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Abstract 

Antimicr obial r esistance has been consider ed a pub lic health thr eat. The World Health Organization has w arned a bout the ur genc y 
of detecting new antibiotics from novel sources. Social insects could be crucial in the search for new antibiotic metabolites, as some 
of them survi v e in places that favor parasite development. Recent studies have shown the potential of social insects to produce an- 
timicr obial meta bolites (e.g. ants, bees, and termites). Howev er, most gr oups of social w asps r emain unstudied. Her e , w e explored 

whether Actinobacteria are associated with workers in the Neotropical Social Wasps (Epiponini) of Costa Rica and evaluated their 
putati v e inhibitor y acti vity a gainst other bacteria. Most isolated strains (67%) have antagonistic effects, mainly against Bacillus thurin- 
gensis and Esc heric hia coli ATCC 25992. Based on genome analysis, some inhibitory Actinobacteria showed biosynthetic gene clusters 
(BGCs) related to the production of antimicrobial molecules such as Selvamycin, Piericidin A1, and Nystatin. The Actinobacteria could 

be associated with social wasps to produce antimicrobial compounds. For these reasons, we speculate that Actinobacteria associated 

with social wasps could be a novel source of antimicrobial compounds, mainly against Gr am-ne gati v e bacteria. 

Ke yw ords: social wasps; adults; actinobacteria; inhibition; pathogen; antimicrobial compounds 
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Introduction 

Antibiotics r epr esent one of the most r ele v ant br eakthr oughs 
of the 20th century for disease treatment. These chemical sub- 
stances ar e pr oduced mostl y by micr oor ganisms aiming to inhibit 
or delay the growth of pathogenic bacteria in their environment,
as shown by the mold fungus Penicillium chrysogenum from which 

the first antibiotic was discov er ed ov er 70 years ago (Lima et al.
2020 , Mann et al. 2021 ). Appr oximatel y, 70% of pathogenic bac- 
terial species have evolved the ability to resist current standard 

antimicr obial tr eatments (Huddleston 2014 , Bos and Austin 2018 ,
Sharma et al. 2018 , de Alcântara et al. 2020 , Pérez et al. 2020 ),
driven by the overconsumption of antibiotics . T herefore , common 

diseases and minor injuries could become deadl y, thr eatening 
the global public health system (Sharma et al. 2018 ). The World 

Health Organization has issued the urgent need to find new tar- 
gets and design new antibiotic compounds, mainly from sources 
that have not been explored (World Health Organization 2014 ,
2017 , 2020 ). 

Man y or ganisms , including social insects , establish symbiotic 
relationships with antimicrobial producing microorganisms to 
pr e v ent pathogen infections (Currie et al. 1999 , Santos et al. 2004 ,
Kaltenpoth et al. 2005 , 2006 , Poulsen et al. 2006 , Stow and Bettie 
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008 , Kroiss et al. 2010 , Graystock and Hughes 2011 , Madden et al.
013 , Tranter et al. 2014 , Matarrita-Carranza et al. 2017 , Fukuda et
l. 2021 , Toninato de Paula et al. 2021 , Schmidt et al. 2022 , Turil-
azi et al. 2023 ). Social insects de v elop societies wher e thousands
f individuals share a common space, the nest, wher e par asite col-
nization, growth, and dispersion are fostered by the specific con-
itions provided in social insects’ nests including accumulation of 

arval waste, comfortable temperature, and retention of humidity 
Jeanne 1991 ). For these reasons, social insects hav e e volv ed dif-
er ent antipathogen-defensiv e str ategies, fr om nest-cleaning be-
avior to the establishment of symbiotic r elationships, primaril y
ith Actinobacteria, a phylum widely known by its production 

f antimicrobial secondary metabolites (Stow and Bettie 2008 ).
ccording to Turillazi et al. ( 2023 ), Actinobacteria r epr esent the
ost important group of microorganisms for the production of 

efensive substances in social insects. Fungus-growing ants ( Atta ,
cromyrmex ), for example, maintain a symbiotic relationship with 

seudonocardia Actinobacteria to protect their fungal gardens from 

he pathogen Escovopsis (Currie et al. 1999 , Stow and Bettie 2008 ).
n addition, Actinobacteria have been isolated from other social 
nsects including bees (Mohr and Tebbe 2006 , Promnuan et al.
009 , Anderson et al. 2013 , Corby-Harris et al. 2014 , Toninato de
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aula et al. 2021 ), termites (Rosengaus et al. 1998 , Hamilton et
l. 2011 , Schmidt et al. 2022 ), and wasps (Madden et al. 2013 ,
atarrita-Carranza et al. 2017 , Turillazi et al. 2023 ). 
Social wasps are excellent models to perform exploratory stud-

es on Actinobacteria, due to larval waste accumulation (meco-
ia). Pr e vious r esearc h r eported actinobacterial pr esence in the
dult cuticle and nest material of Polistes dominulus (Rosengaus et
l. 1998 , Kaltenpoth et al. 2005 , 2006 , Kroiss et al. 2010 , Hamilton
t al. 2011 ). Ne v ertheless, micr oor ganisms associated with other
roups of wasps such as the neotropical group Epiponini, have
een scarcely studied (Matarrita-Carranza et al. 2017 , Chavarría-
izarro 2019 ). Epiponines could be a k e y group in the search for
e w antimicr obial substances since they accum ulate high le v els
f meconia in their cells and reuse their brood cells, where im-
atur es (egg, larv ae, and pupae) de v elop on top of the meconia

r om pr e vious larv ae (Jeanne 1991 ). Consequentl y, ther e is mor e
ubstr ate for par asites to de v elop, demanding high pr oduction of
ntimicrobial substances to prevent pathogen infections in the
olony members. Epiponini workers have an elaborate and metic-
lous cleaning behavior: when an immature completes its de-
 elopment and leav es the cell, workers and queens immediatel y
nsert their heads into the chamber (Jeanne 1991 ). Adults could
r ansmit antimicr obial substances to sterilized cells as has been
bserved in other insects, like ants that secrete antibiotics from
lands located in legs and mandibles (Brough 1983 , Veal et al.
992 , Li et al. 2018 ), and Philanthus wasps, which host Actinobacte-
ia in the antenna (Kaltenpoth et al. 2005 , 2006 , Kroiss et al. 2010 ).
 his beha vior al observ ation could indicate high le v els of par asite
e v elopment in Epiponini colonies , fa v ored b y the excess of meco-
ia accumulated in their cells. 

We hypothesized that Actinobacteria are associated with work-
rs in the Neotropical Social Wasp Epiponini, as it has been pre-
iously found in other groups of Hymenoptera. T herefore , we an-
lyzed the cuticle and salivary glands of adult workers from sev-
ral species from three of the four main clades of Epiponini. Our
ain objectiv es wer e: (1) to isolate Actinobacteria str ains fr om

ach of the Epiponini species; (2) to identify Actinobacteria asso-
iated with Epiponini at the molecular le v el; (3) to e v aluate Acti-
obacteria inhibitory activity against pathogens related to insect
nd human infections; and (4) to e v aluate their genetic potential
s a source of natural products. To our knowledge, this is the first
tudy that assesses Actinobacteria associated with se v er al mor-
hological species of Epiponini ( N = 13) and e v aluates their in-
ibitory properties. 

aterial and methods 

dult wasp collection 

dult samples were collected from different species of Epiponini.
eotropical social wasps of Epiponini (Hymenoptera: Vespidae;
olistinae) include 19 genera distributed from the southern USA to
rgentina. Epiponini species have a high degree of social organiza-

ion like ants and honeybees (eusocial insects), c har acterized by:
w arm-founding, w ork er labor di vision, and differ ent mor pholog-
cal caste syndromes, among other traits. To obtain re presentati ve
amples, we collected individuals from colonies of different gen-
ra that represented three of the four main clades of Epiponini
Noll et al. 2020 ) as described: clade 2: Parachartergus and Char-
ergellus ; clade 3: Protopolybia ; and clade 4: Pol ybia and Metapol ybia
Fig. 1 ). 

Adult samples were collected in four regions of Costa Rica: a
r opical dry for est in the North P acific (Santa Cruz, Guanacaste),
n urban area in Central Valley (Cartago), a wet lowland tropical
orest in the Atlantic (La Selva in Sar a piquí, Her edia), and South
 acific (Golfito, Puntar enas). First, a sample of 20 adults (work-
rs) fr om eac h nest (Table 1 ) was collected with sterile forceps,
laced into sterile and hermetic bags, and stored at 4 ◦C in a cooler
or transportation (Madden et al. 2013 ). Then, sterile bags were
laced in a freezer at −15 ◦C to cold-immobilized workers (Hamil-
on et al. 2011 ). At the moment of transportation to the laboratory,
a gs wer e placed a gain in the cooler. The samples were stored at
20 ◦C for no longer than 15 days befor e pr ocessing (Hernández
nd Cafaro 2015 ) in the Biotechnology Research Center (CIB) from
nstituto Tecnológico of Costa Rica. Polybia was the most abun-
ant genera and we obtained adults from eight colonies ( N = 128)
r om thr ee r egions (40 adults fr om Carta go and Guanacaste, 80
rom Golfito) (Table 1 ). From Parachartergus we obtained 64 adults
rom two regions, and from Metapolybia and Protopolybia , which
er e mor e c hallenging to find, we obtained 40 adults onl y fr om
ne region (Table 1 ). From Guanacaste and Golfito we sampled an
qual number of adults ( N = 96), fr om Carta go we sampled 64
dults, and from La Selva, we sampled a lower number of adults
 N = 16) because access was limited due to pandemic restrictions
since March 2020). Details of adult collection from each sampling
 egion ar e summarized in Table 1 . 

ctinobacteria isolation from wasps 

o obtain Actinobacteria str ains fr om w asps, w e follo w ed Madden
t al. ( 2013 ) and Hamilton et al. ( 2011 ) protocols. One worker of
ac h colon y was used to inoculate eac h cultur e medium (x4): (a)
% Luria–Bertani (LB; Miller) medium; (b) Actinobacteria isolation
 gar for micr obiology (Sigma-Aldric h); and (c) International Str ep-
omyces Project 1 and 2 (ISP1 and ISP2) media. Each medium was
upplemented with nystatin (0.1%) and nalidixic acid (10 ug/ml)
o reduce the growth of microorganisms different from Actinobac-
eria. To isolate Actinobacteria from the cuticle, every individ-
al was washed with phosphate buffered saline and then rubbed
cr oss the entir e surface plate with sterilized forceps, assuring
hat all insect parts touched the plate. We used one individual
f eac h colon y per cultur e media plate, and we performed two in-
culations per colony, as a consequence we used a total of eight
ndividuals to obtain Actinobacteria from the cuticle. To isolate

icr oor ganisms fr om saliv ary glands, we used differ ent individ-
als from those used for the cuticle, we used one individual of
ac h colon y per cultur e media plate, and w e performed tw o inoc-
lations per colony. We extracted salivary glands situated in the
horax with sterilized entomological forceps and needles in a ster-
lized environment. Because of their location in the wasp body,
aliv ary glands wer e easy to extr act without touc hing or scr a ping
nother structure (like the foregut). Dissected glands of every indi-
idual were homogenized by vortexing in 30 ul of 100 mM sodium
cetate (pH 5) for 15 seconds . T hen, 20 ul of the homogenized solu-
ion of e v ery individual were plated in each medium. After inocu-
ation, the plates were incubated at room temperature ( ∼22 ◦C) for
1 month. To verify that growing microorganisms were obtained

rom wasps and were not the result of contamination during sam-
ling or pr epar ation, a contr ol plate of eac h cultur e media with no

noculum was placed next to all inoculated plates. Colonies with
ctinobacteria-like morphology (i.e . filamentous , Gram-positive
acteria) were selected for further purification and pr eserv ation
t −70 ◦C in 20% gl ycer ol. 

olecular identification of Actinobacteria 

o identify Actinobacteria strains isolated from wasps, genomic
N A w as obtained by modifying a CTAB-based method accord-

ng to Perez et al. ( 2017 ) and Chun and Goodfellow’s ( 1995 )
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F igure 1. Social w asp nests of P olybia sp. (A) and (B), Metapolybia sp. (C), Chartergellus golfitensis (D), and Protopolybia sp. (E) selected for sample collection. 
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protocol. Briefly, DN A w as obtained from 1 mg of each Actinobac- 
teria colony. Bacterial material w as w ashed with sterile distilled 

water (1 ml) and centrifuged at 14 000 r pm (maxim um speed) for 
7 minutes. Subsequently, we repeated the previous procedure but 
using STE solution (100 mM NaCl + 25 mM Tris + 10 mM EDTA).
Then, the supernatant was discarded, and the pellet was resus- 
pended in 400 μl of STE with 20 μl of lysozyme solution (50 mg/ml).
After overnight incubation at 37ºC, 100 ul of 20% SDS was added,
vortexed for 1 minute, and incubated inside a 55 ◦C water bath for 
1 hour. Then, 100 μl of 3 M sodium acetate and 500 μl of phe- 
nol/c hlor oform/isoamyl alcohol (25:24:1) were added, mixed by 
inversion, and centrifuged at 14 000 rpm (maximum speed) for 
5 minutes . T he upper aqueous phase was tr ansferr ed to another 
1.5 ml vial, and an equal volume ( ∼650 μl) of c hlor oform/isoamyl 
alcohol (24:1) was added, mixed by inversion, and centrifuged for 
10 minutes at 14 000 rpm (maximum speed). The upper phase was 
tr ansferr ed to a new 1.5 ml vial, and an equal volume of cooled iso- 
propanol ( ∼500 μl at −20 ◦C) was added. Finally, it was centrifuged 

at 14 000 rpm (maximum speed) for 7 min, the supernatant was 
discarded, and the pellet was washed with cooled 70% ethanol 
(1 ml at −20 ◦C). Then, the DN A w as resuspended in 50–100 ul of 
TE buffer (10 mM Tris-HCl + 1 mM EDTA) with 1 μl of RNAase 
(10 mg/ml) and stored at −20 ◦C. 

DN A samples w ere sent to Psomagen for 16S rRNA gene am- 
plification and sequencing, using universal eubacteria primers 
7F and 1492R. Obtained sequences were trimmed and con- 
ensus (Madden et al. 2013 ), the contiguous sequence was cre-
ted using Snapgene View er ® softw are and was alignment using
lustal. We then compared with GenBank public nucleotide se- 
uence database using BLAST with default parameters (Altschul 
t al. 1990 ), specifying 16S rRNA gene region for prokaryotic
rganisms. 

ntimicrobial activity tests 

nhibition of bacterial growth was assessed against strains from 

hr ee bacterial species, whic h harbor known human pathogens:
sc heric hia coli (str ain ATCC 25992), Pseudomonas aeruginosa (str ain
TCC 9027), and Staphylococcus aureus (strain ATCC 25923), all 
btained from the Microbiology Department of Universidad de 
osta Rica. We also assessed growth inhibition against the in-
ect pathogen Bacillus thuringensis from the collection of Biocon- 
r ol Labor atory of CIB-ITCR (code Bt1 isolated from Phyllophaga sp).
riefly, 0.2 ml of 24-hour liquid culture of tested bacteria was in-
culated spreading on a nutrient agar plate. Finally, a fragment of
0 mm diameter from Actinobacteria culture media (incubated 

or 3 weeks as described above) was placed on the inoculated
late . T he inhibition halo was measured after 24 hours of incu-
ation at 37ºC. Kanamycin (KM) at 6 mg/ml was used as a pos-

tiv e contr ol for assa ys with P. aeruginosa , B . thuringensis , and S.
ureus ; and at 5 mg/ml for assays with E. coli on a 5-mm disk.
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Table 1. Information of wasp nests employed to collect workers from four regions of Costa Rica. 

Wasp genus Nest code Location Data 

Polybia sp1 PbSB-01 SB ∗ 20/04/2019 
Polybia sp3 PbStC-02 SB 28/09/2019 
Metapolybia sp1 MSB-01 SB 08/06/2019 
Metapolybia sp1 MSB-02 SB 28/09/2019 
Parachartergus sp2 MPchSB-02 SB 02/08/2019 
Parachartergus sp2 PchN-02 SB 27/09/2019 
Parachartergus sp1 MPchC-01 ITCR @ 19/07/2019 
Parachartergus sp1 IPchC-01 ITCR 02/12/2020 
Polybia sp2 PbC-01 ITCR 31/07/2019 
Polybia sp2 IPbC-01 ITCR 02/12/2020 
Protopolybia sp1 PrtSel-01 OET 

∗∗ 20/07/2019 
Polybia sp4 PbG-01 RFSG 

� 30/01/2020 
Polybia sp5 PbG-01 RFSG 30/01/2020 
Protopolybia sp2 PrtG-01 RFSG 30/01/2020 
Polybia sp6 PbG-03 RFSG 19/03/2021 
Polybia sp7 PbG-04 RFSG 19/03/2021 
Chartergellus golfitensis ChG-01 RFSG 19/03/2021 

∗SB = Santa Bárbara, Santa Cruz, Guanacaste. 0 ◦10 ′ 23.7 ′′ N, 85 ◦35 ′ 38.5 ′′ W; rur al ar ea at 144 m abov e sea le v el, annual av er a ge temper atur e (27 ◦C) and r ainfall of 
765 mm (IMN 2021 ). 
@ ITCR = Instituto Tecnológico de Costa Rica, Cartago. 9 ◦51 ′ 17.9 ′′ N, 83 ◦54 ′ 33.9 ′′ W; urban area at 1435 m above sea level, annual average rainfall of 1500–2000 mm, 
and temper atur e 12–20 ◦C (IMN 2021 ). 
∗∗OET = La Selv a, Sar a piquí, Her edia. 10 ◦25 ′ 19 ′′ N, 84 ◦00 ′ 54 ′′ W; rur al ar ea at 35 m above sea le v el, annual temper atur e between 19–31 ◦C, and annual av er a ge r ainfall 
of 4000 mm (IMN 2021 ). 
�RFSG = Refugio de Fauna Silv estr e Golfito 8 ◦39 ′ 15.8 ′′ N, 83 ◦10 ′ 45.1 ′′ W; rur al ar ea at 62 m abov e sea le v el, an annual amount of precipitations 4000 mm and 
temper atur e 25 ◦C (IMN 2021 ). 
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terile distilled water was used as a negative control. Assays were
erformed in duplicate, and inhibition of tested bacterial growth
 as analyzed b y comparison to the positiv e contr ol. Inhibition
f pathogen gro wth w as considered negative when no halo sur-
ounding the Actinobacteria was observed. Results obtained from
 eplicates wer e av er a ged. 

enome sequencing and assembly 

ix assembled genomes were obtained from a sample of the
trains that inhibited most of the bacterial strains that har-
or known human pathogens and presented greater inhibition
alos (6M, 6T, 6V, 7B, 7G, 8L) in order to search for biosyn-
hetic gene clusters (BGCs) related to the production of antibac-
erial molecules. Genomic libr aries wer e pr epar ed with Nexter a
T DNA Libr ary Pr epar ation kit (Illumina) and sequenced us-

ng a paired-end strategy of 2 × 150 nucleotides on the Illu-
ina NextSeq500 platform (Illumina, San Diego, USA). Raw se-

uencing r eads wer e quality contr olled and trimmed using fq-
leaner ( https:// gitlab.pasteur.fr/ GIPhy/ fqCleanER ) with all the

-s” options activated and clipping of Illumina Nextera index.
e novo assemblies were obtained from trimmed reads using
PAdes 3.14.1 (Banke vic h et al. 2012 ) with options: -k 21,33,55,77
onl y-assembler –car eful. The quality of assembled genomes
as measured with CheckM v1.1.3 (Parks et al. 2015 ). Default
ar ameters wer e used for data pr ocessing except wher e oth-
rwise noted. Further details about the obtained sequences
nd genome assemblies wer e r eported in Gutiérr ez-Ar aya et al.
 2022 ) and are available in the DDBJ/ENA/GenBank repository un-
er the Bioproject accession number PRJNA764377 (genome as-
emblies: GC A_020176775.1, GC A_020177455.1, GC A_020176785.1,
C A_020177435.1, GC A_020177475.1, and GC A_020176795.1). 

ultilocus phylogenetic analysis 

 phylogenetic analysis was performed to confirm the taxonomic
ssignment and determine the evolutionary relationship between
he selected strains and the closest taxa. Reference genomes
r om eac h genus wer e obtained fr om GenBank and run on auto-
SLT (Automated Multi-Locus Species Tree) ( https://automlst.

iemertlab.com ) with predetermined parameters. Briefly, for the
onstruction of this phylogenetic tree, HMMER selects homolo-
ous genes from the genomes, then the orthologous genes with
onserv ed functions ar e confirmed with TIGRFAM. The r esult-
ng list of genes is prioritized with the pr ecalculated dN/dS v al-
es and a maximum of 100 genes is selected. The selected
ingle-cop y genes w ere then aligned and placed in the tree us-
ng MAFFT and the RAxML Evolutionary Placement Algorithm.
inall y, a maxim um-likelihood tr ee was built with 1000 ultr a-
ast bootstr a p and IQ-TREE automatic model searc h. The infer-
nce of the definitive species tree was carried out with ASTRAL-
II (Zhang et al. 2018 ). Additionally, a taxonomic comparison
ased on av er a ge nucleotide identity (ANI) was made using fas-
ANI against the closest reference complete genomes available
n Genbank ( n = 26 for Shacc haropol yspora and n = 376 for
treptomyces ). 

unctional and biosynthetic gene prediction 

enomic Annotation was performed with RAST (Rapid Anno-
ation Subsystem Technology) server using the default param-
ters (Aziz et al. 2008 ). For secondary metabolism functional
nnotation, AntiSMASH 5.0 softw are w as used. BGC prediction
as performed with default parameters in relaxed mode and
ctivation of the following features: MIBiG cluster comparison,
fam cluster analysis, cluster BLAST, active site finder, sub-
luster BLAST, RREFinder, and TIGRFam analysis (Blin et al.
019 ). Str ains wer e cluster ed based on their genus and clas-
ification of the BGCs was performed according to the follow-
ng types: Lanthiope ptide-class-ii; RiPP; Rantiope ptide; NRPS, T er -
enes, T1PKS , T2PKS , Arylpolyene, CDPS , NAAP AA, TransA T-PKS,
ctoin, Butyrolactone, Lanthiopeptide Class iii, Peptide Loop, RRE,
nd Anglicide. 

https://gitlab.pasteur.fr/GIPhy/fqCleanER
https://automlst.ziemertlab.com
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Table 2. Number and identity of Actinobacteria strains isolated from workers of Neotropical social wasps (Epiponini) from different 
locations. 

Closest taxon based on 
16SrRNA BLAST Guanacaste Cartago La Selva Golfito Total 

Sacc haropol yspora 22 0 1 1 24 
Streptomyces 0 4 1 2 7 
Amycolaptosis 6 0 0 0 6 
Microbacterium 2 2 0 0 4 
Nocardiopsis 3 0 0 0 3 
Kocuria 1 1 0 0 2 
Tsukamurella 0 0 0 2 2 
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Results 

Identification of Actinobacteria obtained from 

wasps 

We sampled adult wasps from several genera and from different 
ecological environments in Costa Rica to investigate the presence 
of associated micr oor ganisms. A total of 48 str ains of Actinobac- 
teria were obtained from workers’ cuticles and salivary glands.
Due to differential sampling of wasps’ nests, the genera with the 
highest number of strains belonged to Polybia ( N = 23), followed by 
Parachartergus ( N = 20), and Metapolybia ( N = 16). The region with 

the highest number of isolated strains was Santa Cruz ( N = 35),
whic h r epr esents an example of a tr opical dry for est, follo w ed b y 
Cartago ( N = 7), an urban area, and Golfito ( N = 6), a South Pacific 
w et lo wland tr opical for est. 

According to the 16S rRNA gene BLAST search, Actinobacte- 
ria strains had high similarity (between 95% and 97%) with eight 
genera (Table 2 ). Most strains were identified as Saccharopolyspora 
( N = 24), Streptomyces ( N = 7), and Amycolaptosis ( N = 6). Strains 
of Amycolaptosis and Nocardiopsis were obtained only from Santa 
Cruz wasps. Tsukamurella strains were obtained only from Golfito.
On the other hand, Sacc haropol yspora was isolated from workers 
in all regions except Carta go; Streptom yces was not obtained from 

workers in Santa Cruz, and Microbacterium and K ocuria w ere not 
isolated from workers in La Selva and Golfito. 

Most of the strains were isolated from the cuticle ( N = 39), and 

onl y 10 str ains wer e obtained fr om saliv ary glands. Microbacterium 

str ains wer e obtained onl y fr om saliv ary glands; Kocuria , Sacc ha- 
ropol yspora , and Streptom yces wer e obtained fr om both glands and 

cuticles. On the other hand, Amycolaptosis , Nocardiopsis , and Tsuka- 
murella were obtained only from workers’ cuticles. 

Inhibition of microorganisms by wasp-associated 

Actinobacteria 

We investigated the inhibition of E. coli , P. aeruginosa , S. aureus , and 

B. thuringensis . We found that most of the isolated strains, 30 of 
the 49 obtained (61%), inhibited tested bacterial growth. For four 
Actinobacteria strains (8%), it was not possible to obtain enough 

biomass (because of limited growth in vitro ) to perform inhibition 

tests; and only 12 strains (25%) did not inhibit the growth of any 
tested bacteria. 

Most of the strains ( N = 29) that inhibited tested bacteria 
growth ( N = 30) showed antagonistic effects against B. thurin- 
gensis ; strains that sho w ed higher inhibition halo, related to an- 
tibiotic contr ol, wer e Nocardiopsis -P1A, Am ycolaptosis -P1P and P1S,
Sacc haropol yspora -6A, Microbacterium -8 G, and Streptomyces -8 L (Ta- 
ble 3 ). Most of the inhibitory str ains wer e obtained fr om Gua- 
nacaste ( N = 19) and were isolated from adults of Metapolybia 
( N = 9), Polybia ( N = 9), and Parachartergus ( N = 8) (Table 3 ). 
Similarl y, 25 str ains of the total of str ains that inhibited tested
acteria ( N = 30), had antagonistic effects against E. coli growth.
he strains showing higher inhibition halos against E. coli were 
ocardiopsis -P1A, Amycolaptosis -P1P, Saccharopolyspora -6T, and 6 V,
nd Streptomyces -7 G (Table 3 ). Most of the strains that inhibited
. coli were obtained from Guanacaste ( N = 19), corresponding to
trains that also inhibited B. thuringensis . 

In the case of P. aeruginosa , 19 of the total antagonistic Acti-
obacteria strains ( N = 30) inhibited it. Strains with higher inhibi-
ion halos were Streptomyces -MP and 8 L, and Saccharopolyspora -6 W
Table 3 ). Most of the inhibitory str ains wer e obtained fr om Gua-
acaste ( N = 18), mostl y fr om adults of Metapolybia ( N = 9), Polybia
 N = 9), and Parachartergus ( N = 5). 

On the other hand, isolated strains sho w ed w eak inhibition
 gainst S. aureus . Onl y nine of all anta gonistic str ains ( N = 30)
ormed an inhibition halo (Table 3 ). Half of the strains that in-
ibited S. aureus were isolated from Guanacaste; all were ob-
ained fr om Parac harter gus . T he strains that sho w ed inhibition
gainst all tested bacteria were Streptomyces (7 G, MA), Amycolapto-
is (P1P, P1S), one Sacc haropol yspora (8S), and one Nocardiopsis (P1A)
Table 3 ). 

enome-based analysis of pathogen-inhibiting 

trains 

ix assembled genomes were obtained from strains displaying 
ntibacterial activity: four Sacc haropol yspora sp. (6M, 6T, 6V, and
B) and two Streptomyces sp. (7G and 8L). Genomes ranged from
.4 to 9.0Mb and were previously reported (Gutiérrez-Araya et al.
022 ). Genome annotation sho w ed that our strains display a vari-
ble amount of CDSs (Fig. 2 ), e v en though the ANI results sho w ed
hat all four Sacc haropol yspora str ains seem to belong to the same
pecies (Gutiérr ez-Ar aya et al. 2022 ). Genes r elated to the pr oduc-
ion of amino acids , carbohydrates , vitamins , pr osthetic gr oups,
nd pigments were the most abundant. Moreover, all the strains
av e subsystems r elated to secondary metabolism and plasmids.

Taxonomic phylogenetic analysis based on core genes confirms 
he close relationship among the Sacc haropol yspora str ains . T hose
tr ains wer e found in a separate clade sharing an ancestral node
ith S. gloriosae . Ho w e v er, S. gloriosae is below the species thresh-
ld, as confirmed by an ANI of 84.56%. These results indicate that
. gloriosae is the closest taxonomic group to our wasp-associated
acteria, but these pr obabl y belong to a novel species classifica-
ion according to their whole genome similarity (Fig. 3 ). 

Strains 8L and 7G (Fig. 4 ) were found in different clades. ANI re-
ults confirm the taxonomic distance between those strains, shar- 
ng only 76% genomic identity, indicating that both strains belong
o the Streptomyces genus but are distant species . T he phyloge-
etic tree shows that strain 8L groups with Streptomyces sp. S4.7
nd S. niveus SCSIO 3406, but in a different subclade . Moreo ver,
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Ta ble 3. Gro wth inhibition halos formed by Actinobacteria strains obtained from workers of different Neotropical social wasps 
(Epiponini), tested by disk diffusion assay against known bacterial pathogens. 

Inhibition halo (mm) 

Wasp genus Actinobacteria Strain code B. thuringensis E. coli S. aureus P. aeruginosa 

Polybia Sacc haropol yspora 6A 31 ± 1.4 22 ± 2.1 0 0 
Polybia Sacc haropol yspora 6B 19 ± 5.7 15.5 ± 0.7 0 0 
Polybia Sacc haropol yspora 6G 28 ± 0 13.5 ± 2.1 0 0 
Polybia Sacc haropol yspora 6I 19.8 ± 1 19 ± 0 0 14.5 ± 0.7 
Polybia Sacc haropol yspora 6J 23 ± 0 15.5 ± 0.7 0 0 
Polybia Sacc haropol yspora 6K 25 ± 0 21 ± 0.7 0 0 
Metapolybia Sacc haropol yspora 6M 26.5 ± 0.7 22.5 ± 2.1 0 19.5 ± 0.7 
Metapolybia Sacc haropol yspora 6N 30.5 ± 2.1 19 ± 0 0 0 
Metapolybia Sacc haropol yspora 6O 21.5 ± 0.7 15 ± 0 0 0 
Metapolybia Sacc haropol yspora 6T 19.8 ± 0.4 24 ± 1.4 0 21.5 ± 0.7 
Metapolybia Sacc haropol yspora 6U 22 ± 1.4 12.5 ± 3.5 0 22.5 ± 0.7 
Metapolybia Sacc haropol yspora 6V 21.5 ± 0.7 24 ± 0.7 0 22.5 ± 2.1 
Metapolybia Sacc haropol yspora 6W 29 ± 1.4 20 ± 0 0 30.5 ± 0.7 
Metapolybia Sacc haropol yspora 6Z 30.5 ± 0.7 21.5 ± 2.1 0 0 
Metapolybia Nocardiopsis 7B 28 ± 2.8 20 ± 0 0 20 ± 0 
Protopolybia Sacc haropol yspora 7F 21.5 ± 2.1 0 0 0 
Protopolybia Streptomyces 7G 24 ± 1.4 24 ± 1.4 11 .5 ± 0.7 12 ± 0 
Parachartergus Microbacterium 8G 31 ± 1.4 16.5 ± 0.7 11 ± 0 0 
Polybia Tsukamurella 8F 29 ± 0 18.5 ± 3.5 0 0 
Polybia Tsukamurella 8J 16.3 ± 0.3 20 ± 0 0 23 ± 0 
Protopolybia Streptomyces 8L 31 ± 0 22.5 ± 0.7 0 30 ± 0 
Polybia Sacc haropol yspora 8S 25.2 ± 0.4 18.3 ± 0 15 .3 ± 0.7 16.3 ± 0 
Parachartergus Streptomyces MA 16 ± 0.7 20 ± 0 16 ± 0 .7 17 ± 0.7 
Parachartergus Kocuria MB 17 ± 0.7 0 0 20 ± 0 
Parachartergus Microbacterium MN 0 0 0 24 ± 0.4 
Parachartergus Microbacterium MO 21 ± 0.4 0 15 ± 0 .7 16 ± 0.7 
Parachartergus Streptomyces MP 22 ± 0 19 ± 35 ± 1 
Parachartergus Nocardiopsis P1A 37 ± 0.7 27 ± 0.4 30 ± 1 24 ± 0.4 
Parachartergus Amycolaptosis P1P 35 ± 1 24 ± 0.4 29 ± 0 .7 24 ± 0.4 
Parachartergus Amycolaptosis P1S 35 ± 1 23 ± 0.4 28 ± 0 19 ± 0.4 
Kanamycin control 38.3 28.3 29.3 27.3 
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omparing this strain against 376 Streptomyces genomes, ANI val-
es range from 78.1% to 81.4%. T herefore , 8L has no match at the
pecies le v el with other complete genomes of Streptomyces (species
hreshold < 95%). Phylogenetically closest species have not been
r e viousl y associated with insects. 

On the other hand, strain 7G shares a clade with other Strep-
omyces species, including S. globisporus and S. mediolani (Fig. 3 ).
NI results confirmed the identity of 96% with two strains of S.
lobisporus isolated from soil and tomato flo w er (accession num-
ers GCF_003147545.1 and CF_000261345.2). In comparison, val-
es higher than > 95% were found with Streptomyces sp. WA6-1-16

solated fr om P eriplaneta americana intestine, Streptom yces sp. Tue
075 from soil forest and Streptomyces sp. R527F from Arctic Ocean
ediment. Ther efor e, the r esults suggest that 7G belongs to the
pecies S. globisporus . 

enomic functional annotation: prediction of 
GCs 

e identified BGCs associated with antimicrobial compounds in
ll the isolates from Epiponini wasps. For instance, in the Sac-
 haropol yspora sp. str ains, 17 types of BGCs wer e identified. The

ost common BGCs were classified as NRPS, Class 1 Polyketides
T1PKS), and Terpenes (Table 4 ). Five BGCs sho w ed high similar-
ty ( > 60%) to the genes related to the synthesis of Geosmin,
yralimycin 1a, Ery-9/Ery-6/Ery-8/Ery-7/Ery-5/Ery-4/Ery-3, Iso- 
igrastatin, SGR PTMs, and Nystatin A1. On the other hand,

5 gene clusters sho w ed moderate genetic similarity (30%–59%)
o Herbo xydiene, Cinam ycin, Ery-9, Iso-migrastatin, Catelecin,
etracenomycin C, Anantin C, Thiazostatin, Telomycin, Isore-
ier atene, Br asilicardin A, Nystatin, Piericidin A1, Selvamycin,
nd Lasalocid clusters. A total of 13 BGCs sho w ed lo w similar-
ty (2%–29%) to known clusters for Pyralomicin 1a, Herboxidi-
ne , T haxteramide C, P olyoxin A/H, T hacteramide C, T hiazostatin,
elomycin, Bacillibactin, CDA1b Coelibactin, SF2575, Carotenoid,
nd Pr ejadomycin. Finall y, se v en BGCs classified as Butyr olactone,
anthipeptide, NRPS, and T1PKS did not show genetic similarities
ith any cluster on the database. 
The diversity of BGCs was higher for strains of the genus

treptomyces than that found on Sacc haropol yspora sp. (Table 5 ).
n this case, 44 gene clusters were predicted in the strain 7G,
hile 36 were found in the strain 8L. Those BGCs were clas-

ified into 18 different types . T he highest number belongs to
RPSs (26%), follo w ed b y T1PKS (16%) and terpenes (13%). We
btained 15 predicted BGCs with high similarity ( > 60%) to
he known gene clusters of ROS 12–3108, AmfS, Keywimisin,
elanin, Hedamycin, Ectoin, Alquilerorcinol, Besderrioxamine B,

GR PTMs, Methylisoborneol, Geosmin, Isor enier atene, Hopene,
nd Coeliquelin. Three BGCs sho w ed moderate similarity (30%–
9%) to Lasalocid, Celibactin, and Streptobactin. Most BGCs
ho w ed lo w similarity (2%–29%) with Methylenomycin A, Show-
om ycin, Pe pticinnamin E, Kanam ycin, Herbo xidiene, Coelim ycin
1, SF2575, RP-1776, Ficellomycin, Akaeolide, La guna pyr one A,
nd Enduracidin. On the other hand, HgIE-KS, RRE-containing,
anpe ptide-clase-I, RiPP-lik e , Butyrolactone , Siderophore , T1PKS,
erpene, and NRPS gene clusters did not match with any other
nown BGCs (Table 5 ). 
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Figure 2. Distribution of coding sequences based on the genome annotation and categorized in subsystems for six strains of wasp-associates 
actinobacteria ( Sacc haropol yspora sp. 6M, 6T, 6V, 7B, and Streptomyces sp. 7G and 8L). 
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Discussion 

To our knowledge, this is the first study that isolated Actinobacte- 
ria fr om saliv ary glands (not onl y fr om the cuticle of adult wasps),
obtained from five different Epiponini genera and 13 morpholog- 
ical species, collected from four geographic regions of Costa Rica 
(not only one as Matarrita-Carranza et al. 2017 , 2021 ). Addition- 
ally, this is the first study that tested the antimicrobial inhibition 

of se v en Actinobacteria gener a a gainst thr ee bacterial species that 
harbor known human pathogens and included a genomic e v alua- 
tion of Epiponini-associated Actinobacteria to identify promising 
sources for antibiotic compounds. 

Social wasps are associated with Actinobacteria 

with inhibitory activity 

Actinobacteria could provide multiple advantages for insects’ sur- 
vival in a wide range of habitats, as they require few resources 
due to their slo w gro wth, use different substrates, and exhibit high 
etabolic versatility (Kaltenpoth 2009 ). For example, Actinobac- 
eria strains were not only associated with Epiponini workers 
hrough their cuticles as previously observed (Matarrita-Carranza 
t al. 2017 ), but they are also present in salivary glands. In ad-
ition, some wasps-associated Actinobacteria strains could be 
pecific to a geogr a phic r egion. It has been suggested that Acti-
obacteria’s presence in an environment depends on ecosystem 

 har acteristics suc h as plant species, soil composition, and di-
ersity of other microorganisms (Kaltenpoth 2009 , Govindasamy 
t al. 2014 , Singh and Dubey 2018 ). Microhabitat conditions of
uanacaste ecosystems might favor the establishment of Acti- 
obacteria like Nocardiopsis , Amycolaptosis , and Saccharopolyspora ,

n the environments (plants, soil, and so on) visited by social wasp
dults . Similarly, the en vironmental conditions of Golfito could fa-
or Tsukamurella strains that were isolated only from lowland rain-
or est wasps. Str ains belonging to Streptomyces , Microbacterium , and
 ocuria w er e found in m ultiple sampled envir onments. Although
ore studies should be carried out to understand actinobacterial 
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Figure 3. Maximum-likelihood phylogenetic tree based on the core genome of the isolated strains of the genus Saccharopolyspora (7B, 6M, 6V, and 6T, 
highlighted) and r efer ence genomes selected from the NCBI GenBank database (identified as “QS” in blue), the automatically generated type genomes 
in autoMLST (identified as “TS” in green and gray), and the tree ancestor or “out-group” (identified as “OG” in r ed). Bootstr a p support is indicated on the 
nodes and was obtained with 1000 replicates on the ultrafast method. 
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Figure 4. Maximum-likelihood phylogenetic tree based on core genomes of the Streptomyces isolates (7G and 8L, highlighted) and reference genomes 
selected from the NCBI GenBank database (identified as “QS” in blue), the type genomes generated automatically in autoMLST (identified as “TS” in 
green and gray), and the out-group (identified as “OG” in red). Bootstrap support is indicated on the nodes and was obtained with 1000 replicates on 
the ultrafast method. 
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Table 4. Summary of BGC types identified in the genome of Sacc haropol yspora str ains (6M, 6T, 6V, and 7B) and their similarity to known 

BGCs according to the analysis performed with the AntiSMASH bioinformatics tool. 

Predicted BGC type Known BGCs similarity (percentage of matching genes) 

Amglicyicl Pyralomicin 1a (18%) 
Arylpolyene and CDPS Herboxidiene (38%), (2%) 
Butyrolactone N/A 

Ectoine Ectoine (100%) 
Lantipeptide-class-ii Cinnamycin (52%), (38%) 
Lantipeptide-class-iii Ery-9–Ery-6–Ery-8–Ery-7–Ery-5–Ery-4–Ery-3 (100%), (50%) 
Lassopeptide Iso-migr astatin—Migr astatin—Dorrigocin A—Dorrigocin B–13-Epi-dorrigocin A (54%), (45%)/Cattelecin (50%) 
T2PKS Tetracenomycin C (33%) 
TransAT-PKS Iso-migr astatin—Migr astatin—Gorrigocin A—Gorrigocin B–13-Epi-dorrigocin A (63%), (54%), (45%) 
NAPAA Thaxteramide C (7%)/Polyoxin A/Polyoxin H (5%)/Thacteramide C (7%) 
Ranthipeptide N/A 

RiPP-like Cinnamycin (52%) y (38%) 
RRE-containing Ery-9–Ery-6–Ery-8–Ery-7–Ery-5–Ery-4–Ery-3 (100%)/Anantin C (50%) 
NRPS SGR PTMs (66%)/Thiazostatin—Watasemycin A—Watasemycin B–2-hydr oxyphen ylthiazoline 

enantiop y ochelin—isop y ochelin (40%), (26%), (20%)/Telomycin (38%), (23%)/Bacillibactin (15%)/3 CDA1b (22%)/Coelibactin 
(18%)/1 N/A 

Terpene Geosmin (100%) y (60%)/Isor enier atene (57%)/Br asilicardin A (38%)/Hopene (30%)/SF2575 (6%)/Car otenoid 
(18%)/Prejardomycin (4%) 

T1PKS SGR PTMs (66%)/Nystatin A1 (63%) y 1 (36%)/Nystatin (57%)/Piericidin A1 (50%), (33%)/Selvamicin (33%)/lasalocid 
(36%)/4 N/A 

N/A = no matching. 

Table 5. Summary of biosynthetic cluster types (BGCs) identified in the genome of Streptomyces genus strains (7G and 8L) and their 
percentage similarity to known BGCs according to the analysis performed with the AntiSMASH bioinformatics tool. 

Predictied BGC type Known BGCs similarity (percentage of matching genes) 

Furan Methylenomycin A (28%) 
hgIE-KS N/A 

Lantipeptide-class-ii SRO 12–3108 (100%) 
Lantipeptide-class-iii AmfS (60%) 
Lassopeptide Keywimisin (80%) 
Melanin Melanin (100%) 
Nulcleosido N/A 

RRE-containing N/A 

T2PKS Hedamicine (87%) 
Ectoine Ectoine (100%)/Showdomycin (23%) 
Lantipeptide-class-i Pepticinnamin E (10%)/N/A 

RiPP-like Kanamycin (1%)/4 N/A 

T3PKS Alk yleror cinol (100%)/Herboxidiene (5%) 
Butyrolactone Coelimycin P1 (16%)/SF2575 (6%)/RP-1776 (6%)/and 1 N/A 

Sider ophor e Desferrioxamin B (100%)/Ficellomycin (3%)/4 N/A 

T1PKS SGR PTMs (100%)/Hedamycin (87%)/Lasalocid (40%)/Akaeolide (24%)/La guna pyr one A (22%)/Meridamycin (13%)/A-47934 
(8%)/LL-D49194a1 (5%)/2 N/A 

Terpenes Metilisoborneol (100%)/Geosmine (100%)/Isor enier atene (85%)/Hopene (76%)/Hopene (69%)/Cadaside A/cadaside B 
(9%)/Mediomycin A. (6%)/3 N/A 

NRPS SGR PTMs (100%)/Coelichelin (72%)/Coelibactin (45%)/Streptobactin (35%), (29%)/Rimosamide (21%)/Collismycin A 

(14%)/Gobic helin A—Gibic helin B (11%)/Ulleungm ycin (11%)/Pe pticinnamin E (10%)/Cadaside A—Cadaside B (9%)/A-47934 
(8%)/Enduracidin (8%)/LL-D49194a1 (5%)/10 N/A 
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ynamics in insects, our results indicate environmental condi-
ions of the ecosystems may drive the pattern of Actinobacteria
axa obtained. 

The association between micr oor ganisms and insects is
idespread in nature. Actinobacteria are present in half of the
athogen defense interactions that insects maintain with mi-
r oor ganisms (Kaltenpoth 2009 , Seipke et al. 2011 ), as we men-
ioned befor e, fungus-gr owing ants (Tribe Attini) establish r ela-
ionships with Pseudonocardia (Pseudonocardiaceae) (Cafaro and
urrie 2005 , Poulsen et al. 2010 ) to pr e v ent infections in the fungal
ardens the y culti vate . T he pr otection offer ed by Actinobacteria
gainst the Escovopsis pathogen is so effective (Poulsen et al. 2011 )
hat ants e volv e specialized exocrine glands to host them (Poulsen
t al. 2003 , Currie et al. 2006 ), among other possible functions (Li et
l. 2020 ). In our study, Actinobacteria belonging to Pseudonocar-
iaceae ( Amycolaptosis and Saccharopolyspora ) were also found in
dults of Epiponini. It is possible that Epiponini wasps , like ants ,
se some micr oor ganisms for pr otection a gainst pathogens since
ost of the isolated strains of Amycolaptosis and Saccharopolyspora

ho w ed bacterial growth inhibition in vitro . 
Microbacterium and Tsukamurella strains could be exclusively as-

ociated with adults since they have not been found in brood cells
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or immatures (Matarrita-Carranza et al. 2017 ) to date . T her e ar e 
a few reports of Tsukamurella associated with insects (Steinhaus 
1941 , Hernández and Cafaro 2015 ), it has been found mostly in soil 
and clinical material, and some species produce skin infections,
meningitis, and pulmonary diseases in humans (Goodfellow and 

Maldonado 2006 ). This is the first study that reports Tsukamurella 
str ains pr esent in social wasps, and Microbacterium in Epiponini 
wasps. Microbacterium has been found in different habitats: soil,
plants , insects , dairy products , food, and others (Evtushenko and 

Takeuc hi 2006 ). Fr om insects, it has been obtained mainl y fr om 

the gut (Vilanova et al. 2012 , Shil et al. 2014 , Manfredi et al. 2015 ,
Grigor escu et al. 2018 ), wher e its r ole has been attributed to the 
pr oduction of se v er al enzymes. All str ains found in this study 
were obtained from adult salivary glands. In addition, we found 

those str ains pr esented inhibition a gainst B. thuringensis , E. coli ,
and P. aeruginosa . Based on this result we suggest that Microbac- 
terium and Tsukamurella could provide protection against bacteria, 
which should be further studied to confirm this and other roles 
of these strains on the social wasps. In the case of Microbacterium ,
they could also be necessary for enzymatic activities in salivary 
glands as has been found in the gut of other insects (Vilanova et al.
2012 , Shil et al. 2014 , Manfredi et al. 2015 , Grigorescu et al. 2018 ). 

Actinobacteria such as Streptomyces , Kocuria , and Nocardiop- 
sis have been found in both adults and brood cells (Matarrita- 
Carranza et al. 2017 ). Streptomyces genus encompasses a group of 
micr oor ganisms of great medical interest because they can pro- 
duce more than 100 000 antibiotic compounds (Watve 2001 et al.
2001 , Seipke et al. 2011 ). Streptomyces strains used in the pharma- 
ceutical industry are mostly obtained from soil samples. Ho w ever,
recent studies have determined these microorganisms are also as- 
sociated with inv ertebr ates suc h as sponges (Taylor et al. 2007 ,
Kamke et al. 2010 ) and insects (Kaltenpoth et al. 2006 , Scott et 
al. 2008 , Haeder et al. 2009 , Barke et al. 2010 , Poulsen et al. 2011 ,
Seipke et al. 2011 , Cambr oner o-Heinric hs et al. 2019 , Che vr ette et 
al. 2019 , Matarrita-Carranza et al. 2021 , Pessotti et al. 2021 , Van 

Moll et al. 2021 ). Se v en Streptom yces str ains wer e isolated fr om 

wasp adults in this study. Streptomyces may be associated with 

Epiponini workers for protection as in other insects because these 
strains also inhibited the growth of several tested bacteria. Nev- 
ertheless, Streptom yces str ains on Neotr opical wasps could also be 
casuall y obtained fr om the envir onment since wasps use plants 
and soil for nest construction (Wenzel 1998 ), and Streptomyces is 
found in a wide range of habitats (Seipke et al. 2011 ). 

Kocuria has been reported in the moth Kunugia latipennis and is 
associated with the degradation of phenolic compounds in plant 
material, as larvae feed on pine leaves (Paul et al. 2012 ). To our 
knowledge, this is the first report of the presence of Kocuria in 

Epiponini w asps. K ocuria could play a role in work ers sali vary 
glands, since all strains were obtained from this structure. In ad- 
dition, Nocardiopsis has been isolated from one species of beetle 
(Santamaría et al. 2020 ) and Apis (Pronuam et al. 2009 , Patil et 
al. 2010 ). Mor eov er, Nocardiopsis str ains isolated by Santamaría et 
al. ( 2020 ) from the intestine and feces of Cerambyx welensii inhib- 
ited the pathogen Micrococcus luteus due to the production of an- 
timicr obial compounds suc h as Picr om ycin, Valinom ycin, and Hi- 
hydr opicr omycin. Hence, Nocardiopsis isolates in our study could 

play a role on the external surface of Epiponini workers, since all 
str ains wer e obtained fr om the cuticle. 

Social wasps’ nests are vulnerable to parasite attack due to 
the accumulation of meconia on brood cells (Jeanne 1991 ). For 
this reason, Actinobacteria could be essential for colony survival 
by protecting against pathogens . T his strategy has been used by 
other solitary wasp species such as P. triangulum to protect their 
arvae (Kaltenpoth et al. 2005 , 2006 , Kroiss et al. 2010 ). Epiponini
orkers immediately insert their head and thorax for ∼1 hour, af-

er the fully developed individual leaves the brood cell (e.g. P. Tri-
ngulum ) (Nascimento et al. 2004 , Chavarría and West-Eberhard 

010 ). Given that cells are reused for future larvae, it is pos-
ible that Epiponini workers used salivary gland secretions or 
ubbed their cuticles a gainst c hamber walls, in order to steril-
ze the brood cells. According to Turillazi et al. ( 2023 ), gland se-
retions and microorganisms associated with wasps could pro- 
uce antimicrobial substances. In addition, through antennation 

ehaviors and trophallaxis (Nascimento et al. 2004 , Chavarría 
nd West-Eberhard 2010 ), adults could transmit Actinobacteria 
o eac h other, incr easing pr otection in the colon y, as observ ed by
shay et al. ( 2003 ) in Vespa orientalis , where bacteria were transmit-
ed between individuals by tr ophallaxis. Ne v ertheless, mor e stud-
es should be carried out to understand the role of Actinobacteria
n Epiponini wasps’ cuticle and salivary glands. 

enetic di v ersity of w asp-associated 

ctinobacteria with antibacterial potential 
enome analysis confirms the taxonomic identity of six wasp- 
ssociated str ains, whic h inhibited the gr owth of m ultiple bac-
eria. Based on the phylogenetic analysis and previous work 
Gutiérr ez-Ar aya et al. 2022 ), str ains 6M, 6V, 6T, and 7B might be
ew species of the genus Saccharopolyspora . Ho w ever, there is a
hared ancestor between 6M-6V and 6T-7B, suggesting that they 
ould be genetic variants of the same species. S. glorisosae was the
losest r elativ e to these str ains since they shar e an ancestor ac-
ording to the topology of the phylogenetic tree. S. glorisosae was
riginally isolated as a plant endophyte isolated from a plant in
he tr opical r egion of Yunnan pr o vince , China, and has been rec-
gnized for its medicinal properties (Qin et al. 2010 ). 

Furthermore, we confirmed that Streptomyces strains 7G and 8L 
re distant species, which could be associated with their evolution
nd colonization to different environmental conditions. Strain 7G 

as collected in La Selva Biological Station, while 8L was collected
n Golfito. Climatic par ameters ar e similar in both regions, with
igh pr ecipitation le v els, temper atur es v arying between 25ºC and
3ºC, and r elativ e humidity r anging between 75% and 80% (IMN
021 , Ber ger and Sc hinnerl 2019 ). Nonetheless, the micr oenvir on-
ent in each ecosystem might drive a different bacterial diver-

ity. These strains were isolated from different parts of the in-
ect, 7G from the salivary glands and 8L from the cuticle. Bac-
eria isolated from an insect’s internal tissue might differ from
uticle bacteria due to the microbial selection occurring in envi-
onments with different pressures (Choudoir et al. 2018 ). For ex-
mple, for Protopolybia sp. it is possible that antimicrobial com-
ounds ar e pr oduced in the saliv ary system by symbiotic bacte-
ia, as known for other social wasps such as P. dominulus (Turillazzi
t al. 2004 ). 

Our results confirmed that strain 7G belongs to S. globisporus 
pecies . T his str ain shar es a node with Streptom yces sp . str ain SS07
nd Streptomyces sp. JS01, suggesting that they are closely related
trains of S. globisporus species. Similar to 7G, strain JS01 sho w ed
ntibiotic properties, exhibiting algaecide activity after isolation 

rom the coastal surface waters of the Xiamen Sea (Zhang et
l. 2015 ). On the other hand, SS07 was isolated from the bee-
le Monochamus alternatus , whose natural enemies include fungi 
uch as Aspergillus fluvus , Fusarium oxysporum , Bauveria bassiana ,
nd bacteria such as Serratia marcescens (C ABI 2022 ). T herefore , the
ymbiotic interactions of some Streptomyces strains with wasps or 
ther insects could be essential for their survival (Kaltenpoth et al.
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Figure 5. Similarity gene plots between known antimicrobial related BGCs (Piericidin A1, Nystatin A1, and Selvamycin) and predicted BGCs from 

Sacc haropol yspora sp. str ains isolated fr om Neotr opical social wasp. Genes with differ ent functions ar e r epr esented by color ed boxes, wher e their 
function is associated to the color as indicated in the legend. Known clusters were obtained from MIBiG database and similar genes in the predicted 
BGCs are linked by solid black lines. Predicted BGCs and its genetic similarity were identified with AntiSMASH. 
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006 , Matarrita et al. 2017 ). Then, it would be necessary for future
tudies to confirm whether the observ ed antimicr obial ca pacity
f Streptomyces 7G is related to a potential symbiotic relationship
ith social wasps. 
In our r esearc h, we hav e pr edicted BGCs that exhibit similar-

ties to known BGCs involved in the synthesis of antimicrobial
ompounds. Notabl y, our str ains shar e genetic elements akin to
hose responsible for producing antimicrobial molecules such as
iericidin A1, Selvamycin, Nystatin, Cinamycin, and Hedamycin.
lthough our strains’ BGCs are not identical to those for the
iosynthesis of such molecules, and they might have other
iosynthetic routes, they also contain most of the core biosyn-
hetic enzymes responsible for the production of such metabolites
Fig. 5 ), suggesting that related molecules might be synthesized
y the predicted BGCs. Piericidin A1 is a molecule with bioactiv-

ty against Bacillus subtilis , Paenibacillus larvae , Aspergillus fumigatus ,
. flavus , Penicillium notatum , P. avellaneum , and Metarhizium aniso-
liae (Kroiss et al. 2010 ). This is the first report of a BGC related
o its synthesis in Sacc haropol yspora sp., whic h has pr e viousl y been
ound in Streptomyces from brood cells and antennal glands of Phi-
anthus triangulum (Kroiss et al. 2010 ) and exoskeleton from attine
nts (Ortega et al. 2019 ). Selvamycin is an antifungal molecule dis-
ov er ed in Apterostigma ant bacteria, whose primary function has
een attributed to the protection of fungal garden nests against
ungal pathogens (Van Arnam et al. 2016 , Adnani et al. 2017 ). Nys-
atin A1 is an antifungal molecule that permeabilizes membranes
nd can lead to cell death in the presence of another microor-
anism (Bruheim et al. 2004 ). This compound has been found in
he nest of leaf-cutter ants (Choudoir et al. 2018 ). Se v er al of the
enetic similarities for the biosynthesis of antibiotic compounds
 e found here, w ere previously associated with insect-derived mi-

r oor ganisms . Studies ha v e isolated Aentiger omysin, Acylopr olac-
an, Candidicin D, and Selv amycin, fr om Acrom yrmex (Haeder et al.
009 , Barke et al. 2010 , Poulsen et al. 2011 ) and Apterostigma (Van
rnam et al. 2016 ). Additionall y, Ayca gimycin has been isolated

rom the beetle Dendroctonus frontalis (Oh et al. 2009 ), and Atrep-
ochlorin and Aiericidin from the solitary wasps Philanthus (Kroiss
t al. 2010 ). While our r esults do not confirm the activ e pr oduc-
ion of these specific antimicrobial molecules by our isolates, it
vidences the potential of the predicted biosynthetic genes to pro-
uce r elated molecules. Mor eov er, the alignment of these findings
ith pr e vious r eports, combined with the observ ed in vitro an-

ibacterial activity of these Actinobacteria strains, suggests that
hey may possess genetic components associated with the synthe-
is of antimicrobial molecules with a defensive role in the workers
f Neotropical social wasps. 
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In addition, in most of our strains, a large proportion of BGCs 
were found with low or no match to known secondary metabo- 
lites . Hence , the y re present a promising source for exploring nat- 
ur al pr oducts . T his might be related to the fact that most strains 
wer e geneticall y distant fr om kno wn species. In this w ork, S. glo- 
bisporus (7G strain) was the only one classified at the species level,
while five out of the six selected strains appear to be new species.
Furthermor e, the unta pped taxonomic v ariety of bacteria found 

on epiponine species could be due to specialized functions that 
Actinobacteria have evolved to survive in the unique environment 
of social wasps. An arsenal of unknown metabolites is expected to 
fulfill specific functions in the insect envir onment, whic h should 

be further studied. 
Our r esults pr esent the first r eport of se v er al Actinobacteria 

( Streptom yces , Sacc haropol yspora , Microbacterium , Tsukamurella , Kocu- 
ria , Amycolaptosis , and Nocardiopsis ) isolated from Epiponini adult 
wasps with in vitro confirmed antibacterial activity. Indeed, in a 
pr e vious study (Matarrita-Carranza et al. 2017 ) antibiotic inhi- 
bition was tested but only against insect pathogens, and later 
Matarrita-Carranza et al. ( 2021 ) tested the inhibition against dif- 
ferent pathogens but only from Streptomyces sp. strains isolated 

fr om br ood cells, not fr om adults . We ha v e demonstr ated her e 
that Actinobacteria associated with social wasp adults have an- 
timicrobial activity and BGCs sharing some genes related to the 
production of antimicrobial compounds previously described in 

insects, such as Selvamycin, Piericidin A1, and Nystatin. Most of 
the strains reported here also sho w ed genomic evidence to pre- 
sume their classification of no vel species , harboring m ultiple pr e- 
dicted BGCs without any similarities to known BGCs. For these 
reasons, we speculate that Actinobacteria associated with social 
wasps could be a potential source of novel antibiotic compounds.
Antibiotics fr om natur al sources could be mor e effectiv e than syn- 
thetic ones (Bode 2011 ), which could help fight the antibiotic resis- 
tance crisis. To our knowledge, this is the first r esearc h that e v al- 
uates Epiponine-associated Actinobacteria and their inhibitory 
properties to different pathogens. 
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