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Don’t make a mista(g)ke: is tag switching an overlooked
source of error in amplicon pyrosequencing studies?
s u m m a r y

High throughput sequencing has become a powerful tool for

fungal ecologists to explore the diversity and composition of

fungal communities. However, various biases and errors are

associated with the new sequencing techniques that must be

handled properly. We here provide evidence for a source of error

that has not yet been taken into account.

During amplicon pyrosequencing we incorporate tags in both

ends of the amplicons, which allows us to check for tag coher-

ence after sequencing. In several studies we have observed that

a small proportion of the resulting sequences possess novel tag

combinations. Our observations cannot be explained by primer

contamination or PCR chimaeras. This indicates that some DNA

fragments switch tags during laboratory setup. If not controlled

for, this will cause numerous false positives in downstream

analyses. In most amplicon pyrosequencing studies of fungal

communities, amplicons are typically tagged in one end only. We

suggest that amplicons should be tagged in both ends before

pyrosequencing to control for tag switching.

High throughput sequencing (HTS) approaches, such as 454

pyrosequencing (Margulies et al. 2005), have provided new and

exciting opportunities to explore the community composition

and diversity of micro- (e.g. Bu�ee et al. 2009; Jumpponen &

Jones 2009; Blaalid et al. 2012) and macro-organisms (e.g. Epp

et al. 2012) in environmental samples. In amplicon HTS

studies, a specific DNA region from one or a few groups of

organisms are PCR amplified by group selective primers prior

to 454 pyrosequencing.

Various types of errorsmay be incorporated during PCR and

DNA sequencing that need to be accounted for to avoid inflated

species richness estimates (Kunin et al. 2010) or the inclusion of

artificial lineages (Berney et al. 2004). Even high fidelity poly-

merases will have nucleotide incorporation errors during the

PCRstepproducingartificialmutations insomeof theamplified

fragments (Qiu et al.2001; Li et al.2006).Moreover, chimericDNA

fragments that combine different parts of different DNA

templatesareoftengeneratedduringPCR (Qiu et al. 2001; Lahr&

Katz 2009). Additional errors are added during sequencing. For

example, the 454 sequencing technique fails to handle long

homopolymer stretches satisfactorily, frequently leading to an

incorrect number of incorporated bases in such regions.
In HTS studies, numerous samples are normally tagged,

pooled and sequenced in parallel on the same illumina/454

plate or section of a plate (Binladen et al. 2007; Hamady et al.

2008). The unique tags (also named molecular identifiers

(MIDs)) are used to link the output reads to the original

samples after sequencing. The tags usually consist of 6e10

base pairs. These are either linked to the amplified fragments

directly during PCR or ligated after PCR. In most published

amplicon pyrosequencing studies of fungi, the amplified

fragments are only tagged on one end (e.g. Bu�ee et al. 2009;

Jumpponen & Jones 2009).

In our amplicon pyrosequencing studies we routinely tag

the amplicons on both ends. This enables us to control for the

presence of non-compatible tag combinations after sequencing

using the bioinformatics pipeline CLOTU (Kumar et al. 2011). In

several independent amplicon pyrosequencing studies we

have observed and reported output reads with non-compatible

tag combinations (Aas 2010; Blaalid et al. 2012; Kauserud et al.

2012; plus several ongoing unpublished studies). On the basis

of two of these datasets (Aas 2010 and a yet unpublished work

led by Daniel Lindner), we suggest that tag switching might be

a common but largely overlooked phenomenon in amplicon

pyrosequencing studies. Clearly, this type of error should be

considered, and when possible, controlled for.

In one study (Lindner et al. in prep), a total of 176 247 ITS1

sequences were generated from 99 axenic single spore

cultures representing a similar number of different fungal

species, where each taxon (¼ sample) was labeled with

a unique tag. The experimental setup for 454 sequencing fol-

lowed Blaalid et al. (2012). Tags were added to both ends of the

fragment by using fusion primers containing the adaptor

sequence for emulsion PCR, a MID and the PCR primer. We

used a subset of the recommended Rochemultiplex identifiers

(technical bulletin 005e2009) where the MID sequence is 10 bp

long and at least four changes (insertion, deletion, substitu-

tion) different from the other members of the MID set.

Samples were standardized using SequalPrep�Normalization

Plate (96) Kit following the manufacturer’s protocol (Invi-

trogen, CA, USA) and cleaned with Wizard� SV Gel and PCR

Clean-Up System (Promega, Madison, USA). Samples were run

on a bioanalyzer to check for the successful removal of all

primers and primer dimers before emPCR.

www.sciencedirect.com/science/journal/17545048
http://www.elsevier.com/locate/funeco
http://dx.doi.org/10.1016/j.funeco.2012.06.003
http://dx.doi.org/10.1016/j.funeco.2012.06.003


748 T. Carlsen et al.
When only the forward tag was used for assigning

sequences to samples (taxa), we observed that many samples

included a low abundance of ‘contaminant sequences’ from

one or several of the other co-analyzed samples (taxa). These

“contaminant” sequences represented taxa mixed into the

same tube prior to emulsion PCR (emPCR) and run on the same

454 lane. When searching these contaminant sequences for

the reverse tag, we observed that they had non-compatible tag

combinations where the reverse tag indeed was the expected

“correct” tag for the sample in question. As a consequence of

this observation, we also controlled the reverse tag of

sequences with the correct forward tag. We found that 0.7 %

of the sequences with a correct forward tag had a non-

compatible reverse tag from another sample in the same

sequencing lane. In total, about 1.6 % of the full-length ITS1

reads in this dataset had a non-compatible tag combination.

Noteworthy, these reads did not represent PCR chimeras as

only the tags had been switched. Lab contamination is also

not likely as there were samples PCR amplified separately,

from different mastermixes, but pooled to be run on the same

454 compartment that had switched tags. Samples run side by

side on a PCR plate but run on different compartments on the

454 plate showed no cross contamination and no tag switch.

In another dataset (Aas 2010), the diversity of phylloplane

fungi associated with the grass species Avenella flexuosa was

analyzed using amplicon pyrosequencing of the ITS1 region.

Ninety plant samples were analyzed using the same setup for

454 sequencing as above. Here we observed that 2.3 % of the

raw reads exhibited non-compatible tag combinations.

We want to emphasize that the observed amplicons with

non-matching tags cannot be explained by PCR chimaeras as

these samples were not PCR amplified together. Furthermore,

a mixed template on an emulsion PCR bead would give

a nonsense read completely different from our observed

results. Sequencing error is also not plausible as we have used

MID that are at least four changes different from the other

members of the MID set, and we have not allowed for any MID

errors during filtering.

The PCR amplicons could theoretically have switched tags

eitherprior to emulsionPCRwhenmixed into the sametube, or

during the emPCR. We presume that the first scenario is most

likely. Even after thorough rinsing of PCR amplicons with kits

such as Agencourt� AMPure� (Beckman Coulter, High

Wycombe, UK) or Wizard� SV Gel and PCR Clean-Up System

(Promega, Madison, USA), that we used, low concentrations of

unused tagged primers may be available in the solution and

may interferewith the ITS1 fragmentsprior to emPCR.Another

possibility is that the primer/adaptor regions of amplicons

from different samples align and cross during a denaturation

step.Wewouldencourage researchers to look for tag switching

in their datasets so that the research community eventually

will be able to find the cause of this effect.

Our results demonstrate that reliance on only one tag

during amplicon HTS may lead to undetected mixing of

sequences across samples and consequently numerous false

positives. In accord with our findings, van Orsouw et al. (2007)

observed from 0.1 to 16 % fragments with non-compatible tag

combinations in a 454 sequencing setup with mixed samples.

Although the number of reads with non-compatible tag

combinationswere low in the referred studies, it may severely
impact the downstream analyses if not properly corrected for.

For example, tag switching may create an artificial evenness

of samples pooled in a single lane or plate compartment,

especially if the data are treated as presence/absence.

Precautionary measures that can be taken to avoid tag

switching include thorough rinsing of PCR products, cold

storage of pooled amplicon libraries immediately after mix-

ing, and reduced sample storage time between the final steps

in the laboratory preparations. Removing low-frequency

OTUs would counteract the bias to some extent, but only if

performed per individual sample. This is because a mis-

tagged fragment in one sample is likely abundant in another

sample. We also advocate randomizing samples to avoid all

samples from, for example, one treatment or plot being

pooled in one lane. We think this may be a general problem in

all HTS amplicon studies where samples are tagged before

pooling as it was also apparent in van Orsouw et al. (2007),

where the tags were added by ligation.

Unfortunately, the commonly used software programs for

processing high throughput amplicon sequence data, such as

Qiime (Caporaso et al. 2010) and Mothur (Schloss et al. 2009) do

not include satisfactory options for the control of non-

compatible tag combinations. However, such options may be

easily implemented, as done for instance in the software

program CLOTU (Kumar et al. 2011). Cross contamination and

samplemix ups in HTS studiesmight be a common but largely

overlooked phenomenon that has possibly had major impact

in some studies, as recently demonstrated by Westra et al.

(2011).
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