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EPIGRAPH

It’s ready when you are,

That’s pretty unique.
But it won’t be easy,
The paper says the forecast will be bumpy and painful,

Lots of rainstorms, heartaches.

But that’s life,

Or so I’m told.

When you’re ready,

Just walk on through.

The Guardian of Forever
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RESUMO

Modos de agao enzimatica em cascas de soja e graos de milho destilados secos com
soluveis considerando as estruturas e variabilidades dos substratos

A valorizagao de residuos agroindustriais através de processos enzimaticos ¢ atrativa uma
vez que essas matérias-primas possuem baixo custo, estio disponiveis em plantas industriais, e
podem, potencialmente, ter sinergias com a produc¢ao de alimentos. Residuos agroindustriais tém
sido estudados para diferentes aplicagdes, como na produgao de quimicos biorrenovaveis e como
ingredientes alternativos na produgdao animal. No entanto, as suas complexas estruturas de
carboidratos estruturais (celulose, hemicelulose, pectina e outros) representam uma barreira para
uma valorizagdo eficiente. Nessa Tese, cascas de soja e graos de milho destilados secos com
soluveis (DDGS), subprodutos do processamento industrial da soja e do milho, respectivamente,
sao investigados devido a sua importancia no cenario Sul-americano e seu potencial de
valoriza¢do. Para ambos, as investigagdes abrangem a variabilidade composicional, as estruturas
dos substratos, e reagdes enzimaticas, porém a ¢énfase das investigacdes ¢ adaptada de acordo
com as especificidades de cada substrato. Os estudos sobre a casca de soja concentraram-se no
entendimento da estrutura hierarquica multi-escala nativa do substrato, a qual ¢ preservada apds a
separacao industrial das cascas. A casca de soja fol previamente considerada um substrato com
alta suscetibilidade a conversio enzimatica, o que favorece uma bioconversio sem pré-
tratamentos termoquimicos. Essa possibilidade é confirmada nessa Tese. As caracteristicas multi-
escalas contribuem para a compreensao das origens estruturais da baixa recalcitrancia da casca de
soja. Em meio aquoso, a casca de soja tem alta porosidade em nanoescala, especialmente para
tamanhos de poros maiores que tamanhos de enzimas ~ 5mm. Além disso, teores de lignina sao
baixos e localizados, e a relativa pureza da celulose na estrutura da casca de soja também
contribuem para a sua baixa recalcitrancia em compara¢do com outras matérias-primas
lignoceluldsicas. Esses resultados fornecem uma base estrutural para compreender a baixa
recalcitrancia, possibilitando assim a criagdo de novas rotas de valorizagdo biotecnologica da
casca de soja. Por sua vez, o DDGS de milho é obtido a partir do processo de producao de
etanol de milho e ¢ composto, principalmente, pela fracio nao digerida dos graos. Estudos
conduzidos em regides produtoras de etanol de milho, principalmente os Estados Unidos,
demonstram que a variabilidade é um fator determinante para a valorizagdo do DDGS. Com o
surgimento da industria de etanol de milho na América do Sul, a variabilidade do DDGS nesta
regido torna-se uma questao oportuna. Essa Tese investiga amostras de DDGS obtidas de plantas
de processamento localizadas no Brasil, Paraguai e Argentina para a avaliagao da variabilidade do
DDGS na América do Sul e sua relacio com hidrélise enzimatica. As amostras investigadas
apresentaram maior variabilidade composicional em comparagio com dados reportados
anteriormente em outras regides. O teor de levedura em DDGS mostrou ser um fator de baixo
impacto na variabilidade, enquanto o teor de extrativos e a propor¢ao entre fibra de milho e
proteina sdo os principais fatores de impacto. A hidrélise enzimatica com coquetéis otimizados
para a lignocelulose, a fibra de milho e a estrutura de leveduras demonstrou efeitos
complementares e sinérgicos para a solubilizacao de componentes estruturais do DDGS em um
conjunto de amostras pré-extraidas com alta variabilidade. Além disso, a resposta aos coquetéis
enzimaticos pode ser correlacionada com as principais variagdes de composi¢ao do DDGS,
estabelecendo dessa forma bases para estratégias de valorizagago do DDGS considerando seus
padroes de variabilidade. Com esses resultados, essa Tese contribui com o estabelecimento de
uma base de conhecimentos robusta para o desenvolvimento de estratégias de valorizacio para
cascas de soja e DDGS de milho através de rotas enzimaticas.

Palavras-chave: Casca de soja, DDGS, Variabilidade, Valorizagao, Enzima



ABSTRACT

Enzymatic modes of action on soybean hulls and corn distiller’s dried grains with
solubles considering substrates’ structures and variabilities

Valorization of agroindustrial residues through enzymatic upgrading is attractive because
such feedstocks are inexpensive, available at industrial sites, and potentially synergistic with the
production of food. Agroindustrial residues have been studied for applications such as the
production of bio-renewable chemicals and alternative ingredients in animal production.
However, their complex structural polysaccharides (cellulose, hemicelluloses, pectins, and others)
represent a barrier to efficient valorization. In this Thesis, soybean hulls (SBH) and corn distiller’s
dried grains with solubles (DDGS), by-products of the industrial processing of soybean and corn,
respectively, are investigated because of their importance in the South American landscape and
the potential for valorization. For both types of substrates, the investigation covers compositional
variability, substrate structure, and enzymatic reactions, but the emphasis of the investigation is
tailored to the specificities of each type of substrate. The investigation of SBH privileged the
understanding of the native hierarchical multiscale structure of the biomass, which is mostly
preserved after the industrial separation of the hulls. SBH has been previously recognized as a
substrate highly amenable to enzymatic conversion (ie., low recalcitrance), which allows
bioconversion without thermochemical pretreatment. This possibility is confirmed by this work.
The multiscale characteristics of SBH shed light on the structural origins of the low recalcitrance.
In aqueous media SBH have high nanoscale porosity, especially for pore sizes greater than
enzyme sizes ~5mm. Moreover, the contents of lignin are low and localized, and the relative
purity of cellulose in SBH tissues also contributes to the low recalcitrance of SBH compared to
other lignocellulosic feedstocks. These results provide a structural basis for understanding the
low recalcitrance of SBH, paving the way for novel developments in SBH biotechnological
valotrization. As corn DDGS is concerned, this biomass is obtained from the corn ethanol
production process and is composed mainly of the undigested fraction of corn grains. The
experience from traditional production regions, chiefly the United States, has shown that
variability is a key factor for DDGS wvalorization. With the emergence of the corn ethanol
industry in South America, the variability of DDGS in this new production region becomes a
timely question. This work investigates DDGS samples obtained by facilities from Brazil,
Paraguay, and Argentina to learn about the variability of DDGS in South America and the
consequences for enzymatic hydrolysis. The investigated samples presented higher compositional
variability in comparison to previously reported data from other production regions. Yeast
content in DDGS is shown to be a minor factor contributing to variability, whereas the content
of extractives and the proportion between corn fiber and protein are major ones. Enzymatic
hydrolysis with cocktails optimized for lignocellulose, corn fiber, and yeast revealed
complementary and synergistic effects for the solubilization of DDGS structural components in a
highly variable set of pre-extracted DDGS. Furthermore, the response to enzymes could be
correlated to the main compositional variations of DDGS, establishing a basis for enzymatic
strategies to upgrade DDGS with consideration of its patterns of variability. With these results,
this Thesis contributes to the advancement of a robust knowledge base for the development of
enzymatic upgrading strategies for SBH and corn DDGS.

Keywords: Soybean hulls, DDGS, Variability, Valorization, Enzyme
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1. THESIS STRUCTURE

This Thesis document presents an introduction, the objectives of the doctoral project,
and two main chapters formatted as research articles. The first article is already published (Rosso,
D.F., Negrao, D.R. & Driemeier, C. Unveiling the Variability and Multiscale Structure of Soybean
Hulls for Biotechnological Valorization. Waste Biomass Valor 13, 2095-2108 (2022).
https://doi.org/10.1007 /s12649-021-01655-z). The second article is still pending submission for
publication.

The introduction chapter presents the potential of agroindustrial residues as inexpensive
renewable feedstocks that can be upgraded using enzymatic treatments. The two feedstocks
evaluated in this Thesis, soybean hulls (SBH) and corn distiller’s dried grain with solubles
(DDGS), are presented with a contextualization of the importance of these materials in the South
American landscape.

The chapter “UNVEILING THE VARIABILITY AND MULTISCALE
STRUCTURE OF SOYBEAN HULLS FOR BIOTECHNOLOGICAL VALORIZATION”
comprises the published learnings generated for soybean hulls. Multimodal analysis (electron
microscopy, X-ray microtomography, Raman spectromicroscopy, X-ray diffraction, dynamic
vapor sorption, calorimetric thermoporometry, and enzymatic hydrolysis) have been employed to
investigate SBH variability and the relation between the multiscale structure and the high
enzymatic digestibility of this lignocellulosic biomass. The obtained results provide a structural
basis for understanding the low recalcitrance of SBH, paving the way for novel developments in
SBH biotechnological valorization.

The chapter entitled “VARIABILITY OF SOUTH AMERICAN CORN
DISTILLER’S DRIED GRAINS WITH SOLUBLES AND CONSEQUENCES FOR
ENZYMATIC UPGRADING” presents an investigation of the compositional variability of
South American DDGS and its impact on enzymatic hydrolysis. Enzymatic cocktails targeting
lignocellulosic biomass, corn fiber, and yeast fermentation were employed to demonstrate
complementarity and synergy. The obtained results establish a basis for enzymatic strategies to

upgrade DDGS with consideration of its patterns of variability.
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2. INTRODUCTION

Agroindustrial residues are recognized as second-generation feedstocks due to their
potential use as alternatives to food crops (first-generation feedstocks), as well as their higher
availability and lower price'. The potential of the residues has been largely studied for a variety of
applications, such as the production of value-added bio-renewable chemicals, and as alternative
raw materials in animal feed ingredients.

The main challenges with using these lignocellulosic biomasses are related to their
complex structural polysaccharide composition and the efficient conversion of this structure into
simple sugar monomers'. In these plant-derived materials, the complex chemical compounds
comprise mostly structural polysaccharides of cell walls and lignin. The structural components are
non-starch polysaccharides (NSP), which comprise cellulose, hemicelluloses, pectins, and other
less studied polysaccharides. NSP comprises a complex group of carbohydrates typically
characterized by long polymeric chains, containing several linked monomeric units of glucose,
xylose, and other pentose and hexose monosaccharides’. Due to high complexity, different
criteria have been used to classify these carbohydrates, such as the methodology of extraction and
isolation proposed by Neukom in 1976, or classification in three main groups: cellulose, non-
cellulosic polymers, and pectic polysaccharides, proposed by Bailey in 1973* and based on their
monomeric residues and chemical linkage.

The wvariability of NSP contributes to important differences in composition and
concentration within different substrates. While total-NSP represents approximately 10 wt.%
(dry-matter) of corn, corn distiller’s dried grains with solubles (DDGS) contain approximately 30
wt.%’, and soybean meal approximately 20 wt.% of total NSP*". Due to these differences in
composition and concentration, efficient conversion to their monomers requires detailed
knowledge of the structure and enzymatic mode of action.

The conversion of NSP into simple monosaccharides can be achieved with multiple
enzyme activities such as cellulases, hemicellulases, and pectinases. Such enzymes impact the
solubilization of cell walls, as well as other constituents like storage polysaccharides (e.g., starch).
Consequently, the availability of simple sugars for further transformation into fuels and chemicals
ot its use as an additional energy source for animal feed® is enhanced.

Several feedstocks rich in NSP are available in Brazil and have the potential for different
commercial applications. Among these feedstocks, we highlight soybean hulls (SBH) and corn
DDGS, by-products of the soy and corn industrial processing, respectively. Soybeans are the

major protein source produced in Brazil with reported production of 138 million tonnes between
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2020/2021°, with SBH representing around 7-8 wt.% of this crop. As corn processing is
concerned, the first exclusive first-generation corn ethanol production plant was inaugurated in
Brazil in August 2017 with a capacity of 240 million liters of ethanol annually. Currently, both
SBH and corn DDGS are used as feed ingredients but have limitations due to their composition

which results in low nutrient availability.

2.1. The industrial importance of soybean and soybean hulls

Soybeans, due to their high protein and oil content, are one of the main crops in the
wortld. The oil fraction has applications as an ingredient within human and animal nutrition, as
well as in biodiesel production and the cosmetics industry'’. Soybean protein is a high-content
and highly digestible protein product commonly used as livestock feed ingredient as well as
human food.

In the process of removing the oil fraction from soybeans and obtaining protein,
soybean hulls are generated. This residue, which accounts for 7-8 % of the total mass of the crop,
is often considered a waste of soybean processing'".

Different processes have been described for the processing of soybeans, such as screw
pressing, extruding/expelling process, and, the most commonly used, solvent extraction'”. These
processes aim at obtaining a more protein-rich product as well as soybean oil and differ in the
method used for oil extraction. The solvent-extraction (Figure 1) is the most widely used process,

with more than 99 % of the United States capacity using it.
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Figure 1. Flowchart of soybean industrial processing through solvent extraction.

SBH are obtained after the first two steps of the process, cleaning and cracking of the
soybeans. The following steps of conditioning, flaking and expanding aim at increasing the
extraction yields, which results in a de-oiled material, as well as in crude oil"%.

SBH finds limited applications for animal feeding'” whereas soybean meal dominates the
global feed market for vegetable protein meals'’. The limited use of SBH is caused by the high
amounts of non-starch polysaccharides, which attracts large amounts of water and consequently
depresses the digestion of fats, saccharides, and proteins”. Table 1 shows the comparative

composition of soybean, soybean meal, and soybean hulls.

Table 1. Composition of Soybean Feed Ingredient Products (wt.%)!2

Soybean meal

Soybean Soybean hulls
(dehulled, solvent-extracted)
Dry-matter 90 88 91
Crude Protein 38 47.8 121

Crude Fiber 5 3 40.1
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The high fiber content of SBH, however, also demonstrates the high potential of this
by-product. The application of NSP-degrading enzymes is well-acknowledged today'®, which can
reduce the water holding capacity of the material, and therefore may have a positive influence on
nutrient absorption. Mielenz e al. (2009) also studied the conversion of the carbohydrates in
soybean hulls to ethanol and stated that significant quantities of this biofuel could be obtained’.
Besides ethanol, an added-value product with increased protein content and reduced fiber
content could be obtained.

The world annual production of soybean is estimated at 336 million tons, with 119
million tons produced in Brazil'". It is predicted that there will be 29.7-37.1 million tons of
soybean hulls available by 2030", which confirms the potential use of this by-product for

different applications in biofuels and animal feed.

2.2. Perspectives on DDGS production from the corn-ethanol industry

Distiller’s Dried Grains with Solubles (DDGS) are the major co-product of the dry-
grind production of bioethanol from cereal grains, such as corn’. Corn DDGS is obtained after
the fermentation of corn starch. DDGS is composed mainly of the remaining, non-fermentable
fraction from the corn grain. The dry-grind bioethanol production process from corn starch is

shown schematically in Figure 2.
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Figure 2. Flowchart representing a dry-mill bioethanol production process!®.

After milling, corn is mixed with enzymes for the saccharification process, in which
starch is hydrolyzed into fermentable sugars. These sugars are fermented by the yeast, converting
them into ethanol and carbon dioxide. The ethanol is recovered by distillation and dehydration,
while the non-volatile fraction is centrifuged to separate the liquid fraction, called thin stillage,
and the solid fraction, called wet distiller’s grain (WDG). An evaporation step is responsible for
concentrating the liquid fraction and producing the condensed distillers soluble (CDS), which is
mixed with the WDG and drum dried at high temperatures to produce the final DDGS.

In 2017, approximately 59 million m’ of ethanol have been produced in the United
States, around 85 % produced from the corn dry-milling process. Approximately 40 million tons
of distiller’s grains were generated”. This number has been steadily increasing since around the
year 2000 when 7.6 million m’ of ethanol were produced™. Brazil, on the other hand, is currently
using a new model of distillery/flex plant, where saccharine (sugarcane) and starch (corn) raw
materials are processed in the same industrial site™.

Besides the flex plants, the first ethanol production plant in Brazil that uses exclusively
corn as raw material was inaugurated in August 2017. Five months after its inauguration, the IS

Bioenergia group announced the duplication of the first plant and the plans for the construction
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of the second production plant, with a combined production capacity of 1.2 billion liters of
ethanol, 900 thousand tonnes of corn meal, and 35 thousand tonnes of oil every year™.

As the production of corn ethanol grows, the amounts of co-products from the
biorefineries also increase. Considering the expected increase of traditional co-products output
from the expanding corn-to-ethanol biorefineries, it is critical to identify and develop new value-
added co-products that will open up new markets for fermentation byproducts.

Currently, DDGS is mainly used as cattle feed and is used at low inclusion levels in
poultry and swine diets because of its high fiber content®. NSP makes up 25-30 wt.% of the
DDGS, with the two major components of the NSP being arabinoxylan and cellulose*. Although
NSP degrading enzymes have already been used in different studies to investigate their effects on
nutrient digestibility of DDGS, further investigations are still necessary to elucidate the effect of

these enzymes on DDGS hydrolysis and nutrient release for non-ruminant animals®.
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3. OBJECTIVES

The general objective of the study is to advance the understanding of the modes of
action of different enzyme cocktails on soybean hulls and corn distiller’s dried grains with

solubles considering the structural characteristics and the variability of the substrates.

3.1. Specific objectives

The study also has the following specific objectives:

e To determine the compositional variability of soybean hulls collected from
several facilities in Brazil.

e To determine the level of the recalcitrance of soybean hulls to enzymatic
hydrolysis by employing a set of complementary enzyme activities.

e To rationalize the structural origins of the low recalcitrance of soybean hulls by
employing multi-modal analysis (electron microscopy, X-ray microtomography,
Raman spectromicroscopy, X-ray diffraction, dynamic vapor sorption, and
calorimetric thermoporometry).

e To understand the compositional variability of corn DDGS obtained from
several facilities in South America.

e To evaluate the impacts of corn DDGS variability on enzymatic hydrolysis by
employing a set of complementary enzyme cocktails (optimized for
lignocellulose, corn fiber, and yeast cell walls) targeting the main structural

components of DDGS.
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4. UNVEILING THE VARIABILITY AND MULTISCALE STRUCTURE OF SOYBEAN HULLS FOR
BIOTECHNOLOGICAL VALORIZATION

Abstract

Soybean hulls (SBH) are an important agroindustrial residue that is highly susceptible to
cellulolytic enzymatic digestion. The multiscale structure of this biomass should be able to inform
the origins of its digestibility, but such relationships are currently unknown. This work employs
multimodal techniques to learn SBH variability and multiscale structure. Tissue-scale images
obtained by electron microscopy, X-ray microtomography, and Raman spectromicroscopy reveal
tissue ruptures, lignin localized in the hilum region, and oriented, quite pure cellulose in palisade
and hourglass cells of the extra-hilar region. Such specificities of SBH cellulose are reinforced by
X-ray diffraction showing cellulose crystallites ~20 % wider than in typical lignocellulosic
biomass. SBH are also remarkably more porous than other lignocellulosic feedstocks in the
critical pore size (>~10 nm) for enzyme accessibility. Enzymatic hydrolysis confirmed the low
recalcitrance of SBH, demonstrating high yields (e.g., 80 % glucose) without SBH pretreatment.
These results provide a basis for rationalizing the low recalcitrance of SBH, paving the way for
novel developments in SBH biotechnological valorization.

4.1. Introduction

Agroindustrial residues have been recognized as valuable renewable feedstocks due to
their low prices, availability, and synergisms with the food supply chain. Here we highlight
soybean hulls (SBH), which are residues from the processing of soy (Glcine max (L) Merrill) to
obtain the protein-rich meal, the oil, and secondary products . Wotld soybean production is
about 340-350 million tons per year™ with Brazil and United States jointly accounting for =70 %
of the production’. SBH correspond to 6-8 % of the soybean mass*’, from which we calculate a
global availability of 20-28 million tons of SBH per year. From a biological perspective, SBH
have roles as a mechanical barrier and modulation of interactions between the bean’s internal and
external environments®’, such as water imbibition and protection during germination®. From the
chemical composition perspective, SBH are made mainly of cellulose, hemiceluloses, and protein,
while pectins, fat, lignin, and inorganics are reported as minor components**'’. At present, SBH
are often used as an ingredient in ruminant feed due to their protein, fat, and fiber value.
However, large amounts of SBH are still left to waste™'"'?. These are low-value uses or even
environmental liabilities, creating opportunities for more sophisticated SBH valorization.

In recent years, several new products and conversion pathways have been proposed to
valorize SBH. Due to SBH high cellulose contents, transformation into cellulose pulps,
derivatives such as carboxymethyl cellulose, hybrid films based on cellulosic microfibrils and

microparticles”, and cellulose nanofibers with high reinforcement potential'*” have been
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reported. Additionally, SBH have been successfully transformed into biochar applicable as an
amendment and carbon sequestration in soils'’, as well as high surface area, activated charcoal'’.
In the area of health and food, SBH were transformed into gel beads applied as a controlled
bioactive delivery system'®, and in animal feed studied to evaluate the effect of fiber components
on the gastrointestinal microbiome aiming at improving fibrous materials utilization efficiency".
Moreover, biotechnological valorization of SBH have considered the potential for carbohydrate
hydrolysis, producing soluble sugars fermentable into biofuels and biochemicals'*'**’. Previous
studies demonstrated that SBH are naturally more digestible than other lignocellulosic feedstocks
such as corn stover and wheat straw'**"*’. Notably, one study indicated SBH can be converted at
high yields in a simultaneous saccharification and fermentation process, without the need for a
thermochemical pretreatment step before biochemical conversion®. Although this result would
position SBH into a select group of cellulosic substrates with natural low recalcitrance, a recent
review article on SBH valorization® still discusses different pretreatments methods applicable to
SBH aiming at maximizing the yield of fermentable products with a low generation of inhibitors.
This discussion shows that the potential of SBH for direct digestion (i.e., without pretreatment)
by biotechnological processes is still a matter of controversy.

Aiming at understanding the structural origins of SBH digestibility, it is key to first
recognize that the characteristics of agroindustrial residues result from the interplay of plant
biology and agroindustrial processing. Plant biomass is organized in hierarchical multiscale
structures, from molecules to whole organisms, with the key interplay between the distinct length

scales of the structural organization24’25

. These biogenic structures are partly contaminated,
degraded, and disrupted by agroindustrial processing” . Consequently, the resulting variability
and multiscale structure of agroindustrial residues can only be fully appreciated with
consideration of the interplays between length scales and between biology and agroindustrial
processing. In this work, we bring this perspective to investigate the origins of SBH digestibility,
employing multimodal analysis to investigate SBH variability, multiscale structure, and enzymatic

digestibility. The obtained results provide novel insights for the design of biotechnological

processes for the valorization of this renewable feedstock.
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4.2. Material and Methods
4.2.1. Collection of SBH samples

Eight SBH samples were kindly provided by five distinct soybean processing facilities in
Brazil. The facilities are located in four states (Rio Grande do Sul, Santa Catarina, Parana, and
Minas Gerais) of Brazilian south and southeast regions and therefore span a significant
geographic space. Moreover, the SBH sample set includes loose hulls as blown from the beans

after crushing as well as pelletized hulls as commercialized by the facilities.

4.2.2. Compositional analysis

Representative aliquots of the SBH samples were dried in a Heratherm oven (Thermo
Fisher Scientific, Massachusetts, USA) at 45 °C for 3 h and micronized with a knife-mill (MA048,
Marconi, Brazil) using 1 mm output control screen . Ash content was determined by calcination
at 575 °C”. Protein content was determined with 200 mg aliquots by the Dumas combustion
method for crude protein using a nitrogen analyzer (FP-628, Leco Corporation, St. Joseph, MI,
USA)”. Conversion of nitrogen to protein used a mass conversion factor of 6.25 and
ethylenediaminetetra-acetic acid (EDTA) as the nitrogen standard. Contents of extractives were
determined by a three-step extraction in an automated system (Dionex Accelerated Solvent
Extractor 350, Thermo Fisher Scientific, Massachusetts, USA) using n-hexane, followed by water
and ethanol™. Oils and fats are expected as n-hexane extractives, while other non-structural
components such as sugars, nitrogenous compounds and waxes are expected as water-ethanol
extractives.

Extracted samples were submitted to a two-step acid hydrolysis for the determination of
structural carbohydrates and lignin. Aliquots of 300 mg of SBH were weighed in triplicates and
incubated with 72 % sulfuric acid for 1h at 30 °C. The acid was subsequently diluted to 4 % by
adding 84 mL of deionized water and the samples were autoclaved for 1h at 121 °C. Hydrolysates
were then vacuum filtered and stored for further analysis™. The filtrate was analyzed using high-
performance liquid chromatography (HPLC). Monosaccharides (glucose, xylose, arabinose,
galactose, mannose, and galacturonic acid) were quantified by HPLC (1200 Infinity, Agilent,
Santa Clara, USA) with an Aminex HPX-87P column (300mm x 7.8mm) and a Microguard
CarboP guard-column (Bio-Rad Laboratories, Hercules, USA). Glucan, xylan, arabinan, galactan,
mannan, and galacturonan were calculated from the concentration of the corresponding

monometic sugars using anhydrous stoichiometric corrections: 0.88 (132/150) for C-5 sugars
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(xylose and arabinose), 0.90 (162/180) for C-6 sugars (glucose, galactose, and mannose), and 0.91
(176/194) for galacturonic acid. Insoluble lignin was determined gravimetrically as the remaining
residue after the two-step acid hydrolysis corrected for acid-insoluble ash®. Mass closure was
calculated as the summation of n-hexane extractives, water-ethanol extractives, insoluble protein,
insoluble lignin, polymeric sugars, and ashes.

The matrix of compositional data was analyzed by principal components analysis (PCA)
using the statistical package SAS JMP 14, to indicate possible clustering between distinct

attributes (chemical components) and distinct SBH samples.

4.2.3. Multimodal imaging

X-ray computed microtomography (WCT) was performed at the IMX beamline of the
Brazilian Synchrotron Light ILaboratory (LNLS)® aiming at providing non-invasive 3D
visualization of the internal structure of SBH. In this technique, 3D images were acquired with
air-dried particles of SBH stick on a stub without any additional sample preparation. The sample
was rotated around the vertical axis to acquire 1001 projection images, which were then
converted to 3D reconstructed images with voxel size of (0.82 pum)’. The 3D images were
processed with the Fiji/Image]** software to produce cross-sections and rendered visualizations.

For additional imaging studies, SBH samples were fixed in 4 % formaldehyde in PBS
solution (0.2 M Na,HPO,, 0.2 M NaH,PO, in pH 7.2) during 6 days at 4 °C, and then transferred
in crescent sucrose solutions™ (10 %, 15 %, 20 %, 24 h each concentration). After that, samples
were gradually immersed in OCT (Tissue-Tek Optimal Cutting Temperature, Allkgel, Alkimia
Brazil) containing 20 % sucrose (1:1), for 3 days, and then transferred to OCT for 10 days at 4
°C to allow complete infiltration of the polymer. Samples were frozen in liquid nitrogen and
stored at -80 °C. Before the cross-sectioning, samples were brought into a Cryostat chamber
(Leica 3050 Cryostat, Leica Biosystems, Buffalo Grove, I, United States) at -25 °C for 4 h”. The
70 um thickness cross sections were collected on glass slides which were immersed in PBS buffer
at 4 °C overnight and gently collected and oriented on clean glass slides (22 x 44 mm) and
covered with a thin glass slide (2 mm x 2mm), or mounted on Al stubs using stereo stereoscopy
(Zeiss Stereo Discover 2.0, Oberkochen, Germany), and stored in a silica desiccator chamber™.

The sectioned samples on Al stubs were carbon coated and imaged with scanning
electron microscopy (SEM). SEM was carried out with a JSM-6610 LV SEM (Jeol USA, Peabody,
MA, United States) at the secondary electrons mode, under an accelerating voltage of 10 kV using

the low vacuum mode.
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For Raman spectromicroscopy (uRaman), samples on glass slides were wet by the
addition of water drops. Polarized Raman spectra and associated confocal images were obtained
with a XploRA PLUS Raman spectrometer and an Olympus BX40 confocal microscope (Horiba,
Kyoto, Japan) using a 638 nm laser, 1200 lines/mm grating, 50X magnification lens, and samples

saturated with water covered by a glass coverslip.

4.2.4. X-ray diffraction (XRD)

X-rays were generated by an ultraX-18HF rotating anode generator (Rigaku, Tokyo,
Japan) with Cu Ka source (A=1.5418 A) and Varimax HR monochromating optics. Milled SBH
were filled inside capillary tubes, which were positioned perpendicular to the X-ray beam. Area-
detector diffraction patterns were collected in transmission mode by mar345 image plate
(Marresearch GmbH, Germany). The Cellulose Rietveld Analysis for Fine Structure (CRAFS)
model”” was used to analyze the diffraction patterns with fixed peak shape parameters as

described previously™.

4.2.5. Dynamic vapor sorption (DVS)

SBH samples were conditioned by exhaustive washing with deionized water. Then,
sequential steps of decreasing (desorption) and increasing (sorption) relative humidity at 50 °C
were applied by a Q5000 SA dynamic vapor sorption (DVS) instrument (TA Instruments, United
States), which measures the sample weight change due to moisture loss or uptake. Desorption
and sorption isotherms were created based on the moisture contents measured at the end of each

relative humidity step™.

4.2.6. Calorimetric thermoporometry (CTP)

A differential scanning calorimeter (DSC) Q200 (TA Instruments, United States) was
employed for calorimetric thermoporometry (CTP). SBH samples were conditioned by
exhaustively washing with deionized water before inserting the wet samples into the DSC pans.
In the DSC instrument, the wet samples were frozen to -70 °C and then submitted to sequential
heating steps, composed of heating ramps (1 °C/min) and equilibration isotherms. Heat flow
thermograms were analyzed to determine the contents of Freezing Bound Water (FBW),

corresponding to water with depressed ice melting temperatures due to confinement in
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nanometric pores. FBW is presented as cumulative pore size distributions in the range of 1-200

nm expressed as FBW mass per unit of sample dry mass™.

4.2.7. Enzymatic hydrolysis

SBH were submitted to enzymatic hydrolysis in triplicate in 50 mL tubes, 10 % total
solids contents, at pH 5.0, 50 °C for 72h. Sodium acetate buffer (100 mM) was used for pH
control and an incubator (Fine PCR COMBI-D24) for temperature control and agitation.
Commercial enzyme cocktails Cellic® Ctec3 HS, Viscozyme® I, and Pectinex® Ultra SP-L
(Novozymes A/S, Denmark) were used in combination, dosed against dry substrate following
manufacturet’s activity units (74.7 BHU-2-HS/gSBH, 3 FBG/gSBH, and 99 PGNU/gSBH,
respectively). After incubation, each sample was filtered, dried, and insoluble solids were weighed
gravimetrically. The solubilized fraction was determined by subtraction. Supernatants were used

for sugar determination and quantification of carbohydrate yield after enzymatic hydrolysis.

4.3. Results and Discussion
4.3.1. Visual and compositional variability

Visual inspection provides a first glance at the variability of the SBH samples (Figure 3).
Soybean processing facilities may provide SBH as loose particulates (SA-SE) or pelletized (SF-
SH) to densify the biomass for transportation and further use elsewhere, such as in the
preparation of feed for ruminants®. In addition to such differences in aggregation state, we also
observe variations in color and presence of the contaminants (notably in SA-SC) coming from

soybean agroindustrial processing.
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Figure 3. Visualization of the soybean hull samples. Note the different colors, particle sizes, and aggregation states: (SA-SE)
loose hulls and (SF-SH) pelletized hulls

Looking at SBH composition (Table 2), we note that insoluble carbohydrates make the
main fraction (43-68 wt.%) of all samples. Among the insoluble carbohydrates, glucans are the
main type, making 25-39 wt.% of the SBH composition. Other insoluble carbohydrates make
minor yet significant contributions to the SBH composition: xylan (5-10 wt.%), arabinan (4-5
wt.%), galactan (2-4 wt.%), mannan (2-6 wt.%), and galacturonan (2-5 wt.%). Insoluble protein
varies from 9-13 wt.%, while lignin (2-5 wt.%) and ash (4-6 wt.%) contents vary in a relatively
narrow range. Contents of extractives also present notable variability: 2-4 wt.% for extractives in

n-hexane and 15-27 wt.% for extractives in water and ethanol.
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Table 2. Composition of soybean hulls given as wt.% of dry matter.

Soybean hull samples
Components SA SB SC SD SE SF SG SH
Ash 57%01 54%02 59+ 0.0 45101 461 0.0 47100 451 0.1 44101
n-Hexane 33102 44103 39102 32101 1.8+0.2 34102 21102 1.6 0.2
extractives
Water- 257+05 269+05 252+04 15606 161%+05 17.6X£02 155103 145103
ethanol
extractives

In*. protein 114+£02 133£01 124£01 101+01 10.0%0.1 9.6+ 0.1 9101 9.4%0.0

In. lignin 25101 21£02 46*18 22%0.1 23104 27*04 48*1.9 22101
In. 507£1.0 464%£03 427%£46 0607%£15 0605+£13 599+09 553+28 67.5%22
carbohydrates

In. glucan 31.0£03 291%£01 254%+24 352%+02 361%01 344%£04 319%+05 385%02

In. xylan 6.7%0.2 6.31+0.0 51%£0.8 91%0.1 8.6+ 0.2 83%0.1 8004 105%£04

In. 41101 3.6t 0.1 36102 50+ 04 49102 49t 0.1 42106 50102
arabinan

In. 2.6+ 0.1 23100 23+ 0.1 31+0.2 3.0+ 0.2 35+ 0.0 341 0.1 351+0.5
Galactan

In. 35101 23101 42107 48103 41%05 42101 52107 59+ 0.7
Mannan

In. 28102 27100 21104 36103 3810.1 46102 2.6*05 41102
galacturonan
Mass closure 99.3 98.5 94.8 96.3 95.2 98.0 91.4 99.5

*In. - insoluble

We evaluated the composition variability among SBH samples by Principal Component
Analysis (PCA). The loadings plot (Figure 4b) shows remarkable relations between the SBH
compositional attributes. PC1, accounting for 74 % of the variance, clearly group the insoluble
carbohydrates (positive PC1 loading) with opposing variations (negative correlations) to the
group of attributes including protein, extractives, and ash contents (negative PC1 loadings). In
the scores plot (Figure 4a), SBH samples SA-SC appear at the quadrants of negative PCI,
whereas samples SD-SH are at the quadrants of positive PC1. Noteworthy, this SBH grouping is
unrelated to pelletizing (SF-SH in Figure 3). Rather, samples SA-SC present particles with
variations in size and color (Figure 3) attributable to SBH contaminants such as soybean pods
and other plant fractions. Moreover, the higher contents of extractives, protein, and ash in SA-SC

additionally suggest relatively inefficient separation of the soybean components. These arguments
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indicate the agroindustrial process (rather than the biological variability) is the dominant source
of composition variability in the analyzed SBH sample set.

As we move our analysis to PC2, accounting for 16 % of the variance, we note that
lignin contents are strongly represented in the loadings of this component (Figure 4b).
Nevertheless, variations of lignin content (2-5 wt.%) may in some cases have comparable
magnitudes to uncertainty in measurements, such as the 2 % uncertainty in lignin contents of
SC and SG samples (Table 2) that present high scores in PC2 (Figure 4a). Therefore, the
significance of these variations must be judged with care. Carbohydrates such as galacturonan
and mannan also contribute to PC2 with projections on PC2 axis either aligned (mannan, Man)
or opposed (galacturonan, GalA) to lignin. As noted for PCl1, pelletization (SF-SH) is also
unrelated to the variations represented in PC2 (Figure 4a). With consideration of these results, it
seems PC2 reflects, at least to some extent, biological variations in the contents of lignin and the

proportions of the different carbohydrates present in SBH.
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Figure 4. Principal component analysis of the soybean hull composition matrix. (a) Scores discriminating samples (SA-SH). (b)
Loadings discriminating the relations between compositional attributes. GalA — Insoluble galacturonan, Glc -Insoluble glucan,
Ara — Insoluble arabinan, Xyl — Insoluble xylan, Gal — Insoluble galactan, Man — Insoluble mannan, Lig — Insoluble Lignin,
Ex(W&E) — Water-Ethanol extractives, Ex(Hex) — n-Hexane extractives, Prot — Insoluble Protein

Comparison with previous work allows us to further contextualize the SBH
composition and variations presented in Table 2 and Figure 4. Previous studies of SBH reported
cellulose as the most important cell-wall polysaccharide and estimated this component to range
from 36-39 wt.% of SBH dry mass”*"*. This is in fair agreement with our observation of 32-38

wt.% glucan in SD-SH, but our results demonstrate that this content is reduced to 25-31 wt.% in
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SBH with higher contents of extractives, protein, and ash, such as those found in samples SA-SC
(Table 2).

We also note in our results representative amounts of hemicelluloses and pectin,
reported as xylan, arabinan, galactan, mannan, and galacturonan, varying from 17-29 wt.% of
SBH mass. This range is in accordance with previous studies that reported total amounts of
hemicelluloses and pectins ranging from 16-27 wt%™'. Hemicelluloses and pectin
monosaccharides are representative of SBH structure as building blocks of a series of
polysaccharides* located in primary and secondary plant cell-walls, which can potentially be used
for SBH valorization.

The insoluble protein content is an important fraction in SBH composition,
representing 10-14 wt.% of the biomass according to the previous studies”. Therefore, the
observed range of 9.1-13.3 wt.% in our samples is within the variation reported in the literature.
We also demonstrate a higher protein content (11.4-13.3 wt.%) in SA-SC which also have higher
extractive and ash contents. SBH contains significantly higher amounts of protein compared to
agricultural residues such as corn stover (4-9 wt.% protein) or wheat straw (2-6 wt.% protein),
even though a similar range of cellulose contents (30-40 wt.%) is observed among these
materials®"*. Here we highlight the high protein content as a key target for SBH valorization.
Biochemical processing routes may generate fractions enriched in protein, increasing SBH value,
as previously reported®’.

Contrary to carbohydrates and proteins, lighin content represents a minor fraction in
SBH. A similar variation observed in our results (2.1-4.8 wt.%) has been reported*? identifying
lignin content to range from 2.4-5.8 wt.% depending on the seed variety analyzed. This is in line
with the biological origins of lignin variability suggested by our PCA results (Figure 4). Lignin
content in SBH is remarkably lower compared to other agroindustrial residues such as oat hulls
(22-23 wt.% lignin)* or structural lignocelluloses such as sugarcane bagasse (23-24 wt.%)**,
hardwoods (15-30 wt.%) and softwoods (25-35 wt.%)". Noteworthy, lignin makes a major
contribution to biomass resistance to biological deconstruction (recalcitrance), and, therefore, the
low lignin content is an opportunity for the valorization of SBH without the need for
overcoming the lignin barriers.

We summarize the findings of this section by recalling that SBHs can be provided in
cither loose or pelletized states (Figure 3). We measured the contents of extractives, ashes,
insoluble carbohydrates, and protein in SBH and our quantification is in fair agreement with
previous studies. Moreover, we identified those remnants of pods and other extraneous matter

(Figure 3) make the main source of composition variability in SBHs (PC1 in Figure 4), while
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variability in lignin contents is minor, statistically independent (PC2 in Figure 4), and likely

originated from biological variations.

4.3.2. Tisse-scale structure

A typical soybean seed (Figure 5a) contains specialized areas such as the hilum — a scar
formed upon seed detachment from the pod structure, and the extrahilar region, which make the
main mass fraction of the tissues represented in SBH®. We observed SBH fragments under the
SEM and commonly identified three main layers (Figure 5b) from outside to inside: the palisade
layer (PL), the hourglass layer (HL), and the parenchyma tissue (PA). These layers are
characteristic structures of the extrahilar region of the hull®. Yellow arrows in Figure 5b reveal
depressions in the outermost layer of the hull. These depressions in the palisade cuticle were
observed in permeable soybean seeds and were related to the initial sites of hydration. They are
observed not only in damaged hulls but also in intact seeds®, evidencing the biological origin of
these external depressions.

We have further investigated SBH tissue-scale structure by uCT, which allows non-
invasive observation of the internal features of the biomass with micrometric resolution. A 3D
reconstruction (Figure 5¢) of a SBH fragment reveals the same layers (PL, HL, and PA) observed
in SEM. However, the internal structure is also revealed by uCT, here shown as three orthogonal
digital sections (Figure 5d-f) intersecting a common point of the tomogram. The yellow arrows in
Figure 5d-f reveal cracks throughout the SBH cell layers that, similarly to depressions in the
palisade cuticle, may be related to the hydration pathways of the material. The tissue cracks
pointed at the tomogram, however, are better consistent with mechanical disruptions due to

soybean agroindustrial processing.
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Figure 5. Visualization of soybean hull structures at the tissue scale. a — Hilum and extrahilar region: two main specialized
structures in soybean seed; b — SEM image of a selected cross-section in which yellow arrows show depressions in the outermost
layer of SBH; ¢ — Three-dimensional rendered reconstruction of an SBH fragment imaged by pCT; d,e,f — orthogonal
visualizations from puCT, in which yellow arrows show cracks in the internal structure of SBH. The orthogonal visualizations were
obtained from the same point indicated at intersections of the yellow lines. Major extrahilar hull tissues are indicated. PL —
palisade layers, HL. — hourglass layer; PA — parenchyma

In further consideration of the SBH structure, we employed pRaman capabilities to
investigate the SBH tissues. Polarized Raman spectra obtained for palisade cells (Figure 6a)
revealed bands consistent with vibration modes of crystalline cellulose I ***. More specifically,
the observed Raman spectra from SBH palisade cells (Figure 6a) closely resemble the spectra
from ramie fibers*”, which have been studied for a long time as a2 model system of cellulose from
higher plants due to its natural cellulose purity and microfibrillar alignment. This comparison
indicates that cellulose in the SBH palisade cells also presents significant purity and well-aligned
microfibrils.

Considering the multitude of cellulose Raman bands, one highlights those bands that
more strongly respond to changing laser polarization. The antisymmetric stretching of glycosidic
linkages at 1095 cm™ is much stronger upon vertical polarization (Figure 62). On the other hand,
bands such as the glycosidic symmetric stretching at 516 cm™ are apparent only under horizontal
polarization (Figure 6a). These responses to polarization are identical to those observed in ramie
fibers, demonstrating the cellulose microfibrils in the palisade layer are well aligned to the vertical
direction (i.e., perpendicular to SBH external surface). These essential Raman spectral features

were unaltered as we moved the laser spot across different regions of the palisade cells.
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Figure 6. Polarized Raman spectra from (a) palisade cells and (b) hourglass cells using vertical and horizontal laser polarization.
Location and polatization of the laser are indicated in the inset images

As we move to the hourglass cells (Figure 6b), we observe similar Raman signatures
compared to the palisade cells of the SBH, including the signatures of crystalline cellulose I and
vertical fibrillar alignment. However, the hourglass Raman spectra revealed two characteristic
Raman bands at 832 and 853 cm™ which ate absent from palisade cells. Antisymmetric stretching
of the a-glycosidic linkage in acidic pectins has been assigned to the 853 cm™ band™*”', which has
also been reported not to overlap with other cell wall polymers and to be used as a marker band
for pectin in plants®. In addition, the Raman band at 832 cm” has not been assigned to
carbohydrates in previous studies but referred to bending of CH-ring groups and CHa rocking on
hydrophobic amino acid tyrosine®, which forms a characteristic doublet with a band at 856 cm™.
Alongside other amino acids, tyrosine has been identified in SBH**. However, the assignment
of these bands (832 and 853 cm™) to protein and more specifically to tyrosine is uncertain,
although it is a possibility that deserves further investigation because it would help localize the
protein content in SBH.

We also employed pRaman to investigate the tracheid bar, a characteristic structure in
the SBH hilum region (Figure 52)°. The Raman spectra of the tracheid bar (Figure 7) revealed

remarkable differences compared to the palisade and hourglass layers (Figure 6).
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Figure 7. Raman spectra from soybean hull tracheid bar

Most notably, the tracheid bar presents Raman bands at 1268, 1597, and 1695 cm™ that
can be assigned to lignin*>*. This was the only region of SBH where we could find consistent
Raman signals from lignin, evidencing the 2-5 wt.% lignin content (Table 2) is significantly
localized in the SBH tracheid bar™. Therefore, the other regions of SBH have lignin contents
much lower than the mean values observed in the composition analysis (Table 2). Moreover, the
localized nature of lignin helps explain the variability of this component (represented mostly in
PC2, Figure 4) found to be statistically independent of variations in carbohydrates and extractives

(represented in PC1 of Figure 4).

4.3.3. Cellulose crystallites

XRD revealed characteristics of crystalline cellulose in SBH. The experimental area
detector patterns are well represented by the CRAFS model (Figure 8a-b), which assumes the
cellulose 1B crystal structure™, models the preferential orientation of the cellulose crystallites, and
determines unit cell parameter and crystallite size from the fit to the experimental pattern’’. As
previously observed, the CRAFS model presents a characteristic misfit to the experimental
pattern near 20 ~30°, indicating the presence of stacking faults (mixed Io-If8 stacking) that are
ubiquitous in cellulose I from higher plants”’.

The XRD analysis revealed that the cellulose crystallites of SBH are, on average, wider
than the commonly found in lignocellulosic biomass. The wider crystallites are mainly noticed by
the sharper (200) diffraction peak of SBH. In Figure 8d, we compare diffraction patterns from

SBH and sugarcane bagasse, which has been intensely investigated using the same XRD
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experimental and modeling tools*. The (200) peak of SBH is sharper, revealing the onset of the
shoulder at lower 26 assigned to (012) and (102) reflections, which are not apparent in the
broader peaks from sugarcane bagasse. Translated into the mean crystallite width Lo, CRAFS

analysis shows SBH Loy = 3.5 nm, significantly greater than sugarcane bagasse, with Loy = 2.9

nm™* (Figure 8c).
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Figure 8. X-ray diffraction from SBH and comparison with parameters obtained from sugarcane bagasse. (a) SBH experimental,
calculated, and residual (experimental—calculated) two-dimensional diffraction patterns are presented at the top, middle, and
bottom, respectively. (b) Example of SBH diffractogram (n=0°). Experimental (blue line) and calculated (red line) intensities
presented with contributions from the background (black line) and individual diffraction peaks (dotted gray lines). Circles identify
positions from all cellulose I8 diffraction peaks. (c) Crystal width 1.200 determined from SBH compared to sugarcane bagasse. (d)
Comparison of diffractograms obtained from SBH and sugarcane bagasse.

Such wider crystallites in cellulose from higher plants have been previously reported in
several species and tissues. For instance, wider cellulose crystallites are found in the gelatinous
layer of tension wood, in bast fibers like flax, and most notably in cotton®®”. Wider crystallites are
thought as indirect evidence for the presence of relatively pure and well-aligned cellulose.
Cellulose microfibril alignment without spacers like hemicelluloses and pectins is thought to
allow adjacent microfibrils to coalesce (co-crystallize), resulting in the observed gains in mean
crystallite width. Based on pRaman evidence (Figure 0), these purity and orientation

characteristics are present in both palisade and hourglass cells of SBH, but mainly in palisade cells
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where the Raman spectra are consistent with quite pure cellulose (Figure 6). Therefore, besides
the significant content of cellulose in SBH (Table 2), it is worth recognizing that significant
regions of the biomass, most notably the palisade cells, have cellulose purity that seems sufficient
to cause microfibril co-crystallization. We speculate this finding is also important for enzyme
action on SBH, where simple cellulase preparations with minimum auxiliary activities (for pectins
and hemicelluloses) may be sufficient for action on such regions of SBH with relatively pure

cellulose.

4.3.4. Hydration

An important characteristic of biological materials is their interaction with water. As

previously mentioned, plant biomass has a hierarchical multiscale structure®*”

that generate
multiscale interactions with water. From a practical perspective, water influences several aspects
such as handling, storage, stability, and manufacturing of bio-based products”. Here we
employed two thermal analysis techniques — dynamic vapor sorption (DVS) and calorimetric
thermoporometry (CTP) — that probe complementary dimensions of biomass interactions with
water””.

DVS is primarily sensitive to the first molecular hydration layers contacting the solid
matrix”’. In Figure 9 (left) we show SBH moisture sorption isotherms and include, for
comparison purposes, sorption isotherms from selected sugarcane tissues analyzed under
identical conditions. The sorption isotherms have a typical sigmoidal behavior from type II
isotherms according to the Brunauer classification®’. Moreover, SBH pelleting did not impact
water interactions probed by DVS, which is demonstrated by the similar isotherms observed for
SBH in loose or pelletized forms. We also note that sorption isotherms from lignocelluloses
shown here as comparison materials — sugarcane in two contrasting tissues and stages of
development (young parenchyma and mature rind) — are similar to SBH. We further highlight
that the observed SBH type II isotherms are also found in many other lignocelluloses and food

materials®>®

, such as whole soybeans® or cereals (barley, rye, oat, and corn)®. These results and
comparisons evidence that the moisture sorption in SBH is qualitatively indistinguishable from

what is observed in a wide range of biological materials.
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Figure 9. Vapor sorption isotherm (left) and thermoporometry profiles (right) of selected SBH samples. Sugarcane samples are
included as a comparative lignocellulosic biomass with higher lignin contents.

Complementing the interactions probed by DVS, CTP probes water in nanometric
pores of the materials saturated with water”. We first note that the CTP profiles for loose (SA)
and pelletized (SF) SBH (Figure 9-right) are almost coincident, which indicates that nanoscale
porosity is not significantly altered by the pelletizing process. Compared with the sugarcane
tissues shown for reference, SBH are substantially more porous (eg, FBW profiles reach a
maximum of 0.83 g/g at 200 nm pore diameter). We note that the porosity of matutre sugarcane
rind (FBW maximum 0.11 g/g) is similar to other highly lignified structural lignocelluloses such
as softwoods and hardwoods (FBW maximum of 0.07 g/g and 0.06 g/g, respectively)®. On the
other hand, the sugarcane young parenchyma (FBW maximum 0.44 g/g) is an example of tissue
that does not play a mechanical role in the plant and is not yet mature and fully lignified, thus
serving as a reference for higher porosity® but still presenting much lower nanoscale porosity
than SBH. These results are in general agreement with lignin being a nanoscale pore filler,
occupying voids in the cellulosic network from cell walls*"*. Indeed, the CTP profile from SBH

66

resembles the CTP profiles observed in chemically delignified lignocelluloses®™, indicating that the
low lignin contents (Table 2) and lignin localization in the tracheid bar of the hilum region
(Figure 7) leave a highly porous polysaccharide network in the abundant extrahilar tissues of

SBH.

4.3.5. Enzymatic hydrolysis

The enzymatic hydrolysis with commercial enzyme cocktails rich in cellulases, xylanases,
B-glucanases, and pectinases demonstrated the high enzymatic digestibility of SBH. The amount

of solubilized SBH was measured gravimetrically and increased from 15.5£0.5 wt.% (control) to
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69.0£0.8 wt.% (enzyme treatment) (Figure 10). Sugars such as glucose and xylose were
undetected in control experiments. In contrast, after enzyme treatments, sugars were detected
and yields (referenced to stoichiometric potential) were high, reaching 80.7£1.0 wt.% for glucose
and 86.8+1.3 wt.% for xylose (Figure 10). This result demonstrates the potential for enzymatic

depolymerization of carbohydrates at high yields without any prior pretreatment applied to SBH.
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Figure 10. Yield (wt.%) of solubilized fraction, glucose (Glc), and xylose (Xyl) after submitting soybean hulls to enzymatic
hydrolysis.

Noteworthy, although the low recalcitrance of SBH to biotechnological processing has
been previously recognized, the magnitude of this effect for enzymatic hydrolysis of SBH using a
comprehensive selection of enzyme activities was not yet clearly delineated. Mielenz et al (2011)
previously reported 84.9 % of cellulose conversion of autoclaved SBH, measured by the residual
glucose in the reaction media obtained after 13 days of enzymatic saccharification followed by
fermentation®’. Other studies reported pretreatment strategies to increase sugar yields due to
relatively modest conversions for untreated SBH. Yoo et al (2011)" reported 40.8 % conversion
of cellulose to glucose for untreated SBH, while Rojas et al (2014) reported a significantly lower
conversion of 4 % after 24h hydrolysis using untreated SBH”. Moreover, Islam et al. (2017)
reported conversion of approximately 30 % for untreated SBH using enzyme broths from
Trichoderma reesei and Aspergillus niger”’. We summarize these comparisons by noting that our result
(Figure 10) is in line with the findings of Mielenz et al (2011), showing that high (>80 %) sugar
yields can be obtained without applying any costly, energy-intensive pretreatment before

enzymatic digestion of SBH.
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4.4. Conclusions

Concluding, SBH have been previously observed to have inherent lower recalcitrance to
enzymatic deconstruction as compared to other agricultural residues'™'>*"*>"". In this work, high
carbohydrate yields (>80 %) in enzymatic hydrolysis (Figure 10) confirmed the potential for SBH
biotechnological valorization without the need for biomass pretreatment. The high nanoscale
porosity of SBH (Figure 9, right) especially for pore sizes greater than enzyme sizes ~5 nm'" is
understood as critical for greater enzymatic accessibility to the substrate, contributing to its lower
recalcitrance. As previously mentioned, this higher accessibility is also related to the low, localized
contents of lignin (Table 2 and Figure 7), reducing the nanoscale lignin barriers. Furthermore, the
relative purity of cellulose in SBH hourglass and palisade layers evidenced directly by pRaman
(Figure 6) and indirectly by wider cellulose crystals detected by XRD (Figure 8) also contribute to
the relative low recalcitrance of SBH compared to other lignocellulosic feedstocks. These results
provide a structural basis for understanding the low recalcitrance of SBH, paving the way for

novel developments in SBH biotechnological valorization.
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5. VARIABILITY OF SOUTH AMERICAN CORN DISTILLER’S DRIED GRAINS WITH SOLUBLES
AND CONSEQUENCES FOR ENZYMATIC UPGRADING

Abstract

The corn ethanol industry generates vast amounts of distiller’s dried grains with solubles
(DDGS), a valuable coproduct source of carbohydrate and protein. The experience from
traditional production regions, chiefly the United States, has shown that variability is a key factor
for DDGS wvalorization. With the emergence of the corn ethanol industry in South America, the
variability of DDGS in this new production region becomes a timely question. This work
investigates DDGS samples supplied by facilities from Brazil, Paraguay, and Argentina,
evidencing much higher variability than previously reported for other regions. Yeast content in
DDGS is shown to be a minor factor, whereas the content of extractives and the proportion
between corn fiber and protein are major ones. Enzymatic hydrolysis conducted with cocktails
optimized for lignocellulose, corn fiber, and yeast fermentation shows complementarity and
synergy acting on pre-extracted DDGS, and the response to enzymes can be correlated to the
main compositional variations of DDGS. These results establish a basis for developing enzymatic
strategies to upgrade DDGS with a rationalization of the main sources of substrate variability.

5.1. Introduction

Corn ethanol is currently the main platform for the production of biofuels in the world,
delivering over 54 billion liters of renewable ethanol per year'. Ethanol is obtained from the
fermentation of the high starch content (~70 wt.%) of corn kernels*’, while the main coproduct
from the dry-grinding ethanol production process is the distiller’s dried grains with solubles
(DDGS)’. DDGS is composed mainly of the undigested fraction of grains’, generating up to 80
kg DDGS for every 100 L of corn ethanol®’. The United States promoted rapid growth of the
corn ethanol industry in the first decade of the 2000s, becoming the biggest global producer of
ethanol". Brazil is the second global ethanol producer but uses sugarcane as the main feedstock'".
Nevertheless, fast growth of the Brazilian corn ethanol industry is taking place in recent years,
producing approximately 3.4 billion liters in 2021, an increase of ~330 % compared to 2018°.
Neighboring South American countries, notably Argentina and Paraguay, are also participating in
this wave of corn ethanol industrial deployment'?.

The abundance of DDGS motivates the development of applications for this coproduct
as well as technological pathways to upgrade DDGS and enhance its value. Simultaneously with
the rise of the corn ethanol industry in the United States, several studies indicated that a main
point of concern was DDGS variability, which is caused by the type of grain, process design,

5,6,

operation practices, and other variations found among DDGS suppliers>*®. With the rise of corn
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ethanol in South America, the variability of DDGS in this new production environment becomes
a timely question. At least two characteristics of this new region contrast with those of the United
States and should be highlighted. First, corn crops are adapted to the tropical and subtropical
environments of South America, and this is expected to influence the DDGS variability
otiginating from the type of grain". Second, the industrial facilities in South America have been
deployed later and adapted to local conditions, thus resulting in a different set of industrial
technologies, which is expected to influence the process-related variability of DDGS™.

DDGS is currently consumed mainly as an ingredient in animal feed production, chiefly
for ruminant diets, given the high protein and caloric contents'. Variations in DDGS
composition and quality bring uncertainties to the formulation of diets with possible negative

impacts on animal production yields™"’

. Despite the protein and energy values in DDGS, the
polysaccharides (mainly cellulose and arabinoxylan) in the fiber fraction of DDGS are
undigestible for monogastric livestock, such as poultry and swine, and need to be diminished to
boost the use of DDGS in these important feed markets'.

These limitations as a feed ingredient as well as the potential for obtaining additional
value from DDGS have recently attracted substantial interest. A studied route for valorization is
through the use of DDGS as a feedstock for microbial fermentation such as in the production of
D-lactic acid, glycolipids, or alternative fuels such as butanol'”"**'. Another strategy to enhance
the value of DDGS is through enzymatic pathways. Carbohydrate-active enzymes (e.g., cellulases,
xylanases, 3-glucanases, and others) have been employed 7 vitro to increase both digestibility and
fermentability of corn DDGS aiming at nutritional improvement for application in non-ruminant
animal diets*. Similatly, cellulosic and hemicellulosic components of DDGS were targeted by a
complex of enzymes containing endo- and exo-glucanases, hemicellulases, and B-glucosidase to
obtain sugars fermentable by genetically modified yeast for further valorisation®?*. Additional
enzyme classes such as phytases® and proteases® have also been employed aiming at enhancing
the properties of hydrolyzed corn distillers solubles for applications as additives in food or feed
industries. Nevertheless, the variability of DDGS remains a challenge for the valorization of this
coproduct”,

In this work, we bring into focus the compositional variability of corn DDGS obtained
from production plants in South America. This is a timely contribution because the corn ethanol
industry is expanding in this region and previous studies were devoted mainly to DDGS from
North America and Burope®®*. In addition to compositional analysis and its statistics, this
work generates samples of extracted DDGS and model substrates (de-starched corn and

inactivated yeast) to dig into the origins of the observed DDGS variability. Moreover, enzymatic
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essays are performed with enzyme cocktails targeting lignocellulosic biomass, corn fiber, and
yeast fermentation to unveil the consequences of DDGS variability for enzymatic upgrading. The
obtained results shed light on the specificities of South American DDGS and the importance of

substrate variability for enzymatic upgrading.

5.2. Materials and Methods
5.2.1. Collection of the DDGS samples

Nine corn DDGS samples were kindly provided by five distinct ethanol production
plants in Brazil, Argentina, and Paraguay. The facilities are located in two states of Brazil (Mato
Grosso and Goias), one province of Argentina (Cérdoba), and two departments of Paraguay
(Canindeyu and Caaguazt). All the DDGS samples were provided as commercialized by the
facilities. They are commercially qualified by the suppliers as ‘high-protein DDGS’ (3 samples),
‘high-fiber DDGS’ (3 samples), or ‘DDGS’ without any additional qualifier (3 samples).

5.2.2. Preparation of extracted DDGS and model substrates

A subset of extracted DDGS was prepared by sequential extraction of selected samples
of as-received DDGS to remove soluble solids from their composition. The first extraction step
was conducted by sequential washings with n-hexane (10 % w/v) followed by filtration and
drying at room temperature in a fume hood. The second extraction step was conducted by
thoroughly washing with a mixture of distilled water and ethanol (10 % w/v) followed by
filtration and drying overnight at 45 °C in a Heratherm oven (Thermo Fisher Scientific,
Massachusetts, USA).

Two model substrates (de-starched corn and inactivated yeast) were prepared to emulate
the main components of DDGS. De-starched corn was prepared from corn kernels procured
from local suppliers and ground to pass through a 1 mm sieve using an A1l analytical mill IKA,
Germany). The ground material was submitted to enzymatic hydrolysis in 200 mL. stainless-steel
flasks, 30 % total solids contents at pH 5.0, 85 °C for 3 hours, using a commercial enzymatic
product (Liquozyme®, Novozymes A/S, Denmark) with alpha-amylase activity and high
efficiency in breaking down long starch chains in liquefaction step of corn ethanol production™.
This enzymatic preparation was applied at 0.012 % (enzyme:corn weight), according to the

supplier’s recommendation. Sulfuric acid (72 %) was used for pH adjustment and a Labomat



52

incubator (Labomat BFA-12, Werner Mathis AG, Oberhasli, Switzerland) for continuous

agitation and temperature control™

. The remaining solid fraction was dried at 95 °C and
submitted to the extraction procedure of the previous paragraph to conclude the preparation of
the de-starched corn.

Inactivated yeast was prepared from a commercial dry yeast (Saccharomyces cerevisiae)
provided by Novozymes A/S, Denmark. The dry yeast was hydrated with distilled water and 10
% (v/v) absolute ethanol was incorporated into the suspension to simulate end-of-fermentation
conditions. The mixture was then incubated at boiling temperature to ensure yeast inactivation
and removal of the ethanol content, a similar condition observed during the industrial distilling
process. The remaining solid fraction was submitted to the previously described extraction

procedure followed by freeze-drying and further oven-dried at 95 °C for 12h to conclude the

preparation of the inactivated yeast.

5.2.3. Compositional analysis

Aliquots of the as-received DDGS, extracted DDGS, and model substrates were dried
in a Heratherm oven (Thermo Fisher Scientific, Massachusetts, USA) at 45 °C for 3h and
micronized with a knife-mill (MA048, Marconi, Brazil) using 1 mm output control screen™. Ash
content was determined by calcination at 575 °C*. Protein content was determined with 200 mg
aliquots by the Dumas combustion method for crude protein using a nitrogen analyzer (FP-628,
Leco Corporation, St. Joseph, MI, USA)”. Conversion of nitrogen to protein used a mass
conversion factor of 6.25 and ethylenediaminetetra-acetic acid (EDTA) as the nitrogen standard.
Contents of extractives of as-received DDGS were determined by a two-steps analytical
extraction in an automated system (Dionex Accelerated Solvent Extractor 350, Thermo Fisher
Scientific, Massachusetts, USA) using n-hexane, followed by water and ethanol®. Oils and fats are
expected as n-hexane extractives, while other non-structural components such as sugars,
nitrogenous compounds, and waxes are expected as water-ethanol extractives.

Extracted samples were submitted to a two-step acid hydrolysis for the determination of
structural carbohydrates and acid-insoluble residue (AIR). The filtrate was analyzed using high-
performance liquid chromatography (HPLC). Monosaccharides (glucose, xylose, arabinose,
galactose, and mannose) were quantified by HPLC (1200 Infinity, Agilent, Santa Clara, USA) with
an Aminex HPX-87P column (300 mm x 7.8 mm) and a Microguard CarboP guard-column (Bio-
Rad Laboratories, Hercules, USA). Polymeric sugar contents (glucan, xylan, arabinan, galactan,

and mannan) were reported after correction for anhydrous stoichiometric fractions. AIR was
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determined gravimetrically as the remaining residue after the two-step acid hydrolysis corrected
for acid-insoluble ash®. Mass closure of as-received DDGS was calculated as the summation of
n-hexane extractives, water-ethanol extractives, insoluble protein, AIR, polymeric sugars, and
ashes. Mass closure of extracted DDGS and model substrates were calculated as the sum of

insoluble protein, AIR, and polymeric sugars.

5.2.4. Enzymatic hydrolysis

Extracted DDGS and model substrates (2 g, dry weight) were submitted to enzymatic
hydrolysis in 50 mL tubes, 10 % total solids contents, at pH 5.0, 50 °C for 72h. Sodium acetate
buffer (100 mM) was used for pH control and an incubator (Fine PCR COMBI-D24) for
temperature control and agitation. Commercial enzyme cocktails Cellic® Ctec3 HS, Frontia Fiber
Wash®, and Vinotaste Pro®, obtained from Novozymes A/S, Denmark, were dosed based on
dry substrate following the manufacturer’s activity units (149.4 BHU-2-HS/g DDGS; 31.8 FXU-
S/g DDGS; and 4.5 BGXU/g DDGS, respectively). These cocktails are hereafter aliased
according to their typical target substrates: lignocellulose (LC), corn fiber (CF), and yeast
fermentation (YF), respectively. Four types of enzymatic reactions were performed: with each
cocktail used separately (LC, CF, or YF) and the three cocktails in combination using 1/3 of each
enzymatic dose. After incubation, each sample was filtered and dried. The insoluble solids were
weighed gravimetrically, while the solubilized fraction was obtained by subtraction. Supernatants

were used for sugar determination by HPLC after enzymatic hydrolysis.

5.2.5. Statistical analysis

The experimental data matrices were analyzed using the statistical package from JMP 14
(SAS, EUA). Principal component analysis (PCA) was employed to evaluate three distinct types
of datasets. First, the matrix of compositional data of as-received DDGS was analyzed to identify
clustering between distinct attributes (chemical components) and distinct DDGS samples.
Second, an analogous PCA procedure was employed to the extracted DDGS and model
substrates so the variability of samples disregarding extractive contents could be investigated.
Third, the matrix of enzymatic hydrolysis responses was analyzed by PCA to rationalize the
impact of the different enzyme treatments on the set of extracted DDGS and model substrates.
Finally, correlations between enzymatic responses and compositions of extracted samples were

evaluated and plotted as a color-coded correlation matrix.
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5.3. Results and Discussion
5.3.1. Variability of as-received DDGS

The variability of the nine corn DDGS samples (SA-SI) is first noticeable by visual
inspection (Figure 11), which reveals variations in color and particle size. The commercial
qualifiers of the products, ‘high-protein DDGS’ (SA, SE, SH), ‘high-fiber DDGS’ (SB, SF, SI), or
simply ‘DDGS’ (SC, SD, SG), do not show any remarkable relation with the observed colors and

particle sizes.

SA

Figure 11. Visualization of the as-received corn DDGS samples (SA-SI). Note vatiations in color and particle size.

The chemical composition of the as-received DDGS (Table 3) shows remarkable

variability across the investigated samples set. For example, wide ranges were observed for n-
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hexane extractives (3.8-12.5 wt.%), water-ethanol extractives (7.3-36.9 wt.%), insoluble protein
(11.2-47.4 wt.%), and total insoluble carbohydrates (10.0-39.9 wt.%). Large variations are also
found within the carbohydrates: glucan (6.0-17.0 wt.%), xylan (1.6-12.7 wt.%), arabinan (1.5-7.7

wt.%), galactan (0-2.9 wt.%), and mannan (0-4.5 wt.%).

Table 3. Composition of as-received corn DDGS given as wt.% dry matter

DDGS samples

Component SA SB SC SD SE SF SG SH SI
Ash 21101 5.2%0.1 2.610.1 4.510.1 2.610.1 1.320.1 1.1+0.1 2.410.1 5.8%0.1
n-Hexane 12.01£0.2  10.4£0.6 8.9£0.7 10.6£0.3 8.9£0.6 6.2£0.2 3.810.2 9.9104  12.5%0.1
extractives

Water-ethanol 18.6£0.1  36.9%0.3 21.6£0.1 32.8+0.2 171402  7.3x09  7.3%29 152411 36.8%1.2

extractives

In*. protein 39.0+0.1 12.7£0.1 26.2%0.2 19.6+0.1 474101 311102 327102 439101 11.24+0.1
ATR 11.4£1.9 6.210.8 4.6104 6.1£0.6 3.7£0.3 7.5£0.3 7.410.4 6.6£1.1 3.7£0.2
In. 10.0£0.4  30.1£1.6 31.410.6 23.81t1.4 219404 399+1.3 392425 292425 31.4+14
carbohydrates

In. glucan 6.0%0.1 16.210.7 13.9£0.1 10.9£0.4  124+0.1 153£0.8 17.0+1.0 159+1.8 13405

In. xylan 1.6£0.1 7.4%0.5 10.4£0.3 7.1£0.7 2.8%+0.1 12.7£0.2  11.0£0.7  5.3+0.2 9.210.4

In. 1.5£0.1 4.410.3 5.240.1 44102 22101 7.710.1 6.910.4 44101 5.210.2
arabinan

In. galactan ND 1.4+0.1 2.0+0.1 1.410.1 ND 2.9+0.1 2.5%0.3 0.91+0.1 2.24+0.2

In. mannan 0.910.1 0.710.1 ND ND 4.5+0.1 1.4£0.1 1.8%0.1 2.710.3 1.41+0.1
Mass closure 93.1 101.6 95.3 97.4 101.5 93.4 91.4 107.2 101.3

*In. — insoluble, ND — not detected

Variability in the DDGS composition can be further appreciated with PCA applied to
the data in Table 3. PC1xPC2 explains 78 % of the variance. The loadings plot (Figure 12B)
shows three main groups of attributes. The first group is represented by the insoluble
carbohydrates glucan, xylan, arabinan, and galactan. The second group of attributes is represented
by ash, extractives in n-hexane, and extractives in water-ethanol. The third group of attributes is
represented by insoluble protein, mannan, and AIR. The loadings (Figure 12B) of these three
main groups of attributes are approximately distributed at the vertices of a triangle, which is
characteristic of three independent factors of variation submitted to one constraint, in this case,

the theoretical mass closure of 100 %.
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Figure 12. Principal component analysis of the as-received corn DDGS composition matrix. (A) Scores discriminating samples
(SA-SH). (B) Loadings disctiminating the relations between compositional attributes. Glc -Insoluble glucan, Ara — Insoluble
arabinan, Xyl — Insoluble xylan, Gal — Insoluble galactan, Man — Insoluble mannan, AIR — Acid insoluble residue, Ex(W&E) —
Water-Ethanol extractives, Ex(Hex) — n-Hexane extractives, Prot — Insoluble Protein.

The scores plot (Figure 12A) discriminates the corn DDGS samples according to their
compositional profiles. Notably, the samples commercialized as high-protein DDGS (SA, SE,
and SH) indeed show higher protein contents (39.0-47.4 wt.%) in Table 3 and appear clustered in
the quadrant of negative PC1 and PC2 (Figure 12A), consistent with the protein loading in this
quadrant (Figure 12B). The remaining DDGS samples are scattered in the other quadrants of the
plot, and the group commercialized as high-fiber DDGS (SB, SF, SI) cannot be discriminated
from the group of DDGS without a commercial qualifier (SC, SD, SG). These six DDGS
samples have relatively low protein content with variability also spanning a wide interval (11.2-
31.1 wt.%), while the other components also vary within wide ranges (Table 3).

The pronounced variability observed in the South American corn DDGS of the present
study (Table 3 and Figure 12) is critical for the development of new technologies for upgrading
this coproduct and deserves to be framed in comparison with previous studies. A recent study™®
on the nutritional potential of 8 samples of Brazilian corn distiller’s grains also showed
remarkable variability. For instance, in this previous study protein content of DDGS samples
vatied from 16.2 to 51.7 wt.%", similar to the range (11.2-47.4 wt.%) observed in the present
work (Table 3). These variations in South American corn DDGS are much higher than the
results found in previous variability studies conducted with corn DDGS. For instance, one study
evaluated 72 samples of corn DDGS collected from 21 ethanol plants in the United States,

observing protein content within 27.1-36.4 wt.%, with an average of 31.4 wt.%”. Another study’
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that analyzed 4 samples of corn DDGS obtained from four different facilities in the United
States also found a similar range of protein content (28.0-31.1 wt.%), while contents of
carbohydrates glucan (18.3-20.1 wt.%), xylan (10.4-11.9 wt.%), and arabinan (5.5-6.2 wt.%) also
varied in much narrower ranges compared with the observations of the present work (Table 3).
These comparisons evidence that corn DDGS from South America has remarkably high
variability, enhancing the concerns with variability as a critical factor for the valorization of this

coproduct.

5.3.2. Detailing variability through the analysis of extracted DDGS and model

substrates

Analysis of the samples of extracted DDGS allows the reduction of the variability of the
sample set by experimentally diminishing the presence of one group of attributes (extractives)
that behave as an independent component of variation (Figure 12B). In this section, four distinct
DDGS samples are selected (SA, SC, SE, and SI) for further investigation because these samples
are distributed in the observed range of variability of insoluble compounds. These samples of
extracted DDGS (eSA, eSC, eSE, and eSI) together with the model substrates (de-starched corn
and inactivated yeast) are here used to re-evaluate the variability of the DDGS set, this time
without the contribution of extractives. The model substrates supposedly represent the isolated
components of which extracted DDGS samples are composed, helping the understanding of the

variations in DDGS. The composition of this set of extracted samples is presented in Table 4.

Table 4. Composition of the selected samples of extracted DDGS and model substrates given as wt.% dry matter.

Extracted DDGS samples Extracted model substrates
Component eSA eSC eSE eSI de-starched inactivated

corn yeast

In*. protein 55.410.1 37.0+0.5 61.2+0.1 21.5+0.2 37.620.5 42.5%+0.1

AIR 12.0£0.1 11.51£0.2 12.410.7 9.711.2 8.311.3 7.0£1.5

In. carbohydrates 34.11+0.8 472411 26.5+1.5 60.6+0.5 48.7+1.6 49.710.5

In. glucarl 16.910.2 17.510.3 14.3£0.6 22.91+0.1 23.1+0.5 30.620.1
In. xylan 6.510.2 14.51£0.4 3.7£0.2 20.6+0.1 12.6£0.6 ND

In. arabinan 5.310.2 8.910.2 24%0.2 12.1£0.1 8.210.3 2.3+0.2

In. galactan 1.940.1 3.4+0.1 0.8£0.2 3.5%0.1 2.940.1 2.1£0.1

In. mannan 3.610.1 2.810.1 5.240.3 1.5%0.1 2.010.1 14.3+0.1
Mass closure 101.6 95.7 100.1 91.8 94.5 98.7

*In. — insoluble ND- not detected
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The composition of the de-starched corn in this work (Table 4) presents contents of
glucans (23.1 wt.%), xylan (12.6 wt.%), arabinan (8.2 wt.%), and AIR (8.3 wt.%) in fair agreement
with a previous study, which determined similar contents of glucans (25.1 wt.%), xylan (14.5
wt.%), arabinan (11.5 wt.%) and AIR (7.5 wt.%) using the same analytical method™. In de-
starched corn, cellulose and arabinoxylans remain the main structural polysaccharides of the cell
walls of the corn fiber. Other hemicelluloses such as glucomannan and arabinogalactan are
present in lower amounts. Cellulose is the major polysaccharide in unwashed corn pericarp,
which derives from the outer layers of corn kernels*. Arabinoxylans, formed from a linear
backbone of 8-1,4-xylopyranosyl residues substituted mainly with a-arabinofuranosyl residues, is
a major polymer in the cell walls of grains such as corn®*. Cellulose, arabinoxylans, and the
minor hemicellulosic components become concentrated after de-starching to produce corn
ethanol.

Cell walls from the yeast used in ethanol fermentation are an additional insoluble
component of the DDGS, but the yeast contribution is not well known due to a lack of

standardization in estimation methods**

. Polysaccharides and glycoproteins are the major
components of fungal cell walls, and the cell walls of the yeast Saccharomyces cerevisiae contain §3-
1,3-glucans, B-1,6-glucans, chitin, and mannoproteins**. Notably, previous studies demonstrated
the presence of linkages between the different components of the yeast cell wall, such as between
chitin and B-1,3-glucan, as well as between 3-1,6-glucan, B-1,3-glucan, and the glycoproteins®.

Comparison of the composition of the extracted DDGS, de-starched corn, and
inactivated yeast in Table 4 evidence the lack of unambiguous compositional markers to contrast
the two model substrates. Protein, AIR, glucan, arabinan, galactan, and mannan are present in
both model substrates. On the other hand, xylan is absent from inactivated yeast, but xylan
contents are highly variable among the extracted DDGS (3.7-20.6 wt.%), thus challenging the
usefulness of xylan as a compositional marker. Mannan is also a case of interest because the
content in the inactivated yeast (14.3 wt.%) is much higher than in the de-starched corn (2.0
wt.%), but also mannan content is highly variable among the extracted (1.5-5.2 wt.%) (Table 4)
and the as-received DDGS (0-4.5 wt.%) (Table 3). Therefore, due to the lack of specific
univariate markers, multivariate statistics are henceforth employed to check the underlying
patterns in the composition of extracted DDGS and model substrates.

PCA of the compositional matrix of extracted DDGS and model substrates is presented
in Figure 13, with PC1XPC2 explaining 96.2 % of the variance. The scores plot (Figure 13A)
shows inactivated yeast well separated from the extracted DDGS samples (eSE, eSA, eSC, and

eSI) and the de-starched corn. Moreover, the displacement of the inactivated yeast is
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approximately orthogonal to the dispersion of extracted DDGS, indicating that yeast content is a

minor factor in the DDGS variability.
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Figure 13. Principal component analysis of the composition matrix of the extracted DDGS and model substrates. (A) Scores
discriminating samples (eSA, eSC, eSE, eSI, de-starched corn, and inactivated yeast). (B) Loadings discriminating the relations
between compositional attributes. Glc -Insoluble glucan, Ara — Insoluble arabinan, Xyl — Insoluble xylan, Gal — Insoluble
galactan, Man — Insoluble mannan, AIR — Acid insoluble residue, Prot — Insoluble Protein.

The loadings plot (Figure 13B) shows mannan in the same quadrant of inactivated yeast
(Figure 13A), consistent with mannan content being an important (though unspecific)
compositional marker of yeast. Moreover, the dispersion of extracted DDGS (Figure 13A) is
along the direction between the loadings of protein and carbohydrates xylan, arabinan, and
galactan (Figure 13B), indicating that the proportion between protein and corn fiber is the main
differentiator among the extracted DDGS. Glucan and AIR, aligned respectively to positive and
negative PC2 (Figure 13B) are relatively unspecific compositional markers to the presence of
yeast in extracted DDGS, since PC2 lies in-between the dispersion of extracted DDGS and the
displacement of the datapoint of the inactivated yeast (Figure 13A).

By establishing model substrates and re-evaluating a set of distinct extracted DDGS we
further rationalized the main sources of variation in South American sourced DDGS, resulting
from contributions of yeast, corn fiber, and protein. Previous studies determined that yeast may
account for up to 20-50 % of the protein in DDGS**. However, in our sample set the presence
of yeast represents a minor factor in DDGS variability, whereas the proportion of protein and
corn fiber is a major source of variation. This finding likely results from the implementation of

new technologies in the conventional dry-grind ethanol process, which includes fractionation
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cither before or after the fermentation step that results in the production of high-protein and
high-fiber DDGS co-products®”’. The variability of the DDGS evaluated in this study (Table 3
and Table 4), in particular the proportion between corn fiber and protein, is therefore mainly
attributed to the set of industrial technologies used in the South American facilities, which needs

to be considered for the development of efficient upgrading strategies of DDGS.

5.3.3. Enzymatic hydrolysis

This study employed three different commercial enzymatic cocktails referred to as LC,
CF, and YF (see methods section 5.3.4). None of these cocktails is tailored for DDGS upgrading.
The LC cocktail is efficient for lignocellulose conversion into fermentable sugars, containing
mainly cellulases and hemicellulases, besides AA9 oxidases and B-glucosidases®. The CF cocktail
contains a mix of cellulases and xylanases to soften the corn fiber structure and ease the release
of oil and starch”. The YF cocktail is a blend produced by fermentation of non-GM
microorganisms that includes mainly pectinases and @ -1,3-glucanases; it is dedicated to
fermentation processes and has activity on yeast cell walls®. These three enzymatic cocktails
provide profiles of enzymatic activities with a complementarity that is well suited to investigate
the impacts of DDGS variability.

Enzymatic hydrolysis resulted in measurable solubilization of total mass, protein,
glucose, xylose, arabinose, galactose, and mannose (Table 5). For all the tested samples of
extracted DDGS and model substrates, the total mass solubilized by the enzymatic treatments
(5.3-50.1 wt.% on total solids) is well above the control experiments (ze., without enzymes),
demonstrating the effectiveness of the enzymatic treatments. Solubilization of protein (up to 5
wt.%) and monomeric glucose (up to 8 wt.%) in DDGS samples were markedly higher than
monomeric xylose (up to 0.9 wt.%), arabinose (up to 1.2 wt.%), galactose (up to 0.3 wt.%), and
mannose (up to 0.3 wt.%). These are low levels of xylose, arabinose, galactose, and mannose
considering their contents in the extracted samples (Table 4). Such low solubilizations may result,
at least in part, from the incomplete hydrolysis of the recalcitrant hemicelluloses of corn fiber™ ™.
Part of these hemicellulose fractions may be solubilized as oligomeric forms and contribute to
the significant share of unaccounted components of solubilization (Table 5). This is a hypothesis

that deserves further investigation in future studies.



Table 5. Results of enzymatic hydrolysis

Sample Enzyme

treatment

Solubilization (wt.% on total solids)
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Total mass Protein Glucoset  Xyloset  Arabinoset Galactose! Mannoset Unaccounted*
Control 1.24+0.13 0 0.0940.01 0.01£0.01 0.01+0.01 0 0 1.13
LC 14.6240.23  1.76£0.21  4.43£0.02 0.60+0.01 0.95+0.01 0.12+0.01 0.14£0.01 6.63
CF 11.17£0.28  0.6310.22  2.8740.01 0.41+0.01 0.5940.04 0.05+0.01 0.09£0.01 6.53
YF 10.98+0.10  2.37+0.46  531%0.06 0.05+0.01 0.39+0.01 0.09+0.01 0.09%0.01 2.68
< Combination  17.98+0.62  1.4120.33  6.91+0.07 0.67£0.01 1.08£004 0.26+0.01 0.16+0.01 7.49
" Conmmol 1.63£0.12  1.58+0.10  0.01%0.01 0 0.03%0.01 0 0 0
LC 18.37+0.28  3.2840.26  6.8410.07 0.88+0.02 0.87+0.02 0.14+0.01  0.30%0.01 6.07
CF 12732010 1.93£0.18  3.57£0.02 0.52+0.01 0.52+0.01 0.05+0.01 0.13%0.01 6.01
YF 8.98+0.10  242%0.06 4.3240.01 0.07+0.01 0.53+0.01 0.15+0.01 0.07£0.01 1.40
< Combination 19374040  3.00£0.42 8.06£0.10 0.94+0.01 1.11+0.02 0.33+0.01 0.22+0.01 5.71
§ Control 1.59+0.04  0.97£0.08  0.02%0.01 0 0.01£0.01  0.0740.01 0 0.51
LC 141142019  3.46£0.25 3.93£0.02 0.58+0.01 0.81+0.01 0.08+0.01 0.11£0.01 5.15
CF 10.51£0.32  1.57£0.27 2.68+0.03 0.40+0.01 0.57+0.01 0.06+0.01 0.08%0.01 5.16
YF 15.88+0.05  5.04£0.12 6.17£0.01 0.07+0.01 0.51+0.01 0.12+0.01 0.10%0.01 3.87
g Combination 21 254+0.05 4.35+0.25 7.72+0.03 0.73£0.01 1.18+0.01 0.3320.01 0.14+0.01 6.81
T Contmol 4441030 1194037 1.11£0.01 0.06+£0.01 0.03+0.01 0 0 2.05
LC 15.70£0.30  3.23%0.41  7.30£0.05 0.55+0.01 0.65%0.01 0.10+0.01 0.16%0.01 3.72
CF 11.64£0.23  1.91£0.04 3.76£0.03 0.36+0.02 0.3520.01 0.04+0.01 0.03£0.04 5.12
YF 921£0.01  3.07£0.29 5.64£0.09 0.04+0.05 0.3810.01 0.09+0.01 0.03£0.01 (0.05)
> Combination  1571+0.34  3.00£0.18 7.36£0.01 0.59+0.01 0.93+0.01 0.27+0.01 0.11%0.01 3.44
T Congal 522+0.25  1.52+0.84 0.15%0.01 0 0.01£0.01  0.0520.01  0.07£0.01 3.42
- LC 19.6240.63  2.51£0.48 10.90%1.20 0.83+0.06 1.11£0.09 0.11+0.01 0.04£0.01 413
§ CF 15514012 1.70+0.14  5.06£0.05 0.53+0.05 0.74%0.04 0.05+0.01  0.05%0.01 7.37
é YF 12224017 2.69+0.39  9.00+1.22 0.0620.02 0 0.12+0.01  0.06%0.01 0.28
;3 Combination  2026+0.50 2.42+0.21 10.71+0.09 0.83£0.01 1.36+0.02 0.34£0.01  0.04+0.01 457
Control 211£0.12  1.2840.11  0.01£0.01 0 0 0 0 0.73
LC 9.01+0.17  4.85+0.08 3.65+0.01 0 0 0.04£0.01  0.07+0.01 0.40
§ CF 533+£0.22  3.01£0.13  2.02%0.01 0 0 0 0 0.22
g YF 50.1240.07  17.58+0.09 20.49+0.01 0 0 0 0 12.07
g Combination  3757+1.80 12.60+0.81 16.95+0.22 0 0 0.09+0.01  0.02£0.01 7.90
S

* Unaccounted: total solubilization minus the

mannose.  Measutred as free monomeric sugars.

solubilization of protein, glucose, xylose, arabinose, galactose, and
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The dataset in Table 5 was analyzed by PCA to investigate the multivariate patterns
resulting from the enzymatic treatments (Figure 14). The effects of the different treatments
(control, LC, CF, YF, and combination) prevail over the variability of the extracted DDGS, as
observed by the dominant grouping by colors (representing enzyme treatments) rather than
symbols (representing substrates). The treatment with the combination of cocktails produced the

strongest effect, evidencing the synergy of the three complementary cocktails acting in concert.
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Figure 14. Principal component analysis of enzymatic hydrolysis responses from extracted DDGS and extracted model
substrates. (A) Scores disctiminating samples by symbols (eSA: +, eSC: x, eSE: z, eSI: *, de-starched corn: B, inactivated yeast: A)
and treatments by color (Control — black, LC: green, CF: red; YF: Blue, Combination: Purple). (B) Loadings discriminating the
relations between analyzed responses. Tot Mass — Solubilized total mass (wt.%), Prot — Solubilized protein (wt.%), Glc -
Solubilized glucose (wt.%), Ara — Solubilized arabinose (wt.%), Xyl — Solubilized xylose (wt.%), Gal — Solubilized galactose
(wt.%), Man — Solubilized mannose (wt.%).

The inactivated yeast (A in Figure 14A) behaves as an outlier after processing with the
YF cocktail, either alone (blue triangle) or in combination with the other cocktails (purple
triangle). That is, response to the YF cocktail is a marker of the presence of yeast. Such a yeast
marker is also unspecific, like the mannan content from compositional analysis (Table 4 and
Figure 13). The YF cocktail solubilizes mainly glucose and protein from the yeast, as visible in the
loadings plot (Figure 14A) and solubilization raw data (Table 5). The high solubilization of
glucose and protein from yeast cells, mainly composed of bioactive $-glucans with 3-(1—6) or -
46,54

(1-3) linkages and protein
in the YF cocktail.

, is therefore in agreement with the main enzyme activities present

The dataset of Table 5 was reanalyzed by PCA excluding the inactivated yeast, which

provides a closer look into the DDGS and model de-starched corn without the yeast outlier
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(Figure 15). The prevalence of different enzymatic treatments (control, LC, CF, YF, and
combination) over the variability of DDGS is replicated in this new analysis, observed by the
dominant grouping by colors (representing enzyme treatments) rather than symbols (representing
substrates). Interestingly, the response to the YF cocktail (blue symbols in Figure 15A) still
appears related to protein solubilization (Figure 15B). The datapoint of de-starched corn (M, blue
square) is close to the extracted DDGS samples eSA, eSC, and eSI (blue symbols +, x, and *,
respectively), suggesting these samples of DDGS have low yeast content. On the other hand, the
eSE sample has a distinguishable response to the YF cocktail (blue z in Figure 15A). This result,

in line with the higher mannan content (Table 4), suggests higher yeast content in eSE.
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Figure 15. Principal component analysis of enzymatic hydrolysis responses from extracted DDGS and extracted de-starched

cotn. (A) Scores discriminating samples by symbols (eSA: +, eSC: x, eSE: z, eSI: *, de-starched corn: W) and treatments by color
(Control — black, LC: green, CF: red; YF: Blue, Combination: purple). (B) Loadings discriminating the relations between analyzed
responses. Tot Mass — Solubilized mass (wt.%), Prot — Solubilized protein (wt.%), Glc -Solubilized glucose (wt.%), Ara —
Solubilized arabinose (wt.%), Xyl — Solubilized xylose (wt.%), Gal — Solubilized galactose (wt.%), Man — Solubilized mannose
(wt.%).

As previously stated, enzymatic hydrolysis resulted in high solubilization of total mass,
protein, and monomeric glucose, in contrast with much lower solubilizations of monomeric
xylose, arabinose, galactose, and mannose (Table 5). These stronger responses (solubilization of
total mass, protein, and monomeric glucose) were chosen for analysis of correlations with the
DDGS compositional attributes. The inactivated yeast was removed from the dataset used in this
correlation analysis to avoid bias due to its outlying behavior. Moreover, the contents of AIR
were also removed from the analysis because it is an unspecific compositional component (Table

4). The correlation matrix (Figure 16) highlights in blue and red, respectively, the positive and
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negative correlations between the responses for each enzyme treatment and the chemical content
in the extracted DDGS and the de-starched corn. The statistical significance of the correlations
must be judged with care because only 5 data points (4 extracted DDGS and 1 de-starched corn)
were used for the calculation of each correlation. Because of this limitation, rather than
discussing individual correlations, we henceforth discuss Figure 16 based on sets of correlations

with congruent behavior.
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Figure 16. Correlation matrix between compositional components of extracted substrates (columns) and response to enzymatic
treatments (rows).

Total solubilization in Figure 16 discriminates two sets of compositional attributes and
two sets of enzyme cocktails. One set of attributes is made of insoluble carbohydrates (glucan,
xylan, arabinan, and galactan), except for mannan, which is grouped with protein, as previously
observed in the compositional data (Figure 12B). The contents of these carbohydrates are
positively correlated with the solubilizations promoted by the LC and CF cocktails, whereas they
are negatively correlated with the response promoted by the YF cocktail used alone or in
combination. These results support that enzyme cocktails rich in cellulases and xylanases boost
solubilization of DDGS with high fiber content, while the enzyme activities present in YF (ze., 3-
1,3-glucanase) enhance solubilization of the yeast fraction present in DDGS material.

Protein solubilization in Figure 16 shows a pattern like the one observed for total mass,
although with weaker correlations. For the glucose solubilization shown in Figure 16, the main
difference is the weaker correlations (7.e., lower magnitudes) for the hydrolysis conducted with the

YF cocktail alone or in combination. This result arises, at least in part, from the unspecific nature
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of the glucan content, present in both the corn fiber and the inactivated yeast (Table 4 and Figure
13) and thus responding to all the tested enzymatic cocktails (Table 5).

The utilization of complementary enzymatic activities in this study was demonstrated to
be beneficial for enhancing the solubilization of structural components of a set of highly variable
DDGS samples. We observe higher total mass, protein, and monomeric glucose solubilization
compared to the other components (monomeric xylose, arabinose, galactose, and mannose)
typical of corn fiber structure. Arabinoxylan, the major component of cereal fiber, is highly
complex and branched in corn affecting the accessibility to enzymatic degradation'*”. Previous
studies reported low solubilization of corn fiber compared to other grains (i.e., wheat and oat)™
and highlighted that synergies between enzyme activities, such as xylanases, proteases, and

pectinases enhance solubilization of DDGS components'®*

. We demonstrate in this study that
complementary enzyme activities that target main DDGS components should be employed with

consideration of the highly variable DDGS produced in South America.

5.4. Conclusions

The availability of corn DDGS is growing rapidly in South America. In this work,
DDGS samples obtained from corn ethanol facilities in Brazil, Argentina, and Paraguay were
investigated. They presented higher compositional variability in comparison to previously
reported data from other regions (e.g, the United States). The compositional variations could be
rationalized as resulting from three main factors: extractives, protein, and corn fiber contents.
The presence of yeast in DDGS was demonstrated, but not quantified, and is indicated to be a
minor component of the observed variability. Enzymatic hydrolysis with cocktails specialized in
lignocellulose, corn fiber, and yeast revealed complementary and synergistic effects for the
solubilization of DDGS structural components in a highly variable set of pre-extracted DDGS.
Furthermore, the response to enzymes could be correlated to the main compositional variations
of DDGS, establishing a basis for enzymatic strategies to upgrade DDGS with consideration of

its patterns of variability.
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