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Abstract 

Priority effec t s, in which species arriv al his tory influenc es c ommunity assembly, ar e incr easingly r ecogniz ed to affec t host–

parasit e syst ems. Ho w ev er, priority effec t s acr oss dispara t e group s o f parasitic or ganisms ar e poorly underst ood despit e the 

wide range of taxonomic groups inv olv ed. In California oak w oodland, w e inv estiga t ed how priority effec t s be tw een tw o insect- 

p arasitic fungi ( Met arhizium and Beauveria ) influenc ed emergenc e of nema t odes fr om insec t larvae. Field and labora t ory re- 

sult s indic a t ed tha t both fungi wer e common, but priority effec t s pr evented them fr om co-emer ging fr om the same larva. 

Metarhizium - and Beauveria -inf ec ted insec t s did not differ in the species compo sition o f emerging nema t odes, but larvae 

without fungal emergence had distinct nema t ode communities, with Oscheius almost always emerging without fungi. Exper- 

iment s indic a t ed tha t none of the commonly found nema t odes ( Acrobeloides , Mesorhabditis , Oscheius , and Rhabditis ) were 

ent omopa thog enic, but tha t Oscheius could exclude Beauv eria if it arriv ed e arly. This time-dependent e xclusion was likely 

caused by a bacterium that Oscheius nematodes carried ( Serratia proteamaculans ). Together, these findings suggest that fungi 

enter insec t s as primary arriv er s, while nema t odes c ome as sec ondary arriv er s to exploit fungus-killed insec t s, with priority ef- 

f ec t s influencing both groups. We suggest that this system is a promising natural microcosm for understanding priority effects 

across dispara t e group s in ho s t–parasite sys tems. 

Keywords community assembly; nema t odes; ent omopa thog ens; fungi; priority effec t; bac teria 
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Intr oduc tion 

It has been a century since Alvar Palmgren articula t ed the hypoth- 
esis that the order and timing of species arrival dicta t e how species 
affec t one another and, consequently, which species domina t e in 

local communities (Palmgren 1926 ). Known today as priority ef- 
f ec t s (Drake 1990 , Chase and Leibold 2003 , Fukami 2015 ), this his- 
t orical conting ency in community assembly has been observed in 

a variety of organisms (Stroud et al. 2024 ,). Among them, coin- 
f ec ting p arasit es and p a thog ens ar e some of the or ganisms f or 
which priority effec t s have been incr easingly studied o v er the past 
decade (Karvonen et al. 2019 ). 

In studying priority effec t s, natural micr ocosms, defined as 
“small c ont ained habit a ts tha t are na turally popula t ed by minut e 
organisms,” hav e play ed a central role in advancing basic under- 
s tanding (Sriv as tav a et al. 2004 ). A wide range of systems have 

been used as natural microcosms, and one that has been indicated
only r ecently f or their potential consist s of ent omop a thog enic
fungi in soil-dwelling insec t s. As sugg est ed by Costantin et al.
( 2025 ) using fungal isola t es from Brazil and Tenebrio molitor lar-
v ae, this sys t em can make unique contributions t o understanding
host–p arasit e int eractions when multiple parasitic species coin-
f ec t the same insect. 

Costantin et al. ( 2025 ) provided evidence for priority effects be-
tw een tw o major genera of insect-parasitic fungi, Metarhizium and
Beauveria . When both were experimentally introduced, whichever
genus was introduced first emerged more abundantly. Ho w ev er,
fungi are not the only organisms that use insect larvae as re-
sources. Soil-dwelling nema t odes and their associa t ed b act eria
can also establish and emerge from dead insect larvae. Consider-
ation of these other organisms can broaden this sys tem ’s scope as
a promising natural microcosm. Ho w ev er, few studies hav e docu-
Received: 13 No v ember 2025. Revised: 2 April 2026. Ac c epted: 3 April 2026 
© The Author(s) 2026. Published by Oxf or d University Press on behalf of FEMS. This is an Open Ac c ess article distributed under the terms of the Creative Commons Attribution-NonCommercial 
License ( https://cre a tiv ecommons.org/licenses/b y-nc/4.0/ ), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For 
commer cial r e-use, please c ont ac t r eprint s@oup .com f or r eprint s and translation right s f or r eprint s. All other permissions c an be obtained thr ough our Right sLink service via the Permissions link 
on the article p ag e on our site-for further information please c ont ac t journals.permissions@oup .com 

https://doi.org/10.1093/femsec/fiag036
https://orcid.org/0000-0002-0584-9017
https://orcid.org/0000-0003-2789-4959
mailto:amaury.payelleville@umontpellier.fr
mailto:fukamit@stanford.edu
https://creativecommons.org/licenses/by-nc/4.0/
mailto:reprints@oup.com
mailto:journals.permissions@oup.com


2 FEMS Microbiology Ecology , 2026, Volume 102, Issue 5 

m
m

m
l
m
d
m
c
t
h
f
t
y
a
n
f
w
m
f

M

F

S

W
a
b
o
i
a
f
l
v
o
T
w
p
t
t
p

S

S
t
J
t
a
3
a
t
t
f
t
t
r
O

ented ho w soil-dw elling nema t odes or their associa t ed b act eria 
ay interact with Metarhizium or Beauveria in insect cadav er s. 
In this paper, we examine the possibility that ento- 

op a thog enic fungi Metarhizium and Beauveria in an insect 
arva influence not only each other through priority effec t s (by 

anipulating initial abundance and arrival order), as previously 
emonstra t ed, but tha t these priority effec t s influenc e the c om- 
unity of nema t odes tha t establish and multiply in the insect 

adaver. If this possibility is plausible, then that would indica t e 
hat priority effec t s be tw een Metarhizium and Beauv eria could 

ave broader c onsequenc es, affecting not just their own per- 
ormance, but also the community assembly of nema t odes in 

he inf ec ted insec t s. To study this possibility, we conduc ted a 
 ear-long field surv ey in California oak woodland. We also did 

 series of labora t ory coinf ec tion experiment s using the fungi, 
ema t odes, and nema t ode-associa t ed b act eria tha t we isola t ed 

rom the field survey. Based on the findings from this study, we 
ill propose hypotheses on how priority effects among fungi, ne- 
a t odes, and b act eria influence fungal and nema t ode emerg ence 

r om inf ec ted insec t s. 

a t erials and methods 

ield survey 

tudy system 

e conducted a year-long field survey to assess the presence of 
ctive ent omop a thog enic and opportunistic organisms in the soil 
ene a th co ast live o ak ( Quer cus agrif olia ) tr ees a t Jasper Ridg e Bi- 
logic al Pr eserv e (’Ootchamin ’Oo yakma). In this preserv e loca t ed 

n the Santa Cruz Mountains of California in the United Sta t es, 
dults of the acorn moth (Lepidoptera—Cydia latif err eana ) and the 

ilbert weevil (Coleoptera—C ur culio occidentis ) lay e ggs in coast 
ive oak acorns while acorns are still attached to the tree. The lar- 
ae of both insec t s ha t ch and grow within the ac orn, and c ome out 
f the acorn after it falls to the ground in the autumn (Lewis 1992 ). 
he emerged larvae then burrow into the soil, which is the period 

hen they can be inf ec t ed by ent omop a thog ens bef or e they pu- 
 a t e and leave the soil as adults (Bruck and Walton 2007 ). Given 

heir high abundance (Lewis 1992 ), these insec t s likely serve as 
he main r esour ces f or insec t-p arasitic fungi and nema t odes in this 
reserve. 

oil sampling 

oil samples were collected from two different locations within 

he preserve in February, April, July, and September of 2023 and 

anuary and March of 2024. One loca tion (here after called loca- 
ion 1; 37.4071868, −122.2344094) was on top of the ridge in Q. 
grifolia woodland. The other location (here after called location 2; 
7.4034912, −122.2347112) was in a small valley that had wetter 
nd more het erog eneous woodland than location 1. At each loca- 
ion, thr ee Q. agrif olia tr ees wer e haphazar dly selec t ed. F or e ach 

ree, five soil samples, each of 10 cm diameter and a depth of 25 cm 

rom the surface, were collected within a two-meter radius from 

he base of the tree. The five soil samples collected around each 

r ee wer e then mixed and sieved through a 0.5-cm mesh sieve to 

emo v e rocks, roots, and leaves, and then placed in plastic bags. 
nce transported to the laboratory within 2 h of soil collection in 

the field, the three samples were mixed to make one larval trap
corresponding to the respective location. 

Ex situ baiting 

Approxima t ely 1 kg of soil from e ach loca tion was placed inside
glass bo x es (17 cm wide, 22 cm long, and 6 cm deep) co v ered with
a rubber lid pierced to allow air flow. Since larvae of the Cydia lati-
f err eana moth and the C ur culio occidentis w eevil w ere available for
collection only during the few months of the year when they come
out of the acorns and burrow into the soil, we used as larval traps
two surroga t e species of the same order respectively: the gre a t er
wax mo th (Lepidop t era—Galleria mellonella ) and the me alworm
beetle (Coleoptera—Tenebrio molitor ). These well-studied insects
wer e r eadily available in lar ge quantities fr om a vendor (Car olina
Biological Supply) throughout the year. They are the main larvae
commonly used for live-baiting of ent omop a thog enic organisms
from the soil (Bedding and Akhurst 1975 ). 

Ho w ev er, to gain initial insights into the relevance of findings
with Galleria and Tenebrio used as surroga t e larvae to the un-
derstanding of insect–ent omop a thog en int eractions in the field,
we also conducted preliminary experiments where we introduced
b act eria and fungi into liv e Cy dia and C ur culio larvae that came out
from acorns collect ed a t our study sit e, ’Oot chamin ’Ooyakma, in
No v ember-December 2024. Me thod de tails of these experiments
are described below in the “In vivo competition in Galleria , Cydia ,
and C ur culio larvae ” sec tion. 

In addition, t o t est f or the effec t s of soil moistur e on fungal and
nema t ode emerg enc e (Fig. 1 B), we c onduct ed the b aiting with soil
mois ture adjus t ed t o an identical level acr oss months. To perf orm
this comparison, the moisture level of soil from February 2023 at
e ach loca tion was me asured b y w eighing a soil sample bef or e and
after two rounds of dry autoclaving and placement in a dry cabi-
ne t f or 2 days. The differ ence in weight w as de t ermined t o estima t e
the amount of wa t er in the soil for the time point of February 2023,
the wet tes t month of the ye ar. F or e ach other month, the same
pr otocol w as f ollo w ed, and the amount of st erile wa t er needed t o
ma t ch the level of moisture observed in February 2023 was added
to the soil. 

Here after we refer to ex-situ baiting traps as Galleria or Tenebrio
traps, depending on the larva used to bait the entomopathogenic
or ganisms pr esent in the soil. The g o al of these Galleria or Tene-
brio traps was to allow entomopathogenic or ganisms pr esent in
the soil sample to infest the insect larva. 

For Galleria traps, 30 fifth-instar larvae were added to each trap,
and survival monitored daily for 2 weeks. Larva and the soil were
mixed each day to ensure c ont act between the larvae and the or-
ganisms present in the soil. When all larvae were dead or when
they had been in traps for more than two weeks, all remaining
larvae wer e r emoved, and a new b a t ch of 30 larvae were added
and monitored the same way. The same protocol was follo w ed
with Tenebrio traps but using smaller traps ( ∼500 g of soil in bo x es
that were 14 cm wide, 18 cm long, and 4.5 cm deep) and smaller
b a t ches of larvae (20 larvae). 

For both Galleria and Tenebrio , each dead larvae was remo v ed
from the Galleria/Tenebrio traps. These cadav er s w ere transferred
to another type of traps called White traps, named after the author
who invented them (White 1927 ). White traps allow for the ento-
mop a thog enic organisms that killed the insect larvae to emerge
from the cadaver. We used them to collect and identify those
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Figur e 1 Or ganisms emer ging fr om Galleria moth lar vae in the field sur vey a t Jasper Ridg e Biologic al Pr eserv e (’Ootchamin ’Oo yakma). Fungi and 

nema t odes emerg ed from Galleria larvae plac ed in the field-c ollec ted soil thr oughout the survey period fr om F ebruary 2023 t o March 2024, although the 

proportion of fungal, nema t ode, and c o-emergenc e varied from month to month. The field collected soil was used without (A) or with (B) wa t er added to 

the soil to make the soil as moist as it was in the field during the wet tes t month (February 2023). Each bar r epr esent s the proportion of emerging 

or ganisms f or tha t month. The number of Galleria larvae t est ed in e ach month is sho wn abo v e the b ar corresponding t o the month. 
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or ganisms and ther ef or e labelled each one of those White traps 
with the larval ID corresponding to the type of larva ( Galleria 

or Tenebrio ), the month and location from where the soil was 
taken, and the da t e of larval de a th. The Whit e traps c ont ained ∼20 
ml of Ringer’s solution, which is a physiological salt solution, to 

moist en the filt er on which the c adaver w as deposited. The traps 
wer e then transf err ed t o an incub a t or set a t 25 ◦C. After three t o 

four weeks of incub a tion, larval cadav er s in the White traps were 
checked t o det ermine the presence of fungi, nema t odes, and other 
organisms. 

In this paper, we use the t erm emerg ence t o describe an organ- 
ism exiting from an insect cadaver. This term is used commonly to 

describe inf ec tiv e juv eniles (IJs) of nema t odes exiting a cadaver. 
In fungi, sporulation may be a more accurate term to describe this 
part of their life cy cle. Ho w ev er, w e use emergence for nema t odes 
and fungi for consistency. 

Identification of emerging fungi 

When a fungus emerged from an insect cadaver in a White trap, 
it was re-isola t ed on Pota t o Dextr ose Agar medium (PD A) pla t es 
to obtain a single morphotype. In some cases, two morphotypes 
could be observed on the insec t c adav er s. In these cases, w e per- 
f ormed sequential r e-isolations until w e w ere able to have isola t ed 

on two individual pla t es, e ach of the morphotypes observed. The 
two most abundant morphotypes observed throughout this sur- 
v ey w ere identified b y DNA ex tr action with the Ex tr actNAmp kit 
(Sigma) and amplification and sequencing of the ITS r e gion with 

the primers EPF-IT S1-F and EPF-IT S4-R ( Table S1 ). The two se- 
quenced isola t es wer e then used f or all experiment s. All other iso- 
la t es corresponding to each morphotype were stored but not used 

in the p a thog enicity assay, unless sta t ed otherwise. 

S tor age of emerging nematodes 

When nema t odes wer e de tec ted in Ringer’s solution of the White
traps, they wer e w ashed using tap w a t er, sifted by a 20- μm
meshed sieve, and then stored at 15 ◦C in a cell culture flask con-
taining fresh Ringer’s solution. As many insect cadav er s had more
than one nema t ode g enus emer ging fr om them, we decided to
perform amplicon sequencing t o det ect the full div er sity of nema-
todes species present in this survey. 

Identification of emerging nema t odes 

Nematode DNA extraction 

F or e ach flask c ont aining nema t odes emer ging fr om one insec t c a-
daver, ∼1000 inf ec tive juveniles (IJs) were taken from the flask and
fr oz en at −80 ◦C in Fastprep tubes. If the emergence was not dense
enough, 100 μl c ont aining as many nema t odes as possible were
sampled and fr oz en. 

On the day of the DNA ex tr action, the tubes were he a t ed t o 80 ◦C
and centrifug ed a t 2000 r.c.f. for 10 min. Liquid was then remo v ed,
and the nema t odes resuspended in 100 μl of the ex tr action solu-
tion from the Ex tr actNamp kit. Three 2-mm beads were added to
each tube. Then, 25 μl of Tissue Prep Solution (from the abo v e kit)
and 20 μl of Pr oteinase K wer e added to each tube, and bead beat-
ing was performed for 45 s after the tubes were incub a t ed a t 55 ◦C
for 1 h. The t empera ture was then increased to 95 ◦C for 3 min and
100 μl of Neutralizing Buffer were added. 

Nematode amplicon library preparation 

Four micr olitr e of the DNA ex tr ac tion solution w as used as DNA
matrix for the PCR amplification using primers MB_ITS_APJC_F
and MB_ITS_APJC_R ( Table S1 ) at 0.5 μM final c onc entra tion e ach
and using the r ed r eady-Mix PCR. We performed PCR as follows:
95 ◦C for 3 min, follo w ed b y 10 cy cles of 95 ◦C for 15 s, 52 ◦C for 30 s,
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2 ◦C for 2 min, and 30 cycles of 95 ◦C for 15 s, 60 ◦C for 30 s, 72 ◦C for 
 min, ending with 72 ◦C for 5 min. The PCR product was then mi- 
ra t ed on an agarose g el t o verify amplifica tion. Each PCR pr oduc t 
howing cle ar amplifica tion on the g el was kept. If no amplification 

as observed, the protocol was repe a t ed. 
An amplicon library was prepared for a total of 432 PCR prod- 

c t s obtained. Each PCR pr oduc t w as purified using beads (Can- 
ax, AN36, High purity clean-up magnetic beads). Ten micr olitr e 
f beads was added to each well of 96-well pla t es mixed by pipet- 

ing up and down ten times and left on the bench for 5 min. Plates 
er e then transf err ed to a magne tic rack and the liquid remo v ed 

nce all beads were stuck to the side of the w ell. Tw o washes using 
0% e thanol wer e then perf ormed, and the pla t e was left t o dry for 
 min. Once no ethanol could be de tec ted, 50 μl of 55 ◦C DNAse- 

r ee w a t er was added t o e ach well. Each purified PCR pr oduc t w as 
hen barcoded using the corresponding primer listed ( Table S2 ). 
ive micr olitr e of each purified PCR pr oduc t w as added to a new 

ell with 1.6 μl of premixed primers, 10 μl of red ready-Mix PCR, 
nd 3.4 μl of wa t er. The b arcoding was performed using the fol- 

o wing cy cle: 95 ◦C for 3 min, 8 cy cles of 95 ◦C for 30 s, 55 ◦C for 30 
, and 72 ◦C for 30 s, ending with 72 ◦C for 5 min. 

ematode DNA sequencing 

fter b arcoding, PCR products were migra t ed on a g el t o confirm 

he intensity of the band and then purified using the same proto- 
ol as abo v e, ex cep t for the elution volume, which ranged from 20 
o 60 μl, depending on the intensity on the gel (higher volume for 
 less intense band). The samples were then pooled together and 

ent to the Stanf or d Genomic Sequencing Service Center, where 
he c onc entration and quality of the pooled samples were ana- 
yzed with a Fragment Analyzer (Agilent, Santa Clara, CA, USA) and 

hey were then sequenced on a MiSeq (Illumina) using a 2 × 300 
ycle sequencing kit with a 15% PhiX spike-in. 

Raw BCL files from the MiSeq run were demultiplexed with 

he Illumina bcl2f as tq softw ar e, using default se ttings ex cep t for 
 arcode-misma t ches, which was set to 0. Index barcodes and Il- 

umina sequencing adaptors were excluded in the resulting f as tq 

iles. The f orw ar d and rev er se primer s w er e r emo v ed from the 
 as tq files with cutadapt (Martin 2011 ). The trimmed sequences 

er e pr ocessed with D AD A2 (Callahan e t al. 2016 ), with the f ol- 
owing modifications: in the filterAndTrim function, truncQ was 2, 

inLen was 50, and trimRight was 141. The quality of many of the 
 eads de teriorated after about 160 bp, and since our reads were 
bout 300 bp long, we trimmed the right 141 bp to remo v e the 

o w-quality ends. Since w e sequenced the ITS r e gion, the ampli- 
on r eads wer e not long enough t o sp an the entire g ene. Ther ef or e, 
he rest of the downstream analysis was completed with only the 
 orw ar d r e ads tha t had bett er quality than the rev er se re ads. Da ta 
re available in a BioProject (PRJNA1419355). 

ematode sequence data processing 

o classify the resulting amplicon sequence variants (ASV), we 
uilt a cus tom BLAS T database that included all IT S1, IT S2, and 

8S sequences in the Nema t oda phylum available in the NCBI nu- 
leotide da tab ase. To build the da tab ase, w e do wnloaded all the 
 elevant sequences, deduplic a t ed them with seqkit (Shen et al. 
016 ), and cre a t ed a da tab ase fr om the deduplic a t ed sequences 
ith the BLAS T makeblas t db t ool. We then did a blastn search 

f our ASV sequences in our custom database with a minimum 

erc ent age identity threshold of 80 for all hits. ASVs that had no 

hits against our custom database were classified using a blastn
of the entire NCBI nucleotide da tab ase. The hit with the highest
bit scor e w as r e tained f or each ASV, and taxonomic de tails wer e ex-
trac ted fr om the hit’s ac c ession line ag e. This t axonomy was c om-
bined with the D AD A2 output c ount dat a and sample met adat a for
downstream analysis with phyloseq. For clearer and more relevant
r esult s, ASVs were aggrega t ed a t the g enus level. 

Principal coordinates analysis (PCoA) of nematode species 
composition 

Binary presenc e/absenc e matric es were c onstructed with individ-
ual insect larvae as rows and identified nema t ode taxa as columns.
Downstream analysis included only identified taxa, excluding non-
informative and unidentifiable taxa. Our g o al was t o investiga t e
whether the resulting matrices were rela t ed t o other variables in
our survey data, such as fungal morphotype. Ther ef or e, tr e a tment
group (sampling time and whether the larva was Tenebrio or Gal-
leria ) and the morphology of the emerged fungus were included in
the analysis, but they were not used to construct the matrices. We
calcula t ed a Jaccard dissimilarity matrix of the presenc e/absenc e
ASV matrix using the ve gdist func tion fr om the ve gan pack age
Oksanen et al. 2025 ). Princip al Coordina t es Analysis (PCoA) was
then performed on the dissimilarity matrix with the pcoa function
from the ape p ackag e (Paradis and Schliep 2019 ). The first two
axes were ex tr act ed for visualiza tion of sample clust ering b ased
on emerging nema t ode species composition. 

To s tatis tically ev aluate if nematodes emer ging fr om a single in-
sec t c adav er w er e r ela t ed t o a specific tre a tment gr oup of pr es-
ence of a fungus, a permutational multivariate analysis of variance
(PERMANO VA) w as conduc ted using the adonis2 function (999 per-
muta tions). This analysis t est ed f or differ ences be tween tr e a tment
groups or morphology types based on the Jaccard dissimilarity
matrix. To assess whether significant PERMANOVA results were
driv en b y variation in group disper sion, a multivaria t e homog ene-
ity of dispersion test (PERMDISP) was conducted using betadisper
follo w ed b y ano va. 

To investiga t e which nema t odes wer e emer ging t og ether and if
some species were less co-emerging from one insect cadav er, w e
performed a cluster analysis. The optimal number of clusters of
the nema t ode ASVs, in this c ase seven, w as c alcula t ed by comput-
ing the within-groups sum of squares for the clusters produced by
the k-means me thod. Hierar chic al clustering analysis of the Jac-
c ar d dist anc e matrix was c onduc ted with the hclust func tion, and
the r esult w as cut into seven gr oups using the cutr ee func tion. The
cluster s w er e visualiz ed with a dendr ogr am using the dendex tend
and ggdendro packages (Galili 2015 , de Vries and Ripley 2024 ). 

To aid interpr e tation of the main gradients of variation in nema-
todes emer ging fr om the c adav er s, nema t ode species were fitt ed
a posteriori onto the ordination using the function envfit from the
ve gan pack age in R. Species v ector s indica t e the direction in which
the probability of having this species emerging from the cadaver.
The strength and significance of the associations were assessed
using permuta tion t ests (999 permuta tions) and r esult s ar e pr e-
sented in Table 1 . 

After running the PCoA, the coordina t es of the first two axes
for each sample were ex tr acted and grouped depending on fungi
presenc e/absenc e. The mean coordina t es of each axis (centroids)
for each group ( Beauveria , Metarhizium , and no fungus) were then
calcula t ed and represented in the PCoA plot. 
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Table 1 Associations between nematode taxa and community ordination structure. Associations were assessed using permuta tion-b ased vect or fitting 

(the envfit function in the vegan p ackag e in R). For each taxon, the strength (r 2 ) and significance (permutation test) of its correlation with the ordination 

axes were calcula t ed. The closest fungal group was then assessed using fungal centroids. 

Taxon r2 pval Quadrant Closest_F ung al_Group 

Acrobeloides 0.79 0.001 Lo w er-left Beauveria 

Mesorhabditis 0.47 0.001 Lo w er-right Metarhizium 

Rhabditis 0.13 0.001 Upper-right NA 

Oscheius 0.69 0.001 Upper-right NA 
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Labora t ory experiments 

As we want ed t o investiga t e the role of each isolated organism 

in our study system, we needed to start by valida ting e ach or- 
ganism’s p a thog enicity f or the insec t’s larvae. In other wor ds, we 
sought t o det ermine if or ganisms emer ging fr om insec t’s c adaver 
were able to kill the insec t s b y themselv es, i.e. if they w ere ento- 
mop a thog enic. F or all experiments using Galleria larvae and un- 
less sta t ed otherwise, larvae tha t were a t le ast 2 cm long were se- 
lected and pooled in batches of 20. Each batch was then randomly 
assigned to a treatment. The control was always the starting con- 
dition (10 larvae) and the end condition (10 larvae) to make sure 
timing didn’t have an impact on the tested conditions. 

F ung al pa thog enicity on Galleria larvae 

Beauveria and Metarhizium fungi were grown on PDA for one week 
or until spores co v ered the pla t e. Ten millilitre of Ringer’s solu- 
tion was then added on top of the pla t e, and the pla t e was gently 
scra t ched with a 1- μl loop to resuspend spores. The Ringer’s solu- 
tion was then transferred to a 50-ml Falcon tube, and this process 
repe a t ed onc e. Conc entration of spor es w as then measur ed using 
a hema t ocyt omet er. Volume was adjust ed t o re ach an equivalent 
c onc entration for different fungi. After thorough vortexing, larvae 
w ere immer sed in the spore solution (10 6 or 10 7 spores/ml) and 

individually put in wells in 12-well pla t es, and lar val sur vival was 
monit ored a t 25 ◦C o v er time. Larvae used as the control were im- 
mersed in Ringer’s solution without spores. Each experiment was 
conducted with 20 larvae per tre a tment and repe a t ed two t o four 
times, depending on the availability of spores and larvae. 

Lar val sur vival following exposure to Beauveria or Metarhiz- 
ium spor es w as analyz ed using a binary s tatus v ariable, i.e. de a th 

or survival, to compare three tre a tment groups: control, 10 6 

spor es/ml, and 10 7 spor es/ml. Kaplan–Meier sur vival cur v es w ere 
constructed using the survfit() function from the survival R pack- 
ag e. Survival prob ability o v er time was estima t ed sep ara t ely for 
each c onc entration group within each fungal treatment ( Beauve- 
ria and Metarhizium ). Differ ences be tween sur vival cur v es w ere 
evalua t ed using the log-rank test, as implemented in ggsurvplot() 
from the survminer p ackag e. 

To quantify the effec t of fungal spore c onc entration on larval 
mortality, we fitted Cox pr oportional hazar ds models using the 
coxph() function. The model included spore c onc entration as the 
pr edic tor, with 10 6 spor es/ml as the r ef er ence level. Hazar d ratios 
and 95% c onfidenc e intervals were ex tr acted from the model sum- 
maries. A hazar d ratio gr eater than one indicated an increased risk 
of de a th rela tive t o the r ef er ence gr oup , while a value less than one 
indica t ed a prot ective effect. Sta tistical significance of the model 

terms was assessed using Wald tests, and o v erall model fit was
evalua t ed using three global tests: likelihood ratio test, Wald test,
and score (log-rank) test. 

Nema t ode pa thog enicity on Galleria larvae 

For this experiment, identified nematode emergence containing 
only one nema t ode species was used to make sure to test only this
nema t ode p a thog enicity. Concentra tion of nema t odes in Ring er’s
solution was measured by counting under a dissecting micro-
sc ope. A solution c ont aining estima t ed 1000 nema t odes/100 μl
w as pr epar ed to assess pathogenicity. For inoculation, we used
2-ml Eppendorf tubes c ont aining a piec e of filt er p aper folded t o
co v er the sides of the tubes, with the lid pierced to allow air flow.
One Galleria larva from the previously prep ared b a t ches of 20, was
added t o e ach of these Eppendorf tubes and then 100 μl of the
nema t ode solution was added to the filter paper inside the tube.
Survival of the larvae was then monitored o v er time at 25 ◦C, re-
pe a t ed for 20 independent larvae. For some nematodes, no bio-
logic al r eplic a t e for e ach isola t e was possible due to a low num-
ber of nema t odes available. R esult s f or r eplic a t es for other isola t es
can be found in Table S3 and correspond to a batch of 10 Galleria
larvae each. 

Interac tions be tween fungi on Galleria larvae 

As both Metarhizium and Beauveria fungi displayed dose-
dependent p a thog enicity (Fig. 3 A), we manipula t ed spore
c onc entration as a proxy for timing of infestation, which is an
approach commonly used to study priority effec t s in both exper-
iments (Eggers and Matthiessen 2013 , Chappell et al. 2022 ) and
theor e tic al analyses (DeMalach et al. 2021 , Mohd 2022 ). Note that
this appro ach t o studying priority effec t thr ough manipulation
of the initial abundance, as opposed to arrival order, may only
c aptur e part of the true impact of priority effects. 

To study interactions between fungi, we performed a co-
inf ec tion experiment adding both fungi t og ether and monitoring
which one was emerging from the cadaver. To maximize compe-
tition time and r epr oducibility in our experiment, we used lo w er
spores’ c onc entra tions than in p a thog enicity assay . Briefly , insect
larvae were dipped into Ringer’s solution with varying amounts of
Beauveria and Metarhizium spores (10 5 spores/ml, 10 4 spores/ml,
or no spores). Larval survival was monitored o v er time. Each dead
larva was then transferred to a White-trap and incubated at 28 ◦C
for 2 weeks to allow fungus emer gence. Fungus emer gence w as
then identified by morphology and color (white being Beauveria
and green Metarhizium ). Fisher’s exact tests were conducted to
sear ch f or differ ences be tween the f ollowing tr e a tment p airs of
Beauveria / Metarhizium : 10 5 /10 5 vs. 10 5 /10 4 , 10 5 /10 5 vs. 10 4 /10 5 ,
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nd 10 5 /10 4 vs. 10 4 /10 5 .Interac tions be tween fungi and nema- 
odes on Galleria larvae. 

To study interac tions be tween fungi and nematodes, insect lar- 
ae were first dipped int o Ring er’s solution with Beauveria fun- 
al spores and then transferred to Eppendorf tubes c ont aining a 
iece of filter paper with 1000 nematodes of either Oscheius sp. 
r Mesorhabditis sp. Conditions t est ed are controls (either Ringer 
olution alone, Nema t ode alone -one condition per species- and 

eauveria alone) or c o-infest a tion where one nema t ode species is 
nfest ed t og ether with fungal spores in one larva. Each tre a tment 
 as r eplic a t ed a t le ast three times independently with e ach 20 lar- 
 ae. Larv al surviv al w as monitor ed o v er time. A Chi-squared test 
f independence w as conduc ted on a contingency table of tre a t- 
ent conditions v er sus emer ging or ganism identity t o evalua t e 
hether the distribution of emerging organisms differed signifi- 
 antly acr oss co-inf estation tr eatment s. 

solation of bacteria from crushed nematodes on agar 
la t es 

o study how nema t ode-associa t ed b act eria int eract with Beau- 
 eria , w e fir st isola t ed b act eria from some of the nema t odes tha t 
merged in the field survey described above ( Table S4 ). To this 
nd, 1 ml of Ringer’s solution c ont aining emerged nematodes was 
ashed using a 20- μm mesh sieve and added to an Eppendorf 

ube. After centrifuga tion a t 8000 r.c.f. for 5 min, the supernatant 
 as r emo v ed, and the nema t ode pelle t w as crushed using a sterile 
elle t pestle. Bac teria wer e then str e aked on NBTA pla t es (Nutri- 
nt Bromothymol Blue Triphenyl Tetrazolium Chloride Agar, with 

he c onc entr ation of TT C ten times lo w er than the usual recipe 
o allow more bacteria to grow) using a 1- μl inoculation loop. 
fter isola tion of e ach colony morphology on the NBTA pla t es, 
e amplified and sequenced the rpoB gene (Ogier et al. 2019 ) 
f the b act eria t o identify b act erium’s g enus and species when 

ossible. 

nterac tions be tween fungi and bac t eria on pla t es 

sing the isola t ed b act eria from abo v e, w e did in vitro experi- 
ents to study their interactions with Beauveria . F ung al spores 
er e spr ead vertic ally using a 1- μl inoculation loop on a PDA/LB 

la t e (mix of 18.5 g of PDA with 13 g of LB agar in 1000 ml 
f wa t er). After growing e ach b act erial isola t e independently in 

 ml LB broth o v ernight, e ach isola t e was streaked horizontally 
n the PDA/LB pla t e where the fungal spores had been streaked. 
he b act eria used in this experiment included Enteroc oc cus c as- 
eliflavus , Ochrobactrum quorumnoscens , Achromobacter spanius , 
seudomonas pr otegens , Serr atia pr oteamaculans , and Serr atia 

p . Thr ee differ ent bac terial isolates wer e str eaked on each plate. 
ach species combination was conducted at least nine times. 
la t es were incub a t ed for a week at 25 ◦C. Pla t es were monit ored 

 v er time and the growth of the fungi quantified by the develop- 
ent of mycelium on the pla t e and similarly growth of b act eria by 

resenc e of c olonies or visc ous streak. A time-delay experiment 
 as conduc ted similarly ex cep t tha t we stre aked Beauveria 24 h 

ef or e str e aking the b act eria on the pla t e. A Fisher’s ex ac t test w as 
sed to compare the different outcomes of each pairwise compe- 

In vivo competition in Galleria, Cydia, and C ur culio 

larvae 

For Galleria larvae, in vivo experiment s wer e perf ormed as f ollows:
Beauv eria spores w ere applied to Galleria larvae using the same
protocol as abo v e. For bacterial injec tion, bac teria wer e first grown
o v ernight in LB broth. Fifty microlitre of the o v ernight cultur e w as
then transf err ed to 5 ml of fr esh LB br oth and gr own f or 4 h at
25 ◦C until it reached an optical density (600 nm) of 0.1–0.3. After
washing the cells b y tw o rounds of centrifugation (8000 r.c.f. for 5
min), dilutions were made and pla t ed t o estima t e the number of
viable cells injected into each larva. Injection into larvae was done
using a micr oinjec tor with a f oot pedal (Chemyx, model F100X).
Each larva was injected with 10, 100, or 1000 bacterial cells. We
did fungal spor e applic ation 24 h (F24/B) and in some cases 48 h
bef or e (F48/B) bac teria injec tion. We alw ays delayed bac teria in-
jection to allow fungal growth from the spores without giving the
b act eria t oo big an initial advantag e via dir ec t injec tion. Each larva
w as monitor ed f or a week, and c adav er s w er e kept f or one mor e
week t o monit or fungal emerg ence. When whit e my celia w ere ob-
served on the cadaver, the emer ging or ganism w as de termined as
fungi. When cadav er s had no noticeable fungi, the cadav er was cut
open and some of the tissue inside w as str e aked on NBTA pla t es.
Bac teria r esulting fr om this str eaking had the same morphology
as the injected bacteria, so we r e gar ded bac teria to be the emerg-
ing organism. Thus, we assumed that all larvae without fungi had
b act eria as the emerging organism. As no major difference in the
outc ome was notic ed depending on b act erial c onc entration, the
data were pooled for s tatis tical analysis. 

For the environmentally collected larvae of the filbertworm
mo th C ydia latif err eana and the acorn weevil C ur culio occidentis ,
the same protocol as for Galleria was follo w ed, with the following
ex cep tions. As the number of available larvae was lo w er compared
to Galleria , we could not work with triplica t es and the number of
larvae for each condition was adjusted as shown in Fig. S6 . In addi-
tion, because Cydia and Curculio larvae were smaller than Galleria
larvae, w e lo w ered the v olume inject ed t o 2 ul. Controls consist ed
of injection of LB (resulting in de a th of 2 Curculio occidentis out of
20 and 3 Cydia latif err eana out of 20). In the case of c o-infest ation,
the b act eria Serr atia pr oteamaculans w as injec t ed 24 h after con-
tact of the insect larvae with Beauveria spores to avoid giving too
much of a head start to the bacteria with the injection. The emerg-
ing organism was identified with the same protocol as for Galleria .
As r eplic a t es vary between conditions and the number of larvae is
lo w, w e decided to only use those data as a discussion and not a
signific ant r esult. 

R esult s 

F ung al and nema t ode taxa sho w ed 

specific associations with one another in 

insect larvae 

Fungi and nema t odes were the two major groups of organisms
emer ging fr om Galleria lar vae in Februar y 2023 in soil samples
fr om loc ation 1 (Fig. 1 A). Sixty-one c adav er s (44%) yielded ne-
ma t odes alone, 38 (27%) yielded fungi alone, 30 (21%) had both,
and 10 (7%) c ont ained other organisms (including, but not lim-
ition. 
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Figure 2 Principal Coordina t es Analysis (PCoA) summarizing variation among the Galleria moth larvae t est ed in the field survey in the species 

composition of nema t odes tha t emerg ed from the larvae. The PCoA plot is b ased on the nema t ode amplicon sequencing da ta from the field survey 

conduct ed a t Jasper Ridg e Biologic al Pr eserv e (’Ootchamin ’Oo yakma) from F ebruary 2023 t o March 2024, using the same samples as shown in Fig. 1 . 

Each data point in the PcoA plot r epr esent s a larva t est ed, showing the species composition of nema t odes tha t emerg ed from the larva. Each point is 

c olor-c oded ac c ording t o the clust er group it belongs t o in the clust er analysis used t o find distinc t gr oups of nema t ode species composition. 

Dendrogram summarizing the cluster analysis is shown in the inset. Arrows indica t e the contribution of major nema t ode taxa to each PcoA axis. In 

addition, the PcoA plot also show the centroids of the larval samples from which Metarhizium fungus emerged, those from which Beauveria fungus 

emerged, and those from which no fungus emerged (none), with the sample size for each group shown. 
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no organism identifiable, which could possibly me an b act eria or 
viruses c aused insec t de a th) (Fig. 1 A). Nema t ode emerg ence de- 
clined sharply in April (five c adavers, 6%), dr opped to just one 
cadaver in July, and disappeared in September. Fungi follo w ed a 
similar change, though less pronounced. 

Lar val sur vival increased o v er this period, with 14% in April, 
25% in July, and 35% in September (Fig. 1 A). In January and March 

2024, nema t odes and fungi re appe ared, with nema t odes emerg- 
ing from 37 cadav er s (62%) in both months, fungi from 1 (2%) and 

3 cadav er s (5%) r espec tively, and both nema t odes and fungi from 

7 (12%) and 11 (18%) (Fig. 1 A). 
When we moistened the soil, we de tec ted nematodes in the 

pr eviously ne gative samples fr om July and September (Fig. 1 B), 
indica ting tha t nema t odes wer e pr esent but pr ob ably unable t o 

r each and ther ef or e emer ge fr om larvae due to insufficient mois- 
ture. F ung al de tec tion also incr eased f ollowing soil r ehydration. 

In fungi, two distinct morphotypes (based on the shape and 

c olor of c onidiophores and c onidia) were c ommonly observed. 
We sequenced the Internal Transcribed Spacer (ITS) r e gion of 
the genome of one r epr esentative fr om each, confirming their 
identity as Beauveria (white morphotype) and Metarhizium (green 

morphotype). Beauveria was more frequently observed (89 ca- 
dav er s, 66%) than Metarhizium (45 cadav er s, 34%). Despite both 

being common, Beauveria and Metarhizium rarely co-emerged. 
Only two of the 132 cadavers with fungal emergence had both 

( Fig. S1 ). 
F our nema t ode g enera wer e commonly de tec ted, emer ging 

either alone or in various combinations (Fig. 2 ). Of these gen- 
era, Oscheius , Mesorhabditis , and Rhabditis are regarded as 
entomo-opportunists (Taboga 1981 , Zhou et al. 2017 , Zhang et 
al. 2019 , Manjula et al. 2020 ), while Acrobeloides is b act erivorous 
(Postma-Blaauw et al. 2005 ). In the analysis of nema t ode species 

composition, seven dis tinct clus t ers emerg ed (Fig. 2 ). Oscheius , Ac-
r obeloides , and Mesorhabditis wer e the primary genera character-
izing nema t ode community struc tur e. 

When we added three fungal emergenc e c entroids ( Beauveria ,
Metarhizium , and no fungus) onto the PCoA summarizing nema-
tode species composition, the centroid positions for Beauveria -
and Metarhizium -emerging larvae were close to each other with
no s tatis tic ally signific ant sep ara tion (Fig. 2 ). Larvae with no fun-
gal emergence clustered slightly but not significantly sep ara t ely
from Beauveria - and Metarhizium -emerging larvae. Using the PcoA
axis, the four main nema t odes g enera were clust ered highly sig-
nificantly ( P -value < 0.001) sep ara t ely. While Acrobeloides seemed
closer to the Beauveria centroid and Mesorhabditis seemed closer
to the Metarhizium c entroid, st atis tical tes ts sho w ed no signifi-
c ant differ ences. The most inter esting corr elation w as be tween Os-
cheius nema t odes and the “no fungi emer ging” centr oid (Table 1 ).

The two sampling locations largely mirrored each other ( Fig.
S2 ). One differ ence w as that fungivor ous mites (included in the un-
known group), likely feeding primarily on Beauv eria , w ere present
only at the second loc ation. Furthermor e, the other insec t t est ed,
Tenebrio , sho w ed higher survival during the dry summer months
( Fig. S3 ), but we de tec ted similar fungal and nema t ode communi-
ties in Tenebrio and Galleria during the wet winter months (Fig. 1 B
and Fig. S4 ). For the rest of our study, we focused on Galleria larvae
as they were easier to use in laboratory experiment. 

Fungi were ent omopa thog enic, and 

exerted priority effec t s on each other 

Both Beauveria and Metarhizium were p a thog enic t o Galle-
ria larvae (Fig. 3 A). When larvae were exposed to a solution
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Figure 3 Survival curves of Galleria moth larvae that were exposed to a specific species of fungi and priority effec t be tw een fungi. Panel A sho ws the 

survival of Galleria larvae after exposure to two fungal species (either Beauveria or Metarhizium ) at two spore c onc entrations (10 7 and 10 6 spores/ml), 

compared with a control exposed to Ringer’s solution. The median lethal time (LT 50 ) for each curve is shown by dash line and displayed on x -axis and 

Kaplan–Meier survival curves are used. Panel B shows the proportion of larvae from which either species, both species, or neither emerged, at varying 

spore c onc entrations used f or inf ec tion, when Galleria larvae wer e inf ec ted b y either or both Beauv eria (beige) and Metarhizium (green) fungi. The 

c onc entration of spore/ml used is shown in the table below the graph. Numbers above each bar indicate the number of larvae used for each inf ec tion 

tre a tment. Ast erisks indica t e r esult s of the s tatis tic al comparisons perf ormed using Fisher’s ex ac t test s, wher e ∗ deno tes P < 0.05 and ∗∗∗ deno tes P < 

0.001. 
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 ont aining 10 7 spores/ml, the median lethal time (LT 5 0 ) was ∼70 
 pos t-infes tation for both fungal species. Reducing spore con- 
entra tion t o 10 6 spor es/ml incr e ased LT 5 0 t o around 160 h. 
e isola t ed and preserved ∼200 Beauveria and 100 Metarhiz- 

um isola t es from this survey. Although only a subset of these 
 trains were tes ted in the assays r eported her e, all t est ed isola t es 
ere p a thog enic t o Galleria , with lit tle v aria tion in LT 5 0 (da ta not 

hown). 
As expect ed, inocula tion with either Beauveria or Metarhizium 

esulted in the emergence of the same fungus from the cadaver, 
ased on morphotype. In co-inoculation, only a single fungus 
merged in most cases, with only 3% (4 out of 160) of cadav- 
r s sho wing c o-emergenc e (Fig. 3 B). The fungus introduc ed at a 
igher c onc entration w as signific antly mor e likely t o domina t e 
nd emer ge, indic ating priority effec t s (Chi-squar e test, P < 0.001; 
isher Ex ac t test f or priority effec t condition, P -value = 5.385e-05). 

ema t odes were not ent omopa thog enic, 

ut one genus, Oscheius , could 

ut compet e Beauveria fungi 

one of the nema t ode isola t es c aused signific ant larval mortal- 
ty (Fig. 4 A). All larvae survived, ex cep t in the case of Oscheius sp., 

hich resulted in two deaths out of 20 trials. This o v erall lack of 
 a thog enicity w as unexpec t ed, given tha t nema t odes were among 

the most frequently reco v ered organisms in our field survey. This
finding indica t es tha t the nema t odes were not ent omop a thog enic
for the most p art, despit e their frequent emergence from the lar-
vae. 

In co-inoculation with Beauveria , Mesorhabditis nematodes
emer ged fr om the c adaver in only 6% of c ases (10 out of 160).
In c ontrast, c o-inoculation larvae with Beauveria and Oscheius re-
sulted in higher nematode emergence rate, with 20% of cadav er s
(36 out of 180) showing emergence of either nematodes alone or
both nema t odes and fungi (Fig. 4 B). 

Exclusion of Beauveria fungi by Oscheius 

nema t odes was likely caused by 

associa t ed bact eria 

Sequenced b act eria from nema t odes wer e selec ted f or further
study (bold in Table S4 ) based on their de tec tion with only
one nema t ode g enus (specialist) or multiple differ ent nema t odes
g enus (g eneralist s). Serr atia pr oteamaculans w as the only bac-
terial species found c o-oc curring only with Oscheius nema t odes
in our experiments. Ho w ev er, other sequenced b act eria like Ser-
ratia or Pseudomonas protegens were also potential specialists
based on the literature (Ruiu et al. 2022a , Zhang et al. 2019 , Ogier
et al. 2020 ) and were therefore selected for further experiments.
We used Achromobacter spanius (present with all nema t odes) and
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 by R
obert C

row
n Law

 Library user on 11 M
ay 2026

https://www.academic.oup.com/femsec/article-lookup/doi/10.1093/femsec/fiag036#supplementary-data


FEMS Microbiology Ecology , 2026, Volume 102, Issue 5 9 

Figure 4 Experimental coinf ec tion of Galleria moth larvae by fungi and nema t odes. Panel A shows the survival of Galleria larvae exposed to differ ent 

nema t ode species at an estimated c onc entration of 1000 nematodes per 100 μl of solution, Kaplan–Meier survival curves are used. Panel B shows the 

proportion of larvae from which the fungus, the nema t ode, or both emerged when they were infected with 10 
∧ 5 fungal spores/ml and 1000 nema t odes 

(either Mesorhabditis or Oscheius ). Statistical significance was assessed with a Chi-squared test of independence. Asterisks indicate r esult s of s tatis tical 

comparisons, where ∗ denotes P < 0.05. 
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Ochr obactrum quorumnoscens as generalist s f or comparison with 

the potential specialists. In addition, we included Enteroc oc cus 
casseliflavus isola t ed fr om the non-inf es ted Galleria larv ae, as neg- 
ative control. 

In vitr o compe tition of selec t ed b act eria and fungi sho w ed tw o 

groups of b act eria with respect to their interactions with Beau- 
veria . One gr oup , including Enter oc oc cus c asseliflavus , Ochrobac- 
trum quorumnoscens , and Achromobacter spanius , rarely outcom- 
peted Beauveria when introduced simultaneously with fungi, and 

nev er when Beauv eria had a 24-h advant age. In c ontrast, the other 
gr oup , including Pseudomonas pr otegens , Serr atia sp ., and Serr a- 
tia pr oteamaculans , almost alw ays outcompe ted Beauv eria ev en 

when the fungus had a 24-h advantage (Fig. 5 A). 
These in vitro results were consistent with in vivo results with 

Galleria larva. When Enteroc oc cus c asseliflavus and Beauveria 

were put in competition in Galleria larvae, only fungi emerged 

fr om the c adaver. In contrast, Serr atia pr oteamaculans emer ged 

in most cases without Beauveria emergence. Delaying introduc- 
tion of Serr atia pr oteamaculans r ela tive t o Beauveria led t o more 
fungal emergence, although more than half the cadav er s w ere still 
domina t ed by Serr atia pr oteamaculans (Fig. 5 B). Similar r esult s 
were obtained with Cydia and C ur culio larvae collec ted fr om the 
field ( Fig. S6 ). 

Discussion 

Our r esult s indic a t e tha t nema t ode species composition was 
not associa t ed with the identity of the mutually exclusive fungi, 
Metarhizium or Beauveria (Fig. 3 B), emerged from insect larvae. 

Nema t ode species composition was indistinguishable between
Metarhizium - and Beauveria -emerging larvae (Fig. 2 ). Sometimes
only the fungus emerged with no nema t odes. Other times the
fungus emerged with multiple nematode species (Fig. 2 ), but
the species identity of these nema t odes varied from one larva
to another, with no clear distinction between Metarhizium and
Beauveria -emerging larvae. The most curious case observed in
this study was when nema t odes emerg ed without any fungus
(Figs 1 and 2 ). In these inst anc es, the nema t odes must have re-
placed whichever fungus initially killed the insect since no nema-
tode species studied here could reliably establish in a larva by itself
(Fig. 4 A). Exploring how fungi interact with not just nema t odes, but
also b act eria (Fig. 5 ), has led us to disco v er that it was probably in-
hibition by some b act erial symbionts of the nema t odes, especially
Serr atia pr oteamaculans in Oscheius , that enabled the nematodes
to replace the early-arriving fungus. 

Mos t s tudies inves tiga ting ent omop a thog enic communities
have focused on in vitro assays using isola t ed and w ell-kno wn
p a thog ens (fungi, nema t odes, or b act eria) agains t insect larv ae
(Eleftherianos et al. 2010 , Lacey et al. 2015 ). Some studies have
explored which organisms are present in the soil (Emelianoff et
al. 2008 , Noujeim et al. 2011 , Araújo and Hughes 2016 , Topuz
e t al. 2016 , Depuydt e t al. 2024 , Zhang e t al. 2024 ), but com-
bined use of field survey, experimental validation and investiga-
tion of interactions explaining the observations remains rare. In
our work, the field survey rev ealed tw o main groups consistently
emer ging fr om the larv ae in this s tudy sys tem in California: fungi,
primarily Beauveria and Metarhizium , and nema t odes, mainly
Mesorhabditis , Oscheius , and Acrobeloides , (Figs. 1 A and 2 ). The
two fungi rar ely co-emer ged ( Fig. S1 ), whereas several nematode
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Figure 5 Experimental tests of interactions between Beauveria fungus and differ ent bac terial strains isolated from Galleria moth larvae and the 

nema t odes tha t emerg ed from Galleria lar vae in the field sur vey. In in vitr o experiment s(A), bac teria isolated from nematodes or Galleria larvae were 

streaked on Petri dishes with Beauveria spores. After growth, if mycelia developed on the whole line, it was counted as the fungus winning against the 

b act erium (F). If only the b act erium was present, it was counted as the bacterium winning the fungus (B). If both were present, it was counted as a tie 

(B/F). R esult s ar e pr esented in plot s, which also include those of the delayed experiment s wher e the bac teria wer e intr oduced 24 h after str eaking of 

fungal spores (F24/B). In in vivo experiments (B), Galleria larvae were put in c ont act with Beauveria spores, and either Enteroc oc cus c asseliflavus or 

Ochr obactrum sp . wer e injec t ed t o the larvae 24 or 48 h after fungal spor e intr oduc tion. A fter larval de a th, emer ging or ganism w as no ted (B or F). In bo th 

panels A and B, black diamonds on the graphs indicate the mean value for each treatment. 
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pecies were often observed co-emerging with a fungus (Fig. 2 ). 
xperimental validation sho w ed that fungi w ere p a thog enic t o 

arvae, while nema t odes alone caused little mortality (Figs 3 A–
 A). The discrepancy prompted us to explor e whe ther coinf ec tion 

ight explain the high prevalence of nema t ode emerg ence. First, 
e co-inf ec ted larvae with both fungal species and confirmed 

hat typically only one fungus would emerg e, indica ting mutual 
xclusion through priority effects (Fig. 3 B), consistent with Con- 
tantin et al. ( 2025 ). As Oscheius nema t odes w ere almost nev er 
o-emerging with fungi (Fig. 2 ) and Beauveria and Mesorhabditis 
ere the two prevalent organisms of each group in our ecosys- 

em ( Figure S1 ), we performed coinfection with one fungus ( Beau- 
eria ) and a nema t ode ( Mesorhabditis or Oscheius ), observing co- 
mergence in some cases, replicating field observations, but also 

 ases wher e only the Oscheius nema t ode emerg ed, sugg esting it 
ad out compet ed the fungus (Fig. 4 B). 

Some nema t odes have been proposed to opportunistically use 
adav er s killed by other p a thog ens (Duncan et al. 2003 , Campos- 
err era e t al. 2015 , Blanco-Pér ez e t al. 2017 , Blanco-Pér ez e t al. 
019 ). To our kno wledge, ho w ev er, this study is the first to demon- 
tra t e such behavior between nema t odes and ent omop a thog enic 
ungi isola t ed from the same envir onment. Mor eo v er, a likely ex- 
lanation for this behavior is giv en b y the finding that some 

b act eria associa t ed with the nema t odes could inhibit fungal
growth (Fig. 5 ). Some of the b act eria used in our experiment were
generalists ( O. quorumnoscens, A. spanius ) in the sense that they
were isola t ed from several species of nema t odes as well as Galle-
ria larvae ( E. casseliflavus ). Some other b act eria were specialists in
the sense that they were found only when one specific nema t ode
w as pr esent ( Serr atia pr oteamaculans ) or r eport ed in the lit era ture
as specifically associa t ed with nema t odes ( Serr atia sp . and P. pr o-
tegens ) (Torres-Barragan et al. 2011 , Ogier et al. 2020 ). Compar-
ing how the generalists and the specialists int eract ed with Beau-
v eria , w e found no significant difference between b act eria within
e ach group (g eneralists or specialists), but significant difference
was observed between the two groups ( Figure S5 ), with the spe-
cialists, but not the generalists, having the ability to inhibit fungi.
This p a tt ern sugg ests tha t only the specialist b act eria associa t ed
with specific nema t ode species may facilita t e nema t odes in estab-
lishing in insec t s killed by fungi. 

These r esult s wer e corr obora t ed by the pr eliminary r esult s with
environment ally c ollected larvae, showing similar trends in these
larvae ( Figure S6 ). As Cydia latiferreana and Curculio occidentis lar-
vae may have a differ ent and more diverse microbiota compared
to Galleria , w e w onder ed if Serr atia pr oteamaculans would still
be able to show inhibition of Beauveria in those insec t s in the
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Figure 6 Hypothesis on how priority effects drive fungal and nema t ode emerg ence from insect larvae. Findings from this study suggest that fungal and 

nema t ode emerg ence fr om insec t larvae is affec ted by priority effec t s among fungi, among nema t odes, and among fungi and nema t odes. 
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envir onment. Although our r esult s ar e only pr eliminary at this 
stage, we did find inhibition of Beauveria emergence when Serra- 
tia pr oteamaculans w as injec ted in bo th C ydia and C ur culio . 

Taken t og ether, these findings le ad us t o classify the organisms 
emer ging fr om insec t larvae into two groups: fungi as primary ar- 
riv er s, which ar e c apable of killing the larvae and completing their 
life cycle using the cadaver, and nema t odes as secondary arriv er s, 
which cannot kill the larvae themselves but can co-emerge with, 
or even out compet e, the primary arrivers to exploit the cadavers, 
pr obably bec ause of their associa t ed b act eria. In our syst em, pri- 
mary arriv er s exclude each other due to strong priority effec t s, 
while often co-emerging with secondary arriv er s. Ho w ev er, our re- 
sult s indic a t e tha t priority effec t s be tween primar y and secondar y 
arriv er s can also be strong. Specifically, secondary arriv er s may 
need to reach an insect killed by a primary arriver soon after their 
arriv al to es tablish themselves in it. Otherwise, if they arrived too 

la t e, secondary arriv er s w ould be excluded fr om the c adaver, as in- 
dica t ed b y delay ed intr oduc tion of secondary arriv er s’ symbionts 
(Fig. 5 ). 

In conclusion, we suggest that the complex species interac- 
tions observed in this study make this insect-p arasit e syst em a 
pr omising natural micr ocosm f or under standing ho w priority ef- 
f ec t s shape communities consisting of both primary and sec- 
ondary arriv er s in host–p arasit e syst ems and how their symbionts 
drive these priority effec t s (Fig. 6 ). The ecologic al assembly of 
many other types of biological communities, whether they consist 
of b act eria, fungi, plants, animals, or any combination of these, 
are also characterized by priority effects among primary arriv er s, 

among secondary arriv er s, and among primar y and secondar y ar-
riv er s. F or this re ason, we sugg est tha t insect–p arasit e syst ems
have the pot ential t o inform the basic understanding of how com-
munity assembly works more broadly than currently realized. 
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