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Abstract
The genus Calonectria includes many aggressive plant pathogens causing diseases on
various agricultural crops as well as forestry and ornamental tree species. Some species have been accidentally introduced into new environments via international trade
of putatively asymptomatic plant germplasm or contaminated soil, resulting in significant economic losses. This review provides an overview of the taxonomy, population
biology, and pathology of Calonectria species, specifically emerging from contemporary studies that have relied on DNA-based technologies. The growing importance of
genomics in future research is highlighted. A life cycle is proposed for Calonectria species, aimed at improving our ability to manage diseases caused by these pathogens.
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I NTRO D U C TI O N

For many years, species of Calonectria were best known by their
asexual Cylindrocladium morphs. This was largely due to the fact

Calonectria (Ca.) is an ascomycete fungus that resides in one of 47

that the asexual state is the one most commonly encountered on

genera of the Nectriaceae (Lombard et al., 2015b; Rossman et al.,

diseased plants. The dual nomenclature system applied for pleo-

1999). The genus was originally erected in 1867 (De Notaris, 1867)

morphic fungi meant that both asexual and sexual names were used

based on the sexual morph of Calonectria daldiniana (a synonym

in the literature, often interchangeably and sometimes inconsis-

of Ca. pyrochroa; Rossman, 1979) isolated from leaves of Magnolia

tently, resulting in considerable confusion (Hawksworth et al., 2011;

grandiflora in Italy (Crous, 2002; Vitale et al., 2013). Later, Morgan

Wingfield et al., 2012). For example, Cy. parasiticum is the asexual

(1892) described the asexual morph that has branched conid-

name for Ca. ilicicola (Crous et al., 1993b; Lechat et al., 2010), while

iophores, cylindrical conidia, and stipe extensions with charac-

the sexual name for Cy. ilicicola is Ca. lauri (Lechat et al., 2010). This

teristic terminal vesicles (Crous & Wingfield, 1994) in the genus

confusing situation continued until the acceptance of the “one fun-

Cylindrocladium (Cy.).

gus, one name” system (Hawksworth et al., 2011; McNeill et al.,
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provided the original work is properly cited.
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2012; Wingfield et al., 2012). All Cylindrocladium species were then

Calonectria species were recognized as agents of important diseases

transferred to Calonectria, which is the oldest available name, and

on many agricultural, forestry, and horticultural plants (Crous, 2002;

this was irrespective of whether a sexual state was known or not.

Liu et al., 2020; Lombard et al., 2010c). Approximately 335 plant

Calonectria presently accommodates 126 species. Of these, Ca.

species residing in about 100 plant families are hosts of Calonectria

curvata, Ca. hederae and Ca. pyrochroa are species for which there

species (Crous, 2002; Lombard et al., 2010c). About 66 of the 126

are no ex-t ype cultures or DNA sequences available (Crous, 2002;

Calonectria species are known to cause disease on a wide variety of

Lombard et al., 2010b; Marin-Felix et al., 2017; Rossman, 1979). All

plant hosts (Crous et al., 2018, 2019; Liu et al., 2020; Wang et al.,

other species have been defined based on DNA barcode gene com-

2019; Wu & Chen, 2021). Disease symptoms (Figure 1) resulting

parisons and morphological features (Crous et al., 2018, 2019; Liu

from these pathogens include seedling and cutting rot, leaf and

et al., 2020; Wang et al., 2019). These species reside in two main

shoot blight, leaf spot, defoliation, root rot, and stem canker (Crous,

phylogenetic clades known as the prolate and the sphaeronavicu-

2002; Liu et al., 2021b; Lombard et al., 2010c; Wu & Chen, 2021).

late groups, names that refer to the distinct shapes of the vesicles

Most studies on Calonectria have focused on the taxonomy, phy-

emerging from their conidiogenous apparatuses (Liu et al., 2020;

logeny, and pathogenicity of species (Lombard et al., 2010c, 2016;

Lombard et al., 2010b; Marin-Felix et al., 2017).

Marin-Felix et al., 2017). However, with the development of mo-

When they were first discovered, species of Calonectria were

lecular biological techniques in recent years, our understanding of

considered as saprophytes (Graves, 1915). The first disease associ-

Calonectria has changed dramatically. The aim of this review is to

ated with these fungi was crown canker (Massey, 1917), caused by

illustrate how data relating to genes and genomes have significantly

Ca. cylindrospora (Cy. scoparium = Ca. morganii) (Alfenas et al., 2015;

changed and influenced our understanding of the taxonomy and

Crous, 2002; Lombard et al., 2015b) on Rosa spp. Subsequently,

population genetic diversity in Calonectria. We also consider how a

F I G U R E 1 Disease symptoms on
Eucalyptus spp., including hybrids of
E. urophylla with E. grandis (a, b, and
d), E. tereticornis (c and f), and E. pellita
(e) caused by species of Calonectria.
(a)–(f) Disease symptoms in Eucalyptus
plantations. (a) Tree death after infection.
(b) Defoliation associated with leaf and
shoot blight. (c) Early stage of leaf blight
after infection. (d) and (e) Leaf blight. (f)
Typical blight symptoms on leaf front
and back. (g)–(i) Disease symptoms on
Eucalyptus nursery plants. (g) Stems of
infected E. urophylla × E. tereticornis
hybrid seedlings. (h) Leaves of infected
E. urophylla seedlings. (i) Stems of
E. urophylla × E. grandis hybrid seedlings
blackened due to rot and covered with
profuse white sporulation of the pathogen

LI et al.

|

F I G U R E 2 Cultural and morphological characteristics of Calonectria spp. (a)–(c) Three different colony morphologies of Calonectria
species on malt extract agar after growth at 25°C in the dark for 7 days: (a) Ca. honghensis CERC 5572, (b) Ca. kyotensis CERC 7126, and
(c) Ca. yunnanensis CERC 5339. (d)–(h) Sexual morphs: (d) orange perithecium of Ca. kyotensis CERC 7126, (e) vertical section through a
perithecium of Ca. aconidialis CERC 9937, (f) asci of Ca. aconidialis CERC 9937 with eight ascospores, (g) asci of Ca. honghensis CERC 5572
with four ascospores, and (h) ascospores of Ca. honghensis CERC 5572 with three septa. (i)–(p) Asexual morphs: (i) macroconidiophore with
an ellipsoidal vesicle in Ca. cerciana CMW 37972, (j) macroconidiophore with a sphaeropedunculate vesicle in Ca. heveicola CMW 49928,
(k) conidiogenous apparatus of Ca. heveicola CMW 49928 with conidiophore branches and doliiform to reniform phialides, (l) macro-and
microconidia of Ca. reteaudii CSF 23967, (m) clavate vesicles of Ca. honghensis CERC 5572, (n) obpyriform vesicles of Ca. brevistipitata CBS
110837, (o) ellipsoidal vesicle of Ca. cerciana CMW 37972, and (p) sphaeropedunculate vesicles of Ca. cochinchinensis CBS 143569. Scale
bars: (d) 200 μm, (e) 100 μm, (f) 20 μm, (g), (h) and (k)–(p) 10 μm, (i) and (j) 50 μm
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rapidly growing resource of genome data has already impacted, and

unknown species. The phylogenetic species concept emphasizes

will increasingly influence, our understanding of the pathogenicity in

nucleotide divergence between monophyletic lineages, which uses

these important fungi.

phylogenetic analysis of sequence variation to define species (Cai
et al., 2011; Taylor et al., 2000). The Fungal Barcode of Life project

2
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TA XO N O M Y O F C A LO N EC TR I A

has further highlighted the importance of a universal DNA barcode
that could be used for the identification of all fungal species (Seifert,
2009).

For many years subsequent to the first description of the genus, spe-

In 1997, the internal transcribed spacer regions and intervening

cies of Calonectria were identified based on their morphological dif-

5.8S nrRNA gene (ITS) was applied as the barcoding gene to distin-

ferences (Figure 2). Asexual morphs treated in Cylindrocladium were

guish between species of Calonectria (Jeng et al., 1997). However,

recognized as providing more distinguishing characters than sexual

a low number of informative characters was available in the DNA

morphs (Crous, 2002; Liu et al., 2020; Lombard et al., 2010b, 2016;

sequence of this genetic region (Crous et al., 2000; Schoch et al.,

Rossman, 1979). This especially concerned the shapes and diameters

1999). Later, Crous et al. (2000) found that the β-tubulin (tub2) gene

of the vesicles as well as the septation and dimensions of the conidia

provided better resolution than the ITS for the identification of

(Crous, 2002; Lombard et al., 2010b, 2016; Schoch et al., 2000a).

these fungi.

However, this approach was complicated by the fact that morpho-

Taylor et al. (2000) established and recommended genealogical

logical variation between some species was, at best, subtle, leading

concordance phylogenetic species recognition, a high-resolution ap-

to incorrect identification of species and the fact that cryptic spe-

proach in which multiple gene genealogies could be used to separate

cies were commonly overlooked (Alfenas et al., 2015; Crous, 2002;

isolates into genetically distinct species. Thus, between the years

Liu et al., 2020; Lombard et al., 2010a, 2010b, 2016; Schoch et al.,

2000 and 2010, gene genealogy analyses of calmodulin (cmdA),

1999, 2000b).

histone H3 (his3), translation elongation factor 1-α (tef1), and tub2

The biological species concept (BSC) is used to define a taxon as

sequences were frequently used to identify Calonectria spp. (Crous

a group of organisms that can successfully interbreed and produce

et al., 2004, 2006; Lombard et al., 2009, 2010d). Subsequently,

fertile offspring (Ereshefsky, 2007; Sokal & Crovello, 1970); the same

Lombard et al. (2010b) amplified seven different gene regions for

biological species can be recognized by sexual compatibility within

66 Calonectria species to screen for the best gene regions to delimit

a species and the reproductive isolation between different species.

species in this genus. These gene regions included actin (act), cmdA,

This approach was first applied to the taxonomy of Calonectria by

his3, ITS, tef1, tub2, and 28S nuclear ribosomal large subunit (LSU).

Crous et al. (1993a) and it was extensively used for this purpose in

The results showed that the cmdA gene region provided the best res-

later studies (Crous, 2002; Liu et al., 2020; Lombard et al., 2010a;

olution to distinguish between closely related species of Calonectria.

Schoch et al., 1999, 2000b).

Furthermore, the his3, tef1, and tub2 regions alone provided useful

Most species of Calonectria are self-sterile and have a biallelic

resolution (Lombard et al., 2010b).

heterothallic mating system (Crous, 2002; Crous et al., 1998; Li et al.,

Subsequent to the study of Lombard et al. (2010b), the appli-

2020). Consequently, some cryptic species have been recognized

cation of DNA sequences for multiple gene regions was widely

based on their mating compatibility (Lombard et al., 2010a; Schoch

used in taxonomic studies on Calonectria (Alfenas et al., 2015; Chen

et al., 1999). However, limitations have arisen in applying the biolog-

et al., 2011; Gehesquière et al., 2016; Li et al., 2017; Lombard et al.,

ical species concept to the taxonomy of Calonectria. For example,

2016; Marin-Felix et al., 2017; Pham et al., 2019). Most recently,

inducing fruiting bodies in the laboratory for Calonectria spp. is time

Liu et al. (2020) reconsidered the species boundaries based on 169

consuming, requiring up to 2 months (Crous, 2002; Lombard et al.,

Calonectria species using eight gene regions, including act, cmdA,

2010a; Schubert et al., 1989). Sexual recombination is also a complex

his3, ITS, LSU, DNA-directed RNA polymerase II subunit (rpb2), tef1,

process related to the genetic properties of strains and is strongly in-

and tub2. A combination of six gene regions (tef1, tub2, cmdA, his3,

fluenced by the environment (Goodenough & Heitman, 2014). Thus,

rpb2, and act) was found to provide the best resolution and a stable

the conditions used to conduct mating studies in the laboratory are

basis for the identification of Calonectria species. Liu et al. (2020)

not uniformly conducive to achieve reliable results. Moreover, some

proposed that these six gene regions be routinely used as effective

species lose their ability to recombine and produce fertile progeny

barcodes for species in the genus.

under laboratory conditions (Crous, 2002; Lombard et al., 2010a),
implying that mating tests fail in culture.

Approximately 60 novel Calonectria spp. have been identified
based on the multigene phylogenetic species concept approach in
the last 10 years (Crous et al., 2018, 2019; Liu et al., 2020; Lombard

2.1 | Gene and gene regions applied in the
taxonomy of Calonectria

et al., 2010b; Wang et al., 2019). The multigene phylogenetic species concept has thus had profound implications for the taxonomy
of species in this genus. However, the phenomenon of conflicting
gene trees has emerged as a common problem (Rokas & Carroll,

The emergence of DNA sequencing technology has contributed

2006). Debates surrounding the multigene phylogenetic species

greatly to our capacity to recognize cryptic species and to identify

concept continue and there remain many open questions. These

|
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include how many unlinked genes are necessary to reveal cryptic

genetic diversity of Ca. pteridis (Freitas et al., 2019). This provided

species (Balasundaram et al., 2015; Jeewon & Hyde, 2016; Taylor

the first evidence that genome data is emerging as an important tool

et al., 2000), how much sequence divergence should there be

to promote an enhanced understanding of the population biology of

within a fragment of a gene to define a species (Jeewon & Hyde,

Calonectria species that cause important plant diseases.

2016; Lukhtanov, 2019), what bootstrap value should be accepted

All previous studies concerning the population biology of patho-

to support new lineages (Hillis & Bull, 1993; Lukhtanov, 2019), and

genic Calonectria species have revealed an intriguing and important

whether all genes selected suitably reflect the evolutionary history

fact. This is that a single dominant genotype of various species is

of the genus (Hillis & Bull, 1993; Lukhtanov, 2019).

widely distributed in many countries. These species include Ca. henricotiae in Europe (LeBlanc et al., 2019), Ca. ilicicola in the United

2.2 | Genomes applied to the taxonomy of fungi

States (Wright et al., 2010), Ca. pauciramosa in Africa, Asia, Europe,
North America, and Oceania (Li et al., 2021), Ca. pseudonaviculata
in Asia, Europe, New Zealand, and North America (LeBlanc et al.,

The recent and rapidly growing availability of genome sequences

2019), and Ca. pteridis in Brazil (Freitas et al., 2019). These clonal

makes phylogenomic, as opposed to phylogenetic, analyses pos-

Calonectria populations in many different countries clearly implicate

sible for all organisms (Delsuc et al., 2005; Dornburg et al., 2017;

a global movement of infected plant germplasm or soil (Figure 3a)

Robbertse et al., 2006). It increases the phylogenetic signal and

(Burgess & Wingfield, 2017; Wingfield et al., 2001). This also reflects

drives a robust resolution by joining the sequences from large num-

trends in agriculture, forestry, and the ornamental plant trade that

bers of gene regions (Delsuc et al., 2005; Rintoul et al., 2012). This

contribute deeply to the global distribution of pathogens (Roy, 2016;

method has increasingly been successfully applied to the taxonomy

Santini et al., 2018; Wingfield et al., 2001), including Calonectria spe-

of fungi (Ascunce et al., 2017; Dornburg et al., 2017; Kanzi et al.,

cies, via international trade and travel.

2020), including important pathogens such as species of Fusarium

Once a pathogenic Calonectria species has been accidentally

(Fourie et al., 2013; Geiser et al., 2021; Villani et al., 2015), rust fungi

introduced into a new environment (Figure 3), it is able to rapidly

(Aime et al., 2017), and oomycetes (McCarthy & Fitzpatrick, 2017).

colonize and adapt by producing a large number of asexual propa-

However, there have been no phylogenomic analyses for species of

gules (conidia, chlamydospores, and microsclerotia) in a short period

Calonectria, although it is inevitable that this situation will change in

of time (Ashu & Xu, 2015; Crous et al., 1991; Vitale et al., 2013).

the near future.

This is consistent with the fact that conidia of the asexual stage of
Calonectria species are often observed on diseased plant tissues.

3 | P O PU L ATI O N G E N E TI C S A N D TH E
D I S E A S E C YC LE

Conidia are the propagules that enable direct penetration of healthy
plant tissue (Crous, 2002; West, 2014). Chlamydospores usually
occur in clusters and form microsclerotia, which are specialized long-
term survival structures that can be found in soil and host tissue,

Even though Calonectria has been known since the mid-19th century,

enabling the fungus to resist harsh environments (Pérez-Sierra et al.,

very little work has been done to determine the population structure

2007; Phipps et al., 1976). When conditions are suitable for growth

and diversity of populations for even the most important species.

to occur, microsclerotia germinate to produce hyphae and conidia

The earliest such study was conducted by Schoch et al. (2001), and

that then infect plants (Avenot et al., 2017; Dart et al., 2015).

employed mating tests and DNA sequence comparisons for the tub2

The asexual propagules of Calonectria species are able to

gene region to investigate genetic variation among Ca. pauciramosa

disperse over short distances aided by rain splash or in irrigation

populations from Italy, South Africa, and the United States. Later,

water, in wind currents, via insect vectors, and farming tools, and

Wright et al. (2006) developed microsatellite markers for Ca. ilicicola

thus to cause local disease epidemics (Crous, 2002; Crous et al.,

and subsequently for Ca. pauciramosa (Wright et al., 2007) using a

1991; Vitale et al., 2013). In addition, once individuals of opposite

random amplified microsatellite approach. Furthermore, Wright

mating type in a heterothallic Calonectria species are introduced

et al. (2010) used these microsatellite markers to determine the ge-

into the same area and come into contact, the pathogen is able to

netic diversity of Ca. ilicicola populations associated with peanuts

produce new and potentially more aggressive genotypes via sexual

(Arachis hypogaea) in the United States.

recombination, which can be dispersed over longer distances (Crow,

Subsequent to the study of Wright et al. (2010), there was lit-

1994; Heitman et al., 2013; Lumley et al., 2015). This then increases

tle work on the populations of Calonectria spp. for approximately

their adaptability to the environment and their ability to break down

10 years. In last 2 years, four such studies have been published

resistance genes in plant hosts, leading to disease outbreaks (Ashu

(Freitas et al., 2019; LeBlanc et al., 2019; Li et al., 2021; Malapi-

& Xu, 2015; McDonald & Linde, 2002).

Wight et al., 2019). Three of these used whole-genome data to

Calonectria spp. can have one of two modes of sexual reproduction

design genetic markers to reveal the global population structure of

(Alfieri et al., 1982; Schubert et al., 1989). Thus, some species are het-

Ca. henricotiae, Ca. pauciramosa, and Ca. pseudonaviculata (LeBlanc

erothallic whereas others are homothallic (Crous, 2002; Li et al., 2020;

et al., 2019; Li et al., 2021; Malapi-Wight et al., 2019). The remaining

Lombard et al., 2010c). In heterothallic species, individual isolates, de-

study used inter-simple sequence repeat markers to determine the

rived from a single spore, will have either one of the two mating type

6
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F I G U R E 3 Putative life cycle of Calonectria species. (a) Calonectria pathogens spread between regions via infected plant germplasm or
contaminated soil. (b) Once Calonectria is introduced, the propagules germinate to form mycelium on the surface of infected plants under
suitable environmental conditions. Mycelium can rapidly initiate the asexual cycle by forming a large number of conidiophores in a short
period of time. (c) Under unfavourable conditions, the pathogen can enter the sexual cycle by the union of individuals of opposite mating
type (heterothallism) or self-fertilization (homothallism). After mate recognition, cell–cell fusion, and diploid zygote formation, gametes are
generated via meiosis and ploidy changes via mitosis (Ni et al., 2011; Wilson et al., 2019). The haploid ascospores are formed and dispersed
by wind or rain splash to penetrate healthy plant tissue. (d) Infections usually begin from the base of a tree or seedling and lead to various
disease symptoms (Chen et al., 2011; Rodas et al., 2005). The long-term survival structures are microsclerotia that can be found in plant
debris and soil (Crous, 2002; Phipps et al., 1976). When conditions are suitable for growth to occur, microsclerotia germinate to infect roots
and the disease cycle is repeated

idiomorphs. These individuals are self-sterile and require a compati-

self-fertile, where an individual derived from a single spore possesses

ble partner to mate and produce fertile sexual structures (Kronstad

both mating type idiomorphs and can, therefore, complete the sexual

& Staben, 1997; Ni et al., 2011). In contrast, homothallic species are

cycle on its own (Kronstad & Staben, 1997; Wilson et al., 2015).

Speciesa

Ca. aciculate

Ca. crousiana

Ca. fujianensis

Ca. henricotiae

Ca. honghensis

Ca. hongkongensis

Ca. ilicicola

Ca. leucothoës

Ca. naviculata

No.

1

2

3

4

5

6

7

8

9

61.70

PGWR00000000
PGSE00000000
PGSF01000000
PHMY00000000

CBS 138102;
CB045

CB077c

NL009c

NL017c

CBS 142885;
VTGB01000000
CMW 47669;
CERC 5572

70.22
68.63
69.57
68.75
69.88
69.74
69.86

JACVOE010000000
JACVOJ010000001
JACVOI010000001
JACVOH010000001
JACVOG010000001
JADDLS010000001
JACVOF010000001
JACVOD010000001

FJLY41

GDBL01

GDBL02

GDBL60

GDMZ12

GDZQ186

JXLN31

ZJHZ01

65.70

CBS 101121;
CMW 30974
NAGG00000000

63.10

NAJI00000000
CBS 109166;
CMW 30977;
CPC 2385

70.36

68.97

61.70

49.10

47.50

53.70

PRJNA672291

F018

JAACJA000000000

43.30

VTGC01000000

CBS 127201;
CMW 27257

CMW 47271;
CERC 3570

58.10

VTGD01000000

CBS 127198;
CMW 27249
61.50

61.60

Genome

VTGE01000000
CBS 142883b;
CMW 47645;
CERC 5342

Isolate number

Assembly
size (Mb)

50.50

49.50

46.50

46.50

46.50

46.50

46.50

46.70

46.60

46.20

46.58

48.99

47.36

49.78

49.08

49.89

48.90

46.81

48.72

47.72

GC (%)

TA B L E 1 Details of all Calonectria species for which genomes have been sequenced

5768

3373

301

475

350

343

325

338

320

294

16

76

141

28,983

10,129

5907

9527

194

358

221

Scaffold/
contig
number

84

124

73

73

72

72

74

72

72

73

92

737

76

32

34

30

70

68

114

40

Coverage

55,957

253,300

697,969

432,030

438,287

520,651

510,771

555,473

478,317

641,047

6,053,737

1,665,378

1,034,491

1787

12,040

17,113

15,400

695,013

419,924

675,696

N50 (bp)

Leaf litter

Leucothoe axillaris

G. max

A. hypogaea

A. hypogaea

A. hypogaea

G. max

A. hypogaea

Glycine max

Arachis hypogaea

Glycine max

Soil (Eucalyptus
plantation)

Soil (Eucalyptus
plantation)

B. sempervirens

B. sempervirens

B. sempervirens

Buxus sempervirens

E. grandis

E. grandis

Eucalyptus urophylla
× E. grandis leaf

Host

Crouch et al. (2017); Malapi-Wight et al.
(2019); Lombard et al. (2010b)

Malapi-Wight et al. (2019); Lombard et al.
(2010b, 2010d)

Gai et al. (2020); Liu et al. (2021a)

Gai et al. (2020); Liu et al. (2021a)

Gai et al. (2020); Liu et al. (2021a)

Gai et al. (2020); Liu et al. (2021a)

Gai et al. (2020); Liu et al. (2021a)

Gai et al. (2020); Liu et al. (2021a)

Gai et al. (2020); Liu et al. (2021a)

Gai et al. (2020); Liu et al. (2021a)

Liu et al. (2021a)

Li et al. (2017); Li et al. (2020)

Li et al. (2017); Liu et al. (2019)

Crouch et al. (2017)

Crouch et al. (2017); Gehesquière et al. (2016)

Crouch et al. (2017); Gehesquière et al. (2016)

Crouch et al. (2017); Gehesquière et al. (2016);
Malapi-Wight et al. (2019)

Chen et al. (2011); Liu et al. (2019)

Chen et al. (2011); Liu et al. (2019)

Li et al. (2017); Liu et al. (2019)

References
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Ca. pseudoreteaudii

Ca. pseudoturangicola CBS 142890;
CMW 47496;
CERC 7126

12

13

PGWW00000000

CT13c

PHNB00000000
VTGA01000000

MOCD00000000

ODA1c

YA51

PHMZ00000000

NC-BB1c

PHNA00000000

RQSK00000000

CB002c

ICMP 14368

PGGA00000000

CBS 139707

c

51.40

JYJY00000000

CBS 139394

62.10

63.70

45.20

39.80

30.80

47.80

49.40

55.00

47.30

RQSK00000000
CBS 114417 ;
CMW 23672;
CPC 10926

62.30

62.40

Assembly
size (Mb)

47.67

48.30

50.13

49.69

49.73

49.79

48.52

46.40

47.86

50.06

49.34

49.29

GC (%)

155

507

16,359

21,917

26,060

5104

7679

27

1340

5830

104

83

Scaffold/
contig
number

79

213

16

16

15

49

81

83

70

19

895

1015

Coverage

875,460

1,316,000

4587

2592

1371

20,929

17,153

3,534,400

121,364

16,962

1,368,225

3,148,270

N50 (bp)

Soil

Eucalyptus sp.

B. sempervirens

B. sempervirens

B. sempervirens

B. sempervirens

B. sempervirens

B. sempervirens

Sarcococca
hookeriana

B. sempervirens

E. grandis

E. grandis

Host

Isolates represented by ex-t ype cultures are indicated in bold.

[Correction added on 23 April 2022, after first online publication: the 'Country’ column in Table 1 has been deleted in this version.]

The genome assembly quality was evaluated using the abyss-fac function of ABySS (Jackman et al., 2017) in this review.

c

b

CBS, Westerdijk Fungal Biodiversity Institute, Utrecht, Netherlands; CERC, China Eucalypt Research Centre, Chinese Academy of Forestry,
Zhanjiang, GuangDong Province, China; CMW, culture collection of the Forestry and Agricultural Biotechnology Institute (FABI), University of
Pretoria, Pretoria, South Africa; CPC, Pedro Crous working collection housed at CBS; CB, CT, F, FJLY, GDBL, GDMZ, GDZQ, ICMP, JXLN, NC-BB1,
ODA1, YA, ZJHZ, Personal working culture collection numbers.

a

Ca. pseudonaviculata

11

JAACIY000000000

CMW 7592
c

JAACIZ000000000

CBS 138824;
CMW 5683;
CPC 971

Ca. pauciramosa

10

Genome

Isolate number

Speciesa

No.

TA B L E 1 (Continued)

Li et al. (2017); Liu et al. (2019)

Ye et al. (2018)

Crouch et al. (2017); Gehesquière et al. (2016)

Crouch et al. (2017)

Crouch et al. (2017)

Crouch et al. (2017)

Crouch et al. (2017); Gehesquière et al. (2016);
LeBlanc et al. (2019)

Malapi-Wight et al. (2016a, 2016b, 2019)

Malapi-Wight et al. (2016b)

Crouch et al. (2017); Lombard et al. (2010b)

Li et al. (2020); Lombard et al. (2010a, 2010b)

Li et al. (2020); Lombard et al. (2010a, 2010b)
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The mating type distribution in heterothallic pathogens provides

Calonectria species is emerging as an important topic for future re-

important information making it possible to predict whether sexual

search, particularly as this relates to disease prevention and control.

reproduction might be occurring, and thus to understand the pop-

There have been few studies on Calonectria species regarding

ulation dynamics and evolutionary potential of pathogens (Bakhshi

the mechanisms underpinning pathogenicity that have used ge-

et al., 2011; Glass & Kuldau, 1992; Turgeon, 1998). Sexual reproduc-

nome sequencing technologies. The only such investigations have

tion in Calonectria is based on a bipolar mating system, controlled by

been those of Ye et al. (2017, 2018) and Santos et al. (2020), who

mating type (MAT) genes that are found at a single MAT locus (MAT1)

analysed the mechanisms of pathogenicity in Ca. pseudoreteaudii on

with two nonallelic forms, the MAT1-1 and MAT1-2 idiomorphs

Eucalyptus. They suggested that the establishment of Calonectria

(Turgeon & Yoder, 2000; Yoder et al., 1986). Based on genome

leaf blight is associated with toxin and cell-wall-degrading enzymes

sequences, heterothallic species residing in Calonectria have com-

(Santos et al., 2020; Ye et al., 2017, 2018). Clearly, there are many

monly been found to harbour the MAT1-1-1, MAT1-1-2, and MAT1-1-3

opportunities to better understand the biology of Calonectria spe-

genes in the MAT1-1 idiomorph, and the MAT1-2-1 and MAT1-2-13

cies and their modes of pathogenicity. In this regard, future studies

genes in the MAT1-2 idiomorph (Li et al., 2020; Malapi-Wight et al.,

to consider these factors will depend on the availability of whole-

2019; Wilson et al., 2021).
As molecular techniques have been developed, mating type
markers have emerged to provide rapid and accurate tools to

genome sequences for Calonectria species. These are rapidly emerging and it is realistic to expect that genomes of most species of
Calonectria spp. will become available for study in the near future.

monitor the mating type distribution in populations of important

An important first step towards understanding the molecular

Calonectria species. Using mating type markers, Malapi-
W ight

basis of fungal pathogenicity in plants is the availability of a reliable

et al. (2019) found, in a collection of the important boxwood blight

and meaningful inoculation protocol. For Calonectria species, co-

pathogens from four continents, that all Ca. henricotiae isolates

nidial suspensions or mycelial plugs placed on whole plants or de-

were of the MAT1-1 mating type, whereas all isolates of Ca. pseud-

tached leaves are commonly used to test for pathogenicity (Alfieri

onaviculata were MAT1-2 . Likewise, in a global population diver-

et al., 1972; El-Gholl et al., 1993; Graça et al., 2009; Guo et al., 2016;

sity study of the aggressive pathogen Ca. pauciramosa, Li et al.

Richardson et al., 2020; Wang & Chen, 2020). These techniques

(2021) showed that the MAT1-2 mating type was present in iso-

are beset by a number of challenges. For example, various species

lates from every continent sampled. Furthermore, they found that

of Calonectria fail to sporulate in culture, making inoculation using

only the MAT1-1 mating type was present in isolates from Africa

spores impossible. In these cases, it is common to use agar plugs

and South America. These results provided evidence of accidental

overgrown with mycelium or mycelial fragments in inoculation tests.

introductions into new areas and suggested the need for improved

It remains unclear whether the latter approach mirrors the natural

quarantine measures to prevent introductions of strains of the op-

situation and consequently studies considering genetic responses to

posite mating type.

infection could be compromised. Thus, future studies on the molecular mechanisms underpinning the pathogenicity of Calonectria
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species will require refined techniques to inoculate plants.
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Calonectria species are important aggressive pathogens of many different plants and are widely distributed in different regions of the

This review has highlighted the manner in which molecular biological

world. For example, Ca. pseudonaviculata is regarded as a consider-

techniques have changed, but also influenced our understanding of

able threat to boxwood (Buxus spp.) in Europe and North America

the taxonomy, population diversity, and pathogenicity of Calonectria

(Daughtrey, 2019; Gehesquière et al., 2013, 2016), where these

species. The emergence and ready availability of genome sequenc-

plants are commonly propagated as ornamentals. Other species, in-

ing has played an important part in this development. To date

cluding Ca. pauciramosa, have caused serious diseases on numerous

(2022), the genomes of 13 Calonectria species have been sequenced,

woody, herbaceous, and ornamental plants worldwide, especially in

and these are available on the public genome databases at NCBI

Eucalyptus plantations of South Africa and South America (Crous,

(Table 1, https://www.ncbi.nlm.nih.gov/genome/). These genomes

2002; Crous et al., 1991; Li et al., 2021; Lombard et al., 2010a;

have been used to define the population genetics and evolution of

Schoch et al., 2001). Ca. pteridis is one of the most important foliar

Calonectria species based on their microsatellite sites and mating

pathogens of Eucalyptus spp. in Brazil (Alfenas et al., 2015, 2016;

type loci (LeBlanc et al., 2019; Li et al., 2020, 2021; Malapi-Wight

Ferreira et al., 1995; Freitas et al., 2019; Graça et al., 2009). Similarly,

et al., 2019), and they have highlighted factors related to pathogenic-

Ca. pseudoreteaudii is the causal agent of Calonectria leaf blight on

ity in Ca. pseudoreteaudii on Eucalyptus (Santos et al., 2020; Ye et al.,

Eucalyptus in plantations of China and Southeast Asia (Crous et al.,

2017, 2018). We anticipate that the genomes of all Calonectria spe-

2012; Li et al., 2017; Liu et al., 2021b; Lombard et al., 2010d, 2015a;

cies available in culture will become available for study in the rela-

Wang & Chen, 2020; Ye et al., 2017, 2018). Thus, understanding the

tively near future. This will substantially promote our understanding

biology and particularly the mechanisms underlying pathogenicity in

of these fungi.
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While species of Calonectria have been collected and studied
where they are associated with diseases of crop plants, there has been
a strong bias towards particular environments such as their presence
in Eucalyptus plantations (Liu et al., 2020; Lombard et al., 2010b). This
is linked to the fact that they have emerged as important constraints
to Eucalyptus plantation forestry, particularly where these trees are
propagated as non-natives (Alfenas et al., 2015; Freitas et al., 2019; Li
et al., 2017, 2021; Liu et al., 2021b; Schoch et al., 2001; Wang & Chen,
2020; Wu & Chen, 2021; Ye et al., 2017, 2018). Where they have
emerged on Eucalyptus, most species have probably originated as part
of the natural soil environment. This suggests a significant gap in our
knowledge and a need to sample soils in natural forests and other
ecosystems. Sampling crop environments other than those linked to
forestry and also the many parts of the world where these fungi have
not been considered should be a priority in the future.
While genome sequencing has already impacted substantially on
Calonectria research, next-generation sequencing and metagenomic
studies have not been undertaken with a focus on these pathogens.
As with other fungi (Stewart et al., 2018; Tremblay et al., 2018; Vaz
et al., 2017), such studies will make it possible to more deeply interrogate questions relating to the presence of Calonectria species in
the soil and other environments where they might not easily be detected using culture-dependent approaches. They will also improve
quarantine protocols and reduce accidental introductions of pathogenic Calonectria species into new environments.
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