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Bacteriolytic myxobacteria are versatile micropredators and are proposed as 
potential biocontrol agents against diverse bacterial and fungal pathogens. 
Isolation of new myxobacteria species and exploration of effective predatory 
products are necessary for successful biocontrol of pathogens. In this study, 
a myxobacterium strain CY-1 was isolated from a soil sample of a pig farm 
using the Escherichia coli baiting method. Based on the morphological 
observation, physiological test, 16S rRNA gene sequence, and genomic data, 
strain CY-1 was identified as a novel species of the myxobacterial genus 
Archangium, for which the name Archangium lipolyticum sp. nov. was 
proposed. Subsequent predation tests indicated that the strain efficiently 
lysed drug-resistant pathogens, with a higher predatory activity against 
E. coli 64 than Staphylococcus aureus GDMCC 1.771 (MRSA). The lysis of 
extracellular proteins against ester-bond-containing substrates (tributyrin, 
tween 80, egg-yolk, and autoclaved drug-resistant pathogens) inspired the 
mining of secreted predatory products with lipolytic activity. Furthermore, a 
lipase ArEstA was identified from the genome of CY-1, and the heterologously 
expressed and purified enzyme showed bacteriolytic activity against Gram-
negative bacteria E. coli 64 but not against Gram-positive MRSA, possibly 
due to different accessibility of enzyme to lipid substrates in different preys. 
Our research not only provided a novel myxobacterium species and a 
candidate enzyme for the development of new biocontrol agents but also 
reported an experimental basis for further study on different mechanisms 
of secreted predatory products in myxobacterial killing and degrading of 
Gram-negative and Gram-positive preys.
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Introduction

Myxobacteria are ubiquitous predatory bacteria with complicated 
multicellular morphogenesis and complex social behaviors. Compared 
to studies into their sophisticated social lifestyle, researches on 
cultured species and myxobacteria taxonomy are relatively lacking 
(Wang et al., 2022). Myxobacteria are presently classified as a phylum 
(Myxococcota) according to the genome analysis (Waite et al., 2020). 
Culture-independent methods have revealed a high diversity of 
myxobacteria in different environments (Wang et al., 2021; Zhang 
et al., 2023a). However, the number of currently cultured myxobacteria 
is still remarkably small because the usual dilution and plating 
techniques used for microorganism isolation are unlikely to reveal the 
presence of myxobacteria (Mohr, 2018). The baiting method for 
myxobacteria isolation and the repeated transfers for purification are 
time-consuming and difficult (Shimkets et al., 2006). Furthermore, the 
most recently identified new species of myxobacteria belong to the 
genera Myxococcus and Corallococcus, which are frequently isolated 
but not dominant in soil indicated by culture-independent methods 
(Chambers et al., 2020; Livingstone et al., 2020; Zhou et al., 2020; 
Petters et  al., 2021), and relatively fewer members of less-studied 
myxobacteria species have been reported over the last decade 
(Ahearne et  al., 2023). Therefore, more efforts are encouraged to 
explore and obtain the less-studied myxobacteria with an extended 
taxonomic range.

Another fascinating characteristic of most myxobacteria is their 
predation behavior, which involves killing other microbial species to 
consume their biomass. Their predation behavior on pathogens has 
wide application potential in biological control (Pérez et al., 2016). For 
example, the myxobacterium Corallococcus sp. EGB could inhibit the 
growth of different plant pathogenic fungi and showed good biological 
control against cucumber Fusarium wilt (Li et  al., 2017). In fact, 
myxobacteria process certain features that make them effective 
biological agents, such as predation on other bacteria and fungi, 
formation of fruiting bodies with moderate resistance, and the ability 
to slide on solid surfaces for diffusion (Ye et  al., 2020). These 
characteristics have made the application of myxobacteria in exploring 
new resources with excellent predation against various pathogens a 
hot research topic.

The predation process of myxobacteria includes using social 
gliding motility to search for prey and employing a series of synergetic 
predatory products to kill and decompose the prey cells. The ability of 
myxobacteria to kill prey is mostly attributed to the secretion of 
hydrolytic enzymes and secondary metabolites, which presumably 
lyse surrounding bacteria (Berleman and Kirby, 2009; Muñoz-Dorado 
et al., 2016; Pérez et al., 2016). Exploring predation factors and their 
mechanisms in predation is one of the important fields of 
myxobacteria predation. It has been reported that myxobacterial outer 
membrane vesicles loaded with various predation factors acted as 
predatory weapons (Berleman et  al., 2014). Previous studies have 
indicated that myxobacteria produce diverse secondary metabolites 
involved in their predation (Xiao et al., 2011; Surup et al., 2014; Schulz 
et al., 2018). In contrast to secondary metabolites, the function of 
myxobacteria hydrolytic enzymes in predation has received less 
attention. The model myxobacterium Myxococcus xanthus produces a 
variety of hydrolytic enzymes such as proteases, peptidases, lipases, 
and glycoside hydrolases responsible for lysing prey biomass (Evans 
et al., 2012). Recently, Zhang et al. (2023b) reported three specialized 

glucanases from Archangium sp. AC19 that act as a cooperative 
consortium to efficiently decompose β-1,3-glucans of plant-
pathogenic oomycetes Phytophthora.

Myxobacteria completely consume prey biomass with a group 
attack strategy to efficiently destroy the prey cell structures. Based on 
the prey structure, macromolecule components found in the cell wall, 
cytomembrane, and nucleus are targets of lytic weapons from 
myxobacteria. In fact, myxobacteria genomes encode numerous 
peptidases, glycoside hydrolases, polysaccharide lyases, and 
carbohydrate esterases (Schneiker et al., 2007; Zhou et al., 2021; Wang 
et al., 2022), which likely target the prey structure in the process of 
predation. For example, glycoside hydrolases from myxobacteria 
targeting peptidoglycan in Gram-positive bacteria or β-1,6-glucans in 
fungi cell walls have been characterized and shown to contribute to 
prey biomass disruption of predation (Li et al., 2019; Arend et al., 
2021). However, it remains unknown whether myxobacteria lytic 
enzymes can target other components of prey cell structures and how 
to play roles in predation.

Here we reported a predatory myxobacterium strain CY-1 isolated 
from pig farm soil and the strain showed efficient lytic activity against 
drug-resistant pathogens. This promising biocontrol agent was 
identified as a potential new species and proposed as Archangium 
lipolyticum sp. nov. A secreted carbohydrate esterase (ArEstA) in the 
CY-1 genome was identified and expressed in E. coli. Furthermore, the 
enzyme activity, biochemical characteristics, and bacteriolytic activity 
against drug-resistant pathogens were evaluated.

Materials and methods

Isolation and purification of 
myxobacterium strain CY-1

Strain CY-1 was isolated from a soil sample collected at a pig farm 
(N 22°57′49″, E 115°19′23″) in the city of Shanwei, Guangdong 
Province, China. The Escherichia coli baiting method was used to 
isolate myxobacteria (Shimkets et al., 2006). The swarming predatory 
colonies or fruiting bodies were observed after incubation at 30°C for 
7 days. Then the potential myxobacteria were purified by cutting the 
furthest swarm colony edge or fruiting body from soil samples and 
repeatedly transferring them onto fresh VY/2 agar (0.5% dried baker’s 
yeast, 0.1% CaCl2·2H2O, 1.5% agar). Strain CY-1 was finally purified 
and deposited at the Guangdong Microbial Culture Collection Center 
(GDMCC 1.3728T).

Identification of strain CY-1

Morphological characterization was conducted to describe the 
isolated myxobacterium strain CY-1. Growth performance was tested 
on VY/2, MD1 (0.6% casein, 0.2% soluble starch, 0.2% MgSO4·7H2O, 
0.04% CaCl2·2H2O), CTT (1% casein, 8 mM MgSO4, 10 mM Tris–HCl, 
1 mM KH2PO4, pH 7.6), and CYE (1% casein, yeast extract 0.05%, 
8 mM MgSO4, 10 mM Mops, pH 7.6) medium at 30°C. Morphogenesis 
was observed by stereomicroscope, phase contrast microscope (PCM), 
and transmission electron microscopy (TEM). The swarm and fruiting 
body were observed by stereomicroscope. For PCM, strain CY-1 was 
grown in MD1 broth for 3 days, centrifuged, washed, and responded 
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with TPM buffer (10 mM Tris–HCl, 1 mM KH2PO4, 8 mM MgSO4, pH 
7.6). The resuspended cells were pipped on the slide and observed 
using an Axioscope 5 PCM microscope with an oil lens (Carl Zeiss, 
Jena, Germany). For TEM, the centrifuged pellet was fixed with 3% 
glutaraldehyde, followed by a secondary fixative of 1% osmium 
tetroxide. Samples were resuspended in 100 μL 2% agar solution and 
left at 4°C overnight before sectioning. Sections were observed using 
a H7650 TEM microscope (Hitachi, Tokyo, Japan).

Utilization of peptone and carbohydrate resources was performed 
on minimal medium agar supplemented with a final concentration of 
0.2% (w/v) as described by Garcia et al. (2014). The tested peptone and 
carbohydrate resources included casein, tryptone, yeast extract, beef 
extract, soy peptone, polypeptone, starch, galactose, lactose, fructose, 
glucose, sorbitol, mannitol, sucrose, maltose, trehalose, and xylose. 
Antibiotic sensitivity was tested on VY/2 agar supplemented with 
different antibiotics at a final concentration of 50 μg ml−1 at 30°C 
(Mohr et  al., 2012). The tested antibiotics included ampicillin, 
apramycin, neomycin, bacitracin, gentamicin, tetracycline, 
erythromycin, chloramphenicol, nalidixic acid, streptomycin, 
rifampin, hygromycin, zeocin, and kanamycin.

Isolate CY-1 was initially identified by 16S rRNA gene sequencing 
using the primers set F27/1492R (Lane, 1991). Amplification and 
sequencing of the 16S rRNA gene were carried out as previously 
described (Lachnik et al., 2002). The 16S rRNA gene sequence was 
compared with the EzTaxon database (Yoon et al., 2017a) to identify 
the most similar species.

The genome-based method was further used to identify strain CY-1, 
which has been proposed as the new standard for sequence-based 
taxonomic assignment (Richter and Rosselló-Móra, 2009). The genome 
of strain CY-1 was sequenced and used for genome-based identification. 
Briefly, a swarm of strain CY-1 was inoculated in MD1 liquid medium 
and incubated in a shake flask at 30°C for 3 days. Genomic DNA was 
extracted from spin-down biomass and sequenced by Majorbio 
(Shanghai, China) on the Illumina Hiseq 4000 platform using PE250. 
After quality control, the high-quality reads were assembled to contigs 
using SPAdes 3.13.1 (Bankevich et al., 2012). Then the contigs file was 
input into CheckM to estimate the genome completeness and degree of 
contamination (Parks et  al., 2015). Prodigal (Hyatt et  al., 2010) and 
Prokka (Seemann, 2014) were used for gene prediction and genome 
annotation, respectively. Additionally, the whole-genome phylogeny of 
strain CY-1 and related species was generated using the UBCG pipeline 
3.0 (Na et al., 2018). The genomic taxonomy based on overall genome-
relatedness indices digital DNA–DNA hybridization (dDDH) and average 
nucleotide identity (ANI) of strain CY-1 and related species were also 
used to identify the isolate. The dDDH values were calculated using the 
Genome-to-Genome Distance Calculator GGDC 3.0 (Meier-Kolthoff 
et al., 2022), and the ANI values were estimated using the online ANI 
calculator1 (Yoon et al., 2017b).

Predation of drug-resistant bacteria by 
CY-1

CY-1 was incubated on VY/2 medium at 30°C for 3 days. The 
drug-resistant pathogens (Methicillin-resistant Staphylococcus aureus 

1  https://www.ezbiocloud.net/tools/ani

GDMCC 1.771, extended-spectrum β-lactamase CTX-M-27-
producing Escherichia coli 64, Zhao et al., 2021) were inoculated in 
nutrient broth and shaken at 180 rpm and 30°C, respectively. The 
overnight shaken cultures were collected by centrifugation and 
resuspended in TPM buffer to the optical density of OD600 = 5. Then, 
200 μL of pathogen suspension was spotted in the center of the TPM 
solid medium. When the pathogen bacteria were air-dried to form 
lawns, a 5 mm diameter plug strain of CY-1 was inoculated on the 
center of the pathogen colony. Three biological replicates were set up 
for each treatment and incubated at 30°C for 4 days. The zones of 
predation were observed after 2 days (early stage) and 4 days (late 
stage) of co-culture using a stereomicroscope and the imaging 
software (Olympus SZX10, Olympus Corporation, Tokyo, Japan), and 
the viable prey cells from the TPM plates were scraped, washed, and 
counted on nutrient broth solid plates via serial dilution. The colony-
forming units (CFU) were obtained after incubating the plates at 
30°C overnight.

Lysis of biomacromolecules by CY-1

The WAT agar (0.1% MgSO4·2H2O, 0.02% K2HPO4, 1.5% agar, 
pH 7.6) added with 0.5% substrate was used to determine the lytic 
actions of CY-1 toward starch, chitin, tween, cellulose, and skim milk. 
The strain CY-1 was inoculated on the substrate agar, and the lytic 
actions were recorded as described (Shimkets et  al., 2006). 
Considering that hydrolytic enzymes involved in outside prey-lysis 
are one of the mechanisms of myxobacteria predation, the lytic action 
of CY-1 liquid culture supernatant was also evaluated. Briefly, cell-
free VY/2 culture supernatant was obtained by centrifugation of 
250 mL culture 2 times for 15 min at 8,000 rpm and sequential 
filtration using 0.45-μm and 0.22-μm pore size filters. The filtered 
supernatant was concentrated by ultrafiltration with the molecular 
cut-off of 10 kDa. Considering the lytic action of CY-1 on Tween 80, 
we also tested the lysis of CY-1 extracellular proteins on ester-bond 
substrates. The filter paper disk diffusion method on TPM agar mixed 
with the autoclaved drug-resistant pathogen suspension (OD600 = 1) 
or substrate (0.5% tween, egg-yolk, tributyrin) was used to evaluate 
the lytic activity of crude extracellular proteins, respectively. The filter 
paper disks (5 mm diameter) were loaded with 20 μL of concentrated 
supernatant and placed on the TPM agar. Then the agar plates were 
incubated at 30°C and the transparent zone formed along the filter 
paper disks was observed and noted. Three replicates were set for 
each treatment. Heated extracellular proteins were also included 
as controls.

Cloning, expression, and purification of the 
potential predatory factor ArEstA

We further focused on the alpha/beta hydrolases superfamily, 
which is one of the largest groups with diverse catalytic functions, 
such as hydrolysis of ester and peptide bonds. We searched for alpha/
beta hydrolase domain protein in deduced amino acid sequences from 
the CY-1 genome based on the HMMER search using Pfam hidden 
Markov models (Eddy, 2009). An extracellular alpha-beta hydrolase 
(ArEstA) annotated to esterase in the CY-1 genome was identified in 
this study. As one of the potential predatory factors, the bacteriolytic 
activity of ArEstA against drug-resistant pathogens was evaluated.
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The sequence of ArEstA was analyzed by the SignalP web server.2 
The gene of ArEstA without signal peptide was cloned into the 
pET28a(+) (Invitrogen) expression vector at EcoRI and HindIII 
restriction sites. The obtained plasmid was transformed in E. coli 
BL21(DE3) electrocompetent cells. E. coli BL21(DE3) carrying the 
recombinant plasmid was shaken overnight at 37°C in LB broth with 
100 ng μl−1 kanamycin. The culture was then inoculated (2%) into 
fresh LB broth with kanamycin and grown at 37°C until OD600 reached 
0.6. Then the IPTG was added at a final concentration of 0.1 mM and 
the culture was incubated overnight at 16°C, 180 rpm for the induction 
of the expression of ArEstA. The cells were harvested and washed 
twice in ice-cold lysis buffer (137 mM NaCl, 2.7 mM KCl, 10 mM 
Na2HPO4, 1.8 mM KH2PO4, pH 8.0) and resuspended in the same 
buffer. After ultrasonic disruption, lysates were centrifuged to remove 
cell debris. The supernatant was passed through a 0.45 μm filter and 
then applied to metal-chelating Ni-NTA affinity chromatography 
(P2233, Beyotime, China) equilibrated with lysis buffer. After being 
washed in washing buffer (50 mM KH2PO4, 300 mM NaCl, 2 mM 
imidazole, pH 8.0), the Ni-NTA bound ArEstA was eluted using 
elution buffer (50 mM KH2PO4, 300 mM NaCl, 150 mM imidazole, pH 
8.0) and dialyzed against lysis buffer. Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (12%) was performed to verify 
molecular weight and purity.

Characterization of ArEstA

Purified ArEstA was subjected to several biochemical assays 
including optimum temperature and pH, effects of metal ions on 
enzyme stability, and substrate specificity. The data were expressed as 
an average of the results from triplicate assays. Esterase activity was 
measured spectrophotometrically according to the method described 
(Cheng et al., 2011), using p-nitrophenyl (pNP) butyrate (C4) or pNP 
esters of other fatty acids (C2, C8, C12, and C16) as the substrates. The 
purified enzyme was incubated with a 200 μL reaction mixture 
containing 10 mM substrates, 1% ethanol, and 50 mM Tris–HCl (pH 
8.0). The amount of p-nitrophenol released from pNP esters was 
monitored at 410 nm for 10 min by a Multiskan GO spectrophotometer. 
The activity was expressed as the release of 1 μmol of p-nitrophenol 
per minute. Protein concentration was determined by Bradford’s 
method using bovine serum albumin as standard. The filter paper disk 
diffusion method described above was also used to test the lytic ability 
of ArEstA toward ester-bond substrates (0.5% tween, egg-yolk, and 
tributyrin). The optimal pH for enzyme activity was determined by 
measuring the activity at pH ranging from 4.0 to 10.0 (50 mM citric-
phosphate buffer for pH 4.0–6.0, 50 mM phosphate buffer for pH 
6.5–7.5, 50 mM Tris–HCl buffer for pH 8.0–10.0). The effect of 
temperature on the activity of ArEstA was examined in 50 mM Tris–
HCl buffer (pH 8.5) ranging from 20°C to 65°C by measuring the 
activity as the above method. The effect of metal ions (5 mM Mg2+, 
Mn2+, Cu2+, Zn2+, Fe2+, Fe3+, Co2+, Ni2+, Ba2+, Ca2+, K+, and Na+) on 
enzymatic activity was assessed in 50 mM Tris–HCl buffer (pH 8.5) 
at 45°C.

2  https://services.healthtech.dtu.dk/services/SignalP-6.0/

Lytic action of ArEstA

The lytic action of ArEstA on the pathogen was performed by the 
filter paper disk diffusion method described above with some 
modification. The fresh drug-resistant pathogen suspension was used 
and the incubation time lasted for 48 h. Furthermore, the lytic action 
of ArEstA on the pathogen was also determined by the viable plate 
counting method. The pathogens at the mid-logarithmic phase were 
collected, washed, and resuspended in 50 mM phosphate buffer. The 
200 μL reaction mixture contained ArEstA (0.5 mg/mL) and 
resuspended pathogen (final OD600 = 0.1). Controls were incubated in 
the absence of ArEstA. The mixture was incubated at 37°C for 2 h. 
Then the mixture was serially diluted and spread on nutrient agar 
plates. The CFU was obtained after incubating the agar plates at 30°C 
overnight. All assays were performed in triplicate and the results are 
the means of three independent experiments. Based on the results of 
the lytic activity of ArEstA against pathogens, the same mixture from 
E. coli 64 was obtained and used to indicate the lytic action using an 
H7650 TEM microscope (Hitachi, Tokyo, Japan).

Sequence analysis and homology modeling

The amino acid sequences of ArEstA and related esterases were 
aligned using the Clustal Omega web server3 (Sievers and Higgins, 
2018). The homology model structure was created by the SWISS-
MODEL web server4 (Waterhouse et  al., 2018). Verify_3D (Luthy 
et al., 1992) was used to check the residue profiles of the 3D models 
obtained. PROCHECK (Laskowski et  al., 1996) analysis was 
performed to assess the stereochemical qualities of the 3D models. 
Pymol software (DeLano and Bromberg, 2004) was used to view the 
structure and generate figures.

Results

Isolation and identification of strain CY-1

Strain CY-1 was isolated from pig farm soil by the E. coli baiting 
method for myxobacteria isolation. The colony expanded to form a 
swarm on VY/2, MD1, and CTT agar and formed fruiting bodies on 
VY/2 agar after starvation. A swarm of strain CY-1 showed yellow 
brown to purple color on VY/2 agar with a film-like appearance 
(Figure 1A) and significant veins and flares were observed on the 
periphery of the swarm (Figure  1B). The sessile fruiting bodies 
appeared on VY/2 agar for the 3-day cultivation and matured to dark 
brown and bean-shaped for 5 days (Figure 1C). The vegetative cells 
collected from MD1 agar were long slender, needle-shaped rods with 
rounded poles measuring 0.5 ~ 0.6 × 5.0 ~ 12.0 μm with a mean length 
of 6 ~ 8 μm indicated by phase contrast microscope and TEM 
(Figures 1D,E). Testing for growth at different temperatures (buffered 
VY/2 with pH 7.5) demonstrated that CY-1 grew at a temperature of 
25 ~ 40°C. The optimum pH of CY-1 was 7.5. Substrate lytic action 

3  https://www.ebi.ac.uk/Tools/msa/clustalo/

4  https://swissmodel.expasy.org/
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tests indicated that skim milk, starch, and Tween 80 were efficiently 
lysed by CY-1. This strain utilized all the tested peptone, starch, 
galactose, lactose, galactose, mannitol, sucrose, maltose, and lactose. 
The novel isolate was resistant to apramycin, hygromycin, gentamicin, 
ampicillin, kanamycin, and bacitracin, but was sensitive to zeocin, 
chloramphenicol, tetracycline, streptomycin, rifampicin, nalidixic 
acid, neomycin, and erythromycin.

The 16S rRNA gene of CY-1 showed closest similarity to 
A. violaceum Cb vi61T (99.03%), A. minus Cb m2T (98.61%), 
A. disciforme CMU 1T (97.71%), and A. gephyra DSM 2261T 
(97.64%), suggesting the relatedness to members of genus 
Archangium. To further identify strain CY-1, the draft genome of 
strain CY-1 was obtained. The draft genome of strain CY-1 was 
12.6 M with a 68.5% GC content spread over 75 contigs, with an 
N50 of 332.6 kb and an L50 of 12. The Prokka-based annotation of 
the draft genome identified 10,017 protein-coding genes and 75 
non-coding genes. The genome-based phylogenomic tree indicated 
that CY-1 showed the highest similarity to Archangium, and 
represented a new clade located in the genus Archangium 
(Figure  2A). In silico genome-to-genome comparisons 
unambiguously showed that strain CY-1 possessed 24.4 ~ 38.3% 
dDDH and 83.23 ~ 86.88% ANI values with other species of 
Archangium, which were below the cut-off values for novel species 
(<70% dDDH, <95% ANI) (Goris et al., 2007; Meier-Kolthoff et al., 
2013). CY-1 showed the highest dDDH and ANI values to 
A. violaceum Cb vi61T (Figures  2B,C). Based on genomic and 

phylogenetic differences, we  proposed that the candidate strain 
described here represented a novel species of Archangium.

Predation and lytic action of strain CY-1 on 
drug-resistant pathogens

Strain CY-1 was able to prey on the tested drug-resistant bacteria 
in the plate assay, resulting in the lytic zone of the lawn of pathogen 
colonies (Figure 3A). After 4 days of co-culture, the pathogen colonies 
were lysed and overlaid by the growing cells of CY-1. The social 
predatory behaviors against different pathogens seemed to be different. 
Strain CY-1 extended fast with a thin and transparent swarm against 
MRSA but finally accumulated less biomass than the Gram-negative 
bacteria E. coli 64 (Figure 3A). The cell number of viable E. coli 64 and 
MRSA decreased after 2-day co-culture (early stage) and drastically 
decreased after 4-day co-culture (late stage). The cell number of viable 
E. coli 64 seemed less than that of MRSA but the variation was not 
significant (Figure 3B).

Then we focused on the secreted predatory products of strain 
CY-1 involved in the lysis of drug-resistant bacteria. In addition to the 
lysis of strain CY-1 against drug-resistant pathogens, the concentrated 
extracellular proteins collected from the fermentation supernatant of 
CY-1 also showed lytic activity toward autoclaved pathogens. 
Furthermore, the concentrated extracellular proteins of CY-1 lysed 
tween 80, egg-yolk, and tributyrin, suggesting that predatory 

FIGURE 1

Growth and morphology of strain CY-1. (A) The spreading swarm colony of CY-1 on VY/2 agar after the 3-day cultivation. (B) Colony edge on VY/2 
agar with defined veins and flared edges. (C) The dark brown and bean-shaped fruiting bodies formed on VY/2 agar. The long slender, needle-shaped 
rods of vegetative cells were observed using a phase contrast microscope (D) and transmission electron microscopy (E). The scale bar was noted at 
the bottom right of each panel.
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product(s) in the crude proteins likely break down ester bond 
substrates of prey cells during predation (Table 1).

Heterologous expression and biochemical 
characterization of ArEstA from strain CY-1

To explore the secreted predatory product(s) in the crude proteins 
of strain CY-1 with the ester-bond lytic activity and potential 
antibacterial activity, we analyzed its genome-encoded proteins that 
might act on ester or lipid. Because the superfamily of alpha/beta 

hydrolases is responsible for the hydrolysis of ester bonds, this 
conserved domain was explored along the genome of CY-1. The 
protein WP_257448299.1 assigned as ArEstA was chosen for further 
exploration as a putative extracellular esterase. The phylogenetic 
relationship between ArEstA and lipolytic enzymes representing the 
families proposed by Arpigny and Jaeger (1999) indicated that ArEstA 
was related to lipolytic enzymes from Sulfolobus acidocaldarius 
(accession number AAC67392.1), Moraxella sp. (accession number 
CAA37863.1) and Psychrobacter immobilis (accession number 
CAA47949.1), sharing 20, 18, and 17% amino acid sequence identity 
with ArEstA, respectively. According to Arpigny and Jaeger (1999), 

FIGURE 2

Genome-based identification of strain CY-1. (A) Phylogenetic tree based on genome sequence of strain CY-1 and the closely related type strains. Dots 
on branches indicate the bootstrap value >80%. Anaeromyxobacter dehalogenans 2CP-CT was used as an outgroup to root the tree. The strain CY-1 
was noted in bold font. (B) Heatmap generated from ANI values between CY-1 and the related species estimated using the online ANI calculator 
(https://www.ezbiocloud.net/tools/ani). (C) Grey-scale map generated from dDDH values between CY-1 and the related species calculated using the 
Genome-to-Genome Distance Calculator GGDC 3.0.

FIGURE 3

The predation behavior (A) and predatory activity [(B), variable prey cell numbers after 2  days (early stage) and 4  days (late stage) co-incubation] of CY-1 
against drug-resistant pathogens.
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these enzymes belong to family V of bacterial lipolytic enzymes 
(Figure 4A). Analysis of these ArEstA proteins by multiple sequence 
alignment and the homology model based on the AlphaFold DB 
model of carboxylesterase (A0A3E0AS93_9BACT) revealed that both 
the pentapeptide motif Gly114-Tyr115-Ser116-Met117-Gly118 and 
the catalytic triad Ser116-His256-Asp220 were conserved in 
ArEstA. The catalytic nucleophile Ser is located in the central portion 
of the conserved motif G-X-S-M-G-G (Figures  4B,C), which is a 
sequence pattern of family V (Arpigny and Jaeger, 1999). Based on the 
sequence and structure analysis, we speculated that ArEstA might 
represent a new member in family V of lipolytic enzymes.

The gene of ArEstA without signal peptide was cloned into the 
pET-28a vector and transformed into E. coli BL21(DE3) to express the 
enzyme protein. The purified ArEstA was a highly soluble protein of 
approximately 32 kDa (Figure  5A), consistent with the expected 
molecular weight. ArEstA showed lytic activity against pNP-C4 and 
pNP-C16 with a specific activity of 9.59 U/mg and 2.05 U/mg, 

respectively. ArEstA also showed hydrolysis toward tween 80, 
egg-yolk, and tributyrin.

Effects of pH on the enzymic activity of ArEstA were measured in 
a pH range from 4.0 to 10.0 with pNP butyrate as the substrate. The 
protein exhibited the maximum activity at pH 7.5–8.5 and the activity 
was almost completely lost at pH 5.5 (Figure 5B). The results suggested 
that ArEstA showed the optimum activity in alkalescent pH 
conditions. The protein showed the maximum activity at 35–45°C and 
the relativity still reached more than 70% at the temperature range 
from 30°C to 50°C. However, the activity was completely lost at 65°C 
(Figure 5C). These data indicated that ArEstA was a mesothermal 
enzyme. The enzyme activity was enhanced by the presence of 5 mM 
Na+ to 1.2-fold. The enzyme activity was strongly inhibited by Cu2+, 
Ba2+, Fe2+, Fe3+, and Ni+, and little or not affected by the presence of K+, 
Zn2+, Mn2+, and Ca2+ (Figure 5D).

The substrate specificity of ArEstA against pNP fatty acyl esters 
with various lengths of the acyl chain was assayed at pH 8.5 and 
30°C. The ArEstA exhibited high activity against short-chain fatty 
acids of pNP butyrate (C4) and pNP octanoate (C8) except pNP 
acetate (C2). The activity significantly decreased to 29.7 and 9.1% for 
pNP dodecanoate (C12) and pNP palmitate (C16), respectively 
(Figure 5E).

Lytic action of ArEstA against 
drug-resistant pathogen

Since the predatory product(s) in the concentrated extracellular 
proteins of CY-1 can break down ester bond of prey cell component 
during predation, we explored whether the lipolytic enzyme ArEstA 
show lytic activity against drug-resistant pathogen like the predator 
CY-1. As shown in Figure  6, significant bacteriolysis was only 
observed on the E. coli plate treated with ArEstA, which to some 

TABLE 1  The lysis of extracellular proteins on autoclaved drug-resistant 
bacteria and ester bond substrates.

Substrate Extracellular 
proteins

Heated 
extracellular 

proteins

Autoclaved E. coli 64 ++ –

Autoclaved MRSA 

GDMCC 1.771
+ –

Tween 80 + –

Egg-yolk + –

Tributyrin + –

++, strong lysis; +, weak lysis; −, no lysis.

FIGURE 4

Sequence and structure analysis of ArEstA. (A) Phylogeny of ArEstA and the characterized lipolytic enzymes. ArEstA of myxobacterium A. lipolyticum 
CY-1 was noted in bold font. (B) Multiple sequence alignment of ArEstA and representative sequences from family V. The catalytic residues were 
indicated by blue triangles. (C) The model structure of ArEstA. The predicted catalytic residues of ArEstA were shown in sticks and labeled.
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extent was consistent with the strong lytic activity of extracellular 
proteins against E. coli. Then the antibacterial activity of ArEstA was 
further tested using viable plate counting assays. The number of viable 
E. coli cells treated with 0.5 mg mL−1 ArEstA was significantly 
decreased compared with control (Figure 6B), but ArEstA did not 
show antibacterial activity against MRSA. Furthermore, TEM showed 
the disruption and wrinkle of the cell envelope of E. coli treated with 
ArEstA (Figure 6C).

Discussion

Myxobacteria have been proposed as potential biocontrol agents 
and have shown effective biocontrol activity against bacterial and 
fungal pathogens (Pérez et al., 2016). Isolation of new myxobacteria 
species and exploration of effective predatory products are necessary 
for successful pathogen biocontrol. We reported a new myxobacterium 
isolation of the Archangium and provided a candidate hydrolase 
showing bacteriolytic activity against Gram-negative drug-resistant 
bacteria in this study. The genus Archangium belongs to the less well-
studied group Archangiaceae of Myxococcales, which is sibling to the 
largest group Myxococcaceae of the recently classified phylum 
Myxococcota (Waite et al., 2020). Traditionally, colony and fruiting 
body morphology are important indicators for myxobacteria 
taxonomy; however, the phase variation in myxobacteria can result in 

colonies with differences in pigment, texture, and swarming 
capabilities, which may complicate myxobacteria morphological 
taxonomy (Furusawa et al., 2011). Recently, it has been increasingly 
appreciated that limitations of 16S rRNA phylogenetic-based 
taxonomic assignment can be overcome by considering more genes, 
ultimately considering every gene of the bacterial genome (Livingstone 
et  al., 2020; Liu et  al., 2021). The relatively high 16S rRNA gene 
similarity of CY-1 to its closest type strain (99.03%) suggested that 
more genes were needed for accurate identification of the isolate. In 
this study, the genome-based phylogenetic analysis along with the low 
values of genome-based indices (dDDH and ANI) indicated that CY-1 
is a member of the described Archangium genus. The morphology of 
the vegetative cell, colony, fruiting body, and predatory behavior 
confirmed that CY-1 had the typical characteristics of myxobacteria.

The predatory products of myxobacteria, including secondary 
metabolites and hydrases showing promising antimicrobial activities, 
have been reported (Sasse et al., 2003; Zhou et al., 2021; Zhang et al., 
2023b). While most studies have focused on antibiotic production by 
myxobacteria, there are only a few reports about their enzymatic 
potential. Due to the broad prey spectrum and the complete clearing 
of prey biomass, myxobacteria must possess a versatile set of predation 
mechanisms to access nutrients from different prey species and 
different kinds of lytic enzymes targeting different components of prey 
cells. Previous studies have reported that myxobacterial glycoside 
hydrolases were involved in prey disintegration and showed 

FIGURE 5

Purification and biochemical characterization of ArEstA. (A) SDS-PAGE analysis of the purified ArEstA. Lane 1, the purified protein of ArEstA protein, 
Lane 2, molecular weight marker. The effect of pH (B), temperature (C), and metal ions (D) on the activity of ArEstA. (E) Enzyme activities of ArEstA on 
different substrates.
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conspicuous biocontrol efficacy in the defense of phytopathogens (Li 
et al., 2019; Zhang et al., 2023b). In this study, we identified a lipolytic 
enzyme ArEstA with bacteriolytic activity against Grame-negative 
drug-resistant bacteria E. coli 64 from the novel myxobacterium CY-1. 
A cold-adapted lipase with high lytic activity to pNP acetate from a 
cellulolytic myxobacterium was previously reported, but the 
antimicrobial activity of this enzyme was beyond the focus of their 
study (Cheng et al., 2011). To the best of our knowledge, our study is 
the first to report on the identification of lipolytic enzymes in 
bacteriolytic myxobacterium and its antimicrobial activity.

Myxobacteria secrete enzymes with different functions that 
synergistically act in the degradation of prey biomass (Berleman et al., 
2014; Arend et al., 2021). We speculate that CY-1 can secrete lipases 
to directly degrade compounds containing ester bonds in cellular 
components of prey, thereby disrupting the cellular structure and 
achieving killing and lysis of prey. This speculation can be partially 
supported by the lytic activity of ArEstA to Gram-negative bacteria 
E. coli but not Gram-positive bacteria MRSA. The thick cell wall of 
Gram-positive bacteria prevented the access of enzymes to substrates. 
However, for the Gram-negative prey, the lipoprotein in the outer 
membrane can be easily accessed by lipase, and partial destruction of 
their thinner cell wall may cause access to lips in the cell membrane. 
Furthermore, the disruption and wrinkle of the cell envelope of E. coli 
treated with ArEstA also supported its attack on prey cells. 
Additionally, the combined use of exogenous lipolytic enzymes and 
triacylglycerols containing medium-chain fatty acids (MCFA) is a 
promising alternative to in-feed antibiotics in piglets due to the strong 
antibacterial properties of MCFA (Decuypere and Dierick, 2003). 
Therefore, we speculated that the bactericidal activity of ArEstA may 
also be  related to the antibacterial activity of its hydrolysate 

MCFA. However, the ArEstA and glyceride reaction solution with 
enzyme inactivation after overnight incubation did not show 
bacteriolysis to E. coli, which indicated that the effect of MCFA for the 
bacteriolytic activity may be very limited in this study.

Another interesting aspect of this study is how CY-1 itself avoids 
the damage of the lipolytic enzyme ArEstA in predation. It is certain 
that the production and release of myxobacterial attacking weapons 
are highly regulated. Both predation and fruiting body formation of 
myxobacteria involve lytic action (Varon et al., 1984; Berleman et al., 
2014). While predation involves the lysis of prey cells but not 
myxobacterial cells, autolysis of some vegetative cells provides 
essential requirements for the surviving cells to induce myxospores 
formation (Wireman and Dworkin, 1977). These different lytic 
actions indicate various lytic strategies and regulation systems of 
myxobacteria, but how they protect themselves from predation 
remains to be explored. The compartmentalized outer membrane 
vesicles packed with predatory products may help myxobacteria 
resistant to their own weapons (Evans et al., 2012). However, ArEstA 
can be  expressed heterologously in E. coli BL21(DE3) cells but 
showed a bacteriolytic effect on drug-resistant E. coli 64 in vitro. 
We thought that the level of ArEstA background expression was very 
low which did not affect the growth of host cells (Pan and Malcolm, 
2000), and the low protein production caused by damage of soluble 
ArEstA to host cells during the induction stage was overcome by 
expanding the amount of fermentation to obtain sufficient protein. 
Nevertheless, the unknown intracellular regulatory mechanism of 
host cells may play a role in the heterologous expression of lytic 
enzymes, such as proteases, lipases, and glycoside hydrolases. The 
bactericidal activity of ArEstA in vitro was independent of 
intracellular regulation.

FIGURE 6

Bacteriolytic activity of ArEstA against E. coli. (A) Lytic activity of ArEstA on E. coli using the filter paper disk diffusion method. Plate count assays (B) and 
transmission electron microscopy observation (C) for the antimicrobial activity of ArEstA on E. coli. The black and white arrow indicated disruption and 
wrinkle of the cell envelope of E. coli treated with ArEstA, respectively. ***p  <  0.001.
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Description of Archangium lipolyticum 
sp. nov.

Archangium lipolyticum (li.po.ly’ti.ca. Gr. neut. n. lipos, fat; Gr. 
masc. adj. lytikos, dissolving; N.L. fem. adj. lipolytica, dissolving fat or 
lipid, referring to the property of being able to hydrolyze lipids).

Vegetative cells glide on solid media and a swarm of cells are 
yellow brown to purple color and film-like appearance with significant 
veins and flares on the periphery of the swarm. Vegetative cells are 
0.5 ~ 0.6 × 5.0 ~ 12.0 μm in size with rounded poles. Sessile fruiting 
bodies appeared on VY/2 agar and matured to dark brown and bean-
shaped. The optimal growth temperature is 30°C. The optimal pH is 
7.0. Obvious growth appeared on VY/2, MD1, CTT, and CYE agar. 
The optimum growth temperature is 25 ~ 40°C and the optimum pH 
is 7.5. Skim milk, starch, and Tween 80 can be efficiently lysed. The 
type strain is CY-1T (= GDMCC 1.3728T), which is isolated from a soil 
sample collected at a pig farm in the city of Shanwei, Guangdong 
Province, China. The DNA G + C content of the type strain is 68.5%, 
calculated from its genome sequence. The 16S rRNA gene sequence 
and genome sequence accession numbers of strain CY-1 in GeneBank 
are OR649234 and JANKBZ000000000, respectively.
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