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1 | INTRODUCTION

1

Abstract

Xanthomonas phaseoli pv. manihotis (Xpm) and X. cassavae (Xc) are two bacterial path-
ogens attacking cassava. Cassava bacterial blight (CBB) is a systemic disease caused
by Xpm, which might have dramatic effects on plant growth and crop production.
Cassava bacterial necrosis is a nonvascular disease caused by Xc with foliar symp-
toms similar to CBB, but its impacts on the plant vigour and the crop are limited. In
this review, we describe the epidemiology and ecology of the two pathogens, the
impacts and management of the diseases, and the main research achievements for

each pathosystem. Because Xc data are sparse, our main focus is on Xpm and CBB.

KEYWORDS
cassava, cassava bacterial blight, cassava bacterial necrosis, quantitative resistance,
Xanthomonas

the literature is scarce. In this regard, we also present a compila-

tion of information for a second xanthomonad infecting cassava, the

Cassava is an important staple crop as a source of food and income
for hundreds of millions of people in tropical countries. This major
crop is threatened by several pests and pathogens that significantly
affect productivity. Among bacterial pathogens, the vascular and
systemic Xanthomonas phaseoli pv. manihotis (Xpm) has received
considerable attention due to its devastating potential in the tropics
and scientific importance worldwide (Mansfield et al., 2012). This
pathogen profile describes the main hallmarks of this pathosystem
and updates several reviews and original articles on the subject.
Although more bacterial pathogens infect cassava, information in

nonvascular pathogen X. cassavae.

2 | DISEASE DESCRIPTION AND
EPIDEMIOLOGY

2.1 | Cassava bacterial blight symptoms

Cassava bacterial blight (CBB), which is caused by the bacte-
rial pathogen Xpm, is characterized by a range of symptoms that
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FIGURE 1 Aetiology, ecology, and distribution of Xanthomonas phaseoli pv. manihotis (Xpm) and Xanthomonas cassavae (Xc). (a) Cassava
bacterial blight disease cycle. Dashed arrows indicate processes that are only relevant for traditional farming systems, that is, where
unmanaged sexual reproduction may lead to the incorporation of seedlings into local germplasm. 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 LPGA medium. (g) Typical colonies of Xc on LPGA medium. (h) Leaf spots caused by Xc. (i) Worldwide cassava production (FAO, 2020) by
country (missing data for South Africa, Guam, and Palau) for 2018 and distribution of Xpm and Xc (CABI, 2020)

mainly affect leaves, petioles, and stems, frequently leading to browning at later stages, occasionally surrounded by a chlorotic
plant death (Figure 1). Early symptoms appear as brown to dark- halo. Veins around these spots discolour and affected tissues

brown water-soaked translucent angular spots on the leaf tissue frequently produce creamy white and later yellow-to-orange
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exudates on the lower 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 up-
wards and downwards. When infection reaches the plant upper
part where stem tissues are greener and less lignified, stem rot-
ting 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 result-
ing seeds suffer cotyledon and endosperm necrosis, and seed
deformation. Roots from highly susceptible cultivars can show
delayed symptoms restricted to the vascular tissues, with dis-
coloured vascular strands surrounded by dry and rotten spots
(Boher et al., 1995; Lozano, 1986; Lozano & Sequeira, 1974b;
Maraite & Meyer, 1975).

Symptoms of cassava bacterial necrosis (CBN) caused by X. cas-
savae (Xc) might be similar at a first sight (Figure 1h), but the outcome
of the infection is not as devastating (Mostade & Butare, 1979).
Infections caused by Xc initially produce rounded water-soaked spots
surrounded by a yellow chlorotic halo and radial necrosis of the veins
(Maraite & Perreaux, 1979). As the disease progresses, bacteria colo-
nize the adjacent mesophyll tissues, lesions expand, and yellow exu-
dates 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 & Sequeira, 1974b; Maraite, 1993; Maraite &
Perreaux, 1979; Van Den Mooter et al., 1987; Verdier et al., 1994).

2.2 | Disease cycle

Xpm has an initial epiphytic phase where it is able to colonize the
surface of cassava aerial tissues. When conditions are favourable,
especially high humidity, multiplication of the pathogen increases
around trichomes and penetration of the outer layer takes place
(Daniel & Boher, 1985a). Xpm accesses the plant through wounds
and natural openings of the leaf, potentially primarily via adaxial sto-
mates (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 ex-
opolysaccharides (EPS), which are exuded from lesions and then hy-
drated 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
& Sequeira, 1974a). Once Xpm reaches new cassava leaves, the dis-
ease cycle restarts. Because this crop is propagated from cuttings,

presence of the pathogen on the propagative material and working

tools is the major factor for disease spread (Lozano & Sequeira,
1974a). 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
& Boher, 1985b; Elango & Lozano, 1980). Stems can get infected by
the dispersal of wind-driven sand or hail (Maraite, 1993).

2.3 | Ecology of the pathogen

Xpm shows two different lifestyles in the field: an epiphytic phase
(Daniel & Boher, 1985b; Elango & Lozano, 1981) and a biotrophic
parasitic phase that starts when environmental conditions facilitate
pathogen growth and entrance into the mesophyll apoplast of cas-
sava leaves (Verdier et al., 1990). The epiphytic stage plays an impor-
tant role ensuring the natural persistence of the pathogen between
cropping cycles. Epiphytic populations of Xpm have been found
on symptomless leaves in fields where CBB has been reported.
Bacterial titres vary according to environmental conditions, humid-
ity 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 & 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 &
Boher, 1985a, 1985b). Xpm has also been detected in several weeds
that occur naturally in cassava fields in South America, suggesting
that the pathogen can survive epiphytically on them between crop-
ping cycles (Elango & Lozano, 1981). Artificial inoculation of several
cassava crop-associated weeds (nonhost interactions in all cases)
highlighted different degrees of bacterial survival and pathogen via-
bility for up to 54 days (Fanou et al., 2017; Marcano & Truijillo, 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 3 weeks (Fanou et al., 2017). In contrast, Xpm was shown to
survive in slow-decaying dry debris for more than 2 months and
1 year under field and controlled conditions, respectively (Daniel
& Boher, 1985b; Fanou et al., 2017). Insect-mediated dissemina-
tion of Xpm has been reported. The African grasshopper pest
Zonocerus variegatus recovered from diseased cassava fields har-
boured a significant number of infective bacterial cells (Daniel &
Boher, 1985b; Zandjanakou-Tachin et al., 2007). The coreid bug
Pseudotheraptus devastans has also been reported as a facilitator
of infection through the generation of punctures through which
the bacterium gains access to internal tissue (Maraite & Meyer,
1975).

2.4 | Distribution of the pathogen

The botanical, geographical, and domestication origin of cassava is

a controversial topic. A widely accepted theory suggests that the
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cultivated cassava species Manihot esculenta subsp. esculenta arose
from the wild M. esculenta subsp. flabellifolia in the Amazon basin,
and its domestication began 7,000 to 9,000 years ago in the south-
ern Amazon border region (Allem, 2002; Olsen & Schaal, 1999).
Cassava was introduced to Africa by Portuguese traders during the
16th century and was adopted as a staple crop across several coun-
tries (Jones, 1959). In Asia it is believed to have been introduced
from Mexico to the Philippines during the 17th century. In agree-
ment with the geographical origin of the crop, genetic diversity of
Xpm 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 & Wydra, 2002; Persley,
1976). To date, Xpm has been reported in 49 countries located all
over in the tropics (CABI, 2020; Taylor et al., 2017). In contrast, Xc
has only been reported in the East African countries of Burundi,
the Democratic Republic of the Congo, Kenya, Malawi, Rwanda,
Tanzania, and Uganda (Maraite, 1993; Mostade & Butare, 1979;
Verdier et al., 1994). Figure 1 shows cassava production areas and

the distribution of both pathogens.

3 | DISEASE IMPACTS AND MANAGEMENT
3.1 | 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 & Wydra, 2002; Lozano, 1986; Maraite
& Meyer, 1975). Several studies have addressed the distribution and

Molecular Plant Pathology @ W1 LEYM

effects of the pathogen on the crop. Figure 2 (and Tables S1, S2, and
S3) summarizes data from several reports where incidence, sever-
ity, and/or yield losses were assessed, mainly in farms or field tri-
als. Incidence varies according to environmental factors, but most
of the reports show ranges between 30% and 90%, with an inci-
dence peak between 60% and 70%. Disease severity reports show
systemic symptoms in all the surveys (values greater than 2 in 1-5
scales), even for measurements performed within the first 3 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: (a) cassava fields are not only affected by CBB in
most of the cases, and (b) as for other diseases, outcomes are depen-
dent on environmental conditions, that is, plants can counterbalance
the negative effects of CBB when favourable 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 im-

portant losses.

3.2 | 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, eco-
nomic impacts of CBB and postharvest physiological deterioration
were weighed in the context of main constraints for cassava produc-
tion. 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
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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 2-year follow-up of farm-
ers’ 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 impact-
ing 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 farm-
ing since the 1980s, which may have buffered the impact of CBB
(Lozano, 1986).

Conversely, CBB dynamics seem to be altered by social be-
haviours linked mainly to trading cuttings, which favours the dis-
tribution of the pathogen over short and long distances (Restrepo
et al.,, 2004; Restrepo & Verdier, 1997; Trujillo, Arias-Rojas, et al.,
2014, Trujillo, Ochoa, et al., 2014). In a case study in Colombia, dis-
ease incidence was positively correlated with use of agrochemicals,
land ownership, and propagative material sharing. Land ownership
limitations due to internal conflict and inequity in cassava farmer
communities hamper the long-term establishment of crops and force
intercycle renewal of propagative material, which leads to the use of
any available sources of stakes that frequently lack phytosanitary

controls (Pérez, personal communication).

3.3 | Control strategies

Efficient CBB control is based on three main pillars: sanitary con-
trols, cultural practices, and deployment of tolerant or resistant
varieties. Control practices have been deployed based on our knowl-
edge about Xpm and its ecology. Sanitary controls of propagative
materials and seeds are large-scale measures that aim to stop patho-
gen dispersal. In general, these measures comprise the deployment
of disease-free materials and treatments to eliminate the pathogen,
establish quarantine, and Xpm detection tools (Chavarriaga Aguirre
et al., 2016; Frison & 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
to deplete the pathogen inoculum sources through time; they are
deemed to be effective at buffering the impact of CBB in successive
crop cycles (Lozano, 1986; Persley, 1978). Because weeds are res-
ervoirs of the pathogen, their management during the entire crop
cycle, as well as debris treatments before planting, are strongly rec-
ommended. Fanou et al. (2017) showed that Xpm survival is mark-
edly reduced when debris is covered with soil or buried (less than
30 days versus more than 120 days for unburied debris under dry
conditions). Moreover, Wydra and Fanou (2015) showed that re-
moval of symptomatic leaves can reduce CBB severity and improve
the quality of the crop as a source of propagative material; however,

this practice did not show effects on yields in their study. Usually,

planting during the second half of the rainy season decreases disease
incidence and severity, while it maintains or improves yields (Ambe,
1993; Umemura & 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 & Laberry,
1982; Restrepo et al.,, 2000b; Umemura & Kawano, 1983; Wydra
et al., 2004, 2007; Zinsou et al., 2005) (Table S2). In summary, three
main aspects condition the successful deployment of CBB resistant
varieties: (a) interactions of cassava with environmental factors pro-
foundly affect the fitness and resistance of some cultivars; (b) the
need for co-selection of agronomical traits of value for farmers and
the local market; and (c) the resistance against CBB is polygenic, ad-
ditively inherited (Umemura & 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., 2000b; Wydra et al., 2007; Zinsou et al., 2005)
demonstrated that the environment has a significantly greater influ-
ence 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 per-
formed 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
with greenhouse settings where pathogenicity assays are optimal
(Restrepo et al., 2000b; Zinsou et al., 2005). Regarding the sec-
ond 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 paper.

Despite the above-mentioned caveats and to summarize the at-
tempts to find high-performing cassava varieties (Table S5), the out-
standing resistance against CBB of genotype TMS30572 has been
widely demonstrated in several trials in African countries. This geno-
type 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://seedt
racker.org/cassava/; Nassar, 2007; Umanah, 1977). Although perfor-
mance of cassava varieties tested in South American 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 S5).
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4 | PATHOGEN DESCRIPTION

4.1 | Pathogen identification

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

4.2 | Pathogen classification

First described by Bondar in 1912 the causal agent of CBB was
initially named Bacillus manihotis (Arthaud-Berthet). After several

FIGURE 3 Taxonomic position of

Xanthomonas phaseoli pv. manihotis (Xpm) ’
and Xanthomonas cassavae (Xc). Phylogeny

of 30 representative Xanthomonas,

including 27 species and four pathovars

of X. phaseoli (Table S4). Strain code

100

resulted in 155,507 aligned single
nucleotide polymorphism (SNP) positions
that covered coding and noncoding
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

is indicated in parentheses. Xpm and o X. pisi (CFBP4643)

Xc are highlighted in purple and blue, X. vesicatoria (LM159)
respectively. Phylogeny was constructed X. melonis (CFBP4644)
from RefSeq complete genomes using the 100] 1 X. cucurbitae (ATCC23378)
bioinformatic workflow PhaME (Shakya X. codiaei (CFBP4690)

et al., 2020). Core genome alignments X. floridensis (WHRI8848)
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taxonomical reclassifications (Burkholder, 1942; Dedal et al., 1980;
Lozano & Booth, 1974; Maraite & Meyer, 1975; Vauterin et al., 1995),
the most recent classification based on a polyphasic taxonomic ap-
proach (a seven-gene multilocus sequence analysis, average nucleo-
tide identity, and biochemical analyses) assigned this pathogen to
the species X. phaseoli, with the definite nomenclature X. phaseoli
2016). As to the causative patho-
gen of CBN, it was first described by Wiehe and Dowson in 1953 in

Malawi and named Xanthomonas cassavae (Wiehe & Dowson, 1953),

pv. manihotis (Constantin et al.,

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.

4.3 | Hostrange

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 symptomati-
cally affected by Xpm, supporting its multiplication and release to
the environment: the three cassava wild relative species M. glazio-
vii, Manihot palmata, and Manihot aipi (Lozano & Sequeira, 1974b),
Euphorbia pulcherrima and Pedilanthus tithymaloides (Dedal et al.,
1980). Moreover, the limited distribution of Xc in Africa and its

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 (LMG9055)
X. phaseoli pv. dieffenbachiae (LMG695)
X. phaseoli pv. phaseoli (CFBP412)
X. phaseoli pv. manihotis (CIO151)
X. bromi (LMG947)

X. nasturtii (WHRI8984)
X. fragariae (NBC2815)
X. arboricola (17)
X. populi (CFBP1817)
X. hortorum (BO7-007)

X. cassavae (CFBP4642)
X. maliensis (LMG27592)

_D|_— X. albilineans (Xa-FJ1)
o X. sacchari (R1)

Tree scale: 0.1 |

190 X. theicola (CFBP4691)

100 X. translucens pv. translucens (DSM18974_peng1)
100 X. hyacinthi (CFBP1156)
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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.

4.4 | Diversity of the pathogen

Xpm diversity has been analysed by different methods during the
last three decades, including restriction fragment length polymor-
phisms (RFLPs) (Berthier et al., 1993; Restrepo et al., 2004; Restrepo
& Verdier, 1997; Verdier et al., 1993, 1994; Verdier, Restrepo et al.,
2001), repetitive element sequence-based PCR (rep-PCR) (Chege
et al., 2017; Restrepo et al., 2000c), random amplified polymorphic
DNA (RAPD) (Ogunjobi et al., 2006, 2007), and amplified fragment
length polymorphisms (AFLPs) (Gonzalez et al., 2002; Ogunjobi
et al., 2010; Restrepo et al., 2000c; Trujillo, Ochoa, et al., 2014).
Recent studies have shown that a slightly better discriminatory
power is achieved using multiple locus variable-number tandem re-
peat analysis (MLVA) (Rache et al., 2019; Trujillo, Arias-Rojas, et al.,
2014). An MLVA scheme with 15 variable number tandem repeats
(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 performed
in parallel in a unique PCR, and outputs show high reproducibility
and portability (Rache et al., 2019).

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

In contrast, Xpm diversity is higher in South America, in agree-
ment 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 Lopez Carrascal & Bernal, 2012). Recent studies highlighted two
contrasting scenarios. Most haplotypes of Xpm were not structured
geographically in northern regions of Colombia when using AFLPs
(Trujillo, Ochoa, et al., 2014) or MLVA (Rache et al., 2019), suggest-
ing an important role of pathogen migration through contaminated
propagative material. However, a centre of origin of several Xpm
haplotypes was discovered in one of the studied locations, which
acts as a potential source of new founder pathogens (Trujillo, Ochoa,
etal., 2014). In contrast, AFLP and MLVA-based analysis showed that

Xpm populations of the eastern plains were structured geograph-
ically, but still show some degree of genetic flow between distant
regions. The authors considered that these contrasting scenarios
reflect different agricultural practices, crop intensiveness, and dis-
tribution of lands dedicated to the crop (Trujillo, Arias-Rojas, et al.,
2014).

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 single-
nucleotide polymorphisms (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. The authors highlight
that Xpm populations are evolving independently, but also show ge-
netic flow between geographically distant places, which should be

taken into consideration for surveillance and CBB control purposes.

4.5 | 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 & Verdier, 2000), dot blots (Verdier &
Mosquera, 1999), and an ELISA were developed (Verdier, Ojada et al.,
2001). Three PCR-based methods were reported for Xpm detection
recently. The first method used an optimized version of a previous
assay (Verdier et al., 1998) resulting in improved Xpm detection
(Cerqueira-Melo et al., 2019). The second approach was based on a
multiplexed nested PCR including a broadly conserved fragment of
Xpm transcription activator-like (TAL) effector genes and a semispe-
cific region of rpoB, resulting in a wider detection potential for Xpm
strains (Bernal-Galeano et al., 2018). The third strategy, consisting
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).

5 | DISEASE PHENOTYPING TOOLS
UNDER CONTROLLED CONDITIONS

Generally, Xpm must first overcome plant defences in the leaf apo-
plast before accessing the vessels and migrating towards the stem.
Defence mechanisms in the mesophyll are different from those ex-
erted 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., 2000b; Wydra et al., 2007).
This multilayer tissue-specific resistance might be the explanation
for the quantitative and additive nature of resistance in cassava,
which increases the complexity of disease phenotyping. Moreover,

the propagation of cassava through vegetative cuttings results in
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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 real-world plant performance are not trivial
subjects.

Bacterial virulence is usually assessed on 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 the Xpm capacity to in-
duce water-soaking lesions, which might improve bacterial fitness.
Symptom development can also be quantified by measuring lesion
areas around a perforated hole or on leaf clipping or leaf spraying
(Pacumbaba, 1987; Verdier et al., 1994; Zandjanakou-Tachin et al.,
2007). More recently, image-based phenotyping of Xpm with lu-
minescent reporters efficiently allowed the disease to be quantita-
tively tracked in time and space (Mutka et al., 2016).

Leaf inoculation may be questionable for resistance phenotyping
because discrepancies were observed between leaf lesion measure-
ments and scoring on stem inoculation (Mufioz-Bodnar et al., 2015;
Restrepo et al., 2000a). However, others have successfully detected
symptom differences when infiltrating leaves of susceptible and re-
sistant cultivars at low densities (from 10 to 10° cfu/ml; Flood et al.,
1995; Wydra et al., 2004, 2007).

In the stem, the most discriminant methodology consists
of inoculating one internode of the apical region by puncturing
with a sharp tool with bacteria then evaluating disease develop-
ment over a 30-day period using a standardized severity scale.
Measurements from several replicates are mathematically inte-
grated to obtain a dimensionless quantity (area under the disease
progression curve, AUDPC) that can be compared even among
experimental sets with similar conditions. Resistance and suscep-
tibility is established from scores (on 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 phe-
notyping 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, indicating
that the AUDPC methodology can be applied to assign resistance/
susceptibility categories (Mbaringong et al., 2017). In another study
Mora et al. (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. These technical
advances, in combination with traditional and more recent tools,

open a new era in cassava phenotyping research.
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6 | VIRULENCE MECHANISMS OF THE
PATHOGEN

6.1 | Genomics of the pathogen

The advent of next-generation sequencing technologies allowed
the sequencing of the genome of 66 Xpm strains mainly originat-
ing from Africa and South America (Arrieta-Ortiz et al., 2013; Bart
et al., 2012). Assemblies resulted in 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 South 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 (Xop) per strain,
with a core set of nine of them, and reported that all strains harbour
at least one TAL effector (Bart et al., 2012). The first manually anno-
tated 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 con-
firmed the presence of fully functional pathogenicity mechanisms
such as type I, lll, IV, and VI secretion systems, an exopolysaccha-
ride production cluster, core and accessory type lll effectors, and
chemotaxis, type IV pili, flagella, siderophore biosynthesis, and pu-
tative polyketide synthesis genes. This study also explored for the
first time the possibility of using an MLVA scheme for Xpm diversity
studies and reported on 16 potential VNTR loci. Third-generation
long-read sequencing has resulted in several high-quality nonfrag-
mented xanthomonad 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 preventing the as-
sembly of a high-quality draft genome (Bart et al., 2012). Regarding
Xc, a draft genome of strain CFBP4642 (= NCPPB101, ICMP204,
LMG673), isolated in Malawi in 1951, highlighted the presence of a
canonical type Il secretion system (T3SS) and some type Il effec-
tors including TAL effectors (Bolot et al., 2013). Presently our team
is producing high-quality reference genomes for both Xpm and Xc

using long-read sequencing technologies.

6.2 | Secretion systems

The type | secretion system (T1SS) allows the active transport of hy-
drolases (e.g., proteases, phosphatases, glucanases, nucleases, and
lipases) and toxins from the cytoplasm to the extracellular matrix (re-
viewed 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 & White, 2017).
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The presence of canonical versions of these two systems (T1SS and
T2SS) in Xpm was reported by Arrieta-Ortiz and coworkers, high-
lighting two slightly different clusters (xps and xcs) for the T2SS in
the ClIO151 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 sys-
tem (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 15 genes in strain CIO151, but their functionality remains to be
shown (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 defences 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).

6.3 | 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), that is, 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 relies
on protein-protein interactions. The second group is only composed
of TAL effectors, 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 defence through alteration of
PAMP-/damage-associated molecular pattern (DAMP)-triggered
immunity (PTI/DTI) or effector-triggered immunity (ETI) pathways,
while TAL effectors act as transcription factors (TFs) that reshape
the host cellular metabolism through the activation of susceptibility
(S) genes to create better niches for bacteria (Timilsina et al., 2020).

Xpm strains harbour from 13 to 23 Xop effectors, of which nine
are conserved among all the reported Xpm genomes and termed as
Xpm core effectors: HpaA, HrpF, XopE1, XopV, Hpa2, XopAK, XopL,
XopN, and XopAE (a.k.a HpaF), the latter five being almost com-
pletely 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 developmen-
tal 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
XopAO1 interfere with PTI, while XopAO1 and XopE4 interfere with
ETI (Medina et al., 2018; Mutka et al., 2016).

The crucial role of TAL effectors in Xpm pathogenicity had been
known for a long time and was finally reported recently (Castiblanco
et al., 2013; Cohn et al., 2014; Cohn et al., 2016). Several diagnos-
tics and diversity tools were unintentionally based on TAL effector
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 TAL
effectors with 12.5, 13.5, 14.5, 19.5, 20.5, or 21.5 repeats of the re-
peat variable diresidue (RVD), and most of them were plasmid-borne
(Bart et al., 2012). However, our understanding of Xpm TAL effector
diversity is rather poor because it is limited to only seven genes from
three strains (Castiblanco et al., 2013; Cohn et al., 2014, 2016).

Castiblanco et al. (2013) described the genomic context, gene
structure, and function of TALE1 (a.k.a pthB), showing that
XpmATALE1 is affected in bacterial growth and movement in
planta. A combination of transcriptomics and in silico prediction for

Xam

Xam

TAL effector binding sites led to the identification of a heat shock
transcription factor as a potential target of TALE1, in cassava
(Munoz-Bodnar et al., 2014). Cohn et al. (2014) analysed the respec-
tive role of the five TAL effectors present in the strain Xamé68. This
study showed that mutation of TAL14, ... (which differs by only
one RVD from TALE1, ) and TAL20,,. 668

pathogen growth in planta. Moreover, disruption of TAL20,, ...

Xam both significantly affect
leads to the abolishment of water-soaked symptoms. TAL20, ..o
transcriptionally activates MeSWEET10a, which encodes a clade-Il|
sugar transporter from the SWEET family that acts as a susceptibil-
ity (S) gene, as reported in other pathosystems (reviewed by Perez-
Quintero & Szurek, 2019). Despite being a major virulence factor in
Xpm, the identification and validation of the targeted S gene(s) have
been hindered because TALE14 induces transcription of an elevated
number of genes (Cohn et al., 2016). Pérez-Quintero et al. (2017) de-
veloped a web-based platform called daTALbase, where available in-
formation on Xpm TAL effectors and genomics and transcriptomics
resources of the host allows the in silico research of TALE-targeted
genes. Figure 4 summarizes our current understanding about Xpm
T3Es roles in planta.

Isolation and sequencing of TAL effector genes remain challeng-
ing due to their repetitive architecture and the existence of multiple
copies and/or variants in the genome. Third-generation sequenc-
ing technologies like Pacific Biosciences Single Molecule Real Time
(PacBio SMRT) and Nanopore have been widely used to sequence
genomes in other Xanthomonas species and eventually recovered
high-quality TALome sequences (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). Targeted
cloning techniques have also been optimized to isolate and study
TAL effector function, diversity, and evolution systematically (Li
et al,, 2019; Yu et al.,, 2015). No Xpm genomes generated by these
techniques have been reported to date, and the only two TALomes

available so far were isolated from cosmid genomic libraries (Bart
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FIGURE 4 Roles of Xops, host determinants of susceptibility, and defence responses in the cassava-Xanthomonas phaseoli pv. manihotis
(Xpm) interaction. Xop effectors (coloured circles) are injected by Xpm into the plant cytoplasm, where they interfere with host cellular
processes. Type lll effectors (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 section 6.3). 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 section 6.3). The RXam1 RLK (lilac,

in the membrane) and the RXam2 NBS-LRR (blue, in the cytoplasm) are associated with the defence response triggered against Xpm, but
their matching elicitors are unknown. Calcium signalling and autophagy elements are represented in the cytoplasm as part of the anti-Xpm
defence mechanisms. The roles of miRNA and transcription factors are schematized in the nucleus (see section 7.5). H,0, and O, represent

reactive oxygen species (ROS) accumulation. SA, salicylic acid

et al, 2012). Our team has sequenced several Xpm genomes by
Pacific Biosciences SMRT technology and cloned more than 50 TAL
effectors to assess their diversity and function among Xpm strains
(Zarate-Chaves et al., 2021). This information will allow TAL effec-
tor evolutionary analyses in Xpm and searches for other S genes in

cassava.

6.4 | Toxins

On 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 dif-
fusion 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, 3-methyl thiopropionic acid,
which induces the blight symptom when infiltrated alone into cas-
sava leaves (Perreaux et al., 1982). Bacterial metabolism leads to
a transamination coupled to a decarboxylation of methionine, re-
sulting in the formation of 3-methyl thiopropionic acid (Ewbank &

Maraite, 1990). Concentrations of this toxin rise 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 because concentrations
of free methionine and the potential toxin in leaves are very low, and
in vitro assays could have been biased by the acidic nature of the
compound (Cooper et al., 2001).

6.5 | Signalling and metabolic routes potentially
involved in regulation of pathogenicity

Recently, an RNA-seq study of a quorum-sensing (QS)-insensitive
mutant of Xpm versus wild type grown in vitro was reported
(Botero et al., 2020). The authors concluded that the QS system
controls several subsequent signalling routes, including a num-
ber of phosphorylation sensor and transduction pathways, some
of which share a c-di-GMP phosphodiesterase activity (HD-GYP
domain). Metabolic routes that were affected by QS included the
already reported xanthan biosynthesis route and the newly re-
ported NAD(P)* balance, and fatty acid elongation, which should
be further studied.
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7 | HOST GENETICS AND INTERACTION
7.1 | 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 clas-
sify 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., 2021) are
two important advances that will greatly facilitate the study of this
pathosystem by leveraging high-throughput applications and meas-
uring 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). It
also includes at least four high-density genetic maps (International
Cassava Genetic Map Consortium (ICGMC), 2015; Rabbi, Hamblin,
Gedil, et al., 2014; Rabbi, Hamblin, Kumar, 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 chal-
lenged by Xpm include expressed sequenced tags (ESTs), simple
sequence repeats (SSRs) (Lopez Carrascal et al., 2004, 2007), a mi-
croarray (Lopez Carrascal et al., 2005), transcript-derived fragments
(TDFs) (Santaella et al., 2004), and differentially expressed genes
(DEGS) catalogs (Cohn et al., 2014; Gomez-Cano et al., 2019; Mufioz-
Bodnar et al., 2014). The website www.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, the daTALbase allows the
research of potential virulence targets of TAL effectors through
prediction of effector-binding element (EBE) sequences in the host
promoterome, and cross-referencing to host transcriptomics and

polymorphism data (Pérez-Quintero et al., 2017).

7.2 | Host susceptibility to Xpm

The susceptibility (S) gene MeSWEET10a is a clade Ill member of the
well-known SWEET family of phloem-loading efflux carriers (re-
viewed by Chen, 2014), MeSWEET10a is transcriptionally activated
by the TAL effector TAL20,, .. 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 facilitates 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 five, three, and two 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).

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, 50 hr after inoculation of a strain car-
rying TAL20, . .ss- INnspection 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 infec-
tion (Mora et al., 2019).

7.3 | Structural and cellular features of cassava
resistance against Xpm

A mechanism associated with anti-Xpm defence in cassava is the oc-
clusion 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;
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 patho-
gen to become vascular by accessing the xylem vessels and migrat-
ing to other parts of the plant (Boher et al., 1995, 1997; 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 cellu-
lar 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 better with infection, with the mainte-
nance of average stomatal resistance, water potential, and proline
levels, factors that are markedly altered in compatible interactions
(Restrepo Rubio et al., 2017).

7.4 | Mapping resistance to Xpm

Due to the quantitative nature of CBB resistance, and the com-

plex interaction between the host genetic background and the
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environment, the search for resistance sources against Xpm in cas-
sava is mainly restricted to the identification of quantitative trait
loci (QTLs) (Jorge et al., 2000, 2001; 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 Lopez & Bernal, 2012).
Recently, thanks to a high-density cassava genetic map (Soto et al.,
2015), Soto-Sedano and coworkers associated five novel resist-
ance QTLs, accounting for 16%-22% of the variance phenotype
and which colocalized with 29 genes potentially involved in defence
(Soto-Sedano et al., 2017). Furthermore, three of these QTLs were
shown to be significantly influenced by environmental conditions,
especially humidity. More recently, using an SSR-based genetic map
derived from the F, 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 S6 summarizes all the cassava QTLs (more than 100)
reported to be involved in CBB resistance.

7.5 | Genetic and molecular aspects of cassava
defence against Xpm and Xc

Most of our knowledge about the molecular aspects of the cassava-
Xpm interaction comes from studies of resistant varieties (Figure 4).
However, challenging susceptible genotypes with Xpm also induces
defence-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 defence
(Pérez-Quintero et al., 2012). The role of 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; Wei, Liu, et al., 2018), related to ABI3
AND VP1 (MeRAVs) (Wei, Change, et al., 2018), Nuclear Factor
Y (MeNF-Ys) (He et al., 2019), Whirly (MeWHYs) (Liu et al., 2018),
NAM/ATAF/CUC2 (NACs) (Gomez-Cano et al., 2019), basic leucine
zipper (bZIPs) (Gémez-Cano et al., 2019; Li et al.,, 2017), WRKYs
(Gémez-Cano et al., 2019; Liu et al., 2018; Wei et al., 2017; Yan et al.,
2017; Yoodee et al., 2018), and TB1/CIN)/PCF (TCPs) TFs (Gémez-
Cano et al., 2019) were shown to play important roles in cassava
immunity against Xpm through activation of defences. For example,
MeWHY1/2/3 (through interaction with MeWRKY75), MeNF-YA1/3,
MeNF-YB11/16, and MeNF-YC11/12 are crucial for upregulation of
defences against Xpm (He et al., 2019; Liu et al., 2018).

Salicylic acid (SA), calcium signalling, and melatonin synthesis
also play important roles in anti-Xpm defence. The upregulation of
MeHsf3 inresponse to Xpm infection triggers the activation of the SA
pathway through transcriptional activation of MeEDS1, also trigger-
ing defence by activating the non-SA-related MePR4 gene (coding for

a defence-related protein containing an SCP domain) (Wei, Liu, et al.,
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2018). Several calcineurin B-like proteins (CBLs) and CBL-interacting
protein kinases (MeCIPKs), which are, respectively transducers of
CIPKs signalling and sensors of calcium signalling, have been found
upregulated during the interaction. Among them, MeCIPK23 phys-
ically interacts with MeCBL1 and MeCBL9 to modulate defence
against the pathogen, potentially as a response to calcium signalling
(Yan et al., 2018). During infection Xpm also upregulates the mela-
tonin biosynthesis pathway, leading to melatonin accumulation, acti-
vation of defence- and reactive oxygen species (ROS)-related genes,
and increased callose deposition (Wei et al., 2016). MeRAV1 and
MeRAV2 TFs directly activate three genes of the melatonin biosyn-
thesis pathway (MeTDC2, MeT5H, and MeASMT1), while MeWRKY79
and MeHsf20 increase the transcription rate of MeASMT2 (a sec-
ond N-acetylserotonin O-methyltransferase gene involved in the
melatonin biosynthesis pathway), all resulting in increased defence
responses against Xpm (Wei et al., 2017, Wei, Change, et al., 2018).

Autophagy regulation is altered during Xpm infection, which
significantly impacts immunity. Four members of the cassava
autophagy-related protein 8 (MeATG8) family, including MeATG8f
which colocalizes with a resistance QTL (Tappiban et al., 2018)
and whose product was reported to interact with MeWRKY20
to induce defence against Xpm (Yan et al., 2017). Furthermore,
MeATG8b and Me8ATG8e have antagonistic roles against the two
cassava glyceraldehyde-3-phosphate dehydrogenases MeGAPC4
and MeGAPCé6, 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 interac-
tion, but analysis of an incompatible interaction showed that, unlike
for Xpm, phenylalanine ammonia-lyase (PAL) transcription and activ-
ity, and cell wall-bound peroxidase activity are markedly increased in
response to the pathogen (Pereira et al., 1999, 2000).

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 iden-
tification of the two resistance gene candidates RXam1 and RXam2,
respectively, coding for an 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
defence 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 demon-
strated that this gene confers partial and broad-spectrum resistance

to different Xpm strains (P. A. Diaz-Tatis, personal communication).

7.6 | Resistance engineering in cassava

Stable transformation of cassava is mainly achieved through

bacterial-mediated transformation of embryogenic calli and many
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transgenic cassava lines are reported in the literature (reviewed by
Chavarriaga Aguirre et al., 2016). However, the incipient efforts to
engineer CBB resistance are a reflection of 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 can-
didate (Chavarriaga Aguirre et al., 2016; Diaz-Tatis et al., 2018), as
well as overexpressing the pepper R gene Bs2, which did not provide
resistance against Xpm (Diaz-Tatis et al., 2019).

Because TAL effectors recognize S genes through interaction
with DNA, genome editing is a nice tool to disturb or favour the
TAL-DNA interaction and induce resistance or prevent susceptibility
(reviewed by Schornack et al., 2013). This approach was applied re-
cently to help rice against X. oryzae pv. oryzae by editing five EBEs in
the promoter of three SWEET genes targeted by X. oryzae pv. oryzae
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.

8 | CONCLUSION AND FUTURE
DIRECTIONS

Whilst the application of measures based on the ecology of the
pathogen has helped to mitigate the impact of CBB, Xpm remains
a devastating pathogen causing important yield losses, but genetic
resistance remains the best option to control the disease. To be ef-
fective and durable, breeding efforts must consider among other
things the local diversity of the pathogen populations, the impact
of other biotic and abiotic stresses, farming practices, and growers’
preferences. Although cassava-Xpm is considered an orphan patho-
system, research efforts lead by several institutions and researchers
have resulted in robust knowledge and applied tools for either diag-
nosis or pathogen diversity assessment, which constitute important
contributions to better understand some epidemiological aspects
of the disease. Moreover, new image-based techniques coupled to
fluorescent or luminescent markers, the use of plants grown in vitro
allowing for high-throughput phenotyping, and third-generation
sequencing data will certainly help to progress genome-wide asso-
ciation studies. Quantitative resistance studies have revealed that
several genetic factors involved in resistance are still waiting to be
more deeply characterized. On the other hand, functional analysis
of Xpm TAL effectors has allowed a SWEET sugar transporter to be
unmasked as a major susceptibility determinant. This opens a new
perspective for CBB control by loss of susceptibility, as was suc-
cessfully implemented in rice against bacterial leaf blight, resulting
in plants with reduced susceptibility to X. oryzae pv. oryzae. More
research is needed, however, to pinpoint the function of other major
virulence TAL effectors and their targets. By exploiting this marked
dependence, genome editing is a powerful tool to decrease suscep-
tibility and improve resistance against this pathogen, but parallel

efforts need to be made to understand the durability and farmers'

acceptability of these strategies, taking into account the high diver-
sity of the pathogen and its genomic repertoires. Further research
should be deployed to better understand the lifestyle of Xc and also
its phylogenetic relationship to Xpm. This could be an excellent op-
portunity and contribution to unveil the mechanisms that differenti-

ate vascular from nonvascular diseases in plants.
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