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RESUMEN

A pesar de la existencia de una investigacién considerable sobre la embriogénesis
somatica (ES), el mecanismo molecular que regula la biosintesis de las auxinas durante el
proceso de induccién de la ES sigue siendo desconocido. El 4cido indol-3-acético (AlA) es
una auxina que se sintetiza en las plantas a través de cinco vias. La via biosintética mas
frecuentemente utilizada en esta sintesis es la conversion de triptéfano a acido indol-3-
piravico (IPyA) por las enzimas triptéfano aminotransferasas de Arabidopsis (TAA)
seguido de la conversiéon del IPyA a AlA por enzimas codificadas por los genes YUCCA
(YUC) de la familia de flavina monooxigenasas; sin embargo, no esta claro si la
biosintesis del AIA mediada por YUC esta involucrada en la induccién de la ES. En este
estudio, se indica que el aumento de AIA observado durante el pretratamiento para la
induccién de la ES en Coffea canephora (MS suplementado con acido 1-naftaleneacético
(NAA) 0.5 uM y cinetina (Kin) 2.32 uM durante 14 dias) se debe a su biosintesis de novo.
Mediante qRT-PCR, se determin6 que la expresion de genes CcYUCs es consistente con
la sefal del AIA libre encontrada en los explantes durante la induccion de la ES. Ademas,
el uso de yucasina, un inhibidor de las enzimas YUC, reduce la sefial de AlA libre en los
explantes foliares y disminuye drasticamente el desarrollo de la ES. La adicién de AIA
restaura el proceso de ES en explantes tratadas con yucasina. Para obtener informacion
detallada de la familia de proteinas YUC, se presenta una caracterizacion profunda
basada en un analisis filogenético y bioinformatico que incluye la prediccion proteica de
una hélice transmembrana hidrofébica (TMH), un péptido sefial, su localizacién
subcelular, sitios de fosforilacion, y modelado y acoplamiento molecular de las proteinas
CcYUC. Nuestros hallazgos sugieren que la familia de proteinas CcYUC estan altamente
conservadas en la ruta de biosintesis de las auxinas y que la biosintesis y la localizacion
del AIA desempefian un papel esencial durante el proceso de induccion de la ES en

Coffea canephora.







ABSTRACT

Despite considerable research on somatic embryogenesis (SE), the molecular mechanism
that regulates the biosynthesis of auxins during the SE induction process remains
unknown. Indole-3-acetic acid (IAA) is an auxin that is synthesized, in plants, through five
pathways. The biosynthetic pathway more frequently used in this synthesis is the
conversion of tryptophan to indol-3-pyruvic acid (IPyA) by tryptophan aminotransferases of
Arabidopsis (TAA). The followed step is converting IPyA to IAA by enzymes encoded by
YUCCA (YUC) genes of the flavin monooxygenase family; however, it is unclear whether
YUC-mediated IAA biosynthesis is involved in SE induction. In this study, we report that
the increase of IAA observed during SE pre-treatment (plants in MS medium
supplemented with 1.naphthaleneacetic acid (NAA) 0.5 uM and kinetin (Kin) 2.32 uM for
14 days) is due to its de novo biosynthesis. By gqRT-PCR, we demonstrated that CcYUCs
gene expression is consistent with the free IAA signal found in the explants during SE
induction. Also, the use of yucasin to inhibit YUC enzymes' activity reduces the signal of
free IAA in the leaf explants and dramatically decreases SE's induction. The exogenous
addition of IAA restores the SE process in explants treated with yucasin. We presented an
in-depth characterization based on the phylogenetic and bioinformatic analysis for more
detailed information on the YUC family of proteins. This analysis includes predicting
hydrophobic transmembrane helix (TMH), signal peptide, subcellular localization,
phosphorylation sites, modelling, and docking molecular of CcYUC proteins. Our findings
suggest that the CcYUC proteins family is highly conserved in the auxin biosynthesis
pathway. That biosynthesis and the localization of IAA play an essential role during the
induction process of the SE in Coffea canephora.







INTRODUCTION

Unlike animals, plants have a high capacity for regeneration of new individuals identical to
the mother from a cell or groups of cells without the need for fertilization. This regeneration
mechanismis known as somatic embryogenesis (SE) (Vogel, 2005; Nic-Can et al., 2013).
SE is the development of structures similar to a zygotic embryo from somatic cells
(Tvorogova et al., 2019; Loyola-Vargas and Ochoa-Alejo, 2016). It can also be the process
by which somatic cells, under induction conditions, generate competentcells that undergo
a series of morphological, biochemical, and molecular changes to give rise to somatic
embryos without the fusion of gametes (Quiroz-Figueroa et al., 2006). SE provides an
invaluable tool for the genetic improvement of plant species that cannot be propagated
sexually (Ma et al., 2015).

The study of the biochemical and molecular mechanisms of SE allows us to identify the
factors involved during the induction process of the somatic embryo (Ma et al., 2015) and
determine how best to apply them to the genetic improvement of a range of plant species
(Ma et al., 2015; Santana-Buzzy et al.,, 2004). Furthermore, SE is an example of
totipotency because the somatic cells respond directly to a stimulus leading to the somatic
embryo's development and formation. Therefore, SE is an excellent system for studying
cellular differentiation and dedifferentiation (Magnani et al., 2017).

SE is a complex process that involves many factors including plant species, tissue type
(explant), culture medium, exogenous growth regulators and changes in endogenous
growth regulators, and nitrogen and carbon source (Nic-Can et al., 2013; Quiroz-Figueroa
etal., 2001; Fuentes-Cerda et al., 2001). Besides, somatic cells can activate the genetic
machinery necessary for the transcription of genes involved in SE induction (Quiroz-
Figueroa et al., 2002), implicating the alteration of cell wall composition and changes in
growth regulators, genetic expression, and epigenetic regulations in this process (De-la-
Pefia et al., 2015).

It has been proposed that plant growth regulators, mainly indole -3-acetic acid (IAA), play a
crucial role in mediating the signal transduction that leads to the reprogramming of gene
expression. This change is followed by a series of cell divisions that induce disorganized




growth (callus) or lead to direct SE (Dudits et al., 1991). IAA is a molecule that controls
almost all aspects of plant growth and development (Tsugafune et al., 2017). Its
biosynthesis is crucial for plant homeostasis, including embryo development, fruit ripening,
organogenesis, and plant architecture (Nonhebe, 2015; Paque and Weijers, 2016).
However, the auxin's action is determined by its synthesis and distribution in tissue, mainly

by its polar transport from cell to cell (Petrasek and Friml, 2009; Peer et al., 2011).

The route most conserved and providing the most direct way to produce IAA in plants is
from tryptophan via two enzymatic reactions consisting of TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS (TAA) and YUC flavin monooxygenase of the
indole-3-pyruvic acid (IPyA) pathway (Tsugafune et al., 2017; Zhao et al.,, 2001;
Mashiguchi et al., 2011).

Genetic studies have demonstrated that YUC functions as the rate-limiting step of the IPyA
pathway, indicating that YUC plays a crucial role in developmental processes regulated by
cellular 1AA levels (Tsugafune et al., 2017). Biochemical and molecular studies have
shown that these gene families (TAA and YUC) participate in the IAA biosynthesis
pathway in several plant species, including Arabidopsis thaliana, Zea mays, and Oryza
sativa (Zhao, 2014; Brumo et al., 2014). It has been reported that IAA biosynthesis through
YUC is necessary for the establishment of the basal part of the embryo and the onset of
embryonic organs (Cheng et al., 2017). Previous findings indicated that auxin biosynthesis
location plays an essential role in many growth and development processes, including
embryogenesis (Zhao, 2010).

Cheng et al., (2006) overexpressed YUCL, YUC2, YUC4, and YUC6 genes, and their
results indicate an increase in the production of auxin in Arabidopsis seedlings. Also, they
determined the expression of YUC1 and YUC4 at the apical meristem and primordia of
young leaves (Cheng et al., 2006; 2007). Single or double mutants showed no adverse
effect, unlike quadruple mutants that caused severe effects on the seedlings (Cheng et al.,
2007). Accordingly, due to the YUC genes family's redundant functions, it is not easy to
access reverse genetic approaches to understand IAA biosynthesis's physiological role
(Tsugafune et al., 2017). Hence, the use of specific inhibitors to overcome the redundant
activity of target genes has emerged as a useful tool for genetic studies (Tsugafune et al.,
2017).




Despite the various studies in this area, the genes regulating IAA auxin biosynthesis
during embryogenesis are unknown (Cheng et al., 2007). Endogenous intracellular levels
remain unclear during the SE induction process. There the possibility that de novo IAA
biosynthesis plays an essential role in the SE because previous reports have shown that

auxin biosynthesis is dynamic during embryogenesis (Ribnicky et al., 2002).

Our primary goal in this work was to determine whether the YUC-mediated IAA
biosynthesis is involved during the SE induction process in Coffea canephora. To solve it,
we used gRT-PCR to measure the transcript levels of CcYUCs and used a specific
yucasin inhibitor to block the biosynthesis of the auxin IAA. Yucasin is a potent specific
YUC enzyme inhibitor (Nishimura et al., 2014).

In this study, we found that CcYUCL1, CcYUCL1-putative, CcYUC4, and CcYUC-Like genes
have dynamic expression patterns when the induction of the SE process. We showed a
correlation between the CcYUCs expression pattern and the location of the free IAA auxin
signal at the beginning of the induction of the SE process. Furthermore, forming a local
endogenous IAA gradient in specific tissues was crucial during the SE induction process in
C. canephora. On the other hand, treatment with yucasin inhibited SE, but exogenous IAA
addition restored the embryogenic process. Our data show that the YUC-mediated IAA
biosynthesis is crucial for SE in C. canephora.







CHAPTER |
BACKGROUND
1. Coffee

Coffea belongs to the Rubiaceae family and has been identified two genera: Coffea and
Psilanthus. The Coffea genus comprises more than 100 species. Commercially, the most
important specie is Coffea arabica. Coffea canephora Robusta variety (2n = 22) is the
second specie with. The major economic importance is not only by the volume of
production but also by the cultivable area (Nolasco 1985). Also, C. canephora has a high
degree of resistance to water stress and high temperatures and diseases; it also has high
caffeine content. Coffea arabica (2n = 44) is less resistant to diseases, lower caffeine
content, and is the most commonly used beverage (Bertrand et al., 2000).

For several years, different research groups have been working to improve coffee
production through biotechnological applications and the support of such valuable tools
like molecular biology (Anthony et al., 1997). The development of plant tissue culture
techniques has been of great value to both agriculture and biotechnology. Tissue culture is
essential to solving plant biology questions, for example, elucidating metabolic pathways,
genetic improvement, somaclonal variation, and production of compounds of
pharmaceutical interest (Loyola-Vargas and Ochoa-Alejo 2012). The SE as a tool of tissue
culture is perhaps the best way to regenerate plants; however, some physiological,
biochemical, and molecular mechanisms that take place when the cell becomes

competent are still unknown (Rojas-Herrera et al., 2002; Quiroz-Figueroa et al., 2006).
1.1. Somatic Embryogenesis

During the life cycle of plants, embryogenesis is crucial in many species (De Vega-Bartol
et al., 2013). Different molecular aspects of reproductive biology have been discussed
widely (Petrasek, 2011).

The SE is the formation of an embryo from a cell or group of cells without gametes fusion.
It can be done by a series of cell dedifferentiation (Pierik, 1990; Quiroz-Figueroa et al.,

2006.) or somatic cells. The somatic cells, which under specific induction conditions, can




generate embryogenic cells that will undergo morphological, biochemical, and molecular
changes until they form a somatic embryo (Zimmerman, 1993). The SE is the best
example of totipotency because the somatic cells respond adequately to a stimulus
leading to the somatic embryo's developmentand formation. Therefore, SE is a system for
the study of cellular, differentiation and dedifferentiation (Magnani et al., 2017) . Besides,
SE is one of the most used tools for propagation and regeneration of higher plants
(Priyono et al., 2010). Due to this feature, it has become a valuable techniq ue for the study
of plant species with agronomic and biotechnological interest (Quiroz et al., 2006).

A somatic embryo undergoes various development stages known as globular, heart,
torpedo, and cotyledon to become a complete plant (Quiroz et al., 2002). Between zygotic
and somatic embryogenesis exists a significant similarity during developmental stages
except that SE enters a dormant (Zimmerman, 1993). The SE differs from the ZE (zygote
embryogenesis) because the first can manipulate or control a wider range of factors in
vitro that the ZE (Santana et al. 2007). Different explants can be used for the induction;
however, in the gender Coffea, the best source is the young foliar tissue (Etienne, 2005).

It has been reported that SE in Coffea can be achieved in two ways, directly and indirectly.
The directly way only requires a specific ratio of auxin and cytokinins; the indirect way
require the induction of an embryogenic callus under a specific medium supplemented with
growth regulators (GR) and then another culture mediumwithout RG (Quiroz et al., 2002.,
Rojas et al., 2002).

The induction of SE is a complex process that involves many factors, including plant
species, tissue (explant), culture medium, exogenous growth regulators, nitrogen and
carbon source, and in vitro conditions (Nic-Can et al., 2013; Quiroz-Figueroa et al., 2001).
Also, the SE process can be affected by the IAA auxin, the same one that regulates the
development and growth of the plant (Petrasek, 2011). Ayil-Gutiérrez et al. (2013) reported
that IAA plays an essential role during the induction of SE in C. canephora; its

homeostasis is crucial to understand the role of auxins during the process of SE induction.
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1.2. Gene expression during the SE

Up today, the signal that activates somatic cells to become totipotent and gives rise to a
whole plant is unknown. Although there are works that studied the cellular and molecular
changes that control the formation of the somatic embryo, it is not clear the genetic and
biochemical mechanisms that govern the SE's development. Biochemistry and molecular
biology studies will help understand the mechanisms leading this cell capacity during the
SE.

The SE can start froma cell or group of cells described by Loyola-Vargas et al. (1999) and
Quiroz-Figueroa et al., (2002). They observed that somatic cells are originated from
mesophyll cells or cells with the rapid epidemic mitotic division. Somatic cells can be
distinguished from other cells at the leaf tissue because they are isodiametric, with dense
cytoplasm and prominent nuclei, which undergo a series of organized divisions until a
complete embryo, similar to the ZE (Quiroz et al., 2002). Besides, somatic cells can
activate the genetic machinery necessary for the transcription of genes involved in the
induction of SE (Quiroz-Figueroa, 2002). Several factors are implicated for the induction of
SE, including alteration of the cell wall composition, changes in growth regulators, genetic

expression, and epigenetic regulations (De la Pefia et al., 2015).

Several works have documented the expression of genes involved during the SE. Recent
studies showed an expression pattern of auxin response genes (ARF) during the SE
induction process in C. canephora (Quintana-Escobar et al., 2019). Experiments
performed by Magnani et al. (2017) determine the presence of the AP2/ERF transcription
factor WOUND INDUCED DEDIFFERENTIATION 1 (WIND1), which showed the same
pattern of expression as BABY BOOM (BBM) and Somatic Embryogenesis Receptor
Kinase (SERK1), suggesting that they might play a crucial role in obtaining embryogenic

competence.

Once these genes are activated, a program of gene expressionis carried out, establishing
a pattern in plant tissue (Quiroz-Figueroa et al., 2006). It has been proposed that growth
regulators (GR) play a crucial role in mediating signal transduction leading to the
reprogramming of gene expression, followed by a series of cell divisions that induce
disorganized growth (callus) or growth. It is leading to polarized SE (Dudits, 1991).
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Activation response by auxin may be the main event to gene expression and cell division
in reprogramming the physiological state, which leads to embryogenic with the competition

that gives rise to somatic embryo (Quiroz-Figueroa et al., 2006).

In recent years, a particular field of interest has been the study of the mechanisms
regulating cell identity and the maintenance of undifferentiated cells in the meristems of
the plant (Schoof, 2000). Understanding the mechanisms that govern this embryogenic
process will lead us to lay the groundwork for future use in the propagation, improvement,
and genetic manipulation. The SE can be an effective way of regeneration to obtain
genetically modified cells, as well as a valuable tool for the multiplication of plant species

with agronomic interest (Rojas-Herrera, 2002).
1.3.Genes involved in the SE

During the embryogenic process, somatic cells are induced to form embryogenic cells
capable of generating a whole plant; this capacity is known as cell totipotency and is
characteristic of plant cells. Such a change in development involves a series of events
related to molecular recognition of internal signals and external stimuli (Chugh, 2002) . GRs
play a crucial role in plants' development and growth, mainly auxin IAA in vitro culture
(Quiroz-Figueroa et al., 2006). 2-4 dichlorophenoxyacetic acid is a synthetic analogue of
auxin, and its exogenous addition induces genetic expression during SE in many plant
cultures (Dunits et al., 1991). It has been suggested that auxin signalling and stress are

key for cellular reprogramming leading to embryogenesis (Quiroz-Figueroa et al., 2006).

The ability of the embryogenic system may be the result of several factors such as the
presence or absence of specific receptor of the GR, alterationsin balance or equilibrium of
endogenous GR, chromatin remodelling, epigenetic regulation (acetylation and
methylation), and transcription factors (Jimenez, 2001; Quiroz-Figueroa et al., 2006; Feng
and Jacobsen, 2011). Although the embryogenic process has been widely studied, few
genes have been associated with SE's induction. Some of them are the home obox (HB)
gene family LEAFY COTYLEDON LEC (Stone et al., 2001), BBM (Boutilier et al., 2002),
the WOX family (WOX2, WOX8, WUSHEL) (Zuo et al., 2002; Tvorogova et al., 2019) and
SERK. SERK is an essential receptor for auxin-mediated signalling (Baudino et al., 2001).
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It has been reported that the SE in A. thaliana can be achieved by ectopic expression of
transcription factors such as LEC (Stone et al., 2001), BBM (Bouitilier et al., 2002).
Previous studies showed that the embryogenesis-associated genes BBM, LEC1, WOX2,
and SERK were identified and analyzed in somatic embryos of the European larch L.
decidua Mill (Rupps et al., 2016). LALEC1 and LAWOX2 are mainly expressed during early
embryogenesis, whereas LdBBM and LASERK reveal increased expression during later
development. Temporal and spatial expression studiesrevealed a specific LALEC1 signal
in young embryo heads' outer cell layers, whereas mature embryos showed a
homogeneous expression (Rupps et al., 2016). Other genes found in A. thaliana like
FUS3, ABI4, are transcription factors that encode proteins during embryogenesisinduction
(Gaj et al., 2005).

The LEC1 gene encodes a protein related to domain-B-ACTIVATED PROTEIN HEME 3
(HAP3) subunit CCAAT-box binding factors (CBF) (Lotan et al.,, 1998). LEC1 is
predominantly expressed at the beginning and the end of the seed development phase
(Ledwon and Gaj, 2010). It has been reported that LEC1 regulates the genes of auxin
biosynthesis (Junker et al., 2012). YUCs genes family encoding flavin mono-oxygenases
proteins involved in auxin biosynthesis in A. thaliana (Cheng et al., 2006). In previous
work, itwas shown that LEC1 binds to the YUC10 promoter to activate gene transcription,
which causes an increase in the endogenous auxin concentration during embryogenesis in
A. thaliana. It has been suggested that LEC1 plays a role in the control of YUC10
expression and, therefore, affects the synthesis of auxins in the embryo (Junker et al.,
2012). Overexpression of LEC2 leads to the formation of the embryo and callus formation,
and cotyledons. Previously with A. thaliana mutants, it has been reported that LEC genes
have its function at the end of embryogenesis to initiate and/or maintain embryo

maturation and germination repress (West et al., 1994).

Guo et al. (2013) promoted somatic embryogenesis as a study model using tobacco plants
in which they overexpressed LEC2 and LEC1 genes. In LEC2 transgenic plants, there is
an increased production of somatic embryos, and the regeneration of the plant was done
in a culture medium without exogenous GR. However, LECL1 transgenic plants were not

able to regenerate in the same culture medium.
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Another essential transcription factor is BBM; it belongs to the AP2 family and is
expressed in meristems and root. Ectopic expression of BBM in A. thaliana induces
somatic embryos' spontaneous formation from seedlings (Boutilier et al., 2002). Also, BBM
is a specific transcription factor that regulates a wide range of developmental processes in
plants (Boutilier et al., 2002). The AP2/ERF proteins have been divided into two distinct
subfamilies based on the number of DNA binding domains that can have (one or two).

BBM belong to the AP2 subfamily (Boitilier et al., 2002).

On the other hand, it has been found that the expression of the BBM gene is present
during the development of a zygotic embryo. Analysis by RT-PCR and in situ mRNA
(Figure 1.1) hybridization pattern spatio-temporal expression of the BBM gene in cultured
Brassica microspores and developing seeds of A. thaliana was determined. Transcripts of
BBM find genes present in embryogenic cultures four days old but were not detected in
non-embryogenic cultures of the same age. These transcripts (BBM) were detected
subsequently globular to cotyledonary stage embryos developing microspore-derived
(Boutilier et al., 2002).
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Figure 1 mRNA in situ hybridization BBM embryos and seeds. Brassica
embryo sections microspores and seeds derived from A. thaliana. AtBBM A-E
were hybridized; BnBBM of H-l; AtBBM F and G; BnBBM J. digoxigenin UTP
labelled probes. The hybridization transcript is indicated purple-brown. A-G
longitudinal sections of A. thaliana seeds. H, globular stage embryo (arrow) and
microspores undewveloped cultured during 8 days old of the Brassica. I-J,
Brassica embryo culture fourteen days old (Boutilier et al., 2002).
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A BBM ortholog was identified and characterized in Theobroma cacao. The expression
profile showed that it is present at SE and ZE. The overexpression of BBM T. sheets
causes an increase in cocoa production SE (Figure 1.2) but a decrease in conversion to
plants (Florez et al., 2015).
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Figure 2 Overexpression of BBM Theobroma cacao gene (TcBBM) induces
anincrease inthe SE. A, number of embryos produced by explant compared to

wild type (control). Error bars represent one standard deviation. B, embryo
production of transgenic plants (BBM) and wild type C (Florez et al., 2015).

WOXs family genes form a family of transcription factors in plants that participate in a wide
range of processes. WOX genes were first identified as determining cell fate during
embryo development and playing important roles in maintaining stem cell niches in the
plant (Costanzo et al., 2014). Nowadays, it is known that WOX1 play an essential role in
the formation of lateral organs, while WOX2 is active during the formation of embryogenic
cells (Van der Graaff et al., 2009). Besides, WOX3 promotes cell proliferation, and lateral
organ formation (Van der Graaff et al., 2009) whereas WUSCHEL (WUS) is expressed in
the apical meristem organization's center to regulates meristem stem cells (Van der
Graaff, 2009). Among WOX genes the ectopic expression of WUS can induce
embryogenic callus formation and generate somatic embryos in A. thaliana, tobacco and
coffee plants (Arroyo-Herrera et al., 2008).

1.4. Auxin biosynthesis

Auxins control almost all aspects of plant development and their biosynthesis is a crucial
process (Paque and Weijers, 2016). IAA, with a structure resembling that of Trp including

indole and carboxyl functions, is the predominant auxin form, behaving as a weak organic
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acid in aqueous solutions (Friml et al., 2003; Paque and Weijers, 2016). Although auxin
concentrations affect cell division, differentiation, phyllotaxis, organogenesis, and
embryogenesis, synthesis and polar cell to cell transport play a central role in those effects
(Petrasek and Friml, 2009; Chenget al., 2006; 2007; Grones and Friml, 2015; Paque and
Weijers, 2016).

It is of vital importance to know exactly where auxin is synthesized in plants. It has long
been held that auxin is synthesized in young developing leaves. However, it is now known
that auxin can be synthesized in many different plant tissues (Chandler, 2009). Plants had
five biosynthetic pathways to produce IAA, four tryptophan (Trp) dependent, and one Trp
independent. Trp synthesis is one of the most complicated amino acids, involving five
steps from chorismate (Woodward and Bartel, 2005).

During the last 70 years, several researcher groups have shown in A. thaliana that the IAA
biosynthetic pathway begins with the amino acid Trp (Stepanova et al., 2011). Five ways
can do IAA synthesis; four from Trp-dependent and one Trp-independent pathway:

1. By decarboxylation to produce tryptamine (TAM).

2. To cause oxygenation, Indole-3-acetamide (IAM).

3. By transamination to produce indole-3-pyruvic acid (IPyA).

4. For oxygenation to produce indole-3-acetaldoxime (IAOx) (Woodward and Bartel,

2005).
S. Trp-independent pathway.

The most studied and accepted pathway for auxin biosynthesis is from the Trp-dependent
route through two enzymatic steps involved tryptophan aminotransferases of Arabidopsis
(TAA) and YUC flavin-containing monooxygenases (FMO) (Zhao, 2014). FMO enzymes
are widespread in nature and perform a wide variety of redox reactions, including
hydroxylation, reduction, monooxygenation, DNA repair, and cellular signalling
(Macheroux et al., 2011). In plants, the YUC protein family belongs to a class of FMO
exclusively involved in auxin biosynthesis (Zhao et al., 2001).

Previous studies have demonstrated that plants use Trp as a substrate, which is converted
to IPyA as an intermediary for IAA production (Mashiguchi et al., 2011; Zhao, 2014).
Enzymes of the TAA family use Trp to catalyze the conversion in IPyA as an intermediary
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molecule for IAA biosynthesis (Tao et al., 2008). The following reaction is converting IPyA
into IAA catalyzed by members of the YUCs family, which are key enzymes for IAA
biosynthesis (Zhao, 2001; Mashiguchi et al., 2011). The IPyA pathway is the first route of
IAA biosynthesis and is the most conserved and complete in plants (Zhao, 2014).

Recombinant TAAL proteins catalyze the conversion of IPyA from Trp in vitro (Stepanova
et al., 2008). Mutants of the taa family showed a significant decrease in IAA and IPyA
concentrations. Unlike in the induction of TAA1, the concentrations of IAA and IPyA
increased endogenously in Arabidopsis (Mashiguchi et al., 2011). The family of TAA genes
plays an important role during the development and growth of plants. Mutations in the taa
genes cause severe deficiency in auxin in different biological processes, including floral
development, lateral root formation, and embryogenesis (Stepanova et al., 2008).

On the other hand, numerous studies have determinedthe YUCs genes' role during plant
development (Zhao, 2012); e.g., overexpression of YUCs genes causes hypocotyl
elongation in Arabidopsis (Zhao et al., 2001). In maize, it has been reported that mutations
in the yuc genes cause a reduction of IAA levels affecting the vegetative development
(Bernardi et al., 2012). In Arabidopsis, there are 11 YUCs genes encoding enzymes for
IAA biosynthesis. In this model, different studies have been carried out to determine the
YUCs genes' function during plantdevelopment (Cheng et al., 2007). The overexpression
of YUCs increase the production of IAA in seedlings of Arabidopsis; unlike yuc mutants in
which the expression and content of both IPyA and endogenous IAA decrease drastically
(Mashiguchi et al., 2011; Kasahara, 2015).

Cheng et al., (2007) overexpressed the genes YUC1, YUC2, YUC4, and YUCB6, and their
results indicate an increase in the production of auxin in Arabidopsis seedlings. Also, they
determined the expression of YUC1 and YUC4 at the apical meristem and primordia of
young leaves (Cheng et al., 2006). It is important to mention that single or double mutants
showed no adverse effect, unlike quadruple mutants that caused severe effects on the
development of the seedlings (Cheng et al., 2007).

The presence of a second auxin in plants, phenylacetic acid PAA, has been reported, even
at levels similar to IAA in plant tissues (Sugawara et al., 2015); however, the physiological
activity of PAA is not as marked as IAA (Wightman and Lighty, 1982). It has been
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suggested that PAA biosynthesis is carried out through the phenylpyruvate intermediate
from the amino acid phenylalanine (Phe) (Sugawara et al., 2015). In vitro experiments
have shown PAA production through phenylpyruvate by the recombinant enzymes
AtYUC6 and AtYUC2 (Dai et al., 2013; Sugawara et al., 2015). However, Cook and
colleagues demonstrated that although YUC enzymes can convert PAA in vitro, these
enzymes are unlikely to act the same way in vivo (Cook et al., 2016; Cook, 2019). In Zea
mays defective endosperm (del18) mutants, the enzyme ZmYUC1 results in complete loss
of function (Bernardi et al., 2012). Using this mutant, IAA levels were significantly reduced
but not endogenous PAA levels in the wild type (Bernardi et al., 2012). These results
suggest that ZmYUC1 does not participate in PAA biosynthesis (Cook et al., 2016). In a
greater magnitude of triple mutants in A. thaliana (yucl, 2, and 6), the PAA content is not
affected (Sugawara et al., 2015). But, interestingly, in vitro, AtYUC2 and AtYUC6 produce
PAA (Dai et al., 2013). Overall, today, it is known that the TAA/YUC pathway is highly

conserved throughout the plant kingdom (Stepanova et al., 2011).

Several studies suggest that the Trp-dependent pathway for IAA biosynthesis through
YUC genes could be determinant for the development of embryogenesis (Nonhebel,
2015). It has been shown that IAA biosynthesis is essential for vascular pattern formation,
seedling growth, zygote embryogenesis, and organogenesis (Cheng, 2006; 2016;
Stepanova et al., 2008). Also, it has been reported that during embryogenesis, auxin
biosynthesis plays a critical role because previous studies have shown that auxin
biosynthesis is dynamic during embryogenesis (Ribnicky et al., 2002; Ayil-Gutiérrez et al.,
2013). IAA regulates the de novo root organogenesis in Arabidopsis (Liu et al., 2014; Xu et
al., 2017; Yu et al., 2019). Liu and colleagues reported that endogenous auxin is critical for
celltransition. The blockade of auxin transportcauses a decrease in auxin concentration,

therefore, loss of regeneration of de hovo organogenesis in Arabidopsis (Liu et al., 2014).

It is important to mention that regeneration responds to detachment or wounding
generated to the explant (leaf). In Arabidopsis, de novo root organogenesis begins after a
wound to the explant in a growth medium without growth regulators in the dark. After 12
hours, the auxin levels significantly increased (Liu et al., 2014; Chen et al., 2016). The
YUC1 and YUC4 genes are activated quickly after wounding (within 4 hours), suggesting
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that these two genes participate in the production of endogenous auxin in leaf explants
(Chen et al., 2016).

Production of IPyA-dependentauxin in zygotic Arabidopsis embryos has been investigated
through the gene expression pattern of YUC1 to YUC11 (Mashiguchi et al., 2011; Cheng
et al., 2007). Only the YUC4 and YUC9 genes were specifically expressed in the
suspensor at the early embryogenesis (Figure 1.3) (Chen et al., 2007; Robert et al.,
2013). Also, double mutations were made (yuc3+yuc9 and yuc4+yuc9). The segregation of
the progeny of the double mutations in the yuc did not show any defect in its basal
expression. However, they produced seedlings with apical defect, number and aberrant

form of cotyledons.

Figure 3 Spatio-temporal distribution of YUC gene expression during the

onset development of embryogenesis in Arabidopsis. A, YUC4 and B,
YUCS9 are expressed in the suspensor at 16 cell stage (Robert et al., 2013).

Combinations have been made with taa and yucca mutants causing developmental
defects. Quadruple mutants in yucl, yuc4, yucl0, yucll and triple mutants in taal, tarl,
and tar2 causing fail in the development of the basal part of the embryo in Arabidopsis
(Cheng et al., 2007a; Stepanova et al., 2008).
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Studies made in maize with yuc and taa mutants showed similar results as the obtained in
Arabidopsis, which indicates that both families of genes are crucial for development and
that also participate in the same pathway of IAA biosynthesis in plants (Phillips et al.,
2011).

The redundant function of the proteins YUC has been reported. For example, both YUC1
and YUC4 are expressed in discrete groups of cells throughout embryogenesis. Their
expression patterns overlap with YUC10 and YUC11 during embryogenesis (Cheng et al.,
2007). On the other hand, single or double mutants do not affect development, unlike the
guadruple mutants of yucl yuc4 yuclO yucll fail to develop a hypocotyl and a root
meristem (Cheng et al., 2007). Reverse genetics approaches are useful for studying the
functionality of YUCs. However, the use of specific inhibitors outweighs the redundant
function (Nishimura et al., 2014; Chen et al., 2016).

Our group has shown that the induction of SE in C. canephora requires at least one
exogenous auxin before or during the process (Ayil-Gutierrez et al., 2013). Exogenous
auxin (1-naphthaleneacetic acid NAA) appears to be essential for the induction of SE. In
leaf explants of C. canephora, the exogenous auxin NAA induces the biosynthesis of
endogenous IAA accompanied by the expression of genes of the YUC family during the
process of induction of the SE (Ayil-Gutierrez et al., 2013).

The exogenous addition of auxin causes an increase in the endogenous con centration in
cell suspensions of Daucus carota (Michalczuk et al., 1992). In Medicago falcata, the SE
induction process is related to increased endogenous auxin concentration (lvanova et al.,
1994). Therefore, it seems that an increase in endogenous auxin content is crucial to turn
on the SE induction mechanism (Ayil-Gutierrez et al., 2013). In C. canephora and other
plant species, the exogenous addition of auxin or a ratio of auxin and cytokinins is required
for the induction of SE (Quiroz-Figueroa et al., 2006).

Our protocol used young leaves of C. canephora seedlings in vitro, incubated in a solid
medium Murashige and Skoog (MS) supplemented with NAA and kinetin (Kin) for 14 days
in the dark (pre-treatment). Then, the SE is induced in a liquid medium Yasuda with 6-
benzyladenine (BA) 5 uM in darkness (Quiroz-Figueroa et al., 2006).
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The expression of the YUCL1 gene increases in the pre-treatment period and its expression
was maintained until day 21 after the induction of SE in C. canephora (Ayil-Gutierrez et al.,
2013), suggesting that the increase in auxin content is de novo biosynthesis and this is
essential for the beginning of the SE.

The above mentioned indicates that the machinery of auxin biosynthesis through the
YUCs genes is crucial at the beginning of the proembryon and necessary for developing
the embryo structures (Robert et al., 2013). Besides, IAA biosynthesis, polar transport, and
conjugation mechanisms are factors that regulate the homeostasis of IAA for the control of
the regulation of the SE (Ayil-Gutierrez et al., 2013). SE is a complex biological process
that involves many factors, and the biosynthesis of IAA is only one part. It has been
observed that mirl60 and mirl65/mirl66 regulate auxin biosynthesis through YUC via
LEC2 during the SE in Arabidopsis (Wdjcik et al., 2017). Also, it is suggested that low
concentrations of ethylene can activate the auxin biosynthesis during the SE induction

process (Bai et al., 2013).

Despite the great effort that scientific research has provided a clearer picture in the last
decade of the enzymes involved in auxin biosynthesis, several questions regarding this
process's biochemical mechanisms and subcellular localization have not been elucidated.
There are fewreported studies in maize and Arabidopsis of auxin biosynthetic activity can
be found in microsomal fractions (Kriechbaumer et al., 2015; 2016), and some of auxin
biosynthetic proteins showed endoplasmic reticulum (ER)-localization, due to
transmembrane helix (TMH) (Kriechbaumer et al., 2016). Eleven members of the AtYUCs
family have been found to exist in A. thaliana, of which AtYUC4.2 is a splice variant
located on the ER in flower (Kriechbaumer et al., 2012). Similarly, AtYUC5, AtYUCS8, and
AtYUC9 were localized in the ER of the root, the rest of the AtYUC proteins in the cytosol
(Poulet and Kriechbaumer, 2017).

There are still many unresolved questions on the subject of auxin biosynthesis and how it
impacts its homeostasis regulation during the development of the SE. Although several
models propose the mechanisms of auxin biosynthesis, we still need to understand how it
is regulated at the transcriptional level, protein, and epigenetic level.
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1.5.Yucasin: a powerful inhibitor of the activity of YUCCA enzymes

Trp is initially converted by TAA to produce IPyA, which is then oxidized to IAA by YUC
proteins (Zhao et al., 2001). Previous studies suggest IPyA as a substrate for YUC
proteins (Stepanova et al., 2008; Tao et al., 2008). A biochemical study of YUC6 showed
that YUC catalyzes the oxidative decarboxylation of IPyA (Dai et al., 2013). Mutations of
yucs gene family may not affect IAA content or phenotype, due to the functional
redundancies of YUCs family members (Zhao, 2014). This makes it difficult to analyze and
understand the function of auxin and IAA biosynthesis pathway using genetic approaches.
The use of chemical components is a powerful strategy that employs small molecules as

probes to dissect biological processes (Dejonghe and Russinova, 2014).

These small chemicals can be applied to any tissue and at any time in the plant life cycle,
using the appropriate concentrations, to interfere with protein function (Kakei et al., 2015;
2017). Therefore, pharmacological approaches using small inhibitory molecules result in
advantageous in studying essential functions and tissue specificity of target molecules.
These small inhibitory molecules can be applied to analyze various vegetables and crops
(Kakei et al., 2015). In this manner, pharmacology is a remarkably useful approach to

analyze the growth and development of plants, including SE.

Various inhibitory have been used to study auxin metabolism. For example, the 1-
naphthylphthalamic acid (NPA) acts as a specific IAA efflux inhibitor (Nagashima et al.,
2008), and another small molecule, L -kynurenine (Kyn), has been identified as a potent
auxin biosynthesis inhibitor that targets TAA1 (He et al., 2011). Another inhibitor is 5—(4—
chlorophenyl)-4H-1,2,4 —triazole-3—thiol, also known yucasin, an IAA biosynthesis inhibitor,
targets the YUC enzyme. The compound was identified as the most potent inhibitor of IAA
biosynthesis during a chemical library's screens using an in vivo system with maize
coleoptiles (Nishimura et al., 2014). It has been shown that yucasin strongly inhibited the
enzymatic activity of recombinant AtYUC1-His in vitro and also yucasin inhibits a wide
range of YUC proteins in Arabidopsis (Nishimura et al., 2014).

On the other hand, treatments with 200 uM of yucasin affected the free IAA content and
blocked de novo root organogenesis in Arabidopsis leaf (Chen et al., 2016). It has been

suggested that yucasin is a substrate analogue of FMO and functions as a competitive
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inhibitor of YUC1, with a higher binding affinity than the substrate IPyA. The thiol group of
yucasin may be important for its interaction with YUC (Nishimura et al., 2014). Thus,
yucasin offers a useful tool to determine the mechanisms of IAA biosynthesis via the YUC
protein and to identify uncharacterized proteins involved in IAA biosynthesis during the SE

induction process.
1.6 Auxin transport

The concentration of auxin is variable in all the plant tissues, being young leafs the best
source of synthesized auxin. Unequal distribution is crucial for the correct development
(Paque and Weijers, 2016).

IAA's homeostasis and distribution depend on several factors, such as biosynthesis,
conjugation, and transport. The free IAA is responsible for performing the physiological
functions in the plant but must be transported from cell to cell to perform the physiological
functions, and for this to happen, the formation of a concentration gradient of IAA is
necessary (Benkova et al., 2003). The auxin concentration gradient is carried out by
transmembrane transporters that regulate their flux for the control of many development
processes, including embryogenesis, vascular formation, lateral organ development, and
tropism (Naramoto, 2017; Krecek et al., 2009).

The IAA auxin, being a weak acid in its protonated form under physiological pH conditions,
can freely cross the cells' plasma membrane. However, once inside the cell, the IAA is
deprotonated, acquiring charge; therefore, it can no longer cross the plasma membrane; it
needs auxin-specific carriers (Swarup et al., 2005; Grones and Friml, 2015). The transport
of IAA through the cells is unidirectional and involves energy consumption in the form of
ATP. This transport occurs in the basipetal formin stems and roots. Although in roots, the
transport can be in both directions, acropetal at the central cylinder and basipetal at the
epidermis (Rashotte et al., 2003).

Although the IAA indole group's hydrophobic nature allows the association with the plasma
membrane, the negative charge of the carboxyl group dissociated with the molecule
prevents it from crossing the plasma membrane. Therefore, the IAA can no longer move
passively and requires outbound specific carriers such as PIN (pin-formed) and ABCB
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(ATP-binding cassette protein subfamily B) carrier. Therefore, the auxin output of the cell

is ultimately an active process dependent on energy (Kleine et al., 2009).

After being synthesized, the IAA must be transported polarly towards the root parenchyma
cells through associated vascular tissue and the xylem and phloem; however, flow from
cell to cell of IAA is polar. Polar auxin transport is a complex process regulated by the
action of proteins such as AUX1, PIN, and ABCB (Rashotte et al., 2003). In A. thaliana,
the PIN family is composed of eight integral membrane proteins is divided into two
subclasses, according to the length of the hydrophobic domain (Zazimalova et al., 2007).
The polar location of the PINs is important for the development of the embryo,

organogenesis, tropism, among other development processes (Zazimalova et al., 2010).

On the other hand, the superfamily ABCB is one of the largest and the best known and
studied. Several studies indicate that transporters ABCB1 and ABCB19 are involved in
transporting auxins in plants and play a crucial role during plant growth and development
(Tusnady et al., 2006). In A. thaliana, it has been reported thatthe PIN and ABCB proteins
are involved in the transport of IAA. The ABCB proteins need energy in the form of ATP to
transport the 1AA from cell to cell (Rashotte et al., 2003). The importance of cooperation
between these transporters (PIN and ABCB) seems to be buffering when the levels of
auxin synthesis change or when the conjugations are induced (Weijers et al., 2005).

The function of the auxin transporters in the plasma membrane is to carry out a quick
transport of the auxin with a specific direction established by the auxin gradient for the
development of the plant and also the development of embryogenesis (Zazimalova et al.,
2010; Nishimura et al., 2012).

During embryogenesis, all-important structural features of the plant body are established.
Studies on the ZE in A. thaliana showed that during the development process are involved
PIN1, PIN4, and PIN7 auxin efflux carriers (Petrasek et al., 2011). In the same study
reported that PIN1 is responsible for the distribution of auxin during proembryo formation.
It has been shown that ABCB1 as ABCB19 contributes to the auxin efflux during the
proembryo development stage. While ABCBL1 is found in all cells and suspensor cells
proembryo, ABCB19 is restricted to the proembryo forming cells (Petrasek et al., 2011).
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During the globular stage, PIN1 is located in the apical part with PIN4. During this stage,
the flow of auxin, which until then had been acropetal, now goes to basipetal, the apical
part to the hypophysis is reversed. To complete this flow, the polarity of PIN7 is shifted
from apical to basal localization in the uppermost suspensor cells by the endocytic
recycling process (Petrasek et al., 2011). At this moment, apical to the basal polarity of
auxin flow is established. Thus, a maximum concentration of auxin in the cells to be future
cotyledons well as hypophysis occurs. Auxin transport to the hypophysis, as well as to the
formation of the cotyledons, is carried outby PIN1 (Figure 1.4) (Michniewicz et al., 2007).

1Cell 2Cells Octant Globular Transition C Heart

\ SAM ) /

—= PIN1 W Auxin concentration gradient a Apical cells
PIN4 ¢ Cotyledon
—= PIN7 Vascular tissue flow
h Hypophysis
ABCB1 SAM
i i s Suspensorcells
=== ABCB19 Future shoot of the apical meristem P

Figure 4 Auxin transport during embryogenesis in A. thaliana. Auxin efflux
during the different stages of embryonic development using as a model the
zygotic embryogenesisin A. thaliana mediated by transporters PIN and ABCB
type (Petrasek and Friml, 2009).

Great numbers of experiments provide evidence of the importance of membrane
dynamismin PINS' polar location (Naramoto, 2017; Oochi et al., 2019). Although PINs may
be anchored in the plasma membrane's polar domain, it has been proposed that PINs
continuously undergo recycling between the plasma membrane and endosomal
compartments, fulfilling functions of regulation of the polar location of the PINs (Tanaka et
al., 2013). This dynamism has seen changes in response to environmental signals or
during the development of the plant (Naramoto, 2017; Adamows and Frim, 2015).

Besides, the subcellular traffic of PINs' is highly regulated. Previously, it was thought that
the activity of the phosphatase PPA2 mediated the change of direction of auxin flow during
embryogenic development. PPA2, together with a PID protein kinase, regulate the polar
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transport orientation of auxins (Furutani et al., 2004; Michniewicz et al., 2007). However,
recent research has shown that phosphorylation of PINs does indeed regulate the flow of
auxin (Weller et al., 2017).

PINs are phosphorylated by a protein kinase family (D6PK) and PINOID proteins (PID)
(Zourelidou et al., 2009; 2014). D6PK is located at the basal part of the plasmatic
membrane and regulates the auxin efflux activity of the basally localized PINs (Zourelidou
etal., 2009; 2014). Unlike PIN, that is located in the plasma membrane and regulates both
the flow and the PINs (Weller et al., 2017). The localization of D6PK is regulated by the
level of auxin and the composition of the phospholipids of the plasma membrane (Barbosa
et al., 2014; 2018). Similarly to D6PK, the PIN is also regulated by phospholipids'
composition (Jia et al., 2016). Another key element is the mitogen-activated protein kinase
(MAPK/MPK); it also regulates auxin flow activity by phosphorylation of the PINs (Jia et al.,
2016). These findings suggest a complex system of regulation of the PIN proteins that

coordinate the auxin polar transport and its location in the plasma membrane.

In summary, plant cells display distinct developmental plasticity and the process of SE well
illustrates this unigue phenomenon. During onset SE, somatic cells undergo numerous
molecular changes, followed by induction of a new embryonic pathway of development
(Zimmerman, 1993). Most frequently, SE is induced in vitro under an appropriate growth
regulators environment applied to cultured somatic cells or tissue (Jimenez 2001), and the
induction phase seems to be the most intriguing in terms of the genetic control of the
embryogenic transition. Early molecular events provide a critical step for SE initiation, and
thus for the identification of key genes determining the SE-induction phase. The
expression of transcription factors is auxin-dependent upregulation and found to be
associated with the induction phase of SE. Auxin biosynthesis is one of the first key events
and is carried out by YUC genes that encode enzymes involved in IAA auxin biosynthesis
(Zhao, 2014). As mentioned earlier in this Chapter I, auxin controls various processes of
growth and development. But, to exert its function, auxin must be transported through PIN
(Petrasek etal., 2011) and ABCB (Tusnady et al., 2006) type proteins for signal translation
[activation of BBM, WOX and LEC genes) allowing that somatic cells are converted into
embryonic cells (Boutilier et al., 2002; Van der Graaff et al., 2009; Guo et al. 2013; Costanzo

26




et al., 2014). Knowledge of these genes has high practical utility in plant biotechnology,

and for the improvement of somatic embryo production in recalcitrant plants.
Therefore, the question to be addressed in this project is:

Does the IAA biosynthesis is mediated by the YUC enzymes during the SE induction

process in C. canephora?
HYPOTHESIS

YUC enzymes are involved on the auxin-dependent somatic embryogenesis in C.
canephora.

GENERAL OBJECTIVE

To evaluate if YUC enzymes mediate IAA biosynthesis duringthe SE induction process in
C. canephora.

SPECIFIC OBJECTIVES

1. To Identify, analysis, modeling and docking molecular of YUC protein family in
Genome-wide of Coffea canephora.

2. Histology analysis of SE induction process.

3. To determine the profile expression of YUC genes by gRT-PCR during the SE
induction process.

4. To evaluate the effect of the yucasin inhibitor during of SE induction process.

5. To determine the localization and distribution of IAA in the coffee explants during

SE induction process.

JUSTIFICATION

SE is a biological process in which a series of morphological, biochemical, and molecular
events leads to the formation of the somatic embryo, with auxin playing a central role in it.
However, molecular mechanisms regulating auxin biosynthesis during SE induction
remains only partially understood. Hence, approaching the mechanisms of auxin
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biosynthesis during these events will allow us a deeper insight into the basic biology
process of SE opening future possibilities for biotechnological applications in crop

improvement.
EXPERIMENTAL STRATEGY

In this section, the overall experimental strategy is described. First, candidates to YUC
gene family members were identified by bioinformatic analysis of the C. canephora
genome (Denoeud et al., 2014). In parallel, induction of somatic embryogenesis was
performed in vitro by exposing C. canephora seedlingsto pre-treatment with Kin and NAA,
simultaneously with Yucasin, an inhibitor of the YUC protein function, for 14 days. After
seedling pretreatment, leaf sections were used as explant for induction of SE in Yasuda
medium containing BA. Tissue samples were collected every 7 days throughout 28 days
after induction. The collected tissues were used for the analysis of expression the six
CcYUC genes retrieved by bioinformatics, as well as for IAA localization and quantification
(Figure 1.5).

|

C. canephora

A 4
. Induction SE |
‘l’ v l’
RNA extraction and “ IAA quantification by HPLC
cDNA synthesis
l v

qRT-PCR

Figure 1.5 General diagram of the workflow carried out in this job.
As a first point, the bioinformatic analysis (blue). The second point, in
vitro plantlets (green) and the inhibitor treatment (Brown), were used;
then gRT-PCR analysis (purple); followed by the induction of SE,
histology, localization (orange) and quantification of IAA (pink).
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Abstract: Despite the existence of considerable research on somatic embryogenesis
(SE), the molecular mechanism that regulates the biosynthesis of auxins during the SE
induction process remains unknown. Indole-3-acetic acid (IAA) is an auxin that is
synthesized, in plants, through five pathways. The biosynthetic pathway more frequently
used in this synthesis is the conversion of tryptophan to indol-3-pyruvic acid (IPyA) by
tryptophan aminotransferase of Arabidopsis (TAA) followed by the conversion of IPyA to
IAA by enzymes encoded by YUCCA (YUC) genes of the flavin monooxygenase family;
however, it is unclear whether YUC-mediated IAA biosynthesis is involved in SE
induction. In this study, we report that the increase of IAA observed during SE pre-
treatment (plants in MS medium supplemented with 1-naphthaleneacetic acid (NAA) 0.54
MM and kinetin (Kin) 2.32 uM for 14 days) is due to its de novo biosynthesis. By qRT-
PCR, we demonstrated that YUC gene expression is consistent with the free 1AA signal
found in the explants during the induction of SE. In addition, the use of yucasin, to inhibit
the activity of YUC enzymes, reduces the signal of free IAA in the leaf explants and
dramatically decreases the induction of SE. The exogenous addition of IAA restores the
SE process in explants treated with yucasin. Our findings suggest that the biosynthesis
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and the localization of IAA play an essential role during the induction process of the SE in

Coffea canephora.

Keywords: auxin; Coffea canephora; localization; somatic embryogenesis; YUCCA,;
yucasin.

2.1 Introduction

Plants, unlike animals, have a high capacity for regeneration of newindividuals identical to
the mother from a cell or groups of cells without the need for fertilization. This regeneration
mechanismis known as somatic embryogenesis (SE) (Vogel, 2005; Nic-Can et al., 2013).
SE is the development of structures similar to a zygotic embryo from somatic cells
(Tvorogova et al., 2019; Loyola-Vargas and Ochoa-Alejo, 2016). It can also be the process
by which somatic cells, under induction conditions, generate competentcells that undergo
a series of morphological, biochemical, and molecular changes to give rise to somatic
embryos without the fusion of gametes (Quiroz-Figueroa et al., 2006). SE provides an
invaluable tool for the genetic improvement of plant species that cannot be propagated
sexually (Ma et al., 2015).

The stud of the biochemical and molecular mechanisms of SE allows us to identify the
factors involved during the induction process of the somatic embryo (Ma et al., 2015) and
determine how best to apply themto the genetic improvement of a range of plant species
(Ma et al.,, 2015; Santana-Buzzy et al., 2004). Furthermore, SE is an example of
totipotency because the somatic cells respond directly to a stimulus leading to the
development and formation of the somatic embryo. Therefore, SE is an excellent system
for the study of cellular differentiation and dedifferentiation (Magnani et al., 2017).

SE is a complex process that involves many factors including, plant species, tissue type
(explant), culture medium, exogenous growth regulators and changes in endogenous
growth regulators, and nitrogen and carbon source (Nic-Can et al., 2013; Quiroz-Figueroa
etal., 2001; Fuentes-Cerdaet al., 2001). In addition, somatic cells can activate the genetic
machinery necessary for the transcription of genes involved in SE induction (Quiroz-

Figueroa et al., 2002), implicating the alteration of cell wall composition and changes in
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growth regulators, genetic expression and epigenetic regulations in this process (De-la-
Pefa et al., 2015).

It has been proposed that plant growth regulators, mainly indole -3-acetic acid (IAA), play a
crucial role in mediating the signal transduction that leads to the reprogramming of gene
expression. This change is followed by a series of cell divisions that induce disorganized
growth (callus) or lead to direct SE (Dudits et al., 1991). IAA is a molecule that controls
almost all aspects of plant growth and development (Tsugafune et al., 2017). lts
biosynthesis is crucial for plant homeostasis, including embryo development, fruit ripening,
organogenesis, and plant architecture (Nonhebe, 2015; Paque and Weijers, 2016).
However, the action of auxin is determined by its synthesis and distribution in tissue,
mainly by its polar transport from cell to cell (Petradek and Friml, 2009; Peer et al., 2011).

The route most conserved and providing the most direct way to produce IAA in plants is
from tryptophan via two enzymatic reactions consisting of TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS (TAA) and YUC flavin monooxygenase of the
indole-3-pyruvic acid (IPyA) pathway (Tsugafune et al., 2017; Zhao et al., 2001,
Mashiguchi et al., 2011).

Genetic studies have demonstrated that YUC functions as the rate-limiting step of the IPyA
pathway, indicating that YUC plays a crucial role in developmental processes regulated by
cellular 1AA levels (Tsugafune et al., 20179. Biochemical and molecular studies have
shown that these gene families (TAA and YUC) participate in the pathway of IAA
biosynthesis in several plant speciesincluding Arabidopsis thaliana, Zea mays and Oryza
sativa (Zhao, 2014; Brumo et al., 2014). It has been reported that IAA biosynthesis through
YUC is necessary for the establishment of the basal part of the embryo and onset of
embryonic organs (Cheng et al., 2017). Previous findings indicated that the location of
auxin biosynthesis plays an essential role in many growth and development processes,
including embryogenesis (Zhao, 2010).

Cheng et al., (2006) overexpressed YUCL, YUC2, YUC4, and YUC6 genes, and their
results indicate an increase in the production of auxin in Arabidopsis seedlings. Also, they
determined the expression of YUC1 and YUC4 at the apical meristem and primordia of
young leaves (Cheng et al., 2006; 2007). Single or double mutants showed no adverse
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effect, unlike quadruple mutants that caused severe effects on the development of the
seedlings (Cheng et al., 2007). Accordingly, due to redundant functions of the YUC genes
family, itis difficult to access reverse genetic approaches to understand the physiological
role of IAA biosynthesis (Tsugafune et al., 2017). Hence, the use of specific inhibitors to
overcome the redundant activity of target genes has emerged as a useful tool for genetic

studies (Tsugafune et al., 2017).

Despite the various studies in this area, the genes regulating IAA auxin biosynthesis
during embryogenesis are not known (Cheng et al., 2007), and endogenous intracellular
levels remain unclear during SE induction process. There the possibility that de novo 1AA
biosynthesis plays an essential role in the SE because previous reports have shown that
auxin biosynthesis is dynamic during embryogenesis (Ribnicky et al., 2002).

Our primary goal in this work was to determine whether the YUC-mediated I1AA
biosynthesis is involved during the SE induction process in Coffea canephora. To solve it,
we used gRT-PCR to measure the transcript levels of CcYUC and used a specific yucasin
inhibitor to block the biosynthesis of the auxin IAA. Yucasin is a powerful specific YUC

enzyme inhibitor (Nishimura et al., 2014).

In this study, we found that CcYUC1, CcYUC1-putative, CcYUC4, and CcYUC-Like have
dynamic expression patterns at the moment of the induction of the SE process. We
showed that there exists a correlation between the CcYUC expression pattern and the
location of the free IAA auxin signal at the beginning of the induction of the SE process.
Furthermore, the formation of a local endogenous IAA gradient in specific tissues was
crucial during the SE induction process in C. canephora. On the other hand, treatment with
yucasin inhibited SE, but exogenous IAA addition restored the embryogenic process. Our

data show that the YUC-mediated IAA biosynthesis is crucial for SE in C. canephora.
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2.2 Materials and methods

2.2.1 Plant material and growth conditions

C. canephora plantlets were propagated and maintained under in vitro photoperiod
conditions 16/8 h (150 umol m™ s™) at 25 + 2 °C in MS inorganic culture medium
[(Murashige and Skoog, 1962), Phyto Technology Laboratories, M524]. The MS medium
contains 29.6 uM thiamine-HCI (Sigma, T3902), 550 uM myo-inositol (Sigma, 15125), 0.15
UM L-cysteine hydrochloride hydrate (Sigma, C8277), 16.24 uM nicotinic acid (Sigma,
N4126), 87.64 mM sucrose and 0.25% (w/v) CultureGel TM Type |-Bio Tech Grade (Phyto
Technology Laboratories, G434), pH 5.8. Plantlets were subcultured every 6 weeks by in
vitro transplantation of shoot intermodal segments to fresh maintenance media.

2.2.2 Induction of somatic embryogenesis in C. canephora

For the induction of SE, we started with four-month-old plantlets of C. canephora cultured
in vitro conditions. A batch of plantlets was selected and placed in a semisolid medium for
pre-treatment. The culture medium was MS medium, supplemented with 0.54 uM NAA
(Sigma N1145) and 2.32 uM Kin (Sigma K0753-5G), for fourteen days under photoperiod
conditions (16 h light/8 h dark) at 25 + 2 °C. For the induction of SE, leaves two and three
were used. The explants were cut into circles of approximately 0.25 cm in diameter and
transferred to Yasuda liquid medium (Yasuda et al., 1985) supplemented with 5 u M BA
(Phyto Technology Laboratories, B800). The cultures were incubated in the dark at 25 * 2
°C and shaking (100 rpm) for 56 days (Quiroz-Figueroaet al., 2006). Samples were taken
0, 7, 14, 21 and 28 days after induction (dai) of SE.

2.2.3 Extraction of auxins and their conjugates

For the extraction of auxins and their conjugates, 100 mg of tissue was used from days -
14, -9, -4 of pre-treatment; on day 0 of the induction of SE and 0.02, 0.04, 1, 7, 14 and 21
days after the induction of SE. The samples were stored at -81 °C until use. The frozen
tissue was ground with liquid nitrogen and mixed with one ml of acidic water (the pH was
adjusted to 2.8 with HCI). The mixture was transferred to a test tube with an additional ml
of acidic water. The mixture was stirred for one min with one ml of a solution of butylated
hydroxytoluene (Acros Organics 112992500), and then one ml of ethyl acetate (CTR
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Scientific 00184) was added. The mixture was stirred for one min and the supernatant
recovered. Then 2 ml of ethyl acetate was added, stirred for one min, and the supernatant
was recovered. This operation was repeated once more. From this mixture, 3 ml of the
organic phase was taken and evaporated with nitrogen gas. The dried sample was
resuspended in one mL of the mobile phase, filtered through a Millipore filter (0.22 uM)
and analyzed using high-resolution liquid chromatography (HPLC) (60% acetonitrile; JT
Baker 9017-03: 40% water containing 0.5% (v / v) acetic acid; CTR Scientific 00500). The
standards used were IAA (11250, Sigma) and IAA-Ala (345911, Sigma). Preparation of
IAA-Glu, IAA-Leu, IAA-Asp was previously reported (Ayil-Gutiérrez et al., 2013;
Rodriguez-Sanz et al., 2014).

2.2.4 High performance liquid chromatography

For the analysis of the samples, an Agilent Technologies 1200 high-resolution liquid
chromatograph (HPLC) consisting of a quaternary array of pumps (Agilent Technologies
G1311A) connectedto an automatic injector (Agilent Technologies G1329A) was used. 20
ML of the tissue extract was injected and subjected to chromatography with an isocratic
elution system with a flow rate of 0.6 mL min-1 in a C18 reverse-phase column
(Phenomenex) of 250 mm x 4.6 mm. The samples were analyzed with a fluorescence
detector (Agilent Technologies G1321A) at an emission length of 280 nm and an excitation
length of 340 nm. The presence of compounds in the analyzed samples was determined
by the retention times of IAA and of IAA-Ala, IAA-Leu, IAA-Glu, and IAA-Asp conjugates
(Figures S1, S2 and S3), for which co-injections of the standards and the samples were
analyzed, to determine if they coelute. The calibration curves were performed with free IAA
and the conjugate standards using the area under each curve for each compound.

2.2.5 Liquid chromatography mass spectrometry of auxins

LC-MS/MS analysis was performed using a Thermo LTQ Orbitrap, equipped with a
heated-electrospray ionization (HESI-Il) source with sheath gas set to 60, auxiliary gas set
to 20, source temperature set to 310 °C, and spray voltage 4 kV in a positive mode. To
determine the chemical fragmentation of auxins, a solution of an individual auxin at a
concentration of 100 pug mL-1 in methanol:water (80:20; v/v) was directly infused on LTQ
Orbitrap at 5 pL min-1. The collision energy dissociation (CID) parameter for auxins was
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optimized to yield either parent ion-dependent product ions (M+H)+ and nearly 20% of the
parention. Chromatographic separations were performed using a reverse-phase ZORBAX
Eclipse XDB C18 (150 x 4.6 mm i.d., 5 pm particle size, 80 A pore size) column (Agilent
Technologies, G1321A). A gradient of 0.1% formic acid in water (solvent A) and 0.1%
formic acid in acetonitrile (solvent B) was used during LC separations. A flow rate of 0.3
mL min-1 was used, and the injection volume was 2 pL. The gradient program was 5% B
at 0 min, to 20% B at 20 min, to 30% at 32 min, to 80% at 34 min, to 100% at 36 min, kept
at 100% for 2 min and then to 5% at 40 min and kept at 5% for 6 min. Retention time and

spectra were processed with raw Xcalibur data files.
2.2.6 Preparation of seedlings in the presence of 3-1*C-Trp

Seedlings were incubated in the presence of 3-**C-Trp (NEN-Dupond; 1.85 MBq 55 mC
mmol-1) during the 14 days of pre-treatment in MS liquid medium supplemented with NAA
0.54 pM and Kin 2.32 uM. Auxins were isolated on days -14, -9, -7, -4 and 0 of pre-
treatment. To monitor the incorporation of labelled Trp into the IAA, the auxinic extract was
run on a silica TLC plate with an alumina fluorescent indicator Kieselgel 60 F254 (Merck,
105554). Five pL of the leaf extract incubated with 3-**C-Trpand 5 pL of the Trp standards
(0.25 pL; Sigma, T0254, 1G), indol-3-pyruvic acid (IPyA, 1 yL; Sigma, L7017-1G) and IAA
(0.25 pL; Sigma 45533-250 mg) were applied to the plates. The samples were run for 3 cm
using a mixture of chloroform:ethyl acetate (50:50) as the mobile phase and Salkowski
reagent was used as a developer. Bands were identified by the Rf of the compounds. The
silica of each band was scraped, deposited in vials with scintillation liquid, and the
radioactivity of each was quantified in a scintillation counter (Beckman 6500).

To track the destiny of all of the radioactivity used, we used the following protocol. Once
the auxins were extracted from pre-treatment seedlings that were incubated in the
presence of 3-1*C-Trp, 5 pL of the total of 100 pL of the leaf extract was placed on a
chromatographic plate, as well as Trp, IPyA, and IAA standards. The spots were
developed with the Salkowski reagent (stain compounds containing an indole group). Each
spot on the plate was associated with the corresponding standards. Each spot was
scraped off the plate and placed in a scintillation vial to count the radioactivity present. In
order to be certain that there were no radioactive compounds outside those marked by the
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developer, the areas between the spots were cut, and the radioactivity was determined.

No radioactive label was detected in any case.
2.2.7 Yucasin inhibition assay

Yucasin, an inhibitor of the YUC protein function in the auxin biogenesis pathway, [5-(4-
chlorophenyl)-4H-1, 2, 4-triazole-3-thiol (Santa Cruz Biotechnology, 233161)] was added
to the pre-treatment semisolid medium at concentrations of 5, 10, 20, 50 and 100 pM for
fourteen days under dark conditions. Leaf explants of C. canephora plantlets treated with
yucasin were transferred to the SE induction medium (Quiroz-Figueroa, 2006). Yucasin
was dissolved in dimethyl sulfoxide (DMSO, Sigma, D8418) and IAA was dissolved in
EtOH (J. T. Baker). As a control DMSO was added to the semisolid pre -treatment medium.
The experiments were performed in biological triplicate. The effect of the different
concentrations of the yucasin was analyzed by quantifying the number of embryos formed

after 56 days.
2.2.8 Plant tissue sampling

The plant tissue samples were collected at different times from day zero (DO), seven (D7),
fourteen (D14), twenty-one (D21) and twenty-eight (D28). Samples collected 0, 7, 14, 21
and 28 dai of SE were used for performing immunolocalization assays. Day -14 (at the
beginning of the pre-treatment), 0, 7, 14, 21 and 28 dai were used for the analysis of

guantitative genetic expression.
2.2.9 Real-time quantitative analysis of gene expression

The total RNA extraction was performed following the manufacture instructions for TRI
reagent (Sigma, 93298). 100 mg of plant tissue was used for RNA extraction. The integrity
and purity of the RNA were evaluated by 1% agarose electrophoresis and
spectrophotometry (NanoDrop 2000, Thermo Scientific). Five mg of total RNA was used
for cDNA complementary DNA synthesis using a SuperScript Il reverse transcriptase kit
(Invitrogen) following the manufacturer's protocol. Quantification of gene expressions by
gRT-PCR was carried out with Applied Biosystems equipment using the Step One
program. The Coffee Genome Hub page was consulted (http://coffee-genome.org/) and
the genome database of C. canephora was downloaded for the design of specific primers
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described in table 4.1 to analyze the CcYUCs genes. With the support of the C. canephora
transcriptome (Quintana-Escobar et al., 2019), an analysis was carried out to determine
which genes could be the main participants during the induction process of SE. After
identifying the CcYUCs candidate genes, the coding sequences (CDS) of the specific
genes were downloaded and the design of the primers was carried out in the Primer3plus

program (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/). The primers

for each gene were tested by an in-situ PCR in Sol Genomics (http://solgenomics.net/).

2.3.0 Histological analyses

The plant tissues were fixed in FAA solution [10% formaldehyde (Fischer BioReagents,
BP531), 5% acetic acid (Sigma, 695092), and 50% ethanol (Meyer, 0390)] for 72 h in dark
conditions at 4 °C. A gradient of sucrose (10, 20, 30%) was made to embed the samples in
a PB buffer [10 mM sodium phosphate dibasic (Sigma, S3264) and 2 mM potassium
phosphate monobasic (Sigma, P5655)], pH 7.2 (adjusted with NaOH 1 N), adding three to
six drops of Leica tissue freezing medium (Leica Biosystem, Code 14020108926) to the
gradients of 20 and 30%, respectively. Each gradient was changed after 1 h at 4 °C.
Subsequently, the samples were embedded in a Leica tissue freezing medium (Leica
Biosystem, Code 14020108926) at -26 °C. The blocks were sectioned at 10 and 30 ym
with a cryostat (Leica Biosystem CM1950) with low profile blades (Thermo Scientific,
1407060). Sections of 30 um were collected on glass slides. The samples were stained
with calcofluor white (18909-1000 ML-F Fluka Analytical Sigma-Aldrich) for 1 h. The
images were obtained using a confocal laser scanning microscope (Olympus, FV1000
SW) and the FV10 ASW 3.1 viewer software. The calcofluor white signal was detected
using the excitation wavelength of 380 nm; the emission wavelength was 475 nm.

2.3.1 Immunolocalization assays

Immunofluorescence was performed with modifications of the protocols previously
described (Nic—Can et al., 2013; Marquez-Lépez et al.,, 2018). In this method, we
eliminated the use of paraffin and replaced it with the Leica tissue freezing medium (Leica
Biosystem, Code 14020108926) to embed the tissues. In addition, we did not use the
sodium citrate buffer, Tween, and we skipped the heating step of the slides. In short, the
slides with sample tissue (previously rinsed with 0.1% poly-L-lysine in H20O) were washed
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three times with sterile distilled water to remove excess Leica tissue freezing medium, then
washed three times with the PB buffer, pH 7.2 (adjusted with NaOH 1 N). Sections were
blocked with 3% bovine serum albumin (BSA, Sigma, A2153) in PB for 1 h at 4 °C. After
three rinses with PB, sections were incubated overnight with anti-IAA mouse monoclonal
antibody (Sigma, A0855) diluted 1:100 in 1% BSA in PB buffer. After three rinses with PB
buffer, sections were incubated for 3 h in darkness with Alexa Fluor 488-labeled anti-
mouse IgG antibody (Invitrogen, A-11001) diluted 1:100 in PB. After three washes with PB
buffer, the tissue sections were treated with 10 pL of Vectashield mounting medium and
DAPI to stain the DNA (Vector Laboratories, H-1200) and stored in the dark for1 hat 4 °C.
The images were obtained using a confocal laser scanning microscope (Olympus, FV1000
SW) and the FV10 ASW 3.1 viewer software. The IAA signal was detected using an
excitation wavelength of 488 nm; the emission wavelength was 520 nm. The DAPI staining
signal was detected using the excitation wavelength of 405 nm; the emission wavelength
was 461 nm. The immunolocalization assay experiments were performed independently
three times.

2.3.2 Controls of IAAimmunolocalization

Negative controls were performed by replacing the antibody first by PB buffer. The anti-
IAA mouse antibody was incubated with a solution of 5 mg mL™ synthetic IAA ata 1:2 (v/v)
ratio at 4 °C overnight; the pre-blocked antibody solution was used as the primary antibody

for immunofluorescence, following the same protocol and conditions described above.
2.3.3 Statistical analysis

The data processed to make the graphs and the statistical analysis were made with the
ANOVA variance analysis program using the Origin Pro 2017 64 bit software, ver. 94E
(Data Analysis and Graphing Software). Significance values were determined by the

Tukey test. The differences were considered significant at P < 0.05.
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2.4 RESULTS

2.4.1 The induction process, histology and expression profiling of the CcYUCs

transcribed during SE in C. canephora

The pre-treatment stage (plants in MS medium supplemented with NAA 0.54 uM and Kin
2.32 uM for 14 days) and growth regulators are essential for SE in C. canephora. To
induce SE, we used foliar explants of plantlets maintained in Murashige and Skoog (MS)
medium for 14 days under photoperiod conditions (see materials and methods). Then the
explants were transferred to an auxin-free medium supplemented with benzyladenine (BA,
5 uM). The samples were collected 56 days after induction (dai) (Figure 2.1A) and the
number of somatic embryos counted (Figure 2.1B). During the induction process, we
observed a rapid proliferation of proembryogenic cell mass at the edge of the explant
wound 14, 21, and 28 dai. By 56 dai all the developmental stages of the somatic embryos
were found (G, globular; H, heart; T, torpedo, and C, cotyledonar; (Figure 2.1A). The total
embryo production per flask was 402.3. Two hundred ninety-eight were embryos in the G
stage followed by 48.6 embryos in the H stage, 31.3 in the T stage, and 24.3 in the C
stage (Figure 2.1B).
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Figure 5 SEinduction processin C. canephora. A), on day -14 (beginning of
the pre-treatment), C. canephora plantlets are incubated in a pre-treatment
medium (MS medium supplemented with NAA 0.54 uM and Kin 2.32 pM) for 14
days. After 14 days, explants are transferred into the induction medium (Yasuda
medium supplemented with 5 uM benzyladenine) under photoperiod conditions
(16/8 h) for 56 dai. B, total embryo production per flask was 402.3. The values
corresponding to the different developmental stages were globular (G, 298),
heart (H, 48.6), torpedo (T, 31.3), and cotyledonar (C, 24.3). The bars over the
columns represent the mean value + SE of three independent experiments.

40




CHAPTERIII

Transversal cuts of the explants were analyzed during the SE induction process, in order
to observe the changes that are carried out in the explant and the formation of the first
embryogenic structures. The results showed that at the beginning, the explant tissues are
composed of spongy and palisade mesophyll cells (Figure 2.2A). The structure of the
explant showed almost no change during the first 14 days of the induction of SE (Figures
2.2B, 2.2C). After 21 days in the induction medium, the first embryogenic cells appeared.
These first structures are located near the vascular tissue (Figure 2.2D). These new cells
are small, circular, and have a very dense cytoplasm (Figure 2.2E). Twenty-eight dai,
there was an increase in the proembryogenic mass, with most of them emerging from
spongy mesophyll cells (Figure 2.2F). The formation of the proembryos is the result of the
coordinated growth of a series of organized cell divisions that will give rise to the somatic

embryos.

pem

Fi>gure 6 Histological analysis during the SE induction process in C.
canephora. The leaf explants is composed of parenchymal cells of the spongy
mesophyll, sm, and palisade mesophyll, pm. There are no changes in the
explant cell structure as shown in panel A which corresponds to the induction
day (0 Day); B, 7 dai and C, 14 dai. D, from 21 dai, the appearance of
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embryogenic cells, ec, is obsered near the vascular tissue, vt. E, a close-up
view of the explants after 21 dai shows the dense embryogenic cells. F, after 28
dai, the pe proembryons are formed. The cell wall is stained with calcofluor
white and chlorophyll is indicated in red. Other abbreviations: proembryogenic
mass, pem; upper epidermis, uep; lower epidermis, lep. 0, 7, 14, 21, 28 dai of
SE 30 pum cross-sections.

2.4.2 ldentification and content of free IAA and conjugated IAA.

IAA is found in the cells in free and conjugated form. In all the systems in which the IAA
conjugates have been measured, they are more than 90% of the total auxin. We used
liquid chromatography-mass spectrometry (LC-MS/MS) and compared the retention times
and fractionation patterns of standards and the auxins extracted from the explants. In this
way, we identified free IAA and its conjugates with aspartic acid (Asp), glutamic acid (Glu),
alanine (Ala), and leucine (Leu). The elution and fractionation patterns correspond
perfectly between the standard and the samples (Supplementary material S1-S5). With
this certainty, we proceeded to quantify the free IAA and its conjugates. The amount of
IAA-Asp determined was only at the trace level, so the quantification was performed in the
other three conjugates and free IAA (Figure 2.3).

The endogenous initial free IAA content was 0.22 nmol g* FW and increased more than
nine times during the pre-treatment of the seedlings in the presence of NAA and Kin
(Figure 2.3), and reached a maximum content of 2.06 nmol g™ FW fourteen days after the
start of the pre-treatment. The explants were taken from these plantlets to start the
induction of SE. The free IAA content decreased rapidly during the first hour of explant
incubation in the induction medium of the SE and was maintained at levels of 0.1 to 0.5
nmol g™ FW for the next six days. Its level increased again with the appearance of the first

embryonic structures.

The IAA conjugates are a significant part of IAA homeostasis (Rampey et al., 2004; Zhand
and Peer, 20017), so they were assessed throughoutthe entire process (Figure 2.3). The
conjugate with glutamic acid was more than 85% of the total IAA content. Fourteen days of
pre-treatment produced an endogenous level of 98 nmol g™ FW of IAA-Glu. After the
induction of SE, the IAA-Glu content decreased seven times in just 24 hours and
practically disappeared seven days after the induction of SE.
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The conjugates with alanine and leucine made up 12.6% of the total IAA. These
conjugates are very important for homeostasis of IAA since they can be hydrolyzed and
contribute to free IAA. The IAA-Ala increased from 2.49 nmol g™ FW at the beginning of
the pre-treatment to 11 nmol g™ FW at the time of induction and decreased very quickly
during the next 21 days. The IAA-Leu conjugate decreased during the first seven days of
pre-treatment, and by the time of the induction of SE, returned to its initial levels. This
conjugate decreased very rapidly during the first hours of the induction of SE and then
began to increase to levels ranging from 2.5 to 5.5 nmol g FW in the following days
(Figure 2.3).

To determine whether the increase in IAA content observed during pre-treatment of C.
canephora seedlings was due to de novo biosynthesis, 3-**C-Trp was used as has been
done in A. thaliana (Hull et al., 2000; Sugawara et al., 2009) and Solanum lycopersicum
(Liu et al., 2012).

Firstly, we performed a standard thin plate chromatography, and ran real non-radioactive
samples and identified the compounds by LC-MS. This experiment gave us the confidence
to associate radioactive spots with their identity. The resultof incubation in the presence of
3-C-tryptophan (Trp) can be seen in Table 1. As the days of the pre-treatment
progressed, there was an increase in the radioactivity associated with the IAA. This result
suggests that the IAA biosynthesis was de novo from Trp. A 7-fold increase in the 1AA
content was observed between day -9 and day zero (Table 1). The marked Trp only began
to accumulate on days -4 and 0, possibly due that the cells had reached a maximum
biosynthesis of IAA.
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Figure 7 Content of IAA and its conjugates during pre-treatment and
induction of SEin C. canephora. One hundred mg of leaf tissue was collected
(days -14, -9, -4, and zero). Samples were also collected at 0.02, 0.04, 1, 7, 14,
and 21 days after SE induction. Samples were analyzed as described in
materials and methods. All analyses were carried out with three biological
replicates from at least two different experiments. The bars represent the
standard error (n = 3).

Table 1. Total radioactivity present in each sample of C. canephora
plantlets analyzed.

Sample Days
-9 -7 -4 0
Leaf extracts IAA 154 174 274 1 093
Trp 0 0 34 40
Leavesin medium 287 764 755 1131
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Medium 2,306,388 1,845,858 1,537,818 2,283,948
Stem - - - 5860
Root - - - -
Total counts per 2,306,829 1,846,796 1,538,848 2,292,033
minute

Initial total cpm = 2,679,807

In an experiment using a radioactive label, it is important to determine the fate of the entire
radioactive label. Therefore, we measured the radioactivity present in each of the fractions
of the experiment. A part of the radioactivity will be in the tissues and other part in the
culture medium. In the case of tissues, radioactivity was not only determined in the
explants used to induce SE, but also in the rest of the plant. The extraction of auxins
presentin the stem of the plants was also performed and their radioactivity was measured.
From days -9, -7 and -4 the stem was not extracted because it was submerged in the
liquid medium and it would not be possible to determine how much radioactivity was due to
the auxin present in the stem and how much radioactivity was external pollution; but this
determination was done on day zero. The seedlings were incubated in 10 mL of pre-
treatment medium to which the radioactivity was added; 10 yuL was taken to count in the
scintillator. 2,679,807 cpmwas added to each experimental unit (Table 1). As can be seen
in Table 1, the destination of most of the radioactivity usedin each experimental unit could
be determined.

SE is a complex process that involves multiple factors, including the biosynthesis of IAA
through the pathway TAA/YUC (TRYPTOPHAN AMINOTRANSFERASE OF
ARABIDOPSIS/YUCCA) (Zhao, 2018). To test whether the CcYUCs genes are
participating during the SE induction process in C. canephora, we performed a quantitative
expression analysis of CcYUC transcript levels. First, we determined how many YUC
genes were in the genome of C. canephora [http://coffee-genome.org/ (Denoeud et al.,
2014). The search yielded eight CcYUC genes. Two copies of the CcYUC1 gene and two
copies of the CcYUC10 gene were found throughout the genome. At the same time, we
performed an analysis of the transcriptome of C. canephora (Quintana-Escobar et al.,
2019). The results showed the presence of five transcripts of CcYUC gene products during
the induction of SE. Two of these five transcripts belonged to the CcYUC1. The locus of
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the CcYUCL1 gene is located on chromosome six in the genome of C. canephora and
structurally consists of five exons, four introns with a length of 3,060 base pairs (Figure
2.4A). The reading frame of the CcYUC1 gene predicted a 519-amino acid protein, 59 kDa
molecular mass with FAD motifs (Figure 2.4B) characteristic of flavin monooxygenase
enzymes. To have a complete picture of the participation of the CcYUC family during the
induction of ES, we analyzed the expression of seven CcYUC genes, including the two
copies of the CcYUC1 gene, CcYUC3, CcYUC4, CcYUC6, and CcYUC10 genes and one
CcYUC-Like gene (Table 2).

Table 2. CcYUC genes family selected for analysis by gRT-PCR and

primers.
Gen Accession Sequence 5°-3’ Size bp
CcYUC1 Cc06_g12600 Fw: CACGGATTCTTTGGGAGGGG 179
Rv. CCACCCCAAAATGGGTAGCA
CcYUCl1-putative Cc06_07530 Fw: TGGTAAGGTGTTGCATTCCA 197
Rv. AGCTAGGAAGCACCCAGTGA
CcYUC3 Cc00_g00330 Fw: CTTTCGAGGATGGAGCTTTG 165
Rv. AAAGTGCAGGAGCAAGTCGT
CcYUC4 Ccll g01360 Fw: ATTGCCTGTGGGTTGATG 101
Rv. AAGAATGACAGAAGGGACAC
CcYUCB6 Cc08_g08920 Fw: GAGGGCTTCCCAACTTATCC 159
Rv. CTTCAATCCCACCGTCCTTA
CcYUC10 Cc01_g20210 Fw: TCCAAACCTAGTCCTTGAGAG 98
Rv. GACAGAACTGTTTAGCCAGG
CcYUC-Like Cc00_g00340 Fw: GATCGAACTCTGACCCCTGA 184
Rv. TGGCAACTTTAGCAACATCG
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CcYUC1 gene

Intron

500 1000 1500 2000 2500 3000 3500 bp

CcYUC1 nucleotide sequence

MAIFSKIGIVGAGISGIAAAKQLRKYDPIIFEATDSLGGVWKHCSYRSTKLQTPRCDYEFSDFPWTQR
DNSSFPTHLEVLEYLHSYATHFGVVELIKFSSKVVEIRFVGNHANDPDDQVNSNGYGNLLNGQPV
WEVAVQTSESDTVEWYAFELLVICTGKYGDVPIPQFPHNKGPEVFKGQVLHSLDYCKLDEENSVQL
LKDKKVVVVGYKKSAIDLAVECAKANQGPDGQPCTIVVRTLHWTIPHYSIWGLPFYLFYSTRASQF
LHERPNQGILRNIFCKLLSPVRNAMSKIIESYLVWRLPLEKYGLKPDHPFVEDYGSCQMAILPEELFE
EAEKGMIDFKKASKWCFWEGGVEFDDNTKLEADVVLLATGFDGKRKLRNILPEPFRSLLETEGMM
PLYRGTIHPLIPNMAFVGYIESVSNLHTAEIRCKWLSRLADNYFKLPSVGOMLEQTQKEMGIMRKTT
RFYKRSCISTFSINHTDEICEEMGWKSWRKNNWLAEAFSPYCSQDYQEQKHID

519aa 59kDa

Figure 8 Gene structure and protein sequence of CcYUCLin C. canephora.
A. The length of the YUCL1 gene is 3060 bp base pairs and the structure consists
of five exons, and four introns. B. The YUC1 gene coding sequence produces a
519 aa amino acid protein with a molecular mass of 59 kDa. In bold letters the
FAD binding-motif.

The analysis of the CcYUC expression was performed by qRT-PCR for samples of the -
14, 0, 7, 14, 21, and 28 dai of SE. Among the CcYUC analyzed, it was found that the
CcYUC1 gene was especially highly expressed, and its transcription level showed a
distinguishably substantial increase on the zero days of SE induction (up to 6.8-fold)
(Figure 2.5A). During days 7, 14, 21 dai of SE, the transcriptional activity of CcYUC1
decreased but then had a slight increase 28 dai (up to 1.2-fold). In contrast, CcYUCL1-
putative was only expressed on day zero (Figure 2.5B), and CcYUC4 had two expression
peaks, on day zero (up to 4.2-fold) and 28 dai (up to 2.7-fold), respectively (Figure 2.5C).
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Figure 9 Expression levels of individual CcYUC genes during the induction
of SE in C. canephora. A, CcYUCL; B, CcYUC1-putative; C, CcYUC3; D,
CcYUC4; E, CcYUCS6; F, CcYUC10 and G CcYUC-like. Actin was used as an
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internal gRT-PCR reference. The bars over the columns represent the mean
value = SE of three independent experiments.

CcYUC3 (Figure 2.5D) and CcYUCS6 (Figure 2.5E) genes showed low levels of transcripts
compared to -14 during the entire SE induction process. CcYUC10 had very similar
expression times 7 and 21 dai of SE (Figure 2.5F). The CcYUC-like gene was expressed
only during the pre-treatment stage, with a 3-fold increase at the end of the pre-treatment
and just before the explants were introduced into the induction medium (Figure 2.5G).
Once in the explant was in the presence of the induction medium, the expression of the
CcYUC-like gene disappeared. Of the seven analyzed CcYUC genes, four genes,
including CcYUCL1, CcYUC1-putative, CcYUC4, and CcYUC-Like, were up-regulated on
day zero, while CcYUC3 and CcYUC6 were down-regulated during the SE induction
process. The behavior of CcYUC10 did not follow a definite pattern along the stages of

induction of SE.

2.4.3 Endogenous free IAAaccumulations and localization during the SE induction

process

To investigate whether there is a specific localization of IAA in leaf explants of C.
canephora during the process of SE induction, we used an anti-IAA mouse monoclonal
primary antibody specific for free IAA and an Alexa Fluor 488-labeled anti-mouse IgG

secondary antibody.

Previously, it was reported that auxin response gradients were established in specific
regions of the embryonic callus and were responsible for SE (Rodriguez-Sanz et al., 2015;
Marquez-Lopez et al., 2018).

Cross-sections of leaf tissue, 30 UM thick, were made of explants of C. canephora leaf
during the process of induction of SE. After pre-treatment, we observedthe cells that were
part of the tissue structure. This tissue is made of spongy and palisade mesophyll cells
(Figure 2.6A, 2.6G). In addition, although no morphological change was observed
between the control explants and those treated with 100 uM yucasin, there was a
difference in the thickness of the explant. In tissues treated with 100 uM yucasin, it was
observed that the thickness of the tissue was thinner compared to the control (Figure
2.6A, 2.6G). It is possible that the yucasin inhibitor could cause this effect.
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Figure 10 Free IAA immunolocalization during the SEinduction process in
C. canephora. Confocal images of longitudinal sections of leaf explants during
0, 7, 14, 21, and 28 dai of SE without (A, B, C, D, E, F) and with yucasin (G, H,
I, J, K, L). A, G, Transmitted light differential interference images of a
longitudinal section of leaves during the induction of SE. B, H (0 days); C, | (7
dai); D, J (14 dai); E, K (21 dai); F, L (28 dai). IAA was visualized with the Alexa
488 chromophore bonded to the antibody 224 that recognizes the antibody-IAA
(green). Upper epidermis, uep; lower epidermis, lep; spongy mesophyll, sm;
palisade mesophyll, pm.

In our study, on day zero, we found a strong free IAA signal during the SE induction
process (Figure 2.6B). The signal decreased from seven dai (Figure 2.6C) through 14 dai
(Figure 2.6D). At 21 dai (Figure 2.6E), the IAA signal began to increase. Seven days
later, the increase of the IAA signal was much more significant (Figure 2.6E), and was
localized at the edges of the explants and in the cell wall of the spongy mesophyll cells
(Figure 2.6E).
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On the other hand, the immunolocalization assays of free IAA of the yucasin-treated
samples revealed important changes in the IAA signal accumulation pattern. At day zero of
the SE induction process, we found a free IAA auxin signal in explants treated with 100 uM
yucasin (Figure 2.6H). The free IAA signal found was less intense than in the control
samples (Figure 2.6B). The IAA signal disappeared from day 7 to day 21 after the
induction of SE (Figure 2.61,J,K). An essential difference from the control samples was the
decrease in the IAA signal, in the presence of the yucasin, at 28 dai (Figure 2.6L)
compared with the control at the same stage (Figure 2.6F).

The next step was to determine, intracellularly, the location of the IAA sighal (Figure 2.7).
The endogenous accumulation of free IAA was located in the interior chloroplasts and
nucleoplasm of spongy mesophyll cells (Figure 2.7B).
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Figure 11 Free IAA immunolocalization during day zero of the SE induction

process in C. canephora. Confocal microscopy images of cross-sections of
leaf explants during 0 dai of SE. A, clear field; B, nuclei staining with blue DAPI;
C, red chlorophyll signal; D, free IAA signal in green, and E overlapping of the
free 1AA and chlorophyll signal. Note that there is IAA in the chloroplasts (short
white arrows) and nucleoplasm (bold stars) of the spongy mesophyll, sm, cells;
F, light field; G, nuclei staining with DAPI in blue; H, chlorophyll signal in red; I,
free IAA signal in green colour; J, overlapping of IAA signal, chlorophyll, and
DAPI on day zero SE induction. IAA is not in the chloroplasts or the nucleoplasm
of the spongy mesophyll cells but the cytosol. Mesophyll cells, sm; palisade
mesophyll, pm; nucleus, n.
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In control tissues, numerous chloroplasts were located within the spongy mesophyll cells
(Figure 2.7A). These cells had prominent nuclei (Figure 2.7B). The free IAA signal was
found both in the chloroplasts and in the nuclei of the spongy mesophyll cells (Figure
2.7E). We show that free IAA of mouse anti-IAA monoclonal primary antibodies was
specific (Figure 2.7D) and the signal was not mixed with chlorophyll (Figure 2.7C). In
treatments with 100 uM of yucasin, the free IAA signal was found in the cytosol (Figure

2.71) and not in the chloroplasts or nuclei (Figure 2.7-J), as in the control.

2.4.4 Effect of the inhibition of auxin IAA biosynthesis by yucasin during the SE

induction process in C. canephora

Several studies have shown that the pathway of IAA biosynthesis in most plants is through
two simple steps from tryptophan, mediated by TAA and YUCs (zZhao et al.,, 2001;
Stepanova et al.,, 2011; Zhao, 2012). The tryptophan-dependent pathway for IAA
biosynthesis through YUC genes could be a determining factor for the development of
embryogenesis (Nonhebel, 2015). At the same time, different groups have shown that an
increase in the amount of IAA is required to initiate the induction of SE (Ayil-Gutiérrez et
al., 2013; Rodriguez-Sanzet al., 2014). Our results (Figure 2.3) show an increase in the
IAA signal during the pre-treatment phase. To test whether CcYUC-mediated IAA
biosynthesis is required for the SE induction process, we used the auxin biosynthesis
inhibitor, yucasin, which specifically inhibits the function of YUC proteins (Nishimura et al.,
2014).

The results showthat the efficiency in the formation of proembryogenic mass was severely
affected by the treatment in a dose-dependent way (Figure 2.8A). Twenty-one dai, the
explants treated with the inhibitor showed a decrease in proembryogenic mass formation,
particularly at 20, 50, and 100 uM of yucasin (Figure 2.8A). After 56 dai of SE, all of the
explants coming from plants incubated in the presence of yucasin during pre -treatment
showed signs of damage, including tissue necrotization and phenolization (Figure 2.8A).
The treatments with 50 and 100 uM of yucasin completely inhibited the development of the

proembryogenic mass from 28 dai on (Figure 2.8B).
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Figure 12 Effect of yucasin during the induction of SEin C. canephora. A,
Different concentrations of yucasin were applied exogenously (5, 10, 20, 50, and
100 pM) to the pre-treatment medium. The effect of yucasin was documented
every seven days until 28 dai and then on day 56 dai of SE. B, A comparison of
the effect of yucasin 28 dai for all the yucasin concentrations. Note the
abundance of proembryogenic mass on the control, as well as the presence of

proembryos (black arrow).
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The presence of free IAA decreased significantly after the explants were transferred to the
SE induction medium (Figure 2.3). However, this small amount of IAA is very important for
the induction of the embryogenic process. When yucasin was added, this small amount
disappeared and the embryogenic process did not take place (Figure 2.9).

Control -
5 uM yucasin|

nmol g~ FW

ND

ND . ND
0 dpi 7 dpi 14 dpi 21 dpi
Time (days)

Figure 13 Quantification of the IAA endogenous content in leaf explants of
C. canephoratreated with 5 uM yucasin. Samples were collected at 0, 7, 14,
and 21 days after SE induction. The bars over the columns represent the mean
value * standard error of three independent experiments. ND = not detected.

Quantification of the number of embryos produced 56 dai showed a significant decrease in
the number o embryos produced by the explants exposed to the yucasin inhibitor (Figure
2.10). In the presence of the inhibitor, only globular-shape embryos were formed. The
decrease varied from 72 to 94% of the control. Even the lower concentration of the
inhibitor produced a sharp decrease in the number of embryos. In the presence of 10 pM-
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100 uM of yucasin, the number of globular embryos was less than 40 embryos per flask, in

comparison with 300 globular embryos per flask for the control (Figure 2.10).

350 -

300 -

250 -

200 -

150 4

100 -

50 -

Number of embryos G / flask

Control 1 Control2 5 10 20 50 100 pM
Yucasin treatment

Figure 14 Effect of yucasin on the production of somatic embryos during
the induction process in C. canephora. Only globular-stage embryos were
formed after 56 days, so the comparison was limited to the number of globular
embryos formed throughout SE induction. The data are the results of three
independent biological experiments; the bars represent the standard error.

2.4.5 Restoration of somatic embryogenesis by exogenous addition of IAA

To confirm that the effect seen on somatic embryo production was due to the inhibition of
IAA biosynthesis as a result of yucasin treatment, we added 1.0 uM of I1AA to the medium
of induction of the SE containing the explants treated previously with 100 uM yucasin-
induction medium. Twenty-eight days after the exogenous addition of IAA, the
embryogenic process inhibited by the yucasin was restored (Figure 2.11A). It is possible
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to see all the stages of development after the addition of exogenous IAA (Figure 2.11B,C).
In contrast, the samples treated with yucasin but not exogenous IAA did not produce
embryos, beyond the few globular embryos already present at the beginning of the
experiment (Figure 2.11D-E). The somatic embryos produced after the addition of the
exogenous IAA are entirely normal, and the somatic embryos reached the cotyledonar
stage (Figure 2.11F). The production of somatic embryos in the induction medium

containing yucasin + exogenous IAA was more than 77% higher than the control without
yucasin (Figure 2.11G).
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Figure 15 The exogenous addition of IAA restores somatic embryogenesis
in explants previously treated with 100 uM yucasin. A and B, restoration of
somatic embryogenesis by exogenous application of IAA to explants treated with
100 pM yucasin. C, close-up shows the presence of somatic embryos at
different stages of dewvelopment. D and E, explants in the presence of 100 uM
yucasin. F, different development stages of somatic embryos after four weeks in
the presence of exogenous IAA. G, the total percentage of embryos formed in
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flasks with and without IAA.
2.5 Discussion

Several biochemical and genetic studies of SE have been reported, including A. thaliana
(Wojcikowska et al., 2016), Brassica napus (Kumar et al., 2016), Medicago truncatula
(Rose, 2019), Coffea spp. (Nic-Can et al., 2013; Loyola-Vargas et al., 2016) and many
other species (Loyola-Vargas et al., 2016; Pais, 2019; Aguilar-Hernandez and Loyola-
Vargas, 2018). However, the mechanism by which somatic cells change their genetic

program and become somatic embryos is not yet fully understood.

SE is a complex process and is highly regulated. In this work, we focused on IAA
biosynthesis mediated by YUCs. It has been reported that auxin transport (Petrasek and
Friml, 2009; Benkova et al., 2003) and signaling plays an essential role during the entire
life cycle of plants including embryogenesis (Nonhebel, 2015; de Vega-Bartol et al., 2013;
Méndez-Hernandez et al., 2019).

In this study, we showed that CcYUC-mediated IAA biosynthesis is required during the SE
induction process in C. canephora. Histological analysis showed that at the beginning of
the proliferation of the proembryogenic mass 21 dai, the embryogenic cells appeared near
the vascular tissue (Figure 2.2 D). The formation of embryogenic structures was observed
from 28 dai onwards. By 56 dai, all of the different development stages of the somatic
embryos of C. canephora were present (Figure 2.1). These data are in line with the well-
documented fact that mesophyll cells located near vascular bundles of leaves are the first
to divide (Berthouly, 1996; Santana-Buzzy et al., 2007). These cells produce up to fivefold
more proteins than non-embryogenic cells (Tahara et al., 1995). The embryogenic cells
are characterized as small, isodiametric, and densely cytoplasmic. These cells then
undergo a series of successive divisions to give rise to a somatic embryo (Quiroz-Figueroa
et al., 2002).

The increases of IAA signal during the pre-treatment period (Ayil-Gutiérrez et al., 2013)
(Figure 2.3B) could be due to de novo biosynthesis. The increase in the expression of
CcYUC1, CcYUC1-putative, CcYUC4, and CcYUC-Like during the pre-treatment support
this assumption (Figure 2.5). Consistent with this hypothesis, qRT-PCR expression
analysis of the CcYUC genes during the SE induction process showed that most (5/8) of
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the CcYUCs encoded in the genome were transcriptionally active at the beginning of the
SE induction. The transcript levels on day zero were congruent with the free IAA signal
found in the explants in the induction medium. The YUC genes family encodes flavin
monooxygenase enzymes for the biosynthesis of IAA from IPyA (Stepanova et al., 2011).
Biochemical and genetic studies indicate that plants use Trp as a substrate, which is

converted to IPyA as an intermediary for the production of IAA (Mashiguchi et al., 2011).

In situ hybridization has determined YUC1 and YUC4 expression at the apical meristem
and primordia of young leaves during organogenesis in A. thaliana (Cheng et al., 2006; Liu
etal., 2014; Chen et al., 2016). These genes are activated quickly after wounding (within 4
hours), suggesting that these two genes participate in the production of endogenous auxin
in leaf explants (Chen et al., 2016). In this same model, the overexpression of YUC genes
increases the endogenous content of IAA in young leaves. The mutation of the YUC genes
produces a drastic decrease in the content of IAA (Mashiguchi et al., 2011; Woodward and
Bartel, 2005; Kasahara, 2015). Similarly, in maize, yuc mutations have been shown to
cause a reduction of IAA levels and disturb the vegetative development (Bernardi et al.,
2012).

In A. thaliana, the inhibition of YUC genes prevents the expression of WOX11, resulting in
the blocking of rooting (Chen et al., 2016). This labour is divided among the different YUC
genes. YUC1l and YUC4 are expressed suddenly in response to wounding after
detachment in both light and dark conditions and promote auxin biogenesis in both
mesophyll and competent cells (Chen et al., 2016). These two genes are also expressed
at the beginning of the induction of the SE in C. canephora (Figure 2.5), suggesting a
similar role in both species. However, the inactivation of a single YUC gene does not
cause developmental defects, due to the redundant function between YUC genes in A.
thaliana (Chen et al., 2006; 2007). Therefore, we used a specific inhibitor to block the
function of YUC enzymes in C. canephora. Yucasin inhibits the activity of YUC enzymes
and suppresses the effect of the high-auxin phenotype of YUC overexpression found in A.
thaliana (Tsugafune et al.,, 2017). The results shown in figures 2.8 reveal that the
inhibition of the IAA biosynthesis (Figure 2.9) strongly affected the progress of the SE in
C. canephora. The immunolocalization of IAA in C. canephora explants treated with the
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inhibitor (Supplementary material S6) shows no signal in the explants exposed to

yucasin (Supplementary material S6C, G).

The exogenous addition of IAA to explants treated with yucasin restored the SE process
(Figure 2.10). These results reveal that the YUC-mediated biosynthesis of the auxin IAA is
critical for SE in C. canephora. The IPyA pathway is highly conserved in land plants;
however, and since the IAA can be synthesized through five different routes, one of them
independent of tryptophan (fromindole-3-glycerol phosphate (Sitbon et al., 2000; Wang et
al., 2015), a contribution to the IAA pool from some of the other four routes cannot be rule

out.

In this study, we used different concentrations of yucasin (5, 10, 20, 50 y 100 puM). We
showed that yucasin inhibited the production of somatic embryos in explants of C.
canephora after (Figure 2.10). The action of IAA occurs in its free form and acts in the
nucleus to carry out the expression of auxin response genes (Gallei et al., 2020). Different
concentrations of this auxin may give rise to various physiological processes [64]. lts
synthesis and distribution in tissue determine the action of auxin; mainly by its polar
transport during SE in A. thaliana (Petra8ek and Frim, 2009; Petrasek et al., 2011). During
zygotic embryogenesis, IAA is regulated by its biosynthesis and spatio-temporal
localization through specific carriers of auxin PIN (pin-formed) and ABCB (ATP-binding
cassette protein subfamily B (Zazimalova et al., 2007; Krecek et al., 2009).

On the other hand, the IAA found in treatments with 100 uM yucasin was possibly due to
two factors: first, the release of IAA through hydrolysis of I1AA-conjugates. Conjugation
plays a central role in the homeostasis of the IAA (Woodward and Bartel, 2005; Korasick
etal., 2013), and this reaction catalyzed by the Gretchen Hagen 3 enzymes (GH3) family
of acyl acid-amido synthetases (Westfall et al., 2010). The IAA found in this work in
explants with yucasin could be the result of IAA-Leu-resistant (IRL) enzyme activity
(Rampey et al., 2004). In the absence of de novo biosynthesis of IAA (by the inhibition of
yucasin), the IAA conjugates hydrolyze to leave it in its free form (Bartel and Fink, 1995).
IAA metabolism depends on which amino acid is attached; for example, the conjugation of
IAA with alanine or leucine results in a form that is stored but can be easily hydrolyzed
(LeClere et al.,, 2002). Auxin conjugates are hydrolyzed to release IAA to maintain
intracellular homeostasis in tissues in response to environmental conditions (Quint and
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Gray, 2006). Recently, hydrolysis of aspartic (IAA-asp) and glutamic (IAA-glu) conjugates
were reported in strawberry plants to provide free IAA for fruit growth (Tang et al., 2006).
The second factor that could explain the presence of IAA in explants treated with yucasin
is the existence of an alternate route to produce IAA (Woodward and Bartel, 2005). Indole-
3-acetaldehyde (IAAId) has been proposed as an intermediary in the IAA biosynthesis
pathway, since some bacteria produce IAA from IPyA using IAAId as an intermediary
(Patten and Glick, 1996). However, there is not enough evidence for this theory.
Therefore, IAAId is unlikely to participate in the IPyA pathway (Mashiguch et al., 2011).
Another auxiliary route in the biosynthesis of IAA is from indole-3-acetaldoxime (IAOX)
(Sugawara et al., 2009). CYP79B2 and CYP79B3 catalyze the conversion of Trp to IAOx
(Mikkelsen et al., 2015; Zhao et al., 2002). However, it has been reported that the IAOx
pathway is specific to Brassicaceae plants, because CYP79B genes are very limited in

these species (Sugawara et al., 2009).

However, many questions remain unanswered about the de novo biosynthesis of IAA
during the SE induction process. Several factors are implicated in the induction, including
alteration of the cell wall composition, changes in growth regulators, genetic expression,
and epigenetic regulations (De-la-Pefia et al.,2015). Furthermore, although it is believed
that the predominant route in auxin synthesis is from IPyA, the molecular mechanisms that
regulate biosynthesis at the transcriptional level and protein level are unknown (Eklund et
al., 2015).

Is summary, the data in this research suggestthat the pre-treatment of the coffee plantlets
produces an increase in the level of IAA. This increase is due to de novo biosynthesis, and
the presence of IAA at the beginning of the induction of SE in C. canaphora is
indispensable for the process to begin.
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2.4.7 SUPPLEMENTARY MATERIAL
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Figure S1. Chromatograms and fragmentation pattern obtained for indole-
3-acetic acid by LC-MS/MS. (A and B) Chromatograms and fragmentation
pattern for standard. (C and D) Chromatograms and fragmentation pattern
obtained from pre-inducted leaf samples without yucasin inhibitor. Red
arrowheads in chromatograms indicate the retention time for indole-3-acetic

acid.
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Figure S2. Chromatograms and fragmentation pattern obtained for indole-

3-acetyl-L-aspartic acid by LC-MS/MS. (A and B) Chromatograms and
(C and D) Chromatograms and

fragmentation pattern for

standard.

fragmentation pattern obtained from pre-inducted leaf samples without yucasin
inhibitor. Red arrowheads in chromatograms indicate the retention time for

indole-3-acetyl-L-aspartic acid.
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Figure S3. Chromatograms and fragmentation pattern obtained for indole-
3-acetyl-L-glutamic acid by LC-MS/MS. (A and B) Chromatograms and
fragmentation pattern for standard. (C and D) Chromatograms and
fragmentation pattern obtained from pre-inducted leaf samples without yucasin
inhibitor. Red arrowheads in chromatograms indicate the retention time for

indole-3-acetyl-L-glutamic acid.
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Figure S4. Chromatograms and fragmentation pattern obtained for indole-
3-acetyl-L-alanine by LC-MS/MS. (A and B) Chromatograms and
fragmentation pattern for standard. (C and D) Chromatograms and
fragmentation pattern obtained from pre-inducted leaf samples without yucasin
inhibitor. Red arrowheads in chromatograms indicate the retention time for

indole-3-acetyl-L-alanine.
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Figure S6. Immunolocalization of free IAA in C. canephoraexplants treated
with 5 pM yucasin. Confocal images of longitudinal sections of leaf explants of
induction day (D0O). Panel A and E bright field. B and F chlorophyll
autofluorescence (red). C and G wsualization of IAA by the Alexa 488
chromophore bonded to the antibody that recognizes the antibody-IAA (green).
D and H owerlapping of the chlorophyll and IAA confocal images. Note that on
the day of induction, there is not IAA signal in the explants treated with 5 uM

50pum

yucasin.
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Abstract: Auxins are involved in almost every aspect of plant growth and development
processes, from embryogenesis to senescence. Indole-3-acetic acid (IAA) is the main
known natural auxin, which is synthesized by enzymes TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS (TAA) and YUCCA (YUC) of flavin-containing
monooxygenases family (FMO) from the tryptophan-dependent pathway. In the present
study, genome-wide identification and comprehensive analysis of the YUC-proteins family
were conducted in Coffea canephora. A total of 10 members of the CcYUC genes family
were identified in C. canephora. Phylogenetic analysis revealed that the CcYUC protein
family was evolutionary conserved, and they were formed into four groups. On the other
hand, bioinformatics analysis predicted a hydrophobic transmembrane helix (TMH) for a
CcYUC (YUC10) member only. Isoelectric point (pl), molecular weight (Mw), signal
peptide, subcellular localization, and phosphorylation sites were predicted for CcYUC
proteins. YUCs enzymes require the prosthetic group flavin adenine dinucleotide (FAD)
and the cofactor nicotinamide adenine dinucleotide phosphate (NADPH) for their
enzymatic activity. Therefore, we include the molecular docking for CcYUC2 -FAD-NADPH-
IPyA and the yucasin. Yucasin is a specific inhibitor for YUC activity. The docking results
showed FAD and NADPH binding at the big and small domain sites, respectively, in
CcYUC2. IPyA poses very close to FAD and the big domain, and yucasin competes for the
same site as IPA blocking IAA production.
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CHAPTERIIII

Keywords: auxin; Coffea canephora; IPyA; YUCCA; FMO; yucasin; Docking
3.1. Introduction

Flavin-containing monooxygenases (FMO) display a spectrum of key physiological roles.
FMO enzymes are widespread in nature and perform a wide variety of redox reactions,
including hydroxylation, reduction, monooxygenation, DNA repair, and cellular signaling
(Macherouxetal., 2011). In plants, the YUCCA protein family (YUC) belongs to a class of
FMO exclusively involved in auxin biosynthesis (Zhao et al., 2001). Auxin is one of the
most important growth regulators mediating signals endogenous to control plant growth

and development (Bingsheng et al., 2019).

It is of vital importance to know exactly where auxin is synthesized in plants. It has long
been held that auxin is synthesized in young developing leaves. However, it is now known
that auxin can be synthesized in many different plant tissues (Chandler, 2009). At the
cellular level, the most investigated and accepted pathway for auxin biosynthesis is from
the tryptophan-dependent route (Trp) through two enzymatic steps involved tryptophan
aminotransferases of arabidopsis (TAA) and YUC flavin-containing monooxygenases
(Zhao, 2014). In the TAA/YUC-route, TAA enzymes convert Trp to indole-3-pyruvic acid
(IPyA). Then, YUC proteins use IPyA to produce Indole-3-acetic acid (IAA) (Zhao, 2014).
IAA is the main known natural auxin, synthesized by TAA/YUC rout (Zhao, 2014). The IAA
has a similar structure to the Trp amino acid and is a weak organic acid with an indole ring
and an acid carboxyl function (Friml et al., 2003; Paque and Weijers, 2016). In plants,
different auxin concentrations affect cell division, differentiation, phyllotaxis,
organogenesis, and embryogenesis (Cheng et al., 2006; Cheng et al., 2007; Grones and
Friml, 2015; Paque and Weijers, 2016).

It has been reported that during embryogenesis, auxin biosynthesis is to play a critical role
because previous studies have shown that auxin biosynthesis is dynamic during
embryogenesis (Ribnicky et al., 2002; Ayil-Gutiérrez et al.,, 2013). Overexpression of
YUC1, YUC2, YUC4, and YUCG6 genes increases auxin production in Arabidopsis thaliana
seedlings (Cheng et al., 2006). Experimental evidence demonstrated that YUC functions
as the rate-limiting step of the IPyA pathway, indicating that YUC plays a crucial role in
developmental processes regulated by cellular auxin levels (Tsugafune et al., 2017). The
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TAA/YUC pathway is also highly conserved throughout the plant kingdom (Stepanova et
al., 2011). Auxin biosynthesis through YUCs has been demonstrated in several model
species, including Arabidopsis thaliana (Dai et al., 2013), Zea mays (Gallavotti et al., 2008)
Oryza sativa, (Mashiguchi et al., 2011; Brumos et al., 2013; Kakei et al., 2017) and
Brachypodium distachyon (Pacheco et al., 2013).

The redundantfunction of the proteins YUC has been reported. For example, both YUC1
and YUC4 are expressed in discrete groups of cells throughout embryogenesis. Their
expression patterns overlap with YUC10 and YUC11 during embryogenesis (Cheng et al.,
2007). On the other hand, single or double mutants do not affect developme nt, unlike the
quadruple mutants of yucl yuc4 yuclO yucll fail to develop a hypocotyl and a root
meristem (Cheng et al., 2007). Reverse genetics approaches are useful for studying the
functionality of YUCs; however, the use of specific inhibitors outweighs the redundant
function. Yucasin is a powerful specific YUC enzyme inhibitor and has been used

successfully in several studies (Nishimura et al., 2014; Chen et al., 2016).

Recently, we reported the pattern of expression of CcYUC1, CcYUC3, CcYUC4, CcYUCS,
and CcYUC10 during somatic embryogenesis in Coffea canephora embryogenesis (Uc-
Chuc et al., 2020). Through a pharmacological study, we found that the CcYUC family
carries out IAA auxin biosynthesis and that de novo auxin biosynthesis is crucial for
somatic initiation embryogenesis (Uc-Chuc et al., 2020).

Despite the great effort that scientific research has provided a clearer picture in the last
decade of the enzymes involved in auxin biosynthesis, several questions regarding this
process's biochemical mechanisms and subcellular localization have not been elucidated.
There are fewreported studies in maize and Arabidopsis of auxin biosynthetic activity can
be found in microsomal fractions (Kriechbaumer et al., 2015; 2016), and some of auxin
biosynthetic proteins showed endoplasmic reticulum (ER)-localization, due to
transmembrane helix (TMH) (Kriechbaumer et al., 2016). Eleven members of the AtYUCs
family have been found to exist in A. thaliana, of which AtYUC4.2 is a splice variant
located on the ER in flower (Kriechbaumer et al., 2012). Similarly, AtYUC5, AtYUCS8, and
AtYUC9 were localized in the ER of the root, the rest of the AtYUC proteins in the cytosol
(Poulet and Kriechbaumer, 2017).
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This research presents a deep characterization of CcYUC proteins, based on a
phylogenetic and bioinformatic analysis that includes predicting TMH, signal peptide,
subcellular localization, phosphorylation sites, modeling, and docking molecular; besides,
we performed an auxin immunolocalization assay in explants from in Coffea canephora.

Our results suggest that the CcYUCs proteins family are highly conserved and participate
in the IAA auxin biosynthesis pathway through the IPyA intermediate in C. canephora. We
report the prediction of some members of the CcYUC family localized in ER and
mitochondria while the majority located in the cytoplasm. The molecular docking study
shows the prosthetic group FAD and cofactor NADPH in the large and small d omain within
the CcYUC2 protein. IPyA binds very closely to FAD, and the yucasin inhibitor competes
for the same IPyA binding site.

3.2 Materials and methods
3.2.1 Searching of CcYUC proteins in C. canephora

The CcYUCs protein family sequence was obtained from the C. canephora genome
available online at Coffee Genome Hub (Denoeud et al., 2014 http://coffee-genome.org/).
Each sequence of the YUC proteins was downloaded in the fasta format. A blast was
performed using the NCBI database to verify that the downloaded sequences belong to
the FMO. YUC orthologs of other plant species were also downloaded from the NCBI
database. This was carried out to find out if there is a phylogenetic relationship with other

plant species.
3.2.2 Multiple- sequence alignments and phylogenetic tree construction

Multiple sequence alignment was carried out with MUSCLE software using default
parameters. The amino-acid sequence corresponding to CcYUCs families in C. canephora
was studied for conserved motif analysis. The phylogenetic tree was constructed using the
neighbour-joining method with MEGA 7.0 software. The unrooted tree was generated
through 1000 bootstrap values for the reliability of the tree.
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3.2.3 Prediction of isoelectric point, molecular mass, transmembrane helix,
subcellular localization, signal peptide, and phosphorylation sites in CcYUCs

proteins in C. canephora

Theoretical isoelectric point (pl) and molecular weight (MW) were predicted using the
Compute pl/MW tool on the EXPASy server (http://web.expasy.org/compute_pi/).
Transmembrane helix (TMH) was analyzed on the TMHMM Server v2.0
(http://mww.cbs.dtu.dk/servicess TMHMM-2.0/) and signal peptide prediction we use
SignalP 3.0 (http://wwmw.cbs.dtu.dk/services/SignalP-3.0/). The subcellular localization of
selected proteins was predicted on the PSORTII (https://psort.hgc.jp/form2.html/) and to
predicted phosphorylation sites with NetPhosYeast 1.0 Server
(http:/mww.cbs.dtu.dk/CBS/services/NetPhosYeast/).

3.2.4 Building of three-dimensional structures (3D), modelling and molecular

docking of selected CcYUCs proteins in C. canephora.

Nine sequences of C. canephora CcYUCs proteins were selected to predict 3D structures
(table 4). Each 3D structure was built using the SWISS-MODEL software, accessible via
the ExXPASy web server (https://swissmodel.expasy.org/). Best predicted models were
evaluated by Global Model Quality Estimation (GMQE) was assessed after model building
using QMEAN global score. The Chimera MatchMaker tool (Pettersen et al., 2004) was
used to compare the homology modeling structure of the nine CcYUCs proteins. UCSF
Chimera 1.14 software was used to model and visualize the built 3D structures (Pettersen
et al., 2004).

Molecular docking experiments were carried out to evaluate the binding properties of FAD,
NADPH, IPyA, and yucasin to the predicted CcYUC2 structural model, using the DockThor
server (https://dockthor.Incc.br/v2/) and HDOCK server (http://hdock.phys.hust.edu.cn/)
(Yanetal., 2017; 2020). We chose the 3D structure of CcYUC2 to do molecular docking
because it was the model with the highest predicted quality. The DockThor scoring
function is based on the MMFF94S force field (de Magalh&es et al., 2014). Force field-

based functions consist of a sum of energy terms from a classical force field, usually

considering the protein-ligand complex's interaction energies and the internal ligand
energy. In contrast, the solvation energy can be computed by continuum solvation models
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(Guedes, et al., 2018). Standard docking mode was performed using the FAD, NADPH,
IPyA, and yucasin PDB structures. The 3D structures of IPyA, FAD, NADPH, and yucasin
were built from the molecular formula using the structure edition tool option built structure
of the UCSF Chimera 1.14 software. The molecular formulas were downloaded at

PubChem https://pubchem.ncbi.nim.nih.gov/. A grid box with blind molecular docking was
used to define the docking region. This was done because we do not know the binding
sites of the cofactors and the ligand. The parameters are referred to as defaults in
DockThor, and the structures with positional root mean square deviation (RMSD) o up to 3
A were clustered together. All results were analyzed using UCSF Chimera 1.14 Molecular

Graphics Systems (Pettersen et al., 2004).
3.2.5 Plant material

C. canephora plantlets were propagated and maintained in MS inorganic culture medium
[(Murashige and Skoog 1962) (Phyto Technology Laboratories, M524)] without growth
regulators under in vitro photoperiod conditions 16/8 h (150 p mol m2s™) at 25 + 2 °C.
The MS medium contains 29.6 uM thiamine-HCI (Sigma, T3902), 550 uM myo-inositol
(Sigma, 15125), 0.15 uM L-cysteine hydrochloride hydrate (Sigma, C8277), 16.24 uM
nicotinic acid (Sigma, N4126), 87.64 mM sucrose, and 0.25% (w/v) Culture Gel TM Type
I-Bio Tech Grade (Phyto 418 Technology Laboratories, G434), to pH 5.8.

3.2.6 Yucasin treatment

The ES system developed in our laboratory consists of two phases (Quiroz-Figueroa et al.,
2006): a pre-treatment stage and then induction. In the pre-treatment, a batch of plantlets
in vitro was selected and placed in a semisolid medium. The culture medium used was MS
medium with 0.54 uM NAA (Sigma N1145) and 2.32 yuM Kin (Sigma K0753-5G), for
fourteen days under photoperiod conditions (16 h light/8 h dark) at 25 + 2 °C. Yucasin, an
inhibitor of the YUC protein function in the auxin biogenesis pathway, [5-(4-chlorophenyl)-
4H-1, 2, 4-triazole-3-thiol (Santa Cruz Biotechnology, 233161)] was added to the pre-
treatment medium at concentrations at 5 uM. DMSO was added as a control. For the
induction, leaves two and three were used. The leaf explants were cut into circles of
approximately 0.25 cm in diameter and transferred in 250 mL flasks with 50 mL of auxin-
free Yasuda liqguid medium (Yasuda et al., 1985) supplemented with 5 uM BA (Phyto
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Technology Laboratories, B800). The cultures were incubated in the dark at 25+ 2 °C and
shaking (100 rpm) for 56 days (Quiroz-Figueroa et al., 2006). Samples were taken of

induction day for IAA localization. The experiments were performed in biological triplicate.
3.2.7 IAAimmunolocalization in leaves explant of C. canephora

The plant tissues were fixed in FAA solution [10% formaldehyde (Fischer BioReagents,
BP531), 5% acetic acid (Sigma, 695092), and 50% ethanol (Meyer, 0390)] for 72 h in dark
conditions at 4 °C. A gradient of sucrose (10, 20, 30%) was made to embed the samples in
a PB buffer [10 mM sodium phosphate dibasic (Sigma, S3264) and 2 mM potassium
phosphate monobasic (Sigma, P5655)], pH 7.2 (adjusted with NaOH 1 N). The samples
were embedded in a Leica tissue freezing medium (Leica Biosystem, Code 14020108926)
at-26 °C. The blocks were sectioned at 10 um with a cryostat (Leica Biosystem CM1950)
with low profile blades (Thermo Scientific, 1407060).

Immunolocalization was performed with slight modifications of the protocols previously
reported for Ni-can et al. (2013) and Marquez-L6pez et al. (2018). We eliminated paraffin
use in this method and replaced it with the Leica tissue freezing medium (Leica Biosystem,
Code 14020108926) to embed the tissues. In short, the slides with sample tissue
(previously rinsed with 0.1% poly-L-lysine in H20) were washed three times with sterile
distilled water to remove excess Leica tissue freezing medium, then washed three times
with the PB buffer, pH 7.2 (adjusted with NaOH 1 N). Sections were blocked with 3%
bovine serum albumin (BSA, Sigma, A2153) in PB for 1 h at 4 °C. After three rinsings with
PB, sections were incubated overnight with anti-IAA mouse monoclonal antibody (Sigma,
A0855) diluted 1:100 in 1% BSA in PB buffer. After three rinses with PB buffer, sections
were incubated for 3 h in darkness with Alexa Fluor 488-labeled anti-mouse IgG antibody
(Invitrogen, A-11001) diluted 1:100 in PB. After three washes with PB buffer, the tissue
sections were treated with 10 pL of Vectashield mounting medium and DAPI to stain the
nuclei of plant cells (Vector Laboratories, H-1200) and stored in the dark for 1 h at 4 °C.
The images were obtained using a confocal laser scanning microscope (Olympus, FV1000
SW) and the FV10 ASW 3.1 viewer software. The IAA signal was detected using an
excitation wavelength of 488 nm; the emission wavelength was 520 nm. The DAPI staining
signal was detected using the excitation wavelength of 405 nm; the emission wavelength
was 461 nm.
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3.3 Results

3.3.1 Identification of the CcYUC protein family in C. canephora

To identify the CcYUC in C. canephora, we first performed a genome-wide analysis. The

genome was downloaded from the Coffee Genome Hub page (http://coffee-genome.orag/).

The C. canephora genome is made up of 11 chromosomes (Denoeud et al., 2014),
130,503 coding sequences (CDS), 25,574 protein-coding genes, 25,573 mRNA, and

25,574 proteins (Figure 3.1A).
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Figure 16 C. canephora genome analysis. A) cake graph representing the

number of CDS coding sequences, genes, mRNAs, and proteins found in the

genome. B, C; percentage and total numbers of CcYUC proteins in the genome,

respectively.
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A total of 10 members of the CcYUC genes family were identified in the C. canephora
genome. CcYUC genes were named from CcYUC1 to CcYUC11 [CcYUCL1 (three copies),
CcYUC2 (one copy), CcYUCS3 (five copies), CcYUC4 (two copies), CcYUC5 (three
copies), CcYUCG6 (two copies), CcYUCS (three copies), CcYUC9 (one copy), CcYUC10
(two copies), and CcYUC11 (one copy)] (Figure 3.1C). We also found two unidentified
CcYUC genes, CcYUC-Like and CcYUC. If we group all the copies, we get 25 CcYUC in
total. This corresponds to 0.97% of the proteinin the entire C. canephora genome (Figure
3.1B).

3.3.2 Phylogenetic analysis and identification of motifs in CcYUC proteins

We downloaded the protein sequences from the Coffee Genome Hub page (http://coffee -
genome.org/). Among all the CcYUC copies (Figure 3.1C), we found 8 copies that encode
peptides less than 200 amino acids length. We discarded those copies because the CDSs
produce trick sequences, and it could be pseudogenes. Then, sixteen copies in total were

selected for analysis (Table 3).

To identify conserved CcYC proteins' conserved regions, multiple alignments were
performed using the AtYUC1 (AT4G32540) sequence of A. thaliana as reference. As
expected, the CcYUC proteins' family members exhibited similar conserved regions. The
most highlight characteristics of the FMO are the motif binding FAD and NADPH, which
indicated that they might have a close evolutionary relationship (Figure 3.2). The protein
FMO plus the prosthetic group (FAD) and the cofactor (NADPH) in its 4a-hydroperoxy

flavin forms are crucial to carrying out the enzymatic activity (Ziegler, 1993; Dai et al.,
2013).
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FAD-binding motif
GxGxxG

1. AYUG1_AT4G32540_(414_aa)

2. CCYUC1_Cr05_g12600_(519_aa)
|3. cevue1_ceoe_go7530_(523_aa)
|4. cevuc1_cet0_g00660_(484_aa)
|s. cevuca_ccos_go9670_(403_a3)
6, CEYUC3_Ce00_g00330_(392_33)
7. cevuca_ceoe_g12870_as6_aa)
8. CevUCa_con3_g0s990_d17_aa)
9. CeYUC4_Gel1_g01360_(398_aa)
10. CEYUCS_Cc02_g24320_(B37_aa)
|11. cerues_ceoz_g24290_413_aa)
|12 cevucs_coos_go8s20_(427_aa)
13. CEYUCB_C00_g07810_(362_aa)
|14, cevuce_ceor_g17530_418_3a)
|15. cevuco_ceot_g20210_385_aa)
|16 CeYUC10_Ced1_g20250_(385_aa)

[ - & EREBCFABLWKKYE-
17. CEYUC11_Ce10_g13180_(383_aa) P LafBacLNVRE PN vLEREDCEABLWKKRE

NADPH-binding motif
GxGxxG

1. AIYUC1_ATAGI2540_(414_aa) ME ELELVRHE
|2 CeYUC1_Cc06_g12600_(519_aa) IBLAVECAKA

[3. CeYUC1_Co05_gO7530_(523_aa)
[4. CEYUC1_Ce10_g00660_(484_aa)
5. CCYUC2_Cc06_g09670_(403_aa)
6. CEYUC3_Cc00_g00330_(392_aa)
[7. CEYUC3_Ce08_g12870_(456_az)
|B. CcYUC3_Cc03_g06990_(417_aa)
8. CcYUC4_Cc11_g01360_(398_aa)
10. CcYUCS_Cc02_g24320_(837_sa)
11. CCYUCS_Cc02_g24290_(413_aa)
12. CCYUCE_Cc08_g08920_(427_aa)
13 CcYUCB_CcD_g07810_(362_aa)
14. CoYUCE_Cc01_g17530_(418_aa) - -
15. CEYUC10_Cc0_g20210_(365_aa) 1AVREPLH I LEREM -
16. CCYUC10_Ceidi_g20250_(385_aa) B AVREPLHI L -
17.CoYUCT1_Ce10_g13180_(383_aa) viREEVHVLEKEw -

MLLKCLPLRLVEKFLL

Figure 17 Alignments of multiple sequences of CcYUC proteins family in C.
canephora. The sequences were aligned using the algorithm MUSCLE (Multiple
Sequence Comparison by Log-Expectation) alignment tools with default
parameters. The multiple conserved motifs FAD and NADPH are labeled with
black boxes.

The sixteen CcYUC proteins of C. canephora can be grouped into four different groups
(Figure 3.3). Five proteins comprise the first group: two copies CcYUC3, two copies
CcYUCS5 and, one copy CcYUCS8. Group two consists of three copies of CcYUCL. The
other groups are CcYUC2, 3, 4, 6, 8, and CcYUCL10, 11 (Figure 3.3). The results of the
phylogenetic tree show that CcYUC could have a redundant function in C. canephora.
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Figure 18 Phylogenetic tree of CcYUC proteins family in C. canephora.
Phylogenetic unrooted tree created using the Neighbor-joining statistical
method. The number of Bootstrap replications was 5000. The ewlutionary
distances were computed using the p-distance method. The coloured circles

indicate the groups of the CcYUC proteins. The unrooted phylogenetic tree was
constructed by MEGA 7.0.
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To simplify the analysis of CcYUC proteins in C. canephora, we select a copy of each
gene and analyze them to research whether there is a phylogenetic relationship with the
AtYUC of Arabidopsis (Figure 3.4). The phylogenetic tree of these proteins shows the
same topology to the tree in figure 2. CcYUC2-AtYUC2 they share the 63%, CcYUC6-
AtYUC6 the 68%, CcYUC4-AtYUC4 the 58% but 99% with AtYUC1. Although CcYUC1-
CcYUCS5 comprises the same group with AtYUC10-AtYUC11 and CcYUC10-CcYUCL11,
they are far apart phylogenetically. The closest phylogenetically are CcYUC3-AtYUC3 with
98% and CcYUCB8-AtYUCS with 99% (Figure 3.4).
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Figure 19 Phylogenetic tree of CcYUC/AtYUC proteins family of the C.
canephoraand A. thaliana. Phylogenetic unrooted tree created using the

Neighbor-joining statistical method. The number of Bootstrap replications
was 5000. The evolutionary distances were computed using the p-

distance method. CcYUC of C. canephora is marked with red circles, and
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AtYUC of A. thaliana is marked with blue triangles. The unrooted

phylogenetic tree was constructed with MEGA 7.0.
3.3.3 Bioinformatics analysis of CcYUC proteins in C. canephora

In silico analysis of CcYUC proteins suggested to be involved in C. canephora auxin
biosynthesis was carried out. In A. arabidopsis, ER-localized and cytosol YUC proteins
were reported (Kriechbaumer et al., 2016). In this analysis, the prediction for
transmembrane helix and the isoelectric point was included for the CcYUC proteins of C.
canephora.

The CcYUC proteins selected for this study are shown in Table 3. This analysis predicted
potential hydrophobic trans-membrane helix (TMH) for CcYUC10 CcOl1l_g20210 y
CcYUC10 Cc01_g20250 (Table 3). According to the algorithm TMHMM, both copies of
CcYUC10 (Cc01_g20210and Cc01_g20250) couldfeature an N-terminal (TMH) between
amino acid (aa) 7 and 29 for membrane insertion with the C-terminus facing the cytosol
(Figure 3.5). In A. thaliana, the isoform YUC4.1 was shown to possess a C-terminal TMH
with the enzymatic N-terminus facing the cytosol (Kriechbaumer et al., 2012). Not TMH
was found in the other CcYUC proteins. In monocots, all proteins in rice and maize feature
TMH. In Musa acuminata, with the largest number of proteins from the YUC3-7-8-5-9
group, five out of ten feature a predicted TMH. The eudicotyledons group comprises
YUC3-7 in Vitis vinifera, Prunus persica, and Theobroma cacao mainly features predicted
TMH (Poulet and Kriechbaumer, 2017). The question arose from these data: did CcYUC
proteins at some point in evolution lose their TMH, or are they acquired new
characteristics? To answer this question, a deeper analysis is required.

On the other hand, the theoretical isoelectric point (pl) and molecular weight (Mw) ranged
from 5.92 to 9.26 (average pl = 7.68) and from 39.94 kDa to 95.40 kDa (average Mw =
50.51 kDa), respectively. The detailed information of each CcYUC protein is listed in Table
1, including the gene identifier (ID) in the genome database, the length of the amino -acid

seguence, chromosomal location, chromosome position, and TMH predicted.
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Table 3. CcYUC family in C. canephora used in this study.

Gene ID Chromosome Chromosome Protein pl MW Trans
Name Localization Position Length (kDa) Membrane

(aa) Helix

(TMH)
CcYUC1 Cc06_g12600 6 10261037..10264096 519 6.14 59.49 0
CcYUC1 Cc06_g07530 6 6035217..6037513 523 8.40 58.91 0
CcYUC1 Ccl10_g00660 10 576441..578982 484 8.30 55.31 0
CcYUC2 Cc06_g09670 6 7837742..7840348 403 9.08 44.79 0
CcYUC3 Cc00_g00330 0 547028..549948 392 6.63 44.45 0
CcYUC3  Cc08_g12870 8 28112764..28116360 456 6.42 51.83 0
CcYUC3  Cc03_g06990 3 6115473..6117425 417 8.84 46.75 0
CcYUC4 Ccll g01360 11 4890835..4893603 398 8.83 44.24 0
CcYUC5  Cc02_g24320 2 21362458..21369747 837 5.92 95.40 0
CcYUC5  Cc02_g24290 2 21335380..21338780 413 6.07 47.29 0
CcYUC6 Cc08_g08920 8 23420828..23423817 427 9.26 47.12 0
CcYUC8 Cc00_g07810 0 64311280..64317805 362 8.12 41.22 0
CcYUC8 Cc01 g17530 1 34801637..34803126 418 8.75 47.05 0
CcYUC10 Cc01_g20210 1 36877928..36879827 365 7.56 39.94 1
CcYUC10 Cc01_g20250 1 36909931..36911809 385 7.57 42.42 1
CcYUC11 Ccl10 _g13180 10 22975906..22977533 383 7.07 42.00 0

Note. The table shows the protein length in aa amino acids. Prediction pl
isoelectric point and molecular mass in kDa using Compute pl/MW tool. For the
TMH transmembrane helix, TMHMM server v 2.0 was used.
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Figure 20 Predicted transmembrane helix (TMH) in the amino acid
sequence of A) CcYUC10 Cc01_g20210 and B) CcYUC Cc01_g 20250 auxin
biosynthetic proteinsin C. canephora. Black arrows show the TMH.

Previous reports showed that the Arabidopsis AtYUC4 gene encodes two major splice
isoforms resulting in AtYUCA4.2 (Kriechbaumer et al., 2012). Besides, it was documented
auxin biosynthetic activity can be found in microsomal fractions show in ER localization
(Kriechbaumer et al., 2015a), and later the subcellular location of the YUC proteins in the

ER was reported (Kriechbaumer et al., 2016).

Therefore, for a more detailed analysis of the CcYUC proteins in C. canephora, we include
predicting the signal peptide and subcellular localization (Table 4). Using the prediction
algorithm SignalP 3.0 CcYUC1 (two copies), CcYUC2, CcYUC3 (two copies), CcYUC5
(two copies), and CcYUC10 (two copies) are indicated to possess an N-terminal signal
peptide. The most likely cleavage site between aa varies by each CYUC protein (Table 4).

The prediction of subcellular localization was performed using the PSORTII program. The
prediction showed that more than half of the analyzed CcYUCs proteins were located in
the cytoplasm. However, CcYUC2, CcYUC4, and CcYUC5's subcellular localization were
mitochondria, ER, and extracellular region, respectively (Table 4). Although the subcellular
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localization of auxin biosynthetic pathway proteins has been reported in the cytoplasm and
ER (Sparkes et al., 2006; Kriechbaumer et al., 2016), there is no experimental evidence of
subcellular localization in the mitochondria and the extracellular region; therefore it might
suggest other regulatory implications of auxin.

Table 4. The table below shows the prediction of signal peptide, most
likely cleavage site, and subcellular location of CcYUCs enzymesin C.

canephora.
Enzyme ID Signal  The most likely Cleavage Subcellular
Name Peptide cleavage site sequence (-) Localization
between aa
CcYUC1  Cc06_g12600 Yes 20 and 21 AAA-KQ Cytoplasmic
CcYUC1  Cc06_g07530 Yes 23 and 24 ALA-KG Cytoplasmic
CcYUC1 Cc10_g00660 - - - -
CcYUC2  Cc06_g09670 Yes 28 and 29 ATA-AC Mitochondrial
CcYUC3  Cc00_g00330 Yes 21 and 22 VTA-RE Extracellular,
including cell wall
CcYUC3  Cc08_g12870 Yes 22 and 23 IAA-HE Cytoplasmic
CcYUC3  Cc03_g06990 - - - Cytoplasmic
CcYUC4  Ccll g01360 - - - Endoplasmic
Reticulum
CcYUC5  Cc02_g24320 Yes 20 and 21 VTA-RE Extracellular,
including cell wall
CcYUC5  Cc02_g24290 Yes 20 and 21 VTA-RE Extracellular,
including cell wall
CcYUC6  Cc08_g08920 - - - Cytoplasmic
CcYuC8 Cc00 g07810 - - - Cytoplasmic
CcYUC8  Cc01_g17530 - - - -
CcYUC10 Cc01_g20210 Yes 21 and 22 ATA-AC Cytoplasmic
CcYUC10 Cc01_g20250 Yes 21 and 22 ATA-AC Cytoplasmic
CcYUC11 Ccl0_g13180 - - - Cytoplasmic

Note. To do this, SignalP 3.0 and PSORTII programs were used. (-) cleavage
sequence; -, not found.
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Posttranslational modifications such as phosphorylation are related to signalling activities
and regulatory mechanisms (Juarez-Escobar et al., 2020). There are no reports of
posttranslational modification in YUC proteins; therefore, we include predicting
phosphorylation sites of CcYUC proteins in C. canephora. The NetPhosYeast 1.0 server
predicted phosphorylation sites on all selected proteins. Table 5 lists the analyzed CcYUC
proteins, the sequence, and position of the phosphorylated aa. Mostly serine was the
phosphorylated aa, and the numbers of phosphorylation sites; it was different from each
analyzed protein (Figure 3.6). The phosphorylation of an aa residue can cause a
conformational change in the protein structure affecting its function. Phosphorylation can
control the activity, structure, and cellular location of a protein (Juarez-Escobar et al.,
2020).

Table 5. Information on the phosphorylation sites of the selected CcYUCs

enzymesin C. canephora.

Enzyme Phosphorylated Sequence Protein  Phosphorylated Sequence
aa position aa position

CcYUC1 36 S EATDSLGGVY  CcYUC2 3S -MMSRSTR

(519 aa) 45 S WKHCSYRST (403 aa) 111 S NTVVSAEFD
53T TKLQTPRCD 275 S LELKSITGK
71S QRDNSSFPT 280 T ITGKTPVLD
143 S QTSESDTVE 343 S GKNLSSEED
285 S CKLLSPVRN 344 S KNLSSEEDG
478 S ISTFSINHT 378 S LLGTSMDAR
505 S AEAFSPYCS
509 S SPYCSQDYQ

CcYUC3 58S MADASEHDE CcYUC4 3S --MGSCKEE

(417 aa) 51S LERASCIAS (398 aa) 49 S ILERSDCIA
114 S RFNESVQSA 169 S VRHTSVYKS
117 S ESVQSAKYD 175 S YKSGSEFQD
135S TVVASDNSE 266 T KRPKTGPIQ
271 S IKRPSTGPL 278 T ATGKTPVLD
284 T TEGKTPVLD 376 S LGTASDAVK
378 S RRGLSGASF
381 S LSGASFDAI
408 S QGALSLANR
414 T ANRRTCKS-
417 S RTCKS----

CcYUCS5 4S -MARSLKVA  CcYUC6 63 S VLERSHCIA

(413 aa) 46 S TWVYSPQVE (427 aa) 130 S QSVVSAEYD
51S PQVESDPLS 223 S NHNASPTLV
55 S SDPLSLDPK 243 S LKNLSGKTP
83S LMGFSDYPF 294 S MLGKSTFGL
144 S ESRRSTCDE 297 T LSGKTPVLD
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CcYUCS8
(418 aa)

CcYUC11

(383 aa)

145 T
150 S
152 S
179 S
187 S
227 S
230 S
266 S
22T
315 S

132 S
136 S
139 S
273 S
286 T
299 S
357 S
380 S
383 S
416 S

41 S
105 S
122 S
204 S
263 T
266 S
328 S

SRRSTCDEL
CDELSSSEE
ELSSSEEIF
PGIKSWPGK
KQIHSHNYR
EVHLSSRSP
LSSRSPEIK
QDGTSVAAD
NDTVTIDEN
APGLSFVGL

VKTVSTNGS
STNGSARSD
GSARSDVEY
LKRPSLGPL
TKGKTPVLD
EKIRSGEIN
GFPKSPFPN
RRGLSGASA
LSGASADAT
RRCISQF--

DCSASLWKK
VESASFDVT
KNALSGAIE
IVIRSPVHV
LKNMTGQSP
MTGQSPVID
KDGTSLFNE

CcYUC10
(385 aa)

316 S
326 S
395 S
417 S
423 S
424 S
427 S

104 S
123 S
124 S
173 S
187 S
208 S
284 S
295 S
374 S

DIKVSPGIQ
LRPLSAEFV
LLGASMDAK
SKHFSYFAR
FARPSSLQS
ARPSSLQS-
SSLQS-—-

RSVESAQYD
RNLGSSDPE
NLGSSDPEE
KNGKSYENK
GSGNSGMEI
IAVRSPLHI
QKIKSGEIQ
PAVASLGGN
LDAQSIAND

Note. NetPhosYeast 1.0 Server was used to predict phosphorylation sites. S,

serine; T, tyrosine; aa, amino acids.
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Figure 21 Prediction of CcYUC protein phosphorylation sites in C.

canephora. The NetPhosYeast 1.0 server was used to predict the

phosphorylation sites of nine CcYUC proteins.
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3.3.4 3D structure prediction and modelling of the CcYUC proteins family

For further insight on the CcYUC proteins in C. canephora, we performed 3D structure
prediction of nine CcYUC proteins and the modeling with UCSF Chimera 1.14 software
(Figure 3.7). The aa sequences of the nine CcYUC proteins were submitted to SWISS-
MODEL to predict their 3D structure by homology. All models of the predicted CcYUC
proteins are homo-dimers, which comprise chains A and B (Figure 3.7). Each chain has,
on average, between 15 a-helices and 13 B-strands. CcYUC1 and CcYUC2 were the
proteins with the most 3-strands, 19 and 16, respectively (Figure 3.8A-3.8B).
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Chain A

Chain B

Chain A

Chain B

Chain A

Chain B

CcYUCS8

Figure 22 Homology predictions of the 3D structures of nine CcYUC
proteins in C. canephora. The models built are A) CcYUC1, B) CcYUC2, C)
CCYUC3, D) CcYUC4, E) CcYUCS5, F) CcYUCS6, G) CcYUCS8, H) CcYUC10 and
1) CcYUC11.

The CcYUC protein family in C. canephora is composed of two structural domains (Figure
3.8).In CcYUC2, residues 151-330 form a small structural domain, with the remainder of
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the polypeptide chain forming the big domain. A channel is present between these two
domains, which corresponds to the pocket. An 84-residue-long polypeptide chain segment
in a predominantly random coil configuration with three a-helices minor secondary
structure elements occurs in the interface between the two domains (Figure 3.8B).
However, these random coil configuration segments varied for each CcYUC protein as
well as the number of residues. Crystallographic studies done with FMO of
Schizosaccharomyces pombe indicate that this configuration provides stability with the
overall domain organization (Eswaramoorthy et al., 2006). The small domain was similar to
that reported by Eswaramoorthy et al., 2006. The small domain consists of a five-stranded

parallel B-sheet flanked by a three-stranded antiparallel B-sheet and three to four a-helix
(Figure 3.8).

A B

FMO domain

Big
domain
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Figure 23 Modeling of the 3D structures of nine proteins of the CcYUC
family in C. canephora. CcYUC proteins are formed by the big domain and the
small domain. The FMO domain is located in the big domain. D, CcYUCL1; B,
CcYUC2; C, CcYUCS; D, CcYUC4; E, CcYUCS; F, CcYUCS6; G, CCYUCS; H,
CCYUCL10; I, CcYUC11. All images were generated using the UCSF Chimera
1.14 software.

The FMO domain is located in the big domain and consists of a four-stranded parallel 3-
sheet flanked by a three-stranded antiparallel 3-sheet on one side and six a-helices on the
other (Eswaramoorthy et al., 2006). All CcYUC 3D structures analyzed in this study have
the FMO domain (Figure 3.8). However, the FMO domain of CcYUC1 is formed up of a
three-stranded parallel B-sheet; that is, it lacks a B-strand (Figure 3.8A). The other eight
CcYUC proteins conserve a four-stranded parallel B-sheet (Figure 3.8B-I).

On the other hand, we aligned CcYUC1-2-3-4-5-6-8-10-11 from C. canephora in their
homo-dimeric shape (Figure 3.9). The result showed that CcYUCS5 did not align with the
rest of the analyzed CcYUC proteins (Figure 3.9A). In CcYUCL1, both polypeptide chains
(A and B) overhang a helical length. Besides, CcYUC1 protein architecture highlights out
in size concerning the aligned CcYUC proteins. We performed the alignment again without
including CcYUC1 and CcYUCS5; the result showed that CcYUC2-3-4-6-8-10-11 share very
similar structures (Figure 3.9B). The alignment presented in Figure 3.9B showed that
seven (CcYUC2-3-4-6-8-10-11) of nine CcYUC proteins are highly conserved in 3D

structure.

91




CHAPTER I

Figure 24 Alignment of the CcYC proteins family in C. canephora. A,

multiple alignments of CcYUC1-2-3-4-5-6-8-10-11. B, multiple alignments
without CcYUC1 and CcYUCS5. The images were generated using UCSF
Chimera 1.14 software.

To investigate whether the proteins CcYUC of C. canephora are involved in the auxin
biosynthesis pathway, It was necessary to perform multiple alignments of the A chains of
the proteins CcYUC1-2-3-4-5-6-8-10-11 for identity to FAD and NADPH binding motifs.
FAD and NADPH binding motifs are located in the big and small domains, respectively
(Figure 6A-B, 6C-D). The FAD-binding motifs are highly conserved in the nine proteins
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analyzed (Figure 3.10B). However, the NADPH-binding motif it was only present in seven
CcYUC proteins [CcYUC2-3-4-6-8-10-11] (Figure 3.10D) except CcYUC1 and CcYUCS.
The alignment between CcYUC 1 and CcYUCS5 showed that they share a 22.6% similarity
(Figure 3.10E). Although the CcYUC1 and CcYUCS5 proteins lack the NADPH-binding
seguence, CcYUCL1 has a structure similar to the NADPH-binding motif (Figure 3.10F). It
is possible that the CcYUCS5 protein has lost the function of auxin synthesis because they
lack sequence and structure to the NADPH-motif (Figure 3.10G), or it has acquired some
unknown function. For this, it is necessary to carry out laboratory experiments to supportit.
However, these bioinformatic data suggest that the CcYUC proteins have maintained the
sequences and structures corresponding to FAD and NAPH throughout evolution.
Accordingly, they conserve the function of auxin biosynthesis, except CcYUCS5.
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- CcYUC3 Chain A
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Figure 25 Alignment and identification of FAD and NADPH motifs of
CcYUC proteins in C. canephora. A-B, alignment and identification of the
FAD-binding motif of nine (CYUC1-2-3-4-5-6-8-10-11) CcYUC proteins. C-D,
alignment, and identification of the NADPH-binding motifs without CcYUC1, and
CcYUCS. E, alignment of CcYUCL1, and CcYUCS. F-G, CcYUCL1 lacks the FAD
motif but retains structure, and CcYUCS5 lacks sequence and structure to the
NADPH-binding motif. All images were generated using the UCSF Chimera 1.14
software.
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3.3.5 Molecular docking

The most conserved route in plants to produce IAA is through IPyA (Zhao et al., 2001). In
this pathway, members of the YUC protein family catalyze the last step of conversion from
IPyA to IAA (Kakei et al., 2015). To synthesize IAA, YUC enzymes require the FAD
prosthetic group and NADPH cofactor for their catalytic function (Nishimura et al., 2017).
Although IPyA is its substrate, there are not crystallographic studies showing the binding
site. In this study, we also include yucasin. Yucasin has been reported to be a specific
inhibitor of YUC protein activity (Nishimura et al., 2014). However, it is unknown is the site
of binding in the proteins YUC. That is why we carry out the docking experiment using
FAD, NADPH, IPyA, and yucasin as substrates for the CcYUC2 protein of C. canephora.
Data such as molecular formula, molecular weight, and 2D structure of FAD, NADPH,

IPyA, and yucasin were downloaded at PubChem (Table 4).

The docking site was located in the cleft formed between the big and small domains
(Figure 3.11B). FAD is close to nucleotide-binding motif Gly19, Ala20, Gly21, Pro22,
Ser23, and Gly24 located in the first strand—turn— helix motif is at the core of the big
domain. The residues Gly24, Trp51, Glul148, Asn149, Lys231, Lys279, Thr280, Pro281,
Gly368, Thr370, Gly373, Leu374, and Thr377, interact physically with prosthetic group
FAD (Figure 3.11A). The adenine nucleotide makes hydrogen-bonding contacts with
Gly24 of this motif. In total, 13 residues directly interact with FAD through 23 Hydrogen
bonds (Table 4). IPyA was located near to the flavin of the prosthetic group FAD close
small domain (Figure 3.11B-C). Two hydrogen bonds are formed between IPyA and the
CcYUC2 protein (Figure 3.11C and Table 6). The Ser192 and Asn191 residues interact
directly with the amino and carboxyl groups of IPyA; a third hydrogen bond is formed
between the carboxyl of IPyA and Hydrogen 17 of FAD (Figure 3.11C). The NADPH
cofactor is bound to the second nucleotide-binding motif, Gly188, Cys189, Gly190,
Asnl91, Serl92, and Gly193, which is located at the strand—turn— helix motif within the
small domain (Figure 3.11D). The anime group of the NADPH cofactor's adenine interacts
with Gly269 and Lys279 residues of the CcYUC2 protein. In contrast, the skeleton close to
nicotinamide makes two hydrogen-bonding contacts with Asn191 residue of this motif
(Figure 3.11D). In short, the interaction of the CcYUC2-NADPH complex is given by 12
hydrogen bonds (Table 6).
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Figure 3.11 CcYUC2-FAD-NADPH-IPA complexes. B, Ribbon diagram derived
from the structure of CcYUC2 with FAD A; IPyA C, and NADPH D coloured in
green, red, and blue, respectively. All images were generated using the UCSF

Chimera 1.14 software.

It has been reported that FAD appears strongly bound to the enzyme FMO, whereas
NADPH appears weaker bound in a superficial (Eswaramoorthy et al., 2006). Although
there is a difference between the number of hydrogen bonds between CcYUC2-FAD and
CcYUC2- NADPH complex, itis understandable that hydrogen bonds are one of the forces
that maintain the binding during the protein-substrate complex and provides stability in the
protein complexas shown in CcYUC2-IPyA with only two hydrogen bonds (Figure 3.11C).
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Table 6. Hydrogen bonding interactions between FAD-NADPH-IPyA and
Yucasin with residues of the CcYUC2 protein in C. canephora.

Molecular

Formula

Molecular

2D Structure

Weight

Residues

H-bond

FAD

NADPH

IPyA

Yucasin

3.3.6 Immunolocalization and inhibition of IAA biosynthesis

C27H33N9015P2

C21H30N7017P3

C11HoNO3

CgHeCIN;S

Note. The molecular mass of IPyA and yucasin are similar.

(g/mol)
785.5 Ant

745.4

203.19 Q

211.67

T

=~
=

N\
=z

Cl

Gly24

Trp51

Glu 48
Asn149
Lys231
Lys279
Thr280
Pro281
Gly368
Thr370
Gly373
Leu374
Thr377
Tyr56
Asn191
Leu230
Lys239
Gly269
Thr277
Gly278
Lys371

Asnl191
Serl92

Tyr56
Serl192

23

12

To confirm that the CcYUC proteins family is involved in the IAA biosynthesis pathway in
C. canephora, we used yucasin, a specific inhibitor of YUC proteins' functional activity
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(Nishimura et al., 2014). Biochemical and genetic studies indicate that plants use Trp as a
substrate, converted to IPyA as an intermediary for IAA auxin biosynthesis (Mashiguchi et
al., 2011).TAA enzymes convert Trp to IPyA by removing the amino group (Stepanova et
al., 2008; 2008; Yamada et al., 2009). Then, the YUC enzymes synthesize IAA using IPyA
as a substrate through an oxidative decarboxylation process (Mashiguchi et al., 2011)
(Figure 3.12A).

On the other hand, Nishimura and colleagues reported that yucasin strongly inhibits YUC1
recombinant protein activity against the substrate IPyA in a competitive manner (Nishimura
et al., 2014). The yucasin inhibitor pose in the docking showed that it competes for the
same site that IPyA (Figure 3.12B). Yucasin interacts with the Tyr56 and Ser192 residues
(Table 6) of the small domain in the same IPyA binding cavity (Figure 3.12B). Also,
yucasin is similar in structure and molecular mass to IPyA (Table 6); therefore, yucasin
can easily bind to CcYUC2, causing enzyme activity inhibition. In this study, we provide a
bioinformatics approach to molecular docking between CcYUC2-yucasin. These data
suggest that yucasin may inhibit the functional activity of all CcYUC proteins family in C.

canephora.
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Yucasin

Figure 3.12 Trp-Dependent IAA biosynthesis mechanism and YUC protein
functional activity inhibition by yucasin in C. canephora. A, the first step is the
removal of the amino group from the Trp substrate by the TAA
aminotransferases to produce IPyA. The second step is the oxidative
decarboxylation of IPyA catalyzed by the CcYUC family to produce IAA. B,
yucasin competes with IPyA by the same pocket for inhibiting auxin
biosynthesis. A-B, representation of the surface hydrophobicity of the CcYUC-
IPA-yucasin complex. In red, the hydrophobic surface and blue, the hydrophilic
surface indicate that CcYUC has unewven electrostatic charge distribution.

To examine whether yucasin directly inhibits the conversion of IPyA to IAA by CcYUC, it
was necessary to investigate the endogenous location of IAA in foliar explants and second
the effect of yucasin. For it, we added 5 uM of yucasin to C. canephora seedlings for
fourteen days in MS culture medium (pre-treatment with 0.54 uM NAA and 2.32 puM Kin).
Next, we select the leaves to generate circular explants of 0.25 cm. The explants were
then transferred to an auxin-free medium supplemented with 5 uM benzyladenine (BA).
We used an anti-IAA mouse monoclonal primary antibody specific for free I1AA and an
Alexa Fluor 488-labeled anti-mouse IgG expand secondary antibody.
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Immunolocalization assays showed a signal marked of free IAA in explants without
yucasin (Figure 3.13C). Further, endogenous accumulation was observed at specific sites,
such as in the nuclei of mesophyll cells (Figure 3.13D). These results suggesting
biosynthesis and endogenous accumulation of free IAA in leaf tissue. While in yucasin -
treated explants, IAA production was inhibited (Figure 3.13G; 3.13H). We recently
reported that IAA biosynthesis is necessary for somatic embryogenesis and its inhibition
severely affects embryonic process induction in C. canephora (Uc-Chu et al., 2020).
Additionally, we report the expression of some members of the CcYUC family during the
somatic embryogenesis induction process in C. canephora (Uc-Chu et al., 2020). The data

provided in this study demonstrate that IAA biosynthesis is through the IPyA intermediary

and is, in turn, catalyzed by the CcYUC family of proteins in C. canephora.
Brlght fleld DAPI IAA Overlap

Control

Yucasin

[

Figure 26 Endogenous immunolocalization of free IAA in leaf explants of

C. canephora. Confocal microscopy images of cross-sections of leaf explants.
Explants treated with (+) and without (-) yucasin. (A-E), Bright field; (B-F), nuclei
staining with blue DAPI; (C-G), free IAA signal in green and (D-H), merge. Note
that panel C shows an accumulation of free IAA and panel G there is no signal
of free IAA due to the action of yucasin. Nucleus n and stoma s.

3.4 Discussion

Auxin is an essential molecule that controls almost every aspect of plant growth and
development. IAA, the most studied nature auxin, is extremely potent because controlling

many aspects of plant growth and development, despite its relatively simple chemical
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structure. IAA has been found in all plant tissues and controls vascular differentiation, cell
division, cell expansion, cell differentiation, organogenesis, and embryogenesis (Quint et
al., 2006; Cheng et al., 2006; Cheng et al., 2007; Grones and Friml, 2015; Paque and
Weijers, 2016).

Genetic and biochemical studies demonstrate that IAA is mainly synthesized from Trp via
IPyA by two-step reactions involving TAA/YUC enzymes (Zhao, 2014). This work presents
a deep characterization based on a phylogenetic and bioinformatic analysis of CcYUC
proteins in C. canephora. We found ten members of the CcYUCs gene family of flavin-
containing monooxygenases. We found several copies of the CcYUC genes, such as three
copies for CcYUC1-CcYUC3-CcYUCS5 and up to five copies of CcYUCS3. In total, were 25
copies that encode for YUC-FMO (Figure 3.1); surprisingly, only 0.097% corresponds to
the total proteins involved in auxin biosynthesis in the C. canephora. In Arabidopsis, there
are 11 YUC genes for auxin biosynthesis (Cheng et al. 2006, Cheng et al. 2007), 14 in
Medicago truncatula (Wang et al., 2019), 22 in Glycine max (Wang et al., 2017), 14 in
Oryza sativa (Woo et al.,, 2007), 14 in Zea may (Li et al., 2015) and 6 in Solanum
lycopersicum (Exposito-Rodriguez et al., 2007). This indicates that the YUC orthologs

have been diversified and conserved in plants, including C. canephora.

It has been mentioned that the presence of membrane anchoring via TMH in YUC could
already be found early on in evolution in mosses (Poulet and Kriechbaumer, 2017). In this
study, we found the presence of TMHonly in CcYUC10; this could indicate that the rest of
the CcYUC lost the TMH to specialize in specific sites because most of the CcYUC
showed the presence of having signal peptide sequence. That is possible, thanks to
distribution from gene duplications (Poulet and Kriechbaumer, 2017). However, the
prediction of CcYUC2 localization in mitochondria remains to be clarified, although the
activity of auxin biosynthesis enzymes has already been reported in the ER and cytoplasm
(Kriechbaumer et al., 2015). Previous studies have shown that one of the Arabidopsis
AtYUC4 genes exists in two major splice isoforms. AtYUC4.2 features a C-terminal
hydrophobic transmembrane domain (TMD). This TMD was shown to be inserted into the
ER membrane, with the remainder of the protein facing the cytosol (Kriechbaumer et al.,
2012).
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On the other hand, alignment amino acid sequences of the analyzed CcYUC proteins
presented the FAD and NADPH binding motifs (Figure 3.2). However, CcYUC5 and
CcYUCL1 lack the NADPH-binding motif, although, in CcYUC1, the three-dimensional
structure of the NADPH-binding motif is perfectly preserved (Figure 3.10F). YUC proteins
have been reportedto require FAD and NADPH to generate IAA (Nishimura et al., 2017);
therefore, it is possible that CcYUCS5 did not participate in IAA biosynthesis or lost the
function of producing IAA throughout its evolutionary duplication. Other group members
can replace the inability of CcYUCS5 to synthesize IAA by the redundantfunction that exists
between the YUC family members (Cheng et al., 2007). CcYUC proteins family in C.
canephora was grouped in four different groups similar to that reported in A. thaliana
(Poulet and Kriechbaumer, 2017). Orthologs of A. thaliana YUCs genes have been
analyzed in various plant species, including tomato, maize, and rice, and appear to be
involved in the auxins biosynthesis (Expdsito-Rodriguez et al., 2007; Yamamoto et al.,
2007).

Additionally, the multiple alignments of the 3D structures of the CcYUC proteins suggest
that all the proteins selected for this study are highly conserved (Figure 6B, 6D) except
YUCS5, mentioned earlier (Figure 3.10G). However, all CcYUCs proteins in C. canephora
conserved the FMO domain. Several kinds of MFOs have been described in all kingdoms
of life (Schlenk, 1998; Schlaich, 2007; Huijbers et al., 2014). All these enzymes share
biochemical, mechanistic, and sequence features. However, they present differences
regarding substrate specificity and catalyzed reactions. FMOs use the electrophilic flavin
C4a-hydroperoxide to oxygenate a wide spectrum of organic compounds (Schlenk, 1998).
Previous studies suggest that some FMOs do not require the target substrate's presence
for the reduction of the FAD by NADPH (Cashman, 2005). Instead, the enzyme-bound
NADPH cofactor reacts with molecular oxygen to form the unstable C4a-hydroperoxyflavin
intermediate, which is now primed to function as either an oxygenase (Ziegler, 1993). So
far, plant YUC proteins are exclusively involved in auxin biosynthesis using IPyA as a
substrate (Zhao et al., 2001). However, some FMO has been associated with systemic
acquired resistance (SAR) against pathogens (Mishina and Zeier, 2006).

In summary, auxin biosynthesis via the YUCCA pathway is very well conserved in C.
canephora. Besides, CcYUC proteins not only are exclusively cytosolic but also could be
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linked to the ER-membrane. Interestingly auxin transporters of the PIN family and can also
be found in the ER (Kriechbaumer et al., 2015). Furthermore, various networks between
auxin and ethylene signaling have been described in the ER (Grefen et al., 2008). Auxin
biosynthesis could be regulated by subcellular compartmentation between the cytosol and
ER; without forgetting the possible phosphorylation regulation. Furthermore, the use of the
yucasin inhibitor is specific to block the catalytic function of YUCs (Figures 3.12B; 3.13G);

therefore, we can use it to study auxin activity biosynthesis in plants.
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CHAPTER IV

General discussion

Plants rely on diverse endogenous signaling molecules to drive their development and
responses to the environment. One of these signaling molecules, IAA auxin, impacts
nearly every aspect of plant growth and development, including shoot growth, branching,
root growth, cell division, cell expansion, cell differentiation, organogenesis, and
embryogenesis (Ribnicky et al., 2002; Quint et al., 2006; Cheng et al., 2006; 2007; Grones
and Friml, 2015; Paque and Weijers, 2016). However, the molecular mechanism that
regulates auxins' biosynthesis during the somatic embryogenesis induction process
remains unknown.

This work shows that IAA auxin biosynthesis is critical at the beginning of SE in C.
canephora explants (Figure 3.1). Furthermore, the results indicate an accumulation of an
auxin gradient, and its location in the cell nucleus is central to embryogenic fate. Previous
studies have shown that an auxin maximum it is required for root meristem maintenance
(Nicholas et al., 2018); auxin homeostasis models rely on the coordination of auxin
biosynthesis, both in shoot tissues and root tissues, and its cell-to-cell transport via influx

and efflux carriers to generate these auxin maxima.

The existence of auxin biosynthesis and the transcriptional activation of auxin biosynthesis
genes in wounded foliar explants in A. thaliana were reported (Chen et al., 2007; 2016).
Similar results were found with the auxin biosynthesis genes CcYUCs in foliar explants of
C. canephora (Figure 1.5). Furthermore, using 3-14C-Trp, yucasin treatment, and
molecular docking suggests de novo auxin biosynthesis via the TAA-YUC pathway using
IPyA as a substrate.

Taken together, these results suggest that local auxin biosynthesis in the leaves explants
is necessary for the ES en C. canephora. The contribution of the leaves explants-derived
IPyA biosynthesis pathway is consistent with work showing that auxin biosynthetic
pathways are active in the leaves explants during embryogenesis and de novo root
organogenesis in Arabidopsis (Chen et al., 2016). On the other hand, a redundant function
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of the YUCs genes in C. canephora is possible, as previously reported in other plant

models.

Finally, we found that the CcYUCs gene family is highly conserved in our study model and
belongs to the enzymes with functional FMO activity. The bioinformatic analysis predicted
the subcellular localization sites of the CcYUC proteins and the binding sites of the FAD -
NADPH-IPyA substrates and the inhibitor yucasin with the CcYUC2 protein. Few
subcellular localization studies have been carried out; however, the existence of auxin
biosynthesis proteins in the cytosol and the ER-membrane compartments has been
confirmed (Kriechbaumer et al., 2015; (Kriechbaumer et al., 2016). The enzymatic activity
of the CcYUC proteins is highly dependent on the FAD prosthetic group and the NADPH
cofactor (Nishimura et al., 2014). The results obtained in this study showed the presence
of FAD and NADPH binding sites in most of the CcYUCs proteins analyzed; except
CcYUCS5, which lacks the motif binding NADPH.

Auxin biosynthesis and metabolism have been of interest to the plant community since its
discovery. Whereas advances have been made in understanding some points of the
homeostasis of auxin, the molecular mechanisms involved in the initiation of
embryogenesis are unknown. This doctoral study provides an important advance in
understanding the onset of SE in the C. canephora model. The leading actor, auxin IAA.

In this work, we provide solid experimental evidence to answer the biological question
generated, and at the same time, we check the hypothesis raised. Besides, all the aims of
the work were met. Consequently, this work is vital for future generationswho are about to
tackle the wonderful and complex world of somatic embryogenesis of plants.
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CHAPTER V

5.1 CONCLUSIONS

Auxin is involved in almost every aspect of plant growth and development processes, from
embryogenesis to senescence. In this study, we demonstrate that the auxin IAA is crucial
during the SE induction process in C. canephora. The data presented describe the
expression of the CcYUCs genes on day zero of the SE induction process. The location of
free 1AA on day zero is consistent with gene expression analysis, suggesting de novo
biosynthesis of IAA. Also, exogenous application of yucasin inhibited IAA synthesis and
blocked SE. In conclusion, the expression levels, the location of IAA and the yucasin
inhibitor's use in this investigation provide valuable information for understanding IAA

biosynthesis during the SE induction process in C. canephora.

IAA is the main known natural auxin, synthesized by TAA and YUC enzymes of the FMO
family from the Trp-dependent pathway. In the present work, genome-wide identification
and comprehensive analysis of the YUC-proteins family were conducted in C. canephora.
A total of 10 members of the CcYUC genes family were identified in C. canephora.
Phylogenetic analysis revealed that the CcYUC proteins family was evolutionary
conserved, and they were formed into four groups. On the other hand, the bioinformatic
analysis predicted a hydrophobic transmembrane helix (TMH) for a CcYUC (YUC10)

member only.
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PERSPECTIVES

Based on the results and conclusions presented in this work, future work prospects are
oriented in the following directions.

1. In the foreground would be the works to complete the characterization aspects
shown in silico of the CcYUC proteins. Specifically, the post-translational
modifications and subcellular localization of the CcYUC proteins could be studied
through mass spectrometry and transmission electron microscopy, respectively.

2. In the background, analyze the expression pattern of the transcription factors
WOXs, WIND1 using gRT-PCR. Furthermore, it would be interesting to determine
the expression of IRL and GH3 in leaf explants treated with the yucasin inhibitor.

3. Another interesting point to complete would be the enzymatic activity of the
proteins CcYUC1 and CcYUC5 because the bioinformatics results suggest that
both proteins do not have the binding motifs to NADPH; however, CcYUC1
preserves the binding structure to NADPH.
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