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The microbial assemblages of marine organisms play fundamental biological roles in their

eukaryotic hosts. Studies aimed at characterizing this diversity have increased over the

last decade and with the availability of high-throughput sequencing, we are now able

to characterize bacteria that were non-culturable and, therefore, went undetected. With

the number of marine microbiome studies growing rapidly, it is increasingly important

to develop a set of “best practices” in order to accurately represent the bacterial

communities present, and correct for biases. To address this, we sampled the gut

communities of the pan-tropical echinoid Echinometra mathaei from two environmentally

distinct populations along the Arabian Peninsula. We used three common DNA extraction

procedures and compared inferred bacterial diversity from each method through 16S

ribosomal RNA (rRNA) gene amplicon sequencing. Our results show that the addition

of a bead-beating and lysozyme step more effectively capture traditionally difficult to

lyse taxa, such as gram-positive bacteria. Further, DNA extraction method plays an

important role in estimates of Shannon diversity, with diversity indices significantly higher

in both sites combined when a lysozyme and bead beating step was used. Finally, we

conducted a literature synthesis to highlight the current diversity of approaches used to

characterize the microbiome of marine invertebrates and found that the inclusion of a

lysozyme treatment is uncommon (2% of surveyed studies), despite the importance of

this step in recovery of rare OTUs as shown in our study.

Keywords: sea urchin, microbiome, Arabian Peninsula, 16S rRNA, lysozyme, bead-beating

INTRODUCTION

Bacteria associate with animals and can play a significant role in their development,
immunity, metabolism, and physiology (Mcfall-Ngai et al., 2013; Bordenstein and Theis,
2015; Theis et al., 2016). In marine environments, the functional role of the microbiome
has been associated with diverse processes including cycling of essential nutrients, the
passage of trace minerals, production of secondary metabolites, and vitamin synthesis
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(reviewed by Bourne et al., 2016; Webster and Reusch, 2017).
There has been an increasing amount of research focused on
characterizing microbial community dynamics and shifts, and
understanding how the functional role of the microbiome may
co-vary with changes in the environment (Kohl and Carey,
2016; Carrier and Reitzel, 2017). For example, specific bacterial
communities were found to be tightly correlated with thermal
tolerance in a coral host (Ziegler et al., 2017), expression levels of
innate immunity genes in the three spine stickleback (Small et al.,
2017), and geographic and depth gradients in a sponge species
(Reveillaud et al., 2014).

The Earth Microbiome Project (EMP) resulted in a set of
recommended approaches for characterization of microbial taxa
based on sequence analysis. While sponge microbial research
has recently adopted the EMP protocol (Thomas et al., 2016;
Moitinho-Silva et al., 2017), studies of associated bacterial
communities of other marine invertebrate taxa currently lack a
standardized approach. Sequence-based methods for describing
associated microbes are sensitive to methodological steps and
these differences may limit the ability to compare between studies
or species. It is well established in human and environmental
samples that bias can be introduced at each methodological step
and significant research has gone into elucidating the role that
methodology plays on interpretation of bacterial communities
(McOrist et al., 2002; Yuan et al., 2012; Albertsen et al., 2015; De
Bruin and Birnboim, 2016; Pollock et al., 2018). The variation in
methodology that currently exists can be confounding in many
ways, including differences in inferred microbial communities
due to methods (species differ in efficacy for DNA extraction),
information differences (different regions of 16S rRNA or
metagenomics), and technical variation (PCR replicates and
purifications). However, the majority of this research has been
conducted on the human microbiome, activated sludge, and
soil (Miller et al., 1999; McOrist et al., 2002; Vanysacker
et al., 2010; Yuan et al., 2012). The role of methodology
in the microbial communities of marine organisms remains
comparatively understudied.

While the impact of each step in a sequence-based analysis of
the microbiome is likely important, extraction, and amplification
of nucleic acids is central in characterizing a mixed bacterial
community. DNA extractions should, as accurately as possible,
characterize the bacterial diversity present. For example, methods
for DNA extraction in corals influence the DNA yield and
inferred microbial community (Weber et al., 2017). Exclusion
of particular steps (e.g., mechanical and/or chemical lysis)
(Lesser and Walker, 1992) in extraction protocols may result in
unsampled portions of the microbial community due to difficult
to lyse bacteria (e.g., gram-positive bacteria or endospores),
which may play important functional roles in their hosts.
Extraction protocols that result in a greater portion of the
bacterial community being represented are important for
identifying common, core, and rare associated microbes.

Echinoderms are dominant members of benthic marine
habitats throughout the world’s oceans. Over the last few
decades, research using histological approaches has reported
subcuticular bacteria in all classes of echinoderms (e.g., Holland
and Nealson, 1978; Kelly et al., 1995). The localization

and apparent specificity of these bacteria has suggested that
echinoderms select particular bacteria for these associations,
but any specific functions have only rarely been described
(Walker and Lesser, 1989; Lesser and Walker, 1992). Efforts
to culture echinoderm-associated bacteria have been either
unsuccessful or difficult to repeat (discussed in Kelly et al.,
1995). Recent studies using sequence-based approaches have
reported diverse microbial communities that differ between
species and developmental stage for asteroids (Galac et al.,
2016) and echinoids (Carrier and Reitzel, 2018). Shifts in
the microbial community associated with echinoid spines was
reported for adults cultured under different temperature and
pH conditions (Webster et al., 2016). Microbial communities
of adult digestive systems of holothuroids (Gao et al., 2014),
and echinoids (Meziti et al., 2007; Nelson et al., 2010; Hakim
et al., 2015, 2016) have identified specific microbial communities
located in different regions of the digestive system. Together,
these previous studies suggest that echinoderms associate with
unique microbial communities that may shift in response to
different environmental conditions.

Here, we determined the microbial community in the hind-
gut of Echinometra mathaei, a keystone urchin species (Uthicke
et al., 2013), from two reef populations along the Arabian
Peninsula. One population, inside the Persian/Arabian Gulf
(PAG), Dhabiya, experiences extreme environmental conditions,
while the other, inside the Gulf of Oman (GO), Al Aqah,
experiences cooler thermal maxima and a more narrow range of
temperatures (Smith et al., 2017). Sampling from these two sites
allowed us to determine the effect of DNA extraction method in
conspecifics across two contrasting environments in this species’
contiguous geographic range. We use three different nucleic acid
extraction techniques to compare bacterial communities and
elucidate specific bacterial taxa that may be missed depending
on the methods used. We then compare our approach with a
literature survey of the methodologies currently used in studies
with other marine invertebrates in order to place our results in
the context of the broader community studying these microbial
associations.

MATERIALS AND METHODS

Sample Collections
Adult Echinometra mathaei were sampled in November 2016
from two reef sites: Al Aqah (in the Gulf of Oman, GO)
and Dhabiya (in the Persian/Arabian Gulf, PAG, see Figure 1).
The sampling sites were chosen because they experience
vastly different environmental conditions and they were as
geographically distant (∼270 miles apart) as was possible given
our sampling capabilities. Fifteen individuals were taken from
each reef and placed in a 100 L cooler filled with∼40 L of seawater
until tissue extractions (within 1–2 h). For gut extractions,
individual urchins were then cut in half with a sterile knife, and a
fragment of intestine located closest to the anus, and its contents,
were removed with forceps and placed in RNAlater (Ambion).
After one hour (to allow RNAlater to infiltrate the tissue), tubes
were placed in a−20◦C freezer.
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FIGURE 1 | Map of Arabian Peninsula indicating the location of the two sampling sites.

DNA Extraction
Prior to extraction, each sample tube was homogenized using a
vortex (3x at 15 s) and mixed with a wide bore 100 µL pipette
tip to ensure that each solution was uniform. This initial step
reduced or eliminated bias that could occur simply through
extraction of different sections of the sample. An aliquot of ∼20
µL of the original sample (gut tissue and contents) was placed
in three separate tubes, one for each different extraction method.
Each method used the DNeasy Blood & Tissue Kit (QIAGEN).
All extraction materials were autoclaved, UV sterilized, and DNA
extractions and PCRs were performed under a PCR hood.

Method 1. The first extraction method used only the DNA
extraction kit and followed the manufacturer’s protocols for
extracting animal tissue, with slight modification. We added 40
µL of proteinase K and 220 µL of AL buffer (instead of the
recommended 20 and 200 µL, respectively) as recommended by
the User-Developed Protocol for DNeasy Blood and Tissue Kit
when samples are preserved in RNAlater. These modifications
were kept consistent throughout each of the other two extraction
methods.

Method 2. In addition to the kit described above, we added a
bead beating step after addition of Buffer ATL and before placing
sample on a heat block. We added 0.5mL of 0.5mm zirconia-
silica beads (Fisher Scientific) and used the Bead Beater (BioSpec
Products) for 40 s at 2,400-3,800 strokes/min and repeated this a
total of three times.

Method 3. In addition to the kit and the bead beating step,
Method 3 included the addition of 180 µL enzymatic lysis buffer;
20mM TrisCL (pH 8), 2mM sodium EDTA, 1.2% Triton, 20
mg/ml lysozyme (as described in DNeasy Blood and Tissue
Manual). The buffer was added in place of Buffer ATL, incubated

at 37◦C and followed by the bead beating step (the extraction then
proceeded as per the guidelines in the QIAGEN manual).

Samples that did not contain sufficient DNA (<2ng/µL)
were either extracted again or concentrated using an ethanol
precipitation. All samples were then quantified using a Qubit
dsDNA High Sensitivity Assay Kit on the Qubit R© 2.0
Fluorometer and visualized using a 2% agarose gel. Prior to PCR
amplification, all samples were normalized to a concentration of
1 ng/µL.

PCR Amplification and Sequencing
PCRs were performed in triplicate 25 µL reactions and
pooled per individual sample. The 16S rRNA V3/V4 region
was amplified using the universal V3/V4 PCR primers
(forward: 5′- CTACGGGNGGCWGCAG-3′; reverse: 5′-
GACTACHVGGGTATCTAATCC-3′) (Klindworth et al., 2013).
Each PCR contained 5 ng of DNA, 1.5 µL of forward primer
(final concentration of 10mM), 1.5 µL of reverse primer (final
concentration of 10mM), 12 µL of KAPA Biosciences HiFi
HotStart Ready Mix, and 5 µL of water for a final volume of
25 µL. PCR cycling conditions were 95◦C for 3min, followed by
20 cycles of 95◦C for 30 s, 50◦C for 30 s, and 72 for 30 s, with a
final extension time of 5min at 72◦C. Successful amplification
was visualized at 35 cycles on a 2% agarose gel.

MiSeq indexing adaptors were added according to the
Illumina 16S Metagenomic Sequencing Library Preparation
protocol and an AxyPrep MagTM PCR Clean-up Kit (Axygen
Biosciences, Corning). 16S rRNA gene amplicon libraries were
sequenced along with a 30% PhiX control at the University of
North Carolina Charlotte sequencing facility on the Illumina
MiSeq platform using 2x300 bp paired-end reads. As an extra
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quality control measure for potential contamination in the
reagents, we sequenced different types of no template controls:
two blanks that were processed through the DNA extraction
column to identify potential contaminants from the kit, as well
as sequencing one no template control that was only a water
sample added to the original PCR reaction to identify potential
contaminants in other parts of the procedure.

Sequence Data Processing
We merged the paired-end reads using PEAR v.0.9.10 with
default settings, and used Trimmomatic v.0.36 for moderate
quality trimming (threshold quality = 20; minimum length =

50) (Bolger et al., 2014; Zhang et al., 2014b). Chimeras were
identified using UCHIME and removed using the filter_fasta.py
command in QIIME v.1.9.1 (Caporaso et al., 2010; Edgar et al.,
2011). All subsequent analysis was performed in QIIME v.1.9.1.
Merged, trimmed, non-chimeric sequences were clustered into
Operational Taxonomic Units (OTUs) at 97% sequence similarity
using open-reference picking with the UCLUST algorithm. OTUs
with fewer than 10 sequence reads were removed. One DNA
sample from the PAG resulted in few sequence reads (maximum
was 2,432 reads which was lower than the blanks) regardless of
DNA extraction method and was therefore removed from later
analyses, resulting in a total of 87 samples. We also filtered out
any OTUs that were present in a higher abundance within the
three blank samples than within our biological samples. This
resulted in deletion of 228 OTUs comprising 11,916 sequence
reads from all three blank samples combined and deletion of
28,101 sequence reads from all 87 samples combined. This was
less than 0.8% of the total reads resulting from the biological
samples (see Supplemental Table 1 for complete list of removed
OTUs). We also removed chloroplast sequences as they are
assumed to be brought into the gut through ingestion. Taxonomy
was assigned to the remaining OTUs through comparison with
the Greengenes database 13_5. OTU counts were rarefied to
17,903 sequence reads (the lowest number of sequences over all
samples included in the analysis) using the single_rarefaction.py
command and the rarefied OTU table was used in downstream
analysis.

16S rRNA Microbial Community Analysis
Taxonomically annotated sequences were used to create bacterial
community composition stacked plots at the family level to
compare between methods and sites. Venn diagrams were
generated using Venny 2.1.0 (Oliveros, 2007) to compare the
number of shared and unique OTUs between methods and
sites. PCoA plots were generated using Euclidean distance and
Shannon and Simpson diversity indices were calculated and
processed in QIIME. A Kruskal-Wallis test was used to identify
OTUs whose abundance was significantly different between
methods. A non-parametric, two sample t-test was run using
QIIME to test significance between alpha diversity indices for
all pairwise comparisons between methods using the default
number of Monte Carlo permutations (999) and the Bonferroni
correctionmethod. Non-metric multidimensional scaling (MDS)
was used to visualize differences between methods in Dhabiya,
PAG. Variations between methodologies from both collection

sites were examined using an analysis of similarity (ANOSIM),
a robust method which does not require normally distributed
data or balanced replicates between groupings (Voss et al., 2007).
Non-metric MDS ordinations and ANOSIM were conducted
using Primer 7 (Clarke, 1993).

Literature Search
We searched the Web of Science (access dates 20/02/2018 -
24/02/2018) for publications reporting empirical research on
the associated bacterial community for marine invertebrates.
Our intention for these searches was not to be exhaustive but
to identify and compare methodological approaches primarily
related to DNA extraction from tissues. Literature searches
were completed using two common “topics” search terms,
“marine” and “microbio∗,” and a third specific search term
for four groups of animals, “coral,” “sponge,” “echino∗,” and
“mollus∗.” We replaced the search term “microbio∗” with
“bacteria,” which resulted in considerably more articles (e.g., 4.6X
more for “coral”), but our preliminary comparisons suggested
many were largely unrelated to our area of interest and
thus we determined using “microbio∗” was a more effective
search term. Results for these four searches first included
publications over all of the years in the database (1900–2017)
to compare publication trends (Supplemental Figure 1). To
restrict our search for a more in-depth literature comparison,
we then reviewed all publications in these results for the years
2015–2017. We removed publications that were not relevant,
typically because they were not specific to the taxonomic
group (e.g., water samples), did not study microbes from live
organisms (e.g., paleontology or non-living structures like shells),
or did not use next generation or clone-library sequence-
based methodology (e.g., culture-based studies). For the pruned
list of publications, we categorized the methodology of each
approach based on DNA extraction method, PCR strategy, and
sequencing technology. A number of publications summarized
their methods when using a commercial kit using phrases
like “following manufacturer’s protocol” or similar. For these,
we categorized the methods using the default steps for DNA
extraction without additional steps recommended elsewhere in
the manual.

RESULTS

Bacterial Community Composition
Between Methods and Sites
Sequencing of the V3/V4 region of the 16S rRNA resulted in a
total of 6,554,465 reads from 93 samples: 90 E. mathaei samples
(15 unique samples from Dhabiya (PAG), 15 unique samples
from Al Aqah (GO); 30 total samples extracted using three
different methods) and three blanks. DNA extraction Method 1
used the DNeasy Blood and Tissue Kit (QIAGEN), Method 2
added a bead beating step to this kit protocol, and Method 3
added the bead beating step and lysozyme to the kit protocol.
After quality filtering, our pipeline retained 87 total samples
with 3,469,193 sequence reads. To evaluate differences in the
bacterial community composition, sequences were categorized
taxonomically to the family level, where possible. We found
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Bacterial Families
Persian/Arabian Gulf: Dhabiya Other

Rhodospirillales; Rhodospirillaceae

Flavobacteriales; Cryomorphaceae

Victivallales; Victivallaceae

Mollicutes; Unassigned

Tenericutes; Unassigned

Desulfovibrionales; Desulfovibrionaceae

Alphaproteobacteria; Unassigned

Vibrionales; Pseudoalteromonadaceae

Leptospirales; Sediment-4

Rhizobiales; Hyphomicrobiaceae

Clostridiales; Other

Bacteroidales; Marinilabiaceae

Clostridiales; Clostridiaceae

Alteromonadales; Ferrimonadaceae

Cytophagales; Flammeovirgaceae

Chroococcales; Xenococcaceae

Clostridiales; Christensenellaceae

Clostridiales; Lachnospiraceae

Pirellulales; Pirellulaceae

Rhodobacterales; Rhodobacteraceae

Synechococcales; Synechococcaceae

Spirochaetales; Spirochaetaceae

Clostridiales; Acidaminobacteraceae

Fusobacteriales; Fusobacteriaceae

Desulfobacterales; Desulfobulbaceae

Vibrionales; Vibrionaceae

Unassigned
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Bacterial Families
Gulf of Oman: Al Aqah Other

Oscillatoriales; Phormidiaceae

Gammaproteobacteria; Other

Clostridiales; Christensenellaceae

Clostridiales; Clostridiaceae

Gammaproteobacteria; Unassigned

Aeromonadales; Aeromonadaceae

Bdellovibrionales; Bacteriovoracaceae

Verrucomicrobiales; Verrucomicrobiaceae

Desulfobacterales; Desulfobacteraceae

Bacteroidales; Marinilabiaceae

Deltaproteobacteria; Unassigned

Alteromonadales; Colwelliaceae

RF32; Unassigned

Lentisphaerales; Unassigned

Rhodobacterales; Rhodobacteraceae

Clostridiales; Lachnospiraceae

R76-B128; Unassigned

Cytophagales; Flammeovirgaceae
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Spirochaetales; Spirochaetaceae

Desulfobacterales; Desulfobulbaceae

Unassigned
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FIGURE 2 | Bacterial community composition of gut contents from Echinometra mathaei from two populations; Persian/Arabian Gulf (on top), Gulf of Oman (on

bottom). This taxonomy stacked column plot is characterized to the family level, where possible. Each color represents one of the 29 most abundant families and the

remaining taxa are grouped into the category “other.” Samples are grouped by method.
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FIGURE 3 | Venn diagrams comparing number of OTUs within and between the PAG and the GO, as well as within and between the three different methods.

family level taxonomic assignment to be the most informative,
as genus and species level classification was often unsuccessful
and resulted in many unknown strains. Samples from both
geographic sites and all three methods were composed of
similar principal bacterial families, although varying in levels of
abundance (Figure 2).

For example, almost all 87 samples contained Bacteriodales
(range: ∼2–38%, average number of reads: 3,203, standard
deviation: 1442.4), Flavobacteriales (∼5–24%, 2,269, 850.8),
Desulfobulbaceae (∼1–11%, 1,076, 449.3), and Fusobacteriaceae
(∼1–26%, 2,078, 1620.8), with a similar proportion of reads
classifying as unassigned (∼4-19%, 2,191, 609.7). Individuals
from the PAG had a total of 304 OTUs while those from the
GO had 271, with the PAG containing 50 unique OTUs, and the
GO containing 17 (Figure 3). The location where samples were
collected explained 63.7% of the variation in the samples (PC1
vs. PC2) (Figure 4). For this reason, we separated our data based
on location in order to describe the differences driven solely by
methodology. Method 3 contains 11 unique OTUs while both
Method 1 and 2 contain only 4. Further, Method 2 and 3 share
more OTUs (n = 23) than Method 1 and 2 (n = 7) or Method 1
and 3 (n= 8).

Inside the PAG, there were 13 bacterial families that
differed significantly in abundance between the methodologies
used (Table 1). For every bacterial family whose abundance
differed significantly between methods, Methods 2 and
3 contained a higher number of mean sequence reads
than Method 1 for all but one bacteria (Acidimicrobiales;
C111) (Table 2). Notably, five out of 13 of these taxa were
gram-positive bacteria, groups known to have thick cell
walls: Gaiellales, Turicibacteraceae, Staphylococcaceae,
Pseudonocardiaceae, and Acidimicrobiales. Moreover, two
of these 13 taxa were cyanobacteria; Xenococcaceae, and
Pseudanabaenaceae, with differential representation between

FIGURE 4 | PCoA plot showing PC1 vs. PC2 using Euclidean distance

(Bray-Curtis distance yielded nearly identical results). Red circles indicate

samples collected from the PAG, while blue squares indicate samples

collected from the GO.

methods. The most significant difference (Kruskal–Wallis,
P < 0.001) between methods was Pseudomonadaceae.
Lastly, the remaining five bacterial taxa consisted of
Hyphomicrobiaceae, Amoebophilaceae, Rhodospirillales,
Ellin6529, and Methylobacteriaceae. Inside the GO, there were
four significant differences between methods; two cyanobacteria
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(Cyanobacteriaceae and Xenococcaceae), one gram-positive
bacteria (C111) and Pseudomonadaceae.

Shannon diversity was higher inside the PAG than the GO,
independent of methodology (Figure 5). Shannon diversity for
both sites combined was significantly higher in Method 3 than
Method 1 (non-parametric t-test, P = 0.018). Simpson diversity
showed a similar trend to Shannon diversity when comparing
methodologies, although this difference was not significant
(non-parametric t-test, P = 0.123) (Supplemental Figure 2).
Multivariate statistics revealed an overall significant community
difference between Methods 1 and 3 in both sites combined
(ANOSIM, P = 0.011, R = 0.084). Although the differences
between Methods 1 and 2 (ANOSIM, P = 0.421, R = 0.001)
and Method 2 and 3 (ANOSIM, P = 0.122, R = 0.031) were not
statistically significant, the non-metric MDS plot showed near
uniform directionality between methods in the PAG (Figure 6).
This was indicative of consistent changes in the abundance of
certain taxa (see Tables 1, 2) between methods that were driving
the vectors connecting individuals in a consistent direction
relative to the other two methods. Further, the effect that
method had on community composition was heavily determined
by individual (as seen in Figures 5, 6), with some individuals
displaying a greater variation in vector length between methods.
This suggests that these individuals contain a higher abundance
of difficult to lyse bacteria.

Literature Analysis
Our comparison in methodologies for characterizing E. mathaei’s
microbiome indicated that bead beating and lysozyme
significantly influenced the community composition of
microbiota. Therefore, we surveyed the literature to assess
the commonality of these approaches in studies of marine
invertebrate microbiomes and to better understand these results
relative to the broader research community. Our literature
search for manuscripts using our search terms (see Materials
and Methods) at Web of Science resulted in 129 articles for
corals, 167 for sponges, 14 for echinoderms, and 50 for molluscs,
beginning in the early to mid-1990s (Supplemental Figure 1).

In general, publications increased over time and were
generally highest in most recent years. The review of articles from
2015 to 2017 returned from our search resulted in substantially
fewer that were relevant for a comparison of methodologies
for sequence-based microbiome comparisons in these groups of
marine invertebrates (15 of 67 for coral, 36 of 91 for sponge, 2
of 15 for mollusc∗, 2 of 5 for echino∗). From these 55 retained
publications, comparisons of DNA extraction approach (53
total, two studies lacked sufficient details; Supplemental Table 2)
resulted in 20 different commercial kits used in 44 studies and
9 studies used non-kit extractions [e.g., CTAB procedure as in
(Fiore et al., 2013), and bead-beating method (Taylor et al.,
2004)].

TABLE 1 | All bacterial families that are significantly different between the three methods in the Persian/Arabian Gulf.

Persian/Arabian Gulf: Dhabiya FDR P-value Method 1: Mean

Read Count

Method 2: Mean

Read Count

Method 3: Mean

Read Count

Gram

Pseudomonadales; Pseudomonadaceae 0 0 0.2 28.3 Negative

Rhizobiales; Hyphomicrobiaceae 0 12.6 31.3 191.7 Negative

Gaiellales; unclassified 0 0.5 2.9 26.1 Positive

Chroococcales; Xenococcaceae 0.001 6.4 98.1 426.6 Negative

Pseudanabaenales; Pseudanabaenaceae 0.002 3.1 12.9 38.4 Negative

Cytophagales; Amoebophilaceae 0.01 0.4 2.9 8.4 Negative

Rhodospirillales; unclassified 0.012 4.6 11.4 37.8 Negative

Turicibacterales; Turicibacteraceae 0.012 0 0.1 2.9 Positive

Bacillales; Staphylococcaceae 0.014 0 1 6.6 Positive

Chloroflexi; Ellin6529; unclassified 0.017 1 3.1 22.1 Negative

Actinomycetales; Pseudonocardiaceae 0.024 0.7 0.9 4.3 Positive

Rhizobiales; Methylobacteriaceae 0.032 0 0.1 1.3 Negative

Acidimicrobiales; unknown 0.032 3.8 6 20.4 Positive

TABLE 2 | All bacterial families that are significantly different between the three methods in the Gulf of Oman.

Gulf of Oman: Al Aqah FDR P-value Method 1: Mean

Read Count

Method 2: Mean

Read Count

Method 3: Mean

Read Count

Gram

Pseudomonadales; Pseudomonadaceae 0 0 0 8.9 Negative

Chroococcales; Cyanobacteriaceae 0.015 5.7 15.9 28.7 Negative

Chroococcales; Xenococcaceae 0.016 0.9 5.4 7.9 Negative

Acidimicrobiales; C111 0.019 5.5 5.1 12.7 Positive
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FIGURE 5 | Shannon Diversity indices of Persian/Arabian Gulf samples (left) and Gulf of Oman samples (right). Each node corresponds to an individual sample and

each line connects one individual’s tissue subjected to the three DNA extraction methods.

We then categorized the methods using commercial kits
depending on if there was a column-based purification step, bead
vortexing, or beating step, a lysozyme digest, or a combination.
Of the 53 studies, 44 used a column-based step, 29 used bead
vortexing or beating, and only one specifically listed a lysozyme
step. Next, we assessed the sequencing techniques and genetic
region for comparing microbial taxa (Supplemental Table 3).
A majority of studies utilized high throughput sequencing (32
Illumina MiSeq or HiSeq, 16 Roche pyrosequencing, 1 Ion
Torrent, 1 PacBio), with the remaining five using either Sanger-
sequenced clone libraries or gel-based analysis (e.g., DGGE).
While metagenomic methods are increasing in frequency, almost
all studies (49 of 55) we identified in our search used 16S
rRNA for comparisons of microbial communities. The specific
variable region(s) of 16S rRNA that were used varied across
studies. Lastly, only two studies (Marcelino and Verbruggen,
2016; Nakagawa et al., 2017) explicitly stated in their methods
that negative control samples were used in their analysis.

DISCUSSION

In the past, microbial community studies were restricted
to culture-based approaches that isolated microorganisms as
pure cultures and performed downstream analysis on these
cultures. This is a limiting approach as most bacteria in natural
environments cannot be cultured (Su et al., 2015). One of the
major advances in modern sequencing technologies is the ability
to use phylogenetic markers, such as the conserved 16S rRNA
gene, to identify bacterial members of the microbiome that are

non-culturable or rare (Lagkouvardos et al., 2016). However,
using molecular methods that exclude certain bacteria, for
example those with robust cell walls not lysed using traditional
approaches, will underestimate microbial diversity and limit
our interpretation of bacterial communities. It is vital that the
microbial research community develops a set of best practices
that most accurately represent the bacterial communities present
(Miller et al., 1999; Yuan et al., 2012; Albertsen et al., 2015;
Larsen et al., 2015; Burbach et al., 2016). Our goal in this
study was to examine how DNA extraction approaches may
influence the characterization of microbiome diversity through
an empirical study of a sea urchin collected from different
geographic areas and how these methods vary through literature-
based comparisons.

Here we show that DNA extraction method plays an
important role in estimates of Shannon diversity for bacterial
communities associated with gut samples from the urchin E.
mathaei in a site- and individual-specific manner. Within the
GO,method did not result in considerable differences in Shannon
diversity metrics, although there were specific families of bacteria
that are found in significantly different proportions between
methods. However, in the PAG, we observed the maximum
Shannon diversity in Method 3, and this was significantly higher
than diversity estimates fromMethod 1. These site-specific effects
could be a result of methodology playing a more important role
in identifying a more diverse community, as the PAG has higher
Shannon indices than the GO, regardless of method. Further,
we found the role methodology has on bacterial communities
is specific to the individual. In other words, there are particular
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FIGURE 6 | Non-metric multidimensional scaling plot based on Bray-Curtis similarities of the microbial method comparison data depicting Method 1 (circle), Method 2

(square), and Method 3 (triangle). Lines connect individual urchin samples. The upper plot (A) consists of all samples within the Persian/Arabian Gulf site, Dhabiya,

while the lower plot (B) does not contain the two outliers (Sample ID: DH7, DH5) for a more in-depth view.

individuals that demonstrate larger community shifts when using
Method 3. This variation could be a result of these individuals
containing more difficult to lyse bacteria than others. Although
Simpson diversity indices are generally higher using Method
3 for PAG samples, the difference between methods was not
significant. This is not surprising, as Simpson diversity is heavily
weighted by dominant OTUs (Hill et al., 2003), and it is the
rare OTUs that are driving the differences between methods
(Supplemental Figure 2). These results indicate that it may be
challenging to compare microbial communities between studies
that used different methods and highlights the importance of
using the most robust method possible, especially when studying

an uncharacterized system. As shown in our literature analysis,
where DNA extraction techniques vary substantially, these biases
could be influential in community characterization.

Of the bacterial taxa that were better captured with Method
3, there were five gram-positive bacteria in the PAG and one
in the GO. These results were not surprising as gram-positive
bacteria have a thick peptidoglycan layer in their cell wall that
makes them more difficult to lyse than most gram-negative
bacteria. Lysozymes are effective at hydrolyzing the glycosidic
linkages in the peptidoglycan layer of the cell walls (Mehta et al.,
2015). Gram-positive bacteria are common in many different
environments and play crucial ecological roles. Actinobacteria,
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for example, are secondary metabolite producers and play an
important role in organic matter turnover and the carbon cycle
(Zhang et al., 2014a). There was also an increased abundance
of two cyanobacteria and Pseudomonadaceae after lysozyme
treatment in both sampling sites as well. Cyanobacteria have a
resilient cell wall that is thicker and has a more highly crosslinked
peptidoglycan layer than many gram-negative bacteria (Mehta
et al., 2015). Although Pseudomonadaceae is gram-negative,
Pseudomonas aeruginosa (the most well-described species within
the Pseudomonadaceae family) is difficult to lyse without EDTA
and lysozyme (Eagon and Carson, 1965). Further, we saw a
general trend of increasing mean sequence reads from Method
1 to 3, with Method 3 consistently outperforming the other two
methods (Tables 1, 2). It is also important to note that there were
no OTUs that were represented significantly higher in Method
1 or 2 than Method 3. These results emphasize that although
bead beating does help lyse hardy bacteria, it does not do so as
effectively as when lysozyme and bead beating are combined.
Microbial studies that are not using bead beating and lysozyme
may be missing key microbial players.

The significantly different bacterial families that we present
here typically comprised <0.2% of an individual’s microbial
community extracted using Method 3, although Xenococcaceae
did contribute∼2.8% of the individual’s community. While these
families are not the most abundant taxa in our dataset, they may
play important ecological or physiological roles. For example,
several studies have found that rare species are disproportionately
active compared to their abundant counterparts and therefore,
should not be overlooked (Dimitriu et al., 2010; Debroas
et al., 2015; Jousset et al., 2017). In one study, similar sized
communities with a more diverse rare microbiome were shown
to have higher respiration than communities with a smaller
overall rare microbiome (Dimitriu et al., 2010). It is also
important to note that although some of these taxa may be
present in relatively low abundances in this dataset, other
communities may be composed of larger abundances of difficult
to lyse bacteria and therefore, methodmay play amore influential
role. There is no way to assess the relative abundances of difficult
to lyse bacteria a priori. Therefore, choosing the most rigorous
methodology is recommended as a default choice to ensure
accurate bacterial community representation, as well as allow for
cross comparisons between studies.

Method-based biases can limit comparisons of microbial
communities between studies that used different methods,
thereby decreasing the potential to synthesize across groups of
organisms. Many animal species or phylogenetic groups may
have specific protocols for DNA extraction (e.g., inclusion of
CTAB for molluscs and corals) to increase yield of nucleic
acids for downstream analysis. Similarly, individual bacterial
species have different optimal lysis conditions. Our survey of
recently published studies on the microbial communities of
marine invertebrates showed that while most studies used a
commercial kit for DNA extraction, the methodological steps
varied. Specifically, the inclusion of bead vortexing or beating was
part of about 50% of studies and a lysozyme step was found in less
than 5% of studies, which could result in reduced representation
of particular groups of bacteria. The impact of these variations in

the kit or the protocol remains sparsely reported in the literature
for animal-associated bacteria of marine invertebrates (Weber
et al., 2017). Moreover, many of these kits contain multiple
protocols for DNA extraction depending on the type of tissue
or organismal group. Future reporting by authors on which
specific protocol was used would be beneficial for later utility in
meta-analyses of the field.

In addition to rigorous methodology, microbial studies also
need to account for bacterial contamination. Contamination
can be introduced throughout the experimental process, from
collection to sample processing. A significant amount of research
has investigated the potential for contamination from DNA
extraction kits and our data support the need to account for this
contamination (Salter et al., 2014; Weiss et al., 2014; Glassing
et al., 2016). With three blank samples (two of which were run
through a DNA extraction column), we had roughly 14,000 total
sequence reads, highlighting the prominence of contaminants.
It is possible that these contaminants were also introduced at
different steps of the extraction methodology (e.g., pipette tips
or sample tubes). However, the blanks that were run through
the extraction column had >60% more sequence reads and more
OTUs (400 compared to 138) than the blank that was only used
during the PCR step. Although removal of all the OTUs that
are present in blank and biological samples may remove some
biological signal (if contamination is a result of the biological
sample contaminating the blanks), it is important to consider the
ramifications of not accounting for the presence of contaminants.
Indeed, in our review of the literature, we only identified two
studies that definitely used a blank in their study. It is also
important to note that each extraction kit may contain a different
set of contaminants (the “kitome”), making it crucial to run and
account for blanks in parallel with the biological samples (Salter
et al., 2014; Weiss et al., 2014; Glassing et al., 2016). Our review
of publications over the last three years showed that 20 different
commercial kits were used to extract DNA. This potential for bias
from these kits and variation between lots of the same kit will
likely add a number of rare OTUs to the characterization of the
microbial community. These bacteria would not only increase
the derived diversity of the microbiome but could also result in
shared, rare microbes between studies of species that happen to
use the same kits. Thus, although kit-based DNA extractions may
increase repeatability of methods, studies that do not account
for the potential of contaminating DNA from particular bacteria
will include bacteria not specific to the biological system under
study.

In summary, we show that DNA extraction methods that
incorporate a bead beating and lysozyme step more accurately
characterize this bacterial community. While we observe
significant differences in community composition between
DNA extraction methods, this is only one step in a multi-
step procedure. Sample collection, primer pair selection, PCR
conditions, and sequencing approach each have their own
propensity for introducing bias that also merit further study
to determine to what extent each step effects the inferred
microbial diversity. Further, we describe the current state of
marine microbial methodology in invertebrates and highlight
the importance of developing a standardized DNA extraction
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protocol for marine microbial community analysis. Finally, it
is important that studies select rigorous extraction methods to
most accurately sample the community and increase consistency
between studies.
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