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Introduction: Myxococcus sp. PT13 is a wild strain with multiple predatory
properties that prey on multiple model microorganisms preserved in the
laboratory. However, the lysis spectrum of PT13 on typical soil bacteria and its
driving effect on soil microecosystems are still unclear.

Methods: In this study, the lawn predation method was used to determine the
predation diameter of 62 typical soil bacteria by myxobacteria PT13 and analyze
their lysis spectra.

Results and Discussion: The results showed that PT13 had a predation diameter
greater than 15mm against typical soil microorganisms such as Aeromonas, Bacillus,
Brevibacterium, Fictibacillus, Glutamicibacter, Herbaspirillum, and Leifsonia and
had an outstanding lysis effect but a significant preference (p <0.05). Absolute high-
throughput sequencing results showed that PT13 predation drove the microcosmic
system composed of 16 bacterial genera, with a significant decrease in the Shannon
index by 11.8% (CK=2.04, D =1.80) and a significant increase in the Simpson index
by 45.0% (CK=0.20, D =0.29). The results of principal coordinate analysis (PCoA)
showed that myxobacterial addition significantly disturbed the microcosmic
microbial community structure (ANOSIM, p <0.05). LEfSe analysis showed that
the relative and absolute abundances (copy numbers) of Bacillus, Pedobacter,
Staphylococcus, Streptomyces and Fictibacillus decreased significantly very
likely due to myxobacterial predation (p <0.05). However, the predatory effect of
PT13 also increased the relative or absolute abundances of some species, such
as Sphingobacterium, Paenarthrobacter, Microbacterium, and Leifsonia. It can
be concluded that PT13 has a broad-spectrum lysis spectrum but poor cleavage
ability for Streptomyces, and the interaction between complex microorganisms
limits the predation effect of PT13 on some prey bacteria. This in turn allows some
prey to coexist with myxobacteria. This paper will lay a theoretical foundation for
the regulation of soil microecology dominated by myxobacteria.

myxobacteria, prey bacteria, predation diameter, microcosmic system, bacterial
community structure

Introduction

Myxobacteria are typical indigenous predatory bacteria that are species-rich, globally
distributed and inhabit a wide range of natural environments, such as soils. They prefer to inhabit
non-saline soils and sediments, some prefer saline environments and rarely occur in host-
associated environments (Wang et al., 2021). Myxobacteria are difficult to isolate and purify due
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to their intrinsic characteristics, and currently, prey-baiting isolation is
an important method to obtain myxobacteria (Vi et al., 2021). Mostly
gram-negative bacteria, but also some gram-positive bacteria, can
induce myxobacteria fruiting bodies well to achieve myxobacteria
strain isolation (Zhou et al., 2020). Among the known bacterial groups,
myxobacteria has the largest known genome (some reaching
13-14 Mb), packed with numerous specialized metabolite biosynthetic
gene clusters (BGCs) (Phillips et al., 2022). They are considered to be a
rich source of secondary metabolites, mainly antibiotics and lytic
enzymes with bacterial lysis and cellulolytic properties. Based on this
feature, myxobacteria often have great potential for the production of
novel drugs (Bhat et al., 2021).

Myxobacteria can feed on living microbial cells or other
biomolecules to obtain nutrients. Most strains form fruiting bodies
through directed cell movement after nutrient depletion. The fruiting
body contains a large number of stress-resistant myxospores, allowing
them to survive in harsh environments (Liu et al., 2019). Thus,
myxobacteria have a complex life history and growth metabolism
regulation process and good environmental adaptability (Li et al.,
2021). They mostly adopt collaborative predation, also known as the
“wolf pack attack” strategy, in which they lyse prey with antibiotics
and hydrolytic enzymes (Pérez et al., 2016). The predation process
may be regulated by the motor system, chemotaxis system, secretion
of proteases and antimicrobial substances, and intercellular signaling
system (Berleman and Kirby, 2009). They can find prey by recognizing
in vitro acyl homoserine lactones (AHLs) secreted by prey and hunt
efficiently through adventure and social movements (Lloyd and
Whitworth, 2017; Whitworth and Zwarycz, 2020; Shukria et al., 2021).

Predation is a key process in building ecosystem communities
and maintaining biodiversity, and predators can exert an important
influence on ecosystems. Studies have shown that myxobacteria are
common soil predators and may even be dominant (Petters et al.,
2021). Their body size is more similar to the size of prey bacterial
cells, making it more convenient to prey on bacteria (Petters et al.,
2021). Myxobacteria prey on other soil bacteria and fungi, driving the
proportion of bacteria in the soil. They are also new biocontrol
microorganisms that prevent and control plant pathogenic fungi and
bacteria (Bull et al., 2002; Ye et al., 2020; Li et al., 2022). A study in
which the authors of this paper participated showed that the
predation ability of Corallococcus sp. strain EGB on 9 different prey
bacteria was significantly different. The volume of EGB added in
simple artificial microcosmic systems is a major factor in the change
in microbial community structure (Dai et al., 2020).

Soil is the base camp of microorganisms, and myxobacteria are
considered to be indigenous bacteria with broad-spectrum predation
ability in soil. Myxococcus sp. PT13 is a wild strain isolated from
yellow-brown soil collected from Huangshan City, Anhui Province,
China, using Escherichia coli as bait (Yi et al., 2021), and the soil
samples used for PT13 isolation were consistent with the soil samples
in the material method. It can prey on many strains of bacteria and
fungi preserved in the laboratory, but the preference of PT13 to prey
on indigenous prey bacteria and its driving effect on soil
microecosystems are unclear. Therefore, this study mainly aimed to
(1) clarify the predation preference of PT13 for indigenous bacteria
and explore its potential for restoring soil biodiversity and ecological
functions; (2) build a research system based on predation by
myxobacteria to provide a model reference for further ecological
function research; and (3) enrich the knowledge and understanding
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of predatory myxobacteria in soil systems and provide theoretical and
technical support for their application in agriculture and medicine.

Materials and methods
Soil sampling and isolation of prey bacteria

The soil samples used for this experiment were collected from
yellow-brown soil in Huangshan City, Anhui Province, China (30°23'N,
118°12'E), which belongs to the subtropical monsoon climate with an
average annual temperature of 15-16°C, an average annual rainfall of
1,670 mm and a frost-free period of 236 days. Five kilograms of soil was
collected at a depth of 20 cm and sieved (1 cmx 1c¢m) to remove plant
and other debris. The collected soil samples were stored in a refrigerator
at4°C. Then, 10g of fresh soil sample was weighed and shaken in a sterile
conical flask containing 90 mL of sterile water and glass beads at 180 rpm
on a shaker for 2h. The gradient dilution plate method (Liu et al., 2021)
was used to coat the soil suspension to LB (Tryptone 1g, Yeast extract
0.5g,NaCl 1 g, Agar 2g, H,0 100ml) and Gaos No.1 (Soluble Starch 2 g,
KNO; 0.1g, K,HPO,+3H,0 0.05g, MgS0,+7H,0 0.05g, NaCl 0.05g,
FeSO,+7H,0 0.001g, Agar 2g, H,O 100ml) plates, and plates were
incubated at 37, 30, or 25°C.

Single colonies of different colors and morphologies were selected
on solid medium where the bacterial colonies were grown and inoculated
into the same medium using plate streaking. DNA from the above
bacterial colonies was extracted and the 16S rRNA gene was amplified
by PCR. Amplification product sequencing was performed by Tsingke
Biotechnology Co., Ltd., and BLAST was performed on NCBI to obtain
taxonomic information. The phylogenetic tree was constructed using
MEGA 7.0' from the amplification sequences and visualized by
Interactive Tree of Life (iTOL, version 4.3.2) (Letunic and Bork, 2016).

Predation experiments

PT13 was inoculated into CYE liquid medium (1 g casein peptone,
0.5 g yeast extract, 0.1 g MgSO,+7H,0, 100 ml H,0) and incubated at
30°C for 1 ~ 2 days. The prey bacterial strains were inoculated into LB
or Gao's No. 1 medium and incubated at 37°C or 30°C for 1 ~2days.
Bacteria were harvested by centrifugation, and the cell pellet was
washed twice with TPM [10mM Tris-HCI (pH 7.6), 1 mM KH,PO,,
8mM MgSO,, 1% agarose] medium. Prey bacterial cultures were
resuspended in TPM medium to 1x10° cells/ml, and the
myxobacterial cells were concentrated to a final cell density of 1 x 10"
cells/ml. The lawn predation method was used to determine the
predation ability of PT13 against various soil bacteria (Mendes-Soares
and Velicer, 2013; Li et al., 2018; Arend et al., 2021). Myxobacterial
and prey bacterial cultures were resuspended in TPM medium
[10mM Tris-HCl (pH 7.6), 1mM KH,PO,, 8mM MgSO,, 1%
agarose], and 200 pl of prey bacteria was spotted onto TPM solid
medium. When the prey bacteria were air-dried to form lawns, 2 pl of
PT13 was inoculated in the center of the lawn. Three sets of biological
replicates were set up per experiment and incubated at 30°C for 4 days.

1 https://www.megasoftware.net/home
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TABLE 1 Related information of 16 strains of prey bacteria and the concentration of diluted bacterial solution.

Type of strain Number Taxonomy ODgooy CFU/mL
Bacteria; Proteobacteria; Gammaproteobacteria; Pseudomonadales; Pseudomonadaceae;

Pseudomonas resinovorans TB 0.626A 6.0x107
Pseudomonas

Comamonas sediminis TE Bacteria; Proteobacteria; Betaproteobacteria; Burkholderiales; Comamonadaceae; Comamonas 0.592A 8.5x10°
Bacteria; Proteobacteria; Alphaproteobacteria; Caulobacterales; Caulobacteraceae;

Brevundimonas diminuta TG 0.647A 5.6x10°
Brevundimonas
Bacteria; Bacteroidetes; Sphingobacteriia; Sphingobacteriales; Sphingobacteriaceae;

Sphingobacterium mizutaii TJ 0.588A 7.8 x 10°
Sphingobacterium

Bacillus aerius ™ Bacteria; Firmicutes; Bacilli; Caryophanales; Bacillaceae; Bacillus 0.699A 2.2x10°
Bacteria; Proteobacteria; Gammaproteobacteria; Lysobacterales; Lysobacteraceae;

Stenotrophomonas bentonitica TQ 0.646A 7.7 x10°
Stenotrophomonas

Mitsuaria chitosomitabida TU Bacteria; Proteobacteria; Betaproteobacteria; Burkholderiales; Comamonadaceae; Mitsuaria 0.631A 6.72%x10°

Fictibacillus phosphorivorans TX Bacteria; Firmicutes; Bacilli; Bacillales; Bacillaceae; Fictibacillus 0.678A 1.3x107

Staphylococcus aureus YC Bacteria; Firmicutes; Bacilli; Caryophanales; Staphylococcaceae; Staphylococcus 0.669A 2.03x10°

Pedobacter rhizosphaerae MA Bacteria; Bacteroidetes; Sphingobacteriia; Sphingobacteriales; Sphingobacteriaceae; Pedobacter 0.617A 4.2x10°

Delftia tsuruhatensis MK Bacteria; Proteobacteria; Betaproteobacteria; Burkholderiales; Comamonadaceae; Delftia 0.695A 5.8x10°

Brevibacterium sanguinis FD Bacteria; Actinobacteria; Actinobacteria; Micrococcales; Brevibacteriaceae; Brevibacterium 0.670A 2.1x10°

Paenarthrobacter nicotinovorans FI Bacteria; Actinobacteria; Actinomycetia; Micrococcales; Micrococcaceae; Paenarthrobacter 0.510A 7.71x10°

Leifsonia soli EN Bacteria; Actinobacteria; Actinomycetia; Micrococcales; Microbacteriaceae; Leifsonia 0.694A 2.3x10°

Glutamicibacter arilaitensis FP Bacteria; Actinobacteria; Actinomycetia; Micrococcales; Micrococcaceae; Glutamicibacter 0.572A 1.0x107

Streptomyces cinnamonensis ES Bacteria; Actinobacteria; Actinomycetia; Streptomycetales; Streptomycetaceae; Streptomyces 0.625A 8.08 x 107#

“Representative qQPCR result. CFU, colony-forming unit.

Construction of the prey bacterium
microcosm system

Prey strains in the logarithmic growth stage were centrifuged at
7000 rpm for 5 min. The bacterial body was retained and washed with
TPM liquid medium and resuspended. The concentration of each
bacterial solution was determined by the dilution gradient coating
plate method or real-time quantitative PCR, as shown in Table 1.
Then, 100 mL of each prey bacterial solution resuspended by the above
16 strains was added to a sterile 3L blue cap bottle and allowed to
stand at 30°C for 24 h to construct a prey bacteria mixture. PT13 in
the logarithmic growth phase were treated in the same way as the
predator. These prey bacteria mixture and predator constructed a
100 ml microcosmic system. In a microcosmic system, 80 ml of the
above prey bacteria mixture was added to a sterile Erlenmeyer flask.
Then, 0mL (CK), ImL (A), 5mL (B), 10mL (C), and 20mL (D) PT13
were added to different groups of Erlenmeyer flask, respectively.
Finally, the volume was brought up to 100ml with TPM liquid
medium,; four parallel replicates were conducted per group.

Extraction and sequencing of sample DNA

After 12h (T1) and 24h (T2) of incubation, 1 ml of sample was
added to a centrifuge tube and stored at —80°C for sequencing, and
then 1 ml of sample was taken to determine its ODj, value. DNA was
extracted using the FastDNA® SPIN Kit for soil (MP Biomedicals, Santa
Ana, CA) according to the instructions and stored at —80°C. The V4-V5
region of the 16S rRNA gene (Primer F: GTGCCAGCMGCCGCGG,
Primer R: CCGTCAATTCMTTTRAGTTT) was the target for absolute
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high-throughput sequencing by Shanghai Tianhao Biotechnology Co.,
Ltd. using the Illumina MiSeq PE250 (Wang et al., 2020b). These
sequence data have been submitted to the GenBank database under
accession number PRJNA953930.

Statistical analyses

Quality control and bioinformatics analysis were performed using
the DADA?2 plug-in for QIIME2. Gene copy number was estimated
for each amplicon sequence variant (ASV) based on the rrnDB
database (version V5.6) (Stoddard et al., 2015). Species annotation of
ASV sequences was performed using QIIME2 software (cutoff=0.8).
Principal coordinate analysis (PCoA) and analysis of similarities
(ANOSIM) based on Bray-Curtis dissimilarities were performed
using R (Version 4.1.0, vegan package) to assess the statistically
significant effects of treatment processes on bacterial communities
(Anderson and Walsh, 2013; Krych et al., 2013). Then, LEfSe was used
to find specialized indicator bacterial groups within the different
treatments of samples (Segata et al., 2011). All statistical analyses were
performed by the R stats package (Version 4.1.0).

Results
Isolation of typical soil bacteria

A total of 62 indigenous bacterial strains belonging to 21 different
genera were isolated and purified from the soil samples

(Supplementary Table S1). Among them were Streptomyces (22 strains),
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FIGURE 1

Phylogenetic tree based on the 16S rRNA gene sequences of 62 isolates. Phylogenetic tree branches are colored according to the bacterial order to
which the species belongs. The outer orange bars represent the predation diameter (mm) of each strain at 96h.
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Bacillus (8), Pseudomonas (6), Microbacterium (6), Paenarthrobacter
(2), Sphingobacterium (2), and Delftia (2). One strain was isolated
from each of the following genera: Comamonas, Brevundimonas,
Paraburkholderia, Pedobacter,
Herbaspirillum, Paenibacillus, Fictibacillus, Staphylococcus, Aeromonas,

Stenotrophomonas, Mitsuaria,
Brevibacterium, Glutamicibacter, and Leifsonia. A phylogenetic tree was
constructed based on the 16S rRNA sequences of the above 62 strains.
These 62 strains belong to the phyla Actinomycetes (33), Proteomycetes
(15), Firmicutes (11) and Bacteroides (3), all of which are the dominant
bacterial phyla in soil microorganisms (Figure 1).

Predation experiments

In TPM medium, which contains a lawn of prey bacteria as the only
nutrient source, PT13 had a predatory effect on all 62 strains. The
predation diameter of PT13 on prey bacteria increased with predation
time. Some strains had prey diameters up to 20mm at 96h, such as
Aeromonas and Bacillus (Figure 2A). However, there was a significant
difference in predation diameter between the eight Bacillus strains in the
same genus. The diameter of Bacillus sp. TF preyed upon by PT13 was
26.7mm, which was significantly higher than that of the other seven
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Bacillus strains (p <0.05). Delftia sp. TY and MK also had significantly
different predation diameters of 20.5 and 11.9mm, respectively
(Figure 2B, p< 0.05). Significant differences in predation diameter
between strains of the same genus were also observed in Microbacterium,
Paenarthrobacter, and Pseudomonas (Figures 2C,D, p <0.05).

Predation diameters varied more significantly between different
bacterial genera. Comamonas sp. TE, Brevundimonas sp. TG and
Delftia sp. TY all had predation diameters significantly larger than
those of Brevibacterium, Fictibacillus, Glutamicibacter, Herbaspirillum,
and Leifsonia, with a diameter at predation greater than 20 mm
(Figure 1B, p <0.05). Microorganisms with predation diameters
greater than 15 mm mainly included Paenibacillus, Paraburkholderia,
Pedobacter, Sphingobacterium, and Staphylococcus (Figures 2C-E).

In contrast, for 22 strains of Streptomyces, PT13 showed only a
weak lytic capacity. The predation diameter of all Streptomyces spp. at
24, 48, and 72 h was less than 8 mm, except that the diameter of FJ] was
11.2mm at 72h (Figures 1, 2). At 96 h, Streptomyces sp. F] and FU had
predation diameters of 14.3 mm and 11.9 mm, respectively, but those
of the other 20 Streptomyces spp. were only 4-8 mm (Figures 1, 2).
These results showed that PT13 had obvious predatory effects on the
above indigenous bacteria, but its predation preference was directly
related to the bacterial species.
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FIGURE 2

Myxobacteria PT13 predation on 62 strains of prey bacteria. The
abscissa of the boxplot represents different strain number, and the
ordinate represents the predation diameter at different culture times.
Bacteria of different genera are distinguished by different colors, and
(A—F) diagrams are made according to the alphabetical order of
bacterial names. Different letters in the same diagram indicate a
significant difference (ANOVA, n =3, p <0.05).

Microcosmic systems under predation by
myxobacteria

In a microcosmic system with PT13 as its predator, different
myxobacteria volumes significantly altered bacterial community
structure o and B diversity (Supplementary Figures S1, S2 and
Figure 3). Increased or decreased sequentially with the addition of
PT13. At 12h, the Shannon index of each group was 2.04, 2.04, 1.92,
1.84, and 1.80, decreasing sequentially with the addition of PT13
(ANOVA, p <0.01). The Simpson index increased sequentially to 0.20,
0.21, 0.25, 0.28, and 0.29 (p <0.01). The changes in the Shannon and
Simpson indices at 24 h were similar to those at 12h (p <0.01). There
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were no significant differences between groups in the Chaol and ACE
indices (p <0.01), indicating that predation of PT13 had no significant
effect on species number at either incubation time.

PCoA demonstrated that 75.9 and 14.2% of the total community
variation in relative abundance and 63.0 and 20.9% of the total
community variation in absolute abundance was explained by PCoAl
and PCoA2, respectively. Figure 3A shows the difference between
treatments with added myxobacteria (B, C and D) and CK in the
direction of the PC1 axis, and Figure 3B shows the difference in the
PC2 axis (Tables 2, 3, ANOSIM, Bray-Curtis, p <0.01). This difference
increased with the addition of PT13, indicating that the predation of
myxobacteria PT13 was the main factor driving the composition of
bacterial communities in the microcosmic system.

In the microcosmic system, Sphingobacterium, Comamonas,
Pedobacter, Delftia, Bacillus, Stenotrophomonas, Ochrobactrum,
Brevundimonas, Paenarthrobacter, and Staphylococcus were the 10
bacterial genera with the highest relative abundances. The relative
abundances of Myxococcus, Pseudomonas, and Fictibacillus were lower.
In the TICK and T2CK treatments without myxobacteria, the
abundance ratios of these genera did not change significantly between
12 and 24h (Figure 4A). However, predation by PT13 drove
community changes in the microcosm system, particularly at high
volumes of D treatments. The abundance of Sphingobacterium
increased significantly to 52.2 and 53.8% in the T1D and T2D groups,
which increased by 30.8 and 31.5% compared with T1CK (39.9%) and
T2CK (40.9%). The average abundance of PT13 in T1D and T2D was
4.2 and 4.4%, respectively. There was also a significant decrease in the
abundance of Pedobacter, Bacillus, Ochrobactrum, and Staphylococcus
in these groups.

The results of absolute abundance (copy number) were similar to
the results of relative abundance. However, some samples did not
show a significant decrease in total bacterial copy number with
myxobacterial predation, such as T1C and T2C (Figure 4B). Under
the predation of PT13, the absolute copy number of Sphingobacterium
while that of Pedobacter,
Ochrobactrum, and Staphylococcus decreased significantly. This
indicated that the predation of PT13 caused the death of some bacteria
but also nourished other types of bacteria, causing fluctuations in the

increased  significantly, Bacillus,

total copy number of bacteria.

Iconic species under the predation of
myxobacteria

LEfSe analysis (Figure 5) was used to distinguish iconic species
with significant differences in abundance or copies between the above
treatments. The relative abundance results (Figure 5A) showed that a
total of 42 bacterial taxa were detected, including four genera (Bacillus,
Pedobacter, Staphylococcus and Streptomyces) in T1CK; four genera in
T2CK (Ochrobactrum, Comamonas, Delftia and Brevibacterium); two
genera (Fictibacillus and Pseudomonas) in T1A; two genera
(Sphingobacterium and Paenarthrobacter) in T2B; one genus
in T2GC;
Microbacterium, and Leifsonia) in T2D. A total of 13 genera were

(Brevundimonas) and three genera (Myxococcus,
detected as iconic microorganisms (Figure 5A, p <0.05). The absolute
abundance results (Figure 5B) showed 29 bacterial taxa, including five
genera (Pedobacter, Bacillus, Staphylococcus, Fictibacillus, and

Streptomyces) in the TICK; two genera (Ochrobactrum and
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TABLE 2 ANOSIM analysis between five experimental treatments at 12h.

CK 0.438 0.091 0.979 0.032% 1.000 0.028* 1.000 0.028*
A 0.240 0.091 0.844 0.029* 1.000 0.030* 1.000 0.030%*
B 0.375 0.061 0.052 0.424 0.26 0.145 0.854 0.029*
C 0.833 0.027% 0.917 0.027* 0.490 0.026* 0.729 0.029*
D 0.781 0.031% 0.604 0.029% 0.010 0.483 0.708 0.030%

Analysis of similarity was calculated between all treatments based on OTUs tables relative (bold font) and absolute abundance (regular font) Bray-Curtis distance matrices. Each pairwise
comparison of two groups was performed using 999 permutations. R values >0.75 are generally interpreted as clearly separated. R > 0.5 as separated and R <0.25 as groups hardly separated
(Krych etal, 2013). CK: 0ml of PT13; A: 1ml; B: 5ml; C: 10ml; D: 20 ml. #p <0.05.

TABLE 3 ANOSIM analysis between five experimental treatments at 24h.

CK 1.000 0.032% 1.000 0.028* 1.000 0.030% 1.000 0.027*
A 0.490 0.057 0.750 0.030% 0.531 0.031% 0.865 0.030%
B 0.458 0.025% 0.010 0.430 0.844 0.028* 0.938 0.028%
C 0.688 0.029% 0.010 0.403 0.021 0.371 0.604 0.030%
D 0.677 0.029% 0.354 0.030* 0.188 0.145 0.188 0.181

Analysis of similarity was calculated between all treatments based on OTUs tables relative (bold font) and absolute abundance (regular font) Bray-Curtis distance matrices. Each pairwise
comparison of two groups was performed using 999 permutations. R values > 0.75 are generally interpreted as clearly separated, R > 0.5 as separated and R <0.25 as groups hardly separated

(Krych etal, 2013). CK: 0ml of PT13; A: 1 ml; B: 5ml; C: 10ml; D: 20ml. *p <0.05.

Brevibacterium) in the T2CK; one genus (Sphingobacterium) in the
T2B; two genera (Pseudomonas and Paenarthrobacter) in the T1C and
T2C treatments; and one genus (Myxococcus) in the T2D. A total of
11 iconic genera were detected between these treatments (Figure 5B,
p<0.05).

Combining the differential iconic species data for relative and
absolute abundance, 13 and 11 iconic genera were disturbed by PT13,
respectively. Myxococcus sp. PT13 significantly reduced the relative
abundance of eight genera and increased the absolute abundance of
seven genera (p <0.05) but also increased the relative or absolute
abundance of some such as

species, Sphingobacterium,

Paenarthrobacter, Microbacterium, and Leifsonia (Figure 5A).

Discussion

Myxobacteria are the most common predatory bacteria in
agricultural soils, and their good motility and sociological behavior
have attracted attention from researchers (Thiery and Kaimer, 2020;
Wang et al., 2020a). Myxococcus sp. PT13, a wild myxobacteria strain
isolated from yellow-brown soils, was chosen for its good bacterial
lysing ability and motility. The lysis spectrum of PT13 was determined
by measuring the predation diameter of 62 typical soil strains,
Fictibacillus,

Glutamicibacter, Herbaspirillum, and Leifsonia. Gram positivity or

including Aeromonas, Bacillus, Brevibacterium,
negativity does not directly affect its lysis effect, and the above
conclusions are similar to the results of Dai et al. (2020). In addition,
our study measured multiple strains of the same genus, such as the

diameter of Bacillus sp. TF was preyed upon up to 26.7 mm, whereas
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Bacillus sp. TA and TN were largely not predated. This suggests that
strain differences directly influence predation diameter (efficiency).
Similar results were shown for Microbacterium, Paenarthrobacter, and
Pseudomonas (Figure 1).

Bacillus licheniformis TN can significantly resist the predation of
PT13 (Figure 1). The findings also afford additional evidence that
Bacillus licheniformis escapes from M. xanthus predation by
deactivating myxovirescin A through enzymatic glucosylation (Wang
etal., 2019). There is also evidence that bacillaene inhibits M. xanthus
predation and sporulation protects Bacillus subtilis from predation by
M. xanthus (Miiller et al., 2014). In addition, Bacillus subtilis can
produce an extracellular matrix and biofilm to defend against
M. xanthus (Susanne et al, 2015). Akbar et al. observed some
surviving Pseudomonas phenotypes able to elude M. xanthus
predation. Increased pyoverdine production, mucoid conversion, and
antibiotic resistance observed from survivor Pseudomonas putida
associated with avoidance of the M. xanthus predation (Akbar and
Stevens, 2021). Sinorhizobium meliloti utilizes secreted Galactoglucan
protects cells from M. xanthus (Pérez et al., 2014). In addition, there
are many factors related to the predator avoidance of prey bacteria,
including quorum sensing (Sun et al., 2013; Shukria et al.,, 2021),
increasing the amount of mucus and reducing the movement speed of
myxobacteria (Nair et al, 2019), toxin production functional
genomics (Weitere et al., 2010; Akbar and Stevens, 2021), type IIl and
type VI secretion systems (Coulthurst, 2019; Le et al., 2021) and
antibiotic resistance-associated efflux pumps (Ana et al, 2017).
We speculate that these factors may be related to the characteristics of
the strain itself, resulting in the difference in the predation efficiency
of PT13 on the prey strains of the same genus.
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However, the present results do not support the idea that
myxobacteria have a greater preference for predation on gram-negative
prey bacteria (Morgan et al., 2010; Mendes-Soares and Velicer, 2013;
Livingstone et al., 2017; Petters et al., 2021). However, the 20 strains of
Streptomyces spp. that were gram-positive significantly restricted the
motility and lysis of PT13 (Figure 1). This may be related to the fact that
both are important medicinal microorganisms. Myxobacteria are
another important drug-derived microbial group after Streptomyces
(actinomycetes), which can produce abundant secondary metabolites
(lizuka et al., 2013). There is also evidence that Streptomyces coelicolor
M45 resists predation by M. xanthus DK1622 through aerial mycelia
and antimicrobial substances (Pérez et al., 2011, 2016). Lee et al. (2020)
found that iron competition triggered antibiotic biosynthesis in
Streptomyces coelicolor during coculture with M. xanthus. In the soil,
both Myxococcus and Streptomyces coexist and there is evidence of
horizontal gene (celA gene) transfer between Streptomyces and
Myxococcus ancestors (Quillet et al., 1995; Pérez et al, 2011). In
conclusion, Myxococcus PT13 has a significant lytic effect on typical
agricultural soil bacteria, but its preference is linked to the strain itself,
and Streptomyces can effectively inhibit the lysis of PT13.

A microcosmic system composed of 16 indigenous bacteria was
constructed, and myxobacteria PT13 could prey on these bacteria in
the microcosmic system and eventually colonize. This result showed
that the interaction of multiple prey bacteria cannot completely resist
predation by PT13. However, there was a preference for lysing these
prey bacteria by PT13, e.g., the relative and absolute abundances (copy
numbers) of Bacillus, Pedobacter, Staphylococcus, Streptomyces and
Fictibacillus were significantly reduced for PT13 addition. In
particular, Streptomyces was significantly antagonistic to lysis by PT13
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under one-to-one predation but was significantly lysed under this
microcosmic system. This may be related to the culture environment
(solid plates, liquid shake flasks) in which they were incubated or to
the interaction of several microorganisms.

Myxobacteria are generally considered to be the apex predators of
these groups. The nutrients released by the prey of myxobacteria not
only maintain the growth of myxobacteria but also increase the
absolute copy number of other bacteria, which is manifested in
Sphingobacterium, Pseudomonas and Paenarthrobacter. However, the
increase in relative abundance in the study of Dai et al. was only
manifested in the genus Burkholderia. This paper further elaborates
the above results from the perspective of absolute copy number and
reconfirmed that myxobacteria does not significantly reduce the
bacterial community richness indices (ACE and Chaol).

In complex microcosmic systems, bacterial community assembly
processes often have multiple mechanisms, such as heterogeneous
selection (HeS), homogeneous selection (HoS), dispersal limitation
(DL), homogenizing dispersal (HD), and drift (DR) (Ning et al.,
2020). In addition, some scholars suggest that priority effects by the
initially inoculated community reduce the establishment success of
taxa from the later arriving community (Svoboda et al., 2018). The
predation of PT13 is likely involved in the community assembly
process of bacteria but not necessarily, population drift and other
mechanisms have potential effects on this system.

Myxobacteria are generally considered to be microbial predators
with broad-spectrum lysis capabilities in soil. Notably, there are many
factors in the soil environment that limit their habitat. Examples
include excessive use of nitrogen fertilizers, incompatibility between
individuals of different myxobacteria (potential inhibition), and
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inhibition of other predatory microorganisms (Streptomyces spp. etc.)
(Wang et al., 2020b). We noticed a study on Bdellovibrio (obligate
predatory bacteria), where they constructed prey landscapes including
periplasmic or epibiotic predators including two types of decoy under
a large range of initial decoy:prey ratio, and mixed cultures containing
multiple predators and prey (Sathyamoorthy et al., 2021). They believe
that in complex prey landscapes, such as multiple predator and prey
cultures, less preferred prey appears to act as decoy (Sathyamoorthy
et al.,, 2021). This study partly explains the coexistence of PT13 with
some microorganisms in the microcosmic system. This paper adopted
a microcosmic system to confirm the predation preference of
myxobacteria under complex microbial interactions. This predation
preference preserves other potential prey bacteria and is an important
factor in the coexistence of some prey bacteria and myxobacteria.

Conclusion

In this study, we explored the lysis spectrum of Myxococcus sp.
PT13 on different typical soil bacteria and clarified the disturbance of
the bacterial community structure in the microcosmic system by
myxobacteria predation. PT13 has a preference for predation of soil
bacteria and a significant lysis effect on the genera Bacillus,
Brevibacterium, Herbaspirillum, and Leifsonia but poor lysis effect on
20 Streptomyces spp. In the microcosmic system constructed by 16
indigenous prey bacteria, the predation of PT13 was likely the main
factor driving the bacterial communities. The added volume of PT13
was also an important factor affecting the bacterial community
composition. However, there are many factors affecting the predation
of myxobacteria in the actual soil environment, and this paper adopts
a simplified microcosmic system to focus on the interaction between
microorganisms, thereby ignoring the influence of other factors,
which is somewhat insufficient. However, this study further enriches
the knowledge and understanding of predatory myxobacteria in soil
habitats and lays a theoretical foundation for the study of the
regulation of soil microecology by myxobacteria.
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