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Abstract: Conidia fusion (CF) is a commonly observed structure in fungi. However, it has not been
systematically studied. This study examined 2457 strains of nematode-trapping fungi (NTF) to
explore the species specificity, physiological period, and physiological significance of CF. The results
demonstrated that only six species of Arthrobotrys can form CF among the sixty-five tested NTF
species. The studies on the model species Arthrobotrys oligospora (DL228) showed that CF occurred in
both shed and unshed plus mature and immature conidia. Additionally, the conidia fusion rate (CFR)
increased significantly with the decrease of nutrient concentration in habitats. The studies on the
conidia fusion body (CFB) produced by A. oligospora (DL228) revealed that the more conidia contained
in the CFB, the faster and denser the mycelia of the CFB germinated in weak nutrient medium and
soil plates. On the one hand, rapid mycelial extension is beneficial for the CFB to quickly find new
nutrient sources in habitats with uneven nutrient distribution. On the other hand, dense mycelium
increases the contact area with the environment, improving the nutrient absorption efficiency, which
is conducive to improving the survival rate of conidia in the weak nutrient environment. In addition,
all species that form CF produce smaller conidia. Based on this observation, CF may be a strategy to
balance the defects (nutrient deficiency) caused by conidia miniaturization.

Keywords: conidia fusion body; environmental adaptation; nematode-trapping fungi; nutrient
concentration; Orbiliomycetes

1. Introduction

Soil is the largest repository of microorganisms in nature, hosting billions of microor-
ganisms per gram [1,2]. However, the survival resources contained in the soil are limited,
especially the essential nutrients for microbial survival, which are scarce and unevenly
distributed [3]. In this situation, soil microorganisms face enormous nutritional competition
pressure, especially for those single-cell microorganisms and the propagules of multicellu-
lar microorganisms that are relatively independent and carry fewer nutrients [4-6]. Under
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these circumstances, microorganisms have evolved various structures to adapt to such
nutrient-poor soil environments [5-10].

Conidia fusion (CF) is a phenomenon where conidia form tube-like structures to
connect multiple originally independent conidia into a single entity [11-13]. This struc-
ture has been described in over 70 fungal species, and its physiological significance
has been explored to varying degrees in species such as Colletotrichum lindemuthianum,
Fusarium oxysporum, Neurospora crassa, and Epichloe festucae [14,15] since its first report by
Tulasne et al. in 1863 [16]. Roca et al. (2003) proposed that the physiological significance of
CF may be to facilitate nuclear exchange between multiple originally independent conidia
by connecting them [17], and the process of the nuclear exchange between fused conidia
was confirmed by Ishikawa et al. (2010) using confocal microscopy live cell imaging and
fluorescence chromo-genesis techniques [18]. In addition, many studies have shown that
the formation of CF is obviously species specificity and closely related to the nutrient
content and composition of the habitat [19-22]. For example, the conidia of Colletotrichum
lindemuthianum does not fuse in nutrient-rich medium but only in nutrient-poor water agar
medium [20]; Leptosphaeria coniothyrium, Sclerotinia fructigena, Botrytis sp., and Fusarium sp.
produce more fused conidia in nutrient-poor medium but lower fusions in nutrient-rich
medium [21]; Fusarium oxysporum does not fuse in water agar or PDB medium but has
a higher conidia fusion rate (CFR) in 1% PDB + 25 mM NaNO3; medium [22]. Although
the CFR of different species or strains had different responses to the nutrient content and
composition of the habitat, the rule that the CFR was inversely proportional to the nutrient
concentration of the habitat was confirmed for almost all species. Based on the above
research, scholars speculated that another significance of CF might be an adaptation to
nutrient deficiency in the habitat [23]. However, this hypothesis has not been supported by
direct experimental data, and the way CF adapts to nutrient-poor environments is unclear.
Moreover, previous studies have only focused on a few or even a single species in a specific
group of fungi[12,14,17,19,20], resulting in an insufficient understanding of the significance
of CF in the evolution of related groups.

Nematode-trapping fungi (NTF) in Orbiliomycetes are a highly specialized group of
ancient monophyletic fungi that can form various trapping structures to capture nema-
todes [24-26]. Taxonomically, all Orbiliomycetes NTF have been divided into Arthrobotrys
(catches nematodes with adhesive networks), Dactylellina (produces adhesive knobs, ad-
hesive branches, and non-constricting rings), and Drechslerella (captures nematodes using
constricting rings) genera based on their trapping structures according to modern molecu-
lar biology research [27-29]. This group of fungi has become an ideal and key group for
the biological control of parasitic nematodes and for studying fungal adaptive evolution
because of their unique nematode-trapping function and morphological structures [30,31].
Additionally, it also has gradually become a model group for studying fungal physiology
due to its mature research methods, moderate group size (3 genera, 119 species), unique
survival strategy, and diversified morphological structure (predation structure and coni-
dia) [32,33]. CFis also a common structure in NTF. However, CF has not been systematically
studied, except for only two brief studies which indicated that the CFR of A. oligospora
can reach 1%—2% [34,35]. In addition, NTF is an ideal group for the systematic study of
CF because the types of CF in NTF are diverse (two-conidia fusion, three-conidia fusion,
four-conidia fusion, etc.).

Based on the above, this study focuses on NTF and conducts a systematic study on CF
to clarify the species specificity and physiological period, as well as to explore the physio-
logical and evolutionary significance of CE. The results will deepen our understanding of
fungi adaptation strategy and contribute to the in-depth exploration of NTF evolution.
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2. Materials and Methods
2.1. Experimental Materials
2.1.1. Testing Nematode-Trapping Fungi (NTF)

All Orbiliomycetes NTF strains involved in this study were provided by the Germplasm
Resources Center of the Institute of Eastern-Himalaya Biodiversity Research, including
2457 NTF strains (3 genera, 65 species) isolated from soil and freshwater sediment samples
from Yunnan, China (Table S1, Figure S1).

2.1.2. Culture Medium

Corn meal agar (CMA) [36] plates with different nutrient concentrations: Boiling
30g,20g,10 g, and 0 g corn meal in 800 mL of distilled water for 20 min and filtering the
mixtures through four layers of gauze, supplementing the filtrates to 1000 mL with distilled
water, and adjusting the pH to 7.2 using pH meter (Ohaus Instruments Company, Limited,
Shanghai, China), then adding 18 g of agar, respectively. Autoclaving at 121 °C for 30 min
(Dongya Pressing Vessel Manufacturing Company, Limited, Shanghai, China), pouring the
mixtures into 60 mm plates to create CMA plates with nutrient concentrations of 3%, 2%,
10/0, and 0%.

Corn meal liquid medium (CM) with different nutrient concentrations: The prepara-
tion method was the same as the CMA plates above but without agar.

Soil plates: The field soil (1000 g) was collected from a depth of 0-15 cm from the
Agronomy Practice and Teaching Base of Dali University (100°10'30” E, 25°41'04” N). The
large particles in the soil were sieved out using a 20-mesh sieve (Haoquan screen factory,
Shaoxing, China). The remaining soil (500 g) was mixed and autoclaved at 121 °C for
30 min (Dongya Pressing Vessel Manufacturing Company, Limited, Shanghai, China).
Then, 20 g of sterile soil was put in a sterile 60 mm plate and moistened with 3 mL of
sterile water.

2.2. Experimental Methods
2.2.1. Strain Rejuvenation

The testing strains were picked out from the frozen tubes using sterile toothpicks and
incubated on 3% CMA plates at 28 °C in the dark.

2.2.2. Species Specificity of Conidia Fusion (CF)

Screening of CF-formation species: The revived strains were transferred to three
fresh 3% CMA plates with sterile toothpicks and incubated at 28 °C in the dark. Once
they entered the full conidia productive period (from the 4th day after inoculation, a
stereomicroscope was used to observe and rough estimate the conidia number of the
strain every two days, when the conidia number did not increase significantly, it was
the full conidia productive period of the strain. The full conidia productive period of
Arthrobotrys species is usually between the 6th and 10th day, while for Dactylellina and
Drechslerella species it is usually between the 8th and 15th day). The conidia were taped with
1 cm X 1 cm scotch tape to make the temporary slides. These slides were observed under
an ordinary microscope (Optec Instrument Company, Limited, Chongging, China) for the
presence of CF (three slides per plate).

Conidia fusion rate (CFR) of CF-formation species: For each CF-formation species,
three strains were inoculated in 3% CMA medium at 28 °C in the dark (three plates per
strain). When they entered the full conidia productive period (6th-8th day), 1.5 mL sterile
saline solution was added to the plate and the conidia were fully eluted. The conidia
eluent was collected in a 1.5 mL sterile centrifuge tube and centrifuged at 2300 r/min for
5 min. The supernatant fluid was removed and 500 uL concentrated conidia suspension
was retained and mixed thoroughly. Subsequently, 10 uL concentrated conidia suspension
was taken to make temporary slides (three slides per plate) and the total number of conidia
and fused conidia in each slide were counted under a microscope. The CFR of each
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plate = The total number of fused conidia in the three slides/Total number of conidia in the
three slides x 100%. The average CFR of the three plates for each strain is the CFR of the strain.

2.2.3. Physiological Period of CF Formation

A. oligospora (DL228), a model species of NTF [37], and a representative species of CF
was used for subsequent studies.

To clarify whether CF occurred when the conidia are immature or mature, A. oligospora
(DL228) was inoculated on 3% CMA plates at 28 °C in the dark. When the full conidia
productive period (7th day) was reached, the conidia were taped with 1 cm x 1 cm
scotch tape to make temporary slides and observed under a microscope. The presence of
complete septa of the conidia was used as the criterion to determine whether the conidia
were mature [34].

To determine whether the conidia would fuse after shedding from the conidiophores,
A. oligospora (DL228) was inoculated on 3% CMA plates at 28 °C in the dark. When
the full conidia productive period (7th day) was reached, 1.5 mL sterile saline solu-
tion was added to each plate, and the conidia were fully eluted. The conidia eluent
was collected into a sterile centrifuge tube (40 mL). Most conidia fusion bodies (CFBs)
were removed by filtration through eight layers of lens wiping paper and eight layers of
500 mesh gauze. The filtrate was collected and centrifuged at 2300 r/min for 3 min to retain
200 pL concentrated conidia suspension. The original CFR of conidia was counted using
the method in Section 2.2.2. Afterwards, 10 uL concentrated conidia suspensions were
loaded into PCR tubules preloaded with 10 uL of 0%, 1%, 2%, and 3% CM (three tubes per
nutrient concentration), respectively. After incubation for 12 h at 28 °C in the dark, all the
liquid in the tubes was used to make temporary slides, and the CFR was calculated for
each nutrient concentration using the method in Section 2.2.2.

2.2.4. Effect of Nutrient Concentration on CFR

A. oligospora (DL228) was incubated in 0%, 1%, 2%, and 3% CMA plates at 28 °C
in the dark (three plates per nutrient concentration). When they entered the full conidia
productive period (7th day), 1.5 mL sterile saline solution was added to each plate, and the
conidia were fully eluted. The conidia eluent was collected in a 1.5 mL sterile centrifuge
tube and centrifuged at 2300 r/min for 5 min. 500 uL concentrated conidia suspension
was retained and mixed thoroughly. The CFR of A. oligospora (DL228) at each nutrient
concentration was counted using the method described in Section 2.2.2.

2.2.5. Effect of Conidia Number in Conidia Fusion Body (CFB) on the Germination of the CFB

A. oligospora (DL228) was inoculated on 3% CMA plates. Conidia were eluted with
1.5 mL sterile saline solution. 200 puL conidia suspension was dispersed uniformly on the
surface of the 0% CMA plates. The plates were observed under a stereomicroscope. The
single conidium, two-conidia, and three-conidia CFBs were picked out and transferred
to the surface of 0% CMA plates with a sterile inoculating needle and incubated at 28 °C
in the dark, respectively (three plates for each type of CFB). The plates inoculated with
CFBs were upside down on the stage of a stereomicroscope to observe the germination and
growth of the CFBs, and the hypha vein of CFB germination were depicted using a marker
on the bottom of the plate on the third, sixth, and ninth day, respectively.

At the same time, single conidium, two-conidia, and three-conidia CFB were picked
out and transferred to the center of the soil plates using the same methods and incubated at
28 °C in the dark (three plates for each type of CFB). The extension length of the mycelium
of the different CFBs were measured under a stereomicroscope on the sixth and ninth
day, respectively.

2.2.6. Data Management and Analysis

In order to determine the effect of nutrient concentration on the CFR of A. oligospora
(DL228) and the effect of the conidia number contained in the CFB on their germination in
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the soil, the differences between the treatment groups in each dataset were compared in
pairs, respectively, using the following methods (taking the effect of nutrient concentration
on the CFR of A. oligospora (DL228) as an example): (1) SPSS (version 17; SPSS Inc., Armonk,
NY, USA) was used to perform the Shapiro-Wilk test to check the normality of data dis-
tribution. When the p value exceeds 0.05, the dataset conforms to the normal distribution
and vice versa. (2) One-way ANOVA test in SPSS (version 17; SPSS Inc., Armonk, NY,
USA) was used to test the variance homogeneity of the dataset. When the p value exceeds
0.05, the dataset conforms to variance homogeneity and vice versa. (3) For a dataset that
satisfies both normal distribution and homogeneity of variance, the one-way ANOVA was
performed using SPSS (version 17; SPSS Inc., Armonk, NY, USA) to clarify the differences
in the dataset. The Tukey Honest Significance Difference Test (HSD, 5% precision level) in
SPSS (version 17; SPSS Inc., Armonk, NY, USA) was used further to determine the pairwise
differences between treatment groups. GraphPad Prism 7.00 was used to manage the
experimental data and draw the bar charts with mean values and standard deviation (SD).

3. Results
3.1. Species Specificity of Conidia Fusion (CF)

After the screening, six Arthrobotrys species (A. oligospora, A. superba, A. vermicola, A.
musiformis, A. conoides, and A. robusta) among sixty-five tested NTF species produced CF.
The conidia fusion rate (CFR) of different strains of the same species are different, but the
CEFR of A. oligospora is generally higher (3.06% =+ 0.95-8.10% == 1.22) (Figure 1).
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Figure 1. CFR of six CF-formation species. Values are the mean £ SD (1 = 3). The number above the
species name in the horizontal coordinate indicates the strain number. There is only one strain for A.
robusta in our laboratory. The missing strains are labeled with gap.

3.2. Physiological Period of CF

Observations of CF produced by A. oligospora (DL228) showed that CF occurred in both
one-septate and non-septate conidia, indicating that both mature and immature conidia
fused (Figure 2).

Statistical analysis showed that the CFR dataset of conidia after elution, filtration, and
culture for 12 h satisfied both normal distributed (p = 0.587) and variance homogeneity
(p = 0.429). One-way ANOVA results showed that there are significant differences in the
dataset (F (4, 14) = 29, p < 0.0001). The CFRs of all the conidia after elution, filtration,
and culture for 12 h were significantly higher than that without culture (p < 0.0001),
indicating that the conidia also can fuse after shedding. Additionally, the CFR cultured
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in 0% CM medium was significantly higher than in other nutrient concentration media
(p < 0.014) (Figure 3).

! Y. #
3 { { b
= (@ & (b)

Figure 2. CF of A. oligospora (DL228). (a) CF occurred in non-septate conidia; (b) CF occurred in
one-septate conidia. Scale = 20 pm.
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Figure 3. CFR of exfoliated conidia (A. oligospora, DL228) in the liquid media with different nutrient
concentrations. Values are the mean & SD (1 = 3). The capital letters indicate significant differences
among different treatment groups.

3.3. CER of A. oligospora (DL228) Cultured at Different Nutrient Concentrations

The normal distribution and variance homogeneity test showed that the datasets
of CFR of A. oligospora (DL228) cultured in the CMA medium with different nutrient
concentrations met the normal distribution (p = 0.055) and chi-squared (p = 0.081). One-way
ANOVA showed that the CFR of A. oligospora (DL228) differed significantly (F (3, 11) = 71,
p <0.0001) at different nutrient concentrations of CMA medium and gradually increased
with the decrease of nutrient concentration. The CFR of A. oligospora (DL228) in 0% CMA
medium had the highest CFR of 10.3 & 0.14% (Figure 4).

3.4. Influence of Conidia Number in Conidia Fusion Body (CFB) on the Germination of CFB

In 0% CMA medium, as the number of conidia contained in the CFB increased, the
mycelium sprouting from the CFB extended more rapidly and densely (Figure 5).

The datasets on the effect of the conidia number contained in the CFB on the extension
of the mycelium in soil (6th and 9th day) were tested to satisfy a normal distribution
(p =0.063, p = 0.166) and variance homogeneity (p = 0.164, p = 0.457). One-way ANOVA
showed that there are significant differences in both datasets on the 6th (F (2, 48) = 14,
p < 0.0001) and 9th day (F (2, 47) = 80, p < 0.0001). At both time points, the mycelial
extension length of three-conidia CFBs was significantly greater than the two-conidia CFBs
(p < 0.0001) and significantly greater than the single conidium (p < 0.0001) (Figure 6).
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Figure 4. The CFR of A. oligospora (DL228) at different nutrient concentrations. Values are the
mean =+ SD (n = 3). The capital letters indicate significant differences among different treatment groups.

Figure 5. Germination and growth of CFBs (A. oligospora, DL228) with different conidia numbers
in 0% CMA medium. (a) Germination of single conidium; (b) Germination of two-conidia CFBs;
(c) Germination of three-conidia CFBs. Three plates in the same row represent three replicates of each
type of CFB. The black, blue, and red lines mark the mycelial growth venation on the third, sixth, and
ninth days, respectively. Scale bar = 1 cm.
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Single conidia Ml Two-conidia CFB HM Three-conidia CFB
2.5+ * * *

The length of mycelium extension (cm)

The 6th Day The 9th Day

Figure 6. The mycelial extension length of CFBs (A. oligospora, DL228) with different conidia numbers
in soil plates. Values are the mean + SD (1 = 3). %% indicates a significant difference between the
treatment groups (0.01 < p < 0.05), %% % indicates an extremely significant difference between the
treatment groups (p < 0.01).

4. Discussion

Conidia are the primary reproductive structures of asexual fungi and have evolved
various adaptive strategies to survive in diverse and complex habitats [38,39]. Ensuring
the survival of conidia in nutrient-poor and competitive habitats is a crucial evolutionary
trend for fungi. Our study has revealed that the conidia fusion rate (CFR) decreases as the
nutrient concentrations in the habitat increases (Figures 3 and 4). This result is consistent
with previous research and supports the idea that the formation of CF is closely related to
the nutrient content of the habitat [21,23].

As the number of conidia in the conidia fusion body (CFB) increases, their germinated
mycelium extends faster and more densely in nutrient-poor habitats such as 0% CMA
and soil medium (Figures 5 and 6). Similar to plant seeds, the nutrition for the growth of
conidium into a mature germinator (the germinator with the function of absorbing nutrients
from the habitats) mainly comes from the nutrients carried by the conidium. Therefore,
the amount of nutrients carried by the conidia directly determines the development of the
germinator (the elongation rate and density of mycelium). Once the conidium germinates
into a mature germinator, the nutrients for their development mainly depend on mycelium
absorbing from the habitat. Therefore, the elongation rate and density of mycelium deter-
mine the nutrient uptake efficiency of the germinator, which further determines whether
the germinator can form a sustainable individual quickly. Obviously, larger conidia with
more nutrients have more advantages in developing into a sustainable individual. CF
enables the originally independent single and small conidium with fewer nutrients to
form a CFB with more nutrients, allowing the mycelia germinated by the CFB to extend
faster, farther, and more densely. This is further conducive to the CFB quickly searching
for new nutrient sources in habitats with uneven nutrient distribution. Additionally, the
dense mycelium increases the contact area with the environment, improves the nutrient
absorption efficiency in nutrient-poor habitats, and enhances the resistance of conidia to
nutrient-poor habitats. This in turn guarantees the survival rate of conidia and provides
an advantage for the rapid development of the germinator. In this study, four out of the
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six species with CF were common species in many habitats (Arthrobotrys oligospora, A.
conoides, A. superba, A. musiformis) [40-43]. Their widespread and common appearance may
also be due to the formation of CF.

All 119 species of Orbiliomycetes nematode-trapping fungi (NTF) can be divided into
three groups based on their conidia shape [34]. Arthrobotrys-shaped produce small conidia
(usually < 30 x 15 pm) and are usually produced in large numbers; Monacrosporium-
shaped produce larger conidia (usually > 30 x 15 um) with a super-cell and usually less
sporulation; Dactylella-shaped produce larger conidia (usually > 30 x 15 um) with more
septate (>3-septate) without the super-cell and less sporulation. Rubner proposed that
the evolutionary trend of these three types of conidia is towards smaller size with fewer
septa and more sporulation, whereby Dactylella-shaped conidia is the more primitive type
which later evolved into Arthrobotrys-shaped and Monacrosporium-shaped conidia. All
six species that produce CF screened out in this study belong to Arthrobotrys-shaped [34].
Aggregation growth and small conidia are the premises of mass production and efficient
dissemination. However, the miniaturization of conidia is bound to reduce their nutrient
reserves and survival ability in nutrient-poor habitats. While CF connects independent
conidia (forming the CFB), multiply the nutrient reserves of CFB, thus guaranteeing their
survival rate and enhancing their development advantages. Based on the above, we
conclude that CF is an essential means to balancing the insufficient nutrient reserve caused
by the miniaturization of conidia and is an important strategy to ensure the maintenance of
the population size of related species.

The evolution of NTF is a critical issue in the study of carnivorous fungi [44]. Cur-
rently, mainstream evolutionary theory based on modern molecular biology focuses on the
trapping structure as the main characteristic of the evolution of this group of fungi [27-29].
Yet it ignores the significance of conidia in evolution. However, the purpose of biological
evolution can be simply reduced to better adaptation to the environment to ensure the
survival and reproduction of the species. As the most important reproductive structure of
asexual fungi, conidia should also have vital evolutionary significance in theory. Our study
also suggests that the types of conidia and their accessory structures (CF) are important for
the environmental adaptation and population maintenance of NTE. Therefore, conidia are
also important in the evolution of this group of fungi and should be considered in future
evolutionary studies.

The origin of multicellular organisms is one of the major unanswered questions in
biological evolutionary research [45]. In 2021, Bernardes et al. demonstrated that under the
stress of predators, Chlamydomonas reinhardtii (single-cell green algae) would connect and
gather into cell clusters, thus reducing the probability of becoming consumed by predators,
thereby increasing their survival rate. This structure can be steadily passed on to offspring
under constant stimulation. This study suggests that single-cell connections congregating in
groups to escape predation by predators may have contributed to the origin of multicellular
organisms [46,47]. Similarly, our study found that the CF rate was inversely proportional
to the nutrient content of the habitat. The formation of CF enhanced the adaptability of
conidia to tolerate nutrient-poor habitats, and all strains of the six species that formed
CF could form this structure (CF can be stably inherited). Therefore, the fusion of single
conidium to adapt to the nutrient deficiency of their habitats may also be one of the reasons
for the origin of multicellular organisms.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/jof9070755/s1, Figure S1: The source distribution map of the
strains involved in this study; Table S1: Testing Nematode-trapping fungi.

Author Contributions: X.Y. (Xiaoyan Yang), W.X., and EZ. (Fa Zhang) conceived and designed the
study. X.Y. (Xinju Yang) and F.Z. (Fa Zhang) conducted the experiments and wrote the manuscript.
X.Y. (Xiaoyan Yang), F.Z. (Fa Zhang), F.Z. (Faping Zhou), Y.Y., and S.B. revised the manuscript. All
authors have read and agreed to the published version of the manuscript.


https://www.mdpi.com/article/10.3390/jof9070755/s1
https://www.mdpi.com/article/10.3390/jof9070755/s1

J. Fungi 2023, 9, 755 10 of 11

Funding: This research was funded by the Second Tibetan Plateau Scientific Expedition and Research
Program (STEP), grant number 2019QZKK0402.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are contained within
the article.

Acknowledgments: We are sincerely grateful to Zheng-Qiang Li and Rong She from Dali University
for all of their help and suggestions during the study and writing process.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fierer, N. Embracing the unknown: Disentangling the complexities of the soil microbiome. Nat. Rev. Microbiol. 2017, 15, 579-590.
[CrossRef]

2. Serna-Chavez, HM,; Fierer, N.; van Bodegom, PM. Global drivers and patterns of microbial abundance in soil. Glob. Ecol.
Biogeogr. 2013, 22, 1162-1172. [CrossRef]

3.  Beule, L.; Guerra, V.; Lehtsaar, E.; Vaupel, A. Digging deeper: Microbial communities in subsoil are strongly promoted by trees in
temperate agroforestry systems. Plant Soil 2022, 480, 423-437. [CrossRef]

4. Yan, N.; Marschnerc, P.; Cao, WH.; Zhou, C.Q.; Qin, W. Influence of salinity and water content on soil microorganisms. Int. Soil
Water Conserv. Res. 2015, 3, 316-323. [CrossRef]

5.  Tan, YS,; Zhang, RK,; Liu, Z.H.; Li, B.Z.; Yuan, Y.J. Microbial adaptation to enhance stress tolerance. Front. Microbiol. 2022,
13, 888746. [CrossRef] [PubMed]

6.  Mackelprang, R.; Vaishampayan, P.; Fisher, K. Adaptation to environmental extremes structures functional traits in biological soil
crust and hypolithic microbial communities. Msystem 2022, 7, e0141921. [CrossRef] [PubMed]

7. Liu, X;; Xiang, M.; Che, Y. The living strategy of nematophagous fungi. Mycoscience 2009, 50, 20-25. [CrossRef]

8. Schiessl, K.T.; Janssen, E.M.L.; Kraemer, S.M.; Kraemer, M.N.; Ackermann, M. Magnitude and mechanism of siderophore-
mediated competition at low iron solubility in the Pseudomonas aeruginosa pyochelin system. Front. Microbiol. 2017, 8, 1964.
[CrossRef]

9.  Quispe-Cardenas, E.; Rogers, S. Microbial adaptation and response to high ammonia concentrations and precipitates during
anaerobic digestion under psychrophilic and mesophilic conditions. Water Res. 2021, 204, 117596. [CrossRef]

10. Blath, J.; Tébias, A. Invasion and fixation of microbial dormancy traits under competitive pressure. Stoch. Process. Appl. 2020,
130, 7363-7395. [CrossRef]

11. Gabriela, RM.; Read, N.D.; Wheals, A.E. Conidial anastomosis tubes in filamentous fungi. FEMS Microbiol. Lett. 2005,
249, 191-198. [CrossRef] [PubMed]

12.  Herzog, S.; Schumann, M.R.; Fleifiner, A. Cell fusion in Neurospora crassa. Curr. Opin. Microbiol. 2015, 28, 53-59. [CrossRef]
[PubMed]

13.  Read, N.D.; Goryachev, A.B.; Lichius, A. The mechanistic basis of self-fusion between conidial anastomosis tubes during fungal
colony initiation. Fungal Biol. Rev. 2012, 26, 1-11. [CrossRef]

14. Goncalves, A.E.; Velho, A.C.; Stadnik, M.]. Formation of conidial anastomosis tubes and melanization of appressoria are
antagonistic processes in Colletotrichum spp. from apple. Eur. J. Plant Pathol. 2016, 146, 497-506. [CrossRef]

15.  Fischer, M.S.; Glass, N.L. Communicate and fuse: How filamentous fungi establish and maintain an interconnected my-celial
network. Front. Microbiol. 2019, 10, 619. [CrossRef]

16. Tulasne, L.R.; Tulasne, C. Selecta Fungorum Carpologia; Imperial Press: Paris, France, 1863.

17. Roca, M.G,; Davide, L.C.; Mendes-Costa, M.C.; Wheals, A. Conidial anastomosis tubes in Colletotrichum. Fungal Genet. Biol. 2003,
40, 138-145. [CrossRef]

18. Ishikawa, EH.; Souza, E.A.; Read, N.D.; Roca, M.G. Live-cell imaging of conidial fusion in the bean pathogen, Colletotrichum
lindemuthianum. Fungal Biol. 2010, 114, 2-9. [CrossRef]

19. Roca, M.G; Arlt, J.; Jeffree, C.E.; Read, N.D. Cell biology of conidial anastomosis tubes in Neurospora crassa. Eukaryot. Cell. 2005,
4,911-919. [CrossRef]

20. Mehta, N.; Baghela, A. Quorum sensing-mediated inter-specific conidial anastomosis tube fusion between Colletotrichum
gloeosporioides and C. siamense. IMA Fungus 2021, 12, 7. [CrossRef]

21. Glass, N.L,; Fleissner, A. Re-Wiring the Network: Understanding the Mechanism and Function of Anastomosis in Filamentous Ascomycete
Fungi; Springer: Berlin/Heidelberg, Germany, 2006. [CrossRef]

22.  Kurian, S.M.; Di Pietro, A.; Read, N.D. Live-cell imaging of conidial anastomosis tube fusion during colony initiation in Fusarium
oxysporum. PLoS ONE 2018, 13, e0195634. [CrossRef]

23. Mehta, N; Patil, R.; Baghela, A. Differential physiological prerequisites and gene expression profiles of conidial anastomosis tube

and germ tube formation in Colletotrichum gloeosporioides. |. Fungi—Open Access Mycol. |. 2021, 7, 509. [CrossRef]


https://doi.org/10.1038/nrmicro.2017.87
https://doi.org/10.1111/geb.12070
https://doi.org/10.1007/s11104-022-05591-2
https://doi.org/10.1016/j.iswcr.2015.11.003
https://doi.org/10.3389/fmicb.2022.888746
https://www.ncbi.nlm.nih.gov/pubmed/35572687
https://doi.org/10.1128/msystems.01419-21
https://www.ncbi.nlm.nih.gov/pubmed/35852333
https://doi.org/10.1007/S10267-008-0451-3
https://doi.org/10.3389/fmicb.2017.01964
https://doi.org/10.1016/j.watres.2021.117596
https://doi.org/10.1016/j.spa.2020.07.018
https://doi.org/10.1016/j.femsle.2005.06.048
https://www.ncbi.nlm.nih.gov/pubmed/16040203
https://doi.org/10.1016/j.mib.2015.08.002
https://www.ncbi.nlm.nih.gov/pubmed/26340439
https://doi.org/10.1016/j.fbr.2012.02.003
https://doi.org/10.1007/s10658-016-0934-6
https://doi.org/10.3389/fmicb.2019.00619
https://doi.org/10.1016/S1087-1845(03)00088-4
https://doi.org/10.1016/j.funbio.2009.11.006
https://doi.org/10.1128/EC.4.5.911-919.2005
https://doi.org/10.1186/s43008-021-00058-y
https://doi.org/10.1007/3-540-28135-5_7
https://doi.org/10.1371/journal.pone.0195634
https://doi.org/10.3390/jof7070509

J. Fungi 2023, 9, 755 11 of 11

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Jiang, X.; Xiang, M.; Liu, X. Nematode-Trapping Fungi. Microbiol. Spectr. 2017, 5, 963-974. [CrossRef] [PubMed]

Su, H.; Zhao, Y.; Zhou, J.; Feng, H.; Jiang, D.; Zhang, K.Q.; Yang, J. Trapping devices of nematode-trapping fungi: Formation,
evolution, and genomic perspectives. Biol. Rev. Camb. Philos. Soc. 2017, 92, 357-368. [CrossRef] [PubMed]

Zhu, M.C; Li, XM.; Zhao, N.; Yang, L.; Zhang, K.Q.; Yang, ] K. Regulatory mechanism of trap formation in the nematode-trapping
fungi. J. Fungi 2022, 8, 406. [CrossRef] [PubMed]

Yang, Y.; Yang, E.; An, Z.; Liu, X.Z. Evolution of nematode-trapping cells of predatory fungi of the Orbiliaceae based on evidence
from rRNA-encoding DNA and multiprotein sequences. Proc. Natl. Acad. Sci. USA 2007, 104, 8379-8384. [CrossRef]

Yang, E.; Xu, L.; Yang, Y.; Zhang, X.Y.; Xiang, M.C.; Wang, C.S.; An, Z.Q.; Liu, X.Z. Origin and evolution of carnivorism in the
Ascomycota (fungi). Proc. Natl. Acad. Sci. USA 2012, 109, 10960-10965. [CrossRef] [PubMed]

Ji, X; Yu, Z.; Yang, J.; Li, ].; Liang, L.M.; Zhang, K.Q. Expansion of adhesion genes drives pathogenic adaptation of nematode-
trapping fungi. iScience 2020, 23, 101057. [CrossRef]

Soliman, M.S.; El-Deriny, M.M.; Ibrahim, D.S.S.; Zakaria, H.; Ahmed, Y. Suppression of root-knot nematode Meloidogyne
incognita on tomato plants using the nematode trapping fungus Arthrobotrys oligospora Fresenius. ]. Appl. Microbiol. 2021,
131, 2402-2415. [CrossRef]

Kumar, D.; Gouda, S.A. Evaluation of mycoparasitic efficacy of nematode-trapping fungi against Rhizoctonia solani inciting
sheath blight disease in rice (Oryza sativa L.). Biol. Control 2018, 122, 31-40. [CrossRef]

Lin, H.C.; Hsueh, Y.P. Laboratory maintenance and culturing of the nematode-trapping fungus Arthrobotrys oligospora. Curr.
Protoc. 2021, 1, e41. [CrossRef]

Wang, S.; Liu, X. Tools and basic procedures of gene manipulation in nematode-trapping fungi. Mycology 2023, 14, 75-90.
[CrossRef]

Zhang, K.Q.; Mo, M.H. Flora Fungorum Sinicorum (Vol.33): Arthrobotrys et Gengra Cetera Cognata; Science Press: Beijing, China,
2006; pp. 1-157.

Hay, F.S. Unusual germination of spores of Arthrobotrys conoides and A. cladodes. Mycol. Res. 1995, 99, 981-982. [CrossRef]
Zhang, K.Q.; Hyde, K.D. Nematode-Trapping Fungi; Springer Science & Business: Berlin, Germany, 2014.

Yu, Z.F; Mo, M.H.; Zhang, Y.; Zhang, K.Q. Taxonomy of nematode-trapping fungi from Orbiliaceae, Ascomycota. In Nematode-
Trapping Fungi, 2nd ed.; Zhang, K.Q., Hyde, K.D., Eds.; Springer: Dordrecht, The Netherlands, 2014; pp. 41-210.

Venkatesh, N.; Greco, C.; Drott, M.T.; Ludwikoski, L.; Keller, N.M.; Keller, N.P. Bacterial hitchhikers derive benefits from fungal
housing. Curr. Biol. 2022, 32, 1523-1533. [CrossRef]

Whittenbury, R.; McLee, A.G. Rhodopseudomonas palustris and Rh. viridis-photosynthetic budding bacteria. Arch. Mikrobiol. 1967,
59, 324-334. [CrossRef]

Zhang, H.; Wei, Z.; Zhang, ].; Liu, X.F. Classification of dendrocola nematode-trapping fungi. For. Res. Engl. 2021, 32, 1295-1304.
[CrossRef]

Zhang, F.; Boonmee, S.; Yang, Y.Q.; Zhou, EP.; Xiao, W.; Yang, X.Y. Arthrobotrys blastospora sp. nov. (Orbiliomycetes): A living fossil
displaying morphological traits of mesozoic carnivorous fungi. J. Fungi 2023, 9, 451. [CrossRef]

Yang, Y.Q.; Zhang, F,; Li, Z.Q.; Zhou, EP; Yang, X.Y.; Xiao, W. Morphological and multigene phylogenetic analyses reveal two
new nematode trapping fungi (Arthrobotrys, Orbiliaceae) from Yunnan, China. Phytotaxa 2023, 591, 263-272. [CrossRef]

Zhang, F; Boonmee, S.; Monkai, J.; Yang, X.Y.; Xiao, W. Drechslerelladaliensis and D. xiaguanensis (Orbiliales, Orbiliaceae), two new
nematode-trapping fungi from Yunnan, China. Biodivers. Data |. 2022, 10, €96642. [CrossRef]

Li, Y,; Hyde, K.D.; Jeewon, R.; Cai, L.; Vijaykrishna, D.; Zhang, K. Phylogenetics and evolution of nematode-trapping fungi
(Orbiliales) estimated from nuclear and protein coding genes. Mycologia 2005, 97, 1034-1046. [CrossRef]

Fisher, R M.; Cornwallis, C.K.; West, S.A. Group formation, relatedness, and the evolution of multicellularity. Curr. Biol. CB 2013,
23,1120-1125. [CrossRef] [PubMed]

Bernardes, J.P,; John, U.; Woltermann, N.; Valiadi, M.; Hermann, R.J.; Becks, L. The evolution of convex trade-offs enables the
transition towards multicellularity. Nat. Commun. 2021, 12, 4222. [CrossRef] [PubMed]

Mian, I.S.; Rose, C. Communication theory and multicellular biology. Integr. Biol. 2011, 3, 350-367. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1128/microbiolspec.FUNK-0022-2016
https://www.ncbi.nlm.nih.gov/pubmed/28128072
https://doi.org/10.1111/brv.12233
https://www.ncbi.nlm.nih.gov/pubmed/26526919
https://doi.org/10.3390/jof8040406
https://www.ncbi.nlm.nih.gov/pubmed/35448637
https://doi.org/10.1073/pnas.0702770104
https://doi.org/10.1073/pnas.1120915109
https://www.ncbi.nlm.nih.gov/pubmed/22715289
https://doi.org/10.1016/j.isci.2020.101057
https://doi.org/10.1111/jam.15101
https://doi.org/10.1016/j.biocontrol.2018.04.003
https://doi.org/10.1002/cpz1.41
https://doi.org/10.1080/21501203.2023.2165186
https://doi.org/10.1016/S0953-7562(09)80760-0
https://doi.org/10.1016/j.cub.2022.02.017
https://doi.org/10.1007/BF00406346
https://doi.org/10.1007/s11676-020-01159-x
https://doi.org/10.3390/jof9040451
https://doi.org/10.11646/phytotaxa.591.4.3
https://doi.org/10.3897/BDJ.10.e96642
https://doi.org/10.1080/15572536.2006.11832753
https://doi.org/10.1016/j.cub.2013.05.004
https://www.ncbi.nlm.nih.gov/pubmed/23746639
https://doi.org/10.1038/s41467-021-24503-z
https://www.ncbi.nlm.nih.gov/pubmed/34244514
https://doi.org/10.1039/c0ib00117a
https://www.ncbi.nlm.nih.gov/pubmed/21424025

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Testing Nematode-Trapping Fungi (NTF) 
	Culture Medium 

	Experimental Methods 
	Strain Rejuvenation 
	Species Specificity of Conidia Fusion (CF) 
	Physiological Period of CF Formation 
	Effect of Nutrient Concentration on CFR 
	Effect of Conidia Number in Conidia Fusion Body (CFB) on the Germination of the CFB 
	Data Management and Analysis 


	Results 
	Species Specificity of Conidia Fusion (CF) 
	Physiological Period of CF 
	CFR of A. oligospora (DL228) Cultured at Different Nutrient Concentrations 
	Influence of Conidia Number in Conidia Fusion Body (CFB) on the Germination of CFB 

	Discussion 
	References

