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1  |  INTRODUC TION

Filamentous fungi of the genus Alternaria are distributed glob-
ally. Most Alternaria species are not only cosmopolitan but ubiqui-
tous in natural and human- dominated ecosystems (e.g., Lawrence 
et al., 2015). In a global study of soilborne fungi, Alternaria was the 
most abundant plant pathogen (Delgado- Baquerizo et al., 2020). A 

field- warming experiment showed that the abundance of the genus 
Alternaria increases with warming and its importance grows under 
climate- change scenarios (Delgado- Baquerizo et al., 2020).

Alternaria species adopt a wide variety of lifestyles. They 
mostly live as saprophytes in soil and decaying plant material 
(e.g., Thomma, 2003). There are Alternaria species, especially 
A. alternata, that cause allergies in humans or are pathogenic in 
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Abstract
Alternaria spp. cause different diseases in potato and tomato crops. Early blight 
caused by Alternaria solani and brown spot caused by Alternaria alternata are most 
common,	but	the	disease	complex	is	far	more	diverse.	We	first	provide	an	overview	of	
the Alternaria species infecting the two host plants to alleviate some of the confusion 
that arises from the taxonomic rearrangements in this fungal genus. Highlighting the 
diversity of Alternaria fungi on both solanaceous hosts, we review studies investigat-
ing the genetic diversity and genomes, before we present recent advances from stud-
ies elucidating host–pathogen interactions and fungicide resistances.
Taxonomy: Kingdom Fungi, Phylum Ascomycota, Class Dothideomycetes, Order 
Pleosporales, Family Pleosporaceae, Genus Alternaria.
Biology and host range: Alternaria	 spp.	adopt	diverse	 lifestyles.	We	specifically	 re-
view Alternaria spp. that cause disease in the two solanaceous crops potato (Solanum 
tuberosum) and tomato (Solanum lycopersicum). They are necrotrophic pathogens with 
no known sexual stage, despite some signatures of recombination.
Disease symptoms: Symptoms of the early blight/brown spot disease complex in-
clude foliar lesions that first present as brown spots, depending on the species with 
characteristic concentric rings, which eventually lead to severe defoliation and con-
siderable yield loss.
Control: Good field hygiene can keep the disease pressure low. Some potato and to-
mato cultivars show differences in susceptibility, but there are no fully resistant varie-
ties known. Therefore, the main control mechanism is treatment with fungicides.
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immunocompromised patients. On plants, they are necrotrophic 
pathogens and cause economically relevant crop diseases and post- 
harvest rots (e.g., Thomma, 2003). However, Alternaria can also live as 
an endophyte inside plants without causing disease (DeMers, 2022).

In this review, we focus on several Alternaria species that cause 
devastating diseases in the two solanaceous crops potato and to-
mato.	We	emphasize	the	diversity	of	Alternaria pathogens and dis-
eases on these two hosts, which becomes especially evident through 
various taxonomic rearrangements and the ongoing progress in the 
fields of genetics and genomics. Such an overview over the diversity 
of causal agents can help guide studies on the molecular underpin-
nings of the plant–pathogen interaction, which we discuss in the sec-
ond part of this review.

2  |  ALTERNARIA  DISE A SES ON POTATO 
AND TOMATO

Historically, researchers described early blight (EB) caused by 
A. solani and brown spot (BS) caused by A. alternata. Both patho-
gens occur together on the same plant and the initial stages of the 
symptoms are difficult to differentiate. Therefore, Vandecasteele 
et al. (2018) call the two diseases a disease complex, abbreviated as 
EB/BS. However, many more Alternaria species can be involved in 
this disease complex (Vandecasteele et al., 2018) and the taxonomic 
rearrangements in the genus Alternaria confuse species identifica-
tion (see also methods for identification, Box 1). Therefore, we ab-
breviate it as EBDC for early blight disease complex. In the following 
section, we describe the different Alternaria pathogens infecting 
tomato and potato (Figure 1). Although all stages of plant growth 
and all plant organs including tomato fruit and potato tubers can be 
infected, we will focus on foliar symptoms without discussing post- 
harvest diseases.

2.1  |  Early blight

Early blight (EB) on potato and tomato is caused by large- spored spe-
cies of Alternaria (Figure 2). On potato, A. solani is considered the 
dominant pathogen (Tymon, Peever, et al., 2016). For a long time, all 
large- spored Alternaria on plants of the Solanaceae family were de-
termined as A. solani	(Woudenberg	et	al.,	2014). Simmons morpho-
logically distinguished 22 large- spored Alternaria species, including 
two species on potato, A. solani and A. grandis, and three other spe-
cies on tomato, namely A. tomatophila, A. cretica and A. subcylindrica 
(Simmons, 2000).	Woudenberg	et	al.	(2014) disentangled the species 
in section Porri by molecular methods and described a third species, 
A. protenta,	as	an	EB	pathogen	on	potato	(Woudenberg	et	al.,	2014). 
Taxonomic rearrangements in the same paper synonymized five spe-
cies names, including tomatophila, cretica and subcylindrica, under 
the name A. linariae. According to this study, tomato plants are also 
host to A. protenta and A. alternariacida. Recent work from Russia 

showed that Alternaria alternariacida can also infect potato plants 
(Kokaeva et al., 2022).

Potato and tomato are usually affected by different large- spored 
Alternaria	species	(Woudenberg	et	al.,	2014), for example, Rodrigues 
found all isolates from potato to be A. grandis and all isolates from 
tomato to be A. tomatophila (now A. linariae) (Rodrigues et al., 2010). 
However, all the above- mentioned, large- spored species appear 
capable of infecting both tomato and potato, as illustrated by re-
ports from A. grandis on potato and tomato in Algeria (Bessadat 
et al., 2017) or A. solani and A. linariae on both host plants in Russia 
(Kokaeva et al., 2022).

Several other large- spored Alternaria from the section Porri 
have also been reported on potato and tomato. Alternaria blumeae 
was reported on potato (Liu et al., 2019) and tomato (Htun 
et al., 2020). Alternaria crassa is reported on tomato and other 
hosts, but not potato (Bessadat et al., 2020; Peixoto et al., 2021), 
and an A. crassa isolate from another host was able to infect to-
mato (Peixoto et al., 2021). Alternaria argyroxiphii was reported 
on potato and even though it was not found on tomato plants, it 
was capable of infecting them under laboratory conditions (Zhao 
et al., 2023).

Early blight lesions start as small, brown spots and progress 
into dark brown to black lesions that usually develop concentric, 
target- like rings (Agrios, 2005). They are relatively easy to identify, 
as they have a distinctive bull's- eye- shaped appearance with con-
centric rings (Figure 3) (Ding et al., 2019). Affected leaves become 
yellow and senescent until they dry up or fall off (Agrios, 2005). 
In severe cases, this can cause complete defoliation (Zhao 
et al., 2023).

2.2  |  Brown spot

Brown spot (BS) is caused by small- spored Alternaria of section 
Alternaria	(e.g.,	Wolters	et	al.,	2019). Generally, A. alternata is reported 
as the causal agent for BS on potato and tomato (e.g., Ding et al., 2019), 
but some authors simply include A. alternata sensu lato as one of 
the species causing EB (e.g., Adhikari et al., 2017). Even though EB 
caused by large- spored species is considered the dominant disease, 
small- spored species are often recovered more frequently on potato 
(e.g., Tymon, Peever, et al., 2016). A. alternata f. sp. lycopersici is syn-
onymous with A. arborescens. Both A. alternata and A. arborescens are 
often reported as causal agents of disease in tomato (e.g., El Gobashy 
et al., 2018). In susceptible tomato cultivars, A. alternata f. sp. lycopersici 
(now A. arborescens) causes stem canker disease, visible as dark brown 
cankers	on	the	stems	and	necrosis	of	leaves	(Witsenboer	et	al.,	1992). 
Stem canker is distinct from EBDC due to important differences in 
pathogenesis,	such	as	the	prevalence	of	stem	infections	(Witsenboer	
et al., 1992), the use of host- selective toxins (Meena et al., 2017), and 
the observation that jasmonic acid signalling increases susceptibility 
(Zhang et al., 2011), resulting in significant differences in the molecu-
lar mechanisms of infection. Landschoot, Vandecasteele, De Baets, 
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et al. (2017) showed that some A. arborescens isolates can also infect 
potato crops.

Brown spot disease starts with small brown spots that are dis-
persed all over the leaf surface (Droby et al., 1984). Brown spot le-
sions	are	smaller	than	EB	lesions	and	range	from	dots	up	to	10 mm	
in diameter (Ding et al., 2019). They also do not develop concentric 
rings (Bessadat et al., 2021). The spots can occur at every growth 

stage	 of	 the	 plant.	With	 disease	 progression,	 the	 lesions	 coalesce	
into larger necrotic areas with brown margins, which can eventually 
cause dried, senescent leaves (Fairchild et al., 2013).

As A. alternata can lead a saprophytic lifestyle, the isolation of 
this fungus from a lesion does not necessarily confirm its pathogenic-
ity (Tymon, Peever, et al., 2016). Even though small- spored Alternaria 
have been reported as causal agents of brown spot disease on potato 

BOX 1 Identification of Alternaria species

The genus Alternaria underwent plenty and frequent taxonomic revisions (e.g., Lawrence et al., 2015; Li et al., 2022;	Woudenberg	
et al., 2013), which can hinder or confuse species identification, for example, when public sequence databases are not updated 
(Dettman	&	Eggertson,	2021). Taxonomic revisions are still an ongoing process, not all sections are resolved (Dettman et al., 2023; Li 
et al., 2022) and novel species and sections are likely to be described when new habitats are investigated (Li et al., 2022).

Before molecular technologies were readily available, researchers classified Alternaria using morphological traits like colony and co-
nidia characteristics (Lawrence et al., 2015). However, the widely used conidia shape is variable and depends on growth conditions, 
which leads to incorrect classifications (Thomma, 2003). Furthermore, these traits overlap between species and do not reflect the 
evolutionary	relations	(Dettman	&	Eggertson,	2021). In species formerly considered Ulocladium, morphological traits are also not 
reliable	for	species	identification	(Wang	et	al.,	2010).

Several studies have investigated different molecular methods for distinguishing Alternaria species, for instance, random amplified 
microsatellites (RAMS) (Guo et al., 2004), restriction fragment length polymorphism (RFLP) (Adachi et al., 1993; Tanabe et al., 1989), 
random amplified polymorphic DNA (RAPD) (Morris et al., 2000; Roberts et al., 2000), amplified fragment length polymorphism 
(AFLP) (Somma et al., 2011), selective subtractive hybridization (Roberts et al., 2012), sequence- characterized amplified genomic 
regions (SCAR) (Andrew et al., 2009; Stewart, Andrew, et al., 2013). As RAPD characterizes random priming sites across the entire 
genome,	it	can	provide	better	resolution	compared	to	the	sequencing	of	some	functional	genes	(Pinto	&	Patriarca,	2017).

The rRNA internal transcribed spacer (ITS) region is commonly sequenced as a barcode marker in fungal studies (Schoch et al., 2012), 
but in Alternaria, ITS and even additional commonly employed housekeeping genes do not have the power to discriminate between 
species	(e.g.,	Dettman	&	Eggertson,	2021; Li et al., 2022;	Woudenberg	et	al.,	2013;	Woudenberg	et	al.,	2015).

According to Hong et al. (2005), the major allergen Alt a 1 facilitates identification to the species level, but later studies showed 
that it is not sufficient within some sections like the small- spored section Alternaria	(Dettman	&	Eggertson,	2021; Hong et al., 2005; 
Woudenberg	et	al.,	2015).	When	using	molecular	barcode	markers,	a	combination	of	several	loci	is	necessary.	The	most	commonly	
used markers are ITS, GAPDH, RPB2, TEF1 and Alt a 1 (e.g., Kokaeva et al., 2022;	Woudenberg	et	al.,	2014), and most studies with 
a multilocus phylogeny employ these five or subset of them, with or without additional, less common loci like endoPG, histone H3, 
calmodulin and OPA 10–2 (e.g., Adhikari et al., 2020; Bessadat et al., 2021; Ding et al., 2019; Landschoot, Vandecasteele, Carrette, 
et al., 2017;	Woudenberg	et	al.,	2015).	Recently,	Dettman	et	al.	developed	(Dettman	&	Eggertson,	2021, 2022) and tested (Dettman 
et al., 2023) new markers to achieve better identification of small- spored Alternaria.

As modern sequencing technologies become more accessible, whole genome data gain importance in Alternaria taxonomy. Especially 
within the small- spored section Alternaria,	 whole	 genomes	 are	 an	 important	 tool	 (Dettman	 &	 Eggertson,	 2021;	 Woudenberg	
et al., 2015).

Nishikawa and Nakashima claim that morphological and molecular phylogenetic data should be complemented by experimental host 
ranges	to	achieve	an	integrated	species	recognition	(Nishikawa	&	Nakashima,	2020). Genes for host- specific toxins are subject to 
horizontal gene transfer and some A. alternata pathotypes spontaneously lose their pathogenicity as a consequence of losing their 
capability to produce the host- specific toxin, so pathotype should not be employed as a character in the taxonomy of small- spored 
Alternaria (Andrew et al., 2009;	Pinto	&	Patriarca,	2017). Chemotaxonomy, using secondary metabolite profiling for species identifi-
cation, showed promising results for some species groups like A. infectoria (Andersen et al., 2008;	Andersen	&	Thrane,	1996; Kelman 
et al., 2020; Zwickel et al., 2018) but not for all sections of Alternaria (Andersen et al., 2015; Zwickel et al., 2018). Secondary me-
tabolite	profiles	can	be	combined	with	morphological	and	molecular	analyses	for	polyphasic	taxonomy	(Pinto	&	Patriarca,	2017). The 
study	by	Woudenberg	et	al.	(2015) is also an example for the combination of methodological approaches, as it employed a multilocus 
phylogeny,	whole	genome	data	and	transcriptomics	(Woudenberg	et	al.,	2015).
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since	1984	(Droby	et	al.,	1984), some authors still consider it contro-
versial whether A. alternata is just an opportunistic secondary invader 
(e.g., Adolf et al., 2020). Many studies proved that A. alternata alone 
can infect tomato and potato leaves (e.g., Belosokhov et al., 2017) 
and Schmey et al. (2023) showed that small- spored Alternaria are true 
pathogens on wild tomato species (Schmey et al., 2023).

2.3  |  Ulocladium leaf spot and other 
small- spored Alternaria

The genus Ulocladium became a part of the genus Alternaria 
(Woudenberg	 et	 al.,	2013). Several former Ulocladium species are 

known to cause symptoms on tomato and potato. Alternaria atra, 
formerly Ulocladium atrum, causes leaf spot or leaf blight on po-
tato plants and is a serious disease of potato in Iran (Nasr- Esfahani 
et al., 2021). The disease starts with dark brown or black lesions on 
the edges of the leaves that develop into irregular patches covering 
the whole leaf or even the whole plant (Esfahani, 2018). Interestingly, 
this pathogen has been investigated as a biocontrol agent, for exam-
ple, against Botrytis cinerea (Elead et al., 1994).

A. consortialis belongs to the Alternaria section Ulocladioides and 
is the new name for Ulocladium consortiale and Stemphylium consor-
tiale	(Woudenberg	et	al.,	2013). A. consortialis was reported to cause 
brown spots without concentric rings on potato leaves (Rich, 2013), 
while Stemphylium consortiale was reported pathogenic on tomato 
(Rich, 2013). Bessadat et al. (2017) reported A. consortialis to be 
pathogenic on tomato in Algeria. On potato tubers, however, it is 
not able to cause infection alone, only to make infections of A. solani 
more severe (Douglas, 1973).

Ulocladium cantlous became Alternaria cantlous	 (Woudenberg	
et al., 2013).	Wang	et	al.	(2010) originally described it from Cucumis sp. 
in	China	(Wang	et	al.,	2010). On potato, it was first reported in 2016 
(Amini et al., 2016)	and	on	tomato	 in	2018	 (Bessadat	et	al.,	2018). 
Several other small- spored species have been reported as leaf spot 
diseases on tomato and or potato. A. arbusti is a member of section 
Infectoriae (Lawrence et al., 2013, 2014;	Woudenberg	et	al.,	2013). It 
infects potato crops, especially when the potato leaves are wounded. 
However, it is a less aggressive pathogen than A. solani or A. arbo-
rescens because it is less capable of colonizing host tissue (Tymon, 
Cummings, et al., 2016). A. infectoria (also section Infectoriae) was 
found on potato crops in Russia and was proven to cause infection 
on potato (Belosokhov et al., 2017; Orina et al., 2010).

3  |  ALTERNARIA  DIVERSIT Y ON POTATO 
AND TOMATO

Seeing the complexity of Alternaria diseases on both tomato and po-
tato, many studies have tried to investigate the diversity of EBDC 
pathogens within and between fields on the species and subspecies 
levels. Initially, the studies used random amplified polymorphic DNA 
(RAPD), amplified fragment length polymorphism (AFLP) and micros-
atellites.	Over	the	last	10 years,	an	increasing	number	of	studies	have	
sequenced gene loci, as sequencing technology has become more af-
fordable. Nowadays, even whole genome sequencing is applied to in-
vestigate the diversity of Alternaria on potato (Einspanier et al., 2022).

As	 early	 as	 1992,	 Petrunak	 and	 Christ	 (1992) used isozymes to 
study the diversity of A. solani and A. alternata on potato and other 
hosts in eight states of the United States. The resulting groups cor-
responded to pathogen species, but not geographic origin. Almost all 
studies since then have reported comparable results. A RAPD study by 
Weir	et	al.	(1998) found differences between samples from the United 
States compared to non- US samples, but also not on a smaller geo-
graphic	scale	within	the	United	States	(Weir	et	al.,	1998). All kinds of 
diversity studies on Alternaria from both potato and tomato report that 

F I G U R E  2 Conidia	morphology.	(a)	Alternaria from section Porri 
are often referred to as large- spored. (b) Small- spored Alternaria 
from section Alternaria exhibit conidia growing in chains. (c) Species 
from section Ulocladioides have conidia that are comparable in 
size to other small- spored species but grow in clusters rather than 
chains. Panels (b) and (c) are modified from Schmey et al. (2023). 
All three pathogens were collected from wild tomato species: (a) 
from Solanum lycopersicoides, (b) from S. habrochaites and (c) from S. 
chilense.	Scale	bars = 20 μm.

F I G U R E  1 Phylogenetic	tree	of	Alternaria spp. infecting 
tomato and potato. The relationships of the sections are based on 
Woudenberg	et	al.	(2013) and Li et al. (2022). The relationships 
within section Porri	are	based	on	Woudenberg	et	al.	(2014) and 
within section Ulocladioides	on	Woudenberg	et	al.	(2013). The size 
of the tomato and potato symbols roughly represents the relative 
importance of the pathogens on both hosts according to the 
literature reviewed in this manuscript. Most species are reported to 
cause foliar diseases that can be referred to as early blight or leaf 
sporulation. A. arborescens is generally assumed to cause tomato 
stem canker. Tomato and potato icons by Rikas Dzihab.
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they did not find any geographic clusters/no correlation between ge-
netic clusters and their geographical origin. All over the world, studies 
find that the investigated Alternaria genotypes are widespread (United 
States: Adhikari et al., 2021; Ding et al., 2019; Morris et al., 2000; 
Petrunak	&	Christ,	1992;	Weir	et	al.,	1998;	South	Africa:	van	der	Waals	
et al., 2004; India: Prakash et al., 2022; Upadhyay et al., 2019; Varma 
et al., 2007; Brazil: Lourenço et al., 2011; China: Meng et al., 2015; 
Russia: Kokaeva et al., 2022). A study using whole genome sequencing 
on	48	 isolates	 from	 five	 regions	 in	 four	European	countries	defined	
seven major genotypes using principal component analysis (PCA) and 
genome- structure- based approaches. It reported that these genotypes 
are spread all over Europe; however, the sample set was too small to 
see whether there are tendencies of certain genotypes occurring with 
a preference in one of the regions (Einspanier et al., 2022).

Studies that also compared Alternaria pathogens between years 
found	that	genetic	groups	or	haplotypes	occur	in	several	years.	Weber	
and Halterman (2012) found seven RAPD profiles in two consecutive 
years	(Weber	&	Halterman,	2012). Meng et al. (2015)	detected	17.8%	
of	multilocus	genotypes	in	two	and	even	2%	in	three	sampling	years.	
Ding et al. (2019) used barcode sequencing to define genotypes and 
found the same genotypes five years apart. Adhikari et al. (2020) also 
sequenced barcodes and reported A. linariae or A. solani haplotypes in 
North	Carolina	and	Wisconsin	(United	States)	that	had	been	found	by	
Lourenço et al. (2009) in Brazil. Leiminger et al. (2013), however, re-
ported pronounced genetic variability in the RAPD profiles of A. solani 
isolates from different years, indicating that Alternaria populations are 
indeed dynamic, but that it is important to find the right resolution.

The fact that identical genotypes can be retrieved from large 
geographic distances and over many years is consistent with the 
expectation of an asexual species (Meng et al., 2015). However, 
most studies report genotype diversities far higher than expected 
for purely asexual reproduction. This holds true for studies look-
ing at A. solani (Einspanier et al., 2022; Leiminger et al., 2013; 
Lourenço et al., 2009, 2011; Upadhyay et al., 2019;	van	der	Waals	
et al., 2004), A. alternata (Gherbawy et al., 2018; Meng et al., 2015) 

and studies that dealt with both large-  and small- spored species 
(Adhikari et al., 2020, 2021; Ozkilinc et al., 2018), as well as diverse 
Alternaria species from wild tomato hosts (Schmey et al., 2023). 
Possible evolutionary mechanisms leading to the high genetic diver-
sity are mutation, gene flow and selection (Lourenço et al., 2011). 
We	 will	 discuss	 recombination	 and	 reproduction	 as	 mechanisms	
generating genetic diversity in a dedicated paragraph of this review.

Species within the large- spored section Porri show lower ge-
netic diversity at the common marker genes compared to species 
within the small- spored section Alternaria. Ozkilinc et al. (2018) re-
ported that isolates from section Porri had one or few genotypes 
per species while isolates of A. alternata and A. arborescens had 
many genotypes. A study on potato determined five A. alternata 
genotypes but only one A. solani genotype (Ding et al., 2019). 
According to Adhikari et al. (2020), A. alternata shows higher 
values for nucleotide diversity π	and	Watterson's	θ compared to  
A. linariae or A. solani.

The relatively high genetic diversity is also illustrated by the fact 
that genetically different pathogen strains can be retrieved from the 
same lesion. This has been shown for A. solani (Kumar et al., 2008) 
and for A. alternata (Morris et al., 2000). Reasons for the higher di-
versity of A. alternata versus A. solani are not known but might be 
related to the broader host range of the former.

4  |  SEQUENCED GENOMES

Alternaria is a large fungal genus, there are many genome assemblies 
available, but only few of the sequenced pathogens were collected 
from potato and tomato host plants (Table 1). The National Center 
for	Biotechnology	 Information	 (NCBI)	database	 currently	 lists	169	
Alternaria genome assemblies, but only one of these is from a potato 
host, two are from domesticated tomato hosts and one is from a wild 
tomato plant (https:// www. ncbi. nlm. nih. gov/ datas ets/ genom e/? 
taxon=	5598). The Alternaria genomes database (Dang et al., 2015) 

F I G U R E  3 Symptoms.	(a,	b)	Typical	early	blight	symptoms	on	tomato	and	potato	plants,	respectively.	(c)	Severe	early	blight	symptoms	on	
an older tomato leaf. (d) Severe brown spot symptoms on a potato leaf. (e) Typical early blight lesions with clearly visible concentric rings. (f) 
Severe early blight disease complex infection on tomatoes, especially on the older, lower leaves. Pictures (b) and (d) by Gonne Clasen.

https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=5598
https://www.ncbi.nlm.nih.gov/datasets/genome/?taxon=5598
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was an attempt to provide and visualize Alternaria genome annota-
tion and comparison data but was not available anymore at the time 
of writing this review.

A gapless genome assembly is available for the A. solani iso-
late	 NL03003	 from	 a	 potato	 field	 in	 the	 Netherlands	 (Wolters	
et al., 2018).	It	has	a	genome	size	of	32.8 Mb,	which	is	approximately	
the same genome size reported in other studies. All 10 chromosomes 
have telomeres on both ends and the assembly represents the first 
finished genome of an Alternaria	species	(Wolters	et	al.,	2018). The 
second A. solani genome on the NCBI database is more fragmented. 
This	isolate	HWC168	shows	conserved	long-	range	synteny	with	the	
above- mentioned A. solani NL03003 and was, for example, used to 
study	 candidate	 effector	 proteins	 (Wang,	 Xiao,	 et	 al.,	 2022). The 
other large- spored species that cause early blight on tomato and/or 
potato have not been sequenced to date.

The NCBI database provides a plethora of genome assemblies 
for small- spored Alternaria section Alternaria, but only two of these 
represent strains that were collected from a tomato plant, and none 
were collected from a potato host. The holotype of A. arborescens 
has been sequenced in a study investigating the conditionally dis-
pensable chromosome (Hu et al., 2012). In 2020, another genome 
assembly for A. arborescens from tomato was uploaded to NCBI 
(https://	www.	ncbi.	nlm.	nih.	gov/	datas	ets/	genome/	GCA_	01328	
2825.1/	).	Both	genomes	have	over	700	scaffolds.	The	A. alternata 
strain DZ was found on a tobacco host plant but provides a high- 
quality reference genome for A. alternata (Lu et al., 2023). For the A. 
alternata	isolate	Z7,	which	causes	brown	spot	of	citrus,	a	high-	quality	
genome is available as well (Gai et al., 2021). A scaffold- level genome 
assembly for Alternaria atra is available for an isolate that has been 
collected from a wild tomato plant (Bonthala et al., 2021). It has 43 
scaffolds	and	a	length	of	39.6 Mb.

The gene density of A. solani (323 genes per Mb) is slightly lower 
than the gene density in A. arborescens (325 genes per Mb) (Zhang 
et al., 2018).	 According	 to	Wang,	 Xiao,	 et	 al.	 (2022), the A. solani 
HWC-	168	 genome	 has	 11,951	 predicted	 protein-	coding	 genes,	 of	

which	238	(2%)	are	candidate	effector	proteins.	All	of	these	candi-
date effectors have homologues in the A. solani NL03003 genome 
and are distributed over all 10 chromosomes. Other Alternaria spe-
cies	 share	 up	 to	 192	 of	 these	 effector	 genes	 (Wang,	 Xiao,	 et	 al.,	
2022).

5  |  CONDITIONALLY DISPENSABLE 
CHROMOSOMES

Most Alternaria species have 10 essential chromosomes (Gai 
et al., 2021). These chromosomes may have experienced some rear-
rangements, but also show collinear and syntenic relationships be-
tween Alternaria genomes (Gai et al., 2021).

Some fungi, including several pathotypes of A. alternata, carry su-
pernumerary chromosomes. They are also called accessory chromo-
somes or conditionally dispensable chromosomes (CDCs), because 
they are dispensable for growth, though they might be essential for 
pathogenicity	 (Johnson	et	al.,	2001; Tsuge et al., 2016). Except for 
A. alternata	 tangerine	 pathotype	 strain	 Z7,	 which	 has	 two	 CDCs,	
the	various	pathotypes	each	contain	one	CDC	(Wang	et	al.,	2019). 
The size of the CDCs in these pathotypes ranges between 1.0 and 
1.05 Mb	 in	 the	 tomato	 and	 strawberry	 pathotypes,	 respectively	
(Akagi et al., 2009; Hatta et al., 2002)	 to	 1.9 Mb	 in	 the	 tangerine	
pathotype (Masunaka et al., 2005),	but	the	Japanese	pear	pathotype	
carries	a	CDC	of	4.1 Mb	(Tanaka	&	Tsuge,	2000). The CDC sizes are 
comparable to the size of supernumerary chromosomes in other 
filamentous	fungi,	for	example,	0.7 Mb	in	Gibberella fujikuroi, 1.2 or 
2.0 Mb	in	different	Colletotrichum gloeosporioides, or different super-
numerary	chromosomes	of	1.5 Mb,	1.6 Mb	but	also	4.9 Mb	in	Nectria 
haematococca (Covert, 1998).

The biosynthetic genes for host- specific toxins (HSTs, also 
called	TOX	genes)	are	located	together	as	a	single	gene	cluster	in	
each of the Alternaria pathotypes (Tsuge et al., 2016). Gene clus-
ters for secondary metabolites generally exist in a single set, but 

TA B L E  1 Genome	assembly	statistics	of	selected	Alternaria genomes.

Species Isolate Reference Host plant
Genome 
size (Mb)

Number of 
scaffolds

G/C content 
(%)

Number of 
protein- coding 
genes

A. solani NL03003 Wolters	et	al.	(2018) Potato 32.78 10 51.32 NA

A. solani HWC-	168 Zhang et al. (2018) Potato 32.80 58	(NCBI),	 
61 (Zhang 
et al., 2018)

51.00 10,358	(Zhang	
et al., 2018), 
11,951	(Wang,	
Xiao,	et	al.,	
2022)

A. arborescens EGS	39–128 Hu et al. (2012) Tomato 33.89 820 50.50 NA

A. arborescens NRRL	20593 NCBI upload only Tomato 33.59 701 51.00 NA

A. alternata DZ Lu et al. (2023) Tobacco 34.11 11 50.95 11,556

A. alternata Z7 Gai et al. (2021) Citrus 34.36 12 50.99 12,067

A. atra CS162 Bonthala et al. (2021) Wild	tomato 39.61 43 50.87 12,173

https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_013282825.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCA_013282825.1/
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TOX	clusters	are	often	duplicated.	TOX	clusters,	their	location	on	
CDCs and the intraspecies transfer of these CDCs have been re-
viewed in Tsuge et al. (2016).

The stem canker pathogen A. arborescens produces an HST called 
AAL. The biosynthetic gene cluster for AAL production is called ALT 
and	 located	on	a	1.0 Mb	CDC	(Kodama,	2019). There are probably 
two sets of ALT clusters (Tsuge et al., 2016). Interestingly, genetically 
different strains of this pathogen had identical sequences at two 
CDC genes and an identical CDC size, indicating that the essential 
chromosomes and the CDC probably have a different origin (Akagi 
et al., 2009). Hu et al. (2012) sequenced the A. arborescens genome 
and showed that the CDC was probably transferred through hori-
zontal gene transfer by an unrelated fungus. They also found CDC 
genes under positive selection, which could indicate that they are 
candidate virulence factors (Hu et al., 2012). The presence of CDCs 
in the major large- spored EBDC pathogens like A. solani has not yet 
been shown.

6  |  REPRODUC TION AND 
RECOMBINATION

Except for A. infectoria, sexual stages are not observed in Alternaria 
(e.g., DeMers, 2022). However, the diversity of Alternaria species 
and populations is far greater than expected for an asexual fungus. 
Several studies show possible recombination events when looking at 
genetic data in both large-  and small- spored Alternaria species. Two 
studies show indication for recombination in A. alternata from citrus 
(Stewart et al., 2014; Stewart, Thomas, et al., 2013) and Einspanier 
et al. (2022) found possible signatures of recombination when ana-
lysing the full genome of A. solani isolates. The observed diversity 
might result from cryptic sexuality, from a parasexual cycle, but 
might also have other causes.

One argument for cryptic sexual reproduction is the occurrence 
of both mating types. The two mating- type regions are so diverged 
in fungi that they are called idiomorphs instead of alleles (Taylor 
et al., 2015). In A. alternata, each isolate has only one mating type, 
but both mating types are found in the species (Berbee et al., 2003). 
According to Stewart et al. (2011), both mating types are routinely 
recovered and Meng et al. (2015) showed that both mating types 
occur in equal frequencies in A. alternata in potato. Also, Armitage 
et al. (2020) found both mating types in a 1:1 ratio in both the A. al-
ternata clade and the A. arborescens clade. Furthermore, A. alternata 
isolates with opposite mating types shared identical ITS sequences, 
meaning that if sexuality was lost, it was lost after the shared ITS 
substitutions (Berbee et al., 2003). As apple pathotype isolates can 
have either of the mating types, some (sexual or parasexual) genetic 
exchange must have taken place after the evolution of the CDC 
(Armitage et al., 2020). The A. alternata mating- type genes are func-
tional by heterologous expression (Arie et al., 2000) and also signs of 
purifying selection at the MAT1- 1 locus and biased codon usage can 
be interpreted as indications for sexual recombination in the recent 
past, cryptically in the present, or that MAT1- 1 has another cellular 

function (Stewart et al., 2011). In A. solani and A. linariae, the situ-
ation is similar: each isolate has one mating type and both mating 
types can be found in the species. However, Gannibal et al. (2014) 
observed a bias, as most A. solani isolates had mating type MAT- 1- 1 
while most A. linariae isolates had MAT1- 2, which indicates the dom-
inance of clonal reproduction.

Sometimes, repeat- induced point mutations (RIP) are interpreted 
as signals of sexuality, because they would not be expected in asex-
ual species. However, RIP- like mutations have also been found in 
species that are thought to be asexual (Hane et al., 2015).	van	Wyk	
et al. (2021) classified A. solani as ‘Repeat- Induced Point Class 4’, in-
dicating moderate RIP levels and large RIP- affected regions (LRARs) 
constituting a certain proportion of the genome.

The observed recombination could also stem from the parasex-
ual cycle. Anastomoses are common in A. solani and heterokaryo-
sis would be possible from a cytological standpoint (Stall, 1958). 
Anastomosis has also been described for A. alternata (Huang 
et al., 1996). The occurrence of vegetative compatibility, also re-
ferred to as mycelial compatibility, is a prerequisite for the parasex-
ual cycle and therefore often interpreted as evidence or a hint for 
parasexual recombination. A. solani and A. grandis from potato both 
show vegetative compatibility (Alvarenga et al., 2016;	van	der	Waals	
et al., 2004). Zhao, Fan, et al. (2021) claimed heterozygous diploids 
of A. solani are common in nature, showed hyphal and nuclear fusion 
in A. solani, and confirmed the haploidization process of parasexu-
ality. Note that heterokaryosis in A. alternata has only been shown 
after mutagenesis with a carcinogen (Tsuge et al., 1987) or UV light 
(Hadi, 2021).

As mentioned, the CDCs of Alternaria pathotypes were probably 
acquired by horizontal chromosome transfer (HCT). An impressive 
and most relevant example of this HCT is the CDC in the tomato 
pathotype, A. arborescens, which had identical sequences even in 
samples that differed in their core chromosome sequences (Akagi 
et al., 2009). Hu et al. (2012) then provided evidence that the CDC 
was likely acquired from an unrelated fungus.

In addition to the transfer of whole chromosomes via HCT, it is 
also possible that only genes or gene clusters are acquired, which is 
called horizontal gene transfer (HGT). Several HGT events probably 
happened in A. alternata from citrus, where the acquired genes have 
important	functions	for	sporulation	(Wang	et	al.,	2019).

Both HCT and HGT are very important for plant- pathogenic 
fungi including Alternaria, as they are important mechanisms to 
broaden the host ranges of these pathogens (Mehrabi et al., 2011). 
The genes for HST of A. alternata are all found on CDCs, which are 
absent in nonpathogenic isolates, highlighting the importance of 
HCT for pathogenicity and host specificity of the different patho-
types (e.g., Mehrabi et al., 2011). The CDC from tomato- infecting 
isolates, which is necessary for the production of AAL toxin and 
therefore for the infection of tomato plants, could be transferred 
to an isolate of the A. alternata strawberry pathotype, which con-
sequently became capable of infecting both tomato and strawberry 
plants (Akagi et al., 2009). However, the described experiment was 
done using a protoplast fusion experiment and the exact mechanism 
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of how CDCs or genes are transferred remains to be elucidated 
(Mehrabi et al., 2011).

7  |  LIFE CYCLE

No teleomorphs of EBDC- causing Alternaria spp. are known (Meng 
et al., 2015). Thus, reproduction happens via multicellular and asex-
ual conidia (Thomma, 2003). Conidia are released from their conidi-
ophores by wind or rain, achieving high abundance in the air and soil 
(Figure 4; Agrios, 2005; Rotem, 1994). Optimal conditions for germi-
nation	of	EBDC	conidia	are	25°C,	moistened	host	tissue,	and	100%	
humidity (Thomidis et al., 2023). Germination usually occurs within 
3 h,	followed	by	a	latent	period	preceding	epidermal	penetration	that	
shortens with increasing virulence (Rotem, 1994). Entrance to host 
tissues is implemented by either invading wounds, thrusting penetra-
tion hyphae between epidermal cell interfaces via an appressorium, 
or by directly penetrating the epidermis using cell wall- degrading 
enzymes	(CWDEs)	(Dita	et	al.,	2007). Successful colonization leads 
to	 necrotic	 lesions	 after	 roughly	 1–2 weeks,	 often	 circumscribed	
with a yellow halo of senescent tissue from the diffusion of fungal- 
derived	phytotoxins	 (Jones	&	Perez,	2023). Lesions produce addi-
tional conidia that systemically colonize the host to form secondary 
infections on leaves, stems, fruit, and tubers. Infections appear more 
prevalent in older, senescing tissues (Agrios, 2005). Primary lesions 
are often inconspicuous, and secondary sporulation leads to heavy 
infection later in the season (Zachmann, 1982). Due to the broad 
host range of EBDC, especially A. alternata, inoculum can originate 
from or spread to secondary hosts (DeMers, 2022). Conidiospores 
have thick, often melanized, cell walls and can probably survive in 
the	 soil	 for	a	 certain	amount	of	 time	 (Chaerani	&	Voorrips,	2006; 
Lagopodi	&	Thanassoulopoulos,	 1995). In the absence of suitable 
hosts, EBDC may enter a saprobic lifestyle (DeMers, 2022). After 
prolonged periods of unfavourable conditions late in the season, 
intercalary hyphae form chlamydospores that aggregate into mi-
crosclerotia (Basu, 1971;	 Lagopodi	 &	 Thanassoulopoulos,	 1995). 
Microsclerotia tolerate adverse environmental conditions and over-
winter in the soil until conditions become favourable for pathogen-
esis, exhibiting greater virulence in soil compared to any other cell 
type (Patterson, 1991).

8  |  PATHOGENESIS

In	 typical	necrotrophic	pathogenesis,	CWDEs	remove	physical	bar-
riers to host- derived nutrients and trigger the immune response of 
the host sufficiently to induce a hypersensitive response (HR) of 
programmed cell death (Mengiste, 2012). HR and senescence in-
crease susceptibility to necrotrophic pathogens like Alternaria, as the 
majority of its nutrition is assimilated from dead tissue as opposed 
to biotrophic pathogens that require extended parasitic periods on 
living tissue (Glazebrook, 2005). Caution should be taken against 
generalization of the role of HR in EBDC pathogenesis; although 

cell death- promoting toxins and effectors are virulence factors 
(Wenderoth	 et	 al.,	 2019), reports from other hosts of A. alternata 
have shown HR is not necessary and sufficient to promote infection 
(Meng et al., 2018). The first physical barrier is the cuticle (Figure 5), 
and accordingly cutinases are highly upregulated during infection in 
the A. solani–potato	pathosystem	(Jiang	et	al.,	2023). Cuticle lipids are 
potent damage- associated molecular patterns (DAMPs) in tomatoes 
(Schweizer et al., 1996) and can contribute to HR, which has been 
shown in the Alternaria brassicicola–Arabidopsis thaliana pathosystem 
(Mang et al., 2009). The cell wall is the next physical barrier, and the 
virulence of small- spored Alternaria to tomato correlates directly with 
the expression of pectinases and cellulases (Ramezani et al., 2019). 
Once cell death occurs and physical barriers are overcome, host cyto-
plasmic nutrients are assimilated, and the infection spreads.

Once inside host tissue, plant pathogenic Alternaria spp. se-
crete HSTs and non- host- specific toxins (NHSTs) (Figure 5) (Meena 
et al., 2017). In general, HSTs are acutely phytotoxic to their hosts, 
and NHSTs are mildly phytotoxic to both hosts and non- hosts alike 
(Dalinova et al., 2020). The acute phytotoxicity of HSTs allows se-
lective pressure on other virulence factors to relax, resulting in 
HSTs becoming the primary virulence mechanism, and a necessary 
component to establish infection (Akimitsu et al., 2014). Conversely, 
NHSTs cumulatively contribute to virulence and are not mandatory 
to establish an infection (Meena et al., 2017). The only known HST 
against any solanaceous taxon is the AAL toxin, which is produced by 
tomato pathogens in the Alternaria arborescens species complex, for-
merly known as A. alternata f. sp. lycopersici (Brandwagt et al., 2000). 
HSTs for EBDC are not known.

Alternaria	 spp.	 produce	 over	 70	 described	 secondary	 metab-
olites (Arcella et al., 2016). Many of them are phytotoxic NHSTs 
and reviewed in detail (Dalinova et al., 2020). No exhaustive list of 
relevant NHSTs and their myriad of derivatives such as sulphate 
conjugates have been published (Soukup et al., 2016). The follow-
ing provides a brief overview of the major types: the dibenzo- α- 
pyrones	alternariol	(AOH),	alternariol-	9-	O- methyl ether (AME), and 
altenuene are virulence factors in tomatoes and cause necrotic 
lesions	via	 a	 largely	unknown	mode	of	 action	 (MoA)	 (Wenderoth	
et al., 2019). This MoA probably involves a combinatorial effect 
of AOH- induced mitochondrial apoptosis signalling (Bensassi 
et al., 2012) and AME- induced photosynthesis inhibition (Demuner 
et al., 2013). The perylene quinone derivatives altertoxin I and II, 
alterperylenol, and stemphyltoxin III are among the most phyto-
toxic (Visconti et al., 1989),	mutagenic	 (Stack	&	Prival,	1986), and 
cytotoxic (Del Favero et al., 2018) EBDC NHSTs, but they have the 
least detection frequency in the food chain due to rapid detoxifi-
cation by whole tomato fruits and low thermal stability (Puntscher 
&	Marko,	2019). The tetrahydroanthraquinones altersolanol A, al-
tersolanol B, and dactylariol have broad- spectrum phytotoxicity 
with necrotic lesions occurring at lower concentrations in potato 
than	 tomato	 (Holenstein	&	 Stoessl,	 1983; Suemitsu et al., 1984). 
The MoA is not precisely elucidated, but there is an indication that 
the diversion of mitochondrial electrons to generate reactive oxy-
gen species (ROS) plays a significant role (Haraguchi et al., 1996). 
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Solanopyrones, especially A and D, induce necrotic lesions in hosts 
and non- hosts via an unknown MoA. However, they are not nec-
essary for virulence, possibly due to functional redundancy with 

other NHSTs (Ichihara et al., 1983; Kim et al., 2015). The tetrameric 
acid tenuazonic acid is probably the most acutely phytotoxic NHST 
of small- spored Alternaria in the EBDC (Meena et al., 2016; Visconti 

F I G U R E  4 Life	cycle	representation	of	Alternaria spp. part of early blight disease complex (EBDC) in tomato and potato. Conidia, the 
primary reproductive propagules of EBDC, emerge from conidiophores (in Alternaria section Porri relatively large and non- catenate, but 
smaller and catenate in Alternaria section Alternata). Conidia are carried by wind and rain to their hosts and germinate on the leaf surface. 
Host epidermis penetration occurs with or without appressoria. In favourable conditions, host tissue gets rapidly colonized by successive 
infestations. Sporulation at infection sites supports further host colonization and the spread of necrotic lesions that for some species adopt 
a bullseye appearance from the changes in growth rate as environmental conditions cycle between favourable and unfavourable over the 
course of days or weeks. The host can eventually defoliate and senesce as it is systematically colonized. For some species, infection also 
appears more prevalent in senescing tissue. In unfavourable conditions, hyphae in the necrotic lesions swell and thicken as they develop into 
chlamydospores. Chlamydospores can eventually coalesce into microsclerotia and overwinter to become soilborne inoculum for the next 
season. Conidiogenesis probably takes place directly on the microsclerotia, or from stem infections of a suitable host. The broad host range 
of EBDC allows successive waves in pathogenesis to spread to and from alternate hosts. Figure drawn by Andrea Goss.
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et al., 1989). This acid inhibits the photosystem II (Chen et al., 2008). 
This MoA gives it a very wide phylogenetic range among which sola-
naceous plants are among the most tolerant (Zhou et al., 2019). The 
cyclic peptide tentoxin is also produced by small- spored Alternaria 
in the EBDC and inhibits photophosphorylation by binding to F1- 
ATPase (Groth, 2002). However, it only induces necrosis in potato 
and not in tomato (Edwards et al., 1987). The phenolic alkene alter-
naric acid is produced by large- spored Alternaria in the EBDC and 
has broad- spectrum phytotoxicity via an unknown MoA with herbi-
cide potential similar to glyphosate (Israel et al., 2022). Tomato and 
potato are particularly susceptible to alternaric acid, which causes 
necrotic lesions similar to infection lesions caused by large- spored 
Alternaria (Brian et al., 1952). All above- mentioned NHST MoAs 
involve inducing oxidative stress to produce ROS. The cumulative 
effect of ROS- evolving MoAs induces runaway immune signalling 

and HR. Indeed, EBDC virulence is well- correlated with the phyto-
toxicity of its particular NHST cocktail (Shahbazi et al., 2011).

9  |  PROTEINACEOUS EFFEC TORS

Pathogenic effectors are small, secreted proteins produced by 
pathogenic microbes that manipulate host cell structures and 
functions to facilitate infection and trigger defence responses. 
Effectors can be recognized by specific plant resistance (R) pro-
teins leading to a rapid defence response in the processes of 
effector- triggered immunity (ETI). Phytotoxins have been widely 
considered as the effector of Alternaria spp., especially HSTs 
(Akimitsu et al., 2014; Meena et al., 2017; Tsuge et al., 2013). 
However, hundreds of candidate effector proteins (CEPs) have 
been	 predicted	 for	 the	 29	Alternaria spp. whose genomes have 
been	 sequenced,	with	 192	CEPs	 of	A. solani having orthologues 
in A. alternata	 (Wang,	Xiao,	et	al.,	2022), highlighting the similar-
ity of pathogenesis between the two EBDC taxa. To date, four A. 
solani CEPs have experimentally validated. During the infection of 
potato, expression of CEPs increases, and CEP deletion mutants 
have impaired virulence. Transient expression of CEPs in tomato 
leads to the development of necrotic lesions and the expression 
of	host	senescence	genes	(Wang,	Xiao,	et	al.,	2022;	Wang,	Zhang,	
et al., 2022;	Wang	et	al.,	2023).

In a transcriptomics study of the A. solani–potato pathosystem, 
137	CEPs	with	domains	for	pectate	lyases,	cutinase,	xylanase,	gly-
coside hydrolase, and Nep1- like proteins were significantly upregu-
lated during late- stage infections, and predicted to be proteinaceous 
effectors with high homology to pathogenicity- related proteins 
(Jiang	et	al.,	2023). EBDC proteinaceous effectors are a fascinating 
field of research as the molecular mechanisms of these effectors are 
yet	to	be	uncovered,	and	it	is	likely	that	the	137	potato-	related	CEPs	
have several mechanisms.

10  |  HOST DEFENCE

The plant immune system has been reviewed in detail numerous 
times	 (Jones	&	Dangl,	2006; Mengiste, 2012;	Wang,	 Pruitt,	 et	 al.,	
2022). In brief, plants use a two- tiered detection system consisting of 
extracellular pattern- recognition receptors (PRRs) and cytoplasmic 
nucleotide- binding domain leucine- rich- repeat containing receptors 
(NLRs) to identify microbial threats and regulate the two defence 
response layers known as pattern-  and effector- triggered immunity 
(PTI,	ETI).	While	biotrophic	pathogens	must	evolve	host	defence	sup-
pression mechanisms, necrotrophic pathogens like EBDC probably 
intentionally overstimulate host defence responses to induce HR or 
senescence (Glazebrook, 2005). Plant immune systems mirror this 
bipolar spectrum of bio-  and necrotrophic nutrition in the mutual an-
tagonism of the two major defence hormones salicylic acid (SA) and 
jasmonic	acid	(JA)	(Thaler	et	al.,	2012).	SA	and	JA	regulate	defence	
responses to bio-  and necrotrophs, respectively (Robert- Seilaniantz 

F I G U R E  5 Infection	and	defence	mechanisms.	To	initiate	
infection, the pathogens secrete cell wall- degrading enzymes 
(CWDEs)	that	alert	the	host	plant	to	pathogen	presence,	trigger	
a strong immune response that can lead to a hypersensitive 
response (HR), and remove physical barriers to host nutrients. 
Host phytoanticipins like α- tomatine are detoxified. Pathogenic 
toxins are taken up by the host that induce chlorosis by inhibiting 
photosynthesis and promote HR by inducing a runaway oxidative 
burst of reactive oxygen species (ROS). Proteinaceous effectors 
might induce a HR by an undescribed method. To defend against 
early blight disease complex, calcium signalling and jasmonic 
acid biosynthesis indirectly contribute to the activation of plant 
defence gene transcription. Ethylene production activates ethylene 
response factors that directly activate defence gene transcription 
and diffuse to neighbouring cells to induce systemic defence 
responses. Defence genes contribute to defence by scavenging 
ROS to prevent a runaway oxidative burst, detoxification proteins 
to prevent cell death and chlorosis, production of secondary 
metabolites with direct antifungal activity to cause cell death 
pathogen tissues, and genes that further prevent HR directly 
or indirectly. The central dashed line separates the infection 
mechanisms (yellow background) from the defence mechanisms 
(blue background). Figure created with Biorender.
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et al., 2011). Strict control of SA biosynthesis is essential for proper 
defence	against	EBDC;	when	both	SA	and	JA	levels	are	elevated,	SA	
signalling takes precedence, and SA generally promotes HR as an 
effective strategy against biotrophs (Caarls et al., 2015). Ethylene 
(ET) plays a significant role in necrotroph defence as ET signalling 
abolishes	SA/JA	antagonism	(Leon-	Reyes	et	al.,	2010), yielding pri-
ority	 to	 JA	 signalling	 pathways.	Hormone	 signalling	 induces	 vigor-
ous	transcriptional	responses,	and	although	the	specific	role	of	JA	in	
EBDC pathogenesis seems to be somewhat controversial (Brouwer 
et al., 2021; Sajeevan et al., 2023),	JA	seems	to	be	a	major	transcrip-
tional regulator of EBDC defence responses (Zheng et al., 2022).

Secondary metabolite biosynthesis is a crucial defence re-
sponse to necrotrophs (Mengiste, 2012). To chemically defend 
against microbial pathogens, most plants induce antimicrobial 
phytoalexins or constitutively produce specialized phytoanticip-
ins (VanEtten et al., 1994), such as glucosinolates for Brassicaceae 
(Halkier	 &	 Gershenzon,	 2006), benzooxazinoids for Poaceae (de 
Bruijn et al., 2018), and saponins for Solanaceae, most notably the 
steroidal glycoalkaloids (SGAs, such as α- tomatine) (Zhao, Zhao, 
et al., 2021). Comparative metabolic profiling of EBDC- resistant and 
- susceptible wild tomato accessions showed differences in defence- 
related metabolites like flavonoids, terpenoids, lignin, and SGAs in 
the resistant cultivar (Shinde et al., 2017). SGAs are generally anti-
fungal by disrupting membrane stability (Osbourn, 1996),	and	JRE4	
is	the	JA-	inducible	master	regulator	of	SGA	biosynthesis	(Nakayasu	
et al., 2018).	Accordingly,	methyl	 jasmonate	 (MeJA)	 is	 sufficient	 to	
induce antifungal compound biosynthesis, as tomato leaf extracts 
of	MeJA-	treated	 plants	 inhibit	 conidiospore	 germination	 of	 EBDC	
(Kępczyńska	&	Król,	2012). This effect is not due to the abundant 
SGAs α- tomatine and its derivatives alone, as EBDC is particularly re-
sistant	to	them	(Sandrock	&	VanEtten,	1998). This resistance is prob-
ably due to the ability of EBDC to detoxify the α- tomatine derivatives 
(Osbourn, 1996), which both small-  and large- spored Alternaria spp. 
are capable of (Hoyos et al., 2023), implying the existence of more 
SGAs	and	other	compounds	in	MeJA-	treated	leaf	extracts.	Wild	so-
lanaceous plants are a veritable wellspring of antifungal SGAs, with 
broad- spectrum antifungal tetraose SGAs conferring immunity to 
Solanum commersonii	 from	EBDC	(Wolters	et	al.,	2023). This EBDC 
resistance locus has been successfully backcrossed into potato culti-
vars	and	confers	broad	resistance,	also	to	other	pathogens	(Wolters	
et al., 2021), but the effects of tetraose SGAs to the environment 
and human ingestion are currently unknown. Metabolomics stud-
ies in EBDC remain scarce, but we found the alkaloid trigonelline is 
associated with successful EBDC resistance and confirmed its anti-
fungal activity in a conidiospore germination inhibition assay (Hoyos 
et al., 2023), highlighting the ability of metabolomics to identify 
pathogenesis mechanisms from the host and pathogen.

Transcriptomics studies in the A. solani/potato pathosystem have 
highlighted	the	induction	of	peroxidases,	terpene	synthases,	and	JA/
ET biosynthesis genes during EBDC infection, but questions remain 
about how a resistant cultivar is significantly more resistant than a sus-
ceptible cultivar (Sajeevan et al., 2023).	We	found	that	tomatoes	treated	
with avirulent EBDC- induced expression of D clade ethylene response 

factors (ERFs) that were highly influential in both co- expression and 
gene	 regulatory	 networks	 associated	with	 JA/ET	 biosynthesis,	 sec-
ondary metabolite biosynthesis and their transporters, detoxification, 
and calcium signalling (Tominello- Ramirez et al., 2023). Conversely, 
tomatoes treated with virulent EBDC induced far fewer genes and 
no	clear	defence,	either	SA-		or	JA-	mediated.	Proteomics	studies	have	
shown that resistant cultivars of tomatoes have increased protein lev-
els related to protein stress, ROS scavenging, photosynthesis, post-
translational modification, secondary metabolite biosynthesis, and 
their transporters (Sadeghi et al., 2022).

Figure 5 provides a rough overview of the mechanisms involved in 
defence against EBDC. However, the molecular mechanisms of EBDC 
pathogenesis are currently far from resolved, but high- throughput 
phenotyping is emerging as a promising method to identify quantita-
tively resistant cultivars to assist in genotype selection for other omics 
studies, or for plant breeding directly (Chakraborty et al., 2022).

11  |  RESISTANT GERMPL A SM AND 
RESISTANCE BREEDING

Single (monogenic) resistance factors have not (yet) been identi-
fied. Adhikari et al. described several highly or moderately resist-
ant tomato cultivars, including a few cultivars with relatively high 
leaf resistance, that rely on relatively few dominant genes and 
show moderately high heritability (Adhikari et al., 2017). They 
also described resistant accessions from wild tomato species such 
as S. habrochaites, S. pennellii and S. peruvianum, some of which 
have been used in crosses that led to successful identification of 
resistance- associated quantitative trait loci (QTLs). Resistance in 
the before- mentioned species had previously been described by 
Chaerani and Voorrips (2006), indicating that wild cultivars might 
be a good source for resistant germplasm. Using simple droplet in-
fection assays, Chaerani et al. (2007) identified additional resistant 
accessions in other wild tomato species, such as S. arcanum and S. 
chilense. Yet, it should be noted that all A. alternata isolates tested 
in a study by Schmey et al. (2023) were able to infect detached 
leaves of various accessions of four different wild tomato species 
to a certain extent. Adhikari et al. (2017) pointed out that resist-
ances identified in wild tomato species so far have not been very 
successfully used in resistance breeding programmes, possibly due 
to the relatively low effects of the individual QTLs and the diffi-
culty of crossing species.

The situation in potato is similar. A study with close to 1000 
tested cultivars, wild accessions and clones from different crossings 
showed a range of resistance properties, but no true full resistance. 
Interestingly, a link of resistance status with maturation time was 
expected, but not confirmed (Boiteux et al., 1995). This is different 
from	a	snapshot	from	Denmark	with	38	cultivars,	which	showed	that	
whereas resistance was clearly variable between cultivars, all late- 
maturing cultivars were more resistant (Abuley et al., 2018), again 
indicating that EB resistance is linked to physiological processes in 
the plant and probably highly polygenic.
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Quick spot infection assays can also be used to differentiate 
between resistant and susceptible potato species and cultivars 
(Wolters	et	al.,	2019). Introgression lines of susceptible potato with 
wild potato relatives revealed that different wild potato species 
probably maintain different resistance mechanisms, some of which 
appear	 dominant	 and	 reliant	 on	 only	 one	 or	 few	 genes	 (Wolters	
et al., 2021).

Thus, QTL analyses could provide useful additional markers for 
resistance loci in both potato and tomato. Indeed, several recent 
studies showed that QTL mapping can provide insights on addi-
tional loci with roles in EBDC resistance in both tomato (Adhikari 
et al., 2023) and potato (Odilbekov et al., 2020;	Xue	et	al.,	2022).

12  |  EBDC MANAGEMENT AND 
FUNGICIDE RESISTANCE

As could be seen above, resistance to EBDC is linked to many physi-
ological factors of the plant. Disease pressure is therefore highly 
cultivar- dependent and, especially in potato, often linked to the 
maturity time. Early maturing varieties tend to be more susceptible 
because they retain older, senescent foliage that can serve as an 
easier entry point for the pathogen (Abuley et al., 2018). However, 
to	our	knowledge	fully	resistant	cultivars	do	not	exist.	Whereas	ho-
listic	control	strategies	are	being	discussed	(Jindo	et	al.,	2021), the 
complexity of the host–pathogen interaction makes fungicide appli-
cation still the most effective measure against Alternaria spp. in an 
integrated plant protection strategy.

However, over the last decades loss of sensitivity and ultimately 
fungicide resistances have been reported for all major fungicide 
classes against EBDC. Two major fungicide groups target fungal 
respiration. Quinone- outside inhibitors (QoIs), including, for exam-
ple, azoxystrobin and pyroblostrobin, inhibit the mitochondrial res-
piration by preventing the electron transport chain of complex III 
(Bartlett et al., 2002). Another group of respiration inhibitors are the 
succinate dehydrogenase inhibitors (SDHIs), for example, boscalid. 
These also interfere with the electron transport chain, but at a dif-
ferent target site, namely succinate dehydrogenase, which is part of 
complex	II	(Avenot	&	Michailides,	2010).

The QoI resistance is mainly attributed to one specific point 
mutation in A. solani	 (F129L)	 and	 A. alternata (G134A) (Grasso 
et al., 2006;	Pasche	&	Gudmestad,	2008). Studies from the United 
States showed a rapidly increasing level of resistance against QoIs, 
specifically	azoxystrobin	(Pasche	&	Gudmestad,	2008). The decreas-
ing sensitivity was first observed two years after the fungicide be-
came commercially available (Pasche et al., 2004) and Gudmestad 
et al. (2013)	 found	 the	 associated	 point	 mutation	 in	 99%	 of	 the	
samples in 2010 and 2011. Leiminger et al. (2014) reported a sim-
ilar development in Germany. QoIs were first registered as an early 
blight-	specific	fungicide	in	2007	and	the	first	resistant	isolates	were	
found	in	2009.	In	a	later	study	from	Sweden,	Edin	(2012) found the 
F129L	mutation	in	nearly	all	tested	isolates.

In contrast to QoI resistance, the SDHI resistance is associated 
with several point mutations. These mutations are distributed be-
tween	subunit	B	(H278R	and	H278Y),	subunit	C	(H134R),	and	subunit	
D (H133R and D123E) (Mallik et al., 2013). The first isolates with a 
mutation	leading	to	boscalid	resistance	were	found	in	Idaho	in	2009	
and 2010, fewer than five years after the fungicide was registered 
in	the	United	States	(Wharton	et	al.,	2012). By 2014 and 2016, the 
occurrence of double mutations was confirmed in the United States 
and Belgium, respectively (Landschoot, Carrette, Vandecasteele, 
et al., 2017; Mallik et al., 2013). Studies from Nottensteiner 
et al. (2019) and Bauske et al. (2018) revealed at least one of the 
sdh	mutations	in	43%	of	German	isolates	and	almost	all	US	isolates,	
respectively.	Whole	genome	sequencing	of	48	A. solani isolates from 
all over Europe revealed that SDHI resistance mutations arose in 
different genetic backgrounds, indicating that SDHI resistance evo-
lution happened multiple times independently, thus highlighting the 
evolutionary potential of A. solani (Einspanier et al., 2022).

The third fungicide group used against Alternaria spp. are de-
methylation inhibitors (DMIs). The mechanism of DMI resistance is 
associated with changed expression levels and possible mutation of 
the target site Cyp51 (Zhang et al., 2020). Overall, resistance against 
this group, which includes for example difenoconazole, is less prev-
alent than resistance against the respiration inhibitors. However, 
DMI- resistant A. alternata isolates have been found on many crops 
(Avenot et al., 2014; Sun et al., 2021).

13  |  CONCLUSION

Compared to other plant pathogens, Alternaria spp. on potato and 
tomato remain relatively understudied. Yet, from a biological point 
of view, Alternaria warrant more study. Their genetic diversity, 
adaptability, and infection mechanisms provide novel context to 
our paradigms of fungal reproduction and pathogenesis. Research 
is essential for the development of sustainable strategies to man-
age EBDC and ensure the resilience of solanaceous crop produc-
tion in agricultural lands of evolving pathogen pressure, loss of 
fungicide efficacy and greater climactic ranges. Understanding 
the complexities of EBDC and its impact on solanaceous crops, 
specifically potatoes and tomatoes, is a significant benefit for our 
agricultural systems. The diversity of Alternaria pathogens affect-
ing these crops, across multiple species capable of infecting both 
hosts, as well as the various factors contributing to their genetic 
diversity, is crucial to a modern scientific understanding of asex-
ual reproduction in fungi. Taxonomic revisions have complicated 
the identification of these pathogens and the research concern-
ing	them.	We	also	emphasize	the	importance	of	a	comprehensive	
understanding of Alternaria taxonomy for researchers of EBDC. 
The discovery of new species and revision of those already de-
scribed is an important aspect of the ongoing investigations into 
the evolving nature of Alternaria spp. as pathogens and core mem-
bers of the soil microbiota.



    |  13 of 19SCHMEY et al.

Research on Alternaria genetic diversity and pathogenesis has 
uncovered intriguing facets of their biology. Cryptic sexual repro-
duction, parasexual cycles, horizontal gene transfer, the potential 
for recombination, and genetic exchange within Alternaria popula-
tions all present a fascinating challenge to the assumption of strict 
asexuality for these fungi. The presence of both mating types and 
shared haplotypes suggests that sexual reproduction may be more 
prevalent than previously assumed. Further studies are warranted 
to elucidate the reproductive system of Alternaria fungi. The ge-
netic diversity within Alternaria spp. and their ability to adapt to 
different host plants necessitates an in- depth understanding of 
their genetic composition. As sequencing becomes more afford-
able, studies about the genetic diversity should employ full ge-
nomes. The availability of genome sequences has shed light on 
the role of CDCs and HCT in shaping the virulence of these fungi. 
However, the virulence beyond HSTs on CDCs, especially on fungi 
that probably do not carry a CDC like A. solani, should be stud-
ied further. The complex interactions between pathogens and 
hosts are influenced by various secondary metabolites, including 
HSTs and NHSTs, which are core components of the pathogen-
esis of EBDC. Tomatoes and potatoes employ PTI and probably 
ETI	to	trigger	the	defence	hormone	signalling	pathways	of	JA	and	
ET. Understanding these plant defence mechanisms is crucial for 
developing effective strategies to mitigate EBDC in solanaceous 
crops. Studies using crop wild relatives of tomatoes and potatoes 
have provided agronomic traits to elite crop varieties for yield, 
taste, and defence. Future protection and utilization of these key 
germplasm sources, coupled with omics studies of the molecular 
events that confer plant immunity to EBDC, represent the clearest 
path to sustained cultivation of solanaceous crops.
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