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Abstract Fish eggs are associated with microbes, whose

roles range frommutualism to parasitism. Recent laboratory

experiments have shown that the taxonomic composition of

associated microbial communities on the egg influences

embryonic development. Host genetics also plays an im-

portant role in determining the consequences for embryonic

growth and survival in this interaction.Moreover, it has been

found that the importance of host genetics increases during

embryogenesis. These findings suggest that during em-

bryogenesis, the host increasingly influences the composi-

tion of its associatedmicrobial community. However, little is

known about the composition of microbial communities

associated with naturally spawned eggs in the wild. We

sampled fertilized whitefish eggs (Coregonus spp.) of dif-

ferent developmental stages from six sub-Alpine lakes and

used a universal primer pair and 454 pyrosequencing in order

to describe the taxonomic composition of egg-associated

bacterial communities. We found bacterial communities on

early embryos to be very diverse and to resemble the bac-

terial composition of the surrounding water environment.

The bacterial communities on late embryos were sig-

nificantly less diverse than on early embryos and displayed a

clear shift in taxonomic composition that corresponded

poorly with the bacterial composition of the surrounding

water environment. The main bacterial components on

whitefish eggs in this study were Proteobacteria, Acti-

nobacteria, and Firmicutes, while the five most common

families were Leuconostocaceae, Streptococcaceae, Co-

mamonadaceae, Oxalobacteraceae and Moraxellaceae.

Their putative relationships with the host are discussed. We

conclude that natural symbiotic bacterial communities be-

come more specialized during embryogenesis because of

specific interactions with their embryo host.
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Introduction

Animals and plants are associated with microbes that

typically outnumber host cells (Douglas 1994; Rosenberg

et al. 2007). Various kinds of interactions between the host

and its associated microbes are possible (Casadevall and

Pirofski 2000), including: (i) commensalistic microbes that

profit from their host while not harming it (Hooper and

Gordon 2001), (ii) mutualistic symbionts where both host

and microbes profit from the association with each other

(Casadevall and Pirofski 2000), (iii) opportunistic microbes

where commensalistic ormutualistic symbionts can turn into

pathogens and harm the host depending on environmental

conditions and the host’s immune defense, and (iv) patho-

genic microbes that harm the host and lead to infectious

diseases (Casadevall and Pirofski 1999). Host-associated

microbiota can therefore play important roles in the growth,

development, and phenotypic adaptation of their hosts (Wisz

et al. 2013). Various types of animals have been used to study
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symbiotic interactions in thewild, such as insects (Dillon and

Dillon 2004; Vasanthakumar et al. 2008), mice (Mus mus-

culus) (Schloss et al. 2012; Pantoja-Feliciano et al. 2013),

and cattle (Bos primigenius) (Hooper et al. 2002). These

studies provided important insights into various biological

contexts, including, for example, host invasion (Schloss et al.

2012; Pantoja-Feliciano et al. 2013), the evolution of new

traits (Ley et al. 2008), speciation (Sevellec et al. 2014),

biocatalyzation processes for biomass deconstruction, and

pest management (Dillon and Dillon 2004; Shi et al. 2010).

Here, we focus on a question that has received comparatively

little attention, namely whether and how early host devel-

opment affects the composition of associated bacterial

communities under natural conditions. We used naturally

spawned whitefish eggs (Coregonus spp.) of different origin

and different developmental stages as our model.

Metagenomics is the study of genetic material recovered

directly from environmental samples (Schloss and Handels-

man 2005). Traditionally, molecular approaches such as de-

naturing gradient gel electrophoresis (DGGE), restriction

fragment length polymorphism (RFLP) and fluorescence

in situ hybridization (FISH) have been applied in metage-

nomic studies to investigate the general composition, diver-

sity and dynamics of symbiotic microbiota (Shi et al. 2010).

The field of metagenomics benefited from recent develop-

ments in next-generation sequencing techniques and ad-

vances in bioinformatics approaches (Xu 2006). Methods are

now available that allow characterizing very high numbers of

bacteria simultaneously and thereby greatly advancing the

study of microbial communities and their interactions, in-

cluding non-culturable microbes (Schloss and Handelsman

2005). Next-generation sequencing techniques no longer

limit the number of characterized host-associated microbes

and can be used to estimate relative abundances of different

taxa (Lozupone and Knight 2005). This approach has been

used, for example, to describe patterns of microbial com-

munity composition on different substrates (Lauber et al.

2009) or different host species (Ley et al. 2008; Johnson et al.

2012; Brucker and Bordenstein 2013). Microbial communi-

ties turned out to be unexpectedly diverse, even on a micro-

scale, e.g., on different body parts of the same host (e.g., Ley

et al. 2008; Fierer et al. 2010; Salonen et al. 2010; Ravel et al.

2011). Bacterial symbionts often seem to co-diversify with

their hosts (Nicholson et al. 2012). On fish, metagenomic

characterizations ofmicrobial communities in guts (Mouchet

et al. 2012; Ye et al. 2013), on skin (Larsen et al. 2013), or on

kidneys (Boutin et al. 2012; Sevellec et al. 2014) have been

used in the study of piscine taxonomic relationships.

Whitefish (Coregonus spp.) are typically keystone spe-

cies in their respective freshwater ecosystems and can be of

significant economic value (Nusslé et al. 2009). Despite the

relative simplicity with which salmonid eggs can be studied

under controlled laboratory conditions (Finn 2007;

Wedekind et al. 2007; von Siebenthal et al. 2009), existing

understanding of their associated microbial communities

has been patchy at best. The chorion of fish eggs (i.e., the

acellular coat surrounding the mature egg) has been shown

to represent a substrate where bacteria thrive (Wedekind

2002; Treasurer et al. 2005; Wedekind et al. 2010). Eggs of

many fishes, including whitefish, are spawned over some

type of substrate to remain there immobile and in principle

open for colonization by microbes. However, typically they

are equipped with general antimicrobial compounds that the

mother allocated to the eggs before spawning (Hanif et al.

2004; Løvoll et al. 2006; Finn 2007). Sensitive life-history

responses of the host to changes in its symbiotic microbial

community composition have been revealed during specific

experimental exposure of whitefish embryos to Pseu-

domonas fluorescens (von Siebenthal et al. 2009; Clark

et al. 2014) and Saprolegnia ferax (Clark and Wedekind

2011), as well as during non-specific experimental changes

of microbial communities on whitefish eggs at varying

nutrient broth concentrations (Wedekind et al. 2010). These

life-history responses include changes in hatching time

(Clark and Wedekind 2011; Clark et al. 2013), growth and

survival (Clark et al. 2014). Some of the effects of host

genetics could be linked to the embryo’s MHC (major

histocompatibility complex), i.e., its allelic diversity

(Wedekind et al. 2004) and its expression patterns (Clark

et al. 2013). While maternal effects are important during

early developmental stages of the embryo, there is a tran-

sition to the importance of paternal effects during later

stages of development (Clark et al. 2014). This transition

reveals the increasing importance of the embryo’s own

genetics because paternal effects in species with external

fertilization and without parental care (such as whitefish)

can only be genetic (Aykanat et al. 2012).

We sampled naturally fertilized whitefish eggs from

different sub-Alpine lakes to compare bacterial communi-

ties and to test for effects of host developmental stage on

bacterial community composition in the wild. In order to

characterize bacterial communities, a highly informative

gene segment of the 16S rRNA gene was used. The 16S

rRNA is a component of the 30S small subunit of

prokaryotic ribosomes (Amann and Ludwig 2000). The

genes coding for it are referred to as 16S rDNA and are used

for phylogenetic studies of bacteria, as they provide highly

conserved primer binding sites and hyper-variable regions

that provide species-specific signature sequences (Huse

et al. 2008). Standard databases exist for the classification

and identification of 16S rDNA genes (Cole et al. 2005). To

control for environmental effects on bacterial community

composition and to separate them from specific host effects,

we used water samples collected simultaneously with egg

samples. Freshwater microbial community composition has

been shown to vary with environmental factors such as
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temperature, pH, or environmental stability (Martin et al.

2012; Shade et al. 2012). Applying the statistical procedure

of re-sampling with replacement, we investigated whether

fish egg samples are associated with bacterial species that

represent a random sample of the bacterial species found in

the surrounding water or whether there were specific host

effects shaping their associated bacterial communities. For

this statistical procedure, bacterial sequences were sampled

with replacement from the water samples in our dataset in

order to simulate bacterial communities of fish egg samples.

These simulated communities were then compared to the

observed egg-associated bacterial communities.

Material and methods

Sample acquisition

Naturally spawned whitefish eggs (Coregonus spp.) were

collected from Lake Geneva, Lake Neuchâtel, Lake Biel,

Lake Thun, Lake Lucerne, and Lake Hallwyl (all sub-

Alpine lakes of Switzerland; Fig. 1) at depths of 3–12 m by

scuba diving. They were sampled during the spawning

seasons of the respective whitefish populations

(13.12.2010–27.12.2010) and some weeks later

(11.1.2011–28.2.2011) in order to obtain early embryos

(blastoderm visible atop the yolk and oil droplets) and late

embryos (late-eyed stage, i.e., developmental stages 3 and

6 in Luczynski and Kirklewska (1984), (Table 1; Fig. 1).

At Lake Geneva, Lake Neuchâtel and Lake Biel, only dead

eggs could be found at the second time point. Dead eggs

were not used for further analysis. At Lake Hallwyl, eggs

were not collected by scuba diving, but rather with a

dredge as in Müller and Stadelmann (2004); therefore, only

eggs at the late stage were sampled.

After collection, eggs were immediately rinsedwith 2 L of

autoclaved andfiltered (0.2 lm,Millipore, Zug, Switzerland)

water. Developmental stage was determined on a sterile glass

slide under a field light microscope (Motic Microscopes

1820, Wetzlar, Germany). Eggs were then frozen in liquid

nitrogen and later stored at-80 �C without a storage buffer.

For all but one sampling event (Table 1), 1.5 L water was

Fig. 1 Metagenomic sampling

a Water and whitefish egg

sampling locations within

Switzerland (1 Lake Lucerne, 2

Lake Thun, 3 Lake Biel, 4 Lake

Neuchâtel, 5 Lake Geneva, 6

Lake Hallwyl). Fertilized

whitefish eggs were sampled at

b ‘early stage’ = blastoderm

visible atop the oil droplets, or

c ‘late stage’ = late-eyed stage
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collected in a sterile glass bottle, as close as possible to the

location where eggs had been found. This water was filtered

(0.2 lm, Millipore, Zug, Switzerland), and the filters were

stored at -80 �C (without storage buffer).

Molecular genetic analyses

Thirty-two eggs per spawning location, i.e., 256 eggs in total,

were randomly sampled for individual DNA extraction for

each time point (Table 1). Each egg was homogenized in a

2-mL Eppendorf tube (Sarstedt, Nümbrecht, Germany) in

1.6 mL of buffer ASL (Qiagen, Hombrechtikon, Switzer-

land) with a mixer mill (MM300; Retsch, Düsseldorf, Ger-

many) for 2 9 30 s using six tungsten beads (3 mm,Qiagen),

five silica beads (1.5 mm, Qiagen), and 0.4 g silica powder

(0.2 mm, Qiagen). The homogenate was heated to 95 �C for

5 min, then vortexed again for 15 s and centrifuged at

13,000 rpm for 1 min. An InhibitEX� tablet (Qiagen) was

added to each supernatant in order to digest DNA extraction

inhibitors (lipids and proteins from the egg); then, the sample

was centrifuged again at 13,000 rpm for 3 min. The new

supernatant was treated with 25 lL proteinase K (50 lg/ml,

Qiagen) per sample and incubated at 70 �C for 10 min. This

mix was purified with absolute ethanol and subjected to the

QIAamp DNA micro kit (Qiagen) following the

manufacturer’s protocol. DNA was eluted in 10 lL of

DNase-free water (Millipore, Zug, Switzerland). The same

protocol was used for water filters, with the extra step of

adding carrier RNA (supplied in the kit).

PCR was performed with a bacterial-specific primer

pair, 27F and 338R (Hamady et al. 2008) that amplifies a

311-bp (base pairs) fragment of the V1-V2 hypervariable

region of bacterial 16S rRNA. These primers have widely

been used in metagenomic studies and therefore were

chosen in an attempt to make our study comparable to other

microbial characterizations of different habitats. The 338R

primer included a unique 10-bp sequence tag to barcode

each sample (Table 1). The barcodes had been tested in

silico and empirically to show that they do not bias am-

plification (Hamady et al. 2008; Berry et al. 2011). Thirty-

two individual bacterial DNA extractions were pooled for

every time point and location, resulting in eight PCR re-

actions for egg samples, seven PCR reactions for water

samples, and one PCR reaction for the negative control

using all reagents except the DNA extraction (Table 1).

Each PCR was performed in a total volume of 25 lL

consisting of 1–50 ng bacterial genomic DNA, 2.5 lL of

109 PCR buffer, 400 lM of each dNTP, 2.5 mM of

MgCl2, 0.6 lM of each primer, and 0.625 U of Taq poly-

merase (Life Technologies, Zug, Switzerland). The thermal

profile was modified from that of Berry et al. (2011) and

consisted of a two-step PCR. Step I with primer pair 27F

and 338R (without tags): 3 min at 94 �C; 25 cycles of

94 �C for 30 s, 56 �C for 30 s, 72 �C for 30 s, and a final

extension at 72 �C for 10 min. Step II: 1 lL of the product

of step I, 2.5 lL of 109 PCR buffer, 400 lM of each

dNTP, 2.5 mM of MgCl2, 0.6 lM of the primers 27F and

individually tagged 338R (Table 1), and 0.625 U of Taq

polymerase (Life Technologies) in a total volume of 50 lL

(1:50 dilution). The following conditions were used for

step II: 3 min at 94 �C, 5 cycles of 94 �C for 30 s, 56 �C

for 30 s, 72 �C for 30 s, and a final extension at 72 �C for

10 min. Amplified products were purified with the

Wizard� SV Gel and PCR Clean-Up System (Promega,

Dübendorf, Switzerland). For every sample, five PCR re-

actions were pooled from PCR step I into PCR step II to

avoid amplification bias (Berry et al. 2011).

Cleaned PCR products were run on an agarose gel

(1.5 %, 100 V, 45 min), cut out, purified, and quantified

using a Qubit � 2.0 Fluorometer (Life Technologies) and

on a bioanalyzer using the DNA 1000 kit (Agilent, Morges,

Switzerland). Equimolar PCR reactions of 15 ng/lL DNA

were pooled in equimolar amounts in a 10 mM Tris–HCl

buffer at pH 8.5 and sent for 454 pyrosequencing (Mi-

crosynth, Balgach, Switzerland) on a Genome Sequencer

FLX System (Roche, Basel, Switzerland).

Prior to 454 pyrosequencing, 10 randomly selected

samples (all egg samples and two water samples from Lake

Table 1 Locations for sampling of water and naturally spawned eggs

used for 454 pyrosequencing

Locationa GPS

coordinates

Date and

embryonic

stageb

Depth

(m)

Barcodec

Lake Lucerne 47�01043.0800 21.12.10 3 TGTACTACTC

Coregonus suidteri 8�24047.6200 (Early) TAGAGACGAG

Lake Lucerne 47�01043.0800 14.01.11 3 TCGTCGCTCG

C. suidteri 8�24047.6200 (Late) TGGTCGCTCG

Lake Thun 46�41005.5700 13.12.10 5 TCTACGTAGC

C. fatioi 7�44052.2400 (Early) CGTAGACTAG

Lake Thun 46�41005.5700 11.01.11 5 TACTGAGCTA

C. fatioi 7�44052.2400 (Late) ACATACGCGT

Lake Biel 47�04037.2000 22.12.10 4 ATACGACGTA

C. palaea 7�08040.1300 (Early) TACTCTCGTG

Lake Neuchâteld 46�50010.0800 11.12.10 3 TCACGTACTA

C. palaea 6�42014.1500 (Early) –d

Lake Léman 46�30032.4400 27.12.10 3 CGTCTAGTAC

C. palaea 6�32059,4100 (Early) TACGAGTATG

Lake Hallwyl 47�17003.9500 28.02.11 12 CGAGAGATAC

C. suidteri 8�13038.0600 (Late) ACTGTACAGT

a Species names according to Kottelat and Freyhof (2007)
b Developmental stage of the embryo was either early (Fig. 1b) or late

(Fig. 1c)
c Barcode for individual tagging of bacterial communities during 454

pyrosequencing: barcode of fish egg sample followed by barcode of

corresponding water sample
d No water sample
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Lucerne) were cloned to confirm the amplification of only

bacterial 16S sequences and to ensure the incorporation of

the 10-bp sequence tag and adaptor sequences to the primer

pair 27F and 338R. Cloning was performed with the TOPO

TA Cloning� Kit (Life Technologies) using the pCR�2.1-

TOPO vector and One Shot �TOP10 chemically competent

cells. Twenty positive clones per individual were selected

and amplified with M13 forward and reverse primers (Life

Technologies) with the following amplification profile:

94 �C for 2 min, followed by 33 cycles of 94 �C for 15 s,

54 �C for 15 s, 72 �C for 15 s, and a final 10 min extension

at 72 �C. Reactions were performed in a total volume of

15 lL and contained: 10 lM of each primer, 1.5 lL of

109 PCR buffer, 0.5 lM of each dNTP, 0.08 lL Taq DNA

polymerase, 10 ng of cloned DNA, and water. Blank PCR

reactions were included as controls. Amplified products

were purified with the Wizard� SV Gel and PCR Clean-Up

System (Promega) and sequenced in the reverse direction

with M13 on an ABI Prism 3100 genetic analyzer (Applied

Biosystems, Life Technologies).

Quality control

All steps of the 454 pyrosequencing data quality control

were done in the QIIME framework (Caporaso et al.

2010b). Raw reads were split based on their 10-bp barcode.

Forward and reverse primers were removed, and sequences

produced by sequencing errors were filtered out (Pantoja-

Feliciano et al. 2013). To pass, a sequence read needed to:

(i) have a perfect match to the barcode and the 16S rRNA

primer, (ii) be at least 300-bp long, (iii) have no more than

two undetermined bases, and (iv) have at least a 60 %

match to a 16S rRNA gene sequence from the Greengenes

database (Ong et al. 2013). The resulting clean reads were

screened for chimeras using the UCHIME algorithm

(Edgar 2010). As a last step of quality control, all se-

quences were removed that had been detected in the blank

control sample of only beads and buffers. All resulting

reads (Table 2, Supplementary Tables S1 and S2) were

used for further analysis.

Bacterial community comparison

For statistical analysis of bacterial communities, op-

erational taxonomic units (OTUs) were defined using

Usearch algorithm 5.2.236 (Edgar 2010). This algorithm

assigns similar sequences to OTUs by clustering them

based on a user-defined similarity threshold [sequence

similarity was set to 0.97, roughly corresponding to spe-

cies-level OTUs (Hughes et al. 2002)]. In every OTU

cluster, the most abundant sequence was chosen and then

assigned to a reference using an open reference BLAST

search (Lan et al. 2012) with RDP classifier 2.2 (Wang

et al. 2007) and Greengenes reference database version

Table 2 Number of barcoded bacterial DNA sequences before and after quality control

Location Sampling timea Type of sample Reads (454) Denoising Bead-filtering OTUs

Lake Biel Early Embryo 6798 6283 5911 714

Lake Biel Early Water 6996 6396 6198 489

Lake Geneva Early Embryo 6287 5855 5467 725

Lake Geneva Early Water 6824 6285 6083 476

Lake Hallwyl Late Embryo 4301 3991 3939 160

Lake Hallwyl Late Water 7199 6672 6590 336

Lake Lucerne Early Embryo 6289 5798 5540 789

Lake Lucerne Early Water 5758 5270 5097 345

Lake Lucerne Late Embryo 6514 6092 5783 532

Lake Lucerne Late Water 3719 3396 3343 340

Lake Neuchâtel Early Embryo 4919 4474 4141 726

Lake Thun Early Embryo 5608 5246 5133 892

Lake Thun Early Water 5028 4653 4592 288

Lake Thun Late Embryo 6070 5671 5295 608

Lake Thun Late Water 4137 3712 3652 286

Beads only 5260 4837 0 (16)b 0

‘Denoising’ gives the number of reads after exclusion of PCR-artifacts and chimeras, while ‘Bead-Filtering’ gives the number of reads remaining

after filtering out all DNA sequences that had been found in the negative control sample. The number of different Operational Taxonomic Units

‘OTUs’ is given that were assigned by RDP classifier 2.2 (Wang et al. 2007) and the Greengenes reference database version 12.10 (McDonald

et al. 2012)
a State of embryonic development at time of sampling
b 16 different OTUs were found in the negative control, they were filtered out in all other samples
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12.10 (McDonald et al. 2012). This approach enables the

identification of previously undescribed bacterial se-

quences in a dataset.

The following alpha diversity measures for each sample

were calculated: ACE, Chao1, Fisher’s Diversity Index,

Inverse Simpson Diversity Index, number of observed

species, phylogenetic distance, Shannon Diversity Index,

and Simpson Diversity Index (Gotelli and Chao 2013).

Alpha diversities were visualized using rarefaction curves

and boxplots. Only rarefied measures, i.e., diversity mea-

sures reaching saturation, were used for downstream ana-

lysis, as sampling effort can have a great influence on the

values (Hill et al. 2003).

Types of bacterial communities were compared based

on their alpha diversity matrices and on phylogenetic as-

signments. UniFrac distances (Lozupone and Knight 2005;

Lozupone et al. 2011) were calculated to depict differences

among samples (Legendre and Anderson 1999; Anderson

and Willis 2003). UniFrac quantifies the fraction of unique

branch lengths against the total branch length between

pairs of communities from a common phylogenetic den-

drogram, giving an estimate of the phylogenetic distance

between those communities (Lozupone and Knight 2005).

To build a phylogenetic dendrogram, OTUs were aligned

using the PyNAST algorithm (Caporaso et al. 2010a), and a

phylogenetic tree was built using FastTree (Price et al.

2008, using default parameters). Quantitative measures

(weighted UniFrac) are ideally suited for revealing com-

munity differences that are due to changes in relative taxon

abundance, e.g., when a particular set of taxa flourish, e.g.,

because a limiting nutrient source becomes abundant

(Lozupone and Knight 2007). Qualitative measures (un-

weighted UniFrac) are most informative when communi-

ties differ primarily by what species can live in them, e.g.,

at high temperatures, in part because abundance informa-

tion can obscure significant patterns of variation in which

taxa are present or absent. Accordingly, unweighted Uni-

Frac distances were applied for the downstream analysis

using only OTUs’ presence or absence information.

Analyses of variance were performed in the R environ-

ment version 3.0.1 (2011) in order to investigate the effect of

developmental stage on bacterial composition on eggs, using

the ‘vegan’ package (Oksanen et al. 2013) with ‘adonis’

(Anderson 2001; McArdle and Anderson 2001) and ‘ANO-

SIM’ (Warton et al. 2012). These analyses of variance

methods are non-parametric, but they assume equal vari-

ances among groups of samples (Anderson 2001, 2006;

Warton et al. 2012). The R package ‘Permdisp’ (Anderson

2006) was applied to test for equal variances among groups,

and the R package ‘phyloseq’ (McMurdie and Holmes 2013)

was used to read the output from QIIME into R.

Adonis is a nonparametric statistical method that takes

the UniFrac distance matrix among samples and a

categorical variable that groups the samples to estimate the

percentage of variation (R2) explained by the supplied

categorical variable used for grouping. It creates a set by

first identifying the relevant centroids of each group and

then calculating the squared deviations from these points.

Significance tests are performed using F-tests based on se-

quential sums of squares from permutations of all samples

irrespective of the grouping. ANOSIM is another nonpara-

metric statistical method that tests whether two or more

groups of samples are significantly different from each

other. It differs from adonis in how R2s are calculated

(Fierer et al. 2010). Boxplots were used for a visual com-

parison of UniFrac distances between developmental stages.

Multiple student’s two-sample t-tests of pairwise means

(Hollander and Wolfe 1973) were calculated for all pairs of

boxplots to determine whether means were significantly

different from each other. Within every comparison, a

Bonferroni correction was applied to correct for multiple

testing [number of tests within each comparison = 5: all

within-stage, all between-stage, early stage vs. early stage,

late stage vs. late stage, and early stage vs. late stage, ana-

logous to Costello et al. (2009)]. Conservative non-para-

metric p-values using 999 Monte Carlo permutations of the

raw data are reported instead of parametric p-values from a

t-distribution. The same tests were applied to test whether

the number of unique OTUs was different between bacterial

communities of egg samples at an early stage and bacterial

communities of egg samples at a late stage. Analogous

analyses were applied to water samples to control for en-

vironmental effects on bacterial community composition.

Because the bacterial communities in this study included

numerous OTUs, an exhausting list of the bacterial taxa on

whitefish egg samples and corresponding water samples

was delegated to the Supplementary Material (Table S1). In

order to elaborate on the implications that these bacteria

might have on their host, the ten most common OTUs that

were found on early whitefish embryos only, on late

whitefish embryos only, and at both stages are discussed in

further detail. For this analysis, bacterial sequences needed

to result in an unambiguous match to a reference with RDP

classifier 2.2 and Greengenes reference database version

12.10 at the family, genus or species level. Bacterial se-

quences from the blank control sample of only beads and

buffers were not removed. Information on the ecology of

these bacteria was derived from a search in Web Of

KnowledgeTM v. 5.12 (Thomson Reuters) or according to

Austin and Austin (2007) and Madigan et al. (2010).

Eggs at an early stage had been collected at five loca-

tions, whereas eggs at a late stage had been collected at

only three locations. Tests investigating the effect of

sample size (number of locations) are described in the

Supplementary Material. Permutation tests were used to

test whether bacteria associated with eggs constituted a
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random sample of the bacteria in the surrounding water

environment. Permutation tests were conducted as follows:

One thousand bacterial communities of egg samples were

simulated for each sampling site in order to obtain a density

distribution of its bacterial community composition and

corresponding confidence intervals. For the simulation of

egg-associated bacterial communities, bacterial sequences

were randomly sampled with replacement from the corre-

sponding water sample. The same number of sequences

that had been found in the true egg sample was sampled

from the corresponding water sample to simulate bacterial

communities of an egg sample. This was done 1000 times

for each site and time point. The probability of obtaining

the observed UniFrac distance between bacterial commu-

nities of water and egg samples in the simulations was

calculated. UniFrac distances between bacterial commu-

nities of the respective egg and water sample at a given

location were compared to the simulated mean UniFrac

distances between a given water sample and a simulated

egg sample. Differences in bacterial communities between

whitefish egg samples and corresponding water samples

were also investigated using adonis, ANOSIM, and two-

sample t-tests, analogous to the analyses of effects due to

developmental stage in egg samples and water samples,

respectively. The relationship between bacterial alpha di-

versities of whitefish egg samples and corresponding water

samples using Pearson’s product moment correlations is

reported in the Supplementary Material.

Results

Quality control

Eighty-four percent of the raw bacterial sequence reads

(76,764 of in total 91,707; Table 2) were retained after

different steps of quality control for downstream analysis,

leaving a mean of 5118 (standard deviation = 952) se-

quences per sample that were used further. After search-

ing for sequences against the Greengenes database, a

mean of 513 OTUs (SD = 220) could be assigned to each

sample (Table 2). On whitefish egg samples, 2194 dif-

ferent OTUs could be differentiated (after quality control,

Tables S1). Bacterial sequences that were found in the

negative control are reported in the Supplementary Table

S2. The majority of genera identified on whitefish eggs in

this study were bacteria representing Proteobacteria,

Actinobacteria, and Firmicutes. The five most common

families were Leuconostocaceae, Streptococcaceae, Co-

mamonadaceae, Oxalobacteraceae and Moraxellaceae.

Rarefaction curves for the majority of samples using four

different alpha diversity matrices (Chao1, number of ob-

served species, phylogenetic distance, and Shannon index)

did not approach saturation (Fig. 2), even with nearly

4000 reads. Cloning resulted in 200 sequenced reads of

bacterial origin only. Cloning confirmed that all adaptors

had been correctly incorporated, read and interpreted

(results not shown).

Fig. 2 Rarefaction curves for

alpha diversity measures of

bacterial communities. Rarified

mean alpha diversity (±1 SD)

for bacterial communities on

whitefish eggs at an early stage

(blastoderm visible atop the oil

droplets; thick line) and

whitefish eggs at a late stage

(late-eyed stage; thin line). The

alpha diversities measured are

a Chao 1 index, b number of

observed species,

c phylogenetic distance, and

d Shannon index
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Effect of developmental stage

To test for an effect of early and late developmental stage

on bacterial community composition on egg samples, non-

parametric testing was applied with adonis (p = 0.018,

R2
= 30.1 %) and ANOSIM (p = 0.019, R2

= 69.2 %).

Difference in mean bacterial diversity was visualized using

boxplots (Supplementary Fig. S1a), and tests of significant

pairwise differences among means were performed using a

two-sided Student’s two-sample t test of the two means

(t = 2.9, d.f. = 5, p = 0.018). As a control, the same

analysis was applied to water samples: with adonis

(p = 0.67, R2
= 31.2 %) and ANOSIM (p = 1.0,

R2
= 25.0 %; Supplementary Fig. S1b). Two-sided Stu-

dent’s two-sample t-test of the two means was non-sig-

nificant (t = 0.21, d.f. = 4, nonparametric p = 0.84).

Notably, whitefish eggs at an early stage showed a sig-

nificantly higher alpha diversity of associated bacteria than

whitefish eggs at a late stage consistently across all seven

alpha diversity measures (Fig. 3). This decrease in bacte-

rial diversity is also reflected in the significantly different

number of unique OTUs at the two stages (only early

n = 809, only late n = 175, shared = 750, d.f. = 5,

p\ 0.001; Supplementary Table S3) that did not change

by splitting the data into different subsets of equal sample

size (Supplementary Table S3).

To test whether the assumptions of equal variances for

non-parametric testing with adonis and ANOSIM were

met, Permdisp was applied to the following groupings of

data: Whitefish dataset testing the effect of developmental

stage (F = 0.21, d.f. = 5, p = 0.67) and water samples

testing for an effect of developmental stage (F = 0.68,

d.f. = 4, p = 0.46). There were no deviations from the

assumption of equal variances.

The ten most frequent bacterial OTUs that were found

on whitefish eggs at the early stage only accounted for

23 % of total bacterial sequences within this group

(Fig. 4). Only eight sequences resulted in an unambiguous

match to a reference with RDP classifier 2.2 and Green-

genes reference database version 12.10 at the family, genus

or species level, which accounts for 20.1 % of total bac-

terial sequences within this group. At the late stage, the ten

most frequent bacterial OTUs accounted for 64 % of total

bacteria within this group, and the ten most frequent bac-

terial OTUs that were found at both stages accounted for

35 %. Presumable significance of these most common

bacterial species on whitefish embryos is further discussed

below.

Fig. 3 Alpha diversity

measures of bacterial

communities on different types

of samples. Seven alpha

diversity measures [number of

observed species, Chao 1, ACE,

Shannon diversity index,

Simpson diversity index,

inverse Simpson diversity

index, and Fisher’s diversity

index (Gotelli and Chao 2013)]

were calculated separately for

the bacterial communities on the

two types of hosts

(‘Early’ = blastoderm visible

atop the oil droplets,

‘Late’ = late-eyed stage) and in

the water samples that had been

collected simultaneously with

egg samples (‘W-early’ and ‘W-

late’). The boxes show medians,

quartiles, whiskers and outliers
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Resampling strategy

Water samples had been collected at seven locations si-

multaneously with egg samples (Table 1). Non-parametric

testing was applied to determine whether bacterial com-

munities in the water samples were significantly different

from those on egg samples with adonis (p\ 0.001,

R2
= 44.1 %) and ANOSIM (p\ 0.001, R2

= 96.2 %),

while the assumptions of the two tests were met and

variances between the two groups were not significantly

different from each other (F = 0.65, d.f. = 4, p = 0.77).

The difference in mean bacterial diversity was visualized in

boxplots (Supplementary Fig. S1c), and the tests of sig-

nificant pairwise differences among means were performed

using a two-sided Student’s two-sample t-test of the two

means (t = 15.7, d.f. = 4, p = 0.001). Bacterial commu-

nities on four of the seven egg samples turned out to be

significantly different from those of the corresponding

simulated egg samples using sampling with replacement

from the associated water samples (Table 3). Bacterial

communities on the three egg samples that did reflect a

random sample of bacterial communities in their corre-

sponding water sample were all eggs at an early stage. All

bacterial species of this study are documented in the Sup-

plementary Tables S1 and S2. Alpha diversities of bacteria

from whitefish egg samples were not correlated with alpha

diversities of those from the corresponding water samples

(Chao1: correlation = -0.19, p = 0.59, number of ob-

served species: correlation = -0.37, p = 0.38, phyloge-

netic distance: correlation = -0.094, p = 0.79;

Supplementary Fig. S2).

Discussion

We investigated the diversity of bacterial communities on

naturally spawned whitefish eggs sampled at two different

developmental stages and from six different lakes. We

found a large number of OTUs associated with these eggs

(as listed in the Supplementary Table S1). We also found

that the bacterial diversity significantly decreased over the

course of host development. At an early developmental

stage, bacterial communities on eggs were similar to the

bacterial communities in the surrounding water environ-

ment, whereas at a later stage they constituted a sig-

nificantly different community with fewer bacterial taxa.

This decrease suggests a transition of the egg as substrate

for bacteria from unselective to more selective throughout

the course of embryonic development. Our field study

therefore supports conclusions derived from recent

laboratory experiments (Clark and Wedekind 2011; Clark

et al. 2013, 2014).

Fig. 4 Whitefish egg-

associated bacterial taxa.

Number of operational

taxonomic units (OTUs) that

were found on whitefish eggs at

the early stage only, at the late

stage only, and at both stages.

Ten most abundant bacterial

sequences that matched

unambiguously to a reference

with RDP classifier 2.2 and

Greengenes reference database

(version 12.10) at the family,

genus or species level are listed

for each of these groups,

including their abundance.
aOnly eight bacterial sequences

at the early developmental stage

of whitefish eggs matched

unambiguously to a reference.
b
Mycoplana, Citrobacter, and

Pseudomonas sequences were

also found in the blank control

sample of only beads and

buffers
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Quality control

We performed a stringent quality control including the

exclusion of all the sequences that had been found in the

negative controls. It is likely that we thereby eliminated

not only systematic contaminations in all samples, but

also some true bacterial species collected at the sampling

sites. We nevertheless preferred this conservative ap-

proach because a substantial amount of bacterial se-

quences could be detected in the negative controls. It

may be generally assumed that negative controls do not

amplify anything when there is no band detected during

the electrophoresis of PCR products (Git et al. 2010).

Indeed, we did not notice any bands after PCR ampli-

fication, but found reads in the negative controls after

454 pyrosequencing. Some of these reads seem to rep-

resent bacteria that are typically associated with fresh-

water environments, such as species of the genus

Limnohabitans (Simek et al. 2010) or Leuconostoc

(Arahal et al. 2008). Two of the sequences detected in

the negative controls may even represent known fish

pathogens, Aeromonas spp. (Austin and Austin 2007)

and Carnobacterium spp. (Leisner et al. 2007). However,

it is possible that these reads originated from the back-

ground noise of the 454 pyrosequencing process and did

not represent contaminations in beads and buffers (Xu

2006; Schloss et al. 2011). Background noise sequences

can arise due to the specificity of the primers or in-

complete sequence products and polymerase errors dur-

ing the PCR (von Wintzingerode et al. 1997; Junier et al.

2008; Lighten et al. 2014). 454 pyrosequencing is based

on several steps of PCR amplification. We therefore

decided to filter out all OTUs that could be found in the

negative controls and to then report them.

Fish embryos and their associated bacteria

In freshwater systems, the composition of microbial com-

munities is often driven by strong host effects (Qi et al.

2009; Mouchet et al. 2012), and could be linked to host diet

(Nicholson et al. 2012), host respiration rates (Gattuso et al.

2002), and host adaptation to different ecological condi-

tions (Pavey et al. 2013; Sevellec et al. 2014). Whether and

how early host development in the wild affects the com-

position of symbiotic bacterial communities has not been

studied, neither in freshwater systems nor in other envi-

ronments (Romero and Navarrete 2006; Gilbert et al.

2010). Host effects on natural bacterial communities

mostly have been studied using host species at juvenile

stage or later (e.g., Evans and Neff 2009; Shi et al. 2010;

Pantoja-Feliciano et al. 2013; Sevellec et al. 2014). Here,

we looked at the relationship of hosts and their associated

bacteria during whitefish embryogenesis. Under controlled

laboratory conditions, fish embryos have been used to

study, for example, colonization by pathogenic bacteria

(Milligan-Myhre et al. 2011; Rendueles et al. 2012), ma-

ternal microbial transmission (Funkhouser and Bordenstein

2013), or the effect of nutrient concentration on virulence

of associated bacteria (Jacob et al. 2010; Wedekind et al.

2010). Complementary field studies are necessary to put

such findings into their natural context and to assess their

ecological relevance.

The aims of the present field study were to describe the

diversity of bacterial communities associated with white-

fish at different embryonic developmental stages and to

compare them to the bacterial communities in the sur-

rounding environment, i.e., to test whether the bacterial

communities simply reflect the bacterial species found in

the surrounding water or if there are sorting effects of the

Table 3 Simulated UniFrac bacterial community distances and probability of randomly obtaining the observed distances by sampling with

replacement

Location UniFrac-Dist sim. Mean sim. CI Probability

Whitefish-Lucerne-early 0.494 0.506 0.489; 0.524 0.59

Whitefish-Biel-early 0.578 0.576 0.560; 0.592 0.51

Whitefish-Thun-early 0.479 0.469 0.452; 0.484 0.45

Whitefish-Geneva-early 0.745 0.56 0.543; 0.577 \0.001

Whitefish-Thun-late 0.802 0.555 0.537; 0.574 \0.001

Whitefish-Lucerne-late 0.759 0.511 0.493; 0.529 \0.001

Whitefish-Hallwyl-late 0.806 0.474 0.456; 0.493 \0.001

Egg samples and water samples were collected simultaneously at seven different locations. UniFrac distances (UniFrac-Dist) between the

respective egg and water sample at a given location were compared to the simulated mean UniFrac distances (sim. Mean) between a given water

sample and a simulated egg sample. Egg samples were simulated by randomly sampling with replacement from the OTUs found in the respective

water samples. One thousand egg samples were simulated in order to obtain a density distribution and corresponding confidence intervals (sim.

CI). The probability was calculated of obtaining the given UniFrac distance between water and egg sample in the simulations
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host on egg-associated bacteria. Whitefish eggs may be

ideal for this type of study because they represent an im-

mobile host that goes through embryogenesis while fully

exposed to the bacterial communities found in the water

environment. More than 40 % of DNA sequences on the

egg samples did not result in a perfect match to a bacterial

sequence in the reference database (after quality control).

This outcome is possible because: (i) bacteria associated

with fish eggs have not been studied much, and therefore

are not represented in the reference database, and (ii) we

applied a de novo OTU picking process (Schloss et al.

2011; Ong et al. 2013). For this process, all reads that

passed quality control are first clustered against one an-

other without any external reference. Afterwards, the most

abundant DNA sequence from every cluster is searched

against a reference database. New DNA sequences can be

found that have not been described previously using this

approach. These new DNA sequences were assigned to the

most similar reference available in the reference database.

If there are many new and undescribed DNA sequences in

a dataset, it is possible that many different sequences match

to the same reference sequence. They might represent

bacterial species or strains specifically associated with

freshwater fish eggs (Ong et al. 2013).

We found natural bacterial communities on whitefish

eggs to be diverse, ranging from 160 to 892 different

bacterial OTUs per sample. Within this range, there was a

clear pattern: the diversity of bacterial communities on

whitefish eggs decreased significantly from an early to a

late host developmental stage. This decrease persisted

among different lakes and species and was consistently

reflected in different alpha diversity measures.

Time effects

Which factors would result in a decreased diversity of

bacterial communities associated with whitefish embryos

in a natural freshwater environment? The embryo is likely

to be under strong pathogen pressures throughout its de-

velopment, as the egg surface provides a substrate for

bacterial growth, and the embryo is unable to escape

(Treasurer et al. 2005; Wedekind et al. 2010). The bacterial

diversity on whitefish eggs is expected to decrease if some

substrates, such as for example different glycoproteins,

become exhausted (Brivio et al. 1991). Some bacteria are

able to outcompete the others (Burke et al. 2011; Johnson

et al. 2012) or produce antibiotics to which they themselves

are resistant (Cordero et al. 2012). Temperature also can

have an effect on microbial community composition (Gil-

bert et al. 2010). It has been shown that a decrease in

temperature can diminish the diversity of natural microbial

communities (Zogg et al. 1997; Coulon et al. 2007; Ura-

kawa et al. 2008). The temperature in sub-Alpine Swiss

lakes decreases during the incubation of naturally spawned

whitefish eggs (Hari et al. 2006). Nevertheless, temperature

alone is unlikely to be solely responsible for our findings

because in our dataset: (i) only the diversities of bacterial

communities on whitefish eggs decreased significantly with

time while the simultaneously collected bacterial commu-

nities of water samples did not, and (ii) later species

compositions on eggs no longer matched those of the re-

spective water samples. Alternatively, bacterial communi-

ties might become more specialized during embryogenesis

because of embryo defense mechanisms. Fish embryos

seem to complement and specifically increase their im-

munity through time (Romero and Navarrete 2006). In-

deed, towards the end of embryogenesis, important

immune genes are expressed (Clark et al. 2013) and the

immune system can be shown to influence the embryos’

resistance to microbial challenges (Ellis 2001; Wedekind

et al. 2004; Pitcher and Neff 2006). In-vitro fertilized

whitefish eggs have been used as models to study genetic

and maternal effects during bacterial pathogen incubation

(von Siebenthal et al. 2009) using full factorial breeding

designs (‘North Carolina II design’, Lynch and Walsh

1998). This design allows researchers to separately esti-

mate the maternal effects and paternal effects on embryo

performance. Such studies have shown that the embryos’

defense is first dominated by maternally transmitted fac-

tors, and that the embryos’ own genetics and specific im-

munities become increasingly important during later

embryogenesis (Clark et al. 2014). This transition of host

immunity could lead to the observed reduction in bacterial

diversity.

Properties of whitefish egg-associated bacteria

In order to discuss possible consequences of egg-associated

bacteria on their whitefish embryo host, the most abundant

bacterial sequences found on whitefish eggs exclusively

were studied. To be considered, these bacterial sequences

needed to result in a perfect match to a reference at the

family, genus or species level. Bacterial taxa on whitefish

eggs were split up into three groups: early developmental

stage, late developmental stage, and shared between stages

of whitefish embryos. For the first of these three groups,

only eight bacterial sequences matched unambiguously,

e.g., 84 sequences could not be assigned to a reference at

the family or lower level. Accordingly, bacteria on early

whitefish eggs most probably present a bacterial commu-

nity that is not well represented in the reference database,

i.e., early whitefish eggs were colonized by a community of

bacteria that is generally uncharacterized. The most com-

mon bacterial taxa on early whitefish eggs that matched to

a previously reported reference according to a search in

Web Of KnowledgeTM comprised mainly free-living
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freshwater bacteria, such as the genera of planktonic Hy-

drogenophaga (Willems et al. 1989), Polynucleobacter

(Hahn et al. 2010), or the facultatively autotrophic genus

Sulfuritalea (Kojima and Fukui 2011). Four ubiquitous

bacterial groups that contributed with many sequences to

the bacterial communities on early whitefish eggs have

previously mostly been found in soil samples: Asticca-

caulis (Kim et al. 2013), Hyphomonadaceae (Lee et al.

2005), Isosphaeraceae (Joseph et al. 2003), and Mycoplana

(Urakami et al. 1990). Another family that was fairly

common was the family of Saprospiraceae, which contains

many genera of aquatic cosmopolitans (Schauer et al.

2005). All of these bacterial taxa exemplify common en-

vironmental bacteria without any previously reported as-

sociation to fish (Madigan et al. 2010).

In contrast to the main bacterial groups on early-devel-

oped whitefish embryos, the most abundant bacterial taxa at

a later developmental stage comprised a more specialized

community in terms of substrate utilization. The egg-asso-

ciated bacterial community at this stage was dominated by a

bacterial sequence that matched the genus Streptobacillus

that has the potential to act as a bacterial fish pathogen

(Maher et al. 1995). The second most common bacterial

group was Oxalobacter, a common genus of commensalists

in vertebrates, which usually inhabit the gastrointestinal

tract (Allison et al. 1985). These beneficial bacteria can

degrade calcium oxalate. Two genera belonged to the guild

of denitrifying bacteria, i.e., Aquitalea (Lee et al. 2012) and

Microvirgula (Patureau et al. 1998). The habitat for this

guild of bacteria is not specified. They can reduce both

oxygen and nitrogen simultaneously when oxygen is pre-

sent. There was also a nitrite-oxidizing genus Nitrospira

(Ehrich et al. 1995; Watson et al. 1986) and a sulfate-re-

ducing genus Thermodesulfovibrio (Henry et al. 1994).

Furthermore, we found sequences that matched Candidatus

methylomirabilis that is capable of coupling methane

oxidation to denitrification (Wu et al. 2012). The last two

members of the bacterial community on fertilized whitefish

eggs at the late-eyed stage listed here have previously been

described to associate with fish: Pseudomonas is a bacterial

genus that harbors several species that can act as fish

pathogens (Austin and Austin 2007; Eissa et al. 2010), such

as P. fluorescens, an opportunistic whitefish pathogen that

can significantly reduce embryonic survival and perfor-

mance (von Siebenthal et al. 2009; Clark et al. 2014) and

different members of the Deefgea genus, which have also

been involved in opportunistic infections of aquatic or-

ganisms (Jung and Jung-Schroers 2011). In summary, it

appears that egg-associated bacteria at a later stage of

whitefish embryonic development are better characterized

in the literature and present more discrete bacterial guilds.

The bacterial community that was shared between stages

harbored a mix of environmental and specialized bacteria.

Xanthomonadaceae with the main genus Steno-

trophomonas are very abundant and colonize mainly soil

and freshwater habitats (Denton and Kerr 1998). Some

species in this family have been shown to act as plant

pathogens (Madigan et al. 2010). Nitrospinaceae and De-

sulfohalobiaceae present a microbial community that is not

well characterized. The latter family contains several

thermophilic sulfate-reducing species (Roychoudhury et al.

2013). The genus Bdellovibrio includes small parasites of

bacteria, which parasitize preferably Pseudomonas and

Enterobacteria (Rendulic et al. 2004). Gemmatimonas is a

recently described bacterial group whose members are

widespread in the environment, particularly in soil habitats

(Joseph et al. 2003; Zhang et al. 2003). Zoogloea are

abundant in sludge (Shin et al. 1993). They can be used as

an indicator of nitrogen or phosphorus deficiency. Al-

teromonadaceae is a bacterial family that contains many

genera that belong to bacterioplankton (Fodelianakis et al.

2014) and can resist low temperatures (Ivanova et al.

2004). Citrobacter, the last group that was characterized for

this group of whitefish eggs, are ubiquitous bacteria that

contain many species that may use citrate as a sole carbon

source (Madigan et al. 2010). They are found in vertebrate

intestines and can live in symbiosis with invertebrates

(Behar et al. 2005).

The bacterial guilds in the three groups of whitefish eggs

listed above represent only bacterial sequences that mat-

ched perfectly to a reference in the database. The majority

of the remaining sequences, especially at the early devel-

opmental stage, did not result in an unambiguous match,

i.e., they have not been deposited in the reference before.

Bacterial sequences in our dataset are confined to a length

of 311-bp long reads, which also limited our ability to

determine bacteria to a species level. Nevertheless, we set a

starting point for the investigation of an interaction be-

tween whitefish embryos and their associated bacterial

communities. We characterized the bacterial community

upon developing whitefish eggs collected from six sub-

Alpine lakes and showed that the bacterial community is

strikingly rich and changes over time.

Conclusions

Members of the salmonid family cover a wide range of

different life-history strategies (Hutchings and Morris

1985; Crete-Lafreniere et al. 2012) and ecological condi-

tions (e.g., Maret et al. 1997; Evans et al. 2010, 2012;

Hecht et al. 2012). Symbiotic microbes may to a large

degree reflect these ecological conditions. Such microbes

can significantly affect host development and life history

(Wedekind 2002; von Siebenthal et al. 2009; Wedekind

et al. 2010), while hosts have various kinds of defense
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mechanisms (e.g., Ellis 2001; Evans and Neff 2009;

Aykanat et al. 2012). Salmonid eggs are therefore

promising models for studying host-symbiont co-evolution

in different ecological conditions. Here, we provide a de-

tailed protocol on how to collect and extract bacterial DNA

from whitefish eggs in the wild and how to analyze next-

generation sequencing reads in the QIIME framework

(Caporaso et al. 2010b). We report a large number of OTUs

found on eggs from different lakes and at different em-

bryonic developmental stages. We describe changes in

bacterial diversity during embryogenesis that are consistent

over sampling sites and host whitefish species, and that

support predictions from recent experimental work.
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