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Abstract
Plant-associated fungi can influence plant performance while also interacting with phytopathogens and
environmental contaminants. In this study, Penicillium janthinellum Z1-1031, a previously characterized
fungus associated with Panax notoginseng, was investigated for its plant-associated, antifungal, and
metal-interacting properties. Brefeldin A (BFA) was identified as a major secondary metabolite of Z1-
1031. Purified BFA inhibited the growth of Fusarium solani in vitro in a concentration-dependent manner,
while low BFA concentrations caused little detectable membrane damage in P. notoginseng root-tip cells.
Following soil inoculation, viable Z1-1031 could be recovered from the rhizosphere for up to 56 days, and
BFA was detected in rhizosphere soil 49 days after inoculation. In greenhouse experiments, Z1-1031
treatment increased the survival and biomass of P. notoginseng and transiently increased ginsenoside
Rg1 content during the early cultivation period. Activities of peroxidase, superoxide dismutase, and
catalase in roots were also elevated following Z1-1031 treatment. In addition, Z1-1031 showed in vitro
biosorption capacity toward Cd, As, Cu, and Pb and transformed As(V) to As(III) in liquid culture. Z1-
1031-treated cultivation soil showed lower measured concentrations of As, Cd, Pb, and Cu than the
corresponding blank controls at one and four months. Collectively, these results characterize Z1-1031 as
a multifunctional plant-associated fungus displaying plant-growth-related, in vitro antifungal, antioxidant-
response-associated, and metal-interacting traits. The findings provide a basis for further evaluation of
Z1-1031 in P. notoginseng cultivation, while its efficacy against root rot in planta, the environmental
consequences of arsenic transformation, and the safety and fate of BFA require further investigation.

Key points
Z1-1031 was associated with greater Panax notoginseng growth and root biomass.

Purified BFA showed concentration-dependent inhibition of Fusarium solani in vitro.

Z1-1031 showed metal biosorption and transformed As(V) to As(III) in liquid culture.

Introduction
Panax notoginseng (Burk.) F.H. Chen is an important traditional Chinese medicinal plant widely used for
the treatment of cardiovascular diseases and blood circulation disorders. Its roots contain various
pharmacologically active constituents, particularly ginsenosides, which exhibit anti-inflammatory,
hemostatic, and cardioprotective activities (Dong et al. 2003; Sun et al. 2005). However, the sustainable
cultivation of P. notoginseng is constrained by soil-borne diseases and deterioration of the soil
environment. Root rot is among the most destructive diseases affecting P. notoginseng production and
can substantially reduce plant survival, yield, and medicinal quality (Ma et al. 2013; Tan et al. 2017).
Several fungal pathogens have been associated with root rot, including Fusarium solani, Fusarium
oxysporum, Cylindrocarpon destructans, and Alternaria panax (Miao et al. 2006; Wang et al. 2015). Recent
studies further demonstrate that changes in root-associated microbial communities are closely
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associated with the occurrence and development of root rot in P. notoginseng (Chen et al. 2024; Liu et al.
2025a).

Plant-associated microorganisms are increasingly recognized as important contributors to plant growth
and adaptation to environmental stresses. Rhizosphere and endophytic microorganisms can influence
plant performance through nutrient mobilization, production of bioactive metabolites, antagonism
toward phytopathogens, and modulation of host physiological responses (Avis et al. 2008; Berg et al.
2020; Compant et al. 2021; Mishra et al. 2017; Trivedi et al. 2020). Fungi represent an important
component of these plant-associated microbial communities and can produce diverse secondary
metabolites with biological activities relevant to plant–microbe interactions (Akram et al. 2023; Qin et al.
2024). Such metabolites may directly affect competing microorganisms or influence physiological
responses of the host plant, providing a potential link between microbial persistence in the rhizosphere
and effects on plant performance.

Species of the genus Penicillium are widely distributed in soil and rhizosphere environments, and several
strains exhibit plant growth-promoting or antagonistic activities. For example, mycelial extracts of
Penicillium chrysogenum have been reported to induce disease resistance in crop plants and suppress
phytopathogens (Thuerig et al. 2006), while Penicillium simplicissimum GP17-2 induced systemic
resistance in Arabidopsis thaliana (Hossain et al. 2007). Microbial interactions with plants are also
frequently accompanied by changes in antioxidant defense. Peroxidase (POD), superoxide dismutase
(SOD), and catalase (CAT) contribute to cellular redox homeostasis under biotic and abiotic stress by
regulating reactive oxygen species (Wu et al. 2014). Microbial elicitation has additionally been
associated with changes in secondary metabolism in medicinal plants (Prasad et al. 2022; Razzaq et al.
2025). These observations suggest that characterization of rhizosphere fungi should consider not only
direct antagonism toward pathogens but also their associations with host growth, physiological
responses, and accumulation of medicinally relevant metabolites.

In addition to soil-borne disease, metal contamination represents an important consideration in the
cultivation and quality control of medicinal plants. P. notoginseng can accumulate elements such as
arsenic (As), cadmium (Cd), copper (Cu), and lead (Pb), potentially affecting the safety and quality of
medicinal materials (Yan et al. 2011). Recent evidence further indicates that Cd exposure can alter both
the growth and saponin accumulation of P. notoginseng as well as its rhizosphere microbial community
(Liu et al. 2025b). Microorganisms can interact with metals through biosorption, bioaccumulation,
complexation, and redox transformation, thereby altering their distribution and chemical speciation in
soil environments (Gadd 2010; Narendrula-Kotha and Nkongolo 2017). Several Penicillium species
possess metal-binding or transformation capacities. P. simplicissimum, for example, exhibits tolerance to
Ni and Co and can adsorb Cd, Pb, and Zn (Valix et al. 2001; Fan et al. 2008), whereas P. janthinellum has
been implicated in arsenic transformation (Su et al. 2011). These properties raise the possibility that
plant-associated Penicillium strains may simultaneously interact with plants, phytopathogens, and metal
contaminants in the rhizosphere.
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Despite these observations, the multiple functional traits of P. notoginseng-associated fungi have not
been sufficiently characterized within a single experimental system. In particular, it remains unclear
whether an individual plant-associated fungal strain can simultaneously display plant-growth-related and
antifungal traits together with measurable effects on host physiological responses and interactions with
environmental metals. Establishing these phenotypes separately is important before causal
relationships among them or their practical agricultural applications can be defined.

In the present study, the previously characterized P. notoginseng-associated fungus P. janthinellum Z1-
1031 was used, and brefeldin A (BFA) was identified as a major secondary metabolite produced by this
strain. We characterized the antifungal activity and plant-cell effects of BFA, monitored the persistence
of Z1-1031 and the occurrence of BFA in rhizosphere soil after inoculation, and evaluated the effects of
fungal or BFA treatment on P. notoginseng growth, ginsenoside accumulation, and antioxidant enzyme
activities. In parallel, the metal biosorption capacity and arsenic transformation activity of Z1-1031 were
examined, together with changes in As, Cd, Pb, and Cu concentrations in cultivation soil following fungal
inoculation. Here, we aimed to characterize multiple phenotypes of Z1-1031 under in vitro and
greenhouse conditions. The overarching question was whether a single P. notoginseng-associated
fungus could display experimentally distinguishable plant-growth-related, antifungal, and metal-
interacting traits within the same experimental framework. These phenotypes were evaluated as distinct
outcomes rather than as components of a presumed common mechanism

Materials and Methods

Fungal strain and taxonomic assignment
Strain Z1-1031 was previously isolated from the surface-sterilized root of a healthy Panax notoginseng
plant collected in Wenshan, Yunnan Province, China, and was maintained in our laboratory culture
collection. The strain was originally reported as Penicillium sp. SYP-ZL1031, and its ITS sequence was
deposited in GenBank under accession number KU360251 (Xie et al. 2017). Subsequent characterization
assigned this strain to Penicillium janthinellum (Xie et al. 2018).

Fermentation of strain Z1-1031 and isolation of brefeldin A
Solid-state fermentation of strain Z1-1031 was performed in 100 250-mL Erlenmeyer flasks containing
rice medium. After inoculation, the cultures were incubated statically at 28°C for 30 days. The fermented
material was extracted with ethyl acetate overnight and sonicated for 1 h. Extraction was repeated three
to four times, and the combined extracts were concentrated under reduced pressure. The crude extract
was dissolved in 90% methanol–water and partitioned with cyclohexane. The methanolic fraction was
subsequently subjected to silica-gel column chromatography. The fraction eluted with methanol–H₂O
was further separated using an ODS column to obtain 15 subfractions (B1–B15). Subfraction B4 was
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purified using Sephadex LH-20 followed by semi-preparative HPLC to yield colorless needle-shaped
crystals.

The purified compound was characterized by 1H NMR, 13C NMR, and high-resolution electrospray
ionization mass spectrometry (HR-ESI-MS). Its spectroscopic data were compared with previously
reported data for brefeldin A (BFA). Detailed 1H and 13C NMR data are provided in Table S1.

In vitro antifungal activity of BFA against Fusarium solani

Fusarium solani was cultured on PDA at 28°C for 7 days. Spores were harvested in sterile water, and the
suspension was adjusted to OD₆₀₀ = 0.2. One milliliter of the spore suspension was mixed with 24 mL
potato dextrose broth, and 198 µL of this mixture was dispensed into each well of a 96-well microplate.
BFA solution (2 µL) was added to obtain final concentrations of 20, 200, and 1000 µg mL⁻¹. Untreated
cultures served as the negative control, whereas G418 and imazalil, each at a final concentration of 2 µg
mL⁻¹, were used as positive controls. The plates were incubated at 28°C for 24 h, after which fungal
growth was quantified by measuring OD₆₀₀ using a microplate reader.

Effects of BFA on P. notoginseng root-tip cells

Fibrous root tips of P. notoginseng were collected and washed with sterile water. Root tips were exposed
to BFA at concentrations of 0, 20, 50, 200, 1000, and 5000 µg mL⁻¹ for 24 h under a 12-h light/12-h dark
photoperiod, with temperatures of 25°C during the light period and 20°C during the dark period.
Following treatment, root tips were stained with propidium iodide (PI; 5 µg mL⁻¹) and examined using a
Leica DM2000 fluorescence microscope (Leica, Germany) with excitation at 488 nm and emission at 630
nm.

PI fluorescence was quantified using ImageJ. For each image, the red fluorescence-positive area was
measured and expressed relative to the total analyzed root-tip area. Three independent biological
replicates were analyzed for each treatment.

Construction of the EGFP-labeled strain and assessment of
persistence in rhizosphere soil
The absence of the egfp gene in wild-type Z1-1031 was first confirmed by PCR. The sensitivity of Z1-
1031 to hygromycin B was evaluated, and 500 µg mL⁻¹ hygromycin B was used for selection of
transformants. Plasmid pTFCM, carrying egfp and a hygromycin-resistance marker, was introduced into
Z1-1031 by Agrobacterium tumefaciens-mediated transformation using strain AGL-1. Following co-
cultivation at 26°C for 48 h, transformants were selected on PDA containing 500 µg mL⁻¹ hygromycin B.
EGFP fluorescence of the resulting strain, Z1-1031-egfp, was examined by fluorescence microscopy. The
plasmid pTFCM and A. tumefaciens AGL-1 were obtained as described in the original study records.
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For the soil-persistence experiment, a Z1-1031-egfp spore suspension was prepared at 1 × 10⁵ CFU mL⁻¹
in sterile deionized water. Each plant received 50 mL of the suspension applied to the rhizosphere soil. A
total of 140 plants were treated and maintained in a greenhouse at 25°C with watering every 2 days.
Rhizosphere soil was sampled at 0, 1, 3, 6, 10, 15, 21, 28, 35, 42, 49, and 56 days after inoculation. Z1-
1031-egfp was recovered on selective medium, and recoverable fungal populations were expressed as
CFU per gram of soil. CFU enumeration was used to assess the persistence and recoverability of viable
Z1-1031 propagules from rhizosphere soil and did not assess physical attachment to root surfaces or
endophytic colonization of root tissues.

Detection of BFA in rhizosphere soil
To determine whether BFA was detectable in rhizosphere soil following fungal inoculation, Z1-1031
spore suspensions were applied to the rhizosphere of P. notoginseng. Soil samples were collected at 7-
day intervals for up to 49 days. Soil extracts were analyzed by liquid chromatography–electrospray
ionization quadrupole time-of-flight mass spectrometry (LC-ESI-QTOF-MS) in positive-ion mode.

BFA was identified by comparison of retention time and the characteristic ion signal with those of an
authentic BFA standard. Uninoculated soil treated with sterile water was analyzed as a control.

Greenhouse treatments and measurement of plant growth
For evaluation of plant responses, strain Z1-1031 was applied to the rhizosphere soil as described
above. BFA was separately applied to the rhizosphere soil at 10 µg mL⁻¹, whereas sterile deionized water
served as the blank control. Plants were maintained in a greenhouse at 25°C and watered every 2 days.
Each treatment comprised three independent plots. At each sampling time, at least ten plants were
randomly selected from each plot for measurement of plant growth traits. Measurements obtained from
individual plants within each plot were averaged to generate one plot-level value, and the plot was
treated as the experimental unit. The same plots were followed throughout the experiment, whereas
different plants were sampled at one and four months because root fresh- and dry-weight
measurements required destructive sampling. Plant survival and growth were assessed after one and
four months. Measurements included plant height, leaf number, leaf fresh weight, shoot fresh weight,
root fresh weight, and root dry weight.

Determination of saponins and antioxidant enzyme
activities
Saponins were extracted from P. notoginseng roots according to the procedure described in the Chinese
Pharmacopoeia (2025 edition) and analyzed using an Agilent 1260 HPLC system equipped with a diode-
array detector. Separation was performed on an Agilent XDB-C18 column (4.6 × 150 mm, 2.7 µm) using
acetonitrile and water as the mobile phases. The acetonitrile gradient was 20–22% from 0 to 20 min, 22–
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46% from 20 to 45 min, 46–55% from 45 to 50 min, and 55–90% from 50 to 53 min. The flow rate was
0.5 mL min⁻¹, the detection wavelength was 203 nm, and the column temperature was maintained at
30°C. Notoginsenoside R1 and ginsenosides Rg1, Re, Rb1, and Rd were quantified using an external-
standard method.

Activities of peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) in root samples were
measured using commercial assay kits (Keming Biotechnology, Suzhou, China) according to the
manufacturer's instructions.

Arsenic transformation assay
To examine arsenic transformation by Z1-1031, 100 µL of a fungal spore suspension (1 × 10⁷ CFU mL⁻¹)
was inoculated into 12 mL of shaking potato–glucose–peptone medium containing 50 mg L⁻¹ As(V),
supplied as Na₂HAsO₄·7H₂O. This corresponded to a nominal initial As(V) amount of 600 µg per culture.
Culture samples were collected after 3, 5, and 10 days.

Total inorganic arsenic and As(III) in the culture broth and fungal biomass were determined using an
atomic fluorescence spectrometer coupled to a hydride-generation system (Aurora, Italy). As(V) was
determined as the difference between total inorganic arsenic and As(III). Arsenic amounts recovered
from the broth and fungal biomass are reported as µg per culture in Table 3.

Metal biosorption assay
The biosorption of Cd(II), As(III), Cu(II), and Pb(II) by strain Z1-1031 was evaluated in liquid fungal
cultures. Each metal was supplied separately at a final concentration of 50 mg L⁻¹ using CdCl₂·2.5H₂O,
As₂O₃, CuSO₄, or Pb(NO₃)₂, respectively. Uninoculated medium containing the corresponding metal
served as the abiotic control, and three independent cultures were prepared for each treatment. Cultures
were incubated under shaking conditions for 48 h.

After incubation, the cultures were centrifuged, and 3 mL of the resulting supernatant was mixed with 3
mL concentrated HNO₃ and diluted to a final volume of 45 mL with deionized water. Residual metal
concentrations in the supernatants were determined by inductively coupled plasma mass spectrometry
(ICP-MS) by an external analytical service. Fungal biomass was collected and its dry weight was
determined for normalization of metal uptake. Biosorption capacity was expressed as mmol kg⁻¹ dry
biomass and calculated from the decrease in dissolved metal concentration using q = (C0-Ce)V/m, where
C0 and Ce are the initial and residual metal concentrations, respectively, V is the culture volume, and m is
the fungal dry biomass.

Determination of metal concentrations in cultivation soil
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To examine changes in soil metal concentrations following fungal treatment, strain Z1-1031 was applied
to P. notoginseng cultivation soil as described above, while soil receiving sterile deionized water served
as the blank control. Rhizosphere soil samples were collected from three independent plots per
treatment after one and four months. Soil samples were air-dried, finely ground, and prepared for metal
analysis following the procedure described by Ou et al. (2016). Briefly, 0.25 g of each soil sample was
digested with 10 mL HCl and 0.5 mL HClO₄ and subsequently diluted with 10 mL distilled water. Cd, Pb,
and Cu were quantified by atomic absorption spectrometry, whereas As was determined by hydride-
generation atomic fluorescence spectrometry. Metal analyses were performed by an external analytical
laboratory, and concentrations are expressed as mg kg⁻¹ dry soil. Three independent plot-derived soil
samples were analyzed for each treatment and sampling time.

Statistical analysis
Data are presented as mean ± standard deviation (SD), unless otherwise indicated. For plant
experiments, each treatment consisted of three independent plots. At each sampling time,
measurements obtained from at least ten plants within each plot were averaged to generate one plot-
level value, and the plot was treated as the experimental unit (n = 3 plots per treatment). The same plots
were followed at one and four months, although different plants were sampled at the two time points for
destructive measurements.

For variables measured at both one and four months, treatment, time, and the treatment × time
interaction were analyzed using a linear mixed-effects model, with treatment and time as fixed effects
and plot nested within treatment as a random effect. When significant effects were detected, pairwise
comparisons among treatments at each sampling time were performed with Tukey adjustment for
multiple comparisons. Single-factor experiments were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s multiple-comparison test when appropriate. Percentage outcomes,
including plant survival and PI-positive area, were analyzed on the original percentage scale at the
corresponding plot or biological-replicate level. Model residuals were examined for approximate
normality and homogeneity of variance. Differences were considered statistically significant at P < 0.05.

The CFU time-course data were used descriptively to assess persistence of Z1-1031 in rhizosphere soil
and were not subjected to inferential comparisons among sampling times.

Results

Taxonomic and morphological characteristics of strain Z1-
1031
Strain Z1-1031 was previously reported as a Panax notoginseng-associated Penicillium strain, with its ITS
sequence deposited in GenBank under accession number KU360251 (Xie et al. 2017). Subsequent
characterization assigned the strain to P. janthinellum (Xie et al. 2018).
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On potato dextrose agar (PDA), strain Z1-1031 formed nearly circular colonies with a dark-green surface,
loose floccose mycelia, and a yellow reverse (Fig. 1A). Microscopic examination showed relatively long
and robust conidiophores arising from aerial hyphae, with smooth walls and septate structures (Fig. 1B).
These morphological characteristics were consistent with those previously described for P. janthinellum
(Matsukuma et al. 1994). Based on the previously deposited ITS sequence, earlier taxonomic
characterization, and the morphological characteristics observed here, the strain is referred to as P.
janthinellum Z1-1031 throughout this study.

Isolation and structural identification of brefeldin A
To characterize the major secondary metabolite produced by strain Z1-1031, the fermented material was
extracted and subjected to chromatographic separation. A major compound was purified and
characterized by 1H NMR, 13C NMR, and HR-ESI-MS. Its spectroscopic characteristics were consistent
with published data for brefeldin A (BFA) (Wang et al. 2007). The chemical structure of the identified
compound is shown in Fig. 1C, and detailed NMR data are provided in Table S1. Thus, BFA was identified
as a major metabolite produced by P. janthinellum Z1-1031 under the culture conditions used in this
study.

In vitro antifungal activity of brefeldin A against Fusarium solani

The antifungal activity of purified BFA was evaluated against F. solani, a fungal pathogen associated with
root rot of P. notoginseng. BFA inhibited the growth of F. solani in a concentration-dependent manner
(Fig. 2). Compared with the untreated control, BFA at 20 µg mL⁻¹ reduced fungal growth by
approximately 15.5% (P < 0.05). The inhibition increased to approximately 47.1% and 71.8% at 200 and
1000 µg mL⁻¹, respectively (P < 0.001), demonstrating a clear concentration-dependent antifungal effect
(Fig. 2).

The activity of BFA was also compared with G418 and imazalil at 2 µg mL⁻¹. Both positive controls
inhibited F. solani growth, while increasing concentrations of BFA produced progressively greater
inhibition (Fig. 2). These results establish a concentration-dependent in vitro antifungal activity of BFA
against F. solani.

Concentration-dependent effects of brefeldin A on P. notoginseng root-tip cells

The effects of BFA on P. notoginseng root-tip cells were evaluated by propidium iodide (PI) staining, in
which increased red fluorescence indicates loss of plasma-membrane integrity. Root tips exposed to low
BFA concentrations showed relatively weak PI fluorescence, whereas progressively stronger signals
were observed at higher concentrations (Fig. 3).

At 20 and 50 µg mL⁻¹ BFA, the PI-positive area accounted for approximately 8.6% and 9.7% of the
analyzed root-tip area, respectively, whereas little PI-positive area was detected in the untreated control.
The PI-positive proportion increased to approximately 20.5% at 200 µg mL⁻¹ and further increased to
approximately 33.8% and 56.2% at 1000 and 5000 µg mL⁻¹, respectively. These quantitative data,
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together with the fluorescence images, demonstrate a concentration-dependent increase in membrane
damage at higher BFA concentrations.

Persistence of strain Z1-1031 and detection of BFA in
rhizosphere soil
Before construction of the EGFP-labeled strain, the sensitivity of wild-type Z1-1031 to hygromycin B was
evaluated. Fungal growth was progressively inhibited with increasing hygromycin B concentrations and
was markedly suppressed at 500–600 µg mL⁻¹ (Fig. S1). Therefore, 500 µg mL⁻¹ hygromycin B was used
for transformant selection. An EGFP-labeled strain, Z1-1031-egfp, was subsequently constructed. The
egfp gene was detected in the transformed strain but not in wild-type Z1-1031, and fluorescence
microscopy showed a clear green fluorescent signal in Z1-1031-egfp (Fig. S2).

Following inoculation into P. notoginseng rhizosphere soil, viable Z1-1031-egfp could be recovered on
PDA containing hygromycin B. The recoverable population decreased from approximately 1.0 × 10⁵ CFU
g⁻¹ soil immediately after inoculation to approximately 1.0 × 10⁴ CFU g⁻¹ soil during the first 15 days.
Thereafter, the population declined more slowly and remained detectable at approximately 10³–10⁴ CFU
g⁻¹ soil throughout the 56-day observation period (Fig. 4). These data show that viable Z1-1031 persisted
in the rhizosphere soil for at least 56 days under the experimental conditions.

LC-ESI-QTOF-MS was subsequently used to determine whether BFA could be detected in rhizosphere soil
following Z1-1031 inoculation. No corresponding BFA signal was detected in uninoculated control soil
(Fig. S3B), whereas a peak matching the BFA reference standard was detected in Z1-1031-treated
rhizosphere soil at day 49 (Fig. S3C). The detected ion at m/z 303.1584 and its retention time were
consistent with those of the BFA standard (Fig. S3A). Thus, BFA was detectable in rhizosphere soil 49
days after inoculation with strain Z1-1031.

Effects of Z1-1031 and BFA on P. notoginseng growth

The effects of Z1-1031 and BFA on P. notoginseng performance were evaluated after one and four
months of treatment (Tables 1 and 2). After one month, plant survival was 85.69%, 89.79%, and 87.14%
in the control, Z1-1031, and BFA groups, respectively (Table 1). Several growth parameters were higher
following Z1-1031 treatment. Leaf number increased from 20.33 ± 0.47 in the control to 27.67 ± 1.70
following Z1-1031 treatment. Leaf fresh weight increased from 2.13 ± 0.12 to 4.50 ± 0.40 g, shoot fresh
weight from 3.93 ± 0.74 to 6.53 ± 0.37 g, root fresh weight from 9.46 ± 1.04 to 13.60 ± 0.43 g, and root dry
weight from 2.37 ± 0.25 to 3.40 ± 0.20 g (Table 1). BFA treatment also increased some growth
measurements during the first month, although the magnitude and statistical significance varied among
parameters.

After four months, survival was 53.22 ± 3.07% in the Z1-1031 treatment compared with 39.26 ± 4.18% in
the control (Table 2). Root fresh weight and dry weight in the Z1-1031 group reached 15.00 ± 0.81 and
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5.27 ± 0.45 g, respectively, and were higher than the corresponding control values. In contrast, BFA
treatment alone did not significantly alter survival or most growth parameters at four months.

Overall, Z1-1031 treatment was associated with sustained increases in several growth-related traits,
particularly root biomass, whereas the effects observed with BFA alone were mainly evident during the
earlier sampling period.

Effects of Z1-1031 and BFA on saponin contents
The concentrations of major saponins in P. notoginseng roots were determined after treatment with Z1-
1031 or BFA (Fig. S4). After one month, ginsenoside Rg1 content reached 4.82% in the Z1-1031 group
compared with 2.22% in the control, corresponding to an approximately 117% increase. This difference
was significant at the first sampling point but was no longer evident after four months. Among the
saponin outcomes shown in Fig. S4, the transient increase in Rg1 at one month was the only significant
treatment-associated change. The combined content of the five measured saponins, comprising
notoginsenoside R1 and ginsenosides Rg1, Re, Rb1, and Rd, did not differ significantly among treatments
at either sampling time. Thus, the effect on saponin accumulation was most evident as a transient
increase in Rg1 rather than a sustained increase in total measured saponins.

Effects of Z1-1031 and BFA on antioxidant enzyme
activities
The activities of POD, SOD, and CAT were measured in P. notoginseng roots following treatment with Z1-
1031 or BFA (Fig. 5). Z1-1031 treatment increased the activities of all three antioxidant enzymes relative
to the untreated control. At one month, POD, SOD, and CAT activities were approximately 3.5-, 2.3-, and
3.1-fold those of the control, respectively. At four months, the corresponding activities remained
approximately 3.2-, 2.4-, and 3.3-fold those of the control, respectively.

BFA treatment also increased POD, SOD, and CAT activities during the first month, to approximately 3.4-,
2.4-, and 3.3-fold those of the control, respectively. By four months, however, these responses had
declined markedly, with POD, SOD, and CAT activities corresponding to approximately 1.1-, 1.3-, and 1.4-
fold those of the control, respectively. These results show that both fungal inoculation and BFA exposure
were associated with changes in root antioxidant enzyme activities, with the response to Z1-1031 being
more persistent over the experimental period.

Arsenic transformation by strain Z1-1031
Arsenic speciation and recovery in the culture system were analyzed to characterize the interaction
between Z1-1031 and inorganic arsenic (Table 3). In the uninoculated control, arsenic remained
predominantly as As(V) throughout the incubation period.

In cultures containing Z1-1031, both As(V) and As(III) were detected in the broth. After five days, As(V)
and As(III) accounted for approximately 52.6% and 47.4%, respectively, of dissolved arsenic. By day 10,
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As(III) accounted for approximately 99.7% of the dissolved arsenic, indicating extensive reduction of
As(V) to As(III).

Arsenic associated with fungal biomass was detected predominantly as As(V), whereas As(III) was not
detected in the mycelial fraction. The measured total arsenic recovered from the broth and fungal
biomass at the end of the experiment was approximately 27.4% lower than the initial amount.

These results demonstrate substantial transformation of As(V) to As(III) in the presence of Z1-1031. The
decrease in recovered arsenic indicates an incomplete arsenic mass balance under the experimental
conditions; the fate of the unrecovered fraction cannot be determined from the present data.

Metal biosorption by strain Z1-1031 and changes in soil
metal concentrations
The biosorption capacity of Z1-1031 toward Cd, As, Cu, and Pb was evaluated under laboratory
conditions (Fig. 6). Among the four metals tested, the highest biosorption capacity was observed for Cd
(104 mmol kg⁻¹ dry biomass), followed by As, Cu, and Pb, with Pb showing the lowest value (25.4 mmol
kg⁻¹). These results demonstrate that Z1-1031 can bind multiple metals under the assay conditions,
although the extent of biosorption differed among metals.

Changes in metal concentrations were monitored in P. notoginseng cultivation soil following Z1-1031
treatment (Fig. 7). After one month, the concentrations of As, Cd, Pb, and Cu in Z1-1031-treated soil were
25.33, 0.16, 32.68, and 12.01 mg kg⁻¹, respectively, compared with 49.31, 0.21, 42.40, and 15.17 mg kg⁻¹
in the corresponding blank-control soil. After four months, the concentrations in Z1-1031-treated soil
were 21.33 mg kg⁻¹ As, 0.15 mg kg⁻¹ Cd, 29.28 mg kg⁻¹ Pb, and 11.38 mg kg⁻¹ Cu and remained lower
than those in the corresponding blank controls. These observations indicate that Z1-1031 treatment was
associated with lower measured concentrations of several metals in cultivation soil.

Table 1
Growth responses of Panax notoginseng to strain Z1-1031 or brefeldin A after one month

Treatments Survival
rate (%)

Plant
height
(cm)

No. of
leaves

Leaves
FW(g)

Shoot
FW (g)

Root FW
(g)

Root
DW (g)

Blank
control

85.69 ± 
1.03a

24.78 ± 
0.57a

20.33 ± 
0.47a

2.13 ± 
0.12a

3.93 ± 
0.74a

9.46 ± 
1.04a

2.37 ± 
0.25a

Z1-1031 89.79 ± 
2.63a

26.84 ± 
0.85a

27.67 ± 
1.70b

4.50 ± 
0.40b

6.53 ± 
0.37b

13.60 ± 
0.43b

3.40 ± 
0.20b

BFA 87.14 ± 
3.64a

22.22 ± 
1.60a

25.33 ± 
1.25b

2.95 ± 
0.48a

4.46 ± 
0.41a

12.13 ± 
0.66b

3.03 ± 
0.19b

Values are presented as mean ± SD of three independent plots (n = 3). At least ten plants were randomly
sampled within each plot at each sampling time, and individual plant measurements were averaged to
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obtain one plot-level value. Because root fresh- and dry-weight measurements required destructive
sampling, different individual plants were sampled at one and four months, while the same experimental
plots were followed throughout the experiment. Treatment, time, and the treatment × time interaction
were included as fixed effects in a linear mixed-effects model, with plot nested within treatment as a
random effect. Different lowercase letters within a column indicate significant differences among
treatments at the sampling time based on Tukey-adjusted pairwise comparisons (P < 0.05). FW, fresh
weight; DW, dry weight.

Table 2
Growth responses of Panax notoginseng to strain Z1-1031 or brefeldin A after four months

Treatments Survival
rate (%)

Plant
height
(cm)

No. of
leaf

Leaf
FW(g)

Shoot
FW (g)

Root FW
(g)

Root
DW (g)

Blank
control

39.26 ± 
4.18a

35.67 ± 
2.05a

23.34 ± 
2.36a

4.83 ± 
0.85a

5.60 ± 
0.43a

12.25 ± 
0.87a

3.60 ± 
0.43a

Z1-1031 53.22 ± 
3.07b

37.00 ± 
4.90a

24.01 ± 
2.16a

6.23 ± 
0.33a

5.67 ± 
0.47a

15.00 ± 
0.81b

5.27 ± 
0.45b

BFA 38.10 ± 
2.43a

35.00 ± 
4.24a

24.67 ± 
2.49a

5.00 ± 
0.82a

6.57 ± 
0.33a

12.33 ± 
0.47a

4.07 ± 
0.09a

Values are presented as mean ± SD of three independent plots (n = 3). At least ten plants were randomly
sampled within each plot at each sampling time, and individual plant measurements were averaged to
obtain one plot-level value. Because root fresh- and dry-weight measurements required destructive
sampling, different individual plants were sampled at one and four months, while the same experimental
plots were followed throughout the experiment. Treatment, time, and the treatment × time interaction
were included as fixed effects in a linear mixed-effects model, with plot nested within treatment as a
random effect. Different lowercase letters within a column indicate significant differences among
treatments at the sampling time based on Tukey-adjusted pairwise comparisons (P < 0.05). FW, fresh
weight; DW, dry weight.
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Table 3
Arsenic speciation and recovered arsenic amounts during incubation with strain Z1-1031

Samples 0 d

Arsenic
amount (µg
culture⁻¹)

3 d

Arsenic amount
(µg culture⁻¹)

5 d

Arsenic amount
(µg culture⁻¹)

10 d

Arsenic amount
(µg culture⁻¹)

Arsenic
speciation

As(V)
As(III)

As(V) As(III) As(V) As(III) As(V) As(III)

Medium + As
(uninoculated
control)

600 ± 0.02
ND

598.24 
± 9.60

ND 590.24 
± 7.60

ND 590.33 
± 8.50

ND

Medium + As + 
Z1-1031 (broth)

599 ± 0.05
ND

402 ± 
8.66

134.32 
± 9.67

259.78 
± 10.66

234.32 
± 19.67

1.20 ± 
0.20

424.67 
± 11.47

Medium + As + 
Z1-1031 (fungal
biomass)

NA NA 2.24 ± 
0.09

ND 5.07 ± 
0.19

ND 9.24 ± 
0.23

ND

Quantifiable values are expressed as µg culture⁻¹ and are presented as mean ± SD of three independent
culture experiments (n = 3). NA, not applicable; ND, not detected. Values represent the recovered
amounts of As(V) and As(III) in the culture broth or fungal biomass. For inoculated cultures, total
recovered arsenic at each sampling time was calculated as the sum of As(V) and As(III) detected in the
broth and fungal biomass.

Discussion
The present study investigated the previously characterized Panax notoginseng-associated fungus
Penicillium janthinellum Z1-1031 and examined several biological activities relevant to plant performance
and the rhizosphere environment. Inoculation with Z1-1031 was associated with improved plant survival
and biomass, increased activities of antioxidant enzymes, and a transient increase in ginsenoside Rg1.
The strain remained recoverable from rhizosphere soil for an extended period, and BFA was detected in
the soil after fungal inoculation. Purified BFA inhibited Fusarium solani in vitro, whereas Z1-1031 also
exhibited metal biosorption and arsenic transformation capacities under laboratory conditions. In
cultivation soil, Z1-1031 inoculation was associated with lower measured concentrations of As, Cd, Pb,
and Cu than the corresponding blank controls. Taken together, these observations indicate that Z1-1031
possesses multiple biological activities of potential relevance to P. notoginseng cultivation. Importantly,
however, these activities represent distinct experimental observations and should not be interpreted as
evidence for a single BFA-mediated mechanism or as proof of disease control or heavy-metal
detoxification under cultivation conditions.

Growth responses of P. notoginseng to Z1-1031
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Inoculation with Z1-1031 improved several growth-related parameters of P. notoginseng, including plant
survival and root biomass. Such responses are consistent with the broader ability of plant-associated
fungi to influence host growth and stress adaptation. Beneficial microorganisms may affect plant
performance through nutrient mobilization, modification of the rhizosphere environment, production of
bioactive metabolites, or changes in host physiological responses (Khan et al. 2008; Viterbo et al. 2010;
Lugtenberg and Kamilova 2009). More broadly, plant-associated microbiota are increasingly regarded as
functional components of plant performance rather than passive inhabitants of the rhizosphere (Berg et
al. 2020; Trivedi et al. 2020).

Persistence in the rhizosphere is likely to be important for any sustained effect of an introduced
microorganism. Z1-1031 remained recoverable from rhizosphere soil throughout the 56-day observation
period, although its population declined rapidly during the early period before reaching a relatively stable
level. Long-term persistence in the root-associated environment has been reported for several beneficial
plant-associated fungi. Such persistence may be important for sustained effects on nutrient acquisition,
host physiology, or stress responses (Baron and Rigobelo 2022; Compant et al. 2021; Qin et al. 2024). In
the present study, however, recovery of Z1-1031 was assessed by CFU enumeration from rhizosphere
soil. The data therefore demonstrate persistence of recoverable Z1-1031 populations in the rhizosphere,
rather than direct colonization of root tissues or attachment to root surfaces.

The mechanisms responsible for the observed growth responses remain unresolved. Although BFA was
detected in the rhizosphere following Z1-1031 inoculation, the present experiments do not demonstrate
that BFA mediates plant growth promotion. Other fungal metabolites, changes in nutrient availability, or
indirect effects on the rhizosphere environment could also contribute. Accordingly, the growth-promoting
phenotype should presently be regarded as an effect associated with Z1-1031 inoculation rather than as
a BFA-dependent response.

In vitro antifungal activity of BFA and its detection in the
rhizosphere
A prominent finding of this study was the antifungal activity of BFA against F. solani. Purified BFA
inhibited fungal growth in a concentration-dependent manner. At 20 µg mL⁻¹, fungal growth was already
reduced, and substantially stronger inhibition was observed at 200 and 1000 µg mL⁻¹. These findings
demonstrate concentration-dependent in vitro antifungal activity of BFA against this P. notoginseng-
associated pathogen. Production of antimicrobial secondary metabolites is a well-established
mechanism by which plant-associated fungi can antagonize competing or pathogenic microorganisms
(Akram et al. 2023; Dasila et al. 2024; Wang et al. 2007; Wen et al. 2022).

The ecological relevance of this observation is strengthened by the detection of BFA in rhizosphere soil
following inoculation with Z1-1031. Together, these experiments provide three related but distinct
observations: Z1-1031 remained recoverable from rhizosphere soil, BFA was detected in the inoculated
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rhizosphere, and purified BFA inhibited F. solani in vitro. These findings support BFA as one candidate
metabolite contributing to the antagonistic potential of Z1-1031.

Nevertheless, the present evidence does not establish BFA as the causal mediator of root-rot
suppression in planta. The concentration of BFA achieved at microsites within the rhizosphere was not
quantified and therefore could not be directly related to the in vitro concentration–response data. More
importantly, the current study did not include a plant infection experiment comparing pathogen-only and
pathogen-plus-Z1-1031 treatments. Therefore, the data support the in vitro antifungal activity of BFA and
its detection in rhizosphere soil, but not a conclusion that either BFA or Z1-1031 controls F. solani root rot
in planta. This distinction is important because pathogen suppression in the rhizosphere can additionally
depend on microbial competition, spatial interactions, metabolite stability, and interactions with resident
microbial communities (Jayaraman et al. 2021; Rasool et al. 2025).

The PI-staining experiment further provides information on the response of P. notoginseng root-tip cells
to BFA over the tested concentration range. Relatively limited PI-positive staining was observed at the
lower concentrations, whereas membrane damage increased markedly at higher concentrations. These
data indicate a concentration-dependent response of root-tip tissues to BFA. They should not, however,
be interpreted as a comprehensive safety assessment. BFA is a biologically active fungal metabolite, and
the present experiment should not be regarded as a comprehensive safety assessment. BFA
concentrations in medicinal roots and above-ground tissues, transformation products, degradation
kinetics, and chronic phytotoxicity were not evaluated. Consumer exposure therefore cannot be
assessed from the present data. These issues would need to be resolved before practical application of
a BFA-producing strain could be considered.

Antioxidant responses and changes in ginsenoside
accumulation
Z1-1031 inoculation was accompanied by marked increases in POD, SOD, and CAT activities in P.
notoginseng roots. BFA treatment also increased these enzyme activities, particularly during the earlier
sampling period, although the responses were less persistent than those observed following fungal
inoculation. SOD, POD, and CAT are major components of the enzymatic antioxidant system that
contributes to maintenance of cellular redox homeostasis under environmental and biological stress
(Barna et al. 2012; Gill and Tuteja 2010). Similar enhancement of antioxidant capacity following
inoculation with beneficial fungi has been observed in other plant–microbe systems (Bashir et al. 2026;
Hossain et al. 2007; Zheng et al. 2024).

The present results therefore indicate that Z1-1031 and BFA can alter the antioxidant status of P.
notoginseng. However, increased antioxidant enzyme activity alone does not establish activation of a
specific defense-signaling pathway. Previous studies have linked beneficial fungal interactions to
jasmonate, salicylate, ROS, and other defense-related signaling processes (Hossain et al. 2007; Zheng et
al. 2024). These pathways were not examined in the present study. Consequently, the observed
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increases in POD, SOD, and CAT should be interpreted as physiological responses associated with Z1-
1031 or BFA treatment, rather than direct evidence for activation of JA-, SA-, or ROS-dependent signaling.

A second physiological response was the transient alteration of ginsenoside accumulation. Z1-1031
significantly increased Rg1 content during the early cultivation period, whereas the difference was no
longer significant at the later sampling point. Total measured saponins showed only modest changes.
This temporal pattern is noteworthy because it argues against a generalized and sustained
enhancement of ginsenoside production. Instead, Z1-1031 appears to have influenced the accumulation
of at least one ginsenoside during an early phase of the plant–fungus interaction.

Microbial regulation of secondary metabolism in medicinal plants has been increasingly recognized.
Endophytic and rhizospheric microorganisms can be associated with changes in host secondary
metabolites, and fungal elicitors have been reported to influence expression of genes involved in
ginsenoside biosynthesis (Dang et al. 2021; Ma et al. 2023; Xie et al. 2023; Ye et al. 2021). In Panax
systems, microbial interactions and nutrient availability can also alter ginsenoside composition (Mu et
al. 2024). Recent work further supports a close relationship between Panax rhizosphere processes and
regulation of secondary metabolism (Liu 2026).

Nevertheless, the present study did not measure expression of ginsenoside-biosynthetic genes,
precursor flux, phytohormones, or nutrient-mediated signaling. The increase in Rg1 therefore cannot
presently be assigned to a specific metabolic pathway. The most conservative interpretation is that Z1-
1031 inoculation was associated with an early increase in Rg1 accumulation, providing a basis for future
investigation of fungal regulation of secondary metabolism in P. notoginseng.

Metal biosorption, arsenic transformation, and changes in
soil metal concentrations
Z1-1031 also displayed interactions with several metal(loid)s. In laboratory assays, the fungal biomass
adsorbed Cd, As, Cu, and Pb, with the greatest biosorption capacity observed for Cd. Fungal cell walls
contain multiple metal-binding functional groups, and biosorption by fungal biomass is a well-
established physicochemical process contributing to interactions between fungi and environmental
metals (Gadd 2010; Mishra et al. 2017). The present data therefore demonstrate an intrinsic metal-
binding capacity of Z1-1031, although the relative contribution of this process under cultivation
conditions remains to be established.

The arsenic experiment requires a separate interpretation. Z1-1031 caused extensive transformation of
As(V) to As(III) in the culture broth, with As(III) becoming the predominant dissolved species at the later
sampling point. This demonstrates a strong capacity of Z1-1031 to alter arsenic speciation. However,
reduction of As(V) to As(III) should not be interpreted as arsenic detoxification. Arsenic speciation
strongly influences its mobility, bioavailability, and toxicity, and As(III) is generally considered more
mobile and toxic than As(V). Microbial transformations can therefore either decrease or increase
environmental risk depending on the surrounding physicochemical and biological context (Su et al. 2011;
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Turpeinen et al. 2002). More broadly, arsenic transformation within the soil–rhizosphere–plant system is
complex, and changes in chemical form alone do not demonstrate remediation (Fitz and Wenzel, 2002).

The decrease in total arsenic recovered from the culture system raises an additional question. One
possible explanation is microbial volatilization, as proposed for some arsenic-transforming
microorganisms. However, volatile arsenic species were not directly collected or quantified in the
present study, and a complete arsenic mass balance was not established. The decrease in recoverable
arsenic should therefore be described as consistent with an unmeasured loss process, rather than
evidence for volatilization.

At both sampling points, Z1-1031-treated cultivation soil showed lower measured concentrations of As,
Cd, Pb, and Cu than the corresponding blank controls. The laboratory biosorption results show that Z1-
1031 can bind these metals under defined conditions. However, these experiments do not establish
fungal biosorption as the cause of the lower metal concentrations observed in cultivation soil.
Processes including immobilization, redistribution among soil fractions, leaching, plant uptake, and other
microbial transformations were not independently quantified.

This distinction is particularly important for arsenic. Current research shows that microbial and
mycorrhizal interactions can substantially alter As speciation, mobility, plant uptake, and antioxidant
responses, but evaluating genuine risk reduction requires measurements beyond total soil concentration
alone (Hao et al. 2024). Accordingly, the present results support the conclusion that Z1-1031 alters
arsenic speciation and is associated with decreases in measured soil metal concentrations, rather than
the stronger claim that the strain detoxifies heavy metals or renders P. notoginseng safer for medicinal
use.

Biological significance and study limitations
Taken together, within the boundaries of the experimental design, Z1-1031 exhibited several
experimentally distinguishable activities relevant to P. notoginseng cultivation. The strain remained
recoverable from rhizosphere soil and was associated with improved plant growth, increased antioxidant
enzyme activities, and a transient increase in Rg1. Separately, Z1-1031 produced BFA with in vitro
antifungal activity, exhibited metal-binding capacity, altered arsenic speciation, and was associated with
lower measured soil metal concentrations. These findings are consistent with the broader view that
plant-associated microorganisms can influence plant growth, stress responses, secondary metabolism,
and rhizosphere chemistry through multiple parallel processes rather than through a single dominant
mechanism (Berg et al. 2020; Compant et al. 2021; Trivedi et al. 2020).

Several limitations define the scope of these conclusions. First, although BFA inhibited F. solani in vitro
and was detected in inoculated rhizosphere soil, no pathogen-challenge experiment was conducted in
plants; therefore, in planta biocontrol of root rot has not been demonstrated. Second, CFU recovery
demonstrates persistence of Z1-1031 in rhizosphere soil but does not directly demonstrate attachment
to root surfaces or colonization of root tissues. Third, the greenhouse experiments comprised three
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independent plots per treatment. Although at least ten plants were sampled within each plot at each
sampling time to obtain representative plot-level estimates, the number of independent experimental
units remained n = 3 per treatment. This limited plot-level sample size reduces statistical power for
detecting modest treatment effects and should be considered when interpreting nonsignificant
comparisons. Fourth, the signaling pathways underlying the antioxidant and ginsenoside responses were
not investigated, and the observed physiological changes therefore cannot be assigned to specific
molecular mechanisms. Fifth, although arsenic transformation was demonstrated, volatile arsenic
species were not quantified and a complete arsenic mass balance was not established. Arsenic mobility
and bioavailable fractions in cultivation soil were also not determined, and metal concentrations and
speciation in P. notoginseng tissues were not measured. Consequently, the present data cannot establish
reduced metal exposure of the medicinal material or reduced environmental risk. Finally, BFA residues in
medicinal roots and its broader safety in the plant–soil system were not evaluated; therefore, the safety
of applying a BFA-producing strain cannot yet be concluded.

Future studies should first establish in planta efficacy through direct pathogen-challenge experiments
and quantify BFA in rhizosphere soil and plant tissues. Additional work should determine the root
association of Z1-1031, the mobility, bioavailability, speciation, and plant accumulation of relevant
metal(loid)s, and the mass balance of arsenic transformation. These studies will be necessary to
determine which of the phenotypes identified here translate into reproducible agronomic benefits and
whether Z1-1031 can be considered for practical application in P. notoginseng cultivation.

Conclusions
This study demonstrates that Penicillium janthinellum Z1-1031 is a Panax notoginseng-associated fungus
with multiple biological activities relevant to P. notoginseng cultivation. Inoculation with Z1-1031 was
associated with improved plant survival and growth, increased activities of the antioxidant enzymes SOD,
POD, and CAT, and a transient increase in ginsenoside Rg1 content. The strain remained recoverable
from rhizosphere soil, where brefeldin A (BFA), identified as a major metabolite of Z1-1031, was detected
after inoculation. Purified BFA exhibited concentration-dependent in vitro antifungal activity against
Fusarium solani. Z1-1031 also showed biosorption capacity toward several metals, transformed As(V) to
As(III) under laboratory conditions, and its inoculation was associated with lower measured
concentrations of As, Cd, Pb, and Cu in cultivation soil than in the corresponding blank controls.
Collectively, these findings characterize Z1-1031 as a plant-associated fungus displaying multiple plant-
growth-related, antifungal, antioxidant-response-associated, and metal-interacting phenotypes. However,
further studies are required to establish its efficacy against root rot in planta, determine the fate and
safety of BFA in the plant–soil system, and clarify the environmental consequences of arsenic
transformation and altered soil metal concentrations before practical agricultural application can be
considered.
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Figure 1

Morphological images of P. janthinellum Z1-1031 and chemical structure of metabolite BFA. (A) colony
on PDA; (B) conidia ×100; (C) chemical structure of BFA.
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Figure 2

In vitro antifungal activity of brefeldin A (BFA) against Fusarium solani. Fungal growth was evaluated by
measuring OD values after treatment with different concentrations of BFA: (0) 0, (1) 20, (2) 200, and (3)
1000 μg mL⁻¹. G418 (2 μg mL⁻¹) and Imazalil (2 μg mL⁻¹) were used as positive controls. Data are
presented as mean ± standard deviation (SD) from three independent experiments. Statistical
significance between the control and treatment groups was analyzed using one-way ANOVA followed by
Tukey’s multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 3

Effects of BFA on membrane integrity of Panax notoginseng root-tip cells as assessed by propidium
iodide (PI) staining. (A) Representative PI staining images of P. notoginseng apical root cells after
treatment with different concentrations of BFA: (a) 0 μg·mL⁻¹ (control), (b) 20 μg·mL⁻¹, (c) 50 μg·mL⁻¹, (d)
200 μg·mL⁻¹, (e) 1000 μg·mL⁻¹, (f) 5000 μg·mL⁻¹. Red fluorescence indicates PI-positive cells with
damaged plasma membranes. (B) Quantitative analysis of PI-positive cells in P. notoginseng root tips
under different BFA concentrations. The percentage of PI-positive cells was quantified using ImageJ by
calculating the ratio of red fluorescence area to the total root tip area. Data are presented as mean ± SD
of three independent biological replicates (n = 3). Differences among BFA concentrations were analyzed
by one-way ANOVA followed by Tukey’s multiple-comparison test.
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Figure 4

Survival dynamics of strain Z1-1031-egfp in rhizosphere soil after inoculation. Colony-forming units
(CFU g⁻¹ soil) were quantified at the indicated time points to monitor persistence of the EGFP-labelled
strain. Data are presented as mean ± SD of three independent experiments.

Figure 5
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Effects of strain Z1-1031 and brefeldin A (BFA) on antioxidant enzyme activities in roots of Panax
notoginseng. Activities of peroxidase (POD), superoxide dismutase (SOD), and catalase (CAT) were
measured after one and four months of treatment. Data are presented as mean ± standard deviation
(SD) of three independent plots (n = 3). For each enzyme, treatment, time, and the treatment × time
interaction were analyzed using a linear mixed-effects model with plot nested within treatment as a
random effect. Pairwise comparisons among treatments at each sampling time were adjusted using
Tukey’s method. Asterisks indicate significant differences from the corresponding blank control at the
same sampling time (*P < 0.05, **P < 0.01, ***P < 0.001).

Figure 6

Biosorption capacity of strain Z1-1031 toward different heavy metals. The biosorption of Cd, As, Cu,
and Pb by strain Z1-1031 was determined after incubation with fungal biomass. Biosorption capacity is
expressed as mmol kg⁻¹ dry weight (dw). Data are presented as mean ± SD of three independent culture
experiments (n = 3).
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Figure 7

Changes in soil metal concentrations following treatment with strain Z1-1031. Concentrations of
arsenic (As), cadmium (Cd), lead (Pb), and copper (Cu) were determined in blank-control and Z1-1031-
treated cultivation soils after one and four months. Metal concentrations are expressed as mg kg⁻¹ dry
soil. Data are presented as mean ± standard deviation (SD) of three independent plots (n = 3). For each
metal, treatment, time, and the treatment × time interaction were analyzed using a linear mixed-effects
model with plot nested within treatment as a random effect. Pairwise comparisons between the blank
control and Z1-1031 treatment at each sampling time were adjusted for multiple comparisons. Asterisks
indicate significant differences at the sampling time (*P < 0.05, **P < 0.01, ***P < 0.001).
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