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ABSTRACT

We present an improved version of DNA indexing platform allowing geno-phenotype analysis of all binder
protein clones arrayed for high-throughput screening. The method was optimized for two primer pairs with
differing annealing temperatures (>10 °C), resulting in plate and well ID barcoding in a single, closed-tube
PCR. As compared to our earlier hierarchical indexing, the closed-tube approach enhanced the top-to-second
sequence count ratio by threefold and decreased background sequences from 72% to 43% of total sequences.
Sample cross-contamination (or index hopping) decreased from 14% to negligible levels, and chimera formation
was reduced nearly sixfold. Additionally, by splitting the sequencing adapters between target and indexing
primers, the closed-tube method produces sequencing-ready Illumina libraries with fewer artifact sequences.

This method is particularly beneficial for amplicons with high sequence homology, such as synthetic
antibody libraries, where chimeras and other background sequences are commonly encountered in Illumina
sequencing with highly multiplexed indexing schemes. The reduction in these artifacts ensures more accurate
results, improving the reliability of downstream analyses (e.g. diversity or enrichment calculations) and allows
a higher number of multiplexed samples. Furthermore, the platform is adaptable to novel binder scaffolds, such
as nanobodies or DARPins, by designing two new target amplification primers.

1. Introduction

Next generation sequencing (NGS) is widely used in protein engi-
neering e.g. to identify genotypes of the functionally analyzed binder
clones [1,2], evaluate synthetic library quality [3] and track enrich-
ment of specific binders during phage display selection campaigns [4].
In addition, an increasing number of protein language models, such as
ImmuneBuilder, AlphaFold or AntiFormer [5-7], are being developed
to predict the structure and other properties of proteins based on
their sequences. To train high-precision models, it is essential to have
high-quality sequence-linked functional data of various proteins.

Tagging DNA samples with unique barcode sequences enables si-
multaneous sequencing of numerous samples in a single run with
next generation sequencing platforms [8]. Pooling a larger number of
samples significantly reduces both the cost and labor associated with
preparing and sequencing individual samples. For Illumina sequencing,
different strategies have been proposed for barcoding of individual
samples. These methods include incorporation of either single [9],
dual [10] or quadruple barcode sequences [11] via ligation or PCR
reactions to the amplicons.

Ilumina sequencing is a powerful tool for sequencing large numbers
of samples with high accuracy. However, index hopping is a well-
known issue, where the index sequences are inadvertently swapped
between samples [12]. Switching of indices introduces background
sequences to the data, which can lead to incorrect assignment of reads
to the sample. This contamination complicates accurate sample identi-
fication and can obscure true biological signals, particularly in studies
with low-abundance targets or highly multiplexed libraries. Formation
of chimeric DNA molecules [13,14] during PCR is a substantial source
of background sequences. The rate of such chimeric products resulting
from unintentional splicing of incomplete DNA fragments from differ-
ent origins can exceed 70% in low diversity libraries [15]. Another
cause of index hopping is the presence of unbound, free-floating index
adapters on the flow cell, that can bind to the DNA fragments during
the amplification [16]. The problem is more severe with the newer
sequencing platforms utilizing patterned flow cells [17] and ExAmp
chemistry [18] introduced in 2015, with background sequence rates ex-
ceeding up to 10% [12]. Other sources for inaccuracies in multiplexing
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include indexing adapter cross-contamination [19] and carry-over from
previous sequencing runs [20]. The number of background sequences
is significantly reduced through implementation of dual indexing [21].
One of the most effective strategies for preventing sample misassign-
ment is the use of unique dual indexes (UDI) on both adapters, com-
bined with unique molecular identifiers (UMIs) [16,22]. While the use
of unique dual indexing greatly enhances the identification of correct
sequences by providing distinct sample identifiers, it does not eliminate
the generation of background sequences. Additionally, this approach
is not economically feasible for large-scale multiplexing. For instance,
multiplexing 9216 samples using UDIs would require a total of 18,432
primers, or 96 pre-mixed primer plates. Calculated with the specific
primer lengths and current list prices of the primer supplier used in this
study, such approach would demand an investment of over 268,800 €
(2800 € per plate). Conversely, a combinatorial strategy achieves the
same 9216-sample capacity using only two plates (96 x 96) for a total
of 5600 €, representing a 98% reduction in upfront reagent costs. In
addition to using UDIs, Illumina recommends removing free adapters
from library preparations and pooling samples only immediately prior
to sequencing to help mitigate index hopping [23].

Earlier, we reported a method to link the sequence information on
full-length variable domains to thousands of antibody clones screened
for their antigen binding in Fab format [2]. In this method, the bar-
coding was performed with two subsequent PCR reactions resulting in
quadruple indexing, where inner indices encode for the clone’s spatial
location on a 96 well plate and outer indices for the plate. Although we
successfully connected the binding phenotype with the variable domain
genotype, we observed multiple distinct sequences arising from the
same index positions. Consequently, a filtering method was devised to
identify the correct sequences with high confidence. In order to scale up
the system above ten thousand parallelly analyzed samples, the amount
of background sequences needs to be significantly reduced.

In 2022, Wittmann et al. introduced evSeq [24], a universal bar-
coding system that utilizes two subsequent PCRs to tag amplicons with
96 x 96 unique barcodes. Although the authors justifiably presented
the method as a cost-effective alternative to traditional indexing, em-
phasizing accuracy through high read depth, the workflow provides a
critical, inherent benefit, that was not explicitly addressed in the study:
the mitigation of PCR chimeras. By maintaining an arrayed format
throughout the barcoding process and avoiding pre-sequencing pooling
of the samples, evSeq bypasses the competitive template environments
that facilitate cross-variant chimera formation. This protection stems
directly from the physical partitioning of the workflow rather than re-
liance on post-sequencing bioinformatic filters. However, the workflow
requires opening the reaction vessels after the initial target-specific am-
plification to supplement the barcoding primers, introducing a risk of
cross-contamination. Furthermore, as the resulting amplicons contained
only partial Illumina sequencing adapters, they require additional cy-
cles of PCR to make them ready for sequencing. This reintroduces the
risk of chimeric PCR product formation.

In this study, we report an improved, closed-tube genotyped func-
tional screening platform for antibodies by adapting the method de-
scribed by Wittmann et al. [24]. A detailed comparison of the indexing
strategies is provided in Fig. 1D. Our approach involves amplifying
and barcoding the antibody variable domain sequences with closed-
tube PCR, without the need of intermediate reagent supplementation.
The reaction contains both the target-specific and indexing primer pairs
designed to operate in different annealing temperatures. Initially, the
variable domains are amplified using a low number of cycles and
a low concentration of target primers that include partial Illumina
TruSeq adapter sequences. Barcoding is initiated by lowering the an-
nealing temperature, which allows the indexing primers, containing
the remaining adapter sequences, to hybridize effectively. Following
this, the samples are pooled and size-selected for sequencing on the
[lumina MiSeq platform. To validate the developed method, we func-
tionally screened, barcoded, and sequenced four anti-dengue virus 2
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non-structural protein 1 (DENV-2 NS1) Fab libraries from our original
publication [2], comparing the results to those of our initial barcoding
method, highlighting the enhanced sequence clarity achieved with the
new approach. Additionally, to facilitate the detection of PCR chimeras,
we analyzed 450 clones from a synthetic Fab library enriched with
phage display against SpyCatcher-protein.

2. Results
2.1. Development and validation of the closed-tube indexing

To enhance sequence clarity and increase throughput in our geno-
typed functional screening platform, we developed a versatile, closed-
tube dual barcoding PCR method, later referred as “closed-tube method”.
This approach enables the generation of sequencing-ready Illumina
amplicon libraries from 9216 antibody clone variable domains in a
closed-tube PCR, eliminating the need for multiple PCR reactions and
intermediate purification steps. To achieve this, we designed two sets
of target-specific primers for the Vi and V| domains, respectively,
with high melting temperatures (~69 °C). Each primer consisted of a
variable domain-hybridizing region and an overhang sequence contain-
ing partial Illumina TruSeq adapter. We also designed 96 (forward) +
96 (reverse) universal barcoding primers, each incorporating a unique
seven nucleotides long index sequence and the rest of the sequencing
adapter, including a shared sequence for hybridization to the amplified
target, as well as the P5 (forward) or P7 (reverse) grafts for MiSeq
flow cell attachment. The indexing primers were designed with a
significantly lower melting temperature (~56 °C), allowing both target-
specific and indexing primers to function in the same PCR reaction
by adjusting the annealing temperature for sequential amplification.
Both the new closed-tube and original quadruple barcoding (later
referred as “‘quad-barcoding” [2]) strategies are illustrated in Fig. 1
and the designed primers are listed in Supplementary Table 1, found
in Appendix A.

To validate the closed-tube barcoding method, we amplified the
Vi and Vy domain sequences either separately or in same reaction
from parental anti-NS1 Fab 49A3 plasmid DNA using either closed-tube
(both primer pairs in reaction from the beginning) or two-step protocols
(indexing primers added after the first PCR has finished, similarly
to Wittmann et al. [24]). In addition to non-template controls (NT),
we included a reaction without indexing primers. In electrophoresis
analysis, we observed clear, correct sized PCR-products of 500 and
550 bps (Vy and Vi, respectively) with both closed-tube and two-
step protocols and saw no difference in the amplification efficiency,
as shown in Fig. 2. We observed no visible amplification in the NT or
reactions without the indexing primers, explained by specific amplifi-
cation as well as low number of cycles and concentration of primers in
comparison to the indexing step (10 cycles/20 nM vs. 25 cycles/200
nM, respectively). In addition, amplification of both V; and Vy in
same reaction was possible similarly to our original barcoding. Equally
efficient, specific amplification of Vi; and V|, with all 96 + 96 indexing
primers was observed with the closed-tube protocol (Supplementary
Figure 1, Appendix A).

For further evaluation, we cloned the barcoded amplicons into the
pUC19 vector and Sanger sequenced three clones from each sample,
including V;, Vi, and co-amplified V; & V from both closed-tube and
two-step methods. Out of 18 sequencing reactions, 16 yielded successful
results, producing high-quality, full-length amplicons of dual-barcoded
V;, or Vy regions. Eleven samples were entirely accurate, exhibiting
error-free indexing adapters and variable domain sequences. Four se-
quences contained a single nucleotide substitution, and one had a
deletion, all occurring at random positions within the adapters. These
errors likely originated from PCR amplification using Taq polymerase
or from primer synthesis, as the initial test primers were ordered as
standard, desalted oligonucleotides. Based on these observations, we
ordered the target-specific primers used in this study as high quality
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Fig. 1. Study design. (A) Schematic of the novel closed-tube (left) and original quad-barcoding (right) genotyped functional screening strategies for unique
Fab clones. Single clones are inoculated from overnight cultures into both functional screening and barcoding PCR reactions. The closed-tube method employs
target-specific and universal indexing primers with a high melting temperature difference, enabling target amplification and barcoding in a single reaction
by adjusting the annealing temperature. Following PCR, all samples are pooled, purified, and size-selected for sequencing. The quad-barcoding involves two
consecutive PCR steps: the first barcodes well coordinates in a target-specific PCR, followed by DNA purification and the addition of plate barcodes in a second
PCR step. Both methods generate sequencing-ready Illumina TruSeq libraries. (B) NGS data analysis pipeline. Indexes of two different lengths (from the new and
original barcoding methods) were combined in a single sequencing pool. Half of the indexes were demultiplexed manually using regular expression matching.
After merging the paired-end reads, unique sequences were quantified per sample, and the sequence clarity — defined as the ratio of the most abundant sequence
to secondary and total reads — was compared between the two methods. (C) Background sequence identification. First, the most abundant sequences from each
sample are compiled into “top list” for subsequent matching. Remaining sequences (background) are then classified as contaminant, chimeric or background
artifact sequences. If an exact match is found from the top list, it is marked as a contaminant. If not, the sequence is split with a sliding window approach;
if both segments have match in top list, it is labeled chimeric, otherwise as unidentified sequence. (D) Side-to-side comparison of our original Quad-Barcoding
(left), evSeq (Wittmann et al. 2022, center) and current Closed-Tube Barcoding (right) methods.

ultramer oligos. Among the six reactions where both Vi and V; were between the closed-tube and two-step methods, strongly supporting use
amplified, half of the sequences corresponded to Vi, and the other half of former, as it simplifies the process significantly. The alignment of
to Vi. We did not observe any difference in quality or other aspects annotated Sanger sequences is shown in Fig. 3.
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Fig. 2. Agarose gel electrophoresis analysis to test the closed-tube method. The PCR amplification was performed for Fab 49A3 variable light (V;), variable heavy
(Vi) or both domains in same reaction (B). The two-step barcoding protocol (Wittmann et al. [24]) was compared to the novel closed-tube barcoding. From left
to right: amplification with only target specific primers; amplification by adding the indexing primers after target amplification PCR; amplification with both
primer pairs present in the reaction from the very beginning. L = GeneRuler 1 kb ladder, NT = no-template control.
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Fig. 3. Sanger sequencing of the indexing PCR amplicons. The alignment shows fully barcoded Vy; and V; domain amplicons produced with closed-tube and
two-step methods. Consensus sequence is marked with gray background, Vy with blue and V; with orange, both indicated with “NNNNNNN”. The Illumina

adapter domains are named on top of the sequences.

2.2. Analysis and comparison of the NGS data

To evaluate performance of the closed-tube barcoding method, we
indexed and sequenced a total of 4320 samples. The same samples were
run with the previously developed quad-barcoding method to enable
comparison of the levels of background sequence noise within unique
indices. Majority of the samples derived from the four anti-DENV-
2 NS1 site-saturation mutagenesis libraries, consisting of 3600 new
Fab clones, 120 positive control wells, and 120 empty control wells.
Additionally, we included a more diverse set of 480 samples (including
15 positive control wells and 15 empty control wells) from a synthetic
antibody library selected against SpyCatcher. Due to showing higher
diversity in several positions within the amplicons, these clones were
considered to be better suited for monitoring potential PCR chimera
formation.

The sequencing generated 13.3 million paired-end reads, with an
average Phred score of 33.6. Of these, 6.4 million reads (48%) were cor-
rectly demultiplexed by the Illumina software and contained barcodes
used in quad-barcoding. The remaining “undetermined” reads were
demultiplexed manually, as the Illumina software is unable to process
index sequences of two different lengths within the same run. Upon
demultiplexing, we found that 3.8 million (28%) of the total reads orig-
inated from closed-tube barcoding. Notably, 90% of the undetermined
reads contained one or more outer indexes of quad-barcoding, while

only 11.5% contained indexes closed-tube method. The imbalance of se-
quences might suggest an error in library quantification before pooling
amplicons from the two methods.

We successfully merged 3.73 million (98.2%) paired-end reads from
closed-tube and 6.05 million (94.5%) paired-end reads from quad-
barcoding using the PEAR software. For each sample, we calculated the
read counts for unique sequences and extracted the total read counts,
as well as the counts of the two most abundant sequences. We used
the ratio of the two most abundant sequences (later referred as “top-
to-second ratio”) as a metric for sequence clarity, similarly as we did
earlier [2]. As expected, the total read counts per sample were higher
for the quad-barcoding (median = 1093, interquartile range, IQR =
925) compared to the closed-tube method (median = 497, IQR = 977).
However, the closed-tube method demonstrated significantly greater
sequence clarity, as indicated by the top-to-second ratio (median = 70,
IQR = 123) compared to the quad-barcoding (median = 27, IQR = 41),
with statistical significance (p < 0.001). Additionally, the ratio of the
top sequence to the total read counts was higher with the closed-tube
method (p = 0.0017), further supporting the improved performance of
the developed barcoding approach. The sequence clarity comparison is
illustrated in Fig. 4.

To further investigate the origin of background sequences detected
with both methods, we conceived a Python script to categorize these
sequences, specifically from anti-SpyCatcher clones, into three types:
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Fig. 4. Sequence clarity comparison between the closed-tube and quad-barcoding methods. The ratios of the most abundant sequence count ratio to second most
abundant sequence (A and B) and to total sequence counts (C) demonstrate statistically significant improvement in sequence clarity. Stormcloud plots (B and C)
display individual samples (blue points), their average (red square), and the distribution shown as a density plot (purple) and a box plot (black). The box plot
includes the median (central line), interquartile range (IQR, box spans Q1 to Q3), and whiskers extending up to 1.5 times the IQR.

(1) contamination, if the sequence had an exact match with a list of
the most abundant sequences, indicating potential contamination from
neighboring wells or index hopping during Illumina sequencing; (2)
chimera, if a split sequence — divided into left and right segments
using a sliding window — had a match in the top sequence list; or (3)
unidentified sequence, most likely originating from PCR or sequencing
errors. The categorization process is illustrated in Fig. 1C.

In contrast to anti-DENV-2 NS1 dataset, we obtained more than
twice as many anti-SpyCatcher Vi reads using closed-tube method
versus quad-barcoding (450,286 vs 210,156, respectively). In addition
to the improved top-to-second ratio, we also observed a significant re-
duction in the proportion of background sequences relative to the total
number of sequences in each sample, with medians of 43% (IQR = 14.4)
for closed-tube and 72.2% (IQR = 36.7) for quad-barcoding. Specif-
ically, the proportion of chimeric sequences decreased from 13.6%
(IQR = 13.6) to 2.4% (IQR = 2.2), and neighboring contaminants were
reduced from 14.3% (IQR = 16.5) to 0.0% (IQR = 0.3). We also found
that most background sequences resulting from closed-tube method
were labeled as unidentified sequences, likely originating from PCR
(single nucleotide errors or complex chimeras) or sequencing errors.
These errors were slightly more prominent with the closed-tube than
with quad-barcoding method with medians of 40.0% (IQR = 11.2)
and 35.7% (IQR = 13.2), respectively. All analyzed differences were
statistically significant, as determined by the Mann-Whitney U test. A
summary of this comparison is provided in Table 1.

2.3. Genotyped functional screening of anti-DENV-2 NS1 sublibraries

To assess the success of anti-DENV-2 NS1 sublibrary generation
through site saturation mutagenesis, we identified the genotypes of
all quality-filtered clones using ANARCI. We observed the genotype
counts to be evenly distributed based on codon usage and frequency.
As anticipated, we found an increase in the parental genotype count
across each sublibrary. All possible amino acids are represented in all
four mutated positions. The distributions for all four sublibraries are
illustrated in Fig. 5A.

We normalized the antigen-binding signal of the genotype-identified
Fab clones to their expression level, which we measured using a similar
time-resolved fluorescence immunoassay and quantified based on stan-
dard curves of purified Fab 49A3 (Supplementary Figure 2, Appendix
A). Consistent with our previously reported results from the same
sublibraries, we identified genotypes with lower affinities, such as those
carrying glycine at heavy chain position 98 (H98, Kabat numbering
scheme). Based on the assumption that clones exhibiting higher anti-
gen binding than the parental clone (as indicated by a trendline on
concentration vs. antigen binding illustrated in Fig. 5B) might possess
superior properties, we selected several for further analysis. We tested
the clones by performing antigen titration assays similar to before (data
not shown). However, none of the tested clones demonstrated improved
affinity compared to the parental clone 49A3.



S. Oksanen et al.

Table 1
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Comparison of background sequences identified from samples barcoded with closed-tube and quad-barcoding methods. Values
are represented as medians and interquartile ranges (IQR) of percentages of the total read count for each sample. P-value was
calculated using two-sided Mann-Whitney U test.

Closed-tube

Quad-barcoding

Mann-Whitney

N = 452 N = 479 U test
Median IQR Median IQR
Total background 43.0% 14.4 72.2% 36.7 P < 0.001
sequences
<Contaminants 0.0% 0.3 14.3% 16.5 P < 0.001
< Artifacts 42.9% 12.3 52.8% 23.6 P < 0.001
<Chimeras 2.4% 2.2 13.6% 13.6 P < 0.001
<Unidentified 40.0% 11.2 35.7% 13.2 P < 0.001
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Fig. 5. Genotyped functional screening of four anti-DENV-2 NS1 sublibraries. (A) Genotype count distribution for sublibraries H53, H57, H58, and H98,
represented in blue, orange, green, and red, respectively. The parental genotype for each sublibrary is indicated in the legend. (B) Functional screening results,
illustrating the relationship between antigen binding and Fab concentration. Each subplot displays the corresponding sublibrary and parental genotypes at the
top. Amino acids and their properties are color- and shape-coded as shown in the legend. A trend line for parental genotypes is represented by a red line.
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3. Discussion

In this study, we present a versatile, streamlined version of our
original genotyped functional screening platform, capable of linking
genotype and functional data from thousands of screened proteins.
Using a closed-tube PCR with 96 + 96 unique index primers, we
drastically improved the sequence clarity, simplifying the identifica-
tion of the true sequences from background noise. By adapting the
universal approach proposed by Wittmann et al. [24], we made the
barcoding adaptable to different templates; now, only two new primers
are required, should the template sequence change. We removed the
need for stepwise addition of the primers, reducing the risk of cross-
contamination between PCR wells. This was achieved by designing
primers with sufficiently high, i.e. 10 °C, T, difference to enable
consecutive target amplification and indexing in a closed-tube reaction.
As the method yielded clear products of the expected size (Fig. 2), no
further optimization was performed; however, a temperature gradient,
or optimization of the touch-down PCR conditions may be beneficial
for other templates to balance specificity and yield. Additionally, we
distributed the full-length sequencing adapter sequences between the
target and indexing primers, enabling direct generation of sequencing-
ready libraries compatible with the Illumina MiSeq platform. The sys-
tem streamlines sample indexing and mitigates the chimera formation
by ensuring that only a single DNA template is present in each reaction.

Here we demonstrate a clear enhancement in sequence clarity,
with the top-to-second sequence count ratio increasing from 29 in the
quad-barcoding method to 82 in the improved, closed-tube method. In
addition, we observed a substantial decrease in the number of total
background sequences, dropping from 72% to 43%. More specifically,
sample cross-contaminations or index hopping — where a true sequence
from a neighboring well appears as a background sequence in another
well — decreased from 14% to nearly negligible level. Chimera for-
mation, defined as a recombination of two real sequences into hybrid
artifacts, was reduced almost six-fold. Given that our sequencing library
comprises Fab variable domain sequences with identical framework
genes, it has inherently low diversity. The observed rates of chimeric
and other background sequences align with those reported in other low-
diversity libraries, such as the up to 70% rate of background sequence
seen with 16S rRNA sequencing by Haas et al. [15]. The reduction
in cross-contamination is likely due to both target amplification and
indexing occurring in a closed-tube reaction, where only one DNA
template is present. This setup, also utilized by Wittmann et al. [24],
minimizes chimera formation, as chimeras typically form from the
recombination of highly similar DNA molecules [14], which are effec-
tively absent here. However, the formation of more complex chimeras
cannot be excluded. Additionally, the new closed-tube method operates
with fewer PCR cycles (10 + 25 cycles for the improved method
compared to 35 + 8 cycles in the original), which by itself reduces the
rate of chimera formation. This effect aligns with our previous findings,
where fewer cycles effectively mitigated chimeric artifacts [2]. In our
studies, the PCR wells were sealed with adhesive sealing tape instead
of cap strips, which can leak if not applied with precision, leading
to potential sample contamination. This could partly explain the low
amounts of chimeric sequences observed with the closed-tube method.

Other strategies to further reduce background sequence pollution
include using more thorough purification methods, such as polyacry-
lamide gel electrophoresis (PAGE), to eliminate non-bound sequencing
adapters, which have been shown to contribute to index hopping [16].
The unbound adapters can also be blocked with Illumina Free Adapter
Blocking Reagent [25] to prevent them from amplifying library se-
quences and leading to miss-assignment of the indices. Additionally,
unique dual indexing (UDI) — where unique indices are added at both
ends of the amplicon - can help differentiate true sequences from
backround sequences [22]. However, while UDI can improve clarity,
it does not address the root cause of these artifacts and is likely
cost-prohibitive for highly multiplexed sequencing.
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While index hopping and chimera formation are well-known issues
in low-diversity library sequencing, they are easily overlooked. Particu-
larly in applications such as antibody sequencing, where calculations of
library diversity and enrichment are critical, it is essential to pay careful
attention to this issue. Studies that utilize next-generation sequencing
for antibody repertoire analysis often rely on sequence counts to assess
diversity or enrichment [3,4]. However, these methods can be impacted
by artifacts such as chimeras, which may lead to misleadingly inflated
diversity estimates. For instance, without careful attention to these
issues, a significant portion of sequences could represent artifacts rather
than true unique variants, compromising the reliability of downstream
analyses. Therefore, while NGS-based approaches have advanced anti-
body research, awareness and mitigation of these artifacts are essential
to ensure accurate results. PCR free methods for indexing and library
generation [26] should be considered.

In conclusion, we have successfully improved our original geno-
typed functional screening platform to more robust and yield better
resolution between true and background sequences, making identifi-
cation of true clone sequences with higher confidence possible. This
enhanced sequence clarity suggests that the new closed-tube barcoding
method provides more reliable and accurate sequencing data, making
it a superior option for future applications. The universal set of 96 +
96 indexing primer set can be applied for barcoding other amplicons
than Fabs as well, e.g. nanobodies [27] or DARPin molecules [28] by
changing only the pair of high-T,, target-specific primers in the setup.
The sequence clarity is now sufficient for increasing the sample size
even further, however additional optimization for e.g. number of PCR
cycles or sample purification methods could help to further reduce the
number of background sequences.

4. Methods
4.1. Bacterial strains, vectors and cloning

We used E. coli XL-1 Blue (recAl endAl gryA96 thi-1 hsdR17
supE44 relAl lac [F’ proAB lacl q ZAM15 Tn10 (Tet r)]) (Stratagene,
USA) for soluble Fab expression with pAK400 vector [29]. For Sanger
sequencing we cloned the indexed variable domain sequences to pUC19
vector (New England Biolabs, USA). For cloning, we used restriction
enzymes Sfil, Lgul, HindIIl and BamHI and T4 DNA ligase according
to the manufacturer’s recommendations, all purchased from Thermo
Fisher Scientific, USA. We conducted transformation to E. coli with
electroporation using Gene Pulser Xcell (Bio-Rad, USA) at 1250 V, 25
p F, 200 Ohm, with 1 mm Gene Pulse Cuvettes (Bio-Rad, USA). After
electroporation, the cells recovered in 1 mL of SOC media (20 g/L
Tryptone, 5 g/L Yeast extract, 0.5 g/L NaCl, 2.5 mM KCl, 10 p M
MgCl2, 3.6 g/L D-Glucose, pH 7.0) for 1 h at 37 °C with shaking at 300
rpm, and were inoculated to agar plates with 1% glucose and suitable
antibiotics (10 p g/mL tetracycline and 25 p g/mL chloramphenicol for
PAK400 or 100 p g/mL of ampicillin for pUC19 vector). We purchased
all used antibiotics from Sigma Aldrich (USA).

4.2. Antibody library construction

To assess performance of the new barcoding method, we recon-
structed four anti-Dengue virus-2 nonstructural protein 1 (later referred
as “anti-DENV-2 NS1”) affinity maturation sub-libraries from our pre-
vious study using the same protocol [2]. Briefly, we used DNA from the
anti-DENV-2 NS1 Fab 49A3 (discovered at the Department of Life Tech-
nologies, University of Turku) as a template to generate libraries, each
with a single codon randomized in CDRH2 (Kabat positions H53, H57,
and H58) or CDRH3 (Kabat position H98) using NNK primers ordered
from Sigma Aldrich, USA. Our previous screening indicated that these
positions might be the most conducive to beneficial mutations, making
them prime targets for deeper investigation. We cloned the generated
libraries directly into the pAK400 expression vector for screening. To
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evaluate the platform with more diverse, phage display-selected Fab
clones, we included five 96-well plates containing glycerol-stored E.
coli expressing phage display selected anti-SpyCatcher Fabs, which we
also studied previously. Detailed information on library generation,
phage display selections and Fab conversions is found in our original
publication [2].

For DNA purification (minipreps, gel extractions and PCR purifica-
tion) we used GenelJet kits (Thermo Scientific, USA) according to the
manufacturer’s recommendations, unless otherwise stated. We bought
Sanger sequencing as service from Macrogen Inc. (South Korea). To
facilitate indexing of Fab variable domains with both well and plate
barcode sequences in single PCR reaction, we adapted method and
index sequences developed by Wittmann et al. [24] with some mod-
ifications. Firstly, to enable target amplification and indexing in same
reaction and without need for subsequent primer addition, we de-
veloped target specific primers with 12 — 14 °C higher annealing
temperature. Secondly, we changed the indexing adapter sequence to
match our original Illumina TruSeq based scheme and split it between
target and indexing primers to yield full length, sequencing ready am-
plicons without need for additional PCR or ligation steps. We designed
the target specific primers to contain Fab variable domain hybridization
sequence (heavy, T, = 62 °C or light, T, = 64 °C) and the first 34 bases
of the adapter sequence as overhang. We then designed universal 96 +
96 well (forward) and plate (reverse) barcoding primers (Ta = 50 °C)
with remaining sequencing adapter sequence, including unique eight
base long index sequence. We ordered all primers from Integrated DNA
Technologies (USA); target specific primers as 4 nmole Ultramer™DNA
Oligos (initial testing was done with standard oligos) and index primers
as standard oligos, prediluted to 100 p M in IDT buffer pH 8.0 in 96 well
plate format. All primer sequences are listed in Supplementary Table 1,
found in Appendix A.

To validate the primers and assess viability of the developed closed-
tube method, we compared it to the original two-step method, de-
scribed by Wittmann et al. [24], by indexing variable heavy, light
or both in same reaction from 1 ng of anti-DENV-2 NS1 49A3 Fab
template DNA [2] in 10 pL PCR reactions. In closed-tube method, both
primer pairs are present in the reaction from the beginning, whereas
in two-step the universal indexing primers are added to the reaction
after target amplification. In addition to a non-template control for
both methods, we included a control without supplementation of the
indexing primers. Both PCR reactions consisted of 0.025 U/pL FirePol
DNA polymerase (Solis Biodyne, Estonia), 1 xBuffer BD, 1.5 mM MgCl2,
200 p M dNTP, 20 nM target specific and 200 nM universal indexing
primers. We used touchdown PCR with 10 cycles of 95 °C (30 s),
64—54 °C (60 s, —1 °C/cycle) and 72 °C (30 s) with a 95 °C (5 min)
initial denaturing at the beginning to amplify the variable domain se-
quences. The indexing PCR was initiated directly (closed-tube) or after
supplementing the reaction with index primers (two-step) by lowering
the annealing temperature to 50 °C and cycling for additional 25 cycles
of 95 °C (30 s), 50 °C (60 s) and 72 °C (35 s) with a 72 °C (5 min)
elongation step at the end. We evaluated the amplification with 1%
agarose gel electrophoresis by running 5 pL from each reaction at 100
V for 40 min. Finally, we tested all the new 96 + 96 barcoding primers
by amplifying Vi; and V; sequences of Fab 49A3 separately using the
one-step protocol and running the same electrophoresis analysis as
described above.

In addition to electrophoresis, we verified the success of the in-
dexing with Sanger sequencing. Briefly, after closed-tube and two-step
PCRs similar to above, we ran the samples on 1% agarose gel at 90
V for 1 h, followed by gel extraction of the correct sized DNA. We
then amplified the DNA with I[llumina adapter P5 and P7 specific
primers to add BamHI and HindIII restriction sites (TH260_BamHI-P5: 5
"cggggatccAATGATACGGCGACCACCGAG 3’ and TH261 _HindIII-P7: 5
tgcaagcttCAAGCAGAAGACGGCATACGAGAT 3’) using similar reaction
mix for Fire Pol DNA Polymerase as before and thermal cycling of
25 cycles of 95 °C (30 s), 56 °C (60 s) and 72 °C (40 s) with a
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95 °C (5 min) initial denaturing at the beginning and 72 °C (5 min)
final elongation step at the end. Amplicons were purified with Zymo
DNA Clean & Concentrator-5 kit (Zymo Research, USA) and cloned
into pUC19 vector by digesting them with BamHI and HindIIl, fol-
lowed with gel extraction and finally ligation using T4 DNA ligase.
We transformed the constructs directly using the ligation reactions into
XL1-Blue E .coli by electroporation and after recovery plated the cells
along with empty vector control as described earlier. Next morning, we
inoculated three colonies from Vy, Vi and Vy+V indexed with both
methods into 5 mL of SB media (30 g/L Tryptone, 20 g/L Yeast extract,
10 g/L MOPS, pH 7.0), allowed them to grown o/n, used them for
minipreps and sent the DNA to sequencing with forward primer LMB:
5" ATGTGCTGCAAGGCGATTAAG 3.

4.3. Expression and indexing of anti-DENV-2 NS1 and anti-SpyCatcher
libraries

To compare the novel closed-tube barcoding method with our pre-
viously established quad-barcoding, we conducted genotyped screening
of same Fab clone populations side by side with both methods. For this,
we screened ten 96 well plates from each of the four anti-DENV-2 NS1
sublibraries (total of 3840 wells, including 120 control wells with Fab
49A3 and 120 empty control wells). To further validate the new closed-
tube method with more sequence diverse clones, we also indexed and
sequenced (but did not re-screen for antigen binding) clones from
five anti-SpyCatcher plates (stored in glycerol at -70 °C) from our
previous study (S002, S006, S009, S013 and S021). We selected the
anti-SpyCatcher plates based on the high number of antigen binding
clones identified in the original study.

For soluble Fab expression, we inoculated single colonies of XL-
1 E. coli from agar plates to primary culture well on 96-well plate
containing 200 pL SB media with 1% D-glucose and antibiotics, and
incubated the cells overnight at 37 °C, 900 rpm. After incubation
we inoculated 4 pL of cells from overnight culture into fresh 180
pL of SB supplemented with 0.05% D-glucose and antibiotics and
incubated them again at 37 °C with standard shaking for 4 h. We
stored the original culture plates at -70 °C after adding glycerol to
final concentration of 16%. We induced Fab expression by addition of
IPTG to final concentration of 200 p M, and lowering temperature to
26 °C for 16 h. In the morning, we pelleted the cells by centrifugation
at 4 °C, 3200 g for 30 min and then lyzed the pelleted cells by
resuspending them in lysis buffer (1 mg/mL lysozyme from chicken
egg white L6876 (Sigma Aldrich, United Kingdom), 0.025 U/pL Pierce
Universal Nuclease (Thermo Fisher Scientific, USA) in PBS (20 mM
sodium phosphate, 300 mM sodium chloride, pH 7.4), incubating them
30 min in room temperature in slow agitation, and finally by freezing
the lysate at -70 °C. Lysate was clarified by centrifugation before the
immunoassays.

We carried out the Fab variable heavy domain indexing either
using overnight cultured cells (quad-barcoding for anti-DENV-2 NS1
clones) or using glycerol-stored cells (both versions of indexing for anti-
SpyCatcher and the closed-tube for anti-DENV-2 NS1 clones). For both
barcoding methods, we pipetted 1 pL of cells from either overnight
culture or glycerol stored plates to 10 pL PCR reactions on 96 well
plates. The quad-barcoding PCR was done with similar protocol as
in the original publication [2]. The well barcoding PCR consisted of
0.025 U/pL FirePol DNA polymerase, 1x Buffer BD, 1.5 mM MgCl2, 200
p M dNTP and 200 nM custom indexing primers. For thermocycling
we used 35 cycles of 95 °C (30 s), 56 °C (60 s) and 72 °C (60 s)
with a 95 °C (15 min) initial denaturing at the beginning and 72 °C
(4 min) final elongation step at the end. We pooled 5 pL from each
well and batch PCR purified the DNA. We did the subsequent plate
barcoding PCR in 20 pL volume with 2 ng of template DNA, 0.02
U/uL Q5 High-Fidelity DNA Polymerase (New England Biolabs, USA),
1x Q5 Reaction Buffer, 200 p M dNTP, and 0.5 p M of both primer
from TruSeq Custom Amplicon kit (Illumina inc., USA). Cycling was 8
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cycles of 98 °C (10 s), 67 °C (15 s) and 72 °C (30 s) with a 98 °C
(8 min) initial denaturing at the beginning and 72 °C (4 min) final
elongation step at the end. We then pooled 15 pL from each sample
and purified the DNA in batch, similarly to above. The remaining PCR
product we used as quality control and used for electrophoresis analysis
by running on 1% agarose gel at 70 V for 90 min. We carried out the
novel closed-tube barcoding PCR with similarly as stated in previous
section describing the method validation. After the reaction on the 96
well plate, we pooled 5 pL from each well together and batch purified
the DNA as with original method. We further pooled the fully indexed,
sequencing ready amplicons generated with the new method in equal
weight ratios of DNA.

For library size selection, we gel extracted the fully indexed am-
plicons from 2% agarose gel, after running electrophoresis at 60 V for
2 h and combined the libraries in equal molar ratios. Sequencing was
bought as service from Finnish Functional Genomic Center (Turku, Fin-
land), where library quality was first assessed using 2100 Bioanalyzer
with High Sensitivity DNA Assay kit (Agilent, USA) and quantified us-
ing Qubit (Thermo Fisher Scientific, USA). 9 pM library supplemented
with 10% PhiX Sequencing Control V3 (Illumina, USA) was sequenced
on MiSeq using MiSeq Reagent Kit v3 (600-cycle) (Illumina).

4.4. Functional screening of the anti-NS1 fab clones

To obtain normalized functional data, we analyzed both antigen
binding and Fab expression from the lysates in parallel time-resolved
fluorescence (TRF) based immunoassays. For both assays we used Goat
anti-Human (Fab specific, later referred as “GAH”) IgG (Sigma Aldrich,
USA) coated plates. GAH plates were prepared by passive coating on
yellow C12 MaxiSorp plates (Thermo Fisher Scientific, USA), described
in detail in supplementary methods in Appendix A. All dilutions for
immunassays were done using Assay Buffer Red and washes using Unio-
gen Wash buffer, both purchased from Uniogen (Finland). Delfia Plate
Wash (Wallac, Turku Finland) instrument was used for plate washing.
All incubations were done at room temperature with slow shaking. Im-
munoassay plates were read with Hidex Sense Multimode plate reader
(Hidex, Finland). As an antigen for antigen binding immunoassay we
used biotinylated DENV-2 NS1 (later referred as “bio-NS1”) that we
purchased from The Native Antigen Company (UK) and biotinylated
with EZ-Link NHS-PEG4-Biotin (Thermo Fisher Scientific, USA) with
12xmolar excess of biotin, according to the manufacturers protocol.

In antigen binding assay, we first added 100 pL of thawed and
cleared lysates with 1:5 dilution into prewashed GAH plate wells and
incubated plates for one hour. After washing the wells two times,
we supplemented the wells with 100 pL of bio-NS1 diluted to 36
ng/mL (ECy of the parental 49A3 Fab) and allowed the plates to
incubate for another hour, followed by washing the wells two times.
To detect the bound antigen, we added 100 pL of filtered (@ 0.22 p m),
N1-Europium-labeled streptavidin (labeled at Department of Life Tech-
nologies, University of Turku) diluted to 200 ng/mL per well, incubated
the reactions for 15 min and washed the wells again twice. After 10 min
incubation with supplemented 200 pL of Delfia Enhancement solution
per well the TRF signals were measured using Hidex Sense plate reader.
For each plate we conducted the expression assay in parallel with
similar protocol to above, except after washing off the unbound Fab
from GAH plates, 100 pL filtered, N1-Europium-labeled anti-hFab IgG
2A11 (purchased from Hytest, Finland and labeled at Department of
Life Technologies, University of Turku) diluted to 200 ng/mL per well.
We then incubated the wells for one hour, washed them twice and
measured the TRF after addition of DES, similarly to antigen binding
assay. We performed the same expression assay each day of screening
in parallel as triplicates for purified Fab 49A3 with concentrations of 0,
0.41, 1.23, 11.11, 33.33, 100 and 300 ng/mL to convert the measured
TRF into actual Fab concentrations for normalization of the antigen
binding data.
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4.5. Data analysis

We used FASTQC v0.11.9 [30] in conjunction with MultiQC v1.13
[31] to assess the quality of FASTQ files after each analysis step.
Base calling was done using bcl2fastq v2 software to include the
index sequences in FASTQ headers. This was done because we were
using two different lengths of index sequences (7 and 8 nucleotides
in closed-tube and quad-barcoding, respectively) and thus the Illumina
software could not directly demultiplex all reads. The Vi sequences
from closed-tube method were demultiplexed to separate files for each
clone manually using Python v3.10.14 with a custom script utilizing
regular expressions. We then merged and pre-filtered the read pairs
using PEAR v0.9.11 [32] with parameters -v 25 -m 600 -n 300 -q
20 -y 8G -j 12. Plate barcodes (TruSeq indexes from quad-barcoding)
were automatically demultiplexed by Illumina software. To demultiplex
the well barcodes and trim the sequences to contain only the desired
Vy sequence, we utilized another custom Python script, which looped
through the merged FASTQ files while matching the sequences to
correct samples using regular expression patterns. We trimmed the
sequences from closed-tube method with the same script. As a result,
files were converted into FASTA format. We then calculated the unique
sequence counts with yet another Python script and stored the total,
top, and second most abundant read counts along with the sequences
of latter two to a data frame. We used the ratios of these sequence
counts for filtering out samples with low sequence count or unclear
primary sequence, similarly to what we did in our previous study [2],
as shown in Formula (1) and Formula (2). Finally, we translated the
DNA sequences to amino acid sequences and Kabat numbered the
antibody residues with ANARCI [33] via Python api Abnumber v0.3.7.
Similarly to before, we discarded the sequences not recognized as
immunoglobulin sequences by ANARCI, in addition to sequences with
different lengths from parental. The Python and UNIX codes and scripts
describing the data analysis can be found from GitHub (https://github.
com/sjoutu/closed-tube-barcoding/).

Top sequence countgayprr Top sequence countgypry

Filter 1 :
Total sequence countgayprp ~ Total sequence countgypry
(€]
Top sequence count,
Filter 2 P 5¢q SAMPLE 5 )

Second sequence countgayprg

To identify the origin of background sequences and compare the two
methods, we conceived a Python script to categorize these sequences.
First, we compiled a list of top sequences from anti-SpyCatcher samples
that passed the quality filters. This list served as a reference for the
categorization process. The script then iterated through the sequences
of each sample, classifying them first as contaminant or background
artifact sequences and the latter further as verified chimeras or uniden-
tified sequences. A sequence was labeled as a contaminant if it had
an exact match in the top sequence list. If no exact match was found,
the resulting background sequence was split into two at all possible
positions using a sliding window approach. If both segments of the split
sequence matched entries in the top sequence list, it was classified as
a verified chimera. Sequences that did not fit either condition were
labeled as unidentified sequence. The unidentified sequences include
single nucleotide errors and possibly more complex chimeras, formed
from multiple DNA molecules. After classifying the background se-
quences, we calculated their proportions relative to the total sequence
count for each sample. The medians of these proportions were then
compared between the closed-tube and quad-barcoding methods using
the Mann-Whitney U test.

We analyzed the functional immunoassay data using Python. For
each sample passing the filters, signal to background values of both
antigen binding and Fab concentration TRF was calculated by dividing
the measured time-resolved fluorescence counts with the counts from
empty well control of the same plate. We fitted four parameter logistic
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curves on the concentration immunoassay standards and used the re-
sulting function to resolve the Fab concentrations of each screened Fab
clones. The genotypes of each filter passing clones were identified using
ANARCI To analyze the success of the site-saturation mutagenesis
library generation, we counted the unique genotypes of each library.
Genotype counts and the genotyped functional screening results of the
anti-NS1 libraries were plotted using seaborn.
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