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APRESENTACAO

Esta tese de Doutorado € composta de trés artigos cientificos. Em consonancia
com as regras do Programa de P6s-Graduacdo em Ciéncias Bioldgicas, os artigos foram
redigidos de acordo com as normas de publicacdo dos respectivos periddicos. Nos quais
foram submetidos e publicados.

O capitulo 1 é um artigo de revisdo, publicado em 2018 e intitulado ‘Plant cell
wall composition and enzymatic deconstruction’, que descreve 0s principais avangos
biotecnologicos na compreensdo da arquitetura e fisiologia da parede celular de plantas.
O artigo descreve os componentes da parede celular e discute as estratégias para superar
a recalcitrancia da biomassa lignocelulésica e a geragdo de agUcares fermentaveis a partir
da biomassa lignocelulésica.

Outro projeto desenvolvido durante o doutorado é apresentado no capitulo 2,
intitulado ‘Hydrogen peroxide-acetic acid pretreatment increases the saccharification
and enzyme adsorption on lignocellulose’. Este artigo de pesquisa descreve os efeitos de
um método de pré-tratamento baseado em peroxido de hidrogénio e acido acético. Este
pré-tratamento apresenta uma alta eficiéncia na deslignificacdo da biomassa, elevando a
adsorcdo enzimatica aos polissacarideos e promovendo grande aumento no rendimento
da sacarificacdo, com potencial para aplicacéo a nivel industrial.

Como parte majoritaria do periodo de doutorado, foi realizado um estudo
aprofundado sobre mudancas composicionais da parede celular de uma planta modelo de
cana-de-agucar, que resultou no capitulo 3 ‘Suppression of a BAHD acyltransferase
decreases p-coumaroyl on arabinoxylan and improves biomass digestibility in the model
grass Setaria viridis’. Este capitulo descreve a caracterizagdo de um novo gene
responsavel pela adicdo de acido p-cumarico ao arabinoxilano, com a caracterizacdo da
parede celular da planta modelo Setaria viridis apds o silenciamento génico via RNA de
interferéncia. Adicionalmente, a hidrolise enzimética foi realizada antes e apds pre-
tratamento com &cido sulfarico, utilizado para melhorar a sacarificacdo da biomassa

lignocelulo6sica.

1. Thatiane R. Mota, Dyoni M. Oliveira, Rogério Marchiosi, Osvaldo Ferrarese-
Filho, Wanderley D. dos Santos (2018) Plant cell wall composition and enzymatic
deconstruction. AIMS Bioengineering, 5 (1): 63-77.



2. Thatiane R. Mota, Dyoni M. Oliveira, Gutierrez R. de Morais, Rogeério
Marchiosi, Marcos S. Buckeridge, Osvaldo Ferrarese-Filho, Wanderley D. dos Santos
(2019) Hydrogen peroxide-acetic acid pretreatment increases the saccharification and
enzyme adsorption on lignocellulose. Industrial Crops and Products, 140: 111657.
JCR: 4.191.

3. Thatiane R. Mota, Wagner R. de Souza, Dyoni M. Oliveira, Polyana K. Martins,
Bruno L. Sampaio, Felipe Vinecky, Ana P. Ribeiro, Karoline E. Duarte, Thalyta F.
Pacheco, Norberto K. V. Monteiro, Raquel B. Campanha, Rogério Marchiosi, Davi S.
Vieira, Adilson K. Kobayashi, Patricia A. O. Molinari, Osvaldo Ferrarese-Filho, Rowan
A. C. Mitchell, Hugo B. C. Molinari, Wanderley D. dos Santos. Suppression of a BAHD
acyltransferase decreases p-coumaroyl on arabinoxylan and improves biomass
digestibility in the model grass Setaria viridis. Submitted to ‘The Plant Journal’. Under
review.

JCR: 5.726.
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RESUMO GERAL

A biomassa lignocelulésica é uma fonte renovavel e de baixo custo para a producéo de
biocombustiveis que podem substituir os combustiveis fosseis e reduzir as emissdes de
gases de efeito estufa. O grande desafio da tecnologia de bioconverséo é o alto custo para
superar a recalcitrancia da biomassa para a conversdo de polissacarideos em acucares
fermentéveis. Considerando as diversas maneiras de superar a recalcitrancia da biomassa
lignocelulosica a digestdo enzimatica, minha tese esta organizada em trés capitulos, que
abordam: a composi¢do e organizacdo da biomassa vegetal; um estudo com pré-
tratamento quimico para elevar a sacarificacdo da biomassa lignocelulésica e, por fim, o
uso de engenharia genética para produzir plantas com sacarificacdo elevada. O primeiro
capitulo é um artigo de revisdo no qual descrevo as informacdes basicas sobre a
composicdo quimica da biomassa lignocelulésica e o arsenal enzimatico para a
desconstrucdo da lignocelulose em acucares fermentaveis. No segundo capitulo, um
método eficaz de deslignificacdo foi utilizado para o pré-tratamento de materiais
lignocelulésicos, utilizando solugdo de peroxido de hidrogénio e acido acético (HPAC).
O pré-tratamento da palha de milho, bagaco de cana-de-agUcar e casca de eucalipto com
HPAC removeu de 45-75% da lignina e aumentou a adsor¢do enzimatica de ~2,5 a 7
vezes. Como consequéncia, o pré-tratamento com HPAC aumentou em até 21 vezes a
eficiéncia da sacarificacdo enzimatica. Adicionalmente, descobrimos que a solucdo
HPAC remove os furfurais do meio hidrolitico, o que pode contribuir para uma
fermentacao mais eficiente do etanol. Este método pode ser uma alternativa para melhorar
a sacarificacdo de biomassas, reduzir custos e aumentar a producdo de bioetanol de
segunda geracdo. Visando aprofundar os estudos de parede celular, no terceiro capitulo,
eu investiguei a modificacdo de um gene envolvido na biossintese da parede celular da
graminea modelo Setaria viridis. Gramineas possuem um alto conteldo de &cidos
hidroxicinamicos ligados ao arabinoxilano. Neste estudo, caracterizamos um gene BAHD
acil-coenzima A transferase, demonstrando que ele realiza a adicdo de &cido p-cumarico
(pCA) a parede celular de S. viridis. As linhagens silenciadas por RNA de interferéncia
(SvBAHDO05) apresentaram reducdes de até 42% nos niveis de pCA esterificados a parede
celular, de forma consistente ao longo de 3 geracGes. As biomassas de plantas SYBAHDO05
exibiram aumento de até 30% na sacarificacdo enzimatica apds o pré-tratamento com
acido sulfurico e nenhuma alteracdo no teor de lignina total. Os estudos de dinamica
molecular sugeriram que o SYBAHDO5 é uma p-coumaroil-coenzima A transferase
envolvida na adicdo de pCA nas unidades arabinofuranosil do arabinoxilano em S. viridis.
Nossos resultados fornecem a primeira forte evidéncia de que a p-coumaroilacdo do
arabinoxilano é promovida pela aciltransferase traduzida do gene BAHDO5 nas paredes
celulares de monocotiled6neas. Assim, o SYBAHDO05 é um alvo biotecnoldgico promissor
para a engenharia de culturas agricolas visando a melhoria da sacarificacdo enzimatica de
biomassas vegetais para a producdo de etanol celulésico.

PALAVRAS-CHAVE: Celulose, hemicelulose, hidroxicinamatos, = HPAC,
lignocelulose, parede celular de plantas, pré-tratamento de biomassa, proteinas BAHD,
sacarificacao.
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GENERAL ABSTRACT

Lignocellulosic biomass is a low-cost renewable source for biofuel production that can
replace fossil fuels and thus reduce greenhouse gas emissions. The main challenge for
bioconversion technology is the high cost to overcome biomass recalcitrance for the
conversion of polysaccharides into fermentable sugars. Considering the various ways to
overcome the recalcitrance of lignocellulosic biomass, my thesis is organized in three
chapters, which consists in an introductory chapter about the composition and
organization of plant biomass; a study with a chemical pretreatment to increase
saccharification of lignocellulosic materials and, finally, the use of genetic engineering to
produce plants with enhanced saccharification. The first chapter is a review article, in
which | describe the basic information about the chemical composition of lignocellulosic
biomass and the enzymatic arsenal for lignocellulose deconstruction in fermentable
sugars. In the second chapter, an effective delignification method was used for the
pretreatment of lignocellulosic materials using hydrogen peroxide and acetic acid
(HPAC) solution. Pretreatment of maize straw, sugarcane bagasse and eucalyptus bark
with HPAC removed 45-75% of lignin and increased enzymatic adsorption by ~2.5-to 7-
fold. As a result, HPAC pretreatment increased the efficiency of enzymatic
saccharification up to 21-fold. Additionally, we found that HPAC removes furfurals from
hydrolytic solution, which may contribute to more efficient ethanol fermentation. The
method can be a useful alternative for improving biomass saccharification, reducing the
costs and increasing the second-generation bioethanol production. For a further
investigation of plant cell walls, in the third chapter | investigated the modification of a
gene involved in the cell wall biosynthesis of the model grass Setaria viridis. Grasses
have high contents of hydroxycinnamic acids bound to arabinoxylan. In this study, we
characterized a BAHD gene of acyl-coenzyme A transferase responsible for the addition
of p-coumaric acid (pCA) in the cell walls of S. viridis. Silenced lines by RNA
interference (SYBAHDO05) presented up to 42% of decrease in ester-linked pCA
consistently across 3 generations. Biomass of SvBAHDO05 RNAI silencing plants
exhibited up to 30% of increase in saccharification after sulfuric acid pretreatment and no
significant changes in the total lignin content. Molecular dynamics analyses have
suggested that SYBAHDO5 is a p-coumaroyl coenzyme A transferase involved in the
addition of pCA to the arabinofuranosyl units of arabinoxylan in S. viridis. Our data
provide the first strong evidence of arabinoxylan p-coumaroylation promoted
by BAHDO5 acyltransferase gene in cell walls of monocots. Thus, SYBAHDO5 is a
promising biotechnological target to engineering crops for improved biomass
saccharification of plant biomass and cellulosic ethanol production.

KEYWORDS: BAHD protein, biomass pretreatment, cellulose, hemicellulose, HPAC,
hydroxycinnamates, lignocellulose, plant cell wall, saccharification.

12



CHAPTER 1

Plant cell wall composition and enzymatic

deconstruction

Thatiane R. Mota'*, Dyoni M. Oliveira®, Rogério Marchiosi!, Osvaldo Ferrarese-

Filho! and Wanderley D. dos Santos!

! Department of Biochemistry, Laboratory of Plant Biochemistry, State University of

Maringé, PR, Brazil.

*Corresponding author:
Thatiane R. Mota

E-mail: thatianermota@gmail.com

Type of chapter: Review article
Journal: AIMS Bioengineering
Volumel/issue, pages: 5(1): 63-77

Date of publication: March 2018

DOIl: 10.3934/bioeng.2018.1.63

13



Abstract

Cellulosic ethanol is one the most prominent technologies capable of replacing the use
of fossil fuels in an observable horizon of technological development. The complexity
of plant biomass, however, continues to challenge our ability to convert it into biofuels
efficiently. Highly complex and cross-linked polysaccharides, hydrophobic and protein
adsorbent polymers, and crystalline structures comprise some of the structures that
shield the plant cell contents (and the shield structures themselves) against predators. In
response, a sophisticated enzymatic weaponry, with its associated chemical and physical
mechanisms, is necessary to overcome this recalcitrance. Here we describe basic
information about chemical composition of lignocellulosic biomass and the enzymatic

arsenal for lignocellulose deconstruction into fermentable sugars.

Keywords
Biomass; cellulose; enzymatic hydrolysis; hemicellulose; lignin; lignocellulose;

saccharification.

Abbreviations

Ara: arabinose; FA: ferulic acid; Fuc: fucose; Gal: galactose; Glc: glucose; GIcA:

glucuronic acid; Man: mannose; Xyl: xylose.
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1. Introduction

Currently, our energy is mainly derived from oil reserves. These fossil resources
are finite and therefore our economy is unsustainable in the long term. Besides, the
intensive and increasing burning of fossil reserves since the industrial revolution has
introduced an excessive amount of CO: into the atmosphere and increased the
temperature of the planet. These factors demand the development of technologies that
allow us to exploit sustainable energy sources to ensure sustainable economic
development [1,2]. Lignocellulosic biomass is the most abundant renewable raw
material in nature. The production of plant biomass in the world is about 200 x 10° tons
per year and over 90% of this biomass is lignocellulose [3,4] and has the potential to
replace oil in a reasonable scenario of technological development [5]. Currently,
sugarcane and maize are the main crops used in the production of ethanol [6] starting
from soluble carbohydrates as sucrose and starch [7].

Due to its long history of sugarcane production, Brazil is prominent in the use of
biomass to produce ethanol [8]. Bioethanol can be an alternative to gasoline [9]. The
United States is currently the main producer of ethanol in the world, primarily using
corn starch, while Europe uses wheat starch and sugar beet. In 2013, the total
production of ethanol by the United States was 50.3 billion liters [9]. The global
production of biofuels was 18.2 billion liters in 2000, 60.6 billion liters in 2007 and 85
billion liters in 2011 [3]. Therefore, almost all ethanol produced in the world today
comes from soluble carbohydrates such as sucrose and starch [7].

The global demand for biofuels quadrupled between 2000 and 2008. In 2000, the
production of biofuel was 400 petajoule (PJ) per year and in 2008 was nearly 1800 PJ
per year [10], justifying investments in the development of technologies to increase
ethanol production [11,12,13]. The bioethanol production from sugar feedstock is called
“first generation ethanol”. Second generation ethanol is made by saccharification of
lignocellulosic feedstock as agricultural wastes [3].

In sugarcane plants, after extraction of the soluble carbohydrates, the residual

biomass is burned to sustain the energy demands of the industry [14]. Surplus of
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biomass is usually converted into electricity and sold to distributors or, less commonly,
used as cattle feed [15]. As this residual biomass is essentially composed of
carbohydrates, it could be partially converted into ethanol, contributing to increased
productivity, without competing with food production [16]. Therefore, different sources
of lignocellulosic biomass have high potential for bioenergy, mainly monocots plants—
rice, wheat, sorghum, tall fescue, giant reed and elephant grass; and some eudicots—
poplar, eucalyptus and rapeseed [17].

However, in contrast to the processing of sucrose and starch, degradation of
lignocellulosic biomass demands a sophisticated set of enzymes. The complexity of the
carbohydrate polymers and their cross-linkages with lignin demands a complex set of
enzymes in order to allow the access of polysaccharidases and release fermentable
sugars [18]. Lignocellulose is basically composed of plant cell wall components. The
recalcitrance of cell walls to enzyme digestion is the result of long-range co-evolution
among plants and their predators [19].

Microorganisms and herbivores promote the enzymatic degradation of
lignocellulose via multiple carbohydrate-active, lignin-active and accessory enzymes,
which typically act together with complementary and synergistic activities [20]. The
industrial conversion of lignocellulosic materials into ethanol typically involves: (i)
physical or chemical pretreatments to disrupt polymer interactions and make cellulose
and hemicellulose more accessible for enzymatic hydrolysis; (ii) saccharification of
pretreated biomass by enzyme complexes including cellulases, hemicellulases and
accessory enzymes; (iii) fermentation of monosaccharides to produce ethanol or other
platform chemicals [21].

However, the technology to produce cellulosic ethanol is still under development
and to make the process competitive in terms of cost, it is necessary to improve the
efficiency of lignocellulosic degradation [22]. We therefore need to enhance our
knowledge about cell wall organization and its enzymatic breakdown. The review

describes the basic information about chemical composition of lignocellulosic
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biomass and the enzymatic arsenal for lignocellulose deconstruction into

fermentable sugars.

2. Structure of lignocellulose

Lignocellulose biomass can be divided into polysaccharide - cellulose,
hemicellulose and pectin - and non-polysaccharide fractions - lignin, phenolic
compounds and proteins [23]. Plant tissues vary widely in structure and composition.
The composition and architecture of cell walls vary according to species, cell type,
tissue, developmental stage and cell wall layer [24,25]. During plant growth and cell
elongation, plant cells produce a primary cell wall, which typically contains cellulose,
hemicellulose, pectin and proteins [26]. The primary cell walls of grasses and eudicots
share some similarities (i.e. a cellulose fraction embedded in a non-cellulosic fraction)
with differences in the abundance and type of different components (Figure 1). After
cell elongation, some tissues produce a secondary cell wall, which is deposited inside
the primary cell wall, displacing it outwards. The secondary cell wall is a prominent
feature of fibers, such as xylem and sclerenchyma. Secondary cell walls are composed

of cellulose, hemicellulose and lignin [27,28].

2.1 Cellulose

Cellulose, the most abundant biopolymer, consists of D-glucose units
connected to each other by glycoside B-1,4 linkages, with cellobiose as the
fundamental repeating unit (Figure 1a), synthesized by cellulose synthase complex
[29]. Cellulose chains show an exceptionally high degree of polymerization, with
lengths of 2,000 to 25,000 glucose residues [16,30]. These cellulose molecules are
interconnected in parallel by hydrogen bonds, generating microfibrils comprising 30
to 36 linear chains, which have a high degree of mechanical resistance and

recalcitrance against enzyme attack [31].

17



2.2 Hemicellulose

The cellulose microfibrils are cross-linked by hemicellulose molecules (also
known as cross-linking glycans; Figure 1b-1e). Hemicellulose also impedes the
collapse of cellulose microfibrils, preventing the microfibrils from sliding over each
other [32]. Finally, the cellulose-hemicellulose network is embedded in a matrix of
pectin that may contain lignin [29]. Hemicelluloses are the second major polysaccharide
fraction of the cell wall [33].

Compared with cellulose, hemicelluloses are of lower molecular weight,
comprising 100 to 200 monomeric units. The backbone of hemicellulose is mainly
composed of hexoses (such as D-glucose and D-mannose) or pentoses (such as D-
xylose) connected to each other by B-1,4 linkages. Except for p-1,3; B-1,4 mixed linkage
glucans found exclusively in grasses, hemicelluloses are heteropolysaccharides
presenting different monosaccharides (such as D-galactose, D-fucose, arabinose and D-
glucuronic acid) attached to the backbone core [28].

Xyloglucan is the main hemicellulose in eudicots and non-commelinid
monocots. It consists of a p-1,4-D-glucose backbone regularly branched by o-(1,6)-
linked xylosyl residues, which may be further connected to galactosyl, arabinosyl and
fucosyl residues, formally named fucogalactoxyloglucans (Figure 1b) [34].

The main hemicelluloses in eudicots are xyloglucans, xylans and mannans [16].
Xylan is a major hemicellulosic component in grasses, consisting of a -1,4-linked D-
xylose backbone exhibiting different patterns of branching with arabinose and
glucuronic acid (Figure 1c). Glucuronoarabinoxylan (GAX) may present
hydroxycinnamic acids such as ferulic acid and
p-coumaric acid, ester-linked to arabinosyl residues of the GAX structure [35].

Mixed-linkage glucans, also simply called B-glucans, are unbranched
homopolymers of glucose, alternating short sequences of B-1,4-glucan with single -
1,3-glucans (Figure 1d). B-Glucans are unique to the cell walls of grasses (family

Poaceae) and a few related families from the order Poales [28]. The content of f-
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glucans in vegetative cells is highly correlated with cell growth and expansion,
suggesting that B-glucan plays a role in this phase [36].

Mannan is the third most important kind of hemicellulose. Mannans and
glucomannans are the main hemicelluloses in charophytes. Their backbones consist of
B-1,4-linked mannose, e.g. mannans and galactomannans; or include both mannose and
glucose in a non-repeating pattern, as in glucomannans and galactoglucomannans

(Figure 1e) [37].
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Figure 1. Schematic structures of cellulose and hemicelluloses.
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2.3 Pectin

Pectin is the most complex class of structural polysaccharides, consisting of
branched heteropolysaccharides presenting acidic sugars (galacturonic and glucuronic
acid) and neutral sugars (rhamnose, galactose and arabinose). Abundant in the middle
lamella and in primary plant cell walls [38], it is involved in intercellular adhesion,
confers charge and preserves the water content of plant cell walls. Pectin also
contributes to the integrity and rigidity of plant tissues and is important in defense
mechanisms against pathogens [39]. Pectin is used in the food, cosmetic and drugs
industries, e.g. in paper substitutes and biodegradable films [40]. Plant primary cell
walls contain approximately 30% pectin in dicotyledonous and non-commelinid
monocot plants, while lower levels (2%-10%) are found in grasses and other
commelinid plants [39,40].

Pectin contains different monosaccharides, the most abundant being galacturonic
acid [38]. Homogalacturonan (HG) is the most abundant pectic polysaccharide. It
consists of a linear homogeneous polymer of a-1,4 linked galacturonic acid [40]. Other
abundant types of pectin are xylogalacturonan, apiogalacturonan, rhamnogalacturonan |

and rhamnogalacturonan 11 [39].

2.4  Lignin

Lignin is the most abundant non-polysaccharide fraction of lignocellulose and
the second most abundant biopolymer, after cellulose. It consists of a complex phenolic
polymer linked to cellulose and hemicellulose [41]. Corresponding to 15% - 40% of dry
weight [42], lignin is present in the plant secondary cell walls of specialized tissues
(fibers, vessel, cortex and so on), where it interacts with cellulosic microfibrils,
interrupting cell growth and providing mechanical strength to the plant and chemical
resistance against pathogens, herbivores and abiotic stresses [43,44].

Lignin is produced by the phenylpropanoid pathway [45], which begins in the
cytosol with the deamination of L-phenylalanine to produce cinnamic acid, a reaction
catalyzed by phenylalanine ammonia-lyase [46,47]. Afterwards, hydroxylation of the
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aromatic ring produces p-coumaric acid, the first phenylpropanoid in the pathway.
Following further hydroxylations and methoxylations at C-3 and C-5 of the aromatic
ring, and reduction of the carboxylic acid to an alcohol, these intermediates are
converted to three different hydroxycinnamyl alcohols: p-coumaryl, coniferyl and
sinapyl alcohols, see Figure 2 [48-50].

Specific cell wall peroxidases promote an oxidative polymerization of
monolignols resulting in a highly hydrophobic matrix of C-C and C-O-C. The
monolignol residues in lignin polymers may be identified by their ring decoration, and
are referred to as p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units,
respectively [51,52]. The incorporation of monolignols H, G and S in a growing lignin
polymer occur via mutual coupling and cross-coupling of monolignols by inter-linkage f-

O-4 (B-ether), B-5 phenylcoumaran, B-p resinol and 4-O-5 biphenyl ether [48].
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Figure 2. Structural components of lignin polymers. The biosynthetic precursors, coniferyl
(blue), coniferyl (green) and sinapyl (red) alcohols are shown, as well as p-coumarate ester
conjugated lignin (gray). The linkages specifically formed by radical coupling reactions are shown in
bold and labeled with the type of unit produced in the polymer.
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3. Enzymatic breakdown of lignocellulose

Different types and large quantities of enzymes are necessary to release
fermentable sugars from cell wall components. Table 1 presents different types of
enzymes used for the breakdown of cellulose and hemicellulose [53]. Enzymes that
modify complex carbohydrates are known as Carbohydrate-Active EnZymes
(CAZymes). Collectively they are organized into families: Glycoside hydrolases (GHSs),
glycosyl transferases (GT), polysaccharide lyases (PL), carbohydrate esterases (CE), and
auxiliary activities (AA). The latter group includes oxidative enzymes, such as
cellobiose dehydrogenase (CDH) and lytic polysaccharide monooxygenase (LPMO)
that are involved in polysaccharide degradation [54,55]. Many CAZymes are modular
proteins, consisting of catalytic modules and non-catalytic carbohydrate-binding
modules (CBMs) [56,57]. CBMs have an important role in crystalline cellulose
degradation and are also found in enzymes that act on glucans, xylans, mannans and
glucomannans [57]. CBMs promote the association of enzymes with substrates,

potentiating the action of cellulolytic enzymes on insoluble substrates [58—60].

3.1  Cellulases

Cellulases are the primary enzymes used for cellulose hydrolysis.
Deconstruction of cellulose is achieved by three predominant activities:
Cellobiohydrolase (also called exoglucanase), endoglucanase and B-glucosidase. They
act synergistically in the hydrolysis of the cellulose, which reduces problems of product
inhibition [21]. Endoglucanases (EC 3.2.1.4) cleave the glycosidic internal bonds of the
non-crystalline cellulose portion [61]. Cellobiohydrolases and exoglucanases (EC
3.2.1.91 and EC 3.2.1.176) remove glucose dimers (cellobiose) from the reducing and non-
reducing ends of cellulose chains, respectively [62]. The main distinction between
cellobiohydrolase and exoglucanase is that cellobiohydrolase releases cellobiose from
crystalline cellulose [63]. Finally, B-glucosidases (EC 3.2.1.21) cleave cellobiose into

two glucose molecules [64].
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3.2 Hemicellulases

The B-1-4-D-glucose backbone of xyloglucans can be hydrolyzed by the
cellulases described above, after elimination of the branches containing xylose,
galactose and fucose. Enzymes responsible for the hydrolysis of the Xxyloglucan
backbone are xyloglucan endo-B-1,4-glucanases, EC 3.2.1.151 [65]. Different classes
of xyloglucanases present affinities for xyloglucans with different degrees of branching
[62].

Degradation of xylan backbones requires at least two different enzymes: 1)
endoxylanases (EC 3.2.1.8) hydrolyze glycoside linkages from the xylan chain
releasing xylooligosaccharides; 2) B-xylosidases (EC 3.2.1.37) hydrolyze xylobiose
and xylooligosaccharides from the non-reducing end. The xylanase group of enzymes
have different specificities for xylan backbones depending on the kind and degree of
branching [66]. a-Arabinofuranosidases (EC 3.2.1.55) act on a-glycosidic bonds of
arabinofuranoses (Araf) branching from the xylan backbone [67,68], while o-
glucuronidases (EC 3.2.1.139) hydrolyze xylan linked with glucuronic acid [69]. Acetyl
xylan esterases (EC 3.1.1.72) remove acetyl groups [70,71], and feruloyl esterases (EC
3.1.1.73) hydrolyze ester-linked ferulic and p-coumaric acids attached to Araf branches
in xylan chains and pectin [72,73]. Feruloyl esterases present synergistic actions with
xylanase, B-glucosidase, arabinofuranosidase and other accessory enzymes in the
degradation of cell walls [74,75]. These synergies may reduce the quantity of enzyme
necessary for saccharification and reduce the costs of bioethanol production from
lignocellulosic biomass [76,77]. The enzymatic saccharification system using feruloyl
esterase combined with accessory enzymes could contribute to the production of
fermentable sugars for bioethanol production [35].

The structurally heterogeneous nature of mannans requires associations and
synergistic actions among a variety of cleaving enzymes such as endo-f-mannanase (EC
3.2.1.78), exo-pB-mannosidase (EC 3.2.1.25), B-glucosidase (EC 3.2.1.21), acetyl mannan
esterases (EC 3.1.1.6), and o-galactosidase (EC 3.2.1.22) for efficient enzymatic
hydrolysis [37]. Endo-B-mannanases, also referred to simply as mannanases, hydrolyze
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the endo-p-(1,4)-glucose-mannose backbone of galacto(gluco)mannans, releasing
predominantly mannobiose and mannotriose. f-Mannosidases hydrolyze B-(1,4)-glucose-
mannose, releasing mannose from the non-reducing end of manno-oligosaccharides
[37].

Degradation of mixed linked B-glucans is catalyzed by linkage specific -
glucanases. Depending on the type of glycosidic linkage they cleave, B-glucanase is
grouped into four main categories, namely B-1,3;1,4-glucanases (lichenases; EC
3.2.1.73), endoglucanases (cellulases; EC 3.2.1.4), B-1,3-glucanases (laminarinases, EC

3.2.1.39) and B-1,3(4)-glucanases (EC 3.2.1.6) [62].

3.3 Pectinases

Pectinases or polygalacturonases (pectin depolymerases) form a heterogeneous
group of enzymes with the capacity to hydrolyze a-1,4-glycosidic linkages of pectate
present in plant cell walls [78]. Pectins are extremely important for cell wall growth and
extension [79]. Pectinases have a potential application in improving ethanol production
from various feedstocks, as pectinase treatment requires less energy and produces no

inhibitory factors [80-82].

3.4  Ligninases

Ligninases are laccase, lignin peroxidase and manganese peroxidase. These
enzymes are able to hydrolyze the lignin fraction, improving polysaccharide
degradation by glycosyl hydrolases, and reducing the recalcitrance of lignocellulosic
biomass, as well as decreasing the adsorption of lignin to enzymes [83].

Laccases (EC 1.10.3.2) are copper-containing enzymes with four copper atoms
in the catalytic center [84]. They catalyze the oxidative cleavage of phenolic
compounds, producing radicals [12]. Lignin peroxidase (EC 1.11.1.7) and manganese
peroxidase (EC 1.11.1.7) are the two largest classes of glycoproteins in the peroxidase
group. They present a heme group that requires hydrogen peroxide as an oxidant [12].
Laccases play an important role in lignin biosynthesis. Plant cells secrete peroxidases

24



and laccases into the apoplast for the polymerization of monolignols by radicals [85],

while fungi and bacteria secrete them for lignin depolymerization [86].

Table 1. The main enzymes required to degrade cellulose and hemicellulose to monomers.

Group of enzymes

Enzymes

Linkages breakdown

Cellulases

Hemicellulases

Cellobiohydrolase
Endoglucanase
B-Glucosidase
Endoxylanase
B-Xylosidase
B-Glucanase/lichenase
Feruloyl esterase
p-Coumaroyl esterase
Arabinofuranosidase
Glucuronidase
4-0-Glucuronoyl methylesterase
Xyloglucanase
Fucosidase
a-Galactosidase
Mannanase
B-Mannosidase

Acetyl xylan esterase

B-(1,4)-Glc
Endo-B-(1,4)-Glc
B-(1,4)-Glc
Endo-B-(1,4)-Xyl
B-(1,4)-Xyl

B(1,3)-Glc, B(1,4)-Glc
Ester linkage FA-Ara
Ester linkage pCA-Ara
a-(1,2)-Ara, a-(1,3)-Ara
a(1,2)-GIcA

a-(1,2)-4-0O-metil-a-glucuronic

Endo-a-(1,4)-Glc
a-(1,2)-Fuc
a-(1,3)-Gal, a-(1,6)-Gal
Endo-p-(1,4)-Glc-Man
B-(1,4)-Glc-Man
a-(1,2)-Xyl

4. Pretreatments of lignocellulosic biomass

Lignocellulosic biomass presents several features that confer recalcitrance, such
as crystalline cellulose which precludes decomposition by enzymes [87]; highly
complex hemicelluloses and pectin, which demands a huge number of enzymes; the
high degree of lignin adsorption to proteins that inhibits enzymatic activity [88]; and the
complex cross-linkages between phenolic and polysaccharide components [35,89].
Biological, chemical and physical pretreatments can reduce the crystallinity of

lignocellulose and break various linkages, drastically reducing its complexity [17].
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Biological pretreatments have been widely studied and have demonstrated some
advantages over chemical and physical pretreatments such as a low demand for energy,
environmental friendliness and low levels of toxic products [90]. Biological
pretreatments include in vivo application of microorganisms [91], for example, brown,
white and soft rot fungi that produce hydrolytic enzymes such as laccase and manganese
peroxidase that degrade lignin [92].

Chemical pretreatments strongly improve the biodegradability of cellulose [93].
In alkali pretreatments, biomass is mixed with bases such as sodium or potassium
hydroxides. These pretreatments promote modifications in the cell wall structure and
increase enzyme accessibility for saccharification [94]. Acid hydrolysis mostly employs
sulfuric acid, but phosphoric acid, hydrochloric acid and nitric acid are also used to
remove lignin [95]. In addition, microwave energy has been applied to facilitate alkaline
and acid pretreatments [96]. Pretreatments that use organic solvents are known as
organosolv and utilize aliphatic alcohols, polyols (e.g. glycerol), acetone or phenol as
solvents to promote delignification. Organic solvents improve removal of lignin content
and reduce the viscosity of the pretreatment medium [97].

Physical pretreatments are used to enhance lignocellulosic porosity. Milling
procedures are the most traditional physical pretreatment used in laboratories [98].
Although effective, milling is energy intensive and only mild milling procedures have
been shown to be industrially viable. Ultrasonic pretreatment induces mechanical
vibrations and cavitations that help to disrupt tissues [99]. One of the most promising
pretreatment methods is steam explosion. It consists of compression and fast
decompression of the biomass to increase the porosity of the lignocellulosic material
and facilitate the access of hydrolytic enzymes. The process has been demonstrated to
be efficient for biomasses containing low amounts of lignin [7,94].

The extraction of lignin by pretreatments improves saccharification [100].
Although in principle these treatments are feasible, they still require a substantial
technological development to become cost and energy efficient enough for industrial
application [7,101].

26



5. Conclusions

Lignocellulose has a complex and varied composition that, although reasonably
well known, is still a challenge for efficient conversion in biorefineries. Development of
technologies that improve the efficiency of generation of biofuels and platform
chemicals from lignocellulose has been the focus vigorous scientific efforts. While
bioethanol has real potential as an oil replacement, considerable technological advances
are necessary to reduce financial and energetic costs and make the biochemical

conversion of lignocellulose into biofuels a commercial reality.
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Abstract

Biomass delignification is a crucial condition for the effective production of fermentable
sugars from lignocellulosic materials. Here, an effective method was used to pretreat
lignocellulosic materials using hydrogen peroxide-acetic acid (HPAC) solution. The
pretreatment of maize straw, sugarcane bagasse and eucalyptus bark with HPAC removed
45 to 75% of lignin and improved from 2.1 to 20.8-fold the saccharification process.
Delignification caused by HPAC increased the enzyme adsorption capacities of pretreated
substrates from 2.6 to 7.1-fold. The HPAC treatment clearly removes furfurals of the
hydrolytic medium, contributing to more efficient ethanol fermentation. The applied
method can be a useful alternative to improve biomass saccharification, reduce costs and

increase the production of second-generation bioethanol.

Keywords

Biomass feedstock; cell wall; enzymatic hydrolysis; HPAC pretreatment, lignin.
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1. Introduction

Two companies in Brazil that are using sugarcane bagasse residues (Raizen and
GranBio) and one in the USA using maize residues (Poet-DSM consortium) are close to
commercializing cellulosic ethanol with economic viability (Girio et al., 2017). Although
these industrial plants are already producing and selling cellulosic ethanol, they still
require further reduction of the production cost. The main obstacles include the efficient
removal of lignin from lignocellulosic biomass, the high cost to produce hydrolytic
enzymes, and the low efficiency of yeasts to ferment pentoses (Marques, 2018).
Pretreatment prior to enzymatic hydrolysis disrupts the recalcitrant structure of
lignocellulosic biomass, enhancing the access of enzymes to the polysaccharides
(Amorim et al., 2011; Oliveira et al., 2015; Mota et al., 2018). Several pretreatment
procedures have been reported, including physical, biological and chemical methods, and
their industrial applications can reduce the downstream operating costs for biofuel
production (Alvira et al., 2010).

The hydrolysis rate is related to the number of enzymes adsorbed onto biomass
(Kumar and Wyman, 2009; Lin et al., 2018). However, the relationship between cellulase
adsorption kinetics and lignin removal in pretreated biomasses is not fully understood
(Pareek et al., 2013). During enzymatic hydrolysis, enzymes tend to bind on the lignin-
rich surfaces, inhibiting the enzymatic hydrolysis and harming the enzyme recycling
(Pareek et al., 2013; Rahikainen et al., 2013; Lin et al., 2018), and finally, demanding
higher enzyme loadings and increasing the costs of the process (Ko et al., 2015).

Ideally, a pretreatment method ought to present a low cost, efficient
delignification of different lignocellulosic materials, minimum cellulose degradation and
non-significant production of inhibitors for the subsequent enzymatic saccharification
and fermentation (Gatt et al., 2018). Some strategies are being developed to decrease the
content of inhibitory compounds, as furfural and 5-hydroxymethylfurfural (HMF)
produced during the pretreatments. An efficient strategy is to use mild conditions like
lower temperature and shorter times of pretreatment (Jonsson & Martin, 2016). By and
large, hydrogen peroxide-acetic acid (HPAC) pretreatment meets these criteria because it
efficiently removes lignin, using mild temperatures and weak acids (Wi et al., 2015).
Previous studies revealed that HPAC pretreatment is quite effective for the delignification
of pine and oak woods (Wi et al., 2015), sugarcane bagasse (Tan et al., 2010) and
Jerusalem artichoke stalk (Song et al., 2016).
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Together with sugarcane bagasse and maize straw, eucalyptus bark is a residue
considered an interesting lignocellulosic material for cellulosic ethanol production (Lima
et al. 2013; Reina et al. 2016). The large cultivated area of these plants generates a high
amount of residues, with high potential for lignocellulosic biofuels. In addition,
eucalyptus is widely used in building and paper industries. Based on the principle that
HPAC efficiently removes lignin from different lignocellulosic sources, herein we
evaluated the saccharification of HPAC-pretreated maize straw (MS, Zea mays),
sugarcane bagasse (SCB, Saccharum sp.) and eucalyptus bark (EB, Eucalyptus grandis).
Maize and sugarcane are important crops for food and ethanol. After HPAC pretreatment,
the chemical modifications and structural features of lignocellulosic materials were
characterized by attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy. The enzyme adsorption capacity on pretreated substrates and the

degradation of furfurals were also evaluated.

2. Material and methods
2.1. Raw materials and chemicals

Maize straw, sugarcane bagasse and eucalyptus bark were air-dried, ball-milled
to a fine powder and stored at room temperature. All chemicals used in this work were of
analytical grade. Acetic acid and hydrogen peroxide were purchased from Nuclear
(Brazil). Novozymes (Araucaria, Brazil) kindly donated cellulase complex NS22086, f3-
glycosidase complex NS22118 and Cellic® HTec2.

2.2. HPAC pretreatment

Each lignocellulosic material source was treated using the HPAC method
described by Wi et al. (2015) with modifications. The HPAC solution was prepared by
mixing hydrogen peroxide and acetic acid (1:1; v/v). One gram of lignocellulosic biomass
was homogenized into a screw-capped plastic tube containing 10 mL of HPAC solution
and incubated at 80 °C for 2 h. The HPAC-pretreated material was filtered to separate the
liquor from the solid residue, and the solids were washed with distilled water and dried at
50 °C for 72 h.

41



2.3.  Determination of furfurals

The liquor fraction obtained from HPAC pretreatment, with furfural (FURF) and
5-hydroxymethylfurfural (HMF) standards, were filtered through a 0.45-um disposable
syringe filter and analyzed by High-Performance Liquid Chromatography system
(HPLC) (Moreira-Vilar et al., 2014).

2.4.  Cell wall preparation and lignin determination

The dry matter of untreated or HPAC-pretreated biomasses was subjected to
successive extractions with 80% ethanol (v/v) as described by Oliveira et al. (2016). The
remaining solid material was defined as the alcohol insoluble residue (AIR). For lignin
determination, AIR was subsequently washed with different solutions to obtain the
protein-free cell wall fraction (Ferrarese et al., 2002) and quantified by the acetyl bromide
method (Moreira-Vilar et al., 2014).

2.5.  Monosaccharide composition

Five mg of AIR were hydrolyzed in 1 mL of 2 M trifluoroacetic acid (TFA) for 1
h at 100 °C, and the monosaccharides released were analyzed by High-Performance
Anion Exchange Chromatography with Pulsed Amperometric Detection (HPAEC-PAD).
The parameters used and the patterns obtained with standards for the monosaccharide

separation are described by Pagliuso et al. (2018).

2.6. Enzymatic hydrolysis

The reaction mixtures were prepared with 15 mg of AIR, enzyme extract
containing 5 U/mL cellulase and 30 U/mL xylanase, 0.02% sodium azide (v/v) and 50
mM sodium acetate buffer pH 5.0 at 50 °C (Oliveira et al., 2016). The reducing sugars
were analyzed by DNS method (3,5-dinitrosalicylic acid) (Miller, 1959).

2.7.  ATR-FTIR spectroscopy

ATR-FTIR spectroscopy was performed on a Bruker Vertex 70 FTIR
Spectrometer equipped with an Attenuated Total Reflectance accessory and was carried
out on AIR samples with 128 scans per sample at a 400 to 4000 cm™ range with a

resolution of 2 cm ™.
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2.8.  Adsorption isotherms

Adsorption isotherms of proteins on lignocellulosic substrates were evaluated by
varying the protein concentrations of the enzyme complex from 75 to 6,000 pug/mL (5-
400 mg protein/g AIR) according to the methods of Ko et al. (2015) with modifications.
The concentration of non-adsorbed proteins in the supernatant was measured according
to the Bradford method. Adsorbed protein data were fitted into the following Langmuir

equation:

Pads = (Pmax X Kp X Ptree)/ (1 + Kp % Pfree) 1)

where Pags is the amount of adsorbed protein (mg protein/g AIR), Prree IS the
amount of non-adsorbed protein in the supernatant (mg protein/mL), Pmax is the maximum
protein adsorption capacity (mg protein/g AIR), Kp is the Langmuir constant (mL/mg
protein) and the equation is a measurement for the adsorption affinity. Adsorption
parameters were determined by non-linear regression of experimental data using

GraphPad Prism (version 5.00 for Windows).

3. Results and discussion
3.1. HPAC pretreatment alters biomass composition

After 2 h of pretreatment, the total recovery of solids from maize straw (MS),
sugarcane bagasse (SCB) and eucalyptus bark (EB) were 67%, 63% and 59%,
respectively, and were similar to pinewood, oak wood and rice straw, which ranged from
59 to 75% (Wi et al., 2015). The decrease in HPAC-insoluble solids was mainly due to
the solubilization of lignin-derived compounds and pectin-derived monosaccharides
(Table 1). HPAC pretreatment removed 45%, 70% and 75% of lignin from MS, SCB and
EB, respectively. In contrast, crystalline cellulose increased from 34% to 53% after
pretreatment, and the hemicellulose content was barely reduced only in SCB (—8%), with
no significant differences in MS and EB. The increased cellulose content together with
the reduced lignin content resulted in an increased cellulose/lignin ratio in HPAC-
pretreated materials. Due to the varied compositional features, different lignocellulosic
materials can influence the pretreatment effectiveness and cell wall recalcitrance to

hydrolysis in different ways (Alvira et al., 2010; Oliveira et al., 2019a).
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The analysis of non-cellulosic monosaccharides by HPAEC-PAD revealed
significant differences in the lignocellulosic materials pretreated with HPAC. Neutral
monosaccharides released from hemicelluloses and pectin of MS, SCB and EB showed a
high proportion of pentoses, before and after HPAC pretreatment. The higher content of
xylose and arabinose in SCB and MS, when compared to EB, is related to the high content
of arabinoxylan typical of grasses (de Souza et al., 2012; Lima et al. 2014; Oliveiraet al.,
2019b). EB presented a higher amount of rhamnose (2.27 mg/g AIR) in comparison to
MS (0.36 mg/g AIR) and SCB (0.16 mg/g AIR), indicating higher proportions of pectin
in EB. Hexose contents of hemicelluloses were significantly changed (Table 1). HPAC
pretreatment removed 68% and 55% of glucose from MS and SCB hemicelluloses,
respectively. Differently from eucalyptus, sugarcane and maize cell walls contain
significant quantities of mixed linkage (B—1,4 and f—1,3) glucans (Mota et al., 2018). Our
results suggest that HPAC pretreatment partially removed the mixed linkage glucans,
modulating the hemicellulose composition. Although pentose fermentation is
considerably less efficient than hexose, conversion of pentoses after enzymatic hydrolysis
can be achieved using engineered or natural fermenting microorganisms (Almeida et al.,
2011).

Changes in specific bands of ATR-FTIR spectroscopy were analyzed after HPAC
pretreatment (Fig. 1A) and were based on previous studies (Bekiaris et al., 2015; Pereira
et al., 2016). Except for bands at 1633 and 1660 cm™ in EB, bands at 1465, 1510, 1600
and 1633 cm? assigned to lignin decreased considerably after pretreatment, in
concordance with the lignin removal data determined by the acetyl bromide method
(Table 1). The band assignment at 1735 cmt, usually attributed to the presence of acetyl
groups of hemicellulose, did not change in any sample (Fig. 1B). Similar results were
observed in pinewood, oak wood and rice straw (Wi et al., 2015). Bands at 1053, 1160,
1375, 2910 and 3450 cm™ assigned to crystalline cellulose (Bekiaris et al., 2015), and the
band at 898 cm™ assigned to amorphous cellulose were similar in untreated and HPAC-
pretreated materials, demonstrating that HPAC pretreatment did not degrade cellulose
(Fig. 1B).

The ratio of the peaks between 1510 and 898 cm™ was used to calculate the
lignin/cellulose ratio after HPAC pretreatment. In MS, the ratio reduced from 1.17 (before

pretreatment) to 0.62 (after HPAC pretreatment). In SCB, the pretreatment reduced from
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Table 1. Chemical composition of untreated and HPAC-pretreated materials (expressed in mg/g AIR).

Samples Lignin Cellulose Hemicellulose Cellulose/Lignin  Arabinose Xylose Fucose Galactose Glucose Mannose  Rhamnose
ratio

MS 191.12 £4.28 283.53 +18.68 197.48 +15.55 1.48 32.36+3.07 12410+598 0.53+0.06 852+0.75 30.22+256 1.39+0.09 0.36 +0.05
MS-HPAC 105.38 +£1.89 380.27+7.82 185.38 +£6.57 3.61 31.37+1.21 13757+5.74 021+001 6.32+0.30 9.55+0.35 0.39+0.01 0.17 £0.02
P-value <0.001 0.022 0.271 0.352 0.078 0.001 0.039 0.006 0.001 0.022
SCB 262.78 £8.84 395.34+20.51 141.42+0.45 1.50 13.79+024 117.24+145 055+0.04 2.75+0.07 5.66+0.53 1.26+0.02 0.16+0.01
SCB-HPAC 79.64 £1.93 594.86+£40.50 130.36+2.09 7.47 13.69+0.22 11227+132 0.06+0.01 159+0.06 255+0.20 0.14+0.01 0.06£0.01
P-value < 0.001 0.009 0.004 0.387 0.027 <0.001 <0.001 0.001 <0.001 <0.001
EB 241.96+7.04 307.22+937 7791%251 1.27 1458 +0.47 47.03+1.58 1.14+0.05 9.42+040 2.60+0.15 0.86+0.05 2.27+0.07
EB-HPAC 6144 +£356 468.89+2349 74.87+1.62 7.63 258+0.07 61.89+1.30 1.20+0.03 559+0.15 2.74+0.07 0.47+0.01 0.39+0.01
P-value <0.001 0.001 0.174 <0.001 <0.001 0.200 <0.001 0.214 <0.001 <0.001

Mean values £ SEM (n = 3 to 4). P-values < 0.05 that are statistically significant are showed in bold (unpaired two-sided t test).
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1.09 to 0.51, and in EB, the ratio decreased from 1.51 to 0.87. These findings strongly
suggest that HPAC reacts preferentially with the lignin fraction.
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Fig. 1. ATR-FTIR spectra (A) and percent alterations in bands comparing the untreated and
HPAC-pretreated substrates (B). Bands at 1465, 1510, 1600 and 1633 cm™ correspond to lignin
(orange bars), 1735 cm™ corresponds to acetyl groups (red bar), 1250 cm™ corresponds to xylan
(green bar), bands at 898, 1058, 1160, 1325, 1375, 2910 and 3450 cm™ correspond to cellulose
(blue bars). Mean values = SEM (n = 3). *P < 0.05, unpaired two-sided t test.

3.2 HPAC pretreatment improves the enzymatic hydrolysis

The HPAC pretreatment positively affected the saccharification in the different
lignocellulosic materials (Fig. 2A). The amount of reducing sugars released from HPAC-
pretreated MS increased 2.1-fold, from 6.03 to 12.58 g/L, at 50 °C for 96 h of hydrolysis.
The enzymatic hydrolysis of SCB increased 7.1-fold the release of reducing sugars,
raising it from 2.25 to 15.89 g/L, and in EB it increased 20.8-fold, from 0.59 to 12.24 g/L.
In fact, these results indicate that HPAC pretreatment is a highly efficient process for
improving biomass saccharification.

To better understand the relationships between cell wall components, enzymatic
hydrolysis and protein adsorption, we constructed a heatmap of pairwise Pearson’s

correlations coefficients (r) comparing all lignocellulosic materials. The lignin contents
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of untreated and pretreated samples were negatively correlated with enzymatic hydrolysis
at 96 h (r =-0.95; P = 0.0032). The high sugar yield after enzymatic hydrolysis obtained
in HPAC-pretreated materials indicates that cellulose and hemicellulose became more

accessible to enzymes.
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This probably occurs because delignification exposes the polysaccharides to the
access of hydrolytic enzymes (Li et al., 2016). Compared to pretreatments with hydrogen
peroxide, acetic acid, peracetic acid and sulphuric acid under the same conditions, HPAC
pretreatment is more effective in improving the enzymatic saccharification of pine, oak
woods, and rice straw (Wi et al., 2015). Our results indicate that HPAC is an efficient

pretreatment for lignocellulosic materials of contrasting types of cell walls.

3.3  HPAC pretreatment enhances the enzyme adsorption
Due to the interference of lignin in the hydrolysis of polysaccharides by the

impeding of enzyme accessibility to the substrates, we evaluated the effect of selective
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HPAC-delignification on enzyme adsorption. The adsorption isotherms were generated
using untreated and HPAC-pretreated biomasses incubated with different enzyme
loadings (75 to 6,000 pg/mL). Representative predicted and experimental protein
adsorption data are shown in Fig. 2B, and adsorption parameters were well fitted with the
Langmuir isotherm, with R?>0.90 (Table 2).

After pretreatment, the results revealed that adsorbed proteins were strongly
increased (Fig. 2B). The maximum adsorption capacity (Pmax) of MS increased 2.6-fold.
In the same experimental condition, Pmax of HPAC-pretreated SCB and EB were
increased 3.0-fold and 7.0-fold, respectively. These findings show a nearly linear
relationship between Pmax vs. enzymatic hydrolysis (r = 0.90; P < 0.05) and Pmax Vs. lignin
content (r =—0.90; P < 0.05). The high values of adsorption affinity (Kp) and adsorption
strength (A) observed for untreated EB (3.61 mL/g protein and 57.05 mL/mg,
respectively) may be related to the lower amount of reducing sugar released throughout
the enzymatic hydrolysis (Fig. 2A). The HPAC pretreatment induced reductions in the
Kp values of all the lignocellulosic materials (Table 2). As reported by Li et al. (2016),
the lower Ky values suggest that delignified samples have more adsorption sites for
proteins and, as expected, a possible relationship with the cell wall recalcitrance, as well
as a higher efficiency for sugar yields. Instead, our analysis of pairwise correlations for
Kp did not present clear relationships with enzymatic hydrolysis (r = -0.69; P > 0.05),
lignin (r =0.58; P > 0.05) or Pmax (r =-0.69; P > 0.05), suggesting no evident correlation

between Kp values and biomass recalcitrance.

Table 2. Maximum enzyme adsorption capacity (Pmax), adsorption affinity (K,) and adsorption
strength (A) constants for different lignocellulosic biomass. Mean values £ SEM (n = 4).

Samples Pmax (Mg protein/ Kp (ML/mg protein) A =Praxx K R?
g biomass) (mL/mg)

MS 53.33+£0.80 0.75+0.03 39.90 0.98
MS-HPAC 138.80 £ 2.65 0.37 £0.02 50.85 0.99
SCB 32.34£1.04 0.75 £ 0.07 24.30 0.93
SCB-HPAC 97.13+2.26 0.50 £ 0.03 48.36 0.98
EB 15.79 £ 0.56 3.61+£0.28 57.05 0.90
EB-HPAC 111.50 £ 4.75 0.44 £0.04 49.61 0.98

The removal of lignin exposes more cellulose for protein adsorption (Kumar &

Wyman, 2009). Delignification caused by HPAC had a strong positive effect on protein
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adsorption to the pretreated biomasses, suggesting relevant changes in the substrate
accessibility. Pretreatments affect enzyme adsorption to the lignocellulose material
altering its physicochemical properties (Pareek et al., 2013). After HPAC pretreatment,
the reduction in lignin content led to a higher surface area of cell wall polysaccharides,
which contributed to enhance productive enzyme adsorption on pretreated substrates and,

consequently, to enzymatic hydrolysis rate.

3.4. HPAC pretreatment avoids the production of furfurals

Taking into account the pretreatment conditions (acidic solution at 80 °C for 2 h),
the production of furfurals was expected (Jonsson & Martin, 2016). However, after
HPAC pretreatment, no furfural (FURF) or 5-hydroxymethylfurfural (HMF) accumulated
in the liquor (Fig. 3A).

A HVIF (4.3 min) Fig. 3. Furfural analysis. (A) Chromatogram profile
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Therefore, we hypothesized that HPAC solution degrades furfurals in these
pretreatment conditions. To strengthen this hypothesis, FURF and HMF standards (at
0.25 mM) were incubated with HPAC solution, deionized water, acetic acid and hydrogen
peroxide in the same conditions used for the pretreatment (Fig. 3B). After 20 min, only
2.6% of initial HMF and 3.7% of FURF concentrations were detected, and after 40 min,
both furfurals were completely degraded (Fig. 3C). In brief, this property of HPAC is an
advantage for pretreatment of lignocellulose, since it avoids the accumulation of furfurals

in the reaction medium.

4. Conclusions

Our results showed the potential of maize straw, sugarcane bagasse and
eucalyptus bark as sources of fermentable sugars for bioethanol production after HPAC
pretreatment. The HPAC pretreatment efficiently removed lignin from lignocellulosic
materials with different cell wall types (types | and Il). The delignification exposed
cellulose and hemicellulose leading to more efficient saccharification of lignocellulose
materials, without accumulation of furfurals, inhibitors of ethanol fermentation by yeasts.
Furthermore, HPAC increased the adsorption of hydrolytic enzymes onto lignocellulose
with potential to maximize sugar yields. Based on our results, HPAC pretreatment may
be applied in feedstocks with different cell wall types focusing on cellulosic ethanol
production. Altogether, these findings suggest that HPAC treatment is a valuable strategy

to decrease the costs of second-generation bioethanol processing in the industry.
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Running title

Acyltransferase suppression reduces pCA onto AX.

Significance statement

A BAHD acyltransferase was studied and revealed that its suppression causes reduction
of ester-linked pCA in the cell walls of Setaria viridis. RNAI silenced lines had higher
biomass saccharification efficiency with no alteration in the biomass production.
Molecular dynamics simulation reinforced the evidences that SYBAHDO5 is mainly
responsible for the incorporation of p-coumaric acid onto arabinoxylan, the main

hemicellulose in grass cell walls.
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Summary

Grass cell walls have hydroxycinnamic acids attached to arabinosyl residues of
arabinoxylan and certain BAHD acyltransferases are involved in their addition. In this
study, we characterized one of these BAHD genes in the cell wall of the model grass
Setaria viridis. RNAI silenced lines of S. viridis (SYBAHDO05) presented a decrease of up
to 42% of ester-linked pCA and 50% of pCA-Araf, across three generations. Biomass
from SYBAHDOS5 silenced plants exhibited up to 32% increase in biomass saccharification
efficiency after acid pretreatment, with no change in total lignin. Molecular dynamics
simulations suggested that SYBAHDOS5 is a p-coumaroyl coenzyme A transferase mainly
involved in the addition of pCA to the arabinofuranosyl units of arabinoxylan, the main
hemicellulose in grass cell walls, in Setaria. Our results provide a strong evidence of p-
coumaroylation of arabinoxylan promoted by BAHDOS5 acyltransferase gene in cell wall
biosynthesis of monocot plants, thus, SYBAHDO5 is a promising biotechnological target
to engineer crops for improved biomass saccharification for biofuels, biorefineries and

animal feeding.
Keywords

Cell wall acylation, p-coumaric acid, hydroxycinnamic acids, grass Xxylan, lignin,

lignocellulose, saccharification.
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1. Introduction

Renewable biofuels are environment-friendly and can replace petrochemical
products in a sustainable economy. Currently, ethanol production utilizes crops like maize
and sugarcane, which competes with food production (Oakey et al., 2013). Given this,
bioethanol from the lignocellulosic biomass has been receiving special attention.
Understanding the plant cell wall architecture, the acylation patterns and its biosynthesis
is an efficient way to accelerate the development of technologies for cellulosic ethanol
production.

The high content of p-coumaric (pCA) and ferulic (FA) acids, known as
hydroxycinnamic acids (HCA), is a distinctive structural feature of grass cell walls when
compared to eudicots (Harris and Trethewey, 2010, Hatfield et al., 2017). FA is involved
in grass cell walls cross-linking through the acylation of arabinofuranosyl residues (Araf)
that are 1—2- or 1—3-linked to the xylan backbone of arabinoxylan or
glucuronoarabinoxylan (AX; for simplicity we refer to all grass xylans here as AX
although they mostly have numerous decorations in addition to arabinose) (de Oliveira et
al., 2015). Extensive cross-linkages among the cell wall polymers inhibit the access of
hydrolytic enzymes to cellulose microfibrils; since AX is the main hemicellulose in grass
cell walls, forming the interface between cellulose microfibrils and lignin (Terrett and
Dupree, 2019), decreasing FA on AX is a means to increase the digestibility of grass
lignocellulose (Oliveira et al., 2019a).

pCA mostly acylates the lignin polymer, and a small fraction also acylates the AX,
by the action of a p-coumaroyl coenzyme A transferase (PAT) with the addition of pCA
to the arabinofuranosyl residues of arabinoxylan (see putative route in Figure 1). The
lignin y-acylation in grass cell walls mainly arise from the incorporation of y-p-
coumaroylated monolignols, the sinapyl- and coniferyl p-coumarates. The formation of
the y-p-coumaroylated monolignols, using p-coumaroyl coenzyme A (pCA-CoA) as an
acyl-donor, is catalyzed by p-coumaroyl-CoA:monolignol transferase (PMT) (Withers et
al., 2012, Petrik et al., 2014). Although the activity of PMT has been demonstrated in
vitro (Withers et al., 2012, Bouvier d"Yvoire et al., 2013) explaining the role of PMTs in
lignin acylation by pCA (Marita et al., 2014, Petrik et al., 2014), no equivalent activity
was demonstrated for AX acylation by pCA promoted by the PAT neither for FA
promoted by FAT enzyme (feruloyl coenzyme A transferase). However, it has been
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shown that overexpressing the gene OsAT10 of the same clade as PMT in the BAHD

superfamily, led to increased acylation of AX by pCA in rice (Bartley et al., 2013).
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Figure 1. Overview of phenylpropanoid and monolignol pathways, and acylation of
arabinoxylan and monolignols. Blue dotted arrow is highlighting the putative p-
coumaroyl:CoA transferase (PAT) encoded by BAHDO05 gene. PAT and FAT are putative
enzymes without direct evidence on their activity — UDP-Araf-pCA and UDP-Araf-FA are
theoretical metabolites that have not been observed experimentally. PAL, L-phenylalanine
ammonia-lyase; C4H, cinnamate 4-hydroxylase; TAL, L-tyrosine ammonia-lyase; 4CL, 4-
hydroxycinnamate: CoA ligase; PAT, p-coumaroyl:CoA transferase; HCT, hydroxycinnamoyl-
CoA:  shikimate/quinate  hydroxycinnamoyltransferase; ~ C3'H,  p-coumarate  3'-
hydroxylase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CCR, cinnamoyl-CoA reductase;
FAT, feruloyl:CoA transferase; FMT, feruloyl-CoA:monolignol transferase; F5'H, ferulate 5'-
hydroxylase/coniferaldehyde 5'-hydroxylase; COMT, caffeate/5-hydroxyferulate  3-O-
methyltransferase; CAD, cinnamyl alcohol dehydrogenase; PMT, p-coumaroyl-
CoA:monolignol transferase. Arrows with dashed lines designate putative routes.

Recent studies have highlighted that lowering pCA and FA in grass cell walls
decrease biomass recalcitrance (Li et al., 2018, de Souza et al., 2019). Thus, decreasing
pCA or FA contents of grass biomass is a promising strategy for increasing digestibility
2019b). The functional
comprehension of the BAHD acyltransferases is therefore pivotal to identify new targets

for biofuels production or animal feeding (Oliveira et al.,
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for grass crop improvement and elucidate the evolutionary role of p-coumaroylation and
feruloylation in economic important grasses as sugarcane, maize, rice, miscanthus, and
switchgrass.

Plant BAHD acyltransferases belong to a large family of acyl CoA-utilizing
enzymes named according to the first letter of the first four characterized enzymes
(BEAT, AHCT, HCBT and DAT) (St-Pierre and De Luca, 2000). Their catalytic
versatility makes it very difficult to do functional predictions based solely on the primary
sequence and additional biochemical analyses are important to predict the protein
function (D’ Auria, 2006). A particular clade of genes (Mitchell Clade) within the BAHD
superfamily was first proposed as involved in the addition of pCA and FA to AX in
grasses, based on a bioinformatics analysis showing expansion of the number of genes
and greater expression of these in grasses compared to dicots orthologs, and some co-
expression with cell wall genes (Mitchell et al., 2007). This clade contains the PMT gene
responsible for p-coumaroylation of lignin, but there is now evidence that other genes in
the clade are indeed responsible for the acylation of AX side chains present in grass cell
walls (by PAT and FAT enzymes).

Suppression and overexpression of BAHD acyltransferase genes are respectively
correlated with decreased and increased cell wall pCA or FA in different monocot species
(Bartley et al., 2013, Buanafina et al., 2016, de Souza et al., 2018, de Souza et al., 2019)
and some of these studies confirmed that these changes are on AX by direct measurement
of HCA-Araf conjugates (Bartley et al., 2013, de Souza et al., 2018, de Souza et al.,
2019). This additional measurement is essential for distinguishing between pCA ester-
linked to AX and pCA ester-linked to lignin, in contrast to cell wall FA which is derived
mostly or entirely from that linked to AX, since acylation of monolignols by FA becomes
incorporated into the lignin polymer and is not detected by standard methods so far
(Karlen et al., 2016).

Whereas clear evidence was obtained for the role of OsAT10 in addition of pCA
to AX (Bartley et al., 2013), the effects on FA of manipulating BAHD gene expression
tended to be smaller (Piston et al., 2010, Bartley et al., 2013, Buanafina et al., 2016).
However, in our previous study of the BAHDOL1 gene in Setaria viridis (de Souza et al.,
2018), an emerging monocot plant model for molecular and genetic studies (Brutnell et
al., 2010), we achieved large and consistent effects (Brutnell et al., 2010, de Souza et al.,
2018. By silencing BAHDOL1 in S. viridis (SYBAHDO01), we induced decreases by ~60%
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in the levels of FA in cell walls of RNAI plants, improving the biomass saccharification
(de Souza et al., 2018). These results suggest that SYBAHDOL1 is a feruloyl transferase
responsible for the addition of FA onto arabinosyl residues linked to AXs. Furthermore,
we recently showed that silencing of SYBAHDO1 ortholog in sugarcane (SacBAHDO1) led
to similar results to those demonstrated in S. viridis (de Souza et al., 2019). We were
interested in characterizing the other BAHD gene in S. viridis and for that, we selected
SVBAHDO5, the ortholog of BAAT1 that appears to act in the addition of FA to AX in
Brachypodium distachyon (Buanafina et al., 2016). Thus, SvBAHDO5 might be
functionally redundant with SYBAHDOL1 in S. viridis.

Here we demonstrate the effects of suppressing SvBAHDO5 by RNAI.
Surprisingly, we found that SYBAHDOS5 silenced lines have decreased pCA levels, but not
FA levels, on AX in leaves, stems, and roots of S. viridis. Molecular dynamics simulations
of SVBAHDO05 suggested that both pCA and FA can bind to a specific SYBAHDO05
domain, indicating a substrate versatility of the enzyme. Moreover, the study also
demonstrated that the presence of arabinosyl residues linked to pCA and FA stabilizes
the ligands in the SvBAHDO5 catalytic domain, reinforcing the hypothesis that
SVBAHDOS5 is responsible for the addition of hydroxycinnamates to arabinosyl residues
of AX in grasses. Our results contribute to a greater understanding of the BAHD
acyltransferases role in cell wall biosynthesis of monocot plants, and SYBAHDOS is a
promising target in grasses for increasing biomass saccharification in biorefineries and

animal feeding.

2. Results
2.1  Generation of SYBAHDO5 silencing lines in Setaria viridis

We previously analyzed the phylogeny of BAHD genes in the ‘Mitchell Clade’
(Mitchell et al., 2007, Bartley et al., 2013), identifying 10 members of BAHD orthologs
in S. viridis (de Souza et al., 2018). In the present work, we selected Sevir.5G233700
(SVvBAHDO05) as target for suppression because this gene is among the most expressed in
tissues of Setaria and other grasses (Bartley et al., 2013, Molinari et al., 2013, Buanafina
et al., 2016, de Souza et al., 2018). We obtained 10 independent lines of S. viridis
transgenic plants transformed with a construct containing an RNA hairpin designed to
suppress SVBAHDO05 under control of a constitutive maize ubiquitin (Figure S1a) with
247 bp sequence (Figure S1b). The levels of SYBAHDO5 silencing ranged by 48-98% in

61



leaves, stems, and roots in T3 generation plants of S. viridis (Table S1). We then selected
three transgenic lines presenting low (1.1), intermediate (2.1) and high (3.1) levels of
silencing for further biochemical studies (Figure 2a-2c).

In addition, we analyzed the transcript levels of other BAHD genes in leaves of
RNA.i lines 1.1 and 3.1, to check for pleiotropic effects on different members of this gene
family. In agreement with SYBAHDOS5 expression in transgenic lines estimated by qRT-
PCR (Figure 2a), we observed lower FPKM values for SYBAHDO5 in RNAI lines 1.1
(65%) and 3.1 (71%) compared to NT plants (Figure S2). We found no evidence of
compensatory effect in the expression of other BAHD genes triggered by BAHDO5
suppression. Both SYBAHDO09 and SYyBAHDO08, which are orthologues of BAPMT1 and
BdPMT2 (de Souza et al., 2018), were slightly downregulated in transgenic line 1.1
(Figure S2). These genes were also slightly down-regulated in SYBAHDO1 RNA. plants
(de Souza et al., 2018) and may reflect a response in expression to changed HCA-CoA or

monolignol levels (the substrates for PMT) in the RNAI plants.

2.2  SVBAHDOS5 silencing lines present reduced content of ester-linked pCA and
pCA linked to the AX

To evaluate the effects of SYBAHDO5 silencing in cell walls of S. viridis, we
measured the levels of esterified ferulates, dehydrodimers and p-coumarates from the
alcohol insoluble residues (AIR) of the reproductive developmental stage. Our analysis
demonstrated that suppression of SYBAHDO5 reduced the ester-linked pCA levels in all
tissues of silenced lines compared with non-transformed (NT) plants (Figure 2d-2f).
Silenced lines of leaves had lower content of pCA, with reductions of 35-39%, while
roots showed reductions of 22% to 42%, compared to NT plants. In contrast, stems had a
slight reduction of 12% in pCA content only in the transgenic line 2.1. We also found that
ester-linked FA did not show significant differences in all tissues of silenced lines,
although only line 3.1 had a significant decrease of FA (14%) in roots compared to NT
plants (Figure 2f). In addition, absolute abundance of cell wall pCA was higher in stems
and roots than in leaves (Table S2).

Ferulic acid ester-linked to AX can form dehydrodimers (DiFA), which can cross-
link adjacent AX chains to one another (Hatfield et al., 2017). To assess whether
SVvBAHDO5 RNA.i silencing led to altered proportion of DiFA, we quantified the six most
abundant DiFA. Overall, the individual amounts (Figure S3a-S3c) and the sum of the
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dimers (TOTdiFA; Figure 2d-2f) of RNAi SYBAHDO5 lines had no changes compared to
NT plants. The exception was a slight alteration in the levels of 8-5 DiFA coupled forms
(8-5'-DiFA and 8-5'-DiFA benzofuran form) in leaves and stems of RNAI lines 1.1 and
2.1 (insert on the Figure 2d-2e and Figure S3a-S3b).
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Figure 2. Relative expression, ester-linked HCA and dehydrodimer contents of SYBAHDO05
silencing lines. Leaves, stems and roots of Setaria viridis from the non-transformed (NT) plants
and transgenic lines 1.1, 2.1 and 3.1. (a-c) gRT-PCR assays of SYBAHDO5 (T3 generation).
Expression is relative to the high expressed reference genes EF1a and elF4q for leaves and stems,
CAC and CUL for roots. (n = 3). (d-f) Ester-linked HCA contents of p-coumarate (pCA), ferulate
(FA) and the sum of FA dimers (TOTdiFA) in the alcohol insoluble fraction (AIR) of cell walls.
(n = 4). Error bars £ SEM; statistical differences of transgenic lines compared to NT are with (*)
from ANOVA at *P < 0.05, **P < 0.01, ***P < 0.001. Three technical replicates were used for
each biological replicate.
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The total ester-linked HCA content of cell walls is comprised of pCA and FA
esterified at O-5 position of a-(1,2)- or a-(1,3)-arabinofuranosyl (Araf) residues of AX
backbone and that esterified to lignin (Hatfield et al., 2017). To determine whether the
effects in silenced lines were on HCA-lignin or on HCA-AX, we measured Araf-HCA
conjugates released from pCA-AX or FA-AX by mild acidolysis according to the
methodology previously described (de Souza et al., 2018). We observed a decrease in
pCA-Araf in all tissues of transgenic lines when compared with NT (Figure 3a-3c). The
levels of pCA-Araf were ~50% lower in leaves of RNAI lines, whereas stems presented
26-50% less pCA-Araf. We also found that roots exhibited reductions of 14—42% in pCA-
Acraf levels.

Overall, the greater relative effects of SYBAHDO5 suppression on pCA-Araf
(Figure 3a-3c) than on total ester-linked pCA (Figure 2d-2f) are consistent with a decrease
in pCA-AX. The greater effect in leaves than in stems also fits with our previous finding
that pCA-AX makes up a greater proportion of total ester-liked pCA in Setaria leaves
than in stems (de Souza et al., 2018). As mentioned above, total FA is expected to be
derived all from FA-AX and relative effects on total FA and FA-Araf were similar in our
previous work (de Souza et al., 2018). Here however, despite no significant effects on
total FA (Figure 2d-2f), leaves of the transgenic lines had significantly lower FA-Araf
levels compared to NT (18-25% reduction), whereas stems and roots exhibited slight
reductions of ~15% only in silenced line 2.1 (Figure 3d-3f). These combined observations
of reductions in cell wall ester-linked pCA and pCA-Araf in the RNAI lines support that
SVvBAHDO5 gene is involved in p-coumaroylation of AX with lesser effect on

feruloylation in grass cell walls, suggesting a versatile activity of the protein.

2.3 Composition of cell wall polysaccharides in RNAI silencing lines

We analyzed the monosaccharide composition of the cell walls in SYBAHDO05
RNAI plants. Compared to NT plants, the amounts of glucose of transgenic plants were
significantly reduced in leaves (~15%), stems (5% to 8%) and roots (6% to 15%) (Figure
S4). Similarly, lower amounts of xylose were observed in leaves (10% to 16%), stems
(~5%) and roots (~8%) of silenced plants. We also observed a reduction in arabinose of
leaves by 4% to 14%, whereas a slightly increase of ~6% was observed in stems and

roots. Our results demonstrated that, compared to NT plants, the content of cell wall
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acetate was decreased by 5% to 15% in all the tissues of SYBAHDO5 silenced plants
(Figure S4).
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Figure 3. HCA conjugates in supernatant following mild acidolysis of the AIR and acetyl
bromide-soluble lignin of SYBAHDO05 RNA. lines. (a-f) Relative peak areas of major peaks of
p-coumarate, pCA-Araf in leaves (a), stems (b), and roots (c); and ferulate, FA-Araf in leaves (d),
stems (e), and roots (f), previously identified by LC-MS as described by de Souza et. al. (2018)
(n =4). (g-i) Acetyl bromide-lignin of cell walls in leaves (g), stems (h), and roots (i) (n =5). NT
(non-transformed plants), 1.1, 2.1, and 3.1 (transgenic lines). Error bars + SEM; asterisks indicate
significant differences using ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001).

2.4  Effects of SYBAHDO5 suppression on lignin content and structure

To further investigate the extent of cell wall changes in SYBAHDOS5 silenced lines,
we analyzed lignin content and structure. Leaves, stems and roots of transgenic lines had
no significant differences in the content of acetyl bromide-lignin compared to NT plants
(Figure 3g-3i). We examined lignin composition using alkaline nitrobenzene oxidation to

determine relative amounts of monomers and two-dimensional heteronuclear single

65



quantum coherence NMR (2D-HSQC-NMR) spectroscopy to estimate overall
distributions of lignin and HCA in whole cell walls (Mansfield et al., 2012).

By nitrobenzene oxidation, we observed that the relative frequency of S-lignin
was altered in leaves and stems but not roots of silenced lines (Figure S3g-S3h). Leaf
lignin of the transgenic lines showed reduction in S-lignin compared to NT plants (16%
to 37%). Stem lignin of 1.1 line presented a reduction in S-lignin (18%) and a small
increase in G-lignin (7%), while the line 3.1 had higher S-lignin (8%). In roots, no
differences in relative abundances of S- and G-lignin were observed between NT and
transgenic lines (Figure S3d-S3i).

To investigate the changes in lignin structural components, unfractionated S.
viridis cell walls were analyzed using 2D-NMR spectroscopy at the solution-state (Kim
and Ralph, 2010). As observed in Figure 4, there is a good agreement between the
biochemical analysis and 2D-NMR data in leaves of Setaria. As expected, we observed
reductions in pCA in cell walls of transgenic lines of 40-50% (Figure 4) comparable with
the biochemical assessment of 35-39% (Figure 2d). The 2D-NMR analysis revealed that
leaves, but not stems, of transgenic plants had lower levels of FA, compared to NT, in
agreement with effects observed for FA-Araf (Figure 3d). Moreover, the pCA/FA ratio
from 2D-NMR also corroborated the biochemical data (Table S2), decreasing in
transgenic lines as observed in 2D-NMR analysis (Figure 4). The lower S/G ratio
observed in leaves of SYBAHDO5 RNAI silenced lines determined by 2D-NMR also
agreed with that those estimated by alkaline nitrobenzene oxidation (Figure S3j).
Therefore, the NMR results largely corroborated the findings obtained by biochemical

assessment, indicating a lower incorporation of pCA in silenced plants.

2.5  Molecular dynamics simulations of BAHDO05 and BAAT1

In contrast to our results, suppressing the ortholog of SvBAHDO5 in B.
distachyon, BdAT1, reduces the levels of cell wall FA but not pCA (Buanafina et al.,
2016). We therefore decided to subject the SYBAHDO5 (Sevir.5G233700) and BdAT1
(Bradi2g43520) protein sequences to molecular modeling analysis. Firstly, we predicted
the tridimensional structures of SYBAHDO5 and BAAT1 proteins (Figure 5a-5b).

The two models, validated through the MolProbity and Ramachandran plot
(Figure S5a-S5b), were submitted to the molecular dynamics (MD) simulations for

refinement and equilibration of these structures under thermal and solvent effects
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(Machado et al., 2016, Melo et al., 2017). The ligands structures (pCA, FA, pCA-Araf
and FA-Araf) had their geometries optimized (Figure 5¢-5f) in order to perform molecular
docking near the HXXXD motif (Figure 5g-5n) into SYBAHDO5 and BAAT1 proteins.
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Figure 4. 2D-NMR single-quantum coherence (HSQC) partial spectra of leaves and stems
tissues from the non-transformed (NT) and the three transgenic lines (1.1, 2.1 and 3.1) of
Setaria viridis. Color-coding of the contours matches that of the assigned structures; where
contour overlap occurs, the colorization is only approximate. The analytical data are from
volume integrals of correlation peaks representing reasonably well-resolved (except for H) C/H
pairs in similar environments; thus, they are from S2/6, G2, H2/6, FA2, pCA2/6 and T2/6, with
correction for those units that have two C/H pairs per unit. All relative integralsare ona G + S
= 100% basis; H-units are over-quantified due to an overlapping peak from protein
phenylalanine units.

The final structure of all complexes was used in the PM7 semi empirical analysis

in order to calculate the binding energy, Enind (Table 1). These conformations were used
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to conduct a structural analysis of the catalytic site (Figure S6), so we could verify the
linkages that allow the stabilization of the complexes and how those interactions
occurred. A single interaction involving charged residues was identified in the complexes.
This interaction is formed by the residue of 160 His (SvBAHDO5) or 161 His (BdAT1)
with the carboxylate groups of the complexes without Araf or with carbonyl groups of

Araf-complexes.
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Figure 5. Tridimensional structures, conformations by molecular docking and HCA
geometries of BAHD acyltransferases of Setaria viridis (SYBAHO05) and Brachypodium
distachyon (BdAT1). (a,b) Tridimensional structures of BAHD acyltransferase in ribbon
representation. SYBAHDO5 (a) and BAAT1 (b). a-helices are depicted in purple and -sheets are
depicted in yellow. SYBAHDO5 and BdAT1 presented a TM-score of 0.945 and 0.948,
respectively. (c-f) Structures of pCA (c), FA (d), pCA-Araf (e) and FA-Araf (f) from optimized
geometries. (g-n) Conformations obtained from molecular docking procedures. pCA-Sv (g), FA-
Sv (h), pCA-Araf-Sv (i), FA-Araf-Sv (j), pCA-Bd (k), FA-Bd (1), pCA-Araf-Bd (m), FA-Araf-
Bd (n). The highlighted residue corresponds to the histidine of the HXXXD motif.
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Modeling the structures of SYBAHDO5 and BdAT1 revealed that both enzymes
present higher affinity for the arabinosy! residue linked to pCA and FA than to arabinosyl-
free HCAs. The binding energies differences (AEbind = Epinapca-arar) — Ebinapea))
for pCA complexes were —27 kcal.mol™ for SYBAHDO5 protein and —52 kcal.mol™ for
BdAT1 protein. Comparing the binding energies of pCA-Araf and FA-Araf to each
enzyme (Epina(ra—arar) — Ebind(pca-arar)), the data indicated that arabinosyl residue
confers approximately —13 kcal.mol™ of stability in favor of FA-Araf in BAAT1 complex
and —7 kcal.mol* in SYBAHDO5.

We found that whilst SYBAHDO5 was predicted to bind pCA and FA equally well,
BdAT1 was predicted to bind FA much more stably than pCA (Table 1). This therefore
supports the hypothesis that these orthologous proteins have differing substrate

specificities.

Table 1. Binding energies. Ening, cOmputed by PM7 semiempirical method from the last
configuration generated by MD simulations.

SvBAHDO05 BdAT1
pCA FA pCA FA
Ebina (kcal/mol) Ebina (kcal/mol) Ebina (kcal/mol) Ebina (kcal/mol)
-21.99 -36.52 -2.68 -61.59
pCA-Araf FA-Araf pCA-Araf FA-Araf
Ebina (kcal/mol) Ebina (kcal/mol) Ebina (kcal/mol) Ebina (kcal/mol)
-49.00 -56.51 -54.98 -68.58

2.6 Saccharification, plant biomass, and seed yield of SYBAHDO05 RNAI plants

To evaluate the effects of reducing p-coumaroylation of AX promoted by the
suppression of BAHDO5 gene on cell wall recalcitrance, we performed saccharification
assays of leaves and stems from SvBAHDO5 RNAI plants. An increase in biomass
saccharification compared with NT plants was observed in both tissues of silenced lines
after 6 h and 48 h of enzymatic hydrolysis (Figure 6a-6b).

Glucose released from untreated leaves and stems at 6 h of enzymatic hydrolysis
increased ~15% in silenced lines compared to NT plants. In acid-pretreated leaves at 6 h
of saccharification, we observed an increase in glucose yields in RNA. silenced lines 2.1

(10%) and 3.1 (32%), whereas at 48 h of hydrolysis the line 3.1 increased by 15%
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compared to NT (Figure 6a). In addition, pretreated stems of RNAI lines 2.1 and 3.1
exhibited ~12% higher saccharification at 6 h of hydrolysis, followed of an increase of
~10% after 48 h of hydrolysis for 3.1 line (Figure 6b). These data demonstrate that
saccharification levels of transgenic plants were higher compared to NT before and after
acid pretreatment, indicating that decreased levels of pCA promoted by SvBAHDO05
silencing led to reduced recalcitrance and improved biomass digestibility.

Moreover, seed yield from SYBAHDO5 suppression lines was unaffected (Figure
6c-6e). We observed no significant alterations in the plant biomass production (Figure
6¢), nor in the thousand-grain weight (Figure 6d) nor in the seed number per plant
associated with SYBAHDO5 RNA. plants (Figure 6e).
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Figure 6. Saccharification, biomass production and seed yield of SYBAHDO5 RNA. lines. (a,b)
Glucose released of transgenic lines of leaves (a) and stems (b) of biomass pretreated and not
pretreated with 0.5% H,SO.. (c-e) Productivity data from plant biomass (c), thousand-grain weight
(d), and seed number per plant (e). NT indicates the non-transformed line. 1.1, 2.1 and 3.1 are three
independently transformed lines overexpressing SYBAHDO05. Means + SEM from three (a, b), 10 (c,
d) or five (e) replicate plants. *, P < 0.05; **, P < 0.01; ***, P <0.001 (ANOVA).
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3. Discussion

There is evidence that BAHD acyltransferases are involved in the incorporation
of pCA and FA in arabinosyl moieties of AX in grass cell walls (Mitchell et al., 2007,
Piston et al., 2010, Bartley et al., 2013, Molinari et al., 2013, Buanafina et al., 2016, de
Souzaetal., 2018, Li et al., 2018, de Souza et al., 2019). The only experimental evidence
to date has come from suppression or overexpression of BAHD genes affecting the levels
of cell wall-bound HCAs in grasses. Here, we present results showing that RNAI
suppression of SYBAHDO5 plants decrease the incorporation of pCA to the Araf residues
of xylan and our MD simulations support that SYBAHDO5 has strong PAT activity related
to the p-coumaroylation of AX.

Previously, we identified the BAHD genes in the “Mitchell clade” (Mitchell et al.,
2007) of S. viridis genome. We found 10 gene members within this family, which were
named SvBAHDs (SvBAHDO1 - SYBAHD10). Gene expression analysis showed that the
most expressed BAHD genes in Setaria tissues were SvBAHDO1, SvBAHDO4 and
SVBAHDO05 (de Souza et al., 2018). Using an RNAI approach, we previously silenced
SVBAHDO01, showing that its suppression decreased cell wall ester-linked FA in stems and
leaves (de Souza et al., 2018). The large and consistent effects of SYBAHDO1 suppression
on FA content, allowed us to hypothesize that SYBAHDOL1 is responsible for feruloylation
of AX in Setaria cell walls.

We assumed that all pCA and FA released by mild acid hydrolysis from AIR came
from ester linkages of Araf-AX. Here, we demonstrate that silencing SYBAHDO5 gene
decreases cell wall ester-linked pCA in cell walls of S. viridis (Figure 2d-2f). Moreover,
suppression of SYBAHDO5 had no or little effects on FA content (Figure 2d-2f). The
effects on pCA-Araf were conspicuous in all tissues (Figure 3a-3c), however there were
also some smaller but significant reductions in FA-Araf in leaves (Figure 3d). Reductions
in pCA-Araf (Figure 3a-3c) were generally greater than the decreases in ester-linked pCA,
especially in stems (Figure 2d-2f), consistent with a much greater effect of SYBAHDO05
silencing on pCA linked to AX than on pCA linked to lignin. Taken together, our results
strongly support the hypothesis that SYBAHDO5S is responsible for AX acylation by
incorporation of pCA to the Araf residues by the activity of PAT enzyme.

By comparing the biochemical results (Figure 2d-2f) with 2D-NMR data (Figure
4), we observed similar trends for pCA levels with decreases in leaves and little effect in

stems. The 2D-NMR values are based on lignin without chemical degradation (Mansfield
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et al., 2012, de Souza et al., 2018), and do not distinguish between pCA on lignin and
pCA on AX so it is expected that they agree better with effects on total cell wall pCA
(Figure 2d-2e) than those on pCA-Araf (Figure 3a-3b). Overall, the 2D-NMR revealed
only small differences in in S- and G-lignin in stems in transgenic lines when compared
to NT plants. In nitrobenzene oxidation, we observed decrease in S/G ratio for all silenced
lines in leaves (Figure S3j) and these results are in concordance with 2D-NMR.

Genetic and biochemical evidence have demonstrated that suppression of genes
related to lignin biosynthesis, with the consequent reduction in lignin content, is
compensated by an increase in cellulose content in some plant species (Takeda et al.,
2018). By contrast, in Arabidopsis thaliana, the reduced lignin content was compensated
for by increased matrix polysaccharide content rather than by cellulose content (Van
Acker et al., 2013). Here, the lignin content assessed by acetyl bromide of silenced
SVBAHDO05 plants was unchanged compared to NT plants and we found no compensatory
effects between lignin and the matrix polysaccharides (Figure 3g-3i and Figure S4).

As observed in Figure 5a and 5b, both SYBAHDO05 and BdAT1 possess ten [3-
sheets and seven a-helix, but the conformations of the tertiary structures and the folding
of these proteins are different. We performed MD simulations to verify the interaction of
SvBAHDO05 and BdAT1 with the possible substrates pCA and FA, and it was
demonstrated that, in fact, BAAT1 protein interacts more favorably with FA,
corroborating the hypothesis that BAAT1 is responsible for cell wall feruloylation (Table
1). Conversely, SYBAHDO5 presented energetically favored interactions with both pCA
and FA, the energy bindings of SYBAHDO05-FA and SyBAHDO05-pCA are not so different
as the free substrates with BAAT1 (Table 1). It is known that many plant BAHD
acyltransferases demonstrate catalytic versatility and present wide substrate specificity
for in vitro assays, whereas the products formed by BAHD acyltransferases in planta are
determined when relative concentrations of substrates are available (D’ Auria, 2006). Our
MD simulation-based analyses support the hypothesis that SYBAHDO5 is a possible PAT
enzyme, performing the addition of pCA to arabinosyl residues in planta.

Interestingly, the computational studies also demonstrated that the presence of
arabinosyl residue around the conserved motif HLVFDG is responsible to stabilize the
complex BAHD-pCA/FA (Table 1 and Figure S7a), as the binding energies in the
presence of arabinosyl residue are more favorable when compared to the Eping Of the

complex of BAHD with free pCA or FA. Currently, the proposed model for p-
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coumaroylation/feruloylation of AX by BAHDs has UDP-Araf as the acceptor for pCA-
CoA or FA-CoA substrates (de O. Buanafina, 2009, de Oliveira et al., 2015). According
to this model, UDP-Araf, which is generated in the cytosol by UDP-arabinose mutase, is
acylated by pCA and FA due to BAHD activity. Acylated UDP-Araf would then pass into
the Golgi by a transporter (UDP-Araf transporters were recently identified in Arabidopsis
by (Rautengarten et al., 2017). The pCA-Araf and FA-Araf would then be transferred onto
AX, probably by GT61 enzymes that are responsible for arabinosylation of xylan (Anders
et al., 2012). This model is further supported by studies on RNAI Brachypodium lines
with decreased mutase activity (Rancour et al., 2015) and the rice xax1 mutant that carries
a knockout for a GT61 family gene (Chiniquy et al., 2012), both showing a substantial
decrease in cell wall pCA and FA. The predicted stabilization of BAHD-pCA and BAHD-
FA complexes by arabinosyl residue that we found in our modelling and the decrease of
pCA levels in cell walls of RNAi SYBAHDO5 for Setaria plants, further the understanding
of how grasses incorporate pCA in their cell walls and reinforce this model.

The suppression of RNAI lines reduced esterified pCA levels and pCA-Araf. The
data of MD simulations and the results obtained from FA-Araf analysis do not exclude
the hypothesis that SYBAHDO5 enzymes could also incorporate FA in the cell walls, but
to a smaller extent, in line with the known substrate versatility of BAHD superfamily.
This possibility contrasts sharply with our finding for SYBAHDO1, where the effect of
silencing was a strong decrease in FA-Araf with an accompanying increase in pCA-Araf
(de Souza et al., 2018), suggesting complete substrate specificity for SYBAHDO1.

We also assessed the saccharification for leaves and stems before and after
pretreatment with 0.5% H>SO.. Biomass saccharification of stems and leaves was higher
in SYBAHDO05 RNA. lines and the glucose released in pretreated leaves was 32% higher
at 6 h of enzymatic hydrolysis for the line 3.1 compared to NT plants. Overall,
saccharification efficiency was increased after acid pretreatment in 2.1 and 3.1 lines for
leaves and stems (Figure 6a-6b), indicating that SYBAHDO5, similarly to SYBAHDO1 and
SacBAHDO1 (de Souzaet al., 2018, de Souza et al., 2019) is a promising target to increase
the yields of sugar fermentation in the bioethanol processing or animal feeding. Overall,
the biomass productivity and seed yield from SYBAHDO5 RNAI suppressed lines remains
uncharged (Figure 6c-6e).

The suppression of SYBAHDO5, in S. viridis, revealed consistent reduction in p-

coumaroylation associated to the matrix polysaccharide of arabinoxylan in all tissues, and
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a small decrease in feruloylation of leaves. The results were validated following three
generations of transgenic plants, showing reductions of up to 42% of the ester-linked pCA
and 50% of pCA-Araf compared to NT. Suppressed lines exhibited no change in total
lignin and increased sugar yields after in vitro saccharification, without affecting biomass
and plant productivity. The comprehension of the role of BAHD acyltransferases in plants
is pivotal to identify new targets for grass crop improvement intended for biofuels,
biorefineries and animal feeding. Additionally, the present study describes new insights
into cell wall p-coumaroylation of grasses. We described a new function of SYBAH05
gene to S. viridis and our data strongly support the hypothesis that SYBAHO05 is mainly

responsible for the addition of pCA to the Araf residues onto AX in grass cell walls.

4. Experimental Procedures
4.1  Growth conditions for Setaria viridis

Seeds of S. viridis were treated with concentrated sulfuric acid to break dormancy.
After, the mature seeds were germinated in MS medium in Fitotron® under 16 h of
photoperiod, 500 pmol m™2s7* of light intensity and 26+2 °C. The relative humidity was
65% and the plants were maintained until the reproductive developmental stage, with
approximately 45 days-old plants, when they were harvested. The plants were separated
into leaf, stem and root tissues and they were immediately transferred to liquid nitrogen
and stored at -80 °C until grinding the material for analyzes. Pools of 10 plants of the
tissues were harvested comprising one biological sample. All analyses were performed at
the reproductive phase, except seed data, which was collected at maturity phase. In all
experiments, non-transformed (NT) plants were produced via calli embryo culture, grown

and harvested at the same time as transformed plants.

4.2 Plasmid construct and generation of transgenic plants

For silencing of BAHDOS5 gene in S. viridis, an inverted repeat of 247 bp sequence
was cloned into the binary vector A780p6iA-UB5 (Figure S1a-S1b) containing a cassette
flanking the maize Adh2 intron, driven by ZmUbil constitutive promoter and the hpt gene
selection marker (hygromycin resistance). The vector was synthetized by DNA Cloning
Service, Germany. The genetic transformation of S. viridis accession 10.1 by
Agrobacterium tumefaciens was performed as previously described (Martins et al., 2015).

Briefly, mature seeds were used for embryogenic callus induction and after 4-5 weeks the
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induced calli were co-cultivated with A. tumefaciens containing the binary vector. The
putative transgenic calli, resistant to hygromycin B, were transferred to selective
regeneration medium (SRM). The surviving regenerated plants were submitted to PCR

analysis in order to confirm the presence of the transgene.

4.3  Determination of transcript abundance

RT-gPCR was carried out in a 96-well optical plate with a StepOnePlus Real-
Time PCR Systems (Applied Biosystems). Leaf, stem and root tissues of S. viridis (T3
generation) were harvested at the reproductive phase. About 200 mg of starting material
was used for RNA isolation. Total RNA from leaf and stem was isolated using TRIzol
Reagent (Thermo Scientific), according to the manufacturer’s instructions. RNA from
roots was extracted using a CTAB-LiCl method (Chang et al., 1993). Genomic DNA was
removed using RQ1 RNase-free DNase (Promega), according to the manufacturer’s
instructions. Reverse transcription reaction was carried out with 1 ug of total RNA and
oligo (dT) using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific),
following the manufacturer’s recommendations. cDNA samples were diluted (1:25) prior
to use in RT-qPCR assays. The RT-gPCR was carried out using Platinum SYBR Green
PCR SuperMix-UDG with ROX (Invitrogen) using the protocol recommended by the
StepOnePlusReal-Time PCR Systems (Applied Biosystems). Total RNA was quantified
using a NanoDrop ND-1000 Spectrophotometer (Uniscience), and RNA integrity was
verified in agarose gel electrophoresis. Background-corrected raw fluorescence data were
imported into LinRegPCR version 2016.0 software for primer efficiency estimation
(Ramakers et al., 2003). Relative quantities (RQs) for BAHDO5 were calculated using the
g-Gene (Muller et al., 2002). The expression of the genes were normalized with the
geometrical mean of the RQs of the reference genes EF' 1o (elongation factor 1-alpha) and
|F4a (eukaryotic initiation factor 4-alpha) for leaves and stems, CAC (clathrin adaptor
complex), and CUL (cullin) for roots (Martins et al., 2016). The primers used in the RT-
gPCR are described in Table S4. All assays were performed using three biological

replicates with three technical replicates each and a non-template control.

4.4 Determination of pCA, FA, pCA-Araf, FA-Araf and DiFA
The content of the cell wall ester-linked hydroxycinnamates (pCA and FA) and
dehydrodiferulates (DiFA) obtained by alkaline hydrolysis were determined according to
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the method described by (de Souza et al., 2018), with modifications. The relative
proportion of p-coumaroyl-Arabinose (pCA-Araf) and feruloyl-Arabinose (FA-Araf)
were determined essentially as described by (Freeman et al., 2017), slightly modified.

First, the biomass was frozen in liquid N2, then grinded in an ultra-centrifugal mil
(Rerstch® model ZM 200) using a 0.5 mm pore size sieve to obtain a fine powder, and
freeze-dried. The determination of ester-linked pCA and FA was performed using 20 mg
freeze-dried ground tissue after procedure of extraction to obtainment of alcohol insoluble
residue (AIR), washing the biomass three times with 80% ethanol (v/v). For the analysis
of the pCA and FA from alkaline hydrolysis, it was used the following gradient system:
0 min (10% B), 5 min (20% B), 7.5 min (25% B), 12.5 min (45% B), 14 to 17 min (100%
B), 17.5to 21 min (10% B).

For the determination of pCA-Araf and FA-Araf, the AIR obtained from 10 mg of
freeze-dried ground tissue (prepared using extractions as described for cell wall-bound
HCA) was treated with 1.2 mL of 50 mM trifluoroacetic acid for 4 h at 99 °C with
agitation at 750 rpm. After centrifugation for 10 min at 16,000g, 2 aliquots of 500 pL of
supernatant were freeze-dried. Released HCA-conjugates from a dried aliquot of
supernatant were dissolved in 1 mL of a mixture of water/acetonitrile (1:1 v/v) for
analysis of cell wall bound HCA, and analyzed by HPLC-DAD in an equipment Agilent®
model 1290 using a binary gradient system of 0.1% formic acid in water (solvent A) and
acetonitrile (solvent B), using an Waters® Acquity UPLC HSST3 column (2.1 mm I.D. x
150 mm L., particle size 1.8 um), with the temperature of column oven at 40 °C. For the
analysis of pCA-Araf and FA-Araf from mild acidolysis, it was used the following
gradient system: 0 min (10% B), 5 to 7.5 min (13% B), 12.5 min (45% B), 14 to 17 min
(100% B), 17.5 to 21 min (10% B).

The results for pCA, FA, and DiFA from alkaline hydrolysis obtained samples
were expressed as pg HCA mg™ AIR. The areas for the peaks corresponding to the pCA-
Araf and FA-Araf that were previously identified by mass spectrometry-based approach
by (de Souza et al., 2018), were divided by the peak area of the internal standard (IS)
added to the samples (20 pL of 3,5-dichlorobenzoic acid 1,5 mg.mL™) and the peak area
ratios at 280 nm (pCA-Araf/IS and FA-Araf/1S) were used to compare the proportion of

HCA conjugates among samples.
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45  Transcriptome analysis of transgenic SYBAHDO05

For S. viridis (accession 10.1), the total RNA of leaves was extracted from plants
in the fourth stage. To each library, the RNA was extracted using ReliaPrep™ RNA
Tissue Miniprep System®. RNA concentration and integrity were checked with
Nanodrop ND 1000 spectrophotometer (Nanodrop Technologies Inc., Rockland, DE,
USA), and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA),
respectively. The prepared mRNA-seq libraries of NT and transformed lines of
SVBAHDO05 (1.1 and 3.1 lines) were constructed for sequencing on the lllumina HiSeq
2500 sequencing platform using Illumina’s TruSeq RNA Sample Preparation Kit
(Illumina Inc, San Diego, CA, USA) by Novogene Technology. Sequencing quality of
each library was assessed using FastQC v0.11.3. For all libraries, high-quality reads were
mapped into S. viridis genome v.2.1 from Phytozome 11.0 using TopHat
(http://tophat.cbcb.umd.edu/) and Bowtie v.2.2.5 (Langmead et al., 2009), and unigenes
were annotated on genome sequence. To analyze the transcript levels of SYBAHD genes,
it was used the FPKM (fragments per kilobase of exon per million mapped reads) method.
Cuffdiff (http://cufflinks.cbcb.umd.edu/) (Trapnell et al., 2013) was used for differential
expression analysis using a threshold for FDR (false discovery rate) < 0.05 and the fold

change of two to determine significant differences in gene expression.

4.6  Monosaccharide composition

The chemical composition (monosaccharide and acetyl composition) of AIR
samples was determined by a two-step acid hydrolysis method following the protocol
described by the National Renewable Energy Laboratory of the US Department of
Energy, with modifications (Sluiter et al., 2008). The quantification of structural
carbohydrates was performed by high performance anion-exchange chromatography with
pulsed amperometric detection (HPAEC-PAD), according to the method describe by
(Rohrer et al., 2013), slightly modified.

4.7  Cell wall characterization by solution-state 2D NMR

Cell walls of S. viridis samples were characterized without fractionation and using
solution-state two-dimensional (2D) *H-3C heteronuclear single quantum coherence
nuclear magnetic resonance (HSQC-NMR) spectroscopy as described by (Kim and

Ralph, 2010). Briefly, 500 mg of tissue (leaf and stem) were freeze-dried ground tissue
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and overnight extracted with acetone/water (95:5) on the Soxhlet at 70 °C. After the
extraction, the samples were dried at 50 °C for 48 h. 200 mg of each sample were ball-
milled in 20 mL jars with 10 x 10 mm ball bearing in a Fritsch® Planetary micro mill
Pulverisette 7 premium line equipment. The milling procedure was 8 X 5 min with 5 min
pauses. After milling, 100 mg of the samples were gelled into a 5 mm NMR tube by
adding 500 pL of DMSO-de without derivatization and performed the NMR analysis were
carried out on a 600 MHz Bruker® AVANCE 11 spectrometer system equipped with a 5
mm TCI cryoprobe with ATMA® (Automatic Tuning and Matching). The data obtained
as FID (Free Induction Decay) were processed in the software MestReNova version 9,
using the following parameters: F2 (proton frequency co-ordinates) — Gaussian
apodization (GB = 0.01); F1 (carbon frequency co-ordinates) — Sine Bell apodization
(90.00°); Smoothing applied to all dimensions by wavelets method (Parameters: scales =
4; fraction = 1.00%; universal threshold). The spectra obtained after processing was used
to calculate the proportion of monolignols, tricin, pCA, and FA in plant cell wall (pCA,
FA, and tricin are expressed as percentage in relation to the sum of syringyl and guaiacyl
— S+G = 100%).

4.8  Lignin quantification and monomers composition

For lignin quantification, a 150 mg aliquot of biomass from all tissues were
washed sequentially with: 50 mM potassium phosphate buffer pH 7.0, 1% (v/v) triton X-
100 in pH 7.0 buffer, 1 M NaCl in pH 7.0 buffer, distilled water, and acetone. The pellet
was oven-dried (55°C, 24 h). After drying, we obtained the protein-free cell wall fraction
and 20 mg of this fraction was used to quantify the total lignin. Screw cap tubes containing
20 mg of biomass and 0.5 mL of 25% acetyl bromide (v/v in glacial acetic acid) were
incubated (70 °C, 30 min). After, the samples were cooled and mixed with 0.9 mL of 2
M NaOH, 0.1 mL of 5 M hydroxylamine-HCI, and 6 mL of acetic acid. The samples were
centrifuged, and the absorbance of the supernatant was measured at 280 nm (Moreira-
Vilar et al., 2014).

For the lignin monomer composition, an aliquot of 50 mg of protein-free cell wall
fraction was sealed in a Pyrex® ampule containing 0.9 mL of 2 M NaOH and 0.1 mL of
nitrobenzene and heated at 170 °C for 150 min. The sample was cooled to room
temperature, washed twice with chloroform, acidified to pH 3-4 with 5 M HCI and

extracted twice with chloroform. The organic extracts were combined, dried, and
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resuspended in 1 mL of methanol. All of the samples were filtered in a 0.45-um
disposable syringe filter and analyzed by HPLC. The mobile phase used was
methanol/acetic acid 4% (20:80, v/v), with a flow rate of 1.2 mL/min for an isocratic run.
Quantification of the monomer aldehyde products (vanillin and syringaldehyde) released
by the nitrobenzene oxidation was performed at 290 nm using the corresponding
standards. All measurements were performed on five biological replicates. Each

biological replicate is a pool of ten plants.

4.9  Computational details of protein modeling

The prediction of 3D BdAT1 and SYBAHDOS5 structures were performed using
the Iterative Threading Assembly Refinement (I-TASSER) server (Zhang, 2008, Roy et
al., 2010, Yang et al., 2015). The quality of initial models generated was validated by
MolProbity (http://molprobity.biochem.duke.edu/) and Ramachandran plot. Protonated
states of pCA and FA at physiological pH (~7.4) were evaluated by MarvinSketch
software Version 17.24.0 at 300K. From the protonation states at pH 7.4, the pCA, FA,
pCA-Araf, and FA-Araf were subjected to an energy minimization using Gaussian 09
package. All torsions of pCA, FA, pCA-Araf and FA-Araf were allowed to rotate during
docking. 35 A-Sized grid box was centered on the HXXXD motif of BAHD structures.

Nine conformations for each ligand were obtained from molecular docking (Table
S3), and the geometries with lower binding energies (configurations 1 from Table S3)
were selected to perform the MD simulations. The pCA, FA, pCA-Araf and FA-Araf
complexes with SYBAHDO5 were named of pCA-Sv, FA-Sv, pCA-Araf-Sv, and FA-
Araf-Sv, respectively. The pCA, FA, pCA-Araf and FA-Araf complexes with BdAT1
were named of pCA-Bd, FA-Bd, pCA-Araf-Bd, and FA-Araf-Bd, respectively. The
molecular docking was carried out using AutoDockVina 1.1.2 and the conformations with
lowest docked energy were submitted to molecular dynamics (MD) simulations. A total
time of 20 ns simulations was enough to equilibrate the complexes (Figure S5¢-S5d) and
structural equilibration of complexes occurred up to 10 ns for all complexes. Before the
MD simulations, the ligand structures was optimized and we performed the investigation
of the protonated state of the ligands in different pHs (Figure S7b). Therefore, the
structures were selected by the minimization steps and the pCA, FA, pCA-Araf, and FA-

Araf optimized geometries are depicted in the Figure 5¢c-5f, respectively.
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Classical MD simulations were employed to equilibrate the protein and the
complexes protein-ligands. MD simulations were performed by the GROMACS 5.1.4
program (Van Der Spoel et al., 2005) using the High-Performance Computing Center
facilities at UFRN (NPAD/UFRN). The root-mean-square deviation (RMSD) was
calculated to evaluate the structural stability of the complexes of acids (pCA and FA) and
esters (pCA-Araf and FA-Araf) with BAHD structures. Equilibrated structures from MD
simulations were used for the quantum mechanics calculation. For the energy analysis,
PM7 semi empirical method was used to study the interaction energies of the 4 A cut-off
radius from pCA, FA, pCA-Araf or FA-Araf with BAHD proteins structures. The
interaction energy (de Morais et al., 2016), Eping, Or binding energy, is defined as:

Eping = Hy(complex) — [H;(BAHD) + H;(ligand)]

Where Ht (complex) is the enthalpy of formation of complex, Hs (ligand) is the enthalpy
of formation of the isolated ligands (pCA, FA, pCA-Araf or FA-Araf) and Hi (BAHD) is

the enthalpy of formation of isolated BAHD structures.

4.10 Pretreatment and enzymatic saccharification assay

Pretreatment of lignocellulosic materials increases the saccharification yield
(Mota et al., 2019), therefore we carried out the saccharification analysis with Cellic®
CTec3 enzyme cocktail using leaves and stems tissues of NT, 1.1, 2.1, and 3.1 pretreated
or not with 0.5% diluted sulfuric acid and the glucose released from the silenced lines
was compared with those from NT. The liquid ratio of the biomass was 1:10 (w/v) and
the biomass was mixed with 0.5% (v/v) H2SO4 and submitted to 121 °C for 15 minutes.
Pretreated biomass was recovered by filtration, washed with 30 mL of deionized water
and dried in an oven overnight at 40 °C. Enzymatic saccharification assays were
performed in 2 mL tubes with 5% (w/v) dry biomass in 100 mM citrate buffer, pH 5.0
using the Cellic® CTec 3 enzyme cocktail (Novozymes, Lyngby, Denmark) at 10 filter
paper activity units FPU/g biomass. Samples were incubated in a Thermomixer
microplate incubator (Eppendorf, Germany), at 50 °C and 800 rpm. Samples were
withdrawn after 6 h and 48 h, followed by centrifugation at 10000 g for 15 min. Sugars
in enzyme hydrolysates were analyzed by high-performance liquid chromatography
(HPLC) system (Agilent, Palo Alto, CA-USA), equipped with a refractive index detector
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and Aminex HPX-87H ion exchange column (Bio-Rad, Hercules, CA-USA). The mobile
phase contained 5 mM H2SO4, at a flow rate of 0.6 mL min%, heated at 45°C. The
experiments were carried out with three biological replicates each of them with three

technical ones. Each biological replicate is a pool of ten plants.

411 Biomass and seed measurement

For the biomass measurement, 10 plants were selected for each SvBAHDO05
silencing lines (1.1, 2.1 and 3.1), and for NT. The plant organs (excluding roots) were
completely dried in an oven at 65 °C for 72 h to obtain the dry biomass at maturity. The
seeds were collected after 90 days and the weight of the total seeds and the weight of one
thousand seeds were estimated. Additionally, five plants were selected of each
SVBAHDO05 RNAI plants to determine the seed number per plant and the values were

compared to the NT.

4.12 Statistical Analyses

Statistical analyses were conducted using GraphPad Prism (version 5.00 for
Windows). The experimental design was completely randomized and conducted using
technical replicates. The biological sample in this study consisted of a bulk containing 10
plants. Statistical analyses consisted of Dunnett’s test for comparisons of non-
transformed plants (NT) and transgenic lines (1.1, 2.1 and 3.1), and statistical significance
was defined as * 0.05 > P > 0.01, ** 0.01 > P > 0.001, and *** P <0.001.

4.13 Gene identifiers

The genes can be accessed at https://phytozome.jgi.doe.gov/pz/portal.html.

The gene IDs are SvBAHDO01:Sevir.5G130000; SvBAHDO02: Sevir.5G124000;
SVBAHDO03: Sevir.5G233600;SvBAHDO04: Sevir.3G107300;SvBAHDO05: Sevir.5G233
700.
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SvBAHDUSisevir.5G233?0070DS ATGEECCEECECCECECCCACCETCACCRAAGTCOCCGLCGTCCCTGETCCCACCEGECGEEE &0
SvBAHDUB_Sevir.5G233?DD_CDS CCGRCCCCGEECEECTCCCTCCCCCTCTCCTCTATCGACAAGACCECCGCCGTCCGCETC 120
SvBAHDUS_SeViI.5G233?00_CDS TCCETCGACTTCATCCAGETCTTCCCETCETCGEEEECCECEGEACCAGECCGCCTCTETC 180
SvBAHDUSisevir.5G233?0070DS GUGEACCATGCGCGAGEECTTCGCCAGEECGCTCETECCEGTACTACCCCETCEGCGEECCED 240
SvBAHDUB_Sevir.5G233?DD_CDS ATCECEEACCCCETCCAGEEECACCCCCAGATCCACTCGCACCCEEEARAGECETETGETTC 300
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SvBAHDDS_Sevir.5G233?DD_CDS GTGEAGGCCGAGEGCCAGC TG TCCCTCEGAGGAGGCGUGGAACCTCGAGCGCCCGETCTES 360
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SvBAHDUS_Sevir.5G233?00_CDS AGGEECATCCCTGAGCCATCGATCAAGCCAATCTGEECTCEEEACGICATCCCCAACCCA 600
SvBAHDDS_Sevir.5G233?00_CDS CCGRARAGCCACCCCTAGGCCCGCCACCATCATTCACTGCGTTCAACTTTCGAGAACTCACGTT &6l
SvBAHDDS_Sevir.5G233?DD_CDS GTTEAGATCTCTCTGEACAGCATCRAAGCGTGETCAAGGACCAGETCECAAGCGAARACCAGT 720
SvBAHDUS_Sevir.5G233?00_CDS CAGRAGTECTCCACCTTCGACGTEGETCACCGCCATAATCTTCAARTGCCECGCCTTGECA 780
SvBAHDDS_Sevir.5G233?00_CDS GTCCACTTTGCACCGEATGCCGACCTTCEGCCTGEGCTTTGCTGCCAGCACGCGCCACCTE g40
SvBAHDDS_Sevir.5G233?DD_CDS CTGAGCARTGTGCTECCTTCGETCGRAAGGCTACTATGEGGAACTGCETGTACCCTGEEGEET S00
SvBAHDUSisevir.5G233?0070DS CTCACCAAGACCAGCCAGGACGCTCRAAGERAAGCTTCACTTCTGEAGAT CETCGACCECAATC 860
SvBAHDDS_Sevir.5G233?00_CDS ACGEARACCC AL CGAACCTCTETCATCGAGETTCCTCEACTGETTGAGCGETCETECCARG 1020
SvBAHDUS_Sevir.5G233?00_CDS GARRACCARACTACRACGTGTCGCTEEACTAT GECACGCTTGTTETCACCGACTGGAGCCAL 1080
SvBAHDUSisevir.5G233?0070DS GTTEEETTCARCGAGET GEACTACGEETTTEETGAGCCGAGCTATETETTCACCCTGARD 1140
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SvBAHDUSisevir.5G233?0070DS CAGRAGCATGCATAG 1275

Fig. S1. BAHDO05 RNAI cassette and alignment of region targeted by BAHD05 RNAI and
Setaria. (a) SYBAHDOS5 suppression is given by expression of an RNAI hairpin under control of a
constitutive maize ubiquitin promoter flanking the maize Adh2 intron. The basic structure of the
binary vectors was presented. Vector with inverted repeat BAHDO5 sequence under the control
of constitutive Zea mays ubiquitin 1 promoter (ZmUbil) and hpt (hygromycin B) as selection
marker gene controlled by constitutive Oryza sativa actin-1 promoter (OsActl). NOST
(Nopaline synthase terminator), E9T (rbcsE9 transcription terminator), LB (left border),
RB (right border). (b) Alignment of region targeted by BAHDO5 RNAi (RNAi_BAHDO05) and
Setaria (SVBAHDO5_Sevir.5G233700_CDS).
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Fig. S2. RNA-seq analysis of BAHD gene expression in Setaria viridis SYBAHDO05 RNAI
lines. Genes associated with monolignol acylation (PMT and FMT) are indicated. Transcript
abundance is measured as fragment per kilobase per million mapped reads.
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Fig. S3. Dehydrodimers (DiFAs) and lignin monomers. (a-c) Dehydrodimers of ferulic acid (FA)
in leaves (a), stems (b), and roots (c) of cell walls of Setaria viridis from non-transformed (NT)
and plants from the 1.1, 2.1 and 3.1 RNAI silenced lines (n = 4). (d-I). Lignin monomers:
guaiacyl — G (d-f), syringyl — S (g-i), and S/G ratio (j-I) released by nitrobenzene oxidation of
cell walls in leaves, stems and roots of the non-transformed (NT) and transgenic lines 1.1, 2.1
and 3.1 (n = 4). Statistical differences of transgenic lines compared to NT are with (*) from
ANOVA at *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. S4. Monosaccharide and acetyl composition. Monosaccharide and acetyl composition of alcohol insoluble residue (AIR) from leaves, stems,
and roots of non-transformed (NT) and SYBAHDO05 RNAI transgenic plants descended from the lines 1.1, 2.1 and 3.1. Values are means (%) = SEM

from 4 different replicates of transgenic lines compared to NT. Statistical differences are with (*) from ANOVA at *P < 0.05, **P < 0.01,
***P < 0.001.
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Fig. S5. Ramachandran plots and RMSD analysis. (a,b) Ramachandran plots of molecular
modeling of SYBAHDO05 from Setaria viridis (a) and BdAT1 from Brachypodium distachyon
(b). (c,d) RMSD analysis of MD simulations from: the pCA and FA complexes with SYBAHDO05
and BdAT1 were named of pCA-Sv (red), FA-Sv (black), pCA-Bd (blue), and FA-Bd (green),
respectively (c), and the pCA-Araf and FA-Araf complexes with SYBAHDO5 and BAAT1 were
named of pCA-Araf-Sv (red), FA-Araf-Sv (black), pCA-Araf-Bd (blue), and FA-Araf-Bd

(green), respectively (d).
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Fig. S6. Structural analysis of the catalytic site. (a-h) Interaction between protein and the
ligant with the more stable conformation from pCA-Sv (a), pCA-Araf-Sv (b), pCA-Bd (c), pCA-
Avraf-Bd (d), FA-Sv (e), FA-Araf-Sv (f), FA-Bd (g), FA-Araf-Bd (h).
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Fig. S7. Alignment comparison and microspecies distribution. (a) Alignment comparison of
region targeted by BAHDO05 from Setaria viridis with other phylogenetically related grasses
Setaria italica (Si), Brachypodium distachyon (Bradi) and Oryza sativa (LOC_Os). Only a few
amino acids distinguish SYBAHDO05 and BdAT1, the conserved motif represented by HXXXDG,
typical of BAHD acyltransferases, is present in the proteins, with XXX indicating leucine (L),
valine (V) and phenylalanine (F). (b) Microspecies distribution as a function of pH for p-
coumaric acid (lines A, B and C) and ferulic acid (lines D, E and F) in the protonation states.




Table S1. Percentage of silencing for SYBAHDO5 transgenic RNAI lines.

Tissue Line % Silencing
1.1 48.4
2.1 68.8
Leaf 3.1 86.2
4.4 75.8
5.4 57.6
1.1 44.9
2.1 72.8
Stem 31 90.4
4.4 83.2
5.4 68.1
1.1 88.4
2.1 86.5
Root 3.1 97.7
4.4 93.2
5.4 84.5
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Table S2. pCA/FA ratio by biochemical data of cell walls of Setaria viridis from non-
transformed (NT) and transgenic plants from the lines 1.1, 2.1 and 3.1 (n = 4; error bars £ SEM;
statistical differences of transgenic lines compared to NT are with (*) from ANOVA at
*P < 0.05, **P < 0.01, ***P < 0.001).

Ratio pCA/FA
NT 11 2.1 3.1
Leaf 1.206 0.782*** 0.801** 0.801**
Stem 1.922 1.875 1.712%** 1.797*
Root 2.887 2.159* 1.687***  1.860***
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Table S3. All configurations predicted by molecular docking of pCA, FA, pCA-Araf and FA-
Araf to SYBAHDO5 and BAAT1 at HXXXD motifs and their binding energy.

pCA-Sv FA-Sv pCA-Bd FA-Bd
Configuration (KEcr:/rri)cl)I) Configuration (KEcr:Ie/rri)(/)I) Configuration (KECr:/r:iI) Configuration (Kif::/ri);l)
1 -6.5 1 -6.5 1 -6.1 1 -6.5
2 -6.4 2 -6.4 2 -6.1 2 -6.2
3 -6.1 3 -6.1 3 -6.0 3 -6.0
4 -5.9 4 -6.0 4 -5.8 4 -6.0
5 -5.9 5 -6.0 5 -5.6 5 -5.9
6 -5.7 6 -5.9 6 -5.6 6 -5.8
7 -5.5 7 -5.8 7 -5.5 7 -5.8
8 -5.5 8 -5.7 8 -5.5 8 -5.8
9 -5.4 9 -5.7 9 -5.4 9 -5.7
pCA-Araf-Sv FA-Araf-Sv pCA-Araf-Bd FA-Araf-Bd
Configuration (KEcr:/rri)c/Jl) Configuration (KEcr:IE/riil) Configuration (KEcr:IE/rri)c/JI) Configuration (KEcr:I)/rri)c/JI)

1 -1.7 1 -1.7 1 -7.8 1 -7.9
2 -7.6 2 -7.6 2 -7.8 2 -1.7
3 -1.4 3 -1.5 3 -7.8 3 -1.4
4 -1.4 4 -1.5 4 -7.6 4 -1.4
5 -1.4 5 -1.5 5 -7.6 5 -1.4
6 -1.3 6 -1.4 6 -1.5 6 -1.4
7 -7.3 7 -1.4 7 -1.5 7 -7.3
8 -1.2 8 -7.3 8 -1.4 8 -7.3
9 -1.2 9 -1.3 9 -1.3 9 -1.2
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Table S4. Primers used in the RT-gPCR. Reference genes: EFa (elongation factor 1-alpha) and
IF4o. (eukaryotic initiation factor 4-alpha) for leaves and stems, CAC (clathrin adaptor complex),
and CUL (cullin) for roots.

Gene Description Phytozome ID Primer sequences (5 - 3”)
symbol
EFla Elongation factor Sevir.3G272400 F-TGGTATGCTTGTCACCTTTGGT
1-alpha R:CTCGTGGTGCATCTCAACTGA
elF4o, Eukaryotic Sevir.1G088000 F:GTCTGCTAAGGTGCTGGATAAA
initiation R:ACCACTCCTCCAGAACATAGA
factor 4-alpha
CAC Clathrin adaptor Sevir.1G284400 F:CTGCTTCTGGTCTTCGTGTT
complex R:GTATGATCCTGCTCTCGTGATG
CUL Cullin Sevir.3G038900 F: TCTCATCACGAGGGACTACTT
R: CTTGCCAACAACCACCAATC
BAHDO05 Acyltransferase Sevir.5G233700 F: TGGTGCCAAGGAAAACCACT

R: TTGGGTTCAACGAGGTGGAC
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