
RNA-Seq reveals that mitochondrial genes and long non-
coding RNAs may play important roles in the bivoltine

generations of the non-social Neotropical bee
Tetrapedia diversipes

Natalia S. ARAUJO, Priscila Karla F. SANTOS, Maria Cristina ARIAS

Departamento de Genética e Biologia Evolutiva, Instituto de Biociências, Universidade de São Paulo, Room 320. Rua do
Matão, 277—Cidade Universitária, São Paulo, SP 05508-900, Brazil

Received 8 March 2017 – Revised 14 August 2017 – Accepted 23 August 2017

Abstract – In animals, voltinism is a result of evolutionary adaptations to environmental conditions. These
evolutionary adaptations may profoundly affect the population structure and social organization level. To study
the bivoltinism of the solitary bee Tetrapedia diversipes , we performed comparative transcriptomics analyses of
foundresses and larvae from the two reproductive generations (G1 and G2) produced per year by this bee. Most of
the differentially expressed genes (DEGs) were found between foundresses: 52 DEGs between adults, but only one
between the larvae. Among the DEGs in foundresses, 46 were higher expressed in G1 andmost of them (38) have no
functional annotation defined in the database. Interestingly, mitochondrial genes and long non-coding RNAs were
the only type of identified transcripts in the set of upregulated genes. These results highlight the importance of
developing studies on non-model species and suggest that maternal genes may be of importance for determining
larval diapause in T. diversipes .
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1. INTRODUCTION

The number of reproductive generations pre-
sented by a species in a year determines its pattern
of voltinism (Corbet et al. 2006). In insects, the
voltine trait is considered the result of evolution-
ary adaptations to environmental conditions, such
as temperature, humidity, photoperiod, latitude,
and food resources (Corbet et al. 2006; Altermatt
2010; Cardoso and Silveira 2012; Hunt 2012).

And it may have had profound consequences at
the levels of population structure and social orga-
nization (Hunt and Amdam 2005). This is espe-
cially noticeable in species where sociality has
evolved recently, such as in Halictinae bees
(Brady et al. 2006). Within the Halictinae, it has
been demonstrated that social behavior may be
facultative and directly related to voltine genera-
tions (Yanega 1988). Halictus rubicundus fe-
males, for example, present solitary behavior
when individuals are univoltine, but they may
become social when individuals are bivoltine
(two generations per year) and enter diapause in
the second generation (Soucy 2002). Indeed,
bivoltinism associated with diapause in one off-
spring generation is the biological system on
which Hunt’s bivoltine ground plan hypothesis
on the evolution of insect sociality in temperate
climates is based (Hunt and Amdam 2005).
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According to this hypothesis, social behavior
could evolve from solitary species if females from
the first reproductive generation remain in the nest
and changes in environmental conditions suppress
the entry into prepupal diapause of the second
generation (Hunt and Amdam 2005; Hunt 2012).
Thus, studies of ecological and molecular mecha-
nisms involved in voltinism can be important
pieces to understand the puzzle of social behavior
in bees and its evolution.

In the tropics, bivoltinism has been observed in
different solitary bees (Silveira et al. 2002; Alves-
dos-Santos et al. 2007) including Tetrapedia
diversipes Klug 1810 (subfamily Apinae, tribe
Tetrapediini; Michener 2007). This oil-collecting
bee, native of the Neotropical region, has two
main reproductive generations during the year,
each presenting different developmental times
(Alves-dos-Santos et al. 2002). Individuals of the
first generation (G1) show direct development
from egg to adults, and they emerge within a
few weeks during the hot and wet months. In
contrast, individuals from the second generation
(G2) halt their development in the fifth larval
instar during the cold and dry season and emerge
as adults only after a diapause period (Camillo
2005; Alves-dos-Santos et al. 2006). Due to this
diapause, the developmental time of G2 individ-
uals may be four times longer in comparison to
G1 (Alves-dos-Santos et al. 2002). In addition to
this interesting developmental aspect, T. diversipes
is an attractive species to study because (i) it easily
nidifies in trap nests (Camillo 2005; Alves-dos-
Santos et al. 2006; Menezes et al. 2012; Neves
et al. 2012; Rocha-Filho and Garófalo 2015), (ii)
it has already characterized molecular markers
(Arias et al. 2016), and (iii) its genome is currently
being sequenced. In combination, all these charac-
teristics make T. diversipes a promising emerging
model for developmental and evolutionary studies
on bees in tropical climates.

In this exploratory study, we report the com-
plete transcriptomes of foundress females and
non-diapause larvae of T. diversipes using next-
generation sequencing (RNA-Seq) and these data
were used to search for major differences in the
expression profiles of the two reproductive gener-
ations. This sequencing approach has become
widely used in gene expression studies, especially

for non-model species, as it provides a non-
directional and unbiased way of obtaining data
on the relative frequencies of messenger RNAs
(mRNAs) with no need for species-specific
probes or a reference genome (Wang et al. 2009).

2. MATERIAL AND METHODS

2.1. Sample collection

Wooden trap nests, as described in Alves-dos-
Santos et al. (2002), were placed at the
Universidade de São Paulo campus in São Paulo
city, Brazil. Foundresses were collected using an
entomological net between 10:00 and 12:00 in
front of their nests while constructing. Larvae
were collected directly from inside the nests that
had been completed and closed by the
foundresses. All instars (first to fifth) in the non-
diapause (G1) or prediapause state (G2) were
sampled. Individuals were immediately frozen in
liquid nitrogen. G1 samples were collected from
November to December (mean temperature
26.4 °C; mean humidity 62.2%) and G2’s from
March to beginning of July (mean temperature
24 °C; mean humidity 59.2%). The larvae were
not sexed prior to pooling for RNA extraction.

2.2. RNA extraction and sequencing

Total RNAwas extracted from the whole body
using the RNeasy® Kit (Qiagen) and following
the manufacturer’s protocol. RNA quality was
verified by the sequencing facility (Macrogen)
using a Bionalyzer® system, and results were
interpreted as discussed in Winnebeck et al.
(2010). Nine foundresses and nine larvae from
each generation were selected for RNA sequenc-
ing. Samples were divided into three replicates,
each containing the RNA of three individuals
from the same developmental stage. This sam-
pling approach was adopted to improve gene
identification and differential expression analyses
(Hart et al. 2013; Lin et al. 2016). Although the
larval samples contained all developmental
stages, the larvae in each replication were pooled
according to their instar—one pool of larvae from
the first to fourth instar; one from second to fifth;
and one consisting of fifth instar larvae only. This
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approach was adopted to focus on the identifica-
tion of major differences between the two-
generation groups without confounding effects
from the larval developmental instars. Altogether,
12 samples were sequenced, 6 from G1 (3 pools
of adults and 3 of larvae) and 6 from G2 (3 pools
of adults and 3 of larvae), using a HiSeq2000®
sequencer (Illumina). Paired-end reads of 100 bp
were sequenced, and about 50 million paired
reads were obtained per sample. Sequencing and
library preparation were done by Macrogen
(South Korea).

2.3. Transcriptome assembly

Quality assessment of the reads was performed
using the FastQC program (version 0.11.2;
Andrews 2010) before and after cleaning. The
FASTX Toolkit (version 0.0.14; Hannon Lab
2009) was used to trim the first 14 bp of all reads
because of the initial GC bias (Hansen et al.
2010). Low-quality bases (phred score below 30)
and small reads (less than 31 bp) were removed by
the SeqyClean program (version 1.9.3;
Zhbannikov 2013).

Prior to assembly, the data from each develop-
mental stage and reproductive generation were
digitally normalized (20× coverage) to increase
assembly efficiency using the Brown et al.
(2012) protocol incorporated in Trinity (version
2.0.6, Grabherr et al. 2013). Normalized data were
independently assembled de novo using Trinity
with default parameters. Assemblies from differ-
ent reproductive generations (G1 and G2) were
then concatenated with the CD-Hit program
(version 4.6; Huang et al. 2010) at 95% similarity,
generating one assembly for adults and another
one for larvae. Next, cleaned libraries were
aligned to the respective assemblies by the
TopHat2 program (version 2.1.0; Kim et al.
2013), i.e., replicate libraries from larva were
aligned to the larval transcriptome and adult li-
braries to the adult transcriptome. These realign-
ments were used as input in Corset (version 1.03;
Davidson and Oshlack 2014) with minimum cov-
erage of 50× to improve transcript assemblies.

Final transcriptomes were then annotated with
Annocript (version 1.2, Musacchia et al. 2015)
using the UniProt Reference Clusters (UniRef)

database (version February 2016; Suzek et al.
2015). Transcripts with significant blast hits (E
value < 1e−5) against possible contaminants
(plants, fungus, mites, and bacteria) in UniRef
were removed from the final dataset and were also
used to identify other contaminants based on clus-
ter analysis from Corset, as described in Araujo
et al. (2016). Quality assessments of the final
assembly were performed with QUAST (version
4.0; Gurevich et al. 2013), BUSCO (version 2;
Simão et al. 2015), and Qualimap (version 2.2;
García-Alcalde et al. 2012).

2.4. Differential expression analysis

The Trinity script was used to automate the
differential expression analyses using the Bowtie2
program (version 2.2.5; Langmead and Salzberg
2012) to realign all cleaned libraries to the final
transcriptome; the RSEM program (version
1.2.22; Li and Dewey 2011) to count the realigned
reads; and the edgeR package (version 3.14.0;
Robinson et al. 2009) for the statistical analyses
(minimum FDR p value < 1e−5). Differential
expression analyses were performed independent-
ly for each developmental stage (adult and larva)
by comparing the two reproductive generations
(G1 × G2).

3. RESULTS

3.1. Transcriptome assembly
and annotation

The main parameters from the final tran-
scriptome assemblies of foundresses and larvae
are listed in Table I. The final adult transcriptome
(after removal of contaminants) contains 44,486
transcripts, of which 27,098 are reported by at
least one blast hit. The Annocript pipeline also
reported that from all the transcripts, 709 are
probably long non-coding RNAs (lncRNAs) and
32,037 have coding potential based on their open
reading frame (ORF) or annotation. The larval
transcriptome had similar results, presenting a
total of 41,354 transcripts, of which 27,393 had
at least one blast hit; 30,975 transcripts are poten-
tially coding and 539 were identified as potential
lncRNAs. The final transcriptome assemblies and
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annotation tables, containing all the statistics for
coding and lncRNAs, are available at GitHub
(https://github.com/nat2bee/bivoltine_apidologie)
and will eventually be deposited in public
databases.

The database for Hymenoptera orthologs avail-
able via BUSCO software has a total of 4,415
genes of which 3,645 (82.6%) were identified as
complete in the T. diversipes adult transcriptome
and 3,432 (77.7%) in the larval one. A small
portion was identified as fragmented genes, 268
(6.1%) and 358 (8.1%) in the adult and larval
transcriptome, respectively. Thus, only 502
(11.3%) and 625 (14.2%) of all the Hymenoptera
orthologs were missing in the adult and larval
final dataset, respectively.

3.2. Differential expression analyses

Gene expression analyses with the edgeR pro-
gram reported 52 differentially expressed genes
(DEGs) between the two adult generations
(Online Resource 1). Among these, 46 genes were
highly expressed in adult G1 females and 6 had
elevated levels of expression in females from G2
(Figure 1). Four G1 upregulated genes (cyto-
chrome b ; COII ; NADH4 and one encoding a
predicted uncharacterized protein) and three up-
regulated genes from G2 (defensin-2 ; DHRS11
and one for an uncharacterized protein) had a
significant blast hit against the UniRef database
(Figure 1; Online Resource 2). Another five of the

higher represented transcripts in G1 females were
reported as possible lncRNAs by Annocript ac-
cording to their small ORF size (≤ 100 bp), their
absence in databases and their sequence length
(≥ 200 bp) (Figure 1; Online Resource 2). When
comparing the larval generations, only one DEG
was found, and this was higher expressed in indi-
viduals from G2 (Online Resource 1). This gene
was annotated as a replicase polyprotein accord-
ing to the UniRef database (Online Resource 2).

4. DISCUSSION

We report here for the first time a transcriptome
assembly of female foundresses and non-diapause
larvae of the solitary bee T. diversipes , which we
consider an emerging model for voltinism and its
possible consequences for the evolution of social-
ity in bees. Quality analyses of the transcripts
indicate that the assembly is comparable to other
bee transcriptomes (Colgan et al. 2011; Kocher
et al. 2013; Rehan et al. 2014; Harrison et al.
2015) and has a high sequencing coverage (about
150 x per transcriptome). In both life cycle stages,
more than 60% (60.9% in adult females and
66.2% in larvae) of the transcripts had a signifi-
cant blast hit against a sequence in the UniRef
database, especially against bees and other Hyme-
noptera sequences (Online Resource 3). More-
over, it is expected that an additional 8% of the
non-annotated transcripts are protein coding ac-
cording to their ORF characteristics, but since
they did not have a significant blast hit, they
may represent genes that are either novel or sig-
nificantly divergent from any of the database se-
quences. This leaves about 30% of the sequences
as possible miss-assemblies, non-coding RNAs,
or transcriptional noise (retained introns and sim-
ilar) in the T. diversipes transcriptomes.

Differential expression analyses revealed that
between non-diapause larvae from G1 and G2
only, the gene encoding a replicase polyprotein
was upregulated in G2. Genes for replicase
polyproteins or RNA-dependent RNA polymer-
ases (RdRps) are well-known genes that encode
for proteins essential for genome replication of
RNA viruses (Ahlquist 2002; Iyer et al. 2003).
Recently, however, it has been demonstrated that
many eukaryotes may actually have one or more

Table I. Main quality parameters from the complete
transcriptome assembly of T. diversipes foundresses
and non-diapause larval stages (first to fifth instars).

Foundresses Larvae

Total number of transcripts 44,486 41,354

N50 3,243 3,028

%GC 37.95% 37.03%

Mean coverage per sample 48× 53×

Annotated transcripts 27,098 27,393

Complete BUSCO orthologous 82.6% 77.7%

Annotated transcripts refer to transcripts with at least one blast
hit against the UniRef database. Quality parameters were esti-
mated using QUAST, Qualimap and BUSCO as detailed in
Sect. 2
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RdRp copies in their genomes (Nishikura 2001;
Ahlquist 2002; Anantharaman et al. 2002;
Chapman and Carrington 2007) leading to the
assumption that RdRps may have a different bio-
logical function acting directly in post-
transcriptional regulatory mechanisms (especially
in RNA silencing) and host response (Ahlquist
2002; Anantharaman et al. 2002; Chapman and
Carrington 2007). Thus, the higher expression of
this gene in G2 larvae may indicate either a
season-related viral infection or an aspect of gene
expression regulation when compared to larvae in
G1. It is possible, for example, that once G2 larvae
will enter diapause, the higher RdRp expression
may be involved with regulatory functions in the
gene expression cascade necessary for diapause
onset. However, in several arthropod genomes,
including Drosophila , no homologs of an RdRp
gene have been detected (Zong et al. 2009). Thus,
although post-transcriptional regulatory

mechanisms related to RdRps are likely to be
functional in insects, it is not clear if other proteins
are involved in the process instead (Ahlquist 2002;
Zong et al. 2009). Therefore, identifying the actual
true origin of the reported RdRp will only be
possible after completion of the T. diversipes ge-
nome assembly.

Most of the DEGs between the two reproduc-
tive generations were reported in foundresses. In
G2 foundresses, whose offspring will enter dia-
pause, six transcripts were higher represented.
One of these, the defensin-2 gene, is known to
be expressed in honey bee fat body and is respon-
sible for immune defense against a number of
parasites (as discussed in Klaudiny et al. 2005).
For Apis mellifera , it has been reported that the
level of defensin-2 expression only increases in
response to infections ( reviewed by Ilyasov et al.
2012). Thus, our finding suggests that G2 females
are more likely to be exposed to pathogens than

Figure 1. Heatmap of the differentially expressed genes among T. diversipes adult females of generations G1 and
G2. Replicate samples for G1 foundresses are fem1, fem2 and fem3; fem4, fem5 and fem6 are replicates for G2
foundresses. Indicated in bold on the y -axis are the names of the annotated transcripts and lncRNAs.
Uncharacterized refers to transcripts that were retrieved as uncharacterized proteins by blast queries against the
UniRef database. Expression scale is log2. FDR p value < 10e−5.
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G1 females. Another higher expressed gene in G2
foundresses that also may be involved in some
type of immune response is dehydrogenase/reduc-
tase SDR family member 11 (DHRS11 ), a gene
encoding an NAD(P)(H)-dependent oxidoreduc-
tase that belongs to the large superfamily of short-
chain dehydrogenase/reductases (Persson et al.
2009; Endo et al. 2016). Genes from this super-
family are known to be involved in the metabo-
lism of lipids, carbohydrates, vitamins, drugs, and
xenobiotics (Endo et al. 2016). Specifically in
honeybees, DHRS11 has been found to play a
role in host resistance against the varroa mite
(Parker et al. 2012), and in larval caste differenti-
ation, it appears as one of the genes possibly
necessary for worker ovary differentiation
(Guidugli et al. 2004; Lago et al. 2016). Further-
more, the DHRS11 product is one of the proteins
present in bee venom (Li et al. 2013).

Among the higher expressed genes identified in
G1 foundresses are COII , NADH4 , and cyto-
chrome b . These genes are involved in energy
production through oxidative phosphorylation
(Cooper 2000), suggesting that adult females from
G1 have higher energy demands than G2 females,
which may be associated with environmental fac-
tors such as food availability and temperature. It is
also worthy of note that other five higher expressed
genes in females from G1 are putative lncRNAs.
LncRNAs are poly(A) RNAs which, different from
other mRNAs, are not translated into functional
proteins. Presently, lncRNAs are defined as proba-
ble non-coding RNAs longer than 200 bp (as
discussed in Rinn and Chang 2012). These tran-
scripts have recently emerged as critical elements in
many genetic regulatorymechanisms including epi-
genetic regulation DNA imprinting, control of cell
pluripotency, transcriptional silencing, and co-acti-
vation, among others (Rinn and Chang 2012; Kung
et al. 2013). In honey bees, for instance, one specific
lncRNA, lncov-1, was shown to be associated with
programmed cell death in the larval worker ovary
(Humann et al. 2013).

Taken together, two important aspects related
to bivoltinism in T. diversipes emerged from our
gene expression analyses. First, the RdRp gene, if
not related to viral infection, may be one of the
first genes to have its expression pattern specifi-
cally regulated in prediapause larvae from G2.

Second, most of the observed expression differ-
ences between G1 and G2 individuals were seen
in adult females and not in larvae. Thus, DEGs of
foundresses might be important for triggering dia-
pause in the subsequent offspring generation.
Nevertheless, it is important to mention that the
experimental design used in this study for larval
comparisons was directed towards retrieving only
major differences between larvae from both gen-
erations, without accounting for differences relat-
ed to sex or the respective developmental larval
phases. In effect, we believe that the pooling
approach used here permitted to reveal the possi-
ble main players between the two generations.
Further, more in-depth studies can now be devised
to reveal such sex- or stage-specific differences.

With respect to the adult stages, our data showed
a strong bias in DEGs towards immunity and
energy-related processes. Diapause is known to be
also induced by changes in the mother’s metabo-
lism in many insects (Denlinger 2002). This induc-
tion may be direct, as in the case of the silkworm
Bombyx mori that produces a specific diapause
hormone (Fukuda 1951), or indirect, where the
correlation between progenitor gene expression
and brood diapause is not so clearly established,
because even changes experienced during the
mother’s development may affect the offspring
(Denlinger 1998, 2002). It is possible that in
T. diversipes , the overexpression of metabolic
genes and of lncRNAs (or any other of the as yet
non-identified genes) in the foundresses provides a
molecular or epigenetic signal that prevents the
larvae from entering diapause. Similar mechanisms
of maternal epigenetic suppression to larval dia-
pause have already been described in the fly
Sarcophaga bullata and in the GABAergic circuit
of B. mori (Çabej 2013; Reynolds et al. 2013,
2016). Additionally, lncRNAs have been reported
as paramount in glucose and lipid metabolism,
which are important energetic pathways for dia-
pause (Denlinger 2002; Lang-Ouellette et al. 2014).

Another important outcome of this study is that
most of the DEGs represent genes that are un-
known with respect to their function. Thus, the 42
non-characterized DEGs reported in foundresses
may also play an important role in inducing or
suppressing larval diapause, but we were unable
to infer on their biological relevance based on the
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information currently available in genome data-
bases. Although there has been an expressive im-
provement in databases content over the last years
(O’Leary et al. 2016), they are still highly biased
towards model species. Therefore, studies on non-
model species are clearly desirable to improve our
understanding of complex biological systems.

5. CONCLUSIONS

Herein we report the complete transcriptome
assembly from two different life stages of
T. diversipes . Using these assemblies, we com-
pared gene expression differences between the
two reproductive generations of T. diversipes .
These analyses have shown that an RdRp gene is
the only one that is highly expressed in larvae from
G2 before entering diapause and that genes
expressed in the mothers are likely to influence
the developmental timing of the larval offspring.
This can be inferred based on the fact that most of
the observed gene expression differences occurred
in the adult life stage. Among the higher expressed
genes in G1 adult females, the only identified
transcripts are the ones involved in oxidative phos-
phorylation and lncRNAs, while in G2 adult fe-
males, higher expressed genes are possibly related
to immune responses.

ACKNOWLEDGEMENTS

The authors would like to thank Isabel Alves-dos-
Santos and Guraci D. Cordeiro for the support during
bee collection, to Susy Coelho for technical assistance,
and to the reviewers and editor for their contributions to
the final version of this manuscript. Financial support
was provided by FAPESP (São Paulo Research Founda-
tion, process numbers 2013/12530-4 and 2012/18531-0).
PKFS received a CAPES (Coordenação de
Aperfeiçoamento de Pessoal de Nível Superior) scholar-
ship. MCA received research fellowship from CNPq
(Conselho Nacional de Desenvolvimento Científico e
Tecnológico). This work was developed in the Research
Centre on Biodiversity and Computing (BioComp) of the
Universidade de São Paulo (USP), supported by the USP
Provost’s Office for Research. Part of the bioinformatics
analyses was performed using the cloud computing ser-
vice provided by USP.

AUTHOR CONTRIBUTIONS

NSA participated in the design and interpretation
of the data; NSA and PKFS performed experi-
ments and analysis; NSA and MCA wrote the
paper and participated in the revisions of it. All
authors read and approved the final manuscript.

OPEN ACCESS

This article is distributed under the terms of the
Creative Commons Attribution 4.0 International Li-
cense (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted use, distribution, and repro-
duction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if
changes were made.

Le séquençage de l’ARN révèle que les gènes
mitochondriaux et les ARN longs non-codants peuvent
jouer des rôles importants dans les générations
bivoltines de l’abeille néotropicale non sociale,
Tetrapedia diversipes
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/ ARN-Seq

RNA-Seq Ergebnisse zeigen, dass mitochondriale Gene
und lange, nichtkodierende RNAs eine wichtige Rolle
spielen in der Abfolge der bivoltinen Generationen der
nicht sozialen neotropishcen Biene Tetrapedia
diversipes
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