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Abstract 

Phage display relies on a bacterial infection step in which the phage particles are replicated to 

perform multiple affinity selection rounds and to enable the identification of isolated clones by 

DNA sequencing. While this process is efficient for wild-type phage, the bacterial infection rate of 

phage with mutant or chemically modified coat proteins can be low. For example, a phage mutant 

with a disulfide-free p3 coat protein, used for the selection of bicyclic peptides, has a more than 

100-fold reduced infection rate compared to the wild-type. A potential strategy for bypassing the 

bacterial infection step is to directly sequence DNA extracted from phage particles after a single 

round of phage panning using high-throughput sequencing. In this work, we have quantified the 

fraction of phage clones that can be identified by directly sequencing DNA from phage particles. 

The results show that the DNA of essentially all of the phage particles can be "decoded", and that 

the sequence coverage for mutants equals that of amplified DNA extracted from cells infected 

with wild-type phage. This procedure is particularly attractive for selections with phage that have 

a compromised infection capacity, and it may allow phage display to be performed with particles 

that are not infective at all. 



Introduction 

Phage display is a powerful in vitro screening technique that allows for the identification of ligands 

from large libraries of peptides or proteins. Each member of a library is displayed on the surface 

of a phage as a fusion with a coat protein, and the encoding gene is enclosed in the phage particle. 

Ligands are isolated from the libraries in iterative rounds of in vitro panning and amplification and 

are subsequently identified by sequencing the phage DNA. The phage amplification and 

sequencing steps rely on bacterial infection in which the phage binds to a cell and injects its DNA 

into the cytoplasm. For phage propagation, the cells synthesize copies of single-stranded DNA 

(ssDNA) and phage proteins that are assembled into new phage particles. For sequencing, 

typically double-stranded phage DNA replicated by the bacterial cells is isolated. For filamentous 

phage, more than half of the particles of a phage preparation can infect bacterial cells (Nilsson et 

al., 2000), indicating that the infection is highly efficient. This high efficiency ensures that 

essentially all ligands isolated in a phage panning experiment can be amplified or identified, 

making phage display a highly effective method for ligand identification. 

 

The bacterial infection step can be compromised in some phage selection systems for different 

reasons. First, the infectivity of filamentous phage can be reduced when large guest proteins are 

fused to the p3 and impair the interaction of the p3 with the F-pilus and/or TolA of bacterial cells 

(Nilsson, et al., 2000) or when the displayed proteins are not properly folded and the fusion 

proteins, including the N-terminal domains of p3, are proteolytically degraded (Heinis et al., 2001). 

Second, some phage selection procedures require a mutated coat protein. For example, a 

filamentous phage developed by Schmidt and co-workers that is lacking disulfide bridges in the 

p3 has a substantially reduced infectivity (Kather et al., 2005), with only around one out of 100 

phages able to infect bacterial cells. This phage clone is applied for the selection of bicyclic 

peptides that are generated by chemically cyclizing linear peptides via three cysteines contained 

in the ligand sequence prior to affinity selection (Heinis et al., 2009). Third, the infectivity of phage 

can be reduced after exposure to reagents that are applied to modify peptides or proteins 

displayed on phage. For example, in the generation of bicyclic peptides, the reagent 1,3,5-

tris(bromomethyl)benzene (TBMB) applied at a concentration of 10 M typically reduces the 

number of infective phage 3 to 10-fold (Rebollo and Heinis, 2013). Other chemical transformations 

using harsher reaction conditions may reduce the infectivity by larger factors (Bernard and 

Francis, 2014, Heinis and Winter, 2015, Ng et al., 2012). A compromised infection rate can 

negatively affect the phage display selection process. First, not all clones will be propagated 



during the phage selection. Second, several studies have reported biases that are introduced in 

the step of phage infection and/or propagation (Derda et al., 2011, Matochko et al., 2014, Rodi et 

al., 2002), and these biases may be more pronounced if the efficiency of the infection step is 

reduced. 

 

The development of high-throughput sequencing techniques has enabled the identification of 

millions of clones after a phage selection. These techniques have been applied for identifying 

antibodies, protein domains, and peptides that were isolated by phage display (Christiansen et 

al., 2015, Ernst et al., 2010, Ravn et al., 2010). Sequencing such a large number of clones allowed 

for the identification of binders immediately after a single round of phage display, omitting the 

infection step necessary for phage amplification for subsequent rounds ('t Hoen et al., 2012, 

Rebollo et al., 2014). This in turn has reduced the number of bacterial infections needed in a 

phage display selection process to a single one – the one required for the sequencing step. 

 

Sequencing the DNA extracted from phage particles could in principle omit this step of bacterial 

infection completely. ssDNA purified from phage particles has been used routinely as a template 

for sequencing phage DNA (Scott and Smith, 1990). The DNA in intact phage can also be 

efficiently amplified by incubating whole phage particles in a PCR reaction, as the capsids 

disassemble during the denaturation step to expose the DNA (Kingsbury and Junghans, 1995). 

This method, termed "whole phage PCR", was applied for the direct sequencing of peptides in 

phage selections (Ngubane et al., 2013). While a large number of clones could be sequenced 

with this method, it was unclear which fraction of the total phage clones could actually be 

identified. An idea about the efficiency of the PCR amplification of DNA from phage particles can 

be obtained from quantitative PCR (qPCR) using phage particles as a template. Dias-Neto et al. 

showed that the DNA of samples containing as few as 10 phage particles can be identified with a 

readable signal in qPCR (Dias-Neto et al., 2009). 

 

In our work, we measured what fraction of phage clones can be decoded by directly sequencing 

DNA from phage particles. This procedure was compared with a strategy in which DNA, obtained 

from cells infected with wild-type phage, was sequenced. It was shown that the sequencing of 

phage particle DNA is highly efficient and can identify approximately the same number of clones 

as when a bacterial infection step is used before the sequencing. 



Materials and Methods 

Peptide phage display library 

A peptide phage display library based on the vector fd-tet (Zacher et al., 1980) was used for all 

experiments. Phage of this library display random linear peptides of 14 amino acids encoded by 

NNK codons. The library comprises around 2.5 × 109 different peptides as estimated based on 

the number of colonies formed after transforming the library plasmid DNA into E. coli TG1 cells. 

Phage were produced by inoculating 0.5 L 2YT media containing 10 g/ml tetracycline with library 

glycerol stock and growing the culture overnight at 30°C. Phage were purified by PEG 

precipitation as described previously and dissolved in water (Rebollo and Heinis, 2013). 

 

Quantification of infective phage 

Tenfold dilutions of phage were incubated with exponentially growing E. coli TG1 cells for 30 

minutes at 37°C without shaking, plated on 2YT agar plates containing tetracycline (10 g/ml), 

and incubated at 37°C overnight. Colonies were counted and the transforming units (t.u.) were 

calculated. 

 

Quantification of phage particles 

The number of phage particles was quantified based on the optical density as described 

previously (Smith and Scott, 1993). Dilutions of a phage solution containing 2 × 1013 t.u./ml were 

prepared, and the absorption at 269 nm and 320 nm was measured. The number of phage 

particles was calculated using the following equation 1. The size of the fd-tet vector is 9.2 kb. 

 

 Equation 1:         virions/ml =
(A269−A320)×6 ×1016

number of bases / virion
 

 

In parallel, the number of phage particles was quantified by extracting the single-stranded phage 

DNA and measuring its optical density. A solution of phage containing 2 × 1013 t.u./ml was heated 

at 95°C for 10 min. The denatured capsid protein was removed by centrifugation at 10,000 g for 

10 min at 4°C. The absorbance at 260 nm was measured, and the number of phage particles was 

calculated using an extinction coefficient of 0.027 g/(ml cm) for ssDNA. 



 

Quantification of DNA from phage particles and from infected cells by qPCR 

Phage DNA isolated from infected cells was purified from E. coli glycerol stocks of the peptide 

phage display library (around 50 mg of cell pellet) using a standard plasmid miniprep kit. The DNA 

was eluted from the columns with 50 l of 5 mM Tris-Cl pH 8.5. The absorbance of the DNA at a 

wavelength of 260 nm was measured and the concentration calculated using an extinction 

coefficient of 0.02 g/(ml cm). 

 

Phage (7 × 1013 t.u./ml) and phage DNA isolated from infected cells (109 molecules/ml) were 

diluted with water to obtain samples containing 105, 3.3 × 104, 1.1 × 104, 3.7 × 103, 1.2 × 103, 410, 

140, 46, 15, and 5 molecules per l (phage or molecules of phage DNA isolated from infected 

cells). The primer pair qPCRxd14f1 (5'-ATGGCAAACGCTAATAAG-3') / qPCRxd14r1 (5'-

GTCACCAATGAAACCATC-3'), amplifying a region of 130 base pairs in the gene of the phage 

p3, and the TaqMan probe qPCRxd14p1 (FAM-ACCGTAATCAGTAGCGACAGAATCAA-BHQ1), 

annealing within the amplified region, were used for the detection of PCR DNA amplification by 

fluorescence. qPCR reactions were performed in a total volume of 10 l in MicroAmpTM optical 

96-well reaction plates (ThermoFisher). The reagents were added in the following order to achieve 

the final concentrations indicated in brackets: 5 l TaqMan Fast Advanced Master Mix, 0.8 l of 

each primer (800 nM), 0.25 l TaqMan probe (250 nM), 1 l template (phage or phage DNA 

isolated from infected cells). A control reaction without template was included in each run. The 

reactions were run on a 7900HT Fast qPCR instrument. The thermal cycle conditions started with 

a 10 minute-long denaturation step at 95°C followed by 40 cycles of 95°C for 15 sec and 60°C for 

1 min each. The reactions were performed in duplicate. 

 

Next-generation sequencing 

Dilutions of phage and phage DNA isolated from infected cells were prepared by diluting phage 

10-fold with water. PCR reactions were prepared that contained 7, 70, 700, 7000, or 7 × 104 

molecules of DNA or phage particles. The primers for the two PCR reactions were designed 

following the guidelines of the Nextera DNA Library Preparation Kit (Illumina). In the first reaction, 

the forward and reverse primers listed below were used. The part of the sequence that is 

underlined anneals with the template DNA. The region with the “N” repeats is a high complexity 



region that was inserted to avoid problems of low-diversity sequencing (in Illumina sequencing, 

the presence of many identical sequences yields sequencing images that pose a considerable 

challenge to the image recognition algorithm). The 5’-regions of the primers contain sequences 

that are needed for Illumina sequencing. A 30 l PCR reaction was performed by adding reagents 

in the following order to achieve the final concentrations indicated in brackets: 20.6 l H2O, 6 l 

5× standard HF buffer, 0.9 l DMSO, 0.6 l dNTP (250 M), 0.6 l primer mixture (the 10 primers 

were pre-mixed, 40 nM of each primer; 400 nM in total), 0.3 l Phusion® high-fidelity DNA 

polymerase (0.6 unit; New England Biolabs), and 1 l phage or DNA. 25 PCR cycles were 

performed (98°C for 15 sec, 55°C for 30 sec, and 72°C for 15 sec). Formation of product was 

assessed by agarose gel electrophoresis (2.5%).  

 

Primers for 1st PCR reaction: 

NGS Forward1 5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGATTCTATGCGGCCCAGC-3' 

NGS Forward2 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNATTCTATGCGGCCCAGC-3' 

NGS Forward3 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNATTCTATGCGGCCCAGC-3' 

NGS Forward4 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNATTCTATGCGGCCCAGC-3' 

NGS Forward5 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGNNNNATTCTATGCGGCCCAGC-3' 

NGS Reverse1 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGTTTCAGCGCCAGAACC-3' 

NGS Reverse2 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGNTTTCAGCGCCAGAACC-3' 

NGS Reverse3 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGNNTTTCAGCGCCAGAACC-3' 

NGS Reverse4 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGNNNTTTCAGCGCCAGAACC-3' 

NGS Reverse5 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGNNNNTTTCAGCGCCAGAACC-3' 

 

A second PCR was performed to append barcodes to the DNA to code for different samples and 

to append the DNA sequences required for Illumina sequencing. In the primers shown below, the 

regions of the barcodes are underlined. A 60 l PCR reaction was performed by adding reagents 

in the following order to achieve the final concentrations indicated in brackets: 41.2 l H2O, 12 l 

5x standard HF buffer, 1.8 l DMSO, 1.2 l dNTP (250 M), 0.6 l Phusion® high-fidelity DNA 

polymerase (0.6 unit; New England Biolabs), 0.6 l forward and reverse primer (400 nM), and 2 

l product of the 1st PCR. PCR products were purified from a 2.5% agarose gel (UltraPure 

agarose, Invitrogen) using a commercial agarose gel purification kit (QIAquick Gel Extraction Kit, 



Qiagen). DNA was eluted with 10 mM Tris-HCl, pH 8.5. Libraries were subsequently loaded at 

1.5 pM on a Mid Output flow cell (Illumina) and sequenced with a NextSeq 500 instrument 

(Illumina) according to the manufacturer’s instructions, yielding paired-end reads of 75 

nucleotides. Overlapping paired-end reads were merged using CLC Genomics Workbench v9.5 

(Qiagen). The DNA was sequenced along with at least 30% of unrelated non-amplicon-based 

libraries to avoid the low-diversity problems. 

 

Primer for 2nd PCR reaction: 

NGS 2nd Forward S507 5'-AATGATACGGCGACCACCGAGATCTACACAAGGAGTATCGTCGGCAGCGTC-3' 

NGS 2nd Forward S508 5'-AATGATACGGCGACCACCGAGATCTACACCTAAGCCTTCGTCGGCAGCGTC-3' 

NGS 2nd Forward S510 5'-AATGATACGGCGACCACCGAGATCTACACCGTCTAATTCGTCGGCAGCGTC-3' 

NGS 2nd Reverse N704 5'-CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGG-3' 

NGS 2nd Reverse N705 5'-CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGG-3' 

NGS 2nd Reverse N706 5'-CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGG-3' 

NGS 2nd Reverse N707 5'-CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGG-3' 

NGS 2nd Reverse N714 5'-CAAGCAGAAGACGGCATACGAGATTCATGAGCGTCTCGTGGGCTCGG-3' 

 

Processing of sequencing data 

Sequencing results were analyzed with previously developed Matlab scripts (Rebollo, et al., 

2014). In a first step, DNA reads and information about their quality were extracted from the .fastq 

file and saved in a .txt file using the Matlab script Step1.m. In a second step, sequences were 

filtered to keep those with sufficient sequencing quality and the desired length, and translated into 

peptide sequences using the Matlab script Step2.m that was modified as follows: the ACGTOnly 

parameter of the nt2aa function was set to “false” because Illumina sequencing returns 

ambiguous nucleotide characters (R, Y, K, M, S, W, B, D, H, V, and N). The script was executed 

using parameters to eliminate reads having more than two bases with a quality score lower than 

Q18 and reads coding for peptides that are too long or too short. In a third step, some of the 

remaining sequencing errors we corrected using the Matlab script fixingerrors.m. Parameters 

were chosen such that this script recognized sequences that differ by 6 or fewer bases from the 

1000 most abundant sequences. Such high sequence similarities were statistically unlikely and 

were interpreted as sequencing errors. 



 

Analysis of sequencing data 

The absolute number of different peptide sequences a was estimated by subtracting the number 

of sequences that were added through sequencing errors which could not be filtered or corrected 

by the procedures described above. The average error rate b was calculated by plotting the 

number of different peptide sequences y as a function of the number of analyzed reads x and 

fitting the data to equation 3 shown in the results section (Rebollo, et al., 2014). The different 

curves were plotted with GraphPad Prism 5 (GraphPad software), and the coefficients a, b, and 

k were determined by non-linear regression. 



Results and Discussion 

Quantification of phage particles 

For assessing the fraction of phage that can be identified by sequencing the DNA released from 

phage particles, the absolute number of phage particles in a sample had to be determined. Wild-

type fd phage displaying a library of random peptides was produced and purified by PEG 

precipitation (peptides of 14 amino acids fused to p3, diversity > 109). The t.u. was 7.3 × 1013 ± 

1.4 × 1013 per milliliter as determined by infecting exponentially growing E. coli TG1 cells with 

serial dilutions of the sample and counting colonies grown on selective plates. The number of 

phage particles was determined by measuring the absorbance using two related protocols, one 

based on the absorbance of intact phage particles at 269 nm (Smith and Scott, 1993) and one 

based on the absorbance of extracted ssDNA at 260 nm. In the latter method, phage were 

incubated at 95°C and precipitated coat proteins were removed by centrifugation. The two 

methods gave similar phage particle concentrations of 7.2 × 1013 ± 0.3 × 1013 and 6.5 × 1013 ± 0.2 

× 1013 per milliliter, respectively. These numbers of physical phage particles were close to the 

number of infective phage. 

 

Quantification of DNA released from phage particles by qPCR 

The quantity of ssDNA that is released from the phage particles upon dissociation of the coat 

protein by heating was determined by qPCR. Phage DNA isolated from infected cells (being 

mostly double-stranded DNA) was used as a standard. Threefold serial dilutions of DNA and 

phage were subjected to 40 cycles of qPCR using a Taqman probe for signal detection (Fig. 1a). 

The reactions with the highest and lowest concentrations were prepared to contain 100,000 and 

5 molecules of DNA and phage particles, respectively. The qPCR measurements were performed 

in duplicate. Cycle threshold (Ct) values were plotted against the number of molecules (phage 

DNA isolated from infected cells or phage particles) on a logarithmic scale (Fig 1b). For both, 

phage DNA isolated from infected cells and phage particles, a correlation coefficient of 0.997 was 

found. Amplification slopes of -3.65 and -3.30 indicated an amplification efficiency of > 88%. The 

Ct values for identical dilutions of phage DNA molecules from infected cells and phage were 

similar, indicating that DNA was quantitatively released from the phage particles and that it was 

efficiently used as a template in the PCR reaction. Even in the reaction containing five phage 

particles, DNA could be released and amplified. This important step suggested that bacterial 



replication of DNA is not a requirement for phage display sequencing, and that DNA amplification 

can be efficiently accomplished solely by PCR using eluted phage particles as template.  

 

Sequencing DNA derived from phage particles 

The number of phage clones that could be identified by sequencing DNA released from phage 

particles was quantified by next-generation sequencing (NGS) using Illumina technology. 

Dilutions of the peptide phage library described above were prepared so that samples contained 

approximately 7, 70, 700, 7000, or 70,000 phage particles. The phage peptide library used 

contains a diversity greater than 109 so that essentially all samples, even the one with as many 

as 70,000 phage, contains clones that are all different. For comparison, equivalent dilutions of 

phage DNA isolated from infected cells were prepared. This DNA was obtained by infecting E. 

coli TG1 cells with the same peptide phage library, incubating the cells overnight in shaking 

cultures, and extracting the plasmid DNA. Two consecutive PCR reactions were performed to 

prepare the DNA for NGS (Fig. 2). In the first PCR reaction, the DNA coding for the random 

peptides in the library were amplified. In the second PCR reaction, primers were used that append 

a barcode to each different sample, allowing for multiplexed sequencing. The PCR products of all 

of the reactions were pooled, sequenced by the Illumina NextSeq 500 instrument, and the 

sequences were sorted based on the barcode. Between 0.5 and 4 million reads were obtained 

for each data set, which was suitable for the analysis of samples with a diversity estimated to be 

smaller than 100,000 (Tables 1 and 2). Quality filters were applied to eliminate reads of poor 

quality and wrong length as described previously (Rebollo, et al., 2014). 

 

Number of phage clones identified by NGS 

The NGS data was analyzed to quantify the number of different clones that were identified in each 

sample. The number of different clones in each sample was much larger than the number of 

clones that were prepared in the various dilutions (plasmid DNA or phage particle). Comparison 

of the sequences showed that for the most abundant peptides, a group of similar peptides was 

found that differed in only one or a few amino acids (or bases). Such sequences are due to 

sequencing errors that occur in the NGS. A software tool was applied to correct sequences that 

differ by 6 or fewer bases (Rebollo, et al., 2014), which substantially reduced the number of 

different clones. The peptides were then ordered based on their abundance and the copy number 



was plotted in graphs for each dilution of plasmid DNA (Fig. 3, left panels) and phage particle 

(Fig. 4, left panels).  

 

For all dilutions, an abundance distribution was found in which a small fraction of all identified 

clones showed a much higher copy number than the remaining clones. The two populations of 

high- and low-abundance clones can be distinguished visually by a sharp transition of the copy 

number. This transition is indicated in the graphs with a dashed line and the number of high-

abundance clones is indicated as a number. Analysis of the low-abundance clones showed that 

they are mostly artefacts arising from the multiplex sequencing where errors in barcode reading 

led to incorrect assignments. The number of high-abundance peptides thus provided a good 

estimate for the number of different clones that were identified within a sample.  

 

The copy numbers of the high-abundance peptides were rather similar. For example in the 

sequencing of 70 phage particles, the 90 high-abundance peptides were all found between 104 

and 105 times. This finding indicated that the clones were amplified at similar extents in the PCR 

reactions and the sequencing. This in turn suggested that clones that are initially present in many 

copies, for example due to amplification during the phage panning, are amplified proportionally. 

 

The number of clones identified in a sample can potentially be overestimated if clones containing 

sequencing errors were not filtered out completely and, consequently, appear as additional 

clones. If the number of distinct sequences (y) is plotted as a function of the total number of reads 

analyzed (x), the graph should show a curve that approaches the total number of different clones 

(a). The data can be fitted to equation 2 where k is a constant that depends on the abundance 

distribution of the sample. 

 

 Equation 2:                          𝑦 = 𝑎 (1 − 𝑒−
𝑥

𝑘) 

 

If the sequencing errors are not fully filtered out, the number of distinct sequences is expected to 

continuously grow in a linear manner at large numbers of analyzed reads. In this case, the data 

can be fitted to equation 3 where b is the frequency of sequencing errors. 



 

 Equation 3:                      𝑦 = 𝑎 (1 − 𝑒−
𝑥

𝑘) + 𝑏𝑥 

 

Fitting the data from the different samples to equation 3 (Fig. 3 and 4, right panels) yielded values 

for the parameter b and revealed relatively low sequencing error rates between 1.7% and 6.2%. 

The number of different clones identified for the various samples, found by fitting the data to 

equation 3, is shown in Tables 1 and 2. Due to the low error rate after filtering, these numbers do 

not deviate largely from those identified by counting the high-abundance clones in the graphs 

shown in the left panels of Figures 3 and 4. 

 

A comparison of the number of phage subjected to NGS sequencing and the number of identified 

peptide sequences shows that essentially all phage clones could be identified. The sequencing 

of DNA released from phage was as efficient as that of purified plasmid DNA, meaning that this 

technique could equivalently replace traditional phage display sequencing and has the advantage 

of being able to be used in situations in which bacterial infection is inefficient and sequencing from 

bacterial infections would not identify all clones. 

 



Conclusions 

In this study we show that essentially all clones in a sample of phage can be identified by 

sequencing the ssDNA that is released upon heating the phage particles in a PCR reaction. While 

ssDNA from phage particles has been used as a template for sequencing phage clones for a long 

time, the efficiency of the process was never accessed, and the number of clones that are actually 

able to be identified has never been counted. Our data show that the coverage of sequences is 

as good as the normal phage display sequencing technique – when phage are first transformed 

into bacterial cells, the DNA is extracted from cells or amplified phage, and the DNA is sequenced. 

Together with the previously reported finding, that a single round of phage selection is sufficient 

for identifying binders if enriched clones are analyzed by high-throughput sequencing, our work 

suggests that the infection step can be completely omitted in phage display. The procedure of 

directly sequencing the ssDNA from phage particles is particularly attractive for selections with 

phage that have a compromised infection capacity where only a fraction of phage-selected clones 

are able to infect bacterial cells in order to be identified in the sequencing step. This is, for 

example, the case for selections performed with phage that have a disulfide-free p3 or for 

selections in which chemical reagents are applied for peptide modification that impair the 

infectivity. This direct sequencing approach may even allow phage display with phage particles 

that have completely lost their ability to infect bacteria, greatly increasing the number of interesting 

modifications that can be performed using a phage library. 
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Tables 

 

Table 1 NGS of phage DNA extracted from infected cells 

 Number of plasmids subjected to sequencing1 

 7 70 700 7000 70000 

Number of NGS reads2 1243589 653981 2269552 1416812 2049766 

Number of different peptides 75 6398 7597 50376 104325 

Number of different peptides with high abundance 12 55 450 4750 33000 

Calculated number of different peptides (a of eq. 3) 11 43 453 4109 33384 

1Calculated based on absorption at 260 nm and the dilution factor. 

2After applying a quality filter to remove reads with more than two bases with a quality score 

lower than Q18 and too-short or too-long peptides. 

 

Table 2 NGS of DNA from phage particles 

 Number of phage subjected to sequencing1 

 7 70 700 7000 70000 

Number of NGS reads2 724779 1730575 2465070 1762376 481201 

Number of different peptides 64 7015 8365 60822 802011 

Number of different peptides with high abundance 9 90 650 5600 55000 

Calculated number of different peptides (a of eq. 3) 10 103 614 5569 67439 

1Calculated based on absorption at 260 nm and the dilution factor. 

2After applying a quality filter to remove reads with more than two bases with a quality score 

lower than Q18 and too-short or too-long peptides. 
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Fig. 1 (a) qPCR amplification of phage DNA isolated from infected cells and DNA from phage 

particles. Threefold dilutions of plasmid DNA and phage were prepared and qPCR reactions were 

performed in duplicate. Curves from duplicates were overlapping and only one dataset is shown 

for clarity. (b) Cycle threshold (Ct) values are plotted against the number of molecules (plasmid 

DNA or phage particles) on a logarithmic scale. Correlation coefficients and slopes are indicated. 



 

 

 

Fig. 2 DNA primers for the sequencing of phage clones by Illumina NextSeq technology. (a) The 

region of the phage DNA covering the leader sequence, the peptide, and the N-terminal end of 

p3 is shown. Library peptides contain 14 amino acids (m + n + o = 8). The annealing regions of 

the first primer pair are shown in red. (b) Primer pairs used for the two consecutive PCR reactions. 

Primers of the first PCR contain a high complexity region to avoid problems of low-diversity 

sequencing. Primers of the second PCR contain barcodes for multiplex sequencing. Both primer 

pairs contain regions required for Illumina NextSeq sequencing. 



 

 

Fig. 3 Sequencing of phage DNA isolated from infected cells. Left panels: The graphs indicate 

how often each peptide was identified by NGS in a sample containing the indicated number of 

plasmids. The peptides are arranged according to their abundance. Right panels: Number of 

different sequences found when increasing numbers of reads were analyzed. Saturation plots 

were used for the calculation of the total number of different sequences, a of equation 3, shown 

in Table 1. 



 

 

Fig. 4 Sequencing of DNA from phage particles. Left panels: The graphs indicate how often each 

peptide was identified by NGS in a sample containing the indicated number of plasmids. The 

peptides are arranged according to their abundance. Right panels: Number of different sequences 

found when increasing numbers of reads were analyzed. Saturation plots were used for the 

calculation of the total number of different sequences, a of equation 3, shown in Table 2. 


