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INTRODUCTION

Fungal pathogens are a heterogeneous group of organisms which differ in many important
traits such as mode of nutrition, type of reproduction, and dispersal mechanisms. Traditional
classification of fungal pathogens has relied on their mode of nutrition to classify them into
three broad categories viz. biotrophs, necrotrophs, and hemibiotrophs. Biotrophs derive nutrients
and energy from living cells, while necrotrophs derive their energy from dead or dying cells.
Hemibiotrophs initially invade live cells prior to transitioning to a necrotrophic lifestyle to obtain
nutrients from killing the host cells. Necrotrophic pathogens have traditionally been perceived as
“unsophisticated brutes” that employ a “Kill and feed” approach with the use of a battery of secreted
toxins and cell-wall degrading enzymes (CWDEs). However, the perception of necrotrophic
pathogens has undergone rapid changes in the last two decades. The experimental evidences
that has changed the definition of a typical necrotrophic lifestyle are discussed below. Further,
I propose that older definitions and classification of necrotrophs should be revisited in light of
these evidences.

PRESENCE OF A “CRYPTIC” BIOTROPHIC PHASE IN
NECROTROPHIC LIFESTYLES

Botrytis cinerea and Sclerotinia sclerotiorum are considered archetypal necrotrophs that have a
broad host-range and infect most dicots. Though initial studies attributed their indiscriminate
necrotrophic lifestyle to secretion of various CWDEs, oxalic acid, and toxins; recent studies have
shown very intricate mechanisms underlying their pathogenesis. For example, S. sclerotiorum has
been shown to dynamicallymodulate the host cellular environment (using oxalic acid) and suppress
host defenses and cell death initiation in the early stages of infection (Williams et al., 2011).
Furthermore, S. sclerotiorum hyphae grow intercellularly without causing cell death during early
infection. This biotrophic growth of the hyphae coincides with the suppression of host cell death
by oxalic acid. The leading edge of the lesion consists of biotrophic hyphal growth with cell death
lagging behind (Kabbage et al., 2015). Recently, a two-phase infectionmodel was proposed in which
the pathogen evades and subverts the host defenses and later proceeds to killing the host cells (Liang
and Rollins, 2018). Similarly, for B. cinerea, studies have shown that it can grow asymptomatically
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within the host before switching to a necrotrophic lifestyle.
Multiple Botrytis species are capable of asymptomatic growth
within the host and switch to necrotrophic development under
undefined conditions (van Kan et al., 2014).

Cytological studies of A. brassicae, a necrotroph that infects
most Brassicas, also reveal a similar pattern of a biotrophic
phase. The advancing infection front had no associated cell
death despite a large amount of intercellular hyphal growth.
Also, cell death and reactive oxygen species (ROS) production
was suppressed at the earlier stages of infection of A. brassicae
(Mandal et al., 2018). The findings from A. brassicae is
significant, since Alternaria genus is one of the prototypical
toxin-producing genera, that have been implicated to cause
cell death and infection utilizing host-specific and non-
specific toxins.

The presence of a silent or cryptic biotrophic phase in
necrotrophs has also been previously described in the context
of postharvest pathogens wherein they are referred to as
a quiescent stage. Quiescence refers to an extended period
of time during which the pathogen activity is suspended,
and no apparent growth takes place. Although quiescence is
defined as involving no pathogen growth, pathogens often
are actively involved in suppressing host defenses and hyphal
growth is also observed in many cases. This phase in the
infection cycle is referred to as biotrophic-quiescence. Several
species of fungal pathogens, such as Colletotrichum, Alternaria,
Botrytis, Monilinia, Sclerotinia, and Botryospheria, are known
to quiescently live in the hosts and trigger necrosis at
later stages of the infection (Prusky, 1996; Adaskaveg et al.,
2000). Therefore, the presence of a “cryptic” biotrophic phase
in many necrotrophs seems to be the rule rather than
an exception.

NECROTROPHIC
EFFECTORS—DETERMINANTS OF HOST
RESPONSE SUPPRESSION?

Effectors are secreted by various pathogens to modulate host
responses to the pathogen. Though most initial studies identified
and characterized effectors from biotrophic and hemibiotrophic
pathogens due to their lifestyle of suppressing host cell death,
genome sequencing of various necrotrophs have revealed that
necrotrophs also encode and secrete a number of effectors
(Derbyshire et al., 2017; Van Kan et al., 2017; Rajarammohan
et al., 2019). Functional studies of various effectors in S.
sclerotiorum reconfirm the two-phased infectionmodel. Effectors
that support a biotrophic lifestyle, like Sscmu1 (chorismate
mutase), LysM (chitin binding proteins), and ROS scavengers
are upregulated and secreted in the early infection stages of
S. sclerotiorum. Furthermore, the necrosis inducing effectors
are upregulated in the later stages or downregulated in the
early stages (Chittem et al., 2020). The necrotrophic effectors
have been found to suppress and destabilize host immunity by
targeting plant organelles such as chloroplast and mitochondria
(Lyu et al., 2016; Tang et al., 2020). Transcriptome and
proteome studies of the archetypal necrotrophs reveal that the

CWDE activity of these pathogens are only activated in the
later stages of infection and are generally suppressed during
the early stages of infection (Peng et al., 2017; Westrick
et al., 2019; Chittem et al., 2020). Therefore, similar to
hemibiotrophic pathogens, these necrotrophic pathogens also
temporally regulate the secretion of effectors and CWDEs to
initially suppress host responses and establish themselves in
the host.

THE LINE DIFFERENTIATING
NECROTROPHS AND
HEMIBIOTROPHS—THIN OR
NON-EXISTENT?

There is growing evidence from various cytological, genomics,
and functional studies for multiple necrotrophic pathogens of
different genera suggestive of a biotrophic phase prior to the
onset of cell death. In light of these emerging evidences the
factors that can clearly differentiate between hemibiotrophs
and necrotrophs are next to none. Both hemibiotrophic and
necrotrophic lifestyles consist of an initial biotrophic phase
followed by necrosis. The duration of the biotrophic phase
varies even within hemibiotrophs and may vary even more in
the case of necrotrophs and may be influenced by a myriad
of external environmental factors. The necrotrophs discussed
herein all form appresoria or appresoria-like structures (ALS),
and in some cases bulbous hyphae as in case of hemibiotrophs.
One of the major differential feature between hemibiotrophs and
these necrotrophs is the formation of haustoria or haustoria-like
structures from intracellular hyphae, which the hemibiotrophs
share with the biotrophic pathogens. Most hemibiotrophs
initially form an intracellular bulged hypha that is encased by the
host plasma membrane and later switch to a thinner intracellular
hypha that initiates necrosis (Giraldo and Valent, 2013). In the
necrotrophs, no intracellular growth of hyphae is observed, but
the hyphae grow extracellularly and penetrates through stomatal
openings or hydathodes. However, the biotrophic phase of these
necrotrophs are characterized by extracellular or intercellular
hyphal growth, which is reminiscent of the biotrophic fungal
pathogen, Cladosporium fulvum. C. fulvum grows extracellularly
and enters the host through the stomata. Therefore, the
biotrophic phase of necrotrophs can be deemed similar to
the hyphal growth non-haustoria forming biotrophic pathogens
(Figure 1).

Given the substantial similarities between the lifestyles of
hemibiotrophs and necrotrophs, I postulate that necrotrophs
that display a two-phase infection process and share most
features of hemibiotrophs be classified as “extracellular”
hemibiotrophs. The reclassification is important since it
highlights the presence of a biotrophic phase in these
pathogens and the fact that these necrotrophs secrete
various effectors during this early stage to suppress
host cell death. The effectors secreted by necrotrophic
pathogens during the biotrophic phase may share similarity
(sequence/structural/functional) with biotrophic effectors
that are recognized by the host surveillance system (R-genes)
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FIGURE 1 | Pathogenic invasion strategies of diverse pathogens from different trophic lifestyles. Biotrophic pathogens like U. maydis form a haustorium inside a host

cell to acquire nutrients from the host while biotrophs like C. fulvum grow extracellularly between the host cells. Hemibiotrophs like M. oryzae form penetration pegs

called appresoria to invade the host cell; and switch to necrotrophy later when secondary hyphae are formed. Necrotrophs like A. brassicae invade primarily through

the stomata by forming ALS whereas S. sclerotiorum invades the host cells directly; the leading edge of the hyphae, in both necrotrophs grows intercellularly between

the host cells similar to the “biotrophic phase” of hemibiotrophs. Necrosis is often induced in the trailing host cells where secondary hyphae start to emerge.

to mount a defense response. Therefore, identification and
characterisation of these early stage effectors may reinvigorate
the search for the elusive gene-for-gene resistance against these
necrotrophic pathogens.

CONCLUSIONS

The demarcation between the different trophic lifestyles has
turned out to be an artifact created by our imperfect
understanding of biological systems. Necrotrophic fungal
pathogens are complex and their interactions with the host are
much more nuanced than previously thought. The definition
of necrotrophs as brute force killers has precluded the study
of effectors and gene-for-gene interactions in their respective
hosts. With the advent of genome sequencing studies, effectors
have been identified in necrotrophs and are known to play a
role in suppressing host responses including host cell death. The
presence of an early biotrophic phase, effectors that suppress

and modulate host responses, presence of appresoria or ALS,
temporal and spatial regulation of toxins and CWDEs in
some of the necrotrophic pathogens support the redefinition or
renaming of these necrotrophs as “extracellular” hemibiotrophs.
Additionally, cytological studies of early stages of infection
of other necrotrophs needs to be revisited in the light
of the recent findings to gain better understanding of the
necrotrophic lifestyle and redefine their lifestyle if similar
features are discovered. I believe that the redefinition of
necrotrophs exhibiting the above described features will help
illuminate the need to characterize early stage effectors to
improve our understanding of necrotrophic pathogens and
provide the basis for identifying the complementary host
resistance components.
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