traditional seeds growing in the Andean region of Bolivia. These seeds - tarwi,
cafiihua, quinoa, and tara - are not only packed with nutrients but also grow naturally
in challenging environments, such as salty soil, high altitudes, and drastically
changing temperatures.

Although these seeds have been cultivated and consumed for generations, scientists
still have much to learn about their composition and health benefits. My research
delves deeper into what makes these seeds special, particularly in terms of their
proteins and sugars, and how we can unlock even more health-promoting benefits
from them. As part of our search for sustainable processes, we focused on utilising
enzymes and friendly bacteria. Enzymes are proteins used as biological catalysts,
meaning they can accelerate the rate of reactions without being consumed or altered
in the process. In this thesis, we focus particularly on two functions of enzymes:
firstly, their ability to break down large structures, such as carbohydrates, into
smaller pieces (by hydrolysis), and secondly, their ability to irreversibly convert one
molecule into another. In addition to enzyme use, probiotics, which are the friendly
bacteria that reside in our gut, were utilised to investigate the health-promoting
properties of the seeds. These bacteria utilise fibre or sugars that our own body
cannot absorb and digest, and produce compounds that offer numerous benefits to
our physical and mental health.

In this sense, we initially studied the composition and structure of the carbohydrates
in tara, tarwi, and cafiihua seeds. Then, we used enzymes to break down the
carbohydrates in tarwi and cafiihua, converting them into smaller structures called
oligosaccharides. These oligosaccharides were tested on a laboratory scale as
prebiotics, that is, substances that cannot be broken down or absorbed by the body,
but serve as nutrients for the beneficial bacteria in the intestine. In these studies, the
oligosaccharides were utilised by three human probiotic bacteria and converted into
molecules with potential positive effects on human health.

Among the seeds studied in this thesis, tarwi has become important due to its high
protein content, which is even higher than that of soybeans. Upon closer
examination of tarwi's proteins, we found that they are not only nutritious but also
novel structures, not previously identified in other species. Looking deeper into the
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small molecules that build proteins, amino acids, we found high quantities of L-
glutamic acid. What makes this amino acid so interesting? The so-called GAD
enzymes can irreversibly convert L-glutamic acid into a neurotransmitter called
GABA, which is involved in the strong connection between the gut and the brain,
known as the gut-brain axis. This is a bidirectional connection, meaning that what
we eat can influence our emotional state, and our emotional state can also affect
how the probiotic bacteria in our gut function. GABA occurs naturally in foods like
tomatoes, potatoes, and asparagus. Still, it can also be produced in other foods
through natural processes such as fermentation, even in foods that do not contain it
originally. Based on this, we studied the production of GABA in tarwi, cafiihua, and
quinoa Real by a friendly bacterium, Levilactobacillus brevis, in two ways: first, by
producing its GAD enzymes in the laboratory and applying them to the seeds, and
second, by fermenting the seeds with L. brevis. Both approaches could successfully
produce GABA. While enzyme treatment is more specific, fermentation also yields
other compounds, including lactic and acetic acid, as well as some essential amino
acids.

By demonstrating how these traditional seeds can be utilised to produce healthier
foods, my research aims to support local producers, promote sustainable agriculture,
and inspire the development of new food products that benefit not only the people
in Bolivia, but also people worldwide.
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Popularvetenskaplig sammanfattning

Pa senare ar har fler och fler manniskor varlden éver borjat soka halsosammare och
mer hallbara matalternativ. En intressant kalla till naring utgors av traditionella fron
som vaxer kring Anderna i Bolivia. Dessa fron - tarwi, cafiihua, quinoa, och tara -
ar inte bara fullproppade med naring, utan véaxer ocksa naturligt i tuffa miljoer som
i salthaltig jord, hog altitud, och véxlande temperaturer.

Trots att dessa fron har odlats och anvénts i generationer, har forskare fortfarande
mycket att lara om deras uppbyggnad och halsoférdelar. Min forskning férdjupar
sig i vad som gor dessa fron speciella, sarskilt vad géller deras proteiner och
sockerarter, och hur vi kan fa ut annu mer halsoférdelar fran dem. Som en del av
vart sokande efter hallbara processer, fokuserade vi pa att anvanda enzymer och
godartade bakterier. Enzymer &r proteiner som anvands som en biologisk
katalysator, vilket betyder att de kan accelerera reaktionshastigheter utan att sjélva
bli konsumerade eller férandrade i processen. Denna avhandling fokuserar speciellt
pa tva tillimpningar av enzymer: for det forsta, deras formaga att underlatta
nedbrytningen av storre strukturer, till exempel kolhydrater, till mindre delar
(genom hydrolys), och for det andra, deras formaga att paskynda irreversibel
omvandling av en molekyl till en annan. Utdver enzymanvandning, anvandes aven
probiotika, det vill saga godartade bakterier som ingar i var tarmflora, for att studera
fronas halsoframjande egenskaper. Dessa godartade bakterier anvander till exempel
fibrer eller socker som inte kan absorberas eller brytas ner av var kropp, och
producerar foreningar som bidrar till var fysiska och mentala hélsa.

Inledningsvis studerades sammanséttning och strukturer av kolhydrater i tara-,
tarwi- och cafiihuafron. Sedan anvéandes enzymer for att bryta ner kolhydraterna i
tarwi och cafiihua, for att omvandla dem till mindre strukturer som Kkallas
oligosackarider. Dessa oligosackarider studerades sedan pa laboratorieniva som
prebiotika, det vill siga &mnen som inte kan brytas ner eller absorberas av kroppen,
men som fungerar som naring at tarmens goda bakterier. Oligosackariderna kunde
utnyttjas av tre manskliga probiotiska bakterier och omvandlas till molekyler med
potentiellt positiva effekter pa manniskors halsa.

Bland de fron som har studerats i denna avhandling har tarwi visat sig vara viktig
pa grund av sin hoga halt av protein, vilket &r hogre an i sojabonor. Vid narmare
analys av tarwiproteinerna framkommer att de inte bara ar naringsrika, utan ocksa
har unika strukturer som hittills inte har identifieras i ndgon annan art. Vid narmre
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undersékning av de molekyler som bygger proteiner, aminosyror, hittade vi stora
kvantiteter av L-glutaminsyra. Sa varfor ar denna aminosyra sa intressant? L-
glutaminsyra kan irreversibelt omvandlas av sa kallade GAD-enzymer till
signalsubstansen GABA som dr inblandad i den starka forbindelsen mellan tarmen
och hjarnan, dven kallad tarm-hjarna-axeln. Detta &r en dubbelriktad axel, vilket
innebdr att vad vi ater kan paverka vart kanslomassiga tillstdnd och vart
kansloméssiga tillstand kan ocksa paverka hur de probiotiska bakterierna i var tarm
fungerar. GABA forekommer naturligt i livsmedel sdsom tomater, potatis och
sparris. Det kan ocksa produceras i livsmedel genom naturliga processer, sdsom
fermentering, &ven om de inte innehaller &mnet fran borjan. | den har avhandlingen
studerades produktionen av GABA i tarwi, canihua och quinoa Real av en godartad
bakterie, Levilactobacillus brevis, pa tva sétt: forst, genom att producera dess GAD-
enzymer i laboratoriet och applicera dem pa fréna, sedan genom fermentering av
frona med L. brevis. Bada metoderna kunde framgangsrikt producera GABA.
Medan enzymbehandling ar mer specifik, leder fermentering till produktion av
ytterligare andra amnen, sasom mjolksyra, attiksyra, och dven nagra essentiella
aminosyror.

Genom att visa hur dessa traditionella fron kan anvdndas for att producera
hédlsosammare mat, syftar min forskning till att stodja lokala producenter, framja
hallbart jordbruk, och inspirera utvecklingen av nya livsmedelsprodukter som inte
bara gynnar ménniskorna i Bolivia, utan &ven manniskor 6ver hela vérlden.
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Resumen cientifico popular

El nimero de personas que buscan opciones alimentarias mas saludables y
sostenibles ha aumentado significativamente en los Ultimos afios. Una fuente
prometedora de nutrientes se encuentra en semillas tradicionales que crecen en la
regién andina de Bolivia. Cuatro semillas, el tarwi, la cafiihua, la quinua y la tara no
solo resaltan por sus nutrientes, sino también porque se desarrollan de forma natural
en condiciones ambientales desafiantes, como suelos muy salinos, gran altura sobre
el nivel del mar y cambios de temperatura drasticos.

A pesar de que estas semillas han sido cultivadas y consumidas durante muchas
generaciones, aun queda mucho por estudiar sobre su composicién y potenciales
beneficios para la salud. Este trabajo de investigacion se enfoca en el estudio de las
proteinas y azlcares que componen a las semillas y en cémo podemos
transformarlos en compuestos con beneficios en la salud. En la blasqueda de
procesos sostenibles, nos enfocamos en el uso de enzimas y bacterias beneficiosas.
Las enzimas son proteinas que actlan como catalizadores biol6gicos, es decir,
aceleran reacciones sin consumirse ni transformarse. En esta tesis, nos centramos
en dos funciones de las enzimas: primero, en su capacidad para descomponer
estructuras grandes como los carbohidratos en fragmentos mas pequefios (hidrolisis)
y segundo, en su habilidad para convertir una molécula en otra distinta.
Adicionalmente al uso de enzimas, los probi6ticos, que son microorganismos que
habitan en el intestino humano, fueron usados para estudiar las propiedades
benéficas de las semillas Andinas. Estas bacterias, usan fibras o azlcares que no
pueden ser digeridos por el cuerpo humano y producen compuestos con efectos
positivos en la salud fisica y mental.

En este contexto, estudiamos la composicion y estructura de los carbohidratos
presentes en las semillas de tara, tarwi y cafiihua. Luego, utilizamos enzimas para
hidrolizar los carbohidratos de tarwi y cafiihua obteniendo estructuras mas pequefias
Ilamadas oligosacéridos. Estos oligosacaridos fueron evaluados como prebidticos
en laboratorio, los prebidticos son sustancias que no pueden ser digeridas en el
cuerpo humano, pero son nutrientes para las bacterias beneficiosas en nuestros
intestinos. En estos estudios, los oligosacaridos demostraron su capacidad para
estimular el crecimiento de tres cepas probidticas humanas y se convirtieron en
moléculas con efectos positivos para la salud.
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El tarwi, en particular, destaca por su elevado contenido proteico, que es incluso
superior al de la soya. Analizando las proteinas de tarwi, descubrimos gque no solo
tienen un alto valor nutricional, sino que también son estructuras no reportadas
previamente. Ademas, estudiando a las pequefias estructuras que componen a las
proteinas, los aminoacidos, detectamos niveles elevados de acido L-glutdmico.
¢ Qué hace a este aminodacido interesante? Con el uso de una enzima llamada GAD,
el acido L-glutdmico puede convertirse en acido y-aminobutirico (GABA), que es
un neurotransmisor clave en el eje intestino-cerebro. Este eje es una conexion
bidireccional, lo que significa que los alimentos que consumimos pueden afectar
nuestro estado emocional y nuestro estado emocional también puede afectar el
funcionamiento de las bacterias beneficiosas que viven en nuestros intestinos. El
GABA se encuentra naturalmente en alimentos como el tomate, la papa y los
esparragos. Pero, también es posible producirlo en alimentos que no lo contienen.

Como parte de la tesis, estudiamos la produccion de GABA en tarwi, cafiahua y
guinua Real con la bacteria beneficiosa Levilactobacillus brevis de dos maneras:
primero, produciendo sus enzimas GAD en laboratorio y aplicandolas a las semillas;
y segundo, fermentando las semillas con L. brevis. Ambas estrategias funcionaron
para producir GABA: las enzimas lo hicieron de forma especifica, mientras que la
fermentacion también produjo otros compuestos como acido lactico, acido acético
y algunos aminoéacidos esenciales.

Este trabajo demuestra el potencial de las semillas andinas como materia prima para
el desarrollo de alimentos funcionales, contribuyendo a la valorizacion de cultivos
tradicionales, al fortalecimiento de la agricultura sostenible y a la creacion de
productos que beneficien tanto a productores locales como a consumidores a hivel
global.
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Introduction

Bolivian Andean seeds have gained research interest due to their nutritional value.
Studies have thus far focused mostly on their characterisation, considering protein
content, fatty acid composition, and naturally occurring bioactive compounds, such
as antioxidants and bioactive peptides. However, deeper characterisation is needed,
as well as investigating the transformation into new bioactive compounds. As there
is a global need for new sustainable sources and technologies to obtain food
products with added nutritional and functional value (health benefits), Andean seeds
appear as interesting contributors, not only for their high nutritional value but also
for their ability to naturally grow in very harsh conditions including soil with high
salt content, arid, high altitude above sea level and freezing temperatures during
night.

Besides growing in harsh conditions, Andean seeds can also benefit the soil where
they grow, unlike other seeds, which can lead to deforestation or infertile soils. To
address deforestation and climate change, the cultivation of Andean seeds, such as
tarwi (Lupinus mutabilis), cafiihua (Chenopodium pallidicaule), and quinoa
(Chenopodium quinoa), is of great interest due to their ability to grow and the
positive impact they have on the soil. Tarwi contributes to soil fertility by fixing
higher amounts of Nitrogen compared to other legumes [1]. Recent research also
suggests that intercropping quinoa with legumes improved the yields, including
enhanced plant and soil nutrients, and increased soil enzyme activity [2].

There is a lack of deep characterisation of two of the main macromolecules in
Andean seeds; carbohydrates and proteins. Most of literature found has quantified
the amount of these macromolecules in the seeds but their structures remain quite
understudied. For example, cafiihua and tarwi have been studied in terms of their
starch content, however, their cellulose and hemicellulose have not been
characterised. Then, tarwi has been used for novel formulations for its high protein
content, still, its proteins have not been characterised, and recently, one variety has
been fully sequenced, being the first study on this field [3]. Therefore, characterising
tarwi's proteins is of high importance, particularly to identify conglutins, which are
the main group of proteins found in other lupin species. They are rich in essential
amino acids and have functional properties, particularly y-conglutins, have
demonstrated anti-diabetic properties by improving glucose uptake and regulating
insulin pathways. B-conglutins exhibit anti-inflammatory and antioxidant activities

[4].
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A key aspect when investigating the nutritional potential of food matrices emerges
in the context of the gut microbiome. It has been widely studied that the
microorganisms living in the digestive tract, especially in the colon (probiotics),
require non-digestible carbohydrates that can reach these areas without being
absorbed by the human body (prebiotics). The gut microbiome is an ecosystem of
microbiota, including probiotics. When healthy, it supports various functions in the
human body, such as the absorption of micronutrients, protection against pathogens,
regulation of the immune system, and strengthening of biochemical barriers. In this
sense, it is crucial to have a diverse range of nutrients in the daily diet to reap all the
benefits of a healthy microbiome.

The connection between the gut microbiome and the brain has garnered significant
interest in research over the last decade. It has been proven that a healthy
microbiome not only promotes physical wellness but also contributes to mental
health. This connection is known as the gut-brain axis, a bidirectional
communication pathway between the central and enteric nervous systems, linking
emotional and cognitive centres of the brain with peripheral intestinal functions.
Recent research in this field has identified a promising molecule, y-aminobutyric
acid (GABA), which is well known as an inhibitory neurotransmitter that plays a
crucial role in the central nervous system. Imbalances of GABA are associated with
neurological diseases, such as Alzheimer's and Parkinson's disease, and
psychological disorders, including anxiety, depression, and stress [5]. Recent
research shows that GABA is also a potent mediator of the gut-brain axis.

The importance of maintaining a healthy gut microbiome is evident for both
physical and mental health. To obtain molecules with a positive effect on the gut
microbiome, the use of enzymes and fermentation with LAB are two important
biotechnologies that can transform macromolecules, such as proteins and
carbohydrates, into smaller molecules with biological benefits for humans.

In this sense, is it possible to use Andean seeds as raw material to produce potential
functional food ingredients using enzymes and LAB? The following chapters
describe how this thesis addressed the question.

Amis and scope of the thesis

This thesis has two main objectives: (1) first, to characterise two of the main
macromolecules present in the natural composition of Bolivian Andean seeds,
polysaccharides and proteins. (2) Then, the thesis aims to convert these
macromolecules into smaller bioactive compounds by using enzymes and
biotransformation with lactic acid bacteria (LAB), which are biotechnologies with
minimal environmental impact.
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The outcomes of this thesis are presented in six papers: Papers | to Il focus on
polysaccharides, while Papers IV to VI address proteins. A description of each
article is provided below.

Paper | studied a well-known galactomannan extracted from the endosperm of tara
seeds (Caesalpinia spinosa), which is used as a thickener and stabiliser in many
food products. It was molecularly characterised by asymmetrical flow field-flow
fractionation (AF4). The characterisation includes monosaccharide composition,
molar mass, root mean square radius, hydrodynamic radius, conformation, and
densities, as well as the determination of the specific refractive index increment
(dn/dc) for the first time for this galactomannan.

Paper 11 dived into the characterisation of the non-digestible polysaccharides of
tarwi and cafiihua, studying the cellulose and hemicellulose fractions, which are part
of the so-called dietary fibre. The seeds were subjected to an alkali extraction, and
the extracted polysaccharides were analysed in terms of monosaccharide
composition and d-glucoronic acid content. Additionally, FTIR analysis was
performed, as well as the total phenolic compounds and total starch in these
fractions. Finally, X-ray diffraction and SEM are used to gain a better understanding
of the structure of these polysaccharides.

Paper 111 studied the production of fermentable oligosaccharides from the non-
digestible polysaccharides of cafilhua and tarwi by using a sequential enzymatic
treatment. The hydrolysis process began with a cellulose blend comprising
cellobiosidase I and II, B-glucosidase, and endo-1,4-B-D-glucanase. Followed by a
treatment with o-amylase and a final treatment with a mix of xylanase and
glucuronoxylanase. The products of hydrolysis were used to grow three LAB:
Lacticaseibacillus rhamnosus, Lacticaseibacillus casei, and Propionibacterium
freudenreichii. Products of fermentation and consumption of oligosaccharides
during fermentation were analysed.

Paper 1V examined the proteins of tarwi seeds, given this legume's high protein
content, which accounts for approximately 46% of the seed's total weight.
Microwave-assisted alkaline extraction yielded more soluble protein and fewer
glycoproteins compared to neutral and acidic extractions. MALDI-TOF analysis
revealed novel protein structures, due to no 100% similarity to proteins found in
other species. Among the most nutritional and functional proteins, B- and o-
conlgutins were identified.

Paper V focused on the production of GABA from naturally occurring L-glutamic
acid in tarwi, cafiihua, and quinoa Real seeds with two recombinant GAD enzymes,
GadA and GadB, produced by Levilactobacillus brevis. GAD enzymes can
irreversibly convert L-glutamic acid into gamma-aminobutyric acid (GABA) in the
presence of the pyridoxal-5'-phosphate (PLP) cofactor. The production of GABA in
tarwi seeds was higher, correlating with its higher protein and L-glutamic acid
content.
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Paper VI studied a different approach to producing GABA in Andean seeds.
Fermentation by L. brevis, which stands out for its ability to produce GABA among
LAB. In this paper, the fermentation of Andean seeds by L. brevis produced SCFAs
and GABA, and the change in soluble free amino acids due to fermentation was also
determined.
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Bolivian Andean seeds, sustainable
production, and nutritional potential

The Andean region of Bolivia, as the entire country is highly biodiverse, supporting
a wide variety of crops, many of which are only known to the locals. Very few
receive more attention, as research has shown their nutritional benefits. The best
example is quinoa; whose production originates from the Andean region.
Specifically, Real (“royal”) quinoa is the one produced near the most extensive salt
flats in Uyuni, Bolivia [6]. Nowadays, due to its nutritional benefits, quinoa is
cultivated in many countries across all continents [7]. Other interesting seeds that
grow in the Andean region of Bolivia are cafiihua (Chenopodium pallidicaule),
tarwi (Lupinus mutabilis), and tara (Caesalpinia spinosa). The first two due to their
nutritional value, and the last one is attributed to its industrial applications. The gum
found in the seed is used in the food industry as an emulsifying and thickening agent
[8].

Despite the great variety of crops grown in this area, the Andean region of Bolivia
is also affected by malnutrition, obesity, and diet-related chronic diseases, which
highlights the significant inequalities observed worldwide [9]. Most of the crops
cultivated in the Andes are underutilised species, and they play an important role in
food security systems because they grow in infertile and arid soils, which are often
crucial to household nutritional strategies [10]. In this sense, it becomes crucial to
support the production of crops that, in addition to having low nutrient requirements
during growth, also benefit the soil and provide nutritional benefits to consumers.

Tarwi (Lupinus mutabilis)

It is a legume species native to the Andes, also known as Andean lupin; its
production is essential for conserving agroecological systems. The plant can fix N
through nodules formed in its roots by the bacterium Rhizobium; it has been shown
to fix up to 500 kg ha™! of N per year [11]. Tarwi also grows in poor soil conditions
with very low nutrient content [12]. One of the most important benefits for the
producers in Bolivia is that the seeds can be stored for long times, around one or
two years, allowing the producers to sell them when there is more demand for them
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or when the prices can go a bit higher, for example, at fairs or bigger markets [13].
Locals consume tarwi seeds as “mote”, a simple process that involves boiling.
Outside the Andean regions, people are not familiar with or do not consume them.
This is why it becomes very important to increase research and visibility of tarwi
seeds.

The nutritional value of tarwi seeds primarily relies on their protein content, which
ranges between 41% and 51%, depending on the cultivation location, variety, and
environmental factors [14], exceeding that of any other lupin species. It also has oil
content ranging between 14% and 24%. The Bolivian seeds used in this thesis have
a protein content of 41.6 % to 46.4% (Papers 1V and V) and an oil content of 18%
when extracted with hexane [15].

Tarwi seeds have significant industrial potential, as the commercialisation of plant-
based proteins and their derivatives has increased substantially over the last few
decades. Tarwi production originated in the Andean region, and many European
countries, including the Netherlands, Germany, Portugal, and Spain, are still
adapting the seeds to their local environments. On the other hand, tarwi produced in
the Andes is still undervalued. It is therefore necessary to increase innovative
research on Andean tarwi to valorise its production, properties, and industrial
potential through the use of new technologies.

Some studies have focused on the bioactive compounds present in tarwi seeds. Most
of the bioactive compounds are found in the lipid fraction of the seeds. Many authors
have identified carotenoids, tocopherols, and phenolic compounds that contribute to
the antioxidant capacity of tarwi [16]. Tarwi seeds used in this thesis (Figure 1) were
characterised in terms of the lipid fraction, and it was shown that the extraction of
oil with ethanol vyields higher total phenolic compounds, as well as an increased
concentration of tocopherols compared to the oil extracted with other solvents.
Interestingly, it also shows a more diverse fatty acid profile compared to commercial
oils [15].
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Figure 1. Tarwi seeds used in this thesis, with an average seed size of 1 cm.
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Quinoa real (“royal quinoa”) (Chenopodium quinoa)

Quinoa has gained significant interest in research over the past few decades.
Initially, its origins correspond to the Andean region of South America; however,
this seed exhibits a wide genetic diversity, resulting in a varied composition and
numerous varieties worldwide. Quinoa Real is the designation of origin of the
quinoa produced near the largest salt flats in the world, “Salar de Uyuni” in Uyuni,
Bolivia. The environmental characteristics that support its growth include high soil
salinity, intense UV radiation, and high altitude above sea level (higher than 3600
m). The main characteristics of the seeds are their large size and high saponin
content compared to other quinoa varieties [6].

Little research has been conducted on quinoa Real's actual benefits. A notable
advantage is its protein content, which surpasses that of cereals like rice, maize,
barley, and wheat. The five quinoa varieties studied in this thesis (Figure 2) have a
protein content ranging from 17.56% to 20.96% (Paper V), which is higher
compared to the average protein content in other quinoa varieties worldwide. Other
studies show that quinoa Real has a high fibre content. Black, red, and white quinoa
real were studied, and they showed a high total dietary fibre content, with most of it
being insoluble dietary fibre [17].

Another interesting characteristic of quinoa is its gluten-free nature. Research on the
formulation of gluten-free products based on quinoa has increased in the last decade.
For example, gluten-free pasta has been developed, utilising guar gum as an additive
to mimic the structural properties of gluten. The resulting pasta exhibited a higher
protein content, total phenolic content, and antioxidant capacity, as well as a
significant increase in Ca, Fe, K, Mg, P, and Zn compared to a gluten-free pasta
made from rice and corn [16]. Similarly, gluten-free shortbreads with 60% quinoa
flour increased their dietary fibre content and polyphenol content in 5 fold compared
to the controls; additionally, the content of essential amino acids increased [19].

Quinoa Real lacks information on the composition of bioactive compounds; most
studies have been conducted on other varieties of quinoa. Quinoa seeds contain
bioavailable vitamins, including vitamin C, vitamin B6, vitamin B5, thiamine, and
folate. Vitamin C in 100 g of quinoa is 16 mg, which is undetectable in wheat, corn,
or rice. Additionally, 100 g of quinoa contains high levels of vitamin B6 and folic
acid, meeting approximately an adult's daily requirement. In particular, 100 grams
of quinoa contain 80% of the recommended daily intake for children and 40% of
the recommended daily intake for adults in terms of riboflavin. Furthermore, quinoa
is a good source of vitamin B2, fulfilling approximately 40% of the daily
recommended intake for an adult [20].
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Quinoa Real “Pandela
Rosada”

Mok’0”

Quinoa Real “Chillpi” Quinoa adapted to
tropical climate

Figure 2. Quinoa real varieties and quinoa adapted to tropical climate used in this thesis. Average quinoa
Real seed size 2.5 mm, and average quinoa adapted to tropical climate seed size 1.5 mm.

Canihua (Chenopodium pallidicaule)

Canihua is considered part of the so-called “forgotten crops”; it is a pseudo cereal
native to the Andes. Its production remains at subsistence levels, despite its
remarkable agricultural characteristics, such as high resistance to climate change, a
hostile environment, and low nutrient demand [21]. However, very little is known
about this crop outside its place of cultivation, limiting its consumption.

Its nutritional composition relies mostly on its carbohydrate content, which is
around 63% to 67% [22]. Then, proteins are the second principal component,
accounting for approximately 15%. Cafiihua seeds used in this thesis (Figure 3)
contain 15.9% protein (Paper V) and 6.73% oil when extracted with hexane [15].

Cafiihua belongs to the Chenopodiaceae family, but its saponin content is lower
than that of other members of the same family, such as quinoa, and it does not give
the bitter taste to the product. However, some studies have shown that cafiihua
varieties from Bolivia and Peru can contain saponins, and likewise quinoa, it can be
divided into sweet and bitter varieties [23].

In the same way as quinoa, cafiihua is gaining interest for its lack of gluten to
formulate gluten-free products. For example, a study determined that the optimal
composition of gluten-free bread had 100% cafiihua flour (without any other flour
additive) and xanthan gum [24].
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The bioactive compounds found in cafiihua include tocopherols, which appear to be
superior to those found in cereals. For example, the oil from cafiihua seeds used in
this thesis when extracted with ethanol, has the highest tocopherols concentration
(a, v, and 8) as well as higher total phenolic content and antioxidant capacity
compared to the same oil extracted with hexane and petroleum ether [15].

Figure 3. Cafiihua seeds used in this thesis. Average seed size is 1 mm.

Tara (Caesalpinia spinosa)

Tara is native to the Andes in South America; Peru is the largest producer, and
production in Bolivia has increased in the last decade. In fact, in 2021, the first tara
pod packaging facility was built, and the plant is capable of producing 6,000 tons
per year. Tara is produced in orange pods that contain four to seven dark seeds
(Figure 4). The pod is utilised in various industries due to its high tannin content
[25]. The pods of the seeds used in this thesis were previously characterised in terms
of total tannins, which ranged between 70% and 85% of the whole pod [26]. The
pods have also garnered interest in the food industry due to their high concentration
of phenolic compounds in ethanolic extracts, which have been shown to possess
high antioxidant capacity (10.17 TE mmol L' g!) [27]. An ethanolic extract,
designed as P2Et, from tara pods has been widely studied, exhibiting antitumor and
immunomodulatory activities in breast cancer, leukaemia, and melanoma. The
safety dose in humans is determined to be a maximum of 600 mg/day [28].
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On the other hand, tara seeds are also of interest in the food industry due to the
galactomannan in the endosperm of the seed, known as tara gum (TG), which is
already listed as a food additive in many countries as a stabilizer and a thickener
[29]. More recent research includes TG as a delivery system for vitamin Ds, in a
complex with gelatin A. This encapsulation increased thermal stability and
protected vitamin D3 from physiological conditions in the gastrointestinal tract [30].

TG is already well-known, and numerous studies have been conducted to investigate
its potential bioactivity, as well as to explore structural modifications that enhance
its properties. Four important modifications are: (1) carboxymethylation with
monochloroacetic acid (MCA), the resulting modified gum presents characteristics
of an anionic polysaccharide and reductions in molecular weight, and the
pseudoplastic behaviour was maintained along with a lower viscosity compared to
its native form. These results show potential complexing with other biomolecules
and for the controlled release of bioactives [31]. (2) grafting with polyacrylic acid,
which resulted in the formation of a 3D structure having numerous pores in it, that
can absorb huge amounts of water and possibly form a barrier to prevent water
molecules from overflowing. The superabsorbent polymer also showed
antimicrobial properties, which were evaluated using bacterial strains of E. coli and
S. aureus [32]. (3) cross-linking, where TG was incorporated into acrylic acid by
gamma radiation to produce super-absorbent hydrogels. The obtained crosslinked
hydrogels exhibited higher mechanical strength and an optimum swelling ratio,
making them suitable for use as absorbents for body fluids, such as urine [33].
Finally, (4) sulfation with piperidine-N-sulfonic acid, the resulting sulfated TG had
anticoagulant activity [34].

Figure 4. Tara seeds used in this thesis. Average seed size is 1 cm.
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Polysaccharides from Andean seeds

Characterisation

Characterisation of polysaccharides extracted from seeds is quite challenging. First,
due to difficulties in extracting or isolating them. Second, because their solubility in
water might be low, or it may need to be enhanced by thermal treatment. This last
factor can interfere with some analyses that require the high solubility of the
polysaccharide. In this section of the thesis, we will examine the factors influencing
the isolation and characterisation of polysaccharides in three Andean seeds: tara,
tarwi, and cafiihua.

Galactomannan from tara

Galactomannans are water-soluble non-ionic polysaccharides used in the food and
pharmaceutical industries. Usually, galactomannans are referred to the gums
naturally present in the endosperm of seeds, and their structure is a linear B-(1—4)
d-mannopyranosyl backbone (mannan) partially substituted by a-(1—6)-linked d-
galactopyranosyl residues [35]. The significant difference between galactomannans
from different plant sources lies in the galactose content and its distribution in the
mannose backbone [36]. In general, it has been reported that guar gum has a
Man/Gal ratio of around 2:1, the TG Man/Gal ratio is around 3:1, and locust bean
gum has a ratio of around 4:1 [37]. This relationship has also been associated with
the solubility of the galactomannan; the higher the substitution with galactose units
in the mannose main chain, the higher the solubility [38]. The Man/Gal ratio is also
associated with the viscosity of the polysaccharide; a higher ratio is associated with
extended structures and higher apparent viscosity [39].

In tara seeds, the endosperm comprises 22-24% of the total seed weight, with the
rest being 40% germ and approximately 26-28% hull or husk [40]. The isolation of
the endosperm becomes difficult due to the hull's hardness. Although different
methods are used, some of them employ strong acids or destroy either the
endosperm or the germ. In this sense, the method used in Paper 1 is based on the
process used for commercial TG isolation, which involves thermal-mechanical
grinding to separate the endosperm from the germ and hull. Figure 5 shows the three
separated parts. When the endosperm is separated, it is ground and suspended in hot
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water. Finally, ethanol is used to precipitate the pure gum, which then requires
drying [40].

Endosperm Hull

Figure 5. . The three main components of tara seeds are the germ, endosperm, and hull, as determined
after thermal-mechanical separation for characterization in Paper I.

Once the gum is extracted, an important factor for AF4 analysis is the solubility of
the sample in water. In general, galactomannan-based polysaccharides are soluble
in water and form highly viscous and stable aqueous solutions [34]. The Bolivian
TG isolated for this thesis was easily dissolved in the carrier liquid (10 mM NaNO3)
to proceed with the AF4 analysis (Figure 6). A crucial parameter in the
characterisation of polysaccharides is the specific refractive index increment
(dn/dc), especially when using light scattering and refractive index detection. Dn/dc
represents the change in refractive index of a solution concerning a change in
concentration and is essential for the accurate determination of molecular weight
and size. According to the determination principle, a slight shift in dn/dc can
significantly impact the result of MW obtained from light scattering [41]. The dn/dc
value for TG was not determined before; therefore, the first step in characterising
the Bolivian TG was the determination of the (dn/dc) for the first time (0.1454). The
molecular characterisation of TG reveals a Man/Gal ratio of 3.37, with a molecular
weight ranging from 2.460 x 107 to 3.699 x 107 Da, distributed in a single
population.

Besides the chemical characteristics and MW of the gum, it was also possible to use
a tool (Kratky plot) that analyses the flexibility and degree of unfolding of
macromolecules. This analysis in Paper | indicated that TG is a random coil
monodisperse, suggesting that the chains have a low branched density, are highly
flexible, and disordered in solution, adopting a tangled, randomly coiled shape
rather than a rigid or extended one, and a very narrow molecular weight distribution,
meaning that most of the polymer molecules have similar sizes [42].
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Figure 6. Isolation of TG from tara seeds and AF4 channel separation to identify molecular properties of
the gum (Paper I).

Cellulose and hemicellulose from cafihua

So far, the most studied carbohydrate fraction of cafiihua is starch, which has been
reported to range from 44.4 to 52% in Bolivian seeds [43]. Approximately 20% of
this starch is amylose [44]. The amylose content falls within the range typically
found in many starch-rich foods, indicating that the starch is relatively easily
digested in the human digestive tract and serves as a rapid energy and glucose source
[45]. Moreover, starch does not compose the full carbohydrate content of cafiihua
seeds, and there are non-digestible fractions that have not been well characterised.

Paper Il began with the hypothesis of isolating and characterising these non-
digestible fractions, specifically the cellulose and hemicellulose fractions. However,
the analysis by AF4 and NMR to understand the structure was not possible due to
the low solubility of the hemicellulose fractions in the three solvents tried (available
in deuterated form for NMR): H.O, DMSO, and chloroform. The soluble solutions
achieved were not sufficiently concentrated for analysis, and it was decided to try
other techniques, such as SEM, FTIR, and X-ray diffraction, to gain insights into
the structure of these polysaccharides.

Typically, to isolate hemicellulose and cellulose from seeds the ground seeds are
subjected to defatting, which involves extracting the fat fraction. Then, either an
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alkaline or acidic treatment can be applied using a strong base, such as sodium
hydroxide, or a strong acid, like sulphuric acid to break down the hemicellulose,
which is then precipitated with ethanol. Further purification is then applied. The
residual solid material can be bleached using oxidising agents or treated with acids,
such as nitric and acetic acids. Finally, the cellulose fraction is precipitated with
ethanol and purified [46, 47]. In Paper 11, the hemicellulose and cellulose fractions
of cafihua were extracted by using first a strong alkaline treatment (hemicellulose)
and then an acidic treatment (cellulose). Both fractions are shown in Figure 7.

Figure 7. A) Freeze-dried hemicellulose fraction of cafiihua seeds after alkaline extraction. B) Freeze-
dried cellulose fraction after hemicellulose extraction of cafiihua seeds.

The carbohydrate fractions of cafiihua seeds similarly to the seeds, have a dark
brown colour. This factor still requires further investigation due to the resistance of
the compounds responsible for the colour after all the strong procedures during
extraction. Both fractions also have very low solubility in water. The hemicellulose
fraction, as determined by monosaccharide composition analysis, is mainly
composed of glucose and arabinose with a lower content of galactose and xylose.
Hemicelluloses can vary in their composition even when comparing different parts
of the same plant [48]. The characterisation of cafiihua's hemicellulose also shows
that most of the glucose is the soluble part of it, as well as a high antioxidant
capacity. Literature suggests that the antioxidant capacity in hemicellulose may be
attributed to phenolic compounds, such as ferulic acid and p-coumaric acid, or
functional groups like hydroxyls and carboxyl groups [49]. The method used to
detect antioxidant capacity was the Ferric Reducing Antioxidant Power (FRAP)
assay, which measures the overall reducing potential of the polysaccharide structure
[50]. The results in Paper Il show a high antioxidant capacity, but not as high total
phenolic compounds. The method for detecting phenolic compounds is based on the
reaction with Folin-Ciocalteu reagent. This assay is designed for free phenolic
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compounds, and therefore, it would be necessary to break the bonds to detect
structures such as ferulic acid [51].

The cellulose fraction of cafiihua is composed mainly of glucose, as expected, and
XRD shows two of the four typical peaks of cellulose; however, some crystalline
impurities are also observed. SEM imaging of the cellulose fraction does not look
like the regular fibre structures observed in SEM imaging of other cellulose samples.
Figure 8 shows cafiihua cellulose SEM imaging.

LEI 10.0kv X500 10um WD 8.0mm

Figure 8. Cafiihua cellulose SEM imaging, reference 10 pm.

Cellulose and hemicellulose from tarwi

A similar issue with the solubility was observed for cellulose and hemicellulose
fractions of tarwi seeds (Figure 9). In this case, the carbohydrate fraction is not the
main component of the seeds, and it is also considered a non-starch leguminous
seed. It has been found to contain between 27% and 33% carbohydrates, depending
on the cultivar [52]. One study on tarwi from a local market in Ecuador quantified
the starch content of the seeds at 5.9%, with 33% of the starch being amylose and
67% being amylopectin [53]. The content of amylose makes it harder to digest
compared to other starch compositions, such as those found in cafiihua (described
before), but still lower than in resistant starch-rich foods. However, starch is not the
main component of tarwi carbohydrates, and the composition of tarwi
polysaccharides has not been reported.
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Figure 9. A) Freeze-dried hemicellulose fraction of tarwi seeds after alkaline extraction. B) Freeze-dried
cellulose fraction after hemicellulose extraction of tarwi seeds.

The carbohydrate fractions of tarwi are white, and cellulose is a fine powder. The
hemicellulose fraction has mainly arabinose in its monosaccharide composition,
followed by galactose and smaller amounts of xylose. The SEM imaging reveals the
presence of fibres (Figure 10 B). The analysis of this fraction also shows antioxidant
capacity and the presence of phenolic compounds, but in lower amounts compared
to the same fraction of cafiihua seeds.

The SEM imaging of the cellulose fraction (Figure 10A) reveals mixed a structure
combining fibres with laminar structures, which correlates with broader peaks in
XDR that define non-crystalline structures.

100KV X1500 ~ 10pm WD 8.0mm

100pm WD 8.0mm

Figure 10. A) SEM imaging of tarwi cellulose. B) SEM imaging of tarwi hemicellulose.
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XRD of cellulose fraction of tarwi (Figure 6, Paper Il) confirms the mixed
structures observed by SEM; the main peaks for cellulose I, which is the native form
of cellulose, are observed at 15°, 16°, 22°, and 34°. However, there is also a broad
peak at 20°, which is associated with the cellulose Il structure formed through
mercerization (alkali treatment) or regeneration (dissolving and recrystallizing) of
native cellulose. These findings suggest that the tarwi cellulose structure may be
partially influenced by the extraction process.

However, there is also a need to transform these non-digestible carbohydrate
fractions of food into smaller forms that can reach the gut microbiome, where
healthy bacteria can ferment them. With this aim, the next section of the thesis will
explore bioconversion into potential fermentable oligosaccharides.

Bioconversion of polysaccharides into functional food
ingredients

The nutritional characteristics of Andean seeds, along with the bioactive compounds
identified in them, were described. Most of the bioactive compounds found are
classified as antioxidants and vitamins. However, other types of bioactive
compounds that can be obtained through enzyme transformation and fermentation,
such as prebiotics and SCFAs, have not been previously studied in Andean seeds.
In this sense, the two approaches — enzymatic and LAB fermentation — will be
addressed in this section to transform carbohydrates from Andean seeds into
potential bioactive compounds.

Enzymatic transformations

Enzymes are an eco-friendly alternative to replace chemicals, and the main
advantages are their specificity, lower energy usage compared to chemical
processes, non-toxicity, and the absence or very little amount of by-products in their
reactions. Microbial sources of enzymes have become of interest because they grow
at fast rates and can be genetically modified to produce enzymes that can perform
optimally for the desired application [54].

Enzymatic production of fermentable oligosaccharides

Fermentable oligosaccharides are short-chain carbohydrates that are not absorbed
or digested in the small intestine, therefore, they can reach the colon, where they are
fermented by gut bacteria, including LAB, producing mainly SCFAs as products of
fermentation. The first approaches of fermentable oligosaccharides included chains
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of fructose, and sorbitol [55]. However, as research interest in the field increased,
more oligosaccharides were discovered within these characteristics, including
fructo-oligosaccharides  (FOS),  galacto-oligosaccharides  (GOS),  xylo-
oligosaccharides (XOS), and cello-oligosaccharides (COS). The last abbreviation
(COS) is also used for chitooligosaccharides in some research articles; to avoid
confusion, in this thesis we refer to cellooligosaccharides as COS.

The most common method for obtaining oligosaccharides from natural sources,
such as food samples or agro-industrial waste, is enzymatic hydrolysis of
polysaccharides. Enzymatic hydrolysis shows outstanding properties compared to
chemical synthesis, for example, high selectivity, specificity, activity under mild
operation conditions, biodegradability, minimal environmental impact, and high
yields compared to the chemical synthesis that requires a high number of steps, low-
moderate yields, use of organic solvents and high temperatures, and sometimes the
use of special equipment [56]. Enzymes have been considered expensive and labile
catalysts, but this concept is no longer valid. Robust enzymes, well-endowed to
perform hydrolysis, are now available.

For the production of oligosaccharides from tarwi and cafiihua, a sequential
enzymatic hydrolysis was studied in Paper Ill, starting with a cellulose blend
composed of cellobiosidase I and II, B-glucosidase, and endo-1,4-B-D—glucanase,
followed by a treatment with a-amylase, to a final treatment with a mix of xylanase
and glucuronoxylanase (Figure 11).
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Figure 11. Enzymes used for sequential enzymatic hydrolysis of polysaccharides of tarwi and cafiihua
seeds (paper llI).

The cellulose blend contains three kinds of cellulase enzymes. Endoglucanases have
an affinity for amorphous cellulose regions and promote a random attack on internal
B-glycosidic bonds, releasing oligomers of different degrees of polymerisation.
Exoglucanases are enzymes that break down cellulose by hydrolysing it from its
ends. This group can act on the reducing ends of the molecule (CBH I, exo-1,4--
cellobiosidase) or on non-reducing ends (CBH I, exo-1,4-p-d-glucanase). Finally,
B-glucosidases hydrolyse the oligosaccharides into glucose molecules.

Hemicellulose is a group of branched polysaccharides found in plant cell walls,
which is composed of different sugars such as xylose, glucose, mannose, and
galactose. One of the most abundant hemicelluloses is xylan, which is formed by
units of xylose linked by B-(1,4)-glycosidic bonds and branched by o-(1,2)-
glycosidic bonds with substitution taking place often with arabinofuranosyl, 4-O-
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methylglucuronic acid, acetyl, or phenolic groups at positions C, or Cs [57].
Xylanase is the enzyme used for the breakdown of xylan into XOS, and it hydrolyses
xylan in a random way [58].

The xylanases used in Paper 111 are two variants of a thermostable alkali-tolerant
xylanase from Alkalihalobacillus halodurans (former Bacillus halodurans S7),
BhXynH10A and BhXynH10K80R [59]. BhXynH10A has higher activity on tarwi,
and BhXynH10K80R on cafiihua seeds. The activity of the enzymes was previously
analysed using xylan as substrate and xylose as a standard reference. This step of
the sequential enzymatic hydrolysis included a glucuronoxylanase,
glucuronoarabinoxylan endo-1,4-p-xylanase (CtXyn30A) from Clostridium
thermocellum, which is also a thermostable enzyme. The activity of CtXyn30A was
analysed using quinoa xylan and wheat straw xylan as substrates and solutions of
xylose as a standard curve. The activity of BhXynH10A, BhXynH10K80R, and
CtXyn30A was determined in units from the concentration (M) of xylose produced
and detected by the DNS (3,5-dinitrosalicylic acid) assay, which measures the
ability of xylose to reduce DNS to 3-amino-5-nitrosalicylic acid under alkaline
conditions. The results of the enzymatic assays (Figure 12) were used to determine
the amount of enzyme required for the sequential enzymatic treatment in Paper Il1.
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Figure 12. Enzymatic activity of recombinant produced enzymes: BhXynH10A, BhXynH10K80R and
CtXyn30A.
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Cellooligosaccharides (COS) and Xylooligosaccharides (XOS)

Two potential prebiotic oligosaccharides were studied in this thesis: COS and XOS,
both considered low-calorie prebiotics due to their minimal contribution to calorie
intake. XOS are xylose units bound through -1,4-glycosidic linkages (Figure 13),
and they have been largely studied as prebiotics, obtained from various sources and
exhibiting numerous benefits upon consumption. The major XOS are xylobiose
(X2), xylotriose (X3) and xylotetraose (X4), and it has been shown that they can
differentially improve gut microbiota and metabolite profiles in the chicken gut
against Avian pathogenic Escherichia coli (APEC). X3 exhibited the greatest
inhibition against APEC abundance and virulence [60]. The results of Paper Il
show that X2 is present in almost all hydrolysates.
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Figure 13. XOS structures, from X1 to X6. Molecules drawn using ChemDraw.
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In vitro studies have proven that XOS can stimulate the growth of probiotic strains;
however, the utilisation of XOS was strain-specific, attributed to its homo-
fermentative property. Studies show that XOS aids in the selective stimulation of
beneficial, non-pathogenic organisms, with probiotic lactic acid bacteria showing
maximum growth, including Lacticaseibacillus. brevis, Lacticaseibacillus
plantarum, Lacticaseibacillus acidophilus, Lacticaseibacillus casei and
Lacticaseibacillus lactis. The main products of fermentation identified were lactic
and acetic acid [61, 62]. Another study showed that the presence of feruloyl
substituents in XOS might help in the growth of beneficial bacteria and produce
higher butyric acid due to the slow fermentation of branched XOS compared to non-
branched XOS [63].

COS, on the other hand, are oligomers of -1,4-linked d-glucose units (Figure 14).
They are an emerging group of oligosaccharides in the field of prebiotics; they are
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still considered new, and they have been mainly obtained from enzymatic hydrolysis
of cellulose. However, large-scale production remains unexplored [64]. Cellulose is
usually the most abundant carbohydrate portion in plants and seeds; however, it is
also the most challenging as a source of fermentable oligosaccharides due to
recalcitrance against enzymatic hydrolysis. However, in comparison to chemical-
physical methods, enzymatic hydrolysis is more attractive due to the high
specificity, need of mild conditions and very few by-products production. This was
observed in Paper I11, where lower amounts and a variety of COS were obtained
compared to XOS through sequential enzymatic degradation.
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Figure 14. COS structures, from C1 to C6. Molecules drawn using ChemDraw.

During the characterisation of the hemicellulose fraction of tarwi in Paper 11, the
results of seaman hydrolysis, followed by identification and quantification of
monosaccharides, showed that the main monosaccharides present are arabinose and
galactose, with smaller amounts of xylose and mannose. Other studies also indicate
that legumes are a rich source of galactooligosaccharides (GOS). In this sense, the
findings in Paper 11 require further study to obtain other types of oligosaccharides
as fermentable prebiotics from tarwi seeds.
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LAB fermentation of XOS and COS

LAB fermentation with XOS as substrates has been widely studied; the main
product of this fermentation is lactic acid and depending on the presence of
substitutions in the XOS structure, it can also produce other SCFAs. One study
showed that non-substituted XOS and arabino-XOS are fermented by faecal inocula
(FI) from four human volunteers more quickly compared to complex structures of
acetylated XOS (AcXOS) and XOS containing a 4-O-methylglucuronic acid group
(GlcA(me)X0S) [65]. Kabel et al. also demonstrated that, after 40 hours of
fermentation of nXOS and AXOS, acetate and lactate were the primary products
formed. At the same time, the fermentations of AcXOS and GlcAmeXOS resulted
in a lower lactate production, whereas the concentration of propionate and butyrate
increased. Another study found that Lacticaseibacillus acidophilus,
Bifidobacterium adolescentis, and Levilactibacillus brevis could ferment XOS to
varying extents, as indicated by their differences in growth, to produce acetate as
the predominant SCFA [66].

The fermentation of COS by LAB has also been studied before. One study utilised
enzymatic hydrolysis of cellulose extracted from agro-industrial waste (sugarcane
straw and coffee husk); the obtained COS primarily promoted the growth of
Lactobacillus acidophilus and Levilactobacillus brevis after 24 h of fermentation,
although it presented low efficiency with Bifidobacterium sp. [67]. They observed
that the main product of fermentation was acetic acid, and glucose was the most
consumed substrate, followed by cellobiose.

The products of fermentation and the extent of XOS and COS consumption depend
on many factors. In Paper Ill, the consumption of XOS was clearer than the
consumption of COS. For example, L. casei consumed C1, X2, and X3 (Figure 15)
compared to the content of these oligosaccharides in the hydrolysate before
fermentation. All fermentation processes produced acetic acid and lactic acid by L.
casei and L. rhamnosus, but not in all products of fermentation by
Propionibacterium freudenreichii, which mainly produced propionic acid.
Interestingly, in three of the hydrolysates: — CC, TA, and TM — the main SCFA
produced is propionic acid. Understandably, propionic acid is mainly produced by
P. freudenreichii, but the production of propionic acid from L. casei and L.
rhamnosus needs further investigation.
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Figure 15. XOS and COS consumption by L. casei during fermentation of tarwi seeds hydrolysed by
cellulose blend (TC), determined by HPAEC-PAD; TC hydrolysate (yellow), TC hydrolysate after
fermentation by L. casei (blue), XOS standards (green), COS standards (orange).
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Proteins from Andean seeds

Characterisation of tarwi protein

Among the seeds studied in this thesis, tarwi stands out for its protein content. In
this sense, the characterisation of its proteins is the main focus of this chapter.

Tarwi belongs to the well-known group of protein-rich lupin seeds. The three lupin
species most cultivated, studied, and commercialised are native to Europe: white
lupin (Lupinus albus), yellow lupin (Lupinus luteus), and narrow-leaved lupin
(Lupinus angustifolius), while tarwi is not widely cultivated and commercialised,
research and industrial interest have grown in the last decade due to tarwi's higher
protein content compared to the three most well-known species. Many studies have
documented that the nutritional qualities of the three European lupinus and tarwi are
comparable to those of soybean; however, lupin seeds are well known for not being
genetically modified plants and do not contain isoflavones, the impact on the human
body is very controversial [68]. Currently, tarwi is only cultivated and
commercialised in South America, and interest in cultivating it in Europe has grown
recently. For example, the European project LIBBIO, “Lupinus mutabilis for
Increased Biomass from marginal lands and value for BlOrefineries” registers the
first Andean lupin variety in Europe, developed by Vandinter Semo BV. This
variety, named ‘Cotopaxi’, is characterised by a relatively short growing season,
which enables the seed to ripen and be harvested in the Netherlands. The LIBBIO
project continues to research the potential of tarwi; genotypes are evaluated in field
experiments in seven European countries, under Mediterranean conditions (Greece,
Portugal, Spain) and in North-Central European (Austria, Iceland, the Netherlands,
Romania) conditions, including L. mutabilis genotypes, genetic material from
Instituto Superior de Agronomia (ISA, Lisbon, Portugal) and Vandinter Semo
(VDS, Scheemda, The Netherlands) [69].

But why is there such a significant interest in tarwi? The answer lies in the
nutritional composition of its seeds. Comparing the composition of tarwi with that
of the three main lupin seeds and soybean (Table 1) reveals the protein content. It is
worth noting that the reference values reported by Béahr et al. in Table 1 are based
on dehulled seeds, which may result in a higher protein content compared to whole
seeds in other studies.
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Table 1. Comparison of protein content of soybean to the four lupin seeds: white lupin (L. albus), yellow
lupin (L. luteus), narrow-leaved lupin (L. angustifolius), and tarwi (L. mutabilis).

Seed Protein (% of dw) References
L. albus 33-47 [70]
32.2 [71]
45.3-52.9 [72]
34-49 [73]
38.2 [74]
L. angustifolius 31-37 [70]
38.8-44.2 [72]
33.9 [74]
33-41.5 [73]
L. luteus 37-38 [70]
55.3 [72]
42.2 [74]
37.4-55.3 [73]
L. mutabilis 32-52 [70]
43.3 [74]
41.6, 46.4 Present
work
(papers IV
and V)
Glycine max 47.5-52.1 [72]
42.9 [74]
27-44 [73]

Amino acid composition of tarwi seeds was also analysed for the Bolivian tarwi
(Paper 1V), and Table 2 shows a comparison with literature of the other three lupin
seeds and soybean.
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From the amino acid composition of lupin species and soybean (Table 2), the main
amino acid is glutamic acid. There is evidence from human and animal studies
showing that glutamate is a major oxidative fuel for the gut and that dietary
glutamate is extensively metabolised in the first pass by the intestine [78].
Glutamate is also a crucial precursor for bioactive molecules, such as GABA. In the
human body, the glutamate/GABA cycle is a complex process in which glutamate,
glutamine, and GABA are metabolised. GABA is synthesized from glutamate in the
presynaptic neuron by the enzyme glutamate decarboxylase (GAD, systematic
name: I-glutamate 1-carboxy-lyase (4-aminobutanoate-forming), EC 4.1.1.15),
which requires pyridoxal phosphate (vitamin B6) as a cofactor. When the reaction
does not take place in the human body, the cofactor is pyridoxal-5'-phosphate (PLP)
(Figure 16).

GABA

H Co,

lN PLP cofactor

Figure 16. Irreversible conversion of GABA from L-glutamate in the presence of the PLP cofactor.
Molecules were drawn using ChemDraw (RRID: SCR_016768) and the Gad structure from the Protein
Data Bank (PDB code 5GP4).

Soluble protein extraction and characterisation

Studies on the total protein content and amino acid composition of various tarwi
varieties have been conducted. However, deeper characterisation of proteins is still
needed. For example, lupin seeds have a general nutritional protein composition
consisting of globulins and albumins in a ratio of 9:1. Globulins are high-molecular-
weight storage proteins that are divided into four groups: a-conglutin, f-conglutin,
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y-conglutin, and &-conglutin. Albumins, on the other hand, are a diverse group of
functional proteins, primarily serving as metabolic enzymes. Thus, compared to the
three main European species, tarwi proteins remain unexplored. Size-exclusion
chromatography identified conglutins in tarwi proteins, showing that a-conlgutins
are the major portion (41.4%), followed by B-conglutins (31.7%), and finally, vy-
conglutin (6.94%).

In Paper 1V, microwave-assisted soluble protein extracts of tarwi were
characterised in terms of pH of extractions, their degree of glycosylation, and
proteomic analysis was carried out. Early studies on tarwi seeds demonstrated that
protein solubility is pH-dependent, with the minimum solubility occurring at pH 4.
It showed a rapid increase over pH 5 [79], which correlates with the results found
in Paper 1V, where the lowest soluble protein content was observed at pH 4 and the
highest at pH 10. As there is still a lack of research on tarwi, most studies have been
conducted in the other three lupin species. Moreover, they appear to exhibit similar
behaviour; for example, a study revealed that protein isolates of L. angustifolius
have the lowest solubility at pH levels of 4-5 and the highest solubility at pH 2 and
10 [80]. Paper 1V also demonstrated that the glycoprotein content varies with pH;
the highest glycoprotein content was observed at pH 4, while the lowest was
observed at pH 10. However, glycoproteins have not been studied in tarwi before.

Microwave-assisted extraction (MAE) of protein has been investigated in many
food systems, including coffee green beans, peanut flour, coffee silverskin, and
soymilk, and most studies show improved yields of extraction and an interesting
tendency to increase B-sheets and decrease a-helices, thereby altering the functional
properties of the protein [81]. MAE of proteins from L. angustifolius revealed that
MW treatment preserved the primary structure, while Fourier transform infrared
spectrometer (FTIR) analyses showed that high-power MW (1000 W) induced
significant protein denaturation changes in the secondary structure, transferring
protein structures from highly ordered (B-sheet and a-helix) to disordered forms
(random coil and B-turn) [82]. MAE is also considered a beneficial extraction
method due to reduced extraction times and less solvent consumption. Interestingly,
in Paper 1V, the optimal conditions for MAE at acidic (pH 4), neutral (pH 7), and
alkaline (pH 10) pH were found to be 60 W for 5 min.

Proteomic analysis (Paper 1V) revealed that all the highest-scoring proteins at the
three pH levels (4, 7, and 10) are novel structures, as they exhibit no 100% similarity
to previously identified proteins in either lupin species or other species. These
findings contribute to the first proteomic characterization of Bolivian tarwi, as well
as tarwi in general, which has only been fully sequenced once [3]. Among the
proteins identified in tarwi in Paper 1V, conglutins are of great interest due to their
nutritional and functional value; three important conglutins were identified: -
conglutin 6 and 7, and 3-conglutin 1. With the last one being the less studied of all
conglutins, the three 8-conglutin 1 present in Bolivian tarwi were detected at all pH
fractions when deglycosylated/denatured (ANNO01012, ANNO01006, and
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ANNO01010), and interestingly, their structures are very similar (Figure 17). The less
confident structure prediction relies on the flexible loops of proteins, and this
correlates with the most significant difference between them.

Figure 17. Collated 8-Conglutinl protein structures from tarwi predicted by AlfaFold and visualized by
ChimeraX after removal of signal peptide. Light blue structure corresponds to ANN01012, pink structure
corresponds to ANNO1006, and cream structure corresponds to ANN01010.

Bioconversion of proteins into functional food
ingredients

LAB represents a significant, widespread, and ubiquitous group of Gram-positive
bacteria, characterised by unique physiological activities that have been extensively
exploited in the food industry. Additionally, many LAB exhibit health-promoting
properties that make them potential probiotics. Among LAB, most of the GABA-
producing strains belong to the Lactobacillus genus [83]. The glutamic acid
decarboxylase system enables LAB to withstand acid environments, such as the
gastrointestinal tract, while maintaining viability and cellular activity. This
mechanism protects against acid conditions, as the decarboxylation of glutamate to
GABA by the GAD enzyme consumes intracellular protons, thereby maintaining
cytosolic pH homeostasis. The glutamic acid decarboxylase system consists of the
glutamate/GABA antiporter, encoded by the gadC gene, and the GAD enzyme,
encoded by the gadA or gadB genes. Specifically, the synthesis of GABA follows
these steps: glutamate is transported into the cell through an antiporter, where it
undergoes decarboxylation; subsequently, the resulting GABA is exported outside
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the cell through the same antiporter. In LAB, the gad operon is located on the
chromosome, and its organisation varies among different species and strains [84].
Among LAB, L. brevis is well-known for its ability to produce GABA, and various
strains have been studied for this purpose.

Enzymatic conversion of L-glutamic acid into GABA in Andean seeds

Three Andean seeds were tested in this thesis to convert their naturally occurring L-
glutamic acid into GABA: tarwi, cafiihua, and quinoa real (paper V). Two isoforms
of GAD enzyme from L. brevis were recombinantly produced: Glutamate
decarboxylase-producing strains: recombinant E. coli BL21 (DE3) pET-21b::gadA
(unpublished), and E. coli Origami 2 pET-21b::gadB [85] (GenBank accession
code: KX417371) (Figure 18). The gadB gene is in the GAD operon together with
transcriptional regulator (gadR), glutamate/gamma-aminobutyrate antiporter
(gadC), and glutamyl-tRNA synthase (gltX). In contrast, the gadA gene is stand-
alone [86].

Levilactobacillus brevis

Figure 18. L. brevis GAD enzymes from the protein data bank, GadA (PDB code 5GP4) and GadB (PDB
code 1PMO).

The molecular docking of glutamate into the active site of the holo-form of L. brevis
CGMCC 1306 GadA was proposed by Huang et al. in 2018, showing several
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noncovalent interactions, including hydrogen bonds between the 02, O3, and 04
atoms of the substrate L-Glu and various parts of the GAD polypeptide chain.
Furthermore, electrostatic interactions between the negatively charged oxygen atom
of the a-carboxyl and the y-carboxyl group of L-Glu and the positively charged
nitrogen atom of residue R422, as well as H278 and K279 [87].

GadA and GadB were tested in Paper V in three different ways: first, as the sole
treatment; second, with a pancreatin pretreatment to obtain more free glutamic acid;
and finally, they were also tested together in the same reaction mixture to determine
if there is a synergistic effect (Figure 19).
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Figure 19. Representation of experimental methodology applied in paper V for the enzymatic production
of GABA in three Andean seeds: tarwi, cafiihua and quinoa real varieties. Laboratory material images
and enzyme images from Biorender.

The pretreatment with pancreatin had a positive effect only in cafiihua and quinoa
seeds, which had lower GABA production compared to tarwi. This finding was
highly correlated with the protein and glutamic acid content of the seeds. Moreover,
another notable result in this work was the incomplete production of GABA,
indicating that glutamic acid remained after the enzymatic treatment. This created
the hypothesis of a side-catalytic effect of GAD enzymes, the proteolytic activity.
There is no literature reporting that GAD enzymes have a proteolytic effect;
however, Paper V included an assay in which GAD enzymes showed the ability to
partially degrade B-casein. Moreover, the literature indicates that GAD enzymes can
be “truncated”, meaning that in the presence of a protease that cleaves the full-size
enzyme, GAD activity is altered. Specifically, p-calpain, a calcium-activated
protease, has been studied [88]. Sha et al. describe how p-calpain and other
proteases can convert the full-length GadA into truncated GadA (tGadA). This
process occurs in vitro, but it also occurs in the brain. Another study describes how
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truncated GadB exhibits enhanced activity compared to the full-length enzyme. In
contrast, the opposite effect is observed in GadA, where the truncated form is less
active than the full-length one [89].

The enzymatic conversion of L-glutamic acid into GABA in Andean seeds, as
described in this thesis, was performed using whole ground seeds; the presence of
proteases in the seed composition is possible. This could lead to the formation of
truncated forms of GADs. The pretreatment with pancreatin could have a similar
effect, and the field seems to be understudied, which opens up many possibilities
for investigating the effect of proteases on GADs' activity, as well as the formation
of these so-called truncated forms of GADs that could differ in their activity and
exhibit a side-proteolytic effect.

Production of GABA by fermentation with L. brevis

GAD enzymes can be recombinantly produced and purified to produce GABA as
described before. However, it is also possible to use the microorganism itself to
ferment substrates and obtain GABA as a product of fermentation.

Paper VI examines the production of GABA, along with other metabolites such as
lactic and acetic acid, and the changes in soluble free amino acids during L. brevis
fermentation of three Andean seeds: tarwi, cafiihua, and quinoa (Figure 20).
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Figure 20. Representation of experimental methodology applied in Paper VI for the production of GABA
by L. brevis fermentation of three Andean seeds: tarwi, cafiihua and quinoa real varieties. Laboratory
material images from Biorender.

Early investigations into GABA production by LAB fermentation utilised
monosodium L-glutamate (MSG) as the substrate. However, each decarboxylation
requires the consumption of one proton (H*). Therefore, MSG-based GABA
fermentation suffers from the continuous feed of an exogenous acid agent. In this
sense, more recent research has begun to perform an L-glutamic acid-based GABA
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fermentation process [90]. Li et al. state in their studies that L-glutamic acid, with
its low isoelectric point (3.22) and low solubility (~6.0 g/L), can exert a slight
inhibitory effect even when the required L-glutamic acid is added to the
fermentation system all at once. L-glutamic acid powder can be slowly dissolved
into the fermentation broth as decarboxylation progresses. This L-glutamic-acid-
based process can significantly improve fermentation efficiency [91]. In Paper VI,
the substrate is naturally occurring L-glutamic acid from Andean seeds, which,
together with the formation of SCFAs during fermentation, can maintain an acidic
environment.

Xylose is more efficient carbon source compared to glucose to improve GABA
production by L. brevis, one study found between 1.67 and 1.78-fold higher GABA
production with xylose compared to glucose, the analysis of the carbon source
metabolic pathway indicated that xylose activated the expression of the xyl operon,
and xylose metabolism produced more ATP and organic acids than glucose, which
significantly promoted the growth and GABA production of L. brevis CE701 [92].
Cha et al. in their study also determined that the scale of fermentation influences
GABA production; a 5 L fermenter produced 336% more GABA than a shake flask.
These findings can be further investigated to optimise the production of GABA in
Andean seeds by fermentation.

L. brevis is considered by EFSA (European Food Safety Authority) to be suitable
for the qualified presumption of safety (QPS) approach to safety assessment. This
approach requires the identity of the strain to be conclusively established and
evidence that the strain does not show acquired resistance to antibiotics of human
and veterinary importance [93].
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Potential of obtained products as
functional food ingredients

The components that make a food functional can be added to, removed from,
naturally enhanced or modified in a food, influencing the health and well-being of
the consumer, in addition to its nutritional properties [94]. In the European Union,
according to the European Commission Concerted Action on Functional Food
Science in Europe (FUFOSE), a functional food has to be satisfactorily
demonstrated to affect beneficially one or more target functions in the body beyond
adequate nutritional effects, in a way that is relevant to either an improved state of
health and well-being or a reduction of risk of disease. Functional foods must remain
foods, and they must demonstrate their effects in amounts that can normally be
expected to be consumed in the diet. Hence, they are not pills or capsules, but part
of a typical food pattern.

In this sense, the potential of the biotransformation products in Andean seeds
developed in this thesis as functional foods is described below.

Fermentable oligosaccharides

Prebiotics are functional food ingredients due to their well-established role as
health-promoting agents [94]. One important characteristic of prebiotics is that they
must be resistant to digestion; they do not need to be completely indigestible, but
significant amounts should be available in the intestine (especially the large
intestine) to provide a fermentation substrate [96]. These fermentable functional
oligosaccharides are defined as low-molecular-weight, short-chain (degree of
polymerisation from 2 to 10) carbohydrate polymers linked by glycosidic bonds that
can escape digestion and reach the colon, where probiotic bacteria ferment them.
The only carbohydrates that can be hydrolysed by human digestive enzymes are
starch-structures.

56



Xylooligosaccharides (XOS)

XOS are stable to both heat and acidity during food processing, paving the way for
their application in low-pH food products compared to other prebiotics, such as
inulin [96]. In addition to their prebiotic effect, XOS possess additional biological
activities towards the immune system, acting as anti-inflammatory agents, anti-
cancerous agents, and antioxidants [98, 99]. Supplements of XOS have also been
shown to reduce cholesterol levels and enhance the biological availability of
calcium [97]. XOS may be used as an additive to preserve the protein characteristics
of different food products, aiming to enhance their storage stability and shelf life.
Therefore, XOS are widely used in nutraceuticals, feed, food additives and
pharmaceuticals.

Many studies have shown the efficacy of XOS as a prebiotic in animals. For
example, a study in rats compared a high-fat diet to a high-fat diet including XOS
at 2g/kg for fifteen weeks: concluding that XOS can alleviate colonic inflammation
by regulating gut microbial composition and enhancing SCFASs content in the gut
[100]. Less research has been conducted in humans; however, interesting findings
include that XOS at a dose of 8-12 g/day is recommended for human consumption.
With various clinical trials using XOS, the bifidogenic effect and health benefits
were generally observed at a dose of less than 4 grams per day. In contrast, FOS,
inulin, and resistant starch required approximately 10-20 g/day, 15 g/day, and 30
g/day, respectively, to show a bifidogenic effect [101]. The recommended daily dose
(8-12 g/day) of XOS has not shown any negative effects in humans. The main
findings in human studies include increased bifidobacteria and certain lactobacillus
species, as well as higher levels of SCFA [102, 103].

More applications of XOS in food systems include its use as a sugar replacer in
cookies and bread. In bread preparation, different proportions of XOS were tested,
and a 30% showed dough with excellent stability and better loaf volume [97]. XOS
were also tested as fat replacer, sodium reduction, flavour enhancer in processed
cheese and at 3.3% showed increased melting rate, decreased viscosity and particle
size, decrease in the consistency, increase in elasticity (G') and firmness (G*), at
sensorial level it showed ow bitter taste, improvised salt and acid taste, and high
homogeneity [104].

Cellooligosaccharides (COS)

COS are considered new prebiotic ingredients, and they are emerging for industrial
applications. Although COS share many similarities with other well-established
prebiotic oligosaccharides, the mechanisms of action and specific health benefits
remain under investigation. One study determined the prebiotic effect of cellobiose
with six different probiotic strains, and L. plantarum ATCC 8014 showed the
highest ODsoo (>5) with lactic acid as the main product of fermentation. Recent
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research also indicates that the length of the chain of COS is directly related to their
prebiotic effect; short-chain COS (C;, Cs, and C4) have more significant prebiotic
properties. In contrast, those with longer chains (Cs and Cs) have more significant
techno functional properties and can be used as structuring agents and/or stabilizers
in multiphase systems [105].

The main emerging applications of COS that have been studied include: as prebiotic,
resistant to digestive enzymes promoting the growth of Lactobacillus spp. and
Bifidobacteria spp. and the secretion of short-chain fatty acids, antimicrobial:
inhibits the significant growth of Helicobacter pylori and Clostridium spp. and high
oil retention, formation of powders with high fluidity, resistance to compression and
malleability, to heat and acidic pH [105].

Compared to other prebiotic oligosaccharides, to date, there have been only in vitro
studies on the prebiotic effect of COS, with no clinical trials published. The
application of COS in food products still faces significant challenges, mainly due to
their stability under conventional and unconventional processing technologies.
Studies on the resistance of COS to thermal conditions, pH variations, and industrial
processes, such as pasteurisation, ultrasonication, and high pressure, are limited.
The prebiotic effect of COS has been demonstrated in vitro; however, its clinical
efficacy still requires robust trials to evaluate its fermentation in the colon, impact
on the intestinal microbiota, and potential health benefits [105]. To date, data are
insufficient to establish a dosage to obtain a proven prebiotic effect, and all these
aspects represent a gap in current research, reinforcing the need for future
investigations to enable COS incorporation into foods effectively and safely.

Short-chain fatty acids (SCFAS)

SCFAs are produced by gut bacteria during the fermentation of prebiotics,
highlighting the importance of consuming fibre-rich and fermentable
oligosaccharide-rich foods. However, SCFAs can be produced through fermentation
by LAB bacteria, along with other metabolites, as observed in Paper VI. SCFAs
are saturated aliphatic organic acids that consist of one to six carbons, of which
acetate (C2), propionate (C3), and butyrate (C4) are the most abundant (>95%).
Acetate, propionate, and butyrate are present in an approximate molar ratio of
60:20:20 in the colon and stool [106].

Many studies have focused on the beneficial effects of SCFAs produced in the gut.
However, little is known about the effect of SCFAs intake in foods such as
fermented foods. A study shows that SCFAs intake protects against high-fat diet-
induced obesity in mice, parallel to an increase in plasma SCFAs, without altering
cecal SCFAs or gut microbial composition. Dietary SCFA also suppressed hepatic
weight and lipid synthesis. Thus, the authors conclude that SCFA supplementation
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improves hepatic metabolic functions without affecting the intestinal environment
[107], thereby promoting the potential of SCFA as functional foods.

Propionic acid has been associated with reductions in lipogenesis and serum
cholesterol levels, exerting beneficial effects on weight control and eating behaviour
[108]. Formulations of propionic acid for supplementation have been the subject of
limited clinical trial studies. A recent study investigated the supplementation of
propionic acid, administered twice daily via 500 mg capsules over a 14-day
treatment period in patients with multiple sclerosis (MS), which demonstrated a
significant 30% increase in Treg cells compared to baseline, with a beneficial effect
on immunological, neurodegenerative, and clinical parameters in MS patients,
including relapse rate and disability progression. The authors conclude that purified
propionic acid supplementation is a safe add-on to existing immune-modulating
drugs [109].

Acetic acid holds notable interest due to its low toxicity to epithelial cells, its ability
to stimulate bacteria that produce butyrate through cross-feeding, and its anti-
inflammatory and protective properties [110]. Supplementation with acetic acid is
well-tolerated, has no adverse side effects, and has clinical potential to reduce
plasma TAG and FBG concentrations in individuals with type 2 diabetes, as well as
to reduce TAG levels in overweight or obese individuals [111].

GABA-enriched functional foods

Interest in GABA for human consumption has increased over the last decade.
Although the mechanism of action of orally consumed GABA is far from clear,
interest in it has been long-standing. Early studies in the 1970s claimed that GABA
produced in the central nervous system remains there, while GABA produced in the
gut does not reach the central nervous system [112]. Later in the 1980s and 1990s,
researchers began to believe that small amounts of GABA could cross the blood-
brain barrier (BBB) with the discovery of GABA-transporter systems in the brain
[113]. Then, in the early 2000s, researchers claimed that substantial amounts of
GABA can cross the BBB [114].

Additionally, as GABA is also present in the enteric nervous system, it has been
considered that GABA may act on the peripheral nervous system through the gut-
brain axis [115]. Although later evidence has shown that biosynthetic GABA can
reach the human brain, as evidenced by various EEG responses [116], to date, no
data have demonstrated GABA's BBB permeability in humans. Even if blood
GABA levels were elevated 30 min after oral GABA intake [117], it's not known if
oral GABA intake would increase brain GABA concentrations.
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Recently, numerous studies have demonstrated the beneficial health effects of orally
consuming GABA, either as a supplement or in food. For example: improved
calmness and worry scores in the GABA (vs. control) group at the 4th week of
treatment, a trend for improved feelings of awakening in the GABA (vs. control)
group at the 4th and 10th weeks of treatment, and lower cortisol were observed in
recent clinical studies focusing on the effect of GABA in stress and sleep [118].

Currently, the market offers GABA supplements in powder form, and the
formulation of new GABA-enriched food products is an open field for research,
particularly in terms of enzymatic and fermentation approaches. Some fermented
products that contain GABA include kimchi, miso, and tempeh.
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Conclusions

To transform a regular food into a functional food product, one or more components
with health benefits to humans need to be added, naturally enhanced or modified in
the original food composition. The results presented in the thesis demonstrate the
potential of Andean seeds for the formulation of enhanced plant-based functional
products using two environmentally friendly techniques: enzymes and LAB
fermentation, as tools to transform naturally occurring macromolecules in the seeds
into smaller bioactive compounds, thereby obtaining potential functional food
products.

Sequential enzymatic treatment is effective in breaking down hemicellulose and
cellulose, as well as releasing proteins trapped within the carbohydrate structure of
tarwi and cafiihua seeds. The main oligosaccharides obtained from sequential
enzymatic treatment were XOS and COS, with XOS exhibiting a higher prebiotic
effect than COS for three human probiotic strains. This suggest that consuming
these prebiotic oligosaccharides could enable them to reach the gut microbiome and
be fermented by the probiotic bacteria. The products of in vitro fermentation have
numerous health benefits.

GAD enzymes, GadA and GadB, from Levilactobacillus brevis were produced in
E. coli and used to transform soluble L-glutamic acid into GABA in tarwi, cafiihua
and five varieties of quinoa Real. The production of GABA by fermentation with L.
brevis was also studied. Using both approaches, the high correlation between total
protein content and GABA production is clear, and the highest concentrations of
GABA were produced in tarwi seeds. Scaling up from 1 mL reactions to 100 mL
reactions with GAD enzymes initially yields a higher GABA content in tarwi, which
is promising for industrial applications. On the other hand, fermentation also leads
to the production of lactic and acetic acid, alongside an increase in the production
of essential amino acids, including threonine, histidine, methionine, isoleucine,
leucine, valine, and lysine.

Among the seeds studied in this thesis, tarwi stands out for its high protein content.
Soluble proteins were characterised at different pH levels. Alkali extraction (pH 10)
shows a higher content of soluble protein compared to neutral and acidic (pH 4).
Another interesting finding is that the portion of soluble proteins bonded to
carbohydrates (glycoproteins) is higher at acidic pH, indicating that alkali extraction
yields higher protein content with fewer glycoproteins. Proteomic analysis revealed
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the identification of novel protein structures, and their composition also varies
depending on the pH and whether the proteins are glycosylated or deglycosylated.
Across all fractions studied, nutritional and functional proteins were found,
including B- and 3-conglutins.

To conclude, the relevance of this work lies in the lack of knowledge regarding
Andean seeds as a source of potential functional food ingredients, which has been
addressed through the thesis. It is of high importance to continue investigating and
communicating the findings to open up opportunities in the global market for plant-
based functional food ingredients.

Future perspectives

Laboratory-scale enzymatic reactions and fermentation were effective in producing
bioactive compounds. Scaling up these processes is necessary to investigate large-
scale production; it is equally important to study the formulation of new food
products, considering both their organoleptic properties and bioactivity.

Although tara gum has been well characterised (Paper 1) and it is already used in
industry, there is a potential to obtain prebiotic oligosaccharides by enzymatic
hydrolysis of this galactomannan, galactomannanoligosaccharides (GMOS).
Moreover, the characterisation of non-digestible polysaccharides in Paper Il
revealed that hemicellulose fraction in cafiihua has a high glucose content, which
warrants further investigation. Tarwi and cafiihua hemicelluloses also show
arabinose in their composition, and the production of other potential prebiotic
oligosaccharide structures can be developed.

During the investigation of GABA production by GAD enzymes (Paper V), a side
proteolytic effect was detected in both GadA and GadB. They were able to release
glutamic acid and partially degrade B-casein. It is a very interesting finding that
needs to be addressed to properly understand the mechanism as well as the activity
of proteins with different structures.

Tarwi proteins are of great interest; they have been investigated (Paper 1V), and
numerous potential proteins have been identified, providing insights into the
extraction conditions that depend on the desired profile. Interestingly, none of the
main proteins identified in tarwi are known structures; they all exhibit significant
similarities to proteins in other species (mainly lupins), but they are not identical to
any known protein. The enzymatic production of bioactive peptides from tarwi
proteins is still an ongoing research project.

It has been proven that research can lead to the commercialisation of products. In
this sense, it is essential to showcase the potential of Andean seeds to open
opportunities for larger markets and support producers in this way. Not only
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regionally but also internationally, as was the case with quinoa, which is widely
known nowadays.
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