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Following the con�rmation of the epitope authenticity the frequency of the peptides that enabled the 
epitope identi�cation were re-examined. Overall, the peptides had low frequencies, which would have 
made them very di�cult to detect by traditional Sanger sequencing of phage clones (Supplementary Fig. 
S5). Assuming that 1000 phage clones were screened, e.g. by ELISA, thereby detecting peptides with a 
frequency above 0.1%, only 6 and 7 out of 28 and 17 peptides in the signi�cant clusters would have been 
detected in selection round 2 and 3, respectively. As a consequence, the identi�ed epitope would have 
been missed for P4 in all selection rounds and also for P3 in the second selection round.

Discussion
Harnessing the power of high-throughput sequencing can improve phage display in a number of ways. 
First of all, the extensive data output enables the detection of rare phages in a larger population. �is 
feature was used to detect antibody epitopes in polyclonal serum samples. It is worth noting that the IgE 
antibodies that target Ara h 1 only comprise a tiny fraction of the serum antibodies, given that IgE is 
a rare isotype compared to e.g. IgG39 and, further, only a fraction of the IgE consists of peanut-speci�c 
antibodies40. Nonetheless, Ara h 1 epitopes could be identi�ed in the patients.

�e bioinformatic pipeline presented here, which is based on clustering and contrasting with control 
samples, assisted the identi�cation of a relevant peptide motif. It is worth emphasising that the clustering 
approach is very general, and multiple selection motifs could, in principle, be identi�ed simultaneously. 
As such, the pipeline should be widely applicable in the analysis of multi-target mixtures in a variety of 
settings extending beyond epitope mapping to e.g. binding assays and cell surface analysis. Furthermore, 

Figure 4.  (A) Plots of the summed rank value for clusters obtained by pairwise-alignment and separated 
according to selection round (1�3). �e clusters are further separated based on whether the summed 
rank value derives from peptides identi�ed in patients (x-axis) or controls (y-axis). 4624, 617 and 333 
clusters were identi�ed in selection round 1, 2 and 3, respectively. One cluster in selection round 2 and 3 
was signi�cantly enriched (p-value �  0.01) for patient-speci�c peptides and is coloured dark. (B) Peptide 
sequence logo plot of the signi�cant cluster obtained in round 2 and highlighted in (A). �e logo was made 
by constructing position-weighted Kullback Leibler logos of the multiple alignment of the cluster peptides, 
using the Seq2Logo webserver51. Height corresponds to the amount of information contained in a speci�c 
position. Large symbols represent frequently observed amino acids. Symbols are narrow if there were many 
gaps in the alignment at the position. �e Seq2Logo default amino acid colour coding is used (DE residues 
are red, NQSGTY are green, RKH are blue and the remaining are black). (C) Similar to (B) but for the 
signi�cant cluster in round 3.
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with regards to epitope mapping, partly due to the high diversity of the phage library (approximately 
109), the approach is not limited to mapping of linear epitopes. If a highly patient-speci�c motif emerged, 
that did not match the primary sequence of the target of interest, it could be a selection motif that mimics 
a conformational epitope.

Another promising observation in this study, is that a patient-speci�c motif could already be observed 
in early selection rounds, supporting the notion that deep sequencing will enable phage display exper-
iments with fewer, and ultimately, a single selection round. By performing fewer selection rounds the 
selection bias can be reduced which should diminish the loss of relevant sequences16,31,32. Hoen et al. 
have previously suggested the idea, however, they identi�ed phages of interest based on persistence across 
selection rounds32. Similarly, other studies have identi�ed peptides of interest based on enrichment 
through consequtive biopanning rounds33,41. �ese approaches are obviously only possible if multiple 
selection rounds are sequenced or, alternatively, a thorough (and expensive) sequencing of the na�ve 
library could be su�cient. Motif identi�cation represents an alternative approach, that could enable the 
identi�cation of peptides of interest based on sequencing a single round.
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Figure 5.  Alignment of patient-derived peptides (le�) or control-derived peptides (right) to the 
primary sequence of Ara h 1. Peptides were mapped to Ara h 1 by aligning each peptide to overlapping 
7-mers from the Ara h 1 primary sequence using pairwise alignment. Each phage peptide was plotted at 
the starting position of the overlapping 7-mer that provided the best alignment score. �e top row is a plot 
for the peptides from selection round 1, while the middle and bottom row are for selection round 2 and 3, 
respectively. Peptides that were part of a statistically signi�cant cluster are emphasised as dark spots. �e 
grey line represents a signi�cance assessment which is the 99.99 percentile alignment scores obtained a�er 
aligning 1 million random peptides to each overlapping 7-mer. Alignments with a score below zero were 
discarded.

Figure 6.  IgE reactivity of patients to Ara h 1as measured by peptide micro-arrays. �e right-bound 
rolling median (window size 12) of the mean intensity of the triplicate 12-mer peptides overlapping each 
residue is shown for every patient sample. �e start position of the identi�ed epitope, position 136, has been 
speci�cally marked. For P2 no peaks were observed, whereas all the other samples showed a distinct peak at 
position 136.
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