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RESUMO

Raizes primdrias de Sorghum bicolor como modelo para os estudos dos mecanismos
relacionados a hidrdlise do glucano de ligagdao mista durante o desenvolvimento do
aerénquima

Sorghum bicolor é uma das culturas cerealiferas mais importantes do mundo
devido a sua alta eficiéncia de fixagao de carbono, aquisicio de nitrogénio, grande
adaptabilidade ao cultivo em ambientes distintos e, acima de tudo, utilizagio como
alimento bésico na Africa e na Asia. A colegio de germoplasma de sorgo, a qualidade
do genoma sequenciado e os avangos recentes na transformacgio genética também
colocaram esta espécie como um modelo promissor entre as gramineas Cy4. O sorgo,
como todas as gramineas, é constituido de parede celular do tipo 1I, cuja principal
caracteristica sio as quantidades significativas dos polissacarideos arabinoxilanos e -
D-(1,3;1,4)-glucanos de ligagao mista (GLM). O GLM ¢ um polimero hemicelulésico
de D-glicose cuja cadeia linear contém principalmente ligacdes glicosidicas 3-(1,4)
intercaladas com poucas ligagoes glicosidicas B-(1,3) que torcem a cadelia,
transformando-a em um polimero mais hidrossoluvel. Como resultado, as
propriedades quimicas do GLM sdo atrativas para a biotecnologia e, entio, a
compreensio da sintese e hidrélise de GLM sio importantes topicos. As
“liquenases”, tecnicamente conhecidas como endo-B-D-(1,3;1,4)-glucanases,
hidrolisam especificamente as ligacoes 3(1,3) que sao imediatamente seguidas pelas
B(1,4). Elas sao enzimas codificadas pelos genes das endo-(1,3;1,4)-f-D-glucanases da
familia das glicosil hidrolases 17 (GH17). Estudos recentes com raizes de cana-de-
agucar tém mostrado uma forte correlacdo entre um aumento gradual no nivel de
genes e proteinas de endo-8-D-(1,3;1,4)-glucanases a medida que o aerénquima se
desenvolve em espagos gasosos. Assim como na cana-de-aglicar € no arroz, o sorgo
tem aerénquima lisigeno constitutivo, embora possua genoma diploide sequenciado,
diferindo do complexo genoma da cana-de-agucar que dificulta inferéncias
filogenéticas robustas. Assim, para uma compreensao molecular mais aprofundada
em relagdo a hidrdlise de GLM e formagdo de aerénquima, utilizamos raizes
primarias de sorgo. A raiz primaria de sorgo com sete dias nao esta ramificada e, por
conseguinte, permite uma caracterizagio anatomica detalhada e rapida pela técnica de
microtomografia de raios-X. Dividimos a raiz em trés segmentos (S1, S2 e S3), em
que S1 ndo tem aerénquima, S2 ¢ a iniciacdo do aerénquima e S3 ¢ um estagio mais
avancado no desenvolvimento do aerénquima. Inferéncias indicaram as GH17 endo-
(1,3;1,4)-B-D-glucanases totalmente exclusivas de Poaceae, familia em que o sorgo
possui tres “liquenases” ($bkicl, Sblic2 e Sblic3) e arroz duas (OsEg/l e OsEgl).
Todavia, a PCR em tempo real revelou expressao diferencial somente para Sb/cl, o
qual aumentou dez vezes de S1 para S3. Ensaios enzimaticos com extratos brutos
detectaram um aumento na atividade das endo-(1,3;1,4)-8-D-glucanases (S1<S2).
Concomitantemente, o fracionamento da parede celular mostrou um declinio na
quantidade relativa para GLM (S1> §2). Para verificar se um nocaute nas endo-
(1,3;1,4)-p-D-glucanases comprometeria o desenvolvimento dos espagos gasosos,
decidimos usar a ferramenta de edigado CRISPR nos genes do arroz (OsEg/T e
OsEg/2). Nossa decisio levou em consideragio a alta estabilidade para a
transformacao genética do arroz, o tempo de financiamento e, especialmente, o
dominio da cultura de tecido de arroz em Rutgers, The State University of New
Jersey. OsEg/l e OsEgl2 mostraram ser expressas nas raizes. Ambos os genes
candidatos foram alvos de gRNAs, os quais foram clonados no médulo de CRISPR



para arroz psgR-Cas9-Os. Subsequentemente, os cassetes foram subclonados no
vetor de transformacdo de plantas pCAMBIA1300 que foi usado na biobalistica.
Transformamos calos de arroz e submetemos os transformantes ao meio de sele¢ao
com higromicina. A genotipagem de plantas mostrou a presenca de Cas9, embora
nenhuma mutagdo especifica tenha sido detectada por analises de RFLP, ensaios de
T7E1 e sequenciamento Sanger. Notadamente, adquirimos uma linhagem de T-DNA
para OsEg/2, a qual pode ser um valioso material transgénico para os estudos de
hidrélise de GLM em uma eventual mutacio de perda de funcio em OsEg/?2.
Portanto, ela agregaria informagdes significativas as nossas descobertas, levando-nos
a afirmar se a hidrélise de GLM esta diretamente envolvida na formacio dos espagos
gasosos. Em suma, a maior expressao de Sblic1, o aumento da atividade enzimatica de
endo-(1,3;1,4)-3-D-glucanases e a diminuicio da quantidade relativa de GLM estao
intercorrelacionados e, por conseguinte, concluimos que o GLM ¢é degradado nas
raizes e possivelmente associado a formacao de aerénquima. Por dltimo, enfatizamos
que as rafzes primarias do sorgo ¢ um modelo promissor para estudos de GLM e o
desenvolvimento de aerénquima.

Palavras-chave: Sorgo, Arroz, Raizes primarias, Aerénquima, Liquenano, [-
glucano, Glucano de ligacdo mista, B-glucano de ligacdo mista, B-D-(1,3;1,4)-
glucano de ligacdo, (1,3),(1,4)-B-D-glucano de ligagcdo mista, Liquenase,
Glucanases de ligacdo mista, B-D-(1,3;1,4)-endo-glucanases, Glicosil hidrolases 16
e 17 15, Celulose sintases-like F, He J
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ABSTRACT

The primary roots of Sorghum bicolor as a model to study the mechanisms related to

mixed-linkage glucan hydrolysis during the aerenchyma development

Sorghum bicolor is one of the most important worldwide cereal crops due to its
high carbon fixation efficiency, nitrogen acquisition, great adaptability to grow in
distinct environments, and, above all, used as a staple food in Africa and Asia.
Sorghum germplasm collection, quality of sequenced genome, and recent advances
on genetic transformation have set this species as an up-and-coming model among
C4 grasses. Sorghum, like all grasses, is made up of type II cell wall, whose main
feature is the significant amounts of arabinoxylan and mixed-linkage (1,3;1,4)-8-D-
glucan (MLG) polysaccharides. MLLG is a D-glucose hemicellulosic polymer whose
linear chain holds mainly 3-(1,4) glycosidic linkages intercalated with little 3-(1,3)
glycosidic linkages that kink the chain turning it into a more water-soluble polymer.
As a result, MLG chemical properties are attractive for biotechnology then
understanding MLG synthesis and hydrolysis are essential topics. "Lichenases,"
technically known as endo-B-D-(1,3;1,4)-glucanases, specifically hydrolyze {(1,3)-
linkages that are immediately followed by 3(1,4) ones. They are enzymes encoded by
endo-(1,3;1,4)-f-D-glucanases genes of the glycosyl hydrolases family 17 (GH17). By
contrast, MLG synthases are associated with the celulose synthase-like F, H, and J.
Recent studies with sugarcane roots have shown a strong correlation between a
gradual increase in the level of endo-3-D-(1,3;1,4)-glucanases genes and proteins as
aerenchyma develops into gas spaces. As in sugarcane and rice, sorghum has
constitutive lysigenous aerenchyma and owns a diploid sequenced genome, differing
from the complex sugarcane genome that hinders robust phylogenetic inferences.
Thus, we used sorghum's primary roots for characterizing more in-depth molecular
mechanisms involving MLLG hydrolysis and aerenchyma formation. A non-branching
seven-day-old primary root of sorghum allows a detailed anatomical characterization
using the X-Ray microtomography technique. We divided the root into three
segments (S1, S2, and S3), in which S1 has no aerenchyma, S2 is the aerenchyma
initiation, and S3 a more advanced stage of aerenchyma development. Inferences
indicated GH17 endo-(1,3;1,4)-8-D-glucanases utterly Poaceae-specific, family in
which sorghum has three "lichenases" (Sb/ic1, Sblic2, and Sblic3) and rice two (OsEgll
and OsEg/2). However, real-time PCR revealed differential expression solely for
Sblicl, which increased tenfold from S1 to S3. Enzymatic assays with crude extracts
detected an increase in endo-(1,3;1,4)-B-D-glucanases activities (S1<82).
Concomitantly, cell wall fractioning showed a decline in the relative quantity of MLLG
(81>82). To wverify if a knockout at endo-(1,3; 1,4)-B-D-glucanases would
compromise gas spaces development, we decided to use the CRISPR-editing tool on
rice genes (OsEg/l and OsEg/2). Our decision took into consideration the high
stability for rice genetic transformation, funding time, and, above all, the mastery of
rice tissue culture at Rutgers, The State University of New Jersey. OsEg/7 and OsEgl?
have shown to be expressed in roots. Both candidate genes were targeted by gRNAs,
which were cloned into the rice CRISPR psgR-Cas9-Os module. Subsequently, the
cassettes were subcloned into plant transformation pCAMBIA1300 vector that was
used in biolistic. We transformed rice calli and submitted transformants to
hygromycin selection medium. Genotyping of plants showed the presence of Cas9,
although no on-target mutation has been detected by RFLP analysis, T7E1 assays,
and Sanger sequencing. Notably, we acquired a T-DNA line for OsEg/l?, which might



be valuable transgenic material for MLG hydrolysis' studies for an eventual loss-of-
function mutation in OsEg/2. Therefore, it would aggregate significant information to
our findings, leading us to assert whether MLLG hydrolysis is directly involved in gas
space formation. Ultimately, the higher expression of Sblicl, increase in endo-(1,3;
1,4)-B-D-glucanases activity, and decrease of relative MLG quantity are
intercorrelated and, thus, we conclude that MLG is degraded in roots and possibly
associated with aerenchyma formation. Lastly, we emphasize that sorghum's primary
roots are a promising model for MLG studies and aerenchyma development.

Keywords: Sorghum, Rice, Primary roots, Aerenchyma, Lichenan, B-glucan, Mixed-
linkage glucan, Mixed-linkage B-glucan, Mixed-linkage (1,3;1,4)-B-D-glucan,
Mixed-linkage (1,3),(1,4)-B-D-glucan, Lichenase, Mixed-linkage glucanases, Endo-
(1,3;1,4)-B-D-glucanases, Glycosyl hydrolysis 16 and 17 15, Cellulose synthases-
like F, H, and J
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1. PREFACE

This work comprises two chapters. In the first chapter, we narrate all experiments
related to biochemical and molecular data using sorghum roots, and in the second chapter, we
describe the data obtained from CRISPR-editing on rice genes.

The systematic studies of B-glucans started in the early 20th century by German
researchers (Karrer et al., 1924). Back then, biochemists did not make a clear distinction between
cellulose and B-glucans, considered their structural similarity.

B-glucans are D-glucose polymers linked by glycosidic 3-bonds, typically comprising a
(1,3)-linkages within the chain (Stone, 2009). Among several categories, mixed-linkage B-D-
(1,3;1,4)-glucans (MLG) stand out as a B-glucan polysaccharide, constituting a significant amount
of Poaceae cell walls (Buckeridge et al., 2004). Despite known as a "unique" feature of grass cell
walls, MLG has been found in divergent organisms, like bacteria, fungi, algae, and plants (Little et
al., 2018), which, ultimately, have attempted researchers to postulate that MILG has multiple
evolutionary origins (Miller et al., 1998; Planas, 2000). Our systematic review suggests that
MLG's primary function seemed to be a structural one. Later, in Poaceae, the polymer appeared
as storage and structural polysaccharide (Buckeridge, 2010, 2018).

Given the high importance of MLLG in bioenergy (Burton and Fincher, 2009; Pauly and
Hake, 2011; de Souza et al., 2013; Loqué et al., 2015; Vega-Sanchez et al., 2015), the brewing
industry (Morgan and Gothard, 1977), and nutrition (Kahlon et al., 1993; Bourdon et al., 1999;
Behall et al., 2004; De Paula et al., 2005), scientists have intensively studied its synthesis and
hydrolyses.

In monocots, MLG is synthesized by enzymes encoded by ce/ulose-synthase like H, F, and
] (CsiF, Cs/H, and Cs/]). In Poaceae (Little et al., 2018), ML.G hydrolysis occurs by endo-$-(1,3;1,4)-
Zlucanases (Akiyama et al., 2009), which have shown to be Poaceae-specific in this work. Also, our
GH17 phylogeny indicates three sorghum endo-f-(1,3,1,4)-glucanases (Sblicl, Sblic2, and Sblic3) and
two in rice (OsEg/T and OsEgl?).

Interestingly, our group has obtained compelling data correlating MLLG hydrolysis with
aerenchyma development in sugarcane roots (Leite et al., 2017; Grandis et al., 2019). Aerenchyma
in roots are longitudinally interconnected gas spaces that promote gas diffusion between plant
radicular and aerial systems (Arber, 1920; Drew et al., 2000). Their development takes place from
the root apex towards the base (Leite et al., 2017). In rice (Justin and Armstrong, 1991), sorghum
(Promkhambut et al., 2011), and sugarcane (Begum et al., 2013), aerenchyma is constitutively

developed, and two distinct phases are remarkable: programmed cell wall death and cell wall
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modification (Leite et al., 2017). Researchers have demonstrated that MLG is degraded as
aerenchyma develops at this second stage, possibly associated with the higher level of MLG
proteins and genes vis-a-vis the polymer hydrolysis (Leite et al., 2017; Grandis et al., 2019).

Even though sugarcane aerenchyma studies on the cell wall disassembling have been
established as a model, its genome complexity and ploidy hinder detailed molecular analysis
(Thirugnanasambandam et al., 2018). Accordingly, sorghum, known for the quality of its
sequenced genome and, above all, importance in bioenergy, was used by our group to investigate
molecular details regarding MLG hydrolysis associated with aerenchyma development. Indeed,
primary sorghum primary roots have excelled as an up-and-coming model for our purpose.
Notably, our results have concurred with sugarcane studies and, significantly, gave more details
about the genes related to MLG hydrolysis and synthesis. Ultimately, reinforcing our hypothesis
that MLG is associated with aerenchyma development.

Although scientific literature displays several protocols for sorghum genetic
manipulation (Do et al., 2016, 2018; Liu et al., 2019a, 2020), few researchers have mastered
sorghum tissue culture. Interestingly, some American universities offer CRISPR-editing on
sorghum and its transformation for a high price. Presumably, sorghum genetic engineering will be
mastered worldwide in a few years.

At the renowned Rutgers University, an institution we collaborate with, rice genetic
engineering is mastered. Therefore, we decided to use the CRISPR-editing technique on OsEg/!
and OsEgl?. At the American institution, we obtained potential transgenic lines, which eventually
will contribute to the understanding of the MG hydrolysis regarding aerenchyma formation.

In a nutshell, this doctoral dissertation comprises studies involving biochemical and
molecular analysis of MLG hydrolysis associated with aerenchyma development in sorghum and
rice. All sorghum data were obtained at the University of Sao Paulo and are in the first chapter.

Rice gene editing was carried out at Rutgers University and is described in the second chapter.
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2. MIXED-LINKAGE GLUCAN HYDROLYSIS AND THE AERENCHYMA DEVELOPMENT IN

PRIMARY ROOTS OF SORGHUM

ABSTRACT

The aerenchyma is a network of longitudinal interconnected gas spaces that
promotes the diffusion of gases within roots. The lysigenous aerenchyma is inducible
or constitutive and comprises two remarkable phases: programmed cell death and
cell wall degradation. Although important discoveries of these two stages were
obtained from studies with rice and maize, sugarcane roots stood out as a model for
elucidating cell wall degradation mechanisms during the development of constitutive
lysigenous aerenchyma. In the course of this process, a notable event is the
degradation of the mixed-linkage (1,3;1,4)-8-D-glucan (MLG), a hemicellulosic
polymer composed solely of glucose units. In plants, this polysaccharide is
hydrolyzed by enzymes encoded by endo-(1,3; 1,4)-f-D-glucanases of the family glycosyl
hydrolases 17 (GH17) and synthesized by proteins encoded by celulose synthase-like F,
H, and | (Cs/F, CsH, and Cs/]). Although sugarcane has been established as a
reference for aerenchyma cell wall modification, the complexity and polyploidy of its
genome  hinder robust inferences upon phylogenetic  reconstructions.
Phylogenetically close to sugarcane, Sorghum bicolor, on the other hand, is diploid and
has been recognized for the quality of its genome sequencing. Moreover, the species
has a rich germplasm collection and recent improvements in genetic transformation.
It is highly adaptable to semi-arid regions, and all parts of the plant are usable,
especially the grains. At the beginning of its development, the seeds germinate and
develop a single primary root that has constitutive aerenchyma. Considering those
essential features, we have used sorghum's primary roots to search genes and
enzymes related to MLG hydrolysis during aerenchyma development. High-
resolution tomography's anatomical characterization enabled the division of the root
in three segments (S1, S2, and S3) from the apex towards the root base. At the root
apex (S1), there is no aerenchyma. Subsequently, the gas spaces start to form (S2) and
continue developing towards the base (S3). Phylogenetic inferences pointed out that
Cs/Hs are not monocot-restricted but encompass magnoliids. However, the GH17
endo-(1,3;1,4)--D-glucanases are Poaceae-specific and have three sorghum endo-(1,3,1,4)-
B-D-glucanases (Sblicl, Sblic2, and Sblic3). The data suggest that S/l has accumulated
more genetic divergence than Sb/ic2 and Sbiic3, both in a distinct clade. The gene
expression analyzes showed low and continuous expression for Sbkc2 (S1=S2=83),
whereas Sblicl increased tenfold (S1<S83). Furthermore, there was a decrease in
expression for SOCs/F6 (S1> S2), an MLG synthase. The enzymatic assays using
crude extracts showed an increase in enzyme activities of endo-(1,3; 1,4)-3-D-
glucanases (S1<S2), eventually SBILIC1 and SBLIC acting together. Concurrently,
there was a decrease in the relative MLG quantity (S1> S2=83) and a decline in
glucose from structural polysaccharides (S1> S3), presumably associated with the
reduction of MLG amount, a glucose polymer. Therefore, the gene expression,
enzyme activity, MLLG quantification, and glucose level are interconnected. Thus, we
conclude that MLG is degraded in roots and eventually associated with gas spaces
formation. We emphasize that the plant material's fast acquisition and simplicity
facilitated the anatomical characterization and subsequent analysis. Finally, we affirm
that sorghum's primary roots are an up-and-coming model for understanding the
MLG hydrolysis throughout aerenchyma development.

23



24

Keywords: sorghum; primary roots; aerenchyma; lichenan; B-glucan; mixed-
linkage glucan; mixed-linkage B-glucan; mixed-linkage (1,3;1,4)-B-D-glucan; mixed-
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2.1. INTRODUCTION
2.1.1. Sorghum

Botanists, evolutionists, and archaeologists have debated about the origin and
domestication of C, cereal sorghum for many years. Anthropological records suggest that hunter-
gatherers already had contact and used wild and landraces of sorghum varieties around 8,000 BC
(Venkateswaran et al., 2019). The domestication of the sorghum genus may have taken place near
4,000 BC in Sudan's western savannah, sorghum's center of origin (Smith, C.W; Frederiksen,
2000). Archaeological evidence shows that sorghum has been cultivated in the far Faster Sahel at
the beginning of the second millennium BC and perhaps even eatlier, before being migrated to
India (Winchell et al., 2018), the second center of origin (Hariprasanna and Patil, 2015).

Sorghum spp. comprise about 22 species (Dillon et al., 2007) and solely Sorghum bicolor (L.)
Moench contributes to the majority of cultivated sorghum (Venkateswaran et al., 2019).
Economically, S. bicolor, here mentioned as sorghum, belongs to one of the important angiosperm
families: Poaceae (Schmid et al., 2007; Simpson, 2010).

Agronomically, sorghum can be classified as grain sorghum, biomass sorghum, forage
sorghum, and sweet sorghum (Rooney, 2014). Despite this variable and non-taxonomic
classification, "grain sorghum" has been used as food and biofuel production in the United States
and "sweet sorghum" as a sweetener and forage sorghums for animal grazing hay or silage.
Moreovet, its production can be mechanized from planting to hatrvest, using equipment already
used in other crops, such as soybeans, wheat, and rice (Brandao, 2007).

Sorghum is the fifth most important cereal crop, following wheat, rice, maize, and
barley in both total production and acreage in the world (Stutts and Vermerris, 2020). The high
productivity of this plant is related to the high efficiency in carbon fixation via C4 photosynthesis,
nitrogen acquisition (Olson et al, 2013), and resistance to stress from heat and drought
(Rosenow et al., 1983; Kebede et al., 2001; Sleper and Poehlman, 2006). Besides, plant breeders'
extensive work gave rise to cultivars that are resistant to flood (Promkhambut et al., 2011),
temperate climates (Zegada-Lizarazu and Monti, 2012), lodging (Sleper and Poehlman, 2000),
moderate tolerance to salt stress (Hassanein and Azab, 1993), and aluminum toxicity (Sleper and

Poehlman, 20006).
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Among grasses, stricto sensu, sorghum stands out due to the lower inputs required for
bioethanol production implementation (Reddy et al., 2005). Another advantage of this plant vis-
a-vis the socio-economic impacts is land use since distinct organs of sorghum can be used for

food production (grains) and biofuels (stalk) (Reddy et al., 2008).
2.1.2. Developmental stages of sorghum

According to Vanderlip and Reeves (1972), after germination, sorghum development is
separated into three stages: vegetative, reproductive, and grain filling, totaling 95 days. They are

shown in Table 1.

Table 1. Identifying characteristics and approximate time intervals among stages of
sorghum growth.

Growth
stage Approximate days after emergence * Identifying characteristic
Emergence. Coleoptile visible at the soil
0 0 surface
1 10 The collar of the third leaf is visible
2 20 The collar of the fifth leaf is visible
Growing point differentiation.
Approximately eight leaf stage by
3 30 previous criteria
4 40 Final leaf visible in the whotl
Boot. Head extended into flag leaf
5 50 sheath.
Half-bloom. Half of the plants at some
6 60 stage of bloom
7 70 Soft dough
8 85 Hard dough
Physiological maturity. Maximum dry
9 95 matter accumulation

*Approximate days required for hybrids of RS 610 maturity grown at Manhattan, Kansas.
Adapted from Vanderlip and Reeves (1972).

2.1.3. Germination

Germination of sorghum seeds starts with the seed imbibing water held in its
surroundings and culminate with the seed coat's radicle protrusion. Several variables affect the
rate at which germination occurs, and water and temperature are the most important ones
(Roozeboom et al., 2016). Brar and Stewart (1994) reported that seeds of hybrid sorghum

generally take seven days to germinate at 15.5 °C and one day to germinate at 37.5 °C. Although
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there is a broad temperature range for seed germination, germination's optimal temperature

ranges from 21 °C to 35 °C (Mortlock and Vandetlip, 1989; Brar and Stewart, 1994).

2.1.4. Primary root development

The development of sorghum's primary roots may vary among cultivars (Singh et al.,
2010; Hariprasanna and Patil, 2015). After germination, sorghum produces a single primary root
and a coleoptile (Figure 1). The latter originates two leaves approximately in seven days, and the
former develops lateral branches. The primary root gets longer and becomes vertically orientated,
especially from the second to third leaf stage. At this point, higher-order lateral branches are
more evident and increase during plant growth, and lateral roots start to appear when four to five

leaves have fully expanded (Singh et al., 2010).

Figure 1. Primary root of sorghum seedling. (a) 3 days, (b) 4 days, and (c) 7 days after
germination. C, coleoptile; FL, first leaf; PR, primaty root; SL, second leaf. (Singh et al., 2010).

2.1.5. Plant cell wall and mixed-linkage glucan

Extracellular matrices are complexes of polymers that surround most cells of living
beings. These matrices are arranged in an encoded fashion, where different polymers (mainly

polysaccharides, with lower proportions of proteins, phenolic compounds, and others) are
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arranged distinctively, resulting in different biological functions. These distinctive arrangements
are named the glycomic code (Buckeridge, 2018).

In plants, the glycomic code gives rise to at least three types of cell walls: I, II, and III
(Gibeaut and Carpita, 1993; Silva et al., 2011). In general, the glycomic code displayed by plant
cell walls contains five main classes of polymers: cellulose, hemicellulose, pectin, proteins, and
lignin. They vary in composition and are combined to form the cell wall types I, II, and 1L
Although extraordinarily complex and diverse, pectins have not been used to distinguish cell wall
types. Conversely, hemicelluloses have been used to distinguish cell wall types. Type I walls stand
out by xyloglucan's presence as the main hemicellulose, type II by arabinoxylan, and mixed-
linkage (1,3;1,4)-3-D-glucan (MLG), and type III by a higher proportion of mannans in their
walls.

Cellulose, being an ancient extracellular matrices polymer, can be found in practically all
groups of living organisms, except for Archaea (McNamara et al., 2015). During evolution, it
became central to the extracellular matrices mechanical properties of photosynthetic organisms
(plants, green and red algae), differing from heterotrophic groups of organisms (bacteria, fungi,
and animals), which produce polysaccharides containing nitrogen (Buckeridge, 2018). Although
plant cellulose synthase complexes produce most of the cellulose on the planet, the enzyme has a
bacterial origin (Romling and Galperin, 2015).

Ancestral organisms, like bacteria, have homologous genes to the cellulose synthases
encoding enzymes capable of producing MLG (Pérez-Mendoza et al., 2015, 2017; Baena et al,,
2019). In monocots, MLG's synthesis is associated with celulose synthase-like (Csl) F, H, and | (Cs/F,
Cs/H, and Cs/f) families (Burton et al., 2006; Doblin et al., 2009; Ermawar et al., 2015; Little et al.,
2018). By contrast, enzymes concerning MLG's hydrolysis in plants are found within two families
of glycosyl hydrolases (GH): GH16 and GH17 (Hoj and Fincher, 1995; Planas, 2000; Ekl6f et al.,
2013; McGregor et al., 2017; Tamura et al., 2017).

2.1.6. MLG occurrence

In monocots, Poales is the taxon in which MLG has been studied the most and,
nonetheless, researchers are not unanimous regarding MLLG's presence or absence in different
subgroups within this order (Smith and Harris, 1999; Trethewey et al., 2005). Dissension apart,
Harris and Fincher (2009a) have considered the MLG presence in the following families of
Poales: Poaceae, Cyperaceae, Xyridaceae, FEcdeiocolaceae, Juncaceae, Flagellariaceae,

Joinvilleaceae, and Restionaceae. More recently, Little and coworkers (2018) have shown a more



28

widespread MLG distribution across monocots, including Anthurium ammnicola (Alismatales), Acorus
americanus (Acorales), Musa acuminata (Musaceae), and Ananas comosus (Bromeliaceae).

The wide distribution of MLLG is beyond monocots, and, surprisingly, the polymer has
been found in bacteria, like Szzorbizobium meliloti (Pérez-Mendoza et al., 2015, 2017; Baena et al.,
2019) and "MLG-like oligomers" in Sarcina ventriculi (Lee and Hollingsworth, 1997), gram-positive
coccus.

In ancestral eukaryotes, the hemicellulose has been discovered in one dinoflagellate
(Nevo and Sharon, 1969), xanthophyte (Ford and Percival, 1965), red alga (Lechat et al., 2000),
several brown algae (Salmean et al., 2017), and green algae as well (Popper and Fry, 2003; Eder et
al., 2008). In Viridiplantae, in addition to green algae, the polymer exists in liverwort (Popper and
Fry, 2003), lycophyte (Fry et al., 2008b; Harholt et al., 2012), and basal tracheophytes, such as
horsetails and Aspleniaceae (Fry et al., 2008b; Serensen et al., 2008).

In organisms closer to the Animalia kingdom, like fungus, MLG was detected in lichen
Cetraria islandica by the early 20th century (Karrer et al., 1924; Pringsheim and Kusenack, 1924)
and other groups of fungi (Honegger and Haisch, 2001; Pettolino et al., 2009).

2.1.7. MLG fine structure

Mixed-linkage glucans, sometimes nonspecifically named as $-glucans, are unbranched
linear polymers consisting of 3(1,3) and B(1,4)-glycosyl residues. Staudte and coworkers (1983)
stated that two or three blocks of 3(1,4)-glycosyl residues in a row are randomly arranged,
indicating that [3(1,3)-glycosyl residues are irregularly spaced in the polymer chain. These
"irregular" insertions would kink the polysaccharide along its chain (Figure 2). Consequently, the
angular inclination would make the polymer chains interact less and, ultimately, more water-
soluble. On the other hand, linearity composed of adjacent sequences of 3(1,4)-glycosyl residues
would confer to the chain a "cellulose conformation resemblance” and less solubility in water
(Buckeridge et al., 2004; Stone, 2009).

MILG's fine structure and identification can be assessed by enzymes able to hydrolyze it.
The enzymes used the most are the "lichenases" (EC 3.2.1.73). "Lichenases" may have their
etymology from lichenan, a type of MLG (Iakiviak et al., 2011) discovered in the early 20th
(Karrer et al., 1924; Pringsheim and Kusenack, 1924). The lichenases are non-specific names for
bacterial, fungal, and plant endo-(1,3;1,4)-3-D-glucanases (EC3.2.1.73), which cleave specifically
3(1,4) bonds that immediately follow a 3(1,3) bond within the MLLG polymer. This reaction yields

oligomers with different degrees of polymerization (DP), such as trisaccharide (DP3) and
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tetrasaccharide (DP4). Eventually, exo-B-glucanases (EC 3.2.1.74) hydrolyzes DP3 and DP4,
thus, producing disaccharides (DP2) (Kuge et al., 2015).
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Figure 2. Primary structure of mixed-linkage (1,3;1,4)-8-D-glucan in Poaceae. MLG is a linear
homopolymer composed mainly of (1,4)-linkages and less (1,3)-linkages. A single (1,3)-linkage insertion
breaks up the chain's regularity, turning it into a more soluble-water polysaccharide. Adapted from
Buckeridge and de Souza (2014)

More recently, some researchers have used the term mixed-linkage glucanases (MLGase)
for any enzyme capable of modifying the polymet's structure (Gorlach et al., 1998). Nonetheless,
other scholars employ the word with addenda (Kim et al., 2001; Behar et al., 2018). In this work,
we employ MLGase for any glucanases capable of modifying MLG.

Burton and coworkers (2011) reported that MLG's fine structure could be related to
gene expression variation from different MLG synthases (Cs/Fs and Cs/Hs) or the combination of
these synthases. Despite the poor knowledge of MLG tailored structure, researchers have been
using the DP3:DP4 ratios to assess MLG's fine structure (Burton and Fincher, 2012) and have
found that this ratio is highly diverse among species and within tissues of the same species
(Lazaridou et al., 2004; Doblin et al., 2009; Burton and Fincher, 2012; Xue and Fry, 2012).

In prokaryotes, MLG has been reported in the bactetium Sinorbizobium meliloti (Pérez-
Mendoza et al., 2015, 2017; Baena et al, 2019) and upon MLGase digestion, the polymer
generated disaccharide repeating units (Pérez-Mendoza et al., 2015), an unusual form. Moreover,
the gram-positive bacterium Sarcina ventriculi has shown the presence of oligosaccharides of -
glucopyranose, a B-glucose, made up of (1,3) and (1,4) linkages (Lee and Hollingsworth, 1997),
resembling MILG in composition.

In the fungi kingdom, MLG has been detected mainly in species that are "lichens," such
as Cetraria islandica. This fungus has lichenin or lichenan, a polymer known to be a type of MLG
(Iakiviak et al., 2011). It highly differs from those in grasses, having a much higher proportion of
DP3 to DP4 units (20.2-24.6:1) (Lazaridou et al., 2004). This proportion, in which there is a
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greater abundance of DP3, makes the polymer chain much more regular than the poalean MLG
chains and favors the formation of viscous solutions gel-like matrices (Tosh et al.,, 2004). This
same chain regularity can occur by low ratios of DP3:DP4, where the DP4 value is high (Harris
and Fincher, 2009b). In the fungus Rbynchosporium secalis, the hydrolysis of MLG by bacterial
MLGases leads primarily to the formation of DP3, with small amounts of laminaribiose, a
disaccharide composed of glucosyl residues attached by a 3(1,3) linkage (Pettolino et al., 2009).

In algae, /latu sensu, a sulfated-MLG has been found in one red alga. The sulfated
polymer occurs mainly on 4-linked glucose residues (Lechat et al., 2000). On the other hand, in
brown algae, MLG has been identified in many species within the Phaeophycean family and is
composed mainly of DP3 units, resulting in ML.G's higher aggregation and water (Salmean et al.,
2017). In green algae, MLG has been reported in Ulva lactuca and Micrasterias denticulate. The
former is a chlorophyte, whose cell wall yielded pentasaccharides to decasaccharides when
subjected to bacterial MLGase digestion (Popper and Fry, 2003). The latter is a desmid, whose
secondary cell walls and pores have MILG, and upon MIL.Gase digestion yielded more DP3 than
DP4 (Eder et al., 2008).

In the Equisetum genus, MLG consists predominantly of DP4 blocks with a low
DP3:DP4 ratio (0.1 or less) (Fry et al., 2008b; Serensen et al., 2008). Moreover, the polymer
MLG has been detected throughout Eguisetum arvense stem cell walls, exempting vascular tissues
(Serensen et al., 2008).

Poaceae is the family in which MLLG has been studied the most. This hemicellulose is
widely distributed in primary and secondary walls of grasses. Besides, there is a higher proportion
of DP3 than DP4 generated upon bacterial MLGases digestion (Burton and Fincher, 2012).
Lazaridou and Biliaderis (2007) compiled data regarding molecular-structural features of cereal
MLG. The authors stated the relative percentage amount of DP3 decreases from wheat (67—
72%) to batley (52—69%) and oats (53—61%). DP4, on the other hand, increases from wheat (21—
24%) to batley (25-33%) and oats (34—41%). So, DP3:DP4 ratios decrease from wheat (3.0—4.5)
to barley (1.8-3.5), rye (1.9-3.0), and oats (1.5-2.3). This ratio is considered the fingerprint of the
structure of cereal MLLG. In the context of poalean MLG, higher solubility exists with DP3:DP4
ratios ranging from 1:1 to 2.5:1 (Burton and Fincher, 2012).

MLG's fine structure diversity seems to be a crucial determinant for its physicochemical
properties. It influences its capacity of interaction with other polysaccharides and sets the cell
wall's mechanical properties. Thus, the assessment of MLLG evolution and its fine structutes will
need further investigation to unveil their glycomic codes resulting in the identification of the

structure-function relationship.
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2.1.8. MLG biosynthesis

There is some controversy regarding the site of MLLG synthesis. While it has been stated
that it occurs at the plasma membrane (Wilson et al., 2015), many authors have argued that MLG
is synthesized in the Golgi (Buckeridge et al., 1999; Carpita and McCann, 2010; Kim et al., 2015,
2018). Dissension apart, researchers have found that the bacterium Sinorbizobium meliloti
synthesizes MLLG by glycosyltransferases, whose BgseA/BgsB genes are homologous to bacterial
cellulose synthases A (BesA) (Pérez-Mendoza et al., 2015, 2017; Baena et al., 2019). Phylogenetic
inferences suggested that other bacteria, such as Agrwbacterium and Methylobacterinm, can also
produce MLG (Pérez-Mendoza et al., 2015), considered they may have those synthases. The
brown alga Ectocarpus siliculosus, which has MLG, contains cellulose synthases (Csls) closer to BesA
than to plants Cs/s (Michel et al., 2010). However, the lycophyte Selaginella moellendorffi has
orthologous sequences to plant Csis, the CslA, CsiC, and Cs/D (Harholt et al., 2012), although
they have not been associated with MILG synthesis, remaining unclear the whereabouts of MLG
synthases.

In monocots, the Cs/Fs, Cs/Hs, and Cs/[s are responsible for MLG synthesis (Burton et
al., 2006; Doblin et al., 2009; Ermawar et al., 2015; Schwerdt et al., 2015; Little et al., 2018). Cs/Hs
and Cs/Js have been found throughout monocots, and Cs/Fs are Poaceae-restricted (Little et al.,
2018). So far, Cs/Fs and Cs/Hs have not been reported in eudicots. Intriguingly, rice Cs/sEF and
bartley Cs/Hs were expressed in Arabidopsis thaliana (eudicot), and both experiments showed MLG
production (Burton et al., 2006; Doblin et al., 2009), indicating that A. thaliana could have
additional machinery interacting with the heterologously expressed proteins to produce MLG
(Vogel, 2008; Scheller and Ulvskov, 2010). Another similar approach has shown that the
overexpression of two Hordeum wvulgare CslFs genes (HvCslF3 and HyCs/F10) in  Nicotiana
benthamiana (eudicot) resulted in the synthesis of a linear glucoxylan, consisting of (1,4)-B-linked
glucose and xylose units (Little et al., 2019), thus, putting at stake the previous findings of Cs/H,

Cs/H, and Cs/J as exclusive genes in synthesizing MLG.

2.1.9. MLG rearrangement

MLG remodeling occurs through hydrolysis or transglycosylation by vatious families of
glycosyl hydrolases: GH3, GH16, GH17, GH55, GH64, GH81, and GH128. Most of these
families are found in microorganisms, and only a few subgroups within each family are associated

with MLG remodeling (Chaari and Chaabouni, 2019).
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2.1.10. GH17 and GH16 MLGases

GH17 are plant hydrolases encompassing endo-(1,3;1,4)-3-D-glucanases (EC 3.2.1.73)
and (3(1,3)-glucanases (Akiyama et al., 2009). The latter is associated with callose hydrolases and
gives rise to the former (Hoj and Fincher, 1995). The GH17 endo-(1,3;1,4)-B-glucanases and
some GH16 glucanases hydrolyze the 3(1,4) bonds that immediately follow 3(1,3), both are then
acting similarly (EC 3.2.1.73) (Miiller et al., 1998). However, both MLGases (EC 3.2.1.73) have
neither similarity in their amino acid sequences nor their proteins' three-dimensional structure
(Planas, 2000). They are an example of convergent evolution towards a single substrate specificity
(Miller et al., 1998; Planas, 2000).

GH16 is a large and taxonomically diverse family of 3-jelly-roll proteins whose enzymes
are associated with hydrolysis and transglycosylation of terrestrial and marine polysaccharides
(Viborg et al., 2019). The GH16 concerning MLG hydrolysis falls into three main subgroups:
bacterial endo-(1,3;1,4)-3-D-glucanases, endo-glucanases of GH16 (EG16), and xyloglucan
endotransglucosylase/hydrolases (XTH). Some studies have shown that bacterial endo-(1,3;1,4)-
B-D-glucanases probably gave rise to EG16s and XTHs (Ekl6f et al., 2013; McGregor et al.,
2017; Behar et al., 2018). Then the ancient EG16s have been considered the evolutionarily link
between bacterial endo-(1,3;1,4)-3-D-glucanases and XTHs (EkI6f et al., 2013; McGregor et al.,
2017; Viborg et al., 2019). Moreover, EG16s are structurally and functionally similar to bacterial
endo-(1,3;1,4)-B-D-glucanases and xyloglucan endo-transglycosylases (XETSs), a group within
XTHs that contains a catalytic "promiscuity” for MLG and xyloglucan hydrolysis (Behar et al.,
2018). Intriguingly, two eudicots EG16s - [is vinifera (XP_002273975.1) and Populus trichocarpa
(PtEG106) (EKI6f et al., 2013) - catalyze MLG backbones and xyloglucan (Ekl6f et al., 2013;
McGregor et al., 2017), despite the MLG's absence in eudicots.

Most XTHs graft part of donor polymer, a xyloglucan, to other acceptor
polysaccharides, usually another xyloglucan (Simmons et al., 2015). The XTH family encodes
XETs (EC 2.4.1.207) and xyloglucan endo-hydrolases (XEHs) (EC 3.2.1.151) (Behar et al., 2018).
The vast majority of XTHs "cut" and "rejoin" xyloglucan by XET activity, whereas some XTHs
hydrolyses xyloglucan by XEH (EC 3.2.1.151) action (Rose et al., 2002; Baumann et al., 2007;
Ibatullin et al., 2009).

More than a decade ago, Fry and coworkers (2008a) charactetrized an Eguisetum fluviatile
MLG: xyloglucan endotransglucosylase (MXE) capable of grafting MLG or xyloglucan (donors)
to xyloglucan oligosaccharides (acceptor). Later, this MXE was termed as hetero-trans-{3-
glucanase (HT'G) (Simmons et al., 2015; Simmons and Fry, 2017) since the EfHTG acts not only

on MLG and xyloglucan as donors but also on cellulose as a donor to xyloglucan (receptor.). The
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EfHTG i1s phylogenetically considered a subfamily member of the XTHs (GH16) (Simmons et
al., 2015; Simmons and Fry, 2017). Additionally, a Brachypodinm distachyon XTH8 (BAXTHS) has
shown MXE activity (Fan et al., 2018).

2.1.11. MLG roles

Our work classifies MLG functions into two main categories: structural and storage,
although there may exist overlapping functions between them. To frame the functional
categories, we assume that MLLGs went through a transference of function processes similar to
what has been proposed for other cell wall polysaccharides (Buckeridge, 2010; Buckeridge and de
Souza, 2014).

2.1.12. The transient and permanent structure

MLG has been hypothesized as a structural transient polysaccharide in grasses due to its
transitory accumulation in the primary cell walls of young tissues in the process of elongation,
such as in the coleoptiles of maize. Although Carpita (1984) was the first to demonstrate the
accumulation of MLG in coleoptiles of maize up to 4 days of development, it was Luttenegger
and Nevins in 1985 who demonstrated the true transitory nature of MLG accumulation in this
system, following the presence of the polysaccharide up to 10 days. The authors demonstrated
that after maximal cell wall elongation, MLG 1is rapidly degraded. Similarly, other researchers'
observations accounted for corroborating the hypothesis that the MLLG could be a transient
polysaccharide (Carpita, 1984; Luttenegger and Nevins, 1985; Kim et al., 2000; Carpita et al.,
2001; Gibeaut et al, 2005). This same transient role has been discussed by Slakeski and
coworkers (1990), who proposed that MLG represents a physical barrier between hydrolytic
enzymes secreted from peripheral tissues and their substrates within the cell of the starchy
endosperm of barley grain.

Nonetheless, Vega-Sanchez and coworkers (2012) found MLG in older leaves of rice. A
year later, Vega-Sanchez and coworkers (2013) observed MLG's appearance in old tissues and
some species' secondary cell walls and proposed that MILG's presence at maturity might indicate a
strengthening reinforcement role in some organs, such as stems and leaves. They argued that the
polymer does not play an exclusive role as a transient polymer but plays other roles that should

be considered.
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The possibility of MLG as a physical reinforcement was also verified by Kido and
coworkers (2015). When they overexpressed rice endo-(1,3;1,4)-p-D-glucanase 1 (OsEgll),
experiments detected a decrease in cell wall resistance linked to the lower MLLG amount and
ensuing silica distribution profile in leaves. The cell fractionation experiments unveiled the
polymer's presence mainly in Equisetum shoots' secondary cell walls, and its contents were
associated with an age-dependent process. A few years before, Fry and coworkers (2008b) had
proposed that MLLG could be a template for silica deposition in Equisetum.

In algae, Herburger and coworkers (2017) also raised the possibility of MLG
accumulation in the thickened secondary cell wall of some green algae. Based on their work, it
has been argued that the MLG accumulation, especially on secondary cell walls of some green
algae, could be an age-dependent process. In brown algae, MLLG is associated with alginates in
cortex cell walls (most inner and outer cells) and insolubility in water (Salmean et al., 2017). The
authors argued that the regular conformation could allow long stretches of the molecule to align
and form microfibrils that may have a structural role.

Indeed, many experiments indicated a structural role for MLG. In a red alga, LLechat and
coworkers (2000) detected a sulfated MLG composed mainly of sulfated 3(1,4) bonds. The
sulfated polymer's cell wall extraction pattern indicated it is probably linked to the algal fibrillar
cell wall and interaction with other polysaccharides. Therefore, Lechat and coworkers (2000)
speculated that the sulfated MLG could contribute to red alga's overall cell wall cohesion.

In prokaryotes, MLLG may have a crucial role in the structure of exopolysaccharide from
the Rhizobial bactetium Sinorbizobium meliloti 8530, which does not contain cellulose synthase
genes (Pérez-Mendoza et al., 2015). According to the author, the polymer is vital to the formation
and aggregation of biofilms and, thus, necessary for the bacterium's attachment to the alfalfa
plant's roots. Moreover, the scientists suggested that MLG is a surface polymer that helps
rhizobia and other plant-associated bacteria grow and develop in the soil (Pérez-Mendoza et al.,
2015).

In the lichen Cetraria islandica, "the lichenin," or MLG-like, is primarily a structural
element of the fungal wall, with essential functions in thalline water relations, rather than a
storage compound of lichen-forming ascomycetes" (Honegger and Haisch, 2001).

Some researchers have suggested an association between MLG and aerenchyma
development (Slakeski et al., 1990). Given the high level of ML.G and EI endo-(1,3,;1,4)-f-glucanase
mRNA in young leaves of barley, Slakeski and coworkers (1990) conjectured that if the elevated
level of EI endo-(1,3;1,4)-f-glucanase mRNA is proportional to the enzymatic activity, then a rapid

degradation of the cell wall or turnover would happen in the leaves. The plausible explanation for
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the high levels of an MLGase, according to the authors, is that the enzyme would be involved in
the formation of intercellular airspaces that are necessary for the diffusion of gases and water
vapor in young leaves. The gas spaces, initially, do not have direct access to the atmosphere.
Since these intercellular airspaces develop through a selective dissolution of the cell (lysogeny) or
trequently by separation of cells (schizogeny), they suggested the possible involvement of EI endo-
(1,3;1,4)--glucanase in aerenchyma formation of paddy rice.

Other pieces of evidence involving MLG's relationship in the development of
aerenchyma in grasses have been reported (Leite et al., 2017; Grandis et al., 2019). Leite and
coworkers (2017) clearly demonstrated the retrieval of MLG from the cell wall of sugarcane roots
along with the aerenchyma formation (Figure 3). In this case, the transient accumulation seems to
be part of the process. Whereas other polymers such as arabinoxylan, xyloglucan, and cellulose
remain and form a composite that forms the gas channels, ML.G disappears completely. Later on,
Grandis and coworkers (2019) showed an increase in an endo-(1,3,;1,4)-p-D-glucanase, the respective
MLGase protein, and its enzyme activity during aerenchyma development, thus, suggesting that

MILG's retrieval being essential in the process.

Figure 3. Mixed-linkage glucan and aerenchyma development in sugarcane roots. The cross-
sections (A, B, and C) correspond with the same developmental phases of the immunolabeled ones (D,
E, and F). There is no aerenchyma at the root apex (A and D), and the MLG signals are noticeable in
cell walls. Towards the root base, the aerenchyma formation begins (B, E), and MLG signals fade (E)
slightly in the cortex (co). In the final phase (C, F) the aerenchyma is utterly developed, comprising
many gas spaces. MLG's disappearance is prominent in the cortex (F), although the polymer remains in
the vascular cylinder (vc) and peripheral tissues (pe): epidermis, exodermis, and sclerenchymatous
cylinder. Controls (A-C) were stained with toluidine blue and immunolabeled (D-E) deployed MLG-
directed antibody. (en) means endoderm. Scale bar represents 100 mm. (Leite et al., 2017).
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2.1.13. Storage

Most grass seeds are rich in starch. However, in species such as oat, batley, and
Brachypodium, MLG constitutes a significant proportion of the endosperm walls (Buckeridge et
al., 2004; Burton and Fincher, 2012). Grasses can use MLG as an endosperm storage polymer
and degrade it during germination to provide additional energy supply for early seedling
development (Meier and Reid, 1982). Almost twenty years after this statement, Roulin and Feller
(2001) found in wheat leaves a relationship between the level of sugar availability for growth and
the activity and quantity of an endo-(1,3,1,4)-3-glucanase protein. They showed an increase in the
activity and quantity of an ML.Gase when the leaves were submitted to periods of lack of sugar
(e.g., extended periods of darkness, voluntary withdrawal of sugar). Later on, Roulin and
coworkers (2002) found a similar pattern in batley leaves subjected to an extended period of
darkness: the concomitant increase of an endo-(1,3,1,4)-B-glucanase protein level with the
decrease of MLLG content. Thus, they suggested that the polysaccharide could also serve as a
source of energy during sugar shortage periods (Roulin and Feller, 2001; Roulin et al., 2002; Wilti
et al., 2002).

Further evidence of the MLG storage role is the inverse correlation of MLG and starch
content in Pooideae grains. Brachypodium distachyon, for instance, contains low amounts of starch
and a high quantity of MLG. Conversely, little MLG and a high amount of starch in rice grains
have been found (Trafford et al., 2013).

A few other indications exhibited high MLG levels in barley lines carrying a mutation on
starch biosynthesis genes, suggesting, therefore, a regulatory link between the MLLG content level
and starch (Munck et al., 2004; Houston et al., 2014). Starch and MLG are synthesized from
nucleotide sugars (ADP-glucose and UDP-glucose, respectively) in developing endosperm cells
from sucrose breakdown (Kleczkowski, 1996). The cytosolic UDP-glucose pool is common to
both pathways and could be "hijacked" for starch and MLLG synthesis, eventually diverting the
substrate to either pathway (Trafford et al., 2013).

In sorghum's vegetative tissue, Ermawar and coworkers (2015) noticed that the MLG
level varies according to tissue age or developmental stage. The mature leaves have low MLG
levels compared to young leaves, and the younger internodes have a more significant amount of
MLG compared to older ones. By contrast, there is a higher MLG quantity in mature roots
compared to seedling roots. Sorghum is a ratoon crop, then, the harvest is based mainly on
cutting most of the above-ground part and leaving the roots intact, so the plant can recover and
grow for the next season. Based on this premise, the authors suggested that MLLG can be a source

of energy by new growing shoots recovering from roots.
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2.1.14. Other roles

Kim and coworkers (2017) found a negative correlation between the amount of MLG
and heat stress-treated seeds in the eatly development stage of B. distachyon. Besides the smaller
MLG amount, they argued that MLG plays an essential role in the B. distachyon seed development.
Nevertheless, further investigation is necessary to know the exact MLLG's purpose during the B.
distachyon seed development.

All evidence mentioned above points to corroboration of the hypothesis that MLG
went through a process of transference of function during evolution in plants. As proposed for
other cell wall polysaccharides (Buckeridge, 2010), MLG's primary function seems to be the
structural one. A secondary function has probably appeared later as storage in seeds and also in

leaves of grasses.

2.1.15. MLG biotechnology

MLG technology relies on increasing or decreasing this hemicellulose for bioenergy,
brewing, and food industry. On the one hand, plants containing higher MLG levels are
advantageous because the polymer displays hypoglycemic effects. Furthermore, high MLG
content in plants could also be valuable to produce cosmetics and bioenergy. On the other hand,
lower MLG amounts are desirable for some processes since the polymer has negative effects on

beer production and animal feeding.

2.1.16. Increasing MLG content: application in bioenergy and human nutrition

The easy accessibility and high MLLG content in grasses make the polysaccharide an
excellent source for human nutrition and biofuel production. Therefore, this polymert's use has
gained attention and been explored for bioenergy research (Burton and Fincher, 2009; Pauly and
Hake, 2011; de Souza et al., 2013; Loqué et al., 2015; Vega-Sanchez et al., 2015).

For biofuel production, one step to produce second-generation ethanol is the pre-
treatment followed by hydrolysis with cocktails containing mainly hydrolases. However, pre-
treatment such as steam explosion may lead to loss of some highly soluble hemicelluloses, such as
MLG, which represents ca. 10% of sugarcane biomass (de Souza et al, 2013). Eventually,
researchers could control the MLGases temporally and spatially, avoiding the waste of such a

high glucose content. Significantly, Pauly and Hake (2011) obtained a maize mutant line for the
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candy-leaf 1 (cal-T) gene, MI.Gase encoding an endo-(1,3,1,4)-f-glucanase. The authors verified that the
mutant displayed higher MLG amounts, which showed increased saccharification compared to
the wildtype, resulting in a 250% rise in glucose content. According to them, this may occur
because the point mutation triggers a loss of ML Gase activity.

Members of the Cs/FF and Cs/H families have gained attention because they synthesize
MLG. Overexpression of these genes in transgenic .A. #haliana led to the MLG synthesis (Doblin
et al., 2009), and, in another work, there was a 42% increase in saccharification through Cs/F6
expression (Vega-Sanchez et al., 2015). Burton and coworkers (2011) elaborated a meticulous
work in which they obtained numerous lines expressing the different barley synthases (Cs/F)
containing a constitutive promoter (Pro35S) coupled to an endosperm specific promoter
(ProASGLO). Most lines showed a significant increase in the content of MLG, with variations in
the different tissues. Nevertheless, HyCs/F6 overexpression driven by constitutive expression of
Pro35S caused lethality in some plants.

The high content level of MLG is a desirable feature in human food as well. Several
studies showed its effect in lowering blood glucose and reducing cholesterol in animals and
humans (Kahlon et al., 1993; Bourdon et al., 1999; Behall et al., 2004; De Paula et al., 2005).
Yokoyama and coworkers (1997) showed that MLLG's addition to pasta made from wheat flour,
an MLG-poor food, has a hypoglycemic effect in humans. Brennan and Cleary (2005)
commented that there is an attempt to extract pure MLG and adding it into MLG-deficient food.
However, the cost of such extractions makes the procedure impracticable. A more plausible
approach would be expressing the MLG synthases in wheat to obtain flour with hypoglycemic
properties and higher nutritional value. This strategy was adopted by researchers who succeeded
in increasing MLG content upon overexpressing barley synthases (HvCs/F6 and HvCs/F9) in
wheat plants (Cseh et al., 2013). Despite the results, further research is necessary to verify

humans' potential hypoglycemic effects from the transgenic lines.

2.1.17. Decreasing MLG content: application in the brewing industry and animal

feed

Unlike the desirable elevated MLG levels for bioenergy and human food, the large
amount of MLG in the brewing industry and animal feeding is problematic. MLG's primary
concern in the industrial field is in the beer industry because the polymer tends to form highly
viscous aqueous solutions, which causes lower yields of malt extract from grains, resulting in

lower nutrient availability for fermentative yeast growth (Ramesh and Tharanathan, 2003). In the
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fermentation process, those obstacles lead to a reduced rate of beer filtration. Even after
fermentation, MLLG appears to persist and precipitate at low temperatures, contributing to haze
formation and affecting beet's shelf life (Morgan and Gothard, 1977).

The presence of MLG is also problematic for animal nutrition. Some researchers
suggested that the ingestion of MLG-rich foods forms a viscous layer and decreases the diffusion
rates of specific compounds within the digestive tract (Ramesh and Tharanathan, 2003),
impacting body weight gain (Brennan and Cleary, 2005). The polymer seems to have low
digestibility, acting as fiber content. Furthermore, MLG-abundant food also causes poultry to
excrete sticky droppings that affect bedding, considering some species do not have bacterial
MLGases (GH16) to degrade the MLG in their digestive tract (Mrizova et al., 2014). The farmers
then use MLG-poor grains, like maize, for poultry feed. Researchers have been trying to
circumvent this obstacle by lowering MLG content in foods. For instance, scientists added
exogenous bacterial MLGases (GH16) to animal food in order to degrade the polymer (Ouhida
et al., 2000; Mathlouthi et al., 2002) or expressed bactetial endo-(1,3;1,4)-f-D-glucanases in batley
(Von Wettstein et al., 2000, 2003; Mrizova et al., 2014).

Moreover, bacterial endo-(1,3;1,4)-p-D-glucanases (GH16) have been designed to improve
their thermostability and efficiency during beer process production (Chen et al., 2015; Yang et al.,
2015). More recently, Han and coworkers (2017) overexpressed an EII batley endo-(1,3;1,4)-5-
glnecanase (GH17) to decrease the MLG content. They achieved a 95.73% decrease in MLG
content and increased starch level compared to the wild type. Some researchers have found new
alleles from wild-type barley EII endo-(1,3,1,4)-f-D-glucanases, whose activity and thermostability
are significantly higher than those used in industry (Lauer et al., 2017a, 2017b). Interestingly,
Woodwar and Fincher, in 1982, had already reported a more significant barley EII protein's
thermostability than the EI enzyme. Back then, both researchers argued that EIl is a
glycoprotein, whereas EI has only traces of carbohydrates, which would give it less
thermostability. Although the researchers have not explored it, another approach could be
inserting an MXE gene from Equisetum into grasses and, therefore, eventually remodeling MLG
decreases its amount (Simmons and Fry, 2017).

Another strategy explores decreasing MLLG synthases levels. Taketa and coworkers
(2012) found a loss-of-function mutation in HvCs/F6. The natural mutant had reduced agronomic
features, probably due to the drastic reduction of MLG content. Nevertheless, Hu and coworkers
(2014) obtained a viable HvCs/F6 mutant, but in this case, the MLLG content was not drastically

reduced. Another approach used the Triticum aestivum CslF6 gene downregulation in wheat grain,
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resulting in decreased MLG levels in the endosperm. This methodology has been reported as an
industrial application to modulate MLG levels (Nemeth et al., 2010)

All those things considered, it seems reasonable we assume that MLG is essential in
several biotechnological applications. The finding of mutants and mainly the genetic
manipulation of its synthesis and degradation are valuable tools for improvement of plant-growth
performance on the one hand. On the other hand, the capacity to increase the proportion of
MLG both in the whole plant and in seeds can lead to a source of the polymer for industrial
production. One aspect that has not been discussed here but could be pretty crucial in the future
is manipulating the MLG fine structure (Le., the glycomic code) to obtain designed molecular

properties for specific usage in the industry.

2.1.18. Aerenchyma development

The aerenchymas originate from the parenchymal tissues and are characterized by large
interconnected, gas-filled intercellular spaces (Evans, 2003). They appear on leaves (Parlanti et al.,
2011; Liu et al., 2019b), petioles (Schussler and Longstreth, 1996), stems (Casto et al., 2018; Ni et
al., 2019), and roots (Arber, 1920) of plants. Some researchers believe that the gas spaces'
function might improve water absorption and respiration, thus providing an internal pathway for
oxygen circulation and reducing the number of cells consuming this gas (Drew et al., 2000).

According to their developmental mechanism, researchers established two types of
aerenchyma: lysigenous and schizogenous (Arber, 1920; Gunawardena et al., 2001a; Leite et al.,
2017). The former develops primarily by cell separation and programmed cell death (PCD) that
causes the gas spaces (Gunawardena et al., 2001a; Rajhi et al., 2011; Leite et al., 2017) and has
been found in a broad diversity of plants (Jackson et al., 1985; Drew et al., 2000; Aschi-Smiti et
al., 2003; Colmer, 2003; Fan et al., 2003; Shimamura et al., 2010; Yamauchi et al., 2013; Abiko
and Miyasaka, 2020). The latter is found mainly in wetland plants and is characterized by pre-
existing spaces through cell separation and expansion (Du et al., 2018).

Schizogenous aerenchyma has been reported in the genus Rumex, which develops the
gas spaces in its adventitious and primary root (Justin and Armostrong, 1987; Colmer et al.,
2004). Intriguingly, Sagittaria lancifolia has been reported to contain schizogenous aerenchyma in
petioles and lysigenous aerenchyma in their roots (Schussler and Longstreth, 1990).

Lysigenous aerenchyma can be constitutive or inducible by external and internal stimuli
(Evans, 2003). External stimuli include mechanical impedance, nitrate, phosphate (Drew et al,,

1989), and sulfate deficiency (Bouranis et al.,, 2003). Moreover, it comprises a response to
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drought, high temperature, and hypoxia (Evans, 2003). In maize, an environmental inducer is
necessary to initiate the aerenchyma development (Rajhi et al., 2011), whereas no external inducer
is required at constitutive aerenchyma in plants like sorghum (Promkhambut et al., 2011),
sugarcane (Begum et al., 2013; Leite et al., 2017) and rice (Justin and Armstrong, 1991), although
the constitutive aerenchyma can be further induced by hypoxia (Yamauchi et al., 2016). Despite
the differences, the two subtypes have similar developmental pathways, which have been
extensively studied in rice and maize, although other species significantly contributed to
understanding this process.

Flooding mains' effect is an energy distruption caused by the absence of oxygen
necessary to respiratory metabolism (Hofmann et al., 2020). Oxygen deprivation then interferes
with the oxidative phosphorylation metabolic pathway and leads to nitric oxide (NO) production
by several oxidative and reductive pathways (Gupta et al., 2011; Astier et al., 2018), especially by
nitrate reductase (Wany et al., 2017).

Accumulating evidence has shown that NO and low oxygen concentration are required
to suppress group VII ethylene response factors (ERFVIIs). Gibbs and coworkers (2014) found
that ERFVIIs are destabilized in the presence of NO and stabilized in its absence by the N-end
rule pathway of targeted proteolysis. Vicente and coworkers (2017) attested that nitrate reductase
downregulation in _A. thaliana led to lower NO concentration and higher stability of ERFVIIs.
Wany and coworkers (2017) demonstrated that hypoxically induced NO upregulated ethylene
biosynthetic genes encoding ACC synthase and ACC oxidase in wheat roots. Besides, the NO
scavenger-treatment compromised PCD events and, ultimately, gas spaces development.
Evidence suggests that low oxygen concentration is associated with ERFVIIs stability by the N-
end rule pathway (Hinz et al.,, 2010; Gibbs et al., 2011, 2015; Licausi et al., 2011). Therefore,
compelling data indicate that NO and low oxygen concentration are related to ERFVIIs stability
(Vicente et al., 2017; Gibbs et al., 2018; Gupta et al., 2020).

The hormone ethylene is an example of internal stimuli and plays an essential role in the
aerenchyma development of grasses (Jackson and Armstrong, 1999; Drew et al., 2000; Evans,
2003). When this hormone's rate decreases in maize roots, this organ becomes more responsive
to the hormone, culminating in aerenchyma formation (Drew et al., 1989). Maize roots subjected
to inhibitors of ethylene action or ethylene biosynthesis have their PCD prevented (He et al,,
1996b) and aerenchyma development compromised (Drew et al., 1981; Jackson et al., 1985). In
rice under aerated conditions, ethylene inhibitot's usage also inhibited aerenchyma development,

although some aerenchyma was developed (Yamauchi et al., 2016). The authors suggested that
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constitutive aerenchyma formation is regulated by ethylene-dependent and ethylene-independent
pathways.

Plant burst oxidase homologs (RBOHs) are major producers of reactive oxygen species
(ROS), which are involved in several cellular signaling pathways in plants, such as PCD (Wang et
al., 2018). Some RBOHs are directly activated via phosphorylation by (Ca®)-dependent protein
kinases (CDPKs/CPKs) (Kurusu et al., 2015). Yamauchi and coworkers (2017) reported that rice
under oxygen-deficient conditions induced one RBOH and two CDPKs in the cortex of rice
roots. The knockout of an RBOH reduced the ROS accumulation and the ensuing inducible
aerenchyma in rice. Furthermore, ROS production increased by coexpression of RBOH and
CDPK in N. benthamiana leaves.

In maize and wheat, ROS and ethylene showed to be essential for the inducible
lysigenous aerenchyma process (Rajhi et al., 2011; Yamauchi et al., 2014). In ethylene-treated rice
roots, the PCD of the epidermis is H>O,-mediated and regulated by RBOHs (Steffens and Sauter,
2009). Besides, ethylene showed to downregulate a wmetallothionein-2B (MT2b) gene encoding a
ROS scavenger, thereby amplifying the signal and the accumulation of H,O,produced by RBOH.
Thus, the submergence of rice roots releases ethylene inhibiting MT. Then, ROS accumulates. In
maize, MT is constitutively expressed in all the cortical cells, the stellar cells, and the outer cell
layers of roots (Yamauchi et al., 2011). On the other hand, under hypoxia, MT is not expressed in
the roots' cortex, although its expression remains high in stellar and outer layer cells. The results
suggest that MT constitutively scavenges H»O, and other ROS in the cortex, stellar cells, and
outer cell layers. Conversely, the low expression of MT in the cortex prevents ROS's hijacking
and, consequently, leads to ROS accumulation which, ultimately, activates the subsequent process
involved in aerenchyma formation in maize roots: programmed cell death.

Programmed cell death is a remarkable phase of lysigenous aerenchyma. Along with the
aerenchyma development, ethylene stimulates PCD by producing ROS that initiate lysigenous
aerenchyma in grasses (He et al., 1996a; Drew et al., 2000; Parlanti et al., 2011; Yamauchi et al,,
2011, 2014; Leite et al., 2017). During eatly developmental stages, PCD takes place in the cortex
of roots (Evans, 2003; Leite et al., 2017) and is followed by the subsequent cellular processes:
DNA fragmentation, chromatin condensation, plasma membrane invagination, and vesicle
formation (Gunawardena et al., 2001b; Leite et al., 2017). In the final stage, the cell walls are
degraded in the cortex enzymatically. The cell wall disassembly occurs by a coordinated action of
pectinases, xylanases, xyloglucan endotransglucosylases, and cellulases (Saab and Sachs, 1996;

Evans, 2003).



43

Despite the fundamental role of ethylene for aerenchyma development, Tavares and
coworkers (2018) suggested that the sensitivity to ethylene and the crosstalk between ethylene-
auxin may play a crucial role in developing the constitutive aerenchyma in sugarcane roots.
Furthermore, they proposed that auxin could be involved in the expression of genes related to
cell wall expansion, an event that preceded the formation of the aerenchyma in the sugarcane
roots. One year later, Yamauchi and coworkers (2019) found an 7aa33 rice mutant containing
reduced constitutive aerenchyma and lateral roots. They reported that auxin/indole-3-acetic acid
protein (AUX/IAA; TAA) and auxin response factor (ARF)-mediated signaling are both
important for constitute aerenchyma and lateral roots formation in rice. Besides, the authors
proposed a model in which there may be an optimal auxin concentration to form lateral roots
and constitutive aerenchyma, thereby reinforcing the important role of auxin.

Maize and rice have been used as a model to understand the lysigenous aerenchyma
formation of roots. However, sugarcane roots have been standing out vis-a-vis cell wall
hydrolysis during aerenchyma development. Tavares and coworkers (2018) suggested that the
endopobygalacturonanase 1 (ScEPGT) and an ethylene transcriptor factor (S¢RATVT) may play essential
roles in initiating hydrolyses of pectin from middle lamella, resulting in cell wall disassembly
(Leite et al., 2017; Grandis et al., 2019). Subsequently, cell wall modification would affect
arabinoxylan, xyloglucan, xyloglucan—cellulose interactions, with further partial hydrolysis of
cellulose (Grandis et al., 2019). Concomitantly, MLLG has been reported as the most degraded
polysaccharide (Leite et al., 2017) by an endo-(1,3;1,4)-B-glucanase (Grandis et al., 2019). More
recently, Tavares and coworkers (2020) reported several miRNAs associated with cell wall
hydrolysis in sugarcane aerenchyma formation. Thirteen miRNAs have been predicted to target
ethylene perception and signaling molecules like the miR156 targeting the S¢RA1"7 promoter and
possibly negatively regulating pectin degradation.

Among all mechanisms involving aerenchyma development, cell wall modifications are
undoubtedly significant. One of the first steps is endogenous signaling by hormones and
environmental signals. The subsequent changes in gene expression induce programmed cell death
and lead to cell wall modification. The final step of cell wall changes forms a "composite" that
constitutes the inner part of the channels through which oxygen can flow and improve
respiration of the root cells (Leite et al., 2017; Grandis et al., 2019; Tavares et al., 2020)

A remarkable feature of lysigenous aerenchyma development in sugarcane is the
disappearance of MLG. In this work, we have chosen sorghum as a model to investigate further
MLG's role in aerenchyma formation. Our choice was based on the quality of sorghum's genome

and its similarity to the sugarcane. Besides, before branching, the single primary root of sorghum
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has a less complex anatomy and is quickly obtained. Its architecture is similar to most cereal
embryonic roots, and most importantly, it has constitutive lysigenous aerenchyma. Since sorghum
acrenchyma is a less known model system than rice and maize, we decided to investigate the
anatomical and molecular aspects of MLG-related genes (synthesis and degradation). The main
focus of the work, withal, was the characterization of the MLG hydrolases present in the

sorghum genome.

2.2. GOAL

Use of sorghum seedling's primary roots to obtain biochemical and molecular data

related to MLG hydrolysis during aerenchyma formation.

Objectives

. MLG systematic review to construct a cladogram containing all organisms which have the
polymer

. Anatomical characterization of aerenchyma in sorghum primary roots

. Phylogenetic reconstruction of overall MLG hydrolases and synthases

. Gene expression profile of sorghum endo-(1,3;1,4)-5-D-glucanases and cellulose synthase-like F
and H

. Enzymatic assays with crude extracts to detect endo-(1,3,1,4)-3-D-glucanases-like activities

. MLG relative quantification

2.3. MATERIAL AND METHODS
2.3.1. Plant material

Seeds of sorghum (Sorghunm bicolor 'BRS 330") were obtained from EMBRAPA (Maize
and Sorghum) and germinated in pots with moist vermiculite for seven days at 25 °C. The entire
primary roots of seedlings were divided into five segments, each containing 15 mm in length,
exempting the fifth one that is 14.2 mm in length. Our group analyzed only the first three
segments (S1, S2, and 83). Given the remarkably similar anatomical pattern of the third, fourth,

and fifth segments, we did the molecular and biochemical analysis only for S1, S2, and S3.
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Although the S3 onward has the same arrangement and pattern of the gas spaces in
their aerenchyma, we anatomically characterized all the five segments (Figure 19 to Figure 23 in
Appendix B).

Harvest of leaves, roots, and culm were obtained from sixty-day-old sorghum grown in
40 L pots containing soil and vermiculite. Mature sorghum grew at the beginning of the Sao

Paulo summer in 2017.

2.3.2. Anatomical characterization

2.3.2.1. High-resolution microtomography

We analyzed four /# vivo primary roots of sorghum seedlings (7 to 12 cm length). We
took just one entire primary root for in-depth analysis, considered all four roots showed similar
patterns of aerenchyma development.

We used the high-resolution computerized SkyScan 1176 X-ray Microtomography
(Bruker) and the software CT-Analyser v.1.13 (Bruker-microCT, 2013) for reconstructing the
images. The X-ray beams were set up to get photos of 9 um in thickness. Roughly 9,000 photos
were taken from the entire primary root.

We initially divided the seedling aerenchyma into five segments (Appendix B) according
to their developmental stage from the root apex towards the base. Considering that the
anatomical pattern of seedlings is repeated in the third, fourth, and fifth segments, in-depth
analyzes were performed with only the first three segments (§): S1 (no aerenchyma); S2
(aerenchyma initiation); S3 (aerenchyma under development). In Appendix B (Figure 19, Figure
20, Figure 21, Figure 22, and Figure 23), there are 28 pictures for each segment. The 28 photos

are distributed equidistantly within each segment by 540 pm.

2.3.2.2. Histological cross-sections

Samples corresponding to the pattern of three segments were kept to obtain histological

sections. We followed the protocol previously used in our group (Leite et al., 2017).
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2.3.3. Phylogenetic reconstructions

Characterized amino acid sequences from GH17 endo-(1,3;1,4)-3-D-glucanases
(Akiyama et al., 2009; Pauly and Hake, 2011; Lombard et al., 2014) were used as baits with the
Blastp algorithm on Phytozome 12 platform (https://phytozome.jgi.doe.gov/pz/portal.html) (e-
value cutoff of le-3) to search for similar sequences of S. bicolor. GH17 endo-(1,3)-B8-D-
glucanases (Akiyama et al., 2009) were used for rooting (Hej and Fincher, 1995).

Sobic.003G421900.1 1D was named as Sorghum lichenase 1 (SblicT), Sobic.009G119400.1
as Sorghum lichenase 2 (Sblic2), and Sobic.009G119200.1 as Sorghum lichenase 3 (Sblic3).

Phytozome 12 platform (https://phytozome.jgi.doe.gov/pz/portal.html) was used to

obtain the following sequences: (Sorghum bicolor), maize (Zea mays), Setaria viridis, switchgrass
(Panicum virgatum), Setaria italica, tice (Oryza sativa), Brachypodium distachyon, wheat (Triticum aestivum),
barley (Hordeum vulgare), Miscanthus sinensis, Oropetiunm thomaenm, Musa acuminata, Ananas comosus,
Populns trichocarpa and Agquilegia coernlea. NCBI GenBank database
(https://www.ncbi.nlm.nih.gov/genbank/) was used to obtain the following sequences: oat
(Avena sativa), Elaeis guineensis, Cocus nucifera, Piper nigrum, Phoenix dactylifera, Asparagus officinalis,
Anthurium ammnicola, Persea americana, Cinnamomum micranthum, Paenibacillus macerans, Bacillus subtilis,
Bacillus licheniformis, Ruminococcns albus and the genus Dioscorea. All other sequences were obtained

from the China National GeneBank DataBase 1KP Project website (https://db.cngb.org/onekp/).

The sorghum sequences were used to find the sugarcane ESTs from the SUCEST EST database
(Vettore et al., 2003).

All alignments were performed on the online tool MAFFT I"ERSION 7 using default
parameters (Kuraku et al., 2013; Katoh et al., 2018): https://mafft.cbrc.jp/alignment/server/.
Phylogenetic reconstructions were performed using the online tool IQTREE  Webserver

(http://igtree.cibiv.univie.ac.at) (Nguyen et al., 2015), which uses ultrafast bootstrap values (Minh

et al. 2013) and generates the best-fit model through Mode/Finder (Kalyaanamoorthy et al., 2017).
All inferences were performed with 1000 replicates and the maximum likelihood method. The
software Figlree v1.4.3 was wused as a graphical viewer of phylogenetic trees
(http://tree.bio.ed.ac.uk/software/figtree/). I[OQTREE Webserver's ModelFinder generated (WAG+
G4) as the best model for the GH17 family and (JTT+F+1+G4) for MLGase synthases.

The cladograms were generated in PhyloT (Letunic and Bork, 2007) with NCBI

taxonomic data (Sayers et al., 2019; Schoch et al., 2020). There are groups with polytomy which

are unranked. The name of some clades was placed according to the data of PhyloT.
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2.3.4. Quantitative real-time PCR

Total RNA was extracted by (TRIzol - Invitrogen) according to the manufacture's
booklet. RNA integtity was confirmed by 1% (w/v) agarose gel. Total RNA was treated with
DNAse Amplification Grade (Thermo-Fisher) and used for cDNA synthesis with SupetScript®
III Reverse Transcriptase (Thermo-Fischer). The absence of gDNA contamination was verified
by using primers designed to amplify exons between introns. Dilution curve tests were performed
for all primers, and their efficiency verified as established by Thermo-Fishet's protocol (Real-
Time PCR Handbook). The concentrations of the primers were also standardized. The melting
curves were analyzed to ensure the specific amplification of each pair of primers. gRT-PCR
reactions were performed in QuantStudio ™ 6 Flex Real-Time PCR System (Thermo-Fisher),
and the SYBR® Green PCR Master Mix (Thermo Fisher) was used with reactions of final
volume of 20 uL, and primer concentration of 0.3 uM.

The peptidylprolyl isomerase (CY'P), serine/ threonine-protein phosphatase (PP2A), and eukaryotic
initiation factor 44 (EIF4a) genes (Sudhakar Reddy et al. 2016) were used as references to calculate
the relative expression of genes of interest (Table 5 in Appendix A). Primers for MLG synthases
(Table 5 in Appendix A) were taken from the literature (Ermawar et al., 2015). On the other
hand, GH17 endo-(1,3;1,4)-5-D-glucanases primers were designed using online software Primer3Plus
(https://ptrimer3plus.com/cgi-bin/dev/primer3plus.cgi) (Table 5 in Appendix A).

Relative expression of these genes was obtained using the 2°-AA C.T. method (Livak
and Schmittgen, 2001) and gbase+ software, v. 3.0 (Biogazelle, Zwijnaarde, Belgium -
www.gbaseplus.com). Standard melting curves were performed for all reactions to confirm
primer specificity. Additionally, standard curves were performed for all primers used in this work

to check for efficiency.

2.3.5. Enzymatic activity assays

Fry (2004) distinguishes between enzymatic activity and enzymatic action. The former is
an in vitro assay under optimized conditions after the solubilization of an enzyme. The latter
detects the product of an enzyme reaction in the crude extract. Nonetheless, we use the most
scientific community's generic term: enzymatic activity, even for assays using crude extracts.

The tissues were crushed in liquid nitrogen with a mortar and pestle. The macerated
tissue (g)/ [50 mM Tris-HCl pH 8 (mL)] was used in 5.5/4.0 (w/v) ratio to a final concentration

of 1 mM phenylmethanesulfonylfluoride (PMSF). The material was again macerated and
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centrifuged at 15,000 g for 10 min at 2 °C. The supernatant was collected, frozen, lyophilized,
and stored at - 85 °C. The lyophilized material was resuspended in water to 1/10 of the initial
crude extract supernatant volume, named resuspended material for determining enzyme activity.

The MLG used in all experiments was the barley B-glucan (Low Viscosity from
Megazyme). The method of MLG dissolution was petformed according to Megazyme's booklet.

The positive control has 0.001 U/pL of endo-(1,3;1,4)-3-D-glucanase from B. subtilis
(Megazyme) in water/MLG 0.2% (w/v)/ 1 M pH 5 ammonium acetate (1:2:1 by volume) to a
final concentration of 1 mM PMSF (Crivellari, 2012). We have prepared the following solutions
for negative controls: (1) pre-boiled resuspended material (10 min)/ MLG 0.2% (w/v)/ 1 M pH
5 ammonium acetate (1:2:1 by volume) to a final concentration of 1 mM PMSF; (2) water/ MLG
0.2% (w/v)/ 1 M pH 5 ammonium acetate (1:2:1 by volume) to a final concentration of 1 mM
PMSF; (3) non-boiled resuspended material/ water/ 1 M pH 5 ammonium acetate (1:2:1 by
volume) to a final concentration of 1 mM PMSF. We used solution (1) for TLC and all three
solutions for HPLC.

All samples were incubated at 40 °C for 24 h with stirring on a thermoblock at 330 rpm.
Three volumes (3X) of 99% (v/v) ethanol proportional were added to those samples and
remained at -20 °C for two hours. All samples were centrifuged at 15,000 g, 2 °C for 15 min. The
supernatant was collected and left at room temperature under vacuum in the Vacuum-
Concentrator (Eppendorf) for 5 h. The material was resuspended in 1/20 of the initial volume of

the supernatant from the crude extract.

2.3.6. Cell wall preparation

We used four biological replicates of the first three segments for cell fractionation. They
were frozen, freeze-dried, and macerated in liquid nitrogen. Twenty-five milligrams of each
grounded sample was subjected to five successive extractions with 80 % (v/v) ethanol at 80 °C
for 20 min. The supernatants were collected as soluble sugars. The pellets, residual alcohol-
insoluble residue (AIR), were washed with distilled water and dried at 60 °C for 24 h (de Souza et
al., 2013).

The starch removal was performed according to Amaral and coworkers (2007). Starch
extraction was performed by treating AIR with 120 U/mL of Bacillus licheniformis a-amylase (E.C.

3.2.1.1) (Megazyme® Inc., Australia).
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2.3.6.1. MLG quantification

Oligosaccharides profiles were obtained upon hydrolysis of 1% de-starched AIR
fraction (w/v), containing 50 mM pH 5.0 sodium acetate buffer and 0.5 U of endo-(1,3;1,4)-3-
glucanase from B. subrilis (Megazyme®). The mixture was placed at 30 °C for 24 h.

2.3.6.2. Monosaccharide composition

Two mg of de-starched AIR was hydrolyzed upon 1 mL of 2M trifluoroacetic acid for 1
h at 100 °C, dried under vacuum, resuspended in 1 mlL deionized water, and filtered on 0.22 p
(Merck Millipore®™). Subsequently, we analyzed the samples by HPAEC-PAD by injecting 10 pL
of hydrolysate into a CarboPac SA10 column (ICS 5.000 system, Dionex-Thermo®). Fucose,

arabinose, galactose, rhamnose, glucose, xylose, and mannose were used as standards.

2.3.7. Chromatographic procedures
2.3.7.1. Oligosaccharide profile by HPAEC-PAD

The oligosaccharides were analyzed by High-Performance Anion FExchange
Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) on a CarboPac PA-100
(ICS-3000 system, Dionex®) using 88 mM NaOH and 200 mM sodium acetate as eluent (0.9 mL
min~") for 45 min (de Souza et al., 2013).

2.3.7.2. Oligosaccharide profile by thin-layer chromatography

Oligosaccharides produced by enzyme assays were separated on Merck silica-gel 60'.
TLC plates developed (twice) in butan-1-ol/ acetic acid/ water (2:1:1 by volume) (Fry et al.,
2008b). Plates were sprayed with a developer containing 5% (v/v) of H.SO4 in 95% (v/v)
ethanol.

The positive control is the product of barley MLG hydrolysis upon B. subtilis endo-
(1,3;1,4)-6-D-glucanase (Megazyme), generating DP3 and DP4. Negative controls, on the other

hand, are pre-boiled crude extracts.
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2.3.7.3. Chromatogram data analysis

The chromatograms were printed on a squared photographic A4 180g paper at fixed
scales. Each resolved peak area, reasonably close to the baseline, was cut off and individually
weighed for quantitative analyses. The peak area is proportional to the weight and to the
concentration of that component. For the enzymatic action, we used the sum of the masses of
DP3 and DP4 cut-out areas. To measure the relative amount of MLG, we summed DP3, DP4,
and DP5 masses, obtained by weighted peak area.

Despite being a method no longer used because we use computers, it is a very reliable
method the chemists used to employ. We used this method because the analysis started during
the pandemic scenario where we could not access the computer from the University of Sio

Paulo.

2.3.8. Statistical analysis

The data were subjected to normality and homogeneity tests and were statistically
validated by analyzing variance (p <0.05). When there was a significant difference, Tukey's test (p
<0.05) was used. The experimental data that did not show a normal distribution were
transformed into (\/x) (Bartlett, 1930; Zar, 1999). Statistical analyses were performed using the
Sisvar 5.6 software (Ferreira, 2011). For all experiments, except for cell fractionation, we used three
biological replicates containing roughly 400 roots. For cell fractionation, we used four biological

replicates containing approximately 400 roots.

2.4. RESULTS

2.4.1. Anatomical characterization of aerenchyma

The anatomical characterization by microtomography and histological cross-sections
enabled the establishment of a precise division of primary roots into five segments. In a two-
month-old sorghum root (Figure 4), the white arrows indicate the gas spaces occupying a large
area of the parenchyma. Figure 5 is a combination of histology with microtomography. It
indicates the first segment (Figures 5A and 5E) as absent from gas spaces, the second segment
with some gas spaces (5B and 5F), and the third segment, onwards, containing developing
aerenchyma of root seedling (5C and 5G). Thus, this similar developmental pattern of the third

has been found in the fourth and fifth segments as well (Figure 21, Figure 22, and Figure 23 in
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Appendix B). Figure 5D is the primary root used in this microtomography, which is 74.1 mm in
length. The letters (E, F, and G in 3D) are the exact positions from which the 5E, 5F, and 5G
images were taken, respectively.

Appendix B (Figure 19, Figure 20, Figure 21, Figure 22, and Figure 23) contains a set of
images for each segment. In the first segment, there is no aerenchyma. In the second, the
formation of gas spaces begins, and in the third, there are the developing gas spaces. Thus,
Figures 5E, 5F, and 5G represent a gradient shown in Appendix B. In the fourth and fifth
segments (Figure 22 and Figure 23 in Appendix B), the gas spaces' distribution patterns are
similar to the third. Moreover, pictures' compilation shows regions of primary roots where the

aerenchyma is not continuous and has interruptions as aerenchyma develops in seedlings.

Figure 4. Freehand cross-section from roots of mature sorghum. The aerenchyma is comprised of
gas spaces, and some of them are indicated by white arrows. The dye used was Safrablau. Magnification
of 20X.
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Segment 1 Segment 2 Segment 3

Root Apex < No Aerenchyma Aerenchyma Initiation l Developing Aerenchyma I Root Base

Root Base
74.1mm 7

496mm (G)

<< Root

153mm (/)

0.0 mm 13mm (E}

D Root Apex

Figure 5. Microtomography of roots of sorghum seedlings. The top image is a root scheme
divided into three segments: no aerenchyma, aerenchyma initiation, and aerenchyma under
development. Each segment has nearly 1.5 cm. This same arrangement (apex towards the root base)
was adopted for the histological (A, B, and C) and X-Ray (E, F, and G) tomographic images. Figure D
is an X-Ray image of the root used in the microtomography, whose total length is 74.1 mm. Figure A
shows the root apex without aerenchyma. Figure B is the beginning of aerenchyma formation (asterisk
in red showing an enlarged cell). Figure C is the aerenchyma at a further developmental stage,
containing several enlarged cells. In D, the letters along the root's length (E, F, G) ate the exact
locations where cross-sections E, F, and G were taken from, respectively. The yellow arrow is an
artifact and constitutes the foam material on which the roots were placed for analysis. The white arrows
indicate the position of the gas spaces during the formation of the acrenchyma. Images were subjected
to color density range using software CT-Analyzer. E is the root apex with no aerenchyma near the
root tip (see the position in D). F is the beginning of aerenchyma formation, while G the aerenchyma is
under development. Figures A and E are apical regions without acrenchyma. In contrast, Figures C and
G are aerenchymas under development at the toot base. Figures B and F, the root's intermediate
region, are the gas spaces still at the beginning of its formation. FHach section from micrography
represents 9 pm.

2.4.2. Cladograms and phylogenetic inferences

Following Leite and coworkers' finding (2017), who found that the mixed linkage-glucan
(MLG) is degraded during aerenchyma formation in sugarcane, here we sought to verify this
hypothesis for sorghum.

We first analyzed the occurrence of MLG in living beings. The systematic review of
manuscripts enabled us the assembling the cladogram (Figure 6), which shows the presence of
MLG in the following organisms: dinoflagellate from genus Peridinium (Nevo and Sharon, 1969);
the bacterium Sinorhizobinm meliloti (Pérez-Mendoza et al., 2015, 2017; Baena et al., 2019); fungi
(Honegger and Haisch, 2001; Olafsdottir and Ingdlfsdottir, 2001; Carbonero et al., 2005;
Pettolino et al., 2009); the xantophyte alga Monodus subterranens (Ford and Percival, 1965), the
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brown algae (Phaecophyceae) (Salmean et al., 2017); two green algae, Micrasterias denticulata
(charophyte) (Eder et al., 2008), and Uka lactuca (Chlorophyta) (Popper and Fry, 2003); the red
alga Kappaphycus alvarezii (Lechat et al., 2000); the lycophyte such as Selaginella moellendorffii (Fry et
al., 2008b; Harholt et al., 2012); Equisetum species (Fry et al., 2008b; Serensen et al., 2008), and
monocots (Smith and Harris, 1999; Trethewey et al., 2005; Little et al., 2018). The eudicot group
is indicated by dashed lines and has no MLG.

Bacteria
Sinorhizobium melilofi  (Rhizobiales)
Rhodophyta
Kappaphycus alvarezii  (Red alga)
Alveolata Peridinium  (Dinoflagellcte)
(Xanthophyceae)
Stramenopiles [ Monodus subterranea  (Xanthopyte)
.
Phaeophyceae (Brown algae)
Fungi (Ascomycota) Rhynchosporium secalis
Eukaryota Parmeliaceae imeli
— Rimelia
Chiorop = Parmotrema
orophyta
Ulva lactuca (Green alga)
Zygnemophyceae (Desmidiales) . < P
L] el ki Micrasterias denticulata (Green alga)
Viridiplantae Marchantiophyta
Lophocolea bidentata  (Liverwort)
L diopsid: & &
Aeopotiopsics Selaginella moellendorffii (Lycophyte)
Streptophyta .
N Polypodiopsida E— Aspleniaceae
“mbryophyta
Equisetum  (Horsetails)
Alismatales (Araceae)
— Anthurium amnicola
rachcophyta e
shearalos Acorus americanus
Zingiberales p
e DeTies Musa acuminata  (Banana)
Cyperaceae
Euphyllophyta —————— Xyridaceae
Bromeliaceae

Ananas comosus (Pineapple)
Petrosaviidae

(commelinids) Ecdeiocoleaceae

Thurniaceae

Eriocaulaceae

Magnoliophyta Rowls | Juncaceae

Flagellariaceae
Joinvilleaceae

Poaceae (Grasses)

Restionaceae

-------------- eudicotyledons

Figure 6. MLG occurrence in living organisms. MLG is found in a bacterium, many fungi, some
algae groups, and throughout plants, exempting the eudicots indicated by the dashed lines. The
cladogram was generated in PhyloT (Letunic and Bork, 2007) with NCBI taxonomic data. There are
groups with polytomy, which are still unranked. This figure was adapted from PhyloT. The names of
some clades were placed according to the data of PhyloT and NCBI taxonomic databank.
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2.4.3. MLG biosynthesis

The Cs/Hs, CslFs, and Cslfs are shown in Figure 7. Sorghum genes have already been
studied (Ermawar et al., 2015). The Cs/F's are Poaceae-specific, already mentioned by Little and
co-works (2018), and encompass the SbCs/F6. Moreover, our inferences indicate Cs/Hs
comprising monocots (Little et al., 2018) and the Magnoliids, a clade never reported being in the

Cs/Hs family.
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Figure 7. Phylogeny of CslFs, Cs/Hs, and CslJs. The Cs/Fs clade are Poaceae-specific genes (red
color), and Cs/Js are in green color. The Cs/Hs family encompasses monocots (blue) and the magnoliid
clade (lilac colot). The red arrow indicates S6Cs/F6. The tree is rooted at the midpoint.
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2.4.4. MLG hydrolysis

The work's main focus was to study the events related to MLG hydrolysis in sorghum
and rice, both species belonging to Poaceac. We used genomic databanks to evaluate the
presence of GH17 glycosyl hydrolases. Here we determined GH17 phylogeny (Figure 8) showing
endo-(1,3)-p-D-glncanases (merged into red triangles) and Poaceae-specific endo-(1,3,1,4)-5-D-
Slncanases.

Sorghum endo-(1,3;1,4)-5-D-glucanases are indicated by black arrows (Sbkcl, Sblic2, and
Sblic3) and rice genes by blue ones (OsEg/l and OsEgl2). Generally, this phylogeny's nesting
pattern resembles a nesting pattern of Poaceae species tree (Figure 24 in Appendix B), especially
the o clade, to where $4/icl belongs (Figure 8). Also, Sb/ic1, according to its ID number, is in the
first chromosome. On the other hand, $b4c2/Sblic3 belongs to the B clade (Figure 8). They are
closer to each other in the ninth chromosome and have similar amounts of genetic changes
(Figure 25 in Appendix B). Moreover, branch length and clades' split suggest evolutionary

divergence between both clades.
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Figure 8. Phylogeny of GH17 endo-(1,3;1,4)-8-D-glucanases. The GH17 encompass the Poaceae-
specific endo-(1,3;1,4)-5-D-glucanases and the endo-(1,3)-f-glncanases, which were used for rooting (Hej and
Fincher, 1995) and merged into red triangles. IDs starting by "lichenase" indicate charactetrized endo-
(1,3;1,4)-B-D-glucanases. Black arrows indicate sorghum genes, and blue arrows rice genes. Sblicl

belongs to a clade and Sb/ic2/ Sbiic to the B one. The two rice genes (OsEg/T and OsEgl2) are shown in
blue.

2.4.5. Expression profile of Sblic1, Shlic2, and SbCsIF6

We detected the expression solely for three genes regarding MLLG metabolism (Figure
9; Figure 26 in Appendix B). Two are hydrolases (§blic1, Shlic2) and one is a synthase (S6Cs/F6).
While the expression of Sh/ic2 did not vary during aerenchyma development of seedlings, Sb/kcT
increased almost 10-fold from segment 1 to segment 3 (Figure 9). Besides, Sb/c2 is highly
expressed in young leaves of mature sorghum (Figure 26 in Appendix B). Regarding biosynthesis,

we observed a slight decrease in the expression of SOCs/F6 (Figure 9). Our results suggest that
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Sblic2 might be pretty important in young leaves (Figure 26 in Appendix B)., whereas $b/c7 seems

to be more relevant in roots (Figure 9).

A Shlicl B Shlic2 C ShCslF6
4.0 c 0.61 2.5 a
5 [ 3 5
% 3.04 nZd % >0 ab
2 A % b
.§ > ac ' 5 % 15
o = 21.0
i 1 & 0] %
% 101 % (55 o
6] @) :
05{ 4a
0.0 0.0 . . . 0.0
S1 S2 S3 S1 S2 S3 Sl S2 S3

Figure 9. Expression profile of Sblicl, ShlicZ, and SbCsIF6 during aerenchyma development.
MLG hydrolases (A and B) and synthase (C). Sb/ic1(A) increases significantly from S1 to S3, while S6/c2
(B) barely changes its expression. SbCIF6 expression (C) slightly decreases from S1 to S2. S1 to S3
corresponds to segments from apex to base (1.5 cm each). Values are given as calibrated normalized
relative quantities (CNRQ Values are means (n=3) * standard errors, and letters represent the
statistical difference among segments according to Tukey's test (p <0.05).

2.4.6. Enzymatic activity
2.4.6.1. Detection of enzyme activity by thin-layer chromatography (TLC)

TCL was the first chromatographic technique used to evaluate the presence of MLGase
activity in crude extracts of segments (Figure 10). Figure 10 corroborates the data of Sb/icl
expression (Figure 9), showing progressively higher MLLGase activity from segments 1 to 3. There
are no bands of DP3 and DP4 oligosaccharides in the first segment, indicating no MLGase
activity from crude extracts. The second and third segments do have DP3 and DP4, indicating

MILGase activity (Figure 10).
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Figure 10. Detection of DP3 and DP4 by thin-layer chromatography. Products of positive control
(C+) are DP3 and DP4, indicated by arrows. Negative controls (C-) are pre-boiled crude extracts with
barley MLG. The first segment has no bands, whereas the second and third segments display DP3 and
DP4 bands, indicating MLGase activity.

2.4.6.2. Detection of enzyme activity using HPAEC-PAD

We used HPAEC-PAD to detect MLG oligosaccharides as this technique is more
sensitive and produces more precise results. Thus, we analyzed specifically the presence and the
amounts of DP3 and DP4 in the three segments. The experiment was stoichiometrically adjusted
for a fair comparison among the extracts. However, this sensitivity also produces small peaks that
are unknown.

Unlike the TLC analysis (Figure 10), HPAE-PAD detected the presence of DP3 and
DP4 in all the segments (Figure 11). The positive control is in blue (secondary axis) and was

generated using purchased MLGase and barley MLG, generating specifically DP3 and DP4, but
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not at the 8 min peak as we observed in the crude extract. Negative controls are named as C- and
segments as (S). At elution time 8.0, an unknown oligosaccharide was observed, which could be a
disaccharide (cellobiose or laminaribiose) produced by further degradation of DP3 and DP4 by
the exo-glucosidases presence (Kuge et al., 2015). Table 2 shows that the enzymatic activity level
of the three segments. The second segment has a significantly higher activity than other
segments. The correlation with gene expression ($4/cT), as seen in Figure 9, suggests that a peak

of activity in segment 2 could be correlated with the process of aerenchyma formation.
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Figure 11. Enzymatic assays' chromatogram with crude extracts. The positive control (blue) is on
the secondary axis (y) on the right side. The first segment is in green color, the second in red, and the
third in lilac color. Arrows indicate DP3 and DP4 metabolites upon MLG hydrolysis using commercial
MLGase. At 8.0 min clution time, an unknown oligosaccharide could be cellobiose (DP2), a
disaccharide produced by further hydrolysis of DP3 and DP4 by exo-B-glucanases (Kuge et al., 2015).

Table 2. Enzymatic activity as aerenchyma develops.

Segments Enzymatic activity
S1 0.06%0.05 ¢
S2 0.08%0.01 b
S3 0.06£0.02 bc
C+ 0.47£0.01 a
Average Mean | 0.17
CV (%) 4.93
p-value 0.0001

Mean values (n=3) * standard errors indicate enzymatic action. Original data were transformed
into VX for statistical analysis. Distinct letters indicate statistically significant differences by
Tukey's test (p<0.05) and are in bold. C.V. (%) = coefficient of vatiation.
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2.4.7. Cell wall fractionation
2.4.7.1. MLG quantification

In this experiment, the MLG is extracted from the segments' cell wall and,
subsequently, subjected to MLGase digestion. This reaction generates DP3 and DP4. Table 3
shows that the first segment has the highest relative amount of MLG, while the second and third

segments still contain MILG but do not differ significantly.

Table 3. MLG relative quantity and DP3:DP4 ratios.

Segments MLG relative quantity | DP3:DP4 ratio
S1 0.6410.11 a 1.4410.08 b
s2 0.34%0.02 1.67£0.04 2
S3 0.31£0.05 c 1.7330.14 a
C+ 0.49%0.04 b 1.59+0.08 ab
Average mean | 0.44 1.61

CV (%) 14.93 5.55

p-valne 0.0001 0.0034

Mean values indicate MLG relative quantity and DP3:DP4 ratio per segment (n = 4) £ standard
error. Original data were transformed into VX for statistical analysis. Distinct letters indicate
statistically significant differences by Tukey's (p<<0.05) and are in bold. CV (%) = coefficient of

variation

2.4.7.2. Profile of structural carbohydrates

Table 4 shows no statistical differences in fucose, arabinose, galactose, and xylose
among segments. Xylose, however, represents 15% of structural polysaccharides, an expected
value found in grasses. Glucose and mannose significantly decreased from segment 1 to segment
3. The finding of a decrease in glucose, the monosaccharide that composes MLG, is another

indication that the polymer is degraded during aerenchyma development.
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Table 4. Percentage of neutral monosaccharides extracted from the alcohol-insoluble

residue.

Samples | Fucose Arabinose | Galactose | Glucose Xylose Mannose
S1 0.24+0.10 | 7.42£3.09 | 4.03£1.70 | 3.75f1.48a 16.35£6.26 | 0.99£0.40 a
S2 0.14%£0.02 | 6.08%£0.54 | 3.63£0.35 | 2.35£0.31ab | 13.87£1.39 | 0.50£0.05 b
S3 0.17£0.01 | 6.12£0.48 | 3.74£0.30 | 2.11x0.40 b 14.61£1.73 | 0.50%£0.04 b
General

0.18 6.54 3.8 2.74 14.95 0.66
Average
CV (%) | 13.23 12.53 12.44 14.06 11.74 13.86
p-value 0.0633 0.5624 0.9065 0.0405 0.6953 0.0082

Mean values indicate the percentage of neutral monosaccharides (n=4) * standard error. Original
data were transformed into VX for statistical analysis. Distinct letters indicate statistically
significant differences by Tukey's (p<0.05) and are in bold. CV (%) = coefficient of variation.

2.5. DISCUSSION
2.5.1. Anatomical characterization

The primary roots are a convenient model system to study the aerenchyma
development and MLG hydrolysis. Seven-day-old primary roots are quickly obtained, do not
branch, and have less complex anatomy to characterize. Thus, this type of root enabled us to
analyze four seedlings' entire primary roots, subsequently dividing them into three segments
based on their aerenchyma development: S1 (no aerenchyma), S2 (acrenchyma initiation). S3
(developing aerenchyma). The micrographs indicated a similar pattern in the distribution of the
gas spaces in the third, fourth, and fifth segments. They are displayed in a scattered and
discontinuous fashion in the cortex as aerenchyma develops. Consequently, this anatomical
pattern differs from the mature roots of sorghum (Figure 4) and sugarcane (Figure 3), in which
the last segments are mainly filled by gas spaces (Leite et al., 2017).

The cell wall changes during aerenchyma formation in sugarcane have been studied by
Leite and coworkers (2017). One of the highlights of the cell wall transformations observed was
the disappearance of MLG signal (using BG1 antibody) from the cortex walls as aerenchyma
develops (Figure 3). However, the authors also noted that if MLG is followed by quantitative
detection (using B. subtilis ML Gase), not all the polymer disappears. It could be possible that the

quantitative analysis detected the remaining MLG in the epidermic walls and the vascular system,
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like in Figure 3 (Leite et al., 2017). Based on these findings, the authors suggested the presence of
endo-(1,3;1,4)-B-D-glucanases as the enzymes responsible for MLG hydrolysis in the cortex.

Later on, Grandis and coworkers (2019) measured enzyme activity, proteomics, and
gene expression to assess sugarcane aerenchyma development. They detected the expression of
three GH17 genes and respective proteins that correlated with aerenchyma formation in roots.
The authors proposed that the MLG's primary function in aerenchyma development could be
structural.

MLG has basically two functions: structural and another as a storage polysaccharide
(Buckeridge et al., 2004). Carpita (1996) proposed that MLG is a transition polysaccharide in
coleoptiles of maize. Moreover, the polymer can act as a scaffold for arabinoxylan (the main
hemicellulose of grasses), and when it is retrieved, it may cause a collapse of the cell walls, helping
to form progressive larger spaces within the root. Grandis and coworkers (2019) do not discard
MLG's possibility of interfering with cell wall porosity. In this case, the retrieval of MLG from
the walls of the cortex would open the way for other hydrolases (e.g., xylanases, xyloglucanases,
and cellulases), leading to the modifications on the walls observed by Leite and coworkers (2017).

Here, we observed rather similar events in the roots of sorghum seedlings. The
aerenchyma formed similatly as in sugarcane, and the chemical transformation in the cell walls is
like those observed in sugarcane (Leite et al., 2017). As observed by these authors, the glucose
levels in the roots decreased as aerenchyma developed. Simultaneously, the detection of MLG
using purchased MLGase showed that the polysaccharide decreases during the process. An
alteration in MLG fine structure has also been observed. The ratio DP3/DP4 increased during
aerenchyma development (Table 3), suggesting that progressively more 3-1,3 linkages are present
in the MLG left in the wall, probably out of the cortex as demonstrated for sugarcane.
Concurrently, it can be suggested that relatively more MLG containing B3-1,4 linkages are
retrieved from the wall.

MLG's alternative hypothesis could function as a storage carbohydrate is not favored
by the observation that glucose does not increase in roots while MLG is degraded. On the other
hand, the structural function (scaffold and porosity determination) is likely, although our data

cannot be used to support this hypothesis.

2.5.2. Cladogram and phylogenetic inferences

The cladogram shows the existence of MLG in some clades and its alleged absence in

other groups. Therefore, this scattered distribution tempts scientists to suggest MLG multiple
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independent origins, although a broader taxonomic sampling is necessary to state this hypothesis.
Furthermore, the systematic collection and analysis from the literature suggested MLG as a
structural polymer in all clades, exempting Poaceae, in which the polymer has gained multiple
functions.

Many researchers annotated GH17 endo-(1,3,;1,4)-f-glucanases as endo-(1,3)-5-D- glucanases
and vice versa (McKinley et al., 2016; Grandis et al., 2019). However, those data were not subject
to phylogenetic reconstruction methods and may lead to misconceptions. Then, our phylogeny
contributes to a better distinction between subgroups within GH17 and, ultimately, MLG
hydrolysis mechanisms. The phylogeny of GHI17 endo-(1,3;1,4)-f-glucanases, which are Poaceae-
specific, has two major phylogenetic subgroups: a« and 3. The a group, to which S#/4c7 belongs,
has the traditional nesting pattern of a species tree of Poaceae, and the 3 group, comprising Sb/c2
and Sb/ic3, has a more complex nesting pattern, although it still resembles a nesting pattern of a
species tree. Shlic1 accumulates fewer genetic changes during evolution. On the other hand, Sb/c2
and Sblic3 accumulate similar genetic changes and are close to each other in the ninth
chromosome. Despite their closer evolutionary proximity, $S4/4c3 showed no gene expression by
real-time analysis. Besides, it could be that S4/c2 and Sblic3 originated from gene duplication, and
Sblic3 lost its function. Nonetheless, further investigation of Sb/ic3 should be done to assert
possible loss of function.

Contrasting to insufficient information associated with MLG remodeling, the MLG
synthesis has been intensively studied by the US and Australian institutions. Our inferences are in
accordance with the restriction of Cs/Fs to the Poaceae family and the presence of Cs/Hs
throughout monocots (Little et al., 2018). However, our data suggest the presence of Cs/Hs
within Magnoliidae, something not previously reported.

Due to the diversity of genes associated with MLG metabolism, we suggest that the
multiple roles of MLLG in Poaceac may be associated with the diversity of families for its

synthesis (Cs/Fs, Cs/Hs, and Cs/[s) and remodeling (GH16 and GH17).

2.5.3. MLG hydrolysis in sorghum primary roots

Plant cell wall expansion occurs mainly by expansion and elongation. In this scenario
where cellular elasticity is vital, it is plausible that in young sorghum leaves, which have abundant
MLG (Ermawar et al., 2015), the high-level expression of Sb/c2 is correlated to polymer
hydrolysis. Another piece of evidence was reported by Slakeski and coworkers (1990). They
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observed a more significant amount of batley endo-(1,3;1,4)-f-glucanase mRNA in younger leaves

compared to mature leaves.

During aerenchyma development in sorghum roots, the expression of Sb/c2 does not
change, whereas we observed an increase of S4/c1 (10-fold from segment 1 to segment 3). On
the other hand, the MLG synthase S6Cs/F6 tends to decrease its expression. These observations
suggest that while MLG is being degraded, its biosynthesis is partially arrested. Some synthesis
may continue in the roots because MLG is still present in tissues other than the cortex, although

this assumption remains to be investigated.

The analysis of the fragments (using TLC and HPAEC-PAD) after assays with crude
enzyme extracts and segments 1, 2, and 3 showed that endo-(1,3;1,4)-3-glucanases-like enzymes
are present in roots. The activity progressively increases with aerenchyma development,
suggesting a possible correlation between gene expression, enzyme activity, and the decrease in
MLG in the roots. A similar scenario was observed in the development of aerenchyma in
sugarcane roots, in which there is a concomitant increase in MLG hydrolysis (Leite et al., 2017)
and endo-(1,3,1,4)-f-glucanase protein level (SCJFRT1008G05.g) (Grandis et al., 2019), although the
authors considered SCJFRT1008G05.g as an endo-(1,3)-f-glucanase.

Based on the molecular phylogenetics, gene expression profile, enzyme activity assays,
and MLG quantification, our group suggests SBLIC1 and SBLIC2 as conceivable MLGases
associated with MLG's hydrolysis during aerenchyma development in seedlings. Nonetheless, the
data do not allow inferences about the MLG's role in aerenchyma development of primary roots

seedlings.

2.6. CONCLUSION

The sorghum's primary roots can be obtained quickly (approximately 7 days), and their
diameter allows clear visualization of the gas spaces by microtomography, a fundamental
technique for aerenchyma characterization and its division into three fundamental stages.
Additionally, the sequenced genome enabled the construction of robust molecular phylogenies,
revealing the sequences of the selected genes Sblcl, Sblic2, and SbCs/F6, which afforded the
evaluation of the levels of gene expression associated with hydrolysis and biosynthesis of MLG in
different segments of the sorghum roots.

The finding of expression of only two genes associated with hydrolases, with only one

of them varying pari passu with aerenchyma formation, led us to measure enzyme activities using
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crude extracts, which ultimately led us to conclude that MLLG hydrolysis indeed takes place in
sorghum roots and suggests a possible association with aerenchyma formation. We further
conclude that primary sorghum roots are a promising model for studying the mechanisms related

to mixed-linkage glucan hydrolysis during the aerenchyma development.
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AERENCHYMA DEVELOPMENT

ABSTRACT

The lysigenous aerenchyma of roots has been studied mainly in rice and
maize. As this process develops into gas spaces, two phases are noticeable:
programmed cell death and plant cell wall degradation. Unlike the inducible maize
roots, rice, sorghum, and sugarcane have constitutive lysigenous aerenchyma.
Recently, research into aerenchyma development of sugarcane has stated that the
mixed-linkage (1,3;1,4)-3-D-glucan (MLG) is one of the polysaccharides that is
degraded during cell wall modification. Composed solely of glucose units, MLG is a
hemicellulosic polymer hydrolyzed by endo-(1,3;1,4)-B-D-glucanases of glycosyl
family hydrolase 17 (GH17). According to the phylogenetic inferences described in
the previous chapter, the GH17 are Poaceae-specific hydrolases, encompassing two
rice (OsEg/T and OsEg/2) and three sorghum (Sblicl, Sblic2, and Sblic2) endo-(1,3,;1,4)-5-
D-glucanases. Moreover, we also reported a decrease in the relative amount of MLG
throughout the aerenchyma development and confirmed that the polymer is
degraded in sorghum's primary roots, eventually associated with the rise of enzymatic
activity and Sb/icl expression. Furthermore, we emphasized the importance of having
a sequenced genome and the low complexity of dealing with sorghum's primary root.
Another advantage is the recent advances in sorghum genetic transformation. All
those attributes led us to consider sorghum as a promising model for understanding
MLG hydrolysis and its eventual role in aerenchyma formation. However, a more in-
depth analysis using sorghum for genetic transformation led us to conclude that
sorghum was not adequate for genetic transformation, especially using the modern
editing technique CRISPR/Cas9. Conversely, rice, for which tissue culture was
established three decades ago, was a much more robust model for genetic
engineering. The stability for genetic manipulation and the following criteria were
used in our decision to attempt knocking out both rice endo-(1,3;1,4)-5-D-glucanases
using CRISPR/Cas9. We also considered non-technical issues such as the time of
research funding (12 months), requirements for obtaining a double degree by the
American University, and above all, the availability of specific rice vectors and the
mastery of its tissue culture at Rutgers, The State University of New Jersey. Initially,
public microarray data indicated a high expression in roots for OsEg/l and OsEg/2.
Thus, both became target sequences for two gRNAs that we cloned into the psgR-
Cas9-Os, a vector driven by an OsU6 promoter. Subsequently, the cassettes were
subcloned into the plant expression vector pCAMBIA1300, which we used to
transform calli by gene gun bombardment. When submitted to a selection media
culture, the resistant calli developed into seedlings we transplanted to the soil. After
gDNA extraction, the genotyping indicated the presence of the Cas9 complex in all
samples, although other analyses (RFLP, T7E1 assays, sequencing) suggested off-
target mutations. Intriguingly, the plants did not survive. So, we repeated the entire
transformation procedure and obtained new plants by the end of our research. Some
plants survived and are available for future analysis. After 11 months of waiting to
import the transgenic material, we acquired a mutant with a T-DNA insertion within
the OsEg/2 coding region. Unfortunately, the material was not at the end of our
funding. In conclusion, the data indicated no on-target mutations, although the Cas9
complex has been detected. Above all, we emphasize that the T-DNA line is a
valuable material for understanding the eventual consequences for loss-of-function
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mutations in OsEg/2, thereby decreasing MLG hydrolysis and compromising the
aerenchyma development.

Keywords: CRISPR; mixed-linkage glucan; endo-(1,3;1,4)-B-D-glucanases;
aerenchyma; roots

3.1. INTRODUCTION
3.1.1. Rice

The genus Oryza emerged over 130 million years ago and spread across the Gondwana
continent as a wild grass. Oryza domestication occurred about 9,000 years ago in Asia, where it
was grown on flood-free soils. Later on, flooding and transplanting seedlings generated better
cultivars in China, making this species domesticated (Khush, 1997). Oryza genus cultivates
mainly two species: Oryza glaberrima and Oryza sativa. The latter stands out worldwide for
agriculture, and its production comptises zudica and japonica subspecies (Kato et al., 1928).
Generally, indica rice is found in flooded regions in tropical Asia, while japonica in highland regions
in South Asia (Garris et al., 2003).

Rice varieties have high adaptation and tolerance to biotic and abiotic stresses due to
their great genetic diversity combined with good agricultural practices, resulting in high yields
(Zong et al., 2007; Zhang et al., 2009). Furthermore, the advancement in genomics allowed a
better understanding of rice molecular traits, improved by the plant breeders. (Chauhan et al,,
2017). However, not only new technologies enabled scientists to advance knowledge regarding
rice biology. Other more straightforward techniques, such as rice tissue culture, have been

evolving over the last forty years and, undoubtedly, played a vital role in developing gene-editing

tools such as TALENS and CRISPR/Cas9. (Chauhan et al., 2017).
3.1.2. Beginning of CRISPR

The studies of clustered regularly interspaced short palindromic repeats (CRISPR) began
in the late 1980s in the salt flats of Santa Pola city in Spain. Dr. Francis Mojica, University of
Alicante, aimed to understand salinity's effect on the DNA-cutting mechanism by restriction
enzymes in the Haloferax mediferranei genome, an extremely salt-tolerant halobacterium (Figure
12). The Spaniard found multiple 30 bp palindromic copies 36 bp spaced in its genome (Ishino et
al., 1987; Mojica et al., 1993) and suggested that such repetitions should have some importance in
prokaryotes (Mojica et al., 1995, 2000). As DNA database sequences advanced, he analyzed 4,500

spacers, later called protospacers, and found that many sequences could be related to microbial
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adaptive immune systems against specific infections (Mojica et al., 2005). In the same year, other
scientists in Burope proposed the CRISPR relationship against foreign DNA (Bolotin et al., 2005;
Pourecel et al., 2005). The following year, researchers suggested CRISPR as a bacteria and archaea
adaptive defense system that uses antisense RNA as "signatures" or "memories" from previous
invasions (Makarova et al., 2006). However, this hypothesis was only proven with phage infection

on plasmid conjugation assays (Barrangou et al., 2007; Marraffini and Sontheimer, 2008).

Figure 12. Dr. Mojica at Santa Pola's salt flat, Spain. The microbiologist has been invested as Dr.
honotis causa from the Complutense University of Madrid due to his contribution to CRISPR
technology (Fernandez, 2021). One can see a buildup of salt on the lake's edge, located in the Province
of Alicante, Valencian Community. Photo by Raul Belinchén and taken from (Ansede, 2017).

In 2017, the microbiologist Dr. Mojica, who was recently awarded an honoris causa
degree (Fernandez, 2021), briefly described CRISPR's history in a video published by the E/ Pais
newspaper (Ansede, 2017). I transcribed it and then translated it zpsis verbis:

"In this extreme environment like Santa Pola's salt flats live very few microorganisms capable of

tolerating such high salinity. Among them are the Haloferax mediterranes that are prokaryotes in which, by
analyzing their genome, we found some repetitions that canght onr attention, and later we named them: CRISPR.
After approximately ten_years trying to discover what those replications of bacteria and archaea were for, we found
that they were, no more and no less, part of an adaptive immunity system, which microorganisms have and use as a
defense for themselves against invaders, mainly viruses. One needs to keep in mind that viruses kill 50% of all
bacteria and archaea on this planet every two days. This immune system, which archaea and bacteria have got,
turned ont to have become nothing but the most powerful tool available to modify the genetic material of any living
being, with many applications in agriculture, livestock, and biotechnology. What was discovered in the early 90 in
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the Santa Pola salt flats bas led to many possibilities of curing diseases, like cancer. Actually, right now, many
have been performed as the first human clinical trials nsing CRISPR-modified cells to fight cancer. Surely someone
in the CRISPR research area will receive a Nobel and probably several others for developing a technology that
certainly will change humanity's future. "

3.1.3. CRISPR/Cas9 technology

CRISPR/Cas9 technology is based on the acquited immunity system of bactetia and
archaea against viruses and plasmids. This system is a gene-targeting mechanism based on the
cluster regularly interspaced short palindromic repeats (CRISPR)-associated nuclease. One of the
associate nucleases is Cas9 endonuclease, a type II CRISPR-Cas system from the adaptive
immune system in Streptococcus pyogenes (Deveau et al., 2010). This system is a complex composed
of two short RNA named CRISPR RNA (ctRNA) and the transactivating crRNA
(transcrCRISPR), whose nuclease guides the cleavage of non-DNA on both strands at a specific
site (Gasiunas et al., 2012). The simplicity of the CRISPR nuclease of type 1I, comprising three
components (Cas9, the ctRNA, and trRNA), turns it into a tractable system for genome editing.
This promising tool was realized in 2012 by the Doudna and Charpentier labs (Jinek et al., 2012).
The researchers, who recently were awarded the Nobel Prize in Chemistry (Eva, 2020), created a
two-component system based on the CRISPR type II system by combining ctRNA and trRNA
into a single synthetic guide RNA (sgRNA or gRNA). The gRNA guides endonuclease Cas9 that
generates double-strand breaks (DSBs) in the target genome, which are then repaired by
homologous recombination (HR) and non-homologous end-joining (NHE]) (Feng et al., 2013,
2014).

3.1.4. CRISPR/Cas9 and knockout

Several modifications have been made to improve expression and target knockout
efficiency in CRISPR-editing tools: Cas9 and promoters' optimization; gRNA sequence
extensions and mutations. For instance, those are some techniques among several others that
have been employed recently (Dang et al., 2015).

One of the biggest obstacles to knock out plants is somatic tissue mutations, like
chimerism (Liu et al., 2017). Wang and coworkers (2015) overcame this setback by employing
mutations from germline cells. They circumvented this problem using specific egg-cell

promoters, generating a higher frequency of biallelic homozygous mutations in T1.
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Problems respecting knockouts are not exceptions from chimerism. The blunt cutting
end activity by Cas9 generates one basepair (bp) indel that may not be easily detected and can
cause gene loss function neither. One way to overcome this obstacle is by creating two gRNA
adjacent to each other, which induce larger deletions that are more convenient to detect
(Gasperini et al., 2016). Alternatively, blocking and suppressing NHE] genes (e.g., Ku70, Ku80)
to promote microhomology-based repair have been used. Such approaches have been employed
in Arabidopsis through ZFNs and TALENs (Qi et al., 2013). A similar procedure has targeted
genes using Cas9/gRNA to inhibit DNA ligase VI, a DNA ligase inhibitor (Ma et al., 20106). In
addition to NHE] inhibition, raising the amount of donor DNA has been shown to increase the
HDR event (Cermik et al., 2015). This statement was confirmed on a modified geminiviral virus
replicon fused to a donor molecule merged to CRISPR/Cas9 complex. This vector was then
cloned into T-DNA for Agrobacterium-mediated transformation. Once delivered into the
nucleus, the viral genome amplified into thousands of copies. The high copy number of donor
DNA templates increased gene targeting frequency, which was tenfold higher than the classical
DNA delivery approaches (Cermik et al., 2015).

The multiplex tool, aiming to target multiple genes at once, has shown to be successful
in knockout events, although time-consuming. Furthermore, this technology proved efficient in
editing Arabidopsis and maize using two gRNA driven by a U6 promoter (Xing et al., 2014). A
similar methodology used six gRNAs driven by different promoters (Zhang et al., 2016). The
researchers cloned the sextuple into a single Cas9 and obtained homozygosity after three
generations. Although time-consuming, this methodology enabled editing several genes

simultaneously.

3.1.5. Gene knock-in and replacement

A significant challenge in eukaryotes is gene replacement or knock-ins by introducing
new alleles in the genome. To accomplish gene knock-ins using CRISPR/Cas9, it is necessary
that after DBS, the repair occurs through HDR and uses a template as a sequence donor.

This homology-directed repair system was verified by an experiment with the herbicide-
resistant rice gene, targeted by two gRNA and a free donor sequence. Both of them were co-
bombarded into rice calli. The free DNA source contained mutated target site sequences flanked
by identical wild gene sequences for herbicide resistance. According to the authors, the co-
bombardment of both sources of DNA templates raised the HDR efficiency (Sun et al., 2010).

Although there are cases where substitutions have been made, knock-ins are still tricky and
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challenging. However, a CRISPR/Cas9 attached to the HR can overcome this obstacle. Some
groups used gene suppression methods associated with NHE] DNA repair (Liu et al., 2017).

An agile platform for delivering regulatory components is by deactivating the nuclease
Cas9 function (dCas9) without affecting its gRNA binding ability. The dCas9 is then fused with
general transctriptional activators or tepressors at the C-terminal region, and dCas9/gRNA targets
a promoter sequence of a gene (Liu et al., 2017). An experiment 7/# planta (Piatek et al., 2015)
tused dCas9 with potent activators (dCas9:EDILL and dCas9:TAL) and repressor dCas9:SDRX.
They aimed to test regulatory patterns from promoter regions of a reporter gene (Bs3:uidA),
using three gRNA targeting different regions of this promoter. The pattern was measured by
qRT-PCR, and they tested the functionality of those gRNAs by targeting an endogenous
Nicotiana  benthamiana  phytoene  desaturase  (INbPDS) gene, co-delivering them in different
combination. The approach indicated the CRISPR/dCas9 DNA-targeting tools as valuable
methodologies for functional genomics and biotechnology #n planta. Moreover, Woo and
coworkers (2015) transfected plant protoplast with Cas9 and protein-rRNA ribonucleoproteins
(RNPs), resulting in a higher frequency of edited plants than other techniques.

Although some CRISPR-editing methodologies generate edited crops without
introducing foreign DNA into a cell, strict regulations for GMOs and transgene-free gene-edited
crops are still obstacles scientists (Woo et al., 2015). One method for screening transgene-free
mutants was used in asexual plants whose Mendelian segregation pattern does not exist or takes
many years to occur (Chen et al., 2018). The scientists used the gRNA/Cas9 transient expression
via Agrobacterium to target the PDS gene, whose mutation generated albino tobacco. They
selected albino calli or shoots without selection pressure for high-throughput screening and
searched for foreign DNA. Then, they genotyped the edited line to find traces of Agrobacterium
T-DNA. Subsequently, mutant plants without T-DNA were selected and subjected to a high-
resolution melting and Illumina sequencing. Ultimately, they identified and sequenced simple
mutations.

Other scientists used a similar screening methodology and targeted the ALS gene of
tomato and potato by Agrobacterium transformation (Veillet et al., 2019). However, the
researchers used CRISPR/Cas9 cytidine base editors (CEBs), an activation-induced cytidine
deaminase (Nishida et al., 20106), to induce C into T and target then .ALS. The mutation led to
transgene-free chlorsulfuron-resistant plants.

Although researchers have developed transgene-free editing tools, the European Court
of Justice decided that products derived from plants subjected to genome editing processes are

under strict regulation applied for GMOs. This decision triggered frustration in the European
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scientific community (Schulman et al., 2020). Nonetheless, the European Group on Ethics in
Science and New Technologies recognizes that introducing new genome-edited plants into the
agricultural environment may help provide products for an increasing population and face the

impact of climate change (European Commission, 2021).

3.1.6. Rice endo-(1,3;1,4)-3-D-glucanases and mixed-linkage-glucan

Hemicellulose has been used to distinguish cell wall types, and one of the
polysaccharides that stands out in grasses is the mixed-linkage (1,3;1,4)--D-glucan (MLG). MLG
is degraded by endo-(1,3;1,4)-3-D-glucanases, which hydrolyzes specifically 3(1,4) bonds followed
by 3(1,3) bonds, producing tri and tetrasaccharide blocks (Buckeridge et al., 2004).

From the previous chapter, literature and phylogenies have indicated two rice endo-
(1,3;1,4)-B-D-glucanases (OsEgll and OsEg/2). Studies with GH17 endo-(1,3,;1,4)-5-D-glucanases were
performed mainly in oats, barley, wheat, and rice. Scientists researched MLG's role as a transient
structural polysaccharide. They observed increased MLG in young tissues of elongating maize
coleoptiles' primary cells (Luttenegger and Nevins, 1985). When elongation reached its
maximum, the MLG was rapidly hydrolyzed. Thus, Luttenegger and Nevins suggested MLG as a
transient polymer.

Researchers from Swiss Institutions have elegantly demonstrated MLG as an energy
source in leaves of wheat and batley. They exposed the leaves to light and then, intentionally,
placed them in the dark. They also investigated the endo-(1,3;1,4)-f-D-glucanases protein level
regarding the presence and absence of sugar level in leaves. The studies found that the increase of
MLGase protein was related to low leaf sugar levels. Therefore, they suggested MLG as a source
of energy during a sugar shortage (Roulin and Feller 2001; Wilti, Roulin, and Feller 2002).

Pioneering works on rice endo-(1,3,1,4)--D-glucanases used forward genetics. Akiyama and
coworkers (19906) isolated and partially characterized a rice MLGase. Many years later, Akiyama
and coworkers (2009) purified, isolated, and characterized both rice endo-(1,3;1,4)-3-D-glucanases.
Their northern blots revealed OsEg/! expressing in all tissues, whereas RNA blots indicated no
expression for OsEg/2 on analyzed samples, exempting the panicles. Despite their contrasting
expression pattern, both MLGases showed endo-(1,3;1,4)-3-D-glucanases activity.

Kido and coworkers (2015) overexpressed OsEg/7 and noticed an MLG decrease and
alteration of silica distribution associated with reduced cell wall resistance. They suggested that

MLG would play a physical reinforcement function.
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3.1.7. MLG and aerenchyma development

Slakeski and coworkers (1990) were probably the first group of researchers who
suggested a possible association between MLG and aerenchyma development. Considering the
high level of MLG and endo-(1,3;1,4)-5-D-glucanase mRNA in young leaves of batley, they
suggested that if the elevated endo-(1,3;1,4)-f-glucanase level was proportional to the enzymatic
activity, cell wall degradation could then occur in leaves. They mentioned that high levels of an
MLGase could be related to the formation of intercellular airspaces necessary for the gas and
water vapor diffusion in young leaves. According to the authors, the gas spaces, in the beginning,
do not access the atmosphere directly. Also, considering these intercellular airspaces develop by
selective dissolution of the cell (lysogeny) or often by separation of cells (schizogeny), they
indicated the possible association of endo-(1,3,;1,4)-f-D-glucanases to aerenchyma development of
paddy rice.

Compelling evidence associating MLLG's hydrolysis to aerenchyma has recently been
reported (Leite et al., 2017; Grandis et al., 2019). Leite and coworkers (2017) reported that MLG
is one of the most degraded polysaccharides from sugarcane's cell wall while aerenchyma
develops. Later on, Grandis and coworkers (2019) showed an increase in an endo-(1,3;1,4)-p-D-
lncanase and the subsequent rise of its protein level as aerenchyma develops. Therefore, the
authors suggested that MLLG's retrieval is associated with acrenchyma development.

Since rice genetic engineering has stood out for its stability over the last decade, the
association mentioned above could be in-depth explored by editing the rice endo-(1,3;1,4)-p-D-
Slucanases using CRISPR/Cas9.

3.2. GOAL

Knockout (KO) both tice endo-(1,3;1,4)-f-D-glncanases using CRISPR/Cas9 and

investigate the eventual decrease in MLLG hydrolysis into aerenchyma development.
Objectives

o KO of OsEg/l by CRISPR/Cas9
o KO of OsEg/2 by CRISPR/Cas9

° Phenotypic analysis of acrenchyma in edited lines
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3.3. MATERIAL AND METHODS
3.3.1. Plant material

Nipponbare seeds of O. sativa were ground with sandpaper to remove the husk,
stetilized with 5% (v/v) sodium hypochlotite, and shaken at 100-120 rpm for 40 min. They were
rinsed with sterile water five times and plated on callus induction medium 2N6 (Table 6 in
Appendix A), then sealed plates were grown at 22 °C in the dark for 3-4 weeks. The embryogenic
calli were collected, transferred to new 2N6 media, and maintained at 22 °C in the dark. The 2N6

medium was changed to fresh ones every three-four weeks.

3.3.2. Design of OsEgl1 and OsEgl2 sgRNA targets

The rice genomic and mRNA sequence of OsEg/7 and OsEg/2 were obtained from the

Phytozome database (https://phytozome.jgi.doe.gov/pz/portal.html) using LOC_0Os05¢g31140.1

and LOC_Os01g71474.1 accession numbers, respectively.

For target recognition, 20-nt guide oligonucleotides were synthesized (Table 5 in
Appendix A) for ligation with sgRNA modules. The gRNAs targeting OsEg/l and OsEgl? were
designed according to standard guidelines. Both being 20 bp and upstream of a proto-spacer
adjacent motif (PAM). Moreover, for OsEg/1, we chose a Sacll recognition site and, for OsEgl2,
an Xmal one. Those sites were carefully chosen for restriction fragment length polymorphism
(RFLP) analysis.

The sense and antisense primers of OsEg/l gRNA and OsEgIl ¢RNA (Table 5 in
Appendix A) were phosphorylated and annealed under the following condition: 37 °C for 30 min,
95 °C for 5 min, and then ramping down to 25 °C at the rate of 5 °C/min, in a 10 pL reaction (1
ulL of 10x T4 ligation buffer, 0.5 ul. of T4 PNK, 1 uL of each oligo at 100 uM). The annealed
sgRNA oligos were cloned into the Bsl site of psgR-Cas9-Os vector and driven by the OsU6
promoter (Mao et al., 2013). The resulting plasmids were confirmed by sequencing, subcloned

into the plant expression vector pCAMBIA1300 (https://www.addgene.org/vector-

database/5930/), and used to transformed Escherichia coli DH5w strain cells. The plasmids were

then extracted according to the manufactures' protocol (PureLink™ HiPure Plasmid Miniprep
Kit).

Lastly, pPCAMBIA1300 containing OsEg/T cassette plus Cas9 was named pRD365 and
pCAMBIA1300 containing OsEg/2 cassette plus Cas9 pRID3066.
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3.3.3. Cloning fragments of OsEgl1 and OsEgl2

The extraction of gDNA in all steps was done according to the Sigma plant genomic
DNA isolation kit. We cloned partial fragments of OsEg/l and OsEgl2 as future positive controls.
The partial sequences of OsEg/T (478 bp) and OsEgl2 (465 bp) were amplified using GenScript
Tag DNA polymerase (Table 5 in Appendix A). The resulting products were cloned into pGEM-
T-Easy and used to transform FE. /i DH5a cells. The transformants were plated on solid
LB/ampicillin, overnight grown at 37 °C. The resulting single white colonies were put in liquid
LB/ampicillin and overnight grown at 37 °C and shaken appropriately. Plasmid DNAs were
purified by PureLink plasmid mini-prep kit (Invitrogen).

3.3.4. Biolistic and rice tissue culture

Half a gram of calli was placed on a 5.5 cm filter disk containing 2N6 medium plates
(Table 6 in Appendix B). So, 2 mg of gold particles (0.75 um) were sterilized in 70 % ethanol
(v/v) for 10 min and washed with water two times. The patticles were resuspended in 15 uL. of
[10 mM Tris (pH 8.0), 150 mM NaCl]. One microgram of each plasmid (pRID365 and pRID360)
was separately added into the resuspended particles and vortexed for 10 seconds. The following
mix was added: 20 uL. of 0.1 M spermidine, 20 uL. 25% PEG (1300 MW), 20 uL. 2.5 M CaCl..
The tubes were vortexed for 10 sec, incubated at room temperature for 10 min, centrifuged for
30 sec at 16,000 g. The supernatant was then aspirated off, and the remaining pellets resuspended
in 70 % ethanol. Finally, 6 uL. of resuspended pellets were aliquoted into four carrier disks for
bombardment.

The gene gun bombardment was done at 1100 psi, and the calli were placed 10 cm from
the particle holder. The bombarded calli were incubated on the 2N6 medium for three weeks in
the dark. They were transferred to hygromycin-containing N6SE medium (Table 6 in Appendix
A) and incubated in the dark for more than three weeks. The yellowish-resistant calli were then
transferred to a hygromycin-containing MSRE regeneration medium (Table 6 in Appendix A)
and incubated in light for three weeks. The resistant calli were transferred to a new MSRE
medium, which was replaced after three weeks. The resistant calli were separated from non-
resistant brown calli. Those whose roots were visible were transferred to plant pots containing
hygromycin MSRT medium (Table 6 in Appendix A). The pots stayed under light for

approximately three weeks. Finally, the small plants were transferred to soil and covered with
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plastic to maintain the humidity. Some holes were made to drop the humidity, and the plants

then adapted to the chamber environment.

3.3.5. Genotyping

Firstly, plant gDNA was extracted and purified. Subsequently, the presence of the Cas9
complex was confirmed by PCR (Table 5 in Appendix A). We used a plasmid containing the
Cas9 gene (Feng et al., 2013) as a positive control. Potential edited plants for OsEg/7 were named
RD365 and for OsEgl2 as RD3066. So, the partial sequence of OsEg/l (478 bp) and OsEgl2 (465
bp) was amplified using gDNA from RD365 and RD366. All bands were cut and purified.

OsEg/1 and OsEg/2 amplicons (bands) were submitted to Sacll and Xwmal digestion,
respectively. Wild-type amplicons of OsEg/l and OsEgl2 submitted to the same digestion showed
168 bp/128 bp/98 bp/91 bp and 291 bp/174 bp, respectively. Then, potential undigested bands
were sequenced. Concomitantly, the T7 endonuclease I (T7E1) assays (New England BioLabs
Inc.) were carried out using OsEg/l and OsEg/2 amplicons, which were denatured, and annealed
in a thermocycler using the following program: 95 °C for 5 minutes ramping down to 85 °C at
the rate of 2 °C/sec, 25 °C at the rate of 0.1 °C/sec. The mixture was then digested with 0.5 pl.
of the T7E1 enzyme (10 U/uL) at 37 °C for 60 minutes (Shan et al., 2014). Samples were

electrophoresed on 1% agarose gel.

3.3.6. Heterologous Expression of SBLIC1
3.3.6.1. Cloning Sblic1 into the bacterial expression vector pET30

Besides editing rice endo-(1,3,;1,4)-p-D-glucanases, we wanted to characterize the SBLIC1
endo-(1,3;1,4)-3-D-glucanase. Thus, we tried to express this protein for an eventual viscosimetric
assay. All results regarding this approach are found in Appendix B (Figure 27).

A partial DNA sequence of Sb/zc1 CDS (368 bp) was cloned (Table 5 in Appendix A)
into pGEM-T-Easy and used to transform the E. co/i Stb/3 cell. This partial construction was
sequenced and considered our positive control. GenScript synthesized the full S4/kc7 coding
sequence (1056 bp) and cloned it into the pUC57 vector. We cut out Sblic! CDS upon Ndel/ Xhol
digestion and electrophoresis. The insert was purified from agarose and cloned into
pET30b/KanR (3:1 insert: vector molar ratio), previously digested by Ndel/Xhol. Ligation was

confirmed upon Ndel/Xhol digestion and fragment release. The resulting construct and the
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positive control were used to transform chemically competent cells [One Shot ® BL21(DE3) —
Invitrogen], plated on solid SOC medium/KanR at 37 °C overnight. A single colony was picked
and grown in liquid LB medium/KanR at 37 °C overnight and shaking at 225 rpm. Lastly,
plasmids carrying the construct were extracted, subjected to digestion, and subjected to

electrophoresis for confirmation.

3.3.6.2. SBLIC1 expression and purification

An overnight culture of BL2IDE3 cells containing the § blic1/ pET30b construct was
grown under kanamycin selection. Half mIL. of the overnight culture was diluted into a fresh 25
mL (1/50) in pre-warmed liquid LB/Kan. As a negative control, the empty vector
(BL21DE3/pET30b) was used. At OD = 0.5, we induced SBLIC1 synthesis by adding IPTG at
a final concentration of 0.5 mM. To maintain the samples' proportional cell number, we collected
samples based on the initial volume (V1o) and OD (ODro), using the following equation: Vrx =
(OD1o X Vio)/ ODix Here, OD1x means an OD at any given time (IX). The optimal point was
four hours after IPT'G induction. Pellets were centrifugated at 4,000 g at 4° C for 10 min, then
stored at - 80 °C.

Protein extraction and inclusion body solubilization were performed according to
handbooks of CellLyticTM (Sigma) and CelLytic B (Sigma), respectively. According to Qiagen's
protocols, His-Tag protein purification was carried out using an affinity chromatography matrix
(Ni-NTA Agarose).

Precast Gels from Bio-rad (Mini-PROTEAN TGX) were used for protein
electrophoresis, and subsequent procedures followed Laemmli 's work (1970). SBLIC1 has a
mass of 37.12 kDa, and an appropriate protein marker was used to visualize bands around this
mass.

All results regarding this particular experiment are found in Appendix B (Figure 27).

3.4. RESULTS
3.4.1. Expression profile of OsEgl1 and OsEgl2

Figure 13 shows the expression level of OsEg/l and OsEg/l? in different tissues. In rice

roots, OsEg/l has a high expression level, while OsEg/2 has a medium expression level. Therefore,
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both genes were candidates for CRISPR-editing. The values were obtained from microarray data

using Genevestigator Software (Hruz et al., 2008).
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Figure 13. OsEgll and OsEgi2 expression level in roots. In (A), the black arrow indicates a high
expression for OsEg/T in roots. In (B), the black arrow indicates medium expression for OsEg/2 in roots.
The figures were adapted and obtained using the Genevestigator tool (Hruz et al., 2008), whose analyses
are based on public microarray data (Rice Genome Affymetrix).

3.4.2. Genotyping

3.4.2.1. Cas9 confirmation

The presence of the Cas9 complex (300 bp) was found in the genome of edited plants
for OsEg/l (RD365) and OsEgl2 (RD366). We found two lines containing Cas9 for OsE/l,
RD365s (Figure 14A). In contrast, we detected the Cas9 in several lines (1-24) for OsEgl2,
RD366s (Figure 14A and 14B). Despite the high number of potential transgenic plants for
RD366s, all plants, including RID365s, did not survive. At this point, we still had some plants for

further analysis.
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Figure 14. Cas9 confirmation. (A) and (B) show amplification of Cas9 (300 bp) in all samples. C+ are
positive controls; Wt means wild type. RD365s are edited plants for OsEg/7, and RD366s are OsEg/2.

3.4.2.2. OsEgl1 and OsEgl2 amplifications using edited gDNA

Figure 15 shows amplicons of RD365 and RD366 using edited gDNA as templates.
Bands were cut out and purified. Considering all plants did not survive, we analyzed only those

plants that were still alive.
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Figure 15. OsEgll and OsEgl2 amplifications using genome-edited plants as templates.

(A) Partial OsEg/Tamplifications (478 bp) are bands in RD365-1 and RD365-2. (B) Partial OsEgl2
amplification (465 bp) are bands in RD366-1 to 11. RD365 are OsEg/! edited plants, and RD666 are
OsEgl2. Positive controls (C+) are plasmids containing both partial sequences we previously cloned.
Besides, we also amplified amplicons using wild type (Wt) gDNA.
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3.4.2.3. OsEgl1 and OsEgl2 RFLP analysis

Figure 16 shows OsEg/l amplicons (RD365-1 and 2) upon Sacll digestion, generating
bands around 200 bp. The results indicated no on-target mutations because bands are similar to
those that resulted upon wild-type digestion.

Figure 17 shows OsEg/2 amplicons (RD365-1 and 2) digested by Xwal, resulting in four
to five bands. Besides, are noticeable undigested 465 bp bands, which could be the outcome of
incomplete digestion and on-target mutation at the Xwal restriction site. Either way, we cut the

465 bp bands out for sequencing and T7E1 assays.

A B

OsEgll amplicon of 478 bp
Sacll digestion — 168bp/128bp/98bp/91bp

N
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&
» . —— ——
AL I 1 Y
et 1 & & &
{ ® @365' RD365_2 Qg’b & @a,

500bp —> |

«—200bp — | :
«— 100bp —»

Figure 16. OsEgll RFLP analysis. (A) The scheme above photos indicates the bands would be
generated from wild-type (Wt) amplicon upon Sacll digestion. Both, digested and undigested Wt are
controls. RD365-1 and RD365-2 (A and B) upon Sacll digestion generated bands like the digested W,
indicating no on-target mutation.
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Figure 17. OsEgl2 RFLP analysis. (A) and (B) have OsEgl2 amplicons (465 bp). Bands around
291/174 bp indicates eventual digestion by Xmal. Digested RD366s amplicons may contain undigested
bands and incomplete digestion (465 bp).

3.4.2.4. T7E1 assay

Although OsEg/l RFLP suggested no on-target mutations, we used the OsEg/7
amplicon for the T7E1 assays, which revealed single bands, thereby indicating no heteroduplex

DNA sequences (Figure 18).

OsEgll (478 bp)
——
oo
< & OsEgl2 (465bp)
S S . ,
Wt RD366- 1 to 11

Figure 18. T7E1 assays. RD365s are OsEg/famplicons (478 bp) and RD366s are OsEgl2 (465 bp).
The arrow indicates 500 bp. Single bands suggested no DNA heteroduplexes.
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3.4.2.5. Sanger sequencing

The undigested bands (465 bp) from OsEg/2 RFLP (Figure 17) were sequenced. One
sample revealed two off-target point mutations in OsEgl2 CDS. However, when the alleged
mutated sequence was aligned with our previously cloned wild-type OsEg/2 amplicon, the point
mutations would result in amino acid sequence changes. Furthermore, the "mutated sequence"

did not indicate point mutations compared to sequences at the Phytozome database.

3.4.3. Acquisition of OsEg/2 T-DNA line

Public databases showed the existence of rice lines containing T-DNA insertion for
OsEg/1 and OsEg/2. However, only OsEg/2 Taiwan Rice Insertional Mutants (TRIM) seeds were
available at International Rice Functional Genomics Center. They are T2 seeds of M00089780
mutant. Besides, this mutant is a Tainung 67 rice variety. So, we also acquired a wild-type
Tainung 67.

The wildtype and M00089780 mutant alignment revealed the T-DNA insertion in the
CDS final region and 3'UTR (Figure 28 in Appendix B). Thus, the mutant might be a good line

to investigate a possible OsEg/2 loss of function.

3.5. DISCUSSION

Profile expression of OsEg/T and OsEg?2 indicated significant expression for both genes
in roots. Genotyping verified the presence of Cas9 in the genome of several edited plants,
thereby indicating potential transgenics. However, RFLPs revealed no mutation for OsEgl/l,
whereas OsEg/2 contained undigested bands, meaning possible point mutations. Some bands
were then cut off and sequenced. The data suggested no mutation or eventual changes in amino
acid sequences for OsEGL2. We transformed more calli and obtained some plants that survived,
although we did not genotype them.

Despite the fact we did not obtain an edited line using CRISPR/Cas9, the last surviving
plants could be further investigated. Significantly, the T-DNA line acquisition is an excellent

candidate for MLLG studies vis-a-vis acrenchyma development.
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3.6. CONCLUSION

We did not obtain on-target mutants for OsEg/l and OsEg/2. Therefore, we were unable
to analyze the aerenchyma. However, there are still potential transgenic plants for further
investigation. More importantly, the OsEg/2 T-DNA line is a precious material that could indicate

if MILG hydrolysis is associated with aerenchyma development.
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4. FINAL CONSIDERATIONS

Sorghum bicolor will get more attention due to its high flexibility in growing in a vast range
of environments, especially in a future scenario where climatic events are expected to be more
extreme. Data obtained from primary sorghum roots have strengthened our MLG hydrolysis's
correlation with the constitutive aerenchyma development in this work. A seven-day-old non-
branching root system, whose diameter is adequate for in vivo analysis, enabled the acquisition of
high-resolution X-images in a couple of hours, contributing to the establishment of roots into
segments and their ensuing anatomical characterization. The precise identification of gas spaces
within segments facilitated obtaining more robust data regarding gene expression, enzymatic
assays, and cell wall fractionation.

CRISPR-editing endo-f-(1,3,1,4)-glucanases were carried out using rice, though, considering
its genetic transformation stability. Even editing rice endo-5-(1,3;1,4)-glucanases in a year were
challenging, and it turned out to be more complicated than we expected. Nonetheless, the
acquisition of an OsEgl? T-DNA might help to conclude whether MLG hydrolysis and
aerenchyma development have a cause-and-effect relationship with one another. Also,
researchers will eventually conclude if Sb/ke7 is directly involved in aerenchyma development or
not. Notably, Sb/c2 is roughly 900-fold more expressed in young leaves than roots and may fit
better for biotechnology purposes. Indeed, researchers have explored Poaceae endo-f-(1,3,1,4)-
Slncanases genes and alleles to get more thermostable and efficient enzymes for MLG hydrolyses.
Thus, our phylogeny will contribute to explore the MLG endo-f-(1,3,1,4)-glucanases in
biotechnology.

In my opinion, the most trending topic of MLG is related to its evolution. MLG's
presence throughout divergent living organisms. The lack of information regarding its synthases
and hydrolysis are questions that remain to be elucidated. The recent findings of GH16
transglycosylases capably of grafting backbones of MLG into xyloglucan are intriguing. Similarly,
cudicot does not have MLG, but a recent find showed an MLGase activity in Vs vinifera.
Exempting bacteria and monocots, we do not know which genes perform MLG biosynthesis in
such organisms.

Interestingly, our inferences indicated Cs/Hs genes in Magnoliids, a clade in which MLG
has never been detected. Although many genes are related to MLG biosyntheses in monocots,
like the monocot-specific cellulose synthase-like F and H, the bacterial cellulose synthases A has been

emerged as MLG synthase, owing homology with Csks. Therefore, the polymer's multiple origins
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theory could need to be attested again in the future because such homology, from bacteria to
monocots, indicates evolutionary conservation.

It could be that some clades have genes to synthesize MLLG but do not express them,
and, therefore, we would not see MLG presence. For instance, the magnoliids clade could be
under this hypothesis, in which our phylogeny indicated Cs/Hs within magnoliids, although
researchers have never detected MLG in this clade.

Either way, MLG evolution remains a trending topic with intriguing questions to be

solved among those who have studied MLG intensively.
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Appendix B
J_1Smm__|J 15 mm 15 mm 15 mm 14.2 mm |
———————
Root Apex el Root Base
Segment 1 Segment2  Segment3 Segment4 Segment 5

600 jum

600 pm

600 60 600 pm

Figure 19. Micrograph of the first segment. The first segment starts at the root apex and has no
aerenchyma. The diagram above comprises the whole primary root of this microtomography, divided
into 5 segments, and the first one is in blue. All images are equidistantly displayed from each other
(from root apex towards the base). In (1), the ellipse shows the beginning of the apex. The up arrow
constitutes the foam material on which the roots were placed for analysis and the down arrow the
plastic that involves the root. The root's diameter is slightly larger in (2) and (4) due to the plastic's
compression. Images were subjected to color density range using software CT-Analyser.
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] 15mm § 15Smm § 15mm | 15Smm j 14.2 mm j§
1 T T T 1

Root Apex Root Base

Segment1  Scgment 2 Segment3 Segment4 Segment S

= )}

Figure 20. Micrograph of the second segment. The second segment is the initiation of aerenchyma
development. The diagram above comprises the whole primary root of this microtomography, divided
into 5 segments, and the second one is in blue. All images are equidistantly displayed from each other
(from root apex towards the base). In (1), the circle shows the root. The up arrow constitutes the foam
material on which the root was placed for analysis and the down arrow the plastic that involves the
root. The first gas spaces start to develop and are noticeable in (27) and (28), indicated by arrows.
Images were subjected to color density range using software CT-Analyser.
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J 15mm [ 15 mm 15 mm 15 mm 14.2 mm |

Root Apex V-\\\_.ﬂ-—""

Segment1 Segment2 Segment3 Segment4 Segment S

Root Base

600 pm

600 pm 600 600 jum
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Figure 21. Micrograph of the third segment. The third segment is the aerenchyma under
development. This pattern has been found in the fourth and fifth segments as well. The diagram above
comprises the whole primary root of this microtomography, divided into 5 segments, and the third one
is in blue. All images are equidistantly displayed from each other (from root apex towards the base).
White arrows indicate some gas spaces in (1), (3), (4), (13), (14), (15), and (19). The ellipses represent a
set of merged gas spaces in (21) and (26). Images were subjected to color density range using software
CT-Analyser.
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J 15mm | 15mm | 15mm J 15Smm | 14.2 mm |

Root Apex Root Base

Segment 1 Segment2 Segment3  Segment4 SegmentS$

600 pm
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Figure 22. Micrograph of the fourth segment. The fourth segment is the aerenchyma under
development. This pattern has been found in the third and fifth segments. The diagram above
comptises the whole primary root of this microtomography, divided into 5 segments, and the fourth
one is in blue. All images are equidistantly displayed from each other (from root apex towards the
base). The ellipses represent a set of merged gas spaces in (2), (3), (4), (18), (20), (23), (24), (27), (28).

Images were subjected to color density range using software CT-Analyser.
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] 15 mm 15 mm 15 mm 15 mm 14.2 mm |

Root Apex V e ———

Segment 1 Segment2  Segment3 Segmentd4 Segment 5

Root Base

Figure 23. Micrograph of the fifth segment. The fifth segment is the aerenchyma under
development. This pattern has been found in the third and fourth segments as well. The diagram
above comprises the whole primary root of this microtomography, divided into 5 segments, and the
fifth one is in blue. All images are equidistantly displayed from each other (from root apex towards the
base). The ellipses represent a set of merged gas spaces in (1), (2), (3), (4), (6), (8), (9), (13), and (17).
White arrows indicate some gas spaces in (18). Images were subjected to color density range using
software CT-Analyser.
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Equisetum fluviatile
Vitis vinifera
Arabidopsis thaliana
Populus trichocarpa
Drimys winteri
Houttuynia cordata
Piper nigrum

Eudicotyledons Rosids

Piperales
—— Aristolochia elegans
Tracheophyta — . Saruma henryi
Myristica fragrans

Eupomatia bennettii
A 11 .
Magnaliales  annona muricata

_: Magnolia maudiae
Ma, Magnolia grandiflora

Magnoliidae

gnolia

Gyrocarpus americanus
Gomortega keule
Peumus holdus

Laurales _: Cinnamomum micranthum
Persea americana
Idiospermum australiense
_|: Calycanthus floridus
Acorus americanus
Araceae Anthurium amnicola
Typhonium blumei
Pistia stratiotes
Dioscorea
Xerophyta villosa
Orchidaceae — Dendrobium catenatum
L Phalaenopsis equestris
Liliales Xerophyllum asphodeloides

\—: Colchicum autumnale
Gloriosa superba

Zingiberales

Spermatophyta

Dioscoreales

Velloziaceae

Liliopsida

Petrosaviidae
Musa acuminata
Arecaceae — Phoenix dactylifera

Elaeis guir i
. Bromeliaceae Cocod nucifera
Commelinids Ananas comosus
Oryza sativa
Avena sativa
Brachypodium distachyon

——— Triticum aestivum
ordeum vulgare
Poaceae C Eleusine coracana
Oropetium thomaeum
Paniceae Setaria viridis
Panicum virgatum
Zea mays

Sorghum bicolor
Andropogoneae Miscanthus sinensis

Saccﬁﬁ?l_ﬁz"ﬁi: Saccharum hybrid cultivar
Figure 24. Species tree of tracheophytes. The cladogram shows the clustering pattern of some
species used in our work. The cladograms were generated in PhyloT (Letunic and Bork, 2007) with
NCBI taxonomic data. There are groups with polytomy that are unranked.

Poales

Pooideae
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 Lichenase_Avena_sativa_CAAT8834.1
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IE"'
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Figure 25. Evolutionary tree of GH17 endo-(1,3;1,4)-8-glucanases in Poaceae. Fach node's
values ate related to each branch's length and may represent the extent of divergence. The arrows
indicate the sorghum genes. The estimated change average of Sbikcl is higher than Sb/ic2 and Sblic3.
The two merged red triangles are endo-(1,3)-f-glncanases related to callose used as root point.
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a
Shlic2 i
g
<
b
11
10 C ’—IT 11— C C C C
0.38 0.07 0.33 0.37 0.42
0 _— T/T e = _— —_—
Stem Leaf (+1) Leaves (0 and -1) DMature Roots Segment 1 Segment 2 Segment 3

-10

Figure 26. ShlicZ expression profile. Sb/ic2 stands out for its elevated expression in young leaves (0
and -1). Stem, leaves, and mature roots were obtained from sixty-day-old sorghum, while segments
were acquired from seven-day-old seedlings. Values are means (n=3) * standard errors, and letters
represent the statistical significance among samples according to Tukey's test (p <0.05).

37kDa
37 kDa

Figure 27. Heterologous expression of SBLIC1 and its solubilization from inclusion bodies. In
(A), (1) Molecular eight; (2) pET30b (empty vector); (3) Purified soluble fraction; (4) 1 pg of BSA; (5) 5
ug of BSA; (6) 10 pug of BSA; (9) Cell debris (inclusion bodies). SBLIC1 was found in inclusion bodies
(ninth column indicated by blue arrow) but not in the soluble fraction (third column) after protein
extraction. In (B), (1) molecular weight; (2) inclusion bodies submitted to affinity purification; (3) 2 pg
of BSA; (4) 5 ug of BSA; (5) inclusion bodies not submitted to purification. Eventually, SBLIC1 did not
bind to collum upon purification. Bovine serum albumin (BSA), black arrows are 37 kDa, and blue
arrows indicate SBLIC1 (37.12 kDa).



Alignment of OsEgl2 with T-DNA
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GCAAGAAGCAACAACAGGTCAGATGTCACAGGTTGAGTCGAGCTTGAGAATGGCGTCTTCAGCTGCTTCCATGCTCGACATGGCGTTGCT

i } + 1 } n 4 4 } + 4
(I B e B o e e + + t t + t H—+—+++ L e e R
5'UTR

ACTTGCAGTCTTTGCCTCCATCCTAGCAGGAACGGCAGCGGTTGGAGTATGCTGGGGCATGAGCGGCGACARCCTGCCGCCGGCGAGCAA

n 4 1 " Il " Il } Il i Il i Il I 4
=1+ t t t =ttt

GGTCACCGAGATGCTCCGCGAGAACGGCTTCACCGTCGTGCGCCTCTACGCGCCGGACAGCGCCGCGCTCGCGGCGCTCGGCGGCACGGG

' 1 L 1 I 4 + Il n il I Il 3 Il " } 3 1
} 1 S B b o i o i A i a | Tt 5 ¢ T T t T + T+ et -+ |

CATCCGCGTCGTCGTCGGCGCGCCCAACTACGACCTCCCCGCCCTGGCGCACGGCGGGACCGCCGCCGCGGCCGCCTGGATCCGCGAGAA

: 1 . Il 4 I 3 Il " Il 3 I 4 Il " Il " 1
t 1 t t t L B i i e e | + T t T 1 t t t

CATCCAGGCCTACCCGACGGTCCTGTTCCGGTTCGTCGTCGTGGGCAACGAGGTCGCCGGCGCCGACACGCAGCTCCTCGTCCCGGCCAT

1 1 I Il " 1 " Il i Il 1 Il ' Il 1 I 3 1
+ 1 1 1 t t R0 T I L L B L | =ttt T +++ T

GGAGAACGTCCACGCCGCGCTCGCGGCGGCCGGGCTGGGACACATCAAGGTGACGACGTCGATCTCCCAGGCCACCATCGGCGTCCACAT

4 I 4 } 4 L " ' L ! 4 1 i i 4 I 4 }
t S o o i e e T t T t T T T T T T T T T

CCCGCCGTCCGCCGGCGAGT TCACCGACGAGGCGAAGCCGTTCATGAGCTACGTGATCCCATTCCTGGAACGGACGCACGCGCCGCTGCT

L Il I 1 1 Il " Il L 1 4 Il L Il 4 Il I 1
-+t T T T ++ T L B [ B e T g g e e A e -t L T

GGCCAACCTGTACCCATACTTCATCTACTCATACAACCCGGGCGGCATGGACATCAGCTTCGCGCTGTTCACGGCGAGCGGCGCGGTGGT

L } 4 1 L 1 L 1 3 Il 4 1 3 ' 4 Il L Il
et t T LB B S e o o i i t T t B e s e e i e o

GCAGGACGGGGAGTACGGGTACCAGAACCAGT TCGACGCGACGGTGGACGCGCTGTACACGGCGGTGGCGARGCTCGGGGGAGAGAACGT

4 4 I L 1 3 I " 1 s 1 4 I L Il
4 e t T T T T T | T T T T T T T T

GAGGGTGGTGGTGTCTGAGACCGGGTGGCCGACGGCGGGCGGCETGEGCGCGTCGGTGGAGAACGCCATGACATTCAACCAGARCCTGGT

Il } 1 4 1 4 1 " I 3 4 I : 1

N : \
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Figure 28. Sequence of OsEgi2 T-DNA line aligned with wild type. The alignment of wild type
with-DNA line revealed the T-DNA insertion within OsEg/2 CDS and in the 3'UTR. The mutant 1D is
MO00089780 and was acquired from Taiwan.



