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Abstract

Background: Do miRNAs contribute to specify the germ-band type and the body structure in the insect embryo?
Our goal was to address that issue by studying the changes in miRNA expression along the ontogeny of the
German cockroach Blattella germanica, which is a short germ-band and hemimetabolan species.

Results: We sequenced small RNA libraries representing 11 developmental stages of B. germanica ontogeny (with
especial emphasis on embryogenesis) and the changes in miRNA expression were examined. Data were compared
with equivalent data for two long germ-band holometabolan species Drosophila melanogaster and Drosophila virilis,
and the short germ-band holometabolan species Tribolium castaneum. The identification of B. germanica embryo small
RNA sequences unveiled miRNAs not detected in previous studies, such as those of the MIR-309 family and 54 novel
miRNAs. Four main waves of miRNA expression were recognized (with most miRNA changes occurring during the
embryonic stages): the first from day 0 to day 1 of embryogenesis, the second during mid-embryogenesis (days 0–6),
the third (with an acute expression peak) on day 2 of embryonic development, and the fourth during post-embryonic
development. The second wave defined the boundaries of maternal-to-zygotic transition, with maternal mRNAs being
cleared, presumably by Mir-309 and associated scavenger miRNAs.

Conclusion: miRNAs follow well-defined patterns of expression over hemimetabolan ontogeny, patterns that are more
diverse during embryonic development than during the nymphal stages. The results suggest that miRNAs play
important roles in the developmental transitions between the embryonic stages of development (starting with
maternal loading), during which they might influence the germ-band type and metamorphosis mode.

Keywords: miRNAs, Embryogenesis, Maternal-to-zygotic transition, Germ-band, Metamorphosis, Blattella, Tribolium,
Drosophila

Background
Do embryonic miRNAs influence the germ-band type
and metamorphosis mode of insects? Long germ-band
insects, such as the fruit fly Drosophila melanogaster,
form most of their segments simultaneously at the
blastoderm stage, i.e., before gastrulation. In contrast,
short germ-band species start gastrulation with just a
few segments, and then progressively add new ones from

an undifferentiated growth zone situated at the posterior
end of the embryo [1]. Short germ-band development is
typical of basal insects such as locusts and cockroaches,
whereas more derived species such as those of the genus
Drosophila predominantly undergo long germ-band
development [2]. The differences between these two de-
velopmental extremes are paralleled by the differential
expressions of patterning genes [3, 4]. In general, the
participation of miRNAs in gene-regulatory networks is
crucial, increasing the precision of expression and
reducing noise [5–9]. It is therefore likely that miRNAs
influence the mechanisms that specify the germ-band
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type and body structure, which is related to the meta-
morphosis mode, in insect embryos.
We examined the changes in miRNA expression over the

ontogeny of the German cockroach Blattella germanica,
using 11 small RNA libraries prepared and sequenced in
our laboratory, representing developmentally important
stages. The basic details of the miRNA complement of B.
germanica, a short germ-band, hemimetabolan species, are
known [10, 11], as are a number of miRNA functions, espe-
cially in postembryonic development [12–15]. In this work,
the small RNA libraries of B. germanica early embryo were
compared with those previously published of two long
germ-band holometabolan species, the flies D. melanoga-
ster and Drosophila virilis, and the red flour beetle Tribo-
lium castaneum, a short germ-band holometabolan species
[16, 17]. The distinction between the hemimetabolan and
holometabolan modes of metamorphosis is important:
hemimetabolan species develop the basic adult body struc-
ture during embryogenesis, whereas holometabolans delay
this until the pupal stage [18, 19]. miRNA commonalities
between B. germanica and T. castaneum, as opposed to
those of the two Drosophila species studied, were assumed
to be associated with the germ-band type, whereas those of
T. castaneum and the Drosophila species, as opposed to B.
germanica, were assumed to be associated with the mode
of metamorphosis followed.

Results
Novel miRNAs in the cockroach embryo
B. germanica embryogenesis was completed in 18 days
at the set temperature of 29 °C. Nymph development in
colony reared at this temperature lasted between 22 and
24 days and comprised six instars. Eleven stages cover-
ing essential developmental moments and characteristic
hormonal contexts (Table 1) were chosen for examin-
ation. Two libraries of small RNAs were prepared for
each examined stage and sequenced using Illumina
NextSeq technology. This provided 292 million paired
end reads, with each library having 9.2–17 million read
pairs. After removing adapters, filtering out low quality
reads, and merging read pairs, 148,674,256 million reads
were mapped to the B. germanica genome and used in
analyses (Additional file 1: Table S1).
Putative B. germanica miRNAs were then predicted

using the mirDeep2 algorithm. The predictions included
the 88 conserved insect miRNAs and 11 miRNAs previ-
ously discovered in B. germanica [10, 11], plus 264 novel
miRNA candidates. After filtering the 264 candidates ad-
hering to the biogenesis criteria [11, 20], 67 bona-fide B.
germanica miRNA genes were obtained (Additional file 2:
Table S2). Four of these belonged to the MIR-309 family
(Fig. 1a), which is typical of insects [11] and that in D.
melanogaster is involved in the clearance of maternally

Table 1 Biological data corresponding to the 11 small RNA libraries used in the present work

Library Developmental period Age (AO: after oviposition) Percentage of embryo
development (ED)

Embryo development and
Tanaka (1976) stage

Hormonal context

NFE Non-fertilized egg Day 8 of the first
gonadotrophic cycle
(in preoviposition)

– – Not determined within the
egg. High levels of 20E and
JH in the surrounding
haemolymph.

ED0 Embryo 8 h AO, when the ootheca
is still vertical

2%. Only yolk granules observed. No detectable levels of 20E
and JH

ED1 Embryo 24 h AO 6% Energids at low density spread
among the yolk granules. Tanaka
stage 1

No detectable levels of 20E
and JH

ED2 Embryo 48 h AO 12% Abundant energids, germ band
anlage well delimited, slightly
expanded at both sides. Tanaka
stage 2

Burst of 20E inferred from the
expression of HR3 (a 20E–
dependent gene). No detectable
JH

ED6 Embryo 144 h AO 33% Pleuropodia well apparent, legs
segmented, caudal space arises.
Tanaka stage 8

Peak of 20E. Very low levels
of JH

ED13 Embryo 312 h AO 72% Eyes well colored, antennae and
legs reaching the 5th abdominal
segment. Tanaka stage 15

Peak of 20E. High levels of JH

N1 1st nymphal instar 1–2 days old – – High levels of 20E and JH

N3 3rd nymphal instar 2–4 days old – – High levels of 20E and JH

N5 5th nymphal instar 3–5 days old – – High levels of 20E and JH

N6 6th nymphal instar 5–7 days old – – High levels of 20E, no JH

Adult Adult (female) 5 days old – – Low (ovarian) levels of 20E
and high JH levels
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loaded mRNAs [21]. As no known orthologs of the other
63 miRNA genes were found, they were considered as
newly discovered. Six of these genes contained between
two and three identical, mature miRNAs sequences.
Thus, 54 different novel mature miRNAs, grouped into
48 miRNA families, were finally identified as novel in B.
germanica (Additional file 2: Table S2). These 54 miR-
NAs, plus the 11 previously reported [11], represent the
full repertoire miRNAs only found in B. germanica. As
seen for other B. germanica miRNAs [11], most of those

reported herein for the first time grouped into genomic
clusters, e.g., into the MIR-309 family (Fig. 1b). More-
over, 43 of the 65 miRNA genes now discovered in B.
germanica grouped into nine additional clusters span-
ning 4–70 kb, and included 2–12 usually paralogous
miRNA genes per cluster (Fig. 1b).
With respect to maternal miRNAs (non-fertilized eggs,

NFE, library), the read length distribution (Fig. 1c)
showed two prominent peaks, one at 22 nts correspond-
ing to miRNAs, and the other at 28 nts that might

Fig. 1 B. germanica miRNAs. a Precursor sequences of the MIR-309 miRNAs in B. germanica, T. castaneum, D. melanogaster and D. virilis. Highlighted in
grey are the sequences corresponding to star miRNAs, and in green those corresponding to mature miRNAs. The conserved seed sequence is underlined.
b Genomic clusters of newly identified B. germanica miRNAs containing more than 3 miRNA genes. c Read size distribution in the NFE small RNA libraries
of the studied species; read length (abscissae) is expressed in number of nucleotides. d Frequency of miRNAs with 3-end modified reads
in the developmental stages studied. The inset shows the relative abundance of miRNA reads per library. The abbreviations for the stages are explained
in Table 1
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correspond to Piwi-interacting RNAs (piRNAs) [16, 22].
Comparison of the NFE libraries of T. castaneum, D.
melanogaster and D. virilis [16, 17] revealed the propor-
tion of miRNAs and piRNAs to be different in T. casta-
neum (Fig. 1c), with the latter very much more
abundant [17]. Interestingly, the B. germanica miRNAs
in embryo day (ED) 0 and ED1 showed a higher fre-
quency (15–26%) of reads with extra nucleotides at the
3′-end compared to other embryo or post-embryo stages
(7–11%). Most of these 3′-end modifications were ade-
nylations (approximately 50%) and uracylations (25%)
(Fig. 1d). The peak of 3′-end modifications at ED0-ED1
coincide with the minimum relative number of miRNA
reads (Fig. 1d, inset).

Changes in miRNA expression over cockroach ontogeny
Most of the newly discovered miRNAs predominated in
the embryo, especially in the early stages, from ED0 to
ED2 (Fig. 2a, Additional file 3: Table S3). In contrast,
conserved miRNAs tended to be expressed over a longer
period of time (Fig. 2b, Additional file 3: Table S3).
Therefore, the new and predominantly embryonic miR-
NAs showed a generally higher coefficient of variation in
their expression over development (Fig. 2c, Add-
itional file 4: Figure S1). The expression patterns of the
157 B. germanica miRNAs were very diverse (Fig. 2), but
coexpression networks recognized through the use of
Spearman correlation analysis allowed this diversity to
be collapsed into four main co-expression modules
(CoMod) (Fig. 3). CoMod-A grouped miRNAs generally
expressed during embryonic development. In fact,
CoMod-A can be subdivided into two sub-modules
(Fig. 3): CoMod-A1, which groups miRNAs predom-
inantly expressed during ED0-ED1, and CoMod-A2,
which groups those mostly expressed between ED0
and ED6. CoMod-B is characterized by acute expres-
sion during ED2, thereafter decreasing in intensity.
Finally, CoMod-C grouped miRNAs expressed during
post-embryonic development. The respective meta-
gene expression patterns of these four CoMods are
shown in Fig. 3.
Other, peculiar miRNA expression patterns were also

seen. For example, Mir-bg5 was (strongly) expressed in
very early embryos and in adult females (Fig. 4a). The
comparison of Mir-252b and Mir-252a is interesting
since both share the same seed sequence (although the
corresponding genes are separated by some 40 kb in the
genome). However, Mir-252b showed an expression peak
during ED6 and a dramatic reduction in expression in
ED13, while Mir-252a expression dramatically increased
from ED13 onward (Fig. 4a). The expression of Mir-309
followed a CoMod-B pattern, showing an acute peak in
ED2 (at 11% of development) (Fig. 4b). This is compat-
ible with a possible role in the clearance of maternally

loaded mRNAs, as seen in D. melanogaster [21]. The ex-
pression pattern of Mir-309 in D. virilis showed a peak
at 13–20% of development (Fig. 4b), similar to that seen
for B. germanica, whereas in T. castaneum, Mir-309 ex-
pression increased at 6–11% of development and then
remained more or less stable until the end of embryo-
genesis (Fig. 4b).
Evidence of differential expression between stage-

libraries was also sought. The transition between NFE
and ED0 involved more changes than between ED1-
ED13. The most conservative transitions were those
between ED0 and ED1 (during which only one
miRNA was downregulated), and between N5 and N6
(during which no changes were observed) (Fig. 4c,
Additional file 5: Figure S2). Principal component
analysis (PCA) of the expression data of all miRNAs
in all libraries (Fig. 4d) highlighted the contrast be-
tween the compact group composed by nymphal and
adult stages and that formed by the embryonic stages.

Maternal and very early embryonic miRNAs in Blattella,
Tribolium and Drosophila
To study the possible role of miRNAs in the definition
of the germ-band type, the B. germanica NFE library
(Table 1) was compared with the equivalent non-
fertilized egg libraries of T. castaneum, D. melanogaster
and D. virilis [16, 17]. Clustering analysis of the expres-
sion of orthologous miRNA families in the four species
(Fig. 5a) separated the long germ-band species (D. mela-
nogaster and D. virilis) from the two short germ-band
species (T. castaneum and B. germanica). PCA (Fig. 5b)
showed this grouping to be mostly driven by the
MIR-276, MIR-279 and MIR-92 families. Though not
highlighted by PCA, the miRNAs from the let-7 clus-
ter were significantly expressed in B. germanica and
T. castaneum NFE, but not in the Drosophila species
studied. Further, the MIR-bg5 family was highly
expressed in B. germanica (the fifth most abundant
miRNA family), but not in T. castaneum or the Dros-
ophila species.
Comparisons were also made between B. germanica

ED0 (8 h, 1.9% of development) library (Table 1) and the
equivalent libraries for the first hours of embryonic de-
velopment in T. castaneum (0–5 h, 0–3.5% of develop-
ment) and D. virilis (0–2 h, 0–6.7% development) [16,
17]. In all three, the germ-band began to form at this
time. The miRNA expression profiles were notably simi-
lar for the three species; indeed, clustering analysis
hardly separated the long germ-band species (D. virilis)
from the two short germ-band species (T. castaneum
and B. germanica) (Fig. 6a). PCA showed the main
drivers of this grouping to again be MIR-279 (for B.
germanica and T. castaneum) and MIR-92 (for D. vir-
ilis) (Fig. 6b).
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Fig. 2 Expression of B. germanica miRNAs over ontogeny. a Heat map showing the expression of the newly found miRNAs. b Heat map showing
the expression of the conserved miRNAs. The abbreviations of the stages are explained in Table 1. c Variation of the expression in conserved and
specific miRNAs. The asterisk indicates statistically significant differences between the two samples (Welch’s t-test, p < 0.01)
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Discussion
The newly discovered miRNAs predominate in the embryo
The present results indicate the embryonic presence of
the MIR-309 family of miRNAs in B. germanica, plus 54
novel miRNAs [10, 11]. D. virilis [16] and T. castaneum
[17] have a high percentage of species-specific miRNAs
during embryonic life. In the very early embryonic stages
of B. germanica, the proportions of miRNAs and piR-
NAs are similar, resembling those observed in D. mela-
nogaster and D. virilis. T. castaneum, in contrast, shows
a high proportion of piRNAs in early ontogenesis [16,
17]. This is likely a peculiarity of the latter species, not
attributable to either its germ-band type or mode of
metamorphosis.

The four main waves of miRNA expression during
cockroach ontogenesis
The miRNA expression data showed that most miRNA
changes occur in the embryo. This is consistent with the

hemimetabolan mode of metamorphosis, in which the
key developmental process leading to the adult body
structure takes place in the embryo. In contrast, the
nymphal transitions are developmentally conservative
[19]. The transition from N5 to N6 appears to proceed
without changes in the miRNAs, which is surprising
since adult genetic program should be installed in N6.
Also surprising is the small number of changes that
occur in the transition from N6 to adult, when the adult
program is executed [15, 23].
The maternal loading of NFE involves conserved miR-

NAs such as let-7, Bantam, Mir-34, Mir-305, Mir-8, Mir-
71 and Mir-1, all of which play roles in basic biological
functions [6], as well as large amounts of MIR-bg5 miR-
NAs. MIR-bg5 is specific for hemimetabolan species [11]
and is highly abundant in NFE and in adult females of B.
germanica. This, plus the observation that the expression
of MIR-bg5 miRNAs occur in the ovaries of adult females
(see [10], where Mir-bg5 is called “Novel 1”), indicates that

Fig. 3 Coexpression modules of B. germanica miRNAs during ontogenesis. The expression patterns representing each module (metagene expression
patterns) are shown besides the corresponding coexpression network
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members of this family are typically maternally loaded
miRNAs, at least in B. germanica.
The first two waves of miRNA expression, repre-

sented by CoMod-A1 and CoMod-A2, involve Mir-279,
which is associated with multiple biological processes
[24], and let-7 and Mir-9, which are related with neural
differentiation and function [25–27]. A third wave
(CoMod-B) that peaks during ED2, contains MIR-2
miRNAs, which are related to cell differentiation, devel-
opment, morphogenesis and neurogenesis [28]. This
wave also involves Mir-29, which is associated to neural
cell development [26]. The final wave, represented by
CoMod-C, is expressed in late embryos and post-
embryonic development and involves bantam, Mir-1,
Mir-8, Mir-278, Mir- 281, Mir-252 and Mir-31. These

miRNAs are also among the best expressed of larval
transcriptomes in D. virilis [16]. The most well-known
is bantam, which is associated to basic functions in
practically all stages of development [6]. In D. melano-
gaster larvae, Mir-8 has been related to the regulation
of growth factors in body fat [29] and with body size
[30], whereas Mir-278 and Mir-277 influence energy
homeostasis [31, 32]. In B. germanica nymphs, Mir-8
regulates atrophin, a factor contributing to neuromotor
coordination [14], whereas Mir-252 is involved in the
regulation of general growth [13].

The maternal-to-zygotic transition (MZT)
Degradation and clearance of maternal miRNAs is a key
step in the MZT [33, 34], and adenylation at the 3′ end

Fig. 4 Changes of miRNAs expression over B. germanica ontogenesis. a Expression of Mir-bg5b, Mir-252b and Mir-252a. b Expression of MIR-309
miRNAs compared to that seen in T. castaneum and D. virilis. c Number of miRNA genes significantly (p < 0.05) upregulated (green) or downregulated
(red) at each stage transition. d Principal component analysis plot based on miRNA expression in the embryo, nymph and adult stages.
The abbreviations for the stages are explained in Table 1
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of maternal miRNAs has been shown to act as degrad-
ation signal. This modification has been observed in the
fruit fly, sea urchin and mouse, which indicates that it is
evolutionarily conserved [33]. Most miRNAs expressed
between NFE and ED1 were highly adenylated at the 3′
end. These included the MIR-92 and MIR-10 families,
which are also highly adenylated in early embryos of T.
castaneum [17]. In B. germanica, the proportion of ade-
nylated miRNAs peaked at ED0-ED1 when the relative
amount of miRNAs is at its lowest. Adenylation

therefore appears to contribute towards the clearing of
maternally deposited miRNAs in B. germanica as well.
Although miRNAs are not the only players involved in

the degradation of maternal RNAs, they play an import-
ant role in this regard. Indeed, our results suggest that a
number of early embryo miRNAs might contribute to-
wards clearing maternally loaded mRNAs. In zebrafish,
the Mir-430 cluster of miRNAs is key for clearing mater-
nal mRNA in the MZT [35]. In D. melanogaster, mater-
nal mRNA clearing has been associated with the

Fig. 5 Families of conserved miRNAs in NFE for B. germanica, T. castaneum, D. melanogaster and D. virilis. a Heat map showing the relative
abundance of miRNA families in each species and derived hierarchical clustering. b Principal component analysis plot showing the main drivers
of the clustering. Bge: B. germanica, dme: D. melanogaster, dvi: D. virilis and tca: T. castaneum

Ylla et al. BMC Genomics  (2017) 18:774 Page 8 of 13



Mir-309 cluster, which includes Mir-9/4/79, Mir-5/6/
2944, Mir-3/309 and Mir-279/286, which are mainly
expressed between 9 and 12% of embryo development
[21]. In T. castaneum, these miRNA families also ap-
pear involved in regulating maternally deposited
mRNAs, along with several additional miRNA families
that have been only found in T. castaneum, which are
expressed between 6 and 11% of development [17]. In
B. germanica, an acute expression peak of the Mir-309
cluster miRNAs (which comprises four Mir-309 para-
logs) is observed at ED2 (11% of development), which
might be involved in maternal mRNA clearance. The

miRNAs of the CoMod-B peak at ED2 as well, and
might also be involved in maternal mRNA clearance.
Finally, Mir-9 and Mir-279, which are associated with
maternal mRNA clearance in D. melanogaster [21], be-
long to CoMod-A2 and show high levels of expression
in ED2. Taken together, these data suggest that mater-
nal RNA clearing would involve two successive pro-
cesses, the first (taking place around ED0-ED1), in
which maternal adenylated miRNAs would be de-
graded, and the second (in ED2), in which maternal
mRNAs would be cleared by the activity of Mir-309
and associated scavenger miRNAs.

Fig. 6 Families of conserved miRNAs in ED0 for B. germanica, T. castaneum and D. virilis. a Heat map representing the relative abundance of miRNA
families in each species and derived hierarchical clustering. b Principal component analysis plot showing the main drivers of the clustering. The
libraries were prepared at 1.85%, 0–3.5% and 0–6.67% of development in B. germanica (bge), T. castaneum (tca) and D. virilis (dvi), respectively
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miRNAs, germ band and metamorphosis
Our analyses in the very early stages of embryo develop-
ment (NFE and ED0) of B. germanica, T. castaneum, D.
melanogaster and D. virilis indicated that miRNAs from
MIR-276 and MIR-279 families are differentially
expressed in short germ-band species, whereas those of
MIR-92 family are differentially expressed in long germ-
band species. In D. melanogaster, MIR-279 has been
related to maternal mRNA clearance in the MZT transi-
tion (see above), restricting the emergence of CO2-sens-
ing neurons, the maintenance of circadian rhythm, and
the regulation of ovarian border cells [24]. The only re-
ported function for MIR-276 is to promote egg-hatching
synchrony by upregulating the transcription coactivator
gene brahma in the locust Locusta migratoria [36].
MIR-92 miRNAs downregulate jigr1 in the larval brain
of D. melanogaster, which is essential for maintaining
neuroblast self-renewal [25]. In the tobacco hawk moth
Manduca sexta, Mir-92 is clearly overexpressed in em-
bryos compared to larvae, pupae and adults [37]. Mir-92
is expressed in ED0 and ED1 of B. germanica, being one
of the miRNAs highly adenylated at the 3′ end, which
suggests that it is cleared in the MZT. If so, then its
function could be restricted to very early embryogenesis,
possibly to the formation of the germ-band. At NFE and
ED0, the let-7 cluster is well expressed in B. germanica
and T. castaneum but not in Drosophila spp. The let-7
cluster has traditionally been thought involved in the
regulation of developmental transitions [38].
Clustering analyses of B. germanica, T. castaneum and

the Drosophila spp. very early embryonic stage libraries
did not separate the hemimetabolan and holometabolan
species. Differences between these modes of metamor-
phosis must, however, exist, although they are perhaps
clearer in more advanced stages of development, when
the body structure is built. MIR-bg5 miRNAs have only
been identified in hemimetabolan insects, and have been
assumed lost in holometabolans [11, 39]. In B. germa-
nica, they are maternally loaded in high amounts, which
indicate them to operate in the early stages of embryo
development, thus suggesting that MIR-bg5 miRNAs
contribute towards determining the formation of the
adult body plan characteristic of hemimetabolan even at
the very early stages of embryogenesis.

Conclusions
The present results show that miRNAs follow well-
defined patterns of expression over hemimetabolan
ontogeny, patterns that are more diverse during embry-
onic development than during the nymphal stages. This
comes as no surprise since in hemimetabolan species
most of the morphogenetic processes are concentrated
into the embryonic stages, whereas nymphal develop-
ment is morphogenetically conservative. The results also

suggest that miRNAs play important roles in the
developmental transitions between the embryonic stages
of development (starting with maternal loading), during
which they might influence the maternal-to-zygotic
transition, the germ-band type and the metamor-
phosis mode.

Methods
Insects
B. germanica specimens were obtained from a colony
reared in the dark at 29 ± 1 °C and 60–70% relative
humidity. All dissections and tissue sampling procedures
were performed on carbon dioxide-anesthetized speci-
mens. Tissues were frozen in liquid nitrogen and stored
at −80 °C until use.

B. germanica Libraries of small RNAs
Eleven developmental stages were selected for analysis
(Table 1). Data on juvenile hormone (JH) and ecdyster-
oids (20E) for the chosen stages are from Treiblmayr et
al. [40] (JH in nymphal stages), Maestro et al. [41] (JH in
embryo stages), Cruz et al. [42] (20E in nymphal stages),
Piulachs et al. [43] (20E in embryo stages). Tanaka stages
are from Tanaka [44]. For each stage, two small RNA li-
braries were prepared using the Illumina NEBNext small
RNA libraries kit. These libraries were sequenced at the
Pompeu Fabra University (Barcelona) Genomic Core Fa-
cility using the Illumina NextSeq platform (two runs
paired end × 50 cycles).

miRNA nomenclature
In general, the miRNA nomenclature system proposed
by Fromm et al. [20] was followed. For the novel B.
germanica miRNAs reported here for the first time, the
system proposed by Ylla et al. [11] was used; this em-
ploys as designator name the code “bg” followed by a
number assigned to the novel miRNA.

miRNA predictions
Low quality reads were filtered out and adapters removed
for the 22 small RNA-Seq libraries of B. germanica using
Trimmomatic software [45]. Read pairs were then merged
using the Pear tool [46]. The resulting reads longer than
18 nts were mapped to the B. germanica genome assembly
[https://www.hgsc.bcm.edu/arthropods/german-cockroach-
genome-project] using Bowtie2 software [47]. The files con-
taining the reads aligned to the genome were used as input
for the mirDeep2 miRNA prediction program. Novel
miRNA candidates predicted by mirDeep2 [48] were sub-
mitted to mirPlot and filtered according to miRNA biogen-
esis criteria as previously described [11, 20]. Candidates
passing all filtering criteria were considered novel miRNAs;
these were then grouped into families on the basis of their
seed sequence.
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Quantification of miRNA expression
Small RNA-Seq data for holometabolan insects were ob-
tained from the literature [16, 17]. These included 10
small RNA-Seq libraries for eight stages of T. castaneum
embryo development (GSE63770), 21 small RNA-Seq
libraries for 12 stages of Drosophila virilis development
(GSE54009 & GSE63770), and two libraries for non-
fertilized eggs of D. melanogaster (GSE63770). Four
additional libraries for two embryonic stages of D. mela-
nogaster were obtained from modEncode [49]. Read
adapters were removed using the fastx_clipper algorithm
from the fast-toolkit at http://hannonlab.cshl.edu/fas-
tx_toolkit/commandline.htmlt. The read fraction be-
tween 16 and 29 nts was then selected. These reads
were mapped to the corresponding insect genomes: T.
castaneum (tca_v4), D. melanogaster (NCBI_build5) and
D. virilis (dvir_r1). The number of reads mapping to
each annotated miRNA was determined using the Fea-
tureCounts R package [50]. miRNA annotations for the
Drosophila species were retrieved from the miRBase
v.21 [51]. For T. castaneum, the miRBase miRNAs were
complemented with the 123 miRNAs described by
Ninova and collaborators [17]. For B. germanica those
previously published were used [11] plus the novel miR-
NAs described in this paper. Finally, the miRNA counts
were normalized as counts per million (CPM) with the
edgeR package [52]. For comparing miRNA expression
across insects, the miRNA genes were grouped into fam-
ilies as described previously [11]. Only orthologous fam-
ilies present in all compared insects were considered.
The expression of each miRNA family was computed as
the sum of the CPM corresponding to the miRNA mem-
bers of that family. 3′-end modifications of B. germanica
miRNAs were further assessed by obtaining those small
RNA-Seq reads mapping to an annotated miRNA and
containing nucleotides surpassing the 3′-end boundaries
of the miRNA annotation.

Differential expression analysis of miRNAs
The miRNA expression changes between one stage and
the next were determined using the normalization and
differential expression functions of the DESeq2 R pack-
age [53]. Only those miRNAs with a p-value adjusted for
a false discovery rate of <0.05 were deemed to have a
significant change of expression.

Coexpression networks
The miRNA expression correlation between each pair of
miRNA genes was determined using the Spearman cor-
relation coefficient test; this returns the best perform-
ance in modeling RNA-Seq coexpression networks [54].
A pair of miRNAs are considered to be connected in the
network if their correlation coefficient is higher than 0.9.
The largest module was then divided into submodules,

applying a correlation coefficient cut-off of 0.925. The
characteristic expression profile of each module and
submodule was determined using singular value decom-
position [55–57].
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