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Resumé

Le manioc (Manihot esculenta Crantz) nourrit environ 800 millions de personnes et soutient
I'économie des agriculteurs a faible revenu sous les tropiques. Les stress biotiques notamment
causés par des virus et bactéries sont responsables d’importantes pertes économiques.
Xanthomonas phaseoli pv. manihotis (Xpm) est I’agent causal de la bactériose vasculaire du manioc
(CBB) qui est une des bactérioses les plus dévastatrices de cette culture. La CBB est une maladie
vasculaire et systémique pouvant entrainer de fortes pertes de rendement. Xpm dépend
notamment de ses effecteurs de type Il pour contourner l'immunité des plantes et coloniser les
tissus de I'hote. Ces effecteurs comprennent les Xanthomonas outer proteins et les Transcription
Activator-Like effectors (TALE) qui agissent comme de véritables facteurs de transcription
eucaryotes. Une fois injectés dans la cellule cible, les TALE migrent vers le noyau de I'hote et ciblent
des motifs d'ADN spécifiques (effector binding element, EBE) via des motifs répétés situés dans la
région centrale de la protéine. Une fois fixé sur le promoteur du géne cible, les TALE interagit avec
les facteurs de transcription de I'h6te via sa région C-terminale, recrutant ainsi I'ARN polymérase de
type Il pour initier la transcription du géne. Les TALE jouent un role clé dans la pathogenese de Xpm,
notamment via l'activation transcriptionnelle de génes de susceptibilité (S) tels que le géne
MeSWEET10a qui code pour un transporteur de sucrose. S’il est connu que TAL20xamess et
TAL14xamess €t leurs homologues sont des facteurs de virulence majeurs de Xpm car favorisent le le
développement de Iésions aqueuses et la croissance bactérienne in planta, on connait mal la
diversité des TALE parmi les populations de Xpm, la distribution des TALE de virulence majeurs, et
les autres déterminants de la maladie. Dans cette these, nous avons traité ces questions selon trois
chapitres : i) diversité et fonction des TALEs, ii) génes S alternatifs, et iiii) développement d’un outil
de type CRISPRi pour éteindre |'expression des TALE chez Xanthomonas. L'étude de la diversité et
de la fonction des TALEs a révélé 13 nouveaux variants chez Xpm, dont un avec 22 répétitions qui
active MeSWEET10a. De plus, nous avons identifié deux cas potentiels de convergence
fonctionnelle. La pertinence de ces résultats réside dans la description de nouveaux variants de TALE
majeurs et de « hubs » de sensibilité potentiels. L'étude des génes S alternatifs a conduit a
I'identification de MeSWEET10e qui code un nouveau transporteur de sucre SWEET manipulé par
Xpm. MeSWEET10e semble toutefois induit indirectement par des variants de TALE15 mais le
mécanisme reste a découvrir. Ces résultats sont utiles pour la génération de variétés de manioc
durablement résistantes a Xpm. Enfin, ayant rencontré des difficultés pour muter les TALE dans
certaines souches de Xpm, nous avons mis en place une plateforme d’extinction de I’expression
génique basée sur la technologie CRISPRI, qui pourrait étre extrapolée a d'autres familles de genes
et a d'autres espéces de Xanthomonas. Trois ARN guides (sgRNA) ont été congus pour éteindre les
TALE de Xpm, et nous avons montré que la plupart des TALE d'une souche sont bien éteints par un
seul sgRNA, provoquant une diminution des symptomes et des titres bactériens in planta. En outre,
des TALE protégés contre les sgRNAs sont bien exprimés dans les souches exprimant les sgRNA, ce
qui permet des tests de complémentation. L’utilisation de cet outil chez X. cassavae, un pathogene
non vasculaire du manioc, montre une réduction forte des symptomes révélant I'implication des
TALEs dans la virulence de ce pathogéne orphelin. Notre étude fournit une plateforme CRISPRi utile
pour évaluer le réle des TALEs lors de la colonisation de I'hote, et globalement, pour I'analyse
fonctionnelle de familles multigéniques chez cette espéce.



Abstract

Cassava (Manihot esculenta Crantz) is a staple crop that feeds about 800 million people and supports
the economy of low-income farmers in tropics. Due to its outstanding performance, cassava grows
under a wide range of temperatures, soil pH, salinity degrees, and water availability, which is highly
desirable for climate change adaptation. Biotic stresses affecting cassava include pests and
pathogens, being viral and bacterial pathogens the most economically relevant. The cassava mosaic
disease and the cassava brown streak disease are the two main viral cassava diseases, which cause
important yield losses. Among bacterial pathogens, Xanthomonas phaseoli pv. manihotis (Xpm),
causal agent of the Cassava Bacterial Blight (CBB), is the most relevant one. CBB is a vascular disease
characterized by water-soaked angular leafspots, leaf blight, wilting, stem rotting, and dieback. Xom
relies on its effectors to subvert plant immunity and establish successful infections. These effectors
include Xanthomonas outer proteins and Transcription Activator-Like effectors (TALEs). TALEs are
bacterial effectors that, once translocated to the host cell, migrate to the nucleus and search for
specific DNA motifs (effector binding element - EBE) by means of their repetitive central region.
Once located onto the target EBE, the C-terminal region interacts with host transcription factors and
recruits the RNA polymerase to initiate transcription of downstream genes. TALEs play key roles in
Xpm pathogenesis, notably through the transcriptional activation of susceptibility (S) genes like the
sugar transporter MeSWEET10a. Although it is known that TAL20xamess and TAL14xamess and their
homologs are key factors that enhance water-soaking and in-planta bacterial growth (known as
major virulence TALEs), little is known about TALE diversity among Xpm populations, the distribution
of the major virulence TALEs, and other mechanisms used by Xpm to promote disease. In this thesis,
we addressed these matters in three chapters: i) diversity and function of TALEs, ii) search for
alternative S genes, and iii) development of a CRISPRi-based tool to study TALE biology. The study
of TALE diversity and function revealed 13 novel variants in Xom, including a variant with 22 repeats
that activates the S gene MeSWEET10a. Moreover, we identified two potential cases of functional
convergence. The relevance of these results lies in the description of new variants of major virulence
TALEs and potential TALE-targeted hubs. The study of alternative S genes led to the identification of
another SWEET sugar transporter, MeSWEET10e, that is transcriptionally activated by Xpm,
potentially as a secondary target of TALE15 variants. Phylogenies indicate that Xpm TALEs and their
linked capabilities to activate MeSWEETs come from at least two different ancestor genes
(convergent evolution). These findings will be useful in the conception of Xpm-resistant cassava
varieties. Finally, as we faced difficulties to mutate TALEs in some Xpm strains, we set a silencing
platform based on CRISPR interference (CRISPRi), which could be extrapolated to other gene families
and other Xanthomonas species. Three single guide RNAs (sgRNAs) were designed to silence Xpm
TALEs, and our data show that most TALEs in a strain can be silenced by one individual sgRNA.
CRISPRi silencing resulted in decreased symptoms and lower in-planta bacterial titers. Furthermore,
plasmid-borne TALEs protected against sgRNAs were expressed in the strains undergoing silencing
and allowed complementation. Implementation of this platform in Xanthomonas cassavae, a non-
vascular pathogen of cassava, demonstrated for the first time the role of TALEs in this orphan
pathosystem and suggested the role of MeSWEET10a as a target of Xc. Our study provides a useful
CRISPRIi platform to assess the role of TALEs during host colonization, and overall, for the functional
analysis of multigene families in this species.
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ABA | Abscisic acid
ABJ3 | Abscisic acid insensitive3
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SWEET | Sugars Will Eventually be Exported Transporters
TO | Primary transformants
T1SS | Type-l secretion system
T2SS | Type-ll secretion system
T3E | Type-lll effectors
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T4SS | Type-IV secretion system
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TALE | Transcription Activator-Like effector
TALEN | Transcription Activator-Like effector Nuclease
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TDF | Transcript-derived fragments
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Xam | Xanthomonas phaseoli pv. manihotis (f.k.a., Xanthomonas axonopodis pv.
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Xcm | Xanthomonas citri pv. malvacearum
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Xpm | Xanthomonas phaseoli pv. manihotis (f-k.a., Xanthomonas axonopodis pv.
manihotis)
Xpp Xanthomonas phaseoli pv. phaseoli

Xtt | Xanthomonas translucens pv. translucens
Xtu | Xanthomonas translucens pv. undulosa
YPG | Yeast peptone glucose medium
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Résumé détaillé des activités réalisées au
cours de |la these

Introduction

Le manioc (Manihot esculenta Crantz) est une plante pérenne ligneuse de la famille des
Euphorbiacées, caractérisée par de grosses racines tubéreuses amylacées appréciées pour leurs
valeurs nutritionnelles et énergétiques. Grace a un certain nombre de mécanismes qui optimisent
son utilisation de I'eau, cette plante est hautement tolérante a la sécheresse ce qui la rend
particulierement adaptée a des sols oU d'autres cultures échoueraient. Sa grande tolérance a
différents stress abiotiques comme notamment la température, le pH et la salinité, font du manioc
une culture qui pourrait jouer un réle important dans un contexte de changement climatique. Le
manioc est largement cultivé comme culture vivriere de base dans les régions subtropicales
d'Afrique, d'Asie et d'Amérique latine, contribuant a la sécurité alimentaire et économique de ses
pays. Les plants de manioc se propagent a partir de boutures de tiges, ce qui permet d'obtenir un
matériel de plantation peu colteux et facilement disponible. Cette culture peut produire jusqu'a
250 kcal/ha/jour, soit plus du double du rendement calorique du blé et du sorgho, et bien plus que
celui du mais, de la patate douce et du riz. La culture du manioc nourrit environ 800 millions de
personnes, dont un peu plus de la moitié recoit plus de 100 calories par jour sous les tropiques. La
majorité de cette culture est exploitée par des agriculteurs a faible revenu sur de petites
exploitations. On estime que plus de 70% de la production est consacrée a |'alimentation humaine,
tandis que les 30% restants sont utilisés pour I'alimentation du bétail et l'industrie de I'amidon et
des biocarburants.

Le manioc est menacé par plusieurs ravageurs comme les aleurodes, les cochenilles et les acariens,
ainsi que par des agents pathogenes viraux, bactériens et fongiques. Bien que les ravageurs puissent
causer d'importantes pertes de rendement, certaines pratiques culturales et des agents de controle
biologique peuvent atténuer leur impact. La maladie de la mosaique du manioc (CMD) et la maladie
de la striure brune du manioc (CBSD) sont les deux principales maladies virales du manioc dans
I'hémisphére Est, causant d'importantes pertes de rendement. Les pathogénes fongiques comme
Cercospora spp et Colletrotrichum spp, bien qu’étant capables d’infecter le manioc, sont considérés
comme ayant des impacts mineurs sur la culture, affectant marginalement le rendement des racines
et la qualité des boutures, généralement lors d’infections mixtes avec d'autres pathogenes. Parmi
les pathogénes bactériens, Xanthomonas phaseoli pv. manihotis (Xpm), I'agent causal de la
bactériose du manioc (CBB), est considéré comme la menace d’origine bactérienne la plus
importante pour cette culture.

Le CBB se caractérise par une série de symptomes qui affectent principalement les feuilles, les
pétioles et les tiges, entrainant fréquemment la mort de la plante. Xom pénétre dans les feuilles par
les stomates et les blessures, et colonise initialement I'apoplaste du mésophylle. A mesure que la
maladie progresse, les bactéries accedent aux vaisseaux du xyléme a partir du mésophylle et se
déplacent vers la tige par les pétioles. La colonisation des vaisseaux dans la tige permet a Xpm de se
déplacer de maniére systémique vers le haut et vers le bas. Lorsque l'infection atteint la partie
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supérieure de la plante, ou les tissus de la tige sont plus verts et moins lignifiés, la pourriture de la
tige entraine un dépérissement caractérisé par le flétrissement de I'apex de la pousse. De 1970 a
1975, en République démocratique du Congo ou la diversité des cultures de manioc était a I'époque
faible et ou la dépendance alimentaire et économique vis-a-vis du manioc était considérable, la
propagation du CBB a été a I'origine d'une importante période de famine. Les pertes de rendement
peuvent atteindre les 100%, avec une médiane d'environ 50% dans les variétés sensibles. A ce jour,
Xpm a été signalé dans 49 pays situés dans toutes les régions tropicales ou le manioc est cultivé, ce
qui souligne I'endémicité du pathogene et de la maladie.

Xpm est une gamma protéobactérie a Gram négatif appartenant a la famille des
Xanthomonadaceae. Comme les autres espéces de Xanthomonas, elle posséde de 13 a 23 effecteurs
Xop, avec un noyau de 9 effecteurs conservés : HpaA, HrpF, XopE1, XopV, Hpa2, XopAK, XopL, XopN
et XopAE (alias HpaF). Il a été démontré que ces effecteurs jouent un role clé dans I'Effector
Triggered Susceptibility (ETS). D’autres effecteurs de type lll, les effecteurs TALE (Transcription
Activator-Like effectors) sont invariablement présents dans les souches de Xpm. Un criblage de 65
souches par RFLP a montré que toutes contenaient entre un et cinq TALEs et que la plupart étaient
portés par des plasmides. Il a été démontré que les TALEs sont importants pour la pathogénie de
Xpm. Les TALEs ont une structure particuliere qui a évolué pour se lier spécifiquement au promoteur
de genes de I'hote poury recruter I’ARN polymérase de type Il et initier la transcription. La structure
de la protéine peut étre divisée en trois parties : la région N-terminale, la région centrale répétée et
la région C-terminale. La région N-terminale contient le signal de translocation vers I'hote. La région
C-terminale quant a elle comprend des signaux de localisation nucléaire permattant I'importation
du TALE dans le noyau de la cellule héte, une région de liaison a des facteurs généraux de la
transcription, et un domaine d'activation de la transcription de type eucaryote. Enfin, la région
centrale contient de une a 33 répétitions modulaires qui codent généralement pour 33 a 35 acides
aminés chacune. La séquence en acides aminés des répétitions varie principalement au niveau des
résidus 12 et 13 de chaque répétition, désignés comme " Repeat Variable Diresidue " (RVD). Chaque
répétition forme un faisceau de deux hélices gauches, les résidus hypervariables étant situés a
I'extrémité de la boucle qui relie les deux hélices, ce qui permet |'exposition du RVD aux bases de
I'ADN. L'ensemble de ces répétitions modulaires se replie en une superhélice droite qui se loge le
long du sillon majeur de I'ADN et permet |'interaction directe entre les RVD et les nucléotides d'une
maniere spécifique. Alors, la séquence RVD régit la reconnaissance de la séquence d'ADN. Les
séquences d’ADN cibles des TALE, appelées Effector Binding Element (EBE), sont généralement
situées dans la région du promoteur du gene ciblé, prés de la boite TATA. Apres liaison a I'EBE, les
domaines de la région C-terminale interagissent avec des facteurs de transcription hétes, comme
les sous-unités TFIIAy et I'ARN polymérase pour induire la transcription du géne en aval.

Chez Xpm, il a été découvert que deux TALEs jouent un réle important dans la pathogénie, via
I'activation transcriptionnelle de génes de susceptibilité. TAL20xamses (OU ses homologues) est
nécessaire a I'apparition des symptdmes des taches aqueuses sur les feuilles de manioc : la mutation
de TAL20x.mess €n abolit le développement et entraine une diminution des titres bactériens dans la
nervure médiane et I'apoplasme de la feuille. Le géne MeSWEET10a a été identifié comme seule
cible de TAL20xamsss, dont I'activation transcriptionnelle est médiée par la reconnaissance directe de
I'EBE TATAAACGCTTCTCGCCCATC dans la région promotrice du géne. MeSWEET10a
(Manes.04G123400) code pour un membre du clade Ill de la famille de transporteurs de sucres
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SWEET (Sugar Will be Eventually Exported Transporter), exportant a la fois le glucose et le
saccharose. De méme, il a été démontré que les homologues de TALE14 sont essentiels a la
multiplication in planta de Xpm et |a colonisation des tissus cibles. L'absence/mutation de ce facteur
de virulence affecte en effet la croissance de I'agent pathogéne mais pas I'apparition de taches
aqueuses sur les feuilles. A ce jour, une liste de dix genes de sensibilité candidats ciblés par TAL14
potentiellement a 'origine de ce phénotype a été établie.

Justification

L'endémicité du CBB dans les pays tropicaux et le fait qu'il s'agisse principalement d'une culture
vivriere cultivée a petite échelle rendent d’autant plus essentielle la compréhension des facteurs
clés de la pathogénie et de la résistance dans le but d’appliquer ces connaissances a la sélection
végétale. Les déterminants moléculaires de la résistance a la CBB chez le manioc ne sont pas bien
compris, mais nous savons que cette résistance est polygénique et additive. La résistance de la
plante procede de plusieurs mécanismes moléculaires et cellulaires spécifiques aux tissus qui sont
activés en série relativement au mouvement du pathogene. Nos connaissances sur les déterminants
de la sensibilité au pathogene sont encore plus rares, et a ce jour nous ne connaissons qu'un seul
de ces facteurs : la protéine de transport de saccharose MeSWEET10a.

La diversité génétique du pathogene a été largement évaluée par différentes méthodes
moléculaires, et plusieurs populations d'Amérique du Sud et d'Afrique ont été caractérisées. Les
questions de recherche abordées par ces études nécessitant des méthodes visant a évaluer
principalement la diversité génétique neutre, nous connaissons moins bien la diversité des genes
soumis a pression de sélection positive ou négative, tels que les genes effecteurs par exemple.
Quelques études ont montré que les TALEs jouent un role clé dans la pathogénie : TALE14 et TALE20
contribuent de maniére significative a la fitness de Xpm in planta. Cependant, la diversité et la
prévalence de ces effecteurs ne sont pas bien caractérisées dans les populations de Xpm. D’un point
de vue fonctionnel, nos connaissances sur les TALE de Xpm peuvent se résumer comme suit: deux
homologues de TALE14 et une version de TALE20 sont des facteurs de virulence clés ; la sensibilité
médiée par TALE20 est liée a |'activation transcriptionnelle de MeSWEET10a.

Il a déja été démontré que 'empéchement du fonctionnement d’un TALE était une excellente
stratégie de résistance par perte de sensibilité des plantes. La compréhension non seulement des
mécanismes sous-jacents, mais aussi de la diversité de I'agent pathogene et de ses stratégies de
virulence constituent la clé de voute d'un déploiement de résistance(s) réussi. Cependant, dans le
cas de Xpm, certaines questions restent ouvertes. Par exemple : quelle est la distribution de ces
TALEs dits de virulence majeure dans les populations de Xpm ? Les mécanismes moléculaires décrits
sont-ils les seuls déterminants clés de la sensibilité médiée par les TALEs de ce pathogene ? Ces
guestions structurent la problématique centrale que j'ai tenté de résoudre dans le cadre de ma
these.

Cette étude vise a explorer la biologie des TALEs dans le cadre de l'interaction Xpm-manioc. Un
premier chapitre est consacré a la diversité des TALEs et a leurs fonctions potentielles dans une
population bien caractérisée de Xpm, ou de nouveaux variants de TALEs avec des fonctions de
virulence clés ont été découverts. Le deuxiéme chapitre traite de la découverte d'un nouveau gene
de sensibilité activé par un TALE. Ce gene appartient au clade Ill des transporteurs de sucre de la
famille SWEET et est ciblé comme une alternative au gene MeSWEET10a. Le troisieme chapitre
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décrit une nouvelle plateforme dédiée a I'extinction de genes de Xanthomonas basée sur la
technologie d'interférence CRISPR. L’extinction de plusieurs membres de la famille TALE a été
réalisée avec succes. La plateforme a été établie chez Xpm, et a permis de confirmer I'importance
des TALEs dans la pathogénie de Xanthomonas. Nous avons utilisé les TALEs comme proxy pour
I'étude des génes de la famille SWEET. En appliquant cet outil au pathogene non vasculaire du
manioc Xanthomonas cassavae, nous avons découvert que MeSWEET10a était potentiellement
induit par ce pathovar et pourrait donc agir comme gene de sensibilité dans ce pathosystéme peu
étudié.

Chapitre 1 : Diversité et fonction des TALEs dans une population
colombienne de Xpm

Les informations disponibles sur les TALEs de Xpm et leurs genes cibles dans le manioc sont rares,
mais elles ont augmenté au cours de ces derniéres années. Nous avons cherché a caractériser la
diversité des TALEs dans les souches colombiennes de Xpm et a identifier les genes candidats ciblés
par ces derniers. Nous avons sélectionné dix-huit souches de Xpm a I'échelle du pays sur la base de
la diversité génétique neutre afin d’analyser la diversité des TALEs. L'analyse RFLP a montré que les
souches de Xpm portent des TALomes avec une distribution de taille bimodale, et le regroupement
par affinité des TALEs séquencés a condensé cette variabilité en cing groupes principaux. Nous
rapportons l'identification de 13 nouveaux variants de TALEs dans Xpm, dont un variant de 22
répétitions qui active le gene de sensibilité MeSWEET10a, une cible précédemment signalée de
TAL20xamess. Des analyses transcriptomiques et de prédictions bioinformatiques d'EBE ont permis
de sélectionner plusieurs genes candidats potentiellement ciblés par les TALEs, ainsi que deux cas
probables de convergence fonctionnelle. Cette étude ouvre la voie a la caractérisation de nouvelles
cibles potentielles des TALEs dans l'interaction Xpm-manioc, qui pourraient avoir un role
déterminant dans l'infection.

Chapitre 2 : MeSWEET10e, un gene alternatif de sensibilité du

manioc active transcriptionnellement par les TALEs de Xpm

Accroitre |I'exportation de saccharose via l'activation transcriptionnelle de certains membres de la
famille SWEET est une stratégie bien connue des Xanthomonas pour améliorer leur virulence et leur
fitness in planta. Les TALEs jouent un réle clé dans cette régulation positive des SWEETs chez le riz,
le coton et le manioc. MeSWEET10a est un géne S transcriptionnellement activé par TAL20xamess €t
ses homologues. La formation de symptémes et la croissance bactérienne in planta dépendent
fortement de cette induction médiée par ces TALEs. Dans cette étude, nous décrivons MeSWEET10e,
un gene SWEET du clade-lll comme un nouveau facteur de sensibilité du manioc a Xpm,
potentiellement activé par plusieurs variants de TALE15. L'analyse RNAseq et de prédiction des EBE
in silico suggérent que l'activation de MeSWEET10e est indirecte. L'activation transcriptionnelle
directe de MeSWEET10e via des TALEs artificiels démontre que la fonction physiologique de ce gene
est équivalente au réle de MeSWEET10a dans la pathogenése de Xpm. Les analyses phylogénétiques
indiquent que les effecteurs TAL de Xpm et leur capacité a activer les MeSWEETs proviennent d'au
moins deux genes ancétres différents, ce qui constitue un cas d'évolution convergente par
I'exploitation de paralogues fonctionnellement redondants. Ces résultats sont cruciaux pour la
conception de variétés de manioc améliorées avec une résistance accrue a Xpm.
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Chapitre 3 : CRISPRI, une stratégie innovante pour |'étude
fonctionnelle de familles de genes chez les bactéries
phytopathogenes

La technologie CRISPR a amélioré I'édition du génome en augmentant considérablement son
efficacité et sa spécificité. Cependant, les bactéries ne sont pas facilement mutées a I'aide de cette
technologie. Une variante technologique appelée CRISPRi utilise une version modifiée de la protéine
Cas9 qui est incapable de couper I'ADN (dead Cas9 - dCas9), mais qui conserve une activité de liaison
spécifique a la séquence ADN. La fixation de dCas9 dans le promoteur ou les premiers nucléotides
du brin non transcrit de la séquence codante interfere avec la transcription, ce qui entraine
I’extinction des genes ciblés. Cet outil peut étre extrémement utile pour I'analyse fonctionnelle de
familles multigéniques puisqu'un seul ARN guide (sgRNA) peut réduire au silence plusieurs membres
a la fois. Dans cette étude, nous avons mis en place une plateforme CRISPRi pour Xanthomonas et
testé son potentiel pour étudier une famille de génes déterminante dans la pathogenése de
bactéries de ce genre : les TALEs. L'interférence CRISPR a été mise en ceuvre via la conception de
sgRNAs ciblant les éléments promoteurs -10 et -35, la séquence de liaison au ribosome et une région
située dans les 50 premiers nucléotides de la séquence codante des TALEs de plusieurs espéces de
Xanthomonas. En utilisant Xom comme étude de cas, nous avons montré que I'expression de la
plupart, sinon la totalité des TALEs d'une souche est éteinte par un seul sgRNA, ce qui entraine une
diminution des symptomes et des titres bactériens in planta. En outre, nous avons pu complémenter
les souches « silencées » via I'introgression de plasmides contenant des TALEs dépourvus de la
séquence ciblée par le sgRNA. La mise en ceuvre de cette ressource technologique chez
Xanthomonas cassavae, un pathogene du manioc, suggere fortement que les symptémes de taches
aqueuses typiques de cette maladie sont liés a I'action des TALE. Des études de prédiction de cibles
suggérent que MeSWEET10a qui code pour un transporteur de sucre puisse agir comme un géne de
susceptibilité dans cet autre pathosystéme. Notre étude fournit une plateforme CRISPRi utile pour
évaluer le role des TALEs pendant la colonisation de I'hote, et plus généralement, pour l'analyse
fonctionnelle de familles multigéniques chez Xanthomonas.

Discussion et conclusions

Dans cette these, trois axes principaux ont été étudiés : La diversité des TALEs parmi les populations
de Xpm, les mécanismes de sensibilité alternatifs utilisés par Xpm, et le développement d'une
nouvelle plateforme de «silencing » pour I'étude de familles de genes, dont les TALEs, chez
Xanthomonas. Grace a |'évaluation de la diversité des TALEs parmi les isolats colombiens de Xpm,
nous avons caractérisé 13 nouveaux variants TALE, dont un variant TALE22 capable d'activer le géne
de sensibilité MeSWEET10a. Cette étude a également révélé que : aprés TALE20 et TALE14, les
variants TALE22 et TALE13 sont largement distribués parmi les isolats, ce qui suggere que ces
variants pourraient avoir des réles importants dans la pathogeneése. La caractérisation du TALome a
permis de découvrir des souches de Xpm tres virulentes mais qui ne possédent pas TALE20 ou ses
variants connues pour activer transcriptionnellement MeSWEET10a. Les analyses phylogénétiques
indiquent que les variants TALE provenant de ces souches sont considérablement différents des
TALEs présents dans des isolats plus récemment obtenus dans le monde. Par conséquent, les
données suggerent que les TALEs de Xpm proviennent d'au moins deux génes ancétres différents,
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et que les stratégies de promotion de la virulence associées a leur fonction biologique sont apparues
indépendamment.

Aprés avoir découvert ce groupe de souches de Xpm qui ne dépendent pas de l'activation de
MeSWEET10a pour provoquer la maladie, les analyses transcriptomiques ont montré que ces isolats
sont capables de réguler positivement la transcription d’un deuxieme transporteur de sucre du
clade lll de la famille SWEET : MeSWEET10e. Les données suggerent que cette activation est médiée
par les TALEs de maniere indirecte, potentiellement par I'activation transcriptionnelle directe d'un
régulateur principal. Bien que le mécanisme ne soit pas bien compris, nous avons démontré que
MeSWEET10e peut agir comme un gene de sensibilité et que son réle physiologique est équivalent
au rble joué par MeSWEET10a. Un pipeline in silico proposé en conjonction avec des validations in
planta pourrait potentiellement identifier les éléments manquants qui conduisent a I'activation
transcriptionnelle de ce géne de sensibilité.

Les difficultés rencontrées au cours de cette thése, lors de la tentative de la double recombinaison
homologue pour obtenir des mutants de TALEs dans certaines souches Xpm, nous ont conduit a la
mise en place d'un outil de « silencing » basé sur CRISPRi. La plateforme de « silencing » est basée
sur la protéine dCas9 de Streptococcus pyogenes et les résultats montrent qu'un seul sgRNA suffit
pour éteindre I'expression d’au moins quatre TALEs dans une souche de Xpm. Les analyses in silico
ont démontré que le RBS dans la région 5'UTR des TALEs est hautement conservé parmi les espéces
de Xanthomonas permettant I'application du systéme congu pour Xpm a d'autres espéeces comme
Xoo, Xcc et Xc. Chez ces pathogénes, un seul sgRNA a été suffisant pour supprimer I'expression d’au
moins huit TALEs. En outre, la mise en ceuvre de cette technologie chez Xc, couplée au séquencage
complet du génome d’une souche, a la prédiction in silico de cibles et a des essais de virulence,
indique que les TALEs sont importants pour la pathogenése de Xc, potentiellement via I'activation
du géne MeSWEETI10a. Bien que certains travaux soient encore nécessaires, cet outil ouvre de
multiples possibilités pour faciliter I'étude de la fonction des génes dans le genre Xanthomonas. Une
optimisation et d'autres technologies connexes sont prévues apres cette validation de I'utilité de
CRISPRI chez ces phytopathogenes.
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Introduction

Cassava crop overview

Cassava (Manihot esculenta Crantz), also known as manioc and yuca, among other names, is a
woody perennial plant from the Euphorbiaceae family, characterized by deeply, palmately lobed
leaves, stems of up to 5-m long, and large starchy tuberous roots that, on average, account for half
of the plant weight (FAO, 2013; Tewe et al., 2004). Its tuberous roots have elevated contents of
water (from 45% to 85%) and carbohydrates (25% to 35%), and contain significant levels of calcium
and vitamin C, which make them valuable as food (Montagnac et al., 2009). Cassava leaves and
petioles are also consumed as food in some regions of Africa and Asia. They have a high content of
proteins, B1, B2 and C vitamins, phosphorous, magnesium, potassium, and calcium. However, leaves
also contain high concentrations of toxic cyanogenic glucosides and antinutritional factors such as
high fiber content, tannins, polyphenols and phytic acid, which require a pre-treatment to allow
consumption of reasonable quantities (Latif and Madller, 2015). The plant is highly tolerant to
drought stress thanks to its efficient water use through control over stomata, reduction in leaf size
and amount as a response to limited water availability, and a potential hydraulic lift capacity (Byju
and Suja, 2020; El-Sharkawy, 2006). Furthermore, the fact that most of the nutrients taken from soil
are concentrated in the aerial part results in maintenance of soil fertility by decaying leaves.
Although the plant is perennial, it is generally cultivated in cycles with a duration that ranges from
six months to two years, being eight to ten months the best harvesting time for human consumption
of the root. Longer cycles result generally in more starch load and larger roots but affects
palatability, and therefore these are mainly used for starch industry (FAO, 2013).

Cassava is widely cultivated in the sub-tropical countries of Africa, Asia, and Latin America as a staple
food crop that makes part of the food and economic security of these countries. Cassava can grow
in poor soils with pH ranging from 4 to 9, at elevations of up to 2300 meters above sea level, in
annual mean temperatures ranging from 18-25°C, in regions with precipitation rates between 500
to 5000 mm per year (reviewed by (Byju and Suja, 2020)). This crop is propagated from stem
cuttings, which results in low-cost and highly available planting material. This crop can produce up
to 250kcal/ha/day, which is more than double the caloric yield of wheat and sorghum, and it is
significantly higher than maize, sweet potato, and rice (El-Sharkawy, 2012). This relevant feature,
the high adaptability of cassava to poor soils and environmental conditions, the flexibility of
harvesting time, the low-input and management needs, its resistance to biotic stresses, and its
nutrition value make cassava a farmer-friendly and the most important root crop. Cassava crop
feeds about 800 million people, with more than 500 million people receiving more than 100cal/day
in the tropics (Byju and Suja, 2020; FAO, 2013). The majority of this crop is planted and harvested
by low-income farmers on small holdings, usually as an intercrop system with maize, rice, legumes,
melons, banana or oil palm (FAO, 2013). Although the use of cassava roots varies from region to
region, it is estimated that over 70% is devoted to human food, while the remaining 30% is used for
livestock feed and starch and biofuel industry (Pushpalatha and Gangadharan, 2020). However, in
Asia, cassava starch is mainly used to produce bioethanol from , which is pushing up the growth of
cassava-based industry, turning it into an emerging commercial crop (Byju and Suja, 2020).



At a global scale, cassava production has been steadily growing from the 1980s, with an increasing
yield percentage superior to rice, wheat, and potato, and close to that of maize (Pushpalatha and
Gangadharan, 2020). For 2019, the global harvested area dedicated to cassava was 27,500 ha and
the related production estimated on 303.6 MT, from which 78.5% of the harvested area is located
in Africa and produced 192.1 MT of cassava (FAO, 2020). Efforts to improve crop yields through
technical amelioration and breeding have given excellent results in the past three decades, growing
from a global average of less than 5 T/ha to more than 11 T/ha. Despite this steady pace, after 2012
the global yield growth reached a plateau and now it is far from the ~32 T/ha maximum reached,
and even farther from the potential yield of 80-100 T/ha (Bredeson et al., 2016; Byju and Suija,
2020). The leading cause of this gap is thought to be the unbalanced mineral nutrition (Byju and
Suja, 2020), although biotic stresses as pests and pathogens are important threats to this crop (Bart
and Taylor, 2017; Lin et al., 2019).

Impacts of weeds, pests, and diseases on cassava

Despite a different perception by most farmers, weeds are a major concern for the crop and can
cause yield losses of up to 95% (Harris et al., 2015; Khanthavong et al., 2016). The initial low growth
of cassava and the wide spacing between planted cuttings are two factors that favor the field
colonization by narrow-leaf grassy weeds and broad-leaf weeds, which will easily outcompete
cassava for nutrients and water (FAO, 2013). Several cultural practices are suggested to mitigate the
impact of weeds, like promoting cassava growth with appropriately-applied fertilizers, increase the
density of planted cuttings, planting during the dry season under drip irrigation, mulching,
intercropping with fast-growing crops, and weeding. However, for big land extensions or for periods
with low labor availability, herbicides can be applied, specially, at the pre-emergence setting (FAO,
2013). Fighting weeds is also important to have healthy crops, since some of them can act as
reservoirs for cassava pests and pathogens, like bacteria and fungi.

There are several pest and pathogens that affect cassava development during the crop cycle and
the roots in the post-harvest stage. Around 200 arthropod pests have been observed to attack
cassava, but whiteflies, mealybugs, and mites are the most destructive insects for the crop. Although
these pests can cause important yield losses, cultural practices and biological control agents are
used to mitigate their impact (FAO, 2013). Whiteflies include the species Bemisia tabacci, which
vectors viral agents causing the cassava mosaic disease (CMD) and the cassava brown streak disease
(CBSD), the two main viral diseases of cassava in the Eastern hemisphere. CMD has been reported
in Africa and Asia, and it seems to be expanding across the Asian continent (Lin et al., 2019;
McCallum et al.,, 2017). The cassava mosaic geminiviruses are responsible for CMD, which is
characterized by chlorotic, mosaic patterning of leaves on curly and twisted leaflets. This abnormal
leaf development deeply affects the plant performance and the root production. In a similar way,
the Ipomovirus Cassava brown streak virus (CBSV) and Ugandan cassava brown streak virus (UCBSV)
are responsible for CBSD, which is characterized by the brown streaking of cassava stems, leaf
chlorosis, reduced root yield, and necrosis within the root. The distribution of this pathogen is
restricted to the sub-Saharan Africa, but it causes important yield losses of up to 70% (Lin et al.,
2019).

Cassava bacterial blight (CBB), caused by Xanthomonas phaseoli pv. manihotis, is an important
bacterial disease that has been responsible for famines and high losses, but its impacts have been
buffered in the last decades mainly through cultural practices (Lépez Carrascal and Bernal, 2012).
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As this study is focused on this cassava pathogen, more details can be found in the section describing
CBB. Cassava frogskin disease (CFSD) and cassava witches’ broom (CWB) are two emerging diseases,
and little is known about their biology. It is hypothesized that CFSD can be caused by a mix of viruses
(Carvajal-Yepes et al., 2014) or by a bacterial phytoplasma (de Souza et al., 2013; Oliveira et al,,
2013), while CWB is known to be caused by a bacterial phytoplasma. CFSD affects roots and hampers
the normal development of the starchy root (Freitas et al., 2020); it has been reported in Central
and South America, and recently in Japan (Koinuma et al., 2018). CWB affects the plant sprouting
pattern and leaf development, resulting in many clustered, poorly developed shoots along the stem;
it has been reported to cause important yield losses in Africa, Asia, and America (Alvarez et al.,
2013). Fungal pathogens are often associated to damage of the roots in the post-harvest stage. Also,
Cercospora spp can cause leaf spot disease and Colletrotrichum spp can cause anthracnose. These
pathogens are considered as having minor impacts on the crop, marginally affecting root yield and
quality of the cuttings, usually in mixed infections with other pathogens (Hillocks and Wydra, 2002).

Cassava, diseases, and climate change

As the climate changes, variations in light, CO,, temperature, water availability will potentially
compromise the performance of the main crops and will reshape the landscape of the regions where
they are currently adapted. Likewise, biotic factors such as pollinators, pests, and pathogens, will
also be forced to adapt and this will potentially create new niches and disease foci (Chavarriaga
Aguirre et al., 2016). In line with this, a large-scale agronomical response is necessary to guarantee
the food security and efforts to counterbalance the negative effects of climate change on the
current agronomical production might include selection for adapted varieties with comparable or
better performance. Estimations indicate that, among other important crops, cassava and sorghum
will be the least negatively affected by these changes (-3.7% to +17.5% in a country-based suitability
score, in comparison to -16% + 8.8 for beans, -14.7 + 8.2 for potato , -2.5% + 4.9 for banana, and
-2.66% + 6.45 for sorghum) (Jarvis et al., 2012). This favorable response expected for cassava crops
is based in several advantageous features of the plant, which render this a climate-smart crop.
Cassava can tolerate a wide range of temperatures (16°C to 38°C), and some authors claim that its
photosynthetic rate augments even up to 40°C (Pushpalatha and Gangadharan, 2020; Ravi et al.,
2008), which is highly beneficial in view of the expected temperature variations. In the same trend,
water availability and humidity will be affected by higher temperatures, which will increase drought
and salinity. Cassava plants have exceptional biological mechanisms to cope up with water stress by
reducing transpiration through leaf folding and drooping, reduction of shoot biomass, and partial
stomatal closure, while maintaining high photosynthetic rates and having little impact on harvest
index, a unique characteristic among the most important staple crops (Connor and Palta, 1981; El-
Sharkaway and Cock, 1984; El-Sharkawy, 2007; Pushpalatha and Gangadharan, 2020). The expected
augmentation of CO; levels, in combination with the rest of variables, is estimated to be more
advantageous for cassava than for other crops. As it already has good mechanisms to balance water
availability and photosynthesis rates, an increase in available CO; and slightly higher temperatures
would lead to improved growth and root yields even under water stress (Cruz et al., 2016). All these
advantages indicate that cassava will agronomically perform better than most of the current staple
crops, and it can be extended to new growing areas in the future (Pushpalatha and Gangadharan,
2020). This potential extension and the adaptation and environmental interactions of its pathogens
in the new niches might represent important threats for the crop health. Moreover, cassava
response to biotic stressors is characterized by a large dependence on environmental conditions
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(genotype by environment interactions) (Ceballos et al., 2020; Dixon et al., 2002; Zinsou et al., 2005).
Luckily, the history of the crop shows that cassava can be improved through breeding and
engineering (even if it is difficult) to select advantageous phenotypes and to overcome biotic
stresses (Ceballos et al., 2020; Lin et al., 2019). The knowledge of the molecular mechanisms that
determine the pathogenicity can boost this process through more targeted approaches, and
therefore studies on the susceptibility and resistance factors are necessary to be ready for climate
change adaptation in this crop.

Disease resistance improvement in cassava

Breeding and cassava plant selection has been in place from the decade of 1930 and has rendered
excellent results in the selection of agronomical traits, especially root yield (a current maximum of
34.5 tons of fresh roots per ha) and root starch content (a current maximum of 26%), but also
resistance to CMD and, to some extent, to CBB (Hahn et al., 1980). The contribution of marker-
assisted selection (MAS) and genomic selection through association studies has been limited by
constraints associated to the plant biology, such as the high heterozygosity, low multiplication rates
(from 1 adult plant, a maximum of 10 plants can be produced through cuttings), and the long
vegetative periods until the obtention of botanical seedling (Ceballos et al., 2020). However, the
introgression of a recessive allele that changes the composition of the starch in the root to create
an amylose-free starch, a desirable industrial trait, is a good example of the advances achieved
through MAS (Aiemnaka et al., 2012). Although no transgenic cassava lines are commercially
available, the transgenesis approaches have also resulted in plants with higher nutrition values and
longer shelf life (Beyene et al., 2018; Narayanan et al., 2019). Disease resistance enhancing through
transgenesis has also been explored for CMD, CBSD, and CBB (the latter one only at the
laboratory/greenhouse scale) (Chavarriaga Aguirre et al., 2016; Diaz-Tatis et al., 2019; Lin et al.,
2019). Application of the RNAI in cassava against the CBSV and UCBSV has, for example, led to
obtention of potential CBSD-resistant cassava varieties, now under regulatory assessment field trials
in Kenya and Uganda (Beyene et al., 2017). The test of this technology against the East African
cassava mosaic virus (EACMV) (Vanderschuren et al., 2009) and Sri Lankan cassava mosaic virus
(SLCMV) (Ntui et al., 2015) also resulted in plants with significantly enhanced resistance to CMD.

New biotechnological tools, like RNA interference (RNAi) and the Clustered Regularly Interspaced
Short Palindromic Repeats/CRISPR associated protein 9 (CRISPR/Cas9), have led to a new era of
genome engineering and boosted the improvement of pathogen resistance in plants (Sharma et al.,
2013; Wada et al., 2020). CRISPR/Cas9-based tools have been applied in cassava to suppress known
susceptibility alleles. This is for example the case of the simultaneous disruption of two alleles
(nCBP-1, and nCBP-2) of the translation initiation factor 4E (elf4E) gene family, which is associated
to the interaction with the viral genome-linked protein (VPg) of CBSD-causing viruses. Through
engineered loss of susceptibility, the mutants showed delayed symptoms, reduced root symptom
severity, and decreased virus titers in the storage root (Gomez et al., 2019). Genome editing
approaches have not been implemented against Xpm so far, but the key susceptibility gene
MeSWEET10a (described with more details in the following sections) could be a suitable target for
this technology (Lin et al., 2019).

As pointed out, the knowledge of virulence factors, susceptibility, and resistance genes in a plant-
pathogen interaction can be exploited in targeted approaches to obtain varieties with improved
resistance. The following sections of this document are dedicated to better understand some of
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these molecular factors that define the interaction between the CBB-causing pathogen Xpm and
cassava.

Cassava bacterial blight

This introductory section addresses the state of the art for the cassava disease caused by
Xanthomonas phaseoli pv. manihotis, and, when the information was available the disease caused
by Xanthomonas cassavae. This introduction to the pathosystem is divided in five subsections
starting by the etiology and epidemiology, impacts and management of the disease, and moving to
the molecular characterization of the pathogen and its molecular determinants that play a role in
pathogenesis. The section finishes by addressing what we know about the interaction and the host
molecular determinants that play important roles in the disease. Most of these sections were put
together to publish the first pathogen profile on Xanthomonas causing diseases in cassava. The
accepted version of the article (DOI:10.1111/mpp.13094) can be found appended to this thesis
document.

Disease description and epidemiology
Cassava bacterial blight symptoms

Cassava bacterial blight (CBB) which is caused by the bacterial pathogen Xanthomonas phaseoli pv.
manihotis (Xpm), is characterized by a range of symptoms that mainly affect leaves, petioles, and
stems, frequently leading to plant death (Figure 1). Early symptoms appear as brown to dark-brown
water-soaked translucent angular spots on the leaf tissue browning at later stages, occasionally
surrounded by a chlorotic halo. Veins around these spots discolor and affected tissues frequently
produce creamy white and later yellow-to-orange exudates on the abaxial side of the leaf. Blight
results from spot coalescence which creates necrotic areas that become dry and curl the leaflets,
giving them the aspect of a superficial burn. As disease progresses, bacteria access the xylem vessels
from the mesophyll and move towards the stem through the petioles, which become brown and
collapse, causing the leaf to wilt. Vessel colonization in the stem allows Xpm to systemically move
upwards and downwards. When infection reaches the plant upper part where stem tissues are
greener and less lignified, stem rotting leads to dieback characterized by shoot apex wilting. New
sprouts can grow from buds located in more basal zones, giving the plant the appearance of a candle
stick. However, if these buds are also contaminated by Xpm they will eventually wilt. Infected fruits
also show water-soaked spots, and the resulting seeds suffer cotyledon and endosperm necrosis,
and seed deformation. Roots from highly susceptible cultivars can show delayed symptoms
restricted to the vascular tissues, with discolored vascular strands surrounded by dry and rotten
spots (Boher et al., 1995; Lozano, 1986; Lozano and Sequeira, 1974a; Maraite and Meyer, 1975).

Symptoms of cassava bacterial necrosis (CBN) caused by Xanthomonas cassavae (Xc) might be
similar at a first sight (Figure 1H), but the outcome of the infection is not as devastating (Mostade
and Butare, 1978). Infections caused by Xc initially produce rounded water-soaked spots surrounded
by a yellow chlorotic halo and radial necrosis of the veins (Maraite and Perreaux, 1979). As the
disease progresses, bacteria colonize the adjacent mesophyll tissues, lesions expand and yellow
exudates can be observed in them (Maraite, 1993) Leaves wilt, collapse and dry, but the pathogen
is not able to colonize vascular tissues and there is no formation of secondary spots that turn into



extended blight areas (Lozano and Sequeira, 1974a; Maraite, 1993; Maraite and Perreaux, 1979;
Van Den Mooter et al., 1987; Verdier et al., 1994).

Disease cycle

Xpm has an initial epiphytic phase where it is able to colonize the surface of cassava aerial tissues.
When conditions are favorable, especially humidity, multiplication of the pathogen increases
around trichomes and penetration of the outer layer takes place (Daniel and Boher, 1985a). Xpm
accesses the plant through wounds and natural openings of the leaf, potentially primarily via adaxial
stomates (Kemp et al., 2004). Although it is common for other vascular Xanthomonas to enter
through hydathodes, their role in the initial stages of infection for Xpm is not known. Internal tissue
colonization is accompanied by the production of highly hygroscopic bacterial exopolysaccharides
(EPS), which are exudated from lesions and then hydrated and carried by raindrops. Wind and rain-
mediated splashing of these bacterial suspensions is considered the main natural way of horizontal
pathogen transmission from one plant to another (Lozano and Sequeira, 1974b). Once Xpm hits new
cassava leaves, the disease cycle restarts. Since this crop is propagated from cuttings, presence of
the pathogen on the propagative material and working tools is the major factor for disease
spreading (Lozano and Sequeira, 1974b). Plants sprouted from contaminated cuttings quickly
develop the disease and are a major source for secondary infections in the field. Bacteria can also
be transmitted inside the sexual seed (Daniel and Boher, 1985b; Elango and Lozano, 1980). Stems
can get infected by the dispersal of wind-driven sand or hail (Maraite, 1993).

Ecology of the pathogen

Xpm shows two different lifestyles in the field, an epiphytic phase (Daniel and Boher, 1985b; Elango
and Lozano, 1981) and a biotrophic parasitic phase that starts when environmental conditions
facilitate pathogen growth and entrance into the mesophyll apoplast of cassava leaves (Verdier et
al., 1990). The epiphytic stage plays an important role ensuring the natural persistence of the
pathogen intercropping. Epiphytic populations of Xpm have been found on asymptomatic leaves in
fields where CBB has been reported. Bacterial titers vary importantly according to environmental
conditions, humidity and temperature being two of the most important factors. The optimal
temperature for CBB development is 30°C, whereas that for CBN is 25°C (Maraite and Perreaux,
1979). There is a marked increase of epiphytic populations and a shift to the parasitic phase during
the rainy season. Conversely, symptoms of CBB are less frequent and epiphytic populations
decrease during the dry season (Daniel and Boher, 1985a, 1985b). Xom has also been detected in
several weeds that occur naturally in cassava fields in South America, suggesting that the pathogen
can epiphytically survive on them during intercropping (Elango and Lozano, 1981). Artificial
inoculation of several cassava crop-associated weeds (non-host interactions in all cases) highlighted
different degrees of bacterial survival, and pathogen viability for up to 54 days (Fanou et al., 2017;
Marcano and Trujillo, 1984).

Infected plant debris and soil are also suggested to play a role in Xpm field persistence. However,
survival of Xpm in a free-living state in the soil has been experimentally proven to be limited to up
to three weeks (Fanou et al., 2017). In contrast, Xom was shown to survive in slow-decaying dry
debris for more than two months and one year under field and controlled conditions respectively
(Daniel and Boher, 1985b; Fanou et al., 2017). Insect-mediated dissemination of Xpm has been
reported. The African grasshopper pest Zonocerus variegatus recovered from diseased cassava
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fields harbored a significant number of infective bacterial cells (Daniel and Boher, 1985b;
Zandjanakou-Tachin et al., 2007). The coreid bug Pseudotheraptus devastans has also been reported
as facilitator of infection through the generation of punctures through which the bacterium gains
access to internal tissue (Maraite and Meyer, 1975).

Distribution of the pathogen

Botanical, geographical and domestication origin of cassava is a controversial topic. A widely-
accepted theory suggests that the cultivated cassava species Manihot esculenta subsp. esculenta
arose from the wild Manihot esculenta subsp. flabellifolia in the Amazon basin, and its
domestication began 5000 to 7000 years b.c. in the southern Amazon border region (Allem, 2002;
Olsen and Schaal, 1999). Cassava was introduced to Africa by Portuguese traders during the 16
century and was adopted as a staple crop across several countries (Jones, 1959). In Asia it is believed
to be introduced from Mexico to the Philippines during the 17" century. In agreement with the
geographical origin of the crop, genetic diversity of Xpom populations in South America has been
shown to be high (Bart et al., 2012; Verdier et al., 2004).

CBB was first reported in Brazil in 1912 by Bondar and then identified in different South American
countries during and after the 1970s. The disease and the pathogen were detected in Africa for the
first time in Nigeria in 1972, and then systematically detected in several Sub-Saharan countries
(Hillocks and Wydra, 2002; Persley, 1976). To date, Xpm has been reported in 49 countries located
all over in the tropics (CABI, 2020a; Taylor et al., 2017). On the other hand, Xc has only been reported
in the East African countries of Democratic Republic of the Congo, Rwanda, Malawi, Tanzania,
Uganda, Kenya, and Burundi (Boher and Verdier, 1994; CABI, 2020b; Maraite, 1993; Mostade and
Butare, 1978). Figure 1 shows cassava production areas and the distribution of both pathogens.
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(a) Cassava bacterial blight disease cycle. Solid arrows indicate processes that are relevant for
cassava cropping systems. Dashed arrows indicate processes that have been detected and are
scientifically interesting but are not relevant for cassava cropping systems. The inset indicates
environmental and ecological factors that affect the spread or development of disease. (b) angular
leaf spots caused by Xpm. (c) blight (solid white arrows) and leaflet curling (dashed white arrows)
caused by Xpm. (d) collapsed petioles from wilted leaves (solid black arrows) and gum exudation
(dashed black arrows) from stems caused by Xpm infection. (e) shoot apex wilting and dieback
caused by Xpm. (f) typical colonies of Xpm on YPG medium. (g) typical colonies of Xc on YPG medium.
(h) leaf spots caused by Xc. (i) world-wide cassava production (FAO, 2020) by country (missing data
for South Africa, Guam, and Palau) for 2018 and distribution of Xpm and Xc (CABI, 2020a).

Disease impacts and management
Prevalence, incidence, and losses associated to CBB

Historically CBB is reminiscent of a famine period from 1970 to 1975 in the Democratic Republic of
the Congo, where cassava crop diversity was low and food and economic dependence on cassava
was considerable (Hillocks and Wydra, 2002; Lozano, 1986; Maraite and Meyer, 1975). Several
studies have addressed the distribution and effects of the pathogen on the crop. Figure 2 (and Tables
1, 2, and 3) summarizes data from several reports where incidence, severity and/or yield losses were
assessed, mainly in farms or field trials. Incidence varies according to environmental factors, but
most of the reports show ranges between 30% and 90%, with an incidence peak between 60% and
70%. Disease severity reports show systemic symptoms in all the surveys (values greater than 2in 1
- 5 scales), even for measurements performed within the three first months after planting (MAP).
Severity seems higher between the third and the sixth MAP, and there is a slight decrease in the
following months, but complete dieback and plant stunting have been recorded in all the surveys
performed after the third MAP.

Yield losses are more difficult to measure accurately mainly due to two reasons: i) cassava fields are
not only affected by CBB in most of the cases, and ii) as for other diseases, outcomes are dependent
on environmental conditions, i.e. plants can counterbalance the negative effects of CBB when
favorable growth conditions are given (Harris et al., 2015; Zinsou et al., 2005). However, available
metadata suggest that fresh root yield losses (Figure 2) can reach up to 100 %, with a median of
about 50% in susceptible varieties; while it reaches up to 76% in resistant varieties, but the median
is below 25%. This is an indication of the high potential of Xpm to cause important losses.
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(a) Histogram of the incidence ranges reported by 11 studies (Table 1). The color scale correlates
with the frequency of the reported range. (b) Violin plots showing severity ranges recorded by 15
studies (Table 2) according to measurement timepoints after planting. The confounded variable
groups data from reports that did not include timepoint information. A harmonized severity grading
scale is presented at the right side of the plot. The dashed line indicates that values above 2 reflect
systemic disease. (c) Boxplots showing fresh root yield losses ranges described by 7 reports (some
studies reported several ranges - Table 3) according to the designated resistance status of the plants.
The confounded variable groups data from reports that did not include the designated resistance
status of the evaluated plants.

Table 1. Incidence data extracted from several studies on CBB. Incidence was defined in these
studies as the percentage of symptomatic plants (No. of symptomatic plants* 100/No. of evaluated
plants) recorded in cassava fields that were naturally infected by Xpm (no artificial inoculations).
Incidence ranges (minimum and maximum), timepoint of the incidence evaluation, and country
where the study was performed were extracted from each report. Min. = minimum, Max. =
maximum, MAP = months after planting, nd = missing data.

Study reference Min. (%) | Max. (%) | Timepoint (MAP) Country
(Arene, 1976) 22.8 22.8 4 Nigeria
(Fokunang et al., 2000) 12.5 100 3 Nigeria
(Fokunang et al., 2000) 25.3 100 6 Nigeria
(Restrepo et al., 2000a) 0 17.6 4 Colombia
(Restrepo et al., 2000a) 0 100 7 Colombia
(Jorge et al., 2001) 0 2.2 4 Colombia
(Jorge et al., 2001) 94.4 100 7 Colombia
(Wydra and Verdier, 2002) 27 86 nd Benin
(Wydra and Verdier, 2002) 0 8 nd Ghana
(Banito et al., 2007) 27.4 90.5 nd Togo
(Night et al., 2011) 2 2 nd Rwanda
(Abaca et al., 2013) 73.8 100 nd Uganda
(Affery et al., 2016) 2.2 66.7 nd Ivory coast
(Affery et al., 2016) 1.00 89.00 4 Ivory coast
(Affery et al., 2017) 64.7 79.4 2 Ivory coast
(Dania and Ojeyemi, 2019) 33.9 76.1 nd Nigeria
(Mbah et al., 2019) 58.3 67.5 9 Nigeria

Table 2. Severity data extracted from several studies on CBB. Severity was measured in these studies
using similar scales based on symptom recording in cassava fields that were naturally infected by
Xpm (no artificial inoculations). Severity ranges (minimum and maximum), timepoint of the severity
evaluation, country where the study was performed, and grading scales were extracted from each
report. Transformation column indicates if the values presented as minimum and maximum were
mathematically transformed to obtain values of the same type and scale. Min. = minimum, Max. =
maximum, MAP = months after planting, nd = missing data. Grading scales showed slight
modifications, but all of them reflected the same damage extension with the corresponding grading
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numbers. Most of the scales were grouped within the Scale A: 1, no disease symptoms; 2, only
angular leaf spots on leaves; 3, leaf blight, leaf wilt, defoliation, gum exudation in petioles and stems;
4, extensive leaf blight, wilt, defoliation, and partial stem die-back; 5, complete defoliation, stem
die-back and stunting in most of the plants. Only one study used a similar grading system with
different scale numbers, Scale B: 0 = no symptoms; 1 = symptoms on leaves only - blight; 2 =
presence of necrotic lesions on the stem or petiole; 3 = most severe symptoms on leaves and/or the
presence of necrotic lesions with gum exudation; 4 = complete loss of leaves with apical death or

death of the plant.

Reference Min. | Max. | Timepoint (MAP) Country Scale | Transformation
(Umemura and Kawano, 1983) 1 2.5 2 Colombia A No
(Umemura and Kawano, 1983) 1.5 5 4 Colombia A No
(Umemura and Kawano, 1983) 1.5 5 6 Colombia A No

(Joseph and Elango, 1991) 1 3.452 nd Trinidad A No
(Lamptey et al., 1998) 1 4.8 6 Ghana A No
(Fokunang et al., 2000) 1.5 2.8 3 Nigeria A No
(Fokunang et al., 2000) 2 4 6 Nigeria A No
(Restrepo et al., 2000a) 1 2.9 4 Colombia A No
(Restrepo et al., 2000a) 1 5 7 Colombia A No
(Jorge et al., 2001) 1 4.5 4 Colombia A No
(Jorge et al., 2001) 1.6 4.5 7 Colombia A No
(Dixon et al., 2002) 1 4 6 Nigeria A No
(Wydra and Verdier, 2002) 1 5 nd Benin A No
(Wydra and Verdier, 2002) 1 2 nd Benin A No
(Onyeka et al., 2004) 1 3.19 nd Nigeria A No
(Restrepo et al., 2004) 1 4.5 7 Colombia A No
(Banito et al., 2007) 1.35 2.4 nd Togo A Yes
(Affery et al., 2016) 1.01 1.09 2 Ivory Coast A Yes
(Affery et al., 2016) 1.07 1.8 3 Ivory Coast A Yes
(Affery et al., 2016) 1.23 2.43 4 Ivory Coast A Yes
(Affery et al., 2016) 1.11 1.69 5 Ivory Coast A Yes
(Affery et al., 2016) 1.09 1.51 6 Ivory Coast A Yes
(Affery et al., 2016) 1.05 1.22 7 Ivory Coast A Yes
(Affery et al., 2016) 1.02 1.2 8 Ivory Coast A Yes
(Affery et al., 2016) 1 1.22 9 Ivory Coast A Yes
(Affery et al., 2016) 1 1.19 10 Ivory Coast A Yes
(Oliveira et al., 2016) 1.96 3.85 10 Brazil B Yes
(Affery et al., 2017) 2.03 2.41 9 Ivory Coast A Yes
(Dania and Ojeyemi, 2019) 1.5 4.5 nd Nigeria A No
(Mbah et al., 2019) 1.97 2.21 9 Nigeria A No
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Table 3. Losses data extracted from several studies on CBB. Only losses reported as the percentage
of fresh root weight lost were considered. All the studies were carried out in cassava fields naturally
or artificially infected by Xpm. Loss ranges (minimum and maximum), resistance status of the tested
varieties, and country or region where the study was performed were extracted from each report.
Min. = minimum, Max. = maximum.

Reference Inoculum | Min. (%) | Max. (%) Status Country/Region
(CIAT, 1973) Artificial 7.6 14.4 Resistant Colombia
(CIAT, 1973) Artificial 22.5 27.3 Intermediate Colombia
(CIAT, 1973) Artificial 34.2 57.0 Susceptible Colombia
(Otim-Nape, 1980) Natural 90.0 100.0 Susceptible Uganda
(Umemura and Kawano, 1983) Natural 44.0 76.0 Resistant Colombia
(Umemura and Kawano, 1983) Natural 49.0 86.0 Intermediate Colombia
(Umemura and Kawano, 1983) Natural 51.0 92.0 Susceptible Colombia
(Lozano, 1986) Natural 75.0 75.0 Confounded Zaire
(Lozano, 1986) Natural 80.0 80.0 Confounded | Central Africa
(Lozano, 1986) Natural 50.0 50.0 Confounded Brazil
(Lozano, 1986) Natural 5.0 40.0 Confounded | South America
(Lozano, 1989) Artificial 29.4 72.0 Confounded | South America
(Fanou, 1999) Natural 21.0 24.0 Resistant Benin-Nigeria
(Fanou, 1999) Natural 32.0 50.0 Susceptible Benin-Nigeria
(Fanou, 1999) Natural 5.5 5.5 Susceptible Benin-Nigeria
(Fanou et al., 2018) Natural 50.0 50.0 Confounded Nigeria
(Fanou et al., 2018) Natural 10.0 30.0 Confounded Taiwan

Economic and social importance of the pathogen

In a recent report of the Evans School Policy Analysis and Research (Harris et al., 2015) for the Bill
and Melinda Gates Foundation, economic impacts of CBB and postharvest physiological
deterioration were weighed in the context of main constraints for cassava production. Despite its
well-known potential to cause important losses, the current impacts of CBB on the crop are masked
by the lack of recent surveys due to limited research on the disease, underestimations due to the
lack of farmers’ training for CBB identification, and the influence of environmental factors like
drought and coinfections on the onset and severity of the disease. A two-year follow-up of farmers
practices and crop outcomes in Uganda and Kenya revealed that despite the high concern of farmers
about the impacts of diseases like CBB and cassava anthracnose disease (CAD), the factors impacting
yield losses the most were soil fertility and weed management (Fermont et al., 2009). This latter
could result from the cumulative experience of agricultural control measures applied to cassava
farming since the 1980s, which may have buffered the impact of CBB (Lozano, 1986).

Conversely, CBB dynamics seem to be altered by social behaviors linked mainly to cutting trading,
which favors the distribution of the pathogen over short and long distances (Restrepo et al., 2004;
Restrepo and Verdier, 1997; Trujillo et al., 2014b, 2014a). In a case of study in Colombia, disease
incidence is positively correlated with agrochemicals use, land ownership and propagative material
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sharing. Land ownership limitations due to internal conflict and inequity in cassava farmer
communities hampers the long-term establishment of crops and force to inter-cycle renewal of
propagative material, which leads to the use of any available sources of stakes that frequently lack
of phytosanitary controls (Pérez et al., In prep.).

Control strategies

Efficient CBB control is based on three main pillars: sanitary controls, cultural practices, and
deployment of tolerant or resistant varieties. Control practices have been deployed based on our
knowledge about Xpm and its ecology. Sanitary controls of propagative materials and seeds are
large-scale measures that aim at stopping pathogen dispersal. In general these measures comprise
the deployment of disease-free materials, treatments to eliminate the pathogen, establish
quarantine, and Xpm detection tools (Chavarriaga Aguirre et al., 2016; Frison and Feliu, 1991).

Cultural practices for CBB management include crop rotation, intercropping, fallowing, removal or
burying of crop debris, weed management, delayed planting (at the end of the rainy season), and
use of clean propagative materials. Crop rotation and fallowing aim at depleting the pathogen
inoculum sources through time; they are deemed as effective at buffering the impact of CBB in
successive crop cycles (Lozano, 1986; Persley, 1978). Since weeds are reservoirs of the pathogen,
their management during the entire crop cycle, as well as debris treatments before planting, are
strongly recommended. Fanou and collaborators (Fanou et al., 2017) showed that Xpm survival is
markedly reduced when debris is covered with soil or buried (less than 30 days vs more than 120
days for non-buried debris under dry conditions). Moreover, Fanou and Wydra (Wydra and Fanou,
2015) showed that removal of symptomatic leaves can reduce CBB severity and improve the quality
of the crop as source of propagative material; however, this practice did not show effects on yields
in their study. Planting during the second half of the rainy season, disease incidence and severity
decrease, while yields are maintained or even improved generally (Ambe, 1993; Umemura and
Kawano, 1983; Zinsou et al., 2004).

Considering that cassava is devoted to sustaining mainly low-income farmers, deployment of
tolerant or resistant varieties is considered the main solution for CBB control. Clonal selection and
breeding for cassava disease resistance started in the 1940s and were mainly focused on CMD.
Resistance against CBB is essentially due to genes introgressed from wild Manihot species, like the
ceara rubber tree M. glaziovii (Nassar, 2007). Several studies addressed the performance of diverse
cassava varieties against CBB (Dixon et al., 2002; Fokunang et al., 2000; Lamptey et al., 1998; Lozano
and Laberry, 1982; Restrepo et al., 2000a; Umemura and Kawano, 1983; Wydra et al., 2004, 2007;
Zinsou et al., 2005) (see Table 2). In summary, three main aspects condition the successful
deployment of CBB resistant varieties: i) interactions of cassava with environmental factors
profusely affect the fitness and resistance of some cultivars; ii) the need for co-selection of
agronomical traits of value for farmers and the local market; and iii) the resistance against CBB is
polygenic, additively inherited (Umemura and Kawano, 1983), pathotype-specific (Wydra et al.,
2004) and its molecular basis needs to be elucidated.

Regarding the first aspect, several studies (Dixon et al., 2002; Restrepo et al., 2000a; Wydra et al.,
2007; Zinsou et al., 2005) demonstrated that the environment has a significantly greater influence
on CBB disease incidence than the genotypic component, and that the interaction of both factors
can mask differences between genotypes. For instance, the highly resistant variety TMS30572
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performed as resistant in two edaphoclimatic zones of Benin, while it was moderately resistant in
four other climatic zones (Zinsou et al., 2005). Therefore researchers draw attention to test
resistance in relevant conditions, with high disease pressure, and in parallel in greenhouse settings
where pathogenicity assays are optimal (Restrepo et al., 2000a; Zinsou et al., 2005). Regarding the
second aspect, surveys have shown that smallholders prioritize higher yields, taste, and good
cooking qualities over diseases tolerance when selecting materials, which is highly relevant when
engineering disease resistance (Harris et al., 2015). The latter aspect - cellular, genetic, and
molecular bases of the resistance - is addressed later in this document.

Despite the above-mentioned caveats and to summarize the attempts to find high-performing
cassava varieties (see Table 4), the outstanding resistance against CBB of genotype TMS30572 has
been widely demonstrated in several trials in African countries. This genotype comes from the CBB-
resistant parent 58308, a low-productive interspecific hybrid with M. glaziovii, and the susceptible,
but high yielding Brazilian variety Branca Caterina de Santa (https://seedtracker.org/cassava/
(Nassar, 2007; Umanah, 1977)). Although performance of cassava varieties tested in South American
country fields has been highly variable, genotypes CMC40, MECU82, MCOL1916, MPAN19,
MPAN12B, MBRA685, MBRA886, MBRA902, MNGA2, CM523-7, and CM6438-14 were considered
resistant against different Xpm strains in a set of studies (Table 4).

Table 4. Result compilation of cassava resistance assessments reported in literature. Test period:
the time span from planting to the last symptom reading. nd: not described. Setting: environmental
conditions of the test, inoculation technique, and Xpm strains.

) . No. of tested ) ..
Test period Setting .. Resistant varieties Reference
varieties
Field (one
ecozone)/Naturally
occurring disease Four resistant varieties: (Lozano and
5 years (4
cycles) coupled to 1800 M Ecu 82, M Col 1916, M Laberry,
¥ greenhouse/leaf pan 19, and M Pan 12B. 1982)
clipping (strain
1060)
Resistance degrees
Field (two among tested plants is (Umemura
6 years ecozones)/Naturally ~ 1400 not explicit. CM 523-7 is | and Kawano,
occurring disease. the only variety explicitly 1983)
deemed as resistant.
Field (two Three resistant varieties: i
. (Akparobi et
2 cycles locations)/Naturally 12 TMS 30001, TMS 30572 al,, 1998)
occurring disease. and TMS 91934, N
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Field (two
ecozones)/Naturally
occurring disease

Three resistant varieties:

2 years (2 coupled to Restrepo et
z/ycles)( Greenhzuse/stem 19 MNGA 2, M BRA 685, (al. 2080a)
and CM 6438-14. ’
puncture (several
undefined Xpm
strains).
Greenhouse/Leaf ) ) L
inoculation and Five resistant varieties:
3 months stem puncture (26 17 MBRA886, MBRA6G8S5, (Restrepo et
undefined Xpm MBRA902, MNGA2, and al., 2000b)
. CM6438-14.
strains)
Field trials (three Two stable resistant .
L. (Dixon et al.,
3 years ecozones)/Naturally 9 varieties: 63397 and 2002)
occurring disease 4(2)1425.
Glasshouse/Stem
puncture or leaf
infiltration (four Three resistant varieties:
6 weeks Xpm strains: 113 TMS30572, CM8820-40, (Wydra et al.,
GSPB2506, and CM8873-69. 2004)
GSPB2507,
GSPB2511, and
Uganda 12).
Field trials (three
ecozones)/Naturally
occurring disease Five stable resistant
and pray varieties: CAP94030, (Zinsou et al.,
2 years . . 37
inoculation (three BEN86040, RB89509, 2005)
Xpm strains: GSPB RB92132, and TMS30572.
2506, GSPB 2510,
and Save 10)
Field (five Six resistant varieties:
2 years ecozones)/Spray - CVTM4, TMS92/0429, (Wydra et al.,
inoculation (Xpm Main27, TMS30572, 2007)
strain X27). TMS91/02316, and
TMS4(2)1425.
Eleven resistant varieties:
Greenhouse/Stem TMS92/0343,
5 months | puncture (4 Xpm 94 TMS92/0429, (Banito et al.,
strains: GSPB2506, TMS92/0326, 2010)
GSPB2507, TMS92/0067,
TMS92/0057, Toma289,
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GSPB251, and Toma378, TMS4(2)1425,
Uganda 12). TMS91/02316, CVTM4,
and Gbazékouté.

In vitro plants/leaf Four resistant varieties: (Mbaringon
2 months clipping (undefined 21 TME419, 30572,98/0505, gong
. . et al., 2017)
Xpm strain) Kibaha.
Greenhouse/Stem . L
Four resistant varieties: .
puncture (Mbaringong
3 months . 11 TME419, 30572,98/0505,
(undefined Xpm i et al., 2017)
) Kibaha.
strain).

Pathogen description
Pathogen identification

Xpm and Xc are gammaproteobacteria that belong to the Xanthomonadaceae family. Xpm is a Gram
negative rod with a polar flagellum that forms shiny, slimy, convex and circular colonies with entire
margins, when sugars as glucose or sucrose are present in the medium, without any pigmentation
(Figure 1F) (Lozano and Sequeira, 1974a; Maraite and Meyer, 1975; Van Den Mooter et al., 1987).
The characteristic white color is due to the absence of xanthomonadin pigment, a rare trait also
observed in Xanthomonas citri pv. mangiferaeindicae and Xanthomonas campestris pv. viticola
(Midha and Patil, 2014). Colonies of the Gram negative rod Xc are slimy, convex, circular with entire
margins and a deep yellow color (Figure 1G). According to Van Den Mooter and coworkers (Van Den
Mooter et al., 1987), these two pathogens can be differentiated by colony color, growth on D-
saccharic acid (positive for Xc, but not for Xpm), hydrolysis of Tween 60 and growth on DL-glyceric
acid (positive for Xpm, but not for Xc).

Pathogen classification

First described by Bondar in 1912 the causal agent of CBB was initially named Bacillus manihotis
(Arthaud-Berthet). After several taxonomical reclassifications (Burkholder, 1942; Dedal et al., 1980;
Lozano and Booth, 1974; Maraite and Meyer, 1975; Vauterin et al., 1995), the most recent
classification based on a polyphasic taxonomic approach (a seven-gene multilocus sequence
analysis, average nucleotide identity and biochemical analyses) assigned this pathogen to the
species X. phaseoli, with the definite nomenclature X. phaseoli pv. manihotis (Constantin et al.,
2016). As to the causative pathogen of CBN, it was first described by Wiehe and Dowson in 1953 in
Malawi and named Xanthomonas cassavae n. sp. (Wiehe and Dowson, 1953), which was further
confirmed upon DNA-DNA hybridization later on (Vauterin et al., 1995). Figure 3 shows the
taxonomic position of the two cassava pathogens among most known Xanthomonas species.
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X. campestris pv. musacearum (NCPPB4379)
- - X vasicola pv. vasculorum (NCPPB702)

X. oryzae pv. oryzae (PXO99A)
— X. prunicola (CFBP8355)
X. citri pv. citri (GD3)
X. axonopodis (Xac29-1)
X. euvesicatoria (LMG930)
X. phaseoli pv. syngonii (LMGS055)
X. phaseoli pv. dieffenbachiae (LMG695)
X. phaseoli pv. phaseoli (CFBP412)
- - X phaseoli pv. manihotis (CIO151)
X. bromi (LMG947)
X. nasturtii (WWHRIB984)

100) - - X. fragariae (NBC2815)
1o5) X. arboricola (17)
199 [10g - - X. populi (CFBP1817)
g X. hortorum (BO7-007)
16 X. pisi (CFBP4643)
£ X. vesicatoria (LM159)
X. melonis (CFBP4644)
109l 4 X. cucurbitae (ATCC23378)
X. codiaei (CFBP4690)
10 X. floridensis (WHRI8848)
100 ! - X cassavae (CFBP4642)
X. maliensis (LMG27592)
- - X. albilineans (Xa-FJ1)
e 2 - - X. sacchari (R1)
108 X. theicola (CFBP4691)
100 X. translucens pv. translucens (DSM18974_peng1)
oo sodlsB.q } 1 X. hyacinthi (GFBP1156)

Figure 3 Taxonomic position of Xpm and Xc.

Phylogeny of 30 representative Xanthomonas, including 27 species, and 4 pathovars of X. phaseoli.
Strain code is indicated in parentheses. Xpm and Xc are highlighted in purple and blue, respectively.
Phylogeny was constructed from RefSeq complete genomes using the bioinformatic workflow
PhaME (Shakya et al., 2020). Core genome alignments resulted in 155,507 aligned SNP positions
that covered coding and non-coding regions. Trees were reconstructed with the GTRGAMMAI
model of RAXML and consensus tree was calculated from 100 bootstraps; results higher than 80 are
shown above branches.

Host range
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Alternative hosts can play a key role in pathogen persistence in the environment, acting as reservoirs
during long periods. To date, five Euphorbiaceous plants have been reported to be symptomatically
affected by Xpm, supporting its multiplication and release to the environment: the three cassava
wild relative species Manihot glaziovii, Manihot palmata, and Manihot aipi (Lozano and Sequeira,
1974a), Euphorbia pulcherrima and Pedilanthus tithymaloides (Dedal et al., 1980). On the other
hand, the limited distribution of Xc in Africa and its apparent absence in South America (origin of
cassava) suggests that coevolution with cassava is rather short and that this plant may not be the
main host of this bacterium (Hayward, 1993). No alternative host has been reported for this
pathogen so far.

Diversity of the pathogen

As reviewed previously (Lopez Carrascal and Bernal, 2012), the first studies on African isolates
highlighted a rather clonal populations context. Diversity seemed to be increasing from 1980s to
2010s, probably as a result of the introduction of new varieties to African countries. More recently,
high genetic relatedness of isolates from different cassava-growing regions in Kenya using rep-PCR
has been reported, suggesting that despite the high prevalence of the disease, genetic diversity of
Xpmiis still low in some African countries (Chege et al., 2017).

Of contrast, Xpm diversity is higher in South America, in agreement with the hypothesis of the origin
of the pathogen. Studies on Xpm populations isolated in several regions in Colombia showed no
differentiated geographic structure, traces of pathogen migration, yearly changes of pathogen
population structure in the same field and indications of plant host pressure on the pathogen
(reviewed by (Lépez Carrascal and Bernal, 2012)). Recent studies highlighted two contrasting
scenarios. Most haplotypes of Xpom were not structured geographically in northern regions of
Colombia when using Amplified fragment length polymorphisms (AFLPs) (Trujillo et al., 2014b) or
Multilocus variable-number tandem repeat (VNTR) analysis (MLVA) (Rache et al., 2019), suggesting
an important role of pathogen migration through contaminated propagative material. However, a
center of origin of several Xpom haplotypes was discovered in one of the studied locations, which
acts as a potential source of new founder pathogens (Trujillo et al., 2014b). In contrast, AFLP and
MLVA-based analysis showed that Xpm populations of the eastern plains were structured
geographically, but still showing some degree of genetic flow between distant regions. Authors
consider that these contrasting scenarios reflect different agricultural practices, crop intensiveness
and distribution of lands dedicated to the crop (Trujillo et al., 2014a).

At a larger geographical scale, 65 Xpm strains, mainly from Africa and South America were
sequenced by lllumina (Bart et al., 2012). Phylogenies based on more than 12,000 chromosomal
SNPs show that African, Colombian and some Brazilian strains share a common ancestor, in line with
the idea of the introduction of the pathogen to Africa as a consequence of the slave trade and or
Portuguese missions. Authors highlight that Xpm populations are evolving independently, but also
show genetic flow between geographically distant places, which should be taken into consideration
for surveillance and CBB control purposes.

Diversity assessment tools
Xpm diversity has been analyzed by different methods during the last three decades, including RFLP

(Berthier et al., 1993; Restrepo et al., 2004; Restrepo & Verdier, 1997; Verdier et al., 1993; Verdier
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et al,, 2001; Verdier et al., 1994), Repetitive element palindromic PCR (rep-PCR) (Chege et al., 2017;
Restrepo et al., 2000c), Random Amplified Polymorphic DNA (RAPDs) (Ogunjobi et al., 2007, 2006),
and AFLPs (Gonzalez et al., 2002; Ogunjobi et al., 2010; Restrepo et al., 2000c; Trujillo et al., 2014b).
Recent studies have shown that a slightly better discriminatory power is achieved using MLVA
(Rache et al., 2019; Trujillo et al., 2014a). An MLVA scheme with 15 VNTRs amplified by multiplex-
PCR was developed to assess the pathogen diversity at a local scale and this scheme was tested in
the Northern Coast of Colombia. This method has several advantages : it does not require DNA
extraction, it can be easily formatted for high-throughput settings, the amplification of up to four
loci is parallelized in a unique PCR reaction, and outputs show high reproducibility and portability
(Rache et al., 2019).

Diagnostic tools

Early detection and diagnostic tools relied on in vitro isolation of the pathogen coupled with phage
typing, cassava reinoculation and/or serological assays on cassava extracts. With the popularization
of more straightforward molecular methods, standard (Verdier et al., 1998) and nested PCR (Ojeda
and Verdier, 2000), dot blots (Verdier & Mosquera, 1999) and an ELISA assay were developed
(Verdier et al., 2001). Three PCR-based methods were reported for Xpm detection recently, a first
one using an optimized version of a previous assay (Verdier et al., 1998) resulting in improved Xpm
detection (Cerqueira-Melo et al., 2019). A second approach is based on a multiplexed nested PCR
including a broadly conserved fragment of Xpm Transcription Activator-Like effector (TALE) genes
and a semi-specific region of rpoB, resulting in a wider detection potential for Xpm strains (Bernal-
Galeano et al., 2018). A third strategy consisted of a duplex PCR amplifying highly conserved
chromosomal regions in Xpm and Xc to detect and distinguish both cassava pathogens proved to be
highly selective and sensitive (Flores et al., 2019).

Disease phenotyping tools under controlled conditions

Generally, Xom must first overcome plant defenses in the leaf apoplast, before accessing to the
vessels and migrating towards the stem. Defense mechanisms in the mesophyll are different from
those exerted by the plant in the leaf and stem vessels, adding barriers of a different nature that are
surpassed only by successful pathogens (Kpémoua et al., 1996; Restrepo et al., 2000a; Wydra et al.,
2007). This multilayer tissue-specific resistance might be the explanation for the quantitative and
additive nature of the genetic factors reigning resistance in cassava, which increases the complexity
of disease phenotyping. Moreover, the propagation of cassava through vegetative cuttings results
in developmentally unsynchronized plants with variations in their physiology that could affect the
outcomes of phenotyping methods (Mutka et al.,, 2016). Hence, disease phenotyping tools in
cassava and their relationship to the real-world plant performance are not trivial subjects.

Bacterial virulence is usually assessed upon infiltration of leaves of adult 2- to 4-month old plants,
through bacterial growth analysis, bacterial movement through the leaf, and symptom development
(compilation of protocols in (Cohn et al., 2015)). Bacterial growth and movement within the host
quantitatively reflect the ability to grow locally and to migrate through the xylem, while symptom
development is a qualitative estimation of Xpm capacity to induce water soaking lesion, which might
improve bacterial fitness. Symptom development can also be quantified by measuring lesion areas
around a perforated hole or upon leaf clipping or leaf spraying (Pacumbaba, 1987; Verdier et al.,
1994; Zandjanakou-Tachin et al., 2007). More recently, image-based phenotyping of Xpm with
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luminescent reporters efficiently allowed to quantitatively track the disease in time and space
(Mutka et al., 2016).

Leaf inoculation may be questionable for resistance phenotyping since discrepancies were observed
between leaf lesion measurements and scoring upon stem inoculation (Mufioz-Bodnar et al., 2015;
Restrepo et al., 2000b). However, others have successfully detected symptom differences when
infiltrating leaves of susceptible and resistant cultivars at low densities (i.e., from 10% to 10° ufc/mL)
(Flood et al., 1995; Wydra et al., 2007, 2004).

In the stem, the most discriminant methodology consists of inoculating one internode of the apical
region by puncturing bacteria with a sharp tool and evaluating disease development over a 30-day
span according to a standardized severity scale. Measurements from several replicates are
mathematically integrated to obtain a dimensionless quantity (area under the disease progression
curve, AUDPC) that can be comparable even among experimental sets with similar conditions.
Resistance and susceptibility is established from scores (in a 0-5 scale, >4 is deemed as susceptible
and <3 is deemed resistant), or by setting thresholds when performing AUDPC analyses, this latter
being the preferred method to assess resistance ( Jorge & Verdier, 2002; Restrepo, Duque, et al.,
2000b).

To avoid the recurrent problem of space limitation when phenotyping cassava (plants are large),
two studies recently reported the use of cassava plants grown in-vitro. A comparative resistance
screening between plants grown in pots and in vitro showed that the latter did not wilt although
some symptoms developed, yet indicating that the AUDPC methodology can be applied to assign
resistance/susceptibility categories (Mbaringong et al.,, 2017). In another study Mora and
collaborators (2019) developed methods to quantify AUDPC values and perform bacterial growth
analysis, highlighting contrasted phenotypes between susceptible and resistant cassava varieties in
terms of disease progression and bacterial growth (Mora et al., 2019). These technical advances, in
combination with traditional and more recent tools open a new era in cassava phenotyping
research.

Virulence mechanisms of the pathogen
Genomics of the pathogen

The advent of next generation sequencing technologies allowed the sequencing of the genome of
66 Xpm strains originating from Africa and South America mainly (Arrieta-Ortiz et al., 2013; Bart et
al., 2012). Assemblies resulted into fragmented draft genomes that were used for genomic and
phylogenetic analyses, highlighting two main clusters. Grouping of South American and African
strains in the same cluster agrees with the hypothesis formulated years ago on the possible
introduction of Xpm from America to Africa. The authors also identified the invariable occurrence
of the well-known Pathogen-Associated Molecular Patterns (PAMPs) fliC and ax21, the presence of
14 to 22 Xanthomonas outer proteins (Xops) per strain, with a core set of nine of them, and reported
that all strains harbor at least one TALE (Bart et al., 2012). The first manually annotated and high-
quality draft genome for Xpm was obtained through 454 pyrosequencing technology of the
Colombian strain CIO151 (Arrieta-Ortiz et al., 2013). Analysis of the genomic sequence confirmed
the presence of fully functional pathogenicity mechanisms such as type Il, Ill, IV and VI secretion
systems; an exopolysaccharide production cluster; core and accessory type three effectors, and
chemotaxis, type IV pili, flagella, siderophore biosynthesis, and putative polyketide synthesis genes.
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This study also explored for the first time the possibility of using a MLVA scheme for Xpm diversity
studies, and report on 16 potential VNTR loci. Third-generation long read sequencing has resulted
in several high-quality non-fragmented xanthomonads genomes (Booher et al., 2015; Cox et al.,
2017; Denancé et al., 2018; Gochez et al., 2018; Peng et al., 2016; Ruh et al., 2017; Showmaker et
al.,, 2017; Tran et al., 2018; Wilkins et al., 2015). A first attempt to sequence Xpm with Pacific
Biosciences technology highlighted a high error rate on reads precluding to obtain a high-quality
genome (Bart et al., 2012). Regarding Xc, a draft genome of strain CFBP4642 (a.k.a NCPPB101,
ICMP204, LMG673) isolated in Malawi in 1951, highlighted the presence of a canonical T3SS and
some T3Es including TALEs (Bolot et al., 2013). Presently our team is producing high-quality
reference genomes for both Xpm and Xc pathogens by using long-read sequencing technologies.

Secretion systems

The type | secretion system (T1SS) allows the active transport of hydrolases (e.g. proteases,
phosphatases, glucanases, nucleases, lipases) and toxins from the cytoplasm to the extracellular
matrix (reviewed by (Delepelaire, 2004)). The canonical type Il secretion system (T2SS) allows the
secretion of periplasmic enzymes (e.g. cellulases, pectin methylesterases, cellobiosidases, and
polygalacturonases) to the extracellular matrix (reviewed by (Cianciotto and White, 2017)). The
presence of canonical versions of these two systems (T1SS and T2SS) in Xpm was reported by
Arrieta-Ortiz and coworkers, highlighting two slightly different clusters (xps and xcs) for the T2SS in
ClO0151 genome (Arrieta-Ortiz et al., 2013). Type IV secretion systems (T4SS) translocate proteins
and DNA-protein complexes to surrounding eukaryotic host or other prokaryotic cells, playing an
important role for competition against other Gram negative bacteria (reviewed by (Sgro et al.,
2019)). Likewise, the type VI secretion system (T6SS) is a contractile apparatus that injects toxic
effectors to accompanying eukaryotic and prokaryotic cells (reviewed by (Bayer-Santos et al.,
2019)). Xpm carries at least one class of T4SS (Arrieta-Ortiz et al., 2013; Sgro et al., 2019), and one
T6SS cluster encoded by fifteen genes in strain ClO151, but their functionality remains to be
evidenced (Arrieta-Ortiz et al., 2013).

The type lll secretion system (T3SS) is a translocation machinery that allows the injection of effector
proteins into the host. Delivered effectors play a major role in counteracting the host defenses and
hijacking the cellular mechanisms of the invaded cell (reviewed by (Timilsina et al., 2020)). In Xpm,
the T3SS is encoded by 26 genes of the hrp2 family cluster (Arrieta-Ortiz et al., 2013), and its role in
pathogenesis has been demonstrated through the mutagenesis of hrpX, a key regulator of the T3SS
(Medina et al., 2018).

Type 3 effectors

Xanthomonas T3Es can be classified in two major groups considering their molecular structure,
function, and interactors/targets. The first group forms a heterogeneous group of so-called
Xanthomonas outer proteins (Xops) i.e., effectors with a wide range of enzymatic activities, whose
targets and associated physiological effects mainly take place in the host cytoplasm and their
mechanism of action rely on protein-protein interactions. The second group is only composed by
Transcription Activator-Like effectors (TALEs), which are modular proteins that share an unusual
architecture combined with eukaryotic motifs that allow them to act as bona fide transcription
factors inside the host nucleus. Most Xops are involved in disturbing plant defense through
alteration of PAMP-DAMP triggered immunity (PTI/DTI) or effector-triggered immunity (ETI)
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pathways, while TALEs act as TFs that re-shape the host cellular metabolism through the activation
of susceptibility (S) genes to create better niches for bacteria (Timilsina et al., 2020).

Xpm strains harbor from 13 to 23 Xop effectors, of which 9 are conserved among all the reported
Xpm genomes and termed as Xpm core effectors: HpaA, HrpF, XopEl, XopV, Hpa2, XopAK, XopL,
XopN, and XopAE (a.k.a HpaF), the latter five being almost completely monomorphic among the
surveyed strains (Bart et al., 2012). AvrBs2, XopAO1, XopZ and XopX are important for virulence;
strains mutated in these T3Es do not multiply properly in planta, and vascular colonization and/or
symptom formation is impacted for some of them. XopK plays a dual role by increasing the
developmental rate of symptoms but limiting the spread of the pathogen, while XopN and XopQ
seem to have a redundant pathogenicity function. Expression in heterologous systems showed that
XopR, AvrBs2 and XopAOL1 interfere with PTI, while XopAO1 and XopE4 interfere with ETI (Medina
et al., 2018; Mutka et al., 2016).

The crucial role of TALEs in Xpm pathogenicity was known for long and finally reported recently
(Castiblanco et al., 2013; Cohn et al., 2016, 2014). Several diagnostics and diversity tools were
unintentionally based on TALEs detection, the results highlighting their high conservation within
Xpm (reviewed by ( Verdier et al., 2004)). The screening of 65 strains through RFLP showed that all
contained between one and five TALEs with 12.5, 13.5, 14.5, 19.5, 20.5 or 21.5 repeats, and most of
them were plasmid-borne (Bart et al., 2012). However, our understanding of Xom TALE diversity is
rather poor since limited to only seven genes from three strains (Castiblanco et al., 2013; Cohn et
al., 2016, 2014). Since these effectors are the main axis of this thesis, a dedicated introductory
section addresses the TALEs and what we know about them in cassava. For detailed information,
see section Xpm TALEs and their role in cassava.

Toxins

Upon bacterial entry into the leaves, the first symptoms to appear are water-soaked angular spots.
Generally, discrete spots begin to coalesce, and eventually, surrounding, and distal areas start to
blight. This characteristic blight phenotype may be due to the diffusion into the laminar tissues
around the infection foci of a small molecule that acts as a toxin. Perreaux and collaborators isolated
from Xpm cultures a small organic acid, the 3-methyl thiopropionic acid, which induces the blight
symptom when infiltrated alone into cassava leaves (Perreaux et al., 1982). Bacterial metabolism
leads to a transamination coupled to a decarboxilation of methionine, resulting in the formation of
3-methyl thiopropionic acid (Ewbank and Maraite, 1990). Concentrations of this toxin rise up in
leaves along with bacterial multiplication and reach a maximum just before the onset of the blight
symptom (Perreaux et al., 1986). The exact mechanism of action of this small acid is not known.
However evidence for the role of this compound as a toxin is debated, basically because
concentrations of free methionine and the potential toxin in leaves are very low, and in vitro assays
could have been biased by the acid nature of the compound (Cooper et al., 2001).

Signaling and metabolic routes potentially involved in regulation of pathogenicity

Recently, an RNAseq of a Quorum Sensing-insensitive mutant of Xpm vs. wild type grown in vitro
was reported (Botero et al., 2020). The authors concluded that the QS system controls several
subsequent signaling routes including a number of phosphorylation sensor and transduction
pathways, some of which share a c-di-GMP phosphodiesterase activity (HD-GYP domain). Metabolic
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routes that were affected by QS included the already reported xanthan biosynthesis route and the
newly reported NAD(P)+ balance, and fatty acid elongation, which should be further studied.

Host genetics and interaction
Tools for Xpm-Cassava interaction research

Development of adapted durable resistance must consider the local pathogen population structure
and the host response variability. Pathotyping schemes can condense this complex interaction data
to cluster pathogens according to virulence (Restrepo, Duque, et al., 2000b; Trujillo, Ochoa, et al.,
2014; Verdier et al., 2004) and classify cassava genotypes based on susceptibility (Wydra et al.,
2004). Inoculation of in vitro plants (Mora et al., 2019) and image-based phenotyping methods
(Mutka et al., 2016; Veley et al., 2020) are two important advances that will greatly facilitate the
study of this pathosystem by leveraging high throughput applications, and evidencing the plant
response in a more comprehensive way.

Cassava genomic resources include the read collection from 58 lllumina-sequenced cassava or
cassava relatives accessions (Bredeson et al., 2016), four high-quality sequenced genomes from
cultivars AM560-2 (an MCOL-1505-derived partially inbred cultivar) (Bredeson et al., 2016; Prochnik
et al., 2012), KU50 (Wang et al., 2014), TME3, and the highly CBB-susceptible cultivar TMS60444
which is amenable to genetic transformation (Kuon et al., 2019). Also it includes at least four high
density genetic maps (International Cassava Genetic Map Consortium (ICGMC), 2015; |. Rabbi et al.,
2014; 1. Y. Rabbi et al., 2014; Soto et al., 2015), one of them with an integrated physical map that
includes immunity-related genes (Soto et al., 2015); and Bacterial Artificial Chromosome (BAC)
libraries from cultivars TMS30001 and MECU72 (Tomkins et al., 2004). Transcriptomic resources for
cassava challenged by Xpm include expressed sequenced tags (ESTs), simple sequence repeats (SSR)
(Lopez et al., 2004; Lépez et al., 2007), a microarray (Lépez Carrascal et al., 2005), transcript-derived
fragments (TDFs) (Santaella et al., 2004), and differentially expressed genes (DEGs) catalogs (Cohn
et al, 2014, Gdémez-Cano et al, 2019; Mufioz-Bodnar et al., 2014). The website
wWWww.cassavagenome.org provides tools incorporating the data from some of the above-described
resources such as transcriptomic and SSR data displayed on the AM560-2 genome. As mentioned
earlier, daTALbase allows the research of potential virulence targets of TALEs through prediction of
EBE sequences in the host promoterome, and cross-referencing to host transcriptomics and
polymorphism data (Pérez-Quintero et al., 2017).

Host susceptibility to Xpm

The susceptibility (S) gene MeSWEET10a is a Clade lll member of the well-known SWEET family of
phloem-loading efflux carriers (reviewed by (Chen, 2014)), MeSWEET10a is transcriptionally
activated by the TALE TAL20xsmsss, and the resulting protein was found to export glucose and sucrose
using Xenopus oocytes (Cohn et al., 2014). Increased susceptibility is probably related to increase of
glucose accumulation in the apoplast, where it supports bacterial growth (Cohn et al., 2014), and/or
by increasing osmotic water influx into the intercellular spaces that facilitate bacterial movement
(El Kasmi et al., 2018; Schwartz et al., 2017). Cassava has 27 putative SWEET genes that are scattered
in the genome (except for three clusters with 5, 3 and 2 SWEET genes), and account for at least five
clade Il members that could potentially also act as S genes, as shown in rice (Streubel et al., 2013).
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Mora and coworkers compared the expression of MeSWEET10a during a compatible and an
incompatible interaction, highlighting its upregulation in the susceptible cultivar TMS60444 but not
in the resistant cultivar CM6438-14 fifty hours after inoculation of a strain carrying TAL20xamess.
Inspection of the MeSWEET10a promoter in both varieties showed conservation of the EBE,
suggesting the immune response to stop susceptibility pathways at early stages of the infection
(Mora et al., 2019).

Structural and cellular features of cassava resistance against Xpm

A mechanism associated with anti-Xpm defense in cassava is the occlusion of adaxial stomata with
wax, as a way to reduce pathogen entry into the leaf. Interestingly, the number of occluded stomata
seems higher in resistant varieties (Cooper et al., 2001; Zinsou et al., 2006). Once in the substomatal
spaces, Xpm reaches the mesophyll which colonization is accompanied by the formation of a fibrillar
matrix made of bacterial exopolysaccharides and loosening of plant cell walls through enzymatic
lysis. These modifications allow the pathogen to become vascular by accessing the xylem vessels
and migrating to other parts of the plant (Boher et al., 1997, 1995; Kemp et al., 2004). Little is known
about the resistant reactions taking place in the leaf mesophyll, but it has been suggested that these
responses may be overcome by Xpm (Kpémoua et al., 1996; Verdier et al., 1994). Cassava resistance
against Xpm is mediated by several cellular and molecular mechanisms, and the promptness of this
response is the key difference between a susceptible and a resistant variety (Kpémoua et al., 1996).
Resistance in the stem is characterized by the initial secretion of bactericidal phenolic compounds
into intercellular spaces and vessel lumen, followed by a deposition of lignin, suberin and callose in
the paramural spaces. Later, pectic-rich tyloses are formed to occlude vessels and to secrete more
phenolic compounds, while bacteria are trapped in lysis pockets through lignification and
suberization (Boher et al., 1995). Moreover, resistant genotypes are able to metabolically cope up
better with infection, with the maintenance of average stomatal resistance, water potential, and
proline levels, factors that are markedly altered in compatible interactions (Restrepo Rubio et al.,
2017).

Mapping resistance to Xpm

Due to the quantitative nature of CBB resistance, and the complex interaction between the host
genetic background and the environment, the search for resistance sources against Xpm in cassava
is mainly restricted to the identification of quantitative trait loci (QTLs) (Jorge et al., 2001, 2000;
Lépez Carrascal et al., 2007; Soto-Sedano et al., 2017; Tappiban et al., 2018; Wydra et al., 2004).
Identified QTLs were strain-specific in all cases, explaining up to 61% of the resistance variance
(reviewed by ( Lépez & Bernal, 2012). Recently, thanks to a high density cassava genetic map (Soto
et al., 2015), Soto-Sedano and coworkers associated five novel resistance QTLs, accounting for 16%
to 22% of the variance phenotype and which colocalized with 29 genes potentially involved in
defense (Soto-Sedano et al., 2017). Furthermore, three out of these QTLs showed to be significantly
influenced by environmental conditions, especially humidity. More recently, by using an SSR-based
genetic map derived from the F1 offspring of an Asian cassava cultivar cross, 10 QTLs were
associated to CBB resistance, explaining up to 26.5 % of the genotypic variance, and five colocalized
genes were shown to be differentially upregulated in resistant genotypes (Tappiban et al., 2018).
Table 5 summarizes all the cassava QTLs (more than 100) reported to be involved in CBB resistant.
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Table 5. Quantitative Trait Loci (QTLs) associated to CBB resistance. QTL name: name of the QTL
associated to CBB resistance. ExpVar: percentage of phenotypic variance explained by a given QTL.
Linkage group: linkage group where a given QTL can be found. Linkage groups depend on the map
used for associations. Strain: strain used to inoculate the assessed plants (in most of the cases, QTLs
are strain-specific). Natural inoculum: the study was performed in the field and the quantified
disease resulted from infections with naturally occurring strains. Undefined strain: the study states
that only one strain was used to inoculate the assessed plants, but authors do not provide the strain
identifier. Technique: disease quantitation technique used to associate phenotypes to markers.
AUDPC: Area Under the Disease Progression Curve, 100-DI: percentage of diseased plants (100-
disease incidence), MDR: Mean Disease Rating. Marker: peak marker associated to a given QTL. Map
reference: cassava map used to associate QTLs. The maps developed by Fregene and coworkers
(Fregene et al., 1997) and Soto and coworkers (Soto et al., 2015) derived from the female parental
TMS 30572 and the male parental CM 2177-2; the map developed by Wydra and coworkers (Wydra
et al., 2004) derived from five F1 male individuals (CM7857-4, CM7857-10, CM7857-51, CM7857-
77,and CM7857-115) and the female recurrent parent TMS30572; the map developed by Tappiban
and coworkers (Tappiban et al., 2018) derived from the parentals Huay Bong 60 (HB60) and Hanatee
(HN). Study reference: the reference to the study where QTLs were found.

ExpV Link M
QTL name Xpyar Strain Technique inkage Marker P Study
(%) group reference | reference
XM1 11 D GY222 (Fregene et | (Jorge et
XM2 10 L GY141 al., 1997) al., 2000)
ClO-84
XM9 10.7 C GY54
XM10 11.2 G GY93
XM3 13 N AD4b
XM4 9 N rGY145
Clo-1
XM11 11.6 AUDPC C rGY18
XM11 15.5 C rGY26
XM5 13 X CBB1
ClO-136
XM12 12.4 C rNI1.C2
XM6 10 ClO-295 B rGY147
XM1 20 D GY181
XM7 12 D GY179
ORST X-27
XM8 12 D 019
XM2 19 L GY141
XMF3 6.1 F CDY107 | (Fregeneet | (Jorge et
XMF3 36 = GY37 al., 1997) al., 2001)
XMF3 5.2 F GY186
XMF5 7.7 Natural 100-DI M W19b
XMF5 8.1 inoculum M GY105
XMF1 4.3 D GY219
XM8 9.3 D 019
XMF2 8.7 E rida
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CDY123a

CDY107

rAC1

nrGY67

rGY87

W19b

GY105

GY219

019

rlda

CDY107

GY37

GY186

nrGY67

rGY87

W19b

GY105

XMF2 13.1
XMF3 8

XMF4 10.8
XMF5 10.2
XMF5 11.6
XMF5 8.9
XMF5 9.6
XMF1 6.5
XM8 9.1
XMF2 9.9
XMF3 18.2
XMF3 6

XMF3 7.2
XMF5 12.9
XMF5 11.7
XMF5 9.8
XMF5 9.6
XMF6 4.8
XMF7 11.2
XMF3 7.1
XMF3 6.5
XMF3 5.6
XMF3 6.9
XMF5 5.8
XMF5 6.1
XMF6 10.8
XMF6 3.2
XMF2 9.9
XMF2 7.2
XMF2 13.3
XMF7 5.3
XMF3 10.7
XMF3 4.3
XMF3 5.4
XMF3 4.8
XMF5 12

XMF5 9.5
XMF5 6.7
XMF5 9.1
XMF6 10.6
XMF6 4.6

MDR

GY219

rF19b

CDY107

GY37

GY194

GY186

W19b

GY105

rGY72

GY219

rlda

GY118

CDY123a

GY205

CDY107

GY37

GY194

GY186

nrGY67

rGY87

W19b

GY105

rGY72

Ol Z|Z|LZ | Z|[m||m|mmmmmOo|Z || 7mamoll|Z|Z|Z7m|7|mo|lolZl|ILZ<Z<Z|—|mlm

GY219
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XMF2 11.1 E rlda
XMF2 10.6 E GY118
XMF2 9.5 E CDY123a
XMF7 6.4 E GY205
XMF3 16.4 F CDY107
XMF3 8.3 F GY37
XMF3 6.4 F GY194
XMF3 8.4 F GY186
XMF5 11.1 M nrGY67
XMF5 10.6 M rGY87
XMF5 104 M W19b
XMF5 9.8 M GY105
None 21.4 Clo121 A rGY75 (Fregene et | (Lopez
al., 1997) Carrascal
None 61.6 Clo151 U B39P22 etal.,
2007)
QTL1 16 GSPB2507 0 SSRY6 (Wydraet | (Wydraet
QTLl 18 0 SSRY6 al., 2004) al., 2004)
GSPB2511
QTL2 19.7 0] SSRY170
QTL3 18.1 Uganda N SSRY55
QTL4 23.2 12 C SSRY93
QTL5 21.8 | GSPB2507 A GY12
QTL5 333 A GY12
Uganda Not
12
None 17.4 Linked SSRY17
Not
None 12.8 | GSPB2507 . SSRY104
Linked
AUDPC No
QTL6 19.6 | GSPB2511 name SSRY83
assigned
Uganda Not
None 19.3 12 Linked SSRY104
No
QTL6 18.2 name SSRY83
GSPB2506 assigned
Not
None 23.4 Linked SSRY104
Not
None 18.4 | GSPB2507 . SSRY7
Linked
Not
None 21.8 | GSPB2511 . SSRY84
Linked
Not
None 22.6 | GSPB2506 . SSRY157
Linked
QAR681D-14 18.1 UA681 LG14 MB_9956
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QLV318RD-19 | 17.3 | UA318 LG19 | MB_38006 | (Soto etal,, | (Soto-
QLV681RD-6 | 22.1 UA681 LG6 | MB_50599 | 2015) Sedano et
QGH318-19 | 188 | UA318 LG19 | MB_49863 al.,, 2017)
QGH681-2.2 | 158 | UA681 LG2.2 | MB_23160

CBB14 7dai 1 | 66 LG3 | SSYR180 | (Tappiban | (Tappiban
CBB14_7dai 2 | 8.4 LG7 CA172 | etal, etal,
CBB14 7dai_ 3 | 15.1 LG12 | SsRvig2 | 2018) 2018)
CBB14_7dai 3 | 15.1 LG12 | EME489

CBB14_7dai 4 | 20.9 LG13 | SSRY82

CBB14_7dai 4 | 20.9 LG13 | s10963n39

CBB14_7dai 5 | 16 , LG14 | s08265n64

CBB14_7dai 5 | 16 Unsct"::irr:ed MDR LG14 | MeES485

CBB14 10dai 1| 21.3 LG7 CAS67

CBB14_10dai 1| 21.3 LG7 NS898

CBB14_10dai 2 | 13.8 LG12 | s11341n43

CBB14_10dai 3 | 32.4 LG15 NS982

CBB14_10dai 3 | 32.4 LG15 NS847

CBB14_10dai 4 | 25.7 LG17 CA358

CBB14_12dai | 26.5 LG5 NS1021

Genetic and molecular aspects of cassava defense against Xpm and Xc

Most of our knowledge about the molecular aspects of the cassava-Xpm interaction comes from
studies of resistant varieties (see Figure 4). However, challenging susceptible genotypes with Xpm
also induces defense-related genes, but expression is delayed when compared to resistant varieties
(Lopez Carrascal et al., 2005; Santaella et al., 2004). Several studies have identified Pathogenesis-
Related (PR) proteins (Li et al., 2017; Roman et al., 2014; Yoodee et al., 2018) and various microRNA
families potentially involved in plant defense (Pérez-Quintero et al., 2012). The role of Transcription
Factor (TF) families in response to Xpm has been addressed by coexpression network analyses and
functional studies by TF families. Specific cassava Heat Stress TFs (MeHSfs) (Wei et al., 2017, 2018b),
related to ABI3 AND VP1 (MeRAVs) (Wei et al., 2018a), Nuclear Factor Y (MeNF-Ys) (He et al., 2019),
Whirly (MeWHYs) (W. Liu et al., 2018), NAM/ATAF/CUC2 (NACs) (Gdmez-Cano et al., 2019), basic
leucine zipper (bZIPs) (Gémez-Cano et al., 2019; Li et al., 2017), WRKYs (Gémez-Cano et al., 2019;
W. Liu et al.,, 2018; Wei et al., 2017; Yan et al., 2017; Yoodee et al., 2018) and TB1/CIN/PCF (TCPs)
TFs (Gmez-Cano et al., 2019) were shown to play important roles in cassava immunity against Xom
through activation of defenses. For example, MeWHY1/2/3 (through interaction with MeWRKY75),
MeNF-YA1/3, MeNF-YB11/16, and MeNF-YC11/12 are crucial for upregulation of defenses against
Xpm (He et al,, 2019; W. Liu et al., 2018).

Salicylic acid (SA), calcium signaling, and melatonin synthesis also play important roles in anti-Xpm
defense. The upregulation of MeHsf3 in response to Xpm infection triggers the activation of the SA
pathway through transcriptional activation of MeEDS1, also triggering defense by activating the
non-SA-related MePR4 gene (coding for a defense-related protein containing SCP domain) (Wei et
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al., 2018b). Several Calcineurin B-like proteins (CBLs) and CBL-interacting protein kinases (MeCIPKs)
which are respectively transducers of CIPKs signaling and sensors of calcium signaling, have been
found upregulated during the interaction. Among them, MeCIPK23 physically interacts with MeCBL1
and MeCBL9 to modulate defense against the pathogen, potentially as a response to calcium
signaling (Yan et al., 2018). During infection Xpm also upregulates the melatonin biosynthesis
pathway (MBP), leading to melatonin accumulation, activation of defense- and ROS-related genes,
and increased callose deposition (Wei et al., 2016). MeRAV1 and MeRAV2 TFs directly activate three
genes of the MBP (MeTDC2, MeT5H, and MeASMT1), while MeWRKY79 and MeHsf20 increase the
transcription rate of MeASMT2 (a second N-acetylserotonin O-methyltransferase gene involved in
the MBP), all resulting in increased defense responses against Xom (Wei et al., 2018a, 2017).

Autophagy regulation is altered during Xpm infection, which significantly impacts immunity. Four
members of the cassava Autophagy-Related Protein 8 (MeATG8) family, including MeATGS8f which
colocalizes with a resistance QTL (Tappiban et al., 2018) and which product was reported to interact
with MeWRKY20 to induce defense against Xom (Yan et al., 2017). Furthermore, MeATG8b and
Me8ATG8e have antagonistic roles against the two cassava Glyceraldehyde-3-phosphate
dehydrogenases MeGAPC4 and MeGAPC6, whose downregulation results in higher autophagic
activity, higher H,O; levels, and increased callose deposition (Zeng et al., 2018). Little attention has
been paid to the cassava-Xc interaction, but analysis of an incompatible interaction showed that,
unlike for Xom, Phenylalanine Ammonia Lyase (PAL) transcription and activity, and cell wall-bound
peroxidase activity are markedly increased in response to the pathogen (Pereira et al., 2000, 1999).

Pathogen perception relies on Receptor-Like Kinases (RLKs), Receptor-Like Proteins (RLPs), and
Nucleotide Binding Site-Leucine-Rich Repeat (NBS-LRRs) proteins. Cassava contains at least 253 RLK-
(Soto et al., 2015) and 327 NBS-LRR-encoding genes. Most NBS-LRRs are grouped in 39 clusters, with
two superclusters with 43 and 19 of the genes located on chromosomes 16 and 17, respectively (
Lozano et al., 2015). Mapping for resistance QTLs allowed the identification of the two resistance
gene candidates RXam1 and RXam2, respectively coding for a RLK and an NBS-LRR ( Lépez et al.,
2003). RXam1 shows similarity to the anti-Xanthomonas oryzae pv. oryzae rice resistance gene
Xa21, and was recently shown to be involved in defense against Xpm strain ClO136 (Diaz Tatis et al.,
2018). RXam2 is a typical non-TIR NB-LRR located in a QTL explaining 61% of the resistance variance
to Xpm strain CIO151. Recently, it was demonstrated that this gene confers partial and broad-
spectrum resistance to different Xpm strains (Diaz-Tatis et al., In prep).
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Figure 4 Roles of Xops, host determinants of susceptibility and defense responses in the cassava-
Xpm interaction.

Xop effectors (colored circles) are injected by Xpm into the plant cytoplasm, where they interfere
with host cellular processes to repress. T3Es are grouped (shading) according to their predicted
involvement in PAMP-triggered immunity (PTI), effector-triggered immunity (ETI), and/or other
virulence-related phenotypes (see Type 3 effectors section). The upper section of the depicted
nucleus outlines the contribution of TAL effectors to cassava susceptibility, in which transcriptional
activation of the S gene MeSWEET10a leads to an over-accumulation of sugar transporters (purple,
anchored to the membrane) and sugar export (see Type 3 effectors section). The RXam1 RLK (lilac,
in the membrane) and the RXam2 NBS-LRR (blue, in the cytoplasm) are associated to defense
response triggered against Xpm, but their matching elicitors are unknown. Calcium signaling and
autophagy elements are represented in the cytoplasm as part of the anti-Xpm defense mechanisms.
The roles of miRNA and transcription factors are schematized in the nucleus (see Genetic and
molecular aspects of cassava defense against Xpm and Xc section). H,0, and O, represent reactive
oxygen species (ROS) accumulation. SA: salicylic acid.

Resistance engineering in cassava

Stable transformation of cassava is mainly achieved through bacterial-mediated transformation of
friable embryogenic calli and many transgenic cassava lines are reported in the literature (reviewed
by (Chavarriaga Aguirre et al., 2016). However, the incipient efforts to engineer CBB resistance
reflect the limited information on genetic determinants for resistance to Xpm. Stable transformants
of the cassava cultivar 60444 overexpressing and silencing RXam1 were generated to study the
function of this resistance gene candidate (Chavarriaga Aguirre et al., 2016; Diaz Tatis et al., 2018),
as well as overexpressing the pepper R gene Bs2, which did not allow resistance against Xpm (Diaz-
Tatis et al., 2019).
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Since TALEs recognize S genes through interaction with DNA, genome editing is a nice tool to disturb
or favor the TAL-DNA interaction and induce resistance or prevent susceptibility (reviewed by
(Schornack et al., 2013). This approach was applied recently to help rice against Xanthomonas
oryzae pv. oryzae (Xoo) by editing five EBEs in the promoter of three SWEET genes targeted by Xoo
in elite varieties, resulting in a robust and broad-spectrum resistance in the field (Oliva et al., 2019).
This strategy could also be applied in cassava to engineer resistance against Xpm, given the
requirement of MeSWEET10a for successful disease development.

Transcription Activator-Like effectors (TALESs)

As TALEs are the main axis of this thesis, this introductory section addresses the general
characteristics of this effector family, their known roles in the Xanthomonas pathosystems, and a
data compilation of what we know about TALEs in Xpm and their molecular role in cassava.

TALE overview
TALE architecture and mechanistic function

TALEs have a particular structure evolved to selectively bind DNA promoters in the host and recruit
the RNA polymerase complex in order to initiate transcription of downstream genes (Boch and
Bonas, 2010; Bogdanove et al., 2010). The protein structure can be divided in three different
regions: N-terminal region, central repeat region and C-terminal region. The N-terminal region
contains the signal for T3SS-mediated translocation (Rossier et al., 1999; Szurek et al., 2002),
presumably within the first 63 aminoacids (Schreiber et al., 2015), and the sequence preceding the
central repeat region contains cryptic repeats, whose aminoacidic identities differ from the central
repeats, but which are predicted to have structural similarities and to engage in the DNA interaction
(generally with a thymine) (Boch and Bonas, 2010; Bogdanove et al., 2010; Doyle et al., 2013;
Schreiber and Bonas, 2014). The C-terminal region harbors three different functional elements: a
transcription factor binding (TFB) region, one or several nuclear localization signals (NLS), and a
carboxyl-terminal transcription activation domain (AD). The TFB region is a 135 to 145 aa domain
that directly interacts with transcription factor lIA subunits, which is crucial for transcriptional
induction of the downstream genes (Hui et al., 2019a; Yuan et al., 2016). The nuclear localization
signals allow the interaction of the TALE protein with nucleocytoplasmic transporters (importins),
which transfer the TALE from the cytoplasm to the nucleus (Hui et al., 2019b; Szurek et al., 2001;
Yang and Gabriel, 1995). The carboxy-terminal transcription activation domain (AD) is a 38-
aminoacid domain characterized by several acidic amino-acid residues interspersed with bulky
hydrophobic residues, which is characteristic of eukaryotic acidic transcription activation domains
(Szurek et al., 2001; Zhu et al., 1998).

The central region contains from one to 33 modular repeats, with a high pairwise nucleotide identity
(ranging from 60% to 100%, but usually over 80%) that usually code for 33 to 35 amino acids per
repeat (Deng et al., 2014; Schandry et al., 2018). The amino acid sequence of the repeats varies
primarily in the identity of residues at position 12 and 13 in each repeat, which have been
designated as “repeat variable diresidue” (RVD). The last repeat of the central region is
characterized by being truncated at the 20" amino acid, but still containing the RVD. Each repeat
forms a left-handed, two-helix bundle with the hypervariable residues located at the end of the loop
that connects the two helices, which allows the exposition of the RVD to DNA bases. The set of these
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modular repeats folds in a right-handed superhelix that gets accommodated along the major groove
of DNA and allows the direct interaction between RVDs and nucleotides in a specific manner (D.
Deng et al., 2012; Mak et al., 2012, 2013). The interaction code for RVD-DNA base was cracked in
2009 (Boch et al., 2009; Moscou and Bogdanove, 2009), showing that the RVD sequence governed
the DNA sequence recognition.

From a mechanistic standpoint, TALE proteins have two different conformational stages that allow
the search and recognition of their target. TALEs can associate with the DNA molecules to start their
search through non-specific DNA-protein interactions mediated by the N-terminal regions. In the
search conformation, the TALE protein moves in a one dimensional-sliding along the molecule for a
rapid scan, with a loose central repeat region super helical structure that avoids strong interactions
between the repeats and the phosphate backbone. Steric and electrostatic clashes during the sliding
would cause destabilization of the complex, but TALE proteins are able to detach the DNA helix and
shortly reattach to it (hopping). On the other hand, a proper target sequence would allow
energetically favorable interactions between the superhelix and the DNA bases, leading to a
contraction of the repeat region, the interaction of the RVDs with the DNA bases, and an arrest of
the advance of the TALE on the DNA helix. The target recognition phase is characterized by an
extended time onto the given sequence, which would allow the rest of the protein domains to take
action (Cuculis et al., 2015; Wicky et al., 2013). The target sequences for TALEs are termed Effector
Binding Elements (EBEs) (Antony et al., 2010), which are usually located on the promoter region of
the targeted gene, near the TATA boxes. After recognition of the EBE, the domains in the C-terminal
region interact with host transcription factors, like TFIIAy subunits, and the RNA polymerase Il to
induce transcription of the downstream genes (Yuan et al., 2016).

Artificial or designer TALEs

The modularity nature of TALEs has leveraged the development of tools to design and construct
artificial TALEs (arTALEs or dTALEs) through the sequential combination of the typical domains
(Bogdanove and Voytas, 2011; Booher and Bogdanove, 2014; Briggs et al., 2012; Cermak et al., 2011;
Reyon et al., 2012; Sanjana et al., 2012; Schmid-Burgk et al., 2013; Wang et al., 2016; Yang et al.,,
2013). These constructs have several biotechnological uses in targeted genome editing when
combined with nuclease domains as Fokl (Han et al., 2020; Sanjana et al., 2012; Streubel et al.,
2013). In phytopathology, arTALEs/dTALEs have been mainly used to validate the roles of the TALE-
targeted genes, by creating TALEs that target alternative EBEs in the promoter sequence of a
candidate gene. When the observed phenotypes are equivalent after the transcriptional activation
of one candidate gene with two or more arTALEs/dTALEs, then it could be said that the candidate,
and not the alternative targets of the natural TALEs, is responsible for the phenotype.

Evolution of TALEs

TALE evolution is a subject that is not well understood yet, however, diversity studies and the more
recent experimental evolution approaches have shed some light about this subject. At a genomic
level, the distribution and number of members of this gene family in a genome seems to depend on
the pathovar; for example, strains from pathovars containing large TALomes tend to carry TALE
genes exclusively in their chromosomes (Schandry et al., 2018). On the other hand, the wide
distribution of plasmids carrying TALEs among Xanthomonas species reflects the importance of the
horizontal gene transfer (HGT) in TALE evolution. In this regard, it was shown that TALE gene
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acquisition and HGT events involving these genes is clearly associated to the adaptation of
Xanthomonas citri pv. fuscans, X. citri pv. aurantifolii, and X. phaseoli pv. phaseoli to common bean.
Some insertion events have led to insertion of TALE genes into the bacterial chromosome of these
strains, but there has not been a related expansion of the gene family into the chromosome. By
considering this feature, it is tempting to hypothesize that larger chromosomal TALomes are an
indicator of the coevolution time from the acquisition of TALEs (Ruh et al., 2017).

The associated elements found in the flanking sequences of TALEs indicate that dispersion of these
genes in the genomic context is driven mainly by two mechanisms: transposons and site-specific
recombinases. In the first group, which is representative of most of the TALE genes from X. citri, X.
axonopodis, X. campestris pv. vesicatoria, X. campestris, X. phaseoli, and Asian strains from X. oryzae
pv. oryzae, TALEs are flanked by inverted repeats, which act as substrates for Tn3-like systems (like
TnXax1), to form mobile insertion cassettes. The abundance of these cassettes, the presence of
remaining uncoupled repetitive elements, and the evidenced chromosomal insertion and/or
duplication of long plasmid-borne regions harboring TALEs flanked by repetitive regions, indicate
that transposition of these cassettes is an important driver of dispersion and diversification (Ferreira
et al., 2015; Ruh et al., 2017). The second group comprises only TALEs from Xanthomonas oryzae
pv. oryzicola, which are not flanked by transposon-related inverted repeats, but highly conserved
spacer regions with putative hairpin structures. The structure of the chromosomal regions
containing TALE genes in this group is typical from integrons, where genes flanked by conserved
sequences with secondary structures are sequentially integrated in the locus, potentially through a
site-specific recombinase (Erkes et al., 2017).

Some of the mechanisms that have been proposed to affect TALE gene evolution are point
mutations, and deletion/duplications of repeats. Point mutations can create non-synonym changes
on the RVD residues and then affect the DNA specificity of the TALE. Deletion/duplication of repeats
are thought to arise from replication errors due to the high degree of conservation of the repeats
that could cause loop formation into the replication fork (Erkes et al., 2017), or by slipped strand
mispairing (Schandry et al., 2016). Recombination has been evidenced as one of the most common
pathways on TALE gene evolution (Denancé et al., 2018; Erkes et al., 2017; Ruh et al., 2017).
Recombination of the N- and C-terminal-coding sequences is commonly observed in X. citri pv.
fuscans, X. citri pv. aurantifolii, X. phaseoli pv. phaseoli, X. phaseoli pv. manihotis, and X. campestris
TALEs, which have allowed to propose that in the latter case, TALEs come from only two ancestral
genes (Denancé et al., 2018; Ruh et al., 2017). The analysis of repeats and their position in the TALE
gene has led to hypothesize that recombinational events often implicated a breakpoint in the N- or
C-terminal-encoding region and another one in the central repeat region, being the first and last
repeats less prone to recombining (Erkes et al., 2017). As a special case of recombination, segmental
gene conversion, where an existing repeat (or a gene segment including more repeats) of the same
gene, other gene or a pseudogene is recombined into the repeat region, has been proposed as an
explanation for observations on Ralstonia solanacearum TALEs (Schandry et al., 2016).

Studies on the pathosystems comprised by X. citri strains and several citrus hosts have revealed that
the pathogen complex has evolved different TALE alleles to maximize the binding affinity to different
alleles of key target genes, leading to some degree of host specialization. Approaches in
experimental evolution of this pathogen complex showed that TALEs indeed evolve by
recombination of repeats present in other TALE genes (segmental gene conversion), by deletion of
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complete repeats, and point mutations causing non-synonymous mutations in the RVDs, while
duplication was not observed (Teper and Wang, 2021). Although authors claim that mismatch
positions between the TALE protein and the EBE are not a determinant factor of adaptation, it is
apparent that all the mutational/recombinational events that led to novel functional variants
reverted the mismatches represented by the N-terminal-proximal repeats more than the distal
ones.

Pathogenicity functions of TALEs
TALE targets and consequences of interactions

Transcriptional induction mediated by TALE family members plays a significant role for pathogenesis
and virulence in several Xanthomonads pathosystems. This biological activity can result in three
possible scenarios: i) the upregulation of a gene (susceptibility or S gene) whose activity results
advantageous for bacteria and increases the susceptibility of the plant to the disease; ii) the
upregulation of a gene whose activity results disadvantageous for bacteria and confers resistance
to the plant; iii) the upregulation of a gene whose activity does not affect the bacterial fitness, nor
the susceptibility to disease. In the following subsections, examples of the first and the second
scenarios are exhaustively documented.

Major TALEs and susceptibility genes

Disruption or knocking out of some TALEs significantly affects the virulence of the pathogen or can
even abolish pathogenicity. In those cases, the TALEs involved in the compatible interaction are
termed major TALEs, and the TALE-targeted gene is known as a susceptibility (S) gene (Antony et al.,
2010; Cernadas et al., 2014; Cohn et al., 2014; Cox et al., 2017; Hu et al., 2014; Kay et al., 2007;
Perez-Quintero and Szurek, 2019; Schwartz et al., 2017; Sugio et al., 2007; Tran et al., 2018; Yang et
al., 2006; Yu et al., 2011). Most of the S genes have been described for the rice-Xanthomonas oryzae
pv. oryzae (Xoo) and rice-Xanthomonas oryzae pv. oryzicola (Xoc) interactions, but there are also
reports for the Xanthomonas pathosystems that involve other hosts such as citrus, cotton, pepper,
tomato, wheat, and cassava. Table 6 lists the known S genes exploited by TALEs.

Table 6. TALEs and targeted susceptibility genes exploited by Xanthomonas species in rice, citrus,
cotton, pepper, tomato, wheat, and cassava.

Pathogen Host TALE Target gene Characterization of the | Reference
target gene
Xanthomonas | Rice PthXo1l OsSWEET11 Clade lll SWEET (Romer et
oryzae pv. (Xa13) transporter al., 2010;
oryzae Yang et al.,
2006)
PthXo2A OsSWEET13 (Oliva et
PthXo2B (Xa25) al., 2019;
PthXo2C Zhou et al.,
2015)
AvrXa7 OsSWEET14 (Antony et
PthXo3 (Xad1) al., 2010;
TalC Roémer et
TalF (Tal5) al., 2010;
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Streubel et

al., 2013;
Yu et al.,
2011)
PthXo6 OsTFX1 Transcription factor (Sugio et
TalB (OsbziP73) (Master regulator?) al., 2007;
Tran et al.,
2018)
TalB OsERF#123 Transcription factor (Tranetal,,
(Master regulator?) 2018)
PthXo7 OsTFlIAy 1 Transcription factor (Sugio et
al., 2007)
Xanthomonas | Rice Tal2g OsSULTR3;6 Sulfate transporter (Cernadas
oryzae pv. etal.,
oryzicola 2014)
Tal7 0s09g29100 Cyclin-D4-1 (Caietal.,,
2017)
Unknown OsERF#123 Transcription factor (Tran et al.,
(Master regulator?) 2018)
Xanthomonas | Citrus PthA CsSWEET1 Clade | SWEET (Hu et al.,
citri pv. citri PthA4 transporter 2014)
PthAw
PthA*
PthA and CsLOB1 Transcription factor (Duan et
13 allelic (master regulator) al., 2018;
variants Hu et al.,,
2014;
Teper and
Wang,
2021)
PthA2 CsLOB2 Transcription factor (Pereira et
PthA4 (master regulator) al., 2014;
Zhang et
al., 2017)
Xanthomonas | Citrus PthB CsLOB1 Transcription factor (Hu et al.,
citri pv. PthC (master regulator) 2014)
aurantifolii PthC1 CsLOB2 Transcription factor (Pereira et
(master regulator) al., 2014;
Zhang et
al., 2017)
Xanthomonas | Cassava | TAL20xamess | MeSWEET10a Clade 1l SWEET (Cohn et
phaseoli pv. transporter al., 2014)
manihotis TAL14xamess | Unknown Unknown (Cohn et
al., 2016,
2014)
Cotton | Avrb6 GhSWEET10 Clade Il SWEET (Cox et al.,
transporter 2017)
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Xanthomonas Tal2 Unknown Unknown (Hag et al.,
citri pv. 2020)
malvacearum
Xanthomonas | Wheat | Tal8xtas99 TaNCED_5BS 9-cis-epoxycarotenoid (Peng et
translucens dioxygenase al., 2019)
pv. undulosa Tal2 Unknown Unknown (Falahi
Taldb Charkhabi
et al.,
2017)
Xanthomonas | Pepper/ | AvrBs3 Upa20 Transcription factor (Kay et al.,
euvesicatoria | Tobacco (master regulator) 2007)
Xanthomonas | Tomato | AvrHahl bHLH3 Transcription factor (Schwartz
gardneri bHLH6 (master regulator) et al,
2017)

Most of the characterized S genes belong to the clade Ill of the sugar transporter SWEET family.
These genes encode for glucose-sucrose transporters that, under non-pathogenic conditions,
participate in the apoplastic phloem loading through exportation of photoassimilated sugars
(especially sucrose) into the apoplast surrounding the phloem, next to the sieve
element/companion cells (Chen, 2014). However, it is thought that TALE-mediated transcriptional
activation of these genes triggers the sugar exportation to the mesophyll apoplast, where the
pathogen uses these sugars as a carbon source. A second consequence of this sugar imbalance in
the mesophyll apoplast is water accumulation, which hypothetically facilitates the movement of the
pathogen and the entrance of more bacteria to the soaked tissue (Aung et al., 2018; Chen, 2014; El
Kasmi et al., 2018; Schwartz et al., 2017). In rice, three different SWEET paralogues from the clade
[Il have been described as S genes for the bacterial blight caused by Xanthomonas oryzae pv. oryzae.
The OsSWEET11 gene (a.k.a Xa13) is transcriptionally induced by the TALE PthXo1, the OsSWEET13
gene (a.k.a Xa25) by TALEs PthXo2A, PthXo2B, and PthXo2C, and OsSWEET14 (a.k.a Xa41) gene by
TALEs AvrXa7, PthXo3, TalC or TalF (a.k.a Tal5). In the latter case, all the mentioned TALEs except
for TalC use overlapped EBEs, which depicts a case of convergent evolution. In most cases,
disruption of the rice SWEET-activating TALEs leads to decreased virulence and bacterial titers
(reviewed by (Hutin et al., 2015a)). In cotton, the GhSWEET10 gene has been shown to be activated
by the major TALE Avrb6 present in strain XcemH1005, and its activation was not only associated to
sucrose export and water-soaked lesion formation, but the release of bacteria from the leaf interior
to the leaf surface during infections, but without affecting the bacterial titers reached in the
mesophyll (Cox et al., 2017; Yang Yinong et al., 1994). In cassava, transcriptional activation of the
MeSWEET10a gene by the TAL20Xam668 effector leads to glucose and sucrose export to the
apoplast, water-soaked symptom development, and an increase in apoplastic bacterial growth
(when compared to the mutant lacking this TALE) (Cohn et al., 2014). This interaction is described
more in detail in the section TAL20xemess and other variants below. In citrus, TALEs PthA4, PthAw,
and PthA* can mediate the transcriptional activation of the clade | sugar transporter CsSWEET1
gene, but this activation does not result in measurable phenotypic improvements, which leads to
think that this transporter does not play a role in pathogenesis (Hu et al., 2014).
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A second more heterogeneous category of S genes targeted by TALEs are transcription factors and
master regulators. The transcriptional induction of these genes results in the transcriptional
alteration of secondary targets, whose coordinated role induces host susceptibility. The first
characterized TALE-targeted master regulator was the upa20 gene, which encodes an acidic bHLH
transcription factor for cell enlargement that stimulates cell growth and, in the context of the
disease, causes hypertrophy that allows for the development of leaf symptoms and potentially
enhances the epiphytic survival of the pathogen (Kay et al., 2007; Wichmann and Bergelson, 2004).
In tomato, two more members of the bHLH transcription factor family have been described as TALE
targets and S genes: bHLH3 and bHLH6. The major TALE AvrHahl, translocated to the host cells by
Xanthomonas gardneri, upregulates both master regulators, whose downstream targets include a
pectate lyase. This secondary S gene was demonstrated to be important for water-soaked symptom
formation, hypothetically through an increase of the cell wall hygroscopicity due to the
depolymerizing action of this enzyme (Schwartz et al., 2017). The CsLOB1 gene belongs to the lateral
organ boundaries (LOB) domain family, whose members, under non-pathogenic conditions, act as a
transcription factors to regulate plant growth and development (Majer and Hochholdinger, 2011).
However, some strains of Xanthomonas citri are able to exploit this gene through transcriptional
activation to increase the susceptibility of the plant. PthA4 and several of its homologs bind the
promoter sequence of CsLOB1 and induce the high-level transcription of this factor, which leads to
hypertrophy, hyperplasia and water soaking symptoms (typical canker symptoms) (Hu et al., 2014;
Teper and Wang, 2021). Although the physiological mechanism undertaken by the secondary
targets is not clear, ectopic induction (in a non-pathogenic context) of CsLOB1 is enough to develop
pustules in grapefruit leaves, but it does not induce water soaking. Two pectate lyases and one zinc
finger C3HC4-type RING finger protein, another transcription factor, might be involved in the
pustule formation as secondary targets (Duan et al., 2018).

In rice, the gene OsTFX1 (a.k.a OsbZIP73) encodes a bZIP transcription factor that, under non-
pathogenic conditions, is involved in cold adaptation and response to cold stress (Liu et al., 2019).
TALEs, PhtXo6 and TalB, from Asian and African Xanthomonas oryzae pv. oryzae directly upregulate
this transcription factor during pathogenesis, and the physiological consequences of this
transcriptional activation (so far unknown) support the virulence of the pathogen (Sugio et al., 2007;
Tran et al.,, 2018). Likewise, TalB from the African Xoo strain MAI1 and TALEs from several
Xanthomonas oryzae pv. oryzicola strains upregulate the OsERF#123 gene, a protein that contains
an AP2 domain, whose upregulation confers susceptibility to the rice host in an unknown way (Tran
et al., 2018). Transcription factors of the AP2/ERF family are implicated in the response to several
stresses and are able to respond to abscisic acid and ethylene hormone signaling (reviewed by (Xie
et al., 2019)), with a subgroup implicated in defense response, suggesting that this transcription
factor could act as a hub for modulating the defense against the pathogen (Tran et al., 2018). Finally,
in rice, the OsTFIIAy1 gene encodes for one of the gamma subunits of general transcription factor A
required for RNA polymerase |l-dependent transcription, which stabilizes the TATA box-binding
protein TFIID complex and is crucial for transcription. PthXo7, a TALE translocated by the PXO99*
strain, upregulates the expression of this gene, whose product is crucial for TALE function (Sugio et
al., 2007). As described earlier, C-terminal regions of TALEs contain domains that interact with
transcription factors to initiate the transcriptional activation, and TFIIAy units have been described
as the TAL-effector interacting transcription factors in rice, citrus, pepper and tomato (Huang et al.,
2017; Yuan et al., 2016). Therefore, the susceptibility induced by the TALE-mediated upregulation
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of this transcription factor does not rely on secondary target activation, but in an increase of the
available pool of TFIIAy subunits that will serve to initiate transcription. In line with this,
Xanthomonas oryzae pv. oryzae strains carrying PthXo7 (naturally or transformed) are able to cause
disease in the context of plants carrying the recessive allele xa5, a protein version of TFIIAy5 that
weakly interacts with TALEs (more details in the following section), since the role of TFlIAy1 allows
for the rest of the TALEs to carry out their functions (Han et al., 2020; Ma et al., 2018).

Some other TALE-targeted genes have been described as key virulence factors exploited by the
pathogen. The rice sulfate transporter-encoding gene OsSULTR3;6 has been shown to be
upregulated in rice through the transcriptional action of the Xoc TALE Tal2g. Disruption of this
molecular interaction leads to smaller water-soaked lesions and less exudated bacteria on the lesion
surface. Although the exact physiological implications of the upregulation of this gene in the
pathogenesis is not understood, it is hypothesized that it alters redox status or osmotic equilibrium
of the cell to interfere with defense signaling and to enhance water-soaking (Cernadas et al., 2014).
In the same pathosystem, TALE Tal7 is able to transcriptionally activate the rice gene 0s09g29100,
which encodes a Cyclin-D4-1 protein. Although the relevance of this S gene has not been
demonstrated for this pathosystem, its heterologous expression into Xoo strains carrying the avrXa7
avirulence gene disrupts the effector-triggered immunity process triggered by the presence of this
protein in a host plant carrying the Xa7 allele (more details about this gene in the next subsection).
In non-pathogenic scenarios, Cyclin-D4-1 proteins are involved in cell cycle progression regulation
through the interaction with cyclin-dependent kinases (CDK), but in the context of the disease, it is
speculated that upregulation of this gene could improve Xoc proliferation through promotion of
nutrient production by parenchyma cells and/or by alteration of the CDK-related signal induction of
defense (Cai et al., 2017).

In citrus, upregulation of the CsLOB1 homolog CsLOB2 was described as PthA2-, PthA4-, and PthC1-
dependent, but the role of this transcriptional activation in pathogenicity was initially not tested
(Pereira et al., 2014). However, although activation was not demonstrated as a consequence of a
natural TALE, but from artificial TALEs, CsLOB2 and CsLOB3 were shown to be functionally redundant
to CsLOB1 in citrus and to trigger cell hypertrophy and hyperplasic lesion formation (Zhang et al.,
2017). Strains of the pathogen Xanthomonas transluscens pv. undulosa that contain the TALE Tal8
exhibit longer leaf lesions when compared to strains that do not carry homologs of this TALE, and
its expression in strains lacking this factor dramatically increases the lesion lengths and bacterial
migration from the inoculation point. Tal8 is able to transcriptionally induce two alleles of the wheat
gene 9-cis-epoxycarotenoid dioxygenase 3 (TaNCED_5BS and TaNCED_5DS) and a member of the
apetala-2/ethylene response factor (AP-2/ERF) family designated as TaERF_1BL. However, only
induction of TaNCED_5BS/5DS has a measurable role in virulence and therefore can be considered
a S gene for wheat. The enzymatic product of this gene carries over the first step in the biosynthetic
pathway of the abscisic acid (ABA), whose characterized hormonal effects included stomatal closure,
gas and water transpiration reductions, and repression of NPR1 (a master regulator of the salicylic
acid-controlled signaling pathway). It is then hypothesized that Tal8 manipulates the phytohormone
balance to create a favorable aqueous apoplastic environment and to suppress the ability of wheat
to perceive SA (Peng et al., 2019).

Finally, there are studies that have identified a number of major TALEs, but to date, the targeted S
genes remain unknown. This is the case of TAL14xamsss from the cassava pathogen Xanthomonas
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phaseoli pv. manihotis, whose deletion results in lower bacterial titers in cassava leaves (Cohn et al.,
2016, 2014) (this is described in more detail in the subsection TALE14: TALE1x.m, TAL14xamsss, and
TAL14¢o151); Tal2 and Taldb from the wheat pathogen Xanthomonas transluscens pv. undulosa,
whose individual disruption results in shorter lesions after inoculation of Triticum aestivum cv.
Chinese Spring plant leaves (Falahi Charkhabi et al., 2017); and Tal2 from the cotton pathogen
Xanthomonas citri pv. malvacearum (strain Xss-V2-18), whose disruption is followed by lower
bacterial titers (when compared to the wild type) and abolishment of water-soaking in cotton leaves
(Haqg et al., 2020).

Avirulence TALEs and executor genes

Evolution has led to the rise of molecular traps that take advantage of the targeted transcriptional
activation caused by TALEs. In these traps, EBEs are located in the promoters of genes, whose
expression triggers defense and/or results disadvantageous for bacteria and confers resistance to
the plant. These genes are collectively called executor (E) genes (see table 7). So far, only a few
examples have been found in nature. TALEs AvrBs3 and AvrHah1 from Xanthomonas euvesicatoria
and Xanthomonas gardneri, respectively, target the pepper Bs3 gene. Although these two TALE
genes have a different number of repeats (17.5 repeats for AvrBs3 vs 13.5 repeats for AvrHahl),
they share 10 RVDs and bind overlapped EBEs in the promoter of Bs3 (RGmer et al., 2007; Schornack
et al., 2008). Bs3 encodes a YUCCA-like flavin-dependent monooxygenase whose enzymatic action
is thought to trigger a hypersensitive response (HR) through the conversion of NADPH into H0,.
Although the exact mechanism by which Bs3 triggers HR is unknown, its enzymatic action is
accompanied by increased levels of salicylic and pipecolic acids, suggesting that it exploits the
established immune signaling pathways to trigger HR (Kronauer et al., 2019). Similarly, AvrBs4 from
X. euvesicatoria upregulates the tightly regulated Bs4C gene in pepper, leading to a HR (StrauB et
al., 2012). Although little is known about the nature and function of the encoded protein, several
Solanaceus species and grapevine have homologs for this gene (StrauR et al., 2012), and its
expression in rice and Nicotiana benthamiana leads to cell death. The molecular characterization of
the encoded peptide indicates that it is a transmembrane protein located in the endoplasmic
reticulum (ER) (Wang et al., 2018).

In rice, four E genes have been described, namely, Xa27 (Gu et al., 2005), Xa10 (Gu et al., 2008),
Xa23 (Wang et al., 2015), and Xa7 (Chen et al., 2021), which are transcriptionally activated by TALEs
AvrXa27, AvrXal0, and AvrXa23, AvrXa7/PthXo3, respectively. As Bs4C, Xa27 is tightly regulated in
rice and its encoded protein has a key N-terminal signal-anchor-like sequence required for its
defensive role. Little is known about its physiological role, but this protein is translocated to the
apoplast, and its overexpression leads to thickened vascular bundle elements (Wu et al., 2008). Xal0
is a small protein of 126 amino acids that anchors to the ER membrane as hexamers, potentially
through its four transmembrane helices. Xal0-mediated HR is triggered by the Ca?* depletion and
the disruption of the ER, which activates programmed cell death (Tian et al., 2014). Xa23 is also a
short protein with 50% identity to Xal0 and is then thought to be a transmembrane protein. It was
shown to trigger HR in rice, tobacco, and tomato, but the mechanism that activates the programmed
cell death is so far unknown (Wang et al., 2015). By contrast, Xa7 encodes a 113 amino-acid protein
which differs significantly from the previously described E genes (but contains putative
transmembrane domains) and has no homologs in other plants. This gene is targeted by two known
TALEs, AvrXa7 and PthXo3, and its activation correlates with elevated levels of PR proteins (as
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defense markers) and triggers HR in rice and tobacco (as heterologous system) (Chen et al., 2021).
This E gene has two interesting characteristics: its expression depends on environmental
temperature, which creates a heat-tolerant resistance (Chen et al., 2021; Cohen et al., 2017; Webb
et al., 2010), and it has been demonstrated to be highly durable. This latter characteristic is
presumably due to the fact that AvrXa7 has a dual role: in virulence by targeting the S gene
OsSWEET14 and in avirulence by targeting the E gene Xa7 (Vera Cruz et al., 2000).

In sweet orange (C. sinensis) and lemon (C. limon), the targeted transcriptional enhancing activity of
the short TALE PthA4AT (7.5 repeats) triggers HR. This TALE is a rare allele of PthA4, a major TALE
for canker-causing Xanthomonas citri, and it is thought to bind the promoter of an unknown E gene.
This unknown factor is potentially also present in Nicotiana benthamiana since Agrobacterium-
mediated PthA4AT expression results in HR (Roeschlin et al., 2019).

Table 7. TALEs and targeted executor genes activated by Xanthomonas species in citrus, pepper, and
rice.

Pathogen Host TALE Target E Characterization of | Reference
gene the target E gene
Xanthomonas | Pepper AvrBs3 Bs3 YUCCA-like flavin- (Romer et
euvesicatoria dependent al., 2007)
Xanthomonas | Pepper AvrHahl monooxygenase (Schornack
gardneri etal.,
2008)
Xanthomonas | Pepper AvrBs4 Bs4C Transmembrane (Strauld et
euvesicatoria protein located in al., 2012)
the ER
Xanthomonas | Citrus PthA4AT Unknown Unknown (Roeschlin
citri pv. citri etal.,
2019)
Xanthomonas | Rice AvrXa27 Xa27 Protein exported to | (Gu et al.,
oryzae pv. the apoplast 2005)
oryzae AvrXalo Xalo Transmembrane (Guetal,
protein located in 2008)
the ER
AvrXa23 Xa23 Putative (Wang et
transmembrane al., 2015)
protein
AvrXa7 Xa7 Putative (Chen et
PthXo3 transmembrane al., 2021)
protein

Avirulence TALEs and resistance genes

Evolution has also led to the onset of classical resistance (R) genes that directly recognize TALE
structures through protein-protein interactions. Although these TALE-recognizing genes are not
widely distributed among plants, they have been found in both monocots and dicots and have
canonical LRR-RLK or NBS-LRR structures (see table 8). The tomato Bs4 gene encodes a TIR-NBS-LRR
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protein that locates to the cytoplasm and is able to recognize TALEs as AvrBs4, Hax3, and Hax4 (Kay
et al., 2005; Schornack et al., 2004). Although the physical protein-protein interaction has not been
demonstrated, it is known that the N-terminal region plus the first 3.5 repeats are necessary for
TALE recognition and defense response activation. This defense response is maintained when Bs4 is
heterologously expressed on potato (Solanum tuberosum) and several Nicotiana species, and it is
hypothesized to result from the SA pathway activation through EDS1 (Schornack et al., 2004).

In rice, Xa3/Xa26 encodes an R gene with the typical structure of an LRR-RLK which triggers HR in
the presence of the cognate TALE AvrXa3 (Li et al., 2004; Sun et al., 2004; Xiang et al., 2006).
Although the exact mechanism by which AvrXa3 is recognized and triggers the defense response is
unknown, the intricated Xa3/Xa26-mediated defense response involves thiamine synthesis through
OsDR8 gene (Wang et al., 2006), the WRKY13 and WRKY45-2 transcription factors as master
regulators of secondary genes (Cheng et al., 2015; Tao et al., 2009; Xiao et al., 2013), the nucleic
acid-binding-like protein C3H12 (H. Deng et al., 2012), the XA3/XA26-type kinase OsSERK2 (Chen et
al., 2014), and the triosephosphate isomerase OsTPI1.1 (Y. Liu et al., 2018). Xal was the first NBS-
LRR gene described as an R gene against a bacterial disease in rice (Yoshimura et al., 1998). This
NBS-LRR contains an N-terminal zfBED domain and six highly conserved tandem repeats in the C-
terminal region, which are thought to be responsible for TALE recognition (Read et al., 2020;
Yoshimura et al., 1998). Several Xoo TALEs have been tested against Xal, and so far, all the tested
effectors have been recognized by Xal, resulting in HR. Little is known about the mechanism behind
HR triggering, but it has been demonstrated that this R protein acts inside the nucleus, potentially
after the import of TALEs through importins (Ji et al., 2016). As it is closely-related to Xal, Xo1 is an
NBS-LRR protein characterized by an N-terminal region that includes a zfBED domain and five highly
conserved tandem repeats located in the C-terminal region (Read et al., 2020). This gene triggers
HR in the presence of TALEs from Xoo and Xoc, and it has been demonstrated that recognition is
abolished in the absence of the N-terminal region and the first 3.5 repeats (as for Xal and Bs4)
(Triplett et al., 2016). As explained below in more detail, the Xal- and Xo1-TALE interaction, and the
consequential HR, is somehow abolished by the action of truncated TALEs/interference TALEs (Ji et
al., 2016; Read et al., 2016).

Table 8. TALEs and interactive R proteins described in tomato and rice.

Pathogen Host Interacting R protein Characterization | Reference
TALE of the R protein
Xanthomonas | Tomato AvrBs4 Bs4 NBS-LRR (Schornack
euvesicatoria et al., 2004)
Xanthomonas | Tomato Hax3 (Kay et al.,
campestris pv. Hax4 2005)
campestris
Xanthomonas | Rice AvrXa3 Xa3/Xa26 LRR-RLK (Sunetal.,
oryzae pv. 2004; Xiang
oryzae et al., 2006)
All tested Xoo | Xal NBS-LRR (Jietal.,
TALEs 2016;
Yoshimura
et al., 1998)
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All tested Xoo | Xol NBS-LRR (Read et al.,

and Xoc 2016;

TALEs Triplett et
al., 2016)

Interference or truncated TALEs

Among this effector family, there are some TALEs characterized by having truncations and lacking
some functional domains, but which have important roles in pathogenicity that do not involve
transcriptional activation. These type of TALEs have been only observed in Xanthomonas oryzae pv.
oryzae and Xanthomonas oryzae pv. oryzicola (see Table 9) and are known as truncTALEs due to
their truncated architecture, or iTALEs, due to their interfering role in TALE recognition by the R
proteins of the host. TruncTALEs or iTALEs are structurally different from the traditional TALEs, since
they carry deletions on the N-terminal region (after the first 306 nucleotides, therefore preserving
the exporting signal), and deletions on the C-terminal region that result in preservation of some
NLSs but the removal of the activation domain. Although all the truncTALEs/iTALEs carry central
repeat domains with different RVD composition, only the first 3.5 repeats of this domain seem to
be important for the action mechanism of these effectors, potentially for the protein-protein
interaction (Ji et al., 2016; Triplett et al., 2016). This specific architecture plays an important role for
the nuclear localization of the truncTALE/iTALE, and the interaction with Xal or Xo1. In the absence
of truncTALEs/iTALEs, the NLRs Xal or Xol recognize TALEs and triggers the ETI, and conversely, the
injection of truncTALEs/iTALEs into the host cell by the pathogen avoid the Xa-1 or Xo-1 mediated
recognition of traditional TALEs and the subsequent ETS triggering (Ji et al., 2016; Read et al., 2016).
Therefore, these effectors potentially act as decoys that carry out dominant suppression of the NLR
function (Zuluaga et al., 2017).

Table 9. TruncTALEs/iTALEs identified within Xoo and Xoc genomes. The asterisk indicates that the
effect of this truncTALE/iTALE on virulence was tested in planta.

TruncTALE/ | Pathovar Strain Virulence function Ref

iTALE ID

Tal3a* Xoo PX099* Interference with Xa-1 mediated TALE | (Ji et al., 2016)
Tal3* Xoo PX086 recognition.

Tal12* Xoc BXOR1

Tal3b* Xoo PX099*

Talllh* Xoc BXOR1

Tal5e* Xoc RS105

Tal2h* Xoc BLS256 Interference with Xo-1 mediated TALE | (Read et al.,

recognition. 2016)

Tall5 Xoo K74 The particular architecture indicates | (Ji et al., 2016;
Tal6* Xoo PX086 that they have the same role of other | Read et al,
Tal6 Xoo T7174 truncTALEs/iTALEs. 2016)
Tall Xoo K74
Tal8f Xoc CFBP7341
Tal8f Xoc CFBP7331

Tal3b Xoo JSB2-24
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Tal5i Xoc B8-12
Tal5g Xoc BLS279
Tal5i Xoc L8

Tal2j Xoc CFBP2286

TALE-related loss-of-susceptibility alleles

Since most of the key virulence functions exerted by TALEs are linked to specific DNA binding and
transcriptional activation, the interference with these two crucial steps to create susceptibility
results in improved resistance of the host. This avoidance of interaction with TALEs is naturally
mediated by alleles of S genes whose EBE was changed or lost by mutations that maintain the
protein function in the host, but prevent the interaction with TALEs (see table 10). In literature,
there are two examples of rice and citrus alleles of the key TALE interactor TFIIAY5. In rice, the xa5
allele encodes a TFIIAy5 where the 39t amino acid is changed from valine to glutamine and acts as
a resistant factor to the bacterial leaf blight (lyer and McCouch, 2004; Jiang et al., 2006). This
mutation in the N-terminal domain of the protein decreases the association between TFIIAy5 and
the transcription factor binding domain of the TALE, which is crucial for effective transcriptional
activation (Han et al., 2020; Hui et al., 2019a; Yuan et al., 2016). Likewise, a screening of germplasm
of citrus varieties allowed the identification of a different allele of TFIIAy5 in Atalantia buxifolia,
which shows resistance to Xanthomonas induced citrus canker. The molecular characterization
showed 3D structural differences due to mutations in the 81, 87", and 90" aminoacids, and its
expression was associated with low levels of TALE-mediated transcriptional activation (Tang et al.,
2021).

As described earlier, most of loss-of-susceptibility (LoS) alleles rely on the natural variation found in
the EBEs of major TALEs. This is the case of the recently found AbLOB1 allele, which has two SNPs in
the EBE of the major TALE PthA4 that significantly alter the transcriptional rate induced by PthA4
and results in increased resistance to canker (Tang et al., 2021). In rice, there are three examples of
loss-of-susceptibility alleles that disturb recognition of OSSWEET genes. xal3, xa25, and xa41 are
recessive alleles of the susceptibility OsSWEET11 (Chu et al., 2006; Rémer et al., 2010; Yang et al,,
2006; Yuan et al., 2009), OsSWEET13 (Liu et al., 2011; Zhou et al., 2015), and OsSWEET14 (Antony
et al., 2010; Hutin et al., 2015b; Streubel et al., 2013; Yu et al., 2011) genes (respectively), whose
promoter sequences naturally lack a matching EBE for several major TALEs from Xoo. Thus, these
alleles confer improved resistance to Xoo strains that rely on the exploitation of only one SWEET
gene through the variation in the corresponding EBE.

Table 10. Natural loss of susceptibility (LoS) alleles found in rice and citrus that disrupt TALE-gene
interactions and compromise their physiological effect.

Pathogen Host TALE lacking Target gene | Characterization | Reference
EBE of the LoS gene
Xanthomonas | rice None xa5 Recessive allele | (Hui et al.,
oryzae pv. of TFIIAy5 2019b; lyer
oryzae and
McCouch,
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2004; Jiang
et al., 2006)
PthXo1l xal3 Recessive allele | (Chu et al.,
of OsSWEET11 2006;
Romer et
al., 2010;
Yang et al.,
2006; Yuan
et al., 2009)
PthXo2 xa25 Recessive allele | (Liu et al.,,
of OsSWEET13 2011; Zhou
et al., 2015)
AvrXa7 xa41 Recessive allele | (Antony et
of OsSSWEET14 | al., 2010;
PthXo3 .
Hutin et al.,
TalC 2015b;
Streubel et
TalF (Tal5) al,  2013;
Yu et al,
2011)
Xanthomonas | citrus None AbTFIIAy5 Atalantia (Tang et al.,
citri pv. citri buxifolia allele of | 2021)
TFlIAy5
PthA4 AbLOB1 Atalantia
buxifolia allele of
LOB1

Based on this knowledge and the fact that TALEs are key virulence factors for most of the
Xanthomonas species affecting crops, two major crops have been edited to remove EBEs for all the
major TALEs that target S genes, such as SWEETs and LOB1, conferring improved resistance through
loss of susceptibility. One of the first proof-of-concepts in rice (Blanvillain-Baufumé et al., 2017; Li
et al., 2012) achieved the engineering of Kitaake rice plants with modified OsSWEET14 promoter
sequences that lacked EBEs for TalC, TalF (a.k.a Tal5), and AvrXa7. From a systematic strategy based
on TALENSs, this led to rice plants with enhanced resistance to Xoo strains relying on AvrXa7 and
TalF, while showed that TalC probably targets an alternative S gene so far unknown (Blanvillain-
Baufumé et al., 2017). The most recent and successful approach comprised the simultaneous edition
of the rice OsSWEET11, 13, and 14 promoters to eliminate the transcriptional activation mediated
by variants of PthXo1, PthXo2, PthXo3, TalC, AvrXa7, and TalF. This genomic edition was carried out
by CRISPR-Cas9 rice in the highly Xoo-susceptible line Kitaake and the elite mega varieties IR64 and
Ciherang-Sub1, which resulted in resistance to most of the tested Xoo strains, without affecting the
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agronomical traits in most of the engineered plants (Oliva et al., 2019). In a smaller approach for
basic research, TALEN-based edition of the rice OsTFIIAy5 resulted in improved resistance to
bacterial blight, but the resistance level was not as good as the one conferred by the xa5 allele (Han
et al., 2020). Citrus has also been edited with the aid of the CRISPR-Cas9 system to enhance canker
resistance through EBE to create artificial loss-of-susceptibility alleles. A total deletion of the PthA4
EBE on the CsLOB1 promoter of the sweet orange (Citrus sinensis Osbeck) resulted in
morphologically normal plants with improved resistant to canker, which did not developed pustules
nor allowed the pathogen to grow after inoculation (Peng et al., 2017). In a similar CRISPR-Cas9-
based strategy, the coding sequences of the CsLOB1 alleles of the grapefruit Duncan (Citrus paradisi
Macf.) were mutated to create knock-out alleles. This strategy was based on the knowledge that
CsLOB1 homologs (CsLOB2 and CsLOB4) play redundant roles and resulted in phenotypically normal
plants that were highly resistant to Xcc canker (Jia et al., 2017). Further improvements on the
CRISPR-Cas9 system through codon optimization allowed the obtention of homozygous canker-
resistant Pummelo (Citrus maxima) plants in the TO generation. In this case, the promoter of the
pummelo LOB1 gene was modified by creating deletions inside the PthA4 EBE, which resulted in
homozygous and biallelic mutants with high resistance to canker (Jia and Wang, 2020).

Xpm TALEs and their role in cassava

As in other Xanthomonas species, TALEs are involved in Xpm pathogenicity (Bart et al., 2012; Cohn
et al., 2016, 2014). According to southern blot analysis, all the tested Xpm strains carry TALE genes
and most of them are located in plasmids. The number of TALE gene copies ranges from 1to 5 TALEs,
but most of the tested strains carry multiple TALE orthologs. A weak positive correlation has been
observed between the number of TALE genes (assessed by southern blot) per strain and its
virulence, measured as the area under the disease progression curve (AUDPC) (Bart et al., 2012).
The repetitive nature of these genes has precluded their assembly from the short-read sequencing
projects. Before the development of this thesis, there were only seven TALE variants for which the
RVD sequence is publicly available (Bart et al., 2012; Castiblanco et al., 2013), and only one of these
is deposited as nucleotide sequence in the GeneBank (Castiblanco et al., 2013). Table 11 shows the
RVD sequence of these TALE variants. The pathogenicity role of these variants (except for
TAL21c0151) was tested by multiple approaches, showing that TALE1xam, TAL14xamess, TAL14ci0151, and
TAL20xamess play critical roles in pathogenicity, while no significant role was observed for TAL13xamess,
TAL15xamess, TAL22xamsss. The role on pathogenesis of each TALE involved in Xpm virulence in cassava
will be addressed in the following subsections.

Table 11. Xpm TALEs described in literature.

TALE gene | Repeat RVD sequence Reference
ID number

TALE1xom 13.5 NI-NG-NI-NN-NI-HD-NS-NS-NN-NG-HD-NN-NI-NG (Castiblanco
et al., 2013)

TAL13xamsss | 12.5 NI-NS-NN-HD-NG-HD-NI-NG-HD-NN-NI-NI-NG (Bart et al,

TAL14xamess | 13.5 NI-NG-NI-NN-NG-HD-NS-NS-NN-NG-HD-NN-NI-NG 2012)

TAL15xgmess | 14.5 NI-NG-NI-NN-HD-HD-NS-NS-NS-HD-HD-NS-HD-NG-NG

TAL20xamsss | 19.5 NI-NG-NI-NN-NI-HD-NS-NS-NN-NG-HD-NS-HD-NN-HD-

HD-HD-NI-NG-NG
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TAL22xgmess | 21.5 NI-NG-HD-NG-NG-NG-HD-HD-NG-NG-HD-NG-HD-HD-
NG-NG-HD-NG-NG-HD-NG-NG

TAL14co0151 | 13.5 NI-NG-NI-NN-NI-HD-NS-NS-NN-NG-HD-NN-NI-NG
TAL21co151 | 20.5 NI-NG-HD-NG-HD-N*-NG-NG-HD-HD-HD-NG-N*-NG-
HD-NG-NG-NG-HD-NG-NG

TALE20: TAL20xamses and other variants

TAL20xamess is one of the two TAL genes in Xpm associated with virulence and watersoaking
symptoms. It was isolated from a cosmid library derived from the highly pathogenic Indonesian
strain Xam668. This TALE gene is located in the smallest plasmid of the Xam668 genome. The key
role of this TALE in pathogenesis was first described by Cohn and coworkers through insertional
mutation of the gene and virulence testing. Infiltration of leaves of the cassava variety 60444 with
the mutant Xam668ATAL20xamess Showed that this TALE was involved in water soaking symptom
formation. The expression of this TALE variant into strain CIO151, which causes weak water soaking
symptoms, increased the capacity of this strain to cause water soaking, but it did not increase
bacterial titers. The role of this TALE was also tested on the ability of the pathogen to grow in the
leaf midvein and the apoplast, and results show that disrupting this TALE gene leads to significantly
lower bacterial titers in both tissues. A transcriptional analysis coupled to TALE-targeted gene
predictions identified the MeSWEET10a gene as the only target of TAL20xamess, and further
experiments demonstrated that this transcriptional activation is direct through recognition of the
EBE TATAAACGCTTCTCGCCCATC. The target gene MeSWEET10a (Manes.04G123400) encodes a
clade Il SWEET sugar transporter family member, which was demonstrated to export both glucose
and sucrose. Transcriptional activation of this target gene by means of artificial TALEs (arTALEs)
proved that the physiological consequences of its activation are important for bacterial fitness
during infection and constitutes the only cassava susceptibility gene exploited by Xpm known so far
(Cohn et al., 2014).

The activation of the susceptibility gene MeSWEET10a was tested upon infection with different Xpm
strains, and results show that most of the tested strains induce the overexpression of the target
gene, produce important water soaking symptoms, and carry TALE variants with 20 repeats (as
assessed by southern blot). Conversely, the two tested strains (CIO151 and CFBP1851) lacking
TALE20 variants did not transcriptionally induce this gene (Cohn et al., 2014). Mora and coworkers
tested the transcriptional activation of the susceptibility gene MeSWEET10a in the leaves of the
60444 cassava variety 48 hpi with four highly virulent Xpm strains, including Xam668. Results show
that the four strains are able to transcriptionally induce the gene, but the TALome of each strain
was not available at the moment of the study release. Moreover, TAL20x.mess-mediated
transcriptional activation of MeSWEET10a is highly significant even after 24 hpi in the 60444 cultivar
leaves, while there is no activation of this susceptibility gene in the leaves of the resistant variety
CM6438-14 at the same timepoints (Mora et al., 2019).

TALE14: TALElxam, TAL14xamess, and TAL14cio151

TALE1xam Was the first sequenced Xpm TALE gene associated with virulence and was isolated from a
previously cloned region of the p44 plasmid (present in the Colombian Xpm strain CFBP1851). The
genomic context of this variant shows that the gene is flanked by imperfect repeats of 1300 bp, two
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200-bp-long tandem repeats, and eight palindromic repeats, followed downstream by a putative
resolvase, all of them suggesting recombination in the locus. The role of this TALE in Xpm
pathogenesis was tested on the non-pathogenic and spontaneous TALE-mutant strain
CFBP1851Ap44 (a.k.a. ORST4), which has an 8-kb deletion on the p44 plasmid that included
TALE1xam. Results showed that expression of TALE1xam turns CFBP1851Ap44 into a pathogenic strain
able to cause water soaking symptoms, reach significant titers (as the wild-type strain CFBP1851) in
the local tissue, and migrate to the leaf vessels. Although the transcriptional activation activity of
this TALE was demonstrated by the increase of GUS activity in the presence of the effector and the
corresponding binding sequence in the promoter of GUS (in Nicotiana benthamiana), the target
genes for this TALE were not assessed in this first study (Castiblanco et al., 2013).

TAL14xamess is @ TALE variant slightly different from TALE1xam (the fifth RVD codes for NI in TALE1xam,
while in TAL14x.mess codes for NG), which was isolated from a cosmid library from the Indonesian
highly virulent Xom strain Xam668 (Bart et al., 2012). Its role in pathogenesis was described by Cohn
and coworkers, who showed that TAL14x.mess deletion resulted in lower bacterial titers in the
midvein and the apoplast at 6 days post inoculation (dpi), when compared to the wild-type strain
(Xam668) (Cohn et al., 2014). TAL14c 0151 is a TALE variant (from the Colombian Xpm strain CIO151)
that has the same RVD sequence of TALE1xam, but, due to the lack of the nucleotide sequence for
TAL14c0151, it is not possible to know if it is the exact homolog or not. Cohn and coworkers
corroborated the role of this TALE (TALElxam/TAL14ci0151) by insertional mutagenesis in the strain
ClO151, which resulted in decreased bacterial growth. Moreover, TAL14xamsss and TAL14ci0151 were
shown to be functionally interchangeable, since they complemented the function of each other in
the context of the corresponding TALE mutants (Cohn et al., 2016). This indicates that despite the
RVD difference, both variants are able to target one or more cassava susceptibility gene(s). A
transcriptomics analysis by RNAseq and subsequent confirmation by RT-qPCR (in the cassava variety
60444) showed that TAL14x.mess directly targets at least twenty-six genes (upregulated at 48 hpi),
and ten of them are also directly targeted by the TAL14¢0151 variant. Table 12 shows the description
of genes transcriptionally activated by the TALE14 variants. In spite of narrowing the target gene
set, the quantity of potential targets did not allow the functional validation of each candidate target
gene, nor the discovery of the susceptibility gene(s) targeted by the TALE14 variants (Cohn et al.,
2016).

Table 12. TAL14-induced genes described for the Xpm-cassava interaction.

Gene ID Annotation Targeting Reference
variant

cassava4.1_030094m.g | PTHR24326:SF257 - HOMEOBOX-LEUCINE (Cohnetal.,
/Manes.15G090000 ZIPPER PROTEIN ATHB-52 TAL14xamess 2014)
cassava4.1_026646m.g | PTHR13683:SF268 - EUKARYOTIC ASPARTYL (Cohnetal.,
/Manes.03G183800 PROTEASE FAMILY PROTEIN TAL14xamess 2016, 2014)
cassava4.1_026121m.g | PTHR33312:SF5 - MEMBRANE-ASSOCIATED
/Manes.15G026800 KINASE REGULATOR 1-RELATED TAL14xamess
cassava4.1_031361m.g | PTHR33142:SF1 - CYCLIN-DEPENDENT
/Manes.04G012000 PROTEIN KINASE INHIBITOR SIM-RELATED | TAL14xamess
cassava4.1_023036m.g
/ No data TAL14xamess
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cassava4.1_020499m.g

/ No data TAL14x3m553
PTHR11802//PTHR11802:SF95 - SERINE
PROTEASE FAMILY S10 SERINE

cassava4.1_024404m.g

CARBOXYPEPTIDASE // SUBFAMILY NOT

TAL14xamess /

/Manes.11G151300 NAMED TAL14¢0151
cassava4.1_007568m.g | PTHR31683:SF20 - PECTATE LYASE 1- | TAL14xamess /
/Manes.03G152600 RELATED TAL14¢0151
cassava4.1_034150m.g TAL14xamess /
/ No data TAL14¢0151
PTHR31623:SF15 - ACETYL- (Cohnetal.,
COA:BENZYLALCOHOL 2016)
cassava4.1_023665m.g | ACETYLTRANFERASE-LIKE PROTEIN-
/Manes.13G013900 RELATED TAL14xamess
PTHR12526//PTHR12526:SF341 -
cassava4.1_001042m.g | GLYCOSYLTRANSFERASE // SUBFAMILY
/Manes.S044400 NOT NAMED TAL14xamess
PTHR10209//PTHR10209:SF182 -
OXIDOREDUCTASE, 20G-FE Il OXYGENASE
cassava4.1_012090m.g | FAMILY PROTEIN // SUBFAMILY NOT
/Manes.11G050300 NAMED TAL14xamess
cassava4.1_022534m.g | PFO0892 - EAMA-LIKE TRANSPORTER
/ Manes.01G000600 FAMILY (EAMA) TAL14xamess
cassava4.1_016646m.g | PF14009 - DOMAIN OF UNKNOWN
/Manes.05G017000 FUNCTION (DUF4228) (DUF4228) TAL14xamess
cassava4.1_025591m.g | PTHR33493:SF2 - LATE EMBRYOGENESIS
/ Manes.08G044900 ABUNDANT PROTEIN 4-5 TAL14xamess
cassava4.1_015102m.g | PTHR10809:SF43 - VESICLE-ASSOCIATED
/Manes.01G268500 PROTEIN 1-3 TAL14xamess
cassava4.1_024542m.g | PTHR12482:SF5 - PROTEIN C09D4.4,
/Manes.05G186300 ISOFORM C TAL14xamess
cassava4.1_022805m.g
/Manes.02G112100 PTHR33070:SF3 - EXPRESSED PROTEIN TAL14xamess
cassava4.1_020743m.g
/ No data TAL14xamess
cassava4.1_022871m.g
/ No data TAL14xamess
cassava4.1_011524m.g | PTHR10639//PTHR10639:SF8 - CLATHRIN | TAL14xamess /
/Manes.17 G043200 LIGHT CHAIN // SUBFAMILY NOT NAMED TAL14c0151
cassava4.1_007516m.g | PTHR31683:SF20 - PECTATE LYASE 1- | TAL14xamess /
/I\/Ianes.156048700 RELATED TAL14C|0151
PTHR10795//PTHR10795:SF362 -
PROPROTEIN CONVERTASE

cassava4.1_033289m.g

SUBTILISIN/KEXIN //  SUBFAMILY NOT

TAL14xamess /

/Manes.16G104900 NAMED TAL14ci0151
cassava4.1_011345m.g | KO0134 - GLYCERALDEHYDE 3-PHOSPHATE | TAL14xamess /
/Manes.17G107100 DEHYDROGENASE (GAPDH, GAPA) TAL14ci0151
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cassava4.1_026299m.g

TAL14xamess /

/Manes.12G142100 PTHR35771 - FAMILY NOT NAMED TAL14 0151
cassava4.1_019005m.g TAL14xamees /
/Manes.09G123900 PTHR35122 - FAMILY NOT NAMED TAL14 0151
cassava4.1_009347m.g | PFO0892 - EAMA-LIKE TRANSPORTER | TAL14xamees /
/Manes.02G162000 FAMILY (EAMA) TAL14c0151
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Rationale

As pointed out in the introduction of this thesis, Xom is considered one of the most relevant plant
pathogen (Mansfield et al., 2012), and the impact of CBB can be devastating under favorable
conditions for the pathogen. Prophylactic cultural practices and the use of resistant varieties have
prevented the burst of new epidemics at a large scale (Lépez Carrascal and Bernal, 2012). However,
the endemicity of the disease and the fact that cassava is a staple crop mainly cultured in small-scale
farming in tropical countries are critical reasons to understand the key factors of pathogenicity and
resistance, and ultimately apply this knowledge to plant breeding.

The molecular determinants of resistance to CBB in cassava are not well understood. Until now, we
know that cassava resistance is polygenic and additive (Umemura and Kawano, 1983), and complete
resistance to Xpm has never been documented. Plant resistance to the pathogen arises from several
molecular and cellular mechanisms, which are tissue specific and are serially activated with the
movement of the pathogen (Boher et al., 1995; Kpémoua et al.,, 1996). It is believed that the
promptness of the plant response is the main driver for resistance, which could be linked to the
presence of specific genes. At the molecular level, the leaf tissue response to Xpm relies on several
transcription factors that activate melatonin synthesis (Wei et al., 2016), the salicylic acid pathway
(Wei et al., 2018), the increase of the autophagy rate (Yan et al., 2017), besides the canonical PTI-
related responses such as reactive oxygen species accumulation, pathogen-related protein
expression, and increased callose deposition (Medina et al., 2018). The role of an RLK and an NB-
LRR has been described as part of the cassava defense response, but their action is strain-specific,
and the elicitors remain unknown (Diaz Tatis et al., 2018; Lopez Carrascal et al., 2003). Knowledge
on the susceptibility determinants is even more scarce, and to-date we only know one of these
factors: the sucrose exporting protein MeSWEET10a (Cohn et al., 2014).

On the side of the pathogen, the diversity has been extensively assessed through different molecular
methods, and several populations from South America and Africa have been characterized (Bart et
al., 2012; Chege et al., 2017; Rache et al., 2019; Restrepo et al., 2000; Trujillo et al., 2014a, 2014b).
These studies have shown that the genetic pool available in South American populations is larger
than the one found in African populations, which correlates with the possible origin of the pathogen
and its more recent introduction in Africa. Likewise, these studies highlight the role of trade of
cassava cuttings as a key factor that contributes to pathogen diversity in cassava (Bart et al., 2012;
Trujillo et al., 2014b). Since the research questions addressed by these studies required molecular
methods to assess neutral genomic diversity, there was less data about diversity of genes under
positive or negative evolutionary pressure, such as effector genes. However, the sequencing of 65
genomes of strains from African and South American Xpm populations established the core
effectome of the pathovar and showed that all the tested strains carried TALEs (Bart et al., 2012).

TALEs play key roles in the pathogenicity of most Xanthomonas species, and Xpm TALEs are not the
exception. Although little is known about the distribution, diversity, and function of TALE effectors
in this pathovar, TALE14 variants (TALE1xam, TAL14xamess) and TAL20xamess Significantly contribute to
pathogen fitness in the plant (Castiblanco et al., 2013; Cohn et al., 2016, 2014). Knockout of TALE14
variants resulted in reduced bacterial titers in planta, but the susceptibility gene(s) targeted by these
TALEs and their function remain unknown (Castiblanco et al., 2013; Cohn et al., 2014). Furthermore,
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it was demonstrated that the homolog TAL14¢o015: plays similar molecular roles, with slightly
different target repertoire in the host (Cohn et al., 2016). On the other hand, the knockout of
TAL20xamsss in strain Xam668 resulted in a mutant which is not able to cause water soaked lesions
and shows reduced titers in planta, as well. It was then demonstrated that these disease symptoms
were dependent on the transcriptional activation of the susceptibility gene MeSWEET10a, and the
increased number of the encoded sugar transporter, and this activation was mediated by
TAL20xamess (Cohn et al., 2014). In summary, what we know about the roles of TALEs in the
interaction between Xpm and cassava is that TALE14 and TALE20 are key virulence factors, and the
TALE20-mediated susceptibility is related to MeSWEET10a transcriptional activation.

However, some questions remain open. For example: what is the distribution of these major TALEs
among the Xpm populations? What is the function/target of TALE14 ? Are there more key
susceptibility determinants targeted by TALEs of this pathogen? Most of these matters reside in the
center of this thesis as the main biological questions. Although we know that no strain of Xpm
without TALEs has ever been reported in the literature and that some variants are key for
pathogenicity, we do not know the distribution of these variants, the combination patterns of TALE
orthologs, and we know even less about other potential molecular functions. From this standpoint,
we ignore if the described mechanisms where Xpm exploits the sugar transporter MeSWEET10a
through TALE-mediated transcriptional activation is a common feature for Xpm strains, if there are
alternative targets whose activation converge to the same phenotype, or if there are other
important plant factors activated (or repressed) by TALEs in this pathosystem. These data are crucial
to engineer cassava resistance, especially if it is based on TALE-effector biology. It has already been
shown that TALE biology is an excellent opportunity to engineer loss of susceptibility in plants (Jia
et al., 2017; Oliva et al., 2019).

This thesis explores the TALE biology in the framework of the Xpm-cassava interaction. A first
chapter was devoted to address the TALE diversity and potential functions on a well-characterized
Xpm population, where new TALE variants with key virulence functions are described. The second
chapter addresses the discovery of a novel susceptibility gene belonging to the clade Ill sugar
transporters from the SWEET family, that is targeted as an alternative to the MeSWEET10a gene.
The third chapter describes a novel silencing platform for Xanthomonas based on the CRISPR
interference technology and tested for silencing of several members of the TAL effector gene family
at once. The platform was developed in Xpm, and we confirmed previous findings on TALE-related
pathogenicity. We used TALEs as a proxy for family gene study, and by applying this tool to the
cassava non-vascular pathogen Xanthomonas cassavae, we predict that MeSWEET10a would also
be exploited as a susceptibility gene through TALE-mediated activation.
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Chapter 1: TALE diversity and function in
a Colombian Xanthomonas phaseoli pv.
manihotis (Xpm) population

TALEs are key virulence factors for most phytopathogenic Xanthomonas species (Schandry et al.,
2018). Xpm is the most relevant bacterial pathogen in cassava, and the role of TALEs is crucial for a
successful host infection (Castiblanco et al., 2013; Cohn et al., 2014; Lopez Carrascal and Bernal,
2012). TALEs seem to be present in all the Xpm strains that have been studied so far, and strains
usually contain between 2 and 6 members of these genes (Bart et al., 2012; Cohn et al., 2014).
Despite the abundance of TALEs in Xpm populations, we only know the sequence of seven variants
coming from two strains (Castiblanco et al., 2013; Cohn et al., 2014). The particular architecture of
these genes has hampered their sequencing by next generation sequencing (NGS), while sequencing
through sanger usually required the cloning of each gene as a preliminary step. These constraints
created a gap on the knowledge of Xpm TALE diversity, and functional studies are restricted to the
analysis of a few strains. These studies showed that TALE14 and TALE20 can be considered as major
virulence factors, since their absence results in lower bacterial titers and/or disruption of water
soaked symptom (Castiblanco et al., 2013; Cohn et al., 2016, 2014). However, there is a lack of
knowledge about the distribution of these TALEs and the functions that they fulfill.

This chapter addresses several research questions related to TALE diversity: what is the distribution
of TALE homologs across Xpm strains from populations isolated from different regions (at a country
scale)? are the two TALEs described as major virulence factors present in all the pathogenic strains?
Are there novel TALE paralogs with potential new functions? How functionally close are the TALE
variants present in the populations? Do they functionally converge? Answering these questions
would start filling the gap on TALE and TALE-mediated functional diversity in Xpm, which is crucial
for a successful plant breeding scheme based on plant-pathogen molecular interactions knowledge.

We selected Colombian populations of Xpm because these populations have previously been
studied for genetic neutral diversity (and some of them for other types of studies) (Trujillo et al.,
2014b, 2014a), and they were isolated from fields located in two regions where the cassava
cultivation is intensive and an important source of income for smallholder farmers. We used several
approaches to characterize the pathogen populations and their TALE contents, which resulted in the
description of several TALEs, including a novel variant from a strain lacking TALE20. Based on this,
we moved forward to transcriptomics to characterize the effect on the plant of strains with
divergent TALomes. This molecular characterization led to the discovery of TALE22D, which possibly
derives from TALE20 and plays the same molecular role as TAL20xamess. Finally, in silico analyses
based on the transcriptomics data and target predictions indicate that there are potentially
interesting targets which could play a role in pathogenesis. This resulted in the description of one
case of functional convergence for two TALEs, the first described in this pathosystem.

This work was performed in collaboration with several researchers, graduate students, and
undergraduate students. My main role was to perform the wet-lab experiments and to analyze and
exploit data generated by the bioinformaticians that collaborated with us. This work allowed me to
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interact with graduate (Daniela Osorio, Rubén Mora), and undergraduate students on biology and
microbiology (Maria Camila Buitrago, Luisa Jaimes) and guide them mainly to extract TALomes. The
experimental set for the RNAseq was based on the bulk sequencing data that we obtained from Xpm
strains, and then executed by a Rubén Mora (a master student by then). This experiment allowed
us to successfully test and validate the use of in vitro-propagated cassava plants for transcriptomics.
The two bioinformaticians involved in this project, Alexis Deereper and Alvaro Pérez, helped with
the processing and analysis of NGS data, as with target prediction analyses. Camilo Lépez, Silvia
Restrepo, Adriana Bernal and Boris Szurek provided significant scientific guidance and helped me to
improve my writing skills. The paper was submitted in December 2020, and published in February
2021, in the scientific journal Microorganisms (IF=4.167). This publication makes part of a special
issue devoted to integration of science on Xanthomonas and Xylella for plant disease management.

53



microorganisms

Article

TAL Effector Repertoires of Strains of Xanthomonas phaseoli pv.
manihotis in Commercial Cassava Crops Reveal High Diversity
at the Country Scale

Carlos A. Zarate-Chaves "2, Daniela Osorio-Rodriguez 2, Rubén E. Mora 3, Alvaro L. Pérez-Quintero 1@,
Alexis Dereeper !, Silvia Restrepo (9, Camilo E. Lépez 3, Boris Szurek ! and Adriana Bernal 2*

check for

updates
Citation: Zérate-Chaves, C.A.;
Osorio-Rodriguez, D.; Mora, R.E.;
Pérez-Quintero, A.L; Dereeper, A.;
Restrepo, S.; Lopez, C.E.; Szurek, B.;
Bernal, A. TAL Effector Repertoires of
Strains of Xanthomonas phaseoli pv.
manihotis in Commercial Cassava Crops
Reveal High Diversity at the Country
Scale. Microorganisms 2021, 9, 315.
https:/ /doi.org/10.3390 /microorganisms
9020315

Academic Editor: Christopher B.
Blackwood

Received: 15 November 2020
Accepted: 24 December 2020
Published: 4 February 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional clai-
ms in published maps and institutio-

nal affiliations.

Copyright: ©2021 by the authors. Li-
censee MDPI, Basel,

This article is an open access article

Switzerland.

distributed under the terms and con-
ditions of the Creative Commons At-
tribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 PHIM, CIRAD, INRAe, IRD, Montpellier SupAgro, University of Montpellier, 34090 Montpellier, France;
carlos.zarate-chaves@ird.fr (C.A.Z.-C.); alperezqui@gmail.com (A.LP-Q.); alexis.dereeper@ird.fr (A.D.);
boris.szurek@ird.fr (B.S.)

Laboratorio de Interacciones Moleculares de Microorganismos Agricolas, Departamento de Ciencias Basicas,
Universidad de los Andes, Bogotd 111711, Colombia; d.osorio23@uniandes.edu.co

Manihot Biotec, Departamento de Biologia, Universidad Nacional de Colombia, Bogota 111321, Colombia;
remoram@unal.edu.co (R.E.M.); celopezc@unal.edu.co (C.E.L.)

Laboratorio de Micologiay Fitopatologia de la Universidad de los Andes (LAMFU), Departamento de
Ciencias Bésicas, Universidad de los Andes, Bogota 111711, Colombia; srestrep@uniandes.edu.co

*  Correspondence: abernal@uniandes.edu.co; Tel.: +57-1-339-4949

Abstract: Transcription activator-like effectors (TALEs) play a significant role for pathogenesis in
several xanthomonad pathosystems. Xanthomonas phaseoli pv. manihotis (Xpm), the causal agent
of Cassava Bacterial Blight (CBB), uses TALEs to manipulate host metabolism. Information about
Xpm TALEs and their target genes in cassava is scarce, but has been growing in the last few years.
We aimed to characterize the TALE diversity in Colombian strains of Xpm and to screen for TALE-
targeted gene candidates. We selected eighteen Xpm strains based on neutral genetic diversity at a
country scale to depict the TALE diversity among isolates from cassava productive regions. RFLP
analysis showed that Xpm strains carry TALomes with a bimodal size distribution, and affinity-based
clustering of the sequenced TALEs condensed this variability mainly into five clusters. We report on
the identification of 13 novel variants of TALEs in Xpm, as well as a functional variant with 22 repeats
that activates the susceptibility gene MeSWEET10a, a previously reported target of TAL20x,,663-
Transcriptomics and EBE prediction analyses resulted in the selection of several TALE-targeted
candidate genes and two potential cases of functional convergence. This study provides new bases
for assessing novel potential TALE targets in the Xpm—cassava interaction, which could be important
factors that define the fate of the infection.

Keywords: cassava bacterial blight; SWEET; host target genes; susceptibility; transcriptomics;
EBE prediction

1. Introduction

Transcription activator-like effectors (TALEs) play a significant role for pathogenesis
and virulence in several xanthomonads. Disruption or knocking out of some TALE encod-
ing genes significantly affects the virulence of the pathogen or even abolishes pathogenic-
ity [1-12]. This family of effectors shares a particular structure evolved to selectively bind
plant host promoters and recruit the RNA polymerase complex in order to initiate tran-
scription of downstream genes [13,14]. TALE proteins include a signal for translocation
through the type III secretion system (T3SS) [15], nuclear localization signals (NLS) [16]
and an acidic transcriptional activation domain (AAD) to promote transcription in the
host cell [17]. The central region of the effector contains modular tandem repeats mainly
composed of 33-35 amino acids [18,19] whose sequence varies primarily at residues 12th
and 13th (so-called “repeat variable diresidue”, RVD). RVDs interact with DNA bases
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with a nucleotide recognition preference [20-24], ruling the DNA sequence recognition.
Sequences targeted by TALEs are usually located within or near the promoter of target
genes, and are termed Effector Binding Elements (EBEs) [1]. After secretion, TALEs interact
with host transcription factors like TFIIAy subunits, to induce polymerase II-dependent
transcription [25].

Many host genes targeted by TALEs have been described for the rice-Xanthomonas
oryzae pathovars oryzae (Xoo) and oryzicola (Xoc), but data are also available for wheat [26],
citrus, cotton, pepper, tomato, and cassava-interacting Xanthomonas (reviewed by [4]).
TALE targets whose activation during infection is promoting host disease are defined as
susceptibility (S) genes, many of which are nutrient transporters. For example, TALE-
mediated activation of SWEET sugar transporters in rice, cotton and cassava leads to
promotion of virulence potentially through nutrient hijacking [10,27,28], while activation
of sulfate transporter OsSULTR3;6 in rice may alter redox status or osmotic equilibrium
to interfere with defense signaling and induce water-soaking [3]. In wheat, induction
by TALS of Xanthomonas translucens pv. undulosa of a gene involved in abscisic acid
regulation alters water management in favor of the pathogen [26]. Other S genes include
plant transcription factors, which control more complex host cellular processes through
multiple indirect targets [2,6,9,10,12]. In pepper, AvrsBs3-dependent activation of upa20, a
basic helix-loop-helix ((HLH) family member, induces hypertrophy [12], while AvrHah1-
dependent activation of bHLH3 and bHLH6 upregulates cell wall-degrading enzymes [10].
In citrus, PthA4-mediated (and its functional equivalents) activation of the transcription
factor CsLOBI, results in pustule development, which may be dependent on activation of
DNA-interacting secondary targets [2,29].

Xanthomonas phaseoli pv. manihotis (Xpm), previously known as Xanthomonas axonopodis
pv. manihotis [30], is a Gram-negative vascular pathogen responsible for Cassava Bacterial
Blight (CBB). CBB has been reported in all the continents where cassava is grown [31]. As
other xanthomonads, Xpm uses a suite of effectors to manipulate physiological processes
in host plant cells. Xpm has up to 24 effectors that are translocated to the host cytoplasm
through the T3SS (termed type III effectors), including members of the TALE family [32].
Population diversity studies using TALElx,y, (a.k.a pthB) as a probe showed that all
isolates from Latin-American and African Xpm collections carry TALEs [33-37]. Illumina-
based genomic sequencing of more than 60 Xpm strains later confirmed that all strains
contain at least one TALE [32,38]. Full Xpm TALE sequence is available for only eight
effectors [8,39,40], and only two complete Xpm TALomes (whole set of TALEs present in a
strain) have been reported so far [8,39].

Information about Xpm TALEs and their target genes in cassava has been growing in
the last years. The first TALE characterized in Xpm is TALE1lx,m (contains 14 repeats), which
has an important role in pathogenicity [40], but whose targets remain unknown [8,39-41].
Cohn and coworkers [8] deciphered the contribution of each of the five TALEs of strain
Xam668, showing that mutant strains for TAL14xamess and TAL20xamess significantly
affected pathogen fitness characterized by reduction of bacterial growth and/or symptom
formation. Importantly they also demonstrated that TAL20xamess induces the S gene
MeSWEET10a, which codes for a clade-III sugar transporter from the SWEET family.

Studying cassava pathogens is highly relevant since this crop is one of the most
important starchy root crops for food security in America, Africa and Asia [42]. The annual
worldwide production of cassava is estimated to 270 million tons and serves as a staple
food for more than 800 million people, mainly in tropical countries. This and its tolerance
to drought, make it an important food security crop [43,44]. CBB is the most devastating
bacterial disease of cassava, causing losses that range from 12% to 100% [31] depending on
environmental conditions [45,46], with incidences ranging between 25% and 100% [46,47].
CBB symptoms include angular leaf spotting, blight, wilt, gum exudation, vascular necrosis,
stem canker and dieback (reviewed by [48]). In Colombia, CBB was first described in
1971 [35]. More recently, Trujillo and coworkers described the genetic structure of Xpm
populations in the most prominent cassava production regions, showing high susceptibility
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of the most common cultivars grown and a complex pathogen population structure in
some of these regions [49,50].

Science-based crop resistance improvement and disease tackling require a compilation
of knowledge to understand the cellular and molecular bases of plant-pathogen interac-
tions. As Xanthomonas pathogenicity notably relies on TALEs, knowledge on diversity and
function of these effectors, in conjunction with resistance (R) proteins, are a cornerstone
for resistance breeding in the affected crops [51-54]. Among the mechanisms of resistance
associated with TALEs [55], recessive resistance is mediated by loss-of-susceptibility (LoS)
alleles, where alternative alleles of an S gene that does not possess the EBE on the promoter
sequence prevent the recognition and upregulation of the S gene (reviewed by [53]). As
previously stated, only one S gene has been described for cassava (MeSWEET10a) as a
direct target of TALE20xamess [8]. No LoS alleles, executor genes or TALE-recognizing
nucleotide-binding leucine-rich repeat (NLR) receptors in cassava have been reported so far.
In this work we aimed to characterize the TALE diversity of one of the best characterized
Xpm populations in the world. We sequenced the repeat regions of 46 TALEs from 18 Xpm
strains, including the complete TALomes from seven strains. We also aimed to determine
functional diversity of the potential TALE-targeted genes and to propose candidates that
could contribute to a better understanding of this pathosystem. The TALE-affinity analyses,
host target prediction, and transcriptomics on cassava plants inoculated with the pathogen
resulted in potential novel targets that might be relevant for pathogenesis. This study
expands our understanding of the complex interactions between Xpm and cassava by
picturing the TALE diversity in the context of this pathosystem.

2. Materials and Methods
2.1. Bacterial Strains, Plant Material, Culture Conditions and Media

All Xanthomonas phaseoli pv. manihotis strains were previously collected in diversity
studies of this pathogen from our group (Laboratorio de Micologia y Fitopatologia de
la Universidad de los Andes, Universidad de los Andes, Colombia). All the selected
strains were pathogenic to the highly CBB-susceptible variety 60444. Isolates from two
geographically distant cassava productive regions in Colombia were selected through
maximization of differences of neutral genetic diversity. Additionally, two strains, one
per region, isolated at least one decade before the collection dates of most isolates, were
selected as reference strains. Bacteria were streaked on YPG (yeast extract 5 gL !, peptone
5gL~!, glucose 5 gL.~!, agar-agar 15 gL. 1) solid media [35] and incubated for 48 h at 28 °C
or grown in Phi broth (yeast extract 1 gL ~!, peptone 10 gL ~!, casaminoacids 1 gL.~!) [35]
at 28 °C, under constant shaking at 220 rpm for 24 h. Cassava cuttings from the cultivar
60444 were planted on individual peat pots and grown under greenhouse conditions
(27 °C £ 5 °C; photoperiod 12:12, relative humidity >60%). Bacterial inoculations were
performed on 3-month old plants. In vitro-grown plants from the same cultivar were
grown as described elsewhere [56].

2.2. Aggressiveness Assays and Bacterial Growth Curves

Bacterial aggressiveness was quantified as the leaf lesion area formed by Xpm upon
inoculation of 3-month-old cassava plants. Bacteria were cultured in liquid media and
washed with 10 mM MgCl, sterile solution. Cell density was adjusted to an ODggg of
0.2 (c.a. 2 x 108 cfu/mL). Adjusted bacterial suspensions were inoculated by placing a
10-pL drop of inoculum over a 2-mm (J) hole made with a cork borer through the leaf
tissue. Plants were kept in a greenhouse under the same conditions described above.
Lesions were individually photographed at 15 days post-inoculation (dpi) in a stereoscope
and areas were measured using Image-] software (version 1.48) [57]. Each treatment was
inoculated once in three individual plants, and the aggressiveness assay was replicated
three times.

Bacterial growth in planta was assessed as described elsewhere [58] except that inoc-
ulations were performed on the variety 60444 and 0, 5, and 10 dpi were evaluated. Each
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treatment was inoculated once in three different plants and the bacterial growth assessment
was replicated two times.

2.3. Genomic DNA Extraction, Restriction Fragment Length Polymorphism (RFLP), and Southern
Blot Analysis

A single colony of each Xpm strain was grown on Phi broth overnight. DNA was
extracted from 2-mL bacterial pellets using the Genelute™ Bacterial Genomic DNA kit
(Sigma-Aldrich, St. Louis, MO, USA) according to manufacturer’s instructions. Genomic
DNA concentration was determined by gel quantification and spectrophotometry on a
NanoDropTM 1000 (Thermo Fisher Scientific, Waltham, MA, USA). Ten micrograms of
each genomic DNA were digested with 120 units of BarmHI-HF (NEB, Ipswich, MA, USA)
sequentially added (3 times 40 units) over a 24-h incubation period. BamHI-digested DNA
was precipitated using sodium acetate and ethanol [59] and then resuspended in TE solu-
tion. Electrophoresis of digested DNA was performed on a 0.8% agarose gel on 0.5x TBE
(Thermo Fisher Scientific, Waltham, MA, USA); migration was performed at a constant
power of 5 Watts for 20 h, in a cold room and with periodic buffer renewal. DNA blot-
ting was performed according to Roche’s instruction manual for Digoxigenin application
to filter hybridization [60]. The probe was synthesized from a conserved portion of the
TALElxam (from nucleotide 2909 to 3409) DNA contained in pF3, a pBluescript derivative
with a 5.4-kb fragment from CFBP1851 plasmid p44 containing the full TALE1x,m gene [35].
The probe was labeled with digoxigenin by means of the Random Primed DNA Labeling
kit (Roche Diagnostics GmbH, Mannheim, Germany). Luminescent detection was achieved
using chloro-5-substituted adamantyl-1, 2-dioxetane phosphate (CSPD) according to man-
ufacturer’s instructions. Chemiluminescent images were acquired on the ChemiDoc XRS +
System (BioRad, Hercules, CA, USA) with the Chemi Hi Resolution protocol and signal
accumulation mode.

2.4. Isolation and Sequencing of TALEs

The isolation of TALE genes was achieved by two different approaches. The first
one consisted of PCR amplification of the central repeat region using GoTaq polymerase
(Promega, Madison, WI, USA) and subsequent cloning into pGEM®-T easy (Promega,
Madison, WI, USA). Amplification was performed using 200 nM of primers 427 Fw
(5'-CGGTGGAGGCAGTGCATG-3') and 428 Rv (5'-ATCAGGGCGAGATAACTGGGC-3');
1x GoTaq Green buffer, 1.5 mM MgCl2; 100 uM dNTPs, 20 mM betaine, 0.025 GoTaq poly-
merase units/pL and a total amount of 40 ng of template DNA in a final volume of 20 uL.
PCR conditions were as follows: Initial denaturation at 94 °C for 3 min; then 25 cycles of
94 °C for 40 s, 60 °C for 40 s, and 72 °C for 3 min and 30 s. Cloning into pGEM®—T easy
was performed according to manufacturer’s instructions. Ligation products were electro-
porated into E. coli DH5« cells. Screen of clones harboring inserts was performed using
blue/white screening on LB agar using 5-bromo-4-chloro-3-indolyl-f3-D-galactopyranoside
(X-gal) and a PCR-based confirmation (as described above).

The second approach was based on direct cloning of TALE genes into pBlueScript.
RFLP data was used to calculate the position of each TALE in the electrophoresed BamHI-
digested DNA. For each strain, 70 ug of DNA were digested. Electrophoresis was carried
out in a 0.8% agarose gel on 1x TAE; migration was performed at a constant power of
5 Watts for 5 h at room temperature. Gels were stained using a 3x GelRed (Biotium,
Fremont, CA, USA) pool. Gels were quickly visualized in a ChemiDoc XRS+ System
(BioRad, Hercules, CA, USA), regions where the expected TALE bands were excised and
recovered using the Zymoclean™ Gel DNA Recovery Kit (ZymoResearch, Irvine, CA, USA)
according to manufacturer’s instructions. pBlueScript was digested with BamHI-HF (NEB,
Ipswich, MA, USA) and dephosphorylated with Antarctic Phosphatase (NEB, Ipswich,
MA, USA) according to manufacturer’s instructions. Eluted DNA was ligated with the
prepared vector with T4 DNA ligase (Thermo Fisher Scientific, Waltham, MA, USA) at
22 °C overnight. Transformation of ligations, screening and confirmation were performed
as described earlier.
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Sequencing of isolated TALE genes was carried out by standard Sanger chemistry
(Macrogen Inc., Seoul, Korea) and the assembly of reported fragments was performed using
the Geneious software (version R11). In the case of TALE genes obtained by PCR, they
were only considered accurate if they were found in at least two rounds of independent
amplifications and cloning, or if they were also cloned directly from digested DNA.

2.5. TALE Characterization and Clustering

Assembled TALE sequences were treated and classified in variants using an in-house
script on R (version 3.6.1). TALEs were clustered by predicted DNA binding specificity
using FuncTAL software (version 1.1) [61]; default parameters were used. TALEs were
also clustered by nucleotide repeat composition using DisTAL software (version 1.1) [61];
default parameters were used.

2.6. In-Vitro Plant Inoculation and Cassava RNA Extraction

Xpm strains were cultured in liquid media and prepared, as described earlier. Inocula
were adjusted to an ODggp of 0.02 (ca. 2 x 107 cfu/mL) in a 10-mM MgCl, solution.
In-vitro propagated plants were inoculated with bacterial suspensions or mock solution
(10-mM MgCl,) with a swab on axial and abaxial surfaces of punctured leaves (nine
needle punctures per leaf); each treatment was inoculated on three leaves per plant and
on three different plants. Tissue surrounding inoculated punctures was collected at 50 hpi
using a 3-mm diameter cork borer. Total RNA was extracted with the Invitrap Spin plant
RNA minikit (STRATEC, Birkenfeld, Germany), using the RP buffer per manufacturer’s
instructions. Total RN As were treated with RNase-free DNase I (Thermo Fisher Scientific,
Waltham, MA, USA) and quality was controlled with the RNA 6000 Nano Kit (Agilent,
Santa Clara, CA, USA).

2.7. RNA Sequencing and Transcriptome Analysis

Barcoded, paired-end (150-bp inserts) libraries were constructed with the TruSeq RNA
Library Prep Kit (Illumina, Vancouver, British Columbia, Canada), per manufacturer’s
instructions. RNA libraries were pooled and sequenced on four flow cells of the NextSeq500
System. RNAseq analyses were performed using the Kallisto pseudo-mapper [62] and
EdgeR [63] for differential expression analysis by comparing against the mock-inoculated
treatment on R (version 3.6.1). GO-term enrichment analyses were performed using the
topGO package [64].

2.8. TALE Target Prediction and Candidate Analysis

TALE targets were predicted using four different software: TALVEZ [65], TAL Effector
Nucleotide Targeter 2.0 (TALENT 2.0) [66], TALgetterLong [67] and PrediTALE [68]. The
Manihot esculenta promoterome (1-kb sequences preceding annotated translational start
sites) was extracted from Phytozome’s cassava genome version 6.1 [69], by means of the
Biomart tool, and it was used as input for target prediction. All the algorithms were run
using the default parameters. Output data were merged and compared on R (version 3.6.1)
using an in-house script.

2.9. Semi-Quantitative and Quantitative RT-PCR

Xpm strains were cultured in liquid media and prepared as described earlier. Bacterial
inoculum was adjusted to an ODgyy of 0.5 (c.a. 5 X 108 ufc/mL) in a 10-mM MgCl,
solution. Bacterial suspensions or the mock solution (10-mM MgCl,) were infiltrated
into leaves of 3-month old adult plants grown from stakes, by means of a needleless
syringe; each treatment was inoculated on one leaflet per plant and on three different
individuals. Infiltrated tissue was collected at 50 hpi in sterile tubes containing RNA-free
glass beads, samples were frozen with liquid nitrogen and ground by vortexing. Total
RNA was extracted as described earlier. cDNA synthesis was performed with the High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Walthman, MA, USA),
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per manufacturer’s instructions. Semi-quantitative RT-PCRs were performed with a 20-uL
reaction mix per tube containing 1x of 5x GoTaq Green Buffer, 1.5 mM of MgCl,, 100 pM
of a ANTP mix, 0.2 uM of each primer, 5 ng/uL of cDNA, and 0.025 U/uL of GoTaq
polymerase (Promega, Madison, WI, USA). Amplification was programmed as follows:
one step at 95 °C for 3 min, followed by a variable number of cycles (20 to 28, as needed)
of 95 °C for 30 s, 60 °C for 40 s, and 72 °C for 30 s. Amplicons were resolved in 1%
agarose gels on 0.5x TBE. RT-qPCRs were performed on a 7500 Fast & 7500 Real-Time PCR
System. Each well contained 10 uL of the following reaction mix: 1x of 2x SsoFastTM
EvaGreen Supermix with Low ROX (BioRad, Hercules, CA USA), 300 nM of each primer,
and 20 ng/puL of cDNA. PCR cycling was as follows: one step at 95 °C for 30 s, followed
by 40 cycles of 95 °C for 5 s, and 60 °C for 30 s; data was acquired during the second step
of each cycle. The melting curve was evaluated from 65 °C to 95 °C. Primers for reference
and candidate genes are summarized in Table 1.

Table 1. Primers used for RT-qPCR assays.

Target Gene ? Type Sequence (5'—3') Reference
Candidate gene: Manes.06G123400 Fw TCCTCACCTTGACTGCGGTG [8]
(MeSWEET10a) Rv AGCACCATCTGGACAATCCCA
Candidate gene: Manes.04G033900 Fw AAAGTGCCCAAGAGGTGGTG This study
(Dof domain, zinc finger) Rv GCCTTTCACTTGAAGCTGGG
Candidate gene: Manes.13G045100 Fw CCACGACGAACTTTCACCCA This study
(Clavata3/ESR CLE-related protein) Rv CGCTGGGAACTTCATGAGCT
Candidate gene: Manes.11G151300 Fw GCCCCAACTGTTAGATTTGTGG This study
(Serine carboxypeptidase) Rv GGTGACCAGCTTCATACACCTT
Candidate gene: Manes.15G052000 Fw TTGAAGATATGCTCAACGACACG This study
(Beta-glucosidase) Rv CGTCTGCTCCGTTCCTGATA
Reference gene: Manes.08G061700.1 Fw GGAAAGATGAGCACCAAGGA [56]
(Tubulin beta-6 chain) Rv ACCAGTATACCAGTGCAAGAAG

2 Gene ID for Phytozome’s Cassava genome annotation version 6.1, main functional annotation is indicated in parentheses.

2.10. Statistical Analysis and Packages

All the statistical analyses were performed in R (version 3.6.1). Aggressiveness data
was analyzed using an in-house script through a linear mixed model—packages Ime4 [59]
and multcomp [60]- for log-transformed data, where strain was used as predictor variable
with fixed effects, and replicates in time were included as the random effect. All the statis-
tical comparisons were performed at a 0.95 significance level. Correlation analyses were
performed by using ggpubr [70]. RT-qPCR data were analyzed using pcr package [71],
where a two-tailed t-test (alpha 0.05) was applied to the normalized expression values (nor-
malized by using tubulin gene as reference) of each target gene in the inoculated treatment
versus the mock-inoculated treatment. Boxplots, barplots, dotplots, and heatmaps were
created with ggplot2 [72], gplots [73] package. EBEs were depicted in the promoter contexts
by using the gggenes package [74] or Geneious software (version R11). Distance-based
trees were modified on Geneious software (version R11).

3. Results
3.1. Aggressiveness of Selected Xpm Strains Is Homogeneous on Cassava Cultivar 60444

Xpm Colombian strains were selected based on three criteria: year of collection, the
edaphoclimatic zone (ECZ) of CBB-endemic cassava-growing lands [35], and previous
AFLP- and MLVA-based diversity information [49,50]. From the two geographically distant
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