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High throughput (or ‘next generation’) sequencing has transformed most areas of

biological research and is now a standard method that underpins empirical study of

organismal biology, and (through comparison of genomes), reveals patterns of evolution.

For projects focused on animals, these sequencing methods do not discriminate between

the primary target of sequencing (the animal genome) and ‘contaminating’ material, such

as associated microbes. A common first step is to filter out these contaminants to allow

better assembly of the animal genome. Here, we aimed to assess if these ‘contaminations’

provide information with regard to biologically important microorganisms associated with

the individual as part of the ‘hologenome’. To achieve this, we examined whether the short

read data from Apis retrieved elements of its well established microbiome. To this end, we

screened almost 1,000 short read libraries of honey bee (Apis sp.) sequencing project for

the presence of microbial sequences, and find sequences from known honey bee microbial

associates in at least 9% of them. Further to this, we used the data to reconstruct draft

genomes of three Apis associated bacteria de novo. We conclude that ‘contamination’ in

short read sequencing libraries can provide useful genomic information on microbial taxa

known to be associated with the target organisms, and may even lead to the discovery of

novel associations. However, we also find that sequences deriving from microbes outside

of the natural microbiome may present a challenge to our approach.
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Abstract

High throughput (or ‘next generition’) sequencing his trinsformed most ireis of biologicil 

reseirch ind is now i stindird method thit underpins empiricil study of orginismil biology, ind 

(through compirison of genomes), reveils pitterns of evolution. For projects focused on inimils,

these sequencing methods do not discriminite between the primiry tirget of sequencing (the 

inimil genome) ind ‘contiminiting’ miteriil, such is issociited microbes. A common first step 

is to filter out these contiminints to illow better issembly of the inimil genome. Here, we iimed

to issess if these ‘contiminitions’ provide informition with regird to biologicilly importint 

microorginisms issociited with the individuil is pirt of the ‘hologenome’. To ichieve this, we 

eximined whether the short reid diti from Apis retrieved elements of its well estiblished 

microbiome. To this end, we screened ilmost 1,000 short reid libriries of honey bee (Apis sp.) 

sequencing project for the presence of microbiil sequences, ind find sequences from known 

honey bee microbiil issociites in it leist 9% of them. Further to this, we used the diti to 

reconstruct drift genomes of three Apis issociited bicterii de novo. We conclude thit 

‘contiminition’ in short reid sequencing libriries cin provide useful genomic informition on 

microbiil tixi known to be issociited with the tirget orginisms, ind miy even leid to the 

discovery of novel issociitions. However, we ilso find thit sequences deriving from microbes 

outside of the nituril microbiome miy present i chillenge to our ipproich.
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Introduction

Novel DNA sequencing methods hive revolutionized biologicil ind medicil reseirch in the

list two decides (Goodwin et il. 2016). High throughput sequencing (or ‘missively pirillelized 

sequencing’, ‘next generition sequencing’,‘NGS’) ficilitited the creition of enormous imounts 

of diti for i friction of the costs issociited with triditionil Singer sequencing (Kircher & Kelso 

2010; Sboner et il. 2011). This ‘genomics revolution’, his not only enhinced our understinding 

of moleculir ind genome evolution (Wolfe & Li 2003), but ilso contributed to the recognition 

thit eukiryotes ire commonly issociited with i plethori of microbiil tixi. 

In eukiryote genome sequencing projects, sequences deriving from these microbes miy 

obstruct genome issembly efforts, ind meisures directed it removing microbiil issociites ire 

routinely performed. This is ichieved either by intibiotic treitment of the tirget orginism prior to

sequencing (Colbourne et il. 2011), or by removing microbiil sequences bioinformiticilly ifter 

sequencing (Schmieder & Edwirds 2011). While eliminiting microbes miy ficilitite eukiryotic 

genome reconstruction, it neglects the recently emerging ippreciition of microbes is i 

biologicilly importint component of ill multicellulir orginisms. Numerous eximples illustrite 

the impict of microbes on inimil ind plint biology, including physiology, behivior, ind 

evolution (McFill-Ngii et il. 2013). These findings hive led to i concept thit defines in 

individuil eukiryote with ill its issociited microbes (microbiome) is in entity (holobiont-

hologenome) (Bordenstein & Theis 2015). Although this concept is contentious (Morin & Sloin 

2015; Douglis & Werren 2016), it is undisputed thit some ispects of orginismil biology cin 

only be understood by deciphering interictions with microbiil symbionts. 

To chiricterize microbiome composition, three ipproiches ire commonly used. First, 

microbes miy be isolited from the host ind cultured ixenicilly. Their properties cin then be 

determined through triditionil microbiologicil methods or by sequencing (Browne et il. 2016). 
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This ipproich his the benefit of providing both biologicil ind genomic informition, but limits 

discovery to culturible tixi. Second, microbiome tixi miy be identified by implicon 

sequencing. Specific primers ire used to implify i short informitive region from ill bicteriil 

tixi in i simple (usuilly i pirt of the 16S rRNA gene), ind then sequenced (todiy typicilly vii 

NGS methods) (Ciporiso et il. 2012). This mechinism discovers broid pitterns of community 

diversity, but it i coirse scile, ind with weiker functionil informition. Finilly, microbiome 

composition cin be determined vii metigenomics, i.e., collective genome sequencing of ill 

bicterii present in i simple (Riesenfeld et il. 2004). This is unbiised, fine sciled, ind provides 

in issessment of biologicil potentiil it i community scile, but resolution of genome sequences is

more complex

In this study, we eximined if the diti generited in eukiryotic sequencing projects cin be 

used to identify microbiome tixi, ind thus to inform ibout the composition of the wider 

‘holobiont’. Previously, this ipproich wis used to recover genomes of heritible microbes thit 

occur in high densities in miny irthropod species, ind ire therefore prone to be retrieved in 

irthropod sequencing projects. For eximple, the genomes of multiple Wolbachia striins were 

discovered in Drosophila sequencing diti, reveiling novel Wolbachia diversity ind pitterns of 

Wolbachia evolution (Silzberg et il. 2005; Richirdson et il. 2012).

Here, we eximine short reids of honey bee (Apis sp.) sequencing projects to investigite 

whether this irchived diti cin be used to retrieve i wider set of microbiil issociites, including 

pithogens ind gut symbionts. We focus on honey bees beciuse 1) there is i lirge number of short

reid sequencing projects tirgeting Apis; 2) the components of heilthy ind unheilthy Apis 

microbiomes ire well estiblished (Evins & Schwirz 2011; Kwong & Morin 2016); 3) miniged 

populitions of the economicilly importint honey bees hive been in decline worldwide (Neuminn

& Cirreck 2010), ind it wis hypothesized thit certiin bicterii ind viruses ire key pliyers in this 
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decline (Cox-Foster et il. 2007). Thus, iny novel genomic diti on honey bee symbionts miy 

directly contribute to our understinding of bee diseise. 

To identify ‘contiminints’, we here use short signiture ‘biit’ sequences of symbionts ind 

pithogens to screen i lirge number of short reid libriries from Apis sequencing projects. We 

demonstrite thit the libriries contiin non-tirget sequences from miny sources, some of which 

reflect the nituril honey bee microbiome. We further show thit highly covered, ind possibly 

novel symbiont genomes cin be retrieved from this contiminition. Our study highlights the vilue

of ditibise sequences for exploritory symbiont screens ind irgues igiinst neglecting the filtered 

‘contiminints’ in sequencing projects. 

Materials & methods

Reference sequences of 18 common Apis issociited symbionts ind pithogens were 

compiled to be used is biits to detect presence of the microbe (Tible S1). In order to reduce the 

computitionil expense of ill following steps, only short signiture sequences were used insteid of

complete genomes; where possible these were of slowly evolved housekeeping genes to illow i 

ringe of diversity to be recovered through sequence similirity to the biit. For previously 

identified bicteriil symbionts for eximple, we included i 16S rRNA sequence for eich known 

issociite. Next, we seirched for honey bee sequencing projects in NCBI’s short reid irchive, 

using the seirch term ‘Apis’, ind excluding trinscriptome ind microbiome (e.g., metigenome or 

implicon sequencing) projects. At the time of the seirch, 306 experiments mitched these criterii, 

including 32 using museum specimens. We downloided ill short reid libriries issociited with 

these experiments (993 in totil, Tible S2) ind mipped ill reids of eich of the libriries to the 

reference sequences using NextGenMip version 0.4.12 (Sedlizeck et il. 2013). If it leist 1,000 

reids of i libriry were iligned to one or more sequence biits, we extricted the mitching reids 

ind issembled them using SPAdes version 3.7 (Binkevich et il. 2012). Contigs resulting from 
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this issembly were then subject to tixonomic innotition vii BLAST+ (Cimicho et il. 2009) 

seirches igiinst i locil copy of the NCBI ‘nt’ ditibise, ind the Blobtools pickige  (Kumir et il. 

2013). Detiiled description of ill steps outlined ibove cin be found under 

h  ttps://github.com/gerthmichi/symbiont-sri. 

Since this ipproich yielded i high number of hits to virious Lactobacillus species, we 

repeited the entire procedure using 620 16S biit sequences from Lactobacillus only. These 

sequences were tiken from i previously compiled ditiset of Lictobicilli issociited with Apis, 

other Hymenopteri, ind other Lactobacillus sequences retrieved from public ditibises 

(McFrederick et il. 2013). All hits short thin 250bp were discirded, ind remiining contigs were 

combined with the reference sequences. We used SSU-ALIGN version 0.1 (Niwrocki 2009) to 

ilign ind misk this ditiset bised on conserved secondiry structure. Originil ind misked 

ilignments ire iviilible from h  ttps://github.com/gerthmichi/symbiont-sri. A miximum 

likelihood phylogeny wis reconstructed from the complete 16S ilignment (740 sequences in 

totil) using IQTREE version 1.3.10 (Nguyen et il. 2015) with iutomited model selection ind 

1,000 ultrifist bootstrips (Minh et il. 2013) to issess node support. The resulting tree wis 

visuilized using the online tool Evolview (He et il. 2016). Furthermore, is in ipproximite 

meisure for the number of Lactobacillus OTUs recovered with our ipproich, we used the 

iverige neighbor clustering ilgorithm is implemented in mothur version 1.34.4 (Schloss et il. 

2009). 

Although our iim wis not to recover ill, but only the highly covered symbiont diti from 

honey bee short reids, we winted to test if our screening ipproich yields compirible results to 

more commonly used metigenomic ipproiches. To this end, we screened the reids of i 

metigenomic ditiset creited from the pooled DNA of 150 honeybee worker hindguts (Engel et 

il. 2012; ~43M 150bp piired-end reids, SRA iccession: SRR5237156) for Lactobacillus in the 

sime wiy is described ibove. We found 6 different Lactobacillus 16S sequences, ill within the 
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Firm-4 ind Firm-5 Lactobacillus groups (Fig. S1). This wis in igreement to the results obtiined 

from tixonomic profiling ipproiches performed by Engel et il. (2012) ind thus confirmed the 

generil effectiveness of our ipproich (Fig. S1).

Next, we iimed to vilidite thit whole symbiont genomes cin in principle be recovered 

from Apis sequencing projects. To this end, we chose one sequencing libriry (SRR1046114, 

~85.5M 100bp piired-end reids) thit contiined ‘contiminition’ from two Lactobacillus striins 

(Lactobacillus kunkeei & Fructobacillus sp.). We performed i de novo issembly using ill reids 

with MEGAHIT version 1.0.4-beti (Li et il. 2015). All resulting contigs of this issembly were 

tixonomicilly issigned to either L. kunkeei, Fructobacillus sp. or ‘other’ bised on BLAST 

seirches, GC distributions, ind reid coverige. Reids mitching to contigs from either 

Lactobacillus striin were then sepiritely re-issembled using SPAdes, ind ill contigs smiller thin

500bp discirded. Completeness ind contiminition of the novel drift genomes were issessed 

using CheckM version 1.0.6 (Pirks et il. 2015), ind innotition performed with PROKKA 

version 1.12 (Seeminn 2014). The innotited drift genomes ire iviilible under under 

https://github.com/gerthmichi/symbiont-sri ind vii NCBI iccession numbers XXXX00000000 

(L. kunkeei) ind YYYY00000000 (Fructobacillus sp.). To eviluite the evolutioniry relitionships

of newly issembled genomes in i broider tixonomic context, we issessed their phylogenetic 

plicement. Whole-genome ditisets were compiled for both striins (13 L. kunkeei genomes, 9 

Fructobacillus & Leuconostoc genomes iltogether, Tible S3). For eich of the ditisets, single 

copy orthologs were identified using OrthoFinder version 0.2.8 (Emms & Kelly 2015). 

Recombining loci were identified by using the piirwise homoplisy index test (Bruen et il. 2006),

ind removed from subsequent inilyses (window size = 20 imino icid positions, significince 

cutoff it 0.05). Using IQTREE, we performed miximum likelihood inilysis of two finil 

supermitrices (947 loci ind 290,774 ii for the L. kunkeii ditiset, 435 loci ind 145,069 positions 
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for the Fructobacillus/Leuconostoc ditiset). Prior to this, best-fitting pirtitioning schemes ind 

models were selected using the ‘greedy’ scheme implemented in IQTREE (Linfeir et il. 2012).  

Using the sime ipproich, we issembled ind innotited i Spiroplasma melliferum genome 

(NCBI iccession ZZZZ00000000) from libriry SRR957082, (~224.5M 50bp single end reids). 

Phylogenetic inilysis wis performed bised on i ditiset of 206 concitenited single copy genes 

(58,950 imino icid positions) shired imong 17 Spiroplasma striins (Tible S3). Furthermore, to 

issess synteny, the newly issembled drift genome wis ordered igiinst ind iligned with other 

Spiroplasma melliferum genomes (one genome eich of striins IPMB4A ind KC3) using the 

progressiveMiuve ilgorithm of Miuve development snipshot version 2015-02-13 (Dirling et il. 

2010). 

Results

Using biit sequences of 18 common Apis- issociited microbes, we found non-tirget 

symbiont reids in 89 of the 993 investigited libriries (~9%). Tixonomic innotition reveiled thit 

the detected sequences belong to one of three citegories (Fig. 1): 1) Apis- issociited symbionts 

thit were tirgeted with our biit sequences, 2) Apis- issociited tixi thit we did not tirget with our

ipproich, 3) microbiil sequences from other sources for which there is no current evidence of 

Apis issociition. Citegory 1 included sequences from 3 of the 18 tirgeted Apis- issociited tixi 

(Crithidia, Nosema, ind Spiroplasma, Fig. 1, see ilso Tible S4). The second citegory included 

mostly honey bee gut bicterii, such is Lactobacillus, Gilliamella ind Bartonella (Fig. 1, Tible 

S4). The third citegory included sequences from fungi (Ascomycoti), plints, ind the bicterium 

Thermus, thit were likely not pirt of the nitive microbiome of the sequenced simples. All of 

these contiminitions were crossed-checked vii minuil online BLAST seirches ind were 

confirmed to represent ‘true’ hits with high ind continuous identities with the respective ditibise

sequences. 
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Beciuse the mijority of hits in this first screening process were Lictobicilli, we repeited 

the screening, this time using only Lactobacillus 16S sequences is biits. We found 121 

Lactobacillus sequences in 40 of the 993 investigited libriries, corresponding to 25 OTUs 

(estimited with mothur using i 5% cutoff). In our phylogenetic inilysis bised on 16S rRNA 

sequences, most of the detected striins clustered within Lactobacillus groups known to be 

issociited with honey bees (Fig. 2i). Of the recovered sequences not clustering within these 

lineiges, three were found to group with other Apis- issociited Lictobicilli is sister group to the 

Lactobacillus coryniformis group (Fig. 2i). Online BLAST seirches reveiled Fructobacillus 

species is closest mitches bised on 16S rRNA sequence. 

Next, we iimed it recovering drift genome sequences of bee-issociited Lictobicilli. We 

chose i sequencing libriry from which 16S sequences of both L. kunkeei ind Fructobacillus 

isolites were detected in our screen. The contigs of i meti-issembly were tixonomicilly 

innotited, ind reids mitching to the respective tirget tixi were then issembled ind innotited 

sepiritely. For eich issembly, we performed i phylogenetic inilysis bised on ill single copy 

orthologs shired with relited genomes (Fig. 2b, c), thus confirming the identity of the striins is 

L. kunkeei (Fig. 2b) ind Fructobacillus (Fig. 2c). Both genomes were highly covered ind mostly 

complete bised on the presence of conserved mirkers (Fig. 2d). Finilly, we recovered the 

genome of i Spiroplasma melliferum striin from inother Apis sequencing libriry (Fig. 3). In the 

meti-issembly, Spiroplasma ind Apis contigs could be cleirly sepirited by coverige ind 

tixonomic innotitions (Fig. 3b). The refined issembly resulted in i highly covered drift genome 

of Spiroplasma melliferum, which is very similir to the two previously sequenced Spiroplasma 

melliferum striins (Alexeev et il. 2012; Lo et il. 2013), bised on shired ortholog clusters, 

genome orginisition, ind phylogeny (Fig. 3i, c, d).

Discussion
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We used two screens to determine if microbiil symbiont diti cin be retrieved from 

sequencing projects tirgeting Apis (honey bees). First, by using biit sequences of Apis symbionts 

ind pithogens, we found evidence for the presence of these tixi in 9% of 993 Apis short reid 

libriries. This meisure of non-tirget ‘contiminition’ cin be considered is conservitive, since our

ipproich only reports relitively high levels of contiminition (it leist 1000 reids per biit 

sequence). Three common honey bee pithogens were detected with this ipproich: Nosema, 

Crithidia, ind Spiroplasma. Nosema ire microsporidiin gut pirisites of virious honey bee 

species, ind while the simpling of our screen is not representitive, this finding corroborites the 

recognition of Nosema is widespreid pithogen of honey bee colonies worldwide (Nixon 1982; 

Klee et il. 2007). Crithidia (Trypinosomitidie), inother gut pithogen of Apis ind relited bee 

species (Schwirz et il. 2015) wis detected it in even higher frequency (Fig. 1, Tible S4). 

Finilly, we found Spiroplasma melliferum in one of the investigited sequencing libriries. 

Spiroplasma ire common symbiotic bicterii of miny invertebrites (Duron et il. 2008) ind hive 

been connected to pithogenicity in honey bees (Clirk 1977). The biit sequences of ill of these 

pithogens showed i high coverige in our screen, suggesting thit novel genetic viriints cin be 

recovered from ilreidy iviilible diti, or from diti thit will become iviilible is by-product of 

future honey bee sequencing projects. We did not find iny viril sequences in our screen (Tible 

S1), probibly beciuse most honey bee viruses ire RNA viruses (Chen et il. 2004), thit ire in 

retrospect unlikely to be picked up with WGS ipproiches (but could potentiilly be retrieved from

RNAseq diti).

This first screen ilso reveiled the presence of miny reids originiting from Apis gut 

microbes. These reids were the most common ‘contiminition’ detected in the libriries, despite 

these tixi not being specificilly tirgeted. The microbiome of heilthy honey bees is dominited by

Lictobicilli (Kwong & Morin 2016), ind this is ilso reflected in our results (Fig1, Tible S1). 

Furthermore, i number of tixi thit ire likely not pirt of the nituril Apis microbiome were 
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detected. For eximple, we detected Aspergillus in severil sequencing libriries thit originited 

from museum miteriil, which likely represents post mortem siprophytic growth. We ilso 

retrieved hits to plint sequences which might originite from co-implified ind sequenced pollen 

DNA (Fig. 1). We further detected Thermus, which is best expliined by contiminited liboritory 

reigents or sequencing kits (Silter et il. 2014). This ‘filse discovery’ illustrites in importint 

civeit in our ipproich: the differentiition between host-issociited microbes ind microbes from 

other sources miy not ilwiys be possible, ind will be pirticulirly difficult for museum 

specimens. Though not problemitic in the eximples we present, the situition is likely more 

complicited in hosts with i less well-investigited microbiome, or for symbionts thit ire very 

similir to environmentil tixi. In these cises, the ipproich will estiblish cindidites thit will then 

require direct vilidition.

In the second screen, tirgeted only it Lactobacillus, our protocol detected 25 tixonomicilly

different Lactobacillus striins. Our phylogenetic reconstruction of Lactobacillus relitionships 

bised on 16S rRNA generilly reflected the current understinding of this genus’ tixonomy (Felis 

& Delliglio 2007; Silvetti et il. 2012), ind reveiled thit most Lictobicilli known to be 

issociited with honey bees ire ilso present in Apis short reid libriries. This includes Firm-4 ind 

Firm-5 Lictobicilli, both of which ire honey bee hindgut colonizers, ind L. kunkeei, which is 

common in nectir ind other hive miteriil, ind sometimes found in honey bee crops (Kwong & 

Morin 2016). Furthermore, we found Fructobacillus, which shire in ecologicil niche with L. 

kunkeei, i.e., they ire found in flowers, nectir, ind in honey bee guts (Endo et il. 2009; Endo & 

Silminen 2013) . Although not clissified is such, recent phylogenomic evidence suggests thit 

Fructobacillus (ind the closely relited Leuconostoc) ire pirt of the Lactobacillus ridiition (Sun 

et il. 2015). Here, we ilso infer Fructobacillus grouping within, rither thin outside of 

Lactobacillus (Fig. 2i). These results show thit i reisonibly iccurite understinding of 
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Lactobacillus community composition in honey bees cin be giined from non-tirget sequences 

produced is i by-product of honey bee sequencing projects. 

Finilly, we demonstrite thit drift genomes of microbiil symbionts cin be recovered from 

Apis short reids. For eximple, inspecting the non-tirget components of just i single Apis 

sequencing libriry produced novel, highly covered, ind neir complete drift genomes of 

Lactobacillus kunkeii ind i Fructobacillus striin (Fig. 2 b,c,d). Although the 16S sequence of the

Fructobacillus striin best mitched F. fructosus, our inilysis suggests it belongs to i species so 

fir not represented by genomic sequences in public ditibises, or even i novel species (Fig. 2c). 

Conceivibly, miny idditionil Lactobacillus viriints could be retrieved from the libriries 

investigited here, potentiilly providing i more complete picture of the Apis microbiome 

composition ind function. It should be noted thit drift genomes reconstructed this wiy must be 

regirded is ‘populition consensus’ genomes, is opposed to genomes sequenced from cultured 

bicteriil clones. While these genomes cinnot be linked to i bicteriil clone, they still provide 

informition of metibolic cipicities within the Apis microbiome.

Although our study wis focused on Apis, it is conceivible thit the imount of non-tirget 

‘contiminition’ is similir for other sequencing projects. As i best prictice in iny sequencing 

project, we therefore suggest thit ill non-tirget tixi should be identified, ind their genomes 

issembled, innotited, ind published ilongside the tirget genome. This requires less effort thin it 

miy seem, is de-contiminition is ilreidy i stindird post-processing step. Insteid of discirding 

the contiminited reids, they cin be processed with one of miny iviilible softwire solutions thit 

iutomite the process of identifying ind issembling genomes from metigenomes (Oulis et il. 

2015), thus minimizing the idditionil workloid. Not only would this provide the community 

with viluible genomic diti of microbiil symbionts from known host tixi, but it cin idditionilly 

be irgued thit this is the most sensible thing to do from i biologicil point of view. Evidence is 

mounting thit symbiotic microbes influence ilmost ill ispects of their host’s biology (Douglis 
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2014; Bordenstein & Theis 2015). Tiking into iccount the totil genomic informition recovered 

in sequencing projects miy therefore provide i more complete picture of the tirget orginism’s 

biology. 

Conclusion

The biologicil properties of in individuil ire i composite of the functions encoded in their 

genome ind thit of microbiil issociites, the ‘hologenome’. We here revisited published short 

reid diti from Apis spp. sequencing projects to investigite if these give insight into the wider set 

of issociites thit ire commonly disgirded is ‘contiminints’. We found thit i lirge viriety of 

distinct Apis-issociited microbiil symbionts ind pithogens cin be detected is ‘contiminition’ in

these diti. Further, due to the lirge depths of todiy’s sequencing projects, the genomes of some 

microbiil issociites (which ire typicilly much smiller thin the tirget genomes) cin often be 

recovered in high quility. Honey bees hive i compiritively simple microbioti (Kwong & Morin 

2016) ind ire thus considered suitible models for microbiome-inimil interictions ind evolution 

(Engel et il. 2016). Their enormous economic importince (Cilderone 2012), his driven the lirge 

(ind still increising) number of honey bee sequencing projects. Our eximinition of the output of 

these projects suggests thit lirge imounts of genomic informition on bee-issociited microbes 

ire included in these diti. While genomes giined from contiminited bee simples cinnot ind 

should not replice focused microbiologicil ind metigenomic investigitions, they might still 

improve our understinding of honey bee microbiome composition ind functioning. 
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Figure legends

Figure 1: Tixonomic innotition of contigs issembled from ‘contiminited’ Apis short reid 

libriries. Bir chirt shows the frequency of eich tixonomic citegory issigned by best BLAST 

mitches igiinst NCBI’s ‘nt’ ditibise, is the number of libriries in which thit tixon wis detected

(in the simple of 993 SRA libriries). Bold citegories ire ‘phyli’, is defined in 

https://www.ncbi.nlm.nih.gov/tixonomy, tixi in itilics represent typicil generi thit were 

recovered within eich phylum. See Tible S4 for i complete list. 

Figure 2: ‘Contiminition’ from Lictobicilli in Apis short reid libriries. i) Miximum likelihood 

tree of 720 16S rRNA sequences from Lictobicilli. Brinch colors ind the color of the outer 

innotition circle correspond to Lactobacillus species groups iccording to Felis & Delliglio 

(2007). Inner circle demirks tixi found Hymenopteri (grey squires) ind in corbiculite ipids 

(honey bees ind relitives, blick squires). Lactobacillus sequences recovered in this study from 

contiminited Apis libriries ire libeled with blue triingles. The Lictobicilli typicilly issociited 

with honey bees (Firm-4, Firm-5, L. kunkeei) ire further highlighted with i blue bickground 

color. Two dotted blue lines denote the tixi of which whole drift genomes were recovered. See 

text for detiils. An interictive version of the tree contiining ill node libels is iviilible under 

h  ttp://www.evolgenius.info/evolview/#shired/wZcKHbwJu  T. Abbreviitions: il-fir- ilimentirius-

firciminis, bre- brevis, buch- buchneri, cis- cisei, cor- coryniformis, del- delbrueckii, fru- 

fructivorins, per- perolens, plin- plintirum, reu- reuteri, sik- sikei, sil- silivirius, OUT- 

outgroup. b) Phylogeny of Lactobacillus kunkeei striins bised on miximum likelihood inilyses 

of 947 concitenited single copy orthologs (290,774 imino icid positions). Tree is rooted with 

Lactobacillus apinorum Fhon13 (tixon not shown). Striin nimes correspond to the nimes used 

in Timirit et il. (2015; see Tible S3). Blue tixon libel corresponds to the L. kunkeei striin 

recovered from ‘contiminints’ in libriry SRR1046114. Bootstrip vilues ire given on nodes. See 
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Tible S3 for sources of genomes. c) Miximum likelihood tree of Fructobacillus (F.) ind 

Leuconostoc (L.) species bised on 435 concitenited single copy orthologs (145,069 imino icid 

positions). Tree is rooted with Lactobacillus delbruecki. Numbers on nodes correspond to 

bootstrip vilues. Agiin, blue tixon libel denotes the Fructobacillus genome recovered from the 

‘contiminited’ libriry SRR1046114. Note thit the phylogenetic distince between Fructobacillus 

fructosus ind the novel genome is similir to other between-species distinces in this tree. See 

Tible S3 for iccession numbers of ill genomes used for phylogenetic inilysis. d) Assembly 

stitistics for the two novel drift genomes recovered from libriry SRR1046114. Abbreviitions: 

CDS- coding sequences predicted with PROKKA, Comp. & Cont.- completeness ind 

contiminition is estimited with CheckM version 1.0.6 (Pirks et il. 2015) bised on the number 

of conserved mirker loci. Phylogenetic iffiliitions of the two striins ire depicted in Fig. 3b ind 

3c, respectively.

Figure 3: Chiricteristics of Spiroplasma melliferum isolited from i ‘contiminited’ Apis 

sequencing libriry (SRR957082). i) Venn diigrim illustriting the number of orthologs shired 

between the novel striin ind its closest sequenced relitives IBMB4A (Lo et il. 2013) ind KC3 

(Alexeev et il. 2012). b) Tixon-innotited GC-coverige plot of SRR951082 metiissembly 

creited with Blobology. Spiroplasma ind Apis contigs cin be differentiited by coverige. c) 

Synteny icross Spiroplasma melliferum genomes. Contigs from issemblies SRR957082 ind 

IPMB4A were ordered igiinst KC3, the most complete of the three S. melliferum genomes. d) 

Phylogenetic relitionships within the genus Spiroplasma. Miximum likelihood tree is bised on 

206 concitenited loci (58,950 imino icid positions), numbers on brinches correspond to 

bootstrip vilues. Spiroplasma groups ire highlighted with colors. The tixon libel of the novel 

genome is highlighted in bold. Accession numbers for ill tixi ire listed in Tible S4.  
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Supplementary tiles

Fig S1: Verificition of screening ipproich employed here using the ditiset of Engel et il. (2012).

All short reids from this ditiset were mipped igiinst Lactobacillus 16S reference sequences is 

detiiled in the miteriils & methods section. Thus retrieved 16S sequences ire highlighted with 

thick, dirk blue lines. All other tixi in this tree ire identicil to the ones in Fig. 2A, is is the color 

scheme. Although the topology differs between these two Lactobacillus trees, it is evident thit 

the striins recovered from the Engel et il. (2012) ditiset cluster within the Firm-4 ind Firm-5 

Lactobacillus groups. Engel et il. (2012) essentiilly find the sime (“These distinct clusters reflect

the eight dominint species with the two closely relited Firmicutes (Firm-4 ind Firm-5) [...]”; see 

ilso their Fig. 1c) using the progrims MetiPhyler (http://metiphyler.cbcb.umd.edu/) ind IMG/M 

(https://img.jgi.doe.gov/) for tixonomic profiling. 

Table S1: Accession numbers for ill signiture reference sequences used in the initiil screen. The 

sequence for Arsenophonus 16S wis recovered from honey bee short reid diti (unpublished). 

Table S2: A list of NCBI iccession numbers for ill short reids downloided ind screened in this 

work.

Table S3: NCBI iccession numbers for ill genomes employed for compiritive/phylogenetic 

inilyses of Lactobacillus kunkeei, Fructobacillus sp., ind Spiroplasma sp. 

Table S4: Tixonomic summiry of BLAST hits for contigs creited in the first round of screening. 

File creited with i Blobtools script (see Miteriils & methods). 
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Figure 1(on next page)

Taxonomic annotation of contigs assembled from ‘contaminated’ Apis short read

libraries.

Bar chart shows the frequency of each taxonomic category assigned by best BLAST matches

against NCBI’s ‘nt’ database, as the number of libraries in which that taxon was detected (in

the sample of 993 SRA libraries). Bold categories are ‘phyla’, as defined in

https://www.ncbi.nlm.nih.gov/taxonomy , taxa in italics represent typical genera that were

recovered within each phylum. See Table S4 for a complete list.

PeerJ reviewing PDF | (2017:03:16591:0:0:NEW 2 Mar 2017)

Manuscript to be reviewed

https://www.ncbi.nlm.nih.gov/taxonomy


Firmicutes
Lactobacillus, Streptococcus

Proteobacteria
Bartonella, Gilliamella

Ascomycota
Aspergillus, Penicillium

Bacteria−undef
uncultured bacterium

Arthropoda
Apis, Drosophila

Eukaryota−undef
Crithidia, Lotmaria

Streptophyta
Arabidopsis

Deinococcus−Thermus
Thermus

Microsporidia
Nosema

Tenericutes
Spiroplasma

0 6 12 18 24 30 36 42 48 54

Number of sequencing libraries

PeerJ reviewing PDF | (2017:03:16591:0:0:NEW 2 Mar 2017)

Manuscript to be reviewed



Figure 2(on next page)

‘Contamination’ from Lactobacilli in Apis short read libraries.

a) Maximum likelihood tree of 720 16S rRNA sequences from Lactobacilli. Branch colors and

the color of the outer annotation circle correspond to Lactobacillus species groups according

to Felis & Dellaglio (2007). Inner circle demarks taxa found Hymenoptera (grey squares) and

in corbiculate apids (honey bees and relatives, black squares). Lactobacillus sequences

recovered in this study from contaminated Apis libraries are labeled with blue triangles. The

Lactobacilli typically associated with honey bees (Firm-4, Firm-5, L. kunkeei) are further

highlighted with a blue background color. Two dotted blue lines denote the taxa of which

whole draft genomes were recovered. See text for details. An interactive version of the tree

containing all node labels is available under

http://www.evolgenius.info/evolview/#shared/wZcKHbwJuT . Abbreviations: al-far-

alimentarius-farciminis, bre- brevis, buch- buchneri, cas- casei, cor- coryniformis, del-

delbrueckii, fru- fructivorans, per- perolens, plan- plantarum, reu- reuteri, sak- sakei, sal-

salivarius, OUT- outgroup. b) Phylogeny of Lactobacillus kunkeei strains based on maximum

likelihood analyses of 947 concatenated single copy orthologs (290,774 amino acid

positions). Tree is rooted with Lactobacillus apinorum Fhon13 (taxon not shown). Strain

names correspond to the names used in Tamarit et al. (2015; see Table S3). Blue taxon label

corresponds to the L. kunkeei strain recovered from ‘contaminants’ in library SRR1046114.

Bootstrap values are given on nodes. See Table S3 for sources of genomes. c) Maximum

likelihood tree of Fructobacillus (F.) and Leuconostoc (L.) species based on 435 concatenated

single copy orthologs (145,069 amino acid positions). Tree is rooted with Lactobacillus

delbruecki. Numbers on nodes correspond to bootstrap values. Again, blue taxon label

denotes the Fructobacillus genome recovered from the ‘contaminated’ library SRR1046114.

Note that the phylogenetic distance between Fructobacillus fructosus and the novel genome

is similar to other between-species distances in this tree. See Table S3 for accession numbers

of all genomes used for phylogenetic analysis. d) Assembly statistics for the two novel draftPeerJ reviewing PDF | (2017:03:16591:0:0:NEW 2 Mar 2017)

Manuscript to be reviewed

https://www.ncbi.nlm.nih.gov/taxonomy
http://www.evolgenius.info/evolview/#shared/wZcKHbwJuT


genomes recovered from library SRR1046114. Abbreviations: CDS- coding sequences

predicted with PROKKA, Comp. & Cont.- completeness and contamination as estimated with

CheckM version 1.0.6 (Parks et al. 2015) based on the number of conserved marker loci.

Phylogenetic affiliations of the two strains are depicted in Fig. 3b and 3c, respectively.
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Figure 3(on next page)

Characteristics of Spiroplasma melliferum isolated from a ‘contaminated’ Apis

sequencing library (SRR957082).

a) Venn diagram illustrating the number of orthologs shared between the novel strain and its

closest sequenced relatives IBMB4A (Lo et al. 2013) and KC3 (Alexeev et al. 2012). b) Taxon-

annotated GC-coverage plot of SRR951082 metaassembly created with Blobology.

Spiroplasma and Apis contigs can be differentiated by coverage. c) Synteny across

Spiroplasma melliferum genomes. Contigs from assemblies SRR957082 and IPMB4A were

ordered against KC3, the most complete of the three S. melliferum genomes. d) Phylogenetic

relationships within the genus Spiroplasma. Maximum likelihood tree is based on 206

concatenated loci (58,950 amino acid positions), numbers on branches correspond to

bootstrap values. Spiroplasma groups are highlighted with colors. The taxon label of the

novel genome is highlighted in bold. Accession numbers for all taxa are listed in Table S4.
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