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2.1. Abstract 

The springtail Folsomia candida is an important model organism for soil ecology, 
ecotoxicology and ecogenomics. The decomposer activities of soil invertebrates like 
Folsomia depend on their relationship with microbial communities including gut 
symbionts. In this paper, we apply high-throughput sequencing to provide a detailed 
characterization of the bacterial community associated with parthenogenetic F. 
candida. First, we evaluated a method to suppress the amplification of DNA from 
the endosymbiont Wolbachia, to prevent it from interfering with the identification 
of less abundant Operational Taxonomic Units (OTUs). The suppression treatment 
applied was effective against Wolbachia and did not interfere with the detection of 
the most abundant OTUs (59 OTUs, contributing over 87% of the reads). However, 
this method did affect the inferred community composition. Significant differences 
were subsequently observed in the composition of bacterial communities associated 
with two different strains of F. candida. A total of 832 OTUs were found, of which 
45% were only present in one strain and 17% only in the other. Among the 20 most 
abundant OTUs 16 were shared between strains. Denaturing Gradient Gel 
Electrophoresis (DGGE) and clone libraries, although unable to capture the full 
diversity of the bacterial community, provided results that supported the NGS data.  

2.2. Introduction 

Microorganisms living in symbiosis with animals are intimately connected with 
virtually every aspect of their hosts’ lives, from early development to long-term 
adaptation and evolution (Zilber-Rosenberg and Rosenberg 2008; McFall-Ngai et al. 
2013). Microbial symbionts are fundamental for the well-being of many insects 
through their contribution to nutrition (Warnecke et al. 2007; Engel, Martinson and 
Moran 2012), pathogen defense (Behar, Yuval and Jurkevitch 2008; Teixeira, 
Ferreira and Ashburner 2008) and other important functions (Moran and Jarvik 
2010). Such intimate functional interactions support the idea that microorganisms 
and their hosts can form a single unit in the context of evolution (Mcfall-Ngai 2008; 
Zilber-Rosenberg and Rosenberg 2008), and suggest that a deep understanding of 
the biology of an organism cannot exclude the study of its associated microbes.  

Microarthropods belonging to the group of springtails (Collembola; Hexapoda) are 
found in high-humidity areas around the world, and are very abundant in soils and 
litter, where they feed on detritus and microorganisms (Thimm et al. 1998). The 
springtail Folsomia candida has been extensively used as a model organism in soil 
ecology, ecotoxicology and ecogenomics (Fountain and Hopkin 2005; Nota et al. 
2010). Recently, antibiotic biosynthesis genes were discovered in the genome of F. 
candida (Roelofs et al. 2013). Antibiotic biosynthesis by animals themselves has 
never been observed before, therefore we hypothesize that these genes originated 
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from a symbiotic microorganism through a lateral gene transfer (LGT) event. 
Studying the microbial community of F. candida can help us identify the potential 
source of these genes as well as increase our understanding of the relationships 
between this springtail and its associated microbes.  

On the basis of the study of clone libraries, it was postulated that F. candida harbors 
a specific bacterial community that differs from that of other springtails because of 
selective factors such as food preferences and the presence of specific gut metabolites 
(Czarnetzki and Tebbe 2004a). The gut of F. candida has been described as a 
selective habitat for microbes (Thimm et al. 1998) and as a hot spot for lateral gene 
transfer (Hoffmann et al. 1998). Most populations of F. candida are infected with 
the bacterial endosymbiont Wolbachia pipientis. The endosymbionts are mainly 
associated with brain and ovary tissues and are assumed to impose a system of 
parthenogenetic reproduction in the springtail (Czarnetzki and Tebbe 2004b).  

Czarnetzki & Tebbe (2004a) showed that the high abundance of Wolbachia can 
interfere with the identification of other, less abundant, microbial species in studies 
relying on PCR-amplified 16S rRNA genes. Therefore, after exclusively detecting 
Wolbachia in libraries obtained with primer set F27-R1492, Czarnetzki & Tebbe 
(2004a) used an alternative reverse primer (R1525) to avoid amplification of 
Wolbachia DNA and identify other bacterial sequences. Gene libraries constructed 
with primer R1525 did not contain sequences of Wolbachia, but rather those of 
various other phylogenetic groups, many of which were identified as soil bacteria. 
However, in addition to selecting against Wolbachia, primer R1525 may also lead to 
a failure to detect other bacteria. Furthermore, Czarnetzki & Tebbe (2004a) 
characterized 3 clone libraries, containing 50, 93 and 95 clones. Comparing 
communities on the basis of clone libraries with relative small sizes limits the 
sensitivity of analyses, as often only a small part of the actual diversity is recovered 
(Hughes et al. 2016). 

Nowadays, Next Generation Sequencing (NGS) offers the opportunity to determine 
the compositions of bacterial communities in great detail. This has proven to be an 
effective tool to identify some rare groups that were not easily detected with older 
methods (Kautz et al. 2013). In this paper we present a NGS-centered study of the 
bacterial community associated with F. candida. We first tested the method 
suggested by Czarnetzki & Tebbe (2004a) for its efficacy to avoid amplification of 
undesired Wolbachia DNA and evaluated the potential introduction of biases 
resulting from the use of this method. A reliable and minimally biased method to 
filter out Wolbachia is needed to characterize the rest of the microbiome, including 
rare species whose detection might be hindered by the presence of dominant groups. 
Rare species constitute the largest portion of microbial diversity in the environment, 
and their functional potential and genomic diversity are widely unexplored (Sogin et 
al. 2006). 
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In our study we compared two strains of F. candida, one cultured in the laboratory 
for a long time (over ten years), one recently sampled from the field, to assess the 
degree of intraspecies variability in the composition of bacterial communities. 
Finally, we compared the NGS data on the bacterial community of F. candida to 
DGGE and clone libraries data, to evaluate whether the three methods would give 
comparable results. Answering these questions will provide the basis for a systematic 
study of the microbiome of F. candida for the purpose of better understanding the 
relationship between this springtail and its microbiome. 

2.3. Materials and methods 

Test organism 

The study was conducted on the springtail Folsomia candida Willem, 1902 
(Hexapoda: Collembola, Isotomidae). Two strains of F. candida were used: a 
laboratory population derived from the “Berlin strain” (henceforth referred to as 
“Berlin”), a well-established breeding stock maintained for more than 20 years in 
climate rooms at the VU University Amsterdam; and a field-derived population 
established from approximately 30 animals collected at a sampling site in Zaandam 
(The Netherlands) (henceforth “Zaandam”) in November 2012. The field-derived 
Zaandam population was kept in the laboratory for 4 months, and individuals that 
hatched from eggs that were laid in the lab were used for the analysis, in order to 
reduce the influence of the original environment on their microbiome composition 
and therefore focus on population-specific differences in community composition. 
All springtails reproduced by parthenogenesis and were bred in PVC rings of 25 cm 
diameter, on a plaster of Paris-charcoal substrate, and were fed dry baker’s yeast (Dr. 
Oetker, Bielefeld, Germany). The breeding conditions in climate rooms were stable 
at 20°C temperature, 75% humidity and a 12 hour light/dark cycle.  

Experimental design 

To test the strategy suggested by Czarnetzki & Tebbe (2004a) to suppress 
amplification of Wolbachia DNA, we used springtails from the Berlin strain. Four 
replicate samples, each consisting of a pool of ten adult individuals, were taken from 
this population. Each replicate was subjected to normal amplification (referred to as: 
control) and to amplification with the primer pair used by Czarnetzki & Tebbe 
(2004a) (referred to as: suppression treatment). This resulted in a total of eight 
amplified DNA samples consisting of four pairs of control vs. suppression treatment. 
To assess differences in microbial composition at the population-level, the Berlin 
population was compared to the Zaandam one. Four biological replicates were taken 
for each of the two populations, each replicate consisting of a pool of ten springtails, 
and the suppression treatment was applied to all samples. This second experiment 



The microbiome of Folsomia candida 

21 
 

resulted in two sets of four non-paired samples of amplified DNA. An overview of the 
experimental set-up is shown in Figure S1 (Supplementary Information). 

DNA isolation 

Samples were taken by placing the springtails (ten individuals combined per 
extraction) in Eppendorf tubes and snap-freezing them in liquid nitrogen prior to 
DNA extraction. Total DNA was isolated using the Wizard® SV Genomic DNA 
Purification System (Promega, Madison, WI, USA) with modifications. Frozen 
springtails were ground in 100 µl Phosphate Buffer Saline (PBS) using a plastic 
pestle in the presence of liquid nitrogen, to ensure disruption of bacterial cell walls. 
100 µl Nuclei Lysis Solution (NLS) was added, along with 1 µl of Proteinase K. The 
samples were then incubated for 15 min at 65°C. Following this, 170 µl DNA Lysis 
Buffer was added, and the samples were centrifuged for 10 min at 14000 rpm. The 
supernatant was then transferred to a DNA-binding minicolumn and washed three 
times with 500 µl Wizard® SV Wash Solution, by centrifuging each time at 14 000 
rpm for 1 min. Finally, the DNA was eluted in 40 µl Nuclease-Free Water and its 
concentration measured on a NanoDrop ND-1000 spectrophotometer (Wilmington, 
DE, USA).  

Amplification of 16S rRNA genes 

Bacteria specific primers were used to amplify 16S rRNA gene fragments (Table S1, 
Supplementary Information). The hypervariable V3 region was targeted using 
primer pair 357F-518R, and the fragment obtained was used for DGGE analysis and 
high-throughput sequencing; a larger fragment was amplified with primers 357F-
1392R and used for clone libraries and subsequent sequencing (Figure S2, 
Supplementary Information).  

Czarnetzki & Tebbe (2004a) obtained 100% Wolbachia sequences when using 
primers 27F and 1492R to amplify 16S rRNA genes in F. candida. They subsequently 
used primers 8F and 1525R and successfully obtained sequences from bacteria other 
than Wolbachia. Following this finding, in this study we applied a nested PCR 
approach: primers 8F and 1525R were used for a first round of amplification, and a 
second PCR with primer pairs 357F-518R or 357F-1392R allowed us to obtain 
fragments of appropriate size for subsequent analysis (respectively, DGGE/high-
throughput sequencing or cloning). To amplify fragments for DGGE profiling, 
primer 357F with a GC-clamp was used. For the preparation of samples for Illumina 
sequencing, forward and reverse primers with barcodes and Illumina adapters were 
used (IDT, Leuven, Belgium) (Bartram et al. 2011). 

The initial PCR reactions were set up as follows: 1 µl DNA template, 1 µl of each 
primer (10 pmol), 11 µl Nuclease-Free Water (Promega) and 11 µl GoTaq Colorless 
Master Mix (Promega), for a final volume of 25 µl. The PCR reactions with Illumina 
primers were set up as follows: 2 µl template (concentration: 2.5 ng µl-1), 1.25 µl of 
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each primer, 8 µl Nuclease-Free Water (Promega) and 12.5 µl GoTaq Colorless 
Master Mix (Promega), for a final volume of 25 µl. To minimize contamination, all 
PCR mixes were prepared in a UV sterilized cabinet. The following PCR programs 
were used: (1) For the primer pair 357F/GC357F-518R: initial denaturation for 5 
min at 94°C, followed by 35 amplification cycles (30 s at 94°C, 30 s at 55°C and 1 
min at 72°C) and a final extension step of 8 min at 72°C. (2) For the primer pairs 8F-
1525R and 357F-1392R: initial denaturation for 5 min at 94°C, followed by 35 
amplification cycles (30 s at 94°C, 30 s at 55°C and 1 min 30 s at 72°C) and a final 
extension step of 8 min at 72°C. (3) For the Illumina PCR: initial denaturation for 2 
min at 95°C, followed by 25 amplification cycles (30 s at 95°C, 30 s at 50°C and 45 s 
at 72°C) and a final extension step of 5 min at 72°C. Amplification products were 
verified by electrophoresis on 1.5% (wt/vol) agarose gels and by staining with 
ethidium bromide.  

DGGE analysis 

DGGE was performed with a Bio-Rad DCode system (Bio-Rad, Hercules, CA, USA). 
PCR products were loaded on an 8% (wt vol-1) polyacrylamide gel (37.5:1 
acrylamide-bisacrylamide) with a 30 to 55% linear denaturing gradient. 
Electrophoresis was performed in 1× TAE buffer (40 mM Tris-acetate, 1 mM Na-
EDTA, pH 8.0) at a constant voltage of 200 V and a temperature of 60°C for 4 h. The 
gel was stained by incubation in 1 X TAE buffer with ethidium bromide. Bands were 
visualized with UV light and images were recorded using the Digi Doc Photo 
Documentation System (Bio-Rad). Dominant bands were excised from the gel using 
a scalpel and dissolved in 1 X TE buffer at 4°C overnight. The DNA contained in the 
TE buffer was re-amplified with primers 357F-518R. PCR products were submitted 
to Macrogen (Amstelveen, The Netherlands) for purification and sequencing.  

Clone libraries 

Eight clone libraries, one for each of the four samples from both the Zaandam and 
the Berlin populations (see “Experimental Design”), were constructed using the 
fragments obtained after nested PCR and subsequent amplification with primers 
357F-1392R. PCR products were purified with the Wizard SV Gel and PCR Clean-
Up System (Promega). DNA fragments were inserted into plasmid pGEM-T and 
transformed into Escherichia coli XL-1 Blue following the T4 DNA Ligase 
Blue/White Cloning protocol (Promega). For each of the eight transformation 
reactions, twelve positive transformants were screened by PCR with primers SP6 and 
T7 to verify the insertion of the 16S rRNA gene fragment. Correctly sized amplicons 
were then subjected to restriction fragment length polymorphism (RFLP) analysis, 
by incubating with 10 U of restriction enzyme RsaI at 37°C for 3 h. The digested 
fragments were visualized on a 1.5% (wt/vol) agarose gel and, based on differences 
of RFLP patterns, six to eight clones for each transformation were chosen for 
sequencing. Transformants were cultured at 37°C overnight, after which the plasmid 
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DNA was isolated with the Wizard Plus SV Minipreps DNA Purification System 
(Promega). The purified plasmid DNA was sent to Eurofins (Amsterdam, The 
Netherlands) for sequencing. Raw sequence reads were cleaned using the 
ContigExpress Module in Vector NTI Software (Life Technologies, Bleiswijk, The 
Netherlands). BLAST searches were performed using the Sequence Match tool on 
Ribosomal Database Project (RDP) (Cole et al. 2014). Further phylogenetic analysis 
was conducted with MEGA (Tamura et al. 2013): sequences were aligned using the 
ClustalW algorithm, and a maximum likelihood analysis was performed to obtain a 
phylogenetic tree (Hall 2013). 

Illumina sequencing and bioinformatic analysis 

After normalization of samples and amplification with Illumina primers (for primers 
see Table S1 - details on amplification are included in the “Amplification of 16S 
rRNA genes” section above), barcoded PCR products were cleaned up with the 
Agencourt AMPure XP system (Beckman Coulter, Brea, CA, USA), and combined in 
equimolar ratios, after assessing the quality and quantity of the products with a 
Bioanalyzer System (Agilent Technologies, Santa Clara, CA, USA). Paired-end 
sequencing was performed on a Illumina MiSeq Sequencing System (Micro Array 
Facility, VUmc, Amsterdam). Data analysis was performed using QIIME, version 
1.8.0 (Caporaso et al. 2010b). Paired end reads were merged and primer sequences 
were removed. The reads were filtered using Phred quality scores, using a minimum 
quality score of 20. In QIIME, usearch_qf (usearch quality filter) was used to filter 
sequences, remove chimeras and cluster sequences in Operational taxonomic units 
(OTUs) at 97% sequence similarity (Edgar 2010). Singletons (OTUs represented by 
only one sequence) were discarded. The most abundant sequence in each cluster was 
chosen to represent that OTU. Representative sequences were aligned using PyNAST 
(Caporaso et al. 2010a) and assigned taxonomic status using the RDP Classifier 2.2 
(Wang et al. 2007). Both steps were performed using the Greengenes 13_8 reference 
database (DeSantis et al. 2006). The alignment was filtered using the greengenes 
lanemask. Phylogenetic analysis was performed using FastTree (Price, Dehal and 
Arkin 2010) and the online tool iTOL was used for tree visualization (Letunic and 
Bork 2007). The OTU map generated in QIIME using the result of usearch_qf was 
used for further diversity analyses.  

Statistical analyses 

DGGE images were analyzed with GelCompar II software package (Applied Maths, 
Sint-Martens-Latem, Belgium). Similarities between profiles were calculated using 
Pearson product-moment correlation coefficient. Cluster analysis on the resulting 
similarity matrix was performed using the unweighted pair group method with 
arithmetic means (UPGMA).  
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In QIIME, nonparametric ANOSIM was used to test whether differences in 
community composition (occurrences of OTUs and their abundances) between 
groups (Suppression vs. Control and Zaandam vs. Berlin) were significant. A paired 
t-test (for the paired Suppression vs. Control samples) and two-sample t-test (for 
Zaandam vs. Berlin samples) were used to test the significance of differences in OTU 
abundances and richness between groups. A Mantel test was applied to compare 
dissimilarity matrices obtained from DGGE and Illumina analysis. Alpha diversity 
was calculated using the Chao1 estimator, after rarefying to the lowest read number 
between samples. Rarefaction plots were generated for each sample separately and 
for the samples pooled per population. Differences between samples in community 
composition were assessed using weighted Unifrac metrics to calculate similarity 
matrices based on the phylogenetic distances among reads (Lozupone and Knight 
2005). Similarities between samples were visualized using principal coordinate 
analysis (PCoA) plots. 

Accession numbers 

Sequencing data are available in GenBank’s Sequence Read Archive under accession 
number SRP055488. 

2.4. Results and Discussion 

Wolbachia suppression 

One of the main objectives of this study was to test PCR approaches that would avoid 
amplification of abundant Wolbachia DNA, thereby allowing the identification of the 
less abundant bacterial species in the Folsomia microbiome. To this end, we 
conducted Illumina amplicon sequencing on pairs of DNA samples subject to either 
normal PCR protocols, or a pre-amplification using primers designed to suppress 
amplification of Wolbachia-type sequences. Our intention was to maximize the 
reproducibility of the method and the coverage of the targeted bacterial communities 
to better characterize the impact of the different PCR approaches, and later of 
Folsomia population, on microbial community composition. For this reason we 
chose the strategy of pooling ten springtails per biological replicate to reduce 
variation between replicates, with the obvious drawback that we could not use these 
datasets to assess individual differences in microbial composition of F. candida. 

Across all samples, 1 007 238 non-singleton reads were counted, and 719 OTUs were 
identified. 661 OTUs were found in the Control treatment (average per replicate 
(M)=315, with standard deviation (SD)=124), 373 in the Suppression treatment 
(M=224, SD=23). Seven of these OTUs were identified as Wolbachia. One of them 
accounted for 97.4% of all Wolbachia reads, while the remaining OTUs had low 
abundances, but were not singletons. Previous research on ants and lepidopterans 
suggests that multiple infections are possible, with individual insects harboring more 
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than one Wolbachia strain (Russell et al. 2012). Therefore, the multiple Wolbachia 
OTUs found in our study may well represent real variation, suggesting that Folsomia 
can be infected by multiple Wolbachia strains, although we cannot exclude the 
possibility that at least some of these OTUs originated from sequencing errors. 
Because 73.7% of the reads in the Control corresponded to Wolbachia, the 
suppression treatment was successful in lowering the abundance of Wolbachia by 
more than a factor of ten, to on average 6.9% of the reads.  

Principal coordinate analysis (PCoA) on the basis of pair-wise weighted Unifrac 
distances revealed that the distance between samples of the Suppression and Control 
groups was reduced when Wolbachia sequences were not included in the analysis 
(compare Figure 1 B to Figure 1 A), but also suggested that the revealed community 
composition (here referred to as the community members detected and their relative 
abundances) between the two treatments remained different (Figure 1 B). ANOSIM 
confirmed that the separation between Suppression and Control groups was 
significant, whether Wolbachia reads were taken into account or not (p < 0.05, 10 
000 permutations). This suggests that the effect of the suppression treatment on PCR 
amplification was not limited to Wolbachia, but it extended to other bacterial 
sequences.  

 
Figure 1. Weighted UniFrac 2D PCoA plots illustrating the distance between samples of the springtail 
Folsomia candida subjected to different bacterial 16S rRNA gene amplification procedures. Wolbachia 
reads were either included (A) or excluded (B) in the calculation of distances between samples. Blue dots 
correspond to samples resulting from the Wolbachia suppression treatment; red squares are the samples 
resulting from normal amplification. The percentages in brackets on the axis indicate the percent of 
variation explained by that axis. 

Figure 2 illustrates the identities and relative abundances of the OTUs that were 
found in F. candida when using either normal amplification or suppression, and that 
were considered abundant if they accounted for more than 0.2% of total number of 
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reads. Wolbachia OTUs are not included in the figure. The relative abundances of 
seven OTUs, corresponding to two Bacillus sp. (Firmicutes, Bacillaceae), two 
Pseudomonas sp. (Gammaproteobacteria, Pseudomonadaceae), Escherichia sp. 
(Gammaproteobacteria, Enterobacteriaceae), Olivibacter sp. (Bacteroidetes, 
Sphingobacteriaceae), and a member of the Actinomycetales (Actinobacteria), were 
significantly influenced by the suppression treatment (p<0.05). With the exception 
of Bacillus sp., all these OTUs showed lower relative abundances when suppression 
was applied compared to normal amplification.  

 

Figure 2. Column chart showing the bacterial OTUs identified in samples of the springtail Folsomia 
candida when using a Wolbachia-suppression step in bacterial 16S rRNA gene amplification (left) and 
with normal amplification (right). Family names are indicated, unless otherwise stated. Wolbachia reads 
are excluded from the dataset. The category “other” includes OTUs that account for less than 0.2% of the 
total number of reads.  

Of the 17 highly abundant OTUs shown in Figure 2, 16 were present in all samples, 
both from the Suppression and the Control group. Only one OTU, identified as 
Pseudomonas, was absent in two samples of the Suppression group. Therefore, the 
suppression treatment did not interfere with the identification of the most abundant 
OTUs.  

Among the 719 OTUs detected, 98 OTUs were present in all four Suppression 
samples, and 95 OTUs in all four Controls (Figure 3). Fifty-nine OTUs were 
recovered from all eight samples (Figure 3). Most of the reads in both the 
Suppression (98.2% of total reads) and the Control group (87.5%) belonged to these 
59 shared OTUs. 
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Figure 3. Venn diagrams showing the number of bacterial OTUs shared within and between groups of 
samples. The groups correspond to different approaches in the 16S rRNA gene amplification of DNA 
isolated from the springtail Folsomia candida: a conventional control and a PCR using primers that 
suppress the amplification of the 16S rRNA genes of the endosymbiont Wolbachia. A: number of shared 
OTUs between samples for each of the two groups, Suppression and Control. B: number of shared OTUs 
between the Suppression and the Control groups. Wolbachia OTUs were not included in the OTU count. 

Only three OTUs were differentially represented between the Suppression and the 
Control groups, meaning that they were present in all four samples of one of these 
two groups, and absent in all four samples from the other group. The relative 
abundances of these OTUs were low: one OTU, assigned to the family 
Pseudomonadaceae (phylum Gammaproteobacteria), was present in all Control 
samples (average abundance across samples: 0.026%) and absent from all 
Suppression samples; in contrast, a member of group SJA4 in the phylum TM6, and 
an OTU assigned to the family Paenibacillaceae (phylum Firmicutes), were always 
present when suppression was performed (respective average abundances: 0.003% 
and 0.001%), and never in the control conditions.  

Species richness seemed to be lower in the suppression treatment (Table 1), 
however, a paired t-test revealed that the average difference in both the observed and 
estimated number of OTUs between the two treatments (M=90, SD=131, and M=95, 
SD=111, respectively) was not significant (t (3)=–1.4, two-tailed p=0.3, and t(3)=–
1.7, two-tailed p=0.2, respectively), showing that the Wolbachia treatment did not 
significantly affect the number of retrieved OTUs. 

Overall, our observations showed that neither the presence of a highly abundant 
endosymbiont nor the use of a suppression treatment significantly affected the 
retrieval of bacterial species in our samples. However, the use of the suppression 
treatment did significantly affect the relative abundances of the identified OTUs, and 
the resulting community composition. Using suppressive methods to target highly 
abundant species can still be useful when these bacteria are suspected to interfere 
with the identification of rare groups. Furthermore, suppression steps can lead to a 
higher diversity of sequences per sequencing effort, reducing the amount of reads to 
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discard and therefore allowing a more efficient use of sequencing data. In this study, 
suppression of the highly abundant endosymbiont Wolbachia was achieved through 
a nested PCR approach. An alternative method involves specific inhibition of PCR 
amplification through the use of non-extendable primers (Yu et al. 1997). We were 
not successful in applying this method in our study. Dissection is also frequently used 
in studies of insect-associated gut microbiota (Engel, Martinson and Moran 2012), 
and in our case it could allow the isolation and study of Wolbachia-free tissues. For 
F. candida, however, isolation of the gut or dissection of the ovaria is not practical 
due to the size of the animal (0.5-2 mm). One could also take advantage of the 
intracellular location of Wolbachia to separate it from the other bacteria. Filters 
and/or differential centrifugation can be used to separate Wolbachia-containing 
eukaryotic cells from prokaryotic cells, allowing the study of the Wolbachia-free 
prokaryotic fraction only.  

Comparison of bacterial diversity in F. candida populations 

To compare population-level bacterial diversity in F. candida, we further compared 
the bacterial composition of two populations of F. candida. The two populations 
were both represented by four biological replicates, each representing ten 
springtails. 

Figure 4 shows a phylogenetic tree summarizing the bacterial diversity found in the 
two populations of F. candida, and the OTUs resulting from Illumina sequencing 
that are present in the tree are listed in Table S2 (Supplementary Information). A 
total of 832 OTUs were found across the four samples from the Berlin population 
and the four samples from the Zaandam population. 689 OTUs were found in the 
Zaandam population (M=345, SD=63), and 457 in the Berlin population (M=292, 
SD=15). Seven OTUs were identified as Wolbachia, and one of these OTUs 
accounted for 97.0% of all Wolbachia reads in both Folsomia strains. The Wolbachia 
suppression approach was used for all samples. Wolbachia reads constituted 3.8% 
of the reads from the Berlin population, but 32.8% of the reads from the Zaandam 
population, despite the use of the suppression treatment. The difference in relative 
abundances observed between the two populations of F. candida can either be due 
to higher abundance of Wolbachia in the Zaandam population or to lower numbers 
of other bacteria compared to the Berlin population. The former hypothesis is 
supported by studies showing that densities of endosymbiotic Wolbachia are highly 
variable among populations of insects. Hoffmann et al. (2014) observed significant 
differences in Wolbachia densities among populations of the citrus psyllid 
Diaphorina citri. Similarly, Unckless et al. (2009) estimated a 20 000 fold variation 
of Wolbachia densities among natural populations of Drosophila innubila. A study 
by Ahantarig et al. (2008) found even higher variations of relative density (bacteria-
to-host ratio) of Wolbachia in field-collected populations of the mosquito Aedes 
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albopictus, in contrast to lower density variations of the endosymbiont in a 
previously characterized laboratory strain.   
 

 

Figure 4. Maximum likelihood phylogeny of the bacterial OTUs resulting from Illumina sequencing and 
cloning of two populations of the springtail Folsomia candida. The inner circle and the branch color 
indicate the bacterial phyla to which the OTUs belong, the middle circle indicates the method used to 
obtain the sequences, and the outer circle indicates the population (Zaandam or Berlin) where the OTUs 
were found. The tree was rooted on Deinococcus and Thermus species, like in a phylogenetic tree obtained 
in a previous study (Wu et al. 2009). For legibility, some tips represent combinations of a small number 
of tips, which were given the same taxonomic assignment. 

PCoA revealed a clear separation of samples between the two populations, confirmed 
by ANOSIM (p<0.05, 10 000 permutations), also when excluding Wolbachia reads 
from the calculation of beta-diversity. The first axis (PC1) already separates the two 
populations completely (Figure S3, Supplementary Information). Since Wolbachia 
sequences were not included in this analysis, this shows that other OTUs contribute 
significantly to the differences between the communities. The second axis separates 
the biological replicates within each population, reflecting within-population 
differences. The plots also suggest that the variation is higher in the Zaandam 
population, compared to the Berlin population.  
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Figure 5 shows that the most abundant OTUs and their relative abundances varied 
between the two populations of F. candida. In the Zaandam population, 11 OTUs 
accounted each for more than 1% of non-Wolbachia reads. The most abundant OTUs 
were identified as (in order of abundance): Paracoccus sp. (Alphaproteobacteria, 
Rhodobacteraceae, 30.3% of reads), a member of the Actinomycetales (9.9%), E. coli 
(6.0%), Thermomonas (Gammaproteobacteria, Xanthomonadaceae, 5.1%), and 
Bacillus cereus (4.0%). In the Berlin population, 12 OTUs accounted each for more 
than 1% of non-Wolbachia reads. The most abundant OTUs in this population were 
Staphylococcus sciuri (Firmicutes, Staphylococcaceae, 27.2% of reads), Paracoccus 
sp. (15.4%), B. cereus (12.1%), Ochrobactrum (Alphaproteobacteria, Brucellaceae, 
5.9%) and a member of the Flavobacteriaceae (Bacteroidetes, 5.4%).  

 

Figure 5. Column chart showing the bacterial OTUs identified in two populations of the springtail 
Folsomia candida, Zaandam (left) and Berlin (right). Family names are indicated, unless otherwise 
stated. Wolbachia-suppression was used on all samples and the Wolbachia reads retrieved were excluded 
from the dataset. The category “other” includes OTUs that account for less than 0.5% of the total number 
of reads. 

Sixteen of the 20 high-abundance OTUs shown in Figure 5 were present in all Berlin 
and Zaandam samples, indicating that most dominant bacterial taxa were shared 
between populations. Overall, 81 OTUs were shared between all samples of both 
populations of F. candida, constituting 71.9% of the total number of reads in the 
Zaandam population and 90.3% in the Berlin one.  

In total, 45.1% of OTUs were present only in the Zaandam population, and they 
accounted for 13.7% of the total reads from that population; instead, 17.2% were 
found only in the Berlin population, where they accounted for 1.9% of the reads. 
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When the search was restricted to OTUs that were present in all samples of one 
population and absent from all samples of the other, 41 OTUs were differentially 
represented between two populations. However, these OTUs were not major 
components of the microbial communities: 15 of these OTUs were present in the 
Zaandam population with a total relative abundance of 1.0%, and the remaining 26 
were characteristic of the Berlin population, for a total abundance of 0.4%.  

Table 1 shows that the Zaandam population has a higher variation in species 
diversity than the Berlin population. A t-test revealed that the average difference in 
both the observed and the estimated species number between the two populations 
(M=53, SD=66 and M=67, SD=91, respectively) was not significant (t(3)=1.65, two 
tailed p=0.2 and t(3)=1.58, two tailed p=0.2, respectively), showing that the species 
richness is not significantly different between the two populations.  

Table 1. Observed and estimated bacterial diversity in two populations of the springtail Folsomia 
candida (Zaandam and Berlin) and in two groups of springtails corresponding to different approaches in 
the 16S rRNA gene amplification, suppressing or allowing amplification of Wolbachia DNA (Suppression 
and Control respectively). 

 Observed diversity Estimated diversity: Chao1 

Zaandam 338 ± 63 386 ± 84 

Berlin 285 ± 15 319 ± 10 

Suppression 218 ± 23 297 ± 29 

Control 308 ± 124 391 ± 106 

Diversity is expressed as number of OTUs and calculated based on bacterial 16S rRNA genes isolated from 
F. candida. Indicated values are average ± standard deviation (n=4). Means do not differ statistically 
(p>0.05). Wolbachia OTUs were not included in the count. 

Despite sharing most of the dominant OTUs, the Berlin and the Zaandam 
populations were characterized by different bacterial profiles. The community 
composition of different Folsomia populations might reflect strain- or 
environmental-specific effects. Multiple studies have shown that environmental 
factors can have a strong effect on host-associated bacterial communities. Staubach 
et al. (2013) studied laboratory-reared and wild populations of two Drosophila 
species, and concluded that environmental factors, specifically food-substrate, have 
the biggest effect on bacterial communities associated with the flies. Although they 
could find a host species effect, it was subtle and only detectable in the wild flies. 
Zouache et al. (2009) observed that the microbial community composition of long-
term laboratory colonies of the parasitoid wasp Asobara tabida is different from that 
of both natural populations and lines recently established from field-collected 
insects. The authors concluded that long-term laboratory rearing affects the 
composition of the bacterial community. Broderick et al. (2004) found similar T-
RFLP bacterial profiles in gypsy moths from lab and field populations. However, 
field populations were originated from eggs collected in field sites and subsequently 



Chapter 2 

32 
 

surface sterilized in the lab, and the authors concluded that diet, rather than egg 
source, had a significant effect on the bacteria in the gypsy moth. Higher microbial 
diversity in field populations compared to lab populations has been observed in other 
insect species, such as Drosophila (Chandler et al. 2011; Staubach et al. 2013) and 
the ant Cephalotes varians (Kautz et al. 2013).  

In order to focus on population effects, in our study we tried to reduce the impact of 
the environment of origin on the microbial community composition of the Zaandam 
population by acclimating it to lab conditions for four months (three to four 
generations). It may be expected that environmental effects on the microbiota would 
disappear over this time. However, we cannot exclude a still lasting impact of the 
original environment in the Zaandam population, and therefore we cannot 
unequivocally attribute the differences in microbial community composition that we 
observed to population-effects only. 

In addition to Illumina sequencing, we applied DGGE, a conventional microbial 
community fingerprinting technique, to analyze and compare the Zaandam and the 
Berlin populations. Our aim was to assess the comparability of the information that 
these two techniques provided on the bacterial community of F. candida. 

Bacterial profiles for the samples of the Berlin and Zaandam populations of F. 
candida were obtained through amplification using the suppression treatment for 
Wolbachia DNA and subsequent DGGE analysis of the 16S V3 region. UPGMA-
based cluster analysis of the DGGE profiles revealed two clusters at high levels of 
similarity, corresponding to the two populations (Figure S4, Supplementary 
Information).  

The banding pattern was more complex and heterogeneous in the Zaandam profiles, 
suggesting a higher bacterial diversity in this population (Figure S4). Furthermore, 
the differences among samples are higher in the Zaandam population: the overall 
average similarity between replicates of the Zaandam population was 75%. Within 
the Berlin population, the overall average similarity between replicates was higher, 
90%. A Mantel test indicated a positive correlation between the DGGE and the 
Illumina dissimilarity matrices, meaning that the outputs of the two methods are in 
accordance (p<0.05). The dominant bands in all profiles of Zaandam samples 
corresponded to Wolbachia, Bacillus and Paracoccus. In the profiles of the Berlin 
samples, bands corresponding to Staphylococcus, Bacillus and Paracoccus were 
dominant. These groups were also among those dominant in the NGS dataset. 

We were not able to assign an identity to all the bands in the DGGE profiles, and 
multiple bands corresponded to the same species, probably as a result of the 
intraspecies heterogeneity of 16S rRNA genes (Dahllöf, Baillie and Kjelleberg 2000). 
To confirm the NGS data on the identity and abundances of the dominant species, 
we prepared clone libraries from the Zaandam and Berlin samples using 1000 bp 
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fragments (V3/V8 region) and sequenced 52 clones. We found 19 different clones, 
16 of which corresponded to OTUs identified through Illumina sequencing, 
including seven that were among the abundant OTUs as observed by Illumina 
sequencing: Wolbachia, Paracoccus, Ochrobactrum, Delftia, Pseudomonas, 
Bacillus and Staphylococcus (Figure 5, contributing 66% of reads). The remaining 
three (Haloferula sp., Chitinofaga sp. and a member of the family Chitinofagaceae) 
did not have corresponding OTUs in the Illumina dataset, although this contained 
unclassified members of the family Verrucomicrobiaceae and of the order 
Sphingobacteriales, to which the genus Haloferula and the family Chitinofagaceae 
respectively belong to. Some of the cloning sequences are included in the 
phylogenetic tree in Figure 4. 

Results from DGGE and clone library analysis confirmed the reliability of NGS 
technology in characterizing our bacterial community. The most abundant bacterial 
species were represented in the clone libraries, and DGGE confirmed the diversity 
trend revealed by the Illumina data. Furthermore, Illumina sequencing detected 
hundreds of OTUs that were overlooked with DGGE and cloning in this and in 
previous studies. In their survey of bacterial diversity in collembolans based on 16S 
rRNA PCR and cloning, Czarnetzki & Tebbe (2004a) studied two populations of F. 
candida, both originating from lab cultures. The gene library of one population 
produced exclusively sequences related to Rickettsiella. In the other population, the 
authors were able to identify 8 different clones, attributed to Bacillus 
weihenstephaniensis, Stenotrophomonas maltophilia, Mesorhizobium sp., 
Paracoccus sp., Bacillus sp., Paenibacillus sp., and members of the Bacteroidetes 
and of the Planctomyces groups. Thimm et al. (1998) found 11 types of agar-cultured 
bacterial colonies from a lab population of F. candida, and identified three of them 
as Erwinia amylovora, Staphylococcus capitis and Pantoea agglomerans. With the 
exception of Pantoea, all the 8 genera found in these two studies were represented 
in our NGS dataset, constituting 57.6% of non-Wolbachia reads, but in addition we 
found 269 more genera. This study confirms that high-throughput sequencing 
qualifies as an adequate tool to identify rare species in host-associated bacterial 
communities (Kautz et al. 2013). 
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Supplementary Information 

 

Figure S1: Experimental layout 

Figure S2: 16S rRNA gene fragment 

Figure S3: PCoA plot of the distance between populations 

Figure S4: Clustering of DGGE profiles 

Table S1: Primer sequences 

Table S2: List of OTUs from Illumina sequencing (available at the online version of 
this article) 
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Figure S1. Layout of the experiments reported in this study. For each experiment, the following are 
indicated: which population of F. candida was used, the treatment applied to the samples (normal 
amplification or amplification to suppress Wolbachia), and the methods used. 
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Figure S3. Weighted UniFrac 2D PCoA plots illustrating the distance between samples from the 
Zaandam (blue dots) and Berlin (red squares) populations. Wolbachia reads were not used to build the 
plot. 

 

 

Figure S4. Clustering of bacterial 16S DGGE profiles in two populations of F. candida. The dendrogram 
was obtained through UPGMA-based cluster analysis. Cophenetic correlation coefficients are indicated at 
the root and on the nodes of the dendrogram. Arrows indicate the taxonomic identity of corresponding 
bands.  
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Table S1. Primers used in this study. 

* these primers, with appropriate barcodes and Illumina adapters, were also used for Illumina sequencing. 
** primer R1525 is known to select against Wolbachia sequences

Primer  Sequence (5’-3’)  Reference  

8F  AGA GTT TGA TYM TGG CTC AG  Lane et al., 1991  

357F * CCT ACG GGA GGC AGC AG  Muyzer et al., 1993 

518R * ATT ACC GCG GCT GCT GG  Muyzer et al., 1993 

1392R  ACG GGC GGT GTG TAC A  Lane et al., 1991  

1512R  ACG GYT ACC TTG TTA CGA CTT  Lane et al., 1991  

1525R **  AAG GAG GTG WTC CAR CC Lane et al., 1991  

GC clamp  
CGC CCG CCG CGC CCC GCG CCC GGC 
CCG CCG CCC CCG CCC C  

Sheffield et al., 1989 


