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Abstract

Metagenomics analyses can be negatively impacted by DNA contamination. While external
sources of contamination such as DNA extraction kits have been widely reported and investigated,
contamination originating within the study itself remains underreported. Here we applied high-
resolution strain-resolved analyses to identify contamination in two large-scale clinical

metagenomics datasets. By mapping strain sharing to DNA extraction plates, we identified well-
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to-well contamination in both negative controls and biological samples in one dataset. Such
contamination is more likely to occur among samples that are on the same or adjacent columns or
rows of the extraction plate than samples that are far apart. Our strain-resolved workflow also
reveals the presence of externally derived contamination, primarily in the other dataset. Overall in
both datasets, contamination is more significant in samples with lower biomass. Our work
demonstrates that genome-resolved strain tracking, with its essentially genome-wide nucleotide-
level resolution, can be used to detect contamination in sequencing-based microbiome studies. Our
results underscore the value of strain-specific methods to detect contamination and the critical

importance of looking for contamination beyond negative and positive controls.

Introduction

The advancement of sequencing technologies has enabled researchers to investigate microbial
communities at high resolution and throughput. However, contamination poses challenges for data
analysis. Contamination refers to DNA within a sample that did not originate from that specific
biological sample. Recognizing contamination, followed by appropriate decontamination, should
be a critical first step for all microbiome analyses. Skipping this step can easily result in

confounded results and false conclusions.

Contamination can originate outside of a study. Microbial DNA from the surrounding
environment, native microbiomes of researchers, and microbial DNA present in DNA extraction
and library preparation kits are all considered external contaminants [1-3]. Detection of such

contamination is enabled by the addition of negative controls (i.e., blank reagent controls) during
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sample collection, preparation and/or sequencing. To date, strategies have been devised to

minimize, detect and/or remove externally derived contamination in silico [1,3-6].

Cross-sample contamination is less well studied [3,7]. Contaminants that originate within a study
can be introduced during DNA extraction [7] when DNA from one sample spills over into another.
It can also occur during sequencing as a result of index switching or sample bleeding [8,9]. Since
the contaminating DNA in this case originates from microorganisms present in samples from the
study, one cannot decontaminate by removing “contaminant species” present in controls from the
actual dataset. While strategies have been developed for solving index switching and sample
bleeding arising during sequencing [9,10], much less is known about the well-to-well

contamination occurring prior to sequencing in metagenomics data and how to detect it.

In recent work that characterized early-life intestinal strain colonization, we collected a large
clinical dataset consisting of over 400 fecal samples from infants and their mothers [11].
Unfortunately, we detected clear evidence of cross-sample contamination that required us to
exclude one half of the samples from the study. This motivated an in-depth investigation of the
signals used to detect contamination in this and a second clinical dataset of preterm infants. Our
approach relied upon a strain-resolved workflow. Strain-level analyses have been increasingly
applied in microbiome studies, for example, to study mother-infant gut microbiome transmission
[11-13] and conduct epidemiological surveillance [14,15]. The high specificity and sensitivity of
strain tracking methods is powerful, yet it is also clear that conclusions from these methods can be

confounded by cross-sample contamination. Here, we provide a framework for the detection of
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cross-sample contamination using strain-based surveillance, and in two case studies, we show how

such a framework can be used to detect contamination in large-scale metagenomics datasets.

Results

Case study 1: longitudinal preterm and full-term infant fecal samples

Study overview

The first case study consists of 402 fecal samples collected from 19 preterm and 23 full-term
infants from birth to age one, and their mothers around time of birth [11]. This study was designed
to investigate strain persistence within infants, strain sharing between infants and their mothers,

and strain sharing among different infants.

DNA extraction was primarily achieved using 96-well plates (Methods) and there were five
extraction plates, labeled P1 to P5. There were five reagent-only negative controls, one for each
DNA extraction plate, and they were labeled by the plate number (i.e., NC1 refers to the negative
control on P1). One ZymoBIOMICS Microbial Community Standard (catalog #D6300; termed
“Zymo”) was included as a DNA extraction positive control on P5. Following DNA extraction, all
samples including controls were subjected to metagenomics sequencing and de novo genome
reconstruction. Dereplication of the genomes constructed from fecal samples resulted in 1,005
representative genomes, as previously described [11]. Reads from all samples were then mapped
to this dereplicated genome set for organism detection (Methods). To detect potential sources of

contamination, we examined strain sharing among unrelated samples within and across extraction
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plates (Methods). Samples are considered unrelated if they are from different infants that are not

biologically related or if one sample is a negative control.

Evaluation of extraction negative and positive controls

No organism was detected in negative controls NC1 and NC5. However, negative controls NC2,
NC3, NC4 had at least one read mapped to >50% of at least one of the 1,005 representative
genomes (this value served as our threshold for detection; Figure 1). No contaminants were

detected in the Zymao positive control.

Only organism in NC2

1 W Cutibacterium acnes
z m Others
E & | — Parabacteroides distasonis sp1 3 Clostridium perfringens sp1
5 i Akkermansia sp. CAG:344 7—; Klebsiella oxytoca
g “» | ™MW Parabacteroides distasonis sp2 r Clostridium perfringens sp2
g 5 Bacteroides fragilis E Klebsiella variicola
2 g Bifidobacterium longum subsp. infantis i mmm Clostridium perfringens sp3
® G | Flavonifractor plautii 5 Haemophilus parainfluenzae
g b Bacteroides thetaiotaomicron e Bifidobacterium longum subsp. longum
= Bacteroides vulgatus S Clostridium butyricum

NC1 NC2 NC3 NC4 NC5

Figure 1. Microbial organisms were detected from three out of five negative controls.
Eight most abundant genomes from each NC are colored in stacked bar plots. The rest of

organisms are all grouped into “Others”.

The only genome detected in NC2 was Cutibacterium acnes. This organism was also found in nine
fecal samples from five infants. These samples were extracted on P1, P2, and P4. Strain-to-strain
comparisons indicate that all strains are sample-specific and different to that in NC2. Therefore,
the presence of C. acnes in NC2 was not considered to be due to cross-sample contamination. As
C. acnes is a common skin commensal bacterium [16], we suspect this organism is an externally

derived contaminant.
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NC3 and NC4 each had ~60 genomes that were above our read-mapping detection threshold. The
organisms represented by these genomes could be externally derived and/or originated within the
study via index switching, sample bleeding and/or well-to-well DNA contamination. If any of
these genomes were derived from external sources (e.g., from DNA extraction kits), we would
expect the strains to be in the majority of samples from the same plate (because they were
processed simultaneously) and perhaps across extraction plates. However, no strain was shared
among negative controls. Further, the strains found in NC3 and NC4 were only shared by a
maximum of 7.7% and 6.5% of the unrelated samples from PC3 and PC4, respectively. Thus, we
conclude that the genomes in NC3 and NC4 were unlikely due to external contamination and likely

originated from other samples from this study.

Evaluation of cross-sample contamination: index-hoping and sample bleeding

The majority of strains found in NC3 and NC4 were only shared with samples from the same
extraction plate. This observation rules out index switching and sample bleeding, as these
phenomena should lead to contamination of samples from other plates because DNA from different
plates was pooled for sequencing (P1 and P2 were pooled and sequenced at a different time than
samples from P3-P5). Both index switching and sample bleeding refer to the misassignment of
reads to samples. However, index switching results from indices being similar in multiplexing
sequencing [8], and can be essentially prevented by using Unique Dual Indexes, which was what
we used for sequencing in this study. Sample bleeding, on the other hand, occurs due to the close
proximity of sample read clusters on the flow cell during sequencing [9]. We confirmed that this

is not the main explanation for the contamination in NC3 and NC4 by resequencing these two
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controls and finding that the community compositions were essentially the same as the originally

sequenced NC3 and NC4.

Evaluation of cross-sample contamination: well-to-well contamination

To test for the remaining possible explanation for the contamination in NC3 and NC4, well-to-
well contamination, we visualized strain sharing patterns in the context of the extraction plates.
Based on the observation made by Minich et al. that neighboring wells are more prone to well-to-
well contamination than distant wells [7], we hypothesized that, if between-sample contamination
occurred within an extraction plate, nearby unrelated sample pairs would more likely to share
strains than those that were farther apart. Distance-correlated strain sharing was not seen on P1,
P2 and P5 (p = 0.18, 0.31, and 0.32, respectively; Wilcoxon rank-sum test). This finding is
consistent with the plate-based strain sharing visualization, which shows that unrelated samples
on P1, P2 and P5 rarely shared any strains and for pairs that did share strains, the majority of them

were not immediately adjacent to each other (Figure 2).

On P3 and P4, however, nearby samples were significantly more likely to share strains than those
that were farther apart (p = 2.3e-3 and 4.7e-3, respectively; Wilcoxon rank-sum test). Plate-based
strain sharing visualization indicates that a few samples including NC3 and NC4 in particular (pink
circles in Figure 2; see also Figure S1) exhibited location-specific sharing patterns, consistent
with well-to-well contamination. For instance, on P3, NC3 located on column L primarily shared
strains with samples from infants #82 and #83 that were loaded onto columns K and L for
extraction. This suggests that the fecal samples from infants #82 and #83 were potential sources

of the contamination seen in NC3. NC3 also shared strains with a sample from infant #83 that was
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loaded onto column C for extraction. As expected, samples from infant #83 share strains, so strains
in NC3 could have come from any of the samples from infant #83. Likely the contaminant strains
were derived from the samples adjacent to the negative control. Thus, we do not attribute this
instance of sharing to long distance well-to-well contamination. NC4 on P4 exhibited a similar
proximity-based strain sharing pattern to NC3 (Figures 2 and S1), and we deduce that NC4 was

primarily cross-contaminated by adjacent samples.
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Figure 2. Within-plate strain sharing among unrelated samples.
Rectangular areas represent plates (P1-P5) and circles show sample placements within each plate.
A line was drawn between unrelated samples if they shared >1 strain. The more strains a sample

pair shared, the thicker and brighter the line. If a sample did not share any strains with other
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unrelated samples, its corresponding circle is colorless. Pink circles represent samples that were

likely cross-contaminated.

In addition to NC3 and NC4, four preterm infant samples displayed plate location-specific strain
sharing patterns (unlabeled four pink circles in Figure 2). The first instance involved a sample
from infant #98 (termed #98D4). #98D4 was extracted on P4 and it shared strains with nearly half
of the samples extracted from the same plate, including those on columns J and K that were nine
and ten columns away (Figure 2). Shared strains were from six infants, including a pair of twins
(#122 and #123). Strains shared by each of the twins and #98D4 overlapped completely and these
strains were not found in any other infants. The other four of these six infants also shared strains
that were otherwise unique to them with #98D4. #98D4 did not share strains with samples
extracted from different plates. We therefore deduce that #98D4 was contaminated by multiple
wells on P4. Besides #98D4, three other samples, each derived from a different infant (#63, #114
and #128), primarily shared strains with neighboring samples, similar to the patterns seen in NC3
and NC4. We confirmed that these four infant samples were indeed cross-contaminated by re-
extracting and sequencing three of the four samples (the original stool sample from #128 and its
close-by-date replacement were unavailable). For the sample from infant #63, a close-by-date
sample (day of life 6 instead of 9) was selected as the original stool sample was unavailable. For
all three re-extracted samples, their DNA concentrations became ~0 (Table S1) and their location-

based strain sharing patterns were not observed.

Evaluation of underlying biological signals after removing contaminants
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The identification of well-to-well contaminated samples allowed us to assess strain sharing among
supposedly uncontaminated infant samples on originally discarded P3 and P4. On P3, samples
from six preterm infants shared a total of four strains. These four are strains of Clostridioides
difficile, Clostridium paraputrificum, Clostridium butyricum, and Lactobacillus rhamnosus
(Figure 3). Samples that shared these four strains were not often adjacent to one another. Further,
for each of these four organisms, near-identical strains were also found among samples that were
extracted on different plates. Notably, C. difficile, C. paraputrificum, and C. butyricum strains
were shared among preterm infants only. The pattern of strain sharing on P4 was similar to that on
P3, except that there were more shared strains that were shared by fewer samples (11 strains were
shared among samples from four infant pairs). As for P3, we detected no strong signal for
contamination via dispersal of strains into all or most surrounding wells from single source wells.
Given minimal evidence of well-to-well contamination and since all infants in this study were born
in the same hospital, we conclude that most of the strains shared by the infants whose samples
were extracted on P3 and P4 were probably hospital derived, a phenomenon that has been reported

previously [17].
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Figure 3. Strain sharing within P3 and P4 after removing cross-contaminated samples.

Rectangular areas represent plates (P3, P4) and circles show sample placements within each plate.
Infant samples are named by infant number and infant day of life (i.e., #0D89 refers to infant #40
and this sample was collected when the infant was 89-day-old). Maternal samples are named by
the infant number with a letter “M” in the end (i.e., #40M refers to the maternal fecal sample
collected from infant #40). A line was drawn between unrelated samples if they shared a strain and
the line was colored by strain type. If a sample did not share any strains with other unrelated

samples, its corresponding circle is colorless.
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Conclusions from Case Study 1

Using strain-resolved workflow, we identified well-to-well contamination to be the major source
of contamination in this dataset. The six contaminated samples (two negative controls and four
preterm infant samples) were all low in microbial biomass. If such contamination was not
addressed, we would have falsely concluded that strain sharing among non-related infants was not

rare and that some non-related infant pairs could share as many strains as sibling pairs do.

Case study 2: longitudinal preterm infant fecal, mouth and skin samples

Study overview

We applied our strain-resolved workflow to a different clinical dataset consisting of 533 samples
collected from the skin, mouth and stool of 16 preterm infants. These preterm infants were born in
the same hospital as the infants from case study I. This dataset was part of a study designed to

elucidate strain transmissions between the hospital environment and preterm infants.

DNA extraction was primarily achieved using 96-well plates. One reagent-only negative control
was included in each extraction plate. There were six plates (labeled P1 to P6) and six negative
controls, labeled NC1 to NC6. In addition, P4, P5 and P6, each had ~3 Zymo standards as DNA

extraction positive controls.

236 of the 533 samples (including 3 negative controls (NC1, NC3 and NC5) and 3 positive

controls, one from P5 and two from P6; termed PC5, PC6_1, and PC6_2) were selected for
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metagenomics sequencing (colored circles except for those light blue ones in plate maps in Figures
5-7). Before library preparation, DNA was transferred from the extraction plates to three new 96-
well plates, one for each sample type (Methods). Following sequencing, de novo genome
reconstruction and dereplication yielded 152 representative genomes, which served as the
reference genomes for read-mapping based organism detection for this dataset (Methods). To
detect potential sources of contamination, we examined strain sharing among all unrelated

samples, as described in case study I.

Evaluation of extraction negative and positive controls
Of the three sequenced negative controls, one genome was detected in NC1 and NC3, and 9

genomes were detected in NC5 (Figure 4). No contaminants were detected in the Zymo positive

controls.
100 Pseudomonas aeruginosa
—_ Salmonella enterica
g 80 Escherichia coli
§ B Lactobacillus fermentum
g 60 Enterococcus faecalis
2 B Siaphylococcus aureus
< 40 BN Bacillus subtilis
% W Listeria monocytogenes
E’ 20 B Saccharomyces cerevisiae
B Cryptococcus neoformans
0 W Kiebsiella pneumoniae
NC1 NC3 NC5 PC5 PC6_1 PC6_2 W Burkholderia sp.

Figure 4. Community composition of negative and positive controls.
Relative abundance of genomes in the negative and positive controls (NC and PC, respectively),

colored by organism type. The first 10 organisms listed (boxed) are those in the Zymo standard.

Burkholderia sp. was the only organism detected in NC1 and NC3. The Burkholderia strain in

NC1 was not detected in any sequenced samples. However, a different Burkholderia strain was
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found in NC3 and 12 infant skin samples that were extracted from four extraction plates (Figure
5). No Burkholderia was found in fecal or mouth samples, both of which were higher in biomass
than skin samples (p = 5.38e-37 and 1.58e-40, respectively; Wilcoxon rank-sum test). The skin samples
that contained the Burkholderia strain had a significantly lower biomass than the skin samples that
did not (p = 2.79e-24; Wilcoxon rank-sum test). Burkholderia is not part of the normal skin
microbiome [16], but it has often been reported as a reagent contaminant [1,18-20]. Identifying
one single Burkholderia strain among infant and negative samples suggests this strain is a result
of external contamination. Interestingly, this strain is also in one low-biomass gut sample from
case study I. This contaminant was likely introduced prior to library preparation as it was not
detected in NC1 and NC5, both of which were on the same library preparation plate as those

Burkholderia-containing skin samples (Figure 5C).
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Figure 5. A single Burkholderia strain is shared across 13 samples.

Samples (circles) that were sequenced are yellow and those that contain a Burkholderia strain are

gray. The remaining colorless circles represent samples that were extracted but not sequenced.
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A) Extraction plate locations of 13 samples that shared a single Burkholderia strain. Merged circles
represent duplicated samples that were extracted adjacent to each other and were merged before
being transferred to the library preparation plates.
B) Burkholderia strain sharing network. Each node represents a sample and is colored by the
extraction plate. Nodes are connected if they share the Burkholderia strain. Infant samples are
named by infant number, infant day of life and sample type (“M” refers to mouth samples, “S”
refers to skin samples, and “G” refers to gut samples). For instance, #16D57 S refers to infant
#16’s skin sample and this sample was collected when the infant was 57 days old.
C) Library preparation plate displaying the location of samples that shared a Burkholderia strain.

Lines were drawn between circles if their corresponding samples shared the Burkholderia strain.

For NC5, one organism, Klebsiella pneumoniae, was present at an extremely low abundance
(<0.1%) and was not detected in any other samples. We cannot determine if adjacent samples on
the extraction plate were possible sources of this organism because those samples were not
sequenced. The remaining 8 organisms in NC5 were all bacterial members of the Zymo community
(Figure 4). NC5 was adjacent to PC5, a Zymo positive control, on the extraction plate. Thus, Zymo

organisms in NC5 could be attributed to well-to-well contamination.

Evaluation of Zymo contamination in infant samples

To further evaluate contamination by the Zymo strains, we searched for these strains in infant-
derived samples. During DNA extraction, six skin and oral samples were deliberately spiked with
75 uL of the Zymo standard, four of which were sequenced (Methods). By examining strains

shared between positive controls and biological samples, we found 12 additional infant samples
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containing at least the four most abundant Zymo members (Figure 6). All but one of these samples
were from skin or mouth, which had lower biomass than gut samples (p = 1.58e-40 and 5.57e-9,
respectively; Wilcoxon rank-sum test). Of these 12 infant samples, 9 were adjacent to a Zymo
spiked infant sample or a positive control. Since the contaminated samples generally only shared
Zymo strains with neighboring Zymo spiked samples (and not the other organisms in those
samples), we conclude that the observed Zymo contaminants were more likely to be introduced
accidentally, possibly via aerosolization or mis-pipetting, rather than via well-to-well

contamination.
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A) Clustergram displays the sharing of Zymo-associated strains between infant samples and Zymo
positive controls. Each row corresponds to an infant sample that had >1 Zymo strain. The first
column on the left displays the number of Zymo strains in each infant sample. The remaining 8
columns correspond to the 8 Zymo bacteria (from left to right, these 8 bacteria were arranged from

the most to the least abundant) and they were colored by presence (dark purple) and absence
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(colorless) of the corresponding bacterium within each infant sample. “*” at the bottom four rows
refers to samples that are not contaminated by the Zymo standard.
B) A representative extraction plate (P3) showing two Zymo contaminated samples (gray bubbles).

Merged circles represent duplicated samples that were merged post DNA extraction.

Evaluation of additional contamination not present in negative controls

Using the strain-resolved approach developed in case study |, we evaluated strain sharing among
infants after excluding Zymo and Burkholderia strains. Five bacterial strains were widely shared
by samples from different infants. Specifically, for each of these five strains, at least half of the
infants had one sample that shared such a strain with a sample from an unrelated infant. Of these
five strains, two are Staphylococcus epidermidis strains A and B, and the other three are
Staphylococcus M0480, Corynebacterium aurimucosum, and Cutibacterium acnes. All five are
common members of the healthy skin microbiome [16]. S. epidermidis strain A and the
Staphylococcus M0480 strain were shared among all sample types (skin, mouth and stool), and S.
epidermidis strain B, the C. aurimucosum strain and the C. acnes strain were shared among skin
samples only. Additionally, a near-identical S. epidermidis strain A was found in fecal samples
from 16 out of 42 infants from case study I. It is uncommon to find a single strain of each of these
organisms in the majority of infants of a single dataset, we therefore identify these five strains to

be externally-derived contaminants (e.g., from staff who handled the samples).

We re-examined strain sharing among samples of this dataset after excluding all identified external
contaminants (Zymo strains, a Burkholderia strain, and five skin-associated strains). While most

of the extraction plates did not exhibit location-based strain sharing, samples from one infant pair
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on P4 did, suggesting that there might be well-to-well contamination (pink circle in Figure S2). A
sample from infant #12 shared up to 3 strains with neighboring skin and oral samples of infant
#13. These 3 shared strains were not shared by infant #13 and any other infants. In addition, none
of the other samples from infant #12 shared strains with infant #13. This suspected cross-
contaminated infant #12 sample was collected from skin and its strain sharing pattern was similar

to those of well-to-well contaminated samples in case study I.

Conclusions from Case Study 2

Our strain-resolved workflow identified external contamination to be the major source of
contamination in this dataset. Suspected contaminants include Burkholderia strains, Zymo DNA,
and five skin-associated strains. Our approach also suggested one skin sample to be cross-
contaminated by adjacent samples from the same extraction plate. Notably, most of these

contaminants were found in skin samples, which had lower biomass than oral and gut samples.

DISCUSSION

Contamination is an insidious and potentially unavoidable problem in metagenomics-based
microbiome research. If not appropriately addressed, extraneous DNA sequences can skew
conclusions, resulting in potentially false statements. Here, we devised a workflow that relies on
strain-resolution to detect contamination based on unexpected sharing of essentially identical
strains, and demonstrate its usefulness in two clinical metagenomics datasets. By examining strain
sharing based on genotype distribution across samples, and considering sample proximity on DNA
extraction plates, we identified contamination that derived from external sources and that which

originated within the sample set.
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In a recent review, it was noted that negative controls have been included in ~30% of prior
microbiome studies, although only a subset of studies sequenced and analyzed data from the
negative controls [21]. Although negative controls can identify foreign DNA that does not belong
to the study, they only offer a limited view of contamination and do not constrain the contamination
source or the number of samples impacted. In our first case study, analysis of the pattern of shared
strains in the context of sample location on DNA extraction plates indicated that the DNA in
negative controls was mostly derived from neighboring biological samples. Detection of
contamination motivated a more complete analysis of well-to-well contamination in all biological
samples in our study. In four cases, genotypes found in many samples from one infant were shared
by only one of the samples from another infant. In each such case, the contaminated sample was
located adjacent to the putative contamination source on the DNA extraction plate. This conclusion
was verified, as the strains were no longer shared when the DNA was re-extracted and
resequenced. In our second case study, two externally derived contaminants in the negative
controls were identified: Burkholderia strains and DNA from the Zymo positive control. We thus
investigated strains that were apparently shared by samples from unrelated infants, and identified
DNA from five additional contaminants in samples from the majority of infants yet absent in the

negative controls.

It may be possible to find true biological signals if the signal from contamination can be removed.
In case study one, after removing the well-to-well contaminated samples, we identified three
Clostridia strains that were shared only among preterm infant samples. Since preterm infants in

our study spent their first 2-3 months in the hospital, they have a higher chance to pick up hospital-
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associated strains than full-term infants. Given that strains of these bacteria have been found
previously in preterm infants that were born in the same hospital and in neonatal intensive care
unit room microbiomes [17,22], we hypothesize that these three strains may be circulating among

infants in the hospital.

By identifying contaminants and estimating their origins, our study provides a detailed workflow
for contamination identification. Based on our observations and previous contamination-related
studies, we list several suggestions for minimizing contamination in metagenomics-based studies.
First, we encourage others to minimize plate-based extraction if possible. If plate-based extraction
is a must, one should take additional precautions such as limiting the number of open wells when
extracting, using individual caps for covering wells on the plate and fully spinning down the
samples before removing the caps to prevent well-to-well contamination from occurring. In
addition, one should include their DNA extraction plate maps in their published work. Second, we
urge others to randomize samples when extracting DNA. Specifically, one should avoid loading
samples from the same individual or experimental group or biologically related individuals
adjacent to one another for extraction because if well-to-well contamination occurs, such
arrangements can blur the line between genuine signals and contamination and artificially inflate
metagenome similarities among samples that were nearby. In our original publication using the
dataset presented in case study I [11], when assessing persisting infant gut strains, we decided to
not use any samples extracted from the two extraction plates in which cross-contamination
occurred because we could not determine the degree of well-to-well contamination among samples
from the same individuals. Third, sequencing of sampling negative controls (i.e., empty swab that

is used during sample collection) is recommended in addition to extraction negative controls. This
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should identify contamination introduced during sampling, which is important because such
contaminants will likely not display extraction-plate-based sharing patterns. Removal of strains

seemingly shared but introduced during sampling will clarify strains truly shared by infants.

Conclusion

Contamination may be unavoidable in high-throughput sequencing and our results suggest that it
can be particularly problematic for low-biomass samples. Genotype-level surveillance has the
advantage that it does not require additional expenditures related to library construction and
sequencing. Our work emphasizes the importance of routinely assessing contamination prior to
data analysis so as to avoid incorrect findings. As microbiome-based analysis and diagnosis are
becoming more popular, we conclude that use of genotype-specific surveillance methods as well

as negative controls to ensure the integrity and reproducibility of the results.

Additional Files

Additional File 1: Figure S1. Details of strain sharing on P3 and P4 from case study I.
Rectangular areas represent plates (P3 and P4) and circles show sample placements within each
plate. Infant samples are named by infant number and infant day of life (i.e., #63D9 refers to infant
#63 and this sample was collected when the infant was 9-day-old). If it is a maternal sample, such
a sample is named by the infant number with a letter “M” in the end (i.e., #40M refers to the
maternal fecal sample collected from infant #40). A line was drawn between unrelated samples if
they shared >1 strain. The more strains a sample pair shared, the thicker and brighter the line. If a
sample did not share any strains with other unrelated samples, its corresponding circle is colorless.

Pink circles represent samples that were likely cross-contaminated.
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Additional File 2: Figure S2. Detection of one cross-contaminated sample on P4 from case
study Il. Merged circles represent duplicated samples that were extracted adjacent to each other
and were merged before being transferred to the library preparation plates. Infant samples are
named by infant number, infant day of life and sample type (“M” refers to mouth samples, “S”
refers to skin samples, and “G” refers to gut samples). If a sample pair from unrelated infants
shared >1 strain, the corresponding samples circles were colored grey and a line was drawn
between them. The more strains a sample pair shared, the thicker and brighter the line.
Additional File 3: Table S1. The original and the re-extracted DNA concentrations of four
cross-contaminated samples from case study .
*: The re-extracted stool sample (#63D6) is not the same as the original one (#63D9) as the original
stool sample is unavailable. This alternative stool sample was collected 3 days earlier than the

original sample.
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Methods

Sample collection
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Infant fecal samples from case study | were collected either at UPMC Magee-Womens Hospital
by trained nurses or at home by parents provided with detailed collection instructions. Sample

collection and storage details see Lou et al. [11].

For case study 11, all infant samples (skin, oral and stool samples) were collected at UPMC Magee-
Womens Hospital by trained nurses. Skin and oral samples were obtained by the charge nurse
using a BD BBL Culture Swab EZ under supervision of study personnel. Skin and oral samples
were collected in duplicate at each timepoint for each preterm infant in order to increase the

biomass available for DNA extraction. Details of sample collection and storage see Olm et al. [23].

DNA extraction

DNA was extracted using either the Qiagen QlAamp PowerFecal Pro DNA Isolation kit (single
tube extractions; used for 14 of 402 samples in case study | and 7 of 533 samples in case study 1)
or Qiagen DNeasy PowerSoil HTP 96 DNA Isolation kit (96-well plate extractions; used in the
majority of samples in both case studies) with modifications to the manufacturer’s protocol. To
minimize cross-plate contamination, no plates were extracted at the same time. For each 96-well
DNA extraction plate, a reagent-only negative control was included. ZymoBIOMICS Microbial
Community Standard (catalog # D6300) was included as a positive control on one extraction plate
from case study | and three extraction plates from case study Il. When loading samples into the
wells of DNA extraction plates, samples were not randomly distributed among the plates, and
often, samples from the same infant were present next to each other sequentially along columns

on the same extraction plate.
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For DNA extracted from stool using the single tube format, the manufacturer’s protocol was
followed except for a heating step at 65°C for 10 minutes before the homogenization step. For
DNA extracted from stool with the 96-well kit, fecal samples were added to individual wells of
the bead plate and stored overnight at -80°C. The following day, the Bead Solution and Solution
C1 were added, and the plates were incubated at 65°C for 10 minutes. The plates were shaken on
a Retsch Oscillating Mill MM400 with 96-well plate adaptors for 10 minutes at speed 20. The
plates were rotated 180° and shaken again for 10 minutes at speed 20. All remaining steps followed

the manufacturer’s centrifugation protocol.

All skin and oral samples from case study Il were extracted using 96-well plates. Specifically, for
skin and oral swab samples, the swab head was cut off directly into the wells of the bead plate and
stored overnight at -80°C. The following day, the Bead Solution and Solution C1 were added, and
the plates were incubated at 65°C for 10 minutes. The plates were shaken on a Retsch Oscillating
Mill MM400 with 96 well plate adaptors for 5 minutes at speed 20. The plates were rotated 180°
and shaken again for 5 minutes at speed 20. The Solution C2 and C3 steps were combined (200 pl
of each added) to improve DNA vyield. All remaining steps followed the manufacturer’s
centrifugation protocol. For six selected skin and oral samples, 75 pl of ZymoBIOMICS Microbial
Community Standard (catalog # D6300) was added to the wells of these six samples prior to the

heating step during DNA extraction.

Extracted DNA was quantitated using the Quant-iT High Sensitivity dsSDNA Assay Kit (Thermo

Fisher Scientific) in 96-well plates and measurements made on a SpectraMax M2 microplate
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reader. All extracted samples from case study | were sequenced whereas only about half of the

extracted samples from case study Il were sequenced.

DNA extractions and quantifications were performed at the University of Pittsburgh School of
Medicine, Pittsburgh, PA. Once completed, the extracted DNA was shipped to the QB3 Vincent
J. Coates Genomics Sequencing Laboratory at UC Berkeley for library preparation and
sequencing. For case study I, the extracted DNA was sent in the same plates in which the DNA
was eluted in the final step of the DNA extraction protocol. For case study Il, the DNA from
selected samples was transferred from the extraction plates to three new 96-well plates (one for
skin samples, one for oral samples, and one for stool samples) before shipping to Berkeley. For
each pair of the duplicated skin and oral samples, their extracted DNA was combined into a single

volume on the new 96-well plates.

Metagenomic sequencing

Samples from case study | and Il had separate library preparation and sequencing runs. However,
the overall sequencing workflow is essentially identical. Metagenomic sequencing of all samples
was performed in collaboration with the California Institute for Quantitative Biosciences at UC
Berkeley (QB3-Berkeley). Library preparation on all samples from each study was performed as
previously described [24]. Final sequence ready libraries were visualized and quantified on the
Advanced Analytical Fragment Analyzer. All libraries were then evenly pooled into a single pool
and sequenced on individual Illumina NovaSeq6000 150 paired-end sequencing lanes with 2%
PhiX v3 spike-in controls. Post-sequencing bcl files were converted to demultiplexed fastq files

per the original sample count with Illumina’s bcl2fastq v2.20 software.
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Metagenomic assembly, de novo binning, and taxonomy assignment

Sequencing reads from case study | and Il were assembled separately. However, the overall
workflow of metagenomics assembly, de novo binning and taxonomy assignment was essentially
identical. See Lou et al. for details on read assembly, de novo binning, and taxonomy assignment

on resulting genome bins [11].

Genome dereplication

To generate a set of study-specific, high-quality, and nonredundant reference genomes, all de novo
assembled genome bins were dereplicated at 98% whole-genome average nucleotide identity
(9ANI) via dRep (v2.6.2) [25], using a minimum completeness of 75%, maximum contamination
of 10%, the ANImf algorithm, 98% secondary clustering threshold, and 25% minimum coverage
overlap. Since biological samples from case study Il were deliberately spiked with Zymo standard
(catalog #D6300), 10 publicly available Zymo genomes (https://s3.amazonaws.com/zymo-
files/BioPool/ZymoBIOMICS.STD.refseq.v2.zip) were added to the original genome set of case
study II before dereplication. Genomes with gANI >98% were classified as the same “subspecies”,
and the genome with the highest score (as determined by dRep) was chosen as the representative

genome from each subspecies.

Detection of subspecies and identification of strains using inStrain
Reads from each individual sample were mapped to study-specific representative subspecies
(generated via dRep as described above) concatenated together using Bowtie2 under default

settings. inStrain (v1.3.4) profile [26] was run on all resulting mapping files using a minimum
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mapQ score of 0 and insert size of 160. Genomes with >0.5 breadth (meaning at least half of the
nucleotides of the genome are covered by >1 read) in samples were considered to be present.
inStrain compare was used under default settings to compare read mappings to the same genome
in different pairs of samples. In case study I, samples were considered to share the same strain of
the examined genome if the compared region of the genome from samples shared >99.999%
population-level ANI (popANI) whereas in case study Il, the popANI threshold was set to be
99.995%. Only genomic areas with at least 5x coverage in samples were compared, and sample
pairs with less than 50% of comparable regions of the genome were often excluded (>0.5
percent_genome_compared). For edge cases, such as when popANI values were within 0.005% of
the threshold or when percent_genome_compared values were within 0.2% of the threshold,
inStrain compare results were manually assessed to determine whether the sample pairs shared the

same or different strains.

Statistical analysis

Statistical significance for two-group univariate comparisons was calculated using Wilcoxon rank-
sum test (as implemented using the Scipy module “scipy.stats.ranksums”) as reported in the main
text. For instance, to assess whether strain sharing was correlated with sample pair distance on
each DNA extraction plate, we compared within-plate Euclidean distances of sample pairs that did

not share strains to those that shared at least one strain using Wilcoxon rank-sum test.


https://doi.org/10.1101/2022.01.16.476537
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.16.476537; this version posted January 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

32

Reference

1. Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, et al. Reagent and laboratory

contamination can critically impact sequence-based microbiome analyses. BMC Biol. 2014;12:87.

2. Olm MR, Butterfield CN, Copeland A, Boles TC, Thomas BC, Banfield JF. The Source and
Evolutionary History of a Microbial Contaminant Identified Through Soil Metagenomic Analysis. MBio

[Internet]. 2017;8. Available from: http://dx.doi.org/10.1128/mBi0.01969-16

3. Eisenhofer R, Minich JJ, Marotz C, Cooper A, Knight R, Weyrich LS. Contamination in Low
Microbial Biomass Microbiome Studies: Issues and Recommendations. Trends Microbiol. 2019;27:105—

17.

4. Davis NM, Proctor DM, Holmes SP, Relman DA, Callahan BJ. Simple statistical identification and

removal of contaminant sequences in marker-gene and metagenomics data. Microbiome. 2018;6:226.

5. Minich JJ, Zhu Q, Janssen S, Hendrickson R, Amir A, Vetter R, et al. KatharoSeq Enables High-
Throughput Microbiome Analysis from Low-Biomass Samples. mSystems [Internet]. 2018;3. Available

from: http://dx.doi.org/10.1128/mSystems.00218-17

6. de Goffau MC, Lager S, Salter SJ, Wagner J, Kronbichler A, Charnock-Jones DS, et al. Recognizing

the reagent microbiome. Nat Microbiol. 2018;3:851-3.

7. Minich JJ, Sanders JG, Amir A, Humphrey G, Gilbert JA, Knight R. Quantifying and Understanding
Well-to-Well Contamination in Microbiome Research. mSystems [Internet]. 2019;4. Available from:

http://dx.doi.org/10.1128/mSystems.00186-19

8. Sinha R, Stanley G, Gulati GS, Ezran C, Travaglini KJ, Wei E, et al. Index switching causes
“spreading-of-signal” among multiplexed samples in [llumina HiSeq 4000 DNA sequencing [Internet].

bioRxiv. 2017 [cited 2021 Sep 15]. p. 125724. Available from:


http://dx.doi.org/10.1128/mBio.01969-16
http://dx.doi.org/10.1128/mSystems.00218-17
http://dx.doi.org/10.1128/mSystems.00186-19
https://doi.org/10.1101/2022.01.16.476537
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.16.476537; this version posted January 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

33

https://www.biorxiv.org/content/10.1101/125724v1.full

9. Mitra A, Skrzypczak M, Ginalski K, Rowicka M. Strategies for achieving high sequencing accuracy for
low diversity samples and avoiding sample bleeding using illumina platform. PLoS One.

2015:;10:e0120520.

10. Larsson AJM, Stanley G, Sinha R, Weissman IL, Sandberg R. Computational correction of index

switching in multiplexed sequencing libraries. Nat Methods. 2018;15:305-7.

11. Lou YC, Olm MR, Diamond S, Crits-Christoph A, Firek BA, Baker R, et al. Infant gut strain
persistence is associated with maternal origin, phylogeny, and traits including surface adhesion and iron

acquisition. Cell Reports Medicine. 2021;100393.

12. Yassour M, Jason E, Hogstrom LJ, Arthur TD, Tripathi S, Siljander H, et al. Strain-Level Analysis of
Mother-to-Child Bacterial Transmission during the First Few Months of Life. Cell Host Microbe.

2018;24:146-54 €4.

13. Ferretti P, Pasolli E, Tett A, Asnicar F, Gorfer V, Fedi S, et al. Mother-to-Infant Microbial
Transmission from Different Body Sites Shapes the Developing Infant Gut Microbiome. Cell Host

Microbe. 2018;24:133—-45.e5.

14. Crits-Christoph A, Kantor RS, Olm MR, Whitney ON, Al-Shayeb B, Lou YC, et al. Genome
Sequencing of Sewage Detects Regionally Prevalent SARS-CoV-2 Variants. MBio [Internet]. 2021;12.

Available from: http://dx.doi.org/10.1128/mBi0.02703-20

15. Snitkin ES, Zelazny AM, Thomas PJ, Stock F, NISC Comparative Sequencing Program Group,
Henderson DK, et al. Tracking a hospital outbreak of carbapenem-resistant Klebsiella pneumoniae with

whole-genome sequencing. Sci Transl Med. 2012;4:148ral16.

16. Byrd AL, Belkaid Y, Segre JA. The human skin microbiome. Nat Rev Microbiol. 2018;16:143-55.


https://www.biorxiv.org/content/10.1101/125724v1.full
http://dx.doi.org/10.1128/mBio.02703-20
https://doi.org/10.1101/2022.01.16.476537
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.16.476537; this version posted January 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

34
17. Brooks B, Olm MR, Firek BA, Baker R, Thomas BC, Morowitz MJ, et al. Strain-resolved analysis of

hospital rooms and infants reveals overlap between the human and room microbiome. Nat Commun.

2017:8:1814.

18. Laurence M, Hatzis C, Brash DE. Common contaminants in next-generation sequencing that hinder

discovery of low-abundance microbes. PL0oS One. 2014;9:e97876.

19. Glassing A, Dowd SE, Galandiuk S, Davis B, Chiodini RJ. Inherent bacterial DNA contamination of
extraction and sequencing reagents may affect interpretation of microbiota in low bacterial biomass

samples. Gut Pathog. 2016;8:24.

20. Weyrich LS, Farrer AG, Eisenhofer R, Arriola LA, Young J, Selway CA, et al. Laboratory

contamination over time during low-biomass sample analysis. Mol Ecol Resour. 2019;19:982-96.

21. Hornung BVH, Zwittink RD, Kuijper EJ. Issues and current standards of controls in microbiome
research. FEMS Microbiol Ecol [Internet]. 2019;95. Available from:

http://dx.doi.org/10.1093/femsec/fiz045

22. Raveh-Sadka T, Firek B, Sharon I, Baker R, Brown CT, Thomas BC, et al. Evidence for persistent
and shared bacterial strains against a background of largely unique gut colonization in hospitalized

premature infants. ISME J. 2016;10:2817-30.

23. Olm MR, Brown CT, Brooks B, Firek B, Baker R, Burstein D, et al. Identical bacterial populations
colonize premature infant gut, skin, and oral microbiomes and exhibit different in situ growth rates.

Genome Res. 2017;27:601-12.

24. Olm MR, West PT, Brooks B, Firek BA, Baker R, Morowitz MJ, et al. Genome-resolved
metagenomics of eukaryotic populations during early colonization of premature infants and in hospital

rooms. Microbiome. 2019;7:26.


http://dx.doi.org/10.1093/femsec/fiz045
https://doi.org/10.1101/2022.01.16.476537
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.01.16.476537; this version posted January 17, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

35

25. Olm MR, Brown CT, Brooks B, Banfield JF. dRep: a tool for fast and accurate genomic comparisons
that enables improved genome recovery from metagenomes through de-replication. ISME J.

2017;11:2864-8.

26. Olm MR, Crits-Christoph A, Bouma-Gregson K, Firek BA, Morowitz MJ, Banfield JF. inStrain
profiles population microdiversity from metagenomic data and sensitively detects shared microbial

strains. Nat Biotechnol [Internet]. 2021; Available from: http://dx.doi.org/10.1038/s41587-020-00797-0


http://dx.doi.org/10.1038/s41587-020-00797-0
https://doi.org/10.1101/2022.01.16.476537
http://creativecommons.org/licenses/by-nc-nd/4.0/

