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12 Abstract

13 The high-throughput capacities of the lllumina sequencing platforms and possibility to label samples
14  individually have encouraged a wide use of sample multiplexing. However, this practice results in
15  read misassignment (usually <1%) across samples sequenced on the same lane. Alarmingly high rates
16  of read misassignment of up to 10% were reported for the latest generation of lllumina sequencing
17  machines. This potentially calls into question previously generated results and may make future use
18  of the newest generation of platforms prohibitive. In this study we rely on barcodes, short sequences
19  that are directly ligated to both ends of the DNA insert, which allows us to quantify the amount of
20  index hopping. Correcting for multiple sources of noise, we identify on average only 0.470% of reads
21 containing a hopped index. Multiplexing of samples on this platform is therefore unlikely to cause

22 markedly different results to those obtained from older platforms.
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28 Introduction

29 Multiplexing samples for next-generation sequencing is a common practice in many biological and
30 medical applications [1-3]. During multiplexing, samples are individually labelled with unique
31  identifiers (indices) that are embedded within one (single indexing) or both (dual indexing)
32  sequencing platform-specific adapters [2,4]. The samples are subsequently pooled into a single DNA
33 library and sequenced on the same lane, greatly reducing per sample sequencing cost. Following
34  sequencing, computational demultiplexing, based on the sample-specific indices, allows for
35 assignment of the sequenced reads to the respective sample of origin. However, ever since
36  multiplexing approaches were introduced, low rates of read misassignment across samples
37 sequenced on the same lane have been reported on all Illlumina platforms [4-8]. Read
38 misassignment is the results of reads carrying an unintended index and consequently being
39  erroneously attributed to the wrong original sample. The reported rate of read misassignment on
40  Illumina platforms that rely on the traditional bridge amplification for cluster generation is low (<1%)

41 [9,10] and therefore this source of error has been mostly ignored.

42  However, on the latest generation of lllumina sequencing platforms (HiSeq X, HiSeq 4000 and
43  NovaSeq) that rely on the exclusion amplification chemistry (ExAmp) in combination with patterned
44  flow cells, a wide range of read misassignment rates has been reported [11-13]. Whereas one study
45 reported no observable rate of read misassignment on neither HiSeq X and HiSeq 2500 platforms
46 [14], other studies have documented rates of up to 10% [13]. According to Illumina’s own estimates,

47  the rate of read misassignment on platforms with ExAmp chemistry is up to 2% [9].

48  As a consequence of conflicting results, the prevalence and severity of read misassignment on the
49  lllumina HiSeq X platforms remain unclear. This is partly due to the difficulties to reliably identify
50 misassigned reads in sequencing experiments, particularly if pooling similar samples types (e.g.
51  multiple individuals from the same population that have high sequence similarity). Recently, lllumina

52 introduced dual indices on all ExXAmp sequencing platforms, allowing for the filtering of the majority
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53  of reads that show signs of read misassignment. However, since indices can potentially be switched
54  at both ends of the molecule and the number of available indices is limited, it remains difficult to

55  obtain direct estimates of read misassignment on these platforms.

56  Some research questions require high confidence in read identity, as presence of rare sequence
57 variants can influence biological and medical conclusions. For instance, detection of low abundance
58  transcripts or rare mutations can influence diagnostic inferences [11,15-17]. Studies with low input
59 DNA quantities (e.g. single cell sequencing, ancient and historical DNA) are particularly susceptible to
60  such errors [4] . Similarly, population genomics studies frequently rely on low-coverage genomic
61 data, and presence of shared rare alleles across several populations or species can be interpreted as

62 evidence for gene flow or admixture [18—-21].

63 Processes resulting in read misassignment, i.e. presence of reads with a switched index, are
64  numerous. The effect of sequencing errors that can convert one index sequence into another is well
65  known and has led to series of recommendations for designing highly distinct indices [2]. Jumping
66  PCR during bulk amplification of library molecules that carry different indices can generate chimeric
67  sequences and should be avoided [22-25]. Similarly, cross-contamination of indexing adapters during
68  oligonucleotide synthesis or laboratory work can lead to reads obtaining an unintended index.
69  Additionally, cluster misidentification due to “bleeding” of indices into neighbouring clusters have
70 been reported on all high throughput sequencing platforms [4-8,11,26]. However, for the latest
71 lumina platforms with patterned flow cells and ExAmp chemistry, read misassignment has been
72  suggested to be caused by the presence of free-floating indexing primers in the final sequencing
73 library [9,13]. Such free-floating molecules can appear if sequencing libraries are not stored properly
74  and become fragmented or if final sequencing libraries are not properly size selected [27]. These
75  primers and molecules can then anneal to the pooled library molecules and get extended by DNA

76 polymerase before the rapid exclusion amplification on the flow cell, creating a new library molecule
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77  with an erroneous index. We refer to this particular process of generating misassigned reads as index

78  hopping.

79 In this study we make use of inline barcodes, short unique seven base pair sequences ligated to both
80  ends of the DNA fragments [28], in combination with indexed primers that are traditionally used for
81  sample identification. The barcodes become part of the sequencing read and thus allow for accurate
82  identification of the read origin, even in the presence of index hopping. Therefore, the amount of
83 index hopping can be directly quantified by identifying reads with wrong barcode-index
84  combinations. We specifically use historical museum-preserved samples that are characterized by
85 low DNA quantity and quality (the DNA is degraded, chemically modified and shows single-strand
86  overhangs [29,30]). Libraries constructed from such low quality samples are prone to index hopping,
87  since generally these samples yield low coverage sequencing data and inferences are based on subtle
88  differences between limited sets of polymorphic sites [31,32]. Therefore, small quantities of
89  misassigned DNA fragments in aDNA studies can already cause erroneous inferences [33] and it is
90  thus crucial to distinguish genuine sample-derived ancient DNA fragments from false signals [34].
91  Additionally, estimates of ancient DNA preservation are often based on a small number of
92  sequencing reads [35,36] and index hopping could therefore result in an erroneous inference about
93 DNA preservation in a given sample. In the context of the study presented here, it is also worth
94  noting that the small insert size in such aDNA samples allows us to obtain sequence information from

95  both ends of the DNA fragment and thereby we can identify both barcodes with high accuracy.

96  Following sequencing on the HiSeq X platform, we identified a small fraction of reads (<1%) with a
97  wrong barcode-index combination. After excluding several possible explanations, we conclude that
98 index hopping happens in this system, but results in a similar rate of read misassignment as
99  previously reported for older versions of lllumina sequencing platforms that rely on traditional bridge
100  amplification for cluster generation. We therefore recommend using inline barcode-containing

101  sequencing adapters, independent of the sequencing platform in studies that rely on low-coverage
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102  data, require absolute certainty, aim to characterize rare variants or combine a large number of

103  samples that exceed available index combinations.


https://doi.org/10.1101/179028
http://creativecommons.org/licenses/by-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/179028; this version posted March 27, 2018. 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-ND 4.0 International license.

104 Methods

105 Library preparation and sequencing

106  DNA extracts from seven historical gorilla samples were turned into sequencing libraries following
107  the strategy outlined in [28,37] (see supplementary material). All library preparation steps except
108 indexing PCR were performed in a dedicated ancient DNA facility to minimize contamination. Briefly,
109 20 pl DNA extract was used in a 50 pl blunting reaction together with USER enzyme treatment to
110  remove uracil bases resulting from aDNA damage [38]. DNA fragments within each sample were then
111  ligated to a unique combination of incomplete, partially double-stranded P5- and P7-adapters, each
112 containing a unique seven base pair sequence [37] (Table S1). We refer to these as the P5 and P7
113 barcodes from here on. All barcode sequences were at least three nucleotides apart from each other
114  to ensure high certainty during demultiplexing and avoid converting one barcode into another
115  through sequencing errors [37] (Table S1). To increase the complexity of the pooled sequencing
116  library, one sample (sample 7) was split in two fractions, each of which received a different barcode

117  combination (Table 1).

118 Indexing PCR was performed for 10 cycles using a unique P7 indexing primer for each sample, as in
119  [2] (Table S1). We refer to the unique sequence added during the indexing PCR as the P7 index. As
120  with the barcodes, all index sequences differed by at least three base pairs from each other (Table
121 S1). Indexing PCR for sample 7 was performed in a single reaction combining both fractions of this
122 sample. Following the indexing PCR, each DNA fragment contained three unique identifiers: the P5
123 and P7 barcodes directly ligated to the ends of the DNA fragments, and the P7 index, which becomes
124 part of the lllumina sequencing adapter (Figure 1). Sample libraries were cleaned using MinElute spin
125  columns, fragment length distribution and concentrations were measured on the Bioanalyzer. We
126  then pooled all seven sample libraries in a ratio of 2:1:2:1:1:1:2 for samples 1 to 7, and performed
127  two rounds of AMPure XP bead clean-up, using 0.5X and 1.8X bead:DNA ratio, respectively. We

128 confirmed that indexing primers were successfully removed during clean-up by running the final
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129  library on a Bioanalyzer (Figure S2). The pooled library was sequenced on three HiSeq X lanes that

130  were part of independent runs with a 5% phiX spike-in, at the ScilLife sequencing facility in Stockholm.

131

132  Data processing

133  All reads were demultiplexed based on their unique indices using Illlumina’s bcl2fastq (v2.17.1)
134  software with defaults settings, allowing for one mismatch per index and only retaining “pass filter”
135  reads (lllumina Inc.). All unidentified reads, i.e. reads containing indices not used in our experiment,
136  were subjected to the same filtering steps, as described below. We removed adapter sequences
137 using AdapterRemoval V2.1.7 with standard parameters [39]. Due to the fragmented nature of DNA
138 in historical samples, we could subsequently merge the reads, requiring a minimal overlap of 11bp
139 and allowing for a 10% error rate. The merging of reads allows us to obtain sequencing information
140  for the complete DNA molecule and thus accurate identification of the barcodes on both ends of the
141 DNA fragment (P5 and P7 barcodes, respectively, Figure 1). Unmerged reads and reads below 29 bp
142  were removed. To increase certainty, we only retained reads with error-free P5 and P7 barcodes and

143 an average quality score of at least 30 using prinseq V0.20.4 [40].

144

145  Disentangling cross-contamination from index hopping

146 Low rates of cross-contamination between barcodes and indexes can be expected, even if strict
147 measure, such as clean-room facilities, are taken during library preparation [4]. This can result in
148 reads containing a wrong index-barcode pair and could be falsely taken as evidence for index
149 hopping. Since the inline barcodes used in this experiment are unaffected by index-hopping (Figure
150 1), we can accurately estimate the rate of barcode cross-contamination as the fraction of reads
151  containing a P5-P7 barcode pair that was not used during library preparation. In rare cases, barcode

152  cross-contamination results in a read with a valid barcode pair (e.g. a barcode combination that was
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153 intendedly used during library preparation) and thereby remain undetected in our estimate.
154  However, since we used every barcode only once, the probability of such an event is several orders
155  of magnitude lower than the fraction of reads containing an invalid barcode pair and does therefore

156  not significantly affect any of our estimates (see supplementary material).

157  As the lllumina HiSeq X platform did not support a dual-indexing design at the time of this
158  experiment, estimating the rate of index cross-contamination could not be based on invalid index
159 pairs. Therefore, we relied on the fact that only seven out of the 40 indices that are routinely used in
160  our laboratory, were implemented in this experiment (Table S3). Assuming a relative equal rate of
161  cross-contamination between all 40 indexes, we estimated index cross-contamination as the fraction

162  of reads containing any of the 33 indices that were not included during library preparation.

163  We then determined the raw rate of index hopping as the fraction of reads showing an index-
164  barcode combination not used during the library preparation. We accounted for the possibility of
165  barcode and index cross-contamination resulting in the same barcode-index combination by
166  subtracting the contamination estimates obtained above from the raw value of index hopping. All

167  statistical analyses were performed in R 2.15.3 [41] (see supplementary material).

168
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169 Results

170  Our sequencing libraries were made from degraded historical samples and thus contained a large
171  proportion of short DNA fragments (Figure S3A). Therefore, the majority of reads could be
172 confidently merged for all three sequencing runs (95.3% SE + 1.0%). After all filtering steps (see

173  Methods), the final dataset contained 89.3% SE + 1.9% of the original sequence reads.
174
175  Barcode and index cross-contamination

176  We estimate the levels of barcode cross-contamination at 0.0276% SE + 0.0026 across all three runs
177  (Table 1, Table S2, Figure S1), with different rates observed between samples (global chi-square test,
178 P<10™). The high observed level of incorrect barcode-pairings in sample seven, can be explained by
179  formation of chimeric reads during pooled amplification of the two different fractions of this sample
180 that were barcoded separately (see supplementary material). Assuming that adapter ligation of
181  barcodes is unbiased with respect to the barcode sequence [37], this low percentage of cross-
182  contamination will lead to a neglectable fraction of reads (1.09 - 10°%, see supplementary material)

183  with barcode pair that wrongly appear as having undergone index hopping.

184  The rate of index cross-contamination was estimated at 0.124% SE = 0.0023 (Table S3), by
185  quantifying the fraction of reads containing indices that were not intentionally used in our

186  experiment (see Methods, Table S3).
187
188  Index hopping

189  Index hopping will not affect the barcodes that are directly ligated to the DNA fragments. Therefore,
190 it can be readily distinguished from barcode cross-contamination by identifying reads containing a
191  combination between an index and a barcode pair that was not used during the library preparation.

192  Across all three sequencing runs, we detected a low proportion of such reads (mean=0.594%, SE
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193  0.0434%, Table 1). As previously estimated ~0.124% of these reads are a result of index and barcode
194  cross-contamination. Therefore, the estimated rate of index hopping in our experiment across all
195 three sequencing runs is ~0.470% SE = 0.044 (0.594% minus 0.124%). The proportion of hopped
196  reads differed significantly by sample (chi-square test, P<10™*®) and was positively correlated with the
197  number of sequenced reads per sample (Pearson’s r = 0.96, P = 0.0005). This suggests that in
198  multiplexed sequencing runs the samples with higher number of sequenced reads will serve as the
199  dominant source of hopped reads (Figure 2). Even though the overall rate of index hopping is low,
200  samples with proportionally few sequenced reads are thus considerably more affected by index
201  hopping. In our experiments, this resulted in 2.49% SE + 0.29% of index hopped reads in the sample

202  with the lowest number of sequenced reads (Table 1, Table S4, Figure 2).

203 In addition, the rate of index hopping differed significantly by read length and GC content. Reads
204  shorter than 90 bp and reads with GC content above 40% showed significantly higher proportion of

205  hopped reads than expected under a random distribution (chi-square test, both P<10™, Figure $3).

206
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208  Figure 1: Outcome of index hopping. A) The library pool, containing barcoded and indexed library
209  molecules and free-floating indexing primers, is mixed with ExAmp reagents before loading on the
210  patterned flow cell. B) Free-floating adapters anneal to the adapter sequence of a library molecule
211  and C) the library molecule subsequently gets extended by DNA polymerase forming a new library
212 molecule containing a wrong index. D) The library molecules are denatured, separating the strands,

213 and each library molecule is allowed to graft onto a nanowell on the patterned flow cell.

214
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Figure 2, Proportion of hopped reads per sample out of all hopped reads. Samples in the top row
contribute hopped reads, whereas samples on the left receive hopped reads. Samples with high

number of reads (e.g. 3 and 7) are also the main contributors of hopped reads.

Table 1: Sequencing statistics and estimates of contamination and index hopping.
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225 Discussion

226  We show that index hopping occurs on the lllumina HiSeq X platform, but its rate is low in our study
227  (0.470% SE x 0.044). Although multiple sources of error such as jumping PCR, barcode and index
228  cross-contamination, sequencing errors, and index hopping can result in read misassignment we
229  could systematically address each of them through a careful experimental design. Jumping PCR can
230  be eliminated as explanation for wrong index-barcode combinations, as we avoided amplification of
231  pooled libraries from different samples. We further show that the rate of barcode and index cross-
232  contamination is very low (0.027% SE = 0.0026 and 0.124% + 0.0023, respectively) and therefore not

233 the primary cause of the observed proportion of reads with wrong index-barcode pairs.

234  Read misassignment is not a novel phenomenon for the lllumina sequencing platforms. Reported
235 error rates range from 0.1% to 0.582% for HiSeq 2500 [4,6,42] and from 0.06% to 0.51% for the
236  MiSeq platforms [5,7,8]. It is therefore noteworthy that the fraction of hopped reads as estimated in
237  our study (0.470%) is similar to that reported for other platforms. However, it markedly differs from
238  previous estimates for the lllumina HiSeq platforms with ExAmp chemistry [12-14]. Since the
239  sequencing chemistry of the lllumina NovaSeq platform is identical to that used for the HiSeq X, this

240  platform is likely to be affected at a similar rate as reported here.

241  We propose that the low rate of index hopping achieved in our experiment is the result of rigorous
242  removal of free-floating adapters through size selection and library clean-up (Figure S2). Therefore,
243  as previously suggested, strict library clean-up, such as those performed in this study, should be

244 performed in multiplexed sequencing studies [27].

245 A novel observation in our study is that the number of hopped reads within a sample is proportional
246  to the total number of reads contributed by the sample to the pooled sequencing library.
247 Importantly, pooling samples in different quantities leads to a greater proportion of hopped reads
248  into samples with fewer sequenced reads. In this study, libraries with the lowest number of

249  sequenced reads (e.g. sample 2 and 4) displayed up to 3.2% of misassigned reads (Table 1), an order
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250  of magnitude higher than the average rate within a lane. The effect of this skewed rate of index
251  hopping becomes even more severe if the endogenous content is markedly different between
252  samples, as is often observed in aDNA studies [43-45]. Since the endogenous content is usually not
253  know beforehand, pooling samples in equal quantities can lead to large differences in the number of
254  endogenous reads between samples. In these cases, the proportion of false assigned endogenous
255  reads can reach rates above 10% (Figure S4). Therefore, variation in sample DNA quantities should be
256  minimized when sequencing a sample pool on the same lane. Ideally, pre-pooling qPCR quantification
257  of sample DNA should be performed to balance the sequencing libraries. Additionally, when samples
258  are sequenced at high depth (i.e. across multiple lanes/flowcells), re-pooling should be considered
259  after the first sequencing run if high variation in (endogenous) read numbers is observed. This is
260  especially relevant for the NovaSeq platform, the most powerful sequencing platform currently
261  available, since it has been specifically designed for the multiplexing of up to hundreds of samples.
262  Additionally, we detected a higher rate of index hopping among the shorter reads and small
263 differences in the fraction of index-hopped reads related to read GC-content. This suggests that the
264  annealing of free floating adapters present in the sequencing libraries does not occur randomly. The
265  underlying mechanisms are not yet well understood but could be related to differences in the DNA
266  denaturation temperatures between DNA fragments of different size. Due to the lower denaturation
267  temperature, short fragments might be occurring at a higher rate in single stranded conformation

268  and are thereby more accessible to free floating index primers.

269  The recent addition of dual-indexing on the HiSeq X platform allows for the mitigation of the majority
270  of errors resulting from index hopping. Nonetheless, in cases where low coverage data is generated
271  or absolutely certainty is required, even a low remaining rate of misassigned reads might represent a
272  major problem. Our study outlines a strategy for identification, quantification and removal of
273 misassigned reads that result from index hopping or other sources of error. We therefore

274 recommend the use of short barcoded in-line adapters when preparing pooled libraries for next
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275  generation sequencing, independently of sequencing platform, if a very high degree of certainty is

276  required.
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432 Methods
433 Library preparation and sequencing

434  DNA extracts from seven historical eastern gorilla samples that previously yielded good sequencing
435  results on the lllumina HiSeq 2500 platform and showed high endogenous content were turned into
436  sequencing libraries following the strategy outlined in (1,2) as detailed below. All library preparation
437  steps except indexing PCR were performed in a dedicated ancient DNA facility to minimize

438 contamination.
439 1 USER-TREATMENT AND BLUNT-ENDING

440  We used 20 pl DNA extract in a 50 pl blunting reaction together with USER enzyme treatment to

441  remove uracil bases resulting from aDNA damage (3) as follows:

Volume per sample  Final concentration
H,0 9.89 pl
Tango Buffer (10x) 4 pul 1x
dNTPs (25 mM each) 0.16 pl 100 uM each
ATP (100 mM) 0.4l 1mM
T4 PNK (10 U/pL) 2l 0.5 U/ pl
USER enzyme (1U/ uL) 2.75 pl 0.06U/ ul
T4 DNA Pol (5 U/pL) 0.8 pl 0.1U/ pl
DNA 20 pl
TOTAL VOLUME 40 pl

442

443 Samples were incubated for 3 h at 37°C, followed by the addition of 1 pl T4 DNA polymerase (Thermo
444  Scientific) and incubation at 25°C for 15 min and 12°C for 5 min. We then MinElute purified the
445  reaction according to the manufacturer’s protocol and eluted in 22 pl of EB buffer. DNA fragments
446  within each sample were then ligated to a unique combination of incomplete, partially double-
447  stranded P5- and P7-adapters (10 uM each), each containing a unique seven base pair sequence as

448 follows:

449
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450
451

452
453
454
455
456
457
458
459

460

461

462

463

2) ADAPTER LIGATION AND BARCODING

Volume per sample  Final concentration

H20 10 ul

T4 DNA ligase Buffer (10x) | 4 ul
PEG-4000 (50%) 4 ul
Barcoded adapters (10 uM) | 1 pl each
T4 DNA ligase (5 U/ul) 1l
Blunt-ended DNA 20 ul
TOTAL VOLUME 40 ul

1x

5%
1.25puM
0.125 u/ul

*1 ul of the barcode P5.F-mix (10 uM) and 1 ulL of the barcode P7.F-mix (10 uM).

Samples were incubated for 30 minutes at room temperature. We refer to the 7 basepair adapters as

the P5 and P7 barcodes from here on. All barcode sequences were at least three nucleotides apart

from each other to ensure high certainty during demultiplexing and avoid converting one barcode

into another through sequencing errors (2, Table S1). To increase the complexity of the pooled

sequencing library, one sample received two different barcode combinations (Table 1). Following

adapter ligation reactions were MinElute purified according to the manufacturer’s protocol and

eluted in 22 pl of EB buffer. We then performed adapter fill-in as follows:

3) ADAPTER FILL-IN

Volume per sample

Final concentration

H,0

Isothermal Amp. buffer 10x

dNTPs (25 mM each)

Bst polymerase 2.0, Large Fragment (8 U/uL)
Adapter-ligated DNA

TOTAL VOLUME

14.1 pl
4 ul
0.4 pl
1.5l
20 pl

40 pl

1x
250 uM each
0.4 U/uL
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After setting up the reaction samples were incubated for 20 min. at 37°C, followed by 20 min. at 80°C
to inactivate the Bst polymerase and cleaned using MinElute spin columns as above. Indexing PCR

was performed for 10 cycles in 125 pl volume using a unique P7 indexing primer for each sample, as

follows:

PCR cocktail Volume per 15 ul DNA Final concentrations
H,0 84 L

Pfu Turbo Cx Hotstart DNA Buffer 10x 12.5uL 1x

dNTPs (25 mM each) 1.25puL 250 pM each
Indexing primer P7 (10 uM) 5uL 0.4 uM

Primer IS4 (10 pM) 5uL 0.4 pm

Pfu Turbo Cx Hotstart DNA Polymerase (2.5 U/ulL) 2.5puL 5U

Adapter-ligated DNA 15 puL

TOTAL VOLUME 125 pL

Cycling conditions:

2 min. 95°C, (95°C- 30sec. 59°C- 30sec. 72°C- 1min), 7min. 72°C, hold 8°C
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474 Data processing

475  All reads were demultiplexed based on their unique indices using Illlumina’s bcl2fastq (v2.17.1)
476  software with defaults settings, allowing for one mismatch per index and only retaining “pass filter”
477  reads (lllumina Inc.). All unidentified reads, i.e. reads with indices that were not used in our
478  experiment, were subjected to the same filtering steps, as described below. We removed adapter
479  sequences using AdapterRemoval V2.1.7 using standard parameters and subsequently merged the
480 reads, requiring a minimal overlap of 11lbp and allowing for a 10% sequencing error rate (*).
481  Unmerged reads and reads below 29 bp were removed leaving only merged reads with an original
482  insert size of at least 15 bp (7 bp barcodeP7 + 7 bp barcodeP5 + 15 bp DNA fragment = 29 bp). To
483  increase certainty, we only retained reads with intact and error-free P5 and P7 barcodes (assessed
484  using an in-house python script available upon request) and an average quality score of at least 30

485  using prinseq V0.20.4 (°).
486
487  Statistical analyses

488  Statistical analyses were performed in R 2.15.3 (°). Significant global chi-square tests were followed
489 by a post hoc procedure as implemented in the R package polytomous
490 (https://artax.karlin.mff.cuni.cz/r-help/ library/polytomous/html/00Index.html). The minimum value
491  of the chi-squared test statistic for the given degrees of freedom was used to assess if individual
492  observed values differ significantly from an overall hypothetical homogeneous distribution. The test

493 also identified the direction of these differences.

494
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495  Estimating barcode cross-contamination

496  We estimated the rate of barcode cross-contamination as the fraction of reads containing a P5-P7
497  barcode pair that was not used during library preparation. There is a small probability that cross-
498  contaminating changes both the P5 and P7 barcode into another valid barcode pair (e.g. a pair that

499  was used during library preparation). The chance of this occurring is proportional to the number of

500 used barcodes and can be estimates as (n—1) - (ﬁ) , where n represents the number of used

501 barcodes (eight in this study) and x the estimated average barcode cross contamination). The fraction

502  of reads with invalid barcode-pairs was 0.0276%, which results in an estimate of (8—1):

0.000276

— -100% = 1.09 - 1078 %) of undetected cross-contaminated reads.

503

504

505  Difference in barcode cross-contamination between samples

506 The rate of barcode cross-contamination differed significantly by sample (global chi-square test,
507 P<10™). The implemented posthoc procedure suggested that samples 5 and 7 had significantly more
508 reads with wrong barcode combinations than expected, whereas all the other samples had
509 significantly fewer such reads. Among reads with barcode cross contamination we found an
510 overrepresentation of incorrectly paired barcodes #9 and #14 (Table S2), both of which were used for
511  sample 7 in the following combinations: P5-#9 with P7-#9 and P5-#14 with P7-#14 (Table 1). Elevated
512  cross-contamination between these two barcodes during laboratory procedures could explain the
513  results. However, the observed high rate of wrong barcode pairs (P5-#9 with P7-#14, P5-#14 with P7-
514  #9, Figure S3) is more likely the result of jumping PCR during the 10 rounds of indexing PCR, as both
515 fractions of sample 7 were indexed in a pooled reaction. Equal frequency of wrong barcode pairs is
516  further supporting this notion (Table S2) and can be explained by jumping PCR happening randomly
517  among the reads. In contrast, it is rather unlikely that all four barcodes would have received equal

518  amounts of cross-contamination during laboratory procedures.

519
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538  Figure S1: Proportion of a given wrong barcode pair in the dato out of all cross-contaminated barcode
539  pairs. Note that the overall rate of barcode cross-contamination is only 0.0276% (Table 1) Barcodes 9
540 and 14 are paired significantly more often due to the formation of chimeric reads during pooled

541  amplification of two fractions of sample 7 (see methods).
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543

544  Figure S2: Bioanalyzer profile of the final pooled library. Note that during library preparation,
545  sequencing adapters are attached to the DNA fragments, adding an additional 136 bp to the original
546  DNA fragments. The insert size of the DNA is therefore 136 bp lower than what the Bioanalyzer

547 shows.
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550  Figure S3: A) Read length distribution and the proportion of index hopping by read length. B) Read
551  GC-content distribution and the proportion of index hopping by read GC content. Shaded area depicts

552  95% confidence interval.
553
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557  Figure S4. Theoretical relationship between endogenous content, fraction of total reads contributed
558 by a given sample (referred to as sample X) to the pooled sequencing library, and index hopping. The
559  lower the proportion of reads coming from sample X and the lower its endogenous content compared
560 to other samples in the pooled sequencing library, the higher the proportion of endogenous hopped

561 reads that sample X will receive from other samples.
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