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HIGHLIGHTS

o Citrus crop is seriously threatened by various bacterial diseases.
e Cultural practices and chemical pesticides do not control these diseases.
e Microbiological control is a very promising strategy.
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Citrus represents one of the most widely grown crops on the planet, extensively cultivated for both the fresh fruit

Citrus and juice markets. The productivity of citrus orchards can be seriously affected by highly aggressive pathogenic
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bacteria, such as Xanthomonas citri subsp. citri, Xylella fastidiosa subsp. pauca and currently Candidatus Lib-
eribacter asiaticus. Different microbiological biocontrol agents have been described against these pathogens,
such as antagonistic bacteria (mainly species from Pseudomonas and Bacillus genus) and bacteriophages. This
review summarizes all the microbiological control strategies reported so far against bacterial diseases that affect
citrus, highlighting those fields of study where there is great potential yet to be discovered.

1. Introduction

Citrus is one of the most widespread cultivated fruits worldwide,
grown for both the fresh fruit and fresh and processed juice markets.
Most citrus cultivars and rootstock varieties belong to the Fortunella,
Poncirus or Citrus genera, in the Rutaceae family (order Geraniales,
suborder Geraniineae) (Cuenca et al., 2018; Jaouad et al., 2020; Zhong
and Nicolosi, 2020). The main growing areas include countries such as
China (with a total production of more than 32.7 million tons), Brazil
(16.55 million tons), India (9.7 million tons), United States (7.8 million
tons), or Spain (6.8 million tons), the latter leading the world ranking of

citrus exports for consumption as fresh fruit, being a key sector within
the agricultural system of various growing areas (Gonzalez-Gonzalez
et al., 2020). Citrus fruits have become an important dietary source of
nutrients for many countries (Zou et al., 2016).

As many tropical and subtropical crops, citrus are hosts of numerous
fungal, viral and bacterial diseases. Some of the non-bacterial pathogens
that affect citrus cultivation are Citrus tristeza virus (CTV disease), the
fungi Mycosphaerella citri (greasy spot disease), Alternaria spp. (brown
spot and black rot disease), Phyllosticta citricarpa (black spot disease),
Colletotrichum acutatum and C. gloeosporioides (anthracnose disease), and
the oomycete Phytophthora spp. (root and collar rot and brown rot on
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fruit) (Guarnaccia et al., 2019; Sun et al., 2019; Jaouad et al., 2020).
2. Bacterial citrus diseases

Bacterial diseases pose a constant threat to citrus cultivation and
cause substantial reductions in production in all growing areas around
the world. Among them, huanglongbing (HLB), Asiatic citrus canker
(ACQC) and citrus variegated chlorosis (CVC) cause significant economic
impacts, due to the death of millions of trees every year and the impo-
sition of quarantine restrictions (Mendonca et al., 2017; Gabriel et al.,
2020).

HLB and ACC are currently endemic diseases in most commercial
citrus producing regions of the world, whereas CVC is restricted to the
Americas. In the European continent, all of them are not known to occur
(Mendonca et al., 2017). The risk of introduction of these bacteria into
citrus growing regions represents a constant preoccupation for citrus
growers and trade. For ACC, the most significant impact derives from the
restrictions to interstate and international fruit trade coming from
endemic areas. For HLB and CVC, strict quarantine measures for the
introduction of propagative citrus material are implemented in several
producing countries worldwide (Gabriel et al., 2020).

Although these diseases infect a common host, they adopt different
strategies for virulence and dispersion, showing different tissue speci-
ficity and causing different symptoms. Recent reviews are focalized on
secretion systems and effectors, cell-to-cell signaling pathways, and
pathogenicity mechanisms that are related to the specific lifestyle,
dispersion or symptoms produced by these bacteria (Vojnov et al., 2010;
Mendonga et al., 2017; Gabriel et al., 2020; Timilsina et al., 2020).

ACC, caused by the hemibiotrophic bacteria Xanthomonas citri subsp.
citri (X. citri), is a widely distributed disease that affects most commercial
citrus cultivars. Typical symptoms of the disease are erumpent, corky
and raised pustules on the surface of leaves, fruits and twigs which serve
as sources of bacterial inoculum. Infected fruit have decreased com-
mercial quality and are rejected by most important markets (Ference
et al., 2018). Defoliation, twig dieback and premature fruit drop are also
observed as a plant response to the infection (Graham et al., 2004). The
presence of a water film over the lesions promotes X. citri exudation to
the surface, and rain splash combined with wind dispersed bacteria to
new susceptible tissue (Graham et al., 2004; Bock et al., 2005).

Bacterial attachment, microcolony formation and biofilm develop-
ment of X. citri on citrus surfaces are essential steps in the pathogenesis
of the disease (Rigano et al., 2007; Vojnov and Marano, 2015). Quorum
sensing or cell-to-cell signaling, mediated by a diffusible signal molecule
called DSF, plays an important role in this process (Siciliano et al.,
2006). Biofilm formation is conditioned by bacterial strain and the
presence of exopolysaccharides (EPS), weather conditions, cultivar
resistance and phenological stage (Favaro et al., 2014, 2020; Roeschlin
et al., 2017; Chiesa et al., 2019). After this phase of epiphytic growth,
mesophyll colonization is accomplished through natural openings in
young susceptible tissues. The presence of wounds caused by insects
such as citrus leafminer, pruning tools and storms facilitates bacterial
ingress in older tissues (Martins et al., 2020).

Citrus blast and black pit caused by Pseudomonas syringae pv. syringae
(P. syringae) is a minor bacterial disease of citrus worldwide, although
was reported causing severe outbreaks in some Mediterranean coun-
tries. In Montenegro, the current incidence of blast disease in citrus
nurseries is around 10-30% (Ivanovic et al., 2017). Recent research aims
to characterize the genetic structure of the pathogen involved and to
develop disease management strategies (Ivanovic et al., 2017; Mougou
and Boughalleb-M hamdi, 2018; Islam et al., 2020). Colonization and
dispersion of P. syringae are favoured by rain and wind in spring when
the shoots and fruit development begins, resembling the X. citri patho-
genicity cycle. Characteristic disease symptoms begin as water-soaked
lesions in leaves, reaching the mid-vein and the twigs surrounding the
base of the petiole. Diseased leaves eventually fall and the necrotic twigs
and shoots dieback after a few weeks. (Ivanovic et al., 2017; Islam et al.,
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2020).

CVC is caused by Xylella fastidiosa subsp. pauca (X. fastidiosa), which
also produces coffee leaf scorch and olive quick decline syndrome, even
though it is a different sequence type. The disease affects sweet orange to
a greater extent and is endemic to some countries of the American
continent (Gabriel et al., 2020). X. fastidiosa colonizes two environ-
ments: the plant host xylem and the mouthparts of its vector (Rapicavoli
et al.,, 2018). CVC is transmitted by sharpshooters belonging to the
family Cicadellidae, and by infected budwood. The CVC pathogenesis
cycle starts when sharpshooters carrying the bacteria feed on the xylem
sap of a healthy tree (Gabriel et al., 2020). After that, the disease is
characterized by the obstruction of xylem caused by bacterial biofilm
and EPS, leading to insufficient translocation of water in the vessels
(Vojnov et al., 2010; Mauricio et al., 2019). Symptoms include foliar wilt
and interveinal chlorosis on the adaxial surfaces of the leaves, similar to
zinc deficiency. These symptoms are accompanied by necrotic, gum-like
regions on the abaxial side of the leaves. Fruit from infected branches are
smaller, harder and exhibit changes in organoleptic quality. Young and
water stressed trees are more susceptible to disease (Gabriel et al.,
2020). Over many years, CVC was an epidemic disease in Brazil causing
annual economic losses of $120 million. However, the prevalence of
HLB during recent years significantly diminished its importance (Men-
donga et al., 2017; Rapicavoli et al., 2018).

HLB is one of the oldest diseases in citrus and has been known in East
Asia for over a century. Currently, it is the most destructive citrus dis-
ease worldwide, present in Asia, the Middle East, Africa, and more
recently in the Americas. HLB is associated with a phloem-limited
fastidious a-proteobacterium provisionally named as Candidatus Lib-
eribacter spp. (Ca. L.). Three species of Ca. L. are recognized in trees
with HLB disease according to the origin: Ca. L. africanus, Ca. L.
americanus, and the most widespread Ca. L. asiaticus (Wang and Triv-
edi, 2013; da Graca et al., 2016). The bacteria are transmitted in a
persistent manner by the psyllid vectors Diaphorina citri and Trioza
erytreae, and also by grafting. After vector inoculation in Citrus phloem,
a long incubation period arises before symptom expression. Sieve plug
formation and accumulation impedes nutrient transport and causes the
characteristic HLB symptoms such as asymmetric blotchy mottles on the
leaves, parti-colored fruit, loss of productivity, and eventual decline and
death of infected trees after several years (Munir et al., 2018; Gabriel
et al., 2020). HLB greatly damages the citrus industry by shortening the
lifespan of infected trees and reducing fruit yield and quality charac-
teristics. HLB can debilitate the productive capacity of citrus trees, with
reported losses of 30 to 100%, and all commercial citrus species and
cultivars are susceptible to HLB infection, though to varying degrees
(Wang and Trivedi, 2013; Blaustein et al., 2018).

3. Current management of citrus bacterial diseases

Taking into account the worldwide importance of citrus production,
industry and global trade, the development and application of strategies
to reduce the damage occasioned by bacterial diseases are essential.
Although the management of these diseases has some common aspects,
different lifestyles and methods of transmission determine specific
strategies for each disease.

Exclusion and eradication efforts are carried out in canker-free
countries or regions to avoid ACC disease (Vojnov et al., 2010). On
the other hand, an integrated approach successfully manages ACC in
areas where the disease is endemic, including planting pathogen free
certified trees, disinfestation of tools, citrus leafminer control with in-
secticides, orchard protection through the installation of windbreaks,
copper-based spray programs and selection of resistant or tolerant cul-
tivars (Behlau et al., 2010; Mendonca et al., 2017; Gabriel et al., 2020).
A faster phenological development of the leaf, a smaller stomatal den-
sity, size and aperture, and also higher epicuticular wax content were
associated with partial resistance to ACC (Wang et al., 2011; Favaro
et al.,, 2014, 2020; Gongalves-Zuliani et al., 2016). It has been
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demonstrated that copper compounds could disrupt or avoid X. citri
biofilm formation (Redondo et al., 2015; Favaro et al., 2017). Numerous
copper sprays are required during the growing season when susceptible
cultivars are exposed to favorable weather conditions for disease. Efforts
to reduce and replace copper sprays with more sustainable strategies are
essential to avoid the negative ecological impact of the accumulation of
copper in soil, the risk of phytotoxicity to roots and fruits, and the
emergence of copper-resistance in X. citri populations (Behlau et al.,
2013, 2020).

CVC management efforts include eradication of infected trees,
pruning of symptomatic branches and intensive control of the vector
(Gabriel et al., 2020). Recent research has demonstrated that the sub-
stitution of diseased buds with healthy ones in ‘Rangpur’ lime or
‘Cleopatra’ rootstocks, is an effective and economic strategy to manage
the disease (Lopes 2020). Moreover, it has been demonstrated that high
concentrations of copper inhibit X. fastidiosa biofilm formation in vitro,
although copper supplementation in the watering solution in tobacco
model plants is ineffective to inhibit X. fastidiosa growth (Cobine et al.,
2013; Ge et al., 2020).

Management of HLB continues to be a challenge due to the lack of
effective curative treatments and the long incubation period of the dis-
ease. Nowadays, HLB management relies on production of budwood in
insect-proof nurseries, frequent inspection, detection and eradication of
diseased trees, added to the control of the vector in order to diminish the
spread of the disease (Gabriel et al., 2020). Other approaches such as the
use of broad spectrum antimicrobials, small molecule compounds,
thermotherapy, and compounds that stimulate plant growth or trigger
host defenses, have been assayed for HLB treatment with promising
results, although more efforts and studies should be performed before
their implementation in the field (Munir et al., 2018; Blaustein et al.,
2018).

Strategies for developing genetic resistance to the phytopathogen
have been undertaken (Blaustein et al., 2018). Research into the
microbiome of HLB-diseased plants has produced new insights to find
promising microbial communities for disease management (Ginnan
et al., 2018, 2020; Blaustein et al., 2017; Blacutt et al., 2020).

In spite of the significant progress achieved in the management of
citrus bacterial diseases, some key aspects remain unsolved, such as the
lack of genotypes presenting full resistance to the diseases, the inexis-
tence of effective chemical compounds for CVC and HLB treatment, the
risk of emergence of copper-resistant X. citri populations, and the
accumulation of this compound in soil. In this context, biocontrol is a
promising alternative and it has many advantages in terms of sustain-
ability, mode of action and toxicity compared to chemical pesticides
(Marin et al., 2019). The incorporation of biocontrol in the integrated
management of ACC could reduce the rate and frequency of copper
sprays and the risk of copper resistance development. Moreover,
biocontrol agents could constitute useful tools for the management of
HLB and CVC, overcoming the present limitations in their control.

4. Microbiological biocontrol in citrus diseases

The current awareness of the environmental and health damage
caused by the use of copper bactericides and antibiotics, added to the
lack of efficient control measures for citrus bacterial diseases, support
the development of alternative strategies using biocontrol agents (BCA).

Biocontrol includes strategies to suppress diseases by the application
of a biological agent, such as fungus, bacterium, or bacteriophage to the
plant or the soil. Biocontrol mechanisms include the production of
antimicrobial substances or lytic enzymes, nutrient and space competi-
tion, parasitism, signal interference and induced systemic resistance
(ISR) in plants. Previous studies have shown that one antagonist will
often use more than one mechanism. Generally, BCA are highly specific
for a pathogen and hence are considered harmless to non-target species,
although it is necessary to know how they act to implement an effective
biocontrol program (Weller, 2007; Hofte and Altier, 2010; Nunes, 2012;
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O’Brien, 2017; Chen et al., 2020).

As far as citrus non-bacterial pathogens are concerned, there are
several studies showing promising results with BCA. The ability of
different bacteria to promote plant growth and act as biocontrol agents
in Citrus has been extensively studied (Giassi et al., 2016).

A good source of microbiological control agents against citrus
pathogens is the plant’s own microbiota, with fully developed meth-
odologies for their identification and analysis against pathogens, such as
Ca. L. (Blacutt et al., 2020). Different microbiological biocontrol agents
have been described against citrus bacterial diseases (Table 1), which
will be analyzed in detail in the following sections and are summarized
in an infographic (Fig. 1).

5. Bacterial biocontrol against bacterial citrus diseases

Endophytic bacterial diversity in citrus trees has been described as a
potential resource for effective antimicrobial compounds, such as anti-
biotics. In a study carried out in C. aurantifolia, it has been possible to
verify how the bacterial species isolated from leaves, such as Bacillus
cereus, B. subtilis, B. pumilus and Pantoea agglomerans, produce antibiotics
capable of inhibiting the growth of pathogenic bacteria such as Strep-
tococcus mutans, Vibrio chloreae, Salmonella thypii, S. thyposa and
Enterobacter faecalis (Jannah et al., 2018).

Numerous rhizosphere and phyllosphere species from the genera
Pseudomonas and Bacillus are effective biocontrol agents against citrus
bacterial diseases. Moreover, Xanthomonas isolates reduce ACC severity.
On the other hand, bacterial communities present in the microbiome of
citrus plants are promising sources of BCA. In the following sections we
will focus on biological control reported for these agents so far.

5.1. Pseudomonas genus as BCA

The Pseudomonas genus includes a wide variety of species which
have been studied and used as biocontrol agents against various plant
diseases. Plant-associated Pseudomonas spp. include pathogenic, sapro-
phytic and plant-growth-promoting species (Hofte and Altier, 2010).
The agricultural and economic importance of this genus in plant health
is due to the ability of Pseudomonas spp. to grow rapidly in vitro and to be
mass produced and adapt to environmental stresses. Diverse Pseudo-
monas species rapidly utilize seed and root exudates, colonize and
multiply in the rhizosphere, phyllosphere, internal plant tissues or even
in structures produced by phytopathogens (Weller, 2007; Mercado-
Blanco and Bakker, 2007).

Mechanisms involved in biocontrol by Pseudomonas spp. include
production of bioactive metabolites (i.e., antibiotics, siderophores,
volatiles), competition for niches and resources with other microor-
ganisms, induction of systemic resistance and plant-growth promotion
(Mercado-Blanco and Bakker, 2007; Weller, 2007; Hofte and Altier,
2010; Biessy and Filion, 2018).

Numerous Pseudomonas spp. isolates obtained from the citrus phyl-
losphere were effective against X. citri, both in vitro and in greenhouse
conditions. Caicedo et al. (2016) identified two Pseudomonas spp. (SJO1
and SJ02) able to reduce ACC when sprayed on C. sinensis leaves at a
concentration of 107 CFU ml ™}, in mixtures with the pathogenic bacteria
X. citri. These biocontrol agents act by disruption of X. citri quorum
sensing, resulting in a reduced attachment to the surface of leaves,
compromising biofilm formation and canker development. Likewise, de
Oliveira et al. (2011) and de Oliveira et al. (2016) demonstrated the
antibiotic activity of secondary metabolites from Pseudomonas spp. and
P. aeruginosa (LV strain) isolated from an old canker symptom in
C. sinensis. Preventive and curative sprays, applied a day after or before
X. citri (107 CFU ml’l), reduced the number of cankers between 65 and
97%. The secondary metabolites from the soluble fraction in ethyl ac-
etate altered EPS, inducing cell lysis and interrupting biofilm formation
in orange leaves. An organocopper antibiotic compound (OAC) was
identified to be the pure active compound (de Oliveira et al., 2016).
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Table 1
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Microorganisms used in the biocontrol of bacterial citrus diseases. X. citri: Xanthomonas citri subsp. citri; X. fastidiosa: Xylella fastidiosa subsp. pauca; Ca. L.: Candidatus
Liberibacter asiaticus; P. syringae: Pseudomonas syringae pv. syringae.

BIOCONTROL AGENT BACTERIAL- EXPERIMENT CITRUS SPECIES MECHANISMS REFERENCES
CITRUS CONDITIONS
GROUP SPECIES PATHOGEN
Bacteria Acinetobacter baumannii X. citri In vitro C. limon Antibiosis Tan et al. 2006
Greenhouse
P. fluorescens In vitro C. limon Not indicated Khodakaramian et al.
Greenhouse 2008
Pseudomonas spp. In vitro C. sinensis Antibiosis, Cell lysis, de Oliveira et al.
Greenhouse Biofilm disruption 2011
P. fluorescens In vitro - Antibiosis Montakhabi et al.
P. viridiflava 2011
P. syringae
Bacillus spp.
Streptomyces spp. Pseudomonas spp. Greenhouse C. limon Not indicated Dong et al. 2012
Burkholderia spp.
B. subtilis In vitro C. aurantifolia Antibiosis, Biofilm Huang et al. 2012
Greenhouse disruption
B. subtilis In vitro - Antibiosis Long and Guanhua,
2012
P. fluorescens In vitro C. aurantifolia Not indicated Al-Saleh, 2014
Greenhouse
B. subtilis Field Greenhouse  C. latifolia Space competition Das et al. 2014
P. aeruginosa In vitro C. sinensis Antibiosis, Cell lysis Spago et al. 2014
Greenhouse
P. aureginosa In vitro C. aurantifolia Defense response Sudyoung et al., 2020
Greenhouse induction
Plant growth
promotion
P. entomophila Greenhouse C. limon Antibiosis Villamizar et al. 2020
B. subtilis Invitro - Antibiosis Liu et al. 2015
Pseudomonas spp. Greenhouse C. sinensis Antibiosis Murate et al. 2015
Pseudomonas spp. Greenhouse C. sinensis Antibiosis, Biofilm Caicedo et al. 2016
Bacillus spp. disruption
P. aeruginosa In vitro C. sinensis Antibiosis, Cell lysis, de Oliveira et al.
Greenhouse Biofilm disruption 2016
B. subtilis Greenhouse C. aurantifolia Antibiosis Ibrahim et al. 2016
Defense response
induction
P. protegens In vitro C. limon Defense response Michavila et al. 2017
Greenhouse induction
P. geniculata Greenhouse C. paradisi Defense response Riera et al. 2018
induction
B. amyloliquefaciens Greenhouse C. aurantifolia Antibiosis Daungfu et al. 2019
B. tequilensis
B. subtilis
Bacillus thuringiensis In vitro - Antibiosis, Cell lysis Islam et al. 2019
Bacillus velezensis In vitro - Antibiosis, Cell lysis Rabbee et al. 2019
X. citri A" Greenhouse C. limon Defense response Roeschlin et al. 2017
induction
Xcc Greenhouse C. limon Defense response Chiesa et al. 2019
Xfa induction
Methylobacterium sp. X. fastidiosa Field C. sinensis Not indicated Aratjo et al. 2002
Curtobacterium flaccumfaciens In vitro - Antibiosis Lacava et al. 2004
Methylobacterium mesophilicum Field C. sinensis Antibiosis Azevedo et al. 2016
C. flaccumfaciens
Methylobacterium sp. Ca. L. Field C. sinensis Not indicated Trivedi et al. 2010
Sphingobacterium sp.
Methylobacterium sp. Sphingomonas sp. Field C. sinensis, C. Competition Blaustein et al. 2017
Methylocystaceae sp. paradise, C. unshiu,
C.x tangelo
Bacillus sp., Lactobacillus sp., Streptomyces Field - - Ginnan et al., 2018,
sp., Methylobacterium sp., Hymenobacter sp., 2020
Pantoea sp., Curtobacterium sp., Spirosoma
sp.
P. aureginosa Greenhouse C. sinensis Antibiosis Pistori et al. 2018
Burkholderia metallica In vitro - Antibiosis Riera et al. 2017
B. territorii
P. granadensis
P. geniculata
Rhodococcus jialingiae
B. pumilus
B. amyloliquefaciens Greenhouse C. sinensis Defense response Tang et al. 2018a
C. tangerine induction
B. amyloliquefaciens Greenhouse C. madurensis Tang et al. 2018b

(continued on next page)
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Table 1 (continued)
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BIOCONTROL AGENT BACTERIAL- EXPERIMENT CITRUS SPECIES MECHANISMS REFERENCES
CITRUS CONDITIONS
GROUP SPECIES PATHOGEN
Defense response
induction
B. subtilis Field Several Citrus spp. - Munir et al. 2020
Bacillus spp. P. syringae In vitro C. limon Antibiosis Mougou and
Greenhouse Boughalleb-
M’hamdi, 2018
Bacillus spp. In vitro C. sinensis Antibiosis Islam et al. 2020
Greenhouse C. limon
Bacteriophages  Cp2, ®Xac2005-1, cc®7 and cc®13 X. citri Greenhouse C. paradisi Not indicated Balogh et al. 2008
Cp1 and Cp2 In vitro - Cell lysis Ahmad et al. 2014a
XacF1 In vitro - Virulence reduction Ahmad et al. 2014b
Unidentified Greenhouse Field  C. aurantifolia Cell lysis Ibrahim et al. 2017
6 P. syringae In vitro - Cell lysis Pinheiro, et al. 2019
Fungi Cladosporium spp. Ca. L. Field Several Citrus spp. - Ginnan et al. 2018
Sporobolomyces spp.
Symmetrospora spp.
Camptophora spp.
Hannaella spp.Exophiala spp.
Fusarium spp.
Glomus spp.
Rhizophagus spp.
Acrocalymma spp.
phylum Glomeromycota Field Several Citrus spp. Possible Growth Ginnan et al. 2020
promotion
Cladosporium cladosporioides Ca. L. In vitro Several Citrus spp. Growth inhibition by Blacutt et al. 2020
bioactive natural
products
R Fig. 1. Schematic representation of biocontrol
. X.citri agents (BCA) mechanisms against citrus bacterial
""?é] .. P. syringae diseases: Xanthomonas citri subsp. citri (X. citri),
> Pseudomonas syringae pv. syringae (P. syringae),
Exogenous g CalL Candidatus Liberibacter spp. (Ca. L.) and Xylella
application of . . 7. . g .
BCA fastidiosa subsp. pauca (X. fastidiosa). BCA present in
g . fastidiosa the phyllosphere and rhizosphere or applied as a soil
drench or spray avoid bacterial pathogen infection
and spread by direct antagonistic effect on the
( '7‘,">'/ Competence pathogen (antibiosis, competition, cell lysis) or in-
AV EES e direct response by induction of plant defense or
growth promotion.
Phyllosphére
BCA
Exogenous
application of Defense
Response
Induction Cell lysis
E—— Growth
o promotion

Secondary metabolites purified from the strain LN of P. aeruginosa, ob-
tained from a young canker in C. sinensis, were also able to damage EPS
and bacterial cells, reducing citrus canker when applied as preventive
sprays (Spago et al., 2014). Moreover, Murate et al. (2015) found that
secondary metabolites obtained from a Pseudomonas spp. (LN strain)
protected C. sinensis leaves from X. citri, diminishing ACC.

An antagonistic P. aeruginosa strain (isolate SWUC02) obtained from

canker symptomatic trees reduced X. citri growth in evaluations per-
formed in vitro (Sudyoung et al., 2020). Likewise, in C. aurantifolia
seedlings and adult trees, the pre-inoculation of leaves with this bacteria
(108 CFU ml™1) 24 h before X. citri infection (10° CFU ml_l), signifi-
cantly reduced ACC severity, leading to a control efficacy of 84%. The
improvement of tree growth was associated with the induction of
indoleacetic acid and siderophore synthesis, phosphate solubilization
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and nitrogen fixation, promoted by P. aeruginosa extracellular
compounds.

Different mechanisms of biocontrol have been found for other
Pseudomonas species. P. protegens CS1 isolated from healthy lemon
phyllosphere was capable of inhibiting the growth of X. citri both in vitro
and in greenhouse conditions in C. limon. Spray application of the BCA
one day after inoculation with X. citri significantly reduced canker
symptoms through the active compound enantio-pyochelin and the
generation of reactive oxygen species (Michavila et al., 2017). On the
other hand, the antibacterial effect of the strain JS2 of P. entomophila
isolated from soil against X. citri was attributed to multiple factors,
including diketopiperazine production. Strikingly, this Pseudomonas
species is known for its capacity to naturally infect insects, but this is the
first time it has shown antibacterial activity. Highly susceptible Citrus x
limonia species sprayed with a mixture of P. entomophila and X. citri (107
CFU ml’l) showed a significant reduction in ACC severity (Villamizar
et al., 2020).

The induction of systemic resistance is another mechanism proposed
for biocontrol in the genus Pseudomonas. Considering the devastating
symptoms caused by HLB, healthy looking citrus trees identified in
severely HLB-diseased citrus groves, are considered as promising
rhizosphere microbial communities enriched in beneficial traits. A strain
of P. geniculata, isolated from this habitat, was found to activate a de-
fense response against ACC by the induction of salicylic acid signaling
pathways. The application of the beneficial bacteria as a soil drench (108
CFU ml 1) to Duncan C. paradisi thizosphere seven days before X. citri-
spray inoculation to leaves (10% CFU ml™1), significantly reduced the
canker disease severity (Riera et al., 2018). On the other hand, a
reduction in Ca. L. asiaticus population was observed for preventive and
curative treatments with secondary metabolites produced by a
P. aeruginosa (LV strain), sprayed to orange leaves 7 days before or 30
days after bud-graft inoculation of HLB, respectively. This reduction in
pathogen infection was attributed to the antibacterial activity of the
active compound phenazine, capable of eliciting a systemic resistance
response (Pistori et al., 2018).

Other species of the genus Pseudomonas also inhibit the growth of
X. citri in vitro, such as P. viridiflava, P. syringae and P. fluorescens
(Montakhabi et al., 2011). In particular, P. fluorescens strains obtained
from the phylloplane of healthy citrus trees act as BCA against X. citri in
greenhouse conditions, reducing citrus canker in C. limon and
C. aurantifolia when sprayed 3 days before the pathogenic bacteria. The
mechanisms involved in the antagonistic effect have not been elucidated
in these reports (Khodakaramian et al., 2008; Al-Saleh, 2014).

5.2. Bacillus genus as BCA

Bacillus species represent a large group of Gram-positive bacteria
that are natural inhabitants of both, the phyllosphere and rhizosphere of
plants. The ability to form endospores and synthesize various antimi-
crobial metabolites (antibiotics, enzymes and secondary metabolites)
identifies the Bacillus genus as the most common endophytic bacteria to
exhibit remarkable biocontrol against plant diseases. It has been re-
ported that approximately 5-8% of the whole genomes of Bacillus spp.
are dedicated to biosynthesis of structurally diverse antimicrobial
compounds (Fira et al., 2018; Kaspar et al., 2019; Chen et al., 2020).

Different Bacillus spp. have shown biocontrol effects to X. citri as in
vitro inhibition of growth (Long and Guanhua, 2012; Liu et al., 2015) or
by lysis of cell bacteria (Islam et al., 2019; Rabbee et al., 2019). In
particular, it has been shown that B. subtilis presents antagonistic ac-
tivity with both protective and curative effect against ACC. Huang et al.
(2012) demonstrated that the application of two soil isolates of B. subtilis
(WG6-14 and TKS-1) 1 day before X. citri inoculation was able to reduce
ACC development in C. aurantifolia, by interference of colonization and
biofilm formation of the pathogen. Likewise, similar mechanisms were
observed when leaves of C. sinensis were co-inoculated with Bacillus spp.
(107 CFU rnl’l) by spraying (Caicedo et al., 2016). Moreover,
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satisfactory reduction of ACC under field and greenhouse conditions was
obtained by single spray pre-inoculation of B. subtilis in C. aurantifolia
(Das et al., 2014; Ibrahim et al., 2016). On the other hand, Daungfu et al.
(2019) showed curative control of ACC by Bacillus endophytes isolated
from healthy Citrus spp. phyllosphere and rhizosphere. In this case, the
inoculation with B. subtilis LE24, B. tequilensis PO80 or
B. amyloliquefaciens LE109 (10® CFU ml™1) 24 h after X. citri infection
significantly reduced canker development (0-10% disease incidence).
The same results were obtained in leaves treated with crude bioactive
compounds from each strain, demonstrating that the bioactive com-
pounds were within the group of lipopeptides (Daungfu et al., 2019). On
the other hand, the inoculation with Bacillus spp. @o® cruml™) 72 h
after P. syringae infection reduced the extent of stem necrosis in
C. sinensis and C. limon after 10 weeks after inoculation (Mougou and
Boughalleb-M’hamdi, 2018; Islam et al., 2020).

On the other hand, some Bacillus spp. have been reported as prom-
ising BCA for HLB. Munir et al. (2020) compared the core endophyte
communities on leaves from distinct citrus varieties with different de-
grees of HLB disease. A higher frequency of B. subtilis was found in the
healthy/asymptomatic plants compared to the symptomatic plants,
suggesting a role for B. subtillis in HLB resistance. Root-associated
B. amyloliquefaciens is known for producing sub-lethal concentrations
of cyclic lipopeptides and volatiles that trigger induced systemic resis-
tance (ISR) in plants (Chowdhury et al., 2015). It has been shown that
B. amyloliquefaciens GJ1 isolated from healthy leaves of C. sinensis con-
trols HLB development by reducing 50% of Ca. L. asiaticus in infected
C. sinensis plants. The curative effect performed by root irrigation of the
biocontrol bacterial (OD600nm ~ 1) once every 7 days for 45 days
triggered several defense responses and promoted starch degradation
(Tang et al., 2018a, 2018b). Furthermore, there are Bacillus species that
can act as indirect BCAs against Ca. L. This is the case of endophytic
strains of B. thuringiensis which translocate from citrus seedling roots to
shoots and control Diaphorina citri nymphs in the tree canopy (Dorta
et al., 2020).

5.3. Xanthomonas genus as BCA

The induction of resistance pathways by host and non-host Xantho-
monas spp. is a mechanism proposed for ACC biocontrol. Roeschlin et al.
(2017) demonstrated that the pre-inoculation of leaves with a natural
variant of X. citri (X. citri AT, 10° CFU ml™!) significantly reduced canker
symptoms in C. limon. The hypersensitive response triggered by this
isolate involves autophagy-associated vacuolar processes and induction
of salicylic acid defense responses that mediates the protecting effect.
Similar protective results were observed with Xanthomonas fuscans ssp.
aurantifolii strain C (Xfa) that induced gene-for-gene host defense
response in C. limon. The pre-inoculation of leaves with Xfa (10° CFU
ml’l), 2 and 7 days before X. citri infection (10° CFU mlfl), significantly
reduced ACC (Chiesa et al., 2019). Remarkably, when the same exper-
iment was carried out with the non-host X. campestris pv. campestris
(Xcc), the protection was more effective, suggesting that Xcc acts as an
endophyte in C. limon plants. The mechanisms employed by these BCA
were associated with oxidative stress and the expression of secondary
metabolites (Chiesa et al., 2019).

5.4. Other bacterial genera as BCA

Plant-associated microbiota can evade or reduce pathogen infection
through direct competition or by stimulating plant immunity (Ginnan
et al., 2020). Bacterial citrus diseases, such as HLB, are capable of
completely modifying the existing microbial communities in the
different organs of the plant. The presence of bacterial genera common
to all healthy individuals could identify potential biocontrol agents
(Trivedi et al., 2012). In recent years several studies on the citrus
microbiome have provided new insights about bacterial communities in
citrus trees affected by HLB (Trivedi et al., 2010, 2012; Blaustein et al.,
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2017; Ginnan et al., 2018, 2020). It has been demonstrated that the
composition and diversity of the leaf and root microbiota were strongly
associated with HLB symptom severity (Blaustein et al., 2017). These
authors found a negative relationship between Ca. L. and three bacterial
families  (Burkholderiaceae, = Xanthomonadaceae, and Micro-
monosporaceae) reported to have plant-beneficial properties. They also
found that other Alphaproteobacteria (Methylobacterium, Sphingomonas,
and Methylocystaceae) were present in greater proportions in asymp-
tomatic trees, suggesting a resource-related competition between the
pathogen and other members of its bacterial class. On the other hand,
Riera et al. (2017) obtained six rhizosphere bacteria from healthy
looking citrus trees in severely HLB-diseased citrus groves, that showed
in vitro antibacterial activity for two bacteria closely related to Ca. L.
asiaticus. Among them, four belong to gram-negative strains (Bur-
kholderia metallica, B. territori, P. granadensis and P. geniculata) and two
to gram-positive strains (Rhodococcus jialingiae and B. pumilis). In the
same way, bacteria from the genera Bacillus, Lactobacillus, Streptomyces,
Methylobacterium, Hymenobacter, Pantoea, Curtobacterium and Spirosoma,
obtained from infected citrus budwood, leaves, and roots were reported
as possible biocontrol agents against Ca. L. (Ginnan et al., 2018, 2020).

Other reports highlighted the relationships among xylem endophytic
bacterial populations of Methylobacterium spp. and Curtobacterium flac-
cumfaciens with the balance of X. fastidiosa in citrus plants (Azevedo
et al.,, 2016). The secondary metabolites produced by these bacteria
promote down-regulation of gene expression related to energy produc-
tion, stress, transport and motility in X. fastidiosa inhibiting CVC
development (Lacava et al., 2004; Azevedo et al., 2016). Moreover,
different isolates of Methylobacterium spp. have been described as
effective biocontrol agents against X. fastidiosa (Aratjo et al., 2002) and
Ca. L. (Trivedi et al., 2010) in C. sinensis.

On the other hand, the human and animal pathogen Acinetobacter
baumannii isolated from citrus orchard soil was capable of reducing
populations of X. citri both in vitro and in C. limon plants more than 50%
(Tan et al., 2006). However, the mechanisms involved in this interaction
remain uncertain.

6. Bacteriophage biocontrol against bacterial citrus diseases

The use of bacteriophages has received increased research interest in
recent years as a realistic environmentally friendly means of controlling
bacterial diseases in agriculture. Their use presents a viable control
measure for a number of destructive bacterial crop diseases, with some
phage-based products already becoming available on the market. Phage
biocontrol possesses advantages over chemical controls in that tailor-
made phage cocktails can be adapted to target specific disease-causing
bacteria, and can be easily adapted for bacterial resistance which may
develop over time (Buttimer et al., 2017; Kering et al., 2019). After
invading a living bacterial cell, bacteriophages can multiply through
two different mechanisms, the lytic cycle as phage and the lysogenic
cycle as prophage. The identification of phages to use as part of a bio-
logical control strategy starts with different criteria for selection but
clearly the pre-screening of phages for their potential value as biocontrol
agents is preferred rather than arbitrarily selecting them based on lytic
activity alone (Jones et al., 2012).

The use of bacteriophages against bacterial diseases in citrus has
reported some success cases both in vitro and in greenhouse against
X. citri. In vitro, the ability to lyse bacterial cells by bacteriophages Cpl
and Cp2 has been described (Ahmad et al., 2014a). Additionally, the
filamentous phage XacF1l, member of the family Inoviridae, causes
several physiological changes to the bacterial host cells in vitro,
including lower levels of extracellular polysaccharide production,
reduced motility, slower growth rate and a dramatic reduction in viru-
lence (Ahmad et al., 2014b). Moreover, under greenhouse conditions the
treatment of leaves with a mixture of bacteriophages Cp2, ®Xac2005-1,
cc®7 and cc®13, 24 h before the inoculation with X. citri provided
significant disease reduction on C. paradisi, being equally effective as
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copper-bactericide (Balogh et al., 2008). In addition, field application of
a mixture of bacteriophages isolated from wild type X. citri strains twice
a week significantly reduced ACC disease in C. aurantifolia through
bacterial cell lysis (Ibrahim et al., 2017). Recently, in vitro studies have
demonstrated that the commercially available phage ®6 controlled
P. syringae development through bacterial cell lysis in vitro (Pinheiro
et al., 2019).

Phage-based therapy has potential for controlling citrus bacterial
diseases, such as HLB, if the delivery method can be optimized (Blaus-
tein et al., 2018). Prophages are highly dynamic components in the Ca.
L. genome and play an important role in intra-species variations,
mediating dynamics of bacterial populations in plant and insect hosts,
and their correlation with insect transmission and disease development
(Zhou et al., 2013).

7. Fungal biocontrol against bacterial citrus diseases

The ability of different mycorrhizal and endophytic filamentous
fungi to control different types of diseases has been widely studied in
recent years, both through direct mechanisms and thanks to the acti-
vation of plant defense responses (Poveda et al., 2020). For example,
Trichoderma species secrete proteins related to the induction of plant
resistance in citrus against the fungal pathogen P. citricarpa (tele-
omorph: Guignardia citricarpa) (de Lima et al., 2017). Regarding bacte-
rial diseases in citrus, it would be interesting to assay if different
Trichoderma strains could be able to induce resistance, although there
are no studies yet developed in this regard. Despite this, in 2018, Ginnan
et al. performed a massive sequencing of the endophytic fungal com-
munities present in the roots of various Citrus species with HLB. The
study revealed how all the analyzed individuals had in common several
genera of endophytic fungi (Cladosporium sp., Sporobolomyces sp., Sym-
meterspora sp., Camptophora sp., Hannaella sp., Exophiala sp., Fusarium
sp. and Acrocalymma sp.) and mycorrhizal fungi (Glomus sp. and Rhi-
zophagus sp.), hypothesizing their possible role as suppressors of the
disease (Ginnan et al., 2018). Further studies demonstrated that the
decrease in potentially beneficial mycorrhizal fungi of the phylum
Glomeromycota coupled with the increase in Fusarium or Gibberella
fungal parasites were major contributors to the root decline observed in
HLB affected trees (Ginnan et al., 2020).

Blacutt et al. (2020) studied the microbiome from citrus roots, stems
and leaves to identify potential anti-Ca. L BCA. The fungi Cladosporium
cladosporioides and Epicoccum nigrum showed significant inhibitory ac-
tivity against Liberibacter crescens, a culturable surrogate for the uncul-
turable HLB-associated bacterium. The purified bioactive natural
products cladosporols A, C, and D with anti Ca. L activity were identified
from the fungus C. cladosporioides (Blacutt et al., 2020).

8. Conclusions

The agricultural and economic importance of citrus crops world-
wide, producing more than 125 billion tons per year, highlights the need
to achieve production with the least possible affectation by plant path-
ogens. Generally, ACC is managed with copper application, but this fa-
vors the development of bacterial resistance and harmful effects on the
environment. On the other hand, effective strategies to control CVC and
HLB are limited to date. Therefore, it is essential to develop effective
biocontrol agents against these diseases, which affect numerous com-
mercial varieties of citrus.

HLB, ACC and CVC represent bacterial citrus diseases that signifi-
cantly reduce crop productivity and cause the death of millions of trees
every year. In this sense, numerous studies have been carried out that
demonstrate the effectiveness under in vitro, greenhouse and field con-
ditions to combat these diseases using antagonistic bacteria. Species
such as P. fluorescens, P. aeruginosa, B. subtilis, B. amyloliquefaciens or
C. flaccumfaciens represent good alternatives in the control of bacterial
citrus diseases thanks to mechanisms such as antibiosis, competition for
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space and nutrients, growth promotion or activation of plant defense
responses. In this sense, it is important to highlight the easy accessibility
for their use in field, since they are species widely distributed in different
products on the market today, whose field application has been devel-
oped for years. Therefore, we are talking about accessible, profitable,
established use and efficient products.

Currently, the study of the microbiome of citrus diseased and healthy
plants is providing information about promising microbial communities
for HLB and CVC management. On the other hand, the use of bacterio-
phages in the biocontrol of these diseases still needs further study, as is
the case with many other bacterial diseases, as the number of lines of
research in this field is now starting to increase significantly. Therefore,
they represent biocontrol agents with great potential, with very prom-
ising results and whose research may have important economic and
agronomic benefits for the citrus sector.

Finally, the use of fungi against this group of citrus diseases has been
hypothesized, which begins some potential future lines of research for
effective biocontrol in the field of highly harmful bacteria.
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