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Abstract 

Asparagus stem blight, a highly destructive disease in global asparagus cultivation, is caused by the fungus Phomop-
sis asparagi. However, the underlying mechanisms of the infectious process and pathogenesis of P. asparagi remain 
poorly understood. This study aims to elucidate the infection event of P. asparagi at the cytological and ultrastructural 
levels in asparagus stem through a microscopic observation. The host responses were also examined by micro-
scopic observation and fluorescent probe. It revealed that P. asparagi germinated at either the tip or the middle 
of the conidia to produce short germ tubes on the surfaces of the asparagus stem at 20 h post-inoculation (hpi). The 
germ tubes penetrated the host cell wall with appressorium-like structures or narrow pegs at 1 day post-inoculation 
(dpi). At 3 − 5 dpi, a large number of P. asparagi hyphae colonized the epidermal cells. The hyphae were found to grow 
both intracellularly and intercellularly. The movement of hyphae between cells was facilitated by constricted invasive 
hyphae pegs. The hyphae exhibited bidirectional intracellular growth, extending and branching along the inner side 
of the cell wall within the stem cortex and towards the central cylinder. The fungal colonization resulted in cellular 
damage in plants, which is characterized by plasmolysis, rupture of the cell wall, and disruption of the cytoplasm. At 
11 dpi, the fungi penetrated the parenchyma cells, and the fungal pycnidia were formed. At 13 dpi, the fungi pen-
etrated the stem center parenchyma cell, where the conidia were released. In addition, the host defense response 
was investigated, which revealed a notably reduced germination rate of conidium, the formation of callose analogs, 
and the reactive oxygen burst. These findings provide unexpected perspectives on the infection process and host 
response in P. asparagi-plant interaction.
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Background
Asparagus (Asparagus officinalis L.), a perennial and 
dioecious species with a long lifespan, has been culti-
vated for over 2500 years and holds significantly eco-
nomic value. It is widely recognized as the “king of 
vegetables” in the international market due to its rich 
nutrition and numerous health benefits, including anti-
oxidant, anti-inflammatory, and anti-hepatotoxic proper-
ties (Yang et al. 2020). The occurrence of asparagus stem 
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blight caused by Phomopsis asparagi (Sacc), commonly 
referred to as the “cancer” of asparagus, has a severe 
impact on both yield and quality (Yang et al. 2012). This 
disease is prevalent in asparagus-producing regions, such 
as Asia, North America, Africa, Europe, and Southern 
Australia (Davis 2001; McKirdy et  al. 2002; Elena 2006; 
Yang et al. 2012; Iwato et al. 2014; Zaw et al. 2017; Thao 
and Dung 2019), with more severe epidemics in Asian 
countries. China is the leading producer of asparagus 
in the world, but it faces a significant threaten of stem 
blight now, which is hampering the sustainable develop-
ment of asparagus production (Zhang and Araki 2017). 
In particular, during the nutritional growth period of 
asparagus, warm and humid weather is more prone to 
facilitating the disease outbreak. In worst cases, if the 
plants were infected at very early stage, the disease would 
progresses throughout the growing season and would 
cause yield loss up to 100% (Elena et al. 2006).

Previous studies have demonstrated that the causal 
pathogen responsible for asparagus stem blight is a 
hemibiotrophic filamentous fungus, which mainly dam-
ages young stems with occasional infections on branches 
and leaves (Uecker and Johnson 1991). The initial mani-
festation of the fungus is the development of small lesions 
or spots on the surface of the asparagus stem. These 
lesions progressively expand and produce yellow-brown 
spindle-shaped spots (Sonoda et al. 1997). Pycnidia, usu-
ally appearing at the core of a spot, serves as a secondary 
source of infection. The infected stems often die rapidly, 
ranking it as a more devastating pathogen over other 
asparagus diseases. Control measures of this pathogen 
include the application of fungicide and the implementa-
tion of cultivation practices. Yet, the complete eradica-
tion of this disease remains challenging (Takeuchi et  al. 
2018). Meanwhile, the potential risk of fungicide resist-
ance evolved in the fungi over time and the increasing 
environmental pollutions pose limitations on their use. 
Thus, a more feasible strategy is to breed new asparagus 
varieties with high disease resistance.

The understanding of P. asparagi’s infection process is 
essential for breeding plans and disease managements. 
Additionally, this research can also help us to under-
stand the interaction mechanisms between P. asparagi 
and asparagus. Following the development of modern 
microscopy techniques, the infection process for certain 
pathogenic fungi has been widely studied, such as Mag-
naporthe oryzae which causes rice blast, and Fusarium 
graminearum which is responsible for wheat scab, and 
Verticillium dahlia kleb, which is the causal agent of 
Verticillium wilt. The hemibiotrophic fungus M. oryzae, 
as a model fungus pathogen, has been extensively stud-
ied at cytological level. This fungus deploys a penetration 
peg to pierce the surface of the host plants (Howard and 

Valent 1996; Talbot 2003). Once reaching the lumen of 
the tissues, the penetration peg would expand, forming 
the slender filamentous primary hypha. The peg serves 
as a conduit for the transportation of the nucleus and 
cytoplasmic contents from the spores into the primary 
hypha. The primary hyphae then undergo differentiation, 
which finally develops to the thicker and bulbous invasive 
hyphae. These invasive hyphae proceed and occupy the 
first invaded cells and then they invade the adjacent cells 
through plasmodesmata (Kankanala et al. 2007).

Upon infection of a pathogen, host cells undergo the 
formation of mastoid structures, callose deposition, 
and programmed cell death as a defense mechanism to 
impede or hinder pathogen invasion (Van Baarlen et  al. 
2004; Yin et al. 2017; Fincher 2020). In response to patho-
gen attacks, plants produce pathogenesis-related (PR) 
proteins, some of which are enzymes that degrade chitin 
and the (1,3)- and (1,3;1,6)-b-glucans of the fungal cell 
wall (Roulin et al. 1997; Kasprzewska 2003). Overexpres-
sion of these hydrolytic enzymes proved to be success-
ful in enhancing the resistance of crops (Ali et al. 2018; 
Moosa et  al. 2018). The oxidative burst represents an 
early reaction of plant tissues to pathogenic fungi, lead-
ing to swift production and release of Reactive Oxygen 
Species (ROS). These ROS include superoxide (O2

−), 
hydroxyl radical (OH·), and hydrogen peroxide (H2O2) 
(Wojtaszek 1997; Bolwell 1999. Both O2

− and OH· 
exhibit high activity with dismutation to H2O2. H2O2 is 
relatively stable and can be detected (Wojtaszek 1997). 
ROS has been proposed with antimicrobial properties 
and to play a role in intercellular communication (Fich-
man et al. 2023).

Previous researches primarily concentrated on the bio-
logical characteristics and control measures of P. aspar-
agi. It is largely unknown for the infection pathway and 
the interaction of P. asparagi with plants.

In this study, we used a combination of microscopy 
techniques, including confocal laser scanning micro-
scope (CLSM), scanning electron microscopy (SEM), 
and transmission electron microscope (TEM), to investi-
gate the infection process, infection structures, and cell-
to-cell movement of P. asparagi. Furthermore, the host 
responses, including callose accumulation and H2O2 pro-
duction and distribution, were also examined using TEM 
and fluorescent probe method. The findings unravel the 
pathogeneicity of P. asparagi and may be helpful for the 
disease control.

Results
Isolation and identification of the causal pathogen
The causal pathogen was isolated from a diseased 
asparagus stem which exhibited typical symptoms of 
stem blight (Fig.  1). To identify the isolated pathogen, 
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we employed the methods of morphology examination, 
rDNA ITS analysis, and a pathogenicity test. Initially, 
the mycelia of this pathogen display a fluffy white shape 
on the medium and then they turned grayish-white to 
yellowish-green. Within the black sporodochium, the 
pycnidia were formed either singly or in aggregates. The 
aerial hypha with the septum produced a short or long 
lateral branch. The conidia sizes are 1.8–3.3 μm × 6.0–
8.8  μm, oblong or spindle-shaped, unicellular, color-
less, with 1 − 2 oil droplets at each end. The ITS regions 
were PCR-amplified, which produced a fragment 
approximately 600 bp. A sequence comparison showed 
that the ITS shared a 99% sequence identity with that of 
P. asparagi. The pathogenicity was examined by inocu-
lating asparagus stems. The infected stems all displayed 
typical stem blight symptoms, being consistent with 
the field disease symptom. These results were consist-
ent with previous reports (Uecker and Johnson 1991; 
Yang et  al. 2012; Zheng et  al. 2015), and the pathogen 
was identified as Phomopsis asparagi (Sacc) (NCBI No: 
JQ614007.1).

Infection process  and the appearance of P. asparagi 
on the asparagus stem surface
The infection process of P. asparagi on asparagus stems 
was observed at a series of time points by SEM. The 
results showed that the conidia adhered to the stem sur-
face, and only about 8% of conidia germinated at 20 hpi 
(Fig.  2a). Each conidium produced a single or multiple 
germ tubes from one end, two ends, or the middle of 
the conidium (Fig. 2b − d). At 1 dpi, germ tubes invaded 
the epidermal layer by forming an appressorium with an 
enlarged tip (Fig. 2b, c); however, some of them became 
tapered and invaded the epidermal cells (Fig.  2d). Most 
developing germ tubes did not immediately infect host 
tissues but instead, they developed to runner hyphae. 
The runner hyphae produced multiple morphological 
appressorium-like structures, such as bifurcate appresso-
rium (Fig. 2e − h), foot appressorium (Fig. 2i), and irregu-
lar appressorium (Fig. 2e). The terminus of the germ tube 
was swollen and differentiated into spherical appresso-
ria (Fig. 2e, g). Some had an obvious infection peg at the 
front of the appressorium (Fig. 2g), while others did not 

Fig. 1  The isolation and identification of the causal pathogen of asparagus stem blight. A diseased stem is cleaned and sterilized, then a sterilized 
knife is used to cut the stem longitudinally, and take a small area of diseased tissue culturing on potato sucrose agar (PSA) medium, followed 
by the subculturing purification. The identity of the causal pathogen includes the characteristics in medium and conidia, hyphae morphological, 
molecular identification, and pathogenicity assay
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form an infection peg (Fig. 2e). Interestingly, P. asparagi 
may not enter host tissue by stomata as do many other 
fungi, even when they were in close contact with them 
(Fig. 1f ). Penetration pores of about 0.5 μm in diameter 
were visible where hyphae were detached from the sur-
face of the cell wall (Fig. 2h), indicating that the penetra-
tion peg was markedly constricted. The appressorium 
and hyphae were surrounded by gelatinous materials that 
may help them adhere to the stem surface (Fig. 2c, f − h). 
The runner hyphae grew and branched radially on stem 
surfaces or grew beneath the epidermis, forming hyphal 
nets at 3 dpi (Fig. 2j − l). No hyphal nets were found on 

the host surface after 5  day of inoculation. At the later 
stage of the infection (at about 11 dpi), many humps-like 
sporodochia were observed (Fig. 2m). Finally, the epider-
mal layer were ruptured and a large number of conidia 
were released at around 13 dpi (Fig. 2n, o), in which the P. 
asparagi completed its life cycle.

The dynamics of fungal colonization in host tissues
In order to reveal the detailed colonization process, typi-
cal disease progression was observed. The hyphae inside 
the host stem were monitored at 1, 2, 3, 5, 7, 9, 11, and 13 

Fig. 2  The infection process and appearance of P. asparagi on asparagus stems. a The conidia germinated with a germ tube emerging from one 
end or middle of the conidium on the asparagus stem at 20 hpi. b A conidium germinated two germ tubes, and one germ tube invaded 
with an enlarged tip (arrowhead). c A conidium germinated three germ tubes, and one germ tube invaded with an enlarged tip (arrowhead). d The 
tip of one germ tube tapered and invaded the host cell surface (arrowhead). e, g, h, and i Various infection structures were formed. f The germ tube 
bypassed the opening stomata. h Penetration pores (arrowheads). j and k The hyphae network at 3 dpi and 5 dpi. l Residual hyphae net (11 dpi). m 
Sporodochium was formed underneath the epidermis. n and o New conidia were released through a stoma or surface. gc, germinated conidium; 
gt, germ tubes; rh, runner hyphae; s, stomata; ap, appressorium; sp, sporodochium; c, conidium
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dpi via CLSM, using WGA-AF488/PI to show the fungal 
infection dynamics.

There were no conspicuous symptoms at the inocu-
lation site up to 2 dpi. The microscopic observations 
revealed that, at 1 dpi, P. asparagi could successfully 
penetrate asparagus stems, which is consistent with the 
results of SEM. At 2 dpi, the fungal hyphae grew inside 
the stem and invaded the adjacent cells. At 3 dpi, small 
light brown lesions were visible at the inoculation sites, 
and a large number of P. asparagi hyphae colonized the 
epidermal cells. At 5 dpi, necrosis was seen at the center 
of the lesion, and the hyphae suffused the epidermis and 
sclerenchyma layers, indicating a well-established necro-
trophic phase (Fig.  3a). The statistical analysis showed 
that the disease indexes were at level 3 or below, and the 
lesion area was below 60% at 1 − 5 dpi (Fig. 3b, c). Then, 
the lesions continued to expand, forming yellowish-
brown and spindle-shaped lesions. Notably, majority 

of the lesions merged at 7 to 9 dpi (Fig. 3a). The disease 
indexes reached the highest level 5, and the lesion almost 
covered the entire stem (Fig.  3b). Additionally, the fun-
gal hyphae rapidly expanded towards the central medulla 
(Fig. 3a − c). At 11 dpi, the stem wilt was visually appar-
ent. The pycnidium formed a papillary orifice and 
appeared at the central part of the lesions. The hyphae 
reached the parenchyma cell and grew towards the cen-
tral cylinder (Fig. 3a). The ratio of fungi hyphae was up 
to 80% (Fig.  3d). At 13 dpi, the stem was completely 
invaded. Laser confocal imaging showed that P. asparagi 
reached the stem center parenchyma cells and full-filled 
the cells with hyphae (Fig. 3a, d).

P. asparagi colonize inside of host tissues
To further investigate the P. asparagi colonization and 
proliferation in host tissues, we used CLSM and SEM 
to observe transverse sections of P. asparagi-infected 

Fig. 3  The microscopic characterization of hyphae colonization in asparagus stems. a The red box indicates the sampling points on the stems. 
Fungal cells were stained with WGA-AF488 (green), and the plant cell wall was stained with PI (red). Scale bars : 100 μm. b, c, and d The disease 
indexes, the ratio of the lesion area, and the ratio of fungal hyphae at eight-time points after fungi inoculation. Data from three biological replicates 
were analyzed by one-way ANOVA. Different letters indicate statistically significant differences (P⩽0.01)
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stems at 11 dpi. The CLSM results showed that hyphae 
spread over the whole cortical tissues and parenchyma 
cells of the stems, whereas only few hyphae were 
detected in vascular tissues. The pathogen hyphae were 
observed in the parenchymal tissues (Fig.  4a). Strik-
ingly, the intercellular hyphae were thick and solid with 
a diameter of about 3–5 μm, which was similar to that 
in  vitro culture medium and about three times to the 
diameter  of intracellular hyphae (1–2  μm) (Fig.  4b, c). 
The hyphae ramified and became swollen when they 
breached the cell wall (Fig.  4d). In a longitudinal sec-
tion at 11 dpi, pathogen hyphae were found expanding 
beneath the epidermis of host cells, where they formed 
pycnidia. Importantly, the cells in the epidermis regions 
were not positive by PI staining, indicating that the 
hyphae had lost membrane integrity (Fig. 4e, f ), which 
agrees with their necrotic appearance.

Cell‑to‑cell movement of P. asparagi inside the asparagus 
stem
Through an extensive CLSM observation for cell-to-cell 
movement of P. asparagi, we observed that the hyphae 
had a slightly swollen end and experienced extreme 
constriction during penetration of the cell walls. Once 
they traversed, the pegs expanded to form the filamen-
tous hyphae in the newly invaded cells with normal 
size, followed by the rapid proliferation within the cell 
(Fig. 5a − d, e − h). The intracellular growth of the hyphae 
was bidirectional, with growth and ramification along 
the inner side of the cell wall within the stem cortex, and 
grew towards the central cylinder (Fig. 5i, j, k).

Host subcellular changes of P. asparagi‑infected stems
The TEM observations showed that the healthy cells had 
normal sub-cellular structure (Fig.  6a). However, in the 
infected tissues, the cytoplasm of host cells was coagu-
lated, and the dark deposits were found to surround the 

Fig. 4  P. asparagi colonization and expansion patterns in host tissues. a Hyphae distribution in the tissue. b Intercellular (solid arrow) 
and intracellular (dotted arrow) hyphae. c Intracellular hypha branching and morphological changes. d Hypha became swollen upon contacting 
with the cell wall. e Pycnidium was formed underneath the epidermis. f 3D reconstruction was obtained from 18 optical sections acquired 
with a z-interval of 1.5 μm
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hyphal cell walls, resulting in ambiguity of organelles. 
The cell wall contacting hyphae became darker, prob-
ably because of callose-like material deposition, which 
may restrict the hyphae extension (Fig.  6b). Addition-
ally, the cytoplasmic matrix of adjacent infected host 
cells became more electron-dense (Fig. 6c). The host cell 

wall close to the hyphae was partially digested (Fig. 6d). 
Cell membrane contraction led to plasmolysis, and the 
electron density of protoplasm was increased (Fig.  6e). 
The chloroplasts in the host cell were swollen and less 
dense (Fig. 6f ). The host cytoplasm and organelles, such 
as chloroplasts, were degenerated, and mitochondrial 

Fig. 5  P. asparagi proliferation and cell-to-cell movement. a − d and e − h The dynamic process of invasive hyphae tip swelled and then crossed 
the cell wall, followed by branching growth. a − d and e − h were layer scanning photos of the same sites, respectively. Arrows indicate the site 
of hyphae penetration. i Hyphae constriction during penetration. j 3D reconstruction is obtained from 39 optical sections with a z-interval 
of 1.5 μm. k A proposed model depicting P. asparagi proliferation and cell-to-cell movement. Scale bars: 10 μm

Fig. 6  Ultrastructure of the healthy and P. asparagi-infected stems at 3 dpi. a Healthy cells containing intact chloroplasts, mitochondria, nuclei, 
and large vacuoles. b Callose-like substance were deposited (black arrow) and dark deposits surrounded the hyphae (white arrow). c The 
cytoplasmic matrix of infected adjacent cells were more electron-dense. d Host cell wall was degraded (black arrow). e Plasmolysis of the infected 
cells (black arrow). f Chloroplasts were swollen. g Structural variations of chloroplast, mitochondrion, and multivesicular body. h Collapse 
of the infected host cells. n, nucleus, ch, chloroplasts, mit, mitochondria, v, vacuoles, hy, hyphae, s, septum, miv, multivesicular body. Scale bars: 2 μm



Page 8 of 13Sun et al. Phytopathology Research            (2024) 6:32 

cristae were blurry, granulated, locally vacuolized, and 
multivesicular bodies were formed (Fig. 6g). The collapse 
host cells were plasmolysized, which further impaired the 
cell membrane, leading to the cytoplasm cracking into 
lumps (Fig. 6h).

The responses of asparagus to P. asparagi infection
In the middle and late stages of infection, we used SEM 
and CLSM to observe the surface and intracellular 
hyphae of the stem. We found that a large number of 
conidia on the host surface couldn’t germinate, which 
eventually shrank and died. Only less than 10% of them 
were able to successfully germinate after 3 dpi (Fig.  7a, 
e). At 5 dpi, almost no hyphae were found on the host 
surface. Occasionally, a few residual hyphae were sur-
rounded by callose-like substances (Fig.  7b − d). In the 
stem center, clear and intact cellular outlines could be 
stained by PI at 11 dpi (Fig.  7f ), indicating that aspara-
gus stem cells may be alive at this stage even after the 
extensive proliferation of P. asparagi inside them. By PI 
staining, we observed a few dead invasive hyphae at this 
stage. At 13 dpi, the clear and intact cellular outlines of 
the asparagus stem cortical tissue cells were not able to 
be seen, where more dead invasive hyphae were also be 
observed by PI staining (Fig. 7g).

The temporal‑spatial accumulation of H2O2 
during pathogen infection
During the fungal colonization, intracellular H2O2 
production was analyzed using the corresponding 

fluorescent probes. Compared to the basal level of H2O2 
in uninfected stems (Fig. 8a, d), the penetration of hyphae 
led to a rapid generation and release of H2O2 in both the 
epidermis and vascular system after 1  day of inocula-
tion. The accumulation of H2O2 culminated at its peak 
concentration at 3 dpi, and then decreased markedly 
(Fig. 8c, d). At 5 dpi, H2O2 mainly were distributed in the 
epidermis and vascular bundles. However, at 7 dpi, when 
hyphae reached the cortex (Fig. 8b), H2O2 accumulation 
was seen throughout the parenchyma cells in the entire 
stem. At 11 dpi and 13 dpi, very little H2O2 was produced 
in the epidermis and vascular system (Fig. 8c), less than 
that at 1dpi (Fig. 8d).

Discussion
Pathogenic fungi frequently employ specialized infection 
structures, such as appressorium or infection cushions, 
to facilitate their invasion on host plants. For example, 
the rice blast pathogen M. r. oryzae achieves entry into 
host cells through mechanical penetration of the cuticle, 
accomplished by the formation of a dome-shaped and 
melanized appressorium (Howard and Valent 1996). Sim-
ilarly, F. graminearum, the fusarium head blight (FHB) in 
cereals, and B. cinerea, the grey mold disease, penetrate 
plants by means of infection cushions (Mentges et  al. 
2020; Choquer et al. 2021). In the present study, the utili-
zation of SEM revealed that P. asparagi mainly exhibited 
two specialized morphological structures, the appres-
soria and penetration pegs, which substantially facilitate 
colonization. Furthermore, the conidia and hyphae of P. 

Fig. 7  Observation of defense response in the host stem surface and in tissues. a Conidia cannot germinate that had eventually shrunk on the stem 
(3 dpi) (n = 1000, three independently repeated experiments). b, c, and d Stem surface hyphal were surrounded by the callose-like substances 
(amorphous material) (11dpi). e Statistics assays of conidia germination rates at 1 and 3 dpi. f The cell wall of stem tissue and a few hyphae were 
stained by PI at 11 dpi. g The content of the infected epidermic cells was disintegrated by PI staining at 13 dpi. Scale bars: 30 μm
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asparagi were found to secrete mucilaginous substances 
on the host surface, potentially contributing to their sur-
vival and dispersal. Notably, apart from the penetration 
pore, no clear damage was observed in these tissues, 
indicating that it necessitates further investigation for 
the underlying mechanism in host penetration. Addition-
ally, it was observed that certain pathogen hyphae were 
capable of invading host tissues through stomata with-
out any discernible morphological alterations (Steinberg 
2015; Yin et  al. 2017. In our study, we observed fungal 
penetration exclusively through the epidermis, with rare 
instances of penetration through the opening stomata, 

suggesting that stomata do not serve as the primary 
pathway for infection. This finding aligns with previous 
research on M. oryzae and Exserohilum turcicum, which 
suggests that stomata may not contribute to the entry of 
these pathogens (Minker et  al. 2018; Kotze et  al. 2019; 
Qiu et al. 2019).

The macroscopic symptoms observed in asparagus 
stem after pathogen inoculation are consistent with those 
observed in the field and previous studies (Yang et  al. 
2016). Symptoms were observed to manifest at 3 − 5 dpi, 
with a larger area affected at 7 − 9 dpi. The stem displayed 
withering, and numerous small black pycnidia, which 

Fig. 8  H2O2 accumulation and location by a time-course observation in the plants infected by P. asparagi. a H2O2 fluorescence images 
for mock-treated samples. b P. asparagi colonization in the stem tissues. c H2O2 fluorescence images for infected stems. ROS was stained 
with H2DCF-DA (green fluorescence); Chlorophyll showed red autofluorescence. Fungal cells were stained with WGA-AF488 (green fluorescence), 
and the plant cell wall was stained with PI (red fluorescence). Scale bars: 100 μm. d Quantification of the H2DCF-DA fluorescence intensities in a 
and c. Data from three biological replicates were analyzed by Student’s t-test. Different letters indicate significant differences (P⩽0.01)
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were scattered throughout the affected region within 
12 − 14 days. Microscopic examination revealed that the 
fungal hyphae penetrated the plant surface within 1 day 
of inoculation, and reached the sclerenchyma sheath cells 
at 2 dpi. They subsequently formed sporodochia at 7 − 9 
dpi. Furthermore, the hyphae exhibited extensive spread-
ing, resulting in severe stem blight at 7 dpi, and conidia 
were released at 14 − 16 dpi. Prior to 5 dpi, the majority 
of hyphae were confined to the epidermis. However, dur-
ing the middle and late stages of infection, there was a 
rapid expansion of hyphae within the tissue, leading to an 
acceleration of stem wilting. This result may be attributed 
to the inhibition of expansion by epidermal cells and the 
dense sclerenchyma sheath cells.

Through ultrastructural investigations, we found that 
the infection sites exhibited fungi proliferation and diver-
gence, resulting in rapid dissemination of both inter- and 
intracellular hyphae. In this study, the inherent hausto-
ria were not observed at the P. asparagi-asparagus stem 
interface. Haustoria, which are specialized feeding struc-
tures formed by biotrophic fungi or oomycetes, serve as a 
means for these pathogens to acquire nutrients from their 
hosts (Slusarenko and Schlaich 2003; Yi and Valent 2013). 
The mechanism by which the pathogen obtains nutri-
tion from the host remains unclear. Notably, the process 
of cell-to-cell movement of the hyphae, characterized by 
initial swelling followed by extreme constriction, bears a 
resemblance to the formation of an appressorium pen-
etration peg. Both structures exhibit similar diameters 
when examined by SEM, suggesting that P. asparagi 
exhibited biotrophic growth by penetrating the epider-
mal walls and cell-to-cell movement by a flexible invasion 
peg, which is commonly observed in biotrophic patho-
gens. These results align with previous studies for rice 
blast disease and FHB (Kankanala et al. 2007; Qiu et al. 
2019). The swelling structure observed in the hyphal tip 
is likely a result of cytoplasm accumulation in response to 
the mechanical resistance of the plant tissue (Eynck et al. 
2007). However, the mechanism underlying cell-to-cell 
invasion requires further investigation.

Pathogen secreted effector triggered plant immune 
responses are typically accompanied by cell death result-
ing from hypersensitive responses (HR) (Pitsili et  al. 
2020;  Yin et  al. 2022). Localized cell death is employed 
by plants to impede the dissemination of pathogens, and 
mitochondria are associated with HR (Lam et  al. 2001; 
Ordog et al. 2002). In this study, TEM analysis unveiled 
that a majority of epidermal cells displayed plasmoly-
sis at 3 dpi. Additionally, electron-dense precipitates 
were observed to accumulate around the cell membrane, 
accompanied by cell wall collapse or complete disappear-
ance, as well as organelle destruction, particularly the 
mitochondria. This observation suggests that local cell 

death within the epidermis could potentially contribute 
to disease resistance. Furthermore, it is plausible that the 
cell wall-degrading enzymes produced by these patho-
gens contribute to the degradation of the host’s cell wall, 
which facilitated the infected cell death.

The germination time of P. asparagi is consistent with 
that of the culture medium. However, there is a notable 
disparity in the germination rate. Some conidia germi-
nate and a few hyphae successfully penetrate the surface 
of the host stem. This phenomenon may be attributed to 
the resistance of host stem, which inhibits conidia germi-
nation and hyphae invasion. The production of callose-
like substance serves as an indication of plant defense 
responses. The PI staining was observed during later 
stages of infection, suggesting the death of hyphae. Com-
parable findings have been reported in wheat coleoptiles 
infected with F. graminearum, where hyphae vacuoliza-
tion was also observed (Minker et al. 2018), although no 
vacuolated hyphae were observed in P. asparagi.

Pathogen infection process is heavily influenced by the 
dynamic fluctuations in ROS (Sang and Macho 2017). 
Our findings demonstrate a notable increase in H2O2 
levels during the later stages of infection, commencing 
at spore germination and persisting until the penetration 
on the epidermis. Moreover, at 3 dpi, the accumulation of 
H2O2 is significantly higher, aligning with the manifesta-
tion of necrotic symptoms. This heightened presence of 
H2O2 may be attributed to a hypersensitive response in 
plants, which restricts the dissemination of pathogens by 
inducing mitochondrial and chloroplast dysfunction, and 
ultimately leads to cell death. ROS serves as highly con-
served intercellular stress signals, and in vascular plants, 
long-distance communication occurs via the vascular 
system (Fichman et  al. 2023). Additionally, the death of 
the fungal pathogens can be induced by H2O2 (Qin et al. 
2011). In the case of P. asparagi infection, elevated levels 
of H2O2 were observed in the epidermal cells in aspara-
gus stems. The production and concentration of H2O2 in 
the vascular bundle are particularly higher, and the entry 
of hyphae into the vascular bundle is rare. These findings 
indicate that H2O2 primarily contributes to the resistance 
of P. asparagi infection.

Conclusion
Through the utilization of contemporary microscopy 
technology, a comprehensive examination of the com-
plete infection process of P. asparagi suggests that 
it effectively infiltrates asparagus stems by means of 
appressoria-like structures or narrow pegs. The move-
ment of hyphae between cells is facilitated by the pres-
ence of constricted invasive hyphae pegs, which extend 
along the inner side of the cell wall and towards the cen-
tral cylinder. The host’s defense mechanisms encompass 
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the production of callose analogs and the initiation of 
oxidative bursts. These findings provide new insights 
into the infection process and host response characteris-
tics during interactions between P. asparagi and aspara-
gus, thereby contributing valuable knowledge towards 
a more comprehensive understanding of P. asparagi 
pathogenesis.

Methods
Plant material
Four-year-old plants of asparagus variety ‘Feicuiming-
zhu’ were cultivated in pots with a diameter of 50 cm in 
a greenhouse. The plants were grown under a 14-hour 
light and 10-hour dark-light cycle, and temperatures rang 
from 20 to 25℃, with the relative humidity between 40 
and 60%, and a light intensity of 60 mE/s/m2. When the 
plants reached a height of 6–8 cm, the stems were used 
for fungus inoculation.

Fungi isolation and identification
The causal fungus P. asparagi was isolated from a dis-
eased asparagus stem that displayed typical symptoms 
of stem blight in an asparagus plant. A diseased stem is 
cleaned and sterilized with 70% ethanol, then a sterilized 
knife is used to cut the stem longitudinally, and take a 
small area of diseased tissue culturing on potato sucrose 
agar (PSA) medium (potato 200  g, sucrose 20  g, agar  
18 g, and ddH2O 1000 mL), followed by the subculturing  
purification. The identity of the causal pathogen was  
primarily confirmed by traditionally morphological iden-
tification, including the characteristics in medium and 
conidia, hyphae morphological and pathogenicity assay. 
For further identification, the molecular identification by 
amplifying and sequencing its rDNA internal transcribed 
spacer (ITS). The target band was purified and sequenced  
in both directions using fungi amplification universal  
primers (ITS1: 5’-TCC​GTA​GGT​GAA​CCT​GCG​G-3’; ITS4:  
5’-TCC​TCC​GCT​TAT​TGA​TAT​GC-3’), and the resulting  
sequences were blasted with the gene sequence in  
GeneBank database.

Pathogen inoculation
The isolated P. asparagi was cultured with PSA medium 
at 25℃ under a 12-hour photoperiod. After 12 − 14 days 
of incubation, when the pycnidia were produced, the 
conidia were washed out of the pycnidia using sterile 
water, which was then filtered through double-layer ster-
ile lens cleaning paper and counted with a hemocytom-
eter under 40 × magnification. The spore suspension for  
inoculations was adjusted to 1 × 107 spores/mL with 
sterile water.

Asparagus plants were inoculated with spores of  
P. asparagi with adjusted concentration using the vinyl 

cotton (VC) method (Sonoda et  al. 1997) with minor 
modifications. The basal part of the tender stem was  
wrapped in 1  cm × 1  cm cotton strips, then 1.0 mL of  
P. asparagi inoculum was infiltrated gently into the cotton  
with a Pasteur pipette, and incubated in a growth cham-
ber at 25℃ and 90% humidity for 3 days. Plants treated 
with sterile distilled water under the same conditions 
were used as a control. The incubated plants were then 
transferred to a glasshouse at 25 ± 1℃ under natural 
daylight. The disease symptoms were observed, and the 
inoculated stem tissues were harvested at each time point 
after infection for microscopic observations. The experi-
ments were performed three times independently, and at 
least three stems were analyzed at each time point.

Observation of stem blight symptoms
The phenotypic alterations in the stem surface after the 
inoculation with P. asparagi were recorded using pho-
tography. The severity of the disease was assessed by 
employing a grading system based on the proportion of 
the stem area affected by lesions. 0 = No symptoms, 1 = 1 
to 10% covered with lesion, 2 = 11 to 30% covered with 
lesions, 3 = 31 to 50% covered with lesion, 4 = 50 to 75% 
blights and 5 = 75 to 100% blights and plants dead.

Scanning electron microscopy observation
To observe the surface structure of fungal colonization 
and proliferation, we used SEM to observe the stem sur-
face and cross sections of infected asparagus stems. The 
samples were fixed in a formalin-alcohol-acetic acid 
(FAA, 90:5:5) solution at 4℃ overnight and dehydrated in 
an ethanol series (50%, 70%, 80%, 90%, and twice in 100% 
ethanol) for 25  min per concentration. Then, they were 
rinsed two times in tert-butanol to replace ethanol and 
dried for 1–3 h. Finally, the samples were sputter coated 
with gold particles and observed with an S-3000 N scan-
ning electron microscope (Hitachi, Japan).

Confocal microscopy observation
The samples were hand-cut into 60 μm thick sections and 
bleached with pure ethanol. They were then incubated in 
10% KOH for 2–3 h at 85℃, which were further neutral-
ized with five washing steps using phosphate-buffered 
saline (PBS) at pH 7.4. Subsequently, the sliced samples  
were stained with WGA-AF488 (catalog No. W11261, 
Thermo Fisher Scientific) and propidium iodide (PI)  
(catalog No. P4170, Sigma-Aldrich) (1 µg/mL PI, 10 µg/mL  
WGA-AF488; 0.02% Tween-20 in PBS, pH 7.4). Confo-
cal images were taken by a TCS-SP8 confocal microscope 
(Leica, Germany). WGA-AF 488 was used to stain fungal 
cell walls as green using excitation at 488 nm and detec-
tion at 500–540 nm, and PI was used to stain plant cell 
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walls as red using excitation and emission at 543 nm and 
560 − 615 nm, respectively (Redkar et al. 2018).

Transmission electron microscope observation
The epidermis from inoculated stems at 3 dpi and mock 
were prepared using a razor blade to excise approxi-
mately 1 mm3 pieces. These pieces were immediately 
fixed in 2.5% glutaraldehyde (pH 7.4) for 2  h. The sam-
ples were then washed three times with 0.1 M phosphate 
buffer (pH 7.2) and fixed in 1% osmic acid at 4℃ for 2 h. 
After washes, the samples were dehydrated in a graded 
series of ethanol, embedded in Epson-Araldite resin for 
penetration, and placed in a mold for polymerization. 
After the semi-thin sections were used for positioning, 
the ultrathin sections were made and collected. The sec-
tions were counterstained with 3% uranyl acetate and 
2.7% lead citrate and were observed with a JEM1400 
transmission electron microscope (JEOL, Japan).

Reactive oxygen species (ROS) detection
H2O2 production and location were detected in the 
entire infection cycle using the H2DCF-DA staining 
method (Kaur et al. 2016; Zhao et al. 2020. Transection 
samples were incubated in 10 µM H2DCF-DA (catalog 
No.4,610,273, Sigma-Aldrich) for 10  min at room tem-
perature, then they were washed three times with 100 
mM PBS (pH 7.4) to remove excess H2DCF-DA. Fluores-
cence was detected with a confocal laser scanning micro-
scope (Leica, Germany) using the following settings: 
70% power, excitation at 488 nm, and emission at 505 to 
530 nm. This experiment was independently repeated at 
least three times.

Statistical analysis
The disease indexes and ratio of lesion area were quan-
tified by lesion or hyphae growth area to the total area, 
and H2DCF-DA fluorescence intensities were quantified 
using Image J. Results represent the means of three repli-
cate stems, and the data are presented as means ± stand-
ard deviation (SD). Different letters indicate significant 
differences between the samples at P < 0.01. Significant 
differences between groups were determined using inde-
pendent-samples Student’s t-test and one-way ANOVA 
with GraphPad software (version 8.0.2).
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