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Abstract: Bacteria excel in most ecological niches, including insect symbioses. A cluster 

of bacterial symbionts, established within a broad range of insects, share high 16S rRNA 

similarities with the secondary symbiont of the tsetse fly (Diptera: Glossinidae),  

Sodalis glossinidius. Although 16S rRNA has proven informative towards characterization 

of this clade, the gene is insufficient for examining recent divergence due to selective 

constraints. Here, we assess the application of the internal transcribed spacer (ITS) regions, 

specifically the ITSglu and ITSala,ile, used in conjunction with 16S rRNA to enhance the 

phylogenetic resolution of Sodalis-allied bacteria. The 16S rRNA + ITS regions of Sodalis 

and allied bacteria demonstrated significant divergence and were robust towards 

phylogenetic resolution. A monophyletic clade of Sodalis isolates from tsetse species, 

distinct from other Enterobacteriaceae, was consistently observed suggesting diversification 

due to host adaptation. In contrast, the phylogenetic distribution of symbionts isolated from 

hippoboscid flies and various Hemiptera and Coleoptera were intertwined suggesting either 

horizontal transfer or a recent establishment from an environmental source. Lineage 

splitting of Sodalis-allied bacteria into symbiotic and free-living sister groups was also 

observed. Additionally, we propose an ITS region as a diagnostic marker for the 

identification of additional Sodalis-allied symbionts in the field. These results expand our 

knowledge of informative genome regions to assess genetic divergence since splitting from 

the last common ancestor, of this versatile insect symbiont clade that have become 

increasingly recognized as valuable towards our understanding of the evolution of 
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symbiosis. These facultative and recently associated symbionts may provide a novel source 

of traits adaptable to the dynamic ecologies encountered by diverse host backgrounds. 

Keywords: internal transcribed spacer; Sodalis; phylogeny; evolution of symbiosis 

 

1. Introduction 

Symbioses abound in the class Insecta, where an extraordinary range of host effects, temporal and 

spatial distribution, and degree of co-evolution has been reported [1]. Symbioses are recognized as a 

widespread source of evolutionary innovation for insects. For example, insects whose diets are 

nutritionally unbalanced typically harbor symbionts referred to as primary symbionts (P-symbionts) 

that can provision essential metabolic supplementation [2], often enabling host niche expansion.  

P-symbiont establishment is assured through strict vertical transmission, thereby ensuring persistence 

of the relationship and resulting in lengthy co-evolution with its host [3,4]. 

Insects may also harbor facultative microbes known as secondary symbionts (S-symbionts).  

S-symbionts, although not obligate to host biology, may provide host benefits depending on 

environmental context, such as during periods of heat stress [5], parasitoid attack [6], or towards the 

utilization of particular host plant substrates [7]. Moreover, distantly related insects can harbor closely 

related bacterial S-symbionts, suggesting initial widespread microbial infection, most likely through 

horizontal transfer or as a free-living generalist with multiple independent host acquisitions [8]. 

Symbiotic establishment may then be followed by genomic tailoring through evolutionary time, 

leading to functional specialization complementary to host biology and ecology, similar to what has 

been reported with P-symbionts [9]. S-symbionts may accordingly represent intermediates in the 

evolutionary trajectory to an exclusively symbiotic lifestyle [10]. 

Tsetse flies provide ideal biological models to examine symbiosis due to the presence of a low 

complexity microbiota, yet representing a wide range of host-microbe relations [11]. The tsetse 

microbiota predominantly consists of two Gammaproteobacteria; an obligate P-symbiont 

Wigglesworthia glossinidia, and a S-symbiont Sodalis glossinidius, as well an Alphaproteobacteria, the 

facultative parasite Wolbachia pipientis [12]. Additionally, tsetse flies maintain significant medicinal 

and socioeconomic importance as the vectors of African trypanosomiasis. Consequently, symbiotic 

microbes are also of applied interest as their genetic manipulation offers potential disease  

control mechanisms [13]. 

In contrast to the P-symbiont Wigglesworthia, Sodalis [14] has only recently associated with the 

tsetse host [15]. Evidence of a recent transition into symbiosis includes its wide host tissue tropism [16], 

amenability towards in vitro culture [17], stochastic presence within tsetse field populations [18,19], 

and a lack of congruence with tsetse phylogeny [20]. Genomic features [21], notably; a relatively 

larger ~4.2 Mb size, lack of A-T (Adenine-Thymine) bias, and the presence of phage-like and 

symbiosis region genes also support a recent transition into symbiosis. Despite these features, there are 

also some indications of Sodalis evolving into an endosymbiotic lifestyle such as a high proportion of 

pseudogenes with homologs of proteins involved in defense or in the transport and metabolism of 

carbohydrates and inorganic ions [21], believed to be unessential within the host. Furthermore, 
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metabolic interplay resulting from genomic complementation between Wigglesworthia and Sodalis 

demonstrates early functional convergence, which may act to evade species antagonism [22]. 

Culture independent sequencing techniques have enabled the identification of numerous bacterial 

species residing within a diverse range of hosts, particularly insects [23]. One such group gaining 

recognition, based on high 16S rRNA gene identity, comprises Sodalis and related bacteria within a 

broad range of insects, including various Hemiptera, Diptera, Coleoptera and a Phithiraptera [24-29]. 

Although the 16S rRNA gene has proven quintessential in many microbial phylogenetic studies, it’s 

exclusive use is poorly suited to differentiate recently diverged bacteria (i.e., genus level and below) 

due to the conserved regions lacking informative characters [28,30] and the potential occurrence of 

homoplasy or intraspecific variation within the hypervariable regions [31]. 

The conserved nature of the 16S rRNA locus has lead to the use of other genome regions for the 

phylogenetic analyses of closely related organisms. A recent application of outer membrane genes as 

markers for delineating the systematics of the Sodalis clade demonstrated sequence variation, notably 

in putative surface exposed loops, likely arising from the adaptive evolution towards particular host 

features, such as immunity [32]. An additional example, the internal transcribed spacer regions have 

been shown to exhibit an accelerated evolutionary rate relative to the conventionally used 16S rRNA 

gene [33]. Noncoding ITS regions that separate the 16S rRNA-23S rRNA and the 23S rRNA-5S rRNA 

are designated as ITS1 and ITS2, respectively. Additionally, the ITS regions may encode tRNAs. Use 

of the ITS regions have proven informative in both sequence and length variation for the phylogenetic 

resolution of bacterial species [34] and strains [35]. 

The molecular phylogenetic analyses of bacteria, from both free-living and host-associated 

lifestyles, may enhance our understanding of how environmental generalists transition into symbioses 

that become so specialized that they rely purely on vertical transmission and are associated with the 

evolution of extreme genome features. In this study, we have coupled the 16S rRNA and ITS regions 

to examine the phylogeny and diversity of Sodalis-allied symbionts widely distributed throughout the 

class Insecta. Our results provide information on additional genetic variation among the Sodalis-like 

symbionts, further evidence to support diversification of this clade from an environmental progenitor 

and high likelihood for the lateral transfer of symbionts between diverse insect orders. Furthermore, 

we propose the ITS regions, used in conjunction with 16S rRNA, as a diagnostic tool for the 

identification and characterization of additional Sodalis-allied symbionts from insect hosts in the field. 

These symbionts provide snapshots of early events associated with the transitioning into insect 

symbiosis, and are potentially useful towards revealing both universal aspects of partner association as 

well as unique attributes towards particular symbioses. Methods that enhance our ability to detect these 

symbionts may increase the number of symbioses available for crucial comparative studies. 

2. Experimental Section 

2.1. Specimens and DNA Isolation 

DNA was isolated from tsetse adult flies (Glossina brevipalpis, G. morsitans, G. fuscipes, and  

G. pallidipes), hippoboscid adult flies and pupae (Craterina melbae), larval stage chestnut weevils 

(Curculio sikkimensis) and Sodalis bacteria from in vitro culture following the Holmes-Bonner 
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protocol [36]. Due to the sympatric localization of Cu. sikkimensis with the sister species Cu. dentipes, 

as well as the lack of distinguishable morphological features between the two species as larvae, the 

species identification was verified by sequencing of the mitochondrial cytochrome oxidase subunit I, 

CO1 [37]. DNA samples of the ovaries of adult shieldbugs (Eucorysses grandis) and scutellerid 

stinkbugs (Cantao ocellatus) were obtained by using a NucleoSpin Tissue kit (Macherey-Nagel, 

Bethleham, PA). Additionally, the Sodalis-like Biostraticola tofi DNA, originally isolated from the 

biofilm of a tufa (porous rock formed by the precipitation of H2O) deposit [38], was obtained  

from DSMZ (Braunschweig, Germany). All samples were re-suspended in 1× Tris-EDTA following  

DNA isolation. 

2.2. PCR Amplification and Sequencing of ITS Regions 

To amplify the ITS1 regions, primers were designed to the 3' region of the Sodalis 16S rRNA gene 

(NC_007712; ITSfor: 5'-GGA GTG GGT TGC AAA AGA AG-3') and the 5' region of the 23S rRNA 

gene (ITSrev: 5'-CCA CCG TGT ACG CTT AGT CA-3') (Figure S1) using the default Primer3 

algorithm [39]. DNA samples were subjected to PCR amplification in 50 L reactions consisting of 

1.25 U GoTaq Flexi DNA Polymerase (Promega, Madison, WI, USA), 4 mM MgCl2, 1× Green GoTaq 

Flexi Buffer, and 0.2 mM dNTPs and primers. Amplification conditions consisted of 3 min initial 

denaturation at 95 °C, followed by 34 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 1.5 min, 

with a final elongation at 72 °C for 10 min. Negative controls were included in all reactions. 

The amplification products were analyzed by agarose gel electrophoresis and viewed using Kodak 1D 

image analysis software. Resulting amplicons of 600–1,000 bp were extracted and purified using the 

QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA). Following gel extraction, amplicons were 

either sequenced or ligated into pGEM-T vector (Promega, Madison, WI, USA) and transformed using 

Escherichia coli JM109 cells (Promega). 

Amplicons were sequenced at the West Virginia University Department of Biology Genomics 

Facility with an ABI 3130 × 1 analyzer (Applied Biosystems, Foster City, CA, USA) using a 3.1 BigDye 

protocol (Applied Biosystems). For each DNA sample, at least three amplicons were sequenced using 

both forward and reverse primers and contigs were assembled using Ridom Trace Edit (RidomGmbH, 

Wurzburg, Germany). If any nucleotide variation was observed, 5 additional clones were subsequently 

sequenced to assess ITS variation. 

2.3. Molecular Phylogenetics 

Consensus sequences were created from the contigs and edited to remove the 23S rRNA regions, so 

that only the 16S rRNA and ITS regions were analyzed. Sequences were aligned using MUSCLE [40] 

and inspected and corrected manually. Percent nucleotide identity between sequences was determined 

using PAUP 4.0 by comparing pairwise base differences [41]. 

Molecular phylogenetic analyses included Neighbor joining (NJ), Maximum parsimony (MP), and 

Bayesian methods. NJ and MP analyses were performed using PAUP 4.0 with the Kimura’s  

two-parameter model of nucleotide substitution and 1,000 nonparametric bootstrap (BS) replicates,  

as a measure of lineage support. MP heuristic searches implemented 1,000 replicates using the  

tree-bisection-reconnection algorithm, where starting trees for branch swapping were obtained through 
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random Stepwise-Additions, and Max trees set at 200. Additionally, each MP analysis was performed 

twice, with gaps treated as either “missing data” or “5th character state”, with no differences noted 

among the resulting phylogenies. 

Bayesian analyses were performed using MrBayes 3.1.2 [42] with Posterior Probabilities (PP) 

calculated. Evolutionary models to implement for each dataset where chosen using the Akaike 

Information Criterion in MrModelTest version 2.3 [43]. The best fit model implemented in both the 

16S rRNA and ITSglu or ITSala,ile analyses was the General Time Reversible + invariant sites + gamma 

(GTR + I + G). Additionally, Markov chain Monte Carlo parameters were set to 6 chains and 1 million 

generations. Stabilization of model parameters, burn-in, occurred after 800,000 generations, and every 

100th tree after burn-in was used to generate a 50% majority-rule consensus tree. FigTree v1.3.1 [44] 

was used to construct all trees. Bold branches within trees represent incongruences between the 

different phylogenetic methods utilized in this study. 

2.4. Diagnostic PCR 

To explore the use of the ITS region as a diagnostic tool for Sodalis related bacteria, ITSala,ile 

nucleotide alignments were used to identify a Sodalis clade specific reverse primer (SgITSR 5'-ACC 

TTG CAT ATG CCG TCG CT-3'). This oligonucleotide can be used with the 3' end 16S rRNA 

forward primer (Sg16SF 5'-TGA TTC ATG ACT GGG GTG AA-3') (Figure S1) under the 

temperature profile of 95 °C for 3 min followed by 35 cycles of 95 °C for 30 s, 55 °C for 30 s and 72 °C 

for 30 s, with a final elongation of 72 °C for 5 min. DNA isolated (~300 ng) from various insect hosts 

were subjected to the diagnostic PCR detection. Negative controls, including E. coli and Bi. tofi, were 

included in analyses. 

2.5. Nucleotide Accession Numbers 

The nucleotide sequences from this study have been submitted to the NCBI GenBank database. The 

16S rRNA genes (and corresponding accession numbers) used in this study included; G. brevipalpis  

S-symbiont (U64870), G. pallidipes S-symbiont (M99060), G. morsitans S-symbiont (AY861701),  

G. fuscipes S-symbiont (AY861704), Sodalis glossinidius culture (NC_007712), Cr. melbae symbiont 

(EF174495), Eu. grandis S-symbiont (AB571330), Ca. ocellatus S-symbiont (AB541010),  

Sitophilus zeamais P-symbiont (AF548140, AF548141), Si. oryzae P-symbiont (AF548138, 

AF548139), G. brevipalpis P-symbiont (NC_004344), Cu. sikkimensis S-symbiont (AB517595), Bi. 

tofi (AM774412), Yersinia pestis (NC_003143), Salmonella enterica (NC_003198), E. coli 

(NC_000913), Erwinia amylovora (NC_013961), Pantoea vagans (NC_014562), Vibrio fischeri 

(NC_006840), Pseudomonas aeruginosa (NC_002516), Bacillus cereus (NC_004722), Ba. subtilis 

(NC_000964), and Ba. pumilus (NC_009848). The ITS regions (and corresponding accession numbers 

in the order of ITSglu and ITSala,ile) used in this study included; So. glossinidius culture (NC_007712), 

Si. oryzae P-symbiont (AF548137), Y. pestis (NC_003143), Sa. enterica (NC_003198), E. coli 

(NC_000913), Er. amylovora (NC_013961), Pa. vagans (NC_014562), G. brevipalpis P-symbiont 

(NC_004344), V. fischeri (NC_006840), Si. zeamais P-symbiont (AF548140, AF548141), Si. oryzae 

P-symbiont (AF548138, AF548139), Ps. aeruginosa (NC_002516), Ba. cereus (NC_004722),  

Ba. subtilis (NC_000964), and Ba. pumilus (NC_009848). 
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3. Results and Discussion 

3.1. Amplification of ITS Regions 

The annotated Sodalis genome contains 2 distinct ITS1 regions [45]; a 671 bp ITS which encodes 

both tRNA-ala and tRNA-ile (ITSala,ile) and an additional 492 bp ITS region containing tRNA-glu 

(ITSglu). Although multiple copies are found throughout the genome, no sequence divergence is 

observed within ITS regions due to the pervasiveness of concerted evolution in the rRNA operon [45,46]. 

In contrast, the genome of the G. brevipalpis [47] and G. morsitans [48] P-symbiont Wigglesworthia 

retains only two copies of an ITS1 region encoding only tRNA-glu (ITSglu), consisting of 270 bp  

or 225 bp, respectively, with no intragenomic nucleotide sequence variation and an intergenomic 

nucleotide sequence identity of 63.7%. The primers used in this study were designed to be specific to 

Sodalis and did not amplify the Wigglesworthia ITS region (Figure S2). 

Upon sequencing of the ITS regions, ranges in both size (Table 1) and intra- and inter-genomic 

variation (Table 2) were observed in both ITSala,ile and ITSglu regions for the examined microbes. 

Interestingly, the chestnut weevil Cu. sikkimensis S-symbiont isolate only amplified one PCR product, 

with an ITSala,ile not detected. ITS variation has been linked to functional divergence and differences in 

ecological capabilities in bacteria [49-51], whether the lack of amplification of the ITSala,ile from the 

Cu. sikkimensis S-symbiont represents an adaptive response to particularities of that symbiotic lifestyle 

remains unclear. Lastly, the free-living Bi. tofi amplified two distinct intragenomic ITSglu regions with 

the highest intragenomic diversity (86.1%–87.5%) observed within this study (Table 2). The 

amplification of two distinct ITSglu regions by the free-living Bi. tofi may represent variation found in 

the ancestral lineage, which has been purged within the symbionts. In support, E. coli also exhibits a 

similar trend by encoding four ITSglu copies within its genome, which can be divided into two groups, 

ranging in nucleotide sequence identity from 88.2%–99.2%. It is also tempting to note that Bi. tofi was 

isolated from the biofilm of a tufa deposit [38] which would have increased exposure to the 

introduction of foreign DNA, potentially contributing to ITSglu variation. Contrastingly, horizontal 

transfer events are thought to be negligible in the evolution of endosymbionts due to their intracellular 

localization and reduced recombination rates [10]. 

Table 1. Comparison of the ITSglu and ITSala,ile lengths for Sodalis and allied symbionts. 

With the exception of Sodalis from culture, host species are indicated. 

 ITSglu ITSala,ile 

 Length (bp) Length (bp) 

G. brevipalpis SS 492 671 

G. fuscipes SS 492 671 

G. pallidipes SS 492 671 

G. morsitans SS 492 671 

Sodalis culture 492 671 

Si. oryzae PS 668 836, 837 

Si. zeamais PS n/a 837 

Cr. melbae S 544 861 

Ca. ocellatus SS 693 861 
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Table 1. Cont. 

 ITSglu ITSala,ile 

 Length (bp) Length (bp) 

Eu. grandis SS 463 861 

Cu. sikkimensis SS 307 Not detected 

Bi. tofi (tufa deposit) 604, 614 796 

S: symbiont; PS: primary symbiont; SS: secondary symbiont. 

Table 2. Percent nucleotide identity of ITS regions among Sodalis and allied symbionts. 

Host genera are specified, with the exception of the free-living Biostraticola genus. 

ITSglu % identity 

Glossina Sitophilus Curculio Craterina Cantao Eucorysses Biostraticola  

98.6–100 94.6–96.0 69.2–69.8 93.3–93.9 94.6–96.0 94.5–96.7 76.6–79.2 Glossina 

100 68.9 90.8 93.7 96.8–97.5 73.9–75.1 Sitophilus 

100 68.8 70.3 70.5–71.2 67.1–68.0 Curculio 

100 95.3 93.6–94.2 74.2–79.2 Craterina 

100 98.7–99.4 73.0–76.8 Cantao 

99.4–100 79.8–81.3 Eucorysses 

86.1–100 Biostraticola 

ITSala,ile % identity 

Glossina 99.4–100 

Sitophilus 86.3–87.3 97.5–100 

Craterina 87.0–87.7 94.9–95.7 100 

Cantao 84.6–87.2 94.4–97.8 98.0–99.1 99.3–100 

Eucorysses 86.8–87.3 94.7–95.4 98.5 98.7–99.3 100 

Biostraticola 74.6–75.1 73.6–73.9 75.0 68.4–74.9 74.4 100 

 Glossina Sitophilus Craterina Cantao Eucorysses Biostraticola 

3.2. ITS Sequence Variation and Molecular Systematics of Sodalis-Allied Symbionts 

The ITS sequences, originating from insects harboring Sodalis and allied bacteria, were subject to 

molecular phylogenetic analyses. When examining the ITSglu and ITSala,ile regions, there was a range of 

conservation throughout the sequences. Due to functional constraint associated with the tRNA genes, 

Sodalis and related bacterial sequences shared close to 100% sequence identity, with the exception of a 

low number of point mutations (i.e., <5 between different isolates). Additional conserved motifs, 

within both ITS regions, were the box A anti-terminator sequence for RNA transcription [52], where 

all Sodalis and related bacteria encoded an identical sequence (5'-CGCTCTTTAACAAT-3') and the 

RNAse III recognition sites located proximal to the 3' end of the 16S rRNA gene and the 5' end of the 

23S rRNA gene [53]. 

To determine the utility of the 16S rRNA + ITS regions as a tool for resolving relationships and 

understanding the degree of diversity between Sodalis and allied symbionts, NJ, MP and Bayesian 

phylogenetic analyses were performed. The resulting phylogenetic trees of 16S rRNA + ITSglu  

and 16S rRNA + ITSala,ile (Figures 1 and 2, respectively) gave substantially the same topology and 

were generally concordant with 16S rRNA based phylogeny [29,32], yet provided stronger resolution 
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among the Sodalis and allied bacteria as indicated with relatively higher MP bootstrap (BS) and 

Bayesian posterior probability (PP) support for most nodes. Phylogenetic analyses of ITS based trees 

reflect the conserved nature of ITS regions within tsetse isolates (Figures 1 and 2), with both ITSglu and 

ITSala,ile trees containing a well-supported monophyletic nest of Sodalis isolates, distinct from other 

Enterobacteriaceae, and suggestive of diversification potentially attributed to tsetse host adaptation. 

Increased sequence divergence of ITSala,ile with Sodalis isolates from G. pallidipes and G. brevipalpis 

hosts was also observed, although BS and PP values were not robust at this node. 

Figure 1. Phylogenetic placement of Sodalis and related symbiotic bacteria within 

Gammaproteobacteria based on 16S rRNA and ITSglu concatenation. A Bayesian tree, 

inferred from a total of 2,467 unambiguously aligned nucleotide sites, with support values 

indicating Bayesian posterior probabilities (PP)/MP bootstrap (BS) is shown. PP indicated 

as percentage, i.e., PP = 0.95 is depicted as 95. Branches constrained with MP are shown in 

bold. For insect symbionts, host species are indicated. S = symbiont, SS = S-symbiont,  

PS = P-symbiont. Scale bar represents substitutions/site. 
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Figure 2. Phylogenetic placement of Sodalis and related symbiotic bacteria within Bacteria 

based on ITSala,ile. A Bayesian tree, inferred from a total of 2,762 unambiguously aligned 

nucleotide sites, with support values indicating Bayesian posterior probabilities (PP)/ MP 

bootstrap (BS) is shown. PP indicated as percentage, i.e., PP = 0.95 is depicted as 95. 

Branches collapsed with Bayesian analysis are shown in bold. NJ analysis resulted in a 

similar phylogeny. For insect symbionts, host species are indicated. S = symbiont,  

SS = S-symbiont, PS = P-symbiont. Scale bar represents substitutions/site. 
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establishments. Displaying similarities in their infection patterns, the aphid S-symbionts Candidatus 

Hamiltonella defensa and Candidatus Regiella insecticola have been shown to establish within 

phylogenetically diverse hosts [55]. A similar phylogenetic pattern has also been described for the 

monophyletic Arsenophonus genus where some of the symbionts display parallel evolution with their 

hosts while others demonstrate haphazard association with distant host taxa ranging from insects to 

plants [30]. Furthermore, the internal node depicting the most recent common ancestor of Bi. tofi and 

the Sodalis-allied bacteria, within both the 16S rRNA + ITSglu and 16S rRNA + ITSala,ile phylogenies, 

represents inferred lineage splitting that gives rise to symbiotic and free-living sister groups. The 

transition into symbiosis by the Sodalis-allied bacteria appears to have occurred following the 

diversification of the environmental Bi. tofi. Lastly, combining both 16S rRNA and ITSglu regions in 

our molecular phylogenetic analyses, proved useful towards resolving the taxonomic placement of the 

Cu. sikkimensis S-symbiont. Previously, the phylogenetic placement of this symbiont, based on either 

the 16S rRNA [24,26,32] or the groEL [26] gene, had remained uncertain with low support for 

grouping with Sodalis. Upon utilizing both 16S rRNA and ITSglu regions, the Cu. sikkimensis  

S-symbiont lineage was placed outside of the Sodalis-allied symbiont/Bi. tofi clade with strong 

statistical support (Figure 1). 

3.3. Diagnostic PCR Detection of Sodalis-Like Symbiotic Bacteria 

To aid in the detection of Sodalis-allied bacteria in novel insect hosts, clade specific ITS primers 

were synthesized. Using this primer set, with the exception of Cu. sikkimensis which appears not to 

encode an ITSala,ile region, amplicons were consistently detected in all insect hosts from this  

study (Figure 3). This primer set was specific to symbiotic Sodalis-allied bacteria and did not amplify 

the free-living relative Bi. tofi, Cu. sikkimensis S-symbiont, and E. coli isolates. We propose the use of 

this oligonucleotide set as a diagnostic marker for the identification of additional Sodalis-allied 

symbionts in the field. 

Figure 3. Diagnostic PCR detection of Sodalis and allied insect symbionts using ITSala,ile 

specific oligonucleotides and 300 ng of DNA template. An approximately 400 bp product was 

amplified. Lanes are labeled by either insect host or culture isolate (i.e., Bi. tofi and E. coli). 
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3.4. Potential Implications for Host Acquisition by Symbionts 

Symbiosis is a significant component in the ecology of many microbes and insects in nature. 

Likewise, the origins of bacterial symbioses are tremendously diverse, ranging from evolutionary 

transitions between various host associations and environmental lifestyles [56]. Our results support that 

the infection of Sodalis-like bacteria have evolved repeatedly, through multiple opportunities, in a 

wide array of insect lineages. High nucleotide similarity in the ITS regions among isolates from 

diverse insect hosts (i.e., hippoboscid, shieldbug and stinkbugs) may suggest horizontal transfer among 

insect species, or establishment by a free-living generalist with an enhanced capability to infect a broad 

range of insect hosts coupled with insufficient time for diversification. Other symbionts specifically, 

Sodalis and Sitophilus symbionts within tsetse and weevil hosts respectively, demonstrate clear 

separation from other Enterobacteriaceae indicating sufficient association time to allow for 

diversification of the examined ITS regions. Symbionts of recent origin are believed to be potential 

sources of novel traits, contrary to P-symbionts which are incapable of such due to genome 

degradation and secluded host intracellular localization (conferring protection from host 

immunological defenses but also shielding these microbes from acquiring new genes through 

horizontal transfer) resulting from extensive host co-evolution. 

We speculate that the radiation of Sodalis-like bacteria into a diverse range of insects may follow 

the evolutionary source-sink model [57]. This model illustrates possible events in the early and 

intermediate stages of establishment into novel habitats, where an evolutionarily stable reservoir  

(i.e., source), has members that migrate from the population into relatively unstable habitats (i.e., sinks). 

Once in a sink, the population faces new challenges, such as host immune defenses or competition 

with resident microorganisms. In some cases, continuous emigration from the reservoir may enable 

adaptive evolution within the population and possibly transform the sink into a new source, able to 

persist and maintain throughout generations of its host, as a self-sustaining population. The symbiotic 

association of Sodalis with tsetse may be an example of a sink that has evolved into a source, whereby 

symbiont localization in the milk glands [58,59] (an organ used to feed tsetse larval instars during in 

utero development), now ensures vertical transmission to future generations of tsetse hosts. The 

source-sink model of evolution, although traditionally associated with pathogen emergence [60,61], 

may also prove beneficial towards our discussion on the evolution of symbiosis. Additional studies are 

needed to demonstrate if positive population growth persists through host reproduction in other insect 

hosts and to determine the mechanisms enabling symbiont transmission. 

The recent discoveries within diverse insects of bacteria closely related to Sodalis, raises many 

experimentally approachable questions, with arguably the most significant being the characterization 

of conferred benefits and contributory roles towards host phenotypes. The molecular diagnostic 

markers proposed in this study will facilitate additional identification of related microbes in novel 

hosts, which will increase the number of symbioses available for comparative genomic and functional 

studies that aim to elucidate the reciprocal adaptations arising from symbiosis. By integrating into 

different host backgrounds, the outcomes of the symbioses are likely to not only be varied, but also 

significantly affect both partners due to tailoring in response to differences in host ecology  

and physiology. 
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4. Conclusions 

This study reports the utility of the ITS region as a tool for both identification and enhanced 

resolution of the diversity associated with the ever increasing Sodalis allied insect symbiont clade. The 

similar ITS sequences observed among the tsetse Sodalis isolates support previous research describing 

its lack of divergence between tsetse species [20,32,62]. Importantly, the ITS genomic regions were 

able to further resolve the relatedness of Sodalis-allied bacteria and group the insect host associated 

bacteria distinct from environmental relatives, providing evidence for its use in future investigations. 

Utilizing genomic regions, such as surface encoding genes, which may evolve to adapt to specific host 

backgrounds [32,63], along with ITS regions, with its increased evolutionary rate in comparison to the 

adjacent 16S rRNA gene [33], as tools to understand the evolution of and ecological adaptations made 

by symbiotic bacteria will enhance the understanding of steps during symbiont transition. Additionally, 

the use of Sodalis-clade specific primers described in this study provides a diagnostic tool that will aid 

in the rapid detection of members of this group in field studies within novel insect hosts, further 

facilitating comparative studies which aim to characterize the reciprocal adaptations involved in 

different symbioses. 

Acknowledgments 

We would like to thank Pierre Bize for providing Cr. melbae specimens, the Slovak Academy of 

Science and IAEA for the tsetse specimens, Yoshitomo Kikuchi for Ca. ocellatus and Eu. grandis 

DNA and Hirokazu Toju for Cu. sikkimensis specimens. We would also like to graciously 

acknowledge funding support from NASA NNX07AL53A. 

References 

1. Douglas, A.E. The Symbiotic Habit; Princeton University Press: Princeton, NJ, USA, 2010. 

2. Buchner, P. Endosymbiosis of Animals with Plant Microorganisms; John Wiley and Sons:  

New York, NY, USA, 1965. 

3. Chen, X.; Song, L.; Aksoy, S. Concordant evolution of a symbiont with its host insect species: 

Molecular phylogeny of genus Glossina and its bacteriome-associated endosymbiont, 

Wigglesworthia glossinidia. J. Mol. Evol. 1999, 48, 49-58. 

4. Clark, M.A.; Moran, N.A.; Baumann, P.; Wernegreen, J.J. Cospeciation between bacterial 

endosymbionts (Buchnera) and a recent radiation of aphids (Uroleucon) and pitfalls of testing for 

phylogenetic congruence. Evolution 2000, 54, 517-525. 

5. Montllor, C.B.; Maxmen, A.; Purcell, A.H. Facultative bacterial endosymbionts benefit pea 

aphids Acyrthosiphon pisum under heat stress. Ecol. Entomol. 2002, 27, 189-195. 

6. Oliver, K.M.; Russell, J.A.; Moran, N.A.; Hunter, M.S. Facultative bacterial symbionts in aphids 

confer resistance to parasitic wasps. Proc. Natl. Acad. Sci. USA 2003, 100, 1803-1807. 

7. Tsuchida, T.; Koga, R.; Fukatsu, T. Host plant specialization governed by facultative symbiont. 

Science 2004, 303, 1989. 
  



Insects 2011, 2                            

 

527

8. Jeyaprakash, A.; Hoy, M.A. Long PCR improves Wolbachia DNA amplification: wsp sequences 

found in 76% of sixty-three arthropod species. Insect Mol. Biol. 2000, 9, 393-405. 

9. Wernegreen, J.J. Genome evolution in bacterial endosymbionts of insects. Nat. Rev. Genet. 2002, 

3, 850-861. 

10. Moran, N.A.; McCutcheon, J.P.; Nakabachi, A. Genomics and evolution of heritable bacterial 

symbionts. Annu. Rev. Genet. 2008, 42, 165-190. 

11. Rio, R.V.M.; Hu, Y.; Aksoy, S. Strategies of the home-team: Symbioses exploited for vector-borne 

disease control. Trends Microbiol. 2004, 12, 325-336. 

12. Aksoy, S. Tsetse—A haven for microorganisms. Parasitol. Today 2000, 16, 114-118. 

13. Aksoy, S.; Weiss, B.; Attardo, G. Paratransgenesis applied for control of tsetse transmitted 

sleeping sickness. Adv. Exp. Med. Biol. 2008, 627, 35-48. 

14. Dale, C.; Maudlin, I. Sodalis gen. nov. and Sodalis glossinidius sp. nov., a microaerophilic 

secondary endosymbiont of the tsetse fly Glossina morsitans morsitans. Int. J. Syst. Bacteriol. 

1999, 49, 267-275. 

15. Aksoy, S.; Pourhosseini, A.A.; Chow, A. Mycetome endosymbionts of tsetse flies constitute a 

distinct lineage related to Enterobacteriaceae. Insect Mol. Biol. 1995, 4, 15-22. 

16. Cheng, Q.; Ruel, T.D.; Zhou, W.; Moloo, S.K.; Majiwa, P.; O'Neill, S.L.; Aksoy, S. Tissue 

distribution and prevalence of Wolbachia infections in tsetse flies, Glossina spp. Med. Vet. 

Entomol. 2000, 14, 44-50. 

17. Welburn, S.C.; Maudlin, I.; Ellis, D.S. In vitro cultivation of rickettsia-like organisms from 

Glossina spp. Ann. Trop. Med. Parasitol. 1987, 81, 331-335. 

18. Farikou, O.; Njiokou, F.; Mbida Mbida, J.A.; Njitchouang, G.R.; Djeunga, H.N.; Asonganyi, T.; 

Simarro, P.P.; Cuny, G.; Geiger, A. Tripartite interactions between tsetse flies, Sodalis glossinidius 

and trypanosomes—An epidemiological approach in two historical human African 

trypanosomiasis foci in Cameroon. Infect. Genet. Evol. 2010, 10, 115-121. 

19. Lindh, J.M.; Lehane, M.J. The tsetse fly Glossina fuscipes fuscipes (Diptera: Glossina) harbours a 

surprising diversity of bacteria other than symbionts. Antonie Van Leeuwenhoek 2011, 99, 711-720. 

20. Aksoy, S.; Chen, X.; Hypsa, V. Phylogeny and potential transmission routes of midgut-associated 

endosymbionts of tsetse (Diptera: Glossinidae). Insect Mol. Biol. 1997, 6, 183-190. 

21. Toh, H.; Weiss, B.L.; Perkin, S.A.; Yamashita, A.; Oshima, K.; Hattori, M.; Aksoy, S. Massive 

genome erosion and functional adaptations provide insights into the symbiotic lifestyle of  

Sodalis glossinidius in the tsetse host. Genome Res. 2006, 16, 149-156. 

22. Snyder, A.K.; Deberry, J.W.; Runyen-Janecky, L.; Rio, R.V.M. Nutrient provisioning facilitates 

homeostasis between tsetse fly (Diptera: Glossinidae) symbionts. Proc. Biol. Sci. 2010, 277, 

2389-2397. 

23. Warnecke, F.; Luginbühl, P.; Ivanova, N.; Ghassemian, M.; Richardson, T.H.; Stege, J.T.; 

Cayouette, M.; McHardy, A.C.; Djordjevic, G.; Aboushadi, N.; et al. Metagenomic and functional 

analysis of hindgut microbiota of a wood-feeding higher termite. Nature 2007, 450, 560-565. 



Insects 2011, 2                            

 

528

24. Kaiwa, N.; Hosokawa, T.; Kikuchi, Y.; Nikoh, N.; Meng, X.Y.; Kimura, N.; Ito, M.; Fukatsu, T. 

Primary gut symbiont and secondary, Sodalis-allied symbiont of the Scutellerid stinkbug Cantao 

ocellatus. Appl. Environ. Microbiol. 2010, 76, 3486-3494. 

25. Grünwald, S.; Pilhofer, M.; Höll, W. Microbial associations in gut systems of wood- and  

bark-inhabiting longhorned beetles (Coleoptera: Cerambycidae). Syst. Appl. Microbiol. 2010, 33, 

25-34. 

26. Toju, H.; Hosokawa, T.; Koga, R.; Nikoh, N.; Meng, X.Y.; Kimura, N.; Fukatsu, T. “Candidatus 

Curculioniphilus buchneri”, a novel clade of bacterial endocellular symbionts from weevils of the 

genus Curculio. Appl. Environ. Microbiol. 2010, 76, 275-282. 

27. Fukatsu, T.; Koga, R.; Smith, W.A.; Tanaka, K.; Nikoh, N.; Sasaki-Fukatsu, K.; Yoshizawa, K.; 

Dale, C.; Clayton, D.H. Bacterial endosymbiont of the slender pigeon louse, Columbicola 

columbae, allied to endosymbionts of grain weevils and tsetse flies. Appl. Environ. Microbiol. 

2007, 73, 6660-6668. 

28. Nováková, E.; Hypsa, V. A new Sodalis lineage from bloodsucking fly Craterina melbae 

(Diptera: Hippoboscoidea) originated independently of the tsetse flies symbiont Sodalis 

glossinidius. FEMS Microbiol. Lett. 2007, 269, 131-135. 

29. Kaiwa, N.; Hosokawa, T.; Kikuchi, Y.; Nikoh, N.; Meng, X.Y.; Kimura, N.; Ito, M.; Fukatsu, T. 

Bacterial symbionts of the giant jewel stinkbug Eucorysses grandis (Hemiptera: Scutelleridae). 

Zool. Sci. 2011, 28, 169-174. 

30. Novakova, E.; Hypsa, V.; Moran, N.A. Arsenophonus, an emerging clade of intracellular 

symbionts with a broad host distribution. BMC Microbiol. 2009, 9, 143. 

31. Naum, M.; Brown, E.W.; Mason-Gamer, R.J. Is 16S rDNA a reliable phylogenetic marker to 

characterize relationships below the family level in the Enterobacteriaceae? J. Mol. Evol. 2008, 

66, 630-642. 

32. Snyder, A.K.; McMillen, C.M.; Wallenhorst, P.; Rio, R.V.M. The phylogeny of Sodalis-like 

symbionts as reconstructed using surface-encoding loci. FEMS Microbiol. Lett. 2011, 317, 143-151. 

33. Gürtler, V.; Stanisich, V.A. New approaches to typing and identification of bacteria using the 

16S-23S rDNA spacer region. Microbiology 1996, 142, 3-16. 

34. Brown, M.V.; Fuhrman, J.A. Marine bacterial microdiversity as revealed by internal transcribed 

spacer analysis. Aquat. Microb. Ecol. 2005, 41, 15-23. 

35. Erwin, P.M.; Thacker, R.W. Cryptic diversity of the symbiotic cyanobacterium Synechococcus 

spongiarum among sponge hosts. Mol. Ecol. 2008, 17, 2937-2947. 

36. Holmes, D.S.; Bonner, J. Preparation, molecular weight, base composition, and secondary 

structure of giant nuclear ribonucleic acid. Biochemistry 1973, 12, 2330-2338. 

37. Aoki, K.; Kato, M.; Murakami, N. Glacial bottleneck and postglacial recolonization of a seed 

parasitic weevil, Curculio hilgendorfi, inferred from mitochondrial DNA variation. Mol. Ecol. 

2008, 17, 3276-3289. 

38. Verbarg, S.; Frühling, A.; Cousin, S.; Brambilla, E.; Gronow, S.; Lünsdorf, H.; Stackebrandt, E. 

Biostraticola tofi gen. nov., spec. nov., a novel member of the family Enterobacteriaceae.  

Curr. Microbiol. 2008, 56, 603-608. 



Insects 2011, 2                            

 

529

39. Rozen, S.; Skaletsky, H.J. Primer3 on the WWW for General Users and for Biologist 

Programmers. In Bioinformatics Methods and Protocols: Methods in Molecular Biology; 

Krawetz, S., Misener, S., Eds.; Humana Press: Totowa, NJ, USA, 2000; pp. 365-386. 

40. Edgar, R.C. MUSCLE: A multiple sequence alignment method with reduced time and space 

complexity. BMC Bioinformatics 2004, 5, 113. 

41. Swofford, D.L. PAUP 4.0-Phylogenetic Analysis Using Parsimony, Version 4; Sinauer 

Associates: Sunderland, MA, USA, 2002. 

42. Ronquist, F.; Huelsenbeck, J.P. MrBayes 3: Bayesian phylogenetic inference under mixed 

models. Bioinformatics 2003, 19, 1572-1574. 

43. Nylander, J.A.A. MrModeltest v2; Evolutionary Biology Centre, Uppsala University: Uppsala, 

Sweden, 2004. 

44. FigTree. Available online: http://tree.bio.ed.ac.uk/software/figtree/ (accessed on 15 November 2011). 

45. Stewart, F.J.; Cavanaugh, C.M. Intragenomic variation and evolution of the internal transcribed 

spacer of the rRNA operon in bacteria. J. Mol. Evol. 2007, 65, 44-67. 

46. Liao, D. Gene conversion drives within genic sequences: Concerted evolution of ribosomal RNA 

genes in bacteria and archaea. J. Mol. Evol. 2000, 51, 305-317. 

47. Akman, L.; Yamashita, A.; Watanabe, H.; Oshima, K.; Shiba, T.; Hattori, M.; Aksoy, S. Genome 

sequence of the endocellular obligate symbiont of tsetse flies, Wigglesworthia glossinidia.  

Nat. Genet. 2002, 32, 402-407. 

48. Rio, R.V.M.; Symula, R.E.; Wang, J.; Lohs, C.; Wu, Y.; Snyder, A.K.; Bjornson, R.D.; Oshima, K.; 

Biehl, B.S.; Perna, N.T.; et al. Insight into the transmission biology and species-specific 

functional capabilities of tsetse (Diptera: Glossinidae) obligate symbiont Wigglesworthia. MBio 

2011, submitted. 

49. Rocap, G.; Distel, D.L.; Waterbury, J.B.; Chisholm, S.W. Resolution of Prochlorococcus and 

Synechococcus ecotypes by using 16S-23S ribosomal DNA internal transcribed spacer sequences. 

Appl. Environ. Microbiol. 2002, 68, 1180-1191. 

50. Jaspers, E.; Overmann, J. Ecological significance of microdiversity: Identical 16S rRNA gene 

sequences can be found in bacteria with highly divergent genomes and ecophysiologies.  

Appl. Environ. Microbiol. 2004, 70, 4831-4839. 

51. Hahn, M.W.; Pöckl, M. Ecotypes of planktonic actinobacteria with identical 16S rRNA genes 

adapted to thermal niches in temperate, subtropical, and tropical freshwater habitats.  

Appl. Environ. Microbiol. 2005, 71, 766-773. 

52. Berg, K.L.; Squires, C.; Squires, C.L. Ribosomal RNA operon anti-termination. Function of 

leader and spacer region box B-box A sequences and their conservation in diverse micro-organisms. 

J. Mol. Biol. 1989, 209, 345-358. 

53. Srivastava, A.K.; Schlessinger, D. Mechanism and regulation of bacterial ribosomal RNA 

processing. Annu. Rev. Microbiol. 1990, 44, 105-129. 

54. Dale, C.; Wang, B.; Moran, N.; Ochman, H. Loss of DNA recombinational repair enzymes in the 

initial stages of genome degeneration. Mol. Biol. Evol. 2003, 20, 1188-1194. 



Insects 2011, 2                            

 

530

55. Russell, J.A.; Latorre, A.; Sabater-Munoz, B.; Moya, A.; Moran, N.A. Side-stepping secondary 

symbionts: Widespread horizontal transfer across and beyond the Aphidoidea. Mol. Ecol. 2003, 

12, 1061-1075. 

56. Sachs, J.L.; Skophammer, R.G.; Regus, J.U. Evolutionary transitions in bacterial symbiosis.  

Proc. Natl. Acad. Sci. USA 2011, 108, 10800-10807. 

57. Pulliam, H.R. Sources, sinks, and population regulation. Am. Nat. 1988, 132, 652-661. 

58. Ma, W.C.; Denlinger, D.L. Secretory discharge and microflora of milk gland in tsetse flies. 

Nature 1974, 247, 301-303. 

59. Attardo, G.M.; Lohs, C.; Heddi, A.; Alam, U.H.; Yildirim, S.; Aksoy, S. Analysis of milk gland 

structure and function in Glossina morsitans: Milk protein production, symbiont populations and 

fecundity. J. Insect Physiol. 2008, 54, 1236-1242. 

60. Fisher, M.C. Endemic and introduced haplotypes of Batrachochytrium dendrobatidis in Japanese 

amphibians: Sink or source? Mol. Ecol. 2009, 18, 4731-4733. 

61. Rambaut, A.; Pybus, O.G.; Nelson, M.I.; Viboud, C.; Taubenberger, J.K.; Holmes, E.C. The 

genomic and epidemiological dynamics of human influenza A virus. Nature 2008, 453, 615-619. 

62. Weiss, B.L.; Mouchotte, R.; Rio, R.V.M.; Wu, Y.; Wu, Z.; Heddi, A.; Aksoy, S. Interspecific 

transfer of bacterial endosymbionts between tsetse fly species: Infection establishment and effect 

on host fitness. Appl. Environ. Microbiol. 2006, 72, 7013-7021. 

63. Weiss, B.L.; Wu, Y.; Schwank, J.J.; Tolwinski, N.S.; Aksoy, S. An insect symbiosis is influenced 

by bacterium-specific polymorphisms in outer-membrane protein A. Proc. Natl. Acad. Sci. USA 

2008, 105, 15088-15093. 

Supplementary Material 

Figure S1. Organization of the two Sodalis ITS1 variants. Locations of the Sodalis-allied 

symbiont specific PCR primers (Sg16SF and SgITSR) and ITS sequencing primers (ITSfor 

and ITSrev) are indicated. 
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Figure S2. Specificity of ITS primers for Sodalis. The ITSfor and ITSrev primers do not 

amplify the corresponding Wigglesworthia ITSglu. Both Sodalis ITS1 variants were 

amplified; the 646 bp amplicon contains the 492 bp ITSglu, while the 825 bp amplicon 

contains the 671 bp ITSala,ile. Tsetse host species are indicated. 
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