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Abstract

Megalopyge opercularis (Smith) (Lepidoptera: Megalopyridae) is a nocturnal moth of medical importance because it causes adverse immunological 
reactions in humans. In this study, we determined the microbiota composition of M. opercularis at the larval (caterpillars) and adult (moths) stages 
by next-generation sequencing. DNA was extracted from the caterpillars and moths, and the 16S rRNA prokaryote gene was then amplified and se-
quenced with next-generation sequencing to assess bacterial richness. Comparison of the microbiota of the caterpillars and adults revealed variation 
in species composition and diversity. The microbiota of the caterpillars of M. opercularis was composed of 259 species, dominated by the families 
Geodermatophilaceae (12%), Propionibacteriaceae (10.41%), Clostridiaceae (9.63%), and Nitriliruptoraceae (7.72%). In the adult moths, we found 
138 species, and the most abundant families were Nostocaceae (24%) and Methylobacteriaceae (21%). Species richness in M. opercularis was higher 
in the caterpillars compared to adults. We determined that only some groups of bacteria could persist from 1 stage to another. The results obtained 
are essential to know about the ecology of M. opercularis and contribute to our understanding of the impact that microorganisms have on the physi-
ological mechanisms of poisonous lepidopterans.
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Resumen

Megalopyge opercularis (Smith) (Lepidoptera: Megalopyridae) es una especie de polilla nocturna perteneciente a la familia Megalopyridae de impor-
tancia médica debido a las reacciones inmunológicas causadas en humanos por sustancias urticantes ubicadas en sus estructuras espinosas. En este 
estudio, determinamos el microbioma de M. opercularis en su estado larval y en su estado adulto. Se extrajo el ADN de larvas y adultos y se amplificó 
el gen rRNA 16S mediante tecnologías de secuenciación de nueva generación. Las comparaciones del microbioma larval contra el microbioma adulto 
revelaron variación tanto en la composición como en la diversidad de especie. El microbioma larval de M. opercularis está compuesto de 259 espe-
cies, dominado por las familias Geodermatophilaceae (12%), Propionibacteriaceae (10.41%), Clostridiaceae (9.63%), y Nitriliruptoraceae (7.72%). En 
el microbioma adulto encontramos 138 espcies, las familias más abundantes fueron Nostocaceae (24%) y Methylobacteriaceae (21%). La riqueza de 
especies encontradas en M. opercularis fue mayor en las orugas en comparación con los adultos. Determinamos que solo algunos grupos de bacterias 
podían persistir de una etapa a otra. Los resultados obtenidos son importantes para conocer la ecología de esta polilla y contribuyen a comprender 
el impacto que tienen los microorganismos en los mecanismos fisiológicos de los lepidópteros venenosos.

Palabras Clave: polilla; oruga; intestino; simbiontes; microbioma; lepidópteros venenosos
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The order Lepidoptera is one of the most diverse groups of the 
class Insecta worldwide (Villas-Boas et al. 2018). There are more than 
165,000 species and more than 80 families of caterpillars. Approxi-
mately 12 families can cause serious human injuries (Villas-Boas et 
al. 2018) and some are potentially devastating threats to crops and 
forests (Diaz 2005). One of these families includes insects secreting 
poisonous substances (Herzig 2019). Caterpillars are endowed with 
protective spines or hairs that serve as a defense mechanism against 
its natural predators. These poisonous hairs or spines contain toxins 
that are passively secreted into the victim upon touch (Severs & Elston 
2003; Hossler 2010; Villas-Boas et al. 2018). Megalopyge opercularis 
(Smith) (Lepidoptera: Megalopyridae), or southern flannel moth, is 
a nocturnal moth that is predominant in the tropical regions of the 
Americas (Díaz 2005; Avilán et al. 2010). Its distribution includes the 
south-central and southeastern US from Maryland to Mexico (Fig. 1). 
In Mexico, studies report this species in Nuevo Leon, Hidalgo, Morelos, 
Michoacan, Puebla, Oaxaca, Quintana Roo, Merida, Tabasco, Nayarit, 
San Luis Potosi, Jalisco, and Tamaulipas (Hossler 2010; Arquieta & Mar-
tínez 2014; Llorente-Bousquets et al. 2014). The toxic effects caused 
by M. opercularis caterpillar are related to specialized poisonous hairs 
or spines, which also are referred to as toxic, urticating, or nettling 
hairs (Foot 1922; Cramér 1946; Avilán et al. 2010). Several studies have 
shown that these toxins are thermolabile proteins, some possessing 
enzymatic and proteolytic activities, formic acid, and substances simi-
lar to histamine (Severs & Elston 2003; Eagleman 2008).

Insects possess bacterial symbionts that are important for their 
ecology and evolution (Fromont et al. 2017; Smith et al. 2017). These 
bacteria participate in the development process, acquisition of nu-

trients, digestion, immunity, vectorial competition, susceptibility to 
pathogens, and speciation (Bouchon et al. 2016; Chen et al. 2016; 
Jehmlich et al. 2016). The microbiota varies according to the host in-
sect’s diet, habitat, lifestyle, and stage of development (Hossler 2010; 
Yun et al. 2014). Imbalance in the microbiota could have consequenc-
es such as infections (Dillon & Dillon 2004), impaired detoxification of 
pesticides (Kikuchi et al. 2012; van den Bosch & Welte 2017; Xia et 
al. 2017), and disruption of essential physiological functions (Xia et al. 
2017). Some studies have evaluated the role of symbiotic microorgan-
isms in caterpillars and moths. For example, in the diamondback moth 
(Plutella xylostella [L.]; Lepidoptera: Plutellidae), bacterial species such 
as Enterobacter cloacae (Jordan), Enterobacter asburiae (Jordan) (both 
Enterobacterales: Enterobacteriaceae), and Carnobacterium maltaro-
maticum Collins (Lactobacillales: Carnobacteriaceae) were found to be 
involved in processes such as decomposition of plant cell walls, de-
toxification of phenolic compounds, and amino acid synthesis (Xia et 
al. 2017). In Galleria mellonella (L.) (Lepidoptera: Pyralidae), bacteria 
such as Enterococcus mundtii Collins (Lactobacillales: Enterococca-
ceae), Staphylococcus Rosenbach (Bacillales: Staphylococcaceae), and 
Serratia Bizio (Enterobacterales: Yersiniaceae) were detected. It was 
observed that in adult hosts, these bacteria involve fitness cost and, 
hence, the lepidopterans die early (Johnston & Rolff 2015). Other stud-
ies have reported that E. mundtii can survive, propagate, and persist 
in the digestive tract of Spodoptera littoralis across its life cycle in 2 
consecutive generations (Teh et al. 2016). The study of M. opercularis 
in the gut microbiota is essential for a better understanding of its in-
teractions and ecological role in the environment. Thus, in this study, 
we assessed and compared the composition of the gut microbiota in 
caterpillars and moths of M. opercularis. Knowledge of the abundance 
and role of essential host bacteria during metamorphosis provides a 
basis for studying physiological mechanisms in Lepidoptera, which also 
is highly important from several perspectives linked to medicine, agri-
culture, and ecology.

Materials and Methods

COLLECTION SITES

The caterpillars were collected from the leaves of Quercus virgin-
iana Mill. (Fagaceae) in Jardines Floridos, municipality of Pesqueria, 
Nuevo León, Mexico (25.709111°N, 100.104555°W) during 2018. 
Thirty caterpillars in the last larval instar were selected; 15 caterpillars 
then were deposited in sterile plastic 15 mL Eppendorf® tubes with 
sterile tweezers (15) (Corning, Tewksbury, Massachusetts, USA) for im-
mediate extraction of DNA, whereas 15 caterpillars were allowed to 
continue through pupation. These specimens were reared in a cleaned 
and disinfected room at 25 ± 2 °C at 65 to 85% relative humidity on 
branches of Q. virginiana to simulate native growth conditions until 
their emergence so as to obtain the adult sample and subsequently 
extract DNA.

GUT SAMPLE COLLECTION

Whole gut extraction was performed according to Liu et al. (2018) 
with some modifications. Before dissection, caterpillars and adults 
were sterilized with 100% ethanol for 3 min and rinsed with sterile 
deionized water 3 times. Whole guts of 15 caterpillars and 15 adults 
were dissected on a plate that contained 2 mL of sterile phosphate-
buffered solution (10 mmol per L, pH 7.4; Ambion, ThermoFisher Sci-
entific, Madison, Wisconsin, USA) using a pair of sterilized entomologi-
cal forceps (flame-sterilized) under a stereomicroscope (Leica MZ16, Fig. 1. Records of Megalopyge opecularis in North America.
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1.6×, Leica Microsystems, Wetzlar, Germany). Guts were deposited in 
plastic 1.5 mL Eppendorf® tubes with DNA shield and stored at −70 °C 
for DNA extraction and sequencing.

MICROBIOTA ASSESSMENT

DNA Extraction

Frozen gut of caterpillars and moths was homogenized indepen-
dently in conical tubes with distilled water and centrifuged at 4500 
rpm. DNA then was extracted using the QIAamp DNA Microbiome kit 
(QIAGEN, Hilden, Germany) according to the manufacturer’s instruc-
tions. Nucleic acids were quantified for each sample using the Qubit® 
2.0 (ThermoFisher Scientific, Wilmington, Delaware, USA) fluorometer 
and the Qubit dsDNA HS Assay reagent (ThermoFisher Scientific) ac-
cording to the manufacturer’s instructions. Samples were stored at −80 
°C until use.

rRNA Amplification and Sequencing by Ion Torrent

The ribosomal subunit 16S hypervariable region was amplified 
from 5 ng of microbial DNA using the Ion 16S Metagenomics kit (Ther-
moFisher Scientific) in 2 PCR steps with the set of primers of the V3–V4 
region of the 16S rRNA gene. Amplicons were purified using Agencourt 
AMPure XP magnetic beads (Beckman Coulter, Inc., Atlanta, Georgia, 
USA) and were later quantified with the Agilent High Sensitivity DNA kit 
(Agilent Technologies, Santa Clara, California, USA) in an Agilent 2100 
Bioanalyzer. Fifty ng of mixture and amplicons were used to develop 
the DNA libraries using the Ion Plus Fragment Library kit (ThermoFish-
er Scientific) instructions. DNA libraries were purified using Agencourt 
AMPure XP magnetic beads (Beckman Coulter) and were later quanti-
fied with the Agilent High Sensitivity DNA kit (Agilent Technologies) 
in an Agilent 2100 Bioanalyzer. Each sample was adjusted to a con-
centration of 26 pM and subjected to polymerase chain reaction in an 
emulsion with the Ion PGM Hi-Q OT2 kit (ThermoFisher Scientific) in a 
OneTouch 2 system (Life Technologies, Grand Island, New York, USA) 
with subsequent enrichment with the Dynabeads MyOne Streptavidin 
C1 Beads kit in an Ion OneTouch ES (Life Technologies). The sequencing 
of each library was performed with an Ion PGM system using the Ion 
PGM Hi-Q Sequencing kit (ThermoFisher Scientific) in a 314 V2 chip. 
Base calling was performed with Torrent Suite version 4.4.2 (Life Tech-
nologies) and FastQC version 3.4.1.1 (Life Technologies) to generate 
FastQ files for each sample.

DATA ANALYSIS

The sequences obtained were exported to Ion Reporter version 5.2 
(ThermoFisher Scientific). Grouping and taxonomic assignments to op-
erational taxonomic units were determined using the cured databases 
MicroSEQ 16S Reference Library v2013.1 and Greengenes v13.5 (Life 
Technologies). Operational taxonomic unit relative abundance (%) was 
computed and compared between caterpillar and moth adult stages at 
different taxonomic ranks. For the taxonomic assignment, sequences 
were grouped according to sequence similarity. Group membership 
was determined according to a threshold on sequence similarity, for 
instance 97%. Low proportions in samples were removed (< 1%).

COMMUNITY PARAMETERS

Richness

We calculated Chao2 estimator of species richness (Chao 1984, 
1987) in EstimateS 9.1.0 (Colwell 2013), which is recommended for 
small samples (Colwell & Coddington 1994; Unterseher et al. 2008). 

These values were used as reference of expected microbiota richness 
to estimate sample coverage (S obs per S Chao2).

Diversity

We estimated and compared microbiota diversity ordering profiles 
for each developmental stage (larvae and adult) obtaining a continuum 
of diversity values that gives the highest to the least weight to rare spe-
cies and that better represents the complexity of this parameter for a 
community (Chao et al. 2014). We used the exponential of the Rényi’s 
(1961) diversity ordering family, also known as Hill’s (1973) diversity. 
We particularly estimated 3 values (Hill’s numbers), where α = 0, 1, 
2, corresponding to S (number of species per operational taxonomic 
units), eH’ (exponential of Shannon’s index), and 1/D (reciprocal of the 
Simpson’s index), respectively. We also obtained 95% confidence inter-
vals from bootstrapping procedure (2,000 replicates). Diversity values 
eH’ and 1/D were compared between stages with Hutcheson’s t-tests 
(1970). All analyses were performed in PAST 7.0 (Hammer et al. 2001).

Similarity

We estimated Chao’s Jaccard Abundance-based similarity index 
(Chao et al. 2005) and its 95% confidence intervals from bootstrapping 
procedure (10,000 replicates) between both developmental stages and 
for each taxonomic rank (species to class). This index was chosen be-
cause it is recommended for samples with a high number of rare spe-
cies and for under-sampled conditions (Chao et al. 2005). All analyses 
were performed in EstimateS 9.1.0 (Colwell 2013).

Results

In this study, gut microbiota of 2 stages of M. opercularis (cater-
pillar and adult moth) were evaluated. The most abundant phylum in 
adult moths was Proteobacteria (54.6%) followed by Cyanobacteria 
(24.9%), while Actinobacteria (32.3%), Proteobacteria (31.3%), and 
Firmicutes (24.5%) accounted for 88.1% of the bacterial community in 
caterpillars. In adults, phylum Firmicutes represented only 7.1% of the 
bacterial community, whereas it was one of the most representative 
phylum in caterpillars (Fig. 2).

Seven classes were detected in both stages (Actinobacteria, Alpha-
proteobacteria, Bacilli, Gamaproteobacteria, Clostridia, Nostocophy-
cideae, and Betaproteobacteria). The most abundant class in caterpil-
lars was Alphaproteobacteria, with a proportion of 32.2%, whereas 
in adults it was 48.5%. The class Nostocophycideae represented only 
10.5% in caterpillars and showed a clear increase in adults (24.1%). 
There was no difference in the proportion of the class Actinobacteria 
in the 2 stages (caterpillars 12.1% and adults 12.8%), unlike the class 
Bacilli which showed a decrease from caterpillars (12.3%) to adults 
(4.9%). Moreover, the Gammaproteobacteria accounted for 24.3% in 
caterpillars compared to 4.3% in adults. Clostridia showed similar per-
centages in caterpillars (2.5%) and in adults (2.1%). The class Betapro-
teobacteria showed 4.3% in caterpillars and 2.5% in adults. The other 
classes represented the minority, < 1%.

At the order level, Actinomycetales showed the highest propor-
tion (32%) in caterpillars and Rhizobiales (30%) in adults. The orders 
found in adults were Nostocales (24.1%), Actinomycetales (12.5%), 
Rhodobacterales (7.7%), Caulobacterales (5.1%), Bacillales (3.7%), 
Sphingomonadales (3.1%), Pseudomonadales (3.0%), Rhodospirillales 
(2.6%), Clostrodiales (2.1%), Burkholderiales (1.8%), and Lactobacilla-
les (1.2%). Clostridiales (12.3%), Rhodobacterales (11.4%), Nostocales 
(10.5%), Bacillales (9.5%), Rhizobiales (5.7%), Rhodospirillales (4.1%), 
Lactobacillales (2.6%), Pseudomonadales (2.6%), Sphingomonadales 
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(2.5%), Burkholderiales (2.3%), and Enterobacteriales (1%) were the 
orders found in caterpillars. Thirteen orders were found in both stages 
with a percentage < 1% (Fig. 3).

Our analysis showed that 31.8% of the families in caterpillars were 
in low proportion (< 1%). The other 67.6% of families in caterpillars 
included Geodermatophilaceae, Propionibacteriaceae, Clostridiaceae, 
Nitriliruptoraceae, Micrococcaceae, Dermatophilaceae, Planococca-

ceae, Corynebacteriaceae, Rhodobacteraceae, Intrasporangiaceae, 
Comamonadaceae, Rhizobiaceae, and Streptococcaceae (Fig. 3).

Most of the gut bacterial families detected in adults belonged to 
the phylum Cyanobacteria (Nostocaceae 24%) and Proteobacteria 
(Methylobacteriaceae 21%). Only 16.5% of the families showed < 1% 
abundance. Bacteria belonging to the Rhodobacteraceae, Geoderma-
tophilaceae, Caulobacteraceae, Rhizobiaceae, Sphingomonadaceae, 

Fig. 2. Dominant bacterial community found in Megalopyge opercularis. *Inner circle corresponds to percentage of bacterial community in moths. *Outer circle 
corresponds to percentage of bacterial community in caterpillars.
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Pseudomonadaceae, Xanthobacteraceae, Comamonadaceae, Micro-
coccaceae, Propionibacteriaceae, and Peptostreptococcaceae repre-
sented 56% of families in adult moths (Fig. 3).

The genus Methylobacterium (Hyphomicrobiales: Methylobacte-
riaceae) (20.92%) was the most abundant in adults compared with cat-
erpillars, in which it was present at less than 1%. The species detected 
for this genus were Methylobacterium adhaesivum Gallego, Methy-
lobacterium gregans Kato, Methylobacterium hispanicum Gallego, 
Methylobacterium populi (Van Aken) Green & Ardley, Methylobacte-
rium radiotolerans (Ito & Iizuka) Green & Bousfield, Methylobacterium 
rhodesianum (Green) Green & Ardley, and Methylobacterium thiocya-
natum (Wood) Green & Ardley. Similar profiles were observed in Blas-
tococcus (Geodermatophilales: Geodermatophilaceae), which showed 
3.28% in adults, but < 1% in caterpillars. The species found belonging 
to this genus were Blastococcus aggregatus Ahrens & Moll, Blastococ-
cus endophyticus Zhu, and Blastococcus saxobsidens Urzi. Paracoccus 
(Rhodobacterales: Rhodobacteraceae) was the most abundant genus 

in caterpillars (10.6%), where the species Paracoccus denitrificans Da-
vis, Paracoccus sphaerophysae Deng, and Paracoccus tibetensis Zhu 
were detected. Most of the genera in both stages showed an abun-
dance < 1% (Fig. 4). A total of 259 species were found in caterpillars 
(146 in percentages > 1%), and in the same way, 138 species were iden-
tified in adults (68 in percentages > 1%). Some of the species identified 
were present in both stages (P. tibetensis, Cutibacterium acnes Scholz 
& Kilian, and Pseudomonas lini Delorme) (Table 1).

Chao2 estimator predicted 597 (95% CI = 517–712) operational 
taxonomic units indicating that our results represent only 55.6% of 
the predicted richness (95% CI = 46.7–64.2%) for the bacterial com-
munity of this species at both developmental stages. Diversity profiles 
showed that caterpillar bacterial community was significantly higher 
than moth’s in all diversity orders (Fig. 5; Table 2). At the species level, 
there is a probability of 63% those 2 bacteria belong to a shared spe-
cies between both developmental stages. This probability increased to 
99% at the order and higher taxonomic levels (Table 3).

Discussion

Insects are the most diverse and abundant animal clade, in num-
bers of species globally, in ecological habits, and in biomass (Basset et 
al. 2012; Engel & Moran 2013). Little information exists about microbi-
al profiles of poisonous lepidopterans, although comprising the second 
order with major impact on ecosystems. Thus, in this study we deter-
mined the microbiota of caterpillars and adults of M. opercularis. The 
phylum Proteobacteria is one of the bacteria most detected in the gut 
of lepidopterans (Paniagua Voirol et al. 2018). This phylum participates 
in many essential functions such as digestion, nutrient assimilation, the 

Fig. 3. Dominant bacterial families found in Megalopyge opercularis: (A) cor-
responds to percentage of bacterial community in caterpillars; (B) corresponds 
to percentage of bacterial community in moths.

Fig. 4. Percentage of bacterial community at genus level in Megalopyge oper-
cularis. Orange bars correspond to caterpillars and blue bars correspond to 
moths.
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Table 1. Species detected in the bacterial community of Megalopyge opercularis (caterpillars and adult in percentages >1%).

Order Family Genus Species Larvae Adult

Bacillales Bacillaceae Bacillus B. decisifrondis
B. kribbensis
B. nealsonii

Planococcaceae Planomicrobium P. flavidum
P. okeanokoites

Staphylococcaceae Staphylococcus S. hominis
S.passteuri
S. saccharolyticus
S. warneri
S. xylosus

Geodermatophilales Geodermatophilaceae Blastococcus B. aggregatus
B. endophyticus
B. saxobsidens

Caulobacterales Caulobacteraceae Brevundimonas B. diminuta

Propionibacteriales Propionibacteriaceae Cutibacterium C. acnes
C. granulosum

Clostridiales Peptostreptococcaceae Clostridium C. botulinum
C. butycium
C. disporicum
C. grantii
C. haemolyticum
C. novyi
C. perfringens
C. bartletti
C. ghonii
C. hiranonis

Geodermatophilales Geodermatophilaceae Geodermatophilus G. arenarius
G. obscurus
G. siccatus

Micrococales Micrococcaceae Kocuria K. flava
K. marina
K. palustris
K. rhizophila
K. rosea
K. turfanensis

Hyphomicrobiales Methylobacteriaceae Methylobaceterium M. adhaesivum
M. gregans
M. hispanicum
M. populi
M. radiotolerans
M. rhodesianum
M. thiocyanatum

Rhodobacterales Rhodobacteraceae Paracoccus P. denitrificans
P. sphaerophysae
P. tibetensis
P. yeei

Pseudomonadales Pseudomonadaceae Pseudomonas P. bauzanensis
P. chlororaphis
P. formosensis
P. lini
P. veronii
P. pseudoalcaligenes

Rhodospirillales Acetobacteraceae Roseomonas R. pecuniae

Lactobacillales Streptococcaceae Streptococcus S. cristatus
S. infantis
S. pseudopneumoniae
S. salivarius
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use of certain photochemical substances, the synthesis of amino acids 
and vitamins, and the detoxification of insecticides in several insect 
species. The presence of this phylum has been observed in moths such 
as cabbage white, Pieris rapae (L.) (Lepidoptera: Pieridae) (Robinson et 
al. 2010), and some phylogenetically related to M. opercularis such as 
Lymantria dispar (L.) (Lepidoptera: Erebidae) (Broderick et al. 2004), 
Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae) (Xiang et al. 
2006), and Spodoptera littoralis (Boisduval) (Lepidoptera: Noctuidae) 
(Chen et al. 2016), where it is common to find it in lepidopterans. It is 
known that Actinobacteria are found in many different habitats includ-
ing human and animal environments, and also in insects such as ants, 
bees, and wasps (Montoya et al. 2017; Ramirez-Ahuja et al. 2019). The 
role of Actinobacteria in insects is to contribute as facultative symbi-
onts in nutrient supplementation such as vitamin B (Salem et al. 2013). 
Our results showed a large reduction in the proportion of this phylum 
from caterpillars to adults, where this change was due to the nutri-
tional requirements during the larval stage compared with the adult 
stage (Salem et al. 2013). Our results are similar to other reports in 
S. littoralis; it is known that caterpillars harbor a bacterial community 
which is principally composed of Firmicutes, and after metamorphosis 
they undergo a remarkable change in the composition of the bacte-
rial community. Likewise, moths exhibit a large decrease in Firmicutes 
abundance and an increased abundance of Proteobacteria (Chen et 
al. 2016). Another phylum found in larvae was Cyanobacteria. This 
phylum is another dominant phylum described in the gut microbiota 
among species of lepidopterans such as Mythimna separata Walker 
(Lepidoptera: Noctuidae) (He et al. 2013) and Spodoptera exigua (Hüb-

ner) (Lepidoptera: Noctuidae) (Gao et al. 2019) and other insects such 
as carabid beetles. This phylum has been described as playing a role in 
the consumption of insect prey and seeds (Lundgren & Lehman 2010).

Lepidopterans are an order of insects that undergo a holometabo-
lous metamorphosis, in which their body is entirely re-shaped. During 
metamorphosis, lepidopterans are accompanied by morphological re-
arrangements and changes in diet, having a direct impact on the com-
position of the gut microbiota. Also, certain taxonomic groups persist 
throughout the entire life cycle and others accompany them just in 
specific stages (Teh et al. 2016; Paniagua Voirol et al. 2018). Hence, our 
results showed that some groups of bacteria persisted from larval to 
adult stage, such as P. tibetensis, C. acnes, and P. lini.

Several studies have shown that members of the order Actinomy-
cetales are implicated in metabolic activities and nutrient acquisition 
(Gomes et al. 2018). The order Actinomycetales was found in 32.8% 
of caterpillars of M. opercularis. It is known that the midguts of lepi-
dopteran larvae show extreme alkalinity (pH 11–12), and digestive en-
zymes are adapted to the alkaline conditions (Appel & Martin 1990; 
Harrison 2001). In addition, M. opercularis is a large caterpillar that 
takes between 5 and 6 molts that require high consumption and pro-
tein synthesis, as well as essential fatty acids to perform their meta-
morphosis (Cookman et al. 1984). The presence of this group at this 
stage could be to acquire the energy necessary to complete its life cycle 
prior to metamorphosis. However, a large reduction in this order was 
found in the adult stage of M. opercularis (12.5%). This could be associ-
ated with changes in diet from caterpillar to adults and the decrease in 
metabolic activity after metamorphosis.

In contrast, Nostocales showed a remarkable increase in adults 
(24.1%) compared with caterpillars. Nostocales is a symbiont taxon in-
volved in nitrogen fixation (Futuyma & Antonovics 1992) and has been 
associated with the production of indole metabolites and siderophores 
with antagonistic activity against pathogenic bacteria and fungi (Max-
well et al. 1994; Dillon & Dillon 2004; Indiragandhi et al. 2007). The 
adult stage feeds on nectar, where most of the time dietary nitrogen 
is particularly limiting. Therefore, the symbiotic association with this 
group of bacteria is beneficial by fixing nitrogen and converting it into 
physiological nitrogen compounds (Garrido-Oter et al. 2018). Here, we 
observed that Rhizobiales underwent a 30% increase in moths versus 
5.7% in caterpillars, which agrees with previous studies (Indiragandhi 
et al. 2007).

The genus Methylobacterium was detected in high proportion in 
moths. Some of the detected species belonging to this genus have been 

Table 1. (Continued) Species detected in the bacterial community of Megalopyge opercularis (caterpillars and adult in percentages >1%).

Order Family Genus Species Larvae Adult

S. sanguinis
S. sinensis
S. thermophilus

Fig. 5. Diversity order profile (Rényi 1961, Hill 1973) and 95% confidence inter-
vals (dotted) for each developmental stage: larvae (caterpillar, black) and adult 
(moth, red).

Table 3. Shared and unique operational taxonomic units, and Chao-Jaccard in-
dex of microbiota similarity (95% confidence interval) between larvae (caterpil-
lar) and adult stage of Megalopyge opercularis.

Taxonomic rank Larvae Adult Shared Chao-Jaccard index mean

Phylum 9 7 5 0.99 (0.83–1.00)
Class 25 16 14 0.99 (0.83–1.00)
Order 47 32 27 0.99 (0.83–1.00)
Family 105 66 55 0.94 (0.78–1.00)
Genus 153 89 47 0.43 (0.27–0.59)
Species 259 138 66 0.63 (0.47–0.79)

Table 2. Hill’s numbers (N0 [S], N1[e
H’], and N2[1/D] mean values (95% confidence 

interval) for adult and larvae. Different letters indicate significant difference (P 
< 0.05).

Microbiota diversity Adult (moth) Larvae (caterpillar)

S 138 259
eH’ 19.7 (18.7–20.3)a 47.1 (44.3–48.0)b

1/D 7.2 (6.9–7.5)a 16.8 (15.9–17.6)b
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associated with the environment in soil, water, and leaf surfaces. Also, 
it has been isolated from human bodily fluids and as an opportunistic 
pathogen such as M. thiocyanatum (Lai et al. 2011), M. gregans (Kato et 
al. 2008), and M. populi (Van Aken et al. 2004).

In caterpillars, the results revealed that the most abundant genus was 
Paracoccus (10.6%). The species Paracoccus yeei Daneshvar (Rhodobacte-
rales: Rhodobacteraceae) found in this study is an environmental bacteri-
um that is suspected to be responsible for ocular infections and peritonitis 
in humans (Courjaret et al. 2014; Sastre et al. 2016). Another genus found 
in this study was Cutinobacterium, which has been reported previously 
in other insects. In addition, C. acnes Scholz & Kilian (Propionibacteriales: 
Propionibacteriaceae) has been found in the dipteran Anopheles gambiae 
Giles (Diptera: Culicidae) (Wang et al. 2011), species of Lutzomyia Fran-
ça (Diptera: Psychodidae) (Sant’Anna et al. 2012), and wasp parasitoids 
(Ramirez-Ahuja et al. 2019) as a component of the natural microbiota. The 
role of this microorganism in insect physiology correlates with the produc-
tion of antibiotic barriers, the delivery of nutrients, and nitrogen fixation 
(Zucchi et al. 2012). Also, species of Bacillus Cohn (Bacillales: Bacillaceae), 
Pseudomonas Migula (Pseudomonadales: Pseudomonadaceae), Kocuria 
Stackebrandt (Micrococcales: Micrococcaceae), Staphylococcus Rosen-
bach (Bacillales: Staphylococcaceae), Streptococcus Rosenbach (Lacto-
bacillales: Streptococcaceae), and Clostridium Prazmowski (Clostridiales: 
Clostridiaceae) were found. These kinds of bacteria are considered ubiq-
uitous as they are common in soil, plants, and water, and are found com-
monly in insect microbiota (Orberá et al. 2005; Skarin & Segerman 2014; 
Redford et al. 2017; Toda et al. 2017).

Bacteria inhabit bodies of insects establishing different levels of mutu-
alistic relationships. Only a limited number of them have a known function 
in insects. Even though some are pathogens in humans, many of them 
participate in essential functions within the insect. Less than 0.1% of the 
recognized lepidopteran species have been screened for bacterial associ-
ates, which means that our knowledge of bacterial associates in Lepidop-
tera is still limited.

It is well known that gut bacterial communities depend on the host, 
the diet, and the host plant, and it is not surprising that gut bacterial com-
munities differ considerably between caterpillars and adult moths (Stau-
dacher et al. 2016; Xia et al. 2017). This may be due to the physiological 
changes through their life cycle. Compared with other insects, lepidop-
terans harbor a wide diversity of microbial communities (Paniagua Voi-
rol et al. 2018). The complex anatomy of the intestine of lepidopterans 
determines the establishment of a bacterial community in high densities, 
but at the same time the lack of compartments impedes the persistence 
of some groups of bacteria (Staudacher et al. 2016). In our study, we ob-
served that both stages had a complex bacterial community in which only 
some groups of bacteria could persist from 1 stage to another. Also, we ob-
served that the species richness found in M. opercularis was higher in the 
caterpillars compared to the adults. The bacteria found have important 
niches, so it is interesting to elucidate their function with complementary 
investigations with other phylogenetically related species.
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