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Resumen general

RESUMEN GENERAL

Pochonia chlamydosporia (= Metacordyceps chlamydosporia) (Goddard) Zare y
Gams es un hongo nematdfago usado para el control de nematodos agalladores
de la raiz (Meloidogyne spp.) (Forghani and Hajihassani, 2020), nematodos
formadores de quistes (Heterodera spp. y Globodera spp.) (Willcox and Tribe, 1974;
Manzanilla-Lopez et al., 2011), y falsos nematodos agalladores de la raiz
(Nacobbus spp.) (Flores-Camacho et al., 2008). P. chlamydosporia se distribuye por
todo el mundo y tiene un modo de vida tritréfico, pues también puede adoptar
estilos de vida endofito y saprofito (Bordallo ef al., 2002; Macia-Vicente et al., 2009;
Manzanilla-Lopez et al., 2011; Zavala-Gonzalez et al., 2017).

Los nematodos agalladores de la raiz son un problema persistente en cultivos
clave (Ralmi et al., 2016). Se han utilizado nematicidas y fumigantes toxicos para
su manejo. En las tltimas décadas, debido a la problematica medioambiental de
estos compuestos, estd tomando fuerza el uso de organismos de control bioldgico,
como P. chlamydosporia, para reducir el uso de los nematicidas quimicos (Xu et al.,
2011). Las estrategias de control bioldgico introducen organismos no dafiinos
para las plantas que pueden gestionar las plagas y enfermedades de forma

sostenible (Mankau, 1980).

El mecanismo molecular de P. clamydosporia para infectar huevos de
nematodo incluye la desacetilacion de la quitina de su pared celular y de la
cubierta del huevo a quitosano para permitir su degradacion posterior por
quitosanasas (Aranda-Martinez et al., 2016). El quitosano es un polimero lineal
de N-acetil-2-amino-2-deoxi-D-glucosa (acetilada) y 2-amino-2-deoxi-D-glucosa
(desacetilada) con enlaces 3-(1-4) (Kaur y Dhillon, 2014). El quitosano es un
biopolimero derivado de la quitina que se encuentra por ejemplo en el
exoesqueleto de artrépodos y crustdceos. Se puede obtener a partir de los

residuos de la industria marisquera. Por tanto, reduce dichos residuos sin afectar
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a la producciéon de marisco. Este biopolimero, desacetilado y purificado, tiene
multitud de aplicaciones en industria, medicina, quimica y agricultura (Kumar,
2000). En esta Tesis Doctoral se ha estudiado la aplicacion de quitosano en
agricultura. El quitosano es un elicitor de las defensas de las plantas (Benhamou
y Thériault, 1992; Lafontaine y Benhamou, 1996; Iriti y Faoro, 2008; Yin et al., 2016;
Lopez-Moya et al., 2017), promotor del desarrollo vegetal (Rahman et al., 2018) y
tiene actividad antifungica (Shih et al., 2019). El quitosano también promueve el
crecimiento y la esporulacion de hongos resistentes, como P. chlamydosporia, y los
hongos entomopatogenos (Palma-Guerrero et al., 2008). El genoma de P.
chlamydosporia codifica un elevado numero de quitosanasas que se inducen
durante el parasitismo de huevos de nematodo (Aranda-Martinez et al., 2016).
Gracias a las quitosanasas, P. chlamydosporia es resistente a quitosano y puede
utilizarlo como fuente de nutrientes (Palma-Guerrero et al., 2010). Los hongos
resistentes al quitosano producen valiosos bioproductos a partir de la
degradacion del quitosano debido a sus quitinasas y quitosanasas (Aranda-
Martinez et al., 2017; Kaczmarek et al., 2019). El quitosano se puede combinar con
hongos agentes de control biologico para el control de plagas y enfermedades
vegetales (Escudero et al., 2017; Mwaheb et al., 2017). En los tltimos afios, se ha
extendido el uso industrial de pesticidas de origen natural aplicables en
agricultura ecologica. Ello se debe a que la sociedad busca cada vez mas opciones
sostenibles y comprometidas con la conservacion de los ecosistemas y el cuidado
del planeta. Por lo tanto, la combinacion de P. chlamydosporia y quitosano podria
ser, en particular, una buena estrategia para reducir las infecciones de nematodos

en cultivos.

En esta Tesis Doctoral, para conocer cudl es el efecto que podria tener la
generacion de quitosano por P. chlamydosporia, o incluso su adicion externa en el
sistema multitréfico, se ha estudiado el efecto del quitosano sobre el modo de

vida tritréfico de P. chlamydosporia utilizando técnicas dmicas. En el primer trabajo
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presentado en esta Tesis Doctoral (Capitulo 1), hemos visto que el quitosano
promueve la secrecién de hormonas vegetales como los Acidos Indolacético
(IAA), Jasmoénico (JA), Salicilico (SA) y Abscisico (ABA) en los exudados
radiculares. Hemos visto que la dosis de quitosano que promueve una mayor
exudacion de hormonas de forma inocua para las células de la raiz es de 1
mg/mL. Dosis mas altas de quitosano (2 mg/mL) permeabilizan la membrana de
las células de la raiz, provocando su despolarizacién y la acumulacion de
compuestos (probablemente fenolicos) en los apices de las raices de tomate. Los
exudados radiculares medidos por espectroscopia de fluorescencia (EEM)
muestran variaciones significativas con la adicion de quitosano. Los compuestos
detectados por EEM se corresponden, muy probablemente, con las fitohormonas
IAA y SA. Al evaluar el efecto del riego con quitosano en exudados radiculares
de plantas de 10, 20 y 30 dias se observa una variacion en la intensidad y tipo de
sus signaturas espectrales de fluorescencia con el tiempo. Por ejemplo, a los 20
dias se exudan un mayor numero de compuestos en nuestro sistema
experimental, mientras que el menor niimero de metabolitos se detecta a 30 dias.
Se han identificado metabolitos en los exudados radiculares por resonancia
magnética nuclear (RMN) y cromatografia liquida de capa fina (HPLC). Varios
de ellos relacionados estan relacionados probablemente con el efecto del
quitosano sobre las membranas, como los acidos grasos, posibles precursores de
oxilipinas. Estas moléculas tienen un rol importante (en parte desconocido) en
sefializacién y comunicacion celular. En ensayos de laboratorio, hemos visto que
los exudados radiculares de plantas regadas con quitosano durante 20 dias
reducen el crecimiento de patogenos radiculares como Fusarium oxysporum f£. sp.
racidis lycopersici (FORL) y la eclosién de huevos de nematodos agalladores de
la raiz (Meloidogyne javanica), sin afectar al desarrollo de hongos beneficiosos para
la planta, como P. chlamydosporia. Probablemente esto se debe a que P.
chlamydosporia es un hongo habituado a vivir en ambientes ricos en quitina y, el

quitosano que genera a partir de su propia pared desencadena en la exudacion
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de la planta una respuesta similar a la del quitosano afiadido de forma externa.
En este capitulo se concluye que el uso de quitosano a dosis adecuadas (0.1
mg/mL) en plantas de tomate puede mantener alerta el sistema inmune,

reduciendo de forma sostenible la incidencia de plagas y enfermedades.

En el Capitulo 2 de esta Tesis Doctoral se investigan los mecanismos
moleculares implicados en la resistencia de P. chlamydosporia a quitosano.
También hemos querido analizar el mecanismo por el que el quitosano aumenta
la patogenicidad de P. chlamydosporia sobre huevos de nematodos agalladores de
la raiz del género Meloidogyne spp. (Escudero et al., 2016). Para ello, partimos de
la base de que los andlisis transcriptomicos globales no sesgados son una
herramienta util para determinar los genes implicados en la respuesta de los
hongos a elicitores como el quitosano (Zhang et al., 2020). Estos andlisis también
muestran qué genes estdn implicados en procesos biologicos, como la
patogenicidad a nematodos (Balestrini et al., 2019). El andlisis transcriptémico
global (RNA-seq) realizado en este capitulo reveld que tanto el quitosano como
la presencia de nematodos modifican la expresion de los genes de P.
chlamydosporia, principalmente los que participan en los procesos de oxidacién-
reduccion, relacionados con la generacion de especies reactivas de oxigeno (ROS)
y del metabolismo y transporte de aztcares. Tanto el quitosano como la presencia
de huevos de nematodo modifican significativamente la expresion de los genes
asociados a 113 términos Gene Ontology (GO) y de 180 genes del hongo. El
quitosano induce la expresion de genes de P. chlamydosporia asociados a 38
términos GO cuando los nematodos estan ausentes: 24 de ellos estan relacionados
con el ciclo celular, 12 con la sintesis y modificacion de proteinas y 2 con el
metabolismo de azticares. En ausencia de nematodos, el quitosano reprime los
genes de P. chlamydosporia implicados en los términos GO de transporte de
metales y metabolismo redox. Por el contrario, el quitosano induce los genes

asociados a los términos GO de energia, metabolismo de lipidos, degradacion de
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la quitina y el quitosano, y actividad exo-1,4-beta-D-glucosaminidasa. La via de
las pentosas fosfato y la regeneracion de NADPH no se ven afectadas por el
quitosano, y ambas son reprimidas por la presencia de nematodos. Finalmente,
la actividad metalocarboxipeptidasa se sobreexpresa con quitosano en ausencia
de huevos de nematodo y el constituyente estructural de la pared celular se
induce con el quitosano. Al hacer un analisis de genes individuales se vio que
aquellos relacionados con metabolismo de ROS, las quitosanasas, las peptidasas,
el catabolismo de azucares y la produccion de adhesivos estaban
sobreexpresados con quitosano. En este trabajo hemos visto que hay un grupo de
genes relacionados con el parasitismo de huevos de nematodo que se ven
inducidos por la presencia de quitosano (adhesivos, transportadores, proteasas y
metabolismo de aztcares). En otros trabajos, se ha visto que la activacion de
genes especificos puede desencadenar la transicion del endofitismo al
parasitismo y viceversa en los hongos (Fesel y Zuccaro, 2016; Zhang et al., 2018).
Asi que, en vista de la interaccion multitréfica de P. chlamydosporia con las plantas
y los nematodos parasitos de plantas, se considerd relevante estudiar los genes
en comun entre el endofitismo y la patogenicidad. Este estudio puede revelar qué
genes son clave para interactuar con otros organismos de la rizosfera. En este
trabajo identificamos 8 genes comunes a ambos estilos de vida, utilizando la base
de datos de interaccion patdgeno-huésped (PHI-base), nuestros datos de RNA-
seq y los genes expresados por P. chlamydosporia 123 en un andlisis RNA-seq
realizado por Larriba et al. (2014). Se realizaron andlisis de qRT-PCR de P.
chlamydosporia cuando coloniza raices de platanera para determinar las
tendencias de los genes seleccionados. De estos resultados, se deduce que el
metabolismo secundario juega un papel esencial en las interacciones entre la
planta y P. chlamydosporia. E1 Capitulo 2 de esta tesis demuestra que el quitosano
induce ROS en las células del hongo, que modifican la expresion de sus genes
para combatir el dafio celular asociado. Para ello, por ejemplo, el hongo modifica

la composicién de su membrana y, ademads, se inducen quitosanasas para su
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degradacién. Fstas quitosanasas degradan el quitosano en azticares, que son
transportados al interior de las células y alli se metabolizan. Al mismo tiempo,
los mecanismos de degradacion de quitosano forman parte del parasitismo de
los huevos. El hongo es capaz de secretar adhesivos, como las proteinas FLO1,
que le ayudan a adherirse a la cubierta del huevo, y proteasas, entre otras

hidrolasas, para su ruptura.

Una vez analizada la relacion del quitosano con la planta (Capitulo 1), y del
quitosano con el hongo y los huevos de nematodos agalladores de la raiz
(Capitulo 2), hemos estudiado la capacidad endofitica de P. chlamydosporia. El
sistema inmunitario de las plantas detecta patrones moleculares asociados a
patogenos, conocidos como PAMPs, y patrones moleculares asociados a
microorganismos, conocidos como MAMPs. Entre los MAMPs y PAPMs mas
importantes estan los componentes estructurales de la pared de los hongos, como
la quitina. Estos patrones desencadenan la “pattern-triggered immunity” (PTT)
de la planta (Chisholm ef al., 2006; Jones y Dangl, 2006) y ésta secreta proteinas
relacionadas con la patogénesis, las llamadas proteinas PR. Los mecanismos de
defensa de la planta también se pueden inducir por derivados de la quitina, como
el quitosano (Lopez-Moya et al., 2017; Lopez-Moya et al., 2019). Por otro lado, los
hongos endofitos y los patogenos de las plantas secretan proteinas con motivos
de lisina conocidas como efectores LysM, que se unen a la quitina de sus paredes
celulares protegiéndolas de la degradacion por las quitinasas (son un tipo basico
de PRs) de las plantas (Gong et al., 2020). Los efectores LysM son esenciales para
la proteccion de los hongos contra el sistema inmune vegetal, ya que se unen a
los oligosacaridos derivados de la quitina liberados de sus paredes celulares
(Mentlak et al., 2012; Kombrink y Thomma, 2013; Sanchez-Vallet et al., 2013). Esta
union bloquea la PTT por los oligosacaridos de quitina, que son sus principales
inductores (Yin et al., 2016). En consecuencia, las proteinas PR no se sintetizan.

Asi, los efectores LysM de los hongos bloquean las defensas de la planta y la
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sefalizacion de las hormonas vegetales (Marshall et al. 2011; Mentlak et al. 2012;
Sanchez-Vallet et al. 2013; Cen et al. 2017; Kombrink et al. 2017, Romero-Contreras
et al. 2019), lo que permite a los hongos colonizar o infectar las células de la raiz
de la planta. Los efectores LysM son proteinas de pequefio tamarno secretadas por
los hongos que contienen exclusivamente motivos LysM (Akcapinar et al., 2015).
Se unen a polimeros de N-acetilglucosamina (Buist et al., 2008; Kombrink et al.,
2011). Estas proteinas presentan un alto porcentaje de cisteinas, que estabilizan
la estructura molecular a través de puentes disulfuro. Los motivos LysM tienen
aproximadamente 50 aminoacidos y una estructura espacial faaf} en la que dos
hebras 3 dibujan una hoja 3 antiparalela (Bateman y Bycroft, 2000; Bielnicki et al.,
2005; Ohnuma et al., 2008; Sanchez-Vallet et al., 2013). Los motivos LysM se han
encontrado en bacterias (Bateman y Bycroft, 2000), hongos (Sanchez-Vallet et al.,
2013), plantas (Miya et al., 2007) y animales (Cen et al., 2017). La abundancia de
efectores LysM en los hongos ha dado lugar a variabilidad en sus motivos LysM
(Levin et al., 2017) que se pueden clasificar en base a sus patrones de residuos de
cisteinas en especificos de “bacterias/hongos” y “de hongos” (Akcapinar et al.,

2015; Cen et al., 2017, Kombrink et al., 2017).

El tercer capitulo de esta tesis utiliza herramientas bioinformaticas para
determinar el nimero de efectores LysM que posee P. chlamydosporia, su
conformacion tridimensional y la naturaleza de sus dominios. Hemos encontrado
4 efectores LysM putativos en el genoma de P. chlamydosporia. Los cuatro genes
que codifican dichos efectores se expresan constitutivamente. Ademas, el gen que
codifica PcLysl, el mas pequefio, es el que mas se expresa. PcLysl y PcLys4
muestran una alta homologia con otras proteinas de P. chamydosporia 170. PcLys1
y PcLys2 son filogenéticamente similares a las de los hongos entomopatdgenos,
mientras que PcLys4 es similar a las de Colletotrichum spp. Sin embargo, PcLys3
muestra una baja homologia con otros hongos (menor del 50%), aunque se

encuentran ciertas similitudes con los hongos sapréfitos. Esto sugeriria una
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divergencia evolutiva en los efectores LysM de P. chlamydosporia 123. En el
Capitulo 3 también se hace un estudio completo de 57 especies fungicas (hongos
enddfitos, patdgenos, sapréfitos, micopatdgenos y entomopatdgenos) en las que
se han encontrado efectores LysM putativos. Se ha visto que los efectores LysM
putativos de los hongos endofitos difieren de los de los fitopatogenos, ya que los
motivos LysM de los hongos enddfitos muestran una clara conservacion de las
cisteinas en determinadas posiciones, a diferencia de las de los patdgenos
vegetales, que no siguen dicho patron. Se concluye que los efectores LysM

podrian asociarse con el estilo de vida de un hongo.

Finalmente, en el cuarto capitulo de la tesis se mejora la prediccion del
genoma de P. chlamydosporia 123, y se hace un estudio de splicing alternativo del
gen que codifica para la quitosanasa 3 (csn3) del hongo. El splicing alternativo
consiste en la sintesis de distintas proteinas a partir de una misma hebra de ARN
mensajero, omitiendo diferentes partes del gen. Mediante splicing alternativo,
una célula puede hacer que las proteinas que sintetiza tengan distintas longitudes
o conformaciones, eliminando regiones u optando por una u otra. Generalmente
siempre se sintetiza una proteina funcional. Habitualmente el entorno influye en
la generacion de las isoformas. En consecuencia, variando el entorno celular o las
sefales extracelulares, se puede crear una proteina diferente con una funcién
ligeramente diferente. En este capitulo se ha realizado una secuenciacién PacBio
del genoma de P. chlamydosporia 123 que complementa a la secuenciacion con
[Mlumina que se habia realizado previamente en Larriba et al. (2014). El nuevo
ensamblaje del genoma, con scaffolds mas largos que el anterior, reduce en 10
veces el numero de scaffolds que se habian generado en la secuenciacion anterior.
También resuelve nuevos genes que estaban fragmentados por el corte entre un
scaffold y otro. La nueva prediccion pasa de 11961 genes predichos con
anterioridad, a 12721 genes (los 11961 anteriores, a los que se les suman 701

nuevos genes y 69 que estaban fragmentados). Se ha visto que csn3 presenta
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cuatro isoformas. Este gen se sobreexpresa cuando el hongo se trata con 0.1
mg/mL de quitosano durante 4 dias. La variante de splicing alternativo CSN3A
tiene un valor de expresion nulo en el tratamiento control, mientras que en el
hongo tratado constituye un 80% de la expresion del gen, lo que sugiere que esa
isoforma es clave para la degradacion de quitosano por P. chlamydosporia. La
diferencia de expresion de las variantes de splicing puede ser una forma de
adaptacion del hongo al ambiente para garantizar su supervivencia. En el
capitulo 4 se concluye que P. chlamydosporia 123 tiene 12721 genes predichos y es
capaz de realizar eventos de splicing alternativo en presencia de un agente
externo como el quitosano para, probablemente, hacer mas eficiente la

degradacion de este polimero y mejorar su adaptacion al medio.

En resumen, esta tesis estudia mediante metabolomica, transcriptomica y
genomica el modo de vida tritrofico de P. chlamydosporia (parasitismo de huevos
de nematodos agalladores de la raiz, saprofitismo y endofitismo de plantas)
afnadiendo quitosano, para determinar los mecanismos de interaccion del hongo
en ese entorno. En ultimo término, se pretende sentar las bases para desarrollar
un sistema para reducir plagas y enfermedades de forma sostenible. Las

conclusiones de este trabajo son:

1. El quitosano induce la exudaciéon de hormonas y metabolitos de
defensa vegetal en las raices del tomate.

2. El aumento de la concentracion de quitosano despolariza la membrana
de las células del apice de la raiz del tomate.

3. Los exudados de las raices de las plantas tratadas con quitosano
inhiben el desarrollo del hongo fitopatogeno Fusarium oxysporum f.sp.
radicis lycopersici y la eclosion de los huevos del nematodo
fitopatogeno Meloidogyne javanica. No tienen ningun efecto sobre el

hongo agente de control biologico Pochonia chlamydosporia.
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4.

10.

11.

12.

El quitosano causa mayoritariamente la represion de genes de Pochonia
chlamydosporia.

Los huevos de Meloidogyne javanica causan mayoritariamente la
induccién de genes de Pochonia chlamydosporia.

El quitosano induce principalmente los genes implicados en la
respuesta a las especies reactivas del oxigeno, la protedlisis, los
transportadores de membrana y el metabolismo de los azticares en
Pochonia chlamydosporia.

La induccién de genes que codifican proteasas, quitosanasas y
adhesivos de Pochonia chlamydosporia por el quitosano y los huevos de
Meloidogyne javanica, podrian explicar el aumento de la patogenicidad
del hongo con el quitosano.

Pochonia chlamydosporia 123 tiene cuatro genes que codifican efectores
LysM putativos que se expresan constitutivamente.

Pc Lys1 es el mas pequetio y el que mas se expresa constitutivamente
de los efectores putativos LysM.

Los sitios de union de la N-acetilglucosamina de los efectores putativos
LysM de Pochonia  chlamydosporia 123  estan  conservados
evolutivamente.

Los patrones de dominios LysM difieren con el estilo de vida de los
hongos (por ejemplo, endofitos vs. patdgenos).

El gen que codifica para la quitosanasa 3 de Pochonia chlamydosporia

(csn3) sufre splicing alternativo en presencia de quitosano.
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GENERAL INTRODUCTION

1. Pochonia chlamydosporia

Pochonia chlamydosporia (Goddard) Zare and Gams is a fungal parasite of
nematode eggs and females from plant parasitic nematodes (PPN). It parasitizes,
for instance, root-knot nematode eggs by means of appressoria. These are
specialized fungal structures differentiated from hyphae that allow P.
chlamydosporia adhesion to the nematode egg-shell, penetration and egg infection
(Lopez-Llorca et al., 2002). Penetration also involves enzymatic activity
(Tikhonov et al., 2002; Olivares-Bernabeu and Lopez-Llorca, 2002). P.
chlamydosporia is present worldwide. Strains 170 (Pc170, isolated in China) and
123 (Pc123, isolated in Spain) have been fully sequenced (Larriba et al., 2014; Lin
et al., 2018). Pochonia is one of the most widely reported species for nematode
biocontrol, among Arthrobotrys, Aspergillus, Catenaria, Dactylellina, Hirsutella,
Paecilomyces, Purpureocillium and Trichoderma (Khan et al., 2011; Huang et al., 2016;
Peiris et al., 2020; Poveda et al., 2020; Forghani and Hajihassani, 2020). P.
chlamydosporia has been efficiently used to manage PPN in food-safety crops such
as tomato (Xavier et al., 2017; Silva et al., 2017; Escudero et al., 2017), potato
(Lopez-Lima et al., 2020; Abd-Elgawad, 2020; Varandas et al., 2020), soybean

(Messa et al., 2020), cucumber (Swarnakumari et al., 2020; Naz et al., 2021), rice
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(Khan et al., 2021), banana (Silva et al., 2017) and beet (Haj-Nuaima et al., 2021). P.
chlamydosporia has also been used to manage animal parasitic nematodes
(Maestrini et al., 2020; Vieira et al., 2020) and can infect insects in the laboratory,

such as hemipters (Ferraz et al., 2021).

P. chlamydosporia is also an endophytic fungus, capable to promote growth
and development of banana plants (Mingot-Ureta et al., 2020). It also improves
yield in tomato (Zavala-Gonzalez et al., 2015), and accelerates flowering and
fruiting in Arabidopsis, even in late flowering mutants (Zavala-Gonzalez et al.,
2017). The fungus induces salicylic acid (SA) in tomato (Ghahremani ef al., 2019)
and jasmonic acid (JA) biosynthesis gene expression in barley (Larriba et al., 2015)
and Arabidopsis (Zavala-Gonzalez et al., 2017). P. chlamydosporia also increases
plant nutrient uptake (Gouveia et al., 2019) and mineral phosphate solubilization
(Zavala-Gonzalez et al., 2015). Tomato plants colonized by P. chlamydosporia
express stress response genes (Pentimone et al., 2019) and non-coding miRNAs.
They play important roles for P. chlamydosporia recognition as a symbiont,
allowing endophytism and modulating the host defense reaction (Pentimone et
al., 2018). In addition, P. chlamydosporia produces molecules suitable for crop
protection applications, such as the insecticide Chlamyphilone (3,4,7-trimethyl-
6,8-dioxo-7,8-dihydro-6H-isochromen-7-yl ester; Lacatena et al., 2019) and a wide

array of other secondary metabolites (Niu, 2017).
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P. chlamydosporia genome has been sequenced (Larriba et al., 2014; Lin et al.,
2018). The Pc170 Chinese strain has 7 major chromosomes, 17 long scaffolds and
25 short scaffolds that have not yet been mapped on specific chromosomes. The
fungus encodes 1750 secreted proteins, including a large number of
carboxypeptidases, subtilisins and chitinases (Lin et al., 2018). The high content
of hydrolytic enzymes involved in protein, chitin and chitosan degradation
(Beteira-Delgado and Hidalgo-Diaz, 2009; Lopez-Llorca et al., 2010; Ward et al.,
2012; Aranda-Martinez et al., 2016) could explain the ability of the fungus to
degrade nematode egg-shells. This is perhaps related with the increase of

nematode pathogenicity of the fungus with chitosan (Escudero et al., 2016).

P. chlamydosporia can cope with environmental stress (Nasu et al., 2019;
Valadao et al., 2020). This makes P. chlamydosporia adequate for field application
(Sellitto et al., 2016). Agrobiotechnological interest on P. chlamydosporia has
increased in view of the capacities of the fungus to promote plant development
and defence induction. P. chmydosporia bioformulations are being developed for
managing pests and diseases (Sellitto et al., 2016; Dalla Pasqua et al., 2020;

Swarnakumari et al., 2020).
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2. Chitin and chitosan

Chitin is the second most abundant polysaccharide worldwide, after
cellulose. It consists of 2-acetamido-2-deoxy-B-d-glucose polymer with B (1—4)
links (Kumar, 2000). It is a structural polysaccharide and the major component of
the insect cuticle and exoskeleton of crustaceans, the cell wall of true fungi and
that of some algae (Kaur and Dhillon, 2014). The main source of chitosan
production for commercial applications is seafood waste from marine crustacean
industries. Chemical treatment of chitin converts it into chitosan (Younes and
Rinaudo, 2015). Chitosan is a linear polymer of beta-(1-4)-linked N-acetyl-2-
amino-2-deoxy-D-glucose and 2-amino-2-deoxy-D-glucose (Kaur and Dhillon,
2014). Chitin-to-chitosan conversion has been used for chitin detection for more
than 80 years (Tauber, 1934; Roelofsen and Hoette, 1951). However, chitosan is
also a biodegradable molecule with interesting features such as biological
compatibility with human cells, antimicrobial and antioxidant activities (Abd El-
Hack et al., 2020). Chitosan has been applied in agriculture (Orzali et al., 2017;
Chakraborty et al., 2020), animal health (Lan et al., 2020; Zheng et al., 2020), food
(Chen et al., 2021), cosmetic (Liang et al., 2020; Seino et al., 2020; Sharkawy et al.,
2020) and medical (Geanaliu-Nicolae and Andronescu, 2020; Fathi et al., 2020)

industries.

24



General Introduction

Chitosan promotes plant growth (Kandha et al., 2021) and protects plants
against infections caused by important pathogenic fungi (Chouhan and Mandal,
2021) and may be combined with nematophagous fungi to manage infections

(Escudero et al., 2016; Giannakou et al., 2020; Elkelany et al., 2020).

3. Root-knot Nematodes

Root-knot nematodes (RKN) are plant-parasitic nematodes from the genus
Meloidogyne. RKN usually require warm climate with soft winters (Strajnar et al.,
2011; Ali et al., 2016; Teklu et al., 2018). RKNs are one of the most significant
threats in global agriculture. They damage crops of high economic value and are
responsible for 12.3% ($157 billion) of economic crop losses worldwide (Singh et
al., 2015). These plant pathogens are considered one of the main food security
problems in key crops such as tomato, potato, or banana. RKN larvae infect plant
roots and migrate for a cell that can serve as initial feeding site. Several cells are
then stimulated to form a system of giant cells which supply the nematode with
sufficient nutrients for growth and reproduction (Gheysen et al., 2000). This
causes the development of macroscopic root-knot galls that drain nutrients and
collapse the plant vascular system. Consequently, crop yield decreases, and
plants could even die. New strategies for managing RKN sustainably are being
developed. The use of nematophagous fungi alone (Naz et al., 2021) or the

combination of endophytic biocontrol fungi and bacteria with chitosan (Escudero
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et al., 2017; Elkelany et al.,, 2020) is a novel approach for sustainable

biomanagement of RKN.

4. Food Security Crops: Tomato and Banana. Pests and Diseases.

Tomato (Solanum lycopersicum L.) is one of the most developed crops on the
planet. Tomato yield in Spain in 2019 was ca. 87 tons per hectare (FAOSTAT,
2020). In the last 20 years, tomato production has continuously increased with
the highest rates in Asia (55.7%), then America (17%), Europe (15%), Africa
(11.9%) and Oceania (0.3%). S. lycopersicum is a species of dicot annual herb in the
family Solanaceae. Tomato is affected by over 200 diseases, which can cause yield
losses up to 70-95% (Lukyanenko, 1991). RKNs (Meloidogyne spp.) affect tomato
plants all over the world, especially in tropical and subtropical regions. The three
most common RKN species are M. arenaria, M. javanica, and M. incognita (Sasser
and Freckman, 1987). Tomato crop losses are ca. 50%, especially in warm regions
(Lamberti, 1979; Williamson and Hussey, 1996; Koenning et al., 1999). Host
resistance in tomato against RKN is mediated by Mi gene. This resistance gene
was identified in the 1940s in the wild species Solanum peruvianum and then was
introduced into commercial tomato cultivars (Smith, 1944; Julian et al., 2013). Mi
confers resistance to common RKN species (Gilbert and McGuire, 1956; Roberts
and Thomason, 1986) by causing localized cell death in the nematode infection

site (Williamson and Kumar, 2006). Conversely, Mi does not protect tomato
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against nematode such as M. hapla (Gururani et al., 2012) or new resistance-
breaking races (Kaloshian et al., 1996; Tzortzakakis et al., 2014; Iberkleid et al.,
2014). Despite the potential of Mi gene for managing RKN, juveniles still can
puncture and penetrate roots of tomato cultivars, making them vulnerable to

other soilborne pathogens (Regmi and Desaeger, 2020).

Tomato plants can also be affected by several fungal diseases. Fungal wilt
and root rot diseases are the most important and destructive fungal diseases of
tomato worldwide (Ye et al., 2020). Fusarium oxysporum f. sp. radicis-lycopersici
(FORL) is a main wilt pathogen of tomato. This fungus is a facultative pathogen
that remains in the soil (Rekah et al., 2001) in the absence of crops. When FORL
infects plants, oldest leaves start yellowing and then turn brown. Eventually, the
entire plant wilts and dies or it may persist in a weakened state. There are some
wilt resistant commercial tomato cultivars, such as BHN 586, Crown Jewel,
Sebring, and Soraya (Brito et al., 2007; Dababat et al., 2008; Ozores-Hampton and
McAvoy, 2017). Not all farmers can afford their use. It is therefore essential to
find alternative ways for managing FORL sustainably. Biocontrol agents such as
Cladobotryum mycophilum (Santos et al., 2019), Pseudomonas putida (Oliver et al.,
2019), Bacillus amyloliquefaciens (Samaras et al., 2018), Trichoderma spp. (Debbi et
al., 2018) non-pathogenic Fusarium spp., and other fungal endophytes from roots

and soils (Nefzi et al., 2019) are used for FORL biomanagement. This PhD thesis
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aims to find a method to manage FORL by modifying tomato root exudates using

chitosan in the irrigation system.

Bananas (Musa spp.) are monocotyledonous plants belonging to Musaceae
family. The banana global average production for 2020 was 22.6 tons per hectare.
In the last 20 years, the largest banana production was in Asia (52.8%), mainly
India, China, and the Philippines; followed by South America (27.7%), Africa
(17.6%) and Oceania (1.5%). Europe produces 0.4% of the world’s bananas
(FAOSTAT, 2020). Crops are mainly located in the Canary Islands, Spain. Banana
plants are threatened by insect pests such as the banana weevil, Cosmopolites
sordidus (Rukazambuga et al.,, 1998), or fungal pathogens such as Fusarium
oxysporum f. sp. cubense (Dita et al., 2018). Banana plants are also affected by
endoparasitic nematodes such as Radopholus similis or Pratylenchus spp. These
endoparasitic nematodes (burrowing nematodes) cause the banana toppling
disease, a major concern in banana plantations (Haegeman et al., 2010). RKN also
cause important damage in banana (Daneel and De Waele, 2017; Ozarslandan et
al., 2019) because there are no RKN resistant cultivars available (Monteiro et al.,
2020). Strategies involving the use of transgenics to protect banana against
nematode infections have been considered (Tripathi et al., 2015). These genetic
modified crops are either not allowed or socially accepted by consumers.
Therefore, alternative sustainable ways to manage nematode infections in

agriculture are still required.
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5. Plant Immunity and Hormones

The plant immune system responds when encounters a non-self-organism
which is then identified as potentially pathogenic. However, plants lack defender
cells or a somatic adaptative immune system. Instead, the plant immune system
can respond through two ways (Jones and Dangl, 2006). The first way comprises
a basic response to molecules common to pathogenic and non-pathogenic
microorganisms, while the second way responds to virulence factors. In the first
way, plant defences use transmembrane pattern recognition receptors (PRRs) to
detect pathogen-associated molecular patterns (PAMPs) and microbe-associated
molecular patterns (MAMPs). When these patterns are recognized, pattern
triggered immunity (PTT) is induced (Chisholm et al., 2006; Jones and Dangl],
2006) and Pathogenesis-Related (PR) proteins are secreted. The second way acts
within the cell using nucleotide binding — leucine rich repeat (NB-LRR) domain
containing proteins. These proteins recognize pathogen effectors —-mainly
proteins that promote virulence and cause disease in plants—and activate defence
responses. Successful endophytes and plant pathogens are able to suppress or

circumvent PTT and, therefore, colonize or infect plant cells and tissues.

Plant hormones or phytohormones are small signaling molecules that control
plant growth, development, and stress response. Abscisic acid (ABA), auxins

(mainly indole-3-acetic acid; IAA), brassinosteroids, cytokinins, ethylene,
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gibberellins, jasmonates, salicylic acid (SA) and strigolactones are the main
phytohormones. Furthermore, phytomelatonin has recently been described as a
master regulator of other plant hormones (Arnao and Hernandez-Ruiz, 2019). In
this PhD thesis, we have studied the contribution of ABA, IAA, SA, jasmonic acid
(JA) and phytomelatonin to the plant immune response to chitosan. ABA is
mainly involved in the plant response to abiotic factors (e.g. salinity, temperature
or metal tolerance). Its signaling and synthesis pathways are closely related to
those of other plant hormones (Gomez-Cadenas et al., 2015). ABA is also involved
in developmental processes such as seed dormancy and stomatal regulation (Wei
et al., 2021). ABA can inhibit plant growth and it is a key hormone in stress
situations. IAA is the most common auxin found in plants. It plays a key role in
root and shoot development (Prusty et al., 2004). IAA is involved in processes
such as cell division and elongation, tissue differentiation, apical dominance, and
responses to light, gravity, and pathogens (Aloni et al., 2006). It stimulates apical
growth and inhibits lateral shoot development. IAA has been found in wounds,
where it could attract fungi (Peck and Kende, 1998). IAA presence may either
induce or inhibit fungal growth (Fu et al., 2015). It is also believed that the
presence of IAA in plant wounds may be the result of infections. To this respect,
IAA can be synthesized by a wide variety of fungi (Reineke et al., 2008; Kumla et
al., 2020), including important plant pathogens. SA and its derivatives are
phenolics. SA induces flowering and regulates plant growth and development

(Hassoon and Abdulsattar-Abduljabbar, 2020). However, JA is involved in the
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plant response to biotic and abiotic stress. It is also involved in molecular

response mechanisms interacting with hormone pathways (Wang et al., 2020).

6. Avoiding Plant Immunity: LysM effectors

Organisms that generally coexist with plants have developed mechanisms to
avoid their defenses. In the case of fungi, the most common mechanism is the use
of effectors. This PhD thesis focuses on Lysine Motif (LysM) effectors. LysM
effectors are small, secreted proteins, that only contain LysM motifs (Akcapinar
et al., 2015). These proteins display a high percentage of cysteines, which stabilize
the molecular structure through disulphide bonds. They bind N-
acetylglucosamine (GlcNAc) polymers (Buist et al., 2008; Kombrink et al., 2011).
LysM motifs have approximately 50 amino acids (aa) and a characteristic Baaf3
spatial structure in which two -strands draw an antiparallel 3-sheet (Bateman
and Bycroft, 2000; Bielnicki et al., 2005; Ohnuma et al., 2008; Sanchez-Vallet et al.,
2013). LysM motifs have been found in bacteria (Bateman and Bycroft, 2000),
fungi (Sanchez-Vallet et al., 2013), plants (Miya et al., 2007) and animals (Cen et
al., 2017). Both fungal endophytes and plant pathogens secrete LysM effectors for
masking their cell wall to avoid degradation by plant chitinases (Gong et al.,
2020). LysM effectors protect fungal hyphae by binding to chitin-derived
oligosaccharides released from the cell wall of the fungus (Mentlak et al., 2012;

Kombrink and Thomma, 2013; Sanchez-Vallet et al., 2013). This union shields
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and/or prevents generation of chitin oligosaccharides (common MAMPs and
PAMPs), which are very strong PTI inducers (Yin et al., 2016), and therefore,

suppresses PR protein expression.

The large presence of LysM effectors in fungi has resulted in a variety of
LysM motifs (Levin et al., 2017). A classification based on their cysteine residue
pattern has been developed to classify them into bacterial/fungal or fungal
specific types (Akcapinar et al., 2015; Cen et al., 2017). The bacterial/fungal type
has one or no cysteine in the LysM motif. The fungal-specific type possesses three
cysteines in the LysM motif and an extra cysteine very close to the motif origin.
All these features and the fact that more of the 95% of those described are of
bacterial origin (Akcapinar et al., 2015), prove that the study of these proteins may

be paramount to understand mutualism and parasitism.

7. Multiomics analysis of P. chlamydosporia lifestyles

In this PhD we have used multiomics to understand P. chlamydosporia 123
tritrophic lifestyle. In Chapter 1, metabolomic approaches (Cheng and
Gershenson, 2007) are used to investigate the effect of chitosan on tomato
rhizodeposition. Electrophysiology was used to measure the effect of chitosan on
root cell wviability (Alfonso and Al-Rubeai, 2011). Cell membrane

permeabilization could be consequence of phospholipid peroxidation (Catala
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and Diaz, 2016; Yang et al., 2020) caused by chitosan. Fluorescence spectroscopy
was then used to detect fluorescent molecules such as phenolics or peptides.
Nuclear Magnetic Resonance (NMR) detects virtually all compounds in a sample.
Fluorescence signatures and NMR spectra may be compared to determine
general changes in root exudation (Escudero et al., 2014). To identify compounds
of interest in tomato root exudates, high performance liquid chromatography
coupled to mass spectrometry (HPLC-MS) was used. This technique allows the
separation of a sample and detection of fragmented masses in specific patterns.
HPLC-MS has been widely used to detect plant hormones (Chu et al., 2017) and
other relevant compounds in root exudates (Gargallo-Garriga et al., 2018). In
Chapter 2, transcriptomics has been used. Transcriptomics is the study of all
transcripts in a sample. Transcriptomic analysis (RNA-seq) of chitosan effect on
P. chlamydosporia RKN parasitism can unravel the key mechanisms of the
response of a filamentous fungus to chitosan stress (Lopez-Moya et al., 2016). In
Chapter 3, bioinformatics has been applied for the identification of LysM motifs
of putative LysM effectors from endophytic and pathogenic fungi, as well as
protein modelling and molecular docking. In Chapter 4, results obtained in the
RNA-seq performed in Chapter 2 were combined with new genomic sequencing
techniques (PacBio) to improve P. chlamydosporia 123 genome sequence and
search for isoforms. PacBio is a sequencing method that yields long scaffolds, so
that in combination with short-read sequencing techniques (Illumina) the

genome of an organism can be improved. The combined use of PacBio genome
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sequencing and RNA-seq data can detect alternative transcript usage in an
organism (Burkhardt et al.,, 2015). Alternative splicing involves the possible
generation of several sets of exons during the processing of a given gene
transcripts. These alternative forms of mRNA generate protein isoforms in which
only one part of the protein is common to all, but other parts are different.
Alternative splicing increases the complexity of gene expression, playing an
important role in cellular differentiation and development (Wang et al., 2015). It
is a common process in animals and plants, but it has been just recently

discovered in fungi (Griitzmann et al., 2014).

We propose the combined use of multiomics techniques to study the effect of
chitosan on the tritrophic lifestyle of P. chlamydosporia. This could provide basis
for future sustainable management of pests and diseases in crops combining

chitosan and P. chlamydosporia.
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Objectives and PhD structure

OBJECTIVES OF THIS PhD

The key objective of this PhD thesis is to study the tritrophic lifestyle of Pochonia
chlamydosporia using a multiomics approach. We investigate the effect of chitosan
on plant immunity and development by analyzing the metabolomic profile of
tomato rhizodeposition. The mechanism of chitosan enhancement of P.
chlamydosporia pathogenicity to root-knot nematode (RKN) eggs has been better
understood using transcriptomics. We have compared phylogenetically P.
chlamydosporia 123 putative LysM effectors with those of endophytes and
phytopathogenic fungi, focusing on the structure and substrate docking binding
sites. Finally, in this PhD thesis, we screen P. chlamydosporia 123 genome for novel
genes and isoforms. We focused on the role of chitosanase 3 encoding gene, a key
gene in P. chlamydosporia 123 RKN egg parasitism.

This thesis aims to lay the omics basis for developing sustainable pest and disease
management in food security crops using chitosan in the tritrophic system P.

chlamydosporia, RKN and plant.
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Chapters:
This PhD thesis consists of four chapters. Chapters 1 and 2 have been published

in peer-reviewed journals, and the others are currently under review:

Chapter 1. Chitosan induces hormones and defences in tomato root

exudates. Frontiers in Plant Science.

Chapter 2. Chitosan modulates Pochonia chlamydosporia gene expression

during nematode egg parasitism. Environmental Microbiology.

Chapter 3. Putative LysM effectors contribute to fungal lifestyle. International
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Summary Chapter 1

Chitosan Induces Plant Hormones and Defenses in Tomato Root Exudates

In this work, we use electrophysiological and metabolomic tools to determine the
role of chitosan as plant defense elicitor in soil for preventing or manage root
pests and diseases sustainably. Root exudates include a wide variety of molecules
that plants and root microbiota use to communicate in the rhizosphere. Tomato
plants were treated with chitosan. Root exudates from tomato plants were
analyzed at 3, 10, 20, and 30 days after planting (dap). We found, using high
performance liquid chromatography (HPLC) and excitation emission matrix
(EEM) fluorescence, that chitosan induces plant hormones, lipid signaling and
defense compounds in tomato root exudates, including phenolics. High doses of
chitosan induce membrane depolarization and affect membrane integrity. 'H-
NMR showed the dynamic of exudation, detecting the largest number of signals
in 20 dap root exudates. Root exudates from plants irrigated with chitosan inhibit
ca. twofold growth kinetics of the tomato root parasitic fungus Fusarium
oxysporum f. sp. radicis-lycopersici. and reduced ca. 1.5-fold egg hatching of the

root-knot nematode Meloidogyne javanica.
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Summary Chapter 2

Chitosan modulates Pochonia chlamydosporia gene expression during

nematode egg parasitism

Climate change makes plant-parasitic nematodes (PPN) an increasing threat to
commercial crops. PPN can be managed sustainably by the biocontrol fungus
Pochonia chlamydosporia (Pc). Chitosan generated from chitin deacetylation
enhances PPN parasitism by Pc. In this work, we investigate the molecular
mechanisms of Pc for chitosan resistance and root-knot nematode (RKN)
parasitism, using transcriptomics. Chitosan and RKN modify the expression of
Pc genes, mainly those involved in oxidation-reduction processes. Both agents
significantly modify the expression of genes associated to 113 GO terms and 180
Pc genes. Genes encoding putative glycoproteins (Pc adhesives) to nematode
eggshell, as well as genes involved in redox, carbohydrate and lipid metabolism
trigger the response to chitosan. We identify genes expressed in both the parasitic
and endophytic phases of the Pc lifecycle; these include proteases, chitosanases
and transcription factors. Using the Pathogen —Host Interaction database (PHI-
base), our previous RNA-seq data and RT-PCR of Pc colonizing banana we have
investigated genes expressed both in the parasitic and endophytic phases of Pc

lifecycle.
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Abstract: Fungal LysM effector proteins can dampen plant host defence responses protecting hy-
phae from plant chitinases, but little is known on these effectors from non-pathogenic fungal endo-
phytes. We found 4 putative LysM effectors in the genome of the endophytic nematophagous fun-
gus Pochonia chlamydosporia (Pc123). All four genes encoding putative LysM effectors are expressed
constitutively by the fungus. Besides, the gene encoding Lys1 -the smallest one- is the most ex-
pressed in banana roots colonized by the fungus. Pc123 Lysl, 2 and 4 display high homology with
those of other strains of the fungus and phylogenetically close entomopathogenic fungi. However,
Pc123 Lys3 displays low homology with other fungi, but some similarities are found in saprophytes.
This would suggest evolutionary divergence in Pc123 LysM effectors. Besides, molecular docking
shows that NAcGl binding sites of Pc123 Lys 2, 3 and 4 are adjacent to an alpha helix. Putative LysM
effectors from fungal endophytes, such as Pc123, differ from those of plant pathogenic fungi. LysM
motifs from endophytic fungi show clear conservation of cysteines in positions 13, 51 and 63, unlike
those of plant pathogens. LysM effectors could therefore be associated with the lifestyle of a fungus
and give us a clue of how organisms could behave in different environments.

Keywords: Biocontrol Agents, Endophytism, Fungal Effectors, Fungal Lifestyles, LysM Motifs,
Pathogenicity, Phylogeny, Pochonia chlamydosporia

1. Introduction

Pochonia chlamydosporia (Goddard) [1] (Hypocreales, Clavicipitaceae) is a nematophagous
fungus which parasites eggs and females of root-knot and cyst nematodes [1-3]. P. chla-
mydosporia is known to display a tritrophic lifestyle because it is also an endophyte and a
weak saprophyte [4-6]. P. chlamydosporia is a relevant endophytic biocontrol agent (EBCA)
because it promotes growth and induces defences in plants [7-12]. This fungus is both an
EBCA and a biofertilizer capable of promoting flowering and yield [13]. For these activ-
ities, the fungus should colonise plant roots. In this process, P. chlamydosporia has to face
plant defences. The plant immune system detects pathogen-associated molecular patterns
(PAMPs) and microbe-associated molecular patterns (MAMPs). Pattern triggered im-
munity (PTI) is then induced [14,15] and Pathogenesis-Related (PR) proteins are secreted.
These plant defence mechanisms can also be induced by chitin-derived oligosaccharides
such as chitosan [16]. On the other hand, fungal endophytes and plant pathogens secrete
Lysine Motif (LysM) effector proteins which bind to chitin in their cell walls and masking
fungi to avoid degradation by plant chitinases [17]. LysM effectors are essential for fungal
hyphae protection, as they bind to chitin-derived oligosaccharides released from the cell
wall of the fungus [18-20]. This union blocks generation of chitin oligosaccharides (com-
mon MAMPs and PAMPs), which are very strong PTI inducers [21], and therefore, PR
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proteins are not induced. Thus, fungal LysM effectors block plant defences and plant hor-
mone signalling [18,20,22-25], allowing fungi to get into the cells of the plant root.

LysM effectors are small secreted proteins containing LysM motifs exclusively [26]. They
bind N-acetylglucosamine (GIcNAc) polymers [27,28]. These proteins show a high per-
centage of cysteines, which stabilize the molecular structure through disulphide bridges.
LysM motifs have approximately 50 amino acids (aa) and a characteristic Baaf spatial
structure in which two -strands draw an antiparallel B-sheet [20,29-31]. LysM motifs
have been found in bacteria [29], fungi [20], plants [32] and animals [23].

The large presence of LysM effectors in fungi has resulted in a variety of LysM motifs [33].
They can be classified based on their cysteine residue patterns into bacterial/fungal and
fungal specific ones [23,24,26]. The bacterial/fungal group presents one or no cysteine
within the LysM motif. The fungal-specific group possesses three cysteines within the
LysM motif and an extra cysteine very close to its origin. All these features and the fact
that more of the 95% of those described are of bacterial origin [26], prove that the study of
these proteins is vital to understand mutualism and parasitism.

In this work, we characterize and model the main putative LysM effectors from the endo-
phytic nematophagous fungus Pc123 and prove that genes encoding for those proteins are
expressed. We also compare putative LysM effectors of 57 fungi with diverse lifestyles,
including endophytes and plant pathogens. The evolutionary study of these proteins can
give clues to the behaviour that an organism may have, as well as explain why some fungi
behave as endophytes or pathogens.

2. Results
2.1Pc123 has four putative LysM effectors

Fourteen proteins with LysM motifs are found in Pochonia chlamydosporia 123 (Pc123) ge-
nome (NCBI BioProject PRJNA68669; Supplementary Table 1). Four of them meet all re-
quirements to be considered putative LysM effectors: they possess signal peptide, high
percentage of cysteines (over 3%) and only contain LysM domains. Proteins with high
evolutionary similarity to any of the putative LysM effectors have been discarded for not
meeting some of the established requirements (e.g. RZR70225.1). Phylogeny of putative
Pc123 LysM domain containing proteins shows that Pc123 putative LysM effectors cluster
together (Figure 1A; Table 1). Protein modelling shows that the 4 putative LysM effectors
predicted in Pc123 genome show a characteristic Baaf spatial structure. Two B-strands
draw an antiparallel (3-sheet. This may be essential for its biological activity (Figure 1 B-
E). Pc123 Lys1 and Pc123 Lys2 are homologous to LysM domain containing proteins from
entomopathogenic fungi, mostly Metarhizium spp. and Beauveria spp. (Supplementary Ta-
bles 2 and 3). Fungi from the genera Metarhizium and Beauveria also use the same mecha-
nisms to colonize plants and act as endophytic BCAs like P. chlamydosporia. These ento-
mopathogenic fungi genera are close phylogenomically to Pc123 [34]. Unlike them, Pc123
Lys3 displays low homology with LysM containing proteins of other organisms (<50%),
most of them saprophytes (Supplementary Table 4). This correlates to the fact that P. chla-
mydosporia is also found as a saprophyte in the soil [35]. Most similarities are found with
Fusaria and Aspergilli. Finally, Pc123 Lys4 has 100% homology with a sequence from P.
chlamydosporia strain 170, but other similar sequences belong, mostly, to Colletotrichum
spp. (Supplementary Table 5), a phytopathogenic fungus. These 4 putative Pc123 LysM
effectors could give us a clue about the evolution of its tritrophic lifestyle.
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Table 1. Consensus table of 27 organisms containing putative LysM effectors in their proteome. NCBI Reference

Sequence, length, percentage of cysteines (% Cys), number of LysM domains (predicted with HMMERscan) and the

sequence name to refer to each effector are included.

LysM do-  Name Putative
Organism Sequence Name Length % Cys
mains Effector
8111576959602 | gb IRZR59939.1 | 123 4,88 1 Pc123_Lys-1
gi115769674401gb IRZR67276.1 | 377 5,57 3 Pc123_Lys-2
Pochonia chlamydosporia 123
8111576970205 | gb IRZR69809.1 | 665 4,96 6 Pc123_Lys-3
8111576958349 1 gb IRZR58789.1| 577 3,81 5 Pc123_Lys-4
2111240655211 | ref| XP_018137526.2 | 601 4,16 5 Pc170-1
Pochonia chlamydosporia 170
2111069526848 | ref| XP_018144528.11 123 4,88 1 Pc170-2
211748480029 | refIXP_011117358.11 677 5,02 6 ArO-1
Arthrobotrys oligospora ATCC 24927 gi 748509003 | ref IXP_011122921.11 387 4,13 4 ArO-2
gi 7485097701 ref IXP_011123103.11 701 4,71 5 ArO-3
gi 1121709808 | ref IXP_001272530.11 527 4,93 5 AsC-1
Aspergillus clavatus NRRL 1
gil121715822 | ref IXP_001275520.11 343 4,66 4 AsC-2
gil317032764 | ref I XP_001394359.2 | 235 2,55 4 AsN-1
Aspergillus niger CBS 513.88 gil317028490 | ref| XP_001390159.2| 223 3,59 3 AsN-2
gi1317026576 1 ref I XP_001389845.2 | 228 3,51 3 AsN-3
8113918746801 gb | EIT83525.11 488 3,89 2 AsO-1
Aspergillus oryzae 3.042 gil1391873684 | gb | EIT82704.11 400 3,50 2 AsO-2
2113918720371 gb | EIT81180.11 228 3,51 3 AsO-3
811667662147 | ref I XP_008602905.1| 563 4,80 4 BeB-1
811667660933 | ref | XP_008602298.1 | 384 5,73 3 BeB-2
Beauveria bassiana ARSEF 2860
811667652079 | ref | XP_008597871.11 258 2,33 2 BeB-3
811667660481 | ref | XP_008602072.11 167 7,19 2 BeB-4
Botryotinia fuckeliana = Botrytis cine- gi1154304638 | ref | XP_001552723.11 239 1,67 1 BoC-1
rea B05.10 211154294169 | ref I XP_001547527.11 227 3,52 4 BoC-2
211827070088 | ref | XP_008096517.11 153 4,58 2 ColG-1
211827060482 ref I XP_008091823.11 154 3,90 2 ColG-2
Colletotrichum graminicola M1.001
gi 1827072174 1ref IXP_008097537.11 96 4,17 1 ColG-3
gi 1827056345 | ref | XP_008089799.11 262 4,58 2 ColG-4
gi 11069504950 | ref | XP_018156239.1 | 686 4,52 4 ColH-1
gi 11069489538 | ref | XP_018159777.1 1 335 5,37 2 ColH-2
Colletotrichum higginsianum IMI 8111069482721 | ref| XP_018163560.1 | 170 3,53 2 ColH-3
349063 gi11069498494 | ref I XP_018158838.1 | 176 3,98 2 ColH-4
gi 11069518986 | ref | XP_018155115.1 1 164 1,22 1 ColH-5
8111069512390 | ref| XP_018151406.1 93 4,30 1 ColH-6
811573992243 | ref I XP_006674042.11 455 4,84 3 CorM-1
Cordyceps militaris CMO01 gi1573978744 | ref | XP_006667317.11 541 4,25 6 CorM-2
811573986783 | ref I XP_006671312.11 187 6,95 2 CorM-3
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Drechmeria coniospora 8111008938236 1 gb IKYK61220.11 407 5,90 4 Dc-1
gi1758191552 I ref | XP_011318155.11 221 4,52 3 Fg-1
Fusarium graminearum PH-1
gi1758186467 Iref | XP_011315614.11 178 6,18 2 Fg-2
2114775171391 gb | ENH69388.1 | 298 4,03 3 Fo-1
114775213411 gb | ENH73457.11 423 5,67 3 Fo-2
Fusarium oxysporum (FOCTR1)
211477517163 1 gb |ENH69412.1 1 265 4,53 3 Fo-3
2114775107881 gb | ENH63698.1 | 218 4,59 2 Fo-4
811629736848 | ref | XP_007826699.11 588 4,42 2 Mr-1
11629703825 | ref | XP_007816291.11 403 5,46 4 Mr-2
Metarhizium anisopliae = Metarhizium
211629731232 | ref | XP_007824889.11 125 4,80 2 Mr-3
robertsii ARSEF 23
gi1629725221 | ref I XP_007822955.1 | 127 4,72 1 Mr-4
211629719505 | ref | XP_007821152.11 175 514 2 Mr-5
211302884617 | ref | XP_003041203.11 434 5,07 3 NecH-1
Fusarium solani = Nectria hematococca
211302908647 | ref | XP_003049915.11 354 5,37 2 NecH-2
mpVI77-13-4
211302889876 | ref | XP_003043823.11 453 4,86 2 NecH-3
21185116333 Iref I XP_965033.11 265 4,53 3 NeuC-1
Neurospora crassa OR74A gi 1758994540 | ref IXP_011394222.1| 460 4,78 2 NeuC-2
11758993176 | ref | XP_961797.3 | 540 2,22 3 NeuC-3
811389639574 | ref | XP_003717420.11 162 3,70 2 PyO-1
Magnaporthe oryzae = Pyricularia
811389637648 | ref | XP_003716457.11 285 2,11 2 PyO-2
oryzae 70-15
113516407201 gb | EHA48583.11 276 4,71 1 PyO-3
811353243197 lemb| CCA74767.11 527 3,80 5 Si-1
811353243193 lemb| CCA74763.11 418 5,74 4 Si-2
811353247696 | emb| CCA77126.1 | 163 4,29 2 Si-3
Piriformospora indica = Serendipita in-
811353235011 1emb| CCA67030.1 | 171 4,68 1 Si-4
dica
811353239427 |emb| CCA71339.11 174 517 2 Si-5
8113532431921 emb| CCA74762.11 654 4,59 8 Si-6
811353243196 emb| CCA74766.1 | 361 4,43 4 Si-7
Pleurotus ostreatus gi1646302098 | gb | KDQ23248.1 1 133 6,77 2 PIO-1
211927403045 | ref I XP_013947368.11 746 4,29 5 Ta-1
211927391477 | refIXP_013941584.11 544 4,78 2 Ta-2
211927398367 | ref I XP_013945029.11 345 4,64 3 Ta-3
Trichoderma atroviride IMI 206040
211927397161 | ref IXP_013944426.11 511 4,11 3 Ta-4
211927389315 | ref I XP_013940503.1 241 5,39 3 Ta-5
211927399313 | ref IXP_013945502.11 443 4,97 2 Ta-6
Trichoderma reesei QM6a 211589103603 | ref I XP_006963824.1| 473 4,44 4 Tr-1
Trichoderma virens Gv29-8 211927423138 | ref IXP_013957400.1| 440 5,00 2 Tv-1
Serendipita vermifera MAFF 305830 gi1751683305 | gb | KIM33458.1 | 141 4,96 2 Sv-1
Zymoseptoria tritici IPO323 811339469928 | gb | EGP85026.11 97 4,12 1 Zt-1
111032966258 | gb | ANH22736.11 312 4,81 2 Hs-1
Hypocrella siamensis
2111032966254 | gb | ANH22734.11 323 3,72 3 Hs-2
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8111032966252 | gb| ANH22733.11 86 4,65 1 Hs-3
811399166990 | emb | CCE32159.1| 689 5,22 6 Cp-1
Claviceps purpurea 20.1 811399166984 |emb| CCE32153.11 688 523 5 Cp-2
811399164403 lemb| CCE34687.11 90 2,22 1 Cp-3

Modeller provides structures with all predicted domains for Pc123 Lysl and Lys2. Ac-
cording to Pfam, Superfamily and Gene3D databases, Lysl protein sequence only has a
LysM domain at the C-terminal end approximately. Furthermore, according to these da-
tabases, the protein includes signal peptide from position 1 to 20. In the protein sequence
of Lys2, Pfam and Superfamily databases identify 2 LysM domains, while the Gene3D
library recognised the presence of three of these domains. All of them are placed approx-
imately in the central region of the ORF coding sequence. All databases also determine
the existence of signal peptide from position 1 to 22. For modelling Pc123 Lys3, only 5
LysM motifs of the six predicted by Pfam, Superfamily and Gene3D could be detected.
Three of them are clearly identified by their beta strands and alpha helices. In addition,
two pairs of alpha helices are observed, which would indicate the position of the two other
motifs. For Pc123 Lys4, 5 motifs are detected by Modeller, as well as with Pfam, Super-
family and Gene3D. Four of the motifs can be well-recognized by their alpha and beta
composition.

WebLogo analysis (Figure 1F) shows that in all LysM domains of Pc123 putative LysM
effectors, cysteines (positions 12, 39 and 49) and the Trp-Asn-Pro/Leu-Asn-Pro
(WNP/LNP) set (positions 30-32) are conserved. This may indicate that most domains of
these putative effectors belong to the fungal group [26].
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Figure 1. Putative LysM effectors of the nematophagous fungus Pc123. A, Phylogeny of the 14 Pcl23 proteins
containing LysM domains. Dots indicate putative LysM effectors. B-E, Molecular modelling Pc123 putative LysM
effectors: B, Pc123Lys1; C, Pc123Lys2; D, Pc123Lys3; E, Pc123Lys4. F, WebLogo analysis of domains of Pc123 putative
LysM effectors. Phylogenetic analysis was performed in MEGA X by aligning the sequences using ClustalW, with a
Maximum Likelihood, 1500 Bootstraps, JTT method. All models were performed with Modeller.

2.2 Putative LysM effectors may be associated with the lifestyle of a fungus

Fifty-seven organisms with diverse lifestyles were selected to search for their putative
LysM effectors (Supplementary Table 1). Within these organisms, 27 contained proteins
that meet the requirements to be putative LysM effectors (Table 1). Phylogenetic analyses
of sequences were performed to understand the evolution of these proteins. Putative
LysM effectors (Figure 2) from phytopathogenic (cluster III) and those of endophytic fungi
(clusters I and VII) mostly lay in separate clusters. Clusters II, IV and VI include putative
LysM effectors from both types of fungi. Putative LysM effectors from Pc123 lay in clusters
L, I and V. This heterogenicity may suggest a divergent evolution in these proteins. The
phylogenetic analysis shows that Pc123 Lys1 (cluster II) is similar to Metarhizium robertsii
LysM effectors. This agrees with BLASTp results described above (Supplementary Tables
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2-5). For Pc123 Lys2 (cluster I), similarities are found with putative LysM effectors from
M. robertsii, Beauveria bassiana and Trichoderma arthroviride. The major homology presented
by Pc123 Lys3 (cluster V) is with putative LysM effectors of B. bassiana and Aspergillus
oryzae. Finally, Pc123 Lys4 (cluster I) displays a 99% homology with Pc170-1. Fungi such
as Beauveria, Aspergillus, Arthrobotrys and Trichoderma can also be found in this cluster. A
phylogenetic study based on the analysis of the Pc123 LysM domain sequence identified
in the 4 Pc123 putative LysM effectors described above, shows that all domains cluster
together with that described in endophytic fungi (Supplementary Figure 1). These results
support the hypothesis that these proteins play a key role in the ability of this fungus to
colonize plants.
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Figure 2. Fungal endophytes and phytopathogens can be grouped according to their putative LysM effector
sequences. This phylogeny of putative LysM effectors contains 27 different organisms and 81 sequences. Phylogeny is
grouped into lifestyles: endophytes, pathogens and both. Phylogenetic analysis was performed in MEGA X by aligning
the sequences using Clustal W, with a Maximum Likelihood tree, 1500 Bootstraps, JTT method. Abbreviations are listed
in Table 1. Pc123 putative LysM effectors are marked with yellow dots.
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2.3 Patterns of LysM motifs may reflect fungal lifestyle

According to Cys classification, 29 LysM domain sequences have no cysteines, 72 LysM
domain sequences have only one cysteine, 75 LysM domain sequences have two cysteines,
49 LysM domain sequences have three cysteines. One LysM domain sequence from
Drechmeria coniospora has 4 cysteines and one LysM domain sequence from Fusarium ox-
ysporum has 5 cysteines. Organisms were divided into four groups according to bibliog-
raphy, even if these are not their major lifestyles: Endophytes, phytopathogens, both and
others. For endophytes, WebLogo analyses clearly show the conservation of cysteines in
positions 13, 51 and 63. As well as the conservation of chitin-binding related amino acid
groups (Gly-Asp-Cys-Thr, or GDCT structure, positions 9-13). Asn (N) is also conserved
at position 42. The Trp-Asn-Pro (WNP) structure of the same position, found in many
LysM domains, is clearly noticeable (Figure 3A). On the other hand, phytopathogenic
fungi show conservation in some cysteines, but it seems to be only remarkable positions
10, which belongs to the GDCT motif of chitin binding, and 56. The N of position 31, as in
endophytes, it is preserved (Figure 3B). Fungi that have both endophytic and phytopath-
ogenic lifestyles only have preserved the GDCT domain. In this case, these domains have
few cysteines, and the most preserved amino acids are Ala (A) in position 13, Gly (G) in
41 and Pro (P) in 55. In position 28 an N is slightly conserved, belonging in the two previ-
ous cases to WNP or Leu-Asn-Pro (LNP) domains, although in this case it is not as con-
served as in the two cases mentioned above (Figure 3C). Finally, the group of fungi that
could not be classified as endophytes and/or pathogens, of which Aspergillus clavatus,
Cordyceps militaris, Drechmeria coniospora and Hirsutella sinensis are part, has a different
conservation of amino acids from the previous ones, with the domain of binding to chitin
Gly-Asp- -Cys (GD-C) from positions 6 to 10. Two Cysteines in position 10 and 37, as well
as the already mentioned WNP motif (positions 29-31). Other amino acids that did not
stand out in the previous groups are also very much preserved: Ile (I) in position 13, Leu
(L) in position 40 and Gly (G) in position 43 (Figure 3D).
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Figure 3. Amino acid conservation of LysM domains. Classification of LysM domains according to their lifestyle using
WebLogo. A, Endophytic lifestyle; B, Phytopathogenic lifestyle; C, Both lifestyles; D, Others.

Bind.energy Dissoc. constant
Name Contacting receptor residues

[kcal/mol] [pM]
Pcl123 -5.9760 41642224.00 GLN13 LEU14 THR15 ALA16 VAL17 VAL18 LYS98 TRP99 PRO101 GLY
Lysl 102
Pc123 -6.3100 23697836.00 CYS 83 GLY 84 ASN 85 THR 111 THR 112 SER 113 GLN 114 LYS 115 LEU
Lys2 157 GLN218 CYS269 THR270 GLY271 PHE283 ASP289 THR290 GLN 309
Pcl123 -5.6040 78021360.00 VAL 428 THR 429 THR590 ASN591 THR596 ALA597 THR598 GLY 601 GLY
Lys3 602 PRO 604
Pcl123 -6.4030 20255304.00 LEU 283 GLN 284 TYR 361 GLN 362 THR 492 ILE 493 GLN 494 THR 495 SER
Lys4 497 PRO498 ILE499 MET500 PROS501 GLY 502
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Table 2. Molecular docking. Amino acids that bind to the NAcGI substrate with the greatest probability for each of the
putative LysM effectors of Pc123. Common amino acids that mediate substrate binding in Ecp6 and Pc123 are

underlined and those common to the chitinase A from Pteris ryukyunensis and Pc123 are marked in bold.

2.4 Molecular Docking

We have analyzed the association of NAcGl with the putative LysM effectors of Pc123
using molecular docking (Figure 4). Predicted NAcGl binding sites of putative Pc123 Lys
1, 2, 3 and 4 effectors have 10, 17, 10 and 14 residues, respectively. Putative Pc123 LysM
effectors share NAcGI putative binding sites from diverse organisms (Table 2).

The union site of Pc123 Lys1 possesses 10 residues. It shares 3 types of residues with both
the chitinase A from Pteris ryukyunensis and the effector ECP6 from Clavidosporium fulvum
sites of union to GIcNAc and chitin, respectively (Thr, Ala and Gly). Additionally, it shares
another 4 with only the site of union of the effector ECP6, these are: Leu, Pro, Val and Lys.
The union site of the putative effector Pc123 Lys2 possesses 17 different residues, 4 of them
are shared with both the chitinase A and the ECP6 effector (Gly, Asn, Thr and Ser). An-
other 4 are shared just with the ECP6 effector (Lys, Leu, Phe and Asp). Moreover, one last
residue is shared only with the chitinase A (Cys). The union site of the putative effector
Pc123 Lys3 has 10 residues, three are shared with both the chitinase A and the effector
ECP6 (Thr, Ala and Gly) and three are shared only with the effector ECP6 (Val, Asn and
Pro). Finally, the union site of the putative effector Pc123 Lys4 possesses 14 residues, from
which 4 are shared with both proteins (Thr, Ile, Ser and Gly), 2 with the effector ECP6 (Leu
and Pro) and one with the chitinase A (Tyr). All similarity percentages of the 4 putative
effectors of Pc123 are shown in Supplementary Table 6.

Additionally, in Pc123 Lys2, the areas between the a helix and 3 strands of two LysM
motifs, in which sites of union to chitin in the effector ECP6 have been found, are clearly
involved in the union with GIcNAc. In the putative effector Pc123 Lys3 also areas next to
two adjacent a helix from a LysM motif (just identified by its a helix) are involved in the
union to the substrate. The same seems to happen in Pc123 Lys4, with two LysM motifs
detected by their a helix. ProSa and Rampage results can be consulted in Supplementary
Figure 2.
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Figure 4. Molecular Docking of putative LysM effectors of Pc123. GlcNAc binding model to all putative Pc123 LysM
effectors. A, Pc123Lys1; B, broadening of GlcNAc binding site to Pc123Lys1; C, Pc123Lys2; D, broadening of GlcNAc
binding site to Pc123Lys2; E, Pc123Lys3; F, broadening of GIcNAc binding site to Pc123Lys3; G, Pc123Lys4; H,
broadening of GlcNAc binding site to Pc123Lys4.

2.5 Genes encoding putative LysM effectors are expressed

All four genes encoding putative LysM effectors are expressed constitutively by Pc123
(Figure 5). Pc123 Lys1 is the most expressed gene. With respect to it, Lys2 is expressed ca.
6.25-fold less, Lys3 ca. 10-fold less and Lys4 ca. 3.35-fold less. No significant differences in
expression were found for genes encoding LysM effectors when Pc123 colonizes banana
roots at 4 days (Supplementary Figure 3).
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Figure 5. Putative Pc123 LysM effectors expression in banana roots. All four genes encoding putative LysM effectors
are expressed constitutively by the fungus. Pc123 Lys1 is the most expressed gene. Genes encoding Pc123 Lys2, 3 and
4 are expressed ca. 6.25, 10 and 3.35-fold less respectively. One-way ANOVA analysis was performed (p-value < 0.05).

3. Discussion

P. chlamydosporia is an endophytic BCA of plant parasitic nematodes [36]. In this work, we
have found that P. chlamydosporia (strain 123) genome [34] encodes four putative LysM
effectors. LysM effectors are small peptides containing LysM domains for binding NAcGI
in chitin and peptidoglycan [37]. These domains can be found in other chitin-binding pro-
teins such as chitinases [38]. Putative effectors Pc123 Lysl and Lys4 have homologous
sequences with the isolate Pc170 recently sequenced [39]. Although Pc170 was isolated
from eggs from the root-knot nematode Meloidogyne incognita in China [39] and Pc123 was
isolated from Heterodera avenae eggs in South-West Spain [40], both genomes show high
synteny. More than 80% of Pc123 genome matches Pc170 genome with 96.45% identity
[39]. However, NCBI database shows that Pc170 genome only encodes 2 putative LysM
effectors. This difference may suggest differential evolution of chitin shielding in strains
of P. chlamydosporia. Molecular docking analyses reveal that Pc123 putative LysM effectors
share positions for chitin binding with a fern [31] and filamentous fungal pathogen [20].
This may suggest that the basic structures for target binding of LysM effectors are evolu-
tionary conserved. Endophytic nematophagous fungi such as Pc123, may colonise plant
roots using these effectors to avoid plant defences. To this respect, life cycle of endopara-
sites of nematodes is mostly related to their hosts [41]. Furthermore, H. rosiliensis and other
nematode endoparasites such as D. coniospora [42] display low or no endophytic behavior
in barley roots [43]. These fungi are usually obligated nematode parasites. Their genomes
encode very low or no putative LysM effectors (Table 1).

Nematophagous fungi with alternative lifestyles [44], including endophytism, such as A.
oligospora (nematode-trapping fungus) P. chlamydosporia (nematode egg and female para-
site) and Pleurotus ostreatus (toxin-producing nematophagous fungus) [10,45,46] encode a
larger number of putative LysM effectors than endoparasites. Entomopathogenic fungi
such as Beauveria bassiana and Metarhizium robertsii, are also endophytes [47,48] and en-
code a high number of putative LysM effectors. Trichoderma spp., which are both myco-
parasites and endophytes [49-51] also encode a large number of putative LysM effectors.
These fungi presumably interact with GlcNAc from their hosts. Pc123 interacts with chitin
in the nematode eggshell. Similarly, entomopathogenic organisms must deal with Glc-
NAc residues from insect cuticle. Trichoderma spp. deal with chitin residues from the wall
of their target fungi. Besides, all these organisms also detect chitin they produce. This
could explain the large number of putative LysM effectors they encode. Moreover, this
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could be the reason why all putative Pc123 LysM effectors are expressed constitutively.
Pc123 Lysl -the smallest one- is the most expressed. It could attach to the fungal wall,
hiding its own chitin. Basal expression of putative LysM effectors of Pc123 has also been
detected when the fungus infects nematode eggs [52], which is related with the basal ex-
pression of putative LysM effectors observed in this work. According to our study, Seren-
dipita indica (= Piriformospora indica), is the fungal endophyte [53] sequenced to date with
most putative LysM effectors encoded. Fungi with LysM effectors use them to colonize
plants, but they might use them to take part in other processes, such as parasitism or path-
ogenicity. Saprophytic fungi also encode a large number of putative LysM effectors. These
proteins may protect hyphae of saprophytes from chitinases released in root exudates [54],
which are present in the rhizosphere. Moreover, Aspergillus oryzae [55], and A. niger [56]
can behave as endophytes and as well as saprophytes. A. niger and Neurospora crassa, well-
known saprophytes, can also behave as plant pathogens under certain conditions [57,58].
This flow between lifestyles shows how easily fungi can modify their behavior according
to the environment.

In our study, putative Pc123 LysM effectors lay in different phylogenetic clusters (I, Il and
V), which may suggest an evolutionary divergence. The theory of balanced antagonism
[59] states that fungal endophytism or plant pathogenicity depend on host-pathogen bal-
ance, e.g., a pathogen in a host may be an endophyte in another plant. LysM effectors
would take part in a strategy to avoid plant immunity [60]. However, the plant is still able
to respond to the presence of the fungus. In previous works, it has been shown that plant
root colonization by Pc123 induces expression of plant genes related to hormone biosyn-
thesis [11]. In fact, LysM effectors from endophytes and pathogens should be similar since
they would perform a parallel role. However, in this work we have found that LysM mo-
tifs have undergone divergent evolution in endophytes vs. plant pathogenic fungi. If plant
immunity is a key factor to mutualism and parasitism (or pathogenicity), this may explain
why chitin shielding by LysM effectors seems to be an evolutionary trend. Unlike plant
pathogens, LysM motifs from endophytes have three conserved cysteines. Some fungi,
like A. niger, have low or no Cys in most of its LysM domains; which would mean their
saprophytic lifestyle is determined by LysM domains similar to the bacterial group [26],
while fungi with higher Cys content in LysM domains, such as endophytes, have LysM
domains similar to those of the fungal bacterial group. The fact that facultative endo-
phytes have coexisted and coevolved alongside chitin, and pathogens have not had this
close contact, might be the key to the differences between LysM effectors of both lifestyles.

In conclusion, we show that LysM effectors may reflect the lifestyle of a fungus, which
makes them an important tool in endophytism and pathogenicity studies. In future stud-
ies, it will be possible to locate possible LysM effectors in situ and inquire into the effects
they may have on the plant immune system. Furthermore, this work serves as a basis for
future research on the sustainable use of BCAs for protecting crops in two ways: use of
plant defences inducing microorganisms in agriculture and use of endophytic microor-
ganisms as fertilizers and enhancers of plant development (plant hormone producers).

4. Materials and Methods
4.1 Identification of putative LysM effectors

Putative LysM effectors were detected in the nematophagous fungus Pc123 (PRJNA68669)
and in 57 other genome sequenced fungi (Supplementary Table 1), including endophytes
and plant pathogens. Presence of signal peptide, LysM domains, peptide length and high
cysteine percentage were scored. LysM domains, length and signal peptide were deter-
mined using HMMERSscan. Cysteines percentage was calculated manually. The result af-
ter the screening is shown in Table 1. The comparative analysis of putative LysM effectors
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from other P. chlamydosporia strains and from other fungi was performed using BLASTp
(https://blast.ncbi.nlm.nih.gov/).

4.2 Identification of protein domains

To identify all protein domains, present in putative LysM effector protein sequences,
HMMER web server tool hmmscan (http://hmmer.org/) was used [61]. For this purpose,
different databases were employed: Pfam [62], CATH-Gene3D [63], TIGRFAMs [64], Su-
perfamily [65] and PIRSF [66] and TreeFam [67].

4.3 Three-dimensional structures

Modeller 9.24 [68] was used to model the three-dimensional structure of the protein se-
quences from the genes identified as putative Pc123 LysM effectors. All structures were
generated with the protein models of the fungal effector Ecp6 from Cladosporum fulvum
[20] and two chitinase A, both from Pterys rykyunesis [69] and Equisetum arvense [70] as
templates. Additionally, for the structural modelling of Pc123 Lys3 and Pc123 Lys4, the
structure of the rice chitin receptor OsCEBiP from Oryza sativa [71] was also used (PDB
database access numbers: 4b8v, 4pxv, Sbum and 5jcd; Identity Percentages are shown in
Supplementary Table 6). Five models were generated per each putative Pc123 LysM ef-
fector. The structural integrity of the model with the lowest DOPE was analysed by ProSa
[72] and the “Rampage” Ramachandran plot utility [73]. Pc123 Lys1 best model yielded a
ProSa Z-score of -2.72 and showed 5 residues as outliers in the Ramachandran plot. Pc123
Lys2 best model yielded a ProSa Z-score of -0.56 and 11 residues as outliers in the Rama-
chandran plot. For Pc123 Lys3, a ProSa Z-score of 0 and 23 residues as outliers in the Ra-
machandran plot were obtained. Finally, the best model for Pc123 Lys4 yielded a ProSa
Z-score of -1.68, showing 31 residues as outliers in the Ramachandran plot. All the models
were visualized with UCSF-Chimera 1.14 [74].

4.4 Phylogenetic analyses and molecular docking

All phylogenetic trees were performed using the MEGA X software [75]. Sequence align-
ments were performed using ClustalW. Phylogenetic trees were constructed using the
Maximum Likelihood method and the Jones-Taylor-Thornthon (JTT) model [76]. Statisti-
cal support for each of the branches was determined by 1500 permutations (Bootstrap)
[77]. The results of the LysM motif alignment were also used to perform a Logo sequence
analysis through the WebLogo program [78]. Molecular docking was performed using
VINA [79] applying default parameters.

4.5 qRT-PCR

Pc conidia (final concentration 10¢ conidia-mL-) were inoculated into 100 mL flasks each
containing 20 mL Czapeck Dox broth medium [80]. Flasks were incubated at 25°C with
shaking at 120 rpm. After five days, mycelia were recovered by filtration through Mira-
cloth (Calbiochem) and washed twice with sterile distilled water (SDW). Pc mycelia (ca.
0.2 g) were inoculated axenically into 100 mL flasks each containing 20 mL Minimal Me-
dium (MM) [81] or in Magenta Boxes™ (Sigma) each containing 50 mL of MM and a ba-
nana plantlet. Plants were maintained at 24°C, 60% relative humidity and 16:8 h
light/darkness photoperiod, with 100 rpm shaking, for 4 days. To extract RNA, three plant
roots were collected for each extraction. Three replicates were obtained per treatment.
RNA was extracted using RNeasy Plant Mini Kit (Qiagen). qRT-PCR was performed using
FastStart Universal SYBR Green Master (Roche) mix in a final volume of 15 pl, using 0.25
UM of each primer. Reactions were performed in triplicate in a Step One Plus (Applied
Biosystems) following these steps: 95°C 10 min, followed by 40 cycles of 95°C 15 s and
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60°C 45 s. Primers used for qRT-PCRs are shown in Supplementary Table 7. P. chlamydo-
sporia allantoate permease [82], glyceraldehyde-3-phosphate dehydrogenase [83] and £-
tubulin [80] were used as housekeeping genes.

Supplementary Materials: The following are available online at www.mdpi.com/xxx

Figure S1. LysM domains of putative effectors of different organisms are grouped ac-
cording to their way of life. Phylogeny of putative LysM effectors belonging to 27 dif-
ferent organisms, only LysM domains (232 in total). Phylogeny is grouped into lifestyles:
endophytes, phytopathogens, both and others. Phylogenetic analysis was performed in
MEGA X by aligning the sequences using ClustalW, with a Maximum Likelyhood, 1500
Bootstraps, JTT method. Abbreviations are listed in Table 1.

Figure S2. Quality of protein models. A, Pc123 Lys1 ProSa; B, Pc123 Lysl “Rampage”
Ramachandran data; C, Pc123 Lys2 ProSa; D, Pc123 Lys2 “Rampage” Ramachandran
data; E, Pc123 Lys3 ProSa; B, Pc123 Lys3 “Rampage” Ramachandran data; F, Pc123 Lys4
ProSa; G, Pc123 Lys4 “Rampage” Ramachandran data.

Figure S3. Putative Pc123 LysM effectors are expressed in banana. vcpl (used as posi-
tive control) is overexpressed during root colonization. There were not found significant
differences in putative LysM expression between banana roots colonized by Pc123 and
Pc123 growing in minimal medium.

Table S1. NCBI BioProject and number of proteins containing LysM domains of P. chla-
mydosporia 123 and and 56 other organisms with diverse lifestyles.

Table S2. BLASTp of the putative effector Pc123 LysM 1. There are similarities with se-
quences of entomopathogenic fungi.

Table S3. BLASTp of the putative effector Pc123 LysM 2. There are similarities with se-
quences of entomopathogenic fungi.

Table S4. BLASTp of the putative effector Pc123 LysM 3. There are hardly any signifi-
cant similarities with sequences of other fungi, but saprophytic fungi are among them.

Table S5. BLASTp of the putative effector Pc123 LysM 4. There are similarities with se-
quences of phytopathogenic fungi.

Table S6. Percentage of model identity of the 4 putative LysM effectors of Pc123 when
tested with different proteins.

Table S7. Primers used in qRT-PCR.
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Supplementary Figure 1. LysM
domains of putative effectors of
different organisms are grouped
according to their way of life.
Phylogeny of putative LysM effectors
belonging to 27 different organisms,
only LysM domains (232 in total).
Phylogeny is grouped into lifestyles:
endophytes, phytopathogens, both and
others. Phylogenetic analysis was
performed in MEGA X by aligning the
sequences using ClustalW, with a
Maximum Likelyhood, 1500
Bootstraps, JTT method. Abbreviations
are listed in Table 1.
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Z-score

Z-score

PclLysl

A B
10
X-ray
B \NMR Residue [ 11 :ALA] ( -60.38, 175.72) in Allowed region
Residue [ 65 :GLY] (-110.59, 92.99) in Allowed region
Residue [ 71 :ASN] (-118.18, 63.84) in Allowed region
51 Residue [ 10@ :ASN] ( -98.11, 83.29) in Allowed region
Residue [ 104 :GLY] (-176.69,-189.17) in Allowed region
Residue [ 116 :LEU] ( -38.59, 1308.51) in Allowed region
Residue [ 12 :SER] ( -38.68, -23.47) in Outlier region
oA Residue [ 14 :LEU] ( 11©.82, 86.34) in Outlier region
Residue [ 55 :PRO] ( -22.08, 87.32) in Outlier region
Residue [ 115 :TYR] ( 69.42, 123.35) in Outlier region
Residue [ 119 :GLY] ( 45.88, -97.56) in Outlier region
Number of residues in favoured region (~98.0% expected) : 110 ( 908.9%)
=5 Number of residues in allowed region ( ~2.9% expected) : 6 ( 5.0%)
Number of residues in outlier region : 5 ( 4.1%)
»
_10.
. . |
L}
_15-
-20 . . . . .
0 200 400 600 800 1000
Number of residues
Pclys2
C D
Residue [ 53 :ASP] (-110.30, 44.38) in Allowed region
10 Residue [ 71 :ASP] (-149.91, -6.62) in Allowed region
X-ray Residue [ 139 :VAL] ( -57.78, -71.83) in Allowed region
B NMR Residue [ 140 :GLN] (-164.62, 116.85) in Allowed region
Residue [ 147 :LYS] ( 67.48, -28.71) in Allowed region
Residue [ 177 :GLY] ( 147.65, -28.93) in Allowed region
51 Residue [ 178 :TYR] (-116.33, 71.68) in Allowed region
Residue [ 202 :PRO] (-109.87, 169.12) in Allowed region
Residue [ 207 :LYS] ( 175.56,-170.53) in Allowed region
Residue [ 235 :ASN] (-109.79, 51.38) in Allowed region
0l Residue [ 277 :THR] (-131.76,-1592.85) in Allowed region
Residue [ 284 :ASP] ( 42.58, 67.41) in Allowed region
Residue [ 299 :THR] (-144.32,-163.99) in Allowed region
Residue [ 337 :LYS] (-137.38,-157.61) in Allowed region
Residue [ 339 :TRP] ( -39.41, 118.78) in Allowed regiocn
—5 Residue [ 342 :GLY] (-179.33, 189.59) in Allowed region
Residue [ 349 :HIS] (-122.73,-143.65) in Allowed region
Residue [ 358 :ASP] ( 45.16, 68.87) in Allowed region
Residue [ 18 :SER] ( 108.89, 168.47) in Outlier region
. Residue [ 124 :PRO] ( -27.60, 118.28) in Outlier region
-101 i Residue [ 198 :LY¥S] ( 64.88, 11.41) in Outlier region
L Residue [ 200 :GLY] (-148.21, 87.16) in Outlier region
! Residue [ 237 :SER] ( 15@.36,-152.55) in Outlier region
Residue [ 247 :GLN] ( 97.11, 152.65) in Outlier region
_154 Residue [ 260 :GLU] ( 163.66, 177.38) in Outlier region
Residue [ 269 :CYS] (-161.21,-136.67) in Outlier region
Residue [ 27@ :THR] ( -59.59,-130.64) in Outlier region
Residue [ 357 :ASP] ( 160.57,-115.48) in Outlier region
Residue [ 372 :SER] ( 162.19, 168.78) in Outlier region
-20 . . . . . Number of residues in favoured region (~98.0% expected) : 346 ( 92.3%)
0 200 400 600 800 1000  Number of residues in allowed region ( ~2.0% expected) : 18 ( 4.8%)
Number of residues Number of residues in outlier region 11 ( 2.9%)
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PclLys3

10
X-ray
I NMR
5 4
0 L]
.
{y
S -5
@
&
-10 1 ‘
S,
L}
_15 4
-20 v
0 200 400 600 800 1000
Number of residues
F
Residue [ 82 :ASP] (-133.73, 71.42) in Allowed region Residue [ 444 :SER] ( -70
Residue [ 98 :ASP] (-140.58, 48.35) in Allowed region Residue [ 448 :SER] ( -52
Residue [ 167 :THR] (-104.66, -74.88) in Allowed region Residue [ 451 :LEU] ( -77
Residue [ 168 :TYR] (-176.16, 1086.49) in Allowed region Res@due [ 468 :ASP] (-121
Residue [ 176 :CYS] (-134.81,-160.82) in Allowed region Residue [ 487 :SER] ( -81
Residue [ 213 :GLU] (-136.42,-161.27) in Allowed region Residue [ 492 :PHE] (-179
Residue [ 215 :CYS] (-117.48,-113.85) in Allowed region Residue [ 496 :SER] ( 73
Residue [ 235 :THR] (-138.33,-158.82) in Allowed region Residue [ 529 :LYS] ( 174

. . . Residue [ 532 :CYS] ( -64
Residue [ 236 :THR] ( -76.10,-166.84) in Allowed region Residue [ 533 :THR] (-137
Res;due [ 256 :ASP] ( -85.19, 39.87) in Allowed region Residue [ 539 :ASP] ( 58
Residue [ 259 :GLY] (-122.96, 65.10) in Allowed region Residue [ 547 :ARG] ( -49
Residue [ 263 :CYS] ( 74.30,-166.61) in Allowed region Residue [ 564 :LYS] ( 167
Residue [ 276 :LYS] (-167.19,-170.10) in Allowed region Residue [ 565 :SER] ( -68
Residue [ 296 :GLU] (-135.55,-111.32) in Allowed region Residue [ 614 :ASN] (-141
Residue [ 323 :THR] ( 45.81, 27.40) in Allowed region Residue [ 615 :CYS] ( -67
Residue [ 335 :ASN] ( 68.57, -10.16) in Allowed region Residue [ 625 :ASP] ( -66
Residue [ 347 :TYR] (-154.13,-166.35) in Allowed region Residue [ 663 :VAL] (-155
Residue [ 348 :CYS] ( -59.10, 185.85) in Allowed region Residug [\ 164 jCYS]\(} 59
Residue [ 356 :GLN] (-116.76, 70.73) in Allowed region ;es?iue [ ;g; ;2221 ( 1;2
Residue [ 368 :6LY] (-162.24, 188.62) in Allowed region esidue [ :SER] (

X X X Residue [ 288 :PRO] (-117
Residue [ 379 :THR] ( -81.34,-168.08) in Allowed region Residue [ 294 :ASN] (-173
Res%due [ 388 :SER] ( -57.26, 106.69) %n Allowed reg%on Residue [ 383 :LYS] ( 136
Residue [ 393 :PRO] ( -68.11,-173.47) in Allowed region Residue [ 336 :ARG] ( 156
Residue [ 394 :GLY] (-135.76,-110.61) in Allowed region Residue [ 372 :ARG] (-170
Residue [ 398 :ASN] ( 71.35, 146.85) in Allowed region Residue [ 381 :THR] ( 163
Residue [ 399 :CYS] (-179.92,-164.35) in Allowed region Residue [ 387 :PRO] ( -55
Residue [ 419 :CYS] (-121.66,-123.44) in Allowed region Residue [ 391 :TYR] (-167
Residue [ 426 :ASN] (-155.98,-138.48) in Allowed region Residue [ 395 :THR] ( -33
Residue [ 428 :VAL] (-139.21,-141.18) in Allowed region Residue [ 400 :SER] ( 166
Residue [ 433 :LEU] (-173.80, 116.84) in Allowed region Residue [ 430 :VAL] ( 170
Residue [ 434 :LEU] (-172.11, 96.50) in Allowed region Residue [ 432 :GLN] ( 126

. . . Residue [ 497 :GLY] (-176
Residue [ 435 :GLN] ( -31.63, 134.82) in Allowed region Residue [ 498 :6LY] (-156
Residue [ 436 :TRP] (-172.74,-179.89) in Allowed region Residue [ 502 ;LEU] ( 83
Residue [ 441 :SER] (-148.07,-151.15) in Allowed region Residue [ 584 :THR] (-176
Residue [ 564 :THR] (-176.83, -78.83) in Outlier region
Residue [ 509 :ILE] ( 1©2.68, 124.64) in Outlier region
Residue [ 598 :THR] ( 72.24, 133.99) in Outlier region
Residue [ 646 :THR] ( -27.91, 137.76) in Outlier region
Residue [ 649 :SER] (-163.46,-113.21) in Outlier region

Number of residues in favoured region
Number of residues in allowed region
Number of residues in outlier region
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Residue [ 182 :TYR] ( -37.22, 122.87) in Allowed region  pesidue [ 113 :SER] ( -50.10, -88.94) in Outlier region
Residue [ 200 :ALA] ( 76.37, -33.40) in Allowed region Residue [ 121 :LYS] ( 82.64, -7.84) in Outlier region
Residue [ 216 :ASN] (-114.51, 79.89) in Allowed region Residue [ 228 :PRO] ( -38.36, 84.55) in Qutlier region
Residue [ 226 :THR] ( -74.25, -64.50) in Allowed region Residue [ 264 :ILE] ( 39.8@, 82.76) in Outlier region
Residue [ 227 :PRO] ( -96.7@, 1@1.53) in Allowed region Residue [ 274 :6LU] ({ 148.38,-127.89) in Outlier region
Residue [ 229 :VAL] ( 45.66, 28.85) in Allowed region Resid 278 :SER 136 25’_173 76) in Outli :
Residue [ 249 :CYS] (-145.87,-166.83) in Allowed region p -1 E 83 jLEU} E 80-11,-158-36§ in Outlien recion
Residue [ 256 :GLN] (-165.86, 71.00) in Allowed region Residue [ 292 :VAL] ( —7.81, 153‘58) in Outlier region
Residue [ 276 :PHE] (-173.20,-165.98) in Allowed region . . o : . . &
Residue [ 277 :PHE] (-154.55, -82.33) in Allowed region  Residue [ 295 :TYR] ( 62.56, 149.e1) in Outlier region
Residue [ 290 :LEU] (-145.52,-156.21) in Allowed region  Residue [ 308 :ASN] ( 174.43,-102.68) in Outlier region
. . : - Residue [ 302 :ALA] ( 149.86,-153.92) in Outlier region
Residue [ 296 :TYR] (-132.51,-166.80) in Allowed region . . . .
Residue [ 318 :GLY] ( -65.55, -76.38) in Allowed region Residue [ 386 :ILE] ( 172.47, -37.99) in Outlier region
Residue [ 320 :PRO] (-100.87, 143.80) in Allowed region  Residue [ 308 :MET] (-164.42, -24.82) in Outlier region
Residue [ 339 :ASP] ( -98.84, 44.45) in Allowed region  Residue [ 319 :ALA] ( -83.84,-103.49) in Outlier region
. . 1 . . Residue 353 :PHE 46.16,-166.87) 1in Outlier region
Residue [ 346 :GLY] (-131.87, 63.26) in Allowed region . 2 . -
Residue [ 364 :CYS] ( 58.35,-104.34) in Allowed region  Residue [ 354 :ILE] ( -32.39, 145.79) in Outlier region
Residue [ 368 :LYS] (-151.68,-113.64) in Allowed region  Residue [ 357 :ASN] ( 82.88, -18.38) in Outlier region
Residue [ 378 :ASP] (-107.60, 58.11) in Allowed region  Residue [ 362 :GLN] ( -38.38, 72.46) in Outlier region
Residue [ 375 :VAL] (-152.89,-160.18) in Allowed region  Residue [ 365 :SER] ( -24.28, 133.36) in Outlier region
Residue [ 381 :PRO] ( -71.71, 100.19) in Allowed region  Residue [ 366 :GLY] ( 175.83, 45.32) in Outlier region
Residue [ 388 :LEU] ( 69.44, -18.78) in Allowed region  Residue [ 439 :LEU] (-157.93,-122.31) in Outlier region
Residue [ 467 :LYS] (-143.46,-143.25) in Allowed region  Residue [ 459 :ALA] ( 169.65,-167.48) in Outlier region
Residue [ 415 :SER] ( 174.90, 159.30) in Allowed region  Residue [ 463 :ASP] ( -70.90,-141.48) in Outlier region
Residue [ 416 :ASP] (-125.69, 59.91) in Allowed region Residue [ 480 :PRO] ( -55.43, -73.48) in Outlier region
Residue [ 450 :ASN] ( -90.73,-165.70) in Allowed region Residue [ 497 :SER] ( 159.63,-170.86) in Outlier region
Residue [ 462 :THR] ( -92.93,-151.07) in Allowed region Residue [ 505 :GLY] ( 164.89, 95.17) in Outlier region
Residue [ 479 :ASN] (-110.92, 62.93) in Allowed region Residue [ 509 :ARG] ( 101.87, 118.89) in Outlier region
Residue [ 491 :GLY] ( 178.56, 116.37) in Allowed region Residue [ 518 :PHE] (-172.33,-129.04) in Qutlier region
Residue [ 564 :ILE] (-140.52,-140.74) in Allowed region Residue [ 513 :ARG] ( 129.69,-132.73) in Outlier region
Residue [ 567 :CYS] (-139.66, -68.83) in Allowed region Residue [ 524 :ASP] ( -47.76,-109.66) in Outlier region
Residue [ 517 :GLY] ( -38.76, 149.1@) in Allowed region  Residue [ 549 :SER] (-175.30,-118.53) in Outlier region
Residue [ 519 :SER] (-142.79,-130.95) in Allowed region  Number of residues in favoured region (~98.0% expected) : 507 ( 88.2%)
Residue [ 520 :LEU] ( -53.74, 174.40) in Allowed region  Number of residues in allowed region ( ~2.8% expected) : 37 ( 6.4%)
Residue [ 557 :CYS] (-185.72, 71.67) in Allowed region  Number of residues in outlier region i 31 ( 5.4%)

Supplementary Figure 2. Quality of protein models. A, Pc123 Lys1 ProSa; B, Pc123 Lys1
“Rampage” Ramachandran data; C, Pc123 Lys2 ProSa; D, Pc123 Lys2 “Rampage”
Ramachandran data; E, Pc123 Lys3 ProSa; B, Pc123 Lys3 “Rampage” Ramachandran data; F,
Pc123 Lys4 ProSa; G, Pc123 Lys4 “Rampage” Ramachandran data.
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Supplementary Figure 3. Putative Pc123 LysM effectors are expressed in banana.
VCP1 (used as positive control) is overexpressed during root colonization. There were
not found significant differences in putative LysM expression between banana roots

colonized by Pc123 and Pc123 growing in minimal medium.
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Abstract

The Pochonia chlamydosporia 123 genome sequence assembly has been updated
using long-read PacBio sequencing and now includes 12,721 predicted genes.
Compared with the previous assembly based on short reads, there are 701 newly
annotated genes, and 69 previous genes are now split. Eight of the new genes
were differentially expressed during interactions between the fungus and

Meloidogyne javanica eggs or chitosan interactions.

A survey of the RN A-seq data revealed alternative splicing in the csn3 gene that
encodes a chitosanase, with four putative splicing variants: CSN3A, CSN3B,
CSN3C and CSN3D. When P. chlamydosporia is treated with 0,1 mg-mL-! chitosan
for four days, csn3 is expressed 10-fold vs. untreated controls. Furthermore, the
relative abundances of each of the four transcripts is different in chitosan
treatment compared with negative controls. In controls, the abundances of each
transcript are nil, 32 %, 55 %, and 12 % for isoforms CSN3A, CSN3B, CSN3C and

CSN3D respectively, whereas in chitosan-treated P. chlamydosporia, the
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abundances are respectively 80 %, 15 %, 2—3 %, 2—3 %. Since isoform CSN3A is
only expressed with chitosan, the putatively encoded enzyme is probably

induced and likely important for chitosan degradation.

1. Introduction

Pochonia chlamydosporia (Goddard) Zare and Gams (Pc) is an endophytic fungus
used for biocontrol of nematode eggs and females from plant parasitic
nematodes, including root-knot nematodes (RKN) as Meloidogyne javanica
(Olivares-Bernabeu and Lopez-Llorca, 2002) or M. incognita (Yang et al., 2012) and
cyst nematodes such as Globodera spp. (Tobin et al., 2008), among others. While
Pc is infecting M. javanica eggs, the fungus generates chitosan from chitin using
chitin deacetylases (Aranda-Martinez et al., 2016). The functional importance is
refelected in the observation that Pc has more genes encoding enzymes related
to chitin and chitosan degradation than any other sequenced fungus (Larriba et
al., 2014; Aranda-Martinez et al., 2016; Lin et al., 2018). Chitosanases (EC 3.2.1.132,
glycoside hydrolase 75, www.cazy.org) hydrolyze chitosan to oligosaccharides
(Thadathil and Velappan, 2014). They have been detected in plants (Kamerling
and Boons, 2007), where they have been considered as defence enzymes against
pathogens (Grenier and Asselin, 1990). Chitosanolytic enzymes are also present
in soil microorganisms (Wang et al., 2008; Hirano et al., 2012; Aktuganov et al.,
2018; Liu et al., 2020), most of them are chitosan-resistant, including Pc (Palma-
Guerrero et al., 2010). Chitosan enhances appressorium differentiation and RKN
egg parasitism by Pc (Escudero et al., 2016). Genes encoding chitosanases are
expressed by Pc on its own, with RKN eggs or with chitosan; but most-highly
when the fungus, RKN eggs and chitosan are present together (Aranda-Martinez

et al., 2016; Suarez-Fernandez et al., 2021).
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Higher eukaryotic organisms have evolved mechanisms to increase the
variability of proteins that are synthesized by a cell. Alternative splicing consists
of the generation of different transcripts from the same single DNA strand, which
results in proteins of different conformation and length, which usually have
different activities (Berlato et al, 2011). Alternative splicing patterns can
sometimes be detected in transcriptomic data, such as RNA-seq (Park et al., 2013).
In a system with multiple experimental conditions, a distinction can be made
between differential transcript expression (DTE) and differential transcript usage
(DTU; Soneson et al., 2016). In DTE, it is possible to observe expression changes
for at least one transcript between conditions. This implies gene overexpression
or repression. In DTU, transcript relative expression varies with experimental
conditions. DTU implies DTE, but not vice versa (Soneson et al., 2016). DTU
analyses can reveal genes that express different isoforms under given conditions.
This could be related to environmental adaptation. Although alternative splicing
has been found in fungi (Griitzmann et al., 2014), it has not been widely studied.
In this work we report the alternative splicing and gene expression patterns of a

chitosanase in Pc isolate 123 when the fungus is treated with chitosan.

2. Materials and Methods
Biological Material

Pochonia chlamydosporia var. chlamydosporia (=Metacordyceps chlamydosporia var.
chlamydosporium) isolate 123 (Pc123) (ATCC No. MYA-4875; CECT No. 20929)
was isolated from Heterodera avenae infected eggs (Olivares-Bernabeu and Lopez-

Llorca, 2002) in South-West Spain.
DNA isolation and sequencing

Pc123 conidia (final concentration 10° conidia-mL") were inoculated into 250 mL

flasks each containing 50 mL Potato Dextrose Broth medium (24 g-L). Flasks
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were incubated at 25°C with shaking at 120 rpm. After five days, mycelia were
recovered by filtration through Miracloth (Calbiochem) and washed twice with
sterile distilled water (SDW). DNA from Pc123 resulting fresh mycelia (ca. 0.5 g)
was extracted using DNeasy Plant Mini Kit (Qiagen) following manufacturer’s

instructions.

Pc123 DNA was sent to Macrogen Inc. to perform PacBio sequencing. PacBio
Sequel SMRT (20 Kb insert size) was used as Library, with PacBio Sequel SMRT

1 cell Run as sequencing platform. Throughput was around 6-7 Gb/spl.
Genome sequence assembly and homologues

We used an assembly strategy that combined de novo assembly of the new long
reads with the previously assembled and annotated genome sequence for Pc 123.
First, we refined the original Pc123 annotation using RN A-seq data from Suarez-
Fernandez et al. (2021) with Program to Assemble Spliced Alignments (PASA;
Haas et al., 2003). PacBio data were then assembled de novo with the long-read
sequence assembler Canu (Koren et al., 2017). Both assemblies were combined
using RagTag, a tool for reference-guided genome assembly improvement that
allows current annotation features to be preserved and updated for the new
reference (Alonge et al., 2019). BLASTx (NCBI) with standard genetic code and
non-redundant protein sequences as database was used to identify homologies

of selected novel genes of interest with other organisms.
Genome annotation and Alternative Splicing Analysis

PASA was then re-run on the new assembly to create a new annotation with
updated gene models, whilst retaining all previous annotation information.
Format conversion, data tidying and script preparation were done for alternative

transcript usage testing.

Predicted polypeptide and transcript sequences were analysed using Pfam to

detect conserved domains (Mistry et al., 2021), SignalP 5.0 to detect secretion
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signals (Almagro Armenteros et al., 2019), CPC2 to assess coding potential (Kang
et al., 2017) and NetSurfP-2 to detect intrinsically disordered regions (IDR)
(Klausen et al., 2019). The results of these searches were combined to analyse
alternative transcript usage using IsoformSwitchAnalyzeR (Vitting-Seerup and
Sandelin, 2017; Vitting-Seerup and Sandelin, 2019), which enables identification

and analysis of alternative splicing and isoform switches from RNA-seq data.
Identification of differentially spliced genes

After genome resequencing, RNA-seq data from Suarez-Fernandez et al. (2021)
were mapped against the updated genome using Salmon with a wrapper script
(align_and_estimate_abundance.pl) from the Trinity software package (Grabherr

etal., 2011).

RNA-seq data used for alternative splicing analyses were previously published
in Suarez-Fernandez et al., (2021). This RN A-seq dataset is from an experiment to
determine the transcriptomic effect of chitosan on Pc123 root-knot nematode
parasitism. We selected Pc (control, Pc growing in minimal medium for 4 days)
and PcQ (Pc growing in minimal medium amended with 0,1 mg-mL- chitosan

for 4 days) treatments from such experiment.

3. Results

PacBio sequencing reduced the number of scaffolds by almost 90% and

predicted 770 putative novel genes

PacBio reads were used to improve previous assembly of Pochonia chlamydosporia
123 (Pc123) genome (Larriba et al., 2014) (GenBank: GCA_000411695.2). We
transferred annotation, facilitating comparisons to previous experiments. Gene
models were updated using transcriptomic data (Suarez-Fernandez et al., 2021).

These include 20 original gene models that were merged to create 10 new genes
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and 69 genes that were split. Besides, 701 putative genes that were not previously
detected have also been identified, 499 of them non-overlapping with current
models. After PacBio sequencing, it was possible to reduce the number of
scaffolds from 956 to 121 and that of contigs from 9,087 to 8,409. Finally, after this
new sequencing, 12,721 genes were predicted, 770 more than in the previous
Pc123 genome prediction (AOSW02000000). Pc123 resequencing and genome

improvement is summarized in Table 1.

Table 1. Pc123 genome improvement after PacBio resequencing.

Previous genome information Updated assembly
Total sequence length 42,456,589 42,540,189
Scaffold N50 225,275 5,730,077
Number of scaffolds 956 121
Number of contigs 9,087 8,409

12,721 genes
Predicted genes 11,951 genes (11,951 original genes + 701 novel

genes + 69 split genes)

Transcriptomic data identified that eight of the newly identified novel genes
(novel_gene_495_5ed78efl,  novel_gene_946_5ed78efl,  novel_gene_431_5ed78efl,
novel_gene_491_5ed78efl,  novel_gene_506_5ed78efl, ~ novel_gene_82_5ed78efl,
novel_gene_117_bed78efl, and novel_gene_303_b5ed78efl) were significantly
differentially expressed in at least one RN A-seq treatment; three of these are non-
overlapping with current models. All of them are homologous to hypothetical
proteins from P. chlamydosporia 123, 170, Metarhizium anisopliae or Ustilaginoidea
virens except novel_gene 491 5ed78efl, for which no significant sequence
similarities were found (Table 2). None of the split or the merged genes were
significantly differentially expressed in any comparison.

Table 2. Eight novel genes were significantly different in at least one treatment in the RNA-seq

analysis published by Suarez-Fernandez et al. (2021) consisting of Pochonia chlamydosporia 123,
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root-knot nematode eggs and chitosan. Homologies for these new 8 genes were searched in the

NCBI database using BLASTx.

Homologous Protein ID Query
Gene name Organism Identity
gene Accession (NCBI) cover
novel_gene_495_5ed78efl  11G_00009526 P. chlamydosporia 123 ~ RZR64940.1 27% 99.06%
novel_gene_946_5ed78efl MANI_006770 M. anisopliae KFG78038.1 58% 60.81%

novel_gene_431_5ed78¢fi VFPPC_17841  P. chlamydosporia 170~ XP_022285428.1 39%  98.96%

novel_gene_491_5ed78efl No significant similarity was found

novel_gene_506_5ed78efl  11G_00009556 P. chlamydosporia 123 ~ RZR63873.1 51% 57.69%

novel_gene_82_5ed78efl ~ VFPCC_12483  P. chlamydosporia 170 ~ XP_018135817.1 64% 96.30%

novel_gene_117_5ed78efl  UVI_02037890 Ustilaginoidea virens GAO14123.1 88% 76.54%

novel_gene_303_5ed78efl  11G_00010980 P. chlamydosporia 123 ~ RZR69334.1 42% 73.04%

Chitosan stimulates the expression of an isoform of Pc123 cns3 gene

Chitosan induces alternative transcript usage in Pc123 (Figure 1). We have found
at least 20 alternatively spliced transcripts significantly expressed in Pc123
treated with chitosan (Table 3). Pc123 gene 11G_00010429 or csn3, (GenBank:
RZR62940.1) which encodes chitosanase 3 (Aranda-Martinez et al., 2016), shows
alternative transcript usage when the fungus is treated with 0.1 mg-mL-! chitosan
for four days. We have found four isoforms for csn3 (Figure 1A): rna-
gnl_ WGS:AOSW:11G_00010429-RA_mrna, rna-gnl WGS:AOSW:I11G_00010429-
RA_mrna.1.5ed7a624, rna-gnl_WGS:AOSW:11G_00010429-
RA_mrna.1.5ed7a624.2.5ee8159f and rna-gnl_WGS:AOSW:11G_00010429-
RA_mrna.1.5ed7a624.3.5ee8159f. We named these isoforms as CSN3A, CSN3B,
CSN3C and CSN3D, respectively.

In the chitosan-treated fungus Pc123 growing with chitosan, the total expression
(all isoforms) of csn3 is 10-fold higher than the total expression in the control
treatment without chitosan (Figure 1B). Adding chitosan to the medium increases

CSNB3A isoform expression by almost 10-fold (Figure 1C). Relative levels of csn3
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isoforms expression (Figure 1D) in controls are ca. 55% for CSN3C, ca. 32% for

CSN3B and ca. 12% for CSN3D, while CSN3A it is nil. In the chitosan-treated

fungus, CSN3A isoform represents ca. 80% of gene expression, CSN3B ca. 15%,

and CSN3C and CSN3D ca. 2-3%. This means that constitutive expression of

isoform CSN3A is low or nil in Pc123. However, it becomes the most expressed

isoform when chitosan is present in the growth medium of Pc123, suggesting that

this isoform is the most efficient at degrading chitosan to chitooligosaccharides,

offering a testable hypothesis for future study.

Table 3. Pc123 genes which show significantly expressed alternatively spliced transcripts in the

presence of chitosan.

Gene switch

Gene_id Condition1 Condition 2 Description (NCBI)
q-value

gene-11G_00008267 Pc PcQ 3.93E-20 Sell Repeat Protein

TRINITY_DN480_c1_gl  Pc PcQ 5.38E-17

gene-11G_00008582 Pc PcQ 3.71E-12 Hypothetical Protein

gene-11G_00001020 Pc PcQ 2.32E-09 Hypothetical Protein

gene-11G_00003455 Pc PcQ 5.84E-09 Hypothetical Protein

gene-11G_00009191 Pc PcQ 7.35E-09 Integral Membrane Protein

gene-11G_00010429 Pc PcQ 1.13E-08 ;‘;};ﬁ:‘;:sflg:;sﬁjis Protein

TRINITY_DN6688_c0_gl Pc PcQ 4.82E-07

gene-11G_00004447 Pc PcQ 7.32E-07 L-Amino-Acid Oxidase

TRINITY_DN214_c5_ gl  Pc PcQ 2.10E-06

TRINITY_DN862_c0_gl  Pc PcQ 4.39E-06

gene-11G_00005105 Pc PcQ 9.90E-06 Maltose Permease

TRINITY_DN10527_c0_g1 Pc PcQ 1.10E-05

gene-11G_00002935 Pc PcQ 2.18E-05 Hypothetical Protein

TRINITY_DN2643_c0_g2 Pc PcQ 2.27E-05

gene-11G_00004124 Pc PcQ 2.85E-05 Xifﬁ;i:ﬁ??f:i;ﬁggix )

TRINITY_DN6145_c0_gl Pc PcQ 2.86E-05

TRINITY_DN23708_c0_gl1 Pc PcQ 2.96E-05

TRINITY_DN12187_c0_gl1 Pc PcQ 4.61E-05

TRINITY_DN6613_c0_gl Pc PcQ 5.04E-05
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Figure 1. Pc123 I1G_00010429 (RZR62940.1, csn3) isoforms expression with chitosan. A, csn3
isoforms structure. B, csn3 total gene expression with chitosan. C, absolute expression values of
the four csn3 isoforms. D, relative values of the alternative transcript usage of csn3 with and
without chitosan. Abbreviations: Pc (control without chitosan), PcQ (P. chlamydosporia 123 treated

with 0.1 mg-mL- chitosan for 4 days; Suarez-Fernandez et al., 2021).

4. Discussion

In this work, we have found that chitosan induces alternative splicing events in
csn3 from Pochonia chlamydosporia 123. Alternative splicing occurs naturally in
fungi (Griitzmann et al., 2014; Sieber et al., 2018). This is an important emerging
issue in the regulation of fungal gene expression. Previous work has
demonstrated that alternative splicing events are present during root
colonization by arbuscular mycorrhizal fungi (Zorin et al., 2020) and during plant
infection by Sclerotinia sclerotiorum (Ibrahim et al., 2021). Therefore, fungi activate
alternative splicing processes under different conditions to adapt to changing

environment. This suggests alternative splicing events may be related to
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epigenetics (Luco et al., 2011) and it may be the environment that determines
transcripts relative expression. It has been shown that fungi, as well as animals
and plants, are highly dependent from epigenetics (Madhani, 2021). Therefore,
studying fungal alternative splicing is promising as a basis for future studies
related with environmental effect on gene expression. Understanding the
mechanism by which a fungus generates a series of transcripts from a single DNA
molecule could help to unravel how it responds to a stimulus. Thus, not having
into account transcriptional variants in RNA-seq analyses causes alternative
transcript usage in key genes may be lost. This could lead to incomplete
conclusions. Thus, proper RNA-seq analyses should consider splicing variants
(Stephan-Otto Attolini et al., 2015). Previous studies of alternative splicing in
chitosanases demonstrate that differential expression, as in the case of csn3, is a
common event (Yamada et al., 1997). Based on that work, we believe that csn3
isoforms could have different functions or even locations (Yamada et al., 1997).
On the other hand, Pochonia chlamydosporia 123 (Pc123) is known to have high
chitosanolytic activity (Palma-Guerrero et al., 2010) due to its high content in
chitosanases (Aranda-Martinez et al., 2016). Future work will extend alternative
transcript usage analyses to the rest of Pc123 chitosanases encoded in its genome
in order to determine if they also undergo alternative splicing events. Aranda-
Martinez et al. (2016) shown that csn3 was induced 6-fold during Pc123 RKN
parasitism. Besides, expression value of csn3 when Pc123 infects RKN eggs in a
medium amended with chitosan almost doubles the value respect to only-
chitosan treatment (Suarez-Fernandez et al., 2021). This suggests csn3 is one of
the key genes that take part in RKN parasitism process and chitosan enhances its
expression. The chitosan-promoting isoform may be related to the degradation
of this polymer in bulk form, while other isoforms may be related to the
degradation of chitosan in the fungal or RKN egg wall. This could open new
insights into understanding fungal resistance to chitosan and RKN egg infection

processes.
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General Discussion

GENERAL DISCUSSION

In this PhD, we have studied the molecular aspects of the tritrophic lifestyle of
Pochonia chlamydosporia, an endophytic biocontrol fungus of plant parasitic nematodes.

We have dealt with three main points:

1. Molecular dialogue in the rhizosphere:

1.1 Induction of defence metabolites in plant root exudates by chitosan

1.2 Effect of chitosan on P. chlamydosporia — root-knot nematode (RKN) eggs

molecular interactions

2. Fungal strategies to evade plant immune system: LysM effectors of P.
chlamydosporia and other beneficial fungal endophytes
3. A new way to regulate gene expression potential in P. chlamydosporia 123:

alternative splicing

In the first Chapter, we have shown that chitosan induces plant hormones and
defences in tomato root exudates. Chitosan molecules (both from P. chlamydosporia cell
wall and those externally added) first face is the plasma membrane of the plant root cells.
Chitosan can modify plasma membrane functionality (Palma-Guerrero et al., 2010;
Hernandez-Lauzardo et al., 2011). In this work we have seen that chitosan affects root
apex cells of tomato plants. These cells lose viability, which is reflected in a decrease in
membrane potential. This depolarization could increase reactive oxygen species (ROS)

(Chatterjee et al.,, 2012). Chitosan has also shown to enhance biosynthesis of plant
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phenolic compounds through phenylpropanoid pathway (Xoca-Orozco et al., 2019).
Plant hormone biosynthesis is also linked to the production of ROS (Kwak et al., 2006).
This could explain the release of plant hormone caused by chitosan in our experiments.
These hormones could also accumulate in root tissues (Lopez-Moya et al., 2017),
activating plant immunity (Kerchev et al., 2020). We show in Chapter 1 that root exudates
from chitosan-treated plants reduce the activity of economically important root
pathogens. Those root exudates reduce hatching of RKN eggs and hyphal growth of the
wilt fungus Fusarium oxysporum £. sp. radicis lycopersici (FORL). Conversely, they do not
affect the development of the nematophagous fungus P. chlamydosporia. Endophytic
biocontrol agents (EBCAs) such as Bacillus pumilus, Beauveria bassiana and Metarhizium
anisopliae are resistant and, therefore, compatible with chitosan (Benhamou et al., 1998;
Palma-Guerrero et al., 2007; Palma-Guerrero et al., 2010). Future studies could involve
the combination of beneficial microbial consortia with chitosan for plant protection. To
this respects, combinations of chitosan with EBCAs have already been successfully
patented (Xu, 2018; Liu et al., 2018; Ansari, 2020) for agronomic use. However, they are
not yet fully implemented in the market due to economic competition with yet existing
nematicides from multinationals (e.g. Velum® from Bayer or TERVIGO® from

Syngenta).

Chitosan enhances plant growth and development (Spiegel et al., 1988; Lee et al.,
2005; Kowalski et al., 2007; Angelim et al., 2013; Vasconcelos, 2014; Ghasemi Pirbalouti et
al., 2017; Mingot-Ureta et al., 2020). This could be explained by the increase in plant

hormone secretion we found when irrigating with chitosan. Therefore, chitosan would
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not only be an elicitor of plant defences but may also improve crop yield. Furthermore,
chitosan has a direct effect antimicrobial effect (Raafat and Sahl, 2009) on sensitive
microbes. However, fungi such as P. chlamydosporia, are chitosan-resistant because they
have evolved in a chitin/chitosan rich environment (e.g. cell wall and nematode egg-
shell) and have tools for its degradation (Aranda-Martinez et al., 2016). It could be
argued that nematodes may have the ability of resist or even degrade chitosan, since
their egg-shell includes a thick chitinous layer (Wharton, 1980). However, induction of
plant defences by chitosan is known to reduce Meloidogyne infections (Vasyukova et al.,
2003). Future metagenomics studies (Daniel, 2005; Sarma et al., 2012) will determine how
chitosan affects soil biota. This will be crucial for the development of chitosan treatments

in the field.

In the second Chapter of this thesis, we discuss the molecular mechanisms involved
in chitosan resistance and the effect of chitosan on RKN egg infection by P.
chlamydosporia. When P. chlamydosporia parasitizes RKN eggs, chitosan is mostly on
appressoria at the points of egg-shell penetration (Aranda-Martinez et al., 2016). When
chitosan is present in the medium, it surrounds all cells. This perhaps explain why a
chitosan solution on its own modifies the expression of more P. chlamydosporia genes
than RKN eggs do. Furthermore, chitosan causes more gene repression than activation.
On the other hand, RKN stimulate P. chlamydosporia to overexpress rather than repress
genes. Works on nematode-trapping fungi also show RKN to induce fungal gene
expression (Pandit et al., 2017) when the fungus is activating parasitic pathways. In the

chitosan-sensitive fungus Neurospora crassa (Lopez-Moya et al., 2016), chitosan promotes
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gene repression rather than activation, just as we found for the chitosan-resistant fungus
P. chlamydosporia in this PhD thesis. This indicates that in both sensitive and chitosan-
resistant fungi, the molecular mechanisms that regulate the response to this polymer act,
mainly, by repressing genes. Gene Ontology (GO) terms related to redox metabolism are
the most affected by chitosan. In Chapter 1, chitosan depolarized the plant root cell
membrane. We propose it may also depolarize P. chlamydosporia cell membrane, so that
ROS synthesis in the fungal cells is enhanced. The generation of ROS causes an excessive
response in the cell, so that its gene modification to cope with stress is elevated. Fatty
acids, alkaloids and sugars, among others, were identified in root exudates of plants
treated with chitosan (Chapter 1). These molecules are related to the oxidative
metabolism (Sachan et al., 2010; Ryu et al., 2015). Chitosan induces in P. chlamydosporia
methylation, cell cycle, lipid metabolism, energy, chitin and chitosan degradation,
metallocarboxypeptidase activity and structural constituent of cell wall GO terms. In our
study, chitosan also enhances subtilisin S8/S53 expression. This may help the fungus to
adapt to the ecological niches, by facilitating nutrition (Li et al., 2017). Peptidase Al,
involved in pant parasitism (Krishnan et al., 2018), peptidase A4 and metallo-
endopeptidases are also upregulated with chitosan. The expression of genes encoding
this wide variety of proteases means that P. chlamydosporia modifies its environment to
adapt to a chitosan-rich medium. In chitosan treatments, genes encoding chitosanases
(glycoside hydrolase family 75 proteins) are among the most overexpressed. This reflects
the high capacity of the fungus to degrade this polymer. Aranda-Martinez et al., (2016)
demonstrated the key role these enzymes have in the parasitism of nematode eggs.
Alternative splicing of chitosanase expression, as in the example of csn3 shown in

Chapter 4, could indicate the genetic plasticity that the fungus has in coping with

240



General Discussion

chitosan environments. Genes encoding sugar carriers are also overexpressed with
chitosan. Therefore, sugars degraded in the external environment by chitosanases are
actively taken-up by the fungal cells. Enzymes related to the metabolism of sugars are
also overexpressed in chitosan treatments, indicating the high metabolic potential of P.
chlamydosporia to degrade and assimilate polysaccharides and chitin-derived polymers

in particular.

Previous works have shown that chitosan applied exogenously increases RKN egg
parasitism by P. chlamydosporia (Escudero et al., 2016). We have shown that the
expression of FLO1 encoding gene increases with chitosan. FLO1 is a flocculation protein
present in yeasts, related to hyphal adhesion (Moreno-Garcia et al., 2018). We
hypothesize that the FLO1 type mannose binding glycoprotein putatively encoded from
P. chlamydosporia could be involved in adhesion of the fungus (perhaps appressoria) to
the nematode egg-shell. FLO proteins are induced by IAA (Prusty et al., 2004). We have
shown in Chapter 1 that chitosan induces IAA in tomato root exudates, which could
enhance P. chlamydosporia adhesion to RKN eggs and roots. To this respect, Concanavalin
A, a plant lectin recognizing mannose is known to bind appressoria of P. chlamydosporia
infecting nematode eggs (Lopez-Llorca et al., 2002). A CRAL/TRIO domain protein is
also upregulated, which is related to the binding to small lipophilic (hydrophilic)
molecules (Panagabko et al., 2003). This protein could be also involved in the boundary
of the fungus to the egg-shell lipid layer (Johnston and Dennis, 2012). A putative Som1
protein, upregulated in RKN parasitism, is a non-catalytic component of the

mitochondrial internal membrane peptidase (IMP) complex. IMP complex catalyzes the
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removal of signal peptides necessary for the orientation of proteins from the
mitochondrial matrix, through the inner membrane, to the intermembrane space (Esser
et al., 1996; Liang et al., 2004). According to these results, P. chlamydosporia activates
proteolysis and the respiratory chain complex of mitochondria for parasitizing
nematode eggs, probably related to ROS response. In conclusion, P. chlamydosporia
deploys its gene machinery for binding peptides, lipids and carbohydrates, which are
structurally part of the nematode egg-shell. Chitosan facilitates this adhesion and then

egg parasitism (Escudero et al., 2016).

Complete analysis of P. chlamydosporia tritrophic lifestyle also comprises fungal-
plant interactions. P. chlamydosporia and other nematophagous fungi may have evolved
from endophytes, including pathogens (Lopez-Llorca et al., 2006), escaping the fierce
competition of the rhizosphere by diversifying their diet with protein from soil
invertebrates such as nematodes (Zhang et al., 2020). As it has been shown in Chapter 2,
eight genes related to RKN egg parasitism or chitosan management are also related to
plant root colonization by P. chlamydosporia. This could suggest that parasitism and
endophytism in P. chlamydosporia share a common gene toolbox. In Chapter 3 of this PhD
thesis, we investigate the presence of LysM effectors (Kombrink and Thomma, 2013). We
have found four genes encoding putative LysM effectors in the P. chlamydosporia 123
whole genome. We show that all of them have signal peptide and they are expressed.
Putative LysM effectors from P. chlamydosporia 123 PcLys1 and PcLys4 encoding genes
have homologous sequences in P. chlamydosporia 170 genome (Lin et al., 2018). However,

no homologous sequences for PcLys2 or PcLys3 encoding genes have been found. This
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is in spite of both strains sharing more than 80% of their genomes with high homology
(96%; Lin et al., 2018). This suggests that LysM effector encoding genes may be subjects
of differential evolution. PcLysl and PcLys2 are homologous to LysM domain
containing proteins from Metarhizium spp. and Beauveria spp., which are both
entomopathogenic fungi and EBCAs. PcLys3 displays low homology with other
organisms (less than 50%), most of them saprophytes (Fusaria and Aspergilli). PcLys4
has homology with predicted proteins from Colletotrichum spp., a phytopathogenic
fungus. Based on homologies, these four putative LysM effectors from P. chlamydosporia
123 seem to reflect its tritrophic lifestyle. Nevertheless, WebLogo analysis showed that
in all LysM domains of putative LysM effectors of P. chlamydosporia, cysteines (positions
12, 39 and 49) and the Trp-Asn-Pro/Leu-Asn-Pro (WNP/LNP) set (positions 30-32) are
conserved. This indicates that domains of P. chlamydosporia putative LysM effectors
belong to the fungal group (Ackapinar et al., 2015). Moreover, N-Acetylglucosamine
(GleNACc) binding sites of putative P. chlamydosporia LysM effectors share positions with
those of a chitinase from Pteris ryukyuensis (Onaga and Taira, 2008) and the LysM effector
Ecp6 (Sanchez-Vallet et al., 2013). This suggests that the motifs for target binding are
evolutionary conserved. Nematophagous fungi such as Arthrobotrys oligospora
(nematode-trapping fungus; Zhang et al., 2013) P. chlamydosporia (root-knot nematode
egg and female parasite) and Pleurotus ostreatus (toxin-producing nematophagous
fungus; Soares et al., 2018), as well as entomopathogens such as Beauveria bassiana and
Metarhizium robertsii encode a high number of putative LysM effectors. This is probably
due to their interaction with GlcNAc containing polymers from their invertebrate hosts
(nematode egg-shell or insect cuticle). Fungi also have chitin in their cell wall, which

could explain why putative LysM effectors from P. chlamydosporia are induced
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constitutively in our study. We have also found that LysM motifs have developed
divergent evolution in endophytes and plant pathogens. We propose that LysM effectors
may reflect the lifestyle of a fungus. Perhaps altogether these results suggest that the
tritrophic lifestyle of P. chlamydosporia may be the result of coevolution with plants, chitin

and chitosan.

In conclusion, this PhD thesis comprises a multiomics study of the effect of chitosan
on the tritrophic lifestyle of P. chlamydosporia 123. The elicitor effect of chitosan on plant
defences, as well as the enhancement of proteases and adhesives in RKN egg infection
lay the foundation for future studies related to the combined use of the fungus and
chitosan for plant protection. The functional and expression study of the putative LysM
effectors of P. chlamydosporia 123 could be complemented by overexpression of these
proteins. These could be included in a combined fungal-chitosan system to enhance
endophytism of P. chlamydosporia. We have also show that chitosan induces alternative
expression of csn3 in the fungus. Extending these studies to other genes could help to
determine which mechanisms are key in the degradation of this polymer and which
could increase the pathogenicity of RKN by P. chlamydosporia. Furthermore, the
combined use of these agents in crops could serve for future sustainable pest and disease

management, mainly RKN.
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Conclusions

CONCLUSIONS

The conclusions of this work are:

1. Chitosan induces exudation of hormones and plant defence
metabolites in tomato roots.

2. Increasing chitosan concentration depolarizes the membrane of tomato
root apex cells.

3. Root exudates from chitosan-treated plants inhibit development of the
wilt fungus Fusarium oxysporum f.sp. radicis lycopersici and hatching
of Meloidogyne javanica eggs. They have no effect on the biocontrol
fungus Pochonia chlamydosporia.

4. Chitosan mostly represses Pochonia chlamydosporia 123 gene expression.
Meloidogyne javanica eggs mostly induce gene expression in Pochonia
chlamydosporia 123.

5. Chitosan induces mostly genes involved in reactive oxygen species
response, proteolysis, membrane transporters, and sugar metabolism
in Pochonia chlamydosporia.

6. Pochonia chlamydosporia adhesion, protease and chitosanase encoding
genes induction by chitosan and Meloidogyne javanica eggs, may
explain the increase of pathogenicity of the fungus with chitosan.

7. Pochonia chlamydosporia has four putative LysM effector encoding
genes that are constitutively expressed.

8. Pc LysM1 is the smallest and most constitutively expressed of putative

LysM effectors.
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Conclusions

10.

11.

N-acetyl glucosamine binding sites of Pochonia chlamydosporia 123
putative LysM effectors are evolutionarily conserved.

The LysM domain patterns differ with fungal lifestyle (e.g. endophytes
vs. pathogens).

Pochonia chlamydosporia chitosanase 3 encoding gene (csn3) undergoes

alternative splicing in the presence of chitosan.
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